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■ D E D I C A T I O N

Carl William Gottschalk, MD was a man for all seasons—brilliant scholar, com-
mitted mentor of students, dedicated citizen of the University of North Carolina
and the broader academic community, and a gentleman in every sense of the word.
Carl was a native Virginian whose southern manners and warm demeanor em-
anated a personal charm to his friends, colleagues, and students. He graduated Phi
Beta Kappa from Roanoke College in 1942 and received an Honorary Doctor of
Science from that institution in 1966. An Alpha Omega Alpha graduate from the
University of Virginia School of Medicine, Carl received his training in internal
medicine at the Massachusetts General Hospital and his fellowship in Cardiology
at the University of North Carolina. For the next 40 years (1952–1992), his loy-
alty and many talents were an integral part of the University of North Carolina,
which accounted for the respect and affection that he received from his many
colleagues and friends. He was the Kenan Professor of Medicine and Physiology
from 1969 until his untimely death on October 15, 1997, in Chapel Hill, North
Carolina.

Carl’s scientific contributions were recognized by his election to the National
Academy of Science. He was president of the American Society of Nephrology
from 1976 until 1977 and was a Councilor of the International Society of Nephrol-
ogy (ISN). Carl founded the History of Medicine Commission of the ISN and the
ISN Archives in Amsterdam, The Netherlands, which are appropriately named
the Carl W. Gottschalk Archives of the ISN. Among many honors, awards, and
distinguished named lectureships, Carl received the Homer W. Smith Award from

the New York Heart Association and the David H. Hume Award from the National Kidney Foundation. The American Physio-
logical Society has established the Carl W. Gottschalk Distinguished Lectureship in Renal Physiology, and the University of North
Carolina has inaugurated the Carl W. Gottschalk Lectureship in the Basic Sciences.

The written persona of Carl W. Gottschalk—scientist, medical historian, lepidopterist who has a butterfly (Strymon cecrops
Gottshalki) named after him, recipient of many honors and awards—can only project a very modest picture of this Renaissance
man. His kindness and consideration for others was unparalleled. It was my honor to have worked with him on three editions of
Diseases of the Kidney and to dedicate this current edition to his memory.

Robert W. Schrier, MD
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■ P R E F A C E

The recent advances in all aspects of our knowledge of the kid-
ney and its diseases mandate a new edition of Diseases of the
Kidney & Urinary Tract. As in previous editions, a group of in-
ternational experts was assembled to present this information
in a comprehensive, authoritative, concise, and readily acces-
sible fashion. The chapters have been extensively revised and
updated.

Nephrology is a discipline that combines the basic and clin-
ical sciences. Successful integration of this knowledge is the
goal of this eighth edition. The 14 sections of the three volume
book are actually individual texts which can stand on their
own. Moreover, a unique feature of the book is a comprehen-
sive inclusion of diseases of the urinary tract as well as the
kidney.

The first section presents an overall view of the structural,
physiologic, and biochemical aspects of the kidney. This section
incorporates the latest developments in cellular and molecular
biology, emphasizing the most current information and con-
cepts on cell signaling, receptors, and ion channels. The subse-
quent 13 sections are disease-oriented, with each section begin-
ning with a pathophysiology chapter. The goal of Diseases of
the Kidney & Urinary Tract is to publish the most comprehen-
sive material for practicing and academic physicians caring for
patients with renal, hypertension, and urological diseases. The
14 sections of the book cover 104 chapters and are summarized
as follows:

I. Biochemical, Structural, and Functional Correlations in
the Kidney includes structural, hemodynamic, hormonal,
ion transport and metabolic functions in nine chapters.

II. Clinical Evaluation is covered in six chapters on urinal-
ysis, laboratory evaluation, urography, tomography, and
angiography, with indications and interpretations for re-
nal biopsy.

III. Hereditary Diseases, in five chapters, covers genetic
mechanisms, medullary cystic and sponge disorders,
polycystic kidney disease, Alport syndrome, Fabry dis-
ease, and nail-patella syndrome, as well as isolated renal
tubular disorders.

IV. Urological Diseases of the Genitourinary Tract are de-
scribed in six chapters, including congenital abnor-
malities, urinary tract obstruction, renal calculi, reflux
nephropathy, and prostatic and micturition disorders.

V. Neoplasms of the Genitourinary Tract are addressed in
five chapters covering molecular mechanisms in malig-
nancy, testicular carcinoma, prostate and bladder cancer,
and primary neoplasms of the kidney and renal pelvis.

VI. Infections of the Urinary Tract and the Kidney are con-
tained in seven chapters, including host defense mecha-
nisms; urinary bacterial infections, including tuberculosis
and fungal infections; renal abscesses; and cystitis.

VII. Acute Renal Failure is described in 11 chapters, in-
cluding the pathophysiology of renal cell ischemia and
nephrotoxic injury, acute tubular necrosis, acute intersti-
tial nephritis, and acute nephrotoxic renal disease.

VIII. Hypertension and its renal manifestations are covered in
seven chapters, which include pathophysiology, renal vas-
cular and endocrine-related hypertension, as well as hy-
pertension in pregnancy and in diabetes.

IX. Glomerular, Interstitial, and Vascular Renal Diseases are
discussed in 16 chapters, including collagen vascular
diseases, chronic interstitial nephritis, primary glomeru-
lonephritides, and vasculitides.

X. Systemic Diseases of the Kidney are covered in eight chap-
ters, including diabetes, hepatorenal syndrome, sickle
cell disease, gout, myeloma/amyloidosis, and tropical dis-
eases.

XI. Disorders of Electrolyte, Water, and Acid–Base are cov-
ered in ten chapters, including SIADH, central and
nephrogenic diabetes insipidus, cardiac failure, cirrhosis,
and the nephrotic syndrome.

XII. Uremic Syndrome covers pathophysiology, anemia, os-
teodystrophy, the nervous system, cardiovascular com-
plications and metabolic and endocrine dysfunctions in
six chapters.

XIII. Management of End-Stage Renal Disease by transplanta-
tion, peritoneal dialysis and hemodialysis, including com-
plications outcomes, and is discussed in four chapters.

XIV. Nutrition, Drugs, and the Kidney are covered in four
chapters, including protein and caloric dietary issues, as
well as drug dosing recommendations in renal failure.

I would like to thank our authoritative and remarkably tal-
ented contributing authors whose dedication to nephrology is
unmatched.

Robert W. Schrier, MD
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SECTION I: BIOCHEMICAL, STRUCTURAL, AND
FUNCTIONAL CORRELATIONS IN THE KIDNEY
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CHAPTER 1 ■ STRUCTURAL–FUNCTIONAL
RELATIONSHIPS IN THE KIDNEY
ROBERT F. REILLY, JR., RUTH ELLEN BULGER, AND WILHELM KRIZ

STRUCTURE–FUNCTION
CORRELATIONS ALONG THE

RENAL TUBULE

The kidney functions as it does, in large part, because of its
architecture. In no instance is this more evident than in the
urinary concentrating mechanism, where the complex nephron
and vascular interrelationships permit the coordinated function
of different nephron and vascular elements into countercurrent
multiplication and exchange processes. A recent proliferation
of detailed structural, biochemical, and functional information
has led to an appreciation of other structural–functional rela-
tionships that are relevant to solute and water handling by
the kidney. Moreover, it has become evident that an under-
standing of the pathological developments in kidney diseases
is only possible on the basis of a thorough knowledge of kidney
structure.

The purpose of this chapter is to review some of the recent
findings, with special emphasis on structural–functional rela-
tionships that can be assembled to enhance our understanding
of overall renal function; therefore, this chapter is divided into
two parts. The first part considers the structural and functional
interrelationships of each morphologic segment of the urinary
tubule, stressing the unique characteristics of each segment.
The second part discusses structure and function in terms of
more general mechanisms used by several segments of the re-
nal tubule to accomplish specific functions, such as ion or water
transport.

Form of the Human Kidney

Human kidneys are paired, bean-shaped organs situated in a
retroperitoneal position on the posterior aspect of the abdom-
inal cavity, on either side of the vertebral column against the
psoas major muscle. A fibrous capsule located within the perire-
nal adipose tissue and surrounded by perirenal fascia surrounds
each kidney. The lateral border of each kidney is convex. The
kidneys of an adult man weigh approximately 120 to 170 g
each and measure roughly 11 × 6 × 2.5 cm; those of an adult
woman weigh slightly less and are somewhat smaller. In both
men and women, total kidney mass best correlates with body
surface area.

The concave medial margin has a slitlike aperture, called
the renal hilum. Branches of the renal artery, vein, nerves, lym-
phatics, and the expanded pelvis of the ureter pass through the
hilum. The hilum communicates with a flattened space within
the kidney, called the renal sinus. Within this space, the renal
pelvis branches into major and minor calyces.

Sections through the kidney reveal the cortex and medulla
(Fig. 1-1). The human kidney is a multilobar organ contain-
ing 4 to 18 (average, eight) pyramids of medullary substance
(1) and is situated so that their bases are adjacent to the cor-

tex. The darker red cortical substance covers the base of each
medullary pyramid like the cap of an acorn. During fetal life,
the kidney surface is demarcated by clefts that gradually disap-
pear in the normal adult kidney. The apex of each medullary
pyramid (called the papilla) extends into the renal sinus and
is capped by a funnel-shaped, minor calyx. The minor calyces
receive the urine that is released from the kidney into the ex-
trarenal collecting system. A lobe of the kidney is composed
of the conical medullary pyramid and the surrounding cortical
substance. During fetal development, some lobes may fuse and
calyces are remodeled so that the mature kidney has fewer ca-
lyces and papillae than the original number of papilla anlagen
(1); one calyx may drain a fused papilla developed from up
to four anlagen, predominantly at the kidney poles. Striated
elements called medullary rays extend peripherally at intervals
from the bases of the medullary pyramids and penetrate into
the cortex. These rays resemble the medulla in structure, al-
though they extend deeply into the cortex; they are part of the
cortex. The rest of the cortex is called the cortical labyrinth.

The medulla can be subdivided further either grossly or mi-
croscopically (Fig. 1-2). The medulla has an outer zone that
is adjacent to the cortex and an inner zone that includes the
papilla. The outer zone is subdivided into an inner and outer
stripe. This zonation is important, because it represents the
location and orientation of the various segments of the renal
tubules within the kidney.

The relative volumes occupied by the cortex, outer medulla,
and inner medulla are 70%, 27%, and 3%, respectively (2)
in humans. The relative thicknesses vary considerably among
mammalian species.

Renal (Uriniferous) Tubules

Human renal morphology resulted from a long evolutionary
process in which animals adapted to many changing environ-
mental conditions. The three sequential types of kidneys that
evolved were the pronephros, mesonephros, and metanephros.
The urogenital system of each human embryo repeats this evo-
lutionary process. The pronephros develops first, but degener-
ates before attaining any functional capacity.

The mesonephric kidney functions for a short period in
utero, but it also degenerates, with the notable exception of
the part of the mesonephric tubules that form a portion of
the excurrent duct system of the male reproductive tract. The
metanephric kidney forms last and eventually becomes the
functional kidney of the human. The metanephric kidney is well
suited to the human condition because of its efficient filtering
device and its complex tubule, which allows for the produc-
tion of not only dilute urine but also concentrated urine. This
process occurs only in mammals and birds. Although it is well
suited for maintaining homeostasis, the mammalian kidney is
an inefficient organ for the elimination of salt and water. In hu-
mans, 180 L of fluid are filtered into the tubular lumen every

2
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FIGURE 1-1. Gross anatomic appearance of a human kidney. A paraf-
fin section through the whole kidney shows elements of the internal
structure: C, cortex; M, medulla; P, papilla projecting into a minor
renal calyx; PE, pelvis; S, sinus; U, ureter.

24 hours, of which approximately 178 L must be returned to
the blood.

Each human kidney contains approximately one million
functional units, called nephrons (with considerable interindi-
vidual variation) (3). Each nephron is made up of a renal
corpuscle (glomerulus) and a complex tubular portion, which
drain into a unifying tubular system called the collecting duct
system. Both kinds of tubules represent the renal (or urinifer-
ous) tubules.

The nephrons are derived from the metanephric blastema,
the collecting ducts from the urethral bud. A connecting tubule
lies between the nephron and collecting ducts. At present, there
is controversy as to whether the connecting tubule is derived
from the metanephric blastema (4–6) or the ureteric bud (7).
As is discussed in the next section, the connecting tubule has
marked morphologic similarities to the cortical collecting duct
(CCD).

The segmentation of the renal tubule then includes the fol-
lowing regions (8).

The Nephron

I. Renal corpuscle (most of which is called glomerulus)
A. Bowman’s capsule
B. Glomerular tuft

II. Proximal tubule
A. Convoluted part (pars convoluta) consists of P1 and the

first part of P2 (PCT)

B. Straight part (pars recta) consists of the last part of P2
and all of P3 (PST)

III. Thin limbs of the loop of Henle (intermediate
tubule)
A. Thin descending part of short-looped nephrons (SDTL)
B. Upper thin descending part of long-looped nephrons

(LDTL up)
C. Lower thin descending part of long-looped nephrons

(LDTL lp)
D. Ascending thin part of long-looped nephrons (ATL)

IV. Distal tubule
A. Straight part (pars recta)

1. Medullary thick ascending limb (MTAL), which in-
cludes regions located within the inner stripe and
outer stripe of the medulla

2. Cortical thick ascending limb (CTAL), which in-
cludes the part ascending through the cortex, the
macula densa (MD), and the post macula densa
segment

B. Convoluted part (pars convoluta) (DCT)

The Collecting Duct System

I. Connecting tubule (CNT)
II. Cortical collecting duct (or tubule) (CCD)

III. Outer medullary-collecting duct (or tubule) (OMCD)
IV. Inner medullary-collecting duct (or tubule) including the

papillary collecting ducts (also called the ducts of Bellini)
(IMCD)

Nephrons lie in characteristic positions (Fig. 1-2), with the
renal corpuscles and proximal convoluted segments in the cor-
tex (Figs. 1-3; 1-4). The straight part of the proximal tubule,
the thin limb segments, and the straight part of the distal tubule
form the loop of Henle, which enters a medullary ray of the
cortex and extends into the medulla, where it bends, returning
to the cortex by means of the same medullary ray. The loops
of juxtamedullary nephrons directly connect the outer stripe
of the medulla without ever being contained in a medullary
ray. As the straight part of the distal tubule returns to the cor-
tex, it passes by the renal corpuscle from which the nephron
originated, forming the macula densa; then, after a short post-
macula densa segment, it continues as the distal convoluted
tubule within the cortex.

The morphology of the nephron varies with the position
of the renal corpuscle in the cortex. Each nephron is classified
as superficial, midcortical, or juxtamedullary, according to the
position of its renal corpuscle within the respective regions of
the cortex (Fig. 1-2) and the pattern of efferent vessel formation
(9–11). A given segment tends to occupy a specific region of
the kidney, which gives rise to the gross zonation referred to
in the preceding. In the human kidney, superficial nephrons
empty singly into a terminal collecting duct, whereas several
juxtamedullary nephrons empty into an arched tubular portion
(arcade) that courses peripherally in the cortex before it turns to
enter a medullary ray. Most midcortical nephrons from humans
empty individually as well (5,12). As known from the study of
several species (rats and rabbits), an arcade is established by
the connecting tubule epithelium; data from studies in humans
are not available.

Nephrons also are classified as short or long looped accord-
ing to the location of the position where their loops of Henle
turn within the kidney. Short-looped nephrons arise from re-
nal corpuscles located in superficial and midcortical regions
and have loops of Henle that turn within the outer medulla.
In humans, some superficial nephrons may have loops within
the cortex itself. Short-looped nephrons have short, thin limb
segments that occur only along the descending limb. Long-
looped nephrons have loops of Henle that turn within the in-
ner medulla and have thin limb segments in both descending
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FIGURE 1-2. The relationship of nephron segments to zones of the kidney.

and ascending limbs. Although most species have both long-
and short-looped nephrons, some species, such as dogs and
cats, have only long ones (13), whereas other species, such as
beavers, have only short ones (14,15). In human kidneys, the
ratio of short- to long-looped nephrons is 6:1 to 7:1.

The Renal Corpuscle

The renal corpuscle (first segment of the nephron) is the site
at which an ultrafiltrate of the blood is produced (Figs. 1-5).
The filtrate moves from the capillary lumen into Bowman’s
space. This flow is influenced by the following factors: renal
blood flow; the oncotic and hydrostatic pressures in the cap-
illaries and in Bowman’s space; the size, shape, and charge of
plasma molecules; and the various morphologic components
of the wall separating the capillary lumen from Bowman’s
space. The filtrate contains only barely detectable quantities
of plasma proteins (16). The filtration barrier increasingly re-
stricts the passage of larger molecules, with very little filtration
of molecules larger than albumin (70 kDa) (17).

The renal corpuscle consists of Bowman’s capsule and
the glomerular tuft. The latter is made up of capillaries, de-

rived from the afferent arteriole, their supporting cells, and
an envelope consisting of the glomerular basement membrane
(GBM) and the visceral (podocyte) layer of Bowman’s capsule
(Fig. 1-5). At the vascular pole, the visceral epithelium becomes
the parietal epithelium, which then transforms into the proxi-
mal tubule epithelium at the urinary pole (Fig. 1-5). The space
between both layers is the urinary space (Bowman’s space).

The human renal corpuscle is roughly ovoid and approx-
imately 150 to 240 μm in diameter. The juxtamedullary
glomeruli are larger in size (18). The term glomerulus is widely
used to refer to the entire renal corpuscle. The renal corpuscle
without the parietal epithelial cells is referred to as the glomeru-
lar tuft. The afferent arteriole enters the renal corpuscle at the
vascular pole, where it divides into several primary branches
that each ramify to form a network of anastomosing capillaries,
called a lobule. The lobule has a supporting region called the
mesangium (Figs. 1-6; 1-7). All lobules together establish the
tuft; the converging mesangial regions are called the glomeru-
lar stalk, by which the tuft is connected to the extraglomerular
mesangium (see Juxtaglomerular Apparatus). The capillaries
coalesce toward the center of the capillary tuft to form the ef-
ferent arteriole, which runs through the stalk and exits from the
vascular pole. The efferent arteriole again breaks up to form a
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FIGURE 1-3. Scanning electron micrograph of the cortex. Convoluted
tubules are shown, along with renal corpuscles, some of which con-
tain a glomerular tuft (GT) and some from which the tuft is removed
(arrow). A cortical radial artery (A) and vein (V) are also apparent.
Note the thin wall of the vein. (Magnification ×140.)

second capillary network, which surrounds the tubules and is
called the peritubular capillary network.

The renal corpuscle, therefore, consists of the following
parts: (a) the parietal epithelium, (b) the visceral epithelium
(podocytes), (c) the endothelial cells lining the capillaries, (d)
the glomerular basement membrane (GBM), and (e) the intra-
glomerular mesangial cells and matrix. In the rat, the ratio of
the number of endothelial cells to mesangial cells to visceral
epithelial cells is 3:2:1 (19).

The Visceral Epithelium of Bowman’s Capsule

The visceral epithelial cells (nowadays generally called
podocytes) are octopus-shaped cells that reside in Bowman’s
space being attached to the GBM only by way of their processes
(see below). This shape was well described by Zimmermann
(20) and is seen to advantage in scanning electron micrographs
(SEM) (see later, Fig. 1-10). The exact details of cell shape dif-
fer depending on the species being studied (21,22). As a con-
sequence of the high degree of differentiation, podocytes, like
neurons, are unable of regenerative cell replication in the adult.
Thus, podocytes that were lost, for any reason, can not be re-
placed by new ones (23–25). At least no proliferation was docu-
mented in a wide variety of glomerular diseases associated with
podocyte loss. On the other hand, in glomerular diseases based
on dedifferentiation of podocytes (collapsing glomerulopathy),
a vivid proliferation of the dedifferentiated cells advances the
disease (26).

The cell bodies give rise to large primary processes that
may branch another time, finally splitting apart into termi-
nal processes, called foot processes (as seen from SEM pictures

FIGURE 1-4. Light micrograph of renal cortex (rat). Cortical radial
vessels (A, artery; V, vein), glomeruli, and convoluted tubules make up
the cortical labyrinth. The straight tubular portions are found in the
medullary rays of the cortex (one medullary ray is delineated by the
hatched line). (Magnification ×80.)

“finger processes” would be a better word) or pedicels (Figs.
1-6; 1-8 through 1-11, and 1-13). The foot processes are
anchored within the GBM to a depth of about 40 to 60 nm.
The foot processes interdigitate in a complicated manner with
those from adjacent cells to form an elaborate layer of small
processes along the glomerular basement membrane. This in-
terdigitation results in the formation of an extensive series of
narrow slits between the foot processes, which provide a long
extracellular path for filtration of water and solutes (Fig. 1-10).
In transmission electron micrographs, these slits are bridged
by a layer of extracellular material (4 to 6 nm thick) called
the filtration-slit membrane (Figs. 1-9; 1-13). If tannic acid is
added to the fixative solution, a highly ordered isoporous sub-
structure is revealed in en face views of the filtration-slit mem-
brane (27). Staggered rodlike units project from the podocyte
plasmalemma and connect to a central linear bar. These rod-
like units delineate rectangular pores 4 × 14 nm within the
slit membrane (i.e., which approximate the size of an albumin
molecule).

Generally, the slit diaphragm is considered as an adherens-
like intercellular junction (28). Intensive research in recent
years has uncovered several transmembrane proteins that par-
ticipate in the formation of the slit membrane (Fig. 1-11)—
including nephrin (29), Neph1 (30), P-cadherin (28), and
FAT (31). Other molecules, such as ZO1 (32), Podocin (33),
CD2AP (34), and catenins mediate the connection to the
actin cytoskeleton (see below). Nephrin is a member of the
immunoglobin superfamily (IgCAM); its gene, NPHS1, has
been identified as the gene whose mutations cause congeni-
tal nephritic syndrome of the Finnish type (29). In addition to
its role as a structural component, nephrin acts as a signaling
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FIGURE 1-5. Schematic of a longitudinal section through a glomerulus
and juxtaglomerular apparatus (JGA). The direction of blood flow in
the glomerular arterioles is indicated by arrows. The capillary network,
together with the mesangium, is enclosed in a common compartment
bounded by the glomerular basement membrane (GBM) (shown in
dark gray). The outer aspect of the GBM is covered by the glomeru-
lar visceral epithelium (podocytes). Note that there is no basement
membrane at the interface between the capillary endothelium and the
mesangium. At the vascular pole, the visceral epithelium, together with
the GBM, is reflected into the parietal epithelium of Bowman’s capsule,
which, at the urinary pole, passes over into the epithelium of the prox-
imal tubule. The JGA consists of the macula densa of the distal tubule,
the extraglomerular mesangium (which is continuous between both ar-
terioles and continues via the glomerular stalk into the intraglomerular
mesangium), and the granular cells within the afferent arterioles. All
cells that have been suggested to be of smooth muscle origin are shown
in black. Note the sympathetic nerve terminals at the afferent arteriole.
(From: Kriz W, Sakai T, Hosser H. Morphological aspects of glomeru-
lar function. In: Davison AM, ed. Nephrology, Vol. 1. Proceedings
of X International Congress of Nephrology, London, 1987. London:
Bailliere Tindall, 1988:3, with permission.)

molecule that can activate MAP kinase cascades (35). Neph1
is considered as a ligand for nephrin. Podocin belongs to the
raft-associated stomatin family, whose gene, NPHS2, is mu-
tated in a subgroup of patients with autosomol-recessive-
steroid-resistent nephrotic syndrome (33). These patients show
disease onset in early childhood and rapid progression to end-
stage renal failure. Podocin interacts with nephrin and CD2AP
(36). FAT is a novel member of the cadherin superfamily with
34 tandem cadherinlike extracellular repeats and a molecular
weight of 516 KDa (37). Because FAT has a huge extracellular

FIGURE 1-6. Schematic of a cross section of a glomerular capillary
and its relationships to the mesangium. The capillary is made up of a
fenestrated epithelium. The peripheral part of the endothelium tubule
is surrounded by the GBM (shown in dark gray), which, at mesangial
angles (arrows), deviates from a pericapillary course and covers the
mesangium. The outer aspect of the GBM is covered by the interdig-
itating pattern of podocyte foot processes. In the center, a mesangial
cell is shown; its many processes contain microfilament bundles and
extend toward the GBM, to which they are connected. The mesangial
matrix contains an interwoven network of microfibrils. (From: Venkat-
achalam MA, Kriz W. Anatomy of the kidney. In: Heptinstall R, ed.
Pathology of the kidney, 4th ed. Boston: Little, Brown, 1991, with
permission.)

domain, it is speculated that it dominates the molecular struc-
ture of the slit membrane (31); the FAT mutant mouse fails to
develop a slit membrane (38). P-cadherin (28) is thought to
mediate with its intracellular domain the linkage to β- and γ -
catenin, a complex which then connects to the actin cytoskele-
ton via α-catenin and α-actinin. Taken together, many compo-
nents of the slit membrane are known, but an integrative model
of its substructure including all components is thus far lacking.

The cell body of podocytes contains a large nucleus that
tends to be indented in the region of the large Golgi-apparatus.
Furthermore, it houses abundant rough-surface endoplasmic
reticulum; individual cisternae, generally arranged in one com-
plex per cell, are widened and filled with fine-granular mate-
rial of varying electrondensity; their relevance is unknown. In
addition to the synthesis of membrane proteins necessary to
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FIGURE 1-7. Transmission electron micrograph of a rat glomerular
lobule. Glomerular capillaries and the glomerular mesangium occupy
a common compartment enclosed by the GBM. The mesangial cell
body (in the center) gives rise to many processes that fill (together with
the mesangial matrix) radial arms that extend to the peripherally lo-
cated capillaries. The outer aspect of the GBM is covered by podocytes.
(Magnification ×3500.)

supply the huge surface of their processes, podocytes in the
adult synthesize and secrete all components of the GBM (39)
(see below). On the other hand, abundant multivesicular bodies
(predominantly found in the large cell processes) demonstrate
strong catabolic activity in podocytes.

Podocytes contain a well-developed cytoskeleton that ac-
counts for the unique shape of the cells and the maintenance
of the processes. In the cell body and the primary processes,
microtubules and intermediate filaments, such as vimentin and
desmin, dominate, whereas microfilaments are densely accu-
mulated in the foot processes. Here, they are part of a com-
plex contractile apparatus (40). The microfilaments form loop-
shaped bundles, with their limbs running along the longitudinal
axis of the foot processes. The bends of these loops are located
centrally at the transition to the primary processes and are
probably connected to the microtubules by the microtubule-
associated protein τ (41). Peripherally, the actin bundles ap-
pear to be anchored in the dense cytoplasm associated with the
cell membrane of the soles of foot processes.

Specific transmembrane matrix receptors anchor the
podocyte foot processes to the GBM. Two systems are so far
known. The first is a specific integrin heterodimer consisting of
α3β1 integrins. Within the GBM, these integrins bind to colla-
gen type IV, fibronectin and laminin 11 (42,43). Second, a dys-
troglycan complex connects the intracellular molecule utrophin
to laminin 11, agrin and perlecan in the GBM (44,45). Both,
integrins and dystroglycans are coupled via adapter molecules
(paxillin, vinculin, α-actinin a.o.) to the podocyte cytoskeleton,
allowing outside-in and inside-out signaling as well as trans-
mission of mechanical force in both directions.

A

B

FIGURE 1-8. Transmission electron micrographs of glomerular cap-
illaries (C) and associated mesangium. A: A mesangial cell body (M)
gives rise to cell processes that extend to peripherally located capil-
laries. Note that there is no basement membrane at the interface be-
tween the capillary endothelium and the mesangium. (Magnification ×
13,000.) B: Capillary mesangium interface. Beneath the endothelium
(E), tonguelike mesangial cell processes run toward both opposing
turning points of the GBM (arrows). They contain microfilament bun-
dles that obviously interconnect the GBM of both mesangial angles.
(Magification ×24,000.)

In addition to the actin cytoskeleton within the foot pro-
cesses, a subplasmalemmal actin system is found in podocytes
(40). This actin network is connected to the transmembrane
sialoprotein podocalyxin, that represents the major protein of
the negatively charged surface coat of podocytes (46,47). The
cell coat has the characteristics of a glycocalyx that contains
sialic acid. A decrease in the content of sialic acid is associated
with a podocyte foot-process effacement and results in protein
leakage through the filter; this has been shown under a great
variety of circumstances (48–52).
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FIGURE 1-9. Transmission electron micrograph showing the podocyte (P), pedicels (PC) near the base-
ment membrane (BM), and the endothelial cells lining the capillary (C). (Magnification ×34,000.)

A huge body of data has been accumulated in recent years
concerning the inventory of receptors and signaling processes
starting from them in podocytes. cGMP signaling (stimulated
by ANP, BNP, and CNP, as well as by NO), cAMP signal-
ing (stimulated by prostaglandin E2, dopamine, isoproterenol,
PTH/PTHrP), and Ca2+ signaling (stimulated by a huge num-
ber of ligands, including angiotensin II, acetylcholine, PGF2,
AVP, ATP, endothelin, histamine, a.o.) have been identified (for
details see [53]. The major target of this signaling orchestra
is the cytoskeleton, the concrete effects of which, however, are
poorly understood. Other receptors, such as for C3b (54), Hey-
mann’s antigen (55), TGFβ (56,57), FGF2 (58) and various

other cytokines and chemokines have been shown to be in-
volved in the development of podocyte diseases (for details see
reference 53).

Endothelium

The endothelium consists of a simple squamous layer of fenes-
trated cells with the cell nuclei generally located near the axial
region of the capillary loop (Fig. 1-6). The fenestrated regions
(Fig. 1-12), which compose roughly 55% of the surface area
(59), have a thin layer of cytoplasm (about 50 nm thick) pene-
trated by numerous fenestrae of round, oval, or irregular shape

FIGURE 1-10. Scanning electron mi-
crograph showing the elaborate cell
shape of rat podocytes. (Magnification
×5,900.)
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FIGURE 1-11. Schematic drawing of the molecular equip-
ment of podocyte foot processes Cas, p130Cas; Cat,
catenins; CD, CD2-associated protein; Ez, ezrin; FAK,
focal adhesion kinase; ILK, integrin-linked kinase; M,
myosin; N, NHERF2; NSCC, nonselective cation channel;
PC, podocalyxin; S, synaptopodin; TPV, talin-paxilin-
vinculin; U, utrophin; Z, ZO-1. See text for further ex-
planations. (From: Endlich K, Kriz W, Witzgall R; Update
in podocyte biology. Curr Opin Nephrol Hypertens 2001:
10:331, with permission.)

and varying sizes. The total area occupied by fenestrae ac-
counts for 13% of the capillary surface. The fenestrated regions
outline the pericapillary portions of the glomerular basement
membrane, but also may be found adjacent to the mesangium
(Fig. 1-8). The fenestrae have a diameter of 50 to 100 nm (thus
they are larger than endothelial fenestrae elsewhere in the body)
and generally are not bridged by diaphragms. Fenestrae with di-
aphragms are found only in the outflow segment of the efferent

arteriole (60). Nonfenestrated regions are generally seen over
nuclei and mesangial cell regions. Human glomerular endothe-
lial cells also are fenestrated (61,62). A cell coat that is rich
with polyanionic glycoproteins, including podocalyxin, covers
the endothelial surface (63–65) and appears to fill the fenstrae
like “sieve plugs” (66).

As elsewhere in the body, glomerular endothelial cells
are active participants in processes controlling coagulation,

FIGURE 1-12. Scanning electron micrograph of a sec-
tioned capillary loop showing the pores (arrows) of the
endothelium. (Magnification ×50,400.)
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FIGURE 1-13. Transmission electron micrograph from a rat renal cor-
puscle showing the endothelial lining (E), the basement membrane
(BM), and the pedicels (P). The filtration-slit membrane (arrow) bridges
the pedicels. (Magnification ×23,600.)

inflammation, and immune processes. Renal endothelial cells
express surface antigens of the class 2 histocompatibility com-
plex. Like platelets, glomerular endothelial cells contain com-
ponents of the coagulation pathway and are capable of binding
factors IXa and Xa and synthesize, release, and bind von Wille-
brand factor (factor VIII) (62). Glomerular endothelial cells
synthesize and release endothelin-1 and endothelium-derived
relaxing factor (EDRF) (67). Glomerular endothelial cells have
receptors for vascular endothelial growth factor (VEGF) and
angiopoetin I that are produced by podocytes (68,69). The sig-
naling axis via VEGF appears to have a major relevance for the
maintenance of the glomerular tuft.

Glomerular Basement Membrane

The glomerular basement membrane (GBM) covers the capil-
lary loops except in the axial region, where it is reflected over
the mesangium to the next capillary loop, accompanied by the
layer of foot processes (Figs. 1-6 through 1-8). The endothelial
cells do not have a separate basement membrane; thus, the en-
dothelial cells directly abut the mesangium. In adult humans,
the basement membrane has a mean diameter of 320 to 340
μm (70). It is thinner in young children and most laboratory
animals (71).

The basement membrane is composed of three layers: an
outer, less dense subepithelial layer, the lamina rara externa;
a central, electron-dense layer, the lamina densa; and an inner
subendothelial layer, the lamina rara interna, which is contin-
uous with the mesangial matrix (Figs. 1-9; 1-13).

During glomerulogenesis, the GBM is generated as two sep-
arate layers produced by glomerular endothelial and epithelial
cells. The two sheets are fused together to form the mature
GBM (72–75). In the adult, the GBM is subject to a continues
turnover (76–79), but few details are known so far about these

processes. Podocytes appear to be the dominant cell type to
synthesize and probably to degrade the GBM. Podocytes are
alone capable to synthesize all the components of the GBM
(39,80,81); glomerular endothelial cells and also mesangial
cells may contribute to the formation of the GBM (82). It is
less clear how the GBM degrades. In recent years, several extra-
cellular matrix degrading enzymes have been described being
produced by podocytes and mesangial cells (83–85). The rele-
vance of these enzymes for the turnover of the GBM remains
to be established.

The GBM is generally considered as a hydrated mesh-
work consisting of collagen type IV, laminin, entactin/nidogen,
and sulfated proteoglycans including agrin, and perlecan (39,
86–90). Models of the ultramicroscopic structure of the base-
ment membrane picture the GBM as a mat of collagen type
IV. Monomers of type IV collagen consist of a 400-μm triple
helix that, at its carboxy-terminal end, has a large noncollage-
nous globular domain called NC 1. At the amino-terminus
the helix possesses a 60-μm triple helical rod, the 7S domain.
Interactions between the 7S domain and the NC1 domain
allow collagen type IV monomers to form tetramers that, by lat-
eral association of triple helical strands, assemble into a three-
dimensional network (91,92). Laminin forms a second network
that is superimposed to the collagenous network. Laminin is
a noncollagenous glycoprotein consisting of three polypeptide
chains, two of which are glycosylated and cross-linked by disul-
fide bridges (86,93,94). Laminin bind to specific sites on the
polymerized network of type IV collagen as well as the basal
endothelial and epithelial integrins (see the preceding). The
α-5-, β-2-, γ -1-laminin chains are assembled to form the GBM-
specific heterotrimeric laminin 11 (42). This combined network
of collagen type IV and laminin provides mechanical stability
to the basement membrane and serves as a basic structure on
which other matrix components attach.

The proteoglycans of the basement membrane consist of
core proteins and covalently bound glycosaminoglycans, which
are concentrated in the laminae rarae internae and externae,
where they have been referred to as anionic sites and can be
localized with cationic probes (95). The major proteoglycans of
the GBM are of the heparan sulfate type; the most prominent
is agrin (87), but perlecan also has been shown to occur in
the GBM (39). Digestion of these molecules with heparinase
leads to a dramatic increase in the permeability of the basement
membrane to anionic native ferritin used as a probe (63).

Mesangium

The mesangium consists of mesangial cells that are embed-
ded in a mesangial matrix. The term mesangium was intro-
duced by Zimmermann in 1929 (20) to describe the cells that
form the stalk of the glomerulus and the axes of its lobules.
Glomerular capillaries pursue a tortuous, highly anastomosing
course around the mesangial axes. Together with the capillar-
ies, the mesangium occupies the space inside the GBM, fre-
quently termed the “endocapillary region.” Topographically,
the mesangium can be subdivided into a juxtacapillary region,
where it abuts the capillary endothelium, and more centrally
located axial regions, which are bound by the perimesangial
GBM (Figs. 1-5 through 1-7) (96). The glomerular mesangium
is continuous with the extraglomerular mesangium (Polkissen
or lacis cells) along the glomerular stalk (Fig. 1-5). Both in-
traglomerular and extraglomerular mesangial cells have many
similarities.

Mesangial cells are quite irregular in shape, with many cy-
toplasmic processes extending from the cell body toward the
GBM. They have structural characteristics similar to those of
smooth muscle cells in that they contain many bundles of
microfilaments (especially within the cell processes) and pe-
ripheral dense bodies. Actin, myosin, and α-actin have been
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shown by immunocytochemistry to be contained in mesangial
cells (97,98). The relevance of mesangial cell contractility is
discussed in the following.

The processes of mesangial cells extend toward the GBM,
to which they are attached either directly or by the interposi-
tion of extracellular bundles of microfibrils (Figs. 1-6; 1-9). The
GBM has to be considered as the effector structure of mesangial
contractility (96,99). Connections between mesangial cells and
the GBM are especially prominent in the juxtacapillary region.
At this site, tonguelike mesangial cell processes (packed with
microfilament bundles) run underneath the capillary endothe-
lium toward the turning points (mesangial angles) of the GBM,
where they are anchored. Generally, two of these processes in-
terconnect the GBM from two opposing mesangial angles (Fig.
1-8). In the axial mesangial region, contractile filament bun-
dles are predominantly found within the numerous fingerlike
projections of mesangial cells. These microprojections also run
toward the GBM and are anchored to it. As in the juxtacapil-
lary region, these microfilament bundles interconnect opposing
parts of the GBM (96).

The mesangial matrix fills the highly irregular spaces be-
tween mesangial cells and the perimesangial part of the GBM.
In immunocytochemical studies, collagen types IV and V, hep-
aran sulfate proteoglycan, fibronectin, laminin, and entactin
have been localized within the mesangial matrix (90,100,101).
Among these components, fibronectin is the most abun-
dant and has been shown to be associated with microfibrils
(100,102). Fibrillin 1 and other specific elastic fiber proteins
been detected in the glomerular mesangium and have been
shown to be produced by mesangial cells (103,104).

In specimens prepared for transmission electron microscopy
according to routine methods, the mesangial matrix appears as
basement membranelike material, albeit more fibrillar in char-
acter than the basement membrane proper (105). In specimens
prepared by a technique that avoids osmium tetroxide and uses
tannic acid for staining, the mesangial matrix is seen to contain
a dense network of microfibrils (96,106). Microfibrils are non-
collagenous, nonbranching hollow structures of indeterminate
length that are about 15μm thick (107). Within the mesangium,
microfibrils form a three-dimensional network that establishes
a solid base of contact between mesangial cells and the GBM,
fettering the GBM to mesangial cells. Distinct bundles of mi-
crofibrils may be regarded as “microtendons” that allow the
transmission of contractile force of mesangial cells to specific
sites of the GBM (96,106). The functional relevance of this
system is discussed below.

The relevance of mesangial cells in phagocytosis is well doc-
umented. Mesangial cells are able to ingest particular tracers
as well as macromolecules, such as thorotrast (108), ferritin
(105), and aggregated proteins, as well as immune complexes
(109). An increased uptake of such materials by mesangial cells
has been noted in proteinuric states (105,110). It appears, how-
ever, that mesangial cells proper (i.e., mesangial cells that have
contractile properties) are not primarily phagocytotic. A small
subpopulation (3% to 7%) of cells in this region has been rec-
ognized as bone marrow-derived; they represent macrophages
that have taken up residence in the mesangium (111).

Supportive Functions of the Mesangium and Podocytes

The glomerular tuft is constantly exposed to comparably high
intraglomerular pressures within glomerular capillaries and
mesangium. The high intraglomerular pressures challenge not
only the glomerular capillaries themselves but also the fold-
ing pattern of the glomerular tuft. Increased pressures lead to
the loss of the folding pattern and to dilation of the glomeru-
lar capillaries. Therefore, we have to ask what are the specific
structures and mechanisms that counteract the expansile forces
in the glomerular tuft. To answer this question we have to

distinguish between the structures and mechanisms maintain-
ing (i) the folding pattern of the glomerular tuft and those main-
taining (ii) the width of glomerular capillaries.

The folding pattern of the glomerular tuft is primarily sus-
tained by the mesangium (96,99,112). Mesangial cells are con-
nected to the GBM by their contractile proceses; by centripetal
contractions they maintain the infoldings of the GBM, thereby
allowing for the capillaries to arrange in the peripheral ex-
pansion of the GBM. This supporting role of mesangial cells
is best illustrated under circumstances with loss of mesangial
cells, such as Thy-1 nephritis (113). Under those circumstances
the folding pattern of the GBM is progressively lost, finally re-
sulting in mesangial aneurysms. Podocytes clearly contribute
to maintenance of the folding pattern by specific cell processes
that interconnect opposing parts of the GBM from outside
within the niches of the infoldings. This function is also best
illustrated under circumstances with loss of mesangial support:
podocytes are capable of maintaining a high degree of the GBM
folding pattern for 2 to 4 days after which they obviously fail,
and mesangial aneurysms become prominent (113).

The width of glomerular capillaries, in the long run, is prob-
ably controlled by growth processes accounting for differently
sized capillaries. The width of a given capillary, in an acute
situation being exposed to changes in blood pressure, appears
to be stabilized by the GBM, which is a strong elastic struc-
ture (114) and, together with the mesangial cell bridges (see
above), capable of developing wall tension (112,115). In addi-
tion, the tensile strength of the GBM is reinforced by podocytes.
Podocytes are a kind of pericytes; their foot processes represent
a unique type of pericyte process which, like elsewhere in the
body, counteract the dilation of the vessel. Podocyte processes
are firmly attached to the underlying GBM (see above); their cy-
toskeletal tonus counteracts the elastic extension of the GBM.
In this function, podocytes cannot be replaced by any other
cell; failure in this function will lead to capillary dilation.

Glomerular Filtration Barrier

The essential components of the glomerular filtration barrier
are the endothelium (Fig. 1-13), which is perforated by large
open pores, the extracellular matrix feltwork of the GBM mem-
brane, and the slit diaphragms between the podocyte foot pro-
cesses. When compared with the barrier established in capil-
laries elsewhere in the body, a glomerular filtration barrier is
quite different in two respects: its permeability to water, small
solutes, and ions is extremely high, whereas its permeability to
plasma proteins the size of albumin and larger is very low.

The high hydraulic permeability is rooted in the fact that
filtration occurs along extracellular routes. All components of
this route—the endothelial pores, the highly hydrated GBM,
and the slit membrane—can be expected to be quite permeable
to water and small solutes. Drummond and Deen (116) have
calculated the hydraulic conductance of the individual layers.
According to this calculation, the hydraulic resistance of the
endothelium is negligible. The GBM and the filtration slits each
make up roughly one-half of the total hydraulic resistance of
the filtration barrier.

Any decrease in the length of the filtration slit and thus in slit
area, as in experimental and clinical glomerulopathies along
with footprocess effacement, correlates with the decrease in
the ultrafiltration coefficient Kf (117,118). A model simulating
those conditions showed, along with a decrease in slit area,
its relevance in determining increases in flow resistance. The
decrease in filtration slit area caused the average path length
for the filtrate, through the basement membrane, to increase,
thereby explaining the overall decreased hydraulic permeability
(119).

On the basis of evidence of contractility of mesangial cells
exposed to vasoconstrictor stimuli in culture (120,121), of
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dimensional changes observed in intact glomeruli ex vivo
(122,123), and of changes in ultrafiltration coefficient Kf found
in vivo in response to vasoactive substances (124,125), some
researchers have concluded that mesangial cells contract in situ
and that this contraction alters glomerular filtration dynamics
by decreasing filtration surface area.

Other considerations speak against this possibility. The geo-
metric arrangement of the mesangial contractile apparatus (Fig.
1-6), however, does not seem to be compatible with the previ-
ously mentioned sequence of actions. Shortening of the mesan-
gial cell processes connecting opposing angles would only bring
the angles closer together, compressing the mesangial capillary
interface, but leaving peripheral capillary wall area (filtration
area) unaltered. In addition, with regard to the contractility
of mesangial cells ex vivo (in culture as well as preparations
of whole glomeruli), it should be remembered that mesangial
contraction in these cases is not opposed by intercapillary hy-
drostatic pressure as it is in situ. These considerations, together
with the absence of measurable changes in glomerular tuft di-
mensions in morphometric studies (126,127), as well as in re-
sponse to vasoactive substances in vivo (128), have led to the
suggestion (112) that the mechanical action of the mesangial
cell contraction is essentially static in nature, developing from
tension that serves to counteract expansile forces on the tuft
without inducing significant changes in capillary dimension. If
mesangial contractility acutely alters the glomerular ultrafiltra-
tion coefficient Kf, it is, therefore, probably not because of an
acute change in filtration surface area.

The low permeability of the glomerular filtration barrier to
plasma proteins is still poorly understood. Several points seem
to be relevant. First, there is no vesicular transport of proteins
through this barrier as in most other capillaries elsewhere in the
body. The barrier function of the glomerular filter for macro-
molecules is quite specific and is selective for size, shape, and
charge (129–131).

In early extensive studies, Farquhar and associates
(129,132,133), as well as Rennke and associates (134), used
tracers, such as ferritin and dextrans of different sizes and
charge, to elucidate the role of the various layers in determining
the selectivity of this filtration barrier. When their results are
summarized, it appears that the basement membrane may be
the major barrier to anionic substances, whereas the most re-
strictive part for uncharged and cationic substances may be the
slit diaphragm. Uncharged macromolecules up to an effective
radius of 1.8 μm pass freely through the filter. Larger com-
pounds are more and more restricted (indicated by their frac-
tional clearances, which progressively decrease) and are totally
restricted at effective radii of more than 4.0 μm. The effective
radius is an empiric value, measured in artificial membranes,
that takes into account the shape of micromolecules and also
attributes a radius to nonspherical molecules. Plasma albumin
has an effective radius of 3.6 μm; without the repulsion because
of the negative charge, plasma albumin would pass through the
filter in considerable amounts (135).

Thus, since these early studies, the glomerular barrier has
been generally suggested to contain a size- and a chargerestric-
tive element. Despite more than 30 years of intensive research,
the principles of the glomerular barrier function are still con-
troversial and poorly understood—a situation that gives room
even to hypotheses claiming that the glomerular barrier itself
does not have any restrictive properties to macromolecules,
such as albumin (136–138).

Summarizing the present status of knowledge, accumulat-
ing evidence suggest that the GBM has little relevance in size
restriction, but the slit membrane is the decisive size-restrictive
element within the glomerular barrier (139). The current strong
engagement in elucidating the molecular architecture of the slit
membrane promises to enlighten the porous pattern of the slit
membrane and, hopefully, explain its size restrictive property.

Regarding the charge selectivity, it appears that the proximal
portion of the barrier, above all the endothelium, are most
important (66,140–142). Furthermore, prevention of albumin
from entering the filter is also dependant on normal hemody-
namic conditions in glomerular capillaries, as first shown by
Ryan and Karnovsky (143).

Proximal Tubule

At the urinary pole of the glomerulus, the flat parietal epithe-
lium of Bowman’s capsule transforms abruptly into the high
epithelium of the proximal tubule. In some species (rabbits)
(144), a neck segment is found interposed between the glomeru-
lus and the proximal tubule; short neck segments also may be
seen in humans (71). In contrast, in mice, the proximal tubule
epithelium generally begins deep within the Bowman’s capsule.

The proximal tubule is composed of segments that have dif-
fering morphology, functional relevance, and vulnerability to
toxins (Figs. 1-14–1-18). The two segments most frequently
identified are the proximal convoluted portion (pars convo-
luta) occupying the cortical labyrinth (Figs. 1-14–1-17), and
the straight portion (pars recta) in the medullary rays of the
cortex and the outer stripe of the outer medulla (Fig. 1-18).
Further subdivision on structural criteria results into three seg-
ments: P1, P2, and P3 according to Jacobsen and Jorgensen
(145), and S1, S2, and S3 according to Maunsbach (146,147).
S1, or P1, corresponds to the first segment of the pars convoluta
and lies exclusively in the cortical labyrinth; S2, or P2, corre-
sponds to the remainder of the convoluted segment and the
beginning of the pars recta, with the first part occupying the
cortical labyrinth and the remainder occupying the medullary
ray; and S3, or P3, corresponds to the remaining part of the
pars recta located primarily in the outer stripe of the outer
zone of the renal medulla. The transition from P1 to P2 is grad-
ual, whereas the transition from P2 to P3 is generally abrupt,
except in rabbits (148).

FIGURE 1-14. Transmission electron micrograph of a proximal tubule
(P1 segment) of the rat. Note the apical brush border, the vesicular
zone of the apical cytoplasm, and the basal zone of interdigitating cell
processes filled with mitochondria. (Magnification ×2,300.)
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FIGURE 1-15. Transmission electron micrograph of a human proximal convoluted tubule showing the
brush border (BB) and apical condensing vacuoles containing small dense bodies (arrows). (Magnification
×7,800.)

To confuse matters further, the morphology of the subdivi-
sions differs not only from each other but also among species,
including mice (149), rats (146), rhesus monkeys (150), rabbits
(148), and dogs (151). For a detailed description of a particu-
lar species, the reader should consult the original studies. Seg-
mentation of human proximal tubules has not been studied as
recently or thoroughly because of a lack of availability of well-
fixed normal human kidney and, therefore, has been divided
only into convoluted and straight regions (152).

In general, cells of the P1 region are tall, have a well-
developed apical microvillus border, an elaborate cell shape
with well-developed lateral interdigitating processes contain-
ing abundant, large mitochondria, and a well-developed endo-
cytic apparatus (Fig. 1-16). P2 cells decrease in cell height from
those seen in P1, have a shorter microvillus border, and are less
elaborately shaped cells with smaller mitochondria (Fig. 1-17).
The P3 cells are more cuboidal in shape (less elaborate) and
their microvillus border is generally less elaborate. The cells of
rats are an exception, having a well-developed brush border
of very long microvilli (Fig. 1-18) (146). This cytologic seg-
mentation of the proximal tubule is maintained in superficial,
midcortical, and juxtamedullary nephrons.

Proximal Convoluted Tubule (P1 and Part of P2)

The proximal convoluted tubule is the longest and largest seg-
ment of the mammalian nephron. The tubule is lined by cells

that have an elaborate cell shape based on extensive basolat-
eral interdigitations (Figs. 1-19,1–20,1-22), a well-developed
microvillus border, a prominent intracellular digestive tract (en-
docytic apparatus and lysosomes (Fig. 1-15), and numerous
large peroxisomes (microbodies). The single ovoid nucleus lies
in the middle to basal region of the cytoplasm.

Cell Shape and Mitochondria. The cells are characterized by
an extensive system of lateral cell processes that interdigitate
with lateral processes from adjacent cells (Figs. 1-19; 1-20;
1-22). These lateral processes can extend the entire height of
the epithelium, especially in the P1 segment, but become more
elaborate toward the basal regions of the lateral surface (Fig.
1-16). The complex shape of these cells serves to increase the
lateral cell surface area manyfold, which provides a greater
area for transporters, above all of the Na+-K+-ATPase. These
lateral extensions usually contain one or two layers of mito-
chondria (Fig. 1-20). The mitochondria are long, narrow rods
that branch and double back on themselves. They are oriented
perpendicular to the basement membrane and lie adjacent to
the cell membrane, to which they presumably supply energy
for transport processes.

The lateral extensions and their mitochondria cause the pat-
tern of basal striations that are typical for numerous trans-
porting cells. The lateral processes of proximal convoluted
tubule cells in humans are not as elaborate as those seen in



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-01 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 21:36

14 Section I: Biochemical, Structural, and Functional Correlations in the Kidney

FIGURE 1-16. Transmission electron micrograph of a P1 segment from a rat kidney. (Magnification ×8,000.)

rats (compare Figs. 1-15 and 1-16). In rabbits, the lateral cell
surface is increased 20 times over that of the basal cell surface
(153). The lateral extensions also establish a complex and ex-
tensive surface labyrinth of lateral intercellular spaces (“basal
labyrinth”).

Cell Junctions. The proximal convoluted tubular cells have an
apical junctional complex that consists of a shallow, beltlike,
tight junction next to the tubular lumen; a deeper, beltlike inter-
mediate junction (the zonula adherens); and only small and in-
frequently seen desmosomes. The proximal tubular tight junc-
tions are shallow and consist of only one or two lines of fusion
of the outer leaflet of the cell membrane (Fig. 1-21). Freeze-
fracture studies of normal proximal tight junctions, however,
reveal focal discontinuities. During volume expansion, strik-
ing increases in the length of discontinuities were found (154).
Transmission micrographs also show multiple areas of nonfu-
sion of tight junctions associated with renal venous constriction
and increased ureteral pressure (155). These sites of nonfusion
may explain the increased permeability seen in these situations.
Proximal tubular cells are electrically coupled by gap junctions
(Fig. 1-21) (156).

Microvilli. A layer of slender (approximately 80 to 90 μm),
finger-shaped processes extends into the tubular lumen, form-
ing the microvillus, or brush border. The length and num-
ber of processes vary with the segment and species. The lu-
minal surface of the pars convoluta is increased 40 times

in rats (147). The luminal surface is increased 36 times in
the pars convoluta and 15 times in the pars recta in rabbits
(153). Each microvillus has a core of microfilaments that ex-
tend into the apical cytoplasm connecting them to the cyto-
skeleton.

Cytoplasm. The cells contain a very prominent vacuolar ap-
paratus (see below), a Golgi apparatus, free ribosomes, and
cisternae of rough and smooth surface endoplasmic reticulum.
The latter forms specialized cisternae, called the perimembra-
nous cisternal system, near the lateral cell membranes (71). In
addition, the cells contain many peroxisomes that frequently
have eyecatching shapes (157). Peroxisomes are limited by a
single membrane and contain a dense matrix, frequently ex-
hibiting crystalloid nucleoids (Fig. 1-17); platelike inclusions at
the peroxisomal edge, which are called marginal plates, are also
frequently encountered. Peroxisomes are invariably wrapped
by elements of the smooth-surfaced endoplasmic reticulum.
In the kidney, large peroxisomes are exclusively found in the
proximal tubule, most frequently in the P3 segments (157); all
other nephron portions contain only microperoxisomes. Perox-
isomes contain enzymes from a primitive respiratory chain in
which oxidases produce hydrogen peroxide, which is, in turn,
destroyed by the catalase; hence the name peroxisome (158).
Peroxisomes participate in the breakdown of very-long-chain
fatty acids by lipid β-oxidation; in addition, they may play a
protective role by destroying hydrogen peroxide produced by
free radicals.
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FIGURE 1-17. Transmission electron micrograph of a P2 segment from a rat kidney. Note the large dense
lysosomes (L) and peroxisomes (P). (Magnification ×10,000.)

Straight Part of the Proximal Tubule
(Last Part of P2 and All of P3)

The straight part of the proximal tubule (pars recta) begins in
the medullary ray and penetrates into the outer stripe of the
outer zone of the medulla (Fig. 1-18). The proximal pars recta
converts into the thin limb near the junction of the inner and
outer stripe. In rats, the pars recta includes the final region of
both P2 and P3 (159), and the transition between the two seg-
ments occurs at various levels in the medullary ray. This region
is marked by a sudden increase in microvillar length, a de-
crease in endocytic apparatus, and a decrease in interdigitation
between adjacent cells. The microvilli of the pars recta cells
decrease in height and number in rabbits (148) and humans
(152) but remain high in rats (Fig. 1-18).

In general, the P3 pars recta cells have been described as
lower in height with a less elaborate shape. In humans, the
pars recta cells have a convex apical surface, and some lipid
droplets are found in the basal cytoplasm. The mitochondria
are fewer and no longer closely applied to the cell membrane.
The lysosomes are smaller and the Golgi and endocytic appa-
ratuses are less well developed. Peroxisomes are more numer-
ous in the pars recta (71,152). The tight junctions of P3 can be
more complex in shape, consisting of several junctional strands
in rats, dogs, and cats (160).

Structure–Function Correlations

The functional relevance of the proximal tubule is manifold
and quantitatively enormous. It reabsorbs about 70% of
filtered Na+, Cl−, and water, 95% of bicarbonate, 60% of

Ca2+, and sodium phosphate. Reabsorption of the filtered
glucose is complete, whereas of amino acids is almost com-
plete. This occurs either by transcellular transport via specific
channels and transporters in both membranes (water, sodium,
phosphate, glucose, amino acids, and bicarbonate in a specific
enzyme-mediated mode) or predominantly by paracellular
transport through the leaky tight junctions (Ca2+, Cl−).
Furthermore, filtered macromolecules undergo reuptake by a
prominently developed endocytotic apparatus. In addition, the
proximal tubule (predominantly S3 segments) secretes organic
cations and anions, which constitute an extraordinarily
diverse array of compounds of physiologic, pharmacologic,
and toxicologic importance. The transepithelial transport
involves separate entry steps at the basolateral membrane and
exit steps at the luminal membrane with specific transporters
at both sites (161–164). Other potentially toxic xenobiotic
compounds are metabolized within the well-developed smooth
endoplasmic reticulum of S3 segments (165).

Unique to the proximal tubule is the reabsorption and
degradation of filtered protein and peptides (Figs. 1-15; 1-16).
As discussed above, all proteins smaller than albumin leak
through the glomerular filter; even albumin, in small amounts,
is always contained in the filtrate. All these diverse macro-
molecules are taken up by proximal tubule cells via receptor-
mediated endocytosis and degraded in lysosomes. In protein-
uric states, this function is greatly enhanced. The uptake and
digestion include the following steps (166,167):

1. Binding of the filtered protein to two multiligand receptors,
megalin and cubulin, which are densely accumulated within



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-01 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 21:36

16 Section I: Biochemical, Structural, and Functional Correlations in the Kidney

FIGURE 1-18. Transmission electron micrograph of a P3 segment from a rat kidney showing the extensive
microvillus border (BB) and more simple cell shape of this segment. (Magnification ×8,000.)

FIGURE 1-19. Scanning electron mi-
crograph of a rat proximal tubule ep-
ithelial cell showing the apical brush
border (BB) and the lateral processes
(LP). (Magnification ×14,700.)
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FIGURE 1-20. Transmission electron
micrograph of the basal cytoplasm
from a rat proximal tubular cell. (Mag-
nification ×20,600.)

clathrin-coated pits in the intermicrovillar areas of the apical
membrane.

Megalin is a 600-kDa transmembrane protein belonging
to the LDL-receptor family (see reviews [166,167]). The ex-
tracellular domain contains four clusters of cysteine-rich,
complement-type repeats, constituting the ligand-binding
regions. Cubulin is a 416-kDa peripheral membrane protein
identical to the intrinsic factorvitamin B12 receptor, known
from the small intestine. It contains 27 CUB domains, which
are responsible for the ability to interact with a great variety
of ligands.

2. Small apical vesicals pinch off from the tubular invagination
at the intermicrovillar areas to ferry the protein to the next
component.

3. Large apical vacuoles located in the apical cytoplasm are
formed by fusion of small vesicles representing the early
endocytotic compartment.

4. Condensing vacuoles form in which the protein is con-
densed. These vacuoles move basally in the cell and ac-
quire hydrolytic enzymes by fusion either with primary or
secondary lysosomes. The proteins sequestered within lyso-
somes appear to be broken down into amino acids that are
reused by the cell.

5. Already sequestered in the early endosomal compartment,
the receptors are concentrated in dense, apical tubules by
which they are returned to the apical plasma membrane.

This process of megalin-mediated internalization appears
to be of even much wider relevance. As mentioned above, the
proximal tubule reabsorbs phosphate, representing a key el-
ement in phosphate homeostasis. Depending on the amount
of sodium phosphate cotransporters present in the brush bor-
der cell membrane, the reabsorption varies. Internalization
of the phosphate transporter type II (e.g., PTH induced to
downregulate reabsorption) occurs via megalin-mediated en-
docytosis (168,169). The proximal tubule has also endocrine
relevance. In response to stimulation by PTH, it produces,

by adding a second hydroxyl group, the active vitamin D3,
calcitriol.

Thin Limbs of the Loop of Henle (Intermediate Tubule)

Thin limbs can be short, occurring only along the descending
limb, or they can be long, reaching varying distances into the
inner medulla. In the long-looped variety, thin limb segments
compose part of both the descending and ascending limbs. Four
types of thin limb segments are routinely identified: (a) descend-
ing thin limbs of short-looped nephrons (SDTL) (Figs. 1-23–
1-25), (b) upper portions of descending thin limbs of long-
looped nephrons (LDTL up), (c) lower portions of descend-
ing thin limbs of long-looped nephrons (LDTL lp), and (d) as-
cending thin limbs of long-looped nephrons (ATL) (Figs. 1-24;
1-25). This pattern has been observed in rat (170,171), mouse
(172), syric hamster (173), the desert rodent Psammomys obe-
sus (174,175), and the rabbit (148). Thin limbs have not been
studied as carefully in humans as in several other animal species
(13,176,177). An additional subsegment of thin limbs has been
identified in chinchillas (178).

Surprisingly, as seen by light microscopy, these simple look-
ing epithelia are strikingly different from each other—not only
the ascending from the descending limbs but, most remarkably,
the descending limbs of short from those of long loops. Further-
more, within the descending segments, the proximal portion,
although structurally not different from the distal portion, ex-
press a different pattern of transporters than the distal portion.
Even islets or interposed limb pieces of functionally different
cells are encountered within an otherwise homogenous thin
limb segment (179,180). Beyond all these heterogeneities, there
are prominent differences among species. This situation may
explain the doggedly persistent discussion about the integrated
function of thin limbs in the urine-concentrating process; a gen-
erally accepted concept of how the final concentration of the
urine in the inner medulla occurs is lacking.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-01 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 21:36

18 Section I: Biochemical, Structural, and Functional Correlations in the Kidney

FIGURE 1-21. Freeze-fracture electron micrograph of the apical part
of proximal tubule cells (rabbit) showing the shallow tight junction
(arrows) and a gap junction (arrowhead). (Magnification ×37,000.)
(From: Kriz W, Kaissling B, Schiller A, et al. Morphologische merk-
male transportie-render epithelien. Klin. Wochenschr 1979;57:967,
with permission.)

The type-1 epithelium lining (SDTL) is composed of flat,
noninterdigitating cells, joined by tight junctions that consist
of several anastomosing strands. Cell organelles are exceed-
ingly sparse. Functionally, this segment contains aquaporin
1 (AQP1) and the urea transporter UT-A2 in its membranes
(181,182,183,184). Thus, it is water and urea permeable.
However, these properties are unequally distributed; within the
proximal part, the water permeability is high, whereas, within
the distal part, the urea permeability is high (181,183,185).

In species with complex vascular bundles (rat, mouse a.o.), the
SDTLs lie within vascular bundles (177); in these surroundings,
the thin limbs are in an ideal position to recycle urea from the
ascending vasa recta into the short-loop nephrons.

The descending limbs of long loops (LDTL) are generally
much larger in diameter and have a thicker epithelium than
those of short loops (Fig. 1-25). Moreover, these thin limbs seg-
ments are heterogenous; those of the longest long loops begin
in the inner stripe as a much thicker tubule than those of shorter
long loops. The character of the epithelium gradually changes
as the limbs descend toward and into the inner medulla. The
subdivision of the long descending thin limbs into an upper
part (type-2 epithelium) and a lower part (type-3 epithelium) is
an approximation and reflects the gradual change between the
two epithelia. Moreover, this process of epithelial transforma-
tion appears to be related to the length of each loop. It occurs
earlier and more quickly in short long loops and is delayed in
the longest long loops (148,149,171,172,177,179,186).

Furthermore, considerable interspecies differences, partic-
ularly prominent in type 2 epithelia, complicate the situa-
tion. Two patterns of type-2 epithelium may be distinguished
(177,187). In one group of species (mouse, rat, Psamomys a.o.)
(149,174,175,188,189) the type-2 epithelium is characterized
by an extremely high degree of cellular interdigitation and a
shallow tight junction consisting of only one junctional strand
pointing to prominent paracellular transports. In addition, the
epithelium has numerous apical microvilli, considerable num-
bers of mitochondria, and exhibits a high expression of Na+-
K+ ATPase (190,191). In a second group of species (rabbit,
minipig, and, possibly, man) (192,193), the type-2 epithelium
is much more simply organized. The prominent paracellular
pathway is lacking; the cells do not interdigitate and are joined
by deep tight junctions. In other respects, however, the epithe-
lia are similar in the two groups: numerous luminal microvilli,
many mitochondria, and a dense assembly of intramembrane
particles in luminal and basolateral membranes are present in
both groups. The high density of intramembrane particles may,
at least, be partially due to the high density of aquapotin1
(AQP1) channels in both membranes; corresponding to the
decrease of particle density along its descending course. The
density of AQP1 channels also decreases and finally terminates
completely (185,194,195). Since structurally a clear cut border
between the upper and the lower segment of the LDTL cannot
be defined, it may be reasonable to discriminate both segments
by the absence of AQP1 in the lower segments (179,185,194).

Type-3 epithelium (found in LDTL lp) is comparably sim-
ple; interspecies differences are no longer prominent. The ep-
ithelium consists of flat, noninterdigitating cells, joined by
tight junctions of intermediate apico-basal depth (171); it

FIGURE 1-22. Diagram of a prox-
imal convoluted tubular cell show-
ing the elaborate shape of these cells.
Some interdigitating processes extend
the full height of the cells. The api-
cal and basal cytoplasmic regions also
have smaller, more elaborate interdig-
itating processes. (From: Bulger RE.
The shape of rat kidney tubular cells.
Am J Anal 1965;116:237, with per-
mission.)
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FIGURE 1-23. Diagrammatic representation of thin limb structure in
short loops of Henle showing the shapes of constituent cells and the
morphology of the occluding junctions (inset). (From: Schwartz MM,
Venkatachalam MA. Structural differences in thin limbs of Henle: phys-
iological implications. Kidney Int 1974;6:193, with permission.)

lacks AQP1 and may, accordingly, have a very low water
permeability. Regarding the permeability to urea and the dis-
tribution of the urea transporter, UT-A, conflicting data are
published, especially when comparing data from different
species (180,181,194,196–198).

The ascending thin limb (ATL) is present only in long-loop
nephrons and is uniformly organized among mammals. Gen-
erally the transition from the type-3 epithelium of the DTL
to the type-4 epithelium of the ATL occurs in a short, but
fairly constant, distance before the bend [(“prebend segment”;
(170,175,179)]. Therefore, functionally, the entire bend should
be regarded as part of the ATL. The type-4 epithelium is char-
acterized by very flat but heavily interdigitating cells joined
by shallow tight junctions, consisting of only one, but promi-
nent, junctional strand. This leaky organization of the paracel-
lular pathways correspond with functional studies (199,200),
which all demonstrate that the ATLs are highly permeable for
ions.

The change from the type-3 epitheliumto the type-4 epithe-
lium coincides with the full disappearance of the urea trans-
porter UT-A and the abrupt beginning of the expression of the
chloride channel ClC-K1 (179,194); aquaporins are also lack-
ing. Thus, the ATL is water and urea impermeable, but highly
permeable for Cl− and also Na+.

In humans (201,202) dogs (151), and minipigs (193), a
gradual transition is seen from the thin limb to the ascend-
ing thick limb; however, an abrupt transition is seen in most
other species (148,203,204).

The Distal Tubule Overview

The distal tubule of mammalian kidneys has been defined in
many and conflicting ways. For morphologists, the distal tubule
is divided into several serial segments with differing locations in
the kidney and of varying ultrastructural patterns (205) (Fig.
1-2). The first morphologic segment of the distal tubule for
long-looped nephrons begins at the boundary between the in-
ner zone of the medulla and the inner stripe of the outer zone
of the medulla. At this boundary, the cells lining the ascending
thin limbs of long-looped nephrons increase in height, form-
ing the medullary thick ascending limb (MTAL). (The MTAL
of short-looped nephrons are encompassed within the inner
stripe of the outer zone in which the descending thin limb of
short-looped nephrons converts into a descending thick limb,
which then makes a hairpin turn and ascends as an MTAL.)
The MTAL limb traverses the inner stripe of the outer zone of
the medulla and continues toward the cortex through the outer
stripe of the outer zone of the medulla. The MTAL then enters
the cortex, ascending within the medullary ray as the cortical
thick ascending limb (CTAL). These two segments, the MTAL
and CTAL are also called the straight part of the distal tubule.
The CTAL then leaves the medullary ray and enters the pars
convoluta of the cortex, running between the afferent and ef-
ferent arteriole of the renal corpuscle from which that tubule
was derived. A plaque of taller, but narrower, cells is found in
the wall of the CTAL in this region; this plaque of cells forms
the macula densa (JGA). In humans, the cells of the MTAL are

FIGURE 1-24. Diagrammatic representation of thin limb
structure in long loops of Henle, showing the shapes of con-
stituent cells and the morphology of the occluding junctions
(inset). (From: Schwartz MM, Venkatachalam MA. Struc-
tural differences in thin limbs of Henle: physiologic impli-
cations. Kidney Int 1974;6:193, with permission.)
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FIGURE 1-25. Low-power electron mi-
crograph of a cross section through the in-
ner stripe (rabbit). A vascular bundle with
arterial (A) and venous (V) vasa recta is
surrounded by descending thin limbs (DL;
the small profiles belong to short loops
and the large profiles to long loops), and
thick ascending limbs (AL) and collecting
ducts (CD); note the dense pattern of cap-
illaries between the tubules. (Magnifica-
tion ×900.)

not as elaborately shaped as those described in the majority of
laboratory animals that have been studied (202).

After a short post macula densa region of the CTAL, the dis-
tal tubule becomes more convoluted and it is now lined by ep-
ithelial cells that increase in height from the CTAL, which forms
the distal convoluted tubule (DCT) (Fig. 1-27) (204,206). In
rabbits, the DCT contains one type of cells known as distal con-
voluted tubular cells (148). In this species, the DCT is abruptly
replaced by the connecting tubule (CNT). In other species, such
as rats and mice (207), humans (208), or minipigs (193), the
transition is more gradual with intermixing of cells so that in
the late distal convoluted tubule of these species connecting
tubule cells and intercalated cells (IC) begin to dominate, al-
though DCT cells and principal cells of the collecting duct also
can be identified. This segment is then defined as the CNT. The
CNT of superficial nephrons begin as unbranched segments,
each emptying into a collecting duct (some investigators call
the first part of the collecting duct the initial collecting duct).
In midcortical and juxtamedullary nephrons, the change from
the DCT to the CNT occurs a few cells before the fusion of the
two tubules (148). These CNT segments join to form branching
connecting tubule segments called arcades, which arch upward

in the cortex and then empty into a CCD (7). The number of
each type of CNT architecture varies with the species.

Medullary Thick Ascending Limb

The MTAL is lined by cells of one type that has extensive basal
interdigitating processes filling the basal three-fourths of the cy-
toplasm (see Fig. 1-26). The larger cell processes contain large
mitochondria that are elongated on an axis perpendicular to
the tubular basement membrane. In addition to their normal
contents, the mitochondria contain prominent intramitochon-
drial granules and occasional filamentous bodies (209). The
epithelium lining the MTAL is approximately 7 μm in height
(203,210).

The apical surface of the MTAL cells does not have an elab-
orate shape in rabbits (148); it is more elaborate in rats (211).
Tisher and associates (203,206,210), using scanning electron
microscopy, have described two surface configurations of the
MTAL cells, with variations in apical cell outlines and in the
number of apical microplications. Some cells have smooth
apical surfaces with a few microprojections, whereas others
have a rough surface with numerous microprojections. The
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FIGURE 1-26. Transmission electron
micrograph of the pars recta of the dis-
tal tubule from a rat showing the in-
terdigitating cellular processes. (Mag-
nification ×15,000.)

MTAL cells have both extensive invaginations of the basolat-
eral plasma membrane, as well as a large lateral interdigitat-
ing process of adjacent cells (210). Since a main function of
the TAL is the reabsorption of sodium and chloride from the
tubular lumen to the interstitium, these basolateral processes
have Na+-K+-ATPase activity (212). In addition, they have
an apical bumetanide-sensitive sodium-potassium-2 chloride
cotransporter called NKCC2 located in the apical membrane
(see the discussion of the membrane amplification principle

later in this chapter). The MTAL demonstrates a low perme-
ability for water so the active transport of the sodium ions
out of the basolateral membranes of the cells in exchange for
potassium ions participates in forming the hypertonicity of the
medullary interstitium. The apical cytoplasm contains a vari-
able number of vesicles and a prominent Golgi apparatus. Cis-
ternae of rough-surfaced endoplasmic reticulum can be seen
throughout the cytoplasm. The tight junction is of low to in-
termediate apical–basal depth, consisting of several parallel

FIGURE 1-27. Transmission electron
micrograph from a rat distal convo-
luted tubule showing the numerous
mitochondria within interdigitating
processes. (Magnification ×2 ,850.)
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strands (213). These tight junctions appear to be related to
the relative impermeability to water (see discussion later in this
chapter of tight junction structure and their role in transep-
ithelial solute and water transport). As the MTAL traverses
the outer stripe in rats, it decreases in cell height, but retains its
prominent lateral interdigitations. In rabbits, the apical surface
becomes more elaborate in this region (148).

The administration of vasopressin (antidiuretic hormone) to
rats that have hereditary diabetes insipidus causes hypertrophy
of the MTAL in Brattleboro rats (214). This effect can also be
shown by water restriction in normal rats (215) and after high
protein intake (216,217).

Cortical Thick Ascending Limb

The cells of the CTAL are lower in height than those of the
MTAL in the rat, measuring about 5 μm in height (211) and
2 μm in the rabbit (2). The cells still have prominent baso-
lateral interdigitating cell projections, which increase the ba-
solateral cell membrane approximately 10-fold over the api-
cal or basal cell surface (218). These interdigitating processes
are more prominent in a circumferential direction (218). Mi-
tochondria are still prominent in the basolateral cell processes,
but somewhat smaller than those of the MTAL. The apical cell
border becomes more tortuous in this segment, having more
prominent invaginations of the entire lateral cell margins, in-
cluding the apical region of the cell (148), and has more mi-
crovilli along its surface (203). Tamm–Horsfall glycoprotein
has been identified covering the plasma membrane in the TAL
of rat (219,220).

The MTAL and CTAL differ from each other physiolog-
ically, especially in hormone responsiveness (221,222). The
MTAL has a high density of Na+-K+-ATPase (223). Hebert
et al. (212) have shown in mice that antidiuretic hormone
(ADH) increases the transepithelial voltage and net chloride
reabsorption in the medullary, but not the cortical, region
of the ascending thick segment. The ascending thick region
functions in flow-dependent absorption of NaCl mediated by
the furosemide (bumetanide) -sensitive cotransport NKCC2
(224,225). Nielsen et al. (226) and Obermuller et al. (227)
using immunohistochemistry, have demonstrated bumetanide-
sensitive Na-K-2Cl labeling in the apical plasma membrane
and the subapical intracellular vesicles of MTAL and CTAL in
the rat and rabbit. The apical plasma membrane of the macula
densa region also had distinct labeling consistent with a role in
tubuloglomerular feedback.

The TAL in the inner stripe has a greater reabsorptive ca-
pacity for NaCl than the cortical segment (228), but the cor-
tical segment can maintain a higher concentration gradient
(229) (see the discussion of Na+-K+-ATPase and the basolat-
eral membrane area later in this chapter). The sodium chloride
reabsorbed by the TAL contributes to the hypertonicity of the
medullary interstitium. As the CTAL ascends toward the re-
nal corpuscle from which it was derived, there is an increase
in apical plasma membrane surface area, both by an increase
in apical microvilli and by an increase in lateral cell margins
(211).

The MD region is formed by a plaque of cells in the wall
of the CTAL (see Fig. 1-35), where the ascending thick tubule
runs between the afferent and efferent arterioles of the renal
corpuscle from which the tubule is derived. A group of ex-
traglomerular mesangial cells (lacis cells, Polkissen cells) fills
the cone-shaped area formed by those three structures (230).
These four elements, the afferent and efferent arterioles, the ex-
traglomerular mesangium, and the macula densa constitute the
juxtaglomerular apparatus, which will be discussed separately
in more detail later in this chapter.

Distal Convoluted Tubule

The DCT (distal pars convoluta) is shorter than the proximal
convolution, being about 1.2 mm in length in the rat (207).
Therefore, fewer profiles are seen in sections of the renal cor-
tex. The DCT begins with a rather marked increase in the height
of the lining cells from those of the TAL, although the cells are
similar to those lining the TAL. In the rabbit, DCT cells are 3 to
4 times taller in the DCT than the cells lining the CTAL (204).
The DCT tubule has a variable diameter and contains one type
of cell with more nuclear profiles than are seen in the prox-
imal convoluted tubule (Fig. 1-27). The DCT extends from
the CTAL to the CNT. The cells lining the DCT have short,
bulbous luminal microvilli, but no regular brush border. The
microvilli are more numerous than seen on the TAL cells, the
CNT cells, or the principal cells of the CCD (231). In humans,
small lipid droplets are seen in the cytoplasm (202). The endo-
cytic apparatus is not well developed, but some vacuoles and
numerous small vesicles are seen in the apical region. Dorup
(231) describes four types of vesicles in these cells: intermedi-
ate vesicles (80 to200 μm), which are generally uncoated; small
vesicles with a mean diameter of 50 μm that are continuous
with these intermediate vesicles; large vesicles (>200 μm); and
tubular profiles (these being less frequent in DCT cells). Some
rough-surfaced endoplasmic reticulum and lysosomes are also
present in this segment. The cell nuclei occupy an apical posi-
tion, because the basal two thirds of the cytoplasm is filled with
extensive lateral interdigitating processes surrounded by baso-
lateral cell membranes. These basolateral processes are filled
with large elongated mitochondria that have their longitudinal
axis perpendicular to the basement membrane. The presence
of the large mitochondria lying adjacent to the basolateral cell
membranes is consistent with the need for adenosine triphos-
phate (ATP) for the continued active reabsorption of solute
that occurs in this tubule (see Fig. 1-27). The volume of mito-
chondria in the DCT cells is larger than in the CNT cells or
cortical collecting duct (CCT) cells (231). An increase delivery
of sodium to the DCT brings about an increase in the volume
of the cell, in the mitochondrial volume, and in the prolifera-
tion of the basolateral membranes in the cells of the DCT, as
well as in the CNT cells and the principal cells of the collecting
ducts (232–234).

The apical membrane of the DCT cells has numerous small
microprojections. The tight junctions between the cells of the
distal tubule are elaborate and are composed of multiple lines
of membrane fusion (235), a characteristic that correlates with
the ability of the cells to maintain a large electrochemical gra-
dient. The DCT reabsorbs NaCl against a steep chemical gra-
dient and, as expected for such a sodium-absorbing epithe-
lium, contains abundant Na+-K+-ATPase on its basal lateral
cell membrane (223,236,237). DCT proliferation and basolat-
eral membrane amplification occur when active sodium reab-
sorption increases (238,239). Kaissling et al. (240) increased
the NaCl load to this segment by administering furosemide
and demonstrated a marked adaptive increase in the basolat-
eral membrane in the DCT.

In rabbits, an abrupt transition is seen from the distal
tubule to the connecting piece of the nephrons (148). The sit-
uation is less clear in other species, in which the transition
does not appear to be either as abrupt or as completely stud-
ied. Recent studies by Biner et al. (241) used immunohisto-
chemistry to localize the various transport systems along the
human cortical distal nephron. The DCT demonstrates lumi-
nal thiazide-sensitive sodium-chloride cotransporter (NCC).
The NCC overlaps with epithelial sodium chloride channels
(ENaC) for a short region at the end of the DCT. IC were in-
terspersed among the DCT cells near the end of the DCT. (For
more detailed information, see recent reviews from the groups
of Kaissling [241,242] and Bachmann [243]).
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The Connecting Tubule

The CNT forms the next region of the distal nephron and lies
between the DCT and the collecting duct system. At the present
time, the CNT may be best classified as part of the DCT, since it
appears to be derived from the metanephric blastema (4). Peter
(7) believed that the arcades arise from the ureteric bud, while
Oliver (5), Potter (244), and, more recently, Neiss (4), all believe
that the metanephric blastema is the correct source. However,
Howie et al. (245), using immunohistological methods with
substances related to the ABO blood groups, various cytokines,
and Tamm–Horsfall protein, found that the ureteric bud and
the connecting piece express the same antigens. The morphol-
ogy of the CNT cells appears to have features of both the DCT
cells, such as some degree of lateral interdigitations that contain
mitochondria, but also has features of the CCD cells, such as,
the presence of more true basal infoldings (Fig. 1-28). Because
of the intermixing of DCT cells, CNT cells, IC, and principal
cells of the CCD in some species, such as rats and mice, there is
a gradual transition from the DCT to the CNT in these species
(203,207). Neiss (4) demonstrated that IC (also called dark
cells) in the CNT arose from the metanephric blastema, while
the IC found in the collecting duct arose from the ureteric bud.
Kim et al. (246) using specific antibodies to carbonic anhydrase
II, H+-ATPase, and band-3 protein, demonstrated that IC ap-
peared simultaneously in both the CNT and the medullary col-
lecting duct. These IC differentiated from separate foci, one in
the nephron (developing from the metanephric blastema) and

FIGURE 1-28. Light micrograph of the renal cortex (rabbit) showing
a connecting tubule composed of connecting tubule cells (1) and in-
tercalated cells (2). (Magnification ×900.) (From: Kaissling B, Zürich,
with permission.)

one in the collecting duct (developing from the ureteric bud).
When first identified, cells with distinct apical staining for H+-
ATPase (presumed to by type A intercalated cells), as well as
cells with distinct basolateral H+-ATPase labeling (presumed to
be type B intercalated cells), were observed seemingly being de-
veloped from two embryologically distinct parts of the kidney.
Some of these IC in certain locations subsequently disappeared
(246).

The CNT of superficial nephrons are short and drain in-
dividually into the collecting duct (some classify the point of
junction as the initial collecting duct). CNTs of juxtamedullary
and some midcortical nephrons generally form arched collect-
ing ducts in many species. The arched duct starts deep within
the cortex with the conversion and confluence of several DCT
into the arcade, and then ascends, while collecting parts of
other nephrons, before the duct turns, and enters a medullary
ray. This arched duct results from an early embryonic type of
nephron induction (4,7). The number of nephrons that empty
directly into the CCD, compared with the number that enter
first into an arched tubule, varies with the species (5). Both
types occur in humans.

Two types of cells generally line the CNT, although inter-
mixing of these two cell types with cells of other cell types,
such as the DCT cells and the principal cells of the CD, are
seen in some species. The two main types of cells seen are CNT
and IC cells (Fig. 1-28). The CNT cells appear to be character-
ized mainly by extensive true infoldings of the basal cell mem-
brane, which can extend quite deeply into the cytoplasm. How-
ever, basolateral interdigitations have also been described, but
are less pronounced than seen in DCT cells (231). In rabbits,
the plicated membranes can reach the apical cytoplasm (148).
Stanton et al. (234) demonstrated a striking increase in ba-
solateral membranes in the rat CNT and the initial CCD of
potassium-adapted animals, indicating that potassium is se-
creted by the CNT cells, as well as the principal cells of the
(initial) collecting duct. In this study, no changes were seen
in the IC. This suggests that potassium is secreted by the
CNT cell and the principal cell of the initial collecting duct
(234,247).

The basolateral membranes of CNT cells are partially sepa-
rated by mitochondria, which are smaller, more randomly dis-
tributed, and less numerous than those found in the DCT. The
volume density of mitochondria in rat CNT cells was signif-
icantly lower than in the DCT cells (231). This arrangement
differs from principal cells of the collecting duct, in which the
mitochondria are found mainly above the basal infoldings, not
among the basolateral membranes. Microvilli on the apical sur-
face tend to be slender and infrequent. Apical vesicles were
about as frequent as seen in the DCT cells (231). Mitochondria,
the nucleus, and other cell organelles fill the apical cytoplasm.
The CNT cells appear to exist in most species, including rats,
mice (202,207), and humans (202).

Biner et al. (241) demonstrated an epithelial sodium chan-
nel ENaC along the entire CNT in humans. The major part of
the CNT also coexpresses aquaporin 2 with the ENaC. IC were
identified interspersed among the CNT cells in the human. Loff-
ing and Kaissling (248) reviewed the transport pathways along
several mammalian distal nephrons and showed that ENaC
was present along the CNT from the rabbit, rat, mouse, and
human. Frindt et al. (249), using patch clamp techniques in rat
kidney tubule segments, demonstrated that the CNT could re-
absorb sodium at a rate 10 times higher than that of the CCT.
Using immunogold labeling and electron microscopy, aqua-
porin 2 (apical), 3, and 4 (basolateral) were all shown to be
colocalized in CNT cells of rat (250).

The CNT cell displays an amplification of basal cell mem-
brane in rats (234) and rabbits (239) in situations in which there
is a low Na+ and high K+ intake. This effect is axial along the
tubule, being greatest at the early segment of the CNT and
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decreasing along its length (239). The axial change in structure
is paralleled by similar changes in Na+-K+-ATPase (251).

The second cell type is the IC (or dark cells). Three types of
IC have been described: type A involved with the secretion of
protons into the lumen; type B involved with the secretion of
bicarbonate into the tubular lumen; and non-A–non-B, which
may be able to secrete both protons and bicarbonate into the
tubular lumen. IC will be discussed under the collecting ducts,
since these cells comprise such an important number of the
cells lining the tubule in that region. Electrophysiologic studies
in rabbits suggest that approximately 98% of the IC in the
connecting tubule are the HCO−

3 -secreting Btype (252).

The Collecting Ducts

The collecting ducts extend from the CNT through the
medullary rays as CCDs. They then cross the outer and in-
ner stripe of the outer medulla as well as the inner medulla, to
empty their contents at the tip of the renal papillae. They in-
clude the CCDs (including the initial collecting ducts), the outer
medullary collecting ducts (OMCDs), and the inner medullary
collecting ducts (IMCDs).

The collecting ducts are the final regulators of fluid and elec-
trolyte balance, playing roles in the handling of Na+, Cl−, K+,
and acid and base. Although there has been great emphasis
on the role of the collecting ducts as the main controllers of
urinary sodium and potassium excretion, Meneton et al. (253)
stress the pivotal role played by both the late part of the DCT
and the CNT , especially in situations which prevail in our cur-
rent environment, in which the dietary sodium intake is high
and the potassium intake is low. They propose that a large pro-
portion of the aldosterone-regulated sodium reabsorption and
potassium secretion occurs before the tubular fluid reaches the
collecting duct. The difference between the function of the late
DCT and the CNT compared to the collecting duct seems to be
more quantitative than qualitative, with a large proportion of
the aldosterone-regulated sodium reabsorption and potassium
secretion being done in the late DCT and CNT. The collecting
duct would function mainly when the requirement for sodium
and water conservation is maximal and the upstream segments
are overloaded by diet or some genetic defect.

The collecting ducts are lined by two types of cells: col-
lecting duct principal (light) cells and intercalated (dark) cells
(Figs. 1-29–1-30). About 30% of CCD cells are IC in rat (254).
Kaissling and Kriz (148) estimate that rabbits have 33% IC
in the CCD and 50% in the outer medullary collecting duct.
About one-third of the cells lining the outer medullary collect-
ing duct in the rat are IC (255). The number of IC decreases
as the collecting duct descends into the medulla and are ab-
sent below the first portion of the IMCD. The principal cells of
the collecting duct gradually change in morphology as they de-
scend toward the papilla. They increase in cell height and have
more complex tight junctions, while the amount of basal in-
foldings and the number of mitochondria decrease. Fusions of
the collecting ducts occur in the inner renal medulla to form the
large papillary collecting ducts (ducts of Bellini). These large
collecting ducts exit at the papillary tip in an area known as
the area cribrosa.

The principal cells of the collecting duct in the cortex are
cuboidal in humans (208) and low cuboidal in rats (see Fig.
1-29). They form the most numerous cell type. They have a sim-
ple cell shape, with fairly straight lateral cell borders that have
small interlocking projections. Their pale-staining cytoplasm
contains a few small, oval, randomly oriented mitochondria
and other organelles, and the nucleus is situated in the middle
to upper one-half of the cell in the cortex. The luminal surface
is generally smooth with a few short microvilli and a single cil-
ium. The basal surface is characterized by true basal infoldings,

FIGURE 1-29. Transmission electron micrograph of the epithelium of
a cortical collecting duct (rat) showing a collecting duct cell (princi-
pal cell) (above) and an intercalated cell (A-type) (below). Note the
basal infoldings in the collecting duct cell and the apical vesicles in the
intercalated cell. (Magnification ×5,000.)

with few lateral interdigitations. The amplification factor of
basolateral membranes was significantly lower than in the
CNT cells (231). Because these infoldings are short and closely
spaced, they do not have mitochondria lying between them.
The mitochondria are located mainly above the infoldings and
in the apical cytoplasm, which contained few intermediate and
small vesicles, tubular profiles and large vesicles (231). The
tight junctions are deep (213,256), and the apical surface has
a prominent glycocalyx (257).

Conditions that increase potassium secretion, such as potas-
sium adaptation or high endogenous or exogenous miner-
alocorticoid levels, bring about dramatic increases in these
basal cell membrane infoldings (239,252,258,259). For ex-
ample, striking increases in the basolateral membranes of the
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FIGURE 1-30. Scanning electron micrograph of a cortical collecting
duct (rat) showing the apical aspect of collecting duct cells (with an
apical cilium) and intercalated cells (with apical microfolds). (Magni-
fication ×2,400.)

principal cells of the initial segment of the collecting duct have
been demonstrated in potassium-adapted animals (234). In ad-
dition, the principal cells in rats showed a 35% decrease in the
basolateral membranes in adrenalectomized animals, that was
restored to control levels by the administration of physiologic
amounts of aldosterone, but not of glucocorticoids (260). In
addition, increasing the dose of aldosterone over control lev-
els caused an increase in the basolateral membranes by 111%
compared with controls. They did not note changes in the lu-
minal membranes of the principal cells (260). These studies
provide evidence that principal cells in the collecting duct are
involved with potassium secretion.

The collecting duct responds to ADH by an increase in water
permeability. The principal cells are vasopressin sensitive and
show dramatic increases in water permeability of the apical
membrane. Sun et al. (261) have demonstrated direct evidence
that AQP2 on principal cells is located in clathrin-coated pits
that recycle between the plasma membrane and intracellular
vesicles in response to the availability of ADH. The mechanisms
underlying these changes are discussed in detail later in this
chapter.

Biner et al. (241) using immunohistochemical localization
techniques on human kidney, demonstrated the presence of
an amiloride-sensitive epithelial sodium channel (ENaC) and
AQP2 activity on collecting duct principal cells. Loffing et al.
(262) using immunohistochemistry in rabbit kidney cortex,
demonstrated that ENaC is found in the CNT cells and the
CCD cells. The ENaC shifted from the apical membrane in the

upstream CNT cells to a cytoplasmic location downstream in
the CNT and CCD cells. In the rabbit, the AQP2 was seen only
on the CCD cells. The apical membranes of the collecting duct
principal cells of human contain ENaC and AQP2, while the
basal membranes contain Na+-K+-ATPase and aquaporins 3
(AQP3) and 4 (AQP4); hence, the CCD plays a critical role
in the concentration of urine. The CCD also responds to the
mineralocorticoid aldosterone (263).

The collecting duct cells undergoes gradual, although con-
siderable, changes from the cortex downstream to the upper
one-third of the inner medulla (148,208). The cells of the
outer medulla include principal cells similar to those seen in
the cortex, however, the cells become taller with decreasing
concentrations of several cellular organelles and basal infold-
ings. IC similar to type A are found in the outer medulla. From
the deeper cortical levels downward into the inner medullary
region, the basal labyrinth of the principal cells continues to
decrease gradually, with a steeper reduction within the outer
stripe (148,205,208). The number of mitochondria also con-
tinues to decrease, whereas lysosomal elements and apical-
coated vesicles seem to increase. The density of the cytoskeletal
network lying under the apical cell membrane becomes more
prominent and the tight junctional belt becomes deeper (148).

From the second one-third of the inner medulla, collecting
duct cell size increases steeply. These tall IMCD cells are dis-
tinct from collecting duct cells upstream according to several
criteria (203,210,264) (Fig. 1-31). Their luminal membrane is
covered by numerous stubby microvilli and lacks the central
cilium. The lateral intercellular spaces are more extensively de-
veloped and are prominent by their dense assembly of microvilli
and microfolds projecting from the lateral cell membranes. A
prominent feature of principal cells of the last one-third of IM-
CDs is the expression of the ADH-sensitive urea transporter
UT-A1 (183,265). In most other respects, IMCD cells resemble
the other collecting duct cells. The morphology of the various
regions of the renal tubule are summarized in Figure 1-33.

Intercalated Cells

Intercalated (IC) cells have long been identified in CCDs in a
variety of species such as rats (203,207,254,266–270), mice
(254,271), humans (208,241), and rabbits (148,238,272–275)
(Figs. 1-29; 1-32). It has become obvious that IC are not
only found in the CCD but, depending on the species, in
the latter region of the DCT in humans (208,241,270) and
rat (207,231,255,269), in the connecting tubule in rabbits
(148,238) and humans (241), in the CCD (as listed above),
in the outer medullary collecting ducts in rats (255), and in
the upper part of the inner medullary cells in rats and rabbits
(148). IC constitute about 37 to 40% of the cells in CCD in rats
and rabbits (255,271,275). Kaissling and Kriz (148) estimate
that rabbits have 33% IC in the CCD and 50% in the outer
medullary collecting duct, while Hansen et al. (255) estimate
that 36% to 40% IC are present in the outer medullary col-
lecting ducts in rat. IC show a slow decrease in the upper part
of the IMCD in rats (275).

IC cells (Fig. 1-32) are sometimes called dark cells because
their cytoplasm stains more densely. They exhibit significant
structural heterogeneity even within a single segment of the col-
lecting duct. IC can also be distinguished from principal cells
by differences in cell shape, cytochemical staining, and uptake
of the pH-sensitive fluoroprobe, 2′,7′-bis(carboxyethyl)—5,6-
carboxyfluorescein (BCECF). IC have a more circular, rather
than hexagonal, profile that bulges into the tubule lumen when
observed in isolated perfused tubules by means of interference-
contrast optics. In rabbits, IC can be identified by positive
staining with peanut lectin (276,277) and by luminal uptake of
acetoxymethyl BCECF (277). The apical surface of the inter-
calated cell is frequently adorned by luminal extensions, which
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FIGURE 1-31. Transmission electron micrograph of the inner medullary collecting duct epithelium (rat)
showing the high inner medullary collecting duct cells with many stubby microvilli of the luminal mem-
brane and prominent lateral intercellular spaces filled with lateral microfolds. (Magnification ×15,500.)

include microvilli and microridges (called microplicae). Basal
membrane infoldings resemble those of the collecting duct
cell.

Three types of IC have been defined morphologically and
by immunohistochemical staining, including: type A, type B,
and non-A–non-B (254,271). However, there is a striking dif-
ference in the number and distribution of the various types of
IC from animal to animal and among the nephron segments of
a particular species (254). Carbonic anhydrase II immunoreac-
tivity was seen in all IC , but type A stained more intensely than
type B. The immunostaining in type-A cells was pronounced
in the apical cytoplasm and apical microprojections. In type-B
cells, the staining was more diffuse throughout the cytoplasm.
In the non-A–non-B cells, the staining was also diffuse (268).

Type-A IC tend to have a more circular apical cell profile
(269), a centrally placed nucleus, prominent apical microvilli
and microplicae extending from the apical plasma membrane,
and prominent apical cytoplasmic tubulovesicular profiles (see
Fig. 1-32A). Mitochondria are numerous and can be located
above the nucleus, as well as between the nucleus and the basal
membrane infoldings. Using freeze-fracture techniques, there
are rod-shaped particles and studs present on the cytoplasmic
face of the apical plasmalemma and on the tubulovesicular
profiles in the IC of the CCD and the outer medullary collecting
ducts (271,278,279). H+-ATPase is expressed on the apical
plasma membrane and in the cytoplasmic tubulovesicular and
vesicular profiles of type-A IC. (See review of renal vacuolar
H+-ATPase [280].)

Verlander et al. (269) showed that IC in animals with res-
piratory acidosis show a striking increase in apical micropro-
jections and tubulovesicular profiles as well as an increase in
surface density of the apical plasma membrane. However, no
changes were seen with the number of IC. When there was
a stimulation of bicarbonate secretion in rats, Verlander and
associates (279) documented a withdrawal of the marker for

H+-ATPase from the apical plasma membrane with its storage
in apical cytoplasmic vesicles in the IC in both the CCD and
the OMCD. H+-ATPase activity appeared to be inserted into
the basal plasma membrane of type-B IC(279).

Luminal and/or tubulovesicular membranes exhibit two
specific types of particles. Large club-shaped particles called
“studs” have been observed on the cytoplasmic surface of the
tubulovesicular structures on the cytoplasmic side of the api-
cal plasma membrane; the rapid-freeze, deep-etch technique
shows 10–μm spherical structures composed of multiple sub-
units and arranged in paracrystalline hexagonal arrays (281).
Brown et al. (282) have presented evidence that the studlike
material coating the vesicles contains cytoplasmic domains of
the proton-pumping H+-ATPase. On the basis of both mor-
phologic characteristics and immunocytochemistry, the struc-
tures appear to be (or related to) the vacuolar-type H+-ATPase
(267,282). In addition, freeze-fracture studies have shown the
presence of rod-shaped particles in vesicles and cell surface
membranes (283), which may form a component of this H+-
ATPase. Changes in membrane structure have been shown to
be related to proton secretion (238,251). When H+ secretion is
stimulated, cytoplasmic vesicles bearing rod-shaped intramem-
branous particles (IMP) fuse with the apical plasma membrane,
inserting IMP’s into the membrane.

This supports the idea that type-A IC demonstrate net
excretion of protons into the tubular lumen that is accom-
plished by the vacuolar H+-ATPase located in the apical plasma
membrane and apical tubulovesicular profiles (254,267,271,
279,284,285). For this process, it has been suggested that
the hydrogen ions are produced by cytosolic carbonic an-
hydrase in CNT cells and CCD cells of the mouse and rat
(254,268,271,285,286) and human (241,287,288). The bi-
carbonate that is generated is released by a band 3-like
Cl−/HCO−

3 exchanger AE1, located in the basolateral plasma
membrane, into the interstitium at the base of the cell.
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A

B

FIGURE 1-32. Transmission electron micro-
graphs of intercalated cells (rat). A: Type A ex-
hibiting apical microfolds and flat vesicles in
the apical cytoplasm. (Magnification ×6,800.) B:
Type B showing a rather smooth apical surface,
many small round vesicles, and mitochondria lo-
cated predominantly in the lateral and basal parts
of the cell. (Magnification ×6,800.)

Medullary IC from rats fed a diet with a high K+ content
had a small luminal membrane area and a cell apex with nu-
merous vesicles. The ingestion of a low K+ diet led to an in-
creased luminal membrane area with few apical vesicles (258).
It has, therefore, been postulated that IC function in potassium
reabsorption.

A similar increase in the apical plasma membrane with a
decrease in tubulovesicular profiles was seen in IC of the outer
medulla in chronic metabolic acidosis (289) and acute respi-
ratory acidosis in rats (290). In respiratory acidosis, a marked
increase in apical microprojections was seen as was an increase
in the surface density of the apical membrane of type-A cells.
No changes were seen with type-B cells in rat CCD (269). Mad-
sen and Tisher (203) postulated that hydrogen ion pumps lo-
cated in the apical vesicles had been inserted into the apical cell
membrane by vesicle fusion with the apical membrane.

Type-B IC are present in the CCD and the CT of rats
(266,268,269,291), mice (254,271), and rabbits (220,272,
273,292). The type-B cell (Fig. 1-32B) has an angular out-
line (269) and a relatively smooth apical plasma membrane

with short sparse microvilli (without rod-shaped studs in the
apical membrane) (271). The apical membrane generally lacks
studs, but the basolateral membrane exhibits studs (269). The
nucleus lies in an eccentric position and the numerous small
mitochondria are densely packed and are concentrated at the
basal part of the cytoplasm. The cytoplasm and the organelles
stain more densely in light and electron microscopy. Cytoplas-
mic vesicles (mostly noncoated) are seen throughout the cell
cytoplasm. In the type-B cells, the H+-ATPase is expressed in
the basolateral plasma membrane and in the cytoplasmic vesi-
cles throughout the cells (267,271,282,291,293–296). Using
freeze-fracture techniques, rod-shaped rectangular particles are
found on the basal membranes in these cells and not on the
apical plasma membrane (267,291). The basal hydrogen ion
secretion is thought to mediate HCO−

3 secretion into the lu-
minal fluid by an apical Cl−/HCO−

3 exchanger different from
AE1 (254,273).

One candidate for this anion exchanger is pendrin, a Na+-
independent Cl−/HCO−

3 exchanger. Quentin et al. (297) have
shown that the Cl−/HCO−

3 exchanger pendrin in rat kidney is
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FIGURE 1-33. Summary diagram, showing cells
from the various regions of the urinary tubule.

specifically regulated in response to chloride balance indepen-
dent of sodium and acid/base balance. Using a mouse model,
Wall et al. (298) demonstrated that pendrin protein was lo-
calized in the apical cytoplasmic vesicles in both type B and
non-A–non-B IC from a subset of cells in the DCT, the type-B
cells in the CNT, and the CCD. Pendrin mRNA was expressed
mainly in the cortex. Pendrin immunoreactivity was highest in
the apical cytoplasmic vesicles, although there was little im-
munogold staining along the apical plasma membrane of type-
B IC, but non-A–non-B IC had intense pendrin immunoreactiv-
ity along the apical plasma membrane. Kim et al. (299) using
immunoelectron microscopy demonstrated pendrin in both the
apical plasma membrane and intracellular vesicles throughout
the cell. Kim et al. (268) found the carbonic anhydrase activity
more diffuse in the cytoplasm of type-B than Type-A cells.

The third type of IC is non-A–non-B cells that have been
identified in the CT and the CCD of rats (254,266,268,300)
and mice (254,266,271). Non-A–non-B cells have vacuo-
lar type H+-ATPase in both apical plasma membranes and
apical vesicles, but do not have the basolateral band 3-like
immunoreactivity of AE1 (254). In rabbits and mice, most
non-A–non-B cells in the collecting duct have an electroneu-
tral Na-independent Cl−/HCO−

3 exchanger in the apical mem-
brane (254). Pendrin immunoreactivity is intense along the api-
cal membrane, as well as being present in apical vesicles in some
cells in the DCT, in the CNT, and CT (298). Since both pendrin
immunoreactivity and pendrin-mediated HCO−

3 secretion are
present in the apical plasma membrane and apical intracellu-
lar vesicles in type-B and non-A–non-B IC, Kim et al. (299)
suggest that HCO−

3 secretion could be regulated by trafficking
of pendrin between the two membraneous compartments. In

addition, since non-A–non B cells seem capable of both api-
cal HCO−

3 and H+ secretion, the simultaneous secretion of
both HCO−

3 in exchange for Cl− and proton secretion mediated
by electrogenic H+-ATPase, would cause chloride reabsorption
with no change in acid/base status (299).

The Juxtaglomerular Apparatus

At the vascular pole of the renal corpuscle, the macula densa
region of the CTAL comes into close proximity to the efferent
and afferent arterioles and a group of cells called the extra-
glomerular mesangium (301,302). The juxtaglomerular appa-
ratus consists of four parts (Figs. 1-5; 1-34): a plaque of cells
in the wall of the CTAL of the distal nephron in the region
of the vascular pole of a renal corpuscle, called the “macula
densa”; the termination of the afferent arteriole as it enters this
renal corpuscle; the initiation of the efferent arteriole as it exits
from the same renal corpuscle; and a cone-shaped region of ex-
traglomerular mesangial cells (also called the lacis, Polkissen,
or Goomaghtigh cells) lying in the space between the macula
densa and the two arterioles. This area receives a rich supply
of sympathetic nerve endings.

In the human kidney, 40% of the basal lamina region of
the macula densa lies adjacent to the base of the cone-shaped
extraglomerular mesanium, 10% of the macula densa basal
lamina is in contact with the afferent arteriole, and 5% is in
contact with the efferent arteriole (299).

The MD consists of the cells in the wall of the CTAL of
the distal tubule, which lies adjacent to the glomerular vas-
cular pole. The macula densa appears as a dense spot upon
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FIGURE 1-34. Light micrograph of a renal corpuscle with both urinary and vascular poles in the sec-
tion. The juxtaglomerular apparatus contains the macula densa (MD), the two arterioles (A), and the
extraglomerular mesangium (between the A’s). The urinary pole (UP) is also apparent. (Magnification
×13,000.) (From: Dobyan D, with permission.)

hematoxylin and eosin staining, because the cells are narrow,
and the nuclei are close together. MD cells (Fig. 1-35) are not
interdigitated with each other by large lateral cell processes,
as in other regions of the distal tubule. In contrast, the lateral
intercellular spaces between MD cells extend very straight in
an apical–basal direction; their width appears to vary accord-
ing to function (303). The mitochondria are shorter and more
randomly arranged. The Golgi apparatus lies on the basal side
of the nucleus. The basal aspect of the macula densa touches
the extraglomerular mesangium. Additional, but variable, con-
tacts are found with the efferent as the afferent arterioles (see
review [13]). The most conspicuous difference of MD cells to
any other cells of the nephron is the occurrence of nitric oxide
synthase I (Fig. 1-37C) (304,305). A prominent feature of the
macula densa (MD)is also the expression of cyclooxygenase-2
(306).

Modified smooth muscle cells in the wall of the afferent arte-
rioles, called granular cells (formerly also called juxtaglomeru-
lar cells), contain specific membrane-bound granules (Fig.
1-36). In situ hybridization (307) and immunocytochemistry
(308) have shown that these cells synthesize renin (Fig. 1-37A)
that is then stored in granular form (Figs. 1-36B and 1-37B).
The granules stain with the Bowie method and have a pos-
itive periodic acid-Schiff reaction. Like other smooth muscle
cells, the juxtaglomerular cells also contain intracellular fila-
ments and dense bodies, but they have more cisternae of rough-
surfaced endoplasmic reticulum, a large Golgi apparatus, and
mature and immature secretory granules in their cytoplasm,
consistent with the ability of these cells to synthesize small pep-
tides. The immature granules appear to have a paracrystalline
structure (71,309). The secretory product is released by exo-
cytosis into the extracellular space within or surrounding the
wall of the arteriole (310,311). Processes of the juxtaglomeru-
lar cells contact the surrounding cells as well as the endothelial
cells by means of gap junctions (312).

FIGURE 1-35. Transmission electron micrograph of the juxtaglomeru-
lar apparatus (rat). The transition of the thick ascending limb (TAL)
into the macula densa (MD) is seen; the basal aspect of the macula
densa abuts the extraglomerular mesangium (EGM) and also a granu-
lar cell (GC). G, glomerulus. (Magnification ×1,900.)
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A

B

FIGURE 1-36. Transmission electron micrograph (rat). A: An afferent
arteriole containing in its wall a granular cell (GC). (Magnification
×2,100.) B: Part of a granular cell containing in its cytoplasm specific
membrane-bound granules. (Magnification ×14,500.)

The extraglomerular mesangium (301) (Goormaghtigh
cells, polar cushion, Polkissen cells, and lacis cells) fills the
area between the afferent and efferent arterioles and the mac-
ula densa (see Figs. 1-5; 1-35). It is composed of nongranulated
cells that are continuous with granular cells and smooth mus-
cle cells of the arteriolar walls and with the intraglomerular
mesangial cells (301). The extraglomerular mesangial cells are
“flatly pressed” cylinders with both ends splitting into a group
of parallel processes. These extraglomerular mesangial cells are
surrounded by abundant extracellular matrix. Numerous gap
junctions occur between the processes of the same cell, with ad-
jacent smooth muscle cells, with granular cells, and at the renal
hilus with intraglomerular mesangial cells (230,313,314).

An additional cell type, called the peripolar cell, has been
described at the glomerular vascular pole of a wide range of
animals, including humans (311); they are regularly found in
sheep, but are rare in most other species. They are in a position
encircling the origin of the glomerular tuft, with one surface
flattened along the capsular basement membrane and the other
surface exposed to the urinary space. Thus, they are always sep-
arated from“classic”components of the juxtaglomerular appa-
ratus by the glomerular basement membrane; their relevance is
unknown. The initmate and systematic juxtaposition of tubu-
lar and vascular cells within the JGA has given rise to early

C

B

A

FIGURE 1-37. Rat kidney containing granular cells in afferent arte-
rioles (arrows) of two glomeruli. The two pictures show that renin is
synthesized (A) and stored (B) in the same cells (same section). A: In situ
hybridization using a 330-bp rat renin riboprobe (cRNA) labeled with
digoxygenin (detection system: alkaline phosphatase). B: Immunocy-
tochemistry using a rabbit polyclonal antirat renin antibody (detection
system: Texas red coupled second antibody). (From: Bachmann S, Hei-
delberg, with permission.) C: NADPH diaphorese reaction showing
positivity of exclusively macula densa cells reflecting activity of nitric
oxide synthase. (From: Bosse H-M, Heidelberg, with permission.)

speculations about a functional connection in which a signal re-
lated to the composition of the tubular fluid at the macula densa
affects glomerular vascular tone and the glomerular filtration
rate (315). It has now become clear that the JGA serves two
different functions: it regulates the flow resistance of afferent
arterioles in the so-called tubuloglomerular feedback mecha-
nism and it participates in the control of renin synthesis and
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release from granular cells in the afferent arteriole (316). Re-
searchers originally assumed that the two responses might be
related to each other in that renin released from the granular
cells not only has systematic relevance, but locally triggers the
formation of angiotensin II and thus is responsible for the affer-
ent vasoconstriction as well; however, it now appears that the
final activation of smooth muscle and granular effector cells
occurs through largely independent pathways. Renin release
from granular cells is the major source of systemic angiotensin
II and thus plays an essential role in controlling extracellular
volume and blood pressure, whereas the vasoconstriction of
the afferent arteriole locally serves to modulate the filtration of
this nephron.

For both mechanisms, it is well established that a change
in NaCl concentration in the tubular fluid at the MD causes a
graded release of mediators that reach their target by diffusion,
thus acting in a paracrine fashion. Note that the extraglomeru-
lar mesangium that mediates the contact between the MD and
the effector cells is not vascularized, so that the build up of any
paracrine agent would not be perturbed by blood flow.

With respect to renin release, the most likely paracrine me-
diators of this process are prostaglandin E2 and nitric oxide
(305,317,318). With respect to the vasoconstrictor response
purinergic mediators,, either ATP or adenosine, as first sug-
gested by Oswald and colleagues in 1980 (319)–appear to play
the major role (316,320,321). For an up-to-date discussion of
the function of the JGA, see the reviews by Schnermann und
Levine (316), Persson and colleagues (322), and Komlosi et al.
(323).

Renal Blood Vessels

The renal arteries arise from the lateral region of the abdomi-
nal aorta at the level of the first and second lumbar vertebrae.
Each artery divides into an anterior and posterior division be-
fore traversing the renal hilus. These divisions usually form a
total of five segmental branches. The anterior division gives rise
to the upper, middle, and lower segmental arteries, whereas the
posterior division becomes the posterior segmental artery. The
apical segmental artery can arise from either division. The seg-
mental arteries give rise to interlobar arteries within the renal
sinus. The interlobar arteries enter the renal columns adjacent
to the renal pyramids.

The intrarenal microvaculature has been extensively studied
by several groups (10,11,148,324); a basic pattern is estab-
lished throughout the mammalian kidneys that may be de-
scribed as follows. At the corticomedullary junction, the in-
terlobar artery branches into several arcuate arteries that arch
across the base of the renal pyramid (Fig. 1-38). The arcuate
arteries give rise to interlobular arteries (cortical radial arter-
ies) that course peripherally, between the medullary rays, and,
thus, within the cortical labyrinth. The interlobular arteries
also branch, and the branches give rise to afferent arterioles
that supply the renal corpuscles.

Glomerular capillaries are derived from the afferent arteri-
ole, which—strictly at the entrance level—divides into several
(two to five) primary capillary branches (325–327).

Each of these branches gives rise to an anastomosing capil-
lary network that runs toward the urinary pole and then turns
back toward the vascular pole. Thereby, the glomerular tuft is
subdivided into several lobules, each of which contains an affer-
ent and efferent capillary portion. The lobules are not strictly
separated from each other; some anastomoses between lob-
ules occur. The capillaries converge to form the more centrally
located efferent arteriole, which is already established inside
the glomerular tuft. Thus, the efferent arteriole has a signifi-
cant intraglomerular segment that runs through the glomerular
stalk (Fig. 1-5) (327). At this site a mesangial layer surrounds

FIGURE 1-38. A basic pattern of renal microvasculature. C, cortex;
OS, outer stripe; IS, inner stripe; IM, inner medulla. The left panel
shows the arterial vessels and capillaries. An arcuate artery (arrow)
gives rise to cortical radial arteries from which the glomerular afferent
arterioles originate. Efferent arterioles of juxtamedullary glomeruli de-
scend into the medulla and divide into the descending vasa recta, which,
together with ascending vasa recta, form the vascular bundles. At in-
tervals, descending vasa recta leave the bundles to feed the adjacent
capillaries. The right panel shows the venous vessels. The cortical ra-
dial veins start within the superficial cortex; in the human kidney, some
of them start as stellate veins on the surface of the kidney (shown on
the right side). They all drain into arcuate veins. The venous drainage
of the medulla is carried out by venous vasa recta; those from the in-
ner medulla all traverse the inner stripe within the vascular bundles,
whereas most of the venous vasa recta from the inner stripe ascend
outside the bundles. After traversing the outer stripe as wide tortuous
channels, the ascending vasa recta drain into arcuate or cortical radial
veins. (From: Rollhäuser H, Kriz W. Das Gefäss-system der Ratten-
niere. Z Zellforsch 1964;64:381, with permission.)

the vessel. After leaving the glomerulus, the efferent arteriole
is reestablished as a proper arteriole.

The efferent arterioles of superficial (or subcapsular)
glomeruli perfuse convoluted tubules through long pathways
extending to the kidney surface or through intermediate
branches near the renal corpuscle. In the midcortex, the effer-
ents either branch near the glomerulus and perfuse convoluted
tubules in that region or extend directly to the long meshed
network of the medullary ray. Efferent arterioles from jux-
tamedullary nephrons extend downward to form the descend-
ing vasa recta (Fig. 1-38), and occasional branches to regions
between the bundles. The early divisions give rise to capillaries
located in the outer stripe of the outer medulla. The descend-
ing vasa recta then descend within the vascular bundles to the
inner stripe and inner medulla (Fig. 1-39) (10). The medulla is
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FIGURE 1-39. Light micrograph of a vasa recta bundle, showing de-
scending (D) and ascending (A) vessels. (Magnification ×950.)

drained by venous (ascending) vasa recta, which lie adjacent
to descending vasa recta, forming the vascular bundles that
function as a countercurrent exchanger. Venous vasa recta that
drain the inner medulla remain in the vascular bundles through
the inner and outer stripe region. The venous vessels that
drain the region of the upper and middle inner stripe ascend
within the interbundle region to the outer stripe, there joining
the vessels leaving the bundles to form together the major part
of the blood supply to this region by a network of venous ves-
sels. The density of capillaries that are derived directly from
efferent arterioles is debated (328). Finally, the ascending vasa
recta empty into arcuate or interlobular veins (Fig. 1-38).

The venous system is more irregular. Small venules start
near the renal capsule and run centrally as the interlobular
veins (cortical radial veins), receiving tributaries from the cor-
tical peritubular capillary network (Fig. 1-38). The interlobular
veins empty into arcuate veins lying adjacent to the arcuate ar-
teries. The arcuate veins receive blood from the venous vasa
recta, as described in the preceding. Interlobar veins form by
confluence of arcuate veins and the latter finally form the renal
vein. In contrast to the arcuate arteries, which are terminal ar-
teries, the arcuate veins form true anastomosing arches at the
corticomedullary border.

The morphology of the descending and ascending parts of
the vasa recta differs markedly (Fig. 1-39) (177,329,330). The
descending vasa recta are lined by a continuous nonfenestrated
endothelium, with cells oriented longitudinally along the cell
axis, forming 10 to 20 cell profiles in a single cross section
(177,330). The endothelium contains the urea transporter UT-
B1 (183). Pericytes are seen encircling the descending vasa
recta, but they become less frequent as the vessels descend into
the inner medulla, where these vessels finally convert into cap-
illaries. The capillaries and the ascending vasa recta are lined
by a thin fenestrated epithelium. The fenestrae are similar to
those seen in peritubular capillaries, as well as in most regions
of the body, being 40 to 70 μm in diameter (177) and bridged
by a thin diaphragm. Uniquely, fenestrated endothelium can
line quite large vessels in the kidney.

Lymphatic vessels are seen only in the cortex accompanying
the arteries within the periarterial tissue sheaths (see below).
The medulla has no lymphatic drainage (331).

Interstitium

The interstitium of the kidney comprises the extravascular in-
tertubular spaces of the renal parenchyma, with their atten-
dant cellular elements and extracellular substances (332). It
is bounded on all sides by tubular and vascular basement
membranes. The lymphatics are considered as part of the
interstitium.

In functional studies, the interstitial volume of the kidney
has been estimated to amount to 13% of the total kidney vol-
ume, whereas stereologically derived values for the cell-free
interstitial space of the cortex and outer medulla of the rat
range between 3% and 5% (333–335). Thus, the functional
interstitium includes more than just the peritubular spaces; the
prominent periarterial connective tissue sheaths (see the follow-
ing) may, in fact, account for one-half of the entire interstitial
volume (336).

In the cortex, the peritubular interstitium is distinguished
from the periarterial connective tissue (Fig. 1-40). The per-
itubular interstitium is subdivided into a narrow and wide part
(337), the former accounting for 0.6% of the cortical volume
and the latter for 3.4%. The narrow interstitium is the space in
which the outer surface of a capillary directly abuts a neighbor-
ing tubule. This applies to 54% to 67% (337) of the cortical
peritubular capillary surface, whereas only 26% of the tubu-
lar surface is directly adjacent to peritubular capillaries (338).
Thus, most of the exchanges among tubules and vessels have
to pass through a wide interstitial compartment.

The periarterial connective tissue forms a fluid-rich loose
connective tissue sheath that surrounds the intrarenal arteries
and contains the lymphatic vessels of the kidney (Figs. 1-40;
1-41) (331,336,339). The periarterial lymphatic sheath extends
along the intrarenal arteries as far as the afferent arteriole,
where it becomes quite attenuated. It is particularly well devel-
oped around the arcuate and cortical radial arteries.

The lymphatic capillaries begin within these sheaths; lym-
phatics do not, in general, penetrate the renal parenchyma
proper and are not found in the medulla (331,340). The lym-
phatic vessels converge along with the intrarenal arteries to
emerge at the renal hilus. The peritubular interstitium of the
cortex freely communicates and drains into the periarterial tis-
sue sheaths. Within the sheaths, fluid and solutes gradually
may enter the lymphatic vessels as they converge toward the
hilus (Fig. 1-41). In addition to lymphatic drainage, the peri-
arterial connective tissue sheaths probably participate in the
intrarenal distribution of renin and angiotensin and in the in-
trarenal movement of lymphocytes, macrophages, and similar
cells (339). It also contains the renal nerves.

In the medulla, three types of interstitial spaces can be dis-
tinguished (332), roughly corresponding to that of the outer
stripe/vascular bundle, that of the interbundle region of the in-
ner stripe, and that of the inner medulla. The relative intersti-
tial volume exhibits a pronounced axial gradient from cortex
to medulla. The outer stripe has a very narrow, sparse inter-
stitium, occupying 3% to 5% of outer stripe volume (341).
The interstitial volume of the interbundle region of the inner
stripe is somewhat greater (10% in rats). The most distinctive
type of regional interstitium is that of the inner medulla. Here,
the interstitium constitutes a much larger part of the total tissue
volume (30% to 40%) (334,341), and particular fibroblasts are
found in this region.

The following types of interstitial cells have been distin-
guished in the kidney (332,342–345).
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FIGURE 1-40. Low-power electron micrograph of a cross section
through the renal cortex (rat). A cortical radial artery (A) and vein
(V), an afferent arteriole (AA), and several tubular profiles are seen.
The arteries are surrounded by the loose connective tissue sheath that
contains the intrarenal lymphatics (Ly); the interstitial spaces of this
sheath are continuous with the peritubular interstitium, which includes
wide (stars) and narrow (arrows) portions. (Magnification ×1,000.)

The fibroblasts of the cortex and outer medulla are exten-
sively branched, with long, often sheetlike processes (Fig. 1-42)
(346). They contain an abundant rough endoplasmic reticu-
lum. Mitochondria, Golgi complexes, lysosomes, and microfil-
ament bundles are regularly encountered. The lipid-laden cells
of the inner medulla represent a local variety of fibroblasts (see
below). The fibroblasts cells are responsible for the production
and degradation of extracellular material, fibers, and ground
substance. Fibroblasts of the renal cortex contain the enzyme
ecto-5-nucleotidase (347,348), which can generate adenosine
within the cortical interstitium. In addition, a subfraction of
cortical interstitial cells synthesize erythropoietin (349–351).

In the inner medulla, the fibroblasts contain numerous ho-
mogenous osmiophilic lipid droplets. Hence, they are generally
called lipid-laden interstitial cells (Fig. 1-43) (342,344,352).
These star-shaped cells interconnect loops of Henle and vasa
recta, spanning these axial structures like the rungs of a lad-
der. They increase in number toward the tip of the papilla and
have an abundant rough endoplasmic reticulum, with cisternae
that are often dilated and filled with flocculent material. A cy-
toskeleton is especially well developed in their most peripheral
cell processes. These cells possess receptors for angiotensin II
and bradykinin (353,354). They are responsible for the pro-

FIGURE 1-41. Schematics showing (A) the distribution and (B) the
relationships of periarterial connective tissue sheath. The periarterial
sheath is schematically indicated as a wide “stocking” drawn over the
intrarenal arteries. In reality, there is no limiting membrane between
the sheath and the surrounding interstitium. The lymphatics (stippled
area) originate and travel within the periarterial sheath. The medullary
rays are indicated by a broken line. The traverse section in B shows
possible relationships between the sheath and the surrounding struc-
tures (double-headed arrows): (1) with the peritubular interstitium,
(2) with the accompanying vein (V), and (3) with lymphatics (Ly). The
single-headed arrows indicate the flow of the respective fluid. N, nerve.
(From: Kriz W. A periarterial pathway for intrarenal distribution of
renin. Kidney Int 1987;31:551, with permission.)

duction of extracellular fibers and ground substance, including
the abundant glycosaminoglycans and hyaluronic acid of the
inner medulla (355).

The lipid-laden interstitial cells participate in producing
the medullary prostaglandins. The lipid droplets of these cells
contain polyunsaturated fatty acids that appear to be pre-
cursors of prostaglandins and other lipid-derived hormones
(353,354). The cells produce vaso-depressing lipids, in partic-
ular, prostaglandin E2 (356,357).

The second abundant cell type in the renal interstitium are
dendritic cells (Fig. 1-42). They originate from the bone mar-
row and, as in other organs, are subject to a vivid turnover
(358). In the kidney, dendritic cells are found in the intersti-
tium throughout the cortex and the outer medulla (345,346).
They enter the interstitium from the blood, reside for some days
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FIGURE 1-42. Transmission electron micrograph of interstitial cells
in the cortical peritubular interstitium. Two types are seen: fibroblasts
(1) with many processes and a dendritic cell (2). C, capillary. (Magni-
fication ×5,800.)

in interstitial spaces, and leave the interstitium with the lymph
flow.

The extracellular components of the interstitium form a ma-
trix that may be thought of as a hydrated gel of ground sub-
stance within a fibrillar reticulum (332). Several fibers make up
the interstitial reticulum. Collagen fibers (types I, III, and VI)
are present in the matrix, both in isolation and in bundles. Type
I collagen forms typical cross-banded fibers, generally more
than 30 μm in diameter. Type III fibers (10 to 40 μm in diame-
ter) and type VI fibers (6 to 10 μm in diameter) are often seen
associated with type I fibers. In addition, unbanded microfib-
rils with a diameter of 15 to 30 μm and an electron-lucent core
have been described (332,343).

Myofibroblasts are absent from healthy kidneys. They differ
from fibroblasts by their high production of extracellular ma-
trix (359) and expression of vimentin, as well as α-smooth mus-
cle actin (αSMA). The accumulation of myofibroblasts in a dis-
eased kidney is generally suggested to occur by transformation
of fibroblasts into myofibroblasts in response to stimuli from
locally produced cytokines (359,360). An alternative hypoth-
esis postulates that myofibroblasts may develop by “epithe-
lialmesenchymal transition” (EMT) from tubular cells (361);
the evidence for this origin is not yet conclusive.

Macrophages (histiocytes) are also rarely found in the
healthy kidney, except for the periarterial tissue sheaths (345)

FIGURE 1-43. Transmission electron micrograph of a longitudinal
section of the inner medulla (rat) showing lipid-laden interstitial cells
arranged like the rungs of a ladder between parallel running tubes or
vessels. Note the numerous lipid droplets (arrowheads) and the promi-
nent endoplasmic reticulum (arrows). (Magnification ×3,300.)

(Fig. 1-42). These round cells demonstrate primary and sec-
ondary lysosomes and characteristic surface folds. Along with
interstitial affections, the number of macrophages may dramat-
ically rise.

STRUCTURE–FUNCTION
RELATIONSHIPS WITHIN THE

RENAL MEDULLA

During phylogeny, the renal medulla has developed in response
to the necessity to conserve water by excreting a concentrated
urine (18). Loops of Henle, collecting ducts, and a specific
blood supply through vascular bundles have developed into
a complex structural system that accounts for this function.
Whereas the mechanisms to produce a concentrated urine
up to a concentration of about 600 mOsmol/L in the outer
medulla are fairly well known, the mechanisms underlying the
final urine concentration in the inner medulla are still poorly
understood.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-01 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 21:36

Chapter 1: Structural–Functional Relationships in the Kidney 35

Within the outer medulla the reabsorption of NaCl from
the MTAL represents the driving force to produce a corti-
comedullary osmotic gradient, that provokes the osmotic wa-
ter withdrawal from the collecting duct passing through this
region. As will be discussed in more detail later in this chapter,
ADH initiates the insertion of AQP2 channels into the apical
plasma membrane of collecting duct principal cells. Together
with the constitutive AQP3 and AQP4 channels in the basolat-
eral membrane of these cells, this allows osmotic water with-
drawal into the hypertonic interstitium of the outer medulla
(182). The reabsorbed water is brought back into the systemic
circulation by venous vasa recta (2).

The final step of the urine concentrating process in the inner
medulla is basically identical in as far as water is reabsorbed
by osmosis through ADH-stimulated water-permeable collect-
ing ducts into an hypertonic interstitium. However, the mecha-
nisms for creating the osmotic gradient in the inner medulla up
to 1200 mOsmol/L in humans and much higher in many rodent
species are much more complex than in the outer medulla and
are insufficiently understood. A driving force like the sodium
pump in MTALs in the outer medulla is lacking. This has led
to several “passive” models (362,363), which take into ac-
count the specific transport properties of thin limbs, collecting
ducts, and vasa recta to elucidate, by mathematical modeling,
how part of the osmotic energy produced by the function of
MTALs in the outer medulla may be transferred into the inner
medulla, leading there to an osmotic gradient toward the tip of
the papilla. A review of these models is far beyond the scope
of this chapter. From a structural point of view, two features
appear most relevant.

1. The shape of the inner medulla. The inner medulla has a par-
ticular shape, tapering from a broad basis to a tiny papilla.
The mass of the inner medulla is, therefore, unevenly dis-
tributed along the longitudal axis. A reconstruction study
in the rat (2,364,365) has shown that the inner medulla is
shaped like a mushroom, consisting of a broad head and a
thin stalk. Calculations in the model have shown that the
first one-half of the inner medulla comprises roughly 80%
of the total inner medullary volume and, consequently, only
20% are left for the second–the papillary half. Thus, the
decrease of the mass in the inner medulla along the longi-
tudal and axis is almost exponential. This shape perfectly
reflects what happens with the structures within the inner
medulla: loops of Henle, collecting ducts, and vasa recta
all decrease rapidly in number from the base to the tip of
the papilla (364,365). It has been calculated that of an es-
timated 10,000 long loops entering the inner medulla at
its base, only about 1,500 reach the papillary one-half of
the inner medulla (2). Thus, the majority of thin limbs, the
“short” long thin limbs, turn back shortly after entering the
inner medulla, a smaller, but still substantial, number of thin
limbs reach the middle part of the inner medulla, and only
a small population of “long” long loops really reach the
papilla.

This has led to the proposal (366) and, later, mathemat-
ical models (194,367) that this arrangement might account
for a cascadelike transport of solutes toward the tip of the
papilla. The large fraction of “short” long loops, by some
way or another, manages the transport of solutes into the
first one-third of the inner medulla, the intermediate fraction
of long loops brings a proportion of these solutes further
down into the middle part, and finally the small fraction of
“long” long loops completes the transport of a still much
smaller solute fraction down into the papilla.

2. Structural arrangements in the renal medulla that allow the
recycling of urea into the inner medulla via short loops of
Henle. The descending thin limbs of short loops in the outer
medulla are arranged in a pattern that allows the shifting

of urea from the venous blood coming up with the ve-
nous vasa recta from the inner medulla into tubular fluid
of descending thin limbs of short loops. This possibility
is perfectly developed in the complex vascular bundles in
the outer medulla of rodents with high urine-concentrating
abilities (149,177,187,188). Within these vascular bundles,
the SDTLs are arranged in a countercurrent fashion with
ascending vasa recta coming up from the inner medulla.
Thus urea, by countercurrent exchange, may directly en-
ter the descending thin limbs through the urea transporter
UT-A2 (183,265)—(the fenestrated endothelium of venous
vasa recta may readily be expected to be highly permeable
for urea). In a renal medulla with “simple” vascular bundles
(as they are found in most species), countercurrent exchange
of urea first occurs from ascending to descending vasa recta
(which contain the urea transporter UT-B1), which, after-
ward, will deliver their blood to the capillary plexus of the
interbundle region surrounding the thin limbs of short loops
on their descending direction. Thus, even if probably less
effectively, urea from the inner medulla has access to the
SDTLs (183,187,368,369).

Starting with the MTAL, thus abruptly at the end of the
ATL, the uriniferous tubule is impermeable to urea until the
terminal collecting duct in the inner medulla, which, starting
abruptly, expresses the ADH-dependent urea transporter UT-
A1 (183,265). Because of water reabsorption upstream from
this segment, urea becomes concentrated within the tubular
urine to levels always higher than the adjacent interstitium. In
the terminal CD segment, a major part of this urea diffuses into
the papillary interstitium and where it mixes with other solutes
(NaCl), contributing to the osmotic driving force that reclaims
water from the collecting duct. The locus of urea delivery in
the papilla, i.e., at the “ultimate bend” of the complex coun-
tercurrent exchange system of the inner medulla, is optimal,
since (1) by countercurrent exchange in vasa recta and thin
limbs, urea is largely trapped and distributed in a longitudinal
gradient within the inner medulla and (2) the fraction of urea
that escapes the inner medulla is subject to recycling via short
loops back into the inner medulla. Thus, this latter fraction of
urea is available another time within the papillary interstitium
ready to withdraw and/or to balance water reabsorption from
the collecting duct. Recycling is not simply trapping, since this
fraction of urea on its nephron way back into the inner medulla
is concentrated a second time, essentially by the work of the
sodium pump in the MTALs. In essence, urea recycling by short
loops (not by long loops) represents an effective transport of
osmotic energy from the outer into the inner medulla.

Whether these mechanisms are sufficient to build an osmotic
gradient up to several osmoles in desert rodents, or whether
there are additional sources complementing the solute gradi-
ents (e.g., continuous production of osmotic active substances)
is presently unknown. Even if this question does not belong to
the most urgent problems in medicine, it represents a highly
challenging biological enigma.

SOME STRUCTURE–FUNCTION
RELATIONSHIPS AND PRINCIPLES

Tight Junction Structure and Role in
Transepithelial Solute and Water Transport

General Considerations

Among the many functions performed by renal epithelia, the
most characteristic and important is the directed transport of
water and solutes that ultimately transforms the glomerular
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ultrafiltrate into urine. The mere aligning of cells into arrays
that form the tube-shaped nephron is not sufficient to give
direction to the flow of water and solutes across these ep-
ithelial structures. Indeed, certain characteristics have evolved
that provide for highly specialized, directed transport. The two
most important of these characteristics are the polarization of
each cell’s plasma membrane into apical and basolateral sides,
both structurally and functionally, and the joining of adjacent
cells by highly specialized structures, known as junctional com-
plexes. These latter structures completely surround cells near
their apical surfaces and, in general, consist of three compo-
nents aligned in series: the tight junction (zonula occludens),
an intermediate junction (zonula adherens), and desmosomes
(macula adherens). In addition, gap junctions (channels for cell-
to-cell communication) have been observed in a more basal po-
sition in the proximal tubule. The junctional complex not only
helps in holding the cells together and in separating the luminal
and basolateral components of the plasma membrane, but also
allows the real or potential development of a space between
it and the basement membrane—the lateral intercellular space.
Thus, as illustrated in Figures 1-16, 1-19, and 1-31, solutes and
water may be transported through cells, called the transcellular
transport route between cells, called the paracellular transport
route, or both.

Tight junctions are the most important structure in de-
termining the transport characteristics (e.g., electrical resis-
tance, ion selectivity, and water permeability) of the paracel-
lular transport pathway. In addition, tight junctions appear
to form a diffusion barrier in the plane of the membrane,
thereby helping to maintain the selective compositional char-
acteristics that serve to differentiate apical from basolateral
membranes (e.g., differences in lipids and membrane proteins;
see Simons [371] for a review). Within this structure, the cell
membranes of opposing cells join in specific, limited areas that
encircle the cells, and on freeze-fracture replicas these areas
of cell fusion appear as “strands” about 10 μm wide (see
Fig. 1-21). Earlier ultrastructural studies (213,283,372–374)
suggested that these strands consisted of an array of globular
structures (either protein [375] or lipid [376,377] in nature),
and that the strandlike appearance resulted from cross-linking
of these globular subunits with glutaraldehyde during fixa-
tion. Recent studies employing quick-freeze methods, however,
have demonstrated that the strands are continuous and that
the “particles” were an artifact resulting from slow freezing
(378,379).

Both lipid and protein compositions have been proposed
for the continuous strands forming tight junctions (378) (see
Simons [371] for a review). The lipid model proposed by
Kachar and Reese (378) has been challenged by the demonstra-
tion that the tight junction structure is preserved after exposure
to detergents that would be expected to disrupt lipids (379). In
contrast, inhibitors of protein synthesis appear to block the nor-
mal development of tight junctions (380). Specific support for
a protein model of tight junction structure has come from the
isolation of two proteins that are specifically associated with
the tight junctions of epithelia (ZO-1 [381], a 225-k Daprotein,
and cingulin [382], a heat-stable acidic protein with an elon-
gated shape and containing 108-kDa and 140kDa molecular
masses). Recent studies of MDCK cells have provided evidence
for critical roles of both extracellular and intracellular calcium
in the formation of tight junctions (see Stuart et al. [383] for a
review). Moreover, protein kinase C-dependent phosphoryla-
tion processes appear to be important in the assembly of pro-
teins comprising these tight junctions (384).

The tight junction complex can be divided into three com-
ponents: (i) integral tight junction proteins; (ii) plaque proteins
that link integral proteins to the actin cytoskeleton; and (iii)
proteins that interact with plaque proteins to regulate a va-

riety of cellular functions (385). The integral membrane pro-
teins include the occludins, claudins, and the junction adhe-
sion molecule. Occludins are targets for a number of protein
and tyrosine kinases. Their over-expression increases transep-
ithelial resistance, but their exact function remains unknown.
The claudin family currently has at least 24 members. They
comprise short C- and N-termini, four membrane-spanning do-
mains, and large first and second extracellular loops with a very
broad range of isoelectric points. Junction adhesion molecule
is a member of the immunoglobulin superfamily. It is expressed
in both endothelial and epithelial cells and facilitates the mi-
gration of mononuclear cells into tissues.

Farquhar and Palade (235) performed the first detailed and
systematic electron microscopic study of these cell-to-cell at-
tachments and, using electron-dense protein tracers, concluded
that tight junctions located at the apical region of the lateral
intercellular space provided a tight seal between the apical and
basal sides of epithelia for large molecules. Around the same
time, a leak pathway was being observed in certain epithelia
by physiologists (386–388). This pathway was subsequently
shown both morphologically, using the electron-dense tracer
colloidal lanthanum (389,390), and electrically, using voltage-
scanning electrodes (391), to involve the junctional complexes.
These studies led to the functional classification of epithelia as
either “tight” or “leaky” (392) and demonstrated unequivo-
cally that the so-called tight junctions were not always imper-
meable to ions or small solutes.

In general, tight junctions can be classified morphologically
according to their depth, total number of strands, density of
strands (number of strands per unit of length of tight junction
depth), and the length around cells per unit of surface area of
the epithelium. The functional significance of these structural
features was first put forth by Claude and Goodenough (393),
who observed an approximate direct relation between the num-
ber of junctional strands and the transepithelial electrical re-
sistance and, by inference, ionic permeability. In other words,
low-resistance, or electrically leaky, epithelia contain one to a
few strands, and high-resistance, or electrically tight, epithelia
contain many strands. Although this view has been challenged
by some investigators (394) with respect to certain epithelia,
the general correlation between complexity of junctional struc-
ture and electrical resistance or ionic permeability appears to
be valid (395), at least for mammalian renal epithelia, partic-
ularly if junctional length and depth, strand density, or both
are considered (160,372,373,396). The potential importance
of tight junctional length becomes apparent if one considers
that tight junctional strands contain a relatively fixed num-
ber of permeability sites per unit of length; that is, the density
of a permeability site is constant from one nephron segment
to another. For this circumstance, extensive interdigitation of
cells with each other would produce a many-fold increase in
junctional length per unit of surface area of the epithelium
and, thereby, the contribution of the paracellular pathway to
the total transepithelial permeability (cellular and paracellu-
lar) would be increased. Thus, the combination of a shallow
junctional depth and extensive cellular interdigitation may be
the morphologic hallmark of a leaky epithelium. These tight
junctional morphologic features appear to correlate with the
high ionic permeabilities or low electrical resistances of thin
descending limbs (397–399), thin ascending limbs (400–403),
and thick ascending limbs (212,404–406).

The functional significance of the aforementioned morpho-
logic characteristics of tight junctions in determining differ-
ences in transepithelial water permeability is less well un-
derstood. It is clear, however, that a large paracellular ion
leakiness (or low electrical resistance) is not necessarily linked
with a high water permeability of junctional complexes in a
particular epithelium. A good example of this occurrence is the
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thick ascending limb of the loop of Henle, where these parame-
ters appear to be completely dissociated; that is, the junctional
complexes of this nephron segment are electrically leaky, but
watertight (212). A single junctional strand as seen in the thin
ascending limb may be sufficient to impart water permeability
to a nephron segment (373,407). It should be noted in this re-
gard that the water permeability of junctional complexes in any
segment of the nephron is not known with certainty, even for
the proximal tubule, which has a very high transepithelial wa-
ter permeability. Although the presence of a significant solvent
drag effect (see the following discussion) on NaCl absorption
has suggested that the water permeability of junctional com-
plexes in proximal tubules may be high (408), this view has
been challenged (409).

The details of the role (or roles) that tight junctions play in
determining solute and water transepithelial transport are not
established unequivocally for most nephron segments. How-
ever, several generalizations are instructive. First, concentration
differences that develop as a result of active transcellular trans-
port events (pump) tend to be passively dissipated through tight
junctions (leak). Axial heterogeneity in the pump and leak rates
for solutes along certain segments of the nephron also appear
to be particularly important in accomplishing the formidable
task of reabsorbing almost completely large quantities of these
solutes. For example, active transepithelial transport of glycine
or glucose tends to decrease as one proceeds down the proxi-
mal tubule. For example, Barfuss and Schafer (410,411) have
confirmed that, in isolated perfused rabbit tubules, the maxi-
mal rates of active transport of these solutes decrease from S1
to the S3 segment and, in addition, these workers demonstrated
that the decreases in active transport are paralleled by reduc-
tions in the apparent passive permeability coefficients for these
solutes. Presumably, these passive permeability properties are
attributable primarily to the paracellular pathway. Thus, the
high-capacity, low-affinity active transport system in the S1 seg-
ment of the proximal tubule allows a large quantity of glucose
or glycine to be rapidly absorbed. However, because the high
paracellular permeability permits a large leak of solute back
into the lumen, this segment cannot completely reabsorb these
solutes. On the other hand, the S3 segment can reduce the lumi-
nal glucose or glycine concentration to a very low level by virtue
of its low-capacity but high-affinity active solute transport sys-
tem, coupled with a very low paracellular permeability (low
leak rate) for these solutes. In addition, Burg (412) and Knepper
and Burg (413) have stressed that the maximal diluting capac-
ity of the nephron may be fixed because of a similar series
arrangement of different capacity, active transport systems for
NaCl absorption and paracellular permeabilities for Na+ and
Cl− (pumpleak rates) in cortical and medullary portions of the
thick ascending limb. Reeves and co-workers (414) have mod-
eled the diluting power of the thick ascending link based on
the different pump-leak characteristics of the medullary and
cortical thick ascending limbs.

A second way in which the paracellular pathway may be
involved in transepithelial transport is providing a route for
the movement of electrolytes that are driven by transepithe-
lial voltages developed by rheogenic transport processes. For
example, recent studies assessing the mechanism of NaCl ab-
sorption in the thick ascending limb (415,416) have suggested
that the lumen-positive transepithelial voltage drives 50% of
the total transepithelial sodium absorption through the cation-
selective paracellular route. Furthermore, most of the transep-
ithelial transport of divalent cations (e.g., calcium and magne-
sium) in the thick ascending limb also may be accounted for by
movement through the paracellular route, again being driven
by the lumen-positive transepithelial voltage (417). Wittner et
al. (418) provided evidence for regulation of the paracellular
permeability to divalent cations by parathyroid hormone, sug-

gesting that hormone-activated intracellular signaling events
(e.g., cyclic adenosine monophosphate [cAMP] may alter tight
junctional permeability [see next section]).

Until recently it was assumed that electrolytes moved
through the paracellular pathway nonspecifically. The recent
cloning of paracellin-1 by Simon et al. (419) suggests, for the
first time, however, that conductance through this pathway
is selective. The authors studied a group of patients with fa-
milial hypomagnesemia, hypercalciuria, and nephrocalcinosis.
Other features of this disorder include urinary tract infection,
kidney stones, hyperuricemia, and ocular abnormalities. Posi-
tional cloning techniques were employed to identify the novel
defective gene (paracellin-1). The protein contains 305 amino
acids and four transmembrane domains. The first extracellu-
lar loop is highly negatively charged and may contribute to
the cation selectivity. Paracellin-1 was immunolocalized to the
tight junction of the thick ascending limb, the region of the
nephron where 67% of magnesium is reabsorbed. Sequence
homology shows that paracellin-1 is a member of the claudin
gene family. The PDZ binding motif of the claudins interacts
with ZO-1, -2, and -3, other members of the tight junction
complex.

Paracellin-1 mutation in humans results in renal magnesium
and calcium wasting. These results suggest that paracellin-1
plays a role in selective paracellular magnesium conductance.
Definitive proof of this will await expression studies of the
protein. Paracellin-1 may form a selective pore through which
magnesium and calcium are conducted. Recently, a group
of 11 families was identified with idiopathic hypercalciuria
secondary to a mutation in paracellin-1 (claudin-16). These
patients had childhood-limited hypercalciuria and preserved
glomerular filtration rates. The mutations in these families was
in a PDZ-binding domain that inhibited binding to ZO-1 and
resulted in lysosomal mislocalization. This finding provides
further evidence that paracellin-1 plays a role in paracellular
calcium transport. Previous models of the tight junction as a
simple seal that either opens or closes to allow the flow of
solutes must be modified to one that includes ion-selective pro-
teins (420). Given the large size of the claudin gene family, it
is reasonable to assume that other claudins may act as selec-
tive pores for other ions. This is supported by recent studies
that show that over-expression of claudin-4 in MDCK cells
decreases paracellular conductance because of decreased per-
meability of sodium across the tight junction (421).

Finally, water flow through the paracellular route may be
influenced by the paracellular permeability to solutes or, con-
versely, the water permeability of tight junctions could influ-
ence the flow of charged or uncharged solutes through the tight
junctions by the “solvent drag” effect. For example, the dif-
fering reflection coefficients for solutes across the paracellular
pathway might produce an effective osmotic gradient across
the S3 segment of the proximal tubule sufficient to drive a
significant fraction of water absorption (see Schafer [422] for
review).

Control of Paracellular Permeability

Little is established about whether physiologic stimuli can reg-
ulate the permeability characteristics of tight junctions (423).
It is clear, given the importance of the paracellular pathway
in solute and water transport across epithelia (see the previ-
ous discussion), that changes in the functional characteristics
of tight junctions could profoundly influence transepithelial
transport in the nephron. Several recent studies in both renal
and nonrenal epithelia support, at least in general terms, a role
for the paracellular pathway in the regulation of transepithelial
transport. Nigam and co-workers (383,384) have established
the critical role of intracellular signaling events (e.g., Ca2+ and
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protein kinase C) in tight junctional formation and stability in
MDCK cells. In the Necturus gallbladder, cAMP decreases tight
junction ionic permeability in a rapid, reversible fashion, and
freeze-fracture studies have shown that this effect is associated
with an increase both in the number of tight junction strands
and in the depth of the junctions (424,425). Furthermore, the
observations that raising intracellular Ca2+ (425) and apply-
ing drugs that modify cytoskeletal elements (426) also result
in similar structural and functional changes in the Necturus
gallbladder suggest that cAMP may exert its action by modi-
fying these cytoskeletal elements. Cyclic AMP is also capable
of modifying the permselectivity characteristics of the intes-
tine of winter flounder, Pseudopleuronectes americanus, by in-
creasing the permeability to Cl− (427,428). Whether this effect
involves a structural change in tight junction morphology is un-
known. In addition, Mazoriegos et al. (429) have demonstrated
in rats that when parotid glands are stimulated with isopro-
terenol, there is an associated transient increase in junctional
permeability.

Several investigators have provided evidence indicating that
cAMP may similarly modulate tight junctional permeability
in the proximal nephron and have suggested that this effect
of cAMP may play a role in the response of this nephron
segment to parathyroid hormone. It is well recognized that
parathyroid hormone inhibits volume absorption in the prox-
imal nephron (430,431) and that this effect can be mimicked
by cAMP (431,432). Furthermore, Lorentz (433) has argued
from in vivo studies utilizing microinjection of cAMP into rats
that this effect might involve an alteration in the paracellular
permeability, characteristic of the proximal nephron. Indeed,
in vitro studies of Jacobson (431) on superficial proximal con-
voluted tubules of rabbits confirmed that cAMP was capable
of altering junctional permeability in this nephron segment.
Thus, the functional characteristics of the paracellular path-
way can be modified in the proximal nephron by acute ad-
ministration of cAMP and this effect may account, in large
part, for the parathyroid hormone (PTH)-mediated decline in
volume absorption in this nephron segment. This notion is fur-
ther supported by the alteration of paracellular divalent cation
permeability by PTH in CTAL of mice (418).

Cytoskeletal proteins appear to be involved in determin-
ing tight junctional permeability and may be involved in the
aforementioned effects of cAMP. Actin filaments were demon-
strated to be linked to the intermediate junction by an adhe-
sion plaque containing the actin-binding proteins α-actinin and
vinculin (434). Agents that disrupt these cytoskeletal elements
can alter both the structure and function of tight junctions
(426,435), suggesting that tight junctions and intermediate
junctions are interconnected both structurally and functionally
(436).

Extracellular calcium concentration can also affect the in-
tegrity of junctional complexes. Lowering the calcium concen-
tration opens junctional complexes and lowers the transep-
ithelial resistance (437). Gumbiner and Simons (436) have
suggested that this is an indirect effect of calcium mediated
by uvomorulin (L–CAM), a cell adhesion protein located in
the intermediate junction or basolateral membrane of epithe-
lial cells (437). Calcium-dependent conformational changes in
this protein may be important in the assembly of the interme-
diate junction and thereby affect tight-junction structure and
function (436).

Finally, it has been recognized for some time that apical (lu-
minal) hypertonicity can disrupt junctional complexes in tight
epithelia, leading to increases in electrolyte and nonelectrolyte
permeabilities (388). These functional changes appear to be
associated with blistering within tight junctions (438). Simi-
lar functional and morphologic changes also have been seen in
electrically leaky renal epithelia, such as the amphibian proxi-

mal tubule (439) and mammalian MTAL (440). Although these
conditions are probably not physiologic, changes in paracel-
lular permeability, presumably related to increases in hydro-
static pressure, have been demonstrated in certain conditions,
such as volume expansion and ureteral or venous occlusion
(441–443).

Structural and Biochemical Aspects
of Transcellular Transport Processes

in the Nephron

The Membrane Amplification Principle

As discussed in the preceding section, the paracellular route
participates in the transport of ions and solutes across renal
tubular epithelia in a variety of ways; however, all these para-
cellular transport processes ultimately depend on the transep-
ithelial electrochemical gradients for these species developed
by cellular transport events. The transport of solutes and wa-
ter through cells is limited by three barriers in series: the api-
cal plasma membrane, the cytosol, and the basolateral plasma
membrane. Transport through the cytoplasm is generally con-
sidered to be diffusional in nature and the rate-limiting steps
for solute and water transport in most nephron segments ap-
pear to reside at the apical and basolateral membranes. Thus,
our current thinking regarding transcellular solute transport
in the nephron is based on the double-membrane model of
Koefoed-Johnsen and Ussing (444). Differences in the solute
and water permeabilities of these two membranes, related to
differences in lipid composition or the quantity and type of in-
tegral transport proteins spanning the lipid bilayer matrix, or
both, provide for the vectoral (secretion or absorptive) trans-
port of matter through these cells. In general, the transport
characteristics of each of these plasma membranes could be
altered by changing the type, function, or number of carrier,
channel, enzyme, or receptor proteins contained in the mem-
brane. If the density of transport proteins in a given membrane
is relatively constant, an increase in their number would re-
quire an associated increase in membrane area. For this cir-
cumstance, differences in the transcellular transport capaci-
ties among individual nephron segments or between different
functional states in a single nephron segment would be par-
alleled by differences in their apical or basolateral membrane
area. This may be referred to as the membrane amplification
principle.

Although modest amplifications of plasma membranes can
be produced by increasing the diameters or lengths of nephron
segments, or both, a much greater increase in membrane area
is achieved by the folding of these membranes, with relative
preservation of tubule dimensions. In apical membranes, these
foldings can take the form of a highly organized and complex
assembly of thin fingerlike microvilli (e.g. the brush border
of the proximal nephron) or lesswell-organized microvilli and
microfolds, called microplicae. In basolateral cell membranes,
amplification is achieved both by basal infoldings of various
depth and by lateral membrane foldings that result in cellular
interdigitations.

Quantitative micromethodologies for evaluation of mor-
phologic, physiologic, and biochemical differences at the single
nephron or cellular level have provided valuable insights into
the relations between structure and function in the nephron.
Studies utilizing these methods have provided general support
for the membrane amplification principle, both in comparing
the intrinsic function of different nephron segments and in
the functional adaptation of renal tubular epithelia that ex-
ist beyond the macula densa (the distal convoluted tubule,
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connecting tubule, and collecting tubule) to alterations in salt
intake or H+ ion balance.

Structure-Function Relationships in
Na+ and K+ Transport

Na+-K+-ATPase and Basolateral Membrane Area

It is generally accepted that Na+-K+-ATPase is the enzymatic
equivalent of the Na+-K+ pump, which is responsible for trans-
port of Na+ out of, and of K+ into, cells across plasma mem-
branes. Both the enzyme and cation countertransport pump
are characterized by the hydrolysis of adenosine triphosphate
(ATP), the requirement for both Na+ and K+, but on opposite
sides of the membrane, and specific inhibition with digitalis
glycosides, for example, ouabain.

The mammalian kidney is rich in this enzyme and renal
medullary tissue, in particular, has served as a major source for
purification of Na+-K+-ATPase (445–447). The purified renal
medullary enzyme has one of the highest specific activities of
any Na+-K+-ATPase (10,000 ATP min/molecule) (445–447).
Freeze-fracture studies of Na+-K+-ATPase-containing mem-
branes from the outer medulla of pigs were consistent with
biochemical studies suggesting that renal protein exists in a
dimeric form (448): two α and two β subunits, each of these
units being approximately 100 kDa and 40 kDa, respectively
(i.e., total molecular weight of about 280 kDa) (447,449). Re-
cently, a gamma subunit (molecular weight 10 kDa) was de-
scribed that modulates the kinetic behavior of the pump (450).
The hydrolysis of one molecule of ATP appears to energize
the countertransport of three Na+ ions and two K+ ions across
plasma membranes against their respective electrochemical gra-
dients. Given this stoichiometry, the process would result in the
net transport of charge across a membrane, that is, it would be
electrogenic. Ouabain binds specifically to the α subunit and
can be used to quantitate the amount of functional enzyme,
since one molecule of this agent binds to one functional unit of
Na+-K+-ATPase.

The activity of this enzyme has been determined in indi-
vidual segments of nephrons from rabbits (223,451–455), rats
(452,456,457), and mice (452,458). These studies have added
considerably both to our appreciation of the axial heterogene-
ity of salt transport along the nephron and to our under-
standing of the regulation and adaptation of salt transport in

individual nephron segments. Biochemical (236,459), autora-
diographical (460), and immunological (461,462) studies have
clearly localized this enzyme to the basolateral plasma mem-
brane of renal tubule epithelial cells. As a consequence, Na+

transport may be directed from the luminal to the serosal side
of the renal tubule if the apical membrane is rendered perme-
able to Na+ by inserting some facilitating transport mechanism
for this ion (444). Moreover, since Na+-K+-ATPase also trans-
ports K+ into cells, this cation may be secreted to a variable
extent, depending on the relative permeabilities of apical and
basolateral membranes to K+.

Katz and co-workers (452) have summarized the activ-
ity profiles of Na+-K+-ATPase along rabbit, rat, and mouse
nephrons, and these data are shown in Figure 1-44. Quali-
tatively similar profiles were found by others (451,457). Al-
though the activity of the enzyme varies somewhat from one
study to another depending, at least in part, on the method
used for enzyme activity measurement, the relative distribu-
tion of enzyme is virtually identical, even among the different
species. The general distribution of the enzyme shown in Figure
1-44, when coupled with the density of individual tubule seg-
ments in the various regions of the kidney, explains why Na+-
K+-ATPase activity is highest in outer medullary and lowest in
papillary regions of the kidney.

Epstein and co-workers (463,464) have provided com-
pelling evidence that Na+-K+-ATPase directly mediates at least
50% of the total Na+ absorbed by the mammalian nephron.
The high activities of Na+-K+-ATPasein proximal and distal
convoluted tubules and in the medullary and cortical thick
ascending limbs (see Fig. 1-44) are particularly striking and
correspond to the nephron segments where the bulk of Na+ re-
absorption occurs. Such comparisons have suggested that the
level of Na+-K+-ATPase activity may correlate with the rate of
active Na+ absorption along the nephron. This correlation has
been shown most clearly in rabbits by Garg et al. (451). Their
data, summarized in Figure 1-45, demonstrate a direct relation
between Na+ transport rates and Na+-K+-ATPase activities in
nephron segments of this species. This result, when coupled
with the general observation that ouabain completely inhibits
active Na+ absorption in these segments, provides strong evi-
dence that Na+-K+-ATPase is the active Na+ transporter in the
kidney. Because Na+-K+-ATPase is involved in the transloca-
tion of both Na+ and K+, it would be reasonable to infer that
this enzyme complex might also play a part in regulating re-
nal K+ excretion. Indeed, this appears to be the case. Potassium

FIGURE 1-44. Na+-K+-ATPase activity profile in rabbit, rat,
and mouse nephron. PCT, proximal convoluted tubule; PR,
pars recta; TDL, thin descending limb; TAL, thin ascend-
ing limb; MAL, medullary thick ascending limb; CAL, cor-
tical thick ascending limb; DCT, distal convoluted tubule;
CCT, cortical collecting tubule; MCT, medullary collecting
tubule. (From: Katz AI, Doucet A, Morel F. Na–K-ATPase ac-
tivity along the rabbit, rat, and mouse nephron. Am J Physiol
1979;237:F114, with permission.)
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FIGURE 1-45. Relation between net sodium absorption and Na+-K+-
ATPase activity in individual rabbit nephron segments. TDL, thin de-
scending limb; TAL, ascending limb; MAL, medullary thick ascend-
ing limb; CAL, cortical thick ascending limb; CCD, cortical collecting
duct; MCD, medullary collecting duct. (From: Garg L, Knepper M,
Burg M. Mineralocorticoid effects on Na+-K+-ATPase in individual
nephron segments. Am J Physiol 1981;240:F536, with permission.)

loading induces increases in Na+-K+-ATPase activity from both
cortical and medullary regions of the kidneys in rats (465,466).
Doucet and Katz (458) localized these increases in enzyme ac-
tivity in mice to the cortical and medullary collecting ducts,
segments that are responsible for enhanced potassium secre-
tion during potassium adaptation in rats (467).

The profile of Na+-K+-ATPase activity depicted in Figure
1-44 could result from differences either in the enzyme-
turnover rates or in the number of catalytic units, or possibly
both. Mernissi and Doucet (223) have recently distinguished
between these possibilities by comparing ouabain binding and
Na+-K+-ATPase activity along the nephron. Since the pro-
files of pump activity and the number of catalytic units were
similar—that is, pump activity was proportional to the num-
ber of catalytic units in all segments of the nephron that were
evaluated—these authors concluded that the maximal turnover
rate of Na+-K+-ATPase was virtually identical among the var-
ious nephron segments. In other words, an increase in Na+-
K+-ATPase activity in one nephron segment compared with
another would be due to an increase in the number of func-
tional Na+-K+-ATPase units. Given this latter finding, by us-
ing the membrane amplification principle, we would argue that
the level of Na+-K+-ATPase activity—and therefore the rate
of Na+ absorption—and the amount of basolateral membrane
area in the various nephron segments should be parallel. The re-
lation between Na+-K+-ATPase activity and basolateral mem-
brane area for a number of nephron segments from rabbits is
shown in Figure 1-46. Assuming that differences in Na+-K+-
ATPase activity relate mainly to changes in the number of pump
units, then the data in Figure 1-46 indicate that there is a direct
relation between basolateral membrane surface area and the
number of Na+-K+-ATPase units.

Direct relations between Na+-K+-ATPase activity and net
fluid absorption or basolateral membrane area also have been
observed in developing renal proximal tubules. Developmental
increases in the reabsorptive capacity of the proximal tubule
are accompanied by growth of the basal and lateral cell mem-
branes and are paralleled by increases in Na+-K+-ATPase ac-
tivity (468–472). Moreover, premature development of these
physiologic, biochemical, and ultrastructural changes can be
induced by pharmacologic treatment with adrenocorticotropic
hormone (ACTH) or glucocorticoids (473).

FIGURE 1-46. Relation between Na+-K+-ATPase activity and ba-
solateral membrane area in individual nephron segments. The open
square represents the CCT from animals treated with a low-sodium
diet, DOCA, or both. (From: Gibson M, Kumaratilake J, Cleary E.
The protein components of the 12-nanometer microfibrils of elastic
and nonelastic tissues. J Biol Chem 1989;264:4590; Nielsen S. Re-
nal aquaporins: an overview. BJU International 200;90:1; Bouby N,
Trinh-Trang-Tan M, Laouari D, et al. Role of the urinary concen-
trating process in the renal effects of high protein intake. Kidney Int
1988;34:4; Bankir L, Kriz W. Adaptation of the kidney to protein in-
take and to urine concentrating activity: similar consequences in health
and CFR. Kidney Int 1995;47:7; Muto S, Yasoshima K, Yoshitomi K,
et al., Electrophysiological identification of α- and β-intercalated cells
and their distribution along the rabbit distal nephron segments. J Clin
Invest 1990;86:1829; Verlander J, Madsen K, Tisher C. Axial distribu-
tion of band 3-positive intercalated cells in the collecting duct of con-
trol and ammonium chlorid-loaded rabbits. Kidney Int 1996;57:S137;
Citi S, Sabanay H, Jakes R, et al. Cingulin, a new peripheral com-
ponent of tight junctions. Nature [London] 1988;333:272; Ussing
H, Windhager E. Nature of shunt path and active sodium transport
path through frog skin epithelium. Acta Physiol Scand 1964;61:484;
Machen T, Erlij D, Wooding F. Permeable junctional complexes. The
movement of lanthanum across rabbit gallbladder and intestine. J Cell
Biol 1972;54:302. S1, S2, and S3, proximal tubule segments 1, 2, and 3;
CCT, cortical collecting tubule; cTALH, cortical thick ascending limb
of the loop of Henle.

Finally, the profiles of oxygen consumption (QO2), cellu-
lar ATP content, and mitochondrial density along the nephron
are strikingly similar to those of Na+-K+-ATPase activity. The
similarity in all of the profiles is consistent with the dependence
of Na+-K+-ATPase activity on an adequate supply of ATP re-
sulting from aerobic glycolysis.

Relations among Na+-K+-ATPase, Basolateral
Membrane Area, and Salt Transport in the Distal

Nephron: Effect of Corticosteroids

In distal nephron segments beyond the macula densa (including
the distal convoluted tubule, the connecting tubule, and the col-
lecting tubules), four morphologically distinct cell types (DCT
cells [see Fig. 1-27], CT cells [see Fig. 1-28], principal cells [see
Fig. 1-29], and IC [see Figs. 1-29 and 1-32]) were identified.
These morphologic distinctions are paralleled by heterogene-
ity in both function (474–477) and hormone action (221,432)
along the distal nephron.

In three of the cell types found in the distal nephron (DCT,
CT, and collecting duct cell), basolateral membrane area and
Na+-K+-ATPase activity can be altered dramatically by vari-
ous dietary manipulations, administration of corticosteroids,
or both (238,263). Nowhere is this more evident than in prin-
cipal cells located in the cortical collecting tubule (CCT). The
original observations of Gross et al. (478) in rabbits that
long-term doses of deoxycorticosterone acetate (DOCA) in-
creased the voltage across the CCT but not the DCT have been
confirmed and extended by O’Neil and Helman (479),
Schwartz and Burg (480), and Koeppen et al. (481). These latter
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groups demonstrated that chronic elevation of plasma miner-
alocorticoid levels in rabbits, either by feeding animals a diet
low in Na+ and high in K+ or by administering DOCA to ani-
mals on a standard diet, caused marked increases in the rates of
Na+ absorption and K+ secretion, as well as in the conductive
pathways for these ions in apical plasma membranes.

Several investigators have evaluated the role of Na+-K+-
ATPase in the DOCA-induced changes in Na+ and K+ trans-
port rates in the CCT. Garg et al. (451), LeHir et al. (251),
and, more recently, O’Neil and Dubinsky (482) demonstrated
a doubling in the Na+-K+-ATPase activity in this nephron seg-
ment with either DOCA or low Na+, high K+ diets. Indeed,
Garg et al. (451) showed a direct correlation between the rates
of Na+ absorption, previously obtained by Schwartz and Burg
(480), and their Na+-K+-ATPase activities in CCT from rab-
bits fed a low-salt diet or given DOCA. This correlation was
similar to that shown by these workers in nephron segments
in general (see Fig. 1-45). The mineralocorticoid specificity of
these changes in cation transport and Na+-K+-ATPase activity
not only was supported by the localization of aldosterone-
binding sites in the CCT (209,395–397), but also was
confirmed by the lack of increases in Na+-K+-ATPase by
the glucocorticoids, dexamethasone, or corticosterone (398).
Moreover, Marver and co-workers (263) have also shown that
mineralocorticoids, but not glucocorticoids, were able to in-
crease the activity of citrate synthase, a probable marker for
mineralocorticoid activity, in the CCT. All these observations fit
the general model for aldosterone action in epithelia, in which
this steroid enhances both the entry and exit steps for Na+ and
K+ in apical and basolateral plasma membranes.

In addition to these well-described physiologic and bio-
chemical changes, the membrane amplification principle would
suggest that modulation of Na+ and K+ in the diet or admin-
istration of DOCA also should be associated with marked al-
terations in the area of the basolateral membranes. Wade et al.
(259) were the first to demonstrate clear increases in basolat-
eral membrane area in the CCT in rabbits given DOCA long
term. These morphologic changes were restricted to principal
cells, suggesting that this cell type may be the one specifically
involved in the effect of DOCA on Na+ and K+ transport in
the collecting duct.

Basolateral membrane amplification in principal cells, but
not IC from both mammalian and amphibian (401) collect-
ing ducts, has also been observed after chronic exposure to
a high K+ diet (213,216,402), and these morphologic changes
are associated with increases in Na+-K+-ATPase activity (373).
Moreover, a similar ultrastructural change also has been noted
in another condition associated with a high rate of K+ excre-
tion. Zalups and co-workers (483) found that in rats subjected
to a 75% nephrectomy, the area of basolateral membranes
of principal cells from initial collecting tubules had increased
more than twofold 10 days after the procedure. Since this mor-
phologic alteration was restricted to principal cells, these in-
vestigators argued that the enhanced K+ excretion associated
with partial nephrectomy was mediated, at least in part, by the
increase in basolateral membrane area.

The role of mineralocorticoids in these functional and struc-
tural changes in the collecting duct, associated with potassium
adaptation, remains uncertain (210,381,404). Although aldos-
terone appears to contribute to the phenomenon of potassium
adaptation, it is less clear whether physiologically elevated lev-
els of this hormone are required. Recent studies in rats have
indicated that physiologically high levels of aldosterone may
(405) or may not (406) be required for potassium adaptation.
Finally, it should be noted that a recent morphologic study in
rats has indicated that a different mechanism may contribute
to potassium adaptation in papillary collecting ducts (216).
During potassium adaptation, a 50% increase in apical mem-
brane area occurs in this nephron segment, while the basolat-

eral membrane area remains unchanged. The physiologic sig-
nificance of this structural change is unknown.

Kaissling et al. (232,239,240) have extended these morpho-
logic and biochemical observations to include the DCT and
the CT in rabbits. These investigators demonstrated basolat-
eral membrane amplification in DCT cells after chronic intake
of a high Na+, low K+ diet, an effect that was unaltered by ex-
ogenous administration of deoxycorticosterone. None of the
other cell types in the distal nephron were affected by this diet.
In addition, a low Na+, high K+ diet, with or without aldos-
terone synthesis inhibition with potassium canrenoate, had no
effect on the DCT cell. The absence of any effect of this lat-
ter diet on DCT cells is in marked contrast to the stimulating
effect of this dietary manipulation on basolateral membrane
amplification—and Na+-K+-ATPase in principal cells (see the
previous discussion in this section). Although a high Na+, low
K+ diet markedly increased the basolateral membrane area in
the DCT cells in rabbits, LeHir et al. (251) found no augmen-
tation of Na+-K+-ATPase activity. However, in a later study,
Mernissi and co-workers (368) observed a nearly twofold in-
crease in Na+-K+-ATPase activity in this latter segment from
DOCA-treated rabbits. Thus, it is probable that basolateral
membrane area and Na+-K+-ATPase activity also parallel each
other in DCT cells. Because neither increases or decreases in
K+ intake alone have any effect on distal convoluted cells in
rats (213), Kaissling (203) suggested that the basolateral mem-
brane amplification—and probably also the increase in Na+-
K+-ATPase observed by Mernissi et al. (223)—was a response
to the chronic high Na+ intake.

The morphologic and biochemical responses of the connect-
ing tubule cells to a low Na+, high K+ intake in both rabbits
(402) and rats (213) are similar to those observed in the CCT.
Clear increases occur in both Na+-K+-ATPase activity and ba-
solateral membrane area. These responses appear to be, at least
in part, as a result of mineralocorticoid effects, because admin-
istration of large doses of DOCA to animals fed a high Na+,
low K+ diet also resulted in basolateral membrane amplifica-
tion in these cells.

Although all the studies cited tend to provide general sup-
port for the membrane amplification principle as it relates to
Na+-K+-ATPase activity, the specificity of this membrane re-
sponse may be questioned. In other words, is the functional
number of other enzyme units also increased by the DOCA-
or diet-mediated increases in basolateral membrane area? The
view that this dramatic change in membrane area is indeed spe-
cific for Na+-K+-ATPase has been strengthened by the observa-
tions of Mernissi et al. (368). These workers demonstrated that
the DOCA-mediated increase in basolateral membrane area in
CCT was specific for Na+-K+-ATPase, since adenylate cyclase
activity, another enzyme complex localized to the basolateral
membrane of this nephron segment, was unchanged by this
steroid. Finally, the similarity in morphologic and enzymatic
changes associated with DOCA treatment or a low Na+, high
K+ diet, or both, suggests that Na+ absorption and K+ secre-
tion in the distal nephron may be localized primarily to the CT
and collecting duct cells.

Relations among Na+-K+-ATPase, Basolateral
Membrane Area, and Salt Transport in the Distal

Nephron: The Effect of Diuretics

Kaissling et al. (484) treated rats with a continuous infusion
of furosemide and noted an increase in the height (60%) and
length (12%) of the DCT. Electron microscopy revealed both
an increase in the size of the cells and an increase in the baso-
lateral cell membrane area (12%) compared to controls. The
increase in basolateral membrane area in DCT cells was not
paralleled by a similar increase in luminal membrane area. The
number of apical microvilli per unit tubular length was similar
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compared to controls. These changes developed over the very
short period of the study (7 days). The authors speculated that
the chronic increase in solute load stimulated NaCl transport
of DCT cells that caused them to hypertrophy. As described
above, these authors had previously shown similar changes in
the DCT of rabbits on a chronic high-Na, low-K diet. This
study demonstrated that changes in the transport activity of
one segment can alter the function of downstream segments
and that tubular fluid composition plays a role in the regula-
tion of transport function.

Ellison and co-workers (485) studied the effects of changes
in solute delivery on distal nephron morphology in three groups
of animals: group 1, high NaCl diet; group 2, low NaCl
diet; and group 3, continuous furosemide infusion (485). Free-
flow micropuncture, in vivo microperfusion, and morphome-
try were performed in each group of animals. Dietary NaCl
restriction did not affect NaCl delivery to the early DCT, but
markedly increased transport capacity. Chronic extracellular
fluid (ECF) volume depletion increases the ability of the DCT
to reabsorb Na and Cl. Under these circumstances, ion trans-
port capacity increases without structural alteration. Although
transport capacity is increased in this setting, the delivery of Na
and Cl is not, and there is no change in morphology. Chronic
furosemide infusion increased NaCl delivery to the DCT and
increased the rate of NaCl transport in this segment. In contrast
to groups 1 and 2, only rats in group 3 exhibited hypertrophy
of the DCT (increase in fractional volume of 100%). These re-
sults are consistent with the hypothesis of Kaissling and Stanton
(484) that hypertrophy results from increased rates of transcel-
lular transport.

Morsing et al. (486) administered hydrochlorothiazide to
rats via osmotic minipumps for 10 to 14 days. NaCl transport
capacity of the DCT was reduced. The number of thiazide-
sensitive NaCl cotransporters as measured by [3H]metolazone
binding was higher in the thiazide-treated animals than in con-
trols. Loffing (487) found that thiazide treatment of rats pro-
voked apoptosis in the DCT. Metolazone or hydrochloroth-
iazide was infused continuously for 3 days via osmotic
minipump. Thiazide-treated animals showed apoptosis and re-
duced expression of calbindin D28K and Ca2+-ATPase. The
thiazide-sensitive NaCl cotransporter was no longer expressed
in the apical membrane, but was localized to the basal one-
half of the cell and to small intracellular vesicles. These ef-
fects were not seen in more distal parts of the DCT. Northern
analysis revealed a marked decrease in the thiazide-sensitive
NaCl cotransporter transcript. Focal inflammatory infiltrates
surrounded these damaged DCT cells. The authors speculated
that reduced Na entry either directly or indirectly was respon-
sible for the abnormalities. These results are in contrast to the
paucity of reports of adverse structural effects of thiazides in
humans. Bachmann, Reilly, and Ellison (488) showed that the
DCT can be molecularly subdivided into two segments: DCT-1
and DCT-2. In DCT-1, the only Na entry pathway is via the
thiazide-sensitive NaCl cotransporter. DCT-2 expresses both
the thiazide-sensitive NaCl cotransporter and ENaC, as well
as 11β-OH steroid dehydrogenase and the Na/Ca exchanger.
DCT-2 has molecular features of the early DCT and the CT. We
have shown that this segment is much larger in humans than
in rats. If this lesion is due to blockade of the sole Na entry
pathway in DCT-1 the relatively longer length of this segment
in humans compared to rats may be the reason why humans
tolerate thiazides better in the long-term.

Responses of Intercalated Cells to Potassium
Restriction: Apical Membrane Changes

Potassium depletion appears to be associated with morphologic
responses that are restricted to IC. Oliver et al. (489) originally
proposed that the population of IC was labile and that the

number of IC varied with K+ balance. Indeed, several experi-
mental maneuvers have been suggested to change the relative
frequency of IC (see Richet and Hagege [490] for a review).
Several groups of workers have recently reexamined this issue
with respect to the collecting ducts of rats. Although the studies
of Evan et al. (491) suggested a reciprocal relationship between
the number of IC and K+ intake, other workers (234,283,492)
did not detect any significant change in the population of these
cells, regardless of the K+ content of the diet. The weight of
current evidence appears to favor the view that IC form a dis-
tinct and fixed cell population, which is seen from the CT to
the outer medullary collecting duct, at least in rats.

Giebisch and co-workers (234,283) have suggested that ear-
lier studies, relying mainly or exclusively on light microscopy
for identification of IC (or dark cells), may have led to some
confusion. Some cells, having characteristics of both princi-
pal and IC, have been identified under a variety of experimen-
tal conditions (“intermediate cells” (452,493)). These observa-
tions have been used to suggest that IC may represent only a
specific functional state of principal cells. Alternatively, Stetson
et al. (283) suggested that the total number of IC is not altered
by potassium depletion, but that apparent changes in the fre-
quency of these cells reported in earlier studies reflected only an
alteration in cell structure within a fixed cell population. Specif-
ically, these workers (283), using freeze-fracture techniques,
were able to distinguish two different forms of the IC (possibly
similar to dark and gray cells [494]) in outer medullary ducts of
rats. Also, they noted that potassium depletion was associated
with an increase in luminal membrane surface area, a decrease
in apical cytoplasmic vesicles, and an increase in the density of
rod-shaped particles in luminal membranes of these cells.

The morphologic changes seen in IC during potassium de-
pletion are strikingly similar to those reported by Madsen and
Tisher (289,290) during acute respiratory or chronic metabolic
acidosis (see next section). Since potassium depletion in rats is
associated with chronic metabolic alkalosis and an increase in
ammonia excretion by the distal nephron (495), the changes
in potassium depletion could be related to the alterations in
acid-base balance rather than to the potassium depletion per
se. Further studies will be required to distinguish the relative
importance of these two physiologic factors.

In contrast to the observations of Stetson et al. (283) in
the medullary collecting duct in rats (cited previously), Stanton
et al. (234) did not find any morphologic alterations in IC of the
initial collecting tubule after potassium depletion in this same
species. These discrepant findings are consistent, however, with
the studies of Toback et al. (496), who noted that only IC in
the medulla were affected by potassium depletion. Taken to-
gether, these studies indicate that the apical membrane area of
IC, at least in the medullary collecting duct, is increased during
potassium depletion. Since this medullary nephron segment is
involved in the enhanced potassium reabsorption that occurs
during potassium depletion, this structural change may be re-
lated to an increase in apical membrane potassium transport
units in accord with the membrane amplification principle.

Heterogeneity in Na+-K+-ATPase Activity and
Basolateral Membrane Area in Thin Limbs

Morphologic studies of thin limbs of the loops of Henle have
shown that this region of the nephron exhibits considerable
morphologic heterogeneity in several mammalian species, in-
cluding rats (171), mice (172), and rabbits (497). In particular,
the descending thin limb of juxtamedullary nephrons in the
outer medulla of mice and rats is characterized by extensive
cell-to-cell interdigitations of basolateral membrane, shallow
tight junctions, and a large junctional length per unit of sur-
face area. In contrast, there is little amplification of basolateral
membrane area in this same segment in rabbits.
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Recent ultrastructural studies on the cytochemical localiza-
tion of Na+-K+-ATPase in the medulla (498) have shown that
this enzyme is present on basolateral membranes of descend-
ing thin limbs in the outer medulla of rats (190,191), but not
rabbits. No other thin limb segments in either species exhib-
ited cytochemical reactivity for this enzyme. These studies have
suggested to some investigators that this particular segment of
the descending limb might be involved in active ion transport,
since the sensitivity of the cytochemical reaction is generally
considered such that positive reactivity is demonstrable only in
segments of the nephron that transport large quantities of salt.
Ernst and Schreiber (191) have proposed that this segment of
the descending limb in rats may possess an active NaCl secre-
tory mechanism that would increase salt entry into the descend-
ing portion of the loop of Henle, thereby enhancing counter-
current multiplication. Accordingly, the observed differences
between rabbits and rats in Na+-K+-ATPase activity and ba-
solateral membrane area of outer medullary thin descending
limbs may reflect the greater concentrating ability of the latter
species.

Another possible role for the large amount of Na+-K+-
ATPase in this segment of the nephron has been proposed by
Jamison and colleagues (499,500). These researchers observed
that the delivery rate of K+ to the end of the descending limb
of long-looped nephrons in the rat was equal to the filtered
load, suggesting that there was considerable secretion (active
or passive) of this ion into loop urine somewhere proximally.
Although net K+ secretion has been demonstrated in the S3
segment of the proximal tubule of both superficial and jux-
tamedullary nephrons (501,502), Jamison et al. (513) have ar-
gued that this may not be sufficient to account completely for
the rates of K+ delivery observed in vivo. However, this latter
argument depends on the concentration of K+ in medullary in-
terstitial fluid. The results of these functional studies suggest
that the outer medullary thin descending limb may be involved
in the secretion of K+ into the urine, a possibility consistent
with the unique biochemical and ultrastructural features of this
thin limb segment.

Structure-Function Relationships: Trafficking of
Membrane Vesicles and Alterations

in Transport Processes

Newly synthesized proteins are transported to plasma mem-
branes by a means of small transport vesicles and this pro-
cess involves budding and docking steps as vesicles move from
donor to acceptor membranes along the intracellular trans-
port pathway (503). Guanosine triphosphate (GTP)-binding
proteins have recently been established as playing important
roles in the regulation of vesicular transport (504). It is now
clear that similar vesicular trafficking processes—by the move-
ment of transporter-containing vesicles into and out of apical
membranes—are involved in the regulation of certain transport
processes in renal tubular epithelial cells.

Vesicular Trafficking and Proton Transport. Morphologic,
biochemical, and physiologic studies of turtle and toad blad-
ders have added considerably to our current understanding of
proton secretion by the mammalian collecting duct. The capac-
ity of these bladders to secrete protons is related to the number
of cells containing carbonic anhydrase (505), which may ex-
ist in two functional states that can be distinguished morpho-
logically on the basis of their apical surface area and surface
topography (506–508). In the hydrogen-secreting state, these
cells have large apical membrane surfaces that are folded to
form microplicae; within 2 hours after inhibition of proton se-
cretion, the surface area of these cells is dramatically reduced,
and the surface topography changes from microplicae to mi-
crovilli (506,509).

A proton-translocating ATPase (H+-ATPase) appears to be
responsible for H+ secretion in the turtle bladder (510), and
recent studies have suggested that this proton pump is in-
serted into the apical membrane by an exocytic process in
response to stimuli that enhance net acid secretion (511–513).
The membranes containing proton pumps are thought to re-
side in vesicles that are located in the cytoplasm immediately
below the apical surface, and stimulation of acid secretion re-
sults in insertion of these vesicles into the apical membrane by
a cytoskeletal-dependent process (525). This vesicle-insertion
process then results in the amplification of the apical mem-
brane surface area. This general mechanism has the advantage
of providing a pool of transport units (pumps) that can be
activated rapidly by an appropriate stimulus and, in general
terms, is similar to the shuttle mechanism proposed by Wade
et al. (513) for the insertion of water transport units (presum-
ably channels) into the apical membranes of ADH-responsive
epithelia.

The secretion of protons in the mammalian collecting duct,
like that in the turtle bladder, appears to be mediated by an H+-
ATPase (511,512,514), and this process is facilitated by car-
bonic anhydrase and, hence, can be inhibited by acetazolamide.
Humbert et al. (515) first noted that rod-shaped particles were
present in IC, but not in principal cells of the mammalian col-
lecting duct. The studies of Madsen and Tisher (289,290) sug-
gest that the H+ secretory mechanism (i.e., H+-ATPase) may
reside on subapical vesicles in the IC of the outer medullary col-
lecting duct and be transported from the cytosolic, subapical
tubulovesicular pool to the apical surface in response to aci-
dosis. These workers have demonstrated small coated vesicles,
resembling clathrin vesicles, involved in absorptive endocyto-
sis and secretion, budding off Golgi cisternae and fusing with
subapical vesicles.

These vesicles in the IC do not contain clathrin (in contrast
to the vesicles-containing water channels; see next section), but
are “coated” with the cytoplasmic domains of proton pumps
(516,517,518). The increase in apical membrane surface den-
sity and decrease in the number of subapical vesicles during
acute respiratory (290) and chronic metabolic (289) acidosis
is consistent with their proposed cycling of vesicles containing
the H+-transporting units to the apical membrane. The gen-
eral mechanism appears to be quite similar to that proposed
for the stimulation of proton secretion in the turtle bladder
(519–521); see Brown (516) for a review of the recycling
mechanism). Thus, the cycling of cytosolic vesicles contain-
ing specific transport proteins appears to represent one way
of rapidly altering the H+ transport function in a number of
epithelia.

Vesicular Trafficking and Water Transport: ADH-Mediated
Cycling of Cytosolic Vesicles into Apical Membranes. ADH
regulates water reabsorption across mammalian collecting
ducts, as well as across ADH-responsive anuran epithelia
(frog skin and toad urinary bladder), by increasing the wa-
ter permeability of the luminal membranes of these epithe-
lia (212,522,523). Observations on rabbit CCT perfused in
vitro suggest that the major route for water permeation across
luminal membranes of this nephron segment, either with
or without ADH, is through small aqueous channels that
span the lipid bilayer core of these plasma membranes. The
effect of ADH is to increase the number of these small aque-
ous channels in apical plasma membranes, thereby increasing
its water permeability (212,524,525). Morphologic observa-
tions on the response of the CCD to ADH have confirmed
that the rate-limiting site for water permeation, and thus
the final site of action of ADH, is at the luminal mem-
brane (526–528). Using transmission electron micrographs of
tubules fixed at various stages in the ADH response, several
researchers (526,528) have shown that, in the presence of a
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lumen—to–bath osmotic flow, there is an increase in the apex—
to-base cell height, intracellular vacuolation, and distention of
lateral intercellular spaces in this nephron segment. Both prin-
cipal and IC demonstrated these ADH-associated morphologic
changes. Similar morphologic changes are also seen in the pap-
illary collecting ducts of rats in going from water diuresis to
antidiuresis (529).

Kirk et al. (523) determined the temporal sequence of the
structural changes associated with ADH-induced osmotic wa-
ter flow in single CCT segments, using differential-interference
contrast microscopy. These investigators demonstrated that (i)
the time courses of ADH-mediated transepithelial osmotic wa-
ter flow and the increases in the volumes of cells and lateral in-
tercellular spaces were similar and (ii) that these morphologic
changes were both reversible and seen only in the presence of a
lumen—to-bath osmotic gradient (i.e., when there was transep-
ithelial water flow). Furthermore, cytoplasmic vacuoles formed
only during the latter stages of the osmotic response, as well
as after the increases in cell volume and lateral intercellular
space dilation, and their formation continued after this trans-
port (and morphologic) response had reached a steady state.
Kirk et al. (525) interpreted these results as indicating that
transcellular water flow in the CCT follows two parallel path-
ways: one that does not require cytosolic vacuoles and rapidly
empties into lateral intercellular spaces, and another that in-
volves these large cytosolic vacuoles and is much slower. These
conclusions are in general agreement with the observation of
Andreoli and coworkers (525,526) that there may exist a sig-
nificant cellular (cytosolic) constraint on water diffusion in this
nephron segment.

Over the past decade, ultrastructural studies of ADH-
responsive anuran epithelia (principally toad and frog urinary
bladders), using freeze-fracture techniques, have led to the ap-
preciation that a number of ultrastructural changes occur in the
apical membranes of granular cells in association with the ap-
plication of ADH to the serosal membrane. The freeze-fracture
technique physically splits membranes, presumably between
the bilayer leaflets, to expose any particles embedded in the
membrane. These particles are thought to represent membrane
proteins. Chevalier et al. (527) were the first to report an aggre-
gation of intramembranous particles in the apical membrane
in frog urinary bladders treated with oxytocin. Kachadorian et
al. (528) reported similar apical membrane aggregates in toad
urinary bladder exposed to ADH, and demonstrated that the
aggregates are organized in very discrete rows.

Much evidence has accumulated demonstrating that these
aggregates are associated with the ADH-induced increase
in apical membrane water permeability (see various authors
[509,526,527] for reviews). The appearance of aggregates de-
pends on the interstitial application of ADH (524,525,528–
533), cAMP (532,533), dehydration, or all of these, but not
hydration. It is independent of an imposed osmotic gradient
(532,534,535) and it can be inhibited by drugs, such as metho-
hexital, which selectively inhibits the ADH-induced increase in
water flow, but not by phloretin, which inhibits ADH-induced
urea, but not water movement (534,535).

Although the number or cumulative area, or both, of aggre-
gates has been correlated with the level of ADH-induced os-
motic water flow in many circumstances (529–534), under cer-
tain conditions, the correlation is less consistent. When the time
course of aggregate accumulation in toad urinary bladder was
studied at short intervals after the addition of ADH, aggregate
accumulation was maximal before osmotic water flow peaked
(535), and when ADH-stimulated water flow declined after 60
minutes of hormone exposure, the aggregate number did not
(376). However, this dissociation between ADH-induced in-
tramembranous particle aggregation and net water flow may
not necessarily mean a lack of association between aggregation
and the water permeability of apical membrane. Recent obser-

vations in toad urinary bladders with the use of cytochalasin
B, a toxin that prevents polymerization of intracellular actin
filaments (microfilaments), indicate that this toxin inhibits the
maximal increase in osmotic water flow induced by ADH, but
does not prevent the ADH-induced increase in 3H2O diffusion.
In association with these effects, the toxin produces marked
granular cell swelling and the formation of large intracellular
water-filled vacuoles, or “lakes” (536,537). These studies sug-
gest that cytochalasin B may inhibit water flow by disrupting
the cellular or cytosolic pathway of water movement and not
by decreasing the water permeability of the apical membrane.

In the absence of ADH stimulation, similar aggregates have
been identified in both toad (533,537) and frog urinary blad-
ders in vesicles beneath the apical membranes of granular cells.
After the addition of ADH, the number of aggregate-containing
vesicles decreases markedly and occasionally these vesicles have
been seen fusing with apical membranes (521,538). The fre-
quency of these fusion events, seen on freeze-fracture sec-
tions of apical membranes in response to ADH, appears to
correlate with the accumulation of aggregates, and this ob-
servation has led to the hypothesis that the water perme-
ation sites are“shuttled”on the membranes of these vesicles
to the apical membrane under the influence of ADH (513).
Indeed, an increase in apical membrane capacitance, presum-
ably indicative of an increase in apical membrane area, has
recently been demonstrated in ADH-treated urinary bladders
of toads (539,540). However, it is unlikely that fusion of these
aggregate-containing vesicles with the apical membrane can ac-
count entirely for the large increase in apical membrane capac-
itance. Furthermore, the surface topography of granular cells
changes from broad ridgelike villous structures to fine microvil-
lus structures in the presence of ADH and this surface change
could produce the large increase in membrane surface area and
capacitance. Since the ADH-induced increase in water flow can
be dissociated from this change in the appearance of the apical
membrane surface, the relation between these physiologic and
morphologic hormone effects is not clear.

Structural studies performed in mammalian collecting ducts
have demonstrated apical intramembranous particle aggregates
in early (541,542), but not late (543), papillary-collecting ducts
of rats and in outer medullary and CCT of rabbits. The aggre-
gates are confined to the apical membranes of principal cells
(544). The particle aggregates in these nephron segments are
similar to, but not identical with, those of anuran epithelia
(543,544). Brown and co-workers (see Brown [516] for review)
have presented compelling evidence that clathrin-coated vesi-
cles participate in water-channel recycling in the mammalian
collecting duct and that vasopressin stimulates the appearance
of these “coated” vesicles. In addition, Edwards and Harmanci
(542) have shown that in Brattleboro rats with central diabetes
insipidus, apical membrane particle clusters did not parallel
urine osmolality in dehydrated rats in the absence of exoge-
nous ADH. These apical membrane aggregates appear to be
related to the establishment of ADH-dependent antidiuresis
(542). Verkman and colleagues (545) have demonstrated that
endosomes in collecting tubule cells from Brattleboro rats con-
tain vasopressin-sensitive water channels.

Eleven different waterchannel-forming intrinsic membrane
proteins have been identified (AQPs 0 to 10; [546–548] for re-
views) following the initial identification of CHIP28 by Agre et
al. (AQP 1 [547]. They fall into two major groups: (i) the ortho-
dox aquaporins that are water selective and include AQPs 0,
2, 4, and 5; and (ii) the multifunctional aquaglyceroporins that
transport water, glycerol and other small solutes, and include
AQPs 3, 7, and 9. AQP 2 has now been identified as the ADH-
sensitive water channel present in apical membranes of the col-
lecting duct (549–551), and the human gene for this water
channel is on chromosome 12q13. AQP 3 is ADH insensitive
and appears to provide for the high intrinsic water permeability
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of the basolateral membrane of the collecting duct (552–555).
AQP 4 is expressed in the basolateral membrane of the IMCD
and is responsible for most of the basolateral membrane water
permeability in this segment (556). AQP 5 is expressed in the
apical membrane of type I pneumocytes (557). AQP 6 is found
in IC, but has very low intrinsic water permeability (558). AQP
7 is expressed in the S3 segment of the proximal tubule (559).

The phenotypical analysis of aquaporin knockout mice has
provided important new insights into the functional roles of
aquaporins in kidney. AQP 1 knockout decreases transepithe-
lial water permeability in the proximal tubule (S2 segment)
fivefold (560). End proximal tubular sampling by free-flow
micropuncture shows a 50% reduction in isosmolar fluid re-
absorption. Single nephron GFR falls due to a stimulation of
tubuloglomerular feedback and distal fluid delivery is normal.
Urine output in these animals is increased as a result of an in-
ability to maintain a hypertonic interstitium because of a lack
of expression of AQP 1 in the thin descending limb of Henle.
Freeze-fracture studies of these animals showed that AQP 1
is responsible for the particles observed in the cell membrane
of the thin descending limb (561). AQP 3 knockout mice are
polyuric and polydipsic and are able to generate a partially
concentrated urine in response to exogenous vasopressin or
water deprivation (562). The countercurrent exchange system
is largely intact. The nephrogenic diabetes insipidus in these
animals is related to a threefold decrease in the water perme-
ability of the basolateral membrane of the CCD, as well as a
downregulation of AQP 2. AQP 4 knockout decreases water
permeability of the IMCD fourfold and causes a mild defect in
urinary concentrating ability (563). Further studies establishes
that AQP 4 is the “orthogonal array protein (OAP)” (564),
which are square arrays of intramembrane particles that have
been observed by freeze-fracture electron microscopy in the ba-
solateral cell membrane of the collecting duct and a variety of
other cell types. AQP 4 is highly expressed in astroglial cells at
the blood–brain and brain–cerebrospinal fluid barriers. These
animals are resistant to brain edema that occurs with acute
water intoxication and ischemic stroke (565).

SUMMARY

Morphologic, biochemical, and physiologic investigations have
made us aware of the great diversity (heterogeneity) of structure
and function along the nephron. Combining these methods, as
in analysis of the morphologic changes associated with specific
alterations in conditions (e.g., diet, drugs, and hormones), can
provide powerful insights into the specific roles of both individ-
ual nephron segments and of cell types within a single region
of the nephron. There is overwhelming evidence that many, if
not all, nephron segments adapt to changes in environmental
conditions and that these adaptations involve alterations not
only in transport processes, but also in cell morphology and
biochemistry. Thus, it is important to view the structure of
nephron segments in a dynamic, not in a static, sense. We have
attempted to illustrate some of the more important or well-
recognized structural-functional relationships in the nephron.
There seems to be little doubt that many more such relations
will become evident in the future and thereby contribute greatly
to our understanding of the complex function of the nephron.
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CHAPTER 2 ■ RENAL CIRCULATION AND
GLOMERULAR HEMODYNAMICS
WILLIAM J. ARENDSHORST AND L. GABRIEL NAVAR

The capability of the kidneys to achieve their sophisticated
homeostatic function is optimized by an intricate microvas-
cular system that adjusts vascular resistance to maintain an
appropriate intrarenal hemodynamic environment. The intrin-
sic and extrinsic renal regulatory mechanisms are responsible
for controlling the one-fifth of the cardiac output that circulates
through the kidneys. Essentially all the renal blood flow (RBF)
traverses through the glomerular capillaries, where about 20%
of the plasma is filtered. The complex glomerular filtration ap-
paratus is truly unique in having both a very high hydraulic
conductivity and a remarkably low permeability to proteins.
One major function of the renal vasculature is to regulate the
intraglomerular forces so that an adequate, yet not excessive,
volume is filtered into the urinary tubules. In this chapter, we
discuss the characteristics of the filtering and the reabsorbing
microcirculatory structures in the normal kidney. Particular
emphasis is placed on the dynamic interactions among the in-
trarenal paracrine and extrarenal homeostatic mechanisms that
help to regulate these processes. To allow a better appreciation
of basic mechanisms, some structural relationships and funda-
mental concepts related to vascular smooth muscle, endothelial
cells, and other components of the renal microvascular network
are also discussed (1–3).

MAGNITUDE OF RENAL BLOOD
FLOW (RBF) AND GLOMERULAR

FILTRATION RATE

The multiple intrarenal parallel arteriolar pathways provide
the kidneys with a very low vascular resistance. They normally
receive about 20% of the cardiac output. This amounts to a
blood flow of 1,000 to 1,200 mL/min in a 70- to 75-kg per-
son. RBF is even more impressive when considered per unit of
kidney weight, as the kidneys account for only 0.5% of the
total body weight, or about 300 g. Thus, blood flow per gram
of kidney weight is about 4 mL/min (Table 2-1), which is 5 to
50 times greater than the flow through other organs and cir-
culatory beds. Based on a total of 1 million glomeruli in each
kidney or a glomerular density of 7,000 glomeruli/g, the aver-
age blood flow per glomerulus is 570 nL/min. This large flow,
coupled with the maintenance of a high hydrostatic pressure
in glomerular capillaries, allows the filtration of about 20% of
the plasma, which amounts to an average glomerular filtration
rate (GFR) of 120 mL/min, or 170 L/day (4–9).

The extraordinarily high RBF is in marked excess of that
simply required to provide the renal parenchyma with ade-
quate supplies of oxygen and nutrients. For this reason, it is
generally recognized that RBF is regulated primarily to main-
tain the glomerular and peritubular intrarenal hemodynamic
environments at levels compatible with optimum delivery of
filtrate to the nephrons and appropriate reabsorption of fluid
back into the vascular system.

Relationship of Renal Blood Flow
to Oxygen Consumption

While oxygen utilization is not a major determinant of RBF,
oxygen consumption by the kidneys is still quite high, because
of the very high metabolic activity of the tubules. Over 99%
of the filtered fluid, electrolytes, and essential organic nutri-
ents are normally reabsorbed by the tubules and returned to
the circulation via the peritubular capillaries. The tubular re-
absorptive processes depend either directly or indirectly on the
integrity of the epithelial transport systems, in particular, the
energy requiring Na-K-ATPase. These tubular enzyme systems
account for the majority of the oxygen consumption.

RBF is about 400 mL/min per 100 g of tissue and the ar-
teriovenous oxygen difference is relatively low—on the order
of only 1 to 2 mL/dL of blood. Thus, oxygen consumption by
the kidney is about 8 ml O2/min or 400 μM O2/min per 100 g,
which amounts to 6% to 8% of the whole body oxygen con-
sumption. This level of oxygen utilization is relatively constant
and is not reduced by moderate hypoxemia. Under physio-
logical conditions, there is a generally consistent relationship
between RBF and renal oxygen consumption. However, this
relationship is a consequence of the associated changes in GFR
and filtered sodium load, reflecting a direct causal relationship
between tubular sodium reabsorption and oxygen consump-
tion, as shown in Figure 2-1. The rate of actively transported
sodium appears to be the primary determinant of the rate of
oxygen consumption. About 20% of the consumption, or ap-
proximately 100 μM O2/min per 100 g of kidney, is used for
basal metabolic purposes and continues even in the absence of
filtration. Above this basal rate, there is a linear relationship.
Approximately 27 to 35 mEq of sodium is reabsorbed per mil-
limole of oxygen consumed, depending on the contribution of
passive transport via paracellular pathways, which may be in
the order of 40%.

The balance of oxygen consumption for sodium reabsorp-
tion and oxygen delivery is reflected by the tissue pressure of
O2 (PO2). A cortical-medullary gradient of oxygenation exists
in the kidney. In the superficial cortex, PO2 in efferent arteri-
oles is 40 to 45 mm Hg, with values of 40 mm Hg recorded in
other cortical structures (proximal tubule, distal tubule, super-
ficial cortical tissue), and 30 mm Hg in the deep cortex 30 mm
Hg. The fact that PO2 in the renal vein exceeds that of any site
in the cortex indicates precapillary shunting of O2 from artery
to vein. Renal medullary PO2 is about 20 mm Hg, with cells
functioning in a climate of constant relative hypoxia (10–12).

In the renal medullary microcirculation, the net amount of
O2 reabsorbed from vasa recta into the interstitium is about
10−6 mol/s, i.e., significantly lower than estimated medullary
oxygen requirements based on active sodium reabsorption.
Low inner medullary PO2 results from the countercurrent ar-
rangement of vasa recta and high vascular permeability to O2,
as well as high metabolic needs. Diffusional shunting of O2
between descending and ascending vasa recta explains why

54
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TA B L E 2 - 1

RENAL HEMODYNAMIC FUNCTION IN HUMANS

Total Per kilogram body weight Per gram kidney weight

Renal blood flow 1,200 mL/min 17 mL/min 4 mL/min
Renal plasma flow 670 mL/min 9.6 mL/min 2.2 mL/min
Glomerular filtration rate 130 mL/min 1.9 mL/min 0.45 mL/min
Number of glomeruli 2 million 28,500 7,000
Oxygen consumption 1,200 μM O2/min 17 μM O2/min 4 μM O2/min

a 20-mm Hg decrease in initial PO2 at the corticomedullary
border only leads to a small drop in PO2 at the papillary tip
PO2 (<2 mm Hg with baseline parameter values). On the other
hand, small decreases in medullary blood flow, hematocrit, and
O2 consumption by tubules markedly reduce interstitial PO2.
Without erythrocytes, papillary tip PO2 cannot be maintained
above 10 mm Hg, even when oxygen consumption is zero.
An increase in medullary blood flow during water diuresis im-
proves medullary O2 delivery.

The renal medulla normally functions in an hypoxic envi-
ronment. Tissue hypoxia impacts on oxygen-regulated genes
and leads to the renal production of adrenomedullin and ery-
thropoietin. Hypoxia-inducible factor-1α (HIF-1α) is a tran-
scription factor that regulates the oxygen-dependent expres-
sion of many genes. This transcription factor may contribute
to gene expression in renal medullary cells that function nor-
mally under hypoxic conditions. In this regard, the classic loop
diuretic, furosemide markedly increases renal medullary PO2
levels (from 20 to 50 mm Hg) in association inhibited reabsorp-
tion along the ascending limb of Henle’s loop and a reduction
in HIF-1α.

The efficiency of the coupling between tubular trans-
port and O2 consumption is modified by paracrine/autocrine
factors. For example, nitric oxide (NO) normally sup-
presses O2 consumption by epithelial mitochondria. Inhibi-
tion of NO synthesis increases oxygen extraction and O2
consumption and reduces the efficiency of sodium trans-
port. Regulation of renal O2 consumption by NO may

FIGURE 2-1. Relationship between tubular sodium reabsorption and
oxygen consumption by the kidney. The primary determinant of oxy-
gen consumption above basal levels is the rate of active sodium trans-
port. (From: Gotshall RW, Miles DS, Sexson WR. Renal oxygen deliv-
ery and consumption during progressive hypoxemia in the anesthetized
dog. Proc Soc Exp Biol Med 1983;174:363; Ostensen J, Stokke ES. En-
ergy requirement of sodium reabsorption in the thick ascending limb
of Henle’s loop in the dog kidney: effects of bumetanide and ouabain.
Acta Physiol Scand 1996;157:275.)

become impaired during oxidative stress when superox-
ide production is excessive. Oxidative stress and decreased
availability/activity of NO can lead to reduced intrarenal PO2
due to enhanced O2 usage (QO2) relative to tubular sodium
transport.

Endothelial-dependent NO plays a role in the regulation of
renal O2 consumption in normal kidney. Baseline cortical O2
consumption is about 600 nmol/min per g tissue. Stimulation
of NO production by bradykinin or administration of a NO
donor reduces O2 consumption 25% to 30% in the renal cor-
tex and 30% in the medulla. Superoxide scavenging of NO
attenuates the stimulatory effect of bradykinin or NO donor
(11,13–17).

CHARACTERISTICS OF THE
CONTRACTILE PROCESS

Structural-Functional Aspects

There are important interactions among various cell types in
the microvasculature that determine the caliber of the small
resistance vessels. The complex vasculature of the kidney (Fig.
2-2) allows the fine regulation of the intrarenal hemodynamic
environment. Smooth muscle cells surround all vascular struc-
tures from the main renal artery to the individual afferent ar-
terioles. The preglomerular vasculature also has extensive in-
nervation and responds to renal nerve stimulation and many
different hormonal, paracrine, and physical stimuli. Neverthe-
less, most of the fine control of preglomerular resistance occurs
in the small-diameter afferent arterioles. The afferent arterioles
vary in length and in the angle at which they branch from the
interlobular arteries; those in juxtamedullary portions branch
at a much sharper angle. In addition, smooth muscle cells of
the afferent arterioles are modified as the vessels approach the
glomerulus. The proximal portions of afferent arterioles pos-
sess typical elongated smooth muscle cells, while cells closer to
the glomerulus are more rounded and many possess granules
(5,7,18).

As is shown in Figure 2-3, the magnitude of the pressure
drop within the arterial tree is relatively small up to the ter-
minal segments of the afferent arterioles. About 70% of the
preglomerular pressure drop occurs in the terminal portion of
the afferent arteriole. Some studies in rats suggest that the ar-
teries and larger arterioles leading to the superficial nephrons
contribute more to this pressure drop. In any event, the pres-
sure drop up to the glomerular capillary tuft is much lower than
in other vascular beds. This allows a high hydrostatic pressure
in the glomerular capillaries, which is much greater than the
plasma colloid osmotic pressure and is thus responsible for ul-
trafiltration of fluid into Bowman’s space (5,7,18–22).

The terminal portion of the afferent arterioles contains the
modified granular epithelioid cells that form part of the jux-
taglomerular apparatus. The granules contain renin and other
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FIGURE 2-2. Photograph of renal microcirculation showing branch-
ing of afferent arterioles from arcuate arteries, glomerular capillary
tufts, efferent arterioles, peritubular capillaries, initial portions of vasa
recta, and venous system. The vessels are filled with dark elastic poly-
mer (Microfill) and two tubules are filled with light polymer, showing
Bowman’s capsule (single arrow) and proximal tubules (double arrow)
and parts of loop of Henle. AA, afferent arteriole; ArA2, arcuate artery;
PC, peritubular capillary; V, venule; VR, vasa recta. (From: Casellas
D, Navar LG. In vitro perfusion of juxtamedullary nephrons in rats.
Am J Physiol 1984;15:F349, with permission.)

FIGURE 2-3. Representative pressure profile along renal
microvasculature in normal kidney. The segments are de-
picted at the bottom of the graph and the range of ideal
pulse pressures is represented by the stippled area.

components of the renin–angiotensin system, and the extent
of granulation varies inversely with sodium intake. There is a
reciprocal relationship between the amount of renin and actin
and, it has been suggested, that granular cells have only resid-
ual contractile capability. As is shown in Figure 2-4, the jux-
taglomerular granular cells are adjacent to the macula densa
(MD) segment at the end of the ascending loop of Henle
and they are associated with the nongranular extraglomerular
mesangial cells that fill the area between the afferent and effer-
ent arterioles. The appearance of the MD cells with large nu-
clei along with their close apposition to the glomerular vessels
serve as the morphologic basis for the concepts that alterations
in flow or composition of the tubular fluid generate signals that
are transmitted to the afferent arteriole or juxtaglomerular cells
to control vascular tone and renin release (1,14,23–28).

As an afferent arteriole approaches a glomerulus, the muscle
cells surrounding the vessel intermingle with the extraglomeru-
lar mesangial cells and the intraglomerular mesangial cells. As
it enters the glomerulus, the arteriole expands into a mani-
fold lined by endothelial cells, which, in turn, gives rise to a
series of glomerular capillary loops. The loops subdivide fur-
ther into a branching system of exchange channels. Finally, the
channels coalesce into a small number of terminal capillaries,
which join to form the efferent arteriole. Greater structural
detail regarding the glomerular capillaries that subserve the fil-
tration process is provided in Chapter 1, Structural–Functional
Relationships in the Kidney.

The efferent arterioles originate deep within the glomeruli
and vary with regard to length, diameter, and density of smooth
muscle cells. In the outer cortex, these vessels are relatively
short, have a smaller diameter, and have a less well-developed
muscular wall than efferent arterioles in deeper cortical regions.
Many of the smooth muscle cells of the superficial efferent arte-
rioles resemble pericytes that often extend onto the peritubular
capillaries. In the midcortex, the efferent arterioles are usually
longer and have a greater degree of smooth muscle develop-
ment. In the deeper portion of the cortex, the efferent arte-
rioles are more variable in length. Some efferent arterioles of
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FIGURE 2-4. Drawing of glomerulus and jux-
taglomerular complex consisting of afferent ar-
teriole (AA) with the granular cells (JGC) of the
juxtaglomerular apparatus, the extraglomeru-
lar mesangial cells (EMC), the macula densa
(MDC) segment of the ascending loop of Henle,
and the efferent arteriole (EA). Also shown
are the thick ascending limb (TAL), proximal
tubule (PT), Bowman’s space (BS), glomerular
capillaries (GC), peritubular capillaries (PC),
mesangial cells (MC), and nerve fibers (NF).
(Drawing from Casellas D, with permission.)

juxtamedullary nephrons give rise to typical cortical peritubu-
lar capillary systems, while others are much longer and descend
toward the medulla. These two distinct capillary networks
arising from the efferent arterioles subserve the reabsorptive
functions of the cortex and medulla, respectively, and may be
subject to independent regulation. At the corticomedullary bor-
der, the efferent arterioles break up into vascular bundles that
branch into numerous descending vasa recta. Vasa recta branch
to form a capillary plexus at each level within the medulla.
There are three distinct capillary plexi, with the densest found
in the inner stripe of the outer medulla. The ascending vasa
recta are morphologically distinct from the descending vasa
recta and ascend within vascular bundles to drain into the ar-
cuate veins. The ascending vasa recta are more numerous and
have a highly fenestrated, thin endothelium, while the descend-
ing vasa recta have a continuous thick endothelium. These
anatomic differences suggest that the ascending vasa recta have
a much greater permeability to macromolecules than the de-
scending vasa recta (5,6,18,29–33).

Each resistance segment contributes to the regulation of
glomerular blood flow and pressure in a unique manner be-
cause the glomerular capillary is “nested” between the afferent
and efferent arterioles. Although a more quantitative analy-
sis of their respective roles is presented in a following section,
it should be appreciated that alterations in preglomerular ar-
teriolar resistance produce changes in glomerular blood flow,
pressure, and GFR, which are directionally similar. In contrast,
changes in efferent arteriolar resistance cause more complex

GFR responses because glomerular pressure and blood flow
change in opposite directions. The maintenance of appropri-
ate efferent arteriolar tone serves to keep glomerular capillary
pressure sufficiently high to provide an adequate hydrostatic
pressure for filtration. The efferent arterioles also are respon-
sible for the marked decrease in pressure at the peritubular
capillaries, which allows the reabsorptive force of the plasma
colloid osmotic pressure to predominate (5,7–9,18,34).

There are important regional differences in the circulation
within the kidney, which may have considerable functional
significance. The relative distribution of glomerular and post-
glomerular blood flow is depicted in Figure 2-5. Glomerular
blood flow is proportional to the size of the glomeruli. The
larger deep juxtamedullary nephrons have higher flows than
the superficial or midcortical glomeruli. With regard to the
postglomerular blood flow, about 85% of the total RBF is dis-
tributed to the cortical peritubular capillaries, while 15% goes
to the medullary region. Blood flow throughout the cortex is
much higher than in the medulla and is higher in the outer
cortex than in the inner cortex. Overall cortical blood flow av-
erages 4 to 6 mL/min per gram of tissue. Medullary blood flow
ranges from 2.0 to 3.5 mL/min per gram in the outer medulla
to much lower values of approximately 0.2 to 1.0 mL/min per
gram of tissue in the inner medulla and papilla. Regional mean
transit times of intravascular indicators are 1 to 3 s for the
cortex, 4 to 6 s for the outer medulla, and 10 to 30 s for the
inner medulla the outer medulla, and 10 to 30 s for the inner
medulla (5,7,29,32,35,36).
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FIGURE 2-5. Distribution of glomerular and postglomerular flow and
of cortical (C1, C2, C3) and medullary (M) blood flow. The distribution
of glomerular flow is expressed as a percentage of total blood flow;
preglomerular flow is presented on the left, and postglomerular flow on
the right. The deep cortical flow is subdivided to account for medullary
flow distribution. As noted from the arrows, there is a general shift of
the postglomerular blood flow toward deeper areas. (From: Navar LG,
Evan AP, Rosivall L. Microcirculation of the kidneys. In: Mortillaro
NA, ed. The physiology and pharmacology of the microcirculation.
New York: Academic, 1983:354, with permission.)

Receptors and Receptor Activation

Contractile responses at various sites along the vascular net-
work have different functional characteristics, depending on
expression of receptor populations and/or activation mecha-
nisms. The actions of circulating hormones and neural stimuli
combined with local paracrine factors from endothelial and
epithelial cells are expressed through different effector mecha-
nisms to provide a highly integrated regulation of the renal mi-
crocirculation and the interstitial environment. Many vasoac-
tive agents interact with membrane receptors on the vascular
smooth muscle, endothelial, and mesangial cells.

Membrane receptors can be subdivided into three main
groups in which the receptor is coupled to a guanine nucleotide-
binding protein (G protein), regulates enzyme activity, or
actively serves as part of an ion channel. Examples of the
latter two groups are the atrial natriuretic peptide (ANP) re-
ceptor, guanylate cyclase, in vascular smooth muscle and the
nicotinic–acetylcholine receptor that directly activates a cation
channel at the neuromuscular junction. Almost all known va-
soactive agents affect vasomotor tone via receptor coupling to
G proteins. G protein-coupled receptors appear to share several
common structural features. A single gene product has seven
transmembrane domains with three extracellular and three in-
tracellular loops. The extracellular loops act in concert with
the transmembrane domains to bind the agonist. The intra-
cellular loops function to activate a G protein. G proteins are
heterotrimeric proteins consisting of α, β, and γ subunits. The
α subunit of a G protein is unique for each receptor and is re-
sponsible for generating a specific intracellular signal(s). The
β and γ subunits share a high degree of homology among G
proteins; together they function to modulate the ability of the
α subunit to generate the signal.

The general mechanism of action of G proteins involves a
conformational change in the G protein following agonist bind-
ing to a membrane receptor, which, in turn, enables guanosine
triphosphate (GTP) to replace guanosine diphosphate (GDP)
on the α subunit. The Gα-GTP complex then dissociates from
the β and γ subunits and interacts with an effector such as an
enzyme or a channel. The intrinsic GTPase activity of the α
subunit then hydrolyzes GTP to GDP, and the α-GDP complex
reassociates with the β and γ subunits, which terminates the

response. G proteins linked to adenylate cyclase are classified as
Gαs or Gαi, depending on whether the effect on adenylate cy-
clase and cAMP generation is stimulatory or inhibitory. Other
G proteins, for example, Gαq11/12 activate membrane-bound
phospholipase C or activate membrane calcium channels, or
both. An example of multiple effects an agonist can produce
depending on receptor coupling to different G proteins (e.g.,
Gαq11/12) is provided by norepinephrine. The binding of nore-
pinephrine to an α2-adrenoceptor inhibits adenylate cyclase,
reduces the formation of cAMP, and attenuates activity of pro-
tein kinase A, whereas binding to a β1- or β2-adrenoceptor ac-
tivates adenylate cyclase, increases cAMP generation, and en-
hances protein kinase A activity. In addition, norepinephrine
can bind to an α1-adrenoceptor and activate a Gαqprotein,
which is coupled to phospholipase C, leading to formation of
inositol trisphosphate (IP3) and release of calcium from the
sarcoplasmic reticulum (37–45).

Regulation of Microvascular Contractility

Changes in vascular perfusion are ultimately mediated by
smooth muscle cell contraction or relaxation, which elicit a
change in vessel radius and in vascular resistance. Multiple
steps and enzymatic cascades are involved in the contractile
process and many of these mechanisms can interact with one
another to modulate the contractile response. A pivotal step in
mediating the contractile response in vascular smooth muscle
cells is an increase in the cytosolic concentration of free ion-
ized calcium (Ca2+) above its very low basal value of 10−7 M.
(This is approximately 0.01% of the ionic calcium levels of the
plasma and extracellular fluid, 1 mM.)

As shown in Figure 2-5, cytosolic Ca2+ binds with calmod-
ulin. The Ca2+-calmodulin complex activates myosin light
chain kinase, leading to phosphorylation of myosin light
chains, which interact with actin and adenosine triphosphate
(ATP) to elicit tension development. Relaxation occurs as a
consequence of removal or sequestration of Ca2+ from the
cytosol and/or myosin dephosphorylation, which can result
from alterations in the activity of several constituents of the
cascade to alter the Ca2+ sensitivity of phosphorylation. Be-
cause there are multiple steps involved, many of the intracel-
lular mechanisms can influence the magnitude of the contrac-
tile response to a specific stimulus. For example, both cAMP
and cyclic guanosine monophosphate (cGMP)-dependent pro-
tein kinases may phosphorylate myosin light chain kinase and
decrease the calcium sensitivity of myosin light chain phos-
phorylation. They might also lower intracellular Ca2+ levels
by activating calcium extrusion mechanisms, stimulating reup-
take into intracellular stores or inhibiting IP3-mediated release
of stored Ca2+. Other protein kinases, such as phospholipid-
dependent protein kinase C (PKC), exert the opposite effect
and enhance the Ca2+ sensitivity of the contractile response.
Decreases in Ca2+ signaling occur following dissociation of
these ligands from cell surface receptors, receptor inactivation
or internalization or as a consequence of membrane hyperpo-
larization, such as occurs when membrane potassium channels
are activated (46–57).

The small monomeric GTPase Rho A affects contraction
of VSMC by increasing Ca2+ sensitivity of the contractile ap-
paratus. Rho A interacts with Rho kinase that phosphory-
lates the same site on MLC as MLC-kinase. Rho-kinase may
also increase myosin phosphorylation by inhibiting myosin
phosphatase and activation of phospholipase D. In glomeru-
lar arterioles, many vasoconstrictor G protein-coupled recep-
tors (e.g., AT1, ETA, TP) signal through Gq and Gi proteins to
activate the Rho/Rho kinase pathway. In addition to increas-
ing Ca2+ sensitivity, Rho GTPases stimulate Ca2+ signaling by
activating PLCβ isozymes. Rho signaling may be involved in
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stretch-induced mechanotransduction, and some of the vaso-
constriction produced by superoxide anion is mediated by
Rho/Rho kinase. Rho/Rho kinase mediates basal myogenic and
Ang II-induced tone in the afferent, but not the efferent arteri-
ole. Some vasodilators appear to exert their actions by inhibit-
ing Rho/Rho kinase. For example, NO induces vasodilation
through cGMP-dependent protein kinase inhibition of RhoA
(58–64).

Various hormones and drugs activate plasma membrane re-
ceptors to induce contraction by eliciting an increase in cytoso-
lic Ca2+. Cytosolic Ca2+ is increased through a combination of
calcium entry from the extracellular environment and mobi-
lization of calcium from internal stores. Ca2+ can be released
from intracellular stores via two sets of receptors/release chan-
nels, activated by IP3 or by a ryanodine-like ligand. It appears
that Ca2+ is released from a common sarcoplasmic reticular
pool, with uptake mediated by a common sarcoplasmic endo-
plasmic reticular Ca2+ ATPase (SERCA). Many vasoconstrictor
agents increase intracellular calcium by activating a guanine
nucleotide-binding protein (G protein) following ligand–
receptor interaction. G protein stimulation results in phos-
pholipase C activation and hydrolysis of membrane-bound
phosphatidylinositol 4,5-diphosphate (PIP2) into two pivotal
intracellular messengers, IP3 and 1,2-diacylglycerol (DAG).
The soluble IP3 binds to an IP3 receptor, located on the sar-
coplasmic reticulum, leading to activation of calcium channels
and release of calcium into the cytoplasm. The lipophilic DAG
remains within the membrane environment and activates one
of the PKC isoforms that can phosphorylate various regulatory
proteins. DAG may also be generated by the actions of phos-
pholipase D on phosphatidylcholine that is not accompanied
by concurrent IP3 generation and the associated increase in in-
tracellular calcium. Agents that activate PKC, such as phor-
bol esters, induce slowly developing, sustained contractions
or enhance contractile responsiveness to other stimuli (2,46–
49,54,65–68).

Activation of cell surface G protein-coupled receptors may
also lead to stimulation of plasma membrane-bound cADP-
ribosyl cyclase to convert the substrate nicotinamide adenine
dinucleotide (NAD+) to adenosine 5′-cyclic diphosphate-
ribose (cADP-ribose), a potent (nM range) Ca2+ mobilizing
agent acting on the RyR to trigger Ca2+ release from
the sarcoplasmic reticulum. cADP-ribose is a calmodulin-
dependent Ca2+-mobilizing second messenger system that
acts independently of IP3, with RyR Ca2+ release reinforced
by IP3-mediated Ca2+ mobilization. The RyR is extremely
sensitive to (Ca2+)i and exhibits Ca2+-induced Ca2+ release
(CICR), a form of autopotentiation. Concentrations of Ca2+

over a wide range (200 to 1000 nM) enhance the open
probability of RyR, which contrasts with a narrower range
(150 to 250 nM) for the IP3R (69–71).

Calcium entry can occur through a variety of pathways,
including voltage-operated channels (VOC) that are acti-
vated upon membrane depolarization and voltage-independent
receptor- and store-operated channels (ROC and SOC). Mem-
brane depolarization downstream of G protein-coupled recep-
tors activation is thought to result from activation of Cl− chan-
nels or inactivation of K+ channels, but the precise mechanism
by which this occurs is not well-defined. Voltage-independent
ROC and SOC also contribute to agonist-induced Ca2+ entry,
although these Ca2+ entry mechanisms have not been thor-
oughly examined in preglomerular vessels and efferent arteri-
oles. ROC are activated downstream of cell surface receptors,
independent of Ca2+ mobilization, via signaling mechanisms
involving DAG and calmodulin, and possible other interme-
diates. SOC are known to contribute to agonist-induced Ca2+

entry in renal and other vascular smooth muscle cells; they are
activated by an unknown mechanism after depletion of Ca2+

stores (72–75).

Among the identified families of transient receptor potential
(TRP) proteins, the canonical TRP (TRPC) family (TRPC1–
TRPC7) is thought to be involved in Ca2+ entry in vascu-
lar smooth muscle cells, most likely functioning as voltage-
independent SOC and/or ROC. TRPC1 proteins in vascular
smooth muscle cells tend to form tetrameric channels in asso-
ciation with TRPC4 or TRPC5. In general, TRPC3, -6, and -7
appear to be activated by diacylglycerol independent of
store depletion. TRPC6 is an essential component of α1-
adrenoceptor-activated cation channels in portal venous
smooth muscle cells. Preglomerular arterioles have a predom-
inance of TRPC3 and -6 subunits that may comprise SOC
and/or ROC channels in these vessels (73,74,76–80).

Several different potassium channels have been identified;
the most prominent are Ca2+-activated and ATP-dependent
potassium channels, which mediate relaxation by hyperpo-
larizing the cell membrane and reducing Ca2+ entry through
voltage-gated calcium channels. Importantly, increases in in-
tracellular ATP inhibit potassium channels, thus causing de-
polarization. Channel activity is reduced by intracellular ATP
concentrations normally present, suggesting that the activity
of this channel is quite low in normal cells and may serve
a primary protective role during depletion of energy reserves
(54,81–83).

Two major classes of well-recognized G protein-dependent
receptors participate in the regulation of vascular tone through
activation or inhibition of adenylate cyclase (Fig. 2-6). Ligand–
receptor complexes that activate a stimulatory G protein (Gs)
increase intracellular levels of cAMP and thus contribute to
relaxation. cAMP activates protein kinase A (PKA), which
has multiple actions, including phosphorylation of myosin
light chain kinase, reducing its efficacy. As mentioned ear-
lier, cAMP also may activate Ca2+ translocation mechanisms
that increase extrusion of Ca2+ out of the cell or return Ca2+

to the sarcoplasmic reticulum or inhibit IP3-mediated mobi-
lization of Ca2+ from sarcoplasmic reticulum stores. Drugs
or agents that increase cAMP produce increases in RBF and
GFR. Small amounts of such ligands can buffer the action
of vasoconstrictor agents without affecting baseline vascu-
lar tone. In contrast, ligand–receptor complexes coupled to
the inhibitory G protein (Gαi) reduce cAMP levels and cause
greater contraction for a given level of cytosolic Ca2+ (46,53,
67,84,85).

Another family of receptors operates through G protein-
dependent activation of guanylate cyclase, generation of cGMP,
and activation of protein kinase to mediate vasodilation. In ad-
dition, there are at least two major guanylate cyclase activators
that are not G protein dependent. Nitric oxide (NO), derived
from endothelial cells, directly interacts with soluble guany-
late cyclase. ANP also directly activates particulate guany-
late cyclase. The mechanisms mediating cGMP-dependent
vasorelaxation are thought to be similar, in part, to those uti-
lized by cAMP. cGMP-dependent kinases lead to inhibition of
voltage-gated Ca2+ channels, activation of a sodium/calcium
exchanger, stimulation of Ca2+-ATPase, inhibition of IP3 for-
mation, and phosphorylation of phospholamban, resulting in
increased Ca2+-ATPase activity in the sarcoplasmic reticulum.
cGMP also may stimulate Ca2+-activated potassium channels,
which leads to hyperpolarization (86–88).

The arachidonic acid pathways constitute another intracel-
lular signaling system. Increased cytosolic Ca2+ can activate
phospholipase A2 and release arachidonic acid from membrane
phospholipids, resulting in production of various metabolites
that can lead to vasodilation or vasoconstriction. Arachidonic
acid metabolites exert effects through multiple pathways, in-
cluding cAMP, cytosolic calcium, and inhibition of potassium
channels. Arachidonic acid itself may increase Ca2+ entry via
a noncapacitative Ca2+ entry channel. These will be discussed
in detail in a later segment of the chapter (89–91).
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Agents that increase cytosolic calcium:

Ang II, AVP, Epinephrine (α), TXA2,
Leukotrienes, Norepinephrinne,
Endothelin, ATP

Agents that increase cAMP (or cGMP):

Epinephrine (β), PTH, PGI2, PGE2,
ANP, Dopamine, Bradykinin, Nitric Oxide,
Adenosine (A2)
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FIGURE 2-6. Primary intracellular signaling systems of smooth muscle cell or mesangial cell contraction,
with effects of various hormones and vasoactive agents on the two major types of receptor systems. For
ease of presentation, only two receptor mechanisms are depicted, but each agent acts on its own receptor
system.

Differences in cellular sites and mechanisms of smooth
muscle activation may be partially responsible for the large
variety of renal hemodynamic responses produced by different
vasoactive agents. There is a major difference in the mech-
anisms leading to Ca2+ activation in the vascular smooth
muscle of the afferent and efferent arterioles. Preglomeru-
lar vessels have a strong dependence on L-type voltage-gated
Ca2+ channels, whereas their influence is not readily appar-
ent in efferent arterioles. Antagonists of Ca2+ influx through
L-type, dihydropyridine-sensitive Ca2+ channels selectively
block agonist-induced constriction of the preglomerular ves-
sels, including the afferent arteriole, without affecting effer-
ent arteriolar contraction. This is the case for Ang II, nore-
pinephrine, endothelin, 5-hydroxytryptamine, and potassium
chloride-induced depolarization (constriction). Agents such as
nifedipine, diltiazem, and verapamil primarily cause afferent
vasodilation and impair autoregulatory responses to changes
in renal perfusion pressure and tubuloglomerular feedback re-
sponses. In contrast, T-type Ca2+ channels are active at both
afferent and efferent arteriolar sites and can influence vascular
responsiveness. T-type Ca2+ channel blockers vasodilate affer-
ent and efferent arterioles and prevent contractile responses to
various stimuli. In afferent arterioles, T-type channels may act
cooperatively with L-type channels to bring about membrane
depolarization and calcium entry. A primary action on the pre-
glomerular vasculature also explains the large increases in GFR
and glomerular capillary pressure produced by calcium entry
blockers as well as inhibition of the tubuloglomerular feedback
system. An example of a hormone that exerts its effects through
different mechanisms is Ang II. Its effects are mediated by at
least two mechanisms. Afferent arteriolar responses are highly

dependent on Ca2+ entry via L-type channels, whereas the ef-
ferent arteriolar response appears to be influenced by Ca2+

mobilization and Ca2+ entry via T-type channels and through
SOC in the absence of any entry through voltage-gated L-type
channels. Clearly, the mechanisms of activation, Ca2+ entry
and mobilization, and signal transduction differ in the various
microvessels in the renal circulation (2,5,65,84,92–94).

In addition to the smooth muscle cells of the resistance ves-
sels, the mesangial cells within the glomerular tufts also possess
contractile capability, which may contribute not only to the reg-
ulation of blood flow through the glomerulus, but also to the
filtering capacity. Decreases in the filtration coefficient may oc-
cur as a consequence of mesangial cell contraction. Glomeruli
contain specific receptors for many different hormones and
also are the site of synthesis of vasoactive hormones. Spe-
cific glomerular receptors have been demonstrated for Ang II,
arginine vasopressin, bradykinin, dopamine, parathyroid hor-
mone, histamine, norepinephrine, prostaglandins (PGs) (PGE2,
PGI2, and thromboxane), leukotrienes, serotonin, ANP, and
endothelin. Receptor binding alters Ca2+ permeability, intra-
cellular Ca2+ mobilization, hormone-sensitive adenylate, or
guanylate cyclase, or all of these. Agonists that directly in-
duce an increase in cytosolic Ca2+, such as Ang II, endothe-
lin, norepinephrine, and vasopressin, cause mesangial cell
contraction (Fig. 2-6). However, β-adrenergic agonists, some
prostaglandins (PGE2 and PGI2), parathyroid hormone (PTH),
and histamine increase cAMP in isolated glomeruli and cul-
tured mesangial cells, an effect that would be expected to op-
pose contraction. Indeed, PTH does not induce contraction of
isolated mesangial cells, and PGE2 and PGI2 directly oppose
the effects of Ang II. Agents that increase cyclic AMP in the
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juxtaglomerular cells stimulate renin release, which could in-
crease the local production of Ang II (7,95–98).

The contractile state of mesangial cells may influence flow
dynamics within the glomerulus and the glomerular filtration
coefficient (Kf). Mesangial contraction is postulated to reduce
the Kf by decreasing the radius of capillaries or the surface area
available for filtration, or both. Many agents, including Ang II
and vasopressin, can reduce Kf. In addition, low Kf values have
been observed during sodium depletion when plasma and lo-
cal concentrations of endogenous Ang II are elevated. These
responses are thought to reflect specific receptor-mediated ef-
fects on mesangial cells, since the response can be reversed by
selective receptor antagonists in vivo and in cultured mesangial
cells. However, podyocytes are closely associated with mesan-
gial cells in vivo and also respond to Ang II suggesting that
part of the actions of Ang II or Kf could be due to responses
by podocytes. The roles of mesangial cell receptors for many
of these other agents remain unclear, but they may exert sta-
bilizing effects on mesangial cell contraction and counteract
the influence of excessive levels of vasoconstrictor agents or
serve metabolic functions. The structural mechanism by which
mesangial cell contraction actually alters Kf remains unclear
(5,7,8,30,99–101).

Interactions between Endothelial Cells
and Smooth Muscle

The vasculature is lined with a continuous layer of endothelial
cells, which serve many functions, including its role as a dif-
fusion barrier and the prevention of vascular thrombosis. En-
dothelial cells are dynamic metabolic units having membrane
receptors and membrane-bound enzymes, which allow them
to respond to and contribute to changes in the concentration
of circulating humoral agents. Membrane-bound ectoenzymes
form or degrade circulating vasoactive substances, such as, Ang
II (angiotensin-converting enzyme, or ACE), ET-1 (endothelin-
converting enzyme), bradykinin (kininase II), adenonucleotides
(three ectonucleotidases convert ATP, adenosine diphosphate
[ADP], AMP), and endothelin (metalopeptidase).

The vascular endothelium serves an important paracrine
role (Fig. 2-7). Endothelial cells directly participate in contrac-
tile and dilator mechanisms by responding to a variety of stim-
uli and by forming potent vasoactive substances, which act lo-
cally to modulate tone of adjacent smooth muscle cells. General
classes consist of endothelium-derived relaxing factors (EDRF)

and contracting factors (EDCF). Specific examples of relaxing
factors are NO, PGE2 and PGI2 (prostacyclin), carbon monox-
ide (CO), and a hyperpolarizing factor that has been linked to
the cytochrome P450 pathway, most likely an epoxyeicosatri-
noic acid (EET) that causes renal vasodilation (90). Examples
of endothelium-derived contracting factors include endothelin,
thromboxane, angiotensin, and oxygen-free radicals. These au-
tacoids can act on vascular smooth muscle cells to modify vaso-
motor tone, modulate the proliferative state of smooth muscle
cells, and provide a balance between antioxidant defense mech-
anisms and excess generation of oxygen-derived free radicals.
Thus, the endothelial cells are intimately involved in the control
of the microcirculation.

One of the most studied interactions between endothelial
cells and smooth muscle cells involves the ability of the en-
dothelium to modify the vascular responses to acetylcholine,
which is a powerful vasodilator in vivo and also in isolated
smooth muscle preparations that have an intact endothelium.
However, when applied to smooth muscle preparations whose
endothelium has been removed, acetylcholine induces vasocon-
striction by acting directly on the muscarinc receptors of the
smooth muscle cells. Many other substances have now been
shown to stimulate the release of endothelium-derived vasoac-
tive factors. Considerable recent emphasis has been placed on
one of the major relaxing factors, namely nitric oxite (NO)
derived from L-arginine. These paracrine systems will be dis-
cussed in later sections (98,102–112).

Other Functions

Another important function of endothelial cells is the conver-
sion of the inactive decapeptide, Ang I, to the active vasocon-
strictor octapeptide, Ang II, by endothelial-bound ACE. Local-
ization of ACE in preglomerular vessels allows the conversion
of systemically delivered Ang I to Ang II, which can then induce
vasoconstriction locally or in downstream segments (25,113).

Endothelial cells have a remarkable capability to transport
substances across their layers through a variety of mechanisms.
One of the most impressive features of endothelial cell layers
is their ability to form fenestrations, which serve as extracel-
lular channels among the endothelial cells. This feature occurs
predominantly in capillary structures having large rates of tran-
scapillary volume flux. Both glomerular and peritubular capil-
lary systems have fenestrations. The glomerular capillaries have
abundant, well-rounded fenestrations that are 50 to 100 nm in
diameter and lack a diaphragm. These fenestrations constitute

FIGURE 2-7. Interaction of endothelial cells
with smooth muscle or mesangial cells. Agents
that are known to influence EDRF or nitric
oxide (NO) production by endothelial cells are
shown. Endothelial cells also produce several
other vasoconstrictor and vasodilator agents,
as shown in the figure and described in the text.
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pathways for the large volume of plasma filtrate that continu-
ously traverses from the glomerular capillaries into Bowman’s
space. While it is not clear whether subtle changes in the size
of the fenestrations can contribute to the regulation of the hy-
draulic conductivity of the glomerular capillary barrier, it is
apparent that their integrity is essential for the maintenance of
glomerular filtration (5–7,14,18).

The fenestrations of the peritubular capillaries are bridged
by a thin diaphragm and are smaller in diameter (20 nm). Con-
sidering the total number of capillaries, there is much more per-
itubular than glomerular capillary surface area. However, since
the overall reabsorptive rate by the peritubular capillaries is
nearly equal to the GFR, the average hydraulic conductivity of
the peritubular capillaries per unit of surface area is estimated
to be less than that of the glomerular capillaries (5,114,115).
Fenestrations also exist in the terminal segments of afferent ar-
terioles, and they may provide a pathway for renin entry into
the circulation from the juxtaglomerular granular cells (116).

TRANSCAPILLARY EXCHANGE IN
RENAL MICROCIRCULATION

Forces Governing Ultrafiltration
at the Glomerulus

Bulk movement of fluid across the capillary membranes of the
renal microcirculation is passive in nature, driven by an imbal-
ance of physical forces. As blood flows from the afferent arte-
rioles into the glomerular capillary tufts, the high hydrostatic
pressure predominates over the counteracting forces caused by
Bowman’s space hydrostatic pressure and plasma colloid os-
motic pressure. Therefore, fluid is driven from the glomeru-
lar capillaries through the endothelial fenestrations, across the
basement membrane, and between the podocyte foot processes
into Bowman’s space. This movement of fluid can be described
quantitatively by the Starling filtration–reabsorption principle,
which is based on the premises that (i) water and solutes flow
through extracellular channels or pathways and (ii) the diame-
ters of these channels are large with respect to water molecules,
hydrated ions, and solutes of low-molecular weight, such as
urea, glucose, and amino acids. Thus, except for the larger so-
lutes, mainly plasma proteins, that approach or exceed the size
of the channels, the filtrate is translocated without substan-

tive compositional alterations. Detailed consideration of the
morphologic basis of the glomerular filtration barriers is pro-
vided in Chapter 1, Structural–Functional Relationships in the
Kidney.

The physical forces acting across the glomerular membrane
are glomerular capillary pressure (Pg), Bowman’s space pres-
sure (PB), glomerular plasma colloid osmotic pressure (πg), and
colloid osmotic pressure of filtrate in Bowman’s space (πB).
The filtering capacity of the filtration barrier is expressed as
the glomerular filtration coefficient (Kf), which is the product
of the hydraulic conductivity of the glomerular membrane (Lp)
and the total filtering surface area (Sf). Since the net forces
change as fluid is filtered along the length of the glomerular
capillaries, total GFR can be expressed by the equation:

GFR = Kf

∫ 1

0
[(Pg(x) − PB) − σ (πg(x) − πB)] dx [1]

where x represents the normalized length of the glomerular
capillaries, with 0 designating the afferent end and 1 designat-
ing the efferent end; σ is the reflection coefficient, which has a
range of 0 to 1 (119). When σ is 1, proteins are completely “re-
flected”by the capillary wall, and the colloid osmotic pressure
is maximally effective. Normal glomerular capillaries are ex-
tremely efficient in restricting the passage of macromolecules,
and the amount of protein present in the normal filtrate in
Bowman’s space is less than 0.01% of the plasma protein. For
practical considerations, σ has a value of unity and the colloid
osmotic pressure in Bowman’s space (πB) is less than 1 mm Hg.
Thus, the effective colloid osmotic pressure is equivalent to that
of the plasma in the glomerular capillaries (π g). As is shown in
Figure 2-8, this value increases progressively along the length
of the capillaries as a function of the relative volume of protein-
free fluid that is filtered. Because colloid osmotic pressure is the
major force retarding glomerular filtration, filtration is great-
est in the initial segments of the glomerular capillaries and de-
creases progressively (5,7,8,117).

The exact hydrostatic pressure drop along the glomerular
capillaries is uncertain because experimental assessment is not
possible. Nevertheless, there are abundant parallel capillaries
that collectively have a large cross-sectional area relative to
that of the afferent and efferent arterioles; thus, the hydrostatic
pressure drop along the glomerular capillaries is probably small
as compared with the pressure drops across the afferent and
efferent arterioles. Computations based on the number and
dimensions of the glomerular capillaries yield estimates that

FIGURE 2-8. Schematic diagram of the forces responsi-
ble for filtration of fluid from the glomerular capillaries
and reabsorption of fluid into the peritubular capillar-
ies. The values are considered representative of forces in
humans.
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FIGURE 2-9. Nomogram relating the efferent colloid osmotic pres-
sure to the initial plasma colloid osmotic pressure and the filtration
fraction. Normal afferent colloid osmotic pressure, 25 mm Hg, is in-
dicated by the thicker curve. An example of how to estimate efferent
colloid osmotic pressure for any given filtration fraction and plasma
colloid osmotic pressure is shown by the dashed lines.

are in the range of 1 to 4 mm Hg. Thus, Pg is usually treated
as a constant value. With these simplifying assumptions and
the use of average values for hydrostatic and colloid osmotic
pressures in glomerular capillaries, the more commonly used
formulation for GFR results:

GFR = Kf (Pg − PB − πg) [2]

The net, or mean, effective filtration pressure (EFP) is cal-
culated as

EFP = Pg − PB − πg [3]

The increase in plasma protein concentration is a direct
function of the filtration fraction, defined as the quotient of
GFR and renal plasma flow. Because of the nonlinear relation-
ship between plasma protein concentration and colloid osmotic
pressure, the rate of increase in colloid osmotic pressure from
the afferent to the efferent arteriole increases progressively (Fig.
2-9). Empirically derived relationships allow the prediction of
colloid osmotic pressure (π ) from the total plasma protein
concentration (C) when the albumin-to-globulin (A/G) ratio
is known. The commonly used Landis–Pappenheimer relation-
ship

π = 2.1 C + 0.16 C2 + 0.009 C3 [4]

applies to an A/G ratio of about 1.2, which is considered nor-
mal for humans.

The efferent arteriolar colloid osmotic pressure is deter-
mined by the initial plasma value and the filtration fraction.
The nomogram in Figure 2-9 allows estimation of the effer-
ent arteriolar colloid osmotic pressure and is independent of
A/G ratios. For example, at a normal filtration fraction of
0.20 and normal plasma colloid osmotic pressure of 25 mm
Hg, the predicted value for efferent colloid osmotic pressure is
37 mm Hg.

The hydrostatic pressure in Bowman’s space (PB) in humans
is uncertain. In laboratory animals, PB is similar to proximal
tubular pressure, which ranges from 11 to 15 mm Hg in rats

and from 18 to 22 mm Hg in dogs. Proximal tubular pres-
sure is also slightly higher than the pressure in adjacent per-
itubular capillaries. Peritubular capillary pressure has not been
measured directly in humans, but it can be estimated from in-
trarenal venous pressure measurements obtained by retrograde
passage of a renal vein catheter. Values obtained in humans are
20 to 25 mm Hg and provide reasonable estimates of proximal
tubular pressure. This pressure plus an average efferent colloid
osmotic pressure of 37 mm Hg provides a minimal glomerular
pressure in humans in the range of 57 to 62 mm Hg; actual val-
ues are higher to the extent that there is net filtration pressure
at the terminal end of the glomerular capillaries.

Micropuncture studies in animals also indicate that
glomerular pressure is 50 to 60 mm Hg and approximately
40 mm Hg greater than the opposing hydrostatic pressure in
Bowman’s space. From this difference in transglomerular cap-
illary hydrostatic pressure, it can be calculated that EFP ranges
from 15 mm Hg at the afferent end of the glomerular capillar-
ies to about 3 mm Hg at the efferent end, yielding an average
EFP of 9 mm Hg (Fig. 2-8). Using this value and one of 120
mL/min for total GFR, a Kf of 13 mL/min/mm Hg for the total
nephron population is calculated. Assuming there are 2 million
nephrons in both human kidneys, the Kf for a single glomerulus
is approximately 6 to 7 nL/min/mm Hg. This value generally
agrees with micropuncture measurements, which indicate that
Kf for an individual glomerulus is 4 to 5 nL/min/mm Hg in
dogs and 2 to 5 nL/min/mm Hg in rats. The large variation
in Kf among rats is due in part to differences observed among
different strains.

The filtration process can operate under one of two con-
ditions. The first condition is the case described above, in
which filtration continues throughout the entire length of the
glomerular capillaries and a finite positive EFP remains at the
efferent end of the glomerular capillaries. This pattern of dise-
quilibrium is shown by the solid lines in the left panel of Figure
2-10. The second condition occurs when the increase in colloid
osmotic pressure is so rapid that the forces favoring and oppos-
ing filtration become equal at some point within the capillary
system, a condition termed filtration pressure equilibrium (Fig.
2-10, solid lines in right panel). Under equilibrium conditions,
the latter part of the available filtering surface area is not uti-
lized and becomes a functional reserve. Studies in some strains
of rats have suggested that the normal condition is one of fil-
tration equilibrium. Data from studies of other strains of rats
and dogs indicate that, under normal circumstances, glomeru-
lar capillary hydrostatic pressure is sufficiently high and the
Kf is sufficiently low to prevent the achievement of filtration
equilibrium within the glomerular capillaries.

A physiological consequence of the equilibrium or disequi-
librium of filtration pressures is the influence of plasma flow
on GFR. Using a mathematical model presented later, the spe-
cific effect of plasma flow can be predicted for both conditions
when the transcapillary hydrostatic pressure gradient is kept
constant. As shown by the dashed line in Figure 2-10 (right
panel), an increase in plasma flow to a system in filtration equi-
librium diminishes the rate of increase of colloid osmotic pres-
sure along the length of the glomerular capillaries. The EFP is
not dissipated as quickly, and the point of equilibration of hy-
drostatic and colloid osmotic forces is moved distally, which,
in effect, results in recruitment of additional filtering surface
area (Sf) and an increase in the functional Kf. Consequently,
increases in plasma flow can increase the GFR proportionately
even when glomerular capillary pressure is unchanged. In the
case of filtration pressure disequilibrium, increases in plasma
flow increase GFR only modestly as a consequence of a reduced
colloid osmotic pressure profile, and there is no net recruitment
of previously unused surface area (see Fig. 2-10, dashed lines
in left panel). Thus, the magnitude of a selective plasma flow
effect is smaller during filtration pressure disequilibrium than
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FIGURE 2-10. Comparison of filtration dy-
namics in conditions of filtration equilibrium
(right) and disequilibrium when filtration oc-
curs throughout the length of capillary (left).
The lower panels represent the changes in the
transcapillary hydrostatic pressure gradient (πg
− PB) and the colloid osmotic pressure (πg), and
the upper panels represent the cumulative GFR
along the length of the glomerular capillary. The
dashed lines indicate the changes occurring in
response to doubling of plasma flow under both
conditions.

during equilibrium. In humans, the low filtration fraction and
the relative lack of plasma flow dependence of GFR suggest that
the filtration process continues throughout the entire length
of the glomerular capillaries, i.e., disequilibrium, as shown in
the left panel of Figure 2-9 (5,7–9,117–120).

Glomerular Permeability to Macromolecules

Experiments examining the filterability of test molecules of dif-
ferent sizes, shapes, and charges have been used to characterize
the hydrodynamic properties of the filtration barrier. A sieving
coefficient (σ ), or fractional clearance of a test molecule, is ob-
tained relative to that of a freely filtered reference molecule,
such as inulin. Accurate determinations can be made when
both substances enter the urine by means of filtration and are
not subjected to tubular reabsorption or secretion. Such data
have been fitted to various theoretic models based on limit-
ing membrane structures, consisting of an impermeable ma-
trix that is perforated with cylindrical pores, rectangular slit-
like openings, or a meshwork of fibrous or granular gel-like
structures. Evaluation of molecular sieving or steric restriction
in each model, however, is based on the principle of geomet-
ric exclusion of large solute molecules from a portion of the
membrane that is accessible to water and small solutes. In
essence, the larger molecules that approach or exceed the effec-
tive size of the channels are restricted or “sieved.”Conceptually,
the simplest model that is applicable to the glomerular bar-
rier consists of a size-discriminating membrane with a large
population of fluid-filled cylindrical pores of about 5 nm in
radius, which totals approximately 5% of the total surface
area. There may also be a very small population of much larger
pores.

Passage of macromolecules across capillary membranes is
dependent on several factors in addition to the effective ra-
dius. These factors include the electrical charge and the struc-
tural conformation and rigidity of the molecule. As shown in
Figure 2-10, the glomerular sieving coefficient or fractional
clearance (usually determined as CD/CIN) of graded sizes of
electrically neutral dextran molecules declines progressively as
effective radius and molecular weight increase. Water, elec-
trolytes, and other small, uncharged solute molecules with an
effective Stokes–Einstein radius of less than 1.8 nm are freely
permeant. As the effective radius increases, there is a progres-

sive restriction. The fractional clearance of macromolecules the
size of IgG (5 nm) is essentially zero. For the same equivalent
radius, the fractional clearances of albumin (3.6 nm) and neg-
atively charged dextran sulfate are considerably lower than
the clearances of uncharged molecules. In addition, polyca-
tionic macromolecules are filtered more readily than neutral
molecules. These differences in transport of electrically charged
macromolecules are due to the membrane-bound polyanionic
glycoproteins that are rich in sialic acid and heparan sulfate
residues, which set up a negative electrostatic field that repels
polyanions. These are associated with the glycoprotein coat
that covers the endothelial fenestrations, the basement mem-
brane, and the epithelial cells. Partial loss of these anionic sites
on the glomerular capillary wall can lead to albuminuria in
the absence of any gross structural abnormalities and in cases
of mild glomerulonephritis. Such a loss has been induced ex-
perimentally by neutralization of the electrostatic barrier with
the polycation protamine. In more severe glomerular injury-
associated proteinuria, a larger fraction of the filtrate appears
to pass through a population of large-diameter, nonselective
pores.

In addition to size and charge, molecular configuration in-
fluences the sieving coefficient (Fig. 2-11). Rigid or globular
molecules such as horseradish peroxidase or ficoll have lower
sieving coefficients for any given molecular size than neutral
dextran polymers with highly deformable linear structures.
Thus, it is likely that the curve for neutral dextrans in Fig-
ure 2-11 overestimates the true permeability characteristics
of more rigid, globular-structured macromolecules, such as,
plasma proteins. Because shape, flexibility, and deformability
contribute to the quantitative relationship between molecular
size and transglomerular solute flux, it is difficult to establish
the true dimensions of the extracellular channels. Data cur-
rently available indicate that the effective radius of the chan-
nels in the glomerular membrane is in the range of 4.5 to 6 nm
(7,18,121–123).

Most studies involving quantitative consideration of macro-
molecular passage through capillary membranes have relied
on the thermodynamic approach developed by Kedem and
Katchelsky (124). Derivations for solute flux (Js) across a con-
straining membrane include a convection term, which is the
solute flux that occurs as a consequence of the bulk volume
flow (Jv), and a diffusion flux, which is a function of the con-
centration gradient of the solute. In its most elementary form,
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FIGURE 2-11. Representative sieving curves for several test molecules
in the glomerular circulation. The curve representing neutral molecules
is based on data obtained with use of polyvinylpyrrolidone and neu-
tral dextran. The curves for anionic and cationic molecules are based
on studies with charged dextrans. Also shown are the sieving values
for neutral horseradish peroxidase (neutral HRP) and for albumin. The
smaller molecules are shown to have a sieving coefficient of 1.0. (From:
Navar LG, Bell PD, Evan AP. The regulation of glomerular filtration
rate in mammalian kidneys. In: Andreoli TE, Hoffman JF, Fanestill DD,
eds. Physiology of membrane disorders, 2nd ed. New York: Plenum,
1986;637; Maddox DA, Deen WM, Brenner BM, Glomerular filtra-
tion. In: Maddox DA, Deen WM, Brenner BM, eds. Handbook of phys-
iology, Vol. 1. New York: American Physiological Society, 1992:545;
Deen WM, Bridges CR, Brenner BM. Biophysical basis of glomeru-
lar permselectivity. J Membr Biol 1983;71:1; Hostetter T, Rosenberg
ME, Renal hemodynamics and permselectivity. J Am Soc Nephrol
1990;1:S55; Adal Y, Pratt L, Gomper WD. Transglomerular trans-
port of DEAE dextran in the isolated perfused kidney. Microcirculation
1994;1:169; Ohlson M, Haraldsson B. Glomerular size and charge se-
lectivity in the rat as revealed by FITC-Ficoll and albumin. Am J Physiol
Renal Physiol 2000;279:F84.)

solute flux due to convection is

Js = JvCs(1 − σ ) [5]

and solute flux due to diffusion is

Js = PS (�Cs) [6]

where JV is the volume flow (in this case the GFR), and Cσ is
the average concentration across the membrane, s is the reflec-
tion coefficient, previously discussed, �CS is the concentration
difference across the capillary wall, and PS is the diffusional,
permeability surface-area product coefficient. With small un-
charged molecules, such as glucose, σ approaches zero and,
thus, glucose flux is simply defined by the product of GFR and
the plasma glucose concentration. For very large molecules that
are restricted with almost complete efficiency, σ approaches
1 and, thus, solute flux due to convection is negligible. The
most relevant example is for plasma albumin. Using a value
of 1 to 3 mg/dL for albumin concentration in early tubular
fluid and a systemic plasma albumin concentration of 3,600
mg/dL, σ is greater than 0.99. Furthermore, the PS coefficient
is so low (0.001 mL/min) that solute flux due to diffusion also
approaches zero. These quantitative considerations also high-
light the difficulty in attempting to evaluate mechanisms of
proteinuria. Theoretically, protein passage across the glomeru-
lar membrane could increase more than 100-fold, which could

be accounted for by a change in σ from 0.99 to 0.95. Such small
changes in membrane permeability would not be expected to be
associated with discernible morphologic changes (5,124,125).

Hemodynamics in Peritubular Capillaries
and Role in Fluid Reabsorption

Virtually all of the peritubular capillary network stems from ef-
ferent arterioles. About 85% of the postglomerular blood flow
is distributed to peritubular capillaries in the cortex, and the
remaining 15% goes to the medulla and papilla (Fig. 2-5). The
overall density of peritubular capillaries and the total surface
area are considerably greater than those of glomerular capil-
laries. The peritubular capillary wall consists of a thin fenes-
trated endothelial layer covered by a thin basement membrane.
Per unit of surface area, it has a lower hydraulic conductivity
and a slightly higher permeability to large molecules than the
glomerular wall.

In a manner analogous to the process of filtration, the per-
itubular capillary reabsorption (PR) of fluid that is reabsorbed
by the renal tubules is determined by the imbalance of hy-
drostatic and osmotic forces between the interstitial space and
adjacent peritubular capillaries. If one considers the forces re-
sponsible for reabsorption into the capillaries, then

PR = Kr [(πc − πi ) − (Pc − Pi )] [7]

where Kr is the reabsorptive coefficient, πc and πi represent
the average colloid osmotic pressures in the capillaries and in
the interstitial fluid, and Pc and Pi represent the corresponding
hydrostatic pressures.

As plasma emerges from the glomerular capillaries, it has a
colloid osmotic pressure of 35 to 37 mm Hg (Fig. 2-8). Further-
more, the hydrostatic pressure drops about 40 mm Hg along
the efferent arteriole (Fig. 2-3), yielding an initial peritubular
capillary pressure of about 20 mm Hg. With regard to the in-
terstitial compartment, estimates of πi and Pi are about 6 to
8 mm Hg and tend to cancel each other out. Thus, the mean ef-
fective reabsorption force is 15 mm Hg at the beginning of the
peritubular capillary bed. As fluid is reabsorbed into the capil-
laries, the plasma proteins are diluted and the colloid osmotic
pressure progressively decreases to the original value enterng
the kidney. There is also a small, but measurable, progressive
decline in capillary hydrostatic pressure. Thus, there is an effec-
tive reabsorptive force over the entire length of the peritubular
capillaries, which varies from about 15 mm Hg to about 8 mm
Hg (Fig. 2-8). The hydraulic reabsorptive coefficient, Kr, for the
peritubular capillary is about 9 to 10 mL/min/mm Hg, which is
slightly lower, overall, than the glomerular Kf. This suggests a
lower hydraulic conductivity because of the larger surface area
of the peritubular capillaries.

With regard to macromolecular permeability, the situation
existing in the peritubular circulation contrasts with that in the
glomerulus, because the convective component is directed in-
ward in association with the continuous fluid reabsorption.
Thus, the loss of macromolecules from the postglomerular
circulation occurs as a consequence of diffusion of macro-
molecules from the plasma into the interstitial compartment.
Although it is known that significant amounts of protein ac-
cumulate in the interstitium, the actual permeability may still
be quite low, because of the low removal rate. Some studies
have indicated that the postglomerular circulation constrains
molecules that can readily pass through the glomerular mem-
brane. There also may be a small population of pores with di-
ameters greater than 5 nm. Nevertheless, most of the channels
appear to have a high degree of efficiency in restricting albu-
min and other plasma proteins, so their reflection coefficients
are very close to 1. This occurrence is owed, in part, to an



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-02 Schrier-2611G GRBT133-Schrier-v3.cls July 10, 2006 13:29

66 Section I: Biochemical, Structural, and Functional Correlations in the Kidney

electrostatic barrier similar to that found in the glomerular
capillaries such that negatively charged macromolecules per-
meate slower than neutral molecules of the same size. Thus,
plasma proteins exert almost their full osmotic pressure across
the peritubular capillaries. In spite of these high reflection co-
efficients, the concentration of albumin in renal lymph, and
presumably in the interstitial fluid, is about one-fourth that
in systemic plasma. Although this concentration seems rather
high, it should be noted that lymph flow is very low, and less
than 1% of net protein is lost from the plasma flowing through
the peritubular capillaries.

Lymphatic capillaries, primarily distributed throughout the
cortex, are very permeable to protein and fluid. They serve to
return the proteins that leak out of the peritubular capillar-
ies back to the circulation, and it is usually assumed that the
protein concentration in the lymph reflects the protein concen-
tration in the interstitial fluid. The normal renal lymph flow in
humans is estimated to be about 2 to 5 mL/min, or less than
1% of the plasma flow. Lymph flow is increased by elevations
in interstitial hydrostatic pressure, such as those accompany-
ing diuretic states, ureteral obstruction, or increases in renal
venous pressure (5,6,126,127).

Capillary Uptake by Vasa Recta

Efferent arterioles of juxtamedullary nephrons provide most of
the vascular supply to the outer medulla. These efferent arte-
rioles branch into long-looped capillaries, termed vasa recta,
which descend into the medulla in vascular bundles. The vasa
recta bundles are intimately associated with, and surrounded
by, concentric rings of loops of Henle and collecting ducts.
The medullary circulation has the important function of re-
moving water and solutes reabsorbed from descending and as-
cending loops of Henle and collecting ducts without disrupting
the large longitudinal osmotic gradients that exist in the inner
medulla. This delicate balance is achieved by virtue of the low
blood flow and an efficient countercurrent diffusion of fluid
and small molecular weight solutes, which occur because of
the specialized structure of the hairpin-shaped parallel loops
of the descending and ascending vasa recta. The end result is
passive equilibration and shunting of fluid across the vasa recta,
from descending to ascending limbs, and trapping of solute at
the bends. Because the descending vasa recta have a contin-
uous thick endothelium, albeit aquaporin 1 (AQP1) channels
allow water efflux. Because protein permeability is low, the high
plasma protein concentration of the efferent arteriolar blood is
preserved. In contrast, the ascending vasa recta have a highly
fenestrated thin endothelium, which greatly facilitates passive
reabsorption. The ascending vasa recta also have a higher per-
meability to protein. However, the hydrostatic pressure in the
ascending vasa recta is relatively low, about 10 mm Hg, and
probably not much higher than interstitial hydrostatic pres-
sure. In the face of a very small outward hydrostatic pressure

gradient, the transcapillary colloid osmotic pressure gradient
provides an important reabsorptive force, favoring capillary
fluid uptake throughout these specialized capillaries. Impor-
tantly, the vasa recta also possess pericytes that provide con-
tractile capability and a means to locally regulate blood flow
(5,29,30,32,36,128).

Quantitative Analysis of Filtration and
Reabsorption Dynamics

The mechanisms regulating GFR involve complex interactions
among the individual determinants of filtration rate. To reach
a better understanding of the singular effects of each deter-
minant, one can examine the theoretical influence of selective
changes in an idealized situation where the other determinants
are held constant. Such theoretical predictions can be made
from the simple mathematical model shown in Figure 2-12,
which analyzes fluid flow dynamics along the length of a single
filtering capillary and the resistances of the afferent and efferent
arterioles (5,9,18,117,129).

This model can be used to analyze the effects on GFR of
singular perturbations, such as changes in transcapillary hy-
drostatic pressure gradient, systemic plasma protein concen-
tration, glomerular plasma flow, and the filtration coefficient.
As shown in Figure 2-13 (panel A), changes in the transcapil-
lary hydrostatic pressure difference produce striking responses
in GFR. An increase of 10% causes a greater relative increase
in EFP leading to an increase in GFR of 19%. GFR is inversely
related to plasma colloid osmotic pressure; as can be seen in
panel B, an increase of plasma protein concentration of 10%
reduces GFR by 25%. The influences of changes in Kf and in
plasma flow on GFR are more complex because they affect the
rate of rise of plasma colloid osmotic pressure along the cap-
illary and thus EFP. Panel C in Figure 2-13 shows that GFR is
affected more by decreases than increases in Kf. The reduced
effect of increases in Kf above the normal values reflects the
achievement of filtration-pressure equilibrium. Once filtration
equilibrium is reached, further increases in Kf enhance ultrafil-
tration in early portions of the capillary, which causes protein
concentration to increase more rapidly. However, this effect is
offset by the fact that the colloid osmotic pressure equilibrates
with the hydrostatic pressure difference at a more proximal site
along the capillary. Thus, the mean EFP and total GFR remain
the same, although the locus of equilibrium is shifted to an
earlier site.

Panel D of Figure 2-13 demonstrates that the effects of
glomerular plasma flow on GFR are also nonlinear. In the ab-
sence of changes in the other determinants, GFR increases only
modestly with increases in plasma flow. On the other hand,
decreases in plasma flow below 200 nl/min produce roughly
proportional decrements in GFR. This increase in sensitivity
is again due to the attainment of filtration equilibrium at the
lower values of plasma flow. Glomerular plasma flow exerts

FIGURE 2-12. “Single capillary” model of glomerular
filtration dynamics and afferent (Ra) and efferent (Re)
resistances.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-02 Schrier-2611G GRBT133-Schrier-v3.cls July 10, 2006 13:29

Chapter 2: Renal Circulation and Glomerular Hemodynamics 67

FIGURE 2-13. Theoretical effects of
singular perturbations in (A) transcapil-
lary hydrostatic pressure gradient (Pg −
PB), (B) plasma protein concentration,
(C) the filtration coefficient (Kf), and
(D) plasma flow at entry to glomeruli.
For these simulations, control values
(squares) estimated to be representative
of single nephron function in humans
were used: GFR, 65 nL/min; plasma
flow, 300 nL/min; (Pg − PB), 40 mm Hg;
plasma protein concentration, 6.5 g/dL.

these effects by modifying the intraglomerular profile of colloid
osmotic pressure and thus mean EFP. The effects of increases
in plasma flow on the system during filtration equilibrium and
not in equilibrium were discussed earlier and are shown in Fig-
ure 2-10. Changes in plasma flow have a relatively small effect
on the colloid osmotic pressure profile during filtration dise-
quilibrium (Fig. 2-10). A decrease in plasma flow increases the
fraction of plasma being filtered per unit of capillary length
in proximal segments. As a result, the rate of rise of colloid
osmotic pressure is increased progressively. During filtration
pressure equilibrium, GFR is highly plasma flow-dependent.
Thus, there are two major functional consequences of filtra-

tion pressure equilibrium. GFR is insensitive to increases in
Kf and is strongly influenced by changes in plasma flow. In
contrast, GFR is directly responsive to Kf and is less plasma
flow-dependent under disequilibrium conditions. In either sit-
uation, glomerular capillary pressure is quantitatively a much
more powerful determinant of GFR than plasma flow.

A mathematical analysis that is of more physiological rele-
vance involves an integrated consideration of changes in pre-
glomerular and efferent arteriolar resistance on glomerular dy-
namics. Presented in Figure 2-14 are the predicted effects of
constriction and dilation of either afferent or efferent arterioles
under idealized conditions, when the other resistance, as well

FIGURE 2-14. Effects of increases and decreases in af-
ferent and efferent arteriolar resistance on glomerular
filtration rate (GFR), glomerular plasma flow (GPF), fil-
tration fraction (FF), and mean effective filtration pres-
sure (EFP).
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as other inputs, are maintained at normal values. A selective
increase in afferent resistance reduces plasma flow and hydro-
static pressure in glomerular and peritubular capillaries. GFR
decreases proportionately more than plasma flow and thus the
filtration fraction falls. In contrast, an increase in efferent arte-
riolar resistance reduces plasma flow but increases glomerular
pressure. GFR initially increases slightly but quickly reaches
a plateau. The plateau region of mean EFP is because of the
counteracting effects of the increases in glomerular capillary
and colloid osmotic pressure. From these quantitative consid-
erations, it is apparent that the preglomerular resistance is ide-
ally suited to control GFR. Efferent arteriolar resistance con-
tributes to subtle alterations in GFR, but exerts major effects
on the dynamics of the postglomerular circulation. It is impor-
tant to emphasize that changes in filtration fraction alone can-
not be used to determine the localization of resistance changes
to a specific manipulation, condition, or drug. For example,
combined increases in afferent and efferent resistances reduce
the plasma flow proportionately more than the GFR, and the
filtration fraction increases. Likewise, combined decreases in
afferent and efferent arteriolar resistances increases blood flow
proportionately more than GFR, and filtration fraction falls
(129). These changes in filtration fraction have often been in-
terpreted incorrectly as being indicative of selective change in
efferent arteriolar resistance.

Control of Glomerular Dynamics by
Regulation of Filtration Coefficient

In addition to regulation of capillary flow and pressure by re-
sistance changes of the preglomerular and postglomerular vas-
cular segments, Kf and Kr may be subjected to regulatory in-
fluences. Alterations in the size of the capillaries or closure of
a fraction of the capillaries may reduce the available filtering
surface area and thus influence Kf. The hydraulic conductiv-
ity may be altered by adjustments in the size and number of
endothelial fenestrations, the thickness or permeability of the
basement membrane, and the number or structural configura-
tion of the slit pores between the foot processes. Recent atten-
tion has been focused on the role of the podocytes in control
of GFR (130). Changes in any of these properties could be
manifested as changes in Kf.

Animal studies suggest that vasoconstrictor hormones and
some vasodilators are capable of reducing Kf. Kf may also be
reduced drastically in disease states that involve sclerosis of
glomerular capillaries or thickening of the basement the base-
ment membrane. Kf may be increased slightly in certain cir-
cumstances, such as increased plasma colloid osmotic pressure.
Differences in basal Kf are reported among different species and
different strains and colonies of rats. Agents such as Ang II and
catecholamines can decrease Kf. Blockade of the vascular ef-
fects of Ang II with the structural analog, saralasin, negates the
Kf lowering effect of prostaglandins E2 and I2 and PTH, but it
has no effect on changes in Kf produced by vasopressin. In ad-
dition, several vasodilators (acetylcholine, bradykinin, and his-
tamine) have been shown to decrease Kf in rats through mecha-
nisms that are not clear. While the vasodilator actions are now
known to be because of NO release, it is not apparent how this
would decrease Kf. In contrast to the effects observed in rats,
vasodilator agents do not affect Kf appreciably in dogs. The rea-
son for this apparent species difference is not known. Neverthe-
less, it seems clear that a variety of humoral agents, including
recently discovered endothelial-derived nitric oxide, endothe-
lin, and leukotrienes, can influence Kf and may influence fil-
tration dynamics. The intrarenal effects of some of these hor-
mones may be secondary to stimulation of glomerular synthesis

or release of other vasoactive agents, including prostaglandins,
leukotrienes, and Ang II (5,7–9,18,99,130–135).

With regard to the postglomerular vasculature, the major
regulator of hydrostatic pressure in the peritubular capillaries is
the efferent arteriolar resistance. For a given flow, an increase in
efferent arteriolar resistance increases the pressure drop along
this vessel and thus reduces the pressure in peritubular capil-
laries. An increase in downstream resistance because of venous
obstruction or elevated tubular pressure increases hydrostatic
pressure in the capillaries. Interstitial hydrostatic pressure tends
to change in the same direction as pressure in the peritubu-
lar capillaries. Colloid osmotic pressure of blood entering the
peritubular capillaries is primarily regulated by the filtration
fraction. A higher colloid osmotic pressure exerts a greater re-
absorptive force in the postglomerular circulation. The colloid
osmotic pressure in interstitial fluid is determined by a balance
of protein entry from circulating plasma and protein exit by
means of the lymphatic circulation. In general, stimuli promot-
ing efferent arteriolar constriction reduce hydrostatic pressure
in peritubular capillaries and increase efferent arteriolar colloid
osmotic pressure, changes that favor increased fluid reabsorp-
tion from the renal interstitium into the peritubular capillaries.
Vasodilating stimuli have the opposite effects and are often ac-
companied by natriuretic and diuretic responses. In all cases,
however, there is a very intimate coupling between the rate of
fluid reabsorption from the tubules into the interstitium and
fluid reabsorption from the interstitial compartment into per-
itubular capillaries (114,115,126,127).

REGULATION OF RENAL
HEMODYNAMICS

The high sensitivity of glomerular and peritubular capillary
dynamics to variations in the intrarenal pressures and flows em-
phasizes the importance of regulatory mechanisms that main-
tain the intrarenal hemodynamic environment. Overall con-
trol is shared by several mechanisms that exert specific effects
on various segments of the renal vasculature. Some of these
mechanisms are intrinsic to the kidney, while others depend on
extrarenal signals mediated by neural or hormonal stimuli.

Mechanisms of Autoregulation

Intrinsic paracrine signals can adjust intrarenal vascular re-
sistance in response to a variety of extrarenal perturbations.
The alterations in vascular resistance serve to counter the ef-
fect of the extrarenal disturbance so that RBF and GFR are
stabilized. The most widely studied manifestation of these in-
trinsic mechanisms is the phenomenon of renal autoregula-
tion. In response to alterations in renal arterial pressure over a
wide range, the kidney adjusts its vascular resistance in order
to maintain, or “autoregulate,” RBF. This range encompasses
the physiologically relevant arterial pressures, both above and
below normal. In response to reductions in arterial pressure,
which may occur during situations, such as sleep or recum-
bency, intrarenal mechanisms decrease renal vascular resis-
tance to maintain RBF and GFR at optimum levels. Likewise,
increases in arterial pressure, which might occur during ex-
ercise or acute episodes of stress, elicit signals that increase
vascular resistance and thus maintain RBF and GFR at or near
control levels. In addition to RBF and GFR, the microvas-
cular and tubular pressures exhibit autoregulatory behavior.
Since glomerular pressure and GFR are autoregulated, it is
generally agreed that the predominant adjustments of vascu-
lar resistance are localized to the preglomerular arterioles. Fig-
ure 2-15 shows representative relationships between the renal
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FIGURE 2-15. Representative relationships between renal arterial pressure and renal blood flow (lower
panel), glomerular filtration rate (middle panel), and afferent arteriolar vascular resistance (upper panel).
Ra afferent arteriolar resistance; Re, efferent arteriolar resistance; Rv, capillary and venous resistance.

arterial pressure and RBF, GFR, and segmental vascular re-
sistances. The responses of vascular resistance to changes in
perfusion pressure represent the most commonly investigated
aspect of the renal autoregulatory mechanism, but other stim-
uli, such as increases in ureteral or renal venous pressure or
changes in plasma colloid osmotic pressure, may elicit autoreg-
ulatory responses. In most cases, the response serves a negative
feedback function to counteract the effect of the disturbance
and restore RBF or GFR back toward normal (2,5,7,18,20,
136–139).

The autoregulatory component of the vasculature is acti-
vated by voltage-dependent Ca2+ channels and is sensitive to
the organic Ca2+ channel blockers. Much of the research ori-
ented toward understanding this basic response is focused on
the mechanisms by which messages are initiated, transmitted
to, and received by the smooth muscle cells to effect the req-
uisite alterations in vascular resistance. The two basic mech-
anisms that contribute to the autoregulation phenomenon are
the myogenic mechanism and the tubuloglomerular feedback
mechanism (2,5,137,138,140–143).

The myogenic mechanism responds to a distending force
on the vessel wall caused by an increase in arterial pressure.
The actual distending force can be calculated from the law of
Laplace, which relates tangential wall tension (T) to the inner
radius of the vessel (r) and the transmural pressure difference,

T = r (Pa − Pi ) [8]

where Pa is intraarteriolar hydrostatic pressure and Pi is the
interstitial fluid pressure. When the transmural pressure differ-
ence increases, wall tension is increased, which leads to con-
striction and a reduction of the radius, so that tension returns
toward normal. A myogenic response occurs in preglomerular
vessels, but not postglomerular efferent arterioles. This may be
due to the differential activating mechanisms in these vessels,
since efferent arterioles do not normally have functional L-type
Ca2+ channels. In addition to the afferent arteriole, the arcuate
and interlobular arteries also display myogenic responses. Al-
though a large vessel, such as the arcuate artery, may respond
to pressure, its contribution to total resistance is quite small.
Thus, the preglomerular arteriolar network has the ability to

respond to extrinsic physical or mechanical disturbances by a
myogenic response. This is also supported by the fact that the
initial autoregulatory adjustments in vascular resistance occur
so rapidly (a few seconds) that they are difficult to explain
except by a direct local vascular mechanism. Such a rapid re-
sponse is thought to buffer the glomerular capillaries and the
tubular network from sudden changes in arterial pressure and
protect from high systolic pressures, especially at higher fre-
quencies (2,137,138,140–145).

Contraction associated with an increase in intraluminal
pressure is associated with cell membrane depolarization and
increased Ca2+ entry through voltage-gated L-type Ca2+ chan-
nels. This conclusion is supported by the ability of L-type chan-
nel blockers to inhibit the myogenic response and the stretch-
activated Ca2+ channels in the preglomerular microcirculation.
The inositol phosphate cascade may increase levels of IP3 and
DAG and activate PKC. Inhibition of PKC attenuates the au-
toregulatory constrictor response to a pressure increase. Sub-
constrictor concentrations of either Ang II or ET-1 may poten-
tiate myogenic contraction of afferent arterioles. Nitric oxide
attenuates the rate and strength of the myogenic response. Al-
though endothelial cells play a role in the rate of autoregula-
tion, stretch-induced, steady-state myogenic tone is observed
in vessels without a functional endothelium (2,137,138,140–
142,144,146–148).

Additional theories to explain the autoregulatory phe-
nomenon evolved because of the recognition that slower-
acting hemodynamic mechanisms have to be responsive to
the metabolic demands of tubular transport. The existence of
structures within the kidney that seem ideally suited to act as
communication links between the distal tubular segments and
the vasculature provide the morphologic basis for the tubu-
loglomerular feedback hypothesis. Indeed, the unique mor-
phology of the juxtaglomerular complex (Fig. 2-4) suggests that
the MD senses some aspect of fluid composition at the start of
the distal tubule and transmits signals to the adjacent affer-
ent arterioles. Thus, the juxtaglomerular complex provides the
anatomic basis for a negative feedback mechanism, operating
in each nephron, that maintains balance between the hemo-
dynamic inputs that control GFR and filtered load and the



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-02 Schrier-2611G GRBT133-Schrier-v3.cls July 10, 2006 13:29

70 Section I: Biochemical, Structural, and Functional Correlations in the Kidney

FIGURE 2-16. Macula densa tubuloglomerular feedback hypothesis (left panel) and myogenic response
(right panel) as mechanisms to explain renal autoregulation. Solid lines indicate direct relations; dashed
lines indicate inverse effects.

metabolically determined reabsorptive function of the tubules
(1,5,18,20,24,27,28,94,136,138,141,147,149–151).

The general scheme for explaining autoregulation accord-
ing to the tubuloglomerular feedback mechanism is shown in
the left panel of Figure 2-16. For example, an increase in arte-
rial pressure initially increases RBF, glomerular pressure, and
GFR. The increased filtered load increases fluid and solute de-
livery from the proximal convoluted tubule into the loop of
Henle. Such an effect leads to flow-dependent increases in the
sodium chloride concentration and osmolality of the tubular
fluid in the ascending loop of Henle. The MD cells sense the
increased tubular fluid NaCl or total solute concentration and
transmit vasoconstrictor signals to the afferent arterioles, thus
restoring RBF and GFR to preexisting levels. Conversely, a de-
crease in arterial pressure causes a reduction in tubular fluid
flow that elicits dilation of the afferent arterioles. The tubu-
loglomerular feedback mechanism also helps to explain vas-
cular responses that occur when the solute load to the distal
nephron changes as a consequence of changes in tubular re-
absorptive function, such as those during pharmacologically
induced changes in proximal reabsorption rate (2,5,27,152).

There are many examples of physiological responses that
are consistent with the tubuloglomerular feedback concept. El-
evations in plasma colloid osmotic pressure, which decrease the
effective filtration pressure and, thus, GFR, lead to decreases in
afferent arteriolar resistance resulting in elevations in glomeru-
lar pressure sufficient to counteract the increases in colloid os-
motic pressure. Studies at the single nephron level, using mi-
cropuncture techniques, indicate that the maintenance of flow
to the distal nephron is requisite for the full manifestation of
autoregulation of GFR. As is shown in Figure 2-17, autoregu-
lation of single nephron GFR in response to acute changes in
arterial pressure is highly efficient when tubular fluid flow to
the distal nephron is maintained, but it is significantly impaired
when flow past MD cells is interrupted. Similar responses have
been reported for glomerular capillary pressure. Nevertheless,
the impairment in GFR autoregulation is not as great as would
be predicted for a fully passive mechanism, so it seems that the
tubuloglomerular feedback mechanism works in concert with
the myogenic mechanism to yield the highly efficient autoreg-
ulation characteristic of the renal circulation. Recent studies
suggest that the interactions are synergistic in that the presence

FIGURE 2-17. Responses of single nephron GFR and glomeru-
lar pressure to changes in arterial pressure during conditions of
intact flow to the MD (solid lines) and during interrupted flow
conditions (dashed lines). (From: Navar LG. Renal autoreg-
ulation: perspectives from whole kidney and single nephron
studies. Am J Physiol 1978;234:F357, with permission.)
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of active MD signals augments the sensitivity of the myogenic
response. The afferent arteriole is the effector limb of both
mechanisms and blockade of Ca2+ entry through L-type chan-
nels inhibits both the myogenic and tubuloglomerular feedback
responses. The highly localized myogenic component can re-
spond very quickly to a pressure stimulus. The tubuloglomeru-
lar feedback loop is more complex, involving multiple struc-
tures and cell types, and its response to a pressure change being
transmitted along the tubule is slower, on the order of 15 s. The
relative importance of these two systems may vary according to
experimental conditions. A comprehensive quantitative analy-
sis of the dynamic control of the renal circulation has been
recently published (2,5,20,27,137,138,140–142,151).

Increases in flow through the loop of Henle elicit con-
striction of afferent arterioles with consequent reductions in
glomerular pressure and filtration rate of the same nephron.
These responses are represented in Figure 2-18. Note that the
responses are nonlinear, with the most sensitive region in the
physiological range of tubular flow. Another important fea-
ture is that the reactivity or sensitivity of the tubuloglomerular

FIGURE 2-18. Relationships between the perfusion rate into a late
proximal tubule and single nephron GFR. Dashed lines show responses
during conditions of decreased and increased feedback sensitivity. Stip-
pled area shows physiological range of single nephron GFR as a func-
tion of late proximal flow rate. The technique used to obtain the feed-
back responses is illustrated in the top panel.

feedback mechanism can be modified by a variety of paracrine
agents, hormones, and pharmacologic agents. Increased sen-
sitivity is generally associated with extracellular fluid volume
contraction and reduced responsiveness has been observed dur-
ing expansion of extracellular fluid volume (2,150,151).

The MD sensing segment is located at the end of the ascend-
ing loop of Henle. The ascending limb of the loop of Henle
is virtually impermeable to water and has a powerful sodium
chloride transport mechanism that results in the delivery of a
hypotonic fluid to the MD cells. The nature of the transport
processes of the thick ascending limb is discussed in detail in
Chapter 4, Tubular Sodium Transport. In essence, increases
in fluid delivery from the proximal tubule lead to progressive
increases in distal flow, sodium chloride concentration, and os-
molality. This coupling between fluid flow through the ascend-
ing limb and tubular fluid solute concentration at the MD pro-
vides the means by which volume delivery out of the proximal
tubule is sensed. The signal sensed by MD cells may be a specific
constituent of tubular fluid, such as, sodium or chloride or total
solute concentration (5,18,24,27,147,151).The cellular mech-
anisms responsible for transmitting signals have remained an
intriguing issue. MD cells possess a Na-K-2Cl cotransporter,
sensitive to the diuretic furosemide, that is present in the thick
ascending loop of Henle. This cotransporter must be functional
in order for tubuloglomerular feedback signals to be transmit-
ted, but it may not be the actual mechanism that activates intra-
cellular signals, which appear to involve increases in intracellu-
lar Ca2+ ions and increases in Ca2+ entry from the basolateral
side of the MD cells. Increases in cytosolic Ca2+ concentra-
tion occur when MD sodium chloride transport is increased.
The mechanisms by which cytosolic Ca2+ concentrations are
related to the formation and release of vasoactive mediators
of tubuloglomerular feedback signals remain unclear. Calcium
changes can be counteracted by elevations in cAMP. These in-
tracellular ionic changes signal the MD cells to form and se-
crete constrictor and dilator substances that influence vascular
contraction as a function of MD transport. Nevertheless, the
actual final effector messenger between the MD cells and the
afferent arteriole(s) remains under investigation. Early stud-
ies fostered the belief that the final effector signal was locally
formed Ang II. However, numerous findings have established
that the changes in the activity of the renin–angiotensin system
modulate the sensitivity of the feedback response but do not di-
rectly mediate tubuloglomerular feedback signals. The effector
agent is thought to operate primarily by activating voltage-
dependent calcium channels in the afferent arteriole and, per-
haps, the interlobular artery. Attractive candidates that have
been recently considered, include purinergic agents, such as,
adenosine and ATP or arachidonic acid metabolites. Several
recent studies have provided new evidence supporting the hy-
pothesis that increased tubuloglomerular feedback-dependent
signals elicit increased secretion of ATP by MD cells, which
cause afferent arteriolar constriction via activation of P2 re-
ceptors, and increases in calcium entry via voltage-dependent
calcium channels. Alternative views suggests that the ATP is
metabolized to adenosine, which is then the active metabo-
lite that elicits vasoconstriction or that an arachidonic acid
metabolite, such as, 20-HETE participates in mediating tubu-
loglomerular feedback-dependent vasoconstriction (1,2,5,24,
27,147,149–164).

Modulation of Tubuloglomerular Feedback
Activity by Vasoactive Agents

MD cells also signal the juxtaglomerular cells to vary renin syn-
thesis and release. Mechanisms of renin release are discussed
in the section on the renin–angiotensin system in this chapter.
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In brief, the directional changes in renin release and angiotensin
formation are opposite to those that are required to medi-
ate tubuloglomerular feedback. For example, high tubular
flows and elevated luminal NaCl concentrations are associated
with reduced renin release, when tubuloglomerular feedback-
mediates afferent arteriolar constriction. Nevertheless, Ang II
exerts an important role in modulating tubuloglomerular feed-
back activity during changes in salt diet, extracellular fluid
volume, and renal perfusion pressure. Tubuloglomerular feed-
back is absent in mice lacking AT1A receptors, although the
renal vasculature is capable of responding to Ang II. Tubu-
loglomerular feedback is nonresponsive in animals unable to
produce Ang II, because angiotensin-converting enzyme is mu-
tated (25–27,113,149–151).

The neuronal nitric oxide synthase (NOS) isoform is local-
ized in MD cells. MD cells have potent mechanisms for NO syn-
thesis, which contributes to the modulation of tubuloglomeru-
lar feedback signals. Blockade of NO synthesis leads to
augmentation of tubuloglomerular feedback responses, while
enhanced NOS levels attenuate the vasoconstrictor response to
increased distal nephron flow rate. Salt uptake across the lumi-
nal membrane by a furosemide-sensitive Na-K-2Cl transporter
may link increases in cellular cAMP and calcium to NO pro-
duction. Recent studies have indicated that NO-dependent va-
sodilatory signals are activated during marked increases in flow
to the MD in order to buffer against excess tubuloglomerular
feedback-mediated vasoconstriction. Under certain conditions,
oxygen radicals generated in the vicinity of the JGA can act to
scavenge NO, limiting MD NO signaling and, thereby, pro-
duce vasoconstrictionlike effects, enhancing tubuloglomerular
feedback activity. Normal tubuloglomerular feedback is found
in gene knockout animals lacking function of neuronal NOS
(149,165–168).

Arachidonic acid metabolites also may modulate tubu-
loglomerular feedback activity and interact with other vasoac-
tive modulators. Cyclooxygenase 2 (COX-2) has been local-
ized to MD cells and surrounding ascending loop of Henle
cells; PGE2 release from MD cells has been reported. A COX-2
metabolite attenuates the vasoconstrictor autoregulatory, tubu-
loglomerular feedback-mediated, response of the afferent arte-
riole to an increase in arterial pressure. Such a dilator agent
also appears to contribute to MD production of NO, which
can also inhibit afferent arteriolar responses to pressure. Re-
cent evidence suggests that thromboxane A2 and cytochrome
P450 metabolites, such as, 20-HETE, are also involved in
the constrictor limb of tubuloglomerular feedback. However,
gene targeting rendering the thromboxane receptor nonfunc-
tional has no effect on tubuloglomerular feedback activity
(27,149,158,169–172).

In addition to paracrine influences, interstitial physical
forces have been proposed to modulate tubuloglomerular feed-
back activity. Changes in interstitial fluid pressure or volume
may exert independent effects on tubuloglomerular feedback
reactivity. Moreover, renal epithelial cells seem to produce un-
defined natural modulator factors during chronic salt loading
and natriuresis produced by ANP. For example, stronger tubu-
loglomerular feedback responses are observed during these na-
triuretic conditions when native tubular fluid is presented to
the macula densa region, compared with artificial tubular fluid
(150,173).

The Renin-Angiotensin System

Formation of Ang II

Consideration of the role of the renin–angiotensin system in the
control of renal hemodynamics is complicated in that Ang II
acts as both a circulating hormone and a locally generated

paracrine or autocrine agent. Renin is a proteolytic enzyme that
cleaves Ang I from renin substrate (angiotensinogen), which is
formed primarily by the liver, but also in the kidney. Renin is
synthesized primarily in granular epithelioid cells of the juxta-
glomerular apparatus and is most likely secreted into the sur-
rounding interstitium; renin is also formed in proximal tubule
cells and principal cells of connecting tubule and collecting duct
segments. Substrate availability in the plasma and intrarenal
angiotensinogen levels are less than are required to produce
maximum reaction velocity, so alterations in renin substrate
contribute to the regulation of Ang I production. The inac-
tive decapeptide is then cleaved by angiotensin converting en-
zyme (ACE) to form the active octapeptide. There are abun-
dant amounts of endothelium-bound ACE in the lung and
almost all other tissues. However, most of the Ang II in the
systemic arterial blood is formed by the lungs. The major sites
of ACE localization in the kidney are on the luminal surface
of the endothelial cells lining the arteries and arterioles, in par-
ticular, the afferent arterioles, but also the efferent arterioles
and the glomerular capillaries and on the brush border and
basolateral membranes of the proximal tubule; ACE is also
present on the lumen of collecting duct segments. Functional
data suggest there is also extravascular ACE in the interstitial
compartment (25,27,113,174–178). A different ACE, termed
ACE2, has been recently identified and characterized. It cleaves
a single amino acid from Ang I to form Ang 1–9, and from Ang
II to form Ang 1–7 (Fig. 2-19) (179).

Ang II can be delivered to renal vascular receptors as a cir-
culating hormone or it may be formed locally from systemically
delivered Ang I by endothelial cell-bound ACE. About 20% of
the circulating Ang I is converted to vasoactive Ang II in the
kidney. Ang II also may be formed in the interstitial fluid from
Ang I, generated as a consequence of enhanced renin release or
from Ang I that diffuses from the peritubular capillary struc-
tures into the interstitium. At present, the relative roles of these
two sources of Ang II are uncertain. Because the renal tissue
Ang II levels are higher than that of arterial blood, significant
amounts of Ang II are generated intrarenally. In addition, Ang
I and II may be formed within the juxtaglomerular cells and
coreleased with renin to act on adjacent glomerular arterioles.
High concentrations of Ang II also exist in proximal tubular
fluid, indicating formation by proximal tubular cells. Ang II de-
rived from proximal tubular cells also may have vascular effects
after traversing the interstitium (25,27,113,174–176,180).

Renin Production and Release

As Figure 2-19 shows, renin is released in response to a vari-
ety of stimuli, including decreases in sodium intake, contrac-
tion of extracellular fluid volume or blood volume, increases
in sympathetic renal nerve activity, decreases in sodium load
to the MD, and decreases in renal arterial perfusion pressure.
Ang II, vasopressin, endothelin, nitric oxide, prostaglandins,
and potassium also influence renin release directly. The final
effector mechanism appears to involve changes in the calcium
and cAMP concentrations in juxtaglomerular cells. The cal-
cium mechanism is unusual for exocytosis of secretory granules
in that a decrease in cytosolic calcium functions as a stimula-
tor of renin release. In certain conditions, renin release may be
associated with an increase in cellular cAMP levels; however,
this occurrence also may be associated with a reciprocal de-
crease in cytosolic calcium concentration as the final common
pathway. Cytosolic levels of cAMP are controlled by synthesis
via adenylate cyclase and hydrolysis by cyclic nucleotide phos-
phodiesterases (PDE). PDE3 is the major isoform localized to
afferent arterioles and recent evidence indicates pharmacologic
inhibition of PDE3 increases cAMP, basal renin secretion, and
enhances the renin secretory response to β-adrenergic stim-
ulation in animals and humans. cAMP stimulates exocytosis
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FIGURE 2-19. Schematic representation of the
renin–angiotensin system and the mechanisms of
renin release.

of secretory granules in the juxtaglomerular cells as does a β-
adrenoceptor agonist and cell shrinkage with high extracellular
osmolality. Juxtaglomerular cells have Ca2+-sensitive voltage-
gated K channels (BKCa) that are activated by cAMP to hy-
perpolarize cells from −32 mV to −48 mV. Vasoconstrictor
G protein-coupled receptor agonists inhibit renin release by
activating PLC and mobilizing Ca2+ that activated Ca2+ entry
through store-operated cation channels (SOC). Whether or not
L-type Ca2+ channels are present in juxtaglomerular granular
cells is controversial (25–27,174–176,180–183).

There are several first-messenger systems that send signals
to regulate cAMP or Ca2+ in juxtaglomerular cells to regulate
renin release. These are discussed briefly below and in more
detail in Chapter 9, Hormones and the Kidney.

Sympathetic Nervous System and Catecholamines. The cells
of the juxtaglomerular apparatus are richly innervated and
respond to renal nerve stimulation and to circulating cate-
cholamines. There are both direct and indirect effects. Sub-
tle increases in renal nerve traffic or circulating epinephrine
activate β1-adrenoreceptors on juxtaglomerular cells and, by
means of increased cAMP, enhance renin release. Strong renal
nerve activity causes substantial reductions in RBF and GFR
through activation of α-adrenergic receptors and subsequent
indirect stimulation of renin release, secondary to intrarenal
baroreceptor and MD stimuli (184).

Macula Densa. MD cells detect decreases in the sodium chlo-
ride load or concentration emerging form the ascending loop of
Henle and send signals to the juxtaglomerular cells to increase
renin secretion rate. While the sensing mechanism involving
furosemide-sensitive luminal uptake of sodium chloride is not
completely understood, evidence suggests that adenosine can
inhibit renin release; its precursor, ATP, is secreted by MD
cells. Circumstances that result in extracellular volume deple-
tion or sodium deprivation stimulate renin release, at least in
part, by a macula densa mechanism. Reduced flow to the MD
also leads to PGE2 release that stimulates renin release (26,27,
113,172).

Renal Vascular Baroreceptor. Decreases in renal afferent arte-
riolar pressure directly increase renin release, independent of
the renal nerves and the macula densa mechanism. The juxta-
glomerular cells appear to be directly sensitive to stretch, such
that decreased wall tension decreases cell calcium entry and
cytosolic calcium levels, while the opposite occurs at elevated

arterial pressures. Under some circumstances, the same extrin-
sic disturbance may influence both the MD and the vascular
baroreceptor mechanism to increase renin release, but the vas-
cular receptor system can act independently (25,113).

Other Factors. Renin secretion is inhibited by elevated plasma
concentrations of Ang II, vasopressin, adenosine, thromboxane
A2, and potassium. The effects of Ang II and other vasocon-
strictors appear to be a direct consequence of an end-product
inhibition on the juxtaglomerular cells. PGE2 and PGI2 can
stimulate renin release through direct effects, which may be
related to stimulation of cellular cAMP levels. Reduced NaCl
reabsorption by MD cells stimulates renin secretion from jux-
taglomerular cells. Stimulatory prostaglandins derived from
COX-2 in MD cells are critically involved in distal tubu-
lar NaCl control of renin release. Atrial natriuretic peptide
(ANP) increases cellular cGMP production and inhibits renin
release. Endothelium-derived factors also appear to modulate
renin release, with NO and ET-1 stimulating renin release
(25,181,183–190).

Interaction with Nitric Oxide (NO)

COX-2, neuronal NO synthase (nNOS), and renin synthesis
often change in parallel to changes in salt diet and alterations
in distal tubular NaCl concentration, and their products may
mutually determine synthesis and activity of these enzymes.
nNOS and COX-2 are coexpressed in MD cells, and the ex-
pression of both enzymes is stimulated in high-renin states.
Parallel changes are observed during chronic changes in salt
diet, with low salt stimulating nNOS, COX-2, and renin secre-
tion as compared to inhibition occurring on chronic high salt
diet. NO derived from nNOS may exert a stimulatory role on
COX-2 expression to produce PGE2/PGI2, strong stimulants
to renin release from juxtaglomerular granular cells by act-
ing on EP4 and IP receptors. PGE2 may exert short-loop feed-
back to inhibit nNOS expression. In this regard, eNOS-derived
NO may, more importantly, impact on renin expression than
nNOS-derived NO. In some situations, NO appears to play a
more indirect permissive role, permitting the MD pathway of
renin secretion to function normally. NO stimulates renin re-
lease by cGMP-inhibiting PDE3 to increase cell concentrations
of cAMP by reducing cAMP breakdown in juxtaglomerular
cells, with activation of cAMP-sensitive protein kinase (PKA)
(189,191–194).
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FIGURE 2-20. Modulator hypothesis for postulated interactions between the tubuloglomerular feedback
mechanism and the intrarenal renin–angiotensin system. Flow-related changes in tubular fluid concentra-
tion can elicit signals from macula densa (MD) cells to vascular contractile cells independent of angiotensin
levels. Changes in angiotensin II concentration influence the sensitivity or responsiveness of MD cells or
of vascular smooth muscle cells to the signals coming from the MD cells.

Although many different types of stimuli increase the activ-
ity of the renin–angiotensin system, most are related to circum-
stances that compromise body fluid volume homeostasis. Thus,
stimulation of renin release and activation of Ang II-dependent
mechanisms help to minimize renal fluid and sodium losses and
to maintain extracellular fluid volume and arterial blood pres-
sure. The myriad of actions exerted by Ang II all seem to be
homeostatically appropriate to achieve this end. Only the renal
vascular actions of angiotensin will be covered in this chapter,
but it should be pointed out that Ang II is also a potent stimu-
lator of aldosterone release and can directly enhance proximal
tubular sodium reabsorption rate and function in Henle’s loop
and distal nephron segments. It also has important effects on
the central nervous system, stimulating thirst, vasopressin re-
lease, and sympathetic nerve activity (25,113,176).

There are several peptidases that act on angiotensinogen
to form other biologically active peptides. Angiotensin with
amino acids 1 to 7 is formed by neutral endopeptidase, but
appears to have only slight effects on the renal vasculature
under physiological conditions. Elevated levels of Ang 1 to 7
occur during ACE inhibition and may dilate renal and nonrenal
vascular beds. Ang III (angiotensin with amino acids 2 to 8) has
actions similar to that of Ang II, which can be blocked by Ang II
receptor antagonists. Ang IV (angiotensin with amino acids
3 to 8), a hexapeptide, is reported to produce vasodilation by
release of NO or prostanoids from endothelial cells by acting
on a specific AT4 (fourth subtype of angiotensin) receptor. A
recently described enzyme, ACE-2, forms Ang (1 to 9) from
Ang I and Ang (1 to 7) from Ang II. Thus, ACE-2 can produce
more Ang (1 to 7) from Ang II and, in this manner, reduces the
available Ang II (179,195–199).

It should be emphasized that the MD has distinct mech-
anisms for renin release and the tubuloglomerular feedback
system. The tubuloglomerular feedback mechanism sends a
vasoconstrictor signal to the afferent arteriole in response to
increases in distal flow and the accompanying increases in so-
lute concentration. Under these conditions, the macula densa
mechanism decreases renin release and local Ang II activity,
which is opposite to that required for Ang II to mediate the
tubuloglomerular feedback-induced contraction of afferent ar-
terioles. Thus, Ang II clearly does not mediate tubuloglomeru-
lar feedback responses; it does, however, modulate the sensi-
tivity of the feedback mechanism. When tissue Ang II levels are
increased, smooth muscle responsiveness is augmented. In con-

trast, when Ang II levels are suppressed, whether in response
to physiological manipulations or as a consequence of phar-
macologic blockade, the sensitivity of the tubuloglomerular
feedback system is attenuated. Interestingly, sensitivity can be
restored by administration of Ang II, but not norepinephrine.
In addition to directly affecting the afferent arteriole, Ang II
affects tubuloglomerular feedback activity by altering tubular
reabsorption and fluid delivery to the MD. The vascular and
tubular effects work in concert to reduce GFR when sodium ex-
cretion is reduced, as observed during volume contraction. As
previously mentioned (Fig. 2-18), changes in tubuloglomeru-
lar feedback responsiveness during altered volume states may
be largely due to changes in tissue levels of Ang II. The in-
teractions between the renin–angiotensin system and the tubu-
loglomerular feedback mechanism are illustrated in Figure 2-20
(5,113,149,175,176,197).

Angiotensin Receptors

Several subtypes of receptors for Ang II have been identified in
the renal circulation. In utero, animals have a larger popula-
tion of AT2 than AT1 receptors, which decreases progressively
after birth; in adult life, the major subtype on vascular smooth
muscle cells is the AT1 receptor. The AT1 receptor is present
on preglomerular arteries and arterioles, juxtaglomerular cells,
glomerular mesangial cells, efferent arterioles, and vasa recta
bundles of the inner medullary stripe. Humans appear to have
one AT1 receptor, whereas rodents have two, termed AT1A
and AT1B, which are 94% homologous. Currently available
pharmacologic antagonists of AT1 receptors, such as candesar-
tan, losartan, and valsartan, do not distinguish between the
two AT1 subtypes. Almost all of the vasoconstrictor actions of
Ang II on the renal vasculature under physiological conditions
are mediated by AT1. Both the AT1A and AT1B receptor me-
diate Ang II-induced calcium signaling in smooth muscle cells
and renal vasoconstriction. Evidence for the role of AT1B re-
ceptors derives from mice lacking a functional AT1A receptor
(69,133,176,195,200–207).

The AT1 receptor is primarily coupled to the GTP-binding
protein Gαq11/12, which activation leads to triggering of several
signaling pathways, including stimulation of phospholipase
Cβ1. Receptor activation of protein tyrosine kinases leads to
somewhat slower stimulation of phospholipase Cγ . Phospoli-
pases D and A2 may also be activated, favoring release of DAG
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FIGURE 2-21. Multiple actions of angiotensin II on renal
function mediated by AT1 and AT2 receptors.

and phosphatidic acid from phosphotidylcholine and arachi-
donic acid, respectively. The PLCs act on membrane-bound
phosphoinositides to yield DAG and IP3. DAG stimulates pro-
tein kinase C, while IP3 diffuses through the cytosol to active
IP3-sensitive receptors on membranes of the sarcoplasmic retic-
ulum, triggering Ca2+ release to the cytosol. The mobilized
Ca2+ seems to trigger a complex array of events. Calcium-
sensitive chloride channels may be stimulated to promote chlo-
ride efflux and, thereby, depolarization of the plasma mem-
brane. Such a signal will activate voltage-gated L-type calcium
channels to allow influx down a very steep gradient, from 1
to 2 mM in the extracellular fluid to 100 to 200 nM in the
cytosol. Calcium release from internal stores also signals SOC
to open and allow further Ca2+ entry. AT1 receptor activa-
tion may also trigger voltage-dependent Ca2+ channels inde-
pendently of Ca2+ release from intracellular stores. As dis-
cussed earlier, afferent arteriolar contraction induced by Ang II
is dependent on calcium entry through voltage-gated channels,
whereas efferent arterioles are not affected by L-type chan-
nel blockers, but are influenced by T-type channel blockers
(5,66,69,133,157,176,208).

The AT2 receptor is characterized by a high affinity to the
nonpeptide antagonists PD123319 and CGP 42112 and has a
sequence 33% identical to that of the AT1 receptor. Its high
expression in fetal tissue suggests a role in embryonic devel-
opment. This receptor has a typical pattern of seven trans-
membrane domains and is also coupled to a G protein. Recent
studies suggest that AT2 receptors may exert important modu-
latory actions partially counteracting the effects caused by AT1
receptor activation. AT2 receptor activation has been shown
to increase bradykinin and NO levels leading to increases in
cGMP and vasodilation. AT2 receptor activity may be upreg-
ulated during chronic states of salt deprivation. AT3 and AT4
receptors may be selective for angiotensin with amino acids
1 to 7 and Ang IV (angiotensin with amino acids 3 to 8), al-
though they appear to play a minor role in the regulation of
renal hemodynamics (5,197,203,209,210).

Ang II receptors are regulated in response to different phys-
iological conditions. It is of interest to note that glomerular
and vascular receptors are regulated differently from proximal
tubular receptors. A low-salt diet and high levels of Ang II lead
to downregulation of arteriolar and mesangial cell receptors,
but upregulation of tubular receptors (200,211).

Actions of Ang II on the Renal Microvasculature

At high concentrations, Ang II elicits dose-dependent AT1-
mediated decreases in RBF and GFR. The decreases in GFR

are often smaller than the decreases in RBF, such that filtra-
tion fraction increases. The increased vascular resistance is due
to a combination of afferent and efferent arteriolar constric-
tion. Glomerular capillary pressure is well maintained and, at
higher doses, the glomerular filtration coefficient is reduced.
Ang II produces more pronounced vasoconstriction when en-
dogenous levels are low, presumably because of receptor upreg-
ulation, and when vasodilator prostaglandins are blocked by
cyclooxygenase inhibitors. Larger Ang II effects are noted after
endothelial production of NO is blocked. As mentioned ear-
lier, Ang II can potentiate tubuloglomerular feedback-mediated
changes in preglomerular vascular tone. The multiple effects of
Ang II are illustrated in Figure 2-21. In addition to these effects,
Ang II influences the medullary circulation, even at concentra-
tions lower than those required to elicit overall vasoconstric-
tion in the cortex. This notion is supported by the finding that
the Ang II receptor density is much higher in the medullary
vessels and interstitial cells than in the postglomerular cortical
vasculature (5,9,113,119,133,176,210,212).

The effects of endogenous Ang II have been determined us-
ing angiotensin-receptor antagonists or ACE inhibitors in states
when the prevailing Ang II levels are high. In sodium-restricted
animals, RBF is increased after AT1 receptor blockade, while
the GFR responses are smaller and more variable; filtration
fraction usually declines. Renin inhibition produces similar re-
sults and combined renin and angiotensin inhibition causes de-
creases in renal vascular resistance and increases in GFR. Acti-
vation of the AT1 receptor is primarily responsible for the renal
vascular effects of the endogenous Ang II on afferent and effer-
ent arterioles and on Kf. Whole-kidney autoregulation is not
affected by AT1 receptor blockade or ACE inhibition, although
the contribution of the tubuloglomerular feedback mechanism
may be reduced, and the plateau of the autoregulation relation-
ship is elevated (5,9,113,119,133,176,213–216).

Endothelium-Derived Vasoactive Factors

Nitric Oxide

Endothelial cells release nitric oxide (NO) in response to
many signals, including mechanical shear stress, hormonal, and
chemical, that increase cytosolic Ca2+. Nitric oxide is formed
by vascular endothelial cells from the amino acid L-arginine
via NO synthase (NOS), which is a soluble NADPH- and
Ca2+-calmodulin-dependent citrulline-forming enzyme that re-
quires two cosubstrates (oxygen and NADPH) and four cofac-
tors (heme, flavin mononucleotide, flavin adenine dinucleotide,
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and H4 biopterine). As shown in Figure 2-7, several agents
are thought to induce their vascular effects via endothelial
cell eNOS activation and release of NO. These include agents
that stimulate the M1-muscarinic receptor (acetylcholine),
B2-kinin receptor, H1-histamine receptor, α2-adrenoceptor,
purinergic receptors (ATP, ADP), substance P, ETB recep-
tor, leukotriene D4, thromboxane A2, 5-hydroxytryptamine
(5-HT1)-serotoninergic receptor, and thrombin. The rate of re-
nal production of NO is higher in the medulla than in the cor-
tex. Nitric oxide and nitrosamines have short biologic half-lives
of less than 10 s, which is especially shortened in oxygenated
solutions in the presence of the superoxide anion O2

−, by a
mechanism involving production of NO3

− from NO (82,102–
106,131,132,165,166,217–224).

Basal release of NO tonically maintains a low renal vas-
cular resistance at rest, acting to buffer vasoconstriction pro-
duced by Ang II, ET-1, and catecholamines. Acute inhibition
of basal NO production causes renal vasoconstriction, with
decreases of 25% to 35% in RBF and reductions in cGMP
levels in the interstitium and urine. GFR responses are smaller
and tend to be unchanged or decrease about 10%. Thus, fil-
tration fraction is increased. Basal NO dilates both the pre-
glomerular vasculature (arcuate and interlobular arteries, af-
ferent arterioles) and efferent arterioles. NO also appears to
contribute to increased or maintained glomerular filtration co-
efficient. Endothelial factors may modulate pressure-dependent
responses of vascular segments exhibiting autoregulatory be-
havior. Note, however, that NO does not fit a mediator role in
this scheme, because increased pressure and shear stress cause
increased production of NO, a vasodilator, at the same time the
responsive vascular elements exhibit vasoconstriction. NO in-
hibition results in renal vasoconstriction, but that steady-state
autoregulatory responses to changes in perfusion pressure are
unaffected and remain highly efficient (82,110,131,217–219,
225–229).

NO-induced renal vasodilation is mediated by cGMP-
dependent and perhaps a cGMP-independent system. The
latter appears to involve cGMP cross-talk with the cAMP
pathway, with cGMP inhibiting cAMP breakdown by PDE3,
more so than activation of cGMP-protein kinase activity. Part
of the dilatory response to NO may be mediated through
reduced production of 20-HETE (91,103,106,131,182,221–
224,230,231).

Although basal RBF is markedly reduced by inhibition of
NO synthesis, steady-state autoregulatory adjustments in vas-
cular resistance are not impaired in response to changes in per-
fusion pressure. Thus, NO influences a component of vascular
resistance distinct from the autoregulatory component(s). Stim-
ulation of cGMP by ANP dilates the preglomerular resistance
vessels, but does not affect steady-state autoregulatory adjust-
ments in renal vascular resistance. On the other hand, NO may
influence the rapidity of the autoregulatory adjustments in re-
sistance. Inhibition of NOS leads to greater relative decreases in
medullary blood flow than in cortical blood flow. NO blockade
usually reduces renin release and responsiveness to reductions
in perfusion pressure (5,82,185,218 219,229,232–238).

Endothelial NO synthase is localized to the endothelial
cells all along the renal vasculature (interlobular arteries, af-
ferent and efferent arterioles, glomerular capillaries, and vasa
recta). Targeting of eNOS to specialized plasma membrane in-
vaginations termed calveolae is required for maximal eNOS
activity. Neuronal NO synthase (nNOS) is present primar-
ily in epithelial cells (thick ascending limb of Henle’s loop,
MD, and collecting duct). An inducible form of NO syn-
thase is normally quiescent, but is capable of producing large
amounts of NO in vascular smooth cells and mesangial cells.
An endogenous inhibitor of NOS is asymmetric dimethylargi-
nine (ADMA), which is normally inactivated by NG-NG-
dimethylarginine dimethylaminohydrolase (DDAH) to form

L-citrulline. DDAH expression is found at the same sites as
NO synthase (109,165,182,231,239).

Endothelin

Endothelin refers to a family of long-acting vasoconstrictor
peptides that act locally as paracrine hormones. ET-1, -2,
and -3, each a 21 amino-acid peptide, are constitutively re-
leased. ET-1 is the major form synthesized and secreted by en-
dothelial cells of the preglomerular vasculature and vasa recta
and by medullary collecting ducts. Endothelin-converting en-
zyme (ECE) is the main enzyme responsible for the genesis of
ET-1 from prepro-ET-1; chymase and matrix metalloproteinase
II are also involved in the production of ET intermediates. ECE
is pivotal in the genesis of ET-1. Ang II is a potent stimulus
of ET-1 production. Other simulants include bradykinin, ATP,
platelet-activating factor (PAF), thrombin, and shear stress.
Neutral endopeptidase 24 to 11 degrades and inactivates ET-1.
The two known receptor types, ETA and ETB, are G protein
coupled and lead to IP3 and cADP ribose formation, PKC acti-
vation, and calcium mobilization, in addition to calcium entry.
ETA receptors are predominantly found on vascular smooth
muscle cells. ETB receptors are localized on endothelial and
tubular cells, as well as vascular smooth muscle cells. The af-
ferent arteriolar constriction produced by ET-1, like that caused
by Ang II, is dependent, in part, on calcium entry through
voltage-dependent channels. The action of endothelin on effer-
ent arterioles appears to depend exclusively on mobilization of
intracellular calcium and/or entry through voltage-independent
cation channels. The highest concentrations of ET-1 in the body
exist in the renal medulla, where it is synthesized by collecting
duct cells and acts in a paracrine/autocrine manner mediating
natriuretic and diuretic effects through ETB receptors in a ni-
tric oxide-dependent manner. In addition, ET-1 has inotropic,
chemotactic, and mitogenic properties. Overall, ET-1 increases
blood pressure and vascular tone (240–243).

The vascular actions of ET-1 reflect a combination of vaso-
constrictor ETA and ETB receptors on smooth muscle cells and
vasodilator ETB receptors on endothelial cells. ET-1 reduces
RBF because of smooth muscle ETA + ETB receptor stimula-
tion in combination with buffering effects of endothelial ETB
receptors that are mediated by NO and an ill-defined mech-
anism. In contrast, stimulation of ETB receptors alone elicits
renal vasoconstriction. Thus, sole ETB receptor activation ex-
erts a net renal vasoconstriction, whereas a net dilator action is
observed when ETB is costimulated with ETA receptors. Such
opposing actions indicate more complex than additive interac-
tion between ET receptor subtypes. Endothelial ETB receptors
in the kidney and lung also seem to function as clearance recep-
tors, effectively reducing the local concentration of ET-1 and
thereby attenuating vasoconstriction (244–246).

Exogenous ET-1 reduces glomerular blood flow by stim-
ulating both ETA and ETB receptors to cause constriction of
arcuate and interlobular arteries and afferent and efferent ar-
terioles. Glomerular capillary pressure is relatively well main-
tained in the presence of reduced RBF. The decrease in GFR is
primarily mediated by reductions in plasma flow and Kf. The
reduction in Kf appears to be mediated by secondary release of
Ang II, eicosanoids, or neurotransmitters. The preglomerular
vasculature has equal proportions of ETA and ETB receptors as
compared to a ratio of 2:1 on their smooth muscle cells devoid
of endothelial cells.

Under basal conditions, ET-1 exerts dual actions on the vas-
culature that are equal and opposite. ETA receptor blockade
produces renal vasodilation because of a 5% to 10% increase
in RBF, whereas ETB receptor antagonism leads to constriction
of 5% to 10%. Although ET-1 contributes to basal vascular
tone, it does not interfere with renal autoregulatory mecha-
nisms (135,240,243,245–256).
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ETA and ETB receptors stimulate cytosolic Ca2+ concentra-
tion in vascular smooth muscle cells of preglomerular arteries/
arterioles through a combination of mobilization and entry
pathways. Low concentrations of ET-1 may preferentially ac-
tivate Ca2+ entry channels, with higher concentrations mobi-
lizing intracellular Ca2+ via the PLC–IP3R and cADPR–RyR
pathways. Calcium channel blockers reduce the amount and
duration of ET-1-induced renal vasoconstriction. The afferent
arteriolar constriction produced by ET-1, similar to that caused
by Ang II, is dependent, in part, on Ca2+ entry through voltage-
dependent L-type channels. The action of ET-1 on efferent ar-
terioles appears to depend exclusively on mobilization of in-
tracellular Ca2+. ET-1 inhibits renin synthesis and release by
ETA and ETB receptor stimulation of cytosolic Ca2+ in juxta-
glomerular granular cells. Both receptors mediate ET-1 stimula-
tion of adrenal aldosterone synthase gene to favor aldosterone
secretion (240,249,257,258).

ET-1 acts on glomerular mesangial cells to cause contraction
and stimulation of mitogenesis. High concentrations of ET-1
that reduce sodium excretion increase plasma renin activity,
presumably via the macula densa mechanism. In addition, ET-1
may affect neurotransmission, eicosanoid synthesis, and ANP
synthesis and release. Activation of endothelin receptors causes
release of eicosanoids and NO from endothelial cells and ANP
from myocytes (240,240,259).

Heme Oxygenase and Carbon Monoxide

A heme oxygenase pathway appears to be involved in the
pathogenesis of cell injury in atherosclerosis and progressive
renal disease; its role in physiological regulation in health is
less clear. For example, oxidized LDL induces heme oxygenase
(HO), a microsomal enzyme that is involved in heme detoxifi-
cation and is a major endogenous source of carbon monoxide.
Activation of heme oxidase has an antioxident effect by degrad-
ing the heme moiety of heme-containing proteins, such as nitric

oxide synthase, COX2, and cytochrome P450 monoxygenase.
It is proposed that CO produced from endogenous heme oxyge-
nase present in large arteries and small arterioles is a potent va-
sodilator. Heme oxygenase catalyzes the metabolism of heme to
biliverdin, free iron, and carbon monoxide. Carbon monoxide
induces arteriolar dilation via activation of soluble guanylate
cyclase, an effect reversed by inhibition of Ca2+-activated K+

channels. The HO substrates heme–L-lysinate and –L-arginate
also produces dilation that is blocked by inhibition of K+ chan-
nels or by chromium mesophorphyrine, an inhibitor of HO.
Recent evidence implicates some vasoconstriction actions of
CO on vascular endothelium indirectly caused by inhibition of
nitric oxide synthase (260,261).

Arachidonic Acid Metabolites

Renal prostaglandins, or eicosanoids, are biologically active
fatty acid products of arachidonic acid that contribute to the
regulation of renal hemodynamics. They are synthesized intra-
cellularly and immediately released to act locally on the re-
nal vasculature as paracrine/autocrine agents. Free intracellu-
lar arachidonic acid can be metabolized on demand via one
of three major enzymatic pathways: cyclooxygenase, lipoxy-
genase, or cytochrome P450 monooxygenase. Depending on
cell types, net production of the various metabolites may cause
vasoconstriction under some conditions and vasodilation dur-
ing others. The multiple products of this cascade are depicted in
Figure 2-22. Phospholipase A2 catalyzes formation of arachi-
donic acid, an unsaturated 20-carbon fatty acid from mem-
brane phospholipids.

A key regulatory, rate-limiting step for prostaglandin syn-
thesis is the conversion of arachidonic acid to prostaglandin
G2/H2 by cyclooxygenase (COX). There are two major COX
enzymes. COX-1, a constitutive enzyme, is found in renal

FIGURE 2-22. Three major pathways of eicosanoid synthesis from arachidonic acid involving cyclooxy-
genase, lipoxygenase, and cytochrome P450 monooxygenase enzyme systems. Note that only the config-
uration of the cyclopentane ring is shown. LT, leukotriene. (From: Navar LG, Inscho EW, Majid DSA, et
al. Paracrine regulation of the renal microcirculation. Physiol Rev 1996;76:425, with permission.)
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arteries and arterioles, glomeruli, cortical and medullary col-
lecting ducts, and medullary interstitial cells. COX-2 is a reg-
ulated constitutive enzyme that is important in development
and in adult animals is commonly activated by growth factors,
inflammatory states, glucocorticoids, and low-salt diet. Renal
COX-2 mRNA is localized primarily to cortical thick ascending
limb epithelial cells, including the MD region and medullary
interstitial cells, with greater amounts in the papilla than the
cortex. COX-2 mRNA is noticeably absent from arterioles,
glomeruli, and cortical or medullary collecting ducts sites of
COX-1 expression; COX-2 also is expressed in endothelial cells
of medullary vasa recta. COX-2 expression in thick ascending
limb cells and MD cells varies with salt diet, increasing during
chronic sodium restriction and decreasing during sodium load-
ing. COX-2 expression in medullary interstitial cells is induced
by water deprivation and high interstitial osmolality, high lev-
els of Ang II and AVP, as well as growth factors and cytokines
through MAP kinase pathways (262,263). Leukotrienes are
synthesized by another major pathway involving the enzyme
lipoxygenase. Vasoactive metabolites are also formed via the
cytochrome P450 monooxygenase pathway. Medullary tubular
and interstitial cells have a larger synthetic capacity than the
vasculature in the cortex. There are multiple sites of arachi-
donic acid metabolism in the renal vasculature. These sites in-
clude arterial and arteriolar smooth muscle, endothelial cells,
and glomerular mesangial and epithelial cells. Endothelial cells
produce PGE2 and PGI2, while thromboxane A2 seems to de-
rive from vascular smooth muscle cells and mesangial cells (89–
91,95,264–266).

Prostaglandins

General stimuli for renal prostaglandin synthesis are renal
vasoconstriction and states of volume depletion and hypop-
erfusion. Anesthesia, surgery, and associated stress may exac-
erbate prostaglandin production. The diuretics ethacrynic acid
and furosemide also stimulate renal release of prostaglandins.
Many vasoactive receptor agonists stimulate phospholipases
that promote release of arachidonic acid from membrane phos-
pholipids. Stimulation of PGE2 and PGI2 production by Ang II
is well characterized. In turn, PGE2 and PGI2 usually buffer
the vasoconstriction elicited by Ang II and stimulate renin
release from juxtaglomerular cells. Other stimulants include
ETA receptor agonists. Vasodilators, such as acetylcholine and
bradykinin, stimulate production of PGE2 or PGI2, as well as
NO. In addition, acetylcholine may stimulate production of
thromboxane A2. The vasoactive peptides Ang II, endothelin,
vasopressin, acetylcholine, and bradykinin increase availabil-
ity of the substrate, arachidonic acid, secondary to membrane
receptor-mediated calcium influx and activation of phospho-
lipase A2. Phospholipase A2 may be activated by increased
activity of the calcium–calmodulin complex, increased produc-
tion of DAG, or phospholipase C-mediated phosphorylation of
lipocortin, a membrane-bound enzyme that normally inhibits
phospholipase A2. Thus, there is a common pathway by which
many vasoconstrictor agents can increase production of COX-
derived prostaglandins, primarily vasodilatory PGE2 and PGI2,
which, in turn, can counteract vasoconstriction. α-Adrenergic
neurotransmission can be prejunctionally and postjunctionally
inhibited by prostaglandins (95,100,262,264,265).

Four forms of PGE2 receptors (termed EP1 through EP4)
have been identified and cloned. The EP4 receptor, coupled via
G proteins, to generate cAMP and protein kinase A, predom-
inates along the preglomerular vasculature and mediates the
principle vasodilator actions of PGE2. Similar actions are ex-
erted by the single IP receptor for PGI2(prostacyclin). Vasodila-
tory prostaglandins, produced by endothelium of glomerular
arterioles, and mesangial cells exert net effects to stimulate
adenylate cyclase and the formation of cAMP and activation

of protein kinase A. Low concentrations of the prostaglandins
PGE2 and PGI2 normally formed by the arterial vasculature
appear to exert their physiological effects by attenuating the
actions of vasoconstrictor, with larger amounts acting as va-
sodilators that increase RBF.

The buffering action of PGE2 and PGI2 in the preglomeru-
lar vasculature is primarily mediated by the ability of cAMP
and protein kinase A to inhibit IP3-induced release of Ca2+

from internal stores. A low density of vasocontrictor recep-
tor (EP1 or EP3) may counteract some of the net dilation. The
EP1 receptor increases calcium mobilization. The EP3 recep-
tor inhibits production of cAMP via a pertussis toxin-sensitive
Gi protein. EP2 receptors, which act through a Gs protein to
increase cAMP in tubules, appear to be absent from the re-
nal vasculature under normal conditions. Arachidonic acid di-
lates the isolated interlobular artery and afferent arteriole; a
smaller response occurs in efferent arterioles. Intrarenal infu-
sions of arachidonic acid, PGE2, PGI2, or PGD2 increase RBF
and reduce renal resistance without affecting GFR. PGF2α has
little or no effect on the renal circulation. Local administra-
tion of small amounts of PGE2 or its stable analog causes re-
nal vasodilation and attenuates the constrictor effects of Ang
II, thromboxane A2, and norepinephrine. PGE2 and PGI2 di-
late both afferent and efferent arterioles such that glomeru-
lar capillary pressure is constant when the stimulatory effects
of the prostaglandins on angiotensin formation are blocked.
However, application of PGE2 from the interstitial side causes
vasoconstriction of juxtamedullary nephrons, a response due
to subsequent metabolism to a vasoconstrictor agent or
activation of EP1 or EP3 receptors (9,52,85,261,264,265,
267–274).

Endogenous prostaglandins regulate RBF and GFR by di-
rect effects on vascular smooth muscle and indirectly by mod-
ification of the action of other hormones or neural stimuli.
The vasodilator prostaglandins serve an important protective
function and homeostatically balance the hemodynamic ef-
fects of vasoconstrictor substances. Studies of inhibition of
COX activity indicate that the major function of COX-derived
prostaglandins is to attenuate the influence of vasoconstrictor
substances during activation of the renin–angiotensin system,
the sympathetic nervous system, or both. These counteracting
effects provide a balance between the vascular effects of Ang
II and those of prostaglandins during variations in plasma vol-
ume and sodium intake. As is shown in Figure 2-23, blockade
of the compensatory dilator action of prostaglandins promotes
vasoconstriction when the renin–angiotensin and sympathetic
nervous systems are stimulated, such as during sodium de-
pletion. Prostaglandins also antagonize the tendency for high
concentrations of vasopressin to produce renal vasoconstric-
tion. In contrast, in a healthy, unstressed individual with a
normal plasma volume, inhibition of prostaglandin synthesis
has little or no effect on RBF and GFR (Fig. 2-23). Basic au-
toregulatory efficiency of whole-kidney RBF and GFR remains
high even during blockade of renal prostaglandin synthesis via
the COX pathway. Inhibition of COX-2 produces renal vaso-
constriction that may be greater in the medulla than in the
cortex. During afferent arteriolar constriction induced by tubu-
loglomerular feedback, COX-2 generates vasodilatory metabo-
lites in response to increased nNOS activity that attenuate the
strength of feedback-mediated vasoconstriction (168,169,263,
273–275).

Renin release is increased by arachidonic acid, endoperox-
ides, PGE2, and PGI2. PGE2 and PGI2 act on their respec-
tive EP4 and IP receptors on juxtaglomerular granular cells
to stimulate renin release by stimulating adenylate cyclase ac-
tivity and producing cAMP. COX inhibitors reduce renin re-
lease under basal, as well as during stimulated, conditions.
α-adrenergic neurotransmission can be inhibited prejunction-
ally and postjunctionally by prostaglandins (25,187,190).
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FIGURE 2-23. RBF and GFR responses to prostaglandin blockade
produced by inhibition of cyclooxygenase (indomethacin) in conscious
dogs maintained on a normal salt diet (solid lines) or on a low-sodium
diet (dashed lines). (Data from De Forrest JM, Davis JO, Freeman
RH, et al. Effects of indomethacin and meclofenamate on renin release
and renal hemodynamic function during chronic sodium depletion in
conscious dogs. Circ Res 1980;47:99.)

The COX-2 metabolite PGE2 plays a key role in linking
NaCl control of macula densa signaling to juxtaglomerular
cells to regulate renin release and to afferent arterioles to reg-
ulate tubuloglomerular feedback. COX-2 activity in the MD
increases in response to a salt-deficient diet and to a loop di-
uretic, such as furosemide, with increases in PGE2 production
and renin release. nNOS in the same cells may serve as an
upstream intermediate responding to salt transport. High lev-
els of nNOS and COX-2 parallel each other and inhibition
of nNOS causes a fall in COX-2 expression and an uncou-
pling to transport. On the other hand, high renin states limit
COX-2 expression in the cortical thick ascending limb and
MD cells via Ang II and AT1 receptors; ACE inhibition has
the opposite effect. Recruitment of renin-containing cells ret-
rograde along the afferent arteriole during chronic salt restric-
tion or ACE inhibition appears to be COX-2 dependent as
renin is restricted to juxtaglomerular cells during these stim-
uli in COX-2 deficient mice. Plasma renin activity is reduced
in COX-2 null mice and also in nNOS-deficient mice. Inhi-
bition of COX-2 produces renal vasoconstriction that may
be greater in the medulla than the cortex (169,183,190,262,
275,276).

In disease states, endogenous vasodilator prostaglandins
serve a protective role in maintaining renal function by means
of their effects on vascular resistance, GFR, and renin release.
Administration of nonsteroidal, anti-inflammatory drugs to pa-
tients with clinical disorders, such as, advanced hepatic cirrho-
sis, severe congestive heart failure, and sodium depletion often
produces deleterious effects, with reductions in renal perfu-
sion and GFR. In other pathophysiological conditions, there
may be enhanced production of thromboxane A2, which may
contribute to deterioration of renal function. In certain set-
tings, some of the vasoconstriction produced by Ang II may
be mediated by thromboxane A2. Administration of a stable
thromboxane-receptor agonist reduces RBF and GFR by caus-
ing afferent and efferent arteriolar constriction. Kf appears to
be unaffected, although it is noteworthy that thromboxane A2
causes contraction of isolated glomeruli and cultured mesangial
cells. As mentioned in the section on tubuloglomerular feed-

back, although very little thromboxane A2 is produced under
normal conditions, thromboxane plays a modulatory role in
the preglomerular vasoconstriction associated with activation
of the tubuloglomerular feedback mechanism and the vaso-
constrictor response to chronic Ang II infusion. The throm-
boxane A2–PGH2 receptor is coupled by the Gq protein to
activation of phospholipase C, increased levels of cytosolic
calcium, and possible inhibition of adenylate cyclase. The re-
nal vasoconstriction produced by thromboxane A2 is primar-
ily mediated by Ca2+ influx. Chronic activation of PKC ap-
pears to reduce the number of thromboxane A2 receptors (95,
277–283).

Leukotrienes

Lipoxygenase enzymes convert arachidonic acid to leuko-
trienes (LTs), HETEs, and lipoxins (see Fig. 2-22). The ma-
jor lipoxygenase products are monohydroxyeicosatetraenoic
acids—12-HETE and 15-HETE—generated by glomeruli,
mesangial cells, renal cortical tubules, and vascular tis-
sues. Leukotrienes (LTB4, LTC4, LTD4, and LTE4) are
hydroperoxy fatty acid products of the intermediate 5-
hydroperoxyeicosatetraenoic acid (HPETE). Stereoisomers of
12-HETE are produced by different enzymatic pathways. The
12(S)-HETE isomer is predominantly produced in the cor-
tex; however, the 12(R)-HETE is a primary biologically active
metabolite of the cytochrome P450 pathway. Vascular gen-
eration of 12-HETE is increased in pathological conditions
(90,266,281,284).

Receptors for LTC4 and LTD4 have been identified on pre-
glomerular arteries, glomeruli and cultured mesangial cells, and
the efferent arteriole. Infusion of LTC4 or LTD4 causes renal
vasoconstriction, reduces both GFR and filtration fraction, and
activates the renin–angiotensin system. Leukotriene C4 recep-
tors are linked to ion channels, but specific mechanisms are
not known. Some of the leukotriene actions may be mediated
by endothelial cells. Leukotriene D4 is known to release NO
in addition to activating a pertussis toxin-sensitive G protein.
Lipoxin A4 increases renal plasma flow and GFR, with a small
reduction in Kf. Interestingly, the effects are COX-dependent
and can be completely reversed by inhibition of this enzyme.
On the other hand, the ability of lipoxin B4 to decrease RBF and
GFR are independent of COX activity (90,134,266,281,284).

Cytochrome P450 Metabolites

Vasoactive metabolites of the cytochrome P450 pathway are
produced by vascular smooth muscle cells, endothelial cells,
renal tubular cells, and glomeruli. Arachidonic acid is oxy-
genated via NADPH-dependent microsomal monooxygenases.
As is shown in Figure 2-22, epoxygenase enzymes are re-
sponsible for production of epoxides or epoxyeicosatrienoic
acids (EETs) (e.g., 11,12-EET and 14,15-EET). A second cy-
tochrome P450 pathway involves ω-hydroxylase formation of
19- and 20-HETEs (hydroxyeicosatetraenoic acids). The ma-
jor metabolites of this pathway seem to be EETs in the cortex
and HETE in the medulla. Salt diet, Ang II and other hormones,
and various pathophysiological settings alter renal cytochrome
P450 metabolism (90,91,261,269,281,285,286).

Cytochrome P450 ω-hydroxylase metabolites, in particular,
20-HETE, may participate in regulation of cortical and whole-
kidney blood flow. Studies in dogs and rabbits have failed to
show an effect of cytochrome P450 inhibition of autoregula-
tion and of pressure natriuresis. In isolated rat vessels, trans-
mural pressure stimulates ω-hydroxylase activity to produce
20-HETE, which is thought to participate in myogenic vaso-
constriction. Cytochrome P450-4A-derived eicosanoids may
also participate in the renal hemodynamic effects of Ang II
and endothelin. 20-HETE is thought to cause vasoconstriction
by inhibition of tonically active potassium channels, thereby
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causing depolarization and activation of voltage-gated Ca2+

channels. Also suggested is a dependency on COX activity and
production of thromboxane (90,91,261,269,285,286).

Epoxygenase metabolites elicit variable vascular responses.
11,12-EET is an endothelial-derived factor, distinct from NO,
which can produce vasodilation mediated by membrane hy-
perpolarization, following activation of cAMP/protein kinase
A and of K channels. 5,6-EET or 8,9-EET induces vasocon-
striction with a decrease in GFR; however, COX inhibition
changes the renal response to vasodilation and an increase in
GFR. The renal vasodilation induced by administration of 5,6-
EET is mediated by the cyclooxygenase products PGE2 and
PGI2. Inhibition of epoxygenase activity does not affect blood
flow autoregulation (89–91,146,158,261,285–287).

Isoprostanes, such as 8-epi-PGF2α, are vasoconstrictor
metabolites related to prostaglandins. They are stable prod-
ucts of lipid peroxidation of arachidonic acid, formed in and
released from cell membranes, and are excreted in urine. Iso-
prostane production is stimulated by peroxynitrate, a reactive
oxygen species resulting from NO scavenging by superoxide
anion (89,288).

Products of the cytochrome P450 pathway potentiate
control of preglomerular vasomotor tone by the juxta-
glomerular apparatus. Inhibition of P450 metabolites blunts
tubuloglomerular feedback activity, while luminal perfusion
of 20-HETE restores tubuloglomerular feedback responses
(5,91,158,280,282,289–291).

Kallikrein–Kinin System

Plasma and glandular kallikreins are functionally different
serine protease enzymes that act on kininogens (inactive α2-
glycoproteins) to form the biologically active nonapeptide
bradykinin and the decapeptide lysyl-bradykinin (kallidin). It
is unlikely that circulating kinins affect the renal resistance
vessels, because they are rapidly inactivated enzymatically by
endothelial-bound kininase (ACE). Within the kidney, glan-
dular kallikrein (active and inactive forms) and its substrate,
kininogen, are located predominantly in the cortex, in associ-
ation with the granular portion of the distal convoluted and
cortical collecting tubules (i.e., connecting tubule cells), which
appear to make contact with the afferent arteriole of the parent
glomerulus. Synthesis and release of kallikrein into the tubu-
lar fluid and interstitium can be stimulated by prostaglandins,
mineralocorticoids, Ang II, increased renal perfusion pressure,
and several diuretic drugs. The glomerulus and cells of the dis-
tal nephron segments contain two major types of specific mem-
brane receptors for kinins. Bradykinin B2 receptors on vascular
endothelial cells are involved in vascular responses because they
mediate the stimulation of NO and prostaglandin synthesis by
kinins (292–295).

Infusion of bradykinin or kallidin elicits renal vasodila-
tion that is characterized by a larger increase in RBF than
GFR and a natriuresis and diuresis. Exogenous kinins also
produce independent stimulation of prostaglandin formation
(PGE2 and PGI2) and renin release. Kinin-induced vasodilation,
however, is similar in the presence and absence of inhibition
of prostaglandin synthesis. Bradykinin infusions also reduce
the vasoconstrictor responses to norepinephrine or Ang II, an
effect that may be, in part, prostaglandin-dependent. Studies
on isolated renal arteries demonstrate that bradykinin has po-
tent endothelium-dependent relaxant effects that are mediated
by NO; the effects even persist when COX and prostaglandin
synthesis are blocked. The decline in glomerular Kf contrasts
with the well-known effect of kinins to increase capillary per-
meability in other tissues. While the vasodilator actions are
known to be a result of NO release, it is possible that Kf is re-
duced by a direct effect independent of NO. Additional effects

include enhanced conversion of inactive to active renin and
presynaptic inhibition of adrenergic neurotransmitter release.
Most of the vascular in vivo effects appear to be largely due to
NO release from endothelial cells. Vasodilatory prostaglandins
may also be released, as well as an ill-defined hyperpolarizing
factor(s), related to EETs, released by the cytochrome P450
system. Isolated vessels and cultured mesangial cells devoid
of endothelium exhibit B2-receptor-dependent constrictor re-
sponses to bradykinin. Signal transduction appears to involve
a pertussis toxin-insensitive G protein, a PKC pathway, in-
creased cytosolic calcium, and arachidonic acid metabolites
(5,9,102,215,216,296–298).

It has been proposed that the kallikrein–kinin system is an
important intrarenal modulator of prostaglandin synthesis and
renin–angiotensin activity. Kinins stimulate renin release by
acting on juxtaglomerular cells. It is noteworthy that a major
route of kinin inactivation is mediated by the cortical enzyme
kininase II, a peptidyl dipeptidase, which is also responsible for
conversion of Ang I to II (ACE). Drugs that inhibit this common
enzyme may exert hemodynamic effects not only by blocking
the formation of Ang II but also by augmenting kinin concen-
tration. Kinins are also inactivated by a neutral endopeptidase
in the vascular endothelium and proximal tubular brush border
(293–295).

Early studies evaluated endogenous kinin activity, using in-
fusion of bradykinin–binding antibodies, suppression of renal
kallikrein activity with the serine protease inhibitor aprotinin,
and pharmacologic inhibition of kininase II. The results sug-
gested that locally formed kinins may attenuate renal vasocon-
striction in other states associated with vasoconstriction. Fur-
ther understanding has been gained recently by experiments
employing more specific receptor antagonists. Use of a spe-
cific B2 receptor antagonist reveals that basal kinin levels do
not appear to contribute appreciably to the regulation of re-
nal function during normal conditions. However, when their
levels are elevated as during sodium restriction and volume de-
pletion, kinins act as vasodilators in a manner similar to the
prostanoids, which buffer the renal vasoconstriction associ-
ated with elevated local levels of Ang II, norepinephrine, and
vasopressin. The B2 receptor density in glomeruli is reduced by
a low-sodium diet and water deprivation. Studies also show
that renal kinins are degraded by a neutral endopeptidase in
addition to kininase II. Combined blockade of both degrad-
ing enzymes leads to increases in RBF and GFR in association
with increased urinary excretion of kinins. Kinins may par-
ticipate in the autoregulation of GFR and the tubuloglomeru-
lar feedback mechanism, although RBF autoregulation is not
affected by kinin receptor blockade. Kinins may exert larger
vasodilatory effects in the medulla than in the cortex (216,
297–304).

Purinergic Actions on the
Renal Microcirculation

Adenosine and ATP

Adenosine has received considerable attention as a possible reg-
ulator of renal hemodynamics and of renin release. It is pro-
posed that GFR and filtered sodium load are coupled to tubular
transport capacity and oxygen consumption via hydrolysis of
ATP and resultant adenosine production. Adenosine and other
adenine nucleotides may eventually end up in interstitial fluid
in the extracellular compartment. ATP is released from cells
through membrane channels and coreleased from nerve termi-
nals with transmitter. In this fashion, purine-based substances
can act as paracrine agents to influence the renal microcircula-
tion (5,82,157,305–308).
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Purinergic Receptors

Renal purinoceptors display different sensitivities for ATP,
ADP, AMP, and adenosine. P1 purinoceptors respond primar-
ily to adenosine and sometimes to AMP, but are relatively in-
sensitive to ADP and ATP. Extracellular ATP predominantly
activates P2 purinoceptors. There are at least two subtypes of
adenosine-responsive (A) P1 receptors in the renal vasculature.
P1–A1 receptors are coupled to a pertussis toxin-sensitive Gi
protein that inhibits adenylate cyclase and cAMP production.
Stimulation of A1 receptors decreases GFR and RBF. Local
application of an A1 receptor agonist causes constriction of
both the preglomerular and postglomerular microvessels. A2
receptors mediate vasodilation, stimulating adenylate cyclase
through a Gs protein. Afferent and efferent arterioles dilate in
response to an A2 receptor agonist (5,305–307,309).

P2 receptors, present on endothelial and vascular smooth
muscle cells, have a greater affinity for ATP and ADP than for
adenosine or AMP. Interstitial fluid ATP concentrations are suf-
ficiently high to play a role in regulating the vascular resistance
changes responsible for autoregulation and tubuloglomerular
feedback. The receptor subtype P2X increases cytosolic calcium
concentration by increasing calcium influx through voltage-
gated and receptor-operated calcium channels. Low-frequency
stimulation of renal sympathetic nerves causes renal vasocon-
striction that is mediated, in part, by a nonadrenergic compo-
nent. P2X receptors are thought to mediate the nonadrenergic
component, presumably responding to ATP coreleased with
neurotransmitter. P2Y receptor activation increases cytosolic
calcium concentration via the phospholipase C–IP3 cascade.
Endothelial cells have a high concentration of P2Y receptors
and their activation by ATP leads to vasorelaxation mediated
by NO or PGI2 or both. However, ATP causes rapid, marked
constriction of the afferent arteriole when NO synthesis is in-
hibited. The P2U purinoceptor is termed a nucleotide or 5′-
nucleotide receptor because it responds to all nucleotides with
a similar potency of ATP and uridine triphosphate. P2U receptor
activation increases cytosolic calcium by a G protein stimulat-
ing the phospholipase C pathway (5,157,305,309).

Adenosine

Intrarenal administration of adenosine produces a biphasic re-
nal response. Resistance vessels respond initially with transient
vasoconstriction, mediated by P1–A1 receptors, followed by
gradual vasodilation, mediated in part by P1–A2 receptors. De-
creases in GFR and filtration fraction reflect increased pre-
glomerular vascular resistance and reduced efferent arterio-
lar resistance. In isolated preparations, adenosine constricts
both afferent and efferent arterioles. The extent to which en-
dogenous adenosine serves as an important regulator of re-
nal hemodynamics is uncertain. Blockade of A1 receptors de-
creases afferent arteriolar resistance and Kf in anesthetized
animals. Adenosine does not appear to be essential for au-
toregulation. Interstitial fluid concentrations of adenosine are
unchanged over the autoregulatory range of arterial pres-
sure and administration of adenosine-receptor antagonists does
not impair autoregulatory capability. Nevertheless, adenosine-
receptor blockade reduces tubuloglomerular feedback control
of preglomerular resistance in some, but not all, situations.
Mice that do not have functional A1 receptors exhibit marked
impairment of tubuloglomerular feedback responses, suggest-
ing a critical mediator role of adenosine. However, unopposed
A2 receptor activation may result in substantial vasodilation
(5,82,157,160,161,163,212,306,308,310–314).

Although adenosine and Ang II can act independently of
each other, adenosine may act synergistically with angiotensin
in certain situations. The vasoconstriction because of adeno-
sine during high renin states is dependent on endogenous Ang
II. Adenosine causes larger long-term decreases in GFR and

filtration fraction in sodium-depleted animals with increased
renin–angiotensin activity than in animals consuming a normal
salt diet. On the other hand, Ang II-induced vasoconstriction
occurs independently of an interaction with adenosine recep-
tors (163,315).

It has been proposed that salt transport by the ascend-
ing limb of Henle’s loop or MD cells requires metabolic en-
ergy and utilization of ATP that is linked to control of pre-
glomerular vascular resistance through the tubuloglomerular
feedback system. As transport increases, more adenosine is lib-
erated within cells and available to diffuse to the afferent ar-
teriole, where it elicits vasoconstriction to reduce blood flow
and glomerular capillary pressure. Support is based on findings
that luminal perfusion of A1 adenosine-receptor agonists causes
larger feedback-induced vasoconstrictor changes in glomerular
capillary pressure. Attenuated feedback-mediated responses of
the afferent arteriole are observed when an adenosine antag-
onist is added to either luminal fluid or peritubular capillary
blood. The effects are insensitive to the salt transport inhibitor
furosemide, indicating P1–A1 adenosine receptor-mediated ef-
fects by acting on either the MD or vascular smooth muscle
cells (312,313,315–317).

Adenosine participates in the regulation of renin secretion.
Adenosine infusion inhibits renin release in vivo. The mech-
anism involves adenosine receptors on juxtaglomerular cells,
with A1 and A2 receptors having opposite effects. Renin re-
lease is inhibited by A1 purinergic receptors coupled to a Gi
protein and stimulated by an A2 receptor agonist. As a second
communication link, adenosine may affect renin release by act-
ing on MD cells. Evidence for a tonic inhibitory effect has been
observed in isolated afferent arterioles with and without MD
cells attached (186,188,317).

ATP

P2 receptors appear to be involved in mediating autoregulatory
adjustments in renal vascular resistance and tubuloglomerular
feedback responses. Extracellular ATP, at high levels that sat-
urate P2 purinoceptors, causes renal vasoconstriction and im-
pairs the autoregulatory ability of the vasculature to constrict
further in response to increases in arterial pressure. The effect
on autoregulation appears to be specific to ATP, as similar stud-
ies show that RBF is not impaired when the vasoconstrictor is
norepinephrine.

Renal arterial infusion of ATP increases RBF. The renal va-
sodilation is mediated by endothelial release of NO and is con-
verted to vasoconstriction during NO synthesis inhibition, sug-
gesting the involvement of more than one receptor subtype. P2
receptors are present on vascular endothelium, with P2Y recep-
tors being responsible for NO-dependent vasodilation. P2X re-
ceptors on vascular smooth muscle cells produce vasoconstric-
tion. In considering a paracrine role for ATP, it seems likely that
endogenous ATP reaches vascular smooth muscle cells from
the interstitium. The vasoconstriction is mediated by Ca2+ mo-
bilization and entry through L-type Ca2+ channels. ATP also
stimulates renin secretion; the effect is mediated by P2Y receptor
stimulation and production of NO (5,153,157,226,309,318–
321).

ATP acts on P2 purinoceptors to selectively constrict afferent
arterioles in a direct and sustained manner. This is consistent
with autoradiographic and immunohistochemical evidence of
abundant P2x receptors limited to the preglomerular vascula-
ture, excluding efferent arterioles. Autoregulatory-mediated af-
ferent arteriolar constriction is prevented by P2 receptor satura-
tion or desensitization by high arterial concentrations of ATP.
Tubuloglomerular responses also are markedly blunted during
peritubular capillary perfusion with saturating doses of ATP or
slowly metabolizable analogs. P2 receptor blockade prevents
autoregulatory responses of afferent arterioles. Mice lacking
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functional P2x receptors have blunted autoregulation and loss
of tubuloglomerular feedback. MD cells secrete ATP through
a basolateral maxichloride channel that is permeable to ATP
in response to increases in luminal NaCl concentratioin. Al-
though MD cells have abundant mitochondria, they have low
levels of Na+-K+-ATPase, making them a good candidate for
a source of extracellular ATP (24,159,226,318–320).

Renal interstitial fluid concentrations of ATP measured by
microdialysis are closely associated with autoregulatory and
tubuloglomerular feedback-mediated changes in renal vascu-
lar resistance. A direct relationship is observed when tubu-
loglomerular feedback is stimulated by increased distal fluid
delivery because of carbonic anhydrase inhibition of proximal
tubular reabsorption and when tubuloglomerular feedback is
inhibited by the transport inhibitor furosemide (5,322).

Sympathetic Nervous System
and Catecholamines

The renal vasculature is richly innervated with postganglionic
adrenergic fibers originating from sympathetic celiac and aorti-
corenal plexi that receive inputs from the sixth thoracic through
the second lumbar spinal nerves. All arterial segments of the
vasculature and the large veins are extensively innervated with
neuroeffector junctions containing norepinephrine. A heavy
concentration appears in subadventitial layers of arcuate ar-
teries, with notable innervation of smooth muscle cells of both
the afferent and efferent arterioles and also of juxtaglomeru-
lar cells. The efferent innervation is predominantly adren-
ergic, although some nerve endings are reported to contain
dopamine and neuropeptide Y. ATP may be coreleased with
norepinephrine from some nerve terminals. Three types of α-
adrenoceptors are found on renal resistance vessels, with rel-
ative amounts of α1D (65%), α1A (25%), and α1B (10%). α1A
and α1D increase cytosolic Ca2+ concentration and elicit vaso-
constriction in preglomerular arterioles. The functional role of
α1B receptors is less clear (323–329).

Renal nerves are divided into two types, with type I termi-
nating on afferent arterioles, while type II innervate both affer-
ent and efferent arterioles. Type II nerves are immunoreactive
for neuropeptide Y, whereas type I is not. Electrical stimula-
tion of the greater splanchnic or renal efferent nerves produces
frequency-dependent renal vasoconstriction that is abolished
by α1-adrenergic receptor antagonists. The vasoconstrictor re-
sponses are elicited in the medullary as well as the cortical cir-
culation. The increased vascular resistance in the cortex is due
to constriction of preglomerular and efferent arteriolar seg-
ments. As is shown in Figure 2-24, low levels of stimulation
cause equivalent constriction of both afferent and efferent ar-
terioles such that glomerular pressure is unchanged. Similar
results are obtained in isolated afferent and efferent arterioles
when α1-adrenoceptors are stimulated. Higher frequencies of
nerve stimulation produce predominant constriction of pre-
glomerular vessels and thus reduce glomerular capillary pres-
sure and GFR. Intense stimulation at 10 Hz produces complete
glomerular ischemia (184,327,330–332).

In addition to a direct effect on vascular smooth muscle,
the renal efferent nerves exert indirect hemodynamic effects as
a consequence of stimulation of the constrictors angiotensin
and endothelin and the formation of dilator prostaglandins
and nitric oxide. Renal nerve stimulation elicits an increase in
renin release from juxtaglomerular cells primarily by activa-
tion of β1-adrenoceptors. Prostaglandin synthesis is enhanced
by activation of phospholipase A2 and augmented availability
of arachidonic acid. The vasoconstriction caused by moder-
ate renal nerve stimulation is reduced in the presence of Ang
II blockade, suggesting that part of the effect is mediated by

FIGURE 2-24. Effect of electrical stimulation of renal efferent nerves
at 1 to 5 Hz on single nephron GFR, plasma flow, and resistance of
preglomerular vessels and efferent arterioles. (Data from: Kon V. Neu-
ral control of renal circulation. Miner Electrolyte Metab 1989;15:33;
Hermansson K, Larson M, Kallskog O, et al. Influence of renal nerve
activity on arteriolar resistance, ultrafiltration dynamics and fluid re-
absorption. Pflugers Arch 1981;389:85.)

increased intrarenal Ang II formation because of neural stimu-
lation of renin. On the other hand, vasodilatory prostaglandins
buffer a significant fraction of the vasoconstriction elicited by
nerve stimulation as evidenced by much larger changes in GFR,
RBF, and vascular resistance during inhibition of prostaglandin
synthesis. The effect of renal nerve stimulation on Kf is con-
troversial. Some investigators report a reduction; others find
that Kf is normally unaffected by nerve stimulation but that a
reduction of Kf is evident during inhibition of prostaglandin
synthesis (331,332).

Infusions of norepinephrine, epinephrine, or α1-adrenergic
agonists produce similar dose-related effects on the renal mi-
crocirculation. Studies on individual vessels indicate that nore-
pinephrine constricts the interlobular artery and the affer-
ent and efferent arterioles. Total renal vascular resistance
responses to norepinephrine are substantially attenuated by
Ca2+ channel blockers and by inhibition of IP3-medicated re-
lease of stored Ca2+. Calcium responses of the afferent ar-
teriole to α-adrenoceptor stimulation are mediated by mobi-
lization from internal stores in combination with Ca2+ entry
through voltage-gated L-type channels and channels insensitive
to dihydropyridine Ca2+ channel blockers. The latter includes
receptor-operated Ca2+ channels. Efferent arteriolar responses
to norepinephrine appear to be independent of L-type channels
(7,66,72,184,328,332,333).

The renal nerves are not required for efficient autoregulation
of RBF and GFR or for the operation of the tubuloglomerular-
feedback mechanism. Under unstressed conditions, while basal
efferent sympathetic tone is low, neither acute nor chronic
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renal denervation affects RBF or GFR. In general, physiologi-
cal reflex activation of renal sympathetic nerves has less influ-
ence on renal hemodynamics than does experimental electri-
cal stimulation at supramaximal voltage. Moderate increases
of about 50% in renal nerve activity that are induced re-
flexively by high- or low-pressure receptors fail to alter re-
nal hemodynamics, although this level of stimulation is capa-
ble of affecting tubular sodium reabsorption and renal release
of renin and prostaglandins. Neurally induced vasoconstric-
tion is more readily demonstrable during more stressful states,
such as during dehydration, blood volume contraction, hem-
orrhage, and congestive heart failure. Pronounced activation
of renal efferent nerve activity (+500%) produced by audi-
tory or emotional stimuli causes intense renal vasoconstriction
(5,7,18,184,325,326).

The renal nerves also mediate renal vasoconstriction dur-
ing arterial hypoxemia produced by acutely lowering inspired
oxygen tension to 60 mm Hg. The increased renal vascular re-
sistance is prevented by renal denervation or denervation of
systemic baroreceptors and chemoreceptors. Hypercapnic aci-
dosis associated with an increase in PCO2 from 25 to 70 mm Hg
also activates the renal efferent nerves and denervation studies
indicate that the neurally mediated renal vasoconstriction is ef-
fectively counteracted, at least in part, by enhanced synthesis
of vasodilatory prostaglandins (334).

The hemodynamic effects of catecholamines can be mod-
ulated by a complex interaction with the renin–angiotensin
and prostaglandin systems. Nerve stimulation, circulating cat-
echolamines, and adrenergic-receptor agonists stimulate re-
nal release of renin and prostaglandins. In turn, Ang II and
prostaglandins are capable of acting presynaptically to stim-
ulate and inhibit, respectively, norepinephrine release, in ad-
dition to exerting direct effects on vascular smooth muscle
(184,332).

Afferent renal nerves also may serve important functions
in neurohumoral control of arterial pressure, vasopressin re-
lease, and renal excretion of sodium and water. Afferent nerve
endings contain neuropeptides, such as calcitonin gene-related
peptide, substance P, and vasoactive intestinal peptide. Both
mechanoreceptors and chemoreceptors have been identified
within the kidney and afferent nerve traffic can elicit renore-
nal reflexes. Renal mechanoreceptors respond to changes in
arterial and renal venous pressure. Chemoreceptors sense the
composition of pelvic fluid and also are responsive to renal
ischemia. Two examples of excitatory renorenal reflexes that
affect renal hemodynamics are neurally mediated ipsilateral
vasoconstriction during increased renal venous pressure and
contralateral renal vasoconstriction following a unilateral in-
crease in ureteral pressure (184,324,326,327,335–337).

Although cholinesterase-containing fibers and β-adrenergic
sites have been identified histologically in the renal cortex, there
is little functional evidence for neurogenic renal vasodilation
mediated by acetylcholine or β-adrenoceptors. Neural release
of acetylcholine, however, may exert a small indirect effect at
presynaptic sites to inhibit norepinephrine release. Infusions of
exogenous acetylcholine increase RBF and reduce renal vas-
cular resistance, while GFR is unaffected. The decline in total
resistance is due to parallel reductions in afferent and effer-
ent arteriolar resistance. Acetylcholine relaxes isolated prepa-
rations of the interlobular artery and the afferent and efferent
arterioles. As pointed out earlier, however, the full vasodilatory
effect of acetylcholine requires an intact endothelium and is pri-
marily mediated through release of NO and may also involve
release of prostanoids (7,9,102,139).

Dopamine, a sympathomimetic amine precursor of nore-
pinephrine, is another neurotransmitter capable of regulating
renal hemodynamics, renin secretion, and sodium excretion.
Histofluorescent evidence suggests dopaminergic innervation
of the cortical vessels, primarily the glomerular vascular poles.

However, dopamine synthesized from L-dopa by proximal
tubular cells appears to be the major contributor to urinary ex-
cretion of dopamine and its metabolites. Two types of specific
dopamine-binding sites, DA1 and DA2, are present in the kid-
ney. The DA1 receptor is a postsynaptic receptor located on vas-
cular smooth muscle cells and tubular cells, but apparently ab-
sent from glomeruli. DA2 receptors can be either presynaptic or
postsynaptic and are located in glomeruli as well as vessels and
tubules in both the cortex and medulla (184,327,338–340).

Although specific receptor blockers abolish renal effects
produced by exogenous dopamine, such antagonists do not
consistently affect basal renal hemodynamics. Further, pre-
junctional stimulation of dopamine receptors during mod-
erate levels of renal efferent nerve activity has little influ-
ence on renal vascular resistance. Small amounts of dopamine
or a DA1 receptor agonist dilate the renal vasculature. Re-
sponses include an increase in RBF and a decrease in filtra-
tion fraction; GFR and glomerular capillary pressure are un-
affected. Most of the dopamine-induced renal vasodilation is
mediated by DA1 receptors, which are coupled to adenylate
cyclase and lead to increased production of cellular cAMP.
Dopamine and DA1 receptor agonists relax afferent and ef-
ferent arterioles and interlobular and arcuate arteries. The
DA1-induced dilation of the preglomerular vasculature does
not impair autoregulatory adjustments in vascular resistance
to changes in perfusion pressure. DA1-receptor stimulation
attenuates tubuloglomerular feedback responsiveness. The va-
sodilation elicited by dopamine is more pronounced after den-
ervation or -pharmacologic blockade of α-adrenoceptors, sug-
gesting that presynaptic DA2-dopamine receptors augment
norepinephrine release from nerve terminals. DA2-receptor
stimulation is associated with increases in GFR and attenu-
ation of Ang II-induced contraction of glomerular mesangial
cells (27,184,327,338,340–342).

Neuropeptide Y (NPY) is another postulated neurotrans-
mitter. Nerve endings containing immunoreactive neuropep-
tide are localized along the interlobular and arcuate arteries
extending to glomerular arterioles, innervating both afferent
and efferent arterioles. A cotransmitter of the renal sympathetic
nerves, NPY is coreleased with and may potentiate the vascu-
lar pressor effects of norepinephrine and ATP. The kidney ex-
presses NPY receptors, which can also be activated by peptide
YY (PYY), a circulating hormone released from gastrointesti-
nal cells. Via the Y1 receptor, NPY and PYY produce potent
renal vasoconstriction. Administered NPY constricts both the
afferent and efferent arterioles. Nerves innervating the efferent
arteriole appear to contain more immunoreactive NPY than
those to the afferent arteriole. NPY acts prejunctionally to in-
hibit noradrenaline release via Y2 receptors. Despite marked
reductions in RBF, systemic NPY infusion elicits a diuresis and
natriuresis that is mediated in part by bradykinin. NPY antag-
onists enhance basal RBF, but do not alter basal urinary excre-
tion. The vasoconstriction appears to be mediated by a calcium
entry step, much like angiotensin (307,330,343–345).

Atrial Natriuretic Peptide

Atrial natriuretic peptide (ANP) is a 28-amino acid peptide
family involved in the physiological regulation of renal func-
tion and sodium excretion. A high molecular-weight precursor
of ANP is constitutively synthesized in cardiocytes of the atria.
ANP is released into the circulation as a function of atrial vol-
ume or distention in association with changes in sodium and
water balance. In addition to ANP, related peptides include
brain and renal natriuretic peptides (urodilatin). Recent stud-
ies implicate renal conversion of ANP to urodilatin, which is
closely related to sodium excretion under a variety of condi-
tions (345,346).
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ANP receptors are concentrated in glomerular capillaries
and the collecting duct; they are also present along cortical ar-
terioles and medullary arterioles and vasa recta; cell types in-
clude the collecting duct, vascular smooth muscle, endothelial,
and mesangial cells. There are three subtypes of natriuretic pep-
tide receptors termed NPR-A, NPR-B, and NPR-C. The A- and
B-type receptors include a cytoplasmic catalytic domain and
the active particulate guanylate cyclase, exerting physiological
effects by increasing cell cGMP. The functional ANP recep-
tor is associated with particulate guanylate cyclase, which elic-
its physiological effects by increasing cell cGMP. ANP reduces
calcium influx and calcium mobilization in cultured mesangial
cells. ANP may buffer the action of vasoconstrictors, such as,
angiotensin and norepinephrine, via an interaction of cGMP
with intracellular Ca2+, perhaps secondary to stimulation of
calcium efflux. Renal vascular endothelial cells also have bi-
ologically silent, NPR-C “clearance” receptors, which remove
ANP from the circulation with no apparent role in signal trans-
duction or guanylate cyclase activity. It is reported that NPR-C
may cause venodilation, but the mechanism is not clear. The
ratio of biologically active to silent receptors is about 1:4 under
normal conditions (87,345,347–350).

ANP is a rapid-acting, potent natriuretic and diuretic sub-
stance that is also capable of lowering arterial pressure by direct
vasodilatory effects on the systemic vasculature and reducing
cardiac output. Physiological concentrations of ANP can in-
hibit tubular reabsorption without altering RBF, GFR, or the
filtered sodium load. Medullary blood flow is increased during
administration of ANP, but the effect seems to be secondary to
the ANP-induced natriuresis. Several tubular sites have been
evaluated, including an amiloride-sensitive sodium channel in
the collecting duct and an angiotensin-sensitive exchanger in
the proximal tubule. ANP has a direct inhibitory action on
renin release in cultured juxtaglomerular cells that is mediated
by cGMP (350–352).

The renal vascular effects of ANP are mediated by NPR-A
and NPR-B receptors. Activation of NPR-A receptors dilates
preglomerular resistance vessels, including arcuate and inter-
lobular arteries and afferent arteriole, as well as efferent ar-
terioles. The NPR-B receptor contributions to dilation of the
preglomerular vasculature. The reported effect of ANP on Kf is
variable. Although glomerular capillary pressure is increased,
GFR is usually unchanged, presumably because of a decrease in
Kf. The preglomerular vasodilation produced by ANP does not
impair autoregulation of either RBF or GFR. ANP appears to
have both indirect and direct effects on the tubuloglomerular
feedback mechanism. ANP markedly inhibits tubuloglomeru-
lar feedback control of glomerular hemodynamics when feed-
back activity is evaluated by perfusion of Henle’s loop with
artificial fluid. However, less marked inhibition is observed
when natural tubular fluid is allowed to reach the MD seg-
ment, presumably because of the presence of an unknown fac-
tor that increases feedback sensitivity and overcomes some
of the ANP-induced inhibition. Studies on mice with under-
and overexpression of the NPR-A receptor highlight the im-
portant role ANP has in mediating the renal vascular and
tubular changes resulting from blood volume expansion. Over-
expression of NPR-A receptors is associated with enhanced
renal vasodilatory and natriuretic responses, whereas the re-
sponses are markedly attenuated in mice lacking NPR-A re-
ceptors (87,173,351–360).

Other Vasoactive Agents

Histamine

Histamine is a naturally occurring biogenic amine that may
play important physiological or pathophysiological roles in

modulating renal hemodynamics. The glomeruli appear to be
the major site of histamine formation within the kidney, con-
taining large amounts of the synthetic enzyme histidine de-
carboxylase. Glomeruli incubated with histidine accumulate
histamine in amounts that are sufficient to alter cAMP and
cGMP. In addition, endothelial cells have the capacity to syn-
thesize histamine. Glomeruli and tubules contain the enzymes
for intrarenal catabolism of histamine (361).

Infusion of histamine or histamine agonists produces renal
vasodilation, while GFR remains relatively constant. Microp-
uncture studies in rats indicate that the vasodilation is mediated
by a larger reduction in preglomerular than efferent arteriolar
resistance. An increase in glomerular capillary pressure is offset
by a reduction in Kf. These effects contrast with the marked in-
crease in filtration coefficient and membrane permeability pro-
duced by histamine in nonrenal capillaries. Histamine also may
stimulate renin release, at least transiently, by a prostaglandin-
dependent mechanism (261,362).

The renal microcirculation contains two classes of mem-
brane receptors for histamine. In rats, the hemodynamic ef-
fects of histamine can be reversed completely by a H1-receptor
antagonist, whereas a H2-receptor antagonist has no effect.
The functional role of H2 receptors that have been identified
in isolated rat glomeruli remains to be determined. Both re-
ceptor subtypes appear to mediate hemodynamic responses in
the kidney in dogs. Vasodilation is produced by agonists of
either H1 or H2 receptors, and antagonists of both receptors
partially block the renal vasodilation induced by histamine.
Binding to vascular receptors may mediate smooth muscle
relaxation by stimulation of cAMP formation. Endothelial-
derived relaxing factor, NO, renal prostaglandins, and inhi-
bition of adrenergic neurotransmission also may contribute to
the histamine-induced vasodilation. Histamine stimulates renin
release through activation of H2 receptors (25,261,361,362).

In normal kidneys, intrarenally formed histamine appears
to exert little effect on vascular tone under basal conditions,
as evidenced by the lack of response to H1- and H2-receptor
antagonists. While it has been suggested that histamine H1 an-
tagonists inhibit renal autoregulation, the mechanism remains
uncertain (362).

Vasopressin

In addition to its antidiuretic properties, arginine vasopressin
(AVP) is a potent vasoconstrictor. Elevated levels of AVP are
associated with renal vasoconstriction and, in particular, re-
ductions in medullary vasa recta blood flow. The plasma con-
centration of vasopressin (antidiuretic hormone) is directly
related to plasma osmolality and is inversely related to blood
volume and pressure. Recent evidence indicates that vaso-
pressin is capable of producing effects on renal function by
binding to two types of membrane receptors. The well-known
osmoregulatory function of low plasma concentrations of va-
sopressin is mediated through a V2 tubular membrane receptor,
which stimulates cAMP to alter water permeability and sodium
reabsorption. Vasopressin also exerts important pressor effects
that contribute to the maintenance of arterial pressure during
conditions of chronic water deprivation, graded hemorrhage,
and possibly in various forms of hypertension (363).

The vascular effects of vasopressin are due to activation of
V1 receptors. The V1A receptor on vascular smooth muscle cells
has seven transmembrane spanning domains and is coupled to
Gq protein that leads to increased IP3 production and PKC
activation. Cytosolic Ca2+ is increased by a combination of re-
lease from sarcoplasmic reticulum and entry through voltage-
gated Ca2+ channels and SOC. Arachidonic acid metabo-
lites may be involved in modulating Ca2+ entry channels.
The V1A receptor also may mediate vasopressin-induced NO
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release. Desensitization of the V1 receptor and reduced receptor
density are related to PKC-mediated phosphorylation. Vaso-
pressin interacts with the renal arachidonic acid and the renin–
angiotensin systems. Vasopressin can stimulate renal release of
PGE2 in vivo. In vitro prostaglandin production is increased
by vasopressin–receptor interaction with either V1 or V2 re-
ceptors on medullary interstitial cells or glomerular mesangial
cells. Vascular smooth muscle V1A receptor activation evokes
intracellular events that include stimulation of phospholipase
A2 (5,36,69,72,95,363–368).

The role of AVP in the physiological regulation of the renal
circulation is uncertain. Supramaximal concentrations of va-
sopressin are known to increase systemic arterial blood pres-
sure by increasing total peripheral resistance. In this regard,
the cortical renal vasculature appears to be relatively insensi-
tive to vasopressin. Administration of antagonists for the V1,
V2, or both receptors failed to affect whole-kidney hemody-
namics in conscious, unstressed animals. As will be discussed
in the section on medullary circulation, however, endogenous
AVP appears to reduce medullary blood flow via activation of
V1 receptors (32,363,366,368–371).

Pharmacologic blockade of the vascular effects of endoge-
nous vasopressin in water-deprived animals does not affect re-
nal vascular resistance, GFR, or Kf. The GFR and RBF are
usually unaffected, while the expected antidiuretic or diuretic
responses of vasopressin agonists and antagonists, respectively,
are clearly demonstrable. In rats with reduced vasopressin lev-
els, infusion of nonpressor doses of exogenous vasopressin does
not alter GFR or RBF or single nephron function. The vasocon-
strictor effect of higher vasopressin concentrations on the re-
nal vasculature is more readily apparent during prostaglandin
inhibition. The Kf lowering effect of vasopressin may be medi-
ated by a direct action on mesangial cells. It was found, how-
ever, that Kf could be normalized by combined blockade of the
vascular action of both vasopressin and angiotensin, whereas
selective blockade of either peptide was ineffective (72,364,
369–371).

Adrenomedullin

Adrenomedullin (AM), α- and β-calcitonin gene-related pep-
tide (CGRP), calcitonin (CT), and amylin are homologous
polypeptides with overlapping biological actions, such as, va-
sodilation, inhibition of bone resorption, and antiproliferative
activity. Adrenomedullin is a potent renal vasodilating and na-
triuretic peptide (52 amino acids with a disulfide ring) that is
made in the kidney as well as the adrenal gland. mRNA for
adrenomedullin and its receptor are colocalized to renal ves-
sels, glomeruli, and inner medullary collecting ducts. The prox-
imal tubule is abundant in adrenomedullin mRNA, whereas
the greatest amounts of receptor mRNA are in the papilla.
Changes in salt diet do not appear to change expression of
the peptide or its receptor in either the cortex or medulla.
This hormone/paracrine agent increases RBF and sodium ex-
cretion without affecting GFR. Natriuretic potency increases
during inhibition of neutral endopeptidase, an enzyme that
cleaves endogenous peptides with a disulfide ring, such as,
adrenomedullin and ANP.

Adrenomedullin produces vasodilation by cAMP/PKA sig-
naling and by stimulating endothelial NO production, leading
to activation of ATP-sensitive K channels and Ca-dependent
K channels and hyperpolarization of vascular smooth mus-
cle cells. Adrenomedullin increases renin release via increasing
cAMP in juxtaglomerular granular cells. CGRP exerts NO-
dependent as well as cAMP/PKA vasodilation. Administration
of adrenomedullin or CGRP increase RBF and to a lesser ex-
tent GFR; both are natriuretic and diuretic. Adrenomedullin

and CGRP dilate afferent arterioles and blunt Ang II-induced
renal vasoconstriction (372,373–379).

Reactive Oxygen Species

Small amounts of reactive oxygen species (ROS) are con-
stantly produced by aerobic metabolism in a finely controlled
fashion in almost all cells. They have important roles in sig-
nal transduction in vascular cells under normal physiological
conditions. Markedly elevated levels of ROS in pathophys-
iological states initiate and amplify deleterious events, such
as, lipid oxidation and tissue/DNA damage associated with
glomerular inflammation and proteinuria, atherosclerosis, and
vascular hypertrophy, and vasoconstriction in hypertension.
ROS are products of the partial reduction of oxygen, gener-
ated by enzymatic and nonenzymatic reactions at cell mem-
branes and within cells. Common oxidative enzymes include
nicotinamide adenine dinucleotide/reduced nicotinamide ade-
nine dinucleotide phosphate (NADH/NADPH) oxidases, cy-
clooxygenase, cytochrome P450, xanthine oxidase, and glu-
cose oxidase. The reduction of molecular oxygen (O2 + e−)
produces superoxide anion (•O2

−), which is normally balanced
by its degradation. Superoxide dismutases catalyze the dismu-
tation of superoxide anion to hydrogen peroxide (H2O2) that
has oxidizing potential; it may be subsequently neutralized by
glutathione peroxidases and catalase. Antioxidative enzymes
such as superoxide dismutase, catalase, and glutathione per-
oxidase normally act to protect against oxidative stress. Vita-
mins A, E, and C and bilirubin may act as scavengers of ROS
(289,380–385).

As intracellular signals, ROS may activate or inactivate
redox-sensitive protein kinases and phosphatases to modu-
late receptor phosphorylation and transcription factors. Hy-
drogen peroxide plays a central role in signal transduction,
in growth, and, perhaps, vasomotor tone. Normally, there is
a fine balance between activities of oxidative and antioxidant
enzymes, optimizing NO activity and minimizing superoxide
anion generation. Hydrogen peroxide has been proposed to
function as the counterpart to nitric oxide and its antiprolifer-
ative and vasodilatory actions. H2O2 is more stable than su-
peroxide anion, is uncharged, and is freely diffusible among
and within cells. A major source of H2O2 is superoxide anion
generated by NAD(P)H oxidases. ROS also appear to play a
role in tyrosine phosphorylation of PKC, lipid peroxidation,
and p53-mediated apoptosis. Targets of H2O2 include tyrosine
kinases and phosphatases. Shear stress stimulates NADH ox-
idase activity in endothelial cells. In vascular smooth muscle
cells, growth factors and Ang II stimulate ERK1/2, p38 MAPK
and Akt through increases in H2O2 and NAD(P)H activation.
Although little is known about the influence of H2O2 on vaso-
motor tone, H2O2 is involved in tyrosine phosphorylation of
protein kinase C and after catalase reacts with H2O2, it can
activate guanylate cyclase and perhaps affect COX activity.
Long-term effects of H2O2 on vascular reactivity are clearly
evident in terms of growth-promoting effects and vascular
remodeling.

In the kidney, oxygen radicals are formed in arteries and
arterioles, glomeruli, and juxtaglomerular cells endowed with
oxidases, such as, NADPH oxidase, nitric oxide synthase, and
cyclooxygenase. Ang II and other peptide ligands (e.g., ET-1
and TxA2) can rapidly stimulate NAD(P)H oxidase to produce
•O2

−. Tonic levels of •O2
− regulate renal vascular resistance.

Enhanced basal •O2
− activity by acute inhibition of super-

oxide dismutase (SOD, diethyldithiocarbamate) reduces total
renal, cortical and medullary blood flow by 25%. The vaso-
constriction is greater when the buffering afforded by NO is
removed by NOS inhibition. Acute infusion of Ang II produces
more pronounced renal vasoconstriction when NAD(P)H
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oxidase is intact, as contrasted with transgenic animals with the
subunit gp91Phox mutated and nonfunctional. Oxygen radi-
cals antagonize vasodilation normally produced by NO, re-
ducing effective levels of NO to favor vasoconstriction during
a variety of conditions, including reperfusion injury, chronic
infusion of Ang II, and hypertension. Reactive oxygen inter-
mediates act directly on smooth muscle cells to increase cy-
tosolic calcium and elicit contraction. Superoxide is thought
to elicit increases in (Ca2+)i and cause constriction by acti-
vation of the cell membrane enzyme cADP ribosyl cyclase
to produce cADP ribose, a ligand for the RyR on the sar-
coplasmic reticulum that sensitizes the RyR to Ca2+ and trig-
gers calcium-induced calcium release. H2O2 appears to exert
concentration-dependent biphasic effects on arteries/arterioles,
constricting at low concentrations (<50μM), with higher con-
centrations (>200 μM) eliciting transient constriction followed
by sustained dilation. Most of H2O2 actions are on K chan-
nels and membrane potential. Low H2O2 concentrations in-
hibit inward-rectifying K+ currents to depolarize the plasma
membrane, whereas higher H2O2 concentrations increased the
amplitude of the hyperpolarizing outward K+ current through
KCa channels. The constrictor phase appears to be mediated
by endothelium-independent TxA2. Renal vasoconstriction due
to reactive oxygen species can be reversed by administration of
superoxide dismutase. Ang II stimulates production of reac-
tive oxygen species and appears to inhibit neutralization; ACE
inhibitors have been shown to induce superoxide dismutase,
catalase, and glutathione peroxidase in renal tissues. Macula
densa feedback control of afferent arteriolar resistance at high
tubular flow rates is determined by an autocrine balance of va-
sodilator NO generated by nNOS and by vasoconstrictor •O−

2
generated by NAD(P)H in MD cells. When nNOS is inhib-
ited, •O−

2 -mediated vasoconstriction enhances tubuloglomeru-
lar feedback. On the other hand, tubuloglomerular feedback
is attenuated by the dilator NO when •O−

2 concentration is
reduced by superoxide dismutase. In addition, •O−

2 produced
by MD cells may cause afferent arteriolar constriction by a
direct paracrine action above its ability to scavenge and re-
duce the activity of NO. Tubuloglomerular feedback is exag-
gerated by nNOS inhibition at high tubular flows; adminis-
tration of a superoxide oxide dismutase attenuates maximum
feedback responses in healthy kidneys (16,107,289,374,383,
385–393).

An alternative pathway for superoxide anion is to re-
act rapidly and irreversibly with NO to form peroxynitrite
(ONOO-), which clearly limits the half-life, diffusion distance,
and biological activity of NO. Peroxynitrite can oxidize arachi-
donic acid to preferentially form the vasoconstrictor 8-iso-
PGF2α (isoprostane), with smaller amounts of isothrombox-
ane and isoleukotrienes. This isoprostane activates either the
thromboxane A2 receptor or a unique receptor on smooth
muscle cells. Isoprostanes appear to increase endothelin re-
lease. Peroxynitrite may react with thiols (e.g., glutiathione)
to produce NO and a nitrothiol (e.g., S-nitrogluthione), re-
sulting in vasodilation. Chronic exposure to high levels of
Ang II stimulates isoprostane production by the kidney.
Oxidative stress is capable of modulating the strength of tubu-
loglomerular feedback. Superoxide production in the intersti-
tium scavenges NO and thereby impacts on signal transduc-
tion between MD and afferent arteriolar smooth muscle cells.
Exaggerated tubuloglomerular feedback activity in models of
hypertension is normalized by administration of a mimetic
of superoxide dismutase, which reduces urinary excretion of
isoprostanes.

Recent studies suggest that oxygen radicals contribute as
signaling molecules to the regulation of renal cortical and
medullary microvascular function under normal conditions, as
well as in pathophysiological conditions. (107,383–385,387,
389–395).

Medullary Circulation

The vasoactive responses that have been described for the cor-
tical circulation generally occur in the vasculature of the renal
medulla. Because of limitations in methodology, it has been
difficult to ascribe specific roles to the various extrinsic and
intrarenal mechanisms in the regulation of medullary blood
flow. Nevertheless, it is recognized that because of the coun-
tercurrent exchange system in the vasa recta, maintenance of
low, well-controlled medullary blood flow is extremely impor-
tant for efficient operation of the mechanisms responsible for
urinary concentration and dilution (5,32,36).

It is generally accepted that there is an inverse relation be-
tween medullary blood flow and urinary osmolality; high uri-
nary osmolality is associated with low medullary perfusion and
blood flow is increased during water diuresis. Since physiolog-
ical concentrations of vasopressin do not affect total RBF, it
has been proposed that vasopressin has a predominant effect
on the juxtamedullary circulation to reduce blood flow in deep
cortical nephrons and in the medulla. Small amounts of va-
sopressin and a vasopressin V1 receptor agonist are reported
to reduce medullary blood flow without altering total RBF.
Likewise, increased plasma vasopressin associated with water
restriction reduces medullary blood flow via V1 receptor stim-
ulation without affecting cortical perfusion. This effect would
modify the Starling physical forces in the vasa recta to be more
conducive to fluid uptake. There is some evidence that exoge-
nous vasopressin predominantly decreases RBF in the inner
cortex and juxtamedullary areas. This effect is apparently in-
dependent of endogenous prostaglandins. Recent studies that
directly assess the influence of vasopressin showed reduction in
both ascending and descending vasa recta blood flows, which
could be blocked by the vascular antagonist of vasopressin
(36,371,396).

The inner medullary circulation appears to be autoregu-
lated, but the range of arterial pressure is somewhat narrower
than observed for the cortex and is more subject to changes
in hydration state. Studies utilizing videomicroscopy or laser
Doppler flowmetry in rats show good autoregulation over
pressures ranging from 85 to 105 mm Hg to 125 mm Hg.
A wider range of arterial pressure is noted for autoregula-
tion of medullary blood flow in dogs. Other investigators
report a narrower range of approximately 100 to 125 mm
Hg, with less efficient autoregulation during extracellular fluid
volume expansion at a time when cortical and whole-kidney
blood flow autoregulation are efficient and unaffected by vol-
ume expansion. In addition to animal studies, autoregula-
tion has been evaluated in other preparations. The blood-
perfused juxtamedullary nephrovascular unit exhibits autoreg-
ulation of blood flow when pressure is varied between 100 and
150 mm Hg (5,32,36,73,74,138,366–368,397–399).

Recent evidence obtained with videomicroscopy and laser
Doppler flowmetry indicates that various agents added lo-
cally to the medullary interstitium through implanted matri-
ces can selectively influence the medullary circulation with-
out affecting perfusion in the cortex or at the whole-kidney
level. Examples of agents that increase inner medullary per-
fusion include NO, kinins, prostaglandins, adenosine, and
inhibitors of dihydropyridine voltage-sensitive calcium chan-
nels. Vasoconstrictor stimuli include Ang II and arginine va-
sopressin and endothelin. While vasa recta vessels are encir-
cled by smooth musclelike pericytes and focal constriction has
been observed, most vasoactive agents seem to alter perfu-
sion by influencing the contractile state of the major resis-
tance vessels: afferent and efferent arterioles in juxtamedullary
nephrons. Recent studies suggest a positive correlation among
changes in inner medullary blood flow, interstitial hydrostatic
pressure, and sodium excretion produced by various receptor
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antagonists or synthesis stimulants and inhibitors. The mecha-
nisms are thought to be central to the genesis and maintenance
of hypertension (5,32,36,73,74,366,396,398–403).

Prostaglandins have been implicated in the regulation of
medullary blood flow. Potential vascular target sites include
not only glomerular arterioles of juxtamedullary nephrons,
but also vasa recta encircled by pericytes in the prostaglandin-
rich inner medulla. Several reports indicate that infusion of
prostaglandins or arachidonic acid increases inner cortical
and juxtamedullary blood flow in association with a reduc-
tion in papillary tonicity. There is also evidence that in-
hibition of prostaglandin synthesis reduces papillary blood
flow. Inhibition of COX reduces blood flow in vasa recta
to a similar amount in both control animals and ani-
mals subjected to water diuresis, indicating an influence of
medullary prostaglandins independent of vasopressin effects
(5,32,36,73,367,368,398,399,401–403).

Ang II also may have an important role in the selective con-
trol of medullary hemodynamics. Recent studies have discov-
ered a high concentration of Ang II receptors in the medulla,
probably associated with the vasculature and interstitial cells.
In addition, it appears that Ang II can decrease medullary blood
flow at low doses that do not affect total RBF. Furthermore, in
physiological or pathophysiological conditions associated with
a highly activated renin-angiotensin system, there is a reduced
papillary blood flow that can be ameliorated by decreasing
Ang II levels or by administering pharmacologic antagonists.
However, ACE inhibitors increase medullary blood flow pri-
marily by their action to increase medullary concentrations of
kinins. As observed for the cortex, vasodilator prostaglandins
and NO can modulate the vasoconstrictor influence of Ang II
(32,73,74,204,307,384,396,399–403).

Recent studies suggest that ANP and endogenous kinins
may exert larger vasodilatory effects in the medulla than in the
cortex. It is of interest that ANP affects tubular transport in the
medulla and that the ANP-induced natriuresis occurs before an
increase in medullary blood flow (5,74,352,355,356,402).

ADAPTATION OF RENAL
HEMODYNAMICS TO ALTERED

PHYSIOLOGICAL STATES

Changes in Salt Intake

In a normal person, the kidneys respond rapidly to wide fluctu-
ations in the level of sodium chloride intake and accompanying
changes in extracellular fluid volume. To a large extent, the req-
uisite changes in sodium excretion are affected by changes in
tubular reabsorption rate, which can adjust fractional sodium
excretion from less than 0.1% to 3% to 5% or greater. Nev-
ertheless, there are important renal hemodynamic adjustments
that contribute to this capability (210,404–410).

As pointed out in the section on the renin–angiotensin
system, a close inverse relationship exists between the level of
sodium intake and the activity of the renin–angiotensin system.
This relationship is striking in that it is particularly steep dur-
ing low levels of sodium intake. Under these conditions of low
sodium intake or extracellular volume depletion, the influence
of the renin–angiotensin system on renal hemodynamics is
greatly increased. This influence is illustrated by the marked
responses in renal vascular resistance to the administration
of antagonists of the renin–angiotensin system. As Figure
2-25 shows, when sodium-depleted animals are given ACE in-
hibitors, they exhibit a much greater increase in RBF and GFR.
These responses occur although arterial pressure decreases
more in the sodium-restricted animals; thus, they indicate that

FIGURE 2-25. Comparison of renal hemodynamic and arterial pres-
sure responses to angiotensin converting enzyme (ACE) inhibition in
sodium-replete (solid lines) and sodium-depleted (dashed lines) anes-
thetized dogs. (Based on data from: Rosivall L, Youngblood P, Navar G.
Renal autoregulatory efficiency during angiotensin-converting enzyme
inhibition in dogs on a low sodium diet. Renal Physiol 1986;9:18.)

the prevailing influence being exerted on renal hemodynamic
function by the renin–angiotensin system is much greater
during states of sodium depletion than in the sodium–replete
condition. With blockade of the renin–angiotensin system,
there are roughly equivalent decreases in both preglomerular
and postglomerular resistance. The increases in GFR following
angiotensin blockade also may be caused, in part, by restora-
tion of Kf. With regard to intrarenal blood flow distribution,
a high-salt diet appears to predominantly increase cortical
blood flow. The increase may be related to decreased renin
release, because cortical blood flow is unchanged when plasma
concentration of Ang II is kept constant (7,18,113,119,
384).

Although the Ang II-dependent influence on renal hemody-
namics is increased in sodium depletion, it is intriguing that the
differences in the steady-state RBF and GFR levels are relatively
small. Studies conducted in humans have evaluated the effects
of variations in sodium intake, from 10 to 1,500 mEq/day,
on renal function. Despite these extreme variations, GFR ex-
hibited a slight trend with a positive influence of salt intake.
Renal plasma flow was even less responsive. Because the RBF
and GFR values do not differ very much in a setting where the
angiotensin-dependent influence on renal hemodynamics is in-
creased, other intrarenal hormonal systems are concomitantly
stimulated to counter the constrictive effects of the elevated
Ang II levels existing in states of sodium depletion. In particu-
lar, vasodilatory prostaglandins derived from ubiqitous COX
are greatly increased in situations in which angiotensin levels
are augmented. These prostaglandins, in particular, PGI2 and
PGE2, counteract the vasoconstrictor effects of angiotensin and
thus allow the maintenance of near-normal RBF and GFR val-
ues. In such a setting, the renal hemodynamic status is much
more dependent on intrarenal prostaglandin synthesis, with
GFR and RBF decreasing markedly following administration
of COX inhibitors (Fig. 2-23). Low salt intake also increases the
interstitial kinin levels, suggesting that the vasodilatory action
of bradykinin may contribute to counteracting the constrictor
effects of Ang II. Nitric oxide synthesis plays an important role
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in renal adaption to increased sodium intake. In healthy hu-
mans, increased NO production is responsible for increases in
RBF and sodium excretion during a high-sodium diet. Inhibi-
tion of NO production in low-salt subjects has no effect on
RBF or sodium excretion. Infusion of L-arginine to increase
renal production of NO during changes in salt intake in hu-
mans increases sodium excretion during high-salt diet and re-
duces sodium excretion during low-salt intake. The excretory
responses are most likely because of changes in reabsorption in
proximal and distal nephron segments as assessed by lithium
and sodium clearances (405–412).

Volume contraction and sodium depletion also activate the
sympathetic nervous system and increase plasma vasopressin
concentrations. Although the relative importance of the various
neural and humoral influences may vary with the degree and
duration of volume contraction, each of these factors is known
to augment the production of vasodilatory prostaglandins that,
in turn, act to buffer the primary rise in renal vascular re-
sistance. Thus, it can be appreciated that renal hemodynamic
function becomes more dependent on the hormonal and neu-
ral regulators, in particular, the renin–angiotensin system and
the renal prostaglandins, as the level of sodium intake is re-
duced. As sodium chloride intake is progressively increased,
this vulnerability is diminished, and there is less dependency
on these hormonal systems although basal levels of RBF and
GFR are altered to a relatively small extent. Presumably, as
the hormonal influences diminish, the contribution of the in-
trinsic control mechanisms becomes the dominant regulatory
influence (210,404–413).

Hydration and Volume Status

Dehydration produced by water deprivation is generally not
associated with marked alterations in renal hemodynamics, al-
though it may sensitize the renal circulation to anesthesia and
surgery. Studies in conscious humans and dogs indicate that
RBF is unaffected by water restriction. In addition, acute ad-
ministration of vasopressin to conscious rats that are deficient
in vasopressin (Brattleboro Diabetes Insipidus rats) failed to
change GFR or renal plasma flow. Thus, changes in vasopressin
(ADH) levels may not directly influence total RBF and GFR to
a significant extent, although they may alter medullary blood
flow, as discussed in an earlier section (36,369,414).

The reductions in RBF and GFR observed in anesthetized
water-deprived rats are apparently not directly caused by the
elevated vasopressin levels, since administration of vasopressin
antagonists does not restore renal hemodynamic function. In
contrast, blockade of Ang II was found to nearly restore GFR,
RBF, Kf, and glomerular capillary pressure to normal. Simi-
lar responses have been observed in water-deprived rats fol-
lowing acute renal denervation, regardless of whether or not
the vascular effects of Ang II were blocked with a competi-
tive antagonist. Thus, the elevated activity of the renal efferent
sympathetic nerves is the primary factor responsible for the re-
nal vasoconstriction and serves as the stimulus for renin release
during water deprivation. During water loading, GFR and RBF
are essentially normal. All the determinants of filtration rate,
including preglomerular and efferent arteriolar resistances, are
within the normal range. Inhibition of prostaglandin synthesis
does not have significant effects on RBF and renal vascular re-
sistance under conditions of overhydration (72,364,369,412–
415).

Relatively mild, nonhypotensive hemorrhage does not elicit
significant changes in RBF or GFR. Modest reductions in GFR
and RBF usually accompany hemorrhage that causes a 5% to
15% reduction in mean arterial pressure. More severe hem-
orrhagic hypotension that results in as much as a 30% reduc-
tion in arterial pressure causes pronounced renal ischemia. The

renin–angiotensin system, the renal efferent adrenergic nerves,
and circulating catecholamines are major factors in renal vaso-
constriction. Also, 10- to 20-fold increases in plasma vaso-
pressin have been noted during hemorrhagic hypotension, but,
as noted above, the renal hemodynamic effects of the elevated
vasopressin levels may be minor. As under other circumstances,
vasodilator prostaglandins act to attenuate some of the vaso-
constriction, since the renal ischemia is more pronounced after
inhibition of prostaglandin synthesis (415,416).

Modification in Dietary Protein Intake

It has long been recognized that variations in the protein diet
and plasma amino acid concentrations can have significant ef-
fects on the renal circulation. A diet that is rich in protein is a
general characteristic of modern Western society. Consumption
of protein in excess of 1 g/kg per day is usually associated with
renal vasodilation in animals and humans. In dogs, consump-
tion of a high-protein meal leads to increases in RBF and GFR
that are maximal at 3 to 6 hours and then progressively return
to normal by 24 hours. The effect of protein feeding on renal
function in humans is less marked than that in dogs. Short-term
intravenous infusion of casein produces renal vasodilation that
is sustained for up to 8 hours although the blood amino acid
concentrations rapidly return to preexisting levels after the in-
fusion is stopped. Various combinations of amino acids usually
produce renal vasodilation and increase GFR; the changes are
rapid in onset and reversible. It has been noted that only amino
acids that are metabolized dilate the renal vasculature, while
nonmetabolized amino acids do not affect RBF (417–420).

The mechanism(s) responsible for the relaxation of vascular
smooth muscle with a high-protein diet remains unclear. Urea,
the principal end product of protein metabolism, has virtually
no effect on renal hemodynamics. A significant portion of the
renal vasodilation and impaired ability to autoregulate RBF
appears to be mediated by prostaglandins. Prostaglandin syn-
thesis is stimulated by a high-protein diet and cyclooxygenase
inhibition results in a reduction in RBF and GFR and restora-
tion of RBF autoregulation. Recent studies also have suggested
that increased NO production may mediate some of the renal
vasodilation occurring in response to amino acid infusions and
high-protein intake (420–425).

The systemic mediators of the protein- and amino
acid-induced hyperemia and hyperfiltration remain unclear.
Glucagon, secretin, and growth hormones—peptides that are
released with increased dietary intake of protein and infusion
of amino acids—may be involved in some of the changes in
renal hemodynamics. Glucagon is a unique vasodilator in that
both RBF and GFR increase during intrarenal infusion. Se-
cretin also is a vasodilator, but GFR is relatively unaffected
and, in contrast to most other renal vasodilators, does not
produce natriuresis or an increase in interstitial hydrostatic
pressure. Plasma volume changes probably do not contribute
to the renal hemodynamic alterations. Recent micropuncture
studies indicate that the increases in GFR and plasma flow dur-
ing acute infusion of amino acids occur even in the absence of
a contribution of the tubuloglomerular feedback mechanism
(418–420,425–430).

It is also well established that long-term consumption of
a low-protein diet is associated with renal vasoconstriction.
Animals fed a normocaloric, low-protein diet have a reduced
RBF and GFR with increased resistance of preglomerular and
efferent arterioles. The glomerular filtration coefficient is re-
duced, as is glomerular cross-sectional surface area. Some of
the vasoconstriction may be mediated by the renin–angiotensin
system, although plasma volume appears to be normal
(421,422,426).
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CONCLUSION

As is evident from the previous discussion, there are many ex-
citing issues concerning the area of renal hemodynamics and
the multiple control mechanisms that are under active investi-
gation. The modern technological developments have allowed
a more detailed and direct evaluation of the characteristics of
specific segments of the renal microvasculature and of the vari-
ous membrane and cellular mechanisms mediating differential
responses. Direct assessment of responses of individual arteri-
oles has allowed the clarification of long-standing controver-
sies. In addition, developments related to interactions between
endothelial cells and vascular smooth muscle cells are now re-
ceiving considerable attention from investigators studying the
renal circulation, as has been the case for interactions between
distal tubular MD cells and vascular cells of the afferent arteri-
ole and glomerulus. This has led to exciting new concepts with
far-reaching implications. In addition, many of these integra-
tive mechanisms are now being addressed in terms of dynamic
as well as steady-state characteristics. This combination of new
developments has provided the impetus for renewed interest in
the area of renal hemodynamics and the interactions with other
intrarenal systems. These new investigations should result in a
much better appreciation of the exact mechanisms that regulate
renal microvascular contractility and reactivity.
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CHAPTER 3 ■ REGULATION OF WATER
BALANCE: URINE CONCENTRATION
AND DILUTION
SØREN NIELSEN, MARK A. KNEPPER, TAE-HWAN KWON, AND JØRGEN FRØKIAER

INTRODUCTION

The volume and composition of body fluids are regulated
through independent, but coordinated, homeostatic mecha-
nisms that control solute and water excretion. Both the vol-
ume (50% to 60% of body weight) and the osmolality (280 to
295 mOsm/kg) of body water are maintained within a narrow
range in health, despite large variations in water and solute in-
take. This remarkable day-to-day constancy results from a dy-
namic balance between intake and output. Water intake from
all sources (liquids, water in solid foods, and metabolic water
of oxidation) is typically 1.5 to 3.0 L per day in normal per-
sons, but these limits are not fixed and may be greatly exceeded.
The chief avenues of water loss are urine losses, evaporation,
sweating, and losses through feces.

Of all these routes of excretion, only the kidney is responsive
to homeostatic mechanisms governing the volume and com-
position of body water. The magnitude of evaporative losses
is determined by body temperature and surface area, the fre-
quency and depth of ventilation, and environmental factors,
such as ambient temperature and humidity. Sweat volume is de-
termined by the requirements of temperature regulation. Gas-
trointestinal losses are ordinarily small but may become im-
portant when function is disturbed. Daily urine volume, on
the other hand, may vary between extremes of 0.5 and 15.0 L
or more, depending on the requirements for water balance. In
dehydration, once the kidney’s capacity to conserve water is
taxed to the limit, a sensation of thirst is activated, causing
water intake to be increased.

The control of water balance requires the intervention of
hypothalamic centers that influence both water intake and uri-
nary excretion. Over the past 10 years, studies have under-
scored an essential role of renal water channels, aquaporins
(AQP), in this process. This was based on the pioneering dis-
covery of aquaporin membrane water channels by Agre et al.
(1–3). This answered a longstanding biophysical question of
how water crosses biological membranes specifically, and pro-
vided insight, at the molecular level, into the fundamental phys-
iology of water balance and the pathophysiology of water bal-
ance disorders. Out of eleven mammalian aquaporin isoforms,
at least six are known to be present in the kidney at distinct
sites along the nephron and collecting duct (Table 3-1) (4,5).
AQP1 is extremely abundant in the proximal tubule and de-
scending thin limb where it represents the chief site for prox-
imal nephron water reabsorption (6). It is also present in the
descending vasa recta (7,8). AQP2 (9) is abundant in the col-
lecting duct principal cells and is the chief target for the reg-
ulation of collecting duct water reabsorption by vasopressin
(10–13). Acute regulation involves vasopressin-induced traf-
ficking of AQP2 between an intracellular reservoir in vesicles
and the apical plasma membrane (12). In addition, AQP2 is

involved in chronic/adaptational control of body water bal-
ance, which is achieved through regulation of AQP2 expres-
sion (14). Importantly, multiple studies have now underscored
a critical role of AQP2 in several inherited and acquired water
balance disorders (Table 3-2). This includes inherited forms of
nephrogenic diabetes insipidus, acquired states of nephrogenic
diabetes insipidus, and other diseases associated with urinary
concentrating defects where AQP2 expression and targeting is
affected. Conversely, AQP2 expression and targeting appears
to be increased in some conditions with water retention, such
as congestive heart failure (15–19). AQP3 (20,21) and AQP4
(22,23) are basolateral water channels located in the kidney
collecting duct and represent exit pathways for water reab-
sorbed via AQP2 (24–26). Similar to AQP2, the expression of
AQP3 is also regulated by vasopressin (24). Several additional
AQPs have been identified in kidney. AQP6 is expressed in col-
lecting duct intercalated cells in an entirely intracellular distri-
bution (27–29). AQP7 (30) is expressed in the brush border of
segment-3 proximal tubules and may be involved in proximal
tubule water reabsorption (31,32). AQP8 (33,34) and AQP11
(35,36) are also expressed in kidney, but little is known about
their physiologic function. In this chapter, we focus mainly on
the role of collecting duct AQPs in water balance regulation
and in the pathophysiology of water-balance disorders.

STRUCTURAL ORGANIZATION
OF THE KIDNEY

The ability of the kidney to concentrate and dilute the urine
depends on a specialized organization of renal tubule and vas-
cular elements in the various regions of the kidney. The major
arrangement of nephrons and collecting ducts in these regions
is summarized in Figure 3-1.

Two populations of nephrons merge to form a common col-
lecting duct system (see Fig. 3-1). These two populations are
defined by the length of their loops of Henle. One population
(long-looped nephrons) has loops that bend at various levels of
the inner medulla. In rats and many other species, more than
70% bend in the outer one-half of the inner medulla and pro-
gressively fewer loops extend to successively deeper levels of the
inner medulla. The other population (short-looped nephrons)
has loops that bend in the outer medulla. In some mammalian
species, a small fraction of the short-looped nephrons have
their bends in the medullary rays. These are termed “cortical
nephrons.” The loops of Henle receive the effluent from the
proximal convoluted tubules. They carry tubule fluid into and
out of the renal medulla, establishing countercurrent flow be-
tween the two limbs of the loop.

Several discrete nephron segments compose the loop of
Henle, as described in Figure 3-1. The descending part of
the loop consists of the S2 proximal straight tubules in the
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TA B L E 3 - 1

DISTRIBUTION OF AQUAPORINS IN KIDNEY

Localization in kidney Subcellular distribution Regulation Localization extrarenal

Aquaporin 1 Proximal tubules APM/BLM descending
thin limbs

− Multiple org.

Aquaporin 2 Collecting duct principal cells APM
VES

+++ Testis

Aquaporin 3 Collecting duct principal cells BLM + Multiple org.
Aquaporin 4 Medullary collecting duct

principal cells
BLM − Brain and Multiple org.

Aquaporin 6 Intercalated cells VES + ?
Proximal tubule?

Aquaporin 7 Proximal tubule (straight) APM ? Testis, adipocyte
Aquaporin 8 Proximal tubule, collecting duct VES ? Testis, epididymis pancreas,

liver, colon, heart, placenta
Aquaporin 10 Proximal tubule, collecting duct ? ? Testis, thymus, liver,

intestine, brain, lung
Aquaporin 11 Proximal tubule VES ?

APM, apical plasma membrane; BLM, basolateral plasma memrane; VES, intracellular vesicles.

TA B L E 3 - 2

CONDITIONS ASSOCIATED WITH ALTERED ABUNDANCE AND/OR TARGETING OF AQP2

Reduced abundance of AQP2 Increased abundance of AQP2

Conditions demonstrating reduced AQP2 abundance and polyuria
Genetic defects

- Brattleboro rats (Central DI)
- DI +/+ Severe mice (low cAMP)
- AQP2 mutants (human)
- V2-receptor variants (human)∗

Acquired NDI (rat models)
-Lithium
- Hypokalemia
- Hypercalcemia
- Postobstructive NDI

- bilateral
- unilateral

Water loading (compulsive water drinking)
Chronic renal failure (5/6 nephrectomy model)
Ischemia or cisplatin-induced acute renal failure (polyuric phase in

rat model)
Calcium channel blocker (nifedipine) treatment (rat model)
Age-induced NDI∗∗

Conditions demonstrating reduced AQP2 abundance and altered
urinary concentration without polyuria

Nephrotic syndrome models (rat models)
- PAN-induced
- Adriamycin-induced
- HgCl2-induced

Hepatic cirrhosis (CBDL, compensated)
Ischemia-induced acute renal failure (oliguric phase in rat model)
Low protein diet (urinary concentrating defect without polyuria)

Conditions demonstrating increased AQP2 abundance
with expansion of extracellular fluid volume

- Vasopressin infusion (SIADH)
- Hepatic cirrhosis (CCL4-Induced,

noncompensated)?
- Congestive heart failure
- Pregnancy

Conditions demonstrating increased AQP2 abundance
with poluria

Osmotic diuresis (diabetes mellitus in rat)

CBDL, common bile duct ligation; CCl4, carbon tetrachloride; DI, diabetes insipidus; DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus;
PAN, puromycin aminonucleoside; SIADH, syndrome of inappropriate secretion of antidiuretic hormone.
∗Reduced V2-receptor density has profound effect on the AQP2 targeting and expression.
∗∗Mild increase in urine production rates.
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FIGURE 3-1. Mammalian renal structure. Major regions of the kidney
are shown on the left. The major portions of the nephron are proximal
tubules (hatched), thin limbs of loop of Henle (single line), thick ascend-
ing limbs of loops of Henle (solid), distal convoluted tubules (stipled),
and the collecting ducts system (open). (From: Knepper MA, Stephen-
son JL: Urinary concentrating and diluting processes. In: Andreoli TE,
Fanestil DD, Hoffman JF, Schultz SG, eds. Physiology of membrane
disorders, 2nd ed. New York: Plenum, 1986:713, with permission.)

medullary rays, the S3 proximal straight tubule in the outer
stripe of the outer medulla, and the thin descending limbs
in the inner stripe of the outer and inner medulla. The de-
scending limbs of short loops of Henle (SDL) differ struc-
turally and functionally from descending limbs of long loops
of Henle (LDL) (37–40). In addition, long-looped descending
limbs in the outer medulla (LDLOM) differ morphologically
and functionally from long-looped descending limbs in the in-
ner medulla (LDLIM) (38,41–46). The transition from the LD-
LOM to the LDLIM is gradual; it often occurs a considerable
distance into the inner medulla (46). In the inner medulla, the
immediate prebend region of the thin descending limb has mor-
phologic characteristics similar to those of the thin ascending
limb, in some species (46,47), but appears to have unique mor-
phologic and functional properties in the chinchilla (41,42,48)
and Psammomys (49). Recent studies have also defined an axial
heterogeneity in the cell composition and expression of chan-
nels (50,51). The ascending part of the loop of Henle consists of
the ascending thin limbs (which are present only in long loops),
the medullary thick ascending limbs in the inner stripe of the
outer medulla, and the cortical thick ascending limbs in the
medullary rays. The thick ascending limb of the outer stripe of
the outer medulla is morphologically (52,53) and functionally
(54,55) similar to the cortical thick ascending limb.

After exiting the loop of Henle, tubule fluid enters the distal
convoluted tubules (DCT) in the cortical labyrinth. Several dis-
tal tubules merge to form a connecting tubule arcade in most
mammalian species (56). The arcades ascend upward through
the cortical labyrinth in association with the interlobular arter-
ies and veins (45). The connecting tubule cells of the arcades
express both AQP2 (the vasopressin-regulated water channel)
and the V2-vasopressin receptor (57), suggesting that, like the
collecting ducts, the arcades are sites of regulated water absorp-
tion. The arcades deliver their tubule fluid to initial collecting
tubules in the superficial cortex. Finally, the initial collecting
tubules join to form a cortical collecting duct, usually in the su-
perficial part of the medullary rays. The initial collecting tubule

is morphologically similar to the cortical collecting duct (58).
In rats, mice, and rabbits, five or six nephrons combine at the
level of the arcades and initial collecting tubules to form a single
cortical collecting duct (45,59,60).

The collecting duct system spans all the regions of the kidney
between the superficial cortex and the tip of the inner medulla
(see Fig. 3-1). The collecting ducts are arrayed parallel to the
loop of Henle in the medulla and medullary rays. Like the loop
of Henle, the collecting duct system is composed of several
morphologically discrete tubule segments. The cortical collect-
ing duct (CCD), the outer stripe portion of the outer medullary
collecting duct, the inner stripe portion of the outer medullary
collecting duct, the initial part of the inner medullary collecting
duct (IMCD), and the terminal part of the IMCD have all been
shown to have distinct morphologic and functional characteris-
tics (58,61–63). The collecting ducts descend straight through
the medullary rays and outer medulla without joining other
collecting ducts. However, repeated joinings occur in the inner
medulla, which results in a progressive reduction in the num-
ber of IMCDs toward the renal papillary tip. This reduction in
the number of collecting ducts combined with the progressive
reduction in the number of loops of Henle reaching successive
levels of the inner medulla accounts for the tapered structure
of the renal papilla.

The major blood vessels that carry blood into and out of the
renal medulla are called the vasa recta. The descending vasa
recta receive blood from efferent arterioles of juxtamedullary
nephrons (64). The descending vasa recta supply blood to the
capillary plexuses at each level of the medulla. The capillary
plexus in the outer medulla is much more dense and much
better perfused than the plexus in the inner medulla (64,65).
Blood from the capillary plexus of the inner medulla feeds into
ascending vasa recta. Ascending vasa recta are never formed
directly from descending vasa recta (64,65). Ascending vasa
recta from the inner medulla traverse the outer stripe of the
outer medulla in close physical association with the descend-
ing vasa recta in vascular bundles. These vascular bundles vary
in size and complexity among the various species (56,66). In
some species, the vascular bundles contain only descending and
ascending vasa recta; in others, descending thin limbs of short
loops of Henle are interspersed with vasa recta (67). The cap-
illary plexus of the outer medulla is drained by vasa recta that
ascend through the outer stripe of the outer medulla separate
from the descending vasa recta (68).

The counterflow arrangement of vasa recta in the medulla
promotes countercurrent exchange of solutes and water. The
exchange is abetted by the presence of AQP1 water channels
(7,8) and specialized urea transporters (69,70) in the endothe-
lial cells of the descending portion. Countercurrent exchange
provides a means of reducing the effective blood flow to the
medulla while maintaining a high absolute perfusion rate (71).
The low effective blood flow that results from countercurrent
exchange is thought to be important to the preservation of so-
lute concentration gradients in the medullary tissue.

In contrast to the medulla, the cortical labyrinth has a high
effective blood flow. The rapid vascular perfusion to this re-
gion promotes the speedy return of solutes and water absorbed
from the nehron to the general circulation. The rapid perfu-
sion is thought to maintain the interstitial concentrations of
most solutes at levels close to those in the peripheral plasma.
The medullary rays of the cortex have a capillary plexus that
is considerably sparser than that of the cortical labyrinth (72).
Consequently, the effective blood flow to the medullary rays has
been postulated to be lower than that of the cortical labyrinth
(73).

The renal medullary interstitium is a complex space that
contains fluid, microfibrils, extracellular matrix, and interstitial
cells (74). In the outer medulla and the outer portion of the in-
ner medulla, the interstitium is relatively small in volume (59),



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-03 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:7

Chapter 3: Regulation of Water Balance: Urine Concentration and Dilution 99

which may be important in limiting diffusion of solutes along
the medullary axis. The interstitial space is much more preva-
lent in the inner one-half of the inner medulla (59). A gelatinous
matrix found in this region contains large amounts of acid mu-
copolysaccharides, chiefly highly polymerized hyaluronic acid
(75). This gelatinous matrix is thought to limit lateral diffusion
of solutes and lateral flow of water in the inner medullary in-
terstitium, perhaps permitting local differences in composition
transverse to the medullary axis (68). Interstitial cells express
COX-2 and are involved in the regulation of collecting duct
water metabolism (76,77).

AQUAPORINS

Identification of Aquaporins

The molecular identity of membrane water channels long re-
mained elusive until the pioneering discovery of AQP1 by Agre
and colleagues (5,78). A 28 kDa polypeptide was partially cop-
urified with a rhesus antigen protein (2,3) and found to exist
as an oligomeric protein with the physical characteristics of
a tetramer. The N-terminal amino acid sequence was identi-
fied, which subsequently allowed cDNA cloning (2). Xenopus
laevis oocytes injected with cRNA for AQP1 exhibited remark-
ably high osmotic water permeability causing the cells to swell
rapidly and burst in hypotonic buffer (2). To further establish
the role of AQP1 as a molecular water channel, a series of
studies were performed on purified AQP1 reconstituted in li-
posomes. The result confirmed that AQP1 is a molecular water
channel (79). This laid the groundwork for the identification of
a number of related channels by homology cloning and other
means, which has led to the discovery of a family of water chan-

nels, the aquaporins. Studies over the past 10 years have led to
the understanding that AQPs play essential roles in transmem-
brane and transepithelial water transport in the kidney and
elsewhere and are critical in renal regulation of body water
balance and in many water-balance disorders (4).

Aquaporins in Kidney

Absorption of water out of the renal tubule depends on the
osmotic driving force for water reabsorption and the equilibra-
tion of water across the tubular epithelium (80). The driving
force is established, at least in part, by active Na+ transport.
Moreover, the generation of a hypertonic medullary intersti-
tium results as a consequence of countercurrent multiplication.
This requires active transport and low water permeability in
some kidney tubule segments, whereas in other segments there
is a need for high water permeability (either constitutive or
regulated). A series of studies over the past 10 years has made
it clear that osmotic water transport across the tubule epithe-
lium is chiefly dependent on aquaporin water channels. The
distribution of aquaporins in kidney is listed in Table 3-1.

AQP1

The archetypal member of the aquaporin family, AQP1
(2,3,81) is highly abundant in the proximal tubule and descend-
ing thin limb (Fig. 3-2) (4,71) and it constitutes almost 3% of
total membrane protein in the kidney (6). AQP1 is absent in
other nephron segments and the collecting duct (6) and is thus
exclusively expressed in segments of the kidney nephron, which
are constitutively, and highly, water permeable, and is not in-
volved in the vasopressin regulation of kidney water transport.
Immunoelectron microscopical analysis has documented that

A C

B

FIGURE 3-2. Immunoperoxidase labeling of AQP1 in thin
cryosections from kidney cortex (A), inner stripe of the outer
medulla (B), and inner medulla (C). (A) Proximal tubule (P). Ex-
tensively labeling is seen both of the apical plasma membrane do-
mains and in the basolateral plasma membrane domains (arrows)
in proximal tubule cells. (B and C) In descending thin limbs (D) very
strong labeling is seen both in the apical and basolateral plasma
membrane domains. (Magnification ×800.)
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FIGURE 3-3. Immunoelectron microscopical localization of AQP1 in
proximal tubule cell (cryosubstituted and low-temperature Lowicryl
HM20 embedded tissue). AQP1 is extremely abundant in the apical
plasma membrane of the brush border. (Magnification ×70,000.)

AQP1 is abundant in both apical and basolateral plasma mem-
branes in proximal tubules (Fig. 3-3) and descending thin limbs
(Fig. 3-4) consistent with a role for AQP1 in the movement of
water across both surfaces of the cells (6).

Immunocytochemistry (6,7,82) revealed that AQP1 im-
munolabeling is especially abundant in segment 2 and 3 of the
proximal tubule, although significant levels are also present

in segments 1. Importantly, there is an axial heterogeneity
and segment-to-segment differences in the expression levels of
AQP1 in the descending thin-limb segments (6,7). This hetero-
geneity parallels closely the water permeability characteristics
in the different segments, established using isolated perfused
descending thin limbs (41,42,48). The short loop descending
limb also appears to be heterogenous with greater labeling in
the proximal than in the distal part. Thus, the abundance of
AQP1 parallels the differences in the osmotic water permeabil-
ity, consistent with the hypothesis that AQP1 is providing the
main route for water movement across the tubule wall. Re-
cently, it has been demonstrated that within the descending
thin limbs, there are areas devoid of AQP1 and the distal part
of the thin descending limb is also devoid of AQP1 (50,51,83).

The biophysical properties, the overall extraordinary abun-
dance of AQP1 in the proximal tubule and descending thin
limb, combined with it expression levels in different segments
of the descending thin limb, strongly supported the view
that AQP1 is essential for proximal nephron water handling
and urinary concentration (4,80). The critical role of AQP1
in urinary concentration was confirmed in humans lacking
AQP1 (84) and in transgenic knockout mice lacking AQP1
(85–87).

Humans have been identified who totally lack the AQP1
protein (84). Studies have indicated that these Co null individ-
uals have a urinary-concentrating defect in response to vaso-
pressin or water deprivation.

The AQP1 deficient mice were severely polyuric (87) and
were unable to concentrate urine to more than approximately
700 mOsm/kg H2O, even in response to water deprivation,
during which they become rapidly dehydrated: plasma osmo-
lalities increased dramatically up to 400 to 500 mOsm/kg
H2O. Thus, AQP1 is required for the formation of concen-
trated urine. It is presumed that lack of AQP1 undermines the
countercurrent multiplication process, which depends on the
rapid equilibration of water across the descending thin limb
of Henle’s loop. A potential defect in descending vasa recta
may also be of importance. Subsequent studies have demon-
strated that the osmotic water permeability of perfused prox-
imal tubules isolated from AQP1 knockout mice were only

FIGURE 3-4. Immunoelectron microscopical localization of AQP1 in descending thin limbs (DTL) of
the loop of Henle (cryosubstituted and low-temperature Lowicryl HM20 embedded tissue). AQP1 is
extremely abundant in both the apical and basolateral plasma membrane. Lumen and basement membrane.
A capillary (CAP) is indicated. (Magnification ×35,000.)
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one-fifth of the permeabilities in proximal tubules dissected
from kidneys of normal mice (86). Chou and colleagues (85)
also demonstrated that the osmotic water permeability of de-
scending thin limb (dissected from kidneys of AQP1 deficient
animals) is reduced by 90%. These studies in AQP1 deficient
mice and the subsequent studies in AQP1 deficient humans
not only indicate a major importance of AQP1 for water re-
absorption in the proximal nephron, but also provide strong
evidence that the major pathway for water reabsorption in
the proximal tubule and descending thin limbs is transcellu-
lar (via AQP1) and not paracellular. Additional support for
a critical role of AQP1 for osmotic equilibration across the
tubular epithelium came from free-flow micropuncture ex-
periments in AQP1 deficient mice by Schnermann and col-
leagues (88). They determined that the osmolality difference
between the plasma and the kidney proximal tubule luminal
fluid is excessively increased in the AQP1 deficient mice com-
pared to control mice, strongly supporting the view that AQP1
is important for efficient water transport across the tubular
epithelium.

In addition to its presence in the proximal tubule and de-
scending thin limb, AQP1 is also expressed in the descending
vasa recta of rat kidney but not in the ascending vasa recta (7).
Functional studies by Pallone and collegues (89) using isolated
perfused descending vasa recta revealed a marked sensitivity
for mercurials on the transendothelial water permeability, con-
firming that AQP1, at this site, may play a significant role for
water transport. This was later also confirmed by Pallone and
colleagues (89), using isolated perfused descending vasa recta
from wild type mice and from mice lacking AQP1. Water equi-
libration across the vasa recta may also play a critical role in
avoiding the disruption of the osmotic gradient established by
the countercurrent exchanger.

AQP2

AQP2 (9) is abundant in the apical plasma membrane and
apical vesicles in the collecting duct principal cells (11) (see
Figs. 3-5 and 3-6) and in CTs (57,90). In addition to its pres-
ence in the apical plasma membrane and intracellular vesicles
(Fig. 3-7), some AQP2 immunostaining has also been found
to be associated with the basolateral plasma membrane, espe-
cially in the inner medullary collecting duct principal cell and
in the CT (see Fig. 3-7C) (11,91,92).

AQP2 is the primary target for vasopressin regulation of
collecting duct water permeability. This conclusion was solidly
established in studies showing (i) the cellular and subcellular
distribution (9,11) (ii) a direct correlation between AQP2 ex-
pression and collecting duct water permeability in rats (93);
(iii) a direct correlation between the osmotic water permeabil-
ity and AQP2 levels in the apical plasma membrane of col-
lecting duct principal cells in isolated perfused collecting ducts
(12) and in whole-animal experiments (only of the onset phase
[10,13,91]); and (iv) in studies demonstrating that humans with
mutations in the AQP2 gene (94) or rats with 95% reduction in
AQP2 expression (95) have profound nephrogenic diabetes in-
sipidus (NDI). Transgene mice with knock in of a nonfunctional
mutant AQP2 (Verkman) or in AQP2 total knock-out mice (us-
ing the flx/CRE approach) (96) also revealed severe polyuria,
hydronephrosis, and die within 2 weeks because of dehydra-
tion. Recently, it has become clear that there are very significant
axial heterogeneity in AQP2 distribution and in regulation of
AQP2 in different segments (92). That the connecting tubule
and the CT both play very significant roles for vasopressin-
regulated water reabsorption was confirmed in transgene mice
that express AQP2 in the connecting tubule, but not in the
CT (AQP2 flx/flx mice crossed with CRE mice with CRE
expression driven by the connecting tubule-promoter Hoxb7
[96]).

AQP3 and AQP4

AQP3 and AQP4 are expressed in cells in a wide range of or-
gans (see, for example, references 97 through 103), including
in the collecting duct principal cells (20,21,24–26,97,104,105).
AQP4 is especially abundant in the brain and is thought to play
a role in brain water metabolism (106–119). In the CT, AQP4
and AQP3, as well, are abundant in the basolateral plasma
membranes (Figs. 3-5 and 3-6), and represent potential exit
pathways from the cell for water entering via AQP2. There is
some heterogeneity in the segmental and subcellular localiza-
tion of these two aquaporins in kidney collecting duct. AQP3
is very abundant in connecting tubule, cortical, and outer and
inner medullary collecting duct (24,25). In contrast, AQP4 is
mainly abundant in the inner medulla, although some expres-
sion is also noted in the more proximal segments (25). At the
subcellular level, AQP3 is abundant in both the basal and in
the lateral plasma membranes of collecting duct principal cells.
In contrast, AQP4 is mainly present in the basal plasma mem-
brane of collecting duct principal cells in rat. In mice, AQP4
was also present in the collecting duct principal cells. Inter-
estingly, expression has also been reported in the basolateral
plasma membranes of proximal tubule S3 segments (120). This
was corroborated by freeze-fracture electron microscopy re-
vealing orthogonal arrays of intramembrane particles (OAPs;
known to represent AQP4) on the basolateral membranes of
the S3 segment in normal mice, but lack of AQP4 immunos-
taining and OAPs in collecting duct and proximal tubule in
AQP4 knockout mice (121).

A number of studies have also focused on examining
whether the expression of AQP3 and AQP4 are regulated, and
whether this correlates with changes in renal water-balance reg-
ulation. In brief, it has been demonstrated that the expression of
AQP3 is regulated by changes in vasopressin levels (26). Brat-
tleboro rats, which lack endogenous vasopressin, have lower
expression levels of AQP3 than do Long-Evans rats (the parent
strain of the Brattleboros, which have normal vasopressin ex-
pression). Long-term vasopressin treatment of Brattleboro rats
(using implantable osmotic minipumps to deliver vasopressin
for 5 days), results in a significant increase in AQP3 expression,
in parallel with an increase in AQP2 expression. Thirsting of
normal rats is also associated with increased AQP3 expression
(26). In contrast AQP4 appears not be regulated or at least
not as markedly as AQP2 and AQP3. Long-term vasopressin
infusion did not affect AQP4 expression.

To obtain further information about the physiological role
of AQP3 and AQP4, gene knock-out mice have been produced
(121–124). Although such studies are complicated by potential
interfering compensatory mechanisms during fetal and postna-
tal development, the phenotyping of these gene knock-out mice
have been very informative. Transgenic knockout mice lack-
ing AQP4 showed a mild urinary-concentrating defect (123)
and studies using isolated perfused collecting ducts from inner
medulla (IMCDs) from AQP4-lacking mice revealed a fourfold
reduction in the vasopressin-stimulated osmotic water perme-
ability (122). This indicates that AQP4 may be responsible for
a substantial fraction of the basolateral membrane water move-
ment in IMCDs under maximal vasopressin stimulation. The
lower abundance of AQP4, together with higher abundance of
AQP3 in cortical and outer medullary collecting duct, raises
the possibility that AQP3 may play a more significant role at
these more proximal segments of the collecting duct. AQP3
knock-out mice revealed a marked urinary concentrating defect
with very severe polyuria (124). After deamino-8-D-arginine
vasopressin (dDAVP) administration or water deprivation, the
AQP3-deficient mice were able to concentrate their urine par-
tially to approximately 30% of that in wild-type mice. Osmotic
water permeability of dissected, nonperfused cortical collecting
duct measured by an optical method was reduced in IMCDs
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FIGURE 3-5. Overview of vasopressin-controlled short-term regulation of AQP2 trafficking in AQP2-
containing collecting duct cell. Signaling cascades and molecular apparatus involved in vasopressin regula-
tion of AQP2 trafficking are shown. A. Vasopressin binding to the G protein–linked V2 receptor stimulates
adenylyl cyclase leading to elevated cAMP levels and activation of protein kinase A. AQP2 is subsequently
translocated to the apical plasma membrane. B. Role of AQP2 phosphorylation in AQP2 recruitment to
the plasmamembrane. Protein kinase A phosphorylates AQP2 monomers and phosphorylation of at least
three of four AQP2 monomers in an AQP2 tetramer is associated with translocation to the plasma mem-
brane. It is currently unknown if dephosphorylation of AQP2 is necessary for endocytosis of AQP2.
C. Overview of cytoskeletal elements, which may be involved in AQP2 trafficking. AQP2-containing vesi-
cles may be transported along microtubules by dynein/dynactin. The cortical actin web may act as a barrier
to fusion with the plasmamembrane. D. Vesicle targeting receptors and AQP2 trafficking. A number of
vesicle-targeting receptors, for example, SNARE proteins have been localized to the AQP2-containing
collecting duct cells and cultured cells. The exact role of these remains to be established. E. Changes in the
actin cytoskeleton associated with AQP2 trafficking to the plasma membrane. Inactivation of RhoA by
phosphorylation and increased formation of RhoARhoGDI complexes seem to control the dissociation
of actin fibers seen after vasopressin stimulation. F. Intracellular calcium signalling and AQP2 trafficking.
Increases in intracellular Ca2+ concentration may arise from stimulation of the V2 receptor. The existence
and potential role of other receptors and pathways, for example, VACM-1, in Ca2+ mobilization is still
uncertain. The downstream targets of the calcium signal are unknown and conflicting data exist on the
importance of a rise in intracellular Ca2+ for the hydroosmotic response to vasopressin. Vasopressin–V2
receptors (V2R), adenylyl cyclase (AC), cyclic AMP (cAMP), guanosine diphosphate (GDP), and protein
kinase A (PKA), vasopressin-activated Ca2+ mobilizing (VACM-1) receptor, vesicle associated membrane
protein type 2 (VAMP-2), N-ethylmaleimide-sensitive fusion protein (NSF).
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FIGURE 3-6. Regulation of AQP2 trafficking and
expression in collecting duct principal cells. Vaso-
pressin (AVP) acts on V2 receptors (V2R) in the
basolateral plasma membrane. Through the GTP-
binding protein (GS), adenylyl cyclase (AC) is ac-
tivated, which accelerates the production of cyclic
AMP (cAMP) from ATP. cAMP then binds to the
regulatory subunit of protein kinase A (PKA), which
activates catalytic subunit of PKA. PKA phospho-
rylates AQP2 in intracellular vesicles and possible
other cytosolic or membrane proteins. Specifically
cAMP participates in the long-term regulation of
AQP2 by increasing the levels of the catalytic sub-
unit of PKA in the nuclei, which is thought to phos-
phorylate transcription factors, such as cyclic AMP
responsive element binding protein (CREB-P) and
C-Jun/c-Fos. Binding of these factors are thought
to increase gene transcription of AQP2 resulting in
synthesis of AQP2 protein, which, in turn, enters the
regulated trafficking system. In parallel, AQP3 and
AQP4 synthesis and trafficking to the basolateral
plasma membrane takes place.

from AQP3 knock-out mice. One complicating factor is that
in the AQP3 knock-out mice, AQP2 expression in the CCD
is also reduced extensively raising the possibility that part of
the polyuria in these AQP3 knock-out mice may be caused
by the reduced expression of AQP2. Further studies (125) re-
vealed that AQP3 null mice, in addition to exhibiting severe
polyuria and polydipsia, exhibit increased urinary sodium ex-
cretion. In AQP3 null mice, there was a marked downregu-
lation of AQP2 and pAQP2 both in connecting tubule and
CCD. Moreover, AQP4 was virtually absent in the CNT and
in the CCD in AQP3 null mice and, in contrast to rat, there
is virtually no basolateral AQP2 in mice (both transgenic and

normal mice). This, therefore, demonstrated that no basolat-
eral AQPs are expressed in CNT and CCD of AQP3 null mice.
However, in the medullary collecting ducts, there was no dif-
ference in the expression levels and subcellular localization of
AQP2, pAQP2, and AQP4 between AQP3 +/− and AQP3 null
mice. Moreover, a striking reduction in the immunolabeling of
α1 subunit of Na,K-ATPase was observed in CCD in AQP3
null mice, while medullary collecting duct exhibited normal la-
beling. Immunolabeling of all ENaC subunits in the collecting
duct was unchanged. Although it cannot be ruled out that the
changes are secondary to polyuria, the results raises the pos-
sibility that the severe urinary-concentrating defect in AQP3

FIGURE 3-7. Immunoperoxidase labeling of AQP2 in cortical (COR),
outer medullary (OM), and inner medullary (IM) collecting duct. AQP2
is very abundant in the apical plasma membrane domains, as well
as in subapical domains (arrows) whereas intercalated cells are un-
labeled (arrowheads). In the inner medullary collecting duct AQP2 is
also present in the basolateral part of the cell. (Magnification ×1,100.)
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null mice may, in part, be caused by the reduced expression
of AQP2, pAQP2, and AQP4 in CNT and CCD, while the in-
creased urinary sodium excretion may, in part, be accounted
for by reduced Na,K-ATPase in CCD in AQP3 null mice. Of
interest, is that copper and nickel has also been found to inhibit
AQP3 (126,127). AQP1 null mice also have changes in sodium
transporter expression (likely to be involved in the compensa-
tion to the severe polyuria [128]), and it is very likely that cell
type or segment-specific gene knock-out approaches (like CT-
specific connecting tubule-sparing AQP2 gene knock out [96])
will be of importance in future studies.

AQP6

Four additional aquaporin cDNAs have been identified in the
kidney. One of these is AQP6. Initially, a cDNA from rat kid-
ney (WCH3) and the human homolog (hKID) was identified,
and when expressing these in Xenopus laevis oocytes they in-
creased the osmotic water permeability slightly, but unsuccess-
ful attempts to raise antibodies led the authors to conclude that
the protein is not immunogenic (129,130). The International
Human Genome Nomenclature Committee adopted the name
aquaporin (AQP) as the referencing system (131). AQP6 was
designated for rat WCH3 and human hKID (132), although
the cellular locations were not established at the time. While
searching for new AQPs in kidney by polymerase chain reac-
tion (PCR), a rat cDNA clone was isolated encoding a water-
channel protein (AQP6), which is closely related to rat WCH3
and human hKID. Production of antibodies against AQP6 al-
lowed the definition of the cellular and subcellular localization
of AQP6 in rat kidney. AQP6 was expressed in CT interca-
lated cells in cortical, outer medullary, and inner medullary
collecting duct (27). The presence in CT intercalated cells in
the outer and inner medulla allowed the conclusion that AQP6
was present in Type-A intercalated cells and in the Type-A-like
intercalated cell found in the inner medullary collecting duct
(this has later been confirmed and extended [29]). A major sur-
prise was that AQP6 was almost exclusively found associated
with intracellular vesicles (27), with an almost complete ab-
sence of AQP6 immunogold labeling in the plasma membranes
(27,28). Thus AQP6 appears, at least in rat kidney, to be an
exclusively intracellular water (and ion) channel with unique
biophysical characteristics (28,133–135). Its physiologic role
remains elusive despite analyses of AQP6 gene knock-out mice
(Yasui et al., unpublished data, 2003).

AQP7 to 11

AQP7 is highly abundant in spermatocytes (30,136–138), but
it may also be present in other tissues, such as muscle cells
(139). Studies using antibodies to rat or mouse AQP7 have
revealed that AQP7 is expressed in the proximal tubule brush
border (BB) especially in the segment-3 proximal tubule (31,32)
(Table 3-1). Recent studies have indicated that AQP7 may play
a role for glycerol metabolism by showing adaptation to fasting
by glycerol transport through AQP7 in adipose tissue (140)
and AQP7 gene knock-out mice have shown increased glycerol
excretion in urine (141).

AQP8 (33,142) is expressed in several tissues, including
liver, gall bladder, other parts of the digestive system, spinal
cord, and kidney (143–149). Based on biophysical analyses,
it may be speculated that, in liver, AQP8 may be involved in
transport of ammonia (150), although this remains to be clar-
ified. Phenotyping of AQP8 null mice did not reveal any renal
deficiencies (151). AQP9 is also expressed in the liver, but not in
kidney (152–154). AQP10 (155) has not been identified in kid-
ney, but in other tissues (156). AQP11 apparently is expressed
in the proximal tubule and transgene mice lacking AQP11 de-
velop cystic kidney disease (35,36).

RENAL REGULATION OF BODY
WATER BALANCE

Vasopressin and Regulation
of Vasopressin Secretion

Neuroendocrine control of body fluid metabolism is very com-
plex and involve the complex and integrated action of various
hormones, such as antidiuretic hormone vasopressin (ADH),
atrial natriuetic peptide (ANP), angtiotensin II, and others
(157). Antidiuretic hormones are phylogenetically ancient neu-
ropeptides that have been found in all vertebrate species in
which they have been sought. Three naturally occurring pep-
tides with antidiuretic properties have been identified (158).
Arginine vasopressin is the ADH of humans and most other
mammals, with the notable exception of members of the pig
family, in which lysine vasopressin is found. In birds and all
lower vertebrates, the ADH equivalent is arginine vasotocin.
All three hormones are nonapeptides, possessing a ring struc-
ture formed by a disulfide bridge between cysteine units at po-
sitions 1 and 6, a tripeptide side chain in which the terminal
glycine is amidated, and a basic amino acid, arginine or lysine,
at position 8. Structurally similar peptides that lack any of these
three features have little or no antidiuretic action.

The main, but not the sole, function of vasopressin in mam-
mals is to control water balance by making it possible for the
kidney to vary urine volume and concentration over wide lim-
its. The hormone is also a potent vasoconstrictor; it stimulates
glycogenolysis in hepatocytes, and it may facilitate or directly
stimulate adrenocortioctropin hormone (ACTH) release from
the anterior pituitary (159). It also is secreted into ventricular
cerebrospinal fluid and appears to function intracerebrally as a
neurotransmitter or neuromodulator, facilitating memory con-
solidation (160,161). The effects of disturbances in vasopressin
synthesis and release are most visible, however, in the resulting
disorder of renal function.

Vasopressin is synthesized in cell bodies of neurons that are
widely distributed in the hypothalamus, but the hormone that
is released in response to the homeostatic requirements of wa-
ter balance originates chiefly in magnocellular neurons of the
supraoptic and paraventricular nuclei (162). Axons of these
neurons travel through the pituitary stalk to terminate in the
posterior lobe of the pituitary gland. Hormone biosynthesis be-
gins with the formation of a protein of approximately 20,000
Da of molecular mass that incorporates both vasopressin and
its associated carrier protein, neurophysin II (163–165). This
prohormone travels down the axon, undergoing partial degra-
dation while in transit. Finally, vasopressin (1,100 Da) is stored
as a stoichiometric (1:1) complex with its neurophysin (approx-
imately 10,000 Da), in secretory granules near the nerve termi-
nals in the neurohypophysis. On stimulation of the neuron, the
terminal membrane of its axon is depolarized, and vasopressin
and neurophysin are secreted together into the circulation by a
process of exocytosis. The complex separates after discharge,
allowing the hormone to circulate free. Injury to any part of this
system—to the hypothalamic nuclei, to the posterior pituitary,
or to the neural pathway between these areas—may interfere
with the release of vasopressin.

Osmotic Control of Vasopressin Secretion

Vasopressin secretion is subject to modulation by a variety of
factors, but the most important determinant of hormone re-
lease is, without doubt, osmolality. The classic work on the
control of ADH secretion was performed by Verney (166).
He demonstrated that antidiuresis could be evoked in dogs by
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injecting hypertonic solutions of sodium chloride, sodium sul-
fate, or sucrose into the carotid artery in amounts too small to
have an effect when given intravenously. Urea, to which most
cell membranes are somewhat permeable, had no effect. Verney
postulated that an increase in the effective extracellular fluid
osmolality causes water withdrawal and shrinkage of osmore-
ceptors located in some unknown portion of the brain that is
perfused by the internal carotid, and that this, in turn, leads to
ADH release. The exact location and nature of the osmorecep-
tors remain uncertain, but the best available evidence suggests
that they are neurons that reside in the anterior hypothala-
mus, in close proximity to, but anatomically distinct from, the
supraoptic nuclei (167,168).

Robertson and colleagues (169–172), using a sensitive and
specific radioimmunoassay for vasopressin, have refined and
extended Verney’s observations. They found that the plasma
vasopressin concentrations is suppressed to very low or unde-
tectable levels when the plasma osmolality is less than a thresh-
old value and that it rises in more or less linear fashion as osmo-
lality is increased above the threshold. Both the threshold and
the sensitivity of the response to changes in osmolality may vary
between persons and at different times in the same individual,
but circulating vasopressin usually becomes undetectable in hu-
mans when the plasma osmolality is reduced below about 280
mOsm/kg. Above this value there is a highly significant cor-
relation between plasma osmolality (POsm) and vasopressin
concentration (PAVP).

Although the plasma vasopressin concentration rises appar-
ently without limit as plasma osmolality increases, no further
increase in urine concentration occurs beyond a limiting value,
which is about 1,200 mOsm/kg in young adults, but declines
slowly with aging (173). This concentration is reached at a
plasma vasopressin level of approximately 5 pg/ml, which cor-
responds to a plasma osmolality of only about 295; thus, the
entire range of the renal response, from a maximum volume
of dilute urine to a small volume of highly concentrated urine,
is evoked by changes in plasma osmolality of 15 mOsm/kg
or less. Most persons with free access to water will maintain
a plasma osmolality somewhere near the middle of the dose-
response range; thus, the urine, although hypertonic, is not
maximally concentrated, and its osmolality can be changed in
either direction in response to a change in plasma osmolality.
Since the onset of action of vasopressin occurs within minutes
and its half-life in plasma is only about 5 minutes, the effects of
osmotic stimuli (water ingestion or deprivation, solute inges-
tion or infusion) are rapidly translated into changes in water
excretion. In addition, long-term changes in water intake mod-
ify maximal concentrating capacity of the kidney (174–176).
Thus, for example, a sustained reduction in water intake over
several days results in an increase in the urinary osmolality
attained in response to an injection of ADH (176).

Nonosmotic Factors Regulating ADH Release

Many nonosmotic stimuli also can influence vasopressin re-
lease, including changes in blood volume and blood pressure,
nausea, pain, anxiety, and other forms of emotional stress, and
numerous drugs. In most instances, osmoregulation of vaso-
pressin release still can be demonstrated, and the effect of most
nonosmotic stimuli, including volume disturbances, appears to
be to alter the set point and, at times, the sensitivity of the os-
moreceptor mechanism (171).

Bleeding, sequestration or redistribution of blood, or loss
of fluid by sweating, diarrhea, or vomiting may result in both
thirst and vasopressin release. Inadequate delivery of blood to
the arterial circulation, as in congestive heart failure (CHF)
or high-output states associated with liver disease, also may
be associated with increased ADH secretion. Conversely, ex-

pansion of the extracellular fluid by infusion of isotonic saline
may suppress release of the hormone. This volume-sensitive
regulation appears to be mediated by neural pathways that
are activated by distention of the left atrium and by barore-
ceptors in the arch of the aorta and the carotid sinuses (177–
179). Afferent impulses arising from these loci appear to exert
tonic inhibition of ADH secretion and the secretory response
to volume depletion results from a loss of this inhibition. The
ADH release mechanism is much less sensitive to small changes
in blood volume than comparable percentage changes in
osmolality (Fig. 3-4). The relationship to volume depletion is
nonlinear, however, and with large decreases in blood volume,
in excess of 15%, volume may become the controlling deter-
minant of ADH secretion (180).

Since angiotensin II levels are characteristically high in states
of volume depletion, a role for this hormone in the modulation
of ADH secretion has been suggested. Indeed, intracerebral in-
fusion of angiotensin (181) or intravenous administration of
pressor doses (182) results in a modest increase in ADH secre-
tion, but the effect is relatively small and a role for angiotensin
in the control of ADH release is not nearly as well established
as it is in genesis of thirst.

Nausea, whether occurring in the course of illness or in-
duced by motion sickness or drugs, is a powerful stimulus to
vasopressin secretion (161,183). Very high levels of circulat-
ing hormone are commonly observed, even when the nausea is
transient and unaccompanied by hemodynamic disturbances.
The effect of nausea is blunted, but not abolished, in persons
undergoing water loading. Since many disease states and drugs,
as well as emotional disturbances, can stimulate the emetic cen-
ter, this effect provides a possible final common pathway for the
induction of ADH release in a variety of otherwise unrelated
conditions.

A number of pharmacologic agents influence the release of
vasopressin. Although some may directly stimulate or inhibit
secretion, it is probable that most act indirectly, either through
effects on blood pressure or other cardiovascular parame-
ters or by means of stimulation or suppression of the emetic
center. General anesthetics and barbiturates, especially the
oxybarbiturates, appear to stimulate the release of ADH. Nico-
tine is a potent stimulus to vasopressin release in nonsmokers,
who may also experience nausea and vasomotor disturbances,
but experienced smokers may be unresponsive (46). Vasoactive
drugs, especially those, such as isoproterenol, that stimulate
β-adrenergic receptors, appear to induce vasopressin release
by lowering blood pressure (184). Among the drugs that sup-
press vasopressin release are norepinephrine, which acts di-
rectly by raising arterial pressure, and dopamine antagonists,
such as haloperidol and promethazine, which probably act
by suppressing the emetic center (170,185). The capacity of
ethanol to suppress the release of vasopressin and to induce
a water diuresis is legendary; however, ethanol is not ef-
fective in the presence of a powerful counterstimulus, such
as dehydration, marked hyperosmolality, or blood loss, and
it may even stimulate ADH release if nausea and vomiting
occur.

The release of vasopressin is influenced by neural impulses
that arise from cerebral cortical areas. Pain, anxiety, and other
forms of emotional stress can cause release of vasopressin, and
such factors may play a role in the retention of water that occurs
in severely ill patients, especially in postoperative situations
in which the problem may be compounded by a variety of
pharmacologic agents.

Importantly, vasopressin release also exhibits a cirrhadian
rhythm with enhanced secretion during night (186). A frac-
tion of children suffering from bedwetting showed a blunted
cirrhadian rhythm of vasopressin secretion indicating that this
is a pathophysiologic factor (187). Studies have also demon-
strated a blunted cirrhadian rhythm in elderly persons (188).
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This potentially may aggravate or lead to nocturia, especially
in association with heart failure.

Acute Regulation of Collecting
Duct Water Permeability

Vasopressin Regulation of AQP2 Trafficking

The final concentration of the urine depends on the medullary
osmotic gradient built up by the loop of Henle, and the water
permeability of the collecting ducts carrying the urine through
the cortex and medulla. Collecting duct water permeability is
regulated by vasopressin, and it has been suspected for many
years on the basis of indirect biophysical evidence that the
vasopressin-induced increase in permeability depended on the
appearance of specific water channels in the apical plasma
membrane of the ADH-responsive cells.

Much of the early work on vasopressin action was done in
amphibian skin or bladder, which are functional analogs of the
kidney collecting duct (189–191). These studies by Wade and
colleagues (192) led them to propose the “membrane shuttle
hypothesis,” which proposed that water channels were stored
in vesicles and inserted exocytically into the apical plasma
membrane in response to vasopressin. The identification of the
aquaporins (AQP) and, subsequently, AQP2, later shown to
be the predominant vasopressin-regulated water channel (for
recent review see [4]), made it possible to prepare antibodies
and investigate the effects of vasopressin in mammalian collect-
ing ducts directly. AQP2 is present in the apical and subapical
parts of collecting duct principal cells, and immunoelectron
microscopy (see Fig. 3-8) showed that AQP2 is very abundant
both in the apical plasma membrane and in small subapical
vesicles (11).

Water flow out of the collecting duct is determined by the
apical plasma membrane of the collecting duct cells, which
provides the rate-limiting barrier to water movement (193).
In vitro and in vivo studies have now underscored the im-
portance of regulated trafficking of AQP2 as the predominant
mechanism for vasopressin to acutely regulate collecting duct

water reabsorption (see Fig. 3-5A-F). In vitro studies using iso-
lated perfused tubules allowed a direct analysis of both the
on-set and off-set responses to vasopressin. In this study it was
demonstrated that changes in AQP2 labeling density of the api-
cal plasma membrane correlated closely with the water perme-
ability in the same tubules, while there were reciprocal changes
in the intracellular labeling for AQP2 (12). In vivo studies us-
ing normal rats or vasopressin-deficient Brattleboro rats also
showed a marked increase in apical plasma membrane label-
ing of AQP2 in response to vasopressin or dDAVP treatment
(10,13,91). The off-set response has been examined in vivo us-
ing acute treatment of rats with vasopressin–V2-receptor an-
tagonist (194,195) or acute water loading (to reduce endoge-
nous vasopressin levels [196]). These treatments (both reducing
vasopressin action) resulted in a prominent internalization of
AQP2 from the apical plasma membrane to small intracellular
vesicles further underscoring the role of AQP2 trafficking in the
regulation of collecting duct water permeability. Regulation of
the water conductance of AQP2 appears not to be important
(197,198).

Recycling of AQP2: Regulation of AQP2 Endocytosis and
Exocytosis. Several groups have now successfully reconsti-
tuted the AQP2 delivery system using cultured cells transfected
with either wild-type AQP2 or AQP2 tagged with a marker
protein or a fluorescent protein (199–203). The studies have
recently been reviewed (204), and the following is based on
this review. Using such cultured cells stably transfected with
AQP2, the authors have shown shuttling of AQP2 from vesi-
cles to the plasma membrane, albeit in some cases to the baso-
lateral membrane, as well as retrieval and subsequent traffick-
ing back to the surface upon repeated stimulation. This recy-
cling of AQP2 also occurs in LLC-PK1 cells in the continued
presence of cycloheximide preventing de novo AQP2 synthesis.
Inhibiting endocytosis, by depleting the membrane of choles-
terol using methyl-β-cyclodextrin, resulted in accumulation of
cmyc-tagged AQP2 in the plasma membrane domain within
15 minutes, indicating a rapid turnover of plasma-membrane
AQP2 (205). Methyl-β-cyclodextrin treatment even lead to
the accumulation of AQP2 S256A mutant molecules (205),

FIGURE 3-8. Immunoelectron microscopi-
cal labeling of AQP2 in ultrathin cryosection
of inner medullary collecting duct. AQP2 is
abundant both in the apical plasma mem-
brane (arrows) and in small subapical vesicles
(arrowheads). (Magnification ×50,000.)
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which, in other cell cultures, have been found not to appear in
the plasma membrane (201). This, together with the evidence
by Valenti and co-workers (206) showing that okadaic acid
treatment-induced AQP2 plasma membrane insertion in the
presence of the protein kinase A (PKA) blocker H-89, provides
evidence for a phosphorylation-independent plasma membrane
accumulation of AQP2 and, thus, the existence of constitutive
recycling/trafficking of AQP2, as well as S256A-AQP2.

It remains unsettled if both the exocytic and the endocytic
step are subject to regulation. Mathematical modeling (207)
provided support of this possibility. Recent data, indeed, sup-
port the possibility that regulation of the endocytic step may
be of importance. Brown and co-workers have proposed that
the constitutive recycling (i.e., nonstimulated) may be enough
to drive sufficient AQP2 to the plasma membrane and that
the vasopressin-induced accumulation in the plasma membrane
could potentially be due to inhibition of AQP2 endocytosis af-
ter vasopressin stimulation (205). Other studies also support
regulation of exocytosis. Changes in membrane capacitance
in primary cultured IMCD cells were determined, and it was
shown that vasopressin and cAMP generated an increase in
the number of exocytotic step-changes in capacitance, which
indicates increased exocytosis (208). It is likely that both stimu-
lation of AQP2 exocytosis and inhibition of AQP2 endocytosis
may be involved in the vasopressin response. The relative roles
of changes in these processes still remain to be established and,
thus, additional studies are needed to establish whether vaso-
pressin (in vivo) stimulate exocytosis or inhibit endocytosis of
AQP2. Furthermore, it is, at present, still unknown if AQP2
is constitutively recycled in the collecting duct principal cells
in vivo.

Involvement of the Cytoskeleton and Ca2+. The coordinated
delivery of AQP2-bearing vesicles to the apical part of the cell
appears to depend on the translocation of the vesicles along the
cytoskeletal elements. In particular, the microtubular network
has been implicated in this process, since chemical disruption
of microtubules inhibits the increase in permeability both in the
toad bladder and in the mammalian collecting duct (209,210).
Recently, it has been shown that dynein is present in the kid-
ney of several mammalian species (for references see [211]), and
that both dynein, and dynactin, a protein complex believed to
mediate the interaction of dynein with vesicles, associate with
AQP2-bearing vesicles (211). Furthermore, both vanadate, a
rather nonspecific inhibitor of ATPases, and EHNA, a relatively
specific inhibitor of dynein, inhibit the antidiuretic response in
toad bladder (212,213), and this has recently also been demon-
strated in kidney collecting duct (214). Thus, it seems likely that
dynein may drive the microtubule-dependent delivery of AQP2
bearing vesicles toward the apical plasma membrane.

Actin filaments also appear to be involved in the hydros-
motic response (215–220). Recently, evidence was provided
that the myosin light chain kinase (MLCK) pathway, through
calmodulin-mediated calcium activation of MLCK, leads to
phosphorylation of MLCK and nonmuscle myosin 2 motor
activity (221). Studies in isolated perfused rat IMCD’s showed
the MLCK inhibitors ML-7 and ML-9 reduce vasopressin-
induced increase in IMCD water permeability (221). The re-
sults indicate that MLCK may be a downstream target for the
vasopressin-induced Ca2+ signal. However, it may not be com-
pletely ruled out that the inhibitor concentrations might po-
tentially also inhibit PKA and, thus, affect AQP2 trafficking
through the cAMP pathway. Recently, the calcium-activated
nonmuscle myosin 2b and the unconventional myosin Va and
Vb isoforms have been localized to AQP2-containing collect-
ing duct cells by immunohistochemistry and immunoblotting
(222). Further studies are warranted to further investigate the
potential role of myosins in AQP2 trafficking.

Role of Ca2+. The intracellular Ca2+ concentration has been
shown to increase upon stimulation of isolated and perfused
rat inner medullary collecting ducts with vasopressin or dDAVP
(223). These observations have been followed by a number of
studies of the role of the calcium signal in isolated IMCDs
and in cell cultures. In isolated perfused IMCDs, the calcium
signal was not associated with an increase in IP3 or activa-
tion of PKC (224). Vasopressin or 8,4-chlorophenylthio-cAMP
also induced a marked increase in intracellular calcium in iso-
lated perfused IMCD and BABTAAM blocked the rise in in-
tracellular calcium and co-contaminantly lead to inhibition of
the vasopressin-induced increase in tubular water permeabil-
ity (225). Moreover, blocking calmodulin with the inhibitors
W7 or trifluoperazine also inhibited the effect of vasopressin
on tubular water permeability and inhibited the vasopressin-
induced AQP2 plasma membrane targeting in IMCD cell pri-
mary cultures (225). Removing calcium from both bath and
lumen in isolated perfused tubules did not affect the
vasopressin-induced calcium signal, indicating that calcium
was released from an intracellular source. This was further sup-
ported by the observations that ryanodine inhibited the calcium
signal in perfused IMCDs and inhibited AQP2 accumulation
in the plasma membrane in IMCD cell primary cultures. In ad-
dition, RyR1 ryanodine receptors were localized to rat IMCD
by immunohistochemistry (225).

Ryanodine receptors are generally believed to mediate a pos-
itive feedback and release Ca2+ from intracellular stores in re-
sponse to an initial rise in intracellular calcium (Fig. 3-5). Thus,
it is likely that another mechanism is responsible for the initial-
ization of the rise in intracellular Ca2+. Further studies revealed
that vasopressin or dDAVP elicited oscillations in intracellular
calcium concentration in isolated perfused rat IMCD (226).
In agreement with the results from Chou et al., BABTAAM
and ryanodine inhibited the vasopressin-induced calcium in-
crease. The results on isolated perfused IMCDs support the
view that an intracellular increase in calcium concentration
is an obligate component of the vasopressin response, lead-
ing to increased AQP2 abundance in the apical plasma mem-
brane. It should be mentioned that studies on cultured IMCD
cells failed to support this view (208) and further studies are
warranted.

Signaling elicited by stimulation by dDAVP have, in gen-
eral, been considered to be the result of V2-receptor stimula-
tion, since dDAVP has been considered a V2-receptor specific
agonist. This notion is based on the fact that dDAVP does
not stimulate the V1a receptor, which is a linked to phos-
pholipase C-mediated calcium signaling. However, dDAVP
has been shown also to agonize the V1b receptor (227) and
this has been proposed to explain the reports (228) of dual-
signaling (calcium and cAMP) pathways for the V2 receptor in
IMCD (229).

Vesicle Targeting Receptors. Vasopressin-stimulated apical
membrane accumulation of AQP2 vesicles involves several
steps (see recent review [204]). In brief, (i) translocation of
vesicles from a diffuse distribution throughout the cell to the
apical region of the cell, (ii) translocation of AQP2 across
the apical part of the cell composed of a dense filamentous
actin network, (iii) priming of vesicles for docking, (iv) dock-
ing of vesicles, and (v) fusion of vesicles with the apical plasma
membrane. Theoretically, each of these steps could be target
for regulation by vasopressin (230). In the final three steps in
AQP2 vesicle trafficking—vesicle priming, docking with the
plasma membrane, and fusion with the plasma membrane—
substantial evidence point to a role of vesicle targeting recep-
tors, the so-called “SNARE” proteins. These proteins have
been identified chiefly in the context of regulated exocytosis
of synaptic vesicles (231,232). The SNARE proteins have been
proposed to mediate specific interaction between given vesicle
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and its target membrane with which it is destined to fuse. One
class of targeting receptors in the vesicles (v-SNARES) has been
called “VAMPs” (or “synaptobrevins”). Another class of tar-
geting receptor found predominantly in the target membrane
(t-SNARES) is the syntaxins. The third family of SNARE pro-
teins is the SNAP-25-like proteins. These were initially thought
to function as t-SNAREs, but are now recognized to reside in
translocating vesicles as well as the target membrane. Mem-
bers of all three of these families have been found in collecting
duct cells with a subcellular localization consistent with a role
in AQP2 vesicle exocytosis. First, VAMP-2 has been shown to
be present in AQP2 vesicles and to be virtually absent from
the apical membrane of principal cells of the inner medullary
collecting ducts (233). Similar evidence for an intracellular lo-
calization of VAMP-2 in collecting duct cells has been provided
in other studies (234–236). Second, syntaxin-4 has been local-
ized to the apical plasma membrane of collecting duct princi-
pal cells (236). Finally, SNAP-23 has been found to be present
in both the apical plasma membrane of principal cells and in
AQP2 vesicles (237). These three proteins may potentially form
a complex with the N-ethylmaleimide-sensitive factor (NSF).
Studies in AQP2-transfected cells and by use of proteases have
provided functional evidence for SNAREs in AQP2 trafficking
(238).

Signaling Pathways Involved in Collecting
Duct Water Permeability

The signal transduction pathways have been described thor-
oughly in previous reviews (230). Cyclic AMP (cAMP) levels
in collecting duct principal cells are increased by binding of
vasopressin to V2 receptors (239,240). The synthesis of cAMP
by adenylate cyclase is stimulated by a V2 receptor-coupled
heterotrimeric GTP-binding protein, Gs. Gs interconverts be-
tween an inactive GDP-bound form and an active GTP-bound
form, and the vasopressin–V2 receptor complex catalyzes the
exchange of GTP for bound GDP on the α subunit of Gs. This
causes release of the α subunit, Gsα-GTP, which, subsequently,
binds to adenylate cyclase, thereby increasing cAMP produc-
tion (Fig. 3-5A). Protein kinase A (PKA) is a multimeric pro-
tein, which is activated by cAMP, and consists in its inactive
state of two catalytic subunits and two regulatory subunits.
When cAMP binds to the regulatory subunits, these dissociate
from the catalytic subunits, resulting in activation of the kinase
activity of the catalytic subunits.

AQP2 contains a consensus site for PKA phosphorylation
(RRQS) in the cytoplasmic COOH terminus at serine 256 (9).
Recent studies using 32P labeling or using an antibody specific
for phosphorylated AQP2 (see below) showed a very rapid
phosphorylation of AQP2 (within 1 min) in response to va-
sopressin treatment of slices of the kidney papilla (241). This
agrees well with the time course of vasopressin-stimulated wa-
ter permeability of kidney collecting ducts (242). It was recently
demonstrated that vasopressin or forskolin treatment failed to
induce translocation of AQP2 when serine-256 was substituted
by an alanine (S256A) in contrast to a significant regulated traf-
ficking of wild-type AQP2 in LLC-PK1 cells (201,243). Thus,
these studies indicate a specific role of PKA-induced phospho-
rylation of AQP2 for regulated trafficking. Recent studies using
antibodies that specifically recognize phosphorylated AQP2 are
consistent with this view (244). However, recent evidence sug-
gests that at least three of the subunits in each tetramer need
to be phosphorylated in order to be transported to the plasma
membrane (Fig. 3-7) (245). Studies have also pointed to a criti-
cal role of calcium (see above) and of cGMP (246), which may
be of importance in understanding the effect of ANP. Other hor-
mones may also influence AQP2 expression and trafficking, for
example, insulin, PGE2, dopamine, and others (247,248).

Long-Term Regulation of
Urinary Concentration

It has been known for many years that chronically water-
loaded patients, such as those with compulsive polydipsia, have
a markedly impaired maximal urinary concentrating capacity
(174). Conversely, prolonged dehydration or fluid restriction
resulted in an increased maximal concentrating capacity
(175,176). These results have been confirmed in rat models
(11,91,93,230,249,250). Such studies have demonstrated that
the total amount of AQP2 present in the kidney also decreases
during over-hydration and increases after dehydration. There
is a rapid change in AQP2 mRNA expression, followed more
slowly by protein levels (104,251–253), suggesting that the
long-term alterations in concentrating capacity are due to
changes in total AQP2 protein levels, which are caused in turn
by changes in gene transcription.

Water Intake and Thirst

Thirst is a subjective sensory impression that activates the de-
sire to drink water. In normal persons, a significant water deficit
manifests itself promptly by thirst and, if access is unrestricted,
water intake increases and continues until thirst is abated and
the deficit is corrected. Thirst is not the sole determinant of wa-
ter intake and, in fact, it appears to be a dominant driving force
in the maintenance of water balance only under exceptional cir-
cumstances. Water intake of most terrestrial mammals, includ-
ing humans, is usually greater than the minimum required for
the maintenance of water balance. Therefore, urine is usually
less than maximally concentrated. A definite diurnal variation
in the water intake is also observed, since most drinking occurs
intermittently at specific times of day, usually in association
with eating (254).

Hyperosmolar Thirst

An increase in the effective osmolality of the extracellular fluid
may be produced either by water deprivation or by admin-
istration of a hypertonic solution of a solute, such as sodium
chloride, that is effectively excluded from the intracellular com-
partment. In both cases, cellular dehydration is produced and,
if the increase in osmolality is sufficiently large, a sensation
of thirst is experienced. Since urea freely traverses cell mem-
branes, it does not alter the effective osmolality of the extracel-
lular fluid and an increase in urea concentration, as in acute or
chronic renal failure, does not cause cell shrinkage or directly
stimulate the sensation of thirst. It is thus reasonable to suggest
that the mechanism for this type of dipsogenic stimulation is
dehydration of osmoreceptors that activate neural pathways,
leading to the sensation of thirst. Hypothalamic centers that re-
spond to locally produced increases in sodium concentration,
osmolality, or both, and lead to drinking have been described
(255,256). These osmoreceptors appear to be discrete from
those responsible for osmotic control of antidiuretic hormone
(ADH) release (167). Thirst and antidiuresis, ordinarily simul-
taneous responses to hyperosmolality, may, on occasion, be dis-
sociated in disease states, while normal responses to isotonic
volume contraction are retained.

The effective osmolality of the body fluid is narrowly regu-
lated in health within an average range of approximately 285 to
290 mOsm/kg. In this range, a healthy person does not ex-
perience thirst and water balance in the face of small varia-
tions in osmolality is maintained by appropriate changes in
urine volumes and concentration. The urine volume, in turn, is
modulated by changes in the circulating level of ADH, which
is delicately tuned to plasma osmolality (see the following
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discussion). When the plasma osmolality reaches approxi-
mately 295 mOsm/kg, the circulation level of ADH is sufficient
to cause excretion of a minimal volume of maximally concen-
trated urine. It is at this point, when no further renal compen-
sation is possible, that thirst first appears (170) (Fig. 3-1). The
sensation of thirst does not abate if dehydration is sustained,
but remains a powerful drive until the hyperosmolar state is
corrected.

Regulation of AQP2 and AQP3 Expression

There is good evidence that expression of AQP3, the major
basolateral water channel in the cortical and outer medullary
collecting duct is regulated by vasopressin (24). In contrast, the
expression of AQP4, the major basolateral water channel in
the inner medullary collecting duct, does not appear to be reg-
ulated (25,26,257), although one study found parallel changes
in AQP2, 3, and 4 mRNA with changes in hydration (258).
The expression of the major water channel found in the prox-
imal tubule, AQP1, also appears to be unaffected by changes
in hydration status (25,26,257), although levels of AQP1 are
markedly reduced in some pathologic conditions (259–261), as
discussed below.

Signaling Pathways Involved in Regulation of
AQP2 Expression

There is clear evidence that vasopressin stimulates AQP2 ex-
pression. Brattleboro rats lack endogenous vasopressin and are
profoundly polyuric (262). AQP2 expression is about two to
one-third of that found in their parent strain (Long Evans)
(93,263,264). Chronic infusion of vasopressin via osmotic
minipumps for 5 days both reversed their polyuria and in-
creased their AQP2 expression to that of the normal animals
(93). As described above, regulation of both trafficking and
expression of AQP2 is regulated by vasopressin (Fig. 3-6). Re-
cent studies have indicated that higher cAMP levels are neces-
sary to stimulate trafficking than to induce AQP2 expression
(264).

Chronic vasopressin infusion also increases AQP2 expres-
sion in normal rats (265), while administration of V2 receptor
antagonists decreases it (195,266), albeit only by about 50%.
Experiments with diabetes insipidis (DI) +/+ mice, a strain
with an activating mutation of cAMP phosphodiesterase (267)
show severely reduced levels of AQP2, suggesting that cAMP
acts as the second messenger for vasopressin stimulation of
AQP2 expression, as well as shuttling (268). Consistent with
this finding, there is known to be a cAMP-responsive element
in the 5′-flanking region of the AQP2 gene (269–272).

Other factors than vasopressin are important for control-
ling AQP2 expression. Evidence for this comes from a variety
of experiments, which show that AQP2 expression can be al-
tered independent of the activity of vasopressin. One of the
most clear-cut involved the so-called vasopressin-escape phe-
nomenon (251,265,273). In these experiments, rats were given
a chronic vasopressin infusion, but then given a water load
mixed with their diet. This is accompanied by a striking fall in
renal AQP2 levels, despite the continued high level of circulat-
ing vasopressin. This provided support to earlier evidence for
a non-vasopressin-mediated effect on AQP2 levels, which was
based on experiments with a lithium-induced nephrogenic DI
(NDI) model (95,257). In these experiments, lithium produced
a profound (>90%) downregulation of AQP2, in parallel with
a massive polyuria. Treatment of lithium-NDI rats with high
doses of dDAVP led to a marginal increase in AQP2 expres-
sion, whereas dehydration for 2 days caused a fivefold increase
in AQP2 expression. Since the reduction of AQP2 expression
caused by lithium treatment is much greater than can be ob-

tained by the use of V2 receptor blockers, it seems likely that
the downregulation of AQP2 expression during lithium treat-
ment also appears to be partly via a vasopressin-independent
pathway. Further evidence for this comes from the observation
that lithium treatment also causes a profound downregulation
of AQP2 in Brattleboro rats (264).

A range of other factors might provide stimuli for increased
or decreased AQP2 expression, but these remain to be deter-
mined. One possible signal would be tubular flow itself, either
by some mechanical process, or by altering the concentration of
solute delivered to the tubule. However, the osmotic diuresis
(glycosuria) seen with streptozotocin-induced diabetes melli-
tus is associated with a modest increase in AQP2 rather than
a decrease, as seen in NDI models (274). In this case, urine os-
molality remains high (about 1000 mOsm/Kg H2O), because
of the glucose, but tubular flow is markedly increased. Fur-
thermore, furosemide, a loop diuretic, had no significant ef-
fect on AQP2 expression, despite causing a profound polyuria
(266,275). This latter treatment will also result in washout of
the medullary osmotic gradient, since loop diuretics inhibit salt
uptake in the thick ascending limb of Henle’s loop. Thus, the
absence of any alteration in AQP2 levels implies that intersti-
tial tonicity is not a major determinant of AQP2 expression
in the inner medulla. However, a hypertonicity responsive ele-
ment has been described in the 5′-flanking region of the AQP2
gene (276), and recent results using primary cultured papil-
lary collecting duct cells revealed increased AQP2 expression
in response to extracellular hypertonicity, indicating that reg-
ulation of AQP2 expression may indeed be regulated, in part,
in response to changes in interstitial osmolality (277). Recent
studies have demonstrated in cultured cells natively expressing
AQP2 (277) that in collecting duct principal cells: (i) a short-
term increase of extracellular osmolarity decreases AQP2 ex-
pression through inhibition of AQP2 gene transcription; (ii) a
long-term increase of extracellular tonicity, but not osmolar-
ity, enhances AQP2 expression via stimulation of AQP2 gene
transcription; and (iii) long-term hypertonicity and PKA in-
creases AQP2 expression through synergistic, but independent,
mechanisms.

AQP2 expression may also provide the collecting duct cells
with an enhanced ability for rapid activation of regulatory vol-
ume decrease mechanisms (278).

A surprising element concerns the role of food intake on
AQP2 expression and urinary concentration. It was recently
demonstrated that AQP2 expression is acutely reduced and
urine output temporarily increased over the first 24 hours of
starvation and, conversely, an increase is seen in AQP2 ex-
pression and reduced urinary output in response to prolonged
fasting (279). Similar observations have also been observed in
humans (280).

MECHANISMS OF URINE
DILUTION AND

CONCENTRATION VIA
COUNTERCURRENT

MULTIPLICATION

In this section we describe the basic mechanisms behind urine
dilution and countercurrent multiplication for regulation of
urinary concentration. The roles of AQP in these processes
will be delineated, whereas it is outside the scope of this chap-
ter to review the sodium and solute channels and transporters
involved in these processes. The sites of tubule fluid concen-
tration and dilution along the mammalian nephron have been
demonstrated by micropuncture studies in rats and other ro-
dents. These results are summarized in Figure 3-9.
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FIGURE 3-9. Typical osmolarities (in mOsm/kg H2O) found in vari-
ous sites along the renal tubule of a rat kidney. Fluid in the proximal
tubule is always isosmotic with plasma (290 mOsm/kg H2O). Fluid
emerging from the loop of Henle (entering the early distal tubule) is
always hypotonic. Osmolality in the distal tubule increases to plasma
level only during antidiuresis. Final urine is hypertonic when the cir-
culating vasopressin level is high and hypotonic when the vasopressin
level is low. A high osmolality is always maintained in the loop of Henle
and vasa recta. During antidiuresis, osmolalities in all inner medullary
structures are nearly equal. Osmolalities are somewhat attenuated in
the loop of Henle during water diuresis (not shown). (Based on mi-
cropuncture studies by Wirz H. Der osmotische Druck in den corticalin
Tubuli der Ratten niere. Helv Physiol Pharmacol Acta 1956;14:353;
Gottschalk CW, Mylle M. Micropuncture study of the mammalian
urinary concentrating mechanism: evidence for the countercurrent hy-
pothesis. Am J Physiol 1959;196:927; Jamison RL, Buerkert J, Lacy F.
A micropuncture study of collecting tubule function in rats with hered-
itary diabetes insipidus. J Clin Invest 1971;50:2444, with permission.)

Mechanism of Tubule Fluid Dilution

Micropuncture measurements in rats have revealed that the hy-
potonicity of the fluid in the early distal tubule is chiefly due to
a low luminal NaCl concentration (281). In theory, a low NaCl
concentration could result from active NaCl absorption from
the loop of Henle or water secretion into the loop. However,
micropuncture studies using inulin as a volume marker demon-
strated net water absorption from the superficial loop of Henle
during antidiuresis (282), which rules out the possibility of wa-
ter secretion as a mechanism of tubule fluid dilution.

Studies of isolated perfused thick ascending limbs of loops
of Henle from rabbits have directly demonstrated the mecha-
nism of dilution (283,284). NaCl is rapidly absorbed by active
transport; this lowers the luminal NaCl concentration and os-
molality to levels less than those in the peritubular fluid. The
osmotic water permeability is low, which prevents dissipation
of the transepithelial osmolality gradient by water fluxes. Con-
sistent with this, no AQPs have been found to be expressed in
the TAL.

The distal convoluted tubule (DCT), a short renal tubule
segment that follows the cortical thick ascending limb, prob-
ably also contributes to renal tubule diluting ability. Like the
thick ascending limb, it carries out active NaCl absorption at a
relatively rapid rate (285). Limited studies indicate that water
permeability is low (286). Indeed, thus far, none of the known

AQP water channels has been localized to the DCT (287), fur-
ther supporting the view that its epithelial water permeability is
quite low. Thus, luminal dilution in the DCT may be achieved
by a mechanism similar to that in the cortical thick ascending
limb.

The hypotonicity of tubule fluid is maintained throughout
the distal tubule and collecting duct system during water di-
uresis, abetted by the low osmotic water permeability of the
collecting ducts when circulating levels of vasopressin are low.
Although the dilute state is sustained in the collecting ducts, the
solute composition of the tubule fluid is modified in the collect-
ing duct system, chiefly by Na+ absorption and K+ secretion.
Active NaCl reabsorption by the collecting ducts is presumably
responsible for the further dilution of the collecting duct fluid
beyond that achieved in the thick ascending limbs (288).

Mechanism of Tubule Fluid Concentration

During antidiuresis, extensive net water absorption occurs be-
tween the late distal tubule and the final urine (i.e., in the col-
lecting ducts) (282). Measurements along the IMCDs of antid-
iuretic hamsters directly demonstrated that water is absorbed
in excess of solutes, with a resulting rise in osmolality along the
collecting ducts toward the papillary tip (289). Thus, the col-
lecting duct fluid is concentrated chiefly by water absorption.

The osmotic driving force for water absorption along the
collecting ducts is present because of the existence of an axial
osmolality gradient in the medullary tissue, with the highest
degree of hypertonicity at the papillary tip. Such an osmolality
gradient was initially demonstrated in a classic study by Wirz
and colleagues (290). These investigators used an ingenious mi-
crocryoscopic method to measure the osmolality in the lumens
of individual renal tubules in tissue slices from quick-frozen
rat kidneys. The measurements revealed that in antidiuretic
rats, there was a continuous osmolality gradient throughout
the medullary axis, including both the outer medulla and the
inner medulla, with the highest osmolality in the deepest part
of the inner medulla, the papillary tip. Furthermore, in the
medulla, the osmolality was about as high in the large tubules
(presumably collecting ducts) as in the small tubules (presum-
ably loops of Henle); this demonstrates that the high tissue
osmolality was not simply a manifestation of a high osmolal-
ity in a single structure, namely, the collecting duct. Consistent
with this view, Wirz (291) demonstrated by micropuncture that
the osmolality of vasa recta blood, sampled from near the pap-
illary tip in antidiuretic hamsters, was virtually equal to that
of the final urine. Later, Gottschalk and Mylle (292), using
micropuncture in antidiuretic hamsters, confirmed that the os-
molality of the fluid in the loops of Henle, the vasa recta, and
the collecting ducts was approximately the same, in support of
the view that the collecting duct fluid is concentrated by os-
motic equilibration with a hypertonic medullary interstitium.
Subsequently, it was demonstrated in studies in vitro that col-
lecting ducts have a high water permeability in the presence of
vasopressin (293,294), as is required for osmotic equilibration.

The axial osmolality gradient in the renal medulla is made
up of gradients of several individual solutes. However, the prin-
cipal solutes responsible for the osmolality gradient are NaCl
and urea (295,296).

Role of Vasopressin

Water excretion is regulated by vasopressin largely as a result
of its effect on the water permeability of the collecting ducts.
When the water permeability is low in collecting ducts, because
of a low circulating level of vasopressin, relatively little water
is absorbed in the collecting ducts. The dilute fluid exiting the
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loops of Henle remains dilute as it passes through the collecting
duct system, yielding a large volume of hypotonic urine. When
the water permeability of the collecting ducts is high because
of a high circulating level of vasopressin, water is rapidly reab-
sorbed along the collecting duct system by osmosis, drawn by
the osmolality gradient between the lumen and the peritubular
interstitium. The osmolality of the final urine approaches that
of the inner medullary interstitium, which results in a small
volume of hypertonic urine.

Micropuncture studies have demonstrated that the late dis-
tal tubule is the earliest site along the renal tubule at which wa-
ter absorption increases during antidiuresis (291). Recognizing
that the distal tubule, as defined by micropuncturists is het-
erogeneous, Woodhall and Tisher (297) showed that only the
late-portion distal tubule responds to vasopressin, correspond-
ing to the initial collecting tubule. In addition, recent studies
have demonstrated that both AQP2 and the V2-vasopressin
receptor are expressed in the connecting segment (57), sug-
gesting that it is a site at which vasopressin regulates water
permeability. In contrast, AQP2 expression was not observed
in the DCT. Thus, among the segments making up the por-
tion of the distal tubule accessible by cortical micropuncture
(DCT, connecting segment, and initial collecting tubule), only
the connecting segment and the initial collecting tubule exhibit
vasopressin-regulated water transport.

The amount of water absorption in the connecting segment
and initial collecting tubule required to raise tubule fluid to
isotonicity is considerably greater than the additional amount
required to concentrate the urine to greater than the osmolal-
ity of plasma in the medullary portion of the collecting duct
system (73). Consequently, most of the water reabsorbed from
the collecting duct system during antidiuresis enters the corti-
cal labyrinth where the effective blood flow is high enough to
return the reabsorbed water to the general circulation without
diluting the interstitium. If such a large amount of water were
absorbed along the medullary collecting ducts, it would be ex-
pected to have a significant dilutional effect on the medullary
interstitium and impair concentrating ability.

During water diuresis, a corticomedullary osmolality gra-
dient persists, although it is attenuated (296,298,299). In the
absence of vasopressin, the water permeability of the collect-
ing ducts is low, but not zero. Consequently, some water is ab-
sorbed by the collecting ducts during water diuresis. Most of
the water absorption occurs from the terminal part of IMCDs,
where the transepithelial osmolality gradient is highest and the
basal water permeability is also highest (62,249). In fact, more
water is absorbed from the terminal collecting ducts during wa-
ter diuresis than during antidiuresis because of a much larger
transepithelial osmolality gradient (300). A high rate of water
absorption from the IMCDs is thought to contribute to the
reduction of the medullary interstitial osmolality during water
diuresis by its dilutional effect. The decrease in inner medullary
tissue osmolality during water diuresis results largely from an
increase in tissue water content (301,302) associated with the
higher rate of water absorption from the collecting ducts, al-
though reductions in the quantities of urea and NaCl in the
medullary tissue have also been documented.

Aside from its effect on the water permeability in the col-
lecting duct system, vasopressin has additional effects that are
important to the overall function of the concentrating mech-
anism. Vasopressin increases the urea permeability in the ter-
minal part of the IMCD (294,303–305), thereby regulating
the delivery of urea to the inner medullary interstitium. Va-
sopressin increases the rate of active NaCl absorption in the
medullary thick ascending limb of the loops of Henle (306–
308), enhancing countercurrent multiplication, the process re-
sponsible for the corticomedullary NaCl gradient. Vasopressin
also causes a sustained increase in the rates of active NaCl
absorption and fluid absorption in the rat cortical collecting

duct (309–311) and distal tubule (presumably the initial col-
lecting tubule [312]). This effect helps shift water absorption
to the earliest parts of the collecting duct system during antid-
iuresis, which maintains the bulk of water absorption in the
renal cortex where the rapid blood flow can return it to the
general circulation. Finally, vasopressin increases the rate of
K+ secretion in the rat cortical collecting duct (311) and distal
tubule (312,313). Field et al. (313) have postulated that this
action balances the decrease in K+ secretion that would occur
because of the decreased rate of tubule fluid flow during antidi-
uresis. Thus, stimulation of K+ secretion by vasopressin would
tend to maintain a nearly constant rate of K+ secretion in the
early part of the collecting duct system and help stabilize the
excretion of K+ in the urine when water excretion changes.

Countercurrent Multiplication

The process of urine concentration consists of two rela-
tively independent components: (i) countercurrent multiplica-
tion, which generates a hypertonic medullary interstitium, and
(ii) osmotic equilibration of the tubule fluid in the medullary
collecting ducts with the hypertonic medullary interstitium to
form a hypertonic final urine. In this section, we discuss coun-
tercurrent multiplication.

The concept of countercurrent multiplication originally
evolved from a consideration of industrial processes that sepa-
rate and concentrate economically useful products (e.g., coun-
tercurrent extraction and distillation). In these processes, a sin-
gle stage (given the appropriate energy input) is capable of
modest concentration of one component. However, the effect
of a single stage (“single effect”) can be multiplied by succes-
sive applications of the effect. Werner Kuhn and his colleagues
(314–316) used this concept to provide an explanation for the
corticomedullary osmolality gradient in the renal medulla.

Kuhn and colleagues recognized that it was a simple matter
to extend the countercurrent multiplier scheme involving sev-
eral discrete stages to a continuous-flow scheme in which dis-
crete stages are replaced by ascending and descending streams
whose interaction is distributed uniformly throughout their
lengths. A small concentration difference between the coun-
terflowing descending and ascending streams could result in
a large axial concentration gradient. The development of the
concept by Kuhn and colleagues (314,316) that such a contin-
uous countercurrent scheme could explain urine concentration
was a landmark event in renal physiology.

A continuous countercurrent multiplier is capable of pro-
ducing a small volume of concentrated output, which, in the-
ory, could be withdrawn from the bend of the hairpin loop.
However, Hargitay and Kuhn (314) recognized that a more
realistic scheme would include a third tube (a collecting duct)
that equilibrates osmotically with the loop fluid to produce a
concentrated output. Such a scheme has the advantage that it
can concentrate solutes in the collecting duct other than those
responsible for the axial osmolality gradient in the loop. The
volume flow into the collecting duct must be considerably less
than in the loop for a significant overall concentrating effect to
be maintained.

It is now generally accepted that the axial osmolality gradi-
ent in the outer medulla is generated by countercurrent multi-
plication driven by active NaCl transport in the thick ascending
limbs. However, the explanation for the axial osmolality gradi-
ent in the inner medulla is not yet known. The inner medullary
ascending limb (thin ascending limb) has little or no capacity
for active NaCl transport (294,317–319); this apparently rules
out a countercurrent multiplication process identical to that in
the outer medulla. Several other theories have been proposed
to explain the axial solute concentration gradient in the inner
medulla, none of which has become generally accepted.
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URINARY CONCENTRATING
DEFECTS

There are a variety of disorders in which renal water handling
is disturbed. Some of these disorders are owing to primary re-
nal disorders, while others reflect changes in other organs or
systems. However, the renal handling of water is considered ab-
normal in all of them, since there is a breakdown of the body’s
normal homeostatic mechanisms. Over the past decade, the role
of changes in the expression and/or function of AQPs has been
investigated in a range of these conditions, including genetic
or acquired defects showing a decreased renal responsiveness
to vasopressin (acquired nephrogenic diabetes insipidus), and
conditions in which there is an inappropriate retention of water.
The importance of AQP playing an essential role for regulation
of renal water balance has been established (see Table 3-2).

INHERITED CENTRAL DIABETES
INSIPIDUS AND NEUROGENIC

DIABETES INSIPIDUS

There are two significant inherited forms of diabetes insipidus
(DI): central and nephrogenic. In central (or neurogenic) DI,
there is a defect of vasopressin production. CDI is rarely hered-
itary in man, usually occurring as a consequence of head
trauma or diseases in the hypothalamus or pituitary gland.
However, the Brattleboro rat provides an excellent model of
this condition. These animals have a total or near-total lack of
vasopressin production (320). Consequently, Brattleboro rats
have substantially decreased expression levels of vasopressin-
regulated AQP2 than those in the parent strain (Long Evans),
and the deficit was reversed by chronic vasopressin infusion,
suggesting that patients lacking vasopressin are likely to have
decreased AQP2 expression (93). The subsequent work show-
ing that expression of AQP3 is also regulated by vasopressin
implies that the expression levels of these water channels will
also be decreased in patients with CDI. The most important
denominator is the absence of AQP2 trafficking to the apical
membrane. These deficits are likely to be the main causes of
the polyuria from which these patients suffer, which will be
reversed by the treatment given for their condition (desmo-
pressin).

The second form of DI is called nephrogenic DI (NDI) and is
caused by the inability of the kidney to respond to vasopressin
stimulation. The most frequent hereditary cause is a mutation
of the V2 receptor, making the collecting duct cells insensitive to
vasopressin. This gene is found on the X chromosome in man
and shows the classic expected pattern, with males affected
much more often while females are usually asymptomatic car-
riers, because they have inherited a normal gene from their
fathers. Although there is no direct evidence, it is likely that
this form of NDI will be associated with decreased expression
of AQP2, since the cells are unable to respond to circulating
vasopressin. This will compound the lack of AQP2 traffick-
ing. Consistent with this, urinary AQP2 levels are very low
in patients with X-linked NDI (321,322). However, since the
amount of AQP2 in the urine appears to be determined largely
by the response of the collecting duct cells to vasopressin (323)
rather than their content of AQP2, the data must be interpreted
with caution with respect to predicting AQP2 expression levels.
Rather, this reflects the absence or decrease of AQP2 trafficking
and, hence, less urinary excretion.

In approximately 95% of the cases, congenital NDI (CNDI)
is X-linked and caused by mutations in the AVPR2 gene (324).
Mutations in the AQP2 water channel gene account for the
remaining 5% of cases of CNDI. The V2-receptor protein con-

sists of 371 amino acid residues and comprises seven trans-
membrane, four extracellular, and four cytoplasmatic domains
(325–327). The gene encoding the protein is located on the
X-chromosome (Xp28) (328) and comprises three exons and
two introns. More than 155 mutations in the vasopressin re-
ceptor gene have been recognized to cause CNDI. Functional
analysis has been carried out for more than 79 (329) of these
mutations. The analyses have revealed four different types of
mutant receptors. The most common being impaired intracel-
lular trafficking, which is seen in up to 70% of cases (329).
The remaining types include reduced ligand binding capacity,
failure to generate cAMP, and defects in the synthesis of sta-
ble mRNA (330). Of the 156 known mutations, only 5 cause
partial CNDI (D85N, R104C, G201D, P322S, and S329R).

Less commonly (about 5% to 10% of hereditary NDI), there
is a genetic defect in the AQP2 gene. In most cases, this results
in an autosomal recessive condition (94,331), although a few
cases have been reported that show an autosomal dominant
inheritance (332). It is thought that the recessive forms on NDI
are due to mutations in which either the mutant protein is un-
able to form tetramers with the normal form, or in which the
normal protein functions normally. In contrast, in the domi-
nant cases, it has been shown that heterotetramers between the
mutant and normal forms can be created, but that they are un-
able to travel to the plasma membrane (333). Thus, the mutant
protein can prevent the function of the normal form.

Of the 19 mutations so far reported, about one-half are
found in the B or E loops of the protein, where it is likely that
they will destroy the pore function of the molecule. The re-
mainder are scattered throughout the molecule, although three
occur together on the C loop. This is consistent with a previ-
ous report suggesting that this region of the molecule is closely
associated with the channel (334).

Most mutations in AQP2 result in impaired trafficking to
the plasma membrane, although some of the mutants will act
as functional water channels (333,335). This has led to the idea
that it may be possible to treat patients with such mutations by
using chemical chaperones to increase the number of channels,
which the cell can package successfully and transport to the
surface. Such methods have been used successfully in cultured
cells transfected with mutant AQPs (336), but much work re-
mains to be done before such methods are available clinically.

The literature on pharmaceutical treatment of CNDI is
scarce and the studies available are based upon small num-
bers of patients and are not randomized controlled trials. Fur-
thermore, as no single treatment modality has been shown to
be effective, various combinations of therapies have been pro-
posed. There is still no combination of treatments that has been
shown superior to others. A basic principle in reducing urine
output is salt restriction combined with hydrochlorothiazide
diuretics (2 to 3 mg/kg/Da in two daily doses). The suggested
mechanism behind this treatment is compensatory increased
proximal sodium reabsorption secondary to a negative sodium
balance and volume contraction. This regimen, however, is as-
sociated with significant compliance problems because of the
difficulties to comply with severe salt restriction, especially
in children. Further addition of amiloride (0.3 mg/kg/Da or
20 mg/1.73 m2/Da in three daily doses) to this regimen has
been advocated by some (337) with the proposed benefits of
an additive effect on diuresis and a reduced need for potas-
sium supplements. To this regimen, prostaglandin synthetase
inhibitors, such as indomethacin, has been shown to further
increase efficacy in terms of diuresis (338,339).

Recent information indicated that cGMP mediated traffick-
ing of AQP2 (246). Moreover, dDAVP treatment of Brattle-
boro rats caused a marked redistribution of phosphorylated
AQP2 to the apical plasma membrane, which is in agreement
with an important role of PKA phosphorylation in this traffick-
ing (244). Conversely, treatment with V2-receptor antagonist
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induced a marked decrease in expression of phosphorylated
AQP2 (244) likely to be because of either reduced PKA activity
and/or increased dephosphorylation of AQP2, for example, by
increased phosphatase activity. In addition, it is now known
that AQP2 is trafficked in response to an elevation of cGMP,
which is stimulated by NO (246).

An interesting form of NDI with no known human parallel
occurs in the DI +/+ severe mouse. These animals have an ac-
tivating mutation of cAMP-phosphodiesterase, which breaks
down cAMP in the collecting duct principal cells. As a conse-
quence, these animals are unable to increase the intracellular
cAMP levels in response to vasopressin and, hence, are unable
to establish an antidiuretic response compared with controls.
They have greatly reduced levels of AQP2 protein and mRNA,
as well as AQP3 protein (268), consistent with the hypothesis
that the regulation of the expression of these water channel
proteins is at least partly driven by vasopressin acting via the
production of cAMP.

Numerous other genetic defects are associated with urinary
concentrating defects which are secondary to the failure of
other transport processes. For example, Bartter’s syndrome and
Gitelman’s syndromes are both caused by defective NaCl up-
take in the thick ascending limb and DCT, respectively (340–
343). Both conditions cause hypokalemia, which is known to
be associated with NDI. Impaired reabsorption of sodium and
chloride in the loop of Henle will also cause a urinary concen-
trating defect because of a reduced medullary osmotic gradi-
ent. Although humans lacking functional AQP1 do not have
any gross functional disturbance (84), the results from AQP1
knockout mice suggests that during dehydration, a concentrat-
ing defect was revealed because of impaired function of the
loop of Henle caused by reduced water permeability in the de-
scending limb (85). Water handling by the vasa recta is also
impaired (89,344), which will result in the carriage of more
water down into the inner medulla and the washout of more
salt. Both of these events will further impair the countercur-
rent multiplication process and, hence, prevent the formation
of concentrated urine. Presumably, water reabsorption in the
proximal tubule is also less efficient, since equilibration of wa-
ter across the tubule epithelium will be slower in the absence
of AQP1. Defects in other proximal tubule transporters (Fan-
coni syndrome) can also cause modest polyuria, but the effects
of such changes on AQP expression and function have not yet
been reported.

ACQUIRED NEPHROGENIC
DIABETES INSIPIDUS

Acquired NDI is the consequence of numerous conditions
(Table 3-2), characterized by an increased urine output and
reduced urine osmolality, despite elevated levels of AVP. The
role of vasopressin-regulated AQP2 has been established in a
number of rat models with NDI. In many of these conditions,
the kidney is unable to handle water because of an impaired
responsiveness to vasopressin. In addition to NDI, a few other
serious conditions are associated with reduced AQP2 levels (see
Table 3-2).

Lithium-Induced Nephrogenic
Diabetes Insipidus

Lithium has widely been used for treating bipolar affective
disorders in human patients (345). However, lithium treat-
ment is associated with a variety of renal side effects, includ-
ing nephrogenic diabetes insipidus (NDI, i.e., a pronounced
vasopressin-resistant polyuria and inability to concentrate

urine) (95,257,346), increased urinary sodium excretion (347),
and distal renal tubular acidosis (348). Patients who have
been treated with lithium manifest a slow recovery of urinary-
concentrating ability when treatment is discontinued. It is es-
timated that 1 in 1000 of the population receive lithium, and
roughly 20% to 30% of these patients develop serious side
effects, including polyuria (346,349). AQP2 and AQP3 levels
were progressively reduced to approximately 5% of levels in
control rats after 4 weeks of lithium treatment (95,257). The
downregulation of AQP2 was paralleled by a progressive de-
velopment of severe polyuria (95,257). Quantitative immuno-
electron microscopy of AQP2 labeling in the inner medullary
collecting duct principal cells showed that there was a reduc-
tion of AQP2 in the apical plasma membrane, as well as in the
basolateral plasma membrane and intracellular vesicles. The
reduced AQP3 expression was also demonstrated by immuno-
cytochemistry (257). Thus, downregulation of both AQP2 and
AQP3 appears to play a significant role for the development of
lithium-induced polyuria. Reduction in AQP2 (and AQP3) ex-
pression may be induced by a lithium-dependent impairment in
the production of cAMP in collecting duct principal cells (346),
indicating that inhibition of cAMP production may, in part, be
responsible for the reduction in AQP2 expression, as well as
the inhibition of targeting to the plasma membrane in response
to lithium treatment. This is consistent with the presence of a
cAMP-responsive element in the 5′-untranslated region of the
AQP2 gene (271,272) and with the demonstration that mice
with inherently low cAMP levels have low expression of AQP2
(DI +/+ severe mouse) (268).

Lithium treatment is also associated with a concomitant in-
crease in urinary sodium excretion, which is likely to play a
role in the polyuria. A recent study demonstrated that chronic
lithium treatment induces a marked decrease in protein abun-
dance of epithelial sodium channel β- and γ -ENaC in the cortex
and outer medulla, whereas the other renal sodium transporters
upstream from the connecting tubule are unchanged (347).
This was also revealed by immunocytochemistry showing an
almost complete absence of β-ENaC and γ -ENaC labeling in
cortical and outer medullary collecting duct. The results sug-
gest a reduced responsiveness to aldosterone and vasopressin
in these specific renal tubule segments and the dysregulation of
ENaC subunits is likely to play a role in the development of
natriuresis and partly in the decreased urinary concentrating
ability in rats with lithium-induced NDI.

Hypokalemia- and Hypercalcemia-Induced
Nephrogenic Diabetes Insipidus

It is known that both hypokalemia and hypercalcemia, clin-
ically common electrolyte abnormalities, are associated with
polyuria because of a vasopressin-resistant urinary concentrat-
ing defect. Recently, part of the underlying molecular defects
involved in the development of the polyuria was described.
Potassium-deficient diet for in rats for 4 days induced a signif-
icant hypokalemia that was associated with downregulation
of AQP2 expression (275,350,351) and polyuria. Moreover,
hypercalcemia induced in rats by oral treatment with dihydro-
tachysterol for 7 days produced a urinary concentrating defect
and polyuria, which was also associated with downregulaion of
AQP2 (350,351). Thus, both hypokalemia and hypercalcemia
are associated with downregulation of AQP2 expression and
immunolocalization studies of AQP2 demonstrated similar fea-
tures. In addition to the downregulation of AQP2, expression
of Na-K-2Cl cotransporter in the thick ascending limb was de-
creased in both conditions (352,353), suggesting that reduced
sodium and chloride reabsorption in the thick ascending limb
and, hence, decreased medullary hyperosmolality could also
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partly contribute to the polyuria and decreased urinary con-
centration in hypokalemia and hypercalcemia.

Urinary Tract Obstruction-Induced
Nephrogenic Diabetes Insipidus

Urinary tract obstruction is a serious clinical condition seen
both in children and adults, associated with complex changes
in renal function involving marked alterations in both glomeru-
lar and tubular function. Bilateral urinary tract obstruction
(BUO) may result in long-term impairment in the ability to
concentrate urine (354). BUO for 24 hours in rats is asso-
ciated with markedly reduced expression of AQP2, -3, -4,
and -1 (261,355,356). In addition, BUO is associated with
marked downregulation of key sodium transporters and urea
transporters (357,358). Following release of the obstruction,
there is a marked polyuria during which period AQP2 and -3
levels remain downregulated up to 2 weeks after release, pro-
viding an explanation at the molecular level for the observed
postobstructive polyuria. Moreover, it was demonstrated that
AQP1 expression levels were long-term downregulated up to
30 days after release of obstruction in whole-kidney samples,
indicating that reduced AQP1 expression contributes to the
long-term reduced urinary-concentrating capacity seen after
release of BUO. Changes in AQP1 expression in the descend-
ing limb of Henle’s loop (DTL) may directly affect urinary-
concentrating capacity and, importantly, AQP1 expression lev-
els were significantly downregulated 14 days after release of
BUO (355). These findings are consistent with the demon-
stration that AQP1 knock-out mice have a severe urinary-
concentrating defect, a decreased transepithelial water perme-
ability in the proximal tubule (PT) and DTL of Henle’s loop,
and defective fluid absorption (85–87). In a number of stud-
ies, BUO has been demonstrated to be associated with COX-2
induction and cellular infiltration of the renal medulla (359).
Using specific COX-2 inhibition to rats subjected to BUO, it
was demonstrated that this treatment prevents downregulation
of AQP2 and several sodium transporters located to the prox-
imal tubule and MTAL (359). Moreover, specific inhibition of
the AT1 receptor to rats subjected to BUO prevented down-
regulation of NaPi2 in the PT, Na-K-2Cl in the MTAL, and
AQP2 in the collecting duct 3 days after release of BUO (360),
confirming that the renin–angiotensin system plays an impor-
tant role for the pathophysiologic changes in urinary tract
obstruction.

In contrast to BUO conditions, unilateral ureteral obstruc-
tion is not associated with changes in the absolute excretion
of sodium and water, since the nonobstructed kidney compen-
sates for the reduced ability of the obstructed kidney to ex-
crete solutes. In order to examine whether the previously iden-
tified reduction in the expression of aquaporins and sodium
transporters in response to bilateral ureteral obstruction was
caused by local factors (increased tissue pressure, changes in re-
nal hemodynamics or parenchymal biochemistry) or systemic
changes in the animal, experiments were performed to investi-
gate the effects of unilateral ureteral obstruction for 24 hours
(357,361). These studies demonstrated a profound downregu-
lation of AQP1, -2, -3, -4, and pAQP2 levels in the obstructed
kidney and a moderate reduction in AQP1 in the nonobstructed
kidney suggesting that 1ocal factors play a major role, whereas
systemic factors may induce a change in the nonobstructed kid-
ney. Consistent with this, urine production was increased by
150% from the nonobstructed kidney. Additional experiments
revealed that changes in AQP2 expression are reciprocal to the
changes in solute-free water clearance demonstrating a func-
tional association between these two parameters. The decrease
in AQP2 expression in the nonobstructed kidney may partici-

pate in the increased urine output by decreasing solute-free wa-
ter reabsorption, thus compensating for the loss of excretion
from the obstructed kidney. These results support the view that
local factors play an important role in the downregulation of
AQP2 expression during obstruction, but the signals leading to
this decrease remain to be determined. Moreover, the present
studies demonstrated marked downregulation of key sodium
transporters in the obstructed kidney coinciding with a marked
reduction in the ability to reabsorb sodium. Thus these studies
demonstrate a functional association between renal handling
of water and sodium and the molecular protein changes along
the nephron.

URINARY-CONCENTRATING
DEFECTS IN RENAL FAILURE

Ischemia-Induced Acute Renal Failure

Renal failure, both acute and chronic, is associated with
polyuria and a urinary-concentrating defect and, in both cases,
there is a wide range of glomerular and tubular abnormali-
ties that contribute to the overall renal dysfunction. Ischemia
and reperfusion (I/R)-induced experimental acute renal failure
(ARF) in rats is a model that is widely used. In this model,
there are structural alterations in renal tubule, in association
with an impaired urinary concentration. The proximal tubule
(S3 segment) and thick ascending limb are known to be main
sites of ischemic injury (362,363).

ARF is associated with defects both in collecting duct wa-
ter reabsorption and proximal tubule water reabsorption, as
well as defects in solute handling (362,364–366). In an iso-
lated tubule microperfusion study of the rabbit kidney, it was
observed that water reabsorption in the proximal tubule and
cortical collecting duct was significantly reduced following
ischemia (366). There are no differences in either basal or
vasopressin-induced cAMP levels in outer or inner medulla in
rats with ARF compared to sham-operated rats (367), sup-
porting the view that there are defects in collecting duct wa-
ter reabsorption. It is also well known that kidneys subjected
to ischemic injury are unable to establish or maintain a high
medullary solute content (368). Consistent with this observa-
tion, a decreased ability of the thick ascending limb to lower
perfusate chloride ion concentration was observed (366). These
studies, therefore, suggest that there are defects in both collect-
ing duct water permeability and countercurrent multiplication
in response to the ischemic damage.

Consistent with these findings, it has been demonstrated
that AQP2 and -3 levels in the collecting duct, as well as AQP1
levels in the proximal tubule, are significantly reduced in re-
sponse to ARF (259,369). The decreased levels of aquaporins
were associated with impaired urinary concentration in rats
with both oliguric or nonoliguric ARF.The reduced expres-
sion of AQP1-3 and the reduced urinary concentration capacity
was significantly prevented by cotreatment with α-melanocyte-
stimulating hormone (α-MSH), which is an anti-inflammatory
cytokine that inhibits both neutrophil and nitric oxide path-
ways (259). This suggests that decreased levels of AQPs in both
the proximal tubule and collecting duct in postischemic kidneys
may play a significant role in the impaired urinary concentra-
tion. Recently it has also been demonstrated that hemorrhagic
shock-induced ARF is associated with decreased expression of
collecting duct water channel AQP2 and -3 (370). Moreover,
erythropoietin treatment (single or combined with α-MSH) in
rats with I/R-induced ARF, which is known to prevent caspase-
3, -8, and -9 activation in vivo and reduces apoptotic cell death
(371), prevents or reduces the urinary-concentrating defects
and downregulation of AQPs expression levels (372).
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Chronic Renal Failure

Patients with advanced chronic renal failure (CRF) have urine
that remains hypotonic to plasma despite the administration
of supramaximal doses of vasopressin (373). This vasopressin-
resistant hyposthenuria specifically implies abnormalities in
collecting duct water reabsorption in CRF patients. Consis-
tently, Fine et al. (374) observed that isolated and perfused cor-
tical collecting ducts dissected from remnant kidneys of severely
uremic rabbits exhibited a significantly decreased water flux
and adenylate cyclase activity in the response to vasopressin.
Importantly, they demonstrated that the 8-bromo-cAMP failed
to induce a normal hydrosmotic response in cortical collecting
duct from remnant kidneys (374). The impaired urinary con-
centrating ability may, at least partly, be caused by impairment
of vasopressin-stimulated water reabsorption in the collecting
duct in CRF (375,376). As an extension of these observations,
RT-PCR of total RNA from the inner medulla of CRF rat kid-
neys revealed virtual absence of V2 receptor mRNA (377).
Thus, these studies provide firm evidence for significant de-
fects in the collecting duct water permeability. Consistent with
these observations, it has shown both decreased collecting duct
water channel AQP2 and -3 expression and a vasopressin-
resistant downregulation of AQP2 in a 5/6 nephrectomy-
induced CRF rat model (260). In addition to the downregula-
tion of AQPs in the collecting duct, a study showed markedly
decreased expression of urea transporters UT-A1, UT-A2, and
UT-B1 in the renal medulla of CRF rats (378). This could
also partly contribute to the decreased urinary concentration in
CRF.

STATES OF WATER RETENTION

Chronic Heart Failure

Severe chronic heart failure is characterized by defects in the
renal handling of water and sodium resulting in extracellular
fluid expansion and hyponatremia. An increased baroreceptor-
mediated vasopressin release is believed to play a critical role
for the renal water retention contributing to the development
of hyponatremia. Two studies have looked at changes in re-
nal AQP expression in rats with congestive heart failure (CHF)
induced by ligation of the left coronary artery (15,16) to test
if upregulation of AQP2 expression and targeting may play
a role in the development of CHF. The studies demonstrated
that the renal water retention in severe congestive heart failure
in rats is associated with an upregulation of AQP2 expression
levels in the collecting duct principal cells and a marked redis-
tribution of AQP2 in the collecting duct principal cells with
most channels located to the apical plasma membrane (15,16).

Rats with severe heart failure had significantly elevated left ven-
tricular end-diastolic pressures (LVEDP) compared with Sham-
operated animals (26.9 ± 3.2 vs. 4.1 ± 0.3 mm Hg) and had
reduced plasma sodium concentrations (15). These results may
provide an explanation at the molecular level for excess solute-
free water retention in severe CHF and for the development of
hyponatremia.

It was demonstrated that plasma AVP levels are progres-
sively increased following the severity of NYHA class in pa-
tients with congestive heart failure. Urinary excretion of AQP2
is correlated with plasma AVP levels, suggesting that increased
urinary excretion of AQP2 is dependent on baroreceptor-
mediated release of AVP in patients with CHF (379). In CHF,
arterial underfilling, caused by decreased cardiac output or pe-
ripheral arterial vasodilation, leads to activation of the sympa-
thetic nervous system and renin–angiotensin–aldosterone sys-
tem in addition to the nonosmotic vasopressin release (18).
A recent study demonstrated an effect of angiotensin II AT1
receptor blocker losartan treatment in CHF rats, which in-
hibits increased sodium reabsorption in the PT and Na-K-
2Cl cotransporter in the thick ascending limb of Henle’s loop
and water reabsorption through AQP2 in the collecting ducts
(380). Consistent with this interpretation, angiotensin II AT1
receptor blockade in dDAVP-treated rats is associated with de-
creased urine concentration and decreased AQP2 expression,
compared with dDAVP-treated rats (381).

Hepatic Cirrhosis

Hepatic cirrhosis is another serious chronic condition associ-
ated with water retention. Several studies have examined the
changes of renal AQPs expression in rats with cirrhosis in-
duced by common bile duct ligation (CBDL) (382–384). The
rats displayed impaired vasopressin-regulated water reabsorp-
tion despite normal plasma vasopressin levels. This was demon-
strated by an impaired effect of a vasopressin V2-receptor
antagonist OPC 31260 in cirrhotic rats. Consistent with this
observation, semiquantitative immunoblotting showed a sig-
nificant decrease of AQP2 expression in rats with hepatic cir-
rhosis (382,383). In addition, the expression levels of AQP3
and -4 were downregulated in CBDL rats, which may pre-
dict a reduced water permeability of the collecting duct in this
model (382). In contrast, Fujita et al. (253) demonstrated that
hepatic cirrhosis induced by intraperitoneal administration of
carbon tetrachloride (CCl4) was associated with a significant
increase in both AQP2 protein levels and AQP2 mRNA ex-
pression. Interestingly, AQP2 mRNA levels correlated with the
amount of ascites, suggesting that AQP2 may play a role in
the abnormal water retention, followed by the development
of ascites in hepatic cirrhosis (385). Another study using a
model of CCl4-induced cirrhosis demonstrated an increased

FIGURE 3-10. Changes in AQP2 expression seen in
association with different water balance disorders.
Levels are expressed as a percentage of control lev-
els (leftmost bar). AQP2 expression is reduced, some-
times dramatically, in a wide range of hereditary and
acquired forms of diabetes insipidus characterized by
different degrees of polyuria. Conversely, congestive
heart failure and pregnancy are conditions associated
with increased expression of AQP2 levels and exces-
sive water retention.
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trafficking of AQP2 to the apical plasma membrane in parallel
to the increase of plasma vasopressin level (386).

Although the differences between experimental groups in-
duced by CBDL and CCl4 remains to be determined, it is known
that the dysregulation of body water balance depends on the
severity of cirrhosis (387,388). CBDL results in a compen-
sated cirrhosis characterized by peripheral vasodilation and in-
creased cardiac output, whereas cirrhosis induced by chronic
CCl4 administration is associated with the late decompen-
sated state of liver cirrhosis characterized by sodium retention,
edema, and ascites (387). Thus, the downregulation of AQP2
observed in milder form of cirrhosis (i.e., a compensated stage
without water retention) may represent a compensatory mech-
anism to prevent development of water retention. In contrast,
the increased levels of vasopressin seen in severe “noncom-
pensated” cirrhosis with ascites may induce an inappropriate
upregulation of AQP2 that would, in turn, participate in the
development of water retention.

Experimental Nephrotic Syndrome

The nephrotic syndrome is characterized by extracellular vol-
ume expansion with increased renal sodium and water re-
absorption. The mechanisms of sodium and water retention
can be expected to be associated with dysregulation of renal
AQPs and sodium transporters. In vivo micropuncture studies
in the unilateral model of puromycin aminonucleoside (PAN)-
induced nephrotic syndrome have shown that sodium reab-
sorption is specifically increased in the collecting duct (389).
Subsequently, a few studies have demonstrated that sodium re-
tention in rats with PAN-induced nephrotic syndrome is corre-
lated with increased activity and expression of Na,K-ATPase in
the cortical collecting duct (390,391). Furthermore, rats with
PAN-induced nephrotic syndrome have increased or sustained
expression of ENaC subunits, along with an increased apical
targeting of ENaC subunits in the late distal convoluted tubule,
connecting tubule and collecting duct segments (392). This sug-
gests that increased abundance and apical targeting of ENaC
subunits in the distal nephron and collecting duct are likely to
play a role in the development of sodium retention associated
with PAN-induced nephrotic syndrome.

In contrast to CHF and liver cirrhosis, a marked down-
regulation of AQP2 and -3 expression was demonstrated in
rats with PAN- and adriamycin-induced nephrotic syndrome
(393,394). This reduced expression of collecting duct wa-
ter channels could represent a physiologically appropriate
response to extracellular volume expansion. The signal trans-
duction involved in this process is not clear, but circulating
vasopressin levels are high in rats with PAN-induced nephrotic
syndrome. Thus, the marked downregulation of AQP2 in ex-
perimental nephrotic syndrome is similar to the downregu-
lation of AQP2 in water-loaded dDAVP-treated rats, which
would be an escape from the action of vasopressin (251,265).

Vasopressin Escape

Recently, Ecelbarger and colleagues (265) examined the mech-
anisms behind vasopressin escape, a conditions where the nor-
mal hydrosmotic response to vasopressin is suspended to pre-
vent water intoxication. Rats were infused with dDAVP in
osmotic minipumps that were either forced water loaded or
allowed free access to water. Despite the fact that all rats had
the same levels of circulating dDAVP (i.e., clamping of plasma
antidiuretic hormone levels), the water-loaded rats had a dra-
matic downregulation of AQP2 and developed polyuria, com-
pared to the antidiuretic control rats. This downregulation of
AQP2 may, therefore, represent a physiologically appropriate

way to reduce the capacity to reabsorb water (265). The sig-
naling transduction pathways involved in the altered long-term
regulation of AQP2 during vasopressin escape are at present
unknown, but the study strongly suggest that a vasopressin-
independent signaling pathway may be involved. Thus, the ex-
istence and potential importance of a vasopressin-independent
signaling pathway (95) has gained considerable support (265).

Regulation of AQP2 by Female Sex Hormones

Pregnancy is characterized by a 30% to 50% increase in ex-
tracellular fluid, plasma, and blood volume in different mam-
malian species, including humans and rats (395). Other char-
acteristic changes during pregnancy are arterial vasodilatation
together with sodium and water retention and a decrease in
plasma osmolality both in rats and humans. In parallel with the
arterial vasodilation the renin–angiotensin–aldosterone system
is activated and it has been suggested that the decrease in
plasma osmolality is caused by resetting of the threshold for
vasopressin secretion during pregnancy (396). Therefore, the
hypothesis that AQP2 expression could be increased during
pregnancy was tested in rats on days 7, 14, and 20 of pregnancy
(397). Plasma osmolality, sodium, and body weight were con-
sistently lower in pregnant rats and associated with this AQP2
mRNA and AQP2 levels significantly increased during preg-
nancy. Administration of the V2-receptor agonist suppressed
the increase in both AQP2 mRNA and AQP2 despite normal
levels of plasma vasopressin (397). Thus, this study suggests
that the upregulation of AQP2 contributes to water retention
during pregnancy in part through a V2 receptor-mediated ef-
fect, but AVP-independent factors (such as oxytocin) may also
be important for this upregulation (398).

Urinary Biomarkers in Diseases with
Urinary-Concentrating Defects

Urine provides an alternative to blood, plasma, and tissue as a
potential source of disease biomarkers in kidney diseases and
conditions associated with altered kidney function (399,400).
Moreover, these diseases are often characterized by urinary ex-
cretion of distinct renal and extrarenal proteins and one uri-
nary biomarker already exploited in clinical studies is AQP2.
A number of studies have demonstrated that the response of
urinary AQP2 excretion to dDAVP infusion is an index of va-
sopressin action on the kidney (322,323,401,402). Urinary ex-
cretion was increased during dehydration or vasopressin treat-
ment and increased after hydration (323); CDI patients treated
with vasopressin had increased urinary AQP2 excretion (321).
Furthermore, it was shown that the amount of daily excretion
of AQP2 in the urine was the same in men and women and
urinary AQP2 content was not affected by age of the subjects
(401). Importantly, urinary AQP2 showed a positive correla-
tion with urine osmolality (401). The fraction of AQP2 ex-
creted in the urine compared with whole kidney content was
determined in rats and approximately 3% to 4% of AQP2 in
the kidney was excreted daily (323,401). Thirsting or vaso-
pressin treatment markedly increased urinary AQP2 excretion,
whereas water loading suppressed AQP2 excretion supporting
the view that urinary AQP2 excretion closely parallels changes
in vasopressin action (323). There is strong evidence that uri-
nary AQP2 excretion is mediated by an apical pathway, which
is tightly regulated by vasopressin, since AQP3 located to the
basolateral plasma membrane is undetectable (323). In a recent
study using immunoelectron microscopy and nanospray liquid
chromatography-tandem MS (LC-MS/MS) analysis of urinary
membrane proteins, it was demonstrated that AQP2 and other
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apical plasma membrane proteins are excreted through the pro-
cess of exosome formation (403). Importantly, this proteomic
analysis demonstrated that in addition to AQP2 there are nu-
merous other proteins excreted in urine from volunteers, giv-
ing promise that proteomic analysis of urinary exosomes can
provide a tool for early detection of renal disease. Numerous
studies have suggested that urinary AQP2 excretion may be a
valuable marker in clinical conditions with altered water bal-
ance. In a recent study where patients with CHF were treated
with the V2-receptor antagonist (VPA-985), urinary AQP2 ex-
cretion was dramatically decreased in a dose-dependent man-
ner (404). This decrease correlated with increased urinary ex-
cretion of solute-free water, supporting a functional associated
between AQP2 levels and water reabsorption at the collecting
duct level. Future studies will determine whether urinary AQP2
excretion will be a useful parameter.
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CHAPTER 4 ■ TUBULAR SODIUM
TRANSPORT
W. BRIAN REEVES AND THOMAS E. ANDREOLI

Sodium is the primary extracellular cation and, as such, is of
critical importance to maintenance of extracellular fluid vol-
ume. The kidney is the dominant organ regulating the excretion
of sodium. Each day, roughly 25,000 mEq of sodium are filtered
through the glomeruli; from this quantity, almost ten times the
total exchangeable sodium in the body, the kidneys typically
absorb over 99%. A remarkable feature of the sodium absorp-
tive process is the precision with which the excretion of the
final 1% of the filtered sodium load is regulated. An individual
consuming a typical diet containing 6 g of sodium will excrete
260 mEq of sodium per day; the same individual, when placed
on a 2-g sodium-restricted diet, will promptly reduce sodium
excretion to 87 mEq per day. Thus, the fraction of the filtered
sodium load absorbed by the kidney changes from 99.0%, on
a standard diet, to 99.6% on a sodium-restricted diet. This
small change, however, is equivalent to the addition or removal
of over 1 L per day to extracellular fluid volume. Stated sim-
ply, the kidneys absorb large amounts of filtered sodium with
remarkably precise control.

The ability of the kidneys to absorb large amounts of sodium
with exquisite control relies on the sequential actions of various
segments of the nephron, each with highly specialized transport
capabilities. Figure 4-1 provides an overview of sodium trans-
port along the nephron. In general, the absolute rates of sodium
reabsorption are greatest in the proximal tubule and fall as the
tubular fluid proceeds from proximal to distal segments. At the
same time, the ability to transport sodium against steep tubu-
lar fluid to blood gradients and the relative ability to regulate
sodium transport increase along the nephron. For example, the
proximal tubule reabsorbs the bulk (60% to 70%) of the fil-
tered sodium load, but, as will be detailed later, does so against
trivial electrochemical gradients. Moreover, the ability to al-
ter sodium transport in the proximal tubule, in relative terms,
is rather limited, usually varying by less than 15% to 20%.
The collecting duct, in contrast, reabsorbs only a minor frac-
tion (∼2% to 4%) of the filtered sodium load. However, the
collecting duct can transport sodium against a large electro-
chemical gradient to produce urine, which is almost sodium-
free (<10 mEq/L). In addition, the rate of sodium transport
in the collecting duct can vary over a wide range (10-fold) in
response to physiologic stimuli. It is this sequential action of
the different nephron segments that permits both high rates
of sodium transport (proximal segments) and highly regulated
sodium transport (distal segments).

Substantial progress has been made over the past decade
in identifying the proteins that mediate sodium transport in
each nephron segment and in defining the interactions and
regulation of these proteins within each segment. Many of
the sodium transport proteins discussed in this chapter have
been linked to specific genetic disorders (Table 4-1). Given
the primacy of renal sodium transport to the control of ex-
tracellular fluid volume, it is not surprising that the ma-
jority of these genetic disorders are characterized by either
hypo- or hypertension. Some of these disorders, the under-

lying genetic defects, and their functional and clinical con-
sequences are presented in Table 4-1. An updated and cu-
rated database of these and other genetic disorders is main-
tained at the Online Mendelian Inheritance in Man Web site
(www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM).

This chapter considers the transepithelial transport of
sodium by the various nephron segments. The discussion of
each nephron segment begins with a description of the general
features of sodium transport in that segment along with per-
tinent structure–function relations. The mechanism of sodium
transport is then considered on a cellular or subcellular level,
with emphasis on recent electrophysiological, biochemical, and
molecular findings. Finally, each section includes a considera-
tion of the factors that regulate sodium transport in the indi-
vidual segments.

PRINCIPLES OF MEMBRANE
TRANSPORT

This section describes some of the physical principles that un-
derlie the movement of ions across individual membranes and
epithelia. This discussion is not intended to be an extended
treatment of the thermodynamic aspects of membrane trans-
port processes; readers interested in such a quantitative ap-
proach to the subject are directed to other sources (1).

Diffusion Processes

Solute transport across membranes may occur by diffusion or
convection, or by a mediated process. Diffusion is the ran-
dom Brownian motion of a molecule with respect to adjacent
molecules and occurs as the consequence of thermal energy
(2). Since the diffusional movement of an individual molecule
is random, the net transfer of molecules across a membrane,
that is, the translation of the random diffusion of individ-
ual molecules to the vectorial movement of an ensemble of
molecules, is a statistical process, which depends on the pres-
ence of a concentration gradient across a membrane. Thus,
the concentration gradient represents the driving force for net
transport.

For charged solutes, the driving force for transport is the
sum of the chemical and electrical potential gradients. The
Nernst equation describes the equilibrium condition for a mem-
brane permeable only to a single ionic species:

Vm = V2 − V1 = −RT/ZF ln C2/C1 [1]

where R is the gas constant, T is the absolute temperature,
Z is the valence of the solute, F is Faraday’s constant, and C
and V are concentration and electrical potential terms, respec-
tively. At equilibrium, then, the voltage (Vm) across an ideally
selective membrane is defined by the concentrations of the
permeant ion on both sides of the membrane, C2 and C1,
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FIGURE 4-1. Contribution of various nephron segments to sodium
transport.

respectively. For systems containing more than one permeant
ion, the equilibrium voltage can be described by the Goldman–
Hodgkin–Katz (GHK) equation (3,4):

Vm = − RT/F ln [(PNaC2
Na + PKC2

K + PCl C1
Cl)/

(PNa C1
Na + PK C1

K + PCl C2
Cl)] [2]

where Px is the permeability of the respective solutes, in this
case, sodium, potassium, and chloride. Thus, in a system con-
taining multiple charged solutes, the transmembrane voltage
is a function of the concentrations and permeabilities of each
solute.

Convective Processes

Convection is the vectorial movement of an ensemble of adja-
cent molecules with respect to an external geometric coordinate
and is driven by an externally imposed force, for example, hy-
drostatic pressure. Examples of convective transport include
glomerular filtration and solvent drag, a process in which so-
lute molecules exhibit movement which is coupled to water
movement.

Bulk water flow may be driven by hydrostatic pressure or
osmotic pressure. The familiar Starling equation

Jv = K(�P − �π ) [3]

describes net volume flow (Jv) in response to hydrostatic (�P)
and osmotic (�π ) pressure differences. The equivalence of os-
motic and hydrostatic pressure is explicit in the Starling equa-
tion. The degree to which a solute exerts an osmotic pressure
depends on the degree to which it permeates membranes. The
ratio of the observed osmotic pressure to that predicted if a
solute were excluded absolutely from a membrane is termed
the reflection coefficient, σ :

σ = �πobs/�πtheoretical [4]

For impermeant solutes, σ = 1; for highly permeable solutes,
σ approaches 0.

For solutes with σ <1, transmembrane solute flux will be
accelerated in the direction of volume flow. This acceleration
is known as the solvent drag phenomenon (5). Thus, the net
passive flux of a permeable solute across a membrane may be
driven both by diffusion and by entrainment with solvent flow,
that is, by solvent drag.

Facilitated Diffusion

Biological membranes are composed primarily of lipids ar-
ranged in a bilayer configuration. Since the permeability of

many hydrophilic solutes through lipid membranes is rather
low, membranes contain proteins, which facilitate the transport
of certain solutes. These kinds of transport proteins, which are
often termed carriers, have a high degree of specificity for the
transported solute. The limited number of transporters gives
rise to a saturation phenomenon as the solute concentration
is increased. An example of carrier-mediated facilitated dif-
fusion is the entry of glucose into renal tubular cells across
the basolateral membrane mediated by the hexose transporter,
GLUT-1 (6). The movement of ions through specialized path-
ways known as ion channels represents another form of fa-
cilitated diffusion. In this case, integral membrane proteins,
usually containing several membrane-spanning domains, form
pores in cell membranes through which ions can move. Ion
channels are characterized by a high degree of specificity for the
ions being transported and by the very high rates of transport
effected by each channel protein. Facilitated diffusion mecha-
nisms, like enzymes, serve only to accelerate the rate of trans-
port, but do not affect the equilibrium distribution of solutes.
In other words, facilitated diffusion, like simple diffusion and
convection, is a passive, or dissipative, process.

Active Transport Processes

Active transport is a special case of facilitated transport in
which chemical bond energy is supplied to the transport pro-
cess so that the final distribution of the solute is remote from
equilibrium. The coupling of solute transport to the energy
source can take two forms. In primary active transport, solute
transport is coupled directly to an energy-yielding reaction.

The most widely recognized example of primary active
transport is the transport of Na+ and K+ by the Na+ + K+–
ATPase. This enzyme, often referred to as the “sodium pump,”
couples the extrusion of cellular sodium to cellular potassium
uptake (7). In renal tubules, this enzyme is localized to the
basolateral membrane (8,9). In Figure 4-2 is illustrated the dis-
tribution of Na+ + K+–ATPase activity in various nephron
segments. In general, segments, which maintain high rates of
active sodium transport, have high Na+ + K+–ATPase activity.

The hydrolysis of each ATP molecule ordinarily pumps three
sodium ions out of the cell coupled to two potassium ions
moving inward (10–12). Therefore, the pump is electrogenic.
The Na+ + K+–ATPase is responsible for maintaining the cell
sodium activity at a low level, which, in turn, provides the en-
ergy for the sodium-coupled transport of many other solutes.
Thus, inhibition of Na+ + K+–ATPase either by peritubular
ouabain addition or by peritubular potassium removal causes
a significant rise in the cell sodium activity (13–15).

The affinity constant (Km) of the pump for intracellular
sodium, about 15 to 30 mM (16,17), is similar to the intracel-
lular sodium activity measured in proximal tubule cells (13,15,
18). Therefore, the pump is unsaturated with respect to sodium
and pump activity is sensitive to changes in the intracellular
sodium concentration activity. When the intracellular sodium
concentration in the proximal tubule is varied, the transepithe-
lial water and sodium fluxes vary proportionately (19).

In secondary active transport, the movement of a solute
uphill against its electrochemical gradient is energized by the
movement of another solute down its own gradient (20).
Sodium, because of its steep favorable electrochemical gradi-
ent maintained by the sodium pump, often participates in the
transport of other solutes, either in the same (cotransport or
symport) or opposite (countertransport or antiport) direction.
Thus, by coupling solute transport with sodium movement
into cells, cellular metabolic energy generated by the Na+ +
K+–ATPase is stored in the form of a sodium concentration
gradient, analogous to a battery, and then dissipated in the
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FIGURE 4-2. Distribution of Na+ + K+-ATPase activity along the
mammalian nephron. PCT, proximal convoluted tubule; PST, proxi-
mal straight tubule; DLH, descending thin limb of Henle; ALH, as-
cending thin limb of Henle; mTAL, medullary thick ascending limb;
cTAL, cortical thick ascending limb; DCT, distal convoluted tubule;
CCT, cortical collecting tubule; MCT, medullary collecting tubule.
(From: Garg, LC, Narang N, Wingo CS. Glucocorticoid effects on Na-
K-ATPase in rabbit nephron segments. Am J Physiol 1985;248:F487;
Katz AI, Doucet A, Morel F. Na-K-ATPase activity along the rab-
bit, rat, and mouse nephron. Am J Physiol 1979;237:F114; Garg
LC, Knepper MA, Burg MB. Mineralocorticoid effects on Na-K-
ATPase in individual nephron segments. Am J Physiol 1981;240:F536;
Schmidt U, Dubach UC. Activity of (Na+ + K+) stimulated adenosine
triphosphatase in the rat nephron. Pflugers Arch 1969;306:219, with
permission.)

transport of a variety of different solutes. Some examples
of symport processes include sodium–glucose and sodium–
amino acid cotransport; sodium–proton and sodium–calcium
exchange are two examples of countertransport processes.

PROXIMAL TUBULE

General Features

The proximal tubule is the major site for sodium absorption
within the kidney and serves two major purposes. First, the
proximal tubule protects the extracellular fluid volume by re-
claiming the bulk, approximately 60% to 80%, of the glomeru-
lar filtrate (21–23). This equates with the absorption of the
entire extracellular fluid volume once every 21/2 hours. Second,
the absorption of sodium in the proximal tubule provides, by
way of coupled processes, the driving force for absorption of
other solutes, such as bicarbonate, glucose, and amino acids.

Under most circumstances, fluid at any given point along
the proximal tubule has virtually the same sodium concen-
tration and osmolality as plasma (21,23). The isosmotic na-
ture of proximal tubule fluid absorption derives from the high
water permeability of this segment (24,25), which effectively
clamps the osmolality of the tubular fluid at that of plasma.
Although sodium transport in the proximal tubule occurs in
the absence of large electrical or chemical gradients, several
lines of evidence indicate that the bulk of sodium absorption
in the proximal tubule involves active transport. For example,
under the appropriate experimental conditions, sodium can be
shown to be reabsorbed against both concentration (23,26,27)

and electrical (28–30) gradients. In addition, fluid absorption
and sodium transport cease when Na+ + K+–ATPase activity
is inhibited or when cell metabolism is slowed (31–33).

Not all proximal sodium absorption, however, involves pri-
mary active transport. Rather, a significant amount of proximal
sodium transport also occurs passively (34–36). In the late con-
voluted and straight tubules (S2 and S3 segments), sodium dif-
fuses passively out of the tubule driven by the lumen-positive
electrical potential difference in those segments. This poten-
tial difference, as will be discussed later, derives from a chlo-
ride concentration gradient across the tubule wall. Even in this
case, however, it is the active transport of sodium in upstream
portions of the proximal nephron that ultimately accounts for
these gradients and potentials.

Nephron Heterogeneity

Analyses of proximal tubular sodium transport are compli-
cated by two factors: a nonhomogeneous nephron population
and axial changes in fluid composition. As reviewed in Chapter
1 of this volume, there is considerable axial heterogeneity of
both morphologic and functional characteristics of the proxi-
mal tubule. The cells of the earliest part of the proximal tubule,
the S1 segment, have extensive basal interdigitations, numer-
ous mitochondria, and a well-developed luminal brush border
(37). The S3 segment, in contrast, consists of flatter cells with
fewer mitochondria, lower brush borders, and much less ex-
tensive basolateral membranes than S1 cells (37). Normalized
to tubule length, the basolateral membrane area and Na+ +
K+–ATPase activity of the S3 straight segment are only 25% of
that for the S1 segments (38–40). As might be expected on the
basis of these observations, the net rates of the Na+ and fluid
transport in the S3 straight segment are, in general, lower than
in the S1 convoluted tubule (41–45).

Proximal nephron segments also differ with respect to their
transport properties according to their location within the
kidney. Thus, juxtamedullary convoluted tubules have higher
rates of volume and bicarbonate absorption than their su-
perficial counterparts (42,46), although this disparity has not
been noted between juxtamedullary and superficial straight
segments (47).

Glomerular ultrafiltrate, which enters the early proximal
tubule, also undergoes axial change in its composition. Figure
4-3 illustrates that the chloride concentration rises, while the
bicarbonate concentration falls, early in the proximal tubule
(48). These changes occur as a consequence of the preferen-
tial absorption of sodium bicarbonate over sodium chloride
in this segment (48–50). Glucose, amino acids, and other or-
ganic compounds are also absorbed avidly in association with
sodium in the early proximal tubule, so that their concentra-
tions in luminal fluids approach zero in spite of net water re-
absorption in this segment (48,51).

This coupling of sodium absorption to the absorption of
bicarbonate, glucose, and amino acids is a prominent property
of the proximal convoluted tubule. Omission of glucose and
amino acids from luminal fluids reduces both the potential dif-
ference and the volume absorptive rate (46,49,52,53). In the
straight segment, on the other hand, deletion of glucose and
alanine has no effect either on the potential difference or on
the fluid absorptive rate (47,54,55), although deletion of all
organic solutes does reduce volume absorption by 50% (56).
The rates of transport of glucose, amino acids, phosphate, and
sodium in the early proximal convoluted tubule exceed those
in the proximal straight tubule (41,43–45,57). As a correlate,
the rate of volume absorption is two to three times higher in
the convoluted than in the straight tubule. These rates correlate
well, as noted above, with the relative basolateral membrane
areas of the respective segments (40).
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FIGURE 4-3. Profile of transepithelial voltage and solute concentra-
tions along the mammalian proximal tubule. (From: Rector FC, Jr.
Sodium, bicarbonate, and chloride absorption by the proximal tubule.
Am J Physiol 1983;244:F461, with permission.)

Electrophysiology of the Proximal Tubule

Transepithelial Potential Difference

The electrogenic nature of the transport of sodium coupled to
glucose and amino acids creates a lumen-negative transepithe-
lial electrical potential difference in the early proximal con-
voluted tubule. The deletion of glucose and alanine from the
luminal fluid reduces the potential difference from about –5.0
mV, lumen-negative, nearly to zero (46,49,53,58). Free-flow
micropuncture studies indicate that this transepithelial poten-
tial difference becomes lumen-positive (+2 to 4 mV) after the
first millimeter of proximal tubule (30,52), at a point where the
tubular fluid to plasma chloride concentration ratio is approx-
imately 1.3 (52,59). This lumen-positive voltage is probably
a diffusion potential arising from the chloride concentration
gradient.

Electrical Resistance

The proximal tubule is a classic example of an electrically leaky
epithelium. The electrical resistance of the mammalian proxi-
mal tubule is remarkably low. The reported values for mam-
malian proximal tubule resistance are in the range 5 to 10 �cm2

(29,60–62).
Obviously, dissipative transepithelial currents might tra-

verse paracellular or transcellular pathways. In order to know
the relative and absolute currents crossing cellular and paracel-
lular pathways, it is necessary to know Re, the transepithelial
resistance, Rc, the cellular resistance, and Rs , the paracellular
resistance. Only a few measurements of cell resistance of mam-
malian tubules are available (60,63,64). However, from these
measurements, it seems clear that the total cellular resistance
(i.e., the sum of the apical and basolateral resistance) is 20- to
70-fold greater than the transepithelial resistance. Thus, it is
probable that the predominant route for passive ion flows in
the proximal tubule involves the paracellular pathway.

Ionic Selectivity

The initial convolution of the superficial proximal tubule is
sodium selective; thereafter, the superficial convoluted and
straight tubules are chloride selective (54,58). In contrast, jux-
tamedullary proximal tubules are sodium selective through-
out their course (58). Since the chloride concentration rises
as fluid flows along the convoluted tubule (Fig. 4-3), oppo-
sitely directed gradients for chloride and bicarbonate in late
convoluted and straight segments give rise to a lumen-positive
transepithelial potential difference (48). The latter indicates a
higher permeability for chloride than bicarbonate. Values of
PHCO3 /PCl appreciably less than one have been found in all
proximal tubule segments, both superficial and juxtamedullary
(42,65–67).

MECHANISMS OF SODIUM
REABSORPTION

Apical Membrane Sodium Entry

Two general classes of sodium entry mechanisms have been
described for the apical membranes of proximal tubular cells.
Sodium entry may be coupled to the movement of other solutes,
such as glucose, chloride, or protons; or sodium may enter
independently. In either case, the driving force for sodium entry
is the steep electrochemical gradient favoring sodium influx.

In mammalian proximal tubules, the intracellular sodium
activity ranges from 15 to 35 mM (17,68,69). In the amphibian
proximal tubule, the cell sodium activity measured by intracel-
lular electrodes is 20 to 30 mM, with a total electrochemical
driving force of approximately 100 mV directed inwardly for
sodium (13,15,18,70). The entry of sodium into cells appears
to be rate-limiting for transepithelial sodium transport. Am-
photericin B, a polyene antibiotic, increases the permeability
of the luminal membrane to sodium and causes a large rise in
net sodium absorption (19,71).

Na+–H+ Exchange

Directly coupled Na+–H+ exchange in the proximal tubular
brush border (72) is responsible for most proton secretion (73)
and for a large fraction of sodium reabsorption in the proximal
tubule. The role of Na+–H+ exchange in renal acidification is
discussed in Chapter 6 of this volume. The mechanism whereby
Na+–H+ exchange effects Na+ reabsorption is presented in
Figure 4-4. Briefly, entry of Na+ is coupled to extrusion of a
proton into the lumen. The proton titrates a filtered HCO−

3

FIGURE 4-4. Scheme of NaHCO3 transport mediated by Na+–H+
exchange. See text for explanation.
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molecule to form carbonic acid. Carbonic acid subsequently is
dehydrated to CO2 in a reaction catalyzed by carbonic anhy-
drase in the brush border membrane. Within the cell, the reverse
process occurs: Carbonic acid formed by the hydration of CO2
dissociates into H+ and HCO−

3 . The H+ is extruded into the
lumen by Na+−H+ exchange to repeat another cycle while the
HCO−

3 is transported into the blood via a 1Na+:3HCO−
3 co-

transport process. Because 1 Na+/3HCO−
3 cotransport is elec-

trogenic, carrying two net negative charges out of the cell, it
can be driven by the inside-negative cell membrane potential,
although both Na+ and HCO−

3 are moving against concentra-
tion gradients. A number of Na+:HCO−

3 cotransporters have
been cloned (74). One of these, NBC1 (encoded by SLC4A4)
is localized to the basolateral membrane of the S1 and S2 seg-
ments of the proximal tubule (75) and likely accounts for ba-
solateral HCO−

3 transport in these segments. As illustrated in
Figure 4-4, the net result of these steps is the reabsorption of
Na+ and HCO−

3 from the luminal fluid. As is discussed in Chap-
ter 6, this process accounts for the bulk of HCO−

3 reabsorption
and about 20% of Na+ reabsorption in the proximal tubule.

The mammalian Na+−H+ exchanger is electroneutral with
a stoichiometry of one proton for one sodium (72,76,77). The
exchanger is reversibly inhibited by high concentrations of
amiloride (78) and is stimulated by intracellular acidosis. The
stimulatory effect of internal protons, mediated by an internal
activator site rather than increased occupancy of the internal
transport site (79), helps to account for the increase in Na+−
H+ exchange in response to intracellular acidosis (80,81).

Studies indicate that the apical and basolateral membranes
of kidney cells contain different forms of Na+/H+ exchang-
ers with different affinities for amiloride (82,83). The apical
Na+/H+ exchanger is involved in urinary acidification and has
a low affinity for amiloride, while the basolateral exchanger is
presumed to serve a “housekeeping” role and has a high affin-
ity for amiloride. An Na+/H+ exchanger was first cloned from
human genomic DNA (84). The clone NHE1 encodes a 99 kDa
protein, which contains 10 membrane-spanning regions. The
sensitivity of NHE1 to amiloride (84) and the basolateral lo-
calization (84a) suggest that it represents the “housekeeping”
Na+/H+ exchanger.

Other isoforms of the Na+/H+ exchanger have also been
cloned (85). One of these, NHE3, has been shown to be located
in the brush border membrane of proximal tubule cells (86,87).
Mice, which lack the NHE3 exchanger, have been produced by
genetic “knock out” of the NHE3 gene. Micropuncture studies
demonstrate that the rates of sodium and bicarbonate transport
in the proximal tubules of these mice are markedly reduced
(88,89). In addition, pharmacologic inhibitors of NHE3 re-
duce proximal tubule sodium reabsorption by about one-third
(90). However, a significant, albeit reduced, rate of amiloride-
sensitive bicarbonate transport still persists in the proximal
tubules of NHE3 knock-out mice (91). Together, these obser-
vations indicate that the NHE3 isoform of Na+−H+ exchange
is responsible for much, but not all, proximal tubular acid-
ification and coupled NaCl absorption (vida infra). Another
NHE isoform, NHE8, is also expressed in the apical mem-
branes of cortical tubules and may contribute to these processes
(92).

Sodium–Glucose Cotransport

The coupling of proximal tubular glucose and amino acid ab-
sorption to Na+ absorption has already been mentioned. Elec-
trophysiological studies in the rat, rabbit, and frog kidney
all show that, on addition of glucose to luminal fluids, api-
cal membranes depolarize (93,94). The depolarization occurs
because the Na+-glucose transporter, unlike the Na+/H+ ex-
changer, transfers a positive charge into the cell and, thus, is

electrogenic. The Na+-glucose transporter is specific for the
D-stereoisomers of glucose, galactose, and α-methyl-D-
glucoside (95–98). Unlike the Na+/H+ exchanger, the Na+-
glucose cotransporter has little affinity for cations other than
sodium (95). Phlorizin inhibits Na+-glucose cotransport by
competing with glucose for its binding site (99).

The rate of glucose transport by the early proximal tubule
is greater than in late proximal segments (41,43,45). Barfuss
and Schafer (41), studying perfused rabbit proximal tubules,
and Turner and Moran (100), studying rabbit brush border
membrane vesicles, found axial differences in the affinities of
the Na+-glucose carrier for glucose. In the proximal straight
tubule, the Km for D-glucose is 5 to 20 times lower than in
the proximal convoluted tubule. Moreover, the transporter in
the early proximal tubule (cortical origin) has a 1:1 sodium
to glucose stoichiometry (100), whereas the transporter in the
straight segment (medullary origin) has a 2:1 stoichiometry
(101). By coupling the energy from two sodium ions moving
down their electrochemical gradient to the transport of each
glucose molecule, the medullary transporter is able to establish
a much greater cellular to extracellular glucose concentration
ratio than a 1:1 Na+:glucose transporter (51). The 2 Na+:1
glucose transporter is, therefore, well suited to the straight
segment, where tubular fluid glucose concentrations have al-
ready been reduced by glucose absorption in the convoluted
tubule.

Hediger et al. (102,103) cloned a Na+-glucose cotransporter
(SGLT-1) from rabbit jejunum and human intestine. The cDNA
codes for proteins of 662 and 664 amino acids, respectively, and
a molecular weight of 73 kDa. Analysis of kidney mRNA, us-
ing the intestinal Na+ glucose cotransporter cDNA as a probe,
indicates that the kidney contains a transporter identical to that
in the intestine (104). Western and Northern blot analysis indi-
cates that SGLT-1 is located predominantly in the outer medulla
(105). When expressed in Xenopus oocytes, SGLT-1 medi-
ates high affinity Na–glucose cotransport with a sodium-to-
glucose coupling ratio of 2:1 (106). A second sodium–glucose
cotransporter, SGLT-2, has been cloned from human kidney
(107). This protein shares 59% homology to SGLT-1. How-
ever, when expressed in Xenopus oocytes, SGLT-2 mediates
low-affinity Na–glucose cotransport with a sodium–to-glucose
coupling ratio of 1:1. Moreover, in situ hybridization revealed
high levels of SGLT-2 message in the S1 segment of the proximal
tubule (108,109). Thus, it appears that SGLT-2 may represent
the low-affinity, high-capacity sodium–glucose cotransporter
in the early proximal tubule, while SGLT-1 may represent the
high-affinity, low-capacity transporter of the proximal straight
tubule (109).

Mutations in SGLT-2 form the basis for renal glucosuria
(Table 4-1), an inherited condition characterized by a low-
ered threshold for tubular reabsorption of glucose (110). In
contrast, the dominant clinical manifestations of inactivating
mutations of SGLT-1 (111) relate to the failure to absorb sug-
ars in the intestinal tract (glucose–galactose malabsorption).
These findings suggest that SGLT-2 plays a much more sig-
nificant role, quantitatively, than SGLT-1 in proximal tubule
glucose reabsorption.

Sodium–Amino Acid Cotransport

The proximal tubule reabsorbs amino acids from the tubu-
lar fluid. The accumulation of amino acids in the cell at a
higher concentration than in the tubular fluid places an ac-
tive transport step at the luminal membrane (54,57). Samarzija
and Frömter (93), using double-perfusion micropuncture tech-
niques and electrophysiologic measurements, examined the ki-
netics of amino acid reabsorption in the rat proximal tubule.
They observed a depolarization of the luminal membrane
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during amino acid transport and, from competition studies,
were able to identify five classes of amino acid transporters in
the luminal membrane.

Both sodium-dependent (112–115) and -independent
(116,117) amino acid uptake pathways have been character-
ized in the kidney. Neutral amino acid transport appears to in-
volve at least three separate transport systems (118), one which
transports all neutral amino acids, one specific for imino acids,
and one for the β-amino acids. Glycine may also have a spe-
cific transporter (119). The acidic and basic amino acid groups
each have their own transport system (120,121). At least one
amino acid transporter, a sodium-independent transporter for
neutral and dibasic amino acids, has been cloned from the kid-
ney (116,117,122,123).

NaCl Transport

Two basic mechanisms account for sodium chloride reabsorp-
tion in the proximal tubule. In simple electrogenic Na+ entry,
sodium is transported actively through the cell, thereby creat-
ing a lumen-negative potential difference. Chloride reabsorp-
tion then proceeds through the paracellular pathway driven by
the lumen-negative potential difference. In electrically neutral
NaCl transport, both Na+ and Cl− move through the cell at
equal rates, such that no transepithelial potential and, hence,
no driving force for paracellular Cl− movement is generated.

Neutral NaCl Transport

Several lines of evidence indicate that a sizable fraction of prox-
imal NaCl transport is transcellular and electroneutral (124).
First, by virtue of the coupling of Cl− entry to apical Na+ entry,
the intracellular Cl− activity of proximal tubule cells is greater
than predicted from an equilibrium distribution (125–128).
Second, Cl− absorption persists even when the driving force for
passive, paracellular movement is abolished (129–132). Con-
versely, Cl− reabsorption is inhibited by cyanide in the absence
of any change in the passive driving forces for Cl− movement
(129,132). Finally, luminal application of SITS (133), an anion-
exchange inhibitor, or removal of chloride from the tubule per-
fusate (134), reduces net sodium reabsorption. It is also impor-
tant to note that the rate of transcellular, electroneutral NaCl
transport is much higher in the rat proximal tubule (129) than
in the rabbit proximal tubule (130).

In principle, electroneutral NaCl transport across the api-
cal membrane of proximal tubule cells could occur as directly
coupled NaCl cotransport or as parallel Na+/H+ and Cl−/base
exchangers. There is no good evidence for the former process in
the mammalian proximal tubule (124). However, considerable
evidence supports the view that electroneutral NaCl transport
in the proximal tubule involves parallel exchangers. The cou-
pling of Na+ absorption to Cl− absorption in the latter instance
occurs because of the relation between cell pH and concentra-
tion of base within the cell. With reference to Figure 4-5, the
extrusion of H+ in exchange for Na+ results in the liberation
of base for participation in Cl−–base exchange. The uphill en-
try of Cl, then, is indirectly coupled to the downhill entry of
Na+, because both are coupled to the transport of an acid–
base pair. The model illustrated in Figure 4-5 utilizes formate–
Cl− exchange as the anionic component of electroneutral NaCl
transport.

As indicated previously, there is abundant evidence for an
Na+/H+ exchanger in proximal tubule brush border mem-
branes. With respect to NaCl transport, inhibition of Na+−H+

exchange by high concentrations of amiloride (135,136) or
more specific inhibitors of NHE3 (90) results in a dramatic fall
in transcellular NaCl transport. Likewise, genetic knock out
of the NHE3 Na+/H+ exchanger also reduces NaCl and fluid

FIGURE 4-5. Scheme of neutral NaCl transport mediated by the par-
allel action of Na+−H+ exchange and formate–Cl− exchange. For-
mate (HCO) combines with H+ in the tubular lumen to form formic
acid (H2CO2), which re-enters the cell by nonionic diffusion. A similar
scheme applies for oxalate–Cl− exchange.

reabsorption in the proximal tubule (88,89). Several Cl−/base
exchangers have been implicated in NaCl transport. Recent
interest has focused on the role of Cl−–formate (HCO−

2 ) and
Cl−–oxalate (C2O4

2−) exchange in NaCl transport.
A Cl−/formate exchanger is present in brush border mem-

brane vesicles (137,138). A role for Cl−–formate exchange
in neutral NaCl transport is suggested by the finding that
the addition of formate to the luminal perfusate increases the
rate of NaCl reabsorption in rabbit and rat proximal tubules
(139,140). As depicted in Figure 4-5, formate is presumed
to leave the cell in exchange for Cl−. The secreted formate
then combines with a proton, which was transported by the
Na+/H+ exchanger to form formic acid. The formic acid then
re-enters the cell by nonionic diffusion and dissociates to sup-
ply substrate for the continuation of both exchange processes.
A protein capable of mediating Cl−–formate exchange, CFEX
(SLC26A6), a homolog of pendrin, is present in apical mem-
branes of the proximal tubule (141).

Cl−–oxalate (C2O4
2−) exchange has also been demonstrated

in brush border membrane vesicles (142). It has been suggested
that Cl−–oxalate exchange may mediate neutral NaCl trans-
port in a manner analogous to that described for Cl−–formate
exchange. In this regard, the addition of only 5 μm oxalate
to the luminal and capillary perfusates resulted in a 57% in-
crease in the rate of NaCl reabsorption in the rat proximal
tubule (140). It has also been suggested that NaCl absorp-
tion proceeds via the operation of three parallel transporters:
Na+/sulfate cotransport, sulfate–oxalate exchange and Cl−–
oxalate exchange (143). Indeed, the CFEX protein (vide supra),
in addition to Cl−–formate exchange, is also able to mediate
Cl−–oxalate, oxalate–formate, oxalate–oxalate, and oxalate–
sulfate exchange (144).

Other sodium-dependent transport processes have been
described in the apical membrane of the proximal tubule.
These other processes, which do not contribute significantly
to sodium reabsorption, because of the low concentrations of
substrate present, are listed in Table 4-2.

Simple Electrogenic Na+ Entry

The classic Ussing model for salt reabsorption involves passive
entry of sodium across apical membranes and extrusion across
the basolateral membrane by Na+ + K+–ATPase. A problem
in assessing the contributions of rheogenic (electrogenic) pro-
cesses to sodium transport in the proximal tubule is the pres-
ence of other mechanisms of sodium entry. However, when
the contributions of Na+−H+ exchange and sodium cotrans-
port to net Na+ absorption are minimized by deleting glucose,
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TA B L E 4 - 2

NA+-COUPLED TRANSPORT PROCESSES IN THE
PROXIMAL TUBULE APICAL MEMBRANE

Process Ref.

d-Glucose (51,95,704)
l-Amino acids (93,705)
l-Lactate (706,707)
Protons (72,77)
Inorganic phosphate (208)
Sulfate (185,708)
Dicarboxylic acids (708,709)
Tricarboxylic acids (708,710)
Adenosine (711)

amino acids, and bicarbonate from the perfusate, a fraction
of fluid absorption in isolated perfused straight segments per-
sists and the transepithelial potential is –1.0 mV (56). These
results indicate that, in the proximal straight tubule, simple
rheogenic sodium transport constitutes one of the mechanisms
for sodium absorption. A conductive sodium pathway has been
demonstrated in brush border membrane vesicles (77). Un-
like the sodium channel found in the distal nephron segments,
the sodium channel in the proximal tubule is not blocked by
amiloride (77).

In the proximal convoluted tubule, however, deletion
of glucose, bicarbonate, and amino acids completely abol-
ishes fluid absorption (42,52,58). Consequently, simple rheo-
genic proximal sodium transport may be limited to straight
segments.

Passive NaCl Absorption

The rise in tubular fluid chloride concentration, and the at-
tendant lumen-positive voltage (Fig. 4-3), provides a mecha-
nism for passive NaCl absorption in late regions of the prox-
imal nephron. In the chloride-selective superficial pars recta,
approximately one-third of net NaCl absorption can be ac-
counted for by this mechanism (35,36).

Basolateral Membrane

The proximal tubule, particularly the S1 segment, possesses a
high activity of Na+ + K+–ATPase activity in the basolateral
membrane. The Na+ + K+–ATPase pumps Na+, which entered
cells apically, across basolateral membranes. In other words,
the pump keeps the cell sodium activity low and maintains
the electrochemical gradient for sodium entry across the api-
cal membrane. Consequently, inhibition of Na+ + K+–ATPase
activity with ouabain decreases transepithelial sodium reab-
sorption and increases the intracellular sodium activity in the
proximal tubule (13,16).

Sodium also exits across the basolateral membrane in
concert with bicarbonate. Studies in intact tubules and in
membrane vesicles have demonstrated an electrogenic, stilbene-
sensitive Na-HCO3 cotransporter in the basolateral mem-
brane of rat and rabbit proximal tubules (145–148). The
cotransporter transfers two net negative charges across the
basolateral membrane. The stoichiometry of this process has
been determined to be 1 Na+: 1 HCO−

3 :1 CO3
2− (or SO3

2−)
(149,150). Thus, this transport moiety for Na+ extrusion,
[Na+(HCO−

3 )3]2− is electronegative, and the lumen-negative
cell interior provides a major driving for Na+ extrusion. It is
believed that this cotransport process accounts for the basolat-
eral transport of most of the bicarbonate reclaimed from the

FIGURE 4-6. Transport pathways for Na+ and Cl− absorption across
the basolateral membrane of proximal tubular cells. Cl− can leave
the cell via KCl cotransport, Na+–2HCO−

3 –Cl− exchange, and Cl−
channels (minor). Na+ exits via the Na+ + K+–ATPase and Na+-
3(HCO−

3 ) cotransport.

luminal fluid (149). Several sodium bicarbonate cotransporters
(NBC) have been cloned, and at least three are expressed in the
kidney (151). Mutations in one of these, NBC-1, cause proxi-
mal renal tubular acidosis (Table 4-1) (152). Presumably, NBC-
1 is a major route for basolateral HCO−

3 efflux in the proximal
tubule.

The pathways for Cl− exit across the basolateral membrane
are less well defined. Several pathways for Cl− exit across
the basolateral membrane have been proposed: Cl− channels,
KCl cotransport, and Na+(HCO−

3 )2–Cl− exchange (Fig. 4-6).
It appears that a basolateral Cl− conductance does not par-
ticipate in transcellular Cl− transport (153). Studies of convo-
luted proximal tubule segments from either rabbit (126,154)
or rat (155) using intracellular microelectrodes have indicated
that the proximal tubule cell has a very low chloride conduc-
tance. Similar conclusions regarding the basolateral membrane
have been reached in the rabbit proximal straight tubule (PST)
(128,155,156). It has been argued from such data that, in nor-
mal PCT (126,154) and PST (128,155,156) segments, conduc-
tive Cl− efflux across basolateral membranes plays a minor
role in NaCl absorption. Under hypotonic conditions, however,
cell swelling dramatically increases the basolateral membrane
Cl− conductance (157,158).

Since the chemical gradient for K+ to leave cells (∼10:1) ex-
ceeds the chemical gradient for Cl− entry (∼3:1), KCl cotrans-
port can mediate basolateral Cl− exit from proximal tubule
cells. Ion-selective microelectrode studies have demonstrated
KCl cotransport in basolateral membranes of rabbit proximal
tubule cells (126,128). KCl cotransport has also been demon-
strated in basolateral membrane vesicles (130), although this
is not a consistent finding (137,159).

Stilbene-sensitive, sodium-dependent Cl−−HCO−
3 ex-

change has been demonstrated in rat (160) and rabbit
(161,162) proximal tubules. In this case, the entry of 1 Na+

and 2 HCO−
3 across the basolateral membrane is coupled

to the efflux of Cl−. The Na+ and HCO3 which enter the
cell are thought to be recycled through the [Na+(HCO−

3 )3]2−

cotransporter (see above). Indeed, Ishibashi et al. (161)
estimate that Na+(HCO−

3 )2–Cl− exchange accounts for much
more Cl− movement than KCl transport. Sodium-independent
Cl−−HCO−

3 exchange is also present in the basement
membrane of proximal tubules (160–162). However, under
physiologic conditions, this process mediates net Cl− influx
and does not contribute to net NaCl absorption.
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CONTROL OF PROXIMAL
TUBULAR SODIUM

REABSORPTION

Glomerulotubular Balance (GTB)

The proximal tubule responds to an increase in glomerular
filtration with an increase in the absolute rate of fluid ab-
sorption (APR) such that variations in the fractional proximal
fluid absorption are minimized. This phenomenon is termed
glomerulotubular balance (GTB). The efficiency of GTB, that
is, the extent to which APR/GFR remains constant, is subject
to physiologic and pathologic control (163). The prime fac-
tor modulating GTB in vivo is the effective circulating volume.
Thus, at a constant or near-constant GFR, volume expansion
and volume contraction decrease and increase, respectively,
the absolute rate of proximal sodium absorption. In other
words, volume expansion and volume contraction reset GTB
upward and downward, respectively (164,165). This section
considers some of the factors that modulate proximal sodium
absorption.

Peritubular capillary oncotic pressure is one of the factors
regulating the rate of salt and water absorption from the prox-
imal tubule (166–168). The oncotic pressure of the peritubular
proteins favors movement of fluid across the basement mem-
brane, while capillary hydrostatic pressure retards this move-
ment. Thus, at a given renal blood flow, an increase in the
glomerular filtration rate and, hence, the filtration fraction, will
cause an increase in the oncotic pressure in the postglomerular
peritubular capillaries. At constant single nephron glomerular
filtration rates (SNGFR), perfusion of efferent capillaries with
hypooncotic fluids decreases the absolute rate of proximal fluid
absorption, while perfusion of the capillaries with hyperoncotic
fluids increases proximal absorption (166). Similarly, increas-
ing single nephron GFR (SNGFR) by infusion of colloid-free so-
lutions causes a minimal increase in the APR, while increases in
SNGFR following plasma infusions are associated with greater
increases in proximal absorption (167). That is, during colloid-
free volume expansion, when postglomerular oncotic pressure
is reduced, glomerulotubular balance is disrupted, but is pre-
served during volume expansion with protein-containing so-
lutions (166). The effects of the peritubular protein concen-
tration can also be demonstrated in isolated perfused tubules
(169–172).

It is not precisely clear how the peritubular protein concen-
tration modulates proximal fluid absorption. The effect is not
simply because of the oncotic pressure exerted by the proteins,
since changes in absorption do not occur when active transport
is inhibited or from comparable changes in the transtubular
hydrostatic pressure (171). It has been suggested that the per-
itubular protein may have some direct effect on transcellular
sodium transport (173), or may affect the back-leak of sodium
through the paracellular pathway (172,174–176).

Luminal factors also contribute to glomerulotubular bal-
ance (177). The flow dependence of proximal absorption has
been investigated in the convoluted (24,178) and straight seg-
ments (25,179) of isolated, perfused rabbit nephrons. The key
observations are: (a) volume absorptive rate is clearly depen-
dent on the perfusion rate, (b) flow dependence persists in the
absence of active transport when anion gradients are present,
and (c) flow dependence is abolished in the absence of active
transport and anion gradients.

An explanation (179,180) for these results lies in a con-
sideration of axial versus radial changes in fluid composition
along the tubule. The rate of passive sodium absorption in the
late proximal nephron is dependent on the magnitude of the
chloride gradient between the lumen and bath. At low axial

perfusion rates, the radial chloride gradient tends to dissipate
as a function of distance along the tubule, but this dissipation
is minimized at higher axial perfusion rates. At infinitely high
axial flow rates, the composition of the luminal fluid remains
constant, and the full chloride gradient is expressed radially
across the entire length of the tubule. Hence, the integrated
driving force for passive NaCl absorption increases with the
rate of tubule perfusion. In addition, the availability of solutes,
such as glucose, amino acids, and bicarbonate is also partly
responsible for the flow-rate dependence of proximal fluid ab-
sorption (181,182).

Catecholamines

Renal denervation results in a depression of proximal tubule
sodium and fluid absorption (183–185). Radioligand-binding
studies and molecular probes have identified both α and β-
adrenergic receptors in the proximal tubule (186–189). The
rate of salt and water reabsorption in the proximal tubule
is stimulated by α- and β-adrenergic agonists (190–192).
α-adrenergic agonists increase apical Na+ entry via stimula-
tion of Na+−H+ exchange (188). α-adrenergic agonists also
increase basolateral Na+ efflux via Na+ + K+–ATPase activ-
ity in rat proximal tubules by a pathway that involves the
activation of the calcium-dependent protein phosphatase, cal-
cineurin (193). The effects of β-adrenergic agonists on Na+ +
K+–ATPase activity are less clear. In one study, β2-adrenergic
agonists increased Na+ + K+–ATPase activity via protein
kinase C (PKC) (194). In contrast, Aperia et al. (195,196)
found that β-adrenergic agonists, acting via protein kinase
A (PKA) (196), inhibit Na+ + K+–ATPase ATPase activity
(195).

Dopamine, produced by proximal tubular cells (197,198),
inhibits sodium reabsorption in the proximal tubule (199).
Dopamine, via binding to DA-1 and DA-2 receptors (200)
results in an inhibition of Na+ + K+–ATPase activity (201).
The decrease in Na+ + K+–ATPase activity results from the
phosphorylation of a protein, DARPP-32, which modulates
the phosphorylation state and activity of Na+ + K+–ATPase
(202). The sensitivity of proximal tubule cells to dopamine may
be regulated by the recruitment of cytoplasmic dopamine re-
ceptors into the plasma membrane (203,204).

Parathyroid Hormone

Parathyroid hormone (PTH) produces a 30% to 50% re-
duction in proximal tubular sodium and phosphate absorp-
tion (205–207). The hormone activates adenylate cyclase,
thereby stimulating formation of cyclic adenosine monophos-
phate (cAMP) (208,209). Parathyroid hormone and cAMP
inhibit Na+−H+ exchange in the luminal membrane of rat
(210) and rabbit (211) proximal tubules, and in cultured mam-
malian proximal tubular cells (212–214). Inhibitors of calmod-
ulin block the effect of cAMP on volume absorption, sug-
gesting that calmodulin may be required for the expression
of cAMP-induced transport changes in the proximal tubule
(215). In a series of studies, Weinman et al. (216) reconsti-
tuted the brush border Na+/H+ exchanger into liposomes and
demonstrated that phosphorylation by cAMP-dependent pro-
tein kinase inhibits Na+−H+ exchange activity (217) by inter-
action with a regulatory subunit, termed NHERF (218), which
is associated with the exchanger (219–221). In the absence of
NHERF, cAMP does not inhibit the exchange activity of NHE3.
However, when NHERF and NHE3 are expressed together,
cAMP inhibits Na+−H+ exchange (222). In the same system,
calmodulin-dependent protein kinase II inhibits Na+−H+ ex-
change activity, while PKC stimulates the exchanger (223).
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NHE3 is directly phosphorylated by several protein kinases.
However, the functional significance of direct phosphorylation
of NHE3 is not clear (224). In addition to the acute inhibition
of Na+−H+ exchange activity via NHERF, long-term exposure
to PTH may also decrease Na+−H+ exchange activity through
internalization of NHE3 (225).

Angiotensin II

Systemic administration of low doses of angiotensin II (Ang II)
inhibits the excretion of sodium (226), while inhibitors of Ang
II increase sodium excretion (227,228). Systemic administra-
tion of Ang II causes changes in renal blood flow, aldosterone
secretion, filtration fraction, and catecholamine release from
renal sympathetic nerve endings (229). Studies utilizing in vivo
microperfusion (230) and in vitro tubule perfusion (231) have
examined more directly the effect of Ang II on proximal tubule
sodium transport. Low concentrations of Ang II (10−12 to 10−10

M) cause an increase in proximal tubule fluid reabsorption, and
higher doses (10−7to 10−6 M) depress fluid absorption. Stud-
ies have demonstrated a stimulatory effect of Ang II on the
rate of Na+−H+ exchange in cultured proximal tubule cells
(232,233), in isolated perfused rabbit proximal tubules (234),
and in isolated proximal tubular cells in suspension (235). The
effects of Ang II are mediated by the AT1 subtype of Ang II
receptors present in both the luminal and basolateral mem-
branes of the proximal tubule (236). The physiologic effects
of Ang II may involve the coupling of these receptors to both
phospholipase A2 and G proteins (237).

Thyroid Hormone

On a clinical level, hypothyroidism is associated with a de-
creased cardiac output, renal blood flow, and glomerular fil-
tration rate (GFR). Clearance studies in hypothyroid rats have
documented decreases in GFR, renal sodium reabsorption, and
renal Na+ + K+–ATPase activity (238). These changes are re-
versible after thyroid hormone replacement (239).

It now appears that thyroid hormone exerts direct effects to
stimulate proximal tubular salt and fluid reabsorption (240). It
has been proposed that the proximal event in thyroid hormone-
induced stimulation of transport is an increased permeability
of the basolateral membrane to potassium (240). Studies in cul-
tured kidney cells, however, are consistent with a direct stimula-
tion of Na+−H+ exchange by thyroid hormone (241), perhaps
because of an increase in the transcription of NHE3 (242).

Corticosteroids

Two major types of high-affinity cytoplasmic steroid receptors
have been identified in the kidney: Type I, which mediates min-
eralocorticoid effects, and Type II, which binds glucocorticoids
(243). Mineralocorticoid binding is absent in the proximal
tubules (244,245). Accordingly, no effect of mineralocorticoids
on proximal tubular sodium reabsorption has been demon-
strated (246). Bilateral adrenalectomy, however, does result in
a fall in the Na+ + K+–ATPase activity in the proximal tubule,
which can be reversed by dexamethasone treatment (247). This
has been taken as evidence for Type-II receptors in the proxi-
mal tubule. The physiologic significance of glucocorticoid bind-
ing is not certain, although glucocorticoids increase brush bor-
der Na+−H+ exchange activity in adrenalectomized rats (248)
and cultured kidney epithelial cells (249). Dexamethasone also
inhibits sodium–phosphate cotransport in cultured proximal
tubular cells (250). This effect appears to be mediated through
activation of PKC.

Nitric Oxide

The inducible and endothelial forms of nitric oxide synthase
(NOS) are expressed in the proximal tubule (251). Although
basal production of nitric oxide (NO) by the proximal tubule
is low, the rate of production can be increased dramatically
by lipopolysaccharide (LPS) and cytokines. Moreover, even
in basal conditions, the proximal tubule may be affected by
NO produced by adjacent cells, such as endothelium or other
nephron segments. The overall effect of NO on proximal tubule
sodium transport is unclear (252). In vivo studies using ei-
ther genetic knockouts of NOS (253,254) or pharmacologic
inhibitors of NOS (255,256) have yielded conflicting results.
In vitro, NO decreased Na+−H+ exchange and Na+ + K+–
ATPase activity in cultured proximal tubule cells (257,258).

MECHANISM OF ISOTONIC
FLUID ABSORPTION

Proximal tubule water absorption is coupled tightly to solute
absorption, since the measured osmolality of the tubular fluid
is, within experimental error, identical to plasma. Three general
mechanisms of solute–solvent coupling have been suggested to
account for this isotonic absorption: lateral interspace hyper-
tonicity, effective osmotic gradients because of different reflec-
tion coefficients for solutes in the tubular and peritubular fluids,
and luminal fluid hypotonicity.

The standing gradient theory argues that active transport of
salt into lateral intercellular space raises the osmolality of the
space, thus providing an osmotic gradient for fluid transport
from lumen to interspace (259,260). The tight junctions in this
model are presumed to be impermeable to water, so that the
osmotic flow of water from the cell into the hypertonic inter-
space raises the hydrostatic pressure in this compartment and
forces fluid across the basement membrane.

An alternative explanation (179,180) proposes that an ef-
fective osmotic driving force for fluid absorption can exist be-
tween solutions of identical osmolalities if the reflection coef-
ficients of the membrane for the solutes in the solutions differ.
Specifically, the elevated tubular fluid-to-plasma chloride con-
centration found in the late proximal convolution and in the
pars recta provides an effective osmotic driving force for fluid
absorption since σHCO exceeds σCl. That is, the bicarbon-
ate in the peritubular fluid is a more “effective” osmotic agent
than is the chloride in the tubular fluid, and, thus, results in
net water flow out of the tubule. While this mechanism may
be applicable to the proximal straight tubule, the reflection co-
efficients for NaCl and NaHCO3 measured across the rabbit
proximal convoluted tubule are virtually identical (261,262),
so that oppositely directed Cl- and HCO−

3 gradients may make
a negligible contribution to fluid absorption in convoluted
segments.

Finally, because of the high osmotic water permeability of
the proximal tubule, only small degrees of absolute luminal
hypotonicity are needed to provide a sufficient driving force to
account for the observed rates of fluid reabsorption (35). Ex-
perimental evidence supports the view that absolute luminal
hypotonicity is a significant driving force for fluid reabsorp-
tion in the proximal tubule. Thus, when proximal tubules are
perfused and bathed by symmetric NaCl solutions, the luminal
fluid becomes slightly hypotonic (50,263). The development
of luminal hypotonicity can be amplified by maneuvers that
decrease the water permeability of the proximal tubule. As dis-
cussed in Chapter 3, AQP1 is a water channel protein with
abundant expression in the proximal tubule. In knock-out mice
lacking functional AQP1 (264), the osmolality of tubular fluid
at the end of the proximal tubule is significantly lower than in
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normal mice (265). Implicit in the argument that the luminal
fluid becomes hypotonic is that the resorbate must be hyper-
tonic. Thus, when isolated proximal tubules are perfused under
oil, the resorbate osmolality of droplets is 10 to 20 mOsm/L
higher than that of the tubular fluid (266); the degree of resor-
bate hypertonicity correlates with the rate of volume reabsorp-
tion by the tubules (267).

THE LOOP OF HENLE

The dissociation of salt and water absorption by the loop of
Henle is ultimately responsible for the capacity of the kidney,
either to concentrate or to dilute the urine. The active absorp-
tion of NaCl in the water-impermeable thick ascending limb of
Henle (TALH) serves both to dilute the urine and to supply the
energy for the “single effect” of countercurrent multiplication.
A functionally similar segment, known as the diluting segment,
is found in amphibians and teleosts (268).

The mammalian loop of Henle contains the descending thin
limb, the ascending thin limb, and the thick ascending limb.
The loop of Henle absorbs about 25% to 40% of the filtered
sodium load (21,269,270). Furthermore, the fluid leaving the
loop is dilute, indicating that more sodium chloride is absorbed
in the loop than water.

SALT TRANSPORT BY THE THIN
DESCENDING AND THIN
ASCENDING SEGMENTS

According to the passive models for urinary concentration
(271,272), the thin descending limb should have a very high
water permeability, such that the tubular fluid is concentrated
by water abstraction rather than solute entry. In vitro microper-
fusion studies, with one exception (273), have confirmed that
both the upper and lower portions of mammalian descend-
ing limbs are very permeable to water (274–278) (Table 4-3).
The passive models also require that the thin ascending limb
be rather impermeable to water, highly permeable to sodium
chloride, and only modestly permeable to urea. As indicated
in Table 4-3, in vitro microperfusion studies of thin ascending
limb segments have demonstrated that these requirements are,
in fact, satisfied.

The permeability of thin descending limb segments to
sodium and chloride has been measured in hamster, rats, and
rabbits. In hamsters and rats, the upper portion of long-
looped descending limbs has a higher sodium permeability
and higher PNa/PCl ratio than do descending limbs of short-
looped nephrons (274,275). In contrast, there is little differ-
ence in PNa/PCl between long- and short-loop nephrons in rab-
bits (279). These results are consistent with the morphologic
evidence of greater heterogeneity in rats and hamsters than in
rabbits. The pathways for transepithelial movement of sodium
and chloride in the descending limb are not defined. Lopes et al.
(280) studied the mechanism of cell volume regulation in rabbit
descending limb cells and concluded that the basolateral mem-
brane contains Cl− and K+ channels and a KCl cotransport
process.

The formation of dilute urine begins in the thin ascending
limb of Henle. Fluid from the thin ascending limb is more di-
lute than fluid obtained from the descending limb at the same
level (281,282). The decrease in osmolality is due primarily to
a fall in the NaCl content of the luminal fluid. The mechanism
for NaCl transport across the thin ascending limb epithelium is
incompletely understood. Measurements of salt dilution poten-
tials in microperfused thin ascending limb segments reveal them
to be chloride selective with PCl/PNa ratios of 2.2 to 3.5 in rats
and hamsters (283). Segments perfused and bathed with sym-
metric solutions do not generate a spontaneous transepithelial
voltage (283–286) and do not show net transport of solute
(284). These observations, together with the very low activity
of Na+ + K+–ATPase in this segment (287), have been inter-
preted to indicate that salt transport in vivo results from passive
electrodiffusion rather than active transport. Although driven
by passive electrochemical gradients, Cl− movement across the
TAL proceeds through a transcellular, and regulated, path-
way. 36Cl− flux ratios and salt dilution voltages indicate that
the Cl− pathway discriminates among anions and is saturable
(283,285). Reduction of the Cl− concentration of the basolat-
eral solution causes a spikelike depolarization of the basolat-
eral cell membrane (288). Likewise, reductions of the luminal
perfusate Cl− concentration caused a depolarization of the api-
cal membrane. These results are consistent with the presence of
conductive pathways for Cl− in both the apical and basolateral
membranes of TAL cells (288). The basolateral Cl− conduc-
tance is inhibited at low pH (288), by low intracellular Ca2+

concentrations (289), and by compounds known to block Cl−

channels in other tissues (290).

TA B L E 4 - 3

PERMEABILITY PROPERTIES OF THIN LIMB OF HENLE SEGMENTS

Pf Purea
PNa PCl PNa/PCl

(10−3cm/sec) (10−5cm/sec) SDL LDLu (10−5cm/sec)

Descending limb
Rabbit 240–250 1.61 — 0.75 0.76 1.5
Rat 227 34–47 — 0.61 5.0
Hamster

SDL 285 4.2 1.3 0.68 — 7.4
LDLu 403 45.6 4.2 — 4–6 1.5

Ascending limb
Rabbit 0 25.5 117 0.29 6.7
Rat 2.5 67.9 183.7 0.43 23.0
Hamster 3 87.6 196 0.47 18.5

Pf, osmotic water permeability; SDL, short-loop descending limb; LDLu, upper portion of long-loop descending limb; PNa, PCl determined from
isotope flux measurements. PNa/PCl determined from salt dilution voltages. Data from Refs. (275–279,283,712,713).
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A chloride channel cloned from the renal medulla, ClC-Ka,
may represent the major Cl− channel in the thin ascending
limb (291). This channel, which belongs to the ClC family of
Cl channels, is expressed exclusively within the kidney and has
been localized by immunohistochemistry to both the apical and
basolateral membranes of the thin ascending limb of Henle
(292). The expression of ClC-Ka is increased by dehydration
(291,293). The initial reports of the functional characteristics
of ClC-Ka showed some similarities with the Cl conductance
observed in isolated thin ascending limb segments, suggesting
that this channel formed the primary Cl conductance in this
segment (291). Genetic knockout of the ClC-Ka gene in mice
produced a urinary-concentrating defect confirming the role
of passive NaCl transport in the thin ascending limb in the
urinary-concentrating mechanism (294).

NaCl ABSORPTION IN THE THICK
ASCENDING LIMB

General Features

Rocha and Kokko (295) and Burg and Green (296) first demon-
strated the salient characteristics of salt absorption in rabbit
medullary and cortical TAL segments, respectively. First, net
salt absorption resulted in a lumen-positive transepithelial volt-
age (Ve, mV), which could be abolished by furosemide, and in
dilution of the luminal fluid. Second, the transport of Cl− un-
der these circumstances occurred against both electrical and
chemical gradients and, hence, involved an active transport
process; however, the nature of the active process was not spec-
ified at that time. Third, both net chloride absorption and the
transepithelial voltage depended on Na+ + K+–ATPase activ-
ity, present in large amounts along the basolateral membrane
of this segment (287). A final curious feature of the TAL is
that this segment is a hybrid epithelium possessing a very low
permeability to water, yet a high ionic conductance. The ionic
conductance determined from the fluxes of 22Na+ and 36Cl− is
approximately 20 to 50 mS/cm2 and is cation-selective (PNa/PCl
= 2 to 6). This high electrical conductance is unusual among
epithelia with low water permeabilities.

A low permeability to water is required for the TAL to func-
tion as a diluting segment. In fact, the apical cell membrane
constitutes the major barrier to transcellular water flow in this
segment (297–299). Note that the water permeability of the
paracellular pathway must also be low in order to achieve di-
lution of the luminal fluid.

Studies of the electrophysiologic (Table 4-4) and biochem-
ical properties of intact isolated perfused thick limb segments
and of apical and basolateral membranes of thick limb cells

FIGURE 4-7. A model depicting the major elements of the mechanism
of NaCl absorption by the thick ascending limb. Dashed lines indicate
passive ion movements down electrochemical gradients.

have provided insights into the specific transport mechanisms
involved in salt absorption and the origin of the lumen-positive
transepithelial voltage in this nephron segment (298–308). A
model for salt absorption by the TAL, which integrates the
results of these studies, is shown in Figure 4-7.

According to the model shown in Figure 4-7, net Cl− ab-
sorption by the TAL is a secondary active transport process.
Luminal Cl− entry into the cell is mediated by an electroneu-
tral Na+:K+:2 Cl− cotransport process driven by the favorable
electrochemical gradient for sodium entry. More specifically,
the net driving force for the entry of Cl− into the cell is deter-
mined by the sum of the chemical gradients for Na+, K+, and
Cl−. Unfortunately, the intracellular activities of all three of
these ions have not been determined in the mammalian TAL.
However, in the diluting segment of Amphiuma, these measure-
ments (309–311) confirm that there is a favorable gradient for
Na+:K+:2 Cl− entry into cells and that the gradient for Na+

accounts for the majority of this favorable integrated chem-
ical gradient (309). Since the Na+ gradient is maintained by
the continuous operation of the basolateral membrane Na+ +
K+–ATPase pump, apical entry of Cl− via the cotransporter
ultimately depends on the operation of the basolateral Na+ +
K+–ATPase. Accordingly, maneuvers that inhibit ATPase ac-
tivity, such as removal of K+ from, or addition of ouabain
to, peritubular solutions leads to dissipation of the Na+ gra-
dient and subsequent inhibition of apical membrane Cl− entry
(295,298).

TA B L E 4 - 4

BASAL ELECTROPHYSIOLOGICAL PARAMETERS OF THICK ASCENDING LIMB SEGMENTS

Ge Gc Gs Va VblVe

(mV) (mS/cm2) (mV) Ra/Rb Ref.

Rabbit cTAL 4–8 33 12 21 76 − 69 2.0 (305)
Mouse mTAL 3–7 70–100 45–50 40–60 55.4 − 50.7 1.2 (312,318,398)
Mouse cTAL 7–14 88 39 49 (714)
Hamster mTAL 4.0 934 − 72 (715)

Ve, transepithelial voltage; Ge, transepithelial conductance; Gc, transcellular conductance; Gs, paracellular conductance; Va, apical membrane voltage;
Vbl, basolateral membrane voltage; Ra/Rb, apical to basolateral membrane resistance.
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In contrast to the electroneutral entry of Cl− across the
apical membrane, the majority of Cl− efflux across the ba-
solateral membrane proceeds through conductive pathways
(308,312,313). A favorable electrochemical gradient for Cl−

efflux through dissipative pathways has been demonstrated by
Greger et al. (303) in the rabbit cTAL. In this study, an intra-
cellular Cl−activity of 22mM, measured using single-barrelled
Cl−-selective microelectrodes, was substantially above the
equilibrium value (5 mM) predicted from the intracellular volt-
age. Intracellular Cl− is maintained at concentrations above
electrochemical equilibrium by the continued entry of Cl− via
the apical Na+:K+:2 Cl− cotransporter. Blocking Cl− entry
through this pathway with furosemide, or substitution of extra-
cellular Cl− by gluconate, caused the intracellular Cl− activity
to fall to a value close to its equilibrium (303). Measurements
of intracellular Cl− activity in Amphiuma-diluting segments
using double-barreled microelectrodes have also documented
a favorable electrochemical gradient for basolateral Cl− efflux
under transporting conditions (309).

In addition to electrodiffusive efflux of Cl− across the ba-
solateral membrane, a component of electroneutral KCl co-
transport has been proposed in some species (306). As will be
discussed below, the evidence for KCl cotransport is strongest
in the low basolateral conductance cells of the Amphiuma di-
luting segment (314,315).

Also, according to the model in Figure 4-7, the potassium
that enters TAL cells via the Na+:K+:2 Cl− cotransporter re-
cycles, to a large extent, across the apical membrane by way
of a K+− conductive pathway. This apical K+ recycling serves
several purposes. First, it ensures a continued supply of lumi-
nal potassium in order to sustain Na+:K+:2 Cl− cotransport.
Without recycling, the luminal K+ concentration would fall
rapidly as a consequence of K+ entry via Na+:K+:2 Cl− co-
transport and would limit net NaCl absorption. Second, the
apical membrane potassium current provides a pathway for
net potassium secretion by the TAL. In mouse mTAL, for ex-
ample, the rate of K+ secretion amounts to about 10% of the
rate of net Cl− absorption (308). K+ secretion in this segment is
an active process, ultimately driven by the Na+ + K+–ATPase,
proceeding in the face of a lumen-positive transepithelial po-
tential. Third, under open circuit conditions, the transcellu-
lar and paracellular pathways form a current loop in which
the currents traversing the two pathways are of equal size,
but opposite direction. The potassium current from cell to lu-
men polarizes the lumen and causes an equivalent current to
flow from lumen to bath through the paracellular pathway
(305,316). Since the paracellular pathway is cation-selective
(PNa/PCl = 2 to 6), the majority of the current through the
paracellular pathway is carried by sodium moving from the lu-
men to the interstitium. This paracellular absorption of sodium
increases the efficiency of sodium transport by the TAL (317).
With reference to Figure 4-7, for each Na+ transported through
the cell-and requiring utilization of ATP one Na+ is trans-
ported through the paracellular pathway without any addi-
tional expenditure of energy. Finally, the apical K+ current
satisfies the continuity requirement imposed by a high de-
gree of conductive Cl− efflux across basolateral membranes
(312,318).

A small component of sodium transport by the TAL is ac-
counted for by sodium bicarbonate absorption (319). In the
rat TAL, the rate of sodium bicarbonate absorption is roughly
5% to 10% of that for sodium chloride absorption. Sodium
bicarbonate absorption is thought to be mediated by an apical
membrane amiloride-sensitive Na+/H+ exchanger and a baso-
lateral membrane electrogenic 3 Na+/(HCO−

3 ) cotransporter
(319,320).

The following sections will describe the individual compo-
nents of the mechanism for TAL salt transport (Fig. 4-7) in
greater detail.

Apical Na+:K+:2Cl− Cotransport

Studies of Cl− transport across apical membranes of intact
TAL segments (298,301,308) and in isolated membrane vesi-
cle preparations (321) established that the predominant mode
for Cl− entry into the TAL cell is via a Na+:K+:2 Cl− co-
transporter. A characteristic feature of this transporter is its
sensitivity to inhibition by furosemide, bumetanide, and other
5-sulfamoylbenzoic acid derivatives (322). Measurement of
isotope flux into TAL cells or membrane vesicles prepared from
the inner stripe of outer medulla yielded a stoichiometry of 1
Na+:1 K+:2 Cl− cotransport (321,323,324). K+-independent
NaCl cotransport has also been described under certain condi-
tions (325,326).

The proteins that mediate Na+:K+:2 Cl− cotransport have
been cloned. An absorptive form of Na:K:2 Cl cotransporter,
referred to as BSC1 or NKCC2, was initially cloned by Gamba
et al. (327) based on sequence homology to the thiazide-
sensitive Na:Cl cotransporter (see below). A second Na+:K+:2
Cl− cotransporter, NKCC1, was cloned by Payne et al (328).
Several lines of evidence indicate that NKCC2 (BSC1) is the
protein that mediates apical salt entry in the thick ascend-
ing limb. First, in situ hybridization and single-nephron re-
verse transcriptase polymerase chain reaction (RT-PCR) stud-
ies demonstrated expression of NKCC2 primarily in the MTAL
and CTAL (327,329,330). Moreover, immunohistochemical
studies using antibodies to NKCC2 indicate that the protein
is localized to the apical membrane of the MTAL and CTAL
(329). The most compelling evidence, however, is the identifi-
cation of inactivating mutations in the NKCC2 gene in some
patients with Bartter syndrome (Table 4-1). This syndrome,
characterized by hypokalemia, metabolic alkalosis, hyperal-
dosteronism, and normal blood pressure, results from a defect
in salt absorption by the TAL. Simon et al. (331) first reported
the linkage of Bartter syndrome to mutations in the NKCC2
(BSC1) gene. Subsequently, a large number of different NKCC2
mutations have been found in families with Bartter syndrome
(332,333). These results provide strong support for the con-
clusion that NKCC2 is responsible for apical Na+:K+:2 Cl−

cotransport in the thick ascending limb.
The NKCC2 cDNA encodes a protein containing ∼1,100

amino acids and having a predicted molecular weight of 115
to 120 kDa (327). Six isoforms of NKCC2 have been identi-
fied, which are the result of alternative splicing in the 5′ and 3′

regions of the NKCC2 gene. Three 5′ splice products, termed
A, B, and F, were reported by Payne and Forbush (334). These
variants differ only in a 96-bp region, which encodes the amino
acids forming the second transmembrane domain. The iso-
forms show differential expression within the thick ascending
limb. Using RT-PCR, Yang et al. (330) examined the distribu-
tion of NKCC2 isoforms in single-nephron segments. The A
isoform was found in both the cortical and medullary TAL, the
B isoform was restricted to the cortical TAL, while the F iso-
form was present in the medullary, but not cortical, TAL and, to
a lesser extent, in the outer medullary collecting duct. All three
products are capable of mediating Na+:K+:2 Cl− cotransport.
However, the isoforms have different transport properties that
may have physiologic relevance. Specifically, the A and B iso-
forms have higher affinities for Na+, K+, and Cl− than the F
isoform. The F isoform appears to have a greater transport ca-
pacity than the other isoforms (335). Thus, the presence of the
F isoform in the medullary thick ascending limb could account
for the observed high rates of NaCl transport relative to the
cortical segment (Table 4-4), while the expression of the A and
B isoforms in the cortical thick ascending limb may subserve
the ability to achieve lower luminal NaCl concentrations in
that segment. Alternative splicing at the 3′ end of NKCC2 pro-
duces additional isoforms with either long (C9) or short (C4)
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carboxy termini (336). Under isotonic conditions, the trun-
cated (C4) isoforms do not mediate Na:K:2 Cl cotransport and
inhibit the transport activity of the full-length (C9) isoforms
when the two are coexpressed (337). This inhibition is relieved
by cAMP (337). Under hypotonic conditions, however, the C4
isoforms mediate K+-independent NaCl cotransport, which is
stimulated by cAMP (338) and may account for the K+ inde-
pendent NaCl transport noted in earlier studies (325,326).

The inhibition of C9 NKCC2 isoforms by C4 isoforms sug-
gests a physical interaction between these proteins. Biochem-
ical studies have recently established that NKCC2 exists as a
dimer (339). Thus, it is possible that different combinations of
NKCC2 isoforms within the dimer could produce transporters
with a wide variety of functional properties. Moreover, the sub-
unit composition of the dimers may be a point of physiologic
regulation.

Apical K+ Conductance

An important feature of the luminal membrane of the TAL
and nonmammalian diluting segments is a barium-inhibitable
potassium conductance (305,308,340). This apical membrane
K+ conductance allows K+ to be recycled from the cell back
into the luminal fluid to support further NaCl absorption via
the NaCl cotransporter. Using measured values of intracellular
potassium activity (rabbit cTAL [341] and Amphiuma [310]),
apical membrane conductance, and intracellular voltage, it can
be shown that the measured apical membrane conductance is
sufficient to provide for the recycling of all of the potassium
uptake via the Na+:K+:2 Cl− cotransporter.

Three types of potassium channels have been character-
ized in the apical membrane of the thick ascending limb:
a high-conductance (150 pS) calcium-activated K+ channel,
which does not contribute to net K+ transport (342), an
intermediate-conductance (70 pS) K+ channel (343,344), and
a low-conductance (30 pS) K+ channel (344,345). The latter
two channels account for the majority of the apical K+ conduc-
tance and K+ recycling (346). Both the intermediate- and the
low-conductance channels are inhibited by intracellular ATP.
This inhibition by ATP is reversible and is dependent on the ra-
tio of ATP to ADP. These properties would render the channels
sensitive to changes in cell metabolism. For example, during
an increase in transcellular salt absorption, ATP would be con-
sumed and ADP produced. The fall in the ATP/ADP ratio, then,
might activate apical K+ channels providing more K+ recycling
to support further salt absorption. The activities of both the in-
termediate and low conductance channels are increased by high
dietary potassium (347).

Ho et al. (348) cloned an ATP-dependent potassium chan-
nel from rat kidney. This channel, termed ROMK, is the
prototype for a large family of inward-rectifying K channels
(Kir channels) having a peculiar architecture, featuring two
transmembrane-spanning domains with an intervening pore-
forming region (Fig. 4-8). The properties of the ROMK chan-
nels, their regulation by intracellular pH (349), ATP, phospho-
rylation (350), and dietary K+, and their localization (351–353)
all suggest that ROMK is the low-conductance K+ channel of
the thick ascending limb (346). Further support for this view
comes from studies of ROMK knockout mice. Specifically, no
low-conductance K+ channels were detected by patch-clamp
analysis in ROMK(−/−) mice, while channels in heterozygous
ROMK(+/−) mice were detected at a rate approximately one-
half that of wild-type ROMK(+/+) mice (354). Complicating
this interpretation is the observation that ROMK(−/−) mice
also lack intermediate conductance K+ channels in the thick as-
cending limb (347). It has been proposed that the intermediate-
conductance channel may be a heteromeric protein containing
ROMK and other, as yet, unidentified subunits.

FIGURE 4-8. A schematic representation of the proposed topology of
the ROMK (Kir 1.1) potassium channel. The pore-forming region, H5,
is flanked by two transmembrane domains. The H5 region is highly
conserved within the Kir family. Based on Ho K, Nichols CG, Led-
erer WJ, et al. Cloning and expression of an inwardly rectifying ATP-
regulated potassium channel. Nature (London) 1993;362:31.

The notion that ROMK is the predominant channel respon-
sible for apical K+ recycling in the thick ascending limb is also
supported by the finding of mutations in the ROMK gene in
some families with Bartter syndrome (333,355–358). At least
some of these mutations have been confirmed to result in de-
fective K+-channel function (359). As noted, Bartter syndrome
results from a defect in thick ascending limb salt transport.
Thus, the presence of ROMK mutations as a cause of Bartter
syndrome indicates the important role of ROMK in net salt
absorption by the thick ascending limb (Table 4-1).

Basolateral Membrane Cl− Transport

Cl− exit across the basolateral membrane of TAL cells is
largely conductive, proceeding down its electrochemical gra-
dient through Cl−-selective channels in the basolateral mem-
brane (298,306,360). Paulais and Teulon (361) detected a 40 pS
anion-selective channel (PCl/PNa = 20) in the basolateral mem-
brane of collagenase treated mouse cortical TAL segments. The
current-voltage relations of the channel were linear in both the
cell-attached and excised configurations. The open probability
of the channel in the cell-attached state was voltage-dependent,
increasing as the membrane was depolarized. Greger et al.
(362) described a Cl− channel in the basolateral membrane
of rat TAL segments. This channel also had a conductance of
about 40 pS, but rather than having a linear I-V relation, this
channel exhibited outward rectification. The open probabil-
ity increases with depolarization in both the cell-attached and
excised-patch configuration. A low-conductance Cl− channel
(8 to 10 pS) having linear I-V relations has also been detected
in the basolateral membrane of TAL cells (363,364). The ac-
tivity of this channel was increased following incubation with
cAMP-dependent protein kinase and ATP (364).

Chloride channel activity was also demonstrated when vesi-
cles from rabbit outer medulla were incorporated into pla-
nar lipid bilayers (365). These channels were anion-selective
(PCl/PK = 10) and had a single-channel conductance of 80
to 90 pS in 320 mM KCl solution. The open probability of
this channel was voltage-dependent, increasing activity with
depolarizing voltages. These channels are also seen in vesicles
made from highly purified suspensions of mouse thick ascend-
ing limb (366) and from cultured mouse medullary thick limb
cells (367), confirming their origin as the thick ascending limb.
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A unique feature of these medullary chloride channels is the
dependence of channel activity on the chloride activity of
the solutions bathing the lipid bilayer (367,368). Increases in
the Cl− concentration of the extracellular solution over the
range 50 to 300 mM produced almost linear increases in chan-
nel open probability. In contrast, the Cl− concentration de-
pendence of the intracellular surface of the channel was most
pronounced in the range of 0 to –50 mM Cl− and was almost
saturated at 50 mM Cl−. Dependence of channel activity on
extracellular Cl− has also been shown for certain members of
the ClC family of Cl− channels (369). As will be discussed, it
is believed that the basolateral Cl− channel of the TAL is a
member of this family of channels.

A chloride channel, termed ClC-0, was cloned from the elec-
tric organ of the Torpedo ray by Jentsch et al. (370). Based on
homology to the ClC-0 channel, Uchida et al. (291), Adachi
et al. (371), and Kieferle et al. (372) reported the cloning of two
chloride channels, ClC-K1 and ClC-K2 expressed exclusively
within the rat kidney. In the human, the two corresponding
channels are denoted hCLC-Ka and hCLC-Kb and are located
contiguously on chromosome 1 (373). Because of the high de-
gree of sequence similarity between hCLC-Ka and hCLC-Kb,
it is not certain which of the human channels correspond to
CLC-K1 versus CLC-K2, although the distribution of ClC-K2
along the nephron most closely matches that of hClC-Kb (374).
Zimniak et al. (375) have cloned a cDNA from rabbit renal
outer medulla, which they named rbClC-Ka, that shares 80%
homology to the rat CLC-K1 and CLC-K2. The distribution of
rbClC-Ka along the nephron resembles that of CLC-K2 rather
than ClC-K1 (375,376). Immunologic and molecular evidence
now indicates that CLC-K2 (and the human homolog hCLC-
Kb) is the channel that mediates chloride efflux across the baso-
lateral membrane of the thick ascending limb (293,371,375–
377). Indeed, mutations in the human homolog of CLC-K2
(hCLC-Kb) have been identified in patients with neonatal Bart-
ter syndrome (378,379). Thus, as was the case for the NKCC2
and ROMK proteins, linkage of ClC-K2 (hClC-Kb) to Bart-
ter syndrome establishes the importance of its gene product
in transepithelial NaCl transport in the thick ascending limb
(Table 4-1).

Some of the difficulty in assigning a role for CLC-K2/hCLC-
Kb in thick ascending limb Cl− transport was the inability to
achieve functional expression in heterologous systems. This
was recently shown to be because of the requirement of an ad-
ditional subunit for channel activity. This subunit, named bart-
tin, was originally identified by positional cloning of the BSND
gene, which is responsible for a form of Bartter’s syndrome
(Table 4-1), accompanied by sensorineural deafness (380). By
in situ hybridization (380) and immunohistochemistry (381),
barttin is located in the basolateral membranes of the thin and
thick ascending limb and also in the stria vascularis of the in-
ner ear, where it is believed to play a role in K+ secretion into
endolymph. Although expression of ClC-Kb or barttin alone in
Xenopus oocytes produces no significant conductance, their co-
expression results in a large Cl− conductance (381,382). Bart-
tin is believed to act, at least in part, by increasing the cell sur-
face expression of ClC-Kb (381,382). The mutations of barttin
identified in Bartter’s patients generally, although not always,
impair the ability of barttin to produce a Cl− conductance when
expressed with ClC-Kb (381,382).

Some uncertainty remains regarding the role of basolateral
electrochemical KCl symport in net Cl− efflux across that mem-
brane. In the rabbit cortical TAL, Greger and Schlatter (306)
concluded that KCl symport accounted for about one-third
of basolateral Cl− efflux. This conclusion is based upon the
following observations: An increase in the K+ concentration
or decrease in the Cl− concentration of the basolateral solu-
tion depolarized the basolateral membrane; bath barium de-
polarized the basolateral membrane and abolished the K+ in-

duced changes in Vbl; barium had no discernible effect on the
transepithelial resistance or fractional resistance of the basolat-
eral membrane. The lack of an effect of barium on resistance
persuaded the investigators to propose that a barium-sensitive
KCl cotransporter was present (306). A cloned KCl cotrans-
porter, KCC4, is present in the basolateral membrane of the
thick ascending limb (383). However, its physiologic role in
thick ascending limb function is not known.

Synchronous Na+–H+:Cl−–HCO−
3 Exchange

Friedman and Andreoli (384) found that net Cl− absorption
and the transepithelial voltage were doubled when CO2 and
HCO−

3 were added to the external solutions bathing cTAL
segments. Since the (CO2 + HCO−

3 )-stimulated rate of NaCl
absorption did not result in net CO2 transport and could
be abolished by the lipophilic carbonic anhydrase inhibitor
ethoxyzolamide or by the luminal addition of the anion-
exchange inhibitor SITS or DIDS, it was proposed that the
apical membrane of the mouse cTAL contains parallel, near-
synchronous Na+/H+:Cl−/HCO−

3 exchangers in addition to a
Na+:K+:2Cl− cotransporter. Addition of CO2 and HCO−

3 to
the bathing solutions has no effect on net NaCl transport in
either the rabbit cTAL or the mouse mTAL. Both the rat and
mouse mTAL do contain Na+/H+ exchangers in their apical
membranes. However, in these segments, Na+−H+ exchange
plays a role in net HCO−

3 transport and cell pH regulation
rather than transcellular NaCl absorption (319,385). The
NHE3 isoform of the Na+/H+ exchanger is the major isoform
expressed in the apical membrane of the thick ascending limb
(386).

REGULATION OF SALT
ABSORPTION IN THE TAL

The rate of salt absorption by the thick ascending limb is
modulated by at least two general classes of factors: physical
factors, such as luminal flow rate and the composition and
osmolality of luminal and peritubular fluids; and hormones,
such as vasopressin and glucagon, which exert their effects
through interactions with specific cellular receptor pro-
teins. The regulation of TAL salt transport is characterized
by considerable interspecies variation as well as intrane-
phron heterogeneity. A good example of both species and
intranephronal heterogeneity is the effect of antidiuretic
hormone (ADH) vasopressin on TAL transport.

In Table 4-5 are summarized the effects of ADH on salt
and water transport in segments of the mouse, rabbit, and
rat TAL perfused in vitro. The cellular effects of ADH in
this segment are mediated by cAMP. Thus, ADH stimulates
adenylate cyclase activity in the TAL (209,387), and cAMP
analogs (298) and forskolin (388) mimic the effects of ADH
on transport in this segment. ADH increases the transcellular
electrical conductance of the mouse mTAL and this conduc-
tance increase is a major element in the mechanism for the
hormone-dependent increase in the rate of net salt absorption
(307,308). The available evidence suggests that both the apical
and basolateral membrane conductances are increased by
ADH. In apical membranes, ADH increases conductance by
increasing the functional number of K+ channels (312); this
increase occurs even when net salt absorption is abolished
by furosemide. ADH increases apical NaCl entry acutely via
activation of NKCC2 (318) and chronically by increasing the
abundance of NKCC2 (389).

The predominant portion of the ADH-induced increase
in cellular conductance is accounted for by an increase in
the basolateral membrane Cl− conductance (312,318). Two
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TA B L E 4 - 5

EFFECTS OF ADH ON NaCl TRANSPORT BY THICK ASCENDING LIMB SEGMENTS

Ve JNaCl

Species ADH (mV) (pmol/sec/cm2) Ref.

Mouse − 5 2600 (298,308,716,717)
+ 11 10,800 (298,308,716,717)

Rat − 2.4–3.3 4825 (717–719)
+ 3.6–4.7 7770 (717–719)

Rabbit – 3–7 6400 (295,717)
+ 3–7 Unchanged (295,717)

mechanisms have been suggested for the hormone-dependent
increase in basolateral Cl− conductance. Schlatter and Greger
(313) have proposed that the ADH-induced increase in intra-
cellular cAMP results in a direct increase in chloride channel
activity. Such a mechanism has been amply demonstrated in
Cl−-secreting epithelial, such as the trachea and intestine.

Alternatively, ADH might enhance Cl− conductance indi-
rectly by increasing apical membrane Cl− entry (312,318). Ac-
cording to this proposal, an ADH-dependent activation of api-
cal membrane Na+:K+:2 Cl− cotransporter and K+ channels
leads to an increase in intracellular Cl− concentration. Since
the activity of basolateral Cl− channels is exquisitely sensitive
to changes in intracellular Cl− concentration (365,367,368),
this increase will translate into an increase in the basolateral
membrane Cl− conductance.

Prostaglandins

Prostaglandin 1 (PGE2), the major product of prostaglandin
synthesis in the renal medulla, participates in a local negative-
feedback system that modulates the rate of NaCl absorp-
tion by the TAL. PGE2resulted in a 50% reduction in ADH-
stimulated net Cl− absorption in isolated perfused mammalian
mTAL segments, but had no effect in the absence of ADH
(388,390). It is likely that PGE2 inhibits ADH-stimulated gen-
eration of cAMP in the mTAL by activating an inhibitory G
protein, Gi (388,391). Although interstitial cells are a major
source of PGE2 production in the renal medulla, thick as-
cending limb cells can metabolize arachidonic acid through
at least two pathways. Escalante et al. (392) demonstrated
that purified medullary thick ascending limb cells produce 20-
hydroxyeicosatetraenoic acid (20-HETE) via the cytochrome
P450 enzyme, ω-hydroxylase. 20-HETE was subsequently
shown to inhibit NaCl transport in the thick ascending limb
at steps, which include the apical K+ channel (393) and the
Na+:K+:2 Cl− cotransporter (392). Thick ascending limb cells,
particularly in the macula densa (MD), also express COX-2
(394). COX-2 expression in these cells may be coupled to renin
secretion. Thus, COX-2 expression is increased by salt restric-
tion, diuretics, and, in Bartter syndrome, all conditions charac-
terized by hyperreninemia (395). Moreover, COX-2 inhibitors
reduce renin secretion in these settings (396,397).

Osmolality

Peritubular osmolality is a third factor regulating mTAL salt ab-
sorption. In isolated mouse and rabbit TAL segments, increases
in peritubular osmolality rapidly and reversibly inhibit the
ADH-stimulated rate of net Cl− absorption (299,398). Molony
and Andreoli (398) determined that hypertonicity inhibits the
basolateral membrane chloride conductance. This inhibition

of transcellular salt absorption occurs at a locus beyond the
generation of cAMP, since supramaximal concentrations of ei-
ther ADH or cAMP are unable to reverse the hypertonicity-
mediated effect (299). Thus, increasing the absolute magnitude
of interstitial osmolality provides a negative feedback signal,
which can reduce ADH-dependent salt absorption by the
mTALH. A scheme integrating the effects of ADH, PGE2 and
peritubular osmolality on urinary concentration is presented in
Figure 4-9.

Hypercalcemia

Hypercalcemia often results in an ADH-resistant urinary con-
centrating defect, that is, nephrogenic diabetes insipidus (399).
At least part of this concentrating defect results from the in-
hibition of ADH-stimulated cAMP production in the TAL by
calcium (400). Preincubation of tubule segments with pertus-
sis toxin abolishes the effect of hypercalcemia on cAMP gen-
eration, indicating that the inhibition of cAMP generation is

FIGURE 4-9. Interrelations of antidiuretic hormone (ADH),
prostaglandin E2 (PGE2), and interstitial osmolality on NaCl ab-
sorption by medullary TAL and on water absorption from collecting
ducts. Dashed lines indicate negative feedback loops. (From: Hebert
SC, Andreoli TE. Control of NaCl transport in the thick ascending
limb. Am J Physiol 1984;246:F745, with permission.)
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mediated through activation of Gi(401). The effects of hyper-
calcemia are mediated by a G protein-coupled calcium-sensing
receptor (CaSR) present on the basolateral membrane of TAL
cells (402,403). Activation of this receptor also inhibits the
activity of the 70 pS apical K channel via the production of
20-HETE, a P450 metabolite of arachidonic acid (404,405).
Even changes in serum calcium within the physiologic range
can alter NaCl absorption via the CaSR (406). This may help
to explain the hypotensive effect of high calcium intake in salt-
sensitive hypertensive individuals (407).

Modulation of NaCl Absorption
by Other Peptide Hormones

In addition to ADH, a number of other peptide hormones stim-
ulate adenylate cyclase activity in the TAL. In the mouse and
rat, glucagon stimulates NaCl reabsorption and increases the
transepithelial potential in isolated microperfused mTAL seg-
ments (408,409). Calcitonin and PTH stimulate sodium trans-
port in the cortical, but not medullary, portions of the TAL
(409).

Angiotensin II (Ang II) receptors are present in the thick
ascending limb (410). Ang II has been reported to both stimu-
late and inhibit sodium transport in the thick ascending limb
(411,412). Chronic infusion of Ang II increased the abundance
of NKCC2 in rat outer medulla by 87% (413). In a model
of heart failure, in which Ang II levels are elevated, NKCC2
expression was also increased and this increase could be pre-
vented by treatment with an angiotensin receptor antagonist
(414).

Adrenergic Agents

β-Agonist-sensitive adenylate cyclase activity is present in the
rat, but not rabbit TAL (209,415). Likewise, β-adrenoceptors
have been detected along the rat TAL by autoradiographic
localization (416,417). The physiologic effects of adrenergic
agents have been tested in micropuncture and in in vitro mi-
croperfusion studies. DiBona and Sawin (418) demonstrated an
enhancement of loop NaCl absorption during low-frequency
renal nerve stimulation. Acute renal denervation, on the other
hand, depressed NaCl absorption by the loop of Henle (419).

Micromolar concentrations of isoproterenol stimulate net
Cl− absorption by in vitro perfused mouse medullary and corti-
cal TAL (420). The effects of isoproterenol on NaCl absorption
in these segments can be blocked by propranolol.

Mineralocorticoids

Several lines of evidence suggest that mineralocorticoids influ-
ence NaCl transport in the TAL (421). First, clearance stud-
ies indicate that aldosterone increases free water clearance in
adrenalectomized animals (422), consistent with an increase
in NaCl absorption by the TAL. Second, nuclear mineralo-
corticoid receptors are present in both the medullary and
cortical portions of the TAL of rat and rabbit (423,424).
11β-Hydroxysteroid dehydrogenase, the enzyme which con-
fers mineralocorticoid specificity to cells, has been detected in
the TAL using enzymatic assays (425) and by immunohisto-
chemistry (426). Third, aldosterone appears to modulate the
activity of certain transport related enzymes in the TAL, such
as Na+ + K+–ATPase (427,428) and citrate synthase (428).
In the adrenal-intact mouse, pharmacologic doses of miner-
alocorticoid increased as Na+ + K+–ATPase activity of mTAL
segments by 25% (429). Other studies, however, have failed to

show an effect of mineralocorticoids on as Na+ + K+–ATPase
activity in the TAL (430–432).

Finally, in vivo and in vitro microperfusion studies have
demonstrated effects of aldosterone on TAL sodium trans-
port. In an in vivo microperfusion study of superficial loop
segments, Stanton (433) showed that adrenalectomy inhibited
loop of Henle sodium absorption by 33%. Aldosterone, but not
dexamethasone, increased sodium transport to control levels.
Work and Jamison (434) demonstrated, using in vitro perfu-
sion, that the rate of salt absorption and the transepithelial
voltage in TAL segments dissected from adrenalectomized rats
were reduced by 50% compared to tubules from adrenal intact
rats. Moreover, administration of aldosterone to the adrenalec-
tomized rats returned salt absorption and transepithelial volt-
age back to control values. In the rat medullary TAL, adrenalec-
tomy also decreases NaHCO3 absorption by 33% (435). Taken
together, these data indicate that aldosterone stimulates sodium
absorption by the mammalian TAL. In contrast, recent studies
failed to show an effect of aldosterone on the abundance of
NKCC2 in rat outer medulla (436) or in NKCC2 activity in
vitro (437).

Nitric Oxide

Acute administration of nitric oxide donor or L-arginine, the
substrate for NOS, decreases NaCl absorption in isolated per-
fused thick ascending limb segments (252,438). The effect of
L-arginine on NaCl transport can be blocked by L-NAME, and
inhibitor of nitric oxide synthase (NOS), indicating that en-
dogenous production of NO mediates the effect of L-arginine.
The inhibitory effect of NO on net NaCl absorption appears
to involve, at least in part, inhibition of NKCC2 activity (439).
The thick ascending limb expresses all three isoforms of NOS
(440). Plato et al. (441) used mice deficient in the various NOS
isoforms in determining that the effect of L-arginine is mediated
by e-NOS rather than i-NOS or n-NOS. In contrast to its ef-
fect on NaCl absorption, NO stimulates NaHCO−

3 absorption
in the thick ascending limb (412). Finally, although short-term
exposure to NO inhibits NaCl absorption, chronic exposure
increases NKCC2 expression (442), which could translate into
increased NaCl absorption.

Sodium Balance

Dietary sodium restriction in rats results in a transient decrease
in NKCC2 expression (443) while high sodium intake has no
major effect on NKCC2 expression (444). Chronic treatment
with furosemide in conjunction with a high-sodium diet in-
creases NKCC2 expression (445). The latter phenomenon may
account for the development of diuretic resistance and the in-
terdose rebound in sodium absorption in patients chronically
treated with loop diuretics.

THE DISTAL NEPHRON

Anatomical Considerations

The distal nephron may be divided into three segments: the
distal convoluted tubule (DCT), the connecting tubule (CNT),
and the collecting duct. While these segments are clearly de-
lineated in the rabbit (446), in many species the transition be-
tween contiguous segments is gradual (447). Therefore, distal
tubule segments are most accurately defined by their respective
cell types: the DCT cell, found only in the DCT; the CNT cell,
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found only in the CNT; and the principal cell, found in cortical
collecting tubules and in medullary collecting tubules.

Na+ Transport in Distal Convoluted Tubule
and Connecting Segment

General Characteristics

Much of the information regarding salt transport in the distal
tubule has derived from micropuncture studies which did not
distinguish between the early and late distal tubule. For this
reason, the DCT and the connecting segment will be discussed
together. The DCT absorbs roughly 10% of the filtered sodium
load (448–450). Fluid enters the DCT with a sodium concen-
tration of 25 to 30 mM, but salt is added along the initial 20%
of the DCT, so that the sodium concentration averages 50 mM
at a point 200 to 300 μm from the MD (451). From there,
tubular sodium concentration decreases along the DCT to a
value of approximately 30 mM at the end (449,452). Tubular
fluid to plasma sodium ratios as low as 0.10 have been ob-
served during stationary microperfusion (270,452,453). This
finding, together with the presence of the lumen-negative po-
tential difference (see below), establishes clearly the active na-
ture of sodium absorption in this segment.

Sodium absorption by the DCT is load-dependent. That is,
over a wide range of delivery rates, the proportion of sodium
absorbed by the DCT remains constant at 80% (449). At high
tubular fluid flow rates, the fall in luminal sodium concentra-
tion along the tubule is attenuated; thus more sodium is avail-
able to distal sodium absorptive sites at high than at low flow
rates.

Sodium absorption in the rat DCT has been reported to
be 25 to 30 pEq/mm2/sec; that is, about one-third of the rate
occurring in the PCT (454). However, rates comparable to
those in the PCT have been reported in isolated perfused DCT
(455–457).

Electrophysiologic Considerations

The transepithelial voltage in the earliest loops of the DCT,
measured with fine-tip electrodes, ranges from –9 to –19
mV, lumen-negative (458,459). Small lumen-positive voltages,
+ 3.7 to 5.7 mV, have been measured both in micropuncture
experiments, by using low-resistance micropuncture electrodes
(460,461), and in isolated, perfused early DCT segments (462).
The variation in lumen voltages may reflect differences in the
experimental conditions under which the measurements were
made. When the composition of the luminal perfusate resem-
bled distal tubular fluid, that is, having a low NaCl concen-
tration (see above), the lumen voltage tended to be slightly
positive whereas when tubules were perfused with solutions
resembling plasma, that is, high NaCl concentration, the lu-
men voltage was negative (460). The lumen negative potential
measured with high NaCl solutions was abolished by luminal
amiloride, an inhibitor of epithelial sodium channels. The pos-
itive voltage under in vivo conditions is a salt dilution potential
arising from the differential permeability of the DCT to Na and
Cl, while the lumen negative potential under symmetric solu-
tions reflects active Na+ reabsorption via amiloride-sensitive
sodium channels (see below).

The transepithelial electrical potential in the late DCT of
rats measured in vivo ranges from –37 to –60 mV (463). Val-
ues in isolated rabbit DCT and CNT segments perfused with
symmetric solutions are less negative, –5 to –30 mV (462,464–
467). The voltage can be inhibited by peritubular ouabain or
luminal amiloride (466,468), and is quite sensitive to changes
in perfusion pressure and flow rate, decreasing with high pres-
sures or flow rates (464).

The transepithelial resistance of the rat DCT decreases from
337 �-cm2 in the early DCT to 135 �-cm2 in the late DCT
(469,470). Somewhat lower electrical resistances have been
found in isolated perfused rabbit DCT (466,467) and CNT
(471). The passive ionic permeability determined by single-
ion dilution voltages (472) reveals the following sequence:
K+>Na+>Cl−.

Intracellular microelectrode analysis of rabbit DCT cells has
yielded conflicting results. Yoshitomi et al. (466) found evi-
dence for both K+ and Na+ conductive pathways in the apical
membrane and K+ and Cl− conductive pathways in the baso-
lateral membrane. The apical membrane accounted for 80%
of the total cellular resistance. In contrast, Velazquez et al.
(473,474) found the apical membrane to comprise over 99%
of the cellular resistance and could not detect any Na+ or K+

conductances in that membrane. Perhaps some of this discrep-
ancy could have arisen from the examination of different por-
tions of the DCT in the two laboratories. Ellison et al. (457)
have demonstrated that sodium reabsorption in the early DCT
is largely mediated by a thiazide-sensitive, neutral NaCl co-
transporter, while sodium absorption in the late DCT involves
an amiloride sensitive electrogenic pathway. Thus, Yoshitomi
et al. (466) may have described the late DCT and Velazquez
et al. (473,474) the early DCT.

Mechanism of Na+ Absorption

The available evidence permits the delineation of certain facets
of Na+ absorption in the DCT. A general model for these mech-
anisms is presented in Figure 4-10. Cardinal among these are
the following characteristics.

Basolateral Electrogenic Na+ Pump. The voltage (Vbl) across
the basolateral membrane of the Amphiuma (475) and rab-
bit (466,467,474) DCT is –60 to –90 mV. A reduction in
the luminal sodium concentration causes Vbl to depolarize,
while increases in the sodium concentration hyperpolarize
Vbl (475,476). In addition, Vbl depolarizes after ouabain

FIGURE 4-10. Model of NaCl absorption by cells of the early and late
DCT. The early DCT cell possesses a thiazide-sensitive, electroneutral
NaCl cotransporter. The late DCT cell resembles the principal cell of
the CCD.
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treatment (477). These observations are consistent with the
notion that apical sodium entry stimulates the electrogenic
Na+ + K+–ATPase system in the basolateral membrane.

Apical NaCl Cotransport. The absorption of sodium and chlo-
ride in the early DCT are coupled (473). The coupling of chlo-
ride to sodium entry provides a mechanism to maintain the
intracellular Cl− activity above its electrochemical equilibrium
(478). The early distal tubule is the site of action of thiazide di-
uretics (455,457,465). Autoradiographic studies (479) and im-
munocytochemical studies (480) have demonstrated thiazide-
binding sites in the apical membranes of DCT and connecting
tubule cells.

A thiazide-sensitive neutral NaCl cotransporter (TSC) was
cloned from the flounder urinary bladder using an expression-
cloning strategy (481). A homologous transporter, Na:Cl co-
transporter (NCC) (SLC12A3) was subsequently cloned from
the mammalian kidney (327). The transporter shares consider-
able sequence homology to the bumetanide-sensitive Na+:K+:2
Cl− cotransporter (NKCC2) present in the TAL (327,334), yet
exhibits markedly different inhibitor sensitivity and ionic re-
quirements compared to the latter transporter. NCC transports
NaCl with a 1:1 stoichiometry, is K-independent, and is in-
hibited by thiazide diuretics (482). The expression of NCC
within the kidney has been determined by in situ hybridization
(483,484), RT-PCR of single-nephron segments (330), and by
immunohistochemistry (480,483,485–487). The results indi-
cate that NCC is expressed in the apical membrane of DCT
cells and extends, in most species, into the connecting segment.
In addition, mutations in the NCC gene have been linked to
the pathogenesis of Gitelman syndrome (333,488–491). This
syndrome resembles Bartter syndrome (hypokalemia, alkalo-
sis, sodium-wasting), except that urinary calcium excretion is
reduced in Gitelman syndrome and is elevated in most cases of
Bartter syndrome. Thus, physiologically, Gitelman syndrome
mimics the effects of thiazide diuretics. The Gitelman muta-
tions have little effect on the functional and biochemical prop-
erties of NCC protein, but markedly reduce its cell surface
expression (492,493). That mutations in the NCC gene are
seen in Gitelman syndrome provides further support for the
view that the NCC gene product is the thiazide-sensitive co-
transporter of the DCT. Studies of another inherited disorder
of distal sodium transport, Gordon’s syndrome, have yielded
additional insights into the regulation of NCC function. Gor-
don’s syndrome, or pseudohypoaldosteronism type II (PHAII)
is the phenotypic opposite of Gitelman syndrome and is char-
acterized by hypertension, hyperkalemia, and metabolic aci-
dosis (Table 4-1). The disorder is largely corrected by thiazide
diuretics. These features suggested that an increase in NCC
activity may be involved in the pathogenesis of PHAII. Posi-
tional cloning demonstrated that PHAII is caused by mutations
in either of two serine-threonine kinases, WNK1 and WNK4
(494). Subsequent studies have shown that WNK4 normally
inhibits NCC-mediated NaCl transport, likely by reducing cell
surface expression of NCC (495,496). Mutant WNK4, in con-
trast, is unable to inhibit NCC activity and results in higher
rates of NaCl transport (495,496). WNK4 also affects the ac-
tivity of apical ROMK channels (497) and the Cl− permeability
of the paracellular pathway (498). The latter observation sup-
ports the speculation, made over 20 years ago by Schambelan
et al. (499), that an increased paracellular Cl− permeability
was responsible for the hyperkalemia and metabolic acidosis
in PHAII. The mechanism whereby WNK1 produces PHAII
is less well defined. Yang et al. (495) found that WNK1 does
not directly affect NCC activity, but modulates the inhibition
of NCC by WNK4. They propose that mutations, which in-
crease the activity of WNK1, prevent WNK4 from inhibiting
NCC-mediated transport.

In addition to thiazide-sensitive NaCl cotransport, a com-
ponent of electroneutral NaCl absorption may be mediated by
parallel actions of Na+/H+ and Cl− organic anion exchangers.
The net effect of synchronous Na+/H+ and Cl− base exchange,
as discussed for the proximal tubule (Fig. 4-5), is the reabsorp-
tion of NaCl with recycling of the organic anion. In this regard,
the addition of either formate or oxalate to the perfusate of
microperfused rat distal tubules stimulated chloride transport
(140). Moreover, the formate- or oxalate-stimulated compo-
nent of Cl− transport was not inhibited by thiazide diuretics.
The protein(s), which mediates the Cl− anion exchange, is not
known. CFEX, which may mediate proximal tubule Cl− an-
ion exchange, is not expressed in the distal tubule (141). It is
interesting, though, that WNK4 inhibits CFEX activity (497).
Perhaps the distal tubule Cl− anion exchanger is also regulated
by WNK4.

Apical Conductive Sodium Channels. The entry of sodium into
the Amphiuma distal tubular cell (476) and late rat DCT cell
(456) is inhibited by amiloride, a sodium channel blocker. A
sodium channel in the apical membrane would serve to depo-
larize the membrane and create the observed lumen-negative
transepithelial potential. This transepithelial voltage, in turn,
is a driving force for passive chloride reabsorption. Sodium
channel subunits have been found by immunolocalization in
the late DCT in mouse and rat kidney (500,501), but not hu-
man kidney (487).

Regulation of NaCl transport in the DCT

Na+ Delivery. NaCl reabsorption in the DCT is dependent on
the delivered load of NaCl (449). The DCT responds to chronic
increases in the delivery of NaCl with an increase in the capac-
ity for NaCl transport (450,502,503), as well as marked ultra-
structural changes in the DCT cell. These morphologic changes
include an increase in the size of the DCT cell, an increase in the
basolateral membrane surface area, and in increase in the size
of mitochondria (450,504). Accompanying the functional and
morphologic changes are an increase in Na+ + K+–ATPase ac-
tivity and an increase in thiazide-binding sites (505,506). These
effects appear to result from an increase in sodium entry into
the DCT cell rather than the increase in distal NaCl delivery
or changes in plasma aldosterone or ADH levels, which occur
with chronic furosemide treatment. Inhibition of NaCl entry
into DCT cells with chronic thiazide treatment resulted in a
loss of cell height, loss of normal polarity, and apoptosis of the
DCT cells (507). The cellular mechanisms whereby NaCl entry
affects transport function and morphology are not known.

Dietary Na+. Studies in rats and rabbits have yielded conflict-
ing results regarding the effects of increased dietary sodium on
DCT morphology and sodium transport. In rats, no consistent
effect of a high-sodium diet on either cell morphology, trans-
port rates, or thiazide receptor density could be demonstrated
(450,505,508). Rats fed a low-sodium diet (443) or treated
with thiazide diuretics (445), however, demonstrated a signifi-
cant increase in NCC expression, which may have been because
of stimulation of mineralocorticoid secretion (436). In contrast,
rabbits fed a high- sodium diet developed hypertrophy of DCT
cells, an increased rate of DCT sodium reabsorption, and an
increase in Na+ + K+–ATPase activity (509,510).

Steroid Hormones. Currently available evidence suggests that
adrenal steroid hormones regulate sodium transport in the
DCT. The presence of both mineralocorticoid and glucocor-
ticoid receptors in the DCT has been demonstrated by im-
munohistochemistry and by hormone binding (423,511–515).
In addition, adrenalectomy resulted in a decrease in Na+ +
K+–ATPase activity in the DCT (430). The Na+ + K+–ATPase
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activity could be restored by replacement doses of glu-
cocorticoids (247,430,516), but not by mineralocorticoids
(430,431,516). Microperfusion studies of superficial distal
tubules (containing both DCT and CNT), however, demon-
strated an increase in sodium transport in animals receiving al-
dosterone infusions (433,517). Both the thiazide- and thiazide-
insensitive components of sodium transport were increased
by aldosterone (517). The former may reflect neutral NaCl
cotransport in the DCT, while the latter reflects electrogenic
sodium absorption in the late DCT or CNT. Aldosterone in-
fusion also resulted in an increase in thiazide-binding sites in
the renal cortex, as determined by [3H]metolazone binding, an
increase in the natriuretic response to thiazide diuretics, and a
large increase in NCC protein (517–519). These findings estab-
lish NCC as an aldosterone-regulated transporter. By combin-
ing immunohistochemical and in situ hybridization techniques,
Bostonjoglo et al. (515) determined that DCT cells coexpress
NCC, mineralocorticoid receptors, and 11β-hydroxysteroid
dehydrogenase type 2, an enzyme typically found in miner-
alocorticoid target sites. Thus, DCT cells, particularly those in
the late portions of the DCT, express the key elements required
for selective mineralocorticoid actions.

As just mentioned, glucocorticoids increase Na+ + K+–
ATPase activity following adrenalectomy in the DCT
(247,430,516). This effect was not blocked by spironolactone,
a mineralocorticoid receptor antagonist, suggesting that glu-
cocorticoids were acting via glucocorticoid receptors rather
than mineralocorticoid receptors (516). In addition, dexam-
ethasone infusions increased thiazide-sensitive NaCl transport
and [3H]metolazone binding sites in adrenalectomized rats
(517,518). Nonetheless, the role of glucocorticoids in the phys-
iologic regulation of sodium transport in the DCT remains
unclear.

Gonadal steroid hormones may also influence NaCl trans-
port in the DCT. Chen et al. (520) reported gender differences
in the density of thiazide receptors and in the natriuretic re-
sponse to thiazides in rats. Female rats had higher levels of
thiazide-binding sites in the renal cortex than males. The lev-
els in females fell following ovariectomy, while levels rose in
males following orchiectomy. Moreover, the increase in uri-
nary sodium excretion caused by thiazides was greater in fe-
males than in males, suggesting that the differences in thiazide-
binding sites were reflective of differences in thiazide-sensitive
salt transport in vivo. Likewise, using antibodies against NCC,
Verlander et al. (486) found that estrogen treatment increased
NCC expression in the DCT. These results are consistent with
the view that male sex hormones, for example, testosterone,
may downregulate NCC expression and salt transport, while

estrogens increase NCC expression and salt transport in the
DCT. The authors are not aware of gender differences in the
response of humans to thiazide diuretics.

Na+ TRANSPORT IN THE
CORTICAL COLLECTING DUCT

General Considerations

The transport processes in the collecting duct are responsible
for the final adjustments in urinary composition. The collecting
duct is a major locus of action of mineralocorticoid hormones
and plays a major role in potassium homeostasis and acid-base
balance. Quantitatively, it is a minor site of sodium absorption,
reclaiming only about 2% of the filtered sodium load (521).

Electrophysiologic Aspects

The electrophysiologic and transport properties of the CCD
are summarized in Table 4-6. The transepithelial voltage in
the cortical collecting duct (CCD) varies widely, but generally
in a range from + 10 to–100 mV (455,463,522–524). This
variability is largely the result of differences in the mineralo-
corticoid status of animals. The voltages in isolated human
CCD segments averaged + 6.8 mV, lumen-positive (525). The
lumen-negative voltage in other mammalian CCD segments
is abolished by ouabain (522,526), luminal amiloride (527–
529), and luminal sodium deletion (526,528,530). The lumen-
negative voltage is increased by a high-K+, low-Na+ diet, and
mineralocorticoid treatment (464,523,527,530,531).

The reported values for transepithelial resistance vary from
30 �-cm2 to 2700 �-cm2 (532–535). The apical membrane
contains a sodium and a potassium conductance, as shown by
the effects of luminal amiloride and luminal barium, respec-
tively, on transepithelial resistance (524,535–537). The baso-
lateral membrane is conductive to K+ and, at least in rabbits,
Cl− (535,538–540).

Mechanisms of Salt Absorption
in Collecting Ducts

A proposed model for sodium absorption and potassium se-
cretion in the CCD is presented in Figure 4-11. As indicated

TA B L E 4 - 6

EFFECTS OF MINERALOCORTICOIDS ON THE ELECTROPHYSIOLOGIC CHARACTERISTICS OF
THE RABBIT CCDa

Ga Gb

VT Vb Na K K Cl

(mV) (mS/cm2) (mS/cm2) Ipump (μA/cm2)

Low ALDO − 2 − 64 0.2 1.4 3.4 (total) 9
Control − 7 − 80 0.7 5 1.0 4.2 40
High ALDO − 34 − 100 1.7 7.6 3.7 10.5 195

aStudies performed using in vitro perfused CCD segments obtained from adrenalectomized rabbits (low ALDO); adrenal intact rabbits (control); and
rabbits treated with mineralocorticoid (DOCA) for 9 to 16 days (high ALDO). VT, Vb, transepithelial and basolateral membrane voltage. GaNa; Ga K
and GbNa,GbK, conductances of the apical and basolateral membranes to the indicated ions. Ipump, the current generated by Na+ + K+–ATPase.
Data from (524,539,615,720).
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FIGURE 4-11. Model of salt transport by the principal cell of the cor-
tical collecting duct. Apical Na+ entry proceeds via amiloride-sensitive
Na+ channels (ENaC). Apical K+ channels (ROMK) mediate K+ se-
cretion by this segment. Cl− absorption is driven by the lumen-negative
voltage through the paracellular pathway.

above, apical membranes of principal cells of the CCD pos-
sess conductive pathways for sodium and for potassium
(530,536,537,541). Sodium enters principal cells through
sodium channels in the apical membrane, along its electrochem-
ical gradient. Sodium is then pumped across the basolateral
membrane by Na+ + K+–ATPase in exchange for potassium.
The sodium current across the apical membrane depolarizes
the latter, so that the cellular potassium is above its equilibrium
concentration, and, hence, leaves the cell through the conduc-
tive pathway in the apical membrane (542).

Apical Sodium Channels

The conductive entry of sodium depolarizes the apical cell
membrane relative to the basolateral membrane, resulting in
a lumen-negative transepithelial voltage. This lumen-negative
voltage, in turn, provides the driving force for Cl− reabsorption
through the paracellular pathway.

Patch-clamp studies of collecting duct cells and A6 cells,
from amphibian urinary bladder, have provided some de-
tails regarding the electrophysiologic properties and regula-
tion of the apical membrane sodium channels (543–551). The
amiloride-sensitive sodium channel in these cells has a single-
channel conductance of 4 to 5 pS and is highly selective for
sodium over potassium (PNa/PK>20). This channel exhibits
rather slow gating, with openings and closings lasting several
seconds (545,549). Amiloride causes a flickering block of the
channel at submicromolar concentrations (545,549,552), that
is, much lower than required to inhibit Na+−H+ exchange.

An amiloride-sensitive sodium channel has been cloned
(553,554). The channel, termed ENaC, consists of three ho-
mologous subunits (α, β, and γ ) (553). The subunits share a
common structure consisting of two transmembrane domains,
intracellular N- and C-termini, and a large extracellular loop
(555,556). While the α subunit of ENaC can form sodium
channels on its own (554), the coexpression of all three sub-
units dramatically increases the membrane sodium conduc-
tance (553). The native channel appears to be a heterotetramer
consisting of two α, one β and one γ subunit (557–559). The
single channel properties of the expressed channel (i.e., single-
channel conductance, voltage dependence, gating kinetics, and
inhibitor sensitivity) all closely resemble those of the 4 to
5 pS highly selective channel studied in native tissues (553,557).
That ENaC actually is the sodium channel, which is respon-
sible for Na+ reabsorption in the collecting duct, has been

confirmed by two experiments of nature (Table 4-1). Specif-
ically, mutations in the ENaC gene are responsible for Liddle
syndrome, an autosomal dominant form of hypertension, and
pseudohypoaldosteronism type 1, an autosomal recessive form
of salt wasting (560,561). In Liddle syndrome, mutations in the
ENaC subunits result in an increase in amiloride-sensitive Na+

channel activity with a consequent increase in sodium reab-
sorption and volume-mediated hypertension (562–564). Most
Liddle mutations occur in the cytoplasmic C-termini of the γ
(SCNN1G) and β (SCNN1B) subunits (561,562). These mu-
tations affect a conserved PY motif in the C-terminus, which
is necessary for interaction with Nedd4-2 and subsequent in-
ternalization and degradation of ENaC (565). As a result of
the mutation, excessive ENaC accumulates in the cell mem-
brane, leading to increased sodium absorption. A mutation in
the extracellular domain of the γ subunit was found in one
family with Liddle syndrome (566). This mutation increased
the activity of ENaC channels without affecting cell surface ex-
pression. Pseudohypoaldosteronism type I (PHAI), the clinical
opposite of Liddle syndrome, is caused by homozygous inacti-
vating mutations in the ENaC channel, resulting in a syndrome
of sodium-wasting, hypotension, and hyperkalemia (567,568).
The majority of mutations causing PHA-1 are frameshift or
nonsense mutations which result in truncated, nonfunctional
ENaC proteins (560).

Apical Electroneutral NaCl Transport. In the rat, a portion
of Na+ entry across the apical membrane of principal cells
may be mediated by a neutral, thiazide-sensitive NaCl cotrans-
porter (569). Specifically, in perfused rat CCD segments, lu-
minal hydrochlorothiazide inhibited Na+ and Cl− absorption
without changing the transepithelial voltage (569). Similarly,
amiloride, which completely blocks Na+ transport in the rab-
bit CCD, inhibited Na+ transport in the rat by only 50%. Fi-
nally, the effects of amiloride and hydrochlorothiazide were
additive. Thus, the rat CCD may possess two parallel trans-
port pathways for Na+: an electrogenic pathway involving
amiloride-sensitive Na+ channels and a thiazide-sensitive neu-
tral NaCl cotransport pathway. However, these results con-
trast with the studies of Schafer and colleagues (570–573) in
rat CCD, which provided no evidence for thiazide-sensitive
NaCl cotransport. Likewise, the cloned thiazide-sensitive co-
transporter (NCC) has not been detected in the collecting duct
using either RT-PCR, in situ hybridization, or immunohisto-
chemistry (330,483,485,487,515). The reasons for these con-
tradictory findings are not known.

Control of Na+ Absorption in the CCD

Aldosterone. Aldosterone is one of the most important reg-
ulators of Na+ transport in the collecting duct, where it
increases the rates of Na+ absorption and K+ secretion
(524,527,531,539,571,574). The major target site for miner-
alocorticoid effects is the principal cell of the CCD (574), al-
though actions in the DCT have also been documented (see
above). Mineralocorticoid effects are produced by the bind-
ing of either mineralocorticoids or glucocorticoids (575) to
Type-I steroid receptors found predominantly in the CCD
(423,511,513,576). In addition, the binding of glucocorticoids
to Type-II receptors can also produce mineralocorticoid re-
sponses (575). This lack of specificity is because of two factors:
first, Type-I (mineralocorticoid) receptors do not discriminate
between aldosterone and glucocorticoids (577) so that either
class of steroids can bind to, and activate, the receptor. Second,
the DNA binding domains of Type-I and Type-II receptors are
highly conserved such that both receptors can activate many of
the same genes (578). The specificity for mineralocorticoids in
vivo is provided by the selective degradation of glucocorticoids,
but not mineralocorticoids, by the enzyme 11 β-hydroxysteroid
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dehydrogenase (577). 11β-Hydroxysteroid dehydrogenase ac-
tivity is high in CCD segments (425,579,580). The type 2 iso-
form of 11β-hydroxysteroid dehydrogenase (581–583), specif-
ically, is expressed almost exclusively by aldosterone target
cells, including the principal cell of the cortical collecting duct
(426,584,585). Illustrating the important role of this enzyme in
regulating access of hormones to the mineralocorticoid recep-
tor, genetic deficiency of this enzyme produces a syndrome,
Apparent Mineralocorticoid Excess, resembling hyperaldos-
teronism (hypertension, hypokalemia, metabolic alkalosis), ex-
cept that aldosterone levels are low (586–588). The clinical
manifestations result from the stimulation of mineralocorticoid
(Type-I) receptors by circulating glucocorticoids.

In isolated perfused CCDs from mineralocorticoid treated
rabbits, there is an increase in both the Na+ and K+ con-
ductance of the apical membrane and an increase in baso-
lateral Na+ + K+–ATPase activity (524,589,590). The func-
tional changes after aldosterone treatment are accompanied by
morphologic changes in principal cells. The basolateral mem-
brane length of principal cells falls by 35% after adrenalectomy,
and administration of aldosterone, but not dexamethasone, re-
stores the membrane length to control levels (591).

An early effect of aldosterone, occurring within a few hours
of exposure, is an increase in the sodium permeability of the
apical membrane of the CCD principal cell. Results from elec-
trophysiologic (592–594) and immunologic (595,596) studies
support the view that the early aldosterone-induced increase in
apical sodium permeability is because of the activation of qui-
escent Na+ channels rather than the synthesis and/or insertion
of new Na+ channels into the membrane. Several pathways
have been implicated in the aldosterone-mediated increase in
Na+ channel activity. An important downstream mediator of
aldosterone is Sgk, serum and glucocorticoid-regulated kinase
(597,598). Sgk, a serine and threonine kinase, is expressed in
the thick ascending limb, DCT, connecting segment, and cor-
tical collecting tubules (599). Aldosterone increases the tran-
scription of Sgk in vitro (597,598), although the effects of al-
dosterone on Sgk protein expression in vivo are minor (599).
Coexpression of Sgk with ENaC results in markedly greater
sodium currents than seen with ENaC alone (597,598,600).
Sgk is required for the stimulation of sodium transport by al-
dosterone both in vitro (600) and in vivo (601). Sgk increases
sodium currents by increasing cell surface expression of ENaC
(602) and also increasing the open probability of individual
ENaC channels (603). The effect of Sgk on cell surface ex-
pression of ENaC may be mediated via Nedd4-2. Specifically,
Nedd4-2 is a substrate for Sgk. Upon phosphorylation by Sgk,
the affinity of Nedd4-2 for the PY domains of ENaC is dimin-
ished (604). In addition, Sgk itself contains a PY motif and
might compete with ENaC for Nedd4-2 binding. As discussed
earlier, binding of Nedd4-2 leads to the internalization and
degradation of ENaC channels. Accordingly, Sgk may increase
cell surface ENaC by decreasing Nedd4-2 binding and/or avail-
ability. Methylation of proteins and lipids is increased by al-
dosterone. It has been suspected for almost two decades that
methylation may mediate the effects of aldosterone on Na+

transport (605). Recent work supports this view. As reviewed
recently (606), aldosterone increases the activity of a number
of cellular methyltransferase enzymes. Moreover, the β subunit
of ENaC itself is a substrate for methylation, and, when methy-
lated, exhibits increased Na+ transport activity (607,608). The
effects of aldosterone on Na+ channel activity may also in-
volve small GTP-binding proteins, for example, Ras (609), and
phosphatidylinositol 3-kinase (610). Sgk may be a downstream
mediator of phosphoinositide-3-kinase (611).

Somewhat after the increase in apical membrane Na+ con-
ductance occurs, the basolateral membrane Na+ + K+–ATPase
activity and pump current increase (539). This increase is due
initially to an effect of increased cell sodium activity on existing

pump units (612,613). Later, aldosterone induces synthesis of
additional Na+ + K+–ATPase pump units (614). There is evi-
dence that increased apical membrane Na+ entry may modulate
the late synthesis of Na+ + K+–ATPase. Inhibition of sodium
entry by amiloride markedly reduced the aldosterone-induced
increase in Na+ + K+–ATPase activity (589,590,615,616). Al-
dosterone also exerts an additional, late effect on the amiloride-
sensitive Na+ conductance. Patch-clamp studies in rats exposed
to high levels of aldosterone for several days demonstrated a
large increase in the amiloride-sensitive whole-cell Na+ con-
ductance (617). The increase in whole-cell conductance corre-
lated with an increase in the number of active Na+ channels
in the apical membrane (548). In contrast, the single-channel
conductance and open probability of individual Na+ channels
was not affected by aldosterone (548). Northern blot (618–
621) and Western blot analysis (436) has shown an increase
in ENaC mRNA and protein levels in aldosterone-treated tis-
sues suggesting that the synthesis of new ENaC channels may
contribute to the late aldosterone-induced increase in Na+ con-
ductance. Sgk, in addition to increasing cell surface expression
of ENaC, also regulates the transcription of ENaC subunits
(622).

The pump current associated with the increased rate of Na+

+ K+—ATPase activity in aldosterone-treated tubules hyperpo-
larizes the basolateral membrane to the degree that potassium
entry, rather than efflux, occurs through basolateral membrane
potassium channels (539,542). The basolateral K+ influx pro-
vides K+ for secretion into the tubular lumen.

ADH. Exposure of rat CCD segments in vitro to antidiuretic
hormone results in a sustained stimulation of Na+ absorption
(572). ADH increases the transepithelial potential, depolar-
izes the apical membrane, and increases the conductance of
the tubule and, more specifically, of the apical membrane of
principal cells (540). These changes are entirely reversed by lu-
minal amiloride indicating that ADH increases the apical mem-
brane sodium conductance of the principal cell. These effects
of ADH are mediated intracellularly by cAMP (623). More-
over, the effects of ADH on Na+ transport in the rat CCD
are enhanced by prior treatment of the animals with mineralo-
corticoids (572,624). In contrast, in rabbit CCD, ADH pro-
duces only a transient stimulation, or even inhibition, of Na+

transport and this effect is lost after treatment with mineralo-
corticoids (625–627). The transient response to ADH in the
rabbit is not due to downregulation of ADH-stimulated cAMP
generation as the response to cAMP analogs is also transient
(628). Rather, the transient response may be due to a PKC-
mediated inhibition of Na+ transport. According to this view,
the initial increase in apical Na+ entry induced by ADH leads
to an increased intracellular [Na+] with a consequent rise in
intracellular [Ca2+] via basolateral Na+–Ca2+ exchange (629).
The increase in [Ca2+] then activates PKC with the subsequent
inhibition of further apical Na+ entry. Supporting this notion
are studies showing a transient increase in intracellular [Na+]
following ADH exposure (628), and that the stimulation of
Na+ transport by ADH in CCD cells is sustained, rather than
transient, in the presence of a low calcium bath (629) or af-
ter downregulation of PKC (630). As will be discussed below,
PGE2 inhibits Na+ transport in the rabbit CCD. Since ADH
stimulates prostaglandin synthesis in renal tissue, it has been
suggested that PGE2 may be responsible for the eventual decline
in transport after the transient stimulation by ADH observed
in the rabbit. In this regard, pretreatment of CCD segments
with indomethacin to inhibit PG synthesis prevented the late
inhibition of Na+ transport following ADH exposure (631).
PGE2 also inhibits ADH-mediated water transport in the CCD
(632,633). However, the effects of PGE2 on ADH-induced
Na+ transport and water transport appear to be mediated via
different pathways (634). The inhibition of water transport by
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PGE2 can be traced to a pertussin–toxin-sensitive inhibition of
ADH-stimulated cAMP production (633,635). The effects of
PGE2 on ADH modulation of Na+ transport, however, are not
mediated via changes in cAMP but, rather, via an increase in
intracellular [Ca2+](631). In the rat, which has a sustained re-
sponse to ADH (636), PGE2 does not inhibit sodium transport
by the CCD (637).

While both ADH and aldosterone increase the apical mem-
brane sodium conductance, their mechanisms of action are dif-
ferent. In contrast to aldosterone, which activates quiescent
channels, ADH, via cAMP, leads to the insertion of additional
Na+ channels into the apical membrane (550,638). In addition,
cAMP, via PKA-mediated phosphorylation also directly stimu-
lates the activity of sodium channels already present in the api-
cal membrane (639–641). Long-term exposure to ADH may
also increase the capacity of the collecting duct for Na+ trans-
port by increasing the expression of both Na+ + K+–ATPase
and amiloride-sensitive Na+ channels (389,642).

Other Agents. Bradykinin is produced in the connecting duct
(643,644) and binds to specific receptors in the CCD (645,646).
Intrarenal infusion of bradykinin produces a diuresis. However,
the evidence that bradykinin effects Na+ transport in the CCD
is equivocal. Bradykinin has been reported to reduce Na+ ab-
sorption in rat CCD segments (647,648). Since sodium trans-
port fell in the absence of any change in transepithelial volt-
age, it was proposed that this agent inhibits neutral NaCl co-
transport. However, other laboratories have found no effect of
bradykinin on Na+ transport in rat CCD (570,649).

As will be discussed below, the major site of action of atrial
natriuretic peptide (ANP) is the inner medullary collecting duct.
ANP stimulates cGMP production in the CCD (650), and in-
hibits the hydroosmotic actions of ADH in the CCD (651,652).
In addition, Nonoguchi et al. (652) reported that ANP reduced
Na+ transport in the rat CCD by 90%. The inhibition of Na+

transport occurred without a change in the transepithelial volt-
age (652), suggesting that ANP inhibited electroneutral NaCl
cotransport. However, Rouch et al. (570) and Schlatter et al.
(649) found no effect of either ANP or cGMP analogs on Na+

transport in the rat CCD. There is no obvious explanation for
these discrepancies.

α2-adrenergic agonists inhibit sodium reabsorption in the
rat CCD (570). This inhibition is associated with an increase in
the apical membrane resistance reflecting a decrease in sodium
movement through amiloride-sensitive sodium channels (570).
These changes appear to result from an inhibition of adenylate
cyclase by α2 agonists (653). In the rabbit CCD, clonidine, an
α2-adrenergic agonist, does not inhibit sodium transport (637)
or adenylate cyclase activity (653).

β-Adrenergic Agonists. β-adrenergic agonists reduce the
transepithelial voltage in the CCD (654,655). However, in spite
of their effects on transepithelial voltage, these agents pro-
duce no change in net Na+ transport. Rather, the effects of
β-adrenergic agents on transepithelial voltage may be due to
stimulation of electrogenic H+ secretion by α-intercalated cells
(656).

Prostaglandin E2 exerts diuretic and natriuretic effects on
the kidney. Part of this action is mediated by an inhibition of
Na+ absorption in the CCD (657). Application of PGE2 to the
basolateral surface of perfused rabbit CCD segments reversibly
inhibits the negative transepithelial voltage and net sodium ab-
sorption (631,657,658). The effect of PGE2 on sodium trans-
port is pertussis toxin-insensitive, is coupled to a rise in intracel-
lular [Ca2+], and is dependent on activation of PKC (631,634).
Four PGE2 receptor subtypes, designated EP1, EP2, EP3, and
EP4, have been characterized. EP1 and EP3 were identified
in the CCD of human kidney by in situ hybridization (659).
Studies using receptor subtype-specific agonists and antago-

nists suggest that the EP1 receptor mediates PGE2-dependent
inhibition of Na+ transport in the CCD (660). In contrast to
the inhibitory effect of basolateral PGE2 on Na+ transport, lu-
minal PGE2 increases transepithelial voltage (and presumably
Na+ absorption) (661,662). The effects of luminal PGE2 may
be mediated via the EP4 receptor (661).

Epidermal growth factor (EGF) reduces Na+ absorption
in rabbit CCD by about 50% (663,664). The electrophysio-
logic effects of EGF have been examined in isolated perfused
CCD segments (665) and in cultured CCD cells (666). In both
cases, EGF reduces the transepithelial voltage, hyperpolarizes
the apical cell membrane, increases the transepithelial resis-
tance, and increases the resistance of the apical membrane
(665,666). These effects are consistent with an inhibition of
apical electrogenic Na+ entry via the amiloride-sensitive Na+

channel.
Nitric oxide decreases Na+ transport in rat CCD segments

by 40% to 80% (667). The addition of nitric oxide to tubules
decreased the intracellular [Na+], but did not affect the activity
of basolateral Na+ + K+–ATPase, suggesting that the primary
effect of nitric oxide was to inhibit apical Na+ entry. NO donors
increased the activity of basolateral K+ channels in rat CCD
(668), but the physiologic significance of this effect is uncertain.

Dopamine inhibits ADH-dependent Na+ transport and
transepithelial voltage in rat CCD segments (669). The actions
of dopamine are believed to be mediated via the D4 receptor
subtype.

Angiotensin II (AII) stimulates sodium channel activity in
rabbit and mouse cortical collecting ducts (670). Chronic AII
infusion also increases the abundance of the α subunit of ENaC,
the rate-limiting subunit for ENaC assembly (671). Both the
acute effects of Ang II on ENaC activity and the chronic ef-
fects on ENaC abundance are mediated by the AT1 receptor
(670,671).

Na+ TRANSPORT IN THE OUTER
MEDULLARY COLLECTING DUCT

The transport properties of the outer medullary collecting duct
(OMCD) have been studied by in vitro perfusion of isolated
tubule segments (Table 4-7). The functional properties of the
OMCD differ depending on the location of the segment within
the outer medulla. Segments within the outer stripe of the
outer medulla (OMCDo) exhibit electrophysiologic properties
resembling the cortical collecting duct; that is, a lumen nega-
tive transepithelial voltage and electrogenic apical Na+ entry
(672). Compared to the CCD, the OMCDo displays a less neg-
ative transepithelial voltage, much lower ionic permeabilities,
and a lower rate of active reabsorption of Na+ (673). Elec-
trophysiologic studies have shown that as the collecting duct
descends into the medulla principal cells, which mediate Na+

and K+ transport in the CCD (see above), are replaced by cells,
and whose electrical properties are similar to intercalated cells
of the CCD, that is, the apical membrane lacks a demonstrable
Na+ or K+ conductance (674). Within the inner stripe of outer
medulla (OMCDi), principal cells are virtually absent and no
net Na+ absorption occurs (673,675,676).

Na+ TRANSPORT IN THE INNER
MEDULLARY COLLECTING DUCT

Mechanism of Na+ Transport

The analysis of salt transport by the IMCD has been con-
founded by problems of axial tubule heterogeneity, species
variability, and differences in experimental approach. Based
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TA B L E 4 - 7

ELECTROPHYSIOLOGICAL AND TRANSPORT PROPERTIES OF THE RABBIT OMCD

Vt (mV) Rt (Ωcm2) Vbl (mV) fRa JNa JCl (pmol/mm/min)

Outer OMCD − 2–11 233–272 −65 0.81 7.9 − 1.4
(references) (672,673,675,721) (672,722) (672,722) (672,722) (673,675) (673,675)

Inner OMCD + 2– + 48 294–534 − 24–36 0.96–0.99 1.5 − 9.8
(references) (673–676,723–725) (674,723,724) (674,723,724,726) (674,723,724) (673,675) (673,675,726)

From: Koeppen BM, Stanton BA. Sodium chloride transport—Distal nephron. In: Seldin DW, Giebisch G, eds. The kidney: physiology and
pathophysiology, 2nd ed. New York: Raven Press, 1992:2003.

on morphologic factors, the IMCD has been divided into three
subsegments: IMCD1, IMCD2, and IMCD3 (677). This mor-
phologic heterogeneity is paralleled, to some extent, by func-
tional heterogeneity. For example, the urea permeability of
IMCD1 is low, and not affected by ADH, while IMCD2 and
IMCD3 segments have a higher basal urea permeability, which
is increased further by ADH (678). Further complicating the
analysis is the observation that similar subsegments from differ-
ent species exhibit different properties relating to salt transport
(679,680). Finally, for unknown reasons, studies examining
IMCD function in vivo, for example, by microcatheterization
or micropuncture, have yielded markedly different results than
have in vitro studies of isolated perfused tubules. For example,
in vivo microcatheterization studies and microperfusion stud-
ies have demonstrated that the IMCD reabsorbs about 80% of
the sodium delivered to it (681,682) while, with one exception
(683), little sodium transport occurs in in vitro perfused IMCD
tubules (680,684).

Electrophysiologic studies of the IMCD (Table 4-8) have
found that the transepithelial voltage is generally in the range of
0 to – 5 mV (lumen-negative) and that the transepithelial resis-
tance is in the range of 40 to 100 ohm cm2 (679,680,683,684).
Limited data regarding the conductive properties of IMCD cells
are available. Stanton performed microelectrode impalements
of IMCD segments from rat (680). The apical membrane con-
stituted the major cellular resistance (Fra = 0.92). Luminal
application of amiloride resulted in an increase in the apical
membrane voltage and resistance and a fall in the transep-
ithelial voltage. These results, and others (681,685,686), are
consistent with the presence of an amiloride-sensitive sodium
conductance in the apical membrane of IMCD cells. Patch-
clamp studies of cultured rat IMCD cells indicate that Na+

entry is mediated by a 20 to 30 pS amiloride-sensitive, nonse-
lective, cGMP-gated cation channel in the apical cell membrane
(686,687). The basolateral membrane of IMCD cells contains
Na+ + K+–ATPase, a potassium conductance and a bicarbon-
ate conductance (679,680).

The results discussed above can be combined into a ten-
tative model for sodium transport in the IMCD (Fig. 4-12).
The model is essentially that described by Koefoed-Johnsen
and Ussing for electrogenic sodium transport in the frog skin
(688). Sodium entry across the apical membrane occurs down
its steep electrochemical gradient through amiloride-sensitive
Na+ channels. Sodium is extruded across the basolateral mem-
brane by the Na+ + K+–ATPase, thereby maintaining a low in-
tracellular Na+ concentration. The basolateral membrane K+

conductance serves to recycle the K+, which enters on the Na+

+ K+–ATPase. The K+ conductance also hyperpolarizes the
cell thereby favoring Na+ entry across the apical membrane.

The evidence for additional electroneutral Na+ entry path-
ways in IMCD cells is controversial. Furosemide and thiazide
diuretics both inhibit a portion of Na+ absorption by IMCD
segments in vivo (689,690). In addition, a Na+/K+/2 Cl− co-
transporter may be present in isolated rat papillary collecting
duct cells (691). Rocha et al. (692) also have presented data that
support the presence of a Na+:K+:2 Cl− cotransporter in the
basolateral membrane of terminal IMCD segments (IMCD2,3).
A Na+:K+:2 Cl− cotransporter has been cloned from cultured
IMCD cells (693). This cotransporter represents the “secre-
tory” isoform of the Na+:K+:2 Cl− cotransporter (NKCC1)
rather than the absorptive isoform present in the apical mem-
brane of the thick ascending limb. This cotransporter appears
to participate in NaCl secretion rather than reabsorption. Fur-
ther work is required to determine what role, if any, electroneu-
tral Na+ entry pathways play in net Na+ absorption by the
IMCD.

Regulation of Na+ Transport

The IMCD appears to be the major target site for the
potent diuretic hormone, atrial natriuretic peptide (ANP)
(681,694). This hormone, working through cGMP (695), in-
hibits sodium entry via apical membrane Na+ channels. In

TA B L E 4 - 8

ELECTROPHYSIOLOGICAL AND TRANSPORT PROPERTIES OF THE RAT IMCD

Vt (mV) Rt (Ω.
cm

2) Vbl (mV) fRa JNa (pmol/mm/min) JCl

Initial IMCD − 2ω–0 73 − 51 0.94 10
(references) (680,727–729) (680) (680) (680) (680)

Terminal IMCD 0 148 − 81 0.99 54–92 72
(references) (683,700,728) (656) (656) (656) (683,700) (700)

From: Koeppen BM, Stanton BA. Sodium chloride transport—Distal nephron. In: Seldin DW, Giebisch G. eds. The kidney: physiology and
pathophysiology, 2nd ed. New York: Raven Press, 1992:2003.
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FIGURE 4-12. A model of Na+ transport in the inner medullary col-
lecting duct. Apical Na+ entry proceeds via a nonselective amiloride-
sensitive cation channel. Basolateral Na+:K+:2 Cl− cotransport may
be involved in Na+ secretion.

suspensions of rabbit IMCD cells, ANP inhibited O2 consump-
tion (696) and inhibited conductive 22Na+ uptake (697). Light
et al. (686,698,699) have examined in detail the effects of
ANP on an amiloride-sensitive cation channel in cultured in-
ner medullary cells. In cell-attached patches, both ANP and
dibutyryl cGMP inhibited the activity of the cation channel
(699). In excised patches, cGMP also inhibited the channel.
The inhibition by cGMP involves at least two pathways, a
phosphorylation-independent pathway and a pathway involv-
ing cGMP-dependent protein kinase (698). The latter pathway
also involves a pertussis toxin-sensitive G protein.

Rocha et al. (692) have suggested that, in addition to inhibit-
ing Na+ reabsorption, ANP stimulates Na+ secretion in the
IMCD. In isolated perfused IMCD segments, ANP increased
the bath to lumen flux rate of Na+ and Cl−. This increase was
inhibited by peritubular furosemide and by omission of either
counterion, leading the authors to propose that ANP stimu-
lated Na+ secretion via a basolateral membrane Na+/K+/2 Cl−

cotransporter (700). Sands et al. (684), however, found no ef-
fect of ANP on the Na+ permeability of the rat IMCD.

In one study, antidiuretic hormone stimulated sodium ab-
sorption by terminal IMCD segments perfused in vitro. The
stimulation was blocked by luminal amiloride and mediated
through a V1 receptor mechanism (683). Sands et al. (684),
however, found no effect of ADH on either transepithelial volt-
age, transepithelial resistance or on the chloride permeability
of rat IMCD segments. If ADH stimulates conductive sodium
entry, a decrease in the transepithelial voltage and resistance
should have been observed. Likewise, Light et al. (686) failed
to find an effect of ADH or cAMP on the amiloride-sensitive
cation channel in apical membranes of cultured IMCD cells.

Micropuncture studies by Ullrich et al. (701) demonstrated
that mineralocorticoids increased net Na+ absorption in the
terminal IMCD. This effect was attributed to a decrease in the
passive Na+ permeability of the tubule leading to a decrease in
back-leak of NaCl into the lumen. In support of this hypothe-
sis, Sands et al. (684) have confirmed that mineralocorticoids
increase the transepithelial resistance and reduce the passive
NaCl permeability of the rat IMCD. Mineralocorticoids may
also increase active Na+ reabsorption in the IMCD. For exam-
ple, in a recent study of cultured rat IMCD cells, aldosterone
produced a three- to sevenfold stimulation of electrogenic Na+

transport (702). Likewise, chronic mineralocorticoid exposure
in vivo increased the activity of Na+ + K+–ATPase in the IMCD
(703).
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CHAPTER 5 ■ TUBULAR POTASSIUM
TRANSPORT
GARY V. DESIR, HEINO E. VELÁZQUEZ, AND FRED S. WRIGHT

Potassium (K) is the most abundant intracellular ion in mam-
mals, and a variety of fundamental cell processes are critically
dependent on its concentration, and its distribution across cell
membranes. The kidney is the main organ involved in the long-
term regulation of total body K. Protein synthesis requires a
high K concentration in the cytosol. Electrical properties in
both excitable (nerve, muscle) and nonexcitable tissues (trans-
porting epithelia) depend on the difference in K concentration
that most cells maintain across their plasma membranes. Reg-
ulation of cell volume depends, in large part, on the effective
osmolality of intracellular fluid contributed by cellular K (1).
Metabolic processes are affected by changes in cytosolic hydro-
gen ion activity (2) and, thus, indirectly by changes in cellular
K, which tend to modify intracellular acidity.

Extracellular K concentration must be maintained within a
narrow range (3.5 to 5.0 mEq/L) since both hypokalemia and
hyperkalemia are associated with significant cardiac rhythm
disturbances. This balance not only depends on total body K
but also, and more importantly, on factors that affect K distri-
bution across cell membranes

Several overlapping regulatory mechanisms serve these im-
portant functions both by maintaining total body K content (50
to 55 mmol per kg body weight) and by partitioning K between
extracellular and intracellular fluid (3). A healthy steady state
requires maintenance of a continuing balance between intake
and excretion of K. These rates are approximately 100 mmol
per day in humans and could vary by up to 50% depending on
one’s diet. Since extracellular fluid contains only approximately
2% of total body K, the daily intake of K could double plasma
K levels, if not for the ability of cells to take up K rapidly and
continuously. Because of the efficiency of cell uptake, plasma K
concentration is normally kept quite constant in the range from
3.5 to 5.0 mM (4–7). Most of the 98% of body K that is inside
cells is in skeletal muscle. Regulation of this cellular uptake of
circulating K (acute K balance) is an important component of
the extrarenal mechanisms contributing to control of plasma
K concentration.

Variations in K intake are matched within hours to days by
parallel adjustments in K excretion (chronic K balance). The
kidney is largely responsible for the adaptive variation in ex-
cretion that is required to maintain K balance. While the colon
is also able to excrete K and to respond to stimuli calling for
greater or lesser excretion (8,9), it usually contributes less than
10% of the total excreted. Regulation of external K balance is
primarily a function of the kidney, which excretes most of the
K gained each day from food.

To accomplish excretion of this variable quantity of K, the
kidney must extract K from blood plasma in which K circulates
at a relatively low concentration (3.5 to 5.5 mM). Even though
dietary K intake is approximately equal to sodium (Na) intake
(80 to 120 mmol per day), the concentration of K in plasma
and, therefore, the rate at which K is filtered by glomeruli, is
only 1/30th that of Na. The glomerular filtration rate (GFR)
of normal kidneys is high enough, however, that K could con-

ceivably be excreted by filtration alone. Because two human
kidneys together filter approximately 180 L per day, filtration
of plasma containing K at 4 mM could remove up to 720 mmol
per day. However, if the GFR were reduced to 10% to 15%
of normal, as it may be in a variety of disease states, filtration
alone would not be able to keep up with the normal dietary
intake. Even if the GFR were reduced only to 50% of normal,
it is unlikely that filtration alone could suffice, because not all
filtered K can escape reabsorption. Further, even when the GFR
is normal, an excretion mechanism relying solely on filtration
would have a limited capacity for adaptive increase and could
not achieve the 20-fold increase in K excretion that has been
observed in animals exposed to increased intake of K by diets
high in K, or by parenteral infusions containing K.

Clearance studies conducted in the 1940s provided the first
evidence that the kidney possesses secretory mechanisms en-
abling it to transfer K from plasma to tubule fluid (10–12).
Subsequent studies using micropuncture, microperfusion cel-
lular, and molecular biology methods have contributed much
to our understanding of renal K handling.

An overview of the renal processes involved in K excretion is
shown in Figure 5-1. Proximal nephron segments between the
glomerulus and the distal convoluted tubule (DCT) reabsorb a
rather fixed fraction (80% to 90%) of the filtered K, whereas
distal tubules and collecting ducts remove a variable quantity
of K from plasma and secrete it into tubule fluid (13–17). This
secretory transfer of K is accomplished by certain specialized
cells in distal tubules and collecting ducts. Although these cells
constitute only a minute fraction of the body’s intracellular fluid
volume, many of the mechanisms in use throughout the body
to shift K from plasma into cells also operate in these cells of
the distal nephron. Other cells in distal tubules and collecting
ducts are able to reabsorb K and contribute to conservation
of K.

Thus, in terms of body fluid compartments, K enters intesti-
nal cells, is transferred to other cells by circulating in plasma at
a low concentration, and is removed from the body by special-
ized kidney cells. By varying the rate, and even the direction, of
net K transport, cells of the distal nephron are able to respond
homeostatically to changes in dietary K intake or to changes in
extracellular K caused by other gains (parenteral administra-
tion, release from cellular pools) or losses (from the gastroin-
testinal tract or skin). In people ingesting K at 80 to 120 mmol
per day, the usual rate of K excretion in the postabsorptive
period between meals is approximately 10% of the rate of K
filtration. In the hours after meals, or ingestion or infusion of
supplementary K salts, the rate of urinary excretion of K can
increase greatly to approach or even exceed the rate at which it
is filtered. The increment in K excretion can be attributed to an
increase in the quantity secreted by distal nephron segments.

Increased secretion may not entirely account for increases in
K excretion in all cases. Reduction in reabsorption may be im-
portant in some circumstances. Conversely, decreased secretion
is not the only mechanism for conservation of K. If K intake is
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FIGURE 5-1. Simplified picture of the nephron unit responsible for
K excretion. Most of the filtered K is reabsorbed along the proximal
tubule and loop of Henle. Excreted K is largely accounted for by se-
cretion into the distal tubule and collecting duct.

reduced or eliminated (or if the body is depleted of K by non-
renal losses), urinary K excretion declines as the deficit in total
body K increases, both because of decreased K secretion and
because specialized cells in the distal nephron increase their rate
of K reabsorption. Within a few days, K excretion can be re-
duced to very low levels, particularly in otherwise healthy sub-
jects (18–20) . Potassium conservation is less complete in many
clinical situations when subjects are ill or stressed (21,22).

FACTORS AFFECTING
POTASSIUM EXCRETION

Multiple factors operate simultaneously to regulate renal K ex-
cretion thereby providing both flexibility and a reserve capac-
ity to maintain acute and chronic K balance. At one level, one
can identify changes in the state of other body systems result in
changes in K excretion. Next, one can describe local factors ca-
pable of modifying renal transport mechanisms and influenced
by extrarenal perturbations.

Systemic variables, and the local factors they influence at
the level of the distal nephron, are summarized in Table 5-1.
In brief, the main points emphasized in this table are the
following:

1. Increases in K intake and body K content tend to raise the
concentration of K in plasma and cell water (23). Increases
in plasma K concentration affect the kidney directly (24,25),
and stimulate the adrenal glands to secrete aldosterone (26).
Decreases in K intake or losses of K that exceed intake tend
to reduce total body K content and have opposite effects on
plasma K concentration and aldosterone secretion. Potas-
sium loading results in increased K excretion (27,28), and
several of the factors outlined in Table 5-1 are changed at the
same time. A clear demonstration that plasma K concentra-
tion is a variable affecting renal K excretion was provided
in experiments using adrenalectomized dogs (25).

2. Increases in Na intake, either because of high dietary intake
of salt or because of parenteral infusions of saline solutions,
tend to expand extracellular fluid volume. An enhancing ef-
fect of extracellular fluid volume on K excretion has been

TA B L E 5 - 1

MODIFIERS OF RENAL EXCRETION AND DISTAL
SECRETION OF POTASSIUM

Systemic influences affecting Local factors affecting
renal K excretion distal K secretion

K intake [K+]: plasma, cell, tubule
fluid

Body K Aldosterone
Na intake Flow rate of tubule fluid
Extracellular fluid volume
Diuretic drugs Diuretic drugs
Adrenal cortex Aldosterone, cortisol
Acid–base balance [H+], [HCO−

3 ]: plasma,
tubule fluid

Nonchloride anion (A−) [Cl−], [A−] %AQ: tubule
fluid

inferred from a variety of experiments (29). Infusion of so-
lutions containing sodium chloride, sodium bicarbonate, or
sodium sulfate sufficient to more than double Na excretion,
also increases renal K excretion without increasing plasma
K concentration, and presumably without increasing aldos-
terone concentration or changing acid–base balance (30).
Renal effects of extracellular fluid volume expansion lead
to decreased aldosterone secretion because of suppression
of the renin–angiotensin system, and to increased Na ex-
cretion and urine flow because of reduced reabsorption of
Na and water. In the renal tubules, increased flow rate of
tubule fluid, as discussed later, acts to stimulate K excre-
tion. The increases in tubule fluid flow rate that occur when
extracellular fluid volume is expanded can stimulate K se-
cretion and may be the major factor accounting for the as-
sociation between increased Na excretion and increased K
excretion. Directionally similar changes in Na and K ex-
cretion are seen not only when extracellular fluid volume
is expanded, but after the administration of diuretic drugs.
Agents with different tubular sites of action such as aceta-
zolamide, furosemide, and chlorothiazide are known to in-
crease K excretion. As is discussed subsequently, diuretic
drugs probably have both renal and systemic effects. Re-
nal actions include their ability to increase tubule fluid flow
rate and their effects on transport mechanisms that result
in increased K secretion. Diuretics also have systemic ef-
fects, including increased aldosterone levels and acid–base
changes.

3. Primary changes in the function of cells of the zona glomeru-
losa of the adrenal cortex can modify K excretion. Hy-
persecretion of aldosterone leads to K depletion and hy-
pokalemia. Adrenal insufficiency is associated with hyper-
kalemia. Separate effects of circulating aldosterone on renal
K excretion were observed in another series of experiments
that related rates of K excretion to varying rates of aldos-
terone infusion (31). These experiments indicate a direct
dependence of K excretion on aldosterone infusion rate and
provide support for the long-standing belief that mineralo-
corticoid hormones promote K excretion (32). Aldosterone
acts on cells of the distal nephron to increase Na absorption
and K secretion. Glucocorticoid hormones (cortisol, corti-
costerone) also promote K excretion, although they do not
appear to act directly on cells in the distal nephron.

4. Changes in acid–base balance influence K excretion by mod-
ifying several local factors. Not only do gains or losses
of acid or alkali alter plasma hydrogen ion and bicarbon-
ate concentrations, but they modify proximal fluid and
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electrolyte transport processes and, thus, affect tubule fluid
flow rate. Changes in acid–base balance can alter renal K ex-
cretion (33). In general, acute metabolic alkalosis stimulates
K excretion, and acute metabolic acidosis inhibits K excre-
tion (34). Changes in extracellular proton and bicarbonate
concentrations appear to affect intracellular K activity and
K transport mechanisms influenced by cellular K.

5. Increases in plasma concentration of either bicarbonate
(HCO3

−) or other nonchloride anions (A−), such as sul-
fate, phosphate, nitrate, hippurate, or ferrocyanide, tend
to promote increases in K excretion (35,36). As noted pre-
viously, K excretion accelerates when solutions containing
Na salts are infused systemically. When the salt is NaCl,
extracellular volume expansion leads to changes in proxi-
mal fluid reabsorption that increase the rate of flow of distal
tubule fluid. When the salt is NaHCO3, the change in lo-
cal acid–base conditions appears to provide an additional
stimulus to K excretion. When nonchloride anions such as
sulfate, phosphate, gluconate, nitrate, or ferrocyanide pre-
dominate in these infusions, K excretion may be increased
even more than it is when NaCl solutions are infused, and
without changes in blood acidity (28,37–43). Cells of the
distal tubule respond to changes in the anion composition
of distal tubule fluid; increased rates of K secretion are seen
when luminal Cl concentrations are low (36,44).

POTASSIUM HANDLING BY
INDIVIDUAL NEPHRON

SEGMENTS

The simple view, that filtered K is largely reabsorbed by prox-
imal nephron segments and that excreted K is secreted by
distal segments, provides a useful framework for integrating
information about renal handling of K, but a closer look at
the cytologically distinct subdivisions of the nephron (45) and
the way each handles K reveals a more complicated picture
(Fig. 5-2). Potassium is not reabsorbed from all tubule segments
proximal to the secretory sites in the distal tubules and collect-
ing ducts. The rather constant fractional delivery of K (10% to
20% of the filtered quantity) that has been found by collecting
and analyzing samples of fluid from the earliest portion of the
superficial distal tubule accessible to micropuncture (29,46,47)
is probably achieved by a sequence of reabsorption, secretion,
and reabsorption as the glomerular filtrate travels through suc-
cessive segments of the proximal tubule and the loop of Henle
(15–17).

Glomerulus

Potassium ions that are free in plasma water pass across the
glomerular capillary membrane in the filtrate with little hin-
drance. Because nonfilterable proteins in plasma may bind a
small fraction of K (48), and because their net negative charge
causes the distribution of small ions to tend toward the Don-
nan equilibrium, K concentration in glomerular filtrate tends
to be somewhat lower than in plasma water. However, because
the bulk of proteins occupies a sufficiently large fraction of the
volume of plasma, the concentration of K in plasma is approx-
imately 6% lower than in plasma water. Thus, because these
factors tend to cancel each other, the concentrations of K in
glomerular filtrate and in plasma, or serum, are approximately
equal. Although variations in GFR do cause proportional vari-
ations in the rate of K filtration, they do not usually result in
large changes in K excretion, because mechanisms promoting
glomerulotubular balance tend to stabilize the rate of K delivery
out of the proximal tubule. In the 1950s, when renal clearance

FIGURE 5-2. More complete description of K transport along the
nephron. Thick arrows indicate uphill transport; thin arrows indicate
downhill leaks. Major segments are identified as follows: PCT, proxi-
mal convoluted tubule; PST, proximal straight tubule; DTL, descend-
ing thin limb; ATL, ascending thin limb; TAL, thick ascending limb;
DT, distal tubule; CCD, cortical collecting duct; MCD, medullary col-
lecting duct. Subsegments of the proximal tubule are indicated by (P1),
(P2), and (P3). Subsegments of the distal tubule are the distal convo-
luted tubule (DCT), connecting tubule (CNT), and the initial collecting
tubule (ICT). Potassium is reabsorbed from the proximal tubule, the
thick ascending limb, and the outer medullary collecting duct. Potas-
sium is secreted into the proximal straight tubule or descending thin
limb, the distal convoluted tubule, the connecting tubule, and the cor-
tical collecting duct.

methods were first applied systematically to the study of K reg-
ulation by the kidney, it was observed that rates of glomerular
filtration and final K excretion could be varied independently
of one another (28,49).

Proximal Tubule

Potassium is reabsorbed from proximal convoluted tubules
of both superficial and deep nephrons. Decisive information
about the direction and magnitude of K transport processes
along the nephron was obtained in the 1960s, when micro-
puncture techniques were applied to the study of intact kidneys
in anesthetized animals (46,47,50–52). In these experiments,
samples of freely flowing tubule fluid were collected at suc-
cessive sites along the nephron while inulin was infused in-
travenously. Measurement of K and inulin concentrations in
samples of tubule fluid and plasma enabled calculation of the
fractional delivery of K to the site of collection. Collections
from superficial proximal tubules showed that 30% to 50%
of filtered K reaches the last accessible surface segment of the
proximal convoluted tubule (46,47,50–52). Collections from
proximal sites closer to the glomerulus showed that reabsorp-
tion of K begins in the most proximal portion of this nephron
segment (48). The reabsorption of K, like that of Na, usually
proceeds without a large concentration difference developing
across the proximal tubule wall. Thus, roughly similar frac-
tions of water, Na, and K are absorbed as fluid flows along the
proximal tubule.

The proximal tubule appears to be sufficiently permeable
to K to allow rather modest passive driving forces to effect
a substantial fraction of absorptive transport. In vivo micro-
perfusion experiments show that proximal K transport is very
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sensitive to changes in luminal K concentration and transep-
ithelial voltage. The apparent K permeability is higher in the
proximal tubule than in the distal tubule and the dependence
of K transport on the transepithelial electrochemical poten-
tial difference evident in these experiments is consistent with
a mechanism involving diffusive movement through a single
barrier: presumably the intercellular junctions. Movement of
K through the junctions between cells appears to be impor-
tantly affected by the concurrent rate of net fluid transport.
In microperfusion experiments, it was observed that addition
of mannitol to a perfusion solution otherwise resembling fluid
reaching the late proximal tubule caused net fluid transport to
decrease and then reverse direction (53). Stopping net fluid ab-
sorption slowed, but did not stop Na absorption. In contrast,
the direction of net K transport reversed from net absorption
to net secretion when fluid absorption went to zero. When the
direction of net fluid transport was reversed and fluid entered
the tubule, the rate of K secretion increased (53). This depen-
dence of K transport on net fluid transport may indicate direct
coupling through the same pathway: a solvent drag mecha-
nism. Alternatively, it may be that fluid absorption raises K
concentration immediately adjacent to the apical membrane of
proximal cells and thus creates a concentration difference fa-
voring K absorption by diffusion. A few studies have provided
suggestive evidence that proximal K transport may be able to
proceed uphill (54–57).

Loop of Henle

As the proximal straight tubule enters the outer medulla, the
direction of K transport reverses and K is secreted into the third
proximal segment (P3 or S3) and into the thin descending limb
of the loop of Henle. Higher K concentrations are attained in
loops of deeper nephrons that penetrate further into the inner
medulla. Potassium is then reabsorbed by ascending limbs. Ac-
tive K absorption has been identified in thick ascending limbs
(TAL), and net reabsorption probably occurs in both medullary
and cortical TAL of both deep and superficial nephrons.

Free-flow micropuncture studies in the 1960s showed net re-
absorption of K between the last accessible segment of surface
proximal tubules and the first accessible segment of surface dis-
tal tubules (46,47). As shown in Figure 5-2, this portion of the
nephron comprises several morphologically and functionally
different segments: the second and third segments of the proxi-
mal tubule (P2 and P3), the thin descending and thin ascending
limbs, the medullary and cortical TAL, and the beginning of the
DCT. The contributions of each of these segments to overall K
reabsorption cannot be assessed separately by sampling only
surface segments of proximal and distal tubules. Collection of
fluid from surface distal tubules has shown that K concentra-
tion is reduced in passing through the loop of Henle. Under
normal nondiuretic conditions, the K concentration in fluid
emerging from the loop is lower than in plasma (46,47).

In contrast, collection of fluid from the tips of the loops
of Henle of deep nephrons (accessible on the surface of the ex-
posed renal papilla) has shown that K concentration is elevated
above plasma levels midway along the loop (55,58). deRouf-
fignac and Morel (55) suggested that K is added to tubule fluid
along the descending limb and that the source of this K is ab-
sorption from the ascending limb and collecting duct. Fluid
near the tip of the papilla could have as much as 10 times the
K concentration of systemic plasma (59). In normal rats, the
rate of K delivery to the end of the descending limb of deep
nephrons was equal to the rate of K filtration (59), and in rats
either fed a high-K diet (60) or infused with K acutely (61), the
rate of K delivery exceeded the rate of filtration. If K is also se-
creted into the proximal straight tubule of superficial nephrons
(62,63), and if the delivery of K to the DCT of deep nephrons is

substantially less than the filtered quantity, then in both popu-
lations of nephrons K must be reabsorbed by ascending limbs.
These observations reveal that K is recycled from the ascend-
ing limb and collecting duct to the descending limb and the
medullary interstitium.

Studies with isolated TAL perfused in vitro show that these
segments are capable of absorbing K actively (64,65). Thus, K
is trapped in the medulla by countercurrent exchange between
the ascending and descending limbs of the loop of Henle. The
TAL also absorbs Na and Cl. The overall capacity for Na and
Cl absorption is quite high because the TAL extends for several
millimeters through the outer medulla and cortex. Because the
TAL epithelium has a relatively low permeability to water, ab-
sorption of Na, K, and Cl leads to substantial reduction in the
concentration of these ions and to dilution of tubule fluid. The
class of diuretic drugs known as loop diuretics decrease Na,
K, and Cl absorption in the TAL by inhibiting the Na-K-2Cl
cotransporter. The drugs act on the ion transport mechanism
in the apical membrane of TAL cells after gaining entrance to
the lumen by way of secretion in the proximal tubule. Loop
diuretics can reverse the direction of K transport in the TAL
from net reabsorption to net secretion.

Distal Tubule and Collecting Duct

Anatomic and Functional Subdivisions

The portion of the nephron beyond the macula densa (MD) seg-
ment, where each ascending limb contacts its parent glomeru-
lus, comprises several segments that are cytologically distin-
guishable. The nephron region extending from the MD to the
first confluence with another nephron has been called the distal
tubule (or distal convolution) (29,47,66–68). The term distal
tubule is not a formally accepted anatomic designation, but it
is particularly useful in discussing micropuncture experiments
because most of this segment is accessible at the surface of rat
kidneys and its limits can be clearly defined by microdissection
and measurement (68,69). This chapter uses distal tubule in
this way. It is necessary, however, to be aware that the anatomic
segment between the MD and the first confluence has several
cytologically distinct subdivisions.

The first segment of the distal tubule, the DCT, extends
approximately 1 mm beyond the MD and is functionally dis-
tinct from the TAL segment. Sometimes referred to as the early
distal tubule, the DCT has been identified as a site for secre-
tion of K (44,70). By cytologic criteria, the DCT occupies only
the more proximal one-half or so of the distal tubule (71–74).
Another segment, the connecting tubule (CNT), is interposed
between the DCT and the first confluence with another tubule.
The CNT, and the segment following it, the cortical collecting
duct (CCD), are the major sites of K secretion. In superficial
nephrons, cells characteristic of the CCD form the wall of the
last segment of the distal tubule before it joins with another
tubule. This terminal portion of the distal tubule has also been
termed the initial collecting tubule (ICT).

In deeper nephrons, the CNTs frequently join to form ar-
cades before flowing into the collecting duct. Potassium is se-
creted into the collecting duct throughout the cortex and prob-
ably in the outer stripe of the outer medulla as well (75,76). In
the inner stripe of the outer medulla, K reabsorption appears
once again and contributes to K accumulation in the medullary
interstitium. Both secretion and reabsorption of K have been
described along the terminal portions of the inner medullary
collecting duct (58,77–79).

The DCT differs from both the preceding TAL and the sub-
sequent CNT and ICT (80). The DCT secretes K, but not as
rapidly as the subsequent segments. The DCT usually receives
fluid with a low K concentration from the TAL. Potassium



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-05 Schrier-2611G GRBT133-Schrier-v4.cls July 27, 2006 20:14

164 Section I: Biochemical, Structural, and Functional Correlations in the Kidney

secretion into this segment is favored by the concentration dif-
ference between plasma and tubule fluid, but can proceed even
when tubule fluid and plasma concentrations are equal (44,70).
Under conditions of K depletion, the DCT is able to maintain
the low K concentration characteristic of fluid emerging from
the TAL. Fluid entering the DCT is also dilute: Na and Cl con-
centrations are less than one-third of their levels in plasma. The
water permeability of the DCT is low, like that of the TAL, and
is not influenced by vasopressin. The transepithelial voltage
recorded in this segment is less lumen negative than that found
in the next most distal segments (81–83). The DCT is able to
absorb Na and Cl; however, the reabsorptive mechanism may
not be as powerful or efficient as that of the TAL. When the
DCT does absorb Na and Cl, it serves to maintain the low
luminal Na and Cl concentrations achieved by the TAL (84).
The DCT is the site of the primary action of the thiazide class
of diuretic drugs (85–93). A DCT localization of the thiazide-
sensitive transporter has been confirmed by in situ hybridiza-
tion in rat, rabbit, and human kidney. Probes directed against
the cloned Na-Cl cotransporter protein identified cells express-
ing the transporter. In both rat and rabbit, the signal is restricted
to the DCT; in human kidney, some signal extends into the first
portion of the CNT.

The CNT normally secretes K at a higher rate, because the
transepithelial voltage becomes more lumen negative along the
CNT (81,83), Na is reabsorbed against both electrical and
chemical gradients. The transepithelial voltage is not affected
by mineralocorticoid administration (73,94). Cl absorption
can be demonstrated to proceed uphill under some circum-
stances (69). β-Adrenergic agonists and parathyroid hormone
(PTH) stimulate adenylate cyclase in the CNT (73,95). Vaso-
pressin does not stimulate adenylate cyclase or increase water
permeability. In superficial nephrons, the CNT is less than 1
mm long; in deep nephrons, the CNT’s frequently join to form
arcades that may be several millimeters long. A morphologic
indication that CNT cells contribute to K secretion comes from
studies of Stanton et al. (96) and Kaissling (97,98), who ob-
served that the height and basolateral membrane area of CNT
cells are increased by feeding rabbits diets low in Na and high
in K.

The CCD begins in superficial nephrons some distance be-
fore the confluence of two distal tubules. This portion is ac-
cessible to in vivo micropuncture and has been called the ICT.
The CCD continues with similar morphology into the outer
stripe of the outer medulla. The ICT has been investigated (fre-
quently along with the CNT) in micropuncture studies of sur-
face nephrons. The unbranched portion of the CCD that runs
in medullary rays through the inner cortex has been studied
by perfusing isolated tubules in vitro (99–104). The CCD re-
absorbs Na and Cl, secretes K, and exhibits a lumen-negative
transepithelial voltage. (105,106). The principal cells in this
segment respond to vasopressin and aldosterone (95,107,108).
Na entry into principal cells is blocked by amiloride and
triamterene, compounds called K-sparing diuretics, because
they increase Na excretion modestly, but reduce K excretion
(109,110). A minority cell type, α-intercalated (A-type) cells,
secretes hydrogen ions and appears to be capable of K reab-
sorption (111–114).

Factors Affecting Distal Potassium Secretion

Renal excretion of K is influenced by several local factors (Table
5-1) that individually affect cells of the distal tubule and CCD.
Potassium secretion by the distal tubule is altered by changes
in the concentration of several ions in plasma and tubule fluid,
by the flow rate of tubule fluid, and by circulating hormones,
including aldosterone and vasopressin.

The multitude of influences on distal cells that modify K se-
cretion can be divided into two categories: luminal factors and

TA B L E 5 - 2

FACTORS AFFECTING POTASSIUM SECRETION

Luminal Peritubular

[K+] [K+]
Flow rate Aldosterone
[Na+] [H+], HCO−

3
[Cl−], [A−] Vasopressin
[H+], [HCO−

3 ]
Inhibitors
Amiloride Spironolactone
Triamterene
Ca2+

Thiazide
Ba2+

peritubular factors (Table 5-2). The group of luminal factors in-
cludes both the flow rate of tubule fluid and the concentrations
of K, Na, Cl, and other substances in tubule fluid that influence
K transport across the apical membrane of distal cells.

Tubule Fluid [K+]. Net K transport is very dependent on the
luminal K concentration (115). The rising concentration of K
in tubule fluid resulting from secretion of K into the tubule
acts to dissipate the driving force responsible for diffusion of
K across the apical membrane of distal cells. Under normal cir-
cumstances, the maximum concentration that the K secretory
mechanisms can develop is approximately 7- to 10-fold greater
than the plasma K concentration.

Tubule Fluid Flow Rate. The effects of the volume flow rate of
tubule fluid on distal K secretion were examined separately
from the effects of changes in tubule fluid composition by
means of in vivo microperfusion (115). Because individual
tubules were perfused in otherwise normal animals, systemic
factors such as plasma K concentration, aldosterone levels, and
acid–base balance were unchanged when either tubule flow rate
or tubule fluid composition was varied. When the tubule per-
fusion rate was increased, K secretion by the distal tubule in-
creased. The lumen-negative transepithelial voltage did not in-
crease when the perfusion rate was increased (115,116). At low
flow rates, secretion of K causes the concentration of K in lu-
minal fluid to increase from the initially low values established
by absorption along the ascending limb to values approaching
the maximum possible concentration gradient. At higher flow
rates, K secretion does not raise the luminal K concentration to
the same extent. Thus, increasing the flow rate of distal tubule
fluid acts to decrease the average luminal K concentration. The
effect of increased flow rate to stimulate K secretion occurs, in
part, because of the flow-dependent decrease in luminal K con-
centration. Aditionally, changes in flow rate have been shown
to activate ENaC, which could result in increased Na absorp-
tion, with a concomitant increase in K secretion (117). The
activity of a large voltage- and calcium-activated K (Maxi-K)
channel is also dependent on flow rate, and K secretion could
occur through this channel in high luminal flow states (118).
In the CCD of the rabbit, increases in luminal flow rate above
5 nL per minute appear to have little effect on K secretion (119),
although the normal rates of flow are very likely lower in the
collecting duct than in the distal tubule. As is true for a variety
of other flow-dependent transport processes (120), it is to be
expected that the rate of K secretion plateaus above some rate
of flow and further increases in flow will have little stimulatory
effect (121,122).
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Tubule Fluid [Na+]. Increases in luminal Na concentration can
cause distal K secretion to increase. Systemic infusions that ex-
pand extracellular fluid volume and increase Na and K excre-
tion also increase early distal Na concentration. In vivo mi-
croperfusion experiments have been performed in which the
perfusion rate was kept constant and the concentration of Na
in the perfusion fluid was varied between 3 and 95 mM (123).
Potassium and chloride concentrations in perfusion fluids were
kept constant. Potassium secretion by the distal tubule was sen-
sitive to changes in luminal Na concentration only in the range
below 35 mM. Luminal Na concentration is not likely to be
a major regulatory factor, at least in segments of the distal
tubule. This is so because the concentration of Na does not
usually fall below 35 mM. A mathematical model of the CCD
has been developed (124,125) that takes into account cellular
heterogeneity and many epithelial and cell membrane param-
eters, including luminal Na concentration, flow rate, and net
K secretion. This model also predicts a rather constant rate of
K secretion over a wide range of luminal Na concentration.
Along the CCD, however, it is possible that Na concentration
may fall below 30 to 40 mM and thus become a factor limiting
K excretion.

Tubule Fluid [Cl−] and A−. Decreases in luminal Cl concen-
tration from normal levels of 25 to 35 mM to values less than
10 mM are associated with increases in distal K secretion. Chlo-
ride concentrations below 5 mM have been observed in tubule
fluid samples collected from distal tubules of rats being infused
with sodium sulfate solution. In vivo microperfusion experi-
ments have also shown that when all Cl in perfusion fluid was
replaced with another anion, such as sulfate, bicarbonate, or
gluconate, K secretion by the distal tubule increased (36,126).
The increase in K secretion in these experiments occurred with-
out increases in luminal Na concentration, without changes in
tubule fluid flow rate, and without changes in transepithelial
voltage. The effect requires that luminal Cl concentration be
reduced below 5 to 10 mM.

Tubule Fluid [H+] and [HCO−
3 ]. Increased acidity of lumi-

nal fluid has been observed to decrease K secretion in some
studies. In cortical collecting tubules perfused in vitro, low-
ering the luminal pH from 7.4 to 6.8 decreased net K secre-
tion and increased the lumen-negative transepithelial voltage
(127). Evidence indicates that this response to increased lumi-
nal acidity involves a decrease in apical membrane K conduc-
tance (128). Both acid luminal pH and luminal barium depo-
larize the apical membrane and block the ability of changes in
luminal K concentration to effect changes in apical membrane
voltage. Whether the effect of increased luminal acidity oc-
curred through an interaction at the apical surface or through
a change in cell pH was not evaluated in these studies. Little
or no effect of decreasing luminal pH from 7.8 to 6.5 was seen
during in vivo perfusion of distal tubules in rats (129).

Inhibitors

Potassium secretion is affected by at least two different classes
of inhibitors that act when present in luminal fluid. One group
of inhibitors, the K-sparing diuretics (amiloride, triamterene),
affects Na channels in the apical membrane of certain distal
cells. These compounds inhibit both Na absorption and K se-
cretion by the distal tubule and the CCD. They act by blocking
channels through which Na diffuses from the lumen into the
cells (128). As a result of this blockade of diffusion of Na ions,
the voltage across the apical membranes of distal cells is in-
creased (cell more negative with respect to the lumen), causing
a decrease in the lumen-negative transepithelial voltage (lumen
less negative with respect to peritubular fluid) (130). The hy-
perpolarization of the apical membrane voltage decreases the

electrochemical driving force, and, thus, retards diffusion of K
from cell to lumen. An important side effect of the antibacterial
drug, trimethoprim, also appears to be inhibition of Na chan-
nels and a decrease of K secretion in the distal tubule as it is
being excreted (131,132).

Calcium ions can also inhibit K secretion (133). In distal
tubules of rats perfused in vivo, increasing the luminal Ca2+

concentration to 0.8 mM maximally inhibited K secretion and
reduced the transepithelial voltage (133). This concentration is
near the upper limit of the luminal Ca2+ concentration found
in normal animals and suggests a possible regulatory role for
changes in tubule fluid Ca2+ on K secretion. The effect of lu-
minal Ca2+ is similar to the effect of amiloride. Calcium ions
and amiloride interact (113) and, when present together in high
enough concentrations, can abolish the lumen-negative voltage
and K secretion. Decreasing the concentration of Ca2+ alone
at maximal inhibitory concentrations of amiloride results in
an incomplete inhibition of the lumen-negative voltage and K
secretion.

A second type of inhibitory action is exemplified by bar-
ium. Millimolar concentrations of Ba2+ in luminal fluid also
decrease Na absorption and K secretion (126,134–136). The
mechanism, however, contrasts with that of amiloride in that
Ba2+ blocks channels through which K diffuses. This action
tends to depolarize the apical membranes of distal cells (and
to increase the lumen-negative transepithelial voltage). Barium
ions indirectly affects distal Na absorption because the change
in membrane voltage opposes diffusion of Na from lumen to
cell.

The group of peritubular factors includes several con-
stituents of plasma and interstitial fluid: K, hydrogen ions, bi-
carbonate, and hormones.

Plasma [K+]. Increases in the plasma K concentration and the
circulating level of aldosterone increase renal K excretion by
stimulating distal K secretion. In experiments using in vivo per-
fusion of surface distal tubules in rat kidneys, different levels
of plasma K concentration were established by infusing K over
a 4-hour period (137). Because the tubules were perfused by
delivering an artificial solution through a micropipette, enter-
ing concentrations of K, Na, and Cl and the flow rate of tubule
fluid could be kept constant. Plasma aldosterone was 600 pM
when plasma K was 4.2 mM, and the hormone levels increased
two- to threefold as plasma K was elevated. Potassium secretion
into these perfused tubules increased as both plasma K and al-
dosterone increased and plateaued above a plasma K of 6 mM
(137). Thus, modest increases in plasma K (and secondary in-
creases in aldosterone levels) are adequate to stimulate distal
K secretion maximally.

Aldosterone. It has also been possible to examine separately
the effects of changes in plasma K concentration and aldos-
terone levels (138–140). Adrenalectomized rats were main-
tained for several days by infusing “basal” quantities of
aldosterone and dexamethasone. Then, solutions containing
either vehicle or additional aldosterone were infused with
either a Ringer’s solution or a KCl solution. When aldosterone
was kept constant, at either rate of administration, increasing
plasma K concentration from 5 to 7 mM stimulated distal K
secretion. Conversely, when the plasma K concentration was
kept constant, at either normal or elevated levels, infusion of
aldosterone for 2 hours increased the rate of distal K secretion.
In another group of animals, acute infusion of additional dex-
amethasone was without effect on the rate of distal K secretion
(139), although it did increase the rate of excretion in the fi-
nal urine, as others have observed (141,142). Spironolactone
blocks the binding of aldosterone to mineralocorticoid recep-
tors, and thus inhibits aldosterone actions on transepithelial
voltage and K secretion (143).
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Plasma [H+] and [HCO−
3 ]. The effects of changes in plasma

acidity on K secretion by the distal tubule have also been stud-
ied by in vivo microperfusion (129). In these experiments,
the flow rate and solute composition of luminal fluid were
kept constant. Metabolic acidosis, produced by gavage of 3 to
4 mmol NH4Cl 1 hour before the measurements, caused distal
K secretion to decrease. Metabolic alkalosis, produced by in-
travenous infusion of 3 to 4 mmol sodium bicarbonate 1 hour
before the measurements, caused distal K secretion to increase
(129).

Vasopressin. It has recently been recognized that circulating
levels of vasopressin can also affect K secretion (140,144–146).
In vivo microperfusion experiments have shown that systemic
infusion of vasopressin stimulates secretion of K into perfused
distal tubules (140). It appears that when vasopressin acts to
increase the water permeability of apical membranes by a pro-
cess involving incorporation of water channels from vesicular
stores in the cytoplasm (147), it also causes Na and K con-
ductance to increase (145,148). This effect is rapid and may
be transient (149). Potassium secretion is stimulated both be-
cause the depolarization of the apical membrane increases the
electrochemical driving force favoring diffusion of K into the
tubule lumen (145) and because the density of K channels is in-
creased (148). When vasopressin stimulates Na and Cl absorp-
tion by medullary TAL, it also increases K conductance (150).

CELL MECHANISMS OF
POTASSIUM TRANSPORT

The walls of renal tubules consist of a single layer of epithe-
lial cells surrounded by a basement membrane. The cells are
polarized, with apical and basolateral domains separated by
junctional complexes. Transport proteins integrated into these
membranes in contact with either luminal fluid or interstitial
fluid determine the functional contributions of different cell
types along the nephron. In renal tubule cells, as in other cells
in the body, steady-state levels of cell K depend on the bal-
ance between influx and outflow. Potassium ions are actively
taken up from interstitial fluid by the adenosine triphosphatase
(ATPase)-driven Na/K exchange pump located in the basolat-
eral membranes. Potassium is able to leak out of renal tubule
cells across basolateral membranes, and in some tubule cells,
across the apical membranes as well. These leak pathways in-
clude K channels, which permit diffusion of K ions, and K-
Cl cotransporters, which provide an electroneutral pathway.
Outward diffusion of K through K channels in the basolateral
membrane is largely responsible for the inside-negative voltage
across this barrier.

Potassium Channels

Potassium (K) channels are integral membrane proteins that
mediate passive flow of K across cell membranes via a highly
selective, aqueous pore. K channels represent the largest and
most diverse class of ion channels as revealed by molecular
studies and by numerous electrophysiologic studies document-
ing the existence of a wide array of K currents in virtually
all cells examined to date (151). While the use of the patch-
clamp method led to rapid progress with regard to the ki-
netic and pharmacologic properties, and the cellular and tissue
distribution of K currents, biochemical and structural infor-
mation lagged behind until 1987. Conventional biochemical
approaches failed to elucidate the structure of K channels, prin-
cipally, because of a lack of high-affinity probes and because of
the fact that these proteins are expressed in very low amounts

and are not readily amenable to large-scale purification. A ma-
jor breakthrough in understanding the molecular structure of
K channels was achieved in 1987. Electrophysiological studies
of Drosophila melanogaster mutants (Shaker) that exhibited
leg shaking when exposed to ether, a volatile anesthetic, indi-
cated the Shaker locus might encode a structural component of
a voltage-dependent K (Kv) channel. A combination of muta-
tion mapping and chromosome walking was used to success-
fully identify the Shaker gene (147,152–154). Expression of
the Shaker gene product in Xenopus oocytes confirmed it me-
diated Kv currents (155). Three additional Drosophila K chan-
nel genes (Shal, Shaw, and Shab) were isolated by homology
cloning (156), and the first mammalian K channel was isolated
by homology cloning in 1988 (157). Subsequently, homologs
of each Drosophila gene have been identified in mammals
either by homology or expression cloning. Three other major
classes of K channels have been isolated, namely the calcium-
activated K channels (158), the inward rectifiers (159) and the
two-pore (2P) channels (160,161). The 2P channels appear
to be the most diverse group of K channels with more than
50 members identified to date.

All K channels mediate the rapid (more than 1 million
ions per second) and selective transport of potassium. Prior
to the cloning of the first K channel, a fairly comprehensive
and rather accurate view of the pore and the selectivity fil-
ter was constructed based on the available electrophysiologi-
cal data (162). Site-directed mutagenesis experiments of known
K channels proteins (163–168) have confirmed the model. Di-
rect and structural data provided further details about the pore
(169–171). The essential components of the pore are two mem-
brane segments linked by a stretch of approximately 25 amino
acids, hydrophobic enough to partly penetrate the lipid bilayer,
and also containing a highly conserved, signature sequence:
TMxTVGYG. This sequence, along with the last membrane
segment (M2 and S6 for the 2-TM and 6-TM class), form the
lining of the pore and determine permeation and selectivity. The
pore has a wide extracellular vestibule that narrows abruptly
to about 3 Å to form the selectivity filter. This filter provides
three binding pockets in which a dehydrated K ion fits better
than a Na ion. Potassium ions are arranged in a single file and
in close enough proximity that a high dissociation rate is driven
by electrostatic repulsion. This model may not accurately re-
flect the more complex structure of the 6-TM K channels, since
in these larger channels, other segments also modify pore func-
tion (170,172).

If deduced amino acids sequences and secondary structure
information are used to construct a structural classification of
potassium channels, three broad classes emerge from such anal-
ysis. The first consists of channels with six or seven transmem-
brane segments and one pore region, and includes the Shaker-
related Kv channels (Fig. 5-3), KvLQT1 and Ca+2-activated K
channels (KCa). The inward rectifiers have two transmembrane
segments and one pore, and include ATP-sensitive channels and
channels such as ROMK. The newest and most diverse group
is comprise of K channels with four transmembrane segments
and two pores (160,161). These channels appear to mediate
background, leak K currents in a variety of cells, including
renal cells.

The properties observed for cloned α subunits very rarely
match currents known to exist in native tissues. This is usually
because the pore-forming α subunits interact with accessory
proteins that modify their properties, and often modulate the
levels of protein expression. Kv channels are complexes consist-
ing of four α subunits that all contribute to form the pore and
β subunits that modulate channel function in variety of ways.
The tetrameric nature of K channels has been clearly proved
(173–178). A number of β subunits have been characterized
so far. The Kvβ genes encode soluble proteins (367 to 404
amino acids), related to the NAD(P)H-dependent oxireductase
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FIGURE 5-3. Schematic representation of the α subunit of Kv1.3, a
voltage-gated, Kv channel with six transmembrane segments; S4 repre-
sents the voltage sensor; T0, domain that regulates channel abundance
at the plasma membrane; T1, tetramerization domain, which modu-
lates hetero- and homomultimeric assembly. (From: Desir, GV. Kv1.3
potassium channel blockade as an approach to insulin resistance. Ex-
pert Opin Ther Targets. 2005;94:571, with permission.)

superfamily, that interact with many Kvα subunits (179). The
KChIP genes encode calcium sensors that modify the expres-
sion level and kinetic properties of Kv4.2 and Kv4.3 (180).
The KChAP proteins act as chaperone for Kv proteins, such
as Kv1.3, Kv2.1, Kv2.2, and Kv4.3 (181). The MinK related
proteins (MiRPs) also interact with Kv channels (182–186).
KCNA4B encodes a soluble protein (141 amino acids) with
no amino acid homology to known β subunits, but with lim-
ited structural similarity to the NAD(P)H-dependent oxireduc-
tase superfamily. It increases KCNA10 current expression by
at least 2.8-fold and also alters its sensitivity to cAMP (187).
The calcium sensitivity of the Maxi-K channel is modulated
by a β subunit (188). The inward rectifiers also interact with
specific β subunits (sulfonylurea receptor or SUR) that confer
sensitivity to inhibition by sulfonylureas (189).

Specific Functions of K Channels

Regulation of Membrane Voltage

Electrogenic transporters exist in the proximal tubule and their
activities result in significant cell membrane voltage depolariza-
tion (190–194). For instance, proximal tubule cells can depo-
larize by 10 to 15 mV when electrogenic transport processes
such as Na–glucose or Na–amino acid transport are activated.
Since depolarization of the cell membrane results in decreased
in solute uptake, mechanisms that restore the membrane po-
tential are critical. Voltage- gated potassium channels are well
suited for that task since, when activated by membrane depolar-
ization, they allow K efflux and cell membrane hyperpolariza-
tion. Several Kv channels have been detected at the apical mem-
brane of the proximal tubule, by patch clamp, and immunocy-
tochemistry. The most commonly reported Kv channel belongs
to the Maxi-K class, since it is also activated by calcium and has
a large single-channel conductance (194). Northern blotting,
in situ hybridization, and immunocytochemistry clearly indi-
cate the presence of at least two other types of voltage-gated
potassium channels, namely, KCNQ1 and KCNA10. KCNQ1,
a 6-TM channel, forms a small conductance (2 to 10 pS) Kv
channel and is thought to exist in kidney as a heteromulti-
meric complex with KCNE1 (MinK), a protein with a sin-
gle transmembrane segment that is highly expressed at the
apical membrane of the proximal tubule. Both proteins are
also abundantly expressed in kidney and recent data indi-

cate that KCNQ1/KCNE1 may play an important role in the
regulation of sodium-coupled glucose and amino acid uptake
(195). KCNE1-deficient mice exhibit a reduction in glucose and
amino acid uptake by the proximal tubule However, these data
do not exclude the possibility that additional Kv channels, such
as Maxi-K and KCNA10 (196), also participate in stabilizing
proximal tubule membrane potential during electrogenic Na
uptake.

K Recycling

Leakage of K out of tubule cells plays an important role in the
regulation of cell K concentration and in the process of K se-
cretion (197–201). Under steady-state conditions, the rate of
active K uptake is equal to the passive leak of K. If the stoi-
chiometry of Na/K exchange (three Na exchanged for two K)
does not vary, stimulation of the active pump must be matched
by an increase in the K leak. For example, with large increases
in transepithelial net Na transport, both K uptake and apical
and basolateral K conductance must also increase. The con-
verse is also true. For cells to maintain normal K levels when
pump activity is reduced, the passive leak of K ions must be
proportionately decreased. This occurs, for example, in dam-
aged kidneys and has been observed in slices of renal cortex or
in preparations of collapsed tubules (199,202–209).

Possible explanations for this functional coupling between
K uptake by Na/K exchange and K exit through leak path-
ways include mediation by cytosolic ATP levels, cytosolic Na
concentration, and basolateral membrane voltage. Increases in
Na/K-ATPase activity are expected to consume ATP. Because
cytosolic ATP reduces conductance of apical K channels in sev-
eral tissues (210,211), decreases in ATP would favor increased
K leak when K uptake is increased. Similarly, increases in Na/K
exchange are expected to decrease the cellular Na concentra-
tion (197,200). Because calcium extrusion from these cells is
accomplished by a basolateral Na/Ca exchanger, a reduction in
cellular Na would favor increased Ca2+ extrusion and reduc-
tion of cellular Ca2+. Because cellular Ca2+ reduces the activity
of apical and basolateral K channels (212), decreases in Ca2+

favor increased K leak when K uptake is increased. A third ex-
planation for the coupling between K uptake and K leak recog-
nizes that increases in Na/K exchange increase the cell negative
basolateral membrane voltage. Because basolateral K channels
open when basolateral voltage is increased (hyperpolarization)
(213), increases in Na/K exchange should be accompanied by
voltage-induced increases in K conductance (214).

The predominant basolateral K channels observed in patch-
clamp studies are selective for K, have a relatively small conduc-
tance (30 pS), are moderately inwardly rectifying, have a high
open probability (0.9), and are, in general, insensitive to ATP.
These channels are activated by cyclic guanosine monophos-
phate and nitric oxide and are inhibited by increased cell H+

concentration, by millimolar concentrations of Mg, and Ca2+.
Thus, these channels are similar to the KIR channels identified
in brain and other tissues, but differ from the apical K secretory
channel in displaying stronger inward rectification and being
insensitive to ATP and glibenclamide. Structurally, basolateral
K channels may, like apical secretory K channels, belong to the
family of KIR proteins, but basolateral K channels appear to
represent KIR 6.1. (215). This protein, like ROMK, has two
transmembrane segments and a hydrophobic pore region, and
when coexpressed with the sulfonylurea receptor (SUR2A/2B)
in Xenopus oocytes, it mediates an ATP-sensitive K current
that closely resembles the native basolateral K current, with
sensitivity to inhibition by both taurine and glibenclamide.

K Secretion

Observations from a number of studies (102,135,148,212,
216–228) indicate that the secretory K channels in apical
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membranes of distal cells are highly selective for K, have a rel-
atively small conductance (10 to 40 pS), are weakly inwardly
rectifying, have a high open probability (0.9), and are insen-
sitive to membrane voltage. These channels are activated by
protein kinase A (PKA) and are inhibited by increased cell
H+ concentration, by millimolar concentrations of Mg-ATP,
and by protein kinase C (PKC) or calcium/calmodulin kinase.
Thus, these channels are similar to the ATP-sensitive K channels
(KATP) in heart and other tissues (229). Structurally, secretory
K channels appear to belong to the family of inwardly rectify-
ing K channel proteins (KIR) discovered by Ho et al. (159) in
rat kidney outer medulla and called ROMK (KIR 1.1). Three
isoforms of this protein have been identified with somewhat
different distributions along the distal nephron (230–234). Im-
portant features of this protein are two transmembrane seg-
ments and a hydrophobic pore region (analogous to the pore
region of the voltage-gated channel) that forms a pore when
four subunits associate in the membrane. It is likely that, in
vivo, the active channel is a heteromultimeric complex con-
taining a sulfonylurea receptor molecule (SUR) (235). ROMK
channel activity is regulated in a complex manner by a variety
of factors (151). Cytosolic acidification inhibits and alkalin-
ization stimulates channel activity (236). Expression levels and
channel function are modulated by several kinases and phos-
phatase. Serine-threonine kinases, such as PKA prevent chan-
nel run-down excised patches (237) by phosphorylating Ser-44,
Ser-219, and Ser-313 in ROMK1 (233). The with-no-lysine ki-
nase, WNK4, has been shown to modulate the expression of
ROMK at the plasma membrane by stimulating protein endo-
cytosis and, thereby, decreasing channel activity. Interestingly,
WNK4’s action on ROMK appears to be independent of phos-
phorylation (238). Mutations in either WNK1 or WNK4 cause
pseudohypoaldosteroninsm type II (Gordon syndrome), which
is characterized by hypertension and hyperkalemia (239–241).
Aldosterone increases serum glucocorticoid-activated kinase
(SGK) levels, which, in turn, phosphorylates ROMK1 at Ser-
44, causing a shift in acid sensitivity and an increase in channel
activity (242). SGK1 action on ROMK requires the presence of
the NHERF-2, a regulatory factor of the Na+/H+ (242). Unlike
PKA and SGK, PKC inhibits ROMK channel activity through a
phosphatidylinositol 4,5-bisphosphate-dependent mechanism
(243). ROMK channel activity is linked to changes in dietary
K intake (244,245). Increased K load stimulates ROMK chan-
nel activity and reduced K intake does the converse. Protein
tyrosine kinase and phosphatases appear to play a critical role
in this process, by regulating the endocytic recycling of ROMK
channels at the plasma membrane. ROMK channel activity is
also inhibited by arachidonic acid (246) and activated by phos-
phatidylinositol phosphates (PIP2) (247).

Genes coding for voltage-gated K channel (KV) proteins
have been cloned from renal libraries, cell cultures, and mi-
crodissected CCDs (196,248–250). Structurally, these chan-
nel proteins are in the gene family identified in the mutant
Drosophila, Shaker, which has members extensively studied in
excitable cells. The measured intracellular potential across the
luminal membrane in cell of the distal part of the CCD aver-
age –20 mV and most Kv channels would be active at these
potentials. In the inner medulla, extracellular K can reach lev-
els greater than 40 mM as a result of K being trapped in the
tubule by the well-documented process of K recycling. The rest-
ing membrane potential is close to the reversal potential for K
(–90 mV), since K channels constitute the major ionic path-
way of unstimulated cells. Therefore, increasing extracellular
K from 4 to 30 mM will cause the resting membrane potential
to change from approximately − 90 mV to − 20 mV. This de-
gree of depolarization would be sufficient to activate many Kv
channels. There are functional data attesting to the expression
of Kv channels in the renal medulla (250). While several Shaker-
related gene are detected in kidney, Kv1.2 and Kv1.3 appear to

be preferentially localized at the distal tubule (249,251,252).
Several recent findings support the notion that Kv1.3 partici-
pates in distal tubular Na reabsorption and K secretion. Indeed,
Kv currents resembling those mediated by Kv1.3 have been
recorded at the apical membranes of the CCD; Kv1.3 protein
is expressed at the luminal membrane of principal cells of the
CCD. Kv1.3 is activated by serumglucocorticoid-activated ki-
nase (SGK), an important mediator of aldosterone action at the
distal tubule (253). These observations suggest that Kv1.3 may
link aldosterone-stimulated Na reabsorption and K secretion
and could contribute to the maintenance of membrane poten-
tial.

Maxi-K channels are believed to play a significant role, not
only in the regulation of the volume of renal cells (254–257),
but also in renal solute transport. Large (100 to 250 pS) Ca2+-
activated K currents have been detected at the apical membrane
of the principal cells of the CCD (256). While their contribu-
tion to K secretion was deemed uncertain in light of their very
low open probability, recent studies suggest an important role
for these K channels in flow-dependent potassium secretion
both in the connecting tubule (258) and in the CCD (259).
Microperfusion data indicate that flow-stimulated net K secre-
tion occurs through a charybdotoxin (CTX) sensitive pathway.
Maxi-K channels are excellent candidates for mediating this
flux, since they are expressed at the apical membrane of the
CCD and since, unlike ROMK (believed to mediate the bulk
of K secretion by principal cells), they are exquisitely sensitive
to inhibition by CTX. Maxi-K channels require both Ca2+ and
membrane depolarization in order to be activated, and it was
therefore postulated that the increased flow rate might stimu-
late a stretch-activated calcium channel, which would, in turn,
mediate the necessary increase in intracellular Ca2+. It is also
possible that other CTX-sensitive pathways contribute to flow-
dependent potassium secretion. Overall, these studies have pro-
vided a clearer understanding of the processes involved in distal
tubular K secretion and it appears that ROMK primarily medi-
ates baseline K secretion, while Maxi-K channels and possibly
other Kv channels, facilitate flow-dependent K secretion.

KCl COTRANSPORTERS

KCl cotransporters (KCC) belong to the electroneutral cation–
chloride-coupled cotransporter gene family (SLC12), which is
subdivided into two main subfamilies, and contains nine mem-
bers to (260). The first KCC gene was isolated by homology
cloning (261) and three additional genes have been identified.
The KCC1-4 genes encode integral membrane proteins with
12 membrane-spanning domains. Gene expression is not tis-
sue specific except for KCC2, which is predominantly found
in neurons. Expression of these proteins in Xenopus oocytes
reveals swelling-activated K fluxes. KCC4 is highly expressed
in kidney and gene inactivation in mice leads to renal tubu-
lar acidosis, which is thought to reflect defective acid secretion
by α-intercalated cells (262). KCC proteins could mediate re-
nal K secretion if luminal chloride concentration fell to levels
sufficiently low to generate a favorable chemical gradient for
chloride efflux.

Proximal Tubule Cells

Even though a large fraction of filtered K is reabsorbed by
the proximal convoluted and straight tubules, the mechanisms
responsible for transporting K in these segments remain in-
completely understood. A component of active K reabsorptive
transport likely exists in early segments of the proximal convo-
luted tubule, where the transepithelial voltage is lumen negative
(263). In several studies, the luminal K concentration has been
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FIGURE 5-4. Proximal tubule cell. Both transcellular and paracellular
pathways for K absorption are shown. Sodium enters these cells by
several cotransport mechanisms not shown here. The Na/K-adenosine
triphosphatase pump on the basal and lateral membranes raises cellular
K and lowers the K concentration in the intercellular spaces. Basolateral
K exit pathways include both K channels and K-Cl cotransporters. The
transepithelial voltage reverses direction from lumen negative in P1 to
lumen positive in P2 and P3. The molecular identity of the known
K channels and transporters are specified. KCC, KCl cotransporter;
KCNQ1, KCNA10, voltage-gated K channels; Maxi-K, voltage- and
calcium-gated K channel; KCNK1, two-pore K channel; Kir 6.1/7.1,
inward rectifier K channels.

found to be lower than in plasma (54). Potassium absorption
in these circumstances is uphill. An active uptake mechanism
has not been identified in the apical membrane of proximal
tubule cells. An alternative explanation (54) is that the baso-
lateral Na/K-ATPase may provide the necessary driving force
(Fig. 5-4). Na/K pumps located in lateral cell membranes along
the intercellular spaces would be expected to reduce the K con-
centration in the paracellular compartment. Thus, although the
luminal K concentration is somewhat lower than the peritubu-
lar K concentration, there still could be a downhill gradient for
K across the junctional complex from lumen to intercellular
space. Potassium could continue to move from the intercellu-
lar space to the interstitial space driven by bulk flow of water.
Water moves by osmosis from lumen to cell across the apical
membrane and then from cell to interspace across the lateral
membrane (264).

These considerations should not be taken to mean that ac-
tive K reabsorption is the only mechanism of transport in the
proximal convoluted tubule. There is also evidence that passive
K reabsorption, particularly in the later part of the proximal
convoluted tubule, is functionally important. First the lumen-
positive transepithelial voltage in the later part of the proxi-
mal convoluted tubule provides a favorable driving force for
net K reabsorption. It is likely that K movement driven by the
transepithelial voltage occurs through the paracellular shunt
pathway. Second, K movement is affected by net fluid move-
ment. Experiments using in vivo microperfusion (53,265–267)
have shown that the direction of net K transport depends on
that of net fluid movement when the latter was changed by

varying the tubule fluid osmolarity (addition of mannitol or
raffinose). Previous observations had shown that maneuvers
inhibiting proximal Na and water transport (extracellular vol-
ume expansion) also block K reabsorption. This effect is con-
sistent with the notion that Na-dependent fluid reabsorption
entrains K ions.

Thick Ascending Limb Cells

Most information about the functional characteristics of these
cells has come from studies using in vitro perfusion of isolated
segments of mammalian TAL and the early distal tubule of the
frog and the congo eel (Amphiuma means) (64,268–274). The
larger amphibian cells are more amenable to direct impalement
with microelectrodes, and, therefore, have allowed insight into
the transport mechanisms serving to control K transport in
these nephron segments. Cell culture of TAL cells has also pro-
vided access for studies of ion transport mechanisms at the
cellular level (275–277).

Potassium reabsorption by the TAL depends on the three-
ion cotransporter situated in the apical membrane of TAL cells
(Fig. 5-5). Potassium transport in this segment usually con-
tributes to reabsorption of filtered K ions. Potassium is car-
ried from lumen to cell by the Na-K-2Cl cotransporter and
leaks back to the lumen through apical K+ channels (274,278–
281). This recycling across the apical membrane means that
K facilitates reabsorption of Na and Cl, that inhibition of the
cotransport mechanism can lead to net K secretion, and that
inhibition of the K conductance can reduce absorption of Na
and Cl (270).

FIGURE 5-5. Thick ascending limb cell. Potassium can be absorbed
by the Na-K-2Cl cotransporter (inhibited by furosemide) and secreted
by diffusion through K channels in the apical membrane. The Na/K-
adenosine triphosphatase pump on the basal and lateral membranes
raises cellular K and lowers cellular Na concentrations. Basolateral
K and Cl exit pathways include both K and Cl channels and K-Cl
cotransporters. The lumen-positive transepithelial voltage provides a
driving force for cation transport through the paracellular pathway.
The molecular identity of the known K channels and transporters are
specified. KCC, KCl cotransporter; NKCC1, Na/K/2Cl cotransporter;
Kv1.2, Kv1.3, voltage-gated K channels; Maxi-K, voltage- and calcium-
gated K channel; KCNK1, two-pore K channel; Kir7.1, ROMK, inward
rectifier K channels.
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Both an intermediate- (70 pS) and a low-conductance
(30 pS) K channel have been identified in the apical membrane
of the mammalian TAL (274,281,282). In the rat, both are
present, whereas in the rabbit, the intermediate-conductance
channel appears to be absent. These two channels are similar
in that the open probability is very high (0.8 to 0.9) and is
decreased by millimolar ATP and barium, and that both chan-
nels are stimulated by low adenosine diphosphate (ADP)/ATP
ratios. However, they differ in that the small-conductance chan-
nel is not inhibited by tetraethylammonium (TEA), quinidine,
or millimolar calcium and is sensitive to glyburide, an inhibitor
of KATP channels. Both channels are present at approximately
the same density. The properties of these native channels bear
a strong resemblance to the properties of the ROMK channel.
The physiologic roles of the individual apical K channels have
not been identified with certainty.

The basolateral Na/K exchange pump provides the primary
driving force for net K reabsorption. Na/K exchange reduces
cell Na and generates a steep Na gradient across the apical
membrane. This gradient provides the energy for the coupled
entry of Na, K, and 2Cl ions. The Na-K-2Cl cotransporter
was cloned (283,284) and is the site of action of the potent
loop diuretics. The apical membrane permits diffusion of K
ions (273,285). The K concentration gradient across the api-
cal membrane favors diffusion of K from cell to lumen and
allows recycling of K ions back to the tubule lumen. This back-
diffusion provides a continuous luminal supply of K ions for
cotransport with Na and Cl at a high rate. Without this api-
cal membrane recycling of K, the low luminal K concentration
(1 to 3 mM) would limit the capacity for absorption of Na
and Cl. A subgroup of patients with Bartter’s syndrome pro-
vides an example of the consequences when this process of
apical K recycling is absent (286). In these patients, a muta-
tion in the ROMK gene, leading to a lack of apical K channels,
was identified as the cause of the disease. A persistent failure
of Na and Cl absorption by the TAL results in extracellular
fluid volume depletion, normal blood pressure, and the char-
acteristic hypokalemic metabolic alkalosis of these patients.
Apical K channels are also responsible for net K secretion un-
der those conditions in which the activity of the reabsorptive
cotransport mechanism has been impaired. For example, net
reabsorption of K can be changed to net secretion after ad-
ministration of loop diuretics (furosemide, bumetanide, pire-
tanide, muzolamine, ethacrynic acid) or replacement of luminal
Cl with non-chloride anions (287–289).

The basolateral membrane permits diffusion of both K
and Cl. A Cl conductance dominates (278,290–292), although
K-Cl and K-HCO3 cotransport pathways have been identified
in the basolateral membrane (293). By itself, the Cl concen-
tration gradient across the basolateral membrane favors dif-
fusion of Cl from interstitium into the cell. Thus, ion fluxes
through both apical K channels and basolateral Cl channels
generate diffusion potentials oriented with the cell interior neg-
ative to the extracellular fluids. However, because the K con-
centration gradient across the apical membrane exceeds the
Cl concentration gradient across the basolateral membrane,
the voltage across the apical membrane exceeds the voltage
across the basolateral membrane (278,290). This difference be-
tween membrane voltages creates the lumen-positive transep-
ithelial voltage and provides the driving force for passive ab-
sorption of Na and divalent cations through the intercellular
shunt pathway (294). Thus, a component of K reabsorption
could also occur passively through the intercellular pathway.
Chloride is able to diffuse from cell to interstitium because
the cell-negative voltage across the basolateral membrane ex-
ceeds the Cl equilibrium potential. It is kept above its elec-
trochemical equilibrium concentration by secondary active
transport from the lumen into the cell through the Na-K-2Cl
cotransporter.

In addition to conductive mechanisms for K and Cl exit
across the basolateral membrane of the TAL cell, an electroneu-
tral pathway for K and Cl fluxes has also been postulated
(290). A gene encoding a K/Cl cotransporter protein has been
cloned (171). This cotransporter (KCC) is a member of a large
cation-chloride cotransporter family that includes the thiazide-
sensitive cotransporter and the furosemide-sensitive three-ion
cotransporter. To date, four KCC genes have been identified
(295,296). The KCC4 isoform appears to be expressed in the
basolateral membrane of TAL cells (257).

Net reabsorption of Na, K, and Cl and the lumen-positive
voltage are abolished in the absence from the lumen of any
of the three ions (270,280,297). In addition, luminal applica-
tion of furosemide eliminates Na, K, and Cl absorption and
the transepithelial voltage (298). Interference with the cotrans-
port system, either by luminal ion substitution or by adminis-
tration of furosemide, also affects cellular ion activities (567).
Inhibition of the apical Na-K-2Cl transporter lowers cellular
Cl and Na activities, supporting the view that the cotrans-
port system is the main pathway for entry of Na and Cl ions
into the cell. Loop diuretics not only inhibit Na and Cl ab-
sorption, but induce net K secretion (285). These effects are
explained as the consequence of inhibition of Na-K-2Cl co-
transport and continued leak of K through K+ channels in
the apical membrane, resulting in the appearance of K secre-
tion (289,299–301). Apical Na/H exchange provides a sec-
ond pathway for Na to enter TAL cells and is independent of
luminal K.

Evidence that a small conductance K channel is present in
the TAL (and in the CCD principal cell; see later) and is in-
volved in apical K recycling and salt absorption comes from
experiments using the sulfonylurea, glyburide (302). Sulfony-
lureas block channels expressed in oocytes (KATP, ROMK) and
native channels in patches of rat TAL cells (234,281,303–305).
Clearance experiments in awake rats show an increase in Na
excretion with glyburide infusion without increases in K ex-
cretion (302). The data are consistent with this agent blocking
apical K channels in both the TAL and CCD principal cells. Na-
K-2Cl turnover in the TAL is decreased because of impaired
apical K recycling, and increased K secretion downstream is
prevented because of a direct block of the secretory K channel
(302).

A gene encoding a calcium receptor protein was cloned from
bovine parathyroid (306,307). This calcium-sensing molecule
is thought to bind calcium external to the cell and initiate
through G protein coupling a cascade of intracellular events.
Phosphoinositol turnover is increased, calcium is released, and
other pathways are activated. These signals ultimately lead to
a decrease in PTH secretion by the cell (306,307). A renal form
of this calcium-sensing protein has now been found in cortex
and medulla by in situ hybridization. The distribution is consis-
tent with localization in the TAL (308). The role of the calcium
sensor may be important in regulating calcium transport by the
TAL in familial hypocalciuric hypercalcemia (309). It may also
prove to be important in the regulation of K transport and Na
and Cl transport responsible for dilution and concentration of
the urine.

Systemic influences on K excretion appear to affect TAL
cells, although clear evidence that these changes play a regula-
tory role is not in hand. Potassium depletion, for example af-
ter ingestion of a low-K diet, appears to enhance K absorption
(113,310). The apical membrane K conductance is increased by
aldosterone, vasopressin, and alkalosis (150,311–313). On the
other hand, K conductance is reduced by acidification of the
intracellular and extracellular fluids (314,315). Either lower-
ing bicarbonate or elevating PCO2 reduced the K conductance
of the apical membrane. This effect is consistent with the K-
sparing effect of acidosis as demonstrated in perfusion studies
of the distal tubule (129).
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In some species, a mechanism that exchanges luminal Na
for cytosolic hydrogen ions is located in the apical membrane
and contributes to raising intracellular pH (316,317). In am-
phibians, aldosterone has been found to enhance apical K con-
ductance and net K secretion secondarily by activating api-
cal Na/H exchange and by alkalinizing the cell (311,318,319).
Amiloride, when administered in doses high enough to inhibit
Na/H exchange, decreases K secretion by acidifying the cell.
Loop diuretics may act secondarily to increase K secretion (in
addition, to the direct effect described previously) by lowering
cell Na influx through the Na-K-2Cl cotransport mechanism,
lowering cell Na concentration, increasing the driving force for
Na/H exchange, raising cell pH, and thus enhancing apical K
conductance (311). Increased luminal acidification caused by
loop diuretics could also be related to the stimulation of Na/H
exchange affected by the decrease in cell Na.

Distal Convoluted Tubule Cells

The DCT is a cytologically homogeneous segment (72,74) that
begins a short distance beyond the MD region and extends to
the CNT. The border between the DCT and the CNT is abrupt
in some species (rabbit) and gradual in others (rat, human,
and mouse) (72,74,97,320,321). The cells are notably larger
than the TAL cells and have prominent basolateral infoldings
packed with elongated mitochondria. The DCT epithelium has
been studied in a number of different species using both in vivo
and in vitro techniques (44,80,86,88,91,322–324).

Most of the in vivo data on K transport by the DCT have
been obtained by applying microperfusion methods in rat kid-
neys. The DCT does secrete K (44,70); however, compared
with the next segments downstream (ICT and CCD), it makes
a smaller contribution to final K excretion under most circum-
stances.

Although some observations indicate that K and Na trans-
port by the DCT occurs by conductive mechanisms (chan-
nels) (80,232,324–330), most available data demonstrate elec-
troneutral processes for apical K, Na, and Cl transport
(80,320,321) (Fig. 5-6). A reexamination of the transepithe-
lial voltage along the rabbit distal tubule perfused in vitro
(330) suggests that the voltage of the DCT segment is zero
and not lumen negative as has been reported previously. In
support of primarily electroneutral processes in the DCT, the
perfused tubules showed no response to luminal amiloride or
barium. These observations (330) argue against the presence of
functional amiloride-sensitive Na channels or barium-sensitive
K channels. Molecular and immunohistochemical techniques
have also been used to study the expression of the epithelial
Na channel protein (ENaC) in the DCT of rats and rabbits.
Although the ENaC α subunit was found to be expressed,
neither the β nor the γ subunit is expressed by the DCT
(325,326,328,330). Even though the potassium channel pro-
tein ROMK is expressed at the apical membrane of the DCT,
most physiologic data suggest that this channel is not active
in the DCT under normal conditions (80,232,327,330). Re-
sults obtained from DCT cells grown in culture or from DCT
cell lines differ fundamentally from data obtained in vivo or
from perfused tubules. In general, DCT cells in culture exhibit
a lumen-negative voltage, express amiloride-sensitive sodium
channels, and secrete K through a barium-sensitive pathway
(323,331). Potassium secretion by the DCT in vivo is stimu-
lated by low luminal Cl concentrations and by high luminal
Na concentrations. When luminal Cl was lowered to less than
10 mM, the rate of K secretion by the DCT was doubled (44).
Because this change in K secretion occurred without a change in
transepithelial voltage, it appears that an electroneutral mech-
anism for K flux from cell to lumen coupled to Cl was present
in the apical membrane of the rat DCT.

FIGURE 5-6. Distal convoluted tubule cell. Major transport pathways
in the apical membrane are electroneutral cotransporters. The Na-Cl
cotransporter is sensitive to thiazide diuretics. The K-Cl cotransporter
is sensitive to cell , luminal Cl concentrations. Basolateral K exit path-
ways include both K channels, K-Cl cotransporters. The molecular
identity of the known K channels, transporters are specified. KCC, KCl
cotransporter; NCC, Na/Cl cotransporter; Kir6.1/4.1, Kir 7.1, inward
rectifier K channels.

It has been shown previously that when luminal Cl is kept
above 70 mM, increasing the luminal Na concentration above
40 mM did not affect K secretion by distal tubules (123). How-
ever, when luminal Na was raised above 40 mM, while the
luminal Cl concentration was simultaneously kept below 10
mM, K secretion by the DCT was increased (36). The stimu-
lation of K secretion by raising luminal Na concentration in
the presence of low luminal Cl concentrations appears to be a
unique response of the DCT (36). To date, there is no evidence
that an Na concentration above 40 mM stimulates K secretion
in segments distal to the DCT.

Additional evidence that supports a role for the DCT in K se-
cretion and suggests that this segment is a site of Na-dependent
K secretion (K secretion stimulated by high luminal Na while
luminal Cl is low) comes from the use of specific inhibitors of
Na transport by DCT cells. Thiazide diuretics are known to in-
hibit Na and Cl absorption by the rat DCT (86,87,89). A gene
encoding an Na-Cl cotransporter protein of the kidney was
cloned from kidney (283) and its expression was localized to
the DCT (320,321). Thiazide diuretics also inhibit K secretion
when luminal Na concentration is high and Cl concentration is
low. To explain the Na dependence of K secretion in thiazide-
sensitive cells, Velázquez and co-workers (332) have postulated
that an absorptive Na-Cl cotransport mechanism and a secre-
tory K-Cl cotransport mechanism operate in parallel in the api-
cal membrane of DCT cells (332). In this view, increasing the
luminal Na concentration increases Na-Cl cotransport, raises
cellular Cl, and, thus, drives increased K secretion through K-Cl
cotransport. Thus, in conditions, such as intravenous infusion
of sodium sulfate solution, which are known to cause high dis-
tal concentrations of Na and low concentrations of Cl, renal
K excretion may be increased because of enhanced K secretion
by DCT cells equipped with apical K-Cl cotransporters.

To account for the largely electroneutral secretion of K and
reabsorption of Cl by the DCT, pathways for electroneutral
K and Cl exit from the cell must be postulated. Because Cl
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is absorbed at approximately the same rate as Na and only a
small fraction of K exchanged for Na across the basolateral
membrane is secreted, the exit step for K and Cl likely occurs
across the basolateral membrane. Evidence that the cytosolic
K concentration in the DCT is not above electrochemical equi-
librium argues for the presence of a basolateral K-Cl cotrans-
porter in addition to K channels. This electroneutral K-Cl path-
way would permit the Cl entering across the apical membrane
through the Na-Cl cotransporter, and the K entering across the
basolateral membrane through the Na/K-ATPase, to exit the
cell and enter the blood.

It is not established whether the apical Cl-dependent K se-
cretion by the DCT is mediated by one of the four currently
identified KCC isoforms (295). Recent data, however, indicate
that KCC4 is expressed in the basolateral membrane of most
cells of the nephron, including those of the DCT (296).

Cortical Collecting Duct Cells

Two of the cell types resident in the CCD—principal cells and
α-intercalated cells (A-type)—both appear to be involved in
regulating renal K excretion (97,137,333) (Fig. 5-7). The prin-
cipal cells are the most numerous cells in the ICT and the CCD.
Principal cells are able to secrete K (15–17,36,46,47,65,101,
103,104,119,137,301,334–344) and respond to the most im-
portant regulatory influences (74,97,98,100,333,345–350).

Some caution is required in interpreting experimental obser-
vations bearing on distal K secretion. Most information about
the in vivo behavior of distal cells under a variety of physio-
logic circumstances has come from micropuncture and micro-
perfusion studies of surface nephrons in kidneys of anesthetized
rats. Most information about cellular mechanisms responsi-

FIGURE 5-7. Cortical collecting duct cells. Principal cells have two K-
secretory pathways in the apical membrane: channels through which K
can diffuse (blocked by barium), and a K-Cl cotransport mechanism.
Na enters these cells by conductive channels (blocked by amiloride).
Mineralocorticoids stimulate Na and K transport by these cells. Ba-
solateral K exit pathways include both K channels and K-Cl co-
transporters. The molecular identity of the known K channels and
transporters are specified. KCC, KCl cotransporter; ENaC, epithelial
sodium channel; Kv1.3, voltage-gated K channels; Maxi-K: voltage-
and calcium-gated K channels; TASK, two-pore K channel; Kir1.1,
Kir2.3, Kir4.1/5.1, Kir7.1, inward rectifier K channels.

ble for secretory transport of K is based on in vitro elec-
trophysiologic measurements carried out on single collecting
ducts isolated from rabbit kidneys and individually perfused
(128,336,351). With both approaches, measurements repre-
sent the integrated transport activity of the different cell types
making up the tubule segment. Despite these limitations, some
transport properties of the cells involved in K secretion have
become apparent.

In principal cells, an ATPase-coupled Na/K exchange pump
is located in the basolateral membrane and is responsible for
K uptake. The pump also provides for coupling between Na
reabsorption and K secretion. From the rapid depolarization
of the basolateral membrane voltage caused by addition of
ouabain to the peritubular bathing solution, it has been con-
cluded that the Na/K exchange pump operates in an electro-
genic fashion (336,351,352). As in other cells, three Na ions are
extruded as two K ions are taken up. Basolateral membranes
possess channels that permit K to diffuse back to the inter-
stitium. The Na/K pump responds to several factors known
to modulate net K transport normally changes in plasma K,
acid–base disturbances, and variations in circulating levels of
mineralocorticoid hormones (20,336,351,353–360). Stimula-
tion of K secretion by mineralocorticoid hormones alters baso-
lateral membrane components: activation of the Na/K pump,
increased rate of electrogenic cation exchange, and hyperpo-
larization of the cell-negative basolateral membrane voltage.
This increase in membrane voltage is large enough to provide
an additional inward-directed driving force to transfer K ions
passively from the interstitium into the cell. Mineralocorticoid
treatment also increases the K permeability of the basolateral
membrane (358).

The apical membrane of principal cells has two K perme-
ation pathways that are important for K secretion: K chan-
nels and K-Cl cotransport. In functioning tubules, K channels
are seen as a K conductance that permits K ions to diffuse
along a favorable electrochemical potential gradient from the
cell into the lumen. The electrochemical driving force develops
because the apical membrane also has a conductive pathway
for Na. Diffusion of Na ions into the cells through Na channels
causes the cell-negative voltage across the apical membrane to
be smaller than the voltage across the basolateral membrane.
This asymmetric electrical polarization of the apical and ba-
solateral membranes accounts for the lumen-negative transep-
ithelial voltage and favors net movement of K from blood to
lumen (128,336).

At least two types of K channels are present in the apical
membrane of principal cells in the CCD. One of these, the se-
cretory K channel, has a relatively small conductance but a high
open probability, and is inhibited by increasing cytosolic con-
centrations of H+ or Ca2+. A second type, the Maxi-K channel,
is likely involved in the regulation of cell volume. This channel
has a large conductance, but a low open probability. Increasing
cytosolic Ca2+ concentrations activate this channel.

Several intracellular messenger systems have been shown
to be involved in regulating channel activity and have been
reviewed (361). Cyclic adenosine monophosphate-dependent
PKA stimulates channel activity (148,362). Calcium-dependent
systems, such as PKC and Ca/calmodulin-dependent pro-
tein kinase II and arachidonic acid inhibit channel activity
(212,363,364). In general, these second messenger systems are
also involved in the coupling of transporters and cell mem-
branes to the cytoskeleton (365,366), the integrity of which
is required to maintain K channel activity in the rat corti-
cal collecting tubule (367). Sensitivity of K channels to cell
acidity may explain stimulation of K excretion in associa-
tion with metabolic alkalosis or increased rates of bicarbon-
ate excretion (368,369). Evidence also points to angiotensin
II as an inhibitor of potassium secretion by the late distal
tubule (370).
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Changes in the apical membrane voltage and, therefore, in
the transepithelial voltage, affect K secretion. For example,
imposition of an external current changes the transepithelial
voltage and alters the distribution of K across the epithelium
of the late distal tubule (371). The effect of amiloride to in-
hibit K secretion is associated with a reduction of the lumen-
negative transepithelial voltage (372) that is caused by hyper-
polarization of the apical membrane. This hyperpolarization
is the consequence of amiloride blockade of Na channels in
the apical membrane (336,372–374). Additional agents that
inhibit K secretion by blocking the apical Na channel and re-
ducing the lumen-negative voltage are luminal calcium ions
and cationic antibiotics, such as trimethoprim and pentami-
dine (131–133,265,375). The action of mineralocorticoid hor-
mones to stimulate K secretion by principal cells of the col-
lecting duct, in part, depends on depolarization of the apical
membrane as a consequence of increasing apical Na conduc-
tance (336). It has been proposed that acid–base changes affect
Cl permeability, with consequent effects on apical membrane
and transepithelial voltage (376). It is clear from these consid-
erations that both the K conductance and the electrochemical
driving force acting on K ions are important factors controlling
K secretion through this pathway.

A second K permeation pathway has been identified in mi-
croperfusion studies of superficial distal tubules in the rat. As
in the DCT, a neutral cotransport mechanism involving K and
Cl movement from cell to lumen contributes to net K secre-
tion (35,111,114,547). The key evidence for a K-Cl cotrans-
port mechanism is that K secretion into the distal tubule is
stimulated when the lumen is perfused with a solution hav-
ing a low Cl concentration (332,377). This stimulation of K
transport occurs without changes in the transepithelial volt-
age across the distal tubule wall, and persists in the presence
of barium (126,377). Measurements of unidirectional K fluxes
suggest that the K-Cl cotransport mechanism is located in the
apical membrane (134). It is not known whether this apical
K-Cl cotransporter is the same gene expressed by the DCT cell
or whether still other KCC genes remain to be identified.

Changes in K transport, induced either by changes in di-
etary K intake or by mineralocorticoid administration, are ac-
companied by alterations in cell ultrastructure. The basolateral
membrane area of principal cells is increased after a prolonged
period of dietary K loading. This basolateral membrane am-
plification occurs in the initial collecting duct (137,378) and
the cortical and medullary collecting ducts (346,347,349,350).
Measurements showing enhanced Na/K-ATPase activity corre-
late well with the amplification of the basolateral surface area
in collecting duct principal cells (137,348,353,356,379–381).

Ingestion of a high-K diet stimulates the release of aldos-
terone (137), and this hormone contributes to morphologic
changes seen in principal cells (137,382–385). Morphometric
analysis of the area of the basolateral membrane of principal
cells showed significant reduction after adrenalectomy and a
large increase with aldosterone treatment. Dexamethasone had
no effect (378,384). It was concluded that mineralocorticoids,
but not glucocorticoids, modulate the basolateral membrane
area and the K transport capacity of these cells.

Mineralocorticoids exert regulatory effects in all distal
nephron segments, including the cortical TAL, the DCT, the
CCD, and the outer medullary collecting duct (345,386–390).
Like other steroid hormones, aldosterone and other mineralo-
corticoids enter the cell and bind to specific receptors (min-
eralocorticoid receptor [MR]) that are in or near the nucleus.
Mineralocorticoids have a much lower affinity for glucocorti-
coid receptors (GR), which also are found in these distal cells
(391). In the collecting duct, it appears that MR and GR are
primarily expressed in principal cells. However, β-intercalated
cells (B-type) have also been shown to possess MR (392,393).
The hormone–receptor complex then enters the nucleus, binds

to DNA, and activates transcription of messenger RNA for a
number of proteins that act on basolateral and apical transport
mechanisms (107,394,395). Aldosterone is able to accomplish
this activation of new protein synthesis, although it circulates
at a concentration of only 100 to 300 pM, which is approxi-
mately 1,000 times less than the concentration of glucocorti-
coids, primarily cortisol. Because aldosterone and cortisol have
approximately equal affinity for MR, it would appear that com-
plete occupation of MR by glucocorticoids would prevent vari-
ations in circulating aldosterone levels from being recognized
(396). This does not happen because the same distal cells that
possess MR also are equipped with 11α-hydroxysteroid de-
hydrogenase (11HSD), which converts glucocorticoids (corti-
sol and corticosterone) into inactive metabolites (cortisone and
11-dehydrocorticosterone) that do not bind to MR or GR. Sev-
eral isoforms of 11HSD have been identified. One of these is
kidney-specific and is located in the distal nephron (392,397–
401). Thus, in aldosterone target cells, 11HSD “protects” MR
from occupation by glucocorticoids and makes the receptors
available to mineralocorticoids (aldosterone or deoxycorticos-
terone). It is now recognized that the effect of licorice to mimic
mineralocorticoid action (salt retention, K loss, hypertension,
and hypokalemia) is a consequence of inhibition by its metabo-
lite (glycyrrhetinic acid) of 11HSD. Loss of the enzyme activ-
ity in principal cells permits glucocorticoids to bind MR and
induce the synthesis of new proteins that stimulate Na absorp-
tion and K secretion (402,403). The density of MR is greater
in CCD cells than in TAL cells (393).

Surface amplification of the basolateral cell membrane of
principal cells also occurs in animals in which the total number
of nephrons has been reduced severely by unilateral nephrec-
tomy plus ligation of three-fourths of the arterial branches to
the remaining kidney (404). In this situation, K balance is main-
tained by a dramatic enhancement of distal K secretion by each
of the remaining nephrons (108,118,259,405). Again, a clear
increase of the basolateral surface area of principal cells of the
initial collecting ducts was noted (404).

Similar, but not identical, morphologic changes have been
observed in CNT cells. In both rats (349) and rabbits (98), pro-
longed feeding of high-K diets has been observed to increase
the basolateral membrane area of CNT cells. In contrast to
principal cells, however, CNT cells, located in the midportion
of distal tubules and in the arcades of deeper nephrons, are not
altered structurally by administration of mineralocorticoid. It
appears that amplification of basolateral membrane area in
these cells is more dependent on dietary K than on circulat-
ing aldosterone. Also, the much greater increase in basolateral
membrane area produced by feeding a high-K diet is not re-
duced by antagonists of aldosterone (98).

A growing body of evidence suggests that α-intercalated (A-
type) cells may function to reabsorb K (Fig. 5-8). The existence
of an active transport mechanism responsible for K reabsorp-
tion has been postulated to account for results of micropunc-
ture experiments performed in animals pretreated to promote
renal K conservation. The distribution of K ions across the
epithelium of the superficial distal tubule under these circum-
stances does not conform to that expected from the electrical
driving force. During experimental K depletion (29,406), K se-
cretion can be completely abolished at a time when a modest
lumen-negative potential transepithelial voltage persists. Be-
cause the passive driving force favors K secretion, it appears
that active reabsorption of K is present. Intercalated cells scat-
tered among the principal cells of the CCD and also among the
cells of the distal tubule (infrequently in the DCT, and more
commonly in the CNT and initial collecting duct) (71,72,74)
may be responsible for K reabsorption and hydrogen ion se-
cretion. Two types of intercalated cells are present: A-type cells
secrete protons; B-type cells secrete bicarbonate. Careful mor-
phologic studies of the apical membrane of intercalated cells in
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FIGURE 5-8. α-intercalated cells (A-type) secrete protons across the
apical membrane by means of an H/K-adenosine triphosphatase pump
that actively reabsorbs K. The molecular identity of the known K chan-
nels and transporters are specified. KCC4, KCl cotransporter; Maxi-
K, voltage- and calcium-gated K channel; TASK, KCNK1, two-pore K
channel.

K-depleted rats have identified structural changes. These ob-
servations point to the intercalated rather than the principal
cells as the site of the postulated mechanism for K reabsorp-
tion. Intercalated cells have also been seen to undergo marked
morphologic amplification of their apical membranes after
acidification. These changes indicate that K reabsorption and
hydrogen ion secretion may be functionally linked (407). Inter-
calated cells differ from principal cells in two important ways:
less Na/K-ATPase activity and no conductive ion channels in
the apical membrane. An H/K exchange pump in the apical
membrane effects proton secretion.

Two types of H/K-ATPase have been identified in kidney:
a form expressed in the gastric parietal cells (408,409) and
a form expressed in the distal colon (410,411), also classi-
fied as nongastric. The distribution in kidney and the func-
tion of these two forms of the H/K-ATPase and their vari-
ants has been reviewed (356,405,412–416). Omeprazole and
Sch-28080, inhibitors of the gastric-type H/K-ATPase, reduce
both hydrogen ion secretion and K absorption by the re-
nal distal tubule, the CCD, and the outer medullary collect-
ing duct (99,113,114,356,405,415,417–423). The gastric-type
H/K-ATPase appears to be expressed constitutively by interca-
lated cells throughout the entire distal tubule and all along the
collecting duct (416,424,425), whereas the colonic form, al-
though it is expressed, is not active under normal physiologic
circumstances. H/K-ATPase activity undergoes adaptive regu-
lation during dietary potassium deprivation, NaCl depletion,
and acidotic conditions (416,424,425).

In contrast to the changes observed in CCD principal
cells and in CNT cells, no significant change in basolat-
eral membrane area occurs in intercalated cells during either
diet or mineralocorticoid-induced stimulation of K secretion
(137,333,349,378,384). The density of MR is lower in inter-
calated cells compared with principal cells (393). In the outer
medullary collecting duct, the apical membrane of intercalated
cells does change in response to increased K intake. In K-

depleted animals, the surface area of the apical membrane is
increased by insertion of vesicles containing rod-shaped parti-
cles into the apical membrane (349,350). These particles have
also been seen in the membranes of a subapical pool of vesi-
cles that diminishes simultaneously with the appearance of the
rod-shaped particles in the apical membrane.

Outer Medullary Collecting Duct Cells

Cells in the inner stripe of the outer medulla differ from cells
in the cortical and papillary collecting ducts. Studies using
in vitro perfusion of this segment have failed to demonstrate K
secretion (101,351). The epithelium is permeable to K, how-
ever, and K diffuses readily in the direction of an applied
transepithelial electrochemical driving force. In vivo, it is likely
that this driving force is oriented from lumen to interstitium,
because K secretion in the CCD raises the luminal K concentra-
tion and because the electrogenic proton pump (H-ATPase) in
the apical membrane of these cells generates a lumen positive
transepithelial voltage. Potassium reabsorption by this segment
delivers K to the medullary interstitial fluid (as does K reabsorp-
tion by the TAL) and thus contributes to the phenomenon of
medullary K recycling (59,101,426).

Medullary K recycling helps to promote renal K excretion
because it establishes conditions that make it possible for the
papillary collecting duct to convey K out of the kidney. Potas-
sium is one of several constituents of plasma that depend on
the kidney for excretion, that circulate at low concentrations,
and that are secreted by cells of the renal tubules. Ammonium,
protons, and a variety of organic solutes also can be included
in this class. Beyond their need to be secreted, these solutes
pose still another interesting challenge to the kidney. Because
the rate of urine flow is determined mainly by considerations of
water balance, a constant rate of K excretion can be expected
to be associated with a wide range of urinary concentrations of
K. Not only does K have to be concentrated in tubule fluid at
the site at which it is secreted, but when urine flow rate is low
and water reabsorption is nearly complete, the concentration
of K in urine has to be raised to levels that can be 100 times
higher than the K concentration in plasma. It appears that the
countercurrent flow system of the renal medulla contributes
importantly to this achievement. When rats are deprived of di-
etary K for a few days and are permitted free access to water,
urinary K concentrations are 20 to 30 mM, and medullary
K concentrations are 5 to 10 mM. When rats are continu-
ously ingesting diets with moderate or high K content, and are
permitted free access to water, urinary K concentrations are
200 to 300 mM and medullary K concentrations are 35 to
40 mM (60). Aside from the need for a change in distal K se-
cretion sufficient to maintain the rate of K excretion at levels
more than 10-fold higher than when rats are deprived of K
(427), there is also a need for the medullary collecting duct to
maintain tubule fluid K concentrations in excess of 200 mM
so that K secreted into distal segments in the cortex is not lost
as tubule fluid flows through the medullary collecting ducts.
The increase in interstitial K that follows an increase in K in-
take serves to permit the urine K concentration to rise to the
high levels necessary to allow the ingested K to be excreted
in relatively small urine volumes. Thus, as K secretion by cor-
tical segments increases, some of the secreted K is lost to the
medullary interstitium. Enough of this K is, however, trapped in
the medulla by being secreted into the descending limb and then
reabsorbed from the ascending limb of the loop of Henle so that
the K concentration in the medullary interstitium increases. By
acting as a countercurrent exchanger for K, the loop of Henle
builds up the medullary K concentration to a level sufficient to
limit K reabsorption from the papillary collecting duct.
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INTERACTIONS AMONG
REGULATORY FACTORS

Because multiple factors and several transport sites are able
to respond to influences originating outside the kidney, K ex-
cretion is best understood as the net effect of cooperating or
competing mechanisms. In some situations, the individual reg-
ulatory factors may act in concert, whereas in other cases they
may change in directions that tend to oppose one another. The
complexity of the integrated action of the several factors pre-
cludes straightforward predictions about the ultimate effect
that a seemingly simple perturbation may have.

An example of cooperative action is seen in the homeostatic
renal response to a high-K intake (a meal or an infusion of a
K-containing solution). The increase in plasma K concentra-
tion promotes K uptake by K-secreting cells. It also stimulates
the adrenal gland to secrete aldosterone that, in turn, increases
K uptake from interstitium to cell and K diffusion from cell
to lumen in the distal nephron. Increased plasma K concentra-
tion also inhibits Na and fluid reabsorption by the proximal
tubule (428,429) and therefore increases the flow rate into the
distal nephron. The concerted action of these multiple regula-
tory mechanisms has the appearance of a system developed to
defend against the danger of hyperkalemia.

The renal response to K loading becomes greater if the in-
creased intake of K is prolonged. After several days of a high-
K intake, distal K secretory capacity is enhanced so that, at a
given plasma K concentration, renal K excretion is increased
(68,430,431). This adaptive change in distal nephron function
confers a degree of tolerance to progressively larger K loads.
Prolonged elevation of plasma K, aldosterone, and distal flow
result in increased density of basolateral Na/K pumps, and in-
creased density of apical K channels in principal cells. Ampli-
fication of the basolateral membrane is apparent after 1 to 2
days of increased K intake.

In contrast, the regulatory factors may not act cooperatively
in certain situations involving K depletion. The renal handling
of K in these circumstances is nonhomeostatic for K balance,
and can be considered to be in the pathophysiologic realm. Al-
though simple reduction in K intake would tend to have effects
opposite to those of K loading, if K intake is being restricted
because a person has just undergone an abdominal operation,
stress-related stimulation of aldosterone secretion may put high
aldosterone levels in competition with low plasma K levels and
cause the rate of K excretion to exceed the rate of intake. Fur-
ther, if saline infusions are maintaining extracellular fluid vol-
ume and urine flow (432–434), a high flow rate of tubule fluid
may further compromise the ability of the kidney to retain K.

Another example of competition among the regulatory fac-
tors arises in circumstances involving depletion of extracellular
fluid volume. Renal mechanisms that act to defend the circula-
tion have competing effects on renal K handling. Whereas en-
hanced proximal fluid reabsorption decreases distal flow rate
and tends to diminish K excretion, the simultaneous stimula-
tion of the renin–angiotensin–aldosterone system acts to pro-
mote K excretion. The result in this situation might be that K
balance is unaffected. However, if a low-salt intake is combined
with administration of a loop diuretic, such as furosemide, the
combined increase in distal flow rate and the elevation of aldos-
terone result in increased K excretion and negative K balance
(435). Similarly, after deprivation of water, competition among
regulatory factors may also act to stabilize K excretion. The K-
retaining influence of low luminal flow rate is opposed by the
stimulatory influence of increased circulating vasopressin.

Finally, in some acid–base disturbances the net result of
competing influences on K secretion may cause the kidney to
excrete K at rates exceeding K intake and thus to deplete body
K. In metabolic alkalosis, plasma K concentration tends to be

low, but cell uptake of K is enhanced in both renal and non-
renal tissues. Aldosterone levels are elevated in alkalotic states
associated with volume depletion and also tend to promote K
secretion. Increased distal delivery of filtered bicarbonate tends
to enhance K secretion by two mechanisms: It may be associ-
ated with increased distal flow, and high luminal bicarbonate
concentrations permit distal Cl concentrations to fall to low
levels. Increases in cell pH act to open apical membrane K
channels and to increase channel density.

In acute metabolic acidosis, decreased uptake of K by distal
cells and inhibition of secretory K channels tend to reduce K
secretion. If the acidosis is prolonged, however, proximal fluid
absorption is increasingly inhibited and distal flow rate begins
to increase. The increase in distal flow may be the reason that
K secretion is sufficiently increased to cause K wasting when
acidemia is prolonged (22,436).

It is important to recognize that renal K excretion has mul-
tiple determinants and that they may not always be responding
only to changes in K balance. Knowledge about all of the re-
nal mechanisms participating in the regulation of K excretion
should enable us to predict whether and how well the kidney
can adapt to disturbances of K homeostasis.
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CHAPTER 6 ■ RENAL ACID–BASE
TRANSPORT
ROBERT J. ALPERN AND PATRICIA A. PREISIG

Because many processes in the body depend on the pH of am-
bient fluid, it is important to maintain intracellular and extra-
cellular pH within narrow limits. In this chapter, we discuss the
mechanisms that contribute to this function.

ACID–BASE CHEMISTRY

pH is the negative logarithm of H+ concentration. An H+ ion is
a hydrogen atom that has lost its only electron and is in essence
equivalent to a proton. Because of the equilibrium between H+

and OH−,

H2O ←→ H+ + OH− [1]

H+ concentration is directly affected by OH− concentration.
The product of the concentrations of H+ and OH− is a con-
stant. Thus, addition of OH− to a solution causes the reaction
shown in Equation 1 to move to the left, decreasing the H+

concentration. At 25◦C, the product of [H+] and [OH−] (ion
product constant) is 10−14. Neutrality—when [H+] = [OH−]—
therefore occurs when [H+] = 10−7 M. Equivalently, the sum
of pH and pOH is 14. At 37◦C, the ion product constant is
approximately 13.6, making neutral pH 6.8.

An acid is defined as any substance that donates an H+,
whereas a base is an H+ acceptor. Acids and bases exist as
conjugate pairs according to the reaction:

HA ←→ H+ + A− [2]

where HA is the acid and A− is the base. Each acid–base pair
can be described by an equilibrium equation:

K = [H+][A−]
[HA]

[3]

where K is the dissociation constant for the acid HA. From this
equation, it can be seen that when [HA] = [A−], [H+] = K. And,
when [H+] = K, 50% of the acid is in the undissociated form
(HA) and 50% is in the dissociated form (H+ + A−). When
these values are converted to logarithms, Equation 3 can be
rewritten in the Henderson–Hasselbalch form as:

pH = pK + log
[A−]
[HA]

[4]

When pH = pK, the concentration of the acid (HA) is equal
to the concentration of its conjugate base (A−) and the log (1)
= 0. Because all acid–base pairs are in equilibrium with [H+],
they are all in equilibrium with each other in solution.

A strong acid is an acid with a very low pK that donates
essentially all of its H+ at physiologic pH. Conversely, a strong
base has a very high pK and is essentially totally protonated at
physiologic pH. Strong acids include HCl and H2SO4; strong
bases include NaOH and KOH. Weak acids and bases have pKs
closer to 7, between 3 and 11, and thus have variable degrees of
protonation. Examples of weak acids include acetic acid, lactic
acid, and butyric acid; an example of a weak base is ammonia.

The ability of an acid–base pair to accept or donate protons
to maintain pH constant is referred to as buffering, and the
acid–base pairs are referred to as buffers. For any given acid–
base pair, its buffering power depends on its ability to donate or
accept H+ at the ambient pH. Closed buffers are buffers whose
total concentration is fixed within a solution, for example phos-
phate and hemoglobin. If H+ is added to a solution containing
a closed buffer, the increase in free H+ concentration causes
the reaction shown in Equation 2 to shift to the left, decreasing
the concentration of A− and increasing the concentration of
HA. The result is a minimal change in the concentration of free
H+ and thus, a minimal change in pH. Conversely, addition of
OH− ions to the solution would cause a decrease in H+ con-
centration, which would then cause the reaction to move to the
right, once again minimizing any change in free H+ or OH−

concentrations or pH. Closed buffers are most potent when pH
is equal to their pK. Thus, at pH 7.4, the most potent closed
buffers have a pK close to 7.4. Among naturally occurring sub-
stances, the compounds with pKs closest to 7.4 are phosphate
and imidazole. Imidazole is the buffer component of histidine,
making histidine-rich proteins excellent buffers. Hemoglobin
is histidine rich, and thus, a physiologically important buffer.

Open buffers are distinct from closed buffers in that their
total concentration in a compartment is not fixed. This usually
occurs because one component of the buffer pair is freely per-
meable across membranes. Thus, rather than the total buffer
concentration being fixed, only the concentration of the per-
meable component is fixed. Consider an acid–base pair similar
to that presented in Equation 2. If the concentration of HA is
constant, then the concentration of A− will vary as a function
of pH. The net result is that addition of H+ causes the con-
centration of A− to go down and addition of OH− causes the
concentration of A− to go up. However, the concentration of
HA remains constant because HA can freely move in and out of
the compartment. The major difference between an open and
closed buffer is that whereas closed buffers are most potent at
their pK, the buffer capacity of open-buffer systems increases
with increasing concentrations of A−. For an in-depth review
of buffer chemistry, the interested reader is referred to Roos
and Boron (1).

The most physiologically important open buffer system is
the bicarbonate buffer system

CO2 + H2O ←→ H2CO3 ←→ H+ + HCO−
3 [5]

Since metabolically produced CO2 can be removed (or re-
tained) from (in) the body by the lungs, the plasma HCO−

3
concentration will vary as a function of added H+ or OH−.

Extrarenal Acid–Base Metabolism

As noted, an acid is defined as a proton donor and a base
is defined as a proton acceptor. However, it is important to
understand that substances may donate protons physiologi-
cally through their metabolism, whereas they would not donate
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protons in a beaker. Nevertheless, because the net effect is
donation of a proton, these substances should be considered
physiologic acids. Conversely, other moieties accept protons in
metabolism and, thus, in effect, are bases. An example of this
is sodium lactate, which is added to peritoneal dialysis fluid to
provide alkali. The lactic acid–lactate conjugate pair has a pK
of approximately 3.9. Thus, in solution at pH 7.4, approxi-
mately 3 in 10,000 lactate molecules exist in the form of lactic
acid and 9,997 exist as lactate (Eq. 4). This means that addi-
tion of 1 mmol of sodium lactate to a solution at pH 7.4 would
cause the formation of only 0.3 μmol of lactic acid, leading to
buffering of only 0.3 μmol of H+. Thus, although sodium lac-
tate has the potential to serve as a base or proton acceptor, it
quantitatively does this only to a minimal extent in a solution
at pH 7.4. However, if a subject ingests sodium lactate, it is
almost totally metabolized to either CO2 and water or glucose,
both of which require the consumption of 1 mol of H+ ions
per mol of lactate metabolized. The net result is that in the
body sodium lactate functions as a potent alkali because of its
metabolism.

To determine whether a compound will serve as an acid or
alkali, a few general rules can be used. All carbon-containing
molecules that can be metabolized are metabolized to CO2 and
water or glucose, both of which have no net charge. Com-
pounds containing nitrogen and carbon are metabolized to
urea, which again has no net charge. Because of conservation
of charge, if before metabolism compounds have a net positive
charge, such as a lysine and arginine residue, they must donate
H+ ions in metabolism and thus serve as acids. Conversely,
if before metabolism compounds have a net negative charge,
such as citrate, other organic anions, or proteins that contain
glutamate or aspartate residues, they must accept H+ ions in
metabolism and thus serve as alkali. In addition, compounds
that contain sulfur or phosphate residues are metabolized to
sulfuric acid or phosphoric acid, respectively, and thus donate
protons at physiological pHs, because the pKs of sulfuric acid
are <1.0 and 2.0 and the pKs of phosphoric acid 2.2, 7.2, and
12.2. Carnivorous (meat containing) diets are rich in sulfur and
nucleic acids, which contain phosphate, causing these diets to
result in acid generation when metabolized. Vegetarian diets
tend to contain more organic anions, causing them to lead to
alkali generation when metabolized.

ROLE OF THE KIDNEY IN
ACID–BASE BALANCE

The extrarenal generation of acid by metabolism is referred to
as net acid production. If a subject ingests an acid-generating
diet, net acid production is positive, whereas if the subject
ingests an alkali-generating diet, net acid production is neg-
ative. Since most individuals consume meat-containing diets,
to maintain acid–base balance, the kidney must excrete an
amount of acid, referred to as net acid excretion, equal to net
acid production. Any discrepancy between net acid produc-
tion and renal net acid excretion leads to an acid–base imbal-
ance, which eventually results in abnormalities in blood pH
and HCO−

3 concentration.
The renal glomerulus and tubules function in an integrated

manner to maintain acid–base balance. The glomerulus can be
considered an alkali-excreting segment of the nephron. It filters
an amount of HCO−

3 equal to the product of the glomerular fil-
tration rate (GFR) and the plasma HCO−

3 concentration. Thus,
in an average adult with a GFR of 180 L per day and a plasma
HCO−

3 concentration of 24 mEq per L, the glomerulus filters
4,320 mEq of HCO−

3 per day. This is an enormous amount of
HCO−

3 and loss (excretion) of any significant fraction of this
filtered HCO−

3 would lead to a severe metabolic acidosis. Thus,
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FIGURE 6-1. A: Bicarbonate reclamation. B: Bicarbonate regenera-
tion. C.A., carbonic anhydrase.

the first function of the renal tubules in acid–base regulation is
the reclamation of filtered HCO−

3 . The renal tubules are very
adapt at this process and reabsorb most of the filtered HCO−

3 ,
preventing its loss from the body.

In Figure 6-1A a renal tubule cell model of HCO−
3 recla-

mation is shown. HCO−
3 reabsorption is mediated by the ac-

tive secretion of H+ into the luminal fluid where it reacts with
OH− to form H2O (2,3). Consumption of the OH− ion causes
HCO−

3 to dissociate into CO2 and OH−. This latter reaction is
catalyzed by carbonic anhydrase, an enzyme located on the lu-
minal side of the apical membrane in many nephron segments.
In nephron segments, where the luminal fluid is not exposed
to carbonic anhydrase, or in the presence of carbonic anhy-
drase inhibitors, H+ reacts with HCO−

3 to form H2CO3 (Fig.
6-1A). Because H2CO3 converts to CO2 and H2O slowly in
the absence of carbonic anhydrase, H2CO3 concentrations in-
crease in the luminal fluid, allowing H2CO3 to diffuse into the
cell (carbonic acid recycling) (4,5). In the tubule cell, H+ and
HCO−

3 are generated from CO2 and water. The H+ ions are
actively transported into the luminal compartment, whereas
HCO−

3 exits the basolateral membrane. The net result is the
removal of a HCO−

3 ion from the luminal fluid and the addi-
tion of a HCO−

3 molecule to the blood. The secreted H+ ion
in essence recycles across the apical membrane mediating the
reclamation of filtered HCO−

3 .
The second function of the renal tubules is to regenerate

the HCO−
3 consumed by extrarenal acid generation. As de-

scribed previously, carnivorous (meat-containing) diets lead
to acid generation when metabolized, and thus, to positive
rates of net acid production. The generated H+ added to the
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extracellular fluid reacts with HCO−
3 according to the reac-

tion shown in Equation 5 (reaction moves to the left). Thus,
each milliequivalent of acid generated by metabolism leads
to loss of 1 mEq of HCO−

3 from the extracellular fluid. Re-
generation of HCO−

3 by the kidney refers to the excretion of
H+ causing the reaction shown in Equation 5 to move in re-
verse (to the right), leading to the reappearance of one HCO−

3
molecule for every H+ excreted. In that regeneration of
HCO−

3 consumed in metabolism requires the generation of
new HCO−

3 by the kidney, the secreted H+ cannot be buffered
by HCO−

3 in the lumen, as was done in the HCO−
3 reclamation

process. As shown in Figure 6-1B, secreted H+ ions involved
in HCO−

3 regeneration are buffered by titratable buffers (B−)
and NH3 in the luminal fluid (see below).

When an acid-generating diet is consumed, maintenance of
acid–base balance requires the kidney to reclaim most of the
filtered HCO−

3 and to excrete additional H+ ions equivalent
in amount to net acid production and any excreted HCO−

3 . In
contrast, when an alkali-generating diet is ingested, acid–base
balance is maintained by the failure of renal tubules to reclaim
all of the filtered HCO−

3 and to stop generating new HCO−
3 .

ROLE OF BUFFERS IN RENAL NET
ACID EXCRETION

A typical American diet generates approximately 70 mEq of
acid per day. For the kidney to excrete 70 mEq of acid per day
in a urine volume of approximately 2 L, a luminal pH of 1.5
would be required in the terminal nephron segment (collecting
tubule). Because renal H+-secretory mechanisms cannot gen-
erate such steep pH gradients between the cell (pH ∼7.3) and
lumen, excretion of 70 mEq of acid per day requires that most
of this acid be buffered in the luminal fluid. In general, the
buffers responsible are the NH3–NH4

+ and titratable buffer,
such as HPO4

2−–H2PO4
−, systems. Physiologically, the most

significant of these is the NH3–NH4
+ system.

Ammonia

Most ammonia is synthesized in the renal proximal tubule cell
by the sequential metabolism of glutamine (6,7). As shown in
Figure 6-2, glutamine is transported into the proximal tubule

cell across both the apical and basolateral membranes. It is
then transported into mitochondria, where it is deaminated by
glutaminase to glutamate, generating an NH4

+ molecule. Glu-
tamate is then deaminated to α-ketoglutarate, yielding a second
NH4

+ molecule. The α-ketoglutarate molecule is then metab-
olized in the tricarboxylic acid (Krebs) cycle to CO2 and H2O.
In addition to forming CO2, water, and glucose, these reactions
generate two NH4

+ and two HCO−
3 molecules per glutamine

molecule metabolized. In this respect, glutamine metabolism
in the proximal tubule does not lead to the generation of net
acid or base. Nevertheless, it provides an important first step
in HCO−

3 regeneration.

Ammonia Transport in the Nephron

To contribute to acidification, NH3–NH+
4 synthesized in the

proximal tubule cell must be delivered to the terminal nephron
segments (Fig. 6-3). Transport of NH3–NH+

4 can occur by one
of two general mechanisms, nonionic diffusion (NH3) or ionic
transport (NH+

4 ). Nonionic diffusion refers to the free diffusion
of NH3 across plasma membranes. If NH3 is highly permeable
across biologic membranes, it rapidly diffuses from a compart-
ment of higher pH to a compartment of lower pH. In these
areas of lower pH, there is rapid conversion of NH3 to NH+

4
(pK NH3 = 9.3), maintaining the gradient for NH3 diffusion
into that compartment. The net result is that nonionic diffu-
sion leads to the accumulation of NH3–NH+

4 in acidic com-
partments. Ammonia can also cross membranes in the form of
NH+

4 by diffusing across tight junctions or being transported on
a number of potassium transporters or the proximal tubule api-
cal membrane Na-H antiporter (as Na+–NH+

4 exchange) (8).
Although, in general, NH3 has a higher membrane permeabil-
ity than NH+

4 , the concentration of NH+
4 exceeds that of NH3

by approximately 100-fold at pH 7.4. Thus, the relative perme-
abilities of the two moieties will determine whether NH3–NH+

4
crosses membranes by nonionic NH3 diffusion or ionic NH+

4
transport. If NH3 permeability exceeds that of NH+

4 by 100-
fold, approximately equal contributions of nonionic and ionic
transport can be anticipated. Some membranes, such as the
apical membrane of the thick ascending limb, are highly im-
permeable to NH3. Thus, only the NH+

4 moiety is transported
in this nephron segment.

As described previously, the proximal tubule cell gener-
ates equal amounts of NH+

4 and HCO−
3 from glutamine

metabolism. To accomplish urinary acidification, NH+
4 must

Lumen Cell Interstitium

NH4 NH4 2 HCO3

CO2 + H2OGln Glu   

Glucose

GlnGln Gln

αKG

FIGURE 6-2. Ammonia synthesis in the proximal tubule. Gln, glutamine; Glu, glutamate.
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FIGURE 6-3. Ammonia transport along the nephron.

be carried into the urine, while HCO−
3 is returned to the blood.

In the proximal tubule cell, HCO−
3 exits across the basolat-

eral membrane on the Na-HCO3-CO3 cotransporter (see later).
NH3–NH+

4 can be transported into the proximal tubule lumen
by two mechanisms. First, because proximal tubule luminal
pH is lower than cell pH and the apical membrane NH3 per-
meability is high (6.2 × 10−2 cm per second) (9), nonionic
diffusion of NH3 into the luminal compartment is significant,
where it is rapidly converted to NH+

4 . In addition, the prox-
imal tubule apical membrane Na-H antiporter can transport
NH+

4 (9,10), suggesting a role for ionic transport. The relative
contributions of these two processes have been addressed by
examining the effect of Na-H antiporter inhibition on apical
membrane NH3–NH+

4 transport. Although some disagreement
exists, important roles for both pathways have been proposed
(11,12). However, the Na-H antiporter actually contributes to
both processes—ionic transport of NH+

4 and luminal acidi-
fication facilitating nonionic diffusion of NH3 (see below)—
making the apical membrane Na-H antiporter a key player in
NH3–NH+

4 transport. All of the ammonia that appears in the
urine is already present in the luminal fluid by the end of the
proximal tubule (8).

Transport mechanisms for NH3–NH+
4 in more distal seg-

ments serve the purpose of carrying the NH3–NH+
4 from the

proximal tubule lumen into the urine in a regulated fashion.
The next major site of transport is the thick ascending limb,
where luminal NH3–NH+

4 is transported into the medullary
interstitium. The purpose of this transport is not completely
settled. One explanation is that if NH3–NH+

4 were “allowed”
to return to the renal cortical distal nephron, it would diffuse
back into the bloodstream and, thus, lost for renal acidifica-
tion; transport out of the luminal fluid and into the medullary
interstitium prevents this sequence of events. A second possible
explanation is that NH3–NH+

4 is transported out of the lumi-

nal fluid so that it can reenter into the collecting tubule in a
regulated manner.

As mentioned above, the apical membrane of the thick as-
cending limb is highly impermeable to NH3, eliminating non-
ionic diffusion as a transport mechanism for moving NH3-
NH+

4 into the medullary interstitium (13). However, three
mechanisms exist for ionic transport of NH+

4 , all tied to NaCl
transport in this nephron segment (14,15). First, NH+

4 is trans-
ported across the apical membrane on the Na-K-2Cl cotrans-
porter in place of K+. Second, NH+

4 is transported across the
apical membrane K channel. Last, NH+

4 can diffuse out of the
lumen across the tight junction driven by the lumen-positive
voltage. NH+

4 that enters the thick ascending limb cell can exit
the basolateral membrane by nonionic diffusion driven by cell-
to-interstitial NH3 concentration gradient. Once in the intersti-
tium, the NH3 will again pick up an H+, forming NH+

4 . Ionic
diffusion of NH+

4 may also contribute to basolateral membrane
transport. Furosemide, which inhibits the Na-K-2Cl cotrans-
porter and secondarily inhibits the lumen-positive voltage, sig-
nificantly inhibits all three mechanisms of thick ascending limb
NH3–NH+

4 absorption.
The net result of these mechanisms is the accumulation of

NH3–NH+
4 in the renal medulla. As with any substance that is

added to the medullary interstitium, the countercurrent system
concentrates the solute toward the tip of the medulla and pre-
serves the cortical-to-medullary gradient. Blood in the descend-
ing vasa recta has lower NH3–NH+

4 concentrations than the
surrounding interstitium, causing net entry. Conversely, blood
in the ascending vasa recta has a higher NH3–NH+

4 concen-
tration than the surrounding interstitium, causing net efflux.
In patients with an intact urinary concentrating system and
medullary architecture, the net result is a steep gradient, with
highest concentrations of NH3–NH+

4 in the inner medullary
interstitium.
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The last step for NH3–NH+
4 transport is transport from

the medullary interstitium into the lumen of the collecting
tubule (Fig. 6-3). Both the apical and basolateral membranes of
the medullary collecting tubule are permeable to NH3 and,
thus, nonionic diffusion of NH3occurs, driven by the low intra-
luminal pH of the collecting tubule generated by α-intercalated
and terminal collecting tubule cell H+ secretion (16). In addi-
tion, NH+

4 can be transported from the medullary interstitium
into the collecting tubule cell on the Na-K-ATPase (17). Once
inside the cell, the dissociation of NH+

4 into a NH3 molecule
and H+ ion provides a source of H+ for transport into the lu-
minal fluid by the vacuolar H-ATPase. H+ secreted into the
luminal fluid will combine with secreted NH3 to form NH+

4 ,
maintaining the gradient for nonionic NH3 diffusion into the
luminal compartment. Thus, the final transport of NH3–NH+

4
into the lumen of the collecting tubule and ultimately into the
urine is regulated by two determinants: the medullary intersti-
tial NH3–NH+

4 concentration and luminal pH. Medullary in-
terstitial NH3–NH+

4 concentrations are determined by the rate
of ammonia synthesis in the proximal tubule, the efficiency of
ammonia transport into the lumen of the proximal tubule and,
subsequently, into the medullary interstitium in the thick as-
cending limb, and the efficiency of countercurrent trapping of
ammonia in the medullary interstitium. Indirectly, this concen-
tration is also determined by rates of glutamine synthesis in
muscle and liver, which are required for proximal tubule am-
monia synthesis. Acidification of the luminal fluid is determined
by a series of processes occurring throughout the nephron, de-
scribed later in this chapter.

Titratable Acid

Titratable acid refers to closed buffers that are filtered at the
glomerulus and then titrated to more acid forms in the tubule
lumen. These buffers are most effective if their pK is between
5.0 and 7.4, the pH range of the luminal fluid. The most abun-
dant of these buffers is the phosphate buffer pair, H2PO−

4 –
HPO2−

4 , which has a pK of 6.9. In general, the amount of acid
excreted as titratable acid can be predicted from the urine pH.
The excretion of phosphate, the major titratable buffer, is usu-
ally regulated in accord with phosphate homeostasis. Phos-
phate excretion does increase in metabolic acidosis; however,
the magnitude of the increase is limited by plasma phosphate
concentration.

Net Acid Excretion

Based on the foregoing, renal net acid excretion is calculated
as follows:

Renal net acid excretion = (UNH+
4

V) + (UTAV) − (UHCO−
3

V)

[6]

where V is the urinary volume per 24 hours and U refers to
the concentration of the moiety listed in the subscript. All three
components of renal net acid excretion are determined by renal
tubular H+ secretion into the luminal fluid. Thus, increases in
the rate of H+ secretion will increase urinary ammonium and
titratable acid excretion and lower urinary HCO−

3 excretion.

MECHANISMS OF RENAL
TUBULAR H+– HCO−

3 TRANSPORT

Transepithelial transport of any solute involves two compo-
nents—a transcellular and a paracellular component. Paracel-
lular transport occurs around cells and is always passive. Thus,
the magnitude of paracellular transport depends on the relevant

chemical and electrical gradients and on the permeability of the
tight junction. As is reviewed later, the only site where para-
cellular transport is likely to be of physiologic significance for
acid–base balance is the proximal tubule. Transcellular trans-
port involves a number of processes occurring in series. A solute
must diffuse to the cell, be transported across one membrane,
diffuse across the cytoplasm, be transported across the second
membrane, and then diffuse away from the cell. Most research
thus far has attempted to identify the mechanisms responsi-
ble for transport of H+ and HCO−

3 across each of the plasma
membranes. Because cell voltage in most cells is −30 to
−80 mV, there is a significant electrical driving force attracting
H+ into the cell, or similarly, driving OH− out of the cell. In
addition, H+ secreted from cell to lumen is frequently being se-
creted into a more acid compartment than the cell cytoplasm.
The net result is that H+ transport out of the cell is an active
process, whereas transport of base out of the cell can occur pas-
sively. A number of transport mechanisms have been identified
that mediate active H+ and passive alkali extrusion.

Active Acid Extruders

In general, active acid extrusion occurs by one of two pro-
cesses, primary or secondary active transport. Primary active
transport is the process whereby metabolism is directly cou-
pled to a transport mechanism. Secondary active transport is
the process whereby a transporter coupled to metabolism gen-
erates a concentration gradient for a solute, and that solute
then provides a driving force for a cotransported solute lead-
ing to the uphill transport of the second solute—in this case,
H+ or HCO−

3 .
Two mechanisms have been identified in the nephron for

primary active H+ extrusion (Table 6-1). In both cases, trans-
port of H+ is directly coupled to the metabolism of adenosine
triphosphate (ATP) to adenosine diphosphate (ADP) and inor-
ganic phosphate (Pi). These transporters are thus referred to as
ATPases. The first of these is the vacuolar H-ATPase, which is
a multisubunit protein complex that drives transport of H+ out
of the cell (18). These transporters are referred to as vacuolar
because they have been identified in a number of intracellular
compartments. Vacuolar H-ATPases are electrogenic, carrying
a positive current. Bafilomycin A1 is a relatively specific in-
hibitor of vacuolar H-ATPases and has been used as a probe
to determine the role of this transporter in H+ transepithelial
transport. Vacuolar H-ATPases mediate H+ secretion into the
luminal fluid in the proximal tubule cell and the α-intercalated
cell in the collecting tubule and may also mediate H+ transport
across the basolateral membrane into the interstitium in the
β-intercalated cell in the collecting tubule (see later) (19–23).

TA B L E 6 - 1

ACTIVE ACID EXTRUDERS

Transporters Location Inhibitor

Primary active
Vacuolar H-ATPase PT, CT Bafilomycin A
H-K-ATPase CT SCH 28080

Secondary active
Na-H antiporter PT, TAL, DCT,CT Amiloride

CT, collecting tubule; DCT, distal convoluted tubule; PT, proximal
tubule; TAL, thick ascending limb.
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More recently, an H-K-ATPase has been identified that also
mediates H+ transport in the collecting tubule. This trans-
porter is electroneutral, mediating H+ secretion into the lumen
(out of the cell) in exchange for K+ entry into the cell. These
ATPases are part of a family of P-type ATPases that have a num-
ber of characteristics in common. They are all coupled to ATP
metabolism, have a phosphorylated high-energy intermediate,
and possess α and β subunits. Examples of other members of
this family include the Na-K-ATPase and the Ca-ATPase. An H-
K-ATPase was first identified and cloned in the stomach, where
it provides the mechanism for gastric acid secretion (24). A sec-
ond isoform has been identified in the colon and a third iso-
form in toad bladder (25,26). Both the gastric and colonic iso-
forms are expressed in the renal collecting tubule. SCH 28080
is a relatively specific inhibitor of H-K-ATPases and has been
used as a probe to determine the role this transporter plays in
H+ and K+ transepithelial transport. H-K-ATPases have been
shown to mediate H+- HCO−

3 transport in the collecting tubule
(21,27–30), but only the colonic isoform increases its activity
in potassium depletion.

The only secondary active H+ transporter identified in the
kidney is the Na-H antiporter (Table 6-1). This transporter
uses the low intracellular Na+ concentration established by
the Na-K-ATPase to drive the countertransport of H+. An ap-
proximately 10-fold Na+ gradient exists between the luminal
fluid and the intracellular cytoplasm, which is sufficient to drive
the extrusion of H+ from the cell to the luminal or interstitial
compartment against its electrochemical gradient. The Na-H
antiporter has been cloned, and eight isoforms identified. NHE-
1 is the ubiquitous Na-H antiporter present in almost all cells
(31). This transporter probably mediates housekeeping func-
tions, such as cell pH defense, growth, cell volume defense,
and signaling. NHE-1 is expressed in the kidney on basolateral
membranes in the proximal tubule, thick ascending limb, dis-
tal convoluted tubule (DCT), and in connecting tubule (CNT)
and principal cells of the collecting tubule (32). NHE-3 is the
predominent isoform on the apical membrane, where it medi-
ates H+ secretion in the S1 and S2 proximal tubule and thick
ascending limb (33–36). Recently, the NHE-8 isoform has been
immunolocalized to the apical membrane of all segments of the
proximal tubule, with the highest expression in the S3 proximal
tubule of the outer stripe of the outer medulla. Its role in renal
acidification has not been determined (37,38). On the apical
membrane of the distal convoluted tubule, the NHE2 isoform
is expressed and mediates H+ secretion (39–41). All Na-H an-
tiporters contain an amino-terminal hydrophobic domain that
includes 10 to 12 membrane-spanning domains and mediates
transport and a carboxy-terminal hydrophilic domain that is
located in the cytoplasm and mediates regulation of transporter
activity. Amiloride, amiloride analogs, such as ethylisopropyl
amiloride, and HOE694 serve as potent inhibitors of the vari-
ous Na-H antiporter isoforms and have been used as probes for
examining the role of specific isoforms in the various nephron
segments.

Another secondary active transporter that has been identi-
fied in vertebrate cells, an Na(HCO3)-Cl exchanger, has been
found in the proximal tubule, where it likely contributes to
basolateral membrane Cl− efflux (42,43).

Base Extruders

In principle, base efflux from the cell could be mediated by a
simple H+, OH−, or HCO−

3 channel. Such a passive channel
would allow the acid–base moiety to move passively, leading
to net base efflux. Such transport mechanisms, however, have
not been found. Rather, two transporters have been identified
that mediate passive base efflux along the nephron.

TA B L E 6 - 2

BASE EXTRUDERS

Transporters Location Inhibitor

Cl-HCO3 exchanger PT, TAL, CT SITS, DIDS
Na-HCO3-CO3 PT, TAL, CT SITS, DIDS

CT, collecting tubule; PT, proximal tubule; TAL, thick ascending
limb; SITS, 4-Acetamido-4′-isothiocyanostilbene-2,2′-disulfonate;
DIDS, diisothiocyano-tostilbene-2,2′-disulfonic acid.

An electroneutral Cl–HCO3 exchanger carries HCO−
3 out

of and Cl− into the cell across the basolateral membrane in
the S3 segment of the proximal tubule, thick ascending limb,
and collecting tubule (Table 6-2). Although Cl− is near elec-
trochemical equilibrium in most cells, HCO−

3 is significantly
above electrochemical equilibrium. A number of Cl–HCO3 ex-
changers have now been cloned. The first of these is the band
3 Cl–HCO3 exchanger of red blood cells, now referred to as
AE1 (anion exchanger 1) (44). A truncated form of AE1, in
which the most amino-terminal amino acids are missing, medi-
ates base efflux in the α-intercalated cell of the collecting tubule
(45,46). This truncation is due to use of an alternate promoter
in renal cells compared with red blood cells (47). AE2 and
AE3 mRNA are also expressed in the kidney (48,49). AE2 is
expressed on the basolateral membrane of the thick ascend-
ing limb, but the specific site of AE3 expression has not been
identified. All of the AE gene products have an amino-terminal
cytoplasmic domain that interacts with the cytoskeleton and
a carboxy-terminal transmembrane domain that mediates
transport.

The second transporter that mediates base efflux is the
sodium bicarbonate cotransporter (NBC). Four NBC isoforms
have been identified. NBC1 is present on the basolateral mem-
brane of the proximal tubule and is electrogenic, as it car-
ries the equivalent of three base molecules with one Na+ ion
(Na+-HCO−

3 -CO2−
3 ). NBC1 plays a significant role in proxi-

mal tubule basolateral membrane base efflux, where it mediates
about 80% of renal bicarbonate reabsorption (50–53). NBC2
and -3 are electroneutral isoforms. Using various antibodies
one or the other has been shown to be expressed on the ba-
solateral membrane in the thick ascending limb, in the inner
medulla, and along the collecting tubule, including the interca-
lated cells (54–56). NBC4 has been shown to function in both
the electrogenic and electroneutral mode and to be expressed in
the kidney. Its functional mode and localization await further
studies. All of the HCO−

3 transporters described in this section
are inhibited by disulfonic stilbenes, such as SITS and DIDS,
although their sensitivity to these agents varies.

Transport Mechanisms Along the Nephron

Proximal Tubule

HCO−
3 is freely filtered across the glomerulus, such that the

HCO−
3 concentration in Bowman’s space is in Donnan equilib-

rium with that in plasma. The proximal tubule is responsible
for reabsorption of 70% to 90% of filtered HCO−

3 , leaving the
tubule fluid at the end of the proximal tubule with a HCO−

3 con-
centration of 5 to 10 mEq per L and a pH of 6.6 to 6.9. The
proximal tubule is divided into an early segment, S1, a mid-
segment, S2, and a terminal segment, S3. The rate of HCO−

3
reabsorption is highest in S1, decreases in S2, and is lowest
in S3.
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FIGURE 6-4. H+- HCO−
3 transport in the proximal tubule.

The specific mechanisms responsible for H+– HCO−
3 trans-

port in the proximal tubule are shown in Figure 6-4. As men-
tioned above, both an Na-H antiporter (NHE3 in S1 and S2,
and NHE8 in S3) and a vacuolar H-ATPase are expressed on the
apical membrane of the proximal tubule, where they mediate
H+ secretion from the cell into the luminal fluid (19,57,58).
Although inhibitable by amiloride and its analogs, NHE3 is
more resistant to these agents than other Na-H antiporter
isoforms (59). Using both inhibitors and NHE-3 knockout
mice, it has been demonstrated that approximately two-thirds
of H+ secretion is mediated by the apical membrane Na-H
antiporter, whereas one-third is mediated by the vacuolar
H-ATPase (57,58,60). The relative proportions transported by
these two carriers, however, may vary among the S1, S2, and S3
segments.

HCO−
3 generated in the proximal tubule cell exits passively

across the basolateral membrane Na+-HCO−
3 -CO3

2− cotrans-
porter encoded by NBC1, which as mentioned above transports
the equivalent of three HCO−

3 ions out with every turnover (50–
53,61–63). Because this transporter carries a net of two nega-
tive charges, the negative cell voltage provides a strong, favor-
able driving force for base efflux. In addition, this transporter
carries a Na+ out of the cell, which in essence amounts to en-
ergetically “free” transport of Na+ in that ATP is not required.
Na+ ions are also transported across the basolateral membrane
on the Na-K-ATPase, which transports three Na+ out of and
two K+ into the cell, but consumes ATP. These two mechanisms
of Na+ transport maintain the low cell Na+ concentration that
provides the driving force for the apical membrane Na-H an-
tiporter and for other Na+-coupled apical membrane transport
mechanisms in the proximal tubule.

The net result of these transcellular processes is the active
reabsorption of luminal HCO−

3 and acidification of the lumi-
nal fluid. This creates a driving force for passive paracellular
diffusion of base into and acid out of the lumen. The most
significant passive paracellular flux is that of HCO−

3 (64). On
the basis of measured values of paracellular HCO−

3 permeabil-
ity, it has been predicted that the rate of passive paracellular
HCO−

3 back-diffusion at the end of the rat proximal tubule
is 250% of the measured rates of net HCO−

3 absorption (64).
Thus, because the paracellular pathway in the proximal tubule
is very permeable, net HCO−

3 absorption is significantly lower
than active H+ secretion at the end of the proximal tubule.

Changes in the rates of active H+ secretion or passive HCO−
3

back-diffusion have significant effects on net rates of transport
in the late proximal tubule, and thus have significant effects on
end proximal tubule luminal pH or HCO−

3 concentration and
the distal delivery of HCO−

3 . In most cases, regulation of prox-
imal tubule acidification is because of regulation of transcel-
lular fluxes. However, in at least one circumstance—changes
in extracellular fluid volume—regulation is mediated in part
through modulation of the paracellular pathway fluxes (65).

As noted previously, in addition to reabsorbing HCO−
3 , the

proximal tubule plays a key role in providing the NH3 needed
for HCO−

3 regeneration. As mentioned above, ammonia syn-
thesis in the kidney occurs in the proximal tubule and all of the
ammonia present in the urine is already present in the luminal
fluid by the end of the proximal tubule (7,8). The proximal
tubule also plays a significant role in the titration of titratable
buffers. Because the pH of the end proximal tubule lumen is
below the pK of phosphate (6,9), a significant fraction of fil-
tered phosphate is already titrated to its acid form by the end
of the proximal tubule.

Loop of Henle

Fluid leaving the loop of Henle has a pH and HCO−
3 concentra-

tion similar to those of fluid entering the loop of Henle. How-
ever, because volume is reabsorbed in the descending limb of the
loop of Henle, maintenance of the same HCO−

3 concentration
requires reabsorption of 50% to 70% of the HCO−

3 delivered
out of the proximal tubule. The major site of this HCO−

3 reab-
sorption occurs in the thick ascending limb of the loop of Henle
(66). In Figure 6-5, a model for HCO−

3 reabsorption in this seg-
ment is shown. Apical membrane H+ secretion is mediated by
the NHE3 isoform of the Na-H antiporter family, similar to the
proximal tubule (36,66). Also, similar to the proximal tubule,
the low cellular Na+ concentration, maintained by the baso-
lateral membrane Na-K-ATPase, provides the primary driving
force for the Na-H antiporter. Both AE1 (chloride–bicarbonate
exchange) and NBC2 or -3 (sodium–bicarbonate cotransport)
are expressed on the basolateral membrane, where they me-
diate bicarbonate (base) exit across the basolateral membrane
(54–56).
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FIGURE 6-5. H+- HCO−
3 transport in the thick ascending limb.
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Distal Nephron

The distal nephron is responsible for the final acidification of
the urine. This involves reabsorption of any HCO−

3 remain-
ing in the luminal fluid, the final titration of titratable buffers,
and, most importantly, buffering H+ secreted in the process
of HCO−

3 regeneration by trapping ammonium in the lumen.
Conversely, when the kidney is required to excrete alkali, the
distal nephron is able to secrete HCO−

3 . To accomplish these
goals, the distal nephron includes a number of different seg-
ments, each of which has somewhat different transport char-
acteristics. The distal nephron is defined as beginning at the
macula densa (MD). After the MD is the distal convoluted
tubule (DCT), a short segment that exhibits a small amount of
amiloride-sensitive HCO−

3 reabsorption, mediated by an apical
membrane Na-H antiporter isoform NHE2 (21,39–41).

Subsequent segments, including the connecting tubule, ini-
tial cortical collecting tubule, and cortical collecting tubule, all
possess intercalated cells that mediate H+- HCO−

3 transport.
As shown in Figure 6-6, intercalated cells exist in two forms,
an α-intercalated cell that secretes H+ into the luminal fluid
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FIGURE 6-6. H+- HCO−
3 transport in the collecting duct: α- and β-

intercalated cells.

and a β-intercalated cell that secretes HCO−
3 into the luminal

fluid.
In the α-intercalated cell, H+ ion secretion from cell to lu-

men is mediated by two ATP-dependent H+ pumps, a vacuolar
H-ATPase and an H-K-ATPase. Evidence in favor of a role
for a vacuolar H-ATPase includes (a) labeling of these cells
with antibodies generated against subunits of the vacuolar H-
ATPase (19,20), (b) inhibition of H+ secretion by bafilomycin
A1, an inhibitor of vacuolar H-ATPases (21,22), and (c) the
electrogenicity of acidification in this nephron segment (67).
With regard to the latter, luminal acidification is associated
with a lumen-positive voltage. Generation of a transepithelial
voltage requires electrogenic or conductive processes on both
apical and basolateral membranes. Because the intercalated
cell does not possess significant apical membrane conductances
(68,69), electrogenic acidification requires an electrogenic H+

pump.
Substantial evidence also exists for a role of an electroneu-

tral H-K-ATPase. This includes (a) labeling of α-intercalated
cells with antibodies against the gastric H-K-ATPase (27), (b)
inhibition of H+ transport by SCH 28080, a specific inhibitor
of the gastric H-K-ATPase (21,29,30), and (c) inhibition of K+

absorption by SCH 28080 and omeprazole (other H-K-ATPase
inhibitors) (28,70).

Most likely, both the vacuolar H-ATPase and the H-K-
ATPase contribute to H+ secretion, their relative contribu-
tions being species- and nephron segment-dependent. The H-K-
ATPase may play a more significant role in K depletion, when its
expression is significantly increased to mediate K reabsorption
and minimize K loss. An apical membrane Na-H antiporter
is not present in these cells. Teleologically, this makes good
sense for two reasons. First, such a transporter would have
difficulty establishing the low luminal pH required in the col-
lecting tubule lumen to trap ammonia and titrate remaining
titratable buffers. Second, luminal Na+ concentration is highly
variable and potentially very low in the distal nephron, making
it risky to rely on the lumen-to-cell Na gradient as the primary
driving force for H+ secretion.

HCO−
3 generated in the α-intercalated cell (Fig. 6-1B) exits

the basolateral membrane on a Cl−- HCO−
3 exchanger. This

Cl−–HCO−
3 exchanger is of the AE1 type and, as described

above, represents a truncated form of the red cell AE1 Cl−-
HCO−

3 exchanger (45,46,71,72). Truncation is accomplished
with an alternate promoter, leading to a mRNA lacking the
first three exons of the red cell mRNA (47). Because transport
is mediated by the carboxy-terminal portion of this protein, the
net result is a protein with similar transport characteristics, but
altered cytoskeletal interactions. Cl− enters the cell in exchange
for HCO−

3 and exits the basolateral membrane through a Cl−

conductance (68,69).
The cortical nephron segments are unique in possessing a

cell that can secrete HCO−
3 into the luminal fluid. HCO−

3 secre-
tion is mediated by the β-intercalated cell by the active secretion
of H+ across the basolateral membrane into the interstitium
(Fig. 6-6). As with the α-intercalated cell, H+ secretion is me-
diated by both a vacuolar H-ATPase and an H-K-ATPase (29).
While an Na-H antiporter is present on the basolateral mem-
brane of these cells, current evidence suggests that it does not
play a role in transcellular transport by these cells (73).

HCO−
3 generated in the β-intercalated cell exits from the

cell into the luminal fluid on a Cl−–HCO−
3 exchanger. This

Cl−–HCO−
3 exchanger is not AE1. Although AE2 and AE3 are

expressed in the kidney, there is no convincing evidence that
either of these isoforms encodes the apical membrane Cl−–
HCO−

3 exchanger of β-intercalated cells. Cl− that enters the
cell in exchange for HCO−

3 exits the cell through a basolateral
membrane Cl− conductance. This process does not generate
a transepithelial voltage, because there is no net transcellular
current.
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The ability to secrete HCO−
3 disappears in the outer med-

ullary collecting tubule. Here, H+ ion secretion is mediated by
cells functionally similar to the α-intercalated cells described
previously. In some cases, these cells are indeed α-intercalated
cells, whereas, in other cases, these cells are functionally sim-
ilar, but morphologically distinct. The outer medullary col-
lecting tubule inner stripe appears to be a high-capacity H+-
secreting segment. The inner medullary collecting tubule has
been difficult to study because of the difficulty in isolating this
nephron segment for tubular perfusion. Nevertheless, evidence
suggests a mechanism of H+ secretion similar to that described
for the α-intercalated cell. This is probably the key segment
responsible for the final acidification of the tubular fluid to the
urinary pH.

REGULATION OF RENAL
ACIDIFICATION

The precise regulation of renal acidification involves regulation
of transport in each of the nephron segments described previ-
ously. In the following sections, we describe some of the most
important forms of regulation of H+–HCO−

3 transport.

Luminal HCO−
3 Delivery

Perhaps one of the most important forms of regulation of tubu-
lar H+ secretion is that of glomerulotubular balance. Changes
in GFR lead to large changes in the filtered load of HCO−

3 . It is
essential that the tubules respond with parallel changes in the
rate of H+ ion secretion to avoid inappropriate HCO−

3 excre-
tion or retention and the development of a significant metabolic
acidosis or alkalosis, respectively.

Increases in GFR lead to increases in luminal flow rate.
These increases in luminal flow rate must then signal the tubules
to secrete H+ at more rapid rates. If the tubular H+ secretion
rate is fixed, while there is an increase in luminal flow rate,
the net result is that a lower fraction of delivered HCO−

3 is re-
absorbed and luminal HCO−

3 concentration and pH fall at a
slower rate. This more alkaline luminal pH stimulates apical
membrane H+ transporters (59). Although this effect of lumi-
nal flow rate on the axial luminal pH profile contributes to the
flow dependence of HCO−

3 absorption, it cannot account for it
entirely (74,75).

The above scenario suggests that luminal flow rate can di-
rectly regulate the rate of proximal tubule H+ secretion. This
effect was demonstrated directly in a study in which the rate
of the apical membrane Na-H antiporter was measured in a
microperfused tubule and found to be stimulated by increases
in perfusion rate in the absence of changes in luminal compo-
sition (76). The mechanism responsible for this “direct” effect
of flow rate is not resolved. Flow-dependent mixing in a lumi-
nal diffusion barrier (unstirred layer effect) or an effect on the
cytoskeleton is possible.

In addition to these acute effects, chronic changes in GFR
are associated with chronic changes in the capacity for H+ se-
cretion. Removal of one kidney or feeding a high-protein diet
results in increased GFR and growth in the remaining renal
tissue. When studied functionally, the renal proximal tubule
demonstrates increased rates of transepithelial H+ secretion,
and parallel increases in the activities of the apical membrane
Na-H antiporter and the basolateral membrane Na-HCO3-
CO3 cotransporter (77). These effects can be demonstrated in
the absence of changes in luminal flow rate, and thus represent
adaptations in tubular function. All of the aforementioned ef-
fects have been demonstrated in the proximal tubule, but prob-
ably extend along the nephron.

Plasma pH

In general, decreases in plasma pH stimulate renal acidification
and increases in plasma pH inhibit renal acidification. When
this occurs in response to changes in pCO2, it is considered a
metabolic compensation for a respiratory acid–base disorder.
When it occurs in response to changes in plasma HCO−

3 con-
centration, it represents a metabolic correction of a metabolic
acid–base abnormality. In general, changes in plasma pH lead
to changes in renal interstitial pH that affect the driving force
for basolateral base efflux. Thus, acidosis enhances basolat-
eral HCO−

3 efflux, and alkalosis inhibits basolateral membrane
HCO−

3 efflux. The net result is that in acidosis, cell pH de-
creases, whereas in alkalosis it increases (78). This change in
cell pH then changes the driving force that defines the rate of
apical membrane H+ ion secretion, with decreases in cell pH
stimulating H+ secretion and increases in cell pH, inhibiting
H+ secretion.

Although such simple kinetic mechanisms probably con-
tribute, the mechanisms of regulation are significantly more
complex. Decreases in intracellular pH allosterically activate
the Na-H antiporter (79). This means that intracellular acidi-
fication increases the antiporter rate to an extent greater than
would be predicted from a simple kinetic model. Intracellular
acidification also stimulates exocytic insertion of membrane
containing H+ transporters into the apical membrane (80,81).
This mechanism allows a latent pool of reserve H+ ion trans-
porters to be incorporated into the apical membrane, which
can then enhance the rate of H+ transport. Such regulation
by acidosis has been demonstrated in the proximal tubule and
α-intercalated cells.

Long-term changes in blood pH also lead to long-term
adaptations in tubular function. In the renal proximal tubule,
chronic acidosis, both metabolic and respiratory, leads to adap-
tations in proximal tubule function that enhance the capacity
for H+ secretion and increase ammonia synthesis (82,83). The
increased capacity for H+ secretion is mediated by parallel in-
creases in the activities of the apical membrane Na-H antiporter
and the basolateral membrane Na-HCO3-CO3 cotransporter
(84–87).

These transporter adaptations represent a direct effect of
pH in that they can be induced by incubating cultured prox-
imal tubule cells in acid media (88). With regard to the api-
cal membrane Na-H antiporter, enhanced activity is mediated
by trafficking of NHE-3 to the apical membrane, and increas-
ing whole cell NHE-3 abundance (89). Endothelin-1 (ET-1)
also increases NHE-3 activity by causing trafficking of NHE-
3 to the apical membrane (90). We have demonstrated that
metabolic acidosis stimulates renal proximal tubule ET-1 ex-
pression (91). ET-1 then binds to the endothelin-B (ETB) re-
ceptor, activation of which leads to NHE3 phosphorylation
and exocytic insertion of the protein into the apical membrane
(90,92). Studies in ETB receptor knock-out mice demonstrate
that the ET-1/ETB signaling pathway mediates acid stimulation
of NHE3 activity (93,94). Acid feeding to the knock-out mice
fails to increase apical membrane NHE3 activity despite the
development of a more severe metabolic acidosis compared to
wild-type mice. Additional studies have identified a concensus
sequence (KXXXVPKXXXV) in the second intracellular loop
of the ETB receptor responsible for ET-1/ETB stimulation of
NHE3 activity (95).

Recent studies have shown that the acid-activated signal-
ing pathway that stimulates proximal tubule Na/H antiporter
activity involves the nonreceptor tyrosine kinases Pyk2 and
c-Src, mitogen-activated kinases ERK1 and 2, and the imme-
diate early genes c-fos and c-Jun (96–98). Pyk2, c-Src, and
ERK1 and 2 appear to be upstream of ET-1/ETB in the acid-
activated signaling pathway in that their inhibition prevents
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acid stimulation of NHE3 activity, but not ET-1/ETB stimula-
tion of NHE3 activity (Li et al., unpublished observations). On
the other hand, RhoA appears to be downstream of ET-1/ETB
because inhibition of the kinase blocks both acid and ET-1/ETB
stimulation of NHE3 activity (99) (Li et al., unpublished ob-
servations).

In the thick ascending limb, chronic metabolic acidosis
causes adaptive increases in the rate of H+ secretion and NH+

4
absorption (100). These are associated with adaptive increases
in NHE-3 activity and protein and mRNA abundances (101).
In the cortical collecting tubule, long-term increases in dietary
acid lead to an increased capacity for H+ secretion into the
lumen, whereas long-term increases in dietary alkali lead to
an increased capacity for HCO−

3 secretion (102). As described
above, in this nephron segment H+ secretion is mediated by
the α-intercalated cells, while HCO−

3 secretion is mediated
by the β-intercalated cells. This effect appears to be mediated
by changes in the relative number of α- and β-intercalated
cells (103,104). During metabolic acidosis the number of β-
intercalated cells decreases, while the number of α-intercalated
cells increases without a change in the total number of interca-
lated cells (105,106). Although the specific cellular mechanisms
responsible remain to be elucidated, recent evidence suggests
that an extracellular protein hensin may be involved in the
“switch” between the predominant intercalated cell type (107).
Hensin is deposited in the extracellular matrix of H+-secreting
intercalated cells following acid incubation and anti-hensin an-
tibodies block the conversion of intercalated cells from the β to
α phenotype, and prevent the collecting tubule from converting
from a HCO−

3 secreting to H+-secreting mode (108).
Alternately, it is possible that the switch from a HCO−

3 se-
creting to H+-secreting epithelium may be no more than exo-
cytotic insertion of H-ATPase (H+ secretion) transporters into
the apical membrane of the α-intercalated cells and endocytic
retrival of the Cl–HCO−

3 (HCO−
3 secretion) exchanger from the

apical membrane of the β-intercalated cells.
Enhanced collecting tubule H+ secretion in acidosis requires

enhanced availability of ammonia. To accomplish this, as men-
tioned above, acidosis stimulates ammoniagenesis in the prox-
imal tubule. The effect of an acute acidosis is mediated by
allosteric activation of α-ketoglutarate dehydrogenase (109).
Chronic metabolic acidosis leads to adaptive increases in the
activities of glutaminase, glutamate dehydrogenase, and phos-
phoenolpyruvate carboxykinase (6). In all cases, increases in
activity are associated with increases in the abundance of their
respective mRNA (110–112). Citrate is an organic anion whose
excretion in the urine is equivalent to excretion of HCO−

3 . In
chronic acidosis, the proximal tubule enhances citrate reab-
sorption and metabolism (113). This is of significant clinical
relevance because hypocitraturia in chronic acidosis predis-
poses to nephrolithiasis and nephrocalcinosis.

K+ Deficiency

Chronic K+ deficiency leads to a number of adaptations in
H+ ion secretion that are similar to those present in chronic
metabolic acidosis. Thus, in the renal proximal tubule, chronic
K+ deficiency leads to an increased capacity for transepithelial
H+ secretion, parallel increases in the activities of the apical
membrane Na-H antiporter and the basolateral membrane Na-
HCO3-CO3 cotransporter (114), increases in citrate absorption
and metabolism (113), and increases in activities of the same
ammoniagenic enzymes stimulated by chronic metabolic acido-
sis (115). The similarity between these two responses probably
resides in the fact that chronic K+ deficiency causes intracellular
acidification in the kidney (116). Incubation of cultured kidney
cells in low K+ media leads to cell acidification and increases in

apical Na/H antiporter activity (117). It is not clear, however,
how chronic K+ deficiency causes intracellular acidification.

In the collecting tubule, chronic K+ deficiency increases
the capacity for H+ secretion. Like chronic metabolic acido-
sis, chronic K+ deficiency leads to exocytotic insertion of H+

pumps into the apical membrane of H+-secreting cells and in-
creases the activity of the H-K-ATPase (21,118). The latter ef-
fect would enhance H+ ion secretion while, at the same time,
enhancing K+ absorption in the distal nephron. Stimulation
of renal acidification processes along the nephron is responsi-
ble for the fact that K+ deficiency is associated with a chronic
metabolic alkalosis.

Hyperkalemia appears to have the opposite effect on the
kidney. This is most evident in regard to ammoniagenesis. Hy-
perkalemia inhibits proximal tubule ammoniagenesis, which
contributes to the acidification defect in hyperkalemic renal
tubular acidosis (115). In addition, hyperkalemia inhibits NH+

4
reabsorption in the thick ascending limb, which may contribute
to low NH3 levels in the renal medulla, and, thus, limited ca-
pacity to buffer H+ secreted in the collecting tubule (14). The
consequence of this scenario would be decreased HCO−

3 re-
generation and the generation of a metabolic acidosis when
ingesting an acid-generating diet.

Mineralocorticoids and Distal Na+ Delivery

The hormone that most potently regulates renal acidification
is aldosterone. Aldosterone interacts with mineralocorticoid
receptors present in the distal nephron and stimulates acidifi-
cation by a number of different mechanisms. First, aldosterone
can directly stimulate the rate of H+ ion transport (119,120).
This is mediated by parallel increases in the activities of the api-
cal membrane H+ pump and the basolateral membrane Cl−-
HCO−

3 exchanger (121). The specific H+ pump activated is the
vacuolar H+ pump (122). Second, aldosterone indirectly in-
creases the rate of H+ secretion by increasing Na+ reabsorption
in the CCT, which secondarily increases luminal electroneg-
ativity. The increased luminal electronegativity enhances the
driving force for H+ ion secretion, which is electrogenic and
voltage sensitive (123).

Increases in distal Na+ delivery can also increase electro-
genic Na+ reabsorption in the CCT, which will stimulate H+

secretion by the mechanism described above. Clearance stud-
ies have consistently shown that maneuvers that increase distal
Na+ delivery in the presence of high aldosterone levels pro-
foundly stimulate renal acidification. Confirmation that the
two stimuli are additive has been shown in clearance stud-
ies that have demonstrated no effect of aldosterone on renal
acidification when distal Na+ delivery is low (124). This obser-
vation suggests that the indirect effect of aldosterone on renal
acidification, mediated through changes in Na+ transport, is
probably the dominant effect.

Peptide Hormones

A large number of peptide hormones regulate H+ transport
along the nephron, and thus, regulate renal acidification. These
are summarized in Table 6-3. In the renal proximal tubule,
parathyroid hormone and dopamine inhibit HCO−

3 absorp-
tion and apical membrane Na-H antiporter activity (125–128).
Conversely, angiotensin II, endothelin, and catecholamines
(interacting with α-adrenergic receptors) stimulate HCO−

3 re-
absorption and apical membrane Na-H antiporter activity
(129–134). The signaling pathways mediating these effects are
being actively pursued. cAMP appears to play a key role in that
the aforementioned hormones that inhibit the Na-H antiporter
also activate adenylyl cyclase; in contrast, the hormones
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TA B L E 6 - 3

PEPTIDE HORMONE REGULATION: CHANGES IN NET H+ SECRETION

Proximal tubule Thick ascending limb Collecting duct

Dopamine ↓ — —
Parathyroid hormone ↓ ↓ ↑
Angiotensin II ↑ — —
Endothelin ↑ — —
Catecholamines
α2 ↑ — —
β — — ↓
Vasopressin — ↓ ↑
Glucagon — ↓ ↓

that stimulate Na-H antiporter activity inhibit adenylyl cyclase
(128,129,134–136). cAMP–dependent PKA directly phospho-
rylates and inhibits NHE-3, an effect that requires the scaffold-
ing protein, NHERF, and involves endocytic retrival of NHE3
via clathrin-coated vesicles (137–144). As mentioned above,
RhoA activity is required for endothelin-1 stimulation of prox-
imal tubule Na-H antiporter activity.

In the thick ascending limb, hormones that activate adeny-
lyl cyclase, including parathyroid hormone, vasopressin, and
glucagon, all inhibit HCO−

3 absorption (145).
In the cortical collecting tubule, isoproterenol interacting

with β-adrenergic receptors stimulates HCO−
3 secretion (73).

This effect is also probably mediated by cAMP. Parathyroid
hormone has been shown to increase distal H+ secretion in-
directly by inhibiting proximal tubule phosphate absorption
and enhancing distal phosphate delivery (146). Phosphate
can function as a nonreabsorbable anion and buffer, enhanc-
ing distal H+ secretion. Vasopressin increases net H+ secre-
tion, whereas glucagon inhibits net H+ secretion in the distal
nephron (147,148).

Effective Arterial Volume

Effective arterial volume is an important regulator of renal
acidification. In most cases, metabolic alkalosis is maintained
by decreases in effective arterial volume. This is due, in part,
to volume-induced decreases in GFR (leading to a decrease in
filtered HCO−

3 load) (149). In addition, a decreased effective
arterial volume increases renal acidification by (a) decreasing
paracellular HCO−

3 permeability in the proximal tubule, sec-
ondarily inhibiting HCO−

3 back-leak (65); (b) decreasing distal
delivery of Cl−, which could inhibit HCO−

3 secretion in the cor-
tical collecting tubule (by limiting the amount of apical mem-
brane Cl−- HCO−

3 exchange); and (c) increasing the levels of
hormones, such as aldosterone and angiotensin II, and renal
nerve activity, all of which stimulate HCO−

3 reabsorption and
regeneration and ammoniagenesis.
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CHAPTER 7 ■ RENAL METABOLISM
ANTON C. SCHOOLWERTH AND SUSAN R. DIGIOVANNI

KIDNEY FUNCTION IN
PERSPECTIVE

Kidneys play a principal role in the conservation of many sub-
stances essential to the body, the secretion of several physio-
logically active compounds, and the maintenance of acid–base
balance by producing ammonia. Compared with other organs,
the kidney demonstrates unusual features with respect to oxy-
gen consumption (QO2), renal blood flow (RBF), and arteri-
ovenous oxygen extraction. The high rate of QO2, exceeded
only by that of the heart (1), is indicative of the importance of
mitochondrial metabolism in the kidney. A greater density of
mitochondria has been demonstrated in certain nephron seg-
ments, especially in the proximal convoluted tubule (PCT), the
proximal straight tubule (PST), and the thick ascending limb
(TAL) of Henle’s loop (2).

The kidney transports a large number of organic and nonor-
ganic solutes and water. Although Na+ transport is considered
to be the most important from a quantitative point of view,
a variety of other solutes are translocated by primary or sec-
ondary active transport mechanisms. Transport by these sys-
tems requires the generation of energy in the form of adenosine
triphosphate (ATP) produced in the mitochondria by the pro-
cess of oxidative phosphorylation; ATP is also formed directly
by enzymatic steps in major pathways of substrate metabolism,
such as glycolysis. Synthesis of ATP by this means is termed
substrate-level phosphorylation and accounts for only a small
amount of ATP produced in the cell. Examples of substrate-
level phosphorylation include two specific reactions, phos-
phoglycerate kinase and pyruvate kinase, yielding ATP in the
metabolism of glucose to pyruvate. In addition, in mitochon-
dria, guanosine triphosphate is formed and the energy is trans-
ferred to ATP in the production of succinate from succinyl-
coenzyme A (CoA).

Numerous metabolic reactions yield nicotinamide-adenine
dinucleotide hydrogenase (NADH) and ultimately ATP. Net
ATP generation or consumption is affected by the metabolic
pathways and substrates used (Table 7-1). For example, fatty
acid oxidation is the most efficient source of ATP, yielding 129
molecules of ATP from the complete oxidation of 1 molecule
of palmitate. Conversely, the formation of glucose from non-
carbohydrate precursors is an energy-consuming process; con-
version of two molecules of lactate to one molecule of glucose
uses the energy stored in six molecules of ATP.

Substrate Compartmentation

Substrates are delivered to the kidney in the plasma and may be
exposed to the luminal membrane of renal cells after glomerular
filtration or secretion. In addition, substrates may be exposed
to the basolateral membrane in the postglomerular circulation.
Substrate concentrations differ from extracellular fluid to cell
cytosol and mitochondrial matrix space. In addition, it is likely
that different concentrations of metabolites exist in different re-
gions of the kidney. For example, as shown in Figure 7-1, O2

gradients clearly exist with a high O2 tension in the renal cor-
tex and a very low tension in the medulla (3). Oxygen tension
thus decreases as a function of distance from the cortical sur-
face of the kidney. Data have been accumulated to indicate that
microcompartmentation of substances may also occur within
given cells. For example, Jones (4,5) has demonstrated O2 and
metabolite gradients in renal cells. The significance of these
gradients with respect to control of metabolism and suscepti-
bility to injury requires further investigation. However, with
regard to compartmentation, it is clear that several potential
sites of metabolic regulation exist. This could be in transport
steps across the cell and mitochondrial membranes or trans-
port across other organelle membranes. Enzymatic steps in the
cytosol and mitochondria may be regulatory, as may the deliv-
ery of substrates—that is, substrate concentrations may affect
metabolic rate.

Renal Fuels

The preferred substrates used to supply energy needs vary from
organ to organ. For example, the brain uses glucose almost ex-
clusively, whereas the heart uses a mixture of substrates that
includes glucose, fatty acids, lactate, and ketone bodies (6). At-
tempts to determine the kidney’s preference for substrates have
been impeded by the problem imposed by the very high rate
of RBF, which supplies the energy needs of the kidney with
extraction of only a small fraction of delivered substrate. This
high RBF rate, as well as the need to extract numerous sub-
strates rather than a single one, leads to a situation in which
a very small arteriovenous difference is present across the kid-
ney for any given compound (7). This small difference com-
plicates accurate estimation of fractional substrate extraction,
which is necessary to determine unequivocally the metabolic
fuels of the kidney. The situation is made even more complex
by the fact that the substrates used may vary under different
circumstances, such as metabolic acidosis, and the fact that
metabolism in the kidney is heterogeneous. Data indicate that
substrate utilization may vary among different regions of the
kidney, such as the proximal tubule (8–13) and TAL of Henle’s
loop (9,12,14).

Substrate Utilization in the Kidney

Given the difficulties in making accurate measurements of small
arteriovenous metabolite differences, a number of studies have
been reported that indicate consistent net extraction by the
kidney of free fatty acids (FFA), glutamine, lactate, and citrate.
These compounds are present in sufficiently high concentra-
tion in the blood to be considered significant energy sources
for the kidney (7,15). Elhamri et al. (16) have reevaluated re-
nal substrate uptake and utilization in rats. In fed rats, these
workers found net uptake of glucose, lactate, fatty acids, ke-
tone bodies, citrate, and glycerol; in starved rats, uptake of fatty
acids, ketones, glutamine, and glycerol increased, whereas lac-
tate utilization was reduced. Other substances have also been
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TA B L E 7 - 1

ADENOSINE TRIPHOSPHATE SYNTHESIS (+) OR
UTILIZATION (−) BY MAJOR PATHWAYS OF
RENAL METABOLISM

Reaction Net ATP

1 palmitate → 16CO2 +129
1 glucose → 6CO2 +36
1 glutamine → 5CO2 +27
1 lactate → 3CO2 +18
2 glutamine → glucose + 4CO2 +14
2 lactate → 1 glucose −6

ATP, adenosine triphosphate.
(Adapted from: Simpson DP. Renal metabolism. In: Schrier RW,
Gottschalk CW, eds. Diseases of the kidney. Boston/Toronto: Little,
Brown, 1988:241, with permission.)

demonstrated to be extracted, but are present in much lower
concentrations, or data differ from study to study. These sub-
strates include glycine, proline, citrulline, β-hydroxybutyrate,
pyruvate, and glycerol. As mentioned previously, the substrate
used preferentially by the kidney may vary with the metabolic
state, although, in general, substrate utilization appears to be
directly proportional to the plasma concentration of the sub-
strate in question. As is elaborated later, in metabolic acidosis,
for example, clear evidence has been obtained indicating that
the preferred renal substrate changes from lactate to glutamine
(17). In chronic metabolic acidosis, increased renal glutamine
extraction provides sufficient amounts of this substrate for the
accelerated rate of ammonium formation by the PCT.

Metabolite Transport: Specific Carriers

Mitochondrial Membrane Transporters

Although the inner mitochondrial membrane is permeable to
O2, water, and CO2, it is not permeable to most other metabo-

FIGURE 7-1. Oxygen gradient between renal cortex and medulla.
Oxygen tensions measured in different parts of the kidney are shown
with the vascular pattern superimposed above. A sharp drop in oxy-
gen tension occurs between outer and inner medulla. (From: Thurau
K, Levine A. The renal circulation. In: Rouiller C, Muller AF, eds. The
kidney: morphology, biochemistry, physiology. New York: Academic
Press, 1971:1, with permission.)

TA B L E 7 - 2

MITOCHONDRIAL SUBSTRATES AND
THEIR CARRIERS

Substrate Carrier

Glutamate Glutamate-hydroxyl
Glutamate Glutamate-aspartate
Aspartate Glutamate-aspartate
Glutamine Glutamine
α-Ketoglutarate α-Ketoglutarate
Pyruvate Pyruvate-hydroxyl
Citrate Tricarboxylate
Isocitrate Tricarboxylate
Aconitate Tricarboxylate
Phosphoenolpyruvate Tricarboxylate
Malate α-Ketoglutarate
Malate Tricarboxylate
Malate Dicarboxylate
Succinate Dicarboxylate
Phosphate Dicarboxylate
Phosphate Phosphate-hydroxyl
Carnitine Carnitine
Acylcarnitine Carnitine
Adenosine triphosphate Adenine nucleotide
Adenosine diphosphate Adenine nucleotide

(From: Simpson DP. Mitochondrial transport function and renal
metabolism. Kidney Int 1983;23:785, with permission.)

lites, because of their highly hydrophilic nature. If the translo-
cation of these substances for respiration and for ATP forma-
tion is to proceed efficiently, specialized carriers are required
(Table 7-2). At least 12 specific transporters are recognized
on the inner mitochondrial membrane (18–20); most of these
carriers transport anions and they can be classified into sev-
eral categories. For example, some transporters or carriers
are electroneutral such that movement of negatively charged
metabolites is compensated by movement of a proton. Exam-
ples of such carriers include the phosphate, glutamate, and
pyruvate transporters. Other transporters are electroneutral
such that charges are compensated by the countertransport
of another anion. These carriers operate so that one of the
metabolites transported is exchanged for another physiologic
substrate of this carrier. Examples of such transporters in-
clude the dicarboxylate transporter (transporting phosphate,
malate, succinate, and oxaloacetate), the α-ketoglutarate
(α-KG) carrier, and the tricarboxylate carrier (transporting cit-
rate, isocitrate, phosphoenolpyruvate, malate, and succinate).
Other electroneutral carriers also exist, such as the carnitine
and glutamine carrier. Finally, there are electrophoretic carriers:
one substrate is transported in exchange for another substrate,
with net transfer of charge as well. Examples of these elec-
trophoretic transporters include the glutamate-aspartate and
adenine nucleotide carriers. Although 12 carriers are known
to exist, it is not clear that all transporters are present in
all mitochondria. However, many have been identified in re-
nal mitochondria and are thought to contribute to the regu-
lation of metabolism (20). The possible rate-determining role
of metabolite transporters has generated considerable contro-
versy, particularly with respect to the adenine nucleotide car-
rier (18). No consensus has been reached as to whether the
transport of adenosine diphosphate (ADP), in exchange for
ATP, regulates energy metabolism in oxidative tissues. Further
work should clarify the role of carriers in the regulation of
metabolism.
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Cell Membrane Transporters

Data have also been obtained to indicate that specific carrier
mechanisms exist for the uptake of metabolites into renal cells.
These include carriers for monocarboxylic, dicarboxylic, and
tricarboxylic acids. For example, transporters of citric acid cy-
cle metabolites have been identified (21–30). Similar, although
not identical, carriers appear to be present on the basolateral
and luminal membranes (23). It is not clear whether these
metabolite carriers on the plasma membranes are rate deter-
mining for the metabolism of the citric acid cycle anions.

RENAL OXYGEN CONSUMPTION

Renal QO2 accounts for approximately 7% of whole-body O2
uptake. The delivery of O2 and other substrates is not limited
by the perfusion rate, because RBF is high. The arteriovenous
O2 gradient is relatively small in the kidney, in contrast to heart,
brain, or skeletal muscle; it remains almost unchanged when
RBF is altered. This indicates that most renal tissue is kept un-
der relatively high O2 tension because arterial O2 extraction is
lower in kidney than any other major organ (1). However, in
several mammalian species, a significantly higher O2 tension is
consistently observed in the renal cortex than in the medulla.
As illustrated in Figure 7-1, the O2 tension in the cortex is
high, but in the medulla, where blood supply is restricted, ten-
sion drops to a much lower level. The countercurrent arrange-
ment of the vasa recta is also thought to restrict O2 delivery to
the medulla. The decrease in the O2 tension explains why this
region of the kidney depends on anaerobic metabolism for a
significant fraction of its energy supply (7). Investigators have
shown that tubular metabolism is a major determinant of in-
trarenal oxygenation and that medullary reabsorptive work is,
at least in part, responsible for hypoxia observed in this region
of the kidney under basal conditions (31). For example, loop di-
uretics (e.g., furosemide, bumetanide) selectively increased the
availability of O2 in the medulla, improving oxygenation and,
consequently, elevating O2 tension in this region of the kidney.
Because furosemide was also shown to reduce medullary blood
flow, it appears that loop diuretics may improve oxygenation by
reducing tubular QO2 necessary for reabsorptive ion transport
in the medulla. Brezis et al. (32) showed that acute hypoten-
sion is associated with a decrease in cortical blood flow, but
medullary blood flow either stays the same or is increased. In
addition, sodium transport due to reduced glomerular filtra-
tion rate (GFR), increased distal delivery, and direct inhibition
of transport of Na+ is reduced under these conditions. The end
result is increased medullary O2 tension (32).

Two vasoactive substances, adenosine and nitric oxide
(NO), have been implicated in playing a role in controlling
renal QO2. Adenosine alters medullary O2 balance by increas-
ing medullary blood flow at the same time it reduces GFR. In
addition, it is possible that adenosine directly inhibits active
sodium transport (33). Adenosine is thought to be protective
for ischemic injury in the kidney. Nitric oxide has also been
shown to alter renal QO2 by direct inhibition of mitochondrial
respiration (34,35). Because NO synthesis is stimulated by hy-
poxia, it may be instrumental in renal hypoxic injury. Thus,
medullary O2 availability increases during renal hypoperfusion
and decreases during renal vasodilation (32).

In contrast to heart or skeletal muscle—tissues involved
in measurable external work—the extensive renal QO2 rate
is consistent with a high rate of internal work performed by
this organ (1,36). For example, under physiologic conditions,
the osmolality (and volume) of incoming and outgoing blood
is almost unchanged by the kidney. Therefore, the renal os-
motic work is considered to be internal work dedicated to the

predominant function of the kidney—active reabsorption of
solute.

Components of Renal QO2

Renal QO2 can be separated into two different components:
(a) basal QO2, reflecting oxygen requirements associated with
energy-dependent processes other than active Na+ transport;
and (b) suprabasal QO2, which is related to the amount of Na+

actively reabsorbed by renal tubular cells. In the intact mam-
malian kidney, the basal QO2 was estimated to be 3% to 18%
of the total oxygen consumption (37,38). This value is sever-
alfold higher than that obtained for skin or resting muscle. In
general, it has been assumed that the basal rate of renal QO2
is uniform and not influenced by the rate of Na+ reabsorption.
However, this assumption is difficult to validate because the
fraction of Na+ reabsorbed by passive transport processes can
vary among different nephron segments (39,40). In contrast
to the distal nephron, where most of the Na+ reabsorption is
active (39,41), a significant fraction of Na+ transported in the
proximal tubule is reabsorbed by passive diffusion not requir-
ing energy transfer from ATP (39). However, the kidney needs
energy (reflected by basal QO2) to perform the work that is
unrelated to active Na+ transport, such as synthetic functions
and metabolic interconversions, but that may vary under dif-
ferent conditions. The major fraction of the renal suprabasal
QO2 is coupled to active tubular Na+ transport; for each mole
of O2 consumed, approximately 28 mol of Na+ is taken up
by the kidney. Therefore, suprabasal rates of QO2 could be
determined mainly by measuring Na+ reabsorption rates.

In the remnant kidney model, in which both morphologic
and functional alterations occur, QO2 is markedly increased
when normalized for Na+ transport, compared with QO2 in
normal kidney (42). However, QO2 is identical in remnant and
normal kidneys when expressed per gram of kidney weight; the
basal QO2 is also not different in remnant and control kidneys
when normalized to kidney weight (43). This increased rate of
QO2 per remaining nephron could be a cause of tubulointer-
stitial injury; the enhanced renal metabolic activity (“hyperme-
tabolism”) and elevated QO2 may be associated with enhanced
oxygen radical generation, which could lead to renal cell
damage.

Mitochondrial Oxidative Phosphorylation

Synthesis of ATP by oxidative phosphorylation supplies most
of the energy for the kidney. This is a complex process lo-
calized in mitochondria (44,45). Oxidative phosphorylation is
normally coupled to the electron transport system, generating
ATP from the oxidation of NADH (or FADH). The rate of this
process can be determined experimentally by measuring QO2
in the presence of ADP. If an excess of substrate and O2 is
available, respiration continues until all ADP is converted to
ATP, at which point the respiration rate, that is, the utilization
of O2, abruptly decreases to a low resting level. Therefore, the
level of ADP or its uptake by mitochondria, in addition to the
availability of substrates, may be a rate-determining compo-
nent. As accepted by many investigators, the respiratory chain
responsible for the oxidation of NADH, for the generation of a
proton gradient across the inner mitochondrial membrane, and
for QO2 contains three sites of phosphorylation. These sites are
located between NADH and cytochrome b, cytochrome b and
c, and cytochrome c and O2, respectively. In the kidney, oxida-
tion of cytochromes could be modulated by different factors.
For example, in the outer stripe, this process is predominantly
influenced by outer medullary blood flow; however, in the inner
stripe, the rate of QO2 plays a regulatory role (46).
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FIGURE 7-2. Basic elements participating in oxida-
tive phosphorylation in the mitochondrion. Adeno-
sine diphosphate (ADP) and inorganic phosphate (Pi )
enter in exchange for adenosine triphosphate (ATP)
and OH−, respectively. Electrons (e−) are transferred
by the respiratory chain from nicotinamide-adenine
dinucleotide hydrogenase (NADH) to O2. The
extrusion of H+ by the respiratory chain generates
a transmembrane proton gradient, which drives H+
entry through the F1F0-ATPase to generate ATP.
The newly synthesized ATP exits to the cytosol
in exchange for ADP. (From: Gullans SR, Hebert
SC. Metabolic basis of ion transport. In: Brenner
BM, Rector FC Jr, eds. The kidney. Philadelphia:
Saunders, 1991:76, with permission.)

At each step of the respiratory chain, two electrons are trans-
ferred and one molecule of ATP is synthesized from ADP and
inorganic phosphate (Pi). The relationship between these pro-
cesses, described in the so-called chemiosmotic hypothesis, is
illustrated in Figures 7-2 and 7-3. Mitchell’s chemiosmotic the-
ory is widely accepted to describe the mechanism coupling the
synthesis of ATP to a spatially arranged electron transport sys-
tem in the inner mitochondrial membrane. This membrane is
impermeable to passively transported small charged molecules,
including H+ and organic anions. However, an active H+ pump
is linked to components of the electron transport chain, such as
cytochromes. When NADH enters the sequence of reactions,
two electrons from NADH are transferred to half-O2. Each
oxygen atom with two extra electrons accepts two protons
from the environment and a molecule of water is formed. The
dissipated energy is then used to activate the H+ pump, which
extrudes H+ into the cytoplasm and leaves OH− in the mito-
chondrial matrix. This cyclical process creates an H+ gradient
across the inner mitochondrial membrane and also stimulates
a flow of electric current passing the membrane. Consequently,
the mitochondrial interior is alkaline and negatively charged.
The H+ may then be transported back into the matrix by an
active process involving the ATP synthase (or ATPase) that is
located in the inner mitochondrial membrane. The energy of

the mitochondrial H+ gradient and membrane potential, com-
bined into a proton-motive force �μH+, initiates a reaction of
two protons with one of the oxygens. In this reaction, water is
eliminated, the phosphate group joins ADP to form ATP, and
the released energy is stored in the high-energy bond of ATP.
In summary, oxidation of 1 mol of NADH generates 3 mol of
ATP, and one atom of oxygen is consumed. The electron trans-
port chain must cycle twice to pass along two electrons to the
atom of oxygen. In this entire process, only two components
are consumed: the metabolite (fuel) and oxygen.

Renal Na+ Transport and QO2

As mentioned earlier, oxidative metabolism serves as the ma-
jor energy source for active renal Na+ transport (37,47). In
tubules from adult animals, transcellular active Na+ reabsorp-
tion accounts for one-third of the total, whereas two-thirds oc-
curs passively through the paracellular pathway driven by hy-
drostatic and oncotic forces (one-third), and by cell-generated
effective osmotic and ionic gradients (one-third). In the kid-
ney, the energy cost of active Na+ movement can be assessed
from the ratio of parallel changes in the rate of Na+ reab-
sorption (�TNa+) and QO2(�QO2). The ratio of active to

FIGURE 7-3. The development of an H+ gradient (�pH) and its coupling to adenosine triphosphate (ATP)
synthesis across the inner mitochondrial membrane (IMM), as described by the chemiosmotic hypothesis.
A: During the course of nicotinamide-adenine dinucleotide hydrogenase (NADH) oxidation to water, H+
is actively pumped out of mitochondria by components of the electron transport chain located in the IMM.
B: As a result of separation of H+ and OH− across the IMM, a proton-motive force (�μH+) develops:
This force consists of a membrane potential with mitochondrial interior negative and a �pH (interior
alkaline). C: �μH+ provides energy to drive a membrane ATPase to synthesize ATP from adenosine
diphosphate (ADP) and phosphate in the matrix. (From: Simpson DP. Mitochondrial transport function
and renal metabolism. Kidney Int 1983;23:785, with permission.)
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FIGURE 7-4. Relationship between renal oxygen consumption (QO2)
and sodium reabsorption (TNa+ ) in vivo under various conditions.
�TNa+ /�QO2 is 30 mEq Na+/mmol oxygen and is calculated from
the inverse slope of the regression line. The y intercept indicates the
basal QO2, which is not associated with Na+ transport. (From Deet-
jen P. Measurement of metabolism during renal work. Int J Biochem
1980;12:243, with permission.)

passive component of Na+ transport varies considerably in
different nephron segments, because two-thirds of the Na+ is
reabsorbed passively and energy is not required; the mature
proximal tubule has a high molar ratio of Na+ and QO2. The
relationship between �TNa+ and �QO2 is shown in Figure 7-4.
�TNa+�QO2 is the most frequently used indicator of the effi-
ciency of Na+ transport (48). Extrapolation of the regression
line to the ordinate, where �TNa+ equals zero, allows an es-
timation of basal renal QO2, and the slope reflects a correla-
tion between Na+ transport and QO2 over a wide range of
transport rates under various conditions. �TNa+�QO2 for the
whole kidney gives only an average value, however, and as-
sumes no change in the passive component of Na+ movement.
Based on the assumption that 6 mol of ATP is produced per
1 mol of oxygen consumed, and that the Na+–K+–ATPase is
able to transport 3 mol of Na+ per 1 mol of ATP (49–53),
the estimated maximal value of �TNa+�QO2 is 18 (54–59).
However, several investigators observed that in kidney in vivo
this ratio exceeds the theoretic value and is also higher than
the value reported for simple epithelial tissues (e.g., frog skin)
(60–62). In addition, the ratio of active to passive Na+ trans-
port varies considerably in different nephron segments. The
renal �TNa+�QO2 ratio ranges from 21 to 30 (54–59). These
higher values in the kidney could be explained by a significant
contribution of the passive component of Na+ reabsorption; it
has been calculated that approximately 30% of all Na+ taken
up by the kidney occurs through a passive mechanism (39–
41). If the correction for this significant passive component of
Na+ reabsorption in the kidney is applied, the �TNa+�QO2
ratio is reduced to approximately 18 and equals the estimated

value (41,63). These observations suggest that renal Na+ trans-
port and QO2 are altered concurrently. For example, in dia-
betic rats, cortical tubular Na+ reabsorption is significantly in-
creased; both total renal QO2 and QO2 in cortical tissue, which
consists of proximal tubules, are also significantly higher (64).
Therefore, the question arose as to how these two processes are
coupled. At the cellular level, O2 is consumed in the inner mito-
chondrial membrane, but active Na+ extrusion by the Na+–K+

pump takes place at the basolateral cell membrane. Under con-
ditions of reduced Na+ extrusion and, consequently, decreased
activity of Na+–K+-ATPase, utilization of ATP and formation
of ADP is limited by this enzyme. Therefore, the lowered cyto-
plasmic ADP level may lead to a reduction of both mitochon-
drial ATP synthesis and QO2 in tightly coupled mitochondria.
This prediction has been confirmed experimentally in rabbit
cortical tubules: inhibition or stimulation of Na+ transport al-
ters cellular ATP/ADP ratio (65).

QO2 Required by Na+-K+ Pump

The ouabain-inhibitable fraction of QO2 provides an accurate
measurement of the amount of aerobic ATP synthesis that is
coupled to active renal Na+ transport (Fig. 7-5). Therefore, this
portion of QO2 reflects the fraction of O2 consumption used
by the Na+-K+ pump. The distribution of ouabain-sensitive
QO2 along the nephron is correlated with Na+-K+-ATPase ac-
tivity, with the highest ouabain-inhibitable fraction present in
the proximal tubule, the TAL of Henle’s loop, and the distal
convoluted tubule (DCT); most of the active Na+ reabsorption
occurs in these regions of the kidney. In diabetic rats, the ele-
vation of total tissue QO2 was caused entirely by an increase
in the Na+-K+-ATPase–dependent component of QO2. It was
concluded that diabetes is associated with increased renal O2
metabolism secondary to the increase in coupled Na+ reabsorp-
tion by the Na+-glucose cotransporter and Na+-K+-ATPase
(64).

FIGURE 7-5. Components of oxygen consumption (QO2). QO2 is of-
ten distinguished as ouabain-sensitive or ouabain-insensitive to assess
the energy dependence of Na+ transport in renal cells. This shows the
types of adenosine triphosphate (ATP) utilization processes that con-
tribute to these two components of QO2. The bar represents total QO2;
the hatched region, the basal component of QO2 (ouabain insensitive);
and the clear portion, the component of QO2 related to the active Na+
transport process. (From: Gullans SR, Hebert SC. Metabolic basis of
ion transport. In: Brenner BM, Rector FC Jr, eds. The kidney. Philadel-
phia: Saunders, 1991:76, with permission.)
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ROLE OF CITRIC ACID CYCLE IN
RENAL METABOLISM

Translocation of Intermediates

Metabolism of citric acid cycle intermediates and pyruvate de-
pends on rapid movement of these substances in and out of
the mitochondria, where the enzymes of the citric acid cycle
and pyruvate metabolism are located. One of the best-studied
citric acid cycle intermediates with regard to metabolic regula-
tion is citrate. Characteristics of citrate handling by the kidney
are shown in Figure 7-6. The percentage of the filtered load of
citrate that is excreted varies in different species. In humans,
excretion of 30% to 35% of the filtered load has been observed,
whereas it is 3% to 7% in rats and less than 1% in dogs (66).
Because the amount of citrate extracted by the kidney exceeds
that which can be accounted for by filtration, peritubular up-
take of this metabolite likely occurs. Citrate, as well as α-KG,
is transported into the cell and mitochondria, where oxida-
tion to CO2 or conversion to glucose ultimately begins (66).
Considerable attention has been given to the renal excretion of
citrate, because urinary citrate may be an endogenous inhibitor
of stone formation. Of particular interest with regard to citrate
is the influence of acid–base alterations on its clearance and
metabolism. In metabolic alkalosis, citrate excretion increases,
whereas it decreases in metabolic acidosis (66). There are mul-
tiple mechanisms by which this is thought to occur. Simpson
postulated that the uptake and metabolism of citrate by mito-
chondria was regulated by changes in pH across the mitochon-
drial membrane (67). Citrate is reabsorbed by the brush border
membrane of the proximal tubule via a dicarboxylic acid trans-
porter. Decreased intraluminal pH results in a greater quantity
of citrate present in the dicarboxylic form instead of the more
abundant tricarboxylic form, thus increasing its transport into
the cells of the proximal tubule (68 ). In addition, the mRNA
and the protein abundance for the dicarboxylic acid transporter
is increased by chronic metabolic acidosis (69). Recently, the
importance of a cytosolic enzyme, adenosine triphosphate cit-
rate lyase, in the development of hypocitraturia during chronic
metabolic acidosis has been recognized (70). At present, it is
uncertain whether pHi, extracellular pH (pHe), or alterations
in the �pHm are the regulatory factors in the metabolism and
excretion of citrate.

Although the metabolism of α-KG is also increased in acido-
sis, it is not likely to be due to acceleration of α-KG transporter

FIGURE 7-6. Characteristics of citrate handling by the nephron. Cir-
cled numbers are values for human kidney in micromoles per minute.
(From: Nieth H, Schollmeyer P. Substrate utilization of the human kid-
ney. Nature (London) 1966;209:1244; Simpson DP. Citrate excretion:
a window on renal metabolism. Am J Physiol 1983;244:F223, figure
reprinted with permission.)

activity. In fact, studies with phthalonic acid, a specific inhibitor
of the α-KG transporter, have indicated that the carrier is not
the rate-determining factor in the mitochondrial metabolism
of α-KG (71). Rather, the activation of α-KG dehydrogenase
(α-KGDH) by H+ ion is most likely to be the major factor
stimulating α-KG metabolism in acidosis (72–74).

Metabolism of Lactate and Pyruvate
in the Kidney

Lactate is extracted from the blood by the kidney, but at en-
dogenous levels little net pyruvate removal occurs (15,75–79).
Lactate extraction has been demonstrated to vary directly with
plasma lactate levels (75,76,78). The fate of extracted lactate is
twofold: It may be converted to glucose, a process that occurs
exclusively in the PCT, and it may serve as a substrate for ox-
idation after it is converted to pyruvate (17,76). This process
seems to occur in both PCT and TAL of Henle’s loop. The data
indicate that as plasma lactate levels rise, an increasing propor-
tion of lactate is converted to glucose (75,76). These results also
suggest that oxidation of lactate is not changed markedly by
alterations in substrate delivery; increasing lactate uptake pro-
vides fuel for glucose synthesis in PCT. Lactate extraction and
metabolism are both affected by acid–base state, however. For
example, in metabolic alkalosis, lactate is the primary renal
fuel, whereas in metabolic acidosis, the utilization of lactate
decreases as glutamine metabolism increases (17). Thus, the
changes in lactate are opposite to those seen with glutamine
uptake.

Pyruvate extraction also varies with changes in concentra-
tion of this metabolite in the blood (78). Although no net pyru-
vate removal by dog kidney occurs under physiologic condi-
tions, when the level of pyruvate in the blood is raised, net
renal uptake of this compound develops. Pyruvate oxidation
requires entry of pyruvate into the mitochondria and subse-
quent metabolism by one of several enzymes, of which pyru-
vate dehydrogenase (PDH) appears to be critical. In fact, PDH
seems to be a rate-determining enzyme for both glucose and lac-
tate oxidation. This enzyme is regulated by multiple allosteric
substrate and end-product regulators as well as covalent mod-
ification by an enzymatic phosphorylation–dephosphorylation
cycle (80–83). Increases in the mitochondrial ratio of ATP/ADP,
NADH/NAD, and acetyl-CoA/CoA lead to inactivation of
PDH, whereas high pyruvate levels and elevation in mitochon-
drial free Ca2+ increase the activity of this enzyme (80,82).
These mechanisms explain the effects of fatty acids, acetate,
ketone bodies, and α-KG in inactivating PDH (84,85) and also
account for a decrease in lactate oxidation in the presence of
ketone bodies (86), fatty acids (13,87,88), and proline in corti-
cal tubule suspensions. As mentioned previously, the activity of
intramitochondrial enzymes is closely linked to the transport of
metabolites into the matrix space. With regard to PDH, a close
relationship between pyruvate, tricarboxylate, and dicarboxy-
late anion transport has been demonstrated (89). The localiza-
tion of PDH along the nephron has not been reported (83). It is
predicted that PDH activity parallels the mitochondrial density
in different nephron segments (83,90).

Glucose Metabolism in the Kidney

The liver and kidney are capable of both producing and con-
suming glucose. Because of the dual capacity of glycolysis and
gluconeogenesis, it is difficult to demonstrate net uptake or re-
lease of glucose across the kidneys from humans, rodents, or
dogs under physiologic conditions. In certain circumstances,
net glucose production can be demonstrated, as illustrated later.
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FIGURE 7-7. Metabolic pathways of gluconeogenesis and
glycolysis in kidney. Asterisks denote enzymes unique
to gluconeogenesis: 1,3-DPG, 1,3-diphosphoglycerate; F-
1,6-P, fructose-1, 6-bisphosphate; F-1,6-P2ase, fructose-
1,6-bis-phosphatase; F-6-P, fructose 6-phosphate; G-3-P,
glycerol 3-phosphate; G-6-P, glucose 6-phosphate; MAL,
malate; OAA, oxaloacetate; PEP, phosphoenolpyruvate;
PYR, pyruvate. (From: Schoolwerth AC, Smith BC,
Culpepper RM. Renal glucogenesis. Miner Electrolyte
Metab 1988;14:347, with permission.)

The pathways and enzymes of glycolysis and gluconeoge-
nesis share many enzymatic steps (Fig. 7-7). However, key
regulatory steps are distinct in these two processes. For exam-
ple, in the case of glycolysis, the unique and potential flux-
generating steps are hexokinase, phosphofructokinase, and
pyruvate kinase (7,83,91). The reverse steps unique to glu-
coneogenesis involve glucose-6-phosphatase, fructose bispho-
sphatase, and phosphoenolpyruvate carboxykinase (PEPCK).
The coexistence of glucose-consuming and glucose-producing
pathways in the same cells would suggest the presence of so-
called futile cycles, of which numerous examples exist in other
tissues. However, with regard to the kidney, evidence has ac-
cumulated indicating separation of the metabolic processes re-
sponsible for glucose utilization and production. These studies
indicated that glucose utilization occurs predominantly in the
medulla, whereas glucose production is confined to the cor-
tex (7,90,91). More recent studies have allowed more quan-
titative measurements of enzyme activities and flux rates at
the single-nephron level, which, in turn, has provided a more
precise definition of the distribution of these processes. As
mentioned later, there has been renewed interest in estimat-
ing the contribution of the kidney to body glucose home-
ostasis. A variety of techniques have been developed and
used. These have provided different results and interpreta-
tions. As a result, this area is in a state of flux without clear
resolution.

Glycolysis and Glucose Oxidation

By measurement of the activities of enzymes unique to glycoly-
sis, it was demonstrated that the PCT had the lowest glycolytic
capacity (92–95). Conversely, highest activities were observed
in the TAL of Henle’s loop and in the collecting tubule (95,96).
The data on enzyme distribution are compatible with more
recent observations measuring lactate formation from glucose
in single microdissected tubule segments from rats (97). These
data indicated that lactate formation was very low and even
undetectable in the PCT and PST, whereas substantial rates
of lactate production were observed in medullary and corti-
cal TAL segments, DCT, and cortical collecting tubules (CCT).

Thus, the combined data from measurements of enzyme activi-
ties and lactate production from glucose indicate that glycolysis
is limited to the TAL and more distal nephron segments. Pre-
sumably, in deep medullary segments of the kidney, where the
PO2 is quite low, anaerobic metabolism is more likely to occur.
Conversely, as is discussed later, aerobic metabolism occurs in
cortical structures, such as PCT and PST. Aerobic oxidation
of glucose and lactate requires the conversion of glucose to
pyruvate in the cytosol, with subsequent entry of the pyruvate
into the mitochondria and oxidation to CO2 and water. The
rate-determining factor in this process is PDH. This enzyme is
highest in activity in the outer medulla and lowest in the papilla
(90). PDH activity has not been quantitated in single-nephron
segments. In general, its activity is thought to follow the dis-
tribution of mitochondrial density along the nephron, which
suggests high activity in DCT, cortical TAL, and PCT (81–84).
Subsequent oxidation to CO2 and water involves citric acid
cycle enzymes and the electron transport chain. The product of
the PDH reaction, acetyl-CoA, combines with oxaloacetate to
form citrate. Although PCT is rich in mitochondria and con-
tains the enzymes of the citric acid cycle, evidence indicates that
little glucose oxidation occurs in PCT, presumably because of
low content of hexokinase, phosphofructokinase, and, proba-
bly, pyruvate kinase (83).

The energetics of anaerobic glycolysis are quite different
from those of glucose oxidation. The conversion of glucose
to pyruvate in cytosol yields two molecules of ATP for each
molecule of glucose used for the reduction of two molecules
of NAD to NADH. Further conversion of pyruvate to lac-
tate regenerates NAD from NADH. In contrast, under aerobic
conditions, pyruvate is transported into the mitochondria, and
18 molecules of ATP are produced by the oxidation of 1 pyru-
vate molecule to CO2 and water. Because 2 pyruvate molecules
result from the metabolism of 1 molecule of glucose, the com-
plete oxidation of each glucose molecule yields 36 molecules
of ATP (7).

Flux through the glycolytic pathway can be regulated by the
activity of the rate-determining enzymes, substrate supply, and
other factors, including ions such as H+ (activation at alkaline
pH), cytosolic energy state, and other intermediates reviewed
previously (83,91,98).
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Gluconeogenesis

In Vivo Gluconeogenesis

As mentioned previously, it is difficult to demonstrate either net
utilization or production of glucose by the mammalian kidney
under physiologic conditions. However, under certain circum-
stances, net production has been demonstrated. These condi-
tions include prolonged fasting, metabolic acidosis, diabetes
mellitus, and hydrocortisone administration (99,100). Under
extreme circumstances, such as prolonged starvation, the kid-
neys may produce up to 50% of body glucose (79). Studies us-
ing a sensitive isotopic dilution technique have confirmed that
in intact rats, the kidneys provide approximately one-fourth of
the glucose synthesized in the fed state (100).

Substantial renal glucose production has been demonstrated
in the postabsorptive state in dogs (101). A series of papers
by Gerich and collaborators (102–105) have refocused inter-
est on the role of the kidney in gluconeogenesis. Using com-
bined isotopic and balance techniques, these investigators have
suggested that renal glucose production accounts for 25% of
systemic glucose formation in humans. Moreover, they have
obtained evidence in humans for stimulation of renal glucose
production by epinephrine. Their studies used a combination
of renal balance and isotopic ([3H]glucose and [14C]glutamine)
techniques. However, there results were not confirmed by
Eckberg et al. (106), who calculated the renal contribution to
total glucose production using [13C] enrichments of glucose and
concluded that the kidney contributes only 5% to blood glu-
cose homeostasis in postabsorptive humans. With a prolonged
fast of 60 hours, glucose production by the kidney may account
for 20% to 25% of whole-body glucose turnover. Using re-
nal arteriovenous glucose differences and [6-2H2]glucose, Cer-
sosimo and colleagues (107) showed that renal glucose produc-

tion was increased during insulin-induced hypoglycemia. When
plasma glucose was prevented from changing, insulin was
found to lead to a decrease in renal glucose production (108).

The differences in results obtained from various laboratories
may relate in part to the different techniques used to estimate
renal glucose production in vivo. The combined arteriovenous
balance and labeled-glucose techniques depend on the accuracy
in measuring small differences in arterial and venous glucose
concentrations and labeled glucose-specific activities. Several
authors have addressed the methods for measuring gluconeo-
genesis in vivo and concluded that the 2H2O technique is the
most practical and reliable (109–113).

In Vitro Gluconeogenesis

Measurements of gluconeogenic enzyme activities and glucose
formation in single nephron segments indicate that gluconeoge-
nesis occurs exclusively in the PCT and PST (83,114). A variety
of metabolites have been demonstrated to be efficient substrates
for glucose production in PCT and PST. These include lactate,
pyruvate, α-KG, and glutamine. For glucose synthesis, energy
is consumed rather than released in glycolysis. Glucose forma-
tion from the aforementioned substrates requires the formation
of oxaloacetate as an intermediate. Subsequent conversion of
two molecules of oxaloacetate to one of glucose consumes two
molecules of ATP, with the conversion of two molecules of
NADH to NAD. Coordination of both mitochondrial and cy-
toplasmic enzyme steps is required to form glucose in these
nephron segments from the substrates mentioned above (7).

Regulation of Renal Glucose Formation

Considerable interest has been generated in understanding the
regulation of renal gluconeogenesis (Fig. 7-8). Parallels exist

FIGURE 7-8. Proposed regulatory factors in re-
nal gluconeogenesis. Stimulatory factors are in-
dicated by (+), and inhibitory factors, by (–).
AII, angiotensin II; ASP, aspartate; catechols, cate-
cholamines; FBPase-1, fructose-1,6-bisphosphatase-1;
FBPase-2, fructose-1,6- bisphosphatase-2; Fru G-P,
fructose 6-phosphate; G-3-P, glycerol 3-phosphate;
G 6-Pase, glucose 6-phosphatase; Glu 6-P, glucose
6-phosphate; MAL, malate; OAA, oxaloacetate; PEP,
phosphoenolpyruvate; TPA, phorbol ester. (From:
Schoolwerth AC, Smith BC, Culpepper RM. Renal
glucogenesis. Miner Electrolyte Metab 1988;14:347,
with permission.)
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between regulation of hepatic and renal gluconeogenesis, al-
though several important differences have been observed. For
example, in kidney, but not in liver, metabolic and respira-
tory acidosis lead to an increase in gluconeogenesis (115–118).
Similarly, the regulation of renal gluconeogenesis in acute and
chronic metabolic acidosis may be different (119,120), as has
been noted with respect to ammoniagenesis from glutamine
and glutamate. In acute metabolic acidosis, an increase in glu-
tamine flux through mitochondrial pathways occurs, includ-
ing an increase in α-KGDH flux∗ (83,91,121). In contrast, in
chronic acidosis, at least in rats, in addition to induction of
phosphate-dependent glutaminase (PDG) and glutamate dehy-
drogenase (GDH) (122,123), an earlier induction of cytosolic
PEPCK (115) occurs because of an increased amount of PEPCK
messenger RNA (mRNA) (124).

Phosphoenolpyruvate carboxykinase plays a unique rate-
determining role in glucose production. The enzyme is found
in liver, kidney cortex, adipose tissue, and jejunum (125). The
enzyme is limited to the cytoplasm in the rat kidney, whereas
in other species, including dogs, it is also located in renal mi-
tochondria (see Tannen [126]).

Cytoplasmic PEPCK is expressed in a highly organ-specific
manner and responds in both liver and kidney to fasting, gluco-
corticoids, and cyclic adenosine monophosphate (cAMP) (127–
129). Insulin suppresses hepatic, but not renal PEPCK (127). In
contrast, metabolic acidosis induces renal, but not liver PEPCK
(130,131).

The PEPCK gene is 6.0 kb in length and codes an mRNA
of 2.8 kb (132,133). Hormonal responsiveness resides in the
5′-flanking region; eight protein-binding domains have been
identified in the promoter region and the proteins binding to
these areas have been identified; the major regulatory domains
have also been characterized (see Patel et al. [134]).

Acidosis, glucocorticoids, and cAMP increase the renal
PEPCK transcription rate (127–131). In kidney, PEPCK mRNA
increases within the first half-day of onset of metabolic aci-
dosis, followed by elevated enzyme synthesis and activity
(127,128,135–138). Hwang and Curthoys (124,137) reported
a sixfold increase in PEPCK mRNA in rat kidney cortex 8
hours after the onset of NH4Cl acidosis (Fig. 7-9); nuclear
run-on experiments indicated that this induction of PEPCK
mRNA was due to an accelerated rate of transcription. Re-
cent studies demonstrated that PEPCK mRNA increased 17-
fold 10 hours after induction of NH4Cl acidosis (138). In situ
hybridization demonstrated that the pattern of PEPCK mRNA
changed markedly (Fig. 7-10); PEPCK mRNA was limited to
the medullary rays in controls, a finding consistent with local-
ization of the enzyme in the S3 segment of the PCT. After the
onset of acidosis, PEPCK mRNA was seen throughout the cor-
tex, so that by 10 hours it was present in many more tubular
cells, a finding consistent with a stimulated transcription rate
in metabolic acidosis. LLC-PK1F+ cells, gluconeogenic mutants
of LLC-PK1 cells (porcine-derived cells with characteristics of
proximal tubule), respond by increasing NH+

4 synthesis when
incubated in acidified medium (139–141). The mechanism by
which acidosis (or acid pH) stimulates PEPCK expression has
not been delineated. Evidence for promotor elements that may
mediate the increase in PEPCK expression to acid pH has been
presented (142,143). Cissell and Chalkley have presented data
that the proximal promoter region (−400/+1) and a unique
site at +1,900 bp are required for the kidney-specific expres-
sion and pH responsiveness of PEPCK mRNA (144). Feifel

∗The term flux is used to indicate “traffic” through a metabolic step,
estimated in intact cells or organelles under circumstances that simulate
physiologic conditions (e.g., substrate concentrations). In contrast, en-
zyme activity refers to measurements of the catalytic effect of extracted
enzyme obtained under optimum conditions.

FIGURE 7-9. Comparison of the rates of phosphoenolpyruvate car-
boxykinase (PCK) gene transcription and the level of total PCK mRNA.
The relative rates of transcription of the PCK gene (hatched bars) and
the relative levels of PCK mRNA (� = �) were determined with rat re-
nal nuclei and total RNA isolated from normal rats (N) and from rats at
various times after onset of acute acidosis. All data were calculated as
specific hybridization relative to that of β-actin. Each point is the mean
± SD of the values obtained from at least three rats. (From: Hwang
JJ, Curthoys NP. Effect of acute alterations in acid-base balance on
rat renal glutaminase and phosphoenolpyruvate carboxykinase gene
expression. J Biol Chem 1991;266:9392, with permission.)

et al. (145) have presented data that the signal that mediates
the change in pH may be through a specific MAP kinase path-
way.

Initially, the close correlation between the response of glu-
cose and ammonium production in metabolic acidosis sug-
gested dual regulation or even regulation of one process by
the other; more recent evidence has indicated that this may not
be the case. Although the two processes respond similarly to
alteration in acid–base homeostasis, an increase in glucose pro-
duction is not obligatory for the accelerated rate of ammonium
production that occurs.

Other ions have been demonstrated to have an affect on
renal gluconeogenesis. Most notably, changes in free Ca2+

concentration are stimulatory (146). In fact, the response to
increased cytosolic free Ca2+ levels may underlie some of
the hormonal effects that have been observed. For exam-
ple, α-adrenergic agonists, angiotensin II, parathyroid hor-
mone, dopamine, glucocorticosteroids, and somatostatin stim-
ulate, whereas insulin inhibits renal gluconeogenesis (146–
152). Parathyroid hormone may work through cAMP as a
second messenger, whereas mobilization of cytosolic Ca2+ is
probably involved in α-agonist and angiotensin II stimula-
tion through activation of the phosphatidylinositide pathways
(91,153). The mechanisms by which Ca2+ and cAMP affect
gluconeogenesis remain to be fully elucidated. However, with
regard to Ca2+, it may involve activation of several intramito-
chondrial enzymes (i.e., PDH, α-KGDH, and isocitrate dehy-
drogenase) (154). High, as opposed to low, protein feeding also
stimulates renal gluconeogenesis; this effect probably relates to
the increased H+ load obligated by high protein feeding (155).
Allosteric regulation of enzymes, as might occur through fruc-
tose 2,6-bisphosphate, may prove significant with respect to
the control of renal gluconeogenesis (156,157).

Relation to Ion Transport

Several laboratories have investigated the potential interrela-
tionships of gluconeogenesis and ion transport. For example,
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FIGURE 7-10. Effect of NH4Cl acidosis on patterns of mRNAs in
rat kidney. mRNAs for phosphoenolpyruvate carboxykinase (PEPCK)
were determined by in situ hybridization in rat kidney at various times
after induction of NH4Cl acidosis. Panels depict patterns from 0 (con-
trol), 4, and 10 hours (top to bottom). The renal capsule is oriented to
the left of each panel. Bar, 2 mm. PEPCK mRNA was confined to the
kidney cortex with localization predominantly in the medullary rays.
After induction of acidosis, the pattern of PEPCK mRNA was visible
throughout much of the cortex by 4 and 10 hours; virtually the entire
superficial cortex contained PEPCK mRNA. (From: Schoolwerth AC,
deBoer PAJ, Moorman AFM, et al. Changes in mRNAs for enzymes of
glutamine metabolism in kidney and liver during ammonium chloride
acidosis. Am J Physiol 1994;269:F400, with permission.)

Silva et al. (158) have theorized that gluconeogenesis and active
Na+ transport, which are both energy-consuming processes of
the PCT, might be related in an inverse fashion based on com-
petition of both processes for a limited pool of cellular ATP.
However, subsequent studies have failed to demonstrate that
the two processes are dependent on each other because no fixed
relationship has been found between gluconeogenesis and Na+

transport (159). Other studies have evaluated the relationship
of gluconeogenesis with phosphate transport, but, as with Na+,
the bulk of data indicate that there is no relationship between
these two processes (160,161). It is intriguing that the PCT
and PST both produce glucose and participate in transcellular
glucose transport. No relationship between the metabolic and
transport functions has been demonstrated.

RENAL AMMONIAGENESIS

The kidney plays a primary role in acid–base homeostasis
(120,162) by maintaining the bicarbonate (HCO−

3 ) content in
extracellular fluid. This, in turn, involves the reclamation of

filtered HCO−
3 and the synthesis of HCO−

3 molecules consumed
in the buffering of H+ ions. Synthesis of HCO−

3 is closely related
to the metabolism of glutamine and synthesis of ammonium
by the proximal tubule. This section emphasizes regulation of
glutamine metabolism and the renal production of ammonium.
The transport of ammonium is covered in other sections of this
volume.

Both the excretion of ammonium and the metabolism in
kidney cortex of the carbon skeleton of glutamine, in the form
of α-KG, are necessary for HCO−

3 synthesis (162,163). The ex-
cretion of ammonium is critical to prevent its addition to renal
venous blood and incorporation into urea by the liver, because
ureagenesis, an HCO−

3 -consuming process, would be counter-
productive for the needs of HCO−

3 synthesis by the kidney
(162–166). The metabolism of the glutamine carbon skeleton,
either to glucose or CO2 and water, is also critical, because two
H+ ions are consumed per mol of glutamine used (162,163).
A distinctive feature of renal metabolism is that the kidney
is capable of increasing ammonium synthesis in response to
metabolic acidosis, as well as several other stimuli. This in-
crease in ammonium production is recognized as an important
renal adaptive process.

A controversy has arisen concerning the primacy of the kid-
ney or the liver in acid–base homeostasis. It has been empha-
sized that urea synthesis involves utilization of HCO−

3 , whereas
the end products of amino acid metabolism are NH+

4 and
HCO−

3 (164,167). Thus, it has been suggested that urea syn-
thesis protects the body from the development of metabolic
alkalosis (167,168). However, there remains an abundance of
data indicating a substantial role for the kidney in the mainte-
nance of plasma HCO−

3 . A view has emerged that the kidney
plays the primary role in acid–base homeostasis, but the liver
can contribute by virtue of the HCO−

3 consumption involved in
urea generation (162,164). Thus, renal synthesis and excretion
of ammonium, and the metabolism of α-KG are critical. As is
mentioned later, it is this metabolism, rather than the simple
combination of NH3 + H+ in the tubular lumen, that accounts
for H+ consumption and HCO−

3 generation in kidney. A com-
prehensive quantitative analysis of amino acid oxidation and
gluconeogenesis has been performed by Jungas et al. (169). This
analysis suggests that amino acid oxidation cannot be simply
divided into a phase releasing HCO−

3 and NH+
4 followed by a

phase incorporating these compounds into neutral urea. The
investigators emphasize that there is no intermediate stage in
which there is a true threat of alkalosis. Nevertheless, stud-
ies indicate that the predominant effect of acidosis on hepatic
amino acid metabolism is to inhibit amino acid transport into
the liver, diverting amino acids to other organs, such as the
kidney (170,171).

Effect of pH on Renal Ammonium Synthesis

In metabolic acidosis, the rate of ammonium synthesis in the
proximal tubule may increase severalfold. The initial studies
providing evidence for increased ammoniagenesis were per-
formed in vivo with measurements of urinary ammonium ex-
cretion (172). Ammonium excretion is not equivalent to am-
monium synthesis. Ammonium produced in the kidney can
either be excreted into the urine or pass into the renal venous
circulation. It is known that the distribution of ammonium be-
tween these two compartments is affected by several factors,
the most important of which is the pH of the tubular fluid and
urine (pHu). A greater proportion of ammonium is excreted
at acid than at alkaline pHu. At any given pHu, urine ammo-
nium content was greater in chronic metabolic acidosis than
under control conditions (172). More recently, measurements
of total ammonium synthesis in kidneys of dogs, rats, and hu-
mans confirmed that enhanced ammonium production occurs
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in metabolic acidosis. The time course of the kidney response
to an acid load has been well documented in several species
(120,162,173). During the first day after administration of an
acid load, ammonium excretion rises progressively until a new
steady state of acid–base balance is achieved, usually between
the third and fifth day (173). At this point, ammoniagenesis re-
mains at the elevated level as long as the acid load is continued.
After cessation of the acid load, there is a gradual reduction in
renal ammonium production and excretion until the control
level has been reached.

Other forms of acidosis may also be associated with an in-
crease in ammonium synthesis. In acute respiratory acidosis,
renal ammoniagenesis is increased and reaches levels compa-
rable with those seen in chronic metabolic acidosis (77). How-
ever, in chronic respiratory acidosis, data differ with respect to
the response of ammonium synthesis (174,175). Some data on
dogs suggest that ammonium excretion increases in the chronic
stages of respiratory acidosis. Studies in rats suggest that there
is no response to chronic hypercapnia, as opposed to an acute
elevation in Pco2.

Other Conditions Affecting Ammoniagenesis

In addition to metabolic and respiratory acidosis, renal am-
monium synthesis is increased in potassium depletion in both
humans and animals, and the magnitude of the response may be
greater than in metabolic acidosis (126,176). The stimulus for
enhanced ammonium production under these conditions has
not been elucidated. Some data are consistent with the obser-
vation that in potassium depletion, pHi is decreased in kidney
as it is in skeletal muscle (177). If this is the case, the intracellu-
lar acidosis may provide a stimulus for accelerated ammonium
synthesis. However, other data are not compatible with this ex-
planation, at least in the chronic state (178), and further work
is necessary to determine the mechanisms involved in enhanced
ammoniagenesis in potassium depletion. Exposure of perfused
mouse proximal tubules to a low potassium concentration in
the bath increased ammonium production, but a decreased lu-
minal potassium concentration had no stimulatory effect on
ammonium formation (179).

Whereas potassium depletion may stimulate ammonium
synthesis, an increase in the prevailing potassium concentra-
tion in body fluids may have the opposite affect (180–182).
Hyperkalemia may contribute to the development of metabolic
acidosis by virtue of an inhibition of glutamine metabolism.
The precise mechanism by which this occurs has not been elu-
cidated, but the observation has been repeatedly made.

Glutamine as a Source for Renal
Ammonium Synthesis

Glutamine, the major precursor for renal ammonium, can pro-
vide two molecules of ammonium for each molecule metabo-
lized. In normal humans, arteriovenous glutamine differences
are typically 10% of the arterial level, representing an extrac-
tion rate of approximately 50 μmol/min (7). Formation of am-
monium from all the amide and amine nitrogens of glutamine
should yield an ammonium production rate of 100 μmol/min.
However, 70 μmol/min is produced, indicating that only a por-
tion of the glutamate formed from glutamine is fully metabo-
lized to ammonium. Under physiologic conditions, glutamine
can account for ammonium synthesis in dog kidney (183), but
no net glutamine extraction has been demonstrated in rats and
the source of renal ammonium production has not been identi-
fied (184,185). Other amino acids, such as proline, glycine, and
citrulline, are also taken up by the kidney and could contribute

to the formation of ammonium (186). As metabolic acidosis
develops, the extraction of glutamine by human, dog, and rat
kidney increases without a significant increase in extraction
of other amino acids. Plasma concentrations of glutamine do
not change in any consistent pattern, indicating that glutamine
delivery to the kidney is unchanged in acidosis. This also in-
dicates that an increase in extrarenal glutamine production or
a decrease in utilization occurs, diverting a greater amount of
glutamine to the renal circulation (7). Because of the difficul-
ties in measuring ammonium production very early in acidosis,
the time after onset of acidosis at which enhanced ammonium
synthesis begins is not known with certainty. It has been clearly
demonstrated in humans that renal ammonium production is
increased by 50% within 24 hours after an acid load (186).
However, glutamine extraction does not change during this
time. This in turn suggests that (a) other potential sources of
ammonium exist, such as glycine or proline, both of which
exhibit enhanced extraction in acute metabolic acidosis in hu-
mans; or (b) glutamine is more efficiently metabolized to yield
two ammonium molecules from both the amine and amide ni-
trogens as acidosis is initiated. The latter conclusion is sup-
ported by in vitro evidence, reviewed later.

Despite the foregoing, it has been demonstrated clearly that
glutamine is the only amino acid extracted in sufficient quanti-
ties to account for all of ammonium synthesized by the kidney
in chronic metabolic acidosis.

Pathways of Glutamine Metabolism

Although there are several possible pathways by which glu-
tamine may be metabolized to yield ammonium in kidney cor-
tex, it is generally accepted that the mitochondrial PDG–GDH
pathway is the predominant one (120,163,187) (Fig. 7-11).
PDG and GDH, the enzymes that constitute this pathway, are
located in the mitochondrial matrix in both DCT and PCT
in rats (188,189). However, in chronic metabolic acidosis, the
activities of both enzymes increase substantially only in the S1
and S2 segments of the PCT (188,189). These findings correlate
well with measurements of ammonium production in nephron
segments microdissected from acidotic rats and incubated
in vitro with glutamine (190,191).

Regulatory Sites of Glutamine Metabolism

Data indicate that regulation of glutamine metabolism is differ-
ent in acute, as opposed to chronic, acidosis and that numerous
potential sites of control may all be operative. A tendency to
extrapolate results from one species to another has confounded
a full understanding of the regulation of renal ammoniagenesis.
However, several control sites probably exist. The importance
of these sites may vary in different species (192,193).

Transport of Amino Acids Across
Mitochondrial Membrane

An abundance of data have indicated the complexity surround-
ing glutamine and glutamate metabolism in rat kidney cortex.
These data have emphasized the close relationship between
transport of metabolites across the inner mitochondrial mem-
brane and flux through enzymes located in the matrix space
(19,20,67,193).

Glutamate Transport

There are several transporters that regulate glutamate trans-
port across the inner mitochondrial membrane in kidney.
These transporters, which are also found in mitochondria from
other tissues, include the glutamate hydroxyl transporter and
the glutamate–aspartate antiporter (19,67). The electroneutral
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FIGURE 7-11. Intramitochondrial pathway for re-
nal glutamine metabolism. Abbreviated terms enclosed
in boxes refer to the enzymes glutaminase (PDG),
glutamate dehydrogenase (GDH), glutamate oxaloac-
etate transaminase (GOT [aspartate aminotransferase]),
α-ketoglutarate dehydrogenase (α-KGDH), succinate
dehydrogenase (SDH), and oxaloacetate (OAA). Trans-
porters are denoted by ovals on the membrane (clock-
wise, beginning at left): the glutamine transporter, di-
carboxylate carrier, the glutamate-aspartate antiporter,
and the glutamate-hydroxyl carrier. (+) denotes stimu-
lation; (–), inhibition. Dark arrows refer to sites acti-
vated at acid medium pH. (From: Schoolwerth AC, Gesek
FA. Intramitochondrial pH and ammonium production
in rat and dog kidney cortex. Miner Electrolyte Metab
1990;16:264, with permission.)

glutamate hydroxyl carrier transports glutamate with H+; glu-
tamate entering mitochondria on this carrier is functionally
linked to metabolism by GDH. This transporter has been
shown to be relatively inactive in kidney compared with liver
(194,195). Moreover, in contrast to liver, its activity measured
in isolated mitochondria is not increased on medium acidifi-
cation (194,195). In fact, the data indicate that an insignifi-
cant amount of glutamate enters kidney mitochondria on the
glutamate hydroxyl carrier, resulting in substantial glutamate
deamination by GDH (195–197). Only glutamate formed from
glutamine in the matrix space can be deaminated to a significant
degree under physiologic conditions (197). Although glutamate
uptake on this carrier is very slow in kidney, the glutamate hy-
droxyl transporter may exert some effect on matrix glutamate
content and, hence, GDH flux because efflux of glutamate from
the matrix space on this carrier is reduced in acidic medium,
as might occur in metabolic acidosis (198). The decrease in
glutamate efflux under these conditions could contribute to
accelerated GDH flux. The resultant increase in matrix gluta-
mate concentration, coupled with a decrease in α-KG content,
would increase the matrix ratio of glutamate/α-KG and drive
the GDH reaction in the direction of increased glutamate deam-
ination (73).

The other glutamate transporter is an electrogenic gluta-
mate–aspartate countertransporter (199). Glutamate entering
mitochondria in exchange for aspartate is transaminated by
mitochondrial aspartate aminotransferase (AST) in a reaction
that does not result in ammonium formation. However, be-
cause α-KG is one of the products of the AST reaction, this
carrier can affect ammonium formation. Increased glutamate–
aspartate carrier activity, with resultant increased AST flux, can
reduce ammonium formation consequent to α-KG inhibition
of GDH flux. The response of the glutamate–aspartate carrier
to acute acidosis in vivo is not known, but it is likely that its ac-
tivity is reduced and, together with a stimulation of α-KGDH
flux, this transport system may contribute to the observed stim-
ulation in GDH flux.

Glutamine Transport

Adam and Simpson (200) postulated a major role for the trans-
port of glutamine across the inner mitochondrial membrane as
a rate-controlling step in glutamine metabolism in acidosis.
Their studies, and those of others, however, could not clearly
distinguish activation of a transporter from that of the enzyme
(201–205). Studies performed with rat kidney submitochon-
drial particles, which are largely free of contaminating enzyme,
have suggested that an increase in glutamine uptake occurs

when medium pH is decreased from 7.4 to 7.0 (206,207). These
findings are compatible with activation of the glutamine trans-
porter in acute acidosis. Data on submitochondrial particles
suggest that a decrease in medium pH reduces the Km of the
transporter for glutamine (206). At present, the role of acti-
vation of glutamine transport in acute acidosis remains to be
confirmed. The data also suggest that glutamine transport may
be of particular importance in dogs.

Flux Through Enzymes in
Acute Metabolic Acidosis

In response to an acute acid load, marked changes in kid-
ney cortex metabolite levels have been observed (121,183). Of
these changes, the most consistent has been a decrease in renal
α-KG content of as much as 50% (183). Lowry and Ross (72)
first demonstrated that H+ ion activates renal cortex α-KGDH
by decreasing the Km of the enzyme for α-KG. These findings,
subsequently confirmed (208,209), provide an explanation for
the observed increase in α-KGDH flux and α-KG oxidation
by intact kidney cortex mitochondria at acid pH (73,74). The
stimulatory effect of H+ ion on α-KGDH flux leads to a de-
crease in α-KG content in the matrix, with a resultant increase
in ammonium formation by GDH (73). In vitro studies suggest
that accelerated flux through GDH is the first event leading to
enhanced ammonium synthesis at acid pH (210). Results from
several laboratories indicate that acute acidosis in rats stimu-
lates flux through α-KGDH and increases ammonium forma-
tion by the GDH reaction. These findings imply that in acute
acidosis in vivo glutamate deamination precedes an increase in
glutamine deamination by PDG.

Nissim et al. (211,212) have demonstrated in cultured LLC-
PK1 cells that the intensity of acidosis affects the pathways
of ammonium synthesis from glutamine. Ammonium forma-
tion derived from [2-15N]glutamine was increased at medium
pH 7.0, compared with 7.4, indicating accelerated GDH flux.
When pH was decreased to 6.8, glutamine utilization derived
from [5-15N]glutamine was stimulated further, indicating in-
creased glutaminase flux.

The cumulative available data indicate that an early event
in acute acidosis is activation of α-KGDH flux consequent to
an increase in H+ activity. Because α-KGDH is a mitochon-
drial enzyme, it should respond in situ to altered H+ activ-
ity in the mitochondrial matrix space. To interpret the signifi-
cance of these findings, further data were needed to estimate the
change in pH in intact PCT in response to altered pHe. There is
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TA B L E 7 - 3

EFFECT OF MEDIUM pH CHANGES ON CYTOSOLIC AND MITOCHONDRIAL pH
AND THE pH GRADIENT ACROSS THE INNER MITOCHONDRIAL MEMBRANE

pHe
a pHi

a pHm
a ΔpHm

Non-HCO−
3 (7)b 7.03 ± 0.01 6.89 ± 0.03 7.65 ± 0.03 0.78 ± 0.09

7.41 ± 0.01 7.08 ± 0.02 7.96 ± 0.08 0.88 ± 0.09
7.70 ± 0.01 7.30 ± 0.03 8.37 ± 0.03 1.15 ± 0.03

HCO−
3 (12)b 7.04 ± 0.01 6.91 ± 0.02 7.51 ± 0.08 0.62 ± 0.03

7.44 ± 0.01 7.10 ± 0.03 7.78 ± 0.06 0.68 ± 0.08
7.73 ± 0.01 7.28 ± 0.02 8.08 ± 8.08 0.79 ± 0.05

aCytosolic pH (pHi) and mitochondrial pH (pHm) were determined at different medium pH (pHe) values in
intact rat renal cortical tubules. Values are means ± SEM.
bNumber of experiments is shown in parentheses. Experiments were performed with nonbicarbonate
(non-HCO−

3 )- or bicarbonate (HCO−
3 )-buffered media. The non-HCO−

3 buffer contained HEPES.
(From: Schoolwerth AC. Regulation of renal ammoniagenesis in metabolic acidosis. Kidney Int
1991;40:961, with permission.)

abundant evidence to suggest that the matrix space is alkaline
with respect to the cytosol, but the response of mitochondrial
matrix pH (pHm) to a decrease in pHi is not clear. Studies with
isolated mitochondria have suggested that as medium pH (pHe)
is reduced, the �pHm increases, reflecting buffering power of
the matrix space with little change in pHm upon medium acid-
ification (20,67,213). However, more recent studies performed
in vitro in suspensions of proximal tubules suggest that this may
not be the case, at least in rat kidney (214). When a fluores-
cent probe, 2′,7′-bis(2-carboxyethyl)-5(6)-carboxyfluorescein
(BCECF) was used to estimate pHi in combination with the or-
ganic anion 5,5-dimethyloxazolidine-2,4-dione (DMO), it was
possible to obtain both parameters (i.e., pHi and pHm) in in-
tact tubular segments as a function of altered pHe. From the
DMO distribution and pHi determinations with BCECF, pHm
can be calculated if the volume occupied by the mitochondrial
matrix in the cell is known; this has been estimated to be 20%
in rats and 28% in dogs (211,212). With use of this technique,
the data indicate a linear relationship between pHe and pHi,
as well as between pHi and pHm (Table 7-3). At comparable
pHe, no difference in pHi was noted with either an HCO−

3 or
non-HCO−

3 buffer. However, pHm was approximately 0.2 pH
units lower at any pHe value, when tubules were incubated in
an HCO−

3 -containing buffer (Krebs–Henseleit buffer) than in a
non-HCO−

3 buffer (e.g., HEPES) (214,216,217). These obser-
vations indicate that in intact rat proximal nephron segments,
a decrease in pHm could potentially explain the acceleration
in α-KGDH flux that occurs in response to a decrease in
pHe. However, the decreases in pHm, although related lin-
early to pHe and pHi, are relatively small. It remains uncer-
tain whether this change in pHm is sufficient to explain fully
the activation of α-KGDH or whether concentrations of other
ions known to activate α-KGDH, such as Ca2+, change in
the matrix space in acute acidosis (200–205). Studies with
isolated rat kidney mitochondria indicate that a reduction in
medium pH results in an increase in mitochondrial-free Ca2+

content under conditions in which medium Ca2+ concentration
(simulating intracellular free Ca2+ level) is less than 160 nM
(208).

An additional site of potential regulation of ammoniagene-
sis is succinate dehydrogenase (SDH). The activity of this en-
zyme has been shown to be inhibited competitively by HCO−

3
in vitro (218,219). Whether this effect is present in vivo and
contributes to the regulation of glutamine metabolism remains
to be determined. However, this HCO−

3 -sensitive enzyme could
be the regulatory site responsible for the lack of increase in am-
monium synthesis in chronic, as opposed to acute, respiratory

acidosis in rats (175). In chronic respiratory acidosis, HCO−
3

concentration is elevated reflecting enhanced ammonium for-
mation early in the course of hypercapnia. The rise in HCO−

3
concentration, by inhibiting SDH, could offset any stimulatory
effect of increased H+ level on glutamine metabolism.

Ammonium Production in Chronic
Metabolic Acidosis

A correlation has been demonstrated between the increase in
ammonium excretion and activities of PDG and GDH in rat
kidney cortex in chronic metabolic acidosis (126). The increase
in enzyme activities was found to occur exclusively in the S1
and S2 segments of PCT (188,220,221). The marked elevation
in PDG activity was shown to be due to an increased synthesis
of the enzyme (222,223). These findings suggested that stimu-
lated enzyme synthesis may be critical to the enhanced rate of
ammonium formation in metabolic acidosis in rats. However,
accelerated ammonium production was still observed when an
inhibitor of protein synthesis, actinomycin D, was administered
(224); these studies were taken to indicate that the synthesis of
PDG and GDH was not rate determining for the metabolism
of glutamine. The role of enzyme synthesis remains to be de-
termined, at least in the rat.

Phosphate-Dependent Glutaminase

Data have demonstrated that an increase in mRNA for PDG
precedes the increase in assayable enzyme activity in rat PCT
and in cultured renal cells; PDG mRNA levels rise within 1
day of initiation of acidosis (137,138,225). Rat mRNA for
PDG increases sevenfold 10 hours after acute acid loading
and is associated with increased expression in renal cortex,
as demonstrated by in situ hybridization (138). Nuclear run-
on assays indicate that transcription rates of the PDG gene are
not affected by acid loading (225). These findings in rat kid-
ney suggest that the increase in PDG mRNA levels results from
increased mRNA stability in acidosis, consistent with results
obtained in cultured renal LLC-PK1-F+ cells, suggesting that
increases in PDG mRNA may be mediated by changes in both
H+ and HCO−

3 ion activity (144). Indeed, a pH-responsive sta-
bility element in the 3′-untranslated region of rat renal PDG
mRNA and a specific mRNA-binding protein have been iden-
tified (226–229). The regulation of PDG expression is being
studied using gluconeogenic LLC-PK1-FBPase+ cells (230).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-07 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:14

Chapter 7: Renal Metabolism 209

Glutamate Dehydrogenase

Rat kidney GDH activity increases by the seventh day of
metabolic acidosis (220,231). The increases are not demon-
strable by the fourth day, at least in microdissected S1 seg-
ments (232). After NH4Cl loading, renal cortex GDH mRNA
increase two- to threefold within 10 to 24 hours (138,233,234).
In situ hybridization was consistent with increased expression
and suggested recruitment of additional cells by the tenth hour
of acidosis (138). Data has been presented which indicate that
an increase in stability in the GDH mRNA is sufficient to ex-
plain the increased levels of mRNA within the kidney after
NH4CL loading (233). The pH response element found in PDG
is also present in GDH and the same mRNA-binding protein
has been found to bind to this mRNA as well (235).

One of the major differences between rat and dog kidney
is that no increase in PDG or GDH activities has been found
in dogs, although they respond to chronic metabolic acido-
sis with an accelerated rate of ammonium production and
excretion (236). These findings suggest that the stimulation
of ammoniagenesis in dog kidney does not occur because of
an increased amount of PDG and GDH. Studies have been
performed in intact animals and kidneys as well as in iso-
lated organelles to deduce the site at which ammoniagenesis
is accelerated in acidosis. Studies with isolated rat kidney cor-
tex mitochondria and tubules have demonstrated augmented
flux through both PDG and GDH, which accounts for the
increased ammonium synthesis in chronic metabolic acidosis
(196,231). The precise stimulus and mechanisms accounting
for the augmented flux rates have not been determined. Evi-
dence supports an increase in the Vmax of the mitochondrial
glutamine transporter in metabolic acidosis (200,204,205),
suggesting recruitment of more transporters or unmasking of
existing transport sites (67). However, these findings are not
supported by kinetic analysis using submitochondrial particles
from acidotic rats, which demonstrated a slight decrease in
the Km for glutamine, but no increase in Vmax of glutamine
transport (207). If the glutamine transporter is exposed to
saturating concentrations of glutamine under physiologic con-
ditions, an increase in Vmax would be expected to be regulatory;
if not, then a decrease in Km would be more likely to affect flux
rate significantly. Clarification is required in further studies.
Because an increase in GDH flux accounts for up to 50% of
the rise of ammonium formation (231), other factors besides
the uptake of glutamine and flux through PDG are involved.
With respect to dog kidney, the studies of Vinay et al. (237)
have suggested activation of flux through both PDG and GDH
in metabolic acidosis. However, in vitro studies with isolated
mitochondria from kidney cortex of acidotic dogs have demon-
strated accelerated flux through PDG, but not GDH, which ac-
counts for the increased ammonium production (215,238).

Compensatory Role of Renal Ammonium Production

It is likely that in a variety of clinical conditions associated with
increased H+ activity in body fluids, the enhanced rate of re-
nal ammoniagenesis plays an important physiologic role. For
example, in diabetic ketoacidosis, the ketoacidosis of fasting,
hyperchloremic metabolic acidosis secondary to diarrhea, and
other circumstances, accelerated rates of glutamine metabolism
and ammonium formation are important compensatory re-
sponses exerted by the kidney. The increased excretion of am-
monium together with the metabolism of α-KG generates new
HCO−

3 to replenish that consumed by the acid load (162). Al-
though full restoration of this condition requires a reduction in
H+ ion entry into body fluids, morbidity is reduced markedly
by virtue of this compensatory response. By the same token, a
variety of clinical disturbances can be attributed to abnormal-
ities in renal ammonium formation.

Ammoniagenesis in Chronic Renal Failure

It is well recognized that with the progressive reduction in the
number of nephrons that occurs with progressive renal insuf-
ficiency, metabolic acidosis ensues. Studies in remnant kidney
from rats and dogs and in humans suggest that an enhanced
rate of ammonium production and excretion per nephron oc-
curs as renal mass decreases (173,239,240). This increased am-
monium formation per nephron retards the development of
metabolic acidosis. However, as nephron mass becomes lim-
iting, metabolic acidosis develops. Of interest are studies that
suggest that the adaptive response of the kidney, namely in-
creased ammoniagenesis per nephron, may have adverse con-
sequences. Nath and colleagues (241) have demonstrated that
NH3 can activate the alternate complement pathway by ami-
dation and that this activation may lead to tissue injury in the
form of tubulointerstitial disease. It has been argued that the
enhanced metabolism per nephron in chronic renal disease may
have deleterious consequences (42,43). However, Throssell
et al. (242) found no evidence that metabolic acidosis causes
or exacerbates chronic renal injury in rats, arguing against a
role for ammonia in renal tissue injury.

Ammoniagenesis and Renal Hypertrophy

Renal cell hypertrophy occurs in response to metabolic acidosis
and has been postulated to be related to the increased ammoni-
agenesis consequent to acidosis. Data indicate that two mech-
anisms are involved (243). One involves a cell cycle-dependent
mechanism. The other mechanism involves regulation of pro-
tein degradation by lysosomal enzymes. The latter is based on
findings suggesting that the hypertrophy is mediated by weak
base effects of ammonium, allowing it to enter and alkalinize
acid vesicular compartments (244). Ling and associates (245,
246) postulate that renal hypertrophy is caused by a reduction
of protein degradation, owing, in turn, to decreased activities
of cathepsin B and L + B in the absence of enhanced protein
synthesis, resulting from alkalinization of lysosomes in NH4Cl-
induced acidosis.

RENAL METABOLITE LEVELS IN
RESPONSE TO ACID–BASE

BALANCE CHANGES

Measurements of amino acids and citric acid cycle interme-
diates have indicated that the levels of these metabolites in
renal cortex are considerably greater than their concentration
in the plasma (7). The concentration gradient for metabolites
between the cell and plasma is maintained by metabolite trans-
porters in the cell membrane of cortical tubules. Profound and
abrupt alterations in metabolite levels occur in response to
alterations in acid–base state (7). These changes have been in-
vestigated to provide insight into possible regulatory steps that
are affected by disturbances in acid–base balance. By evaluat-
ing the changes in metabolite level in a given pathophysiologic
state, such as metabolic acidosis, compared with control
states, the point at which a crossover occurs can be evaluated;
the crossover suggests the localization of a regulatory site. In
acute metabolic acidosis, for example, the levels of glutamine,
glutamate, and α-KG decreased rapidly, whereas these levels
are either unchanged or increased in metabolic alkalosis. In
dog and rat kidney tissue, malate levels are unchanged or
decreased only later in the course of metabolic acidosis, sug-
gesting that a regulatory step between α-KG and malate, such
as α-KGDH, may be a rate-determining step for metabolic
activation (183). In fact, these changes led to the identification
of the role of α-KGDH in the response to acute acidification.
However, others have observed that malate levels decreased
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FIGURE 7-12. Proposed role of changes in mitochondrial anion trans-
port in causing alterations in renal cortex substrate levels in response
to an acute metabolic acidosis. The area of a circle depicts the size
of the cytoplasmic or mitochondrial pool of a substrate. Changes in
cytoplasmic pH and HCO−

3 concentration lead to changes in rates of
substrate transport in or out of mitochondria as shown by the arrows.
M, mitochondrial metabolism; S, mitochondrial synthesis; Ti , rate of
transport into mitochondria; To, rate of transport out of mitochon-
dria. (From: Simpson DP, Hager SR. pH and bicarbonate effects on
mitochondrial anion accumulation: possible mechanism for changes
in renal metabolite levels in acute acid-base disturbances. J Clin Invest
1979;63:704, with permission.)

promptly in metabolic acidosis, an observation that led to
the formulation of a more general hypothesis with respect to
the renal metabolic response to metabolic acidosis (74). This
hypothesis, illustrated in Figure 7-12, suggests acceleration of
metabolite transport into mitochondria in metabolic acidosis.
This in turn may be due to an increase in the �pHm across the
inner mitochondrial membrane (a decrease in pHi with no or
less change in pHm would lead to an increase in the �pHm)
(217). The increased transport of metabolites into mitochon-
dria would lead to an accelerated rate of flux through the citric
acid cycle and the oxidative phosphorylation pathway. The net
effect would be a translocation of metabolites from the cytosol
to the mitochondria and a reduction in total tissue metabolite
levels. To the extent that the metabolite content of most
substances is greater in the cytosol than in the mitochondria,
this sequence could explain the observation that total tissue
metabolite levels in renal cortex decrease in response to
metabolic acidosis (67). Evidence in support of this hypothesis
has come from studies with isolated renal cortex mitochondria
demonstrating increased matrix accumulation of citric acid
cycle intermediates (in the presence of metabolism inhibitors
such as rotenone) (217). More data are required to validate
this hypothesis as a generalized mechanism leading to altered
renal metabolism in acid–base disturbances.

More data are required to confirm the response of pHm and
the �pHm to perturbations in pHe and pHi in the intact cell;
additional studies are needed to evaluate metabolite levels as
a function of altered pHe in different cellular compartments.
Data concerning α-KG reported by Guder and Purschel (247)
have suggested that α-KG decreases in both the cytosol and mi-
tochondria at acid pHe. It is likely that the changes in metabo-
lite level may vary in different species, such as rats and dogs.
Nissim and colleagues (248,249) used gas chromatography–
magnetic resonance spectroscopy or [13C]nuclear magnetic res-
onance in renal tubules to reevaluate potential metabolic sites
of control in rat kidney. Their data indicate diminished flux
through citrate synthase and increased flux through PDG,
GDH, α-KGDH, SDH, malate dehydrogenase, and pyruvate
carboxylase in chronic metabolic acidosis. The authors sug-
gest that in chronic metabolic acidosis, decreased citrate syn-
thase flux and increased α-KGDH flux result in accelerated flux
through PDG and GDH (248,249).

FATTY ACIDS AS THE MAJOR
RENAL FUEL

Fatty acids are highly efficient sources of energy. In kidney cor-
tex (13) and outer medulla (250), fat is an important fuel for
respiration, but in the inner medulla, carbohydrates play a ma-
jor role in this process. Theoretically, the amount of O2 con-
sumed in renal fatty acid metabolism can vary from 20% to
90% (15,231,251,252). Although FFA are considered as the
major renal fuel, not all FFA taken up by the kidney are com-
pletely oxidized, at least not immediately.

Almost 3% of the total mass of the kidney is composed of
lipids, which are important components of membrane struc-
ture (phospholipids), valuable energy stores, and substrates
for renal metabolic demands (neutral lipids), such as oxidative
metabolism. Lipids can also be released from the kidney to be
used in the synthesis of lipoproteins (253). In humans, approxi-
mately one-half of neutral lipids are represented by triglycerides
(triacylglycerols), one of the more important vehicles for fatty
acid transport (251–256). Under specific conditions, kidney
tissue may supply triglycerides, phospholipids, cholesterol es-
ters, and probably cholesterol or diglycerides to the blood pool
(253). The predominant fatty acids in kidney triglycerides are
oleate, palmitate, and linoleate (257). The remaining fraction
of neutral lipids is represented by cholesterol, cholesterol esters,
diglycerides, and monoglycerides. In addition, renal tissue has
the ability to metabolize glycerol rapidly, but relatively little
is known concerning the metabolic fates of circulating triglyc-
erides (258).

Transport and Metabolism

In vivo, FFA are taken up by the kidney in linear correlation
with the arterial concentration entering renal tubules from the
basolateral side (258–261). They are either oxidized to CO2
and water or released from the kidney in alternate forms, such
as triglycerides or other products of renal metabolism. Net
FFA uptake from blood was confirmed by the studies of intact
human and dog kidney. Because of insolubility of long-chain
fatty acids, they are carried in the blood primarily bound to
albumin. Processes involved in the cellular uptake of albumin-
bound ligands are not well understood. However, experiments
on basolateral membrane vesicles isolated from rat renal cortex
suggest that in kidney the translocation of fatty acids derived
from albumin–fatty acid complexes occurs only in the presence
of high external ion concentration (e.g., NaCl) (261).

The biosynthesis and degradation of fatty acids occur by
separate pathways and in different cellular compartments;
biosynthesis is localized in the cytoplasm whereas degradation,
in the process of β-oxidation, takes place in mitochondria. The
separation of these two processes permits them to occur simul-
taneously. The possible pathways for fatty acid metabolism
(i.e., oxidation and incorporation into lipids) are illustrated in
Figure 7-13.

In the catabolic pathway of β-oxidation, two-carbon config-
urations are sequentially removed, starting from the carboxyl-
terminal end. In the cytoplasm, fatty acids first must be con-
verted to their CoA derivatives. Subsequent steps take place
in the mitochondria. However, the mitochondrial membrane is
impermeable to fatty acids as well as to their CoA derivatives.
To be transported through the mitochondrial membrane, cy-
tosolic fatty acyl-CoA must be transesterified to the carnitine
derivative (Fig. 7-14); the mitochondrial membrane requires
an exchange of the CoA group for carnitine to form an acyl-
carnitine. The entire process, starting with plasma FFA, ac-
tivation in the cytoplasm, transport into the mitochondrion,
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FIGURE 7-13. Pathways of cellular fatty acid
metabolism: (1) hydroxyacyl-CoA dehydroge-
nase (mitochondrial), and (2) fatty acyl-CoA
oxidase (peroxisomal). (From: Wirthensohn
G, Guder WG. Renal substrate metabolism.
Physiol Rev 1986;66:469, with permission.)

and β-oxidation inside the mitochondrion, is outlined in
Figure 7-14. β-Oxidation of fatty acids yields acetoacetyl-CoA
and two molecules of acetyl-CoA; acetyl-CoA is incorporated
in the citric acid cycle. In the cytosol, fatty acyl-CoA either ini-
tiates peroxisomal β-oxidation (of long-chain fatty acids) or
is transacylated to 3-glycerophosphate and then incorporated
into lipids. The biosynthesis and degradation of fatty acids be-
gins and ends with the same compound—acetyl-CoA.

The oxidative pathway of fatty acids is probably saturated
at physiologic concentrations of fatty acids (37,253). If taken
up by the kidney in excess of tubular energy needs, FFA can
be esterified and then accumulated in the nephron as triacyl-
glycerols, mainly in the proximal and outer medullary tubules
(253,262). In diabetic ketoacidosis or prolonged starvation,
when plasma FFA concentration is significantly elevated, in-
creased rates of renal extraction and esterification to triacyl-
glycerol can be detected (253,263). The elevated fatty acid
uptake may negatively influence extraction of other key renal
substrates such as glutamine (264). Glucose cannot be pro-
duced directly from fatty acids; however, increased uptake of
FFA can change the direction of metabolism of substrates like
lactate and glutamine from oxidative pathways to gluconeo-

genesis (7). In the diabetic state, gluconeogenesis is stimulated
by changes of the acid–base status. Furthermore, under these
conditions mitochondrial glucose oxidation is decreased by in-
hibition of PDH activity through a preferential oxidation of
fatty acids and ketone bodies (262).

Although all parts of the kidney are able to synthesize
triglycerides, cortex displays a higher rate of synthesis than
medulla. In cortex, the glycerol backbone of triglyceride is
contributed from gluconeogenic substrates, such as lactate or
glutamine, but in medulla glucose provides the source for
glycerol.

Distribution in the Nephron

Fatty acids are metabolized by all regions of the kidney (250).
Oxidation of fatty acids to acetyl-CoA is mediated by the pro-
cess of β-oxidation, which, in kidney, is localized in both the mi-
tochondria and peroxisomes. The rate of β-oxidation decreases
from the cortex toward the papillary structures (263). The
profile of mitochondrial and peroxisomal β-oxidation was ob-
tained by determinations of the activity of β-hydroxyacyl-CoA

FIGURE 7-14. Passage of fatty acids through
various membranes. (From: Orten JM, Neu-
haus OW. Lipid metabolism. In: Lotz E, ed.
Human biochemistry. St. Louis: CV Mosby,
1982, with permission.)
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dehydrogenase and fatty acyl-CoA oxidase, respectively
(265,266). The activity of β-hydroxyacyl-CoA dehydrogenase
was found to be proportional to the density of mitochondria
(114,267). The highest activity of this enzyme is in DCT; it is
high in both the PCT and TAL and relatively low in glomerulus
and CCT (268). On the other hand, peroxisomal fatty acyl-
CoA oxidase activity is high in the cortical portion of the PST
and parallels the distribution of peroxisomes (266,267). In ad-
dition, all nephron structures are able to participate in the es-
terifying pathway of triacylglycerol synthesis from exogenous
fatty acids (269); lipid droplets, consisting largely of triglyc-
erides, were found in renal cortex and medulla (253).

Fatty Acids Energize Tubular Na+ Transport

Many years ago, endogenous lipids were suggested as an energy
source for electrolyte transport in the kidney. Maximal renal
Na+ reabsorption requires both glucose and endogenous fatty
acids (270); at least a portion of the energy necessary for Na+

transport is supplemented by the oxidation of fatty acids (271).
An inhibitor of mitochondrial β-oxidation of long-chain fatty
acids, α-bromopalmitate, has a significant diminishing effect
on renal Na+ reabsorption (272–274). In addition, a decrease
in Na+ reabsorption and suppressed O2 uptake was shown in
the presence of 2-tetradecylglycidic acid, a specific inhibitor of
acylcarnitine transferase-I (271). However, the metabolic in-
hibitors may have more than one site of action. Nevertheless,
the rates of Na+ transport and FFA utilization are positively
correlated, confirming the supportive role of the fatty acid ox-
idation in the process of active Na+ movement in renal tubules
(258).

KETONE BODY TURNOVER
IN THE KIDNEY

The kidney plays an important role in ketone body turnover
(275,276). Although other tissues are capable of producing
small amounts of ketones, the liver is regarded practically as
the sole site of ketogenesis. Ketone bodies are formed from
acetyl-CoA and acetoacetyl-CoA (products of fatty acid ox-
idation) by 3-hydroxy-3-methylglutaryl-CoA synthetase; this
rate-determining enzyme is localized almost exclusively in
liver. The ketones synthesized in the liver, acetoacetate, β-
hydroxybutyrate, and acetone, enter the bloodstream and are
transported to extrahepatic tissues. In kidney, only negligible
de novo synthesis of ketone body from long-chain fatty acids
occurs (13).

Reabsorption and Excretion: Ketosis

The reabsorption of β-hydroxybutyrate and acetoacetate by
the kidney is essentially complete at normal arterial plasma ke-
toacid levels of 0.1 to 0.2 mM (277). Thus, ketoacids are vir-
tually absent from human urine under physiologic conditions.
However, under conditions in which ketone bodies are formed
in increasing amounts, that is, in excess of the ability of the
body to use them (ketosis), the kidney contributes significantly
to overall ketone body turnover. Renal tissue has the ability to
extract, oxidize, esterify, and excrete ketone bodies in propor-
tion to the filtered load. The filtered load of ketoacids increases
in parallel with the ketonemia as long as the GFR remains at
near-normal levels (278). Renal ketone body uptake follows
its arterial concentration (76,279–281). Net reabsorption of
ketoacids by renal tubules could be described by the simul-
taneous operation of both saturable and nonsaturable trans-
port pathways. Saturation of the uptake of β-hydroxybutyrate

and acetoacetate in isolated rat kidney cortex tubules was ob-
served at concentrations higher than 5 mM (8,282). During the
ketoacidosis of starvation (276) or uncontrolled diabetes melli-
tus (283), the arterial concentration of β-hydroxybutyrate and
acetoacetate increases 50- to 100-fold. The urinary excretion
rate of ketones is accelerated in response to the elevated filtered
load of ketoacids, as supported by studies in rats. The excess
of ketone bodies above the renal threshold is excreted in the
urine. The increased excretion of ketone bodies may reflect the
saturation of both a reabsorptive component that has relatively
low capacity and also the altered function of nonsaturable com-
ponent of the ketone transport system. Modifications of those
transport pathways affect the rate of reabsorption of the tubu-
lar loads of ketoacids (278,284,285).

In diabetes, ketone bodies have a nitrogen-sparing effect;
renal ammonium formation from glutamine is stimulated in
metabolic acidosis. This increase may be partially blunted by a
suppressant effect of ketone bodies (262).

Metabolic Pathways

The renal metabolism of ketone bodies is shown in Figure
7-15. All the major reactions involved in the metabolism
of ketones are found in the mitochondrial matrix (276).
β-Hydroxybutyrate is oxidized to acetoacetate in the presence
of β-hydroxybutyrate dehydrogenase. Acetoacetate is then re-
activated to acetoacetyl-CoA, which is split into acetyl-CoA by
a specific thiolase (286). Acetyl-CoA enters the citric acid cycle
to be oxidized to CO2. Therefore, ketone body metabolism in
the kidney, as in the liver, is directly coupled to the citric acid
cycle by the CoA transferase reaction (8,83).

In addition, acetyl units derived from ketone bodies may be
used for the acetylation reactions in the kidney. Transacetyla-
tion of free carnitine formed in the kidney as well as carnitine
reabsorbed from the glomerular filtrate to acetylcarnitine may
occur in the proximal tubule (287). Under ketotic conditions a

FIGURE 7-15. Oxidative metabolism of ketone bodies: (1) 3-
hydroxybutyrate dehydrogenase, (2) 3-oxoacid-CoA transferase, and
(3) acetoacetyl-CoA thiolase. (From: Wirthensohn G, Guder WG. Re-
nal substrate metabolism. Physiol Rev 1986;66:469, with permission.)
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higher ratio of acetylcarnitine–carnitine was found in urine, in-
dicating that besides pyruvate and acetate, ketone bodies serve
as a major source of acetyl-CoA for the acetylation reaction.
Similar to other tissues, the kidney has the ability to use ketone
bodies as an energy source. In studies with kidney slices, ace-
toacetate was found as a source of up to 80% of renal energy
requirements (13).

Data obtained on renal brush-border membrane vesi-
cles provide evidence for direct coupling between the β-
hydroxybutyrate level and the rate of Na+ influx (278); this
cotransport system appears to be electrogenic in rabbits (288),
but electroneutral in rats (289).
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CHAPTER 8 ■ RENAL TRANSPORT
OF ORGANIC IONS AND URIC ACID
LAURENT SCHILD, FRANÇOISE ROCH-RAMEL, AND JACQUES DIEZI

All animal species produce endogenous organic compounds
and are exposed to environmental xenobiotics of natural or
man-made origin, including drugs. Many of these compounds
are weak acids or bases, ionized at physiological pH or becom-
ing ionized after biotransformation. The metabolism of drugs
and xenobiotics into more hydrophylic metabolites is essen-
tial for the elimination of these compounds from the body.
Drug biotransformation reactions involve oxidation reactions
classified as phase I reactions (N-dealkylation, O-dealkylation,
hydroxylation, deamination) and/or phase II conjugation reac-
tions with endogenously derived glucuronic acid, sulfate, glu-
tathione, acetate, and amino acids. The kidney is endowed with
transport mechanisms allowing rapid excretion of these ionized
compounds, a property generally useful for toxic products, but
sometimes undesirable for drugs. Some compounds are almost
completely removed during a single pass through the kidney
such as p-aminohippurate (PAH). In general, metabolites are
more polar than the parent molecules, and excreted more ef-
ficiently, but there are exceptions to this rule (1). For com-
pounds that are extensively bound to plasma proteins, their
excretion by the kidney is due more to tubular secretion than to
filtration.

Xenobiotics are secreted by two renal transport systems.
One is responsible for the secretion of organic anions, for which
PAH is the typical substrate. The other one is responsible for
the secretion of organic cations, for which tetraethylammo-
nium (TEA) or N1-methylnicotinamide (NMN) are the typical
substrates. Each system includes several subsystems with affin-
ity for different substrates (2,3). Substrates for both transport
systems share general properties of molecular size, hydropho-
bicity, and degree of ionization, but the molecular structure
required is rather unspecific (4). Recently, the application of
molecular biological techniques allowed the identification of
a number of transporters with affinities for substrates known
to be secreted and reabsorbed by the organic anion or organic
cation transport systems (5). Many aspects related to the con-
tribution of these cloned transporters in the renal secretion or
reabsorption of organic anions or cations have not yet been
fully determined.

RENAL EXCRETION OF ORGANIC
ANIONS AND CATIONS

In this chapter, we will first summarize the general character-
istics common to the renal excretion of organic anions and
cations. The specificity of substrates and membrane mecha-
nisms for organic anion and cation transport will then be de-
scribed. Finally, the role of organic ion transports in renal drug
interactions and their use in renal function evaluation are dis-
cussed briefly. Because the kidney plays an essential role in
the regulation of uricemia, the renal excretion of urate is dis-
cussed later in this chapter under “Uric Acid.” With few excep-
tions, our description is limited to renal excretion and mem-

brane mechanisms in humans and other mammals, although
comparative studies in lower animal species contributed
much to our present understanding of transport mechanisms.
For these topics, the reader is referred to specific reviews
(6–8).

Our knowledge of the renal transport of organic ions mainly
comes from animal studies and investigations in humans being
limited to clearance measurements. Our understanding of the
renal excretion of organic ions is further complicated by impor-
tant species differences, making extrapolation from laboratory
animals to humans often difficult.

Secretion

Our understanding of the mechanisms of secretion of organic
ions derives essentially from investigations of a few transported
compounds, considered as prototypes for other secreted or-
ganic ions. For organic anions the “classic” substrate is PAH,
and for organic cations typical compounds are TEA and NMN.
These latter molecules are efficiently secreted and reabsorbed
in negligible amounts. They are extracted up to 90% or more
in a single pass through the kidney. Furthermore, they are
not synthesized by the kidney and are generally not, or only
marginally, metabolized. Some exceptions exist. Guinea pigs,
pigs, or rabbits metabolize PAH and NMN to such an extent
that the fractional excretion of PAH or NMN is below unity.
Necturus and garter snakes do not secrete but extensively re-
absorb PAH and NMN, respectively (9). In mammals, secreted
organic ions are extracted from the arterial blood less efficiently
than PAH, TEA, or NMN, because of their lower affinity for
the transporters, and/or because of the occurrence of back-
diffusion from lumen into interstitium. It is generally agreed
that plasma protein binding is not rate limiting for tubular se-
cretion of organic ions with a high affinity for the transporter
(e.g., hydrochlorothiazide, flumethiazide), whereas tubular se-
cretion is reduced for low-affinity compounds (e.g., phenol
red).

Secretion of organic ions is a saturable process and can be
competitively inhibited. Stop-flow techniques, as well as single
tubule micropuncture and microperfusion experiments, have
shown that the proximal tubule is the main site for the secre-
tion and reabsorption of organic anion and cation. Facilitated
transport of organic compounds in other tubular segments has
been reported (10,11), but is of minor importance. Secretion is
not uniform along the proximal tubule and may differ between
superficial and juxtamedullary nephrons. This heterogeneity of
secretion, varying among species and substrates, may corre-
spond to differences in the density of the transporter molecules
along the proximal tubule. As an example of such differences,
the S2 segment in rabbits secretes organic anions (PAH and
urate) at a higher rate than S1 and S3 segments, while in pigs,
the S1 segment appears to secrete more than the S2 and S3
segments (6). Since secretion involves basolateral and apical
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transport in series, the intracellular concentration of the sub-
strate depends not only on basolateral transport, but also on
the rate of efflux at the apical membrane. A low efflux rate of
the secreted substrate may lead to its intracellular accumulation
and cell toxicity, as observed for cephaloridine and vancomycin
in rabbit proximal tubules (12,13). The cellular concentration
of organic ions during in vivo and in vitro secretion or reabsorp-
tion can be monitored by fluorescence microscopy (14,15).

Reabsorption

Tubular reabsorption of organic acids or bases usually proceeds
through passive back-diffusion of their undissociated forms.
Thus, reabsorption depends on the liposolubility of the com-
pound, its pKa , the pH of the urine, and the contact time
with the epithelium (i.e., the tubular flow rate). Alkaliniza-
tion of urine efficiently decreases reabsorption and enhances
renal excretion of organic acids, such as salicylic acid and
probenecid, whereas urine acidification decreases reabsorption
and enhances excretion of organic bases (triamterene and pro-
caine). Reabsorption can completely offset net secretion and
reduce urinary excretion nearly to nil. Other compounds are
reabsorbed by a facilitated process, showing competitive in-
hibition and saturation, and thus may undergo bidirectional
transport by facilitated mechanism.

Substrate Recognition

Most studies conducted to determine whether a xenobiotic or
a natural compound is substrate for a specific renal transporter
are based essentially on the ability of the substrate to compete
for transport of prototypical substrates (e.g., PAH for organic
anions, and TEA or NMN for organic cations), and not neces-
sarily on its own ability to be transported. Substrate uptake has
been investigated in renal cortical slices, in suspension of prox-
imal cells, in cells of perfused or nonperfused proximal tubules,
in rat proximal tubule in situ, or in membrane vesicles purified
from renal cortex (3,16,17). These competition studies demon-
strate the affinity of the substrate for the carrier system, but
do not establish the transport of the substrate per se. Indeed,
inhibitors with high affinity are usually not transported; an
inverse relationship has been repeatedly observed between the
potency of an inhibitor and its rate of transport (18–22). Renal
cell monolayers grown on permeable supports provide a good
tool to investigate transepithelial transport. Two established
cell lines with proximal tubule transport characteristics—LLC-
PK1 and OK cells from pig and opossum kidney, respectively—
have been used for organic ion transport studies. The organic
cation transport system is functional in both cell lines (23),
whereas PAH transport is present in OK cells (24), but not in
LLC-PK1. Cell lines originating from human proximal tubule
have been described, but their ability to transport organic ions
in the secretory direction has not been investigated (25,26). To-
day a number of transporters have been cloned. Their transport
characteristics have been defined when expressed in the Xeno-
pus oocyte expression system, or other cell systems, such as
HeLa, COS-7 cells, human embryonic kidney cells (HEK293),
or MDCK cells (5).

ORGANIC ANIONS

The proximal tubule transports a variety of endogenous and
exogenous organic anions. Endogenous organic anions mostly
reabsorbed include aliphatic mono- (e.g., lactate, pyruvate),
di-, or tricarboxylates (oxalate, citrate, succinate, α-ketoglu-
tarate), vitamins (folate, ascorbate), waste products (urate),

prostaglandins, and second messengers (cAMP). The majority
of the exogenous organic anions including p-aminohippurate
(PAH), β-lactam antibiotics, antiviral drugs (AZT), nons-
teroidal anti-inflammatory drugs, diuretics, and angiotensin-
converting enzyme (ACE) inhibitors, are secreted into the prox-
imal tubular lumen. This secretory transport system is highly
efficient and exhibits a broad substrate specificity. Net secre-
tion of organic anions requires the uptake across the basolat-
eral membrane, and the release of the organic anion across
the luminal membrane into the tubule lumen. The PAH con-
centration in the tubule lumen exceeds that in the blood, in-
dicating that this uphill secretory transport requires energy
(27).

Membrane Mechanisms for PAH Secretion

The characteristics of PAH transport mechanisms and a de-
tailed discussion of pioneer work have been presented by
Pritchard and Miller (3). We will thus limit our review to the
main features of PAH transport mechanisms.

Influx across the basolateral membrane of proximal tubules
constitutes the first step of secretion. The uptake of negatively
charged organic compounds occurs against an inside negative
electrical potential difference and, in some instances, against
a concentration gradient. This uphill active transport requires
energy. In contrast, efflux from cell to lumen across the lumi-
nal membrane takes place along the electrochemical gradient
and does not necessitate a direct energy expenditure (7). The
concentrative uptake of substrates in the proximal cells by the
PAH transporter contributes, at least in part, to the nephro-
toxicity of cephalosporin antibiotics (13), antiviral nucleotide
analogs (cidovir, adefovir) (28), ochratoxin A (29), and some
glutathione and cysteine conjugates (30). The nephrotoxicity
of these compounds can be reduced by the administration of
probenecid, which inhibits their cellular uptake.

Basolateral Transport Mechanisms

The energy dependent uphill transport of PAH across the ba-
solateral membrane of the proximal tubule requires the coop-
eration of three transporters, the Na/K-ATPase, the sodium-
dicarboxylate cotransporter (NaDC3), and the organic anion
transporter 1 (OAT1) (see Fig. 8.1) (31,32). The Na+ pump
maintains an inwardly directed Na+ gradient using ATP hy-
drolysis. The NaDC3 symporter utilizes the energy provided
by inwardly directed Na+ gradient, by coupling the transport
of 3 Na+ ions with one molecule of α-ketoglutarate in order to
accumulate α-ketoglutarate into the cell above its electrochemi-
cal equilibrium. The intracellular accumulated α-ketoglutarate
then exchanges with extracellular PAH via the OAT1 trans-
porter.

The NaDC-3 transports endogenous di- and tricarboxy-
lates, such as oxaloacetate, fumarate, succinate, and α-
ketoglutarate, which are intermediates of the Krebs cycle, and
constitute substrates for the energy metabolism of the cell (ox-
alate is a substrate of the NaDC-3 transporter, but is not in-
volved in the cell energy metabolism) (7). The NaDC-3 trans-
porter has a relatively narrow substrate specificity and does not
transport xenobiotics, but, by allowing the intracellular accu-
mulation of α-ketoglutarate, it contributes in driving a variety
of exogenous organic anions into the cell via the OAT1 trans-
porter. The intracellular accumulation of α-ketoglutarate can
reach more than 600 μM in rat cortical kidney slices for an
extracellular concentration of 10 μM. In dogs, the intracellu-
lar concentration of α-ketoglutarate is about five to ten times
higher than in plasma and thus should generally not be rate lim-
iting for basolateral anion exchange (33). This uphill transport
of α-ketoglutarate requires the symport of one molecule of
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FIGURE 8-1. Organic anion transporters in the proximal tubule.
Upper cell: transporters involved in the secretion of organic anions
(OA−) and PAH. The first step of PAH secretion is the uptake of PAH
across the basolateral membrane in exchange with α-ketoglurate via
OAT1 transporter. α-Ketoglurate is recycled back into the cell via the
cotransporter NaDC-3. Additional basolateral transporters OAT2 and
OAT3 allow entry of PAH into the cells, but do not function as anion
exchangers. The exit of PAH into the tubule lumen involves the uni-
porters OAT4 and MRP2, as well as the P-glycoprotein MRP2 (mul-
tidrug resistance). Lower cell: organic anion transporters that do not
transport PAH, but are involved in the secretion of other organic an-
ions (OA−), such as nonsteroidal anti-inflammatory drugs (NSAIDs)
These transporters include basolateral OATP4 and the apical OATP1,
OATK1, and OATK2. Transport of oxalate (OX−) involves the baso-
lateral SAT1 and, at the apical membrane, an exchanger with Cl− that
has not yet been identified at the molecular level. Urate transport in hu-
man mainly involves reabsorption; the apical URAT1 anion exchanger
with affinity to pyrazinoate (PZA) allows urate uptake into the cell and
a basolateral electrogenic-facilitated diffusion that still remains to be
identified is responsible for urate exit from the cell.

α-ketoglutarate together with 3 Na ions in order to overcome
the large electrochemical gradient across the basolateral mem-
brane. The NaDC-3 protein is expressed essentially in the kid-
ney and immunolabeling showed the presence of NaDC-3 pro-
tein in the S3 segment of the proximal tubule (34). The NaDC-3
cotransporter shares with the OAT transporters a common sec-
ondary structure prediction that includes 12 transmembrane
segments, although they do not belong to the same gene family
(35,36).

Molecular Identification of the Basolateral
p-Aminohippurate Transporter

OAT1 was first cloned from the rat kidney and identified as
an organic anion transporter (37–39). Several orthologs of the
rat OAT1 have been isolated from human, rabbit, pig, flounder,
and Caenorhabitis elegans (8). The mammalian orthologs show
∼80% identity at the amino acid level, whereas a 20% and
50% identity with the human OAT was found between the
flounder and C. elegans, respectively. In the human, four splice
variants have been identified with comparable PAH transport
capacities (40).

Immunohistochemistry experiments in the rat kidney re-
vealed that the rat OAT is restricted to the basolateral mem-
brane of S2 segments of proximal tubules, although weaker

expression has been reported in the S1 and S3 segments (41–
43). These findings are consistent with previous physiologic
studies showing the highest transport rate of PAH in the S2 seg-
ment. When expressed in cell systems (Xenopus oocytes, HeLa
cells, COS cells), OAT1 functions as a PAH–α-ketoglutarate
exchanger, and demonstrates (like the PAH basolateral trans-
port mechanism), a broad specificity for substrate binding, in-
cluding nonsteroidal anti-inflammatory drugs (NSAIDs). The
OAT1 from rat or human expressed in heterologous cell sys-
tems shows a very broad substrate affinity (7) that includes
prostaglandin-E2 (PGE2), cyclic adenosine monophosphate
(cAMP), cyclic guanosine monophosphate (cGMP), urate, α-
ketoglutarate, salicylate, acetylsalicylate, indomethacin, and
estradiol 17β-D-glucuronide, and β-lactam antibiotics, indi-
cating that OAT1 is a polyspecific transporter with affinity for
multiple chemically unrelated compounds.

Substrate Requirements for the Basolateral
“p-Aminohippurate Transport Mechanism”

The characteristics required for a substrate to be secreted by
the PAH transport system have been intensively investigated.
In particular, Ullrich studied all categories of compounds sus-
ceptible to undergo secretion in rat proximal tubule in situ
by measuring their capacity to inhibit the basolateral influx
of PAH (17). In general, affinity of a substrate for the PAH
transporter necessitates one hydrophobic moiety between 0.4
and 1.0 Å in length and a full or partial electronegative charge.
However, some nonionized compounds can also interact if they
are hydrophobic enough and form multiple H+ bonds with
the carrier (e.g., steroid hormones, anilin-derived analgesics).
Substrates with high affinity have two negative charges 0.6 to
0.7 nm apart (e.g., benzene-1,4-disulfonate). Altogether, sub-
strate binding to the PAH transporter necessitates hydropho-
bic interactions and the formation of multiple H+ bonds. The
question remains as to whether the cloned OAT1 is functionally
identical to the PAH transporter in intact proximal tubule. De-
spite the lack of a precise comparison of the kinetics for both the
in vivo and in vitro PAH transport systems, there are some clear
correspondence between both systems regarding their interac-
tion with aliphatic dicarboxylate and their comparable low
affinity for xenobiotics including β-lactams, NSAIDs, urate,
and cyclosporin. Thus, it is likely that PAH transport across
the basolateral membrane of the proximal tubule occurs via
the OAT1 transporter.

OAT2 and OAT3

The OAT2 was cloned from a rat cDNA library. Rat and hu-
man OAT2 transcripts are more abundant in the liver than in
the kidney. In this latter organ, OAT2 expression at the protein
level differs between rats and human. There are sex differences
in the tissue expression profile of OAT2, where female rat and
mouse have higher levels of OAT2 expression in the kidney
compared to males (44,45). In rats, the OAT2 transporter was
found in the thick ascending limb of Henle’s loop and at the
luminal membrane of the cortical collecting duct (CCT). In hu-
mans, OAT2 is found to be restricted to the basolateral mem-
brane of the proximal tubule and, therefore, may contribute to
the secretion of endogenous or exogenous organic anions (46)
(Fig. 8.1).

When expressed in Xenopus oocytes, the OAT2 transports
a variety of substrates including acetylsalicylate, PAH, and
methotrexate, as well as α-ketoglutarate, PGE2, and PGF2.
Inhibition studies showed that NSAIDS (diclofenac, ibupro-
fen), antibiotics (penicillin, rifampicin, and tetracycline), and
diuretics (bumetanide) interact with OAT2. In contrast to
OAT1, OAT2 does not seem to exchange extracellular organic
anions with intracellular α-ketoglutarate to drive substrates for
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OAT2 across the basolateral membrane. The energetic basis for
the OAT2-mediated transport has not yet been determined and,
therefore, its contribution in the energy-dependent uphill secre-
tion of organic anions in the proximal tubule remains unclear.

The OAT3 isoform was first cloned from the rat kidney
(47). Northern blot analysis revealed that OAT3 is most heavily
expressed in the liver and a weaker signal is detected in the
kidney and brain (45,47). Interestingly, in the human kidney,
the mRNA level of OAT3 is nearly three times higher than
that of OAT1. In the human kidney, immunolabeling reveals
the presence of OAT3 at the basolateral membrane of the three
segments of the proximal tubule and also in the thick ascending
limb, and the aldosterone-sensitive distal nephron.

When studied in heterologous cell expression systems,
OAT3 transports PAH, but with a lower affinity than OAT1
(7,8). The rOAT3 also transports penicillin, estrone sulfate,
ochratoxin A, pravastatin, and the hOAT3 AZT, methotrex-
ate, PGE2, salicylate, valacyclovir. Unexpectedly, human and
rat OAT3 transport the weak base cimetidine (pKa 6.9), sug-
gesting that the selectivity of the OAT3 for the transport of or-
ganic anions is not as exclusive as it is for OAT1. Site-directed
mutagenesis studies are consistent with the presence of two
substrate- binding sites in OAT3, one for the transport of PAH
and one for hydrophobic organic anions that exhibit affinity
for cimetidine (48). Like OAT2, OAT3 shows important func-
tional differences with respect to OAT1. Neither unlabeled es-
trone sulfate nor PAH are able to trans-stimulate the uptake of
radiolabeled PAH or estrone sulfate by rat or human OAT3,
suggesting that OAT3 does not act as a anion exchanger (47).
Assuming that OAT3 acts as a uniporter for organic anions, it is
not clear how this transporter will overcome the large energy
barrier due to the inside negative membrane potential of the
cell. It remains that in kidney cortex slices from OAT3 knock-
out mice, the PAH and estrone sulfate uptake is considerably
reduced, indicating a significant contribution of OAT3 in or-
ganic anion transport in the proximal tubule. Recent evidence
showing that the uptake of PAH and estrone sulfate can be
stimulated in oocyte expressing OAT3 after preloading the eggs
with glutarate, suggest that OAT3 can indeed operate as an or-
ganic anion/dicarboxylate exchanger. Taken together, these ob-
servations are consistent with a major contribution of OAT3 in
the secretory process of organic anions in the proximal tubule.
Finally, OAT3 shows affinity for a variety of acidic neurotrans-
mitter metabolites which are removed from the cerebrospinal
fluid by a PAH-inhibitable transport process (49,50).

Brush-Border Membrane Mechanisms

In contrast to the basolateral membrane transport system, lit-
tle is known about the transport of organic anion and the ef-
flux of PAH across the luminal membrane of proximal tubule
cells. To complicate our understanding of the classical secre-
tory pathway in the human kidney proximal tubule, the mech-
anisms involved in PAH efflux from cell to lumen differ among
species. Two distinct transport systems have been identified
from brush-border membrane vesicle experiments: a facilitated
electrogenic diffusion (or electrogenic pathway) and a carrier-
mediated anion exchanger. The former is present in rats, rab-
bits, and pigs; data are lacking for dogs (3). The anion ex-
changer, on the other hand, has been identified in dogs and
rats, but not in rabbits and pigs. This transporter accepts inor-
ganic anions (Cl−, HCO3

−, OH−) and several organic anions,
including uric acid and α-ketoglutarate. In contrast to the PAH
uptake across the basolateral membrane, the transport in brush
border membrane vesicles does not proceed through a coupling
of sodium–α-ketoglutarate symport and α-ketoglutarate–PAH
exchange. This is likely explained by a lower affinity of α-
ketoglutarate (�1 mM) for the luminal than for the basolateral

anion exchanger. In humans and bovines, PAH apical trans-
port occurs through a PAH anion exchanger that accepts only
α-ketoglutarate; it is similar to the PAH–α-ketoglutarate baso-
lateral mechanism. Both apical and basolateral exchangers of
the bovine proximal tubule have similar affinities for PAH and
for inhibition by probenecid (51).

The respective contribution of the facilitated electrogenic
diffusion pathway and the PAH anion exchanger were investi-
gated in situ in rat tubular microperfusion experiments. Both
transport systems appeared to be not operating. Indeed, an in-
crease in the apical membrane potential and the addition of
cold PAH in the tubular lumen did not stimulate PAH trans-
port from cell to lumen (52). In fact, the PAH anion exchanger
found only in urate-reabsorbing mammalian species, might be
responsible for the minor PAH-reabsorptive transport observed
in dogs (53).

Ullrich et al. (17) determined the characteristics required for
a substrate to interact with the apical step of PAH secretion.
The substrate requirement for binding to the apical PAH trans-
porter appears similar to that required for basolateral trans-
port. As for basolateral transport, both the hydrophobicity
and the electronic properties are important determinants for
affinity. The relative affinity of various monosubstituted ben-
zoates, benzoylglycines (hippurates), and phenylacetylglycines
for the apical and the basolateral transport of PAH was com-
pared in membrane vesicle experiments (54,55). In general, the
inhibitory potency of substrates for the apical membrane trans-
port was lower than the one for the basolateral membrane
transport.

Molecular Identification of Putative Apical
p-Aminohippurate Transporter NPT1

NPT1 or NaPi1 was cloned and initially identified as a sodium–
phosphate cotransporter (56). This protein has 6 to 8 putative
transmembrane segments and does not share any homology
with the members of the OAT family. It was then recognized
that NaPi1 or NPT1 was not playing an important role in
maintenance of phosphate homeostasis and that NPT1 trans-
ports organic anions, in particular PAH (Fig. 8.1) (57,58). The
binding sites for phosphate and organic anions appear to be
distinct. Using cell suspensions of human embryonic kidney
cells (HEK293) transfected with NPT1, Uchino and colleagues
demonstrated a cellular uptake of PAH, uric acid, benzylpeni-
cillin, faropenem, and estradiol β-glucuronide. The cellular ac-
cumulation of PAH was inhibited by various organic anions,
including probenecid, benzylpenicillin, and indomethacin. Be-
cause the transport of PAH was strongly inhibited by chlo-
ride (an extracellular ion), the authors suggested that in situ
the transporter could act from cell to lumen. NPT1 did not
demonstrate PAH anion exchange. Consequently, the authors
suggested that NPT1 might be the PAH voltage-sensitive path-
way. However, in human brush-border membrane vesicles, it
was demonstrated that PAH is transported by an anion ex-
changer specific for α-ketoglutarate and PAH and not by a
voltage-sensitive pathway (59). The renal functional role of
human NPT1 still remains unclear.

Multidrug Resistance Associated Protein

Another candidate for the apical transport of PAH secretion
is the multidrug resistance associated protein 2 (MRP2), an
adenosine triphosphate (ATP)-dependent export pump char-
acterized by its apical localization in polarized cells such as
hepatocytes (60). MRP2 is a member of the ATP-binding cas-
sette (ABC) superfamily of transport proteins. In the kidney,
MRP2 has been localized at the apical membrane of human
and rat proximal tubules (Fig. 8.1) (61). The substrates for this
ATP-dependent primary active pump are conjugates of
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lipophilic xenobiotics or conjugates of endogenous compounds
with glutathione (glutathione S-conjugate leukotriene C4), glu-
curonate (17β-glucuronosyl estradiol), estradiol, or lipophilic
anions, as well as folate and methotrexate (5,62). Recently,
PAH and ochratoxin were also identified as substrates of hu-
man MRP2 (61). MRP2 thus appears to be responsible for the
apical step of PAH and a broad number of organic anions. The
functionality of MRP2 was investigated in proximal tubules of
killfish. It appears that the apical secretory step of fluorescein–
methotrexate, phenol red, carboxyfluorescein, and lucifer yel-
low, is through MRP2 (15,63). The presence of an active step
for organic anion transport through the apical membrane is
surprising, considering that the basolateral uptake of organic
anions is active and that the concentration in the proximal cells
is high, a passive diffusion pathway would be sufficient to drive
the anions into the lumen. The respective roles of NPT1 and
MRP2 in the apical efflux of PAH and other organic anions, in
different animal species, need to be determined in vivo.

OAT4

OAT4 is expressed in the kidney, but at the mRNA level its ex-
pression is lower than for OAT1 and OAT3 (42). In the human
kidney, OAT4 seems to be restricted at the luminal membrane
of the proximal tubule (40) (Fig. 8.1). OAT4 transports PAH,
but with a low affinity (�1 mM), which makes it quite un-
likely that OAT4 represents the major pathway for PAH secre-
tion in the proximal tubule (64). In addition, OAT4 mediates
estrone sulfate transport, has affinity for ochratoxin A, PGE2,
and probenecid, but its role in organic anion handling in the
proximal tubule remains uncertain.

Tubular Transport of p-Aminohippurate:
An Integrated View

The energy source for PAH transport in intact cells is pro-
vided by the low intracellular sodium concentration achieved
by Na-K–ATPase activity. The transmembrane sodium gradient
serves as the energy source to drive α-ketoglutarate intracellu-
larly from interstitium as well as from lumen, since membranes
of both sides possess an α-ketoglutarate–sodium cotransport
(Fig. 8-1). The α-ketoglutarate–PAH exchange at the basolat-
eral membrane, through the OAT, allows PAH, in turn, to con-
centrate intracellularly by a tertiary active transport. Thus, the
central role of α-ketoglutarate in generating intracellular accu-
mulation of PAH as the first step to secretion is now well es-
tablished. Earlier reports stating that PAH transport depends
on extracellular sodium can be explained by the sodium–α-
ketoglutarate cotransport. Similarly, the modulatory effects of
metabolic intermediates (e.g., lactate, acetate, pyruvate, and
succinate) on PAH transport, as described in older studies, re-
sult from the metabolic conversion of these intermediates into
α-ketoglutarate.

Intracellular traffic of secreted anions appears more
complex than originally thought and might proceed through
accumulation into intracellular organelles (65,66). The apical
membrane may represent the limiting step for the secretion
of organic anions into the tubule lumen. The transport mech-
anisms across the apical membrane are still uncertain. They
may include a PAH anion exchanger accepting different or-
ganic or inorganic anions, a PAH–α-ketoglutarate exchanger,
as proposed in humans and bovines, and a potential regulated
channel, as observed in rats, which might be NTP1, or an ATP-
dependent export pump (MRP2).

ORGANIC ANION TRANSPORTERS
DISTINCT FROM THE
p-AMINOHIPPURATE

TRANSPORTER

Organic Anion Secreted by the Sulfate–Anion
Exchange Mechanism

Oxalate

Oxalate is the most common constituent of renal stones and is
secreted by a transport mechanism different from that of PAH.
In healthy humans, oxalate plasma concentration averages
2 μM and its fractional excretion ranges between 1% and 2%
(67). In rabbits, oxalate secretion is somewhat larger in the S1
and S2 segments than in the S3 proximal segment (68), a pat-
tern different from that of PAH. In the basolateral membrane,
oxalate (a divalent ion) exchanges with sulfate, or bicarbonate
(69), whereas in the brush-border membrane, oxalate transport
occurs by two anion-exchange mechanisms: an electroneutral
exchange with one sulfate, two chloride or two formate ions,
or an electrogenic exchange with one chloride or one formate
ion (70,71) (Fig. 8.1). Studies in rats confirmed the physio-
logic role of these exchangers in the renal transport of ox-
alate (72). The basolateral sulfate–anion exchanger (SAT1) has
been cloned (73). It is restricted to the basolateral membrane,
demonstrating that the apical and the basolateral oxalate–
sulfate exchangers represent two distinct mechanisms. The api-
cal oxalate–chloride exchangers differ from the PAH–anion ex-
changer and from the formate–chloride exchanger (70,74). In
contrast to PAH, oxalate is transported by the LLC-PK1 cell
line (75).

Earlier experimental studies reported net tubular secretion
of a biphosphonate, etidronate (76). Similar findings in rats
have been reported for new biphosphonates, such as alen-
dronate. The secretion of biphosphonates remains unaltered
by any of the classic organic ion- transport substrates, such as
probenecid, quinine, cimetidine, PAH, or NMN. Alendronate
secretion, however, can be reduced by etidronate, pointing to
a potential transport system specific for biphosphonates. Con-
ceivably, this class of compounds might also be transported by
the sulfate carrier (77).

Organic Anion Transporters without Affinity
for p-Aminohippurate

A number of transport molecules have been cloned from dif-
ferent tissues and identified in the renal proximal tubule. These
transporters, with no affinity for PAH, may contribute to the
apical step of organic anion secretion.

OATP

The OATP family of transporters refers to “organic anion
transporting polypeptides,” which have been studied for their
roles in mediating Na+-independent transport of bile salts, bro-
mosulfophthalein, and conjugated and unconjugated steroid
hormones in the liver (8). The S3 segment of proximal tubule
expresses OATP1 (Fig. 8.1). Although hepatic OATP1 is ex-
pressed at the basolateral membrane (blood side) of hepato-
cytes, in the kidney it is localized at the apical membrane (78).
In the kidney, by contrast to the liver, the OATP1 mRNA is
strongly regulated by androgens and, to a weaker extent, by
estrogens. OATP1 might play a role in the renal excretion of
estrogens. The OATP2 transports digoxin in the liver and, re-
cently, OATP4 was isolated, and shown to be expressed at the
basolateral membrane of the kidney proximal tubule (79). A
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homolog of OATP1, OATP3,was isolated from a rat retina and
found to be expressed specifically in the retina and in the kid-
ney. It transports taurocholate as well as thyroid hormones (T3
and T4) (80).

OATK1 and OATK2

OATK1 and OATK2 are organic anion transporters specific to
the kidney and also belong to the organic anion -ransporting
polypeptide family (81) (Fig 8.1). In rats, OATK1 is essen-
tially expressed in the apical membrane of proximal straight
tubules. When expressed in MDCK cells, OATK1 mediates
both uptake and efflux of methotrexate through the apical
membrane. Folate is also a substrate, whereas taurocholate is
not (82). NSAIDs (indomethacin, ketoprofen, ibuprofen, flufe-
namate, phenylbutazone) inhibit methotrexate uptake medi-
ated by OATK1. The OATK1 transporter appears to be a site
for methotrexate and NSAID interaction (83).

OATK2 is expressed in the whole convoluted proximal
tubule and in the collecting duct. When transfected in MDCK
cells, OATK2 mediates the apical transport of methotrexate, fo-
late, taurocholate, and PGE2. In cis inhibition studies, steroids,
bile acid analogs, and cardiac glycosides were shown to have
a high affinity for OATK2, suggesting that it participates to
the apical transport of hydrophobic anionic compounds in the
kidney (81).

The molecular basis of the renal handling of endogenous
and xenobiotic anions is far from being elucidated. The com-
plexity of this organic anion transport system is illustrated by
the number of transporters identified by expression cloning
(Fig. 8.1). The situation is complicated by the fact that a
substrate may exhibit affinities for different transporters. The
OAT1 transporter is the most likely candidate for the baso-
lateral step of the PAH secretion in the mammalian proximal
tubule. The molecular identification of the apical transporter
for PAH remains to be established. Several putative organic
anion transporters have been identified, but their apical local-
ization in the proximal tubule remains to be further demon-
strated. Finally, the contribution of these apical organic anion
transporters in the net renal secretion can now be investigated
by gene targeting in mouse models.

ORGANIC CATIONS

Studies in renal handling of organic cations (OC) in vivo have
been limited by their toxicity at concentrations used for clear-
ance measurements. Their renal handling has, therefore, been
studied initially in chicken with the Sperber technique (84).
Micropuncture and microperfusion studies then identified the
proximal tubule as the primary site of OC secretion. Renal
proximal cell lines, LLC-PK1 and OK, grown as monolay-
ers on porous filters, have been further used to investigate
mechanisms involved in the renal epithelial transport of or-
ganic cations, such as TEA, NMN, cimetidine, procainamide,
and nicotine (85–87) from the basolateral to the apical side.
Differences in the affinity of different substrates for the se-
cretory transport pathway pointed to the existence of mul-
tiple carriers for which substrates have overlapping affinities
(85,88). The cloning of organic cation transporters and func-
tional studies in Xenopus oocytes, HeLa cells, and human
embryonic cell lines expressing these transport molecules set
the molecular basis of the secretion of OC in the proximal
tubule.

The organic cation secretory system mediates the transport
of various endogenous molecules and xenobiotics of widely dif-
ferent molecular structures. Among the cations transported by
the secretory mechanism, a large diversity exists; as for organic
anions, there are no strict and specific structural requirements.

The low selectivity of the organic cation transporter is reflected
by the interaction of the basolateral carrier with most nitrogen-
containing substrates (23). An extensive list of cationic drugs
susceptible to interact with the organic cation transporter has
been published by Ullrich (89). With the exception of choline,
organic cations show limited reabsorption by facilitated mech-
anisms. At normal plasma concentrations (∼20 μM), choline
is extensively reabsorbed by the mammalian and chicken kid-
ney and, at higher plasma concentrations, choline is secreted
(84). The apical step of choline reabsorption is electrogenic and
specific for choline (90,91).

Membrane Mechanisms for
Tetraethylammonium and

N1-Methylnicotinamide Secretion

Mechanisms of organic cation transport have been reviewed in
detail by Pritchard and Miller, and, more recently, by Koepsell
and co-workers (2,88) and by Wright and Dantzler (204). Only
the relevant features will be presented here.

The entry step of organic cations across the basolateral
membrane involves an electrogenic transport driven by the in-
tracellular negative potential (facilitated diffusion) (Fig. 8.2).
The Nernst equation predicts at equilibrium, an intracellular
concentration of monovalent organic cations up to a 10- to 15-
fold higher level than in the extracellular milieu. In most exper-
iments with cortical slices (from rabbits, dogs, rats, and mice),

FIGURE 8-2. Organic cation transporters in the renal proximal tubule
Upper cell: Transporters involved in the secretion of organic cations
(OC+). The entry step of OC+ into the cell across the basolateral mem-
brane involves OCT1 and OCT2 uniporters. The efflux of OC+ across
the apical membrane occurs in exchange with H+ via the OCTN1
transporter. Intracellular H+, driven by the OCTN1 are recycled back
into the tubule lumen via the NHE3 Na+/H+ exchanger. The ATP-
dependent MDR1 transporter also allows secretion of OC+ across the
apical membrane into the tubule lumen. Lower cell: The uniporter
OCTN2 constitutes an electrogenic diffusion pathway for OC+ across
the apical membrane. The OCTN2 can operate in two modes, as a
uniporter or as a Na+/carnitine cotransport.
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such a level of intracellular accumulation could not be ob-
served. By contrast, in isolated nonperfused proximal tubules
from rabbits, the intracellular/extracellular concentration ra-
tio could exceed 100 for TEA and about 20 for NMN (3). The
maintenance of very high intra- and extracellular concentra-
tion ratios has been interpreted as the result of the contribution
of an active transport mechanism, in addition to the facilitated
diffusion driven by the membrane negative potential. However,
it should be pointed out that intracellular TEA is sequestered
in cytoplasmic organelles. Furthermore, it has been demon-
strated that endosomal membrane vesicles isolated from rat
renal cortex can accumulate TEA by an ATP-dependent mech-
anism (92). It is thus conceivable that the favorable transmem-
brane potential may represent the principal or single driving
force required for cellular uptake of organic cations.

Basolateral Transport Mechanisms

Transport of organic cations at the basolateral membrane oc-
curs by a voltage-sensitive pathway (electrogenic pathway)
and, in some cases, also by an organic cation exchanger. Ex-
periments with rabbit basolateral membranes have shown that
the transport of TEA, NMN, and procainamide is electrogenic
and that the transport of radioactively labeled TEA, in basolat-
eral membrane vesicles or in nonperfused isolated rabbit proxi-
mal tubules loaded with TEA, is trans-stimulated with choline,
mepiperphenidol (MPP+), or cold TEA (3,20).

In cimetidine-loaded nonperfused rabbit-isolated proximal
tubules, the efflux of cimetidine is trans-stimulated by external
TEA, quinine, procainamide, NMN, and choline (72), suggest-
ing the presence of an organic cation exchanger. This transport
system could well represent an alternative mode of transport
by the electrogenic facilitated diffusion. Limited data are avail-
able for transport in basolateral membrane vesicles of dogs
and rats in which only self-exchange of NMN (93) and TEA
(94) were investigated. No uptake stimulation was observed in
either case. The presence of an organic cation exchange mech-
anism cannot be firmly excluded in dogs, rats, and mice, based
on experiments in cortical slices from these species.

Substrate Requirements for the Basolateral Organic
Cation Transport Mechanism

Extensive studies have been conducted in rat proximal tubules
in situ to define the molecular requirements of substrates
for binding to the basolateral transporter of organic cations
(17). The substrate affinity depends on both hydrophobicity
and basicity (i.e., electron-donating, nucleophilic properties).
Cationic substrates form ion pairs with the corresponding ion-
ized groups within the carrier, but noncationic compounds
might also act as substrates if they can bind to the transporter
through multiple hydrogen bonds (e.g., steroids or cyclophos-
phamide). The role of hydrophobicity is illustrated by a series
of alkylammonium compounds for which an increase in affinity
is correlated with the length of the alkyl chain and hydropho-
bicity without change in charge. The importance of charge neg-
ativity is shown by the direct relationship among pKa of hete-
rocyclic pyridine, quinoline, and isoquinoline analogs and their
affinity for binding to the carrier (17). Ionic interaction between
substrate and carrier is not required, as illustrated by steroids,
which are devoid of nitrogen atoms, but which bear many hy-
droxyl groups that form hydrogen bonds with the carrier. These
findings generally agree with observations on substrate affini-
ties evaluated by the ability of different compounds to inhibit
TEA or NMN uptake in renal cortical slices from rats, dogs,
and rabbits, or to reduce NMN secretion in chickens, and with
data on the isolated rabbit proximal tubule (23).

Molecular Identification of the Basolateral
Organic Cation Transporter

Expression cloning allowed the identification of the primary
structure of a polyspecific organic cation transporter (rOCT1)
from a rat kidney cortex cDNA library (Fig. 8.2) (88). The hy-
drophobicity profile of the OCT1 is consistent with the pres-
ence of 12 transmembrane segments and makes it a member of
the solute carrier superfamily (SLC22A). OCT1 is heavily ex-
pressed in the kidney cortex and in the liver (95,96). Immuno-
histochemistry shows that OCT1 is restricted to the basolateral
membrane of hepatocytes and proximal tubular cells, in partic-
ular, along the early S1 segment (88). Functional expression in
Xenopus oocytes indicated that this protein shares many char-
acteristics with the basolateral transporter of organic cations in
renal proximal tubules with respect to the range and structure
of transported compounds and the affinities of substrates and
antagonists. The transport mediated by this protein is electro-
genic and remains unaltered by an outwardly oriented proton
or sodium gradient, properties consistent with the known char-
acteristic of the basolateral secretory mechanism for organic
cations. The characterization of rOCT1 was followed by the
isolation of OCT1 orthologs and the identification of a rat and
human isoform OCT2 (97). Human OCT2 and rat OCT2 are
strongly expressed in the kidney, in particular, in the basolat-
eral membrane of the proximal tubule, but not in the liver. The
functional characteristics of the OCT2 are qualitatively similar
to OCT1; the transport is electrogenic and supports organic
cation exchange.

Functional studies in Xenopus oocytes, human embryonic
kidney cells (HEK 293), and HeLa cells demonstrated that
OCT1 and OCT2 of various species transport small organic
cations, such as TEA, NMN, 1-methyl-4-phenylpyridinium,
choline, dopamine, serotonin, and histamine (88). As ex-
pected for the renal basolateral OCT, TEA transport by
Xenopus oocytes expressing rOCT2 and rOCT1 (98) was
inhibited by a broad number of cationic compounds, such
as cimetidine, guanidine, choline, decynium 22, 1-methyl-4-
phenylpyridinium, procainamide, NMN, quinidine, and nico-
tine. The human immunodeficiency virus (HIV) protease in-
hibitors, indinavir, nelfinavir, ritonavir, and saquinavir inhibit
TEA transport by hOCT1, but they are probably not trans-
ported (99). Inhibitor potency for OCT1 and OCT2 varies
with species. Human OCT1 generally interacts with the n-
tetraalkylammonium compounds with a lower affinity than
that of rats, mice, or rabbits (100). The expression levels of
rOCT2 mRNA and protein in males are much higher than in
females (101). This might correlate with the higher transport of
TEA in male basolateral membrane vesicles and cortical slices.
Because no gender differences were observed for rOCT1 ex-
pression in the kidney, the role of rOCT2 in basolateral trans-
port of organic cations appears dominant.

Brush-Border Membrane Mechanisms

In all species investigated thus far—rats, dogs, rabbits, pigs, and
humans—TEA and NMN efflux across the luminal membrane
involves a carrier-mediated exchange with protons, which rep-
resents the rate-limiting step for secretion of organic cations.
In rabbits, amiloride, cimetidine, morphine, and procainamide
(3), and in rats, disopyramide (102), are transported by such
an electroneutral proton exchanger. Acridine orange (103),
gentamicin, and verapamil (104) can trans-stimulate and cis-
inhibit NMN transport in brush-border membrane vesicles and
are therefore substrates for the proton–NMN exchanger. The
apical Na/H exchanger NHE3 plays a crucial role in the secre-
tion of organic cations by maintaining an inwardly directed
proton gradient. Depending on the proton gradient across
the luminal membrane, the organic cation proton exchanger
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can transport organic cations against a concentration
gradient.

Several carriers appear to be involved in the transport of or-
ganic cations, which show overlapping affinities for different
substrates. Thus, H+-stimulated guanidine uptake in brush-
border membrane vesicles is only minimally inhibited by TEA,
NMN, and choline, whereas amiloride, clonidine, imipramine,
and harmaline are more potent inhibitors (105). Furthermore,
species differences in organic cation secretion may reflect the in-
volvement of different carrier molecules in brush-border mem-
branes. Cephalexin, for instance, shows an affinity for the
NMN or TEA transporter in human brush-border membranes
(102), while in rats it has no affinity for the TEA transport
mechanism. In snakes, TEA is secreted and NMN reabsorbed
(9).

The role of the proton organic cation exchanger has been
confirmed in LLC-PK1 cells grown on porous support, where
basolateral to apical transport of TEA was enhanced by acid-
ification of the apical side (106). Similar enhancement of pro-
cainamide and cimetidine transport was observed in OK or
LLC-PK1 cell monolayers (86). However, because nonionic
back-diffusion of weak bases is decreased by apical acidifica-
tion, the relative role played by proton organic cation exchange
versus nonionic diffusion in the overall transport stimulation
by luminal protons cannot be assessed precisely (87).

A number of currently used drugs inhibit NMN or TEA
transport in brush-border membrane vesicles. In dogs, quini-
dine, trimethoprim, cimetidine, famotidine, quinine, amiloride,
procainamide, and nizatidine were shown, in decreasing order
of inhibitory potencies, to reduce NMN transport (107). In
rats, the potency sequence for inhibition was cimetidine, famo-
tidine, and ranitidine, which was about 50 times less potent
than cimetidine (108). In humans, these drugs may interact in
the renal excretion of other drugs (see also below).

Substrate Requirements for the Apical Organic
Cation Transport Mechanism

The structural properties required for apical transport have
been investigated in situ in rats and in rabbit brush-border
membrane vesicles (109). Hydrophobicity is the principal de-
terminant of substrate binding, as illustrated by the correla-
tion between an increase in hydrophobicity and an increase in
inhibitory potency of the inhibitors. Hydrophobicity appears
to play a more important role for the apical than the baso-
lateral transport system. For example, the apparent affinity
for the apical transporter of quinine, TEA, choline, guanidine,
and NMN, which are all small, lipophilic molecules, is about
20 times lower than for the basolateral transporter. In contrast,
cimetidine and larger hydrophobic compounds such as tetra-
hexylammonium have a higher apparent affinity for apical than
basolateral transporters (three to ten times larger than com-
pounds of smaller molecular size) (17). The cyanine analog,
decynium 22, has one of the highest affinities for interacting
with MPP+ luminal efflux in rats. In LLC-PK1 cell monolay-
ers, decynium 22 inhibits radioactive TEA uptake at a concen-
tration 100 times lower than that of cold TEA. At the same
concentration ratio, decynium does not inhibit the basolateral
uptake of TEA transport.

Enantiomers of some chiral organic cations differ with re-
spect to their affinities for the transporter and their ability to in-
hibit NMN or TEA uptake by brush-border membrane vesicles
(107,109). For example, stereoselectivity was observed for the
enantiomers of verapamil, norepinephrine, and epinephrine.
No differences were observed in inhibition of TEA uptake be-
tween the enantiomer of bupivacaine, or for the optical isomers
quinine and quinidine, suggesting that transport stereoselectiv-
ity might occur when the center of chirality is close to cationic
function of the substrate (110).

Molecular Characteristics of the Apical Organic
Cation Transporters

A few transport mechanisms have been identified in the kidney
by expression cloning. They might be involved in the apical step
of organic cation secretion, although at present their function
in situ has not been recognized (see Fig. 8.2).

OCTN1 and OCTN2

OCTN1 was first cloned from a fetal human liver cDNA library
and showed an approximately 30% homology with the OCT1.
The hydrophobicity profile of the OCTN1 amino acid sequence
is compatible with 12 transmembrane segments (111,112). The
tissue distribution of OCTN1 differs between human and rat.
At the mRNA level, OCTN1 expression is low in the human
kidney (42), whereas in mouse and rat the largest expression
is found in the kidney, intestine, lung, heart, and brain (96).
At the protein level, expression of rOCTN1 is found in the
straight portion of the proximal tubule and also in the distal
tubule. There is no direct evidence for an apical membrane
localization of the OCTN1, but the functional characteristics
of OCTN1 suggest that it might be involved in the apical step
of organic cation secretion.

When expressed in human embryonic kidney cells
(HEK293) and Xenopus oocytes, human OCTN1 mediates
a saturable and pH-dependent transport of TEA; extracellu-
lar acidification inhibits OCTN1-mediated transport. In HEK
cells expressing hOCTN1, an inwardly directed proton gra-
dient stimulates TEA efflux from the cell, supporting an elec-
troneutral proton OC+/H+ exchange mechanism. The trans-
port of TEA was observed to be bidirectional and inhibited
by various organic cations, such as choline, clonidine, cimeti-
dine, quinidine, and verapamil, and by zwitterionic compounds
such as L-carnitine, cephaloridine, and levofloxacin. The trans-
port of a few of these inhibitors, quinidine, verapamil, and L-
carnitine, was demonstrated (113). In summary, OCTN1 is a
multispecific, bidirectional, and pH-dependent organic cation
transporter that is probably energized by a proton antiport
mechanism.

OCTN2 shares with OCT1 a 30% sequence identity. In the
kidney, OCTN2 is expressed predominantly in cells of prox-
imal and distal tubules, as well as in glomeruli. OCTN2 has
the same functional characteristics as OCTN1, but the sub-
strate affinities for the transporter differ (114). In addition
to its ability to transport organic cations, the human, rat,
and mouse OCTN2 also functions as a Na+-dependent L-
carnitine transporter with affinities to other zwitterions, such
as cephalosporins that contain a quaternary nitrogen (115).
Interestingly, mutations in the gene encoding OCTN2 result
in a failure to reabsorb carnitine in the proximal tubule and
a systemic carnitine deficiency. Site-directed mutagenesis ex-
periments provided evidence that the transport sites for or-
ganic cations and for carnitine are distinct (116,117). OCTN2-
mediated transport of TEA is independent of Na+. Thus,
OCTN2 can transport substrates in both Na+-dependent and -
independent modes, but both modes carry net charges. OCTN2
thus might play a role in organic cation secretion, and in the
reabsorption of carnitine by a sodium-carnitine cotransport. In
vivo, cephaloridine was reported to increase the fractional ex-
cretion of carnitine by interfering with its reabsorption (115).
The anionic cephalosporins are not substrates for OCTN2, but
they are substrates for the peptide transporters, PEPT1 and
PEPT2 (5). Inversely, the cephalosporins, which have affinity
for OCTN2, are not substrate of the peptide transporters.

MDR1

The MDR protein, as well as the MRP proteins, are members
of the ABC (ATP-binding cassette) superfamily of transport
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proteins, which is one of the largest and most diverse fam-
ily of proteins that mediate transport of solutes across bio-
logical membranes (118). MDR1, also called P-glycoprotein
(Pgp) is expressed in the kidney, liver, and intestine, where it
facilitates secretion or limits absorption of xenobiotics (111).
The MDR1-mediated transport is coupled to ATP hydrolysis.
There is functional evidence that the ATP-dependent export
pump MDR1, characterized by its apical localization in ep-
ithelial cells, plays a role in the apical step of the renal secre-
tion of organic cation. Localized at the apical membrane of
proximal tubules, MDR extrudes many cationic hydrophobic
compounds, for example, vinblastine, vincristine, colchicine,
daunomycin, verapamil, and doxorubicin from the cells (119–
122). When expressed in MDCK cells, MDR1 mediates the se-
cretion of daunomycin, vinblastine, and cimetidine from the
basolateral to the apical side (123). Secretion mediated by
P-glycoprotein was demonstrated in killfish, in which uphill
transport of the fluorescent derivatives of rapamycin and cy-
closporin A into the urinary space of intact proximal tubule was
observed (124). P-glycoproteins transport TEA and vinblas-
tine, but not in exchange with luminal protons. Photoaffinity-
labeling studies suggest that the Pgp and the exchanger are
different transport proteins (125). Examples of compounds
transported in kidney cell lines by both the Pgp and the or-
ganic cation transporter include daunomycin, colchicine, vera-
pamil, quinidine, cimetidine, and vinblastine (123). The MDR1
gene is constitutively expressed in LLC-PK1 cells and encodes
low levels of Pgp in plasma membranes and in acidic particles
(probably Golgi apparatus). In LLC-PK1 cell suspension, dox-
orubicin efflux and uptake by acidic particles are mediated by
Pgp. An intracellular redistribution of doxorubicin occurs, de-
pending on the rate of cell efflux, which is characteristic of a
doxorubicin-resistant tumor.

THE ORGANIC ION
TRANSPORTER GENE FAMILIES

The functional interactions between organic anions and cations
for renal transporters may be related to common structural fea-
tures between OAT and OCT transporters. Indeed, members
of the OAT and OCT transporter families show homologies
at the amino acid level and share a common membrane topol-
ogy with 12 putative membrane-spanning segments suggest-
ing that OAT and OCT belong to the same transporter gene
family (8).

The sulfate–oxalate–bicarbonate anion exchanger (SAT-1)
shares no homology with the members of the OAT family
(73). Interestingly, SAT-1 shares a significant homology with a
transmembrane protein designated pendrin, which, when mu-
tated, causes a form of a hereditary deafness (126). Pendrin
was shown to mediate chloride–formate exchange when ex-
pressed in Xenopus oocytes (127). Prestin, a motor protein
in the cochlear outer cells also shows significant homology
with SAT-1 (128). These membrane proteins exhibit 11 puta-
tive transmembrane segments with an intracellular N-terminus.
These membrane proteins seem to have diverse physiologic
functions and may belong to the same gene family.

The Na-dependent dicarboxylate cotransporters (NaDC)
represent a distinct gene family that includes at least three
members and possibly more remaining to be identified. The
current models of the secondary structure of the NaDC family
also predict 11 transmembrane segments and an extracellular
N-glycosylated carboxy terminus (7).

The structural similarities existing between OAT/OCT, the
SAT-1, and NaDC remain to be determined, in particular, their
membrane topology or their ligand-binding sites. Knowledge
about their structure/function will allow researchers to deter-

mine whether these organic ion transporters may belong to a
unique and large gene superfamily.

Besides these organic ion exchangers or cotransporters,
ATP-binding cassette (ABC) transport proteins (MDR1 and
MRP2) are present in the kidney, as mentioned before, and
are likely involved in the transport of organic cations and
anions.

DRUG INTERACTIONS AND
OTHER CLINICAL ASPECTS OF

RENAL ORGANIC ION
TRANSPORT

Because secretion takes places through facilitated mechanisms
and the number of carrier molecules is limited, secretion is sub-
ject to competition between substrates. Drug interactions for
renal excretion might, therefore, be expected. In fact, such in-
teractions appear generally of limited clinical relevance, except
in a few situations, which are discussed in more detail in the
following paragraphs. It must be pointed out that kinetic drug
interactions may occur concomitantly at intestinal, liver, and/or
renal transport systems.

Cardiac Glycosides

Excretion of digoxin is primarily renal, by glomerular filtra-
tion and tubular secretion and reabsorption. Competition stud-
ies have shown that the “classic” anion or cation transport
systems are not involved, although the role of a basolateral
transporter (OATP4C1) in cellular uptake of digoxin has been
recently suggested (79). The secretory process as studied in
vivo and in a renal epithelium in vitro is carried out by the
apical membrane P-glycoprotein (MDR). It is clinically well
known that several drugs (most notably quinidine, verapamil,
nifedipine, propofenone, spironolactone, amiodarone, riton-
avir [129], clarithromycin [130]) reduce the renal (tubular)
clearance of digoxin and increase the plasma concentration
and toxic risks of the cardiac glycoside (131–133). Accord-
ingly, these interactions may be explained by a competition at
the secretory step controlled by P-glycoprotein at the luminal
membrane. Such a possibility has received experimental sup-
port for several of these compounds (120,121,134,135).

Antibiotic and Antiviral Drugs

The central role of the secretory anion pathway in the renal
clearance of β-lactam antibiotics has been well documented.
Probenecid reduces the excretion of β-lactam compounds, a
property that has been used to prolong the plasma half-life
and maintain the therapeutic levels of penicillins. The uptake
at the basolateral membrane is mediated by the OAT1 trans-
porter (136). As well, uptake at the basolateral membrane of
cephalosporins leading to high intracellular concentrations is a
major contributing factor for their renal toxicity, particularly
if the extrusion rate at the apical membrane is low. Toxicity
can be reduced by concomitant administration of probenecid,
which inhibits basolateral uptake. It is worth noting, however,
that cell accumulation is necessary but not sufficient for cy-
totoxicity, as shown by cephalexin, which has a low nephro-
toxic potential despite marked cortical accumulation (13). Hu-
man pharmakinetic studies have shown inhibitory effects by
probenecid on renal tubular secretion of ziduvudine, cidofovir,
ganciclovir, and by zidovudine or ganciclovir (137).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-08 Schrier-2611G GRBT133-Schrier-v4.cls July 10, 2006 21:51

Chapter 8: Renal Transport of Organic Ions and Uric Acid 227

H2-Receptor Antagonists

Interactions of cimetidine and other H2-receptor antagonists
with the renal secretion of several drugs have been repeat-
edly described and comprehensively listed. Thus, cimetidine
inhibits renal secretion of procainamide in humans and pro-
longs its elimination half-life (138,139). Similar inhibitory ef-
fects have been shown on creatinine, ranitidine, and many other
cationic compounds (140). Conversely, in human volunteers,
probenecid reduces the renal excretion of cimetidine (141) and
famotidine (142). These observations in humans agree with the
experimental data discussed previously, characterizing cimeti-
dine and other H2-receptor antagonists as bisubstrates.

Antineoplastic Drugs

Methotrexate toxicity is increased by concomitant administra-
tion of NSAIDs, such as ibuprofen, salicylates, and flurbiprofen
(143). NSAIDs and methotrexate are substrates for the basolat-
eral PAH transporter (OAT) (144) and the apical transporter
OATK1 (83). Competition between NSAIDs and methotrex-
ate for transport by OATK1 has been reported,and inhibition
of the basolateral uptake of methotrexate by NSAIDs was
observed in rabbit kidney slices (145). Recent studies using
mouse tubular cells expressing human OAT’s conclude that
methotrexate transport and interactions with NSAIDs occur
at basolateral hOAT1 and hOAT3 and apical hOAT4 trans-
porters (146).

Cisplatin appears to be transported basolaterally by the
anion-transport system, because coadministration of prob-
enecid reduces the nephrotoxicity of this chemotherapeutic
agent in humans (147). It has been proposed that platinum, like
other nephrotoxic metal ions, such as mercury and potassium
dichromate, is taken up by tubular cells as sulfhydryl conjugate
through a probenecid-sensitive pathway (148). However, cis-
platin might also belong to the group of bisubstrates, because
quinidine, cimetidine, and ranitidine inhibits its net secretion
flux in the dog kidney (149). Furthermore, cisplatin-induced
toxicity to renal MDCK might result from intracellular trans-
port through basolateral OCTs (150).

Other Drugs

In healthy volunteers, gemfibrozil entails an increase in expo-
sure (AUC) to simultaneously administered pravastatin, an in-
teraction that appears to be, in part, related to a transport
protein at the renal level (151).

Renal Clearance of Organic Anions or
Cations to Estimate Renal Function

Estimation of renal plasma flow (RPF) can be derived from
the renal clearance value of any compound that is extensively
extracted by a single pass through the kidney and completely
excreted into the urine. Measurements of PAH clearance at
plasma concentrations below transport saturation have been
used for decades to determine RPF in subjects with normal re-
nal function. It bears repeating, however, that PAH extraction
is markedly reduced in chronic renal disease and its determina-
tion by renal venous sampling remains necessary for estimating
RPF, since PAH clearance in these conditions is likely to under-
estimate true RPF (152).

Despite its utility, the use of PAH suffers from the fact that
the exogenous marker must be infused. Hippurate, the physio-
logic analog of PAH, has also been used. However, because its

endogenous plasma concentration is low, an exogenous sup-
ply is also required (153). It has therefore been proposed to
resort to the clearance of an endogenous cationic compound,
N1-NMN, as an alternative to PAH and hippurate for the de-
termination of RPF. Studies in humans have used endogenous
NMN clearance as a test for early detection of tubular func-
tional alteration of toxic origin. Thus, reduced NMN clearance
during cyclosporin therapy despite normalization of RPF and
glomerular filtration rate (GFR) has been interpreted as indi-
cating a persisting toxic tubular effect of the drug (154).

An overview of various techniques used for estimating renal
elimination pathways in clinical settings has been published
(155).

URIC ACID

In mammals, uric acid (2,6,8-trihydroxypurine) derives exclu-
sively from the degradation of purines, while in other verte-
brates it is generated by the catabolism of both purines and
amino acids. In most mammals, uric acid is further catabo-
lized into allantoin through the activity of urate oxidase. In
humanoid primates, however, uric acid is the final product of
purine metabolism, as a consequence of a mutation in the uric-
ase gene resulting in a loss of its enzymatic activity (156,157).
It has been argued that the loss of uricase activity may provide
an evolutionary advantage, since uric acid has powerful free-
radical scavenger properties and may thus exert cell-protective
effects, although its persistence entails the occurrence of gout
and its attendant complications (158,159).

From a teleologic perspective, a waste product should be
easily eliminated from the body. Human kidneys reabsorb a
large proportion of filtered urate (160), higher than in most
mammals investigated so far, with the exception of the chim-
panzee and the Cebus monkey. This concomitant loss of uri-
case activity and extensive renal reabsorption result in higher
uratemia in humans than in other mammals, with values close
to the limit of solubility in plasma (161). The low solubility of
uric acid entirely explains its physiopathologic and toxicologic
effects.

Physicochemical Characteristics,
Plasma Levels, and Overall Renal

Handling of Uric Acid

Uric acid is a trioxypurine with oxygen in positions 2, 6, and
8 of the oxypurine ring. It is a weak acid with a pKa of 5.75
(–NH position 9) and 10.3 (–NH position 3). Depending on the
pH of physiologic fluids, uric acid is present as the mono urate
sodium salt and/or the undissociated acid. In plasma (37◦C, pH
7.4), uric acid is almost entirely (98%) present as monosodium
urate salt. Plasma levels vary throughout life, being rather high
in full-term neonates (310 μM), and decreasing (to 140 μM)
after a few days, as a result of increased uricosuria. At later
stages, urate plasma levels increase in children of both sexes,
with a larger rise in males than in females at puberty (161,162).
Urate plasma values in postmenopausal women increase and
reach the levels of males.

These variations of plasma urate concentrations are related
to differences in renal fractional excretion, demonstrating the
role of the kidneys in the regulation of uricemia. In healthy
humans, the fractional excretion of urate is slightly higher in
females (12%) than in males (8%), and is greater in children
(15% to 30%) than in adults. The role of estrogens on the renal
excretion of urate is controversial (161,163).

The role of genetic factors in the control of renal urate clear-
ance is important, as shown by ethnic variations in fractional
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urate excretion (164,165). In addition, hypouricemia may be
associated with loss of function mutation of the urate trans-
porter hURAT1 and cases of familial juvenile hyperuricemic
nephropathy because of failure to excrete uric acid have been
described (166,167).

Renal Excretion of Urate

In healthy humans, net tubular urate transport results in an
overall renal reabsorption of urate, leading to a fractional ex-
cretion of urate averaging 10%. The most effective uricosuric
drugs increase this value from 30% to 50% (160,168). Despite
the predominance of reabsorption in the overall renal handling
of urate, it has long been established that tubular transport in
the proximal tubule is bidirectional. Thus, Gutman et al. (169)
demonstrated that, in a few patients with reduced GFR, reab-
sorption was converted to secretion in the presence of an urate
load, an osmotic diuresis, and sulfinpyrazone administration;
under these conditions fractional excretion of urate reaches
about 110%. An unidirectional secretory transport of radiola-
beled urate has also been shown in humans with normal renal
function.

Changes in extracellular fluid volume (ECFV) are among
the most important factors modulating urate excretion. Thus,
ECFV contraction, frequently resulting from the use of diuret-
ics, decreases the fractional excretion of urate. The mecha-
nism of this effect remains unknown, but most likely results
from enhanced proximal urate reabsorption. In such condi-
tions, reabsorption of sodium and many other solutes (HCO3

−,
phosphate, glucose) is also increased (170). Although urate re-
absorption is not directly coupled with sodium (59,171), it
might be stimulated indirectly by cotransport of sodium with
other anions having affinity for the urate–anion exchanger re-
sponsible for urate reabsorption (172). A decrease in fractional
excretion of urate, together with an increase in sodium reab-
sorption, is observed in diabetes insipidus, hypertension, dur-
ing angiotensin infusion, and in hyperinsulinemia within phys-
iologic range.

In contrast, expansion of ECFV by isotonic or hypertonic
saline enhances the fractional excretion of urate, an effect inde-
pendent of the increase in urine flow, which as such have little
influence on urate excretion. An increase in effective arterial
circulatory volume probably plays a more important role in
such a context and may, at least, in part, be responsible for the
hypouricemia observed in inappropriate secretion of arginine
vasopressin (AVP) (173).

Fractional urate excretion is little affected by urinary pH
changes, while it is reduced by respiratory or metabolic acido-
sis. This decrease in urate excretion is mediated, to a large ex-
tent, by the enhanced production of lactic, β-hydroxybutyric,
and acetoacetic acids, which interfere with urate transport, as
discussed later in this chapter. Any condition favoring overpro-
duction of lactic acid or ketone bodies (e.g., diabetic ketoaci-
dosis, starvation, weight loss in obesity, physical exercise, or
inherited fructose intolerance) will induce uric acid retention,
resulting, in part, from interference with tubular transport of
urate.

Unilateral nephrectomy in humans almost doubles frac-
tional urate excretion from the remaining kidney during the
first postoperative weeks, allowing the maintenance of a nor-
mal urate balance and uricemia. Later, fractional excretion
returns to preoperative values in parallel with compensatory
hypertrophy and GFR adaptation (174). An increase in frac-
tional urate excretion is also observed in chronic renal failure,
in which it may reach values up to 85% when GFR is reduced
to about 10% of normal. Although the mechanism of this in-
crease is unknown, uricosuric metabolites accumulated during
renal failure may play a role (161,164).

A number of compounds may increase or decrease urate
excretion, with corresponding changes in plasma urate. Prob-
enecid, sulfinpyrazone, and benzbromarone, which have been
used to treat hyperuricemia (168), generally increase fractional
urate excretion to about 30%. Salicylates are also uricosuric at
high doses, but antiuricosuric at low doses (175). This so-called
paradoxical effect on urate excretion can be observed also,
although to a lesser extent, with other uricosuric agents. The
majority of diuretic drugs, inducing urate retention by ECFV
contraction, may also interfere directly with urate transport
(176). Because such effects are usually undesirable, diuretics
with uricosuric properties, such as tienilic acid and indacrinone
have been developed, but the former proved to be hepatotoxic.
Losartan, an antagonist of angiotensin II receptors, has a strong
uricosuric effect (177).

The tuberculostatic drugs, ethambutol and pyrazinamide,
markedly decrease the renal excretion of urate and, thus, in-
duce hyperuricemia. The traditional view has been that urate
retention because of pyrazinamide results from the action of a
metabolite, pyrazinoic acid (PZA), which inhibits urate tubular
secretion. The frequently used “pyrazinamide test,” is based on
this putative inhibitory action on urate secretion. It is used to
estimate the “secretory” component of renal urate excretion
(178); the component of excreted urate suppressed by admin-
istration of large doses of pyrazinamide (2 to 3 g) is considered
to be the fraction of excreted urate, which is secreted. However,
studies on the membrane mechanisms involved in urate trans-
port indicate that the low fractional urate excretion measured
during a pyrazinamide test (typically about 1%) most likely re-
lates to a stimulatory effect of PZA on urate reabsorption (160).
These observations on the stimulatory effect of pyrazinamide
on urate reabsorption are difficult to reconcile with the princi-
ples of the “four-component model” of human urate excretion.
In this model urate excretion results sequentially from ultrafil-
tration, followed by a near complete proximal reabsorption,
then secretion, and finally a postsecretory reabsorption (179).
The problem with this model is that the tubular secretion of
urate was assessed using pyrazinamide, which turns out to af-
fect mainly urate reabsorption (160). Thus, the contribution of
secretory component of urate in the overall urate excretion in
human remains to be clearly established.

Cyclosporin immunosuppressive treatment induces hyper-
uricemia, which might result from a decrease in fractional urate
excretion (180), although a decrease in GFR might also be im-
plicated. Reduced fractional excretion of urate appears to be
responsible for the hyperuricemia observed in some cases of
chronic lead exposure (181).

Tubular Transport of Urate

The lack of availability of an appropriate animal model made it
difficult to understand the renal handling of urate in humans.
Clearance experiments have shown surprisingly large differ-
ences between various mammalian species; some secrete urate
across the whole range of plasma urate concentrations, some
reabsorb urate at low plasma concentrations and secrete it at
higher levels, and others reabsorb urate even at high plasma
levels (182). The reabsorptive capacity of Cebus monkeys is
close to that of humans, whereas the pig secretes urate as
efficiently as PAH. In addition, interindividual variability in
fractional excretion of urate is large within members of a sin-
gle species. While dogs usually have net urate reabsorption, a
genetic defect of urate cellular transport in Dalmatian coach
hounds leads to net secretion (183). In spite of differences be-
tween humans and other mammals in renal urate handling,
useful information on the tubular handling of uric acid has
been obtained by functional studies at the single nephron level
in experimental animals. In all mammals investigated thus far
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(rats, dogs, pigs, Dalmatian coach hounds, rabbits, and Cebus
monkeys), the proximal tubule has emerged as the site of urate
secretion and the main segment involved in urate reabsorption.
Urate transport can proceed in a secretory as well as in a reab-
sorptive direction in the same segment of the proximal tubule
(184).

Although dogs and rats reabsorb urate, their use in pharma-
cologic studies to test for drug effects upon urate transport is
limited, since they do not respond well to uricosuric or antiuri-
cosuric compounds (185). Mice appear slightly more sensitive
to uricosuric agents. Only Cebus monkeys and chimpanzees re-
spond well to drugs affecting urate transport, although marked
differences in pharmacologic effects between the two species
have occasionally been reported (186).

In urate-secreting species, such as pigs and Dalmatian coach
hounds, the drugs known to be uricosuric in humans are an-
tiuricosuric, while PZA (a metabolite of pyrazinamide), which,
in humans, is highly antiuricosuric, has no obvious effects in
secreting species (185). These species differences limit the use-
fulness of animal models for pharmacologic studies of urate
transport.

Membrane Mechanisms for Tubular
Transport in Nonhuman Mammals

Comparative studies between various mammalian species, pre-
dominantly reabsorbing or secreting urate, and humans have
provided insights into the mechanisms of renal urate trans-
port. More recently, several urate transporter genes have
been cloned, allowing a more specific analysis of renal urate
transport.

Brush-Border Membrane

In “urate reabsorbing” species, such as dogs and rats, apical
transport of urate, as shown by studies on isolated membrane
vesicles, is mediated by the anion exchanger URAT1 (187).
URAT1 is expressed almost exclusively in the kidney and im-
munohistochemistry shows specific labeling at the apical mem-
brane of the proximal tubule (166). When expressed in Xeno-
pus oocytes, URAT1 transports urate in an electroneutral way
in exchange with Cl, lactate, nicotinate or PZA, indicating that
URAT1 likely represents a major pathway for urate reabsorp-
tion in the proximal tubule. Xanthine and hypoxanthine are
not substrates for the rat urate anion exchanger (188), while
uricosuric drugs, notably benzbromarone, sulfinpyrazone, and
probenecid, are potent inhibitors of the exchanger (189). In
“urate-secreting” species, such as pigs and rabbits, no urate
anion exchanger could be demonstrated (190,191). In these
species, the apical urate transport occurs through a voltage-
sensitive pathway (electrogenic pathway) shared with PAH,
which allows urate secretion along the electrical potential be-
tween cell interior and tubular lumen.

In rat and rabbit brush-border membrane vesicles, a voltage-
sensitive transport mechanism unmasked by exposure to trace
amounts of copper has been described (192); it may corre-
spond to a different transporter. This putative transporter has
many affinities similar to the hepatic peroxisomal enzyme uri-
case (193), and has been cloned (194).

It thus appears that an important difference in brush-border
membrane transport properties between “urate reabsorbers”
and “urate secretors” lies in the presence of an apical urate
anion exchanger allowing bidirectional transport of urate in
urate reabsorbers, while in urate secretors the activity of the
voltage-dependent transport mechanism results in urate secre-
tion, because of cell electronegativity.

Basolateral Membrane

In urate-reabsorber species (rat), urate transport across the ba-
solateral membrane occurs through a voltage-sensitive path-
way. Cell electronegativity allows the exit of intracellular urate
into the interstitium (195). The existence of an additional ba-
solateral chloride–urate exchanger has been suggested (196),
but not confirmed (195).

In pigs, which are urate secretors, urate is transported at
the basolateral side by an anion exchanger with affinity for
α-ketoglutarate. This transport system is similar to, but not
identical with, that described for PAH secretion (197). It al-
lows uphill transport of urate (see description of PAH transport
given previously in this chapter), as evidenced by in vitro ex-
periments showing urate accumulation into proximal tubular
cells of urate secretors—rabbits, pigs, guinea pigs, and bovine
species (184,198). Recent studies in rabbits provide evidence
that basolateral rbOAT3 transporter is involved in the sec-
ondary active transport of urate in exchange with dicarboxy-
lates and other substrates, and represents the first step in urate
tubular secretion (199). No concentrative uptake of urate could
be found in proximal cells of urate reabsorbers.

In summary, urate reabsorption involves an apical urate
transport (URAT1) into proximal cells in exchange for intra-
cellular anions. Urate then exits into the peritubular intersti-
tium by facilitated diffusion along the electrochemical gradient.
For urate secretion, urate enters the cell through a basolateral
urate–dicarboxylate exchange (OAT3), and exits the cell across
the apical membrane by facilitated diffusion.

Membrane Mechanisms for Tubular
Transport of Urate in Humans

Urate transport was investigated in human brush-border mem-
brane vesicles (160,172). These studies show the presence of a
voltage-sensitive pathway (electrogenic pathway) together with
one, or maybe two, urate anion exchangers, which exchange
urate with many monovalent anions. In contrast to dogs and
rats, hydroxyl ions and PAH are not substrates for human urate
anion exchanger(s).

Uricosuric drugs or compounds, such as orotate, cis-inhibit
urate exchange with lactate or chloride, according to the fol-
lowing potency order: benzbromarone > losartan > orotic acid
> probenecid. Benzbromarone is 50 times more potent than
probenecid (200). Pyrazinoate (an antiuricosuric compound)
inhibits urate chloride exchange. When loaded in brush-border
membrane vesicles, orotate and pyrazinoate trans-stimulate
urate uptake. However, when sodium is present in the uptake
medium, pyrazinoate, but not orotate, cis-stimulates urate up-
take. Pyrazinoate enters the membrane vesicles by sodium co-
transport and then drives urate into the membrane vesicles by
anion exchange. Orotate is not cotransported with sodium.
The potency of uricosuric drugs and pyrazinoate for inhibiting
urate transport by the voltage-sensitive pathway is lower than
for inhibiting the urate anion exchangers.

Recently, a human renal urate anion exchanger (hURAT1),
localized at the luminal membrane of proximal tubules, has
been identified and its gene cloned (166). It shows pharma-
cologic properties consistent with those described in human
brush-border vesicle studies (160), namely, inhibition of urate
uptake by uricosuric drugs, independent of membrane poten-
tial. This transporter is likely involved in proximal tubule urate
reabsorption in humans and probably contributes to the con-
trol of uricemia. The important role of hURAT1 in the setting
the plasma level of urate is further established by the iden-
tification of loss of function mutations of hURAT1 that are
associated with hypouricemia (166).
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Another apical membrane urate transport protein has been
described (UAT, galectin 9), which would function as an ion
channel and display electrogenic properties (201). A trans-
porter from the MDR family (human MRP4) has recently
been proposed as a cell-to-lumen urate efflux pump. It is de-
scribed functionally as an unidirectional transporter, with mul-
tiple allosteric binding sites with affinites for cGMP, cAMP, and
methotrexate (202). Human OAT1 has also been shown to
transport urate (203). The transporter is essentially expressed
and functional at the basolateral membrane. It is not a Cl− urate
exchanger and is inhibited by PAH and uricosuric compounds.
Its precise functional role(s) in urate handling by human kid-
neys remains to be characterized.

Functional Role of Urate Membrane
Transport Mechanisms in Humans

Urate reabsorption in the proximal tubule, mediated by hOAT1
exchanger, critically depends on the concentration gradient
across the apical membrane of the exchangeable anions with
affinities with the transporter. Accordingly, an increase in
the intracellular concentration of substrates for the urate
exchanger hURAT1 will stimulate net urate reabsorption. The
decreased uricosuria observed in hyperlactacidemia and dia-
betic ketoacidosis can be explained by an increase in intra-
cellular concentrations of acetoacetate and β-hydroxybutyrate
that increases the energy for urate reabsorption via the hOTA1
exchanger. The strong decrease in urate excretion following
pyrazinamide administration is explained by the increase in in-
tracellular pyrazinoate concentration resulting from the activ-
ity of the sodium–pyrazinoate cotransport; intracellular pyrazi-
noate is then available to drive luminal urate into the cell via
the hURAT1 transporter which has a high affinity for pyrazi-
noate. This mechanism likely accounts for the anti-uricosuric
effect of pyrazinamide. Uricosuric drugs in the lumen of the
proximal tubule may either inhibit urate reabsorption by bind-
ing to hURAT1 or stimulate urate secretion by exchanging with
intracellular urate. This latter case is true for orotate, which is
not transported into cells by sodium cotransport.

Urate transport in humans across the basolateral membrane
is relatively inefficient in the secretory direction because of
the presence of a facilitated diffusion pathway and the lack of
urate transporters to overcome electronegativity inside the cell.
The predominance of urate reabsorption in the proximal tubule
is confirmed by genetic studies showing that loss of function
mutations of the apical hURAT1 transporter is associated with
hypouricemia and not hyperuricemia (166). It remains possible
that intracellular urate can be recycled back into the tubule lu-
men, depending on the presence of exchangeable anions in the
tubule lumen with affinity for the hURAT1 transporter. This
back-recycling of urate across the apical membrane may ac-
count for the relatively small component of urate secretion in
the proximal tubule. In any case, in view of recent genetic and
transport studies studies in human kidney, the classical “four-
component model” describing urate excretion in human needs
to be revisited.
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CHAPTER 9 ■ HORMONES
AND THE KIDNEY
WALID KHAIRALLAH, MARIE MERHEB, JOUMANA CHAIBAN, AND KAMAL F. BADR

An intricate network of circulating and locally produced hor-
mones regulates glomerular and tubular functions of the kid-
ney. These hormones comprise a chemically heterogeneous
group that includes proteins, peptides, lipids, nucleosides, and
amino acid-derived molecules. Not only is the kidney a tar-
get of hormone action, but it also synthesizes, modifies, and
secretes hormones that influence nonrenal functions, such as
erythropoiesis and bone metabolism. Furthermore, the kidney
plays an important role in the clearance and inactivation of
several peptide and protein hormones.

This chapter is a synopsis of the physiologic actions of hor-
mones that modulate renal function. Where appropriate, recent
advances in molecular biology that have further elucidated the
physiology of these hormones are emphasized. In particular, ge-
netically designed animals in which a hormone is either overex-
pressed (transgenic) or eliminated (gene knockout) have served
as a powerful tool to dissect the often complex and overlapping
actions of hormones in the kidney (1). Renal production and
metabolism of hormones that act elsewhere in the body will be
discussed briefly. Cellular mechanisms of hormone action and
receptor-mediated signal transduction have been reviewed in
several excellent publications (2–6).

HORMONAL MODULATION
OF NEPHRON FUNCTION:

AN OVERVIEW

Modulation of Glomerular Filtration Rate

The major physiologic determinants of single nephron
glomerular filtration rate (GFR) are glomerular plasma flow
(QA), glomerular transcapillary hydraulic pressure (PGC), and
the ultrafiltration coefficient (Kf) (7). These variables are de-
termined, in part, by the contractile state of the afferent ar-
teriole, efferent arteriole, and mesangial cells. Kf also varies
with alterations in the hydraulic permeability of the capillary
filtration barrier, which consists of endothelial cells, visceral
epithelial cells, and the glomerular basement membrane. By
binding to specific receptors on cellular and structural compo-
nents of the glomerulus, circulating and locally produced hor-
mones influence one or more of the physiologic determinants of
GFR. Figure 9-1 summarizes the effects of different hormones
on pregomerular, glomerular, and postglomerular contractil-
ity. Because the same substance can act at different sites in the
glomerular unit, the net effect on GFR will depend on whether
its actions are antagonistic or complementary. For example,
atrial natriuretic peptide (ANP) decreases afferent arteriolar
resistance, while increasing efferent arteriolar resistance, result-
ing in an augmented PGC and a rise in GFR (8). Under certain
conditions, ANP also increases Kf, which, in turn, contributes
to the enhancement of GFR (9). On the other hand, Ang II-
mediated constriction of both afferent and efferent arterioles

results in opposite effects on glomerular plasma flow and PGC
and, therefore, no change in single nephron GFR (10). Regu-
lation of glomerular hemodynamics is further complicated by
multiple interactions between hormones in the kidney. For ex-
ample, infusion of Ang II along with a cyclooxygenase inhibitor
causes a significant decrease in single nephron GFR, suggest-
ing that endogenous prostaglandin production antagonizes the
glomerular effects of Ang II (11). The net effects of renally rel-
evant hormones on GFR are discussed in more detail later in
this chapter.

Modulation of Tubule Water and
Electrolyte Transport

Renal tubule cells express receptors for many circulating and
locally synthesized hormones. The effects of a particular hor-
mone on water or electrolyte transport are partly determined
by the differential distribution of its receptor on functionally
specialized segments of the renal tubule. For example, arginine
vasopressin (AVP) binds almost exclusively to principal cells
in the collecting tubule (CT), where it influences the physio-
logic functions of this segment, primarily water and urea ab-
sorption (12). Parathyroid hormone (PTH), on the other hand,
exerts its biologic actions on renal tubule segments proximal
to the collecting duct, where it modulates calcium, phosphate,
magnesium, sodium, and bicarbonate transport (13). Table 9-1
summarizes the net effects of renally relevant hormones on wa-
ter and solute handling in different tubule segments. Each hor-
mone is discussed in detail in the sections that follow. As in
the glomerulus, hormones may modulate their own actions by
altering the production of counterregulatory hormones. For ex-
ample, AVP induces local synthesis of prostaglandin E (PGE),
which opposes the effect of AVP on water permeability in the
CT (14).

Because of the significant overlap in mechanisms and sites
of action of renally relevant hormones, it is impossible to group
them under a rigid functional classification. Moreover, it is dif-
ficult to categorically divide these hormones according to site
of production, because components of certain hormonal sys-
tems, such as the PTH–vitamin D and renin–angiotensin axes,
are synthesized in a coordinated fashion by renal and nonrenal
tissues. Although the order in which hormones are discussed
in this chapter does not follow a specific pattern, we have at-
tempted to group together hormones with related physiologic
functions.

ARGININE VASOPRESSIN

The primary physiologic role of AVP, or antidiuretic hor-
mone (ADH), is maintenance of normal plasma osmolality
through modulation of water excretion by the kidney. Its other

234
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FIGURE 9-1. Hormones regulating glomeru-
lar, afferent, and efferent arteriolar contractil-
ity. Glucocorticoid action may be pharmaco-
logic and indirect. The precise glomerular site
of action for some vasoactive hormones and
autacoids, such as nitric oxide (NO) (renal va-
sodilator) and thromboxane A2 (TXA2) (renal
vasoconstrictor), are not known. Ang II, an-
giotensin II; AVP, vasopressin; ANP, atrial na-
triuretic peptide; LXA4, leukotriene A4; LTC4,
leukotriene C4; LTD4, leukotriene D4; PGI2,
prostacyclin; PGE2, prostaglandin E2.

physiologic functions possibly include regulation of blood pres-
sure and the response to stress.

Synthesis and Secretion of
Arginine Vasopressin

AVP is a 9-amino acid neuropeptide synthesized by magno-
cellular neurons in the paraventricular and supraoptic nuclei
of the hypothalamus (15) and circulating in the plasma nearly
in an unbound form. It is packaged into secretory granules in
neuronal bodies and transported in the axons to the posterior
pituitary (neurohypophysis) (15). The most sensitive stimulus
for secretion of AVP into the bloodstream is increased plasma
osmolality. As little as 1% change in plasma osmolality leads
to a change in AVP concentration that is sufficient to modify
renal water excretion (16). AVP secretion is almost completely
suppressed when plasma osmolality decreases below an aver-
age of 280 mOsm/kg of water in humans. “Osmoreceptor”
neurons that respond to changes in plasma osmotic pressure
by varying their intracellular water content have been identi-
fied in the anterior hypothalamus (16). Secretion of AVP is also
influenced by alterations in intravascular volume and blood
pressure, sensed by baroreceptors located in the heart, aortic
arch, and carotid sinus (16). Whereas a 5% to 8% decrease

in blood volume or systemic arterial pressure has little effect,
further hemodynamic compromise leads to a steep increase in
circulating AVP levels. Significant reductions (10% to 30%) in
circulatory arterial volume or blood pressure can override os-
moregulation and result in markedly increased AVP levels in
the face of decreased plasma osmolality (17). Other less po-
tent stimuli for AVP secretion include fever, emesis (18), and
oropharyngeal osmoreceptors (19).

In addition to the posterior pituitary, AVP synthesis has been
detected in the pancreas, adrenal gland, ovary, testis, and re-
gions of the brain (20). Its physiologic function in these sites,
however, is not known.

Physiologic Actions of Arginine Vasopressin

AVP exerts its biologic actions by binding to specific recep-
tors on the cell surface. Three types of AVP receptors have
been identified: V1a(vascular /hepatic), V1b(anterior pituitary),
and V2 (kidneys) (21). V1a receptors have been located by
radioautographic studies at the level of: the thin descending
limb of short-loop nephron and inner medullary collecting duct
(IMCD), cortical collecting duct (CCD), medullary and corti-
cal thick ascending limbs (MAL and CAL) and outer and inner
medullary collecting ducts (OMCD and IMCD), specifically at
the luminal aspect of the principal and intercalated cells in the
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TA B L E 9 - 1

HORMONAL MODULATION OF TUBULAR TRANSPORTa

Hormones with major effects

Reabsorption Stimulatory Inhibitory

Proximal tubule Na Ang II, catecholamines, insulin Dopamine, PTH
Pi IGF-1 PTH
HCO3 Ang II PTH
Ca PTH

TALH Na AVP,b catecholamines PGE
Ca PTH, calcitonin, glucagon
Mg AVP, PTH, calcitonin, glucagon

DCT Pi PTH
Ca PTH

CCD H2O AVP PGE, bradykinin, ANP, α-adrenergic agents
Na Aldosterone ANP, PGE, EGF

IMCD Urea AVP

SECRETION
CCD K AVP, aldosterone β1 agonists

H Aldosterone

aTALH, thick ascending limb of the loop of Henle; DCT, distal convoluted tubule; CCD, cortical collecting duct; IMCD, inner medullary collecting
duct; Ang II, angiotensin II; IGF, insulinlike growth factor; AVP, arginine vasopressin; PTH, parathyroid hormone; PGE, prostaglandin E; EGF,
epidermal growth factor.
bUnlikely in humans.

collecting duct (22). They are linked to Gplc, a phospholipase
C-coupled G protein, which mediates intracellular production
of 1,2-diacylglycerol (DAG), and inositol 1,4,5-triphosphate
(IP3). DAG stimulates protein kinase C (PKC), while IP3 in-
creases cytosolic Ca2+, thus initiating the second-messenger
cascade responsible for the cellular actions of AVPs. Biologic
effects of AVP mediated by the V1a receptor include platelet
aggregation and increased glycogenolysis and gluconeogenesis
in the liver (21,23). In addition, high circulating levels of AVP
cause arteriolar vasoconstriction by binding to V1a receptors
on vascular smooth muscle cells (24). The V1b receptor, also
coupled to Gplc, is present on neurons in the anterior pituitary
(adenohypophysis) and is thought to mediate AVP-induced cor-
ticotropin secretion (21,25). Their presence and role at the level
of the medulla in rat kidney are not yet clear (26). V2 recep-
tors, on the other hand, are heavily expressed in cortical, outer
medullary, and inner medullary collecting duct (CCD, OMCD,
and IMCD) and weakly expressed in inner medullary thin limb
and medullary and cortical thick ascending limbs (MAL and
CAL), especially at the basolateral membrane of the thick as-
cending limbs and principal cells in CCD, OMCD, and IMCD
(22). They are coupled to an adenylate cyclase stimulatory G
protein (Gs) (21). Binding of AVP to V2 receptors on renal ep-
ithelial cells results in increased cyclic adenosine monophos-
phate (cAMP) levels, activation of PKA, insertion of water
channels into the apical membrane, and antidiuresis (12).

Renal Actions of Arginine Vasopressin

Water Channels

Depending on the species, AVP can modulate either solute
transport or water transport in the kidney (27). However, the
principal effect of AVP in the human kidney is increased water

permeability throughout the collecting tubule (12,28). The dis-
covery of the family of aquaporin water channels (AQP1, -2,
and -3) was fundamental to our understanding of the mecha-
nism by which vasopressin can increase water permeability in
the mammalian kidney. Peter Agre (29) has recently reviewed
the different aspects of water channels in the kidney in the
Journal of the American Society of Nephrology.

AQP1 is constitutively expressed in apical and basolateral
membrane domains of proximal tubule and thin descending
limb cells. In the collecting duct, water moves across the mem-
brane of principal cells, which express at least three AQP sub-
types (AQP2, AQP3, and AQP4) (22,30). After AVP binds to
V2 receptors on the basolateral membrane of principal cells
and terminal IMCD cells, preformed water channels located in
subapical vesicles are inserted into the apical membrane, thus
increasing water permeability (12,28). This increased perme-
ability to water is seen within minutes of AVP binding to the
V2 receptor and can be sustained with chronic infusion (31).
The downstream mechanism for vasopressin signaling has been
described as phosphorylation of myosin light chain (MLC)
by AVP-dependent calcium/calmodulin-dependent myosin light
chain (MLCK) (32). In order to increase the number of
functional channels in the apical membrane, PKA-dependent
V2−stimulated phosphorylation of AQP2 at Ser-256 acutely
leads to intracellular trafficking of subapical vesicles containing
the preformed AQP2 channels to the apical membrane (33,34).
While “short-term” (over minutes) regulation of collecting duct
water permeability involves the insertion of preformed water
channels, “long-term” (hours to days) regulation of collecting
duct permeability involves an increased production of AQP2
channels by the cell by inducing genes VIP17/MAL (vesicle in-
tegral protein/myelin and lymphocyte), annexin II, mitochon-
drial ATP synthase, α-tubulin, and stimulatory GTP-binding
proteins, believed to affect apical sorting or delivery of AQP2
(35). Chronic elevation of AVP induced by either water
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FIGURE 9-2. Schematic diagram of proposed mechanism of arginine vasopressin (AVP) action on the
collecting tubule. AVP binds to receptors on the basolateral membrane that activate adenylate cy-
clase, thereby increasing cyclic adenosine monophosphate (cAMP) and PKA activity. AVP also stim-
ulates local prostaglandin production. Prostaglandin E2, α2-adrenergic agonists, kinins (in part through
prostaglandins), atrial natriuretic peptides (ANP), hypercalcemia, and hypokalemia all blunt the cAMP
response to AVP. In contrast, adrenal steroids potentiate AVP action by inhibiting phosphodiesterase
activity and possibly by inhibiting prostaglandins. Increased activity of protein kinase A probably leads
to phosphorylation of the AQP2 channels and the subsequent transfer of preformed vesicles that contain
functional AQP2 channels to the apical membrane. Downregulation of water transport occurs with en-
docytosis of membrane vesicles that contain functional AQP2. (From: Nielson S, Kwon T, Christensen
B, et al. Physiology and pathophysiology of renal aquaporins. J Am Soc Nephrol 1999;10:647, with
permission.)

deprivation or AVP infusion in laboratory animals leads to
both an increased AQP2 and -3 messenger RNA (mRNA),
and a marked increase in the amount of AQP2 and 3, but not
AQP4 protein levels (22,36,37). The proposed mechanism of
AVP action on collecting duct cells is illustrated in (Fig. 9-2).
Hormones, pharmacologic agents, and ions that modulate the
antidiuretic action of AVP are also summarized in (Fig. 9-2)
(14,38). Oxytocin increases osmotic water permeability in iso-
lated perfused rat at specific binding sites of IMCD, thin limb
of Henle’s loop, the densa (MD), and paraglomerular struc-
ture, as proved by binding of AVP to oxytocin receptors with
high–affinity (22). Metabolic acidosis increases circulating and
brain levels of AVP with increase of water reabsorption by a
fourfold upregulation of AQP2(39).

Urea Transporters

As reviewed by Sands (40), in addition to its antidiuretic ef-
fect, AVP regulates urea permeability in the collecting duct
(41). The ability of AVP to enhance urea permeability in IMCD
was postulated by Morgan and co-workers in 1968 (42), and
later confirmed in isolated perfused rat IMCD (43–45). Physi-
ologic data indicate that urea is transported by both facilitated
and active transporter proteins. In 1993, You and colleagues
(46) cloned from the rabbit inner medulla the complementary
DNA (cDNA) for UT-2, a facilitated urea transporter. Northern
blot analysis of mRNA using the UT-2 cDNA probe confirmed
the presence of two isoforms, UT-1 and UT-2, in the terminal
part of rabbit IMCD (46). These isoforms were later named
UT-A1 and UT-A2 to distinguish their gene product from that
of the erythrocyte urea transporter (47). Subsequently, a human
homolog was cloned that shared 90% sequence homology to
UT-A2 (48). Differential expression in the kidney of UT-A1 and
UT-A2 was identified with UT-A1 being primarily expressed
in the IMCD in intracellular vesicles, as well as at the apical

membrane (22), while UT-A2 is primarily expressed in the thin
descending limb of the loop of Henle, as localized by Northern
blot and immunochemistry studies. A novel UT-B was located
in descending vasa recta irrigating the inner medulla (49). Ex-
pression studies in Xenopus oocytes indicate that UT-A2 does
not acutely appear to be regulated by cAMP and, therefore, by
vasopressin (46), however, immunoblotting indicates that va-
sopressin analogs and hyperosmolality can chronically upregu-
late UT-A2 expression (50,51). The UT-A1 isoform is regulated
by vasopressin by its phosphorylation and is the predominant
transcript in the terminal IMCD (52). Recently, two other iso-
forms of UT-A have been identified in the rat inner medulla:
UT-A3 and UT-A4 (is a spliced variant of the UT-A gene) that
has the same subcellular and axial distribution as UT-A1 in
intracellular membrane and apical region of terminal portions
of rat IMCD (53), which may also be regulated by vasopressin
(54). It is believed that AVP-stimulated urea transport results in
increased medullary tonicity, which allows formation of more
concentrated urine with upregulation of AQP2 and AQP3 ex-
pression and AQP2 membrane targeting (55). Insulin and AVP
modulate AQP2 expression through different mechanisms, but
in synergy. Insulin itself has been shown to increase water reab-
sorption in proximal tubules, increase water permeability in in-
ner medullary collecting duct (56), and increase AVP-dependent
AQP2 expression by increasing AQP2 mRNA levels in a MAP
kinase and IP3 kinase-dependent manner (57).

Sodium Channels

In rat kidney, AVP has also been shown to increase NaCl trans-
port in the medullary thick ascending limb of Henle’s loop and
in the cortical collecting duct, thus further enhancing maximal
urine concentration (58,59) by stimulation of ENaC by cAMP
production via V2 receptors, mainly β and γ subunits in long-
term regulation (22,60). AVP directly stimulates K secretion in
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the collecting duct, an effect that may be important in main-
taining potassium balance during antidiuresis (59,61). In cases
of hyponatremia, like in SIADH, aldosterone increases sodium
absorption, mediated by hypoosmotic activation of voltage-
dependent or stretch-induced activation of calcium channels
(62). Finally, AVP could also influence proton secretion in the
CT (63). It is unclear whether these mechanisms are physio-
logically important in the human kidney as studies have failed
to demonstrate AVP-stimulated cAMP activity in the human
thick ascending limb of the loop of Henle (64).

Interaction between Arginine Vasopressin
and Atrial Natriuretic Peptide

It has been shown that in the central nervous center AVP stimu-
lates ANP, which, in turn, exhibits a negative feedback on AVP.
In the kidney, ANP inhibit the effects of AVP on water and ion
transport (22).

Action on Smooth Muscle

Vargiu et al. (65) have demonstrated a contractile action of
vasopressin on renal minor calyces and pelvic smooth mus-
cles, via V1 receptors present at the level of the smooth muscle
cells versus a relaxation effect via V2 receptors (66), mainly
through intracellular movement of calcium.

Action on Vascular Tone

In vitro, AVP is a potent vasoconstrictor of afferent, efferent,
and arcuate intrarenal arterioles modulated by NO production
of endothelial origin, but not by cytochrome P450 or cyclooxy-
genase derivatives (66).

Transgenic Mouse Models of Arginine
Vasopressin Expression

Both the physiologic function of AVP and the regulation of AVP
synthesis have been studied in animals. Transgenic mice pro-
vide a useful tool to study in vivo regulation of gene expression
under more pathological conditions (67). Majzoub and col-
leagues (68) (as reported by Grant et al.) have developed a line
of transgenic mice that express AVP in a tissue-specific manner,
have appropriate osmotic regulation of transgenic vasopressin
mRNA, and have normal water metabolism. Despite increased
hypothalamic levels of AVP, both heterozygous and homozy-
gous transgenic mice had normal AVP levels in the posterior
pituitary. Plasma AVP levels, however, were increased three-
to fourfold in homozygous mice, but basal water homeosta-
sis remained normal. The latter observation suggests that renal
resistance to AVP could have developed. Modification of the
5′-and 3′-flanking sequences of the transgene may be useful for
further studies of the physiologic importance of genetic ele-
ments that regulate AVP gene expression (67).

Studies in Brattleboro rats have demonstrated the stimula-
tory effect of chronic infusion of AVP, leading to a threefold
increase in AQP2 expression at day 14 to 28 (69) and restora-
tion of nephron heterogeneity, an effect reflecting glomerular
size, proximal tubule length, and single nephron filtration rate.
It has also been shown by Zhang et al. (70) that AVP stimu-
lates indirectly COX-2 expression through activation of both
V1 and V2 receptors, thereby modulating medullary electrolyte
tonicity.

In these knock-out rats, the induction of diabetes mellitus
increases AQP2 and NaCl transporters independently of AVP,
probably via oxytocin action (71).

AVP modulates expression of renal nNOS (neuronal NOS)
through V2 receptors, but not eNOS (endothelial NOS); nNOS
has a similar distribution throughout the kidney as water chan-
nels, related to the hydration status of the rat (72).

Other Protein Activation

dDAVP infusion induces the expression of multiples proteins
in renal medulla of Brattleboro rats: β-arrestin, neurofibromin,
casein kinase II β, 11β-HSD2 (11-β-hydroxysteroid dehydro-
genase type 2), Wilms’ tumor protein, c-fos and c-jun, synap-
totagmin (73), and calcyclin (74).

THE RENIN-ANGIOTENSIN
SYSTEM

In 1898, Tigerstedt and Bergman (75) demonstrated that in-
travenous injection of a crude renal extract causes a slowly de-
veloping and sustained increase in blood pressure. They called
the active agent “renin.” Renin was later identified as a pro-
teolytic enzyme that acts on a plasma constituent to produce
a potent pressor substance, “angiotensin” (76). Subsequent re-
search characterized the components of the renin–angiotensin
system and elucidated its important role in the regulation of
blood pressure, renal hemodynamics, and fluid and electrolyte
homeostasis (Fig. 9-3).

Regulation of Renin Production and Secretion

Renin is produced and stored in granular juxtaglomerular cells,
which are modified smooth muscle cells found in the media of
afferent arterioles (77–79). Genomic analysis of the renin gene
identified a single locus in humans and rats, but mice have two
renin genes, designated Ren-1 and Ren-2 (77). These genes cor-
respond to the renin produced in mouse submandibular gland
and kidney, respectively. Renin is synthesized in an inactive pre-
cursor form, preprorenin. Cleavage of the signal peptide from
the carboxyl terminal of preprorenin results in prorenin, which
is also biologically inactive. Subsequent glycosylation and pro-
teolytic cleavage leads to formation of renin, a 37 to 40 kDa
proteolytic enzyme. Both prorenin and renin are secreted from
juxtaglomerular cells. Because prorenin is the major circulating
form, it is postulated that significant conversion of prorenin to
renin follows secretion. Prorenin-activating enzymes have been
localized to neutrophils, endothelial cells, and the kidney (77).
In addition to juxtaglomerular cells, renin production has also
been detected in the submandibular gland, liver, brain, prostate,
testis, ovary, spleen, pituitary, thymus, and lung (77). Circulat-
ing renin, however, appears to be derived entirely from the
kidney.

Stimulation of renin release by juxtaglomerular cells is me-
diated by increased intracellular cAMP, while a rise in cytosolic
free calcium is inhibitory (80). Physiologic regulators of renin
secretion include the urinary NaCl concentration sensed by
MD cells in the distal tubule, activity of the sympathetic ner-
vous system, alterations in intrarenal perfusion pressure, and
endocrine and paracrine hormones and growth factors. De-
creased NaCl delivery to MD cells stimulates renin secretion,
whereas increased urinary NaCl exerts an opposite effect (81).
Schlatter and co-workers (82) demonstrate that changes in lu-
minal Cl concentration alter the rate of Na-K-2Cl transport
in macula densa cells (82). The precise mechanism by which
variation in the activity of this transporter translates to a sig-
nal that regulates renin release by adjacent juxtaglomerular
granular cells is not entirely clear. Postulated mediators include
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FIGURE 9-3. Components of the renin–angiotensin system. The major feedback inhibitory loop for renin
release is via production of angiotensin II.

adenosine, which inhibits renin secretion via activation of A1
receptors on juxtaglomerular cells, and alterations in intersti-
tial osmolality, which may affect renin secretion directly (81).
Experimental evidence also suggests that nitric oxide (NO) pro-
duced by MD cells and endothelial cells regulates renin secre-
tion (81,83).

Intraluminal conversion of angiotensin I (Ang I) to an-
giotensin II (Ang II) can occur in the cortical collecting duct,
resulting in enhanced apical sodium entry (84).

Ang II generation in mesangial cells (MC) is increased by
high-glucose (HG) exposure resulting from an increase in in-
tracellular renin activity mediated by at least three factors: a
time-dependent stimulation of (pro) renin gene transcription, a
reduction in prorenin enzyme secretion, and an increased rate
of conversion of prorenin to active renin, probably mediated
by cathepsin B. The consistent upregulation of ACE mRNA
suggests that, besides renin, ACE is directly involved in the in-
creased mesangial Ang II generation induced by high glucose
(85). On the other hand, Ang II regulates glucose transporter
(GLUT1) gene expression (86).

The importance of renal sympathetic innervation in con-
trolling renin secretion is well recognized (87). Stimulation of
postjunctional β-adrenergic receptors increases renin release.
The role of α-adrenergic receptors, on the other hand, is con-
troversial (87). Ample evidence suggests that dopamine stimu-
lates renin secretion by direct activation of DA1 receptors on
juxtaglomerular cells (87,88).

Renin release responds inversely to changes in renal per-
fusion pressure (79). Elevation of intrarenal arterial pressure
inhibits renin release and induces a “pressure” natriuresis. At
least two mechanisms have been postulated. Increased affer-
ent arteriolar wall tension secondary to increased renal perfu-
sion elevates intracellular calcium in juxtaglomerular cells and

inhibits renin secretion (79,80). Increased perfusion pressure
also stimulates NO production and release by endothelial cells.
NO, in turn, suppresses renin secretion (81,89). Conversely,
decreased renal perfusion results in increased production of
prostacyclin (prostaglandin I2), which enhances renin release
(90).

Mechanical strain leads to upregulation of the AT1R and
increased Ang II production in conditionally immortalized
podocytes. The resulting activation of a local tissue angiotensin
system leads to an increase in podocyte apoptosis, mainly in an
AT1R-mediated fashion (91).

Several endocrine and paracrine hormones regulate renin se-
cretion by the kidney. ANP has been shown to inhibit renin re-
lease from isolated juxtaglomerular cells (92). Other inhibitory
hormones include AVP, endothelin, and adenosine (A1-receptor
agonists) (79,81). Regulation of renin secretion by AngII is
probably the most physiologically relevant (93). Ang II in-
hibits renin secretion and renin–gene expression in a negative
feedback loop. Treatment of transgenic mice bearing the hu-
man renin gene with an angiotensin-converting enzyme (ACE)
inhibitor increases renin expression in the kidney by five- to
tenfold (94). Similarly, ACE inhibition in rats augments renal
renin mRNA expression, an effect that is reversed by infusion
of Ang II (95). The effects of AngII are believed to be direct and
not dependent on changes in renal hemodynamics or tubular
transport. Arachidonic acid metabolites produced in the kidney
also play an important role in renin secretion (81). Intrarenal
infusion of arachidonic acid increases (and indomethacin de-
creases) plasma renin activity in rabbits (96). Several studies
have since confirmed that prostaglandins of the I series are
potent stimulators of renin secretion (81,90). On the other
hand, lipoxygenase products of arachidonic acid metabolism
(12-HPETE, 15-HPETE, and 12-HETE) and cytochrome
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P450-mediated epoxides (14,15-epoxyeicosatrienoic acid)
have been shown to inhibit renin release in renal cortical slices
(97,98).

Biologic Actions of Angiotensin II

Secretion of renin into the circulation, as in situations of de-
creased intravascular arterial volume, initiates an enzymatic
cascade that leads to the production of Ang II (77) (Fig. 9-3).
Angiotensinogen, derived from hepatocytes, is a 55–65 kDa
globular glycoprotein, which is cleaved by renin to form the
decapeptide Ang I. ACE then converts Ang I to the biologically
active octapeptide Ang II. ACE is a dipeptidyl carboxypeptidase
present in nearly all mammalian tissues and body fluids (77).
Endothelial cells constitute a major source of ACE activity. In
plasma, all conversion of Ang I to Ang II occurs by the activ-
ity of ACE; species variation has not been reported. However,
non–ACE-dependent pathways exist at the tissue level and have
species variation. In humans, tissue activity of chymase can al-
low for the local formation of Ang II in the heart, arteries, and
kidney. In rats and rabbits, tissue activity of chymase is associ-
ated with the local degradation (instead of formation) of Ang
II. Therefore, one must carefully evaluate experimental animal
data when pharmacologic blockade of the renin–angiotensin
system is used (99).

Circulating Ang II exerts its biologic effects by binding to
specific receptors on the cell surface (77,100). On the basis
of pharmacologic, physiologic, and biochemical evidence, two
subtypes of angiotensin II (AT2) receptors have been identified.
AT1 receptors bind Ang II with higher affinity than angiotensin
III (Ang III) and are selectively blocked by the biphenylimida-
zole compound losartan. AT2 receptors bind Ang II and III with
similar affinity and are selectively blocked by tetrahydroimida-
zopyridines, such as PD123177 (101).

Megalin is an abundant membrane protein heavily involved
in receptor-mediated endocytosis. Megalin is a receptor for
Ang II and Ang II internalization in some tissues is megalin-
dependent. Megalin may play a role in regulating proximal
tubule AngII levels (102).

AT1 receptors have been shown to mediate many of the
functions of Ang II in the regulation of blood volume: cell con-
traction, cell proliferation, aldosterone secretion, pressor and
tachycardic responses, increased thirst, and hypertension sec-
ondary to renal artery stenosis. In the rodent, two isoforms
of AT1 receptors exist: AT1A(nephron) and AT1B(glomerulus),
while in the human there is only the AT1 isoform.

There is evidence for the existence of other angiotensin
receptors that mediate the renal effects of Ang (1–7) and
angiotensin IV (Ang IV) (103). AT1 receptors are positively
coupled to phospholipase C and mitogen-activated protein
kinases (PI3 and MAP) and negatively to adenylate cyclase
(101,104,105). Stimulation of the AT1 receptor in murine
mesangial cells results in activation of the EGF receptor with
subsequent signaling through PI3 kinase and MAP kinase,
thereby regulating TGF-β mRNA levels. These data suggest
that AT1 receptor signaling pathways through EGFR may serve
as a therapeutic target to inhibit the development of chronic
kidney disease (106). The AT1 receptor has widespread ex-
pression in the adult and is found in the kidney, adrenal gland,
heart, and brain. In the kidney, AT1 receptors are found in
the glomeruli, proximal tubule brush border and basolateral
membranes, thick ascending loop, proximal convoluted tubule,
renal vasculature, the proximal and distal nephron segments,
and in both cortical and medullary regions (104,107). In ad-
dition to its effects on the maintenance of blood pressure, AT1
receptors may play a role in embryonic nephrogenesis. Block-
age of the renin-angiotensin system with ACE inhibitors or
AT1 inhibitors results in abnormal renal development that is

characterized by both papillary and tubular atrophy and by
interstitial fibrosis and infiltration. In addition, knockout mice
lacking both the AT1A and AT1B receptor have similar renal
abnormalities (108). Ang II stimulates carbon monoxide (CO)
production and release in isolated, perfused rat kidneys, linked
to the activation of AT1 receptors and involves PKC activation
and upregulation of renal heme oxygenase-1 isoform (HO-1),
but not HO-2 protein expression. Upregulation of renal HO-1
and CO release are protagonic events in a counterregulatory
mechanism that attenuates Ang II-induced renal vasoconstric-
tion (109). Liu and Persson have found that Ang II increased
Ca 2+ and stimulated NO production in rabbit MD cells from
the basolateral and luminal sides through AT1 receptors (110).

The predominant physiologic role of the AT2 receptor is
to initiate vasodilation and natriuresis as a counterregulatory
response to the vasoconstriction caused by activation of the
AT1 receptor (111). Other functions are: antigrowth, antihy-
pertrophic, and proapoptotic (112). This has been most clearly
demonstrated in AT2 receptor knockout mice that have slightly
elevated blood pressure in the basal state, but have an exag-
gerated increase in blood pressure in response to Ang II infu-
sion compared to wild-type mice (113,114). The intracellular
signaling pathways coupled to the AT2 receptor are unclear.
However, there is evidence that the AT2 receptor may be cou-
pled to the production of a variety of renal vasodilator sub-
stances, counterregulating the pressor effects of Ang II via AT1
receptors (112). The most likely candidates are bradykinin and
nitric oxide (NO)-stimulated cyclic guanosine monophosphate
(cGMP) (115,116), but other candidates include products of
cyclooxygenase, such as PGE2 and PGI2 (111). The AT2 recep-
tor is expressed predominantly in fetal tissues, but in almost all
tissues there is postnatal downregulation. AT2 receptor mRNA
is expressed in the fetal and neonatal rat kidney, but disappears
after the neonatal period and is not expressed in the normal
adult. While the AT2 receptor mRNA is not found in the adult
kidney, both immunohistochemistry and Western blot analysis
have detected AT2 receptor protein in the adult kidney (117).
In the adult kidney, AT2 II receptors are present on glomeruli,
cortical tubules, and interstitial cells (100,117). It was thought
that AT2 receptors might play a role in the development of
the kidney and urinary tract given the high levels of expres-
sion in the fetus. However, while early studies of AT2 receptor
knockout mice showed no gross morphologic abnormalities
of the kidney (113,114), a more recent study has demonstrated
the presence of increased numbers of congenital anomalies of
the urinary tract (118). The AT2 receptor may play a role in the
formation of some congenital abnormalities of the urinary tract
or may be involved in the pathophysiologic response to ureteral
obstruction by protecting against the formation of interstitial
fibrosis (118,119). Ang II modulates the over-expression of AT2
receptors in renal ablation experiments through its own AT2
receptor and functional expression of this effect may represent
a counterregulatory mechanism to modulate the renal damage
induced by renal ablation (120).

The predominant function of the renin-angiotensin system
is regulation of vascular tone and renal salt excretion in re-
sponse to changes in the volume of extracellular fluid or blood
pressure. Ang II represents the effector limb of this hormonal
system, acting on several organs, including the vascular sys-
tem, heart, adrenal glands, central nervous system, and kidneys
(Fig. 9-4).

Vascular Actions of Angiotensin II

Through direct action on smooth muscle cells, Ang II sig-
nificantly increases arteriolar resistance in renal, mesenteric,
dermal, coronary, and cerebral vascular beds (121). Skeletal
muscle and pulmonary vessels, on the other hand, are not af-
fected because of Ang II-stimulated production of vasodilatory
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FIGURE 9-4. The renin–angiotensin
and kallikrein-kinin systems. ACE,
angiotensin-converting enzyme; AT1,
angiotensin II type 1; AT(1-7), an-
giotensin 1-7; AT2, angiotensin II type
2; NEPs, neutral endopeptidase in-
hibitors; NO, nitric oxide. (From:
Pepine CJ, Handberg EM. The vas-
cular biology of hypertension and
atherosclerosis and intervention with
calcium antagonists and angiotensin-
converting enzyme inhibitors. Clin
Cardiol 2001;24(Suppl V):1, with per-
mission.)

prostaglandins by endothelial and smooth muscle cells in these
vascular beds (122,123). Ang II exerts indirect pressor effects
via the central and peripheral nervous systems. Its effects on
the central nervous system include increased sympathetic dis-
charge and decreased vagal tone (124). Peripherally, Ang II
augments the vasoconstrictive response to renal nerve stimula-
tion in dogs (125) and its inhibition attenuates the pressor re-
sponse to norepinephrine in humans (126). Experimental data
suggest the presence of a local renin–angiotensin system in the
vasculature that contributes to the regulation of vascular tone
(77).

Endothelin through endothelin-A (ET-A) receptors con-
tributes substantially to the systemic and renal vasoconstriction
of low-dose exogenous Ang II in healthy humans (127).

Growth-Promoting Actions of Angiotensin II

A more recently recognized function of Ang II is its growth-
promoting effects in smooth muscles of the vasculature, heart,
and the kidney. Ang II has been shown to induce hyper-
trophy and mitogenesis in cultured vascular smooth muscles
(128,129). This effect is at least, in part, mediated through au-
tocrine production of growth factors such as platelet-derived
growth factor (PDGF) and transforming growth factor-beta
(TGFβ) (130). Ang II induces a rapid increase in vascular en-
dothelial growth factor (VEGF) protein expression at the initi-
ation phase of translation of VEGF mRNA in renal epithelial
cells. Regulation of VEGF translation by Ang II represents a
novel pathway of renal response to injury (131). Ang II and
hyperglycemia stimulate the TGF-β 1 gene activation through
the same PKC- and p38 MAPK-dependent pathways in mesan-
gial cells (132).

Upregulation of AngRem104, a novel gene upregulated in
mesangial cells, induced by Ang II was time-dependent and was
dose-dependently blocked by the angiotensin II type-1 recep-
tor antagonist, losartan, associated with fibronectin expression
and glomerular sclerosis (133). There is in vivo evidence that
injured glomeruli are sensitive to local tissue actions of Ang II,
which promote proliferation and matrix accumulation within
the glomerulus (134).

Blockade of Ang II raises PO2 in the interstitial microvascu-
lar compartment of the normal rat kidney. This effect may con-
tribute to the renoprotective action of ACE inhibitors and Ang

II receptor antagonists in slowing the progression of chronic
renal diseases (135).

In tubular epithelial cells, Ang II upregulates macrophage
migration inhibitory factor (MIF) mRNA production and MIF
protein secretion. Ang II may promote accumulation and acti-
vation of interstitial leukocytes via induction of MIF synthesis
and secretion in renal tubular epithelial cells. This may be an
important mechanism by which Ang II mediates renal injury
(136).

Some studies suggest that the renin–angiotensin system con-
tributes to neointimal formation and restenosis after angio-
plasty (77). Ang II has direct inotropic, chronotropic, mito-
genic, and hypertrophic effects on isolated atria and ventricles
(77). Amelioration of hypertensive cardiomyopathy by ACE in-
hibitors suggests that the renin–angiotensin system play a role
in cardiac hypertrophy (77). Ang II also modulates mesangial
cell growth, as discussed in the next section, and induces prox-
imal tubular cell hypertrophy in humans, effectively inhibited
by irbesartan, an Ang II receptor antagonist (137).

On the contrary, Ang II promoted podocyte apoptosis in
a time- and dose-dependent manner through stimulation of
p38MAPK and inhibition of JNK (both are MAPK subtypes)
(138) and, using the same protein kinase, Ang II-induced ac-
tivation of latent TGF-β1 via thrombospondin-1 (139); it also
induces glomerular cell apoptosis by a mechanism involving
TGF-β1 expression (140).

Ang II regulates renal parathyroid hormone-related protein
(PTHrP), a vasodilator and mitogenic agent upregulated in kid-
ney injury,and its type-I receptor (PTH1R) system via AT1 re-
ceptors (141).

Renal Actions of Angiotensin II

Ang II serves at least three important functions in the kidney:
autoregulation of GFR, reduction of salt excretion through di-
rect and indirect actions on renal tubule cells, and growth mod-
ulation in renal cells expressing AT1 receptors.

In conditions of decreased renal blood flow, GFR is pre-
served at nearly constant value over a wide range of perfu-
sion pressures. This phenomenon is known as autoregulation
of GFR. At lower levels of renal perfusion pressures, Ang II
contributes to this phenomenon (142). Micropuncture studies
have shown that Ang II infusion preferentially vasoconstricts
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efferent arterioles counteracted by endothelial-derived NO
(143), while leaving afferent arteriolar resistance unaltered (10)
and constricting descending vasa recta (DVR) through Ca2+

signaling in pericytes (144). The disproportionate increase in
postglomerular resistance results in a marked increase in PGC,
ultrafiltration pressure,and filtration fraction, thus preserving
GFR in the face of declining renal plasma flow (RPF). The se-
lectivity of the vasoconstrictive action of Ang II for the efferent
arteriole results from stimulation of vasodilatory prostacyclin
synthesis by the afferent arteriole (11). In fact, Ang II increases
both afferent and efferent resistance in the presence of a cy-
clooxygenase inhibitor (11). Under certain pathophysiologic
conditions, afferent arteriolar constriction predominates, lead-
ing to a decrease in both RPF and GFR (145). Deep nephrons
have higher postglomerular Ang II tone and also higher Ang
II sensitivity than superficial nephrons. The better preserved
GFR in deep cortex during Ang II action may contribute to-
ward maintaining the renal-concentrating ability by providing
NaCl for reabsorption by the ascending limb of the loop of
Henle (146).

In addition to its vascular effects, Ang II induces mesangial
cell contraction, which leads to decreased Kf in vivo (147,148).
This effect, however, is attenuated by the concomitant produc-
tion of prostaglandins by mesangial cells (149).

Physiologic concentrations of Ang II (10−12 to 10−10 M)
stimulate proximal tubule NaCl and NaHCO3 absorption
through both indirect and direct effects on the proximal tubule
(93,150). Indirectly, Ang II stimulates ion transport in the prox-
imal tubule by changing the peritubular milieu. Ang II can both
decrease peritubular capillary hydrostatic pressure and increase
peritubular oncotic pressure, resulting in an increased driving
force for ion reabsorption. Directly, Ang II can stimulate trans-
port in the proximal tubule through interaction with the AT1
receptors found on both the apical and basolateral membranes
of the tubule cells (151,152). It also stimulates calcineurin
phosphatase activity in proximal tubule epithelial cells through
a mechanism involving AT1 receptor-mediated tyrosine phos-
phorylation of the PLC isoform, both linked to sodium trans-
port in the proximal tubule (153). Specifically, Ang II stimu-
lates the activity of apical membrane Na–H antiporters and
basolateral membrane Na–HCO3–CO2 cotransporters (154)
and the activity of Na–K-ATPase by changing phosphoryla-
tion and conformation of Na–K-ATPase (155). The net effect
is increased proximal tubule reclamation of Na and HCO3.
Denervation of the proximal tubule results in attenuation of
the Ang II-stimulated NaCl, but not NaHCO3 absorption, sug-
gesting that Ang II enhances proximal Na transport indirectly
by increasing presynaptic catecholamine release (152). Of note
is that supraphysiologic concentrations of Ang II (10−9 to
10−7 M) inhibit NaCl and water reabsorption in the proximal
tubule (93) and also inhibit Na–glucose cotransporter translo-
cation by inactivation of PKA and decrease of PI3-kinase activ-
ity mediated through the AT1 receptor (156,157). Intraluminal
conversion of Ang I to Ang II can occur in the cortical col-
lecting duct, resulting in enhanced apical sodium entry (158).
The AT2 receptor regulates ENaC abundance, consistent with
a role for Ang II in regulation of collecting duct function via
AT1receptors (159,160).

On the other hand, Ang II added to the luminal fluid, stim-
ulates ammonia production and secretion to a greater extent
in S3 proximal tubule cells segments from acidotic mice. These
findings suggest that S3 segments, in the presence of Ang II, can
contribute to the enhanced renal excretion that occurs with acid
loading (161).

It was demonstrated in rats that the effects of prolonged
Ang II to cause hypertension by probable interaction with the
endothelin system (162), renal vasoconstriction, renal corti-
cal hypoxia, and reduced efficiency of oxygen usage for Na+

transport, activation of NADPH oxidase, increased expression

of p22 (phox), and reduced expression of EC-SOD can be as-
cribed to superoxide anion O2−generation (163) that might
reduce the local bioavailability of NO (164).

Ang II increases proximal tubule phosphate absorption by
direct stimulation of Na/Pi cotransport activity as a result of
increase in the expression of brush-border membrane NaPi-IIa
protein level and that stimulation is most likely mediated by
posttranscriptional mechanisms (165).

Ang II increases basolateral K-channel activity via the stim-
ulation of AT1 receptors and the stimulatory effect of Ang II is
mediated by a NO-dependent cGMP pathway (166).

Other effects of Ang II on proximal tubule cells include en-
hanced gluconeogenesis and ammonia production (93). The ef-
fects of Ang II on distal tubule transport of Na and K are medi-
ated through aldosterone release (167). In addition to proximal
tubule epithelial cells, vasa recta, and outer medullary vascular
bundles express high density of AT1 receptors (100). ACE in-
hibitors increase descending vasa recta blood flow, while Ang
II infusion markedly decreases medullary blood flow in rats
(168). It is postulated that Ang II influences urinary dilution
and concentration by modulating blood flow to the medulla.

Ang II induces hypertrophy of proximal tubule epithelial
cells in vitro (169). It also exerts similar growth-promoting ef-
fects on mesangial cells (170). The signaling mechanism by
which Ang II exerts this effect is not precisely known, but
p27Kip1 is required for Ang II-induced hypertrophy (171).
Downstream potential targets of Ang II are the extracellular
signal-regulated kinases 1 and 2 (ERK1/ERK2) and Ang II ac-
tivates ERK1/ERK2 via the AT1 receptor (172). Studies have
shown that connective tissue growth factor (CTGF) might be
an important mediator of Ang II-induced renal hypertrophy,
which suggests that inhibiting the production of CTGF might
be the new strategy in early prevention of renal fibrosis (173).
Ang II can stimulate human kidney fibroblast proliferation and
enhance the expression of interleukin-6 of KFB. These find-
ings suggest that Ang II might play a part in the mechanisms
for modulating tubulointerstitial changes and inducing renal
fibrosis (174).

These observations suggest a potential role for Ang II in me-
diating renal hypertrophic responses to nephron loss following
acute ischemic or toxic injury or uninephrectomy.

Previous in vivo studies in cardiomyopathic hamsters sug-
gested that the expression of vasopressin (AVP) V2 mRNA is
upregulated by Ang II. Ang II caused a significant increase in
the AVP V2 mRNA in a dose-dependent manner mediated by
PKA, while PKC suppresses the expression of V2 mRNA in the
IMCD of the rat kidney (175).

Ang II decreases AT1 expression in normotensive, but in-
creases it in hypertensive rats. In addition, Ang II decreases
D3 expression to a greater extent in hypertensive than in nor-
motensive rats. Aberrant interactions between D3 and AT1 re-
ceptors may play a role in the pathogenesis of hypertension
(176).

Extrarenal Actions of Angiotensin II

Ang II exerts its actions on other organs, like the adrenals and
the brain, and regulates Na, water, and K homeostasis per se.

At the level of the adrenals, it stimulates aldosterone syn-
thesis and secretion (167). Acute angiotensin administration
stimulates the activity of 11β-HSD type 2 in human kidney
and exerts a dual effect on the mineral corticoid receptor (i.e.,
an indirect agonistic effect by increasing aldosterone availabil-
ity and a direct or indirect antagonistic effect by stimulation of
renal 11β HSD type 2 activity) (177).

At the CNS level, it stimulates thirst and salt appetite
(178,179) and may increase secretion of vasopressin and oxy-
tocin from the posterior pituitary, and adrenocorticotropic hor-
mone (ACTH), prolactin, and luteinizing hormone from the
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anterior pituitary (180). Physiological changes in the activity
of the RAS produced by alterations in dietary sodium intake
regulate the contribution of endogenous Ang II of brain ori-
gin in the modulation of arterial baroreflex regulation of re-
nal SNA (181). Although a direct effect of the renal nerves on
sodium excretion is clearly present, the antidiuresis and antina-
triuresis phenomena observed during renal activation is further
supported by a neurally mediated increase in systemic Ang II
(182).

Angiotensin II and Tubular Development

Throughout nephrogenesis, AT2 receptors are expressed in un-
differentiated mesenchyme and are downregulated after birth.
AT1 receptors initially exhibit a widespread localization in
the nephrogenic cortex and developing glomeruli, proximal
tubules, and vessels. They then become more abundant dur-
ing maturation of the kidney.

Blocking of RAS with ACE inhibitors or AT receptor block-
ers from postnatal day 3 onward results in severe renal ab-
normalities that are characterized by papillary atrophy, tubu-
lar atrophy , tubulointerstitial inflammation, and thickening of
intrarenal arteries, mostly critical when drugs are administered
in rats at E15-20.

Angiotensinogen and ACE knockout mice develop renal
phenotypes that are identical to those obtained by pharma-
cologic inhibition of RAS.

Ang II induces expression of homeobox genes, like HOX
2.3, in proximal tubular cells, and promotes proliferation of
tubular cells derived from the thick ascending limb of the loop
of Henle, mediated by AT1 receptors, versus apoptosis through
AT2 receptors.

Ang II upregulates TGF-β, bone morphogenic protein
(BMP-7), and VEGF (183).

The Intrarenal Renin–Angiotensin System

Endogenous renin–angiotensin systems have been identified in
several organs, including the heart, vasculature, brain, and
adrenals (184). In addition, all components of the renin–
angiotensin system are expressed in the adult kidney (93,150).

Compared with plasma levels, the Ang II tissue contents
are much higher despite suppression of renin secretion and re-
lease (107). Renin is principally produced by juxtaglomerular
cells of the distal afferent arteriole, but has been shown to
be expressed in the proximal tubule cells (107), whereas its
substrate, angiotensinogen, is expressed by proximal tubule
cells. ACE activity in the kidney has also been localized to
the proximal tubule, with the highest concentration present
on the brush border. Several studies have provided evidence
for production of Ang II by the kidney, mainly concentrated
in the proximal tubules (107), suggesting that the intrarenal
renin-angiotensin system is, indeed, functional (150). Some in-
vestigators have proposed that this local system plays a role in
proximal tubule NaCl and HCO3 absorption, pathogenesis of
essential hypertension, and expression of the phenotype of au-
tosomal dominant polycystic kidney disease (150). Regulation
of renal Ang II production independent of the systemic renin–
angiotensin system has not been definitively demonstrated.
Circulating Ang II stimulates renal angiotensinogen mRNA
production and intact urine angiotensinogen suggests its pres-
ence along the whole nephron and that renin and ACE activity
are available all through the nephron (107).

Endogenous Ang II in both peritubular blood and luminal
fluid is important for maximal expression of the stimulatory
influence of this peptide on proximal tubule fluid uptake (185).
Physiological concentrations of Ang II can induce apoptosis

of human renal proximal tubule epithelial cells. This effect is
mediated via AT2 receptors (186).

Ang II-dependent hypertension results in elevated intrarenal
Ang II and angiotensinogen levels, reflected by increased U
(AGT), which does not occur in an Ang II-independent hy-
pertensive model (187).

Renal degradation of AngII is constitutively high, is unaf-
fected by chronic levels of arterial blood pressure, and is inde-
pendent of long-term changes in levels (188).

Low-density lipoproteins (LDL) increases Ang II produc-
tion by mesangial cells, which, in turn, results in increased O2
production, cell proliferation, and hypertrophy, these effects of
Ang II being mediated by the AT1 receptor (189).

Angiotensin (1 to 7)

The heptapeptide Ang (1to 7) is currently considered one of
the biologically active end products of the RAS. It is formed
from Ang I or Ang II in the kidney and heart by the action
of tissue peptidases. Once formed it is rapidly hydrolyzed by
ACE; in conditions of ACE inhibition or AT1 receptor antago-
nism, its concentration may increase severalfold. There are two
major interactions between Ang (1 to 7) and bradykinin (BK):
potentiation of BK by Ang (1–7) and mediation of vascular ac-
tions of Ang (1–7) by kinins, both mechanisms involved in the
cardioprotective effects of ACE inhibitors.

At the kidney level, its proposed role is natriuresis and di-
uresis as opposed to Ang II, an effect blocked by AT1 receptor
antagonist like losartan.

In the vascular bed, it antagonizes the vascular effect of
Ang II by acting as a competitive antagonist to AT1 receptors
(103).

The Renin–Angiotensin System
in Transgenic Rats

Transgenic animals provide the opportunity to study effects of
hormone over-expression on physiologic parameters or patho-
logic phenotypes. The importance of the renin-angiotensin sys-
tem in systemic blood pressure control led to interest in its pos-
sible contribution to the pathogenesis of hypertension. Mullins
and co-workers (190,191) introduced the mouse Ren-2 gene
into normotensive rats, thus creating a transgenic strain that
expresses high levels of Ren-2 mRNA in the adrenal glands
and, to a much lesser extent, in the kidneys. In these rats, ful-
minant hypertension developed between 5 and 10 weeks of age.
The hypertensive phenotype was dependent on Ang II because
treatment with low-dose ACE inhibitors or with Ang II antag-
onists normalized blood pressure (192). Moreover, male rats
had significantly higher blood pressures than females, possibly
because of the stimulatory effect of androgens on tissue renin–
angiotensin systems (193). This observation is consistent with
epidemiological data demonstrating a higher prevalence of hy-
pertension among men. Despite severe hypertension in Ren-2
transgenic rats, the systemic renin-angiotensin system was not
stimulated and plasma levels of active renin, angiotensinogen,
Ang I, and AngII were lower than those in control animals
(190). In contrast, plasma concentration of prorenin was dra-
matically elevated, and it derived mainly from the adrenal
glands. The fact that adrenalectomy normalized blood pres-
sure in the Ren-2 transgenic animals led to the conclusion that
a stimulated local adrenal renin–angiotensin system rather than
systemically elevated renin levels contributed to hypertension
in these animals (191).

Because activation of the renin-angiotensin system has
been implicated in the progression of chronic renal disease
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(194), Ganten and colleagues (191,195) studied progression
of glomerular sclerosis after subtotal nephrectomy in Ren-2
transgenic rats. Compared to pressure-matched spontaneously
hypertensive rats, the transgenic animals had significant accel-
eration of glomerulosclerosis, suggesting a pathogenic role for
the intrarenal renin-angiotensin system in progression of renal
failure.

Rats have been bred that are transgenic for either the human
renin or angiotensinogen genes (191,195). Although these ani-
mals had high circulating levels of either renin or angiotensino-
gen, their Ang II concentrations were normal, and they re-
mained normotensive. These negative findings can be explained
by the species specificity of renin–angiotensinogen interaction.
Human renin does not act on rat angiotensinogen, and hu-
man angiotensinogen does not serve as a substrate for rat renin
(191). Similar observations were made in mice transgenic for
human renin (196). In contrast to the single human transgenic
mice, double transgenic mice (dTGR) for both the human an-
giotensin and renin genes develop moderately severe hyper-
tension and die of end-organ cardiac and renal disease (197).
Fibrinoid necrosis of vessel walls, thrombi formation in small
vessels, and infiltration of organs characterize the end-organ
damage by monocytes and macrophages (197,198). These or-
gans have increased vascular expression of adhesion molecules:
ICAM-1, VCAM-1, PAI-1, and integrins that localize to areas
of morphologic damage. Treatment of the dTGR mice with in-
hibitors to ACE, renin, or AT1 can lower blood pressure and
markedly reduce organ damage (198). Recently a role for Ang
II-stimulated reactive oxygen species (ROS) in the pathogenesis
has been postulated. Treatment of dTGR rats with pyrrolidine
dithiocarbamate (PDTC), an antioxidant, reduced the severity
of Ang II-mediated end-organ damage in these animals. It is
postulated that the protective mechanism is via inhibition of
nuclear factor-γ B (NF-γ B) (199).

The data from transgenic animals, therefore, suggest that
in the setting of high renin–angiotensin levels, direct vascular
damage can occur leading to end-organ damage, characterized
by inflammatory infiltrates and fibrinoid necrosis of vessels.
This process may be mediated by both the upregulation of ad-
hesion molecules and by increased production of ROS (197).

Physiologic Consequences of Disruption of
Angiotensin II Receptor Genes

(AT1 and AT2 Gene-Knockout Mice)

To examine the physiologic functions of the AT1 receptor, Ito
and associates (200) disrupted the mouse gene that encodes
this receptor in embryonic stem cells by homologous recombi-
nation. Mice homozygous for the disrupted gene do not express
AT1 receptors and have undetectable AT1 receptor-specific Ang
II binding in their kidneys. In addition, pressor responses to in-
fused Ang II are virtually absent. Compared to wild-type con-
trols, systolic blood pressure is reduced by 24 mm Hg in ho-
mozygous AT1 knockout mice. This study demonstrates that
AT1 receptors mediate the pressor functions of Ang II and that
intact expression of AT1 receptors is required for maintenance
of normal blood pressure. Furthermore, AT1 knockout mice
have polyuria, which is thought to result from the dysmorpho-
genesis of the renal medulla observed in these mice. Afferent
arteriole vasoconstrictor responses to Ang II are mediated by
AT1A and AT1B receptors, whereas efferent arteriolar vasocon-
strictor responses to Ang II are mediated by only AT1A receptors
in the mouse kidney (201).

In contrast, genetically engineered mice that are homozy-
gous for the disrupted AT2 receptor gene have normal base-
line blood pressure (113,114). Interestingly, these mice have in-
creased pressor response to Ang II injection, suggesting that the

AT2 receptor may play a role in modulating the cardiovascular
actions of Ang II. Early studies suggested that there were no
histomorphologic abnormalities observed in either the kidneys
or the cardiovascular system of AT2 receptor gene-knockout
mice (113,114). However, a more recent study has shown an
increase in the rate of congenital abnormalities (118). Further-
more, while there are no differences in baseline water intake in
the AT2 knockout mice compared to wild type mice, the AT2
knockout mice had impaired water intake in response to water
deprivation, perhaps suggesting a decrease in thirst (113,114).

Angiotensinogen Gene-Knockout Mice

Angiotensinogen-deficient mice generated by homologous re-
combination in mouse embryonic stem cells do not produce
angiotensinogen in the liver, resulting in the complete loss of
plasma-immunoreactive Ang I (202). The systolic blood pres-
sure of homozygous mutant mice is approximately 35 mm Hg
lower than that of wild-type. This profound hypotension in
angiotensinogen-deficient mice demonstrates that the renin–
angiotensin system is essential for maintaining normal blood
pressure.

ATRIAL NATRIURETIC PEPTIDE

Electron microscopic studies conducted by Kisch in 1956 (203)
and by Jamieson and Palade in 1964 (204) revealed the pres-
ence of secretory granules of unknown function in the atrial
myocytes of mammalian hearts. A relationship between the
number of atrial granules and perturbations of water and
sodium homeostasis was later observed in laboratory animals
(205,206). In 1981, de Bold and colleagues (207) demonstrated
that injection of crude rat atrial, but not ventricular, extracts
into anesthetized rats induced a more than 30-fold increase in
urinary sodium excretion, a 10-fold rise in urine volume, and
a sustained decrease in systemic blood pressure. Further bio-
chemical studies localized the natriuretic activity to the atrial
granules described two decades earlier and led to the isolation
and characterization of atrial natriuretic peptide/cardiodilatin
ANP (208,209).

Molecular and Biochemical Properties
of Atrial Natriuretic Peptide

The cDNA for human ANP was isolated in 1984, and, shortly
afterward, the gene was localized to the short arm of chro-
mosome 1 (210,211). The chromosomal gene consists of three
exons and two introns encoding for a mature mRNA transcript
approximately 900 bases long (211).

Translation of human ANP mRNA results in a 151-amino
acid preprohormone (212). Pro-ANP, a 126-residue molecule,
is formed after cleavage of the signal peptide sequence of
prepro-ANP and represents the major storage form of the hor-
mone in atrial granules (213). The circulating, biologically ac-
tive form of ANP, often referred to as AN99−126 or ANP1−28,
is a peptide comprising the 28 carboxy-terminal amino acids
of the parent molecule (208,212). The proteolytic mechanism
that releases ANP99−126 from the amino-terminal fragment
of the prohormone is not known. The amino acid sequence
of ANP99−126 is highly conserved among mammalian species
(212). A disulfide bond between cysteine residues 105 and 121
gives ANP99−126 its ring structure, which is essential for bio-
logic activity (214).

Pro-ANP (1–30), (31–67), and (68–98) are secreted from
the heart and circulate in the plasma. Pro-ANP (1–30) and
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(31–67) increase sodium and water excretion and binding sites
have been found in the proximal tubules and collecting ducts.
Pro-ANP (31–67) inhibits the Na+-K+pump at the medullary
collecting duct through a prostaglandin-dependent mechanism
and no effect on cGMP production. Pro-ANP (1–30) infusion
in rats clearly increases urine output, sodium, and potassium
excretion, the mechanism of which still needs to be elucidated
(215).

Secretion and Physiologic Regulation
of Atrial Natriuretic Peptide99−126

Cardiac atria contain the highest concentrations of ANP and
serve as the major source of circulating hormone (212). ANP
is present in much lower concentrations in other tissues, such
as the brain, spinal cord, pituitary gland, adrenal medulla, and
kidney. Although these organs do not seem to contribute to
circulating levels of the hormone, local regulatory functions of
ANP are possible.

ANP99−126 secretion from cardiomyocytes occurs largely in
response to atrial stretch resulting from increased atrial trans-
mural pressure (216). Physiologic stimuli for the release of
ANP99−126, include acute salt and volume loading, supine pos-
ture (head-down tilt), and head-out water immersion (216–
218). An increased rate of atrial contraction has also been
shown to stimulate ANP99−126 secretion (219,220). Whether
this occurs by a mechanism independent of changes in atrial
transmural pressure remains controversial (216,221). Elevated
plasma ANP99−126 levels measured during exercise appear to
be secondary to both increased heart rate and atrial disten-
tion (218). Ang II, vasopressin, epinephrine, and phenyle-
phrine stimulate ANP99−126 secretion from the heart largely
because of their systemic vasopressor effects (222). On the
other hand, glucocorticoids and endothelin raise ANP99−126
levels possibly by acting directly on atrial myocytes (223,
224). Physiologic and pathologic conditions in which elevated
plasma levels of ANP99−126 have been detected are summa-
rized in Table 9-2 (225–240). In many of these pathologic sit-
uations, chronic hyperosmolality (241) increased plasma vol-
ume, resulting in elevated atrial transmural pressure. Paradox-
ically, ANP99−126 secretion is inhibited during cardiac tam-
ponade, suggesting that increased intraatrial pressure per se
without myocyte stretch does not stimulate ANP99−126 release
(242,243).

The local synthesis of natriuretic peptides is increased in the
kidney and in the vasculature in obstructive uropathy (244).

The activation of renin-angiotensin system on low sodium in-
take antagonizes the biological effect of ANP by interfering in
the intracellular metabolism of cGMP (245).

Physiologic Actions of Atrial Natriuretic
Peptide99−126

ANP99−126 exerts its biologic effects by binding to specific cell-
surface receptors present in many tissues, including the heart,
blood vessels, kidneys, lungs, adrenals, and central nervous
system (216). Type-I membrane proteins have been identified
as receptors of natriuretic peptides, which are characterized
by an intracellular domain of guanylyl cyclase. Three subtypes
ANP receptors (NPR) have been identified (246–248) NPR-A
and –B, has intrinsic guanylate cyclase activity that catalyzes
production of 3′, 5′-cyclic GMP (cGMP) after ligand binding.
cGMP then serves as an intracellular second messenger that
mediates the biologic activities of ANP99−126. NPR-B appears
to have 50-fold higher affinity for a related natriuretic factor
originally purified from porcine brain, known as C-type natri-
uretic peptide (CNP) (249). RNP-C, previously known as the
(clearance) receptor, is devoid of guanylate cyclase activity and,
therefore, does not confer biologic activity and is thought to
mediate clearance of circulating ANP along with metalloendo-
protease (E.C.3.4.24.11) (248) and of other related hormones,
such as brain natriuretic peptide (BNP) (250). Selective down-
regulation of NPR-C in the kidney in response to dietary salt
supplementation may contribute to local elevation in ANP lev-
els and may be functionally significant in attenuating the de-
velopment of salt-sensitive hypertension (251).

It is of interest that hemodynamic and neuroendocrine fac-
tors regulate the density of ANP receptors in the kidney (252),
like a decrease in ANP receptorsdensity in diabetic rats with
significant increase in plasma ANP levels (253).

The major sites of action of ANP99−126 are the kidneys,
adrenal glands, and vascular smooth muscle (254). Short-
term administration of ANP99−126 in laboratory animals and
in humans induces pronounced natriuresis, diuresis, alteration
in renal hemodynamics and tubular function, suppression of
renin release, inhibition of aldosterone secretion by the adrenal
glands, and decreased vasomotor tone, resulting in transient
drop in systemic blood pressure. From these actions it has
been postulated that ANP plays an important physiologic
role in protecting against extracellular volume overload (255)
(Fig. 9-5).

TA B L E 9 - 2

CONDITIONS ASSOCIATED WITH INCREASED LEVELS OF CIRCULATING ATRIAL NATRIURETIC PEPTIDE

Physiologic Reference nos. Pathologic Reference nos.

Acute volume expansion (140–142) Congestive heart failure (153,154)
Supine posture (140–142) Atrial tachycardias (140,149,150)
Head-out water immersion (140–142) Myocardial ischemia (155)
Mineralocorticoid escape (151) Acute and chronic renal failure (156,157)
Exercise (142) Postobstructive diuresis (158)
Neonatal period (152) Nephrotic syndrome (subset) (159)

Cirrhosis with ascites (160)
Severe hypertension (161,162)
Primary hyperaldosteronism (161)
Hypoxia (162)
Other (SIADHa myxedema) (163)

aSIADH, syndrome of inappropriate antidiuretic hormone secretion.
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FIGURE 9-5. Regulation of atrial natriuretic peptide (ANP) secretion
and major sites of action. Action on the kidney causes immediate salt
and water excretion. Adrenal mechanism effects a delayed, but more
sustained increase in salt and water excretion.

Renal Actions of Atrial Natriuretic
Peptide99−126

ANP-induced increase in the GFR is well established (256–
258). ANP99−126 efferent arteriolar resistance, resulting in in-
creased PGC and filtration fraction (8). In addition, ANP99−126
relaxes mesangial cells in vitro, suggesting that it can increase
filtration area by cGMP generation in podocytes (259) and
Kf in vivo (260). Indeed, when baseline Kf is low, as in water-
deprived animals, ANP99−126 enhances GFR mainly by increas-
ing Kf (9). The effect of ANP on renal blood flow (RBF) is
variable (252). If preexisting vascular constriction is present in
isolated perfused kidney, ANP tends to vasodilate renal vessels
and increase RBF (261). In whole animals, however, ANP99−126
infusion causes either a decline or no change in RBF (262). The
effects of ANP99−126 on RBF are influenced by its systemic ac-
tions on blood pressure and the renin-angiotensin system. ANP
seems to increase NO production at both renal and cardiac lev-
els furthermore explaining its natriuretic and diuretic effects
(263). Finally, ANP has been reported to induce redistribution
of blood flow from the cortex to the medulla and to increase
vasa recta flow, leading to dissipation of the medullary solute
gradient (264,265).

In acute renal failure, the effect of ANP is not energy conser-
vative as occurs with furosemide, the former increasing tubular
sodium reabsorption by 9% and renal oxygen consumption by
26%, while the later has opposite effects (266).

Several studies provide evidence that ANP99−126 induces na-
triuresis and diuresis by mechanisms independent of increased
GFR (216,252). ANP99−126 has both direct and indirect effects
on tubular transport of Na, chloride (267), and water. In the
proximal tubule, ANP99−126 antagonizes Ang II-induced Na
reabsorption (268) and, along with endothelin-3, inhibits the
sodium-glucose transporter (269) and, like urodilatin, inhibits
Na+-ATPase activity (270). In the IMCD, it directly inhibits
Na transport by binding to ANP-R1 receptors and influencing
amiloride-sensitive Na channels and the activity of apical Na-
K-2Cl cotransporters (271–273). Other mechanisms by which
ANP99−126 induces natriuresis and diuresis, include suppression
of renin and aldosterone release (274,275), inhibition of the
tubular actions of AVP (276), and dissipation of the medullary
solute gradient (264,265) by impairing the increase in intra-
cellular Ca2+ concentration, ANP blocks both the stimulatory

and inhibitory effects of AVP on Na+-dependent pHi recovery
(277).

Nonrenal Actions of Atrial Natriuretic
Peptide99−126

ANP99−126 has several important cardiovascular effects, which
include venodilation, arterial vasorelaxation, decreased cardiac
filling pressures, and decreased heart rate (216). The net effect
is reduced systemic pressure secondary to the decline in periph-
eral vascular resistance and cardiac output. As discussed ear-
lier, ANP99−126 suppresses renin and aldosterone release and
antagonizes the actions of Ang II. It is postulated that the
hemodynamic and endocrine actions of ANP99−126 together
protect against hypervolemia and hypertension (255,278). In
addition to its hemodynamic effects, ANP99−126 contributes to
volume homeostasis by inhibiting thirst, salt appetite, and AVP
secretion (216). These central nervous system effects are pos-
sibly due to paracrine actions of locally produced ANP99−126.
ANP99−126 has also been shown to inhibit proliferation of en-
dothelial, mesangial, and smooth muscle cells (279). The phys-
iologic significance of the antimitotic effect is not known. It
also inhibits mesangial cell migration induced by oxidized LDL
probably through a cGMP-dependent process (280).

ANP improves pulmonary gas exchange by reducing ex-
travascular lung water and pulmonary arterial pressure, pos-
sibly independently from natriuresis/diuresis in oleic acid-
induced pulmonary edema (281).

Atrial Natriuretic Peptide Transgenic Mice

The long-term, physiologic role of ANP in regulating extra-
cellular volume and blood pressure has been difficult to eval-
uate because of the temporal limitations of infusion studies
and the short half-life of the molecule in vivo (282,283). Field
et al. (282–284) have produced transgenic mice through ge-
netic engineering that overexpresses pro-ANP in hepatocytes
and thus has chronically elevated plasma levels of the pro-
hormone. These transgenic animals have a hypotensive pheno-
type (20 to 30 mm Hg lower than control littermates) without
compensatory tachycardia. GFR remained normal despite hy-
potension. Moreover, significant diuresis or natriuresis during
steady state was not detected. Contrary to observations made
after short-term infusion of ANP99−126, plasma renin activity
also did not change while aldosterone levels were elevated. In
summary, this transgenic model suggests that compensatory
mechanisms neutralize the natriuretic and diuretic effects of
ANP despite continued secretion of the hormone. Vasodilation
and hypotension, however, persist. A transgenic mouse that ex-
hibits chronically high plasma concentration of ANP99−126 is
currently under study. Preliminary data indicate that its phe-
notype is similar to the pro-ANP transgenic mouse (282).

Physiologic Consequences of Interrupting
the Atrial Natriuretic Peptide Pathway

Disruption of the gene that encodes pro-ANP results in knock-
out mice that lack expression of ANP. Homozygous ANP
knockout mice fed a standard diet have both mildly elevated
blood pressure (average increase of 8 mm Hg) and cardiac hy-
pertrophy compared to wild-type mice. This suggests that ANP
has a physiologic role in maintaining the normotensive state.
This hypertension appears to be sensitive to dietary salt intake
as feeding the homozygous ANP knockout mice a diet with an
intermediate salt content (2%) would further increase blood
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pressure by an average of 20 mm Hg compared to wild-type
mice (285). If the ANP-R1 receptor, the one that is coupled
to guanylyl cyclase, is the receptor that has biologic activity to
ANP, then one would predict that knockout mice without ANP-
R1 activity (known as GC-A null mice) would have a phenotype
similar to that of the pro-ANP knockout mice. However, they
do not. While the GC-A null mice have both elevated blood
pressure and cardiac hypertrophy, which is similar to pro-ANP
knockout mice, the GC-A null mice have a salt-insensitive form
of hypertension (286). It is unclear why there should be a differ-
ence in the phenotype of these two types of knockout mice. It is
possible that other guanylyl cyclase receptors, such as guany-
lyl cyclase C, can help regulate blood pressure in the face of
changes in dietary salt changes and compensate for the lack of
GC-A receptors (287).

Atrial Natriuretic Peptide-Related
Peptides (149,212)

BNP is a 32-amino acid peptide with structural homology to
ANP99−126. Although originally isolated from porcine brain
(288), it is also secreted by cardiac ventricles and, to a lesser
extent, from atria. The biologic effects of BNP infusion are sim-
ilar to those of ANP99−126. Unlike ANP, BNP secretion seems to
be constitutive and unrelated to myocyte stretch. The kidney-
specific degradation of ANP provides a mechanism for prefer-
ential regulation of kidney function by BNP, independent of pe-
ripheral ANP concentration (289). In 2001, oral human-BNP
was approved for clinical use for acute decompensation of heart
failure (248) by the Food and Drug Administration (FDA). In
1990, another homologous peptide, CNP, was isolated from
porcine brain (290). CNP is produced in the brain, where it
achieves concentrations much higher than those of ANP and
BNP. In contrast, circulating levels of CNP are lower. CNP lacks
natriuretic, diuretic, and hypotensive effects and probably acts
in a paracrine fashion in the central nervous system. The phys-
iologic significance of BNP and CNP is unclear at present.

Gene Therapy with Implanted Human ANP

Animal studies have showed the usefulness of encapsulated
ANP gene transfected cells as a new tool for ANP gene deliv-
ery in studying renovacsular hypertension and cardiovascular
diseases with possible implication for future therapy (291).

URODILATIN OR RENAL
NATRIURETIC PEPTIDE

Urodilatin is best described as a paracrine renal natriuretic pep-
tide (RNP) (292). It was first isolated from human urine in 1988
(293). Its amino acid sequence is identical to ANP99−126, ex-
cept for an additional four amino acids at the amino terminal.
Despite its high degree of homology to ANP99−126,specific anti-
human RNP polyclonal antibody has been generated and RNP
levels can be measured by radioimmunoassay (294). To date,
RNP has not been detected in the circulation and the kidney is
presumed to be its site of synthesis and action (292).

RNP binds to ANP receptors in the kidney and stimulates
cGMP production (295). Its renal actions parallel those of
ANP99−126 and include more potent hyperfiltration, diuresis,
and natriuresis (248,296,297). RNP, like ANP99−126, inhibits
sodium uptake by inner medullary duct cells by inhibiting en-
try of Na through apical sodium channels (298). It appears
that the natriuretic effect of RNP is more potent than that of
ANP, possibly because it is resistant to degradation by renal

cortical metalloendopeptidase (292,299). Systemic infusion of
RNP results in effects similar to those of ANP99−126. These in-
clude a decrease in mean arterial pressure, right atrial pressure,
stroke volume, and cardiac output (297,300,301). The vascu-
lar effects of RNP, however, seem to be less potent than those
of ANP99−126 (296).

Several physiologic studies suggest that RNP functions as a
paracrine hormone that regulates renal Na excretion. Drummer
and co-workers (302) demonstrated in the human that urinary
excretion of RNP, but not plasma ANP concentration, corre-
lates with circadian variation in sodium excretion over a 9-day
period. Moreover, acute infusion of normal saline in healthy
subjects, balloon dilatation of left atrium, and water immersion
induce a significant increase in urinary RNP (303,304,248).

Furthermore, in a model of an isolated perfused rat kidney,
increasing renal perfusion pressure increased clearance (pro-
duction) of RNP while inducing a natriuresis (305). The sig-
naling mechanism for RNP release has not yet been clarified.
It is possible that increased cell wall stress may lead to release
of RNP by RNP-producing cells (306). Provided in sterile vials
for injection, Urodilatin acetate may have a role in combating
Na-retentive states observed during congestive heart failure,
decompensated liver cirrhosis, nephrotic syndrome, and acute
renal failure following major surgeries and organ transplanta-
tion (248,292) along with other effects in immune defense and
erectile dysfunction (248).

GUANYLIN AND UROGUANYLIN

Guanylin and uroguanylin are cyclic guanosine 3′-5′-
monophosphate (cGMP)-regulating agonists isolated in 1994,
respectively, from rat intestine and human/opossum urine
that appear to have natriuretic properties (307,308). They
are part of the “guanylin family peptides” that includes
guanylin, uroguanylin, uroguanylin/guanylinlike, and bacterial
heat-stable enterotoxin. In human and mouse, earlier studies
reported that both genes for guanylin and uroguanylin are lo-
cated close to each other on chromosomes 1 and 4, respec-
tively, near the ANP A and B genes and probably arising from
an ancestral uroguanylin/guanylinlike gene (309). Molecular
cloning of guanylin cDNAs reveals that the bioactive 15-amino
acid peptide is a fragment of the COOH-terminal region of
preproguanylin, which is approximately 115 amino acids in
length. Guanylin can be found in the colon of humans and in
the adrenal gland, kidney, and uterus of rats (310,311). Simi-
larly, molecular cloning of uroguanylin cDNAs reveals that the
bioactive 16-amino acid peptide is a fragment of the COOH-
terminal region of preprouroguanylin that is approximately
110 amino acids in length. Bioactive uroguanylin is probably
released by the activity of chymotrypsin. Preproguanylin and
preprouroguanylin probably derived from a common precur-
sor gene, as they share approximately 35% homology (312).
Bioactive uroguanylin can be found in the urine at higher con-
centrations than guanylin, suggesting that uroguanylin may be
a hormonal link between the intestine and the kidney (313).
Both uroguanylin, prouroguanylin, and proguanylin peptides
have been shown to circulate in the plasma of man and other
animals.

Guanylin and uroguanylin bind to guanylate cyclase-C re-
ceptors, which are of three types (A, B, and C) and elevate intra-
cellular cGMP levels (307,314). Guanylate cyclase C receptors
have been isolated in the medulla of the human kidney (315).
In the isolated perfused rat kidney, uroguanylin, guanylin, and
ST peptides stimulate the urinary excretion of sodium, chloride,
potassium, and water both in vivo and ex vivo in the perfused
kidney (313).

Uroguanylin produces either hyperpolarization or depo-
larization of the renal cell membrane, whereas guanylin and
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ST cause depolarization of the membrane potential. Also in-
voked is the regulation of two different classes of potassium
channels in the human tubule kidney cell model (IHKE-1) by
uroguanylin, guanylin, and ST through two different mecha-
nisms involving cGMP-dependent and -independent pathways.
In humans, elevated urinary levels of uroguanylin correlates
with renal failure, high dietary salt intake (315), and severe
nephrotic syndrome (316). In the nephrotic patients, it appears
that a state of relative uroguanylin resistance, similar to ANP
resistance, is present.

It is thought that uroguanylin acts as “intestinal natriuretic
peptide,” as evidenced in knocked-out animals unable to ex-
crete an oral salt load (312).

CORTICOSTEROIDS

Corticosteroids are steroid hormones synthesized by the
adrenal cortex. On the basis of their physiologic functions,
corticosteroids are traditionally divided into two groups,
glucocorticoids (cortisone and cortisol) and mineralocorti-
coids (aldosterone) (317), based on their potency in elec-
trolyte and metabolism regulation. Corticosterone and 11-
deoxycorticosterone, the immediate precursors of aldosterone,
are present in the circulation, but have very mild mineralocor-
ticoid activities.

Both glucocorticoids and mineralocorticoids modulate
renal function. Both corticosteroid hormones bind to intracel-
lular receptors, the mineralocorticoid receptor (MR) and the
glucocorticoid receptor (GR). Both are part of the nuclear re-
ceptor family that also includes receptors for steroid and thy-
roid hormones, vitamin D3, and retinoic acids and these recep-
tors translocate to the nucleus after ligand binding (318).

Aldosterone-sensitive tissues include the distal parts of the
nephron (distal tubule, connecting tubule, and all along the col-
lecting duct), the surface epithelium of the distal colon (where it
increases sodium absorption and potassium excretion) and sali-
vary and sweat glands and other specific nuclear-binding sites
for aldosterone in the thick ascending limb of Henle’s loop. All
MR-expressing tissues also express GR. In the kidney, evidence
exists for distribution of the GR receptors along the whole parts
of the nephron, except for the proximal tubule. No evidence
exists for glucocorticoid role in the colon (319–321).

MR has the same affinity for both aldosterone and gluco-
corticoids. Indeed, glucocorticoids concentration in plasma is
100- to 1000-fold higher than aldosterone and only 10% of
it circulates as free, while all circulating aldosterone is free.
MR selectivity exists to prevent complete occupancy of the
MR receptor by glucocorticoids at physiologic concentrations.
This is mainly mediated by the colocalization of the 11β-
hydroxysteroid dehydrogenase 2 (11β-HSD2) enzyme in the
distal nephron, along with MR. This enzyme transforms glu-
cocorticoids (cortisol in humans) into metabolites (cortisone)
that have weak affinity to MR (318, 321–323). The major role
of 11β-HSD2 is highlighted in clinical situations, like in the
syndrome of apparent mineralocorticoid excess where it is in-
activated or after ingestion of excessive amounts of licorice
where glycyrrhetinic acid, a derivative of licorice, has been well
described as an inhibitor of 11β-HSD2 (324). AVP stimulates
11β-HSD2 (318), while progesterone and its metabolites in-
hibit its activity (325).

MR displays different properties, depending on the nature
of the ligand, the latter affecting its conformation and nuclear
translocation. It is well known that aldosterone–MR complex
is more stable than the cortisol–MR complex and MR stability
is variable: highest for aldosterone and deoxycorticosterone
and lowest for corticosterone, cortexolone, and cortisol. The
opposite is true for the glucocorticoid receptor interaction with
different mentioned ligands (321).

Glucocorticoid receptors (GR) have approximately equal
affinities for aldosterone and endogenous glucocorticoids, but
have the highest affinity for dexamethasone, a synthetic gluco-
corticoid (318). Because mineralocorticoids circulate at much
lower concentrations than glucocorticoids, significant binding
of mineralocorticoids to GR does not occur under physiologic
conditions.

Recent evidence also suggests that there is a nonclassi-
cal membrane-bound aldosterone receptor (reviewed in ref.
326). These data come from kinetic studies that demonstrate
saturable, radiolabeled binding of aldosterone to cell surface
membranes that have kinetics compatible with physiologic ac-
tivity (327,328). In some cell lines, aldosterone can have very
rapid physiologic effects that are not blocked by inhibitors
of cell transcription and translation. For instance, in human
mononuclear leukocytes, aldosterone can stimulate release of
IP3 or calcium within 30 seconds of exposure (329,330). These
membrane-bound receptors may explain some of the effects
of aldosterone that occur prior to gene transcription, such as
early stimulation of sodium reabsorption (331) or early stimu-
lation of salt intake (332), possibly via phospholipase C/PKC
signaling pathways.

Glucocorticoid Actions in the Kidney

Glucocorticoids appear to be important for the normal mainte-
nance of GFR (333). In both adrenalectomized animals and in
humans with adrenal insufficiency, GFR is reduced compared
to controls. Adrenalectomized rats given physiologic doses
of glucocorticoids regain a normal GFR (334). Furthermore,
short-term administration of pharmacologic doses of glucocor-
ticoids has been reported to increase inulin clearance in both
normal animals and humans (335,336). Micropuncture studies
in normal rats indicate that glucocorticoids enhance GFR by
increasing glomerular plasma flow (333,337). The latter results
from selective vasodilation of both afferent and efferent renal
arterioles (337). The mechanisms by which glucocorticoids al-
ter the glomerular microcirculation remain obscure. Because
amino acid infusion causes similar glomerular hemodynamic
changes, Baylis and colleagues suggest that glucocorticoids may
increase GFR through their effects on catabolism of proteins
to free amino acids (333).

Glucocorticoid actions on the proximal tubule, which lacks
classical GR expression, include enhancement of gluconeoge-
nesis, ammoniagenesis, and Na reabsorption (338), a part of
the nephron that lacks the classical GR. A beta isoform of the
GR might mediate these actions; the latter form is not rec-
ognized by the GR antibodies classically used in experiments.
Lag in ammonium excretion resulting in acid retention is well
described in subjects in a glucocorticoid-depleted state (339).
In adrenalectomized animals, glucocorticoid replacement re-
stores proximal tubule ammoniagenesis and the ability of the
kidney to respond to the chronic phase of acidosis (340). Fur-
thermore, in whole animals glucocorticoid excess accelerates
renal base generation, resulting in metabolic alkalosis (341).
Glucocorticoids regulate ammoniagenesis possibly through al-
tering glutamine uptake and metabolism by proximal tubule
cells (341). Glucocorticoids increase proximal tubule Na reab-
sorption by at least two mechanisms: enhanced Na–K-ATPase
activity and Na–H exchange (342,343). Several experiments
suggest that glucocorticoids inhibit Na-dependent phosphate
and sulfate reabsorption in the proximal tubule (338). These
observations are supported by clinical reports of phosphaturia
and lower serum phosphate levels in patients with Cushing’s
disease and subjects given high doses of glucocorticoids (344).

Both patients with Addison’s disease and adrenalectomized
animals have decreased urinary concentrating ability (345).
This defect is due in part to reduction in RBF, GFR, and
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hydroosmotic permeability of the collecting tubule (346). In
addition, adrenal corticosteroids contribute to urinary concen-
tration by stimulating Na, K, and HCO3 transport in the thick
ascending limb of Henle’s loop (347). It is not entirely clear
whether glucocorticoids, mineralocorticoids, or both, mediate
the effects of corticosteroids on renal-concentrating mecha-
nisms.

Mineralocorticoid Actions in the Kidney

Ang II, high serum K+ levels, and ACTH stimulate aldosterone
secretion from the adrenal gland (348). ANP and dopamine, on
the other hand, suppress aldosterone secretion. Dietary sodium
also modulates aldosterone release through its effects on the
renin-angiotensin system. The major action of aldosterone in
the kidney is regulation of Na, K, and H handling by the distal
part of the nephron. Mineralocorticoid deficiency is associated
with volume depletion, hyperkalemia, and mild metabolic aci-
dosis. Conversely, mineralocorticoid excess leads to Na reten-
tion, hypokalemia, and metabolic alkalosis.

One of the best-documented functions of aldosterone is its
ability to increase Na reabsorption in the distal tubule and col-
lecting duct (349–351). The rate-limiting step to sodium reab-
sorption across tight epithelia is the permeability of the apical
membrane of the transporting cell. Aldosterone increases api-
cal Na permeability of tight epithelia, such as those found in the
mammalian distal tubule and descending colon, by increasing
the activity of the amiloride-sensitive epithelial sodium chan-
nel (ENaC). The effect of aldosterone in distal colon and other
epithelia is characterized by a latent period of approximately
60 minutes, followed by an increase in ENaC activity with a
half-maximal value of 3 hours (352). Recently, the three sub-
units (alpha, beta, and gamma) of the ENaC have been cloned.
Based on coexpression studies in Xenopus oocytes, it is believed
that the three subunits assemble into a complex heterooligomer
forming the amiloride-sensitive pore (353–355). It was thought
that regulation of channel activity could be at the transcrip-
tional level, however, induction of channel mRNA lags be-
hind the transcription-dependent increase in channel activity
and different organs have differential regulation of Na channel
subunit transcription. In the kidney, there is preferential up-
regulation of the alpha subunit. Currently, it is not clear what
regulatory proteins are controlling early activity of the ENaC.
Possibilities include K-Ras2A and the serine/threonine kinase
sgk (356). Aldosterone also enhances Na reabsorption by in-
creasing Na–K-ATPase activity in basolateral membranes of
principal cells in mammalian collecting duct and distal tubule
(351). Studies in toad bladder and mammalian nephron sug-
gest that aldosterone upregulates Na–K-ATPase activity by
at least three mechanisms: increased Na influx due to open-
ing of amiloride-sensitive Na channels, induction of Na–K-
ATPase subunit expression at the gene level, and induction
of intracellular alkalosis, which occurs in tissues that contain
aldosterone-sensitive Na/H exchangers (357). Other hormones
modulate aldosterone’s action on Na transport; for exam-
ple, ANP is inhibitory and vasopressin is stimulatory (358)
(Table 9-3).

Hypersecretion of endogenous mineralocorticoids or the ad-
ministration of mineralocorticoids leads to transient sodium
retention followed by a return to Na balance within a few
days (359). The return to Na balance despite elevation of cir-
culating mineralocorticoid levels is referred to as aldosterone
or mineralocorticoid “escape.” During mineralocorticoid es-
cape, increased Na reabsorption by the distal tubule and col-
lecting duct remains unchanged, but is offset by decreased Na
reabsorption in other nephron segments (358,360). The lat-
ter results from increased renal arterial pressure and elevated
plasma ANP levels, both of which suppress proximal tubule

TA B L E 9 - 3

RENAL ACTIONS OF ADENOSINE

Function Effect Receptor

Renal blood flow Transient ↓
Delayed slight ↑

A1

A2

GFR ↓↓ A1 and A2

Renin production ↓↓
↑

A1

A2

Erythropoietin
production

↓ A1

↑ A2

Sodium excretion ↑↑
↓

A2

A1

GMC production
and proliferation

↓ A2B

transport of Na. Mineralocorticoid escape is also, in part, me-
diated by decreased Na and water reabsorption in the loop of
Henle (360). Other factors, such as TGF-β and interleukin-
1 (IL-1), may play a role in regulation of mineralocorticoid
escape. These factors have been recently found to inhibit the
action of aldosterone on the cells of the IMCD (361).

Mineralocorticoids are the predominant hormonal influ-
ence on K secretion by principal cells of the collecting duct
and connecting segment of the distal tubule (361,362). Al-
though mineralocorticoids always increase K secretion by these
nephron segments, this does not necessarily translate into a
kaliuresis, because of the strong dependence of K excretion on
distal Na delivery and urinary flow rate (363). For example,
in conditions of decreased Na delivery and urinary flow to the
distal nephron, the kaliuretic effect of aldosterone is either di-
minished or abolished. The mechanisms by which aldosterone
stimulates K secretion by principal cells overlap with those re-
sponsible for its Na-retaining action. Aldosterone-induced Na
influx through the apical membrane leads to the generation
of a lumen-negative potential difference that favors K secre-
tion (350,351). In addition, while mineralocorticoids do not
increase the density of active K channels in the apical mem-
brane, they increase the conductance of apical and basolateral
K channels independent of Na flux (351,364). Physiologically,
it is difficult to understand how one hormone can regulate
the concentration of two different solutes that have varying
levels of dietary intake. Recent patch-clamp experiments have
demonstrated that other nonaldosterone circulating factors ex-
ist that can regulate K channel activity. Infusion of aldosterone
by osmotic minipump will increase the density of EnaC, but not
of K channels (364). However, an increase in dietary K does
increase the K-channel density (365). Currently, it is unknown
what other circulating factor controls K secretion.

The role of mineralocorticoids in regulation of renal acidifi-
cation is supported by several clinical observations. Syndromes
of aldosterone deficiency are associated with metabolic acidosis
because of reduced urinary acid excretion, while mineralocorti-
coid excess results in metabolic alkalosis. Aldosterone enhances
urinary acidification through direct actions on epithelial cells
in the collecting duct and indirectly by influencing various in-
trarenal and extrarenal factors (366). Aldosterone increases H
secretion by type-A intercalated cells in the collecting duct via
two mechanisms: direct stimulation of the proton pump (H-
translocating ATPase), and indirectly by stimulating Na influx,
which creates a lumen-negative potential difference (366). As
with K, the overall effect of aldosterone on renal acid excretion
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depends on Na delivery to the distal part of the nephron. Re-
duction of Na transport in the collecting duct, because of either
decreased Na delivery or inhibition of distal Na reabsorption
by amiloride, significantly attenuates the effect of aldosterone
on net H excretion (367). Aldosterone regulates the expression
of aquaporins, AQP3 with no effect on type 1 and 2, in the
collecting duct, independently of Na intake (368).

Lessons Learned from Knockout Mice

The construction of mice that genetically lack the mineralocor-
ticoid receptor (MR) demonstrates that lack of the MR cannot
be fully compensated for by the glucocorticoid receptor. The
MR is not crucial for prenatal development, but does appear
to be important for the adaptation to an environment that has
limited salt supply. These mice die very early after birth with hy-
ponatremia, hyperkalemia, and elevated levels of renin, Ang II,
and aldosterone. These mice can be “rescued” by NaCl supple-
mentation. Hopefully, these knockout mice can be used to char-
acterize the differences between aldosterone’s classical genomic
signaling pathways and other nongenomic receptor pathways
(369). GR-lacking mice die a few hours after birth because
of lung immaturity and hypoglycemia, clearly an outcome not
compensated by the presence of mineralocorticoid receptors
(321).

Knockout mice have also been generated for the various sub-
units of the aldosterone stimulated amiloride-sensitive ENaC.
All three ENaC subunits appear to be critical for survival, as
knockout of any one of the subunits creates a lethal mutation.
It is interesting to note that β-subunit knockout mice appear
to die mainly from respiratory problems, suggesting a defect
in fluid movement in the lung, while α- and α-knockout mice
appear to die mainly from electrolyte abnormalities associated
with sodium wasting (370).

CATECHOLAMINES

Catecholamines play an important role in the regulation of
RBF, GFR, renin secretion, and tubular transport. The endoge-

nous catecholamines that act on the kidney are epinephrine,
norepinephrine, and dopamine. These catecholamines derive
from renal efferent nerves (norepinephrine and, to a lesser ex-
tent, dopamine), from the circulation (epinephrine and nore-
pinephrine), from the adrenal medulla (epinephrine), and from
renal proximal tubule cells (dopamine) via α1 α2, β1, and β2
receptors for epinephrine and norepinephrine and D1- and D2-
like receptors for dopamine (371–375) (Fig. 9-6).

Effects of α-Adrenergic Stimulation
in the Kidney

Both α1- and α2-adrenergic receptors are present in the renal
cortex (376,377). Adrenergic stimulation causes renal vasocon-
striction (increased afferent and efferent arteriolar resistance)
by activating α1 receptors on vascular smooth muscle cells
(378). α1-Mediated renal vasoconstriction results in decreased
RBF and GFR. In the proximal convoluted tubule, where α1-
and α2-adrenergic receptors are expressed in high density, nore-
pinephrine increases Na and water reabsorption, in part, by
stimulation of Na+–K+-ATPase activity (377,379,380). This
activity is partially dependent on the cosecretion of neuropep-
tide Y that acts to synergize the stimulatory α-adrenergic
effects of norepinephrine and to antagonize the inhibitory β-
adrenergic effects. This is demonstrated by the fact that nore-
pinephrine alone does not affect Na+–K+-ATPase activity in the
proximal convoluted tubule unless neuropeptide Y or other β-
adrenergic inhibitors are present (381). Moreover, administra-
tion of α2-adrenergic antagonists to humans or laboratory ani-
mals with Na retention results in natriuresis and diuresis (377).
In isolated rat and rabbit proximal convoluted tubule cells, α1
and α2 agonists stimulate Na–H exchange, the overall effect
of which is enhanced Na and fluid absorption (382,383). Ex-
perimental evidence also indicates that α-adrenergic activation
increases Na and fluid absorption in the thick ascending limb
of the loop of Henle. Using in vivo microperfusion technique,
DiBona and Sawin (384) demonstrate that renal nerve excita-
tion stimulates NaCl reabsorption in the loop of Henle. α1-an-
tagonism with prazosin attenuates this effect. α2-receptor acti-
vation also enhances NaCl reabsorption in the thick ascending
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FIGURE 9-6. Schematic depiction of dopamine forma-
tion and cell-signaling mechanisms activating sodium
transport across the proximal renal tubule cells. DA,
dopamine; D1R, dopamine D1 receptor; PLC, phospho-
lipase C; DA, diacylglycerol; AC, adenylyl cyclase.
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limb, as shown in experiments using isolated perfused rat kid-
neys (385). In the collecting duct, Krothapalli and Suki (386)
report that α2 agonists inhibit vasopressin-stimulated water re-
absorption by inhibiting adenylate cyclase activity (386). Other
investigators, however, challenge this observation (387).

Effects of β-Adrenergic Stimulation
in the Kidney

β-adrenergic receptors have been identified in the glomerulus,
juxtaglomerular apparatus, thick ascending limb of loop of
Henle, distal convoluted tubule, and collecting duct (387,388).
β1 stimulation enhances renin release from the juxtaglomeru-
lar cells of the afferent arterioles. Otherwise, there are few β
receptors in renal vessels. Although β receptors have not been
localized to the proximal tubule, physiologic studies suggest
that β-adrenergic stimulation increases Na and fluid transport
in this nephron segment independently of enhanced renin secre-
tion and angiotensin II production (387). In the thick ascending
limb, β-adrenergic receptor activation stimulates cAMP pro-
duction and NaCl reabsorption (387). β agonists also increase
Cl–HCO3 exchange and H–K-ATPase activity in the collecting
duct (377). The latter effect results in enhanced K reabsorp-
tion by type-A intercalated cells (and an apparent decrease in
K secretion) (377). A potential mechanism of action involves
β-adrenergic stimulation of cAMP production and subsequent
conversion to adenosine. Mi and Jackson (388) demonstrate in
the isolated perfused rat kidney that β-adrenergic stimulation
via isoproteronol increases the secretion rate of adenosine. This
effect can be blocked by inhibitors to both β-adrenergic recep-
tors (propranolol) or by inhibitors to ecto-5′-nucleotidase. As
will be discussed later in this chapter, adenosine can affect NaCl
reabsorption by stimulating sodium reabsorption in the distal
tubule of the nephron.

Dopamine Synthesis and Action in the Kidney

Although dopamine-containing nerve endings are present
within the kidney, their functional role remains to be deter-
mined (389). It is well established, on the other hand, that
dopamine is synthesized by proximal tubule cells and that it
acts locally to modulate Na excretion (390). Filtered l-dopa
enters proximal renal tubule cells via a Na cotransporter in
the apical membrane, where it is enzymatically decarboxylated
to dopamine by aromatic amino acid decarboxylase (AADC)
to generate dopamine. High-salt intake increases AADC ac-
tivity and dopamine synthesis in proximal tubule possibly by
enhancing Na-coupled uptake of l-dopa (390,391). However,
regulation of intrarenal dopamine concentrations can occur
at several levels: synthesis, storage, or degradation. AADC
enzyme activity is increased twofold during high-salt intake;
inhibition of AADC prevents the natriuresis generated by a
high-salt diet. Similarly, monoamine oxidase A and catechol-
o-methyltransferase (COMT) is involved in the degradation of
dopamine and inhibition of this enzyme can result in increased
natriuresis (392).

Dopamine receptors are members of the G protein-coupled
superfamily of heptahelical receptors. At least five receptors
have been identified, subclassified into D1- and D2-like sub-
families. Both of the cloned members of the D1-like receptor
group (D1 and D5, also known as D1A and D1B in rodents)
are coupled with the stimulating G protein, Gsα, and stimu-
late adenylyl cyclase. All three of the cloned D2-like receptors
(D2, D3, and D4) are associated with the inhibitory G protein,
Gi/G0, and inhibit adenylyl cyclase. Both families of receptors
are expressed in the kidney at the postjunctional sites. D1 and

probably D5 are localized in the smooth muscle layer of renal
arterioles, juxtaglomerular cells, proximal tubules, and corti-
cal collecting duct. The D3 receptor is present in arterioles,
glomeruli, proximal tubules, medullary thick ascending loop
of Henle, and the collecting duct. The D4 receptor is localized
in the cortical collecting duct (372,393,394).

Dopamine produced in the kidney plays a central role in the
regulation of Na excretion. In animals, during normal sodium
balance, endogenous intrarenal dopamine is a major physiolog-
ical regulator of urine sodium excretion with no influence on
GFR or RBF (293). The major signaling mechanism by which
dopamine induces natriuresis is by inhibiting Na+–K+-ATPase
in all the segments of the nephron via D1-like receptors; D2-like
receptors stimulate this enzyme. Dopamine inhibits sodium en-
try into the proximal cell by inhibiting the Na+/H+exchanger
and a Na+/P−cotransporter. Thereafter, both PKA and C inhibit
Na+–K+-ATPase by three mechanisms: stimulation of PLA2 ac-
tivity, generation of eicosanoids, such as 20-HETE (hydroxye-
cosatetraenoicacid), and phosphorylation of the catalytic sub-
unit of Na+–K+-ATPase (393,396). This has been shown in
isolated perfused tubule segments and in renal epithelial cell
lines (390,397).

The end result of Na+–K-ATPase inhibition is a dopamine-
induced natriuresis. Several investigators suggest that the role
of dopamine is to counterbalance the effects of antinatri-
uretic factors in the kidney (390,392). Interestingly, Kuchel
and Kuchel (398) pointed out that dopamine is the predomi-
nant catecholamine in fish, in which salt excretion is a priority.
On the other hand, norepinephrine predominates in terres-
trial animals, in which salt retention is essential for sur-
vival. In addition to inhibition of Na–K-ATPase activity, other
studies suggest that dopamine suppresses Na–phosphate co-
transporter and that it antagonizes the stimulatory effect of
Ang II on Na–H exchange in cortical brush-border mem-
branes mediated by cAMP and PKA (399,400) and stimu-
lates renin synthesis in cultured rat juxtaglomerular cells (395).
Studies in humans have shown that dopamine does not in-
duce natriuresis in Na-depleted subjects and that its natri-
uretic effect is more pronounced during conditions of volume
expansion (401).

In the whole kidney, dopamine increases RBF and GFR
through its D1 receptor-mediated vasodilatory effects (390,
401). Supraphysiologic concentrations of dopamine, however,
stimulate α-adrenergic receptors, which lead to vasoconstric-
tion and decreased RBF. The natriuretic and vasodilating ef-
fects of dopamine have earned it a therapeutic role in patients
with volume expansion, particularly when administered in low
doses that do not activate adrenergic receptors. A recent meta-
analysis (402), however, showed by pooled analysis no effect
of low-dose dopamine (≤5 μg/kg/min) on mortality rates or on
the need for renal replacement therapy in patients presenting
with acute renal failure. No statistical difference in adverse
side effects was noted as compared to control groups. The
effect on renal function was most favorable during the first
day of infusion, that is, increased urine output by 24%, de-
creased creatinine level, and improved creatinine clearance–
benefits that disappear on the second and third days of
therapy.

Moreover, dysfunction of the renal dopamine system has
been postulated to contribute to the pathogenesis of systemic
hypertension (390). Results from at least two studies suggest
that defects in renal generation of dopamine are common in
patients with essential hypertension (403,404).

The ability of the D1 receptor to induce both natriuresis
and vasodilation makes D1 agonists, such as fenoldopam, po-
tential therapeutic agents for the treatment of both hyperten-
sive urgencies and acute renal failure. In healthy normoten-
sive volunteers, fenoldopam has been shown to significantly
increase renal plasma flow, while only minimally reducing
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Lys-Bradykinin (Kallidin)

Bradykinin

TISSUE KALLIKREIN

PLASMA KALLIKREIN

KININOGEN Met Lys Arg Pro Pro Gly Phe Ser Pro Phe Arg Ser X

FIGURE 9-7. Release of kinins from
kininogen by kallikreins. Ser-X, ex-
tended sequence in the light chain of
kininogen. (From: Erdos EG. Kinins,
the long march—a personal view.
Cardiovasc Res 2002;54:485, with
permission.)

systemic blood pressure (405). In people with hypertensive ur-
gencies, fenoldopam has been shown to reduce systemic blood
pressure by 23%, while increasing natriuresis by 200%, diure-
sis by 46%, and renal blood flow by 42% (406). While the
selective increase in renal plasma flow could be advantageous
in the treatment of certain forms of acute renal failure, further
studies must be done to define the specific utility of fenoldopam
in this setting.

Physiologic Significance of Renal Innervation

Using electron microscopy and immunohistochemical tech-
niques, Barajas and Mueller (407,408) demonstrate nerve end-
ings in direct contact with the juxtaglomerular apparatus and
basement membrane of tubule segments involved in Na and
water absorption: the proximal tubule, thick ascending limb of
Henle’s loop, distal tubule, and collecting duct. Nerve endings
have also been localized to the renal, arcuate, and interlobar
arteries. Studies by Kopp DiBona (409) have determined that
renal innervation is extensively adrenergic and that the end
result of renal nerve stimulation is Na and water retention.
Low-frequency stimulation increases renin secretion by acti-
vating β1 receptors (410), while higher-frequency stimulation
increases Na reabsorption by activating α1 receptors on tubule
epithelial cells. Renal vasoconstriction, mediated by vascular
α1 receptors, occurs at even higher frequencies. The antina-
triuretic and vasoconstrictive effects of excessive renal nerve
discharge is well recognized in pathophysiologic conditions,
such as anesthesia, surgical stress, trauma, congestive heart
failure, liver cirrhosis, and the nephrotic syndrome. In addi-
tion, intact renal innervation is necessary for normal diuretic
and natriuretic response to an acute intravenous volume load

(409). Finally, renorenal reflexes, mediated by the renal nerves,
coordinate the functions of the two kidneys (411).

THE RENAL KALLIKREIN–KININ
SYSTEM

Kinins are vasoactive peptides that possibly play a role in the
modulation of salt and water excretion by the kidney and in
the control of blood pressure (412,413). The kallikrein-kinin
system consists of four components: kallikreins, kininogens,
kinins, and kininases (414). Kallikreins are serine proteases
that act on kininogens to generate the biologically active kinins
(potent vasodilators).

The kallikrein–kinin cascade is a complex one: Prokallikrein
of plasma or tissue, after it is activated to kallikrein, releases
from kininogen bradykinin (BK) or Lys–BK (Fig. 9-7). The
two peptides act on their B2 receptor. They are metabolized
by ACE (angiotensin I converting enzyme) or kininase II by
the release of C-terminal Phe-Arg or by carboxypeptidases N
or M which cleave off C-terminal Arg only (Fig. 9-8). The re-
sulting des-Arg-kinin then acts on a receptor different from B2,
called B1. The two receptors are both G protein-coupled, seven-
transmembrane, heptahelical receptors on plasma membrane,
but otherwise, they differ. While B2 is ubiquitous, B1 is mainly
expressed after induction by endotoxin, cytokines, ischemia,
and other noxious stimuli (415).

Carboxypeptidase-type enzymes are called kininase I and
the other one that released the dipeptide, kininase II. We know
now that this terminology represents two groups of enzymes,
which cleave either at Phe8 -Arg9 or Pro7 -Phe8 bond of BK. The
metallocarboxypeptidases N and M and a serine carboxypep-
tidase, cathepsin A, or deamidase, form the first group, while

Lys-bradykinin
Lys Arg

Arg1 Pro2 Pro3 Gly4 Phe5 Ser6 Pro7 Phe8 Arg9

Pro Pro Gly Phe Ser Pro Phe Arg

bradykinin

AMINOPEPTIDASE

AMINOPEPTIDASE KII-ACE

KII-NEP

KI-CPM

KI-CPM

CATA

FIGURE 9-8. Cleavage sites of Lys–
bradykinin (kallidin) and bradykinin.
Conversion from ligand to B2 re-
ceptor to agonist of B1 receptor. KI,
kininase I; KII, kininase II; NEP,
neutral endopeptidase 24.11,
neprilysin; CPN, carboxypeptidase
N; CPM, carboxypeptidase M; ACE,
angiotensin I-converting enzyme;
CATA, cathepsin A deamidase,
lysosomal protective protein. (From:
Erdos EG. Kinins, the long march—a
personal view. Cardiovasc Res 2002;
54:485, with permission.)
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ACE and neprilysin (neutral peptidase 24.11) belong to the
second group (Fig. 9-8) (415).

Renal kallikrein activity is predominantly found in the cor-
tex, where it has been detected in glomeruli, proximal tubule,
and distal tubule. The majority of kallikrein found in the urine
is of the tissue form and is secreted by the kidney. In addi-
tion to the presence of kininases in the vascular endothelium
and renal tubule cells, the proximal tubule brush border con-
tains endopeptidase II (enkephalase), which also inactivates
kallidin and bradykinin (416). Aprotinin, a polypeptide pu-
rified from the lung, inhibits the activity of renal and other tis-
sue kallikreins (413). The molecular biology of the kallikrein–
kinin system is reviewed elsewhere (417,418). The volume of
research in kinins increased exponentially with time, partially
because of the clinical application of ACE inhibitors, and to the
manifold direct and mostly indirect effects of BK and Lys–BK or
kallidin. These include release of NO, endothelium-derived hy-
perpolarizing factor (EDHF), norepinephrine, prostaglandins,
substance P, cytokines, and tissue plasminogen activator. All of
these are, in addition to the direct spasmogenic or algogenic
actions of kinins, the consequence of the initial activation of a
BK receptor, frequently the B2 one (415).

Renal Actions of Kinins

Experimental evidence suggests that kinins regulate renal blood
flow and renal excretion of Na and water (412,413). Acute in-
fusion of bradykinin (BK) into the renal artery dilates both pre-
and postglomerular arterioles. The net effect is increased RBF,
without a change in GFR (419). Acute infusion of BK also in-
duces significant natriuresis and diuresis in the absence of GFR
alteration (419). In experiments in which BK was administered
for several days, the acute rise in salt and water excretion was
not sustained, while renal vasodilation persisted (419). How-
ever, a sustained increase in renal function and urine flow rate
can occur when the human kallikrein gene is overexpressed by
adenoviral transfection in a rat model of human renovascular
hypertension (420). Although these studies suggest a natriuretic
role for BK, they do not elucidate the physiologic role of the
renal kallikrein–kinin system. Several groups have attempted
to block BK action in vivo in order to determine these phys-
iologic functions. Inhibition of endogenous BK by means of
specific antibodies or aprotinin has been shown to blunt the
natriuretic and diuretic effect of saline infusion (413,421). Sir-
agy demonstrated that infusion of a BK antagonist into the
renal arteries of dogs on a low-Na diet causes antidiuresis and
a significant decrease in the fractional excretion of Na (422).
There were no changes in GFR, plasma aldosterone concentra-
tion, plasma renin activity, or systemic arterial pressure during
intrarenal administration of the antagonist. Although lower
doses did not affect estimated RPF, a higher dose caused a sig-
nificant decrease. These results suggest that endogenous kinins
can act as natriuretic substances.

The mechanism by which kinins induce natriuresis remains
a matter of debate. Several studies suggest that kinins directly
regulate epithelial transport of ions and water (413). The re-
nal target of these actions is most likely the collecting duct,
which, in rabbits, has a high density of specific BK-binding sites
(413,423). In addition, renal kallikrein and kininogen have
been localized to the distal tubule, connecting segment, and col-
lecting duct, confirming the presence of a complete kallikrein–
kinin axis in the distal part of the nephron (413,424). The
complex interactions of kinins with other hormonal systems,
however, make it difficult to discern whether their renal effects
are, indeed, direct.

Studies on the role of the renal kallikrein–kinin system
(KKS), using congenitally kininogen-deficient Brown-Norway
Katholiek rats and also BK B2 receptor knockout mice, revealed

that this system starts to function and to induce natriuresis and
diuresis when sodium accumulates in the body as a result of
excess sodium intake or aldosterone release, for example, by
angiotensin II. Thus, it is hypothesized that the system works as
a safety valve for sodium accumulation. The large numbers of
studies on hypertensive animal models and on essential hyper-
tensive patients, particularly those with salt sensitivity, indicate
a tendency toward the reduced excretion of urinary kallikrein,
although this reduction is modified by potassium intake and
impaired renal function (425).

Reduced KKS activity may contribute to the establishment
of a pathophysiologic state characterized by unopposed hyper-
activity of the renin–angiotensin system, resulting in salt reten-
tion (426). It has been shown that this reduced activity of the
KKS predominates over renin–angiotensin system overactivity
in all conditions of sodium balance in essential hypertensives
and family-related hypertension (427).

Kinins activate phospholipase A2, resulting in increased
prostaglandin synthesis (414). In a rat model of unilateral
ureteral obstruction, Kopp and Smith (428) demonstrate that
indomethacin abolished BK-induced natriuresis and diuresis
in the contralateral kidney (428). Lysyl-BK (kallidin) has been
shown to inhibit the hydroosmotic action of vasopressin on iso-
lated rabbit cortical collecting duct (429). On the other hand,
BK stimulates vasopressin release when infused into the renal
artery, but not when administered systemically, suggesting that
this effect is mediated by afferent renal nerves (430).

Products of the KKS may modulate cell growth. Experi-
mental evidence suggests that while under certain conditions,
in vitro BK may inhibit growth of normal renal fibroblasts
(431,432), it can also stimulate the growth of fibroblasts,
mesangial cells, and arterial smooth muscle cells in other condi-
tions (433). Over-expression in hypertensive Dahl salt-sensitive
(DSS) rats of the human kallikrein gene by adenoviral delivery
results in reversal of the changes associated with hypertensive
nephrosclerosis (433).

Finally, recent evidence suggests that BK participates in the
regulation of neonatal glomerular function and acts as a growth
regulator during renal development. An intact KKS is necessary
for the normal functional development of the kidney (434).
During nephrogenesis, tubular and glomerular growth and dif-
ferentiation, and acquisition of specialized functions, are coor-
dinated in time and space with renal vasculogenesis, glomeru-
logenesis, and regional hemodynamic changes. The end result
ensures that tubular structure and function are tightly coor-
dinated with glomerular filtration during normal kidney de-
velopment. To achieve this delicate task of glomerulotubular
balance, the developing kidney produces growth factors and
vasoactive hormones that act in a paracrine manner to regu-
late nephrovascular growth, differentiation, and physiological
functions. One such paracrine system is the KKS, which gen-
erates BK. BK activates B2R to regulate renal blood flow and
salt and water excretion. The developing kidney expresses an
endogenous KKS. Gene-targeting studies indicate that the fetal
KKS plays an important role in the maintenance of terminal
epithelial cell differentiation (435).

The Kallikrein–Kinin System
in Transgenic Mice

Transgenic mice that overexpress either the human tissue
kallikrein gene or the human bradykinin B2 receptor (G
proteincoupled receptor) are hypotensive compared to wild-
type littermates. Furthermore, renal function in the human
bradykinin B2-receptor transgenic mice is increased as demon-
strated by increased RBF, GFR, and urine flow. This increase
in renal function is associated with an increase in urinary
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excretion of nitric oxide, cGMP, and cAMP. These results
suggest that signal-transduction pathways mediated by either
cAMP, cGMP or both are involved in blood pressure reduction
and enhanced renal function in human BK B2 transgenic mice
(436).

Furthermore, enhanced kallikrein–kinin levels, after gene
transfer, exerted beneficial effects in protection against cardiac
remodeling, renal injuries, restenosis, cerebral infarction, and
neurological deficits in normotensive animal models without
hemodynamic effects, indicating direct actions of kallikrein,
independent of its ability to lower blood pressure. These
kallikrein effects were mediated by the kinin B2 receptor. More-
over, kallikrein–kinin had pleiotropic effects in inhibiting apop-
tosis, inflammation, hypertrophy and fibrosis, and promoting
angiogenesis and neurogenesis in the heart, kidney, brain, and
blood vessel. Exogenous administration of kallikrein also led to
increased NO/cGMP and cAMP levels and reduced NAD(P)H
oxidase activation and inflammatory cytokine levels. These re-
sults indicate a novel role of kallikrein–kinin through the kinin
B2 receptor as an antioxidant and antiinflammatory agent in
protection against stroke, cardiovascular, and renal disease,
and may uncover new drug targets for the prevention and treat-
ment of heart failure, vascular injury, end-stage renal disease,
and stroke in humans (435).

This was also shown in other studies that demonstrated that
tissue kallikrein protects against renal fibrosis in hypertensive
DSS rats through increased nitric oxide bioavailability and sup-
pression of oxidative stress and TGF-β expression (437).

Role of Kallikrein–Kinin System
in Diabetic Nephropathy

Diabetes alters the activity of the KKS and these alterations
contribute to the development of diabetic nephropathy (438).
Glomerular kinin receptors are induced by diabetes and this
may contribute to the development of glomerular injury and
to the development of microvascular complications of diabetes
(439). BK regulates the expression of CTGF (connective tissue
growth factor), TGF-βRII (transforming growth factor-β), and
collagen I in MC (mesangial cells) and provide a mechanistic
pathway through which B2KR (BK B2 receptors) activation
may contribute to the development of diabetic nephropathy
(438). Also Christopher et al. (440) demonstrated that glucose
by itself regulates the expression of B2 receptors in vascular
smooth muscle cells.

ADENOSINE

Adenosine, a purine nucleoside, is a paracrine hormone that
regulates cellular and physiologic functions in many tissues
(441,442). The classical paradigm is that three major pathways
produce adenosine.

The first mechanism is the intracellular pathway. Intracel-
lular generation of adenosine results from the action of 5′-
nucleotidase on adenosine monophosphate (AMP) during hy-
poxia (sequential dephosphorylation of intracellular ATP to
adenosine).

In cells that rapidly consume ATP, enhanced utilization of
ATP increases the intracellular production rate of adenosine
via the intracellular breakdown of ATP to adenosine. In the
kidney there are two prime examples of the intracellular ATP
pathway. Increased delivery of Na+ to the thick ascending limb
of Henle stimulates Na–K+-ATPase activity in the basolateral
membrane of epithelial cells through the increased flux of Na+

across the luminal membrane. Oxygen availability in the renal
medulla is marginally adequate; consequently, increased Na+–

K+-ATPase activity may deplete ATP levels and lead to dephos-
phorylation of adenine nucleotides to form adenosine. Reactive
ischemia is a second example of the intracellular ATP pathway
in the kidney. A short period of ischemia in the kidney trig-
gers a brief increase in renal vascular resistance, a phenomenon
known as reactive ischemia. Renal ischemia activates the intra-
cellular ATP pathway of adenosine production and adenosine
causes reactive ischemia via activation of A1 receptors in the
preglomerular microvessels (443).

Adenosine, produced intracellularly, can traverse cell mem-
branes by facilitated diffusion and function in a paracrine or
autocrine fashion.

The extracellular ATP pathway is yet another mechanism of
adenosine production in the kidney. Extracellular production
of adenosine from AMP is possible because of the presence of
ecto-5′-nucleotidase on the surface of many cell types. Release
of adenine nucleotides into the extracellular compartment from
renal sympathetic nerve terminals, intrarenal platelets, renal en-
dothelial cells, renal vascular smooth muscle cells, and/or renal
epithelial cells exposes extracellular ATP to ecto-ATPases, ecto-
ADPases, and ecto-5′-nucleotidases, and these enzymes metab-
olize adenine nucleotides to adenosine (443). In the kidney,
ecto-5′-nucleotidase activity is expressed on tubular luminal
membranes, fibroblasts, and mesangial cells and is believed to
be the major source of renal adenosine (444). Extracellular ATP
and adenosine would have to reach the afferent arteriole via the
interstitium (445).

When oxygen supply is adequate, enzymatic hydrolysis of
S-adenosyl homocysteine to L-homocysteine and adenosine
constitutes the major production pathway. It is the transmethy-
lation pathway of adenosine production. Approximately one-
third of the adenosine release to the extracellular space by car-
diomyocytes is through the transmethylation pathway, but the
importance of this pathway in the kidney is unclear (443).

Purinoceptors or adenosine receptors, also called P1 re-
ceptors, are classic G protein-coupled receptors with four
known subtypes receptors (A1, A2A, A2B, and A3 receptors)
(443,445). A1 receptors have a high affinity for adenosine,
whereas the affinity of A2A receptors for adenosine is approx-
imately threefold less compared with that of A1 receptors. A2B
and A3 receptors are low-affinity adenosine receptors (443,
445–447).

A1 receptors evoke vasoconstriction by inhibiting adenylate
cyclase activity (via activation of Gi and Go), thereby reduc-
ing cAMP generation in vascular smooth muscle and signaling
(443). In renal epithelial cells and isolated rabbit afferent arte-
rioles, A1 receptor activation also appears to stimulate phos-
pholipase C activity. A2A and A2B receptors produce vasodila-
tion by stimulating adenylate cyclase activity to increase cAMP
generation; A2A signal by engaging Gs, Golf, and p21ras and
A2B receptors are also known to stimulate phospholipase C via
Gq. A3 receptors are thought to exert their physiologic effects
through activation of calcium signaling pathways (phospholi-
pase via Gq families) and perhaps inhibition of cAMP accumu-
lation (via Gi), but their role in regulating the renal microvas-
cular and epithelial function has not been extensively examined
(443,445).

P2 receptors were originally described by as purinergic re-
ceptors, reflecting the idea that they responded to ATP released
as a neurotransmitter from peripheral sympathetic nerves. Cur-
rently P2 receptors are divided into two distinct families, P2X
and P2Y (445).

Distinct genes code for each receptor family and there are
marked differences in the structural and signal-transduction
characteristics between the two families. Adenosine regulates
a wide array of physiologic functions, including cardiac rate
and contractility, vascular smooth muscle tone, neurotransmit-
ter release, lipolysis, leukocyte function, platelet function, and
renal hemodynamics and electrolyte transport (446,448,449).
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The following discussion focuses on the renal actions of
adenosine.

The Renal Adenosine System

Adenosine is produced in the kidney and acts in an autocrine
or paracrine fashion (444,446). Both high-affinity A1 receptors
and low-affinity A2 receptors are widely distributed through-
out the renal vasculature and the nephron (442,446). The re-
nal effects of adenosine are diverse and include alterations in
RBF, GFR, hormone production, neurotransmitter release, and
tubular absorption (Table 9-3).

Infusion of adenosine into the renal artery of animals re-
sults in transient reduction of RBF secondary to A1 receptor-
mediated afferent arteriolar vasoconstriction, followed by a
delayed A2 receptor-mediated postglomerular vasodilation and
return of RBF toward normal (450–452).

It is conceivable, although unproved, that A1AR are present
in endothelial cells along the renal vasculature and that adeno-
sine causes the release of NO and perhaps other endothelial va-
sodilators when administered from the vascular, but not from
the interstitial aspect, of the vessel. The resulting A1AR-induced
constriction would, therefore, be blunted by endothelial factors
only when adenosine is given intravascularly. In a study in dogs,
the administration of nitric oxide synthase (NOS) inhibitors
caused a marked augmentation in the constrictor response of
renal blood flow to bolus injections of adenosine, while the
dilator effect of the A2 agonist CGS-21680 was unaffected, in-
dicating that adenosine may cause NOS activation through an
A1AR-mediated mechanism. It is now well recognized that the
majority of vasodilator agents act by binding to their receptors
on endothelial cells and by eliciting the generation and release
of endothelial relaxing factors, most notably NO, endothelial
hyperpolarizing factor, and prostaglandins. However, in a num-
ber of studies, adenosine appears to augment NOS activity and
NO release through an A2AR-mediated process, an action that
would enhance the dilator component rather than diminish the
constrictor component of the adenosine actions. In addition,
adenosine has also been reported to dilate rabbit renal arter-
ies through an endothelial relaxing factor that does not appear
to be NO. Finally, adenosine has been shown to consistently
stimulate the production of NO in cultured endothelial cells,
usually through an A2AR-dependent mechanism. Thus, in ad-
dition to the possible blunting of A1AR-induced vasoconstric-
tion as discussed above, endothelial dilator factors generated
in response to A2AR activation may enhance renal vasodilata-
tion, thereby contributing to the waning renal constriction in
the kidney during intravenous administration (452).

On the other hand, adenosine induces a sustained decrease
in GFR secondary to reduced PGC (453). Adenosine infusion in
humans results in an insignificant increase in RBF and a signifi-
cant, moderate decrease in GFR (454,455). It is postulated that
adenosine-mediated reduction in GFR constitutes the underly-
ing mechanism of tubuloglomerular feedback (456,457). The
hypothesis states that increased solute delivery to the macula
densa (MD) stimulates sodium transport, resulting in ATP hy-
drolysis and generation of adenosine. Adenosine, in turn, com-
pletes the feedback loop by decreasing GFR and normalizing
solute delivery to the distal nephron. The hypothesis is sup-
ported by experiments demonstrating that A1 receptor block-
ade inhibits tubuloglomerular feedback (458,459,460).

As summarized in Figure 9-9, A1 receptors importantly reg-
ulate renal function. Infusion of A1 receptor agonists into the
renal interstitium diminishes blood flow to both superficial and
deep nephrons. In the outer cortex, A1 receptor-induced vaso-
constriction is most likely caused by contraction of preglomeru-
lar, rather than postglomerular, microvessels; however, in jux-
taglomerular nephrons, A1 receptors mediate vasoconstriction

A1 receptors
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renal vascular

smooth
muscle cells

Mediation
of TGF Decreased

GFR

Enhanced
postjunctional
response to NE

Increased medullary
blood flow causing

decreased NaCl reabsorption
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FIGURE 9-9. Regulation of renal function by adenosine. TGF, tubu-
loglomerular feedback; GFR, glomerular filtration rate; NE, nore-
pinephrine. (From: Jackson EK, Raghvendra DK. The extracellular
cyclic AMP-adenosine pathway in renal physiology. Annu Rev Physiol
2004;66:571, with permission.)

by contracting preglomerular microvessels, efferent arterioles,
and outer medullary descending vasa recta. Ang II strongly
enhances A1 receptor-induced preglomerular vasoconstriction.
Contraction of preglomerular microvascular smooth muscle
cells by A1 receptors underlies the mediator role of adenosine
in tubuloglomerular feedback, explains the ability of adenosine
to decrease glomerular filtration rate, and potentiates postjunc-
tional vasoconstrictor responses to renal sympathetic neuro-
transmission in the kidney (443).

A1 receptors also influence renin release. Several studies
strongly indicate that adenosine suppresses renin release by
the kidney (446). In sodium-depleted animals, renin release
is inhibited by maneuvers that increase renal adenosine pro-
duction (461,462), an effect that results from direct action of
adenosine on renin-producing cells (463). Furthermore, inhi-
bition of renin release is most likely mediated by binding of
adenosine to high-affinity A1 receptors (464). In this regard,
A1 receptors restrain renin release responses, a theory known
as the adenosine-brake hypothesis. Importantly, A1 receptors
are coupled to Gi and, therefore, inhibit adenylyl cyclase. Be-
cause stimulation of renin release from juxtaglomerular cells
by many stimuli involves activation of adenylyl cyclase, activa-
tion of juxtaglomerular A1 receptors attenuates renin release
and antagonism of renal A1 receptors increases renin release
(443). In contrast, recent data demonstrate that agonists se-
lective for the low-affinity A2 receptor stimulate rather than
suppress renin release, particularly when administered in high
doses (446,465). This suggests that adenosine regulates renin
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release by exerting either an inhibitory or stimulatory effect,
depending on its local concentration.

The extracellular cAMP–adenosine pathway may also reg-
ulate glomerular mesangial cell (GMC) production and prolif-
eration. Exogenous and endogenous adenosine and adenosine
analogs with A2B receptor agonist activity attenuate vascular
smooth muscle cell proliferation and collagen and protein syn-
thesis. Activation of A2B receptors attenuates proliferation of,
and extracellular matrix production by, mesangial and vascu-
lar smooth muscle cells (Fig. 9-9). It is likely, therefore, that
A2B receptors importantly influence renal structure and func-
tion. Studies with a number of adenosine receptor agonists and
antagonists and with antisense oligodeoxynucleotides against
the A2B receptor indicate that the growth inhibitory effects of
adenosine on vascular smooth muscle cells are mediated by A2B
receptors (443).

Adenosine also plays a similar regulatory role in erythro-
poietin production: A1 receptor stimulation inhibits, while A2
receptor stimulation enhances, erythropoietin synthesis by re-
nal cells (466).

Activation of A1 receptors on sympathetic neurons in the
kidney causes presynaptic inhibition of norepinephrine release
(467). Postjunctionally, however, adenosine seems to enhance
sensitivity to norepinephrine (467). Because renal denervation
does not alter adenosine-induced changes in RBF and GFR, the
hemodynamic actions of adenosine in the kidney are most likely
independent of its effect on neurotransmitter release (446).

Selective A2A receptor agonists augment renal blood flow,
a response caused by vasodilation of the medullary renal mi-
crocirculation (Fig. 9-9). In contrast to A1 receptors, which
directly stimulate Na+ reabsorption by increasing epithelial
transport mechanisms, A2A receptors indirectly reduce Na+

reabsorption by enhancing renal medullary blood flow. Im-
portantly, activation of A2A receptors in microvessels of jux-
taglomerular nephrons and in the medullary microcirculation
enhances medullary blood flow, thus altering peritubular forces
that modulate Na+ reabsorption. The net result is an increase
in Na+ excretion (443).

A2A receptors also exert important antiinflammatory
actions that may protect the kidneys from injury (Fig. 9-9). Ac-
tivation of A2A receptors strongly inhibits neutrophil endothe-
lial cell interactions in vitro, and, in vivo, A2A receptor ac-
tivation reduces neutrophil–endothelial interactions following
ischemia/reperfusion injury. Selective activation of A2A recep-
tors markedly decreases the renal infiltration of neutrophils and
attenuates renal dysfunction in kidneys subjected to ischemia/
reperfusion injury (443).

The effect of adenosine on renal tubular transport is com-
plex. Adenosine-induced decrease in solute excretion, partic-
ularly sodium, has been generally attributed to the concomi-
tant reduction in GFR and urine flow. The presence of A1 and
A2 receptors on renal epithelial cells, however, suggests that
adenosine may have direct effects on tubular transport (446).
In rats, for example, infusing adenosine or adenosine receptor
agonists in a dose that does not alter systemic blood pressure,
RBF, or GFR has been shown to induce both sodium and water
retention (468,469). This effect was independent of renal ener-
vation, at least for A1-specific agonists, and suggested a direct
tubular effect of adenosine on A1 receptors to stimulate sodium
reabsorption (469). Studies conducted on isolated collecting
tubule segments and on cells cultured from the thick ascending
limb of the loop of Henle suggest that A1-receptor activation
inhibits vasopressin-induced cAMP formation, while A2 ag-
onists enhance adenylate cyclase activity (470). Coulson and
colleagues (471) have demonstrated that A1-receptor activa-
tion stimulates Na-coupled phosphate and glucose transport
in cultured opossum kidney epithelial cells. Ma and Ling (472)
have demonstrated in A6 cells, a cultured amphibian epithelial
model of DCCT cells, that application of luminal adenosine can
stimulate Na reabsorption via activation of A1 receptor. Fur-

ther studies, however, are needed to determine whether adeno-
sine has a direct in vivo effect on Na transport by human renal
tubule cells.

The Role of Adenosine in Renal Physiology
and Pathophysiology

At present, the physiologic role of adenosine in the kidney is not
clear. The complexity arises, in part, from the fact that the net
effect of adenosine depends on its local concentration and on
the receptor type that is activated. Furthermore, certain actions
of adenosine, such as vasoconstriction of the renal afferent ar-
teriole, are either dependent on or significantly enhanced by
angiotensin II (446,473).

There is abundant evidence to show that a reduction in am-
bient Ang II levels and the prevention of AngII formation and
action cause a marked attenuation of the vasoconstrictor re-
sponse of the intact kidney to adenosine. Conversely, an eleva-
tion of ambient Ang II concentrations enhances the constrictor
effect of A1AR activation by adenosine or A1AR-specific lig-
ands. Nevertheless, it is not clear that differences in ambient
Ang II levels can explain the different responses of intact kid-
neys and isolated preparations. One would expect ambient Ang
II concentrations to be lower in the artificial environment and
adenosine responses should, therefore, be blunted, the opposite
of what is actually observed (452).

As mentioned previously, an important physiologic func-
tion of adenosine could be mediation of tubuloglomeru-
lar feedback (456–458). Pathophysiologic conditions associ-
ated with increased renal production of adenosine include
acute renal ischemia, myoglobinuric acute renal failure, and
mercuric chloride-induced acute renal failure (474–476). Re-
cently, Nishiyama and associates (445,477) demonstrated that
hypoxia-induced renal vasoconstriction was associated with
elevated interstitial adenosine levels and could be blocked by
adenosine A1-receptor antagonists. It is postulated that adeno-
sine plays a role in balancing oxygen supply and demand during
renal hypoxia by regulating RBF, GFR, renin secretion, and
solute transport (456). A1 receptors may also be involved in
pathophysiological mechanisms of drug-induced nephrotoxic-
ity. For example, selective antagonism of A1 receptors atten-
uates nephropathy caused by such nephrotoxins as cisplatin,
gentamicin, cephaloridine, glycerol, and radiocontrast media
(443).

PANCREATOHEPATORENAL
EXTRACELLULAR

cAMP–ADENOSINE PATHWAY

In addition to an autocrine/paracrine role in the kidney, the
extracellular cAMP-adenosine pathway (Fig. 9-10) may also
function as an endocrine system by which the pancreas and
liver regulate renal function. The pancreas releases glucagon
directly into the portal circulation in response to appropriate
stimuli, thus avoiding dilution of glucagon and maximizing
the concentration of glucagon delivered to the hepatocytes.
Glucagon released from the pancreas into the portal circula-
tion stimulates hepatic adenylyl cyclase, which results in se-
cretion of cAMP by hepatocytes into the venous circulation.
Liver-derived cAMP circulates to the kidney where it is filtered
into the proximal tubule. As water is extracted from the prox-
imal tubules, cAMP becomes concentrated. Because proximal
tubules can metabolize cAMP to adenosine, this process would
proceed to generate adenosine. Adenosine would then engage
A1 adenosine receptors in epithelial cells to enhance electrolyte
transport. It is important to note that, in contrast to cAMP,



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-09 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:16

Chapter 9: Hormones and the Kidney 257

Release of glucagon from
pancreas into portal circulation

Direct delivery of glucagon to
liver via portal circulation

Stimulation of adenylyl cyclase
in hepatocytes

Release of cAMP from hepatocytes
into systemic circulation

Delivery of cAMP to kidney
via systemic circulation

Filtration of cAMP into lumen of
proximal tubule

Extraction of water and
concentration of cAMP

Conversion of cAMP to adenosine
by tubules

FIGURE 9-10. Pancreatohepatorenal extracellular cAMP-adenosine
pathway. cAMP, cyclic adenosine monophosphate. (From: Jackson EK,
Raghvendra DK. The extracellular cyclic AMP-adenosine pathway in
renal physiology. Annu Rev Physiol 2004;66:571, with permission.)

which is stable in blood, adenosine has a half-life in human
blood of less than 1 second. Inasmuch as the liver is the largest
organ in the body, about 1.5 kg in a normal adult, the liver
has the capacity to release significant amounts of cAMP into
the hepatic vein. Freshly isolated, proximal convoluted tubules
readily convert cAMP into adenosine in a concentration-and
time-dependent manner (443).

The most recent studies strongly suggest that an autocrine/
paracrine extracellular cAMP-adenosine pathway, in fact, does
not participate in the regulation of Na+ transport by proxi-
mal epithelial cells. It appears that the pancreatohepatorenal
extracellular cAMP pathway is more important in modulat-
ing proximal tubular function. Whereas intrarenal infusions of
glucagons do not reduce Na+ excretion, intraportal infusions of
glucagon in sheep cause a marked antidiuresis. Although spec-
ulative, it is conceivable that the pancreatohepatorenal cAMP–
adenosine pathway participates in physiological adjustments of
renal transport, as well as in pathophysiological processes. In
normal mammals, both hypoglycemia and exercise are pow-
erful stimulants to glucagon release. Activation of the pancre-
atohepatorenal cAMP–adenosine pathway by glucagon in re-
sponse to hypoglycemia might increase Na+ glucose symport in
proximal tubules and, thus, increase the efficiency of glucose
transport, an adaptive mechanism to combat hypoglycemia.
Activation of the pancreatohepatorenal cAMP-adenosine path-
way by glucagon during exercise might enhance Na+ transport
in the proximal tubules and thus increase the efficiency of Na+

reabsorption, an adaptive mechanism to avoid volume deple-
tion during sustained physical exertion. The pancreatohepa-
torenal cAMP-adenosine pathway might be overly activated in
the metabolic syndrome characterized by obesity, insulin re-
sistance, hyperlipidemia, and hypertension. Although oral glu-
cose normally strongly inhibits glucagon secretion by the pan-
creas, in animals and people with the metabolic syndrome, an
oral glucose challenge markedly stimulates pancreatic glucagon
secretion by approximately 200%. If the pancreatohepatore-
nal cAMP–adenosine pathway exists, each time such a patient
ingests a high-carbohydrate meal, the renal tubules would be

exposed to a wave of excess adenosine production. Because
adenosine causes increased reabsorption of Na+ and vasocon-
striction of the preglomerular microcirculation, this could con-
tribute to the pathophysiology of hypertension in the metabolic
syndrome. Importantly, adenosine receptors also inhibit lipoly-
sis in fat cells and may reduce insulin sensitivity in skeletal mus-
cle. Therefore, if adenosine is synthesized by adipocytes and
skeletal muscle from liver-derived cAMP, adenosine could be a
common denominator linking obesity, insulin resistance, and
hypertension. However, at this time, both the physiological and
pathophysiological roles of the putative pancreatohepatore-
nal cAMP-adenosine pathway are speculative. In the proximal
tubule, the pancreatohepatorenal extracellular cAMP pathway
appears to be more important than the autocrine/paracrine ex-
tracellular cAMP-adenosine pathway in determining the expo-
sure of proximal tubules to adenosine. In the collecting duct,
the opposite may be true (443).

PARATHYROID HORMONE
AND PARATHYROID

HORMONE-RELATED PEPTIDE

In response to low levels of extracellular Ca, parathyroid
glands secrete parathyroid hormone (PTH), an 84-amino acid
polypeptide hormone (478). PTH-related peptide (PTHrP) was
first identified as a cause of humoral hypercalcemia of ma-
lignancy and is secreted predominately as a 141-amino acid
peptide. While PTHrP may have a physiologic role in skeletal
muscle development, it appears to play a predominately
pathophysiologic role in the adult. PTH and PTHrP have
sequence homology in the first 13 amino acids (479). In-
creased circulating PTH or PTHrP leads to mobilization of
Ca from bone, enhancement of Ca reabsorption in the renal
tubule, and increased production of 1,25-dihydroxyvitamin
D3 (1,25[OH]2D3) by proximal tubule cells. 1,25(OH)2D3, in
turn, increases Ca absorption by the intestine and possibly Ca
reabsorption by the kidney. The combined actions of PTH and
1,25(OH)2D3 result in normalization of the extracellular Ca
concentration. Although its main physiologic role is to main-
tain normal Ca homeostasis, PTH exerts other biologic effects
in the body that could be of importance in pathologic condi-
tions, such as uremia (480). In addition to its regulatory actions
on calcium balance, PTH can regulate phosphorous balance by
inhibiting its reabsorption in the proximal and distal tubules
of the nephron.

PTH synthesis and secretion by the parathyroid gland is
tightly regulated (478). While a decreased extracellular Ca
level stimulates PTH synthesis and secretion, increased extra-
cellular levels of either Ca or 1,25(OH)2D3 are inhibitory. The
extracellular phosphorous level regulates PTH production di-
rectly at a posttranscriptional level (481) and indirectly by
altering circulating Ca and 1,25(OH)2D3 concentrations. In-
creased serum phosphorous secondary to renal insufficiency,
for example, decreases Ca concentration and 1,25(OH)2D3
production, leading to stimulation of PTH release, but can it-
self increase PTH level without alterations in ionized calcium
or serum 1,25(OH)2D3 levels (482,483).

Two types of receptors exist for PTH and PTHrP. Type-1
PTH receptors (PTH1R) bind PTH and PTHrP with high affin-
ity. Binding to PTH1R occurs in the 15- to 34-amino acid region
of PTH and PTHrP. It is interesting that these two peptides bind
with almost equal affinity and yet do not share sequence homol-
ogy in this region. The PTH1R mediates the biologic activity
of PTH and PTHrP whereas Type2 PTH receptors (PTH2R),
which share 51% homology with PTH1Rs Type-2 receptors,
can bind PTH but they do not bind PTHrP with high affin-
ity. PTH2Rs are expressed in only a few tissues; their biologic
significance is unknown (479).
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The remainder of this section will focus on the renal actions
of PTH. The effect of PTH on other organs and on the immune
system is discussed elsewhere (480).

Renal Actions of Parathyroid Hormone

PTH receptors and PTH-sensitive adenylate cyclase have been
identified in glomeruli and basolateral membranes of epithelial
cells in the proximal tubule, thick ascending limb of Henle’s
loop, and distal convoluted tubule (DCT) (13,484). PTH has
three major effects on the kidney: It increases Ca reabsorption,
inhibits P reabsorption, and stimulates synthesis of the most
active form of vitamin D, 1,25(OH)2D3. Its other actions on
the kidney include modulation of GFR, gluconeogenesis, mag-
nesium reabsorption, and acid-base handling.

PTH decreases renal Ca excretion through multiple mecha-
nisms. Ichikawa and co-workers (485) demonstrate that PTH
infusion in rats decreases GFR by reducing Kf. A decreased
GFR leads to decreased filtered load of Ca and, therefore,
Ca excretion. PTH also enhances tubular Ca reabsorption by
stimulating active Ca transport in the thick ascending limb of
Henle’s loop and distal tubule (486,487). The effect of PTH
on Ca transport in the proximal tubule varies and is prob-
ably related to Na and water reabsorption in this nephron
segment.

PTH causes phosphaturia primarily by inhibiting phosphate
transport in the proximal tubule, specifically by inhibiting
sodium-phosphate (Na–P) cotransport (488). Two different re-
nal Na–P cotransporters have been identified and have been
termed type 1 (Npt1) and type 2 (Npt2). Npt2 is a target for
regulation by PTH and decreases Na–P transport by endocytic
retrieval and lysosomal degradation of the Npt2 protein (489).
This endocytic retrieval can occur either from proximal tubules
exposed to apical or basolateral PTH and can signal via either
the cAMP–PKA or the PLC–PKC pathway (490). Mice that are
Npt2 null have profound phosphate wasting (491). Npt2-null
mice are resistant to further phosphaturic effects from exoge-
nous PTH (492). α2-Adrenergic receptor stimulation blunts the

phosphaturic response to PTH (493). PTH-stimulated synthe-
sis of 1,25(OH)2D3 in the proximal tubule is discussed in the
next section of this chapter.

Although no single hormone has been specifically shown to
regulate Mg homeostasis, PTH appears to increase Mg reab-
sorption in the kidney (494). PTH also plays a role in acid–
base homeostasis by enhancing urinary acid excretion (495).
Although PTH inhibits bicarbonate reabsorption in the proxi-
mal tubule, it indirectly stimulates distal hydrogen ion secretion
and titratable acid excretion by increasing phosphate delivery
to the distal nephron. PTH has also been shown to enhance
proximal tubular gluconeogenesis (496) and renin secretion by
juxtaglomerular cells (497).

VITAMIN D

Along with PTH, vitamin D plays a central role in calcium
and phosphate homeostasis. The active form of vitamin D,
1,25(OH)2D, is a steroid molecule synthesized in the body
from either vitamin D3 (cholecalciferol) or vitamin D2 (ergo-
calciferol) (498–500). Vitamin D3 is present in the diet (animal
sources, mainly fish oil) and is also synthesized by the skin from
7-dehydrocholesterol upon exposure to ultraviolet light. Vita-
min D2 is available only from dietary sources (plants, yeast,
and fungi). The first step in the biosynthesis of 1,25(OH)2D
is conversion of vitamin D2 or D3 to the inactive intermedi-
ary form 25(OH)D through the action of hepatic microsomal
and mitochondrial vitamin D–25-hydroxylase. Subsequently,
25(OH)D is hydroxylated exclusively in the proximal tubule
of the kidney by the mitochondrial 25(OH)D–1 α-hydroxylase
(501). 1α-Hydroxylation is the rate-limiting step in the for-
mation of the most abundant active metabolite 1,25(OH)2D3
(499,500,502). This step is tightly regulated through multi-
ple feedback mechanisms (500,502) (Fig. 9-11). An increase in
PTH levels, secondary to decreased serum Ca, stimulates 1α-
hydroxylase activity in the kidney. A low serum phosphorous
or 1,25(OH)2D3 concentration also activates 1α-hydroxylase,
while elevated 1,25(OH)2D3 levels are inhibitory. Other less

25 –hydroxyvilamin D[25(OH)D]

Kidney24.25(OH)2D 24–hydoxylase

1.25(OH)2 D

10–hydroxylase 1.25(OH)2 D

PTH
low phosphate
low calcium
vitamin D deficiency
calcitonin
estrogen; growth hormone

ergocalciferol (D2)

ergosterol (plants)

UV Light

7–dehydrocholesterol (skin)

cholecalciferol (D3)

Liver

25–hydroxylase

+ +

−
FIGURE 9-11. Major pathways of
vitamin D metabolism. Regulation oc-
curs primarily at the 1α-hydroxy-
lase enzyme in the kidney, which
controls the rate of synthesis of the
most active calcemic metabolite, 1,25-
dihydroxyvitamin D [1,25(OH)2D].
When plasma concentrations of 1,25
(OH)2D are high, it feeds back to
inhibit its own synthesis and favors
production of 24,25-dihydroxyvita-
min D [24,25(OH)2D].
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established stimulators of 1α-hydroxylase activity include
calcitonin, growth hormone, insulin, insulin-like growth fac-
tor, estrogen, and prolactin (499,500,502).

In addition to the kidney, extrarenal sites of 1α-hydroxylase
activity have been identified (503). These include macrophages,
keratinocytes, hepatocytes, and human placenta, as well as
skeletal muscle cells (504) and various bone cell preparations
(505,506). Extrarenal 1α-hydroxylase is regulated indepen-
dently from the renal enzyme, and 1,25(OH)2D3 produced by
these cells most likely functions in an autocrine or paracrine
manner. Extrarenal production of 1,25(OH)2D3 can lead to
hypercalcemia in certain pathologic situations, as has been de-
scribed in an anephric patient with active sarcoidosis (503,507)
or in patients with lymphoma (508).

The first step in the inactivation and catabolism of vi-
tamin D is hydroxylation of 25(OH)D and 1,25(OH)2D
by 24-hydroxylase, which is present in the kidney, intes-
tine, and several other tissues that possess 1,25(OH)2D3 re-
ceptors (501,502). Importantly, kidney 24-hydroxylase and
1α-hydroxylase are reciprocally regulated (501,502,509).
1,25(OH)2D3 and hypophosphatimia increase 24-hydroxylase
activity while vitamin D deficiency and PTH (via CAMP) sup-
press it (509).

1,25(OH)2D3 exerts its biologic actions by binding to intra-
cellular vitamin D receptors (VDR), which in the unliganded
form are located in the cytosolic and nuclear compartments
(510). Like other members of the steroid thyroid family of re-
ceptors, the liganded form of VDR functions as a transcription
factor in the nucleus (511). The VDR–1,25(OH)2D3 complex
regulates transcription of more than 60 genes by interacting
with DNA sequences known as vitamin D response elements.
Central to its role in Ca homeostasis, 1,25(OH)2D3 induces the
transcription of genes coding for Ca-binding proteins (512). Vi-
tamin D-dependent Ca-binding proteins (CaBP-Ds) are found
in high concentrations in Ca-transporting tissues, such as the
kidney, intestine, and placenta. CaBP-Ds bind calcium with
high affinity and are associated with Ca transport in these or-
gans. In order to identify other physiologically significant genes
that are regulated by vitamin D, the technique of subtractive
hybridization was used on mRNA isolated from vitamin D-
replete and vitamin D-deficient chicks. This technique iden-
tified the upregulation of five nuclear-encoded genes and the
downregulation of seven mitochondrially encoded transcripts
in the avian kidney (513). Hopefully, this technique will lead to
the identification of other physiologically important pathways
that are regulated by vitamin D.

Another potential regulatory site for vitamin D signaling,
other than the synthesis and degradation of 1,25(OH)2D3, is
by regulation of VDR expression. Receptor regulation has been
shown to be physiologically important, as 1,25(OH)2D3 signal-
ing is dependent on both the number and occupancy of VDRs
on the cell surface membrane (514,515).

Physiologic Actions of 1,25(OH)2D3

1,25(OH)2D3 participates in a hormonal system that tightly
regulates the extracellular Ca concentration (512). A decline
in serum Ca stimulates PTH release, which acts on the kid-
ney to increase production of 1,25(OH)2D3. 1,25(OH)2D3,
in turn, stimulates intestinal absorption of Ca and decreases
its excretion by the kidneys. 1,25(OH)2D3 also acts on bone
to stimulate Ca mobilization (516). Normalization of serum
Ca shuts off this cascade by suppressing 1α-hydroxylase ac-
tivity in the kidney and release of PTH from the parathyroid
glands. Increased 1,25(OH)2D3 also contributes to turning off
Ca-correcting mechanisms by inhibiting its own production
and that of PTH (517). In addition to its effects on Ca home-

ostasis, 1,25(OH)2D3 also enhances phosphate absorption in
the intestine and kidney.

The presence of vitamin D receptors on monocytes/
macrophages and activated lymphocytes suggests that 1,25
(OH)2D3 plays a role in regulating the functions of these cells
(518). In vitro, 1,25(OH)2D3 has been shown to inhibit lym-
phocyte proliferation, interleukin-2 production, and the syn-
thesis of several monocyte-derived cytokines. These effects,
however, vary between different experimental systems, and
their physiologic significance remains unclear.

Effects of 1,25(OH)2D3 on Renal Handling
of Calcium and Phosphorus

About 50% to 60% of filtered Ca is reabsorbed in the prox-
imal tubule. This process is Na-dependent, and the majority
of Ca is reabsorbed via a paracellular pathway (519,520). Ap-
proximately 20% of filtered Ca is reabsorbed in Henle’s loop,
10% to 15% in the distal tubule, and 5% in the collecting
duct. Unlike the proximal tubule, Ca reabsorption in the distal
tubule appears to be Na-independent and occurs against steep
chemical and electrical gradients (519). In addition to vita-
min D receptors, distal tubule epithelial cells contain CaBP-Ds
and ATP-dependent plasma membrane Ca pumps (521). It has
been postulated, therefore, that 1,25(OH)2D3 enhances renal
Ca reabsorption by direct action on the distal tubule in a man-
ner analogous to stimulation of Ca absorption by intestinal
cells (512). Several experimental studies support this hypothe-
sis: Concentrations of CaBP-Ds and Ca transport rates in renal
cells are increased by vitamin D, while vitamin D deficiency
abolishes CaBP-D synthesis and decreases Ca absorption (512).
Experimental studies also suggest a role for 1,25(OH)2D3 in
phosphate handling by the kidney. In isolated perfused proxi-
mal tubule segments, low concentrations of 1,25(OH)2D3 an-
tagonize the phosphaturic action of PTH (521). In rats in which
vitamin D deficiency was induced, but the diet was manipulated
to maintain normocalcemia, normophosphatemia, and normal
PTH levels, 1,25(OH)2D3 stimulated tubular reabsorption of
phosphate (522). It was thought that 1,25(OH)2D3 regulates
phosphate reabsorption by direct modulation of Na–P cotrans-
port in renal tubule cells (523). However, recent data on rats
subjected to low-phosphate diet suggest that the Na-P cotrans-
port in the kidney cannot be explained by the 1,25(OH)2D–
VDR axis (524).

In patients with renal failure requiring dialysis, serum phos-
phate levels increase as a result of the decreased capacity of
the kidney to excrete phosphate (decreased clearance and de-
creased response to the phosphaturic effect of PTH); the ele-
vated serum phosphate inhibits formation of 1,25(OH)2D3 and
leads to decreased serum calcium levels and to increased PTH
secretion (secondary hyperparathyroidism). PTH would lead
to worsening of hyperphosphatemia with more phosphate re-
leased from bone than excreted in the kidney with diminished
PTH-sensitivity, ultimately leading to renal osteodystrophy and
possible calcium phosphate precipitation in tissues and vessels
with an associated increase in cardiovascular events. The use of
active vitamin D analogs in an attempt to remedy secondary hy-
perparathyroidism may increase calcium while worsening hy-
perphosphatemia therefore increasing the Ca × P product; that
is, making CaP precipitation more likely. Phosphate binders can
help decrease serum phosphate levels.

A new set of agents have been approved in this setting (e.g.,
Cinacalcet). They are called calcimimetics, because they bind
to the calcium-sensing receptor in the parathyroid gland and
increase its sensitivity to calcium, therefore counteracting the
excessive PTH secretion in a dose-dependent manner and de-
creasing the Ca × P product (525).
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Fibroblast Growth Factor 23

Fibroblast growth factor 23 (FGF23) is a phosphaturic sub-
stance recently discovered in the human circulation that de-
creases serum phosphate and 1α-hydroxylase levels by a mech-
anism that is VDR independent, and induces 24-hydroxylase
activity, therefore reducing 1,25(OH)2D3 by a VDR-mediated
mechanism (526). It has been implicated in the pathogene-
sis of X-linked hypophosphatemic rickets/osteomalacia (XLH),
tumor-induced osteomalacia (TIO), and autosomal-dominant
hypophosphatemic rickets/osteomalacia (ADHR) entities with
common features, including hypophosphatemia because of re-
nal phosphate wasting and impaired mineralization of bone
with normal serum calcium and PTH (527,528).

EICOSANOIDS

The eicosanoids are a group of locally acting hormones or
autacoids that are derived from dietary polyunsaturated fatty
acids. In humans, arachidonic acid, an essential fatty acid ester-
ified into cellular membrane phospholipids, is the most abun-
dant and important precursor. After deesterification by phos-
pholipases, free arachidonic acid may either rapidly reesterify
into membrane lipids, avidly bind intracellular proteins, or
undergo enzymatic oxygenation to yield the various biologi-
cally active molecules referred to as eicosanoids. The type of
product formed depends on the enzymes involved in the oxy-
genation process (529) (Fig. 9-12). Oxygenation of arachidonic
acid by cyclooxygenase results in prostaglandin and throm-
boxane (TX) synthesis. Oxygenation by lipoxygenase gen-
erates hydroxyeicosatetraenoic acids and leukotrienes. These
two major enzymatic pathways are all expressed in the kid-
ney (530,531). The specific nature of the products generated
varies with both cell type and initial stimulus for arachi-
donic acid release. Eicosanoids have diverse biologic effects
in the kidney, the significance of which will be discussed
below.

PROSTAGLANDINS

Prostaglandins (PGs) are a unique group of cyclic fatty acids
with diverse biologic effects that are produced throughout the
body. The kidney is a major site of PG production, metabolism,
and action (530,531). PGs are important modulators of re-
nal function in both physiologic and pathophysiologic settings.
The spectrum of their effects in the kidney encompasses modu-
lation of RBF, GFR, salt and water transport, and the release of
renal hormones. It is within the setting of compromised renal
status that maintenance of renal function is most dependent
on PGs. Under these circumstances, inhibition of PG synthesis
with nonsteroidal antiinflammatory drugs (NSAIDs) is likely
to impair renal function.

Biosynthesis and Metabolism

Arachidonic acid (eicosatetraenoic acid) is the major substrate
for the synthesis of PGs in humans. The initial step is catalyzed
by cyclooxygenase (COX). For a description of the biosynthetic
pathways leading to the different types of PGs and thrombox-
anes, or collectively prostanoids, the reader is referred to an
excellent review by Claria and Arroyo (532) (Fig. 9-12).

The rate of PG production is dependent on the release of free
arachidonic acid from tissue stores by phospholipase A2(PLA2).
Arachidonate tissue stores vary with dietary intake of essential
fatty acids and can be depleted when intake is deficient (533).
Fish-oil diets (rich in omega-3 polyunsaturated fatty acids) will
compete for the arachidonate oxidation process and inhibit for-
mation of active products (534). Several renal pathophysiologic
states such as glomerulonephritis and ureteral obstruction are
associated with increased prostanoid production (535–537).
Table 9-4 lists several modulators of the key steps involved in
PG synthesis.

The COX pathway is the major pathway for arachidonic
acid metabolism in the kidney (530,531). In both animals and
humans, two separate COX enzymes have been identified that
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     oxidation products
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diol derivatives

cytochrome P-450
monooxygenases
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Prostacyclin
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Thromboxanes
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FIGURE 9-12. Renal eicosanoid synthesis. The oxygenated products of arachidonic-acid
(eicosatetraenoic-acid) metabolism are referred to as eicosanoids. These include lipoxygenase, cy-
tochrome P450 monooxygenase, and cyclooxygenase products. The lipoxygenase pathway yields
hydroxy fatty acids and leukotrienes. The cytochrome P450 monooxygenase pathway yields ω-oxidation
products and diol derivatives. The cyclooxygenase pathway yields the prostanoids, which include
the prostaglandins (PGE2, PGF2, PGD2, and prostacyclin) and thromboxane. The most important
prostaglandins are dienoic (i.e., possessing two double bonds outside the ring structure; hence, the
subscript 2.)
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TA B L E 9 - 4

MODULATORS OF PROSTAGLANDIN SYNTHESISa,b

Modulator Site of action

Promoters
Angiotensin II PLA2

AVP PLA2

Bradykinin PLA2

Norepinephrine PLA2

PAF PLA2

Interleukin-1 PLA2 and COX
TNF-α PLA2

PDGF COX
EGF COX
Calcium PLA2

Diabetes PLA2

Ischemia PLA2

Chronic AVP therapy COX
Ureteral obstruction COX and TX synthase
Venous obstruction COX
Glomerulonephritis COX
Nephrotic syndrome TX synthase

Inhibitors
Glucocorticolds PLA2 and COX
Potassium PLA2

Urea PLA2

Mepacrine PLA2

NSAIDs COX

aAVP, arginine vasopressin; PAF, platelet-activating factor; TNF-α,
tumor necrosis factor-α; PDGF, platelet-derived growth factor; EGF,
epidermal growth factor; NSAIDs, nonsteroidal antiinflammatory
drugs; PLA, phospholipase A; COX, cyclooxygenase; TX,
thromboxane.
bNote that hormones are important physiologic modulators of
prostaglandin production.

are encoded by two separate genes: COX-1 (538) and COX-2
(539). The human COX-1 enzyme is constitutively present in
the renal vasculature (arterial and arteriolar endothelial cells,
mesangial cells) (531,532,540–542), glomerular epithelial cells
(543), renal interstitial cells (532,544), along most segments
of the tubule, although in markedly varying concentrations
(545,546,547) and in the medullary and papillary collecting
ducts in humans, monkeys, dogs, rabbits, and rats (532). The
COX-2 enzyme first thought to be only inducible in inflam-
matory responses, was found to be constitutive in the kidney
(548). Its expression is consistently focal and limited to the MD
of the juxtaglomerular apparatus, epithelial cells of the thick
ascending limb, and papillary interstitial cells of rats, rabbits,
and dogs. In the adult human kidney, expression of the COX-2
protein has been observed in endothelial and smooth muscle
cells of arteries and veins, and intraglomerularly in podocytes,
but not in MD cells (532).

Biologic Actions of Cyclooxygenase Products

PGs have diverse actions, in part related to their site of synthe-
sis and the cells on which they act mostly in a paracrine fashion
since they have a short half-life (Tables 9-5 and 9-6). Their prin-
cipal physiologic role is mediation and/or modulation of hor-
mone action at these locations (531,532,541,549,550). Thus,
cortical production by arterioles and glomeruli is related to
regulation of RBF, GFR, and renin release. Other cortical sites

of PG production affect ammoniagenesis (551) and Ca and P
transport (552). Medullary PG production is directed to regu-
lating vasa recta blood flow, tubular Na and chloride transport,
and the response of the collecting duct to AVP. Inhibition of
COX activity in the absence of exogenous administration or en-
dogenous release of hormones such as Ang II, norepinephrine,
or AVP has little effect on renal functional parameters (553).
Once their local release is enhanced, COX products may them-
selves stimulate the local generation of other hormones. PG-
stimulated renin release is an example of this mode of action
(549). Under pathophysiologic conditions, such as inflamma-
tory injury, local release of prostanoids may mediate some of
the functional derangements that characterize these conditions
(535–537).

Prostanoids act through specific and distinct receptors
(551). The cDNA for numerous prostanoid receptors, includ-
ing receptors for TXA2 (555,556), PGF2α (557), and PGE2
(558–561), have now been cloned and sequenced. All these
receptors are members of the G protein-coupled family of re-
ceptors. Multiple subtypes of each of these prostanoid recep-
tors may exist, as in the case with the PGE2 receptor (EP
receptor), thus explaining the apparently contrasting effects
mediated by PGE2 on smooth muscle and collecting duct per-
meability to water (562). The differential sensitivity of tissues
to several structural PGE analogs has led to the identification
of at least four distinct EP receptors: the two vasodilator re-
ceptors, EP2 and EP4, and the two vasoconstrictor receptors,
EP1 and EP3. As noted, the EP receptors are members of the
G protein-coupled family of receptors (563). EP1 receptors sig-
nal mainly by IP3-mediated increased intracellular Ca2+ (564–
566). In contrast, the vasodilator receptors, EP2 and EP4, signal
through increased cAMP (567–569). EP3 receptors constrict
smooth muscle probably by inhibiting cAMP generation via a
pertussis toxin-sensitive, Gi-coupled mechanism (570,571). In
mesangial cells, the PGF2α receptor (FP receptor) seems to be
coupled to increased intracellular Ca2+. At higher concentra-
tions, PGF2α also stimulates EP receptors (572,573). The TXA2
receptor (TP receptor) appears to signal via phosphatidylinos-
itol hydrolysis, leading to increased intracellular Ca2+ (555).
There is pharmacologic evidence for existence of TP recep-
tors in the glomerulus (572). The PGI2 receptor (IP receptor)
signals via stimulation of cAMP generation (574). PGI2 has
been demonstrated to play an important vasodilator role in
the glomerular microvasculature, where the effects of PGI2 and
PGE2 to stimulate cAMP generation were distinct and additive
(575).

Renal Hemodynamics

There are some species differences in the renal actions of PGs,
and this must be taken into account when extrapolating data
from animals to humans. While acute inhibition of PG synthe-
sis does not change arterial pressure in normal circumstances,
it does produce both an increase in renal vascular resistance
and a decrease in sodium and water excretion (576–578). In
general, PGE2 and PGI2 are vasodilators in most species, while
TXA2, PGF2α, and PGE2 (in certain circumstances) are vaso-
constrictors (579,580). PGE2 relaxes rat and rabbit afferent
arterioles (581). PGI2 is a potent vasodilator in both humans
and dogs (582,583). It is also a highly potent relaxant of rab-
bit afferent, efferent, and interlobular arteriolar smooth muscle
(580), but has little intrinsic vasoactive properties in rat kidney
(584). PGF2α is without effect on any arterial segment in rab-
bit kidney (581), but is a mild vasoconstrictor in dogs (583).
TXA2 analogs exert constrictor effects on rat arteriolar smooth
muscle and cause renal vasoconstriction accompanied by a
severe reduction in filtration fraction, suggesting a predomi-
nant preglomerular action (585,586). The contribution of these
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TA B L E 9 - 5

RENAL ACTIONS OF EICOSANOIDSa

Product pathway

Action Cyclooxygenase P450 Epoxygenase Lipoxygenase

Vascular
Constriction TXA2 5,6-EET LTD4, LTC4

20-HETE LXA4, LXB4

Dilation PGE2, PGI2 5,6-EET LXA4, cyclooxygenase-dependent

Mesangial
Contraction TXA2, PGF2α LTD4, LTC4

Relaxation PGE2, PGI2

Mitogenic PGF2α , TXA2 LTC4

Antimitogenic PGI2, PGE2

Na transport
Inhibition PGE2 5,6-EET

Na–K-ATPase
Inhibition PGE2 11,12-DHT
Stimulation 19-HETE

Water transport
Inhibition PGE2 EETs, DHTs

aTXA, thromboxane A; PGE, prostaglandin E; PGI, prostaglandin I; PGF, prostaglandin F; EET,
epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; DHT, dihydrotestosterone; LTD, leukotriene
D; LTC, leukotriene C; LXA, lipoxin A; LXB, lipoxin B. See text for references.

vasoactive properties of COX products to the regulation of re-
nal vascular tone under normal physiologic conditions is prob-
ably minimal (587–590). This is best exemplified by the min-
imal change or absence of change in RBF and GFR in euv-
olemic rats or humans following COX inhibition (97,98,100)
or selective antagonism of TXA2 synthesis (587) or actions
(585).

In contrast, the local release of vasodilator PGs (PGE2 and
PGI2) in response to renal vasoconstrictors plays an impor-
tant role in maintaining RBF and GFR. There is compelling
evidence indicating that mesangial cell synthesis and release of
PGE2 and PGI2 modulate the constrictor actions of angiotensin
II, norepinephrine, and AVP (531,532,572,591). Activation of
the renin–angiotensin and sympathetic nervous systems leading
to enhanced release of angiotensin, catecholamines, and AVP
occurs in conditions, such as hemorrhage, volume depletion,
general anesthesia, cirrhosis, and cardiac failure. While serv-
ing to maintain the systemic blood pressure, these hormones
constrict mesangial cells and glomerular arterioles. Fortunately,
their enhancement of renal PG release locally opposes their con-
strictor effects. The vasodilatory action of PGs on the afferent
arteriole serves to maintain renal perfusion, whereas their re-
laxant effects on mesangial cells maintains the effective surface
area for filtration (579). Inhibition of PG generation in these
circumstances is associated with a dramatic fall in RBF and
GFR (591–593). Vasodilator PGs, in particular PGI2, may also
counteract the vasoconstrictor responses to calcium in human
subjects (594).

In addition to modulating the effects of vasoconstrictors, en-
dogenous PGs mediate the actions of some vasodilator agents.
These include a role for PGI2 in mediating the vasorelaxant
actions of dopamine (595) and magnesium (596) in humans,
and of hydralazine (594) and epidermal growth factor (598) in
dogs. PGs may also mediate the renal vasodilatory response to
a protein meal in humans (599). Conversely, TXA2, whose syn-

thesis is increased in experimental glomerular immune injury
and ureteral obstruction, may cause glomerular contraction
(535,600).

Solute Excretion

Infusion of arachidonic acid or the COX products PGE2
or PGI2 directly into the renal artery results in natriuresis
(601,602). While hemodynamic changes probably contribute,
the natriuresis is largely a direct tubular phenomenon originat-
ing in the distal nephron (602). PGE2 has mild or no effects on
Na transport in the proximal tubule and most segments of the
ascending limb of Henle, with the exception of the medullary
thick ascending limb in some species (603). This lack of ef-
fect is in keeping with both the low rates of PG production
and the low density of PG receptors in these nephron segments
(546,547). Under normal circumstances, inhibition of COX
does not result in alteration of Na delivery out of the loop of
Henle to the early distal tubule (604). PGE2, however, has sig-
nificant effects on Na transport in the collecting duct, where it
inhibits transepithelial Na transport (601,603). In fact, in most
mammalian species, the collecting ducts are the major nephron
segments responsible for PG synthesis (546,547) and, along
with the medullary thick ascending limb, express the majority
of receptors for PGE2 in the kidney (605,606).

There is evidence that PGE2 exerts its inhibitory effect on
rabbit cortical collecting duct Na transport by two mecha-
nisms. The first involves inhibiting principal cell basolateral
Na–K-ATPase activity (607,608) and the second by directly de-
creasing the open probability of the apical amiloride-sensitive
Na channels (609). PGE2 utilizes multiple signal transduction
pathways in the cortical collecting duct. These include increase
of intracellular Ca (602), activation of PKC (609), and modu-
lation of cAMP levels (610, 611). While modulation of cAMP
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TA B L E 9 - 6

RENAL ACTIONS OF THE DIFFERENT PROSTANOIDSa

Mediator Main source Primary effects

PGE2 Tubular epithelial cells Renal vasodilation
Interstitial cells Relaxation mesangial cells

Modulation of glomerular capillary ultrafiltration
coefficient

Simulates rennin release from juxtaglomerular
apparatus

Antagonizes hydroosmotic effect of ADH in
collecting tubular epithelial cells

Inhibits sodium chloride reabsorption
Mediates renal response to loop diuretics

PGI2 Vascular and glomerular
endothelial cells

Renal vasodilation
Relaxation of mesangial cells
Stimulates rennin release from juxta glomerular

apparatus

PGF2α Mesangial cells Contracts smooth muscle
Glomeruli

TXA2 Glomeruli Contracts smooth muscle
Contracts mesangial cells

aTXA, thromboxane A; PGE, prostaglandin E; PGI, prostaglandin I; PGF, prostaglandin F.

levels appears to mediate the effects of PGE2 on water trans-
port in the cortical collecting duct, it is less clear that PGE2
affects Na transport via modulation of cAMP levels (612). The
inhibitory effects of PGE2 on Na transport in the thick ascend-
ing limb probably involve inhibition of adenyl cyclase activa-
tion (613). PGE2 also blocks the phosphaturic action of PTH
in the proximal tubule (614), an effect probably mediated by
blocking the activation of adenyl cyclase by PTH (615). These
effects are probably mediated by the Gi-coupled EP3 receptor,
which is expressed in the thick ascending limb (616–618). Con-
sistent with this possibility, Good (619,620) has demonstrated
modulation of ion transport by PGE2 in the rat thick ascend-
ing limb by a pertussis toxin-sensitive mechanism. However,
these effects possibly also involve PKC activation, suggesting
the involvement of other receptors such as EP2 and EP4.

Na loading is associated with an increase in urinary PG
excretion, yet PGs are not important in regulation of Na bal-
ance in normal euvolemic subjects. In circumstances associ-
ated with Na retention and compromised renal function, PGs
play a significant role. Inhibition of their synthesis or blocking
their effects in such conditions is associated with Na retention
(592). Administration of furosemide in vivo is associated with
increased PG excretion, which is, in part,mediated by a direct
action on tubular cells (592,621). Administration of NSAIDs
diminishes the natriuretic action of furosemide and other loop
diuretics, suggesting a role for PGs in mediating the action of
these agents. This cannot be the sole mechanism, however, for
the natriuretic response to diuretics outlasts the increase in PG
excretion.

Water Excretion

PGs, especially PGE2, affect water transport in the collecting
duct in many ways. Although the direct effect of either PGE1
or PGE2 is to stimulate basal hydraulic conductivity of iso-
lated perfused collecting tubules, PGs of the E series blunt the
hydraulic conductivity response of the collecting duct to AVP
(622,623). In fact, in vivo infusions of arachidonic acid or PGE2

induce a water diuresis, while inhibition of PG synthesis poten-
tiates the urinary hyperosmolality caused by AVP (624). How-
ever, in the absence of vasopressin, basolateral PGE2 actually
increases osmotic water reabsorption (625,626). These effects
on water conductivity in the collecting ducts have been ex-
plained by changes in cyclic AMP accumulation. AVP mediates
the increase in water conductivity in the collecting duct through
increased cyclic AMP generation. Studies on the effect of PGE2
on cyclic AMP metabolism in this nephron segment demon-
strated that PGE2 could both stimulate basal cyclic AMP gen-
eration and suppress AVP-stimulated cyclic AMP generation
(610,611). The inhibitory effects of PGE2 on AVP-stimulated
cyclic AMP generation and water conductivity in the collecting
duct are probably mediated through the EP3 receptor via the
pertussis-toxin sensitive inhibitory guanine nucleotide binding
protein, Gi (611,627). In addition to affecting water flow via
modulation of cyclic AMP levels, PGE2 has been shown to in-
hibit AVP-induced water conductivity by activation of protein
kinase C and elevation of intracellular calcium (562,623).

Application of basolateral PGE2 probably increases water
absorption in the collecting duct by stimulating cAMP produc-
tion (625,626). The EP4 receptor, which is found on the epithe-
lial cells of the ureter, bladder, and collecting duct, is coupled
to the Gs-stimulated cAMP signaling pathway (568,628). This
suggests that an EP4 receptor mediates cAMP-stimulated water
absorption in the collecting duct.

Another facet of the PGE2–AVP interaction is that AVP
acutely stimulates endogenous PGE2 production by the collect-
ing duct. This effect has been demonstrated in rats (629,631)
and the current consensus is that it also occurs in humans
(630,631). It also suggests that PGE2 participates in a neg-
ative feedback loop, whereby endogenous PGE2 production
dampens the action of AVP. In agreement with a functional
role for the increase in urinary PGE2 production seen during
AVP infusions are numerous observations of enhanced renal
concentrating ability in animals or humans pretreated with in-
hibitors of PG production (632). Given that the concentra-
tion of AVP needed to stimulate PGE2 production is 10 to 100
times the concentration needed to maximally stimulate water
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conductivity, it is controversial whether AVP plays a physio-
logic role in PGE2 generation (633). At these concentrations,
AVP has been shown to acutely increase intracellular calcium
and activate protein kinase C, via activation of phospholipase
C (633,634).

Other Effects on Renal Function

Extensive evidence supports the capacity of PGs, particularly
PGE2 and PGI2, to release renin (635,636). In contrast, TXA2
exerts a negative effect on renin release (637). Inhibition of
COX activity reduces plasma renin activity, suggesting that
the predominant influence of prostanoids is stimulatory. PG-
mediated renin release is independent of β-adrenergic mecha-
nisms (636). Conflicting evidence exists regarding involvement
of prostanoids, particularly TXA2, in the mediation of tubu-
loglomerular feedback responses (638).

Role of Prostaglandins in Disease States

PGs, through their vasodilator effects, play a salutary role in
maintaining RBF and GFR in several prerenal conditions such
as hemorrhage, septic shock, cirrhosis, and low cardiac-output
states. Studies in patients with congestive heart failure have
confirmed that enhanced PG synthesis is crucial in protecting
kidneys from the effects of elevated vasoconstrictor levels in
these patients (639). Renal artery stenosis is another condition
associated with increased ipsilateral renal PG secretion (640)
that may locally act to enhance renal perfusion. Administration
of COX inhibitors in these settings with renal hypoperfusion
is associated with adverse effects on RBF and GFR (640,641).

With regard to intrinsic renal diseases, COX products have
been implicated in modulating or mediating renal injury (or
both). After experimental reduction of renal mass, glomerular
synthesis and urinary excretion of prostanoids per remaining
nephron increases severalfold and probably contributes to the
compensatory hypertrophy that follows renal ablation (642–
645). In this setting, nonselective inhibition of COX activity
reduces nephron perfusion and glomerular capillary perme-
ability, implying a predominantly beneficial role for vasodila-
tor PGs (643,644). In this model of reduction of renal mass,
increased expression of COX-2 has been described (548). In
contrast, selective inhibition of TXA2 synthesis is associated
with an increase in GFR, lessening of proteinuria, and preser-
vation of renal histology (644,645).

Enhanced TXA2 production has been implicated in the
pathophysiology of the intense vasoconstriction that charac-
terizes the obstructed kidney (646,647) and in mediating the
decrease in RBF and GFR that occurs in the early phase of
nephrotoxic serum nephritis (535,536). In patients with lupus
nephritis, an inverse relation between TXA2 biosynthesis and
GFR has been proposed (648). In this setting, renal function
improved after short-term therapy with a TX receptor antag-
onist, but not with aspirin (648,649). In addition, administra-
tion of TXA2 synthesis inhibitors or receptor antagonists has
been associated with improved renal function in animals with
allograft rejection and cyclosporin toxicity (579).

The role of COX products in mediating diabetic nephropa-
thy remains controversial. Vasodilator PGs may contribute
to the hyperfiltration that occurs in early stages of diabetic
nephropathy, whereas TXA2 may play a role in the subse-
quent development of albuminuria and basement membrane
changes (650). A role for decreased PGI2 synthesis in type IV
renal tubular acidosis associated with diabetes mellitus has
also been suggested (651). A recent study has demonstrated
an increased renal production of TXA2 and PGI2 in type II
diabetes, suggesting a role for these compounds in the patho-

genesis of diabetic nephropathy (652). Diminished vasodilator
renal PG synthesis has also been implicated in the pathogene-
sis of the severe Na retention that occurs in patients with the
hepatorenal syndrome (653). Pregnancy is associated with in-
creased glomerular synthesis and urinary excretion of PGE2,
PGF2α, and PGI2 (654). Augmented renal vasodilator PG pro-
duction does not appear to regulate GFR and RBF in normal
pregnancy; however, diminished synthesis of PGI2 has been
demonstrated in human (655) and animal models (656) with
pregnancy-induced hypertension. A beneficial effect of reduc-
ing TXA2 generation, while preserving PGI2 synthesis, by low-
dose (60 to 100 mg/day) aspirin therapy has been proposed in
patients at risk for pregnancy-induced hypertension (657,658).
In patients with hypertension, COX inhibition by NSAIDs is
associated with increased salt retention and resistance to the di-
uretic action of thiazides and furosemide (659,660). Short-term
use of some NSAIDs was found to increase the mean arterial
pressure of hypertensive patients (661). On the other hand, at-
tempts to treat hypertension with PG analogs have generally
been disappointing (662).

Finally, chronic inhibition of COX by regular use of NSAIDs
leads to gastrointestinal toxicity and may increase the risk of
chronic renal disease, especially in older patients and patients
with heart disease (663,664). Selective COX-2 inhibitors have
been developed and have been shown to spare gastric PG pro-
duction. These nontraditional COX-2 selective antiinflamma-
tory agents might have represented a significant advance for
the treatment of acute and chronic inflammatory disorders
(665,666), however, the safety of their use has been placed
into question after two large prospective cohorts in elderly pa-
tients showed an increased risk of cardiovascular events in pa-
tients on selective COX-2 inhibitors versus those on NSAIDs
(667,668).

LIPOXYGENASE PRODUCTS

Biosynthesis and Metabolism

Lipoxygenases (LOs) comprise a family of enzymes capa-
ble of mediating selective lipid oxidation (669). Enzymatic
lipoxygenation of arachidonic acid leads to the generation
of leukotrienes (LTs), lipoxins (LXs), and hydroxyeicosate-
traenoic acids (HETEs). Formation of these compounds is ini-
tiated by 5-, 12-, or 15-lipoxygenase, whereby a hydroperoxy
group is introduced onto arachidonic acid at carbon-5, carbon-
12, or carbon-15, respectively, to yield the corresponding 5-,
12-, or 15-hydroperoxytetraenoic acid (HPETE). HPETEs are
unstable compounds that are transformed into the correspond-
ing 5-, 12-, and 15-HETE, which, in turn, undergo enzy-
matic modification leading to the generation of the various
LTs and LXs. The 5-lipoxygenase pathway is a major route of
arachidonic acid metabolism in the polymorphonuclear cells
and macrophages leading to the formation of 5-HETE and
LTs (670–672). 5-Lipoxygenase requires activation by a cell
membrane-bound protein called the 5-lipoxygenase-activating
protein (FLAP) (673). The 15-lipoxygenase enzyme catalyzes
the production of 15-HETE and initiates another major path-
way of arachidonic acid metabolism in leukocytes. In acti-
vated neutrophils and macrophages, sequential lipoxygenation
of arachidonic acid at carbons- 15 and -5 yields trihydroxy
derivatives, the LXs.

Biologic Effects of Lipoxygenase Products

Products of lipoxygenase are classically proinflammatory,
however, recently it has been demonstrated that lipoxins,
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15-HPETE and 15-HETE may exhibit antiinflammatory ac-
tivity (674).

The LTs are potent proinflammatory molecules. LTB4 has
minimal spasmogenic properties, but is the most potent chemo-
tactic substance yet described for polymorphonuclear cells, and
promotes their activation and adhesion to the endothelium
(670). It has no significant effects on renal hemodynamics in
normal animals, but amplifies glomerular inflammation and
proteinuria in animals with glomerulonephritic injury (675).
The peptidyl LTs contract vascular, pulmonary, and gastroin-
testinal smooth muscle and increase vascular permeability to
macromolecules (670). LTC4 and LTD4 exert potent effects on
glomerular hemodynamics. In rats, systemic administration of
LTC4 leads to reduction in RBF and GFR (676). Similarly, in-
fusion of either LTC4 or LTD4 in the isolated perfused kidney
results in dramatic increase in renal vascular resistance and re-
duction in GFR (677). LTD4 mediates these effects by causing a
significant increase in efferent arteriolar resistance, leading to a
fall in glomerular plasma flow rate (QA), and a rise in glomeru-
lar capillary hydraulic pressure (PGC). In addition, it markedly
reduces the glomerular capillary ultrafiltration coefficient (Kf)
and, therefore, its overall effect is to decrease single nephron
GFR (678). LTC4 and LTD4 contract mesangial cells (679,680)
and LTD4 stimulates neutrophil adhesion to these cells (681).
In both rats and humans, specific mesangial cell LTD4 receptors
have been identified. Intracellular signaling for LTD4 in these
cells involves receptor-activated phosphatidylinositol diphos-
phate (PIP2) hydrolysis, release of inositol phosphates, and in-
creased intracellular calcium concentrations (682,683).

LXA4 attenuates LTB4-induced neutrophil chemotaxis and
inhibits natural killer cell cytotoxicity (670,672). The effects of
LXA4 are mediated primarily by functional high-affinity LXA4
receptors (684). In rat glomerular mesangial cells, LXA4 com-
petes with LTD4 at a common receptor whereby LXA4 mediates
partial agonist–antagonist effects (685). Different lipoxins dis-
play distinct effects on renal hemodynamics (672,686,687). In
rats, LXA4 causes a selective decrease in afferent arteriolar re-
sistance, thereby increasing RBF, glomerular capillary pressure,
and GFR. The LXA4-induced increase in GFR, however, is par-
tially offset by its mild effect in decreasing Kf (685,687). The
vasodilator actions of LXA4 are mediated by prostaglandins.

Role of Lipoxygenase Products
in Kidney Disease

LTs are increasingly recognized as major mediators of glomeru-
lar hemodynamic and structural deterioration during the early
phases of experimentally induced glomerulonephritis (686,
688,689).

Mesangial cell (MC) proliferation is a central event in
the pathogenesis of glomerulonephritis. LTD4-induced pro-
liferation of mesangial cells is modulated by LXA4. McMa-
hon et al. (690) demonstrate that LXA4 inhibits PDGF- and
LTD4-stimulated proliferation through modulation of platelet-
derived growth factor receptor beta (PDGFR-β) activa-
tion. Specifically, they demonstrate that LTD4 transactivates
PDGFR-β, a process associated with c-src recruitment and ras
activation (690).

Increased glomerular generation of LTB4 and peptidyl-
LTs has been demonstrated in several models of glomeru-
lar injury (686,688,689). LTB4 probably worsens glomerular
injury by augmenting leukocyte recruitment and activation
and the peptidyl LTs, by depressing Kf and GFR (675-
681). Selective blockade of the 5-lipoxygenase pathway, in
the course of glomerular injury, is associated with signif-
icant amelioration of the deterioration of renal hemody-
namic and structural parameters (691,692). In addition, di-

etary deprivation of essential fatty acids, which results in
arachidonic acid and eicosanoid deficiency, confers protection
against the histopathologic and the functional consequences
of immune-initiated injury in the glomerulus (693). In hu-
man glomerulonephritis, 5-lipoxygenase and 5-LO-activating
protein (FLAP) mRNA expression have been detected in kid-
ney biopsy specimens from patients with immunoglobulin
A (IgA) nephropathy and mesangial proliferative glomeru-
lonephritis and were associated with a clinically worse renal
status (694). Urinary LTE4 levels are also elevated in patients
with active systemic lupus erythematosus (695). A pathophys-
iologic role for LTs has also been described in experimental
acute allograft rejection (696), cyclosporin toxicity, and acute
ureteral obstruction (689). LXA4 and 15-S-HETE are also gen-
erated during experimental glomerular injury and may exert
salutary effects on glomerular function by antagonizing the
proinflammatory actions of LTs (686,697–700). In animals
with experimental glomerulonephritis, 5-lipoxygenase inhibi-
tion results in marked reduction in proteinuria and preser-
vation of GFR (688,701). The binding of 5-lipoxygenase to
FLAP is a prerequisite for subsequent formation of leukotrienes
from arachidonic acid (702). The use of a FLAP antagonist has
been shown to reduce proteinuria and restore glomerular size
selectivity in human glomerulonephritis (703).

Diabetic nephropathy (DN) is characterized by mesan-
gial cell (MC) hypertrophy and progressive accumulation of
glomerular extracellular matrix (ECM). It was reported that
12/15-lipoxygenase (12/15-LO) expression is increased in high-
glucose (HG)-stimulated MC and in experimental DN (704–
706).

Hashimoto et al. (707) demonstrated that exogenous 12(S)-
hydroxyeicosatetraenoic acids (HETE) enhanced the IL-1β-
stimulated nitrite production and iNOS expression. On the
other hand, the COX inhibitors, indomethacin and NS-398,
had little effect on nitrite production or iNOS expression. These
results suggest that LOX products play important roles in the
regulation of stimulus-induced NO production in VSMCs.

The role of 5-lipoxygenase (5-LOX) in the pathophysiology
of renal ischemia/reperfusion (I/R) injury is not known. Patel
et al. (708) proposed, on one hand, that endogenous 5-LOX
metabolites enhance the degree of renal injury, dysfunction, and
inflammation caused by I/R of the kidney by promoting the ex-
pression of adhesion molecules. On the other hand, inhibitors
of 5-LOX might be useful in the treatment of conditions asso-
ciated with I/R of the kidney (708).

ENDOTHELIN

Endothelin (ET), originally isolated from vascular endothelial
cells, is the most potent and long-lasting vasoconstrictor yet
found (709). Its role, however, extends beyond being a vaso-
constrictor to include effects on cell growth and proliferation,
ion transport, eicosanoid synthesis, renin and ANP release, as
well as a host of other actions (710–712). The kidney is an
important site of ET production and expresses a high density
of ET receptors (613). Endothelin may, therefore, act in an au-
tocrine and paracrine manner to influence renal hemodynam-
ics, tubular function, and mesangial cell biology.

Biochemistry, Synthesis, and Receptor Biology

The term endothelin refers to a family of homologous 21-
amino acid vasoconstrictor peptides found in three distinct
isoforms: ET-1, ET-2, and ET-3. In humans, ET isoforms are
encoded by three separate genes located on chromosomes
6, 1, and 20, respectively (713–715). The initial ET pep-
tide translation product is a large (approximately 200 amino
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acids) isopeptide-specific prohormone named preproendothe-
lin. Posttranslational processing of this prohormone to mature
ET requires two steps. The first involves its proteolytic cleavage
by dibasic pair-specific endopeptidases on Lys-Arg and Arg-Arg
pairs, which respectively flank the N- and C-terminals of the
preproendothelin molecule, to yield an intermediate 38- or 39-
amino acid proET polypeptide. The subsequent step is accom-
plished by proteolytic cleavage of proET between Trp21 and
Val22 by a putative “endothelin-converting enzyme” (716,717).
All ET isopeptides have a hairpin loop configuration structure
imparted by two intrachain disulfide bonds bridging amino
acid residues 1 through 15 and 3 through 11, the reduction of
which leads to a twofold loss of biologic activity (718). The
three ET isoforms are highly homologous in their amino acid
sequences and tertiary structure to certain scorpion and snake
venoms, the sarafotoxins, which suggests common genetic evo-
lutionary origins (719). While all isoforms of ET are potent
vasoconstrictors, there are significant cell- and tissue-specific
differences in the secretion of, and biologic responses to, dif-
ferent isoforms (713,720).

Seven isoforms of ECEs have been identified: ECE-1a, ECE-
1b, ECE-1c, ECE-1d, ECE-2a, ECE-2b, and ECE-3 (715). Both
ECE-1 and ECE-2 cleave big ET-1 more efficiently than ei-
ther big ET-2 or big ET-3. ECE-1 is expressed ubiquitously
with highest expression in endothelium, lung, ovary, testis, and
adrenal medulla, while ECE-2 is expressed in neural tissues.
ECE-3, which selectively cleaves ET-3, has been found in the
bovine iris (721). ECE was located at the cell surface and on
intracellular vesicles (722). ECE-1 also hydrolyzes BK, sub-
stance P, and insulin (715). Not all the enzymes responsible for
the final step of posttranslational processing of ET-1 have been
identified. However, proteases besides ECE-1 and ECE-2 are
involved in the synthesis of ET-1. Recently, several inhibitors
specific for the ET-converting enzyme have been reported.

Initial studies identified ET on the basis of its release from
large-vessel endothelial cells. Since then, ET immunoreactivity
has been detected in the kidney, spleen, skeletal muscle, and
lung (723). In the kidney, the arcuate arteries, veins, glomerular
arterioles, and capillaries are a rich source of ET (724). In the
glomerulus, there is evidence for ET secretion by mesangial,
endothelial, and epithelial cells (712). In the rest of the nephron,
the IMCD has been demonstrated to be a major site of ET-1
and ET-3 production (712,725–727).

Normally, blood vessels produce very little ET, and the nor-
mal circulating level of ET is extremely low (728). Secretion of
ET by endothelial cells is controlled at the level of transcription
and these cells do not store ET for future release (716,729).
Thus ET-1 probably acts primarily as a paracrine/autocrine
mediator and not as a circulating hormone (715). ET peptide
secretion is upregulated by various humoral mediators, such as
thrombin, BK, insulin, Ang II, AVP, endotoxin, IL-1, TGF-β,
and TNF (730,731).

These mediators may be responsible for the increase in ET
observed in various pathophysiologic states. Hypoxia is also
an important stimulus for ET production (732). In the kid-
ney, increasing osmolarity serves as a stimulus for tubular
production of ET (733,734). On the other hand, NO, ANP,
and prostacyclin exert inhibitory influences on ET synthesis
and release (735–737). In summary, mesangial cells ET-1 re-
lease is under complex regulation, with vasoconstrictor, profi-
brotic, inflammatory, and proliferative agents augmenting its
release, whereas vasorelaxant agents tend to inhibit its produc-
tion (738).

Endothelin acts via specific G protein-coupled receptors that
have been identified in a variety of tissues (739). Three recep-
tor subtypes have been cloned: The ET-A receptor, believed to
be involved in vasoconstrictive amnd proliferative responses to
ET-1 binds with the following affinity: ET-1>ET-2>ET-3 (715);
ET-B receptor recognizes all three ET isoforms with equal affin-

ity, its activation induces transient vasidilation, and the re-
cently cloned ET-C receptor binds ET-3 selectively (712,739–
741). Both ET-A and ET-B receptors are expressed on vascular
smooth muscle. ET-B receptors decrease vasoconstriction by
release of endothelial-relaxing factors; these receptors are also
expressed by macrophages and platelets (715).

The kidney expresses abundant mRNA transcripts for ET-A
and ET-B receptors (712,739,742,743). Expression of ET re-
ceptors is especially prominent in the renal artery, glomerular
arterioles, endothelium, and mesangium, vasa recta bundles,
and collecting duct (710,712,739). Both receptor subtypes are
expressed in the glomerulus. Vascular smooth muscle cells of
the arcuate arteries and the renal medullary interstitial cells
display ET-A receptors. Epithelial cells of the cortical, inner
medullary, and outer medullary collecting ducts have ET-B
receptors (712).

Activation of the ET receptor on vascular smooth muscle
cells leads to:

1. Activation of phospholipase C with formation of inositol
triphosphate and diacylglycerol

2. Elevation of free intracellular Ca, which is thought to me-
diate the contractile response to ET (744–746).

3. Induction of the mitogen-activated protein kinase cascade
(715).

ET increases free intracellular Ca by release of Ca2+ from
intracellular stores via phosphoinositide-mediated mechanisms
or by influx of extracellular Ca (or both) because of activa-
tion of cell membrane, voltage-dependent, dihydropyridine-
sensitive Ca channels (745,746). Calcium-channel blockers
inhibit ET-induced vasoconstriction in smaller blood vessels,
where the contribution of extracellular Ca is important, such
as intramyocardial coronary arteries (747). Endothelial cells
can express ET-B receptors linked to formation of NO and
prostacyclin and mediate endothelium-dependent vasorelax-
ation (748). In nephron segments and other renal structures,
ET mediates its effects via a multiplicity of intracellular signal-
transduction pathways that involve phospholipase activation,
tyrosine phosphorylation of proteins, and elevation of intracel-
lular free calcium (749).

Biologic Effects of Endothelin in the Kidney

Endothelin is a potent renal vasoconstrictor, as much as 30-fold
more potent in this regard than Ang II (709–712,745–750).
In the isolated perfused kidney, ET-1 administration reduces
GFR and causes a dose-dependent increase in renal vascular
resistance. In whole animals, systemic ET infusion induces a
decline in cortical and medullary blood flow, GFR, and urine
volume (710–712,745,750). The direct effects of ET-1 on pre-
glomerular and postglomerular resistances are quantitatively
similar at lower doses, so the glomerular transcapillary hy-
draulic pressure and GFR are maintained (750,751). How-
ever, at higher doses, a greater increase in preglomerular re-
sistance occurs that, in addition to a decrease in glomerular
capillary ultrafiltration coefficient (Kf), leads to a decline in
GFR (745,750,751). Both ET-1 and ET-2 are equally potent in
constricting microdissected glomerular arterioles, whereas ET-
3 is considerably less potent (653). Dihydropyridines inhibit
ET-mediated vasoconstriction exclusively in the afferent arte-
rioles (752). Renal hemodynamics may also be influenced by
indirect effects of ET, such as modulation of arachidonic acid
metabolism and renin release (751,753). Local generation of
PGs such as PGF2α may mediate some of the vasoconstrictor
effects of ET (753). ET-1 directly inhibits renin release, but the
net renin secretory response in vivo varies with the ET-1 dose,
as well as with the state of activation of intrarenal barorecep-
tors and the MD-mediated pathway (751).
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Despite compromise of RBF and GFR, infusion of nonpres-
sor doses of ET in animals is associated with an increase in uri-
nary flow and Na excretion (710,711,745). In addition, studies
in the isolated perfused kidney have shown that ET increases
Na excretion despite a dramatic decline in GFR (509,711).
These effects on Na and water balance are largely due to the
ability of ET to reduce Na–K-ATPase activity and reversibly
inhibit AVP-stimulated cAMP generation and water transport
in the IMCD (509,711,754). Current evidence supports a phys-
iologic role for ET in regulating Na and water transport in the
IMCD in laboratory animals. In this regard, increasing the os-
molality of the culture medium of IMCD cells with either NaCl
or mannitol, but not urea, causes a dose-dependent reduction in
ET-1 release. Moreover, ET-1 mRNA is lower in the medulla of
dehydrated rats than in salt-loaded rats, supporting the hypoth-
esis that extracellular osmolality may physiologically regulate
ET production by IMCD cells (733). Because the human inner
medulla contains a high concentration of ET receptors (742),
coupled with the recent demonstration of ET production by
human IMCD cells (726), it is conceivable that a similar physi-
ologic role for intrarenal ET may also be operative in humans.
ET also affects Na balance indirectly by stimulating release of
ANP (755). ET-induced increases in urinary Na excretion in an-
imals are markedly less distinct after pretreatment with ANP
antibodies (756). Sonntag et al. (757) showed that IMCD ET-1
increases AVP V2 receptor expression and these changes are
mediated by the ET(B) receptor (757).

In summary, endothelin produced by the collecting duct pro-
motes diuresis under physiologic circumstances (758) and in-
duces naturesis and diuresis through interference with sodium
absorption in the proximal convoluted tubules (759).

ET is well known to induce contraction of mesangial cells in
culture and results of micropuncture experiments demonstrate
that ET-1 directly reduces the coefficient of ultrafiltration (745).
ET is also recognized as a growth factor with mitogenic effects
on mesangial cells in culture, inducing changes in mesangial
cell phenotype and gene expression (710–712,739).

Abundant evidence points to a pivotal role for ET-1 in the bi-
ology and, particularly, the pathology of the renal mesangium.
The peptide is produced by mesangial cells (MC) and can, in
turn, act on MCs to elicit proliferation, hypertrophy, contrac-
tion, and/or extracellular matrix accumulation. These effects
are mediated in large part through activation of ET-A and par-
ticularly involve PKC and MAPK. Excessive ET-1 production
by, and action on, MCs is of pathogenic importance in glomeru-
lar damage in animal models of GN, diabetes, and hypertension
(Fig. 9-13) (738).

Pathophysiologic Significance of Endothelin
in Kidney Disease

Declining renal function is associated with an increase in
plasma ET levels (760). Patients undergoing hemodialysis have
higher ET levels than do either patients undergoing peritoneal
dialysis or uremic patients who are not dialyzed (761). Ery-
thropoietin administration as well as acute volume contraction
during hemodialysis may contribute to the elevation of ET-1
level in patients undergoing hemodialysis (762,763). Several
disease states, such as hypertension, atherosclerosis, cardio-
genic shock, congestive heart failure, immunosuppression with
cyclosporin administration, and endotoxemia have also been
associated in some (but not all) studies (760) with increased
plasma ET levels (710–712,764,765). While the significance of
elevated plasma levels of a primarily autocrine or paracrine hor-
mone, such as ET remains questionable at present, ET-secreting
hemangioendotheliomas produce marked hypertension (766).

A pathophysiologic role for ET has been reported in sev-
eral conditions affecting the kidney (711,712,765–777). Uri-
nary ET-1 excretion increases in patients with several forms
of chronic progressive glomerulopathies (767). Mesangial
cells (MC) ET-1 production is increased in rat models of
immune complex glomerular neuropathy (GN), nephrotoxic
serum nephritis, and mesangial proliferative GN. In addi-
tion, MC ET-1 production is augmented in human systemic
lupus erythematosis and urinary ET-1 excretion is propor-
tional to the severity of human mesangial proliferative GN
(738).

There is abundant evidence that ET-1 increases MC prolif-
eration and matrix accumulation (Fig. 9-2). ET-1 may further
stimulate inflammation because it elevates human MC produc-
tion of TNF, ICAM-1, and VCAM-1. Furthermore, ET-1 re-
duces TNF-mediated apoptosis in MCs (via induction of COX-
2), potentially causing additional cell accumulation (738).

Although there is no direct evidence in vivo that MC ET-1
production is increased in DN, there are in vitro data sug-
gesting that MC ET-1 synthesis is increased by hyperglycemia
(738). Studies suggest that MC ET-1 production is enhanced
in diabetic nephropathy and that excessive ET-1 action in the
diabetic glomerulus can cause enhanced matrix accumulation,
proteinuria, and reduced GFR (738). Endothelin is involved
in the progression of diabetic nephropathy in OLETF rats
(Otsuka Long Evans Tokushima Fatty), an animal model of
type II diabetes and an endothelin type A antagonist is promis-
ing for the treatment of diabetic nephropathy (778).

Prolifertion

Ectracellular
matrix
accumulation

Contraction

MAPK

c-fos, AP-1

cGMP
ET-1 synthesis

Ca2+ (intracellular release)

COX2

MMP-2CA2+

PGE2

NO

ETRA ETRB FIGURE 9-13. Schematic represen-
tation of biological effects mediated
by endothelin receptor A (ETRA)
and endothelin receptor B (ETRB)
in mesangial cells. The net effect
of ETRA activation is mesangial
cell contraction, extracellular ma-
trix accumulation, and prolifera-
tion. The net effect of activation
of ETRB tends to be vasorelax-
ant as well as causing autostimu-
lation of ET-1 production. AP-1,
activator protein-1; MMP-2, ma-
trix metalloproteinase-2. (From:
Sorokin A, Kohan DE. Physiology
and pathology of endothelin-1 in re-
nal mesangium. Am J Physiol Renal
Physiol 2003;285:579, with permis-
sion.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-09 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:16

268 Section I: Biochemical, Structural, and Functional Correlations in the Kidney

In animals subjected to surgical reduction of renal mass,
ET-1 gene expression increases in parallel with proteinuria
and glomerulosclerosis (768). Renal ischemia is a potent stim-
ulus for ET-1 production (769). In models of ischemic re-
nal injury, ET-neutralizing antibodies as well as ET-A re-
ceptor antagonists attenuate the decline in renal functional
and structural parameters (770,771). ET-1 is upregulated af-
ter renal ischemia/reperfusion injury and may contribute to
the injury by prolonging vasoconstriction. It is known that
ET-A-selective, but not ET-B-selective, antagonist is protec-
tive against renal ischemia/reperfusion injury (779). Both ex-
ogenous and endogenous nitric oxide have protective effects
against ischemia/reperfusion-induced renal dysfunction and
tissue damage, probably through the suppression of ET-1 over-
production in postischemic kidneys (780). ET-1 aggravates cell
damage through the activation of Na/Ca exchanger and sug-
gests that Ca overload via Na/Ca exchanger plays a critical role
in hypoxia/reoxygenation-induced renal tubular injury (781).
Radiocontrast stimulates ET synthesis by endothelial cells in
culture and increases plasma and urinary ET levels in animals
(712,772,773). Cyclosporin infusion causes a transient rise in
ET plasma levels in animals (690). ET antiserum and ET re-
ceptor antagonism partially ameliorate the renal hypoperfusion
and hypofiltration that follow intravenous cyclosporin admin-
istration (775,776). Patients with the hepatorenal syndrome
have significantly elevated plasma ET-1 and ET-3 levels that
may in part be due to release of ET by the kidney (777). The use
of ET receptor antagonists suggests that ET may play patho-
physiologic role in other conditions, such as the rat remnant
kidney model (782,783) and the uninephrectomized, stroke-
prone, spontaneously hypertensive rat on a high-salt diet (784).
Moreover, administration of an ET-A/ET-B receptor antagonist
to patients with chronic renal failure reduced blood pressure
and renal vascular resistance (785).

More direct evidence for the role of ET-1 in renal damage de-
rives from studies using transgenic mice. Animals overexpress-
ing the human ET-1 promoter form more ET-1 in their kidneys
and develop renal lesions, despite exhibiting no increase in sys-
temic blood pressure (786). Furthermore, rats transgenic for
the human ET-2 gene are normotensive, but are characterized
phenotypically by renal lesions similar to those seen in rats with
a remnant kidney (787).

In summary, ET is a potent vasoconstrictor peptide. In the
kidney, it reduces RBF and GFR, contracts mesangial cells, and
may function as a paracrine–autocrine factor in modulation of
sodium and water balance. It is a potential mediator of growth
and proliferative changes within the kidney. It is thought to
play a pathophysiologic role in a number of kidney diseases.
ET receptor antagonists may prove to be beneficial in certain
conditions.

NITRIC OXIDE

Nitric oxide (NO) is a paracrine mediator with a wide spec-
trum of physiological actions, including the control of vas-
cular tone, antithrombotic actions, cell cycle regulation, neu-
rotransmission, signal transduction, and inflammation. NO
is synthesized during conversion of its physiological precur-
sor L-arginine (L-Arg) to L-citrulline (Fig. 9-14) (788,789).
This reaction is catalyzed by a family of enzymes known as
NO synthases (NOS) (788,790–792). Three NOS isoforms
(neuronal [nNOS, NOS1], inducible [iNOS, NOS2], and en-
dotelial [eNOS, NOS3]) have been identified in mammalian
tissues. Neuronal nitric oxide synthase (nNOS) was first found
in the neuronal cells of the brain, but is also constitutively
expressed in the kidney and may be of physiologic impor-
tance (791). Inducible NOS (iNOS) is expressed upon acti-
vation of macrophages and other cells. The third isozyme is
found in endothelial cells (eNOS) and, like nNOS, is consti-

Cofactors

Inhibitors;
ADMA

L-arginine + O2 L-citrulline + NONOS

NO3 + NO2

   =NOx

FIGURE 9-14. Simplified scheme showing the biosynthetic pathway
for nitric oxide (NO) production in vivo. (From: Baylis C. Changes in
renal hemodynamics and structure in the aging kidney; sexual dimor-
phism and the nitric oxide system. Exp Gerontol 2005;40:271, with
permission.)

tutive in nature (792,793). NO produced from endothelial
cells (eNOS-derived) is important as a tonic vasodilator and
inhibitor of platelet aggregation and adhesion. Endothelial-
derived NO also prevents polymorphonuclear neutrophil adhe-
sion by interfering with CD11/CD18 adhesion molecules (793).
NO produced from iNOS is probably more important in host
defense and chronic inflammatory response (707). In these set-
tings, NO leads to the formation of highly reactive species,
most notably peroxynitrite (ONOO−). Other cytotoxic actions
of NO, when released in tissues rather than into the blood-
stream, include destruction of iron–sulfur clusters, thiol nitro-
sation, mitochondrial damage, and nitration of protein tyrosine
residues.

nNOS and eNOS are traditionally viewed as constitutive en-
zymes, with a limited tissue distribution, exhibiting intracellu-
lar Ca2+-calmodulin dependency, although Ca2+-independent
activation has been described (see below). nNOS and eNOS
are responsible for producing NO for a variety of physiological
purposes. In contrast, iNOS is an inducible enzyme, expressed
in all nucleated cells that generate large bursts of NO in re-
sponse to immunological and certain nonimmunological stim-
uli. iNOS is usually described as Ca2+-independent, although
the presence of Ca2+ enhances iNOS activity. Effects of NO are
typically mediated by activation of soluble guanylate cyclase,
resulting in increased levels of cGMP (788).

It is evident that net NO deficiency could occur by a number
of mechanisms. For example, reductions in substrate availabil-
ity (L-arginine) either ingested or from the endogenous source
(kidney), could lead to NO deficiency. Increases in endogenous
NOS inhibitors, such as methylated arginine analogs, including
asymmetric dimethyl arginine (ADMA), will reduce NOS ac-
tivity. A decreased abundance or activity of the NOS enzymes,
because of either reduction in protein content, reduced avail-
ability of essential cofactors or high oxidant state would also
lead to NO deficiency. Any of these events either alone or act-
ing together, would reduce the total amount of NO generated.
Other, more downstream events could reduce NO-dependent
activity after NO formation, for example, by increased NO
inactivation with superoxide anion, by decreasing the access
of NO to its target tissue (as occurs with a deposition of ad-
vanced glycosylated end products) and/or alteration in the NO
receptors and their transduction mechanisms (789).

Renal Action of Nitric Oxide

NO acts as a potent modulator of renal function. The three
NOS isoforms have been described in normal kidneys. All
three isoforms are expressed in the medulla and medullary
NO production exceeds that in the cortex (788). nNOS, the
constitutive “neuronal”form, has been localized in the MD
of both the mouse and rat kidney (788,795). eNOS is found
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predominantly in renal vasculature, whereas iNOS immunore-
activity has been shown in the preglomerular portion of the
afferent arteriole (796) and in glomerular mesangial cells. Iso-
lated rat proximal tubule and inner medullary collecting duct
cells express iNOS following stimulation with TNF-α and
IFN-γ (797).

NO controls both afferent and efferent vascular tone, the
ultrafiltration coefficient, and medullary blood flow, with pref-
erential action on the afferent arteriole. In addition, NO has
natriuretic effect (788). Liang and Knox and Ortiz and Garvin
(798) indicate that there is evidence that NO reduces sodium
reabsorption in all tubular segments, including the proximal
tubule, thick ascending limb, distal tubules, and cortical col-
lecting ducts.

Studies at the Single Nephron Level

Nitric oxide has been shown to participate in the regulation
of renal hemodynamics. The administration of a competi-
tive inhibitor of NO production, l-NMMA, to normal rats
causes dramatic glomerular hemodynamic changes, including
reduced single nephron plasma flow, augmented afferent and
efferent arteriolar resistances, decreased ultrafiltration coeffi-
cient, and increased glomerular capillary pressure (799–802).
Chronic oral supplementation with an l-arginine inhibitor in
rats caused proteinuria, increased glomerular capillary pres-
sure, and glomerular hemodynamic changes as described pre-
viously (801). These observations suggest that NO might be
an important regulator of glomerular capillary pressure and
that its dysregulation might be involved in the development of
glomerular sclerosis through increases in glomerular capillary
pressure.

Dietary supplementation with l-arginine ameliorates the
progression of renal disease in rats with subtotal nephrec-
tomy (802). Recent findings suggest that l-arginine supple-
mentation prevents the progression of glomerular sclerosis in
subtotal nephrectomized rats, at least in part because of its
inhibitory effects on the development of glomerular hyperten-
sion (803). Although endothelial cells are widely viewed as
the major source of NO, emerging evidence demonstrates that
NO is also produced in various other tissues and cells, includ-
ing macrophages (804), hepatocytes (805), Kupffer cells (806),
fibroblasts (807), vascular smooth muscle cells (808,809), and
mesangial cells (810). In contrast to the NO synthase in en-
dothelial cells, which is Ca2-calmodulin-dependent and con-
stitutively expressed, some of these cells have been shown
to possess NO synthases that are distinct from the constitu-
tive enzyme in endothelial cells. This type of enzyme is Ca+2-
calmodulin-independent and not constitutively expressed, but
is induced by several stimuli, including LPS, TNF, IL-1, and
interferon C (811). The inducible NO synthase was also iden-
tified in endothelial cells (812,813).

Intrarenal Angiotensin II–Nitric
Oxide Interactions

There is no doubt that hypertension and diabetes are major risk
factors for the progression of renal disease and that interrup-
tion of the RAS (renin angiotensin system) is renoprotective. In
particular, the balance of interactions between Ang II and NO
is a key factor in determining whether injury or protection of
target organs ensues (814).

Ang II is a potent vasoconstrictor with growth-promoting
properties. Chronic overactivation of the renal RAS contributes
to the development and maintenance of renal hypertension and
subsequent renal injury. In the kidney, as elsewhere, NO serves
in an opposing role to Ang II, functioning as a vasodilator, with

antigrowth-promoting effects. NO may also serve an important
role in reducing endothelial dysfunction by modulating adhe-
sive interactions between leukocytes, platelets, and vascular en-
dothelium. In contrast to Ang II, NO is produced continuously
and imparts a constant vasodilatory effect. The endothelium is
a site for the final step in the production of both Ang II and
NO and is thus a major site for their interactions (814).

The endothelium and vascular smooth muscle cells produce
O2 in response to various stimuli, including oxidized lipopro-
teins, hyperglycemia, ischemia, and Ang II; Ang II also acts
directly on mesangial cells, further stimulating the synthesis of
O2. Conditions that produce increased levels of O2 serve to
dramatically shorten the bioactivity of NO or even transform
it into a toxic metabolite. Furthermore, Ang II promotes the
production of O2 and Ang II synthesis is increased in the kid-
ney when there is a deficiency of NO. Once initiated, these
events create a cycle that continues to increase Ang II levels
in the glomerular circulation and to raise glomerular capillary
pressure (814).

Chronic inhibition of NO synthesis has been shown to in-
duce both renal and cardiac injury. A number of studies have
suggested that impairment in the expression of NO in the
glomerulus may be an important signal for increased mesan-
gial matrix protein synthesis, whereas the presence of NO can
inhibit TGF-1 and collagen synthesis in mesangial cells. A lo-
cally activated renal RAS, in conjunction with increased TGF-1
expression, was shown to be a major feature of renal injury in
rats with chronic inhibition of NO synthase (814).

Both exogenous and endogenous nitric oxide have protec-
tive effects against ischemia/reperfusion-induced renal dysfunc-
tion and tissue damage, probably through the suppression of
endothelin-1 overproduction in postischemic kidneys (815).

Therapeutic Implications

Not only do ACE inhibitors decrease Ang II synthesis, they
also prevent the degradation of bradykinin, which is an impor-
tant physiologic molecule involved in the release of NO. With
ARBs, blocking the AT1 receptor favors the synthesis of NO
and stimulates factors that allow NO to be biologically more
active (814).

nNOS is abundantly expressed in MD cells, and its expres-
sion is stimulated in various high-renin states including salt
restriction, administration of loop diuretics, or inhibition of
the renin–angiotensin system, some of the same interventions
that augment COX-2 expression. Direct evidence in support of
MD NOS, presumably nNOS, acting as a positive regulator of
renin secretion came from studies in the in vitro perfused jux-
taglomerular apparatus (JGA). In this preparation, administra-
tion of l-arginine-stimulated renin secretion and NOS blockers
almost completely abolished the stimulation of renin secretion
by low levels of NaCl. Results from studies in which NOS
inhibitors were administered to whole animals are somewhat
less consistent; however, possibly owing to the complexities
that arise because of the multiple NOS isoforms and cellular
sources (816).

Studies have also demonstrated that tubuloglomerular feed-
back control of afferent arteriolar resistance is influenced by
MD NO production, thereby enhancing autoregulation of re-
nal blood flow, GFR, and renin secretion (798).

Effects of Diabetes on the Renal Nitric Oxide
System in Vivo

Diabetes mellitus is associated with increased incidence of car-
diovascular complications. Lack of NO production may exac-
erbate these complications. Diabetes triggers mechanisms that
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in parallel enhance and suppress NO bioavailability in the
kidney. It was hypothesized that during the early phases of
nephropathy, the balance between these two opposing forces
is shifted toward NO. This plays a role in the development
of characteristic hemodynamic changes and may contribute to
consequent structural alterations in glomeruli. Both eNOS and
nNOS can contribute to altered NO production. As the dura-
tion of exposure to the diabetic milieu increases, factors that
suppress NO bioavailability gradually prevail. Increasing accu-
mulation of advanced glycosylated products (AGE) may be one
of the culprits in this process. In addition, this balance is con-
tinuously modified by actual metabolic control and the degree
of insulinopenia (788).

Nitric Oxide and Aging

There is substantial evidence that chronic NO deficiency oc-
curs in various types of chronic renal disease (CRD) and may
contribute to progressive loss of function and evolving struc-
tural damage. There is also significant evidence to suggest that
NO deficiency develops during normal aging. Endothelial NO-
dependent vasodilation is impaired with advancing age in nor-
mal human subjects and rats (789). There is clearly a reduction
in endothelial NO activity with age, leading to endothelial dys-
function. In fact, oral arginine supplementation can reverse the
endothelial dysfunction in the aged, suggesting that a defect in
NO production occurs even in healthy aging subjects (789).

There is also a reported sexual dimorphism in the NO sys-
tem, with premenopausal women making more total NO than
males and a greater abundance of the constitutive NO syn-
thases (NOS) in young adult female versus male rat kidney.
In addition, estrogen exerts marked stimulatory actions on en-
dothelial NO at both genomic and nongenomic levels and, in
addition to antioxidant actions of estrogens, may prolong the
active life of NO (789). NO is closely related to suppressive
effect of E2-β on renal ET-1 overproduction in acute renal
failure rats and this suppression is probably involved in the
beneficial effect of E2-β on ischemia/reperfusion-induced renal
injury (817).

Estrogen also stimulates nNOS at the gene level and may
inhibit iNOS expression, although this is controversial. The
situation with androgens is also variable with testosterone-
induced inhibition of NO-dependent vasodilation being re-
ported in some parts of the circulation and stimulation in oth-
ers. Regional variations in the effect of testosterone on the
nNOS abundance and activity have also been reported. In
contrast to the inhibitory actions of testosterone in some vas-
cular beds, the “female” androgen DHEA is stimulatory on
NO (789).

Finally, Beltowski et al. (818) investigated the effect of leptin
on systemic NO production, arterial pressure, renal hemody-
namics, and renal excretory function in the rat and showed that
leptin stimulates systemic NO production, but has no effect on
arterial pressure and renal hemodynamics (818).

ERYTHROPOIETIN

Erythropoietin (EPO) is a glycoprotein hormone that acts on
the bone marrow to stimulate red blood cell production (819).
The kidneys produce 85% to 90% of circulating erythropoietin
in adults and the liver accounts for the remainder (819,820).
The liver is the major source of erythropoietin in the fetus (820).
In situ hybridization studies performed in anemic or hypoxic
animals and erythropoietin-transgenic mice demonstrated that
EPO is synthesized by peritubular cells of the renal cortex,
particularly at the corticomedullary junction (820–823). Im-

munohistochemical characterization by light and electron mi-
croscopy showed that these cells are fibroblastlike type I in-
terstitial cells (823). Other tissues were also found to produce
EPO; EPO receptors (members of the cytokine receptor super-
family) were localized in different parts of the kidney, as well
as in the central nervous system (CNS), endothelial cells, solid
tumors, liver, and uterus (824).

The main stimulus for erythropoietin production and secre-
tion is decreased oxygen supply to renal tissue (820,825). Re-
nal hypoxia most commonly results from anemia or reduced
oxygen pressure in arterial blood (hypoxemia). It triggers a
cascade of reactions mostly mediated by the so-called hypoxia-
inducible factors (HIF), which activate a wide set of genes that
appear to be involved in protecting the kidney from hypoxia.
One such gene is the EPO gene (826). This autocrine/paracrine
secretion of EPO seemingly helps by decreasing apoptosis and
cell necrosis in mesangial and tubular cells cells subjected to
hypoxic (ischemia reflow injury) stress and toxic insult (cis-
platinum), suggesting a potential therapeutic use of EPO or
EPO analogs in tubular necrosis (827–829).

Conversely, when the kidney is hyperoxygenated, as oc-
curs after red cell transfusion, EPO production is reduced.
DNA sequences involved in regulation of transcription of
the human EPO gene have been characterized (820). In ad-
dition to modulation by oxygen availability, EPO produc-
tion is influenced by several cytokines. IL-1 and TNF-α were
shown to inhibit EPO mRNA levels and EPO formation
in human hepatoma cell cultures and to reduce EPO pro-
duction in isolated perfused rat kidneys (830). Secretion of
these cytokines by macrophages could contribute to defec-
tive EPO production and anemia in infectious or inflammatory
diseases.

In healthy male volunteers, Ang II injection increased EPO
secretion in a dose-dependent manner. This effect was neutral-
ized when a selective AT1 receptor blocker was administered,
inferring that the stimulation of EPO by Ang II is probably via
AT1 receptors (831).

On the other hand, cyanate, a compound that could sponta-
neously form from urea, reacts with EPO leading to carbamy-
lated EPO (C-EPO), an EPO protein with reduced activity. In
renal insufficiency, cyanate can reach levels high enough to re-
duce the activity of both endogenous and exogenous EPO. This
might explain one mechanism of suboptimal responses to re-
combinant EPO in patients with ESRD on inadequate dialysis.
It might also explain the superiority of continuous peritoneal
dialysis over hemodialysis in terms of decreasing BUN and, at
the same time, improving anemia (832).

In addition to the effects of EPO on bone marrow cells,
it has been postulated that erythropoietin has antinatriuretic
action, which could account for the worsening hypertension
observed in some patients receiving recombinant EPO. In one
study in isolated Wistar rat kidneys, EPO decreased Na ex-
cretion, possibly by increasing Ang II production (833). These
results, however, remain inconclusive.

INSULIN

Besides inhibiting gluconeogenesis in the proximal tubule, in-
sulin exerts a significant vasodilatory effect on the kidney, thus
increasing renal plasma flow; this effect appears to be mediated
by PGs and partially counteracts the vasoconstrictor effect of
Ang II (834).

In contrast, insulin appears to enhance the contractile effect
of Ang II on mesangial cells (835).

Insulin also potentiates AVP action in terms of water re-
absorption at the collecting ducts by increasing the gene tran-
scription of Aquaporin-2 (AQP2) (836).
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C-peptide

C-peptide or connecting peptide, for a long time thought of as
an inert by product of the conversion of proinsulin into insulin,
has revealed multiple biological roles by partially reversing or
preventing complications of insulin-dependent diabetes (837);
its administration in physiologic concentrations to diabetic rats
activated pathways involved in cellular proliferation, and lim-
ited or prevented the glomerular hypertrophy and the mesan-
gial matrix expansion seen in the posthyperfiltration phase of
early diabetic nephropathy (838).

RENAL DEGRADATION
OF HORMONES

All peptide hormones are extracted by the kidney, which, on
average, removes between 16% and 40% of peptide hormone
entering the renal circulation (839). In exceptional cases, the
kinins for example, more than 90% is removed during a sin-
gle passage. The removal of biologically active and inactive
peptides from the renal circulation occurs predominantly by
glomerular filtration. The rate of filtration is influenced by the
size, shape, and charge of the molecule. After filtration, peptide
hormones are degraded in the proximal tubule via two mech-
anisms. Larger peptides, such as insulin, require absorption by
epithelial cells and degradation in lysosomes or endosomes.
Smaller peptides, such as bradykinin, angiotensin, and ANP,
are degraded by hydrolysis on the brush border. Other peptide
hormones may follow both routes of degradation AVP being
one example. Hormone metabolism by the proximal tubule ep-
ithelium is highly efficient; urinary hormone excretion accounts
for less than 1% to 2% of the filtered load.

In most cases, the liver contributes significantly to peptide
hormone metabolism. A few hormones, however, undergo neg-
ligible hepatic extraction and the kidneys are their predomi-
nant site of degradation (839). Examples of these hormones
are calcitonin, the amino-terminal fragment of PTH, and the
C-peptide of proinsulin. Complete removal of insulin is also de-
pendent on intact renal function (840). Glomerular filtration
accounts for approximately 60% of all the insulin removed by
the kidney and the balance is extracted from the peritubular
circulation. Uptake and degradation occurs largely by receptor-
mediated endocytosis of insulin on the basolateral membrane
of tubule epithelial cells (841). One possible etiology of hypo-
glycemia in diabetic patients on insulin or insulin secretagogue
therapy is decreased renal degradation of insulin secondary to
decreased renal function (842,843).

The kidneys contribute significantly to disposal of glyco-
protein hormones, such as erythropoietin, follicle-stimulating
hormone, and luteinizing hormone (752,753). With the excep-
tion of vitamin D, the kidney plays only a minor role in the
metabolsim of steroid hormones.
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CHAPTER 10 ■ URINALYSIS
MELANIE S. KIM AND HOWARD L. CORWIN

The examination of urine, or uroscopy, is among the oldest tests
in medicine, dating back to Babylonian physicians more than
6,000 years ago. Over subsequent centuries, repeated refer-
ences to the importance of the study of urine as a diagnostic aid
can be found in the writings of early physicians, including Hip-
pocrates and Galen. By medieval times, however, uroscopy was
not the sole province of the physician; “uromancy” was widely
and profitably practiced by charlatans to prognosticate (1). The
progression from these medieval “pisse-prophets” to modern
urinalysis was rooted in physicians’ understanding of the as-
sociation of renal disease and function with the examination
and analysis of urine in the 18th and 19th centuries. Richard
Bright recognized the association of “red particles” in the urine
with pathologic changes in the kidney in his classical descrip-
tion of acute glomerulonephritis (1827). Bright observed the
presence of heat-coagulable urinary protein in patients with
renal failure in 1836. Similarly, in his 1844 textbook, Urinary
Deposits, Golding Bird (2) described many findings in the urine
sediment that are still valid today, including the first use of the
term “casts.” During the same period, urine chemical analyses
for glucose, bile acid, protein, and blood were being developed
(3). However, these tests were time consuming and needed large
amounts of laboratory space and equipment. In the late 1800s,
urinary test strips were developed that fixated reagents onto
filter paper, which allowed bedside testing of urine. The mod-
ern use of commercially available dipsticks was launched in
1956 with the use of a specific enzyme (glucose oxidase) that
improved sensitivity and specificity (3). Currently, new appli-
cations and innovations continue, with automation of urinary
strips testing, immunologic testing for specific proteins, and
increasingly sophisticated microscopy.

Today, even with the explosion in knowledge of renal disease
and the accompanying sophistication of techniques to study
these processes, “simple” urinalysis remains a cornerstone for
the evaluation of the kidney. The examination of urine is still
the indispensable first step for most, if not all, clinicians in
approaching the patient with suspected kidney disease.

Traditionally, the complete examination of urine has been
divided into a macroscopic and microscopic evaluation. The
macroscopic analysis of urine includes assessment of its phys-
ical characteristics (appearance, odor, specific gravity) and
chemical analysis. Today, the “routine” chemical analysis of
urine is usually performed using urine dipsticks (4,5). These
commercially available test strips contain absorbent pads im-
pregnated with chemical compounds that bind to the sub-
stances to be measured. The chemical reaction that follows
causes an associated indicator dye to change color. This color
change is then compared to a known standard. The result is
a rapid semiquantitative measurement of the constituents of
interest. Therefore, urine can be screened for a range of sub-
stances quickly and easily using dipsticks (Table 10-1). It is
important to stress that the information obtained is qualitative
or semiquantitative. Accurate measurement of the renal excre-
tion of a substance requires a timed specimen and usually more
sophisticated chemical analysis (5). A variety of substances or
changes in the character of the urine can interfere with the in-
dividual urine dipstick tests. Microscopic analysis of the con-

stituents of urine is performed on either an unspun specimen
or, more usually, the sediment from a centrifuged urine spec-
imen. In this chapter, we review the components and clinical
significance of the routine urinalysis.

URINE COLLECTION

In general, a “clean catch” urine sample should be obtained.
In males, the foreskin should be retracted and the glans penis
cleansed. Similarly, in females, the labia should be separated
and the area of the labia and urethral meatus cleansed. A mid-
stream clean catch urine sample is preferred. This specimen is
less likely to be contaminated by contents of the urethra or
vagina and, consequently, is a clearer reflection of the kidney.
It is also the sample that is most useful for urine culture. Blad-
der catheterization is generally reserved for situations where
adequate urine cannot be obtained easily by the clean catch
method. Suprapubic bladder aspiration is a useful procedure
in infants, especially for cultures.

The most information is obtained from an overnight, or
“first-void,” urine sample. This is usually a concentrated spec-
imen; therefore, it allows assessment of concentrating ability.
In addition, cells and casts tend to be preserved by the acid
urine often found in a first-void sample. Urine should be ex-
amined as soon as possible after voiding (within 2 hours). Over
time, the physical and chemical composition of urine change
and the elements in the sediment (cells, casts, and crystals) de-
teriorate, making interpretation difficult. Therefore, transport,
storage, and preservation of urine are critical considerations.
Urine must reach the laboratory rapidly; once there, it must be
promptly analyzed or preserved. In the short term, refrigera-
tion slows the deterioration of urine; however, there is no good
substitute for immediate examination.

MACROSCOPIC URINALYSIS

Appearance

Normal freshly voided urine is clear. The color of urine can vary
from colorless to pale yellow to amber. The concentration of the
pigment urochrome is responsible for the color of normal urine.
Colorless urine tends to be very dilute. Turbid urine may result
from precipitation of urate or phosphate crystals, especially if
the urine is refrigerated. The urine often will clear again as the
crystals dissolve with rewarming. Cloudy urine also may occur
with leukocytes or bacteria.

Abnormally colored urine does not necessarily indicate dis-
ease. A variety of foods and pharmacologic agents can cause
wide color variation in normal urine (4,5). Some conditions as-
sociated with abnormal urine color include: red to red–brown:
free hemoglobin, myoglobin, blood or porphyria; brown: alka-
ptonuria; white: protein; orange: bile pigment, pyridium; black:
melanin; yellow–green: urine bile pigments, Pseudomonas
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TA B L E 1 0 - 1

COMMON URINE DIPSTICK SCREENING TESTS

pH
Specific gravity
Glucose
Ketones
Protein
Hemoglobin (RBCs)
Bilirubin
Urobilinogen
Nitrites (bacteria)
Leukocyte esterase (WBCs)a

aWBCs, white blood cells.

bacteriuria (6,7). Further investigation is indicated if an ab-
normal color is noted (8).

Odor

Normal urine has a characteristic mild odor caused by excreted
esters (4). Fresh-void urine may have a somewhat stronger
odor, because of its concentration. Urine allowed to stand for
long periods of time acquires a particularly pungent odor, as
does urine from patients with urinary-tract infections. Cer-
tain foods, asparagus in particular, impart a distinctive odor
to urine. In general, the odor of urine is of limited clinical im-
portance.

Specific Gravity

Specific gravity measures relative density by comparing the
weight of urine to that of distilled water in a constant volume.
The specific gravity depends on both the weight and number
of particles in solution. Specific gravity and osmolality (which
depends on number of particles alone) correlate well in normal
urine. Specific gravity is a convenient and rapid measure of os-
molality and, hence, urine concentration. The specific gravity
of urine ranges from 1.001 to 1.035, although it ranges from
1.008 to 1.030 under normal conditions (4,5). Specific gravity
of distilled water is 1.000 and that of normal plasma is 1.010.
A high specific gravity (greater than 1.020) indicates concen-
trated urine, whereas a low specific gravity (less than 1.005)
indicates dilute urine.

There are several ways specific gravity can be measured. The
oldest method is by measuring the buoyancy of a hydrometer
(weighted flotation device) in urine; however, reproducibility is
poor and inaccurate. Most laboratories use a refractometer that
measures the refractive index and reflects the quantity of solids
in a liquid (4,5). However, if substances (e.g., glucose, protein,
and radiographic contrast agents) of higher molecular weight
than the normal urine constituents are present in the urine,
there is a disproportionate rise in the urine specific gravity as
compared to urine osmolality as measured by refractometer or
hygrometer. Under these conditions, urine specific gravity does
not accurately reflect urine concentration. Often the specific
gravity in these settings is outside of the normal physiologic
range (greater than 1.040). The measurement of specific grav-
ity by urine dipsticks is dependent on ionic concentration in
urine. Ionic concentration and urine osmolality are linearly re-
lated. The dipstick pad for specific gravity contains a polyionic
polymer that binds hydrogen ions, which causes a change in
the dissociation constant detected by a pH indicator dye (9).

Specific gravity measurements by dipstick can be pH depen-
dent, with falsely elevated values at urine pH less than 6 and
falsely lower values at urine pH greater than 7. Dipstick mea-
surements of specific gravity are not affected by the presence
of albumin, glucose, or x-ray contrast media (10).

Urine pH

The pH of urine can fluctuate between 4.5 and 8.0. In gen-
eral, normal urine has a pH between 5.0 and 6.0, reflecting the
usual obligate excretion of acids generated from metabolism.
The pH measurement obtained with a dipstick is sufficiently
accurate in most situations. Urine pH is measured by the dou-
ble indicators methyl red and bromthymol blue, which give a
broad range of colors at different pH. If a more accurate mea-
surement is required, urine should be collected under oil (to
prevent CO2 escape) and measured with a glass pH electrode.
The urine pH tends to be lower in the first-void specimen and
rise after meals. If urine is left at room temperature, the pH
becomes more alkaline, because of the breakdown of urea by
bacteria, which liberates ammonia. Urine pH can aid in diag-
nosing systemic acid–base disorders in conjunction with other
laboratory tests.

Protein

In the past, it was commonly thought that there was no protein
in normal urine. This misconception resulted from an inability
to detect urinary protein because of the insensitivity of avail-
able tests. Protein is normally found in the urine, with a 24-hour
protein excretion of up to 150 mg/day. In general, this corre-
sponds to a concentration of approximately 10 mg/dL. In nor-
mal urine, 60% of the proteins originate from the plasma, and
the remaining 40% originate from the kidney and the urogeni-
tal tract. There are over 32 different plasma proteins; albumin
is the predominant protein. Tamm–Horsfall mucoprotein is the
predominant protein derived from the kidney. IgA and uroki-
nase are also secreted in the renal tubule; therefore, normal
urinary protein composition is approximately 40% albumin,
40% Tamm–Horsfall protein, 15% immunoglobulins, and the
remaining 5% other plasma proteins.

Methods for Measuring Urinary Protein

There are many methods available to measure urinary protein.
The method chosen depends on the sensitivity required, the
need for quantification, reproducibility, accuracy, cost, and ease
of performing the test.

Qualitative Colorimetric Test Strips. Urine is most often
screened by dipstick. The dipstick pad for protein contains the
pH-sensitive colorimetric indicator tetrabromophenol in a cit-
ric acid buffer. Urinary proteins bind to the indicator, causing a
color change. The results are graded from negative to trace to
4+, reflecting the respective protein concentration. The lower
limit for protein detection by dipstick is 10 mg/dL. A trace
result corresponds to 15 to 30 mg/dL, whereas 4+ indicates
greater than 2,000 mg/dL. The urine dipstick is most sensitive
for negatively charged proteins, such as albumin, and often is
insensitive to other proteins, such as the positively charged im-
munoglobulin light chains found in multiple myeloma. False-
positive changes may be seen if the urine is very alkaline or if
there is contamination with bacteria, blood, quaternary ammo-
nium compounds, or chlorhexidine (a skin cleanser) (11–13).
Consistency of results reporting is highly variable. The result
depends on a color change that may not always be clear-cut.
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Interpretation of color change is subjective, and leads to incon-
sistencies that are dependent on the operator (14,15).

Other Methods

Other methods to quantitate total protein concentration de-
pend on precipitation of protein. The most common agent
is sulfosalicylic acid, which is added to a measured volume
of the sample urine. The resulting turbidity is measured by
a photometer or nephelometer and is compared to a set of
standards. Results may range from 0 to 4+, corresponding to
less than 10 mg/dL to greater than 500 mg/dL. Trichloroacetic
acid also can be used. Immunoglobulin light chains are de-
tected by this method. False-positive results can occur if the
urine contains tolbutamide, radiocontrast agents, or high lev-
els of cephalosporin, penicillin, or sulfonamide derivatives (12,
16–18).

Tests that use specific antisera to individual proteins for ac-
curate determination of urinary concentration for the tested
proteins include radioimmunoassay (RIA), radial immunod-
iffusion, immunoelectrophoresis, enzyme-linked immunosor-
bent assay (ELISA), and immunonephelometry. The method
of choice for the detection of immunoglobulin light chains in
urine is immunoelectrophoresis of a concentrated aliquot from
a 24-hour urine collection in patients with multiple myeloma
(4,5).

It should be stressed that the determination of urine pro-
tein concentration in a random urine sample by dipstick (or
turbidity) does not necessarily directly predict 24-hour protein
excretion. It is not a quantitative test of proteinuria. Significant
proteinuria, for example, could be missed by dipstick screen-
ing if urine flow is high, resulting in a high urine volume and
low protein concentration. On the other hand, a concentrated
urine specimen could lead to an overestimation of the degree
of proteinuria. At times, it is necessary to quantify protein ex-
cretion; determining the 24-hour protein excretion is clinically
useful. However, the largest cause of error in quantifying pro-
tein excretion is inaccurate 24-hour collection. The adequacy
of the 24-hour collection can be judged by concomitant mea-
sure of urine creatinine excretion; nevertheless, this still leads to
time-consuming, burdensome, and often unpredictable quan-
tification of urinary protein excretion. It has been shown that
the ratio of protein-to-creatinine in a single-voided random
urine sample can be used to estimate total protein excretion.
A normal ratio is less than 0.1 to 0.2 (100 to 200 mg of pro-
tein and 1000 mg of creatinine in 24 hours). A ratio of 1.0
correlates with a protein excretion of 1.0 g/day, whereas a ra-
tio of greater than 3.5 suggests nephrotic range proteinuria
(19,20).

Microalbuminuria

Microalbuminuria refers to elevated urine albumin excretion
that is below the level of detection (30 to 300 mg/24 hours)
by routine urine protein dipstick test. Persistent rates of urine
albumin excretion above 20 μg/min are predictive of subse-
quent diabetic nephropathy and other chronic renal diseases
(21–29). Currently, the American Diabetes Association and
the National Kidney Foundation recommend screening for mi-
croalbuminuria by either determining the rate of albumin ex-
cretion using a timed-urine collection (greater than 20 μg/min)
or measuring the albumin-to-creatinine ratio in random, spot
collection (greater than 2.5 mg/mmol or 30 mg/g) (30,31). Al-
bumin concentration in commercial laboratories can be mea-
sured by a variety of methods based on the use of specific antis-
era, including radioimmunoassay, immunoturbidimetric assay,
ELISA, and immunonephelometry assays (21–24). However,
as clinical evaluation of microalbuminuria has become increas-
ingly important, there has been a push to make screening more
rapid and readily available. Urine dipsticks have been devel-

oped to detect levels of albumin greater than 20 mg/L. Micral-
Test II (Boehringer-Mannheim, Mannheim, Germany) has been
one of the most extensively studied test strips, with a sensitiv-
ity of 64% to 97% and a specificity of 70% to 98% when
compared to either radioimmunoassay or nephelometric assay
(32–35). The test strip, which is a series of reagent pads, is
based on an ELISA assay where albumin in the urine binds to a
conjugate of antibodies linked to the enzyme β-galactosidase.
Clinitek (Bayer Corp., Elkhart, Indiana), a new desktop assay
using a reagent strip that tests for both albumin and creatinine,
was recently developed. The test utilizes sulfonephthalein dye,
binding for albumin and the peroxidaselike activity for creati-
nine. The color changes on the separate reagent pads are then
read on a bench- top analyzer (36–39). Study sample sizes are
small, but suggest that this system may provide a semiquantita-
tive assessment for microalbuminuria. Studies have suggested
that urinary albumin concentration may be underestimated by
immunoassays. However, use of high-performance liquid chro-
matography, which measures total albumin (immunoreactive
plus -unreactive), permits earlier detection of microalbumin-
uria (40).

Glucose

The renal threshold for glucose is a serum concentration of
180 mg/dL, although this may vary among individuals. Glu-
cose appears in the urine if the concentration of glucose in
serum exceeds the renal threshold. Glucose is detected in the
urine by the use of a dipstick employing glucose oxidase. This
enzyme is specific for glucose; therefore, it does not detect other
reducing substances, such as other sugars (e.g., lactose and fruc-
tose). These dipsticks detect glycosuria in concentrations rang-
ing from 50 mg/dL to over 1,000 mg/dL. False-negative results
can be seen if ascorbic acid or aspirin is present in the urine.
False-positive results can be seen with hydrogen peroxide.

Ketones

The urine dipstick for ketones uses a nitroprusside reagent.
Ketones found in urine are acetoacetic acid, acetone, and β-
hydroxybutyric acid. Both acetoacetic acid and acetone react
with nitroprusside; however, β-hydroxybutyric acid is not de-
tected. Concentrations of ketones in urine as low as 5 mg/dL
can be detected by dipstick testing. Ketones are most com-
monly found in the urine of patients with diabetes, starva-
tion (including dieting and anorexia), and severe dehydra-
tion. False-positive results can be seen with ascorbic acid,
phenazopyridine, and free sulfhydride compounds, such as
N-acetylcysteine (7). In addition, the ketone portion of
multiple-test strip dipsticks is more sensitive to moisture than
other test pads.

Bilirubin

Conjugated bilirubin is water soluble; therefore, it appears in
the urine. On the other hand, unconjugated bilirubin is bound
to albumin and, hence, water insoluble; therefore, it is not usu-
ally found in the urine. Dipsticks containing pads embedded
with an aniline dye can detect bilirubin. The test is sensitive to
below 0.05 mg/dL. Rapid testing of urine is important for de-
tecting bilirubin because bilirubin in urine breaks down, espe-
cially after exposure to light. False-negative results also can be
obtained if there are large amounts of ascorbic acid or nitrites
present in urine. False-positive results can be obtained with
contamination with stool or in the presence of chlorpromazine.
Detection of urinary bilirubin is not a valuable screening
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tool for liver disease, because serum bilirubin provides more
useful information.

Urobilinogen

Urobilinogen is produced from conjugated bilirubin that is me-
tabolized by intestinal bacteria. Urobilinogen is reabsorbed
into the bloodstream and subsequently appears in the urine.
The dipstick test is based on Ehrlich’s reagent. The test must be
performed quickly because urobilinogen is rapidly oxidized to
nondetectable urobilin when exposed to air. Conditions asso-
ciated with high levels of bilirubin also result in the appearance
of urobilinogen in the urine, unless there is an obstruction pre-
venting bilirubin from reaching the intestine from the biliary
tract. In these latter conditions, bilirubin, but not urobilino-
gen, can be detected in the urine. The rapid degradation of
urobilinogen makes urinary urobilinogen a less valuable clini-
cal screening test.

Nitrite and Leukocyte Esterase

Screening for urinary tract infections by urine dipstick tests (ni-
trite and leukocyte esterase) has been shown to be effective for
symptomatic and high-risk patients. The nitrite test is based on
bacteria reducing nitrates to nitrites in the urine, which is not
normally found. Nitrites react with p-arsenilic acid, forming a
diazonium compound that reacts with a colorimetric indicator.
It is a qualitative test with either a positive or negative result.
A positive test indicates greater than 10 organisms/mL. False-
negative results are obtained if the bacteria present in urine
do not produce nitrites (e.g., Streptococcus faecalis, Neisse-
ria gonorrhoeae, and Mycobacterium tuberculosis) and yeast
infections. High levels of ascorbic acid also produce a false-
negative result. In addition, low urinary retention may also
give false-negative results, because it takes up to 4 hours for
the conversion of nitrate to nitrite. Nitrites also degrade with
prolonged storage.

The leukocyte esterase test is based on the release of leuko-
cyte esterase from lysed neutrophils. The leukocyte esterase
reacts with an ester on the reagent strip, producing a 3-
hydroxy-5-phenyl pyrrole, which, in turn, reacts with a diazo
salt, causing a color change. The color produced reflects the
number of neutrophils present in the urine. The test is usu-
ally positive if greater than 5 white blood cells (WBCs)/hpf are
present. Intact neutrophils are not necessary for a positive test
to occur; leukocyte esterase (from lysed neutrophils) can be
detected in the urine, even when no WBCs can be identified
in the sediment by microscopy. False-positive results can oc-
cur with vaginal contamination. The leukocyte esterase reagent
performs well when compared to microscopy (41–45). Other
cells found in the urine (e.g., red blood cells [RBCs]epithelial)
do not contain leukocyte esterase and, therefore, do not cause a
reaction.

As noted, these tests alone or in combination have been used
in screening for urinary tract infection. A range of sensitivities
and specificities has been reported for each test alone, paired
in conjunction (both tests positive), or in disconjunction (ei-
ther test positive) in a number of clinical settings (46–54). In
addition, meta-analysis has been performed in adults (55) and
more recently in children (56), which corroborates the use of
nitrite and leukocyte esterase tests in combination to screen for
urinary tract infection. This approach results in ranges of sen-
sitivity of 78% to 97%, and specificity of 75% to 98%. The
negative predictive value was 97.5%, which suggests that if
both tests are negative the likelihood of a positive urine culture
is small. Nitrite testing alone gives less satisfactory results, with
sensitivity of 27% to 54% and specificity of 94% to 99%.

Blood and Hemoglobin

Occult blood can be detected in urine by the use of dip-
sticks impregnated with ortho-toluidine and organic perox-
idase. Hemoglobin, either free in urine or from RBCs in
urine, catalyzes an oxidation reaction, which results in a color
change. Intact RBCs hemolyze on the reagent strip, liberating
hemoglobin and initiating the described reaction, which pro-
duces a colored “dot.” On the other hand, free hemoglobin
results in a uniform color on the reagent pad.

The urine dipstick is very sensitive for detecting even small
numbers of RBCs in the urine (57–59). The sensitivity for
greater than 3 RBCs/hpf ranges from 80% to 95%, with a
specificity of 95% to 99%. In fact, RBCs can be detected in
40% to 60% of samples containing 1 to 3 RBCs/hpf. The ease
and reliability of the dipstick has led to the suggestion that it
be utilized as a screening test for asymptomatic populations
(60–64); however, the cost-effectiveness of this approach is yet
to be conclusively demonstrated (65–72).

As noted, the presence of free hemoglobin in the urine (e.g.,
transfusion reaction) gives a false-positive dipstick result for
RBCs. Similarly, myoglobin in the urine (e.g., rhabdomyolysis)
also yields a positive dipstick result. The presence of a positive
dipstick test for occult blood with absent RBCs on microscopic
examination of the sediment is important evidence for the pres-
ence of pigmenturia (either hemoglobinuria or myoglobinuria).
Oxidizing contaminants in the urine or Betadine (povidone io-
dine) may cause a false-positive result. Ascorbic acid may cause
a false-negative result.

MICROSCOPIC URINALYSIS

Microscopic examination of the urine sediment (or occasion-
ally unspun urine) generally follows macroscopic urinalysis.
It has been suggested that microscopic analysis should be de-
ferred if the macroscopic analysis (dipstick) is negative (45,73).
However, the clinical situation and patient population should
determine the extent of analysis undertaken. Microscopic ex-
amination of the sediment often can provide very useful infor-
mation.

The urine sediment is examined microscopically for the pres-
ence of cells, casts, and crystals. Normal urine contains small
numbers of all these elements, which can be identified in the
sediment (Table 10-2). Abnormal urine sediment contains ei-
ther constituents of normal urine in abnormally high numbers,
or constituents that are not usually present in normal urine in
any number. In the following discussion we review the indi-
vidual constituents of “normal” and “abnormal” urine, which
can be identified by microscopic examination of the urine sedi-
ment.

Preparation of the Urine Sediment

Prior to any discussion of the individual elements that can
be identified in the urine sediment, it is important to briefly
review the technical aspects of preparing the urine sediment
for examination. The importance of standardization of tech-
nique and quality assurance has been stressed (73). The impor-
tant steps include: centrifugation, resuspension of sediment,
slide preparation, and microscopic examination. Adherence to
proper technique assures accurate and reproducible sediment
analysis.

In brief, a 10-mL volume of urine should be centrifuged for
5 minutes at approximately 2,000 rpm (1,500 to 2,500 rpm).
The supernatant is carefully decanted and the sediment resus-
pended by gentle agitation. This is often done in a constant
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TA B L E 1 0 - 2

URINE SEDIMENT

Normal Abnormal

Cells
RBCa 3–5/hpf >5/hpf
WBCa 3–5/hpf >5/hpf
Epithelial 0–2/hpf >5/hpf
Oval fat body − +

Casts
Hyaline Few Many
Granular Few Many
RBCa − +
WBCa − +
Epithelial − +
Pigment − +
Fatty − +
Waxy − +

aRBC, red blood cells; WBC, white blood cells.

(e.g., 1 mL) volume. However, a concentrated specimen facili-
tates identification of the constituents present in the sediment.
A “drop” is pipetted onto a slide and a coverslip placed. Com-
mercial systems are available that ensure that a constant sedi-
ment volume is transferred to the slide (5,73).

Collection of urine samples also may affect the microscopic
analysis. Skin flora or vaginal contamination significantly alters
the results of microscopic examination. A midstream clean-
catch specimen should be collected and the patient instructed
to retract the foreskin or labia. A first-morning void, which is
usually more acidic, tends to preserve both cellular elements
and casts. Urine needs to be examined as quickly as possible
before deterioration of casts and cells. Refrigeration slows lysis,
but may cause precipitation of phosphates and urates, making
it difficult to evaluate the sediment.

Examination Techniques

The urine sediment (or unspun urine) is routinely examined
using bright-field microscopy under both low (×100 magnifi-
cation) and high power (×400 magnification). Either stained
or unstained sediment can be examined. Often stains are used
for special circumstances (e.g., Wright’s or Hansel’s stain for
eosinophils in acute interstitial nephritis; see the following).
The use of polarizing light to examine the sediment also is
common and particularly helpful for identifying crystals and
fats in the urine (73).

Phase-contrast microscopy often is utilized for routine urine
examination (74). This technique may facilitate the identifica-
tion of the formed elements in the sediment. It has been partic-
ularly useful in identifying the source of RBCs detected in the
urine (see the following). Even greater detail can be provided
by examination of the sediment using interference contrast mi-
croscopy (75); however, this is not routinely available.

A variety of other more sophisticated techniques of urine
examination have been reported over the last two decades.
Most of these, however, have not found their way into rou-
tine clinical practice, but remain primarily research tools. Both
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) have provided much basic informa-
tion regarding the composition and origin of casts in the urine

(76–78). It has been suggested that TEM also can provide
useful diagnostic and prognostic information in acute renal
injury (75,79), urinary viral and parasitic infections (80–82),
and urogenital carcinoma (83). Similarly, immunofluorescence
and monoclonal antibodies have been used to identify the
cells and casts in the urine sediment in a range of renal dis-
eases (84). Immunologic techniques, including monoclonal an-
tibodies, also have identified enzymes, tubular antigens in re-
nal diseases, viruses, and malignant cells that appear in the
urine (85).

Cells

Red Blood Cells (RBCs)

It is generally accepted that “normal” individuals (i.e., those
without any apparent renal or urologic disease) occasionally
excrete RBCs in the urine. However, the upper limit of normal
for RBCs in the urine still remains unclear. Addis (86) was the
first to look at this issue in a 1926 study of RBC excretion
in “normal” medical students. He found up to 425,000 RBCs
in a 12-hour urine collection. Others have reported excretion
rates of up to 600,000 in normal individuals (87). This roughly
corresponds to 5,000 RBCs/mL (88) or 2 RBCs/hpf upon ex-
amination of the urinary sediment (89).

It needs to be stressed that significant urologic disease may
still be present with normal levels of RBC excretion. It is clear
that there is overlap, regardless of the criterion chosen for di-
viding normal from abnormal numbers of RBCs in urine. Most
accept 3 to 5 RBCs/hpf as a reasonable dividing line between
normal and abnormal. From a practical standpoint, this is the
limit of sensitivity for RBCs in the urine dipstick, which is be-
coming the main screening method for the presence of hema-
turia. Estimates of the prevalence of microscopic hematuria
vary from 2.5% to 13%, depending on population and the
criterion for hematuria selected (62,63,66,90–94).

Distinguishing between hematuria of glomerular origin and
hematuria originating from the lower urinary tract is of obvi-
ous importance when evaluating the patient with microscopic
hematuria (Figs. 10-1 and 10-2). Fairley and Birch (95), using
phase-contrast microscopy, were the first to note that RBCs
of glomerular origin were dysmorphic in contrast to RBCs of
nonglomerular origin. Although these findings have been con-
firmed (96–99), other investigators could not demonstrate ei-
ther a high sensitivity or specificity with this technique (100–
102). Significant discrepancies among observer interpretations
of cell morphology were noted. Other approaches have been
developed based on the observation that RBCs of glomeru-
lar origin have a lower mean corpular volume (MCV) than
RBCs of nonglomerular origin (103). Coulter counter analysis
of urine RBCs can be used to make this distinction (104). Re-
cently, a newly developed automated urinary flow cytometer
was able to differentiate between glomerular and nonglomeru-
lar hematuria with a sensitivity of 90.3% to 100% and speci-
ficity of 86.6% to 92.5% (105,106). RBC casts and/or sig-
nificant proteinuria also suggest a glomerular source for the
RBCs.

White Blood Cells (WBCs)

Leukocytes are commonly observed in normal urine. Up to
400,000 cells may be excreted per hour in normal urine, cor-
responding to greater than 10 WBCs/mL in an unspun urine
sample (107). Leukocyte excretion, however, is most often de-
termined by counting cells/hpf in the sediment. The detection
of 1 WBC/hpf in the sediment is approximately 5 WBC/mL
in unspun urine (108). In general, 5 WBCs/hpf is considered
the upper limit for normal urine (46,109,110). The leukocyte
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FIGURE 10-1. Urine from a patient in relapse with mesangial immunoglobulin A glomerulonephritis,
showing a population of well-hemoglobinated cells of similar size and shape, as well as dysmorphic
red cells typically seen in glomerulonephritis. The coexistence of a nonglomerular source of bleeding
would need to be considered in such a case, but this “mixed” pattern is commonly encountered when the
erythrocyte count is high in this form of glomerulonephritis.

esterase reagent strip (see the preceding text) is sensitive for
greater than 5 WBCs/hpf in the sediment, making it a reason-
able screening test for pyuria. The presence of large numbers
of leukocytes implies inflammation (i.e., interstitial nephritis or
infection). Infection is the most common cause of pyuria; most
patients with infection have pyuria (111).

The polymorphonuclear neutrophil is the predominant
leukocyte seen in the urine, particularly in normal urine; how-
ever, at times other leukocytes may be found (Fig. 10-3). The
presence of eosinophils has been suggested as a sign of acute
interstitial nephritis (112–114). Eosinophils can be detected
in the urine using either Wright’s or Hansel’s stain. However,

FIGURE 10-2. Nonglomerular bleed-
ing, showing a very similar well-hemo-
globinated population of erythrocytes.
Tumors, stones, menstrual contamina-
tion, or blood added artificially by a
psychiatrically disturbed patient would
give this picture.
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FIGURE 10-3. The lobed nuclei of the leukocytes, clearly seen on phase-contrast microscopy.

Hansel’s is much more sensitive than Wright’s stain for de-
tecting eosinophils in urine (113,114). Urine eosinophils are
best reported as a percentage of cells counted in the sediment
(usually 100 to 500 WBCs total counted). Greater than 1%
is considered positive; the sensitivity, specificity, and predictive
value positive and negative for interstitial nephritis have been
reported as 63%, 93%, 50%, and 98%, respectively (114).
The higher the percentage of eosinophils in urine (e.g., greater
than 5%), the more predictive the finding is of acute interstitial
nephritis (112). Urine eosinophils in low numbers (less than
1%) may be seen with a variety of other clinical conditions,
urinary tract infection, in particular (112–114).

Epithelial Cells

Three types of epithelial cells appear in the urine: renal tubular,
transitional, and squamous. These cells appear in small num-
bers in normal urine, less than 3 to 5/hpf, or approximately
68,000 to 78,000/hour in women and men, respectively (range
25,000 to 200,000 cells/hour) (115,116). The reason for the
higher excretion rate in men is not clear, although differences
in renal mass have been suggested (116).

Renal tubular cells are mononuclear cells that derive from
the nephron (Fig. 10-4). Usually these are easily distinguished

FIGURE 10-4. Renal tubular epithelial cell with the single nucleus,
clearly shown on phase-contrast microscopy.

from leukocytes. Papanicolaou stain can be used to distinguish
tubular cells from other mononuclear cells (5). Increased num-
bers of urinary renal tubular cells appear in clinical conditions
where there is tubular damage (e.g., acute tubular necrosis,
nephrotoxin injury, or transplant rejection). Tubular cells that
have absorbed lipids that are visible in the cytoplasm are called
oval fat bodies (Fig. 10-5). These are often seen associated with
nephrotic syndrome. If the fat droplets contain large amounts
of cholesterol, a “Maltese cross” pattern may be seen when the
sediment is examined with polarized light (117).

Transitional epithelial cells are derived from the renal pelvis,
ureters, or bladder. Increased numbers of these cells may be
seen with inflammatory conditions of the ureters or bladder.
Cytologic examination is required to look for evidence of tran-
sitional cell carcinoma if large numbers of transitional cells
appear in the urine.

FIGURE 10-5. An oval fat body viewed under polarized light. The
dark lipid material filling most of the cell is seen clearly, as are the
classic “Maltese crosses.”
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Squamous epithelial cells are large, easily identifiable cells
derived from the female and terminal male urethra. These cells
are most often seen in the urine of females because of vaginal
contamination of the urine.

Casts

Casts are formed in the renal tubule as a consequence of the
precipitation of Tamm–Horsfall protein. Tamm–Horsfall pro-
tein, which is the most abundant protein in normal urine,
is a glycoprotein excreted by the renal tubule (118). The
function of this protein is not completely clear, although it
may have immunoregulatory actions. However, it is the major
constituent of urinary casts. Conditions that facilitate poly-
merization of Tamm–Horsfall protein (e.g., calcium, sodium,
albumin, radiocontrast media, Bence Jones proteins, and de-
hydration) also lead to increased cast formation. An acid,
concentrated urine tends to favor cast formation as well. The
gel of the Tamm–Horsfall protein takes the shape of the lumen
of the renal tubule from which it originates. Material in the
tubule at the time the cast is formed (cells, debris, crystals, and
proteins) may be associated with the cast and results in the va-
riety of casts that appear in the urine in different disease states
(see the following).

Small numbers (on average 2,000 to 10,000/day) of hya-
line and granular casts (the vast majority of which are hya-
line) can be seen in normal urine (86,115,119). Increased num-
bers of these casts, cylindruria, are not necessarily pathologic.
They may be excreted in increased numbers in association
with stress, strenuous exercise, or dehydration; however, the
increase in cast excretion disappears within 24 to 48 hours
after resolution of these conditions (120,121). Fever and di-
uretics also cause a transient increase in hyaline and granular
cast excretion (122,123). Although hyaline and granular casts
may not always indicate pathology, all other casts are abnor-

mal and suggest renal disease. The individual casts that may be
seen in urine are described below.

Hyaline Casts

These are acellular casts composed of Tamm–Horsfall protein
alone. They form in the distal tubules or collecting ducts. As
noted, hyaline casts appear in small numbers in normal urine.
The detection of increased numbers of hyaline casts does not
necessarily imply underlying disease, because stress, exercise,
fever, diuretics, and dehydration result in a transient increase in
hyaline cast excretion (120–123). Hyaline casts appear alone
(or with occasional granular casts) in these circumstances.
Large numbers of hyaline casts also are seen in disease states,
however, virtually always in association with other abnormali-
ties in the urine, such as cellular casts, cells, and protein, and so
on. Casts may be much wider (four to five times) than normal
when formed in damaged, dilated, or hypertrophied nephrons
or collecting ducts. These “broad casts” indicate severe renal
disease and often are detected in patients with chronic renal
failure.

Granular Casts

The presence of granules in the basic cast protein matrix leads
to the designation of a granular cast. Granular casts are seen
in small numbers (significantly less than hyaline casts) in nor-
mal urine, but are very common in disease states. These gran-
ules result either from the aggregation of proteins or cellular
debris in the Tamm–Horsfall matrix (77,78,124). In fine gran-
ular cast, the granules are small and regular. Cell injury and
death can lead to large granules of variable size and shape,
forming a coarse granular cast. The appearance of large num-
bers of deeply pigmented granular “muddy-brown” casts in
the urine is the characteristic urine sediment finding in acute
tubular necrosis.

FIGURE 10-6. A waxy cast, showing very sharply defined edges. A clump of disintegrating cells is seen
at one end.
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FIGURE 10-7. An erythrocyte cast in an acid urine composed of red
blood cells from which much of the hemoglobin has disappeared.

Fine granular casts tend to be seen in normal urine. Both
fine and coarse granular casts are seen in disease. The distinc-
tion between fine and coarse granular casts is of little clinical
importance. Coarse granular casts are thought to represent an
early stage of degeneration of cellular casts. Ultimately, further
degeneration can result in the formation of waxy casts.

Waxy Casts

These are highly refractile, smooth, homogeneous, blunt-ended
casts (Fig. 10-6). Occasionally, a few granules or some cells or
cell debris may be contained. It has been suggested that they
represent the final phase of granular cast degeneration, but their
origin is not completely clear (77). They often appear as broad
casts and, as such, are called renal failure casts. Waxy casts can
indicate advanced renal disease and, thus, when detected in the
urine in large numbers are suggestive of a poor prognosis.

Red Blood Cell Casts

An RBC cast is formed as a result of RBCs adhering to or em-
bedding in a hyaline cast (77). The RBC can enter the tubule
either through the glomerular basement membrane or the tubu-
lar basement membrane. The former route is predominant in
glomerular disease, whereas the latter is the route responsi-
ble for the RBC casts occasionally seen associated with renal
infarction or pyelonephritis. The RBCs in the casts may be in-
tact or show varying degrees of disruption and degeneration
(Fig. 10-7). There is almost always an associated hematuria.
The RBCs seen may show dysmorphic features, suggesting a

glomerular origin for the cells (95). The detection of RBC casts
requires careful searching of the sediment, because they may
be sparse even in the presence of significant glomerular disease.
The identification of even one RBC cast is essentially pathog-
nomonic for glomerular disease.

Pigment Casts

If the disruption or degeneration in a RBC cast becomes se-
vere, the RBC membranes can become indistinct, resulting in
an orange–red granular-appearing, hemoglobin cast. Similar
appearing casts can be seen with myoglobinuria. Pigmented
casts containing bilirubin or (more rarely) melanin also occa-
sionally can be seen in the sediment.

White Blood Cell Casts

White blood cell casts contain leukocytes, usually neutrophils,
in a hyaline cast matrix (77). The WBCs enter the tubule via
the tubular basement membrane and then become incorporated
into the cast. The detection of WBC casts usually suggests inter-
stitial nephritis or pyelonephritis. However, glomerular nephri-
tis may result in WBC casts, on occasion, if associated with
significant neutrophil infiltration.

Renal Tubular Epithelial Cell Casts

These casts are formed from renal tubular cells that slough off
and are, in turn, embedded in the hyaline matrix (77). They
can be seen associated with any renal tubular injury; however,
they are commonly seen with acute tubular necrosis. It is often
difficult to distinguish between a WBC and a renal tubular
cast.

Fatty Casts

Fats may be seen in the urine as free globules, oval fat bodies,
or fatty casts. Fatty casts contain fats as free globules or con-
tained within embedded tubular epithelial cells (oval fat bod-
ies). If cholesterol or cholesterol esters are present, examination
with polarized light may show a characteristic “Maltese cross”
pattern. Neutral fats, on the other hand, stain with Sudan III
or oil red O dye. The finding of lipiduria is most commonly
associated with the presence of nephrotic syndrome. It is also a
“classic” finding of the fat embolism syndrome and occasion-
ally is seen following severe long-bone fractures.

Bacterial and Fungal Casts

Bacteria and fungi may be observed within the matrix of a cast
(125). They often appear as granules in a cast; thus, the frequent
diagnosis of a granular cast. There are often associated with
WBC casts and these microorganisms may be present in WBC

FIGURE 10-8. Two conglomerations of uric acid crystals. The
typical shape of the single crystals can be seen in those protrud-
ing from the sides of the conglomerations.
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FIGURE 10-9. A very large calcium oxalate crystal. Its large size is obvious when this crystal is compared
with the small calcium oxalate crystal (bottom left corner).

casts as well. The finding of bacterial or fungal casts strongly
suggests renal infection.

Crystals

Crystals are a common finding in the urine, particularly if urine
is allowed to stand before examination (Figs. 10-8 and 10-9).
The type of crystal observed, in large part, reflects the urine pH
as well as the constituents of the urine. In general, identification
of crystals in the urine is of limited clinical importance. The
crystals that can be seen in normal urine are listed in Table 10-3.
The type of crystal observed in stone disease may be a clue
to the origin of the stone (Figs. 10-10 and 10-11). Similarly,
large numbers of calcium oxalate crystals found in the urine

TA B L E 1 0 - 3

CRYSTALS IN NORMAL URINE

pH

Acid Alkaline

Amorphous urate +
Uric acid +
Calcium oxalate +
Amorphous phosphate +
Triple phosphate +
Ammonium biurate +
Calcium carbonate +

are associated with ethylene glycol overdose and often are an
important clue to the early clinical diagnosis of this toxicity.
Crystals that are always abnormal if detected include: cystine,
tyrosine, leucine, sulfonamides, ampicillin, radiologic dye, and
indinavir (4,126).

FIGURE 10-10. A conglomeration of cystine crystals from a patient
with cystine stones. The typical benzene rings can be seen along the
edges.
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FIGURE 10-11. A triple phosphate crystal with a typical “coffin-lid”
appearance, commonly seen in association with infection stones.

Automated Systems

Although manual urinalysis continues to be an important di-
agnostic tool, concerns about quality assurance, standardiza-
tion, and costs remain. Interoperator variability for both inter-
pretation of microscopic and macroscopic analyses have been
reported (14,15,127,128). In addition, labor costs for micro-
scopic examination have led many laboratories only to per-
form manual microscopic examination if there is an abnormal-
ity in the macroscopic (dipstick) examination. This has led to
the development of fully automated systems for examination
of the microscopic sediment by flow cytometer (e.g., Sysmex
UF-100, TOA Medical Electronics, Kobe, Japan). The Sysmex
UF-100 analyzer stains DNA of cells and membranes of the
formed elements in the urine. The sample then passes as a
laminar flow through a laser beam, and light scattering, flu-
orescence, and impedance are measured. Simultaneous mea-
surements using manual microscopy show linear correlation of
0.83 for RBCs, 0.934 for leukocytes, 0.88 for epithelial cells,
and 0.4 for casts (129). Currently, several reports suggest that
the automated flow cytometer would improve standardization
of microscopic examination, as well as considerable savings in
time and labor costs (129–134). The mean time for an auto-
mated urinalysis using the recently introduced Sysmex UF-50
was 72 seconds as compared to a mean time of 330 seconds
with a manual urinalysis system (135). Algorithms have been
developed to select which urine samples require subsequent
microscopic review after automated urinalysis (136). In addi-
tion, an automated test stripping analyzer also has been devel-
oped with photometric measurement of the reagent field for
RBCs, WBCs, glucose, protein, urobilinogen, bilirubin, nitrite,
ketones, pH, and specific gravity (137). Over the last several
years, several novel approaches have been applied to urinal-
ysis, which has involved the application of DNA and RNA
analysis of urine sediment (138). These techniques have been
used to detect a variety or renal and urologic disease including
malignancy.

CONCLUSION

Our knowledge of renal disease and the constituents of urine
have expanded dramatically. This in no small measure is a re-
sult of the increasing sophistication of the diagnostic techniques
available. Although these new techniques have kept the study
of urine a dynamic field, the “technology” required for the
basic examination of the urine by the clinician, has remained
quite simple (Table 10-4). Virtually all of the clinically rele-
vant information still can be obtained from the urine with
this basic approach. It is interesting that, in the face of all
the rapid changes over the years, routine urinalysis still re-

TA B L E 1 0 - 4

APPROACH TO ROUTINE URINALYSIS

Macroscopic examination
Physical characteristics
Color
Odor
Specific gravity
Chemical analysis—dipstick screen
Glucose
Ketone
Protein
Hemoglobin
Bilirubin/urobilinogen
Nitrite
Leukocyte esterase
Microscopic analysis (question if screen positive)
Bright-field, low and high power
Phase contrast (if available)
Polarized light (if available)
Do not culture if nitrite and leukocyte esterase are negative.

mains as important to the clinician today as it was to Richard
Bright.
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CHAPTER 11 ■ LABORATORY EVALUATION
OF KIDNEY FUNCTION
LESLEY A. STEVENS, RICHARD A. LAFAYETTE, RONALD D. PERRONE,

AND ANDREW S. LEVEY

The kidney performs numerous specialized functions in an ef-
fort to maintain constancy of the internal composition of the
body fluids. These functions include excretion of waste prod-
ucts, regulation of extracellular fluid volume and composi-
tion, production and catabolism of hormones, and regulation
of acid-base balance. The normal kidney can compensate for
wide variations in intake and in extrarenal loss of fluid and
electrolytes. In this chapter, we focus on the laboratory eval-
uation of kidney functions that are of greatest importance in
the clinical practice of medicine. We begin with a discussion
of glomerular filtration as an index of overall kidney function
and proteinuria as a marker of kidney damage. In particular,
we emphasize their use in the detection of chronic kidney dis-
ease and measuring its progression over time. Tests of urine
concentration and dilution are also discussed in this chapter
as urine specific gravity is routinely reported as a component
of the urine dipstick examination. In some conditions, abnor-
malities in concentration and dilution of the urine may be a
marker of kidney disease. Other components of the urine dip-
stick examination, such as hematuria, are discussed in other
chapters.

GLOMERULAR FILTRATION:
DETERMINANTS AND

MEASUREMENT

Normal Glomerular Filtration

The human kidney contains approximately 1 million glomeruli
(1,2), each of which is approximately 150 to 200 μm in di-
ameter. The total surface area provided for filtration approx-
imates 1 square meter (3). Approximately 180 L per day (or
125 mL/minute) of tubular fluid are produced from the rich
renal plasma flow by the process of ultrafiltration. Glomerular
filtration, driven by the high hydrostatic pressure across the
glomerular capillaries, is facilitated by a hydraulic permeabil-
ity of the glomerular capillary wall that is one to two orders of
magnitude greater than other capillaries (4).

The glomerular filtration barrier is both size and charge-
dependent. Substances with molecular weights lower than
10,000 daltons cross the glomerular capillary wall as easily
as water and electrolytes (5–7). Micropuncture sampling of
glomerular filtrate in amphibians and mammals shows the fil-
trate to be identical in nonprotein composition to plasma, with
electrolyte concentrations conforming to the Gibbs-Donnan
relationship (6,8). As discussed later, plasma proteins are ex-
cluded from the filtrate as a consequence of the unique structure
of the glomerular capillary wall.

Determinants of the Glomerular
Filtration Rate

In principle, the rate of glomerular filtration (GFR) is depen-
dent on the number of nephrons (N) and the single-nephron
glomerular filtration rate (SNGFR), as described below:

GFR = N × SNGFR [1]

In normal individuals, regulation of GFR occurs via regu-
lation of SNGFR. In patients with kidney disease, in whom
the nephron number may be reduced, regulation of SNGFR
remains important in modulating GFR. SNGFR is determined
by two major factors. The first factor is the net ultrafiltration
pressure (PUF), determined by the difference between the net
transcapillary hydraulic pressure (�P) favoring filtration and
the net oncotic pressure (�π) opposing filtration. �P is deter-
mined by the difference between the glomerular capillary hy-
draulic pressure (PGC) and that in the earliest proximal tubule
(Pt). �π is determined by the glomerular oncotic pressure alone
as the ultrafiltrate is virtually protein free. The second factor,
Kf, describes the surface area and permeability characteristics
of the glomerular ultrafiltration barrier. This relationship can
be expressed by the equation:

SNGFR = Kf(�P − �π ) [2]

Absent from this equation is the renal plasma flow rate.
Alterations in renal plasma flow affect SNGFR largely by af-
fecting �π . Changes in determinants of SNGFR as plasma
traverses the glomerular capillary are demonstrated in Figure
11-1. For a detailed analysis of these determinants and the
multiple factors that result in the regulation of glomerular fil-
tration, the reader is directed to Chapter 2.

Normal Range and Variability of GFR

The glomerular filtration rate cannot be measured directly.
Instead, as discussed later, it is estimated from the urinary
clearance of an ideal filtration marker, such as inulin. When
measured repeatedly in a single individual, under constant con-
ditions and according to a standard protocol, the glomerular
filtration rate is remarkably constant. Homer Smith measured
the inulin clearance in one “hospitalized but otherwise nor-
mal subject” 15 times during 1 year; the range was 113 to
137 mL/minute with a mean of 122 mL/minute (9). However,
variation among individuals is quite large, and normal values
show considerable spread. As discussed later, the major causes
of variability in healthy individuals are age, gender, and body
size. Hence, measured values of GFR are typically adjusted for
body size (surface area) and compared to normative values for
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FIGURE 11-1. The changes in hydrostatic and
oncotic pressures that occur as plasma traverses
the glomerular capillary. As water is filtered with-
out protein, the oncotic pressure gradually rises,
decreasing the net pressure favoring filtration.
The pressure favoring filtration falls toward zero
and filtration stops in this model before the
plasma reaches the efferent arteriole. (From: Deen
WM, Robertson CR, Brenner BM. Glomerular ul-
trafiltration. Fed Proc 1974;33:14, with permis-
sion.)

age and gender (Fig. 11-2) (10). Even after elimination of these
sources of variation, important variability remains. A compila-
tion of inulin clearance measurements in hydrated young adults
(adjusted to a standard body surface area of 1.73 m2) shows
the mean value in men to be 131 mL/minute with a coefficient
of variation (CV) (defined as the standard deviation divided
by the mean) of 18%, and the mean value in women to be
120 mL/minute, with a CV of 14% (9,10). The following sec-
tions discuss causes of normal variation. These same factors
also contribute to variation in GFR in patients with kidney
disease.

Age, Gender, and Body Size

The surface area adjustment was first introduced to minimize
variability in urea clearance results among normal adults and
children (11–13). Based on the relationship of GFR to glomeru-
lar surface area, it is not surprising that the level of GFR is
related to kidney size, which in turn, is related to body surface
area and metabolic activity (14). Measured values for GFR
are conventionally factored by 1.73 m2, the mean surface area
of men and women 25 years of age. Nonetheless, as described
earlier, surface-area adjusted values for GFR are approximately
8% higher in young men than in women of the same age.

FIGURE 11-2. Normal values for glomerular filtration rate, adjusted for body surface area, in men and
women of various ages. (From: Wesson LG, ed. Physiology of the human kidney. New York: Grune &
Stratton, 1969, with permission.)
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The surface area adjustment is not appropriate for new-
borns, whose adjusted GFR is less than 50% of the value
achieved at approximately 1 year of age (15,16). More recent
studies strongly suggest that in newborns, GFR should be ex-
pressed in mL/minute/kg, with the normal value being 0.6 to
1.6 mL/minute/kg. Such an approach reduces the apparent vari-
ation in measured GFR more than 10-fold (17). Over age 1 to
2 years, however, GFR values in normal children, adjusted to
1.73 m2, are the same as those for young adults.

Both cross-sectional and longitudinal studies in normal men
demonstrate an age-related decline in GFR of approximately
10 mL/minute/1.73 m2 per decade after the age of 30 years
(10,18–21). Thus, during the 50 years from age 30 to 80, nor-
mal GFR declines by almost 40% from approximately 130
to 80 mL/minute/1.73 m2. Cross-sectional studies in normal
women indicate roughly similar results, but comparable lon-
gitudinal studies have not been performed. This age-related
decline in GFR is consistent with the anatomic observation
that the number of glomeruli in the normal human kidney de-
clines with age; in the sixth and seventh decades, the number
of glomeruli is less than one-half the number present in young
adults (1).

Pregnancy

Marked increases in GFR occur during pregnancy; elevations
as much as 50% occur during the first trimester, and these high
levels persist until term (22–25). These increments in GFR are
associated with an increase in renal plasma flow and relatively
constant filtration fraction throughout most of pregnancy, re-
flecting hemodynamic consequences of widespread vasodilata-
tion. Late in pregnancy, it appears that hyperfiltration becomes
dependent on reduced plasma oncotic pressure. This change
persists in very early postpartum, but the GFR returns to nor-
mal in the first 4 to 8 weeks following the end of pregnancy
(25,26).

Interestingly, pregnancy-induced hyperfiltration also occurs
in women with preexisting chronic kidney disease (27). This
observation suggests that the physiologic vasodilatation of
pregnancy can further augment the single-nephron hyperper-
fusion and hyperfiltration associated with chronic kidney dis-
ease. However, this phenomenon may be restricted to women
with only mild reduction in GFR. Improvement of GFR was
not observed in one study of 23 women with chronic kidney
disease and pre-pregnancy serum creatinine levels greater than
1.4 mg/dL (28).

Protein Intake

The effect of protein intake to modulate GFR in experimental
animals was recognized more than 50 years ago (29,30). It is
now clear that these effects occur in humans, although the mag-
nitude of the effect varies among studies (31). Important causes
of variation include the duration of protein feeding (habitual
protein intake vs. meat meals or amino acid infusions), the type
of protein (animal vs. vegetable or soya protein sources; essen-
tial vs. nonessential amino acids), and the filtration marker used
to measure GFR (inulin vs. creatinine).

In a classic study, Pullman et al. placed healthy humans on
low (0.1 to 0.4 g/kg/day), medium (1.0 to 1.4 g/kg/day) and
high (2.6 g/kg/day) protein diets for 2 weeks. Compared to the
low protein diet, inulin clearance increased after ingestion of
the medium and high protein diets by 9% and 22%, respec-
tively. These changes were accompanied by parallel changes
in renal plasma flow, indicating a hemodynamic basis for the
changes in GFR. A longer period of habituation may have
greater effects on GFR. Similarly, in patients with chronic mal-
nutrition, inulin clearance was 27% to 64% lower than after
repletion of nutritional status (32–35), and returned to near
normal values only after 1 month of refeeding. In addition, mal-

nourished patients had smaller kidneys, suggesting that differ-
ences in kidney function were due to structural as well as hemo-
dynamic alterations (32). Increases in GFR and kidney size in
association with increased protein intake have been noted in
diverse clinical circumstances, such as in patients receiving to-
tal parenteral nutrition and in insulin-dependent diabetic pa-
tients with poor metabolic control (36). Some studies suggest
a greater response to animal than vegetable protein in habitual
diets as well as in response to protein loads (37–39).

After a meat meal, GFR, renal plasma flow, and splanchnic
blood flow rise within an hour and remain elevated for several
hours (40). In humans, the increment in inulin clearance is
about 10% (41,42), and appears to be less than the increment
in creatinine clearance (31). Nonessential amino acids are more
potent than essential amino acids in inducing the postprandial
rise in GFR, and branched-chain amino acids appear to have
little or no effect.

It had been proposed that protein-induced hyperfiltration
represents “renal reserve capacity,” which is lost prior to the
reduction in baseline GFR associated with kidney disease (43).
However, it has now been shown conclusively that changes in
GFR occur in response to changes in habitual protein intake or
meat meals in patients with kidney disease and reduced GFR
(42,44–46) This is consistent with studies in animals with ex-
perimental kidney diseases, which show that changes in protein
intake further modulate the determinants of single-nephron
GFR. In particular, a high protein diet raises the already in-
creased glomerular plasma flow and transcapillary hydrostatic
pressure gradient (47,48). Thus, similar to pregnancy-induced
hyperfiltration, protein-induced hyperfiltration augments the
hyperperfusion and hyperfiltration of chronic kidney disease.

Diurnal Variation

A normal diurnal variation in filtration rate occurs, with 10%
higher values occurring in the afternoon than in the middle of
the night (49). In large part, the diurnal variation is thought to
be related to variation in protein intake during the day (10,43).
Possibly, diurnal variation may also be related to transient re-
ductions in GFR associated with exercise. Indeed, a decrease
of 40% or more is seen with severe exertion (10,50,51). How-
ever, diurnal variation is also observed in quadriplegics (52),
arguing against physical activity as the sole cause of diurnal
variation. Possibly, diurnal variation may also reflect variation
in hydration. GFR increases with overhydration and decreases
with water restriction. However, the changes are small except
when gross disturbances in fluid balance occur.

Antihypertensive Therapy

The level of GFR remains relatively constant throughout a wide
range of blood pressure. Nonetheless, antihypertensive therapy
can be associated with reductions in GFR, due, in part, to the
effect of lowering blood pressure and, in part, to specific effects
of classes of antihypertensive agents. Indeed, marked reduction
in GFR can complicate treatment in patients with severe hy-
pertension and acute or chronic kidney disease (53), which is
an effect thought to be due to the loss or reset of autoregula-
tion due to sclerosis of the renal vasculature from hypertensive
injury (54). In normal individuals and in patients with kidney
disease, GFR is transiently reduced by a variety of antihyperten-
sive agents, including diuretics, beta-blockers, central alpha-2
agonists, and peripheral alpha blockers (55). In contrast, an-
giotensin converting enzyme (ACE) inhibitors, calcium chan-
nel blockers, and directly acting vasodilators do not regularly
lower GFR, although, reduction in GFR after beginning ACE
inhibitors has been noted in some patients with chronic kidney
disease (56). In general, persistent effects have not been noted.
However, a large study in patients with chronic kidney disease
and well-controlled hypertension showed persistent small (less
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than 5 mL/minute), but significant, reductions in GFR associ-
ated with the use of ACE inhibitors as well as diuretics and
beta-blockers (57). In addition, after controlling for the effect
of these classes of antihypertensive agents, a small effect of
lowering blood pressure remained. Because the effects of the
various classes of medications and of lowering blood pressure
appear to be independent, a clinically significant reduction in
GFR could occur in patients with chronic kidney disease un-
dergoing treatment with multiple antihypertensive agents.

Measurement of the Glomerular
Filtration Rate

Clearance

The “gold standard” for the measurement of GFR is the urinary
clearance of inulin. The term clearance was introduced into
kidney physiology by Van Slyke and his colleagues in reference
to studies of the excretion of urea in 1929 (12). Two years
later, Jollife and Smith extended the use of the term to the
excretion of creatinine and later to the excretion of many other
substances (58). In the many decades since these pioneering
studies, the concept of clearance has maintained its primacy as
the cornerstone of our understanding of the measurement of
glomerular filtration.

The clearance of a substance is defined as the rate at which
it is cleared from the plasma per unit concentration. The clear-
ance of substance “x” (Cx) is given in the following equation:

Cx = Ax/Px [3]

where Ax is the amount of x eliminated from the plasma, Px
is the average plasma concentration. Hence, Cx is expressed
in units of volume per time. The value for clearance does not
represent an actual volume, but a virtual volume of plasma that
is completely cleared of the substance per unit of time, without
reference to the route of elimination. The value for clearance is
related to the efficiency of elimination; the greater the rate of
elimination, the higher the clearance.

Relationship of GFR to Urinary Clearance

For a substance that is cleared by urinary excretion, the clear-
ance formula may be rewritten as follows:

Cx = Ux × V/Px [4]

where Ux is the urinary concentration of x and V is the urine
flow rate. The term Ux × V is defined as the urinary excretion
rate of x. If substance x is filtered freely across the glomerular
capillary walls and excreted only by glomerular filtration, then
the rate of filtration is equal to the rate of urinary excretion:

GFR × Px = Ux × V [5]

where the term GFR × Px is defined as the filtered load of x.
By substitution into Equation 2:

Cx = GFR [6]

Hence, substance x would be defined as an “ideal filtration
marker” whose urinary clearance could be used to measure
GFR.

However, if substance x is also reabsorbed or secreted by
the renal tubules, then the following equations apply:

Ux × V = GFR × Px − TRx + TSx [7]
GFR = (Ux × V − TRx + TSx)/Px [8]
GFR = Cx − TRx/Px + TSx/Px [9]

where TRx and TSx are the rates of tubular reabsorption and
secretion of x, respectively, and TRx/Px and TSx/Px are the clear-
ances of substance x due to reabsorption (CTRx) and secretion

(CTSx), respectively. In this case, the rate of urinary excretion
(Ux × V) does not equal the filtered load (GFR × Px), and
clearance does not equal GFR. Therefore, the value for uri-
nary clearance of x (Cx) is determined not only by the rate
of glomerular filtration, but also by the mechanism of excre-
tion by the kidney. For substances that are filtered and secreted,
clearance exceeds GFR, and for substances that are filtered and
reabsorbed, clearance is less than GFR.

Relationship of GFR to the Plasma Solute
Concentrations

An important concept for the following discussion is the steady
state of solute balance. A steady state with regard to substance
x is achieved when the rate of generation in body fluids (either
from endogenous production or exogenous intake) is constant
and equal to its rate of elimination from body fluids (either from
excretion or metabolism). Therefore, in the steady state, the
plasma concentration of substance x is constant. Furthermore,
if the elimination of substance x is solely by excretion in the
urine, the following equation applies:

Gx = Ux × V [10]

where Gx is the rate of generation of x. An important corollary
is that, in the steady state, the rate of generation can be assessed
from the urinary excretion rate.

For an ideal filtration marker, the steady state plasma con-
centration is determined by the GFR and the rate of generation
or urinary excretion.

Px = Gx/GFR = Ux × V/GFR [11]

Hence, Px is inversely related to GFR, and GFR can be as-
sessed from the value for Px if generation or urinary excretion
is known.

GFR = Gx/Px = Ux × V/Px [12]

In principle, if generation and urinary excretion are not
known, but can be inferred from known demographic and clin-
ical variables, then GFR can be estimated from the value for Px
and these variables. Estimating equations for GFR use demo-
graphic and clinical variables as observed surrogates for these
unmeasured physiological factors.

Gx ∼ X + Y + Z [13]

Where X, Y, and Z are numerical values for clinical and demo-
graphic variables related to generation of the filtration marker
(Px). Therefore,

GFR estimate = (a X + b Y + c Z)/a Px [14]

where and a, b, c, and d are coefficients relating Px and other
variables to measured GFR. Estimating equations for GFR are
often written as a regression equation in the logarithmic scale
and, therefore, have the appearance of

log GFR estimate = a Px + b X + c Y + d Z + ε [15]

GFR estimate = [Px]a × Xb × Yc × Zd × ε [16]

where a is a negative coefficient to account for the inverse re-
lationship; and ε is the error based on uncertainty due to mea-
surement, biological variability, and statistical techniques used
to derive the coefficients. The development and validation of
accurate and generalizable estimating equations for widespread
clinical use requires strict adherence to epidemiological and sta-
tistical principles (59). Specific estimating equations for GFR
are discussed in more detail later in the chapter.

Inulin Clearance as a Measure of GFR

The requirements for an ideal filtration marker, as outlined by
Smith (9), include the following:
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1. It is freely filtered at the glomerulus. It passes from the
glomerular capillary blood into Bowman’s space unhindered
by its size, charge, or binding to plasma proteins.

2. It is not altered during its passage through the nephron. It
is not reabsorbed, secreted, synthesized, or metabolized by
the tubules.

3. It is physiologically inert and does not alter the function of
the kidney.

Inulin, a 5,200-dalton, inert, uncharged polymer of fruc-
tose, meets these criteria, and it remains the standard for ex-
perimental and clinical measurement of GFR (9,60,61). The
conclusion that inulin is freely filtered and is neither secreted
nor reabsorbed in the normal kidney was originally based on
indirect evidence, but a large body of direct micropuncture
observations have verified this assumption (6,62–65). Similar
evidence is not available, however, in all experimental kidney
diseases. For example, in several models of acute kidney failure
with extensive tubular basement membrane damage, leakage
of inulin across the tubules is readily demonstrated (66,67).
In such situations, of course, the urinary excretion of inulin is
less than the filtered load, and inulin clearance is not a reliable
measure of GFR.

Although the measurement of inulin clearance is a highly
accurate and reproducible means of estimating GFR, there are
several disadvantages that make it impractical for clinical use.
First, the classical method includes measurement under fasting
conditions in the morning, a continuous intravenous infusion,
multiple clearance periods requiring repetitive blood and urine
collections over 3 hours, oral water loading to stimulate diure-
sis, bladder catheterization to assure complete urine collection,
and careful timing of blood sampling at the midpoint of the
urine collection. Period-to-period variability in GFR (intratest
variation; expressed as CV) is approximately 10%. Intratest
variation may reflect incomplete bladder emptying and is often
used to judge the quality of a urinary clearance study (68).
However, one recent study has shown that the precision of
GFR determinations is only weakly affected by intratest vari-
ability (69), probably because averaging over several clearance
periods minimizes error due to incomplete bladder emptying.
In a study in normal individuals using the classical method
of inulin clearance, the CV for repeated measurements within
an individual (intertest CV) was 7.5% (70). These estimates of
measurement error are probably lower than would be observed
in most clinical settings. Second, inulin is difficult to dissolve
in aqueous solutions, difficult to measure, and is in short sup-
ply. Because of these disadvantages, clinical assessment of GFR
uses other filtration markers and clearance methods.

We will first discuss endogenous filtration markers (creati-
nine, urea, and cystatin C), because of their widespread clini-
cal use. Endogenous filtration markers have the advantage that
clearance can be computed from urine collections and blood
sampling under usual clinical conditions without the need for
administration of the marker. Then, we will discuss alternative
exogenous filtration markers and alternative clearance meth-
ods designed for their use.

CREATININE AS A FILTRATION
MARKER

Assumptions

The use of creatinine clearance (Ccr) as an index of GFR rests
on the assumption that creatinine is an ideal filtration marker;
hence, creatinine clearance would equal GFR. Therefore,

GFR = Ccr = Ucr × V/Pcr [17]

where Ccr is creatinine clearance, Ucr × V is the urinary ex-
cretion rate of creatinine, and Pcr is the plasma concentration.
The use of serum (or plasma) creatinine as an index of GFR is
based on the additional assumption that creatinine is excreted
only by the kidney and that the patient is in a steady state of
creatinine balance:

Gcr = Ucr × V [18]

where Gcr is creatinine generation rate. Under these conditions,
the serum level (Pcr) would be inversely related to GFR, as
follows:

Pcr = Gcr/GFR = Ucr × V/GFR [19]

The normal level of GFR is sufficient to maintain a low
concentration of creatinine in serum, approximately 0.8 to
1.2 mg/dL. Figure 11-3 showns hypothetical changes in cre-
atinine generation (production), excretion, balance, and serum
concentration following a 50% decrement in GFR. A new
steady state would be reached when the serum concentration
rises sufficiently so that the filtered load, and hence the urinary
excretion rate, again equals the generation rate. In the new
steady state, the reduced level of GFR would be reflected by a
reciprocal increase in the serum concentration (Fig. 11-3).

In the steady state, therefore, changes in serum creatinine
would reflect changes in GFR. Because of their reciprocal re-
lationship, a large change in GFR would be required to raise
serum creatinine from the normal to the elevated range. How-
ever, once serum creatinine is elevated, even small changes in
GFR would raise it considerably more. Expression of the serum

FIGURE 11-3. Effect of a sudden decrease in glomerular filtration rate
on creatinine excretion, production, balance, and serum creatinine con-
centration. (From: Kassirer JP. Clinical evaluation of kidney function—
glomerular function. N Engl J Med 1971;285:385, with permission.)
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TA B L E 1 1 - 1

CLINICAL CONDITIONS THAT CAUSE ERRORS IN THE ESTIMATION OF GFR FROM MEASUREMENT
OF CREATININE CLEARANCE OR SERUM CREATININE

Effect on

Condition Ccr Pcr Comment

Plasma Ketosis None Increase Interference with the picric acid assay for creatinine

Medications
Certain cephalosporins or

flucytosine
None Increase Interference with the picric acid and iminohydrolase assays

for creatinine, respectively
Cimetidine or trimethoprim Decrease Increase Inhibition of tubular secretion of creatinine

Dietary Protein
Ingesting cooked meat Increase Increase Transient increase in GFR and creatinine generation
Restriction of dietary protein Decrease Decrease Sustained decrease in GFR and creatinine generation

Muscle Change
Vigorous prolonged exercise Decrease Increase Transient decrease in GFR and increase in muscle creatinine

generation
Muscle wasting None Decrease Decrease in muscle creatinine generation
Muscle growth None Decrease Increase in muscle creatinine generation

Kidney Diseasea Increase Decrease Decrease in GFR, but stimulation of tubular secretion of
creatinine, and possible decrease in creatinine generation

Ccr, creatinine clearance; Pcr, serum creatinine; GFR, glomerular filtration rate.
aEffects on Ccr and Pcr relative to effects on GFR (i.e., Ccr is higher than expected and Pcr is lower than expected for the reduction in GFR; see text).
(From: Levey AS. Clinical evolution of renal function. In: Greenberg A, ed. Primer of kidney diseases, San Diego: Academic Press, 1998:23.)

creatinine level as its reciprocal (1/Pcr) would more clearly re-
flect the magnitude of the decline in GFR.

Unfortunately, as described later, neither of the two as-
sumptions described earlier is strictly correct, and in some cir-
cumstances, serious errors can result from estimation of GFR
from creatinine clearance or serum creatinine (Table 11-1). The
sources of these errors can best be appreciated from an exam-
ination of the kidney handling, metabolism, and measurement
of creatinine. As described later, estimating equations account
for some of these factors and thereby provide a more accu-
rate estimate of GFR than either creatinine clearance or serum
creatinine alone.

Kidney Handling of Creatinine

Creatinine as a Filtration Marker

Creatinine is small (molecular weight 113 daltons, molecular
radius 0.3 nm) and not bound to plasma proteins; hence, it
passes freely through the glomerular capillary wall into the
Bowman’s space. However, it is also secreted by the tubules,
probably by the same pathway used for other organic cations
(71). Therefore, creatinine is excreted not only by glomerular
filtration, but also by tubular secretion

Ucr × V = GFR × Pcr + TScr [20]

where TScr is the rate of tubular secretion. Consequently, it is
not an ideal filtration marker. The true relationship between
creatinine clearance and GFR is as follows

Ccr = GFR + TScr/Pcr [21]

where TScr/Pcr is the clearance of creatinine due to tubular se-
cretion (CTScr). Thus, at all levels of GFR, creatinine clearance
exceeds GFR by an amount equal to the clearance of creatinine
due to tubular secretion.

Tubular Secretion of Creatinine

Creatinine secretion was recognized long ago (72), and has
been re-emphasized in the modern era (73). Nonetheless, it has
not been widely recognized as a limitation to the estimation
of GFR from creatinine clearance; the major reason is related
to the method of measurement of serum creatinine used in the
past. As discussed later, the classical method, the Jaffe reac-
tion, uses a colorimetric reaction that detects both creatinine
and a number of noncreatinine chromogens in serum, but not
in urine. Thus, the serum “chromogen creatinine” exceeds the
true serum creatinine measured by more-accurate methods, and
using the “chromogen creatinine” to calculate creatinine clear-
ance leads to a systematic underestimation of the true value.
On the other hand, because of tubular secretion, the true cre-
atinine clearance exceeds GFR. The net result was that esti-
mated creatinine clearance deviated little from GFR in normal
individuals. With the introduction of more accurate methods
to measure serum creatinine, the discrepancy between creati-
nine clearance and GFR has become more apparent. To limit
this, clinical laboratories sometimes calibrate the serum results
to maintain the relationship between creatinine clearance and
GFR.

The level of serum creatinine in the low range is overesti-
mated when older assays for serum creatinine are used. On
average, creatinine secretion in normal individuals was ob-
served to account for 5% to 10% of the excreted creatinine.
Hence, creatinine clearance exceeded GFR by approximately
10 mL/minute/1.73 m2. However, with the newer assays, crea-
tinine secretion can exceed GFR by much larger amounts. This
has not been well quantified. Most studies find greater crea-
tinine secretion in patients with reduced GFR, which leads to
a clear disparity between creatinine clearance and GFR (74).
Moreover, the magnitude of creatinine secretion is variable
among individuals and over time. Only some of the factors
responsible for this variability are known. The level of GFR
appears to be a major determinant (Fig. 11-4) (73). The mean
difference between Ccr and GFR (the clearance due to tubular
secretion) within the range of GFR from 40 to 80 mL/minute/
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FIGURE 11-4. Relationship of creatinine clearance (A) and serum creatinine (B) to glomerular filtration
rate (GFR) (inulin clearance) in patients with chronic kidney disease. Horizontal lines indicate lower limit
of normal for creatinine clearance (A) and upper limit of serum creatinine (B). Vertical lines represent
lower limit of normal for GFR. Diagonal line (A) is the line of identity. Shaded areas indicate the propor-
tion of patients in whom the level of creatinine clearance or serum creatinine is normal despite reduced
GFR. (From: Shemesh O, Golbetz H, Kriss JP, et al. Limitations of creatinine as a filtration marker in
glomerulopathic patients. Kidney Int 1985;28:830; with permission.)

1.73 m2 is approximately 35 mL/minute/1.73 m2 and lower at
lower GFR.

Other factors determining the magnitude of creatinine se-
cretion are the type of kidney disease and the quantity of di-
etary protein intake. Patients with polycystic kidney disease
and tubulointerstitial diseases have lower mean values for cre-
atinine clearance due to secretion than patients with glomeru-
lar diseases and other diseases (44), perhaps reflecting more
serious tubular injury and limitation of tubular secretion. On
the other hand, higher protein intake is associated with higher
mean values for creatinine clearance due to secretion (44), per-
haps due to stimulation of secretion due to protein ingestion.
This finding may account for the greater effect of protein loads
on creatinine clearance compared to GFR (31).

Several commonly used medications, including cimetidine
and trimethoprim (75), competitively inhibit creatinine secre-
tion, thereby reducing creatinine clearance and raising the
serum creatinine concentration, despite no effect on GFR. Clin-
ically, it can be difficult to distinguish a rise in serum creatinine
due to drug-induced inhibition of creatinine secretion from a
decline in GFR. A clue to inhibition of creatinine secretion is
that urea clearance and blood urea nitrogen concentration re-
main normal.

Some investigators have proposed using cimetidine to in-
hibit creatinine secretion during creatinine clearance measure-
ments, thereby permitting a more accurate assessment of GFR
(76,77). However, complete inhibition of creatinine secretion
may require prolonged high dose cimetidine therapy (78). Vari-
able inhibition of tubular secretion by cimetidine makes inter-
pretation of the test difficult.

Tubular Reabsorption of Creatinine

To a limited extent, creatinine may also be reabsorbed by the
tubules. Studies in normal animals and humans with very low

urine flow rates (79–81), and in patients with decompensated
congestive heart failure or uncontrolled diabetes mellitus (82–
86) have demonstrated a ratio of clearances of creatinine and
inulin <1.0. Reabsorption of creatinine may be due to its pas-
sive back-diffusion from the lumen to blood because of the high
tubular creatinine concentration that occurs during low urine
flow. Based on the clearance ratios observed in these studies,
the maximum effect of creatinine reabsorption probably would
be a 5% to 10% decrease in creatinine clearance.

Creatinine Metabolism

Generation

Creatinine is distributed throughout total body water. It is gen-
erated in muscle from the nonenzymatic conversion of creatine
and phosphocreatine (Fig. 11-5). Approximately 98% of the
total creatine pool is contained in muscle and about 1.6% to
1.7% per day is converted to creatinine (87). For example, in
an individual with a total creatine pool of 100 g, creatinine gen-
eration would be 1.6 to 1.7 g/day. Thus, creatinine generation
is proportional to muscle mass, which can be estimated from
age, gender, and body size. Based on five reports containing
data on 1,100 healthy individuals and patients without renal
or hepatic disease, Walser derived the following equations

Ucr × V = 28.2 − 0.172 × age (men) [22]

Ucr × V = 21.9 − 0.115 × age (women) [23]

where creatinine excretion (given in mg/kg/day) is assumed to
equal creatinine generation and age is given in years. These
equations do not take into account racial and ethnic differences
in muscle mass. African American (black) males and females
have higher muscle mass, and consequently higher creatinine
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FIGURE 11-5. Pathways of creatinine meta-
bolism. (From: Heymsfield SB, Arteaga C,
McManus C, et al. Measurement of muscle mass
in humans: validity of the 24-hour urinary creati-
nine method. Am J Clin Nutr 1983;37:478, with
permission.)

excretion than their European American (white) counterparts
(88–92)

The relationship of creatinine generation to age, gender, and
body weight is affected by muscle mass and diet. Muscle wast-
ing is associated with a decreased creatine pool, which leads to
decreased creatinine generation and excretion (93–96). How-
ever, some muscle diseases are associated with increased crea-
tine turnover (94), which in principle could transiently increase
creatinine generation and excretion. Reduction in dietary pro-
tein causes a decrease in the creatine pool by 5% to 15%,
which is probably due to the reduction of the availability of
creatine precursors, arginine, and glycine (87,97). Of greater
importance is the effect of creatine in the diet. Creatine is con-
tained largely in meat; uncooked lean beef contains about 3.5 to
5 mg of creatine per g (98,99). Elimination of creatine from the
diet decreases urinary creatinine excretion by as much as 30%
(97,100,101). Conversely, ingesting a creatine supplement in-
creases the size of the creatine pool and increases creatinine ex-
cretion (97,102–104). Meat intake also affects creatinine gen-
eration and excretion independent of its effect on the creatine
pool. During cooking, a variable amount (18% to 65%) of the
creatine in meat is converted to creatinine, which is absorbed
from the gastrointestinal tract. Therefore, following ingestion
of cooked meat, there is a sudden transient increase in the
serum creatinine concentration and urinary creatinine excre-
tion. These findings are not observed when a similar quantity
of uncooked meat is ingested (105,106).

Extrarenal Elimination

Extrarenal loss of creatinine is not detectable in normal indi-
viduals, but may account for up to 68% of daily creatinine
generation in patients with severe decrease in GFR. One likely,
but still not established, mechanism is degradation of creatinine

within the intestinal lumen by microorganisms due to induction
of the enzyme creatininase (107–111).

Thus, in patients with kidney disease, creatinine excretion
underestimates creatinine generation:

Ucr × V = Gcr − Ecr [24]

where Ecr is the rate of elimination of creatinine by extrarenal
routes.

Creatinine Clearance as an Index
of Kidney Function

Most commonly, creatinine clearance is calculated from the cre-
atinine excretion rate in a 24-hour urine collection and the sin-
gle measurement of serum creatinine, assuming a steady state.
The urine collection is performed at home. At the onset of the
collection period, the patient is instructed to empty the bladder
and discard the urine. During the collection period, all subse-
quent urine is saved. At the end of the period, the patient is
asked to void completely and to add this last specimen to the
urine collection. Shortly thereafter, a blood sample is obtained
for the measurement of serum creatinine. Although this method
appears straightforward and simple, a number of factors can
give rise to erroneous measurements of creatinine clearance.

The most common problem rests with inaccuracies in the
process of urine collection. Collecting a 24-hour urine sample is
inconvenient for patients who are not at home during the day.
Also, incomplete urine collections can result from misunder-
standing by the patient or personnel of the timing directions,
such as omitting urine specimens during the interval or incom-
pletely emptying the bladder at the start or end of the collection
period. At first glance, it might appear that the use of short urine
collection intervals, such as 1-hour, carried out under close
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supervision by trained personnel might overcome these diffi-
culties. However, using a shorter collection period, the small
errors due to incomplete bladder emptying at the beginning or
end of the time would have a greater impact on the estimate of
the urine volume and hence the urine flow rate. Indeed, the 1-
hour technique has been largely abandoned because the extra
effort and personnel required do not significantly improve the
accuracy as compared to the 24-hour clearance (112). How-
ever, averaging the results of three to four 30-minute collection
periods does significantly improve the accuracy, probably due
to cancellation of errors from incomplete bladder emptying
(113).

Another source for error is the assumption that the patient
is in a steady state of creatinine balance. This assumption is
not valid for patients with rising or falling serum creatinine,
as occurs during the initiation or recovery from acute kidney
failure. Under these circumstances, it is necessary to obtain
additional blood samples during the urine collection to estimate
the average serum creatinine concentration. The most common
strategies are to measure serum creatinine at the mid-point of
the urine collection, or at the beginning and end of the urine
collection, and to average the results.

Clinical conditions that cause errors in the estimation of
GFR from measurement of creatinine clearance are shown in
Table 11-1. The most serious errors arise from the failure to rec-
ognize the increase in the tubular secretion of creatinine in pa-
tients with decreased GFR. The overestimation of GFR by cre-
atinine clearance is not clinically significant in individuals with
normal GFR. However, in patients with kidney disease, the
overestimation is proportionately greater and not predictable.
Indeed, within the range of GFR from 40 to 80 mL/minute/
1.73 m2, creatinine clearance can remain normal. Conse-
quently, it can be difficult to detect the onset or early progres-
sion of the decline in GFR from measurements of creatinine
clearance. As shown in Figure 11-4, creatinine clearance was
reduced in only 75% of patients with reduced GFR due to
glomerular disease. Once creatinine clearance is reduced, the
level of creatinine clearance provides a rough guide to the level
of GFR and is generally suitable for decisions regarding drug
dosing and timing the onset of dialysis and transplantation.

Serum Creatinine as an Index
of Kidney Function

Because of difficulties in obtaining accurately timed and com-
plete urine collections, the serum creatinine concentration itself
is generally used to assess GFR. As discussed later, this may re-
sult in overestimation of the true level of GFR, which can have
important clinical consequences.

The true relationship between serum creatinine and GFR is
considerably more complicated than expressed in Eq.12. Based
on substitutions and rearrangements of Equations 20 and 24,

Pcr = (Gcr − Ecr − TScr)/GFR [25]

Thus, the serum creatinine concentration is indeed inversely
proportional to GFR, but is also affected by the generation,
extrarenal elimination, and tubular secretion of creatinine.
Nonetheless, an elevated serum creatinine usually indicates a
reduced level of GFR and a further rise in serum creatinine
generally indicates a further decline in GFR. However, as dis-
cussed below, a normal serum creatinine does not exclude the
possibility of a reduced GFR. Nor does a stable, but elevated,
serum creatinine preclude a further decline in GFR if there are
concomitant changes in creatinine generation, secretion, or ex-
trarenal elimination.

As discussed earlier, the rate of creatinine generation is lower
in women, children, the elderly, malnourished individuals, and

those with restricted meat intake. Hence, when creatinine clear-
ance is normal, serum creatinine is lower in these groups. As a
corollary, in these groups serum creatinine may remain within
the normal range, despite a reduction in creatinine clearance.
Therefore, in detecting a reduction in GFR, an elevated serum
creatinine is an even less sensitive indicator than a reduced cre-
atinine clearance. In one study (73), only 60% of patients with
reduced GFR had an elevated serum creatinine, and in some
patients GFR was as low as 20 mL/minute/1.73 m2, despite
normal serum creatinine concentration (Fig. 11-4)

Factors affecting creatinine generation are especially impor-
tant in patients with chronic kidney disease. Meat intake is
often restricted in conjunction with a low protein diet, and
malnutrition and muscle wasting are common. Furthermore,
due to extrarenal elimination, creatinine excretion may under-
estimate creatinine generation. These factors tend to blunt the
rise in serum creatinine as GFR declines and may cause serious
overestimation of the level of GFR from serum creatinine.

Serum Creatinine Assay

Creatinine can be measured easily in serum, plasma, and urine.
No systematic differences between serum and plasma have been
noted; therefore, throughout this chapter, serum and plasma
creatinine have been used interchangeably.

The classic method uses the Jaffe reaction in which creati-
nine reacts directly with picrate ion under alkaline conditions
to form a red-orange complex that is easily detected and quan-
tified (114,115). However, in normal subjects up to 20% of the
color reaction in serum or plasma is due to substances other
than creatinine (116–120). Two classes of positive interferences
have been described: substances such as glucose, ascorbate,
and uric acid, which slowly reduce the alkaline picrate, and
substances such as acetoacetate, pyruvate, other ketoacids, flu-
orescein (121), furosemide (122), hemoglobin (123), paraquat
and diquat (124), and proteins, including IgG (125) and IgM
paraproteins (126), which react with alkaline picrate to form
colored complexes. The presence of these noncreatinine chro-
mogens results in an apparent creatinine value that is 20%
higher than the true value. The error in measurement can be
greater, however, in diabetic ketoacidosis (127), due to the in-
creased concentration of acetoacetate, and in patients taking
certain cephalosporins (128,129), which can contribute to the
colorimetric reaction. Very high serum bilirubin levels (130–
134) can cause falsely lower creatinine levels (135). In pa-
tients with kidney disease, noncreatinine chromogens are not
retained to the same degree as creatinine. Consequently, the
overestimation of serum creatinine, and the corresponding un-
derestimation of creatinine clearance is reduced.

In general, noncreatinine chromogens are not present in suf-
ficient concentration in urine to interfere with creatinine mea-
surement. Hence, measurement of creatinine clearance in nor-
mal individuals using the Jaffe reaction results in values that
are approximately 20% lower than the true value.

The kinetic alkaline picrate method (136–138) takes ad-
vantage of the differential rate of color development for non-
creatinine chromogens compared to creatinine. It significantly
reduces, but does not eliminate, both types of positive in-
terferences described earlier. This method is included in the
Auto-Analyzer method (Technicon Instruments Corporation,
Chauncy, NY). A survey by the College of American Patholo-
gists (CAP) in 2004 found it was the most widely used method
in clinical laboratories in the United States (139).

To circumvent interferences in the alkaline picrate reaction,
a variety of enzymatic methods have been developed (140).
The Ektachem (Eastman Kodak Co., Rochester, NY) method,
using the enzyme creatinine iminohydrolase, and the creati-
nine PAP method (Boehringer Mannheim GmbH, Mannheim,
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FRG), using the enzymes creatininase, creatinase, and sarcosine
oxidase yield creatinine values comparable to those obtained
using the kinetic alkaline picrate method. The latter method is
more precise than the former. The antifungal agent, flucytosine,
interferes with the Ektachem measurement; it may increase the
value by as much as 60% (141,142). Bilirburin, dopamine,
dobutamine, ascorbic acid, and sarcosine may interfere with
the creatinase-creatininease methods (143). Interference from
metamizol (144), raffinose cross-linked hemoglobin (145), and
monoclonal IgM (146) has also been reported.

High performance liquid chromatography (HPLC) is a fairly
sensitive and analytically specific method for measuring serum
creatinine. Such methods have become more widely available
in recent years. Many of these protocols have included sam-
ple pretreatment in order to obviate the effects from interfer-
ing compounds with mixed results as to enhanced specificity
(147).

All of the commonly used methods, including the kinetic
alkaline picrate reaction and the Ektachem method, are impre-
cise in the lower range of serum creatinine. In one study, the
CV for repeated measurement of aliquots from serum samples
within the same run were 25.1%, 7.3%, and 1.9%, respec-
tively, for samples with creatinine concentrations of 0.42, 1.32,
and 4.38 mg/dL, respectively (148). In another study, the CV
for repeated measurements of serum creatinine was 11% in
patients with a GFR >30 mL/minute/1.73 m2 as compared to
6.5% in patients with GFR <30 mL/minute/1.73 m2 (149). In-
deed, analytical variability was estimated to account for 80%
to 88% of the day-to-day variability in serum creatinine in an
individual (150). The imprecision makes it difficult to inter-
pret changes in serum creatinine within the normal range, as
one cannot readily distinguish between differences in serum
creatinine levels due to errors in the assay or due to biological
variability in GFR.

Calibration of autoanalyzers differs among clinical labo-
ratories, regardless of the method for measurement of serum
creatinine. The American College of Pathologists (CAP) 1994
survey documented that the variation across laboratories was
higher for serum creatinine than for any of the other ten ana-
lytes evaluated (151). In the 2004 CAP survey, the mean bias of
the measured serum creatinine in 50 clinical laboratories com-
pared to a true creatinine concentration assigned by isotope
dilution mass spectroscopy varied from −0.06 to 0.31 mg/dL
(139). Consequently, the range of normal for serum creatinine
may differ between laboratories. This variability is greater than
the average error in reproducibility of the serum creatinine as
discussed earlier. Thus, the inaccuracy of serum creatinine as-
says appears to be more due to lack of standardization of cali-
bration rather than imprecision of measurement. This has im-
portant consequences for clinicians trying to assess the level
of kidney function based on serum creatinine reported by dif-
ferent laboratories and also has significant implications in the
use of serum creatinine in GFR estimating equations as will be
discussed later.

Current national standardization programs are underway
by collaboration between the National Kidney Disease Edu-
cation Program, CAP, and the National Institute for Science
and Technology to address the need for a human serum crea-
tinine reference material with acceptable commutability with
native clinical specimens in routine field methods. Three iso-
tope dilution-gas chromatography/mass spectrometry methods
have been approved by the Joint Committee on Traceability
in Laboratory Medicine as reference measurement procedures
(152–154). All three of these methods require a separation
step to remove creatine, which gives the same derivitization
product as creatinine, and are therefore very time consuming
with limited ability for sample throughput. This has slowed
down the standardization program, but definitive methods are
expected.

Estimating Equations: Formulas to
Predict GFR and Creatinine Clearance

from Serum Creatinine

Because the serum creatinine level is dependent upon physio-
logical factors, such as creatinine generation, extrarenal elimi-
nation, and tubular secretion described earlier, as well as GFR,
the use of serum creatinine alone to estimate GFR is severely
limited. Estimating equations overcome some of these limita-
tions by incorporating known demographic and clinical vari-
ables as observed surrogates for the unmeasured physiological
factors other than GFR that affect serum creatinine concen-
tration. Estimating equations have been developed to estimate
creatinine clearance (18,155–165) and GFR (166–170).

It is relatively straightforward to develop an estimating
equation from a study population in which measured GFR,
serum creatinine, and relevant predictor variables are available.
However, it is likely that in the absence of rigorous develop-
ment, an equation developed in one population will likely be
inaccurate in a second population. Therefore, there are specific
criteria by which GFR estimating equations should be eval-
uated before an equation is accepted for widespread use in
clinical practice (Table 11-2).

Due to its relative ease of use, one of the most common
estimating equations used to estimate creatinine clearance is
the Cockcroft and Gault formula (18).

[140-age × body weight (kg)] × 0.85 (if female) [26]
[Pcr (mg/dL) × 72]

The formula for men was derived from measurements of
serum creatinine and urinary creatinine excretion. The formula
for women was based on the assumption that creatinine gen-
eration is 15% less in women than in men. The Cockcroft and
Gault formula was derived in whites; hence, it may underesti-
mate creatinine clearance in African Americans. Because this
and other formulas do not explicitly take into account nutri-
tional status, protein, or meat intake, they are likely to over-
estimate creatinine clearance in vegetarians and in individuals
following a low protein diet or with malnutrition. Furthermore,
because of differences in creatinine secretion between normal
individuals and patients with kidney disease, estimated crea-
tinine clearance is likely to overestimate GFR in patients with
kidney disease. One study compared estimated creatinine clear-
ance (factored by 1.73 m2 body surface area) to measured GFR
determinations in 394 subjects (171). As expected, estimated
creatinine clearance overestimated GFR at all values.

Recent studies have developed equations to predict GFR
rather than creatinine clearance. The most commonly used
equation is the Modification of Diet in Renal Disease (MDRD)
Study (172,173).

TA B L E 1 1 - 2

EVALUATION CRITERIA FOR GFR ESTIMATING
EQUATIONS PRIOR TO USE IN CLINICAL PRACTICE

■ Developed in a large cohort (more than 500 individuals)
■ Evaluated in an independent cohort (more than 500

individuals)
■ Validated to have adequate precision and low bias against a

gold standard measure of GFR (not creatinine clearance)
■ Practical to implement taking into consideration cost,

required data elements, generalizability, calibration and
reliability of the assay
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GFR = 170 × PCr−0.999 × Age−0.176 × BUN−0.170

× Albumin0.318 × 0.762 (if female)
× 1.180 (if black) [27]

GFR = 186 × PCr−1.154 × Age−0.203

× 0.742 (if female) × 1.210 (if black) [28]

Pcr is expressed in mg/dL, age in years, BUN in mg/dL, and
Albumin in g/dL. The MDRD Study equation is more accu-
rate than the Cockcroft-Gault equation as well as measured
urinary creatinine clearance with 91% of the estimates being
within 30% of the true GFR (Fig. 11-6). Inclusion of the race
term significantly improved the prediction, which is likely be-
cause of the larger muscle mass in African Americans compared
to whites. The MDRD Study Equation was developed in pa-
tients with chronic kidney disease (mean GFR 40 mL/minute/
1.73 m2) who were predominantly white and had predomi-
nantly nondiabetic kidney disease. The equation has now been
validated in African Americans with hypertensive nephroscle-
rosis, diabetic kidney disease, and kidney transplant recipients
(174–176).

There are limitations to the use of estimating equations
based on the physiologic, analytical, and statistical principles
described earlier (59,177). Armed with this knowledge, clini-
cians can more properly interpret GFR estimates and determine
when to request clearance measurements rather than GFR es-
timates. Table 11-3 lists clinical situations in which estimating
equations for creatinine clearance or GFR may not be accurate
and clearance measurements may be indicated.

First, all the estimating equations, including serum creati-
nine alone depend critically on the assumption of a steady state
of creatinine balance. In patients with rising serum creatinine,
the GFR estimate is likely to be an overestimate of the true
GFR. Conversely, in patients with falling serum creatinine, the
GFR estimate is likely to be an underestimate of the true GFR.
Accurate estimation of the GFR in the nonsteady state requires
a clearance measurement.

Second, measurement of true GFR is complex due to bio-
logical variability in GFR over time as well as to errors in mea-
surement of the urine or serum concentrations of the markers
during the individual clearance periods. These errors are incor-
porated into the error term of the estimating equations devel-
oped by regression analysis. Because biological variability in
GFR and analytical variability in serum creatinine are greater
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FIGURE 11-6. GFR measured as urinary clearance of 125I-iothalamate and adjusted for body surfae area
is 1,628 patients. Estimates include reciprocal serum creatinine (100/Pcr) (R2 = 80.4%) (A), Cockcroft-
Gault equation standardized for body surface area (R2 = 84.2%) (B), and MDRD Study equation 7 (six
variable equation including serum creatinine, age, sex, race, BUN, and serum albumin) (R2 = 90.3%) (C).
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TA B L E 1 1 - 3

CLINICAL SITUATIONS IN WHICH ESTIMATING
EQUATIONS FOR CREATININE CLEARANCE OR GFR
MEASUREMENTS MAY NOT BE ACCURATE AND
CLEARANCE MEASUREMENTS MAY BE
RECOMMENDED

■ Extremes of age and body size
■ Severe malnutrition or obesity
■ Diseases of skeletal muscle
■ Paraplegia or quadriplegia
■ Vegetarian diet
■ Rapidly changing kidney function
■ Pregnancy
■ Prior to dosing drugs with significant toxicity that are

excreted by the kidneys

in the normal and near-normal range, precision of GFR esti-
mates is lower in these ranges (high GFR range and low serum
creatinine range).

Third, use of serum creatinine in estimating equations for
either creatinine clearance or GFR requires calibration of the
creatinine assay to the laboratory in which the estimating equa-
tion was developed. Failure to do so can introduce a system-
atic error in the estimated GFR, particularly at low levels of
serum creatinine (high levels of GFR) (178–181). Calibration
is possible to the laboratory where the MDRD Study equa-
tion was developed, but is not possible for the Cockcroft and
Gault equation or most other equations. For equations for
children, inaccuracies may be even greater as the expected
serum creatinine level is low, even if GFR is reduced. This issue
should be a lesser concern after completion of the national pro-
gram to standardize creatinine compared to a reference stan-
dard, but will likely remain a shortcoming of estimating equa-
tions based on serum creatinine compared to other filtration
markers.

Fourth, there may be differences among populations or
among subgroups in a population in the relationship between
serum creatinine and GFR, which may lead to poor perfor-
mance of the estimating equation. This is most apparent in
individuals with substantially high or low muscle mass or pro-
tein intake. Possibly, there may be differences in these rela-
tionships between normal individuals and those with kidney
disease, which may lead to reduced accuracy in screening the
normal population for kidney disease compared to estimating
the level of GFR in patients with known kidney disease.

Fifth, by virtue of properties of regression analysis and
statistics, the use of estimating equations will be most accurate
in populations in which the equation was developed. Regres-
sion analysis works by developing the best fit to the observed
mean and, therefore, the equations are not expected to fit as
well in populations with a different range of GFR. This is not
specific to any one equation. However, because the MDRD
Study equation is the most rigorously and recently developed
equation, its validation has been the subject of intense investi-
gation. In general, the MDRD Study equation has been shown
to be valid in populations with CKD (i.e., lower levels of GFR)
regardless of CKD diagnosis or transplant status. However, the
equation does not appear to perform as well in populations
with higher levels of GFR (176,182,183).

UREA AS A FILTRATION MARKER

A relationship between plasma urea and kidney function was
recognized long before the development of the concept of clear-

ance or of techniques to assess GFR (184). The factors influenc-
ing both the production of urea and its renal excretion, how-
ever, are considerably more complex and variable than those
for creatinine (Table 11-4). As a result, urea clearance is rarely
used today as a measure of kidney function, and the serum
urea nitrogen concentration (for historical reasons, often re-
ferred to as the blood urea nitrogen or BUN) has been replaced
largely by the serum creatinine concentration as an index of
GFR in routine clinical practice. Nonetheless, measurement of
the BUN remains useful both as a diagnostic aid in distinguish-
ing among the various causes of acute decline in GFR and as a
rough correlate of uremic symptoms in kidney failure. To un-
derstand the utility and shortcomings of BUN measurements, a
brief summary of the kidney handling and metabolism of urea
is presented subsequently.

Kidney Handling of Urea

Urea (molecular weight 60 daltons) is filtered freely by the
glomerulus and reabsorbed in both the proximal and distal
nephron. Hence, urea excretion (UUN× V) is determined by both
the filtered load and tubular reabsorption (TRUN)

UUN × V = GFR × BUN − TRUN [29]

Consequently, clearance of urea (or urea nitrogen, CUN) is less
than GFR

CUN = GFR − TRUN/BUN [30]

In the proximal convoluted tubule, a large fraction of the
filtered load of urea is reabsorbed regardless of the state of
diuresis. In the medullary collecting duct, urea reabsorption
is linked closely to water reabsorption. In the absence of an-
tidiuretic hormone (diuresis), the medullary collecting duct is
relatively impermeable to urea; thus, urea reabsorption is min-
imal. Conversely, in the presence of antidiuretic hormone (an-
tidiuresis), permeability rises and urea reabsorption increases.
In normal individuals, the ratio of urea clearance to GFR varies
from as high as 0.65 during diuresis to as low as 0.35 during
antidiuresis.

In patients with GFR less than 20 mL/minute/1.73 m2, the
ratio of urea clearance to GFR is higher (0.7 to 0.9) and is not
influenced greatly by the state of diuresis. Thus, urea clearance
is approximately 5 mL/minute less than GFR. By coincidence,
at this level of GFR, the difference between the values of GFR
and urea clearance is similar to the difference between the val-
ues of creatinine clearance and GFR. Hence, the average of
the clearances of urea and creatinine approximates the level of
GFR (168,185). This coincidence provides a relatively simple
method to assess GFR in advanced renal disease. A single blood
sample and 24-hour urine collection may be analyzed for cre-
atinine and urea nitrogen and the values for clearance may be
averaged. However, the kidney handling of urea and creatinine
is influenced by different physiologic and pathologic processes,
and may vary independently, causing deviations from this
approximation.

Urea Metabolism

The metabolism of urea, its relationship to dietary protein in-
take, and the effect of renal insufficiency on protein metabolism
are discussed in detail in Chapter 101. Briefly, urea is the end
product of protein catabolism and is synthesized primarily by
the liver. Approximately one-quarter of synthesized urea is me-
tabolized in the intestine to carbon dioxide and ammonia; thus,
the ammonia that is generated returns to the liver and is re-
converted to urea.
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TA B L E 1 1 - 4

CLINICAL CONDITIONS THAT CAUSE ERRORS IN THE ESTIMATION OF GFR FROM MEASUREMENT OF UREA
CLEARANCE OR BUN

Effect on

Condition Curea BUN Comment

Extracellular volume
Dehydration Decrease Increase Increased urea reabsorption
Reduced renal perfusion (volume depletion,

congestive heart failure)
Decrease Increase Reduced GFR, increased urea

reabsorption, increased urea generation
Overhydration Increase Decrease Reduced urea reabsorption
Increased renal perfusion (volume expansion,

pregnancy, syndrome of inappropriate
ADH secretion)

Increase Decrease Increased GFR, reduced urea reabsorption

Dietary protein or catabolism
Restriction of dietary protein Decrease Decrease Sustained decrease in GFR and reduced

urea generation
Increased dietary protein Increase Increase Sustained increase in GFR and increased

urea generation
Accelerated catabolism (fever, trauma, GI

bleeding, cell lysis, therapy with
tetracycline or corticosteroids)

None Increase Increased urea generation

Liver disease Decreasea Decreasea Decreased GFR, decreased urea
reabsorption, decreased urea generation

Kidney disease Nonea Decreasea Decreased GFR, no change in urea
reabsorption, decreased urea generation
(if dietary protein is restricted)

Curea, urea clearance; BUN, blood (serum) urea nitrogen; GFR, glomerular filtration rate.
aEffects on Curea and BUN relative to effects on GFR (i.e., Curea is lower than expected for the reduction in GFR).
(From: Levey AS. Clinical evolution of renal function. Greenberg A, ed. Primer of kidney diseases. San
Diego: Academic Press, 1998.)

Dietary protein intake is the principal determinant of urea
generation and may be estimated as follows:

EPI = 6.25 × GUN [31]

where EPI is estimated protein intake, GUN is urea generation,
and both are measured in g/day (186). Usual protein intake
in the United States is approximately 100 g/day (187–190),
corresponding to a usual value for urea nitrogen generation of
approximately 15 g/day.

In the steady state, urea generation can be estimated from
the measurements of urea excretion, as shown below:

GUN = UUN × V + 0.031 × weight [32]

where GUN and UUN × V are measured in g/day, weight is mea-
sured in kg, and 0.031 g/kg/day is a predicted value for nitrogen
losses other than urine urea nitrogen (191). For a 70 kg indi-
vidual with a dietary protein intake of 100 g/day, urea excre-
tion and other nitrogen losses would be approximately 13 and
2 g/day, respectively.

Measurement of Urea

The urease method assays the release of ammonia in serum or
urine after reaction with the enzyme urease (192). The pres-
ence of ammonium in reagents or use of ammonium heparin
as an anticoagulant may falsely elevate the BUN, as can the
drugs chloral hydrate, chlorbutanol, and guanethidine (193).
Urea is also subject to degradation by bacterial urease. Bacte-
rial growth in urine samples can be inhibited by refrigerating
the sample until measurement or by adding an acid to the col-
lection container to maintain urine pH <4.0.

BUN as an Index of Kidney Function
and Protein Intake

In the steady state, the BUN level reflects the levels of urea
clearance and generation.

BUN = GUN/CUN = UUN × V/CUN [33]

Consequently, many factors influence the level of BUN
(Table 11-4). Nonetheless, the BUN can be a useful tool in
some clinical circumstances.

As mentioned earlier, the state of diuresis has a large effect
on urea reabsorption and a small effect on GFR, but does not
affect creatinine secretion. Hence, the state of diuresis affects
urea clearance more than creatinine clearance, and is reflected
in the ratio of BUN to serum creatinine. The normal value of
BUN is approximately 8 to 12 mg/dL, and the normal ratio of
BUN to serum creatinine is approximately 10:1. In principle,
a reduction in GFR without a change in the state of diuresis
would not alter the ratio. However, conditions causing antidi-
uresis (dehydration or reduced renal perfusion) would decrease
GFR and increase urea reabsorption, thus raising the BUN-to-
creatinine ratio. Consequently, the BUN-to-creatinine ratio is
a useful aid in the differential diagnosis of acute renal insuffi-
ciency. Conversely, overhydration or increased renal perfusion
would raise GFR and decrease urea reabsorption, thus lower-
ing the serum creatinine and the BUN-to-creatinine ratio.

Also important is the well-recognized relationship of the
level of renal function, the BUN level, and clinical features
of uremia. A useful “rule” is that a BUN level greater than
100 mg/dL is associated with a higher risk of complications
in both acute and chronic kidney failure and may indicate the
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need to initiate dialysis (194,195). In both acute and chronic
kidney disease, restriction of dietary protein intake to 40 to
50 g/day would reduce urea nitrogen excretion to approxi-
mately 4.5 g/day. Consequently, the BUN level might rise to
only 40 to 60 mg/dL, despite severe reduction in GFR. Al-
though protein restriction may temporarily ameliorate some of
the uremic symptoms, severe reduction in GFR is associated
with development of uremic symptoms despite only moderate
elevation in BUN.

Urea generation and the BUN are also influenced by fac-
tors other than protein intake (186). An increase is observed
after the administration of corticosteroids, diuretics, or tetra-
cyclines; after the absorption of blood from the gut; and in
infection, renal failure, trauma, congestive heart failure, and
sodium depletion. Decreases in urea generation and BUN may
occur in severe malnutrition and liver disease. These conditions
may also affect the BUN and the BUN to creatinine ratio.

CYSTATIN C AS A FILTRATION
MARKER

Cystatin C has been proposed as an endogenous filtration
marker. Studies in human subjects demonstrate a good correla-
tion of serum cystatin C levels with GFR; typically better than
that of serum creatinine levels (196–200). A summary of issues
related to its kidney handling, metabolism, measurement, and
use as an index of GFR is presented subsequently.

Kidney Handling of Cystatin C

Based on its small size (13 kD) and limited direct measure-
ments in the rat, it appears that cystatin C is freely filtered. It
is then reabsorbed and catabolized by the renal tubules (201).
Cystatin C is found in the urine of patients with tubulointersti-
tial kidney disease (202), and some glomerular diseases (203),
presumably due to impaired catabolism. Direct evaluation of
kidney handling in humans has not yet been performed.

Cystatin C Metabolism

Cystatin C is a 13 kD, nonglycosylated basic protein; its mRNA
is found in every human tissue (204). Molecular analysis of its
promotor suggests that cystatin C is encoded on a “house-
keeping” gene (204). There are no direct measurements of its
production or degradation in human or whole animal studies
nor is there information as to the effect of disease processes,
diet, or medications on its synthesis.

Measurement of Cystatin C

Methods for analysis of cystatin C have substantially improved
in recent years. Commercially available autoanalyzers using ei-
ther a particle-enhanced turbidimetric immunoassay (PETIA)
(196) or particle-enhanced nephelometric immunoassay (PE-
NIA) (205) provide a high degree of precision and reproducibil-
ity. When similarly calibrated, results from these two different
methods are highly correlated (206). For the PETIA method,
CV of the assay is 1.3% to 3.2% and the analytical range is
0.4 to 14.1 mg/L. The PENIA assay has an intraassay impre-
cision of 2.0% to 3.0% CV and an interassay imprecision of
3.2% to 4.4% CV. The assay range is 0.23 to 7.25 mg/L. It is
the most precise of the automated methods (207). With the PE-
NIA method, no interference is noted with bilirubin, rheuma-
toid factor, hemoglobin, or triglycerides; bilirubin levels of
150 to 300 (mol/L (8.8 to 17.5 mg/dL) increase cystatin C lev-

els by less than 10% using the PETIA method, but there is no
interference by rheumatoid factor, hemoglobin, or triglycerides
(196). Cystatin C is very stable in serum, but readily degraded
in urine.

Cystatin C as an Index of Kidney Function

Cystatin C levels in surveys of normal adults range from 0.54
to 1.55 mg/L, with slight variability depending on the assay
utilized (206). Cystatin C concentrations in subjects with nor-
mal GFR (>80 mL/minute/1.73 m2) were 0.61 to 2.1 mg/L
(199,208) with a mean value of 1.08 + 0.14 mg/L (mean ±
SD) in another study (200).

Studies have compared serum cystatin and creatinine as fil-
tration markers. When the two analytes are compared alone,
cystatin appears to be a better filtration marker. When com-
pared to GFR estimates based on serum creatinine and esti-
mating equations, such as MDRD Study or Cockcroft-Gault
equation, there is no clear advantage of cystatin. In acute GFR
decline, one study demonstrated that cystatin increases prior to
serum creatinine (209). The presence of cystatin C in the urine
of patients with kidney disease indicates that low levels of GFR
may affect the ability of the kidney to reabsorb and degrade
cystatin C. However, it is not clear if this would interfere with
the direct relationship between cystatin C and GFR in patients
with kidney disease.

It is clear that there are other determinants of cystatin C
apart from GFR. Higher levels of cystatin C are observed from
birth to 4 months of age (210) and in the elderly (206). It
is thought that the elevation after the age of approximately
70 years is related to the age-associated decline in GFR. How-
ever, a population based study in Groningen, The Netherlands,
showed that even after adjusting for the level of creatinine
clearance, age was significantly related to cystatin level, as
was male sex, higher body mass index, and higher C-reactive
protein (211). Additional studies demonstrated an effect of
lipopolysaccharides, interferon α, cigarette smoke, and trans-
forming growth factor β on cystatin C secretion in vitro (206).
Cystatin level was increased by dexamethasone in a dose-
dependent fashion in HeLa cells in vitro (212) and serum cys-
tatin C levels were 25% higher in children with kidney trans-
plants compared to children with chronic kidney disease who
had not been transplanted (213), which suggests a possible ef-
fect of corticosteroids. Prior to the potential widespread adop-
tion of serum cystatin C levels for the estimation of GFR, more-
extensive research is required.

ALTERNATIVE EXOGNEOUS
FILTRATION MARKERS AND
CLEARANCE METHODS FOR
MEASURING GLOMERULAR

FILTRATION RATE

In the last 20 years, many variations in the classical method of
estimating GFR from urinary clearance of exogenous filtration
markers have been introduced. These include:

1. Substitution of constant intravenous infusion by bolus in-
travenous or subcutaneous injection;

2. Use of plasma clearance techniques to eliminate the need for
urine collection;

3. Introduction of radioisotopic markers to facilitate the assay
of plasma and urine levels (125I-iothalamate, 51Cr-ethylene
diamine tetracetic acid [EDTA], and its analogue, 99mTc-
diethylene triamine pentacetic acid [DTPA]);
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4. Introduction of nonradioactive iodinated radiographic con-
trast agents that can be measured by X-ray fluorescence and
HPLC methods to avoid radiation exposure (iothalamate
and iohexol); and

5. Increased availability of external counting and imaging tech-
niques to eliminate the need both for urine collection and
plasma sampling (radioisotopes).

These new techniques used alone or in combination provide
a multiplicity of methods for the safe, accurate, and simple
measure of GFR (60,74).

Exogenous Filtration Markers

There is now a wide variety of exogenous isotopic and non-
isotopic filtration markers that are more available and simpler
to use than inulin (60,149,214,215). Multiple investigations
have studied the characteristics and performance of radiola-
beled 125I-iothalamate, metal chelates formed with EDTA and
DPTA and nonisotopic iodinated contrast agents (iohexol and
iopromide), and have demonstrated a high degree of correla-
tion with simultaneous inulin clearances (216–218,219–226).

125I-iothalamate, widely available in a pure, stable form
(half life of 125I, 60 days), is bound to protein to a minor
degree (227). A number of early studies demonstrated near
identity of simultaneous inulin and labeled iothalamate clear-
ances (221,227–229). Subsequent studies have demonstrated
tubular secretion of iothalamate in chickens, rats, and humans
(230,231). Therefore, 125I-iothalamate clearance provides a
reasonable estimate of GFR (60) and satisfies the criteria for
safety and ease of measurement. In a study of individuals with
chronic kidney disease using a subcutaneous bolus injection of
125I-iothalamate and spontaneous bladder emptying, the me-
dian CV for repeated measurements over 3 months was 6.3%
(69). These results compare favorably to the reproducibility
of inulin clearance measurements in normal adults described
earlier.

There is an extensive European experience with 51Cr-EDTA
in humans (149). This marker is not commercially available in
the United States. The urinary clearance of 51Cr-EDTA consis-
tently underestimates inulin clearance by 5% to 15% in most,
although not all, studies (149). DTPA, an analogue of EDTA
labeled with 99mTc, is available in the United States. The ad-
vantages of 99mTc-DTPA include a short half-life (6 hours) that
minimizes radiation exposure, its availability on a daily basis
in most nuclear medicine departments, and the convenience of
using it to measure GFR at the time of renal imaging stud-
ies (214,232). The disadvantages include a small but definite
(3% to 9%) binding to protein, which leads to an underesti-
mation in GFR. In addition, at least five different chelating kits
and three technetium generators are in use in the United States,
making standardization among institutions difficult. In patients
with chronic kidney disease, studies have yielded correlation
coefficients to other GFR standard measurements of greater
than 90% (60,214,232,233). In a detailed, simultaneous com-
parison of 125I-iothalamate, 169Yb-DTPA, 99mTc-DTPA, and
inulin, the investigators concluded that the urinary clearance
of any of these radioisotopic agents can be used to accurately
measure GFR in patients with graded degrees of chronic kidney
disease (60). In Figure 11-7 a comparison between inulin and
some of these markers is displayed.

Iohexol is a nonionic radiographic contrast agent that offers
significant advantages over other contrast agents in the accu-
racy and precision of GFR measurement. It may be used for
both plasma clearance and urinary clearance measurements.
It exhibits neither protein binding nor tubular secretion, ex-
trarenal clearance is minimal, it is stable in biologic fluids, its
adverse reactions are rare, and it does not require radioactive

FIGURE 11-7. Relationship between marker clearance and inulin. Val-
ues are mean urinary clearance (mL/minute/1.73 m2) averaged over
PRE periods (1 to 3) for day 1 (open circles) and day 3 (solid circles).
The line of identity is indicated. Statistical analysis for subjects with
kidney disease were performed on balanced data (n = 13). Results from
normal subjects (n = 4) are also shown for comparison.

tags (224,226,234,235). GFR levels obtained with the single
sample technique are highly correlated with those obtained us-
ing the multiple sample technique (236). The plasma clearance
of iohexol is highly reproducible. The CV of repeated measure-
ments of GFR using the multiple sample plasma clearance of
iohexol is 6% (237). For clinical assessment of GFR, extrarenal
elimination of ioxol is probably unimportant but may be rel-
evant for assessment of GFR in clinical trials, particularly in
patients with GFR below 40 mL/minute/1.73 m2.
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There are disadvantages of iohexol. High-performance liq-
uid chromotography, requiring a skilled technician and expen-
sive equipment, must be used when low doses of iohexol (e.g.,
5 mL of 300 mg/mL iodine) are administered. X-ray fluores-
cence is simpler to perform but necessitates administration of
significantly larger doses of iohexol (10 to 90 mL of 300 mg/mL
iodine) (226) and carries an increased risk of adverse reactions.
Capillary electrophoresis has been shown to be a promising
technique for measurement of radiocontrast media (238). Its
advantages include lower cost, increased sensitivity, and more
rapid turnaround time. Recently, neutron activation analysis
has been validated as a technique to measure plasma iohexol
concentrations in the range achieved after administration of
5 mL of 300 mg/mL iodine. The advantages of this technique
are a high level of accuracy and reproducibility and the ability
to process multiple samples (239).

The magnetic resonance imaging (MRI) contrast agent,
gadolinium-DTPA, appears to be comparable to 99mTc-DTPA
for renal clearance determinations (240). Its plasma and urine
levels are determined using a nuclear magnetic resonance spec-
trophotometer.

The decline in serum levels of intravenously administered
aminoglycoside antibiotics (gentamycin or tobramycin) or the
radiocontrast agents iohexol or iopromide used in a standard
plasma clearance calculation yields GFR values very similar to
that of simultaneous inulin clearance in critically ill patients
(241,242).

Direct Measurement of Kidney Clearance

For direct measurement of urinary clearance, timed urine col-
lections are performed after administration of an exogenous
filtration marker. GFR is calculated using the standard for-
mula (Eq. 4). In the modified infusion technique, the marker
substance (e.g., inulin, 125I-iothalamate, 51Cr-EDTA) is given
subcutaneously, with or without a small dose of aqueous
epinephrine, and is released slowly into the circulation, pro-
viding fairly constant plasma levels (228,229). An alternative
technique using a single IV bolus yields declining plasma lev-
els, which yields reasonably accurate GFR measurements in
subjects with reduced GFR, but overestimates GFR in subjects
with normal or elevated GFR (60) due to difficulty in deter-
mining the exact plasma level corresponding to the time of
urine collection. The use of an exponential pattern of decline
in serum counts may lead to a better approximation of the re-
lationship between the plasma and urine measurements (69).
In some studies, a decline in plasma level is associated with an
apparent decline in GFR during the test, which contributes to
higher intratest variation (243).

Indirect Measurement of Kidney Clearance

As an alternative to the direct measurement of urinary clear-
ance, GFR can be calculated from plasma clearance (the de-
cline in plasma levels following an intravenous bolus injection
of an exogenous filtration marker), using either the entire area
under the disappearance curve or one- or two-compartment
analysis of the slope of the plasma disappearance plot. Despite
the advantage of not requiring urine collections, this method is
cumbersome for several reasons. First, if the terminal slope is
used (one-compartment analysis), a relatively long time (3 to
5 hours) is required to accurately determine the falling slope of
the injected substance; alternatively, multiple samples are re-
quired at early time points if the entire plasma disappearance
curve is being utilized. Second, filtration markers utilized for
this method must meet an additional criterion of rapid equili-
bration with the extracellular volume. Inulin, the “gold stan-

dard” for the urinary clearance technique is not suitable for
plasma clearance studies because of markedly delayed equili-
bration with the extracellular fluid compartment (244). Third,
simultaneous assessment of plasma and urinary clearance of a
filtration marker typically yields a higher level for plasma clear-
ance, presumably due to extrarenal excretion of the marker
(245,246). This underestimation is more apparent at a lower
GFR. This systematic bias at low levels of GFR leads to an un-
derestimation of GFR at high levels and to overestimate GFR at
low levels (247). Fourth, plasma clearance overestimates GFR
in patients with moderate to severe edema probably because of
the larger than expected volume of distribution and lower than
expected plasma levels of the marker (221).

Measurement of GFR by external counting or imaging over
the kidneys and bladder using an exogenous isotopic marker
substance is another alternative to urinary clearance (214,248–
250). Studies have been done in conjunction with dynamic kid-
ney imaging using 99mTc-DTPA, comparing the percent kidney
(and bladder) uptake at a defined time after injection to simul-
taneously measured GFR by other techniques. Similar studies
may be performed using computed tomographic imaging with
nonradioactive radiographic contrast agents or magnetic res-
onance imaging with gadopentate (251–254). Unfortunately,
many of the studies of dynamic renal imaging have not vali-
dated it using standard renal clearance measurements and have
not assessed their accuracy on external populations. Several
studies indicated a poor correlation of 99mTc-DTPA dynamic
renal imaging with simultaneous renal or plasma clearance, es-
pecially in the normal and elevated GFR range (249,255). It is
premature to recommend external counting or imaging tech-
niques for routine clinical purposes. The main value of dynamic
renal imaging would appear to be determination of split kidney
function in individuals already undergoing imaging procedures
rather than as a primary method of measuring GFR.

CLINICAL ASSESSMENT OF
KIDNEY FUNCTION IN CHRONIC

KIDNEY DISEASE

Chronic kidney disease (CKD) is a world wide public health
problem, with increasing incidence and prevelance, poor out-
comes and high cost. Stages in the progression of chronic kid-
ney disease defined by the level of GFR, and therapeutic strate-
gies to improve outcomes are shown in Table 11-5. Chronic
kidney disease worsens over time by transitions through these
stages, regardless of the specific cause of kidney damage or rate
of GFR decline (Chapter 90). In this section, we will review the
use of GFR estimates for the detection chronic kidney disease
and assessment its progression.

Detection of Chronic Kidney Disease

Clinical practice guidelines of the National Kidney Founda-
tion’s Kidney Disease Quality Outcome Initiative (NKF-K/
DQOI) define CKD as either GFR less than 60 mL/min per 1.73
m2 or the presence of kidney damage for 3 or more months,
regardless of cause (256). These guidelines, as well as new rec-
ommendations from national and international organizations,
propose that clinicians use GFR estimated from serum creati-
nine and estimating equations for routine clinical assessment
of kidney function, and that clinical laboratories report esti-
mated GFR in addition to serum creatinine (256–260). In re-
sponse, intensive educational efforts regarding GFR estimates
and chronic kidney disease, as well as active research on im-
proved GFR estimating equations have begun and will continue
over the next several years.
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TA B L E 1 1 - 5

DESCRIPTION OF CKD STAGES DEFINED BY GFR LEVEL AND THERAPEUTIC STRATEGIES FOR EACH STAGE

Stage of CKD Description GFR ml/min per 1.73 m2 Therapeutic strategies to improve outcomes

At ↑increased risk Detection of CKD. GFR <60 ml/min/1.73 m2

for ≥3 months defines CKD.
1 Kidney damage with

normal or ↑ GFR
>90 Initiate treatment and monitor response to

treatment
2 Kidney damage with

mild ↓ GFR
60–89 Quantify progression

3 Moderate ↓ GFR 30–59 Selection of appropriate treatment strategies;
measure response to treatment; association
of comorbid conditions; drug dosing

4 Severe ↓ GFR 15–29 Referral to nephrologist
5 Kidney failure <15 Interpretation of symptoms, initiate kidney

replacement therapy

As discussed earlier, the main limitation of current estimat-
ing equations is decreased accuracy at GFR levels >60 mL/
minute/1.73 m2. This limitation was recognized and purpose-
fully incorporated into current guidelines and recommenda-
tions. According to the NKF-K/DOQI definition, individuals
with a persistent reduction in GFR <60 mL/minute/1.73 m2

are defined as having CKD. In individuals with GFR ≥60 mL/
minute/1.73 m2, CKD can also be ascertained by assessment
of markers of kidney damage, such as proteinuria. Individuals
with GFR ≥60 mL/minute/1.73 m2 without markers of kidney
damage do not have chronic kidney disease; precise estimation
of GFR is not necessary in these individuals in most clinical
circumstances. Consistent with this, the National Kidney Dis-
ease Education Plan recommends reporting a specific value only
when the estimated GFR is less than 60 mL/minute/1.73 m2 and
otherwise simply report “GFR is ≥60 mL/minute/1.73 m2.” All
methods of GFR estimation may lead to misclassification of
individuals near the cut-off level for GFR of 60 mL/minute/
1.73 m2. Although we do not know the magnitude of this
misclassification with current estimating equations, it is highly
likely that use of serum creatinine alone leads to an even larger
misclassification and to missed opportunities for early identifi-
cation and treatment of individuals with CKD.

There may be specific clinical circumstances where accurate
measurements of kidney function are required for individuals
with higher levels of GFR, such as drug dosing of toxic med-
ications or those with narrow therapeutic windows. In those
circumstances, clearance methods should be used to estimate
the level of GFR rather than estimating equations (Table 11–3).

Estimating the Rate of Progression of Chronic
Kidney Disease

Clinical Trials

Clinical trials are needed to determine therapeutic strategies,
such as dietary protein restriction or antihypertensive therapy,
to slow the progression of chronic kidney disease. These studies
often use serial measurements of serum creatinine to assess the
rate of progression, and an active debate has arisen regarding
the usefulness of changes in the serum creatinine concentration
to assess the rate of decline in GFR. Based on the physiologic
considerations discussed above, the rate of decline in estimated
GFR (or reciprocal serum creatinine) may differ from the rate
of decline in GFR due to changes in creatinine secretion, gener-
ation or extrarenal elimination (74,261). Over short intervals
of follow-up, the correlation in rates of decline in GFR with

rates of decline in reciprocal serum creatinine is relatively weak
(44,262,263). In part, the poor correlation may reflect the ef-
fects of the therapeutic interventions on determinants of serum
creatinine other than GFR, such as the effect of dietary protein
restriction on creatinine generation, and may lead to errors in
interpretation of the clinical trial (44). However, there are a
number of other reasons for the poor correlations. These in-
clude the relatively slow rate of progression of kidney disease
(3 to 5 mL/minute/year or less in many studies), the short du-
ration of follow-up (<2 year), and deviations from linearity
in the decline in GFR and reciprocal serum creatinine (264).
Thus, in addition to considering the physiologic relationships
among these variables, a number of statistical considerations
must be included in the choice of an outcome measure for a
clinical trial (265).

Deficiencies of using GFR measurements to assess the rate of
progression of kidney disease have also been recognized. First,
a decline in GFR may not be a sensitive marker of progressive
kidney damage. For example, the earliest stages of glomerular
disease appear to be associated with alterations in structure and
in permeability to macromolecules. In diabetic kidney disease,
increased albumin excretion signals the presence of structural
damage before a decline in GFR (266). Similarly, in systemic
lupus erythematosus, progression of kidney damage may not
be associated with a change in GFR (267). Longer follow-up is
required to detect a decline in GFR. Second, a decline in GFR
may not be a specific marker of progression of kidney disease.
For example, both dietary protein restriction and antihyperten-
sive therapy have short-term effects on GFR which differ from
their hypothesized long-term effects on the progression of kid-
ney disease (45,268). Although the magnitude of the change
in GFR due to these short-term effects is small, during a short
follow-up interval, it may be large in relation to the decline in
GFR due to progression of kidney disease.

Thus, it appears that studies of therapies to slow the pro-
gression of most chronic kidney diseases may require a long
duration of follow-up to assess the effects on either GFR or
serum creatinine. In principle, if changes in kidney function
during follow-up were large, the rate of change in serum crea-
tinine would indeed reflect the rate of decline in GFR. Several
recent clinical trials have shown consistent results using both
outcomes measures: a twofold increase “doubling” of base-
line serum creatinine and the rate of decline in GFR (269–272)
Nonetheless, the cost of such trials is great and only a lim-
ited number of them can be performed. For future studies,
it would be useful to develop other outcome measures that
are more sensitive to the effects of the progression of kidney
disease.
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Clinical Practice

In clinical practice, measurement of progression is important
to identify patients at increased risk for the development of
kidney failure (CKD Stage 5, GFR <15 mL/minute/1.73 m2)
and need for kidney replacement therapy, but also for iden-
tification of the earlier stages of CKD with their associated
with increased risk of complications and consequent need for
specific evaluation and management. In particular, identifica-
tion of CKD Stage 4 (GFR 15 to 29 mL/minute/1.73 m2) has
clinical significance as it is more common than kidney failure,
is associated with complications that may result in mortality,
morbidity, and decreased quality of life, as well as a significant
increase in health care delivery and expenditure. In addition,
interventions during this stage, such as creation of vascular ac-
cess, preparation for dialysis, and evaluation for kidney trans-
plantation, may reduce subsequent morbidity and mortality
associated with kidney failure.

Measurement of GFR decline can be imprecise due to vari-
ability in GFR or errors in estimation of GFR, especially in
the higher range of GFR and for patients with slowly declining
kidney function. Use of a longer interval of follow-up can over-
come the imprecision. The pattern of GFR decline over time is
not well defined. Over short periods of time, GFR decline ap-
pears relatively constant. However, the true pattern of GFR
decline may not be constant. In one study of 77 patients, 32%
to 51% of patients had a spontaneous change in the rate of de-
cline (273). In this study, in 61% of cases, the change in slope
was less steep and in 39%, the slope was steeper. Potential ex-
planations for the changes in the rate of decline may be errors in
measurement, true nonconstant rate of decline in GFR, effects
of treatment, or new or superimposed acute kidney disease.

Progression of kidney disease can also be signified by
changes in the markers of kidney damage, such as proteinuria
(see the section that follows), size of the kidneys in a poly-
cyststic kidney disease, or presence of complications of kid-
ney disease, such as hyperphosphatemia or anemia. Therefore,
progression of chronic kidney disease should be assessed by
consideration of all relevant indicators of kidney damage and
function for an individual patient.

PROTEINURIA

The plasma contains approximately 11,000 to 14,000 g of pro-
tein, yet the final urine is virtually protein-free due to selectivity
of glomerular filtration. This conservation of essential proteins
is necessary for oncotic regulation, for immune protection, for
normal coagulation, and for a host of other vital processes.

An increased protein excretion rate (proteinuria) is usually
due to intrinsic kidney disease. Most kidney diseases are asso-
ciated with some degree of proteinuria. Mild proteinuria does
not generally cause clinical signs or symptoms, but when severe
(>3 g/day) consequences such as hypoalbuminemia, hyperc-
holesterolemia, hypercoaguability, and hemodynamic instabil-
ity may occur. The detection and evaluation of proteinuria has
gained additional significance in recent years as multiple stud-
ies have demonstrated its prognostic importance. In most kid-
ney disease, the degree of proteinuira is a risk factor for kid-
ney disease progression. The presence of even mildly increased
amounts of albumin in the urine serves as an independent risk
marker for cardiovascular disease, particularly in patients with
diabetes, hypertension, or of advancing age. The physiology of
normal protein handling and the pathophysiology of protein-
uria are extensively covered in Chapter 90.

This section considers (a) mechanisms by which the normal
kidney handles protein, (b) patterns of proteinuria, (c) meth-
ods to measure urine protein, and (d) clinical interpretation of
proteinuria.

NORMAL PROTEIN HANDLING

In normal individuals, the daily urinary protein excretion av-
erages 40 to 80 mg, and the upper limit of normal ranges from
75 to 150 mg. Urine protein is a mixture of plasma proteins
that cross the filtration barrier and nonplasma proteins that
originate in the tubules and lower urinary tract. Of the to-
tal, albumin constitutes 30% to 40%, IgG 5% to 10%, light
chains 5%, and IgA 3%. Tamm-Horsfall protein (THP), a gly-
coprotein not found in plasma (274,275) is the most abundant
protein in normal human urine and constitutes the remainder
(276). Large molecules, such as IgD and IgM, normally are not
detected in the urine (274,277).

The handling of plasma proteins by the kidney is complex,
but consists of two major components; the permeability of the
glomerular filter to plasma proteins and the tubular metabolism
of filtered proteins. For a detailed review of these mechanisms,
the reader is referred to Chapter 90.

Urine Proteins of Plasma Origin

Low Molecular Weight Proteins

Low molecular weight proteins (less than 25,000 daltons or
less than 2.3 nm) are extensively filtered by the glomeruli,
taken up by the tubules, and subsequently handled by proximal
tubular degradation (278). Biologically important low molec-
ular weight proteins handled by the kidney include enzymes
(lysozyme and ribonuclease), immunoglobulins (light chains
and beta-2 microglobulin), fibrin-fibrinogen degradation prod-
ucts, and hormones (insulin, growth hormone and parathyroid
hormone). The tubular concentration of these proteins ranges
from 50% to 90% of their plasma concentrations (Table 11-6).
Low molecular weight proteins are small enough that their
charge plays only a minor role in their filtration.

Despite the significant amount of low molecular weight pro-
tein that is filtered, only minor amounts appear in the urine.
The proteins are taken up in the proximal tubule and hy-
drolyzed into amino acids by the vacuolar-lysozymal system.
Small amounts of these proteins are actually reabsorbed intact
(279–281). The tubular capacity for some of these low molecu-
lar weight proteins is significantly greater than the filtered load.
For example, when purified lysozyme was given in an isolated
perfused rat kidney, lysozyme did not appear in the urine until
the filtered load was increased nearly threefold (279). Through
the process of filtration, tubular absorption and excretion, the
kidney accounts for between 30% and 80% of the metabolic
clearance of low molecular weight proteins (279).

Light chains are handled in a similar manner. The monomer
(molecular weight 22,000 daltons) is filtered freely and then
degraded by the tubules with small amounts appearing in the
urine. In contrast, the dimer (molecular weight 44,000 dal-
tons, radius 2.8 nm) is restricted with only approximately 10%
filtered. Horseradish peroxidase, a neutral tracer molecule of
similar weight and size to light chains, is handled in a similar
manner (282,283).

Albumin

Albumin, the principal plasma protein with a molecular weight
of 69,000 and radius of 3.6 nm, deserves special consideration.
Under normal situations, albumin is prevented from entering
the urine space by the glomerular permselectivity barrier. How-
ever, as discussed earlier, under conditions of reduced glomeru-
lar plasma flow, albumin passes into the urine, demonstrating
that size selectivity alone is not sufficient to restrict the filtra-
tion of albumin. Rather, it appears that the negative charge
on the various structures of the glomerular barrier contributes
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TA B L E 1 1 - 6

HANDLING OF PLASMA PROTEINS BY THE KIDNEY

Molecular weight Approximate Stokes-Einstein Approximate ratio of glomerular
Protein (daltons) radius (nm) filtrate to plasma concentrations

Inulin (for reference) 5,200 1.4 1.0
Insulin 6,000 1.6 0.9
Lysozyme 14,600 1.9 0.75
Myoglobulin 16,900 1.9 0.75
Parathyroid hormone (cow) 9,000 2.1 0.65
Growth hormone (rat) 20,000 2.1 0.6–0.7
Light chains 44,000 2.8 0.09a

Amylase 48,000 2.9 0.02
Albumin 69,000 3.6 0.02
Gamma globulin 160,000 5.5 0.0
Ferritin 480,000 6.1 0.02

aCan be as high as 0.45 if light-chain monomers predominate over dimers in plasma.
(From: Kanwar YS. Biology of disease: biophysiology of glomerular filtration and proteinuria. Lab Invest 1984;51:7. Maack T, Johnson B, Kau ST, et
al. Renal filtration, transport, and metabolism of low-molecular-weight proteins: a review. Kidney Int 1979;16:251.)

significantly to restricting the filtration of albumin. Of these
structures, the negative charge on the basement membrane has
been considered the major obstacle to albumin crossing the
glomerular capillary wall (283–289).

Large Plasma Proteins

The large molecular weight plasma proteins are restrained from
crossing the glomerular barrier. Proteins such as globulins,
(mol. wt. 160,000, radius, 5.5 nm), are undoubtedly restricted
by the basement membrane, but the contribution of the en-
dothelial fenestrae is uncertain. Albeit, a tiny fractional clear-
ance of large plasma weight proteins has been established and
animal studies suggest that this is due to the presence of very
few large pores in the glomerular ultrafiltration barrier (290).
Changes in glomerular plasma flow do not alter the restriction
of these molecules from the urine space.

Proteins in Urine of Nonplasma Origin

The major protein in normal human urine that has no counter-
part in plasma is uromodulin, or THP (276,291,292). This sub-
stance, a large glycoprotein with a molecular weight of 7 mil-
lion, is excreted in amounts of 20 to 100 mg per day (293,294).
Immunofluorescent staining techniques in human kidneys have
demonstrated that THP is confined to the cells lining the thick
ascending limb of Henle’s loop and the most proximal part of
the distal convoluted tubule, which strongly suggests that these
cells are the source of the THP in the urine (295,296). THP is
the major protein component of urinary casts (295,297). Ex-
cretion of this protein increases only slightly in patients with
nephrotic syndrome, and its excretion rate does not appear to
be related quantitatively either to the number of casts or to
the degree of proteinuria (297). In vitro studies indicate that
the addition of albumin to THP-containing solutions leads to
precipitation of THP (297), which suggests that increased albu-
min excretion may lead to precipitation of THP in the tubules
and thus to cast formation. The structure and function of this
unusual glycoprotein has been extensively reviewed (276). In
addition to THP, many other discrete proteins unrelated to
plasma proteins have been identified in trace amounts (291).
These proteins presumably originate in the lower urinary tract
and prostate gland. Endothelin, the recently discovered endoge-

nous vasoconstrictor peptide, is produced by renal epithelial
cell lines in vitro, does appear in human urine, and may serve
as a nonspecific marker of renal injury (298).

PATTERNS OF PROTEINURIA

Proteinuria can be classified according to its pathophysiology
into three major groups: glomerular proteinuria, tubular pro-
teinuria, and overproduction proteinuria.

Glomerular Protein

Glomerular proteinuria is defined as proteinuria due to in-
creased permselectivity of the glomerular filtration barrier to
plasma proteins. Therefore, the hallmark of glomerular pro-
teinuria is albuminuria (Fig. 11-8). Albuminuria may be a
transient phenomenon in normal individuals without kidney
disease. However, persistent albuminuria indicates the pres-
ence of kidney disease. Indeed, albuminuria occurs in the great
majority of kidney diseases. Whether the primary site of in-
jury is the glomerulus or the tubulointerstitial compartment,
albumin makes up 60% to 90% of the urinary protein (Fig.
11-8). The excretion of low-molecular-weight proteins usually
remains minimal (299,300).

Functional Albuminuria

A transient increase in albumin excretion occurs in a variety of
physiologic and experimental settings in the absence of kidney
disease. Protein excretion is increased twofold to threefold dur-
ing and immediately following heavy exercise (301–303), and
the increase is accounted for largely by plasma protein com-
ponents (275,304,305). Minor abnormalities can accompany
the proteinuria in the urine sediment, but both the proteinuria
and the sediment abnormalities usually disappear within hours
after the completion of exercise. Similar increases in protein ex-
cretion can be induced by fever (306), severe emotional stress
(307), infusions of norepinephrine or angiotensin (308,309),
and prolonged assumption of the lordotic position (310). In
addition, mild to moderate proteinuria often is observed in pa-
tients with congestive heart failure (311).
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FIGURE 11-8. Electrophoretic patterns of normal serum, normal
urine, and urine with three types of abnormal protein excretion. The
electrophoresis pattern shown for overproduction proteinuria is taken
from a patient with multiple myeloma.

Albuminuria Due to Kidney Disease

Changes in filtered albumin sufficient to account for heavy
proteinuria have been documented by micropuncture studies
in experimental nephrotic syndrome and by indirect studies
in humans. In rats with aminonucleoside nephrosis, the in-
crease in filtered albumin accounts entirely for the increase
in protein excretion (312,313). In fact, in animals with ei-
ther aminonucleoside nephritis or nephrotoxic nephritis, the
proximal tubular albumin concentration is increased 8- to 12-
fold (313,314). These animals may excrete 100 to 400 times
as much albumin as controls (313,314). In humans, clearance
studies have provided indirect evidence of increased filtration
of protein; in patients with nephrotic syndrome, the minimal
protein concentration in the glomerular filtrate (calculated by
correcting the urine protein concentration by the fraction of
water reabsorbed) far exceeds the concentration of filtered
protein observed in the proximal tubular fluid in normal ani-
mals (315). Furthermore, urine albumin excretion is linearly
related to plasma albumin concentration when the latter is
increased by infusion (315,316). Such a relationship is char-
acteristic of substances excreted mainly by glomerular filtra-
tion (9).

Although increased filtration of protein appears to be the
major factor leading to proteinuria, the specific defects in the
capillary wall that are responsible for the protein loss are
not completely defined. New information regarding the major
role of the podocyte and its slit diaphragm in many pro-
teinuric diseases has become available from multiple stud-
ies (317,318). For a detailed discussion regarding the patho-
physiology of glomerular proteinuria, the reader is directed to
Chapter 2.

Tubular Protein

A pattern of abnormal protein excretion in which low-
molecular-weight proteins predominate is found in patients
with a diverse group of kidney diseases characterized by pri-
mary tubular injury. This includes hereditary tubular disor-
ders, such as Fanconi’s syndrome and Wilson’s disease (319),
chronic potassium depletion, acute renal failure due to acute
tubular necrosis, Balkan nephropathy (320), and cadmium poi-
soning (321,322). The low-molecular-weight proteins excreted
by these patients are the plasma constituents described earlier
that are present in only minute amounts in the urine of normal
individuals (323). As many as 20 of these proteins have been
identified. A typical pattern seen in these patients is shown in
Figure 11-8. The magnitude of tubular proteinuria exceeds 150
mg per day and rarely is greater than 2 gm per day (324–326).

As described previously, the urinary clearance rates of these
low-molecular-weight proteins in normal individuals and in
patients with glomerular disease are very low despite the fact
that these proteins are filtered readily, suggesting that when the
tubules are intact, extensive tubular reabsorption and degrada-
tion of these substances occurs (280,319). By contrast, in pa-
tients with primary tubular diseases, the clearance rates of these
proteins are markedly increased. In fact, in these patients, the
clearance rate correlates closely with the predicted filtration
rates of these proteins (estimated from molecular size) if the
assumption is made that no tubular uptake occurs (319). On
the basis of these observations, it appears that tubular protein-
uria is due to impaired tubular reabsorption of low-molecular-
weight proteins rather than to increased glomerular permeabil-
ity (300,319).

Among the low-molecular-weight proteins excreted in ex-
cess in tubular and interstitial diseases are N-acetyl-beta-D-
glucosaminidase (NAG), beta-2 microglobulin (B2M), neu-
tral endopeptidase, and lysozyme (muramidase), an enzyme
with a molecular weight of 14,600. The finding of increased
amounts of these proteins has received attention as a diag-
nostic aid in identifying tubular and interstitial disease (327–
330). The cause for increased excretion of these low molec-
ular weight proteins is thought to be ineffective reabsortion
and catabolism by the injured, dysfunctional tubules (331).
Lysozyme excretion is increased in patients with tubular dam-
age secondary to infection, transplant rejection, nephrotoxic
agents, and Fanconi’s syndrome. Unfortunately, the diagnostic
utility of this determination is limited because many patients
with interstitial and tubular disease do not have lysozymuria
and because increased excretion of lysozyme occurs in some
patients with glomerular diseases (328). The largest increase in
lysozyme excretion occurs in patients with leukemia, presum-
ably secondary to increased production of this protein (see the
Overproduction Proteinuria section within this chapter).

The interpretation of increased excretion of light chains
poses a problem similar to that encountered in patients with
lysozymuria, namely, to distinguish between increased excre-
tion secondary to tubular disease on the one hand or to over-
production of the protein on the other. In the case of light
chains, a slight increase in excretion and a finding of a mix-
ture of both kappa and lambda fragments points to a primary
tubular defect, whereas high levels of excretion (greater than
500 mg/day) and the presence of only a single type of light
chain points to accelerated synthesis (332,333).

Overproduction of Proteinuria

When the plasma concentration of a filterable protein is in-
creased beyond the capacity of the tubules to reabsorb it, it then
appears in the urine. Enhanced excretion of light chains, heavy
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chains, and other fragments of immunoglobulins occurs pre-
dominantly in the monoclonal gammopathies, including mul-
tiple myeloma, macroglobulinemia, heavy-chain disease, and
idiopathic light-chain proteinuria (Fig. 11-8). Overproduction
with increased filtration rather than a primary tubular defect
appears to account for the increased excretion of these sub-
stances. Both light-chain and heavy-chain fragments of im-
munoglobulins are excreted in minute amounts in the urine
of normal individuals (307,334). Normally, only 3 mg or so
of light chains are excreted daily and the ratio of kappa to
lambda light chains is approximately 3 to 1 (335–337). Ap-
proximately 25% are present as monomers and the remainder
as dimers, even though light chains are normally synthesized
as monomers (335,338,339).

Because light chains are small in size and a substantial
amount is filtered, it follows that an increase in their deliv-
ery into the glomerular filtrate will result in increased excretion
unless tubular reabsorption is concomitantly increased. In fact,
the clearance of light chains in patients with multiple myeloma
is quite high and is inversely related to molecular size, a find-
ing consistent with the view that tubular reabsorption is readily
saturated (340). In these patients, light chains have clearances
ranging from one-tenth to one-half that of creatinine, depend-
ing on the size of the specific protein destined for excretion
(Table 11-6). Light-chain proteinuria is most often found in
patients with multiple myeloma, and in this disease, some pa-
tients have a daily excretion greater than 15 gm. Although a
mild increase in albumin excretion is common in patients with
monoclonal gammopathies, the excretion of light chains usu-
ally predominates, unless renal amyloidosis (or light-chain de-
position disease) supervenes. Increased excretion of lysozyme
in acute leukemia (341), amylase in pancreatitis, myoglobin in
muscle injury, and hemoglobin following hemolysis are other
examples of overproduction proteinuria.

Overproduction proteinuria can have important clinical
consequences. Patients with light-chain proteinuria can de-
velop acute or chronic kidney failure, and others have the Fan-
coni syndrome (342,343), distal renal tubular acidosis (333),
nephrogenic diabetes insipidus, or various combinations of
these disorders (332,333). The association between light-chain
proteinuria and tubular nephropathies has led to the specula-
tion that light chains are toxic to renal tubular cells (333,342,
343). Because some patients with increased excretion of light
chains have no abnormalities of tubular function, however, the

factors producing tubular dysfunction remain to be defined
(332). Similarly, the lysozymuria associated with leukemia has
been implicated as a cause of renal potassium wasting seen in
some patients (344). However, in view of studies demonstrat-
ing potassium wasting in some leukemic patients in the ab-
sence of lysozymuria, this thesis must be considered unproved
(345,346). It should be noted that lysozymuria also occurs in
experimental glomerulonephritis and that its excretion is in di-
rect proportion to the magnitude of the albuminuria (347).

MEASUREMENT OF URINE
PROTEIN

Urine protein excretion is routinely measured to identify, eval-
uate, and manage kidney disease. A variety of methods are
available to quantify total urine protein, regardless of the type
of protein (Table 11-7) (348). The simplest and most widely
used methods are semiquantitative tests done on random urine
samples. Although these tests are extremely useful in screening
for proteinuria, they detect an abnormal concentration of to-
tal urine protein, not an abnormal excretion rate. Therefore,
they might be positive in patients with low urine volume even
if the excretion rate is normal, and they may be negative in
patients with high urine volume even if the excretion rate is
elevated. For more definitive evaluation and management of
patients with proteinuria, quantitative protein analysis must
be undertaken. A number of different methods are available
(349). Semiautomated, two-dimensional, electrophoretic sys-
tems, which employ ultrathin gels, combined with silver stain-
ing, allow the detection of a host of specific urinary proteins on
a routine basis (350,351). These techniques also improve the
characterization of urinary proteins with molecular weights
less than 70,000 (352). Specific immunoassays have become
available for detection of individual proteins within the urine,
as described subsequently for albumin. Additionally, broad de-
scriptions of patterns of urinary protein excretion has become
possible by proteomic techniques (353).

Semiquantitative Tests for Total Urine Protein

Semiquantitative tests for urinary protein involve either pre-
cipitation of protein or protein-induced color changes of an

TA B L E 1 1 - 7

DEFINITIONS OF PROTEINURIA AND ALBUMINURIA

Urine collection Albuminuria or
method Normal Microalbuminuria clinical proteinuria

Total Protein 24-Hour Excretion
(varies with method)

<300 mg/day NA >300 mg/day

Spot Urine Dipstick <30 mg/dL NA >30 mg/dL
Spot Urine
Protein-to-Creatinine Ratio

(varies with method)

<200 mg/g NA >200 mg/g

Albumin 24-Hour Excretion <30 mg/day 30–300 mg/day >300 mg/day
Spot Urine
Albumin-Specific Dipstick

<3 mg/dL >3 mg/dL NA

Spot Urine
Albumin-to-Creatinine Ratio

(varies by gendera)

<30 mg/g
<17 mg/g (men)
<25 mg/g (women)

30–300 mg/g
17–250 mg/g (men)
25–355 mg/g (women)

>300 mg/g
250 mg/g (men)
>355 mg/g (women)

aGender-specific cut-off values are from a single study (392). Use of the same cut-off value for men and women leads to higher values of prevalence for
women than men. Current recommendations from the American Diabetes Association define cut-off values for spot urine albumin-to-creatinine ratio
for microalbuminuria and albuminuria as 30 and 300 mg/g, respectively, without regard to gender (393).
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indicator dye on a dipstick. The precipitation tests may be per-
formed by adding either 5% sulfosalicylic acid or concentrated
nitric acid to an aliquot of urine or by heating the urine and
adding glacial acetic acid (348). With these methods, the quan-
tity of precipitate is graded from 0 (no precipitate) to 4+ (heavy
gelatinous precipitate). If excessive urine turbidity interferes
with grading of the precipitate, the urine should be filtered
prior to testing. For the heat and acetic acid test, 10 to 15 mL
of urine is placed in a test tube and the upper half of the sample
is heated to the boiling point. Several drops of acetic acid are
then added along the side of the tube, which causes coagula-
tion of the protein in the upper half of the tube. The resultant
flocculation is compared with the clear urine in the lower half
of the tube (354). Urine samples with a protein concentration
as low as 5 to 10 mg/dL will give a positive reaction with the
acetic acid precipitation test, but radioopaque contrast mate-
rials, tolbutamide, or large amounts of penicillin, nafcillin, or
oxacillin may produce a false-positive reaction (348,354,355).

The dipstick test for protein utilizes a paper strip impreg-
nated with a pH indicator dye (tetrabromphenol blue) buffered
to maintain the pH in the paper at 3.0. The test is based on the
capacity of proteins to change the color of tetrabromphenol
(348). The degree of color change is roughly proportional to
the amount of protein present, with the color varying from yel-
low, with low protein concentrations, to blue, with high pro-
tein concentrations. The dipstick tests now in common use can
detect protein concentrations as low as 6 to 15 mg/dL (356).
A color comparison chart is provided with the dipstick that
contains a scale of protein concentrations as well as a 0 to 3
or 4+ rating. It should be noted that the correlation between
color change and actual protein concentration is only approxi-
mate. In one study, for example, comparison with quantitative
methods indicated agreement only 60% to 70% of the time
(357). The use of the dipstick test is further restricted by the
finding of substantial interobserver variation between techni-
cians in interpretation of the results (356,358). Additionally,
different brands of dipsticks may have different performance
characteristics.

The dipstick method has the advantage that it is not affected
by urine turbidity, radio-opaque material, or drugs (348,355).
It can give a false-positive value in highly buffered alkaline
urine, but such samples are encountered rarely. The major fault
of the dipstick test is its insensitivity. The dipstick test detects
protein concentrations of 30 mg/dL and above with certainty.
Below this level, the test is negative or trace positive in over half
the samples tested (357,359). In a patient excreting 300 mg of
protein per day in a total volume of 1,500 mL, the protein
concentration is only 20 mg/dL, and this concentration may
not be detected using the dipstick method. Also, the test is
insensitive to light chains and can give a negative reaction even
when the excretion of this protein is moderately high (360–
362). For these reasons, the physician utilizing the convenient
dipstick method must realize that it is less sensitive than the less
convenient sulfosalicylic acid or heat and acetic acid methods
in detecting low levels of proteinuria. In selected populations,
dipstick screening for proteinuria carries a high risk for false
positive and negative results with a sensitivity of less than 67%
and specificity of 74% (363).

Quantitative Tests for Total Urine Protein

The major limitation to tests for total urine protein is the ab-
sence of a criterion standard (gold standard) due to the presence
of many different types of protein in the urine in health and
disease. Thus, it is not possible to standardize measurements
across laboratories or to determine precise cut-off values for
the definition of normal or various diseases. Despite this limi-
tation, a large number of tests are available.

Excretion in Timed Collection

Quantitative methods for measuring protein excretion are all
based on precipitation of protein, usually accomplished us-
ing trichloracetic acid or sulfosalicylic acid. To quantify the
amount of protein, sulfosalicylic acid is added to an aliquot of
urine, and the turbidity, measured with a photometer or neph-
elometer, is compared to standards prepared by the addition
of known amounts of protein to urine. The sulfosalicylic acid
method is only roughly quantitative, however, because it has a
CV as large as 20% (348,364). This method is more sensitive
to albumin than to globulins (by a factor of 2.4), such that the
result is affected by the proportion of albumin in the sample.
Light chains (Bence Jones protein), however, are precipitated by
this method. The relative insensitivity to globulins can be over-
come if trichloroacetic acid is used either in place of the sulfos-
alicylic acid or in combination with it (364). Other methods of
protein precipitation include the use of phosphotungstic acid
or Esbach’s picric acid-citric acid reagent. Iodinated contrast
material can falsely elevate the protein concentration regard-
less of method, and it is best to wait 24 hours after contrast to
determine protein excretion rates (365). With these methods,
the volume of precipitate formed is measured in calibrated test
tubes. With all of these tests, the protein concentration is mul-
tiplied by the total volume of the sample and result reported in
milligrams or grams per unit of time (usually 24 hours).

Excretion in an Untimed Collection
(“Spot Urine Sample”)

Twenty-four-hour protein excretion can be approximated by
measurement of both protein and creatinine in a random urine
specimen. Because the excretion of both creatinine and protein
is fairly stable throughout the day, if the daily creatinine excre-
tion is known, the ratio of the concentrations of protein and
creatinine in a random urine specimen provides an estimate of
the daily protein excretion (366–368) (Fig. 11–9).

FIGURE 11-9. Ratio of urinary protein to creatinine concentration
(Pr/Cr) u of random single voided urine samples expressed as a function
of protein excretion per 24 hours per 1.73 m2. (From: Ginsberg JM,
Chang BS, Matarese RA, et al. Use of single voided urine samples to
estimate quantitative proteinuria. N Engl J Med 1983;309:1543, with
permission.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-11 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:20

Chapter 11: Laboratory Evaluation of Kidney Function 321

The correlation between the protein to creatinine ratio and
the daily protein excretion is best when the urine sample is
taken during the day and with the patient under normal activ-
ity, and to be most accurate, the values have to be corrected for
age, sex, and body weight. Given the slight, but definite circa-
dian rhythm of proteinuria, it is best to obtain serial samples in
an individual patient at the same time of day (369). The valid-
ity of the urine protein-to-creatinine method, first proposed in
the early 1980s, has now been well supported by several stud-
ies (248,370–372), including studies in patients with rheumatic
diseases (373), childhood nephrotic syndrome (374,375), rou-
tine pregnancy or preeclampsia (376–378), diabetes, and re-
nal transplants (248,370). The results are easy to interpret be-
cause the daily creatinine excretion is approximately 1.0 g and
the protein-to-creatinine ratio in a random urine specimen is
approximately similar to the daily protein excretion in grams
(366). It had been demonstrated that the protein-osmolality
ratio in a random urine sample may reliably predict protein
excretion rates. This ratio was successful in screening for ab-
normal proteinuria in normal and proteinuric populations with
a sensitivity of 96% and a specificity of 93%, superior to rou-
tine dipstick performance and equal to the protein-creatinine
ratio (379). Validation studies have not been performed. Re-
cently, dipsticks have become available as a method to measure
the urine protein-to-creatinine ratio with initial results suggest-
ing excellent correlation with standard measures (380). Tests
utilizing the protein-to-creatinine ratio require the patient to be
in steady state of creatinine balance and are not valid in acute
renal failure. Clinical practice guidelines by NKF-K/DOQI rec-
ommend measurement of total urine protein in adults using
spot urine protein-to-creatinine ratios and expressing the re-
sults as total protein in milligrams per creatinine in gram. The
normal value varies with the laboratory, but is approximately
<200 mg/g (Table 11-7).

Tests for Specific Proteins

Albumin

The persistent excretion of small amounts of albumin is termed
microalbuminuria. The term has been defined variably, but usu-
ally refers to urinary albumin excretion rates above the normal
values of 5 to 20 mg/day, but less than that detected by tests
for total urine protein (i.e., 200–300 mg/day). Specific radioim-
munoassay is the gold standard for detecting and quantitating
albumin concentrations, although turbidometric assays can be
used with similar precision (381). HPLC techniques may al-
low for even more accurate and early detection of abnormal
albumin excretion rates (382). Many different screening tests
are also available as qualitative screens with varying ability to
detect microalbuminuria (383–385). Given the wide variabil-
ity in urinary albumin excretion in diabetic patients, several
urine samples must be tested to reliably estimate the degree
of microalbuminuria (386). Due to this variability, timed col-
lections provide a better estimate of albumin excretion than
albumin to creatinine ratios. Nonetheless, spot samples for al-
bumin concentration or for albumin-to-creatinine ratio have
been advocated in screening and following diabetic patients
and other high-risk populations such as patients with hyperten-
sion, systemic lupus erythematosis, pregnancy, or malignancy
(356,387–391). NKF-K/DOQI and NIDDK NKDEP recom-
mend spot urine albumin-to-creatinine ratio for detection and
following chronic kidney disease in adults (256,258,392,393)
(Table 11-8). As with the total protein-to-creatinine ratio, dip-
sticks are also available to measure the albumin-to-creatinine
ratio (394) but validation studies are mixed in terms of their
sensitivity and specificity (395). Performance of these dipsticks
could be improved by adjustment for specific gravity (396).

TA B L E 1 1 - 8

IMPORTANCE OF PROTEINURIA IN CKD (453)

Interpretation Explanation

Marker of kidney
damage

Spot urine albumin-to-creatinine
ratio >30 mg/g or spot urine
total protein-to-creatinine ratio
>200 mg/g for ≥3 months
defines CKD

Clue to the type
(diagnosis) of CKD

Spot urine total
protein-to-creatinine ratio
>500–1000 mg/g suggests
diabetic kidney disease,
glomerular diseases, or
transplant glomerulopathy.

Risk factor for adverse
outcomes

Higher proteinuria predicts faster
progression of kidney disease
and increased risk of CVD.

Effect modifier for
interventions

Strict blood pressure control and
ACE inhibitors are more
effective in slowing kidney
disease progression in patients
with higher baseline proteinuria.

Hypothesized surrogate
outcomes and target
for interventions

If validated, then lowering
proteinuria would be a goal of
therapy.

Presently, they may be useful for screening high-risk popula-
tions with quantitation better served by laboratory testing.

Light Chains

Identification of immune globulin fragments in the urine is use-
ful in establishing the diagnosis of multiple myeloma and other
monoclonal gammopathies. Light chains are often sought by
the traditional Bence Jones test, a method that depends on the
unusual solubility characteristics of these proteins. When the
urine is heated to 45◦C to 55◦C, light chains precipitate, par-
ticularly when the pH is brought to 4.9 by the addition of
an acetate buffer (397). When the urine is then brought to a
boil, the precipitated light chains redissolve partially or com-
pletely. This test is difficult to carry out properly and is also
rather insensitive. It is positive only when the concentration
of light chains exceeds 800 to 1,600 mg per L (398,399), and
even in the presence of such concentrations, it may still be
falsely negative (362,398,400). As noted earlier, the semiquan-
titative dipstick test also may be negative when light chains
are present in the urine due to the insensitivity of the indica-
tor dye to globulins (360,361). By far the most sensitive tests
for detection of light chains and other immunoglobulin frag-
ments are routine electrophoresis and immunoelectrophoresis.
In the presence of light chains, routine electrophoresis discloses
a monoclonal peak; and immunoelectrophoresis (of concen-
trated urine) makes it possible to accurately identify the specific
protein.

THE INTERPRETATION
OF PROTEINURIA

The pathophysiology of proteinuria, the amount of urine pro-
tein, and its pattern of excretion are essential factors in de-
termining the diagnosis and prognosis of patients with kid-
ney disorders. It is most important to first determine whether
the urine protein contains albumin. A positive dipstick test is
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strongly suggestive of albuminuria, which most likely indicates
glomerular proteinuria. A negative dipstick test in the presence
of elevated total urine protein excretion suggests nonalbumin
protein due to tubular or overload proteinuria. Electrophore-
sis or other tests should be performed to detect light chains or
other low molecular weight proteins. As discussed earlier, these
patterns suggest specific diagnoses. Albuminuria, on the other
hand, is associated with a variety of kidney diseases. Albumin-
uria can be divided into the following patterns for purposes of
diagnosis and prognosis: (a) intermittent, (b) orthostatic, and
(c) persistent.

Intermittant Proteinuria

Although intermittent proteinuria may be the prelude to
chronic kidney disease, more often it is the result of hemo-
dynamic alterations in permselectivity associated with heavy
exercise, fever, or severe emotional stress in the absence of
kidney disease. Even though minor histologic abnormalities
may occasionally be seen on a kidney biopsy in such individ-
uals (401), long-term observations indicate that they are at
no greater risk than the general population of developing de-
creased GFR (402). It is likely that this occurrence of mild,
intermittent proteinuria in the general population makes rou-
tine screening ineffective. It has been suggested that screening
of the urine be reserved for populations at higher risk of chronic
kidney disease, such as patients with diabetes or hypertension
(403).

Orthostatic Proteinuria

In patients with chronic kidney disease, proteinuria typically
increases in the upright position to levels above those present
in the recumbent position. This orthostatic change in excretion
appears to have no special diagnostic or prognostic importance.
The finding of proteinuria only in the erect position is known
as orthostatic or postural proteinuria (404,405). In this disor-
der, total daily excretion usually does not exceed 1 g. Postural
proteinuria occurs in the healing phase of many glomerular
diseases and also in the absence of kidney disease. In the lat-
ter group, minor histologic abnormalities are found on kidney
biopsy in approximately one-half of the patients (406). Kid-
ney biopsy in patients with postural proteinuria typically dis-
closes few morphologic abnormalities either on light or elec-
tron microscopy (406–408), although in two reports both im-
munoglobulins and complement were identified in a substantial
fraction of such patients on immunofluorescence microscopy
(409,410). The significance of this finding is uncertain.

To test for postural proteinuria, the patient is instructed
to collect a urine sample in the upright position, while carry-
ing out his other usual daily activities. A 16-hour collection
can begin in the morning and end just before the patient goes
to bed. On retiring, the patient begins an 8-hour recumbent
urine collection, including voiding at the time of arising. The
amount of protein in both samples is extrapolated to 24 hours.
Patients with postural proteinuria have an increased excretion
in the specimen collected in the upright position and a normal
excretion in the specimen collected when recumbent. If pro-
tein excretion is increased in both specimens, the patient has
persistent rather than postural proteinuria.

The evidence strongly suggests that postural proteinuria is a
benign condition (405,411). After 10 years of follow-up in one
study, it was found that over half the patients no longer had
proteinuria, somewhat less than half continued to have postu-
ral proteinuria, and only a small minority developed persistent
proteinuria (412). Decreased GFR was not observed, and hy-
pertension was a rare occurrence. After 20 years of follow-up

of many of the same patients, all those examined had normal
kidney function, the prevalence of hypertension was no dif-
ferent from that in the general population, and only one-third
had proteinuria. In half of the proteinuric group, the pattern of
protein excretion was still the postural variety (413). Thus, the
prognosis of patients with postural proteinuria appears to be
excellent, and patients with this condition should be reassured
about the benign nature of the disorder.

Persistent Proteinuria

Persistent proteinuria is almost invariably a sign of kidney dam-
age even when kidney function is normal, when the urine sed-
iment contains no abnormalities, and when the patient has no
signs or symptoms of kidney disease (414–416). The amounts
of protein excreted by these patients and the pattern of protein
selectivity have considerable diagnostic significance.

Magnitude of Proteinuria

Persistent albuminuria (>30 mg/d, microalbuminuria, as dis-
cussed previously) is an ominous finding. In Type 1 and Type 2
diabetes, microalbuminuria is the earliest sign of diabetic kid-
ney disease (388). The diabetic patient with microalbuminuria
has a 20-fold increased risk of developing progressive kidney
disease (417). Furthermore, these patients are likely to express
other cardiovascular risk factors, such as obesity, dyslipidemia,
and hypertension. Independently, microalbuminuria is a pre-
dictor of early cardiovascular morbidity and mortality in dia-
betes (418). In nondiabetic individuals, microalbuminuria also
seems to be a powerful predictor of progression of kidney dis-
ease and cardiovascular disease, including coronary disease,
peripheral vascular disease, and mortality, especially in elderly
populations (419,420). The finding of altered protein excre-
tion is associated with poor blood pressure control, insulin
resistance, and lipid disturbances (421). Thus, in addition to
serving as a marker of kidney damage, it appears likely that mi-
croalbuminuria reflects a diffuse disturbance in endothelial cell
function predicting patients at high risk of cardiovascular mor-
bidity and mortality (421,422). Even minimal increases in uri-
nary albumin, still within the normal range >5mcg/min, inde-
pendently predict cardiovascular events (423,424) and progres-
sion of kidney disease (425). Albumin excretion between 30 to
300 mg/day is sometimes referred to as macroalbuminuria or
clinical proteinuria, because it can sometimes be detected by
the usual dipstick. Despite their widespread usage, these terms
should probably be abandoned, because they are technically
incorrect or imprecise. Neither microalbuminuria nor macroal-
buminuria refer to the size of urinary albumin fragments, and
clinical proteinuria does not convey a specific meaning.

A protein excretion rate between 300 mg and 3 gm per day
(i.e., a urine protein-to-creatinine ratio of 300 to 3,000 mg/g)
can be seen in many types of chronic kidney disease, whereas
an excretion greater than 3 gm per day is almost invariably
the result of glomerular disease. Persistent excretion of ≥3 gm
per day usually can lead to hypoalbuminemia, edema, and the
clinical picture of the nephrotic syndrome. Clinical and labora-
tory evaluation can identify the cause of chronic kidney disease
in many patients with the nephrotic syndrome, but the various
histologic subtypes can be definitively identified only by kidney
biopsy.

Declining GFR occurs more often with persistent protein-
uria than without, but the prognosis is extremely variable
(414,426). Prognosis appears to be worse if proteinuria is as-
sociated with microscopic hematuria or if heavy proteinuria
subsequently develops (414). In one study of 16 patients with
asymptomatic proteinuria and with little or no hematuria fol-
lowed for 8 to 28 years, only 2 patients developed decreased
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GFR, and in both instances kidney failure occurred more than
14 years after the onset of proteinuria. By contrast, 7 out
of 10 patients who had persistent proteinuria, with the sole
additional finding of microscopic hematuria, developed the
nephrotic syndrome, hypertension, or decreased GFR within
a period of 10 years. Histologic findings also have prognos-
tic implications in persistent proteinuria; notably, the find-
ing of diffuse or membranoproliferative glomerulonephritis or
focal glomerular sclerosis implies an unfavorable long-term
prognosis.

Protein Selectivity

Persistent proteinuria can be classified into either a selective or a
nonselective pattern, based on a comparison of the clearance of
albumin with the clearance of larger-molecular weight proteins,
such as globulins (349,350,427). Investigators have sought to
gauge the severity of the glomerular leak by measuring the rela-
tive clearance rates of proteins of various sizes (316,428,429).
In patients with proteinuria secondary to a wide variety of
chronic kidney diseases, the clearance rates of large molecules,
such as IgG, range from less than 10% to greater than 60% of
the clearance rate of albumin or transferrin, a protein similar in
size to albumin. Patients with a clearance ratio of IgG/albumin
(or transferrin) of less than 0.10 are considered to have only a
modest increase in glomerular permeability and are defined as
having a “highly selective” pattern of protein excretion. Con-
versely, patients in whom the clearance ratio is 0.5 or greater
are considered to have a relatively porous filter and are defined
as having a poorly selective pattern.

Studies of the pattern of protein excretion have shown
that the majority of patients with proteinuria have a nonse-
lective pattern (428,429). Among patients with the idiopathic
nephrotic syndrome, however, two populations emerge. One
group has selective proteinuria and, in most cases, has mini-
mal change in the disease. The second group has nonselective
proteinuria and usually has one of the more severe histologic
varieties, such as membranous nephropathy or membranopro-
liferative glomerulonephritis. Because of this correlation and
the frequency of the minimal change lesion among patients
with the idiopathic nephrotic syndrome, selectivity studies have
some value in predicting the presence of the minimal change
lesion. However, the technical difficulties involved in carrying
out the protein analyses, the failure of the test to distinguish
among the many subgroups of nephrotic syndrome, and the
low risk of kidney biopsy relative to its diagnostic yield have
made measurements of selectivity superfluous in the study of
the nephrotic patient.

CLINICAL IMPLICATIONS
OF PROTEINURIA

Proteinuria is central to the detection, evaluation, and man-
agement of chronic kidney disease (Table 11-8). Proteinuria is
important to establish a diagnosis of CKD, to identify the spe-
cific cause of the disease, to identify patients who are at high
risk for adverse outcomes, and to assist in selection of manage-
ment strategies. In addition, changes in proteinuria appear to
be related to the outcome of chronic kidney disease.

Protein Excretion as a Diagnosis for CKD

NKF-K/DOQI guidelines on CKD define persistent proteinuria
for 3 months or more is defined as CKD, even in the absence
of other markers of kidney damage or decreased GFR. An ele-
vated urinary albumin excretion (30 to 300 mg/day) (microal-
buminuria) is widely acknowledged to be the earliest sign of

diabetic kidney disease. One recent study showed convincing
evidence that elevated urinary albumin in this range or lower
was associated with an increased risk of the development of
higher rates of urine albumin excretion in both diabetic and
nondiabetic patients (425). The threshold level defined by the
NKF-K/DOQI guidelines for kidney damage is urinary albu-
min excretion >30 mg/d, which is roughly equivalent to an
albumin-to-creatinine ratio >30 mg/g. Using this definition of
proteinuria as a marker of kidney damage has enabled studies
of the prevalence of earlier stages of chronic kidney disease,
regardless of the cause, in large populations (430).

The National Kidney Foundation has suggested routine test-
ing for urine albumin-to-creatinine ratio in all individuals at
increased risk for chronic kidney disease, including those with
hypertension, diabetes, a family history of kidney disease, or
advancing age (256). The American Diabetes Association also
suggests routine testing for albuminuria in all diabetic subjects
as part of their evidence-based guidelines (431). Additionally,
the Seventh Report of the Joint National Committee on Preven-
tion, Detection, Evaluation, and Treatment of High Blood Pres-
sure (JNC-7) recommended routine urinalysis in the evaluation
of all patients with hypertension with the option of measuring
urine albumin excretion as well (432).

Protein Excretion as a Diagnostic
Clue to Etiology

Proteinuria is also helpful in diagnosing the cause or type of of
kidney disease. Full discussion of what determines the cause of
kidney disease is beyond the scope of this chapter. However,
as one example, the presence of larger amounts of proteinuria
would generally distinguish between glomerular and tubuloin-
terstitial disease.

Protein Excretion as a Prognostic Indicator
for Progression of Kidney Disease and

Cardiovascular Disease

Initial and repeated measurement of protein excretion is a
valuable guide in following the course of patients with kid-
ney disease. Several studies have demonstrated that the magni-
tude of proteinuria is directly correlated with the risk of pro-
gressive decline in kidney function, regardless of the cause or
type of kidney disease (425,433,434). Reductions in protein-
uria during treatment were associated with slowing progression
(270,435,436,437).

There is increasing evidence that proteinuria independently
predicts cardiac outcomes and death (438), even at low levels
of protein exretion in the microalbumin range (424,439,440).

In patients with specific patterns of proteinuria or types of
kidney disease, there are other correlates of proteinuria. The
presence of heavy proteinuria predicts a worse kidney disease
outcome in many glomerular diseases including diabetes, hy-
pertension, IgA nephropathy, focal glomerulosclerosis, and lu-
pus nephritis (441–444). In patients with the nephrotic syn-
drome, persistent excretion of massive amounts of protein
(>10 gm/day) is a precursor of severe hypoalbuminemia and
its complications, such as malnutrition, thrombosis, hypoten-
sion, and oliguric renal failure. Day-to-day or week-to-week
fluctuations in excretion of as much as 2 or 3 gm in patients
with the nephrotic syndrome are probably the result of hemo-
dynamic changes and have little or no clinical significance.
However, a progressive decline in excretion to levels less than
2 gm per day (or less) is associated with a favorable prognos-
tic outlook, whether the reduction occurs spontaneously or in
response to treatment (445,446). In fact, a decline in protein
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excretion to normal in patients with the nephrotic syndrome
is the most favorable prognostic sign. A rare exception to this
is the proteinuria that can develop during therapy for rapidly
progressive glomerulonephritis. In this condition, development
of nephrotic syndrome may actually herald recovery (447).

Repeated assessment of protein excretion is also useful in
following patients with non-nephrotic proteinuria. In patients
with poststreptococcal glomerulonephritis, conversion from
persistent to postural proteinuria indicates a good prognosis,
and a fall in protein excretion to normal implies healing of the
glomerular lesion. By contrast, persistence of proteinuria in-
creases the likelihood of progressive GFR decline (448). In pa-
tients with lupus nephritis, the amount of protein excretion cor-
relates well with immunologic activity and histologic changes.
However, among patients with severe histologic lesions, the ini-
tial protein excretion rate does not predict outcome or response
to therapy (449).

Protein Excretion to Assist in Selection
of Management Strategies

Secondary analysis of recent clinical trials demonstrates that
the beneficial effects of lowering blood pressure and inhibi-
tion of angiotensin-converting enzymes are greater in patients
with higher levels of proteinuria at the beginning of therapy
(435,450–452). Thus, it appears that the magnitude of protein-
uria predicts the risk of progression of kidney disease, as well as
the response to treatment with antihypertensive agents. Con-
sequently, the magnitude of proteinuria is central to the new
guidelines for the management of hypertension in chronic kid-
ney disease (453). For patients with total protein-to-creatinine
ratio >200 mg/g, the guidelines recommend initial antihyper-
tensive therapy using an angiotension converting enzyzme in-
hitor or angiotension receptor blocker.

CONCENTRATION AND
DILUTION OF THE URINE

The maintenance of near constancy of body fluid osmolality is
of paramount importance. In order to adjust for wide varia-
tions in solute and water intake, the kidneys must be able to
excrete urine of varied concentrations. This requires tubules
to dissociate the handling of salt and water. This goal is ac-
complished by the integrated functioning of the hypothalamus,
pituitary gland, and the kidney (454).

The homeostatic systems regulating normal water balance
and the osmolality of body fluids influence both water intake
and water excretion by the kidney. The mechanisms control-
ling water intake through thirst are incompletely understood,
although the normal thirst mechanism provides excellent pro-
tection against hypertonic dehydration (455). Although adjust-
ments in water intake mediated through variations in thirst
play an essential role in the regulation of body fluid tonicity,
acquired drinking habits can override these physiologic adjust-
ments in many instances. Water excretion varies widely, de-
pending on intake, and under physiologic conditions, its regu-
lation is independent of solute excretion and GFR (9). As a re-
sult, the tonicity of the urine varies from as low as 50 mOsm/kg
water or as high as 1,200 mOsm/kg water. When the concen-
tration of solute in the urine is less than that in plasma water
(280 to 290 mOsm/kg water), the urine is termed dilute, or
hypotonic. When the concentration of solute in the urine is
greater than that in plasma water, the urine is termed concen-
trated, or hypertonic. The mechanisms by which the kidney
forms concentrated or dilute urine in response to changes in
water intake are considered in detail in Chapter 3. The follow-

ing discussion summarizes the mechanisms of water excretion
as they relate to the clinical assessment of this critical aspect of
kidney function.

OSMOLALITY

Control of the Osmolality of the Body Fluids

In healthy human beings, the osmolality of the extracellular
fluid is maintained within narrow limits (280 to 290 mOsm/kg
water) and is performed through alterations in water intake
and urinary excretion of water (455–462). The overall effect
of the integrated functioning of the hypothalamic-pituitary-
kidney mechanism is such that hypertonicity of body fluids
stimulates thirst and the production and the release of the an-
tidiuretic hormone (ADH), i.e., arginine vasopressin (AVP).
The presence of ADH facilitates distal tubular water resorp-
tion, permitting retention of ingested water thus correcting the
hyperosmolar state. By contrast, hypotonicity of body fluids
suppresses ADH release, and the reduction in hormone con-
centration, in turn, impedes distal tubular water resorption,
which leads to a water diuresis. As extracellular fluid tonicity
increases, the water content of hypothalamic osmoreceptors
decreases; the converse also is true. Mechanosensitive chan-
nels in supraoptic neurons appear to be able to transduce these
modifications in intracellular osmolality and influence the pro-
duction and secretion of ADH by hypothalamic cells, which is
then released by the posterior pituitary gland (463). The os-
moreceptors have many structural and functional properties in
common with those that control the thirst mechanism that are
found in approximately the same anatomic location (455). An
alteration in osmolality of the body fluids as small as 1.5% to
2% results in marked changes in ADH levels (464). Although
factors other than osmotic stimuli (drugs, emotional state, nau-
sea (465,466), and extracellular fluid volume) also have an ef-
fect on ADH release, the primary physiologic signal derives
from changes in body fluid osmolality (467–469).

An analysis of the functioning of this system is depicted in
Figure 11-10. If we start at an initial normal plasma osmolality
of 287 mosm/kg (solid arrow in Fig. 11-10A), ingestion of 500
mL of water will lower the plasma osmolality by only 1%, or
3 mosm/kg. This is a sufficient change in plasma osmolality
to be recognized by hypothalamic osmoreceptors and results
in decreased release of ADH with a fall in the plasma level
from 2 to 1 pg/mL. As shown in Figure 11-10B, the reduced
ADH level would cause the urine osmolality to fall from 500 to
250 mosm/kg. If we assume constant solute load, this reduced
urine concentration will allow the excretion of the ingested
water. Conversely, if water is lost such that plasma osmolality
increases by 1%, plasma ADH will rise from 2 to 3 pg/mL and
urine concentration will rise from 500 to approximately 700
mosm/kg; thus, urine volume will decrease. Through the in-
tegrated functioning of the hypothalamic-pituitary-kidney sys-
tem, small changes in plasma osmolality are translated into
large changes in urine osmolality, thereby maintaining water
balance.

Relation between Daily Urine Volume
and Urine Osmolality

For a given rate of solute excretion, the urine concentration is a
direct reflection of the urine volume. For example, an individual
in steady state who eats approximately 60 gm/day of protein
and 6 gm/day of NaCl excretes approximately 600 mOsm per
day. If this solute load is excreted at the minimal urine osmo-
lality of 50 mOsm/kg water, a urine volume of 12 L/day is
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FIGURE 11-10. Schematic representation of the effect of small alter-
ations in basal plasma osmolality on plasma vasopressin (antidiuretic
hormone) (A) and urine osmolality in healthy adults (B). See the text
for an explanation. (From: Robertson GL, Athar S, Shelton RL. Kidney
Int 1976;10:25, with permission.)

required. If the solute load is excreted at the maximal urine
osmolality of 1,200 mOsm/kg water, a urine volume of only
0.5 L/day is required. Thus, with normal concentrating and
diluting capacity, a wide range of water intake (from 500 to
12,000 mL) can be excreted with no change in water balance.
This relationship explains why less than 400 to 500 mL of
urine output per day in an adult is termed oliguria. Even with
maximal urine concentration, the usual solute load cannot be
excreted at a urine volume less than 400 mL. If less than 400 mL
is excreted, solute is retained leading to azotemia. Polyuria, de-
fined arbitrarily as a daily urine volume of greater than 3 L, is
generally symptomatic. If the solute load remains constant at
600 mg/day, a daily urine volume of 3 L would be associated
with a urine osmolality of 200 mosm/kg water. This relation-
ship can also be used to explore the consequences of defects in

concentrating and diluting capacity on the urine volume and
on the development of symptoms (Table 11-9).

With a severe concentrating defect, for example, in a pa-
tient who can only achieve a maximal urine concentration of
100 mOsm/kg water, on a diet producing 600 mOsm/day, the
patient would require a daily urine volume of 6 L to excrete
the 600 mOsm. This would be symptomatic. Polyuria would
result in hyperosmolality, stimulation of thirst, and polydypsia.
If fluid intake is less than 6 L/day (plus an amount sufficient to
replace insensible water losses) due to a defective thirst mecha-
nism or inability to obtain water, water depletion and hyperna-
tremia would occur. However, if the patient had a more modest
concentrating defect and could achieve a maximal urine osmo-
lality of even 300 mOsm/kg water, the minimum urine volume
necessary to excrete the same daily solute load of 600 mOsm
would be only 2 L. This volume of urine may not cause symp-
toms and if water intake is normal, it is not large enough to
cause hyperosmolarity, thirst, or polydypsia. However, in pa-
tients with increased solute loads, polyuria can occur despite
only a modest concentrating defect and, thus, be large enough
to be noticed. This is the case in osmotic diuresis where the
maximum urine osmolality is about 300 mosm/kg water (470).

Defects in urine diluting ability can be considered in a sim-
ilar manner. A patient with a severe diluting defect, for exam-
ple, inability to decrease urine osmolality to no lower than 600
mOsm/kg water, with a daily solute load of 600 mOsm would
have a maximum urine volume of 1 L/day. Thus, the patient
would retain water if the daily intake of fluid exceeds 1 L (plus
an amount sufficient to replace insensible water losses) result-
ing in hyponatremia. If the defect in diluting ability was mild,
(such as a minimum urine concentration of 300 mOsm/kg wa-
ter), then on the same diet, the maximum urine volume would
be 2 L/day. If fluid intake does not exceed 2 L/day, water reten-
tion would not occur and the defect in water excretion would
have no clinical consequences. Seldom appreciated, however,
is the clinically important principle that even a mild defect in
water excretion can lead to water retention if water intake is
sufficiently large. Referring again to our model, even with the
mild defect in diluting ability described previously (maximal
urine volume of 2 L/day), if the patient ingests 4 or 5 L of
fluid, water retention would occur and body fluids would be
diluted. Similarly, a mild defect in water excretion can lead to
water retention with low fluid intake if solute intake is low.
This phenomenon is observed occasionally in patients with the
syndrome of inappropriate ADH secretion; such patients can
become hyponatremic even if though their urine tonicity is iso-
tonic.

Methods of Measuring Urine Tonicity

Urinary Osmolality

Osmolality describes the osmotic pressure of a solution. The
osmolality is related to the number of particles in solution and
not to the size, charge, or density of the particles. Thus, 1 mmol
of albumin has the same osmotic effect as 1 mmol of sodium.
One mmol of any substance in solution is approximately equiv-
alent to 1 mOsm (for univalent cations and anions, 1 mEq is
approximately equivalent to 1 mOsm). If the concentration of
all solutes in a solution is known, the osmolality of the solution
can be approximated. Urine is a complex mixture of a num-
ber of substances. Although it is possible to approximate the
osmolality of urine by measuring the electrolyte and urea con-
tent, the estimate is only a rough one because of the many other
substances contributing to urine tonicity. The osmolality of a
solution can be readily determined by taking advantage of the
principle that the extent to which the freezing point of a solu-
tion is depressed below that of distilled water is linearly related
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TA B L E 1 1 - 9

SYMPTOMS DUE TO CONCENTRATING OR DILUTING DEFECTS BASED ON SOLUTE AND FLUID INTAKE

Solute load Urine osmolality Urine volume Concentrating or Change in sodium
(mosm/day) (mosm/kg) (L/day) diluting defect Symptoms∗ concentration

600 50 (minimal
physiological
limit)

12 Extreme concentrating
defect

Polyuria causes water
depletion, leading to
hyperosmolality,
stimulation of thirst,
and polydypsia

Hypernatremia if fluid
intake <12 L/day
occur

600 100 (hypotonic) 6 Severe concentrating
defect

Polyuria Hypernatremia if fluid
intake <6 L/day

600 300 (isotonic) 2 Modest concentrating
defect

Asymptomatic Hypernatremia if fluid
intake <2 L/day

1200 300 (isotonic) 4 Modest concentrating
defect

Polyuria Hypernatremia if fluid
intake <4 L/d

600 1200 (maximal
physiologic
limit)

0.5 Extreme diluting
defect

Water retention leads
to hypoosmolality

Hyponatremia if fluid
intake >0.5 L/day

600 600 (hypertonic) 1 Severe diluting defect Depends on magnitiude
of hjyponatremia

Hyponatremia if fluid
intake >1 L/day

600 300 (isotonic) 2 Modest diluting defect Depends on magnitiude
of hjyponatremia

Hyponatremia if fluid
intake >2 L/day

300 300 (isotonic) 2 Modest diluting defect Depends on magnitiude
of hjyponatremia

Hyponatremia if fluid
intake >1 L/day

∗Estimates of fluid intake associated with symptoms are approximate only. They assume no change in solute intake, insensible water loss,
and liberation of water from digestion of solids.

to the osmotic pressure of the solution. The exact relationship
is as follows:

Osmolality (mOsm/kg) = freezing point depression (◦C)
0.00186

[34]
Osmometers using this principle are operated easily and ac-

curate enough for all clinical purposes; the precision of a cal-
ibrated osmometer is approximately 0.3% (471,472). Storage
of samples for prolonged periods or freeze-thawing can signif-
icantly change results (471). This method for assessing urinary
tonicity is advantageous not only because of its precision, but
also because the results (in contrast to urine specific gravity
measurements) are not significantly influenced by such factors
as the temperature of the urine or excretion of protein or iodi-
nated contrast agents. Nonetheless, measurements of osmolal-
ity require more expensive equipment than do measurements
of specific gravity.

Urinary Specific Gravity

The specific gravity of the urine (a measure of the weight of a
solution as compared to distilled water) is a function not only
of the total number of particles in solution, but also of the
relative size and density of these particles. Thus, a solution of
glucose (MW = 180 daltons) equal in osmolality to a solution
of urea (MW = 60 daltons) has a higher specific gravity (Fig.
11-11). Over a wide range of normal and pathologic variations
in urine composition, the specific gravity correlates fairly well
with osmolality. Urea, sodium, chloride, sulfate, and phosphate
contribute most to the specific gravity of normal urine (348). A
urine osmolality of 50 mOsm/kg water is approximately equiv-
alent to a specific gravity of 1.000 to 1.001; a urine osmolality
of 300 mOsm/kg water is approximately equivalent to a spe-
cific gravity of 1.010; and a urine osmolality of 800 mOsm/kg
water or greater is approximately equivalent to a specific grav-
ity of 1.020 (473). Several precautions should be observed in

FIGURE 11-11. Relationship between specific gravity and osmolality
of the urine. Different urine samples are shown as follows: small filled
circles, with no sugar or protein; large open circles, 3+ sugar; small
filled squares, 3+ protein; large open squares, after 25 g of urea by
mouth. The lines show the relation between specific gravity and os-
molality for glucose and urea solution. (From: Miles BE, Paton A, de
Wardener HE. Maximum urine concentration. Br Med J 1954;2:901,
with permission.)
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interpreting urinary specific gravity measurements. Refrigera-
tion of the urine and excretion of large quantities of protein
or glucose both result in moderate increases of specific gravity
(473,474). Excretion of radiopaque contrast medium, which is
hyperosmolar and contains iodinated compounds (e.g., iotha-
lamate, MW = 614 daltons), has a much more striking effect,
which frequently results in urine specific gravity measurements
of 1.040 to 1.050, which are values well above the physiologic
range.

Urinary specific gravity can be measured readily with a uri-
nometer, but several means of avoiding error should be ob-
served. First, the urine should be corrected for the temperature
at which it is measured. For every 3◦C difference between the
calibration temperature indicated on the urinometer (usually
15.6◦C or 60◦F) and the temperature at which the specific grav-
ity is measured, the specific gravity will be altered by 0.001 (an
increase in temperature decreases the specific gravity). Second,
the glassware must be clean and free of detergent; and third, the
hydrometer must be calibrated frequently in distilled water (its
specific gravity by definition is 1.000) or against a solution of
known specific gravity (348). Correction also can be made for
the effect of protein or glucose; if these substances are present,
one should subtract 0.003 for every 1 gm per 100 mL of either
substance (348).

Refractive Index

The refractometer, an instrument that measures the refractive
index of solutions, also can be used to measure urine concen-
tration. The refractive index is best correlated with the total
solids per unit measure of water, which, of course, is corre-
lated with the specific gravity. In practice, a value for specific
gravity is obtained directly from the scale of the refractome-
ter, and this value agrees well with measurements of specific
gravity made by the urinometer (475,476). The refractometer
method has several advantages over the use of a urinometer.
Only one drop of urine is required to obtain a measurement in
contrast to the 15 mL required for the urinometer; the instru-
ment automatically compensates for variations in temperature
over a reasonable range (60◦F to 100◦ F), and the refractive
index is less sensitive to solute density than is the urinome-
ter measurement. For this reason, the specific gravity obtained
by the refractometer method is affected less by the presence
of radiopaque contrast material than that obtained using the
urinometer (476). The refractometer should be checked daily
against distilled water.

Dipsticks

The technician time required to measure urine tonicity by os-
mometer, urinometer, or refractometer has prompted the exten-
sion of the reagent strip methodology (dipsticks) to the mea-
surement of urine specific gravity. Commercial strips utilizing
this approach are now available. The specific gravity reagent
area utilizes the relationship of the concentration of ions to the
amount of solids dissolved in the urine. The test assumes that
the amount of ions generally increases in the urine as the total
solids of urine increase. As the concentration of ions increases,
the chemicals impregnated in the specific gravity reagent area (a
polyacid) are affected and release hydrogen ions. The resultant
change in pH then causes the acid-base indicator (bromthymol
blue) impregnated in the specific gravity area of the strip to
change color and “read” the specific gravity of the urine. In
one study comparing specific gravity by the dipstick method
to specific gravity by refractometer, 85% of dipstick results
were within ± 0.005 of the refractometer (477,478). Nonionic
substances, of course, do not affect this method. Spurious re-
sults often occur in alkaline urines and those containing large
amounts of protein (477). In infants and children, the specific
gravity measurement on dipstick has been found to correlate

poorly with measured urine osmolality, and was ineffective as
a test for dehydration (479,480). This poor correlation was
not due to alkaline pH or proteinuria. A laboratory quality as-
surance program detected a 13.4% error rate (±1 or 2 color
blocks) and a 3.1% gross error rate (±3 color blocks) in the as-
sessment of urine specific gravity by visual inspection in 7,150
spiked urine samples. The error and gross error rates were re-
duced when an electronic reader was used (481). Thus, the
dipstick method is advantageous because of its low cost and
convenience, but the relative imprecision suggests it should not
be used in any formal test of urine concentration and dilution.
This lack of precision seems to be worse in infants and chil-
dren.

ASSESSMENT OF URINE
CONCENTRATING CAPACITY

Assessment of concentrating ability is necessary in patients with
polyuria or hyperosmolality. In patients with hyperosmolality,
measurement of a random urine osmolality or specific gravity
provides important diagnostic information. If the urine osmo-
lality is 900 mOsm/kg water or greater or the specific grav-
ity 1.022 or higher in the absence of protein, glucose, or ra-
diopaque contrast material, it is highly likely that the urine
concentrating mechanism is normal. (473,482). The cause of
hyperosmolality is inadequate water intake. Lower values of
urine osmolality or specific gravity suggest a concentrating de-
fect.

However, in patients with polyuria and normal serum osmo-
lality, formal assessment of concentrating capacity is required.
Concentrating ability can be assessed systematically by simple
water deprivation (483). This maneuver tests the integrated re-
sponse of the pituitary and the kidney. Fluid deprivation of 12
to 16 hours leads to insensible water losses of 300 to 400 mL,
which is sufficient to slightly raise plasma osmolality which
provides a potent stimulus to ADH secretion (469). Fluid de-
privation for 18 to 24 hours yields a urine osmolality greater
than 900 mOsm/kg water and a specific gravity greater than
1.023 in 90% of normal persons (482,484). In patients with
polyuria from primary polydipsia, maximal urine concentra-
tion may reach only 500 to 900 mOsm/kg water possibly due
to a “washout” of the medullary interstitium and downregu-
lation of collecting duct Aquaporin 2 water channels (485). To
reestablish a hypertonic medullary interstitium in such patients,
prolonged dehydration (36 to 48 hours) may be necessary for
plasma ADH to induce receptors (to ADH) in the medullary
thick ascending limb of the loop of Henle, to activate adeny-
late cyclase, and to increase NaCl transport in this nephron
segment (486).

In patients with a urine osmolality of less than 500 mOsm/
kg water after water deprivation, the administration of exoge-
nous ADH (5 units of aqueous vasopressin subcutaneously)
provides additional important information (483). In patients
with central or neurogenic diabetes insipidus, water depriva-
tion does not raise urinary osmolality greater than 100 to
250 mOsm/kg water, despite substantial weight loss and de-
spite rises in plasma osmolality to 300 mOsm/kg water or
higher. The response to the administration of exogenous ADH
is dramatic and is the definitive test for the diagnosis of central
diabetes insipidus (either complete or partial), with urine os-
molality rising to at least twice its previous value. In contrast,
patients with nephrogenic diabetes insipidus will have virtually
no response (of urine osmolality) to exogenous ADH adminis-
tration. Measurement of plasma ADH by radioimmunoassay
at the time of the overnight water-deprivation test enhances
the diagnostic usefulness of the test (487). Molecular charac-
terization of mutations in the collecting duct water channel
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FIGURE 11-12. Peak urine osmolality after l-
desamino-8-D-arginine-vasopressin (dDAVP)
as a function of age in 211 healthy adults.
(From: Tryding N, Berg B, Ekman S, et al.
DDAVP test for renal concentrating capacity.
Scand J Urol Nephrol 1988;22:141, with per-
mission.)

aquaporin 2 or the vasopressin V2 receptor can provide defini-
tive evidence for the basis of nephrogenic diabetes insipidus
(488). Administration of exogenous ADH permits assessment
of urine concentrating ability (but not pituitary function) with-
out the need for concomitant dehydration. If 5 units of vaso-
pressin tannate in oil is given at bedtime to normal subjects, the
maximal urine concentration achieved the following morning
approaches that observed with 18 to 24 hours of water depri-
vation (489). The patient should be cautioned not to consume
excessive quantities of fluid because of the danger of ADH-
induced water retention and hypoosmolality. ADH adminis-
tration should be avoided in patients with coronary artery dis-
ease.

Alternatively, a shorter period of water deprivation can be
followed by administration of exogenous ADH. This method
may be more practical than prolonged fluid deprivation, and
has fewer side effects than the standard water deprivation test
(490). Patients are fluid restricted overnight from 11 pm to
7 am. Then 4 mcg (micrograms) of an analogue of ADH, l-
desamino-8-D-arginine-vasopressin (DDAVP) is administered
subcutaneously, and a urine specimen is collected between 3
and 6 hours later for measurement of osmolality. It should be
noted that there is an age-dependent reduction in the maximal
urine osmolality after DDAVP as seen in Figure 11-12; these
reference limits must be kept in mind when evaluating the re-
sults of this test (490).

ASSESSMENT OF URINE DILUTING
CAPACITY

Assessment of diluting capacity is necessary in patients with
hypoosmolality. The finding of urine that is maximally dilute
(urine osmolality <80 mOsm/kg water or urine specific gravity
<1.003) in the face of a sustained reduction in plasma osmo-
lality indicates massive water ingestion. Greater values indicate
an impairment of diluting capacity (491).

Formal assessment of diluting capacity is necessary only in
patients with a history of hypoosmolality that has resolved,
and the cause has not been defined. Diluting capacity can be
assessed with water loading. Normal adults given 1 to 1.5 L
of water (20 mL/kg) to drink over a short period excrete more
than half this quantity in 3 hours and reduce the specific gravity
of at least one voided specimen to 1.003 or less (80 mOsm/kg

water or less). However, unlike tests of concentrating ability,
the response to this standard test is extremely variable and
difficult to standardize (484).

ALTERATION IN
CONCENTRATION AND
DILUTION AS MARKERS

OF KIDNEY DAMAGE

Tests of concentrating capacity are quite sensitive and are occa-
sionally abnormal in patients with kidney disease even before
GFR is reduced. This is especially common in individuals with
autosomal dominant polycystic kidney disease (ADPKD), in
whom the vast majority develops a concentrating defect be-
fore GFR decreases. This defect closely parallels the severity of
anatomic changes caused by the renal cysts, independent of age
and GFR. This observation suggests that the cysts disrupt the
medullary architecture and countercurrent mechanisms vital
to the creation of a maximally concentrated urine (492). There
also appears to be decreased expression of aquaporin-2 pro-
tein in the renal epithelial cells of patients with ADPKD (493).
Similarly, decreased urinary excretion of aquaporin-2 protein
in the urine of patients with diabetic nephropathy correlates
with the presence of a concentrating defect (494). In other in-
dividuals, the clinical significance of an isolated concentrating
defect is often difficult to assess, because a number of factors
(e.g., low-protein diet [495], increased rate of solute excretion
[496], and prolonged water loading [497] can interfere with
the concentrating ability even in the absence of kidney disease.

As described earlier and detailed in Chapter 3, diluting de-
fects occur in a variety of medical conditions. However, many
patients with a diluting defect do not have hypoosmolality. Hy-
poosmolality only occurs if the impairment of water excretion
is severe or if they drink a large volume of fluid. In patients
without hypoosmolality, the potential risk of a water-loading
test to uncover a defect in urinary diluting capacity makes such
a study of little practical value. Diluting defects are usually not
the result of kidney damage. Usually the cause is failure to
suppress ADH, with preserved kidney function. In some pa-
tients, the diluting defect is due to decreased delivery of solute
to the diluting segment in the distal nephron as a consequence
of decreased GFR. However, generally, there is no associated
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kidney damage and tubular function is usually preserved, as
seen in decreased kidney perfusion.
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CHAPTER 12 ■ INTRAVENOUS
UROGRAPHY, ULTRASONOGRAPHY,
AND RADIONUCLIDE STUDIES
JUDITH A.W. WEBB AND KEITH E. BRITTON

Intravenous urography, ultrasonography, and radionuclide
studies have for many years been the first-line imaging tech-
niques used most frequently in renal disease. The predomi-
nantly structural information provided by urography and ul-
trasonography complements the largely functional information
given by radionuclide studies. An appreciation of the strengths
and weaknesses of each technique and its possible hazards is
vital to the renal physician. The best single investigation or the
optimum combination and sequence of investigations to eval-
uate a particular clinical problem then can be chosen.

The discussion in this chapter largely concerns the use of
these investigations in the adult kidney. The techniques are
reviewed and the indications for their use are outlined. The
appropriate imaging approaches to a number of common di-
agnostic problems then are discussed.

INTRAVENOUS UROGRAPHY

Plain Films

Renal calcifications usually are hidden by contrast medium dur-
ing urography, and problems relating to the presence of renal
calcification must be resolved before contrast medium is given.
A full-length radiograph on inspiration and a film coned to the
renal area on expiration usually resolves whether or not cal-
cification overlying the kidneys is intrarenal. An oblique film
of the kidney or renal tomography is necessary if doubt re-
mains. Plain tomography often shows unsuspected calculi (1),
especially if they are of low density, and is indicated when fe-
ces and bowel gas obscure the renal areas, or when there is
suspicion of calculous disease.

Calcifications in the Ureter or Bladder

The line of the ureter must be examined carefully because
even large ureteric calculi may be overlooked if they overlie
the lumbar transverse processes or the sacrum. Determining
whether calculi lie within the ureter or bladder usually neces-
sitates contrast-medium injection to define the relation of the
observed calcifications to the urinary tract.

The renal outlines usually are seen at least in part on
the plain film, especially if abundant perirenal fat is present.
Nonetheless, the assessment of renal size and outline is such an
important part of the urographic diagnosis that decisions con-
cerning them should be made only after intravenous contrast
medium has been given.

Contrast Media and Their Excretion

The contrast media used since the 1960s for urography are tri-
iodinated benzoic acid derivatives. Initially compounds such as

iothalamate, diatrizoate, and metrizoate were used, in which
iodine-containing anions are complexed to cations (usually
sodium or meglumine) to form ionic salts of high osmolal-
ity (1,400 to 1,200 mOsm/kg). Dimers (e.g., ioxaglate) and
nonionic agents (e.g., iohexol and iopromide) have been for-
mulated over the past 20 years. These have an osmolality ap-
proximately one-third of the ionic monomers and a lower inci-
dence of side effects. Although the cost of the nonionic agents
is greater than that of the ionic media, the lower osmolality
compounds are now the only iodinated contrast media used for
intravenous injection in much of the United States and Europe.

Excretion

Both ionic and nonionic contrast media are rapidly distributed
throughout the extracellular fluid after intravenous injection
(2–4). Mixing is largely complete at 2 hours (3). Binding to
plasma protein is minimal (5,6). At the doses used in urography,
renal excretion of both ionic and nonionic agents, for practical
purposes, can be regarded as being accomplished by glomerular
filtration (2,7–10). Renal excretion is rapid; for example, 30%
of an injection of sodium diatrizoate is excreted in the first hour
and over 90% in the first 24 hours (7).

The nephrogram is the opacification of the renal
parenchyma, produced by filtered contrast medium in the lu-
men of the renal tubules, principally the proximal convoluted
tubules, because these occupy most of the parenchymal vol-
ume (11). Contrast medium in the vascular compartment only
contributes to the very early nephrogram if a large intravenous
bolus is given rapidly.

The density of the nephrogram depends on the glomerular
filtration rate (GFR), the peak plasma contrast medium con-
centration, and the number and size of the nephrons present.
Plasma peak concentration is determined by the patient’s size
and the dose and rate of injection of contrast medium. In-
creased doses of contrast medium produce a denser nephro-
gram (12). The nephrogram is reduced when there is a de-
creased GFR because of the loss of nephrons; however, this only
becomes noticeable in practice when GFR is reduced substan-
tially. The nephrogram is not affected by water reabsorption in
the distal nephron and is unchanged by dehydration (13).

The pyelogram is produced by contrast medium in the urine
in the pelvicaliceal system, which has been subjected to the con-
centrating process along the length of the nephron. Pyelogram
density depends on the concentration of contrast medium in
the urine and the degree of distention of the collecting sys-
tem. The concentration of the contrast medium in the urine
depends on the plasma concentration of contrast medium and
the effects of the concentrating processes in the nephron on the
glomerular filtrate. The concentrating processes are affected by
the marked osmotic diuresis induced by the contrast medium
(14); dehydration, which increases water reabsorption in the
distal nephron; and any underlying renal concentrating defect,
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such as in renal failure. The nonionic agents have less osmotic
diuretic effect than ionic compounds, and this is reflected in
higher urine iodine concentrations (15–17). The resultant pyel-
ograms are only slightly denser than or of similar density to
those produced with ionic agents, however (18–22). The dis-
tention of the collecting system depends on the urine flow rate,
collecting system volume, and effectiveness of ureteric com-
pression applied during urography (23).

Hazards of Urography

The hazards of radiation must be remembered, especially in
women of childbearing age. The remainder of this section con-
cerns the hazards associated with the use of contrast media.

General

The incidence of serious side effects is very small in view of
the large doses of contrast medium that are routinely given by
intravenous injection (e.g., 35 g of sodium iothalamate in a
70-kg patient). The majority of patients, however, experience
some discomfort from the contrast-medium injection. A sensa-
tion of warmth is common, and a metallic taste, tingling, flush-
ing, nausea, and sneezing are frequent (24). These minor side
effects are less common with nonionic agents (25,26). More se-
rious side effects occur in about 5% with ionic agents (27), but
only in about 1% with nonionic agents (25). Most of these are
of intermediate severity—vomiting, urticaria, bronchospasm,
angioneurotic edema, and hypotension. Ionic agents cause less
than 0.01% of severe side effects, such as cardiac arrhythmias,
cardiac arrest, pulmonary edema, loss of consciousness, and
convulsions (28). The incidence of such effects is lower with
nonionic agents by a factor of five to ten times (25,29). Death
has been reported in 1 in 14,000 (27) and 1 in 75,000 cases
with ionic agents (30). The mortality is probably lower with the
nonionic agents (29,31). Adverse effects usually occur in the 15
minutes after contrast medium injection but can be delayed for
an hour or more in rare cases.

The incidence of side effects increases if the patient has a his-
tory of previous contrast medium reaction or of allergy, asthma,
or cardiac disease (25,29,32). The risk of reaction is also in-
creased in patients over 60 years of age and with the use of
meglumine salts (which are associated with an increased inci-
dence of bronchospasm) (28,32).

The cause of these reactions is poorly understood. There
appear to be a variety of complex interactions between the
complement, contact, coagulation, and immune systems. The
release of a variety of active mediators, such as histamine,
bradykinin, leukotrienes, prostaglandins and complement fac-
tors has been documented (33,34).

Renal

The early reports of high-dose urography in renal failure sug-
gested that deterioration of renal function did not occur if pa-
tients are hydrated adequately (35). A large number of reports
appeared in the literature in the late 1970s, however, about
acute renal failure after contrast medium injection (36). It is
difficult to determine the true incidence of contrast-medium–
related renal impairment, but a review of 12 prospective studies
suggests that it occurs in about 10% of patients (37). The serum
creatinine level rose by 1 mg/dL or more in the 24 hours after
injection of contrast medium in these patients, and it subse-
quently returned to normal in the great majority. Factors that
increase the risk of deterioration of renal function after urogra-
phy include renal impairment, dehydration, diabetes mellitus
(38), age over 60 years, the use of high osmolality contrast
media and large doses of contrast medium, repeated contrast-
medium procedures, and concurrent administration of nephro-

toxic drugs (e.g., gentamicin, nonsteroidal antiinflammatory
agents) (37,39). The mechanism of this effect is unknown, but
one of the favored theories suggests that decreased perfusion of
the renal microvasculature (probably caused by release of va-
soactive substances such as endothelin) is responsible (39,40).

Multiple myeloma is no longer regarded as a contraindi-
cation to urography, provided that patients are well hydrated
(41). However, patients with myeloma who are in renal failure
are at increased risk for development of acute renal failure af-
ter urography and should be evaluated by other means (e.g.,
ultrasonography) whenever possible.

To protect against contrast-medium–induced nephrotoxi-
city, patients should be well hydrated, low osmolar contrast
media should be used in the lowest dose necessary to achieve
the diagnosis, and further administration of contrast medium
should be delayed for at least 48 hours (39).

Precautions

Intravenous contrast-medium injection should be slow to re-
duce the risk of cardiac arrhythmias (42). With modern
contrast-medium doses, an injection over 1 minute produces a
good nephrogram, and slower injections, over 2 to 3 minutes,
are advisable in patients with cardiac disease, elderly people,
and neonates. A needle should be left in the vein for the first
15 minutes after contrast-medium injection, and medical per-
sonnel should be available throughout this time.

If, for reasons of cost, nonionic contrast media cannot be
used in all patients, they should be used selectively in patients
at increased risk of reaction or complication. These include
patients with a significant previous contrast-medium reaction,
asthma, or renal failure, especially patients with diabetes. The
use of nonionic media is also recommended in patients with
myeloma or cardiac disease, as well as in elderly people,
neonates, and infants. Steroid prophylaxis (e.g., prednisolone,
30 mg twelve and two hours before urography) should be used
in patients with a history of previous significant contrast re-
action and in those with a strong history of allergy (43,44).
Prophylactic antihistamines are not helpful (24), and pretest-
ing with a preliminary small intravenous injection of contrast
medium is no longer considered useful (27,45,46).

Management of Reactions

In all severe reactions, intravenous steroids should be given.
Management is otherwise symptomatic, and full resuscitation
facilities should be available (47).

Technique of Urography

Preparation

Dehydration is not necessary, but fluids are commonly re-
stricted to 500 mL in the 4 hours before the examination to
reduce the hazards of vomiting. It may be helpful to give a
laxative for the 2 days before the urogram.

Plain Films

The importance and choice of plain films have been discussed.

Contrast-Medium Dose and Administration

A dose of 300 mg of iodine per kg should be given to patients
with normal renal function. Pyelogram quality is unaffected,
whether contrast medium is given by bolus or infusion (7); the
bolus technique generally is preferred because it gives a higher
peak plasma iodine concentration and a denser nephrogram.
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Postcontrast-Medium Films

A film is obtained immediately after contrast-medium injection.
At this time, the nephrogram is densest and optimal for assess-
ing the parenchyma. A film taken 5 minutes after the end of the
injection will show some calyceal filling. If there is no evidence
of obstruction or other contraindications (aortic aneurysm, ab-
dominal mass, or recent surgery), ureteric compression then is
applied with small inflatable bags placed over the ureters as
they cross the pelvic brim. A film coned to the renal areas is
obtained after compression has been in place for 5 minutes.
This film will show the pelvicalyceal systems and ureters filled
with contrast medium and is vital for demonstrating early ca-
lyceal and papillary pathology. A full-length abdominal film is
obtained immediately after compression is released, and this
should show the ureters and bladder. A further full-length film
is obtained immediately after the patient has emptied the blad-
der. This not only allows assessment of bladder emptying, but
also permits assessment of the upper tracts when the effects of
ureteric compression are no longer present.

Additional films may be helpful in a number of situations.
Early tomography (nephrotomography) is used when a renal
mass or polycystic kidney is suspected, when the pelvicalyceal
system has not been visualized at previous urography, or where
bowel shadowing obscures the kidneys. Oblique renal views,
with ureteric compression applied, are used when calyceal or
papillary disease is suspected (especially papillary necrosis and
tuberculosis). If ureteric filling is delayed, prone films may be
helpful. The urographic technique also is modified in a number
of special circumstances, suspected pelviureteric junction ob-
struction, and suspected renal artery stenosis, all of which are
described in the following.

Normal Urographic Findings and
Common Variants

Friedland has given an excellent account of variants of normal
at urography (48).

Renal Size

Renal length measured on the urogram is a good indicator of
renal weight (49) despite the problems of radiographic mag-
nification, variable renal axis, and contrast-medium-induced
increase in renal size (50). In adults, normal renal length ap-
proximates to the first three and a half lumbar vertebrae and
their disc spaces (51). Generally, a kidney measuring less than
11 cm is abnormal. The left kidney is usually longer than the
right by up to 2 cm. Duplex kidneys are longer than kidneys
with single pelvicalyceal systems.

Renal Position

The kidneys lie obliquely in the retroperitoneum, with the up-
per poles posterior and medial to the lower poles. The left
kidney lies higher than the right in the majority of cases.

Renal Parenchyma and Outline

Measuring the distance between the line joining the tips of
the papillae and the renal outline should assess parenchymal
thickness. Because of renal obliquity, the measurements at the
poles are greater than the midkidney measurements. The four
polar measurements are usually equal (52).

Splenic and Hepatic Impressions and Humps. Splenic or, less
commonly, hepatic compression may flatten the superolateral
kidney during development. A “hump” in the renal outline
occurs just below this area. The features distinguishing it from
a space-occupying lesion are that the nephrogram in the hump

FIGURE 12-1. Splenic hump shown on tomogram.

is homogeneous and that a calyx passes laterally toward it so
that the normal measurement from the renal papilla to the renal
outline is maintained (Fig. 12-1).

Fetal lobation may persist into adult life and will be seen as a
sharp indentation, which is often in the inferolateral renal out-
line, commonly symmetrical, and lying between two calyces.

Septum of Bertin. The fused cortices of adjacent lobes may pro-
trude deep into the renal substance and displace the calyces,
simulating a mass lesion—one variety of pseudotumor (53).
This anomaly is most common in the midkidney and is often
associated with a duplex collecting system and with a small
truncated calyx that is draining the apparent mass (Fig. 12-2).

FIGURE 12-2. Renal pseudotumor. Enlarged septum of Bertin, causing
splaying of the upper and middle calyces.
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FIGURE 12-3. Vascular impressions on the pelvicaliceal system (left) are no longer seen on the film with
ureteric compression (right).

Pelvicaliceal System and Papillae

Variation in the number and distribution of minor and ma-
jor calyces is very wide. Calyces may open directly into the
pelvis or infundibula of varying length. Compound calyces oc-
cur throughout the kidney, but especially at the upper and lower
poles. Vessels crossing the pelvicaliceal system may simulate fill-
ing defects, but films with adequate compression usually clarify
the diagnosis (Fig. 12-3).

Renal Sinus

The fat in the renal sinus may be apparent during urography,
especially if tomography is performed. The amount of sinus fat
increases with loss of renal parenchyma, and such an increase
may occur during aging. Sometimes this can occur as an iso-
lated anomaly in younger patients, producing uniform stretch-
ing of the calyceal infundibula, so-called renal sinus lipomatosis
(54).

RENAL ULTRASONOGRAPHY

Ultrasound imaging depends on the reflection of high-
frequency sound waves from the interfaces between tissues
of different acoustic properties. The information from the re-
flected sound waves is processed to give a cross-sectional im-
age. In current real-time scanners the transducer head contains
multiple transducer elements and the sound beam is automat-
ically moved rapidly through the tissue being examined. The
moving gray-scale image so produced is viewed as soon as the
transducer head is placed on the body.

The frequencies used in renal scanning are usually 3.5 to
5.0 MHz. Overall image resolution is on the order of 1.5 to
2.0 cm, but depends on the difference in acoustic properties
of the tissues being examined. Thus, a 1.0-cm renal cyst has
properties markedly different from those of the surrounding
parenchyma and will be visualized on a good-quality image,
whereas a 1.0-cm solid renal tumor that does not deform the
renal contour may well not be shown. Higher frequencies, with
improved resolution, can be used for structures closer to the
transducer. Thus, 7.5-MHz frequency transducers usually are
used for transrectal examination of the prostate.

Ultrasound is reflected by both bone and gas. To image
structures deep to these requires that the transducer be angled
around the obstacle or that an approach be used such that the
sound beam does not encounter bowel gas or bone—thus, the
posterior and flank approaches used in renal examination.

Despite recent adverse comments by communication media,
no harmful effects of this type of pulse-echo ultrasound tech-
nique at the intensities used in diagnostic practice ever have
been reported in animals or humans (55). The examination
is simple and relatively quick for the patient and involves no
x-irradiation or contrast media.

Examination Technique and
Normal Appearances

Renal

The patient should empty the bladder before the examination,
because a full bladder can cause retention of urine in the up-
per tracts and give the spurious impression of pelvicaliceal di-
latation (56). The long axis of the kidney is identified. Scans
along this axis, parallel to it, and transverse to it are carried
out so that the whole renal area is covered. Scanning through
the flanks, with the patient either in the supine oblique or the
lateral decubitus position, is the most favored technique (Figs.
12-4 and 12-5). Supine or supine oblique scanning of the right
kidney is often helpful, using an anterior approach with the
liver as a window. Prone renal scanning sometimes is helpful,
but suffers the disadvantage of loss of resolution as the sound
beam traverses the back muscles. Small kidneys with increased
parenchymal reflectivity (as in chronic renal failure) may be dif-
ficult to identify. Good-quality kidney images are not obtained
in obese patients, because fat transmits ultrasound poorly.

The renal outline is ovoid on longitudinal scans, and it is
rounded on transverse scans. The renal parenchyma shows a
fine, low-level echo pattern of less reflectivity than the normal
liver and spleen. In a good-quality image, the lucent medullary
pyramids can be differentiated from the surrounding cortex,
and the arcuate vessels appear as bright echoes at the bases
of the pyramids (Fig. 12-5) (57). A cluster of bright echoes,
called the sinus echoes, which are largely produced by the fat
in the renal sinus, and, to a lesser extent, by the pelvicaliceal
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A

B C

FIGURE 12-4. Normal ultrasound scans of the right kidney obtained through the flank. A: Longitudinal
scan. B: Transverse scan through hilum. C: Transverse scan through lower pole. Long arrow indicates
renal sinus; short arrow indicates inferior vena cava.

system and vascular structures, is in the center of the kidney.
The normal collecting system usually is not visualized, although
some variants (e.g., a large major calyx or renal pelvis) may be
appreciated as a central fluid collection in the sinus. The col-
lecting system is more likely to be visualized under conditions

FIGURE 12-5. Normal longitudinal ultrasound scan of the right kid-
ney obtained in the anterior oblique position. Note the pyramid (long
arrow) and arcuate artery (short arrow).

of diuresis (e.g., after contrast medium has been given for uro-
graphy).

Renal length can be measured accurately in the majority
of subjects, provided that the measurement is made along the
long axis of the kidney (58). In some patients, intervening ribs
mean that adequate scans for length measurement will not be
obtained. Renal length measurements obtained at ultrasonog-
raphy are smaller than those obtained at urography because
neither the radiographic magnification effect nor the osmotic
diuretic effect of contrast medium is present (59). Normal mean
renal length should be between 9.4 and 12.2 cm (60).

Ureter

The normal adult ureter is not visualized. A dilated ureter may
be seen over a few centimeters as it leaves the renal pelvis and
for its last few centimeters before it enters the bladder, but
bowel gas usually obscures the rest of its course through the
retroperitoneum.

Bladder

Ultrasound measurements of the bladder in three planes before
and after bladder emptying provide a simple method of assess-
ing bladder residual volumes (61). This method is acceptable
for most urologic assessment of bladder emptying in bladder
outflow obstruction and neurogenic bladder, but small resid-
ual volumes (less than 50 mL) are not measured accurately.
Intrinsic bladder abnormalities such as tumors and calculi can
be demonstrated (Fig. 12-6).
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FIGURE 12-6. Transverse ultrasound scan of the bladder. Note the
polypoid tumor (arrow).

Prostate

An enlarged prostate may be shown by suprapubic scanning
of the full bladder, but a complete prostatic examination re-
quires the use of a rectal transducer. With high-frequency (e.g.,
7.5 MHz) rectal transducers, high-resolution images of the
whole prostate gland are obtained. Depending on transducer
design, images are obtained either in the longitudinal and trans-
verse planes or multiple planes.

The common prostatic diseases have typical appearances;
thus, benign prostatic hypertrophy causes symmetrical enlarge-
ment of the transition zone adjacent to the urethra. The abnor-
mal area is usually hypoechoic and well defined, may contain
cysts or calculi, and compresses the remaining prostate tissue
posteriorly (Fig. 12-7). Prostatic carcinoma classically causes
hypoechoic, poorly defined, asymmetrical masses in the periph-
eral zone of the prostate (Fig. 12-8). However, there is consid-
erable overlap in appearance among the different pathologic
processes and the findings often are nonspecific. Prostatitis also
affects the peripheral zone and may mimic carcinoma. In one se-
ries, only 20% of posterior hypoechoic masses less than 1.5 cm
in diameter were caused by carcinoma (62). Carcinoma may
develop anteriorly in the periurethral region. Sensitivity, too, is
poor, with a detection rate of only 60% for carcinomas greater
than 0.5 cm in a multicenter trial (63).

FIGURE 12-7. Benign prostatic hypertrophy. Transverse transrectal
ultrasound scan shows enlarged central transition zone (large arrows)
compressing peripheral zone (small arrows). (Posterior gland is in the
lower part of the image.)

FIGURE 12-8. Carcinoma of prostate. Transverse transrectal ultra-
sound scan shows the hypoechoic tumor nodule (arrows) in the pe-
ripheral zone. (Posterior gland is in the lower part of the image.)

For these reasons, screening for prostatic carcinoma with
ultrasonography alone is not considered appropriate (64).
Nonetheless, transrectal prostate scanning is a very useful diag-
nostic tool when suspicious findings are obtained on rectal ex-
amination, the serum prostate-specific antigen level is elevated,
or prostatic abscess is suspected (64). Transrectal ultrasound-
guided biopsy of suspicious lesions can be undertaken and sys-
tematic sampling of the prostate for malignancy also can be
carried out (e.g., eight systematic biopsies) (65).

Doppler Studies

The Doppler principle is used to identify flowing blood, which
reflects sound at a frequency other than that transmitted by
the transducer. Duplex Doppler equipment combines flow de-
tection with imaging so that the blood flow in specific vessels
can be sampled. Doppler color flow mapping samples flow in a
block of tissue, providing a perfusion map that is color coded
to indicate the direction of flow. This facilitates the identifica-
tion of small vessels for subsequent duplex waveform analysis
and also allows the overall perfusion of organs to be studied.

A major application of Doppler studies in renal diagnosis
is in the transplanted kidney. The main renal artery and vein
can be examined for evidence of stenosis or occlusion (66),
and perfusion of the smaller intrarenal vessels can be evalu-
ated. Examination of the native renal arteries to detect renal
artery stenosis has been less successful because of access prob-
lems (67). Examination of the flow patterns in the intrarenal
vessels has been proposed both for detecting renal artery steno-
sis (68,69) and for diagnosing renal obstruction (70). Renal
perfusion also may be assessed using power Doppler, a method
that provides information on Doppler signal energy rather than
velocity.

Ultrasound contrast media contain stabilized gas bubbles,
which produce enhancement of the Doppler signal. Their possi-
ble role in the assessment of the renal vasculature, the detection
of renal parenchymal abnormalities, and the characterization
of renal masses is being assessed (71,72).

RENAL NUCLEAR MEDICINE

Principles

An understanding of renal physiology and pathophysiology
is necessary for the intelligent use of renal radiopharmaceuti-
cals. Conversely, knowledge of the renal handling of radiophar-
maceuticals is required for the correct application of nuclear
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medicine techniques to disorders of renal function that occur in
clinical practice. To understand the transference from anatomic
and physiologic reality to a physics test using radionuclides, a
physiologic (mathematical) model is applied. The term isomor-
phic model describes the model that is the best compromise
between the realistic and the simplistic. The validity of an iso-
morphic model in a given pathophysiologic situation justifies
the use of a particular form of mathematical analysis of the
results of a radionuclide test for their application to clinical
practice.

The renal function that dominates the clinical assessment
of how the kidneys are working is the kidney’s ability to re-
move substances from the blood, that is, their uptake func-
tion. The different radiopharmaceuticals are taken up with
different extraction efficiencies at the different anatomic sites.
For chromium ethylene diamine tetraacetic acid (51Cr EDTA)
and technetium diethylene triamine pentaacetic acid (99Tcm

DTPA), uptake is by glomerular filtration, with 20% extrac-
tion efficiency. For radioiodinated orthohippurate (131IOIH
and 123IOIH), uptake is by tubular secretion, with 83% ex-
traction efficiency. Mercaptoacetyl triglycine (99Tcm MAG3) is
the technetium-labeled substitute for IOIH (73–77). It is now
the radiopharmaceutical of choice for dynamic renal studies.
A new agent Tc-99m EC, Ethylene Dicysteine (78–80), has
the advantages that it is tubularly secreted slightly more than
Tc-99m MAG3 with less protein binding and does not require a
boiling step in its preparation; however, it has the disadvantages
of not being licensed in the United States or the European com-
munity. (It is available from Izinta, Hungary.) For technetium
dimercaptosuccinate (99Tcm DMSA) and 99Tcm aprotinin, up-
take is by tubular fixation. For all these compounds, the kidneys
are the only organs that remove them from the blood and their
only site of exit from the body. The rate of uptake of the com-
pounds by the kidneys, therefore, equals their rate of loss from
the blood—the blood clearance.

A compartmental model is used in the analysis of the renal
uptake of radiopharmaceuticals. The fundamental assumption
of this model is that the rate of mixing within a compartment is
more rapid than the rate of exchange between compartments.
This applies well to the movement of radiopharmaceutical be-
tween the blood and extracellular fluid spaces, so that a com-
partmental (exponential) analysis is appropriate for studies of
blood clearance and renal uptake of compounds. The uptake
function measured depends on the radiopharmaceutical used.
Thus, IOIH gives effective renal plasma flow (ERPF) and 51Cr
EDTA gives GFR. It should be noted that the definition of re-
nal clearance has been altered so that it concerns movement
of a compound from blood to kidney rather than from blood
to urine. The compartmental model can be used to help in the
interpretation of the results obtained in various diseases. For
example, in the nephrotic syndrome with edema, the size of the
extracellular fluid compartment is increased, and the model in-
dicates the need for both delayed sampling and the appropriate
analysis of the data obtained.

For a kidney with a million nephrons, there are a million
sites of uptake for IOIH or 51Cr EDTA. Although the nephrons
are anatomically separate, they are physiologically interdepen-
dent. There is a hierarchy of interacting control systems that in-
terrelate renal plasma flow, GFR, and tubular function through
tubuloglomerular balance, nephron autoregulation, and the
juxtaglomerular apparatus for cortical nephrons. The same in-
terdependence applies for a kidney with 250,000 functioning
nephrons. This means that there is a proportionality between
the uptake of 51Cr EDTA or 99Tcm DTPA, MAG3, and IOIH for
a pair of kidneys. For example, if the left kidney with a million
nephrons takes up 80% of the 99Tcm DTPA and the right kid-
ney with 250,000 nephrons takes up 20% of the 99Tcm DTPA,
exactly the same proportions—80% and 20% of IOIH—are
taken up by the left and right kidneys under steady-state con-

ditions. Thus, the filtration fraction of one kidney equals that
of the other. This is an expression of the intact nephron hy-
pothesis (81) and has been confirmed experimentally (82). It
means that any of the compounds can be used to determine
the contribution of one kidney to total function. Thus, using
a compartmental model, total renal function, whether GFR or
ERPF, can be determined by the blood clearance of 51Cr EDTA
or 99Tcm DTPA, 99Tcm MAG3 or IOIH, respectively, but rel-
ative renal function may be equally well determined by any of
these compounds.

The compartmental model is not suitable for the study of
the renal parenchyma, because the kidney is made up of tubes
along which the filtered fluid travels, rather than of spaces in
which rapid mixing occurs. The isomorphic model chosen for
the movement of fluid along the nephron is a linear system that
models a series of events in time in which one event follows
another. The linear system is based on a number of assump-
tions. These assumptions include the absence of backflow and
stationarity. Stationarity means that if a given input gives a
particular response, then the same input given later will give
the same response. Linearity means that the total response to a
series of inputs is the sum of the individual responses to the indi-
vidual inputs. The response of kidney to the blood clearance of
a radiopharmaceutical is the renogram, the activity–time curve
recorded from the kidney. The renogram can be considered
as the sum of a series of responses to a succession of individ-
ual spike or delta inputs. The term deconvolution analysis is
applied to the process of obtaining the individual response to
a delta input from such complex data as the blood-clearance
curve and the renogram. This analysis enables one to obtain the
renal response as if to a spike injection into the renal artery;
this renal response is called the impulse retention function. The
mean transit time and the distribution of transit times through
the kidney can be obtained from this function.

It can be shown that the majority of nephron transit times
are very similar, accounting for the fact that the peak of the
renogram from a normal kidney is sharp. This occurs because
of nephron autoregulation, a property of the nephrons whose
glomeruli lie in the outer cortex and have a juxtaglomerular ap-
paratus, such that each nephron responds in the same way to
the perfusion pressure. Because 99Tcm DTPA and IOIH are both
nonreabsorbable solutes, their transit time along the nephron
depends on two main factors: the urine flow rate in the collect-
ing ducts, which is determined by the functions of the medulla,
and the rate of salt and water reabsorption in the tubules, which
depends on the relative pressure in the tubular lumen and the
peritubular capillary, among other things. The nephron tran-
sit times through the renal parenchyma, therefore, can be di-
vided into a minimum transit time common to all nephrons
and related to urine flow, and a distribution of the nephron
transit times, which is also called the parenchymal transit-time
index (PTTI). The transit time through the pelvis depends on
its capacity, on the urine flow and turbulence, and on the resis-
tance to outflow. The relationship between the whole-kidney
transit time and its subdivisions is shown diagrammatically in
Figure 12-9. A summary of their use in clinical practice is given
in Table 12-1. The linear system model of the kidney and the
determination of 99Tcm DTPA or 99Tcm MAG3 transit times
make an important contribution to clinical management of ob-
structive nephropathy and renovascular hypertension.

Techniques

The determination of the uptake and transit times of radiophar-
maceuticals in the kidney requires the external detection of the
quantity and distribution of the gamma rays emitted by the
radionuclide label. This is performed with a gamma camera
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FIGURE 12-9. Diagram of a nephron showing the
breakdown of transit times. Minimum transit time
is shown as common to all nephrons. It represents
collecting duct transit through the medulla and is re-
lated to the urine flow rate, which is controlled there.
The parenchymal transit-time index varies between
nephrons and is related to their salt and water reab-
sorption.

linked online to a computer. The properties of the main ra-
dionuclides used in renal studies are shown in Table 12-2

Radiopharmaceutical Preparation

Unlike contrast media, which are presented as an ampule of
sterile fluid, radiopharmaceuticals are prepared on the day of
use. Full aseptic precautions in a properly designed radiophar-
macy are required. The dispensing of 99Tcm from the molyb-
denum generator and the preparation of 99Tcm MAG3 from
commercially available kits must be undertaken by technical
staff trained both in pharmacy and radiation protection. Qual-
ity control is essential to ensure that the product is sterile,
pyrogen-free, radiochemically pure, and dispensed in the cor-
rect dose for administration at the time of the patient’s test.
The activity of the injection always must be confirmed in an
ionization chamber, and allowance must be made for decay of
the radionuclide. 99Tcm DTPA, when properly prepared, is a
good analog of inulin for glomerular filtration measurement,
but some preparations are relatively unstable and will liberate
some free 99Tcm as pertechnetate if kept for several hours. This
is taken up by the stomach after injection and may confuse
the interpretation of the images. Similarly, a poor preparation
of 123IOIH may contain free 123I that will show stomach up-
take and reduce the accuracy of 123IOIH as a measure of ERPF.
These effects may be minimized by storage of the injection in a

refrigerator at 4◦C and by use of a dark glass bottle for IOIH.
MAG3 is in the form of a benzoyl precursor to which 99Tcm

generator eluate is added. The vial is placed in a boiling-water
bath for 10 minutes, which splits off the benzoyl group, leav-
ing the 99Tcm binding to the three nitrogens and the one sulfur
of the MAG3. The kit is then divided into four portions using
four sterile syringes. Each is capped and frozen at 4◦C. When
the patient arrives, the syringe is thawed under a table lamp
and used. This freezing step reduces the rate of production of
the liver-excreted contaminants by 100-fold (83).

Patient Preparation

The patient should be normally hydrated and, to ensure this,
300 mL of fluid is given orally half an hour before the test. A
reassuring explanation of the technique should be given to the
patient before he or she enters the gamma camera room. Anxi-
ety and pain cause fluctuations in renal blood flow and produce
unsteady-state conditions that affect data analysis. The patient
empties the bladder immediately before and after the test, the
times and volume of urine being recorded to confirm that the
urine flow is suitable; between 1.5 and 4.0 mL/minute is pre-
ferred. Emptying the bladder immediately after the test and
again an hour later helps to reduce further the radiation to the
bladder wall and the small dose to the gonads (which is less
than one-fifth of that obtained from intravenous urography).

TA B L E 1 2 - 1

CLINICAL USE OF RENAL TRANSIT TIMES

Parenchymal Parenchymal mean
transit-time index transit time Pelvic transit time

Renovascular disorder Normal or increased Increased Normal
Obstructive

nephropathy
Increased Increased or normal Increased

Dilated renal pelvis—
not obstructive

Normal Normal Increased
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TA B L E 1 2 - 2

PROPERTIES OF RADIONUCLIDES

Gamma-ray Camera detection
energy (meV) Half-life Beta emission efficiency

99Tcm 0.14 6 hr None High
123I 0.159 13 hr None High
131I 0.364 8 d High Low

51Cr 0.32 27.8 None Low

Radionuclide Injection and Data Collection

The gamma camera is positioned so that its face is set back
about 30 degrees from the vertical plane. The patient sits on a
comfortable backless chair with side arms and reclines against
the camera face. With the arm abducted, the injection of 10
mCi (400 MBq) of 99Tcm DTPA or 3 mCi (120 MBq) of 99Tcm

MAG3 in less than 1 mL is given rapidly into a deep antecubital
vein. Alternatively, a “butterfly” needle, with a sterile extension
tube and three-way tap, can be used. The injectate is introduced
into the extension tube and flushed in with 10 to 20 mL of
saline. This system also allows access for a subsequent injection
of 40 mg of furosemide for the diuresis technique. Data are
collected at a 10 second frame rate for 20 minutes, or longer if
the pelvis is not visualized, and for at least 10 minutes after an
injection of furosemide when this is used. Furosemide (40 mg)
should not be injected before 18 minutes have elapsed in the
adult, and it may be necessary to wait for 30 minutes in a child
(0.5 mg/kg body weight).

Hazards

Reactions to radiopharmaceuticals are much less frequent than
to intravenous contrast media (84). The rare reactions that oc-
cur usually take the form of a feeling of warmth and faintness.
The injection of furosemide for diuresis renography may cause
postural hypotension.

The absorbed radiation doses for the radiopharmaceuticals
used in renal disorders are shown in Table 12-3. If the renal
outflow is obstructed and there is good uptake of 131IOIH, then
the dose to the kidneys may increase over 100-fold because of
its 8-day half-life. Because of its 13-hour half-life, 123IOIH gives
no substantial increase in absorbed dose in pathologic condi-

tions and is now used instead of 131IOIH. All the radiophar-
maceuticals give a substantially lower gonadal dose than the
intravenous urogram, provided the bladder is emptied shortly
after the test and again an hour later.

Normal and Abnormal 99Tcm DTPA
and 99Tcm MAG3 Images

Images on transparent film (analog images) usually are com-
bined at 30-second intervals for the first 180 seconds and
then at 5-minute intervals for the remainder of the study
(Fig. 12-10). The following features should be noted:

1. The length of time the activity in the left ventricular cavity
is visible; it is prolonged with renal impairment.

2. The patency and tortuosity of the aorta and possible
aneurysm.

3. Whether the times of arrival and tracer distribution are
equal in the two kidneys; prolongation on one side may
occur with an inflow disorder.

4. The site and position of the kidneys relative to the liver and
spleen; possible space-occupying lesions may be between the
kidney and these organs.

5. Whether the cortical outline of each kidney is complete and
whether there are any defects in the parenchyma—possible
tumor, cyst, parenchymal infection, or scar.

A dilated calyx should fill at the pelvic retention stage but
not if it contains a stone. A cyst in the parenchyma does not
show any tracer uptake, whereas a vascular tumor may show
initial tracer activity. This may persist for longer than that in
adjacent normal tissue and be followed by a focal defect in the

TA B L E 1 2 - 3

ABSORBED RADIATION DOSES FROM RENAL RADIOPHARMACEUTICALS

Usual activity given Absorbed dose

Compound or test (mCi) (MBq) Kidney (mrad) Gonad (mrad)
Whole body: effective dose
equivalent (mSv)

51Cr EDTA 0.1 4 14 6 0.01
99Tcm DTPA 10.0 400 380 140 4.0
99Tcm MAG3 2.5 100 160 38 1.1
99Tcm DMSA 3.0 120 2250 42 1.5
123IOIH 1.5 60 30–1000a 23 0.9
131IOIH 0.5 20 50–10,000a 30 1.0
Intravenous urography 400 800 4.5
Selective renal

angiography
12,000 80 10.0

Cinecystourethrography 2500 6.0

MBq, megabecquerel; mSv, milliSievert.
a In a well-functioning obstructed kidney.
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A B

FIGURE 12-10. 99Tcm DTPA renal study. Left kidney (on the left side) with outflow obstruction due to
stone; normal right kidney. A: Images taken at 0 to 30, 30 to 60, and 60 to 90 seconds, left side descending,
and at 90 to 120 seconds and 5 and 10 minutes, right side ascending. B: Same study images at 15, 20,
and 25 minutes descending. Note the normal uptake and excretion of tracer by the right kidney. The left
kidney shows reduced uptake in the early images as compared with the right and contributes 27% of total
uptake function (right, 73%). At 15 minutes, 40 mg of intravenous furosemide is given. Note the normal
excretion of tracer by the right kidney and failure to excrete by the left kidney (left obstructing uropathy).
The right parenchymal transit-time index (PTTI) was 120 seconds (normal, less than 156 seconds); the left
PTTI was prolonged to 260 seconds, confirming obstructive nephropathy. C: 99Tcm MAG3 renal study in
a similar patient. (Posterior views; left kidney is on the left side.) Note the reduced background and better
contrast as compared with 99Tcm DTPA. Images taken at 30-second intervals (top left to bottom right).
D: Images taken at 5-minute intervals, the first at 5 minutes. Top left to bottom right: Furosemide, 40 mg,
given at 18 minutes. Note the normal excretion of tracer by the right kidney and the partial response to
furosemide by the left kidney. The right PTTI was 39 seconds (normal, less than 156 seconds) and the left
266 seconds, confirming obstructive nephropathy (owing to stone). (continued )

distribution of activity resulting from the absence of normal
nephrons.

As corticopelvic transfer occurs with the tracer moving from
parenchyma to pelvis, the lateral edge of the kidney, noted on
the 1- to 2-minute frames, appears to move medially. Pelvic,
calyceal, or ureteric retention of tracer, or all of these, occurs

when the capacity of these structures has increased through
dilatation, but this cannot be considered to indicate that ob-
struction is present. The ureter should not be considered to
have retained tracer unless its whole length or that down to
a block persists over several images. Blobs of activity in the
ureter are not significant and do not mean ureteric “spasm” or
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FIGURE 12-10. (Continued )
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“hold-up.” Activity in the bladder is seen toward the end of
the test, and a diverticulum or ureterocele may be observed. If
the patient was imaged supine or if there is pelvic retention of
activity at the end of the study, a postmicturition picture should
be taken.

Normal and Abnormal Measurements

The measurement of overall renal uptake function requires that
the rate of uptake of the radiopharmaceutical by the kidneys
equals its rate of loss from the blood. For the estimation of the
GFR, the compound must have properties that are analogous
to inulin. 51Cr EDTA and high-quality preparations of 99Tcm

DTPA meet these requirements. The rate of uptake of 99Tcm

DTPA by the kidneys per unit of time, K(t), is equal to its
rate of supply in plasma flowing to the kidneys, which is given
by the product of the renal plasma flow (RPF), the plasma
concentration, P(t), and the fraction of plasma that is filtered,
the filtration fraction, FF. Thus,

K(t) = RPF × P(t) × FF = RPF × P(t) × (GFR/RPF)
= GFR × P(t) [1]

The rate of loss of 99Tcm DTPA from the plasma depends on the
dose administered, D, and the clearance rate, λ. This is equal
to the rate of uptake of 99Tcm DTPA by the kidneys.

K(t) = D × λ [2]

Substituting Eq. 1 in Eq. 2, we have

GFR × P(t) = D × λ

Thus,

GFR = D × λ/P(t) [3]

To measure the GFR, it is necessary to measure accurately
the dose administered, the rate of clearance of the compound
from the blood, and the plasma activity of the compound at
particular times. This is not straightforward.

Glomerular Filtration Rate

The GFR can be measured with 100 μCi (4 MBq) of 51Cr
EDTA or 2 mCi (80 MBq) of 99Tcm DTPA as part of a full
renal dynamic study. Blood samples are taken at 3, 4, 5, and
6 hours and at 24 hours if there is edema or renal failure. The
values of the activities of the plasma samples are plotted against
time on semilogarithmic paper and a graph is drawn through
the points. A tangent is drawn through the apparently straight-
line portion of the graph and extrapolated to cut the vertical
axis at time zero to give the value of Po. GFR is then determined
from Equation 3.

Alternatively, the counts of the plasma samples taken be-
fore and after injection; the sample times; the counts of the
standards, background, and syringe washings; and the patient’s
height, weight, age, sex, and name are entered into the com-
puter programmed to calculate the GFR. The result is printed
out together with an error estimate, both uncorrected and cor-
rected for body–surface area. Single or double exponential
analysis can be performed on the data, conventionally or by
the technique of Nimmon and associates (85).

A number of other approaches have been developed in at-
tempts to simplify the technique of measurement of GFR even
further. These simplifications are particularly appropriate when
GFR is to be monitored serially over a period in one patient.
It is best to undertake a full measurement of GFR in the most
accurate way possible first, collecting data for the simpler ap-
proach at the same time and then to use the simpler approach
for the repeat studies.

The basis of the single-plasma-sample approach depends
on the fact that the volume of distribution of the tracer in the
steady state, V, is given by the dilution of the activity of the
administered dose, D (administered volume × activity/mL) in
the plasma of the time of sampling, P(t). Thus,

V = D/P(t) [4]

There will be a moment when the rates of exchange between the
two compartments are equal because the tracer in the plasma
is in the process of equilibration with the extracellular fluid. At
this time, the rate of loss of tracer is proportional to its volume
of distribution, V; thus, GFR α V.

This equilibrium is established at 3 hours in adults. A stan-
dard graph is plotted, using the values of GFR obtained with
the standard technique and the values of V determined from
Eq. 4. One formula for GFR from V (liters) is given by Con-
stable and associates (86).

GFR = 24.5(V − 6.2)1/2 − 67 mL/minute [5]

The technique is satisfactory for serial studies in the same
patient only when the GFR is over 30 mL/minute. GFR can be
measured with 99Tcm DTPA during the routine gamma camera
study of renal function without taking any plasma samples.
A depth-corrected measurement of the amount taken up by
the kidneys and bladder at 22 minutes is made and related to
GFR by a previously determined standardization curve (87,88).
Multiple blood sampling can be avoided by the use of a solid-
state detector strapped to the patient’s body over a nonrenal
area. Continuous monitoring is undertaken after injection, and
only one or two blood samples are needed to calibrate the curve
(89,90).

A consensus as to GFR measurement is published (91) and
the methodology set out (92). A modern approach is to avoid
the errors inherent in measuring the volume of distribution (93)
and provide a measure of the rate of clearance alpha3 (94).

Effective Renal Plasma Flow (ERPF)

To measure RPF by a clearance method, a compound that is ex-
tracted completely from the blood in a single passage through
the kidneys should be used. Because this is not possible, subop-
timal compounds, such as p-aminohippurate (PAH), extraction
efficiency (E) 87%; IOIH, extraction efficiency 83%; or 99Tcm

MAG3, extraction efficiency 55% are used. To acknowledge
this discrepancy, the term effective renal plasma flow is con-
ventionally used. Thus, ERPF = RPF × E.

IOIH is weakly protein bound and partly taken up by red
cells. The 70% protein binding reduces the glomerular filtra-
tion of IOIH from 20% to 6% (82). Proximal tubular se-
cretion of IOIH occurs in both cortical and juxtamedullary
nephrons and involves two stages of active transport in its pas-
sage through the cell. In certain renal disorders, active uptake
of IOIH continues, but secretion is prevented, causing accumu-
lation of the compound in the cell. This is called parenchymal
stasis and is seen in some forms of the nephrotic syndrome,
acute glomerulonephritis, and acute tubular necrosis. Compe-
tition with tubular uptake of IOIH occurs with PAH, the peni-
cillin group of compounds and probenecid, and certain con-
taminants of contrast media used for intravenous urography
or angiography. Thus, renal IOIH studies should be performed
before or at least 8 and preferably 24 hours after these tests.
For radionuclide studies, only milligram quantities of IOIH
are used, so the tubular maximum for secretion is never ap-
proached and the tubular uptake of IOIH is in proportion
to the plasma flow. This is the basis of the measurement of
ERPF and the intrarenal plasma flow distribution with use of
IOIH.
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The measurement of ERPF uses the same technique as for
GFR. The amount injected and the rate of clearance are de-
termined. Plasma samples are usually obtained at 7, 17, 30,
44, 60, and 120 minutes. Alternatively, external monitoring
can be performed with a scintillation probe or a solid-state de-
tector. The activity–time curve is calibrated with one or two
plasma samples. The accuracy of the measurement depends on
the number of data points and the method of analysis. The sim-
plest index is the 7/17 minute slope, which can be used daily
to assess the progress of a renal transplant. The most com-
plex is double or triple exponential analysis of the data. For
the single-sample approach, the volume of distribution, V (in
liters), is determined at 44 minutes according to either of two
formulas (95,96), for example,

ERPF = 120(V + 56)1/2 − 936 mL/minute [6]

Preprepared 123I IOIH can be purchased, or OIH can be labeled
in-house with the technique of Hawkins and associates (97),
which takes about 45 minutes.

99Tcm MAG3 is 90% weakly protein bound and hardly
glomerular filtered. It has a volume of distribution about 60%
of that of IOIH, but with almost the same plasma clearance rate
(73–77). ERPF measurement: IOIH clearance = 1.5 MAG3
clearance + 40 mL/min (SEE ± 8%) provided that both vol-
ume of distribution and clearance half-life are measured. 99Tcm

MAG3 clearance is nearly three times that of 99Tcm DTPA.
A new anionic renal tubular agent with a higher clearance

than 99Tcm MAG3 is 99Tcm ethylene dicysteine (98). 99Tcm

diaminocyclohexane is a new cationic renal tubular agent that
may help to evaluate cyclosporine toxicity (99).

Relative Renal Function

The contribution of one kidney to total function is the most im-
portant measurement that is made using radionuclides. It helps
the practitioner to decide whether a nephrectomy or restora-
tive operation should be performed. The information cannot
be obtained from the urogram, because neither the contrast
medium density in the pelvicaliceal system nor the parenchy-
mal thickness is an accurate indicator of function. The relative
uptake of the radiopharmaceutical by each kidney is a reliable,
routine, and relatively accurate measure to within 6% of their
relative function. The normal range is 42.5% to 57.5%. Most
of the error is owing to small differences in depth between
the two kidneys in a person, causing differences in the degree
of gamma-ray attenuation. Correction for depth can be made
with an ultrasound probe or by taking true lateral images of
the kidneys at the end of the study. There is a consensus report
on the quality control of renal function measurements (100).

The uptake of the radiopharmaceutical by a kidney in unit
time, K(t), is given by the product of the GFR and the plasma
concentration, P(t), of 99Tcm DTPA. Thus,

K(t) = GFR × P(t)

For the left kidney,

K(t)L = GFRL × P(t)

For the right kidney,

K(t)R = GFRR × P(t)

Dividing gives us

K(t)L/K(t)R = GFRL/GFRR

because the plasma concentration is the same for each kidney.
Rearranging gives us

K(t)L/K(t)L + K(t)R) = GFRL/total GFR [7]

The amount in the kidney, K(t), must be determined after ad-
equate mixing in the circulation, usually about 1 minute, and
before any has been lost through the kidney, usually about 2
1/2 minutes. Therefore, the measurement of the value of K(t)
is taken from each of the activity–time curves obtained for re-
gions of interest set up around each kidney, for example, at
2 minutes. If there is inflow or outflow obstruction, or if renal
function is very impaired, the timing of the measurement of
K(t) should be delayed until the ratio K(t)L/total K(t) becomes
approximately constant. This may be as long as 6 minutes.
The assessment of relative renal function may be equally well
applied to any radiopharmaceutical taken up by the kidneys,
provided that time is allowed for its mixing in the circulation
and the measurement of K(t) is made before any is lost from
the renal parenchyma.

Relative renal function should be measured whenever
nephrectomy is contemplated, because a restorative operation
is usually indicated if more than 20% of total renal function is
present in a kidney with hydronephrosis, stone, or renovascular
disorder. A nephrectomy usually is performed when the kidney
has less than 8% of total function, which predicts that recovery
would be unlikely. After successful surgery on one kidney, its
percentage uptake should rise gradually, assuming unchanging
function in the other kidney. The rate of improvement depends
on many factors and is difficult to predict. Generally, the lower
the level of preoperative function, the longer the recovery, but
factors such as the overall level of renal function, the age of the
patient, and the chronicity of the disorder influence this time
course of recovery.

Static Renal Imaging with 99Tcm DMSA

This is an effective way of demonstrating whether or not a ra-
diologically suspected renal lesion contains normally function-
ing nephrons. Anatomic variations, lobulation, and “pseudotu-
mors” (101), noted on the intravenous urogram, may be shown
to be normal by the parenchymal uptake of 99Tcm DMSA.
99Tcm DMSA imaging is particularly helpful in children be-
cause of the delay between the injection and the recording
of image data. Information on relative renal function and the
amount and distribution of the functioning renal mass can be
obtained. It is the recognized technique for detecting renal scar-
ring in children (102–105).

Technique

Using this technique, 2 to 3 mCi (100 MBq) of 99Tcm DMSA is
given intravenously in the adult patient. Imaging is performed
3 hours later, with posterior, anterior, oblique, and lateral views
being obtained. Anterior and posterior renal regions of interest
are corrected for their background levels, and the geometric
means are determined for measurement of relative function.
An alternative approach to multiple views is to use single-
photon emission tomography. This technique images transverse
or coronal sections (106) and allows measurement of the vol-
ume of the functioning mass of each kidney.

THE USE OF UROGRAPHY,
ULTRASONOGRAPHY, AND
RADIONUCLIDE STUDIES

For many years, intravenous urography was the principal imag-
ing technique available for renal disease. With the development
of ultrasonography and nuclear medicine, urography was used
less frequently. Currently, urography is further challenged by
the development of CT urography and to a lesser extent by MR
urography.
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Urography

The high sensitivity of CT for detecting renal masses is well
recognized (107). More recently, it has become apparent that
spiral unenhanced CT is the most sensitive method for detecting
renal and ureteric calculi (108,109). New multislice CT scan-
ners can now generate reformatted images of the pelvicalyceal
system and ureter which demonstrate abnormalities previously
only detectable with intravenous urography (110,111). These
new CT techniques are likely to replace intravenous urography
for much urinary tract diagnosis. However, in the current in-
terim phase, traditional intravenous urography is still used in
many institutions for at least some of its previous indications.

The particular strengths of intravenous urography are:
The demonstration and localization of calcifications and

calculi.
The definition of the detailed anatomy of the pelvicaliceal

system, together with the demonstration of renal size and
contour, a vital combination for the diagnosis of a variety
of renal diseases.

The ability to obtain an overview of the kidneys, ureters,
and bladder simply and quickly.

These are balanced by a number of weaknesses:
To produce a diagnostic result, urography is depen-

dent on a functioning kidney with perfusion, filtration, and
tubular concentration. Where renal function is diminished,
anatomic information is limited and often delayed.

It provides no assessment of GFR.
It provides little information on parenchymal structure

and cannot characterize masses as cystic or solid.
It does not show the whole renal contour and may miss

anterior and posterior masses; it does not show the per-
inephric space.

It necessitates the use of ionizing radiation and contrast
medium.

Indications

The main uses of intravenous urography are:

When it is necessary to assess detailed calyceal anatomy
and the appearance of the overlying parenchyma, for ex-
ample, in suspected papillary necrosis, reflux nephropa-
thy, medullary sponge kidney, renal infarct, obstructive
nephropathy, and so forth.

When calculous disease is suspected: to localize renal
calcification, to localize calcifications that may represent
ureteric calculi, and to show detailed pelvicaliceal anatomy,
before extracorporeal shock-wave lithotripsy or percuta-
neous nephrolithotomy. Spiral unenhanced CT, however, is
now widely used in suspected ureteric colic.

To diagnose subtle mucosal abnormalities (e.g., transi-
tional cell carcinoma).

After localized blunt loin trauma.
To diagnose congenital anomalies (e.g., duplex kidney

and crossed fused ectopia).
For preoperative assessment (e.g., in renal-transplant

donors; before endoscopic surgery).
For postoperative assessment (e.g., after ureteric surgery;

after resection of transitional cell carcinoma).

Ultrasonography

The major strengths of ultrasonography in renal diagnosis are:

It is a sensitive detector of intrarenal fluid collections:
pelvicaliceal dilatation and cysts.

It can differentiate cortex and medulla.
It can accurately characterize renal masses as cystic or

solid.

It shows the whole renal contour and perinephric space.
It can demonstrate renal blood flow (Doppler technique).
It does not use irradiation or contrast medium.

The weaknesses of ultrasonography are:

It does not show fine pelvicaliceal detail.
It does not show the normal ureter.
It shows the retroperitoneum poorly.
It can miss small renal calculi and does not visualize most

ureteric calculi.
It gives no functional information.
It is dependent on the skill of the operator.

Indications

Ultrasonography is a good first-line diagnostic method:

To measure renal length.
To diagnose collecting system dilatation, indicating pos-

sible obstruction in renal failure, prostatism (112) and pelvic
neoplasm, renal transplants, and acute urinary tract infec-
tion with suspected pyonephrosis.

To demonstrate renal arterial perfusion and detect renal
vein thrombosis in the native kidney

To assess renal transplants—for collecting system dilata-
tion, perinephric fluid collections, or the presence of vas-
cular complications, particularly renal artery stenosis, renal
vein thrombosis, or arteriovenous fistulae.

To diagnose adult polycystic kidney disease, both for es-
tablished disease and to screen involved families (113).

To check for renal masses in patients with hematuria.
To detect perinephric fluid collections such as abscess

(114) or hematoma (115).
To guide interventional procedures, such as renal biopsy

(116–118), cyst aspiration, and antegrade pyelography. The
latter may be preliminary to percutaneous drainage, but the
subsequent catheter and guide wire manipulations require
fluoroscopic guidance (119).

Ultrasonography is a helpful second-line method:

To characterize masses shown at urography as cystic or
solid

When the pelvicaliceal system fails to fill with contrast
medium at urography

Ultrasonography and Renal Calculi

Calculi in the kidney are seen as highly reflective foci with pos-
terior acoustic shadowing (Fig. 12-11). However, ultrasonog-
raphy may miss small renal calculi, and plain films with plain
renal tomography are more sensitive than ultrasonography for

FIGURE 12-11. Renal calculus shown on ultrasound scan. Note the
calculus causing an echogenic focus (long arrow) with posterior acous-
tic shadow (short arrows). (From: Cattell WR, Webb JAW, Hilson AJW,
Clinical renal imaging. Chichester: Wiley, 1989, with permission.)
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detecting small opaque calculi (120,121). This, combined with
the fact that ultrasonography does not detect most ureteric cal-
culi, is the reason that a plain abdominal radiograph always
should be obtained if ultrasonography is to be the only renal
imaging method used. Unenhanced CT is markedly more sen-
sitive than ultrasonography for detecting renal calculi (122).

Ultrasonography is a helpful investigation when a lucent
filling defect is seen in the collecting system at urography. If
this represents a calculus, it will show the typical echogenicity
with posterior shadowing, thus differentiating it from other
lucencies (e.g., tumor or blood clot) (123).

Indications for Radionuclide Studies

The principal indications for radionuclide studies in renal
disease are the assessment of (a) total renal function by
measurement of GFR or ERPF, (b) relative renal function by
measurement of the percentage contribution of one kidney to
total renal function, (c) obstructive nephropathy by measure-
ment of the PTTI, (d) obstructing urography by assessment of
the response to furosemide visually or using output efficiency
(e) renal transplantation by serial assessment of the improve-
ment of acute tubular necrosis and of the onset of rejection, (f )
renal parenchymal lesions including renal scarring by the focal
loss of 99Tcm DMSA uptake, (g) renovascular disorder: case
finding in hypertensive patients and captopril renography for
the assessment for angioplasty or surgery, and (h) vesicoureteric
reflux in children (124) and ureteroureteral reflux in the duplex
kidney (125).

RENAL PARENCHYMAL DISEASE

The presence of renal parenchymal disease may be indicated by
changes in renal size and symmetry, shown by urography, ultra-
sonography, and radionuclide imaging or by increased cortical
reflectivity at ultrasonography. Such changes, however, usually
indicate a broad differential diagnosis rather than a specific dis-
ease (57,126,127). Urography, however, can differentiate some
types of chronic renal parenchymal disease because of its ability
to provide a detailed image of calyceal anatomy together with
the associated focal or diffuse parenchymal loss (Table 12-4)
(128). Tc-99m DMSA is the method of choice for detecting
renal scarring in children (102,103).

Calyceal and Papillary Abnormality
without Parenchymal Loss

Papillary Necrosis

The diagnosis of papillary necrosis depends on the demonstra-
tion of calyceal and papillary abnormalities without associated
parenchymal loss. The calyceal and papillary abnormalities can
be considered in two categories (129).

Specific to Papillary Necrosis. Tracks and horns of contrast
medium arising from the calyceal fornices (Fig. 12-12) rep-
resent necrosis around the papillary margin. Central necrosis
produces central pools of contrast medium within the papillae
(“egg in a cup” appearance). Papillary sloughing produces a
central lucent filling defect with a surrounding ring of contrast
medium (ring shadow).

Nonspecific. The end result of papillary sloughing is clubbed
or truncated calyces, which, by themselves, are a nonspecific
finding.

These changes are bilateral and patchy in distribution in the
chronic forms of papillary necrosis associated with analgesic
abuse (130), sickle cell trait (131), sickle cell disease (132),
and diabetes mellitus. The acute form of papillary necrosis
that may occur in severely infected kidneys, especially asso-
ciated with obstruction or diabetes mellitus, or both, usually
is unilateral and causes uniform papillary sloughing. Multiple
blunted calyces with ring shadows and lucent filling defects in
the collecting system result (Fig. 12-13).

Calcification of affected papillae may be spotty, especially
in analgesic abusers (133) or curvilinear around the margins
of a sloughed papilla. Early in the disease, the kidneys are nor-
mal in size and smooth, but late in the disease, when multiple
papillae have sloughed, the kidneys are small with a slightly
wavy outline (129).

Tuberculosis

Renal calcification occurs in 30% of cases (134). It is often
punctate within the parenchyma (Fig. 12-14). Calcification
within pyonephrosis has a cloudy pattern early, but becomes
progressively denser as a tuberculous autonephrectomy devel-
ops. Papillary irregularity, which gives a ragged appearance to
the calyx, is the earliest change observed and can be confused
with papillary necrosis. Concentration of contrast medium in

TA B L E 1 2 - 4

UROGRAPHIC DIAGNOSIS OF CHRONIC RENAL PARENCHYMAL DISEASE

Parenchymal loss
Calyceal/papillary
abnormality Focal Diffuse

Papillary necrosis + − ± (late)
Tuberculosis + ± −
Medullary sponge kidney + − −
Megacalyces + − −
Pelvicalyceal cyst + − −
Chronic atrophic focal

reflux nephropathy
+ + −

Stone disease + + −
Back-pressure atrophy
Obstruction + − +
Diffuse reflux nephropathy + − +
Infarct − + −
Trauma (old) − + −
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FIGURE 12-12. Renal papillary ne-
crosis in a 48-year-old woman with
sickle cell trait. Note the blunted calyx
(arrowhead), “egg in a cup” (small ar-
row), and contrast track (large arrow).

the pelvicaliceal system often is poor. With progression of the
disease, cavitation occurs. It is classically irregular, but the
cavity walls may be smooth. Fibrosis produces strictures and
obstruction of calyceal infundibula (producing hydrocalyco-
sis) and of the ureter (producing hydronephrosis). Focal scar-
ring may be observed overlying affected calyces, and diffuse
parenchymal loss accompanies pelviureteric junction obstruc-
tion.

Medullary Sponge Kidney

In medullary sponge kidney, papillary involvement may be any-
thing from a single pyramid to the whole of both kidneys and
is often patchy. About 30% of patients have nephrocalcinosis
(135) with multiple elongated and rounded papillary calcifica-
tions. The involved papillae are enlarged and contain streaks,
pools, or both, of contrast medium during urography (Fig.
12-15). The linear streaks produced by contrast medium in
ectatic tubules can be distinguished from the diffuse papillary
blush, observed at urography in normal subjects who con-
centrate their urine well, by the fact that individual contrast-
medium streaks can be detected by the naked eye and persist

until late in the urogram. The normal papillary blush is max-
imal soon after contrast-medium injection and fades during
the urogram. It is more prominent with the new low-osmolar
contrast media (136).

Megacalyces

This condition, which is believed to be a congenital variant, is
characterized by nonobstructive enlargement of the calyces be-
cause of decreased thickness of the medullary pyramids, usually
unilateral (137). The calyceal infundibula, pelvis, and ureter all
appear normal and cortical thickness is not reduced. However,
there may be an associated increase in the number of calyces
and megaureter.

Pelvicaliceal Cyst

These cysts are usually smooth walled, and their communi-
cation with the pelvicaliceal system cannot always be shown
(138). Calyceal cysts tend to be located at the corticomedullary
junction and polar in distribution (Fig. 12-16), whereas pelvic
cysts usually are central. Stasis within the cysts predisposes to
stone formation.

FIGURE 12-13. Unilateral renal pap-
illary necrosis in a diabetic man with
left pelviureteric junction obstruction.
Note the multiple blunted calyces and
sloughed papillae seen as lucent filling
defects in the left lower pole collecting
system.
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FIGURE 12-14. Tuberculosis of the right
kidney in a 64-year-old woman. Note the
upper-pole cavity (arrow), blunted calyx,
and parenchymal loss.

Calyceal or Papillary Abnormality with
Focal Parenchymal Loss

Chronic Atrophic Pyelonephritis and Focal
Reflux Nephropathy

The diagnosis of focal reflux nephropathy depends on demon-
strating clubbed calyces with overlying focal parenchymal scars
(52).

Calyceal clubbing is usually smooth and often polar in dis-
tribution, because the compound calyces at the renal poles pre-
dispose to intrarenal reflux of infected urine (139). The upper
pole is more often affected, and the right side more than the
left (52,140). The parenchymal scars overlying the clubbed ca-
lyces may be noted as irregularities of the outline when seen in
profile at urography (Fig. 12-17). When the scarring is polar,
however, the renal outline may be smooth and the parenchy-
mal loss indicated by the clubbed calyx lying nearer the re-
nal surface than usual. Urography does not show all scars,

A B

FIGURE 12-15. Medullary sponge kidney. A: Plain film: multiple papillary calcifications (short arrows).
B: Urogram: multiple contrast pools in the papillae (long arrows). (From: Cattell WR, Webb JAW, Hilson
AJW, eds. Clinical renal imaging. Chichester: Wiley, 1989, with permission.)
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FIGURE 12-16. Calyceal cyst at the left upper
pole.

and DMSA nuclear scans are more sensitive in their detection
(141).

Involvement of the kidneys is patchy in distribution, and,
if both kidneys are affected, asymmetry is common. A small
kidney usually, but not invariably, results from involvement.
Contrast-medium concentration often is good until late in the
disease.

Calculous Disease

Calculous disease with obstruction of a calyceal infundibulum
can result in hydrocalycosis with an overlying focal scar and
usually only affects one or two calyces.

Calyceal and Papillary Abnormality
with Diffuse Parenchymal Loss

Obstructive Atrophy

Obstructive atrophy is characterized by uniform papillary at-
rophy, which produces blunted calyces with associated diffuse

thinning of the parenchyma (Fig. 12-18) (142). A history of
obstruction usually, but not invariably, is obtained. In a pro-
portion of cases, the papillary atrophy may be very slight and
the predominant change is diffuse parenchymal loss, so that dif-
ferentiation from an ischemic kidney may be difficult (143).

Diffuse or Generalized Reflux Nephropathy

In some patients with high-pressure reflux of infected urine,
a generalized form of reflux nephropathy develops, indistin-
guishable at urography from obstructive atrophy (144). Such
patients, however, are likely to have vesicoureteric reflux at
micturating cystography.

Focal Parenchymal Scarring without Calyceal
or Papillary Abnormality

Lobar Infarct

A broad-based parenchymal scar characterizes the so-called
lobar infarct produced by occlusion of an interlobar artery

FIGURE 12-17. Focal reflux nephropa-
thy in a 19-year-old hypertensive patient.
Note the multiple blunted calyces with
overlying parenchymal scars.
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FIGURE 12-18. Obstructive atrophy of
the right kidney secondary to calculous
obstruction of the right ureter. Note
the generalized calyceal blunting and
parenchymal loss. (The round laminate
calcification overlying the right upper
ureter is a gallstone.)

with no abnormality of the underlying pelvicaliceal system (Fig.
12-19) (145). A very large infarct may be associated with some
deformity of the underlying calyx, but this is always slight in
relation to the size of the scar.

Renal Trauma

Renal trauma may result in an appearance identical to a re-
nal infarct, but an appropriate history usually establishes the
diagnosis.

Renal Mass Lesions

Ultrasonography is a more sensitive detector of small renal
masses than is urography (with tomography), but a less sensi-
tive detector than computed tomography (107,146). The more
widespread use of ultrasonography in abdominal imaging has
led to a great increase in the number of renal cysts diagnosed
and to the incidental detection of many small renal adenocar-
cinomas and angiomyolipomas (147–149).

Ultrasonography is considered to be the most cost effective
method to characterize masses detected at urography (150).
In cases in which ultrasonography is indeterminate, computed
tomography, cyst puncture, or both usually provide a defini-
tive answer (151). Angiography is now hardly ever indicated
for renal mass lesions solely to determine their nature. 99Tcm

DMSA scans are helpful in one particular category of mass le-
sion: when a normal variant or pseudotumor is suspected. In
this situation, the uptake of 99Tcm DMSA into the suspicious
area indicates a normal variant (101).

Urographic Diagnosis

A number of urographic criteria indicate that a renal mass is
a benign cyst. Simple cysts are classically rounded, sharply de-
fined from the adjacent renal parenchyma, and lucent. Where
they lie peripherally, the free wall of the cyst, which protrudes
from the kidney, measures 2 mm or less, and at the margin there
is smoothly tapered stretching of the renal parenchyma—the
“beak” or “claw” sign (Fig. 12-20). By contrast, tumors are
often irregular and poorly defined protrusions from the renal
parenchyma, blush after contrast-medium administration, and
have irregular thickened walls if they are necrotic (145). Cal-
cification within a renal mass suggests malignancy; although
a pencil-thin rim of calcification can occur in the margin of a
cyst, 20% of such lesions are malignant (152). The diagnosis
of a likely benign cyst is more difficult when the mass is central;
in this situation, the wall thickness cannot be measured and the
beak sign is absent. Further, the beak sign, classically associated
with cysts, can occur with slow-growing tumors. Although the

FIGURE 12-19. Infarct at the left lower pole in a 66-year-old hypertensive patient. There is a broad-based
irregular scar with a virtually normal underlying calyx.
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FIGURE 12-20. Simple cyst of the right kidney shown on a tomogram.
Note the smooth outline, lucency within the cyst, and peripheral beaks
of renal parenchyma (arrows).

various urographic signs give some indication of the nature
of a mass, their accuracy is probably only about 50% even
in the best hands (153). For this reason, all masses found at
urography should be evaluated further with ultrasonography,
unless there are features that are strongly suggestive of malig-
nancy (e.g., central calcification), when computed tomography
is more appropriate.

Ultrasound Diagnosis

The signs of a simple cyst at ultrasonography are that it con-
tains no echoes (apart from anterior reverberation echoes) and
that it has a clearly defined posterior wall and shows “increased
through transmission” of sound posterior to it. Cysts are usu-
ally either spherical or slightly ovoid. The ultrasonographic di-
agnosis of a simple cyst is accurate in 98% of cases (154) where
these criteria are strictly adhered to and no further investiga-
tion is required (Fig. 12-21). Patients in whom these criteria

FIGURE 12-21. Simple renal cyst on a longitudinal ultrasound scan.
Note the smooth-walled cyst (long arrow) with “increased through
transmission” of sound posteriorly (short arrows).

FIGURE 12-22. Septate renal cyst on a transverse ultrasound scan.
The two septa are indicated by arrows. Puncture yielded clear yellow
fluid with no malignant cells.

are not met require further investigation by computed tomog-
raphy, cyst puncture, or both. A proportion of these patients
have hemorrhagic, infected, or septate cysts (Fig. 12-22); ab-
scesses; or hematomas. Some, however, have necrotic tumors,
and, if such tumors are to be detected, further investigation
of all atypical fluid collections shown at ultrasonography is
essential (151).

Solid masses usually show contained echoes at ultrasonog-
raphy and no “increased through transmission” of sound pos-
terior to them (Fig. 12-23). The majority of renal carcino-
mas have a reflectivity similar to or less than the adjacent
renal cortex (155). A number of other renal mass lesions are
typically hypoechoic: renal lymphoma (Fig. 12-24) (156), in-
farct, hematoma, focal acute pyelonephritis (157,158), and
xanthogranulomatous pyelonephritis (159). The fat content of
angiomyolipoma is associated in most cases with markedly in-
creased reflectivity (Fig. 12-25) (160), but this pattern also may
occur in renal cell carcinoma, cavernous hemangioma, and on-
cocytoma (160–162).

Ultrasonography can demonstrate tumor spread into the ve-
nous system. This causes enlargement of the renal veins, which
are filled with echoes, and a reflective tumor mass may be
shown in the inferior vena cava (Fig. 12-26) (163). Assessment

FIGURE 12-23. Renal carcinoma on a longitudinal ultrasound scan.
The inhomogeneous solid upper-pole tumor is indicated by arrows.
(From: Cattell WR, Webb JAW, Hilson AJW, eds. Clinical renal imag-
ing. Chichester: Wiley, 1989, with permission.)
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FIGURE 12-24. Renal lymphoma. Longitudinal ultrasound scan of
the right kidney shows two hypoechoic solid masses (arrows). (From:
Meire HB, Cosgrove DO, Dewbury KC, eds. Clinical ultrasound. Lon-
don: Churchill Livingstone, 1993, with permission.)

of tumor extension into the vena cava may be improved by
using Doppler (164).

Urinary Tract Obstruction

Obstruction of the upper urinary tract leads to dilatation above
the level of obstruction. This effect of the obstructing process
on the renal outflow tract is called obstructing uropathy and
can be shown either by urography or ultrasonography. The
effect of the obstructing process on renal function, called ob-
structive nephropathy can be quantitated by nuclear medicine
techniques, because obstruction to outflow is associated with
increased salt and water reabsorption and slower transit of
99Tcm DTPA or 99Tcm MAG3 through the nephron.

Urography

For many years urography has been the gold standard for di-
agnosing acute obstructions, which are caused by a ureteric

FIGURE 12-25. Renal angiomyolipoma shown at ultrasound. Note
the small, well-defined, hyperechoic mass (arrow). (From: Meire
HB, Cosgrove DO, Dewbury KC, eds. Clinical ultrasound. London:
Churchill Livingstone, 1993, with permission.)

FIGURE 12-26. Extension of renal carcinoma into the inferior vena
cava. On this longitudinal ultrasound scan, open arrows indicate the
posterior wall of the cava, and the closed arrow points to the tumor
mass within it.

calculus most often. Recently, urography has been challenged
by spiral unenhanced CT (108). In the acutely obstructed kid-
ney, usually there is sufficient renal perfusion and filtration for
a nephrogram to appear immediately after contrast-medium in-
jection, and the nephrogram increases in density markedly with
time because of increased salt and water reabsorption conse-
quent on renal tubular stasis. Pelvicaliceal and ureteric filling is
delayed—up to 24 hours after injection of contrast medium—
and dilatation is typically mild, even with severe complete ob-
struction (Fig. 12-27).

In chronic obstruction filling of the collecting system with
contrast medium also is delayed, and dilatation is usually more
marked. Some types of severe chronic obstruction (e.g., those
caused by retroperitoneal fibrosis), however, are associated
with mild or no pelvicaliceal dilatation (165). Films obtained
immediately after injection of contrast medium may show a
negative pyelogram, produced by nonopacified urine in the di-
lated collecting system surrounded by opacified parenchyma.
If renal function is sufficient, delayed films show pelvical-
iceal opacification (Fig. 12-28). Parenchymal thinning often
occurs secondary to obstructive atrophy. Where renal function
is markedly impaired, no pelvicaliceal filling occurs, and, in this
situation, ultrasonography is indicated (Fig. 12-29).

Not all pelvicaliceal system dilatation indicates obstruction,
and careful urography can identify many of the nonobstructive
causes. Dilatation may occur because of vesicoureteric reflux,
after ileal loop diversion, in some patients with renal trans-
plants (166), and with neurogenic bladder or bladder outflow
obstruction. Reflux is suggested by variable dilatation during
the course of the urogram, a large postmicturition residue, and
striae, which are lucent folds seen in the collapsed collecting
system. Congenital anomalies that cause dilatation (e.g., mega-
calyces or megaureter) often can be recognized by their typical
appearance. Common causes of acquired urinary tract dilata-
tion in women are previous pregnancy, infection, or both (167).
This may be recognized as being nonobstructive by the prompt
upper-tract drainage that occurs after bladder emptying (Fig.
12-30).

The diagnosis of pelviureteric junction obstruction some-
times is difficult. The obstruction is often intermittent, and a
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A B

C

FIGURE 12-27. Acute obstruction of the right ureter by a calculus
at the vesicoureteric junction. A: Plain film. Arrow indicates calcu-
lus. B: Thirty minutes after injection of contrast medium. Dense right
nephrogram with delayed pelvicaliceal filling. C: Seventeen hours af-
ter injection of contrast medium. Mild dilatation of the pelvicaliceal
system and ureter to the level of the calculus. Note heterotopic ex-
cretion via the gallbladder (arrow). (From: Cattell WR, Webb JAW,
Hilson AJW. Clinical renal imaging. Chichester: Wiley, 1989, with
permission.)
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A

B

FIGURE 12-28. Chronic bilateral ob-
struction caused by benign prostatic hy-
pertrophy. A: Tomogram obtained im-
mediately after injection of contrast
medium. Note the negative pyelogram
(arrows). B: Tomogram 30 minutes after
contrast medium: filling of the dilated
pelvicaliceal systems is seen. (From: Cat-
tell WR, Webb JAW, Hilson AJW. Clin-
ical renal imaging. Chichester: Wiley,
1989, with permission.)

study during pain is diagnostic. The technique of furosemide
urography, using a large dose of contrast medium (600 mg of
iodine per kg of body weight) with furosemide, 40 mg intra-
venously, after the 20-minute full-length abdominal film, also
is helpful. A further abdominal film obtained 15 minutes after
administration of furosemide shows an increase in pelvicaliceal

area of 22% or more—readily appreciable to the eye—when
pelviureteric junction obstruction is present (Fig. 12-31) (168).
This procedure clarifies the diagnosis in 85% of cases (169).
It also is helpful to give intravenous furosemide during the
course of the urogram when equivocal pelvicaliceal dilatation is
seen.

A B

FIGURE 12-29. Renal obstruction: Longitudinal (A) and transverse (B) ultrasound scans show moderate
pelvicaliceal dilatation with the dilated pelvis medially (arrow) communicating with the dilated calyces
(arrow).
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A B

FIGURE 12-30. Distensibility of both duplex pelvicaliceal systems and upper ureters in a woman after
pregnancy. A: Full-length urogram film taken immediately after ureteric compression has been removed
shows dilated pelvicaliceal systems and ureters to pelvic brim level. B: Postmicturition film shows drainage
of the upper tracts.

A B

FIGURE 12-31. Positive furosemide urogram showing left pelviureteric junction obstruction. The film
after furosemide (B) shows definite increase in the size of the pelvicaliceal system compared to the film
before furosemide (A) with no filling of the ureter.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-12 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:22

Chapter 12: Intravenous Urography, Ultrasonography, and Radionuclide Studies 361

Ultrasonography

Ultrasonography is not dependent on renal function and shows
a dilated pelvicaliceal system as a communicating multiloculate
fluid collection centrally in the renal sinus (Fig. 12-29). It also
shows minor pelvicaliceal dilatation and is sufficiently sensitive
to be used to screen for collecting system dilatation (170–172).
A plain film always should be obtained because collecting sys-
tem dilatation may be missed in the presence of calculi filling a
dilated system (170). Ultrasonography, however, suffers from
poor specificity, with false-positive scans occurring in up to
26% of cases (170). Any collecting system visualization with
ultrasonography must be considered significant when obstruc-
tion is being sought, because mild dilatation can occur with
severe obstruction. However, visualization may occur in nor-
mal subjects if they have a high fluid intake and a diuresis, or
in the presence of some anatomic variants, such as extrarenal
pelvis.

Ultrasonography is less good at identifying nonobstructive
causes of pelvicaliceal visualization than is urography, largely
because it does not show the ureter and cannot assess upper-
tract drainage. Normal central vessels, especially veins, may be
mistaken for the collecting system. Color or duplex Doppler
studies can help by identifying a typical color signal or venous
or arterial waveform arising from the central fluid collection
(173). Pathologic central fluid collections (e.g., clubbed calyces,
cysts) also may be indistinguishable from a dilated collected
system.

Renal blood flow decreases from approximately 6 hours af-
ter the onset of obstruction in complete renal obstruction. The
decreased blood flow can be quantitated by measuring the re-
sistance index (RI) with duplex Doppler ultrasound. An RI of
greater than 0.70 has been proposed to distinguish obstructed
from nonobstructed pelvicaliceal systems (70). In acute ureteric
obstruction the decrease is maximal from 6 to 48 hours (174).
An interrenal RI difference greater than 0.08 to 0.10 has been
proposed as the most helpful criterion (175). Although initial
reports suggested this method was very sensitive (176), sub-
sequent studies have been less successful (177,178) and have
drawn attention to the variability of RI in acute obstruction.
In chronic obstruction also, RI measurements may be variable
and RI measurement following furosemide has been used, with
good results obtained when a threshold of 0.75 was used to di-
agnose obstruction (179). Increases in RI occur with a wide va-
riety of other renal pathology including renal parenchymal dis-
ease (127), acute tubular necrosis (180), renal vein thrombosis,
acute pyelonephritis, and renal transplant rejection (181,182).

When normal subjects undergoing a diuresis are examined
with color Doppler ultrasound, symmetric color streaming
(ureteric jets) can be seen in the bladder representing the flow of
urine from the ureters into the bladder. No flow or continuous
low level flow is seen in patients with high-grade obstruction,
whereas the flow may be normal or abnormal in those with
lower grade obstruction (183). This method may be helpful
when ultrasonography is being used in suspected ureteric ob-
struction.

Ultrasonography is best used to screen for obstruction when
chronic obstruction is suspected, for example, in prostatism
(112) or renal failure (58,184,185), or in the presence of a
pelvic tumor. It is generally considered less useful than urogra-
phy in diagnosing acute obstruction, for example, in ureteric
colic. If it is used in suspected ureteric colic it should be sup-
plemented both by plain films, and by RI measurement and
assessment of ureteric jets. Visualization of the collecting sys-
tem with ultrasonography often necessitates further imaging
by urography, computed tomography, or antegrade pyelogra-
phy to clarify its significance because of the poor specificity of
ultrasonography.

FIGURE 12-32. Calculus (arrow) at the vesicoureteric junction with
a posterior acoustic shadow, well seen in a dilated ureter through the
full bladder on a longitudinal ultrasound scan.

Ultrasonography may show the cause of obstruction if, for
example, it is caused by bladder outflow obstruction or by a
pelvic tumor. Ultrasonography may also detect ureteric calculi
if they lie in the upper ureter or at the vesicoureteric junction
(Fig. 12-32). Urography may indicate the cause of obstruction
if an intraluminal lesion is present, but often has difficulty in
differentiating mural lesions from lesions extrinsic to the ureter.
Computed tomography is the method of choice to search the
retroperitoneum for obstructing lesions (186). Antegrade pyel-
ography is useful to define the ureteric appearances at the level
of obstruction and can be followed by a drainage procedure
(percutaneous nephrostomy) (Fig. 12-33). If dilatation is mild,
however, retrograde ureterography may be necessary.

Radionuclide Studies

The prime use of radionuclides is in the evaluation of the ef-
fect of chronic outflow disorders on renal function. Resistance
to outflow is associated with a change in the pressure gradi-
ent from the glomerulus to the site of resistance. This causes
the nephron intraluminal tubular pressure to exceed slightly
the peritubular capillary pressure and associated enhanced re-
absorption of salt and water. The parenchymal transit time of
nonabsorbed solutes, such as 99Tcm DTPA (187–189) or 99Tcm

MAG3 (71,72), is prolonged.
Pelvic dilatation unassociated with an increased resistance

to flow is not obstructive, and the parenchymal transit-time
index is normal (Table 12-1; Fig. 12-9). Loin discomfort in
such a patient does not benefit from operation on an un-
obstructed pelvis. Pelvic dilatation associated with significant
resistance to outflow causes obstructive nephropathy and pro-
longs the parenchymal transit-time index above normal. The al-
tered nephron pressure gradient affects tubuloglomerular bal-
ance in the cortical nephrons, and GFR and ERPF are reduced.
It also reduces the perfusion and concentrating ability of the
juxtamedullary nephrons, eventually leading to their atrophy.
As obstructive nephropathy progresses, relative uptake func-
tion falls. The change is potentially reversible, provided that
infection has not supervened and destroyed nephrons, but the
more diminished the function, the slower the recovery.
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A B

FIGURE 12-33. Left antegrade pye-
logram in a 68-year-old man with
a transitional cell tumor obstruct-
ing the ureter at L5 level. Note the
rounded intraluminal lucency of the
tumor (B).

An alternative approach is to evaluate the effect of a
furosemide diuresis (190). Pelvic dilatation with an insignifi-
cant resistance to outflow is overcome by the diuresis so that
the 99Tcm DTPA or 99Tcm MAG3 activity–time curve falls
and pelvic activity washes out. Failure to show an effect of
furosemide indicates obstructing uropathy (191–194). How-
ever, the degree of radionuclide response to furosemide depends
on the amount of activity previously taken up by the nephrons
and thus on the number of nephrons. With renal impairment,
there may be too few nephrons to allow sufficient diuresis. An
impaired response to furosemide is significant in a normal kid-
ney, whereas the same response may be entirely appropriate in a
kidney with poorer function. Thus, the response to furosemide
must be judged in relation to the amount of activity taken up
by the kidney (Fig. 12-34). Furthermore, a normal kidney may
show such a diuresis that a slight but significant resistance may
be overcome, leading to the false conclusion that no obstruct-
ing uropathy is present (195). Comparison of the furosemide
response with antegrade perfusion pressure measurements has
not been encouraging (196). A quantitative method for directly
relating the response to furosemide to the degree of renal up-
take function has been described; it gives an objective measure-
ment of output efficiency (197). Normally, over 78% of the ac-

tivity that was taken up by the kidney, however little, is put out
by 30 minutes. Reduced output efficiency indicates an obstruct-
ing uropathy and is more accurate than a visual assessment of
the curve or a numerical index based on the postfurosemide
response (Fig. 12-34B,C,D) (198–200).

In conclusion, the individual kidney contribution to total
renal function, the PTTI, and the response to furosemide given
at 20 minutes all can be determined in the same single study.
These investigations provide an essential pathophysiologic as-
sessment of obstructive nephropathy and obstructing uropathy
before surgery and for postsurgical follow-up study.

RENAL FAILURE

Kidney imaging in renal failure aims to show renal size, because
small kidneys indicate irreversible chronic renal failure, and to
demonstrate or exclude pelvicaliceal system dilatation, which
may indicate obstruction. Ultrasonography and plain films of
the renal tract are the imaging methods of choice in patients
with renal failure (58,184,185). In established renal failure, nu-
clear imaging techniques with Tc-99m MAG3 are more help-
ful than Tc-99m DTPA when the GFR is low. Cr-51 EDTA
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FIGURE 12-34. A: Continuously rising
99Tcm DTPA activity time curves and the
response to furosemide diagrammatically.
The upper curve shows normal uptake and
a normal response to furosemide (half-life
T1/2 5 minutes). The middle curve shows
a poorer uptake and a poorer response to
furosemide (T1/2 15 minutes), but it is ap-
propriate to the poorer uptake and thus
a normal response for that kidney. The
lower curve shows normal uptake and an
impaired response to furosemide (T1/2 15
minutes). This response is inappropriate to
the normal uptake and indicates an ob-
structive uropathy. The T1/2 of response
or any simple “excretory index” thus can-
not be used to determine the presence
of obstructive uropathy. B and C: 99Tcm

MAG3 renal study in a patient with recur-
rent obstructing uropathy after Anderson
Hynes pyeloplasty to the left kidney. (Pos-
terior views, left kidney is on the left side.)
B: Images taken at 30-second intervals. Top
left to bottom right. (continued )

GFR measurements are more accurate than conventional
clearances.

Ultrasonography

Renal size can be measured accurately with ultrasonography
provided care is taken to obtain the measurements in the true
long renal axis. Ultrasonographic measurements are less than
those obtained by urography, with 9 cm considered the lower
limit of normal for an adult kidney (58). Renal parenchymal

thickness should also be assessed and often decreases before
renal length (Fig. 12-35).

In renal failure, ultrasonography is usually a sensitive detec-
tor of pelvicaliceal dilatation, even when it is minor (Fig. 12-
36) (58,184,185). A plain film should be obtained in all cases,
and plain tomography to show low-density calculi usually is
preferred. Rarely, obstructive renal failure may occur with-
out collecting system dilatation detectable on ultrasonography
(201–205). Many of the reported cases did not show pelvical-
iceal dilatation on either computed tomography or antegrade
pyelography, and the diagnosis was made only when function
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FIGURE 12-34. (Continued ) C: Images
taken at 5-minute intervals, the first at
5 minutes. Top left to bottom right:
Furosemide, 40 mg, given at 18 min-
utes. Note the “negative phase” in the
early images of the right kidney, fol-
lowed by retention of activity in the
later images and a poor response to
furosemide. The left kidney appears small,
with some calyceal retention of activity
but with a good response to furosemide.
D: Renal activity–time curves and quanti-
tation. The left activity–time curve is nor-
mal; the right rises to a plateau and shows
some response to furosemide; output effi-
ciency (OUT F%) is, however, below nor-
mal at 67%. The left kidney contributes
40.6% (right, 59.4%) of total function.
The left transit times are normal; the right
are prolonged (PTTI 304 seconds, WKTTI
502 seconds; normal less than 156 and less
than 170 seconds, respectively), confirm-
ing right obstructive nephropathy with the
obstructing uropathy.

improved after percutaneous drainage. If no cause for renal fail-
ure can be found, therefore, a trial of collecting system drainage
by the antegrade or retrograde route occasionally may need to
be considered. Because minor dilatation can occur with severe
obstructive renal failure, any degree of collecting system visu-
alization warrants further investigation, usually by computed
tomography or antegrade pyelography.

Ultrasonography also detects autosomal dominant polycys-
tic kidney disease. The kidneys are enlarged with multiple cysts

(too many to count) and loss of the normal parenchymal ar-
chitecture in the established disease with renal failure (Fig.
12-37).

RENOVASCULAR HYPERTENSION

Renovascular hypertension is the name given to hypertension
with a renal cause. It is present in about 5% of the adult
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FIGURE 12-35. Chronic renal failure. Longitudinal ultrasound scan
shows a small right kidney (8 cm) with thinned parenchyma (1 cm, in-
dicated by +2) that has increased reflectivity compared to the adjacent
normal liver parenchyma.

hypertensive population (206). Renovascular disorder is the
name given to the disorder of kidney function that is thought
to cause the hypertension. Correction of this disorder of renal
function in one kidney leads to the correction of the hyperten-
sion, provided that the other kidney is functioning normally.
That normality of function may be determined by the renal
radionuclide study.

Renovascular disorder may be symmetrical when caused by
general pathology such as glomerulonephritis, accelerated hy-
pertension, diabetes, or autoimmune disease. It may be asym-
metrical when caused by small vessel disease such as that caused
by pyelonephritis, endarteritis (e.g., caused by tuberculosis,
amyloid, or renal vein thrombosis). It may be asymmetrical be-
cause of large vessel disease, unilateral or bilateral renal artery
stenosis or fibromuscular dysplasia, or in association with a
resistance to outflow where pelvic dilatation may be seen.

The physiologic consequence of a reduced blood pressure to
the glomeruli of cortical nephrons, whether caused by small-
vessel disease or main renal artery stenosis, is a reduction in
peritubular capillary pressure. Increased salt and water reab-
sorption prolongs the tubular transit time of nonreabsorbed
solutes, such as 99Tcm DTPA, 99Tcm MAG3, and 123IOIH. This

FIGURE 12-37. Adult polycystic kidney disease. Enlarged kidney (18
cm) replaced by multiple cysts of varying sizes. The opposite kidney
appeared similar. (From: Meire HB, Cosgrove DO, Dewbury KC, eds.
Clinical ultrasound. London: Churchill Livingstone, 1993, with per-
mission.)

results in a longer than normal mean parenchymal transit time
(over 60 seconds), and the peak of the activity–time curve (the
renogram) recorded over the affected kidney is delayed more
than 60 seconds compared to the uninvolved organ. The re-
duced renal blood flow on the affected side also causes reduced
radionuclide uptake. The combination of reduced uptake and
a delayed peak in the affected renogram is the classic finding
in functionally significant renovascular disorder, provided that
pelvic dilatation is absent (82). Bilateral renovascular disor-
der prolongs the mean transit time by over 240 seconds. Both
captopril and exercise enhance the changes in functionally sig-
nificant renovascular disorder (207,208).

The early results of screening renography suggested an un-
acceptably high false-positive rate. This was probably caused
by radiologically unrecognized small-vessel disease, because
plasma renin was usually elevated (82). More recent quan-
titative renography with measurement of parenchymal tran-
sit times has been shown to be more accurate and suited
to screening studies (209). The captopril test has been intro-
duced as an alternative approach to improving the specificity
of the changes in renal activity–time curves associated with
renovascular disorder (210–212). Captopril, a short-acting
angiotensin-converting enzyme (ACE) inhibitor, may act on the
afferent arteriolar tone of cortical nephrons, which in reno-
vascular disorder may well be already maximally dilated as an
autoregulatory response to the reduction in perfusion pressure.
Through inhibition of the local effect of circulating angiotensin

A B

FIGURE 12-36. Mild bilateral collecting system dilatation shown on longitudinal renal ultrasound scans
in a patient with severe obstructive renal failure caused by retroperitoneal fibrosis. Right (A) and left
(B) kidneys. (From: Meire HB, Cosgrove DO, Dewbury KC, eds. Clinical ultrasound. London: Churchill
Livingstone, 1993, with permission.)
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II, captopril relaxes the efferent arterioles of the juxtamedullary
glomeruli, causing a further fall in glomerular filtrate, in addi-
tion to the already compromised flow caused by the reduction
in renal perfusion pressure. Oei and associates (208) originally
showed that captopril renography increased sensitivity from
75% to 94% and specificity from 84% to 100%, using the
response to percutaneous angioplasty as the control for func-
tionally significant renal artery stenosis. Hypotension may oc-
cur when renin levels are high or the patient is salt depleted,
conditions typically related to diuretic therapy. Therefore, di-
uretics should be stopped for 2 days before the use of captopril
intervention. Blood pressure is monitored before oral captopril
administration (25 mg) and at 5-minute intervals afterward. If
the diastolic pressure falls by more than 10 mm Hg, then the
renal radionuclide study is commenced; otherwise, it is started
1 hour later. It is the effect on angiotensin conversion, not the
effect on blood pressure, which selectively increases the sensi-
tivity and specificity of the test.

Because of the extra intervention, it is recommended that a
conventional gamma-camera study be performed first and that
the captopril intervention then be performed subsequently with
the repeat study so that the two can be compared. If results
of the first study are normal, the subsequent study is under-
taken only if the clinical likelihood of renovascular disorder is
high. In the younger age group, once the combination of uni-
laterally reduced uptake, prolonged mean parenchymal transit
time (MPTT) (213), captopril-induced greater abnormality of
the activity–time curve, and MPTT typical of renovascular dis-
order owing to large (or small) vessel disease and preferably
a contralateral normal kidney are found, then further investi-
gation with angiography is indicated (210–212). A prolonged
MPTT predicts the response to angioplasty (214).

A European multicenter study (215) has confirmed the sen-
sitivity and specificity of captopril renography using 99Tcm

DTPA. Its sensitivity in detecting unilateral angiographically
confirmed stenosis was 73%, and for bilateral stenosis 91%.
The specificity in the population overall was 84%, but in sub-
jects with near-normal renal function it was 92%. The sensitiv-
ity for prediction of relief of hypertension was 93%, with tests
becoming normal in 88%. This study was based on visual cri-
teria and observations of reduction in relative uptake function

only, not on transit-time measurements. A consensus report on
captopril renography attests to its efficacy (216) and proce-
dure guidelines are given (217). The cost effectiveness of this
approach to renovascular disorder has been evaluated (218).
The captopril test is also being applied in patients with renal
impairment to predict whether ACE inhibitors will be benefi-
cial (as is common in diabetic nephropathy) or detrimental to
renal function, thus altering the patient’s treatment (219).

Intrarenal blood flow distribution can be measured with
123IOIH in hypertensive patients with near-normal renal func-
tion (220,221). It has been shown that cortical nephron flow
is reduced in essential hypertension and may be important in
its etiology and management, being corrected by certain drugs,
such as captopril (195) and ramipril (222). It is postulated that
an overautoregulation of cortical nephron flow related to the
expression of the angiotensinogen gene may account for some
essential hypertension (223).

Urography

Urography should not be used as a screening investigation for
either renal or renovascular disease in adult hypertensive pa-
tients, because the number of unsuspected abnormalities de-
tected is very low (224). Most cases of renal hypertension can
be detected clinically. The rapid-sequence urogram uses films at
2, 3, 5, and 10 minutes after contrast-medium administration
to search for the signs of renal ischemia. These signs are a small
kidney with delay in pelvicaliceal filling, hyperconcentration of
contrast medium in the collecting system, and notching of the
collecting system by collateral arteries (Fig. 12-38). Because the
rapid-sequence urogram misses approximately one in five pa-
tients with unilateral renal artery stenosis and can be normal
even in the presence of complete renal artery block (225) it is
no longer considered to be an effective screening test.

Ultrasonography

Duplex Doppler ultrasonography may be used to search for
renal artery stenosis (226,227). The spectral criteria used to

FIGURE 12-38. Urogram of a hypertensive woman
with left renal artery stenosis. Note the increased con-
centration of contrast medium and the notching of
the pelvicaliceal system by collaterals on the affected
side. (From: Grainger RG, Allison DJ, eds. Diagnos-
tic radiology, 2nd ed. London: Churchill Livingstone,
1992, with permission.)
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make the diagnosis are increased peak systolic velocity at the
site of stenosis, and an increase in the ratio of the peak systolic
velocity in the renal artery to that in the aorta. The combination
of a peak systolic velocity greater than 180 cm/second and a
renal to aortic ratio of 3.0 or greater appears to give the best
sensitivity and specificity (228). The examination, however, is
technically difficult because overlying bowel gas obscures much
of the course of the renal arteries, especially on the left (67).
Multiple renal arteries often cannot be detected (229).

More recently it has been suggested that the altered wave-
form in the intrarenal arteries can be used as an indirect in-
dicator of renal artery stenosis. Renal artery stenosis is as-
sociated with a slowed systolic upstroke (pulsus tardus) and
reduced systolic amplitude (pulsus parvus) (68,69). However,
one study suggested the method can detect only stenoses greater
than 80% (230). Measurement of resistance index (RI) in the
intrarenal vessels has also been advocated for detecting renal
artery stenosis, with lower RIs occurring with relatively se-
vere stenosis (231). It has been suggested that RI measurement
greater than 0.8 identifies patients with renal artery stenosis
who are unlikely to benefit from angioplasty or surgery (232).

RENAL TRANSPLANTS

In the postoperative evaluation of renal transplants, serial ra-
dionuclide studies that evaluate both the perfusion and func-
tion of the transplanted kidney play an important role in di-
agnosing rejection and in differentiating it from acute tubular
necrosis (ATN). Ultrasound imaging is most helpful in showing
pelvicaliceal system dilatation and fluid collections around the
transplanted kidney. Duplex Doppler studies are used to as-
sess vascular anatomy and perfusion. Urography is now rarely
used, but may be helpful in demonstrating urine leaks.

Radionuclide Studies

A baseline assessment should be made in the first few days
after transplantation and followed by serial studies two or three
times a week. Resolution of the ATN in the cadaver kidney then
can be charted, and failure of improvement or deterioration can
be diagnosed early.

The simplest approach is to monitor the blood clearance
of 131IOIH using an external detector. More usually, serial
gamma-camera studies with 99Tcm DTPA or 99Tcm MAG3
are performed. The vascular blush indicates intact vasculature.
ATN is characterized by a good early blush and a prolonged
transit time so that no pelvic activity may be seen even after
20 minutes. As ATN resolves, uptake increases and the tran-
sit time shortens. If rejection supervenes, there is a reduction
both in the early vascular blush and uptake. A perfusion in-
dex is derived from comparing the activity–time curve over
the iliac vessel distal to the transplant (uptake to peak time)
with that over the transplant (uptake to iliac vessel curve peak)
corrected for background. This index normally improves with
time, whereas rejection causes the index to rise (233). Indi-
vidual values of this index are much less valuable than serial
observation, but inspection of the series of activity–time curves
usually is sufficient. Other radionuclide-labeled agents, such as
fibrinogen, sulfur colloid, gallium citrate, and 111In (indium)-
labeled platelets (234), have their proponents, but none are
as early predictors of rejection as repeated serial 99Tcm DTPA
or 99Tcm MAG3 studies evaluated in the clinical context of
the patient. Other causes of deterioration in an otherwise im-
proving transplant, such as pelvic retention or extravasation
of urine, may be identified, but the evaluation of obstructive
nephropathy or renovascular disorder is difficult.

FIGURE 12-39. Longitudinal ultrasound scan of normal transplant
kidney. Note the renal pyramids (arrows).

Ultrasonography

An examination in the first few days after surgery provides
a useful baseline (Fig. 12-39). When transplant function de-
teriorates, ultrasonography can be used to show or exclude
collecting system dilatation as an indicator of possible obstruc-
tion. The routine use of ultrasonography has demonstrated that
perirenal fluid collections may occur in 50% of cases (235).
The majority are small lymph collections that resolve spon-
taneously. Ultrasonography is unable to differentiate between
collections of urine, lymph (Fig. 12-40), pus, or blood, but the
presence of internal echoes in the collection suggests that it may
be infected or hemorrhagic. Puncture of fluid collections, both
for diagnosis and as a preliminary to catheter drainage, can be
guided by ultrasonography.

Ultrasound imaging may show a variety of changes in acute
rejection: increase in renal size, enlarged pyramids, reduced am-
plitude of the sinus echoes, loss of corticomedullary differenti-
ation, and local areas of reduced echogenicity (236). However,

FIGURE 12-40. Transplant kidney obstructed by a large lymphocele.
Note the dilated collecting system (short arrow) and adjacent large
lymphocele (long arrow). (From: Grainger RG, Allison DJ, eds. Diag-
nostic radiology, 2nd ed. London: Churchill Livingstone, 1992, with
permission.)
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FIGURE 12-41. Duplex Doppler scans of transplant kidney. A: Nor-
mal intrarenal arterial waveform with flow continuing throughout di-
astole. B: Absence of diastolic flow in a kidney undergoing rejection.
(From: Grainger RG, Allison DJ, eds. Diagnostic radiology, 2nd ed.
London: Churchill Livingstone, 1992, with permission.)

these changes occur late in the development of rejection and
are nonspecific, because they may occur in ATN (237–239).

Attempts have been made to diagnose rejection by quantita-
tion of reduced diastolic flow in the segmental, interlobar, and
arcuate arteries with duplex Doppler technique (Fig. 12-41).
Initial results suggested that an increased resistance index was
a good indicator of acute rejection (181,182). More recently,
however, the specificity of an increased resistance index as an
indicator of acute rejection has been questioned. It has been
shown that an increased resistance index may occur in ATN
(238,240,241). The definitive diagnosis of rejection requires
biopsy, which should be performed with ultrasound guidance.

Duplex and color Doppler studies are most helpful in di-
agnosing the vascular complications of transplantation. The
transplant renal artery is more accessible than the native artery.
Renal artery stenosis may be suspected if aliasing is detected
on the color image, and duplex diagnosis depends on detect-
ing systolic velocity greater than 250 cm/second and spectral
broadening of the waveform (242–244). In renal vein thrombo-
sis, no color flow is seen in the vein, and spectral traces within
the kidney show arterial flow reversal in diastole (244,245). Ar-
teriovenous fistulae produce a typical perivascular color mosaic
pattern, considered to be caused by turbulent flow and tissue
vibration. On spectral examination, the feeding artery is en-
larged with high velocity flow and there is pulsatile flow in the
draining vein (244,246).
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CHAPTER 13 ■ COMPUTED TOMOGRAPHY
AND MAGNETIC RESONANCE IMAGING
SILVIA D. CHANG AND HEDVIG HRICAK

Computed tomography (CT) and magnetic resonance imaging
(MRI) have greatly expanded the radiologist’s ability to assess
renal pathology. Tomographic display of anatomy has allowed
accurate, noninvasive evaluation of congenital anomalies, ob-
structive disease, inflammatory lesions, vascular insufficiency,
and benign and malignant tumors. Both CT and MRI offer
images of superb anatomic detail. Although tissue-specific di-
agnoses cannot be reached on the basis of morphologic abnor-
malities, the use of CT or MRI can narrow a list of diagnos-
tic possibilities and can assist in the direction of percutaneous
or operative biopsies. In addition, continued improvements in
cross-sectional imaging technology have allowed for better as-
sessment of the vasculature with CT angiography (CTA) and
MR angiography (MRA).

COMPUTED TOMOGRAPHY

Technical Considerations

The primary advantages offered by CT lie in its ability to dif-
ferentiate the x-ray attenuation properties of various tissues
and in its generation of cross-sectional images. Superior soft-
tissue contrast resolution is provided by the technical factors of
scanner design, including a sophisticated x-ray source-detector
system, which allows higher signal-to-noise ratios than can
be produced with conventional radiographic methods; narrow
and precise collimation of the x-ray beam, which decreases
scattered radiation; and methods of data analysis and image
reconstruction, which eliminate visual effects of structures ly-
ing outside the desired imaging plane. Computed tomography
scanners presently in clinical use are capable of resolving x-
ray attenuation differences of as little as 0.5% and providing
spatial resolution of 0.5 to 1.0 mm.

The hardware of a CT system consists of an x-ray gantry
that supports a rotating x-ray tube and a set of x-ray detectors,
a patient couch, and a computer system interfaced with the
gantry, data-storage system, and image-display console. The
use of a rotating x-ray beam allows measurement of tissues’
x-ray attenuation coefficients from many different projections.
These measurements, recorded in digital form, are then con-
verted by a filtered back-projection reconstruction method into
analog images, which can be displayed on a cathode-ray-tube
screen.

Computed tomography images are displayed over a fixed
gray scale. The range of attenuation values to be presented is
chosen by the system operator and is called the window width.
The midpoint of the chosen range of attenuation values is called
the window level. Window widths generally vary from 1 to
1,000 Hounsfield units; for renal CT, a width of about 500
Hounsfield units is usually chosen, with a window level of 15
to 30 Hounsfield units.

Multidetector-row CT (MDCT) has replaced helical (spiral)
single slice CT as the standard method for performing CT ex-
aminations at most institutions. Helical CT previously replaced
conventional CT due to faster scanning times (1). Now MDCT
allows for even faster scanning time and differs from that of
a single slice scanner in that the longitudinal (or slice) direc-
tion can be divided into multiple detectors containing multiple
elements. The technological design initially used two- or four-
detector systems. Currently, four- or eight-detector systems are
widely in use and 16-detector systems have been recently intro-
duced into clinical practice. For example a four-detector row
CT is capable of sampling the outputs of up to four channels
simultaneously and can contain 16 elements. A channel can be
the output of a single element or can be the sum of the outputs
of neighboring elements. For example, sampling the inner four
elements (one element per channel) results in the acquisition of
four 1.25-mm channels. The elements can be summed in groups
of two, three or four, resulting in four 2.5-mm channels, four
3.75-mm channels, or four 5-mm channels, respectively. This
technology allows for faster imaging; improved thin-section
imaging (reduced volume averaging artifact), and image recon-
struction (2). MDCT also can be employed to obtain angio-
graphic information. This technique, called CT angiography
(CTA), is able to directly evaluate the renal vasculature, and in
most cases, eliminates the need for conventional renal angiog-
raphy. During CTA, intravenous contrast material is rapidly
injected and imaging takes place during peak arterial enhance-
ment. Three-dimensional data reconstruction is performed and
presented as a shaded surface display or maximum intensity
projection (MIP).

Use of Contrast Media

Computed tomography evaluation of renal anatomy and
pathology generally requires intravenous injection of iodinated
contrast media. Only when renal or perirenal calcification, in-
trarenal or perirenal hemorrhage, or urine extravasation is sus-
pected are nonenhanced scans recommended (3). In these situ-
ations, scans obtained only after the administration of contrast
media may mask abnormalities.

Two different categories of iodinated contrast media are
available: the traditional, high-osmolar (ionic) materials and
the newer, low-osmolar (nonionic) materials. In high-osmolar
contrast agents (HOCAs), iodine atoms are bound to an anion
that in solution dissociates from a cation, typically sodium or
meglumine. The resultant osmolality in serum is on the order
of 1,400 mOsm/kg. In low-osmolar contrast agents (LOCAs),
the iodine in solution is in the form of a monomer or dimer,
and the associated serum osmolality is approximately 600
mOsm/kg. In low-risk patients, both types of contrast mate-
rial have low incidences of severe allergic reactions (0.097%
for HOCAs, 0.0037% for LOCAs), but the number of minor
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reactions is significantly higher for HOCAs (3.19%) than for
LOCAs (0.75%). Because LOCAs cost between 10 and 20
times as much as HOCAs, there has been a great deal of debate
as to whether LOCAs should be used routinely or selectively
in patients with risk factors for contrast reaction (4).

Renal contrast enhancement during CT is divided into
four phases, similar to those described in intravenous urog-
raphy (5,6). The aorta, the renal arteries, and the renal veins
are the first structures to be enhanced. Within approximately
1 minute, a vascular nephrogram appears with dramatic en-
hancement of the renal cortex and visualization of the corti-
comedullary border. A tubular nephrogram follows during the
next minute with the attenuation value of the renal medulla
increasing so that it equals or exceeds that of the enhanced
cortex. Contrast material appears in the renal collecting sys-
tem within 2 to 3 minutes of its administration, producing a
pyelogram (7,8).

Contrast media can be administered by either rapid intra-
venous bolus or infusion techniques. Bolus methods provide
higher peak plasma concentrations of contrast, whereas infu-
sion methods provide lower but more sustained peak plasma
concentrations (7,8). Infusion methods are primarily used in
conventional CT because of the long imaging time. The bolus
technique is preferable for assessment of vascular and renal
anatomy, and it is the standard method for administering in-
travenous contrast in spiral and multidetector CT. Typically,
150 mL of 60% iodinated contrast is administered by a me-
chanical injector at a rate of 2 mL per second (up to 4 mL
per second during CTA). Imaging should begin no sooner than
45 seconds after injection. Additional delayed images are im-
portant in assessing renal pathology to allow opacification of
the renal medulla and collecting system.

The rise in attenuation value expressed in Hounsfield units is
linearly related to plasma iodine concentration (7,8). Delays in
rise to peak attenuation values suggest structural or physiologic
abnormalities. For example, the rise in attenuation value of a
stenotic renal artery will be slower than that of the aorta, and
the enhancement of the renal cortex may be delayed in patients
with impaired renal function.

Because much of the diagnostic information available from
CT depends on patterns of contrast enhancement, the evalua-
tion of patients with renal failure is difficult. Carefully tailored
examinations can allow use of minimal amounts of contrast
material, reducing osmotic loads and iodine doses. The need
for such technical adjustments should be made clear by the
clinical history provided to the radiologist. Only the vascu-
lar phase of enhancement is seen reliably in patients with de-
creased glomerular filtration rates, because of poor contrast
excretion.

Normal Anatomy

The retroperitoneum is divided by facial planes into three
compartments: the perirenal, anterior pararenal, and posterior
pararenal spaces. Abundant fat surrounds the major retroperi-
toneal organs and provides excellent inherent tissue contrast.

The kidneys, perirenal fat, and adrenal glands lie within
the perirenal space, which is bounded anteriorly by Gerota’s
fascia and posteriorly by Zuckerkandl’s fascia. The aorta, the
inferior vena cava, the renal and adrenal arteries and veins, and
the perivascular lymph nodes are also within this compartment.
The kidneys are oval structures, the right lying somewhat cau-
dal to the left. The collecting systems, renal pelvises, and ureters
are best seen after administration of contrast agents, but they
may be seen on unenhanced scans as water-density structures,
particularly if dilated. The adrenal glands lie anterior and me-
dial to the kidneys’ upper poles and are bilobed V- or Y-shaped

structures. The lateral limb of the right adrenal gland often is
closely apposed to the inferior vena cava near the liver. The in-
ferior vena cava and the aorta lie anterior to the spine, slightly
to the right and left of midline, respectively. The renal arteries
can be seen arising from the aorta and entering the renal hila.
The renal veins are visible from their origins in the renal hila
to their entrances into the inferior vena cava. The renal veins
lie anterior to the renal arteries, and the left renal vein runs
between the aorta and the superior mesenteric artery.

The anterior pararenal space contains the descending and
transverse duodenum, the pancreas, and the ascending and de-
scending portions of the colon. It is limited anteriorly by the
parietal peritoneum and posteriorly by the renal fascia.

The posterior pararenal space contains only fat and is
bounded posteriorly by the transversalis fascia. The parietal
peritoneum and transversalis fascia fuse laterally to form the
lateroconal fascia. The anterior and posterior pararenal spaces
communicate to a limited extent above and below the level
of the renal vessels. Fascial planes are demonstrated as linear
structures of soft-tissue attenuation surrounded by low-density
fat.

Congenital Variants of Renal Anatomy

The production of transaxial CT images makes evaluation of
variance in renal position and configuration relatively simple.
Ectopic kidneys, horseshoe kidneys, duplicated collecting sys-
tems, and varying degrees of hypoplasia or dysplasia are rou-
tinely detected (Fig. 13-1). Multiplanar and three-dimensional
reconstructions may be helpful in the delineation of ectopic or
fused kidneys.

Obstructive Disease

Although the CT assessment of renal excretion requires use
of contrast agents, the anatomic site, degree, and cause of ob-
struction can be evaluated on nonenhanced images. The di-
lated, fluid-filled ureter is visualized as a round structure of
water density surrounded by a thin wall. Masses or radiopaque
stones obstructing a ureter are readily seen.

Acute lower urinary tract obstruction produces ureteral,
pelvic, and calyceal dilatation. The acutely obstructed kidney
may be enlarged and edematous. When iodinated contrast is
given, a persistent nephrogram may appear and excretion of
contrast material into the collecting system will be delayed

FIGURE 13-1. Contrast-enhanced CT image of a horseshoe kidney.
The renal pelvises are directed anteriorly, and the isthmus (∗) connect-
ing the two kidneys is visible crossing the midline.
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A B

FIGURE 13-2. A: Computed tomography of the kidneys without iodinated contrast demonstrating a left
ureteral stone (arrow). B: Computed tomography of the kidneys following contrast administration shows
a left delayed nephrogram caused by the ureteral stone. There is hydronephrosis (white) and delayed
excretion of contrast into the left renal pelvis; contrast filled normal right collecting system (black).

(Fig. 13-2). Chronic obstruction may produce massive disten-
tion of the fluid-filled collecting system and atrophy of the renal
parenchyma. This loss of renal mass can be detected in non-
contrast images (Fig. 13-3).

Nephrolithiasis

Computed tomography has replaced intravenous pyelography
(IVP) for the evaluation of suspected renal calculi, in most med-
ical centers, as it is an accurate, safe and rapid technique that
does not require contrast. A study comparing CT and IVP in
the evaluation of urolithiasis revealed a sensitivity of 100%
and specificity of 92% with CT, and a sensitivity of 64% and
specificity of 92% with IVP (9). Renal calculi, regardless of
chemical composition, are generally radiodense on CT images
(10), with the exception of Crixivan induced stones. Computed
tomography, therefore, is able to demonstrate cystine and urate
calculi that are undetectable on conventional radiographs or
tomograms. Calculi of less than 1 mm can be identified.

Crixivan (indinavir sulfate) is a new class of antiviral agent
(protease inhibitors) used to treat patients with human immun-
odeficiency virus (HIV). Crixivan can precipitate in the urinary
system forming stones that are radiolucent and isodense on CT

FIGURE 13-3. Computed tomography image obtained without io-
dinated contrast, demonstrating hydronephrosis of the right kidney
caused by ureteral obstruction. The dilated renal pelvis (P) and calyces
are of water density. The width of the right renal cortex is reduced;
parenchymal atrophy has followed chronic obstruction. A calcified
stone (arrowhead) is present in the left renal collecting system.

(11); therefore, the signs of obstruction, with the appropriate
history, suggest their presence on CT.

When nephrolithiasis is suspected, initial images should be
obtained before the administration of contrast agents because
the very high-attenuation iodine compounds, when excreted
into the renal collecting system, obscure underlying stones or
calcifications (Fig. 13-4) (3). Oral contrast also should not be
given because it can mask or simulate the presence of stones.

A

B

FIGURE 13-4. A: Computed tomography image obtained without
iodinated contrast, revealing a calculus (arrow) in the left renal pelvis.
B: After contrast administration, the stone is obscured by opacified
urine.
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FIGURE 13-5. Contrast-enhanced CT image of a child with focal bac-
terial nephritis. Irregular areas of low attenuation, representing focal
inflammatory masses, are identified posteriorly in the right renal cor-
tex (∗). The fat plane between the right kidney and psoas muscle is
partially indistinct because of infiltration by the inflammatory process
(arrows).

Section collimation should be adjusted so that thin slices (no
more than 5 mm) are generated.

Inflammatory Disease

Acute Pyelonephritis

A variety of abnormalities are demonstrated on CT images of
acutely inflamed kidneys. Precontrast scans may show only re-
nal enlargement caused by parenchymal edema. Functional im-
pairment of the infected kidney leads to heterogeneous patterns
of contrast excretion, producing linear areas of low attenua-
tion. Striated collections of renal parenchymal and pelvicaliceal
air may be present. Severe inflammation may produce perirenal
effusions and thickening of the perirenal fascia (12–14). Com-
puted tomography also is useful in detecting long-term seque-
lae of renal infections, delineating the extent of renal scarring
and atrophy, and explaining morphologic abnormalities of the
collecting system. Abnormalities in renal morphology may be
detected months after acute infection (15).

It has been well documented that CT is superior to ultra-
sonography in detecting and delineating renal and perirenal
inflammatory masses and abscesses (15,16). In one retrospec-
tive study comparing CT and ultrasonography, the latter failed
to detect 60% of cases of acute bacterial nephritis and 47% of
renal and perirenal abscesses (16).

Focal Bacterial Nephritis

The patchy distribution of renal infection is demonstrated on
CT images outlining focal inflammatory masses surrounded
by normal parenchyma. Focal bacterial nephritis produces ir-
regularly marginated areas of low attenuation, which enhance
heterogeneously. The inflamed regions remain of lower den-
sity than surrounding normal tissue in contrast-enhanced im-
ages and frequently occupy wedge-shaped, lobar distributions
(Fig. 13-5) (17,18).

Renal Abscesses

Abscesses appear as well-defined, rounded collections of low-
density fluid in nonlobar distributions. An abscess may have
a thick wall that enhances after contrast administration and
may contain air (Fig. 13-6). Abscesses may extend into the
perirenal fat and may interrupt the perirenal fascia (19). The
perirenal fascia often is edematous. Computed tomography has
been shown to be superior to sonography in defining the ex-
tent of pararenal inflammation and is preferred when surgical
intervention is planned (6,18).

Fungal Infections

Fungal infections of the kidney are unusual except in immuno-
compromised patients. They also may occur in patients with
chronic ureteral obstruction. Computed tomography manifes-
tations include focal or global lack of contrast excretion, renal
mass, renal enlargement, and filling defects of soft-tissue masses
within the renal collecting system (20).

Xanthogranulomatous Pyelonephritis

Xanthogranulomatous pyelonephritis, a rare inflammatory
condition that often follows chronic renal obstruction, pro-
duces intrapelvic and intracaliceal collections, which are of
fluid or fatty density. The renal parenchyma often is atrophic
and is replaced by accumulated fat, pus, and cellular debris.
Calcification may be present in collecting structures. The pat-
tern of contrast enhancement is variable, depending on the

A B

FIGURE 13-6. A: Contrast-enhanced CT of a renal abscess (arrows) demonstrated as a low-density fluid
collection with rim enhancement. B: A follow-up CT scan performed 3 weeks later shows resolution of
the renal abscess.
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FIGURE 13-7. Contrast-enhanced CT image of xanthogranulomatous
pyelonephritis. The right kidney is replaced by a low-attenuation in-
flammatory mass (M). A calculus (arrow) is present in the renal pelvis.

degree of function in the residual parenchyma. Hyperemic
granulation tissue may enhance dramatically (21). Pararenal
abscesses frequently are seen (Fig. 13-7).

Cystic Disease

Acquired cystic disease of the kidneys is extremely common,
and an uncomplicated renal cyst can be diagnosed reliably by
CT. Simple renal cysts are usually located in the renal cortex
and are variable in size and number. A renal mass can be confi-
dently called a simple cyst when it meets the following criteria
on CT (22): (a) the mass has a homogenous low attenuation
value near that of water; (b) its wall is so thin that it is nearly
indiscernible; (c) it is very sharply delineated from surrounding
renal parenchyma; and (4) its fluid contents do not increase in
attenuation value after intravenous contrast media is infused
(Fig. 13-8).

Complicated renal cysts may have contents of higher den-
sity, be irregular in shape, and have thicker or calcified walls.
They may simulate solid tumors. Such lesions require further
diagnostic evaluation (23). Percutaneous cyst aspiration and
biopsy can be performed under CT guidance.

Parapelvic Cysts

Parapelvic cysts may mimic hydronephrosis during sono-
graphic evaluation and on nonenhanced CT images. Com-
puted tomography scans obtained after contrast-medium
infusion clearly demonstrate these irregularly shaped thin-
walled fluid collections surrounding the contrast-filled renal
pelvis. Parapelvic cysts frequently are multiloculated and may
be large enough to displace hilar fat and compress renal
parenchyma.

Autosomal Dominant Polycystic Kidney Disease

In patients with autosomal dominant polycystic kidney disease,
CT scans show replacement of renal parenchyma by innumer-
able cysts, which vary in size and attenuation value (Fig. 13-9).
Kidneys may be of normal size or enlarged, depending on the
stage of the disease. Parenchymal replacement often is asym-
metrical, as is the amount of residual excretion.

Patients with autosomal dominant polycystic kidney disease
are usually referred for CT evaluation because sudden massive
renal enlargement causes clinical suspicion of abdominal ma-
lignancy or because known cysts may have been complicated by
infection or hemorrhage. The detection of intracystic infection
or hemorrhage often is extremely difficult because the attenu-

A

B

FIGURE 13-8. A: Computed tomography scan obtained without the
use of iodinated contrast medium, demonstrating a simple renal cyst. A
rounded mass (c) projecting from the posterior aspect of the right kid-
ney has a slightly lower attenuation than the adjacent renal parenchyma
in this precontrast image. B: The cyst (c) is clearly defined from the
adjacent parenchyma, has no visible wall, and is not enhanced after
contrast administration.

ation values of these cysts vary depending on the presence of
blood products, proteinaceous mucoid material, or simple cyst
fluid. Sequential studies allow evaluation of fresh hemorrhage
and resolution of hematomas. Computed tomography also can
be used to demonstrate associated cystic metaplasia in the liver,
pancreas, and spleen.

FIGURE 13-9. Contrast-enhanced CT image of a patient with adult
polycystic disease. Multiple rounded low-density cysts replace the
parenchyma of the kidneys. Cysts (arrows) are also present in the liver
(L). The pancreas (p) is normal in appearance.
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Acquired Cystic Disease Associated
with Chronic Dialysis

Patients with acquired cystic disease associated with hemodial-
ysis are known to have an increased incidence of both benign
and malignant renal tumors. Although these patients are usu-
ally evaluated by sonography, the superior anatomic detail of-
fered by CT make this technique preferable when signs of pain
or hemorrhage suggest metaplastic or neoplastic degeneration
(24,25).

Vascular Disease

Computed tomographic images that reveal very small, poorly
excreting kidneys are produced in patients with renal failure
caused by vascular insufficiency. Such patients include those
with atherosclerosis, hypertension, or diabetes (Fig. 13-10).

Segmental renal infarction is most easily detected on
contrast-enhanced CT images. Renal infarcts appear as clearly
marginated wedge-shaped peripheral areas of low attenu-
ation. They do not enhance after contrast administration
(18). Infarcts are occasionally of lower density than normal
parenchyma in nonenhanced images.

Computed tomography angiography can be used to assess
the number and size of the renal arteries, information that is
of particular importance to transplant surgeons before donor
nephrectomy (Fig. 13-11). Studies have shown that CTA is

FIGURE 13-10. Computed tomography scan obtained without iodi-
nated contrast. Atrophic kidneys are shown in a patient with chronic
renal failure. A cystic lesion with a calcified rim is present in the small
left kidney (arrow).

A

C

B

FIGURE 13-11. Computed tomography angiogram obtained during
contrast enhancement in the arterial phase in a patient being evaluated
for donor nephrectomy. The study shows that the patient has two right
renal arteries. A: Axial image depicting the superior of the two right
renal arteries (arrow). B: Axial image demonstrating the more inferior
of the two right renal arteries (arrow). C: Coronal 3-D reconstructed
image demonstrating both right renal arteries (arrows). The patient had
one single left renal artery, thus the left kidney was selected for donor
nephrectomy.
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concordant with angiography in 89% to 96% of cases and
concordant with surgery in 90% to 98% of cases. The most
commonly missed findings are small accessory renal arteries
and occasionally renal artery stenosis (26–28). In some insti-
tutions, CTA has replaced angiography and IVP in the evalua-
tion of donor nephrectomy; with the benefits of a less expen-
sive and less invasive test. Computed tomography angiography
can also demonstrate renal artery aneurysms or stenosis, arte-
riovenous malformations, and focal or diffuse stenoses caused
by atherosclerosis, connective tissue disease, or fibromuscular
dysplasia. In one study, the accuracy of CTA in grading renal
artery stenosis was 80% when maximum intensity projection
images were used (29). Conventional angiography still remains
the gold standard for the evaluation of the renal vasculature in
most medical centers, but this may rapidly change with the
advent of multidetector CTs.

Renal vein thrombosis produces intraluminal filling defects
and vein enlargement. Renal enlargement and parenchymal
edema are seen in acute venous occlusion and hemorrhagic
infarction may occur. A persistent nephrogram may be seen af-
ter contrast administration, and contrast excretion is delayed
or absent. Chronic renal vein thrombosis produces parenchy-
mal atrophy and may be followed by development of venous
collateral channels.

Renal Transplant Evaluation

Computed tomography can be used to evaluate the struc-
tural integrity of renal allografts and to detect peritransplant
hematomas, urinomas, lymphoceles, and abscesses (Fig. 13-
12). Dynamic scanning after bolus injection of contrast ma-
terial may provide information about contrast excretion. The
interval in which the density of the medulla reaches that of
the enhanced cortex—the corticomedullary junction time—has
been reported to be prolonged in transplanted kidneys under-
going rejection (30). In addition, CTA can be performed to
assess the transplant vasculature (31).

FIGURE 13-12. Contrast-enhanced CT image of a renal transplant.
A normally functioning renal allograft (K) lies in the right iliac fossa.
Excreted contrast material is visible in the ureter (arrow) and layering
dependently in the urinary bladder (B).

FIGURE 13-13. Contrast-enhanced CT scan of a renal hamartoma.
Fatty tissue predominates in this left renal angiomyolipoma (A).

Renal Tumors

Benign Tumors

Benign tumors of the kidney are relatively uncommon, and
of such masses, only the renal hamartoma or angiomyolipoma
has a distinctive appearance on CT (32–34). Angiomyolipoma,
which may occur in association with tuberous sclerosis or in the
absence of systemic disease, is made up of smooth muscle, fatty,
and vascular components in varying proportions. A confident
diagnosis can be made with CT if the fatty tissue predominates
(Fig. 13-13). This tumor may grow to a large size; masses more
that 10 cm in diameter have been reported. Extension into the
perinephric space is common, and intralesional hemorrhage is
seen often. Angiomyolipomas usually are solitary, but multi-
ple angiomyolipomas frequently are detected in patients with
tuberous sclerosis. When vascular or smooth muscle compo-
nents are present in greater amounts than fat, hamartomas are
indistinguishable from other solid tumors and further radio-
logic workup or biopsy is necessary.

Renal Oncocytomas

Renal oncocytomas are extremely rare tumors that appear on
CT images as smoothly marginated solid masses that enhance
homogeneously (Fig. 13-14A). These masses are usually of
lower attenuation than enhanced normal renal parenchyma,
but are isodense in relation to surrounding renal tissue on
nonenhanced studies (35,36). They may demonstrate a cen-
tral linear area of lower attenuation on contrast-enhanced im-
ages (Fig. 13-14B). Their appearance on CT is not specific,
and diagnosis of these benign masses necessitates an operative
biopsy/resection.

Renal Adenomas

Renal adenomas are indistinguishable from other solid renal
masses on CT images. They are variable in their pattern of
contrast enhancement. Detection of such a mass, which may
present as a contour abnormality or that may distort intrarenal
anatomy, necessitates further workup and biopsy.

Malignant Tumors

Renal Cell Carcinoma

Renal cell carcinomas are relatively common tumors, account-
ing for 3% to 5% of all malignancies. Their appearance on CT
images varies somewhat with the size and extent of tissue vas-
cularity. The ability of CT to detect and stage renal tumors is
good, with accuracy of staging exceeding 90% in many series
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A B

FIGURE 13-14. A: Contrast-enhanced CT scan of a renal oncocytoma (∗) demonstrated as a smoothly
marginated homogenous enhancing mass that is of lower attenuation than the normal parenchyma in
one patient, and B: as a large heterogeneous enhancing mass with central low density in another patient
(arrows).

(32,37,38). Computed tomography has replaced angiography
in preoperative evaluation of renal tumors in most medical cen-
ters (39–41).

Renal cell carcinomas appear as masses that distort the con-
tour of the kidney or its collecting structures. They are of a den-
sity similar to that of surrounding parenchyma in nonenhanced
images. The administration of intravenous contrast material
leads to heterogeneous enhancement of these tumors, whose
attenuation usually remains lower than that of the surround-
ing cortex (Fig. 13-15) (42). Dynamic scanning after a bolus of
contrast agent may reveal dramatic enhancement of relatively
vascular tumors and often shows evidence of retroperitoneal
feeding or collateral vessels. The interface between tumor and
normal renal tissue typically is indistinct. Extension of tumor
into perirenal fat or adjacent liver, spleen, or paraspinous mus-
culature; interruption of perirenal fascial planes; and perihi-
lar and perivascular adenopathy can be assessed accurately on
good-quality CT images. Evaluation of the renal veins and in-
ferior vena cava for the presence of tumor thrombus requires
intravenous contrast media (Fig. 13-16). Dynamic scanning af-
ter rapid injection of a bolus of contrast best evaluates the renal
veins and inferior vena cava.

Three-dimensional image reconstruction of renal tumors
can be obtained with spiral and MDCT. The technique provides
an adjunct to axial images in demonstrating the relationship of
the tumor to the hilar vessels, collecting system, kidney surface,
and adjacent tissues. This information can be important to the
surgeon preoperatively, particularly if partial nephrectomy is
being considered (Fig. 13-17) (43).

Recently, CT-guided radiofrequency ablation of renal cell
carcinomas has been introduced as an alternative treatment op-
tion, particularly in patients that are not operative candidates.
CT is also used to follow these patients to assess for residual
disease or recurrence (Fig. 13-18) (44).

Renal Lymphoma or Leukemia

Leukemic infiltration may produce renal enlargement and het-
erogeneous density on enhanced and nonenhanced CT im-
ages. Renal lymphoma is almost exclusively caused by sec-
ondary involvement from systemic disease by direct invasion or
hematogenous spread; and is more common in non-Hodgkin’s
lymphoma than in Hodgkin’s lymphoma. The incidence of re-
nal involvement in patients with lymphoma determined by

A B

FIGURE 13-15. A: Computed tomography image obtained without iodinated contrast, demonstrating
no definite abnormality. B: After contrast administration, the renal cell carcinoma (C) in the left kidney
enhances to a lesser degree than the normal cortex.
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A B

FIGURE 13-16. A: Contrast-enhanced CT scan of Stage IIIA renal cell carcinoma (T) with thrombosis of
the renal vein (arrows). B: The thrombosis also extends into the inferior vena cava (∗).

autopsy is 34% to 62%. Computed tomography underesti-
mates the incidence by detecting renal involvement in only 3%
to 8% of patients with known lymphoma. Renal lymphoma
has a variable radiologic appearance. The most common pat-
tern is multiple masses that are isodense or slightly hyperdense
to normal renal parenchyma on noncontrast CT and hypo-
dense on contrast-enhanced CT (Fig. 13-19). Another com-
mon appearance is direct invasion from adjacent retroperi-
toneal lymphadenopathy resulting in distortion of the renal
contour. An infiltrative pattern is another form of renal lym-
phoma, which typically manifests as renal enlargement with
preservation of the reniform shape. Less frequently, renal lym-
phoma can present as a solitary mass (45).

Metastatic Disease

Primary tumors that may metastasize to the kidney include
carcinomas of the lung, breast, adrenal gland, and colon, ma-
lignant melanoma, and non-Hodgkin’s lymphoma. These tu-
mors may produce solitary or multiple focal masses of lower

FIGURE 13-17. Three-dimensional reconstruction from a contrast-
enhanced spiral CT of a renal cell carcinoma. The relationship of the
left lower pole mass (M) to the entire left kidney (L) and renal arteries
(arrow) can be assessed. The right kidney (R), aorta (A), spine (S), and
ribs (∗) also are demonstrated.

attenuation than enhanced renal parenchyma (46). Direct ex-
tension of extrarenal retroperitoneal tumors may lead to renal
obstruction and loss of function. Diagnosis generally is based
on correlation with clinical history, particularly when multiple
lesions are present.

Renal Sarcomas

Mesenchymal tumors of the renal parenchyma or renal capsule
are rare. They appear as solid masses, which may reach great
size and vary in their degree of vascularity. Large tumors often
contain central areas of low attenuation caused by necrosis
(Fig. 13-20).

Transitional Cell Carcinoma

The appearance of transitional cell tumors of the renal pelvis
and ureter on CT is fairly characteristic. Three distinct patterns
have been described (47). These masses may present as sessile
filling defects of soft-tissue density in the lumen of the opaci-
fied renal pelvis or calyx, sites of diffuse symmetrical thicken-
ing of the ureteral wall, or infiltrating renal masses that exhibit
very little enhancement after contrast-media administration.
Tumors may be smooth or papillary in contour and may cause
ureteral obstruction and loss of renal function. Computed to-
mography images are useful for tumor staging, demonstrating
invasion of perihilar fat and associated lymph node enlarge-
ment (47–49). With the advent of MDCT, many imaging cen-
ters have replaced conventional intravenous urography (IVU)
with CT urography (with reformatted or 3D images) in the
assessment of the renal collecting system (Fig. 13-21). The ad-
vantage of CT urography over conventional IVU is that CT
in addition to assessing the collecting system can stage the tu-
mor if present, can detect and characterize renal lesions and
extra-renal masses not visible on IVU and is more sensitive in
detecting renal calculi (50).

Renal Trauma

Most renal injuries (80% to 95%) are secondary to blunt
trauma and are evaluated clinically and radiographically. Man-
agement is based on severity, which is classified as grade I,
minor contusion with or without concomitant subcapsular
hematoma; grade II, superficial laceration without involvement
of the collecting system; grade III, deep parenchymal laceration
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FIGURE 13-18. A: Contrast-enhanced CT scan of renal cell carci-
noma (arrow). B: CT-guided radiofrequency ablation of the renal cell
carcinoma with the ablation probe (arrow) demonstrated within the
mass. C: Six month postablation contrast-enhanced CT scan shows
expected residual low-density changes at the ablation site (arrow)
with no enhancing components to suggest residual or recurrent
tumor.

with or without urinary extravasation (Fig. 13-22); and grade
IV, renal pedicle injury (51). The majority (85%–90%) of blunt
renal injuries are grade I or II and are managed conservatively.
Controversy exists over the management of grade III injury,
with the most recent trend favoring conservative therapy (52).
Grade IV and penetrating renal injuries are surgically explored.

FIGURE 13-19. Contrast-enhanced CT scan of renal lymphoma
demonstrated as multiple bilateral low-density masses.

In some cases, injured renal vessels are managed with endovas-
cular techniques, including stent placement.

Although CT does not appropriately evaluate patients with
major abdominal injuries who are hemodynamically unstable,
those with suspected renal injuries who are clinically stable
can benefit greatly from CT assessment (41,53–59). Computed

FIGURE 13-20. A fibrosarcoma of the renal capsule on a contrast-
enhanced CT image. A large tumor (T) of heterogeneous attenuation
arises from the left kidney. The kidney is compressed; the mass fills the
anterior pararenal space and displaces bowel loops anteriorly.
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A B

C

FIGURE 13-21. Axial contrast-enhanced CT scan image (A) and coro-
nal reformatted image (B) of a right renal transitional cell carcinoma
demonstrated as a mass/filling defect occupying the renal pelvis and
inferior infundibulum (arrows). C: Coronal reformatted image of con-
tralateral normal renal pelvis (arrows).

A B

FIGURE 13-22. A: Contrast-enhanced CT of grade III renal injury secondary to blunt trauma. A deep
laceration is shown by the arrows and surrounding perirenal and pararenal hematoma (arrowheads). The
renal artery (a) and vein (v) are intact. B: Delayed images show an intact collecting system (∗).
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FIGURE 13-23. Contrast-enhanced CT of a patient who sustained
blunt abdominal trauma. A large right subcapsular renal hematoma
(H) contains a focal area of very high attenuation (arrow), representing
active bleeding of contrast-opacified blood. Hemorrhage also extends
into the right perinephric fat (curved arrow) and into the peritoneal
cavity around the liver (arrowheads).

tomography scans obtained after contrast administration can
detect renal contusions and are capable of discriminating be-
tween incomplete lacerations, which affect the renal cortex but
do not communicate with pelvicaliceal structures, and com-
plete lacerations, which interrupt the collecting system. Lac-
erations produce irregular streaks of low attenuation within
the contrast-enhanced renal cortex. Subcapsular hematomas
may not be apparent before contrast-media administration but
are evident on postcontrast scans, when the enhanced kidney
is compressed by a lower-density intracapsular hemorrhage
(Fig. 13-23). Extravasated blood varies in its CT attenuation
value, depending on the hemoglobin content and the age of
the hematoma. Perirenal hemorrhage or urine extravasation
(best seen on delayed images) may be diagnosed when fluid
collections fill the perirenal or pararenal spaces and displace
the kidney. Fresh hemorrhage may appear to have a higher at-
tenuation value than extravasated urine in precontrast scans.
Segmental occlusion of polar arteries may cause areas of renal
infarction.

Catastrophic injuries, such as shattered kidneys, may be de-
tected. Concomitant injuries to the liver, spleen, pancreas, and
bowel may be evaluated during a single examination.

Relatively minor trauma may produce major injuries to
kidneys with underlying abnormalities, such as cystic disease,
chronic obstruction with hydronephrosis, benign or malignant
tumors, or congenital anatomic variations (60).

MAGNETIC RESONANCE
IMAGING

Technical Considerations

During MRI, tissue is placed in the central bore of an elec-
tromagnet generating a static magnetic field. Nuclei with odd
numbers of protons or neutrons, of which hydrogen is the
most abundant in biologic tissue, align themselves with their
magnetic moments parallel or antiparallel to the external field.
A net magnetization vector lies in a direction parallel to the
static magnetic field because more nuclei align themselves in the
lower-energy parallel orientation than in the higher-energy an-

tiparallel state. If radiofrequency (RF) energy is superimposed
on the system, the net magnetization vector will assume a new
direction, the amount of its shift varying with the strength and
duration of RF pulse. If the RF energy is of an appropriate
frequency, resonance of the hydrogen protons between parallel
and antiparallel orientations will be induced. The exact value
of this resonance frequency depends on the particular nucleus
affected and on the strength of the static magnetic field.

On cessation of the RF pulse, the net magnetization vector
returns toward its original parallel orientation, and the res-
onating protons lose their phase coherence. During this pro-
cess, called relaxation, electrical current or signal is induced
in receiving coils. To produce magnetic resonance images, RF
energy is employed in a pattern of repetitive pulsation and the
signal emitted during the intervals between RF pulses is sam-
pled. Two time constants describe the relaxation process: T1,
or spin-lattice relaxation time, which characterizes the return
of the net magnetization vector toward its parallel alignment;
and T2, or spin-spin relaxation time, which characterizes the
loss of the protons’ phase coherence. The intensity of the sig-
nal produced is related to the magnitude of the net magne-
tization vector just before the onset of RF irradiation. The
decay of the initial signal is caused by the loss of coherent
resonance.

Information regarding the anatomic distribution of protons
is acquired by establishing magnetic field gradients along the
X, Y, and Z axes. Because the protons’ resonance frequency de-
pends on magnetic field strength and emitted signal frequency
equals the protons’ resonance frequency, the pattern of received
signal from a selected tissue volume can be interpreted accord-
ing to computer reconstruction techniques to produce an image
in which digital information related to protons’ spatial distri-
bution is converted into analog images displayed over a gray
scale.

The conventional RF pulse sequences are of spin echo type
in biomedical MRI. In spin echo sequences, repetitive 90-degree
RF pulses are applied at fixed intervals with 180-degree refo-
cusing pulses interspaced between them to restore proton phase
coherence. The interval between 90-degree RF pulses is called
the recovery time, or TR; the time interval between the 90-
degree RF pulses and the sampling of signal is called the echo
delay time, or TE. The signal acquired at each interval mul-
tiple of TE is often referred to as an echo, hence the use of
the terms first and second-echo images. In spin echo imaging,
signal intensity is described by the equation

I = n(H) f (v)exp−TE/T2(1 − exp−TR/T1)

where n(H) represents spin density or proton density, and f (v)
is related to proton motion (61). The MRI system operator
can choose TR and TE from a range of values. T1 and T2 are
characteristic of the tissues being examined and vary with the
chemical environment surrounding hydrogen protons. T1 also
varies with magnetic field strength.

Tissues with short T1 values produce a signal of high inten-
sity at all chosen TR values, because near-complete recovery of
magnetization can occur between 90-degree RF pulses. Tissues
with long T1 values produce a signal of low intensity when TR
values are short, but produce a higher-intensity signal with TR
prolongation. Tissues with short T2 values produce a signal
that decays rapidly, because coherent resonance is lost quickly;
their relative decrease in signal intensity is great when TE is
long. Tissues with long T2 values continue to emit a relatively
strong signal even when images are obtained with long TE val-
ues. For a given TR–TE combination, signal intensity increases
with an increase in proton (spin) density, an increase in T2, or a
decrease in T1. By varying TR and TE, images can be weighted
to reflect differences in tissue T1 (short TR, short TE), T2 (long
TR, long TE), or proton density (long TR, short TE).
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The variation in signal intensity produced by tissues differ-
ing in magnetic relaxation properties is revealed by differences
in pixel brightness on the images. Because tissues that vary only
slightly in radiographic density may differ dramatically in mag-
netic relaxation properties, the soft-tissue contrast resolution
provided by MRI techniques exceeds that offered by x-ray CT.
Interfaces between adjacent structures are more easily detected
by MRI. Saturation techniques have been developed that use
initial 180-degree pulses, called inversion recovery, or selec-
tive signal nulling, called chemical saturation. These sequences
essentially can be used to eliminate the signal from selected
tissues, usually fat, which further accentuates tissue interfaces.

A significant limitation of conventional spin echo MRI is the
lengthy scanning time required to obtain T2-weighted images,
a result of the long TR and TE used on these pulse sequences.
Artifacts from patient motion (respiratory, intestinal, and mus-
culoskeletal) can severely degrade image quality, particularly in
the upper abdomen. The long scanning period increases patient
discomfort and fatigue, and it limits the number of examina-
tions that can be performed in a given time. For these reasons,
fast spin echo techniques have been developed. Scanning time
is reduced because multiple echoes, called echo trains, are ac-
quired per excitation, and the signals are combined to obtain an
effective TE. The images are not entirely analogous to conven-
tional spin echo studies for tissue characterization because fast
spin echo techniques can only approximate a given TE. How-
ever, the faster scanning time and decrease in motion artifacts
make the use of fast spin echo a technique superior to conven-
tional spin echo for obtaining T2-weighted renal images. When
conventional T2-weighted imaging is performed, proton den-
sity images are generally also acquired because no additional
scanning time is necessary. Obtaining proton density images
prolongs fast spin echo sequences, and they are usually not ac-
quired with this technique. Ultra-fast T2-weighted sequences
are now widely available on most scanners. These sequences
known as single shot FSE (SSFSE) or HASTE (half-Fourier ac-
quisition single shot turbo spin echo) can acquire images in a
single breath hold to further minimize motion artifact.

It is also possible to generate MR images in a rapid fash-
ion by using sequences in which the RF pulses used to disturb
the net magnetization vector are of less than the 90 degrees
used in spin echo sequences and gradient reversal rather than
180-degree RF pulses is used to restore phase coherence. These
sequences, variously referred to as GRASS, FLASH, and gradi-
ent reversal (GRE) sequences, can be used to produce images in
which contrast is based on differences in the T2 values of bio-
logic tissue but TR values are shorter than 500 msec. Gradient
reversal sequences shorten the required imaging time. How-
ever, they produce images that have limited signal-to-noise ra-
tios and that are accompanied by specific artifacts that must
be recognized by the radiologist interpreting the MRI exam-
ination. These sequences usually are added to the spin echo
pulse sequences rather than substituted for them. In renal imag-
ing studies, GRE sequences are employed to produce dynamic
scans after the administration of intravenous contrast agents.

Gradient MRI can be used to generate angiographic stud-
ies, a technique called magnetic resonance angiography (MRA)
(61). Using electrocardiographic gating, images also can be ob-
tained at intervals throughout the cardiac cycle and replayed
in cine fashion. A recently developed imaging sequence using
rapid repetitive GRE called echo planar MRI can obtain mul-
tiple images in several seconds. Applications of this technique
to renal MRI currently are under investigation.

Normal Anatomy

Retroperitoneal anatomic relationships, as depicted in the
transverse plane, have been described earlier in this chapter.

The appearance of the kidneys on MR images varies with the
state of hydration and selection of imaging parameters (62).
When T1-weighted spin echo imaging is employed, the renal
cortex appears to have a higher signal intensity than the renal
medulla, and a very distinct corticomedullary border is visible.
The difference in signal intensity between the two regions of the
kidney is caused by differences in tissue T1 values, that of the
cortex being shorter than that of the medulla. This difference in
signal intensity is not present in images obtained with long TR
values (proton density and T2-weighted sequences), because
more time is then available for recovery of magnetization by
the renal medulla (Fig. 13-24).

The calyces, renal pelvises, and ureters are demonstrated as
tubular or saccular structures of low signal intensity on T1-
weighted images; the long T1 and T2 values of intraluminal

A

B

FIGURE 13-24. A: Axial T1-weighted image of normal kidneys
demonstrates distinct corticomedullary boundaries. The cortex (arrow)
and medulla (m) are labeled. The lumina of the inferior vena cava (i)
and aorta (a) are devoid of signal. The liver (L), gallbladder (g), and
pancreatic head (p) are clearly delineated. B: Axial T2-weighted image
of the same patient shows that increased signal intensity in the renal
medulla has eliminated corticomedullary contrast.
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urine, a relatively pure fluid, account for the small amount of
signal. These structures demonstrate marked increases in signal
intensity on T2-weighted images.

The renal arteries and veins, aorta, and inferior vena cava
are depicted as round or tubular structures, depending on
the plane of section. They lack an intraluminal signal when
blood flow is normal in pattern and velocity (63). The nor-
mally rapid-flowing blood within these vessels can be demon-
strated as high signal with the use of GRE and angiographic
techniques.

The perirenal fat, with short T1 and long T2 values, pro-
duces a signal of very high intensity on T1-weighted images.
The adrenal glands, surrounded by fat, are visible as bilobed
structures, the normal width of their limbs approximating that
of the ipsilateral diaphragmatic crura. On T1-weighted images,
the adrenal cortex appears to have a higher intensity than the
adrenal medulla. The differentiation among adrenal cortex,
medulla, and adjacent fat is not as well appreciated on T2-
weighted images (64).

The perirenal fascial planes, composed chiefly of fibrous
tissue of short T2 value, appear as linear structures of low signal
intensity on both T1- and T2-weighted images. The striated
paraspinous musculature is of low to medium signal intensity
on T1-weighted images, and the signal markedly decreases on
T2-weighted images.

The medullary portions of the vertebral bodies appear to
have fairly high signal intensity on T1-weighted images because
of the prominent fat within the bone marrow. The cortical bone
does not produce a MRI signal; this type of bone lacks mobile
protons and appears as a region of signal void conforming to
expected skeletal contours.

Use of Contrast Media

The only intravenous contrast materials in widespread use for
MRI are gadolinium (Gd) chelates. Gd DTPA (gadopentetate
dimeglumine), an ionic compound, was the first agent used.
Recently, several nonionic Gd compounds also have become
available. In distinction to the iodine compounds used in CT,
both ionic and nonionic Gd agents are associated with compa-
rably low incidences of allergic reactions. The Gd compounds
are filtered at the glomerulus and are neither reabsorbed nor
secreted. They parallel iodinated contrast material in their pat-
tern of initial intravascular and subsequent extracellular space
distribution and their pattern of excretion. The kidney con-
centrates them as water is reabsorbed. Gd is paramagnetic,
and it shortens both the T1 and T2 values of the tissue in
which it is distributed. The relative effect on T1 and T2 de-
pends on concentration; T1 is predominantly affected at low
concentrations, and T2 at high concentrations. Gd administra-
tion causes renal cortical signal to enhance immediately after
intravenous administration. Gd is excreted into the collecting
system and renal pelvis within approximately 60 seconds af-
ter administration. At first the medullary signal is increased
as relatively dilute Gd shortens urine T1 values. As progres-
sive concentration occurs, T2 shortening becomes more im-
portant, and medullary and collecting structures emit a weaker
signal. In sequential rapid-sequence MRI, a band of bright sig-
nal enhancement seems to sweep through the kidney from pe-
ripheral cortex to central medulla, followed by a band of sig-
nal loss as Gd is concentrated (65). The loss of concentrating
ability owing to ureteral obstruction has been demonstrated
with Gd in experimental settings and has been observed clin-
ically (25,66–68). Gd contrast agents also can be used to at-
tempt tissue characterization in patients with suspected renal
cysts, and they can assist in delineating renal masses by doc-
umenting differential mass-normal parenchymal enhancement
(69,70).

FIGURE 13-25. Axial T1-weighted image in a patient with hy-
dronephrosis. Corticomedullary contrast is lost, and parenchymal at-
rophy has developed. The dilated renal pelvises (P) are labeled.

Congenital Variants of Renal Anatomy

The ability of MRI to generate images in multiple planes facil-
itates evaluation of anomalies in renal morphology, position,
and number. Magnetic resonance imaging is particularly at-
tractive for examining pediatric patients with suspected renal
anomalies because no ionizing radiation is used and no exoge-
nous contrast agents are required.

Obstructive Disease

The ureteral, pelvic, and calyceal dilatation caused by distal ob-
struction is easily appreciated on transaxial, sagittal, or coro-
nal MR images. In addition to the site and possible cause of
ureteral obstruction, the duration of ureteral obstruction can
be assessed. Acute obstruction does not affect the visibility of
the kidney’s corticomedullary junction; long-term obstruction
leads to loss of this boundary on T1-weighted images (71).
Chronic obstruction also may cause detectable parenchymal at-
rophy (Fig. 13-25). Loss of renal concentrating ability owing to
ureteral obstruction can be demonstrated with GRE sequences
and intravenous Gd agents (68). Recently, MR urography using
heavily T2-weighted images has been shown to be accurate in
detecting obstruction and in almost half of cases is able to sug-
gest the underlying pathology (72). Another study found that
perirenal fluid was seen in 87% of acutely obstructed kidneys
(73).

Nephrolithiasis

Renal stones do not produce a signal on MRI because they lack
mobile protons. Calculi may be detected as sites of signal void
within the renal parenchyma, collecting system, or ureters.

Inflammatory Disease

On T1-weighted images, acutely inflamed kidneys may show
loss of corticomedullary distinction, perhaps caused by
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FIGURE 13-26. Axial T1-weighted image with fat suppression of a
hemorrhagic cyst. The signal from subcutaneous and intraabdominal
fat has been suppressed, but the hemorrhagic left renal cyst (C) remains
of high signal intensity.

cortical T1 lengthening associated with intrarenal edema. In-
flammatory disease may produce diffuse or focal areas of ab-
normal signal intensity. Perirenal edema may produce a de-
crease in signal intensity of surrounding fat; thickening of the
renal fascia often accompanies inflammation. Renal abscesses
appear as well-defined nonlobar fluid collections of variable
signal intensity; a high-protein content in abscess fluid causes
T1 shortening and produces high signal intensity. Areas of in-
flammation and abscess cavity walls demonstrate enhancement
after Gd administration.

The T2-weighted images of inflammatory disease may
demonstrate areas of increased signal within the renal
parenchyma, corresponding to edema and inflammatory reac-
tion. Extension into the surrounding fat is best demonstrated
by fat-saturation techniques. Abscesses appear as well-defined
collections of bright signal. Foci of gas within an abscess appear
as signal voids on all sequences.

Cystic Disease

Magnetic resonance imaging demonstrates uncomplicated re-
nal cysts as localized and clearly delineated round structures of
low signal intensity on T1-weighted images. Simple cyst fluid
has long T1 and T2 values, and it is bright in signal intensity
on T2-weighted images. Magnetic resonance imaging can be
used in a similar way as CT in cyst diagnosis, because cysts do
not enhance after administration of Gd.

Cysts complicated by infection or hemorrhage vary in sig-
nal strength on T1-weighted images; high signal intensity is
associated with elevated protein content and the presence of
blood degradation products. Although signal intensity varies
with the stage of the hemorrhage on both T1- and T2-weighted
images, blood degradation products are generally bright on T1-
weighted images. Differentiation of hemorrhagic cysts from
lipomatous masses can be accomplished with fat-saturation
techniques (Fig. 13-26).

The walls of complicated cysts may be thick. Calcific foci
within cyst walls can be detected as sites of signal void (74).
Cysts varying tremendously in size and signal intensity on
T1-weighted images replace the kidneys in polycystic disease
(Fig. 13-27).

Vascular Disease

Parenchymal atrophy caused by chronic vascular insufficiency
may be detected on MR images. In addition, aortic and renal
artery aneurysms or stenosis, renal arteriovenous malforma-
tions, and renal venous thrombosis can be demonstrated. The
renal vessels are readily evaluated by spin echo MRI because
their lumina, lacking signal in the presence of normal blood
flow patterns, are easily distinguished from the surrounding
tissue. GRE techniques and MRA also can be used to assess
the aorta and renal vessels, and in many cases are as diagnostic
as and have replaced conventional angiographic studies (75).

Various MR imaging techniques are available to assess
patients for renal artery stenosis: noncontrast two- or three-
dimensional time of flight or phase contrast, with or with-
out gadolinium. All these techniques do come with limita-
tions, but the three-dimensional gadolinium-enhanced is the
preferred technique (76–78) (Fig. 13-28). The sensitivity and

A B

FIGURE 13-27. A: Axial T1-weighted image of adult polycystic disease. Multiple cysts of varying sizes and
signal intensities replace the renal parenchyma bilaterally. B: Axial T2-weighted image with fat suppression
of the same patient. The cysts are all of high signal intensity and are more conspicuous because of greater
contrast with adjacent tissues.
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A B

FIGURE 13-28. Magnetic resonance angiogram of left renal artery stenosis. A: Coronal GRE T1 image
obtained during the arterial phase of contrast enhancement demonstrates significant narrowing of the
proximal left renal artery just beyond its origin (arrow). B: The patient underwent subsequent conventional
angiography with stent (arrow) placement for treatment.

specificity using this technique range from 91% to 100% and
71% to 100%, respectively (76–81). Magnetic resonance an-
giography allows accurate evaluation without the risks asso-
ciated with nephrotoxic contrast agents, ionizing radiation, or
arterial catheterization.

In the evaluation of donor nephrectomy patients, MRA and
MR urography have been shown to be as accurate as the con-
ventional angiographic and urographic studies (82,83). The
overall accuracy in detecting renal artery number by MRA is
90%.

Magnetic resonance imaging can demonstrate arterial dis-
sections with intimal flaps appearing as linear structures of
medium signal intensity within the dark vascular lumina on
T1-weighted images. Slow blood flow often produces signal
within the false lumen of an affected vessel, allowing visual
distinction of true from false channels. GRE techniques can
demonstrate the intimal flap as a low-signal-intensity structure
within the bright signal associated with both flowing and sta-
tionary blood.

Evaluation of Patients with Renal Failure

Demonstration of detailed renal morphology by MRI does not
require the use of exogenous contrast agents. This fact gives
MRI a theoretical advantage over CT in evaluation of patients

FIGURE 13-29. Axial T1-weighted image of a patient with acute
glomerulonephritis. The kidneys are enlarged, and corticomedullary
differentiation is lost. These findings reflect intrarenal edema.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-13 Schrier-2611G GRBT133-Schrier-v4.cls July 10, 2006 21:59

388 Section II: Clinical Evaluation

A B

FIGURE 13-30. A: Axial T1-weighted image of a normal renal allograft demonstrates a very distinct
interface between the renal medulla with low signal intensity (m) and the renal cortex with high signal
intensity (c). The renal outline is very clearly delineated from the surrounding fat and adjacent psoas
muscle (p). B: Axial T1-weighted image of a renal allograft (k) undergoing acute rejection. The kidney is
enlarged, and corticomedullary differentiation is lost.

with renal failure. In addition, if contrast agents are desired to
assess concentrating ability, Gd chelates have markedly lower
incidences of renal toxicity than iodinated contrast media.

In patients with acute glomerulonephritis, MR images show
swollen kidneys. Signal intensity is variable, depending on
the degree and pattern of tissue edema. The corticomedullary
boundary is lost on T1-weighted images (Fig. 13-29). This
finding is nonspecific; a variety of pathologic states, includ-
ing nephrotic syndrome, inflammation, renal vein thrombosis,
and intrarenal hemorrhage, can cause loss of corticomedullary
differentiation.

A B

C

FIGURE 13-31. A: Axial GRE T1-weighted.
B: Coronal FSE T2-weighted images of an angiomy-
olipoma (∗) seen as a predominantly high signal mass
representing fat. C: Axial T2-weighted sequence
with fat suppression demonstrates signal loss in this
fat-predominant angiomyolipoma (∗).

Evaluation of Renal Transplants

Magnetic resonance imaging may offer helpful information
regarding the differential diagnosis of posttransplantation re-
nal failure. The transplanted kidney undergoing rejection ap-
pears swollen in contour and shows no visible corticomedullary
junction on T1-weighted images (Fig. 13-30). Associated in-
flammation may cause peritransplant fluid collections, a de-
crease in the signal intensity of the surrounding fat, and
an increase in the signal intensity of the underlying psoas
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FIGURE 13-32. A: Axial T2-weighted. B: Coronal T1-weighted image of lymphoma (arrow) involving
the right kidney causing hydronephrosis (h) and invading the right psoas muscle (∗).

A B

FIGURE 13-33. A: Axial proton density image of a renal cell carcinoma. The large tumor (T) arises from
the right kidney and abuts the liver (L), raising suspicion of direct hepatic invasion. The inferior vena cava
(i) and aorta (a) demonstrate normal signal voids. B: Sagittal T2-weighted image of the same patient. The
relationship of the tumor (T) to the remainder of the right kidney (K) is well seen, and a clear interface
between tumor and liver (L) is present; therefore, this is a stage II lesion, not stage IVA, as was suspected
from the axial image.

FIGURE 13-34. Axial T1-weighted image of a renal cell carcinoma
after fat suppression and Gd DTPA administration. The left renal tu-
mor enhances, but less dramatically than the adjacent normal renal
parenchyma.

FIGURE 13-35. Axial GRE image of a renal cell carcinoma. The gra-
dient echo technique displays the rapidly flowing blood in the inferior
vena cava (I) and aorta (A) as bright signal. Tumor thrombus (arrows)
can be identified clearly extending into the left renal vein and inferior
vena cava. The left renal cell carcinoma (T) is not visualized optimally
by this technique.

389
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A B

C D

E

FIGURE 13-36. Magnetic resonance angiography and urography of
left UPJ obstruction secondary to an accessory left renal artery. A:
MRA demonstrating main renal arteries (black arrows) and bilateral
accessory renal arteries (white arrows) which are supplying the lower
poles of the kidneys. B: The accessory left renal artery (arrow) crosses
anterior to the UPJ causing obstruction with a dilated renal pelvis (p).
C–E: Coronal T1-weighted images 1, 5, and 10 minutes after contrast
injection demonstrate normal excretion on the right side (arrow) and
delayed excretion on the left side with lack of contrast in the ureter up
to 10 minutes (h, dilated calyx, P, dilated renal pelvis).
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muscle on these sequences. The renal allograft affected by acute
tubular necrosis (ATN) may be normal in appearance or may
show signs of edema. Corticomedullary boundaries may be lost
and renal contours may be swollen. The T1-weighted images of
a renal transplant affected by cyclosporine toxicity will often be
normal in appearance with a distinct corticomedullary border
(84,85). MRI can assess postoperative mechanical complica-
tions, including ureteral obstruction, arterial or venous steno-
sis, and peritransplant lymphoceles or abscesses. Magnetic res-
onance angiography can be used to evaluate the allograft vas-
culature, both arterial and venous, and may be superior to
conventional angiography in this regard.

A fairly large degree of overlap, however, is found in the
MRI manifestations of ATN, cyclosporine toxicity, and acute
rejection, especially if mild. Images can only be interpreted ac-
curately in correlation with detailed clinical data.

Renal Tumors

The MRI appearance of angiomyolipomas depends on the
amount of fat, smooth muscle, and vessels within the lesion.
Angiomyolipomas composed predominantly of fat have in-
creased signal intensity on T1- and T2-weighted images similar
to the surrounding fatty structures and demonstrate loss of sig-
nal on the fat suppression sequences (Fig. 13-31).

Renal lymphoma on MRI can be seen as focal parenchymal
masses, a diffuse infiltrative pattern, or an invasion by con-
tiguous retroperitoneal disease. Renal lymphoma is typically
low to intermediate in signal intensity on T1- and T2-weighted
sequences (Fig. 13-32). Lymphomas are hypovascular tumors
and demonstrate diminished and heterogeneous enhancement
compared to normal renal parenchyma (89).

On MRI renal cell carcinomas appear as masses that dis-
tort renal contours or alter intrarenal architecture (Fig. 13-33).
These tumors demonstrate variable signal on both T1- and T2-
weighted images. The most common appearance is a heteroge-
nous mass of low to intermediate signal on T1-weighted images

A B

FIGURE 13-37. Magnetic resonance imaging and MRU of bilateral ureteric TCC resulting in bilateral
hydronephrosis. A: Coronal T1-weighted image post contrast demonstrating chronic obstruction resulting
in an atrophic right kidney (R) with delay of contrast excretion compared to the left (L). B, bladder. B:
Coronal T2-weighted image inferiorly demonstrating TCC, seen as filling defects (arrows) within both
distal ureters, causing bilateral ureteral dilatation. B, bladder.

that increases in signal intensity on T2-weighted images (64).
Renal cell carcinomas are vascular lesions and demonstrate en-
hancement with Gd agents. They often have tortuous tumor
vessels; multiplanar MRI clearly demonstrates retroperitoneal
feeding arteries and collateral veins (46,86–88).

Magnetic resonance imaging has been shown to be compa-
rable to CT in diagnosing and staging renal cell carcinomas
(86). Because of greater spatial resolution, CT is superior to
MRI in detecting small lesions, and MRI has not been used
as a screening tool in patients with hematuria (86,90). How-
ever, MRI has been shown to be more accurate than CT in
tumor staging (91,92). Magnetic resonance imaging is particu-
larly beneficial because it offers easy evaluation of the patency
of the renal veins and inferior vena cava (Fig. 13-33), has the
potential to delineate perivascular lymphadenopathy, and can
demonstrate the presence or absence of extension of tumor into
adjacent organs. T1-weighted images facilitate differentiation
of lymph nodes from perirenal and peripelvic fat. Gd-enhanced
images and T2-weighted images, with higher signal-to-noise ra-
tios, can better define tumor boundaries (Fig. 13-34). Sagittal
images are of particular use in the evaluation of possible ex-
tension of tumor into the liver or spleen and the assessment
of the superior extent of tumor thrombus in the inferior vena
cava. The fact that iodinated contrast material is not required
for evaluation of intravenous or perivascular tumor extension
or primary tumor visualization is advantageous, especially in
patients with compromised renal function (Fig. 13-35).

Magnetic resonance urography (MRU) can be used to assess
the collecting system in patients with a contraindication to io-
dinated contrast CT (93). Assessment of the collecting system
can be performed without the addition of intravenous contrast
(T2-weighted sequences) or contrast can be utilized to deter-
mine the degree of obstruction and functionality of the affected
kidney (Figs. 13-36 and 13-37).

Functional applications of MRI of the kidneys have been
investigated, such as early studies on the evaluation of renal
perfusion by quantifying flow rate with phase contrast tech-
niques (94). Captopril-sensitized dynamic MR imaging of the
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kidney also has been investigated in patients with renovascular
hypertension (95).

COMPARISON OF COMPUTED
TOMOGRAPHY AND MAGNETIC

RESONANCE IMAGING

Both CT and MRI provide images of superb anatomic detail.
Computed tomography is superior for reliable detection of cal-
cified or fatty structures. Magnetic resonance imaging provides
more sensitive tissue-contrast resolution, better assesses the re-
nal vasculature, offers directly obtained multiplanar images,
and does not require the use of exogenous contrast agents.
Both modalities continue to undergo technical advances that
improve their ability to assess renal pathology. Because CT ex-
aminations are currently easier and less expensive to perform,
they are more commonly used in the evaluation of renal and
perirenal disease. Magnetic resonance imaging remains primar-
ily an adjunct to CT in most clinical situations requiring renal
imaging.
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CHAPTER 14 ■ DIAGNOSTIC AND
THERAPEUTIC ANGIOGRAPHY
OF THE RENAL CIRCULATION
CHRISTOPHER S. MORRIS AND JEFFREY M. RIMMER

The introduction of new radiologic techniques has broadened
the definition of angiography to include a wide variety of pro-
cedures that depict the renal vasculature. During the past two
decades, numerous technologic advances have led to changes
in the methods of contrast-medium administration, detection
of x-rays, evocation of radiofrequency signals and the pro-
cessing of information from tissue to create images. These ap-
proaches have lead to the use of digital angiography, magnetic
resonance angiography (MRA) and computed tomography an-
giography (CTA) as the most common techniques for clini-
cal demonstation of vascular anatomy (Fig. 14-1). Computer
manipulation and archiving of these studies also is leading to
a revolution in the logistics of analysis, storage, and distri-
bution of imaging procedures. Computed tomography (CT),
magnetic resonance imaging (MRI), ultrasonography, and to
some extent radionuclide scanning and serologic testing have
greatly reduced the role of angiography in the examination
of renal parenchymal disease. These procedures almost have
eliminated the use of angiography in the investigation of mass
lesions, renal venous disease, and vasculitis. At the same time,
there has been renewed interest in the role of renovascular dis-
ease in hypertension and progressive renal insufficiency (1–3).
The majority of renal angiograms now are directed toward
the detection of renal vascular abnormalities and the facili-
tation of their treatment by percutaneous transcatheter tech-
niques. Appropriate utilization of these procedures requires an
understanding of their capabilities and the risks associated with
them.

ANGIOGRAPHIC ANATOMY

In most cases, the renal arteries originate from the lateral as-
pect of the abdominal aorta at the level of the L1–L2 inter-
space, with the left renal artery slightly higher than the right.
The ostium of the left renal artery usually is located off the left
lateral or posterolateral aspect of the aorta, whereas the right
is at the right lateral or anterolateral aspect (4). Because of this,
flush abdominal aortography is often performed in the antero-
posterior (frontal) as well as the slight left anterior oblique
radiographic projections to best profile the ostia. Multiple (du-
plicated or accessory) renal arteries are common (Fig. 14-2).
They are unilateral in 32% of individuals and bilateral in 12%
(5). Approximately 10% of multiple arteries are accessory ar-
teries, a term usually applied to small vessels that generally
supply a single pole of the kidney, and 20% are aberrant arter-
ies that perfuse larger portions of the kidney but have atypical
origins. Accessory renal arteries usually arise from the antero-
lateral aspect of the infrarenal aorta, whereas aberrant arter-
ies can arise from the thoracic and upper abdominal aorta, as

well as the iliac, lumbar, and mesenteric arteries (4,6). As many
as seven renal arteries have been observed, but the number
seldom exceeds four, and the presence of more than four of-
ten is associated with an anomaly, such as a horseshoe kid-
ney or crossed-fused ectopia. The main renal artery separates
into anterior and posterior divisions near the renal hilus, with
these running anterior and posterior to the renal pelvis (Fig.
14-3). Usually, the posterior division supplies the posterior seg-
ment, and the anterior division further divides into the apical,
upper, middle, and lower segmental arteries (4). In 20%
of kidneys, the posterior division supplies the apical (up-
per pole) and posterior segments (7). The segmental arter-
ies then subdivide into lobar arteries, which in turn branch
to become interlobar arteries. These arteries course between
the pyramids and the cortical columns. Each lobar artery
subtends one renal pyramid. At the corticomedullary junc-
tion, the interlobar arteries divide dichotomously into arcu-
ate arteries, and these terminate in the interlobular arteries
that supply the afferent arterioles to the glomeruli. Angio-
graphic resolution usually is limited to the level of the arcuate
arteries.

Alternative arterial pathways become apparent with grad-
ual occlusion of the main renal artery, which exploit both po-
tential intrarenal and extrarenal collaterals. Within the kidney,
anastomoses may exist among segmental, interlobar, and arcu-
ate arteries (8). Collateral flow to the kidney arises from the
lumbar, adrenal, gonadal, or subcostal arteries, which anas-
tomose with the peripelvic, periureteric, and renal capsular
arteries (9,10). These anastomotic channels may enlarge and
maintain viability of the kidney with chronic obstruction of
the renal artery. The reconstituted hilar vessels, as well as the
main renal artery distal to an occlusion, often can be visualized
by aortography in this setting (Fig. 14-4).

The intrarenal venous drainage system generally parallels
the arterial vascular pattern, although multiple intrarenal ve-
nous anastomoses are present. In addition, numerous poten-
tial retroperitoneal and lumbar venous collaterals are present
that may become apparent in renal venous occlusive disease,
more frequently on the left than the right. Valves are observed
on 15% of renal venograms (11). The right renal vein is 2 to
4 cm long and joins the inferior vena cava at the level of the
first lumbar vertebral body. Multiple right renal veins have been
reported in 28% of subjects (11). The left renal vein is much
longer than the right and courses anterior to the aorta and pos-
terior to the superior mesenteric artery to join the inferior vena
cava slightly higher than the right. An anomalous left renal
vein runs posterior to the aorta and joins the lower inferior
vena cava or iliac vein in 3% of individuals (12). If this vein is
single, it is known as a retroaortic left renal vein. It also may be
an accessory vein, whereby it is known as a circumaortic left
renal vein.
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FIGURE 14-1. Digital subtraction aortography and computed tomographic angiography demonstrating
bilateral renal artery stenoses in a 79-year-old man with hypertension and renal insufficiency. Axial (A) and
coronal (B) CT angiography reconstructed images demonstrating bilateral renal artery stenoses. Prestent
dilatation (C) and poststent dilatation (D) digital subtraction aortograms on the same patient.

FIGURE 14-2. Multiple renal arteries on a conven-
tional flush aortogram. Two normal renal arteries
are seen on the right (thick arrows), and three renal
arteries, on the left (thin arrows).
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FIGURE 14-3. Manual subtraction conventional arteriogram showing
normal renal arterial anatomy. The anterior division (straight arrow)
and posterior division (curved arrow) of the main renal artery are seen.
Distal to these are the apical segmental artery (open arrowhead), lobar
artery (U-shaped arrow), interlobar artery (small arrow), and arcuate
arteries (smallest arrows).

ANGIOGRAPHIC CONTRAST
MEDIA

Virtually all iodine-containing contrast media in clinical use are
triiodinated derivatives of benzoic acid. The prototypic con-
trast agent, sodium diatrizoate (Hypaque), was developed in
1955 and is the sodium salt of a monomeric, triiodinated sub-
stituted benzoic acid (13). This agent and several others that
followed are all salts, and have osmolalities in solution from
1,400 to 2,300 mOsm/kg water when infused in concentra-
tions that reliably opacify vessels (14). As salts, these chemi-
cals are highly water soluble, and in high concentrations they
provide excellent x-ray attenuation. However, their high osmo-
lality, and possibly their charge, may be related to a number
of their toxic properties, now well described (see the subse-
quent section, Adverse Effects of Iodinated Contrast Media). In
1969, Almén reported the first clinical use of nonionic contrast,
metrizamide (Amipaque) (15). He postulated that the substitu-
tion of a nonionic hydrophilic moiety for the carboxylic acid
on available contrast agents would permit an equal amount
of iodine to be infused in a solution of lower osmolality, thus
reducing adverse reactions. Metrizamide was predominantly

used for myelograms, but a number of other nonionic me-
dia appropriate for vascular studies were subsequently syn-
thesized. As predicted, these agents, as used, have osmolalities
of about 600 mOsm/kg water and are better tolerated than the
earlier ionic agents (16). There now are other low osmolar iod-
inated contrast agent classes, which include ionic dimers, such
as ioxaglate, and true isosmolar agents, such as iodixanol, a
nonionic dimer.

Hawkins first described the use of carbon dioxide (CO2) as
an alternative arterial contrast agent in 1971 (17). Its clinical
utility was modest until image quality was enhanced by the
availability of digital subtraction techniques (Figs. 14-5 and
14-6) (18). In comparison with iodinated contrast agents used
for abdominal arteriograms, 91% of the CO2 studies were
judged to be of good or excellent quality (19). Diagnostic agree-
ment was found between 95% of studies with CO2 and iod-
inated contrast media, and the findings of CO2 studies were
confirmed at surgery 92% of the time.

CO2 rapidly dissolves in body fluids and then is excreted by
the lungs. It has been found to be safe when used as a contrast
agent in humans (17,19), and animal experiments generally
have confirmed this safety with little or no direct tissue toxicity.
Studies in dogs have shown the potential for ischemic damage
owing to “vapor lock” or the transient obstruction of blood
flow by gas in vessels superior to the point of injection (20). In
humans, this phenomenon has rarely produced mesenteric is-
chemia (21). For this reason, CO2 studies should be performed
only with injections that do not permit access to the cardiac
and cerebral circulations. Overall, there has been little nephro-
toxicity and no potential for idiosyncratic reactions when CO2
is used as the contrast agent.

Gadolinium-based agents (gadopentetate dimeglumine), de-
veloped for contrast-enhanced MRI, also have been used as
contrast agents for x-ray angiography in the setting of renal in-
sufficiency (22–27) with the hypothesis that this would reduce
nephrotoxictiy. When used in concentrations that provide x-
ray attenuation equal to a dose of iodinated contrast there is
little difference in osmolality (28).

Sequential use of different contrast agents is also reported.
Typically carbon dioxide is used as the media for initial survey
while small doses of iodine or gadolinium containing contrast
are reserved for situations requiring more detail (29,30).

COMPLICATIONS OF
ANGIOGRAPHY

Death

Death directly attributed to arteriography is rare. The overall
death rate in a report of conventional arteriography that ex-
cluded cardiac and cerebral studies was 30 deaths in 91,776
studies, or 0.03% (31). Death rates in more recent but smaller
and more specialized studies have ranged between 0% and
0.7% (32,33).

Adverse Effects of Iodinated Contrast Media

The adverse consequences associated with iodinated contrast
media usually are divided into idiosyncratic reactions: (a) those
phenomena often termed allergic and (b) the toxic effects of the
pharmaceuticals. Either of these categories of problems may
present with localized or systemic manifestations. Reactions
generally are considered mild and require no specific treat-
ment. Regardless of the mechanism, the reported frequency of
contrast medium-induced death is very low. A review of seven
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FIGURE 14-4. Chronic occlusion of a dupli-
cated left renal artery developing over 2 years.
Panels A and B show aortograms of a 65-
year-old man (who was noted to be hyperten-
sive) scheduled for repair of an aortic aneurysm.
The initial aortogram shows a patent lower left
renal artery (curved arrows) and a proximal
stenosis. The lower pole nephrogram is normal.
(continued)

reports of complications associated with urography using ionic
contrast agents between 1972 and 1982 showed death rates
that ranged from 0.001% to 0.006% (34). More recently, a
report of the complications of intravenous ionic and nonionic
contrast media described no contrast medium-related deaths
after 337,647 administered doses (35).

Idiosyncratic complications include features typically at-
tributed to allergic mechanisms. Despite this, there is little
evidence that these events involve antibody–antigen interac-
tion; therefore, they are properly termed anaphylactoid. Non-
immune causes include the possibility of chemically induced
mast cell degranulation and toxic activation of complement
as well as coagulation and fibrinolytic systems (36). Minor
reactions include rash and limited urticaria. A severe reac-
tion may include angioneurotic edema, laryngospasm, bron-
chospasm, or hypotension and may progress to life-threatening
respiratory failure with cardiovascular collapse. The majority

of these reactions are unanticipated, although they are more
frequent in persons who have had previous reactions to con-
trast agents, or have a history of allergy, particularly those who
have asthma (35). Overall, the incidence of severe reactions is
quite low, reported to be between 0.1% and 0.02% during
intravenous urography with ionic contrast media (34). In a
large study comparing the intravenous use of ionic and non-
ionic contrast media, severe reactions were reported in 0.22%
of examinations with ionic media and 0.04% with nonionic
contrast agents. Very severe events were uncommon, with 63
occurring among 169,284 examinations with ionic contrast
media and six among 168,363 studies with nonionic contrast
media (35). Although adverse responses to contrast media are
reduced by the use of nonionic agents (37), their substantially
greater cost has created questions about when their use is ap-
propriate (38,39). At present, nonionic contrast media usu-
ally are reserved for patients who have an increased risk for
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FIGURE 14-4. (Continued) Panels C and D show
aortograms obtained 2 years after aneurysm re-
pair. They demonstrate that the lower pole artery
is now occluded, and the lower pole of the kidney
is perfused by collateral arteries (arrow). The up-
per pole artery is still patent (open arrow), and late
films show opacification of the lower renal artery
distal to the occlusion (thick arrow).

reactions. The utility of other prophylactic measures is unclear.
Premedication of such patients with corticosteroids and H1
histamine blockers in various regimens generally is accepted
as useful (37,40). Discontinuation of β-blockers, and prestudy
administration of H2 histamine blockers and ephedrine, also
has been advocated.

Among toxic reactions, the most common, potentially se-
vere complication is acute renal failure (see Chapter 45 in this
text) (41). There is no doubt that iodinated contrast media can
transiently reduce renal function. Questions persist about the
frequency of this complication, the characteristics of iodinated
contrast that contribute to toxicity, and how it may best be

avoided. Numerous reports have identified underlying renal in-
sufficiency as a major risk factor for contrast medium-induced
acute renal failure (41,42). The importance of other putative
risk factors, such as diabetes mellitus with normal renal func-
tion, dose of contrast medium, old age, or multiple myeloma,
remains controversial (41).

The best approach to minimize contrast-medium toxicity
is careful consideration of the utility of the proposed exami-
nation and avoiding studies that are not clinically significant.
When a study is of critical importance there are essentially
no absolute contraindications to contrast-medium adminis-
tration.
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A B

FIGURE 14-5. Intraarterial digital subtraction renal arteriography flush aortogram obtained with CO2
as contrast medium and a selective renal arteriogram performed with iodinated contrast. A: Detection
of bilateral renal artery stenosis (arrow) using CO2. B: Subsequent selective left renal angiogram with
iodinated contrast confirms the initial interpretation.

Recommendations to reduce the incidence of acute renal
failure include the use of parenteral volume expansion, prior to
the procedure, with hypotonic (43) or isotonic saline (44) and
more recently sodium bicarbonate (45). The use of nonionic
and low osmolar or isosmolar iodinated contrast in the low-
est possible dose (46), or the substitution of gadolinium based
contrast or CO2 is also advocated (30). Protocols using
the antioxidant n-acetylcysteine have been widely explored
(47–54). Administration of numerous other pharmocologic
agents including loop diuretics, mannitol (43), dopamine (55),
fenoldopam (56), theophylline (57–59), atrial naturetic peptide
(ANP) (60), calcium channel blockers (61,62), endothelin re-
ceptor blockers (63), and converting enzyme inhibitors have
been studied (64,65). Hemodialysis (66,67) and hemofiltra-
tion (68) performed around the time of contrast administration
have also been investigated. With the exception of volume ex-

pansion, the value of most of these procedurers is debateable.
The use of n-acetylcesteine has been accepted because of the
possibility of benefit, low cost, and little associated risk. The use
of the smallest dose of low or isosmolar iodinated contrast also
has become routine in the setting of reduced renal function (69).

Many other adverse effects have been attributed to iodi-
nated contrast agents, including cardiotoxicity (70), seizures
(71), parotid (72) and pancreatic swelling (73), hyperthy-
roidism (74), necrotizing vasculitis (75,76), and blistering skin
rashes (77). Most serious of these is cardiac toxicity with abnor-
malities in contractile function (78) and conduction (79,80),
which may be confused with a severe idiosyncratic reaction.
Common reactions include nausea, flushing, pain at the infu-
sion site, and thrombophlebitis. Most of these problems are
decreased by the use of nonionic, low-osmolality contrast me-
dia (35).

A B

FIGURE 14-6. Digital subtraction angiography obtained with CO2 as the contrast medium in a patient
with hypertension and renal insufficiency. A: Detection of bilateral renal artery stenoses. B: Poststent
dilatation of bilateral renal artery stenoses.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-14 Schrier-2611G GRBT133-Schrier-v4.cls July 10, 2006 22:2

400 Section II: Clinical Evaluation

Mechanical Complications

The most common serious systemic complication of arteriog-
raphy is atheroembolic disease secondary to the dislodgment
of material from ulcerated atherosclerotic plaques (cholesterol
crystal embolization) (see Chapter 70 in this text). This phe-
nomenon resulting in renal failure can occur during any in-
traarterial procedure performed proximal to the renal arteries.
The true incidence of this process is unknown because there are
no sensitive and specific tests for its presence. Its presentation
is highly variable, with distal cutaneous and musculoskeletal
signs being most common, but diffuse and severe visceral or-
gan damage may occur, including inexorable progression to
renal failure (41). Symptoms of atheroembolic disease may not
immediately follow arteriography, and the course can be re-
mitting or stuttering. These characteristics are likely to cause
underestimation of the incidence of the process, with some au-
thors reporting that it follows less than 0.5% of arteriographic
procedures (81,82). Autopsy series probably overstate the true
incidence of the disease to be about 25% of patients who have
had recent arteriograms, as the small group of patients who
died following the procedure is unlikely to be representative of
the large population that has undergone arteriographic study
(83). The process may be less frequent when an upper extremity
is used for arterial access, but beyond this, there are no effective
prophylactic or therapeutic measures.

Other serious complications appear to be uncommon
(84,85). In a previously cited study of aortic and peripheral vas-
cular studies, there was an overall complication rate of 1.9%
(31). Stroke with permanent neurologic deficit was reported
in 0.02% of 83,068 transfemoral examinations, myocardial
infarction in 0.02%, and cardiac arrest in 0.001% (31). Ar-
terial perforation with extravasation of contrast was noted in
0.44% of cases, an embolus of some form was seen in 0.10%,
and breaking of a wire or catheter in 0.10%. Minor puncture-
site hematomas are common, occurring in up to 10% of all
angiographic procedures. A major hematoma requiring trans-
fusion or surgical evacuation can be expected in 0.5% to 2.0%
of procedures (84–87). All other puncture-site complications,
including arterial dissection, arteriovenous fistula, or arterial
thrombosis, are seen in less than 1% of cases (85). It is likely
that more problems accompany puncture of the axillary artery
or vascular prostheses, but these approaches have been used
with acceptable complication rates (33,87).

IMAGE ACQUISITION
AND GENERATION

Conventional Arteriogram

Conventional arteriography is the standard for examination of
the renal artery and its major branches, and all newer proce-
dures are measured against it. It requires cannulation of the
aorta by a catheter inserted through a peripheral artery (88)
or, much less commonly, by direct puncture of the aorta. Con-
centrated iodinated contrast medium is injected into the upper
aorta (aortic flush) at a rapid rate through a pigtail or side-
hole catheter (Fig. 14-7) that has been positioned with the aid
of a guide wire. This opacifies the abdominal aorta and pro-
vides a full survey of all the renal arteries. Further injections
then are performed in different projections until the renal os-
tia are optimally visualized. If greater detail is required or an
intervention is planned, the pigtail catheter is exchanged for a
curved selective catheter that is directed into the renal artery
ostium (selective arteriography). Serial exposures are made
rapidly on radiographic film 14 inches by 14 inches, which

FIGURE 14-7. Catheters commonly used for renal angiography. On
the left is an inflated balloon angioplasty catheter, in the center is a
pigtail catheter typically used to perform the aortic flush, and on the
right is a curved catheter used to selectively cannulate renal arteries.

is fed through an automated film changer. Image quality is af-
fected by the patient’s characteristics, such as size, bowel prepa-
ration, motion, and ability to cooperate, and technical fac-
tors, such as positioning of the patient and choice of exposure
settings (89).

Because of the use of fine-grain film, conventional renal arte-
riography is able to provide images with high spatial resolution
(the ability to define two points in space) (90). Its drawbacks are
predominantly the requirements for arterial puncture, instru-
mentation of the abdominal aorta, and injection of full-strength
contrast medium. In addition, the time taken to develop films
is a handicap when the procedure is being used to guide inter-
ventions. The films, which are the sole visual record of a study,
are bulky, difficult to store, and difficult to distribute among
different sites of patient care.

Intravenous Digital Subtraction Arteriogram

Intravenous digital subtraction renal arteriography (DSA) re-
sults in a computer-generated visual representation of the re-
nal arteries (91). As in standard arteriography, radiographs are
used, but they are detected by electronic receptors (image in-
tensifier), and the response is stored by a computer. Data are
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collected from a baseline exposure (mask) before contrast
medium is given. These data sets are composed of attenua-
tion values that are determined for each point (pixel) within
the potential baseline image. A contrast agent then is adminis-
tered, usually into the right atrium through a catheter that has
been advanced from a puncture site in a peripheral arm vein.
Serial exposures are performed as the contrast medium passes
through the various phases of the renal circulation. To generate
an arterial image, the attenuation values at corresponding lo-
cations in the mask and arterial data sets are compared. If the
attenuation value at a pixel increases by an increment that sat-
isfies criteria within a computer algorithm, it is considered to be
a location opacified by the medium and the computer further
increases the density of that pixel. In this way, the faint opaci-
fication of the renal arteries that follows venous administra-
tion of contrast medium can be enhanced to produce an image
that resembles a conventional arteriogram. Contrast resolution
(the ability to distinguish a difference in density between two
points) with DSA techniques is superior to that provided by
conventional arteriography, but as in all electronically gener-
ated arteriograms, the much smaller number of points within
an image results in a loss of spatial resolution (90).

The same factors that influence the quality of conven-
tional arteriograms affect intravenous DSA. In addition,
because contrast medium opacifies all arteries simultaneously
after intravenous injection, all intraabdominal arteries are visu-
alized at the same time, which increases the risk that important
structures will be obscured by overlying arteries. The method
assumes that the anatomic structures represented at corre-
sponding pixels in the data sets are the same in the mask and
contrast-medium exposures, but between acquisition of the
two exposures there may have been patient motion or phys-
iologic movement of organs. The fidelity of the computer rep-
resentation is degraded at any pixel where anatomic structures
are not in identical positions at the time the compared expo-
sures are made. Delay in the arrival of contrast medium within
arteries may result in their inadequate opacification, making
the quality of studies poor in patients with reduced cardiac
output. These limitations make intravenous DSA most suitable
for examinations in which the loss of resolution is not critically
important, such as large arteries. Although in one study intra-
venous DSA was shown to have a sensitivity as high as 100%
and a specificity as high as 93% in detecting renal artery steno-
sis (92), other reports describe it as less accurate. In one large
series, studies were nondiagnostic in 37% of patients examined
(93). In addition, the results of intravenous DSA in the setting
of fibromuscular dysplasia have been disappointing (93,94).

The risks of DSA are the complications associated with
the administration of a large intravenous bolus of iodinated
contrast medium. The major advantage of intravenous DSA
is its potential for examining the renal arterial vasculature
without physically cannulating the arterial circulation. Like all
computer-generated studies, intravenous DSA is well suited for
inclusion in a computerized patient record or for simultaneous
viewing at multiple sites for consultation (95).

Intraarterial Digital Subtraction Angiography

Intraarterial digital subtraction angiography, obtained with
modern equipment, is now considered the imaging technique
of choice for diagnostic as well as therapeutic angiography.
The principles of image generation in intraarterial DSA are the
same as intravenous DSA. Intraarterial injection of contrast
medium improves digital subtraction studies in several ways.
Small amounts of medium can be used via the intraarterial
route, because minimal opacification of the vessel is required
to produce an image. Injection of contrast medium adjacent to
the artery of interest reduces the simultaneous filling of other

FIGURE 14-8. Intraarterial digital subtraction renal arteriography
performed in a potential kidney donor, demonstrating normal arterial
anatomy and the results achievable with this technique.

vessels, and delivery is prompt regardless of cardiac output.
Motion artifact is reduced substantially, because the interval
between mask and arterial opacification is shorter than when
intravenous DSA is used. With these changes, the images pro-
duced by intraarterial DSA (Fig. 14-8) compare favorably with
those produced by conventional arteriography in detecting ar-
terial disease (96,97). Although CTA and MRA have been re-
ported to have sensitivity and specificity approaching that of
intraaterial studies in the detection of renal artery stenosis (98),
intraarterial digital subtraction angiography is still felt to be su-
perior (99). The cost of the improvement in image quality is the
requirement for invasion of the aorta. The increase in risk with
aortic cannulation may be offset somewhat by the administra-
tion of lower doses of contrast and the use of smaller, poten-
tially less traumatic catheters. Intraarterial DSA is well suited
to support percutaneous therapeutic procedures because of the
rapid availability of images.

ANGIOGRAPHY OF SPECIFIC
CONDITIONS

The Aging Kidney

The arterial supply of the kidney has been shown to undergo
predictable changes with age. Arterial changes mimic the pat-
tern of arteriolar nephrosclerosis attributed to systemic hyper-
tension. The renal angiogram demonstrates earliest alterations
within the arcuate arteries. Cortical thinning occurs in con-
junction with increased tortuosity, rapid tapering, abrupt ter-
mination, and intraluminal plaques involving the arcuate and
interlobar arteries (Fig. 14-9) (100).

Atherosclerosis

Suspected atherosclerotic renovascular disease is the most com-
mon indication for renal arteriography. Signs of this disorder
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FIGURE 14-9. A nonsubtracted digital renal angiogram showing arte-
rial pruning, segmental occlusion (large arrow), atherosclerotic branch
stenoses (small arrows), and intraluminal plaque causing a filling de-
fect (open arrowhead). These findings are typical of those described in
the aging kidney and hypertensive nephrosclerosis.

include hypertension and renal insufficiency, either singly or in
combination. Most commonly, plaque extends from an aortic
site of the disease into the renal artery ostia or arises in the
proximal third of the renal artery (101). Typical atheroscle-
rotic narrowing is shown in Figs. 14-10 and 14-11. Bilateral
disease has been noted in 46% of patients (3). It is rare to find

atherosclerotic disease in a branch artery without narrowing of
the main renal artery (102). Lesions may be focal or diffuse and
soft or calcified. Stenoses may be concentric, but frequently are
eccentric, requiring multiple projections to accurately assess
the degree of luminal narrowing. Widely accepted characteris-
tics of a hemodynamically significant stenosis include a 50% or
greater reduction in luminal diameter, collateral vessels, post-
stenotic dilation, diminished kidney size, or a 15% reduction
in pressure measured across the lesion (102–104).

Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is an uncommon disorder of
large arteries of unknown etiology most frequently seen in
women (105,106). It is usually found in the renal arteries, but
can also affect the carotid and vertebral arteries of the neck,
mesenteric arteries, and large arteries of the extremities (107).
It is the second most frequent cause of all cases of renovascular
hypertension, and the most common cause of this disorder in
childhood (108,109).

Early classification resulted in six subtypes of FMD being
commonly recognized: intimal fibroplasia, medial fibroplasia,
medial hyperplasia, perimedial fibroplasia, medial dissection,
and adventitial fibroplasia (110). More recently, a simpler clas-
sification has been described that includes intimal, medial, and
periarterial subtypes. The medial subtype of FMD is by far the
most common, being diagnosed in 70% to 95% of all cases
(111). Angiographically, medial FMD appears as a “string of
beads” (Figs. 14-12 and 14-13), which consists of alternating
areas of stenosis and aneurysmal dilation. The other subtypes
may present as a focal stenosis, a long and smooth narrowing,
irregular stenoses, medial dissection with a false channel, or a
segmental stenosis. Often, fine, flow-limiting intimal webs are
present that are difficult to visualize angiographically.

When medial FMD involves the renal arteries, it is bilateral
in two-thirds of the cases and it involves branch arteries in 17%
of patients (106). Isolated branch artery stenoses are found only
4% of the time (106). Typically, the lesions involve the middle

A B

FIGURE 14-10. Atherosclerotic renal artery stenosis before and after percutaneous transluminal renal
angioplasty (PTRA). A: Semiselective intraarterial digital subtraction renal arteriography (DSA) shows a
severe proximal stenosis of the left renal artery. B: A “pull-back” intraarterial DSA obtained after PTRA
demonstrates improved luminal caliber and a typical intimal “fracture” (arrow).
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A B

FIGURE 14-11. Digital subtraction angiography demonstrating stent dilatation of an eccentric left renal
artery stenosis. These lesions respond less well to percutaneous transluminal renal angioplasty without a
stent. A: Prestent dilatation aortogram. B: Immediate poststent dilatation renal angiogram.

A B

C

FIGURE 14-12. Intraarterial digital subtraction renal arteriography
showing the results of percutaneous transluminal renal angioplasty
(PTRA) in medial fibromuscular dysplasia (FMD). A: The typical
“string of beads” appearance of medial FMD involving the distal
two-thirds of the main renal artery and the proximal portions of both
the anterior and posterior divisions. B: A safety wire (arrow) in place
in the posterior division before dilation of the anterior division. C:
Safety wires in both the anterior and posterior divisions after PTRA
as the results of the angioplasty are assessed.
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A B

C

FIGURE 14-13. Digital subtraction angiography of a 45-year-old
woman with severe hypertension and typical findings of fibromuscu-
lar dysplasia (medial fibroplasia type) of the right renal artery. A: Pre-
angioplasty aortogram shows beaded appearance of right renal artery.
B: Immediate postangioplasty angiogram shows successful dilatation.
C: Four-year follow-up aortogram shows normal appearance of right
renal artery.

or distal segments of the main renal artery and usually spare its
proximal or orificial portions, a pattern that differentiates this
disease from atherosclerosis (108). Atherosclerosis and FMD
may coexist in older patients.

Vasculitis

The vasculitides are classified according to the size and distribu-
tion of the arteries involved as well as clinical characteristics, in-
cluding various serologic markers (112,113). Any systemic vas-
culitis may include renal involvement, but polyarteritis nodosa,
Wegener’s granulomatosis, and systemic lupus erythematosus
most commonly affect the smaller vessels of the kidneys. The
findings in these disorders are indistinguishable angiographi-
cally. As shown in Figure 14-14, abnormalities most commonly
include microaneurysms and occlusions of the interlobular and
arcuate arteries (114,115). Irregularity of the cortical silhou-
ette secondary to small infarctions also may be demonstrated
on the angiographic nephrogram. The small aneurysms may
rupture, causing large intrarenal, subcapsular, or perinephric
hematomas.

Scleroderma, Radiation Nephritis,
and Arteriolar Nephrosclerosis

These disorders of diverse pathogenesis appear similar angio-
graphically (115). All three may result in narrowing and oc-
clusion of small arteries and arterioles. Occlusions of the inter-
lobular and arcuate arteries may be documented, but there are
no specific findings. The lack of small aneurysms distinguishes
these disorders from the vasculitides. Shrunken kidneys with
irregular cortical contours may be seen on the nephrogram

phase. Stenosis of a main renal artery also may be demonstrated
in the presence of malignant hypertension (116,117).

Acute and Chronic Renal Artery Occlusion

Acute renal artery occlusion may occur secondary to an em-
bolus or a traumatic medial dissection (115,118). Vasculitis
and thrombosis owing to antiphospholipid antibodies are rare
causes (119). Emboli may lodge in the main renal artery or its
bifurcation and cause an acute and complete thrombotic occlu-
sion. Acute embolic occlusion is angiographically differentiated
from an in situ thrombosis within a severe renal artery stenosis
by a lack of collateral vessels and normal or near-normal renal
size. Smaller emboli can be trapped within the intrarenal arter-
ies, where they may be identified as “filling defects” and abrupt
segmental occlusions with small segmental infarcts. Cholesterol
emboli have been reported to cause small intrarenal arterial
aneurysms that may simulate vasculitis (120).

Spontaneous dissection of the renal artery is rare and usually
associated with FMD, atherosclerosis, or blunt trauma (121–
123). The left renal artery often is involved in dissections that
extend from the abdominal aorta. In this setting, the false chan-
nel of the dissected aorta may perfuse the left kidney partly or
entirely, or it may become ischemic. Renal artery or branch
artery dissection compromising flow is an uncommon compli-
cation of balloon angioplasty (124). With this type of dissec-
tion, angiography may demonstrate a typical intimal flap that
can extend in a spiral fashion into the branch renal arteries. Of-
ten, only the false channel is opacified, showing a widened and
irregular contour. Both channels may also become occluded,
leaving no angiographic evidence of the underlying dissection
(102).

Renal artery occlusion is frequently associated with a high-
grade renal artery stenosis. Demonstration of the presence of
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A B

FIGURE 14-14. Typical findings of polyarteritis nodosa in an 18-year-old man presenting with hyperten-
sion. A: A lower-pole accessory artery injection demonstrates two focal aneurysms involving small arteries
(arrows). B: Injection of the upper pole artery shows a segmental artery occlusion (open arrow).

collateral blood flow to the kidney is common (125), and re-
constitution of the renal artery distal to the occlusion by aor-
tography (Fig. 14-4) suggests that revascularization is possible
and may improve renal function (126).

Aortic (Inflow) Stenosis

Flow to the renal arteries can be reduced by disorders af-
fecting the suprarenal or juxtarenal abdominal aorta. These

processes, which may clinically simulate renovascular disease,
include abdominal aortic coarctation, middle aortic syn-
drome, Takayasu’s aortitis, neurofibromatosis, radiation aor-
titis, FMD, and atherosclerosis. Congenital coarctation of the
aorta (Fig. 14-15) is the result of failure or incomplete fu-
sion of the primordial dorsal aortae (127), whereas, acquired
coarctation (the middle aortic syndrome) usually is triggered
by an inflammatory process (128) that may be associated with
many diseases, including inflammatory aortitis, atherosclero-
sis, and cystic medial necrosis. Angiographically, abdominal

FIGURE 14-15. Conventional aortography demon-
strates congenital abdominal coarctation extending into
both renal arteries (arrows) in a 7-year-old boy with
long-standing hypertension.
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aortic coarctation appears as a smooth segmental narrowing
or diffuse hypoplasia of the abdominal aorta that may involve
the renal arteries (129). The associated renal artery disease re-
sponds poorly to angioplasty (115).

Takayasu’s aortitis (aortoarteritis) is a granulomatous vas-
culitis that involves the thoracic and abdominal aorta and
its major branches and occurs predominantly among younger
women (130). It often affects the aortic arch and the arch ves-
sels, but it may be limited to the abdominal aorta (Fig. 14-16).
When the disorder is isolated in the abdominal aorta, its an-
giographic appearance mimics abdominal aortic coarctation.
Associated renal artery stenosis responds well to balloon an-
gioplasty (131,132).

Renovascular hypertension caused by neurofibromatosis is
usually confined to the pediatric population. At angiography,
smooth or nodular-appearing narrowed segments and saccu-
lar aneurysms are present. These changes may appear similar
to those seen in FMD, but neurofibromatosis is suggested by
involvement of the aorta and proximal renal artery, including
the orifices (102).

Radiation aortitis is most commonly a complication of ra-
diotherapy for pediatric retroperitoneal tumors, and often it
is associated with radiation osteitis of the lumbar spine. It
usually results in hypoplasia of the aortic segment and adja-
cent renal artery that were included in the radiation portal
(133).

A

C

FIGURE 14-16. Takayasu’s aortitis shown in the early, middle, and
late arterial phases of a conventional arteriogram. A: and B: Renal
and infrarenal aortic occlusions. C: The right kidney is shrunken (solid
arrows), whereas the left renal artery is reconstituted distal to an occlu-
sion (open arrowheads). The left capsular artery (thick arrow) provides
retroperitoneal collaterals to the iliac arteries.
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A

B

FIGURE 14-17. Digital subtraction selective angiography showing an ar-
teriovenous malformation (AVM) of the lower pole of the right kidney,
in a patient with hematuria. A: Preembolization angiogram depicting the
feeding artery and draining vein of the AVM. B: Postembolization an-
giogram demonstrating the stainless steel coils successfully occluding the
feeding artery of the AVM.

VASCULAR MALFORMATIONS
OF THE KIDNEY

Arteriovenous malformations (AVM) are congenital anomalies
that consist of abnormal communications between the arteries
and veins that bypass the capillary bed. They are most fre-
quent in women and often present with hematuria. Diversion
of blood flow from normal renal structures may result in local

ischemia and renin-mediated hypertension. These structures re-
sult from focal persistence of primitive vascular elements rather
than neoplastic growth (134). Arteriovenous malformations
may be small and detectable only by angiography, at which they
are characterized by dilated and tortuous vessels with arteriove-
nous shunting (Fig. 14-17) (135). There are often multiple feed-
ing arteries and communications between arteries and veins.
Hemangiomas (Fig. 14-18) are benign neoplasms consisting
of a cellular stroma surrounding dilated endothelial channels

A B

FIGURE 14-18. Renal hemangioma in a patient presenting with hematuria. A: The typical cluster of
abnormal vascular structures (arrows) adjacent to a cortical infarct. B: Occlusion of the feeding artery
after superselective embolization with a platinum microcoil (curved arrow).
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A B

FIGURE 14-19. A large arteriovenous fistula on an intraarterial digital subtraction renal arteriography
of a renal allograft after needle biopsy. A: The early draining of a segmental vein (small open arrows).
B: Premature filling of the iliac vein (curved open arrows).

(134). Like AVMs, they may present with hematuria and col-
icky flank pain or with renin-mediated hypertension (102).
At angiography, a cluster of tortuous vascular spaces with or
without vascular shunting may be demonstrated and may be
indistinguishable from small AVMs (136). Arteriovenous fis-
tulae are usually acquired communications between a single
artery and vein. Fistulae may be created by iatrogenic trauma
during renal biopsy (Fig. 14-19), penetrating trauma such
as stab wounds, aneurysm rupture, infection, or neoplasms.

Arteriovenous malformations, hemangiomas, and arteriove-
nous fistulae all may be treated with transcatheter embolization
(137,138).

RENAL ARTERY ANEURYSM

Renal artery aneurysms (Fig. 14-20) are generally asymp-
tomatic and discovered incidentally during abdominal

A B

FIGURE 14-20. Bilateral renal artery aneurysms in an asymptomatic patient. Selective conventional
arteriograms demonstrate segmental congenital aneurysms (arrows) in both kidneys (A and B).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-14 Schrier-2611G GRBT133-Schrier-v4.cls July 10, 2006 22:2

Chapter 14: Diagnostic and Therapeutic Angiography of the Renal Circulation 409

FIGURE 14-21. Asymptomatic flow aneurysm (arrow), in a patient
with a large, hypervascular renal cell carcinoma in a solitary kidney,
depicted on a 3-D reconstructed magnetic resonance angiogram.

aortography in about 1% of studies. Aneurysms appear to
be secondary to atherosclerosis, FMD, trauma, infection, vas-
culitis, and congenital anomaly (102,139,140). Renal artery
aneurysms rarely rupture, and when they do, it is most com-
monly in the setting of infection or vasculitis. They may also
thrombose and become the source of renal emboli. Hyperten-
sion is associated with renal artery aneurysms, but the rela-
tionship is unclear. Resolution of hypertension with ipsilat-
eral nephrectomy and the frequent finding of adjacent renal
artery stenosis suggest that there may be a causal association

(141,142). High flow states, such as an arteriovenous malfor-
mation, arteriovenous fistula, and renal cell carcinoma may
also be associated with renal artery or branch artery aneurysms
(Fig. 14-21).

TRAUMA

Blunt abdominal trauma seldom results in damage to the
kidney, yet it is still the most common cause of traumatic
renal injury. The kidney is damaged in blunt trauma by ei-
ther a sudden deceleration or a direct crush injury that com-
presses the organ against the ribs or spine (143). Hematuria
is common and is not by itself an indication for angiography.
Most blunt injuries are more effectively evaluated with CT,
and angiography is reserved for situations in which there is
evidence of life-threatening hemorrhage (144). Angiographic
findings include pseudoaneurysms, extravasation of contrast
medium, abrupt arterial occlusions owing to either transsec-
tions or dissections, and intimal dissections without thrombo-
sis (102). One-third of cases of renal trauma are secondary to
penetrating injuries (143). Hematuria in the setting of a pen-
etrating abdominal wound almost always warrants angiogra-
phy (144). Injury to the kidney or renal vasculature occurs
in 12.6% of abdominal stab wounds, and arteriovenous fis-
tulae complicate 16% of renal biopsies (145). Most of these
fistulae resolve spontaneously, but some require intervention.
Many of the same vascular injuries that cause arteriovenous
fistulae also result in arteriocalyceal fistulae (144). The vas-
cular sequelae of blunt and penetrating injuries frequently
can be treated effectively with transcatheter embolization
(Fig. 14-22).

A B

FIGURE 14-22. Digital subtraction angiography of a lacerated left kidney in a 14-year-old boy caused by
blunt trauma during a bicycle accident, which resulted in massive hematuria and a large perinephric
hematoma. A: Preembolization angiogram demonstrates a pseudoaneurysm. B: Postembolization an-
giogram shows the successful placement of a single stainless steel coil, occluding the feeding artery to
the pseudoaneurysm.
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A B

FIGURE 14-23. Digital subtraction angiography of a large renal cell adenocarcinoma involving the upper
pole of the right kidney. A: Early arterial phase shows vascular puddling within the tumor from contrast
material opacifying necrotic areas of the tumor. B: Late arterial phase demonstrates an intense tumor
blush within the upper pole of the right kidney.

RENAL TUMORS

With advances in noninvasive imaging, the diagnostic utility
of angiography for the demonstration of renal masses has
markedly diminished. On occasion, renal angiography still
plays a role in planning subtotal nephrectomy in the treatment
of malignancies. The angiographic appearance of adenocarci-
nomas is usually hypervascular, with neovascularity and vascu-
lar encasement (Fig. 14-23). Few adenocarcinomas are hypo-
vascular, but they still manifest some abnormal vessels. Other
findings include dense tumor stain, vascular puddling, arteri-
ovenous shunting, and venous lakes. A benign tumor that is
also associated with a dense tumor blush, and often a classic
“spoke wheel” pattern of radiating arteries, is the oncocytoma.
An angiomyolipoma is a hamartomatous tumor that often ex-
hibits tortuous and aneurysmally dilated vessels (146).

RENAL VEIN STUDIES

Noninvasive techniques have supplanted renal arteriography
and venography in the diagnosis of renal vein thrombosis.
Rarely, conventional venography may be undertaken to doc-
ument an isolated thrombosis in a branch renal vein (147). In
addition, renal venous catheterization has been used to admin-
ister local thrombolytic therapy in renal vein thrombosis (148).
Venous catheters also are placed for the measurement of renin
activity in the renal vein in order to document the physiologic
significance of renal artery stenosis, cystic lesions, obstruction,
or a number of intrarenal or extrarenal masses in patients with
hypertension (149). It has been recommended that when re-
nal vein renin activity is being determined, samples should
be drawn simultaneously from both veins at a time separate
from diagnostic arteriography (150). It is not clear whether
two catheters must be used or whether contrast-medium ad-
ministration alters the pattern of renin secretion (151,152).
Maneuvers, such as volume expansion or mannitol infusion

performed to reduce contrast-medium toxicity, may confound
the interpretation of renal vein renin activity measured at the
time of arteriography (153). Immediate angioplasty appears to
have greater utility than awaiting the results of renal vein renin
measurements if a stenosis is discovered during an arteriogram
that is part of the workup of a patient with hypertension (154).

PERCUTANEOUS
TRANSCATHETER THERAPY

Percutaneous Transluminal Renal Angioplasty
and Percutaneous Transluminal Angioplasty

with Stent Placement

Percutaneous transluminal renal angioplasty (PTRA) has as-
sumed a major role in the treatment of renovascular disease
since its first description by Gruntzig et al. in 1978 (155). Com-
plete explanations of the contemporary techniques of PTRA
can be found elsewhere (103,124). The pathophysiologic mech-
anism of balloon angioplasty is well described (156–165), with
the morphologic correlates of successful angioplasty being frac-
ture of the atherosclerotic plaque, localized medial dissection,
and overstretching of the arterial wall (166).

In this technique, access is gained to the arterial circulation
through puncture of the femoral or axillary artery. Predilation
diagnostic arteriography is performed and then heparin and
a vasodilating drug such as nifedipine or nitroglycerin is ad-
ministered to minimize the risk of arterial thrombosis and va-
sospasm, respectively. A steerable catheter directs a guide wire
to the lesion, and both the wire and catheter generally cross
the stenosis. When a sufficient length of guide wire is beyond
the stenosis, the initial catheter is withdrawn and the balloon
catheter (Fig. 14-7) is directed over the indwelling wire so that
the balloon portion of the catheter is positioned within the nar-
rowed segment of the vessel. Alternatively, a coaxial guiding
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FIGURE 14-24. Photograph of a metallic vascular stent.

catheter can be placed into the origin of the renal artery, with
the guide wire and balloon catheter being directed through it
to traverse the stenosis. Once the balloon catheter is well posi-
tioned across the lesion, it is inflated until either the “waist”—
the indentation of the balloon by the arterial narrowing—is
eliminated or the maximal pressure ceiling of the balloon is
reached. A postdilation angiogram then is obtained, but the
guide wire should be left across the treated area until it is cer-
tain that no further dilations need to be attempted. Similar
techniques are used to dilate lesions of the intrarenal and ac-
cessory arteries as well as narrowings at branch points (Fig.
14-10), although special care is taken to avoid occluding adja-
cent arteries during dilation.

Stents are metallic tubular prostheses that are expanded
within the lumen of the artery after being positioned with per-
cutaneous techniques. They are intended to oppose elastic re-
coil and to stabilize disrupted plaque and arterial wall. Stent
placement has become a frequent addition to percutaneous
therapy of renal arteries. This ancillary procedure strives to in-
crease the immediate technical success, decrease complications,
or increase the long-term patency rates of angioplasty. Renal
artery stents (Figs. 14-24, 14-25, and 14-26) are deployed to
salvage suboptimal initial angioplasty procedures or to treat

A

C

B

FIGURE 14-25. Placement of a renal artery stent. A: Intraarterial
digital subtraction renal arteriography (DSA) demonstrates a severe
eccentric atherosclerotic stenosis. B: Intraarterial DSA after percuta-
neous transluminal renal angioplasty shows an improved lumen, but
a residual stenosis secondary to an intimal dissection is present (open
arrowhead). C: Luminal caliber is increased after deployment of a
metallic stent within the residual stenosis.
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A B

FIGURE 14-26. Digital subtraction angiography of severe ostial (orificial) stenoses involving both ad-
jacent duplicated right renal arteries, which were both successfully dilated with stents. These lesions
respond less well to angioplasty alone. A: Prestent dilatation aortogram demonstrating atherosclerotic
plaque within the aortic wall, extending into both right duplicated renal artery origins. B: Poststent di-
latation right renal artery angiogram showing successful stent dilatation of both duplicated renal arteries.

recurrent lesions that have previously been treated with balloon
angioplasty (168–169). Initial success rates of more than 95%
have been reported after a suboptimal or failed angioplasty.
Primary stent placement has gained considerable acceptance in
the primary treatment of recalcitrant lesions of the renal artery
ostium (170).

The reported success rate of PTRA depends on the
indication-hypertension or renal insufficiency, and the etiol-
ogy of the renal artery stenosis. Descriptions of outcomes in
patients with fibromuscular dysplasia have generally been so
favorable that few doubts have been raised about the use of
PTRA for hypertension secondary to this disorder. Analysis
of the value of the procedure in patients with atherosclerotic
renovascular disease has been limited by a lack of controlled
comparisons of adequate size and duration with the options of
medical and surgical therapy.

Historically, the results of PTRA were generally reported
as a comparison of post procedure measurements with the pa-
tients’ preprocedure blood pressure or serum creatinine. Pooled
data have suggested that with PTRA, atherosclerotic renovas-
cular hypertension is cured following approximately 11% of
procedures, improved in about 54%, and unchanged in around
35% of cases. Changes in renal function are characterized in a
similar manner with an average of 37% reported as improved,
46% stable, and 16% worsened (171).

Three available randomized studies are different in de-
sign and therefore difficult to directly compare. Some of the
characteristics are shown in Table 14-1. The Scottish and
Newcastle group did not include a target blood pressure as

part of their protocol; therefore, there was no early termina-
tion and crossover to invasive intervention. Groups were di-
vided by the presence of unilateral or bilateral renal artery
stenosis. The only statistically significant difference was in
the systolic pressure of those with bilateral renal artery dis-
ease. There was no difference in renal function between the
medical therapy and PTRA groups during follow-up, which
ranged from 3 to 54 months (172). In the Essai Multicen-
trique Medicaments versus Angioplastie (EMMA) protocol
only subjects with unilateral disease were studied and pro-
vision was made for early termination in the medical ther-
apy arm if the diastolic blood pressure (BP) remained greater
than 104 mm Hg when on maximal medical therapy. The
design resulted in 7 (27%) of 26 patients in the medical
therapy group undergoing angioplasty prior to the planned
6 months of follow-up. These seven patients were analyzed
in the medical therapy arm of the study. Presented in this way,
there was no difference in BP control or creatinine clearance
between medical therapy and PTRA. The PTRA treated group
did require statistically fewer drugs in order to maintain BP
control (173). The largest randomized comparison of PTRA
and medical therapy for atherosclerotic renovascular hyperten-
sion is the Dutch Renal Artery Stenosis Intervention Cooper-
ative (DRASTIC) study. The DRASTIC protocol also allowed
for early termination in participation in the medical therapy
arm if the diastolic BP remained greater than 95 mm Hg or
the serum creatinine rose by 0.2 mg/dL at 3 months. Of the
50 subjects randomized to drug therapy, 28 (56%) were treated
with drug therapy alone for the 12 months, whereas 14 (28%)

TA B L E 1 4 - 1

CHARACTERISTICS OF RANDOMIZED TRIALS OF ANGIOPLASTY VERSUS MEDICAL THERAPY
FOR RENOVASCULAR DISEASE

Medical Terminateda

Authors (Ref.) Offered entry Randomized therapy Angioplasty early (HBP) Stentsb Surgeryc

Webster et al. (143) 135 55 30 25 NA 0 5
Plouin et al. (144) 76 49 26 23 7 2 0
Van Jaarsveld (145) 169 106 50 56 22 2 1

aChanged from medical therapy to angioplasty because of failure to control blood pressure.
bNumber of stents utilized in study.
cNumber of patients undergoing bypass or nephrectomy.
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had early PTRA for persistent hypertension, and 8 (16%) un-
derwent PTRA for progressive renal insufficiency. When pre-
sented as an intention to treat analysis, the only significant
difference between the groups is that the PTRA group required
fewer drugs for blood pressure control. Automated measure-
ments of systolic blood pressure approached being significantly
lower (152 ± 20 mm Hg versus 162 ± 27, P = 0.07) in the
PTRA group at 12 months. When diastolic blood pressures are
compared between those in the drug therapy group who did
and did not receive PTRA and those who underwent angio-
plasty, the latter consistently have higher pressures even after
the procedure. Despite this, there was a significant drop in both
systolic and diastolic blood pressure following PTRA (174).
These three studies have now been combined for formal meta-
analysis. Pooled data show a significant reduction in systolic
(−7 mm Hg) and diastolic (−3 mm Hg) blood pressures as
well as a higher probability of having patent renal arteries at
12 months in the intervention group (175). There is no rig-
orous comparison of medical therapy versus angioplasty with
stent placement in renal artery stenosis, although a prospective,
randomized study, Cardiovascular Outcomes in Renovascular
Lesions (CORAL), has been designed to compare the effective-
ness of renal artery stenting with medical therapy to medical
therapy alone (176).

Stent placement for ostial lesions has been clearly shown to
have a better primary patency rate at 6 months than angio-
plasty alone (75% versus 29%). If stent placement is used to
treat restenosis following angioplasty, a similar 6-month pa-
tency rate is achieved (177).

As with PTRA, there are now retrospective and uncon-
trolled prospective studies that describe outcomes with regard
to hypertension or renal function where the most frequent in-
tervention is stent placement.

In the early reports of stenting for atherosclerotic renal
artery stenosis, response rates for blood pressure control at 6
to 48 months follow-up have ranged between 39% and 80%,
with an average response rate of 64%, in nine recent nonran-
domized and uncontrolled renal artery stent studies involving
883 patients and 1,061 treated renal arteries (177,178). In a
similar group of patients with azotemia, improvement of re-
nal function ranged between 13% and 36%, with an average
improvement being reported in 21% of patients treated. Sta-
bilization of renal function ranged between 38% and 100%,
with an average of 73% of patients being reported to have
stable renal function (177–180).

A more recent summary of a multicenter registry of 1,058
patients treated with renal artery stenting has reported 4-year
outcomes (181). The median length of patient follow-up is not
described. At 4 years, the systolic and diastolic blood pressures
are reported to have declined significantly from 168 mm Hg
to 147 mm Hg and 84 mm Hg to 78 mm Hg, respectively.
Also at 4 years, the mean number of antihypertensive medi-
cations declined from 2.4 to 2.0 and the mean serum creati-
nine declined from 1.7 mg/dL to 1.3 mg/dL, both significant
changes.

A retrospective review of the experience with PTRA and re-
nal artery stenting in 146 patients at a single institution found
divergent outcomes (182). In this series 75% of the interven-
tions included stent placement. Initially, blood pressure was im-
proved in 52% of patients with hypertension, and 68% of 24
patients, who were followed for 5 years, retained a blood pres-
sure benefit. Although an early increase in renal function was
seen, this improvement was not long lasting. Creatinine con-
centration was stabilized or decreased in 87% of patients with
renal impairment in the first 3 months following intervention,
but only 45% of 26 patients followed for 5 years experienced
a benefit.

A prospective study of PTRA and renal artery stenting of
105 patients with severe renal artery stenosis attempted to test

the hypothesis that the baseline glomerular filtration rate (GFR)
predicts the changes in GFR and blood pressure after treat-
ment (183). At 1-year mean follow-up, these authors found
that PTRA and renal artery stenting can reduce blood pres-
sure and increase GFR. In addition, they found discordance
between the beneficial effects of treatment on blood pressure
and GFR. In patients with normal to mildly impaired renal
function, PTRA and stenting usually improved blood pressure.
However, in patients with moderate to severely impaired renal
function, PTRA and stenting usually improved renal function,
but not blood pressure.

A recent small prospective observational study of 28 pa-
tients with severe renal failure and atherosclerotic renal artery
stenosis attempted to determine whether or not PTRA and
renal artery stenting can prevent further deterioration of re-
nal function, and thus potentially delay dialysis (184). De-
spite deterioration in renal function in 17.9% of patients, a
30-day mortality rate of 10.7%, and a 7% local complica-
tion rate, progression of renal failure was significantly slowed
following treatment. Of 11 patients expected to be dialysis
dependent within 1 year, 8 (72.7%) experienced significant
renal function improvement and were dialysis-free at 1-year
follow-up.

Because of the concern about adverse outcomes with in-
tervention, the development of techniques that will predict a
favorable response is a topic of current interest. The need for
such a predictive test has been emphasized by the observation
that a considerable survival benefit is conferred on the subset of
patients who achieve improved renal function. Doppler ultra-
sonography has been used to predict the outcome of revascu-
larization for renal artery stenosis (185). Specifically, this study
looked at the predictive role of the resistive index, defined as
[1 − (end diastolic velocity ÷ maximal systolic velocity)] ×
100. In 131 patients that underwent revascularization (angio-
plasty alone, n = 81; angioplasty and stent, n = 42; surgery,
n = 8), the 35 patients with a resistive index value of at least
80 before revascularization had no improvement in renal func-
tion, blood pressure, or kidney survival. Other prognostic fac-
tors discussed that have strived to determine which patients
will respond favorably to renal revascularization have included
findings on radionuclide renal scans (186), status of distal
renal artery depicted at angiography (187), baseline serum cre-
atinine less than 3.2 mg/dL (188), and the presence of bilat-
eral renal artery stenoses, or renal artery stenosis or occlu-
sion of a single functioning kidney (189) (Figs. 14-27 and
14-28).

Because of the risks associated with PTRA and renal artery
stenting, and the lack of a large randomized, controlled trial
of intervention with medical therapy, some reports have rec-
ommended a cautionary approach to this treatment modality,
reserving its use for highly selected patients (190,191). Others
have recommended a more liberal use of renal artery stenting
in those patients with renal artery stenosis prior to the onset
of renal dysfunction (181). A reasonable approach to the role
of intervention includes its use when medical therapy fails to
achieve adequate blood pressure control. The decision to inter-
vene may be further influenced by physiologic testing, such as
the resistive index, and individual patient characteristics. Other
indications for endovascular intervention include episodes of
congestive heart failure (flash pulmonary edema) in the setting
of lesions that affect the entire renal mass or rapidly progressive
renal insufficiency (192).

The efficacy of PTRA in the treatment of renovascular hy-
pertension secondary to fibromuscular dysplasia is well docu-
mented, with the cumulative primary success rate of seven large
series (233 procedures) being 94% (193–199). On the basis of
life-table analysis of angiographic and clinical data, a 10-year
patency rate of 87% has been reported for this disorder (167). If
seven patients who underwent repeat dilations are included, the
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FIGURE 14-27. Residual stenosis of the renal artery in a 66-year-old woman with fibromuscular dysplasia,
presenting with recurrent uncontrolled hypertension, despite a “successful” balloon angioplasty 1 month
previously. A: Three-dimensional reconstructed CT angiogram showing irregularity of the mid right renal
artery, at the previous angioplasty site (arrows). B: Axial CT angiogram confirming multiple web-like
stenoses of the right renal artery. C: Digital subtraction angiogram confirming the web-like stenoses of the
right renal artery. D: Post stent-dilatation right renal artery digital subtraction angiogram demonstrates a
widely patent right renal artery, with a stent in good position (arrows).

secondary patency rate at 10 years is 98%. In general, balloon
PTRA, as opposed to renal artery stent dilatation, is the pre-
ferred treatment for most stenoses of the renal artery caused by
fibromuscular dysplasia. Recurrent stenoses are documented to
occur in 11.5% of cases, but as noted these recurrent lesions
are usually amenable to repeat PTRA (195). Occasionally, a
significant intimal dissection caused by angioplasty of a fibro-
muscular dysplasia lesion or a suboptimal angioplasty is best
treated by placement of a stent (Fig. 14-27).

Renal-transplant arterial stenosis occurs in about 5% of pa-
tients with renal allografts (200). Stenoses may be secondary
to atherosclerosis of native arteries; perfusion, immunologic,
or ischemic injury of the allograft artery; and problems with
the surgical anastomosis. PTRA is well tolerated and generally
considered the primary treatment for transplant renal artery
stenosis. The technical success rate is about 70%, with reduc-
tion of hypertension in 67% to 80.5% of cases followed from
12 to 30 months (201–203). Complications are similar in type
and frequency to those of angioplasty of native renal arteries.
Recurrent stenosis occurs in 20% of patients.

PTRA has also been attempted in renal artery stenosis sec-
ondary to inflammatory diseases. The greatest experience is
with Takayasu’s aortitis or arteritis, in which lesions have been
shown to respond well, with an 80% to 85% technical suc-
cess rate (130,131). However, the most durable and efficacious
treatment of renal artery stenosis caused by Takayasu’s arteri-
tis has been surgical bypass grafting (204). Most other diseases

are uncommon causes of renal artery stenosis, and the response
rate to PTRA is not well documented.

Complications of Percutaneous Transluminal
Renal Angioplasty

A compilation of numerous PTRA studies encompassing 1,118
patient reports shows an overall complication rate of less
than 10% when renal failure is excluded (123). Puncture-site
hematomas requiring treatment occurred in 2.3% of proce-
dures and are probably more frequent than in diagnostic studies
because of the larger catheter used. Damage to the main renal
artery was noted in 2.4% of studies and to branch renal arter-
ies in 2.2%, although surgical intervention was required in less
than half of these complications. Some form of embolization
was noted in 1.1% of patients. Death is uncommon among
patients being treated for hypertension alone, with a 30-day
mortality rate of 0.3% reported among 882 patients who had
renal angioplasty for diverse indications (123). Mortality rates
have been reported to be as high as 5% among patients with
atherosclerosis treated for renal insufficiency (3).

In a study of 212 patients (308 renal arteries) treated with ei-
ther PTRA or stenting of the renal artery, iatrogenic renal artery
injuries occurred in 6.1% (13 patients) of patients treated, or
4.2% of renal arteries treated (205). All 13 patients were suc-
cessfully treated nonoperatively, including the five patients with
renal artery rupture, who were treated with balloon tamponade
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FIGURE 14-28. A 70-year-old woman with oliguric renal failure and uncontrolled hypertension. Both
disorders resolved following bilateral renal artery stent-dilatation. A: 3-D reconstructed magnetic reso-
nance angiogram shows bilateral renal artery stenoses (arrows). B: CO2 renal flush abdominal aortogram
confirms the bilateral renal artery stenoses (arrows). C: CO2 post right renal artery stent-dilatation renal
artery angiogram demonstrates a widely patent right renal artery and good position of the stent (black
arrow). The severe stenosis of the left renal artery is again identified (white arrow). D: The final CO2 post
bilateral renal artery stent-dilatation renal artery angiogram depicts widely patent bilateral renal arteries
and stents (arrows).

or placement of an additional stent or stent-graft. Six patients
suffered acute thrombotic occlusion of the renal artery. Five
of these patients were successfully treated with transcatheter
thrombolysis, and one was successfully treated with placement
of an additional stent.

In another recent series of PTRA and stenting of the re-
nal artery involving 146 patients, the major morbidity rate
was 4% and the procedure-related complication rate was 18%
(181). These complications included seven stent dislodgements,
seven bleeding episodes, five groin hematomas, four acute re-
nal artery dissections, four femoral or axillary artery pseu-
doaneurysms, three procedure related kidney perforations, two
peripheral embolizations to the foot, and one renal artery oc-
clusion. Four of these patients required surgery secondary to
the procedure complication, although no complication resulted
in the loss of a kidney.

Because of variable reporting techniques, the incidence of
renal failure after angioplasty is unknown. In one series of 100
patients, four required dialysis after angioplasty, all of whom
had severe renal insufficiency before the procedure (206). Per-
manent dialysis was required in only one of the four. An ad-
ditional 26% of this group of patients was noted to have an
increase in the serum creatinine level after PTRA. This is con-
sistent with the compiled results of PTRA as a treatment for
renal insufficiency, in which 22% to 32% of the patients’ renal
function was classified as having worsened after angioplasty. It

is not possible to determine what proportion of this decline in
function is owing to the procedure and what is related to other
factors (3).

Investigational Adjuncts to Percutaneous
Transluminal Renal Angioplasty

Local administration of antiproliferative agents is now under
investigation as a method of decreasing the neointimal hyper-
plasia that results in recurrent stenosis after PTRA (207–209).
Brachytherapy (delivery of localized therapeutic ionizing ra-
diation) has also gained considerable attention recently, as a
potential inhibitor of neointimal hyperplasia following angio-
plasty and stent dilatation procedures (210–215). Although the
experience of brachytherapy in the renal arteries is limited, it
has been shown to have some promise in increasing long-term
patency after angioplasty and stent dilatation of the coronary,
and femoral-popliteal arteries. The radiation dose may be ad-
ministered locally to the treated artery via endovascular tech-
niques, using radioactive balloons, stents, or guide wires.

Atherectomy is a procedure that recanalizes stenoses by re-
secting plaque with a percutaneously directed cutting catheter.
Clinical experience is very limited, but some success has been
achieved against nonostial renal artery stenoses with the use of
a balloon atherectomy catheter with a blade embedded in its
side that is able to shave atheromatous plaque (216).
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Inserting a special balloon or umbrellalike device distal to
the angioplasty or stent dilatation site can achieve atheroem-
bolic protection of the kidney during renal artery angioplasty
and stent dilatation procedures. Following the dilatation pro-
cedure, the atheroembolic debris is either collected in the um-
brellalike device and removed or aspirated through a catheter
located proximal to the balloon. Experience with this technique
in the renal arteries is limited, but a study of 16 treated renal ar-
teries demonstrated collection of atheroembolic debris in each
case, and no deterioration of renal function (217). A larger,
more recent retrospective review of the use of distal protection
during renal artery stenting has also shown promising results
(218). In this study of 37 patients with renal insufficiency (46
renal arteries), no patients had acute postprocedural deterio-
ration in renal function and 95% of patients had stabilization
or improvement in renal function following the procedure. In-
terestingly, 65% of the protection baskets contained embolic
material, including fresh thrombus, chronic thrombus, athero-
matous fragments, and cholesterol clefts.

RENAL ARTERY AND RENAL
ARTERY BYPASS GRAFT

THROMBOLYSIS

Acute thrombosis of the renal artery may be the result of an
embolus or in situ thrombosis of a preexisting lesion. Renal
function may be recovered if a revascularization procedure is
performed soon after the acute occlusion. Several authors have
found that significant recovery of renal function may still occur
despite a delay in the revascularization of up to 2 to 6 weeks
(219,220). The presence of a preexisting hemodynamically sig-
nificant lesion within the renal artery, causing collateral flow to
the kidney, has been proposed as a possible protective mecha-
nism. This may be used to predict which patients may experi-
ence a return of renal function from a kidney with an acutely
thrombosed renal artery, despite a delay in revascularization
(221).

Transcatheter thrombolysis is an endovascular technique
that entails the direct administration of a thrombolytic agent,
such as tissue plasminogen activator, urokinase, or streptoki-
nase, into the clot through a catheter located within the renal
artery. It is a nonoperative procedure that is effective in reestab-
lishing patency of the renal artery (222–236).

TRANSCATHETER
EMBOLIZATION AND ABLATION

Transcatheter embolotherapy was described as a nonsurgical
approach to renal arterial trauma and vascular malformations
over 20 years ago (237). It has proved to be an important
conservative technique in the treatment of vascular abnormali-
ties that otherwise would require nephrectomy (238). In symp-
tomatic patients, embolization is appropriate if arteriography
shows contrast extravasation, pseudoaneurysm formation, and
arteriocalyceal or arteriovenous fistula formation 239).

Directing a catheter to the most selective position possible
to provide maximal sparing of functioning renal parenchyma
achieves embolization. The choice of embolic agent largely de-
pends on the type of lesion to be treated, the size of the feeding
artery, the size of the selective catheter employed, and the de-
cision whether or not a temporary or permanent vascular oc-
clusion is desired. A temporary occlusive substance such as a
gelatin sponge pledget is used for peripheral traumatic lesions.
For vascular malformations and aneurysms, permanent agents
such as a stainless steel coil (Figs. 14-17, 14-18, and 14-22)

or polyvinyl alcohol particles are used. Success rates should be
over 90%. Most patients experience transient flank pain, which
is usually related to renal infarct (238). Misdirected emboli that
cause ischemia of the bowel, spine, or lower extremity are the
most serious complications, but they should be rare when an
experienced angiographer performs the procedure.

Transcatheter renal ablation is a procedure that can obvi-
ate the need for surgical nephrectomy in selected patients. In-
dications include uncontrolled renin-mediated hypertension or
massive proteinuria in patients with end-stage renal disease and
preoperative management of renal cell carcinoma. The usual
technique is to infuse absolute alcohol distal to a balloon oc-
clusion of the renal artery (229).
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CHAPTER 15 ■ INDICATIONS FOR AND
INTERPRETATION OF THE RENAL BIOPSY:
EVALUATION BY LIGHT, ELECTRON, AND
IMMUNOHISTOLOGIC MICROSCOPY
BYRON P. CROKER AND C. CRAIG TISHER

This chapter provides a discussion of the indications for
use of renal biopsy, describes the procedure and methods of
tissue preparation, and demonstrates the manner in which
biopsy specimens are interpreted using a combination of light
microscopy, electron microscopy, and immunohistologic mi-
croscopy. The technique of percutaneous renal biopsy was in-
troduced clinically in the early 1950s. Iversen and Brun (1),
who are generally credited with describing its initial use, be-
lieved the technique would be quite useful in obtaining more
information about a group of diseases that caused acute re-
nal failure. At that time the diseases were referred to as lower
nephron nephrosis. The renal biopsy technique was utilized
with increasing frequency during the 1950s, and it has en-
joyed wide usage throughout the world since the early 1960s.
The technique has provided a wealth of information about the
histopathology, pathogenesis, and classification of renal disease
that could not have been obtained by any other means.

Proponents of the biopsy procedure employ this technique
to diagnose kidney disease, assess prognosis, monitor disease
progress, and aid in selection of a rational approach to ther-
apy. It is used extensively in younger patients (2–7) as well as
older patients (8–15). The procedure, however, is not without
morbidity and occasional mortality. Therefore, the risk:benefit
ratio must be considered carefully in each patient who is being
evaluated for a biopsy.

As originally described, the biopsy was performed with the
patient in the sitting position, and the procedure involved as-
piration of the tissue sample. Brun and Raaschou (16) used
the Iversen-Rohlm cannula and syringe, which yielded a cylin-
der of tissue approximately 1.5 mm in diameter and of vari-
able length. However, Kark and Muehrcke (17) chose to place
the patient in the prone position and initiated the use of the
Franklin modification of the Vim-Silverman cutting needle in
place of the aspiration technique. Today, most nephrologists
prefer to use one of the spring-loaded, automatic, or semiauto-
matic biopsy guns. The addition of ultrasonography, computed
tomegraphy and image-amplification fluoroscopy to locate the
kidneys and aid in positioning of the biopsy needle has greatly
simplified the technique.

The percutaneous renal biopsy is a safe and reliable tech-
nique in the hands of the experienced operator. The most com-
mon complication is bleeding, which occurs in the majority of
patients if they are studied carefully after biopsy using ultra-
sonography (18,19) or computed tomography (20,21). How-
ever, the bleeding is self-limited and rarely requires operative
intervention or blood transfusion. In a survey (22) of the results
of over 5,500 percutaneous renal biopsies, the rate of compli-
cations, including the need for blood transfusion or nephrec-
tomy, the puncture of other organs, or the presence of a clin-
ically evident perinephric hematoma, was 2.1%. The overall

mortality is approximately 0.1% to 0.2% (22–24), which is
comparable to that reported for percutaneous liver biopsy or
coronary angiography (22). In a study from a single institution
(25) in which 1,000 consecutive percutaneous renal biopsies
were analyzed, a total of 94 complications were observed in
81 patients. Gross hematuria, including the passage of blood
clots, represented 73% of the complications. Two patients un-
derwent exploration for evacuation of perirenal hematomas,
but no kidneys were lost. One patient died of multiple compli-
cations after biopsy.

Adequate tissue samples are obtained 90% to 95% of the
time. In a retrospective study, Bolton and Vaughn (26) reported
that renal tissue was obtained in 97% of their patients with
the use of image-amplification fluoroscopy, compared with
81% before the use of fluoroscopy. In contrast, Dias-Buxo and
Donadio (25) were unable to demonstrate an increase in
their success rate for procuring renal tissue with the use of
fluoroscopy. However, these investigators considered image-
amplification fluoroscopy to be advantageous in the difficult
patient.

TECHNIQUES

It is important to establish that the patient has a normal platelet
count, prothrombin time (or INR), and partial thromboplastin
time before the procedure is undertaken in all patients in whom
a percutaneous renal biopsy is to be performed. In addition,
it is advisable to obtain a hematocrit and hemoglobin within
24 hours of the procedure. It has been suggested that the bleed-
ing time is the best predictor of hemorrhagic risk in patients
undergoing biopsy for kidney disease (27) when accompanied
by a platelet count, hematocrit, and a careful investigation of a
family or personal history of bleeding. Currently, most percuta-
neous biopsies are performed with the guidance of ultrasonog-
raphy or fluoroscopy to permit more accurate localization of
the kidney. These imaging techniques are especially valuable for
use by a less experienced operator or in a difficult patient. The
use of a premedication, such as intravenous diazepam (Valium),
helps alleviate patient anxiety, thus making the procedure less
unpleasant. We routinely place an intravenous access in the pa-
tient; this is kept open with 5% dextrose in water for the initial
18 to 24 hours after completion of the biopsy.

Most operators prefer to biopsy the lower pole of the left
kidney to reduce the risk of inadvertently passing the biopsy
needle through a major renal artery or vein. After completion
of the biopsy, patients are instructed to remain at bed rest for
18 to 24 hours. In our institution, the blood pressure and pulse
are monitored every 15 minutes for 1 hour, every 30 minutes
for 1 hour, then hourly for 4 hours, and finally every 4 hours

420



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-15 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:27

Chapter 15: Indications for and Interpretation of the Renal Biopsy 421

for the balance of the 24-hour period. The patient is asked to
save an aliquot of each voided urine in a separate clear-plastic
specimen jar labeled with the date and time, which is kept at
the patient’s bedside for inspection. This provides a visual check
for evidence of bleeding into the intrarenal collecting system.
Hematocrits are determined 6 to 8 hours after the biopsy and
again at 18 to 24 hours, or earlier, if hypotension or gross
hematuria is observed.

Several types of spring-loaded automatic or semiautomatic
biopsy guns are being employed to perform percutaneous biop-
sies of both transplanted (28–38) and native kidneys (36–52).
Based on sample of almost 2,000 percutaneous biopsy proce-
dures, the rate of complications, including a clinically evident
hematoma, defined without the use of ultrasonography or com-
puted tomography, nephrectomy, blood transfusion, acute uri-
nary tract obstruction, or biopsy of another organ was 1%. Ad-
equate samples of tissue were obtained 94% of the time on the
initial attempt at biopsy. These data compare very favorably
with the published experience with either the Franklin mod-
ification of the Vim-Silverman needle (Popper and Sons, Inc.,
New Hyde Park, NY) or the Travenol Tru-cut disposable needle
(Travenol Laboratories, Deerfield, IL) (22,26). Furthermore,
when direct comparisons have been made, the results obtained
with the biopsy gun were easily comparable to those achieved
with the Travenol disposable needle (31,35,42,43,49,50). In a
recent study (36), 1,090 percutaneous kidney biopsies were per-
formed using ultrasound guidance and an automated spring-
loaded biopsy device. A total of 114 (10.4%) were performed
on renal allografts and 976 (89.6%) on orthotopic kidneys. No
serious complications, including loss of kidney, life-threatening
hemorrhage, or a persisting hemodynamically relevant arteri-
ovenous (AV) fistula, were encountered. In 98.8% of cases, suf-
ficient tissue was obtained to make a reliable histopathologic
diagnosis.

When combined with real-time ultrasound technology, there
are some definite advantages to the use of several of the fully
automatic biopsy guns. For example, the depth of the biopsy
is controlled rather precisely and can be selected for a particu-
lar clinical situation. In the case of one of the most commonly
used instruments (Biopty, Bard Urological Division, C.R. Bard,
Covington, GA), the long-throw device has a depth of 2.3 cm,
yielding a specimen with a potential length of up to 1.7 cm. The
short-throw device has a depth of 1.15 cm and a potential spec-
imen length of 0.9 cm (53). Fully automatic biopsy guns can be
triggered with one hand, thus leaving the operator with a free
hand to control the ultrasound probe if necessary. Instruction
in the use of the biopsy gun is also easier. Because the procedure
does not require the patient to hold their breath during kidney
localization, it is both simpler and much faster, thus making it
more feasible to perform biopsies on severely ill patients and
those less able to cooperate. Many also believe that there is less
discomfort with use of the biopsy gun (36,41,42,49).

Currently, there is no universal agreement on the optimum
size of the needle that should be used with the various biopsy
guns. Many favor the 18-gauge needle, which retrieves almost
as many glomeruli per specimen as the larger-gauge needles
(28–35,37–42,52). This is due in part to the fact that the in-
dividual specimens have cleaner, sharper edges with less crush
artifact. Certainly, in pediatric patients, the 18-gauge needle
has been found to be quite adequate (37,38,40,52). We favor
use of a 15- or 16-gauge needle for biopsy in adult patients.

The fine-needle aspiration biopsy (FNAB) technique applied
to the transplanted kidney is used in several major transplanta-
tion centers around the world (44,55–57). Pasternack (58) per-
formed the first aspiration biopsies on human renal allografts.
Several thousand biopsies have been performed in the renal
transplant unit at Helsinki University Central Hospital, where
it has been in routine use since 1980. This center has played
a major role in the development and subsequent refinement of

the technique to monitor allograft rejection (59). Although the
FNAB technique cannot substitute entirely for the standard per-
cutaneous biopsy, it does serve as another method of following
at frequent intervals the inflammatory events and tubular and
endothelial cell alterations that occur in an allograft, includ-
ing those associated with rejection, acute tubular necrosis, and
drug toxicity, and permits close follow-up of the success of ma-
neuvers designed to interrupt or reverse these pathologic events
(60). There is now general agreement among investigators uti-
lizing FNAB that the technique can differentiate with a high
degree of accuracy among cyclosporine toxicity, acute tubular
necrosis, graft necrosis, and acute cellular rejection (59,61).
Interestingly, both fungal (62) and bacterial (63) pyelonephri-
tis of the renal allograft have been described through the use
of FNAB. A limitation of the technique is inability to thor-
oughly evaluate vascular lesions. Although invasive in nature,
the FNAB technique is relatively innocuous and quite safe and
can be used to obtain specimens several times over the course
of a day, if desired.

There is growing interest in performing percutaneous kid-
ney biopsies in the outpatient setting. In the United States this
movement is driven in part by the need to reduce costs as-
sociated with the procedure. Native and transplanted kidneys
have been biopsied successfully in the ambulatory setting in
both children and adults (64–68). Ultrasonographic evidence
suggests that most episodes of major bleeding occur within the
initial 6 hours after renal biopsy and that the size of perire-
nal hematomas actually decreases thereafter (65). These data
confirm an earlier report by Carvajal et al. (2) who found only
three significant bleeding episodes in 890 consecutive percu-
taneous biopsies performed in pediatric patients. These data,
when linked with the experience in the outpatient setting thus
far, suggest that in carefully selected patients in whom the pro-
cedure is performed without difficulty, the use of ambulatory
percutaneous renal biopsy can be justified. If patients are free of
pain at the site of biopsy, have clear urine, and have stable car-
diovascular signs for a minimum of 4 to 6 hours after the pro-
cedure, they can be safely discharged (66). Activity should be
restricted for at least 24 hours, and patients cautioned to seek
medical attention immediately if there is macroscopic hema-
turia or pain over the biopsy site.

INDICATIONS

There is no universal agreement on the precise indications for
use of the percutaneous renal biopsy despite 50 years of expe-
rience with the technique by the nephrology community. The
present section describes several clinical situations in which this
technique is either routinely or frequently employed to aid in
the evaluation and management of a patient with undiagnosed
kidney disease.

Acute Renal Failure

There are many occasions when the etiology of acute renal fail-
ure secondary to intrinsic renal disease is not evident despite
a carefully performed history and physical examination and
the availability of information gained from various laboratory
studies. A biopsy can be very useful in establishing the diag-
nosis, determining the approach to management, and defining
the prognosis in this clinical setting. Retrospective studies from
several centers have revealed that the diagnosis of acute tubu-
lar necrosis (ATN) cannot be established clinically (69–72) in
10% to 25% of patients who present with acute renal failure.
The biopsy in this population can be important because other
causes of acute renal failure are revealed, such as crescentic pro-
liferative glomerulonephritis, interstitial nephritis, Wegener’s
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granulomatosis, polyarteritis nodosa, multiple myeloma, amy-
loidosis, endocapillary proliferative glomerulonephritis, corti-
cal necrosis, hemolytic-uremic syndrome (HUS), systemic lu-
pus erythematosus (SLE), and thrombotic thrombocytopenic
purpura, to list just a few. These diseases usually require a dif-
ferent approach to management from that employed normally
in uncomplicated ATN.

Occasionally, a biopsy is found necessary in patients who
appear to have ATN on clinical grounds at initial presentation,
but do not regain renal function after 3 to 4 weeks of support-
ive therapy, including dialysis (72). The diagnostic possibilities
generally are the same as those listed in the preceding para-
graph. Careful evaluation of the clinical situation is deemed
prudent before a renal biopsy is initiated, because it has been
found that this invasive procedure carries a higher risk in the
patient with acute uremia (73).

Nephrotic Syndrome

Renal biopsy in the clinical setting of an acute nephrotic syn-
drome in the absence of a systemic disease is influenced greatly
by the age of the patient. It is common practice to treat children
initially with high-dose corticosteroids, because most younger
children have minimal change nephrotic syndrome (MCNS)
on biopsy. The presence of a selective proteinuria and normal
renal function and the absence of hypertension strengthen the
clinical diagnosis. In children, biopsy is usually reserved for pa-
tients with no response to corticosteroid therapy or in whom
the clinical and laboratory features of the illness at the time of
initial presentation are distinctly atypical for MCNS. These fea-
tures would include hypertension, azotemia in the absence of
volume depletion, nonselective proteinuria, highly active urine
sediment including red cell casts, and involvement of other or-
gan systems.

Most nephrologists believe that the adult nephrotic patient
without signs of systemic disease should undergo a biopsy be-
fore therapy is initiated, because the majority of these patients,
including elderly persons (74), have a renal disease other than
MCNS (10). The most frequent cause of the nephrotic syn-
drome in adults is idiopathic membranous glomerulonephritis
(10,75,76), a disease in which the efficacy of corticosteroid
therapy has yet to be established with certainty. Other lead-
ing causes of the nephrotic syndrome in the adult include focal
segmental glomerular sclerosis (FSGS), membranoproliferative
glomerulonephritis (MPGN), proliferative glomerulonephritis,
immunoglobulin A (IgA) nephropathy, and amyloidosis, most
of which are unresponsive to corticosteroid administration.
Fewer than one-third of adult patients have MCNS. Thus, if
the physician elects to administer a short course of high-dose
corticosteroid therapy equivalent to that employed in pediatric
patients, approximately two-thirds of the patients would not be
expected to respond favorably. Despite suggestions to the con-
trary (22), we believe the risks associated with the use of corti-
costeroids or other immunosuppressive agents, such as azathio-
prine, chlorambucil, cyclosporine A, mycophenolate mofetil,
and cyclophosphamide, in this population are too great to jus-
tify their use in the absence of a specific histologic diagnosis.
An exception to this approach would be the patient in whom
selective proteinuria was present at initial evaluation.

Isolated Proteinuria

Isolated nonnephrotic proteinuria of 2 g or less/24 hours with-
out hematuria or pyuria in an otherwise asymptomatic patient
is a relatively common clinical problem. Often the proteinuria
is first detected during a routine physical examination required
for participation in school athletics, during a preemployment

examination, or at the time of application for life insurance.
Unless such a patient requests a kidney biopsy for purposes
of reassurance, it is our policy currently to merely monitor the
clinical course of such patients at periodic intervals of 6 months
to 1 year. There is little evidence to suggest that these patients
will progress to renal failure or that they are candidates for
any type of specific medical therapy in the absence of impaired
renal function (77,78). If there is any evidence during follow-
up of functional deterioration or the development of additional
clinical signs or symptoms suggesting the presence of a primary
renal disease or kidney involvement secondary to systemic dis-
ease, the patient is thoroughly reevaluated and is often advised
to undergo a kidney biopsy for diagnosis and possible thera-
peutic intervention.

In asymptomatic patients who remain nonnephrotic but per-
sistently excrete more than 2 g of protein/24 hours, we advise
a biopsy at the time of initial presentation. It is this group
of patients who are more likely to have an underlying renal
abnormality (77). Some of the more common diagnostic possi-
bilities include diabetes mellitus, early idiopathic membranous
glomerulonephritis, FSGS, and IgA nephropathy. Patients with
urinary abnormalities such as hyaline and granular casts are
even more likely to have an underlying glomerular abnormality
(79). Patients with true orthostatic proteinuria follow a benign
course and do not require biopsy for diagnosis and manage-
ment (80).

Hematuria with or without Proteinuria

Asymptomatic hematuria is a frequent presenting complaint,
especially in children and young adults. It is important that re-
nal neoplasms, infections, and nonrenal causes of hematuria,
such as those occurring secondary to neoplasms and infections
of the upper and lower collecting system, be excluded before
one considers a renal biopsy. In general, the diagnostic value of
a renal biopsy in the setting of idiopathic microscopic hema-
turia relates directly to the extent of associated clinical and
laboratory findings. For example, in a series of 76 pediatric
patients with isolated hematuria, Trachtman et al. (81) found
that almost three-quarters of all biopsy specimens obtained in
patients who had either a first-degree relative with hematuria
or a history of at least one episode of gross hematuria were ab-
normal histologically. Renal biopsy was recommended in these
two clinical settings when the hematuria had been present for
6 months or longer. IgA nephropathy and Alport’s syndrome
were the two most common findings. Schröder et al. (82) per-
formed renal biopsies in 65 children with isolated hematuria
of at least a 1-year duration. Of the group, 95% had histologic
abnormalities that included IgA nephropathy (16 patients),
Alport’s syndrome (eight patients), thin glomerular basement
membrane (33 patients), and nonspecific mesangial abnormal-
ities (five patients). In a later report, Topham et al. (83) evalu-
ated 165 children and adults with isolated hematuria, using cys-
tourethroscopy and renal biopsy. All had a normal intravenous
pyelogram, were normotensive with a normal serum creatinine,
and were free of both proteinuria and a urinary tract infection.
In this group, 47% had significant histologic findings, including
IgA nephropathy in 49 patients, whereas only five abnormali-
ties were identified on cystourethroscopy. Renal biopsy abnor-
malities were most common among patients under 20 years
of age (69%), prompting these investigators to conclude that
renal biopsy should replace cystoscopy in younger patients as
the next step in evaluation if renal imaging yielded normal re-
sults. Furthermore, because renal histologic abnormalities are
quite frequent in the clinical setting of isolated hematuria, these
investigators recommended kidney biopsy in patients over
45 years of age in whom findings at renal imaging and cys-
toscopy are normal.
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The opportunity to obtain significant glomerular pathology
is increased considerably when hematuria is accompanied by
proteinuria, with or without abnormal urine sediment that in-
cludes red blood cell, granular, hyaline, or white blood cell
casts. We believe it is important to establish the histologic
diagnosis of the renal lesion in this clinical setting, although
admittedly a biopsy is not required to identify the source of
hematuria. Primary renal diseases that can be seen include
IgA nephropathy, acute or resolving postinfectious glomeru-
lonephritis, MPGN, and an occasional example of interstitial
nephritis. Heredofamilial and multisystem diseases that may be
seen include Fabry’s disease, sickle-cell trait and disease, pol-
yarteritis nodosa, Wegener’s granulomatosis, diabetes mellitus,
SLE, and Henoch-Schönlein disease. Many of these systemic
diseases may be evident on clinical grounds if a careful pre-
biopsy evaluation can be undertaken and are discussed in the
next section.

Systemic Disease

There are many systemic diseases in which the extent of kidney
involvement varies considerably. Patients often undergo kid-
ney biopsy for diagnosis and management on the basis of ei-
ther the frequency or severity of the renal lesion. These diseases
include SLE, Henoch-Schönlein purpura, polyarteritis nodosa,
Goodpasture’s syndrome, Wegener’s granulomatosis, and var-
ious gammopathies.

In approximately 40% to 50% of all patients with type I
insulin-requiring diabetes mellitus and comparable percentages
with type II, or adult-onset, diabetes mellitus, renal failure de-
velops during the course of their disease (84,85). The natural
history of renal disease in both types of diabetes mellitus has
been well studied and is reasonably predictable (85,86); thus,
in most patients a renal biopsy is seldom indicated for diagnosis
or management. However, a biopsy can be helpful in patients
whose course may be complicated by the sudden development
of renal failure, proteinuria, or the nephrotic syndrome.

Although the nephrotic syndrome is observed in approx-
imately 10% of all patients with diabetes, its sudden appear-
ance, especially in the young diabetic without previous evidence
of functional renal impairment, should not be ascribed auto-
matically to the primary underlying disease. This point is well
illustrated by the experience of Urizar et al. (87) who described
five young diabetic patients with the nephrotic syndrome in
whom the renal disease was not distinguishable histologically
from MCNS. The nephrotic syndrome appeared either simulta-
neously or shortly after the recognized onset of diabetes in three
of the children. Treatment with corticosteroids in four patients
resulted in a prompt response, with loss of edema, cessation of
proteinuria, and normalization of all serum abnormalities. No
patient had abnormalities suggestive of diabetic nephropathy.
Other investigators have reported similar experiences (88,89).

Other types of renal disease also can be seen in associa-
tion with diabetes mellitus, often in the clinical setting of the
nephrotic syndrome. Couser et al. (90) reported the coexistence
of dense deposits within the glomerular and tubular basement
membranes, resembling those seen in type 2 MPGN and le-
sions typical of diabetic nephropathy in a 24-year-old nephrotic
man with juvenile-onset diabetes mellitus. Other examples of
well-recognized renal diseases that have been reported to oc-
cur in patients with diabetes mellitus in either the presence
or absence of diabetic nephropathy include acute postinfec-
tious proliferative glomerulonephritis (91,92), crescentic pro-
liferative glomerulonephritis (91), and membranous glomeru-
lonephritis (93–96).

Controversy surrounds the role of renal biopsy in the man-
agement of SLE (97). At present it is our practice to biopsy
all patients who present with clinical evidence of active lu-

pus nephritis unless a medical contraindication exists. Border
(98) has suggested that patients with more than six red blood
cells (RBCs)/high-power field, a urine protein excretion greater
than 200 mg/24 hours, or an abnormal serum creatinine value
are candidates for biopsy. There is no other way to establish
the type of renal lesion that is present, and the management
of lupus nephritis varies considerably, depending on the spe-
cific histologic lesion. Although there is little evidence that
mesangiopathic or membranous lupus nephritis benefits from
therapeutic intervention (99–101), most nephrologists treat pa-
tients who have focal proliferative lupus nephritis with corti-
costeroids and those with diffuse proliferative lupus nephritis
with corticosteroids and cytotoxic agents (101).

The value of renal biopsy in predicting prognosis has been
debated. The results of earlier studies suggested that the biopsy
classification of lupus nephritis was useful in predicting the
clinical course (102,103) and this issue was challenged (104–
106) from a prognostic standpoint but reaffirmed subsequently
(107–111). Correspondingly, we believe it is important to es-
tablish as precise a histologic diagnosis as possible because, in
general, patients with diffuse proliferative lupus nephritis with
signs of disease activity, such as increased cellularity, segmen-
tal necrosis, fibrinoid deposits, and crescents, in the glomeruli,
have a poorer prognosis than individuals with mesangiopathic,
focal proliferative, or membranous lupus nephritis.

Controversy also exists concerning the value of renal biopsy
in patients with clinically silent lupus nephritis. In 1977,
Mahajan et al. (112) described 12 patients with diffuse lu-
pus nephritis but without clinical or laboratory evidence of
renal involvement at the time of renal biopsy. A later report, in
which 10 of the original 12 patients were followed from 5 to
11 years, revealed deterioration of renal function in 3 years,
with one death as the result of renal failure (113). All patients
received prednisone alone or in combination with azathioprine.
These investigators concluded that the prognosis for preserva-
tion of renal function appeared better in patients with clinically
silent diffuse proliferative nephropathy as opposed to clinically
active disease, and recommended biopsy in patients with SLE
even in the absence of overt clinical renal involvement (113).
Woolf et al. (114) described eight patients ranging in age from
6 to 26 years, with clinically silent lupus nephritis, who on
biopsy had a variety of histologic lesions indicative of active
renal involvement. Although no consensus exists regarding the
use of renal biopsy in patients with SLE who are without clin-
ical evidence of renal involvement, it is our policy currently to
withhold biopsy in this group of patients.

Renal biopsy often can aid the clinician in selecting ap-
propriate therapy for the treatment of vasculitis when renal
involvement is present. Polyarteritis nodosa and Wegener’s
granulomatosis require aggressive combination therapy with
cyclophosphamide and prednisone (115). The prognostic value
of crescents in antiglomerular basement membrane (GBM) dis-
ease and other conditions is discussed in later paragraphs and
Table 15-1. Other systemic diseases that often exhibit renal in-
volvement and, therefore, can be diagnosed with the aid of a
renal biopsy when other diagnostic tests have failed or have not
been employed include multiple myeloma, kappa light-chain
disease (116), amyloidosis (117), fibrillary glomerulonephritis,
and mixed cryoglobulinemia with renal failure (71,118).

Transplant Kidney

Renal biopsy is a valuable diagnostic tool in the management
of the transplant recipient. Biopsy of an allograft represents the
major clinical exception to avoidance of percutaneous biopsy
of a single functioning kidney. Numerous studies confirm the
value and relative safety of renal biopsy in this setting (28–
35,119,120). Biopsy is the most accurate means of determining
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TA B L E 1 5 - 1

RENAL SURVIVAL IN ANTI-GBM DISEASE

A&W (%) Renal failurea (%)

Percentage crescents
<85% 48 (81%) 13 (18%)
≥85% 11 (19%) 61 (82%)
Total patients (133) 59 74

Effect of azotemia
Serum creatinine (mg/dL)
<6.79 61 (90%) 20 (23%)
≥6.79 7 (10%) 67 (77%)
Total patients (155) 68 87

aA&W, alive and well with independent renal function. The renal
failure group includes a minority of patients who did not survive.
From: Stave GM, Croker BP. Thrombotic microangiopathy in
antiglomerular basement membrane glomerulonephritis. Arch Pathol
1984;108:747; Johnson JP, Moore J, Austin III HA, et al. Therapy of
anti-glomerular basement membrane antibody disease: analysis of
prognostic significance of clinical, pathologic and treatment factors.
Medicine 1985;64:219; Walker RG, Scheinkestel C, Becker GJ, et al.
Clinical and morphological aspects of the managment of crescentic
anti-glomerular basement membrane antibody (Anti-GBM)
Nephritis/Goodpasture’s Syndrome. Quart J Med 1985;213:75; Briggs
WA, Johnson JP, Teichman S, et al. Antiglomerular basement
membrane antibody-mediated glomerulonephritis and Goodpasture’s
syndrome. Medicine 1979;58:348; Turner AN, Rees AJ, Pusey CD, et
al. Rapidly progressive glomerulonephritis. Oxford: Oxford University
Press, 1998:5; Herody M, Bobrie G, Couarin C, et al. Anti-GBM
disease: predictive value of clinical, histological and serological data.
Clin Nephrol 1993;40:249; Simpson IJ, Doak PB, Williams LC, et al.
Plasma exchange in Goodpasture’s syndrome. Am J Nephrol
1982;2:301.

the presence of lesions, such as cellular or humoral rejection,
ATN, drug-induced or viral (esp BK virus) interstitial nephritis,
hemorrhagic infarction, cyclosporine toxicity, and de novo or
recurrent glomerulonephritis in the allograft. As discussed in
an earlier section, the FNAB technique also is useful in identi-
fying the cause of acute renal failure in the renal allograft, ex-
cept when owing to the presence of extensive vascular lesions
(121). There are several clinical settings in which a biopsy of
the allograft is often indicated. These include failure of the graft
to function within the initial 7 to 10 days (122) after surgery,
rapid deterioration in function of unknown etiology after initial
good function, absence of a response to adequate antirejection
therapy within a reasonable period of time, and unexplained
nephrotic syndrome or nephrotic-range proteinuria.

A large number of cadaveric kidneys are engrafted and
ischemia-reperfusion injury is a frequent complication. Failure
to achieve improved renal function within 7 to 10 days after
surgery raises the possibility of a more severe form of renal
injury, such as infarction, possible cyclosporine nephrotoxic-
ity, or a superimposed episode of acute rejection. A biopsy is
often invaluable in determining the etiology of the renal fail-
ure, guiding subsequent therapy, and establishing prognosis.
For example, Kiaer et al. (123) reported a 100% graft loss
when infarction, capillary thrombosis, and arterial or arterio-
lar thrombosis were found either singly or in combination on
biopsy. Thus, the presence of these lesions in the clinical setting
of acute renal failure would obviate the necessity for continued
use of antirejection therapy.

The incidence of acute rejection characterized by a sudden
decrease in renal function, graft tenderness, and fever is great-
est during the first 6 months after transplantation. In most in-
stances the suspicion of acute rejection can be made on clinical
grounds. However, acute rejection can occur in the absence of

certain of the more obvious clinical features, especially because
of the widespread use of cyclosporine and newer therapies, or
a patient who was believed to have acute rejection may not
respond to a reasonable course of antirejection therapy. It may
be desired to tailor the antirejection therapy to vascular versus
tubulointerstitial rejection or antibody versus cellular rejection.
Biopsy can be extremely helpful at this juncture in the patient’s
therapy. Other complications, such as ATN; a drug-induced
nephrotoxicity, such as cyclosporine; or overt renal infarction
may be diagnosed.

The occurrence of the nephrotic syndrome or nephrotic-
range proteinuria in a transplant recipient suggests the pos-
sibility of recurrent or de novo glomerulonephritis (124,125).
Those forms of disease that are most likely to recur in the trans-
plant kidney include MPGN, FSGS, diabetic nephropathy, and
IgA nephropathy (124,125). To date the most common de novo
disease reported is membranous glomerulonephritis (124). Al-
though some would take exception, we believe it is worthwhile
to establish the lesion responsible for proteinuria, especially if
the proteinuria is associated with a decrease in renal function.

CONTRAINDICATIONS

Both the relative and the absolute contraindications for renal
biopsy vary among nephrologists. However, most would agree
that the potential for increased risk occurs in the presence of
severe uncontrolled hypertension, sepsis, known or suspected
renal parenchymal infection, a hemorrhagic diathesis, a soli-
tary ectopic or horseshoe kidney (except in the case of a trans-
planted kidney), or when the patient is unable to cooperate
during the procedure.

In 1958, Kark et al. (126) published the results from their
initial 500 percutaneous renal biopsies and listed 11 contraindi-
cations. These included an uncooperative patient, large cysts,
a renal neoplasm, renal artery aneurysm, marked calcific ar-
teriosclerosis, a hemorrhagic diathesis, a single kidney, a per-
inephric abscess, hydronephrosis or pyonephrosis, a terminal
state of illness, and a rising blood nonprotein nitrogen level
greater than 100 mg/dL. Hypertension was viewed as a relative
contraindication, depending on the importance of the biopsy
and the skill of the operator.

Certainly, the presence of a single kidney (except a renal allo-
graft), including a horseshoe kidney, sepsis, or a hemorrhagic
diathesis, remains an important contraindication to percuta-
neous renal biopsy (127). However, in some cases, an open
or laproscopic biopsy may well be justified if the clinical sit-
uation warrants the risk. This also holds true for the patient
with a renal artery aneurysm or calcific arteriosclerosis and an
undiagnosed parenchymal renal disease. Many times a coagu-
lation disorder can be corrected, thus allowing the biopsy to
be performed. In most clinical situations there is little or no
reason to perform a biopsy if the patient has large multiple
cysts, a renal neoplasm, or a terminal illness. The same is true
in the presence of a perinephric abscess, acute pyelonephritis,
hydronephrosis, or pyonephrosis. Today, a rising blood urea
nitrogen (BUN) or a BUN greater than 100 mg/dL is not con-
sidered a contraindication if the rise is sudden or unexplained
and quite likely owing to an acute and potentially reversible
process, as discussed earlier in this chapter. The presence of
normal-sized or large kidneys increases the likelihood that an
acute rather than a chronic form of renal failure is present.

When a patient is hypertensive, we delay the biopsy until
the blood pressure is brought under adequate control. Thus,
the presence of hypertension should be considered at most a
relative contraindication. It is important that blood pressure
control is obtained because it is well documented that hyper-
tensive patients are more prone to bleed after a percutaneous
renal biopsy (25,26). Diaz-Buxo and Donadio (25) found not
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only a significantly greater incidence of complications in hy-
pertensive patients (11.6%) as compared with normotensive
subjects (7.1%) undergoing percutaneous renal biopsy, but the
higher incidence also correlated positively with both the sever-
ity and duration of the hypertension.

GROSS INSPECTION AND
TISSUE PROCESSING

Evaluation of a kidney biopsy includes both gross and his-
tologic examination of the specimen. Standard histologic ex-
amination includes light microscopy, immunohistology, and
transmission electron microscopy. Other less frequently used
techniques include scanning electron microscopy, microbio-
logic cultures, tissue and cell cultures, quantitative or qualita-
tive chemical analyses, enzyme assays, and molecular pathol-
ogy. Most of the remainder of this chapter is concerned with
preparation, histologic examination, and actual evaluation of
the biopsy specimen for clinicopathologic interpretation.

Gross Examination

The general purpose of gross examination is to determine ad-
equacy and divide the specimen into appropriate portions for
subsequent processing. The overall dimensions, color, and con-
sistency should be noted. In particular, the area of viable cortex
should be identified and delineated from the medulla, which is
generally paler. Areas of infarction, other necrosis, or pyogenic
inflammation that are often pale and highlighted by a hyper-
emic border, may be evident by gross examination. Ischemia
with reflow also may be hyperemic throughout. In general, if
the specimen contains both cortex and medulla, the medulla
is the deeper tissue as it is removed from the needle, although
there are several exceptions. If the needle is thrust deeply into
the kidney before the core is taken, the cortex may be missed
altogether, or if the direction of the needle is obtuse to the pelvis,
the needle may pick up medulla first and then cortex as it passes
completely through the medulla. We have observed specimens
that contain cortex, medulla, and then more cortex. Chronic
disease will make it more difficult to delineate the cortex.

Allografts have additional notable characteristics. First, in
older grafts a thick “rind” of fibrous tissue surrounds the graft.
This area may be quite pale and should not be confused with
cortex. In newer grafts, the surface may be deeply colored from
hemorrhage or the presence of granulation tissue. Second, the
outermost rim of cortex may be pale from ischemic atrophy
or necrosis. The deeper cortex is of interest for the diagnosis
of additional disease. Many laboratories employ a dissecting
microscope or hand lens to identify glomeruli in the cortex
and guide division of the specimen at the time of the biopsy.

Processing for Histologic Examination

Despite considerable effort it has not been possible to develop
a single method of tissue fixation and processing that is opti-
mal for light, immunofluorescence, and electron microscopy.
Therefore, it is customary to divide the cortical portion of
the biopsy into three parts (Fig. 15-1). We prefer to divide
the tissue core along its short axis, as illustrated, to minimize
tissue damage. For longer cores the largest part is taken for
light microscopy, a smaller portion for immunofluorescence
microscopy, and the smallest portion for electron microscopy.
The exact proportions of this division are variable and depend
on the total amount of cortex and the clinical setting (e.g., na-
tive vs. allograft biopsy). The basic consideration in division of

FIGURE 15-1. The methods of dividing cores of native cortical renal
tissue obtained by percutaneous biopsy based on sample size. EM,
electron microscopy; IM, immunofluorescence microscopy; LM, light
microscopy.

the specimen depends on the definition of an adequate sample
for each type of histologic examination. Six glomeruli gener-
ally are considered an adequate number in a native kidney for
light microscopic evaluation. However, in exceptional circum-
stances the limits are broad. For example, in the evaluation of
a patient with the nephrotic syndrome, a disease that is diffuse
and generalized such as uncomplicated idiopathic membranous
glomerulonephritis may be diagnosed with a single glomerulus.
On the other hand, in the early stages of a focal proliferative
disease or with the variable pattern of involvement often ob-
served in lupus nephritis, the diagnosis may not be appreciated
with six or more glomeruli. We prefer a core of tissue sufficient
in length to provide 12 glomeruli for light microscopic exam-
ination. The extent or degree of severity of chronic atrophy
also is determined best on larger specimens and is especially
important for assessment of permanent nephron loss.

The factors that determine the adequacy of a sample for
immunohistology are somewhat different. The principal role
of immunohistochemistry is to evaluate the type, location, and
distribution of serum proteins, particularly those commonly
identified in immune complexes or directed against a specific
antigen, such as is seen in anti-GBM disease. The biology of
these immune diseases is such that the distribution of immune
mediators is more diffuse and generalized, even though the light
microscopic pattern may be focal and segmental; therefore,
sections containing four to six glomeruli usually are adequate.

Electron microscopy is most useful in diffuse and general-
ized diseases. It is preferable to examine two or three glomeruli
as well as tubules and small vessels whenever possible. After
the viable cortex has been divided, any remaining tissue such
as medulla is also processed for light microscopy.

When only a few millimeters of cortex are obtained, we
process the entire specimen for electron microscopy. During
the examination for electron microscopy the tissue also is eval-
uated by light microscopy; therefore, the maximum amount of
information can be obtained. In addition, electron microscopic
processing is technically most suited for handling small pieces
of tissue, and the overall preservation of the tissue is much bet-
ter. If the core of cortex is 4 to 8 mm in length, we process
equal parts for electron microscopy and immunofluorescence
microscopy (Fig. 15-1).

Two tissue cores are recommended for allograft biopsies be-
cause of the variable nature of rejection (128). We also modify
the division of tissue from transplant biopsies. This is done to
expedite the diagnosis when rejection is suspected. Approxi-
mately half the cortex is submitted for frozen sections. Most of
the remainder is processed for routine light microscopy. Small
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(1-mm) portions are saved for electron microscopy. Frozen
sections are taken immediately for light microscopy stains,
hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS),
and immunohistology microscopy. These procedures can be
completed within 1 to 2 hours. Rejection can be determined
from the frozen sections in many patients. The final evaluation
has to wait for routine processing in subtle or complex situ-
ations, but rapid processing produces permanent sections in
4 hours.

There is diversity of opinion regarding optimal tissue fixa-
tion for light microscopy. In part, this is because several fixa-
tives are available that yield generally acceptable results. Fix-
ative for use in general pathology has a formaldehyde base;
a 4% solution of formaldehyde in neutral phosphate buffer
is acceptable in most situations. Other common fixatives in-
clude Zenker’s, Van de Grift’s, Helly’s, and Bouin’s solutions
(129,130). Probably the most important consideration for
someone beginning work in this area is to select one of the
generally accepted fixatives and continue with its use. Varia-
tions in fixation and other processing steps make less and less
difference with time and experience.

There are circumstances when standard fixation and tissue
processing should be supplemented with special handling of
the tissue. Urate, uric acid, other water-soluble crystals, and
glycogen may be dissolved from the tissue during process-
ing in aqueous solutions. Ethanol is the fixative of choice for
preservation when the presence of urates and uric acid is sus-
pected. Lipids are extracted from the tissue during the later
stages of processing for routine paraffin sections; therefore,
frozen sections are preferable for the demonstration of lipids.
Some fixatives degrade antibody binding and nucleic acid hy-
bridization to tissue or tissue extracts; therefore, processing
must be appropriate for these tests. Because special handling
is required in few cases, it is important to have a high in-
dex of suspicion when these situations arise and to alert the
pathologist and the laboratory before the biopsy is actually
performed.

After fixation, the tissue is dehydrated and embedded using
one of several techniques. We prefer wax embedding because
it is automated and permits the use of the greatest variety of
special stains. We normally prepare seven slides with 2-μm–
thick sections. The first, fourth, and seventh slides are stained
with H&E, the second and fifth with PAS, and the third and
sixth with periodic acid-methenamine silver (PAMS) (130). Ad-
ditional stains, such as Congo red, are used as necessary. Some
laboratories use plastic materials for embedding, which pro-
duce very clean, thin, crisp sections that also can be stained
with the H&E, PAS, and PAMS procedures. Specimens pro-
cessed in this manner require separate handling and, in our
experience, additional special stains often demonstrate poor
contrast.

Many types of fixatives are available for electron mi-
croscopy, and several are acceptable for the evaluation of a kid-
ney biopsy within certain limits. We recommend either of two
initial fixatives for electron microscopy. The first is buffered
formaldehyde. In its early use, “formalin” solution was ma-
ligned as a fixative for electron microscopy because of poor
tissue preservation. This was not because formaldehyde is ac-
tually a poor fixative, but because formaldehyde produces a
highly acidic solution in water and the increased acidity pro-
duces many artifacts. Buffered formaldehyde (pH 7) is a good
fixative, inexpensive, and readily available (129). It has a long
shelf life, and tissue can remain in the fixative for months if
necessary before additional processing.

Glutaraldehyde is employed commonly to preserve kidney
biopsy specimens for electron microscopy and is our choice
as a primary fixative for ultrastructural preservation, although
it may be less readily available in routine histology laborato-
ries. Regardless of the fixative, it is important that tissue to

be processed for electron microscopy is divided into pieces less
than 1 mm in any dimension to ensure good penetration of the
fixative and all other solutions used in subsequent processing.
This is not a problem with needle biopsies, but wedge biopsies
must be divided accordingly. After primary fixation, the tissue
is ready for additional processing, which should be performed
in a dedicated electron microscopy laboratory (129).

Tissue for immunohistology can be handled in several ways.
For frozen sections, the tissue is placed between gauze sponges,
moistened with saline and taken directly to the laboratory. It is
important that the tissue not be allowed to float in saline, be-
cause tissue specimens left in aqueous solutions absorb water,
which distorts the architecture. Ideally, transit time to the lab-
oratory should be less than 30 minutes. If transport is delayed,
the tissue should be kept on ice, but not frozen. Alternatively, a
second method can be employed. Michel et al. (131) developed
a holding solution composed of buffered ammonium sulfate
and N-ethylmaleimide, which is used at room temperature for
preservation of biopsy specimens for immunofluorescence mi-
croscopy. The original solution has been modified slightly and
is even more broadly applicable than described originally (132).
Michel’s medium remains valuable for holding tissue at room
temperature or shipping kidney specimens without refrigera-
tion provided certain guidelines are followed. First, the tissue
pieces should be 2 mm or less in thickness. Second, the tissue
should not be kept in the solution for longer than 1 week before
it is rinsed and frozen as described for fresh tissue. We block
the tissue in gelatin, as described by Burkholder et al. (133), or
routine cryomicrotomy solution after which it is “snap” frozen
in isopentane or Freon cooled with liquid nitrogen or an elec-
trical refrigeration unit, or in a slurry of dry ice and acetone.
Rapid freezing is important to reduce the formation of large ice
crystals, because these result in tissue distortion and section-
ing artifacts. Tissue stored frozen before and after sectioning
should be protected to prevent desiccation and denaturation
artifacts.

Frozen sections are cut and stained according to any of sev-
eral immunohistologic procedures. Direct immunofluorescence
staining for serum proteins with fluorescinated heteroantisera
or monoclonal antibodies remains the standard procedure. The
usual battery of reactants includes antibodies to IgG, IgM, IgA,
C1q, C3, and albumin. With the appropriate interpretation,
this panel of antisera allows the successful identification of
most clinical diseases. Staining for selected amyloid proteins
and κ and λ light chains is helpful or necessary in many adult
cases. A variety of other antigens have been used in special
or experimental situations; however, most are not necessary
in everyday clinical practice. After staining, the slides are cov-
erslipped with buffered glycerol at pH 8.2 in preparation for
viewing. A fluorescence microscope equipped with epifluores-
cence is convenient to use and should be outfitted with adequate
illumination, a primary interference filter, and an appropriate
secondary filter.

A number of methods employing other fixatives or embed-
ding procedures for the immunohistochemical demonstration
of serum proteins in kidney biopsies have been described, in-
cluding the use of wax sections. Some of these alternative pro-
cedures are unreliable, but others (134) are suitable for the
demonstration of antibodies and some complement proteins in
paraffin sections.

Several other tests are required occasionally that can be
performed only on frozen sections. These include neutral fat
stains and most enzyme histochemistry. The use of immuno-
histochemistry, combined with a host of specific monoclonal
antibodies, has produced a highly specific and sensitive system
for the identification of cell and tissue antigens. The impact
of this methodology has been most noticeable in our ability
to identify lymphohistiocytic cell infiltrates and classify cellu-
lar immune responses in the kidney such as: cellular rejection,
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interstitial nephritis, and posttransplant lymphoproliferative
disease (PTLD). We have found that the “avidin biotin com-
plex” (ABC) procedure yields the best combination of sensitiv-
ity, specificity, quality control, and time for completion of the
test (135). There are excellent monoclonal antibodies available
commercially for the identification of B cells, T-cell subsets, and
monocytes. Many of these may be used in tissue following fix-
ation in buffered formalin.

Immunoperoxidase staining of frozen sections can also be
used in addition to or instead of immunofluorescence stain-
ing. The advantage of immunoperoxidase techniques over im-
munofluorescence microscopy is the greater sensitivity and per-
manence of the staining when diaminobenzidine is used as the
substrate for color development. The disadvantages of immu-
noenzyme staining for immunoglobulin localization include the
increase in preparation time and the added expense. Endoge-
nous peroxidase and endogenous biotin may produce a both-
ersome high background and should be blocked (136).

Molecular Biology

In situ hybridization has been a powerful tool for a host of in-
vestigational studies (137,138). A variety of molecular probes
have been used to study gene expression at the level of messen-
ger ribonucleic acid (mRNA) (139–141) and for the detection
of viral sequences (142,143). For example, Epstein-Barr virus
(EBV) probes may be useful in the diagnosis of PTLD. Core
and FNAB specimens also can be used as a source of DNA
or RNA for extraction and nucleic acid blotting or for poly-
merase chain reaction (PCR)-based techniques (142,144–148).
Although great potential for molecular diagnosis of renal dis-
ease by microarray analysis and other techniques is near at
hand, there are a few standard applications to clinical renal
biopsy diagnosis at the present time (149).

HISTOLOGIC EVALUATION

Light Microscopy

The purpose of this section is to present a systematic approach
to the histologic interpretation of a kidney biopsy. The discus-
sion also includes the role of several special stains in biopsy
diagnosis. The evaluation should begin with a review of all tis-
sue present on the light microscopic sections at a relatively low
magnification to assess the adequacy of the specimen and iden-
tify any major abnormalities. This is followed by a systematic
evaluation of the glomeruli, tubules, interstitium, and vascu-
lature. It is preferable to establish the histopathologic findings
before the clinical history is known in order to avoid bias in the
final biopsy interpretation. Nevertheless, the biopsy findings
must be ultimately reconciled with the clinical presentation:
course and prognosis.

It is important that certain terms be carefully defined be-
fore continuing. There are four principal definitions that have
evolved largely from light microscopic evaluations of kidney
biopsies to describe glomerular disease. Focal denotes a process
in which only some of the glomeruli are altered histologically.
The majority of glomeruli are spared. Generalized indicates
the majority of glomeruli on the biopsy are altered by some
process, for instance, proliferation or sclerosis. A local, or seg-
mental, lesion is one in which only a portion of a glomerulus
exhibits an alteration. A segmental sclerotic process involves
only a portion of a glomerulus. The opposite of a segmental
process is one that is global in nature and generally affects the
entire glomerulus. The term diffuse has been used ambigiously
in the literature. Sometimes it has meant global and other times

it has meant generalized; therefore, care must be taken when in-
terpreting this term. Glomerular lesions are generally focal and
segmental or generalized and global, but important exceptions
exist (e.g., generalized and segmental).

The initial evaluation of the specimen is intended to de-
termine the specific regions of the renal parenchyma that are
present on the section, which might include the cortex and the
outer and inner medulla. If only cortex is seen, the presence of
the renal capsule can aid in orientation of the specimen. The
glomeruli should be counted to provide a rough estimate of
the sample size. This is generally accomplished best with the
PAS-stained sections, in which the glomeruli (including those
that are globally sclerotic) can be identified readily. All tissue
on each slide should be evaluated because certain features may
not be present in all sections. Next, the overall condition of the
renal architecture is evaluated to differentiate between chronic
or irreversible nephron loss and acute reversible nephron dam-
age. The type, distribution, and intensity of cellular infiltration
are accurately established on the H&E and PAS sections. The
PAS and PAMS stains are well suited to evaluate the degree of
interstitial fibrosis, tubular atrophy, and glomerulosclerosis. In
general, the degree of tubular and interstitial injury relates to
the reduction in creatinine clearance when the sample size is ad-
equate and the process producing the injury is uniform. The lat-
ter feature is important because, with approximately 1 million
nephrons in each kidney, a needle biopsy specimen that con-
tains 10 glomeruli only provides a sample of one in 100,000.
We employ a simple procedure to estimate the extent of chronic
nephron loss in a biopsy. Using a PAS-stained section, the total
number of glomeruli is counted and the percentage that is scle-
rotic is determined. Sclerotic glomeruli generally are shrunken
in appearance because of the complete collapse of the capillary
bed and the paucity of cells. In a study of chronic glomeru-
lonephritis, we have shown that global glomerular sclerosis
of up to 50%, is associated with maintenance of the serum
creatinine near the normal range (150). However, an increase
in glomerular sclerosis of the global type above 50% to 60%
is associated with increases in the serum creatinine. This es-
timate of chronic nephron loss is based on an interpretation
of the intact nephron hypothesis (151). When one portion of
the nephron is lost to disease or injury, the remainder of the
nephron undergoes atrophy. Thus, the accompanying tubule
undergoes atrophy in the presence of global sclerosis. The con-
verse also is true. Tubular atrophy is characterized by a decrease
in the outer diameter of the tubule, thickening and wrinkling
of the tubular basement membrane, simplification and a de-
crease in thickness of the tubular epithelium, and an increase
in the interstitial connective tissue that surrounds the tubule.
These changes all lead to disruption of the normal architec-
ture of the renal parenchyma. As some nephrons are destroyed
or atrophy, the remaining nephrons may undergo hypertrophy,
showing tubules with larger diameters and cells with increased
cytoplasm. This picture of atrophy and hypertrophy is visual-
ized in Figure 15-2. Hyperfiltration in this setting is associated
with glomerular changes of increased size and mesangial ma-
trix and segmental sclerosis (152–156). These features are the
harbingers of the point of no return or continued deterioration
in renal function (157). The normal architecture also can be
disrupted by more acute changes such as edema and inflam-
mation. In this setting, there is separation without evidence
of atrophy of the renal tubules. Depending on the etiology of
the injury, these latter changes may be reversible, as seen in
ATN, or occasionally they may progress to loss of the entire
nephron.

The next step in interpretation of the biopsy is a detailed
evaluation of the glomeruli, which includes a careful assess-
ment of the various structures that comprise the glomerulus
or renal corpuscle. The glomerulus is composed of the visceral
epithelial cells, endothelial cells, and mesangial cells with the
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FIGURE 15-2. This figure shows
shrunken atrophic tubules (right
side, a) and hypertrophic tubules
(left and center of field, H) (PAS,
magnification ×210).

mesangial matrix and the basement membranes of the capillary
loops, Bowman’s capsule and the overlying parietal epithelial
cells, the extra glomerular mesangium, and the afferent and
efferent arterioles (Fig. 15-3). The first assessment is a deter-
mination of the overall glomerular cellularity, which is eval-
uated using H&E-stained sections (Fig. 15-4A). The cell type

should be established if the glomeruli are hypercellular. This in-
cludes an estimate of the number of cells normally present in the
glomerulus, including the mesangial, endothelial, visceral ep-
ithelial, and parietal epithelial cells; and the inflammatory cells
that migrate into the glomerulus, including neutrophils, lym-
phocytes, and monocytes (Fig. 15-5). Most pathologists rely

FIGURE 15-3. Photomicrograph of glomerulus (renal corpuscle) depicting major cell types and anatomic
regions. V, visceral epithelial cell; M, mesangial cell; P, parietal epithelial cell; E, endothelial cell; MD,
macula densa; CD, collecting duct; PT, proximal tubule (magnification ×750). (From: Brenner BM, Rector
FC Jr, eds. The kidney, 3rd ed. Philadelphia: Saunders, 1986, with permission.)
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FIGURE 15-4. A: H&E stain of a glomerulus with moderate neutrophilic infiltrate in acute poststrepto-
coccal glomerulonephritis (magnification ×200). B: PAS stain of a glomerulus, illustrating early and late
nodular mesangial expansion typical of nodular intercapillary glomerulosclerosis of diabetic nephropathy
(magnification ×200). C: PAMS stain depicting a portion of a capillary tuft with spikelike projections ex-
tending outward from the capillary basement membrane. This picture is characteristic of stage II idiopathic
membranous glomerulonephritis (magnification ×1,000). D: Depiction of the yellow-green birefringence
of amyloid when stained with Congo red. Other tissue structures (particularly fibrous tissue) may rotate
light and appear white when viewed with the polarizing microscope and should be distinguished from amy-
loid (Polarization optics; magnification ×200). E: This interlobular artery exhibits inflammation primarily
in the intima, which is seen commonly in acute vascular rejection. Compare with the immunofluorescence
pattern in Figure 15-22F, which demonstrates the transmural nature of the process (H&E; magnification
×400). F: Photomicrograph of immunoperoxidase preparation using LEU 2A antibody, an antibody to
cytotoxic T cells, and diaminobenzidine. Several cross-sections of tubules and interstitium are shown from
a typical example of acute cellular rejection. The T cells infiltrate both the interstitium and the tubular
epithelial cells (magnification ×200). (See Color Plate.)
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FIGURE 15-5. Photomicrograph of glomerulus illustrating large num-
bers of neutrophils and monomuclear cells within peripheral capillary
loops in biopsy from a patient with poststreptococcal glomerulonephri-
tis (H&E; magnification ×560).

principally on a qualitative assessment of the cellular compo-
sition in sections 2- to 3-μm–thick stained with H&E. There
are several guidelines for this assessment. Under normal condi-
tions, a typical cross-section through the mesangium contains
one to three mesangial cell nuclei (158). An entire glomerulus
may contain one to two neutrophils, but more than two is ab-
normal. There are also a small number (1%) of mononuclear
cells (monocytes) in the normal glomerular mesangium (159),
but these cells cannot be identified with certainty on routine
H&E sections. Similarly, it may not be possible to distinguish
monocytes from large lymphocytes or even epithelial cells with-
out immunohistochemistry or electron microscopy. Some cells
within the glomerulus may contain inclusions, inspissated ma-
terial, or numerous vacuoles, such as those that are present in
foam cells.

Next, the glomerular capillaries are examined to determine
whether they are patent, collapsed, or obstructed with fibrin,
platelets, or cells. The PAS and PAMS stains are important in
the evaluation of the capillary walls (Figs. 15-4B and C). Both
stain normal as well as abnormally thickened basement mem-
brane. If the basement membrane is thickened, it is important
to establish the nature of the changes. Both the epithelial and
endothelial surfaces are smooth under normal conditions. If
one surface is shaggy or irregular or exhibits projections, of-
ten referred to as “spikes” when present on the epithelial sur-
face, it is distinctly abnormal (Fig. 15-4C). Occasionally, both
surfaces of the basement membrane are irregular in configura-
tion. In necrotizing glomerulonephritis owing to virtually any
cause, the capillary wall, including the basement membrane,
may be ruptured, discontinuous, or completely lost (Fig. 15-6).
This histologic picture usually is associated with fibrin depo-

A

B

FIGURE 15-6. Photomicrographs demonstrating segmental necrosis
of glomerular tuft in a biopsy from a 60-year-old man with a clinical
diagnosis of Wegener’s granulomatosis (A: H&E stain; ×340. B: PAMS
stain; ×300).

sition. Fibrin deposition associated with necrosis should be
distinguished from fibrin deposits that distend the capillary
in the presence of an intact basement membrane. Larger im-
mune complexes can be seen on Masson or PAS stains. These
deposits can also be identified on 1-μm thick plastic sections
stained with toluidine blue (160) that are cut from tissue that
has been prepared for electron microscopy (Fig. 15-7). The
capillary (visceral) epithelial cells may exhibit hypertrophy, at-
rophy, or hyperplasia.

In addition to the mesangial cellularity, there may be an in-
crease in mesangial matrix material with or without an increase
in cells. This is evaluated best with the PAS and PAMS stains
(Fig. 15-4B). Mesangial expansion may be global and involve
the entire glomerular tuft; it may be segmental (Fig. 15-8); or it
may involve only the stalk region, which is designated the ex-
traglomerular mesangium and forms part of the juxtaglomeru-
lar apparatus. Mesangial matrix expansion may extend into
the capillary or be observed in association with subendothe-
lial capillary basement membrane thickening, called mesangial
interposition.
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FIGURE 15-7. Micrograph of Epon section stained with toluidine
blue, illustrating subepithelial immune complexes (arrowheads) along
capillary basement membranes in a patient with idiopathic membra-
nous glomerulonephritis (magnification ×1,050).

FIGURE 15-8. Glomerulus from a patient with focal segmental
glomerular sclerosis, illustrating segmental sclerosis and hyalinosis
(arrow) (PAS; magnification ×360). (From: Newman WJ, Tisher CC,
McCoy RC, et al. Focal glomerular sclerosis: contrasting clinical pat-
terns in children and adults. Medicine 1976:55:67, with permission.)

FIGURE 15-9. Light micrograph depicting mesangial lysis (arrow-
head) in a glomerular tuft (PAS; magnification ×500).

Mesangiolysis is an alteration of the mesangium that is
characteristic of thrombotic microangiopathies, but can be ob-
served in diabetes and other conditions (161). The lesion ap-
pears as a relaxation or disruption of the attachment of the
capillary basement membrane to the mesangium. The base-
ment membrane balloons outward in early lesions. The po-
tential space is filled with disrupted mesangial matrix mate-
rial, fibrin or platelet thrombi, fragmented erythrocytes, and
other material (Fig. 15-9). Eventually, the mesangiolytic le-
sions sclerose and sclerosis is associated with worsening renal
function.

The basement membrane of Bowman’s capsule is thicker
than the capillary basement membrane in the normal state and,
like the capillary basement membrane, may increase in thick-
ness with injury. The parietal epithelium lining Bowman’s cap-
sule can respond to injury with hypertrophy or hyperplasia or
exhibit infiltration with monocytes, resulting in the formation
of crescents (162).

The arterioles of the juxtaglomerular apparatus may be
markedly abnormal because of the presence of glassy eosino-
philic hyaline material (Fig. 15-10), edema, fibrin, other inflam-
matory changes, hypertrophy, or sclerosis. They may contain
fibrin thrombi (Fig. 15-11) or exhibit segmental fibrinoid
necrosis. The pericytes surrounding the arterioles should be ex-
amined carefully for evidence of hypercellularity and increased
granularity. The PAMS stain is used to screen for the latter
feature.

The tubules then are examined in detail. The proximal
tubule epithelium should be tall, columnar, and possess a PAS-
positive brush border and display a deeply eosinophilic cyto-
plasm. Acute signs of ischemic or toxic injury include swelling
of the cell cytoplasm and disruption of the brush border. Cyto-
plasmic vacuolization is followed by cell necrosis. Later stages
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FIGURE 15-10. Arteriole with marked subintimal hyalin arterioloscle-
rosis from a patient with diabetic nephropathy (PAS; magnification
×460). (From: Suki WN, Eknoyan G, eds. The kidney in systemic dis-
ease, 2nd ed. New York: Wiley-Liss, 1981, with permission.)

include flattening of the remaining cells with irregular stain-
ing of nuclei, and evidence of early regeneration (Fig. 15-12).
Apoptosis (163,164) follows a variety of stimuli, including
cell-mediated cytotoxicity (165–167) with pyknosis of the nu-
cleus, condensation of the cytoplasm, and extrusion of tubu-
lar cells into the lumen. Characteristic PAS-positive droplets
that represent lysosomes are present in increased numbers with
proteinuria. Additional findings include lipid droplets and cy-
toplasmic vacuoles. Large irregular vacuoles are seen with
severe hypokalemia (Fig. 15-13), whereas fine, diffuse cytoplas-
mic vacuoles are observed with exposure to osmotic agents,
such as mannitol (Fig. 15-14). Vacuoles also are observed in
cyclosporine toxicity (Fig. 15-15). Inflammatory cells may in-
filtrate the tubule and, if present, the type of inflammatory cell
should be characterized (Fig. 15-4F). The lumen may contain
extracellular material, such as casts or white or red blood cells.
The basement membrane may be thickened by atrophy or the
presence of immune deposits, or it may exhibit breaks.

Normally the tubules are separated by an inconspicuous
interstitium, which contains peritubular capillaries and a few

FIGURE 15-12. Photomicrograph depicting
acute tubular necrosis (H&E; magnification
×440).

FIGURE 15-11. Fibrin thrombus in afferent arteriole of a kidney
biopsy from a 62-year-old woman with acute renal failure and stig-
mata of a hemolytic-uremic syndrome (PAMS; magnification ×415).

interstitial cells. The interstitium may be abnormally thickened
or expanded by a variety of extracellular materials, including
collagen, other proteins, crystals, or edema. The type of inflam-
matory cells should be characterized if inflammation is present.
Inflammatory cells may display a specific distribution, such as
perivascular or periglomerular, marginated in peritubular cap-
illaries or scattered uniformly throughout the biopsy. Mono-
cytes may aggregate and assume an epithelioid appearance,
giving rise to granulomas. Normally, the interstitium is more
prominent in the medulla and around the muscular arteries.

Finally, the larger vessels should be examined. The medium-
sized renal arteries have a histology typical of arteries else-
where; however, intrarenal veins have minimal smooth muscle
compared to veins of similar caliber in other organs. The most
common arterial change is intimal thickening in association
with irregular reduplication of the internal elastic lamina, a
finding that is seen best with the PAMS stain. The lumen may
contain fibrin thrombi, embolized material, or inflammatory
cells (Fig. 15-4E). The walls of the arteries also may be thick-
ened as the result of edema, fibrin, other exogenous material,
or inflammation. Similar, although less extensive, changes may
be observed in the renal veins.

At this point it is useful to compare the relative degree and
type of involvement of each of the cortical structures. As dis-
cussed in the preceding text, when one portion of the nephron
is diseased, the remainder of the nephron eventually is affected.
The site of the initial insult usually demonstrates the earli-
est and most severe changes. Thus, in glomerulonephritis, the
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FIGURE 15-13. Example of severe hypokalemic nephropathy. Large
irregular vacuoles are evident in proximal tubule epithelium (H&E;
magnification ×460).

glomeruli usually exhibit the most striking changes, whereas
less severe alterations in the form of interstitial inflammation
and tubular injury accompany the primary lesion. The inter-
stitium shows the most inflammation in interstitial nephritis,
whereas the glomeruli may exhibit secondary involvement. If
any process is severe enough and of long enough duration, all
structures will atrophy and sometimes leave few clues to the eti-
ology of the original disease. One is then left with a diagnosis
of end-stage renal disease.

FIGURE 15-14. Photomicrograph illustrating osmotic nephrosis char-
acterized by fine vacuolization of the proximal tubule epithelium
(H&E; magnification ×540).

Electron Microscopy

The major advantage of electron microscopy is its greater re-
solving power when compared with light microscopy. In kidney
biopsy interpretation, electron microscopy is most useful in the
examination of glomerular lesions. Immune complexes can be
identified by electron microscopy when they are too small to be
evident on light microscopy or when the immunofluorescence

FIGURE 15-15. Electron micrograph illustrat-
ing severe tubular vacuolization secondary to
cyclosporine toxicity. The nuclei are pyknotic,
and the brush border is often disrupted or
lost (magnification ×4,900). (From: Tisher CC,
Brenner BM, eds. Renal pathology with clinical
and functional correlations. Philadelphia: Lip-
pincott, 1989, with permission.)
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A B

FIGURE 15-16. Electron micrographs illustrating cryoglobulin deposits in a glomerular capillary.
A: Basement membrane with electron-dense subendothelial deposits (magnification ×15,000). B: High-
magnification view of the characteristic substructure of cryoglobulin deposits (magnification ×41,000).
(Illustrations from: Silva F, Eigenbrodt E, with permission.)

findings lack specificity. Electron microscopy gives the most
definitive localization of immune complex deposits, thus mak-
ing it possible to subcategorize their location as mesangial,
subendothelial, subepithelial, or intramembranous. Some de-
posits have a characteristic substructure, such as those observed
in light-chain disease (168), amyloidosis (117), cryoglobuline-
mic glomerulonephritis (118) (Figs. 15-16A and B), immuno-
tactoid glomerulopathy (169), or fibrillary glomerulonephritis
(Figs. 15-17A and B) (170).

The basement membrane of the glomerular capillary loops
may be uniformly thickened, as seen in diabetes mellitus (171),
or thin or irregular in appearance, as in Alport’s hereditary
nephritis (172,173) (Fig. 15-18) or thin basement membrane
disease (173).

Metabolic abnormalities may be identified by the presence
of characteristic accumulations of lipid such as seen in
Gaucher’s disease (174). Tubuloreticular arrays may be present
in the endoplasmic reticulum of endothelial cells and are
characteristic of lupus nephritis when seen in large numbers
(Fig. 15-19), although they may be observed in other condi-
tions, such as human immunodeficiency virus (HIV)-associated
nephropathy (Fig. 15-20). Endothelial cell injury is characteris-
tic of thrombotic microangiopathy and vascular allograft rejec-
tion. Immune deposits can also be identified along the tubular
basement membrane (TBM) in lupus nephritis (Fig. 15-21) and
light chain deposition disease (175,176).

Recently, the importance of electron microscopy in the eval-
uation of native kidney biopsies was reaffirmed. In a series of
233 biopsies, Haas (177) found that electron microscopy was
necessary to arrive at a final diagnosis in 50, representing 21%
of the total cases. In another 48 cases, the ultrastructural data
were felt to provide important confirmatory information.

One disadvantage of electron microscopy is the limitation in
the size of the sample; therefore, ultrastructural findings must
be interpreted in the context of other histologic features. In
addition, tissue processing for electron microscopy generally
takes longer than that for light microscopy. Although rapid
processing methods are available, they require special handling
and therefore are more costly. Scanning electron microscopy
has been used for biopsy investigation, but it is not incorpo-
rated into the processing of kidney biopsy specimens for routine
clinical evaluation.

Immunohistology

Immunofluorescence and immunoenzyme staining have over-
lapping but different uses, as discussed previously. Standard
immunofluorescence microscopy (as compared to confocal mi-
croscopy) is a more rapid but less sensitive technique. It is ide-
ally suited for the detection of immune complex deposits. The
major advantages of the immunoperoxidase technique are the
greater sensitivity and the ability to examine the tissue with
the light microscope, which makes the spatial relationships be-
tween tissue structures easier to identify.

There are four major immunoglobulin-staining patterns in
glomeruli, which may occur singly or in various combina-
tions (Fig. 15-22). They include linear staining along the base-
ment membrane, granular subepithelial capillary wall staining,
granular subendothelial capillary wall staining, and mesangial
staining. Paramesangial deposits also may be seen alone, but
as a rule they are observed in association with one of the other
granular patterns. Intramembranous deposits also are ob-
served, but their exact location is difficult to determine. The
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FIGURE 15-17. Electron micrographs depicting the characteristic appearance of immunotactoid glomeru-
lopathy (A: magnification ×21,000) and fibrillary glomerulonephritis (B: magnification ×18,400). (From:
Alpers CE. Immunotactoid (microtubular) glomerulopathy: an entity distinct from fibrillary glomeru-
lonephritis? Am J Kidney Dis 1992;19:185, with permission.)

granular deposits may be large and coarse (Fig. 15-22B) or fine
(Fig. 15-22C). This difference is readily appreciated when com-
paring the coarse subepithelial deposits of poststreptococcal
glomerulonephritis (Color Fig. 15-22B) with the subepithelial
deposits of an early idiopathic membranous glomerulonephri-
tis (Fig. 15-22C). Immune complex deposits may contain IgG,
IgM, or IgA in any combination. C1q or C3 staining may be
present in any of the same patterns as seen with immunoglob-
ulins, or they may be observed separately. Linear staining
requires careful interpretation. First, finely granular capillary
wall staining can appear as a confluence of granules yield-
ing a pseudolinear pattern. Electron microscopy resolves any
doubt in this situation. Second, diseases such as diabetes mel-
litus and most other chronic renal diseases, including chronic
allograft nephropathy, cause thickening of the basement mem-
brane. This is associated with increased staining of the capillary
wall for serum proteins, particularly IgG4 and albumin, owing
to electrostatic attraction (178). These situations must be dis-
tinguished from the linear capillary basement membrane stain-
ing that is specific for IgG as observed in anti-GBM disease
(Fig. 15-22A). In anti-GBM disease, the IgG staining clearly
exceeds the albumin staining in intensity.

Epithelial cells, especially in the glomerulus and the proxi-
mal tubule, commonly have cytoplasmic droplets of protein in

proteinuric conditions. Immune complexes also may be seen
in the vessels, the interstitium, or along the tubular basement
membranes. Vascular or tubular basement membrane staining
for C3 in the absence of immunoglobulin is a common and
often nonspecific sign of injury.

The use of immunoperoxidase staining with monoclonal
antibodies directed against differentiation antigens has made
it possible to identify cell populations in tissue sections with
great clarity and discrimination (179). Immunofluorescence mi-
croscopy also can be used (180), but the spatial discrimination
is not as good. Most nonspecific inflammatory infiltrates are
an approximately equal mixture of B and T cells, with a pre-
dominance of T helper cells (CD4) over T suppressor or cy-
totoxic (CD8) cells (179–181). These cells form nodular ag-
gregates in interstitial areas. Cellular allograft rejection has
predominantly T cells (179–181) (Fig. 15-4F) and monocytes
(macrophages).

In some cases, a viral cytopathic effect may be seen by stan-
dard histology (e.g., nuclear inclusions) and the viral pathogen
inferred from the clinical situation or serologic tests. How-
ever, the virus can be specifically identified by immunohisto-
chemistry or nucleic acid hybridization. Common examples in
the transplant setting are BK virus, (BKV), cytomegalic virus
(CMV), and Epstein-Barr virus (EBV).
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FIGURE 15-18. Electron micrograph of a portion of a glomerular
capillary loop from a patient with Alport’s hereditary nephritis. The
typical multilaminated appearance of the thickened basement mem-
brane is evident (magnification ×3,800). (Illustration from: Silva F,
with permission.)

FIGURE 15-19. Electron micrograph depicting tubuloreticular ar-
rays in smooth-surfaced endoplasmic reticulum of glomerular capil-
lary endothelium from a patient with lupus nephritis (magnification
×24,000). (From: Tisher CC, Kelso HB, Robinson RR, et al. Intraen-
dothelial inclusions in kidneys of patients with systemic lupus erythe-
matosus. Ann Intern Med 1971;75:537, with permission).

Other enzyme systems can be used to replace peroxidase
in immunoenzyme staining. However, immunostaining using
horseradish peroxidase and diaminobenzidine as the substrate
is the best combination available currently because the stain-
ing is crisp and the slides are permanent. Diaminobenzidine
is a carcinogen and must be handled with caution. Immuno-
histochemistry has great diagnostic potential, which is limited
primarily by the antibody specificity.

CLINICOPATHOLOGIC
CORRELATIONS

Once the light, immunohistology, and electron microscopic
findings are completed, they should be integrated to derive a
histologic diagnosis that is indicative of the disease process.
The histologic diagnosis then is related to the clinical findings
to give a clinicopathologic diagnosis that can be used to plan a
course of therapy, establish the prognosis, or both. We do not
try to describe all of the many histologic patterns of kidney dis-
ease in this section, because they are discussed in considerable
detail in other chapters of this book. Instead, we briefly discuss
selected examples in which the approach we have outlined is
utilized.

Several renal diseases fail to reveal significant changes
or only nonspecific changes on histologic examination. For
instance, in MCNS, the findings are principally the result
of proteinuria and include foot-process simplification in the
glomerulus and evidence of increased protein resorption by
the proximal tubule. The only abnormality in benign recurrent
hematuria may be the presence of red blood cells in the tubules.
The differential diagnosis should include Alport’s disease early
in its course and thin basement membrane disease. Differenti-
ation requires thorough electron microscopic examination of
the specimen and the appropriate clinical studies.

Mesangial Expansion

In many conditions, mesangial expansion may be the only
abnormality observed on light microscopy. The immunoflu-
orescence findings separate a group of immune complex dis-
eases that exhibit mesangial involvement. For instance, if
IgA is the predominant immunoglobulin that localizes to the
mesangium (Fig. 15-22E), the differential diagnosis should in-
clude IgA nephropathy and Henoch-Schönlein disease. If IgG is
the principal immunoglobulin, then lupus nephritis should be
considered and a careful search should be made by electron
microscopy for subendothelial and subepithelial deposits or
fibrillary glomerulonephritis. If the predominant immunoglob-
ulin is IgM, then the differential diagnosis should include IgM
nephropathy and the mesangiopathic form of lupus nephritis.
Mesangial localization of C3 in the absence of immunoglob-
ulins may represent a resolving immune complex disease.
Evidence of resolving immune complexes may be seen by elec-
tron microscopy. The mesangial expansion may represent early
diabetic nephropathy, arterionephrosclerosis, or FSGS if no
complexes are noted on electron microscopy. If the material
responsible for the mesangial expansion is negative or only
weakly positive with the PAMS and PAS stains, it is impor-
tant to examine additional sections after staining with Congo
red in search of evidence of amyloid. On light microscopy the
most specific indication of amyloid is a green birefringence
that occurs when the Congo red stain is viewed under po-
larized light (Fig. 15-4D). Occasionally electron microscopy
may be necessary to establish the diagnosis, because it is the
most sensitive technique to detect amyloid. Other less com-
mon immune deposits that are also demonstrated easily with
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FIGURE 15-20. Electron micrograph illustrating focal and segmental glomerulosclerosis in human im-
munodeficiency virus-associated nephropathy. The inset depicts the characteristic tubuloreticular arrays
located within the endoplasmic reticulum of glomerular endothelial cells that are typically observed in
this condition (magnification ×4,000; inset, magnification ×16,250). (Illustration from Cohen AH, with
permission.)

FIGURE 15-21. Electron micrograph illustrating immune complex de-
posits (arrowheads) along a tubular basement membrane in a renal
biopsy from a 14-year-old boy with lupus nephritis (magnification
×2,500). (Biopsy specimen from Nash ML, with permission.)

electron microscopy include κ light-chain disease, cryoglobu-
linemic glomerulonephritis, fibrillary glomerulonephritis, and
immunotactoid glomerulopathy (Figs. 15-16A and B and
Figs. 15-17A and B).

Neutrophilic Exudates

A neutrophilic exudate may be observed in a variety of renal
diseases. The most prominent neutrophilic exudate is seen typi-
cally in poststreptococcal glomerulonephritis (Fig. 15-5) (182),
a disease that does not usually require biopsy for diagnosis.
Occasionally, the typical clinical features are obscured, how-
ever, and a kidney biopsy is required. The patient may not seek
medical attention until later in the disease course, when the
light microscopic and immunofluorescence microscopic find-
ings of coarse granular IgG deposits (Fig. 15-22B) may not be
present. Often, however, C3 deposits remain. Again, electron
microscopy may demonstrate typical large “humplike” subep-
ithelial deposits that are in various stages of resolution. Nu-
merous neutrophils also may be seen in other forms of postin-
fectious glomerulonephritis, in MPGN (Fig. 15-23), and the
proliferative forms of lupus nephritis. Membranoproliferative
glomerulonephritis may be identified by its characteristic pat-
tern of mesangial interposition and the electron-dense deposits
that are primarily subendothelial in location in type I disease
and intramembranous in location in type II disease (Fig. 15-24)
when observed by electron microscopy. The proliferative forms



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-15 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:27

A

C

E F

D

B

FIGURE 15-22. A: Glomerulus with fine, ribbonlike basement membrane staining with IgG indica-
tive on anti-glomerular basement membrane disease (magnification ×200). B: Glomerulus exhibiting
coarse granular deposits of IgG distributed irregularly along the glomerular basement membranes. This
pattern is typical of poststreptococcal glomerulonephritis. C3 is usually present in the same pattern
(magnification ×200). C: Glomerulus with fine IgG granules evenly deposited along the glomerular base-
ment membrane. This pattern is typical of the subepithelial deposits of idiopathic membranous glomeru-
lonephritis (magnification ×200). D: Glomerulus demonstrating the typical pattern of subendothelial
immune complex deposits. The outer edge of the deposits abuts the inner surface of the glomerular base-
ment membrane and is relatively smooth. The inner aspect of the deposits is shaggy and irregular and
may merge with the mesangium, which is expanded. This pattern is characteristic of membranoprolifer-
ative glomerulonephritis (IgM; magnification ×200). E: Glomerulus exhibiting the typical pattern of IgA
mesangial immune deposits. Note the absence of basement membrane localization. The dark spaces in the
midst of the deposits represent mesangial cells, not capillary lumina. This pattern is typical of IgA nephrol-
ogy, Henoch-Schönlein purpura, and mesangiopathic lupus nephritis (magnification ×200). F: Arteriole
with transmural staining for IgM. This pattern is characteristic of relatively mild acute vascular lesions
of vascular rejection. In more severe lesions there is greater disruption of the vessel wall, which also can
be seen by light microscopy. This pattern should be distinguished from the subintimal glossy deposits of
hyaline that are seen in chronic vascular disease (magnification ×400). (See Color Plate.)
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FIGURE 15-23. Photomicrograph demonstrating mesangial hypercel-
lularity and neutrophilic infiltrates in two glomeruli from a patient
with type II membranoproliferative glomerulonephritis (H&E; magni-
fication ×300). (From: Lamb V, Tisher CC, McCoy RC, et al. Mem-
branoproliferative glomerulonephritis with dense intramembranous
alterations. A clinicopathologic study. Lab Invest 1977;36:607, with
permission.)

FIGURE 15-24. Electron micrograph of pe-
ripheral capillary loop from the glomerulus
of a patient with type II membranoprolif-
erative glomerulonephritis. Intramembranous
electron-dense deposits are present through-
out the widened basement membrane (mag-
nification ×9,650). (From: Lamb V, Tisher
CC, McCoy RC, et al. Membranoprolifera-
tive glomerulonephritis with dense intramem-
branous alterations. A clinicopathologic study.
Lab Invest 1977;36:607, with permission.)

of lupus nephritis are often characterized by the prominent
variability in their histologic appearance from one part of a
glomerular tuft to another and from one glomerulus to another.

Crescents

Crescents may be present in every type of immune-mediated
glomerulonephritis; therefore, they are not diagnostic. Most
types of glomerulonephritis associated with crescents can be
identified by their characteristic patterns of immunoglobulin
localization with immunofluorescence microscopy. These in-
clude the more severe forms of IgA nephropathy and Henoch-
Schönlein purpura (IgA deposits), lupus nephritis, anti-GBM
disease, and MPGN. Serologic studies for antineutrophil cy-
toplasmic antibodies (ANCA) have helped clarify the diseases
with sparse immune deposits (pauci-immune glomerulonephri-
tis) and fibrinoid necrosis or crescents (183). These glomerular
changes are indistinguishable from the glomerular involvement
observed in the microscopic form of polyarteritis nodosa or
Wegener’s granulomatosis. In the absence of a vasculitis in-
volving the muscular arteries in the biopsy specimen, these con-
ditions can be separated by the presence or absence of other
systemic organ involvement (184).

The association of crescents and clinical outcome is typified
by the findings in anti-GBM disease. Several authors have noted
the generally benign course of anti-GBM disease in those few
patients who do not develop crescents over the course of their
disease even with minimal therapy (185–187). Close follow-
up is prudent in this group as a rare patient has been shown
to progress from noncrescentic to crescentic glomerulonephri-
tis (186). A graded response in renal and patient survival is
dependent on the percentage of crescents. Six studies in the lit-
erature (185,187–191) had comparable results that could be
combined to evaluate the relationship between the percent-
age of crescents in the biopsy and renal survival in a total of
133 patients. If the percentage of crescents was less than 85%,
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most patients (48 of 61) had independent renal function at
follow-up (78%). If the percentage of crescents was 85% or
greater, most patients (61 of 72) progressed to renal failure
(85%) (Table 15-1). Similar results are found correlating serum
creatinine values at presentation with renal survival in anti-
GBM disease (Table 15-1) (185,187–192). There also is a cross
correlation between serum creatinine and percentage of cres-
cents at presentation (187,190).

In general, the presence of crescents in glomeruli is associ-
ated with a more severe prognosis. Exceptions include post-
streptococcal glomerulonephritis in children because the cres-
cents may resolve without adverse sequelae (193,194). ANCA
associated glomerulonephritis does not have as clear an asso-
ciation of crescents with renal survival (183). Therefore, it is
preferable to separate the various causes of crescentic glomeru-
lonephritis for determination of prognosis and treatment.

Glomerulosclerosis

Glomerulosclerosis may be the result of scarring from a prior
proliferative or immune complex lesion, or it can be primary
in nature (195). Two common examples of the latter are dia-
betes mellitus and FSGS. FSGS is associated commonly with
hyalinosis and foam cells within the glomerular tuft and hy-
perplasia of the parietal epithelium in the area adjacent to the
sclerosis (Fig. 15-8); however, these features may be absent in a
given biopsy specimen. In the early stages of FSGS, only a few
glomeruli are affected and these are usually located deep in the
cortex (196). Not infrequently, a biopsy may miss glomeruli
with segmental lesions and the histology will resemble MCNS.
With time, the segmental sclerosis progresses to global sclero-
sis and involves a greater number of glomeruli throughout the
cortex. Although diabetes mellitus (diabetic nephropathy) and
FSGS are not considered immune complex diseases, the glob-

ally or segmentally sclerotic glomeruli usually have staining
for IgM and C3. Segmental glomerulosclerosis may also be the
end result of any disease that progresses toward chronic renal
failure. Therefore, FSGS as a primary disease must be differen-
tiated from the end-stage process of focal glomerulosclerosis.
To make a diagnosis of FSGS one must exclude other causes of
segmental sclerosis that produce hyperfiltration and secondary
changes of glomerular sclerosis. The diagnosis cannot be made
with certainty in the presence of advanced nephron destruction
or severe vascular disease.

Capillary Wall Thickening

Thickening of the glomerular capillary walls can be seen in a
variety of renal diseases. In its early stages, diabetes is charac-
terized by thickening of the lamina densa, which may be visu-
alized by electron microscopy. It may occur as a consequence
of glomerulosclerosis and take on a wrinkled, ribbonlike ap-
pearance in association with other evidence of glomerular tuft
ischemia or atrophy. Localized thickening can be seen in postin-
fectious proliferative glomerulonephritis because of the pres-
ence of subepithelial, humplike, immune-complex deposits. In
idiopathic membranous glomerulonephritis, discrete granular
immune-complex deposits are localized to the subepithelial sur-
face of the capillary wall and are associated with subepithe-
lial extensions of basement membrane material, referred to as
“spikes” (Fig. 15-4C). These progress to form bridges to com-
pletely enclose the subepithelial deposits, yielding a tram-track
configuration. In type I MPGN, subendothelial immune-
complex deposits often are seen in association with reduplica-
tion of the peripheral glomerular basement membrane, (mesan-
gial interposition, Fig. 15-25). Similar changes can be seen in
type II MPGN, in which electron-dense material expands the
original basement membrane of the peripheral capillary loop

FIGURE 15-25. Electron micrograph illus-
trating typical mesangial interposition (ar-
rowheads) in type I membranoproliferative
glomerulonephritis (magnification ×3,200). (Il-
lustration from Silva F, with permission.)
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FIGURE 15-26. Segmental Class IV
lupus nephritis. A: This figure shows
three glomeruli with segmental
involvement (PAMS magnification
×200). B: This is a higher magni-
fication (×500) of a segmental le-
sion with increased cellularity and
fragmentation and disruption of the
GBM between the arrows (PAMS).

and also is associated with mesangial interposition (Fig. 15-24).
In both type I and II MPGN this combination of histologic
changes can give rise to double contouring of the peripheral
portion of the glomerular capillary wall.

Regardlless of the particular glomerular alteration it is of-
ten important for diagnostic and prognostic evaluation to note
whether the lesion is segmental versus global or focal versus
generalized. An example of this distinction is emphasized in
the most recent classification of lupus nephritis (197) which
divided the WHO Class IV (198) into segmental (Class IV-S,
Fig. 15-26) and global (Class IV-G) subdivisions. There is a pre-
sumption or hypothesis that the segmental subclass may have
a different pathogenesis and one published study (199) shows
a difference in outcome than the global subclass.

Interstitial Inflammation

The differential diagnosis of interstitial inflammatory infil-
trates poses some interesting diagnostic problems for the
nephropathologist. Kidneys with nephron atrophy may have
fibrosis and associated dense nodular lymphocytic infiltrates
composed of mixtures of B cells and T cells. Interstitial in-
filtrates in the absence of nephron atrophy or acute glomeru-

lonephritis suggest a primary interstitial nephritis. The presence
of large numbers of neutrophils in the tubules (neutrophilic
tubulitis), Bowman’s space, and the interstitium suggests a di-
agnosis of acute bacterial interstitial nephritis, whereas an oc-
casional tubule with neutrophils may be seen in ATN. Cellular
infiltrates composed of lymphocytes and plasma cells, with or
without eosinophilia, commonly are the result of a drug al-
lergy or are idiopathic in nature. Urinary outflow obstruction
and renal vein thrombosis may cause interstitial edema and
mild inflammation, but these changes are relatively nonspecific.
Acute tubular necrosis is also associated with mild interstitial
infiltrates in the region of the straight portion of the proximal
tubule. A more chronic interstitial nephritis can result from
an adverse response to nonsteroidal antiinflammatory drugs.
A pattern of nephron atrophy that affects the tubules before
the glomeruli and vessels is consistent with, but not pathog-
nomonic of, chronic interstitial nephritis. Rarely, a lymphocytic
lymphoma or leukemia may be seen on a kidney biopsy.

Vascular Lesions

Arteriosclerosis is the most common vascular lesion ob-
served in kidney biopsies. It may represent a primary vascular
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TA B L E 1 5 - 2

IMMUNOPATHOGENETIC MECHANISMS ASSOCIATED WITH RENAL ALLOGRAFT REJECTION

Onset of clinical
Type manifestation Morphology Mechanism

Acute rejection
Antibody mediated (vascular)
Hyperacute 0–72 hr Intracapillary PMN inflammation

and thrombosis
Performed antibody with C′ and

fibrinogen activation
Accelerated acute 3–7 d Endovascular inflammation

similar to above but
histologically less intense

Memory antibody response

Acute rejection 7 d or more Endovasculitis with PMN but
without lymphocytes

De novo antibody response

Cell mediated vascular 7 d to 3 mo Endovasculitis with varying
proporations of CD4 + CD8
lymphocytes and macrophages

May be any of several cell
mediated mechanisms

Tubular Lymphocytic tubulitis with
predominately CD8 cells

Cytotoxic lymphocytes

Interstitial Mononuclear interstitial
inflammation with
predominately CD4
lymphocytes and macrophages

Delayed type hypersensitivity

Chronic rejection 3 mo or longer
Vascular Intimal proliferation Antibody
Cell mediated Interstitial nephritis Continued DTH and cytotoxic

responses
Innate response
Acute Intrinsic cell activation Oxidative and other stress

injury
Chronic Chronic interstitial nephritis Macrophage activation and

fibrogenesis

PMN, polymorphonuclear; DTH, delayed type hypersensitivity.

disease such as that seen with long-standing hypertension, or it
may be seen in association with progressive nephron loss that
occurs with end-stage renal disease of any etiology. Extensive
hyaline arteriolosclerosis suggests the presence of diabetes mel-
litus (Fig. 15-10). Milder hyaline lesions are seen in FSGS and
sporadically in hypertension and other conditions. Necrotiz-
ing vasculitis is rarely seen in kidney biopsies in the absence
of the glomerular lesions of polyarteritis, lupus nephritis, or
Henoch-Schönlein purpura. Thrombotic microangiopathy is a
distinctive lesion of small arteries and glomerular capillaries.
It is characterized by insudation of fibrin and RBCs, the latter
often in the form of schistocytes, into the walls of the small ar-
teries and glomerular capillaries, which may appear as mesan-
giolysis. These acute changes often progress to renal ischemia
and atrophy. This lesion can be seen in varying degrees of sever-
ity in several clinical settings, including the hemolytic–uremic
syndrome, malignant hypertension, progressive systemic scle-
rosis, lupus nephritis, and anti-GBM disease.

Renal Allograft Pathology

Percutaneous biopsies of renal allografts introduce another set
of diagnostic problems for the pathologist. Virtually any lesion
that occurs in the native kidney also can be found in the al-
lograft in addition to the histologic picture of rejection (125).
Absence of function in the immediate postoperative period,
especially in a cadaveric kidney, is usually owing to ischemic
tubular damage or rejection. A pathogenetic classification of

rejection is given in Table 15-2, which incorporates features of
immunologic mechanisms, and the clinical setting (200,201).
Hyperacute rejection may occur in a small percentage of pa-
tients and has a very distinctive morphology characterized by
extensive fibrin thrombi and neutrophils in glomerular capil-
laries. This form of rejection is thought to be secondary to the
presence of preformed circulating antibody in the recipient that
was not detected with the usual screening procedures.

Acute vascular rejection can occur from the first week of en-
graftment. It may be antibody- or cell-mediated. It resembles
the histologic picture of a low-grade vasculitis, with intimal
proliferation or disruption and exudation in the walls of arter-
ies and glomerular capillaries (Color Fig. 15-4E). The vascular
lesions usually are patchy and are more frequently missed by
light microscopy in biopsies with few arteries. The immunoflu-
orescence findings of IgM, C1q, and C3 in the walls of ves-
sels are more-sensitive indicators of vascular rejection (Fig.
15-22F). Immunoperoxidase staining for the complement com-
ponent, C4d (Fig. 15-27), is a marker for antibody-mediated
rejection and is more widely distributed (202). Electron mi-
croscopy reveals swelling of the endothelium and the lamina
rara interna.

Tubulointerstitial rejection is another type of acute rejec-
tion and is a form of acute interstitial nephritis. The infiltrate
in most cases is composed of large active cytotoxic T cells
(203). The cytotoxic T cells identified by immunohistochemical
staining (Fig. 15-4F) infiltrate the tubular cytoplasm, a process
termed emperipolesis, to produce lymphocytic tubulitis (179).
Differentiation of acute cellular rejection from other forms of
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A

B

FIGURE 15-27. This figure shows C4d stained. A: Allograft with acute
tubular necrosis. Peritubular capillaries (arrows) are unstained (Im-
munoperoxidase, C4d, magnification ×210). B: Allograft with anti-
body mediated rejection. Peritubular capillaries (arrows) are staining
(Immunoperoxidase C4d, magnification ×210).

interstitial nephritis can be difficult in certain settings especially
when characterized by a delayed-type hypersensitivity (DTH)
response with CD4 T cells and macrophages (179–181).

It is also important to note the distribution of the cellular
infiltrate. Both native and allograft kidneys may have nodular
infiltrates. These are often located in the adventitia of blood
vessels and are composed predominantly of T4 cells and B
cells. This type of cellular infiltrate is nonspecific. In cellular
rejection, allografts often exhibit a superimposed diffuse inter-
stitial and tubular cytotoxic T-cell infiltrate (179). An increase
in cytotoxic T cells during cellular rejection has been confirmed
in these infiltrates by fine-needle aspiration (121). B-cell infil-
trates suggest PTLD particularly in the presence of EBV and
destructive nodules. BKV also produces interstitial nephritis
and is indicated by nuclear inclusions and confirmed by EM,
immunostatining, or molecular studies (204) (Fig. 15-28).

Cyclosporine and other calcineurin inhibitor toxicity is an
important cause of decreased renal function in the allograft.
The tubular changes were noted in an earlier section (Fig.
15-14). The most widely accepted demonstrations of cyclo-
sporine-related renal vascular changes have been observed in
the setting of transplantation of solid organs other than the
kidney (e.g., the heart [205]) or inflammatory diseases of other
organs (e.g., type I diabetes [206]).

Although acute changes in renal function are established in
many systems (207), the current data suggest that morphologic

FIGURE 15-28. Electron micrograph of tubular epithelial cell show-
ing coarse clusters of nuclear material. The identification of virus is not
obvious at this magnification (magnification ×7,500). Inset: Higher
magnification of nuclear densities (magnification ×33,000) showing
polyoma virus in a crystalloid array.

changes associated with long-term cyclosporine use are char-
acteristic but not pathognomonic (208) of this class of drugs.
Features characteristic of chronic cyclosporine toxicity include
hyalinosis of arterioles (Fig. 15-29), interstitial fibrosis, and
tubular atrophy (205,206,209). When these lesions are noted
in the allograft biopsy, cyclosporine toxicity should be consid-
ered in the differential diagnosis.

Systemic cytomegalovirus infection continues to be a signif-
icant cause of morbidity and mortality among recipients of re-
nal transplants (138). Cytomegalovirus may be detected in the
biopsy. Viremia is determined best by peripheral blood studies.

Traditionally, rejection has been defined as an immune
response directed against the graft antigens or alloimmune
response. More recently years it has become evident that a
variety of factors affect graft survival that are unrelated to tra-
ditional antigen driven B- and T-cell responses. They include
donor factors such as age and gender and events coincident to
organ procurement such as cadaveric donation and ischemia
time (210,211). The kidney response in these settings recapit-
ulates the responses of innate immunity (Table 15-2).

Finally, late irreversible changes in the graft that are as-
sociated with chronic azotemia may represent the sequelae
of chronic rejection. This is not necessarily a separate entity,
but may be the result of repeated episodes of acute rejection
and innate immunity. Therefore, the term chronic transplant
nephropathy is preferred rather than chronic rejection to iden-
tify the nonspecific pathologic changes. The morphologic fea-
tures are those of severe tubular atrophy, glomerulosclerosis,
interstitial fibrosis, and arteriosclerosis with varying degrees of
chronic inflammation and tubular necrosis.

In addition to the pathogenetic classification (Table 15-2)
noted in the preceding, several schemes for histologic classifi-
cation of rejection have been developed to facilitate interinsti-
tutional studies and therapeutic trials. The Banff schema (212)
was specifically designed toward this end and based on light mi-
croscopic features with readily available histologic stains. With
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FIGURE 15-29. Photomicrograph illustrating cyclosporine toxicity in
a terminal interlobular artery. Degenerated changes are evident in the
muscularis in association with a large dense hyaline deposit (arrow)
(PAS, magnification ×750).

the experience of experimental validation and clinical trials, the
original Banff schema was modified in 1995 (213), 1997 (214),
and 2003 (215). The NIH-sponsored Combined Clinical Tri-
als in Transplantation (CCTT) classification (216) is simpler
but similar in structure for acute rejection. Clinical correlation
in the CCTT study indicated mononuclear cell margination
to vascular endothelium was an indicator for clinical severity.
Although more complex, the strength of the Banff schema is
it captures fundamental histologic data. Although acute rejec-
tion continues to be a significant problem, a greater problem as
noted in the preceding is chronic rejection and chronic allograft
nephropathy. Structural relationships are still the cornerstone
for understanding these processes and developing the molecu-
lar genomic, proteomic, and genetic bases for graft failure or
survival. Use of a classification that meets these purposes is es-
sential for understanding and categorizing the many features of
renal allograft pathology. Any classification must also be flex-
ible to accommodate morphologic changes that may be asso-
ciated with new therapeutic measures in this rapidly changing
field.

CONCLUSION

We have followed a time-tested step-by-step approach to the
use and evaluation of the kidney biopsy. An in-depth discus-
sion of specific diseases that affect the kidney can be found
in other chapters of this text. We have selected some common
diseases that are amenable to diagnosis on kidney biopsy in an

effort to demonstrate the necessity and advantage of utilizing
a combination of light, electron, and immunohistologic mi-
croscopy to obtain the maximum amount of information from
a biopsy specimen to aid in the clinical management of the pa-
tient. We expect that molecular genetic, functional genomic,
and proteomics studies will provide additional information to
the classic structural and functional approach outlined in this
chapter.
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CHAPTER 16 ■ INTRODUCTION
TO GENETIC RENAL DISEASE
TERRY WATNICK AND GREGORY G. GERMINO

GENETIC RENAL DISEASE

The success of the human genome project has resulted in
dramatic advances in our understanding of inherited renal dis-
eases. There has been an explosion in the number of disease-
causing genes that have been identified and in our understand-
ing of the pathogenic mechanisms that underlie these disorders
(Tables 16-1–16-8). The spectrum of physiologic and devel-
opmental pathways that are disrupted is broad and includes
defects in isolated transport mechanisms (e.g., cystininuria,
primary hypomagnesia, pseudohypoaldosteronism), defects in
complex developmental pathways (e.g., autosomal dominant
polycystic kidney disease (ADPKD) and renal coloboma syn-
drome) and defects in structural proteins (e.g., Alports syn-
drome and Congenital Nephrotic Syndrome of the Finnish
type). The tremendous progress in the field over the past 5
years has made an exhaustive discussion of the topic of ge-
netic renal disease far beyond the scope of this chapter. The
interested reader is referred to the Online Mendelian Inheri-
tance of Man (OMIM) for a more complete description. This
web-based database provides a complete catalogue of diseases,
their clinical features, and their molecular genetics [http://
www3.ncbi.nlm.nih.gov/Omim/]. Instead, we will describe the
process of gene discovery and how that process has evolved
over the past several years. We will then review some of the
scientific tools that have been applied in the postcloning stages
of gene discovery in order to understand important aspects of
renal biology. Finally, we will consider the clinical implications
of these insights and how they may ultimately be applied in
patient care.

GENE IDENTIFICATION

The basis of any inherited disease is an underlying alteration
in genomic DNA that is transmitted from parent to offspring.
Theoretically, one could compare the entire genomic sequence
of an individual affected with a particular disease to that of
unaffected individuals in order to identify the pathogenic dif-
ference. As simple as this sounds, the challenges posed by this
approach cannot be met easily with current technology. One
haploid genome (one copy of each autosome and one sex chro-
mosome) alone consists of 3 × 109 base pairs (bp) while the
standard laboratory can only generate about 104 − 105 bp of
perfect sequence per day. The sequence must be perfect because
even a change of one base pair can cause disease depending on
its location. In addition, many DNA sequence differences do
not produce disease (silent polymorphisms), requiring that the
DNA of many normal individuals be sequenced in order to
identify changes that are of clinical importance.

Several approaches have been developed to facilitate dis-
ease gene discovery. With some disease entities, a broader un-
derstanding of underlying pathogenic mechanisms may allow

researchers to identify potential “candidate genes.” Alport syn-
drome is an example of the successful application of this ap-
proach (1). Biochemical analysis of the Alport glomerular base-
ment membrane (GBM) identified a set of α chains of type IV
collagen that were missing (2–5). Molecular techniques were
then used to clone the type IV collagen genes, and mutation
analyses revealed that sequence variants in a subset of these
genes segregated with the disease (see the subsequent text). In a
similar manner, the recognition that individuals suffering from
the infantile form of Bartter syndrome have a clinical presen-
tation similar to that of patients on loop diuretics prompted
investigators to evaluate the drug’s target, the Na-K-2Cl co-
transporter (SLC12A1), as a probable candidate gene. As pre-
dicted for this recessive disease, inactivating mutations were
found in both alleles in a subset of families (6).

In certain disorders, methods can be employed to assay func-
tional differences between normal and disease states. One can
identify genes responsible for a particular function by transfer
of genetic material into cells that lack that function and then
screening for activity. Typically, a number of pools of genes are
used for the initial screening and then one focuses one’s search
on only those pools that demonstrate the desired activity. By
using a reiterative process of serial dilutions and functional test-
ing, one can ultimately identify the gene or genes responsible
for the observed activity. Finally, the cloned candidate genes
are scanned for sequence differences (mutations) that segre-
gate with disease. This approach has been termed expression
cloning and has been used most successfully to identify vari-
ous transporters. The genes implicated in cystinuria, SLC3A1
and SLC7A9, were identified by this approach (7–11). Like-
wise, the three subunits that comprise the epithelial sodium
channel, eNaC, were isolated in this manner (12). Inactivating
mutations of each of the subunits have been associated with
recessive forms of pseudohypoaldosteronism type I (13,14),
whereas activating mutations of either the β or γ subunit have
been found in Liddle syndrome, an autosomal dominant form
of hypertension (15,16).

Unfortunately, gene discovery for many hereditary diseases
with complex phenotypes has proven refractory to these meth-
ods. This has necessitated the use of a strictly molecular genetic
approach, termed positional cloning, which seeks to identify a
disease gene solely on the basis of its chromosomal location
(17). Occasionally, important clues are provided by cytoge-
netic analysis of affected individuals who have a chromosomal
abnormality that is associated with a disease. Several of the
loci involved in the origin of renal tumors were identified by
this approach (Table 16-4). The gene responsible for the major
form of Wilms tumor, WT1, was initially discovered because
of its involvement in WAGR syndrome (Wilms tumor, aniridia,
genitourinary anomalies and mental retardation) (18–20). In-
dividuals affected by this disorder were found to have consti-
tutional deletions of 11p13 involving a zinc finger transcrip-
tion factor, WT1, a paired box transcription factor (Pax 6),
and adjacent DNA sequences. Fine mapping proved that WT1
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TA B L E 1 6 - 5

INHERITED DISORDERS OF RENAL SALT WASTING

Mode of Chromosomal
Disease OMIM # inheritance localization Gene name(s) Gene product(s) Reference

Bartter Syndrome
(Hypokalemic Alkalosis
with Hypercalciuria)

Type I (antenatal) 241200 AR 15q15-q21.1 SLC12A1 Na-K-2Cl Co-transporter
(Solute Carrier Family 12,
Member 1)

(6)

Type 2 (antenatal) 600359 AR 11q24 ROMK (KCNJ1) ROMK, Potassium Channel,
Inwardly Rectifying,
Subfamily J, Member 1

(261)

Type 3 602023 AR 1p36 CLCNKB Chloride Channel, Kidney B (262)
Type 4 (with sensorineural

deafness) (infantile)
602522 AR 1p31 BSND Barttin (263)

Hypocalcemia with Bartter
Syndrome

601199 AD 3q13.3-q21 CasR Calcium-sensing Receptor (264)

Digenic Bartter Syndrome 602522 Digenic 1p36 CLCNKA
and

CLCNKB

Chloride Channel, Kidney A
and Chloride Channel
Kidney B

(265)

Gitelman Syndrome
(Hypokalemia-
Hypomagnesemia with
Hypocalciuria)

263800 AR 16q13 SLC12A3 Thiazide-Sensitive Na-Cl
Co-transporter (Solute
Carrier Family 12,
Member 3)

(266)

Pseudohypoaldosteronism,
Type I (PHAI)

Recessive Form 1

264350 AR 12p13 SCCN1A α Subunit, ENaC (13)

Recessive Form 2 264350 AR 16p13.12 SCNN1B β Subunit, ENaC (13)
Recessive Form 3 264350 AR 16p13.12 SCNN1G γ Subunit, ENaC (14)
Autosomal Dominant 177735 AD 4q31.1 NR3C2 Mineralocorticoid Receptor (267)

TA B L E 1 6 - 6

INHERITED DISORDERS OF TUBULAR FUNCTION

Mode of Chromosomal Gene
Disease OMIM # inheritance localization name(s) Gene product(s) Reference

Cystinuria
Type I 220100 AR 2p16.3 SLC3A1 rBAT1, Solute Carrier

Family 3, Member 1,
Amino Acid Transporter

(268)

Type II and Type III (rare Type I) 600918 Incomplete
Recessive

19q13.1 SLC7A9 bo,+AT, Solute Carrier
Family 7, Member 9,
Amino Acid Transporter
Subunit

(11,269)

Dent Disease (X-linked
Nephrolithiasis)

310468 X Xp11.22 CLCN5 Chloride Channel 5 (32)

Nephrogenic Diabetes Insipidus
X-linked 304800 X Xq28 AVPR2 V2 Receptor (270,271)
Autosomal Dominant 125800 AD 12q13 AQP2 Aquaporin-2 (272)
Autosomal Recessive 222000 AR 12q13 AQP2 Aquaporin-2 (273)

Primary Hypomagnesmia 248250 AR 3q PCLN1 Paracellin-1 (Claudin 16) (40)

Renal Tubular Acidosis
Renal Tubular Acidosis Type II
(Proximal)

604278 AR 4q21 SLC4A4 Sodium Bicarbonate
Co-Transporter (Solute
Carrier Family 4)

(274)

RTA Type I, Classic Distal 179800 AD 17q21-q22 SLC4A1 Chloride-Bicarbonate
Exchanger AE1

(275,276)

RTA Type I, Classic Distal 179800 AR 17q21-q22 SLC4A1 Chloride-Bicarbonate
Exchanger AE1

(277)

Distal Renal Tubular Acidosis
with Progressive Nerve
Deafness

267300 AR 2cen-q13 ATP6B1 B1 Subunit of H(+)-ATPase (278)

Renal Tubular Acidosis, Distal,
Autosomal Recessive (RTADR)

602722 AR 7q33-q34 ATP6N1B 116-kD subunit of
H(+)-ATPase

(279)

Osteopetrosis with Renal
Tubular Acidosis

259730 AR 8q22 CAII Carbonic Anhydrase Type II (280)

455
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Chapter 16: Introduction to Genetic Renal Disease 457

TA B L E 1 6 - 8

MISCELLANEOUS INHERITED DISORDERS WITH RENAL INVOLVEMENT

Mode of Chromosomal Gene Gene
Disease OMIM # inheritance localization name(s) product(s) Reference

Cystinosis, Nephropathic (CTNS) 219800 AR 17p13 CTNS Cystinosin (37)
Cystinosis, Late-Onset Juvenile or

Adolescent Nephropathic Type
219900 AR 17p13 CTNS Cystinosin (298,299)

Cystinosis, Benign or Adult
Nonnephropathic Type

219750 AR 17p13 CTNS Cystinosin (300)

Fabry Disease 301500 X Xq22 GLA Alpha–galactosidase,
A subunit

(301)

Familial Mediterranean Fever (FMF) 249100 AR 16p13 FMF Pyrin (302,303)

Familial Hemolytic-Uremic Syndrome∗

Autosomal Recessive 235400 AR 1q32 HF1 Factor H (304)
Autosomal Dominant 235400 AD 1q32 HF1 Factor H (305)

Fanconi-Bickel Syndrome 227810 AR 3q26.1-q26.3 GLUT2 Facilitative Glucose
Transporter 2

(306,307)

∗Identifies diseases with probable additional, unmapped loci.

was responsible for the genetic susceptibility to Wilms tumor,
whereas Pax6 was responsible for the aniridia phenotype (21).
One of the familial forms of renal cell carcinoma (RCC1) also
was identified on the basis of its underlying chromosomal rear-
rangement. A translocation between chromosomes 3p and 8q
t(3;8)(p14.2;q24.1) was found to segregate with renal cell car-
cinoma (22). Nearly two decades later, investigators identified
the genes disrupted by the translocation. They determined that
the chromosomal re-arrangement resulted in a novel gene that
consisted of 5′ elements of a gene called FHIT (Fragile Histidine
Triad Gene) fused to the coding sequence of TRC8 (23). The
protein product of TRC8 has high homology to the basal cell
carcinoma/segment polarity gene product, Patched, a signaling
receptor, suggesting that it may have a similar function.

Perhaps one of the most striking examples of the power of
cytogenetic abnormalities to expedite gene discovery is that
provided by the search for PKD1, the gene responsible for
the most common form of ADPKD. A combination of molec-
ular and genetic techniques had rapidly localized the gene
to a 500kb gene-rich segment but the lack of known chro-
mosome re-arrangements or deletions coupled with the large
number of potential candidate genes greatly complicated the
search (24,25). Several years of mutation screening had failed
to determine which one of the many candidates was in fact
PKD1 when an astute clinician identified an unusual family
that had individuals with classic ADPKD as well as a child with
both tuberous sclerosis and renal cysts. Since it was known
that a major form of tuberous sclerosis (TSC2) was located
near the PKD1 gene (26), cytogenetic studies of the family
were undertaken. This revealed two individuals in the family
with balanced translocations between chromosomes 16 and 22
[t(16;22)(p13.3;q11.21)] (Fig. 16-1) (27). The child with TSC2
had an unbalanced karyotype and was missing a portion of
chromosome 22 as well as the telomeric portion of chromo-
some 16 45XY/-16-22 + der(16)(16qter-16p13.3::22q11.21-
22qter)]. It was correctly speculated that the TSC2 gene was
located in the portion of chromosome 16 that was lost while
PKD1 was likely to be the gene bisected by the translocation
breakpoint. Further study confirmed this and allowed the iden-
tification of both TSC2 and PKD1 (27,28).

Although gene hunters may occasionally get lucky and iden-
tify a family such as the one described above, most of the
time linkage analysis is necessary to pinpoint the location
of a gene. Both well-characterized pedigrees and an array of

genetic markers are essential for performing linkage analy-
sis. The human genome project has positioned on the chro-
mosomes (mapped) thousands of short stretches of DNA that
differ within the normal population in their length or sequence
and that can be used to trace inheritance of parental chro-
mosomes within families. Genetic disease develops as a conse-
quence of an inherited DNA sequence variation that disrupts
the normal function of a gene product and results in a specific
phenotype that can be identified. The inheritance of a disease
phenotype can be compared with the inheritance of hundreds
of mapped genetic markers and so linkage and a chromosomal
address can be established.

The principle underlying this approach is as follows: al-
leles of loci (a specific chromosomal address of a DNA seg-
ment) on nonhomologous chromosomes segregate randomly
during meiosis whereas alleles of loci physically close on the
same chromosome are inherited together and are said to be
linked. Meiotic recombination produces novel haplotypes by
exchanging alleles between homologous chromosomes and the
frequency with which this occurs depends in part on the dis-
tance separating them. In other words, if the alleles of two
genes are adjacent to each other on the same chromosome seg-
ment, there will be no recombination between them. Statistical
programs are used to score the probability that an observed as-
sociation has not happened by chance. The most common ap-
proach determines the ratio of the probability of the observed
associations assuming linkage to that of no linkage. The lod
score is the decimal logarithm of this ratio and is considered
significant when greater than 3.

Until recently, it was necessary to clone the chromosomal
interval in question and then to screen it for genes, that is, ex-
pressed sequences. Each expressed region would be sequenced
at least in part in order to develop reagents that could be used
to scan for pathogenic mutations. These steps often took many
years to complete. The human genome project, as well as all
of the resultant databases, has revolutionized this process in
a number of important ways. Firstly, virtually the complete
sequence of the human genome is presently available in pub-
lic databases. This has allowed the precise localization of all
known genes. Secondly, the genomic sequence has been used
to map thousands of genes of unknown function that had
been previously identified by the EST mapping project. As part
of the genome mapping effort, gene mappers had generated
a database of expressed sequence tags (ESTs) for numerous
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species. The idea was to generate a catalogue of all genes
expressed in a given tissue and organism. Short snippets of se-
quence, typically several hundreds of base pairs in length from
the 5′ and 3′ ends of cDNA clones, had been determined and
catalogued for thousands of genes. The availability of the com-
plete human genomic sequence has allowed their accurate lo-
calization. Finally, genome annotators have used various gene
prediction programs to identify putative genes based on their
sequence characteristics. Thus, once linkage analysis defines a
chromosomal address for a disease locus, one can identify vir-
tually all of the potential candidate genes without performing
a single wet bench experiment. These resources have shaved
years off the gene-discovery process.

Despite these advances, the task of identifying a disease-
associated gene can still be a time-consuming endeavor. The
reason for this is that the resolution of genetic mapping is
typically on the order of 500,000 to 1,000,000 bp. With an
average gene density of one gene per 30,000 base pairs in gene
dense regions, a segment of this length could harbor between
30 to 40 genes! For diseases that are uncommon, the small
number of family members available for testing may limit
the resolution of genetic mapping to an area millions of base
pairs in length. A careful, systematic evaluation of each gene
could take years to complete.

Several tricks can be used to minimize the amount of effort.
The first is to use the publicly available databases to determine
the identity and likely function of the genes within one’s target
region. This is most successfully accomplished by submitting
the putative translated sequence (i.e., protein sequence) of each
of the genes to protein databases that report known motifs. In
earlier years, one would have to first isolate the complete cDNA
for the gene of interest before one could search for hidden ho-
mologies. Now, with the availability of gene-prediction soft-
ware, one can use genomic sequence for these initial analyses
and then focus one’s effort on the most interesting candidates.
A detailed understanding of the pathobiology of a disease can
allow one to narrow the field of candidates to those that have
functions consistent with the underlying defect. For example,
linkage studies revealed that one of the loci responsible for fa-
milial papillary renal carcinoma (RCCP2) mapped to an inter-
val on 7q31 that included the MET proto-oncogene. The well-
established relationship between MET and other carcinomas
prompted the investigators to focus their search on this gene,
leading to the rapid discovery of pathogenic mutations (29). In
another example, Dent’s disease was known to be an X-linked
disorder often associated with microdeletions of Xp11.22 (30).
Fisher et al. initiated their search for the gene responsible for
Dent’s disease by screening for expressed sequences that were
encoded by the deleted segment. They identified a novel chlo-
ride channel family member that was deleted in many patients
with Dent’s disease, that had a restricted pattern of expression,
and whose function was consistent with the pathophysiology
of the disease (31). They subsequently showed that mutations
of CLCN5 were responsible for this disease (32). Frequently,
astute database analysis can be critical for rapid gene identifi-
cation. In the case of the second gene responsible for ADPKD,
PKD2, researchers realized that one of the putative proteins
in their genetic interval had homology to the gene product of
PKD1, polycystin-1. This gene was an obvious candidate for
PKD2 and mutation analysis quickly confirmed this suspicion
(33).

A second approach used to speed the pace of gene discovery
is to search for disease-associated microscopic chromosomal
abnormalities that are below the level of resolution of stan-
dard cytogenetic analyses. The genes responsible for the most
common form of nephronophthisis (NPHP1) and for cystinosis
(CTNS) were identified in this manner. In the case of NPHP1,
large-scale rearrangements were detected in 80% of the patients
belonging to inbred or multiplex NPH1 families and in 65%
of the sporadic cases (34). Most of the time, large homozy-

gous deletions of approximately 250 kb involving a 100-kb
inverted duplication were discovered to disrupt the gene. In a
small number of individuals, oligo-base pair mutations were
identified, proving that NPHP1 was the specific gene respon-
sible for the disorder (35,36) CTNS was identified in a similar
manner. Investigators found that one of the genetic markers
used in their study was homozygously deleted in 23 out of 70
patients (37). They quickly focused their search on the mini-
mal region deleted and identified a ubiquitously expressed tran-
script that was disrupted in all patients with deletions involving
this segment. They subsequently found single or oligo-base pair
mutations in many of the remaining patients, thus proving that
this gene and not one of its neighbors was in fact responsible
for the disease.

A third strategy is to determine the expression pattern of
the various candidates and see which, if any, correlates with
that predicted by the clinical features of the disorder. Fuchshu-
ber and colleagues had localized a form of steroid-resistant
idiopathic nephrotic syndrome (NPHS2) to a 2.5 million-base
pair interval on chromosome 1 (38). They had identified multi-
ple putative candidates but focused their search on one whose
expression by Northern blot was detectable only in fetal and
adult renal tissues. They subsequently discovered recessive, in-
activating mutations in NPHS2, and further showed that its
expression was restricted to glomerular podocytes (39). In a
similar manner, the kidney-restricted pattern of expression of
PCLN1 helped to identify it as a probable candidate gene for
Primary Hypomagnesemia (40). This approach is not without
its limitations, however, since unexpected expression patterns
are sometimes observed. In the case of nephronophthisis, for
example, the gene found responsible for the disorder, NPHP1,
is minimally expressed in the kidney (35,41).

There are a number of disorders where none of the afore-
mentioned short cuts have been found to apply. The majority
(ADPKD and Bardet Biedl are representative examples) have
complex phenotypes involving multiple organ systems, mak-
ing it difficult to limit one’s search to genes with a restricted,
compatible pattern of expression. Moreover, the complicated
phenotypic presentation makes it more difficult to predict
a priori what a “reasonable” candidate might be. In these cases,
one must resort to the use of sequence-based strategies to iden-
tify the disease gene. Fortunately, sequencing technologies have
become much more efficient and cost-effective and therefore in
difficult situations a systematic comparison of “normal” and
“affected” genomes may be justified.

It is important to note one further development in the ge-
nomics field that is likely to play an increasing role in the iden-
tification and characterization of disease-associated genes. The
ability to manipulate the murine genome through gene target-
ing (described in more detail later) has allowed investigators to
generate a lengthy list of murine models of human diseases. In
most cases, scientists first identified the disease gene and then
created a mutant phenotype in mouse with the intention of
modeling the human disease state (see the subsequent text). In
some cases, however, the genes targeted for study had not been
previously implicated in a genetic disorder; rather, they had
been selected for study because the investigators had a funda-
mental interest in their biological properties. Careful analysis
of the murine phenotypes revealed surprisingly similarity to
human diseases, leading the investigators to test for mutations
in their human homologues. It was in this way that LMX1B,
which encodes LM1B, a homeodomain protein, was found to
be mutated in Nail-Patella Syndrome (NPS). Investigators with
an interest in basic developmental processes had targeted this
gene for inactivation and discovered limb and kidney defects in
Lmx1b mutant mice that were remarkably similar to those ob-
served in Nail Patella Syndrome (42). They quickly identified
three independent NPS patients with de novo heterozygous mu-
tations of LMX1B (43). The relationship between mutations
of the Angiotensin II Receptor, Type 2 (AGTR2) and CAKUT
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FIGURE 16-2. Gross anatomy and light microscopic pat-
terns of congenital anomalies of GU tract found in
Agtr2 null mutant mice. The schematic drawing on top
shows the spectrum of CAKUT found in mutant animals.
A: Hydronephrotic kidney due to stenosis at the utero-
pelvic junction (UPJ). B: UPJ with atretic ureters (white
arrows). C: Hydronephrotic kidney and hydroureter due
to stenosis at the uterovesical junction (UVJ). D: Hypoplas-
tic kidney (HK) with microscopically dysplastic kidney.
E: Multicystic dysplastic kidney (MD). F: Aplastic kidney
(on left). G, H: Microscopic analysis of tissue with cor-
tical thinning (G) and dysplastic changes (H). I: Exam-
ple of massive dilatation and tortuosity of affected ureter
(megaureter, MU). J: Double ureters in an E17.5 embryo.
Upper pole of the kidney is hydronephrotic attached to hy-
droureter (white arrow) while the remaining kidney tissue
appears normal with nonhydrotic ureter (black arrow).
K: Tortuous and winding left ureter (arrow) encased within
undifferentiated mesenchymal tissue of an E17.5 embryo.
L: Similar pattern observed in a mutant animal at 1 week
of age. White or black bars indicate 1 cm, 200 μm, and
1 mm for (A) through (F), (G) and (H), and (I) through
(L), respectively. (From: Nishimura H, et al. Role of the
angiotensin type 2 receptor gene in congenital anomalies
of the kidney and urinary tract, CAKUT, of mice and men.
Mol Cell 1999;3:1, with permission.)

(Congenital Anomalies of the Kidney and Urinary Tract) was
discovered in a similar manner. Mice lacking AGTR2 had vari-
able penetrance for congenital anomalies similar to those de-
scribed for the human form of CAKUT (Fig. 16-2). The obser-
vation prompted the investigators to analyze human AGTR2
in patients with CAKUT and they identified a nucleotide tran-
sition within the lariat branchpoint motif of intron 1 of human
AGTR2, which perturbs its mRNA splicing efficiency (44).

Sometimes mouse models created to study a known function
of a protein yield surprising results. For example, CD2AP was
not known to have a role in glomerular function until mice
lacking CD2AP were generated (45,46). Previously, CD2AP
was thought to be an adapter protein critical for stabilizing
contacts between T cells and antigen presenting cells. Mice
that were null for CD2AP had compromised immune function
but they were noted to die unexpectedly at 6 to 7 weeks of
renal failure. The investigators showed that homozygotes de-
veloped proteinuria associated with defects in epithelial cell
foot processes and eventual glomerulosclerosis. Based on this
data, it could be demonstrated that CD2AP was expressed in
podocytes where it associates with nephrin, the primary com-
ponent of the slit diaphragm. While mutations of CD2AP have
not yet been shown to be a cause of familial nephrosis in hu-
mans, this gene assuredly will be among the candidates con-
sidered for future studies. It is likely that additional fortu-
itous relationships will be established, as the list of murine
genes that are inactivated by gene targeting becomes more
complete.

In summary, the combination of multiple avenues of biolog-
ical data with genetic map position has proved to be a powerful

strategy for finding disease genes. Hence we have witnessed a
remarkable increase in the number of inherited diseases whose
genetic bases has been elucidated.

POSTCLONING PHASE
OF GENE DISCOVERY

Using Databases

Identification of a gene is often when the work of defining the
biology of a disease begins. This is especially true in diseases
such as ADPKD or tuberous sclerosis where a complex pheno-
type exists and a unifying biochemical defect is not apparent.
The first step is usually to perform a series of database anal-
yses, looking for sequence similarities, functional motifs, and
structural features that might be used to generate a variety of
testable hypotheses regarding a gene’s function. In some cases,
one finds that a segment of one’s query has a high degree of sim-
ilarity to a family of proteins of known function. In primary
hypomagnesemia, the protein encoded by PCLN1 was found
to have sequence and structural similarity to members of the
claudin family (40). All other members of this family localize to
tight junctions and appear to bridge the intercellular space by
homo- or heterotypic interactions, suggesting a similar func-
tion for PLCN1. This result was particularly intriguing in that
renal magnesium ion (Mg2+) resorption occurs predominantly
through a paracellular conductance in the thick ascending limb
of Henle (TAL).
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In other situations, one may identify homologous genes in
other organisms, vertebrate or invertebrate, that have already
been studied and for which a function may be known. The
potential power of this strategy to help expedite the study of
disease genes is highlighted by the fact that over 60% of hu-
man disease genes have a homologue in the common fruit fly,
Drosophila melanogaster, and a surprisingly high fraction is
even conserved in yeast [47–51). The TSC1 and TSC2 genes,
mutated in tuberous sclerosis, are representative examples. The
sequence of each gene provided little in the way of functional
insight. Tuberin, the gene product of TSC2, was found to have
a region of homology to the GTPase-activing protein GAP3
(27) whereas hamartin, the TSC1 protein, was homologous to
a yeast protein of unknown function (52). Given that other
GTP-ase activating proteins had previously been identified as
tumor suppressors, it was presumed that tuberin would have
a similar function but the mechanism by which it would do so
was obscure. Slow progress was made in defining the respective
function of each TSC protein until the discovery and functional
characterization of their homologues in Drosophila (discussed
later). As saturation mutagenesis strategies of simpler organ-
isms help to reveal the function of currently unknown genes,
these insights will increasingly help us to better understand the
human homologues.

Conservation between species is also helpful because it can
be used to identify essential functional components that are hid-
den in otherwise featureless sequence. In the case of PKD1, for
example, a comparison of the sequence of human polycystin-1
to that of the puffer fish, Fugu rubripes, two species separated
by nearly 400 million years of vertebrate evolution, identified
several highly conserved regions with no known sequence ho-
mologies (53). One of these was subsequently identified as a
putative 20-amino-acid heterotrimeric G-protein activation se-
quence (54). Sequence conservation can also be used to help
resolve disputes regarding the putative structure of a protein.
In the case of polycystin-1, comparison of the human and Fugu
sequences led to the identification of a set of 11 conserved prob-
able transmembrane spanning elements (53), subsequently con-
firmed by biochemical methods (55).

Several databases use specific amino acid patterns culled
from an analysis of many proteins to find certain motifs. This
can be an especially powerful tool since it can identify pat-
terns otherwise missed by direct sequence comparisons. One
example of the successful use of this approach is provided
by the identification of a GPS domain (G-protein coupled re-
ceptor Proteolytic Site) in polycystin-1 (56). This domain was
first identified as the internal cleavage site for the neuronal
G-protein coupled receptor, latrophilin, the putative receptor
for α-latrotoxin and a member of the LNB-TM7 family of pro-
teins (57–59). The GPS site is a feature common to all mem-
bers of the family, positioned in the extracellular N-terminus
approximately 30 amino acids before the first transmembrane
spanning element of each protein. In the case of latrophilin,
cleavage at the site yields two fragments: a C-terminal por-
tion that includes a short extracellular stalk followed by the
7 TM-spanning elements and an N-terminal portion that is
tethered to the extracellular stalk. It is presumed that cleavage
and tethering is essential for creating the active ligand binding
site for α-latrotoxin or its endogenous ligands. Recent studies
by Qian et al confirm that the GPS site in polycystin-1 similarly
undergoes proteolytic cleavage and that cleavage and tethering
appear essential for the protein’s signaling properties (60). The
observation also prompts further consideration of the hypoth-
esis put forward by Parnell et al that polycystin-1 may be the
prototype of a novel class of G-protein coupled receptor.

Finally, a variety of algorithms can be used to identify func-
tional protein domains. For example there are a number of
programs that can be used to predict hydrophobic areas in
a protein that may signify transmembrane regions. This type

of information can be extremely important in deciphering the
function of a protein. In the case of PKD2, this type of analysis
suggested that polycystin-2 had six transmembrane domains
and resembled a known class of cation channels (61). This
hypothesis was testable and it was ultimately confirmed that
polycystin-2 could function as a nonselective cation channel in
appropriate conditions (61).

MUTATION ANALYSIS AND
THE MOLECULAR MECHANISM

OF DISEASE

An important step in determining the molecular basis of dis-
ease is defining how disease mutations alter the function of the
gene product. In recessive disorders, the fact that mutation of
both copies of a gene is required to cause the disease suggests
that the mutations must impair or result in complete loss of the
protein’s normal function. In dominant disorders, the mecha-
nism by which mutations cause disease is less straight forward
since they can act in one of three ways: (1) by reducing the
amount of functional protein (via a hypomorphic allele, hap-
loinsufficiency or by a combination of germ line and somatic
mutations); (2) by producing a protein with increased activity
or a new function (dominant gain-of-function); (3) or by pro-
ducing proteins that inhibit the function of the normal allele
(dominant negative).

In the case of ADPKD, it was certain clinical features of
the disease that provided the clue to unraveling the molecular
mechanism of disease. One of the hallmarks of ADPKD is its
focal presentation (62). Pathologic examination of cystic kid-
neys has shown that cysts arise as focal outgrowths of normal
tubules. The logical question was that if all cells are genetically
identical and carry the same germ line mutation, then why don’t
all cells form cysts? Considered among the many different po-
tential explanations was the possibility that each cyst might be
genetically distinct, forming as the consequence of a second,
possibly rate-limiting step. To examine this possibility, a novel
method was devised for isolating DNA from the epithelial cells
lining individual cysts. Using these techniques, it was demon-
strated that renal cysts originate from one cell and thus can
be termed monoclonal (63). Furthermore, somatic mutations
affecting the normal allele can be detected in a significant frac-
tion of cysts (64–71). This model is depicted in Figure 16-3
and suggests that the first step in cyst formation is functional
inactivation of the normal PKD allele. This model implies that
PKD is recessive on a molecular level since both copies of PKD
are mutated in each cyst. A small minority of cysts from kid-
neys with a germ line mutation in PKD2 may instead have as
their somatic hit an inactivating PKD1 mutation and vice versa
(68,72). This finding has several clinical implications. First, it
means that any type of therapy would have to be aimed at re-
placing the function of the gene product and also, ideally, it
would be targeted to those cells where a “second hit” has ac-
tually occurred. Second, these findings explain at least some of
the observed clinical variability since the rate at which second
hits occur may determine disease severity. Clearly, an under-
standing of the factors that determine the rate of second hits
might be used to slow disease progression. These might include
processes that cause DNA instability or alternatively increased
cellular proliferation.

Mutation analysis of a large number of pedigrees may also
be used to establish genotype-phenotype correlations. One may
discover that certain patterns of mutation are associated with
specific clinical characteristics. For example, some mutations
may lead to an unstable message that is never made into pro-
tein. This may have more severe functional consequences than
a protein that is made but has only partially reduced activity.
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FIGURE 16-3. A: Loss of heterozygosity for the normal PKD1 allele
in renal cystic tissue. Top panel: Each renal tubular cell in an individual
with ADPKD contains two PKD1 alleles, one mutant copy (indicated
by −) and one normal copy (indicated by +). The alleles can be dis-
tinguished using PCR-based assays if the allele-specific PCR products
differ in size. Deletions of chromosome 16 that remove the normal
PKD1 locus (top panel) will lead to LOH, as evidenced by the dis-
appearance of the PCR product derived from this allele. As a result,
only one band remains (middle panel). The bottom panel shows the
results of this type of analysis on 12 cysts from an individual with
ADPKD using the marker KG8, an intragenic PKD1 marker. Most of
the cysts have two PKD1 alleles, but cysts #4 and #7 have only one
band because each has lost the normal PKD1 allele (bottom band).
B: “Two-hit” model of cyst formation in ADPKD. Each epithelial cell
in a renal tubule has the same germline mutation of one PKD1 allele.
The normal allele presumably produces sufficient quantities of poly-
cystin to permit normal differentiation and maintenance of tubular
integrity. When a cell acquires a somatic mutation in the normal al-
lele (indicated by a star), the level of polycystin falls below a critical
threshold. The cell harboring the somatic mutation undergoes clonal
expansion and forms a cyst via pathways that not yet have been iden-
tified. (From: Qian F, Watnick TJ. Somatic mutation as mechanism for
cyst formation in autosomal dominant polycystic kidney disease. Mol
Genet Metab 1999;68:237, with permission.)

Mutation studies of affected individuals also may provide a
database of allelic variants that can be used to guide the study of
important functional domains. Missense mutations that have
phenotypic consequences are particularly instructive because
they identify essential amino acid residues and critical func-
tional elements. The examples cited below illustrate how the
information gained from mutation studies can enhance the un-
derstanding of disease pathogenesis.

One of the goals of mutation analysis is to attempt to cor-
relate genotype with phenotype. This information is important
because it can allow physicians to counsel patients and po-
tentially to screen presymptomatic individuals for rare disease
manifestations. Although this approach has not been univer-
sally successful, it has proved to be helpful in some situations.
In classic X-linked Alport syndrome, pathogenic mutations in-
volve the 5 chain of type IV collagen. Most of the published
mutations have been associated with sensorineural hearing loss
and progression to ESRD in the second or third decade of
life (73–78). Mutation analysis has identified subgroups of pa-
tients, however, that vary from the standard presentation. For
example, there is a group of families that have classic Alport’s
disease coupled with leiomyomatosis of the esophagus and tra-
cheobronchial tree. Affected females also have leiomyomato-
sis involving the genital tract. These pedigrees appear to have
deletions that include the 5′ end of the collagen 4 5 (COL4A5)
gene and the 5′ end of the collagen 4 6 (COL4A6) gene, which
abuts it in a head-to-head configuration (79–82). Interestingly,
deletions extending beyond the second intron of COL4A6 are
not associated with leiomyomatosis. The reasons for this are
not clear. On the other end of the spectrum there are families
who exhibit later onset of ESRD and deafness. One group of
investigators identified 9 kindreds with a leucine to arginine
mutation (L1649R) that results in a mild phenotype (76). The
change affects a highly conserved residue in the noncollagenous
(NCI) domain of the type IV collagen molecule that is proba-
bly involved in key inter- and intramolecular interactions. An
analysis of 84 affected males showed that they tended to de-
velop renal failure by the 4th or 5th decade and this preceded
the onset of significant hearing loss by approximately 10 years.
Haplotype analysis showed that all of these families were likely
to have descended from a common ancestor and this mutation
is probably a common cause of Alport’s in the western United
States.

Von Hippel-Lindau disease (VHLD) is another example of
the utility of genotype phenotype correlations. VHLD is a dom-
inantly inherited familial cancer syndrome that is character-
ized by a predisposition to develop renal carcinomas and he-
mangioblastomas of the retina and central nervous system.
The disease is caused by mutations in VHL on chromosome
3 (83,84). Consistent with its predicted function as a tumor
suppressor gene, somatic mutation of the wild type VHL al-
lele has been detected in renal tumors from families with germ
line VHL mutations (85). The function of the VHL protein
is not entirely understood but it has been found to bind to
two other proteins, elongin B and C (86,87). Elongin is part
of a multiprotein complex that appears to target proteins for
proteolytic degradation in proteosomes (88–90). The most
widely studied effect of the VHL protein is its effect on the
regulation of hypoxia inducible genes (91). Clinically, VHLD
falls into two categories: those cases with (VHL2) and those
without pheochromocytomas (VHL1) (92–94). It turns out
that these clinical phenotypes are closely correlated with the
class of mutation that is detected. VHL1 is produced by mu-
tations that completely disrupt VHL protein structure, e.g.,
frameshift mutations, stop codons and gene deletions. In bio-
chemical assays these proteins have no biological activity. On
the other hand, VHL2 appears to be caused by missense mu-
tations in residues that would be predicted to be in contact
with elongin C or that map to amino acids where they would
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FIGURE 16-4. Helix 3-Helix 5 interaction in progest-
erone-mediated activation of mutant mineralocorticoid
receptor, MRL810. A: Structural model of a portion of the
hormone-binding domain of MRL810 bound to aldos-
terone, based on the crystal structure of progesterone
receptor. This model predicts that the side chain of
L810 lies sufficiently close to A773 and the C19 methyl
group of the steroid to form van der Waals interactions.
B: Model of MRwild type. The side chain of S810 does not
interact with A773 because the distance between them
is too great. C: Activity of mineralocorticoid receptors
(MRs) with various amino acid substitutions at residues
810 and 773. Mutant receptors containing the indicated
substitutions at the two positions were assayed using a
luciferase reporter assay in the presence of 1nM aldos-
terone or 19-NP (19-norprogesterone, a progesterone
derivative). MRs with amino acid substitutions that con-
tained larger side chains were activated by 19-NP, as
predicted by the model in A and B. Abbreviations for
the amino acid residues are as follows: A, Alanine; G,
Glycine; L, Leucine; M, Methionine; S, Serine; and V,
Valine. (From: Geller DS, et al. Activating mineralocor-
ticoid receptor mutation in hypertension exacerbated by
pregnancy. Science 2000;289:119, with permission.)

be likely to cause only local defects. VHL2 alleles tend to re-
tain biologic activity. Mutation analysis in this disease can not
only be used to establish a presymptomatic diagnosis but also
can provide specific information with respect to the disease
phenotype.

As will be discussed in a subsequent section, missense mu-
tations pose a major challenge since it may be difficult to as-
sess their pathogenic significance. Under certain circumstances,
however, important information can be gained about the func-
tion of a protein by careful analysis of a single amino acid
change. Perhaps the best example of this is a recently described
mutation in the mineralocorticoid receptor (MR), S810L that
causes early onset hypertension in heterozygous carriers (95).
This mutation affects an amino acid that lies in the MR hor-
mone binding domain (HBD) and that is conserved in MRs
across a wide evolutionary span. In order to test the functional
significance of this change, investigators expressed wild type
and mutant MRs in Cos-7 cells and were able to show that in
the absence of added steroid the mutant MR retained a signif-
icant level (27% of maximal) of activity. This suggested that
the receptor was constitutively active to some degree. They
took their analysis a step further and in an elegant series of
experiments showed that certain steroids that normally bind
but do not activate wildtype MRs were able to activate the
mutant receptor. Steroids with 21-hydroxyl groups such as al-
dosterone were able to bind and activate both proteins while
steroids with 17-keto groups (i.e., estradiol and testosterone)
activated neither. Steroids such as progesterone, which lacked
both modifications, were found to be potent activators of the
mutant MR leading to the conclusion that activation no longer
required a steroid 21-hydroxyl group. Using computer manip-

ulation of an established structural model of the steroid HBD
the authors were able to understand that the mutation resulted
in increased van der Waals interaction between helix 5 and he-
lix 3 of the HBD (Fig. 16-4). This essentially substituted for
the interaction of the steroid 21-hydroxyl group with helix
3 in the wild type receptor. There were several insights that
were gained from this analysis. First, these findings explained
why several affected women in families with the S810L muta-
tion developed severe hypertension during pregnancy, a state
that is associated with a drastic increase in progesterone levels.
Second, it provided a critical understanding of the general basis
for steroid hormone activation since the helix 5-helix 3 inter-
action is highly conserved among diverse nuclear hormone re-
ceptors. Lastly, this type of in-depth structural understanding
is often a prerequisite for rational drug therapy.

DEFINING THE EXPRESSION
PATTERN OF A GENE AND ITS

PROTEIN PRODUCT

The expression pattern of a gene may provide valuable in-
formation about its function. Northern blots of tissue are
commonly used as a screening tool but are very insensitive
and provide little information regarding the specific cell types
that express the gene of interest. For example, NPHS1 and
PCLN1 have a similar pattern on Northern blot—each detects
a kidney-specific signal—though they have very different func-
tions (40,96). More-precise localization can be achieved using
in situ hybridization techniques (Fig. 16-5). Using this method,
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FIGURE 16-5. Expression of NPHS1 and its protein product, nephrin. A: Northern blot of poly(A) RNA
from four fetal human tissues, hybridized with a fragment of NPHS1 cDNA probe. A specific signal can
be seen only with fetal kidney RNA (arrow). B: Expression of NPHS1 in human fetal kidney by in situ
hybridization. The top panel shows intense expression in glomeruli throughout the renal cortex with
little expression in other structures. A higher magnification is shown in the lower panel, revealing intense
expression in the periphery of the glomeruli and little or no expression in Bowman’s capsule (bent arrow),
proximal tubules (open arrow), or endothelial cells of vessel walls. (Reprinted with permission from:
Kestila M, et al. Positionally cloned gene for a novel glomerular protein–nephrin–is mutated in congenital
nephrotic syndrome. Mol Cell 1998;1:575.) C. Nephrin is localized to slit membranes. Immunoelectron
microscopic localization of nephrin in human renal glomeruli. In the top panel, gold label (arrowheads)
can be seen between foot processes of podocytes (P). The label is located in the central area of the slit,
between the glomerular basement membrane (GBM) and the barely visible slit diaphragm (arrows). The
endothelium is unlabelled. Bar = 200 nm. In the middle panel, several gold particles can be seen lying in
a row (box) between tangentially sectioned podocytes (P) foot processes. The lower left panel presents
a close-up of the boxed section while the lower right shows a gold particle between the slit diaphragm
(arrow) joining two podocytes (P) and the GBM (asterisk) in cross section. Bar = 50 nm D. Hypothetical
model of how nephrin molecules assemble to form the slit diaphragm. In this example, four nephrin
molecules are shown to associate in the slit between two foot processes. The interdigitation is mediated
by Ig repeats 1–6 (ovals) and disulfide bridges that cross link the molecules. (Reprinted with permission
from: Ruotsalainen V, et al. Nephrin is specifically located at the slit diaphragm of glomerular podocytes.
Proc Natl Acad Sci USA 1999;96:7962.)

one can readily distinguish the podocyte-specific expression of
NPHS1 from the TAL-specific expression of PCLN-1. The tem-
poral and spatial distribution of gene expression is invaluable in
defining developmental pathways and identifying co-factors of
one gene of interest. RNA-based studies are particularly useful
in tracking expression of genes that encode secreted products
(i.e., growth factors and cytokines) that are difficult to identify
using immunohistochemical methods. In situ techniques also
have the advantage that they can be used in cases where the
specificity of an antibody for one’s target has not been ade-
quately demonstrated.

One important limitation of RNA-based studies is that they
reveal nothing about the fate of the protein that they encode.
Therefore, immunolocalization studies aimed at providing de-
tailed characterization of a protein’s cellular and subcellular
distribution are key steps in its initial evaluation. In many
cases, the protein structure provides clues as to where it is
likely to be positioned within the cell. Nuclear localization sig-
nals, transmembrane-spanning elements, homologies to other
known proteins offer hints, but each of these predictions must

be confirmed in cells and tissues. For membrane proteins, one
must determine the specific membrane compartment in which
they reside since this could have profound implications for un-
derstanding their function. Co-staining studies using antisera
that recognize known proteins are often helpful.

For novel proteins, one must first develop a set of antibod-
ies that have specific recognition for their target. The strategy
used to generate antibodies is straightforward: immunize rab-
bits, chickens, or other species with either synthetic peptides
or recombinant polypeptides derived from the gene of interest;
screen for immunoreactivity; and then affinity purify the reac-
tive antibodies using the antigen against which it was raised.
Antibodies are generally thought to be specific if they recognize
the epitope against which they were raised and if the immunore-
activity was the direct result of the immunization process (i.e.,
preimmune sera lacked the activity).

In many cases, the results are unambiguous and provide
important functional insights. As noted previously, nephrin,
the gene product of NPHS1, the gene mutated in Congeni-
tal Nephrotic Syndrome of the Finnish type, was found to be
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exclusively expressed in the glomerular podocyte (96). Im-
munohistochemical analysis of renal tissue showed that the
protein was confined to the slit diaphragm in the pore region of
the glomerular basement membrane (Fig. 16-5) (97–101). This
invaluable information is unlikely to have been obtained by any
other method, and has important implications for understand-
ing the protein’s function. This result also helped to explain
why loss of this protein could result in the massive nephrotic
syndrome observed in those affected with this disease. In a simi-
lar manner, immunolocalization studies of PCLN1, the protein
that is defective in primary hypomagnesemia, revealed that it is
located in tight junctions of the thick ascending limb of Henle
(40).

Unfortunately, the process of antisera characterization is far
less straightforward than it appears, and the commonly ac-
cepted standards are insufficiently stringent to insure that one’s
antisera is truly specific exclusively for one’s target. This can,
on occasion, result in conflicting data and uncertainty about
the true nature of the disease gene product. The problem of
antibody specificity is likely responsible for much of the con-
fusion regarding the detailed characterization of polycystin-1
(61,102–125). One ongoing controversy is the apparent over-
expression of polycystin-1 in cystic tissue as defined by various
polycystin-1 antisera (126). The “two-hit” model of disease
initiation predicts that the vast majority of cysts should lack
functional polycystin-1. Several arguments have been offered
to reconcile the discrepant findings (103,107,110,126). One
possibility is that both sets of observations could be true, with
the majority of second hits being missense changes that result
in functional inactivation without loss of protein expression.
The most complete genetic analysis of cystic tissue suggests that
this is unlikely, however. Watnick and associates found protein-
termination type mutations in nearly all of the cysts examined
(64,68,127). A second argument is that somatic inactivation
of the wild type allele occurs after the cyst has already formed
and is the direct result of the hyperproliferative state of cystic
epithelia. This model could account for the large fraction of
cysts found to be immunopositive for polycystin-1 and explain
why only a subset has detectable somatic mutations. Arguing
against this hypothesis are the results of studies performed on
a murine model of PKD2 (128). In this model, the animals
have an unstable allele of Pkd2 that acquires somatic muta-
tions at a very high rate (see the subsequent text). Cystic tissue
of these animals lack polycystin-2 while the adjacent normal
tissue has intact polycystin-2 expression (Fig. 16-6). Finally,
some investigators have suggested that the apparent discor-
dant genetic/immunohistochemical data may be the result of

problems with the antisera (104). Nauta et al generated 14
different polyclonal antisera against fragments of polycystin-1
and found that many stained the epithelial cells of fetal, adult,
and cystic kidney sections in patterns similar to those reported
by others. After further study, however, they concluded that the
patterns they observed were not specific for polycystin-1 and
they urged cautious interpretation of the published literature.
Which of the various explanations is correct remains an open
question but the issue highlights the difficulties that sometimes
arise in this process.

As invaluable as the immunolocalization studies are in defin-
ing essential properties of one’s protein, an antibody that has
been rigorously confirmed to recognize a protein of interest
is an indispensable tool in further biochemical studies. While
epitope tags can be included in the design of recombinant
molecules that are expressed using cell culture systems, en-
dogenous proteins can only be evaluated using target protein-
specific antisera. Many proteins are subject to a number of
functionally important posttranslational modifications such
as proteolytic cleavage, glycosylation, and phosphorylation.
Moreover, most proteins likely act in concert with others via
pathways. One way of determining the pathways in which one’s
protein participates is by identifying its various binding part-
ners. All of these properties are best assessed by immunoblot
and immunoprecipitation studies.

FUNCTIONAL ANALYSES

Once the initial description of a new gene is completed, the next
goal is to begin its functional characterization. For many of the
genes listed in Tables 16-1 through 16-8, their roles have been
obvious because they were identified based on their functional
properties. For example, each of the transporters listed in Table
16-4 and most in Table 16-5 had been cloned and character-
ized prior to the discovery of its mutation in the disorder with
which it is associated. In these conditions, the focus is on de-
termining how mutations alter the protein’s function and how
these abnormalities result in the observed pathology. A subset
of the genes listed in the tables was discovered to be homo-
logues of known genes that had not been previously associated
with the human disease phenotype. For example, mutation of
NPHP2 (invs), one of the genes associated with nephronoph-
thisis, had been previously found to result in situs inversus
and severe polycystic disease in mice (129,130). Its subsequent
association with human nephronophthisis provided a critical
insight into the functional properties of NPHP-related proteins

FIGURE 16-6. Renal cysts of mice with an unstable Pkd2
allele (Pkd2WS25/WS25) lack polycystin-2. A: An early cyst
from a Pkd2WS25/= kidney is negative for immunostains
for polycystin-2 multiple positively stained tubules are
seen in the adjacent cortex. (×250). B–D: Cortical re-
nal cysts consistently are negative for immunostains for
polycystin-2 while multiple positive noncystic tubules are
clearly positive. (B ×80, C ×120, D ×250). (Reprinted
with permission from: Wu G, et al. Somatic inactivation
of Pkd2 results in polycystic kidney disease. Cell 1998;
93:177.)
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(131,132). Member of this group are now thought to comprise
essential components of the primary cilia and the basal body.
A similar approach is applied to the study of novel genes, like
PKD2, that have a predicted but unproven function based upon
their sequence. A final subset of genes, like VHL and NPHP1,
encode novel proteins of unknown function whose sequence
provides few clues.

It is obvious that the particular set of experiments that one
uses to characterize a gene depends on the nature of the pro-
tein that it encodes. The strategy for studying a putative trans-
porter is very different than the one used to examine a tran-
scription factor. Likewise, one will approach the study of a
known gene product like the Na-K-2Cl co-transporter differ-
ently than one would a more enigmatic one like nephrocystin-
1, the NPHP1 gene product. In this section, we will briefly
review some of the general methodologies used to deter-
mine a protein’s functional properties and conclude with
a discussion of several specific examples.

Identification of Interacting Partners

The specific nature of interactions between proteins is often an
important determinant of their functional characteristics. One
paradigm of functional protein-protein interactions is that of
receptor-based signaling. According to this schema, the recep-
tor, usually situated in a membrane, binds to one or more lig-
ands. This binding usually leads to a cascade of signaling events
that may begin, for example, with phosphorylation of the re-
ceptor by itself or some other protein. This event may recruit
other proteins such as adapter molecules with src homology
2 or src homology 3 domains to the receptor-ligand complex.
These proteins may also be phosphorylated and when activated
in this way they move to the nucleus, ultimately leading to the
transcription of new genes. Frequently, one receptor may par-
ticipate in a number of signaling pathways that “talk to one
another.” In many cases, these factors serve to amplify the sig-
nal while parallel or negative feedback systems act to dampen
or balance it. In either case, each step in this pathway critically
depends on the interaction of proteins capable of transmitting
the signal.

Proteins involved in receptor-based signaling are by no
means the only types of proteins whose activity depends on
protein-protein interactions for their normal function. For ex-
ample, many channels or transporters are formed by multi-
meric complexes of a single subunit (in the case of K channels)
or multiple independent subunits (e.g., H+ATPase). Moreover,
the activity of most channels is regulated by direct binding of
other nonchannel proteins. Likewise, transcription factors de-
pend on interactions with specific co-factors, transactivators
or inhibitors for their activation or repression. It is fair to say
that the function of most proteins critically depend on protein-
protein interactions for their activity, and identifying the part-
ners of one’s protein of interest can provide important clues
into its function. This is especially true if the partners are dis-
covered to be factors that participate in well-defined pathways
or regulatory systems. Given the tremendous impact such stud-
ies can have on one’s understanding of the pathobiology of a
new protein, much effort often is directed at identifying the
protein partners of a gene product of interest.

Several strategies can be used. The first is guided by an un-
derstanding of the disease process. A growing body of literature
suggests that inherited disorders that are characterized by ge-
netic heterogeneity often result from mutations of genes whose
products either form a multimeric complex (such as a trans-
porter) or function in a common pathway. This property is
exploited in Drosophila research as a tool to define the func-
tional pathways of novel genes. In the case of human renal dis-
eases, there are numerous examples that fall into this group:

ADPKD, nephronophthisis (NPHP), tuberous sclerosis (TSC),
distal RTA (OMIM#267300 and 602722), Liddle Syndrome,
PHA-Type I (recessive forms) and cystinuria. In some of these
examples, like Liddle Syndrome, the genes associated with the
disease had been known to encode interacting subunits prior
to their discovery as disease-causing loci (12). In others, like
ADPKD, NPHP and TSC, the functional interactions that have
been shown for their respective gene products were discovered
solely because of a focused search (61,131,133–138).

Sometimes it is possible to make an “informed guess” about
potential partners based on the known properties of the pro-
tein of interest. For example, a protein that had been shown
in immunolocalization studies to be located in focal adhesion
plaques might be expected to associate with other components
of that complex. One would then pursue a directed search to
look for functional associations between the protein and a bat-
tery of pertinent interacting factors. Other clues might be pro-
vided by homology to known proteins. The identification of a
putative G-protein binding site in polycystin-1 resulted from
such an analysis (54). In other cases a protein may have do-
mains that are known to be generalized sites of protein-protein
interaction. Ankyrin repeats and coiled-coil motifs are exam-
ples of such structures and are good places to begin to look for
interacting partners.

Finally, in many cases a protein is truly novel and there is
no way to predict to what it might bind. This is common when
a gene has been identified using a strictly positional approach
or when there is no sequence homology to serve as a guide.
The Von Hippel Lindau gene product is an example of this
situation and necessitates the use of methods that make few
prior assumptions about the nature of interacting partners. In
such situations, an investigator can purify their protein (ei-
ther the endogenous protein or a recombinant, epitope-tagged
version purified from tissue or cells) and determine the pep-
tide sequence of any factors that copurify. As one might pre-
dict, the rate of progress in understanding the function of pro-
teins that fall into this class is usually far slower than it is for
others.

MODEL SYSTEMS

Cell Culture Systems

The biochemical approaches described in the preceding sec-
tion are limited by the nature of in vitro studies. They do not
generally provide information about the physiological conse-
quences of activation or disruption of a particular pathway. It
has become increasingly obvious that cell culture systems can
be especially valuable in this regard. Cell culture systems have
the advantage that they often can be easily scaled up to per-
form “bucket biochemistry,” they can be used under carefully
controlled and well-defined conditions, and they can be scaled
down to the single cell level to study molecular processes. They
are invaluable tools for studying a molecule’s transport proper-
ties, its growth-regulatory characteristics, or the signaling path-
ways in which it participates. If one transfects a cell with a
cDNA for a putative ion channel, one can demonstrate and
characterize its channel activity using patch clamp methods or
calcium photometry for calcium fluxes. Likewise, one can test
for the transport of other molecules by simply modifying the
approach to look for the movement of the molecules in ques-
tion. Cell transfection experiments also can be used to quanti-
tate the growth effects of a protein of interest. Once an effect
is defined, one can perform cell cycle analysis to determine
whether it acts through a cell-cycle dependent process, by al-
tering the rate of programmed cell death or through some other
mechanism. Regardless of which mechanism is implicated,
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there is a series of well-defined steps that can be followed to
define in a precise manner how the protein affects its activities.
In the case of transcription factors, cell culture systems may be
used to identify potential targets.

A complete review of the many insights that have resulted
from the use of cell-culture systems is far beyond the scope of
this chapter. Several select examples will serve to illustrate the
utility of this approach.

Pseudohypoaldosteronism type II (PHAII, Gordon
Hyperkalemia-Hypertension Syndrome) is a rare autosomal
dominant disease that is distinct from most other Mendelian
genetic forms of hypertension in that affected individuals
have both hypertension and hyperkalemia (139). Mutations
in WNK1 and WNK4, two related members of the serine
threonine kinase super-family, were found to cause the disease.
A series of studies performed using recombinant proteins and
cell culture systems demonstrated that the proteins act as a
molecular switch that allows the kidney to alternate between
NaCl-reabsorbing and K+-secreting states through their
inhibitory effects on the thiazide-sensitive NaCl co-transporter
and the renal outer medullary K+ channel. The observation
that the proteins had been localized to the tight junctions in
renal epithelia prompted Kahle et al to investigate whether
WNKs also function to regulate paracellular ion flux using
canine renal epithelial cells (MDCKII cell line) (139). They
generated stable cell lines that had inducible expression of
either wild type or mutant WNK4 and showed that the recom-
binant proteins localized to tight junctions by immunofluor-
escence. They then showed that WNK4 decreased transep-
ithelial resistance in MDCK cells grown in monolayers by
selectively increasing the paracellular conductance of chloride.
They ruled out gross structural changes of the tight-junction
complex as a trivial explanation for their findings by trans-
mission and freeze-fracture electron microscopy. The authors
concluded that the WNKs likely help coordinate transcellular
and paracellular flux to achieve NaCl and K+ homeostasis.

A different kind of cell culture system has recently been de-
veloped to study the function of polycystin-1. This protein has
been difficult to analyze because of its large size and low abun-
dance in tissues and cells. Boletta et al. used novel methods to
establish cell lines with stable over-expression of PKD1 (140).
They had selected the MDCK cell line for this study because it
is a renal epithelial cell line commonly used to study the pro-
cess of tubulogenesis. Under normal conditions, MDCK cells
form cysts when cultured in collagen but produce branching
tubules if treated with HGF (Hepatocyte Growth Factor) (141).
Boletta et al. found that expression of recombinant PKD1 in
MDCK cells resulted in spontaneous tubulogenesis, a reduced
rate of growth and induced resistance to apoptotic stimuli. The
effects of PKD1 expression in this model are remarkably sim-
ilar to what had been predicted based on study of human and
murine cystic tissues and suggest that it may serve as a use-
ful tool for understanding pathways regulated by polycystin-1.
This unique system offers three phenotypic assays that can be
used to test for the functional consequences of altering any of
polycystin-1’s domains. Given that each of the distinct pheno-
types could be affected in a different way, this strategy might
allow one to dissect out the various signaling pathways regu-
lated by this multifunctional protein. One might also use such a
system to test for functional consequences of missense changes
identified solely in affected individuals but of uncertain conse-
quence.

Mouse Models

Although cell culture systems are relatively easy to manipu-
late, they may not always mimic faithfully what occurs in vivo.
Over-expression of proteins could conceivably activate path-

ways that are not important in the whole organism and there-
fore the significance of any phenotypic readout may be difficult
to interpret. Animal models that faithfully reproduce human
disease are therefore invaluable tools. They can be used to help
define the pathophysiology of a disorder, identify factors that
modulate the severity of disease, and to test therapeutic inter-
ventions.

For diseases that result from gain-of-function or dominant
negative mutations, transgenic mice with over-expression of the
mutant gene in a transgenic mouse can be useful (142). In this
method, the cDNA of interest is injected into the pronuclei of
fertilized eggs and then re-implanted in the uterus of females for
carriage to term. Advantages of this approach include its wide
availability, relatively low cost, and rapid read-out. Transgenic
animals can be produced within less than a month of produc-
ing the recombinant construct. Its major limitation is that the
spatial and temporal pattern of gene expression of the trans-
gene often fails to recapitulate that of the endogenous gene
in a faithful manner. A second problem is that this strategy
generally cannot be used for diseases that are recessive in na-
ture. Over-expression of a null or functionally null allele is
unlikely to reproduce the human disease since the endogenous
murine forms of the genes will be normally expressed. Finally,
in most cases the construct used to generate the mice exclusively
contains the exonic sequences of one’s gene and lacks all but
perhaps a single intron (the latter has been shown to improve
transgene expression). One consequence is that the transgene
does not undergo any of the splicing normally observed for the
endogenous gene.

In light of these limitations, a second approach that avoids
many of these pitfalls has now become the standard of the com-
munity. Its goal is to generate mice with targeted mutations of
the endogenous murine gene (143). By altering the gene in situ,
one preserves most of its intrinsic structural features such as its
regulatory elements and introns. In most examples to date, the
technique has been used to produce a “knock-out” through the
introduction of deletions that abrogate a gene’s function. More
recent refinements allow one to introduce more subtle changes
such as nucleotide substitutions that encode missense changes
(“knock-in”). Such strategies allow one to generate models that
carry the exact genetic defects observed in humans in a much
more faithful manner.

The ability to do gene targeting depends on two principles.
First, one must be able to perform an in vivo “swap” of the engi-
neered gene segment for the endogenous sequence through the
process of homologous recombination. Next, one must have a
way of creating an animal from cells with the targeted muta-
tion. Sperm and egg cells would seem like natural choices but
unfortunately cannot be used for this purpose. Embryonic stem
(ES) cells, removed from the earliest stages of development, do
work well because they are easily cultured and totipotent—
they can give rise to any organ system or cell type. This allows
one to “pass” the mutation through the mouse germ line.

The first step in gene targeting is to design a targeting con-
struct that contains a genomic segment of the target gene into
which has been inserted a neomycin resistance gene. The latter
step allows for selection of ES cells that have “taken up” one’s
construct. For “knock-out” constructs, the neomycin gene has
replaced a portion of the coding sequence of the target gene
so that its integration would interrupt the target’s coding re-
gion. For “knock-in” constructs, the neomycin gene is typically
placed within an intron where it is less likely to disrupt the
gene’s function. To create the mutation, the targeting construct
includes a segment of the normal gene that has been altered to
include the desired variant. Properly targeted clones are iden-
tified by Southern blot analysis. The appropriate ES cells are
then injected into a mouse blastocyst in a process that produces
an adult chimeric mouse. Chimeric mice can be readily iden-
tified by their mixed black and agouti coat color, because the



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-16 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 10:31

468 Section III: Hereditary Diseases

ES cells typically come from mice with agouti coat color and
the blastocysts are derived from animals whose coat color is
black. The chimeric mice are bred and if their germ line is also
chimeric, then the F1 generation should have some progeny
that are heterozygous for the targeted disruption. In order to
produce homozygous mice, the F1 generation can be interbred
to one another.

“Knock-out” models are useful in a number of ways. For
example, they may confirm the genetic basis of a disease. As
noted in a previous section, genetic studies of cystic tissue have
indicated that ADPKD is likely to be recessive on a molecular
level. This would suggest that mice heterozygous for Pkd mu-
tations should survive to adulthood with few if any symptoms.
In contrast to their human counterparts, they would be pre-
dicted to have relatively few cysts because of their far shorter
lifespan and much smaller organ size. A smaller kidney or liver
would have far few cells at risk of acquiring mutations over a
period of 1 to 2 years of observation. These predictions were
confirmed in studies of mice that were heterozygous for in-
activating mutations of either Pkd1 or Pkd2 (128,144–146).
Wu and associates had developed a particularly elegant model
(128). They had generated an unstable Pkd2 allele by inserting
a second copy of the first exon of Pkd2 in tandem to the en-
dogenous exon (Fig. 16-7). This allele was prone to acquiring
somatic mutations via intragenic homologous recombination.
Mice heterozygous for the null allele and the unstable allele
consistently developed an ADPKD phenotype similar to that
observed in humans. These mice did not die in utero but devel-
oped significant renal and hepatic cystic disease by 11 weeks
of age. This model has proven to be an invaluable tool for
studying the pathophysiology of the disease (147) and testing
putative therapies (148). One can easily imagine how it also
might be used to identify factors that predispose to the ac-
quisition of somatic mutations or influence the progression of
disease.

A common problem limiting the utility of standard gene
knockout technology is that complete homozygous inactiva-
tion of a gene often results in a nonviable fetus that fails to
complete gestation. This situation is usually recognized by a
distortion in the Mendelian ratio of observed versus expected
genotypes of living offspring. In the case of Pkd1, this prop-
erty severely limited the utility of the many models that had
been generated by gene targeting. However, newer technolo-
gies offer the hope of circumventing this problem and expand-
ing the capability of manipulating the murine genome at will.
Investigators can use gene-targeting techniques to create mice
that have latent mutations, which can be activated upon de-
mand (conditional mutations, otherwise known as “floxed al-
leles”) (149–155). In this approach, the targeting construct is
designed to include very short DNA sequences that serve as
specific recognition sites for non-native DNA recombinase en-
zymes in introns flanking key functional aspects of a gene of
interest. If carefully positioned, the short DNA sequences (ei-
ther lox P or frt sites) have no effect on the function of the gene
until after recombination has been induced. Since the recombi-
nase enzymes (Cre and Flp) are not normally present in mice,
one can determine when and where one wishes to inactivate the
gene of interest by controlling the spatial and temporal expres-
sion of the recombinase. This usually is achieved by breeding
mice with either the loxP- or frt-allele to animals transgenic
for the corresponding recombinase (Cre and Flp, respectively).
By altering the regulatory elements that control Cre or Flp ex-
pression, one can define the conditions under which he or she
wishes to inactivate his or her gene.

This strategy has been successfully used to generate viable
adult mice that otherwise would have died in utero of their
homozygous mutations. For example, this approach has been
recently used to create a viable Pkd1 model (157). Using a Cre
with random expression, the group produced mice with cystic

disease of variable severity. Using this new mouse line, investi-
gators will now be able to determine with certainty whether the
protein plays a role in the maintenance of tubular integrity by
inducing its inactivation once development is completed. This
model also will prove invaluable as a resource for testing thera-
peutic interventions. Finally, a conditional model of gene inac-
tivation allows one to assess the effects of inactivation of a gene
in organs other than those that cause its most obvious and life-
threatening complications. In the case of ADPKD, viable adult
humans or mouse homozygous for germline mutations of either
PKD1 or PKD2 have not been described, presumably because
this genotype results in embryonic lethality (144,146,158,159).
Affected humans are likely to have frequent clones of cells with
somatic mutations of the wild type allele but these are likely to
be widely scattered and comprise only a small fraction of most
organs. Thus, we have no way of predicting the phenotype of
animals that are engineered to lose polycystin-1 function in a
high fraction of cells in an adult animal. The use of a floxed
Pkd1 allele is likely to reveal unexpected complexity and new
functional properties for PKD1.

The Use of Nonvertebrate
Organisms as Models

The numerous genetic tools available for manipulation of the
mouse genome along with the wide availability of genetically
defined strains has fostered great interest in using mouse models
to identify genetic loci that encode modifiers of disease sever-
ity or potential interacting partners. Unfortunately, there are
currently no efficient techniques for using large-scale genetic
screens to identify enhancing or suppressing genes. In some
cases, crossing inbred mutant strains to mice of a different
background has revealed the influence of genetic modifiers that
have been mapped to large chromosomal regions by quantita-
tive trait analysis. Despite great success in localizing many of
these factors (160–165), progress in identifying the precise loci
has been very slow. For this reason, many groups have turned
to use of invertebrate organisms such as C. elegans (round-
worm) and Drosophila melanogaster (fruit fly) to complement
the human and mouse studies. As noted in an earlier section,
greater than 60% of human disease genes are estimated to have
orthologues in Drosophila. In addition, the signaling systems
involved in a number of basic processes such as cell-cell signal-
ing (i.e., JAK/STAT/cytokine, Wingless/WNT) appear to have
conserved components in vertebrates and flies. We have already
alluded to one of the most striking examples of how this ap-
proach has enhanced our understanding of a vertebrate gene
linked to renal disease. Ito and Rubin identified Drosophila ho-
mologues of Tsc2 and showed that its loss resulted in a dramatic
change in cell size (166). Several groups linked Drosophila Tsc1
to the same pathway soon thereafter and, capitalizing on the
model system’s many advantages, linked both proteins to the
insulin signaling pathway (167–169). Subsequent studies soon
showed that the Tsc1/Tsc2 complex regulates the TOR kinase
in both Drosophila and vertebrate systems and identified Rheb
as the small GTPase that is the likely target of Tsc2 GAP ac-
tivity (170–180). The most exciting consequence of these stud-
ies is that they had led to a possible therapy (discussed be-
low). The recent development of methodologies that can create
Drosophila mutants by homologous recombination may now
allow investigators to manipulate its genome at will to make
simple models of human disease “on the fly” (181).

Insights are also likely to come from unanticipated sources.
In the case of PKD, a strategy of randomly inactivating genes
by insertional mutagenesis revealed that the mutation of the
orpkd gene resulted in a phenotype similar to that of human
autosomal recessive polycystic kidney disease (182). The gene
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FIGURE 16-7. A: Restriction map of the Pkd2WS25 allele created by gene targeting. Instead of replacing
the normal 5′ end of the Pkd2 with the mutant sequence, the targeting construct integrated within the
5′ end to create a local duplication. Locally duplicated sequences are known to be prone to genomic
rearrangement by unequal sister chromatid exchange. B: Schematic representation of intragenic homolo-
gous recombination that is observed for the unstable Pkd2 allele, Pkd2WS25. Two different recombination
processes can occur. Recombination r1 produces a null allele while recombination r2 results in a wild
type allele. Both the wild type and unrecombined Pkd2WS25 allele have normal functional activity. C: A
cross section of a murine kidney taken from a homozygous mouse carrying two unstable Pkd2 alleles
(Pkd2WS25). Severe cystic disease is observed mimicking the pattern of human ADPKD (×2.5). D: Cysts
have a focal origin. A magnified view of a murine kidney with the Pkd2WS25/WS25 genotype. An incipient cyst
is shown forming as an outpouching from a normal tubule. Presumably the cyst developed as the result
of homozygous inactivation of the Pkd2 gene in one tubular cell (×320). (Reprinted from: G Wu, et al.
Somatic inactivation of Pkd2 results in polycystic kidney disease. Cell 1998;93:177, with permission.)

sequence initially provided few clues as to the protein’s func-
tion. In an unrelated project focused on identifying genes in
algae (Chlamydomonas) that regulate formation and function
of flagella, investigators determined that one of the genes that
caused flagellar defects was a homologue of orpkd (183). The
gene is thought to encode a protein (IFT 88) that helps to carry

“cargo” to the flagella in a process called intraflagellar trans-
port. Subsequent studies showed that IFT88 homologues in
other organisms have an essential function in the formation
and function of a related structure, the cilia (184). In verte-
brates, cilia have been found on almost all cells and are ei-
ther motile or nonmotile. The latter are thought to possibly
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FIGURE 16-8. Subcellular localization of cystoproteins. Many cystoproteins have been localized to more than one intracellular
domain. In this illustration, all known members of an interacting complex are shown colocalized to the same locations, even
though this has not necessarily been shown for each unit. There are two exceptions: (i) polycystin-2 has been reported to have
endoplasmic reticulum–specific functions as a calcium release channel that are independent of polycystin-1, and (ii) at least one
form of inversin has been localized to the centriole and to the nucleus. The speckled arrow in the primary cilium indicates the
direction of anterograde transport along the microtubule system mediated by kinesin-II, a heterotrimeric protein composed of
two motor units (Kif3a, Kif3b) and one nonmotor unit (KAP3). AJ, adherens junction; BB, basal body; Cen, centriole; ER,
endoplasmic reticulum; FAP, focal adhesion plaque; TJ, tight junction; PC-1, polycystin-1; PC-2, polycystin-2. (Adapted from:
Watnick T, Germino G. From cilia to cyst. Nat Genet 2003;34:355, with permission.) (See Color Plate for protein identification.)

function as sensory organelles for a variety of stimuli (185). In
the kidney, they may act as mechanosensors for flow (186,187).
There now is a very large body of data that links defects in
cilia and related structures such as the basal body/centrosomal
complex to renal cystic disease (132,188,189) (Fig. 16-8), and
a recent comparative genomic approach capitalized on this
observation to identify a novel locus for Bardet-Biedl syn-
drome (190). In sum, appreciation of the central role that
the primary cilium appears to play in normal development
and in renal cystic disease was sparked by studies of simple
algae.

CLINICAL IMPLICATIONS AND
FUTURE DIRECTIONS

The advances described thus far may seem basic in their scope,
but they also have reaching implications with respect to diag-
nosis and ultimately the treatment of inherited renal diseases.
The most immediate clinical impact of gene identification is the
development of molecular diagnostic tests. There are a num-
ber of circumstances in which DNA-based diagnoses may be

helpful to clinicians managing the care of affected individuals
and their families. In the case of X-linked nephrogenic dia-
betes insipidus, DNA testing can be used to identify at-risk
male fetuses or newborns before they suffer repeated episodes
of dehydration (191). DNA testing is particularly useful in
the management of families with Von Hippel Lindau disease
(192–194). This information can provide reassurance to non-
carriers and focus close attention on those individuals most
likely to develop complications that will need repeated CT
scans or MRIs. An additional benefit of DNA testing in this
disorder is that it can identify the subgroup most likely to de-
velop pheochromocytomas.

DNA tests are also used to evaluate presymptomatic indi-
viduals who seek genetic counseling regarding their prognosis
or for the purpose of family planning. In general, presymp-
tomatic DNA testing will probably be more widely used in
the future if protective therapies for diseases such as ADPKD
are developed that must be administered early in life before a
clinical diagnosis can be made. A final use of DNA testing is
in the evaluation of “at risk,” presymptomatic individuals as
potential living-related transplant donors. This application is
particularly important for diseases like ADPKD that have late
onset.
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FIGURE 16-9. DNA testing for PKD1 and PKD2. Filled symbols iden-
tify individuals affected with ADPKD. Unfilled symbols identify indi-
viduals that are either normal (N) or whose status is unknown (?). The
vertical bars beneath each symbol represent homologous pairs of chro-
mosome 4 (top) and 16 (bottom). Genetic markers mapping near each
disease locus are listed on the left. D4S231 is tightly linked to PKD2
on chromosome 4, and D16S85 and KG8/PKD1 map near and within
PKD1, respectively. The numbers on each side of a chromosome identi-
fies its alleles at these loci. In this family, the disease segregates with the
chromosome 4 marker (allele 159) and not with those on chromosome
16. The individual marked by the arrow has less than a 6% chance of
being affected with PKD. (Data generously provided by Dr. Allan Bale,
Yale University.)

There are two major types of DNA tests that may be of-
fered for a given disease gene, and it is useful for any clini-
cian to appreciate the potential shortcomings of each type of
analysis. The first is linkage testing that was discussed in the
context of gene discovery previously. In this method, the haplo-
type that segregates with the disease phenotype is determined
and compared to that of the individual seeking testing (Fig.
16-9). The test assesses the probability of an individual being
affected based on their haplotype. The accuracy of the estimate
depends on the number of family members that participate and
the proximity of the disease locus to the DNA markers used to
perform the test. Linkage analysis is now available for a number
of inherited renal diseases including ADPKD, ARPKD, and Al-
port’s syndrome. These tests can be relatively easily developed
for any of the mapped diseases in Tables 16-1–16-8 given the
high density of very polymorphic DNA markers.

There are several limitations to linkage testing. The first
problem is that since the method is indirect, no information
can be obtained from testing the proband alone and the co-
operation of multiple family members must be recruited. If the
family is small or if many of its members refuse to participate, it
may be impossible to determine the disease haplotype with cer-
tainty. In a similar vein, the test cannot be used if the proband
is suspected to have a de novo mutation. It is also important
that one be able to establish a definitive clinical diagnosis in the
family members who agree to participate so that a correlation
can be made. Another factor that limits the potential utility
of linkage-based analyses is the problem of genetic recombina-
tion. Crossing over between homologous chromosomes occurs
during meiosis and may alter the association between DNA
markers on an allele. This could result in an erroneous diagno-
sis on a linkage study. The chance of this happening is related

to the distance between the DNA marker and the disease lo-
cus. The likelihood can be kept to a minimum by using closely
linked markers with less than a 1 percent frequency of recom-
bination.

A final limitation of linkage testing as used in clinical prac-
tice is that one rarely achieves a lod score of 3 with one’s
results. In fact, the calculated genetic risk for a subject as de-
termined by linkage testing is heavily weighted by the prior
probability that his/her disease is linked to the locus being ex-
amined. For disorders that result from mutations of a single lo-
cus (i.e., congenital nephrotic syndrome of the Finnish variety),
this poses no difficulty. Many of the diseases listed in Tables
16-1 through 16-8, however, can result from mutations at more
than one locus, exhibiting a property called genetic heterogene-
ity. Tuberous sclerosis, for example, can be caused by mutation
of either TSC1 or TSC2. When multiple loci are associated with
a disease, then linkage to all must be assayed. When a small
number of samples are available for analysis, the probability
of the test being noninformative is significantly increased. Fi-
nally, it must be remembered that not all of the loci have been
identified for each disease, and this factor can sometimes lead
to increased uncertainty about the meaning of the test results.

In Figure 16-9 is provided a representative example of
linkage-based testing as applied to ADPKD. As noted in Table
16-2, genetic studies have implicated at least three loci in this
disorder. Over 85% of the families are affected with a form of
the disease that results from mutation of PKD1 on chromosome
16 (195). In virtually all of the remaining families, mutations
of PKD2 are responsible for the disease. A small fraction of all
ADPKD families, estimated at approximately 1%, has disease
that is not linked to either gene (196–199). A chromosomal
location has not yet been defined for the locus responsible for
the disease in this small subgroup, and there is some question as
to whether a third locus even truly exists (200,201). In clinical
practice, one tests only for linkage to PKD1 and PKD2 and uses
these results to estimate the probability of an individual with
unknown status to have the disease. In most situations, these
data can provide an accurate diagnosis. There may be, how-
ever, a small group of families where linkage testing would not
be useful.

The second type of DNA testing is direct mutation anal-
ysis. Direct testing can determine unequivocally whether the
proband has inherited a disease causing mutation without the
participation of family members. Most of the techniques that
are used for mutation analysis begin with PCR amplification of
regions of the gene in question as small overlapping fragments.
These PCR products can be screened for changes using a vari-
ety of techniques including SSCP (single strand conformational
polymorphism), dHPLC (denaturing high-pressure liquid chro-
matography) or direct sequencing. There are many types of
mutations that may be detected including deletions of large or
small portions of the gene, small insertions or nucleotide sub-
stitutions. Some nucleotide substitutions may lead to the pre-
mature truncation of the protein if they result in a stop codon.
Others may lead to an amino acid substitution that may affect
a critical function of the protein. Alternatively, nucleotide sub-
stitutions may either create or destroy splice sites that result in
a new message being created. For some diseases, a large pro-
portion of affected individuals will have the same mutation,
which means that a directed study can be done. For example in
the case of juvenile nephronophthisis type 1 (NPHP1), approx-
imately 80% of affected children will have large homozygous
deletions (∼250 kilobases) around the NPHP1 interval that can
be easily detected (34). A majority of the remaining children
will have a heterozygous deletion in combination with a point
mutation. A heterozygous deletion can be detected using the
technique of fluorescence in situ hybridization and the point
mutation can be sought by direct sequencing of all 20 NPHP1
exons. In this way, a renal biopsy diagnosis can be avoided in
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FIGURE 16-10. Schematic model of the molecular structure of the podocyte foot process cy-
toskeleton. The podocyte foot processes contain a contractile system composed of actin, myosin-
II, α-actinin-4 (α-act-4), talin (T), vinculin (V), and synaptopodin (synpo) that is connected to
the GBM via α3β1 integrin (α3, β1). The linkage of the actin cytoskeleton to the slit diaphragm
components, nephrin (N) and P-cadherin (P-C), may be mediated by CD2AP or by a complex
of ZO-1 (Z), α-, β- and γ -catenin (α,β,γ ). Although this cartoon suggests that podocin is lo-
calized to the cell membrane, this point has not yet been established. The actin cytoskeleton is
well positioned to integrate different signaling pathways from the matrix-GBM interface, the
slit diaphragm, or the cell surface. Disruption of any of these pathways may lead to reorgani-
zation of the actin cytoskeleton and foot process effacement as seen with nephrotic syndrome.
(Reprinted from: Somlo S, Mundel P. Getting a foothold in nephrotic syndrome [news]. Nat
Genet 2000;24:333, with permission.)

a fair number of suspected cases. This example illustrates the
utility of a molecular approach to diagnosis.

There are certain limitations of direct mutation analysis,
however, that need to be considered in interpreting a negative
test. For example, one must consider whether genetic hetero-
geneity exists for the disease in question, and if so, whether
all genes had been systematically evaluated. A second problem
arises when a disease is not associated with a set of common
mutations. In these cases, a laboratory will have to evaluate
the gene’s entire length for mutations. Depending on the size
and complexity of the gene, the laboratory may elect to use
screening techniques such as dHPLC (denaturing high perfor-
mance liquid chromatography) rather than direct sequencing
to search for suspected mutations, with DNA sequence anal-
ysis reserved only for suspicious changes (202–205). None of
the screening methods in common use have 100% sensitiv-
ity. A related problem is that the laboratory usually screens
for mutations in a set of overlapping PCR products that in-
cludes only the coding region and the immediately adjacent
splice sites. This strategy will miss pathogenic changes occur-
ring in intronic sequence. Inevitably a proportion of mutations
will be missed which may limit the conclusions that can be
drawn from the data. Lastly, the implications of all changes
may not be absolutely clear. Although some mutations (such
as deletions or insertions) are clearly pathogenic, the status of
amino acid substitutions may not be obvious. For example, it
may be difficult to distinguish between a simple polymorphism
and an amino acid change that disrupts a particular protein
function.

The list of diseases for which DNA testing is available has
grown considerably since the previous edition of this text and
includes some forms of nephronophthisis, ADPKD, ARPKD,
medullary cystic disease, and hereditary nephrotic syndrome.
In some cases, both linkage testing and direct mutation analy-
sis is available. GENETests, an invaluable web-based resource
hosted at the University of Washington and funded by the NIH
(http://www.genetests.org/) provides a comprehensive list of
academic and commercial facilities that offer testing on either
a clinical or research basis. The web site also provides a library

of contemporaneous reviews on numerous disorders as well as
a variety of very informative educational resources.

The impact of molecular studies on the treatment of disease
has been, to date, somewhat limited. For diseases that result
from inadequate amounts of functional protein (recessive dis-
eases, haploinsuffiency states, tumor suppressor-type genes like
PKD1 or VHL), strategies aimed at replacing the lost activity
may treat the disorder. The most direct manner is by using gene
therapy to express normal amounts of the correct protein in the
target tissues. There remain huge obstacles to the widespread
implementation of this approach for any disorder. Nonetheless,
this strategy remains the “holy-grail” of the field and may, in
time, yield rich rewards.

Parallel efforts are underway to develop a detailed under-
standing of disease-associated proteins and the pathways in
which they participate. The hope is that this knowledge will
be used to target intermediate steps in disease pathogenesis
for therapeutic intervention. This strategy may yield effective
treatments before the barriers to gene therapy can be overcome.
The cell culture and animal model systems described in earlier
sections of this chapter are invaluable reagents for this type of
research, and recent studies highlight the important contribu-
tions these resources offer. In the case of tuberous sclerosis, the
studies first in Drosophila and then in vertebrate cells linked the
TSC proteins to regulation of mTOR kinase. Rapamycin, an
agent widely used to prevent rejection in transplant patients be-
cause of its immunosuppressive properties, is known to inhibit
this kinase. Studies in mice and rats have shown that rapamycin
or related compounds are effective in reducing the severity of
TSC-related disease, and clinical trials in humans are presently
underway (206–208).

In the case of ADPKD, insights gleaned from a variety of ap-
proaches culminated in an exciting new therapeutic initiative.
In vitro studies of cultured cyst-lining cells from human spec-
imens suggested that cystic epithelia responded to increased
cAMP activity with an increase in cell proliferation (209–211).
Reasoning that the V2 receptor was the predominant regula-
tor of cAMP activity in the collecting duct, the most preva-
lent site of cyst formation, Gattone and colleagues tested a

http://www.genetests.org/
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V2 receptor antagonist previously developed to treat hypona-
tremia in rodents with a syntenic form of ARPKD (PKHD1)
and nephronophthisis (NPHP3) (212). The investigators found
a striking reduction of cyst volume and decreased interstitial
fibrosis. In a follow-up report, they tested the same agent in the
Pkd2 model generated by gene targeting by the Somlo labora-
tory and found the same beneficial effects (148). It is expected
that a clinical trial examining the efficacy of this class of drugs
on the progression of human ADPKD will begin shortly.

Last, much of the focus of this chapter has been on ad-
vances in relatively rare monogenic disorders. Knowledge that
has been gleaned from these studies, however, may also be ap-
plied to understanding the pathophysiology of more common
disorders. For example, as a result of the identification of the
genes involved in hereditary nephrotic syndromes we have been
able to synthesize a more coherent model of normal and ab-
normal podocyte structure and function (Fig. 16-10) (213).
Similarly, mutations of the VHL gene have been implicated in
the majority of clear cell renal carcinoma (214,215). The result
of studies of Bardet-Biedl syndrome have blurred the boundary
between “traditional” Mendelian disorders and complex traits
and highlighted the likely continuum that exists between the
two sets of conditions (216). Likewise, variants at disease loci
may be susceptibility factors for more common diseases such
as hypertension and focal segmental glomerulosclerosis. Future
studies will most certainly be aimed at deciphering the genetic
basis of these and other common polygenic disorders.
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CHAPTER 17 ■
NEPHRONOPHTHISIS–MEDULLARY CYSTIC
AND MEDULLARY SPONGE KIDNEY DISEASE
FRIEDHELM HILDEBRANDT, JOHN A. SAYER, PAUL JUNGERS, AND JEAN-PIERRE GRÜNFELD

Both nephronophthisis–medullary cystic kidney disease com-
plex (NPHP-MCKD) and medullary sponge kidney (MSK) in-
volve the medullary region of the kidney. However, as shown
later, these two conditions have little in common with respect
to clinical presentation, imaging features, and disease progres-
sion. In addition, juvenile nephronophthisis, an autosomal re-
cessive disorder, is most likely not restricted to the medulla and
is characterized by extensive and progressive interstitial fibro-
sis. Positional cloning of genes causing nephronophthisis has
implicated the function of primary cilia and centrosomes in its
pathogenesis.

A group of hereditary renal diseases is summarized under
the term NPHP-MCKD complex (1,2), because the different
disease entities share several features regarding (a) macroscopic
pathology, (b) microscopic pathology, and (c) clinical symp-
toms (Table 17-1A). In this way the complex describes a dis-
tinct clinicopathological entity (3). The term nephronophthisis
(NPHP) is used for the autosomal recessive forms, which lead
to end-stage renal disease (ESRD) in the first three decades of
life, whereas the term medullary cystic kidney disease (MCKD)
refers to the autosomal dominant forms, in which ESRD de-
velops in the third to seventh decade of life. Extrarenal mani-
festations such as ocular motor apraxia, retinitis pigmentosa,
hepatic fibrosis, skeletal defects, and cerebellar vermis apla-
sia have exclusively been described in association with juvenile
nephronophthisis. The only extrarenal associations in MCKD
are hyperuricemia and gout.

FEATURES SHARED AMONG
DISEASES OF THE NPHP-MCKD

COMPLEX

Macroscopic Pathology

A major feature shared among the disease entities of the NPHP-
MCKD complex (Table 17-1A [i]) is the appearance on macro-
scopic pathology as described in 27 patients with juvenile
nephronophthisis by Waldherr et al. (1). Kidney size is normal
or moderately reduced and tends to be small in end-stage kid-
neys. Cysts appear primarily at the cortico-medullary border
of the kidneys (Fig. 17-1). This is quite distinct from autoso-
mal dominant and recessive polycystic kidney disease, where
kidneys become grossly enlarged as a result of cystic dilata-
tion throughout the organ. Like in polycystic kidney disease
(4), cysts are principally derived from collecting duct epithelia.
In NPHP-MCKD there is always bilateral renal involvement.
From the external surface, the kidney is indistinguishable from
the kidney of glomerulonephritis or pyelonephritis. The sur-
face usually has a finely granular appearance, most likely due

to the protrusion of dilated cortical collecting ducts. Calices
and pelvis appear completely normal. There are from 5 to over
50 cysts of 1 to 15 mm in diameter, located preferentially at
the corticomedullary border (Fig. 17-1). The cysts seem to arise
primarily from the distal convoluted and medullary collecting
tubules as shown by microdissection (5), but may also appear
in the papilla. Cysts are not always present, but occur in about
70% of autopsy cases. They apparently arise late in the course
of the disease (6) and do not seem to be important for disease
progression to renal failure (7). Therefore, the presence of cysts
is not a prerequisite for diagnosis.

Microscopic Pathology

The second shared feature among diseases of the NPHP-
MCKD complex pertains to renal histology (Table 17-1A [ii]).
The histological changes are characteristic, but not pathog-
nomonic, for the disease group. The characteristic histological
triad of NPHP-MCKD consists of (i) tubular basement mem-
brane disintegration with irregular thickening as well as attenu-
ation of the tubular basement membrane, (ii) interstitial round
cell infiltration with marked fibrosis, and later on (iii) tubu-
lar atrophy with cyst development occurring predominantly
at the corticomedullary junction (Fig. 17-2) (1,8). Cysts seem
to be the result rather than the cause of the atrophic process,
although this time course could not be corroborated by statis-
tical analysis. Sometimes, a communication between a cyst and
a tubule can be seen. The tubular basement membrane (TBM)
is extremely thickened and multilayered. Fibroblasts are noted
between the membrane layers. TBM changes and diverticulum
formation are most prominent in the distal tubules, where cysts
are lined with a single layer of cuboidal or flattened epithe-
lium. In the advanced stage, the picture merges into a diffuse
sclerosing tubulointerstitial nephropathy, the characteristic pic-
ture of end-stage NPHP-MCKD. The only significant glomeru-
lar change in early stages involves periglomerular fibrosis with
splitting and thickening of Bowman’s capsule and glomerular
obsolescence only in nephrons that have been destroyed by the
tubular alterations. An escape of Tamm-Horsfall (uromodulin)
protein from damaged collecting tubules into the interstitium
has been demonstrated in about 50% of patients with NPHP-
MCKD as a periodic acid-Schiff (PAS)-positive material and
by specific immunofluorescence staining with an anti-THP an-
tibody (9). Immunofluorescence does not contribute otherwise
to the diagnosis of NPHP-MCKD.

Characteristic changes demonstrated by transmission elec-
tron microscopy include thickening, splitting, attenuation, and
granular disintegration of the TBM (Fig. 17-3). Transition be-
tween these alterations is abrupt (8). Fibroblasts are seen in
direct contact with the TBM. At the base of the tubular ep-
ithelial cells a marked increase of microfilaments is seen. The

478



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-17 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:32

Chapter 17: Nephronophthisis–Medullary Cystic and Medullary Sponge Kidney Disease 479

TA B L E 1 7 - 1

SHARED AND DISTINGUISHING FEATURES AMONG DISEASES OF THE NPHP–MCKD COMPLEX

A. Shared Features
(i) Symptoms: polyuria, polydipsia, anemia,

growth retardation, ESRD
(ii) Macroscopic pathology: cortico-medullary cysts
(iii) Microscopic pathology: tubuli: basement membrane

disruption (thickening and
attenuation), distal tubular
atrophy and cysts

interstitium: round cell
infiltration, fibrosis

glomeruli: periglomerular fibrosis
only

B. Distinguishing Features
NPHP MCKD

(i) Inheritance: autosomal recessive autosomal dominant
(ii) Median onset of ESRD: juvenile NPHP1: 13 yrs MCKD 1: 62 yrs

infantile NPHP2: 1–3 yrs MCKD 2: 32 yrs
adolescent NPHP3: 19 yrs
NPHP4: 20 yrs
NPHP5: 13 yrs

(iii) Extrarenal associations: (retinal degeneration, cerebellar
vermis hypoplasia, hepatic
fibrosis, cone-shaped epiphyses)

hyperuricemia, gout

ESRD = end stage renal disease; NPHP = nephronophthisis; MCKD = autosomal dominant medullary cystic kidney disease.

FIGURE 17-1. Juvenile nephronophthisis (autopsy case, 13-year-old girl). Note numerous cysts of varying
size in the medulla and at the corticomedullary junction. (Reproduced with permission from: Hildebrandt
F, et al. The nephronophthisis complex: clinical and genetic aspects. Clin Invest 1992;70:802.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-17 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:32

480 Section III: Hereditary Diseases

FIGURE 17-2. Renal histology in juvenile
nephronophthisis (NPHP1). Note the char-
acteristic triad, which consists of (i) tubu-
lar basement membrane disintegration with
thickening as well as attenuation of the tubu-
lar basement membrane, (ii) interstitial round
cell infiltration with marked fibrosis, and
later on (iii) tubular atrophy and cyst devel-
opment. (Courtesy of Prof. R. Waldherr, Hei-
delberg.)

thickening is either homogeneous or has a lamellated, an-
nular, ring-like appearance. The glomerular basement mem-
brane is normal. Multiple tubular diverticula are seen but
the connections between cysts and distal tubular segments are
patent.

Clinical Presentation

The third group of features shared among different diseases
of the NPHP-MCKD complex involves clinical symptoms (Ta-
ble 17-1A [iii]). Classical symptoms are polyuria, polydipsia,
decreased urinary concentrating ability and, in children, ane-
mia and growth retardation. The insignificance of the symp-
toms together with frequent lack of edema, hypertension,
and urinary tract infections characteristically leads to delayed

FIGURE 17-3. Thickening, wrinkling, and
double-layering of tubular basement mem-
branes with intermembranous fibroblasts and
dedifferentiation of tubular epithelial cells.
Electron micrograph. (Reproduced with per-
mission from: Hildebrandt F, et al. The nep-
hronophthisis complex: clinical and genetic
aspects. Clin Invest 1992;70:802.)

diagnosis and therapy in NPHP-MCKD. In all variants of
NPHP-MCKD, terminal renal failure insidiously ensues at
characteristic age ranges, necessitating renal replacement ther-
apy (Fig. 17-4). Disease recurrence has never been reported in
kidneys transplanted to NPHP patients (10).

FEATURES DISTINGUISHING
DISEASE ENTITIES OF THE

NPHP-MCKD COMPLEX

There are three features that clearly distinguish different dis-
ease entities of the NPHP-MCKD complex: (i) the mode of
inheritance, (ii) the age of onset for ESRD, and (iii) the type of
extra-renal organ involvement (Table 17-1B).
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FIGURE 17-4. Time course of renal failure in NPHP-MCKD. Range for age of onset of end-stage renal
disease is shown as solid triangles. Numbers indicates median age in years. NPHP, nephronophthisis;
MCKD, medullary cystic kidney disease; FJHN, familial juvenile hyperuricemic nephropathy.

Mode of Inheritance

In the NPHP-MCKD complex the mode of inheritance, can
be either autosomal recessive or autosomal dominant. For
the recessive forms the term “nephronophthisis (NPHP)” is
used, while the designation “medullary cystic kidney disease
(MCKD)” denotes the dominant variants of the complex (Ta-
ble 17-1B [i]) (11,12).

Onset of End-Stage Renal Disease

The second distinction pertains to the age of onset for ESRD
(Table 17-1B [ii]). In all variants of NPHP-MCKD, ESRD in-
sidiously ensues at characteristic age ranges, necessitating renal
replacement therapy (see Fig. 17-4). In NPHP, chronic renal
failure develops within the first 3 decades of life (13–15). In a
study conducted in 46 children with juvenile nephronophthi-
sis (NPHP1), a serum creatinine of 6 mg/dl was reached at a
median age of 13 years of age, (range 4 to 20 years) (2,13). In
a study by Waldherr et al. (1), ESRD was reached at a median
age of 11.5 years. The rate of deterioration of renal function
has been shown by Gretz et al. to be homogeneous in a study
of 29 patients with NPHP1 (16). The median time elapsing
between a serum creatinine of 2 and 4 mg/dL was 32 months,
between 4 and 6 mg/dL 10 months, and between 6 and 8 mg/dL
5 months (16). A high concordance of the development of re-
nal failure was noted in monozygotic twins (17,18). Infantile
nephronophthisis (NPHP2) is characterized by an early onset of
ESRD, between neonatal age and age 3 years (15). In adolescent
nephronophthisis (NPHP3) terminal renal failure develops at
a median age of 19 years, which is 6 years later than is known
for NPHP1 (14). The median age of ESRD in patients with
NPHP4 and NPHP5 mutations is 20 years (19) and 13 years
(20), respectively. If renal failure has not developed by the age
of 25 years, the diagnosis of recessive NPHP should be ques-
tioned and pedigree analysis should be intensified to exclude
dominant MCKD.

In MCKD, terminal renal failure occurs only in adult life.
Two different variants are known, MCKD1 and MCKD2, with
a median onset of ESRD at 62 yrs (21) and 32 yrs (22), respec-
tively (Fig. 17-4).

Extrarenal Associations

The third distinguishing feature (iii) among variants of NPHP-
MCKD is represented by the degree to which extrarenal as-

sociations occur (Table 17-1B [iii]). Extrarenal disease man-
ifestations have only been described in recessive forms. One
exception to this rule is the occurrence of hyperuricemia and
gout in MCKD1 (23) and MCKD2 (22). MCKD2 patients with
UMOD mutations also may exhibit defects in urine concentra-
tion (24). NPHP1 can occur in combination with ocular motor
apraxia type Cogan (25), with retinitis pigmentosa in Senior-
LØken syndrome (SLS), with liver fibrosis and cone-shaped epi-
physes in Mainzer-Saldino syndrome (26), and with coloboma
of the optic nerve and cerebellar vermis aplasia in Joubert syn-
drome type B (Table 17-1B (iii) and Table 17-2), as described
subsequently. NPHP2 can be associated with situs inversus (27)
and one case report describes a patient with a nonsense inversin
mutation with retinitis pigmentosa (28). NPHP4 patients may
have retinitis pigmentosa (SLS) and Cogan’s syndrome (29).
NPHP5 patients display early onset retinitis pigmentosa (SLS)
in all known cases (20).

Epidemiology

Nephronophthisis and dominant MCKD seem to be distributed
evenly among males and females. Nephronophthisis has been
reported from virtually all regions of the world (30). Informa-
tion on the incidence of the disease is currently solely based on
estimates and has been given as 9 patients/8.3 million (31) in
the United States or 1 in 50,000 live births in Canada (1,32).
The condition constitutes the most frequent genetic cause for
ESRD in the first three decades of life, and is a major cause of
ESRD in children, accounting for 10% to 25% of these patients
(30,33–35). In contrast, in the North American pediatric ESRD
population pooled data indicate a prevalence of less than 5%
(36,37).

MCKD has initially been reported from the United States
(11). Its prevalence in Europe might have been underestimated,
since recently kindreds have been reported from Cyprus (23),
Italy (22,38), France (39), England, Finland (40,41), Belgium,
Czechia (42) and Germany (43,44). Underdiagnosis of MCKD
may be common and often requires genetic analysis as clinical
symptoms and signs are subtle (45).

MOLECULAR GENETICS OF THE
NPHP-MCKD COMPLEX

Classification of disease variants of the NPHP-MCKD complex
has recently become more definite through positional cloning
of distinct genes and gene loci for the different variants. This
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TA B L E 1 7 - 2

DISEASE VARIANTS, GENE LOCI, AND EXTRARENAL INVOLVEMENT IN THE NPHP–MCKD COMPLEX OF DISEASES

Extrarenal
Organ

Disease OMIM# Inheritance Locus Chromosome Gene (product) Involvement Literature

NPHP1
(juvenile)

256100
(607100)

AR NPHP1 2q12-q13 NPHP1 (nephrocystin-1) RP, OMA,
Coloboma,
CVA (JBTS)

(50,51,85,166)

NPHP2
(infantile)

602088 AR NPHP2 9q22-q31 INVS/NPHP2
(inversin/nephrocystin-2)

RP, situs inversus (15,27)

NPHP3
(adolescent)

604387 AR NPHP3 3q21-q22 NPHP3 (nephrocystin-3) RP, LF (66)

NPHP4 607215 AR NPHP4 1p36 NPHP4 (nephroretinin/
nephrocystin-4)

RP, OMA (19,29)

NPHP5 609237 AR NPHP5 3q21.1 IQCB1/NPHP5
(IQ calmodulin-binding
motif containing
protein-1/nephrocystin-5)

Early onset RP (20)

Joubert
syndrome
type 1

213300 AR JBTS1/
CORS1

9q34.3 ? RP, CVA (87)

Joubert
syndrome
type 2

608091 AR CORS2 11p12-q13.3 ? RP, Coloboma,
CVA

(88)

Joubert
syndrome
type 3

608894 AR AHI1 6q23.3 AHI1 (jouberin) RP, CVA, cortical
polymicrogyria

(167–169)

Joubert
syndrome
type 4

182290 AR SMS 17p11.2 ? CVA (89)

MCKD1 174000 AD MCKD1 1q21 ? gout,
hyperuricemia

(21)

MCKD2 191845 AD UMOD 16p12.3 UMOD (uromodulin) gout,
hyperuricemia

(141,142)

AD = autosomal dominant; MCKD = autosomal dominant medullary cystic kidney disease; AR = autosomal recessive; CORS = cerebellooculorenal syndrome;
CVA = cerebellar vermis aplasia; NPHP = nephronophthisis; FJHN = familial juvenile hyperuricemic nephropathy; JBTS1 = Joubert syndrome 1; OMA =
ocular motor apraxia; OMIM# = URL http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM; RP = retinitis pigmentosa; SMS = Smith-Magenis syndrome;
UMOD = uromodulin

disease complex is genetically very heterogeneous. Aspects of
disease nomenclature, known genes and gene loci and ex-
trarenal involvement within the NPHP-MCKD complex are
summarized in Table 17-2.

Recessive Disease Variants: Nephronophthisis

Within recessive variants of the NPHP-MCKD complex, the
different forms are distinguished on the basis of the gene mu-
tated. To date, five distinct genes (NPHP1–5) have been iden-
tified by positional cloning.

Nephronophthisis Type 1 (Juvenile Nephronophthisis):
Clinical Features

The first case of juvenile nephronophthisis was described by
Smith and Graham in 1945 (46). This report of a sporadic
case was followed by publication of two large kindreds with
familial disease by Fanconi et al. (47), who introduced the term
“familial juvenile nephronophthisis.” This disease form today
is classified as nephronophthisis type 1 (NPHP1). Since the
first description, over 300 cases have been published in the
literature (1). NPHP1 is the most common variant within the

NPHP-MCKD complex. Penetrance in affected individuals is
100%.

In juvenile NPHP the symptoms of polyuria, polydipsia, de-
creased urinary concentrating ability, and secondary enuresis
are the earliest presenting symptoms in over 80% of cases (30)
and occur at around 4 to 6 years of age. Pallor, weakness, and
generalized pruritus are also common. Anemia (40) and, in
children growth retardation, occur later and are usually pro-
nounced. In juvenile nephronophthisis children usually start
to drink regularly at nighttime around age 6 years. This char-
acteristic symptom should actively be sought when taking the
patient’s history. The insignificance of symptoms together with
frequent lack of edema, hypertension, and urinary tract infec-
tions characteristically leads to delayed diagnosis and therapy
in NPHP-MCKD. Due to late detection of symptoms there is a
small but definite risk of sudden death from fluid and electrolyte
imbalance. For NPHP1, definite molecular genetic diagnosis is
possible (see the subsequent text). Disease recurrence has never
been reported in kidneys transplanted to NPHP patients (10).

Nephronophthisis Type 1 (NPHP1):
Molecular Genetics

Since little was known about the pathogenesis of NPHP, a posi-
tional cloning approach was used to identify a gene for NPHP1.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
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Through linkage analysis by a total genome search, a gene lo-
cus for juvenile NPHP1 was localized to human chromosome
2q12-q13 (48,49). The critical genetic region was subsequently
cloned in YAC and PAC contigs (11–15), which lead to the
identification of a gene termed NPHP1, defects in which are
responsible for NPHP1 (50). The identity of this gene as mu-
tated in juvenile nephronophthisis has since been confirmed
(51). About 66% of children with juvenile nephronophthisis
harbor large (250 kb) homozygous deletions of the NPHP1
gene, while some carry point mutations in combination with
heterozygous deletions (52–54). Through gene identification,
molecular genetic diagnosis in NPHP1 has become possible
(see the subsequent text) (54,55).

The NPHP1 gene spans 83 kb, consists of 20 exons, and
encodes a mRNA of 4.5 kb. It is flanked by two large (330 kb)
inverted duplications. In addition, a second sequence of 45 kb,
which is located between the centromeric inverted duplication
and the NPHP1 gene, is repeated directly within the telomeric
inverted duplication. In several NPHP1 families, the deletion
breakpoints have been localized to the 45 kb direct repeats
using pulsed field gel electrophoresis (53). Chromosomal mis-
alignment followed by unequal crossover or the formation of
a loop structure on a single chromosome has been suggested
as a potential cause for these deletions. In addition, there is a
high degree of further rearrangements known to occur in this
region of chromosome 2 (53). In addition, an unusual mater-
nal deletion in a child with NPHP1 has recently been molec-
ularly characterized. By direct sequencing it was shown that
the centromeric breakpoint was localized within a long inter-
spersed nuclear element-1 (LINE1), which belongs to an abun-
dant group of transposable elements within the human genome
(56). The NPHP1 gene is a novel gene, which is not related to
any known gene families. Expression studies in man and mouse
revealed a broad tissue expression pattern. In addition, in situ
hybridization studies of whole mount mouse embryos showed
ubiquitous but weak Nphp1 expression at all embryonic stages
between days 7.5 and 11.5 p.c. (57). In the adult mouse there
was also strong expression in testis.

Nephronophthisis Type 2 (NPHP2)

A second gene locus (NPHP2) for recessive NPHP has been
localized to chromosome 9q22-q31 in a large Bedouin pedi-
gree, by homozygosity mapping (Table 17-2) (15). This disease
form is termed infantile nephronophthisis (NPHP2) due to its
prenatal, perinatal, or infantile onset. The clinical course and
histology in this disease are quite different form other forms
of NPHP (58). The inv mouse model, where disruption of the
protein inversin led to consistent reversal (rather than random-
ization) of the left–right axis (59,60) was noted to have cystic
kidney disease (61). These observations led to the identification
of inversin (INVS) as the gene mutated in NPHP2 with and
without situs inversus (27). INVS encodes a 1062 amino acid
protein containing 16 ankyrin repeats, a nuclear localization
signal and an IQ calmodulin domain (62). Yeast two-hybrid
and coimmunoprecipitation experiments have confirmed this
interaction between inversin and calmodulin. Using a knock-
down of inversin expression in zebrafish a PKD-like phenotype
in addition to randomization of heart looping was observed
(27). Inversin protein has been localized to primary cilia, mi-
totic spindles and centrosomes (62) and is intimately associated
with the microtubule cytoskeleton (63). INVS/NPHP2 muta-
tions remain a rare cause of NPHP, accounting for <1% of
cases.

Nephronophthisis Type 3 (NPHP3)

A third locus (NPHP3) for NPHP was localized to chromo-
some 3q21-q22 in a large Venezuelan kindred by a total genome
search for linkage, applying the strategy of homozygosity map-

ping (14,64,65) (Table 17-2). This disease variant was termed
“adolescent nephronophthisis” (NPHP3), since onset of ESRD
occurs six years later than in juvenile NPHP1, with a median
onset of terminal renal failure at age 19 years (Fig. 17-4).

Identification of the gene causing NPHP3 was carried out
using the same Venezuelan kindred (66). This novel protein,
named NPHP3, encodes a 1,330 amino acid protein which
interacts with nephrocystin-1. NPHP3 mutations were found
in patients with isolated nephronophthisis and in families
with NPHP and hepatic fibrosis or tapetoretinal degeneration.
Murine Nphp3 was shown to be expressed in the embryonic
node, kidney tubules, retina, respiratory epithelium, liver, bil-
iary tract and neural tissues. A homozygous missense mutation
in Nphp3 was identified as the underlying defect in the poly-
cystic kidney disease (pcy) mouse phenotype (66).

Nephronophthisis Type 4 (NPHP4)

By total genome search for linkage a fourth gene locus
(NPHP4) was localized to chromosome 1p36 (67) including
a family with SLS. The respective gene (NPHP4) was subse-
quently identified as causing NPHP type 4 and SLS type 4 (19).
The gene and its gene product nephroretinin/nephrocystin-4
are novel and highly conserved in evolution. Nephrocystin-
4 protein expression has been demonstrated in primary cilia,
centrosomes and near to the cortical actin cytoskeleton, with
partial colocalization with β-catenin in polarized MDCK
cells (68). Co-immunoprecipitation experiments showed
that nephrocystin, p130Cas and Pyk2 all complex with
nephrocystin-4 (68). This data may reconcile the involvement
of nephrocystin complex of proteins in both adherens junction
and ciliary hypotheses (Fig. 17-5).

Nephronophthisis Type 5 (NPHP5)

NPHP5 (ICQB1) is a novel gene, which has very recently been
identified by positional cloning as a cause of NPHP type 5 (20).
All of the mutations found in NPHP5 and its protein product
“nephrocystin-5” are the result of truncating mutations. In-
terestingly, all mutations were associated with the presence of
early-onset SLS/retinitis pigmentosa where blindness occurred
before the third year of life (20). Nephrocystin-5 protein di-
rectly interacts with calmodulin and is in a protein complex
with the retinitis pigmentosa GTPase regulator (RPGR), thus
explaining the renal-retinal phenotype of the disease.

Nephronophthisis with Extrarenal Associations

With the exception of the occurrence of hyperuricemia and
gout in MCKD, extrarenal disease manifestations have only
been described in recessive forms of nephronophthisis (Table
17-1B and Table 17-2). Ocular motor apraxia type Cogan is the
transient inability of horizontal eye movements in the first few
years of life. This has been described in patients with NPHP1
(25,69) and NPHP4 mutations (29).

The Senior-LØken syndrome (SLS), represented by con-
comitant occurrence of NPHP with retinitis pigmentosa, was
first described by Contreras (70), Senior (71), and LØken (72).
The designation SLS seems more appropriate than the term
retinal-renal dysplasia, since both, renal and retinal changes
are degenerative rather than dysplastic (73). The association
of retinitis pigmentosa with NPHP1 was found almost exclu-
sively in families with recessive inheritance (30,74). In NPHP
types 1–4 retinitis pigmentosa occurs in about 10% of all af-
fected families. In NPHP type 5 all patients exhibited early-
onset retinitis pigmentosa (20). Retinitis pigmentosa is diag-
nosed by its specific findings on ophthalmoscopy including in-
creased pigment, attenuation of retinal vessels, and pallor of
the optic disc, coupled with the results of electroretinography
and electrooculography. Retinal degeneration is characterized
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FIGURE 17-5. Localization of the nephrocystin complex to the renal epithelial cell primary cilium, the
adherens junction, focal adhesions, and microtubule organizing centers (centrosomes). A primary renal
cilium is shown bending as a result of urinary flow. Fluid shear forces lead to an increase in intracellular
calcium, mediated by calcium permeant channels, such as polycystin-2, localized to the surface of the
cilia. This initial calcium influx may lead to multiple downstream effects including calcium induced cal-
cium release, targeted fusion of cytoplasmic vesicles with the plasma membrane, protein kinase signaling
cascades, and gene expression, which may modulate cellular proliferation, differentiation, and apoptosis.
(Modified from: Nauli SM, et al. Polycystins 1 and 2 mediate mechanosensation in the primary cilium
of kidney cells. Nat Genet 2003;33:129; Praetorius HA, Spring KR. Bending the MDCK cell primary
cilium increases intracellular calcium. J Membr Biol 2001;184:71; Praetorius HA, et al. Bending the pri-
mary cilium opens Ca2+-sensitive intermediate-conductance K+ channels in MDCK cells. J Membr Biol
2003;191:193; Alenghat FJ, et al. Global cytoskeletal control of mechanotransduction in kidney epithelial
cells. Exp Cell Res 2004;301:23 [refs. 169–172].) Nephrocystin complexes are shown within the cilium,
where they are moved up the cilium by intraflagellar transport protein complexes (Kinesin-II) and down
via cytoplasmic dynein. The precise function of the nephrocystin complex within the cilium remains to be
established. In addition to the cilium, inversin and nephrocystins have been localized to adherens junc-
tions, centrosomes, and the nucleus (not shown). Nephrocystin complexes are also shown localized to
the focal adhesion kinase complex, which includes proteins, such as pyk2 and p130Cas, binding part-
ners of Nephrocystin-1 and Nephrocystin-4. (Modified from: Mollet G, et al. Characterization of the
nephrocystin/nephrocystin-4 complex and subcellular localization of nephrocystin-4 to primary cilia and
centrosomes. Hum Mol Genet 2005;14:645; Benzing T, et al. Nephrocystin interacts with Pyk2, p130
(Cas), and tensin and triggers phosphorylation of Pyk2. Proc Natl Acad Sci USA 2001;98:9784.) Cell
adhesion signaling events and polarity may be regulated by the nephrocystin complex at this location.

by a constant and complete extinction of the electroretinogram,
preceding the development of visual and funduscopic signs of
retinitis pigmentosa (75). Whether the heterozygous state in the
Senior-LØken syndrome can be determined by electroretinog-
raphy and electrooculography as reported by Polak et al. (76)
awaits confirmation. An early-onset and a late-onset type of
SLS have been distinguished. The early-onset type seems to rep-
resent a form of Leber’s congenital amaurosis, since children
exhibit coarse nystagmus and/or blindness at birth or within
the first 2 years of life (77). Funduscopic alterations are present
in all SLS patients by the age of 10 years. The late-onset form
is characterized by development of blindness during school age
after a preceding night blindness. Funduscopy in these patients

usually reveals sector retinitis pigmentosa or retinitis punctata
albescens. Other eye symptoms besides tapetoretinal degen-
eration comprise nystagmus, myopia, coloboma of the chori-
oidea, strabismus, hyperopia, optical nerve atrophy, and am-
blyopia (47). Age of onset, symptoms, and histology of renal
disease is identical to what is known from patients with juvenile
nephronophthisis without ocular involvement.

The association of NPHP with liver fibrosis was first noted
by Boichis (78) and later also reported by others (79–81). All
patients had hepatomegaly and moderate portal fibrosis with
mild bile duct proliferation. This pattern differs from that of
classical congenital hepatic fibrosis, where biliary dysgenesis
is prominent. Cases with skeletal changes, predominantly in
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the form of cone shaped epiphyses (type 28 and 28A) are
known as Mainzer-Saldino syndrome, and were first published
by Mainzer (26) in combination with retinal degeneration and
cerebellar ataxia. A recessive mutation in the NPHP3 gene was
recently described in a patient with NPHP and liver fibrosis
(66).

In Joubert syndrome type B (JSB), a developmental disor-
der with multiple organ involvement, NPHP occurs in associa-
tion with coloboma of the eye or retinal degeneration, aplasia
of the cerebellar vermis with ataxia and the facultative symp-
toms of psychomotor retardation, polydactyly and neonatal
tachy/dyspnea (82,83). A diagnostic feature of Joubert syn-
drome on axial magnetic resonance imaging (MRI) of the brain
is prominent superior cerebellar peduncles, termed the “molar
tooth sign” (MTS) (84). Two genes have now been shown to
cause Joubert syndrome. NPHP1 gene defects are a rare cause
of Joubert syndrome in a subset of patients with NPHP (85). A
homozygous deletion of NPHP1 was found in two siblings and
a third patient with mild features of Joubert syndrome type B.
The second gene defect was found in the Abelson Helper In-
tegration Site (AHI1) gene, and its protein product has been
termed Jouberin. The Jouberin protein has three known iso-
forms and possesses a coiled coil domain, at least six WD40
domains, and an SH3 domain. It is thus likely to be part of the
nephrocystin complex of proteins. In the initial reports of AHI1
mutations, the phenotype included cerebellar abnormalities,
but no renal phenotype was reported. We have very recently
identified Jouberin mutations in patients with nephronophthi-
sis and Joubert syndrome type B (86).

At least four other gene loci have been reported for Jou-
bert syndrome. These include the JBTS1 locus on chromo-
some 9q34 (87), the CORS2 locus on chromosome 11 (88),
the Smith-Magenis locus (89), and a possible locus on chro-
mosome 3q24 (90).

Additional phenotypes have been described in association
with NPHP. These include Jeune syndrome (asphyxiating tho-
racic dysplasia) (91–94), Ellis van Creveld syndrome (95),
ulcerative colitis (96), RHYNS syndrome (97), Alstrom syn-
drome (98,99), Sensenbrenner syndrome (100,101) and Arima
syndrome (102–104).

Bardet-Biedl syndrome (105,106) has been reported to ex-
hibit renal histology findings reminiscent of NPHP. Recently,
positional cloning of the responsible genes has revealed that the
molecular relation between these syndromes may lie in the ex-
pression of the respective gene products in primary cilia, basal
bodies, or centrosomes of renal epithelial cells (107).

Animal Models

Genetic animal models resembling nephronophthisis have been
fruitful in the identification of underlying gene defects, and
more recently in the experimental treatment of cystic kidney
disease.

The Invs gene when mutated gives rise to renal cysts as
well as left–right asymmetry, cardiovascular defects, hepato-
biliary defects and premature death in inv/inv knockout mice
(59,61,108). Collecting ducts of newborn inv/inv mice demon-
strate diffuse cystic dilatation (109). Mutations in INVS give
rise to human NPHP type 2, with and without situs inversus
(27). The pcy mouse model (110) demonstrates interstitial fi-
brosis and cystic kidneys. The underlying defect was shown to
be a missense mutation in the Nphp3 gene (66). This murine
model is now being used in a series of trials of inhibitors of
cystogenesis (see the subsequent text). The kd (“kidney dis-
ease”) mouse strain has also been reported as a genetic animal
model of NPHP (111,112). It shares several clinical and his-
tologic (112) features with human NPHP. The mice are born
apparently healthy, then from 8 weeks of age develop severe in-
terstitial nephritis that progresses to ESRD by 4 to 8 months of

age. The defect was recently found to be in a novel gene which
encodes a mitochondrial protein, namely prenyltransferase-like
mitochondrial protein (PLMP) (113). Kd/kd mice were shown
to have dysmorphic mitochondria within renal tubular ep-
ithelia (113). Additional transgenic mouse models for NPHP,
such as the tensin knockout mouse (114), the Rho GDI defi-
cient mouse, the bcl-2 knockout mouse, (115,116) and the Ace
knockout mouse (117) will hopefully aid our understanding of
the pathophysiology of NPHP (118). A canine model of NPHP
has also been reported (119–121).

Nephronophthisis: The Renal Cilia, Adherens
Junctions, and Focal Adhesion Hypothesis

The identification of mutations in the inversin gene, which
cause NPHP type 2, established a link between the pathogene-
sis of NPHP to disease mechanisms of polycystic kidney disease
(27). The knockdown of invs in the zebrafish embryo caused
a renal cystic phenotype. In addition, the positional cloning
of the novel gene NPHP3, mutated in adolescent NPHP (type
3) and the renal cystic mouse model pcy (66) confirmed this
paradigm. Nephrocystin interacts with both inversin and with
β-tubulin, with colocalization of all three proteins in the pri-
mary renal cilia of epithelial cells (27). Inversin was also shown
to be localized to mitotic spindles and centrioles (62,122). The
IQ calmodulin-binding motif containing protein-1 (IQCB1),
also known as nephrocystin-5, also reveals a ciliary and basal
body colocalization (20). The finding that such nephrocystins
colocalize to primary cilia, basal bodies, or centrioles together
with other proteins that, if defective, cause renal cystic dis-
eases, suggests a role within a functional module shared with
other proteins (Fig. 17-5). Therefore, very recently, the devel-
opment of a unifying hypothesis of renal cystogenesis has been
established (123). This hypothesis states that proteins which,
if mutated, cause renal cystic disease in humans, in mice or ze-
brafish, are part of a functional module, as defined by their sub-
cellular localization to primary cilia, basal bodies or centrioles.
This applies to polycystin-1 and –2, fibrocystin/polyductin,
nephrocystin-1, -2 (inversin), -3, -4, -5, Bardet-Biedl syndrome
(BBS)-associated proteins, cystin, polaris, ALMS1, OFD1 and
others.

A model of evolutionary conserved proteins involved in cilia
has also recently added weight to the “cystogenes” hypothesis.
Following identification the NPHP1, 2 and 4 genes, orthologs
of these genes in the nematode C. elegans have been identi-
fied (19,50,57). This strong evolutionary conservation of genes
that, if defective, cause nephronophthisis in humans, suggests
that their products may be part of a functional module con-
served in C. elegans. This assumption was also supported the
finding of cell-specific GFP expression under the nephrocystin-
1 and -4 promoters in the same cell types of head and tail
ciliated neurons, in which the C. elegans orthologs of other
renal cyst-causing genes are expressed such, as pkd-1 (lov-1),
pkd-2, and polaris (osm-5) (124).

In addition to the ciliary hypothesis, an adherens junc-
tion/focal adhesion hypothesis has also been suggested on the
basis that nephrocystin-1 contains an SH3 domain (118,125).
This theory is based on the fact that most SH3 domains are
found in adapter proteins, which have a function in focal ad-
hesion signaling complexes of cell-matrix contacts (126–128).
Several findings support this hypothesis:

(i) Nephrocystin was shown to bind to the protein p130Cas
(“crk-associated substrate”) (129,130), which is a major
mediator of focal adhesion assembly (127) and to compete
for binding with Src and Fyn (129).

(ii) In children with NPHP, Rahilly et al. described strong
α5β1 integrin expression in proximal tubules, from which
α5 integrin is normally absent, which most likely results
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from defective α6 integrin expression (131). The α5β6
complex is an important receptor for focal adhesion sig-
naling in renal tubular cells.

(iii) The knockout mouse models for tensin (114) and for the
Rho GDIα gene (132) both exhibit an NPHP-like pheno-
type, thereby implicating proteins of the focal adhesion
signal transduction cascade in the pathogenesis of NPHP-
like diseases.

Together, these findings may point to a pathogenesis of
NPHP, which involves focal adhesion and/or adherens junction
signaling processes. Recent data from Mollet et al. demon-
strated in addition to ciliary and centrosomal localization,
NPHP4 was part of a protein complex which included NPHP1,
p130Cas and Pyk2 (68). These data confirm the role of the
nephrocystin proteins within both a cilial/centrosomal hypoth-
esis and an adherens junction/focal adhesion hypothesis.

Dominant Disease Variants:
Medullary Cystic Kidney Disease

The first large kindreds of autosomal dominant medullary cys-
tic kidney disease (MCKD) were reported by Goldman and
by Gardner (11,133,134). Dominant MCKD by renal macro-
scopic pathology and histology is indistinguishable from reces-
sive nephronophthisis. In MCKD terminal renal failure devel-
ops later than in NPHP, within the time frame of the third to
the seventh decade of life (Fig. 17-4). The only extrarenal as-
sociations known to occur with MCKD are hyperuricemia and
gouty arthritis, which have been described in the majority of
the kindreds reported.

Medullary Cystic Kidney Disease Type 1 (MCKD1)

A gene locus for MCKD1 has been localized to chromosome
1q21 in large pedigrees from Cyprus (21). Further refinement
of this locus has been possible using an observed recombinant
from within a Belgian kindred (135), reducing the critical ge-
netic region to 2.1 Mb (Table 17-2). This disease form was
associated with hyperuricemia and gout (23). ESRD occurred
at a median age of 62 years (Fig. 17-4).

Medullary Cystic Kidney Disease Type 2 (MCKD2)

A second locus (MCKD2) for medullary cystic kidney dis-
ease was localized to chromosome 16p12 (22,136,137) (Table
17-2). In this variant ESRD develops much earlier, at a median
age of 32 years (Fig. 17-4). Very recently, MCKD2 and an au-
tosomal dominant disease formerly known as familial juvenile
hyperuricemic nephropathy (FJHN) (138) have been shown to
map to the same chromosomal region and suggested that they
represent the same disease entity (139,140). This was indeed
confirmed with the identification of mutations within the uro-
modulin (UMOD) gene in affected patients with phenotypes of
FJHN and MCKD2 (141). UMOD encodes the Tamm-Horsfall
protein, which is a GPI anchored glycoprotein, present abun-
dantly in normal urine. It has been suggested that mutations
within UMOD may disrupt the tertiary structure of UMOD
(141). Additional UMOD mutations were recently shown to
be causative for MCKD2, with a noted clustering of mutations
within the highly conserved exon 4 of the encoded sequence of
UMOD (142). Investigation of UMOD mutations in affected
patient’s urine and renal biopsies revealed abnormal accumu-
lation of uromodulin within tubular cells and reduced urinary
excretion of wild-type uromodulin (143). Glomerulocystic kid-
ney disease (GCKD), characterized by dilatation of Bowman’s
space and collapse of the glomerular tuft is a distinct renal dis-
order from MCKD/FJHN although there is sharing of some
of the common clinical features. A clinical variant of GCKD

demonstrates reduced fractional excretion of uric acid, result-
ing in hyperuricemia. A mutation in UMOD has recently been
described in 1 family (3 patients) with this condition, broaden-
ing the phenotype associated with UMOM mutations further
(144). Finally, there is evidence for at least one additional locus
for MCKD (43,44).

MOLECULAR GENETIC
DIAGNOSIS, IMAGING, AND

LABORATORY STUDIES

Molecular Genetic Diagnosis in NPHP

Nephronophthisis types 1 through 5 can now be unequivocally
diagnosed, because direct molecular genetic diagnosis has be-
come available through identification of the responsible genes
(www.renalgenes.org). Molecular genetic analysis is the only
diagnostic procedure, by which the diagnosis of NPHP can
be made with certainty. It should be initiated to noninvasively
prove or exclude NPHP before the invasive procedure of renal
biopsy is performed. However, due to the presence of addi-
tional genes for NPHP, the lack of detection of mutations in
NPHP1–5 genes does not exclude the diagnosis of NPHP. In a
similar manner, UMOD mutational analysis will allow a pre-
cise genetic diagnosis of MCKD2 but lack of any mutations
will not exclude MCKD. Molecular genetic testing should be
performed only in the context of genetic counseling and within
the guidelines of the National and International Societies for
Human Genetics (http://www.ethics.ubc.ca). Prior to genetic
counseling a thorough pedigree analysis to distinguish recessive
(early-onset) from dominant (late-onset) disease is mandatory,
and extrarenal organ involvement should be sought.

Imaging Techniques

Renal ultrasound is a very useful imaging technique in the
NPHP-MCKD complex. Kidneys are normal or moderately re-
duced in size and exhibit, typically, a loss of corticomedullary
differentiation and an increased echogenicity. Later in the
course of the disease, mostly when patients have reached ESRD,
cysts can be detected at the cortico-medullary junction (Fig.
17-6) (145–147). Garel and associates have seen medullary
cysts in 13 of 15 children studied at the time of renal failure
(mean age 9.7 years) (148).

Magnetic resonance tomography seems to have evolved as
a very useful procedure in the diagnosis of NPHP-MCKD
(Anlauf, unpublished). Medullary cysts can sometimes also be
demonstrated on computed tomography (149–152). The inva-
sive procedure of renal arteriography is not indicated to demon-
strate the presence of medullary cysts (153), and caution must
be exercised when performing contrast studies in patients with
renal failure.

Laboratory Studies and Urinary
Concentrating Ability

Besides molecular genetic diagnosis of NPHP1-5 and UMOD,
there are no chemical laboratory tests in the NPHP-MCKD
complex that specifically establish the diagnosis. Hematuria,
proteinuria, and bacteriuria are typically absent in NPHP. In
rare cases where proteinuria is present, it is usually mild and
of the tubular type. Prolinuria has been reported in two cases,
whereas aminoaciduria has been sought but not found in at
least 12 other cases (154,155). Laboratory studies are needed

http://www.renalgenes.org
http://www.ethics.ubc.ca
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FIGURE 17-6. Characteristic renal ultra-
sound findings in juvenile nephronophthi-
sis (NPHP1). Note normal kidney size, loss
of corticomedullary differentiation, increased
echogenicity, which renders the pattern of the
kidney similar to the one of the liver (∗), to-
gether with the presence of cysts at the cortico-
medullary border of the kidney. (Courtesy of
Prof. J. Dippel, Frankfurt, Germany.)

to assess the severity of renal failure and generally demonstrate
elevated serum creatinine, BUN, phosphorus, a metabolic aci-
dosis, and anemia at the characteristic ages of onset of ESRD
for the different disease entities. Ophthalmoscopy should be
performed in any patient to exclude SLS. Liver function and
hepatic ultrasonography should also be performed to facilitate
detection of patients with hepatic fibrosis.

A characteristic early finding in NPHP is the decreased
ability to concentrate the urine following a water deprivation
test (30). Functional impairment of tubular function, with the
constant finding of a renal concentration defect usually pre-
cedes any documentable reduction in glomerular filtration rate
(11) and may be present with minimal histologic abnormalities
(156).

An intermediate defect of urinary concentration ability has
been inconsistently demonstrated in the parents and some sib-
lings of children with NPHP, and has been suggested to reflect
the heterozygous state of the disease (157,158). An 8-hour
water deprivation test or vasopressin administration can be
used to demonstrate a tubular concentration defect. Such tests
should be performed with caution, since dehydration may pre-
cipitate acute renal failure in patients with the disease or in
unrecognized affected family members. In affected individuals
urine osmolality after 8 hours of water deprivation or vaso-
pressin administration is <800 mosm/kg/H2O. The diseases of
the complex have also become known as “salt losing nephritis.”
However, the question of whether sodium loss is a typical find-
ing in the disease complex, has not been clearly answered, upon
critical evaluation of the literature (159). Poor renal uptake of
99m-Technetium-DMSA has been proposed as diagnostic of
NPHP (160).

Differential Diagnosis of NPHP-MCKD

On histopathology the NPHP-MCKD complex has to be dif-
ferentiated from other forms of interstitial nephropathies like
chronic pyelonephritis or drug injury. In oligomeganephronic

dysplasia (161) kidney size is reduced and histology is dis-
tinct from NPHP. The paucity of urinary abnormalities, the
frequent lack of hypertension, and the localization of renal
cysts (if present) readily differentiate variants of the NPHP-
MCKD complex from recessive or dominant polycystic kidney
disease. Finally, medullary sponge kidney (162) (see the subse-
quent text) does usually not lead to chronic renal failure and
shows calcifications and calculi on renal ultrasound, and is,
therefore, readily distinguishable from the complex.

PROGNOSIS, THERAPY,
AND COUNSELING

Therapy of NPHP and MCKD is symptomatic and will per-
tain to the treatment of hypertension, if present, as well as the
correction of disturbances of electrolyte, acid-base, and water
balance. Hypokalemia may contribute to the polyuria, so that
oral potassium supplementation may alleviate this symptom.
Metabolic acidosis should be corrected, and osteodystrophy
and secondary hyperparathyroidism treated with adequate cal-
cium supplementation, phosphorus restriction or binders, and
vitamin D therapy. Anemia can be treated with erythropoietin
and growth retardation may require administration of growth
hormone, if the diagnosis is made early enough for an interven-
tion. Adequate nutrition (caloric and amino-acid supplemen-
tation) should be maintained with the help of a dietician. Salt
wasting seems to be more frequent in the phase just preceding
the development of end-stage renal disease. Patients are at risk
for sudden water and electrolyte disturbances, due to the high
urinary output and salt loss. In some cases an event of severe
dehydration with acute renal failure can abruptly precipitate
chronic renal failure. Sufficient salt and water supplementa-
tion is important at this stage, but may have to be restricted
as hypertension develops late in the course of renal failure.
Psychological counseling of the patients is an integral part of
therapy, because of the poor self-image associated with growth
retardation and to alleviate pressures resulting from the need
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to comply with complicated medications and dietary prescrip-
tions. All patients will require renal replacement therapy during
childhood, adolescence or, in dominant disease, in adult life.

At present, renal transplantation is the treatment of choice
ESRF associated with both NPHP and MCDK. Stavrou et al.
recently reported the outcomes of renal transplantation for
19 patients with MCKD type 1 (163). Five-year graft survival
was 90% with no evidence of recurrence of disease or specific
complications.

Prior to genetic counseling a thorough pedigree analysis to
distinguish recessive (early onset) from dominant (late-onset)
disease is mandatory, and other than renal organ involvement
should be excluded. Siblings below 13 years of age should be
re-evaluated yearly by maximal urinary concentrating ability,
to allow early detection and early prevention of complications.
If a transplant recipient’s renal histology suggests NPHP or
MCKD and a living related donor is considered, an extensive
search should be made to exclude or detect renal disease within
the family.

Future therapeutic strategies targeted at renal cyst expan-
sion may lead to the successful delay of ESRD. Vasopressin,
a major adenyl cyclase agonist, acts via V2 receptors in the
collecting duct. Recently, an antagonists of the V2 receptor
(OPC31260) has been shown to inhibit renal cystogenesis in
the pcy mouse, the murine equivalent of human NPHP3 (164).
Clinical trials in patients with NPHP are eagerly awaited. Sim-
ilarly, the antiproliferative agent rapamycin has been used in
the Han:SPRD rat model of polycystic kidney disease, where
a reduction in cyst volume density and a preservation of renal
function was observed (165). Thus the possibility of therapeu-
tic intervention in human patients with cystic kidney disease,
including nephronophthisis, looks to be a realistic possibility.

MEDULLARY SPONGE KIDNEY

Definition and History

Medullary sponge kidney is a congenital, benign cystic disor-
der of the kidney consisting of diffuse ectases or cystic dilata-
tions of the collecting ducts within the medullary pyramids of
one or both kidneys (173). The disorder is mainly diagnosed
based on radiologic criteria by the presence of radial striations
or cystic collections of contrast medium in the affected papil-
lae on excretory urograms (174). The initial description of the
urographic aspect of the disease was by Lenarduzzi in 1939
(175), but Cacchi and Ricci were the first comprehensively to
describe the radiologic and clinical characteristics of the dis-
ease in 1948 (176). Ten years later, Ekstrom et al. reported a
series of 44 cases (177), whereas Abeshouse and Abeshouse
analyzed 136 cases collected from the literature, including 5 of
their own (178). During the past three decades, several hundred
cases have been reported, including the large personal series of
Yendt et al. (179), as well as series of Kuiper (173), Harrison
and Rose (180), and Thomas et al. (181). Our own experience
bears on 179 patients with MSK followed from 1982 to 1997,
most of whom had been referred for nephrolithiasis (182).

The disease may be studied from two main perspectives:
first, as part of the group of cystic diseases of the medulla, espe-
cially in view of its multiple pathologic associations, including
cystic involvement in other organs and the kidneys themselves,
and other developmental defects; and second, as a cause of re-
current nephrolithiasis, indicating that MSK be considered as
an important etiology in calcium stone disease.

The term MSK is somewhat inadequate because the affected
kidney does not resemble a sea sponge, except perhaps in forms
with especially numerous and voluminous medullary cyst for-
mations. The terms tubular ectasia, precaliceal canalicular ecta-

sia, or cystic dilatation of renal collecting ducts would be more
accurate, but have never been widely accepted. Continued use
has consecrated the terms MSK or Cacchi-Ricci disease.

Diagnosis

Pathologic Changes

Strictly speaking, the disease is defined on a pathologic basis.
Typically only the medulla is affected, especially in the inner
papillary portions (183–185). The disease is characterized by
spherical, oval, or irregular dilatations of collecting ducts, as-
sociated with multiple small cysts measuring 1 to 7 mm in
diameter. The dilated ducts connect proximally with collecting
tubules of normal diameter (173), and show a relative con-
striction to an approximately normal diameter at the point of
communication with the calix, as shown by microdissection
studies (186). Most of the cysts communicate with the dilated
collecting ducts, whereas some communicate directly with mi-
nor calices (177). The cysts often contain radiopaque spherical
concretions usually composed predominantly of carbonate ap-
atite (177). The affected pyramids are often enlarged, and some
degree of whole-kidney enlargement may be observed when
several papillae are involved (174).

Microscopically, communicating cysts are lined by cuboidal
or columnar epithelial cells, but less frequently by a transitional
or squamous epithelium, possibly as a response to the presence
of intraductal calculi. Closed cysts are lined by atrophic epithe-
lium. The renal cortex, columns of Berlin, calices, and pelvis
appear normal unless they are affected by complications sec-
ondary to extensive nephrocalcinosis, obstruction, or infection
(184).

Radiologic Criteria

The basis for diagnosis of MSK is excretory urography
(173,174,185,187–191). Stringent technical conditions are re-
quired to demonstrate the characteristic roentgenologic find-
ings of MSK. Typically, dilated collecting tubules, after opaci-
fication by the contrast medium, are seen as linear striations
described as “streaking” or “brushlike” patterns of affected
papillae (Fig. 17-7), whereas ectatic lesions appear as spherical
or oval cystic images filled by contrast medium, and are com-
pared with “bouquets of flowers” (Fig. 17-8) or “bunches of
grapes” (Fig. 17-9). Thomas et al. observed that the presence of

FIGURE 17-7. Excretory urogram in a patient with medullary sponge
kidney, showing brushlike linear striations in lower papillae and homo-
geneous precaliceal opacification (papillary blush) of the upper calices
of left kidney.
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FIGURE 17-8. Excretory urogram in a patient with medullary sponge
kidney, showing multiple spherical or oval dilatations of medullary
collecting ducts in all papillary groups of the right kidney, giving a
“bouquets of flowers” appearance.

a clear zone between abnormally opacified papillae, as well as
opacification of the calices, is highly suggestive of MSK (181).
Several of these aspects may coexist in diverse papillae in the
same patient, as schematically represented in Figure 17-10.

On plain radiographs, spherical radiopaque concretions are
often present in one or several papillae, like “stars in a dark
sky.” They are located at the corticomedullary junction, as later
shown on the excretory urogram. In florid cases, multiple co-
alescent concretions may be present in one or several papillae,
looking like calcified blackberries, as schematically represented
in Figure 17-11. Such an aspect is virtually pathognomonic of
the disease. In addition, stones may be present in calices, pelvis,
or ureter. In the most severe forms, extensive medullary nephro-
calcinosis may be present in both kidneys.

FIGURE 17-9. Excretory urogram in a patient with medullary sponge
kidney, showing “bundle of grapes” appearance localized at the upper
pole of left kidney.

FIGURE 17-10. Schematic representation of excretory urogram find-
ings in a medullary sponge kidney in increasing order of severity:
(1) amorphous precaliceal opacification (papillary blush); (2) faint
pyramidal striation; (3) heavy pyramidal striations (papillary streaking
or brushlike aspect); (4) heavy streaking and pooled contrast medium
in a linear tubular dilatation; (5) small, round precaliceal tubular di-
latations filled with contrast medium; (6) papillary blush and multiple
precaliceal dilatations filled with contrast (“bouquet of flowers” ap-
pearance).

The true roentgenologic criteria of MSK are still debated.
There is no difficulty in florid forms when patent precaliceal
striations or multiple cystic dilatations are present, even in only
one caliceal group. When only a few lesions are present, Yendt
does not accept the diagnosis of MSK unless three or more
papillae are involved (154), although he agrees that the diag-
nosis is justified if several characteristic lesions are identified in
only one or two papillae. Ginalski et al. proposed that diag-
nosis of MSK should be based on the presence of a minimum
of three linear or round collections in one or several papillae
in the absence of obstruction (192). When only homogeneous
precaliceal opacification is present, in the form of isolated pap-
illary “blush,” a number of authors do not accept the diagnosis
of MSK because such an image is frequently observed in asymp-
tomatic patients. Palubinskas observed such isolated papillary

FIGURE 17-11. Schematic representation of the various appearances
of medullary nephrocalcinosis on preliminary plain radiographs in
medullary sponge kidney: (1) isolated, single or multiple, small precal-
iceal calcified concretions; (2) clusters of calcifications with appearance
of calcified bundle of grapes or blackberries; (3) coalescent aggregates
of calcifications.
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blushing in almost 1% of subjects who underwent excretory
urography (21 cases of 2,465) (185). However, on pathologic
examination, ectatic collecting tubules were seen only in those
papillae that demonstrated such papillary blush (185) or pyra-
midal enlargement (177) on excretory urography in some pa-
tients. Therefore, many cases of papillary blush probably rep-
resent minor degrees of MSK, especially if blushing persists for
more than 10 minutes after injection in the absence of obstruc-
tion or compression (193).

It was claimed that low-osmolality contrast media should
provide better visualization of dilated collecting ducts because
of less induction of osmotic diuresis (194). However, Ginalski
et al. observed a similar prevalence of clear linear or round
precaliceal opacifications regardless of whether high- or low-
osmolality contrast media were used (195). With either
method, the incidence of such radiologic findings was signif-
icantly higher in stone formers (approximately 12%) than in
control subjects without urolithiasis (approximately 1%). By
contrast, the overall prevalence of isolated papillary blush was
markedly higher with the use of low-osmolality media, al-
though the prevalence of this finding was not greater in stone
formers than in control subjects. Therefore, these authors sug-
gest that low-osmolality contrast media have no clear advan-
tage for diagnosing MSK; they induce a greater incidence of iso-
lated papillary blush appearance, but this has no demonstrated
clinical significance in the absence of concomitant nephrolithi-
asis or nephrocalcinosis.

To conclude, high-quality intravenous urography, with kid-
ney tomograms before and just after injection of the contrast
medium and every 4 minutes during the following 20 minutes
before any compression is applied, is a requisite for roentgeno-
logic diagnosis of MSK. Also, careful examination of urograms
by a skilled, motivated radiologist is required properly to in-
terpret urographic findings.

Differential Diagnosis

Medullary sponge kidney is more often underdiagnosed than
misdiagnosed. When clear linear or round opacifications are
seen on urography in one or more papillae, there is usually
little difficulty in diagnosis. However, tubular ectases must be
differentiated from other pathologic conditions also resulting
in abnormal precaliceal opacification, such as renal tuberculo-
sis, caliceal diverticula, or renal papillary necrosis secondary
to analgesic nephropathy, diabetes, or sickle cell disease (196–
197), as well as from medullary nephrocalcinosis of other
causes such as primary hyperparathyroidism, hypercalcemia,
distal tubular acidosis, or calcified papillary necrosis (191).
Such diseases may usually be differentiated on the basis of as-
sociated clinical signs and etiologic conditions. However, MSK
may truly coexist with renal tuberculosis (as in 1 of our 102 pa-
tients), analgesic nephropathy, or sickle cell trait (198). Caliceal
diverticula usually are connected to the fornix of a papilla or
appended to a minor calix, but a microcalix can mimic MSK
(197). A patient may have both true caliceal diverticula and
MSK (199).

Usually, MSK is easily differentiated from other kidney cys-
tic diseases (200–202) (Table 17-3). In juvenile NPH-MCKD
complex, imaging and clinical findings are quite different from
those of MSK (see earlier). ARPKD is characterized by nu-
merous small fusiform cysts arising from collecting ducts and
aligned in a radial distribution. Thus, urographic findings in
young children with ARPKD may resemble those of MSK (i.e.,
striations in the medullary region). However, the clinical and
ultrasonographic features differ completely. MSK is very rare
in children (203); by ultrasonography, kidneys in ARPKD are
enlarged with increased echogenicity and poor differentiation
between cortex and medulla; renal macrocysts develop later in
older children; and ARPKD is also characterized by the pres-

TA B L E 1 7 - 3

DIFFERENTIAL DIAGNOSIS OF MEDULLARY SPONGE
KIDNEY

Renal tuberculosis
Papillary necrosis (analgesic nephropathy, sickle cell disease,

diabetes)
Medullary nephrocalcinosis of other causes

(hyperparathyroidism, hypercalcemia, renal distal tubular
acidosis, calcified papillary necrosis)

Caliceal diverticula
Microcalices
Parapyelic cysts
Autosomal recessive polycystic kidney disease
Artifactual tubular opacification by ureteral compression

during intravenous pyelography
Pyelovenous backflow secondary to disruption of caliceal

fornices from excessive intrapelvic pressure during acute
ureteric obstruction

ence of congenital hepatic fibrosis. Differential diagnosis is easy
with autosomal-dominant polycystic kidney disease (ADPKD).
However, some cases of MSK with voluminous medullary cysts
protruding through the cortex may mimic adult-type polycys-
tic renal disease (204). Segmental forms of MSK mimicking a
renal tumor on echography and CT scans have been reported
(205) and, reciprocally, renal cell carcinoma may mimic MSK
(206). In such cases, use of CT scan is helpful to discriminate
between MSK and renal tumor.

Contribution of Other Imaging Techniques

Although diagnosis of MSK mainly relies on urography, there
may be specific indications for ultrasonography and CT scan.
The small cysts in MSK usually are not seen on sonography.
However, sonography may show medullar hyperechogenicity
due to nephrocalcinosis (202,207), the presence of cysts in the
medulla (when they are large), or images related to a renal
abscess or a tumor. Echography is also useful to check for the
presence or absence of hepatic cysts. Starinsky et al. observed
that antibiotics such as cefazolin, cefotaxime, and gentamicin,
when used intravenously, induce attenuation of the collecting
system on CT scan, thus possibly leading to confusion with
MSK (208).

The CT scan appearance of MSK has not been extensively
studied. Ginalski et al. (209) prospectively evaluated the sensi-
tivity of CT scan with thin, 4-mm axial slices compared with
excretory urography in 13 patients with typical urographic im-
ages of MSK. CT scan showed aspects compatible with possi-
ble medullary ectasia in only four patients. Thus, CT scan was
much less sensitive than excretory urography in the diagnosis
of MSK, but conversely was much more sensitive than plain
films and tomograms in the detection of papillary calcifica-
tions. On the other hand, CT scan is highly useful for identi-
fying complications such as a renal abscess or renal carcinoma
that developed on an MSK kidney (210,211). Therefore, CT
scan should be recommended in the case of nephrocalcinosis
of unclear origin, MSK with unusually large cysts, presence of
a tumoral syndrome, or in the case of associated hepatic or
biliary cysts.

Prevalence and Pathogenesis

The prevalence of MSK is not known exactly because its diag-
nosis depends on the urographic criteria that are adopted. For
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ethical reasons, no study involving systematic excretory urog-
raphy has been performed in asymptomatic subjects. In the
earliest reported series, mainly based on presence of evident
striations or round collections in the medulla, the incidence of
MSK in unselected patients undergoing urography for various
urologic symptoms was reported to be approximately 0.5%
(174,212). No autopsy series has specifically sought the pres-
ence of this condition. From Mayall’s study, an estimated preva-
lence of 1/20,000 in the general population has been proposed,
with an equal incidence in both sexes and no obvious racial pre-
ponderance (212). More recently, Laube et al. analyzed 444
consecutive urographies in patients with or without urolithia-
sis. The prevalence of MSK was 1.5% in the control population
of non–stone-forming subjects, whereas it was 8.5% in stone
formers (213).

Medullary sponge kidney appears to be a developmental
anomaly, present from birth (173). Theories suggesting that
the dilation of collecting ducts results from their occlusion by
uric acid crystals during fetal life (214), or from tubular ob-
struction by calcium oxalate concretions secondary to infantile
idiopathic hypercalciuria (215), are not supported.

A possible hereditary transmission of MSK is supported by
the existence of familial forms (216) and by its frequent asso-
ciation with other congenital or hereditary diseases.

Familial Forms

Familial forms of MSK have occasionally been reported even
in the absence of any associated developmental abnormality.
Families are known in which more than one sibling (217) or
generation are affected (200,218). Reviewing the literature up
to 1976, Kuiper collected 29 familial cases, including 5 pairs
of siblings, 3 examples of 2 successive generations involved,
and a family with 6 affected members (173). The same author
reported a family in which MSK was well documented in three
generations and possibly present in a total of eight subjects over
five generations (219). Bennett observed a family with radio-
graphic findings of MSK in five patients over three generations
(220). Kliger and Scheer reported the presence of typical MSK
in 7 of 12 asymptomatic children of 3 sisters with histologi-
cally proven hereditary medullary cystic disease and progres-
sive renal failure (221). We observed a family in which seven
subjects over three successive generations were affected by
MSK (Fig. 17-12). Taken together, such familial observations
with vertical transmission are compatible with a dominant
inheritance.

FIGURE 17-12. Pedigree of a family with medullary sponge kidney in
seven subjects over three generations. Circles denote female, squares
male family members, and hatched symbols affected members.

TA B L E 1 7 - 4

INHERITED, CONGENITAL, OR ACQUIRED
CONDITIONS ASSOCIATED WITH MEDULLARY
SPONGE KIDNEY

Congenital hemihypertrophy
Beckwith-Wiedemann syndrome
Congenital hepatic fibrosis
Caroli’s disease
Ehlers-Danlos syndrome
Marfan’s syndrome
Young’s syndrome
Renal arterial fibromuscular dysplasia
Anodontia
Congenital pyloric stenosis
Horseshoe kidney
Autosomal dominant polycystic kidney disease
Medullary cystic disease/nephronophthisis
Wilms’ tumor
Adrenal adenoma or carcinoma
Parathyroid adenomatosis
Multiple, complex associations

Pathologic Associations

Of great interest is the frequent association of MSK with other
pathologic conditions involving development of cysts in the
kidneys or other organs (mainly the liver), or with other de-
velopmental anomalies. The most frequent are summarized in
Table 17-4 and are schematically depicted in Figure 17-13.

Congenital Hemihypertrophy and
Beckwith-Wiedemann Syndrome

Congenital hemihypertrophy (CHH) is one of the most fre-
quent concomitant features found in patients with MSK, as

FIGURE 17-13. Schematic representation of the multiple pathologic
conditions reported in association with medullary sponge kidney
(MSK). BWS, Beckwith-Wiedemann syndrome; CD, Caroli’s disease;
CHF, congenital hepatic fibrosis; CHH, congenital hemihypertrophy;
MCD; medullary cystic disease; PKD, polycystic kidney disease.
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first reported in 1964 by Steyn and Logic (222). This associ-
ation appears to be too frequent to be attributable to chance
alone because MSK is found in 5% to 10% of patients with
CHH and up to 25% of patients with MSK may have cor-
poreal hemihypertrophy (180,223), whereas the incidence of
MSK in the general population is estimated at 5/100,000, and
that of CHH at 1/100,000. Harris et al. in 1981 recorded 24
documented cases, including 2 of their own (224). Sporadic
observations of MSK associated with CHH have been subse-
quently reported by Thompson et al. (225) and by Indrida-
son et al. (226). None of the reported patients had evidence
of kidney neoplasia despite the high incidence of Wilms’ tu-
mor, adrenocortical neoplasms, and hepatoblastoma in isolated
CHH (227). Therefore, it was proposed that the propensity
to abdominal neoplasms is reduced when MSK coexists with
CHH (224). Subsequently, however, Hennessy et al. reported
the occurrence of Wilms’ tumor ipsilateral to CHH in a child
(228), whereas Saypol and Laudone reported the development
of adrenocortical carcinoma in a child with MSK and CHH
(229), and Tomooka et al. observed an adrenal adenoma con-
tralateral to CHH in a child with MSK (230).

Medullary sponge kidney has been found associated with
the Beckwith-Wiedemann syndrome (BWS), especially in cases
where congenital somatic asymmetry was part of the syndrome,
as occurs in approximately 12.5% of cases (231). This syn-
drome associates multiple congenital anomalies, including high
birth weight, macroglossia, omphalocele, visceromegaly, mi-
crocephaly, somatic asymmetry, mental retardation, cysts in
the adrenal cortex, nephromegaly with persistent nephrogene-
sis, medullary dysplasia, and medullary sponge disease (231).
Recognizing such a syndrome in an infant or child with MSK is
of interest in view of the high oncogenic potential of the asso-
ciation (232). Wiedemann reported the presence of 33 tumors
in 29 of 338 children with BWS (a 5% incidence), including
Wilms’ tumor in 14, adrenocortical carcinoma in 5, and hep-
atoblastoma in 2 (233). Overall, CHH is present in 12.5%
of children with BWS, but in 40% of those with neoplasms,
indicating a tumor rate of nearly 25% when CHH is part of
the syndrome (231). Because congenital medullary dysplasia
is often a component of BWS, Chesney et al. proposed that
children with MSK and somatic hemihypertrophy had a minor
form of BWS and suggested that such patients be systematically
checked for other developmental anomalies and especially for
abdominal tumors (234). Beetz et al. reported the coexistence
of a Wilms’ tumor ipsilateral to CHH in a young girl with BWS
and bilateral MSK (235), thus casting doubt on the attenuating
effect of MSK on the risk of abdominal neoplasm in patients
with CHH, as previously suggested by Harris et al. (224).

As a practical conclusion, in view of the increased risk of ab-
dominal tumors in children with isolated CHH, BWS, or both,
every child with either of these conditions should be carefully
monitored by frequent abdominal echography to detect early
and treat any abdominal neoplasm, especially Wilms’ tumor
(233,235).

Polycystic Kidney Disease and
Congenital Hepatic Fibrosis

There is a spectrum of associations between MSK, polycystic
kidney disease or other cystic kidney diseases, and congenital
biliary dysgenesis.

There are several reports of coexistent ADPKD and MSK
in the same patient or in different members of the same family.
Fairley et al. reported on three siblings, all blind from birth, one
of whom, aged 22 years at death, was found to have polycystic
kidneys at necropsy; another had MSK, and the third had en-
larged kidneys with both MSK and polycystic kidney disease
(326). The patient reported by Nemoy and Forsberg had re-
current urinary stone passage and evidence of MSK on initial

urography, whereas a typical left polycystic kidney was found
at surgery some years later (237). Hockley et al., in a young
man with subarachnoid hemorrhage, diagnosed MSK on in-
travenous urography, but subsequently associated polycystic
kidney disease was diagnosed on the basis of arteriography
and radionuclide scan (238). Abreo and Steele reported two
siblings with simultaneous appearance of brushlike pyrami-
dal opacifications characteristic of MSK and of multiple large
cysts, seven of the cysts involving the cortex and medulla (and
liver in one case) in enlarged kidneys (239). Similarly, Ander-
son et al. reported the simultaneous presence of diffuse, patent
pyramidal striations and of multiple large cysts in both kidneys
and liver on echography and CT scan in one patient (240). In
most of these observations, there was progressive enlargement
of kidneys in patients with concomitant MSK and polycystic
kidney disease (238,240). More recently, Torres et al., investi-
gating the prevalence and risk factors of urolithiasis in a series
of 751 patients with ADPKD, found that 151 (20%) were af-
fected by kidney stones, and among the latter, nearly 15% had
urographic findings of MSK; therefore, approximately 3% of
patients had concomitant MSK and polycystic kidney disease
(241,242). In our series, 4 of 179 patients with MSK had evi-
dence of concomitant polycystic kidney disease, with a family
history of ADPKD in all cases. The course of renal failure was
especially rapid in a male patient who reached ESRD at 36 years
of age, whereas an affected brother started dialysis at 35 and a
sister at 32 years of age. In several of the aforementioned cases
the kidneys were enlarged at the time of diagnosis, and a famil-
ial history of polycystic disease with progressive renal failure
was present. Therefore, it cannot be determined whether MSK
lesions are the initial developmental abnormality, followed by
further development of large cortical kidney cysts, or if two
separate pathologic conditions develop concurrently but at a
different pace. However, from a practical point of view, the
presence of enlarged kidneys, especially when there is a strong
family history of cystic kidney disease, in a patient with uro-
graphic evidence of apparently isolated MSK, should alert the
clinician to the possibility of underlying polycystic kidney dis-
ease and lead to complementary investigation by sonography
or CT scan, along with reinforced surveillance. Coexistence of
MSK and medullary cystic disease in the same patient or in dif-
ferent members of a same family has been reported, as already
mentioned (220,221).

Congenital hepatic fibrosis, an inherited disease character-
ized by enlargement of portal spaces by bile duct proliferation
and fibrosis leading to portal hypertension (243), is associated
with a variety of cystic kidney malformations. The most fre-
quent is MSK (73,244), observed in approximately two thirds
of cases (245). In some patients, ectatic renal collecting tubules,
although not apparent on urograms, were found at histologic
examination of the kidneys (246,247). Congenital hepatic fi-
brosis is also a constant finding in ARPKD, but the clinical
manifestations are more or less prominent (see Chapter 18).
Surprisingly, only a few PKD1 families with ADPKD and con-
genital hepatic fibrosis have been reported (248). Other visceral
abnormalities may be associated with congenital hepatic fibro-
sis and MSK, such as cerebral aneurysms (249).

Caroli’s disease, another (less frequent) form of fibrocys-
tic hepatobiliary hereditary disease characterized by multifo-
cal segmental cystic dilatation of intrahepatic bile ducts re-
sulting in cholelithiasis and recurrent cholangitis episodes, is
also often accompanied by renal tubular ectasia or ARPKD
(243,250,251). In most cases, Caroli’s disease is associated with
congenital hepatic fibrosis (243,251). Complex associations
may exist between these abnormalities. Several cases of the
association of Caroli’s disease, congenital hepatic fibrosis, and
MSK have been reported (252–256). Marinone et al. reported
the association of congenital hepatic fibrosis, Caroli’s disease,
and MSK together with cardiac and vertebral malformations
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in a 16-year-old boy of consanguineous parents, whereas his
sister had asymptomatic congenital hepatic fibrosis and MSK
only (257). One of our patients had combined Caroli’s disease
revealed by recurrent angiocholitis episodes, congenital hepatic
fibrosis with portal hypertension and esophageal varices, and
MSK complicated by nephrolithiasis. A fatal neonatal case of
Caroli’s disease associated with severe cardiac and renal lesions
was reported by Keane et al. (258). Only two cases of ADPKD
associated with Caroli’s disease have been reported (259).

Because Caroli’s disease and most forms of congenital hep-
atic fibrosis exhibit autosomal recessive transmission, such
observations suggest that concomitant MSK should be a mani-
festation of a recessive gene (252). Taken together, such obser-
vations of associated hepatobiliary and renal cysts emphasize
the need for full abdominal echographic study including liver
examination in patients with MSK, as already advised for pa-
tients with poly cystic kidney disease.

Other Congenital Abnormalities

Other congenital abnormalities found in association with MSK
include Ehlers-Danlos syndrome (260,261), congenital py-
loric stenosis (260), Marfan’s syndrome (262), Young’s syn-
drome or immotile cilia syndrome, clinically manifested by
chronic sinobronchial infections and obstructive azoospermia
(263), anodontia (264), renal ectopia, horseshoe kidney (265),
retinochoroidopathy (266) and unicornuate uterus (267). The
main pathologic conditions associated with MSK are summa-
rized in Table 17-4.

Clinical Features

Medullary sponge kidney by itself is asymptomatic, but it
may be complicated by, hematuria, urinary tract infection, or
nephrolithiasis, which often are the revealing features. The on-
set of symptoms frequently takes place in the second or third
decade of life. Onset during childhood is less common, but late
discovery of the condition is far from exceptional.

Hematuria and Urinary Tract Infection

Hematuria is a frequent event. Gross hematuria is present in
10% to 20% of patients, as reported by Ekstrom et al. (177),
and may result in clotting and acute renal pelvic obstruction
(268). Of note, macroscopic or microscopic hematuria may be
observed even in the absence of stones or infection. Urinary
tract infection is a frequent complication of MSK in either the
presence or absence of nephrocalcinosis or nephrolithiasis, but
sterile pyuria is frequent in MSK patients in the absence of any
urinary tract infection (269). Parks et al. found the infection
rate higher in patients with MSK and nephrolithiasis than in
other stone formers, the incidence of infection being markedly
higher in women than in men (270).

Nephrolithiasis

Nephrolithiasis, especially calcium nephrolithiasis, appears as
the major clinical complication of MSK. Renal colic is the
most frequent revealing symptom (177), and most significant
complications, including hematuria, urinary tract infection, ob-
structive episodes, and extensive nephrocalcinosis, ultimately
leading to impaired renal function in severe cases, depend on
the development of nephrocalcinosis and stones.

The true prevalence of MSK in patients with urolithiasis
has long been debated and has been best assessed in more re-
cent studies. In earlier studies, the prevalence of MSK in stone
formers had been reported to be as low as 2.6% of 619 pa-
tients by Lavan et al. (271), 3.6% of 472 patients by O’Neill
et al. (272), and 3.5% of 389 patients by Wikstrom et al. (273).

Higher figures were reported by other authors, including Sage
et al., who found MSK in 8.5% of 200 randomly selected stone
formers (274), Vagelli et al., who reported MSK in 11.6% of
138 consecutive calcium stone formers (275), and Grinalski
et al., who identified MSK in 12.5% of 280 consecutive calcium
stone formers (192). Over a two-decade period, Yendt et al. ob-
served a prevalence of 9.6% among 1,655 stone formers, with
an overall incidence of 21% among the 400 most recent con-
secutive cases (179). Similar figures were reported in France.
Among 500 calcium stone formers followed at Cochin Hos-
pital (Paris), Thomas et al. (181) identified 103 (20.6%) with
MSK. This proportion was even higher in our experience, prob-
ably because we act as a tertiary referral stone clinic, result-
ing in an overrepresentation of patients with severe, multire-
current forms of urolithiasis. Among 702 consecutive calcium
stone formers (448 male, 254 female patients) who underwent
radiologic and laboratory evaluation at our stone clinic be-
tween 1982 and 1997,179 (25.5%) had evidence of MSK on
intravenous pyelography. Of these, 92 had obvious precaliceal
ectases, whereas the other 87 had minimal precaliceal changes
that required meticulous scrutiny not to be overlooked (182).

Parks et al. first pointed out the higher relative incidence of
MSK in female than in male stone formers (270). Among 799
calcium stone formers, they observed an overall MSK preva-
lence of 13.2% with a significantly higher proportion in women
(19%) than in men (12%). A similar finding was subsequently
reported by Ginalski et al., with a proportion of 10% among
199 male and 17% among 81 female patients (192). In their lat-
est experience, Yendt et al. found that 99 of 1,173 male patients
(8.4%) and 60 of 482 female patients (12.4%) had the disor-
der (179). In the series reported by Thomas et al. (181), preva-
lence of MSK was significantly higher in female (53 of 190,
or 27.9%) than in male stone formers (54 of 310, or 12.6%).
The same was true in our recent series (182). The prevalence of
MSK was higher in women (73 of 254, or 28.7%) than in men
(106 of 448, or 23.6%), although the difference did not reach
statistical significance. The median age at first stone episode
(29 years in both sexes in our series) is slightly lower in pa-
tients with MSK than in other calcium stone formers, especially
in men, as was also observed by Yendt et al. (179) and Parks
et al. (270).

Clinical manifestations of stone disease in patients with
MSK are essentially the same as in other patients with urolithi-
asis. However, the number of stones passed by patients with
MSK is, on the average, higher than in other stone formers, as
also observed by Parks et al. (270). In our patients, the average
stone activity index was 1.45 stones per year in patients with
MSK versus 0.65 stones per year in idiopathic calcium stone
formers. The median number of stones passed by patients with
MSK was 14 (range, 1 to 55), compared with 5 in idiopathic
stone formers (182). Some patients passed a very high num-
ber of small calculi, up to more than 10 per year (one of them
passed up to 55 stones per year).

Although most patients usually have few precaliceal calci-
fications on urography at presentation, some have extended
nephrocalcinosis with confluent calcified masses in several
papillae (Fig. 17-14), whereas others have a number of small
calcifications in one or both kidneys along the Hodson line, the
virtual line that delineates the bottoms of calices in either kid-
ney. Either of these aspects on plain radiographs or tomograms
in a normocalcemic patient is very suggestive of MSK in our
experience.

The clinical course of nephrolithiasis in patients with MSK
is essentially benign. However, occasional patients exhibit re-
current, incapacitating stone production. In some, renal fail-
ure develops because of repeated obstructive episodes or re-
current pyelonephritic episodes, especially if urease-producing
microorganisms such as Proteus species are involved. In such
cases, progression to struvite staghorn calculi has been reported
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FIGURE 17-14. Extended bilateral nephrocalcinosis on plain radio-
graph in a patient with medullary sponge kidney. Note the confluent
calcified masses in the upper part of left kidney.

(276). Such an unfavorable course is especially to be feared in
female patients because of the high urinary infection rate in
women with MSK (270,277). Therefore, any urinary tract in-
fection, especially when due to urease-producing microorgan-
isms, should be actively treated in patients with MSK.

Risk Factors for Nephrolithiasis

Formation of nephrocalcinosis and stones in patients with MSK
is multifactorial and relates to mechanical as well as metabolic
factors that in part are specific to the disease (Table 17-5).
The main lithogenic factor in MSK is urine stasis in ectatic
tubules, the effect of which is combined with hypercalciuria,
hypocitraturia, or tubular acidification defects (277).

Urinary Stasis

Obviously, urinary flux is slowed down in the dilated segments
of renal collecting ducts. As an aggravating circumstance, such
urinary stasis occurs in the inner part of the medulla, where
the concentration of solutes is the highest (278). Impairment
of urinary concentrating ability alongside a preserved dilution
capacity is often observed in patients with MSK (279,280), but
is of no adverse clinical consequence because it may contribute
to maintenance of abundant diuresis. Other functional disor-
ders have been reported, such as elevated fractional sodium

TA B L E 1 7 - 5

LITHOGENIC FACTORS IN MEDULLARY SPONGE
KIDNEY

Local factors
Slowed urinary flux in tubular ectasia
Altered urothelium in tubular ectasia
Intraluminal debris as matrix for stone formation
Locally impaired distal urinary acidification (high pH

favoring calcium phosphate precipitation)
General factors

Low diuresis
Hypercalciuria, hyperoxaluria, hyperuricosuria
Hypocitraturia

excretion (279) or impaired kaliuretic response to acute potas-
sium load in patients with MSK who otherwise were able to
preserve potassium balance during prolonged potassium load-
ing or depletion 248).

Hypercalciuria

Whether hypercalciuria is more prevalent in patients with MSK
with calcium urolithiasis than in idiopathic calcium stone form-
ers without MSK remains a debated issue. The reported preva-
lence of hypercalciuria in patients with MSK was 88% by
O’Neill et al. (272), 42% by Parks et al. (270), and 30% by
Yendt et al. (179). In the study of Parks et al., the relative
incidence of hypercalciuria was higher in women (17 of 33
patients, or 52%) than in men (27 of 73 patients, or 37%)
(270). Therefore, as pointed out by Yendt et al. (179), the pres-
ence of hypercalciuria in a woman with calcium nephrolithiasis
may be suggestive of possible underlying MSK. In the series of
Thomas et al. (181), hypercalciuria was present in 59% of pa-
tients with MSK, hyperoxaluria in 64%, and both disorders
in 39%. Among 113 of our patients with MSK investigated
at presentation before any treatment, hypercalciuria (calciuria
>0.1 mmol/kg/day, or 4 mg/kg/day while on free diet) was
present in 44% of patients (48% in men, 40% in women), hy-
peroxaluria (oxalate excretion >0.5 mmol/day, or 45 mg/day)
in 31%, hypocitraturia (citrate excretion <1.5 mmol/day, or
300 mg/day) in 25%, hyperuricosuria (>4.5 mmol/day, or 750
mg/day) in 29%, and low urinary volume (<1.5 L/day) in 27%.
Several metabolic abnormalities often coexisted in the same pa-
tient. By comparison, initial metabolic evaluation in 196 cal-
cium stone formers without MSK disclosed a similar overall
proportion of hypercalciuria (40%) but without a significant
sex difference (41% in men versus 39% in women).

The mechanism of hypercalciuria in MSK is debated. On
the basis of the location of anatomic lesions, it may be hy-
pothesized that increased calcium excretion results from im-
paired calcium reabsorption in diseased parts of distal tubules.
Hypercalciuria was of the absorptive phenotype in 10 of 15
hypercalciuric patients with MSK evaluated by O’Neill et al.
(272), whereas it was of the renal phenotype (or associated with
primary hyperparathyroidism) in 8 of 10 patients studied by
Maschio et al. (215), and fasting hypercalciuria was found in
16 of 20 patients evaluated by Jaeger et al. (281). In our series,
a fasting calcium-to-creatinine ratio above 0.35 mmol/mmol
(or 0.12 mg/mg) was found in half of hypercalciuric patients
with MSK in both sexes. In any case, hypercalciuria in patients
with MSK usually responds to thiazide diuretics regardless of
whether hypercalciuria exhibits a renal or absorptive pattern
(179).

Another debated issue is whether primary hyperparathy-
roidism is related to MSK. Several authors reported an un-
expectedly high incidence of hyperparathyroidism with con-
firmed parathyroid adenomas in hypercalciuric patients with
MSK (215,282–287). The possible link may be that longstand-
ing renal calcium leak stimulates the secretion of parathyroid
hormone, ultimately leading to formation of parathyroid ade-
nomas, as initially suggested by Bordier et al. (288). However,
only 2 of 108 patients with MSK evaluated by Parks et al. (270),
only 3 of our 179 patients with MSK, and none of the 103
patients with MSK evaluated by Thomas et al. had evidence
of hyperparathyroidism (181). In a patient with MSK reported
by Siskind and Popovtzer, recurrent postpartum hypercalcemia
was attributable not to primary hyperparathyroidism but to the
secretion of a parathyroid-like protein during lactation (289).
Therefore, no firm conclusion can be drawn based on current
knowledge, but a search for possible hyperparathyroidism is
advisable in patients with MSK, especially if the serum cal-
cium concentration is elevated or markedly rises after thiazide
diuretic administration.
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Tubular Acidification Defects

Because the distal tubule is the site of renal ammoniagenesis,
the presence of a defective acidification process could be hy-
pothesized in patients with MSK, at least in affected parts of
the kidneys.

Impaired distal urine acidification has been reported by sev-
eral authors in patients with MSK on the basis of the short am-
monium chloride test (290–292). Higashihara et al. found 4 of
11 patients with diffuse bilateral MSK unable to lower their
urine pH below 5.3 after an acute acid load challenge (293).
In this study, the impaired ability to lower urinary pH was
associated with reduced excretion of titratable acid, whereas
ammonium excretion was normal, and the same authors did
not find any acidification defect in patients with partial or uni-
lateral forms of MSK (294). Osther et al. (295) evaluated uri-
nary acidification ability in 10 women with bilateral MSK and
10 healthy women. They found incomplete renal tubular aci-
dosis in four patients, who exhibited significantly higher cal-
cium excretion (7.32 ± 1.45 versus 3.83 ± 1.12 mmol/day, or
293 ± 58 versus 153 ± 45 mg/day) and lower citrate excretion
(0.93 ± 0.25 versus 3.58 ± 0.51 mmol/day, or 178 ± 48 ver-
sus 687 ± 98 mg/day) compared with patients with MSK and
normal urinary acidification. By contrast, in the study of Ginal-
ski and coworkers, only 1 of 35 stone formers with MSK had
evidence of distal tubular acidosis (192). We evaluated the re-
sponse to acute ammonium chloride load in nine patients with
diffuse, bilateral forms of MSK complicated by recurrent stone
formation and hypercalciuria. We observed a normal response
with a decrease in urinary pH below 5.2, and a normal increase
in net acid excretion, ammoniagenesis, and titratable acidity in
all (296). Among our whole series, a female patient 35 years
of age had both MSK and distal tubular acidosis secondary to
idiopathic Sjögren’s syndrome with polyclonal hypergamma-
globulinemia, resulting in diffuse medullary calcinosis and re-
current nephrolithiasis. This observation is reminiscent of that
of Popa and Stanescu of a young girl with MSK and renal tubu-
lar acidosis associated with hypergammaglobulinemic purpura
and suggests the superimposition of acquired tubular acidosis
on underlying tubular ectasia (297).

A possible link between MSK and renal tubular acidosis
is less clear in cases of congenital distal tubular acidosis con-
comitant with MSK. Deck reported three patients with MSK
and renal tubular acidosis (complete in one case); the father
of the first patient had renal tubular acidosis without MSK,
whereas the other two patients were a mother and daughter,
both affected by incomplete tubular acidosis and MSK (298).
Some cases of MSK associated with complete distal tubular aci-
dosis and nephrocalcinosis with decreased plasma bicarbonate
level have been reported sporadically (177,261,279). In one pa-
tient, hypokalemic paralysis was the revealing symptom (299),
whereas another patient was referred for growth failure (300).
Renal distal tubular acidosis may contribute to hypercalciuria
(301), and alkali therapy has been reported to reduce hyper-
calciuria in such patients (302).

To summarize, the problem of the relationships between
MSK and renal distal tubular acidosis is far from solved.
One possibility is that tubular ectasia, through alterations of
the tubular epithelium induced by repeated obstruction or in-
fection, results in defective ammoniagenesis, alkaline urine,
and intratubular precipitation of calcium phosphate, initi-
ating nephrocalcinosis or lithiasis. Such a hypothesis may
be accepted only in bilateral, extensive forms of MSK. In
most cases, however, intact nephrons probably compensate for
altered tubules so that the final urine has a normal composi-
tion, and the patient’s response to acute acid load is normal,
as observed in our experience (296). Another mechanism, as
suggested by Deck, involves renal tubular acidosis as the pri-
mary defect, resulting in nephrocalcinosis and nephrolithiasis

with secondary dilation of collecting ducts obstructed by cal-
cium deposits (298). A third hypothesis is that MSK and renal
tubular acidosis (either congenital or secondary to an acquired
disease such as Sjögren’s syndrome) coexist as two distinct en-
tities, aggravating each other. The last hypothesis is the most
likely in explaining familial forms of renal tubular acidosis as-
sociated with MSK.

Hypocitraturia

Renal tubular acidosis, especially in complete forms with sys-
temic acidemia, but also in some patients with incomplete re-
nal tubular acidosis as reported by Higashihara et al. and by
Osther et al. (293,295), may result in bone mineral loss and
hypocitraturia. However, in our series, marked hypocitraturia
(<1.5 mmol/day or 300 mg/day) was observed in only 25% of
patients with MSK. The mean urinary citrate to calcium molar
ratio was 0.43 in our patients with MSK, not differing from
the mean value of 0.43 observed in non-MSK calcium stone
formers. Urinary citrate excretion was also usually normal in
patients with MSK in the experience of Yendt et al. (179).

Composition of Stones

Hypercalciuria, increased oxalate concentration, subtle tubu-
lar acidification defects, or hypocitraturia variably influence
the composition of stones in patients with MSK. Dense concre-
tions found in MSK cysts were wholly or predominantly made
of apatite by x-ray crystallography in the study of Ekstrom
et al. (177). In the experience of Yendt et al. (179), approx-
imately half of passed stones were made of an admixture of
calcium oxalate and apatite, and the remaining were composed
entirely of calcium oxalate when examined by optical crystal-
lography. We studied stone morphology and composition in
92 patients (57 male, 37 female) with one or more calculus
available for analysis, according to our proposed classification
(303,304). Infrared spectroscopy disclosed whewellite (calcium
oxalate monohydrate) as the main component in 49% (54%
in men, 39% in women), and carbonate apatite (carbapatite)
in 25% of cases (13% in men, 42% in women), whereas wed-
dellite (calcium oxalate dihydrate) was the main component in
18% of cases (25% in men, 8% in women) and uric acid in
only 3%. The core of the calculus was made of carbapatite in
26 cases, and of whewellite in 24 cases. The latter composition
is in keeping with the high oxalate concentration in the inner
part of the medulla, because whewellite crystals are electively
formed in the presence of a high oxalate-to-calcium molar ra-
tio (303); the former composition corresponds to the precipita-
tion of calcium phosphate crystals in urine with increased pH,
as can be expected in affected collecting ducts with defective
acidification. The two anomalies may coexist, leading to for-
mation of stones of mixed composition, as reported by Yendt
et al. (179). In our patients, calculi were of mixed composition
in 50 of 92 cases (55%), associating monohydrate or dihy-
drate calcium oxalate and carbapatite in variable proportions.
Several patients passed stones of different composition. Such
pleomorphism of calculi in a single patient (Fig. 17-15) is, in
our opinion, highly suggestive of MSK. Interestingly, 16 of our
patients (4 men, 12 women) who had severe, bilateral forms
of MSK passed calcium phosphate stones exhibiting a peculiar
morphology (type IVa2 in our classification) similar to that we
had observed in stone formers with primary renal tubular aci-
dosis (303). These findings are probably due to local tubular
acidification defects in affected parts of the kidneys, leading
to intratubular precipitation of calcium phosphate favored by
alkaline urine (305).

To summarize, the risk factors for stone formation in pa-
tients with MSK are multiple, and several may coexist. Two are
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FIGURE 17-15. Heterogeneous morphology of multiple stones passed
by a patient with medullary sponge kidney. Calculi range from 0.6 mm
to 4 mm in diameter. (Reproduced from: Daudon M, Bader C, Jungers
P. Urinary calculi: review of classification methods and correlations
with etiology. Scanning Microsc 1993;7:1081, with permission.)

directly related to the anatomic disorder, namely urine stasis in
dilated tubules and an acidification defect. The others—hyper-
calciuria, hyperoxaluria, hyperuricosuria, and hypocitra-
turia—are common to all calcium stone formers. Such con-
siderations have therapeutic implications.

Treatment

Medullary sponge kidney is essentially a benign condition.
Therefore, patients with asymptomatic and uncomplicated
MSK should be advised about the benign nature of the dis-
order and require no specific therapy. However, they should be
alerted to the possible occurrence of urolithiasis or urinary tract
infection, and periodic urinalysis, together with plain radiog-
raphy or echography, is advisable. In young children affected
by MSK, careful examination is required to identify oncologic
complications such as Wilms’ tumor or another abdominal tu-
mor, and regular surveillance is warranted, especially if other
developmental abnormalities coexist.

Microscopic hematuria, often associated with aseptic leuko-
cyturia, is a frequent finding in patients with MSK with nephro-
calcinosis or nephrolithiasis and should not require unduly in-
vasive investigation. However, macroscopic hematuria should
be fully investigated before accepting MSK as the sole cause. As
an example, a bladder tumor was revealed by indolent macro-
scopic hematuria in one of our patients. This is especially true
in children or in patients with associated developmental abnor-
malities, in view of the frequent occurrence of renal tumors in
such a setting.

Any urinary tract infection should be actively treated until
eradication is achieved (180), particularly in the presence of
nephrocalcinosis or nephrolithiasis, and especially if a urease-
producing microorganism is involved, to avoid the possible
subsequent development of struvite calculi.

The main problems in patients with MSK arise from
nephrolithiasis. Both treatment of symptomatic stones and pro-
phylaxis of recurrent stone formation should be considered.
Obstruction of the renal pelvis or ureter should be treated as
in non-MSK calcium stone formers by means of extracorpo-

real shock-wave lithotripsy (ESWL), ureteroscopy, or percuta-
neous surgery. Several groups have reported satisfying results
with ESWL (306–309), whereas others reported disappointing
results, at least with precaliceal calcifications, because of im-
paired drainage of particles (310). Nakatsuka et al. successfully
used sequential percutaneous nephrolithotomy, kidney irriga-
tion with ethylenediaminetetraacetic acid by means of nephros-
tomy, and ESWL (311). In some cases with marked segmental
involvement, partial nephrectomy has been used to treat the
disorder (312). In other instances, unilateral nephrectomy may
be required for severe septic complications, as in one of our
patients, but this measure should be undertaken only in case
of absolute necessity.

Prophylaxis of stone formation is often difficult. The pri-
mary goal is to achieve a high diuresis, at least 2 L/day, to de-
crease the concentration of stone promoters, especially oxalate,
and to reduce urinary stasis in ectatic collecting tubules because
no treatment can modify the presence or extent of tubular ec-
tasia. Fluid intake should be taken in divided doses through-
out the day. Assessment of urine specific gravity in the first
voided morning urine is useful (compared with 24-hour urine)
to identify patients with persistently excessive concentration
during the night. Such patients should be advised to ingest a
large quantity of fluid at bedtime and eventually during the
night.

Hypercalciuria, when present, should be treated first by
moderation in animal protein and salt intake (313). If such
a measure, combined with active diuresis, does not suffice sig-
nificantly to lower the urine calcium concentration, long-term
therapy with a thiazide diuretic should be undertaken, regard-
less of whether hypercalciuria is of the absorptive or renal
phenotype (179). If thiazides induce hypokalemia or hypoci-
traturia, potassium citrate is a useful adjunct (314). Similarly,
potassium citrate should be used in preference to sodium or
potassium bicarbonate in patients with impaired acidification
and hypocitraturia (314).
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CHAPTER 18 ■ POLYCYSTIC KIDNEY
DISEASE
TEVFIK ECDER, GODELA M. FICK-BROSNAHAN, AND ROBERT W. SCHRIER

A cyst is a cavity lined by epithelium and filled with fluid. Re-
nal cysts may develop at any location along the renal tubule,
from the Bowman’s capsule to the collecting duct, by herita-
ble, developmental, or acquired processes. Single, or simple,
renal cysts are acquired, occur commonly in people older than
50 years of age, and are not associated with any disease. In
contrast, polycystic kidney diseases can be complicated by re-
nal failure or tumor development.

The heritable polycystic kidney diseases include both
autosomal-dominant and autosomal-recessive disorders. The
dominant disorders include three systemic diseases: autosomal-
dominant polycystic kidney disease (ADPKD), tuberous sclero-
sis complex (TSC), and von Hippel-Lindau disease (VHL). The
major recessive disorder is autosomal-recessive polycystic kid-
ney disease (ARPKD), which is rare. The term ADPKD is more
accurate than the older nomenclature of adult polycystic kidney
disease, because ADPKD can manifest in fetuses, newborns,
and young children (1–8). On the other hand, ARPKD can re-
main undiagnosed until young adulthood (9,10). ADPKD is
the most common of the heritable polycystic kidney diseases.
It is often evident on ultrasound imaging in children, becomes
symptomatic in young adulthood, and progresses to end-stage
renal failure over a period of decades in 50% to 75% of affected
people (11–13). By contrast, ARPKD is most often discovered
in the first year of life and terminates in end-stage renal disease
(ESRD) in childhood or young adulthood (14–17).

Among the acquired cystic diseases, the most common is
acquired cystic kidney disease (ACKD), which occurs in both
adults and children with chronic renal insufficiency or who are
undergoing dialysis (18–22). Its clinical significance lies in its
potential for malignant transformation.

AUTOSOMAL-DOMINANT
POLYCYSTIC KIDNEY DISEASE

Definition

Autosomal-dominant polycystic kidney disease is a systemic
hereditary disorder transmitted in an autosomal-dominant
manner. It is genetically heterogeneous; so far, two genes
have been identified (23–26). The systemic manifestations in-
clude cystic and noncystic renal and extrarenal abnormalities
(27–29). Renal cysts occur in 100% of gene carriers (Fig. 18-1).
The array of systemic manifestations is detailed in Table 18-1.

Epidemiology

Autosomal-dominant polycystic kidney disease is the most fre-
quent life-threatening hereditary disease, affecting between 1
in 400 and 1 in 1,000 individuals (30,31). It occurs worldwide
and in all races and ethnic groups (32–34). Overall, approxi-

mately 600,000 Americans have the disease, making ADPKD
one of the most common hereditary disorders in the United
States. ADPKD is an important cause of ESRD; it accounts for
approximately 4% of ESRD in the United States and 8% to
10% in Europe and Australia (34). In Japan, approximately
5% of patients with ESRD have ADPKD (35).

Genetics

Autosomal-dominant polycystic kidney disease is caused by
mutations in at least two different genes, the PKD1 and PKD2
genes. The resulting disease phenotypes are very similar, except
that ADPKD2 is a milder disease with an older age at diagnosis
and later onset of hypertension and renal failure (12,36–40).
The first gene, the PKD1 or polycystin-1 gene, was localized
to the short arm of chromosome 16 in 1985, when linkage to
the 3′ hypervariable region of the α-globin locus was discov-
ered (23). The gene was identified in 1994 by the molecular
analysis of a family that contained a child with both TSC and
ADPKD in addition to members with ADPKD alone (25). A
TSC gene, the TSC2 gene, is also localized on the short arm of
chromosome 16, distal to the PKD1 gene. The child with both
TSC and ADPKD had an unbalanced translocation between
chromosome 16 and 22, which disrupted the PKD1 gene and
caused the loss of the TSC2 gene, whereas the family members
with ADPKD alone had a balanced translocation that disrupted
only the PKD1 gene but preserved the TSC2 gene (Fig. 18-2).
These studies led to the identification of both PKD1 and TSC2
(25,41).

The PKD1 gene is a very large gene with 46 exons; it
stretches over 52 kilobases (kb) of genomic DNA and encodes a
14-kb messenger RNA (mRNA) transcript, which is translated
into 4,302 amino acids (25,42,43). The region of the gene ex-
tending from exon 1 to exon 33 is duplicated at six other sites
on chromosome 16p (44).

Genetic heterogeneity of ADPKD had first been described
in 1988, when a large family was reported whose disease was
not linked to the PKD1 locus (24). Further linkage analyses lo-
calized the second gene, the PKD2 or polycystin-2 gene, to the
long arm of chromosome 4 (45,46); positional cloning strate-
gies led to the identification of the gene in 1996 (26). It stretches
over approximately 68 kb of genomic DNA, contains 15 ex-
ons, and encodes an mRNA transcript of approximately 5.4 kb,
which translates into 968 amino acids. In contrast to PKD1,
the PKD2 gene has no unusual or complex features, and mu-
tation detection has been more straightforward. The mutation
detection rate is 70% to 90% for PKD2 (47–49), whereas it is
less than 60% for PKD1 (43,50).

For both ADPKD1 and ADPKD2, the mutations described
so far are scattered throughout the genes and are unique for
most families; only a very few mutations have been found in
more than one family. Most mutations in either gene are single
base changes or insertions or deletions of a small number of
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FIGURE 18-1. Gross appearance of polycystic kidneys from
adult patients. A: The surface is occupied by cysts of widely
differing sizes, the largest being 3 cm in diameter. Most cysts
are filled with clear fluid, and their walls are transparent. The
ureter is normal. B: Cut section of polycystic kidney. Cysts
are scattered throughout the cortex and medulla. The ureter is
normal; however, there is marked distortion of the renal pelvis
and calices by cysts. The largest cyst is 3.5 cm in diameter. C:
Appearance of a massively enlarged polycystic kidney before
nephrectomy. Forceps are directed to the lower edge of the
liver, which is filled with small cysts. (Courtesy of Drs. Arlo
Hermreck and F. E. Cuppage, University of Kansas Medical
Center, Kansas City, KS.)

TA B L E 1 8 - 1

RENAL AND EXTRARENAL MANIFESTATIONS OF
AUTOSOMAL-DOMINANT POLYCYSTIC KIDNEY
DISEASE

Manifestations Frequency

Renal
Cysts 100% after age 30 y
Nephromegaly 95% after age 30 y
Decreased concentrating

ability
All adults

Decreased citrate excretion 50% of adults with normal
renal function

Hypertension 65% to 80% of adults, 22%
to 34% of children

Extrarenal
Liver cysts 75% by age 60 y
Congenital hepatic fibrosis Rare
Pancreatic cysts 9% after age 30 y
Seminal vesicle and prostate

cysts
60% and 11% at mean age

40 y
Arachnoid cysts 5% to 8%
Mitral valve prolapse 25%
Left ventricular

hypertrophy
50% of hypertensive adults

without ESRD, up to 90%
at autopsy

Intracranial aneurysms 5% to 10%
Intracranial arterial

dolichoectasia
2% to 3%

Spontaneous vertebral or
coronary artery

Rare

dissection
Abdominal wall hernias 45% of patients with ESRD,

10% of children

ESRD, end-stage renal disease.

FIGURE 18-2. Pedigree of family 77, which led to the identification
of the tuberous sclerosis-2 (TSC-2) gene and the autosomal-dominant
polycystic kidney disease type 1 (ADPKD1) gene. Person 77-1 has a
normal genotype, but persons 77-2 and 77-3 have a balanced translo-
cation of parts of chromosome 22 to chromosome 16; this transloca-
tion disrupts the ADPKD1 gene. The TSC2 gene is preserved but lo-
cated on the shortened part of chromosome 22. Phenotypically, these
subjects have ADPKD. Person 77-4 has an unbalanced translocation
that results in loss of the TSC2 gene from one allele of chromo-
some 16 (and loss of part of chromosome 22). Clinically, this per-
son has tuberous sclerosis and a small number of bilateral renal cysts
(at age 13 years). (Adapted from: The European Polycystic Kidney
Disease Consortium. The polycystic kidney disease 1 gene encodes a
14 kb transcript and lies within a duplicated region on chromosome
16. Cell 1994;77:881, with permission.)
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base pairs, resulting in truncated proteins and loss of function
(44). Patients with mutations in the 5′ region have significantly
more severe disease than the 3′ group (51). Similarly, 5′ mu-
tations are more commonly associated with vascular disease,
such as ruptured intracranial aneurysm (52).

As mentioned previously, disease caused by PKD2 muta-
tions is in general milder than disease caused by PKD1 muta-
tions, with an older age at diagnosis and later onset of hyper-
tension and renal failure. In the reported ADPKD2 families to
date, onset of end stage renal failure occurred at a mean age
of 70 to 73 years, whereas in ADPKD1 families, the mean age
at onset of ESRD is 53 to 56 years (12,13,37,39,40). Approxi-
mately 85% of white families are linked to the ADPKD1 gene
and 10% to 15% to the ADPKD2 gene (46,53). A few families
have been described whose disease is not linked to either PKD1
or PKD2 (54–58). Therefore, a third (or possibly more) gene
locus may cause ADPKD. However, the existence of a third
locus has been challenged (59). For example, a large Canadian
family had been described to show no linkage to either PKD1
or PKD2; however, bilineal transmission was then identified in
that family, with one branch of the family linked to the PKD1
gene and the other to the PKD2 gene (54,60).

Gene linkage analysis can be used to detect the PKD gene
carriers. Gene linkage analysis relies on the fact that DNA
markers located around the disease gene are usually inherited
together with the disease gene. Certain criteria must be met
for this technique to be useful. First, there must be a sufficient
number of affected family members to permit identification of
the markers that are associated with the ADPKD gene in that
particular family. These markers are different in each family.
The affected and unaffected parent must carry different marker
types; with highly polymorphic probes (many different forms)
and different marker probes, this is rarely a limitation. Mark-
ers on both sides of the PKD1 and PKD2 genes are tested
for linkage in a given family to establish whether that family
carries the PKD1 or PKD2 gene. When this is accomplished,
diagnostic testing can be performed for a person who wishes
to know his or her status. If that individual carries the same
marker haplotype as other affected family members, he or she
is affected with 99% probability. The gene linkage technique
is detailed in Figure 18-3. In that figure, the two marker types
segregating with ADPKD are A and 2. Because the patient in
question has these types, he has a greater than 99% probability
of carrying the ADPKD gene. This test cannot predict ADPKD
with 100% accuracy because a marker very close to the gene
is still set apart by some distance and therefore can be sepa-
rated from the ADPKD gene during meiosis (crossover). This
is demonstrated by the proband’s brother, who had ADPKD
but inherited the B rather than the A type. Gene linkage analy-
sis is performed by commercial DNA diagnostics laboratories.
Important applications are for subjects who wish to know their
status before donating a kidney, for family planning decisions,
and for prenatal diagnosis. Recently, a direct DNA molecular
testing using denaturing high-performance liquid chromatog-
raphy (DHPLC) method has been developed.

Pathogenesis

The protein products of the PKD1 and PKD2 genes are called
polycystin-1 and polycystin-2. Polycystin-1 is a membrane-
associated glycoprotein with a large extracellular domain of
approximately 3,000 amino acids, with 11 transmembrane
domains and a short cytoplasmic tail of approximately 200
amino acids (42,43). The extracellular domain contains several
motifs known to be involved in protein–protein or protein–
carbohydrate interactions; therefore, polycystin-1 is believed
to function as a cell membrane receptor mediating cell–cell or

FIGURE 18-3. Linkage data for proband and parents, siblings, and
children from a hypothetical family with autosomal-dominant polycys-
tic kidney disease (ADPKD) are demonstrated. Because the unaffected
father, who is still living, has one chromosome carrying type C3 and
one carrying D4, it can be deduced that the mother’s types were B1
and A2. The ADPKD gene appears to be segregating with A2 because
three of the affected offspring have that type and the tested unaffected
sibling has B1. With this, it can be predicted that the proband’s daugh-
ter, who has inherited her C3, has a greater than 99% chance of being
unaffected, and the proband’s son has a 99% chance of carrying the
ADPKD gene because he inherited A2 from her. The affected brother
of the proband represents a crossover for the ABCD probe. He has
ADPKD but has inherited the B, not the A, allele. However, because
the 1234 probe is on the other side of the gene, there is no crossover
with this marker. �, normal male; •, affected female; φ, deceased ↓,
proband.

cell–matrix interactions. The intracellular tail interacts with the
C-terminal cytoplasmic tail of polycystin-2 (61,62) (Fig. 18-4).

Polycystin-2 is an integral membrane glycoprotein with six
transmembrane domains and two intracellular tails. There is
evidence that polycystin-2 may be localized in the membranes
of the endoplasmic reticulum (63), as well as evidence that it is
localized in the cell membrane (26,64). Polycystin-2 has signif-
icant homology with the transmembrane regions of polycystin-
1, but also with α1 subunits of voltage-gated calcium channels
and with transient receptor potential (trp) calcium entry chan-
nels (26,65,66). These similarities suggest the hypothesis that
polycystin-2 functions as an ion channel, possibly regulating
calcium flux. Both polycystin-1 and polycystin-2 contain sev-
eral phosphorylation sites.

The polycystins are expressed in a wide variety of tissues
and cell types. Their predominant expression is in epithelial
cells of renal tubules and of pancreatic and biliary ducts, but
they have also been found in endothelial, neuronal, myocar-
dial, and smooth muscle cells of cardiac valves and large elastic
arteries (67–73), which is consistent with the systemic nature
of ADPKD. In normal adult kidneys, polycystin-1 is predom-
inantly localized to the lateral aspect of the basolateral cell
membrane of collecting ducts, whereas polycystin-2 is local-
ized to the entire basolateral membrane of the thick ascend-
ing limb of Henle and the distal convoluted tubule (64). The
renal expression of the polycystins is developmentally regu-
lated. Whereas polycystin-1 is expressed at a higher level in
the normal human fetal than the adult kidney, polycystin-2 ex-
pression is maximal in the mature kidney (64,72–74). In gen-
eral, cyst lining epithelia from patients with ADPKD, obtained
during nephrectomy or at autopsy, display strong staining for
polycystin-1 and polycystin-2 by immunohistochemistry, al-
though a few cysts do not stain positively for these proteins
(64,67–69,75).

Microdissection studies have shown that only a fraction of
nephrons (estimated 1% to 2%) becomes cystic (76). To ex-
plain the focal nature of the renal and extrarenal manifestations
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FIGURE 18-4. The predicted structures of polycystin-1 (protein prod-
uct of the PKD1 gene) and polycystin-2 (protein product of the PKD2
gene), and their interaction. Both proteins are transmembrane pro-
teins and interact through their cytoplasmic tails. Polycystin-1 has a
long extracellular domain of more than 3,000 amino acids, which is
composed of a novel combination of protein domains (shown schemat-
ically in the inset) that are involved in cell–cell and cell–matrix interac-
tions. Polycystin-1 is predicted to contain 11 transmembrane domains,
whereas polycystin-2 has 6 transmembrane domains and 2 intracellular
tails. Polycystin-2 has homology to calcium channels, and its carboxy
terminus has an EF-hand domain that may bind calcium and serve in a
regulatory capacity. The current concept is that polycystin-1 functions
as a receptor linking the extracellular matrix to intracellular signaling
pathways, some of which may involve ion channel activity mediated
by polycystin-2. (Adapted from: Watnick T, Germino GG. Molecular
basis of autosomal dominant polycystic kidney disease. Semin Nephrol
1999;19:327, with permission.)

of ADPKD, the “two-hit” hypothesis has been advanced, which
implies that the germline mutation alone is not sufficient to
initiate cyst formation, but that a “second hit” is necessary
to inactivate the second PKD allele. This model is supported
by the demonstration of loss of heterozygosity and of somatic
mutations found in 20% to 30% of renal and liver cysts from
patients with PKD1 or PKD2 mutations (77–83).

Although the exact function of the polycystins is unknown,
polycystin-1 appears to be a cell membrane receptor and
polycystin-2 an ion channel. There is evidence that both poly-
cystins are part of a multiprotein complex linking the extra-
cellular matrix with cytoplasmic signaling proteins and the
cytoskeleton. Polycystin-1 colocalizes and interacts with the
cell adhesion molecules E-cadherin and α2β1-integrin (84,85).
E-cadherin is linked to the actin cytoskeleton by cytoplasmic
polypeptides, the catenins. The E-cadherin–catenin complexes
are part of intercellular adherens junctions, whose proper func-
tion is required for regulation of cell proliferation and po-
larization. Intracellular signaling pathways may involve sev-
eral protein kinases that regulate nuclear transcription factors.

In vitro assays have shown stimulation of the transcription
factor AP-1 (activation protein-1) by the cytoplasmic tails of
either polycystin-1 or polycystin-2, with a dramatically aug-
mented effect when both polycystins were expressed together
in a cell culture system (86,87). AP-1 regulates several cellular
programs, including proliferation, differentiation, and apopto-
sis. Disruption of these signaling pathways by mutated poly-
cystin proteins may lead to abnormal polarization and pro-
liferation of ADPKD epithelial cells. Cystic epithelia display
an immature phenotype, characterized by hyperproliferation,
increased apoptosis, abnormal fluid secretion, and produc-
tion of an altered extracellular matrix (88–90). The follow-
ing observations support the pathogenetic roles of these three
factors.

Abnormal Cell Proliferation and Apoptosis

The balance between cellular proliferation and apoptosis is
disturbed in polycystic kidneys (91,92). Microdissection stud-
ies have shown that cysts arise as local outpouchings of renal
tubules, which enlarge and, when greater than 2 mm in di-
ameter, separate from the tubule (76). Increased cell numbers
are necessary to form the epithelial lining of expanding cysts.
Therefore, increased epithelial cell proliferation is a prerequi-
site for cyst formation and expansion; moreover, hyperplastic
polyps and microadenomas in cyst walls are a frequent find-
ing (91% and 24%, respectively) in human nephrectomy or
autopsy specimens from patients with early and late stages of
ADPKD (93). Epithelial cells from human ADPKD kidneys in
culture have demonstrated an exaggerated growth potential
(94–96), and the protooncogenes c-myc, c-fos, c-jun, and c-ras
are overexpressed in these kidneys as well as in animal models
of polycystic kidney diseases (97,98).

In human ADPKD and in animal models, the cyst lining
cells produce increased amounts of growth factors (99–101).
Human renal cyst fluid contains biologically relevant concen-
trations of epidermal growth factor (EGF) (102–104), hepa-
tocyte growth factor (105), and endothelin (103,106), which
also has growth-promoting properties. Moreover, EGF recep-
tor mRNA and protein are overexpressed and mislocalized to
the apical membrane in human renal cystic epithelia (ADPKD
and ARPKD) (102,107), suggesting autocrine amplification of
cell proliferation.

Increased levels of apoptosis are observed in human ADPKD
(108) and experimental models of polycystic kidney disease
(109–113). Apoptosis was also detected in noncystic tubules in
pre-uremic human polycystic kidneys, suggesting that it may
lead to the progressive loss of normal nephrons in ADPKD
(108).

Abnormal Fluid Secretion

Cellular proliferation alone leads to solid tumors, but renal
cysts are composed primarily of fluid. In the early stages of
cystogenesis, the tubular outpouchings fill with glomerular fil-
trate, but after separation of the cyst from the parent tubule,
the cyst fluid derives exclusively from transepithelial secretion
of solutes and water (76,114). In intact isolated cysts in vitro
and in monolayer cultures of human kidney cortex cells, fluid
secretion can be induced by native cyst fluid or by cyclic adeno-
sine monophosphate (cAMP) agonists (114–116), suggesting
that cyst fluid contains autocrine or paracrine substances that
promote fluid secretion through cAMP production. A nonpo-
lar lipid has been isolated from human cyst fluid, which po-
tently stimulates fluid secretion by renal epithelial cells in vitro;
this lipid is called cyst-activating factor (117). The cellular
transport mechanisms involve active apical chloride secretion
through the cystic fibrosis transmembrane conductance regula-
tor (CFTCR)(118,119) and basolateral chloride entry through
the Na-K-2Cl-cotransporter, which is inhibited by bumetanide,
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FIGURE 18-5. Model of chloride and fluid secretion by secretory
epithelia, including autosomal-dominant polycystic kidney disease
(ADPKD) cysts. Required basolateral transporters are the Na-K-
ATPase, which establishes the chemical gradient for Na, a potassium
channel that allows K to cycle back out of the cell, and the Na-K-2CI-
cotransporter, which is driven by the high extracellular-to-intracellular
Na gradient. An apical chloride channel provides the pathway for CI
efflux into the cyst lumen. In ADPKD cyst epithelia, as well as in some
other secretory epithelia, the CI channel is the cystic fibrosis transmem-
brance conductance regulator (CFTR). Chloride secretion creates cyst
lumen negativity with consequent Na flux through paracellular path-
ways into the lumen; water follows by osmotic forces. The CFTR can
be activated by the second messenger cyclic adenosine monophosphate
(cAMP). (Adapted from: Sullivan LP, Wallace DP, Grantham JJ. Chlo-
ride and fluid secretion in polycystic kidney disease. J Am Soc Nephrol
1998;9:903, with permission.)

similar to airway secretory epithelia (120,121) (Fig. 18-5).
Other, newly identified chloride channels or additional anion
transporters as well as additional basolateral transporters likely
also play a role in transepithelial fluid secretion in ADPKD.

Abnormal Extracellular Matrix Metabolism

Electron micrographs reveal a thickened or laminated tubular
basement membrane surrounding most cysts (122) (Fig. 18-6).
This morphologic finding and the other manifestations of ex-
tracellular matrix abnormalities such as mitral valve prolapse,
abdominal wall hernias, and cerebral artery aneurysms have
suggested an important role of the extracellular matrix in
cystogenesis (89,123,124). Abnormalities in the synthesis and
metabolism of basement membrane components, particularly
increases in laminin, fibronectin, and collagen type IV and de-
creases in proteoglycans, have been identified in animal mod-
els and in cell cultures from human polycystic kidneys (98,
124–126). These alterations disrupt the normal cross talk be-
tween epithelia and their underlying basement membrane and
thus lead to dysregulation of cell division, cell differentiation,
and polarity.

In addition to these basement membrane abnormalities, the
renal interstitium is affected as well, particularly as the dis-
ease progresses. In animal models and in nephrectomy or au-
topsy specimens from patients with ADPKD, interstitial in-
flammatory infiltrates and marked interstitial fibrosis are seen
(127,128). Activated fibroblasts and inflammatory cytokines
appear to play a role. Fibroblasts from ADPKD kidneys in
vitro secrete increased amounts of acidic fibroblast growth fac-
tor and show a hyperproliferative response to it, suggesting

an autocrine stimulatory loop (129). Inflammatory cytokines
are present in cyst fluid (130). In addition, a nonpolar lipid
fraction from human cyst fluid also possesses chemoattractant
activity (131). In animal models, inflammatory and fibrogenic
cytokines such as monocyte chemoattractant protein-1, osteo-
pontin, and transforming growth factor-β are upregulated in
the kidneys (97,132). The interstitial scarring that follows in-
terstitial inflammation is thought to be a leading cause of renal
dysfunction in ADPKD (97,132).

Recently, polycystin-1 and polycystin-2 have also been lo-
calized in the primary cilia of renal epithelial cells (133,134).
This finding suggests that polycystins might have important
functions in primary renal cilia. Primary cilia function as
mechanoreceptors where a calcium current is created by bend-
ing the cilium by luminal flow (135). The polycystins in the
primary cilia can act as mechanosensors receiving signals from
the tubule lumen and transducing them into cellular responses
that regulate proliferation, apoptosis, adhesion, and differen-
tiation (91,135).

Pathology

Because of the growth of hundreds of cysts, the kidneys in poly-
cystic disease gradually enlarge and can attain an enormous
size. Kidneys measuring 40 × 25 × 20 cm and weighing 7 to
8 kg have been reported. Usually these greatly enlarged kid-
neys are seen in patients with ESRD undergoing nephrectomy,
or on autopsy. These end-stage kidneys contain hundreds of
fluid-filled cysts of widely differing sizes (Fig. 18-1). The cyst
fluid may be clear or cloudy, watery, or have the consistency
of chocolate syrup. The color of the fluid can be magenta, due
to degraded blood from previous cyst hemorrhage, or various
shades of yellow. The cyst walls can be thin and transparent,
but calcification of cyst walls is also common (136). The renal
capsule may be thickened around infected cysts, and the kid-
ney may be attached to adjacent abdominal organs such as the
spleen and the adrenal glands by fibrous tissue.

Cut sections demonstrate cysts throughout the renal
parenchyma (Fig. 18-1). Islands of normal-appearing renal
parenchyma can usually be found only in kidneys from young,
nonazotemic patients (Fig. 18-7). The cysts vary in size from
3 mm to 10 cm or more in diameter. The larger cysts can contain
>300 mL of fluid. Cysts in ADPKD arise from all segments of
the nephron, and some cysts (∼11%) retain the morphologic
characteristics of proximal or distal tubules or of collecting
ducts (Fig. 18-8A). However, most (84%) are lined by a single
layer of poorly differentiated columnar or cuboidal epithelium
(76,122) (Fig. 18-6). Approximately 5% of cysts are lined by
a markedly hyperplastic epithelium, forming polyps and mi-
croadenomas (76,93) (Fig. 18-8B). This hyperproliferative ep-
ithelium typically has no signs of dysplasia or premalignant
features. The cysts are surrounded by a fibrous stroma, which
may contain bundles of smooth muscle-like cells, likely trans-
formed myofibroblasts. Inflammatory interstitial infiltrates are
seen, and in advanced cases, the renal interstitium is replaced
by fibrosis. Marked arteriosclerosis and arteriolosclerosis are
found in nephrectomy specimens, evidence that ischemic injury
and damage from hypertension contribute to tubular atrophy
and glomerulosclerosis (127).

As noted previously, microdissection studies of human kid-
neys suggest that only 1% to 2% of nephrons are cystic (76)
(Fig. 18-7). These studies also have shown that cysts begin as
focal dilatations of tubular segments (137). When these dilata-
tions exceed approximately 2 mm in diameter, they frequently
disconnect from the parent tubule; at least 73% of the cysts
have no tubular openings when evaluated by scanning elec-
tron microscopy (76). The cyst lining epithelial cells are joined
together by junctional complexes like those seen in normal
proximal tubules or by tight junctions typical of distal renal
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FIGURE 18-6. A: Electron micrograph of normal human proximal tubule. The basement membrane
(BM) is uniform and thin. The usual numbers of microvilli (MV), mitochondria (M), vesicles (V), and
intracellular spaces (ICS) are present (magnification ×8,000). B, C: Electron micrographs of cyst walls
from adult patients with polycystic renal disease. The basement membrane (BM) is laminated, thickened,
and irregular. Collagen fibrils (arrow) extend into the membrane. The epithelial lining cells contain few
organelles. The intercellular spaces (ICS) are widened. Dense cytosomes (C) are present in some cells.
N, nucleus; L, lumen. (Uranyl acetate and lead citrate; magnification ×11,000.) (Courtesy of Dr. F. E.
Cuppage, Kansas University Medical Center, Kansas City, KS.)

epithelium (122) (Fig. 18-6). Only a few microvilli are seen on
the luminal surface and a few mitochondria in the cytoplasm.
Some cells have prominent cilia, and different types of cells are
found in some cysts (Fig. 18-8A). Occasional infoldings of the
plasma membranes may be found on the basal surface. The
basement membrane of most cysts is strikingly abnormal (Fig.
18-6). There is pronounced splitting, duplication, thickening,
and lamination of the basal lamina.

The osmolality of cyst fluids is similar to that of plasma,
but sodium and nonsodium osmolyte concentrations vary sig-
nificantly between cysts (90,138,139). Sodium concentrations
can vary between 3 and 207 mEq/L, but often are either less
than 60 mEq/L or more than 75 mEq/L (138). Therefore, a dis-
tinction was made between low-sodium and high-sodium cysts.
The high-sodium cysts have sodium concentrations similar to
plasma and therefore are also called nongradient cysts, whereas

the low-sodium cysts are gradient cysts, because they are able
to maintain steep concentration gradients not only for sodium
but for protons, potassium, chloride, phosphates, and other
ions (140). Morphologically, the gradient cysts have long tight
junctions (zonulae occludens depth >500 μm), making them
impermeable to ions, whereas the nongradient cysts have short
tight junctions (<500 μm), making them leaky for solutes and
water (138). These characteristics suggested that gradient cysts
were derived from collecting ducts and nongradient cysts from
proximal tubules. However, most nongradient cysts are lined
by a poorly differentiated epithelium with few microvilli and
few mitochondria, which does not resemble proximal tubular
epithelium (138).

More-recent studies have assessed the distribution of
aquaporin-1 and -2 in ADPKD cysts. In normal kidneys,
aquaporin-1 is expressed in proximal tubules and thin
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FIGURE 18-6. (Continued)

descending limbs of Henle’s loop, whereas aquaporin-2 is
expressed on the apical surfaces of collecting duct epithelia. In
ADPKD kidneys, approximately 30% of cysts stain positive for
aquaporin-1, another 30% are positive for aquaporin-2, and
the rest are negative for both aquaporin-1 and -2 (141,142).
The aquaporin-1–positive cysts presumably are derived from
proximal tubules or thin descending limbs, the aquaporin-2–
positive cysts from collecting ducts, and the negative cysts from
nephron segments that do not express these water channels
(i.e., ascending limb of Henle’s loop and distal convoluted
tubules). These results also imply that expression of water
channels is not a prerequisite for cyst expansion. Moreover,
the aquaporins appear to retain their segment-specific expres-
sion in ADPKD even though the morphologic characteristics
of proximal and distal tubules are lost.

In addition to electrolytes and water, cyst fluids also con-
tain amino acids, glucose, urea, idiogenic osmoles such as
sorbitol, betaine, and glycerophosphorylcholine, and proteins,
such as β2-microglobulin, erythropoietin, renin, and albumin
(139,140). Cytokines, specifically interleukin-1β, interleukin-
2, and tumor necrosis factor-α, growth factors (EGF, hepato-
cyte growth factor, endothelins), and cyst activating factor, a

nonpolar lipid, are present in cyst fluids as well and likely play a
significant role in the pathophysiology of ADPKD (see earlier)
(100,103–105,117,130).

Therefore, the cysts of polycystic kidneys are not simply im-
permeable cul-de-sacs that collect and store urine from more
proximal nephron segments. They are complex structures that
proliferate and undergo apoptosis, that synthesize or transport
various proteins, hormones, and cytokines, and that actively
secrete chloride and water. Under certain conditions, they also
may be able to absorb solutes and water (90). Most cysts are
permeable to small solutes, but some are highly impermeable.
Although most cysts are lined by morphologically undifferen-
tiated epithelium, the differential expression of water channels
is maintained.

Diagnosis

History, physical examination, and laboratory findings are nei-
ther sensitive nor specific for ADPKD. Therefore, the diagnosis
is usually made by renal imaging in combination with the fam-
ily history, or by gene linkage analysis if at least two affected
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FIGURE 18-6. (Continued)

family members in addition to the proband are available for
testing (Fig. 18-3). However, because gene linkage analysis is
cumbersome and expensive, it is used only if imaging studies
are not informative and there is a need to know the diagnosis.

In clinical practice, ultrasound imaging is the primary tool
for diagnosis. Ultrasound is sensitive, noninvasive, does not ex-
pose to ionizing radiation or contrast material, and is relatively
inexpensive. It can be safely performed in children and preg-
nant women. Unlike gene linkage analysis, ultrasound imag-
ing also gives information about the structural severity and in-
volvement of other organs. Typical ultrasonographic findings
are enlarged kidneys with multiple, often innumerable, bilat-
eral cysts diffusely scattered throughout the parenchyma (143)
(Fig. 18-9). If these findings are present in a patient with a
family history of ADPKD, the diagnosis is certain.

The diagnosis can be more difficult to establish if only a few
cysts are found in normal-sized kidneys or if there is no fam-
ily history. The first problem can arise when an asymptomatic,
young member from an ADPKD family wants to know whether
he or she (or his or her child) is affected. Because renal cysts
in ADPKD develop and enlarge with age, young family mem-
bers may have only one or a few cysts in otherwise normal-

appearing kidneys. Simple renal cysts are rare in children, but
relatively common in the general population, particularly over
the age of 50 years. One study examined the prevalence of
simple kidney cysts in the general population by performing
ultrasound imaging in older subjects with normal renal func-
tion and without renal-related symptoms (144). Simple cysts
were seen in 11.5% of subjects 50 to 70 years of age and in
22.1% of those older than 70 years. Bilateral cysts are less com-
mon in the general population, occurring in approximately 9%
of people older than 70 years of age (144). Simple renal cysts
are very rare in children; only 0.1% of children younger than
16 years of age have simple renal cysts (145).

Based on the prevalence of simple renal cysts in the general
population and on comparison of ultrasound results with gene
linkage data (ADPKD1), specific age-dependent criteria have
been developed to diagnose ADPKD (137). These criteria have
been established for subjects with a family history of ADPKD,
for ultrasound imaging as opposed to other imaging methods,
and for subjects with ADPKD1 (85% to 90% of ADPKD fam-
ilies). The diagnostic criteria are the following: for someone
younger than 30 years of age, at least two renal cysts (unilat-
eral or bilateral) are required to make the diagnosis of ADPKD;
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FIGURE 18-7. Scanning electron micrograph of renal cortex from a
young, nonazotemic woman with autosomal-dominant polycystic kid-
ney disease. A cyst (500 μm in diameter) is shown surrounded by a
large field of normal parenchyma.

for someone 30 to 59 years of age, at least two cysts in each
kidney are required; and for someone 60 years of age or older,
at least four cysts in each kidney are required to make a diag-
nosis of ADPKD (146). For a child younger than 18 years of
age, any renal cyst is highly suspect for the disease (147,148).
Therefore, if a child from an ADPKD family has one renal cyst,
we advise the family that the child likely has ADPKD, but that
a follow-up ultrasound examination at an older age is required
before definitely labeling the child as affected.

For ruling out the diagnosis of ADPKD in a person at risk,
the age at which 100% of gene carriers have detectable cysts
needs to be known. Several studies have compared ultrasound
results with gene linkage data in ADPKD1 families and have
not observed a false-negative ultrasound after age 30 years
(12,39,146,149). Therefore, if a subject from an ADPKD1
family has a negative ultrasound after 30 years of age, he
or she can be reassured as not being affected. Similarly, two
studies performed in ADPKD2 families reported that all gene
linkage–positive subjects aged 30 years or older had ultrasono-
graphically detectable cysts (150,151). However, the first study
included only 19 subjects older than 30 years from 5 families,
whereas the second examined 94 subjects older than 30 years of
age from 3 ADPKD2 families. It is likely that some ADPKD2
families with mild manifestations remain undiagnosed. In these
families, the age at first manifestation of cysts could be later.
Because these subjects are rare and are expected to have very
mild disease, a negative ultrasound after 30 years of age is re-
assuring and usually indicates absence of ADPKD.

For subjects younger than 30 years of age from ADPKD
families, a negative ultrasound does not rule out the disease.
This is important if a person with a negative ultrasound who
is younger than 30 years of age considers kidney donation for
a family member with ESRD. In this situation, a computed to-
mography (CT) scan with administration of intravenous con-

trast material, or magnetic resonance imaging (MRI) should
be performed. Both methods, particularly MRI, are more sen-
sitive than ultrasound in the detection of cysts (152,153)
(Fig. 18-10). If the CT scan or the MRI shows at least two
renal cysts, the subject probably has ADPKD.

Another clinical scenario in which a diagnosis of ADPKD
is in question is when renal cysts are found incidentally on
abdominal imaging in patients without a family history of
ADPKD. Then, the most useful diagnostic test is ultrasound
imaging of both parents because many subjects with ADPKD
are only mildly affected and clinically asymptomatic. If parents
are not available, other family members should be imaged. If
no family member has the disease and the proband has multiple
bilateral cysts scattered throughout normal-sized or enlarged
kidneys, the proband likely has a new mutation for ADPKD.
If the proband has only a few cysts, follow-up imaging should
be performed before confirming the diagnosis. ADPKD is a
progressive disease; therefore, follow-up imaging should reveal
more or larger cysts.

As stated, ultrasound is the preferred imaging method for
the diagnosis of renal cysts. However, in patients with a sus-
pected renal complication of ADPKD, CT scanning with in-
travenous contrast or MRI are indicated. This includes pa-
tients presenting with acute flank or abdominal pain or with
persistent infection. In these situations, CT scanning is more
sensitive than ultrasound in identifying intracystic or per-
inephric hemorrhage, stones, obstruction, cyst infection, or per-
inephric abscess. CT or MRI is also necessary when cysts show
atypical features on ultrasound such as a thickened wall or in-
homogeneous lumen, to exclude carcinoma (152–154). Renal
arteriography occasionally may be helpful when renal carci-
noma or a vascular malformation is suspected, but it has no
role in the primary diagnosis of ADPKD.

Magnetic resonance imaging has been used to diagnose re-
nal cystic disorders. It is particularly useful for the evaluation
of complex cystic lesions and when malignancy is suspected
(153,154). Because ultrasound imaging is not very accurate
in measuring renal volume, particularly with large kidneys and
multiple cysts, MRI is being evaluated as a more reliable tool to
determine renal volume (155). In contrast to ultrasound, MRI
can detect remaining normal parenchyma between cysts even
in advanced cases. Therefore, measuring cyst and parenchyma
volume may be useful to assess disease progression before
glomerular filtration rate (GFR) declines. This is important if
interventions are to be studied at an early stage of ADPKD.

Differentiation of ADPKD from other cystic diseases is occa-
sionally necessary, particularly when there is no family history
of ADPKD or when there are unusual features in the patient’s
presentation (156). For instance, if renal carcinoma occurs in a
young patient or in multiple members of a presumed ADPKD
family, VHL disease should be suspected because renal cancer
is not part of the spectrum of ADPKD manifestations. There
are several case reports in the literature describing VHL dis-
ease masquerading as ADPKD and being correctly diagnosed
only after the occurrence of cancer or hemangioblastoma in the
same patient or in the family (157–159). Another autosomal-
dominant disorder that can mimic ADPKD in both children
and adults is TSC (160,161). VHL disease and TSC are de-
scribed in more detail later. Usually, the associated extrarenal
features point to the correct diagnosis (Table 18-2), but they
may be absent in some cases.

In children, it is sometimes difficult to differentiate ADPKD
from ARPKD, particularly if there is no family history and the
child is severely affected, with enlarged kidneys and hyperten-
sion at a young age. This presentation is typical for ARPKD,
but can also occur in ADPKD (7,17, 162–164). The most useful
test in this situation is ultrasound imaging of both parents. Of-
ten one of the parents is found to have asymptomatic ADPKD
(6,7,162,165–167). If both parents’ ultrasound studies are
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A

B

FIGURE 18-8. Scanning electron micrographs of cysts in kidneys of patients with autosomal-dominant
polycystic kidney disease. A: Apical surface of collecting duct cyst showing two distinct cell types. Note that
cell borders are accentuated by microvilli and that most cells have a single cilium (magnification ×1,800).
B: Apical surface of cyst of unknown tubular origin. Pronounced epithelial hyperplasia gives a cordlike
appearance (magnification ×945).

negative, the child may have a new mutation for ADPKD or
may have ARPKD. New mutations are estimated to occur in
up to 10% of ADPKD cases (28). To differentiate between
ARPKD and ADPKD, a liver biopsy may be considered be-
cause congenital hepatic fibrosis is invariably associated with
ARPKD but only rarely with ADPKD (see later). A renal biopsy
is also useful because the histologic features of ARPKD are dis-
tinctly different from those of ADPKD (Table 18-2). Sometimes
it is not possible to make a diagnosis unequivocally in an in-

fant (163,164,167); in these cases, the course of the disease
often allows a differentiation. Progression to ESRD is faster in
the more severely affected children with ARPKD, and signs of
liver disease often appear as the child with ARPKD becomes
older. ESRD and liver disease are very rare in children with
ADPKD.

Medullary cystic disease is another cystic disorder that may
occur in children and adults. It has an autosomal dominant in-
heritence. In contrast to ADPKD, the affected individuals have
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A

B

FIGURE 18-9. Renal ultrasonography of two patients with polycystic kidney disease. A: Longitudinal
ultrasound scan of the left kidney in a 13-year-old boy. The kidney is of normal size, with two cysts (C)
measuring approximately 1.5 cm, and several small cysts. B: Longitudinal ultrasound scan of the left
kidney in a 63-year-old man with advanced autosomal-dominant polycystic kidney disease. The kidney is
grossly enlarged, measuring 16 cm, and is essentially replaced by cysts.

normal- to small-sized kidneys. The cysts may be found only at
the corticomedullary junction (see Chapter 17). Differentiation
from ADPKD is usually straightforward.

Multicystic dysplastic kidney is a developmental disorder
of the fetal kidney and is frequently detected by prenatal ul-
trasonography or as a palpable flank mass in the neonate. It is
most often unilateral or may involve only one pole of a kid-
ney, and is frequently associated with ureteropelvic junctional
or lower urinary tract obstruction. Contralateral urinary tract
anomalies may also be present. Histologically, multicystic renal

dysplasia is characterized by the absence of normal nephrons
and presence of nonrenal tissue such as cartilage or fat, primi-
tive ducts, and cystic spaces (see Chapter 21). The rare familial
types of renal dysplasia are part of malformation syndromes
that are associated with abnormalities of the liver, bones, and
brain.

Acquired cystic kidney disease occurs in adults and children
with chronic renal failure of any etiology (see later). There-
fore, the kidneys are usually small, whereas ADPKD kidneys
are always enlarged by the time renal insufficiency develops.
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A B

FIGURE 18-10. Computed tomography scans of a nonazotemic patient with autosomal-dominant poly-
cystic kidney disease. A: Without contrast. Note the bilateral enlargement of the kidneys and the large
cyst in the central portion of the left kidney. B: After intravenous infusion of iodinated contrast. Noncystic
parenchyma is brightly stained, giving a more distinct view of the individual cysts.

However, a few cases of ACKD have been reported in the
literature, in which previously small or normal-sized kidneys
enlarged during long-term hemodialysis or peritoneal dialysis
therapy so that they resembled ADPKD kidneys (168,169). In
these rare cases, the patient’s history, the absence of any ex-
trarenal features of ADPKD, and the negative family history
serve to differentiate ACKD from ADPKD (Table 18-2).

Clinical Features of Autosomal-Dominant
Polycystic Kidney Disease

Multiple renal cysts and progressive renal enlargement are the
main clinical features present in 100% of gene carriers after
30 years of age. Extrarenal manifestations occur with vari-
able frequency and in various combinations (Table 18-1) in
both ADPKD1 and ADPKD2. As mentioned earlier, the poly-
cystin proteins are expressed in virtually all tissues. Why only
the renal phenotype is expressed in 100% of mutation carri-
ers is unknown. The molecular basis for this variability could
relate to the frequency with which “second hits” occur in dif-
ferent tissues or cells of an individual. The renal disease course
is variable as well. This is in part due to genetic heterogene-
ity. As stated previously, the mean age at onset of ESRD is
53 to 56 years in ADPKD1 families, but 70 to 73 years in
ADPKD2 families (12,36–40). However, even in ADPKD1
families, marked variability of the disease course is observed.
Some subjects may remain asymptomatic until old age, oth-
ers enter ESRD in middle age, and a child of the same family
may present with enlarged kidneys and hypertension at birth
(7,170).

Renal Cyst Development in Children with
Autosomal-Dominant Polycystic Kidney Disease

Although ADPKD is thought of as a disease of adults, renal
cysts are present and enlarge in childhood. Research studies
on a large number of at-risk children from ADPKD-1 fami-
lies have shown that renal cysts can be seen on ultrasound in

approximately 60% of affected children younger than 5 years
of age and in 75% of children between 5 and 18 years of age
(148,149). Similarly, a study from Spain revealed an ultrasound
sensitivity of 95% for ADPKD-1 subjects younger than age 30
years—that is, 80 of 84 children and young adults diagnosed
as affected by gene linkage analysis had at least 2 cysts on ul-
trasound (150). Although some children have only one or two
renal cysts, many have numerous bilateral cysts. For example,
of 185 affected children studied at the University of Colorado,
154 had multiple cysts at a mean age of 9.3 ± 0.4 years (171).
That study did not select for symptomatic or severely affected
children, but all children of participating ADPKD families were
examined by ultrasound and gene linkage analysis. Twelve chil-
dren in that study had a single cyst at their first visit at a mean
age of 7.9 ± 1.2 years. Eleven of them progressed to bilat-
eral cysts at a subsequent visit (mean age, 11.2 ± 1.1 years);
one girl with a single cyst at age 13 years did not come back
for a follow-up visit, but gene linkage analysis confirmed that
she carries the PKD1 gene. This corroborates the notion that
even a single cyst in a child from an ADPKD family is highly
predictive of the presence of ADPKD in the child.

Cysts detectable by ultrasound are at least 2 to 5 mm in size.
However, renal microcysts have been found on histologic ex-
amination of aborted ADPKD fetuses as early as the 12th week
of gestation; children who had macroscopically normal kidneys
and died perinatally of nonrenal causes also had renal micro-
cysts histologically (1,172–175). This suggests that in ADPKD,
renal cysts are already present in utero and subsequently en-
large over a lifetime. Prenatally detectable ultrasound abnor-
malities are probably not common. In a small study performed
at the University of Colorado, 24 fetuses were studied by ultra-
sound between 18 and 36 weeks of gestation; renal abnormal-
ities were found in only 5. Abnormal fetal kidneys suggesting
ADPKD are enlarged and hyperechogenic, resembling the ul-
trasound appearance of ARPKD (162–164). Sometimes a few
small cysts are found in utero.

Renal cystic disease clearly progresses during childhood.
With increasing cyst numbers, the kidneys become larger. Re-
nal volume reflects the cyst burden and can be measured
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FIGURE 18-11. Relationship between mean renal volume (MRV), determined by ultrasound, and age in
185 affected (A) and 127 unaffected (B) children from the University of Colorado study. Two thirds of
the children were examined multiple times (mean, 2.7) between 1985 and 1999. The regression model
that gave the best fit for the data was the growth model (general form: y = ebo + b1t), which is plotted in
black dots in the figure, whereas the actual data points are plotted in gray. The equation for the affected
children is MRV = e3.68 + 103 × age, with R2 = 0.61 for the unaffected children MRV = e3.4 + 0.095 × age, with
R2 = 0.77 The β coefficients of the growth curves differ significantly (P<0.01) between the affected and
unaffected children, with the curve for the affected children being steeper, indicating that renal volume
increases faster over time in the affected than the unaffected children. The growth model also implies that
renal volume enlarges faster at a higher age. Because R2 is larger for the unaffected than for the affected
children, the model is a better fit for the unaffected children. This is an indication of the greater variability
of renal volumes for a given age in the affected children. In unaffected children, renal volumes remain
constant after 18 years of age (as shown by the gray dots; the black dots are fitted to the growth model),
whereas renal volumes continue to increase in the affected children. (Adapted from: Fick-Brosnahan GM,
Tran ZV, Johnson AM, et al. Progression of autosomal-dominant polycystic kidney disease in children.
Kidney Int 2001;59:1654, with permission.)

relatively easily using real-time ultrasound (8). The University
of Colorado study compared the increase in renal volume over
time between affected and unaffected children (Fig. 18-11). Al-
though there was great variability in renal volumes, particularly
in the affected children, at all ages mean renal volumes were
significantly larger in the affected than in the unaffected chil-
dren (171). There were no differences in mean renal volumes
between boys and girls. Risk factors associated with faster re-
nal enlargement in children were a diagnosis in utero or in the
first year of life, hypertension, and relatively enlarged kidneys
early in life (171).

This observational study from the University of Colorado
describes the course of ADPKD in children of whom most were
identified by screening (171). However, some children with
ADPKD are much more severely affected, and the clinical pre-
sentation may mimic that of ARPKD. There are many reports in
the literature of children from ADPKD families who presented
with abdominal masses shortly after birth or who had abnor-
mally enlarged, hyperechogenic kidneys on prenatal ultrasound
imaging (7,162,163,176). These children with very–early-onset
disease have an unusually severe form of ADPKD. Some of the
reported cases were stillborn, some died shortly after birth of
respiratory failure, and others died within the first year of life of
renal failure (4,5,177–180). These most severe cases are rare.
Many children who are diagnosed in utero or in their first year
of life have a relatively good prognosis during childhood. Their
growth is normal, and usually they maintain normal renal func-
tion throughout childhood, although hypertension develops in
approximately 50% before 10 years of age, and sometimes
in the first year of life (7,147,165). This hypertension can be
severe, requiring multiple drug treatment (7,181). In some chil-
dren with prenatally enlarged kidneys, renal size can normalize
after birth (182). However, in many children with early-onset
disease, multiple cysts and enlarged kidneys rapidly develop
(7). Rarely, these children progress to ESRD during childhood
(7,163,166,183), but many of them maintain adequate renal
function even as young adults (7,165,167).

As mentioned, ADPKD kidneys enlarge gradually during
childhood and adolescence. After 30 years of age, 95% of
affected subjects have markedly enlarged kidneys (i.e., renal
volumes more than 2 standard deviations above the mean for
unaffected adults). Although mean renal volumes are not sig-
nificantly different between affected boys and girls, men with
ADPKD older than 25 years of age have on average significantly
larger kidneys than women with ADPKD of similar age (Fig.
18-12; data from the University of Colorado study).

Signs and Symptoms of Autosomal-Dominant
Polycystic Kidney Disease

Patients with ADPKD can be asymptomatic, particularly in the
early stages of the disease. In a study of 164 young subjects with

FIGURE 18-12. Mean renal volumes of male and female patients with
autosomal-dominant polycystic kidney disease (ADPKD) from birth
to 45 years of age. Data from the University of Colorado study. Renal
volume determinations (by ultrasound) in 185 children with ADPKD
younger than 18 years of age, and 256 men and 403 women with
ADPKD 18 to 45 years of age. Up to age 25 years, renal volumes are
similar in male and female patients, whereas after 25 years of age, men
have significantly larger kidneys than women.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-18 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:39

516 Section III: Hereditary Diseases

TA B L E 1 8 - 3

SIGNS AND SYMPTOMS OF AUTOSOMAL-DOMINANT
POLYCYSTIC KIDNEY DISEASE

Signs and symptoms Frequency

Back and flank pain 60% of adults, 20% of
children

Hypertension Up to 80% of adults,
20% to 30% of children

Gross hematuria ∼50% of adults,
10% of children

Renal concentrating defect Potentially all adults
Palpable kidneys Potentially all adults
Hepatomegaly 20% to 30% over age 50;
particularly women
Systolic murmurs or clicks ∼20% of young adults
Microscopic hematuria or

pyuria
∼20% of adults and

children
Proteinuria 18% to 68% of adults
Chronic renal insufficiency Potentially all adults; age

dependent

ADPKD (mean age, 35 ± 1 years) diagnosed by ultrasound,
32% had no signs or symptoms (184). The most common com-
plaint is back and flank pain, occurring in approximately 60%
of adults (185) (Table 18-3). Pain can occur acutely, but can also
be a chronic problem. If pain occurs acutely, a renal complica-
tion must be considered, such as cyst hemorrhage, infection, or
stone colic (see later). Chronic pain is insidious in onset, dull
and nagging, and often described as pressure or a pulling sen-
sation. It is believed to be due to stretching of the renal capsule
by the enlarging cysts. Severe chronic pain is more common in
patients with large cysts or large kidneys (186–188), but it can
also occur in patients with many small cysts or a single domi-
nant cyst. For some patients, this chronic pain is disabling, and
it can lead to narcotic addiction. A stepwise approach and col-
laboration with a pain clinic is recommended before referring
patients for a surgical procedure. Treatment steps include pre-
scribing acetaminophen, physical measures such as ice massage
or heating pads, psychobehavioral measures, transcutaneous
electrical nerve stimulation, autonomic plexus blockade, and
decompression of renal or liver cysts (185,189). The decom-
pression can be done by percutaneous drainage and alcohol
sclerosis in the case of a single or a few large cysts, but more
often requires a laparoscopic or open surgical approach to un-
roof and drain hundreds of cysts (187,190–192). Renal func-
tion usually is not affected by these procedures, but hyperten-
sion improves sometimes (187,190,191). Immediate pain relief
is achieved in approximately 90% of procedures, but chronic
pain tends to recur with time. In several studies, the probability
of being pain free ranges from 71% to 80% at 1 year to 25% to
60% at 3 years. In patients with ESRD, bilateral nephrectomy,
which can now be done laparoscopically, should be considered
for relief of severe pain (193).

Hypertension is very common, occurring in 80% of patients
with ADPKD. Blood pressures often start to rise in the second
and third decade of life, long before renal function starts to
decline (194,195). Hypertension can be the presenting symp-
tom leading to the diagnosis of ADPKD. Because hypertension
is initially asymptomatic, blood pressure elevations in young
patients with ADPKD will be missed unless children from
ADPKD families receive regular screening for hypertension.
Several studies reported that hypertension occurs in 20% to
30% of children with ADPKD (8,12,147,171,196). A recent
study showed that parental hypertension influences the fre-

quency of hypertension with ADPKD, and its presence should
alert the clinician for earlier detection and treatment of hy-
pertension in offspring with ADPKD (197). This early blood
pressure elevation, although asymptomatic, is biologically sig-
nificant, as shown by the demonstration of higher left ventric-
ular mass indices in children and young adults with ADPKD
compared with unaffected control subjects (198–200).

Hypertension in ADPKD correlates with renal size
(186,201). Renal volume is significantly larger in hypertensive
subjects with normal renal function than in normotensive sub-
jects matched for age and body surface area (201). This rela-
tionship between renal structure and hypertension also exists
in children (8,196). Children with more than 10 cysts have
significantly larger renal volumes and a higher incidence of hy-
pertension than children with less than 10 cysts (8).

The relationship between renal structural abnormalities and
hypertension in ADPKD suggests that the activation of the
renin-angiotensin-aldosterone system (RAAS) as a result of cyst
expansion and local renal ischemia plays an important role in
the development of hypertension in this disease (195,202-207).
Immunohistochemical studies of nephrectomy specimens from
patients with ADPKD, with normal or impaired renal function
have shown hyperplasia of renin-secreting cells of the juxta-
glomerular apparatus and in arteriolar walls (127,202,208).
Moreover, high levels of active renin were found in cyst fluid
obtained from patients with ADPKD, and a large amount of
immunoreactive renin was detected in tubular epithelia and
cyst lining epithelia of ADPKD kidneys, compared with al-
most none in normal kidneys (208). Human cystic epithelia in
cell culture have the capacity to synthesize renin (208). A re-
cent study showed that in addition to renin, angiotensinogen,
angiotensin converting enzyme (ACE), angiotensin II type 1 re-
ceptor and angiotensin II peptide are also present in cysts and
in dilated tubules in ADPKD kidneys (209).

Activation of the RAAS in human ADPKD has been con-
firmed by the demonstration of elevated plasma renin activity
and aldosterone in hypertensive patients with ADPKD with
normal renal function compared with age-matched patients
with essential hypertension in the supine and upright position
and, even more significantly, after captopril (203). Other stud-
ies have provided evidence for an increased intrarenal activity
of the RAAS in hypertensive as well as in normotensive patients
with ADPKD with normal renal function compared with age-
matched, healthy control subjects. Administration of an ACE
inhibitor to patients with ADPKD resulted in a significantly
greater decrease in renal vascular resistance and increase in
renal plasma flow than in the control subjects (203–205). In-
fusion of angiotensin II led to a smaller decrease in effective
renal plasma flow in normotensive subjects with ADPKD than
in healthy control subjects, a finding compatible with down-
regulation of receptors due to tonically increased intrarenal
angiotensin II levels (206).

The increased activity of the RAAS observed in patients with
ADPKD may also contribute to accelerated cyst growth (195).
Angiotensin II has been shown to enhance tubular epithelial
proliferation and to stimulate the expression of transforming
growth factor-β, which may contribute to interstitial inflam-
mation and fibrosis (210,211). Moreover, increased structural
severity of the renal disease promotes increased severity of hy-
pertension and creates a vicious cycle of cyst growth, increased
activity of angiotensin II, and further cyst growth (Figure
18-13).

Other factors likely contribute to hypertension in ADPKD.
Some studies have found an increase in total body sodium and
extracellular fluid volume in subjects with ADPKD with normal
renal function (212–214). This observation can be explained
by the upregulation of the RAAS, which contributes to sodium
retention. There is also evidence for activation of the sympa-
thetic nervous system (207). Muscle sympathetic nerve activity
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FIGURE 18-13. The effect of the RAAS in the development of hypertension and progression of ADPKD.
(Adapted from: Ecder T, Schrier RW. Hypertension in autosomal dominant polycystic kidney disease:
early occurrence and unique aspects. Kidney Int 2001;12:194, with permission.)

is increased in hypertensive ADPKD patients regardless of renal
function, suggesting that sympathetic hyperactivity may con-
tribute to the pathogenesis of hypertension in ADPKD (215).

Tissue sections from patients with ADPKD demonstrate in-
creased expression of endothelin (ET)-1 in the renal cystic ep-
ithelium (106). ET-1 can also be detected in the cyst fluid (103).
Patients with ADPKD have increased plasma levels of ET-1
compared with healthy controls and patients with essential
hypertension (216). Moreover, endothelium-dependent relax-
ation is impaired and endothelial nitric oxide synthase (eNOS)
activity is decreased in patients with ADPKD (217). These
findings suggest that endothelial dysfunction secondary to an
impaired release of nitric oxide exists in these patients. There-
fore, alterations in the natural balance between endothelial-
derived constricting and relaxing factors may contribute to the
pathogenesis of hypertension in ADPKD (218,219). The re-
cent demonstration of endothelial dysfunction and increased
carotid intima-media thickness both in hypertensive and nor-
motensive ADPKD patients with well-preserved renal function
shows that the process of atherosclerosis starts very early in the
course of this disease (220).

Episodes of gross hematuria, which can be painless or as-
sociated with dull or colicky pain, are a frequent symptom of
ADPKD. Probably they are caused by cyst rupture into the uri-
nary tract. Forty to 50% of patients with ADPKD experience at
least one episode, and evaluation for gross hematuria leads to
the diagnosis of ADPKD in approximately 20% of adult sub-
jects (221). The first episode occurs at a mean age of 30 years,
but 10% of adolescents younger than age 18 years also report
having had gross hematuria (221). More than half of subjects
report an inciting event for the appearance of gross hematuria,
such as infection, sports, or trauma; for other subjects, no pre-
cipitating factor is apparent. These episodes usually last 2 to 7
days and cease spontaneously with bed rest. If they are accom-
panied by severe or colicky pain, renal complications need to
be investigated, such as infection or obstruction by a blood clot
or stone. Frequent episodes of hematuria have been associated
with larger kidneys and worse renal function, but it is unclear
whether this is a cause or effect phenomenon (221).

A renal concentrating defect occurs early in the course of
the disease in patients with normal GFRs (222,223). In both

children and adults, subjects with larger kidneys and more ex-
tensive cystic disease have lower maximal urinary osmolalities
after overnight dehydration than subjects with smaller kidneys
or healthy control subjects (8,223). The concentrating defect
is thought to be due to disruption of the medullary architec-
ture by the cysts (223), but intrinsic hyposensitivity of ADPKD
collecting duct epithelia to arginine vasopressin may also play
a role (224). The impairment of renal concentrating ability is
mild but may lead to frequency or nocturia in some patients.

Palpable kidneys are found in some children with very–
early-onset disease and in older patients in whom renal enlarge-
ment is more prominent (184,225). Sometimes the kidneys are
enormously enlarged, reaching into the pelvis. Many patients
report a dull ache with palpation of their kidneys. If that pain
is severe, infection should be ruled out. In general, physical
examination is unreliable in estimating kidney size (186,226).

Palpable hepatomegaly is found in 20% to 30% of patients
with ADPKD older than 50 years of age, particularly in women.
Systolic murmurs or systolic clicks are found in 14% to 21%
of patients with ADPKD compared with 5% to 9% of healthy
control subjects of similar age (227). They are likely related to
mitral valve prolapse, which occurs more frequently in patients
with ADPKD than in the general population (227,228).

Urinary Findings. The urinalysis is often abnormal in patients
with ADPKD. Microscopic hematuria is found on routine uri-
nalysis in 23% of adults (184,225) and 20% of children with
ADPKD (data from the University of Colorado study). Pyuria
is a common finding as well, often in the absence of an infec-
tion (30,184). Therefore, a urine culture should be obtained
before prescribing antibiotics, particularly if the patient has no
symptoms of an infection.

Dipstick-positive proteinuria is found in 34% to 68% of pa-
tients with decreased renal function (184,225), but overt pro-
teinuria (>300 mg/24 hours) is uncommon in early stages of the
disease. In one study of 270 adults with ADPKD with a wide
range of renal function, overt proteinuria was found in only
18% (229). These were the subjects with higher blood pres-
sures, larger renal volumes, lower creatinine clearances, and
a greater pack-year smoking history. The amount of protein-
uria among all subjects ranged from 7 mg/day to 2 g/day, with
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a mean of 260 mg/day (229). Microalbuminuria has been re-
ported in normotensive and hypertensive patients with ADPKD
and is associated with higher mean arterial pressures and larger
renal volumes (229–231). Proteinuria and microalbuminuria
can also be present in children with ADPKD. In a study of
185 children with ADPKD, significant microalbuminuria was
found in 30% compared with 10% of control subjects (P <
0.05), and overt proteinuria (>4 mg/m2/hour) was found in
28% compared with 15% of control subjects (P<0.01) (232).
There was no correlation between microalbuminuria or overt
proteinuria and hypertension in the children, and all children
had normal renal function. Thus, the significance of proteinuria
and microalbuminuria in children with ADPKD is unclear.

Nephrotic-range proteinuria does not occur with ADPKD
alone. Several nephrotic patients reported in the literature had a
superimposed glomerulonephritis, including immunoglobulin
A nephropathy (233), focal sclerosis (234), membranoprolif-
erative glomerulonephritis (235), and membranous glomeru-
lonephritis (236). However, doubly refractile lipid bodies,
which may originate in the cysts, can be found in the urine
of some patients with ADPKD (237).

Other Laboratory Findings. There are no laboratory data spe-
cific for ADPKD. Although some cysts contain high erythro-
poietin concentrations (238), polycythemia occurs rarely (184).
Serum erythropoietin levels are on average twofold higher in
patients with ADPKD with renal insufficiency than in subjects
with other renal diseases, which may account for the fact that
patients with ADPKD with ESRD often have less severe ane-
mia than patients with other types of renal disease (238–240).
However, other studies have found no difference in the hema-
tocrits between patients with ADPKD and other subjects with
comparable degrees of renal insufficiency (225). Many patients
with ADPKD with ESRD require exogenous erythropoietin to
maintain their hematocrit.

Serum uric acid levels were once thought to be higher in
ADPKD than in the general population. However, this was
often due to impaired renal function (184). A study in 163
subjects with ADPKD with normal renal function and 138 un-
affected family members demonstrated that serum uric acid
levels, uric acid clearance, and fractional uric acid excretion
were not different between the two groups (241).

Renal Complications

Acute flank pain is usually a sign of a renal complication such as
cyst hemorrhage, infection, or nephrolithiasis with stone colic
(Table 18-4). Cyst hemorrhage may be associated with gross
hematuria if the bleeding cyst has a connection to the ureteral

TA B L E 1 8 - 4

RENAL COMPLICATIONS OF
AUTOSOMAL-DOMINANT POLYCYSTIC KIDNEY
DISEASE

Complications Frequency

Cyst hemorrhage Common
Urinary tract infections

(cystitis, pyelonephritis,
cyst infection)

78% of women, 33% of
men, 21% of childrena

Nephrolithiasis 20% to 36% of adults
Carcinoma Rare
End-stage renal disease 50% by age 60 y, 75% by

age 70 ya

aData from the University of Colorado database.

system. In the absence of hematuria, cyst hemorrhage can be di-
agnosed by CT scan, which shows a high-density cyst without
enhancement after administration of contrast material (242).
Follow-up CT scans have demonstrated development of cyst
calcifications in some patients (242). Renal calcifications are
common, being found in 42 of 84 CT scans in one study (136).
Symptomatic cyst hemorrhage is treated with bed rest, fluids,
and mild analgesics. With these measures, the pain usually re-
solves within a few days. Rupture of a renal cyst with massive
bleeding into the peritoneum has been reported in rare cases
(243).

Symptoms compatible with urinary tract infections are re-
ported by 60% to 70% of women and 20% of men with
ADPKD (186,225,226). The pathogens found most frequently
are Escherichia coli, Proteus, Klebsiella, and other Gram-
negative enteric organisms (244,245). Most episodes of urinary
tract infection present clinically as cystitis and are treated in the
same manner as in the general population.

More severe infections are pyelonephritis and cyst infec-
tions. The differentiation between pyelonephritis and cyst in-
fection is not always easy. Both are characterized by fever
and flank pain; however with cyst infection, the symptoms
can be of insidious onset, fever can be low grade, and the
patient often complains of severe malaise and localized re-
nal tenderness. With pyelonephritis, urine cultures are posi-
tive, whereas they may be negative with cyst infections; how-
ever, blood cultures are usually positive with cyst infections
(244). Failure to respond to penicillins or aminoglycosides
is also indicative of a cyst infection because these antibiotics
do not penetrate well into the cyst cavities (244). The pene-
tration of antibiotics into cysts has been studied in patients
with ADPKD who received these drugs before cyst aspira-
tion (246–249). Penicillin and cephalothin derivatives, which
at physiologic pH are anions, and gentamicin, a cation, did
not penetrate well into cysts (246,247). By contrast, lipophilic
compounds such as ciprofloxacin, norfloxacin, clindamycin,
erythromycin, and trimethoprim accumulated well in renal
cysts and have been clinically effective in 80% to 90% of cases
(244,247–249). Therefore, patients with presumed cyst infec-
tion should be treated with ciprofloxacin or trimetho-prim–
sulfamethoxazole. Treatment sometimes needs to be prolonged
for 6 weeks or more to cure a smoldering cyst infection. If no
response to antibiotics is seen, cyst drainage may be necessary
(250). However, it may be difficult to identify the infected cyst
by imaging studies. The best imaging methods are contrast-
enhanced CT or MRI scanning and scintigraphy with indium-
111–labeled leukocytes (250–253). Perinephric abscess may
develop in patients with inadequately treated urinary tract in-
fections (254). Emphysematous pyelonephritis has also been
reported in patients with ADPKD (255,256). In rare resistant
cases, nephrectomy is the best choice for eradicating infection,
particularly in patients with ESRD.

Nephrolithiasis occurs in 20% to 36% of patients with
ADPKD and is related to metabolic factors and to urinary
stasis in a collecting system that is distorted by the cysts
(136,225,257,258). Similar to the general population, the
stones most commonly contain uric acid or calcium oxalate
(257,259). Evaluation and treatment for metabolic factors are
the same as in stone formers of the general population. The
most common metabolic factor is hypocitruria, which is found
in 50% of patients with ADPKD with normal renal function
(257,259). Hypocitruria is usually treated with oral potassium
citrate in subjects with normal or near normal renal function;
it should not be used in the presence of renal failure. Extracor-
poreal shock-wave lithotripsy and percutaneous nephrolitho-
tomy have been used successfully in patients with ADPKD with
symptomatic stones (258,260–262).

As in any patient, particularly the elderly, acute or chronic
pain or gross hematuria can be symptoms of renal cancer. Other
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A B

FIGURE 18-14. Polycystic liver from a patient with polycystic kidney disease. A: Intact liver with surface
cysts. B: Liver cut in cross-section.

presenting signs of cancer are unilateral mass, unequal renal
size, anemia, fever, night sweats, weight loss, and metastatic
disease (263,264). Because the hallmark of cystic epithelium
is its proliferative activity, one would expect an increased fre-
quency of renal cancer in ADPKD. Although there are sev-
eral case reports of renal carcinoma occurring in patients with
ADPKD (264–268), comparison with the incidence in the gen-
eral population does not reveal an increased risk in ADPKD
(269–272). The diagnosis can be very difficult to establish in
ADPKD because of the underlying distortion of the renal archi-
tecture. Delays in diagnosis and treatment are, therefore, com-
mon (264). Another specific feature of renal cancer in ADPKD
is the increased frequency of bilateral and multicentric involve-
ment and the occurrence of a more sarcomatoid type of tumor
(264,267). As mentioned previously, the finding of renal car-
cinoma in several members of an “ADPKD” family or at a
young age should raise the possibility of VHL disease rather
than ADPKD.

Extrarenal Manifestations

Liver cysts are the most common extrarenal manifestation
(Figs. 18-14 and 18-15; Table 18-1). Arising from bile ducts,
they develop later in life than the renal cysts. Liver cysts are
very rare in children; their prevalence increases with age and
decreasing renal function, so that by 60 years of age at least
75% of patients with ADPKD have liver cysts (184,273–276).
Only occasional patients who are at risk for ADPKD have hep-
atic cysts detected in the absence of renal cysts (184). Liver cysts
seem to be as common in patients with ADPKD2 as in those
with ADPKD1 (39,276), although they may appear later in life
in patients with ADPKD2 compared with ADPKD1 (277).

FIGURE 18-15. Computed tomography scan of the liver in a female
patient with autosomal-dominant polycystic kidney disease. Results of
liver function studies were normal.

Women in general have more severe liver involvement than
men of similar age, with greater numbers of cysts, larger cyst
sizes, and more frequent hepatomegaly (276). This is particu-
larly true for women who had multiple pregnancies, suggesting
a role for estrogens in the pathogenesis of liver cystic disease
(276). A small prospective study examined the effect of post-
menopausal estrogen replacement on liver cysts and found that
estrogen replacement therapy for 1 year was associated with a
selective increase in total liver volume but no change in kidney
volume (278).

Liver cysts often remain asymptomatic through life; how-
ever, patients with more extensive liver involvement may com-
plain of abdominal pain, the feeling of a mass, increased ab-
dominal girth, and early satiety. Although hundreds of liver
cysts can develop, routine liver function test results usually re-
main normal (184,275), and liver failure does not occur, unless
a complication supervenes (see later). In contrast to the progres-
sive destruction of the renal parenchyma, the liver parenchyma
appears to be preserved. An abdominal CT study demon-
strated that even with massive involvement with cysts, hep-
atic parenchyma volume remains normal, as if the cysts were
simply pushing the parenchyma aside rather than destroying
it (279). Similarly, sophisticated methods for assessing hepatic
function and blood flow demonstrated that function remains
normal and shunting does not occur (279).

Complications of liver cystic disease include cyst infection,
bleeding, or anatomic obstruction of the intrahepatic bile ducts,
the vena cava, or hepatic veins (Budd-Chiari syndrome). Cyst
infection presents clinically with fever, right upper abdominal
pain, leukocytosis, and often elevated liver enzymes (280–282).
Associated bacteremia is common. Infecting organisms are En-
terobacteriaceae, particularly Klebsiella pneumoniae, E. coli,
or Enterobacter cloacae (282). In contrast to cyst infections
of the kidneys, which usually can be managed with antibiotics
alone, liver cyst infections require early drainage as well as an-
tibiotics (282). This can often be accomplished by percutaneous
puncture under ultrasound or CT guidance, but may require
surgical intervention. Useful imaging methods for the localiza-
tion of infected cysts are contrast-enhanced CT scan or MRI.
Cysts with thick walls, heterogeneous contents, and sometimes
gas bubbles are seen. 111In-labeled leukocyte scans have been
helpful in cases where CT scans were equivocal (282,283).

Cyst bleeding can be associated with right upper abdominal
pain without signs of infection. Rarely, rupture of a cyst into
the peritoneal cavity can lead to hemoperitoneum and an acute
abdomen (284,285).

Jaundice due to compression of the intrahepatic bile ducts
by large cysts has been reported; this form of obstructive jaun-
dice resolves with surgical or percutaneous decompression of
the cysts (286–288). Compression of the portal vein by cysts
with resultant portal hypertension and bleeding esophageal
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varices is another complication described in case reports
(289,290). Again, treatment is by decompressing the cysts.
Rarely, cholangiocarcinoma has occurred in patients with poly-
cystic kidney and liver disease (274,275,291).

Hepatic venous outflow obstruction (Budd-Chiari syn-
drome) due to compression of the hepatic veins and inferior
vena cava by large liver cysts is a serious complication with
a high mortality rate, particularly when thrombosis is super-
imposed (292–294). Affected patients present with acute or
insidious onset of abdominal pain, ascites, hepatomegaly, and
nonspecific elevations of liver enzymes. Several cases occurred
after abdominal surgery, particularly after bilateral nephrec-
tomy. Presumably, a sudden drop in intraabdominal pressure
after removal of the kidneys changes the spatial relationship
between a large polycystic liver and the inferior vena cava
and hepatic veins, resulting in venous hepatic outflow obstruc-
tion (293,294). A postoperative hypercoagulable state may also
play a role. The diagnosis is best made by MRI (294,295).
Aggressive surgical decompression of the liver is necessary to
prevent a fatal outcome (294). If the obstruction is caused by a
large, dominant cyst, alcohol sclerosis or laparoscopic fenestra-
tion may be performed (294), but more often the obstruction is
caused by an enlarged liver with multiple cysts. Then, the best
surgical option is combined hepatic resection and cyst fenes-
tration (296). With superimposed hepatic vein thrombosis, ei-
ther a portosystemic shunt procedure or liver transplantation
should be performed (294,295).

Percutaneous, laparoscopic, or surgical decompression pro-
cedures may also be indicated for patients with massive liver
enlargement resulting in severe abdominal pain, malnutrition,
or respiratory compromise (284,296,297). Partial liver resec-
tion and fenestration leads to greater reduction in liver volume
and better long-term results than less invasive procedures, but
it carries significant morbidity and should be performed only at
experienced centers (296–298). Pain recurrence after variable
periods is not uncommon, particularly with the laparoscopic
approach. Therefore, if all surgical procedures fail, orthotopic
liver transplantation is another option; it may be combined
with kidney transplantation in patients with ESRD (299–302).

Congenital hepatic fibrosis, which is invariably associated
with ARPKD, has also been observed in some patients with
ADPKD (303–307). Histologically, congenital hepatic fibrosis
is characterized by irregularly distributed portal fibrosis and
bile duct proliferation. Clinically, congenital hepatic fibrosis
presents with hepatomegaly and signs of portal hypertension,
such as gastrointestinal hemorrhage due to bleeding esophageal
varices and splenomegaly, which can cause thrombocytope-
nia or leukocytopenia. Liver enzymes and function usually re-
main normal. Congenital hepatic fibrosis in association with
ADPKD is rare. It usually manifests in childhood, some-
times in several siblings, but no vertical transmission has been
observed (295).

Cysts have been reported in many other organs, including
the pancreas, ovaries, testes, seminal vesicles, prostate, spleen,
and arachnoid membranes; usually these cysts have no clini-
cal sequelae. Pancreatic cysts occur in approximately 9% of
patients with ADPKD older than age 30 years (308) and usu-
ally are single and asymptomatic. Most patients with pancre-
atic cysts also have liver cysts (308). Complications due to
pancreatic cysts are extremely rare, but one case of chronic
obstructive pancreatitis due to a pancreatic cyst in a patient
with ADPKD has been reported (309). Extensive involvement
of the pancreas with cysts should raise the suspicion of VHL
disease (310).

Ovarian cysts are often cited as a manifestation of ADPKD,
but one prospective study in 25 premenopausal women with
ADPKD and 25 matched control women using transvaginal ul-
trasound did not find a higher prevalence of ovarian cysts in
the women with ADPKD (311). Ovarian cysts were relatively

common (12%) in both groups. Another prospective study
using transrectal ultrasound in 45 men with ADPKD with a
mean age of 40 years and in 46 matched control men revealed
seminal vesicle cysts in 60% and prostate cysts in 11% of the
men with ADPKD, but in none of the control subjects (312).
These cysts do not appear to be of any clinical significance.
Intracranial arachnoid cysts occur in 5% to 8% of patients
with ADPKD compared with 1% of the general population
(313–315). Although they are often asymptomatic, they have
recently been associated with the development of chronic sub-
dural hematoma (316).

Noncystic extrarenal manifestations include mitral valve
prolapse, left ventricular hypertrophy, intracranial aneurysms,
other vascular abnormalities, and abdominal wall hernias. The
increased prevalence of these extrarenal manifestations sug-
gests an underlying defect in extracellular matrix production
with variable penetrance. Cardiac valvular abnormalities, in-
cluding myxomatous degeneration of the aortic and mitral
valves, have been reported in several patients with ADPKD,
some of whom required valve replacement surgery (317). Two
large, prospective echocardiography studies found mitral valve
prolapse in 25% of subjects with ADPKD compared with
2% of a control population (227,228). Mitral valve prolapse
can be associated with palpitations and atypical chest pain,
but it does not appear to contribute to mortality in ADPKD
(269,271,318).

Cardiac disease, particularly left ventricular hypertrophy,
is very common in patients with ADPKD. Increased left ven-
tricular mass index (LVMI) is associated with a worse renal
and patient outcome in patients with ADPKD (13). A signifi-
cant correlation between hypertension and left ventricular mass
index has been reported both in children and in adults with
ADPKD (200,319). Left ventricular hypertrophy by echocar-
diogram has been reported in normotensive young adults with
ADPKD (319–321). However, only clinic blood pressures were
measured in these patients, and elevations in the 24-hour blood
pressure load may have been missed. An attenuated nighttime
fall in blood pressure, resulting in an increased 24-hour blood
pressure load, was seen in some patients with ADPKD when
ambulatory blood pressure monitoring was used (199,322).
Valero et al. reported that the nocturnal fall in blood pres-
sure was attenuated even in young normotensive patients with
ADPKD and that they had higher LVMI that was closely re-
lated to the ambulatory systolic blood pressure (199). Young
normotensive patients with ADPKD are also shown to have
echocardiographic parameters associated with diastolic dys-
function (320).

Insulin resistance has been found in patients with ADPKD
(323,324). A recent study showed that insulin resistance, deter-
mined using the homeostasis model assessment (HOMA), was
significantly associated with LVMI in healthy relatives and pa-
tients with mutations in the PKD1 gene independently of other
factors known to increase LVMI, such as age, weight, systolic
blood pressure and albuminuria (324).

Rupture of an intracranial aneurysm can be the most dev-
astating of all ADPKD manifestations. The association of
ADPKD with intracranial aneurysms had first been observed
by Borelius in 1901 (30). Many confirmatory reports have ap-
peared in the literature since (30,325–330). Prospective stud-
ies that have attempted to determine the exact prevalence of
intracranial aneurysms in the ADPKD population by screen-
ing asymptomatic subjects with high-resolution CT, magnetic
resonance angiography, and, in selected cases, conventional an-
giography (Fig. 18-16), have shown that 5% to 10% of asymp-
tomatic adults with ADPKD harbor an intracranial aneurysm
(313,314,331,332). However, all aneurysms found by screen-
ing were less than 8 mm in diameter, and no change was ob-
served over a mean follow-up period of 2.5 years (333). Small
aneurysms that are less than 10 mm in diameter have a very
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FIGURE 18-16. Cerebral angiogram with aneurysm. Right internal
carotid angiogram in a patient with autosomal-dominant polycystic
kidney disease and a berry aneurysm. Arrows indicate a large saccular
middle cerebral artery aneurysm as seen in the anterior (A) and lateral
(B) views.

low risk of rupture (annual risk <0.05%), at least in the general
population without ADPKD and in subjects without a previ-
ous aneurysm rupture (334). The International Study of Un-
ruptured Intracranial Aneurysms (ISUIA) has shown that the
risk of rupture is higher (0.5% per year) in patients with a pre-
viously ruptured aneurysm and for aneurysms that are 10 mm
or more in diameter (334). The risk of rupture of these larger
aneurysms is approximately 1% per year (334). However, the
risks of surgery are substantial as well: the ISUIA reported a
mortality rate related to elective surgery of 1% to 4% at 1 year
and a morbidity rate of approximately 15% at 1 year. There-
fore, small aneurysms usually are not considered an indication
for elective clipping. Whether these observations from the gen-
eral population apply to patients with ADPKD as well is not
known.

Rupture of an intracranial aneurysm (ICA) seems to cluster
in certain ADPKD families (314,329,332,335–337). Familial

clustering of aneurysms has been observed in the general pop-
ulation as well. Aneurysms rupture at a younger age in patients
with ADPKD (mean age, ∼40 years) than in the general popu-
lation (330,335–337). Multiple aneurysms are found in 20% to
30% of ADPKD patients with an aneurysm (314,331,335). Re-
current rupture of a second aneurysm has also been observed:
In one study, recurrent rupture of a second aneurysm oc-
curred in 9% of patients, between 2 days and 14 years after
the first rupture (337,338). Other risk factors for intracranial
aneurysms are cigarette smoking and uncontrolled hyperten-
sion. However, aneurysm ruptures also occur in normotensive
subjects with ADPKD (337).

Although it is evident that patients with symptoms sugges-
tive of an aneurysm, such as unusually severe headaches or
focal neurologic deficits, need immediate investigation, there
is considerable controversy about the need to screen asymp-
tomatic subjects with ADPKD for intracranial aneurysms. A
decision analysis performed in 1983 led to the conclusion
that cerebral angiography should not be performed routinely
because the risks of angiography and elective surgery out-
weighed the benefits of preventing rare ruptures (339,340).
The ISUIA supports these conclusions (334). However, pa-
tients with ADPKD with a previous rupture and patients from
families with ruptured aneurysms have an increased risk of
aneurysm rupture (341). A screening study showed that 5
(25%) of 20 patients with ADPKD with a previous ICA de-
veloped a new ICA during the follow-up period of 6 to 33
years (342). On the other hand, in a recent prospective 10-year
follow-up study, only 2 (2.6%) of 76 patients with ADPKD
with an initially negative ICA imaging study demonstrated an
ICA on follow-up, despite the high frequency of risk factors
such as hypertension, smoking, and a family history of ruptured
ICA (343). Therefore, current recommendations for screening
of asymptomatic subjects with ADPKD are to screen all patients
with a family history of ruptured aneurysm and those with a
previous rupture. Additional recommendations are to screen
subjects with high-risk occupations (e.g., pilots) and patients
who need screening for peace of mind (336,337,344,345). The
best screening method appears to be magnetic resonance an-
giography, which is noninvasive and does not use contrast
material (314,332,346,347). Screening of high-risk subjects
should start at 18 years of age and be repeated every 5 to
10 years, unless older age or other conditions limit life ex-
pectancy (337,345).

Not all central nervous system events in patients with
ADPKD are due to a ruptured aneurysm. Studies on cere-
brovascular accidents in ADPKD have shown that ischemic
strokes and transient ischemic attacks occur at least as fre-
quently as hemorrhagic events (348,349). In addition, hemor-
rhagic events are more often due to hypertensive intracerebral
hemorrhage than to subarachnoid hemorrhage from a ruptured
aneurysm, particularly in patients on renal replacement ther-
apy (270,348–351). The long-standing and sometimes inade-
quately controlled hypertension of patients with ADPKD con-
tributes importantly to the higher incidence of cerebrovascular
death in patients on dialysis with ADPKD than in those without
ADPKD (271,351,352).

Other rare vascular abnormalities in ADPKD have been
described in case reports. They include aneurysms of the
coronary arteries (353–355) and splenic artery (356). Head
imaging studies and autopsies have also revealed intracra-
nial arterial dolichoectasia in patients with ADPKD (357,358).
Spontaneous cervical and vertebral artery dissections and one
spontaneous coronary artery dissection resulting in a myocar-
dial infarction have been reported in several patients with
ADPKD (359–361). Annuloaortic ectasia and ascending aor-
tic dissections have occurred in a few patients with ADPKD
(317,360,362,363), but it is unclear whether these diagnoses
are more frequent in ADPKD than in the general population.
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Case reports had suggested an association of ADPKD with ab-
dominal aortic aneurysms (364), although a prospective ul-
trasound study in 139 patients with ADPKD and 149 control
subjects did not find a higher prevalence in ADPKD (365).

Abdominal wall hernias occur with increased frequency in
patients with ADPKD, particularly inguinal hernias, but also
incisional and umbilical hernias (366). Development of hernias
is not simply caused by increased intraabdominal pressure due
to enlarged kidneys, because they occur at all ages and without
correlation to kidney size (366). In a retrospective study of
85 patients with ADPKD with ESRD, 18 of 41 hernias were
detected before the diagnosis of the renal disease, 12 of them
in childhood (366). The overall incidence of hernias was 45%
in the patients with ADPKD compared with 8% in a sex- and
age-matched group of subjects without ADPKD undergoing
similar renal replacement therapy (366).

Complications from colonic diverticula in patients with
ADPKD have been reported in many case series (367–372).
Most of these complications occurred in hemodialysis or renal
transplant recipients, and patients with ADPKD appear to be
overrepresented compared with patients without ADPKD in
these mostly retrospective series. One prospective study of 55
non-ESRD subjects with ADPKD older than 40 years of age
did not find a higher prevalence of colonic diverticula com-
pared with an age-matched control population. Diverticula
were present in 47% of the subjects with ADPKD and in 58%
of the control subjects, which was not significantly different
(373). This is in agreement with another study in transplant
recipients with ADPKD who did not have a higher prevalence
of diverticulosis or a higher incidence of complications than
the general renal transplant population (374).

Pregnancy in Autosomal-Dominant
Polycystic Kidney Disease

The question of fertility and the influence of pregnancy on both
the mother and the fetus are important issues in counseling
women with ADPKD. Because of reports of ovarian cysts in
women with ADPKD (30) and immotile sperm in some men
with ADPKD (375), the question of fertility in ADPKD is rel-
evant. A large study of pregnancy outcomes did not find a
difference in fertility between men and women with ADPKD
and unaffected family members (376).

That study also assessed maternal and fetal complications
of pregnancy, comparing 235 women with ADPKD with 108
unaffected female family members (376). Overall, 77% of the
605 pregnancies in the women with ADPKD resulted in a live
birth, compared with 82% of 244 pregnancies in unaffected
family members, which was not significantly different. The fre-
quency of fetal complications was similar as well. However,
maternal complications, mostly new or worsening hyperten-
sion, preeclampsia, and edema, were more common in the
women with ADPKD than in the unaffected women (35%
vs. 19%; P <0.001). Whereas pregnancies in normotensive
women were usually uncomplicated, preexisting hypertension
was the most important risk factor for a maternal complica-
tion. There was no increased risk for infection: uncomplicated
urinary tract infections were diagnosed in only 5 of 235 af-
fected compared with 4 of 108 unaffected women. A renal cyst
infection or acute symptoms due to nephrolithiasis occurred
in three women with ADPKD. Renal function remains nor-
mal in most women with ADPKD during their childbearing
years. However, having four or more pregnancies seems to ex-
ert a negative effect on renal function in women with ADPKD
who are hypertensive (376). Rarely, women with ADPKD have
decreased renal function before pregnancy. In these women,
the risk for a complication and for accelerated progression
to ESRD is high (376). This is similar to other renal dis-
eases, in which underlying renal insufficiency carries a rela-

tively high risk of worsening renal function during and after
pregnancy.

Autosomal-Dominant Polycystic Kidney
Disease in the Elderly

Although ADPKD can be diagnosed by imaging studies in chil-
dren and often becomes symptomatic in the third and fourth
decades of life, some patients remain asymptomatic until their
seventh and eighth decades. Asymptomatic older subjects may
be evaluated for an elevated serum creatinine or because their
children are diagnosed with ADPKD. Some of these elderly
subjects have unrecognized complications such as hyperten-
sion and renal insufficiency and progress to ESRD, whereas
others truly have mild disease without progression to ESRD
(226). Mild disease with late presentation is characteristic
of ADPKD2, but some ADPKD1 families also have a mild
course (377,378). In ADPKD1 families, late presentation oc-
curs in some parent generations, whereas their children have
significantly more severe disease (39,170,379). Thus, an unex-
pected finding of multiple bilateral renal cysts in a patient aged
70 years or older with normal or only mildly decreased renal
function is entirely compatible with a diagnosis of ADPKD.
The oligosymptomatic nature of ADPKD in some patients is
consistent with the epidemiologic data from Olmstead County,
Minnesota, in which one half of all subjects with ADPKD were
diagnosed only at autopsy (31).

Risk Factors for End-Stage Renal
Disease and Treatment Strategies

Approximately 50% of patients with ADPKD survive with-
out ESRD beyond 58 years of age, and approximately 23%
survive without ESRD beyond 70 years of age (11–13). This
highly variable rate of progression makes it difficult to pre-
dict the prognosis in a given patient. If a patient is from an
ADPKD2 family, the prognosis is much better than for pa-
tients from ADPKD1 families, but usually the genotype of the
family is not known. Longitudinal studies of a large number of
patients with ADPKD have identified several risk factors asso-
ciated with worse renal function at a given age. These factors
include hypertension, increased left ventricular mass, male sex,
a younger age at diagnosis, three or more pregnancies, episodes
of gross hematuria, renal size expressed as renal volume, a
younger age at incipient renal failure, a history of hyperten-
sion in the unaffected parent before age 60 years, and urinary
tract infections in men (13,380) (383). A retrospective analysis
of 62 patients with ADPKD who had enrolled in a prospective
trial of protein restriction showed a strong association between
hypertension and progression to ESRD (384). Survival analy-
sis for 1,215 subjects with ADPKD revealed that people who
were diagnosed with ADPKD before age 30 years and those
with hypertension before age 35 had worse renal survival than
those who were diagnosed after age 30 and those who were
normotensive until after age 35 years. Median renal survival
was 14 years longer for subjects who were normotensive at
age 35 years compared with the hypertensive patients (385).
A combination of several risk factors predicts a particularly
high risk. These analyses allow physicians to identify patients
at high risk for progression to ESRD so they can follow them
more closely and treat any associated conditions such as in-
fections aggressively. A longitudinal study in 229 patients with
ADPKD who underwent renal ultrasound examination showed
a significant relationship between between rate of change in
GFR and renal volume growth rate (386). This suggests that
renal volume and rate of renal volume growth may be use-
ful markers for disease progression in early stages of ADPKD
when GFR is preserved. A recent study showed that renal
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blood flow measured by MR correlated with anatomic and
functional indices of disease severity and this may be the most
sensitive measurement that predicts GFR levels in patients with
ADPKD (387).

Apart from these clinical risk factors, the genetic back-
ground of a person likely influences the severity of the polycys-
tic phenotype. There is evidence for “modifier” genes in several
animal models (388,389). A candidate modifier gene for hu-
man ADPKD is the insertion/deletion (I/D) polymorphism of
the angiotensin-converting enzyme gene. While some studies
found that ADPKD patients with ACE DD genotype showed
faster progression to ESRD (390,391), others could not find
an association (392–396). Another modifying gene present in
African Americans could be the sickle-cell gene, because in one
study African-American patients with ADPKD with sickle-cell
trait (AS hemoglobin) had significantly earlier onset of ESRD
than those without (38 vs. 48 years; P <0.003) (32). In the
same study, black race per se was associated with earlier onset
of ESRD, but this was not the case in another larger study:
Mean age at onset of ESRD was 65 years in 57 African Amer-
icans and 62 years in 180 whites (34).

Despite the importance of hypertension in renal and pa-
tient outcome in ADPKD, there have been few clinical trials
to examine the role of antihypertensive therapy in preventing
or slowing the progression of renal and cardiovascular com-
plications. The Modification of Diet in Renal Disease study,
which included 200 patients with ADPKD, evaluated patients
with GFRs between 13 and 55 mL/minute/1.73 m2 at baseline,
and found no protective effect of a low-protein diet or of strict
blood pressure control compared with standard control over a
mean period of 2.2 years (397,398). It is likely that intervention
at such an advanced stage of ADPKD is less effective because
the structural changes have progressed for four to five decades
and are irreversible.

In a randomized prospective 5 year study of 24 patients
with well-preserved renal function, blood pressure control less
than 140/90 mm Hg treated with either a long-acting calcium
channel blocker, amlodipine, or an ACE inhibitor, enalapril,
was associated with a mean annual loss of renal function of
3.4 mL/min/1.73 m2 (399). In this study, ACE inhibition, but
not treatment with a calcium channel blocker showed a sus-
tained antialbuminuric effect. In another randomized study
in ADPKD patients with well-preserved renal function, a nor-
motensive cohort was randomized to enalapril or placebo and
a hypertensive cohort was randomized to enalapril or atenolol
and followed for 3 years (400). No difference in loss of renal
function was detected in either the hypertensive or normoten-
sive patients with ADPKD. In a 5-year nonrandomized histor-
ical prospective study, patients receiving ACE inhibitors had a
slowed loss of renal function and less urinary protein excretion
compared to patients receiving diuretics (401).

Early and effective treatment of hypertension is also impor-
tant for the prevention of cardiovascular complications. A 7-
year prospective randomized study in 75 hypertensive ADPKD
patients with LVH compared the effects of rigorous (<120/80
mm Hg) versus standard (135–140/85–90 mm Hg) blood pres-
sure control on LVH and renal function (402). Both standard
and rigorous blood pressure control decreased LVH signifi-
cantly. However, significantly more subjects in the rigorous
blood pressure group (71%) than in the standard blood pres-
sure group (44%) achieved normal LCMI. Moreover, patients
receiving an ACE inhibitor, enalapril, had greater benefit from
rigorous blood pressure control compared with patients receiv-
ing a calcium channel blocker, amlodipine. Therefore, a blood
pressure goal of less than 120/80 mm Hg and inhibition of
the RAAS should be recommended for hypertensive ADPKD
patients with LVH.

A recent epidemiological study compared blood pressure
control and renal survival in 513 ADPKD patients studied over

two separate periods, 1985–1992 and 1992–2001. The pa-
tients seen in the latter period had a significantly lower blood
pressure and longer renal survival and increased use of ACE
inhibitors compared to the earlier period (403,404). Educa-
tion programs for patients with ADPKD and their primary
care physicians could have contributed to this increased rate
of blood pressure control.

Several treatment studies have been performed in experi-
mental animals. The model that closely resembles the human
disease is the Han:SPRD rat, which shows autosomal domi-
nant inheritance, a slowly progressive disease course in males,
and very mild disease in females, in whom liver and pancreatic
cysts also develop (128,405,406). Different interventions have
been studied in male Han:SPRD rats, and all treatments were
started early (i.e., at 3 to 4 weeks of age). Interventions were di-
etary modification, blood pressure control, and administration
of potassium citrate or other drugs. Dietary modification was
aimed at reducing cyst volume and interstitial inflammation.
Protein restriction for 4 months in male cystic rats led to a sig-
nificant decrease in cyst volume and serum creatinine and urea
levels compared with cystic rats fed a high-protein diet (407).
Substitution of soy protein for casein for 8 or 12 weeks was
associated with reduced renal cyst volume, reduced fibrosis,
and reduced macrophage infiltration (408–410). Administra-
tion of flaxseed showed similar results (411). Lovastatin treat-
ment was used in cystic rats to reduce tubular cell proliferation
by interference with the Ras proteins (412). This intervention
resulted in a significant reduction of kidney size, cyst volume
density, and serum urea levels (413). To test the hypothesis that
interstitial inflammation plays an important pathogenetic role,
high-dose methylprednisolone was administered to young cys-
tic rats for 6 weeks; this treatment decreased the extent of renal
enlargement, reduced interstitial fibrosis, and preserved renal
function (414).

Other studies focused on blood pressure control in cystic
Han:SPRD rats. The administration of an ACEI or of an an-
giotensin II receptor blocker showed beneficial effects after 3 to
4 months of treatment, with reduction of cyst volume, histo-
logic severity score, and serum creatinine level compared with
untreated cystic rats (415,416). In a long-term study, however,
enalapril but not hydralazine limited renal enlargement, but
both drugs were associated with improved renal function after
9 months of treatment (417). Conversely, induction of hyper-
tension by sodium chloride loading of cystic rats for 2 months
was associated with significantly higher relative kidney weights
and higher histologic scores (415).

Because induction of acidosis by ammonium chloride load-
ing accelerated progression of the disease in experimental rats
(418), Tanner administered potassium citrate and citric acid
to cystic rats by drinking water, starting at 1 month of age
and continuing for 5 months. The decline in GFR seen in un-
treated cystic rats was completely prevented in rats given potas-
sium citrate. This was accompanied by smaller cysts and fewer
interstitial abnormalities on histologic examination of the kid-
neys (419). Unfortunately, no benefit was seen in other animal
models of PKD, such as the pcy/pcy mouse (420). No studies
of potassium citrate have been performed in humans.

A novel approach targets the neoplastic nature of cystic ep-
ithelial cells and aims at inhibiting epithelial hyperprolifera-
tion. It is based on the evidence that EGF receptor is overex-
pressed and mislocalized to the apical membranes of cysts in
human ADPKD, human ARPKD, and in animal models of both
ADPKD and ARPKD. Activation of this receptor can drive cel-
lular proliferation and cyst expansion (95,100,107,421). Inhi-
bition of EGF receptor activity by a tyrosine kinase inhibitor
decreased cyst progression in an organ culture system (422). In
other experiments, a tyrosine kinase inhibitor administered to
a murine model (BPK mice) resulted in a marked reduction of
renal cystic lesions and of biliary duct proliferation, improved



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-18 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:39

524 Section III: Hereditary Diseases

renal function, and increased life span (423). However, a re-
cent study showed showed that EGF receptor tyrosine kinase
inhibition was not protective in a rat model (the PCK rat) for
ARPKD (424).

A recent study on Han:SPRD rat model of ADPKD showed
that rapamycin, which is a potent antiproliferative agent, de-
creased proliferation in cystic and noncystic tubules, markedly
inhibited renal enlargement and cystogenesis and prevented the
loss of kidney function (425). This exciting finding needs to be
tested in other animal models of PKD and even in future clinical
studies.

Since cAMP has a major role in cystogenesis and the vaso-
pressin V2 receptor (VPV2R) is the major cAMP agonist in the
collecting duct, a VPV2R antagonist, OPC31260, was admin-
istered to animal models of ARPKD. This treatment lowered
renal cAMP, inhibited disease development, and either halted
progression or caused regression of established disease (426).

Taken together, these studies show that modification of the
disease course is possible, and that progression to ESRD will
be significantly reduced if antiproliferative or antiinflammatory
treatments with low toxicity can be developed. In the mean-
time, it appears advisable to control blood pressure optimally,
treat infections promptly, avoid activities that predictably re-
sult in gross hematuria in a given patient, and add soy protein
and flaxseed to the diet, given their general health benefits and
possible benefits for PKD. The optimal agent to control blood
pressure is not known, but current evidence supports the use
of ACEI or angiotensin II receptor blockers as the drugs of
choice because of their interference with the RAAS, which is
activated in ADPKD. Suppression of the RAAS has been shown
to decrease the expression of growth-related and inflammatory
cytokines in experimental animals and in preliminary studies
in humans (427–431). As mentioned in the section on patho-
genesis, inflammatory cytokines appear to play a significant
role in the renal interstitial scarring process, which ultimately
leads to renal failure in ADPKD. The impact of heavy use of
nonsteroidal analgesics on the progression of ADPKD has not
been examined, but it is generally recommended that patients
avoid nephrotoxic insults, including regular use of nonsteroidal
analgesic drugs.

Renal Replacement Therapy
in Autosomal-Dominant Polycystic

Kidney Disease

When patients with ADPKD reach ESRD, treatment options
include hemodialysis, peritoneal dialysis, and renal transplan-
tation. The latter is the treatment of choice if no contraindica-
tions to surgery or immunosuppressive therapy are present.
Patient and graft survival with ADPKD are similar to sur-
vival in other primary renal diseases, excluding diabetic pa-
tients, who do worse (318,369,432–434). Pretransplantation
native nephrectomy usually is not necessary (435). Exceptions
are patients with a history of recurrent or recent severe re-
nal infections, with recurrent gross hematuria, or when graft
placement is difficult because of the size of the cystic kidneys
(434,436). Pretransplantation evaluation should include as-
sessment of cardiovascular status, but routine screening for
colonic diverticula or intracranial aneurysms is not necessary
because complications from these manifestations after trans-
plantation are uncommon in previously asymptomatic sub-
jects (318,337,344,374,434,435). However, one study recom-
mends that patients with a history of diverticulitis consider
colectomy before renal transplantation (369). Similarly, pa-
tients with a previously ruptured intracranial aneurysm or a
family history of ruptured aneurysm should be screened for

intracranial aneurysms (see earlier). During the first year af-
ter transplantation, patients with ADPKD may experience one
complication more frequently than other patients, namely post-
transplantation erythrocytosis. In one report, 14% of patients
with ADPKD required phlebotomy compared with 4% of con-
trol subjects (P = 0.02) (369).

Peritoneal dialysis can be offered to patients who do not
have extremely large kidneys, diverticulosis, or abdominal wall
hernias. Outcomes are comparable with those in patients with
other underlying renal diseases, and no excess complications
due to the polycystic kidneys were noted in several reports
(35,436,437). Hemodialysis is usually well tolerated by pa-
tients with ADPKD, and they appear to have a survival advan-
tage over patients without ADPKD on dialysis, particularly at
older ages (433). A study that analyzed data from the United
States Renal Data System (USRDS) found a lower mortality
rate in ADPKD ESRD patients compared with nondiabetic con-
trol ESRD patients (438). This has been attributed to a lower
prevalence of severe coronary disease in ADPKD (433), al-
though cardiovascular disease remains the most common cause
of death among patients with ADPKD on renal replacement
therapy (269,271,318,348,349,439). Specific complications in
patients on dialysis related to ADPKD include renal pain, infec-
tion, recurrent gross hematuria, and, rarely, liver cyst infection
(274,282,318). These complications can usually be managed
conservatively (434,440), but in some cases unilateral or bi-
lateral nephrectomy may become necessary. This can now be
accomplished laparoscopically, which minimizes operative risk
(193). The kidneys decrease in size during dialysis in some (441)
but not all patients (442,443), and in some patients, they fur-
ther increase in size, suggesting superimposed acquired cystic
disease (272,444,445). Renal carcinoma was rare in all stud-
ies that followed patients with ADPKD on renal replacement
therapy or after transplantation.

Counseling and Screening

Genetic counseling is an important aspect of the care of the
patient and family with ADPKD. The newly diagnosed patient
should be informed about ADPKD in general and the hered-
itary nature of the disease in particular. He or she should be
told that each child of an affected person has a 50% chance of
inheriting the disease gene. Each at-risk family member should
be informed of the methods of diagnosis and of the availabil-
ity of prenatal diagnosis. However, before a diagnostic test is
performed, every subject also needs to be informed about the
consequences of diagnostic screening, particularly regarding
insurability (446), to permit informed judgment.

Screening in children requires special consideration. Insur-
ability is a major concern, but there may be an additional psy-
chological burden on the child and the parents. Our current
understanding of these issues suggests that children participate
in the decision for screening to the degree that their age per-
mits (447). In general, screening outside of research protocols
should be performed only if necessary for clinical decisions,
such as whether to treat mildly elevated blood pressure, or for
evaluation of symptoms, such as gross hematuria or pain. For
these clinical questions, ultrasound imaging is the appropriate
test. Genetic testing should not be performed in a child, be-
cause it does not give any clinical information. Genetic testing
is appropriate for reproductive decision making or before kid-
ney donation if ultrasound imaging is negative. Asymptomatic
children who are not screened should have their blood pressure
monitored at least yearly. If their systolic or diastolic blood
pressure consistently exceeds the 95th percentile for age- and
sex-matched children, evaluation is appropriate (8).
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AUTOSOMAL RECESSIVE
POLYCYSTIC KIDNEY DISEASE

Epidemiology and Genetics

Autosomal-recessive polycystic kidney disease is a rare disor-
der. The exact incidence is not known. Estimates range from
1:6,000 to 1:55,000, with a more recent estimate of 1:20,000
(14,17,448). These figures are from studies in populations of
European descent. ARPKD is said to be rare in the African
American population, but this is not well established (164).
ARPKD is a severe disease, usually manifesting in newborns,
infants, or children. Most of the severely affected newborns
with massively enlarged kidneys and a history of oligohydram-
nios in utero have pulmonary hypoplasia and die of respira-
tory insufficiency shortly after birth (449). An estimated 30%
to 50% of children with ARPKD are thus severely affected
(164). Infants who survive the neonatal period have a mortal-
ity rate of 9% to 24% in the first year of life (16,450). Chil-
dren who survive the first year of life have a relatively good
prognosis, with a survival probability of 80% beyond 15 years
(16,450).

The genetic defect in ARPKD has been localized to the
PKHD1 gene on chromosome 6p21.1-p12 (451). PKHD1 is
a very large gene of approximately 470 kb, containing 67 ex-
ons. The PKHD1 gene is expressed at high levels in the fe-
tal and adult kidney and at low levels in the liver and pan-
creas. The PKHD1 gene encodes a protein called fibrocystin
(polyductin), which contains 4074 amino acids (452,453). Fi-
brocystin is an integral membrane protein with a large extra-
cellular region, a single transmembrane domain and a short

cytoplasmic tail. Fibrocystin may act as a receptor with critical
roles in collecting-duct and biliary development (454). Fibro-
cystin is localized to the primary cilia of renal epithelial cells.
In tubular epithelial cells, cilia extend into the lumen and may
have a mechanosensory role or a function as tubule size sensor
(455).

Two recent studies reported mutation detection rates of
51% and 61% in a large cohort of ARPKD patients (456,457).
Amino acid substitutions were found to be more commonly as-
sociated with a nonlethal presentation, whereas chain truncat-
ing mutations were more commonly associated with perinatal
or neonatal death (458).

Because inheritance is autosomal recessive, each parent of
an affected child carries one mutated allele but is clinically
unaffected. The risk of disease for each sibling is one in four,
and the risk of being a carrier is one in two.

Pathology

Autosomal-recessive polycystic kidney disease affects both the
kidneys and the liver. Macroscopically, the kidneys are often en-
larged but retain a normal reniform shape. Cut section reveals
radially arranged cystic spaces extending from the cortex to
the medulla (Fig. 18-17). Histologic characteristics are fusiform
cystic dilatations of the cortical and medullary collecting ducts.
During fetal development, there appears to be a transient phase
of proximal tubular cyst formation, which disappears after the
26th week of gestation (459). Whereas in neonates and young
children the kidneys are almost always grossly enlarged, they
tend to regress in size in older children and particularly with
progressive renal insufficiency. At the same time, the collect-
ing duct cysts become less uniform and can enlarge to several

A B

FIGURE 18-17. Gross appearance of external surface (A) and cut section (B) of a kidney with autosomal
recessive polycystic kidney disease. There is little distortion of the external surface, but the cut section
shows innumerable fusiform cysts in a radial distribution. (Courtesy of B. Hammond, MD, University of
Colorado Health Sciences Center, Denver, CO.)
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centimeters in diameter, so that the ultrasound appearance is
sometimes indistinguishable from that in children with ADPKD
(450). Older children and adults can have mildly enlarged, nor-
mal size, or relatively small kidneys with tubular atrophy, in-
terstitial fibrosis, and multiple small cysts (10,450,460).

The liver is always affected on histologic examination,
which shows varying degrees of congenital hepatic fibrosis.
Congenital hepatic fibrosis is characterized by increased fibrous
tissue in the portal tracts and proliferation of small bile ducts.
Gross cystic dilatation of the intrahepatic bile ducts, called Car-
oli’s disease, can also be seen. Both renal and liver histologic
changes have been detected in fetuses as early as 13 weeks’
gestation (448). Progressive congenital hepatic fibrosis typi-
cally leads to portal hypertension with hepatosplenomegaly
and esophageal varices. Caroli’s disease is often complicated
by episodes of cholangitis.

Diagnosis

A clinical diagnosis is made when the child presents with typ-
ical clinical and ultrasonographic findings and both parents
have a negative ultrasound after age 30 years, thus excluding
ADPKD. Typical ultrasound findings are enlarged, echogenic
kidneys with loss of corticomedullary differentiation, giving
the appearance of a “pepper and salt” pattern (450,461), com-
bined with signs of hepatic fibrosis and splenomegaly. However,
clinical and sonographic features often overlap with those of
ADPKD, particularly in older children (462). If the parents are
not available for ultrasound imaging or have normal kidneys by
ultrasound, the question arises whether the child has ARPKD
or a new mutation for ADPKD. If clarification of the diagnosis
is needed, histologic examination of a kidney or liver biopsy
specimen can usually distinguish between the two diseases.

A newer, noninvasive method of diagnosing ARPKD has
been described using MRI. A special MRI protocol, called
rapid acquisition with relaxation enhancement (RARE-MR),
can be used to image the whole urinary tract in a few sec-
onds, which avoids the use of contrast material or radiation
(461). In ARPKD, the RARE-MR images show enlarged kid-
neys with a hyperintense radial signal pattern in cortex and
medulla, corresponding to the water-filled, dilated collecting
ducts; a few small subcapsular cysts may also be seen (461).
Contrast-enhanced CT scanning may also show these charac-
teristics (Fig. 18-18), but is much less desirable to use in infants

FIGURE 18-18. Autosomal-recessive polycystic kidney disease.
Contrast-enhanced computed tomography scan shows both kidneys
to be enlarged. The renal medulla shows a “streaky” appearance ow-
ing to tubular ectasia. There is less marked involvement of the renal
cortex, and a mantle of preserved cortex is seen bilaterally. The left
kidney shows some larger cysts (arrows). (Courtesy of E. Levine, MD,
PhD, Kansas University Medical Center, Kansas City, KS.)

because of the need for contrast material and significant radi-
ation exposure.

Prenatal diagnosis is possible with linkage analysis if DNA
from a previously affected sibling is available to determine the
disease-associated haplotype for that family (448). The most
critical point regarding the reliability of molecular diagnosis
is a correct diagnosis in the previously affected child (448).
Prenatal ultrasound is much less reliable than linkage-based
diagnosis because detectable abnormalities usually do not oc-
cur until after 20 weeks of gestation, and both false-positive
and false-negative findings have been reported (463–465). Ab-
normal prenatal ultrasound findings include enlarged, hyper-
echogenic kidneys with or without oligohydramnios.

Clinical Course and Treatment

Autosomal-recessive polycystic kidney disease usually mani-
fests in childhood, most commonly in neonates or in the first
year of life. Neonates typically present with abdominal masses
and respiratory insufficiency due to pulmonary hypoplasia.
Many of these most severely affected children die shortly after
birth (449). Of 115 children who survived the neonatal pe-
riod, 10% had been diagnosed prenatally by linkage analysis
or abnormal ultrasound, 41% were diagnosed during their first
month of life, 23% during their first year, 16% between their
second and fifth year, and 10% after 5 years of age (450). Oc-
casionally, ARPKD is diagnosed for the first time in a young
adult (10,466). The symptoms that most often lead to the di-
agnosis in young children are palpable abdominal masses, hy-
pertension, and urinary tract infections. Hypertension is found
in approximately 70% of children with ARPKD who have sur-
vived the perinatal period. Hypertension is often severe, requir-
ing drug treatment at a median age of 6 months (16,450,462).
Urinary tract infections occur in 30% to 40% of affected chil-
dren (462). Decreased GFR is observed in 72% of children,
often starting in the first year of life and slowly progressing to
ESRD (450). Growth retardation is observed in 25% of chil-
dren and correlates with renal insufficiency (462). In older chil-
dren with less severe renal disease, complications of portal hy-
pertension such as variceal hemorrhage or pancytopenia from
hypersplenism may predominate (164,450,466,467). Both the
renal and the hepatic manifestations of disease progress with
age at variable rates. Whereas the kidney disease terminates in
ESRD, which can occur from birth to adulthood, liver func-
tion usually remains normal despite the presence of portal
hypertension (450). Renal transplantation is the treatment of
choice for ESRD due to ARPKD (466). The liver disease may
remain clinically asymptomatic, and complications of portal
hypertension can often be controlled with sclerotherapy or
shunt surgery (466). However, liver transplantation may be-
come necessary in some patients to relieve severe consequences
of portal hypertension. Combined liver–kidney transplantation
is an option for patients with severe portal hypertension and
ESRD.

Associated Disorders

Ehlers-Danlos syndrome type IV was diagnosed at postmortem
in an 11-year-old girl with previously known ARPKD who died
of a dissecting thoracic and abdominal aortic aneurysm (467).
Another report describes the occurrence of multiple (four) in-
tracranial aneurysms in a 31-year-old woman with ARPKD
who had received a kidney transplant 2 years earlier (468).
Whether these cases represent the simultaneous occurrence
of two separate disorders or rare vascular manifestations of
ARPKD is not known.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-18 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:39

Chapter 18: Polycystic Kidney Disease 527

Counseling

As in all autosomal-recessive disorders, the recurrence risk for
each sibling of an affected child is 25%. The disease is not trans-
mitted vertically. Because ARPKD is a severe disease with high
morbidity and mortality rates in infancy, there is a strong de-
mand for prenatal diagnosis in families who have already had
an affected child (448,449). Linkage analysis should be offered
to such families in subsequent pregnancies. However, linkage
analysis is informative only if adequate DNA from the previ-
ously affected child is available. If the fetus, whose DNA can
be obtained by chorionic villous sampling at 9 to 11 weeks’
gestation, has the same disease-associated haplotype as the
previously affected child, the fetus is predicted to be affected,
and many parents have chosen termination of the pregnancy
(448). The disease severity tends to be similar within families
(14,448), which should be taken into account when counseling
individual families.

TUBEROUS SCLEROSIS COMPLEX

Definition

Tuberous sclerosis complex is a systemic hereditary disease
characterized by hamartomas in multiple organ systems. It has
an autosomal-dominant inheritance with high penetrance and
an estimated incidence ranging from 1:6,000 to 1:10,000 (469–
471). However, 60% to 70% of cases report no family his-
tory and are thought to represent new mutations (469,470).
The disease shows extreme phenotypic variability, even within
families. Some patients are severely affected with epilepsy and
mental retardation, whereas others, probably most patients,
are of normal intelligence (472).

Genetics

Tuberous sclerosis complex is genetically heterogeneous, with
two genes being responsible for the disease. The TSC1 gene is
located on chromosome 9 (9q34), whereas the TSC2 gene is
located on chromosome 16 (16p13), close to the PKD1 gene
(473). Both TSC genes have been identified (41,474). They are
tumor suppressor genes, and somatic loss or intragenic muta-
tion of the corresponding wild-type alleles is seen in the hamar-
tomas (475–478). The TSC1 gene codes for a protein named
hamartin, which has been shown to interact with the TSC2 gene
product, tuberin (479,480,481). Tuberin has a region of homol-
ogy to a guanosine triphosphatase-activating protein, which is
involved in the control of cell proliferation and differentiation
(41,482). Recent discoveries show that the tuberin-hamartin
complex inhibits the activity of mammalian target of rapamycin
(mTOR), a key protein in a signaling pathway that controls cell
growth (478).

The defects in both genes cause similar phenotypic abnor-
malities; however TSC2–associated disease is more common
and more severe than that associated with TSC1 (477,483).
In a large mutation analysis in 224 patients with TSC, muta-
tions were found in 186 (83%; 12% TSC1 and 71% TSC2)
patients (483). Most mutations are unique for a particu-
lar family or patient (477). Somatic mosaicism is common
among sporadic cases and in mildly affected parents of more
severely affected index patients (484,485). Gonadal mosaicism
has been detected in unaffected parents of multiple affected
offspring (484).

Clinical Features

Hamartomas, which are the characteristic lesions of TSC, are
benign tumors resulting from disordered cell migration and
incomplete or abnormal cell differentiation. The skin, brain,
retina, heart, kidneys, liver, lungs, and bones are affected by
these hamartomatous growths (486,487).

Skin manifestations of TSC include facial angiofibromas
(also called adenoma sebaceum), fibrous forehead plaques, un-
gual fibromas, shagreen patches (palpable, indurated lesions
mainly of the lumbosacral region, histologically connective tis-
sue nevus), and hypomelanotic macules (487). Examination
of the skin with ultraviolet light may reveal early skin lesions
such as hypomelanotic macules, which are the earliest and most
common skin lesions, occurring in 90% of the cases (488). Fa-
cial angiofibromas, fibrous plaques, and ungual fibromas are
major features of TSC and confirm the diagnosis when other
signs of TSC are present (489).

The hamartomatous lesions affecting the central nervous
system, cortical tubers and subependymal glial nodules, are re-
sponsible for the most severe clinical manifestations of TSC
(474,490). Cortical tubers of the brain develop before birth
and consist of differentiated and undifferentiated neurons and
glia. These cortical dysplastic lesions are often associated with
infantile seizures and mental retardation, but they can also re-
main asymptomatic. The diagnosis is made by CT or MRI, the
latter of which is more sensitive (491,492). Subependymal glial
nodules or subependymal giant cell astrocytomas usually arise
from the walls of the lateral ventricles; they cause increased
intracranial pressure because of obstruction of the foramen of
Monro, and focal neurologic deficits.

Astrocytic hamartomas of the retina (mulberry tumor) are
observed in approximately one half to two thirds of patients
and may be bilateral. They are multinodular structures that
may be round or oval. They do not grow and may become
calcified in time. Loss of vision is a very rare finding of these
tumors, and treatment is rarely needed (493).

Cardiac rhabdomyomas are common in TSC. These benign
tumors commonly originate from the ventricle, mostly from
the ventricular septum (494,495). They start to grow during
intrauterine life. In 90% of cases, cardiac rhabdomyomas are
detected before 2 years of age (496). They tend to regress spon-
taneously during childhood. Clinical findings and death due to
these tumors are uncommon. They may rarely cause obstruc-
tion of blood flow in the heart, congestive heart failure due to
myocardial contractile abnormalities, and arrhythmias.

Renal lesions occur in more than half of the cases. The most
common renal lesions associated with TSC are angiomyolipo-
mas, which start to develop in late childhood and continue to
progress (497–500). Angiomyolipomas are benign tumors con-
sisting of adipose tissue, smooth muscle cells, and arterial ves-
sels whose thickened walls lack normal elastic tissue. Because
of their fat content, these tumors have characteristic features
on imaging that usually allow the correct diagnosis (501). On
ultrasound they appear echodense, whereas on CT scanning
they are characterized by low attenuation. The main complica-
tion is bleeding due to the increased vascularity of these lesions
(502). Hemorrhage may occur, particularly during pregnancy,
and may be life threatening. Lesions larger than 4 cm appear to
pose a higher risk of bleeding (500). Renal-sparing surgery has
been recommended for large angiomyolipomas, and selective
embolization can be performed successfully in cases of severe
bleeding (501–503). Another complication of renal angiomy-
olipomas is destruction of the normal parenchyma, resulting in
ESRD. Rarely, these tumors may become malignant; the risk
of cancer appears to be approximately 1% to 2.5% of patients
with TSC (477), which is increased compared with the general
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population (500,504). Angiomyolipomas may occasionally be
seen in the liver, adrenal glands, and gonads.

Renal cysts are found in approximately 30% of patients
with TSC. They may occur alone or in conjunction with an-
giomyolipomas. Renal cysts together with angiomyolipomas
are highly suggestive of TSC (497–499,505). The cyst ep-
ithelium is eosinophilic with nodular hyperplasia (498,506).
Glomerular cysts may also be seen. Most patients with TSC
have only a small number of cysts, which increase in preva-
lence with age (500). Renal cysts can develop in subjects with
either a TSC1 or TSC2 mutation. A small subset of patients
with TSC presents in infancy with severe bilateral renal cystic
disease resembling ADPKD. These children have a contiguous
gene syndrome, with deletion of both the TSC2 gene and the
adjacent PKD1 gene on chromosome 16 (507,508). Although
adults with only a few renal cysts are often asymptomatic, some
patients may present with flank and back pain and hematuria
(497). If the cysts are multiple and bilateral, hypertension and
renal failure may be observed, particularly in patients with the
contiguous gene syndrome, in whom ESRD often develops in
adolescence or early adulthood. Renal failure has been reported
to be the most common cause of death in patients with TSC
who live past the age of 10 years (509).

Pulmonary lymphangioleiomyomatosis is estimated to oc-
cur in less than 1% of the cases (510). These lesions are char-
acterized by abnormal proliferation of smooth muscle cells
around the airways, blood vessels, and lymphatics, resulting
in obstructive airway disease, cysts, pneumothorax, chylous
effusions, and pulmonary hypertension (494). They are more
common in women. Patients may acquire pulmonary insuffi-
ciency, necessitating lung transplantation.

The skeletal manifestations of TSC are cysts and sclerosis
due to periosteal thickening of bones (486,511). Hamartoma-
tous polyps of the rectum, gingival fibrosis, and enamel pits on
the teeth are other manifestations of TSC (486).

Diagnosis

The diagnosis of TSC is usually made by the combination of
major and minor features assessed clinically or radiographi-
cally (489). No single sign is absolutely specific for TSC or
present in all affected patients; therefore, at least two types of
lesions need to be found in a person to make the diagnosis of
TSC (489). Mutation testing has been developed into another
tool with relatively high sensitivity (80%) (477). However, it
is complicated by the occurrence of somatic and germline mo-
saicism (485).

Management

There is no specific therapy for TSC, except for surgical re-
section of hamartomas that could cause problems and nonspe-
cific symptomatic treatments. A consensus conference recom-
mended that patients should be evaluated every 1 to 3 years
with renal ultrasonography, CT or MRI of the brain, and one
chest radiograph in adult women (512). The recent discovery
of the importance of mTOR in the pathogenesis of TSC lesions
suggests that drugs like rapamycin that inhibit mTOR might
be useful in the treatment of angiomyolipomas or other lesions
associated with TSC. Surgical interventions may be necessary
to resect subependymal astrocytomas causing hydrocephalus,
or for large renal angiomyolipomas. Surgery is also necessary
if radiologic studies cannot exclude a renal malignancy. ESRD
is best treated with renal transplantation unless general con-
traindications are present. Immunosuppressive therapy after
transplantation does not appear to affect progression of the
angiomyolipomas (501).

VON HIPPEL-LINDAU DISEASE

Definition

Von Hippel-Lindau disease is an autosomal-dominant disorder
with high penetrance, characterized by development of benign
and malignant tumors in multiple organ systems, particularly
the central nervous system and the kidneys. Its incidence ranges
from 1:36,000 to 1:53,000 (513,514). VHL disease has been
divided into two categories: type 1 is characterized by the ab-
sence of pheochromocytomas, and type 2 by the presence of
these tumors (7% to 20% of families) (515). Type 2 families
may manifest as a low (type 2A) or a high (type 2B) risk of
renal cell carcinoma (RCC) (516).

Genetics

Von Hippel-Lindau disease is caused by a single gene, a tu-
mor suppressor gene located on the short arm of chromo-
some 3 (3p25-26) (517). The VHL gene encodes two proteins,
pVHL30 and pVHL19 (516). These are tumor suppressor pro-
teins that bind to elongin B, elongin C and cullin-2 (Cul-2)
to form a ubiquitin-ligase complex (516,518). This complex is
involved in the suppression of tumors by negatively regulating
hypoxia-inducible proteins (516).

Up to one fourth of subjects diagnosed with VHL disease
may not have a family history of the disease. As in TSC, somatic
mosaicism has been shown to occur in VHL disease (519). Par-
ents of patients without a family history can have a mutation
in only some of their cells and tissues with mild or no clinical
abnormalities, whereas their offspring may have the mutated
gene in all cells because of a germ cell mutation in the parent
(520). As with other tumor suppressor genes, the development
of tumors depends on a second, somatic mutation in the ho-
mologous VHL allele.

Clinical Features

Central nervous system, eyes, kidneys, adrenal glands, pan-
creas, and epididymis are commonly affected in VHL disease.
Central nervous system involvement is an important cause of
morbidity and mortality in these patients (521). The typical le-
sions are hemangioblastomas arising from the cerebellum, the
spinal cord, or the brainstem. Supratentorial localization of
hemangioblastomas is rare. Although these are benign tumors,
they may cause symptoms depending on their size, site, and
growth rate. They tend to recur even after radical resection.

Retinal hemangioblastomas develop in more than one half
of all the cases. They may be multiple and bilateral (522,523).
In the early stage, they appear as red dots, resembling microa-
neurysms of diabetic retinopathy. They may grow and cause
blindness owing to retinal detachment and hemorrhage. There-
fore, regular ophthalmologic examination is important for the
early detection and treatment of these tumors.

The characteristic renal lesions in VHL disease are cysts and
carcinomas (524,525). Renal cysts, which may be multiple and
bilateral, are present in 50% to 70% of patients (523). They
may be misdiagnosed as ADPKD. RCC is an important cause
of morbidity and mortality, being responsible for up to 50% of
the deaths due to VHL disease (522). The penetrance of RCC is
high; it develops in up to 77% of all patients with VHL disease
by 60 years of age (524). In contrast to the general population,
it occurs at a younger age (mean age, 44 years) and is often mul-
tiple and bilateral (522,525). Local recurrence after nephron-
sparing surgery is common, necessitating repeated surgeries.
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ESRD eventually develops in approximately 25% of patients
because of extensive resections or bilateral nephrectomies and
rarely because of polycystic kidney disease (524).

Pheochromocytomas cluster within certain families (VHL
disease type 2) (515,522). They occur at a younger age than
the sporadic cases and may be multiple, bilateral, and extraa-
drenal (526). They may cause intermittent or sustained hyper-
tension or remain quiescent. Patients with VHL disease should
be screened for pheochromocytomas before renal angiography
or any surgical procedure because of the risk of hypertensive
crisis.

Pancreatic cysts and serous cyst adenomas are found in ap-
proximately 30% of patients with VHL disease (527). Cysts
are often multiple and may completely replace the gland. Al-
though cysts are mostly asymptomatic, complications such as
biliary obstruction and pain may occur because of their space-
occupying effects. Pancreatic islet cell tumors occur rarely, as
do adenocarcinomas of the pancreas and Vater’s ampulla (310).

Epididymal lesions are found in 10% to 60% of male pa-
tients (526). These are cystadenomas that may be unilateral or
bilateral. Cysts and angiomas may also be detected in the liver,
spleen, and lung. Endolymphatic sac tumors may occur in ap-
proximately 10% of cases (528). These tumors are frequently
bilateral and may cause hearing loss by local invasion.

Diagnosis

In patients with a family history of hemangioblastomas of the
retina or the central nervous system, the finding of a single reti-
nal or cerebellar hemangioblastoma or a visceral lesion (i.e.,
RCC, pancreatic cyst or tumor, pheochromocytoma, papillary
cystadenocarcinoma of the epididymis) is sufficient for the di-
agnosis of VHL disease. In patients with no family history, two
or more hemangioblastomas or one hemangioblastoma and a
visceral lesion are necessary for the diagnosis (523). Direct mu-
tation analysis of individual patients and families is now pos-
sible as well, with a mutation detection rate of 80% to 100%
reported (519,529).

Von Hippel-Lindau disease should be considered in the dif-
ferential diagnosis of ADPKD. The diagnosis of ADPKD can
be made with the findings of bilateral enlarged kidneys and
the positive family history. Among extrarenal findings, hepatic
cysts are common and pancreatic cysts are rare in ADPKD.
On the other hand, in VHL disease, hepatic cysts are rare but
pancreatic cysts are common (525,527). VHL disease should
be suspected in a patient who has multiple pancreatic cysts
without any hepatic cysts.

Management

Patients with VHL disease need to undergo a regular screen-
ing program to detect neoplasms early so that they can be re-
sected successfully. This screening program consists of annual
physical and ophthalmologic examination starting in infancy;
after age 10 years, annual MRI of the central nervous system
is added, and after 15 to 18 years of age, annual abdominal
imaging by ultrasound, CT, or MRI is done. Periodic screening
for pheochromocytoma in affected families is best performed
by measurement of plasma normetanephrine and metanephrine
levels (530).

Cerebellar or spinal cord hemangioblastomas can be suc-
cessfully removed in most patients. Retinal hemangioblastomas
should be treated with photocoagulation to preserve vision.
Surgical treatment is necessary for RCC. Nephron-sparing
surgery is recommended for early lesions to preserve renal mass
(525). If ESRD occurs as a result of multiple operations or
polycystic disease, it is treated by dialysis or transplantation.

Successful results of renal transplantation have been reported,
despite concerns over increased tumor growth with immuno-
suppressive therapy (531). A waiting period of 1 to 2 years be-
tween surgery for carcinoma and transplantation should be ob-
served to avoid early recurrences in the transplanted patient.

GLOMERULOCYSTIC
KIDNEY DISEASE

Glomerulocystic kidney disease (GCKD) is a rare disorder char-
acterized by cystic dilatation of Bowman’s space. Most of the
reported cases are in infants and children (532–535). GCKD
occurs as both a sporadic and familial disease. Autosomal-
dominant transmission has been suggested in familial cases
(536–538). Familial GCKD can be associated either with hy-
poplastic or normal sized kidneys. Mutations in hepatocyte
nuclear factor-1β gene are reported to be associated with the
familial hypoplastic form of GCKD (539).

Glomerular cysts can be observed in other diseases and syn-
dromes apart from GCKD. They can occur in TSC, juvenile
nephronophthisis, Meckel-Gruber syndrome, Jeune’s syn-
drome, Zellweger’s syndrome, trisomy 13, orofaciodigital syn-
drome type 1, and early-onset ADPKD (533). The differenti-
ation of GCKD from other cystic kidney diseases is clinically
difficult. On ultrasonographic examination, the kidneys ap-
pear enlarged with increased echogenicity and loss of corti-
comedullary junction differentiation (540). The diagnosis can
be established only by renal biopsy. Glomerular cysts, which
contain primitive glomeruli, are mainly located in the subcap-
sular area of the renal cortex. The tubules are unaffected. This
lack of tubular involvement distinguishes GCKD from other
renal cystic diseases. The pathogenesis of GCKD remains un-
known. Glomerulotubular junction stenosis and obstruction
caused by periglomerular fibrosis have been suggested by some
authors (541).

The natural history of GCKD is not clearly known. In in-
fants and children, the disease may present with abdominal
mass, hypertension, and renal failure. In adults, hypertension,
flank pain, and hematuria may be the presenting findings. Al-
though the course of the disease in adults is not clearly known,
it may be associated with slow progression to ESRD in some
cases (537). Because biopsy is not performed in adults with
multiple renal cysts, there may be undiagnosed cases.

ACQUIRED CYSTIC
KIDNEY DISEASE

Acquired cystic kidney disease (ACKD) was first recognized by
Simon in 1847 (542). It was described in 1977 by Dunnill et al.
in a study of autopsy specimens from patients on hemodialysis
(543). ACKD may be defined as the development of multiple,
bilateral cysts in kidneys of patients with chronic renal disease
due to causes other than cystic kidney diseases. Although the
incidence of this disease in patients with chronic renal failure is
10% to 20% before the chronic dialysis treatment, it increases
after the start of dialysis (19,543,544). More than half of pa-
tients undergoing dialysis treatment for 3 or more years have
ACKD (20). The major determinant of cystic transformation is
the duration of either chronic renal failure or dialysis. Thus, its
prevalence is increasing because of prolonged survival of pa-
tients on dialysis. The disease has a similar incidence in patients
on hemodialysis and on peritoneal dialysis. Dialysis efficacy is
not associated with prevalence of ACKD. It may occur at any
age, even in children (22). It is reported to be more common in
men and in blacks (19,545). It may develop in any etiology of
renal disease. In some studies, it was found to be more common
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in patients with nephrosclerosis compared with patients with
other causes of renal failure (545).

The cysts in ACKD usually are less than 0.5 cm in diameter.
However, they may reach sizes of 2 to 3 cm. They affect both
the renal cortex and medulla. The epithelium lining the cysts
is typically hyperplastic with multifocal areas of adenomatous
changes. Histochemical studies of ACKD cyst epithelium and
analysis of cyst fluid suggest that most of the cysts derive from
proximal tubules (546–548). The pathogenesis of ACKD is not
clear. It has been postulated that during the progressive loss of
nephrons in chronic renal failure, various mitogenic and cysto-
genic substances accumulate, which cause hypertrophy and hy-
perplasia of the epithelial cells of the remaining nephrons. The
elevated levels of parathyroid hormone may contribute to cyst
formation by stimulating transepithelial secretion of fluid into
the tubular lumen. In addition, the interstitial fibrosis and ox-
alate crystals may contribute to cyst formation through tubular
obstruction (20).

The cysts are observed to regress in some patients after suc-
cessful renal transplantation (549–551). It is also reported to be
more common in transplant recipients on cyclosporine therapy,
suggesting that renal ischemia may play a role in cyst formation
in failing kidneys (552).

Most patients with ACKD are asymptomatic. However, as
in other cystic kidney diseases, flank pain, hematuria, hemor-
rhage, and infection may occur. Rarely, the affected kidney may
be large enough to be felt on physical examination. Flank pain
and hematuria are the most common clinical findings. Hem-
orrhage may be either into the cyst or to the retroperitoneal
space. Relative or absolute erythrocytosis may be detected in
some patients. This is due to increased levels of erythropoietin
in these patients compared with those without cysts. The most
serious complication of ACKD is the development of RCC. The
incidence of RCC increases with duration of dialysis, and men
are four to seven times more likely to be affected than women
(19,544,553).

The diagnosis of ACKD can be made by ultrasonography.
However, because kidneys and cysts are often small, CT may
be more sensitive (19,554) (Fig. 18-19). MRI is preferred if the
cysts show atypical features on ultrasound (153,154). No uni-
form criteria exist for the diagnosis of ACKD. The presence of
four or more cysts in each kidney in a patient with chronic re-
nal failure without a history of hereditary renal cystic disease is
necessary for the diagnosis. The differentiation from ADPKD is
usually easy because the family history is negative, the kidneys
are small, and there are no cysts in other organs.

FIGURE 18-19. Acquired cystic kidney disease in a patient on dialysis
with diabetes mellitus. Contrast-enhanced computed tomography scan
shows both kidneys to be studded with cysts. A solid mass is present
on the dorsal surface.

There is controversy over whether periodic renal imaging
should be performed for early detection of premalignant or
malignant lesions in asymptomatic patients with ESRD (555).
Because the incidence of ACKD increases significantly after
3 years of dialysis, some authors suggest annual screening of pa-
tients who are on dialysis for more than 3 years (544). Screening
can be done with ultrasonography, contrast-enhanced CT, or
MRI. If a solid mass is seen on CT or MRI, nephrectomy is in-
dicated (554). On the other hand, because the overall mortality
rate of patients with ESRD is high because of cardiovascular
disease, survival is often not affected by an incidental RCC.
Therefore, screening of all asymptomatic patients with ESRD
usually is not recommended (555). Exceptions are young, oth-
erwise healthy patients treated with dialysis for more than
3 years, particularly if awaiting kidney transplantation.
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CHAPTER 19 ■ ALPORT SYNDROME, FABRY
DISEASE, AND NAIL-PATELLA SYNDROME
MARTIN C. GREGORY, ALIREZA A. SHAMSHIRSAZ, MOHAMMAD KAMGAR, AND MIR REZA BEKHEIRNIA

Hereditary glomerular diseases have diverse and often covert
patterns of inheritance and varied clinical presentations. They
are more common than is generally appreciated. Vigilance and
awareness of these subtleties are important for prompt and ac-
curate diagnoses, which allow optimal management and timely
genetic counseling.

ALPORT SYNDROME

Alport syndrome of hereditary nephritis and hearing loss is the
best-known hereditary glomerulopathy. Cecil Alport’s archety-
pal kindred (1) had dominantly inherited kidney disease that
was characterized in both sexes by hematuria and urinary ery-
throcyte casts, variable proteinuria, and by hearing loss and
renal failure in males. Affected males died in adolescence of
uremia.

Since Alport’s original description, the phenotype of Al-
port syndrome has broadened with recognition of other as-
sociated clinical features, such as ocular defects and relatively
well-preserved hearing. Contiguous gene defects include dif-
fuse leiomyomatosis and facial malformation with mental re-
tardation and elliptocytosis. There are also forms of hereditary
nephritis associated with platelet and sometimes granulocyte
defects.

PRESENT DEFINITION OF
ALPORT SYNDROME

For this chapter, Alport syndrome will be defined as pro-
gressive, hereditary, hematuric, nonimmune glomerulonephri-
tis that is characterized ultrastructurally by progressive irreg-
ular thickening, thinning, and lamellation of the glomerular
basement membrane (GBM) and genetically by a mutation
in COL4A3, 4, or 5. In X-linked families (XL-AS), eventual
end-stage renal disease (ESRD) of nearly all affected males is a
central feature (Figs. 19-1A and 19-1B). Nonrenal features oc-
curring in some kindreds are helpful diagnostic pointers. Con-
ditions relevant to the differential diagnosis and classification
of Alport syndrome are collated in Table 19-1.

Diagnosis of Individuals

Chronic hematuria is the cardinal sign of Alport syndrome.
Persons with hematuria and a gene for Alport syndrome are af-
fected. One criterion for hematuria is three or more red blood
cells/high-power field of the centrifuged fresh urine sediment
(2). Carriage of the gene for Alport syndrome may be shown
by mutation analysis or inferred in a patient on the line of de-
scent in a family with Alport syndrome. If a mutation has not
been shown, typical renal ultrastructure or immunohistochem-
ical findings are strong evidence supporting Alport syndrome.

Urinary erythrocyte casts, hearing loss, and ocular lesions sup-
port, but are not necessary, for the diagnosis of Alport syn-
drome. Other urinary findings (pyuria, positive urine cultures,
or proteinuria without hematuria) are not signs of Alport syn-
drome (2).

Asymptomatic Gene Carriers

Clinically normal gene carriers—almost exclusively females in
families with XL-AS—should be identified for genetic studies,
counseling, and selection of kidney donors. Progressive renal
disease will occur in some gene-carrying females. Renal failure
is rare in persons of either gender carrying a single gene for
autosomal-recessive forms of Alport syndrome.

Ascertainment of Kindreds

Alport syndrome may be ascertained in kindreds either by
demonstration of a causative mutation or by demonstration of
a family history of chronic glomerulonephritis in many related
persons. Unfortunately, many small kindreds contain few or no
males with ESRD, even though an individual may meet clini-
cal and histologic criteria. Disease in small kindreds should be
considered probable Alport syndrome until further cases occur
or a mutation is demonstrated.

Classification of Kindreds by Phenotype
and Mode of Inheritance

The severity of symptoms varies from person to person and
with age and gender. Large kindreds show modes of inheri-
tance and kindred-specific phenotypes that clearly reflect the
genetic heterogeneity of Alport syndrome. Molecular classifi-
cation now permits rational classification (Table 19-2).

Precise description of each kindred helps in three ways. First,
individual prognosis varies widely from one kindred to another,
but is generally rather stereotyped in each kindred. Second, ge-
netic counseling can be reliable only if the mode of inheritance
has been carefully established. Third, specific features may sug-
gest a specific molecular defect.

Juvenile Versus Adult Types of Alport Syndrome

There is wide variation in the age of ESRD in affected males.
Males in some kindreds (with XL-AS) experience ESRD in
childhood or adolescence, while in others, males reach ESRD in
middle age (3–5). “Juvenile” kindreds are those in which ESRD
develops in males at a mean age of 31 years or less; in “adult”
kindreds, ESRD occurs at a mean age above 31 years. In Figs.
19-1A and 19-1B, the different kinetics of ESRD in males in
Utah kindreds that typify juvenile- or adult-type nephritis are
shown. ESRD developed in males at a mean age ( ± SD) of
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FIGURE 19-1. Prevalence of end-stage renal disease (ESRD) in Al-
port syndrome. The ordinates show the percent cumulative incidence
of ESRD among the same category of gene-carrying persons in rep-
resentative kindreds, versus age of those persons. At the appropriate
ages, instances of other mortality before ESRD were subtracted from
number at risk. A: All affected males in Utah kindreds C, P, and 3 with
adult-type Alport syndrome. B: All affected males in Utah kindred PB
with juvenile-type Alport syndrome. C: All gene-carrier females in all
four kindreds.

18 ± 7 years in a kindred with a G635N mutation in COL4A5,
and at mean ages of 32 ± 7, and 38 ± 5 years respectively in
kindreds, with C1564S and L1649R mutations. Ages at ESRD
in males in each of these kindreds were normally distributed.
Such data can help in prognosis. Juvenile and adult types of Al-
port syndrome should not be confused with early or late stages
of disease in individuals.

Hearing loss nearly always accompanies juvenile types of
XL-AS (6,7), but is variable in adult types (6), and in the largest
known adult-type kindred is late or inconspicuous (8). Spe-
cific ocular defects such as lenticonus, posterior polymorphous
corneal dystrophy, and retinal flecks are more likely in juvenile
kindreds.

Genetic Classification of Alport Syndrome

Genetic advances now permit classification of Alport syndrome
on a molecular basis (Table 19-2). This classification is still
incomplete and will evolve. In practice, many patients will be
classified provisionally because genetic testing is not yet widely
available. Where possible, correlations with the classification
of diseases in the online version of Mendelian Inheritance in
Man (OMIM) (9) are given.

X-Linked Alport Syndrome Caused by a Mutation
in COL4A5 (OMIM 301050)

This is the most common form of Alport syndrome and is phe-
notypically very heterogeneous. ESRD is inevitable in males
but occurs at widely different ages in different families. The
age of ESRD tends to run true within a family, but even within
a family there can be quite wide variability. Knowing the mean
age of ESRD in males in a family is useful from a prognostic
standpoint. Moreover, extrarenal manifestations, such as hear-

ing loss and ocular defects, tend to occur more commonly, more
severely, and at an earlier age in kindreds whose males develop
ESRD early (7).

X-Linked Alport Syndrome Caused by a Deletion in
COL4A5 with Damage to Contiguous Genes

In this form, Alport syndrome is associated with other fea-
tures caused by extension of the deletion outside COL4A5. Al-
port syndrome with diffuse leiomyomatosis (OMIM 308940)
stems from a deletion embracing the 5′ ends of COL4A5 and
COL4A6 (10,11). The AMME syndrome (OMIM 300194/5)
consists of Alport syndrome, midface hypoplasia, mental retar-
dation, and elliptocytosis (12–14).

Autosomal-Recessive Alport Syndrome Caused by
Homozygous or Mixed Heterozygous Mutations in

COL4A3 or COL4A4 (AR-AS, OMIM 203780)

Autosomal-recessive Alport syndrome (AR-AS) is allelic with
familial thin GBM disease. It is not yet clear whether all AR-
AS or all familial thin GBM disease is caused by mutations of
these genes. To date, most examples of AR-AS syndrome have
resulted in early ESRD, but this may reflect ascertainment bias
(15–22). Males and females are equally severely affected and
hearing and ocular defects are usual.

Autosomal-Dominant Alport Syndrome without
Hematologic Defects (AD-AS, OMIM 104200)

Autosomal-dominant Alport syndrome (AD-AS) has been de-
scribed several times, but most descriptions are unconvincing.
One well-described family had relatively mild renal impair-
ment and no hearing loss, eye signs, platelet abnormalities,
or leiomyomatosis (23). The mutation in this family is a splice
site mutation in COL4A3 (24). Another family with autosomal
dominant nephropathy and deafness has been linked to 11q24
(25).

Autosomal-Dominant Alport-Like Syndrome Caused
by Mutations in MYH9

Epstein syndrome (OMIM 153650) was first described as a
variant of Alport syndrome with nephropathy, sensorineural
hearing loss, thrombocytopenia, and giant platelets (26). Sev-
eral kindreds have been described (27–34). When there are
inclusions in leukocytes the term Fechtner syndrome (OMIM
153640) is used (35–43). Nonsyndromic hereditary hearing im-
pairment (44), Fechtner syndrome (40,42), and May-Hegglin
anomaly all map to 22q11-13. Mutations in MYH9, the gene at
this locus coding for nonmuscle myosin heavy chain IIA, were
found almost simultaneously in patients with nonsyndromic
hereditary hearing impairment (44), May-Hegglin anomaly
(45,46), Sebastian symdrome (46), and Fechtner syndrome
(46). Epstein syndrome, Fechtner syndrome, nonsyndromic
hereditary hearing impairment, May-Hegglin anomaly, Sebas-
tian syndrome, and isolated macrothrobocytopenia have now
been shown to result from mutations in MYH9 in nearly all
cases (44–55) and are thus described as MYH9 (or NMMHCA
[nonmuscle myosin heavy chain A]) diseases.

It is intriguing that the original kindred described by Alport
cannot be unequivocally assigned to any of these forms of Al-
port syndrome because affected males did not reproduce and
because the taint has died out, preventing further study. The
severity in males suggests strongly that the original kindred
was X-linked.
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TA B L E 1 9 - 1

DISEASES RELEVANT TO THE CLINICAL CLASSIFICATION OF ALPORT SYNDROME

Disease or condition Mode of inheritance Reference

Alport syndrome This chapter
X-linked XD
With leiomyomatosis XD
With mental retardation and midface hypoplasia XD
Autosomal dominant AD
Autosomal recessive AR

Conditions with hearing loss that may be confused with Alport syndrome
MYH9 syndromes AD This chapter
Alström syndrome AR (322–326)
Branchiootorenal syndrome AD (327)
Charcot-Marie-Tooth disease and nephritis D This chapter

Familial immune nephritis
Familial IgA nephropathy with hearing loss D (328)
Familial membranous nephropathy D
Hereditary interstitial nephritis with hearing loss AD This chapter
Familial spastic paraplegia, deafness, mental retardation,

nephropathy
(329)

Muckle-Wells syndrome (urticaria, deafness, amyloidosis) AD (330–332)
Renal tubular acidosis with nerve deafness AR (333–338)
Various rare syndromes Various (339–345)
X-Linked progressive hearing loss XD This chapter

Conditions with normal hearing that may be confused with Alport syndrome
Acquired glomerulonephritis Not hereditary
Alagille syndrome AD (346–351)
Asphyxiating thoracic dystrophy (Jeune syndrome) AR (352,353)
Bardet-Biedl syndrome AR (354–357)
Cystinosis AR Chapter 79
Diabetic nephropathy Polygenic Chapter 73
Fabry disease (angiokeratoma corporis diffusum) XD This chapter
Familial interstitial nephritis without hearing loss This chapter
With hyperuricemia and gout AD Chapter 76
Familial Mediterranean fever AR Chapter 75
Familial nephropathic amyloidoses AD Chapter 75
Finnish nephrotic syndrome AR Chapter 79
Hemolytic–uremic syndrome AR Chapter 67
Hereditary carpotarsal osteolysis AD (358)
Hereditary immune nephritis D (?) This chapter
Imerslund–Graesbeck syndrome AR (359,360)
Lecithin–cholesterol acyltransferase deficiency AR (269,361,362)
Nail–patella syndrome AD This chapter
Non-Alport hereditary glomerulonephritis AD (?) This chapter
Primary hyperoxaluria AR Chapter 26
Thin glomerular basement membrane disease

(“benign” familial hematuria)
AD This chapter

AD, autosomal dominant; AR, autosomal recessive; D, undifferentiated dominant; XD, X-linked dominant.

Familial Thin Basement Membrane Disease or Benign
Familial Hematuria (OMIM 141200)

This can be a manifestation of heterozygosity for a mutation in
COL4A3 or COL4A4. Mutations in other genes have not yet
been found, but have not been excluded.

Canine and Murine Hereditary Nephritis—Models
of Alport Syndrome

X-Linked Samoyed Nephritis. X-linked nephritis occurs in
Samoyed dogs and leads to renal failure in the males by the age

of 9 months (56). Microscopic hematuria may be present at the
outset of the disease but does not invariably occur; this is a sig-
nificant difference from Alport syndrome in humans. Hearing
loss and other extrarenal defects have not been described. By
light microscopy of sections stained with periodic acid-Schiff
(PAS), segmental GBM splitting appears at 4.5 months and pro-
gresses to glomerulosclerosis. Segmental sclerosis, synechiae,
and parietal cell proliferation appear in some glomeruli. In
pups as early as 1 month old, electron microscopy reveals focal
subepithelial and subendothelial lucencies and splitting of the
lamina densa with granulation. Tubules, interstitial blood ves-
sels, and their basement membranes remain unaffected despite
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TA B L E 1 9 - 2

GENETIC CLASSIFICATION OF ALPORT SYNDROME AND MHY9 SYNDROMES

Gregory/Atkin
Description OMIM Gene classification Synonyms Comments

Dominant, juvenile-type
nephritis with or
without hearing loss

I Because of absence of offspring of
affected males, pedigree analysis
cannot distinguish X-linked
from autosomal-dominant
inheritance. Alport’s original
kindred best fits in this category.

X-linked dominant type
nephritis with hearing
loss

301050 COL4A5 II, III, IV Type II is juvenile-type nephritis
with hearing loss. Type III is
adult-type nephritis with
hearing loss. Subtype IIIa
displays and subtype IIIb lacks
the familial nephritis serum
epitope in glomerular basement
membrane and epidermal
basement membrane. Type IV is
adult-type nephritis without
overt extrarenal features.
Hearing loss typically appears
one to two decades later than
renal failure in affected men.

X-linked dominant
nephritis with diffuse
leiomyomyomatosis

308940 COL4A5,
COL4A6

VII Hearing loss and cataracts
frequently associated.

X-linked dominant
nephritis with
midface hypoplasia,
mental retardation,
and elliptocytosis

300194/5 COL4A5,
FACL4,
AMMECR1

AMME
syndrome

Autosomal-dominant
hereditary nephritis

104200 COL4A3 (VI) Several uncertain kindreds of
autosomal-dominant Alport
syndrome with hearing loss. The
one kindred linked to COL4A4
did not have overt hearing loss.

Autosomal-recessive
hereditary nephritis

203780 COL4A3 or
COL4A4

VIII Allelic with familial thin basement
membrane disease.

Autosomal-dominant
nephritis with
thrombocytopenia,
giant platelets, and
leukocyte inclusions

153640 MYH9 V Fechtner
syndrome

Phenotypically similar to Epstein
syndrome, but leukocytes have
inclusions.

Autosomal-dominant
nephritis with
thrombocytopenia
and giant platelets

153650 MYH9 V Epstein
syndrome

May-Hegglin anomaly 155100 MYH9 Thrombocytopenia, giant platelets,
and granulocyte inclusions.

Sebastian syndrome 605249 MYH9 Thrombocytopenia, giant
platelets, and granulocyte
inclusions of different structure
from those in May-Hegglin
anomaly and similar to those in
Fechtner syndrome.

Nonsyndromic deafness
(DFNA 17)

603622 MYH9

OMIM, Mendelian Inheritance in Man (http://wwwncbinlmnihgov/omim).

http://wwwncbinlmnihgov/omim
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progression in extent and severity of the GBM lesions. Mod-
ification of the epitope(s) of the noncollagenous (NC) region
of type IV collagen in these dogs (57–59) is similar to that in
humans (60) with hereditary nephritis. NC is the roughly 30-
kd C-terminal noncollagenous domain of basement membrane
(type IV) collagen chain that can be isolated as monomers,
dimers, and so on from collagenase-treated basement mem-
brane. A mutation found in COL4A5 is precisely analogous to
human XL-AS (61).

Autosomal-Dominant Bull Terrier Nephritis. Bull terriers are
prone to a hereditary nephritis that is apparently inherited in
an autosomal-dominant fashion (62). Proteinuria consistently
develops in affected males and females, and slightly fewer than
50% show hematuria. Anterior lenticonus is a constant finding
but, because the canine fundus is normally speckled, it is diffi-
cult to comment on retinal pigmentary changes (63). Hearing
loss occurs in bull terriers but does not segregate with renal
disease. Affected dogs show renal ultrastructural changes sim-
ilar to those in human Alport syndrome although subepithelial
“frilling” is more prominent, and they progress to renal failure
at varying ages (64). Both the Goodpasture α3(IV) and Alport
α5(IV) antigens are present in the GBM of affected bull terriers
(63).

Autosomal-Recessive Alport Syndrome in English Cocker
Spaniels. Collagen α5(IV) chains are present in GBM, and
α6(IV) chains also appear in this location in the hereditary
nephritis that occurs spontaneously in this breed. Glomeru-
lar ultrastructure is similar to that in human Alport syndrome
(65).

Mouse Models of Alport Syndrome by Homozygous Knockout
of COL4A3. These closely resemble human AR-AS (66–68).

Epidemiology and Genetics
of Alport Syndrome

Incidence of Renal Failure, Gene Frequency

Between 2% and 5% of males with ESRD and probably less
than 1% of females have Alport syndrome. Various estimates
place the gene frequency from 1:5,000 to 1:10,000 (4). The
true prevalence may be higher because affected patients with
subtle hearing loss are easily overlooked.

Inheritance

Dominance. Hematuria and ESRD are the main manifesta-
tions of Alport syndrome. Defined by hematuria, XL-AS is
dominant in most kindreds. If the late manifestation, ESRD,
is confused with gene carriage, then many gene carriers will
be missed and inheritance misclassified as recessive. As Longo
et al. (69) perceptively pointed out, the distinction between
AD-AS, AR-AS, and familial thin glomerular basement mem-
brane disease is blurry, with significant intrafamilial hetero-
geneity and gene-carriers developing no, mild, or late renal dis-
ease. Until all pathogenic COL4A3 and COL4A4 mutations,
including those in introns, can be identified with certainty, there
is a definite possibility that apparent cases of AD-AS may be
mixed heterozygotes for AR-AS with the second mutation not
yet having been identified.

Penetrance versus Prevalence of Symptoms. Hematuria from
birth is a generally reliable indicator of Alport gene carriage.
It occurs in 100% of hemizygous males (7,70,71), and 90% to
100% of heterozygous female carriers of XL-AS (70,72,73). In
the autosomal forms, data are sparse: all affected patients so far

described with AR-AS have had hematuria, but as hematuria
was generally a presenting feature or a criterion for the diag-
nosis there is heavy ascertainment bias: 80% of heterozygous
carriers of AR-AS (73) had microhematuria. Most patients with
AD-AS have had hematuria (23,24,69,74,75), but the numbers
are small and one 90-year-old gene carrier did not have hema-
turia and was “completely asymptomatic” (74).

Because they are late symptoms, it is unwise to equate
chronic renal failure and ESRD with Alport gene penetrance.
We define prevalence of ESRD as the fraction of a popula-
tion at risk in whom ESRD eventually develops. For males
in each Alport kindred, ESRD prevalence generally coincides
with hematuria penetrance. Figures 19-1A and 19-1B show
representations of the kinetics and prevalence of ESRD of
males with XL-AS. The Lyon hypothesis of inactivation of X-
chromosomes (76) likely explains both incomplete hematuria
penetrance among females heterozygous for XL-AS and their
low prevalence of ESRD (Fig. 19-1C) (2). Jais et al. (72) found
a cumulative prevalence of ESRD of 12% in female carriers
of XL-AS by the age of 40 years. The cumulative prevalence
of ESRD has not been systematically studied in AR-AS and
AD-AS.

Modes of Inheritance, Genes, and Chromosomal Regions.
Mutations in several different genes have been implicated in
various types of Alport syndrome. The role of mutations in
COL4A3 and COL4A4 in autosomal Alport syndrome and of
COL4A5 in XL-AS is discussed previously. Autosomal dom-
inant nephropathy associated with MYH9 mutations is best
separated as a separate entity (see the previous text).

Sex Ratio. One consequence of X linkage is that twice as many
females as males with a nephritis gene will be born (2,76) if
there are no prenatal effects and if reproductive fitness is in-
dependent of gender of the gene-carrying parent. In kindreds
with juvenile XL-AS, most affected children obtain the gene
from their mothers, and the sex ratio of gene-carrying new-
borns approaches 1:1.

Fitness and Mutation

Decreased fertility and increased mortality impair the repro-
ductive fitness (76) of affected males with juvenile types of Al-
port syndrome. When males have no offspring, pedigree anal-
ysis cannot distinguish X-linked from autosomal inheritance.
Affected males in 65 kindreds with all types of Alport syndrome
had, overall, only 70% fitness as compared to the gene-carrier
females (4). In contrast, affected males and carrier females in
large Utah kindreds with adult type disease had the same vig-
orous reproductive fitness as did their noncarrier relatives.

At equilibrium gene frequency (Hardy-Weinberg hypothesis
[76]), 30% decreased reproductive fitness will counterbalance
new mutations in roughly 15% of newborns with a gene for
Alport syndrome. It has been estimated (77), and observed in
Japanese schoolchildren (78), that 17% to 18% of cases are
new mutations.

Population Genetics

“Juvenile”-type kindreds are more numerous (4) but relatively
smaller (i.e., they have fewer affected persons and fewer af-
fected generations). The first affected ancestor in juvenile-type
kindreds can often be identified and may be living. Many de
novo mutations have been found in juvenile kindreds. The dis-
ease tends to die out because uremia hinders reproduction.

“Adult”-type kindreds are fewer but larger. The genealogy
can be traced for eight generations in large families (8) and the
disease shows no signs of dying out. The first affected ancestor
often cannot be identified. Haplotype analysis suggests that



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-19 Schrier-2611G GRBT133-Schrier-v4.cls September 21, 2006 10:35

Chapter 19: Alport Syndrome, Fabry Disease, and Nail-Patella Syndrome 545

groups of kindreds having identical adult-type mutations are
actually branches of one giant kindred (8).

Pathology

Kidney

From being of normal size or slightly enlarged, the kidneys pro-
gressively and symmetrically shrink without distortion of the
calyces or pelves. In advanced cases, the renal surface is finely
granular with an adherent capsule. Yellow flecks may be seen
on the subcapsular or cut surface. The essential pathologic fea-
tures are a characteristic and progressive ultrastructural lesion
of the GBM and the absence of immune reactants.

Light Microscopy. Light microscopy is less sensitive than elec-
tron microscopy and is never pathognomonic, although pa-
tients with early stage disease may show an increased number of
immature (“fetal”) glomeruli (79–81). Tissue sections stained
with PAS or methenamine silver may show focally thickened
GBMs early in the course of disease (79,82–84). Red cells in
tubular lumina may reveal inconspicuous glomerular damage.
Subsequently, stalk enlargement (85), diffuse mesangial prolif-
eration (79,85,86), segmental or global glomerular sclerosis,
periglomerular fibrosis, tubular atrophy, and interstitial fibro-
sis appear, but these changes are not specific. Foam cells in the
interstitium are common in Alport syndrome (79,87–91) but
also occur in other renal diseases (79,91). Yoshikawa and as-

sociates (86) report foam cells mainly in patients over the age
of 10 years.

Epithelial crescents are occasionally seen (89–97); they
tend to occur in patients with the juvenile type of disease
(79,91,96,98). Many older reports neither mentioned the pro-
portion of crescents nor distinguished them from periglomeru-
lar fibrosis in advanced stages of disease, but well-defined
glomerular epithelial crescents were associated with rapidly
progressive renal failure in a few instances. Apart from more
rapid progression and the occasional presence of crescents in
patients with juvenile-type disease, the histology appears iden-
tical in all types of Alport syndrome.

Glomerular Ultrastructure. Although hematuria is detectable
from the first few days of life, careful ultrastructural exam-
ination of renal biopsy specimens may show no abnormal-
ities until patients are several years older (99). By contrast,
pathognomonic ultrastructural changes may be present long
before the appearance of any clinical or laboratory signs other
than hematuria. Renal ultrastructure of clinically normal gene-
carrier females can be normal. Widespread lamellation of the
GBM is highly characteristic for Alport syndrome although it
is not absolutely specific and may be seen focally and in con-
junction with other lesions in a wide variety of nephropathies
(100,101). Early in the course, diffuse or focal thinning of
the GBM similar to that in thin GBM disease can occur
(79,80,84,99,102,103). In more advanced stages of Alport
syndrome (Fig. 19-2A), the lamina densa of the GBM splits
into two or more independent lamellae, frequently separated

BA

FIGURE 19-2. A: Glomerular ultrastructure in Alport syndrome. Electron micrograph of a renal biopsy
specimen from a man in Utah kindred M, illustrating a widened lamina densa of the glomerular basement
membrane (GBM). The lamina densa is split into several layers, between which may be seen numerous small
electron-dense granules. B: Electron micrograph, at same magnification as (A), from an affected woman
with familial thin GBM disease. The uniform thinning of the GBM can be appreciated by comparison
with the width of the epithelial foot processes. (Electron micrographs courtesy of Dr. M.E. Hammond,
University of Utah, Salt Lake City.)
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by numbers of electron-dense granules with diameters of ap-
proximately 50 nm (85,100,104,105). Distortion of the lamina
densa may be extreme, at times amounting to a “basket weave”
appearance in which the lamellae branch and rejoin in a com-
plex tangle (106). Stretches of GBM thickening may alternate
with areas of attenuation.

Splitting of the basement membranes of Bowman’s capsule
and of tubules has also been described (2,101,104), but these
defects were equally common in control subjects with other
renal diseases (107). Focal or diffuse foot process fusion is
common and seems to bear little relation to the severity of
the proteinuria or to the degree of basement membrane dam-
age (102,108). In advanced uremia, sclerosis and scarring rob
the morphology of any specificity. Scanning electron micro-
graphs show numerous microvilli and blebs projecting from
glomerular epithelial cells, and effacement of foot processes
(109); unfortunately, these findings are nonspecific. The ultra-
structural lesions of the GBM appear identical in all types of
Alport syndrome; in particular there is no discernible differ-
ence between kindreds with hearing loss or thrombocytopathy
and those without these abnormalities.

Immunopathology. Immunofluorescence is negative (83,85,
100,110) or shows only minor focal staining (79,102,110,111)
for various immunoglobulins or complement-3 (C3) except in
sclerosed or severely damaged glomeruli, presumably from me-
chanical trapping.

Absence of a GBM component in Alport syndrome was in-
ferred from nonreactivity of some patients’ GBM with sera
from patients with Goodpasture’s disease (112–114). The
Goodpasture epitope was primarily associated with 28-kd NC
domains of GBM collagen. In contrast, Habib and cowork-
ers (99) report that the GBM from patients with Alport syn-
drome consistently reacted with Goodpasture’s sera. Others
(115–118) have obtained variable results with Goodpasture’s
and heterologous anti-GBM sera. These discrepancies likely
arose from disparate specificities of the antibodies employed.

The occasional occurrence of anti-GBM nephritis in Alport
syndrome recipients of renal allografts (116,117,119–121) led
to the development of invaluable natural familial nephritis
serum (FNS) antibodies that recognize a highly cationic 26-
kd NC domain (121–124), as well as monoclonal antibod-
ies that recognize 28-kd domains (125–130). The GBMs of
most males with Alport syndrome fail to stain with antibodies
against the FNS epitope, and those in females stain in an in-
terrupted fashion, as would be expected from mosaicism and
random inactivation of the normal X chromosome (131). A mi-
nority of families with otherwise typical Alport syndrome show
normal staining of the GBM and epidermal basement mem-
brane (EBM) (131). Some kindreds with undetermined disease
type show staining of the GBM and EBM, and some do not
(132). Monoclonal antibodies against α2(IV) and α5(IV) are
now commercially available for study of GBM and EBM.

The missing or nonreactive NC epitope (Goodpasture anti-
gen) resides in the α3(IV)-collagen chain monomer (133,134)
and the Alport antigen is on the α5 chain (135). The expla-
nation of this apparent paradox is that heterotrimers contain-
ing α3(IV) cannot assemble in the absence of functional α5(IV)
(136,137). In humans, unlike dogs, α3(IV) and α4(IV) are tran-
scribed independently of α5(IV). The defect of heterotrimer
formation thus occurs downstream of transcription (138).

Cochlea

The inner ear is much less amenable to histopathologic study
than is the kidney. Specific lesions in Alport syndrome include
a zone of separation between the basilar membrane and the
overlying basement membrane of the organ of Corti and the
presence of cells filling the tunnel of Corti and the extracellular

spaces of Nuel (139). Cellular infilling of the tunnel of Corti
and spaces of Nuel likely represents a persistence of the fetal
cochlear structure (139).

Although no studies have been made on Alport syndrome
patients or gene carriers, the FNS epitope is normally present
in basement membranes of the spiral limbus, inner sulcus, basi-
lar membrane, and spiral prominence of the cochlea (124). A
broadly similar distribution of α3,4,5 chains has been shown
in mice (140) and dogs (141) although these chains extend into
the spiral ligament and stria vascularis in the animal models.

Eye

In anterior lenticonus the basement membrane of the anterior
lens capsule is thinned (142,143) and more fibrillar than nor-
mal (143), allowing anterior bulging of the cortex of the lens,
most prominently in the pupillary region (142,144).

The FNS epitope is widely distributed in the normal eye. It
has been shown in conjunctival, corneal, and iridal basement
membranes; Descemet’s membrane; and anterior and posterior
lens capsules as well as all other basement membranes studied
in the eye (124,145). The α3, α4, and α5 chains of type IV
collagen may be present or lacking in the anterior lens capsule
of Alport syndrome patients (146).

Skin

No light microscopic or consistent ultrastructural abnormal-
ities have been described, although systematic ultrastructural
studies of the skin are needed. The FNS epitope is normally
present in the EBM at the dermal–epidermal junction (131)
(Fig. 19-3A). While a few Alport syndrome families possess
normal reactivity for the epitope at this site, EBMs from most
males with Alport syndrome lack it (123,131) (Fig. 19-3C).
Female heterozygotes display interrupted staining (131) (Fig.
19-3B).

Platelets and Granulocytes

In families with COL4 mutations, no abnormalities have been
recognized in the formed elements of the blood. See the sub-
sequent text for the specific abnormalities in the MYH9 syn-
dromes.

Smooth Muscle

In Alport-leiomyomatosis syndrome, orderly hyperplasia of
smooth muscle may involve the trachea and bronchi, all muscle
layers of the esophagus, the clitoris, and uterus. True leiomy-
omas, characterized by disorderly smooth muscle proliferation,
have been found in the trachea and lungs, esophagus, upper
part of the stomach, clitoris, vagina, vulva, and perineum (147).
Malignant transformation has not been observed. Ultrastruc-
turally, basement membranes are normal in esophageal tissue
(147).

Pathogenesis

Speculations that defects of basement membrane (type IV) col-
lagen, or specifically of its cross-linking cysteine residues, are
implicated in the pathogenesis of Alport syndrome date back
more than 20 years (85,148).

The Oulu group cloned the COL4A5 collagen gene, phys-
ically mapped it to the Xq22 chromosomal region, showed
that it coded for the heretofore unknown basement colla-
gen monomer chain 5(IV), and speculated that mutations of
it might cause Alport syndrome (149). The findings were
soon confirmed (150,151). Probing Southern blots of restricted
leukocyte DNAs with complementary DNA (cDNA) probes
from COL4A5, showed different mutations of COL4A5 in
three Utah kindreds (150). Defective basement membranes in
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A

C

B

FIGURE 19-3. Immunofluorescent demonstration of the familial
nephritis serum (FNS) epitope in epidermal basement membrane.
A: Skin from a normal control reacted with FNS and stained with
fluoresceinated antihuman globulin shows intense, discrete, uniform
fluorescence at the dermal–epidermal junction (arrows). B: Skin from
a gene-carrying female (heterozygote) in Utah kindred P shows alter-
nating areas of normal and absent staining. C: Skin from an affected
male with Alport syndrome and Charcot-Marie-Tooth disease. This
photograph was exposed so long that autofluorescence of the stratum
corneum is prominent, and autofluorescence in the dermis has become
visible without revealing fluorescence at the dermal–epidermal junc-
tion. (Photos courtesy of Dr. C.E. Kashtan, University of Minnesota,
Minneapolis.)

some are explicable in terms of loss of essential cross-linking
cysteine residues in the C-terminal NC domains of α5(IV)
(152). In others there is interruption of repetitive Gly-X-Y se-
quences in the collagenous domain, or truncation of this triple
helical region. Zhou and associates (153) discuss this in more
detail and provide explanatory figures. An extensive correla-
tion of genotypes and phenotypes has been published (7,72)
and extended (154).

Clinical Features

Renal Symptoms and Signs

Hematuria is the cardinal feature, persistent and present from
birth in males (7) and in a fraction of females (72) who have a
nephritis gene. Hematuria is a sine qua non for the diagnosis
of Alport syndrome in males. A child’s mother may note oc-
casionally or persistently red diapers, but hematuria is usually
inconspicuous in adult-type disease. Episodes of gross hema-
turia may follow sore throats or other infections in children
and may be the presenting symptom (79,80,155). The red cell
excretion rate is increased by acute infections and by pregnancy.

Microscopy reveals dysmorphic red cells, renal tubular cells,
and red cell casts. Early reports of pyuria have been abun-
dantly refuted (2). Urinary tract infection is no more frequent
than in the general population. Proteinuria is variable, rang-
ing from barely detectable in early stages to nephrotic range
(7) in some patients in advanced stages. Very heavy or in-
creasing proteinuria implies a worse prognosis (79,156). The
nephrotic syndrome may be more likely to occur in juvenile
types of disease. In Utah kindreds with adult types of Al-
port syndrome, heavy proteinuria is usually well compensated
by increased plasma protein synthesis; while increased plasma

α2-globulin levels and hypercholesterolemia do occur, we have
rarely observed edema. Serum complement concentration is
normal (80,83,93,157).

In adult types of Alport syndrome, renal function is typ-
ically normal for years and then wanes inexorably to renal
failure. The reciprocal of serum creatinine falls linearly with
time during this phase (roughly 6 years from early to end-stage
renal failure in adult-type Alport syndrome); hypertension ap-
pears and worsens as renal function deteriorates. Crescentic
glomerulonephritis may occur, especially in juvenile types of
Alport syndrome, and be accompanied by rapidly progressive
renal failure (98).

With either juvenile- or adult-type XL-AS, renal failure is in-
evitable for affected males, and 30% to 40% females become
uremic, generally in late adulthood (72), (Fig. 19-1C). In kin-
dreds with AD-AS, ESRD in females may occur as frequently
as in males.

Sensorineural Hearing Loss

Some families with adult type XL-AS Alport syndrome have
socially normal hearing (8,158), whereas progressive and ul-
timately profound, bilateral, sensorineural hearing loss distin-
guishes kindreds with all other types (6,7,159). Patients can
be unaware of a high-frequency loss that is readily shown
by audiometry (159). Hearing loss generally occurs later, less
severely, and less frequently in females (6,72) (Fig. 19-4B),
although some women and girls may have a profound loss.
In some families with Alport syndrome and hearing loss,
affected members may have apparently normal hearing even
after ESRD (8), but in other kindreds, family members with-
out hearing loss appear to have less severe renal disease than
their counterparts with hearing loss (79,160). In a large Utah
kindred with a C1549S mutation in the NC domain of 5(IV),
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FIGURE 19-4. A: Audiograms of affected males with adult types of
Alport syndrome. Standard test frequencies (left panel) and ultra–high-
frequency (right panel) audiograms in men aged between 31 and 40
years of age. Solid circles represent men with C1549S mutation (n = 3);
open circles, men with L1564A mutation (n = 5); and solid squares,
unaffected men with significant noise exposure (n = 4). The shaded area
represents one standard deviation either side of the mean for a reference
normal population (n = 24). B: Audiograms of females heterozygous
for C1549S mutation. Standard test frequencies (left panel) and ultra-
high frequency (right panel). Solid circles represent ages 8 to 20 years
(n = 5); open circles, ages 21 to 30 years (n = 3). Note that solid and
open circles overlap entirely in the left-hand panel. Solid squares, ages
31 to 40 years (n = 6); and open squares, ages 41 to 50 years (n = 8).
The shaded area represents one standard deviation either side of the
mean for a reference normal population (n = 25) (all ages combined).
(From: Dr. Derin Wester, University of California, San Diego, with
permission.)

noticeable hearing loss generally coincided with the onset of
renal failure (8).

Most audiologic studies (79,159,160) were carried out on
an unspecified mixture of patients with mainly juvenile pheno-
types. The only systematic audiologic study in which different
Alport phenotypes were distinguished was carried out in pa-
tients with adult-type disease by Wester and colleagues (6).
Males with the C1549S mutation had severe hearing loss both
at standard testing frequencies and at ultra-high frequencies
(Fig. 19-4A). Their hearing loss was clearly discriminated from
the mild loss in females heterozygous for the same mutation
(Fig. 19-4B) and the equivocal impairment in males with the
L1564A mutation (Fig. 19-4A). No impairment was demon-
strable in C1564S males before age 20, but the loss increased
steadily thereafter to at least age 40 (6).

There is no anatomic abnormality of the tympanic mem-
brane or ossicular chain; middle ear pressures are normal and
air conduction is normal. A suspicion that purulent otitis me-
dia was common in Alport syndrome (160,161) has not held
up under systematic scrutiny (79,159). Hearing loss is usually
worse above 1,000 Hz (Fig. 19-4), with an abnormal short
increment sensitivity index, negligible tone decay, and normal
brainstem auditory evoked responses (159), proving cochlear
rather than neural dysfunction. Caloric test results are normal
(162), but more subtle testing reveals impaired vestibular func-
tion (159); flat intensity function curves locate the lesion in the
end organ itself.

Renal disease with hearing loss, even if familial, should not
be equated with Alport syndrome. In a series of 24 patients with
inborn chronic renal disease and hearing loss, Bergstrom and
colleagues (163) report only a minority with Alport syndrome.
Hearing loss from the time of birth is unlikely to be due to
Alport syndrome (6–8).

Ocular Features

Eye defects appear limited to kindreds with juvenile-type
nephritis with hearing loss. In stark contrast to hearing loss,
which is common in hereditary nephritis, but not specific for it,
anterior lenticonus (79,142,164–169) (Fig. 19-5), although un-
common, is nearly pathognomonic. All cases of anterior lenti-
conus reported between 1964 and 1982 were associated with
hearing loss with or without nephritis (166,167). Lenticonus
is more common in males and is usually, but not invariably,
bilateral. It is easy to recognize anterior lenticonus when it is
fully developed. The red reflex is present but it is impossible to

FIGURE 19-5. Anterior lenticonus. “Oil drop” refractive anomaly in the central pupillary area of the
right eye of a man with Alport syndrome, retroillumination view. The appearance is similar by direct
ophthalmoscopy. (Photograph courtesy of Dr. J. Kivlin, University of Wisconsin, Madison.)
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see the fundus clearly because of the severe refractive error. Ex-
amination through a dilated pupil with a strong convex lens in
the ophthalmoscope reveals an “oil drop” bulging the anterior
surface of the lens. Lesser degrees of lenticonus may be diffi-
cult to diagnose even by slit-lamp examination (165). The lens
appears normal at birth (157), and lenticonus develops later,
frequently during the teens. Severe degrees of lenticonus cause
grave visual impairment, not correctable by glasses or contact
lenses.

Macular and perimacular lesions are more common than
lenticonus, occurring in a highly variable proportion of affected
family members (79,98,165–167,170–172). These changes oc-
cur more frequently in males (79,170), and in the context of
a personal or family history of hematuric nephritis, are almost
specific to Alport syndrome. Yellowish or whitish spots around
the macula or loss of the foveal reflex with alterations in macu-
lar pigmentation are common appearances, although more pe-
ripheral pigmentary disturbances, either white or dark, can also
occur (165). The lesions may be described as fundus albipunc-
tatus. Visual acuity is unaffected by the presence of these retinal
lesions. They may be present when the lens is normal, but lenti-
conus implies that retinal lesions are almost certainly present
(166). Electroretinograms and electro-oculograms are normal
in patients with and without visible retinal lesions (165,172).
Posterior polymorphous corneal dystrophy is closely associated
with Alport syndrome in some families (168,173).

Cataracts are common but of little diagnostic value (165–
168). They are usually subcapsular, but may be cortical or
lamellar. Association of Alport syndrome with refractive er-
rors other than lenticonus, particularly myopia (144,162,166,
174,175) possibly reflects common eye problems rather than
genetic linkage. Spherophakia, the first ocular problem de-
scribed in hereditary nephritis (162), proved to be a misdiag-
nosis of anterior lenticonus (144). Many ocular abnormalities
listed subsequently have been noted in patients with Alport
syndrome (165). Some are variants of the lesions described
previously; others are likely chance associations.

Established associations are:

Anterior lenticonus
Retinal flecks
Posterior polymorphous corneal dystrophy
Cataracts
Macular holes
Possible associations
Posterior lenticonus
Various corneal dystrophies and opacities
Keratoconus
Megalocornea
Flat lenses
Arcus cornealis
Probably coincidental
Antimongoloid slant
Strabismus
Coloboma
Partial atrophy of the iris
Refractive errors
Pseudopapilledema
Retinal drusen
Retinal telangiectasia
Retinal detachment
Macular degeneration
Macula
Nystagmus
Color blindness

Esophageal and Genital Leiomyomatosis

In several kindreds (10,11,176–179) and in isolated patients
(180–186), hematuric nephropathy was associated with strik-

ing muscular hypertrophy or leiomyomas of the esophagus.
In females there was also hypertrophy of the clitoris, vulva,
and adjacent structures (176,187). Hearing loss and cataracts
were common (176–178,187), and anterior lenticonus was oc-
casionally present (187). Alport-leiomyomatosis syndrome has
been comprehensively reviewed (147,187).

Inheritance is X-linked dominant with deletions having been
shown in the adjacent 5′ ends of COL4A5 and COL4A6
(179,188–190). In cases examined by electron microscopy,
lamellation and granulation were seen in renal (147,176,178)
but not in esophageal (147) basement membranes.

Rare or Chance Associations

Many strange associations with Alport syndrome have been
described. Often the diagnosis of Alport syndrome was inse-
cure, and in others a coincidence noted on a few cases was
not confirmed in larger studies. Further examples are needed
to confirm these associations, which are collated in Table 19-3.

Familial nephritis with iminoaciduria has been described
in eight families (97,191–197), but the association of hyper-
prolinemia and glomerulonephritis is likely fortuitous. Phang
and Scriver (198) emphasize that inheritance of renal disease
was dominant in the archetypal family (192,196), whereas that
of hyperprolinemia was recessive. Other reports are old or de-
scribe small kindreds. No diagnostic renal electron microscopy
studies are available.

Diagnosis

The path to the correct diagnosis lies through a carefully col-
lected, extended family history and personal examination of
the urinary sediment, specifically for hematuria. The proband
will often be a child with unexplained hematuria or an ado-
lescent to middle-aged male with ESRD, with a vague history
of kidney disease in brothers or relatives on the maternal side.
Systematic urinalyses may reveal several relatives with hema-
turia.

There are several points to remember:

Microscopy of urine sediment—do it yourself!
Family history—extend to as many generations and col-

laterals as possible.
Age of ESRD in males helps to clarify the phenotype.
Female gene carriers—look for hematuria, although not

all carriers have it.

When a member on the line of descent in a well-studied
kindred is found to have hematuria, a renal biopsy is gener-
ally superfluous. The poorer the family history and the more
remote the nearest affected relative, the stronger the case for a
biopsy. Typical extrarenal features, specifically anterior lenti-
conus, retinal pigmentary changes, and to a lesser extent hear-
ing loss, in the patient or family strengthen the presumption
of Alport syndrome and diminish the need for a biopsy. Un-
less male-to-male transmission has been well documented in
the kindred concerned, there are strong grounds to perform a
biopsy on the apparently affected son of an affected man. In
a family with a defined mutation, demonstration of this mu-
tation in an individual defines him or her as a gene carrier.
Linkage studies can identify gene carriers with near certainty
in large families, but this is frequently not practical for routine
diagnosis.

From time to time, a renal biopsy in a patient with hema-
turia will unexpectedly reveal ultrastructural features of Alport
syndrome. Naturally this finding will prompt a search for af-
fected relatives. Diagnoses in persons without positive family
histories often result from new mutations. Without a family
history or proof of a mutation, a secure diagnosis is impossible
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TA B L E 1 9 - 3

RARE ANOMALIES IN ALPORT SYNDROME THAT
ARE LIKELY TO BE MERE CHANCE ASSOCIATIONS

Anomaly Reference

Anorectal anomaly (341)
Asthma or allergy (89)
Cancer
Wilms’ tumor (195)
Chromosomal abnormality
Supernumerary (95,363)
Truncation of a short arm (30,157)
Turner’s syndrome (364)
Circulatory system

Aortic medionecrosis, deformed
aortic valve

(208)

α-Thalassemia minor (365)
Capillary fragility (366)
Congenital heart disease (195)
Rheumatic heart disease (27,367)
Ruptured intracranial aneurysm (368)
Cryptorchidism (157)
Dentition, absent or delayed (160)
External ear
Deformed pinnae (369)
Preauricular tag (341)
Fibromuscular dysplasia (370)
Growth retardation (160)
Hyperprolinemia See text
Immunoglobulin A deficiency (371)
Kidney
Membranoproliferative

glomerulonephritis, type I
(372)

Proximal tubular defects (373,374)
Tubular acidosis (375)
Marfan-like features (162)
Nervous systems
Central nervous system

disease/epilepsy/
electroencephalographic
abnormality

(195,376)

Mental retardation and macrocephaly (79,377)
Peripheral neuropathy (378)
Psychosis (379,380)
Retrobulbar neuritis (381)
Situs inversus (374)
Skin
Epidermolysis bullosa (365)
Ichthyosis (194)
Spinal anomalies (197)
Thyroid
Antithyroid antibodies (371,382,383)
With thyroiditis, hypothyroidism,

goiter
(383,384)

because the biopsy findings are never absolutely specific. The
family history may eventually appear, although males with ju-
venile Alport syndrome are unlikely to sire children.

Juvenile and adult types of Alport syndrome cannot be dis-
tinguished with certainty in kindreds with fewer than two ex-
amples of ESRD in males, but there are suggestive nonrenal
indicators. Normal hearing suggests an adult type of Alport
syndrome or thin GBM disease. The high prevalence of hear-
ing abnormalities in the general population and the uncertain
kinetics of progressive hearing loss in Alport syndrome limit the

value of audiometry except in large kindreds. Eye defects, espe-
cially anterior lenticonus, appear limited to the juvenile types of
Alport syndrome. Thrombocytopenia and male-to-male trans-
mission are features of AD-AS.

Of great interest are the forthcoming genetic methods of
diagnosis. Mutations in COL4A3-5 are currently demonstra-
ble in a sizable minority of kindreds and MYH9 mutations
exclude the diagnosis of Alport syndrome by establishing an
alternative etiology. Emerging techniques with microsatellite
markers within collagen genes, exon scanning, single-strand
DNA fragment conformational analyses, and direct sequenc-
ing of COL4A3-5 should soon provide specific genetic tests for
gene-carrier status in most families.

Treatment

Kidney Disease

No specific treatment is known to affect the underlying patho-
logic process or to alter the clinical course of kidney disease.
Antibiotics, anticoagulants, steroids, and immunosuppressives
have in general wrought no benefit, although in one uncon-
trolled series cyclosporine appeared to be surprisingly effective
(199). Control of hypertension is mandated on general grounds
and protein restriction may prove to be of value once nephron
loss gives rise to hyperfiltration. Management of advancing re-
nal failure is along conventional lines. When terminal uremia
occurs, dialysis and transplantation pose no particular prob-
lems, although the lack of certain GBM antigens invites a slen-
der risk of de novo anti-GBM nephritis after transplantation
(116–121,200). Except for one unconvincing example (201),
the glomerular defect of Alport syndrome has not recurred af-
ter transplantation (117). Particular care must be taken in the
selection of living donors; meticulous and repeated urinalysis
for hematuria is the most important step. Specific genetic tests
will be increasingly helpful.

Hearing and Vision

Great care should be taken to avoid adding insults from drug
ototoxicity to the advancing aural injury. Improvement or sta-
bilization of hearing loss in Alport syndrome patients has oc-
casionally been noted after transplantation (79,202); others
noted no benefit (203), nor have we. Interpretation of these
findings is difficult because dialysis or the uremic state (204)
has been blamed for reversible hearing loss. When hearing loss
worsens, the patient will become more dependent on lip read-
ing and other visual cues. We have observed fair success with
hearing aids. Visual acuity should be monitored at intervals in
those with or at risk of lenticonus and consideration given to
early lens extraction and intraocular lens implantation (177).
Steroid doses should be kept low after transplantation, and
patients monitored regularly for cataracts: poor vision is a dis-
proportionate handicap to the deaf.

Genetic Counseling

Inheritance will be dominant in most families. As a group, men
with Alport syndrome have about 30% fewer children than do
men without Alport syndrome; many men with juvenile-type
disease will sire no offspring.

Incomplete penetrance of Alport syndrome in females must
always be kept in mind (205). In kindreds with X linkage,
daughters of affected males will all be gene carriers regardless
of their urinalysis results. Each clinically normal daughter of
the three other sorts of dominant gene carriers (mothers in
kindreds with X linkage, and parents of either sex in kindreds
with autosomal dominance) has a 50% chance of having an
undetected nephritis gene. Information from genetic tests or
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from urinalyses of the next generation may help decide whether
these females have inherited a gene.

CONDITIONS THAT CAN
BE CONFUSED WITH
ALPORT SYNDROME

Conditions with Hearing Loss

Many conditions affect both the ear and the kidney (Table
19-1), perhaps because of simultaneous embryogenesis or be-
cause of structural and physiologic homology (206).

Autosomal-Dominant Alport-Like Syndrome Caused
by Mutations in MYH9

Epstein and colleagues (26) described a syndrome of hered-
itary macrothyrombocytopenia and deafness that had clear
parallels with Alport syndrome, but in neither the original kin-
dred nor in subsequent descriptions were ultrastructural or im-
munological renal features of Alport syndrome shown (26,27,
29,31,32,34,35,37–39,51,207,208). The phenotype was ex-
panded to include patients with granulocyte inclusions (Fecht-
ner syndrome) (35). Clarity was brought to the classification
by the demonstration that Epstein syndrome, May Heggelin
anomaly, Fechtner syndrome, Sebastian syndrome, isolated
macrothrobocytopenia, and nonsyndromic hereditary hearing
loss (DFNA17 phenotype) were all caused by mutations in the
MYH9 gene at 22q11.2 (44–47,54,55,209).

Clinical and Laboratory Features of MYH9 Disorders

Although some genotype-phenotype correlations have been de-
scribed (46,54,55), there is considerable overlap between these
syndromes. Most patients with overt renal disease had im-
paired hearing, and cataracts were common in patients with
Fechtner syndrome (35,39).

In patients with macrothrombocytopathic thrombocytope-
nia, bleeding complications are customarily mild, although se-
vere bleeding after renal biopsy has occurred (34), as have in-
tracranial hemorrhages in patients with terminal uremia (26,
27,32,34). The platelet count is usually between 25,000 and
100,000 per μl and responds to neither steroids nor splenec-
tomy. Bleeding times may be normal or substantially pro-
longed, even in nonuremics. Childbirth is possible without ex-
cessive blood loss and major operations have been performed
without incident, usually after platelet transfusion.

Specific renal ultrastructural features include focal and seg-
mental effacement of podocytes and loss of the interpodocyte
slit diaphragm (51). Immunohistochemistry showed apical lo-
calization of NMMHC-IIA in tubular epithelia and reduced
podocyte staining, in contrast to the diffuse localization in nor-
mal epithelia (51).

In families with giant platelets, the mean platelet diameter
has varied from 3.6 to 11.0 mm (26,27,30,32,34,35,38,208).
Platelet aggregation may be normal or impaired and platelet
factor 3 availability either increased or decreased. Clot retrac-
tion is normal or only slightly impaired. Thrombocyte content
of purine nucleotides is increased, but probably only in pro-
portion to the volume of the platelets.

Platelet ultrastructure being variably reported as normal
(27,35) or disorganized (26,30,32,34,38,208). By light mi-
croscopy, “Fechtner” granulocytic inclusion bodies resem-
ble toxic Döhle bodies and May-Hegglin inclusions (35,39,
46,207), but they are smaller and stain less well (210). Ultra-
structurally, the inclusions contain clusters of ribosomes and
small segments of rough endoplasmic reticulum (35) and are

distinct from May-Hegglin inclusions which contain parallel
longitudinal filaments (48).

In affected families granulocytes may (41,129,131,132,165)
or may not (128,130) show Fechtner inclusion bodies.
Cataracts have been frequent findings in patients with the
Fechtner syndrome (41,132). The Sebastian syndrome (168)
shows hematologic anomalies identical to those of the Fecht-
ner syndrome but lacks renal, ocular, or auditory disease.

Charcot-Marie-Tooth Disease and Nephritis

Peroneal muscular atrophy and renal disease have been found
together in three small kindreds (211,212) and in ten spo-
radic cases (213–217). About half the patients had hearing
loss. Renal biopsy specimens generally showed focal segmental
glomerulosclerosis; GBM splitting and granulation typical of
Alport syndrome were not seen.

Hereditary Interstitial Nephritis with Hearing Loss

One quite large kindred with autosomal-dominant inheri-
tance of high-tone hearing loss, proteinuria, casts, and pyuria,
but without hematuria or infection has been described (218).
Biopsy findings in four siblings were interpreted as interstitial
nephritis. Renal impairment was generally mild although renal
failure supervened late in life in four men and one woman. Fa-
milial reflux nephropathy (see Chapter 24) was not excluded
as a possible cause of this disorder.

X-Linked Progressive Hearing Loss

These are rare disorders that can mimic the kinetics and au-
diologic features of adult-type Alport syndrome. At least two
forms segregate to loci at Xq21 and Xq22, close to the site of
COL4A5 (219,220).

Conditions with Normal Hearing

Familial Thin GBM Nephropathy (Benign Familial
Hematuria, OMIM 141200)

Familial hematuria does not always have an ominous progno-
sis and large families in which renal impairment never occurred
have been described (221,222). Early descriptions of “benign
recurrent,” “primary,” or “essential” hematuria were impre-
cise and included a variety of conditions. Rogers and colleagues
(222) delineated an entity characterized by uniform thinning
of the GBM and prolonged survival without deterioration of
renal function. Familial thin GBM nephropathy appears the
best name for this condition once biopsy has shown the ul-
trastructure in a family. Alternatives, such as “benign familial
hematuria” or “benign recurrent hematuria” imply knowledge
of prognosis, which is not available at diagnosis.

Familial thin GBM disease displays autosomal-dominant in-
heritance (223,224), although in some areas sporadic cases are
extremely frequent (225). Most cases have been detected in
childhood although hematuria with erythrocyte casts persists
throughout life. Hematuria is usually microscopic and contin-
uous, but may be punctuated by episodes of visible hematuria,
particularly during or after an upper respiratory tract infec-
tion. As a rule, hearing is normal even by audiometry, there
is no proteinuria, blood pressure is normal, and renal func-
tion is unaltered (222,226,227). Flank pain occurs in some
patients (226–228), and the distinction of these cases from the
so-called loin pain–hematuria syndrome is vexatious. Serum
complement is normal (222), and imaging of the urinary tract
shows normal anatomy.

Renal biopsy specimens, apart from the presence of ery-
throcytes in Bowman’s space and in tubules, appear normal by
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light microscopy (222,229) or show minimal mesangial prolif-
eration and an increase in mesangial matrix. Immunofluores-
cence examination reveals normal findings (222,229) or occa-
sionally shows focal and segmental deposits of immunoglobu-
lins and complement in glomeruli (230). An Australian series
(228) noted prominent deposits of the third component of C3
in arterioles. In thin GBM disease, the GBM stains contin-
uously, albeit perhaps less intensely than normal, with anti-
NC monoclonal antibodies. This property has been used to
distinguish between Alport syndrome and thin GBM disease
(125,231,232) and may become a useful diagnostic aid. The
characteristic ultrastructural finding is uniform thinning of
the lamina densa of the GBM. The overall width of the
GBM is reduced by about one-third to approximately 200 nm
(222,229,230,233–235) (Fig. 19-2B). Breaks may be seen in
the GBM (222) through which red cells can cross (236). There
are no alterations in cellularity, no deposits, and foot process
fusion is not observed.

Even with adequate material for high-resolution electron
microscopy, the distinction from Alport syndrome is not al-
ways clear. Biopsy tissue removed early in Alport syndrome can
show areas of uniform attenuation, but abnormally thick areas
will usually be found if sufficient search is made (79,84,230).
Piel and co-workers (237) report some degree of lamellation of
the GBM in 14 of 20 patients with thin GBM disease; details of
family histories were not given and follow-up was limited to a
mean of 6.7 years, during which renal failure developed in one
patient. Because renal failure in males with Alport syndrome
may occasionally be delayed until after the age of 50 years
(8,89,158,175,238–240), many or all of these patients could
have had Alport syndrome. Nevertheless, the paradigm of Al-
port syndrome shows that different mutations even within the
same gene can cause renal and auditory effects differing both in
type and in degree. Occasional cases of thin GBM disease with
hearing loss (237,241) or renal insufficiency (126,237,241)
may be examples of pleotropism of thin GBM disease rather
than misdiagnoses of Alport syndrome.

In practice, until specific immunologic or genetic markers
become available, features that help distinguish thin GBM dis-
ease from Alport syndrome include male-to-male transmission,
normal hearing and longevity of several affected family mem-
bers, and wholly characteristic biopsy findings in at least one
member of the family. Abnormal EBM or GBM reactivity for
the a5(IV) collagen chain can help distinguish cases of Alport
syndrome.

Sporadic, thin GBM disease has been described as fre-
quently or more frequently than the familial disease in some
series (126,242,243). In Melbourne, Australia, thin GBM dis-
ease is the most common cause of isolated microscopic hema-
turia (227). Using systematic morphometry in renal transplant
donors, Dische and colleagues (225) report thin GBMs in 5.2%
to 9.2% of the population. If confirmed, this finding will cast
considerable doubt on the significance of a thin GBM as the
cause of hematuria in a patient with sporadic disease unless
casts or altered erythrocytes are also seen in tubular lumina.
If thin membranes are generally as common as these reports
suggest, then the condition might reasonably be regarded as a
variant of normal. If other features such as flank pain are asso-
ciated, they might reasonably be regarded as coincidental and
an alternative physical or behavioral cause for pain should be
considered.

Familial Immune Nephritis

A familial incidence is occasionally noted in many forms
of glomerulonephritis, including immunoglobulin A (IgA)
nephropathy (244,245), systemic lupus erythematosus, mem-
branous nephropathy (246–252), IgM mesangial proliferative

glomerulonephritis (253), focal segmental glomerulosclerosis
(254–263), membranoproliferative glomerulonephritis (264–
271), and partial lipodystrophy (272,273). Congenital com-
plement deficiencies, most commonly C3 (274), predispose to
membranoproliferative nephritis.

Kourilsky and colleagues (275) described glomerulonephri-
tis in a mother, son, and daughter. All had proteinuria.
Hemolytic–uremic syndrome and malignant hypertension de-
veloped in the son at age 24 and a bilateral nephrectomy
was performed. Examination of biopsy samples showed large
mesangial deposits containing complement in all three patients,
although circulating complement components were repeatedly
normal. Similar deposits recurred in a cadaver allograft.

Familial Nephropathy and Tumor Syndromes

The Wilms’ tumor suppressor gene (WT1) at 11p13 is a tran-
scriptional regulator of many growth factor genes (276), and
inactivation of both WT1 alleles is important in tumoroge-
nesis (277). The gene consists of 10 exons with a complex
pattern of alternative splicing (276). Mutations of WT1 pro-
duce three distinct but related syndromes (276–278). Dele-
tions of the whole gene or insertions or mutations in exon
1 that result in a truncated protein are frequently associated
with the WAGR syndrome of Wilms’ tumor, aniridia, geni-
tourinary malformation, and mental retardation (277). Point
mutations within exon 9 in the region of the gene encoding
the zinc finger domains result in the Denys-Drash syndrome
of diffuse mesangial sclerosis, early progression to ESRD, XY
pseudohermaphroditism, and a high risk of Wilms’ tumor
(277,279,280). Diffuse mesangial sclerosis in Denys-Drash
syndrome frequently occurs before the age of one year (281).
Mutations in intron 9 affecting the KTS exon 9 donor splice
site can result in Frasier syndrome of focal segmental glomeru-
losclerosis, XY pseudohermaphroditism, streak gonads and
propensity to gonadoblastoma (279,281–283). Denys-Drash
and Frasier syndromes appear to be closely related and muta-
tions that might be expected to cause one at times produce the
other. In Denys-Drash and WAGR syndromes, Wilms’ tumor
commonly occurs at a younger age than sporadic Wilms’ tumor
(279) but Wilms’ tumor is very uncommon in Frasier syndrome
(281). The cumulative incidence of renal failure by 20 years
after Wilms’ tumor diagnosis was 62% in Denys-Drash syn-
drome and 38% in WAGR syndrome (280). Formes frustes of
the WT1 syndromes may present as apparently normal females
with infantile nephrotic syndrome but without other syndromic
features (284,285). These are important to recognize because
of the potential for development of genitourinary and other
tumors in the patient or offspring. Five percent of males and
9% of females with idiopathic steroid-resistant nephrotic syn-
drome had a WT1 mutation in a recent series, whereas none
of 110 cases of steroid-sensitive nephrotic syndrome carried
a mutation (286). In another series, idiopathic nephrotic syn-
drome segregated with the WT1 locus, although patients with
HIV-1 associated nephrotic syndrome segregated negatively at
this locus (287).

A second Wilms’ tumor gene, WT2, at 11p15.5 is linked to
the Beckwith-Wiedemann syndrome of exomphalos, macro-
glossia, gigantism, hemi-hypertrophy, and a tendency to de-
velop Wilms’ tumor, rhabdomyosarcoma, hepatoblastoma,
and adrenal adenoma or carcinoma (276,288,289). Renal ab-
normalities in this syndrome include nephromegaly, calyceal
abnormalities and renal cysts (290,291).

Hereditary Interstitial Nephritides

Familial Juvenile Hyperuricemic Nephropathy. In this en-
tity, well reviewed by Cameron and Simmonds (292), hy-
peruricemia and sometimes gout appear in childhood or
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adolescence with progression to uremia by the third to the
fifth decade. Isosthenuria and hypertension develop, but pro-
teinuria is absent or slight and the urine sediment is normal
or contains only a few urate crystals or epithelial cells. The
chronic interstitial nephritis is histologically nonspecific. Al-
though intratubular crystal deposits may initiate the intersti-
tial nephritis (293), uric acid crystals are rarely seen in biopsies
(293,294). Inheritance is usually autosomal dominant and in
up to 50% of cases is associated with mutations in the UMOD
gene at 16p11-12, the same gene that is mutated in some cases
of medullary cystic disease (292). Early in the disease, plasma
urate concentration may appear normal although diagnoses
have been delayed by failure to use reference values appropri-
ate for the patient’s age and sex. Purine pathway enzyme levels
in erythrocyte lysates are normal (295–297), distinguishing this
condition from the Lesch-Nyhan syndrome. Striking purine un-
derexcretion appears to be a constant feature (292). Reducing
serum uric acid levels early in the progression of the disease
is effective in halting progression (292), but is ineffective later
(297–299). The pathogenesis of the nephropathy is debated:
a defect in renal blood flow may lie at the root of both hype-
ruricemia and progressive renal damage; hyperuricemia may
incite renal fibrosis by a mechanism unrelated to crystal depo-
sition (300,301); or abnormal urate handling may result from
abnormal regulation of nephrogenesis (302). Because of promi-
nent apoptosis of proximal tubule cells, it has been suggested
that a gain of function mutation of the proximal tubule lumi-
nal anion exchanger could explain reduced uric acid excretion
(303).

Familial Interstitial Nephritis without Hyperuricemia

The family described by Stabellini et al. (304) is the best charac-
terized of this rather imprecise group. Renal biopsy specimens
from three of six affected family members showed tubular atro-
phy, interstitial fibrosis, mononuclear cell infiltrates, and severe
vascular lesions.

Familial Interstitial Nephritis with Hypokalemia

The association of hypokalemia, sodium wasting with high
plasma renin levels, and interstitial nephritis is an autoso-
mal recessive, possibly human leukocyte antigen-linked trait
(305,306). Glomerular function is usually unaffected although
uremia developed in the three siblings of one family (305).

NEWLY DESCRIBED INHERITED
DISEASES OF STRUCTURAL
GLOMERULAR PROTEINS

Collagen III Glomerulopathy

Also known as collagenofibrotic glomerulopathy, this new type
of hereditary glomerulopathy was initially seen in 10 children
with progressive glomerular disease (307). Hypertension was
common and several children and their siblings had hemolytic
anemia. Some also had pulmonary disease. Light microscopy
showed a diffuse increase in the mesangial matrix and general-
ized widening of the capillary walls. Ultrastructurally, fibrillar
collagen was found within the mesangial matrix and the suben-
dothelial aspect of the GBM, adjacent to normal lamina densa.
Immunohistochemical studies identified the fibrillar collagen as
type III collagen. Neither affected children nor their relatives
showed clinical features of nail-patella syndrome (NPS). The
tendency to early renal failure, the possible extrarenal features,
and the transmission as an autosomal-recessive trait strongly

suggest that collagen type III glomerulopathy (307–313) is a
distinct hereditary disease.

Fibronectin Glomerulopathy

Families from Europe, the United States, and Asia have now
been described with a lobular glomerulonephritis and deposi-
tion of PAS-positive and Congo red-negative material in the
mesangium and subendothelial space (309,314–321). The de-
posits stain bright red with acid fuchsin-orange G. Electron
microscopy confirmed the deposits shown by light microscopy.
The mesangial and subendothelial osmiophilic deposits were
generally granular and homogeneous; rarely, fibrils 12 to
16 nm in diameter were seen, but the appearances were not
suggestive of amyloidosis. In most patients studied, the deposits
stained only weakly for immunoglobulins and complement, but
strongly and consistently for fibronectin (319). Nearly all pa-
tients had proteinuria, often in the nephrotic range, and about
half had microhematuria. Serum creatinine level was usually
near normal at diagnosis, and tended to rise slowly or not at
all. Inheritance is autosomal dominance (317,318) and linkage
to 1q32 has been reported (316).

FABRY DISEASE (OMIM 301500)

Fabry or Anderson–Fabry disease was identified over a century
ago, in 1898.This inborn error (also called angiokeratoma cor-
poris diffusum, ceramide trihexosidosis) is a rare metabolic
disorder that particularly affects vascular endothelium, leads
to renal, cardiac, and cerebrovascular manifestations and early
death. Fabry disease is the only known X-linked sphingolipid
storage disease. Lack of α-galactosidase (also termed ceramide
trihexosidase) (E.C. 3.2.1.22; GalA), a lysosomal hydrolase
crucial in glycosphingolipid metabolism, causes accumulation
of neutral glycosphingolipids in many tissues.

Epidemiology

The disease is panethnic, and estimates of incidence range from
about 1 in 40,000 to 60,000 males (385,386) but may be higher
(387). Fabry disease predominantly affects males, although car-
rier (heterozygous) females also can be affected to a mild or
severe degree because of random X-chromosomal inactivation
(388). That most reported patients have been white may reflect
reporting bias rather than a true racial difference.

Genetics

Inheritance is X-linked and the gene coding for α-galactosidase
A (GLA) is situated at Xq22.1 on the long arm of the X chro-
mosome, just centromeric to the Alport syndrome locus. The
GLA gene has been cloned and its DNA sequence determined.
It is a relatively small gene of ∼12-kb containing seven exons.
To date, over 300 mutations that cause Fabry disease have been
identified, including missense, nonsense, small deletions and in-
sertions, large gene rearrangements, and splice mutations. The
mutations are spread throughout the entire GLA gene, and
most are ‘‘private,’’ occurring in one or a few affected families
(389–395). Most mutations result in the typical phenotype, but
five missense mutations produced signs and symptoms confined
to the heart, or no symptoms at all (392).

Fewer than 5% of families with Fabry disease have had
large mutations demonstrable by Southern blots, implying that
most mutations are single-base changes or small insertions,



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-19 Schrier-2611G GRBT133-Schrier-v4.cls September 21, 2006 10:35

554 Section III: Hereditary Diseases

deletions, or rearrangements. For further details, Eng and col-
leagues provide an excellent review (392).

Normally, α-galactosidase is synthesized as a precursor pro-
tein that is then glycosylated in rough endoplasmic reticulum.
A signal peptide splits from the glycosylated precursor protein,
which then undergoes further glycosylation in the Golgi ap-
paratus. This mature, heavily glycosylated protein then moves
to its site of action in lysosomes. Errors can occur at many
of the steps in this complex process. The results may be total
lack of a precursor, formation of an unstable precursor, ab-
normal processing of a normally sized but subtly abnormal
precursor, or normal processing of a mutant enzyme. Several
of these specific errors have been linked to particular phe-
notypes. For example, whereas most mutations produce the
full classic phenotype, hemizygotes with some missense muta-
tions may be asymptomatic or have disease limited to the heart
(392,396).

A structure-based human a-Gal A model was generated, and
used to locate various a-Gal A mutations that caused Fabry
disease (397). Genotype–phenotype correlations are complex
in Fabry disease, as the same mutation can lead to both classic
and atypical disease, even within the same family (389,398).
Patients with atypical variants of Fabry have been found to
exhibit missense mutations that lead to a reduction, but not
absence of α-galactosidase A activity (399).

Pathogenesis

Alpha-galactosidase hydrolyzes neutral glycosphingolipids
with terminal α-galactosyl residues. If the enzyme is defective,
several glycosphingolipids, particularly globotriaosylceramide
(ceramide trihexoside), will accumulate.

Pathology

Kidney

Glycolipids accumulate in blood vessels, glomeruli, and vascu-
lar smooth muscle, and to a lesser extent in tubular epithelium.
Lipids deposited in vascular endothelium and glomerular vis-
ceral epithelial cells are dissolved out with routine processing.
The cells that contained them appear as foam cells. If the lipids
are preserved in frozen sections, they can be stained with fat
stains such as Sudan III or oil red O. Likewise, the glutaralde-
hyde fixation and epoxy embedding for electron microscopy
preserve fat, which is readily visible in toluidine blue-stained
sections (Fig. 19-6). Electron microscopy shows striking stacks
or whorls of dense, flat, osmiophilic inclusions in the lysosomes
of blood vessels, and glomerular (Fig. 19-7) and tubular epithe-
lial cells with a periodicity of 35-50 Å. These myeline bodies
are 1 to 3 μm in diameter, showing a characteristic “zebra” or
“onion-skin” appearance (400,401).

Nonrenal Tissues

The most striking changes are in blood vessels and are sim-
ilar to those just described for the kidney. Thromboses can
occur in many organs and seem to occur as a result of platelet
aggregation on areas of sphingolipid accumulation in the en-
dothelium. Tissue infarction, the consequence of vascular oc-
clusion, has no features specific to Fabry disease. Aside from
ischemic sequelae, the heart may show glycosphingolipid de-
position in myocytes and valvular fibrocytes (396). All four
chambers of the heart may enlarge, the mitral and tricuspid
valves thicken, and the mitral valve may prolapse. Cerebral
vessels are strikingly involved; glycosphingolipid accumulation
in neural tissue is confined to the perineurium of peripheral

nerves, autonomic neurons, and some primary somatic afferent
neurons.

Clinical Features and Course

Extrarenal Manifestations

In childhood and early adolescence, affected males experience
agonizing pains in the limbs, more marked distally (385). Pain
can be chronic and/or acute with episodic crises often precipi-
tated by changes in temperature, exercise, or stress. They occur
in 80% to 90% of male patients in the first decade and about
10% to 70% of female patients, often in the later course of the
disease (402,403). A typical pattern of pain is acroparesthesia
or burning sensations in the palms of the hands or soles of the
feet. They become less intense or may even disappear in later
life. In severe attacks, pain radiates proximally and may even
simulate an acute abdomen. The pain is a result of damage of
small nerve fibers caused by diffusion into and accumulation of
Gb3 in the nerve axons and dorsal root ganglia. The diffusion
is related to the surface area of the axons, although the myelin
sheath may provide some protection. As the longest axons are
those with the largest surface area this can explain why the pain
occurs initially in the periphers (404). Hypohydrosis is a nearly
constant feature. Angiokeratomas, apparent as slightly raised,
cherry red to black, nonblanching macules or maculopapules
1 to 3 mm in diameter, are small hyperkratotic areas of dilated
blood vessels, appear in adolescence and progressively increase
on the lower trunk and back, being particularly marked on the
scrotum and bathing suit area (Fig. 19-8). Usually they appear
in groups or in generalized forms but they also can be isolated.
At least minimal angiokeratomas can also be observed in about
30% of carrier females (403). Angiokeratomas are not specific
of Fabry disease, as they occur also in other lipid storage dis-
eases, and their absence does not rule out a diagnosis of Fabry
disease (405).

Cardiac and cerebral (406) ischemic episodes are remark-
able only for the early age at which they occur; strokes and car-
diac infarction during the third and fourth decades are fairly
common. Congestive heart failure and severe mitral regurgita-
tion are major complications and can be fatal (407,408). There
are no differences in valvular changes between hemi- and het-
erozygotes, and so both genders are affected with more or less
the same incidence (405). Cardiac rhythm and conduction dis-
turbances may also occur (396). Fabry disease apparently con-
fined to the heart may account for 10% of patients with left
ventricular hypertrophy without obvious cause (396).

Cornea verticillata is a distinctive whorled corneal opacity
(409,410) that is closely similar to the opacities that can occur
with prolonged chloroquine or amiodarone therapy. Opaci-
ties appear within the first few years of life and are generally
quite asymptomatic. Even the posterior radial cataracts that
eventually occur in 50% of patients scarcely interfere with vi-
sion. Retinal vascular occlusion and ischemic optic atrophy
may cause visual loss (411,412).

Female heterozygotes have variable but generally mild man-
ifestations; rarely can they be as severely affected as males.
Surprisingly, about four of five females show corneal opacities
(413).

Renal Manifestations

Female Heterozygotes. In heterozygous female patients, man-
ifestations are highly variable. They take the same form as in
male patients, but are generally milder (414). Nevertheless, end
stage renal disease (ESRD) can occur (415).

Male Hemizygotes. Urinary concentration defects may be the
earliest functional manifestation of Fabry renal disease, leading
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A

B

FIGURE 19-6. A: Foam cells in re-
nal glomerular epithelium in Fabry
disease. (Magnification ×400.) B:
Lipid deposits in renal glomerular
epithelium. (Magnification ×1,000.)
(Glomerulus embedded in epoxy resin
and stained with toluidine blue.)
(Photographs courtesy of Dr. Melvin
M. Schwartz, Rush-Presbyterian-St.
Luke’s Medical Center, Chicago.)

to polyuria and nocturia. Nephrology referral is more typi-
cally initiated because of the development of proteinuria. Pro-
teinuria may begin in the teenage years and becomes more
frequent when patients reach their 20s and 30s (rarely in
nephrotic range) (416). The progression to ESRAD is common
in 3rd to 5th decade of life (417). Hypertension is a late mani-
festation and usually after onset of renal failure (418). Usually
Fabry patients show glomerular hyperfiltration rate similar to
diabetic nephropathy (419). Additionally, nephrogenic diabetic
insipidus (420), distal renal tubular acidosis (421), and im-
paired ammoniagenesis (422) have been reported. Microscopy
of the urine sediment may show red blood cells, renal tubu-
lar cells, casts, and lipid. Lipid droplets with their characteris-
tic “Maltese cross” appearance under polarization microscopy
may be found even when proteinuria is slight. Electron mi-
croscopy of the urine sediment may show “myelin bodies” mor-

phologically identical to those seen in the lysosomes of renal
tubular cells on renal biopsy specimens (Fig. 19-9).

Diagnosis

The most important step is to consider the diagnosis of Fabry
disease. The index patient in most families goes undiagnosed
for years or decades. In affected males with fully expressed dis-
ease, the constellation of symptoms and signs is highly sugges-
tive. Slit-lamp microscopy will confirm the diagnosis in nearly
all patients. A certain diagnosis can be made by the determina-
tion of the α-galactosidase A activity in blood leukocytes and
Gb3 (globotriaosylceramide) measurement in urine and blood
(416). Biopsy, for example of kidney or skin, typically shows
lipid deposition and, in electron micrographs, multilamellar
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FIGURE 19-7. Myelin figures in Fabry disease.
Electron micrograph of glomerular capillary
loops with ultrastructural changes character-
istic of Fabry disease. (Magnification ×5,500.)
Many whorled “myelin figures” or “zebra bod-
ies” are visible in glomerular visceral epithelial
cells. (Photograph courtesy of Dr. Daniel Ter-
reros, Salt Lake City VA Medical Center, Salt
Lake City, Utah.)

myelin bodies (423). Genetic testing detects the mutation in
GLA, the gene coding for α-galactosidase A (424). Family
screening is helpful in order to identify additional cases in gen-
eral and patients who have an atypical course of the disease or
are of young age with just developing symptoms in particular.

Prenatal Diagnosis

The severity of Fabry disease in males is the principal moti-
vation for prenatal diagnosis. Because of the relatively mild
involvement in females, prenatal diagnosis is relevant chiefly
for the offspring of an affected woman and may start with de-
termination of gender. Enzymatic analysis of chorionic villous
tissue or of cultured amniotic cells can confirm or exclude the
disease in a male fetus; confirmation of carrier status in a fe-
male is tricky, but possible (425). Prenatal diagnosis can also

be done by DNA mutation analysis, if the mutation has been
identified in the family. They can be performed on chorionic
villi or cultured amniocytes (426).

Implication of New Knowledge
for Genetic Counseling

Counseling should be based on information that is as precise
as possible. The status of relevant family members should be
determined. For example, is a woman in the line of descent
who seeks advice truly heterozygous or just at risk, or perhaps
through nonpaternity or another explanation, not a carrier at
all? The severity of the phenotype in the family should be de-
fined as accurately as possible, by obtaining information about
many affected family members. If possible, the mutation should

FIGURE 19-8. Angiokeratomas of the an-
terior abdomen of a man hemizygous for
Fabry disease.
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FIGURE 19-9. Urinary myelin bodies.
Electron micrograph of a cell in the
urine of a female heterozygous for Fabry
disease. It is filled with myelin figures.
(Uranyl acetate and lead citrate stain,
×20,000.) (Photograph courtesy of Dr.
Melvin M. Schwartz, Rush-Presbyterian-
St. Luke’s Medical Center, Chicago.)

be defined, because this facilitates both precise diagnosis in un-
certain cases or in a fetus at risk, and because it may help predict
the clinical severity of the disease.

When one is informing couples considering termination of
pregnancy of the chances of various outcomes, it is well to
bear in mind that therapy has changed in the last few years
and is likely to advance rapidly. Although gene therapy is not
yet practical, enzyme replacement is feasible now; however, the
cost of the therapy should be considered as well.

Treatment

Until recently, Fabry disease management was limited to symp-
tomatic and palliative treatment, but this has changed with
the availability of the recombinant human a-Gal A enzyme,
agalsidase. Two different agalsidase formulations have been
obtained: one from human fibroblast (agalsidase a), and one
from Chinese hamster ovary (CHO) cells (agalsidase b). Both
preparations underwent clinical trials that documented the fea-
sibility, efficacy, and safety of the treatment. Based on obser-
vations made during these trials, both agalsidase a (Replagal)
(0.2 mg/kg every other week) and agalsidase b (Fabrazyme)
(1.0 mg/kg every other week) have been approved in Eu-
rope, and agalsidase b was approved recently in the United
States.

A double-blind placebo-controlled trial showed that
glomerular mesangial widening decreased by a mean of 12.5%
for patients receiving α-gal vs a 16.5% increase for placebo.
Mean creatinine clearance increased by 2.1 mL/min (0.4 mL/s)
for patients receiving α-gal A versus a decrease of 16.1 mL/min
(0.3 mL/s) for placebo. In patients treated with α-gal A, there
was an approximately 50% reduction in plasma glycosphin-
golipid levels, a significant improvement in cardiac conduction,
a significant increase in body weight, and also remarkable im-
provement in their pain control (427). In another study, 27
men and two women received Fabrazyme, and 29 men received
placebo. Inulin clearance did not change from baseline in ei-
ther group after 20 weeks of double-blind treatment or after

6 months of open-label treatment. However, enzyme treatment
cleared microvascular endothelial deposits of globotriaosylce-
ramide from the kidneys, heart, and skin (428).

In a long-term trial, enzyme replacement therapy (ERT) for
30 to 36 mo with agalsidase beta resulted in continuously de-
creased plasma GL-3 levels, sustained endothelial GL-3 clear-
ance, stable kidney function, and a favorable safety profile
(429). However, larger trials to show additional dose find-
ing and comparative studies are needed to find the most cost-
effective dose and drug. A point to keep in mind is that ERT is
extremely expensive.

The debilitating pain accompanying Fabry disease may be
considerably eased by phenytoin or carbamazepine. Those with
valvular heart disease should receive standard antibiotic pro-
phylaxis for dental extractions and other interventions (430).
Excess glycosphingolipid can be removed by plasmapheresis
(431) with temporary symptomatic benefit. Although plasma-
pheresis could be carried out repeatedly, this is cumbersome
and expensive, and there have been no systematic trials. Chem-
ical chaperone treatment with 1-deoxygalactonojirimycin can
retard degradation of mutant enzyme and thus prolong its ac-
tivity (432). This approach has been promising in vitro, but
has not been assessed clinically, and it might be limited by side
effects such as weight loss and lymphoid depletion. Inhibitors
of glucosylceramide synthase can lower globotriaosylceramide
levels in α-GLA knockout mice (433,434).

When renal failure supervenes, both hemodialysis and peri-
toneal dialysis can be carried out with no specific prob-
lems (435,436). Fabry patients are more likely to be started
on hemodialysis than on peritoneal dialysis (64% vs. 34%)
(437). In both the United States and Europe, Fabry patients
who initiate dialysis have a worse survival compared with
non-Fabry starting dialysis, even when one accounts for age
(437,438). Renal transplantation successfully reverses uremia.
Although survival was poor after transplantation in an early
series (439), One-, five-, and ten-year graft survival in pa-
tients with Fabry disease are now equivalent to that in case-
matched controls (440,441). Thus, at this time, renal transplan-
tation should be recommended for eligible Fabry patients either



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-19 Schrier-2611G GRBT133-Schrier-v4.cls September 21, 2006 10:35

558 Section III: Hereditary Diseases

before or within a few years following initiation of dialysis
(437). There are, however, particular problems in choosing
living related transplant donors. Asymptomatic hemizygous
males can be reliably detected by their predictably low serum α-
galactosidase levels. The variability of manifestations in female
heterozygotes raises greater problems. Most assays for carrier
detection are about 80% to 90% sensitive, so several assays
should be employed to reduce the risk of inadvertently choos-
ing a female carrier (442). A reasonable plan is careful ophthal-
mologic examination together with a test for α-galactosidase
activity in serum, plasma, urine, leukocytes, fibroblasts, or hair
roots (443). Mutation analysis would be decisive in a family
with a known mutation.

Recurrent myelin figures develop in the endothelium of nor-
mal kidneys transplanted into recipients with Fabry disease
(439,443–446), nevertheless it has not been shown that dis-
ease recurrence in the endothelial cells of the allograft results
in graft dysfunction or premature graft loss (441). Some clin-
ical experiences demonstrate that ERT is safe and effective in
kidney transplant recipients suffering from Fabry disease. ERT
preserves renal allograft function, it improves extrarenal Fabry
disease involvement, and ERT could prevent severe cardiomy-
opathy progression, which can be present in patients on renal
replacement therapy (447). However, studies in larger groups
of patients and long-term follow-up will be required to confirm
these preliminary clinical observations.

Variants and Diseases Related
to Fabry Disease

Recently, a variant form of Fabry disease was identified with
manifestations primarily limited to the heart (396,448); these
“cardiac variants” lack the classical disease symptoms, and
present in the sixth or seventh decade of life with left ventricu-
lar hypertrophy (LVH) and/or cardiomyopathy. They may have
proteinuria, but their renal function is typically normal for age.
Of note, “cardiac variants” have residual α-Gal A activity due
to missense mutations and lack the systemic vascular endothe-
lial glycosphingolipid deposition characteristic of classically af-
fected patients (399). Screening of 230 consecutive Japanese
male patients with LVH and 153 British male patients with hy-
pertrophic cardiomyopathy by plasma α-Gal A assays revealed
that 3% and 3.9%, respectively, were previously unrecognized
“cardiac variants”(396,449).

There is mounting evidence that renal disease with end-stage
renal failure can also occur in absence of other typical organ
manifestation as has been described in patients with solely car-
diac manifestation. Such patients are predisposed to remain un-
diagnosed or misdiagnosed. Nakao et al. recently carrying out
a large screening programme on male Japanese haemodialysis
patients and identifying patients with exclusively renal man-
ifestation suggest that such types should be defined as renal
variant of the disease. Interestingly, these patients had resid-
ual α-galactosidase A activity being about 7% to 28.6% of
the mean activity of healthy males and reached end-stage re-
nal failure at an age similar to patients with full-blown disease
(450).

Angiokeratoma corporis diffusum with glycopeptiduria is
an autosomal-recessive disorder (451,452) resulting from de-
ficiency of α-N-acetylgalactosaminidase (E.C. 3.2.1.49; α-
Ga1NAc). Features are similar to Fabry disease, with angiok-
eratomas and peripheral neuropathy. Both infantile-onset and
adult-onset forms of the disease have been described. The for-
mer is a severe disease with neuroaxonal dystrophy but without
angiokeratomas or visceral lysosomal inclusions, whereas the
latter manifests itself much later with angiokeratomas, mild in-
tellectual impairment, and peripheral neuropathy (451,453).

Animal Models and Directions for
Future Research

Alpha–GLA-deficient knockout mice provide a useful experi-
mental model for Fabry disease (453).

NAIL-PATELLA SYNDROME
(NPS)(OMIM 161200)

Nail-Patella syndrome (NPS) is a rare autosomal dominant dis-
order involving organs of ectodermal and mesodermal origin
and characterized by the tetrad of dysplastic nails, hypoplas-
tic or absent patellae, iliac horns and deformities of the el-
bow. It has a truly bewildering range of pseudonyms including
hereditary onychoosteodysplasia (HOOD), Fong’s syndrome,
Turner-Keiser syndrome, and Osterreicher-Turner syndrome.

Epidemiology and Genetics

The prevalence of NPS has been estimated at 4.5 per million
in United States and 2.2 per million in United Kingdom. The
incidence approaches 1 in 50,000 live births (454,455). The
condition maps to 9q34.1 (9,456,457) which is the site of
the LMX1B gene (456). LMX1B codes for Lmx1b, a mem-
ber of the LIM homeodomain protein family which is essential
for wide range of developmental processes including dorso-
ventral patterning of the limb, differentiation of dopaminergic
and serotinergic neurons, patterning of the skull and normal
development of the kidney and eye (458–461). These devel-
opmental processes need two normal genes. A mutation that
impairs the function of one LMX1B results in NPS; that is to say
haploinsufficiency of LMX1B produces the clinical syndrome
(462–464).

To date over 100 mutations have been reported in patients
with NPS, but no genotype-phenotype correlation has been
identified (454,456,465).

Pathology

Light microscopy of renal biopsy specimen is nonspecific and
usually demonstrates normal findings. When present the only
consistent but nonspecific glomerular feature is focal glomeru-
lar basement membrane (GBM) thickening (466–467). If there
is clinical evidence of renal diseases light microscopy findings
are related to degree of renal failure and include focal segmental
glomerulosclerosis, proliferative glomerulonephritis with cres-
cent sclerosis, and hyalinization of the glomeruli (466–469).

Immunofluorescence microscopy is negative or shows pre-
sumably nonspecific trapping of IgM, and complement (466).
Staining of the GBM with MCA-P1, a monoclonal antibody
directed against the α3 chain of type IV collagen, was absent
in two of three patients with NPS (470). Absent reactivity with
MCA-P1 is otherwise confined to patients with Alport syn-
drome indicating an abnormality of the GBM that interferes
with incorporation of α3 chains.

Ultrastructural changes are characteristic and specific and
have been found in all NPS patients. The GBM is irregu-
larly thickened. Overlying pedicles are effaced. Patches of
dense fibrillar material with periodicity of collagen are scat-
tered throughout the entire thickness of the GBM (466,467,
469,471–473) (Fig. 19-10). Lucent areas and areas of fluffy
low-density material give rise to the sobriquet “moth-eaten”
basement membrane. Bowman’s capsule and tubular basement
membranes are not specifically affected, but the mesangium
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FIGURE 19-10. Glomerular basement
membrane (GBM) in nail-patella syndrome
(NPS). High-resolution (magnification
×55,000) electron micrograph of the GBM
showing fluffy lucencies expanding the
GBM and blurring its endothelial margin.
Several collagen fibrils are visibly embedded
in the GBM. (Photograph courtesy of Dr.
Daniel Terreros, Salt Lake City VA Medical
Center, Salt Lake City, Utah.)

may show fibrillar collagen similar to that in the GBM and
usually accompanied by mesangial cell proliferation. Although
somehow similar mesangial lesions have been seen in other
conditions such as diabetes, membranoproliferative glomeru-
lonephritis, amyloidosis, and glomerulosclerosis, in these con-
ditions the material is not collagen and can be distinguished by
its relatively weak staining with phosphotungstic acid.

For such a rare condition, NPS has been associated sur-
prisingly often with other glomerular lesions. These include
membranous nephropathy (474), systemic vasculitis (475), IgA
nephropathy (476), Goodpasture’s syndrome (477), hemolytic-
uremic syndrome (478), and bilateral renal stones (479). Per-
haps abnormal structure or immunogenicity renders the GBM
more vulnerable to other insults.

Clinical Features and Course

Exterarenal Manifestations

Patients with NPS have a lean body mass, which is more appar-
ent in adolescents and young adults. This decrease in muscle
mass in more prominent in the upper arms and upper legs.
Legs often appeared short compared to the torso and head ap-
pear larger compared to the body. Other abnormalities include
lumbar lordosis, less developed biceps and triceps with full de-
veloped deltoids and forearm muscles, and high forehead and
male pattern hairlines in female patients (454).

The classic tetrad of NPS consists of dystrophic nails (Fig.
19-11), patellar and lateral femoral condylar hpoplasia (Fig.
19-12), hypoplasia of the radial head and capitellum of the
elbow (Fig. 19-13), and bilateral iliac horns (Fig. 19-14).

Nail dystrophy is present at birth in more than 90% of those
affected and is the most constant feature of NPS. The presence
of triangular nail is a pathognomonic sign for NPS. The lunula
appears stretched toward the free border of the nail, and the
central portion of the nail is deformed. Commonly, affected
nails are smaller than normal and may even be absent. It af-
fects the fingernails more than the toenail and the thumb and

FIGURE 19-11. Characteristic nail changes of nail-patella syndrome
(NPS). All the nails are small. The long finger shows the typical central
triangular dystrophy with its base at the lunula. Usually, the changes
are more marked toward the radial side of the hand.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-19 Schrier-2611G GRBT133-Schrier-v4.cls September 21, 2006 10:35

560 Section III: Hereditary Diseases

FIGURE 19-12. Absence of patella in nail-patella syndrome (NPS).
Radiograph of the left knee of a 19-year-old girl with NPS. The patella
is congenitally absent and the lateral femoral condyle is hypoplastic.

FIGURE 19-13. Elbow contracture in nail-patella syndrome (NPS).
The left elbow of a 44-year-old woman with NPS and end-stage renal
disease (same patient as in Figure 19-11). She is holding her elbow as
straight as possible. A web of soft tissue fills the antecubital fossa.

FIGURE 19-14. Iliac horns. Pelvic x-ray film of an 8-year-old girl
with nail-patella syndrome (NPS) (same patient as in Figure 19-12, but
11 years earlier). The arrow indicates the characteristic iliac horn, visi-
ble medial to the outer margin of the blade of the ileum. The radiograph
incidentally shows a fusion defect and lumbarization of S1.

radial-side digits more than the ulnar-side digits. Furthermore,
anonychia, hemianoncia, nail hypoplasia, longitudinal ridging,
splitting and spoon-shaped and flaky nails have been associated
with NPS.

The patella is small, misshapen or absent in more than 90%
of patients (Fig. 19-12). Concurrent hypoplasia of the lateral
femoral condyle and poor development of the vastus medialis
muscle may lead to recurrent subluxation or dislocation of the
patella, knee instability and knee pain complicated by patello-
femoral arthrosis. Involvement of the elbow is almost as com-
mon, with hypoplasia of the radial head and capitellum being
characteristic. This predisposes to posterior subluxation of the
radial head. Synechiae may lock the elbows in permanent and
disabling flexion (Fig. 19-13).

Conical bony horns projecting from the back of the blade of
the ileum is seen in about 80% of the patients and considered
pathognomonic of NPS. Often palpable in thin subjects, they
are readily seen radiographically (Fig. 19-14).

Although not part of the classic tetrad, the most common
presentations to orthopedists are foot or ankle deformities and
the most common being talipes equinovarus and equinovalgus
(480–481). Usually these deformities require surgical correc-
tion.

In addition to the common deformities found in NPS, many
other skeletal changes may be discovered (482). These include
Madelung’s deformity (483), scoliosis, spondylolisthesis (484),
spina bifida occulta, straight clavicles, hypoplasia of the first
ribs, sternal deformities, cranial vault defect, absence of the
fibulae, and shoulder dysplasia (485). Urinary tract malforma-
tions also occur (466,471,486).

Ocular effects, such as heterochromia iridis (Lester’s line)
(487), glaucoma, cataracts, strabismus, and microcornea attest
to the widespread nature of the structural defects. Sensorineu-
ral hearing loss has been described (488). Chronic open an-
gle glaucoma is strongly associated with NPS, although ocular
hypertension may also be seen (489). In addition, patients of-
ten describe redundant and wrinkled skin on the back of the
hands.

Renal Manifestations. It is the renal manifestation of NPS that
influence mortality and occurs in 30% to 50% of the patients.
Previous studies have estimated renal involvement to occur in
between 12% to 55% and renal failure in between 5% and
14% of NPS patients (454). The most typical signs of renal
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disease are moderate proteinuria with or without hematuria.
Nephrotic syndrome sometimes occurs (466).

The relationship between the somatic features of NPS, clin-
ical signs of nephropathy, and the GBM lesion is perplexing
and has not been studies systematically. There appear to be
families with the somatic features in whom nephropathy does
not develop (491–492). It is not clear whether this is variable
expression or genetic heterogeneity. Even families that clearly
express the full spectrum of somatic and renal features may
have affected individuals without clinical renal signs. Other
individual patients have shown musculoskeletal features and
typical renal ultrastructure without clinical renal abnormali-
ties (471,469). As described subsequently, several families have
clinical renal disease and typical renal ultrastructure without
the somatic manifestations.

Variants and Diseases Related
to Nail-Patella Syndrome

More than 20 patients showing the ultrastructural features of
NPS without the somatic findings have been described (493–
495). In seven families, inheritance appeared to be autosomal
recessive. It is possible that these cases were examples of col-
lagen III glomerulopathy as previously described (307). There
are also some evidences for an autosomal dominant NPS-like
syndrome without extrarenal symptoms. These GBM diseases
might be due to partial expression of NPS or another type of
hereditary glomerulopathy (455).

A girl with a heterozygous complete deletion of the COL5A1
gene at 9q34 and underexpression of α-1(V) chains had dys-
plastic nails, normal patellae, but other mesenchymal and ec-
todermal features more suggestive of Goltz’s syndrome than of
NPS (496).

Animal Models

Renal changes similar to those seen in human with NPS have
been observed in LMX1B mutant mice. Expression of α3(IV)
α4(IV) chains is decreased in the GBM of LMX1B mutant
mice, whereas α1(IV), α2(IV), and α5(IV) chain expression
is unaffected (461,497). LMX1B mutations are suggested to
contribute to renal pathology by preventing a transcriptional
switch from α1/α2 to an α3/α4/α5 network of type IV colla-
gen during GBM development and by disrupting maintenance
of COL4A3 and COL4A4 expression, which is important for
the long-term structure and function of the GBM.

LMX1B may regulate COL4A4 and possibly COL4A3 ex-
pression by a direct action on enhancer sequences (461,455).
It is postulated that persistence of the fetal α1/α2 network pre-
disposes the GBM to proteolytic degradation. Furthermore,
Lxm1b may contribute to nephropathy by decreasing the ex-
pression of genes that have a likely role in podocyte function
and maintenance (455). Despite these findings in animal mod-
els, immunohistochemical studies in patients with NPS showed
normal expression of podocin and α3(IV) and α4(IV) (455).

Diagnosis

Typical NPS is readily recognized clinically. If doubt remains,
radiographs of the knees and pelvis usually show absent, rudi-
mentary, or deformed patellae and bilateral iliac horns.

Renal biopsy is rarely required to make the diagnosis of
NPS. It may be justified in patients with atypical disease and
in patients with evidence of nephropathy because of the ap-

parently high incidence of other and potentially treatable renal
disorders in NPS patients.

Prenatal Diagnosis

In families with a defined mutation, chorionic villous sampling
can potentially be used for mutation analysis (504); in families
without a known mutation, but sufficiently large enough to be
informative, linkage could be sought with restriction fragment
length polymorphic markers near 9q34 (499). The typical re-
nal ultrastructural features of NPS were found in an 18-week
abortus (505), and the diagnosis of NPS has been made by
intrauterine kidney biopsy (506). Skeletal anomalies may be
recognized by fetal sonography (507–508).

Treatment

As long as we cannot correct the molecular defect of NPS, treat-
ment for all aspects is supportive. Orthopedic surgery to relieve
contractures and to fuse or realign joints confers major bene-
fits. Knee, ankle and foot surgery is frequently helpful, whereas
elbow surgery is rarely needed (480). Treatment of advanced
renal insufficiency is along general line and hemodialysis, peri-
toneal dialysis, and transplantation have been carried out suc-
cessfully. In three patients who have had biopsy of the allograft
(78,509), there was no evidence of recurrence or NPS lesions
or of anti-GBM nephritis. Most intriguing, in a single patient
(509) nail lesions appeared to improve after transplantation.
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CHAPTER 20 ■ ISOLATED RENAL TUBULAR
DISORDERS: MOLECULAR MECHANISMS
AND CLINICAL EXPRESSION OF DISEASE
MAYBIN SIMFUKWE, SANDRA SABATINI, AND EUGENE DAPHNIS

The proximal and distal renal tubules are primarily respon-
sible for solute fluid and reabsorption; thus, it is likely that
abnormalities in the mechanisms involved will have clinical
expression and that most of the defects will have a genetic ba-
sis. Because the transporters (or enzymes) for carbohydrates,
amino acids, and ions are polarized to either the apical or baso-
lateral membrane, and because their localization (or function)
may differ (integral or constitutive), the possibility of biologic
error is virtually infinite. Renal tubular transport disorders are
a fascinating study as some of these errors shed light on both
evolution and genetic control. That mutant gene products can
be expressed in one tissue but not in others is evidence that
these carriers are controlled by a variety of gene loci. The ad-
vantage conferred by this diversity of control is an evolution-
ary success. Although many of the tubular disorders remain
descriptive, knowledge about the cellular mechanisms is ad-
vancing rapidly. In this chapter, we review the major tubular
transport defects of carbohydrates, amino acids, and some of
the ions (H+, K+, Na+). Abnormalities of calcium, phosphate,
and water are discussed elsewhere. We also describe the clinical
features of these disorders in humans and summarize some of
the insights learned from their animal models.

DISORDERS OF CARBOHYDRATE
TRANSPORT

Mechanisms of Carbohydrate Reabsorption

The proximal tubule is responsible for reclamation of approx-
imately two thirds of filtered salt, water, and bicarbonate and
for the complete reabsorption of glucose and amino acids (1–
6) (Fig. 20-1). Most of the filtered glucose is reclaimed in the
first phase of proximal reabsorption (i.e., in the first 25% of
the proximal tubule). Reabsorption occurs through sodium–
glucose symporters localized in both the S1 and S3 segments of
the apical brush-border membrane. The lumen-to-cell sodium
concentration gradient, maintained by the basolateral Na-K-
adenosine triphosphatase (Na,K-ATPase), provides the energy
for optimum activity of these transporters (7,8). The lumen-
negative potential difference in the early proximal tubule
(−2 mV) is thought to be an active transport potential dif-
ference driven by sodium-coupled glucose and amino acid re-
absorption. Proximal tubule intracellular glucose concentra-
tion approximates 5 mmol/L; the portion not used for cellular
metabolism returns to the peritubular capillary across the ba-
solateral membrane by facilitative glucose transporters.

Wright and colleagues (9) were the first to identify a Na+

cotransporter. The gene for this cotransporter localizes to the
long arm of chromosome 22 encoding a 73-kDa integral mem-
brane protein of the gastrointestinal apical membrane. It turns

out that this ancient gene family (with 11 members in the hu-
man genome) has remarkably diverse and versatile functions
even separate from glucose (hexose) uptake.

The SGLT1 cotransporter has been cloned in the rabbit kid-
ney (S3 segment) and is identical to one found in the intestine
(10,12). The gene encoding the human sodium–glucose renal
symporter is also found on chromosome 22. Less is known
about SLGT2 (also identified in the human kidney, early prox-
imal tubule), but complementary DNA sequences of the two
transporters show 80% homology. In the S1 segment, baso-
lateral glucose exits the cell by the glucose transporter type 2
(GLUT2) isoform (and in the S3 segment by the GLUT1 iso-
form), a protein carrier that is independent of ion transport.
As stated, eleven isoforms have been identified in a number
of tissues, including adipose tissue, brain, heart, kidney, and
liver (9). Renal handling of other sugars is incompletely under-
stood, but there are data suggesting separate transport systems
for fructose and mannose (3,4).

The normal kidney reabsorbs all of the filtered monosac-
charides if their plasma concentrations are normal or low. If
plasma concentration increases because of disease or a systemic
infusion, however, the sugar begins to appear in the urine. A
plot of the plasma concentration versus the urinary excretion
rate allows the maximum rate of tubular reabsorption (Tmax)
to be obtained (14). As seen in Figure 20-2, above a certain fil-
tered load, no more glucose is reabsorbed by the renal epithe-
lium. Intravenous titration studies in humans document that
a splay is always noted; this has been interpreted to indicate
that individual nephrons have different thresholds or that the
protein transporters have different solute affinities (9,13–15).
The higher the dissociation constant (KD) a specific monosac-
charide has for its receptor, the greater its documented splay.
In the following sections, a review of specific hexosurias and
pentosurias is presented.

The Hexosurias

Primary Renal Glucosuria

Primary renal glucosuria is a disorder characterized by a nor-
mal glomerular filtration rate (GFR) and increased urinary glu-
cose excretion in the presence of a normal plasma glucose con-
centration. Normal intestinal absorption of carbohydrates is
also a feature of the disease. The incidence of this disorder
varies substantially, although when the diagnostic criteria pro-
posed by Marble in 1947 (15) are strictly applied, the condition
is not common. These criteria are:

1. Glucosuria without hyperglycemia, which may increase dur-
ing pregnancy;

2. Glucosuria independent of dietary intake, present after an
overnight fast;
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FIGURE 20-1. Transport of glucose, amino acids, sodium, water, chlo-
ride, and bicarbonate along the proximal tubule. OSM, osmolality;
PAH, para-aminohippurate; TF/P, ratio of tubule fluid to plasma con-
centration.

FIGURE 20-2. Proximal tubule reabsorption of a solute, S, by a sat-
urable active transport. Es, solute excretion (direct measurement); Fs,
solute filtration (plasma concentration of S × glomerular filtration
rate); Rs, solute reabsorption; TmS, transport maximum, filtered load
at which no more solute can be reabsorbed. The theoretical threshold
is TmS/TF, or plasma concentration of S at which it begins to appear
in the urine. (Adapted from: Haycock GB. Isolated defects of tubular
function. In: Cameron A, Davison A, Grünfeld JP, et al., eds. Oxford
Textbook of Clinical Nephrology. Oxford: Oxford University Press,
1992:1039.)

3. A normal (or flat) glucose tolerance curve in the presence
of normal plasma insulin, free fatty acids, and glycosylated
hemoglobin;

4. Normal renal transport of other sugars; and
5. Normal carbohydrate utilization in affected subjects.

Glucose excretion rates above 2.7 mmol/day/1.73 m2 are
definitely abnormal even if all these criteria are not met.

Classically, three variants of primary renal glucosuria (Fig.
20-3), as assessed by glucose titration studies (types A, B, and
O), have been described (3,14). In type A glucosuria, there
is a decrease in the renal threshold as well as a decrease in
Tmax, resulting in massive glucosuria even when the plasma
glucose level is normal; very little splay in the titration curve is
observed. Some patients with Fanconi syndrome fall into this
category. In type B glucosuria, there is a decrease in the renal
threshold but Tmax is normal; titration studies always docu-
ment increased splay. In affected patients, there is always some
degree of glucosuria even when plasma glucose is low. Type B
glucosuria is usually an isolated disorder, but may be found in
gluco-glycinuria and renal phosphaturia (16). The third vari-
ant, type O glucosuria, was first reported by Oemar et al. (17) in
a teenager unable to reabsorb glucose under any circumstances.
The pattern of inheritance was not documented, because titra-
tion studies were not performed in family members. Bagga et
al. (18) described a child with type O glucosuria whose mother
and two siblings had type A glucosuria.

The pathophysiologic process of primary renal glucosuria is
complex and not completely understood. The descriptive terms
provided previously will no doubt be reassessed as we now
know of many pedigrees with defects in SGLT2 gene. Some
of these are associated with aminoaciduria or hypercalciuria.
That many of these nonsense mutations are found in highly
consanguinous families are suggestive of autosomal recessive
inheritance. In 23 families, mutations for the SGLT2 gene were
noted in 21. Some of these patients were homozygous and some
were heterozygous (19). Because the degree of glucosuria was
greater in the homozygotes, the authors suggest the disorder to
be codominant trait with variable penetrance.

Types A and B primary renal glucosuria are usually con-
sidered to be benign conditions diagnosed during routine ex-
amination of the urine. Usually, no clinical manifestations are
evident. Type O glucosuria, however, may result in severe de-
hydration and ketoacidosis during pregnancy or after periods
of prolonged fasting.

An acquired form of renal glucosuria has been described
by Rezaian et al. (20) in subjects with tetanus. In 63 patients
requiring intensive care treatment for tetanus, more than 50%
had glucosuria that normalized approximately 4 weeks post-
discharge. There was no difference in disease severity, sex, or
age in those with or without the renal leak. These patients are
probably most similar to those described earlier for type B. It
would be of interest to follow these patients to see if the renal
leak or diabetes occurs later in life.

Glucose–Galactose Malabsorption

This rare autosomal-recessive disorder (∼200 patients identi-
fied worldwide) is characterized by impaired gastrointestinal
sugar transport in the jejunum resulting in severe diarrhea that
is fatal within a few weeks after birth unless lactose (which
consists of glucose and galactose) is removed from the diet.
There is minimal renal involvement, which is usually a de-
creased tubular threshold for glucose with a normal Tmax (i.e.,
type B glucosuria). No galactosemia occurs because carbohy-
drate metabolism per se is not impaired. This disease is seen
in consanguineous marriages and is due to mutations in the
SGLT1 gene resulting in a truncated SLGT1 protein (or mis-
trafficking) in the gut. The disorder is most reliably diagnosed
with the hydrogen breath test after an oral glucose (but not
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FIGURE 20-3. Schematic drawing of normal and
pathologic renal tubular glucose reabsorption (TG)
as a function of the filtered load. The curve marked
1 is the theoretical curve, and the curve marked 2 is
the actual curve in normal subjects. FminG, minimal
renal glucose threshold in normal subjects; Fmin′

G,
minimal renal glucose threshold in patients with re-
nal glucosuria. (From: Oemar BS, Byrd DJ, Brodehl
J. Complete absence of tubular glucose reabsorp-
tion: a new type of renal glucosuria. Clin Nephrol
1987;27:156, with permission.)

fructose) challenge. Children with the disorder thrive normally
on a fructose formula, but even as adults, a relapse occurs
after the ingestion of even a few grams of glucose or lactose
(21–24).

Glucosuria of Pregnancy

It is well known that glucosuria may occur during pregnancy.
Chen et al. (25) found that 1.7% of pregnant patients had glu-
cosuria during routine antenatal testing. The glucose Tmax falls
during pregnancy for two reasons: a marked increase in GFR
without a parallel increase in maximum glucose reabsorptive
rate and a significant inhibition of proximal tubule reabsorp-
tion due to volume expansion. In affected women, renal glucose
transport tends to normalize approximately 2 months after de-
livery. Some have suggested that these women have a mild case
of one of primary renal glucosurias discussed earlier, but fur-
ther studies are needed to document this possibility (26). There
is no clear evidence that women with glucosuria of pregnancy
are at higher risk for the subsequent development of diabetes
mellitus.

Glucosuria in Infancy

Urinary glucose excretion is higher in preterm infants than in
term infants; normal adults have virtually no glucose in the
urine. When adjusted for body surface area, both the glucose
Tmax and the GFR tend to be lower in preterm infants than
those born at term; both parameters are lower than in adults.
This phenomenon is not seen in laboratory animals and, con-
sequently, the mechanisms have yet to be elucidated. Perhaps,
during the maturation process the capacity to reabsorb glucose
rises because of an increase in the amount of the apical sym-
porter proteins or because of a decrease in the turnover of these
proteins. Also, as development proceeds, a more favorable elec-
trochemical gradient may be established in the proximal tubule
or there may be a decrease in proximal tubule membrane flu-
idity. Any or all of these mechanisms could occur, but they
remain to be documented. Despite the substantial caloric and
calcium losses in infants having this disorder, there seems to
be no significant long-term clinical consequence (27). A slow
learning ability has been shown in long-term follow-up of very
small preterm infants, a number of whom are now in their early
teenage years. Whether they are a subset of those who previ-
ously had significant glucosuria remains to be determined.

Essential Fructosuria

Essential fructosuria is an autosomal-recessive disorder of
metabolism occurring with an incidence of approximately

1:130,000 in the general population. Phosphofructokinase
activity is decreased; therefore, fructose-1-phosphate is not
formed. Significant fructosemia and fructosuria occur despite
a large portion of the hexose being metabolized in the muscle
and adipose tissue by alternative mechanisms. Surprisingly, the
condition is benign and is usually discovered on routine urinal-
ysis (28). This disorder should be distinguished from the more
common and potentially fatal disorder, hereditary fructose in-
tolerance (discussed later).

The Pentosurias

Essential Pentosuria

Essential pentosuria, an autosomal-recessive disorder occur-
ring mainly among Jews, is clinically benign. Its incidence
among Askenazi Jews is between 1:2,000 and 1:5,000. In
humans, the pentoses are derived predominantly from re-
nal and hepatic glucuronic acid metabolism. Subjects who
have eaten fruit (i.e., saccharose) excrete l-arabinose and
l-xylose. Because the enzyme nicotinamide adenine dinu-
cleotide phosphate–xylitol dehydrogenase is decreased, xylose
cannot be further metabolized (28). If CuSO4 is used to mea-
sure glucose colorimetrically, these patients may be erroneously
diagnosed with diabetes mellitus; the glucose oxidase method
clarifies the issue.

Other Pentosurias

Muscular dystrophy results in the release of ribose from mus-
cle, and therefore its excretion in the urine is increased (29).
The other “overflow” pentosurias related to abnormal fruc-
tose metabolism include d-glyceric aciduria and erythrocyte
aldolase A deficiency.

For additional information on renal glucose and the clin-
ical abnormalities in carbohydrate metabolism, the reader is
referred to Brosius (30) and Brodhel (31) for reviews.

DISORDERS OF AMINO
ACID TRANSPORT

Mechanisms of Amino Acid Transport

The turnover rate of endogenous protein averages 80 to
100 g/day; it is highest in the gut mucosa and virtually ab-
sent in collagen and myelin. Together with ingested protein,
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TA B L E 2 0 - 1

THE AMINOACIDURIAS

Amino acids Transport system involved Aminoaciduria Species

Acidic Aspartate, glutamate Acidic aminoaciduria or
hyperdicarboxylic aminoaciduria

Humans

Basic Arginine, lysine, ornithine Hyperdibasic aminoaciduria I and
II “Classic” cystinuria

Humans, dogs

Neutral Cystine/cysteine Isolated cystinuria Humans, dogs
Proline, hydroxyproline, glycine Iminoaciduria Humans
Glycine Isolated glycinuria Humans
Alanine, histidine, leucine, isoleucine,

methionine, serine, threonine,
tryptophan, valine, glycine, glutamine,
citrulline

Hartnup disease Humans

β-Alanine, γ -aminobutyric acid, taurine Taurinuria Mice

See text for discussion of each disorder.

the amino acid pool supplies the daily needs of the body. Each
day the kidney filters approximately 70 g of protein, mostly
as small peptides and amino acids, but only 2% to 3% of the
amino acids are excreted in the urine. The percentage of amino
acids metabolized by the kidney is 0.4% of that found in blood,
although this value doubles during starvation and increases up
to 52% during metabolic acidosis (32). Under normal circum-
stances, virtually all the amino acids filtered are returned to
the circulation by reabsorption in the first quarter of the prox-
imal tubule (Fig. 20-1). Depending on the specific amino acid,
plasma levels in humans vary from 30 to 300 μmol/L. Because
the intracellular amino acid concentration may be 10- to 50-
fold greater than that found in the glomerular filtrate or plasma,
specific mechanisms must be present to accomplish the process
of transcellular tubular transport.

Sodium-dependent cotransport systems for many of the
acidic and neutral amino acids have been identified (5,6)
(Table 20-1). Activity for these electrogenic transporters is ener-
gized, once again, by the electrochemical gradient generated by
basolateral Na,K-ATPase (8,33,34). Substantial heterogeneity
exists for the rate of amino acid transport in the nephron, with
the highest rates noted in the S1 segment and the lowest in the
S3 segment. Amino acid exit from the cell into the peritubular
capillary occurs by facilitated diffusion. Although paracellu-
lar transport of amino acids does occur, it is of no physiologic
significance. The nutritionally essential amino acids in adults
are valine, leucine, isoleucine, threonine, methionine, pheny-
lalanine, lysine, arginine, and histidine (taurine appears to be
an essential amino acid for infants).

Evidence suggests that there are at least six separate trans-
port systems for the different types of amino acids (for a recent
review of the structure-function relationship of some of these
transporters see the article by Broer and Wagner [35]):

1. Dicarboxylic amino acids–glutamate, aspartate (32,36);
2. Dibasic amino acids–lysine, arginine, ornithine, cystine

(36,37);
3. Neutral amino acids–the group found in Hartnup disease–

glycine, valine, leucine, isoleucine (and 13 other amino
acids) (5,37,38);

4. Imino amino acids–proline, hydroxyproline, sarcosine (and
other N-methyl amino acids) (39);

5. β-Amino acids–β-alanine, β-aminoisobutyric acid, β-
aminobutyric acid, taurine (40,41); and

6. Cystine–cysteine (5,37).

Substantial data have been presented on the molecular biol-
ogy of two groups of amino acid and oligopeptide transporters
in mammalian tissues, including kidney (40,42–44). For the
dicarboxylic amino acids (i.e., acidic), mRNA for the high-
affinity glutamate transporter EAAC (system XAG-) is highest
in proximal tubule (S2 and S3 segments), but is also present
in the medulla (45). This system, which has four isoforms, is
important in activating brain glutamine. The dibasic amino
acids, some neutral amino acids, and cystine are associated
with the heavy-chain protein, rBAT (system bO,+); the light-
chain unit is bO,+AT. This system then affects cellular nitric
oxide, polyamine, and carnitine biosynthesis. The other heavy-
chain unit of the amino acid transporters in this class is 4F2hc,
which, if associated with the Y+LAT-1 light chain, results in
the Y+L transport system. Under the Human Genome Organi-
zation (HUGO) nomenclature, the abbreviation for these two
systems is SLC. Oligopeptides are reabsorbed in the proximal
tubule by two transporters, PEPT1 and PEPT2 (43,46). PEPT1,
a low-affinity but high-capacity transporter, is confined mainly
to the pars convoluta, whereas PEPT2 is found mostly in the S3
segment, with a small amount present in the outer stripe of the
outer medulla. There are some interesting differences between
the mammalian and insect amino acid transporters that may
be parlayed into selective therapies in the future (40,47).

Abnormal Amino Acid Transport

A number of mechanisms have been postulated to explain the
aminoacidurias in humans (40,48). A brief review of the six
most commonly suggested mechanisms follows:

1. The simplest explanation is that the apical proximal tubule
transporter for an amino acid is defective. This mechanism
should be the most specific, and perhaps the one best ex-
plained by a single genetic defect.

2. Another proposed mechanism relates to a defective carrier
located on the basolateral membrane. Such a defect would
then lead to “backflux” of a specific amino acid (or to a class
of amino acids) into the tubular lumen. This is hypothesized
to occur in classic cystinuria and lysinuric protein intoler-
ance (both discussed later).

3. This mechanism postulates that the primary defect resides in
either the apical or basolateral membrane per se. The theory
states that although the amino acid transporters (or carriers)
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are intact and normal, other parts of the membrane are not.
In such a setting, amino acid uptake and exit are normal
but back-diffusion, nonspecific in nature, occurs because
other components of the membrane are aberrant. This has
been the suggested explanation for some aspects of Fanconi
syndrome (discussed later).

4. This intriguing mechanism proposes that the proximal tubu-
lar cell accumulates some metabolic end product(s), which
then decreases amino acid reabsorption. The aminoaciduria
of galactosemia or hereditary fructose intolerance may
be the result of a massive intracellular accumulation
of galactose-1-phosphate or fructose-1-phosphate, respec-
tively.

5. This mechanism states that a single amino acid is reab-
sorbed by the appropriate transport system, but the other
amino acids, using the same carrier, have no access to it.
These others are then excreted in excessive amounts. Were
an amino acid to accumulate because of an inherited defect
in metabolism, excessive amounts of it would be filtered;
if it overwhelmed the carrier, reabsorption of other amino
acids would be depressed.

6. The final postulate, and the one receiving the most atten-
tion, is that related to “overload”: when the filtered load of
an amino acid exceeds the transport capacity of the tubule,
aminoaciduria results. This mechanism probably prevails
in renal insufficiency where the single-nephron GFR is high
and the transporters are saturated continuously. Depending
on the kinetics of the carrier, aminoaciduria varies with the
absolute excretion rate and fractional excretion. For exam-
ple, a transporter with a high capacity for reabsorption (but
low affinity) would lead to an increase in absolute excretion
of the amino acid (i.e., glycine, histidine), but fractional ex-
cretion would be normal. By contrast, a transporter with a
low capacity (but high affinity) would result in an increase
in both absolute excretion and fractional excretion (i.e., as-
partate, glutamate, and β-amino acids).

We recognize that much of the information presented here
is descriptive; however, there are data supporting each of these
mechanisms. With the power of molecular biology, and the
recent mapping of the human genome, the additional stud-
ies generated should allow eventually an understanding of the
mechanisms behind these diseases more precisely. For the most
recent information concerning aspects of amino acid transport
and selected aminoacidurias, the reader is referred to the ex-
cellent reviews of Palacin et al. (48) and Avila-Chavez et al.
(49).

Specific Clinical Diseases Associated
with Aminoaciduria

Hyperdicarboxylic Aminoaciduria

This disorder is associated with increased excretion of glutamic
and aspartic acids while their plasma levels remain normal
(50,51). It is thought to be inherited as an autosomal-recessive
trait. It appears to be clinically benign, but in cultured skin fi-
broblasts of affected patients, amino acid uptake is impaired.

Hyperdibasic Aminoaciduria

Two types of hyperdibasic aminoaciduria have been identi-
fied, types I and II. Type II is perhaps the best known (also
called lysinuric protein intolerance) (48). It is inherited in an
autosomal-recessive pattern and is seen mainly in Finland, Italy,
and Spain. An estimated 1 in 60,000 live births in Finland in-
volves this disorder. Homozygotes are intolerant of a protein-

rich diet. The defect has been localized to the basolateral mem-
brane in the kidney; thus, the step for the exit of the amino
acids is abnormal. In 31 Finnish patients, Torrents et al. (52)
found a missense mutation leading to a premature stop codon.
The mutation is presumably on the long arm of chromosome
14 in the Y+L amino acid transport system. Prenatal diagnosis
is now possible (53).

Patients have failure to thrive, vomiting, hypotonia, and
episodes of stupor or coma after a high-protein meal. They also
have hepatomegaly, hyperammonemia, low blood urea nitro-
gen levels, and orotic aciduria. Osteoporosis is commonly seen
and a severe interstitial lung disease may occur at any time
during life. Intestinal absorption of three amino acids (lysine,
ornithine, and arginine) is also abnormal, as is their transport
in the brain.

Therapy consists of l-citrulline (0.5 mg per g) with dietary
protein restriction (1.5 g per kg per day) (54). l-Citrulline sup-
plements improve the patient’s tolerance for protein intake,
further suggesting that hepatocyte arginine and ornithine trans-
port is defective, subsequently compromising activity of the
urea cycle. Citrulline is a precursor of both arginine and or-
nithine; it enters the hepatocyte through the neutral amino acid
transporter. Renal excretion of lysine, ornithine, and arginine is
enhanced, but urinary cystine excretion is normal. Some have
reported that immunosuppressive agents may also be required
for optimum therapy (55).

Type I hyperdibasic aminoaciduria is also an autosomal-
recessive disorder. Those affected appear to have an incom-
plete phenotype and modest aminoaciduria (lysine, ornithine,
and arginine). It has a different ethnic distribution from that of
the type II disorder in that cases are not clustered in one area.
Although homozygotes have no hyperammonemia, mental re-
tardation occasionally is observed (56,57).

Iminoglycinuria

This benign autosomal-recessive defect is characterized by
increased excretion of proline, hydroxyproline, and glycine
(16,39). The defect is thought to reside in the apical membrane
amino acid transporter. Genetically, the disorder is heteroge-
neous and has an estimated incidence of 1 in 15,000 live births.
Four alleles result in different phenotypes (types I, II, III, and IV
iminoglycinuria). Some heterozygotes may have only enhanced
excretion of glycine (types III and IV), whereas others are silent
(types I and II). Homozygotes have both aminoaciduria and a
defect in intestinal transport (type I). Careful study of both
gut and renal biopsy specimens using molecular probes should
yield important information regarding future nomenclature,
mechanisms, and possible therapeutic strategies.

Neutral Aminoaciduria (Hartnup Disease)

One of the best described disorders of amino acid transport is
that of enhanced excretion of the neutral amino acids (exclud-
ing proline, hydroxyproline, and glycine), or Hartnup disease
(38). The neutral monocarboxylic amino acids have no net
charge at physiologic pH and include tryptophan, phenylala-
nine, valine, leucine, isoleucine, alanine, serine, histidine, glu-
tamine, asparagine, and threonine. Hartnup disease involves
massive urinary and fecal excretion of all of these amino
acids.

The disorder occurs with an estimated incidence of 1 in
20,000 live births, but the disease itself is multifactorial and
depends on both diet and environment. Three forms of the
disease have been described: the “classic” form has defects in
both the kidney and intestine; the second form has a defect only
in the kidney; and the third form affects only the intestine. The
heterozygous state is silent. Some variants have been described
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in which there is an abnormality in only one amino acid (e.g.,
tryptophan or histidine malabsorption).

The mechanism proposed for Hartnup disease is that a
widespread defect exists in the transporter(s) for the α-amino
acids and the neutral amino acids in both the brush border of
the renal tubule and the jejunum. The primary evidence for
this suggestion is the finding that dipeptides of these amino
acids are transported normally but the free amino acids are not.
The transport abnormality appears to occur only in kidney and
gut; it has been shown that tryptophan transport in leukocytes,
placenta, and cultured skin fibroblasts from affected patients is
identical to that in control subjects (58–61). Unusual findings in
some homozygotes include cerebellar ataxia, psychiatric man-
ifestations, and a pellagra-like photosensitive skin rash (38).
These features occur in approximately 10% of patients and
are thought due to the impaired conversion of tryptophan to
nicotinamide and kynurenine.

Symula et al. (62) described a mouse model that, in the ho-
mozygous state, excretes large amounts of neutral amino acids,
especially phenylalanine. The mutation maps to chromosome
7 (in humans, on chromosome 5) (63). These animals also ac-
quire niacin deficiency, similar to that noted in patients.

Treatment in affected subjects includes increasing protein in-
take and nicotinic acid supplementation (40 to 100 mg per day)
to prevent the pellagra-like symptoms. Exposure to sunlight
should also be limited. Tryptophan ethylester, a lipid-soluble
form of the amino acid, is said completely to reverse the clini-
cal symptoms (64).

Cystinuria

In 1810, Woolaston determined the chemistry of two novel
bladder stones, which he named cystic oxide stones; in 1833
Berzelius called them cystine stones. Alexander Garrod, in his
1908 Croonian lecture, discussed Woolaston’s original findings
in the context of disordered amino acid metabolism, but it was
not until 50 years ago that cystinuria was proposed to be an
inborn error of dibasic amino acid transport. The disorder is an
autosomal-recessive trait and has been characterized clinically
into three types (65):

Type I cystinuria is characterized by increased excretion
of cystine, lysine, arginine, and ornithine in association with
urinary stone disease in homozygotes. Heterozygotes do not
have aminoaciduria but may have urinary stone disease be-
cause of the low solubility of cystine. Intestinal amino acid
absorption is impaired. Heterozygotes are silent, and 60%
of cases worldwide are of this type.

Type II cystinuria is inherited in an incomplete recessive
pattern because heterozygotes have moderately increased
excretion of cystine and lysine. Intestinal lysine absorption
is impaired.

Type III cystinuria (Hartnup disease) is associated with
normal intestinal transport of the amino acid in heterozy-
gotes, but excess cystine is excreted in the urine. (A pheno-
type of cystinuria is found in nonhuman vertebrates [65].)

Now, we classify Types II and III cystinuria as non-type I
cystinuria; it is characterized as an incomplete recessive form
of the disease with heterozygotes having variable amounts of
urinary cystine excretion. A pedigree with non-type I cystinuria
has been localized to the long arm of chromosome 19.

The incidence of cystinuria varies from 1 in 2,000 to 1 in
15,000 live births, and is highest in Scandinavia (48,66). The
sexes are equally affected, as would be predicted; however, male
patients appear to have a more severe form of the disease.

With respect to pathogenesis, brush-border vesicles and
nephron microperfusion studies show that transport of cys-
tine, lysine, ornithine, and arginine is defective. The abnormal-

ity cannot be demonstrated in cortical slices, and addition of
sulfur-containing amino acids is without effect. The basolateral
membrane is thought to have multiple carriers, but none for the
four shared amino acids listed previously. By contrast the api-
cal membrane is thought to have one transporter shared by the
four amino acids. Studies of intestinal epithelium show that
brush-border uptake of these amino acids is defective. Accord-
ing to some reports, urinary excretion of glycine, methionine,
cystathionine, and homocysteine–cysteine disulfide also occurs
(65).

Studies suggest that kidney rBAT (a single transmembrane
glycoprotein related to the system bO,+ amino acid trans-
porters) is implicated in cystinuria (64). This protein, whose
gene (i.e., SLC3A1) has been localized to the short arm of
chromosome 2, may regulate, or be a part of, some amino
acid cotransporters (for review, see Avila-Chavez et al. [49]).

Many mutations in the SLC3A1 gene have been noted in
type 1 cystinuria (67,68). Stoller et al. (69) reported that non-
type I cystinuria maps to the long arm of chromosome 19. The
incidence of non-type I cystinuria is high in Jews of Libyan
origin (70). The literature is rapidly being clarified, and the
reader is specifically referred to the review by Palacin et al.
(48) and Shekarriz and Stoller (66).

Clinically, the disease presents during the second or third
decade of life, with renal colic and stone disease the usual symp-
toms. Urinary tract obstruction, recurrent infection, and hy-
pertension occur; an occasional patient may require transplan-
tation. Commonly associated diseases include hyperuricemia,
hemophilia, Down syndrome, hypotonia, retinitis pigmentosa,
and pancreatitis. The intestinal absorption defects in cystinuria,
however, do not appear to impair growth.

The diagnosis may be made with the urinary cyanide-
nitroprusside test, in which the urine turns magenta red; char-
acteristic cystine crystals may also be seen on microscopic
urinalysis. Ion exchange chromatography reveals excretion of
excess cystine and cationic amino acids with normal plasma
levels.

Dietary control with low methionine intake is of variable ef-
fectiveness; however, salt intake should be restricted (71). The
water solubility of cystine at pH 7.4 is 0.8 mmol/L (25◦C).
As a consequence, stone formation is predictable when uri-
nary pH is low. Alkalinizing the urine to pH 7.5 is of no
practical benefit because urinary cystine concentration is al-
ways greater than 0.8 mmol/L in affected subjects. Penicil-
lamine (1 to 2 g/24 hours), by contrast, is efficacious in dis-
solving stones and preventing their further formation. This
compound, a well-known chelator of copper and lead, acts
to convert cystine to a relatively soluble compound (50-fold
more soluble) by complexing with sulfhydryl groups (72,73).
The drug, however, has numerous and common (as high as
85%) side effects, including nephrotic syndrome, membranous
nephropathy, serum sickness, fever, rash, and pancytopenia. As
a result, its long-term use is quite limited. The compound α-
mercaptoproprionylglycine has also been used. This drug has
a higher redox potential than penicillamine; it is said to be
less toxic. Even so, proteinuria, membranous glomerulonephri-
tis, fever, rash, and positive antinuclear antibodies have been
reported (74). Angiotensin-converting enzyme inhibitors have
been used in a few cases with beneficial results (75). The mech-
anism of action appears to be related to the increased solubility
of a cysteine–captopril complex excreted in the urine. Bladder
irrigation using N-acetylpenicillamine, penicillamine, mercap-
toproprionylglycine, or trimethamine has been attempted with
some success. Cases in which the urinary tract is obstructed
have been treated with lithotomy. Lithotripsy is of no benefit
in this disorder because cystine stones are particularly refrac-
tory to extracorporeal shock waves. Use of this approach may
result in substantial problems, including hematuria, infection,
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and renal parenchymal scarring. If transplantation is required,
the disease does not appear to recur in the transplanted kidney
(76–78).

Hypercystinuria

This is an autosomal-recessive disorder associated with en-
hanced urinary cystine excretion but normal excretion of the
dibasic amino acids lysine, ornithine, and arginine. Only two
siblings have been described, and neither had stone disease. It
is not known whether other tissues are affected.

Miscellaneous

“Physiologic” hyperaminoaciduria may occur in premature
and normal infants and in children. The mechanism postulated
for this is that the renal clearance of certain amino acids (e.g.,
proline, glycine, cystine, and the cationic amino acids) is higher
than the clearance of other amino acids (6). The syndrome
tends to resolve as the child grows. An inbred mouse strain,
C57B1/6J, is reported to have β-aminoaciduria with enhanced
excretion of β-alanine, taurine, and β-aminoisobutyric acid.
No inborn errors of the β-amino acids (and β-aminobutyric
acid) have been documented in humans. This is of some in-
terest because taurine is an “essential” amino acid in infants,
and therefore such a defect would be expected to have clinical
consequences.

Additional works are available for the reader interested in
a further review of the amino acid transporters in mammalian
cells, techniques available to study them, and controversies in
the mechanisms and therapies of genetic diseases (78–82).

HETEROGENEOUS TUBULAR
DEFECTS (FANCONI SYNDROME)

Generalized dysfunction of the proximal tubule leads to excess
urinary excretion of glucose, amino acids, phosphate, bicar-
bonate (mechanisms of bicarbonate reabsorption and proton
secretion are discussed in the next section), and other solutes
handled by this nephron segment (83,85). Endogenous com-
pounds lost include low–molecular-weight proteins (i.e., <50
kD) comprising oligopeptides, peptide hormones, enzymes,
and immunologic light chains. Loss of sodium, potassium, cal-
cium, magnesium, and carnitine also occurs. The disorder may
be congenital or acquired, primary or secondary, complete
or incomplete. The Lignac-deToni-Debre-Fanconi syndrome
(Fanconi syndrome) is a generalized tubular defect that leads
to hypokalemic metabolic acidosis (proximal renal tubular aci-
dosis [RTA], type II RTA) associated with vitamin D–resistant
metabolic bone disease. The abnormalities in calcium, phos-
phate, and cholecalciferol metabolism lead to rickets in chil-
dren and osteomalacia in adults.

In humans, no major morphologic lesions are seen unless
renal failure is present. Ultrastructural changes seen in the
proximal tubule in some of the experimental models include
cytoplasmic vacuolization, mitochondrial matrix edema, en-
gorgement of lysosomes, distention of granular endoplasmic
reticulum, loss of basolateral membrane infoldings, and cellu-
lar necrosis. Because none of the experimental models is com-
pletely pure, most experts consider these abnormalities non-
specific.

The expression of Fanconi syndrome in humans and ani-
mals is highly variable. The onset of symptoms in a patient
with hereditary fructose intolerance occurs within minutes of
an intravenous administration of fructose (85,86) (for a review,
see Ali et al. [87]). It has been noted after a few days in pa-
tients with galactosemia given galactose (88,89), and more than

25 years after exposure to cadmium (90). In some instances,
Fanconi syndrome can be reversed.

Pathophysiologic Mechanisms

Studies of the complex pathophysiologic mechanisms behind
Fanconi syndrome center around four areas: defects in the
plasma membrane, disturbances in energy generation, paracel-
lular (or cellular) backflux, and abnormalities in specific sub-
cellular organelles.

With respect to the plasma membrane, some have proposed
that an intrinsic defect exists. If true, the most likely postulate is
an abnormality in the sodium-binding domain of the multiple
heterogeneous carriers in the brush-border membrane. There
may, however, be an abnormality in the way the different car-
riers are moved to (inserted into or retrieved from) the brush-
border membrane. If this postulate is true, the major defect
would involve the cytoskeleton. With animal models, doubt-
less both occur; in humans, both are possible.

Dysfunction of the proximal tubule Na,K-ATPase (basolat-
eral) would result in abnormal energy generation. This impor-
tant enzyme provides the energy for transport in the proximal
nephron; it is composed of two α and two β subunits, with
the catalytic site located in the α subunit (8). If either subunit
were abnormal in the proximal tubule, transepithelial gradi-
ents would be altered. Hereditary fructose intolerance, galac-
tosemia, cytochrome C oxidase deficiency, and heavy metal
poisoning may act by inhibiting Na,K-ATPase activity. De-
creased ATP levels have been found in some, but not all, of the
animal models of Fanconi syndrome. Depending on the dose
or protocol, maleic acid infusion, succinylacetone, and cystine
dimethylester administration are all reported to decrease tis-
sue ATP or alter Na,K-ATPase activity in animals (31,91,92).
Na,K-ATPase is a P-type ATPase and in the kidney both it and
the H-ATPase (a V-type ATPase) are present (83). The extent
to which the latter is associated with these four possibilities
is incompletely understood as most proximal tubule function
depends on “normal” Na,K-ATPase activity.

With respect to membrane permeability, enhanced efflux
from either the cell or peritubular capillary would cause in-
creased urinary electrolyte and solute excretion. Both mecha-
nisms have been demonstrated in some studies using the maleic
acid model of proximal renal tubule acidosis (93,94). Gluco-
suria in maleate-treated dogs may be related both to the en-
hanced efflux of glucose across the brush-border membrane
and to partial inhibition of the sugar as it exits the cell across
the basolateral membrane (95,96).

Specific abnormalities in proximal tubule subcellular or-
ganelles and amino acid transport have also been reported.
High-dose maleic acid induces lysozymuria after accumulation
of vacuoles in the apical cytoplasm (97,98). Mitochondria also
concentrate certain compounds (e.g., maleate, cadmium, and
mercury), resulting in abnormal function. The decreased ac-
tivity of 25-OH-D3-1-hydroxylase is probably due to accumu-
lation of these compounds in mitochondrial membranes. In
this regard, rats injected with cadmium (total dose ∼2.25 mg)
show mitochondrial enlargement after 3 weeks of administra-
tion (99,100). Cadmium toxicity is also associated with loss
of the basolateral membrane surface area; associated with this
loss is a decrease in cellular ATP by approximately 40%, a
decrease in Na,K-ATPase by approximately 60%, and altered
glucose and amino acid flux (99). It is not clear, however, which
of these events is primary.

A single mechanism for Fanconi syndrome can best be hy-
pothesized by assuming that the primary abnormality is re-
lated to a defect in energy generation. The single most impor-
tant abnormality would be one affecting Na,K-ATPase activity
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at the basolateral membrane of the proximal tubule. Such an
inhibition would alter the sodium gradient across the lumi-
nal membrane, decreasing sodium-coupled reabsorption. This
same defect would also interfere with the normal functioning
of intracellular organelles (e.g., endosomes, mitochondria) by
limiting substrate availability for maximum energy utilization.
Most of the solutes lost in the Fanconi syndrome are those
coupled to apical sodium reabsorption (e.g., Na-H antiporter,
sodium–glucose symporter, sodium–amino acid symporter, or
sodium–phosphate symporter). Alternatively, direct damage to
endosomes or mitochondria would cause aspects of cellular
metabolism to fall. This would secondarily decrease the baso-
lateral exit of sodium, which, in turn, would markedly alter
gradient-dependent sodium entry and sodium-coupled trans-
port. Consequently, an increase in the urinary excretion of
those ions and molecules coupled to sodium would occur. The
protective effect of acetoacetate in minimizing maleic acid-
induced bicarbonaturia and phosphaturia seems related to its
ability to provide acetate for transfer to coenzyme A (CoA)
in mitochondria (101,102). Phosphate loading also prevents
maleic acid-induced bicarbonaturia, but the precise mechanism
for this remains to be elucidated because it is protective at
a maleic acid dose that does not change cortical ATP levels
(91,103).

Fanconi syndrome is also associated with distal nephron
dysfunction in some patients. Micropuncture studies also sug-
gest that maleic acid has an additional site of action in the
thick ascending limb (95). The mechanisms involved are not
known, but the evidence suggests that there may be a defect in
Na,K-ATPase throughout the nephron.

Experimental Models of Fanconi Syndrome

As with many human diseases, there is no pure animal model
of Fanconi syndrome. Thus, information gleaned from several
models, some of them discussed previously, must be synthe-
sized and interpreted in light of known findings in humans.
One of the best studied of the experimental models is that of
maleic acid injection; maleic acid is the cis isomer of fumaric
acid. Depending on the species studied, a single intravenous in-
fusion of the compound results in proximal RTA, glucosuria,
aminoaciduria, phosphaturia, and hypokalemia, as well as af-
fecting the GFR (91,98). Some, but not all, researchers have
demonstrated a 40% decrease in renal cortical ATP (91). That
this fall appears to be dose related is of significance because glu-
cosuria, bicarbonaturia, phosphaturia, and decreased proximal
tubule Na,K-ATPase have all been documented after adminis-
tration of a dose of maleic acid that does not affect cortical
ATP levels (101,102). Maleic acid has several cellular effects,
although these have been studied primarily at high doses only
(103). The agent appears to bind to acetyl-CoA and impair ac-
tivity of the trichloroacetic acid cycle. As stated, acetoacetate
partially prevents development of Fanconi syndrome, suggest-
ing that the effect could be secondary to the trapping of acetyl-
CoA as malonyl-CoA (102). Maleic acid decreases tissue levels
of acetyl-CoA, free CoA, and acid-soluble CoA, all of which are
reversed by administration of acetoacetate (102). Maleic acid
also blocks the conversion of 25-hydroxyvitamin D3 to 1,25-
dihydroxyvitamin D3, the hydroxylation step known to oc-
cur in the mitochondria of cortical tissue (104,105). Although
maleic acid decreases oxidation of α-ketoglutarate, there is no
direct evidence that the dehydrogenase enzyme is altered.

Futhermore, maleic acid impairs sugar and amino acid
transport in cortical slices and isolated rat proximal tubules
(106,107). Although the uptake of these compounds is not
altered, efflux from vesicles is accelerated (108). Maleic acid
does not appear to affect the physical characteristics of the

luminal or basolateral membranes, implying that membrane
fluidity and, consequently, the lipid profile of these membranes
is intact (109). We examined this issue and found that lipid
incorporation into the brush-border membranes was altered
(110). Maleic acid also decreases sulfhydryl groups by reacting
with tissue thiols.

Low-dose maleic acid (i.e., a dose which does not affect tis-
sue ATP levels) decreases Na,K-ATPase and H-ATPase in mi-
crodissected segments of rat proximal tubule. The latter effect
is selective for the proximal tubule because the collecting duct
H-ATPase is not changed (91). If endocytotic recycling is a ma-
jor cause for proximal tubule acidosis, as has been suggested,
these findings are now understandable. While phosphate in-
fusion only partially ameliorates the effects in the proximal
enzymes, the mechanism for this finding is not known.

In summary, although maleic acid injection is a well-studied
experimental model of Fanconi syndrome, it is one in which
multiple other biochemical interactions occur. The model does
offer some insights into the pathophysiologic process of the
heritable forms of the heterogeneous tubular defects in humans,
but many questions remain to be answered. Some other animal
models are discussed subsequently.

Cadmium given to rats for approximately 3 weeks (200
μg/g of body weight) results in Fanconi syndrome (and pro-
teinuria) that reverses 4 to 5 days after stopping the compound
(90,99). Radiolabeling studies show that cadmium localizes to
the proximal tubular cells bound to metallothionein. At peak
effect, the cortical ATP level decreases by approximately 40%
and Na,K-ATPase activity falls by 60% (90). It is not clear,
however, whether the decrease in cortical ATP is the primary
event or a secondary event. Tubular dysfunction similar to that
produced by cadmium has been noted after the administration
of lead, an element that also causes proximal RTA (111). Lead
partially uncouples oxidative phosphorylation, but it is not
known whether this is its sole mechanism of action (112). Ura-
nium and mercury also cause proximal tubular lesions. Both
typically result in acute tubular necrosis and a fall in GFR, thus
it is difficult to separate out the pathogenesis of human Fanconi
syndrome where the GFR is normal.

Outdated tetracyclines cause reversible Fanconi syndrome
in some animals (113,114). With time, heat, and moisture,
the tetracyclines are converted to anhydro-4-epitetracycline, a
compound that decreases metabolism in the cell cytosol. The
effect is magnified at low pH. In rats, the injection of cystine
results in tubular dysfunction, a fall in cortical ATP levels,
a decrease in mitochondrial respiration, and low intracellu-
lar potassium. Na,K-ATPase levels, however, remain normal
(115,116). The defect in proximal tubular transport capacity
is partly restored when ATP is added to the incubation medium.
Renal tubular cells incubated in vitro with cystine dimethyl es-
ter show increased intracellular cystine levels and altered prox-
imal solute reabsorption (117). Administration of succinylace-
tone, a compound structurally related to maleic acid, causes
a Fanconi syndrome in rats (118). When renal tubules are
incubated in vitro in the presence of this compound, amino
acid, glucose, and phosphate reabsorption falls (118–120). The
short-chain fatty acid, 4-pentenoate, causes a Fanconi-like syn-
drome in dogs. This compound, which inhibits mitochondrial
metabolism and β-oxidation of fatty acids only in the proximal
tubule, results in the accumulation of the toxic metabolic com-
pound, 3-keto-4-pentanoic-CoA. Finally, Fanconi syndrome
spontaneously develops in Basenji dogs; the proximal tubu-
lar lesions appear to be minimal, but these animals are subject
to debilitating bone disease (121). Very few studies have been
performed in this naturally occurring “experiment of nature,”
but such an avenue of research may prove promising, particu-
larly given ongoing advances in molecular biology (for a recent
review of drug-induced Fanconi syndrome, see the article by
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Izzedine et al. [122]. New reports now include the effects of
valproic acid [123–125]).

Signs and Symptoms of Fanconi Syndrome

A number of important features characterize this syndrome.
Glucosuria occurs in the presence of normal plasma glu-
cose concentration. Urinary excretion of glucose is in general
less than 10 g/day except in patients with glycogenosis (i.e.,
Fanconi-Bickel disease, discussed subsequently), in whom ex-
cretion may exceed 200 g/day.

A generalized aminoaciduria also occurs, and ion exchange
chromatography is the most accurate method for quantitat-
ing the degree of tubular dysfunction. The pattern of amino
acid excretion in Fanconi syndrome appears to be similar to
that seen with “physiologic” aminoaciduria, except in a single
pediatric case report in which renal biopsy revealed complete
absence of proximal tubule brush-border membranes (126). In
this subject, the clearance rate for all amino acids was identical
to the GFR. Surprisingly, amino acid losses do not appear to
result in deficiency states, thus, supplementation is not part of
the therapy for Fanconi syndrome.

Phosphaturia results only when the plasma phosphate
level is greater than steady-state levels. 1,25-Dihydroxyvitamin
D3 is low in some, but not all, patients (127,128). Some
have impaired conversion of 25-hydroxyvitamin D3 to 1,25-
dihydroxyvitamin D3. This impaired conversion is also noted
in the maleic acid model (104). A low pH is reported to
decrease the conversion of 25-hydroxyvitamin D3 to 1,25-
dihydroxyvitamin D3. All enzymes have fairly narrow pH op-
tima, and that reported for the 1α-hydroxylase is pH 7.4; any
change in blood pH, as is seen with maleic acid, would decrease
the normal rate of formation to the active metabolite. The role
of parathyroid hormone in Fanconi syndrome is not clear be-
cause both low and high levels have been reported. The combi-
nation of hypophosphatemia and low 1,25-dihydroxyvitamin
D3 universally seen in patients with Fanconi syndrome leads
to osteomalacia in adults and rickets in children. In both age
groups, the bone disease is quite marked and therapy is less
than optimum.

Hyperchloremic metabolic acidosis, a state which also ad-
versely affects bone growth, is caused by decreased proximal
reabsorption of bicarbonate when plasma bicarbonate is near
normal. At the TM for bicarbonate, an increase in splay and bi-
carbonaturia is noted (acidification mechanisms are discussed
later). Its fractional excretion may be greater than 30%, lead-
ing to massive fluid losses and a plasma bicarbonate which
ranges from 12 to 18 mEq/L. As the filtered load of bicarbon-
ate decreases, the percentage of bicarbonate reabsorbed by the
proximal tubule increases (due to volume contraction) and no
bicarbonate appears in the urine. Compounding the proximal
effect on proton transport are results suggesting that a distal
acidification defect may also be seen. If present, it is likely due
to the prolonged hypokalemia and nephrocalcinosis resulting
in a continuous bicarbonate “leak” from the distal nephron.

Sodium and potassium losses occur; these losses may be
massive, resulting in severe secondary hyperaldosteronism and
even metabolic alkalosis. Given the detailed studies on the in-
teraction of high aldosterone and low potassium to stimulate
collecting duct H-ATPase and H,K-ATPase activities, respec-
tively, levels of both enzymes would be expected to be markedly
elevated (129). Using the low-dose maleic acid model, how-
ever, our laboratory reported levels of both enzymes to be nor-
mal, not increased, in the distal nephron segments (cortical and
medullary collecting ducts) (91). We did not, however, perform
complete enzyme kinetics to elucidate a mechanism.

Volume contraction is seen and is due to a combination of
the osmotic diuresis induced by glucosuria and the concentrat-

ing defect secondary to hypokalemia. Hypouricemia and uri-
cosuria occur, but the cause is unknown. Urolithiasis is rare,
although if noted is probably due to low urine flow rate and
high urine pH. Proteinuria is minimal, and in children excre-
tion is less than 40 mg/m2/hour. The proteinuria consists of
low–molecular-weight proteins of 1.9 to 3.0 kD. Growth re-
tardation is universally seen in children and is multifactorial,
as noted previously.

Specific Diseases Associated with
Fanconi Syndrome

Several excellent reviews concerning aspects of the abnor-
malities associated with Fanconi syndrome have been writ-
ten (83,122,180). Studies of megalin and other renal tubular
and interstitial proteins related to the pathophysiologic pro-
cess in Fanconi syndrome are newly published (131). Leheste
et al. (132) reported some of the characteristics of a knock-
out mouse for the megalin receptor. These knockouts exhibit
low–molecular-weight proteinuria, including losses of vitamin
D-binding protein, α-microglobulin, and retinol-binding pro-
tein, as is seen in Fanconi syndrome. Megalin is believed to be
responsible for normal proximal tubule endocytosis and tubu-
lar uptake of selected filtered molecules.

Inherited Forms

Cystinosis. In cystinosis, massive amounts of cystine accumu-
late in the kidney and other organs (133,134). The disor-
der is inherited as an autosomal-recessive trait and occurs in
1:200,000 live births. It is not the same as cystinuria (a dis-
order in which no intracellular cystine accumulation occurs).
Three types of cystinosis have been identified. The infantile
(or nephropathic) type is the most common. It is associated
with severe renal injury and end-stage renal disease occurring
by late childhood. Patients have very high levels of cystine in
leukocytes and cultured fibroblasts. The second type has been
termed the benign (or adult) type. It is marked by lower levels
of intracellular cystine, with crystals found in bone marrow
and cornea. There is no renal involvement. In the third type,
termed the adolescent (or intermediate) type, renal involvement
usually occurs during the teenage years. Bone disease is rare
in this type; however, progression to end-stage renal disease
is common (135). Glucosuria and aminoaciduria are present,
but other manifestations of proximal tubule abnormality are
absent.

Cystine accumulates in lysosomes of different tissues proba-
bly because of a defect in its efflux from cells. No abnormalities
in cystine metabolism or intracellular degradation have been
documented. The origin of the intracellular cystine is thought
to be protein degradation (in lysosomes), but some studies have
shown the involvement of plasma cystine. The definitive diag-
nosis is made by measuring an elevated intracellular cystine in
leukocytes or in a rectal biopsy specimen; occasionally, needle-
shaped, tinsel-like refractile opacities are seen in the cornea.
Early in the disease, crystals are found in renal tubular epithe-
lial cells and interstitial cells, but rarely in glomerular epithe-
lial cells. The cystine-loaded tubules have decreased oxygen
consumption, reduced ATP levels, and abnormalities in mi-
tochondrial oxidation. Later in the disease, abundant crystal
deposition occurs in the kidney, with tubular atrophy, intersti-
tial fibrosis, and glomerular segmental sclerosis. In the infantile
form, end-stage renal disease occurs by the age of 7 to 10 years,
and in the adolescent form, by the second or third decade.

In the nephropathic type, the first clinical symptoms usually
appear in the latter half of the first year of life. Polyuria, poly-
dipsia, dehydration, and metabolic acidosis occur along with
anorexia, failure to thrive, and rickets. Renal glucose losses
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of 1 to 5 g/day are seen. Occasionally, metabolic alkalosis is
noted and is thought due to the massive amounts of bicarbon-
ate and citrate given to increase urinary pH. The disorder is
more common among blond, fair-skinned whites than in other
ethnic groups. Initial reports stating a high incidence of mental
illness are incorrect.

Shotelersuk et al. (136) have identified abnormalities in the
cystinosis gene (deletions of varying size and mutations). In
general, specific mutations in the CTNS gene appear to result
in the three different forms of the disease seen clinically.

Medical treatment for cystinosis includes fluid and
electrolyte therapy along with the administration of alkali,
phosphate, and vitamin D. Penicillamine, ascorbic acid, and
dithiothreitol have been used to lower intracellular cystine con-
centration, but they are without proven benefit. Cysteamine,
by contrast, appears to decrease leukocyte cystine content,
slow the progression of renal insufficiency, and increase linear
growth. This drug has significant side effects, including nausea,
vomiting, and serum sickness (137). Dialysis or transplantation
is eventually required, and the disease recurs in a transplanted
kidney.

Galactosemia. Galactosemia is an autosomal-recessive dis-
order of galactose metabolism, most commonly due to a
deficiency of galactose-1-phosphate uridyltransferase that is
caused by mutations in the GALT gene (88). The defi-
ciency leads to the intracellular accumulation of galactose-1-
phosphate, a metabolite that damages the liver, brain, lens,
and proximal renal tubule. The disorder has substantial al-
lelic heterogeneity with worldwide variability. In Europeans,
Q188R mutations account for approximately two thirds of af-
fected subjects, whereas in South African blacks, more than
90% of patients have S135L mutations (88,138). In 16 unre-
lated Turkish patients, 57% had the Q188R mutation (139).
Other mutations also have been noted in galactosemia (140–
142). Galactose kinase deficiency has occasionally been noted
in patients who have only cataracts.

The disorder is usually diagnosed in infants when vomit-
ing and diarrhea develop after milk ingestion. Later, jaundice,
hepatomegaly, cataracts, mental retardation, and Fanconi syn-
drome result. Galactosuria, but not glucosuria, occurs. Galac-
tose is a urinary reducing substance that does not react in the
glucose oxidase strip test. The diagnosis is made by demonstrat-
ing the enzyme deficiency in erythrocytes, fibroblasts, leuko-
cytes, or hepatocytes. The disorder is treated by eliminating
galactose from the diet. Topical aspirin appears to prevent
galactosemic cataracts (143).

Hereditary Fructose Intolerance. Hereditary fructose intoler-
ance is an autosomal-recessive trait caused by a deficiency of
the catalytic site of fructose-1-phosphatase aldolase B (87).
Mutations in some exons of the aldolase B gene, along with
a partial deletion on exon 6, have been reported in patients
(144). The latter has been shown to perturb the proper orien-
tation of adjacent catalytic residues of the aldolase enzyme. The
diagnosis may be suspected when nausea, vomiting, and hypo-
glycemia occur after the ingestion of fructose. Continued expo-
sure to the sugar results in seizures, coma, and death. Infants in
whom exposure is chronic, but low, have failure to thrive, hep-
atomegaly, jaundice, cirrhosis, and nephrocalcinosis. Although
Fanconi syndrome appears virtually immediately after the in-
gestion of fructose, complete resolution is seen only days to
weeks after the compound is withdrawn.

Fructose intolerance is diagnosed by measuring aldolase lev-
els in a liver biopsy specimen. New and faster screening meth-
ods are also available (145). The pathogenesis of this disorder is
incompletely understood, but acute fructose loading in animals
results in intracellular accumulation of fructose-1-phosphate
with subsequent marked depletion of ATP, adenosine diphos-

phate, adenosine monophosphate, and intracellular phosphate.
Therapy mandates the strict avoidance of fructose and sucrose-
containing foods.

Glycogenosis. At least ten specific defects of glycogen
metabolism have now been identified. The pattern of inheri-
tance varies, as does the expression of the disorder (146–150).
In the X-linked form of glycogenosis, mutations occur in the α
subunit of liver phosphorylase kinase and, until recently, no re-
ports of proximal RTA had been noted. Burwinkal et al. (146)
described two patients with a defect in the PHKA2 liver iso-
form who also had renal involvement. Typically, the autosomal-
recessive form of the disease is found with proximal tubule
dysfunction (i.e., the Fanconi-Bickel syndrome) (151, see also
152, and 153 for recent reviews). The disorder is more com-
mon in Europe than elsewhere. Glucosuria may be massive and
may approaching 200 g/1.73 m2 daily. Other features of Fan-
coni syndrome appear quickly in the first few months of life
and precede the development of hepatomegaly consequent to
the excess glycogen storage. Rickets, osteoporosis, and growth
retardation are common. Despite the severity of renal tubular
dysfunction and renal glycogen accumulation, the GFR does
not decline (154). Santer and colleagues (147,151) reported
follow-up on the original Swiss patient described in 1949 and
reviewed 82 cases of patients with Fanconi-Bickel syndrome.
Mutations in the GLUT2 gene were the most common abnor-
mality noted.

Tyrosinemia. Tyrosinemia is an autosomal-recessive trait (also
called tyrosyluria) with severe hypermethioninemia or inborn
hepatorenal dysfunction (155–157). The disorder may present
in an acute form in which acute hepatic dysfunction develops
early in life or in a chronic form presenting with Fanconi syn-
drome, cirrhosis, hepatic carcinoma and vitamin D–resistant
rickets. The disorder is thought to be due to deficiency of two
enzymes, fumaryl-acetoacetate hydrolase (Type 1 tyrosinemia)
and malelyl-acetoacetate hydrolase, resulting in the accumula-
tion of fumaryl- and malelyl-acetate compounds, both of which
are subsequently converted to succinylacetone (in lymphocytes)
in humans (158). As stated earlier, succinylacetone is a com-
pound structurally similar to maleic acid and is well known to
cause Fanconi syndrome in animals.

Kubo et al. (159) reported a new mouse model defective in
the fumaryl-acetoacetate hydrolase gene (and another enzyme).
Proximal tubule cell dysfunction, rapid apoptosis, increased
succinylacetone excretion, and a Fanconi-like syndrome oc-
curred when one of the precursors was administered. Some
of these abnormalities were partially reversed with caspase in-
hibitors, particularly the proximal tubule apoptosis. Studies of
these doubly mutant mice should aid in our understanding of
events leading to proximal renal cell death (160).

In affected humans, the renal abnormality improves with
a diet low in phenylalanine and tyrosine, often coupled with
drug therapy using the fluorinated derivative of 1,3-cyclo-
hexanedione. Despite dietary intervention, however, cirrho-
sis eventually ensues. Orthotopic liver transplantation in eight
children with 6.7 years’ follow-up showed good outcome even
though succinylacetone levels were not normal; thus, it should
be considered in patients at risk of malignancy or who are non-
responders to drug therapy (161).

Wilson Disease. Wilson disease is an autosomal-recessive trait
associated with marked intracellular accumulation of copper in
the liver, brain (resulting in severe extrapyramidal symptoms),
cornea, and renal proximal tubule (162–164). Procreation is
also impaired with abnormal endocrine function noted both in
men and women. Twenty-six percent of treated or untreated
women had pathology (most had spontaneous abortion) and
10% of women had difficulty getting pregnant and about 4% of
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men were impotent (165). In humans, the defective gene is lo-
calized to chromosome 13 in humans, coding for a copper-
transporting ATPase–ATP7B (162,163). About 200 mutations
have been identified in patients with the most common being
the His1069Gln point mutation. The phenotypic expression
varies significantly (166,167). In those homozygous for the
aforementioned point mutation, less severe neurologic disease
is noted when ApoE allele ε 3/3 is also found. The Long-Evans
cinnamon rat appears to be a good animal model of the dis-
ease, and many interesting results using it have been published
(168–170); for recent reviews see references (171–174).

Varying degrees of renal tubular dysfunction occur in most
patients; aminoaciduria is common, followed by moderate glu-
cosuria and bicarbonate wasting. Evidence of distal renal tubu-
lar dysfunction may also be observed, although the precise
mechanisms for this are incompletely understood. Even with
a progressive decrease in the GFR, frank renal failure typi-
cally does not occur. Despite the bicarbonate wasting observed
in Wilson disease, there is no bone disease. No renal abnor-
mality is evident on light microscopy; however, electron mi-
croscopy may show loss of brush-border membrane, cavitation
of mitochondria, and accumulation of electron-dense bodies in
the subapical area of the proximal tubule. Fanconi syndrome
appears before the onset of hepatic failure.

The disease has a worldwide prevalence of approximately
1 in 30,000 births, and the deficiency of plasma ceruloplasmin
is a characteristic feature. Once copper storage capacity of the
hepatocyte is exceeded, the heavy metal appears in the circu-
lation, where it is taken up by other tissues. Copper probably
damages the kidney, because it accumulates in the cortex in
its free form. Carrier states and prenatal diagnosis can now
be identified (175). Treatment with trientine hydrochloride or
penicillamine (1 g per day, usually in divided doses) reverses
renal dysfunction, but the latter is associated with a variety of
toxic effects, including the nephrotic syndrome and systemic
lupus erythematosus in 25% of patients (176). Both are cop-
per chelators. In 1997, the U.S. Food and Drug Administration
approved zinc acetate as therapy for Wilson disease. This drug
prevents gut absorption of copper, and follow-up of the initially
treated subjects (up to 10 years) documents its substantial effi-
cacy and low toxicity, even in pregnancy (172–174,177,178).
Eghtesad et al. (179) reported that orthotopic liver transplanta-
tion is very successful in patients with hepatic failure and may
prevent irreversible neurologic deterioration as well as most of
the other abnormalities; more successful cases continue to be
reported (174,180,181).

Lowe Syndrome. Lowe syndrome, also known as oculocere-
brorenal syndrome, is transmitted as an X-linked recessive dis-
order that has been mapped to the Xq24-q26 region of the
sex chromosome (182). This region of the gene appears to
encode a protein that has 70% homology with human inos-
itol polyphosphate-5-phosphatase, suggesting that this may be
an inborn error of inositol phosphate metabolism and endo-
somal acidification (83,183). Many mutations and increased
excretion of twenty-one urinary proteins have been reported
(183,184). Because a few female patients are affected (<5%),
there may be variable expression of the disorder, which de-
pends on X chromosome inactivation (185,186). A sponta-
neous mutation could also explain the incidence of the disorder
in women.

The disease is associated with severe mental retardation,
congenital cataracts with glaucoma, and Fanconi syndrome.
Late in the course of the disease, the GFR falls. Renal biopsy
reveals only fusion of foot processes and swelling of endothelial
cells early in the disease (187). Later, thickening of the base-
ment membrane, tubular atrophy, glomerular sclerosis, and re-
nal failure occur. The disorder is said to have three distinct
stages: early, when central nervous system and renal abnor-

malities develop; later, when bone disease becomes evident; and
finally, the onset of death. Treatment is symptomatic only and
is directed at the organ systems involved. Results of long-term
follow-up of liver transplant recipients are variable.

Cytochrome C Oxidase Deficiency. At least two cytochrome
deficiencies (complex III and complex IV deficiencies) are now
reported to have an associated proximal RTA. Originally de-
scribed in 1977, cytochrome C oxidase deficiency (complex
IV) is characterized by a generalized myopathy, encephalopa-
thy, and Fanconi syndrome (188,189). It is the most common
of the mitochondrial disorders of the respiratory chain. Symp-
toms are seen early in life and are associated with progres-
sive muscle weakness, respiratory failure, and death (190,191).
Skeletal muscle fibers contain lipid-laden vacuoles with swollen
mitochondria. Muscle biopsy reveals both histochemical and
biochemical deficiencies of cytochrome C oxidase. Antibodies
to the various subunits of the enzyme show selective loss of
the subunit 7a,b, representing a defect in the nuclear-encoded
polypeptide of the respiratory chain. Immunocytochemistry
also reveals the loss of subunit 2 of mitochondrial DNA. One
or both of these abnormalities are associated with impaired
activity of the electron transport chain and abnormalities in
oxidative phosphorylation.

Mourmans et al. (192) have described six children with an
isolated complex III deficiency in muscle. One half of the pa-
tients presented in the neonatal period, and two of these infants
had a severe form of Fanconi syndrome. Although presenta-
tion varied substantially, clinical outcome ranged from neona-
tal death to failure to thrive. Extraction of mitochondrial DNA
revealed no common deletions or point mutations.

The genetics of these disorders are different from those of
autosomal disorders. Mitochondrial DNA is directly inherited
from the cytoplasm of germ cells, primarily the oocyte. Because
the spermatocyte contributes few of its mitochondria at fertil-
ization, maternal inheritance is apparent in all mitochondrial
disorders.

Idiopathic Fanconi Syndrome. The idiopathic form of Fan-
coni syndrome has been described in both adults and children.
The pattern of inheritance is variable, being autosomal reces-
sive, autosomal dominant recently localized to chromosome 15
(193), or X-linked. In most cases, however, no clear pattern can
be described, and these cases, as such, are considered sporadic.
Although the patients have virtually all aspects of the renal
tubular abnormalities, others have been described with glucose
intolerance, insulinopenia, and ketonuria. Patients progress to
renal failure, and the syndrome recurs in an allograft after
transplantation. Marshansky et al. (83) is an excellent review
as to cellular and molecular mechanisms of proximal tubule
abnormalities.

Acquired Forms

Exogenous Agents. In humans, lead intoxication results in
Fanconi syndrome (194,195). In general, the severity of the syn-
drome correlates with the degree of intoxication. The changes
are similar to those noted in laboratory animals in which partial
uncoupling of oxidative phosphorylation has been described
(101,102). Chronic exposure to cadmium, an element used in
electroplating and other metal-processing activities, also may
cause Fanconi syndrome and bone disease (90,196). Although
cadmium is present in small amounts in food, drinking water,
and dust, intake by the oral route is not thought significant.
One cigarette contains 1 to 2 μg of cadmium, and even if pul-
monary cadmium absorption is as low as 10%, smoking one
pack per day results in an annual dose of approximately 1 mg.
The half-life of cadmium in biologic tissues is approximately 20
years; thus, with continuous exposure, the total body burden
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is quite high. Cadmium is now a well-known cause of renal cell
adenocarcinoma, being seen as late as 25 years after exposure.
Outdated tetracyclines cause a reversible Fanconi syndrome
associated with muscular weakness and occasionally neuro-
logic symptoms. Anhydro-4-epitetracycline is considered the
offending agent; it is formed by heat, moisture, and an acidic
pH (113). Substances such as toluene, Lysol, gentamicin, 6-
mercaptopurine, diachrome, and streptozotocin may also cause
a reversible form of the syndrome (31,185). Cisplatin, a com-
pound frequently used in cancer chemotherapy, results in a Fan-
coni syndrome that is irreversible and dose dependent (197). An
unusual feature of this syndrome is massive magnesium wast-
ing, indicative of damage to the thick ascending limb of Henle.
Ifosfamide commonly causes Fanconi syndrome in humans and
animals (198). Badarly (199,200) has shown that both taurine
and L-histidinol, an analog of histidine given orally, markedly
attenuate this chemotherapeutic agent’s toxicity. Taurine ad-
ministration does not appear to affect the antitumor activity
of ifosfamide. Children with ifosfamide-induced Fanconi syn-
drome have specific deletions in mitochondrial DNA that are
not maternally inherited. The clinical syndrome was noted to
occur for as long as 2 years after the drug had been discontin-
ued (201).

Other Causes. Dysproteinemia with a “Fanconi-like” syn-
drome occurs in adults who have amyloidosis, multiple
myeloma, light-chain disease, or Sjögren syndrome (202–204).
The patients with Sjögren’s had distal tubular dysfunction with
hypokalemic, a few with osteomalacia (205). A mouse model
for myeloma with Fanconi syndrome has been reported, and
doubtless new data regarding mechanisms should be forthcom-
ing (206). Using x-ray crystallography, Deret et al. (207) ex-
amined the molecular structure of the κ light chains in several
patients with the proximal tubular disorder. Most were found
to have a unique chemical moiety in one part of the molecule
and an absence of specific side chains in another part, obser-
vations associated with dimer formation and toxicity. Also, a
single patient has been described with a malignant mesenchy-
mal bone tumor and Fanconi syndrome, which reversed after
tumor excision (208). Rarely, Fanconi syndrome is associated
with nephrotic-range proteinuria (209). These patients, how-
ever, typically have focal segmental glomerulosclerosis on renal
biopsy.

DISORDERS OF ACIDIFICATION

Overview of Urinary Acidification
Mechanisms in the Proximal and

Distal Nephron

The kidney preserves acid–base balance by two mechanisms:
bicarbonate reclamation (mainly a function of the proximal
tubule) and bicarbonate regeneration (largely a function of the
distal nephron). Both mechanisms must be intact to excrete
the 1 mEq/kg acid ash protein ingested daily and to maintain
the arterial pH at 7.4 and the plasma HCO3 concentration at
24 mEq/L.

Proximal Tubule Acidification

Most evidence suggests that the major part of bicarbonate re-
absorption in the proximal tubule is mediated by hydrogen ion
secretion by the Na-H antiporter (i.e., NHE-3 isoform) local-
ized in the brush-border membrane (bicarbonate reclamation)
(Fig. 20-1). The source of energy for this transporter appears to
be basolateral Na,K-ATPase. The enzyme generates the electro-
chemical gradient for luminal sodium entry by maintaining a

TA B L E 2 0 - 2

FACTORS INFLUENCING PROXIMAL BICARBONATE
REABSORPTION

Increased HCO3 Decreased HCO3

reabsorption reabsorption

Volume contraction Volume expansion
Chloride deficiencya —
Potassium depletion Potassium excess
Hypercapnia (↑ arterial Pco2) Hypocapnia (↓ arterial Pco2)
↓ Arterial pH (by

intracellular acidosis?)
↑ Arterial pH (by

intracellular alkalosis?)
— Carbonic anhydrase

inhibitors (e.g.,
acetazolamide)

Hypoparathyroidism Hyperparathyroidism
Hypercalcemia Hypocalcemia
Vitamin D excess Vitamin D deficiency
— Phosphate depletion
Glucose —

a In the clinical setting, this is synonymous with volume contraction.
(From: Alpern RJ, Rector FC Jr. Renal acidification: cellular
mechanisms of tubular transport and regulation. In: Windhager E, ed.
Handbook of Physiology. New York: Oxford University Press,
1992:767; Sabatini S. Distribution and function of the renal ATPase
(H-ATPase). Semin Nephrol 1991;11:37; and Sabatini S, Kurtzman
NA. Pathophysiology of the renal tubular acidosis. Semin Nephrol
1991;11:202.)

low intracellular sodium concentration (∼10 mEq/L). There is
also an electrogenic H-ATPase present in the proximal tubule,
although its precise role in proximal acidification is incom-
pletely understood (210–213). Large quantities of bicarbonate
are normally absorbed in the proximal tubule (∼80%), and a
number of factors come into play to alter this process such that
virtually all of the bicarbonate may be absorbed here (Table
20-2).

Factors affecting proximal bicarbonate reabsorption may
be summarized as follows (214). The state of extracellular vol-
ume (either absolute or “effective” arterial volume) is the most
potent regulator of proximal bicarbonate reabsorption. When
volume is contracted, proximal sodium reabsorption increases
markedly as a consequence of increased activity of the Na-H
antiporter; thus, bicarbonate reabsorption increases secondar-
ily. Carbonic anhydrase plays an essential role in proximal
bicarbonate reabsorption because it is present on the brush-
border membrane as well as inside the cell. Enzyme inhibition
results in substantial bicarbonaturia and metabolic acidosis.
Hyperkalemia, independent of volume, inhibits proximal bi-
carbonate reabsorption, as does a fall in arterial pH, low Pco2,
parathyroid hormone excess, and hypocalcemia (for reviews,
see Sabatini and Kurtzman [214] and Eiam-Ong and Sabatini
[215]).

Of the many possible mechanisms for proximal RTA, three
seem most likely: inhibition (or absence) of proximal tubule
carbonic anhydrase, direct inhibition of Na-H exchange activ-
ity, and inhibition of basolateral Na,K-ATPase (210,216).

Inhibition of proximal carbonic anhydrase would lead to bi-
carbonate wasting and hypokalemia and should result in mas-
sive bicarbonaturia. Acidemia would result to the extent that
the distal nephron is incapable of reabsorbing the bicarbonate
remaining in the tubular lumen. Because the enzyme is present
in both the proximal and distal nephron, one would expect fea-
tures of both acidification processes to be present. Indeed, the
defect in urinary acidification noted in some family members
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with carbonic anhydrase B deficiency is compatible with this
notion (discussed later).

A direct inhibitory effect of the apical Na-H exchanger
(NHE-3) would also lead to proximal RTA. The magnitude
of this effect is difficult to estimate. Some think that two thirds
of proximal acidification occurs through the Na-H exchanger,
with the rest occurring through the proton pump (i.e., H-
ATPase) (33,216–218). If this is so, then a selective defect in the
antiporter would result in a “partial”-type proximal RTA. The
precise relationship between these two mechanisms of acid-
ification is not yet understood because activity of one may
affect the other. For example, in chronic metabolic acidosis
(induced by NH4Cl loading), Na-H exchange activity is in-
creased, and some report proximal H-ATPase activity to be
decreased (213,219). In chronic metabolic alkalosis, however,
the exchanger is inhibited but the H-ATPase is unaffected. Fur-
thermore, effects of the various parameters given in Table 20-2
and activity of proximal tubule H-ATPase are not yet defined.
Recent defects in distal H-ATPase have been noted and are
associated with impaired proton secretion (discussed later).

Inhibition of basolateral Na,K-ATPase activity should also
lead to proximal RTA. It would also lead to loss of all ions
and solutes transported by sodium-coupled mechanisms. Un-
less there are major differences in the proximal tubule en-
zyme, its various subunits, and their interactions, compared
with other tissues or with the distal nephron, this lesion may
be incompatible with life.

A decrease in proximal tubule H-ATPase due to gene muta-
tions or postgenomic signaling defects could result in a fall in
acidification, but thus far we have no evidence for such sugges-
tions. Although our own study with NH4Cl loading to intact
rats does not support such a hypothesis (i.e., we should have
seen an increase in biochemical activity), there may be factors
that we did not take into account (different isoforms, different
enzyme kinetics, different cellular localization, etc.). See also
the recent review by Marchansky et al. (83).

Distal Nephron Acidification

Until the 1970s, distal RTA was considered a single disorder.
The prevailing view was that patients were unable either to
generate or maintain a hydrogen ion gradient across the distal
nephron because they were unable to secrete protons or be-
cause the secreted protons then back-diffused to the cell (i.e.,
backleak). The observation that amphotericin B administra-
tion resulted in altered proton permeability (and backleak) of
the membrane substantiated the latter view (217,218,220). Be-
cause of this observation, this form of RTA was referred to as
gradient RTA. A different mechanism was proposed in the mid-
1970s based on the observation that the urinary Pco2, after
alkalinization (an index of collecting tubule proton secretion),
was low in patients with distal RTA. It was argued that a low
urine Pco2 was incompatible with a gradient mechanism be-
cause, during alkalinization of the urine, the tubular pH was
raised to a value higher than that of the peritubular blood so
that the chemical gradient favored secretion; it did not favor
backleak. Thus, the low urinary Pco2 detected in patients with
distal RTA argued for a secretory defect rather than a backleak
defect. We now have a better understanding of the biochemical
mechanism of these two defects, as well as other abnormalities
of proton transport.

In the distal nephron, proton secretion occurs by three major
mechanisms (33,221–223): an electrogenic proton H-ATPase
located in the luminal membrane of α-intercalated cell (and
also found in the basolateral membrane of the β-intercalated
cell), an electroneutral H,K-ATPase also located in the interca-
lated cell, and the transepithelial voltage gradient (up to –40
mV) generated by sodium reabsorption and activity of the baso-
lateral Na,K-ATPase. Because protons must be secreted into a

urine containing buffer, the amount (and type) of buffer present
also affects overall proton secretion (217). In humans, most of
the urinary buffer is HPO2−

4 as a consequence of dietary pro-
tein intake. The other significant buffer for proton secretion is
that coupled to ammonium (NH+

4 ).
There are three major factors that affect activity of the

two proton pumps either directly or indirectly. The adrenal
hormone, aldosterone, directly stimulates the electrogenic H-
ATPase both in vivo and in vitro (91,211,225). This is true in
mammalian cortical and medullary collecting tubules and in
certain nonmammalian analogs of the distal nephron. Aldos-
terone deficiency inhibits or markedly decreases activity of this
enzyme (91). Distal sodium delivery, a maneuver that generates
a large transepithelial gradient (lumen negative), also stimu-
lates this enzyme in that it creates a favorable electrical gra-
dient for the secretion of a positively charged ion (i.e., hydro-
gen). This effect seen in the cortical collecting tubule, however,
is a secondary one because enhanced distal sodium delivery di-
rectly increases Na,K-ATPase activity (the medullary collecting
tubule does not reabsorb sodium) (217,226). Hypokalemia or
low urinary potassium markedly stimulates the H,K-ATPase
in the cortical collecting duct, and hyperkalemia inhibits the
enzyme. These effects are independent of any action on aldos-
terone (91). Hypokalemia also stimulates medullary collecting
duct H,K-ATPase (where the transtubular potential is lumen
+10 mV and is due to proton secretion by the H-ATPase).

Thus, defects in distal proton secretion in the cortical col-
lecting duct appear due to a direct action on the electrogenic
H-ATPase, a direct action on the electroneutral H,K-ATPase
(the second proton secretory enzyme in the kidney), a direct ac-
tion on Na,K-ATPase, or any combination of the three. In the
medullary segment of the collecting duct, the primary mecha-
nism for deranged acidification seems to be defective H-ATPase
activity. Significant quantities, although lesser amounts, of the
electroneutral H,K-ATPase are present in the medullary collect-
ing tubule, and although the enzyme does aid in urinary acidi-
fication at this site, it probably does not contribute to electrical
gradients (218,222).

Proximal (Type II) Renal Tubular Acidosis∗

See the section on Heterogeneous Tubular Defects (Fanconi
syndrome) (Table 20-3) (227,228).

Carbonic Anhydrase Deficiency

Carbonic anhydrase II deficiency is an extraordinarily rare
defect (229,230). RTA may be proximal, distal, or both, as
would be expected if the type II carbonic anhydrase iso-
form were present inside the renal tubular cell throughout the
nephron. It is associated with osteopetrosis, severe mental re-
tardation, short stature, and frequent fractures. Bilateral renal
stones, nephrocalcinosis, and hypercalciuria are predictable.
Hypokalemia is commonly noted, as may be found with prox-
imal or distal RTA. Diagnosis is made by showing fractional
HCO3 excretion greater than 15% after HCO3 infusion. Large
amounts of bicarbonate are required (and potassium if hy-
pokalemia is found), often without achieving therapeutic suc-
cess. A mouse transgenic for carbonic anhydrase II deficiency
has been studied that, when given the enzyme, partially re-
sponds by decreasing urine pH. Mutations continue to be re-
ported (231,232) as well as the complete absence of band 3
protein and protein 4.2 in a birth (233). Three publications
have particular relevance to the kidney (234–236).

∗There is no type III renal tubular acidosis.
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TA B L E 2 0 - 3

SUMMARY OF SELECTED ISOLATED TUBULAR TRANSPORT DISEASES
OF THE RENAL ATPases

Site Disorder Mechanism

Proximal tubule Fanconi syndrome (type II RTA) ↓ PCT Na, K-ATPase
Isolated proximal RTA ↓ H-ATPase; ↓ Na/H antiporter

MTAL Bartter syndrome ↓ MTAL Na, K-ATPase
↓ Na/K/2Cl cotransporter

Collecting duct Classic distal RTA (type I RTA)
(with hypokalemia)

↓ CCT H, K-ATPase

Distal RTA (with hyperkalemia)
(type IV RTA)a

Urinary tract obstruction ↓ CD Na, K-ATPase
↓ H-ATPase

Amiloride ↓ CD Na, K-ATPase
Lithium ↓ CT Na, K-ATPase

↓ CCT H-ATPase
↓ H, K-ATPase

Sickle hemoglobinopathy ?

CCT, cortical collecting duct; CD, collecting duct; MTAL, medullary thick ascending limb; PCT, proximal
convoluted tubule; RTA, renal tubular acidosis.
aAlso called voltage-dependent distal RTA. (There is no type III RTA.)
Summarized from references: Roth KS, Goldmann DR, Segal S. Developmental aspects of maleic
acid-induced inhibition of sugar and amino acid transport in the rat renal tubule. Pediatr Res
1987;12:1121; Burwinkel B, Amat L, Gray RG, et al. Variability of biochemical and clinical phenotype in
X-linked liver glycogenosis with mutations in the phosphorylase kinase PHKA2 gene. Hum Genet
1998;102:423; Ribeiro ML, Alloisio N, Almeida H, et al. Severe hereditary spherocytosis and distal renal
tubular acidosis associated with the total absence of band 3. Blood 2000;96:1602; Dafnis E, Kurtzman
NA, Sabatini S. Effect of lithium and amiloride on collecting tubule transport enzymes. J Pharmacol Exp
Ther 1992;261:701; Ogita K, Takada N, Taguchi T, et al. Renal tubular acidosis secondary to FK506 in
living donor liver transplantation: a case report. Asian J Surgery 2003;26:218; Cho BS, Kim HS, Jung JY, et
al. Severe renal tubular acidosis in a renal transplant recipient with repeated acute rejections and chronic
allograft nephropathy. Am J Kidney Dis 2003;41:E6; Seldin DW, Coleman AJ, Carter NW, et al. The effect
of Na2SO4 on urinary acidification in chronic renal disease. J Lab Clin Med 1967;69:893.

Classic (Type I) Distal Renal Tubular Acidosis

The syndrome of classic distal RTA consists of hypokalemia,
hyperchloremic metabolic acidosis, and inability to lower the fi-
nal urinary pH to less than 5.5. Nephrocalcinosis, nephrolithia-
sis, and osteomalacia (or renal rickets) also occur. Urinary Pco2
does not rise normally after bicarbonate infusion (217,220)
(Table 20-3).

Hypokalemic RTA is reported to be endemic in northeastern
Thailand (237). The condition may affect as many as 450,000
people. These patients also have gastric hypoacidity; therefore,
it was suggested that they might have an abnormality in H,K-
ATPase activity (251). The soil and well water in this part of
Thailand are rich in vanadium, an inhibitor of H,K-ATPase. In
addition, the local population has higher than normal concen-
trations of vanadium in urine and tissue. This syndrome affects
not only humans but water buffalo, indicating that it may be
caused by an environmental inhibitor of the H,K-ATPase pump
(239,240).

Long-term administration of sodium orthovanadate to nor-
mal rats results in hypokalemic distal RTA, with the urinary pH
higher than expected for the level of acidemia and a vanishingly
low fractional bicarbonate excretion (241). In microdissected
nephron fragments from these animals, activity of H,K-ATPase
and Na,K-ATPase was markedly depressed in the collecting
duct. H-ATPase activity, by contrast, was normal. It is likely
that the hypokalemia observed in these animals depressed al-
dosterone secretion, preventing the rise in H-ATPase activity

despite metabolic acidosis. To the extent that this model rep-
resents human type I distal RTA, these enzyme defects are pre-
dictive. In all likelihood, a singular defect in collecting duct
H,K-ATPase is responsible for the lesion.

Using monoclonal antibodies to the 31-kD subunit of the H-
ATPase demonstrated an absence of the enzyme in intercalated
cells in a renal biopsy from a patient with Sjögren syndrome
and hypokalemic type I distal RTA (242). No H-ATPase stain-
ing was found in the proximal tubule brush-border microvilli,
but it was noted in the subvillous invaginations. No data con-
cerning H,K-ATPase immunoreactivity were presented. More
cases of Sjögren syndrome are being identified with defects in
acidification (243,244).

Hereditary Classic Distal Renal Tubular
Acidosis (Dominant/Recessive)

The dominant form of classic distal RTA is thought to be due to
point mutations in the Cl/HCO3 exchanger located on the ba-
solateral membrane of the α-intercalated cell (245,246). These
patients have a mild form of distal RTA, with nephrocalcinosis
and stones noted in one half of the patients. Serum potassium is
low and therapy consists of 2 mEq HCO3 per kg body weight
and potassium. In children, more bicarbonate is required to
affect linear growth even partially. Recently, Wrong’s group
(235) reported a dominant form of RTA in the AE1 enzyme
in erythrocytes (i.e., 11-COOH deletion called human band
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3 Walton). This band 3 Walton inhibits the movement of nor-
mal band 3 to the cell surface, retaining it inside the cell. Ap-
parently, chloride transport is normal (247).

The recessive form of the disease is apparent in the first year
of life and has been noted to be associated with mutations in
the β1 subunit of the H-ATPase in some families. Abnormalities
in the enzyme in the cochlea have also been noted in those with
sensorineural hearing loss (248,249). Now abnormalities have
been noted in other isoforms of the kidney resulting in recessive
distal RTA (250,251). Plasma HCO3 and potassium are lower
in these subjects than in those with the dominant form of distal
RTA. Bone disease is quite marked (osteopetrosis) and multiple
stones and nephrocalcinosis invariably occur. Some of these
patients are CAII defective and have severe mental retardation.
None of these groups of patients can lower the urine pH below
5.5. Therapy, which consists of HCO3 and potassium, is less
than optimum.

Voltage-Dependent Distal (Type IV)
Renal Tubular Acidosis

The primary defect in “voltage-dependent” distal RTA is con-
sidered to be the loss of the lumen-negative potential differ-
ence in the cortical collecting duct (Table 20-3). The absence
of the lumen-negative potential difference would lead to a re-
duction in both hydrogen and potassium secretion (218,252).
Therefore, the hallmark features of this syndrome are a hy-
perkalemic, hyperchloremic metabolic acidosis associated with
salt wastage (detectable only during salt restriction). In hu-
mans, plasma aldosterone is normal or increased and urinary
pH is greater than 5.5. Urinary Pco2 during bicarbonate load-
ing is low, and the response to furosemide administration is
abnormal (i.e., Pco2 does not rise).

Urinary tract obstruction (UTO), amiloride, and lithium
(Li+) induce this syndrome clinically (218,253–255). Careful
assessment of these animal models, however, reveals significant
differences. Amiloride administration and UTO are associated
with hyperkalemia and the inability to lower urinary pH below
5.5. Giving Li+ to humans or animals, however, does not induce
hyperkalemia and does not affect the ability to lower urinary
pH after sulfate administration. Li+ has a greater propensity
to cause systemic acidosis than does amiloride.

Our studies on the effects of short-term unilateral ureteral
obstruction and long-term administration of amiloride and Li+

(in rats) on acid–base status, electrolyte composition, and col-
lecting tubule ATPases provide further insight into the patho-
genesis of this type of distal RTA. After 24 hours, rats with
unilateral obstruction have normal systemic base and potas-
sium levels, as expected with a normal contralateral kidney.
Potassium and proton excretion in the postobstructed kid-
ney is markedly reduced. Rats given amiloride have normal
acid–base status, but become hyperkalemic. Metabolic acido-
sis developed in Li+ treated rats, but potassium levels were
normal to low. In the postobstructed kidney, Na,K-ATPase ac-
tivity was depressed throughout the entire nephron (from the
proximal tubule to the collecting duct). H-ATPase, however,
was markedly decreased in medullary collecting duct. By con-
trast, the H,K-ATPase enzyme was increased significantly in the
cortical collecting duct, whereas it was low in the medullary
collecting tubule. Long-term amiloride administration in rats
resulted in low Na,K-ATPase activity in cortical and medullary
collecting ducts (254). H-ATPase activity was low, but only
in the cortical collecting duct. H,K-ATPase activity was unaf-
fected by amiloride. After long-term Li+ therapy, Na,K-ATPase
activity was low in the cortical collecting duct; activities of
H-ATPase and H,K-ATPase were also decreased, but only in
the cortical collecting tubule.

In the 24-hour model of unilateral ureteral obstruction, the
enhanced cortical collecting duct H,K-ATPase activity proba-
bly mitigates the reduced H-ATPase activity at this site. There-
fore, the overall acidification defect observed in the model is
probably due primarily to impaired medullary collecting duct
proton transport. The potassium retention observed in acute
UTO is probably due to a fall in potassium secretion secondary
to reduced Na,K-ATPase activity and enhanced H,K-ATPase
activity of the cortical collecting duct. Studies in isolated per-
fused tubules show acidification to be intact (or even increased)
in cortical collecting ducts after unilateral ureteral obstruction,
but decreased in medullary collecting ducts (see also references
256–257).

The alterations seen during UTO appear to be specific be-
cause certain of the enzymes remain normal (253). It seems
likely that there is “cross-talk” between the two proton
ATPases in intercalated cells of the cortical collecting duct,
such that the inhibition of one activates the other. The under-
lying mechanisms that trigger and control this phenomenon
remain unknown. Rats subjected to 24-hour UTO have mod-
erately high aldosterone levels, but aldosterone plays no part in
regulating H,K-ATPase (129). In addition, the increased H,K-
ATPase activity detected only in the cortical segment suggests
that the proximate cause is at this level. This indicates there
are additional forces beyond systemic potassium balance that
control the H,K-ATPase enzyme.

A report examining the renal cellular distribution of
H-ATPase (30-kD subunit) in unilateral ureteral obstruction
showed that changes in its cellular distribution were seen
only in the intercalated cells (258). The morphologic change
that correlated most closely with the onset and resolution of
the acidification defect was the appearance of gaps in apical
H-ATPase staining, suggesting a cytoskeletal defect. Because
staining of H,K-ATPase was not performed, full correlation
between the immunologic and enzymatic data has not yet been
established.

Despite the acidification defect demonstrable in kidney af-
ter 24-hour unilateral obstruction, acid–base status is normal.
The contralateral kidney, therefore, adapts quickly to the in-
creased workload. In additional studies, we have shown that
the contralateral kidney has a 40% increase in collecting tubule
H-ATPase, H,K-ATPase, and Na,K-ATPase activities (259).
Therefore, the contralateral kidney responds to events in the
obstructed kidney even in the absence of measurable changes in
blood chemistry. The signals that initiate these changes remain
to be elucidated.

Thus, it appears that these experimental models of voltage-
dependent distal RTA exhibit renal pump defects in addition to
any electrical changes secondary to diminished Na,K-ATPase
activity, lending some insight into human type IV RTA.

Normokalemic Distal Renal Tubular Acidosis

Metabolic acidosis develops when functional renal mass is re-
duced to a level at which the GFR is 20% to 30% of normal.
When the GFR falls below 20 mL/minute, normochloremic
acidosis with a high anion gap develops. In patients with tubu-
lar interstitial disease, acidosis develops earlier and is more
profound than in patients with glomerular disease. This pat-
tern may be the first indication of chronic transplant rejection
(260–262).

Patients with renal insufficiency have a relatively high uri-
nary pH and low net acid excretion even when plasma bicar-
bonate is in the normal range. Distal proton secretion, however,
is qualitatively normal, as indicated by the ability maximally to
lower the urinary pH and mount a normal response to sodium
sulfate or phosphate loading (217,263). The Pco2 gradient
(urine value minus blood value) is relatively normal in these
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patients after correction for the associated concentrating defect.
A reduction in ammonia production secondary to decreased re-
nal mass or impaired ammonia trapping in the collecting duct
is considered to be the basic defect in these patients. Urinary
phosphate excretion and formation of titratable acids are rel-
atively normal.

A defect in one of the two proton pumps may be the cause
of this disorder. Because these patients are normokalemic, an
acidification defect could be caused by abnormal H-ATPase
activity in the collecting duct. If this enzyme fails but the
Na,K-ATPase and H,K-ATPase pumps remain intact, normo-
kalemic distal RTA should ensue. There are no human or ani-
mal studies examining this issue directly, as has been done for
the other forms of distal RTA.

Aldosterone Deficiency

The syndrome of isolated aldosterone deficiency was originally
described in 1957 by Hudson et al. (264). Only since the early
1980s has the disorder been recognized with any regularity.
Theoretically, aldosterone deficiency should cause a voltage-
dependent acidification defect and proton secretory failure. In
aldosterone-deficient humans and laboratory animals with aci-
dosis, the ability to generate urinary pH gradients in the col-
lecting duct is thought to be relatively normal, but the rate of
acid secretion is reduced (217,218). Patients with aldosterone
deficiency can lower urinary pH below 5.5, have a normal urine
Pco2 in an alkaline urine, and respond appropriately to phos-
phate and sulfate infusion. The rate of titratable acid excretion
is normal, but urinary ammonium and potassium excretion
after sodium sulfate infusion is reduced. The decreased am-
monia production and excretion may be due mainly to the
hyperkalemia. When hyperkalemia is corrected by cation ex-
change resin or by dietary potassium restriction, both ammonia
production and excretion increase, but not to normal levels.
Net acid excretion also increases, but the finding that it never
reaches control levels suggests an intrinsic defect in hydrogen
ion secretion.

Aldosterone deficiency results in an absolute decrease in
H-ATPase activity in both cortical and medullary collecting
duct segments (129). A series of experiments examined the
interaction of aldosterone and potassium on the H-ATPase
and H,K-ATPase enzymes in the collecting duct. These studies
were designed to control potassium and aldosterone levels pre-
cisely because each exerts powerful effects on the other (129).

Adrenalectomized animals were given normal or pharmaco-
logic amounts of aldosterone by a chronically implanted os-
motic minipump (or given no aldosterone) and then placed on
one of three potassium diets (normal, low, or high). The most
severe metabolic acidosis resulted in the group placed on the
high-potassium diet that received no aldosterone. In microdis-
sected segments (cortical and medullary collecting tubules)
from the kidneys of these animals, H-ATPase activity was ap-
proximately three-fourths lower than that in normal animals.
Regardless of the level of dietary potassium (normal, low, or
high), animals not given aldosterone had very low H-ATPase
activity. By contrast, even when the aldosterone level was varied
markedly (zero, normal, or high), H,K-ATPase activity changed
only in response to potassium. H,K-ATPase activity in the col-
lecting duct was stimulated when plasma and muscle potas-
sium levels were low, and it was inhibited when hyperkalemia
was present (129). The most profound metabolic alkalosis was
seen in the group of rats with pharmacologic aldosterone and
plasma potassium levels of approximately 2 mEq/L. In these an-
imals, levels of both enzymes were very high and the H-ATPase
varied only with aldosterone, whereas the H,K-ATPase varied
only with potassium.

Pseudohypoaldosteronism Type 1
and Liddle Syndrome

Also called Cheek-Perry syndrome, pseudohypoaldosteronism
type 1 may appear as either an autosomal-dominant or
autosomal-recessive feature (in families who have intermar-
ried) (265). It is characterized by salt wasting, dehydration,
metabolic acidosis, and hyperkalemia (Table 20-4). Extremely
elevated aldosterone secretion rates have been reported, along
with high plasma renin activity. It was postulated that the
collecting tubules were refractory to endogenous aldosterone;
however, spironolactone worsened the salt loss, suggesting that
an absolute lack of responsiveness to aldosterone was not
present. Mineralocorticoid receptors are reported absent (or
markedly decreased) in mononuclear leukocytes of patients
with the disease, and some investigators, therefore, have pos-
tulated that the defect is in the expression of the mineralocor-
ticoid receptor gene (266,267). In one study in a single patient,
however, there was no evidence of rearrangement or deletion
in genomic DNA, and normal “qualities” of mineralocorticoid
receptor RNA were present (268). In 11 families, the gene loci
subsequently were found to be on the short arm of chromosome

TA B L E 2 0 - 4

METABOLIC ABNORMALITIES OF SOME TRANSPORT DISORDERS

Plasma
Acid–base renin Plasma Pattern Molecular

Disorder status activity aldosterone inheritance mechanism

Serum

Na+ K+ Cl− HCO−
3

Pseudohypoaldosteronism
(Cheek-Perry syndrome)

Metabolic
alkalosis

↓ ↑ ↓ ↑ ↑ ↑ AR/AD Defective ENaC
channel

Pseudohyperaldosteronism
(Liddle syndrome)

Metabolic
alkalosis

↑ or
nl

↓ nl ↑ ↓↓ ↓↓ AD Stimulating ENaC
channel

Bartter syndrome Metabolic
alkalosis

↓ ↓ ↓ ↑ ↑↑ ↑↑ AR Thick limb
Na/K/2Cl defect

Renal tubular K+ secretion
defect (Spitzer-Weinstein
syndrome)

Metabolic
acidosis

nl ↑ nl ↓ ↑ or nl nl unknown ?

AD, autosomal dominant; AR, autosomal recessive; ENaC, amiloride-sensitive epithelial sodium channel; nl, normal.
See the text for relevant information regarding clinical expression of the disorders.
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12 or chromosome 16 in an area where the subunits of the
amiloride-sensitive epithelial sodium channel (ENaC) resides,
not in the aldosterone receptor per se (269–272).

The differential diagnosis includes Fanconi syndrome,
adrenal hyperplasia with virilization, RTA, and salt-losing
nephritis. Treatment consists of a high-sodium diet (3 to 6 g
of NaCl per day), an intervention that does not decrease the
elevated plasma renin activity.

Liddle syndrome is an autosomal-dominant disorder char-
acterized by hypertension, hypokalemia, and metabolic alka-
losis; aldosterone and plasma renin activity are extremely low
(Table 20-4) (271,273). The GFR is usually normal. Patients
with this disorder respond to triamterene but not to spirono-
lactone. Red blood cell sodium efflux is increased, whereas
the Na:K ratio in salivary and sweat glands is normal. The
primary mechanism appears to be due to overactivity of the
collecting duct ENaC channel (in the α, β, or γ subunits),
resulting in enhanced sodium reabsorption in the collecting
duct. This disorder is therefore the exact opposite of that of
pseudohypoaldosteronism type 1 (274,275). The differential
diagnosis includes Bartter syndrome, primary aldosteronism,
and 11β-hydroxysteroid dehydrogenase deficiency. In addition
to triamterene, patients usually require sodium restriction and
potassium supplementation.

Bartter Syndrome and Gitelman Syndrome

These syndromes are characterized by severe hypokalemia, salt
wastage, and metabolic alkalosis with hyperaldosteronism, hy-
perreninemia, as well as hypertrophy and hyperplasia of the
juxtaglomerular apparatus (Table 20-4). Patients with Bartter
syndrome are also refractory to the rise in blood pressure in
response to angiotensin II infusion; urinary prostaglandin E2
levels are high (276–279). Some cases are sporadic, but most
are inherited as an autosomal-recessive trait. The three types
of Bartter syndrome must be distinguished from Gitelman syn-
drome, which is also a primary renal tubular disorder with
hypokalemic metabolic alkalosis and salt wastage, but one as-
sociated with marked magnesium deficiency and hypocalciuria.
Urine prostaglandin levels are normal. The molecular basis
for Gitelman syndrome is due to mutation(s) in the thiazide-
sensitive NaCl cotransporter in the distal convoluted tubule
on chromosome 16 (long arm) or the chloride channel gene
(278–280). Mutant alleles occur in approximately 1% of the
population, making the disorder quite common.

It appears that the abnormality in Bartter syndrome is mul-
tifactorial. In type I, mutations are found in the Na/K/2Cl co-
transporter in the thick ascending limb, thus creating a lesion
that resembles the result of chronic furosemide use (281,282).
In type II, mutations are found in the luminal K channel
(283,284), and in “classic” Bartter’s (type III), mutations are
found in the basolateral Cl channel. All of these lesions result in
salt wastage, hypokalemia, and most of the features described
previously. See also recent reviews (278,285–288) for molecu-
lar genetics and cell signaling abnormalities.

Bartter syndrome typically manifests early in life with poly-
hydramnios, failure to thrive, growth retardation, polydipsia,
dehydration, salt craving, and marked muscle weakness. Blood
pressure is characteristically low or normal. The GFR is nor-
mal, but there is inadequate urinary acid excretion after NH4Cl
challenge. Nephrogenic diabetes insipidus also may be seen.
Sodium transport in erythrocytes and salivary glands is im-
paired, which led some to suggest that the primary problem
was due to altered responsiveness to aldosterone. As early as
1975 Kurtzman and Gutierrez (281) postulated that Bartter
syndrome resembled one of inhibited function of the thick
ascending limb, and the most recent genetic studies seem to
confirm this proposal. Renal biopsy demonstrates hyperpla-

sia and hypertrophy of the juxtaglomerular cells as well as
of the medullary interstitial cells, the site of prostaglandin E2
synthesis.

In a model of Bartter syndrome (long-term furosemide
administration in rats), we demonstrated that the three re-
nal ATPases were increased in cortical and medullary collect-
ing tubules (289). The high aldosterone level stimulated the
H-ATPase, and the hypokalemia stimulated the H,K-ATPase
(Table 20-3). Na,K-ATPase was also increased in cortical and
medullary collecting tubules by aldosterone and hypokalemia,
respectively. With respect to the human syndrome, because we
had postulated in 1975 that the primary defect was in the thick
ascending limb (impaired sodium chloride transport) (281), we
think the changes we observed in the cortical and medullary
collecting tubule enzymes after furosemide are secondary, not
primary. Aldosterone is not causative in kaliuresis because hu-
mans with Bartter syndrome are hypokalemic after adrenalec-
tomy (290).

The differential diagnosis includes Fanconi syndrome, lax-
ative and diuretic abuse, chronic vomiting, licorice ingestion,
primary and secondary aldosteronism, and familial chloride di-
arrhea. Some patients with cystic fibrosis also present similarly.
Treatment includes large quantities of potassium (150 to 300
mEq per day) with spironolactone, triamterene, or amiloride
daily. Indomethacin (and aspirin) has also been used to alter re-
nal prostaglandin E2 levels, and although rarely correcting all
the metabolic abnormalities, the nonsteroidal agents do pro-
mote sodium retention and thus increase the blood pressure.
Theoretically, the selective cyclooxygenase inhibitors should
be more effective, but no large studies have been performed. A
preliminary report in one patient with type II Bartter syndrome
treated with a cyclooxygenase-2 inhibitor showed remark-
able results, including height and weight gain. Angiotensin-
converting enzyme inhibitors have been used experimentally,
but thus far they have not reversed the metabolic defects; drug-
induced hypotension is a major problem with their use (291).

OTHER DISORDERS

Renal Tubular Potassium Secretion Defect
(Spitzer-Weinstein Syndrome)

This disorder is characterized by metabolic acidosis and hyper-
kalemia associated with low aldosterone and plasma renin ac-
tivity. The GFR is normal. The mode of inheritance is not clear.
The biochemical basis of this disorder is unknown; a defect in
collecting duct H,K-ATPase is a possible mechanism, although
tubular K-APTase could also be abnormal. Treatment includes
thiazide diuretic administration, sodium restriction, and occa-
sionally alkali administration.

Renal Tubular Magnesium Wasting Defect

This autosomal-recessive disorder involves magnesium excre-
tion three to five times greater than normal that is associated
with potassium wasting and a mild metabolic alkalosis. It may
also be seen after aminoglycoside and cisplatin administration,
although both nephrotoxins usually result in acute tubular
necrosis. The differential diagnosis includes hyperaldostero-
nism, hyperparathyroidism, magnesium malabsorption, Fan-
coni syndrome, Bartter syndrome, and RTA. If this is really
Gitelman syndrome, where the defect is in the distal convo-
luted thiazide-sensitive NaCl cotransporter, it is not yet clear
as to the mechanism by which magnesium wastage occurs.
Several reviews have been written recently that discuss magne-
sium wasting (286–288,292). Patients with the disorder usually
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respond well to oral magnesium supplementation, and the dis-
ease is thought to be of little clinical consequence.

SUMMARY

Although the isolated renal tubular disorders are complex,
some of their features can be predicted from information
known about the transport of carbohydrates, amino acids, and
ions throughout the nephron. Doubtless, most of these disor-
ders have a genetic basis, and as our technology improves, more
new and exciting information about their underlying mecha-
nisms will be revealed. Despite the marked increase in knowl-
edge expected, it remains to be seen whether these insights will
further aid our approach to therapy or in fact cure any of these
abnormalities totally.
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CHAPTER 21 ■ CONGENITAL UROLOGIC
ANOMALIES
ANTHONY ATALA

The most common congenital anomalies involve the genitouri-
nary system. The ability to visualize the genitourinary tract in
utero with ultrasonography has led to the early diagnosis of
many abnormalities, often before they are symptomatic. Con-
genital urologic anomalies that are of interest to the nephrol-
ogist are discussed in an anatomically ascending order: testis,
urethra, bladder, ureter, and renal disorders. The topics of vesi-
coureteral reflux and urinary obstruction are covered in other
chapters.

CRYPTORCHIDISM

The incidence of cryptorchidism is approximately 6% at
birth and 1.6% at 3 months of age (1). An increased rate
is reported in premature and lower–birth-weight neonates.
The incidence of cryptorchidism also increases in neural
tube defect disorders, myelomeningocele, omphalocele, anen-
cephalia, abnormalities of testosterone biosynthetic defects,
5α-reductase deficiency, and peripheral androgen receptor
abnormalities, and in disorders of gonadotropin deficiency
such as Kallmann syndrome, Prader-Labhart-Willi syndrome,
and Laurence-Moon–Biedl syndromes (2). There are several
other dysmorphic syndromes that may also be associated with
cryptorchidism. Genetic predisposition seems to play a role,
which has been noted in 1% to 4% of siblings of cryptorchid
children and 6% of fathers with cryptorchid children (3).

Descent of the testes takes place in two separate stages. In
the first stage, called the transabdominal descent, the testes
move from the urogenital ridge to the level of the internal in-
guinal ring. The testes remain at the internal ring until the
28th week of gestation, when they begin their descent into the
scrotum. This second stage of descent is called the inguino-
scrotal stage and is normally complete at 40 weeks’ gestation.
The second stage is believed to be secondary to gubernacular
regression. Hormonal factors may also be involved. A low–
molecular-weight fraction of fetal testicular extract called de-
scendin, which is stimulatory to gubernacular cells, might be
involved (4). There is also some indication that testosterone
plays a role in the initiation of gubernacular regression (4).
A hormonal mechanism for testicular descent has long been
suspected. Many studies cite an abnormality in the pituitary–
gonadal axis under both static and stimulated conditions (5).
Other studies have suggested the role of the Müllerian inhibitor
factor as a promoter of testicular descent, which initiates de-
scent by stimulating growth and shortening of the gubernac-
ulum (6). The genitofemoral nerve has also been implicated
as having a role in testicular descent. Androgen receptors are
located in the central nervous system, and the genitofemoral
nerve may act as a mediator of testosterone on the gubernac-
ulum, enabling testicular descent (6). Other proposed theo-
ries for testicular descent involve changes in intraabdominal
pressure with development and the increased weight of the
epididymis (7).

There is no standard classification system for categorizing
the cryptorchid testis. Nonetheless, the testis may be defined
as being cryptorchid, retractile, sliding, associated with a later
ascent, or absent. The location of the testis on physical exami-
nation should be documented. The position of the testis should
be described as either palpable or nonpalpable. If palpable, its
location on examination should be described: internal inguinal
ring, external inguinal ring, scrotal inlet, or ectopic. Ectopic
locations are outside the normal course of descent. Ectopic
positions may be the superficial pouch of Denis Browne or a
perineal, femoral, or penile location. The child should be lying
on an examination table in a warm room with the abdomen
and genitalia exposed. Visual inspection of the abdomen and
scrotum is performed first. The cryptorchid patient often has
underdevelopment of the ipsilateral hemiscrotum. An abdomi-
nal examination is performed and gentle pressure is placed just
medial to the iliac crest (level of the internal inguinal ring). The
examining hand is gently advanced down the inguinal crease
as the other hand palpates the ipsilateral hemiscrotum. The ip-
silateral hemiscrotum is gently inverted to meet the advancing
upper hand. The testis is often corralled in this fashion. An
attempt is made to bring the testis down into the most depen-
dent portion of the hemiscrotum. Care should be taken not
to mistake a low cryptorchid testis for a fully descended one
by bringing the scrotal tissue up around the testis. If the testis
is not located, the child should be placed in the tailor’s posi-
tion (seated with legs crossed) and the scrotum reexamined.
This maneuver usually abolishes the cremasteric reflex. A hot
compress applied to the inguinal region may also relax the cre-
masteric muscle. The cremasteric reflex, which displaces the
testis proximally, is not usually present until 3 months of age;
therefore, the neonatal period is the ideal time to examine the
genitalia. If this opportunity is not available, then records of
the neonatal examination should be reviewed. There is a clin-
ical entity called testicular ascent; however, controversy sur-
rounds its etiology. This may represent ascent of a previously
descended testicle, usually due to an associated hernia. Inter-
vention is indicated. The patient may have a retractile testicle.
A retractile testis often is visualized in the hemiscrotum when
the patient is lying undisturbed. Upon manipulation, the testis
may become “cryptorchid” due to a hyperactive cremasteric re-
flux. One can usually confirm the diagnosis of a retractile testis
by manipulating the testis down into the scrotum, and notic-
ing that it will stay down in the scrotum once released. These
patients can be observed, as the retractile testis status usually
normalizes once the cremasteric reflex dampens with age. The
patient may have a sliding testis, in which case the testicle may
be brought down into the scrotum, but once released, it im-
mediately reverts to its cryptorchid position. These testicles are
by definition, cryptorchid, and intervention is indicated. The
testicle may be nonpalpable.

In patients with bilateral impalpable testes, a human chori-
onic gonadotropin (hCG) stimulation test should be performed
to determine the presence of testicular tissue. If there is no
corresponding rise of testosterone to hCG challenge, and the
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basal level of follicle-stimulating hormone is high, testicular ab-
sence can usually be diagnosed and surgical exploration may
not be necessary. An alternative strategy is to detect for the
presence of Müllerian inhibiting factor and, if absent, testicu-
lar absence can be confirmed. However, only few labs perform
this test routinely.

In patients with either unilateral or bilateral nonpalpable
testes, ultrasound and magnetic resonance imaging (MRI) may
demonstrate the position of the testis (intraabdominal, ectopic,
etc.); however, nonvisualization by these techniques does not
exclude the presence of testicular tissue, and these tests are not
usually recommended.

Surgical treatment should be performed after the age of
6 months, but before 18 months. Surgical therapy is successful
in 90% of patients with an impalpable testis, and in over 95%
in patients with a palpable testis (8). Surgery affords the best
chance for preservation of germinal epithelium. If the preoper-
ative examination demonstrates a unilateral impalpable testis,
then the possibility of gonadal absence should be discussed
with the parents. The use of a testicular prosthesis should also
be discussed. Laparoscopy continues to play a greater role in
the diagnosis and treatment of impalpable testes. In the case of
a unilateral impalpable testis, laparoscopy demonstrates its po-
sition and may help in planning therapy. If the testis is located
at the level of, or just proximal, to the internal inguinal ring,
a standard orchidopexy may be performed. If the testicle is
located higher in the abdomen, a two-stage orchidopexy or mi-
crovascular reanastomosis may be planned. Low intraabdom-
inal testes can be brought down into the scrotum in one stage
by dissecting the vas deferens and vessels retroperitoneally.
This can be performed either with standard open surgery
techniques or laparoscopically. An atrophied intraabdominal
testis may be removed at the time of initial laparoscopy.

Hormonal treatment in cryptorchid children should be lim-
ited to older children (>7 years) with retractile testes (9). Sev-
eral double-blinded hormonal treatment studies show little or
no benefit to the treatment of the truly cryptorchid testis. Hor-
monal treatment is primarily performed with hCG. Dosage
schedules of hCG injections vary, and there is no consensus.
Position of the testicle at the time of treatment appears to be
important: the lower the testicle, the higher the reported success
rate. Perhaps the main role of hormonal treatment is to distin-
guish the retractile testis from a truly cryptorchid testis (2).

The naturally acquired complications of cryptorchidism are
infertility and testicular cancer. Infertility has a more pro-
nounced effect because it is so much more prevalent among
cryptorchid patients compared with testicular cancer. Some ev-
idence is beginning to accumulate that early orchidopexy can
preserve fertility (2). Of all patients diagnosed with testicu-
lar cancer, 7.3% have a history of cryptorchidism. In addi-
tion, a man with cryptorchidism has a 9.7 times greater chance
of dying from testicular cancer. In unilateral cryptorchidism,
the testicular cancer arises in the contralateral, normally de-
scended, testis in 20% of cases (2). Orchidopexy does not ap-
pear to affect the incidence of subsequent testicular cancer. The
risk of cancer correlates with the degree of cryptorchidism;
therefore, patients with intraabdominal testes carry the high-
est risk for development of testicular malignancy. Testicular
self-examinations should be performed routinely by patients
with a history of cryptorchidism.

DISORDERS OF THE URETHRA

Meatal Stenosis

Meatal stenosis in boys may occasionally be associated with
another urologic anomaly. However, it is most often an ac-

quired lesion after circumcision, usually secondary to meatitis
or trauma. Although many theories exist regarding the etiology
of meatitis, it is widely believed that it is due to a continued in-
flammatory response of the meatus to ammonia retained in di-
apers. The meatitis usually starts to develop in the first months
of life and may be prevented by frequent diaper changes. A
diagnosis can be established only after a careful physical ex-
amination. This may include the observation of voiding. If the
meatus has a pinpoint opening, with a narrow urine stream,
and deflection of the urinary stream is evident, then a diagno-
sis of meatal stenosis can be ascertained. The child may also
strain to empty his bladder. A meatotomy, which involves a
ventral incision in the thin fused area of the glans alleviates the
stenosis. This can be performed in the outpatient setting with
either local or mask anesthesia. Alternatively, if mild, steroid
creams may be applied daily, however, the success rates are low
(10).

Hypospadias

Hypospadias is a congenital defect of the penis in which there
is an incomplete development of the anterior urethra. The ure-
thral opening is proximal to its usual location at the center
of the glans. The abnormal urethral opening may be anywhere
along the ventral aspect of the penis, the scrotum, or perineum.
Approximately 60% of hypospadias are distal, involving either
the proximal glanular, coronal, or distal penile shaft regions.
Approximately 20% of hypospadias occur in the mid-penile re-
gion along the midshaft. Another 20% occur proximally, either
in the penile, penoscrotal, scrotal, or perineal region (11).

The incidence of hypospadias has been reported to be in-
creasing, which is believed to be because of the more common
use of fertility drugs during pregnancy. The incidence of hy-
pospadias is currently 1 of every 150 male births (11). The
diagnosis is made during physical examination. The physical
examination determines the severity of the hypospadias and
is also aimed at identifying any associated anomalies. These
include meatal stenosis, penile torsion, urethrocutaneous fis-
tula, chordee (a ventral curvature of the penis), and penoscro-
tal transposition, wherein the superior portion of the scrotum
is located above the base of the penis. A neonatal circumcision
should not be performed in a patient with hypospadias. The
prepuce is routinely used during the repair, and the cosmetic
results may be compromised if there is a shortage of preputial
tissue. In the rare event that the hypospadias is noted only af-
ter the initial preputial cut is made during the circumcision, the
surgery should be stopped, and a compressive dressing should
be placed around the head of the penis and the cut skin surface,
leaving the skin intact.

Approximately one-fourth of patients with hypospadias and
undescended testes (unilateral or bilateral) have an intersex
anomaly. These patients should be evaluated for intersex with
a workup that includes a determination of karyotype, serum
analysis for follicle-stimulating hormone, luteinizing hormone,
testosterone, and urinary 17-ketosteroids and 17- hydroxycor-
ticosteroids. If a phallus is small, its size may be enlarged be-
fore surgery by the use of topical testosterone or dihydrotestos-
terone cream or parenteral testosterone.

Early referral for surgery is preferable. Surgical treatment is
performed preferably at 4 to 8 months of age. The earlier age
for surgery is recommended so the repair can be completed be-
fore the patient starts crawling or is ambulatory. This is partic-
ularly important for the more complex defects that may require
multiple procedures. Although most hypospadias are amenable
to a single-stage surgical repair (12), a few more complex de-
fects require two or even three separate surgical procedures,
each separated by about 6 months in order to maximize vas-
cular recovery to the surgical region (13). Regardless of the
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severity of hypospadias, the goals of surgery are the same.
These include creating a straight penis, positioning the meatus
on the penile tip, normalizing the direction of voiding, creat-
ing a urethra of adequate and uniform caliber, and achieving
symmetry in the appearance of the glans and shaft. The glan-
ular hypospadias can be repaired with a meatal advancement
procedure. The more proximal subglanular and penile shaft
defect usually can be corrected by advancing the urethra (14).
Grafts from other donor sites, such as nonpenile skin, blad-
der, or buccal mucosa, can also be used for the more complex
repairs.

Even in the hands of the most experienced surgeons, hy-
pospadias repair may be associated with a complication rate
as high as 30% for the more complex repairs. Complications
include urethrocutaneous fistula, stricture, diverticula, and per-
sistent chordee (15). A careful preoperative evaluation, precise
surgical technique, and appropriate postoperative care are re-
quired to minimize the complication rate and achieve the de-
sired objectives of hypospadias surgery.

Posterior Urethral Valves

Posterior urethral valves represent the most common cause of
bladder outlet obstruction in the male newborn. Although ini-
tially described as three types of valves in 1919 (16), with a
fourth type described in 1983 (17), only type 1 and type 3
valves are clinically significant. Type 1 valves arise from either
side of the verumontanum as leaflets that extend distally to the
anterior urethral wall at the level of the urogenital diaphragm.
Type 2 valves represent membranous valves that run outward
from the verumontanum to the bladder neck. Type 3 valves
consist of a diaphragm usually located at the verumontanum
with a small central perforation. Type 4 valves are seen in pa-
tients with prune-belly syndrome, when the prostate folds on
itself and causes a partial obstruction. Type 1 makes up more
than 95% of the valves seen; type 3 makes up over 4%. Even
though different embryologic defects are present, there is no
difference in the clinical presentation, pathophysiologic pro-
cess, or management of children with either type 1 or type
3 valves.

A large number of infants with posterior urethral valves
are now being diagnosed prenatally with ultrasonography. The
prenatal ultrasound may show a large, thickened bladder with
a dilated prostatic urethra and varying degrees of unilateral
or bilateral hydroureteronephrosis. Valves cause varying de-
grees of urinary tract obstructive changes, ranging from severe
hydronephrosis with renal dysplasia to a relatively normal up-
per urinary tract. Severe obstructive uropathy owing to pos-
terior urethral valves may lead to the development of oligo-
hydramnios with subsequent pulmonary hypoplasia. Survival
in these instances is markedly decreased. Prenatal intervention
for the severe forms of this condition was performed in the
early 1980s. The frequency of this type of intervention, how-
ever, has slowed considerably because of poor results in terms
of survival and associated infant morbidity. Although prenatal
intervention is performed at several centers, it is still considered
experimental.

The prenatal finding of posterior urethral valves should be
confirmed at birth with a voiding cystourethrogram. The classic
appearance is that of a dilated and elongated posterior urethra,
a cut-off of the urethral caliber just proximal to the membra-
nous urethra, bladder neck hypertrophy, and occasional filling
defects caused by the valve leaflets. A baseline renal and bladder
ultrasound should be obtained (18).

Newborns with posterior urethral valves, who are not di-
agnosed prenatally, usually present with an abdominal mass,
failure to thrive, urinary ascites, azotemia, or urosepsis. When
the newborn or infant is acutely ill, prompt management of aci-

dosis, sepsis, and fluid and electrolyte abnormalities is essential.
The serum creatinine is monitored, bearing in mind that it re-
flects the mother’s levels for the first week of life. An increase
in the serum creatinine levels with serial measurements during
the first week in life, however, is indicative of worsening renal
function in the neonate.

Once the diagnosis of posterior urethral valves is made, the
bladder is drained transurethrally with a catheter or small-
caliber feeding tube. A Foley balloon catheter is not recom-
mended, because of its tendency to occlude the ureteral ori-
fices. Broad-spectrum antibiotics are administered. When the
patient is stable, valve ablation is performed cystoscopically.
Valve ablation by either a perineal urethrostomy or transvesi-
cally may be necessary in the small infant whose penile urethra
cannot accommodate the cystoscope. In rare situations, a vesi-
costomy may be performed. If the valves are ablated and there
is continued obstruction or an increase in serum creatinine,
a higher diversion may be indicated, using either a cutaneous
pyelostomy or loop ureterostomy. Even if valve ablation re-
sults in adequate urinary emptying, close observation is still
imperative.

Although the radiographic appearance of the urethra after
valve ablation returns to normal almost immediately, the tra-
beculation and hypertrophy of the bladder take much longer to
resolve. Vesicoureteral reflux, if present, may improve or cease
entirely. In a subset of patients there is continued impairment in
bladder compliance, which may be associated with a decreased
bladder capacity or high voiding pressures. These patients may
require periodic urodynamic assessment and long-term man-
agement with intermittent catheterization alone or in conjunc-
tion with anticholinergic or α-sympathomimetic agents. Failure
of these methods of treatment may lead to bladder augmenta-
tion with urinary reconstruction.

Older boys with valves may present at any age, depending,
in part, on the severity of obstruction. Voiding dysfunction,
hematuria, and urinary tract infections are frequent reasons for
older boys with posterior urethral valves to seek medical atten-
tion. A full urodynamic and radiographic evaluation is neces-
sary before proceeding with valve ablation. Careful follow-up
is essential, because of the common sequela of impaired bladder
function.

Anterior Urethral Valves/Diverticula

An anterior urethral diverticulum may arise because of a seg-
mental defect of the corpus spongiosum or as a result of a
ruptured Cowper’s duct cyst (19). The diverticulum may en-
large, extending beyond the anterior margin, producing an ob-
structing valvular mechanism. Children usually present with
some symptoms of urinary obstruction or infection. On physi-
cal examination, there may be a swelling present just proximal
to the penoscrotal junction that produces urinary drainage, if
pressure is applied. A voiding cystourethrogram is diagnos-
tic. Small diverticula may be managed with endoscopic resec-
tion, whereas the larger ones may require open excision with
urethroplasty.

Urethral Polyps

Urethral polyps are congenital lesions that are always benign
(20). They arise in the area of the verumontanum and usu-
ally have a long stalk. Children present with urinary infec-
tion, hematuria, or intermittent obstruction. A voiding cys-
tourethrogram usually shows a filling defect that may vary in
location. Although less reliable, an ultrasound may also show
a polyp. Removal of the polyp usually can be performed cys-
toscopically. Incomplete removal may lead to recurrence.
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Urethral Prolapse

Urethral prolapse occurs most commonly in young black girls.
The presenting symptoms are bloody spotting and dysuria. The
diagnosis is made on physical examination when an inflamed,
everted mucosa is seen surrounding the urethral meatus. The
condition usually can be managed with estrogen cream appli-
cations two to three times daily for 2 weeks. If a prolapsed
urethra persists for several months, formal excision may be
necessary (21).

Urethral Duplication

Duplication of the urethra is a rare anomaly. Four major vari-
eties may occur (22). In type 1, there is incomplete duplication
of the urethra. In type 2, there is a bifid phallic urethra, which
may or may not have two external openings. Type 3 indicates
that the ventral meatus is in a perineal location. In type 4, ure-
thral duplication is a component of partial or complete caudal
duplication. In all of these categories, the ventral urethra is
the most normal. Presenting symptoms include voiding with
two urinary streams, infection, or purulent discharge. A void-
ing cystourethrogram is helpful in delineating the anatomy and
confirming the diagnosis. Treatment depends on the anatomy of
the duplication and its clinical manifestations. Surgery should
be considered for disturbing symptoms, such as a divergent
double stream, incontinence, or a cosmetic deformity, such as
an epispadiac meatus. Surgical treatment may involve complete
excision of the accessory urethra, transurethral excision of the
intraurethral system, or formal urethroplasty.

Megalourethra

Megalourethra is a rare entity that may be associated with
developmental abnormalities of two types: the fusiform (com-
plete type) and scaphoid (incomplete type). A fusiform mega-
lourethra has a deficiency of both the corpora cavernosa and
the corpus spongiosum. The penis is flaccid and markedly dis-
tended. This type is usually associated with severe forms of the
prune-belly syndrome (23). If the patients survive, treatment of
this defect is usually unsatisfactory and sex conversion may be
necessary. The scaphoid variety has an abnormal corpus spon-
giosum. Treatment usually involves trimming of the urethra.

Urethral Gland Abnormalities

There are two groups of periurethral glands: the diaphragmatic
glands and the bulbar glands. These glands empty their secre-
tions through their appropriate ducts into the urethra. Any
obstruction in the ducts may cause retention cysts, abscess for-
mation, or a dilated duct. In addition, urine may reflux into a
dilated duct. Any of these conditions may lead to symptoms of
obstruction or infection. If symptomatic, transurethral fulgu-
ration of the retention cysts may be performed. Most children
are asymptomatic and do not require any treatment (24).

CONGENITAL BLADDER
ANOMALIES

Bladder Exstrophy

Bladder exstrophy is one of the most severe abnormalities in
urologic practice. It occurs once in every 30,000 births (25).

Embryologically, there is a failure of mesodermal ingrowth
that extends from the umbilicus to the urogenital area. The
embryologic defect leads to the absence of the anterior portion
of the urinary bladder and the lower abdominal wall. Boys
with exstrophy may have an associated epispadiac penis. The
testes usually are descended, but may be retracted to the pu-
bic or inguinal areas. Bilateral inguinal hernias are common
with this condition. In girls, the clitoris is bifid and separated
by an open urethral groove. The vagina may be stenotic and
anteriorly placed.

It was believed until the 1920s that simply closing the
bladder was sufficient treatment. Unfortunately, hydronephro-
sis and eventual kidney failure developed in most patients.
Most were also incontinent. Later, diversion of the ureters to
the sigmoid became the standard surgical approach. However,
ureterosigmoidostomy failed to prevent reflux in many patients
and infection, pyelonephritis, and calculi ensued. Newer tech-
niques to prevent reflux were introduced in the 1950s that pro-
duced more-satisfactory results. However, it was later recog-
nized that these patients were at a high risk for development
of adenocarcinoma of the sigmoid colon. It is estimated that
these patients have at least a 400 times greater than expected
risk for development of sigmoid cancer (26). Many adults who
had ureterosigmoidostomies in the past have been converted to
other forms of diversion, not only because of the high risk of
malignancy, but because of the development of renal obstruc-
tion in some. Ureterosigmoidostomies no longer play a major
role in the management of bladder exstrophy.

Even when bladder closure was attempted, the results were
poor. A literature review of 329 cases managed between 1906
and 1966 showed that only 5% achieved continence with
preservation of renal function (27). Considerable advances
have been made over the last three decades in the manage-
ment of bladder exstrophy that have substantially improved
the results. Two approaches are widely used for the surgical
management of bladder exstrophy. One approach involves the
staging of the reconstructive procedure. This includes three sep-
arate procedures: bladder closure, bladder neck reconstruction
with an antireflux procedure, and epispadias repair. The other
approach involves a single-stage primary closure, wherein
the bladder closure and the epispadias repair are performed
initially (28).

With the current approaches to the treatment of bladder
exstrophy, it is possible to achieve five objectives: an adequate
abdominal wall closure, urinary continence, preservation of
renal function, sexual functionality, and an acceptable physi-
cal appearance. The bladder closure should be done as early
as possible and, preferably, within the first 72 hours. The di-
astasis of the symphysis pubis does not incur any orthopedic
disability; however, its correction is necessary for facilitation
of the abdominal wall closure, decreasing the dehiscence rate,
and improving eventual continence (29,30). The symphysis pu-
bis may be approximated without iliac osteotomies in neonates
younger than 72 hours of age, because of the pliability of the
pelvis (31). Neonates who present after 72 hours of age re-
quire bilateral osteotomies before or, preferably, at the time
of bladder closure. The most common procedure used is pos-
terior iliac osteotomies, as originally described in 1958 (32).
Attempts should be made to achieve symphyseal approxima-
tion of 2 cm or less to improve the chances of long-term urinary
continence (33). Anterior bilateral osteotomies have also been
advocated as an alternative to the standard posterior approach.
This involves a bilateral transverse incision of the innominate
bones anteriorly (34). Immobilization of the patient is essential
to prevent separation of the pelvis after surgery.

If a staged reconstructive approach is followed, the primary
bladder closure converts the patient into one with complete
epispadias and incontinence. Growth of the bladder occurs dur-
ing the incontinent interval. By 3 to 5 years of age, the capacity
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often reaches 50 to 60 mL, and bladder neck reconstruction is
then possible. The continence procedure may also be delayed
and epispadias repair performed first in anticipation of further
bladder growth. Gearhart and Jeffs (35) have advocated doing
the epispadias repair before the bladder neck reconstruction.
In their experience of 28 patients who were believed to have
a bladder capacity inadequate for bladder neck reconstruction
(<60 mL), epispadias repair was performed. After a median in-
terval of 22 months, bladder capacity increased by a median of
55 mL. Twenty-five of 28 patients had bladder neck reconstruc-
tion, and 88% of these were continent with a median follow-up
of 4.5 years (35).

If a single-stage primary closure is performed, both the epis-
padiac defect and the bladder exstrophy are initially repaired.
Bladder neck repair and ureteral reimplantation are not ini-
tially performed (36). Overall, the rate of urinary continence
in this group approaches 80% after toilet training.

Patients who remain incontinent need further evaluation
with urodynamic and urethral pressure profile studies. The
direction of treatment depends on the underlying pathologic
process. If the urethral pressure is low, a repeat (staged ap-
proach) or first (single-stage primary closure) bladder neck re-
construction may be necessary. If the vesical pressure is high
and the bladder capacity is limited, augmentation cystoplasty
should be considered. If the bladder is small and additional
urethral length is needed, tubularization of the bladder into a
neourethra and formation of a neobladder with bowel may be
considered (37). The use of the artificial urinary sphincter for
continence, either alone or in combination with augmentation
cystoplasty, may be beneficial in some children. Patients who
have had multiple failed procedures and have a small, fibrotic
bladder with multiple scarring may benefit from construction
of a continent urinary reservoir. However, the clinician must
be aware of the associated morbidity of each type of continent
reservoir and choose accordingly (38).

Despite the numerous advances in the management of the
patient with bladder exstrophy, there is still a percentage of
patients who do not achieve continence. This is true in some
patients even after repeated surgical procedures, including re-
peat bladder neck reconstruction, suspension, and bladder aug-
mentation. Medical management with α-adrenergic agonists
and anticholinergics is of little help in these patients. Several
centers inject collagen in the periurethral region to increase
urethral resistance and treat incontinence in these patients. The
injected collagen is mostly reabsorbed within 1 year and, there-
fore, the treatment is only temporary. However, other injectable
materials are being used that may be permanent, such as the
endoscopic placement of a detachable balloon system (39) or
the injection of autologous substances, such as chondrocytes
(40–42).

Cloacal Exstrophy

Cloacal exstrophy is the most severe urologic congenital
anomaly. It occurs in approximately 1 in 200,000 to 400,000
live births. Early during development, before 6 weeks of age,
the genital, urinary, and gastrointestinal tracts empty into a sin-
gle opening called the cloaca. During normal development, the
urorectal septum divides the cloaca into an anterior urogeni-
tal sinus and a posterior anorectal canal. During this process,
primitive mesoderm migrates distally, forming the infraumbil-
ical abdominal wall. The abnormal migration of the cloacal
membrane may create a mechanical barrier to mesodermal mi-
gration (43). Clinically, the infant presents with an absent lower
abdominal wall, two hemibladders divided medially by a fore-
shortened cecum, the surface of the inverted cecum represent-
ing a prolapsed terminal ileum, an inferior orifice representing
a blind-ending tailgut, and a laterally single or paired appendix.

There is a wide separation of the pubic symphysis, and the geni-
talia are separated into halves bilaterally with adjacent scrotum
or labium.

Associated anomalies can occur in up to 85% of patients
(43). An omphalocele is present superiorly. Surgical manage-
ment after birth depends on the overall condition of the child.
Sexual assignment is usually female because of the severe phal-
lic deformity, although this is being reconsidered from a psy-
chological endpoint (44). Gonadectomy is performed if it is
decided to raise a male infant as female. Surgical reconstruc-
tion entails omphalocele repair and either a terminal colostomy
or ileostomy at birth. The bladder is closed and the bifid phal-
lus is reapproximated. Staged reconstruction is then indicated
to achieve an adequate bladder. Associated renal anomalies in-
clude pelvic kidneys, unilateral renal agenesis, and multicystic
kidneys.

Urachal Anomalies

The allantois appears around day 16 of gestation as an out-
pouching from the caudal wall of the yolk sac. As the bladder
enlarges, the allantois involutes to form a thick tube called
the urachus (45). The urachus allows free communication be-
tween the urinary bladder and the umbilicus in the abdominal
wall. After birth, the urachus becomes a fibrous cord called
the median umbilical ligament. The lumen in the inferior por-
tion of the urachus remains patent approximately one-third of
the time. The abnormalities associated with the umbilicus are
usually because of embryologic abnormalities of the urachus.
Urachal anomalies include a patent urachus and a urachal cyst
or sinus (46).

Failure of the urachus to regress completely results in a
patent urachus, a communication between the bladder and um-
bilicus. The usual presenting sign is a discharge of fluid from
the umbilicus that increases with voiding. Urethral obstruction
may be present. Umbilical swelling because of an associated
umbilical hernia or urachal vascular engorgement and skin dis-
coloration may be present.

A bladder ultrasound or voiding cystourethrogram may
show the patent urachus and may also rule out the presence of
a lower urinary tract obstruction. Fluid analysis for blood urea
nitrogen and creatinine may be helpful. Injection of methylene
blue transurethrally may confirm the communication. Treat-
ment consists of identification and extraperitoneal surgical ex-
cision of the urachal tract with a bladder cuff.

Persistence of the distal urachus with an opening at the um-
bilicus results in an external urachal sinus. This may become
symptomatic at any age, but usually occurs during childhood.
Drainage, fever, paraumbilical tenderness, and inflammation
may be present. A voiding cystourethrogram should be done
to rule out a patent urachus and the presence of lower uri-
nary tract obstruction. Sonography or sinography may aid in
the diagnosis. Treatment consists of excision of the sinus. Con-
comitant removal of any attached intraperitoneal structures is
necessary if omphalomesenteric duct remnants are present.

A urachal cyst occurs when both ends of the urachus are
closed and only the central portion of the canal remains patent.
The central lumen may enlarge from epithelial desquamation
and degeneration. These cysts are usually asymptomatic until
they attain a considerable size or become infected. Lower ab-
dominal pain is the most frequent presenting complaint and
may be associated with fever, voiding symptoms, gastrointesti-
nal upset, and a palpable mass. Peritoneal irritation may give
rise to symptoms that mimic an acute abdomen. Rupture of
the cyst into the bladder, umbilicus, or peritoneal cavity may
occur. Diagnostic studies may include a voiding cystourethro-
gram in the lateral position to demonstrate the compressive
effect on the bladder and an ultrasound. Treatment consists
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of removal of the cyst, if it is uninfected, and drainage and
marsupialization if an abscess is present. Another alternative is
to first drain the cyst percutaneously with ultrasound guidance
and then perform a surgical excision at a later date.

Bladder Diverticula

Bladder diverticula are herniations of bladder mucosa between
the detrusor muscle. Most diverticula are congenital, although
a few are acquired because of outlet obstruction or infection.
The most common location is lateral and cephalad to the
ureteral orifice (47). Congenital bladder diverticula may cause
vesicoureteral reflux, because of the paucity of smooth muscle
in the periureteral region. Bladder diverticula can also cause ob-
struction either at the bladder neck or urethral region. Usually,
however, they are entirely asymptomatic and are found inci-
dentally. Bladder diverticula are best demonstrated by voiding
cystourethrography when the postvoid film is obtained. Surgi-
cal excision is indicated if the diverticulum is obstructive, is a
locus for infection, or is associated with high degrees of vesi-
coureteral reflux.

CONGENITAL URETERAL
ANOMALIES

Embryologically, the ureteral bud develops from the
mesonephric duct. The segment of mesonephric duct between
the ureteral bud and future urogenital sinus is termed the
common excretory duct. This region is absorbed progres-
sively into the developing sinus and contributes mesenchyme
to the trigone and underlying detrusor. The ureteral bud and
mesonephric duct acquire separate openings, with the ureteral
bud initially located medial and distal to the mesonephric duct.
There is migration of the two orifices in opposing directions,
rotating as they do so. The mesonephric duct crosses over the
ureter as it moves medially and caudally, and the ureteral ori-
fice migrates cephalad and laterally with the developing vesi-
courethral canal. Variations in the site of origin of the ureteral
bud on the mesonephric duct and supernumerary budding ex-
plain a variety of ureteral and renal anomalies.

Ureteral Duplication

Ureteral duplication is the most common ureteral anomaly. In
most situations, it is an incidental finding. However, there is
a higher incidence of duplication in cases of urinary infection,
and it may be associated with upper urinary tract stasis, ob-
struction, or reflux. A duplicated ureter usually drains a duplex
kidney or, rarely, a normal supernumerary kidney. Ureteral
duplications may be either partial or complete. In complete
ureteral duplication, a second orifice enters the bladder, the
urethra, or other structure. The Weigert–Meyer law (48,49)
defines the position of the orifices in double ureters. The two
orifices are characteristically inverted in relation to the col-
lecting system they drain. The orifice to the lower pole ureter
occupies the more cranial and lateral position than the upper
pole ureter, which has a caudal and more medial position. Only
rare exceptions to this configuration have been observed.

Rarely, a ureteral duplication does not drain a renal segment
and is, therefore, blind ending. Embryologically, the affected
ureteral bud is abortive and fails to make contact with the
metanephros. Most of the blind segments are asymptomatic,
but some may present with vague abdominal pain, because
of either infection or calculi. Retrograde pyelography may be

required for diagnosis, because a blind segment may not fill on
excretory urography.

Rarely, ureteral triplication occurs, which is due to the pres-
ence of three buds from the mesonephric duct. Triplication can
be asymptomatic or may present with signs of reflux, obstruc-
tion, ureterocele, or ectopia.

Ectopic Ureters or Ureteroceles

The proper location of the ureteral orifice is the trigone of
the bladder. Any other location is ectopic, which occurs more
commonly in female patients and is usually associated with an
upper pole duplication (50).

Embryologically, if the ureteral bud arises proximal to its
normal position on the mesonephric duct, the ureteral orifice
accompanies the mesonephric duct to a final location caudal to
the trigone. The mesonephric duct proximal to the ureteric bud
in the male embryo becomes a wolffian duct structure, which
includes the seminal vesicles, vas deferens, and epididymis.
In the female, this part of the mesonephric duct becomes the
epoophoron, oophoron, and Gartner’s duct (51). The ectopic
ureter can drain into any of the mesonephric structures.

In boys, ectopic ureters are more commonly associated with
a single unit, and they usually drain into the prostatic urethra or
bladder neck. Urinary tract infections, urgency, and frequency
may be the presenting symptoms. If the ectopic ureter ends in a
wolffian duct remnant, epididymitis may develop. In boys, the
ectopic ureter always drains proximal to the external sphincter,
and, therefore, urinary incontinence does not occur.

An ectopic ureter in girls is associated with incontinence
because of its terminal location below the external sphincter.
The classic history of a girl with an ectopic ureter is a nor-
mal voiding pattern associated with continuous wetting (52).
A history of continuous dribbling or never having a dry dia-
per should arouse strong suspicion of this diagnosis. Vaginal
discharge may be common when the ureter inserts into the fal-
lopian tube, uterus, upper vagina, urethra, or vestibule.

The ectopic ureter is almost always obstructed, to some ex-
tent, and it may contribute to renal dysplasia or atrophy. As
a rule, the more ectopic the orifice, the more dysplastic is the
renal moiety that it drains. Sonography is usually the first radio-
graphic study obtained. A duplex system with upper pole hy-
droureteronephrosis usually can be fairly easily demonstrated.
The upper pole cortex may be thinned to varying degrees. The
dilated ureter may be seen posterior to the bladder. There may
be enough dysplasia or atrophy of the upper renal pole that it
may be difficult to visualize it on sonography. Excretory urog-
raphy usually demonstrates absent or delayed function of the
upper pole. However, associated signs point to the diagnosis.
These include a lower kidney pole that is pushed inferiorly by
the upper pole (drooping lilly sign), a laterally displaced ureter
due to the mass effect of the hydroureteronephrosis, and an
increased distance between the superior calix and the upper
limits of the renal contour, suggesting the presence of an upper
pole segment (53).

Reflux can be demonstrated into the lower pole moiety by
voiding cystourethrography in one-half of the cases. Occasion-
ally, the ectopic ureter also refluxes. If reflux is present before
voiding, the orifice may be at the bladder neck; if it refluxes
during voiding exclusively, a urethral orifice may be suspected.
Methylene blue can be instilled intravesically while careful cys-
toscopic and vaginoscopic examinations are performed to de-
termine the exact location of the ectopic orifice.

Treatment for ectopic ureters associated with a duplex sys-
tem depends on the overall function of the upper pole renal
moiety. If the renal segment has sufficient function to be worth
salvaging, many surgical options are available. These include
ureteropyelostomy, ureteroureterostomy, or common sheath



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-21 Schrier-2611G GRBT133-Schrier-v4.cls July 11, 2006 15:2

600 Section IV: Urological Diseases of the Genitourinary Tract

reimplantation. In some cases, the ectopic ureter drains an up-
per pole kidney that has minimal function, and an upper pole
nephrectomy is recommended (54,55). If the ectopic ureter does
not reflux, it can be resected as distally as possible through a
flank incision and left open. If there is concomitant reflux, a
second incision is necessary to resect the ureter in its entirety.
When the ectopic ureter drains a single system, the ureter can
be reimplanted if function has been preserved. Otherwise, a
nephrectomy is performed.

With a unilateral single-system ectopic ureter, the ipsilat-
eral hemitrigone fails to develop, and one side of the bladder
neck is incompletely developed. Nevertheless, the hemitrigone
and bladder neck usually are adequate for urinary control, pro-
vided that, in the girl, the ectopic ureter is above the external
urethral sphincter. With bilateral single ectopic ureters into the
urethra, the bladder fails to develop properly. The bladder usu-
ally is small, and the trigone is absent. Continuous incontinence
is usual. Treatment consists of reimplanting the ectopic ureters
and performing a bladder neck reconstruction. If a gradual in-
crease in bladder capacity does not occur, augmentation cysto-
plasty may be necessary.

Ureteroceles

A ureterocele is a cystic dilatation of the intravesical submu-
cosal ureter. The appearance is that of a thin-walled, often
translucent, mass that varies in size from a small bulge of 1 cm
to a lesion that almost fills the entire bladder. A ureterocele
may involve either a single collecting system or the ureter to
the upper pole of a duplicated system. The opening may be ei-
ther intravesical or ectopic. Ureteroceles are divided into either
simple (intravesical) or ectopic. An intravesical ureterocele is
entirely contained within the urinary bladder. Ectopic urete-
roceles extend into the bladder neck or urethra. Other terms
may also be used in describing ureteroceles. A stenotic uretero-
cele has a narrowed orifice located on the dome of a rounded
intravesical mass and is usually located in a normal or near-
normal intravesical location. In a sphincteric ureterocele, part
of the orifice is contained in the internal sphincter, either in the
bladder neck or proximal urethra. The orifice is obstructed by
the sphincter-like action of the vesical outlet and empties only
during voiding, when the bladder neck is open. Reflux may also
be present during voiding. A sphincterostenotic ureterocele is
located within the internal sphincter and has a narrowed ori-
fice. This type of ureterocele often achieves a large size and may
extend into the bladder outlet, obstructing it to a varying de-
gree. Prolapse of the ureterocele through the urethra on to the
perineum may occur occasionally. A cecoureterocele has an in-
travesical orifice and submucosal projection of the ureterocele
into the urethra.

Embryologically, the ureterocele occurs because of a delayed
rupture of Chwalla’s membrane (56), which is a two-layered
epithelial structure that is normally present in the embryo and
is located between the developing ureter and the urogenital
sinus. Delayed opening of the membrane results in dilatation
of the terminal ureteral segment and proximal stenosis of the
orifice.

Of all ureteroceles, 80% arise from the upper poles of dupli-
cated systems. Single-system ureteroceles (simple ureteroceles)
are usually found in adults. Simple ureteroceles are more prone
to severe obstruction and dysplasia than those associated with
duplicated systems (54).

In the past, the most common presentation for a ureterocele
was that of an infant with a urinary tract infection (55). The
diagnosis now is made more frequently with prenatal sonogra-
phy. Ureteroceles are predisposed to urinary stasis and subse-
quent infection. Therefore, children should be placed on pro-
phylactic antibiotics. If a ureterocele is ectopic, it may prolapse

out of the urethra and present as a vaginal mass. This mass can
be distinguished from other interlabial masses, such as rhab-
domyosarcoma, urethral prolapse, periurethral cyst, and hy-
drometrocolpos, by its smooth, round wall and location (21).
A prolapsed ureterocele is located anterior to the vagina, and
the urethra can usually be demonstrated to be anterior. The pro-
lapsed ureterocele may cause vesicular obstruction and urinary
retention, requiring decompression with a small-gauge needle
until more definitive treatment can be instituted.

An ultrasound should be the first study obtained for eval-
uation of the ureterocele. Usually, the ureterocele is associ-
ated with a duplicated collecting system, specifically drain-
ing the upper pole. Sonographically, two separate renal pelves
surrounded by their echogenic hila can be seen. A dilated
upper pole ureter is usually visualized. If the lower pole
ureter refluxes urine, hydronephrosis may appear in the
lower pole as well. Similarly, the ureterocele may impinge
on the contralateral ureteral orifice or obstruct the bladder
neck and cause hydronephrosis in the opposite kidney. The
bladder frequently displays a thin-walled cyst, which is the
ureterocele.

Sonographic imaging, however, may not show the uretero-
cele because it may be effaced by bladder overdistention, or it
may be difficult to visualize if the bladder is empty, and there is
little distinction between the bladder wall and the wall of the
ureterocele. The diagnosis of ureterocele may be overlooked if
the upper pole parenchyma is atrophied and is not well visu-
alized. This entity has been termed nonobstructive ureterocele
(57) as well as ureterocele disproportion (58).

Excretory urographic findings in a patient with a uretero-
cele include a poorly functioning upper pole, which may be
laterally deviated from the spine because of hydronephrosis.
The upper pole hydronephrosis pushes the lower pole laterally
and inferiorly. The presence of the upper pole ureter may be
inferred from its effect on the lower pole ureter. The lower pole
ureter may be laterally deviated and notched. A voiding cys-
tourethrogram demonstrates the presence or absence of vesi-
coureteral reflux, which may occur 50% of the time in the ip-
silateral lower pole (59). The cystogram also demonstrates the
size and location of the ureterocele, as well as the presence or
absence of contralateral reflux. Nuclear scans with agents, such
as dimercaptosuccinic acid and MAG-3, can provide valuable
estimates of the upper pole contribution to overall renal func-
tion, as well as degrees of obstruction. This information is often
helpful in determining whether the upper pole moiety is worth
saving.

Treatment depends on the degree of renal function present
in the upper pole moiety, as well as on the presence or absence
of reflux in the lower pole. If there is adequate renal function in
the upper pole moiety, a ureteral pyelostomy, ureteroureteros-
tomy, ureterocele excision, and common sheath reimplanta-
tion, or transurethral incision may be performed. If the upper
pole renal function is minimal, an upper pole nephrectomy and
partial ureterectomy is performed. Alternatively, transurethral
incision of the ureterocele can be performed, leaving the poorly
functioning upper pole intact.

Transurethral incision of the ureterocele is the most com-
mon initial treatment for all patients. A follow-up cystogram
and intravenous pyelogram are performed 2 to 6 months af-
ter surgery. If reflux is present, it can be managed either
with further observation or reimplantation, depending on the
degree.

Megaureters

The term megaureter simply means “large ureter.” Gradually,
the term has acquired such wide usage that it now includes
a variety of secondary, as well as primary, lesions. A useful
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classification for megaureters is one that uses three major cate-
gories: refluxing, obstructed, and nonrefluxing, nonobstructed
megaureter (59). A wide ureter, due to reflux, is termed a
primary refluxing megaureter. If the reflux is because of ure-
thral obstruction, neuropathic bladder, or other etiologies, it is
termed a secondary refluxing megaureter. Obstructed megau-
reters are primary if the obstruction is intrinsic, such as that
owning to stenosis or an adynamic segment. If the obstruc-
tion is extrinsic, such as that owing to a retroperitoneal tu-
mor, or is secondary to other etiologies outside the ureter, like
a neuropathic bladder or urethral obstruction, a secondary
obstructed megaureter is recognized. A nonrefluxing, nonob-
structed megaureter is primary if it is identified as idiopathic.
The secondary etiology indicates whether it is because of other
conditions, such as polyuria, infection, or a ureter that remains
wide after relief of distal obstruction.

Treatment, if any is required, depends on the particular eti-
ology. Refluxing megaureters are reimplanted and tapered if
the degree of reflux justifies its correction. Obstructed megau-
reters, most commonly because of a distal adynamic segment,
are assessed radiographically to determine both the degree of
obstruction and the overall renal function. Nuclear scans, such
as MAG-3 with furosemide, are used to assess the overall de-
gree of obstruction. If the degree of obstruction is mild, serial
radiographic follow-up is maintained. If the degree of obstruc-
tion is severe, corrective surgery often achieves favorable re-
sults. Nonrefluxing, nonobstructed megaureters require serial
radiographic follow-up, often with ultrasound. Surgical treat-
ment usually is not necessary.

Ureteral Diverticula

Diverticula of the ureter can be due to abortive ureteral dupli-
cations (blind-ending bifid ureters), true congenital diverticula
containing all tissue layers of the normal ureter, or acquired
diverticula representing mucosal herniations. Congenital di-
verticula are very uncommon and have been reported to arise
from the distal ureter above the ureterovesical junction, mid-
ureter, and ureteropelvic junction (60). These can become very
large, and secondary hydronephrosis can ensue. A patient may
present with abdominal pain, renal colic, or a palpable cystic
mass. Acquired diverticula may be associated with strictures or
calculi, may follow trauma, or may be because of chronic in-
fection. Large, symptomatic diverticula usually can be removed
surgically.

Ureteral diverticulosis refers to multiple ureteral diverticula.
This condition is extremely rare, more so than single ureteral
diverticula. Fewer than 30 cases of ureteral diverticulosis have
been reported in the literature. The diverticula are usually small
(<5 mm).

This condition is usually diagnosed with excretory urogra-
phy, particularly with the use of high-dose, high-concentration
contrast agents, although a few cases in the literature were di-
agnosed with retrograde pyelography and not high-dose urog-
raphy, even with compression. Such lesions, shown only by
high nonphysiologic pressures, may be congenital variants with
weakness of the ureteral wall rather than acquired condi-
tions. Others believe that ureteral diverticulosis is a result of
chronic infection alone. There is no evidence to support either
hypothesis.

Ureteral diverticulosis is usually asymptomatic. If symp-
toms do occur, they are usually the same as those associated
with a single ureteral diverticulum (ureteral obstruction, hema-
turia, infection, and stone formation). The surgical approach
depends on the location of the diverticula and the state of
the associated kidney. Simple diverticulectomy with a water-
tight reanastomoses of the ureteral wall is usually all that

is necessary in the rare instances where surgical therapy is
indicated (61).

Ureteral Valves

Ureteral valves are an uncommon cause of ureteral obstruction,
consisting of transverse folds of redundant mucosa that contain
smooth muscle. The lesions may be single or multiple, annular
or diaphragmatic, with a pinpoint opening. A ureter is dilated
above the obstruction and normal below it. This entity should
not be confused with ureteral dilatation secondary to folds or
kinks, which are normally occurring in the newborn period
(62). With true valves, the dilated ureter at its junction with
the undilated segment assumes a pink coloration and eccentric
position from elongation and pull from the surrounding adven-
titia. If obstruction is present, surgical resection of the ureteral
valve is necessary.

Ureteral Stenosis

Ureteral stenosis can occur anywhere along the length of the
ureter, but is more common in three areas, in order of decreas-
ing frequency: the distal ureter just above the ureterovesical
junction, the ureteropelvic junction, and the mid-ureter at the
pelvic brim. More than one area of stenosis may be present in
the same ureter. If the area of stenosis is obstructed, as judged
by radiographic studies, such as an excretory urogram or a nu-
clear renal scan, such as a MAG-3 with furosemide infusion,
then surgical correction is required. A more extensive discus-
sion of this condition is provided in the chapter on ureteropelvic
function obstruction.

Circumcaval Ureter

Embryologically, the inferior vena cava develops on the right
side from a plexus of fetal veins, which include the posterior
cardinal and supracardinal veins dorsally and the subcardinals
ventrally. Normally, the left supracardinal veins and the lum-
bar portion of the right posterior cardinal veins atrophy. The
subcardinals become the internal spermatic veins. The right
supracardinal veins become the right-sided inferior vena cava.
If the subcardinal vein in the lumbar portion fails to atrophy,
the ureter is trapped dorsal to it. The vena cava traps the right
ureter, which deviates medially behind the inferior vena cava,
winding about and crossing in front of it from a medial to
a lateral direction, to assume a normal course distal to the
bladder.

Retrograde ureteral pyelography or excretory urography
usually demonstrates an “S” curve to the point of obstruction,
with a retrocaval segment lying at the level of L3 or L4. Ul-
trasound, computed tomography, and MR imaging have also
been useful in defining the vascular malformation (63). If the
obstruction is significant, surgical correction involving ureteral
division with relocation and ureteroureteral or ureteropelvic
reanastomosis is performed.

CONGENITAL ANOMALIES
OF THE KIDNEY

Bilateral Renal Agenesis

Renal agenesis results from either the absence of a nephrogenic
ridge on the dorsolateral aspect of the celomic cavity or failure
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of a ureteral bud to develop from the wolffian duct. The ab-
sence of both kidneys requires a common factor causing renal
or ureteral maldevelopment on both sides of the midline. Be-
sides the absence of functioning kidneys, each ureter may be
either wholly or partially absent. Complete ureteral atresia is
observed in slightly more than 50% of affected individuals (64).
The bladder is present only in approximately 50% of cases and
is usually hypoplastic from the lack of stimulation by fetal urine
production.

Bilateral renal agenesis is an infrequent abnormality that
occurs in approximately 1 in 10,000 births (65). Complete
differentiation of the metanephric blastema into adult renal
parenchyma requires the presence and orderly branching of a
ureteral bud. This normally occurs between the fifth and sev-
enth week of gestation, after the ureteral bud arises from the
mesonephric wolffian duct.

Newborns with bilateral renal agenesis usually have low
birth weights and oligohydramnios. There is usually a charac-
teristic “Potter’s” facial appearance, which consists of a promi-
nent fold and skin crease beneath each eye, with a blunted nose
and depression between the lower lip and chin (66). The ears
give an impression of being low set, because the lobes are broad
and drawn forward, but actually, the ear canals are normally
located. The legs are often bowed and the feet clubbed, with ex-
cessive flexion at the hip and knee joints. These characteristics
are because of compression of the fetus against the internal uter-
ine walls without the cushioning effect of the amniotic fluid.
Normally, urine produced by the developing kidneys is a major
source of amniotic fluid, constituting greater than 90% by the
third trimester. Thus, the absence of kidneys reduces severely
the amount of amniotic fluid produced during pregnancy.

Pulmonary hypoplasia is common with this condition and
is associated with other situations where an oligohydramni-
otic state occurs. The diagnosis usually is suspected when the
infant is born with the characteristic Potter’s appearance and
the presence of oligohydramnios. Close to 40% of affected
newborns are stillborn. Children who are born alive usually
do not survive beyond the first 48 hours of life, because of
the respiratory distress associated with pulmonary hypopla-
sia. Failure to urinate within the first 24 hours of life is not
uncommon in most normal newborns and, therefore, should
not arouse suspicion. Sonography may be helpful in the di-
agnosis. If the sonogram is inconclusive, a renal scan may be
performed.

Unilateral Renal Agenesis

Unilateral renal agenesis occurs in approximately 1 in 1,100
births (67). Usually, there are no signs to suggest a unilat-
eral absent kidney. The diagnosis often is not suspected and
the condition remains undetected unless prenatal or postna-
tal sonography or other radiographic studies are performed
for unrelated reasons. The embryologic defect for this abnor-
mality does not differ significantly from that described for the
bilateral type. Structures derived from the Müllerian or wolf-
fian duct may not develop in a normal fashion. Structures that
develop from the wolffian duct in the male embryo include the
vas deferens, seminal vesical, ampulla, and ejaculatory duct.
These structures may be absent in up to 50% of patients with
renal agenesis (68). Conversely, almost 80% of patients with
an absent vas deferens have an absent kidney on the ipsilateral
side (69).

Approximately one-third of females with renal agenesis
have an abnormality of the internal genitalia. Most commonly,
there is a true unicornous uterus with complete absence of the
ipsilateral horn and fallopian tube or a bicornuate uterus with
rudimentary development of the horn on the affected side. An

absent, septated, or hypoplastic vagina is usually associated
with a unicornous or bicornuate uterus.

Because of the high frequency of unilateral renal agenesis
in female patients with internal genital anomalies, assessment
of the entire genitourinary system should be performed in this
patient population.

Other organ system anomalies are frequently found in pa-
tients with unilateral renal agenesis. The more common sites
include the cardiovascular, gastrointestinal, and musculoskele-
tal systems.

Usually, unilateral renal agenesis is entirely asymptomatic.
The diagnosis is usually made incidentally when radiographic
studies are performed for other reasons, or when a physical
examination shows either an absent vas deferens or an absent,
septated, or hypoplastic vagina. Except for ectopia or malrota-
tion, anomalies of the contralateral kidney are infrequent. Uni-
lateral renal agenesis with an otherwise normal contralateral
kidney does not predispose the patient to greater than normal
risks. Patients should be advised, however, to avoid participa-
tion in contact sports.

Renal Ectopia

Renal ectopia results when the mature kidney fails to reach
its normal location; it occurs in approximately 1 in 900 births
(70). An ectopic kidney is found in a number of locations, in-
cluding pelvic, iliac, abdominal, thoracic, and contralateral or
crossed. Embryologically, the ureteral bud first arises from the
wolffian duct at the end of the fourth week of gestation. It then
grows craniad toward the urogenital ridge and acquires a cap of
metanephric blastema by the end of the fifth week. As elonga-
tion and straightening of the caudal end of the embryo start, the
developing reniform mass migrates on its own and is forcibly
extruded from the true pelvis. During renal ascent, the upper
ureteral bud matures into a normal collecting system, and me-
dial rotation of the renal pelvis takes place. The process of mi-
gration and rotation is completed by the end of the eighth week
of gestation. Several factors may prevent the orderly movement
of kidneys cranially. These include ureteral bud maldevelop-
ment, genetic abnormalities, defective metanephric tissue that
by itself fails to induce ascent, maternal illness, thoracogenic
causes, or a vascular barrier that may prevent upward migra-
tion secondary to persistence of the fetal blood supply.

The kidney usually is smaller and may not conform to the
usual reniform shape. There usually is incomplete rotation, and
the renal pelvis is usually anterior instead of medial to the
parenchyma. The renal axis is usually slightly medial or ver-
tical. The ureter is of an appropriate length for the position
of the kidney, but may be slightly tortuous. The ureter usually
enters the bladder on its normal location. The vascular pattern
is anomalous and depends on the ultimate resting place of the
kidney.

Most ectopic kidneys are clinically asymptomatic. A vague
abdominal symptom of frank ureteral colic secondary to an
obstructing stone is still the most frequent symptom leading
to discovery of an ectopic kidney. The abnormal position of
the kidney results in a pattern of direct and referred pain that
usually is atypical for colic.

Malposition of the colon may be a clue to the ectopic po-
sition of a lumbar or pelvic kidney (as with renal agenesis).
Radiographic studies usually confirm the diagnosis. Except for
the development of hydronephrosis or urinary calculus forma-
tion, the ectopic kidney is no more susceptible to disease than
the normally positioned kidney. The anteriorly placed pelvis
and malrotated kidney may lead to impaired urinary drainage
from a high ureteropelvic junction or an anomalous vascula-
ture that partially blocks one of the major calices or the upper
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ureter. Because the kidney is low lying and unprotected by the
rib cage, there may also be an increased exposure to injury
from blunt trauma. This increased risk is not present when the
kidney is an intrathoracic ectopia. With any type of renal ec-
topia, the adrenal gland is usually in its normal location (70).

When a kidney is located on the side opposite from which
its ureter inserts into the bladder, the condition is known as
crossed ectopia. More than 90% of these are fused to their ip-
silateral mate. Crossed renal ectopia may occur with or without
fusion; bilaterally crossed renal ectopia also may be found. In
any of these anomalies, the ureter usually is not ectopic. Most
individuals are entirely asymptomatic. The defects are usually
discovered incidentally, as with other renal anomalies thus far
described.

The horseshoe kidney is probably the most common of all
renal fusion anomalies. This anomaly consists of two distinct
renal masses lying vertically on either side of the midline con-
nected at the respective lower poles by a fibrous isthmus that
crosses the midpoint of the body. Horseshoe kidney occurs in
approximately 1 in 400 births (71). Embryologically, it has
been postulated that at 4.5 weeks of gestation, the developing
metanephric masses lie close to one another; any disturbance
in this relationship may result in joining at their inferior poles.
A slight alteration in the position of the umbilical or common
iliac artery could change the orientation of the migrating kid-
neys, thus leading to contact and fusion. It is presumed that
the inferior mesenteric artery prevents full ascent of the horse-
shoe kidney by obstructing the movement of the isthmus. In
over 95% of patients, the kidneys join at the lower poles; in a
small number, however, the isthmus connects both upper poles
instead (72). In general, the isthmus lies anterior to the aorta
and vena cava, and it is not unusual for it to pass between
the inferior vena cava and the aorta or even behind the great
vessels (73). The blood supply to the horseshoe kidney can be
quite variable. The calices are atypical in orientation, pointing
posteriorly. Probably as a result of incomplete renal rotation,
the ureter may insert high on the renal pelvis and lie laterally.
Patients with horseshoe kidneys may have associated anoma-
lies. Horseshoe kidney is found in 3% of children with neural
tube defects. Horseshoe kidneys may also be seen in 20% of
patients with trisomy-18 and in as many as 60% of girls with
Turner syndrome (74).

Most patients remain asymptomatic throughout their life-
time. If symptoms do occur, they are usually related to hy-
dronephrosis, infection, or calculus formation. Ureteropelvic
junction obstruction may occur in as many as one-third of
patients. Usually, horseshoe kidneys are detected when radio-
graphic studies are performed for other unrelated reasons or
because of a palpable midline abdominal mass. Because of the
horseshoe kidney’s location above the pelvic inlet, pregnancy
or delivery should not be adversely affected.

Caliceal Diverticulum

A caliceal diverticulum is a cystic cavity lined by transitional
epithelium, encased in the renal substance, and situated pe-
ripheral to a minor calix to which it is connected by a nar-
row channel. The upper calix is most frequently affected. Some
of the ureteral branches of the third and fourth generation in
the fetus, which ordinarily degenerate, may persist as isolated
branches, resulting in the formation of a caliceal diverticulum.
The caliceal diverticulum could also be acquired because of an
abscess, obstruction secondary to stone, infection in the calix,
renal injury, or dysfunction at the base of a minor calix.

Although this entity is usually asymptomatic, complications
of stasis or obstruction can produce symptoms. Infection, milk
of calcium (crystallization of calcium salts without actual stone
formation), and true stone formation are complications of sta-

sis or obstruction that can produce symptoms. Hematuria,
pain, and urinary tract infection may be seen. Excretory urog-
raphy with delayed films is helpful in showing the diverticulum.
Retrograde pyelography, MRI, and ultrasound may also be use-
ful. Asymptomatic patients do not require treatment. Symp-
tomatic patients may require surgery, which may be through
an open surgical approach, percutaneously, or laparoscopically
(75).

Congenital Megacalices

Congenital megacalices, or megacalicosis, was first described
by Puigvert in 1963 (76). The renal calices, although usually
ectatic, may be normal in number, but are often increased to
as many as 36 (instead of the normal 8 to 12). The renal pelvis
is not dilated and has a normal wall thickness. The uretero-
pelvic junction is normal without any evidence of obstruction.
Although the cortical thickness is normal, the medullary pyra-
mids are underdeveloped. There usually is a malformation of
the renal papillae and a defect in tubular-concentrating ability.
The collecting tubules are not dilated, but are shorter than nor-
mal, with a transverse, rather than a vertical, orientation from
the cortical medullary junction. Glomerular filtration, tubular
isotope uptake, and plasma flow are normal.

The embryologic cause of congenital megacalices is un-
known. Several theories have been proposed, including faulty
metanephric ureteral bud embryogenesis. It is believed that
there may be a transient delay in the recanalization of the up-
per ureter after the branches of the ureteral bud connect with
the metanephric blastema. This delay may produce a limited
period of obstruction when the embryonic glomeruli start pro-
ducing urine. The calices may dilate and then retain their ob-
structed appearance despite the lack of postnatal obstruction.
The increased number of calices may be due to an arrest of the
coalescence of terminal ureteral buddings and may occur in re-
sponse to a transient period of obstruction at a critical time in
development. Other theories proposed for the etiology of con-
genital megacalices include hypoplasia of the juxtamedullary
glomeruli, which may account for a lack of renal-concentrating
ability, as well as maldevelopment of the pelvicaliceal muscle.

Megacalicosis occurs predominantly in boys, in a ratio of
6:1. Segmental unilateral involvement is seen exclusively in
girls, whereas bilateral disease has been seen only in boys. This
distribution suggests that an X-linked partially recessive gene
with reduced penetrance in girls is a possible causative factor
(77).

Megacalicosis may lead to urinary stasis, which predispose
children to urinary tract infection and adults to stone formation
and hematuria. The diagnosis is usually made with an excretory
urogram. Although the ureteropelvic junction does not appear
obstructed, there may be segmental dilatation of the distal third
of the ureter. In addition, megacalicosis has been associated
with an ipsilateral megaureter. This combination of anatomic
abnormalities may be mistaken for congenital ureteropelvic or
ureterovesical junction obstruction, but no obstruction at these
locations has been demonstrated. It is important, therefore,
to be aware of this condition in order to avoid unnecessary
surgery. Once this condition has been diagnosed, an increased
fluid intake is recommended to reduce the chances for stone
formation and the other complications that might arise.
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CHAPTER 22 ■ DISORDERS OF
MICTURITION
DIRK-HENRIK ZERMANN AND JÖRG SCHŪBERT

Voiding disorders are defined as problems with emptying the
bladder in a timely and complete manner. However, in most
patients, there is a combination of disorders of micturition
and proper urine storage. Therefore disorders of micturition
and urine storage are summarized as lower urinary tract dys-
function. Symptoms occurring because of lower urinary tract
dysfunction are, in general, termed as lower urinary tract symp-
toms (LUTS).

Diagnosis, treatment, and rehabilitation of patients with
LUTS are major fields of urology, especially neurologic and
gynecologic urology. The primary goal of all medical efforts in
micturition disorders is the prevention of upper urinary tract
damage, especially the preservation of renal function. Achiev-
ing urinary continence, proper micturition, and social rehabili-
tation is the second most important aim of urologic diagnostics
and treatment. These are the basic theses, and this important
message should be kept in mind whenever an individual patient
is seen for urologic disease affecting micturition.

The lower urinary tract is located in the pelvic area, border-
ing on the male/female genital tract, the rectum, and the pelvic
floor. There is a broad relationship and interconnectivity be-
tween the different pelvic organ systems regarding anatomy,
physiology, and pathology. This includes, for instance, bladder
and bowel emptying, urinary and anal continence and inconti-
nence, erectile/sexual function and dysfunction, chronic pelvic
pain syndromes, and inflammatory diseases.

BASIC SCIENCE

Local Anatomy of the Lower
Genitourinary Tract

The empty bladder lies behind the pubic symphysis. When full,
the urinary bladder rises above the symphysis, where it then can
be palpated and percussed. The normal bladder is described as
having an apex, a superior surface, two anterolateral surfaces,
a bladder base, and a bladder neck. The bladder apex reaches
a short distance above the pubic bone and ends up as a fibrous
cord, an embryologic derivate of the urachus. This fibrous cord
extends from the bladder apex to the umbilicus between the
peritoneum and the transversalis fascia, then called the median
umbilical ligament. The superior surface is the only bladder
area covered by peritoneum. In the female, the bladder is in
relationship with the uterus, the vagina, the pelvic floor, and
the pubic bone; in the male, it is in relationship to the prostate,
the seminal vesicles, the rectum, and the pelvic floor. The inte-
rior of the bladder is completely covered by transitional epithe-
lium. There is a loose underlying connective tissue that permits
considerable stretching of the mucosa. The bladder muscula-
ture is arranged as a network of coarse muscle bundles, widely
separated without any clear sheet formation. The description
of the bladder wall as having three muscular coats is only

true by definition in the bladder outlet area. In the remaining
part, the layering is not as strict as often reported in textbooks
(Fig. 22-1).

In males the prostate gland lies directly below the blad-
der base, above the pelvic floor. This accessory genital gland
is shaped like a chestnut. The prostate has a base, an apex,
and anterior, inferolateral, and posterior surfaces. The base is
the upper surface adjacent to the bladder neck; the apex is the
lowest part bordering the pelvic floor muscles. The ejacula-
tory ducts pierce the posterior surface just below the bladder
base and pass obliquely through the prostate gland to open
separately into the prostatic urethra on the verumontanum.
The fibromuscular stroma gains size and weight with age, po-
tentially obstructing the prostatic urethra and causing voiding
problems.

The male urethra can be considered in different regional
parts: membranous, prostatic, and spongiose. The prostatic
urethra is approximately 3 to 4 cm in length and tunnels
through the prostate gland. The membranous part is the short-
est and narrowest section of the urethra. The wall of the mem-
branous urethra consists of a muscle coat that is separated from
the epithelium by a small layer of fibroelastic connective tis-
sue. This muscle coat consists of a thin layer of smooth muscle
bundles continuous with a layer of circularly orientated striated
muscle fibers forming the external urinary sphincter—the rhab-
dosphincter. The slow-twitch fibers of the rhabdosphincter are
capable of sustained contraction over relatively long periods of
time and actively contribute to the tone that closes the urethra
and maintains urinary continence. There is still scientific dis-
pute about the exact anatomy of the urinary sphincter (1). The
spongiose part is about 12 to 16 cm long and is contained in the
corpus spongiosum of the penis. Functional problems usually
result from pathology in the prostatic and membranous part
of the urethra. The female urethra is approximately 3 to 4 cm
long. The wall of the female urethra comprises an outer muscle
coat and an inner mucous membrane that lines the lumen and
is continuous with that of the bladder. The muscle coat con-
sists of an outer sleeve of striated muscle and an inner coat of
smooth muscle fibers. The female rhabdosphincter is anatomi-
cally separate from adjacent periurethral striated muscle of the
pelvic floor. Dysfunction results from sphincter insufficiency,
overactivity, or dislocation of the urethra due to prolapse.

The anatomy of the pelvic floor striated muscle system is
complex and basically encompasses two functional layers. The
deeper (upper) layer is composed of the levator and its various
components. This is a hammocklike structure attached to the
pelvic brim (2–4). It slings across the pelvic outlet supporting
the internal pelvic organs. Contraction of the levator occurs
with stimulation of the third and fourth sacral nerves. The
pelvic organs are then lifted upward and anteriorly toward the
pubis. With this movement, there is actual physical compres-
sion of the bladder neck. The second functional layer to the
pelvis is composed of all of the muscles below the levator—
the transversus perineal, ileal, and bulbocavernosus muscles,

605
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FIGURE 22-1. Schematic drawing of the male pelvic organs/lower
genitourinary tract.

the urethral sphincter, and the superficial anal sphincter. These
muscles are innervated by the pudendal nerve, which is primar-
ily derived from S2.

Neuroanatomy of the Lower Urinary Tract

The pelvic viscera receives a rich nerve supply from both divi-
sions of the autonomic nervous system. The sympathetic nerve
supply originates from the lower thoracic (T11 and T12) and
upper lumbar (L1 and L2) segments. These sympathetic nerve
fibers descend into the sympathetic trunk and then to the lum-
bar splanchnic nerves, which reach the superior hypogastric
plexus. The latter separates into a right and a left plexus, the
hypogastric nerves. The hypogastric nerves extend inferiorly
to join the pelvic plexus coming from the pelvic parasym-
pathetic and adjoin it to proceed toward the pelvic viscera.
The parasympathetic nerve supply, however, arises from the
sacral segments S2 to S4, which proceed to form the rich pelvic
parasympathetic plexus, joined by the hypogastric plexus.

The vesical plexus, the major extension of the pelvic plexus,
reaches the lateral side of the urinary bladder, innervating both
bladder and urethra. In males a separate part will reach the
prostate gland, forming the prostate plexus. From the prostate
plexus, the cavernosus nerves emerge to supply penile erectile
tissue. In females, these nerves supply the tissue of the clitoris.

The pudendal nerves (S2, S3, S4, and bilateral) supply sensa-
tion throughout the pelvic area. These are complex nerves that
have a variety of responsibilities on both sensory and motor lev-
els (5). The S2 nerve is much larger than the S3 and provides
a much greater contribution to the pudendal as well as to the
sciatic nerve. Diagnostic electrical stimulation of the S2 nerve
produces muscle contractions (“clamplike movements”) in the
perineum and the leg. The S3 nerve supplies some branches to
the pudendal nerve as well, but there is wide variation among
patients because of pre- and postfixation of the spinal nuclei.
The S3 nerves predictably will supply the more anterior levator
muscles via pelvic branches that leave the nerve trunk before
it contributes to the sciatic and the pudendal nerves. Direct
stimulation of the S3 nerves produces a visible contraction of
the levator muscles (“bellowslike movements”) and a contrac-
tion of the large toe or the distal foot. Referred sensation to
the rectum and scrotum are common. The S4 nerves do not
contribute to the pudendal innervation of the pelvis or sciatic
nerves. Stimulation of these nerves produces a contraction of
the posterior portion of the levator, accompanied by referred
sensation to the rectum and/or to the tip of the coccyx.

Animal tracer studies have shown that the somatic innerva-
tion of the pelvic floor muscles is mainly derived from Onuf’s
motor nucleus in S1 and S2. The innervation of the striated
urethral sphincter also originates in this nucleus, but there is
no difference when it is compared to the innervation of other
pelvic floor muscles (6).

Bladder and pelvic muscle control is directly linked to the
brainstem, and proper function is dependent on regulation
from a number of these brainstem nuclei. Pathology in these
regions can have tremendous impact on the functional integrity
of the lower urinary tract, usually in the form of hyperreflexic
behavior stemming from a loss of control in central nervous
system (CNS) inhibition. Neuroanatomic studies, using the ret-
rograde transneuronal tracer pseudorabies virus (PRV) (7,8),
showed a significant overlap of areas in the spinal cord and the
brainstem, which are involved in the innervation of perineal
muscles of the pelvic floor (m. ischiocavernosus, m. bulbospon-
giosus) (9), the external urethral sphincter (10), the urethra
(11), the bladder (12,13), and the prostate (14,14a) (Fig. 22-2
and Table 22-1).

Many of the spinal cord- and brain-labeled neurons belong
to areas representing the sympathetic autonomic system (15).
It is noteworthy to emphasize that the premotor autonomic
area in the hypothalamus and ventrolateral medulla contain
topographically segregated populations of neurons that inner-
vate individual sympathetic preganglionic functional units and
control specific patterns of their activity (16,17).

The paraventricular nucleus of the hypothalamus (PVN) is
a well-known way station of vagal and sympathetic activity. It
seems to serve as a “master controller” for the autonomic ner-
vous system because it provides highly specialized innervation
to all autonomic relay centers. It contains many putative pep-
tides and there are important projections from this area to the
hypophysis, the spinal control centers for the pelvic floor (nu-
cleus Onuf), the parasympathetic motor nucleus, and the inter-
mediolateral cell column (IML, sympathetic motor nucleus), as
well as the dorsal horns (lamina I, lamina X) that can tie pelvic
physiology to hormonal regulation of the hypophysis, allow-
ing for the potential linkage in patients between dysmenorrhea
symptoms (e.g., oxytocin-mediated cramps) and bladder dys-
function.

Electrical stimulation of the dorsolateral pontine reticular
formation (DPRF) (i.e., locus coeruleus) produces bladder con-
tractions, while lesioning leads to a depressed bladder reflex
(18–20). There are two areas of concern: (a) a medial area that
results in sphincter relaxation and detrusor contraction when
stimulated and (b) a lateral area that leads to sphincter con-
traction and detrusor inhibition when stimulated. The DPRF
gives projections to the nucleus retroambiguus, which, in turn,
projects heavily to both the abdominal muscles and the pelvic
floor muscles. Discomfort in the upper abdomen can there-
fore be associated with or stem from spastic dysfunction of
the pelvic muscles. From these areas of the brainstem there are
noradrenaline projections throughout the length of the cord,
including the parasympathetic motor nucleus, the intermedio-
lateral nucleus, and Onuf nucleus (21). They have a general
excitatory influence. α-Blockers, because they are lipophilic
and can cross the blood–brain barrier, could produce signif-
icant clinical benefit in downregulating the excitability of these
brainstem areas.

Similarly, the nucleus pallidus and ventromedullary reticu-
lar formation have strong projections to the somatic and au-
tonomic motor neurons throughout the cord. Many of these
projections are serotonergic, but contain substance P and leu-
enkephalin. They have a facilitatory role. New serotonergic
blockers would thus have a potential role in modulating mic-
turition dysfunction.

Given the neurologic linkage between the brainstem and
lower urinary tract, the integrity of these peptide pools could
be reflected in the activity or behavior of the bladder/pelvic
floor. It is difficult to imagine the lower urinary tract as be-
ing normal in the face of brainstem neuropathology. It is dif-
ficult to consider these same brainstem nuclei, with regula-
tory influence over micturition, as being normal in the face
of a significantly dysfunctional lower urinary tract. Functional
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A B
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FIGURE 22-2. A: Nucleus intermediolateralis at L6. B: Nucleus raphe.
C: Periaquaductal gray after injection of pseudorabies virus into the
bladder trigone. All areas are involved in central innervation of pelvic
organs.

imaging of the brain will provide the insight into the in-
tegrity of these various nuclei and how they are affected in pa-
tients with “idiopathic” lower urinary tract/pelvic organ dys-
function.

Normally, bladder distention produces reflex excitation of
parasympathetic nuclei, depression of sympathetics, and de-
pression of somatic sphincter control (22). Detrusor afferent
activity associated with filling is relayed via pelvic nerves to
the sacral cord (23,24). No discharge activity occurs unless the
detrusor is distended. The reflex discharge of spinal cells has a
long latency, afferent limb 30 to 40 milliseconds and efferent
limb 45 to 60 milliseconds, which is not found after section-

ing of spinal cord, but is preserved with decerebration. Short
latency reflex contractions are not normally found. Hence, re-
flex bladder contraction is a supraspinal reflex in patients with
intact spinal cords. Stimulation of regions above (i.e., rostral
to the locus caeruleus) produces inhibition. Areas rostral to the
pons are, therefore, thought to have modulating influences on
detrusor excitability.

In contrast to the intact nervous system, spinal cord section
leads to the appearance of short latency reflexes (3 to 5 and
7 to 25 milliseconds, respectively). There is an emergence of
somatovesical reflex excitation normally suppressed by higher
centers.

TA B L E 2 2 - 1

PSEUDORABIES VIRUS STUDIES ON THE CENTRAL NEUROANATOMIC PATHWAYS INVOLVED IN INNERVATION
OF THE PELVIC AREA (ANIMAL EXPERIMENTS)

Spinal Brainstem/brain
Authors Mapped structure representation representation (major areas)

Nadelhaft et al., 1992 (12) Bladder L6–S1 PMC, RO, NGC, LC, A5, PVN
Zermann et al., 1998 (13) Bladder trigone T12–L2

L6–S2
C, PMC, NGC, LC, A5. PVN, RM, RN

Marson and McKenna, 1996 (9) Perineal muscles (IC, BS) T13–L2
L6–S1

PMC, RP, VML, A5, LC, PVN

Nadelhaft and Vera, 1996 (10) External urethral sphincter L6–S1 PMC, RM, A5, A7, LC, PAG
Vizzard et al., 1995 (11) Urethra L6–S1 PMC, RN, LC, PVN
Zermann et al., 2000 (13) Prostate T13–L2

S1–S2
PMC, NGC, LC, A5. PVN, RM, RN

aA5, A5 noradrenergic cell group; A7, A7 noradrenergic cell group; BS, m. bulbospongiosus; C, cortex; IC, m. ischiocavernosus; LC, locus ceruleus;
NGC, nucleus gigantocellularis; PAG, periaquaductal gray; PMC, pontine micturition center; PVN, paraventricular nucleus of the hypothalamus;
RM, raphe magnus; RN, red nucleus; RO, raphe obscurus; RP, raphe pallidus; VML, ventrolateral medulla.
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Under certain conditions there can be a reemergence of short
latency reflex activity. This would appear to occur in patients
without neuropathology who develop urge urinary inconti-
nence. It could also be argued that adult onset incontinence
could be the long-term consequence of chronic dysfunctional
voiding habits, which evolved de novo in early adulthood, or
were chronically present from childhood.

Behavioral Aspects of the Development of
Proper Micturition and Continence

The evolution of bladder control is a gradual process. On the
surface it would seem to be rather automatic as most children
achieve night time continence by 3 years of age. It is, however,
a process that is not completed until well beyond the age of
reason, when children are capable of responding to messages
from their bladders in an appropriate manner. Children are
fine tuning the regulatory pathways for the micturition control
process well beyond the time when they have gained nighttime
control. Micturition is, in part, an automated process linked to
the growth of the brain. More important, it is a learned process
dependent on information that is delivered to the brain (25). To
appreciate this principle it is helpful to understand the way in
which the brain develops. There is an overall basic organization
to the brain and CNS. However, within this gross organization,
dendritic interconnectivity is influenced by the afferent infor-
mation delivered into the brain circuitry. Experiences, even the
simplest of behaviors, generate change in our nervous systems
(26–34). They shape language, coordinate movements, and de-
velop cognition. Adjustments and change of the way in which
information is handled and processed goes on throughout life,
but much more slowly as the nervous system ages. Changes in
the amount, source, and competitive nature of the sensory in-
put can have a profound influence on neural interconnectivity.
Even a few minutes a day for several days a week can produce
major changes in control of somatosensory regulatory areas of
the brain. This is especially true during childhood when the
brain is much more plastic and moldable.

Inappropriate learning strategies adopted by our self-
organizing nervous system early in life can create problems.
For example, if the pelvic floor muscles are tightened repeti-
tively to delay or postpone voiding, or voiding is accomplished
through straining, the integrity of the entire CNS regulatory
apparatus involved in micturition could be affected. Once an
incorrect behavior is in place, it can be experientially reinforced
by repetition. Eventually the circuitry for incorrect behavior be-
comes etched or burned in. Children have a strong tendency for
retentive behavior. They do not recognize urges to empty their
bladders until the last minute. They can get “caught” in a car
ride, in school, at a playground, or in a department store, as
they can not judge time until access to a bathroom. Often, they
must be reminded to void as they do not break away from play
easily. There are all kinds of reasons for “abnormal” learning
of void behavior—tension in the home, overbearing parents
pushing their children to be toilet trained, a day care center
that demands that the child be toilet trained prior to entry, un-
sympathetic teachers at a school, and excessive disciplining for
a bedwetting accident can all lead to disturbances in bladder
and/or bowel behavior.

Plasticity slows considerably by age 10. A child with reten-
tive tendencies from early childhood can evolve a permanent
circuitry that can guarantee this type of behavior. Such be-
havior is readily reinforced with time, because of tensions and
pressures that result from our deadline-orientated society, such
as exams in school, grant and contract applications, economic
strains, or work-related bathroom inaccessibility. Tensions nat-
urally affect automated muscle systems in the body. Inappro-

priate muscular dynamics, excessive pelvic floor tension, poor
relaxation, and straining to void can too easily become the
norm for micturition behavior, leading to a breakdown in the
functional and anatomical integrity of the system over time and
with age.

It is especially important to appreciate that incorrect condi-
tioning of these reflexes during the time the nervous system is
maturing, can result in voiding dysfunctions ranging from in-
continence to retention. Symptoms may not appear for years,
even decades. Many of the problems in adult life may stem from
toileting habits evolved during childhood. Prevention of adult
disorders of micturition and urinary incontinence by address-
ing toileting habits of children is, therefore, not only logical
but critically important to the long-term management of these
lower urinary tract disorders.

The Basics of Lower Urinary Tract
Function—The “Four-Phase Concept”

The normal bladder/lower urinary tract function involves ap-
parently two discrete processes: (a) bladder filling and urine
storage at a low pressure, and (b) complete and coordinated
bladder emptying. This includes urinary continence at all
times.

In more physiologic detail, it is obvious that the “two-phase
concept” (35) does not characterize bladder function as much
as necessary in order to understand all aspects of bladder dys-
function. Based on analyses of thousands of urodynamic charts
a “four-phase concept” that involves (a) bladder-filling phase;
(b) transition phase (switching from “hold” to “release”); (c)
micturition phase; and (d) recovery phase (switching from “re-
lease” to “hold”) seems to be more appropriate. This concept
is not based only on anatomic–physiologic aspects of periph-
eral organ function. Moreover, this general approach includes
central and peripheral neurophysiologic processes involved in
proper lower urinary tract function.

During the first phase, the urinary bladder is able to hold in-
creasing amounts of urine without a parallel rise in intravesical
pressure. This is due to the elastic and viscoelastic properties
of the detrusor muscle. Elasticity allows all constituents of the
bladder wall to stretch up to a certain degree without any in-
crease in tension. Viscoelasticity differs in that stretch induces
an initial rise in tension, which then decays with bladder fill-
ing, causing the stretch to slow or stop (i.e., stress relaxation).
The ratio of bladder volume increase to intravesical pressure
rise is called bladder compliance. Compliance is of major inter-
est in diagnostics and follow-up of bladder-storage problems,
especially because of the risk of upper urinary tract deterio-
ration and renal failure. Bladder compliance can be altered
by any process within the bladder wall (e.g., fibrosis, inflam-
mation), the peripheral (e.g., peripheral neuropathy), or CNS
(e.g., spinal cord injury, multiple sclerosis). Initially, there is no
sensation during bladder filling. As filling progresses, a slight
sensation develops in the bladder region, which can easily be
ignored. With further bladder filling, this sensation becomes
more distinct and the time for voluntary voiding is established.
The sensation is brought to consciousness via afferent nerves
originating in the bladder wall, traveling in the pelvic nerves
and the spinal cord up to the brainstem and cortex (Fig. 22-3).

During the second transition phase, important changes
emerge at the level of the CNS allowing a switch from urine
storage to bladder emptying. This short process requires a
proper functioning of the CNS system. Furthermore, the abil-
ity to switch from phase 1 to 3 depends on a sufficient organ
function and continence training in childhood and adolescence.
Many patients who are unable to initiate micturition are suf-
fering from a failure of this particular second phase. The basic
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FIGURE 22-3. Normal bladder filling
(phase 1) without functional abnormal-
ities.

neuronal processes initiating and coordinating the switch are
not yet known (Fig. 22-4).

Bladder emptying, the third phase, is achieved by a rise in in-
travesical pressure, which is normally sustained until the blad-
der is empty. Synchronously, the urethral pressure falls during
voiding and returns to normal when the intravesical pressure
has fallen to resting levels. The initial fall in urethral pressure,
which precedes the rise in intravesical pressure by seconds, be-
longs to the transition phase. In the third phase, voiding starts
when the intravesical pressure is above the closure pressure
level of the bladder neck and urinary sphincter, allowing a uri-
nary flow (Fig. 22-5).

When the bladder is empty, one basic cycle of bladder func-
tion is complete. The switch from urine release to urine hold
requires a total “turnaround” in autonomic innervation (i.e.,

facilitation, inhibition, and neuromodulation), as well as vol-
untary pelvic floor behavior. These changes are characterized
by the fourth phase, the recovery phase (Fig. 22-6).

DIAGNOSTICS OF MICTURITION
DISORDERS AND LOWER

URINARY TRACT DYSFUNCTION

History

On an initial visit to a urology clinic, patients usually com-
plain about a variety of symptoms, including frequency,

FIGURE 22-4. Failure of proper switching from
“urine hold” to “release.” Note repeated inefficient
detrusor contractions during the transition phase
without micturition, before micturition finally hap-
pens.
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FIGURE 22-5. Normal micturition after sufficient transition from
“hold” to “release.”

urgency, slow urinary stream, the necessity of double voiding,
and recurrent urinary tract infections or pain. A carefully ob-
tained history (Table 22-2) provides a detailed description of
the patient’s symptoms and their onset and duration. This in-
cludes a micturition diary of at least 7 days, or, better, 14 days.
The patient is asked to note emptying parameters (time, vol-
ume, leakage, pad change) as well as fluid intake data (time, vol-

FIGURE 22-6. Normal recovery of bladder function after micturition
is completed.

TA B L E 2 2 - 2

RECORDED DATA FOR BASIC HISTORY

CURRENT SYMPTOMS (Since when? Development or
change over time?)

Micturition
Any problems? Double voiding? Infections? Burning?
Inability to void?

Defecation
Frequency? Consistency?

Pain
Where? Character? Intensity (using visual analog scale, 0–10)?
Change over time?

Sexual life
Erectile/sexual dysfunction? Emotional problems?
Vaginism (female)?

CHILDHOOD
Prolonged bedwetting? Excessive excercises to achieve early

urinary continence? Punishment for bedwetting? Retentive
voiding habits (i.e., low micturition frequency)? Sexual
abuse (female)?

ADOLESCENCE
Female: Painful menses? Frequent urinary tract infections?
Male: Urinary tract infections?

ADULTHOOD
Female: Childbirths? Vaginal delivery? Pelvic surgery?

Infections? Voiding habits over time? Professional, personal
satisfaction?

Male: Voiding habits? Professional, social life?

PREVIOUS TREATMENT
Surgery (pelvis)? Radiation therapy, chemotherapy?

CURRENT MEDICATION

ume). Comments on pain, autonomic signs (headache, sweat-
ing, tachycardia, palpitation), and defecation are requested.

The history recorded should include at least those data
shown in Table 22-2.

Physical Examination

A general clinical examination is performed in all patients seen
for voiding dysfunction. Special attention should be paid to the
abdomen, hernias, scars, palpable masses, and signs of neuro-
logic impairments.

A main issue is the pelvic floor and digital rectal examina-
tion. Initially, the clinician should observe voluntary attempts
to tighten and relax the perineum. This is done with the pa-
tient in lithotomy position, or stooped over, with arms on an
examination table. A visual assessment is then carried out.
With a “hold” effort, contraction and relaxation of the pelvic
floor muscles should be clearly evident. There should be an in-
stantaneous, unhesitating identity with the rectal muscles. The
movement should be effortless and free of extraneous muscu-
lar activity (i.e., abdominal tightening, Valsalva, and pelvic tilt).
The “bellowslike” movement of the levator should be repeat-
able with consistency and the contraction should be sustain-
able for 2 to 3 seconds before relaxation is permitted. Often
the effort is flawed dynamically, with contraction or relaxation
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inconsistencies, or frank tightness/weakness is evident. Subse-
quently, the buttock should be slightly separated and the anal
skin observed for “clamplike” wrinkling on the hold effort.
Occasionally one may see fibrillations in the superficial anal
muscle fibers. Alternately, an easier way to check on voluntary
recruitment of the pudendal innervated perineal muscles is to
observe contraction of the base of the penis in males (or the
clitoris in females) during hold and relaxation. Shortening of
the ischiocavernosus muscles should pull the penis (or clitoris)
toward the pubic bone. Poor identity with the pelvic muscles,
or inconsistencies in recruitment, reflect inefficiencies in neural
regulation of the sphincter.

The digital rectal examination is then performed, both for
anatomical aberrations, and functional behavior. The follow-
ing should be assessed and mentally quantified:

1. Tonus of the deep and superficial anal sphincter—is the tone
of the sphincter normal, weak, or high?

2. Evidence of hypersensitivity—is there tenderness of the le-
vator posterolaterally? Is there tenderness of the prostate
apex, base, or the external sphincter?

3. Motor identity—can the patient contract on the examining
finger? Is the movement repetitively consistent? Is there a
distinct contraction as well as relaxation above and below
the basal tone? Is the levator edge distinct or mushy? Is

there movement in both the levator and pudendal sphincter
components?

In female patients a gynecologic investigation is also neces-
sary.

The clinician should learn to recognize degrees of ineffi-
ciency that affect the behavior of the pelvic floor between voids,
as well as during the void. Patients with symptomatic lower uri-
nary tract dysfunction (e.g., “shy bladders” “ recurrent urinary
tract infections,” or a “frequency issue”) often have high pres-
sure, tender, and inefficient pelvic floor muscles, and muscular
dynamics.

This examination should follow a careful clinical examina-
tion of the patient. For this undertaking, the patient can be
examined standing, sitting, or in the lateral decubitus position.
A systematic assessment of pelvic floor sensation, anal tone,
strength of the lower limbs and feet, and the lability of reflexes
involving the bulbocavernosus, anal, knee, and ankle muscles
should be carried out.

When completed, this examination should provide useful
insight into the functional integrity of the sacral nerve roots
controlling bladder and sphincter behavior. Reflex excitability
should be an important focus of the examination. Brisk lower
extremity reflexes are often a good indication of a hyperex-
citable pelvic floor (Table 22-3).

TA B L E 2 2 - 3

SUGGESTED SCHEME FOR THE CLINICAL EVALUATION OF THE PELVIC AREA

CLINICAL ASSESSMENT OF PELVIC FLOOR AND SPHINCTER
Asymmetry of gluteal–thigh creases None (0), some (1+), major (2+) 2
Symmetry of greater trochanters (pelvic tilt) None (0), some (1+), major (2+) 2
Total 4

VISUAL ASSESSMENT

Bellows (levator)
Gluteal cleft Deep (2+), flat (2+), moderate (0) 2
Hold Definitive (0), some (1+), none (2+) 2
Relaxation Complete (0), some (1+), none (2+) 2
Repetitious consistency on three tries: identical movement (0), some (1+), none (2+) 2

Penile retraction (sphincter)
Hold Definitive (0), some (1+), none (2+) 2
Relaxation Complete (0), some (1+), none (2+) 2
Repetitious consistency on three tries: identical movement (0), some (1+), none (2+) 2
Visual total 14

VOLUNTARY CONTRACTION ASSESSMENT (DIGITAL RECTAL EXAMINATION)

Levator (bellows)
Resting Tone None (0), moderate/normal (1+), increased (2+) 2
Hold Definitive (0), some (1+), none (2+) 2
Relaxation Complete (0), some (1+), none (2+) 2
Repetitious consistency on three tries identical movement (0), close (1+), none (2+) 2

Rectal (levator) sensation 2
No pain (0), some discomfort (1+), very painful (2+)

Anal sphincter (clamp)
Resting tone Moderate, normal (0), increased, weakened (1+), tight, none (2+) 2
Hold Definitive (0), some, flutter, or premature release (1+), none (2+) 2
Relaxation Complete (0), some (1+), none (2+) 2
Repetitious consistency on three tries: identical movement (0), some (1+), none (2+) 2
Perianal skin sensation Normal (0), increased, decreased (1+), hyperesthetic, numb (2+) 2

TOTAL EXAM POINTS 20

TOTAL POSSIBLE SCORE 38
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Laboratory Testing

Laboratory testing including urinanalysis and serum creatinine
measurement are basic tests in a neurourology clinic.

Urinanalysis and bacteriologic studies are needed to diag-
nose or exclude a urinary tract infection. In the case of bladder
dysfunction, acute, recurrent, and chronic urinary tract infec-
tions are often found. These are often due to bladder emptying
problems. The most common bacteriologic species found in
patients with severe bladder dysfunction are Escherichia coli,
Enterococcus, Pseudomonas aeruginosa, and Proteus mirabilis
(36). During follow-up, depending on the type of lower uri-
nary tract dysfunction, the urine also needs to be periodically
checked (e.g., hyperreflexic bladder owing to spinal cord injury
every 3 months).

An elevated serum creatinine concentration may be a first
sign of renal deterioration. However, in patients with lower uri-
nary tract dysfunction it is a late sign indicating upper urinary
tract damage secondary to insufficient bladder management.
In a bladder dysfunction clinic, the serum creatinine level is an
important follow-up marker, controlled on an annual basis in
case of stable bladder function under treatment. However, ra-
dionuclide studies are also needed in patients with impairment
of bladder function.

Imaging Techniques

The introduction of ultrasonography in clinical medicine was
a revolutionary step. Modern neuro–urology benefits from this
imaging technique. In the past, a catheterization was necessary
in order to evaluate residual volume. Today, an ultrasound scan
provides this information in a fast and reliable manner. Another
indication in neuro–urology is renal ultrasound. Significant in-
formation can be obtained about both the renal parenchyma
and the collecting system. Hydronephrosis (e.g., because of
bladder dysfunction), will appear as a dilated collecting sys-
tem separating the normally echogenic renal sinus, creating an
anechogenic central area surrounded by parenchyma. Echoes
within the collecting system may indicate an upper urinary tract
infection. The thickness of the renal parenchyma is a good in-
dicator for the duration of upper urinary tract obstruction be-
cause of bladder-storage problems.

Transrectal ultrasonography allows an evaluation of the
prostate gland and the seminal vesicles. Prostate size and
changes of the echo pattern can be easily evaluated. This in-
formation is of interest in the diagnostics of benign prostate
hyperplasia, prostate inflammation, pain, and prostate cancer.

Transvaginal and introitus sonography are other fields of
modern ultrasound. These investigations provide additional
information in the diagnosis of stress urinary incontinence in
women.

Radionuclide imaging is used to estimate total and split re-
nal function at the time of primary diagnosis and during follow-
up. Renal scans are particularly useful to follow patients with
known obstruction of the upper urinary tract because of long-
time inadequate bladder management, as well as patients with
spinal cord injury who are at a high risk for impaired renal
function.

Intravenous pyelography remains a standard modality to
evaluate hematuria. Hematuria is commonly observed in func-
tional disorders because of the problem of chronic inflamma-
tion. In order to exclude tumors of the collecting system, urog-
raphy is used.

In the evaluation of stress urinary incontinence and obstruc-
tive voiding patterns in women, another radiographic tech-
nique in use is colpocystourethrography. Two different con-
trast media are given intravesically and intravaginally. A chain

FIGURE 22-7. Colpocystourethrography in a grade-3 stress inconti-
nent woman: The urethra is marked by a metal chain and bladder and
vagina by different contrast media. Note the extreme descensus vesicae
et urethrae.

marks the urethra (Fig. 22-7). The position and contour of the
bladder, vagina, and urethra are evaluated during relaxation,
straining, and squeezing to determine dislocation of pelvic or-
gans causing functional disorders.

Urethrocystoscopy/cystoscopy are indicated to assess blad-
der mucosa morphology to exclude chronic inflammatory
changes and malignant disease. In males, the bladder outlet
and prostatic urethra are evaluated for obstructive disease.

Bladder Biopsies

In order to exclude malignant, chronic inflammatory disease or
interstitial cystitis, a bladder biopsy may need to be obtained.
A histologic evaluation will provide additional information if
imaging techniques are not adequate. In most cases, light mi-
croscopy will be sufficient; in some cases, however, electron
microscopy will provide additional information regarding ul-
trastructural changes (37–40) (Fig. 22-8).

Urodynamics

Urodynamic studies are meant to include all techniques used to
provide objective documentation of lower urinary tract func-
tional integrity (25,41,42). Traditionally, urodynamic testing
includes a cystometrogram (CMG), a urethral pressure profile,
a urinary flow rate, and a documentation of residual urine.
Additional tests include the leak point pressure and various
neurologic tests, electromyographic (EMG) monitoring of the
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A
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B

FIGURE 22-8. Bladder specimen from a patient with obstruction secondary to pelvic floor hyperactivity.
A: Light microscopy. Note the decrease of cell/nuclei numbers due to muscle overdistention. B: Electron
microscopy. Note increased collagen between cells. C, D: Electron microscopy. Note the increased distance
between detrusor muscle cells.

pelvic floor, pudendal motor term latencies, and evoked po-
tential studies. Radiologic tests include video monitoring of
the bladder during filling and emptying (videourodynamics).
The most meaningful assessment is achievable via recordings
of lower urinary tract behavior.

Uroflowmetry is a noninvasive functional investigation eval-
uating bladder emptying. The urinary flow rate and pattern
reflect the net effect of detrusor pressure and urethral resis-
tance. The maximum and medium uroflow rates are the most
widely used parameters of flowmetry. If the urinary flow rate
and flow pattern are normal and the voided volume is over 200
mL, it is unlikely that a micturition disorder is present. In daily
practice, uroflowmetry is an ideal screening tool for disorders
of micturition. However, it is insufficient to diagnose a blad-
der outlet obstruction or to differentiate those from decreased
bladder contractility or a combination of both.

Uroflowmetry–Electromyography

The combination of uroflowmetry and recording electric pelvic
floor activity during voiding provides additional information
about lower urinary tract function (i.e., detrusor–sphincter–
externus dyssynergia).

Cystometry

Just what is normal bladder function? There is good urody-
namic evidence that the adult bladder should be able to hold
400 to 500 mL volume without much more than a sense of
fullness. As with low urinary volumes, storage above 500 mL
is considered abnormal and quite possibly a sign of a distinct
lower urinary tract dysfunction. There is a range and the greater

the departure from the ideal normal, the greater the neuro-
muscular abnormality of the bladder, the greater the risk of
complications, and the greater the difficulty to be expected in
correcting the problem.

Void diaries are quite helpful, but can be misleading. A void
frequency of four to six times per day may be normal with a
24-hour output of 2 L (500 mL/void), but abnormal with a 24-
hour output of 800 mL (200 mL/void). Smaller volume voids
reflect such abnormalities of the bladder wall as instability,
hyperreflexia, hypersensitivity, or poor compliance.

A CMG is obtained with the patient lying down and a filling
rate of 20 mL/minute. The cool temperature of the filling fluid,
or performing this procedure with the patient, is provocative
to the void reflex. Contraction and voiding should occur as a
voluntary event with filling near the ideal range. Otherwise,
the test should be considered a departure from an idealized
norm.

The value of urethral pressure profile (UPP) recording lies
not so much in the absolute pressure reading, but in documen-
tation of the degree of facilitation or inhibition that may exist
within CNS regulatory circuits. The UPP is recorded with the
bladder filled to roughly 25% and 75% of suspected capacity,
as there are different micturition gates operational at the dif-
ferent fill volumes. Sensitivity to the presence of the catheter is
noted. Hypersensitive urethras are most often associated with
labile activity and with irritative voiding symptoms. Each time
the profile is repeated, changes in urethral tone, reflex excitabil-
ity of the pelvic floor striated muscles, and any triggering of an
unstable bladder contraction are noted. The real value of the
UPP is achieved only when the data are collected and viewed
with a dynamic perspective. Static pressure readings have
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FIGURE 22-9. Detrusor instability in a 38-year-old woman
with spinal cord injury.

limited value as may be the case with pure intrinsic sphincter
weakness. Dynamic recording is able to show sphincter over-
activity and spasticity (Figs. 22-9 and 22-10).

Pressure-Flow Studies

These studies are used to differentiate between patients with a
low maximum uroflow secondary to obstruction (e.g., benign
prostatic hyperplasia [BPH]), and those whose weak uroflow is
caused by a decompensated detrusor function (e.g., neurogenic
bladder). Pressure-flow studies may also identify high-pressure
obstruction in patients with BPH with normal flow rates. The
test–retest reliability of this technique appears to be reasonable
(43,44).

DISORDERS OF MICTURITION
AND LOWER URINARY

TRACT FUNCTION

Benign Prostatic Hyperplasia

BPH is one of the most commonly diagnosed urologic disor-
ders in men. No single definition has gained general acceptance
in urology. BPH has been variably defined as prostatic enlarge-
ment, bladder outlet obstruction (BOO), histologic hyperpla-
sia, LUTS, as well as various other conditions. The prostate
undergoes significant growth during life, starting during fe-
tal development, proceeding throughout puberty, and, in most
men, continuing into late middle age. Fifty percent of men be-
tween the ages of 51 to 60 and 90% of men over 80 have his-
tologic evidence of BPH (45). At the age of 55, approximately
25% of men note a decrease in the force of their urinary stream
(46). The occurrence of this symptom increases linearly to 50%
by age 75 and reaches almost 90% by age 85 (45). Patients
often present with a combination of irritative and obstructive
symptoms including urinary frequency, urgency, nocturia, urge,
and urge incontinence, as well as slow stream, intermittent uri-

nary flow, difficulty in initiating the stream, prolonged and dou-
ble voiding, incomplete bladder emptying, and straining with
urination. A typical emergency is the acute urinary retention
with the absolute inability to void and overflow incontinence
(discussed later in this chapter). These patients need a catheter
in order to empty the bladder. On initial presentation for symp-
tomatic BPH, as many as 10% of men have renal insufficiency.
Correcting long-standing postrenal obstruction may lead to a
profuse diuresis, marked natriuresis, and volume depletion in
the absence of fluid replacement. Therefore hospitalization, in-
tensive monitoring, and treatment are mandatory. The condi-
tion is usually reversible, with normal renal function returning
within 3 to 8 days.

The diagnostic workup of BPH includes a history, clini-
cal examination, urine analysis, a repeated uroflow, and ul-
trasound scanning of kidneys, prostate, and bladder, including
measurement of residual volume. Pressure-flow studies are nec-
essary if the history and clinical examination are suggestive of
a primary bladder disorder.

Patients with an enlarged prostate without symptoms do
not require any treatment. For patients suffering from symp-
tomatic BPH, different treatment options are available, rang-
ing from watchful waiting and prescribing medications to a
variety of different surgical interventions. Watchful waiting is
recommended in patients with minimal symptoms and no sig-
nificant impact on the quality of life. Periodic reevaluations
are necessary to ensure that no BPH-related complications will
occur. The risks are chronic renal failure owing to obstructive
uropathy, urinary tract infection, and bladder stones because
of residual volume and detrusor decompensation owing to the
high bladder outlet resistance.

Different plant extracts (Urtica dioica [stinging nettle],
Sabal serrulatum, semen curcurbitae, Serenoa repens, etc.) have
been used to treat the irritative components of BPH with more
or less effect (47–56). The idea that there may be some possible
placebo effect associated with these treatments has been con-
sidered. “Uroselective” α-adrenergic blockers relax the bladder
outlet and allow an improvement of the uroflow (57–63,63a).
α-Blockers currently in use include tamsulosin, alfuzosin,
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A C

B D

FIGURE 22-10. Videourodynamics. A: Spastic bladder in a spinal cord injury patient without adequate
management, beginning “Christmas tree” shape, trabeculation, and many small diverticula. B: Detrusor–
sphincter dyssynergia in myelodysplasia patient. Note the abnormalities of the spinal column. C: Detrusor–
sphincter dyssynergia in a child with persistent enuresis due to pelvic floor dysbehavior. D: Bladder acon-
tractility because of overdistention in a psychiatric patient. Note the small white dots in the lower ab-
domen. This was an accidental finding during urodynamics caused by mercury—the patient destroyed a
thermometer and took in the mercury fluid.

doxazosin, prazosin, and terazosin. Terazosin, in particular,
has had a significant impact on blood pressure decrease, with
a number of patients suffering from tiredness, dizziness, and
headache. 5α-Reductase inhibitors (64–70) (e.g., finasteride),
prevent the conversion from testosterone to dihydrotestos-
terone, thus resulting in shrinkage of the prostate gland. It takes
up to 6 months to obtain a maximal clinical response. Usually
the subvesical obstruction remains unchanged. In the urology
clinic, a conservative approach should be discussed with the
patient if there is no absolute indication for surgical therapy
(Table 22-4).

The transurethral resection (TUR) of the prostate is still the
“gold standard” of surgical BPH therapy (71,72). This method
offers the best chances of reducing symptoms and improving
flow parameters. If the prostate is too large, open surgery is
indicated (adenomas exceeding 60 to 80 g). In these cases, we

TA B L E 2 2 - 4

ABSOLUTE INDICATIONS FOR SURGICAL THERAPY
OF BENIGN PROSTATIC HYPERPLASIA

Recurrent urinary retention
Bladder stones
Impairment of renal function
Recurrent urinary tract infection
Recurrent gross hematuria
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prefer the transvesical enucleation of the hyperplastic prostatic
adenoma.

Alternative treatment modalities, such as transurethral in-
cision (73), laser ablation (74,75), hyperthermia (heat energy
used to destroy tissue at <45◦C) (76,77), thermal therapy (heat
energy at >45◦C) (78), balloon dilation (79,80), focused ultra-
sound (81,82), and cryotherapy (83) have been discussed. None
of these options have gained general acceptance however, and
they are used only in a few centers.

Prostate Cancer

Locally advanced prostate cancer can cause severe obstruc-
tion. In the case of newly diagnosed advanced prostate cancer,
immediate onset of hormone therapy (orchiectomy, LH–RH-
analogs, estrogens) accompanied by temporary urine drainage
via a suprapubic or transurethral catheter is indicated. Within
8 to 12 weeks the prostate gland will shrink and micturition
should be possible again. If not, a palliative transurethral re-
section of the prostate may be performed (84,85).

Urethral Strictures

Injury of the urethral epithelium or the underlying corpus spon-
giosum with healing resulting in a scar can cause a urethral
stricture. Today most strictures are of traumatic (i.e., strad-
dle trauma), inflammatory (i.e., gonorrhea), or iatrogenic gen-
esis (i.e., coarse catheterization or instrumentation). Patients
with urethral strictures usually present with obstructive void-
ing symptoms and/or genitourinary tract infections (e.g., acute
epididymitis, prostatitis). Only a few patients present with
urinary retention. Uroflow is performed in order to evalu-
ate the impairment of voiding. The length and location of
the stricture can be determined using retrograde urethrogra-
phy and urethroscopy. The depth and density of the scar in
the corpus spongiosum can be deduced from physical exam-
ination and evidenced by ultrasound examination. Treatment
modalities include urethral dilation, 12 o’clock internal ure-
throtomy, laser urethrotomy, and open reconstruction (86,87)
(Fig. 22-11).

A special form of urethral stricture is the meatal stenosis,
seen in hypospadias and after inflammation. A meatoplasty
should be performed.

Posterior Urethral Valves

Posterior urethral valves are an inborn error and represent in-
complete regression of urethral folds that are remnants of the
mesonephric wolffian duct. This disorder is estimated to occur
in one of every 5,000 to 8,000 male births (88). Obstruction of
the urethra by valves affects the entire urinary system. Conse-
quences are hydronephrosis with impairment of renal function,
vesicoureteral reflux, and vesical dysfunction. Ultrasound and
voiding cystourethrography confirm the diagnosis. Treatment
involves surgical ablation of the valves. Most newborns with
posterior urethral valves need temporary suprapubic drainage
of urine to allow 4 to 6 weeks of growth in order to improve
conditions for transurethral surgery. After surgical therapy all
patients require close follow-up. A significant number of pa-
tients will continue to have voiding dysfunction because of sec-
ondary bladder wall changes (e.g., poor compliance—“valve
bladder”). Prevention of renal dysfunction is the primary goal.
In fact, 35% of patients will progress to chronic renal fail-
ure (89,90); therefore, bladder and renal function need to be
checked on a regular basis. In case of persistent severe blad-
der dysfunction refractory to medication, augmentation cysto-
plasty may be necessary.

Phimosis

A high-grade phimosis may cause obstruction (91). A typical
clinical sign of this is a ballooning of the foreskin. It is rarely
seen, but may appear in newborns, infants, and patients with
chronic balanoposthitis and severe diabetes mellitus. Treatment
of choice is a reconstruction of the foreskin in infants and a
circumcision in adults.

Bladder Neck Obstruction in Females

Subvesical obstruction in females is rare (92). In contrast to
males, females more often present with irritative symptoms of
urinary urgency, frequency, and urge incontinence. These symp-
toms arise from bladder instability because of obstruction or
urinary tract infections. Complete obstructions are rare and
may be caused by diverticula, urethral valves, Skene cysts, and
benign or malignant tumors of the urethra. Partial obstruc-
tion may be due to a prolapse of pelvic organs. Iatrogenically
induced bladder outlet obstruction after bladder suspension

FIGURE 22-11. Retrograde urethrocystogram shows
strictures in the spongious urethra and directly below
the membranous area.
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procedures for stress urinary incontinence is the most common
cause (93–96). This problem is often only temporary and only
a few patients require a permanent intermittent catheterization
of the urinary bladder.

Hypertonic/Spastic Urinary Sphincter

Overactivity of the external urinary sphincter is an underesti-
mated problem in functional urology. Chronic urinary reten-
tion, chronic pelvic pain, recurrent urinary tract infections, and
bladder stones may result from permanent sphincter overactiv-
ity. The absence of an anatomical obstruction suggests a func-
tional problem. A continuous recording of the urethral sphinc-
ter pressure during cystometry helps to diagnose this disorder.
Usually sphincter pressures over 90 cm H2O will be found in
these disorders. During digital rectal examination, poor sphinc-
ter identity and a high-resting sphincter tone will be found.
Over time, a decompensation of the detrusor muscle will be
the consequence (Figs. 22-12 and 22-13).

In spinal cord injury a spastic urethral sphincter behavior
will be found. Owing to missing central inhibition of sacral re-
flex activity, the striated pelvic floor muscle will be spastic with
maximum sphincter pressures of more than 300 cm H2O.

Detrusor–Sphincter Dyssynergia

Dyssynergic behavior of the detrusor muscle and the urinary
sphincter can occur in both women and men and may be sec-
ondary to neurologic and nonneurologic disease. There is only
a severity difference to the “spastic urinary sphincter” (see
above). In men, this syndrome tends to present at an earlier
age than BPH and is manifested by long-standing obstructive
and irritative symptoms. Uroflow, uroflow–EMG studies, and
pressure-flow studies confirm an obstructive pattern. Residual
volume can be evaluated by ultrasound. Endoscopy usually
demonstrates bladder trabeculation and sometimes diverticula.

FIGURE 22-12. Megalocystis, owing to pelvic floor/urinary sphincter
overactivity, chronic urinary retention as a consequence of detrusor
decompensation, and intermittent catheterization are imperative in this
female patient.

Videourodynamics is necessary in order to localize the level of
obstruction (Fig. 22-14).

Women present with this syndrome generally between 30
and 60 years of age and suffer from incomplete emptying or
absolute urinary retention. A detailed history of childhood and
adolescence often reveal distinct psychologic problems, which
may be attributed to the undesirable development of lower

A

B

FIGURE 22-13. One complication of inefficient bladder emptying is blad-
der stone formation. A: Four large bladder stones on a plain radiograph
in a 32-year-old man. B: Stones after surgical intervention.
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FIGURE 22-14. Ballooning of the proximal urethra during micturition
due to detrusor–sphincter dyssynergia.

urinary tract function. Therapeutic attempts are often frustrat-
ing. Perisphincteric injection of botulinum toxin subtype A or
sacral neuromodulation may be an option in these patients.
However, children suffering from enuresis secondary to func-
tional problems, such as detrusor–sphincter dyssynergia may
benefit from acoustic or visual biofeedback treatment (97).

Urinary Incontinence

Urinary incontinence is defined as the involuntary loss of urine
(25). There are four categories of urinary incontinence, which
can occur in various combinations: (i) stress incontinence, (ii)
urge incontinence, (iii) overflow incontinence, and (iv) neuro-
genic incontinence.

Stress incontinence is defined as leakage with an increase in
intraabdominal pressure. The urethral sphincter fails to protect
against loss of urine either because of intrinsic weakness or a
failure to protectively contract. Overflow incontinence occurs
when the bladder is unable to empty and filling occurs to the
stretch limit of the bladder. Pressure inside the bladder builds
until urethral resistance is exceeded and leakage takes place.
Most forms of incontinence have components of two of the
three elements. Pure stress incontinence is, in reality, relatively
uncommon. Void diaries from patients with “stress” incon-
tinence will most always evidence inappropriate voiding, not
explainable as simply prophylactic voiding. Urge incontinence
is a voiding dysfunction associated with an involuntary loss of
urine. There is an inability to inhibit the bladder long enough
to reach a toilet. Detrusor instability or overactivity is a com-
mon finding in patients with urge incontinence. Discovering the
underlying cause of urge incontinence or detrusor instability,
apart from obvious neuropathology, is difficult given the com-
plexity of the neural regulation system. Given that prophylaxis
is, ultimately, the most cost-effective therapy, understanding
the possible causes of incontinence should be a paramount is-
sue in management. Overflow incontinence is a complication
of severe bladder neck obstruction (e.g., BPH). A key symp-
tom is a continuous dribbling of urine—every milliliter of urine
produced by the kidneys and transferred to the bladder will
“overflow.”

Neurogenic incontinence is associated with detrusor hy-
perreflexia, because of a loss of central inhibition of bladder
activity in patients with neurologic disease (e.g., spinal cord
injury, multiple sclerosis, or Parkinson’s disease). Detrusor–
sphincter dyssynergia (as discussed previously) can cause in-
complete bladder emptying.

Chronic Pelvic Pain

From a clinical perspective, nonmalignant chronic pelvic pain
conditions could be caused by bacterial (e.g., chronic bacterial
prostatitis) (98,99) and neurogenic inflammation (e.g., prosta-
todynia) (100–103), nerve injury (e.g., after surgery), (104–
107), and chronic organ dysfunction (e.g., tension floor myal-
gia and perineal pain) (103,108,109). However, in a given case,
it is not easy to determine the initiating mechanism generating
a chronic pain situation. Patients complain about pain deep in
the pelvis or in the perineum region. Furthermore, they suffer
most often from symptoms of lower urinary tract dysfunction:
frequency, urgency, and weak urinary stream. Micturition, in
particular, is reported to be very painful.

In recent years, the daily practice in the diagnosis and treat-
ment of chronic pelvic pain has shown that success rates in
diagnostics and treatment are mainly unsatisfactory. Scientif-
ically based multicenter studies on different diagnostic and
treatment approaches are still unavailable. In the literature,
different names are used for the same clinical features. For ex-
ample, male chronic pelvic pain syndrome (mCPPS) has been
referred to as chronic abacterial prostatitis (110,111), prosta-
todynia (101), prostatosis (108,112), interstitial cystitis (113),
orchalgia (114), penile pain (102), trigonitis (115), chronic ure-
thritis (116), urethral syndrome (117), rectal pain (118–120),
tension floor myalgia (108,109), perineal pain (121,122), and
so on. Etiology and pathophysiology of chronic pelvic pain
are mainly hypothetical or unknown. The diagnostic approach
and treatment strategies are often empirical and polypragmatic.
Therefore, chronic pelvic pain provides a challenge for further
basic and clinical research.

Bladder Dysfunction Resulting from
Metabolic Disorders

Diabetes mellitus leads to autonomic neuropathy causing car-
diovascular, bladder, sexual, and gastrointestinal dysfunction.
Involvement of the lower urinary tract by peripheral diabetic
autonomic neuropathy is referred as “diabetic bladder” or “di-
abetic cystopathy” and is thought to occur in 27% to 85% of
patients (123). The real incidence of bladder dysfunction in dia-
betic patients is unknown, because many patients do not com-
plain of voiding symptoms. Insidious onset of reduced blad-
der sensation is often an early symptom preceding a gradual
increase in voiding intervals. Other symptoms include urge,
urge incontinence, recurrent urinary tract infection, weak force
of stream prompting abdominal straining to void, and incom-
plete bladder emptying (124). The urodynamic evaluation will
typically reveal an impaired bladder sensation, increased blad-
der capacity, impaired detrusor contractility, a decreased urine
flow, and postvoid residual urine. Bladder instability, account-
ing for symptoms of urgency and urge incontinence, can arise
in as many patients as 25% of patients with advanced diabetes
(125).

Bladder Dysfunction Resulting from
Specific Inflammation

The incidence of tuberculosis continues to rise. Genitourinary
tuberculosis is diagnosed after several occasions of vague uri-
nary symptoms: sterile pyuria, hematuria, hematospermia, re-
current infections, and fistulae. Bladder tuberculosis secondary
to renal tuberculosis leads to irritative symptoms, such as fre-
quency and nocturia. The tuberculosis-related inflammation
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causes a decreased bladder compliance and bladder wall fibro-
sis (126,127).

Bilharziasis is caused by an infection with Schistosoma
haematobia. A calcified bladder on a plain x-ray film is pathog-
nomonic of chronic bladder schistosomiasis. Symptoms are ur-
gency, frequency, weak urine stream, and bladder pain. The
disease is most commonly seen in Africa and Arabia, but rarely
in Central and South America or Southeast Asia. Obstruction
of the lower urinary tract, bladder fibrosis with bladder shrink-
age, and bladder cancer are important late complications of
bladder bilharziasis (128–130).

Bladder Dysfunction and Acquired
Immunodeficiency Syndrome

The acquired immunodeficiency syndrome (AIDS) involves
nearly every organ system, including the genitourinary tract.
Patients with AIDS are predisposed to recurrent urinary tract
infections with both common and uncommon pathogens. Of
all cases of urinary retention in patients with AIDS, 90% are
of neurogenic origin. Urodynamic studies demonstrate detru-
sor hyporeflexia or areflexia in 83% and detrusor sphincter
dyssynergia in the remaining 7%. The acute and subacute
myelopathies related to AIDS can involve the spinal cord, and
the resulting type of bladder dysfunction would depend on the
level of the spinal cord lesion. Urinary incontinence is usually
observed in late stages of the disease, because of dementia re-
lated to AIDS–encephalitis (131–133).

Bladder Dysfunction in Neurologic Diseases

Stroke

Brain damage caused by a cerebrovascular accident (CVA) has
a great potential for producing a wide variety of types of blad-
der dysfunction, depending on the distribution and the extent
of the cerebral damage and the time since the insult. Immedi-
ately after a CVA, urinary retention is common. Later on, uri-
nary incontinence affects the majority (57% to 83%) of early
stage CVA patients. Incontinence can be transient, with 41%
of patients returning to continence within the first 2 weeks fol-
lowing the onset of the stroke. However, incontinence can be a
continuing problem in 15% of patients 1 year after the stroke.
It seems that the severity of urinary incontinence and blad-
der dysfunction is related to the severity of the brain damage.
Factors associated with incontinence are the degree of motor
deficit, impaired mobility, and mental impairment. Continuing
incontinence in CVA patients is associated with poor outcome
(134–137).

Parkinson’s Disease

The management of lower urinary tract dysfunction in Parkin-
son’s disease is complicated by the physical features of rigid-
ity, hypokinesia, bradykinesia, and gait disturbances that make
the toileting process difficult. Urinary symptoms are common
in patients with Parkinson’s disease. Some 37% to 71% of
patients complain of frequency, urgency, and/or incontinence.
Urodynamic studies have shown that detrusor instability and
sphincter disturbances are commonly found in Parkinson’s dis-
ease.

Prostate problems are common in older adult men with
Parkinson’s disease. The risk for urinary incontinence increases
in these patients after transurethral resection of the prostate due
to an abnormal sphincter control (138–140).

Multiple Sclerosis

Multiple sclerosis (MS) can produce urinary symptoms from
a very wide range of neurologic sites. The presence of symp-
toms correlates well with the severity of pyramidal and sensory
lesions and the total disability score. The pattern of urody-
namic findings depends on the site of the lesion and, therefore,
it should not be surprising that there are a number of different
types. In a study of 86 patients with MS, symptomatic lower
urinary tract dysfunction was found in 97% (141). Hyper-
reflexic bladder has been found in 67% to 83% of MS patients
(142,143) compared with hyporeflexic or areflexic bladders in
16% to 20% of patients and normal bladders in 1% to 12%
of patients. Somatic dyssynergia was found in about 50% of
the patients in most studies (Fig. 22-15) (142–148).

Spinal Cord Injury

Impaired bladder, bowel, and sexual function are three of the
most serious complications of spinal cord injury. Renal failure
has been described as “the main killer of sufferers from spinal
cord injury or disease” (149). Although the principles of man-
agement, introduced by Guttmann, have now reduced the num-
ber of deaths from this cause, complications in these systems
still account for much morbidity and social restriction. Depend-
ing on the level of the spinal cord lesions, there are different
clinical features. Lesions of the conus medullaris may destroy
the cell bodies of the sacral parasympathetic preganglionic neu-
rons and interneurons in the lateral horn and the cells within the
anterior horn supplying the pelvic floor and external sphincter.
Spinal injury at this level or at the level of the cauda equina may
damage the nerve roots intradurally or extradurally. The conse-
quence is an areflexic bladder and sphincter. Although patients
with such a lesion may be able to void via abdominal strain-
ing, incontinence is likely. Lesions of the spinal cord above
the sacral segments may leave the sacral reflex arc intact, but
interrupt ascending and descending connections to the brain-
stem and higher centers within the diencephalon and cortex.
These central centers play an important role in modulation, fa-
cilitation, and inhibition of the reflex activity within the sacral
arc. Bladder storage and micturition are affected. Such patients
may have hyperreflexic contractions of the detrusor muscle in
response to stretch the bladder wall or other external stimuli
resulting in neurogenic incontinence. Hypertonicity of the de-
trusor may also reduce its capacity and compliance, producing
raised pressure during the storage phase and micturition. This
pressure hinders ureteric drainage and may produce ureteric
reflux, and lead to hydronephrosis, pyelonephritis, and, over
time, to renal failure. The external urinary sphincter is likely to
be capable of reflex contraction and may be spastic. Often the
sphincter fails to relax during bladder contraction. This dyssyn-
ergia between detrusor and sphincter contributes to high pres-
sures and incomplete voiding, with resultant recurrent urinary
tract infection, stone formation, bladder trabeculation, forma-
tion of diverticula, and changes of the gross morphology of
the bladder (e.g., “tower bladder,” “Christmas tree bladder”)
(150–157) (Figs. 22-16 and 22-17).

Myelodysplasia/Tethered Cord

Myelodysplasia is the most common cause of neurogenic blad-
der dysfunction in children. Because of advances in medicine,
care of these children has become a managerial disease. The
term myelodysplasia refers to a spectrum of congenital anoma-
lies involving primarily the vertebral column of the lumbosacral
segments of the cord and their spinal roots. Urodynamic testing
identifies children and adults at risk for upper urinary tract de-
terioration. Detrusor hyperreflexia occurs in 54% of myelodys-
plastic patients, with the remainder having abnormal bladder
compliance. Over one-half of these patients have associated
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A

B

FIGURE 22-15. Different urodynamic
features of detrusor instability/detrusor
hyperreflexia in multiple sclerosis pa-
tients. A: Continuous uninhibited de-
trusor contractions during bladder
filling; incontinence is starting by
a bladder volume of approximately
200 mL. B: Detrusor instability, near
the end of bladder, filling with a maxi-
mum bladder volume of approximately
250 mL; normal micturition is still pos-
sible. (Continued )

detrusor–sphincter dyssynergia. This uncoordinated activity of
the external sphincter, especially in the presence of high bladder
filling pressures, is an indicator for the risk of bladder decom-
pensation and upper urinary tract deterioration.

The tethered cord syndrome is a form of spinal dysraphism
arising as a primary disorder during development or as a sec-
ondary complication from adhesions after neurosurgical cor-
rection of myelodysplasia. Abnormal stretching of the conus
medullaris will be the consequence of traction by the filum ter-
minale. This prevents the ascent of the conus to its normal level.
Neurologic symptoms develop when the child is in the upright
position and during growth spurts. A variety of symptoms and
clinical signs occur, including gait disturbances, skin lesions of
the lower back, pain or numbness in the lower extremities,

and bladder and/or bowel dysfunction. There can be a wide
spectrum of bladder and external sphincter dysfunction. Early
neurosurgical intervention is warranted before significant den-
ervation develops (158–162) (Figs. 22-18 and 22-19).

Bladder Dysfunction and End-Stage Renal
Disease/Renal Transplantation

Abnormal lower urinary tract dysfunction is no longer a con-
traindication to renal transplantation. However, successful re-
nal transplantation requires diagnosis and treatment of cor-
rectable abnormalities of the lower urinary tract. Ideally, it is
preferred to transplant the renal graft into the native bladder,
whenever possible. If impossible, urinary diversion is necessary.
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C

FIGURE 22-15. (Continued ) C: De-
trusor instability with urinary in-
continence; no normal micturition
owing to hyperreflexia and detrusor
sphincter dyssynergia.

Urodynamic testing is also indicated in patients with long-
term anuria prior to transplantation. Over time changes in the
morphology and function of the lower urinary tract may occur
and can cause severe problems after transplantation. Normally
these “disuse” bladders can respond to repetitive hydrodisten-
tion and regain normal capacity and compliance. However,
close follow-up is necessary to recognize problems of lower uri-

FIGURE 22-16. Detrusor hyperreflexia and high-grade vesicoureteral
reflux with hydronephroses on the right side. A nephrectomy was nec-
essary for recurrent urinary tract infection; the split function was 0%.

nary tract function, urine storage, and micturition after trans-
plantation. Diabetic patients with acontractile bladders and
high residual volumes have been successfully treated with inter-
mittent self-catheterization. Noncompliant, fibrotic bladders
may require bladder augmentation or urinary diversion (Fig.
22-20) (163–166).

TREATMENT OF LOWER
URINARY TRACT DYSFUNCTION

Credé/Valsalva Maneuver

In patients with low bladder outlet resistance and concomi-
tant impaired detrusor contractility external compression of
the bladder (Credé maneuver) or abdominal straining (Valsalva
maneuver) may result in bladder emptying. However, because
of the possible generation of high intravesical pressures, it is
dangerous for the morphologic integrity of the urinary tract
and the renal function if this procedure is recommended and
done without close urodynamic control and follow-up. It is
a “last resort” treatment option and other treatment options
(e.g., intermittent catheterization) should be discussed in these
patients (Fig. 22-21).

Biofeedback

The essential goal of biofeedback is to reestablish the proper
dynamic behavior to the pelvic musculature. Often patients
simply have no concept of how to relax these muscles. They
may not even be able to identify these muscles or to exert any
voluntary influence on their behavior. The goal of biofeedback
is to restore appropriate concepts of pelvic muscle relaxation.
This can be as simple as a suggestion to take one’s time with
voiding and never to push, strain, or rush the event.

It is important for patients with an overactive urinary
sphincter to be made aware of adverse voiding habits or of
uncontrolled anxiety states. Patients need to be consciously
aware of the goals of biofeedback and to be actively involved
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FIGURE 22-17. Detrusor hyperreflexia
with maximum intravesical pressures dur-
ing normal bladder filling of up to 135 cm
H2O.

on a daily basis with retraining of the void technique if long-
term success is to be achieved. If awkward voiding methods
continue, biofeedback approaches will ultimately fail to affect
symptoms. If necessary, the patient should be counseled on
how to deal with stress and lifestyle patterns that contribute
to anxiety, as emotions can impact sphincter tension via the
brainstem.

At times, patients will need more specific instruction.
Biofeedback equipment and software programs are one op-
tion. A simple rectal/vaginal examination is less expensive and
can be very useful in helping patients to learn to control their
pelvic muscles. Patients are asked to tighten and relax on a
rectal/vaginal balloon, or the gloved finger, and the physician
can assess the efficiency and specificity of these movements.

A B

FIGURE 22-18. A: Bladder changes in myelodysplasia owing to detrusor hyperreflexia. B: Dilation of the
proximal urethra due to detrusor–sphincter dyssynergia in myelodysplasia. Note bone abnormalities in
both cases.
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FIGURE 22-19. Low compliance blad-
der owing to bladder wall fibrosis. Note
continuously increasing bladder pres-
sure during bladder filling.

Patients should practice this dynamic, emphasizing relaxation,
at regular intervals daily. Progress can be monitored with void
diaries, repeat rectal examinations, or flow rates. If treatment is
successful, there should be a precipitous decline in symptoms,
(e.g., intermittency, slowness of the urinary stream, and pain).
Biofeedback approaches should be combined with medications
as well as other treatments for maximum results (Table 22-5)
(167– 173).

Pharmacologic Treatment

α-Blockers

It is known that the urethral sphincteric overactivity, spastic-
ity or irritability, and BPH can result in poor bladder empty-
ing. α-Blockers, via their peripheral and central actions, can
help to lower bladder outlet resistance in neurourologic disor-
ders and BPH (see previous discussion under “Benign Prostatic
Hyperplasia”). Phenoxybenzamine, a nonselective α-blocker,
was shown to be highly effective in the management of high
bladder outlet resistance. The disadvantages were the high in-
cidence and severity of adverse clinical events. Two subtypes
of α-adrenoceptors are known: α1- and α2-adrenoceptors. Pra-
zosin was one of the first α1-adrenoceptor antagonists. Pra-
zosin and other α-blockers require at least twice-daily dosing
because of their relatively short serum elimination half-lives.
Further research led to the development of drugs with serum
elimination half-lives that allowed for once-daily dosing: ter-
azosin and doxazosin. Molecular studies have now identified
three subtypes of α1-adrenoceptors. Tamsulosin, used in BPH
and neurourologic patients, exhibits some degree of selectiv-
ity for the α1a-adrenoceptor. Prostate smooth muscle tension is
mediated by the α1a-adrenoceptor (Table 22-6) (57–63,63a).

Striated Muscle Relaxants

Baclofen and dantamacrin are useful in the treatment of high
bladder outlet resistance due to spastic striated pelvic floor and
urinary sphincter in spinal cord injury patients with bladder
hyperreflexia. Because of severe side effects, intrathecal admin-
istration of baclofen has been used in an attempt to increase ef-
ficacy and reduce side effects of systemic administration (174–
176).

Cholinergics

Carbachol, distigmine bromide, and bethanechol chloride are
drugs used for acute bladder- and bowel-emptying problems.

However, in chronic disorders of micturition, a clinical success
is also possible. Before invasive therapies are scheduled, an at-
tempt should be undertaken in patients with bladder-emptying
problems and without bladder neck obstruction. Sometimes
an improvement of symptoms can be achieved, especially in
patients with psychosomatic problems (177).

Anticholinergics

Anticholinergic drugs block the parasympathetic neurotrans-
mitter acetylcholine at postganglionic neuromuscular junction
muscarinergic receptors. Anticholinergics are mainly used in
the treatment of bladder-storage disorders (e.g., urge incon-
tinence and hyperreflexive bladder dysfunction). Anticholin-
ergics increase bladder capacity, improve bladder compliance,
and decrease the amplitude of or avoid involuntary detrusor
contractions. One important side effect of anticholinergics and
other detrusor relaxants (e.g., flavoxate) is the impairment of
bladder emptying because of the “reversible paralyses” of the
detrusor. These drugs are contraindicated in patients with BPH,
narrow-angle glaucoma, and bowel obstruction (Table 22-7)
(178–182).

Tricyclic Antidepressants

Tricyclic antidepressants (e.g., amitriptyline, imipramine) have
been used in bladder-storage disorders with moderate suc-
cess. The weak antimuscarinergic effect in decreasing bladder
contractility and the mild α-adrenergic agonist action that in-
creases bladder outlet resistance explain the efficacy of these
drugs in stress and urge incontinence (183). Duloxetine, a new
serotonin and noradrenalin reuptake inhibitor, has proved to
be efficacious in stress-incontinent women (183a,b,c).

Acupuncture

Acupuncture needles placed above the medial malleolus in the
inside of the leg, similar to surface pelvic floor and direct S3
nerve root stimulation, have been proposed to have a suppres-
sive effect on urge-based urinary incontinence and may also be
promising in the treatment of other lower urinary tract dysfunc-
tions. The mechanism is probably direct activation of larger
muscle afferents, which effectively modulate synaptic transmis-
sion in the spinal cord. The technique is simple to administer
and complements biofeedback and drug therapy. For reasons
that are unclear, the technique is only effective if the needles are
placed through the skin at a point of lowest skin impedance,
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A

C

E F

D

B

FIGURE 22-20. Videourodynamics after renal transplantation in a 7-year-old boy. A: Initial bladder
filling shows a “self-augmented” bladder secondary to high pressures, beginning urine reflux into the
renal graft. B: Bladder and collecting system of the renal graft are filled with contrast medium (reflux 4◦).
C, D: Micturition shows a ballooning of the proximal urethra and detrusor sphincter dyssynergia at the
internal and external sphincter level. E, F: The bladder is nearly empty, but the collecting system remains
filled with urine. These findings are because of inadequate diagnostics before renal transplantation.
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FIGURE 22-21. Straining does not allow proper micturition in this
patient, high pressure can damage the upper urinary tract.

4 cm above the medial malleolus, and just behind the tibia
(posttibial nerve) (184–186).

Intermittent Self-Catheterization/
Long-Term Catheters

Occasionally catheter management is the only option. It is a
pure symptomatic treatment option. The method of intermit-
tent self-catheterization is generally preferred over insertion of
a long-term catheter. Learning to carry out self-catheterization
allows patients to empty the bladder alone and with low risk
of side effects. This procedure must be done on a strictly ad-
hered to time schedule because of missing bladder sensitivity
in most patients who are in chronic urinary retention. Patients
with a hypertonic/spastic urethra or severe detrusor–sphincter
dyssynergia must be aware of possible problems passing the
sphincter with the catheter. Skillful catheterization will prevent
hematuria, sphincter lesions, and via falsa.

Insertion of a suprapubic or transurethral long-term
catheter is a last resort in management of voiding disorders.
Generally, these patients have severe motor disabilities related
to CNS pathology. Long-term catheters are associated with an
increased risk of problems. These include recurring infections,
sepsis, stones, pain, and cancer. Catheter-related complications

TA B L E 2 2 - 5

GENERAL RECOMMENDATIONS FOR CHANGING
WRONG VOIDING BEHAVIOR

Take time for micturition, do not rush
Sit for voiding every time (also men)
Double voiding at home (after 5–10 minutes)
Do not strain
Practice timed voiding

TA B L E 2 2 - 6

α-ADRENERGIC BLOCKERS USED IN UROLOGY TO
LOWER BLADDER OUTLET RESISTANCE

Class Drug name

Nonselective α1 Phenoxybenzamine
Prazosin
Alfuzosin
Indoramin

Long-acting α1 Doxazosin
Terazosin

Selective α1a Tamsulosin

are greatly increased by hyperactive, hypertensive, or hyper-
tonic bladders. Patients can do very well with catheters if their
bladder is kept in a low-pressure, low-activity state, they are
well hydrated, and exercise good perineal hygiene with regular
catheter changes. New catheter designs are in development that
will both facilitate emptying and allow a patient more mobility
and, hence, a better quality of life (187–191).

Capsaicin/Resiniferatoxin

Small unmyelinated C-fibers and the slightly larger A-delta
fibers are felt to be involved in unstable detrusor activity. These
same C-fibers are felt to reflexively drive urethral dyssynergic
behavior. High doses of capsaicin cause depletion of the sensi-
tive nerve cell supply of substance P and neurokinin A in these
fibers.

The application of 1 to 2 mmol/L of capsaicin in 30%
ethanol in saline was found to be effective in increasing blad-
der capacity and decreasing detrusor hyperreflexia. Capsaicin
is, therefore, a useful approach for patients unable to tolerate
the side effects of anticholinergic medications or are simply
refractory to these medications. The downside of capsaicin is
that it must be given under general anesthesia. There is a 10-
to 14-day period of induced inflammation during which time
incontinence can be aggravated. Finally, capsaicin will not im-
prove bladder compliance.

Because of severe side effects (e.g., pain, burning, and auto-
nomic sensations) capsaicin is problematic in nonneurogenic
patients. A new substance, resiniferatoxin, promises nearly
equal efficacy with fewer side effects. Randomized multicen-
ter studies are now beginning. Experiences in our own patients
with dosages between 10−6 and 10−8 M diluted in 50 mL of
sterile NaCl solution have been positive (192–200).

TA B L E 2 2 - 7

DETRUSOR RELAXANTS

Tolterodin
Solifenacin
Propantheline
Hyoscyamine
Oxybutynin
Propiverin
Flavoxate
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Transcutaneous Nerve Stimulation Therapy

The principle of transcutaneous nerve stimulation (TENS) has
been established as a valuable tool in the treatment of a va-
riety of urinary incontinence and pain problems over the last
15 years. The technique is simple and virtually risk-free. Elec-
trical stimulation is applied to critical areas within the sacral
dermatomes. Sites reported to be associated with beneficial re-
sults have included the sacral, suprapubic, common perineal,
and posterior tibial nerves. Large skin afferents, when stim-
ulated, suppress spontaneous reflex activity within the same
dermatome. Vaginal and anal plugs have also been repeatedly
reported to be useful.

While it is encouraging to know that relatively simple ap-
proaches can be effective, there are drawbacks. As a general
rule, even when it is effective, the effects of neurostimulation
do not last and patients become dependent on frequent, ongo-
ing treatment. In addition, the results of superficial stimulation
are rather unpredictable from patient to patient. Vaginal and
anal plug devices, or both, have not proved popular with pa-
tients in Europe and North America if more than a few sessions
of stimulation are necessary. The technique is, however, simple
to apply, and is one that may be considered in a patient before
resorting to destructive surgical procedures (201–206).

Botulinus Toxin Type A

Botulinus toxin type A (BTX) is a potent neurotoxin with a
high affinity toward acetylcholine (ACh) receptors. It is pro-
duced by the Gram-negative, rod-shaped, anaerobic bacterium
Clostridium botulinum. The neurotoxin, synthesized in seven
different serotypes, acts on peripheral cholinergic nerve end-
ings to inhibit ACh release (207). Although the neurotoxin is
most potent at somatic neuromuscular junctions, it does have
the ability to inhibit autonomic cholinergic transmission (208).
BTX is, therefore, capable of inhibiting transmitter release from
pre- and postganglionic cholinergic nerve endings of the auto-
nomic nervous system, as well as interfering with smooth mus-
cle visceral function. Injected BTX will be quickly attached
to somatic ACh receptors when injected into the target muscle.
There is very little risk that the BTX will adversely affect neigh-
boring striated or visceral smooth muscle or even ganglionic
transmission. BTX does not penetrate the blood–brain barrier
in doses used therapeutically. There is, therefore, no signifi-
cant risk that transmitter function in the CNS will be affected.
BTX, in doses used clinically, is a highly selective and safe
neurotoxin.

The treatment of striated muscle with BTX results in an
accelerated loss of junctional ACh receptors (209). Paralysis
and a nearly complete decline of miniature end-plate potentials
occur within a few hours after injection of BTX (210,211).
The muscle becomes functionally denervated, atrophies, and
develops extrajunctional ACh receptors (212). The clinical ef-
fect is to weaken the injected muscle.

In the early 1980s, BTX was successfully introduced for
the treatment of strabismus (213), and its use subsequently ex-
panded to other conditions manifested by involuntary muscle
spasm, spasticity, and tremors (214).

BTX-selective urethral sphincter injection can reduce the hy-
pertonic and hyperreflexic sphincter activity, with the potential
to provide pain relief and improvement of LUTS.

Many patients suffering from chronic urinary retention and
chronic pelvic pain show pelvic floor muscle tenderness, my-
ofascial trigger points, and/or sphincter hypersensitivity, hyper-
tonicity, and hyperactivity (215,216). The clinical examination
typically reveals restricted pelvic floor dynamic control (i.e.,
contraction and relaxation) (see “Diagnostics of Micturition

Disorders and Lower Urinary Tract Dysfunction,” earlier in
this chapter).

Whether pelvic muscular dysfunction is a root cause of pain,
or an integral part of the CNS failure that underlies pain, ad-
dressing the muscular dysfunction directly makes sense. It is a
logical step toward reducing the neurogenic cascade of events
that can feed inflammation and hypersensitivity in tissue. It has
been shown that BTX can not only weaken injected muscle,
but also affect neighboring muscle within the same dermatome
(217). This may occur via local diffusion of the BTX, or by
its impact on the spinal reflex regulation of muscle within the
dermatome. The latter, indirect, effect of BTX on spinal cord
circuits could occur via BTX action at the intrafusal (218)
and/or extrafusal neuromuscular junction (219,220). An ob-
served change in muscle activity pattern after BTX injection
suggested that a central reorganization is induced by the ther-
apy. This position is supported by results from a positron emis-
sion tomography (PET) study, which showed an increased acti-
vation within the parietal cortex and the caudal supplementary
motor area after BTX therapy for writer’s cramp. The changes
that occurred reflected changes in muscle movement strategy
and in the associated CNS activation patterns that controlled
these muscle activities. These changes could also be explained
by a cortical reorganization secondary to loss of motor neurons
and decreased sensory afferent input (221). Over the last years,
many studies have been performed in spinal cord injury, mul-
tiple sclerosis and myelomeningocele patients (221a,b). These
studies support the high value of this treatment modality in pa-
tients with detrusor hyperreflexia and the need for intermittent
self-catheterization.

Sacral Nerve Stimulation—Neuromodulation

Stimulation of the sacral nerves will evoke striated and smooth
muscle contractions in the pelvis within a pain-free window
of applied current. Painful amplitudes of current applied to
either the S3 or the S4 nerve will produce a contraction of
the bladder at thresholds four to five times greater than that
for the striated pelvic floor muscle. There is, therefore, a tol-
erable pain-free window for stimulation of the pelvic striated
muscle.

The S3 nerves supply some branches to the pudendal nerves.
However, the significance of this contribution can vary widely
among patients because of pre- and postfixation of the spinal
nuclei. The S3 nerves predictably will supply the more anterior
levator muscle systems via pelvic branches that leave the nerve
trunk before they contribute to the sciatic and pudendal nerves
(i.e., the ischial spine). Direct stimulation of S3 will produce a
visible contraction of the levator muscles (“bellowslike” move-
ment) and contraction of the large toe or the distal foot (i.e.,
all the toes). Referred sensation to the rectum and scrotum
is common. Contraction of the large toe, and less often, the
forefoot, may be evident along with referred sensation to the
scrotum.

The S4 nerves do not contribute to the pudendal innervation
of the pelvis or to the sciatic nerves. Direct stimulation of this
nerve will produce a contraction of the posterior portion of the
levator. This is a referred sensation to the rectum or to the tip
of the coccyx, or both.

The bladder neck is pulled open by the contracting detru-
sor body. The longitudinal muscle of the bladder is known to
extend down and around the bladder neck, forming the de-
trusor loops. When the bladder contracts, the loops are pulled
back into the body of the bladder, and the neck of the bladder
is mechanically opened. This observation does not negate the
theory that there is active relaxation of the bladder neck via
sympathetics, but it does support a concept wherein the actual
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funneling of the bladder neck is dependent on cholinergically
mediated active smooth muscle contraction.

Implanted devices have specific advantages and are able
to circumvent most of the disadvantages of TENS therapy.
Those patients who benefit from neurostimulation trials can
be helped regardless of the time, place, need, or dependence on
the neurostimulation. Inefficiencies associated with the deliv-
ery of TENS current are minimized with implants because of
direct application of current to a specific sacral nerve. Finally,
nerve stimulation is the most efficient way to elicit a continuous
influence over pelvic muscle failure. This, in turn, provides the
best hope of regulating striated pelvic floor muscle behavior.
It is therapeutically attractive to specifically neutralize hyper-
reflexic striated sphincter activity, without compromising the
reflex contractility of the bladder. Usually, with stimulation of
a sacral nerve, a pleasant pulling or tugging in the perineum is
felt by the patient.

A period of testing is required to determine if the proper set
of nerve fibers can be found for chronic neurostimulation, then
if the stimulation can be applied on a continuing basis. In this
procedure, an insulated needle is positioned in one or more of
the sacral foramen. Stimulation is applied by gradually increas-
ing (ramping) the current to a comfortable intensity. Usually the
stimulation intensities will be much higher and more comfort-
able when good muscle contraction is obtained. If it is not, the
stimulation will be unpleasant. When it is effective, tenderness
will be markedly reduced in tissues during and after applica-
tion of the stimulation. A temporary electrode is then inserted
into the foramen through the test needle and left in place for
3 to 7 days. If the patient does well during this period of trial
stimulation, then there is the option of placing the electrode
permanently or waiting and repeating the trial.

Few patients who benefit from the stimulation will remain
in remission from their symptoms once the stimulation therapy
is withdrawn. Trial therapies over several days have been per-

FIGURE 22-22. Intraoperative monitoring during acute sacral nerve
stimulation. The test needle is located at the third sacral foramen (lat-
eral view).

formed on over 600 nerves for a variety of reasons. Permanent
implants were performed specifically for the treatment of pain
in 40 patients. None of these patients has shown evidence of
nerve injury. Thus, the techniques of evaluation and chronic
stimulation, when successful, do not appear to present undue
risks to the patient. Within this experience those patients who
did best were those who had identifiable dysfunction in the
pelvic muscles (Figs. 22-22 and 22-23) (222–235).

A B

FIGURE 22-23. Permanent sacral nerve stimulation by an implanted neuroprosthesis. A: Unilateral (right)
sacral nerve stimulation (S3). B: Bilateral sacral nerve stimulation (S3).
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FIGURE 22-24. Intraoperative sites. A: Intradural dissection of the sacral nerves and resecting the afferent
fibers. B: Implantation of electrodes at the anterior roots.

Special Surgical Techniques in Neurogenic
Bladder/Spinal Cord Injury Patients

External Sphincterotomy

The external sphincterotomy (12 o’clock sphincterotomy) is
a suitable method to reduce the bladder outlet resistance
in patients with spinal cord injury with bladder–sphincter
hyperreflexia and detrusor–sphincter dyssynergia. The proce-
dure protects the upper urinary tract from hydronephrosis and
the detrusor from secondary morphologic changes and allows
a low-pressure emptying of the bladder by “triggering” Incon-
tinence may worsen in a few patients; however, this is accept-
able in tetraplegics who are unable to perform intermittent
self-catheterization and who have decided to wear an external
collecting system to reduce the need for transfers for toileting
(236–239).

Sacral Deafferentation and Electrical Stimulation
of the Sacral Anterior Root

Sacral deafferentation produces an areflexic bladder by inter-
rupting the uninhibited sacral reflex arc. This procedure itself
allows storing of large urine volumes at low pressure, thereby
protecting the upper tract and contributing to continence.
It also serves to abolish the active component of detrusor–
sphincter dyssynergia and to abolish autonomic dysreflexia
triggered by sacral afferents. Electrical stimulation of the ante-
rior roots produces detrusor contraction and allows “electro-
micturition.” The problem of simultaneous stimulation of the
sphincter and the pelvic floor can be improved by using dif-
ferent types of current impulses (Figs. 22-24 and 22-25) (240–
247).

Bladder Augmentation

The use of a detubularized ileum, ileocecum, or sigmoid colon
to enlarge the bladder can reduce intravesical pressure to levels
that are less damaging to the kidneys and that allow patients to
be continent on intermittent self-catheterization. This method
is indicated in low-compliance bladders secondary to bladder
wall fibrosis and in cases of “malignant” hyperreflexia, refrac-
tory to conservative management (248–253).

Urinary Diversion

Diversion of urine, usually in an ileal conduit opening to the
right anterior abdominal wall was a widely used procedure in
children with myelodysplasia and also a treatment option in
patients with spinal cord injury. However, the long-term re-
sults often showed significant renal deterioration. Today this
procedure is rarely used. It remains a “last possibility” if all
other neurourologic options have failed to manage lower uri-
nary tract dysfunction (254–256).

FIGURE 22-25. Sacral anterior root stimulator for electromicturition
in spinal cord injury patients (x-ray, anterior-posterior).



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-22 Schrier-2611G GRBT133-Schrier-v4.cls July 11, 2006 15:3

Chapter 22: Disorders of Micturition 629

Artificial Urinary Sphincter

The artificial urinary sphincter consists of a hollow cuff im-
planted around the bladder neck or proximal urethra and a
fluid reservoir connected to the cuff. Fluid can be transferred
between the two components by manual operation of a pump
located in the scrotum or major labia. The main indication
for this procedure is stress urinary incontinence (i.e., post-
prostatectomy incontinence) and neurogenic incontinence due
to a weak sphincter, secondary to a lower motor neuron lesion
(257–260).

CONCLUSION

Advances in the neurosciences allow a growing understand-
ing of central mechanism influencing and modulating lower
urinary tract function. Recent progress in the clinical sciences
provides the basis for comprehensive care of the neurouro-
logic patient in daily practice. However, basic and clinical sci-
entific efforts are imperative to further improve our knowledge
in these fields, since we often are unable to help the patient
properly and alleviate chronic pain states, chronic neurologic
impairment, and psychosomatic/behavioral disturbances.
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CHAPTER 23 ■ PROSTATITIS, ORCHITIS,
AND EPIDIDYMITIS
J. CURTIS NICKEL AND DARREN T. BEIKO

PROSTATITIS

Prostatitis is an important male medical condition that may
clinically afflict as many men as the other two important
prostate diseases—benign prostatic hyperplasia (BPH) and
prostate cancer. Approximately 8% (1) of visits to U.S. urol-
ogists are reported to be for inflammatory diseases of the
prostate gland. It is even more prevalent in urological practice
in other countries (2). It is the most common urologic diagno-
sis in men under 50 years of age and the third most common
urologic diagnosis in men over 50 years of age (1). It is esti-
mated that 4% to 5% of young men (age less than 50 years)
have a history of prostatitis (3,4). In older men, the overall
prevalence of a prostatitis diagnosis is 11% to 16% (5, 2). An
international study determined that 35% of men had at least
one symptom of prostatitis over the previous year and for 8%
of men, this represented at least a minor problem (6). A North
American population-based study (7) employing a validated
prostatitis symptom index (8) determined that 9.7% of male
respondents, aged 20 to 74 years, reported pain/discomfort in
the perineum and/or with ejaculation. They reported a total
pain score of greater than or equal to 4 (based on a possible
range of 0 to 21). The location and severity of pain would
be sufficient to lead most physicians to make a diagnosis of
chronic prostatitis. Similar symptoms with a score of greater
than or equal to 8 were reported by 6.6% of the men in this
group. This score would place them in the moderate or severe
category. While it has traditionally been reported that prostati-
tis is a disease of young men, epidemiologic studies (5,7,9)
show that there is not an age-specific prevalence of either a
physician-assigned diagnosis of prostatitis or the prevalence of
prostatitis-like symptoms.

Classification

The traditional classification system (10) was based on a di-
agnostic plan described by Meares and Stamey in 1968 (11).
The classification system was based on chronicity of symptoms,
white (“pus”) blood cells, and the presence of “uropathogenic”
bacteria in prostate-specific specimens. These specimens in-
cluded expressed prostatic secretion (EPS) obtained during pro-
static massage and/or a voided bladder 3 specimen (VB3 or
postprostatic massage initial stream urine specimen). These
specimens were to be quantitatively cultured and the speci-
men examined microscopically for the presence of inflamma-
tory cells and the results subsequently compared to an initial
specimen or voided bladder 1 specimen (VB1) and a midstream
or voided bladder 2 specimen (VB2). Purulent, prostate-specific
specimens combined with positive cultures for uropathogenic
bacteria in a patient, who is acutely and systemically ill defined
a patient with acute bacterial prostatitis. Chronic bacterial pro-
statitis occurred in a patient who was less ill, characteristically
with documented recurrent urinary tract infections (UTIs) who

also had purulent and culture-positive prostate-specific speci-
mens. Nonbacterial prostatitis included symptomatic patients
with significant numbers of leukocytes in prostate-specific spec-
imens, but no significant number of uropathogenic bacteria.
Prostatodynia patients had symptoms similar to those with
nonbacterial prostatitis, but the prostate-specific specimens did
not show either leukocytosis or uropathogenic bacteria.

The National Institutes of Health (NIH) consensus meet-
ing on prostatitis (Bethesda, Maryland, December 1995) led
to the development of a specific NIH classification system for
research purposes (12). Categories I and II are similar to the tra-
ditional categorization system for acute and chronic bacterial
prostatitis. It was recognized that the primary diagnostic cri-
terion for chronic nonbacterial prostatitis and prostatodynia
was genitourinary pain. It was also accepted that leukocyto-
sis (either the degree of leukocytosis or the absence of white
blood cells) and the presence of presumed “nonpathogenic”
microorganisms in prostate-specific specimens has never been
adequately validated as a reliable method to differentiate pa-
tients with genitourinary pain. These conclusions formed the
background for the development of the new NIH definition
of Category III chronic pelvic pain syndrome (CPPS), which
is defined as “the presence of genitourinary pain in the ab-
sence of uropathogenic bacteria detected by standard microbi-
ological methodology.” This syndrome is further categorized
as Category IIIA or inflammatory CPPS and Category IIIB or
noninflammatory CPPS, based on the presence or absence of
excessive leukocytes in prostate-specific specimens, including
semen.

Patients with infertility, BPH, and prostate cancer, as well
as asymptomatic men in autopsy series, have prostatic inflam-
mation noted on histologic examination or prostate-specific
specimens (including semen). The traditional classification sys-
tem omitted this potentially very important group of patients
with prostatic inflammation. This problem is addressed in the
new NIH classification system as Category IV or asymptomatic
inflammatory prostatitis (AIP).

The traditional and NIH classification systems are described
in Table 23-1. In 1998, the NIH International Prostatitis Col-
laborative Network confirmed the value of this classification
system, not only in clinic research studies, but also in clinical
practice (13).

Etiology

Pathologically, prostatitis is defined as the presence of inflam-
matory infiltrates, usually glandular, periglandular, or stromal
(Fig. 23-1) within the prostate gland. Clinically, prostatitis
is defined by an acute or chronic bacterial infection of the
prostate gland, a nonspecific inflammation of the prostate, or
by symptoms, usually pain, localized to the prostate, perineum,
or pelvis. Except for acute bacterial prostatitis and recurrent
urinary tract infection in males, the significance of bacteria,
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TA B L E 2 3 - 1

CLASSIFICATION SYSTEMS FOR THE PROSTATITIS
SYNDROMES

Traditional classification National Institutes of health
system classification system

Acute bacterial
prostatitis

Category I

Chronic bacterial
prostatitis

Category II

Category III, chronic pelvic
pain syndrome (CPPS)

Nonbacterial prostatitis Category IIIA,
inflammatory CPPS

Prostatodynia Category IIIB,
noninflammatory CPPS

N/A Category IV, asymptomatic
inflammatory prostatitis
(AIP)

white blood cells, or even histologic documentation of inflam-
mation within the prostate gland remains essentially unknown.
However, these factors do appear to be interrelated in some
pathogenic way in the development of not only bacterial infec-
tion of the lower urinary tract, but also in the development of
the symptom complex defined by CPPS (chronic nonbacterial
prostatitis and/or prostatodynia).

An Infectious Etiology?

Acute bacterial prostatitis and chronic bacterial prostatitis are
associated with Gram-negative uropathogenic bacteria (origi-
nally residing in the gastrointestinal tract). Enterobacteriaceae,
such as Escherichia coli, are cultured in 65% to 80% of cases
(14,15); Pseudomonas aeruginosa, Serratia sp., Klebsiella sp.,
and Enterobacter sp. are cultured in an additional 10% to 15%
of cases (15,16). Enterococcus sp. may account for as many
as 5% to 10% of culture-proven prostate infections (16–18).
In acute bacterial prostatitis, the bacteria cause a generalized
infection of the entire prostate gland and there is usually an
associated lower urinary tract infection (i.e., cystitis) that is of-
ten accompanied by generalized sepsis (bacteremia). Chronic
bacterial prostatitis is associated with focal, localized micro-
colonies of bacteria deep within the prostate gland, which act
as a nidus for recurrent lower urinary tract infections. Between
episodes of cystitis, standard midstream urine cultures are usu-
ally sterile.

Other Gram-positive bacteria such as Staphylococcus
saprophyticus and hemolytic Streptococcus sp. can be localized
to prostate-specific specimens (17–24). However, the signifi-
cance of these organisms in regard to both prostatic inflamma-
tion and the resulting symptom complex is really unknown
(25). In other words, these organisms may be simply colo-
nizing the prostate rather than causing an actual infection.
Anaerobic bacteria can be localized to prostate-specific spec-
imens (26–31), but the significance of this localization in re-
gard to symptoms is unknown. Corynebacterium sp., which
has usually been acknowledged as prostate nonpathogens, have
also been suggested as potential etiologic agents in this disease
(29,30). Tanner and colleagues (31), using polymerase chain
reaction (PCR) techniques, were able to identify a bacterial
signal in 65% of 17 patients with chronic prostatitis—most

FIGURE 23-1. Prostatitis, by definition, is inflammation of the prostate gland. This histopathologic micro-
graph demonstrates the glandular, periglandular, and stromal inflammation seen in patients with chronic
inflammatory conditions of the prostate. Magnification ×400. (Photo courtesy of Dr. Alexander Boag.)
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appeared to be Gram-positive organisms with a predomi-
nance of Corynebacterium sp. Chlamydia trachomatis and
Ureaplasma urealyticum, which are etiologic agents for non-
specific urethritis, have also been proposed as agents for the
development of chronic prostatitis. The vast and conflicting lit-
erature on the potential role of C. trachomatis (32–48) presents
a confusing picture of the importance of this organism in the
prostate gland. Similarly, U. urealyticum, which can be com-
monly isolated from the urethra of men without a history of
nonspecific urethritis, can also be found in prostate-specific
specimens (27,49–52). A critical review of all these studies,
however, does not lead to a definite conclusion that U. ure-
alyticum is implicated in prostatic inflammation and/or symp-
toms associated with chronic prostatitis. The problems encoun-
tered in studies with Chlamydia and Ureaplasma include the
absence of controls and the fact that it is very difficult to ac-
count for possible urethral contamination in collecting specific
prostate specimens.

Candida (53,54), viruses (55,56), and Trichomonas (57–
60) have also been implicated in prostatic inflammation, but,
in most cases, it is usually an isolated finding, many times in
immunosuppressed patients.

Studies employing specialized culture techniques (30,61,
62), cultures of percutaneous prostate biopsies (63,64), and
molecular biologic techniques, such as PCR (31,47,65) have
provided evidence that fastidious or nonculturable microor-
ganisms might be present in the prostate gland, and that such
organisms may be involved in the inflammatory process and
subsequent development of symptoms.

To further complicate the controversy, an analysis of a large
cohort studied by the NIH–Chronic Prostatitis Collaborative
Research Network (CPCRN) did not show an association be-
tween bacterial cultures, inflammation, and symptoms (66).
A further case-control study published by the NIH–CPCRN
observed similar positive bacterial culture localization of both
uropathogens and traditional nonpathogens in both prostatitis
cases and age-matched asymptomatic control men (25).

A critical review (67) of the evidence for and against the role
of microorganisms—culturable, fastidious, or nonculturable—
is available if the reader would like to examine the role of
microorganisms in the etiology of chronic prostatitis in more
depth.

A Noninfectious Etiology?

A very popular hypothesis for the development of symptoms
(whether inflammatory or not) is that anatomic or neurophysi-
ologic obstruction results in high-pressure dysfunctional void-
ing (68–73). This dysfunctional or dyssynergic voiding flow
pattern may lead to autonomic overstimulation of the local
neural system with subsequent development of a chronic neu-
ropathic state (74). Reflux of urine (and possibly bacteria) in
the prostatic ducts has also been postulated as one of the most
important etiologic mechanisms involved in the pathogenesis
of both chronic bacterial and nonbacterial prostatic inflam-
mation. High-pressure, dysfunctional voiding combined with
intraprostatic ductal reflux may occur in susceptible individu-
als (68,70,75,76). It has been demonstrated (76) that urine and
its metabolites (i.e., urate) are present in prostatic secretion in
patients with chronic prostatitis. It has been hypothesized that
the prostatic inflammation may simply be because of a chem-
ically induced inflammation secondary to noxious substances
in the urine that have refluxed into the prostatic duct.

Bacterial-specific immunologic alterations of the local pro-
static immune system are observable in acute and chronic bacte-
rial prostatitis. In acute bacterial prostatitis, bacterial- specific
immunoglobulin G (IgG) and immunoglobulin A (IgA) can be
detected immediately after onset of infection in both serum and
prostatic fluid; these decline over the next 6 to 12 months fol-

lowing successful antibiotic therapy (77–80). Prostate-specific
antigen (PSA) can also be markedly elevated during an acute
episode of bacterial prostatitis (81,82) that slowly resolves to
normal over the course of about 6 weeks, provided there is no
recurrence of infection. In chronic bacterial prostatitis (Cate-
gory II), the prostatic fluid IgA and IgG are both increased,
but no serum immunoglobulin elevation is detected (44,80). It
takes several months for IgG levels to return to normal, but
IgA (particularly secretory IgA) can remain elevated for up to
2 years (44,47). Specific antibody-coated bacteria can be de-
tected in urine, EPS, and semen in patients with chronic bacte-
rial prostatitis (83,84). In CPPS (Category III), nonspecific IgA
and IgM antibody elevation is detected (33,47,87) and similar
antibodies, as well as fibrinogen and complement C3 (86,87),
have been identified in prostatic biopsies. It has been suggested
that this nonspecific inflammation may be because of an au-
toimmune process (88,89), with cytokine production playing a
subsequent role in the process of inflammation (90–92). In all
cases of prostatic inflammation (bacterial or nonspecific), the
immunologic cascade does appear to play an important role in
the development of prostatic inflammation (92–94).

Other investigators have proposed that sensory and/or mo-
tor disturbances consistent with neural dysregulation of the
lower urinary tract may be a consequence of acquired abnor-
malities of the central nervous system (CNS) (95,96). Alterna-
tively, the source of pain may be due to specific problems of
the pelvic musculature attachment area at the sacrum, coccyx,
ischial tuberosity, pubic rami, and endopelvic fascia (97).

The close association between interstitial cystitis, an ill-
defined condition marked by a nonspecific inflammation of the
bladder that occurs primarily in women, and the signs and
symptoms of chronic prostatitis that occur in men have led a
number of investigators to hypothesize that these two lower
urinary tract inflammatory syndromes have a similar etiology
(98,99). The pain and voiding symptoms of interstitial cysti-
tis and chronic prostatitis are similar (99–101), and men di-
agnosed with chronic prostatitis have cystoscopic (102) and
urodynamic findings (103) very similar to patients with inter-
stitial cystitis. The problem, however, is that the etiology of
interstitial cystitis is as obscure as that for chronic prostatic
inflammation.

It is becoming clear to many investigators that chronic pro-
statitis/CPPS may represent a spectrum of interrelated lower
urinary tract abnormalities. Alternatively, the syndrome may
result from a progression of related immunologic and/or neu-
rogenic mechanisms that occur after some initiating event (i.e.,
infections, dysfunctional voiding, and intraprostatic ductal re-
flux). The end result is pain and voiding symptoms with or
without demonstrable prostatic inflammation.

Diagnosis

History and Physical Examination

The presentation and diagnostic workup of Category I, acute
bacterial prostatitis, is very different from that of chronic pro-
statitis/CPPS (categories II and III). These patients present with
an acute, usually febrile, illness with severe obstructive and
irritative voiding symptoms. Patients complain of urinary fre-
quency, urgency, dysuria, hesitancy, poor interrupted stream,
and stranguria, as well as quite severe discomfort and/or pain
localized to the perineum, suprapubic area, or external geni-
talia. Physical examination may reveal a febrile, nauseated pa-
tient who might be tachycardic and/or hypotensive. Suprapubic
palpation and/or percussion may disclose a distended painful
bladder. Digital rectal examination will detect anal sphincter
spasm and a swollen, soft, and inflamed prostate gland. A pro-
static massage to collect prostatic fluid is not required (and
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may even be dangerous), but urine and blood cultures should
be obtained before initiating therapy.

The prevalence of bacterial prostatitis ranges from 5% to
15% (15,104,105) of all chronic cases of prostatitis (chronic
prostatitis/CPPS), but, in most large, carefully evaluated series,
the incidence of bacteria localization to prostate-specific spec-
imens is less than 5% of patients with symptoms of chronic
prostatitis (106). Patients with Category II chronic bacte-
rial prostatitis may present with episodes of recurrent cysti-
tis (106,107) and may be asymptomatic between these acute
episodes. However, in many cases, presentation of patients
with chronic bacterial prostatitis (Category II) and those with
CPPS (Category III) is indistinguishable. It is also impossible
on clinical grounds to differentiate patients with inflammatory
CPPS (Category IIIA) from patients with noninflammatory
CPPS (Category IIIB). The predominant symptom in patients
with chronic prostatitis/CPPS is pain, which is most commonly
localized to the perineum, suprapubic area, and penis, but can
also occur in the testes, groin, or lower back (108–112). Pain
during or after ejaculation is another prominent feature in
many patients. Irritative and obstructive voiding symptoms,
including urgency, frequency, hesitancy, and poor, interrupted
flow are also common. Erectile dysfunction is reported in pa-
tients with CPPS, but is not pathognomonic of this syndrome.
By definition, the syndrome becomes chronic after 3 months
duration. While the symptoms wax and wane over time, the
natural history of CPPS over the years is unknown. However,
the impact of this condition on quality of life is known and is
significant. The quality of life of many patients diagnosed with
chronic prostatitis/CPPS is dismal and generic health status
measures show that men with chronic prostatitis have scores
similar to those for patients with a history of myocardial in-
farction, angina, or Crohn’s disease (113–115).

Category IV asymptomatic inflammatory prostatitis, by def-
inition, does not include symptoms as a diagnostic criterion.
These patients are characteristically diagnosed by observing
leukospermia in infertile patients, by identifying inflammatory
infiltrates in patients who have been surgically treated for be-
nign and malignant prostate diseases (benign prostatic hyper-
plasia or prostate cancer), or in biopsies in patients being in-
vestigated for elevated PSA.

The evaluation of a man presenting with a chronic prostati-
tis syndrome has been the subject of a number of international
consensus conferences in North America (116) and internation-
ally (117,118). The North American recommendations for the
evaluation of a chronic prostatitis patient are presented in Table
23-2. A number of attempts have been made to define the symp-
tom complex associated with chronic prostatitis/CPPS into a
formal standardized symptom index. It has been acknowledged
by most researchers in the field that in a syndrome character-
ized and defined by a constellation of symptoms, a system to
formally assess symptoms would be useful for baseline evalua-
tion and follow-up of patients, both in research studies and in
clinical practice. A number of such symptom indices have been
proposed (109–112,119) and, while none of these symptom
indices were properly validated according to the rigorous stan-
dards that now must be met for an accepted disease-specific
index (120), they provided the basis for the recently validated
and published National Institutes of Health Chronic Prostatitis
Symptom Index (NIH/CPSI) (8). The NIH/CPSI consists of nine
questions that address the three most important domains of the
chronic prostatitis experience: pain was captured in four ques-
tions that focused on location, severity, and frequency; urinary
function was captured in two questions focusing on irritative
and obstructive symptoms; and quality-of-life impact was cap-
tured in three questions that explored the effect of symptoms
on daily activities. The NIH/CPSI (Fig. 23-2) has now been ap-
proved by the International Prostatitis Research Community
as an accepted outcome measure (13) and has proved useful in

TA B L E 2 3 - 2

RECOMMENDED EVALUATION FOR A MAN
PRESENTING WITH CHRONIC PROSTATITIS-LIKE
SYMPTOMS

Mandatory
History
Physical examination, including DRE
Urinalysis and urine culture

Recommended
Lower urinary tract localization test
Symptom inventory or index (NIH–CPSI)
Flow rate
Residual urine determination
Urine cytology

Optional
Semen analysis and culture
Urethral swab for culture
Pressure flow studies
Videourodynamics (including flow-EMG)
Cystoscopy
Transrectal ultrasound (TRUS)
Pelvic imaging (ultrasound, CT scan, MRI)
Prostate-specific antigen (PSA)

(From: Nickel JC. Clinical evaluation of the man with chronic
prostatitis/chronic pelvic pain syndrome. Urology 2003;60[Suppl
6A]:20.)

evaluation and follow-up of patients in general clinical practice
(121).

Physical examination of patients with Category II/III
chronic prostatitis/CPPS is usually unremarkable, but careful
examination and palpation of the external genitalia, groin, per-
ineum, coccyx, external anal sphincter, and internal pelvic side
walls may pinpoint prominent areas of spasm/pain/discomfort.
The digital rectal examination must be performed after ini-
tial urine specimens (discussed later in this chapter) are pro-
duced. The prostate gland in the chronic prostatitis syndromes
has been described as “boggy and tender,” but, in reality, the
prostate may be normal, firm, soft, and may not be tender at all
until prostatic massage is employed to obtain prostate-specific
specimens.

Lower Urinary Tract Evaluation

The “gold standard” Meares-Stamey four-glass test, first for-
mally described over three decades ago (11), outlines a rig-
orous method to localize bacteria and inflammation to a ure-
thral, bladder, and/or prostate site. The first 10 ml of initial
voided urine (VB1) represents the urethral specimen; a mid-
stream urine specimen (VB2) represents the bladder specimen.
During and/or following a vigorous prostatic massage, a drop
or two of EPS represents the optimal prostatic specimen while
a postprostatic massage (initial 10 mL) urine specimen (VB3)
represents an alternative prostate-specific specimen. All speci-
mens are sent for quantitative culture, while a wet-mount spec-
imen of EPS and a sediment specimen of the urine samples
are examined microscopically for the presence of leukocytes.
Category II, chronic bacterial prostatitis, is defined by signif-
icantly more uropathogenic bacteria detected in the prostate-
specific specimens compared to the urine specimens before pro-
static massage. Category III, CPPS, is defined by the absence
of uropathogenic bacteria in the prostate-specific specimens.
Category IIIA (inflammatory CPPS) is defined by significant
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FIGURE 23-2. The National Institutes of Health Chronic Prostatitis Symptom Index (NIH–CPSI) has
been validated for use in determining the severity and following the symptom complex of patients with
chronic prostatitis/chronic pelvic pain syndrome in clinical trials and scientific studies. This simple-to-
administer questionnaire which explores the important domains of pain, voiding disturbances, and quality
of life/impact has proved useful in clinical practice to follow patients diagnosed with chronic prostatitis.
(From: Litwin MS, McNaughton-Collins M, Fowler FJJ, et al. The National Institutes of Health Chronic
Prostatitis Symptom Index: development and validation of a new outcome measure. J Urol 1999;162:369.)

leukocytosis in the prostate-specific specimens, while Category
IIIB (noninflammatory CPPS) is defined by an absence of sig-
nificant leukocytosis in these particular specimens. The critical
value of leukocytes has never been validated, but suggestions
of significant leukocytosis range from 2 to 20 WBC/hpf.

The Meares-Stamey four-glass test is rarely performed by
urologists and almost never by primary care physicians (122–
125). Physicians, including urologists, found the procedure
time consuming, cumbersome, expensive, and rarely leading to
a significant change in management, since the bacterial forms
of prostatitis are extremely rare and acute bacterial prostati-
tis is very easily diagnosed on clinical grounds. The pre- and
postmassage (two-glass) test, originally suggested by Weid-
ner and Ebner (126) and subsequently popularized by Nickel
(127,128), is a simple, cost-effective screen for patients present-
ing with chronic prostatitis syndrome. It is easily accomplished

by physicians who do not have access to their own laboratory
facilities and its interpretation is almost as accurate as the more
cumbersome four-glass test (128,129). Examination and cul-
ture of EPS, however, remains the optimal test to differentiate
chronic prostatitis patients.

The four- and two-glass tests are shown in Figure 23-3. The
presentation and interpretation of lower urinary tract evalua-
tion in patients presenting with symptoms of chronic prostatitis
is described in Table 23-3.

Other Tests

Cystoscopy is indicated in patients whose history (i.e., hema-
turia, lower urinary tract trauma), lower urinary tract evalua-
tion (i.e., VB1 urinalysis), or ancillary studies (i.e., urodynam-
ics) indicate the possibility of a diagnosis other than chronic
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FIGURE 23-3. The lower urinary tract should be evaluated in chronic
prostatitis syndrome with examination for white blood cells and micro-
biologic culture of prostate-specific specimens. While the “gold stan-
dard” method compares the examination and culture of the expressed
prostatic fluid and voided bladder 3 to the urethral (voided bladder
1) and bladder urine (voided bladder 2) employing the Meares-Stamey
four-glass test, the simpler two-glass method of evaluating the pre- and
postprostatic massage urine (the pre- and postmassage tests) provides
for a clinically adequate screening. See text for interpretation of the
results of this testing.

prostatitis/CPPS. Occasionally, lower urinary tract stones or
malignancies, urethral strictures, bladder neck problems, and
so forth are discovered that can be surgically corrected. Uro-
dynamics has been suggested by a number of investigators in
patients with chronic prostatitis (103,130–133). It appears par-
ticularly useful in patients who present with lower urinary tract
voiding symptoms as their primary complaint. In these patients,
many conditions have been found, including detrusor–vesical
neck or external sphincter dyssynergia, proximal or distal ure-

thral obstruction, fibrosis or hypertrophy of the vesical neck,
bladder areflexia with nonrelaxing perineal floor, and bladder
hyperreflexia (68–73,103,130,134–137). A urinary flow rate
study, combined with a bladder ultrasound, can be employed to
screen patients for obstructive voiding patterns and/or poorly
emptying bladders who would be candidates for further, more
sophisticated, urodynamic evaluation.

While transrectal ultrasound has become the best radiologic
method to evaluate prostate disease (especially to determine
prostate volume and assist guidance of biopsy needles), the
diagnostic value of ultrasound in prostate disease remains con-
troversial. While a number of investigators (138–144) describe
possible ultrasound characteristics of chronic prostatic inflam-
mations, the results are not conclusive enough to indicate that
this is a clinically useful tool. However, transrectal ultrasonog-
raphy can be valuable in diagnosing prostatic cysts (145), di-
agnosing and draining prostatic abscesses (146), or diagnosing
and draining obstructed seminal vesicles (147).

Research studies have employed transperineal biopsies to
localize bacteria and other histologic abnormalities within the
prostate gland (46,47,63,64,87). At this time, however, histo-
logic, culture, and molecular biologic evaluation of prostate
biopsies in patients with chronic prostatitis/CPPS remains
a research tool only. A number of investigators (33,44,85,
148,149) differentiate patients by determining whether or not
their prostate-specific specimens contain specific antibodies to
uropathogens. While very interesting, this has not proved to be
a useful clinical tool. Other investigators (90,91,150,151) sug-
gest that various proinflammatory cytokines (interleukin-1β
[IL-1β], tumor necrosis factor-α [TNF-α], and interferon 6 and
8 [IL-6 and IL-8]) in EPS or semen in men with chronic pro-
statitis may provide an objective measure of disease. This is a
very exciting avenue of research, but, at this time, the sensitivity
or specificity of these immunologic tests and their prognostic
value are really unknown and are not yet indicated in clinical
practice.

Screening for prostate cancer by determining serum PSA lev-
els should be considered in patients in whom a physician would

TA B L E 2 3 - 3

DESCRIPTION AND PRESENTATION OF THE PROSTATITIS SYNDROMES

Classification Description Presentation

Category I Acute infection of the prostate gland Acute febrile illness associated with perineal and
suprapubic pain, dysuria, and obstructive voiding
symptoms

Category II Chronic infection of the prostate gland Recurrent urinary tract infections with variable pain
and voiding disturbances

Category III Chronic genitourinary pain in the absence of
uropathogenic bacteria localized to the prostate
gland employing standard methodology

Chronic perineal, suprapubic, groin, testicular,
penile, and ejaculatory pain associated with of
uropathogenic bacteria localized voiding
symptoms variable dysuria and obstructive and
irritative to the prostate gland employing standard

Category IIIA Significant number of white blood cells in expressed
prostatic secretions, postprostatic massage urine
sediment (VB3), or semen

See above (Category III)

Category IIIB Insignificant number of white blood cells in
expressed prostatic secretions, postprostatic
massage urine sediment (VB3), or semen

See above (Category III)

Category IV White blood cells (and /or bacteria) in expressed
prostatic secretions, postprostatic massage urine
sediment (VB3), semen, or histologic specimens
of prostate gland

Asymptomatic
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normally screen in his/her routine practice (except for bacterial
prostatitis [Categories I and II], until the infection is cleared)
(152). PSA is not helpful in the diagnosis of prostatitis.

Treatment

Category I: Acute Bacterial Prostatitis

Antibiotic therapy should be initiated in patients presenting
with acute bacterial prostatitis as soon as the physical exam-
ination and necessary cultures have been obtained. These pa-
tients are usually very ill and may need ancillary support, such
as intravenous fluids, antipyretics, and antiemetics. If the pa-
tient has severe voiding symptoms and feels he is not empty-
ing his bladder or if physical examination reveals a distended
bladder, bladder drainage is required. Although most experts
have advocated suprapubic cystotomy, most practicing urolo-
gists in standard clinical practice actually insert a small-bore
urethral Foley catheter. If this is too painful to insert or very
uncomfortable once it is in, a suprapubic tube then can be
inserted. In patients who are ill, the parenteral route of an-
tibiotic administration is initially indicated (even if only a sin-
gle dose is given) and wide-spectrum coverage should be em-
ployed to cover the potential Gram-negative and Gram-positive
pathogens. A combination of aminoglycoside and ampicillin
(and/or cephalosporin) provides adequate wide-spectrum cov-
erage against most Gram-negative uropathogens, as well as En-
terococcus faecalis. Second- or third-generation cephalosporins
or one of the intravenous fluoroquinolones (ciprofloxacin or
levofloxacin) are also optimal agents to consider. Once the
acute symptoms have abated, therapy should be continued
with one of the oral antibiotics appropriate for the treatment
of chronic bacterial prostatitis (i.e., trimethoprim or fluoro-
quinolones). Although the duration of optimal therapy is un-
known, 2 to 4 weeks have been suggested (121). If patients
do not respond to appropriate antibiotic therapy within 36 to
48 hours, the possibility of a prostatic abscess needs to be clini-
cally explored. Transrectal ultrasound, computed tomography
(CT) scan, and magnetic resonance imaging (MRI) are useful in
detecting such an abscess. Most abscesses are best drained by
a transurethral surgical route, but transperineal and/or tran-
srectal drainage may also be appropriate in special circum-
stances.

Category II: Chronic Bacterial Prostatitis

Antibiotics do not concentrate well within the prostate, par-
ticularly within the prostatic ducts. There is a huge body of
pharmacokinetic data available, particularly in animal models
(14,153–158), and these studies explain the poor antibiotic
penetration by the presence of a pH gradient across the pro-
static epithelium. Drug penetration was felt to be a passive
transport mechanism, based on diffusion and concentration,
which made drug penetration dependent on lipid solubility,
degree of ionization and protein binding, size and shape of
the antimicrobial molecule, pKa of the antibiotic, and the pH
of the plasma and ductal fluids. From these models, it was
anticipated that trimethoprim and, subsequently, the fluoro-
quinolones (which are neither pure acids nor bases but have
characteristics of both; known as zwitterion drugs) should re-
sult in higher drug concentrations within the prostatic ducts
and acini. However, it is difficult to extrapolate from the animal
model for pharmacokinetic studies to those of humans (159),
and it has been subsequently confirmed that the pH of prostatic
secretion in men with prostatic infection was markedly differ-
ent from that of dogs and other animal models (160–163). A
review of human pharmacokinetic studies (164) suggested that

fluoroquinolones resulted in the best concentrations of drug in
prostatic secretions compared to plasma.

Surveys have confirmed that trimethoprim/sulfametho-
xazole (or, to a lesser extent, trimethoprim alone) has been,
historically, the most commonly used antimicrobial agent in
chronic prostatitis (122,123). However, most clinical studies
demonstrated poor results. Eradication of pathogens in pa-
tients with chronic bacterial prostatitis with trimethoprim/
sulfamethoxazole or trimethoprim alone ranged from a low
of 0% (165) to a high of 67% (166), with most studies demon-
strating an efficacy rate between 30% to 50% (167–171). It
appears that for trimethoprim/sulfamethoxazole, therapy du-
ration of 90 days provides the best clinical results. Most other
antibiotics (except for the fluoroquinolones), including
minocycline, cephalexin, and carbenicillin, do not demonstrate
significant clinical efficacy in clinical studies in which patients
were followed for sufficient time (166,172,173), except for one
notable exception evaluating a combination of erythromycin
and sodium bicarbonate (174). The fluoroquinolones provide
the best eradication rate and improved therapeutic results com-
pared to other antibiotic therapeutic regimens. Eight compara-
ble studies evaluating fluoroquinolones and chronic bacterial
prostatitis in which the diagnosis was obtained by localiza-
tion studies and the patients were followed for sufficient time
after completion of therapy (for at least 6 months) are avail-
able (175–182). These studies, which have been reviewed by
Nabor (183), evaluated norfloxacin, ciprofloxacin, ofloxacin,
and lomefloxacin and demonstrated a bacterial eradication rate
between 57% to 86% (averaging about a 65% bacteriologic
cure rate). The treatment duration of 1 month for the fluo-
roquinolones (for chronic prostatitis caused by E. coli) seems
to be superior to the usual 3-month treatment with trimetho-
prim/sulfamethoxazole. A recently published trial (184) com-
paring four weeks of ciprofloxacin 500 mg BID with 4 weeks
of levofloxacin 500 mg OD in men with chronic bacterial pro-
statitis showed an equivalent bacterial eradication rate (76.8%
versus 75%, respectively) and clinical success rate (includes
cured and improved) (72.8% versus 75%, respectively).

A direct injection of antibiotics into the prostate gland has
been advocated by a number of investigators (185–187), but
this method has never been rigorously evaluated or become
standard practice among urologists. In a patient in whom the
symptoms and offending bacteria are refractory to antibiotic
therapy, some have advocated a program of repetitive prostatic
massage combined with antibiotics (188–190), and some pa-
tients do appear to have significant clinical benefit. This finding
has yet to be substantiated in clinical trials (191).

As a last resort, radical transurethral resection of the
prostate (192) and open radical prostatectomy (194,195) has
been advocated for patients with refractory chronic bacterial
prostatitis. No prospective clinical series or long-term follow-
up has ever been presented for this type of surgical therapy and
it should not be encouraged or recommended at this time.

Category III: Chronic Pelvic Pain Syndrome (Chronic
Nonbacterial Prostatitis and Prostatodynia)

A differential treatment algorithm has been recommended
(121,196) based on the NIH categorization of inflammatory
(Category IIIA) and noninflammatory (Category IIIB) CPPS.
Although theoretically attractive and clinically helpful, such an
approach has never been vigorously evaluated in prospective
clinical trials. Until recently, there were few well-designed, ran-
domized, placebo-controlled clinical trials evaluating various
treatment options in CPPS. Those that did exist were small, had
variable inclusion and exclusion criteria, undefined outcome
parameters, and, for the most part, very short follow-up. How-
ever, since 2000, a number of randomized placebo controlled
trials, based on the NIH definition for CPPS (12), standardized
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inclusion and exclusion criteria (118,197), and validated out-
come index, the NIH–CPSI (8) have changed treatment algo-
rithms from traditional and empirical to evidence-based.

It appears that most patients with chronic prostatitis, irre-
spective of culture results, are treated with antimicrobial ther-
apy (2,122,123,125). Studies have generally indicated that ap-
proximately 40% of patients with chronic prostatitis (or CPPS)
have some symptomatic improvement with antimicrobial ther-
apy (18,31,45,106,121,149,198–200). This perceived benefi-
cial antibiotic effect in CPPS may be secondary to a very strong
placebo effect, eradication or suppression of nonculturable mi-
croorganisms (67), or related to the recently discovered inde-
pendent antiinflammatory effect of some antibiotics (201,202).
A European consensus group, evaluating the role of antibiotics
in the treatment of chronic prostatitis (200), suggests that an-
tibiotics should be considered as empirical treatment for Cat-
egory IIIA CPPS, but the benefit should be appraised after a
minimum of 2 to 4 weeks of therapy. However, two re-
cently published studies evaluating levofloxacin (203) and
ciprofloxacin (204) have clearly shown that in chronic heavily
pretreated (including previous antibiotic therapy), antibiotics
produce no better results in amelioration of symptoms than
placebo. Perhaps a trial of antibiotics is indicated (especially
in Category IIIA) in recently diagnosed, antibiotic-naı̈ve CPPS
patients, but if they do not respond within 4 weeks, no further
antibiotics are indicated.

The bladder neck and prostate are rich in α-receptors and
lower urinary tract symptomatology associated with CPPS
may be related to poor relaxation of the bladder neck during
voiding (71,73,133,136). Nonspecific α-blockers (diphenoxy-
benzamine and phenoxybenzamine) demonstrated significant
symptomatic improvement compared to placebo in two studies
(205,206); however, there was an unacceptable high rate of ad-
verse effects. More selective α1-blockers (alfuzosin, terazosin,
and doxazosin) have demonstrated a reduction in symptoms in
a number of trials (109,207,208). Only one of these early stud-
ies (207) compared one of these more selective α-blockers to
placebo, and the improvement in symptom scores in the treat-
ment arm compared to placebo was not startling. In the last sev-
eral years, four well-designed randomized placebo controlled
trials (204, 209–211) employing standardized patients and out-
comes have been reported for terazosin, alfuzosin, and tamsu-
losin. These trials have taught us that α-blockers are modestly
effective in more recently diagnosed, α-blocker naı̈ve patients
when given for over 6 weeks and that symptoms can return
if the medication is discontinued, even after 6 months (212).
α-Blockers do not appear to be superior to placebo in very
chronic, intensely treated (including previous treatment with
α-blockers) CPPS (204).

Prostatic inflammation is associated with Category IIIA
CPPS and elevated cytokine levels are noted in the semen
(90,150) and EPS (91,151) (semen and EPS). Antiinflammatory
drugs should theoretically improve the inflammatory parame-
ters within the prostate and possibly result in the reduction
of symptoms. A nonsteroidal antiinflammatory agent, nime-
sulide, did reduce inflammatory type symptoms, such as dy-
suria, stranguria, and painful ejaculation (213,214) and the
results of a North American randomized trial (215) compar-
ing the cyclooxygenase-2 inhibitor, rofecoxib (now off the mar-
ket), showed very modest amelioration of symptoms compared
to placebo at 6 weeks, but only at higher doses (50 mg/day).
The efficacy of pentosan polysulfate, an antiinflammatory gly-
cosaminoglycan that has been used for the treatment of intersti-
tial cystitis, was compared to placebo in patients with chronic
prostatitis (216). In this small study, the treated group had
a statistically significant improvement in symptoms, but the
major improvement was in nonspecific myalgia and arthral-
gia. A recent study (217) evaluated oral pentosan polysulfate
and demonstrated symptom and quality-of-life improvement in

40% of patients after 6 months. A larger multicenter random-
ized trial (218) reported statistically significant and marginal
clinically significant improvement after 16 weeks of therapy
compared to placebo.

Many patients with CPPS, particularly Category IIIB, ap-
pear to have some form of neuromuscular dysregulatory phe-
nomena of the perineum/pelvic floor musculature. Skeletal
muscle relaxants combined with adjuvant medical and phys-
ical therapies have been advocated and promoted (96,97) and,
in one small study (206), baclofen (a striated muscle relaxant)
showed significant improvement compared to placebo in pa-
tients with prostatodynia (Category IIIB). Another small study
comparing diazepam to an antibiotic found no difference in
symptom improvement between the two groups (219).

Prostate growth and function, and perhaps inflammation,
are influenced by the local hormonal milieu, especially andro-
gens (220). Finasteride, a 5α-reductase inhibitor, that is used to
reduce prostatic size in BPH, has been compared to placebo in
men with chronic prostatitis (221,222). In both studies, finas-
teride reduced symptoms better than placebo, but the differ-
ence was disappointing. Perhaps these agents, which are used
for the treatment of BPH, will work better in older men who
are diagnosed with both BPH and prostatitis (223).

Phytotherapeutic agents have become very popular in
the treatment of other prostate diseases such as BPH and
prostate cancer. Three specific phytotherapeutic agents, Cernil-
ton (224,225), quercetin (226), and saw palmetto (227) have
been tested in clinical trials and have demonstrated favorable
improvement in pain and irritative voiding symptoms.

Allopurinol therapy has been suggested as a therapeutic
agent based on the theory that intraprostatic ductal reflux
of urine increases concentrations and metabolites contain-
ing purine and pyridinium bases in the prostatic ducts caus-
ing inflammation (76). Investigators comparing allopurinol to
placebo were able to show a small difference between the mean
patient reported discomfort score between the study and con-
trol groups at certain times in this long prospective trial (228);
however, upon closer analysis, the data are not convincing
(229).

For most of the 20th century, repetitive prostate massage
was the main therapy for the chronic prostatitis syndrome. Al-
though it fell into disfavor among urologists and physicians
in the late 1960s, it may be making a comeback (188,189).
Independent, but uncontrolled, studies (190,230) showed that
about one- to two-thirds of patients do obtain some benefit in
subjective symptoms with repetitive prostate massage for 4 to
6 weeks. However, prostatitis “experts” (191) could not come
to a consensus on the potential benefits of repetitive prostate
massage. Many physicians recommend frequent ejaculation,
and there is some evidence that it might be beneficial (231).
It has also been suggested that treatment of pelvic/perineal
myofascial trigger points with heat therapy, physiotherapeu-
tic massage, ischemic compression, stretching, anesthetic injec-
tions, and electroneural modulation may benefit some patients
(97). Biofeedback has been shown in small, controlled studies
to ameliorate some specific prostatitis-like symptoms in some
men (73,209). A recent report described quite satisfactory re-
sults in 12 men with refractory CPPS treated with acupuncture
(223), but these results should be replicated by other groups,
preferably in a sham-controlled trial.

A number of minimally invasive therapies, including bal-
loon dilation of the prostate (234), balloon dilation with pro-
static hyperthermia (235,236), transurethral needle ablation of
the prostate (119), and neodymium:yttrium–aluminum–garnet
(Nd:YAG) laser therapy (237), have all been advocated and
tested for men with chronic prostatitis/CPPS. Sham-control tri-
als will be required before any of these therapies can be recom-
mended. Heat therapy applied directly to the prostate either
transrectally or transurethrally has been shown in a number of
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TA B L E 2 3 - 4 A

MEDICAL THERAPIES ADVOCATED FOR THE PROSTATITIS SYNDROMES

Category I Category II Category IIIA Category IIIB

Antibiotics Antibiotics Trial of antibiotics α-Blockers
α-Blockers α-Blockers Antiinflammatories

Antiinflammatories Muscle relaxants
Phytotherapy Antidepressants
Finasteride
Pentosanpolysulfate

studies to provide symptomatic relief to patients with nonbac-
terial prostatitis and prostatodynia (238). Heat therapy may
accelerate the natural resolution of the inflammatory process
(accelerating fibrosis or scar formation), alter or destroy affer-
ent pain nerve fibers (239), or even kill nonculturable or cryptic
bacteria within the prostate gland (240). Three published stud-
ies have used sham controls, two with transrectal microwave
hyperthermia (241,242) and one with transurethral microwave
thermal therapy (111). These studies demonstrate improved
symptom amelioration compared to sham treatment. Larger-
scale studies need to be performed in patients with refractory
or end-stage symptoms.

Surgery does not have an important role in the treatment
of most patients with CPPS unless a specific indication is dis-
covered during evaluation of the patient. Patients with urethral
strictures or urodynamic evidence of bladder neck obstruction
may benefit from endoscopic incision (72). Open removal of
the prostate gland has been advocated (194,195) and while
the potential complications of radical prostatectomy are well
known, the long-term potential benefits have never been ade-
quately demonstrated.

Tables 23-4A and B illustrate the various potential treat-
ment modalities suggested in the literature, based on the NIH
categorization of the prostatitis syndromes.

Summary

Prostatitis is a common clinical entity that will be encountered
by all physicians dealing with the urinary tract, not only urolo-
gists, but also primary care physicians, internists, and nephrol-
ogists. An appreciation of the epidemiology of this syndrome,
an understanding of the possible etiologic mechanisms, a ratio-
nal diagnostic plan, and a working knowledge of the evidence
available for development of a sound treatment plan are re-

quired for any physician who deals with patients potentially
suffering from prostatitis.

ORCHITIS

Definitions

By definition, orchitis is inflammation of the testicle, but the
term has been used to describe testicular pain localized to the
testicle without objective evidence of inflammation. Acute or-
chitis represents sudden occurrence of pain and swelling of
the testicle associated with acute inflammation of that testicle.
Chronic orchitis involves inflammation and pain in the tes-
ticle, usually without swelling, and persisting for more than
6 weeks.

Classification

Although no formal universally accepted classification for or-
chitis exists, we use the classification presented in Table 23-5.
Bacterial orchitis is usually caused by organisms associated
with urinary tract infections (UTIs) or sexually transmitted
diseases (STDs). Nonbacterial, but infectious, orchitis can be
subdivided into viral, fungal, parasitic, and rickettsial types.
Truly noninfectious orchitis is often idiopathic or related to
trauma, although autoimmune disease has rarely been impli-
cated (243). Chronic orchitis can be attributed to any infectious
or noninfectious cause, while chronic orchalgia has no identifi-
able cause and may not even be associated with inflammation.
It may be impossible to clinically distinguish chronic orchitis
from chronic orchalgia.

TA B L E 2 3 - 4 B

PHYSICAL/SURGICAL THERAPIES ADVOCATED FOR THE PROSTATITIS SYNDROMES

Category I Category II Category IIIA Category IIIB

Catheterization—suprapubic
or urethral

Repetitive prostatic massage Repetitive prostatic massage Biofeedback therapy
Bladder neck incision Microwave thermotherapy Heat therapy
Radical TURPa Bladder neck incision Acupuncture
Radical open prostatectomy TUNAa Massage therapy

Laser therapy Bladder neck incision
Radical open prostatectomy

aTURP, transurethral resection of prostate; TUNA, transurethral needle ablation of the prostate.
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TA B L E 2 3 - 5

CLASSIFICATION OF ORCHITIS

Acute bacterial orchitis
Secondary to UTIa

Secondary to STDa

Nonbacterial infectious orchitis
Viral
Fungal
Parasitic
Rickettsial

Noninfectious orchitis
Idiopathic
Traumatic
Autoimmune

Chronic orchitis
Chronic orchalgia

aUTI, urinary tract infection; STD, sexually transmitted disease.

Pathogenesis

Isolated orchitis is a relatively rare condition and is usually viral
in origin. It spreads to the testicle by a hematogenous route.
Most cases of orchitis occur secondary to local spread of an
ipsilateral epididymitis and are termed “epididymoorchitis.”
UTIs are usually the underlying source in boys and elderly men
(244). In young sexually active men, STDs are often respon-
sible (244). The etiology of chronic orchitis/orchalgia may be
implied by history, but is sometimes unclear.

Microbiology

Bacterial orchitis is usually associated with epididymitis and
is, therefore, often caused by urinary pathogens, including
E. coli and Pseudomonas. Less commonly, Staphylococcus sp.
or Streptococcus sp. are responsible. The most common sexu-
ally transmitted microorganisms responsible are Neisseria gon-
orrhoeae, Chlamydia trachomatis, and Treponema pallidum.

Mycobacterial infections can also cause orchitis, with tu-
berculosis (245) being much more common than leprosy. The
most common cause of viral orchitis is mumps (246), but in-
fectious mononucleosis has also been implicated (247). Fungal
infections occasionally involve the testicle, with candidiasis,
aspergillosis, histoplasmosis, coccidiomycosis, blastomycosis,
and actinomycosis all having been reported as causes of orchi-
tis (248). Parasitic infections rarely cause orchitis in the Western
Hemisphere, but filariasis has been described in some endemic
areas of Africa, Asia, and South America, and can be associated
with elephantiasis (249).

Diagnosis

History and physical examination become important in the di-
agnosis of orchitis, given that definitive testicular cultures are
almost impossible to obtain and urine/urethral cultures are of-
ten negative or contaminated. In patients presenting with acute
infectious orchitis, history discloses a recent onset of testicular
pain, often associated with abdominal discomfort, nausea, and
vomiting. These symptoms may be preceded by symptoms of
parotitis in boys or young men, UTIs in boys or elderly men, or
alternatively by symptoms of an STD in sexually active men.

Although the process is usually unilateral, it is sometimes bi-
lateral, especially if viral (250). Physical examination reveals a
toxic and febrile patient. The skin of the involved hemiscrotum
is erythematous and edematous and the testicle is quite tender
to palpation. Transillumination of the scrotum often reveals a
hydrocele on the ipsilateral side. A large prostate gland is pal-
pated on digital rectal examination in elderly men, while acute
prostatitis (a tender, boggy prostate) may be noted in younger
men. For acute noninfectious orchitis, the clinical picture re-
sembles the above description, except that these patients lack
the toxic appearance and fever. A history of trauma may be
elicited from the patient.

For chronic orchitis and orchalgia, there may have been
a history of previous episodes of testicular pain, usually sec-
ondary to acute bacterial orchitis, trauma, or other causes. The
patient has chronic testicular (and possibly epididymal) pain to
a degree that could seriously affect his day-to-day functioning
and quality of life. Patients with this diagnosis usually become
very frustrated with this problem. On examination, the patient
does not appear toxic and does not have a fever. The scrotum
is not usually erythematous, but the testicle may be somewhat
indurated and is almost always tender to palpation.

Laboratory tests employed to assist in the diagnosis include
urinalysis, urine microscopy, and urine culture. For a patient
in whom an STD is suspected, a urethral swab should also
be taken for culture. If the diagnosis is not evident from the
history, physical examination, and these simple tests, scrotal
ultrasonography should be performed (to rule out malignancy
in patients with chronic orchitis/orchalgia). An important dif-
ferential diagnosis in young men and boys is testicular torsion,
which is often difficult to differentiate from an acute inflam-
matory condition. Scrotal ultrasounds (with use of Doppler to
determine testicular blood flow) are especially helpful in dif-
ferential diagnosis, but occasionally it will miss the diagnosis
(particularly with intermittent or partial torsion) and the clin-
ician should err in favor of the surgically correctable diagnosis
of torsion (251).

Treatment

General principles of therapy include bed rest, scrotal support,
hydration, antipyretics, antiinflammatories, and analgesics.
Antibiotic therapy should be employed for infectious orchi-
tis and is ideally based on culture and sensitivity testing,
but may be based on microscopic or Gram’s stain results.
There are no specific antiviral agents available to treat
orchitis caused by mumps, and the previously mentioned
supportive measures are important. For orchitis associ-
ated with cystitis or prostatitis (usually epidymoorchitis),
oral trimethoprim/sulfamethoxazole (TMP/SMX), one double-
strength tablet (160 mg TMP, 800 mg SMX) twice daily for
3 to 4 weeks is administered. Alternatively, an oral fluoro-
quinolone can be used, namely, ciprofloxacin 500 mg twice
daily or levofloxacin 500 mg once a day. For orchitis associ-
ated with gonococcal urethritis, a single intramuscular dose
of ceftriaxone, 250 mg, is adequate. Since Chlamydia is as-
sociated with gonococcal urethritis 30% to 50% of the time
(244), a 2- to 3-week course of either oral tetracycline 500 mg
four times daily or oral doxycycline 100 mg twice daily is also
administered. Alternatively, the fluoroquinolones are effective
against both N. gonorrhoeae and C. trachomatis, and either
oral ciprofloxacin 500 mg twice daily or oral ofloxacin 300
or 400 mg twice daily can be given for 2 to 3 weeks. If early
testing is negative or results are unavailable, empirical treat-
ment should be initiated, directed at the most likely pathogens,
based on the available clinical information; a fluoroquinolone
would be the best agent in this scenario. Most patients can be
readily managed on an outpatient basis. Surgical intervention
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is rarely indicated, unless testicular torsion is suspected (as dis-
cussed previously). Spermatic cord blocks with injection of a
local anesthetic may sometimes be needed to relieve the patient
of severe pain. Abscess formation is rare, but if it does occur,
percutaneous or open drainage is necessary.

Treatment for chronic orchitis/orchalgia is supportive. Anti-
inflammatories, analgesics, support, heat therapies, and nerve
blocks all have a role in ameliorating symptoms. It is generally
believed that the condition is self-limited, but could take years
(and sometimes decades) to resolve. Orchidectomy is indicated
only in cases where pain control is refractory to all other mea-
sures (and even this might not be successful in alleviating the
chronic pain).

EPIDIDYMITIS

Definitions

Epididymitis by definition is inflammation of the epididymis.
Acute epididymitis represents sudden occurrence of pain and
swelling of the epididymis associated with acute inflammation
of the epididymis (244).

Chronic epididymitis refers to inflammation and pain in the
epididymis, usually without swelling (but with induration in
long-standing cases), persisting for over 6 weeks (244). Inflam-
mation is not always clinically evident in many cases of local-
ized epididymal pain.

Classification

As for orchitis, there is no universally accepted classification
for epididymitis, but the classification we use parallels the one
used for orchitis (Table 23-6) (252).

Pathogenesis

Epididymitis usually results from the spread of infection from
the bladder, urethra, or prostate via the ejaculatory ducts and
vas deferens into the epididymis. The process starts in the tail
of the epididymis and then spreads through the body to the

TA B L E 2 3 - 6

CLASSIFICATION OF EPIDIDYMITIS

Acute bacterial epididymitis
Secondary to UTIa

Secondary to STDa

Nonbacterial infectious epididymitis
Viral
Fungal
Parasitic

Noninfectious epididymitis
Idiopathic
Traumatic
Autoimmune
Amiodarone-induced

Associated with a known syndrome (e.g., Behcet’s Disease)
Chronic epididymitis
Chronic epididymalgia

aUTI, urinary tract infection; STD, sexually transmitted disease.

head of the epididymis. In infants and boys, epididymitis is
often related to a UTI and/or an underlying genitourinary con-
genital anomaly (253). In young boys, there is evidence that
a relationship exists between epididymitis and the presence
of a foreskin (254). When an infant or young boy is diag-
nosed with epididymitis, he should be further evaluated with
abdominopelvic ultrasound, voiding cystourethrography, and
possibly cystoscopy (244,255). In elderly men, BPH leads to
urinary obstruction (and urethral catheterization), stasis, and
urine infection. This is usually the cause of epididymitis in this
age group. Bacterial prostatitis is associated with epididymal
infection in postpubertal males of all ages. In sexually active
men under 35 years of age, epididymitis is commonly the re-
sult of an STD (244). In most cases of acute epididymitis, the
testicle is also involved in the process and referred to as epi-
didymoorchitis.

Chronic epididymitis may result from inadequately treated
acute epididymitis, recurrent epididymitis, or some other cause,
including associations with other disease processes such as
Behcet’s Disease (256). The cause of chronic epididymalgia is
usually unclear.

Microbiology

In all age groups, the most common microorganisms respon-
sible for epididymitis are those microorganisms that are the
most common cause of genitourinary infection in that group.
For example, the most common causative microorganisms in
the pediatric and elderly age groups are the coliform organisms
that cause bacteruria (257). Likewise, in men under the age of
35 who are sexually active with women, the most common of-
fending organisms causing epididymitis are the usual bacteria
that cause urethritis, namely N. gonorrhoeae and C. trachoma-
tis. In homosexual men practicing anal intercourse, E. coli and
Haemophilus influenzae are most commonly responsible. As
with orchitis, viral, fungal, and parasitic microorganisms have
all been implicated in epididymitis (244,248,249).

Diagnosis

As for orchitis, the history and physical examination are very
important in establishing a diagnosis of epididymitis. Both
acute infectious and acute noninfectious epididymitis present in
much the same way as do acute infectious and acute noninfec-
tious orchitis, respectively. Physical examination localizes the
tenderness to the epididymis (although in many cases the testi-
cle is also involved in the inflammatory process and subsequent
pain—referred to as epididymoorchitis). The spermatic cord is
usually tender and swollen. Early on in the process, only the
tail of the epididymis is tender, but the inflammation quickly
spreads to the rest of the epididymis and, if it continues to the
testicle, the swollen epididymis becomes indistinguishable from
the testicle.

Chronic epididymitis is a frustrating problem for the pa-
tient. There may be no clinical or etiologic differentiation be-
tween these two chronic conditions of chronic epididymitis
and epididymalgia, and they should be considered a similar
entity when initiating a management plan. The patient usually
presents with a long-standing history of pain (waxing and wan-
ing or constant) localized to the epididymis and, like chronic
orchitis/orchalgia, these symptoms may have a significant im-
pact on the patient’s quality of life (252).

Laboratory tests should include Gram’s stains of a ure-
thral smear and a midstream urine specimen. Gram-negative
bacilli can usually be identified in patients with underlying cys-
titis. If the urethral smear reveals the presence of intracellular
Gram-negative diplococci, a diagnosis of N. gonorrhoeae is
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established. If only white cells are seen on the urethral smear,
a diagnosis of C. trachomatis will be established two-thirds
of the time. A urethral swab and midstream urine specimen
should be sent for culture and sensitivity testing. If the diag-
nosis is uncertain, duplex Doppler scrotal ultrasonography to
look for increased blood flow to the affected epididymis may
be performed (also to rule out torsion as described under or-
chitis)

Treatment

The general principles of management employed for orchitis
are applicable to epididymitis. Specific antibiotic therapy is the
same for epididymitis as it is for orchitis and depends upon the
clinical scenario (i.e., UTI versus STD). Antibiotics should be
continued for 4 weeks.

A 4- to 6-week trial of antibiotics that would potentially
be effective against possible bacterial pathogens and, partic-
ularly, C. trachomatis, is appropriate for chronic epididymi-
tis. Antiinflammatories, analgesics, scrotal support, and nerve
blocks have all been recommended as empirical treatment. It
is generally believed that chronic epididymitis is a self-limited
condition that will eventually “burn out,” but this could take
years (or even decades). Surgical removal of the epididymis
(epididymectomy) should only be considered when all conser-
vative measures have been exhausted and the patient accepts
that the operation will have at best a 50% chance of curing his
pain (258).

Complications

The two major early complications from acute epididymitis
are abscess formation and testicular infarction (244,259,260).
Long-term complications are usually related to the develop-
ment of chronic epididymitis and include testicular atrophy,
infertility, and chronic pain (222,226).
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CHAPTER 24 ■ VESICOURETERIC REFLUX
AND REFLUX NEPHROPATHY
ROSS R. BAILEY, CHARLES P. SWAINSON, AND VICENTE E. TORRES

The small, irregularly scarred, contracted kidney has been one
of the enigmas of medicine. For many years the kidney illus-
trated in Figure 24-1 was described as “chronic nonobstructive
atrophic pyelonephritis.” Later, this description was replaced
by the term reflux nephropathy (1), because the latter empha-
sizes the central role that vesicoureteric has in its pathogene-
sis. The precise role of complicating bacterial infections in the
etiology of the renal parenchymal scarring has been widely de-
bated. The precise nature of the relationship between primary
vesicoureteric reflux (VUR), urinary tract infection (UTI), and
renal scarring has stimulated considerable controversy. Eluci-
dation of this relationship has been impeded by having to deal
with the end result of the disorder before the pathogenesis has
been fully understood. Experimental studies have filled the gap
and contributed significantly to its understanding.

This chapter attempts to provide a comprehensive review of
current knowledge on this common and important nephrouro-
logic condition.

HISTORY

A description of what is now recognized as reflux nephropathy
was given over a century ago (2). “Schrumpfniere” was what
clinicians feared if UTIs were untreated or treated inadequately.
An early clue to the development of Schrumpfniere came from
Leonardo da Vinci in A.D. 1500, who considered that there
was free backflow of urine from the bladder to the kidneys.
This was illustrated in his anatomic drawings, now housed in
the Royal Library at Windsor Castle. In a pen and brown ink
drawing (Fig. 24-2) da Vinci drew scars on two small kidneys
and showed the ureters opening directly into the bladder. It
seems likely that Leonardo had dissected a patient with reflux
nephropathy. There is no evidence that he recognized the asso-
ciation, but neither did anyone else for another four centuries.

Galen (3), in A.D. 150, demonstrated that reflux of urine
from the bladder to the ureters did not normally occur, thus
suggesting a valvular mechanism at the vesicoureteric junction.
The anatomy of the intramural ureter was described by Bell in
1812 (4). In 1893, Pozzi (5) reported that during a hysterec-
tomy he accidentally cut the ureter and observed that urine
spurted from both cut ends. In 1903, Sampson (6) suggested
a relationship between VUR and renal scarring and theorized
that the length and obliquity of the intramural ureter was an
important factor. Although cystography was first performed in
1905, it was left to Bumpus (7) to point out, in 1924, a direct
relationship between VUR and renal scarring. Five years later,
Gruber (8) noted that the presence of reflux was related to the
development of the trigone and the length of the intravesical
ureter.

Löhlein (9), in 1917, was probably the first to offer a clini-
cal account of reflux nephropathy when he described the find-
ings in three young women dying from uremia. Staemmler and
Dopheide (10), in 1930, provided a classic description of the

pathologic process, while Longcope and Winkenwerder (11)
reported nine fatal cases in young women and commented
that “it is remarkable to what extent the insufficiency of re-
nal function may advance in these patients without noticeable
impairment in health to the individual.” In 1939, Weiss and
Parker (12) described in detail the pathology of chronic at-
rophic pyelonephritis and drew attention to the development
of this entity in childhood.

The criteria for the radiologic diagnosis of reflux nephropa-
thy were proposed by Hodson (13) in 1959, while Hodson
and Edwards (14) made the important observation that the
renal damage resulting from VUR was radiographically in-
distinguishable from chronic pyelonephritis. Interest was then
rekindled in the anatomy of the intramural ureter by Hutch
(15). Smellie (16) observed that “reflux was seen in all our
children with radiologic chronic pyelonephritis in whom a mic-
turating cystogram was performed before puberty.” In 1969,
Hodson (17) concluded that in his experience the coarse scars
of atrophic pyelonephritis were associated with VUR in 100%
of cases, while Williams (18) stated that “urinary infections
without reflux in childhood are not associated with atrophic
pyelonephritis.”

At the same time that Hodson and Edwards were perform-
ing their studies at the University College Hospital, London,
in the late 1950s, Rolleston, Shannon, and Utley (19) be-
came interested in VUR and its relation to renal damage in
Christchurch. In 1970, this New Zealand group published their
observations on the natural history of VUR in infants and chil-
dren (20). They stressed the importance of grading the degree
of reflux and observed that gross reflux in infants was accom-
panied by a high incidence of initial and progressive anatomical
renal damage (19). The latter could occur even if the urine was
sterile. Lesser degrees of reflux were not associated with renal
damage. The natural history of reflux was for a spontaneous
lessening of its severity and the majority of children with slight
or moderate reflux and some of those with gross reflux, who
had suffered renal damage, lost the reflux by puberty (21). They
also noted that infancy and early childhood were the critical
periods for the development of renal damage associated with
VUR. Bailey (1) utilized these key observations to propose in
1973 that the term reflux nephropathy was more appropriate
than “chronic pyelonephritis” to describe the renal damage re-
sulting from severe VUR. The following year, Rolleston, Ma-
ling, and Hodson (22) reported the significance of intrarenal
reflux (pyelotubular backflow) in the development of focal re-
nal scars.

The observation of intrarenal reflux stimulated the most rel-
evant experimental work yet undertaken on this subject. Hod-
son and associates (23) showed that in the growing miniature
pig VUR in the presence of high voiding pressure caused by
placing a metal ring around the proximal urethra was damag-
ing to the kidney, that intrarenal reflux occurred above a critical
pressure, and that scarring developed at the sites of intrarenal
reflux. Later, Ransley and Risdon (24,25) made the important
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FIGURE 24-1. An example of a kidney showing gross reflux nephropathy. Note the arrest of renal growth
with areas of focal cortical scarring and adjacent calyceal clubbing.

FIGURE 24-2. Drawing by Leonardo da Vinci showing scars on two
small kidneys and the ureters opening directly into the bladder. From
a collection of anatomic drawings now housed in the Royal Library
at Windsor Castle. (From: Asscher AW. The challenge of urinary tract
infections. London: Academic Press, 1980.)

observation that intrarenal reflux depended on the architecture
of the renal papillae. They found that the scars always occurred
directly over a renal papilla, were invariably associated with a
“refluxing-type” of papilla situated mainly in the renal poles,
and developed following reflux of infected urine or high pres-
sure reflux of sterile urine. Such “refluxing” papillae, unlike
“nonrefluxing” papillae, had a concave valleylike or deeply in-
dented area cribosa.

Over the past 20 years, research has concentrated on the
mechanisms of the complicating hypertension, the pathogene-
sis of the renal injury including the associated glomerulopathy,
improving the organ imaging methods of demonstrating reflux
and renal scarring, the indications for antireflux surgery, the
familial and genetic aspects, and a search for reliable, non-
invasive, and cost-effective methods of diagnosing potentially
damaging degrees of reflux at birth or in utero (26–31).

PRIMARY VESICOURETERIC
REFLUX

Primary VUR is the regurgitation of urine through a vesi-
coureteric junction rendered incompetent by a congenital de-
fect of the length, diameter, muscle, or innervation of the sub-
mucosal segment of ureter. The vesicoureteric junction works
normally as a flap-valve, which permits the flow of urine from
the ureter into the bladder, but not in the opposite direction.
The submucosal segment of ureter holds the key to ureteric con-
tinence and is dependent on factors, such as the length of the
intramural portion of ureter, the nature of the ureteric orifice,
and the integrity of the bladder wall musculature.

The most common explanation for the defective valve mech-
anism of the vesicoureteric junction is the shortness of the
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submucosal segment, because of congenital lateral ectopia of
the ureteric orifice (32). When the bladder fills, further short-
ening of the submucosal segment of ureter may take place,
accounting for the observation that reflux may only occur if
the bladder is either full or in the act of voiding. The complex
anatomy of the vesicoureteric junction and its relationship to
the bladder trigone and urethra is best approached from a de-
velopmental point of view (33). In its lower 2 to 3 cm, the outer
circular layer of muscle of the ureter is replaced by Waldeyer’s
sheath, a rigid fibrous band that traverses the detrusor mus-
cle obliquely and creates a tunnel for the intramural ureter.
There are two mechanisms that prevent urine refluxing into
the ureters. The first of these is an increase in bladder pres-
sure, which results in approximation of the walls of the col-
lapsible submucosal ureter that is not encased by Waldeyer’s
sheath and, second, the contraction of the muscles of the su-
perficial trigone lengthens both the submucosal and intramural
ureter and so narrows it even further. Recently, Oswald et al.
(34) have paid attention to changes occurring in the intraves-
ical part of the ureteric wall (reduced smooth muscle α-actin,
myosin, and desmin expression and increased extracellular
matrix and macrophages) and proposed that a congenital mus-
cular structural insufficiency of the distal ureter is important in
the pathogenesis of vesicoureteral reflux.

Tanagho and Hutch (35) stressed that the characteristic en-
doscopic sign of primary reflux was the gaping or golf-hole

FIGURE 24-3. Appearances of the ureteric orifice configurations in
the distended bladder showing various grades of competency (A), and
positions of the ureteric orifices (B). A, normal; B, moderate degree
of lateral displacement; C, extreme lateral displacement. (From: Lyon
RP, Marshall S, Tanagho EA. The ureteral orifice: its configuration and
competency. J Urol 1969;102:504, with permission.)

FIGURE 24-4. Average tunnel length related to grade and position
of the ureteric orifices. (From: Vermillion CD, Heale WF. Position and
configuration of the ureteral orifice and its relationship to renal scarring
in adults. J Urol 1973;109:579, with permission.)

ureteric orifice. These workers pointed out that in the normal
adult the ureteric orifice was 10 to 15 mm below the ureteric
hiatus and to give a golf-hole appearance these two apertures
would need to be superimposed on each other.

Hutch (15) proposed the maturation theory, such that as a
child grows, the intravesical ureter lengthens, and the tendency
for reflux to diminish or disappear with age. Lyon et al. (36)
using endoscopic evaluation, both visually and with cinefilm,
studied the configuration and position of 171 ureteric orifices
in 330 girls and correlated these observations with the pres-
ence of VUR (Fig. 24-3). Vermillion and Heale (37) performed
cystoscopy on 67 patients over the age of 12 years with known
reflux nephropathy. Of the 134 ureteric orifices, 97 were asso-
ciated with renal scarring and 45 still had demonstrable VUR.
All orifices draining ureters with continuing reflux were abnor-
mal. Of the ureteric orifices associated with renal scarring, but
no longer refluxing, 41 of 52 (79%) were found to have ab-
normalities of such a degree that reflux seemed likely to have
occurred in the past. As the orifice became more abnormal in
position and configuration, the average tunnel length decreased
(Fig. 24-4). The average length of the ureteric tunnels associ-
ated with reflux was shorter than the length of those in which
reflux was no longer demonstrable. Cystoscopic assessment of
the position and configuration of the ureteric orifices is of value,
particularly when assessing a patient with a scarred kidney in
whom VUR is no longer present.

Yucel and Baskin (38) have described in detail the neu-
roanatomy of the distal ureter and vesicoureteric junction. At
the vesicoureteric junction, the nerves encircle the entire ureter
and travel just outside Waldeyer’s sheath, leaving a safe area
for surgical dissection under the sheath. As the ureter tunnels
into the bladder, the nerves localize to the lateral wall of the
detrusor muscle. Careful dissection within Waldeyer’s sheath
during ureteral reconstructive surgery is critical for preserving
bladder function. If this neural network is injured during dis-
section, it can lead to decreased contractility of the affected
detrussor side (39).

INTRARENAL REFLUX

Another radiologic phenomenon has been recognized as im-
portant in patients with VUR. This is the entity of intrarenal
reflux in which contrast medium can be shown to flow into
the renal parenchyma during voiding cystourethrography and
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opacifying segments of kidney by means of pyelotubular back-
flow (22,40,41).

The earliest type of pyelorenal backflow described was
pyelovenous. In 1856, Gigon (42) demonstrated with the starch
test the intrusion of potassium iodide from the pelvic cavity
into the renal veins in fresh cadaver kidneys and that this de-
pended on the intrapelvic pressure. This observation was sup-
ported by Ludwig and Zawarykin (43), but attracted little at-
tention until retrograde pyelography was introduced 43 years
later (44). Blum (45) was the first to report in the English litera-
ture pyelorenal reflux occurring in situ in humans. Köhler (46)
studied 628 retrograde pyelograms and found that the pressure
necessary for the development of backflow in clinically normal
kidneys was 80 to 100 mm Hg. Pyelorenal reflux occurred at
lower pressures in damaged kidneys.

Rolleston et al. (21) directed attention to the importance of
intrarenal reflux by reviewing 386 voiding cystourethrograms
in children known to have VUR. Intrarenal reflux was observed
in 20 kidneys from 16 children. Ten of these 16 children were
under 1 year of age and intrarenal reflux was not observed in
any patient over the age of 4 years. Intrarenal reflux was present
in 6.7% of the voiding cystourethrograms in children below the
age of 5 years. Renal damage characteristic of reflux nephropa-
thy was shown in 13 of the 20 kidneys with intrarenal reflux
and, in 12 of the 13, the damage corresponded exactly to those
segments of the kidney in which intrarenal reflux had been
demonstrated. Maling and Rolleston (47) described the radio-
logic appearances of intrarenal reflux (Fig. 24-5) and the tech-
niques necessary for demonstrating it. Subsequently, Bourne
et al. (48) found intrarenal reflux in 8 (13.5%) of 119 children
with known VUR. All eight patients were under 6 years of age.
There was a high correlation between the areas of intrarenal re-
flux and the associated cortical atrophy and calyceal clubbing.
Uldall et al. (49) found intrarenal reflux in 7 (9.2%) of 76 chil-
dren, with a total of 123 ureters showing VUR, and observed
that focal renal damage was confined to the site of intrarenal
reflux. Reifferscheid et al. (50) studied 74 children under the
age of 6 years and found intrarenal reflux in 21 (28%).

Intrarenal reflux almost certainly occurs more commonly
than is diagnosed on standard cystography. The critical in-

FIGURE 24-5. Voiding cystourethrogram in a 10-month-old girl
showing bilateral VUR (Christchurch grade IV) and widespread in-
trarenal reflux.

trapelvic pressure required to produce intrarenal reflux in sus-
ceptible papillae is about 45 cm of water, which is close to the
filtration pressure (23,41).

RENAL PAPILLAE

Ransley and Risdon (51) studied the kidneys of 18 children
aged between 2 days and 16 months who died from nonrenal
causes and were examined at autopsy. As in the piglet, ex-
tensively fused papillae of the type associated with intrarenal
reflux occurred almost exclusively at the upper and lower poles
of their kidneys. However, the incidence of this kind of papilla
was lower in human kidneys and, in over 25% of the specimens
examined, only cone-shaped papillae were found.

Funston and Cremin (52) studied kidneys obtained at au-
topsy from 100 infants and children dying from nonrenal
causes and showed that the ratio of compound to simple papil-
lae was 1:4 and that the majority of compound papillae oc-
curred in the upper poles. Injection of barium at measured
pressures showed that the compound papillae were the first to
exhibit intrarenal reflux and that intrarenal reflux occurred at
much lower pressures (22 mm Hg) in infants under the age of
1 year.

Tamminen and Kaprio (53) investigated the morphology
of the collecting duct openings of different types of papillae
in infant and child cadaver material. They assessed whether
there were morphologic differences on the papillary surface
in the younger age groups that may suggest why intrarenal
reflux was more commonly detected in the first few years of
life. Two-thirds of the kidneys studied had nonconvex papillae
with vestibular openings, and it was the only type of papilla that
allowed intrarenal reflux. It was suggested that the relatively
large size of the duct openings was a reason why neonates
and younger infants were predisposed to detectable intrarenal
reflux and the formation of renal scarring.

BLADDER DYSFUNCTION

Increasing evidence suggests that bladder dysfunction or dys-
functional elimination syndrome is common in patients with
VUR and that may contribute to the severity and persistence
of the reflux and to the development of reflux nephropathy
(54,55). Two patterns of bladder dysfunction have been recog-
nized, detrusor instability and detrusor–sphincter dyssynergia
(56,57). Detrusor instability is characterized by urinary ob-
struction during bladder filling, because of voluntary sphincter
contractions in an appropriate attempt to maintain continence
during uninhibited bladder contractions. Symptoms associated
with detrusor instability are frequency, urgency, incontinence,
and holding maneuvers, such as squatting. Detrusor–sphincter
dyssynergia is characterized by obstruction during voiding, be-
cause of voluntary contractions of the urinary sphincter. The
symptoms associated with detrusor–sphincter dyssynergia are
staccato voiding, urgency, diurnal and nocturnal incontinence,
and recurrent UTIs. It often results in increased residual urines
and high bladder capacity. It is a more severe form of blad-
der dysfunction than detrusor instability, and it is more often
associated with increased severity of the VUR and renal dam-
age. Detrusor instability occurs in 8% to 75% and detrusor–
sphincter dyssynergia in 8% to 68% of children with VUR
(58–60). They can occur in infants, as well as in older children,
and are viewed by some as an inherited congenital phenomenon
(61).

Chen et al. (62) have recently quantified the relationship
between dysfunctional elimination syndrome and gender, UTI,
and VUR in 2,759 pediatric patients who underwent re-
nal sonography and voiding cystourethrography at a referral
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practice. They found that girls had a significantly higher rate of
dysfunctional voiding than boys (36% versus 21%) and that
UTI significantly impacts the occurrence of dysfunctional void-
ing in patients with VUR.

PREVALENCE OF
VESICOURETERIC REFLUX

IN HEALTHY INFANTS
AND CHILDREN

The prevalence of VUR in healthy infants and children is uncer-
tain. In 1916, Kretschmer (63) reported unilateral reflux in 3 of
10 healthy children aged from 3 to 10 years and concluded that
reflux may occur in normal children. The cystourethrograms,
however, were done under ether anesthesia and irritative con-
trast media were used. Prather (64) reviewed the early literature
and found a wide divergence of opinion. Most stated, however,
that reflux never occurred normally.

Gibson (65) undertook voiding cystourethrograms on 43
children, aged up to 12 years,who had no symptoms or signs
of urinary tract disease. He injected contrast medium using a
50-mL syringe until the bladder pressure was “sufficient to
cause the plunger of the syringe to move backward.” A boy,
aged 13 months, and a girl, aged 16 months, showed unilat-
eral reflux. Gibson concluded that reflux may occur in children
who have an apparently normal urinary tract. Campbell (66)
expressed doubt as to whether reflux was ever present in the
absence of demonstrable pathologic changes. Of 722 unanes-
thetized infants and children, reflux was not found in the ab-
sence of a urologic abnormality. Iannaccone and Panzironi (67)
examined 50 healthy infants aged 10 days to 6 months. Uni-
lateral reflux was found in one infant at 14 weeks of age. This
infant had no reflux when earlier studied at 10 days and again
at 4 months of age. Kjellberg et al. (68) undertook cystograms
on 101 children, aged 2 days to 13 years, who had no urinary
tract signs or symptoms. They were unable to demonstrate re-
flux. Jones and Headstream (69) studied 70 boys and 30 girls
(aged 14 days to 14 years; mean age 3.5 years) with a nonuro-
logic hospital admission. Only one showed reflux. Subsequent
examination of this 4-month-old boy revealed a bladder neck
contracture.

McGovern et al. (32) reviewed the literature, including 330
children, under the age of 14 years, who were free of urinary
tract symptoms. Six (1.8%) were found to have primary reflux,
but several did not withstand a critical appraisal. These authors
concluded that reflux was rare in normal children. Lich et al.
(70) found no reflux in 26 newborn infants.

The observations of Köllermann and Ludwig (71) are at
variance with the above studies. These workers examined 102
children under the age of 5 years hospitalized for a nonuro-
logic reason. Thirty percent showed reflux, all under the age
of 3 years. There is criticism of this study, however, as 60%
urografin was injected rapidly from a syringe.

Peters et al. (72) studied 66 healthy premature infants (48
boys) using suprapubically injected contrast medium. None
showed reflux. Importantly, 56 of these infants were blacks,
in whom reflux is known to be uncommon. These authors re-
viewed the literature and found 6 cases (0.6%) of reflux among
1,015 normal infants and children. The authors misread one
paper (70); the total should have been 4 (0.4%).

Many of the above reports can be criticized because chil-
dren of all ages were examined, there was inadequate informa-
tion on the radiologic technique used, and, in some, it was un-
clear as to why the studies were done. Most importantly, there
was insufficient information given concerning the degree of
reflux.

Bailey (73) reviewed the published literature until 1979 and
concluded that reflux may be present in 0.4 to 1.8% of healthy
children. Abbott et al (74), however, suggested that it may be
higher. These authors studied 50 infants under the age of 1 year
who were hospitalized for a variety of reasons but not thought
to have a UTI. All infants had a voided urine culture of greater
than 108 organisms/L (>105/mL) and then had an uncontami-
nated specimen taken by suprapubic bladder aspiration. After
urine was aspirated for culture, 30% urovision was instilled
through the same needle into the bladder by gravity and a sin-
gle radiograph taken as the infant voided. Of the 50 infants,
five had asymptomatic bacteriuria and two of these five had
VUR. Of the remaining 45 infants with sterile bladder urine,
4 (9%) had reflux (3 moderate and 1 gross). The infant with
gross reflux had a repeat cystogram 6 weeks later and the re-
flux had disappeared. Bourchier et al. (75) demonstrated that
reflux may be present in some premature infants, but that it
had ceased by the time of their expected maturity. In a recent
review, Arant (76) did not consider some of the important stud-
ies mentioned above when he concluded that “VUR in humans
should be considered rare.”

Recent studies using ultrasonography have provided a more
precise approximation of the prevalence of VUR in the neonate.
A large population-based prospective study at Christchurch
Hospital using antenatal ultrasound screening showed that
VUR occurs at a rate higher than 1.2% births (77). Gunn
et al. (78) performed ultrasonography on 3,856 fetuses after
26 weeks of gestation. When anomalies were identified, the
newborns and babies were evaluated at 6 days and 6 weeks of
age. Dilatation of the pelvis was found in 298 of the fetuses,
but it was not verified postnatally in 216. VUR was identified
in 14 children of the remaining 82. The incidence of VUR was
estimated to be 0.36:100 births. Tsai et al. (79) performed ul-
trasonography on 2,384 asymptomatic neonates. Voiding cys-
tourethrography was performed in cases with moderate to se-
vere hydronephrosis or persistent mild hydronephrosis. VUR
was diagnosed in 30 infants with a prevalence of 1.26%. Hi-
raoka (80) studied 2,000 newborns using voiding ultrasonogra-
phy. Those who showed transient renal pelvic dilatation during
voiding underwent voiding cystourethrography. VUR was de-
tected in 0.8% of the neonates. Because of the low sensitivity
of ultrasonography to detect VUR, these figures underestimate
its true prevalence at birth.

PREVALENCE OF
VESICOURETERIC REFLUX IN
RELATION TO AGE, GENDER,

AND RACE

Chand et al. (81) reviewed the records of 15,504 children who
underwent a voiding cystourethrogram or radionuclide cys-
togram between 1993 and 2001 to determine if the incidence
and grade of vesiocoureteral reflux (VUR) differs in children
based on age, race, and gender, and if the incidence and severity
of VUR are related to race in girls younger than 7 years pre-
senting for evaluation after UTI. Overall, black children were
one-third as likely as white children (p <0.0001) and females
were twice as likely as males (p <0.0001) to have VUR. Com-
pared to children 0 to 2 years old, the occurrence of reflux was
0.5 times as likely in those 3 to 6 years old (p <0.0001), 0.3
times as likely in those 7 to 11 years old (p <0.0001), and
0.15 times as likely in those 12 to 21 years old (p <0.0001).
When analyzing children with UTI, results were similar. Of
the patients with VUR, 65% were younger than 7 years. The
incidence of VUR in black girls young than 7 years with a diag-
nosis of UTI was less than 10% compared to white girls, and
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no black girl had high-grade reflux. In young children referred
for UTI, the incidence and severity of VUR in black patients
were significantly lower than those of white girls (81).

SECONDARY VESICOURETERIC
REFLUX

Secondary VUR may be a complication of inflammatory disor-
ders involving the vesicoureteric junction, such as tuberculosis
and bilharziasis. It may also be a sequel to bladder neck ob-
struction, interstitial irradiation of the bladder, and surgery to
or near the ureteric orifice, and associated with other congenital
anomalies or with neurogenic bladder defects.

Although the position and configuration of the ureteric ori-
fice and the length of the intramural ureter are major factors
in determining the competence of the vesicoureteric junction,
there are other factors that may influence whether a junction
of marginal competence could permit reflux. Such factors in-
clude lower urinary tract dysfunction with unstable bladder
contractions and high-pressure voiding and the development
of a paraureteric saccule or diverticulum in the neuropathic
bladder as described by Hutch (33).

UTI with associated bladder inflammation does not appear
to be a primary cause of reflux when the submucosal segment
of the ureter is normal in all other respects. If this segment
is defective in some way, bacterial infection may temporarily
induce reflux, but this is not usually of a severe degree.

Neurogenic Bladder and Vesicoureteric Reflux

Meningomyelocele and Myelodysplasia

In children with meningomyelocele, the incidence of reflux ap-
pears to increase with age. Woods and Atwell (82) found that
at 1 month of age, 18 of 64 children had reflux, but by 5 years
of age this had increased to 29. Although urodynamic stud-
ies were not included in this report, the increase with age may
reflect developing lower urinary tract dysfunction.

McGuire et al. (32) studied 42 children with myelodyspla-
sia and found 35 with detrusor areflexia. Of the latter, 5 had
flat detrusor pressures during bladder filling and the remaining
30 had steeply rising low-compliance patterns. These work-
ers did not find reflux in the eight children in whom the end-
filling pressure at which urethral leakage occurred was less than
40 cm of water. However, of the 22 children in whom the pres-
sure to produce leakage was higher than 40 cm of water, 15
showed reflux.

Cohen and co-workers (83) reviewed the records of 180 pa-
tients (98 males; mean age 9.3 years) with myelodysplasia and
an intact urinary tract who had been followed in a multidisci-
plinary spina bifida clinic for 3 to 18 years. Seventy-two (40%)
patients had a total of 103 renal tracts with VUR. Of the lat-
ter, 45 were classified as grades III through V on international
classification. Seventeen of these 72 patients underwent ureteric
reimplantation, because of persistent high-grade reflux, or pro-
gressive renal parenchymal damage. Renal scarring was found
in 19 girls and 9 boys, was bilateral in 7, and affected the left
kidney in two-thirds. Three-fourths of the patients who had de-
veloped renal scarring had documented VUR. As anticipated,
renal scarring correlated directly with the grade of reflux, af-
fecting 33% of those kidneys with grade III, 56% with grade
IV and 100% with grade V reflux.

Spinal Cord Injuries

The incidence of VUR in spinal cord injury patients is not well
documented, but over the last few decades better urologic man-

agement of the bladder has probably reduced the occurrence
(84). The data are incomplete, however, because most early re-
ports were retrospective and only patients with a clinical prob-
lem were studied.

It is possible that some patients sustaining a spinal cord
injury will have had reflux in childhood and will have a preex-
isting marginally competent vesicoureteric junction (85). The
superimposed neurologically disordered lower urinary tract
function in these patients may then be sufficient to compro-
mise its function and allow reflux. Once VUR has commenced,
the intrarenal reflux of urine (often infected) seems to be asso-
ciated with the development of reflux nephropathy (Fig. 24-6),
just as in the infant with primary reflux.

It is important to note that reflux is not confined to high-
pressure uninhibited bladders. Damanski (84) found 43 of 154
such bladders to have reflux, but this was also present in 13 of
68 flaccid areflexic bladders. During vigorous Credé or Valsalva
maneuvers to express and empty the bladder of patients with
flaccid areflexic bladders, transmitted bladder pressures of up
to 100 cm of water or more can be achieved for short intervals.
While this abdominal pressure is transmitted to the renal pelvis
as well as the bladder, if this is not equal, then in a refluxing
system intrapelvic pressures could be raised significantly.

In a retrospective analysis of 280 patients with spinal cord
injuries seen in Christchurch between 1965 and 1976, with
a minimum follow-up of 8 years, 28 (9.3%) had radiologic
appearances of reflux nephropathy (Arnold, personal commu-
nication). The incidence of VUR, however, would have been
much higher. The incidence of renal scarring in those who do
have reflux is, therefore, not yet established.

In a prospective study, Arnold et al. (86) found VUR in 6
of 58 spinal injury patients followed by repeated urodynamic
studies for 3 years. The reflux was discovered between 4 and
24 months (mean 12.4 months) after injury. Two of the six de-
veloped reflux nephropathy with maximum detrusor pressures
of 35 and 70 cm of water. It would appear that VUR and re-
flux nephropathy usually occur early after the injury, at a time
when bladder dysfunction is changing and unbalanced.

There has been considerable interest in the time necessary
for the full development of a parenchymal scar. The reason for
this is that most infants and children with severe grades of pri-
mary VUR already have renal scarring at presentation and the
documented development of new renal scarring is uncommon
(87,88). Rolleston (89) has used the spinal injury patient as a
model for the development of the scarring process. About 10%
of such patients develop VUR soon after their injury, thus en-
abling the start of the scarring process to be fairly accurately
assessed. In a meticulously studied small group of patients, the
development time of the scars varied from 14 to 25 months
(mean 21 months), although contraction was maximal during
the first year.

The need to recognize lower urinary tract dysfunction and
to manage it early is being more widely appreciated in spinal
injury units, where urodynamic studies are an integral part of
patient monitoring and management. It is to be hoped that this
will reduce the incidence of secondary VUR and resulting reflux
nephropathy.

Vesicoureteric Reflux into the
Transplanted Kidney

The clinical significance of VUR in the transplanted kidney has
been controversial. In 1977, Mathew et al. (90) reported that
VUR may be an important cause of late failure of renal allo-
grafts. Graft failure occurred in 14 of 29 refluxing transplants
compared with 14 of 90 without reflux. In the refluxing group,
failure of the graft was slowly progressive and associated with
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A B

FIGURE 24-6. A: A voiding cystourethrogram in a 33-year-old man, 3 months after becoming a partial
quadriplegic and suffering several episodes of acute pyelonephritis. Grade III VUR (Christchurch classifi-
cation) and areas of intrarenal reflux are demonstrated at a detrusor pressure of 70 cm of water. A calyceal
diverticulum is present in the upper pole. B: An intravenous urogram, almost 2 years later, shows areas
of focal scarring best seen in the lower pole. The scars are at the sites of the previously demonstrated
intrarenal reflux.

increasing proteinuria, microscopic hematuria, hypertension,
and a mesangiocapillary glomerulopathy. Is this a specific le-
sion or chronic rejection producing an allograft nephropathy?
Grunberger et al. (91) also reported a 10% difference in graft
survival between the patients without and with VUR into the
transplant. McMorrow et al. (91a), however, were unable to
confirm these observations. More recent studies have not found
any significant effect of VUR on the medium and long-term
outcome of renal transplantation (92–94).

Thomsen (95) undertook retrograde pyelography on 239
grafts transplanted between 1971 and 1980. Pyelotubular
backflow was present in 34 grafts and was seen in one-
third of those patients whose transplants were removed within
60 days, because of rejection, but in only 4% of those with
surviving grafts. It has been hypothesized that VUR may in-
crease graft immunogenicity through increased MHC molecule
expression. This hypothesis has not been supported by Coose-
mans et al. (96), who found no difference in the number of
rejection episodes and early graft survival between the patients
without or with VUR.

While VUR into the transplanted kidney seems to be of
limited significance in adults, the same may not be true in the
pediatric population. A number of small studies have shown
that VUR into the graft system is a significant risk factor for
acute perinephritis and renal damage in children (96–98). A
study by Fontana et al. (99) did not find significant difference
in renal function of graft survival between children without
and with VUR. This study, however, is less than reassuring,
because all children with grades I to III VUR were kept on
chronic antimicrobial prophylaxis, and those with grade IV
reflux were surgically corrected. Therefore, it seems reasonable
to recommend that ureteroneocystostomy in young transplant
recipients be performed using a careful antireflux technique.

There is no indication for pretransplantation surgical cor-
rection or nephroureterectomy for those patients with end-
stage reflux nephropathy who still have VUR to reduce the
risk of UTI following transplantation, except possibly for those
with recurrent urinary sepsis, bacteremia, or urinary calculi,
while maintained on dialysis (100,101).

PATHOLOGY OF REFLUX
NEPHROPATHY

The recognition of the entity of reflux nephropathy has been a
major step in elucidating the pathology of chronic pyelonephri-
tis. Heptinstall (102) reviewed the phases in the pathologic
diagnosis of chronic pyelonephritis. The role of urinary tract
obstruction in establishing and maintaining bacterial infection
in the kidney has long been appreciated by pathologists and
the entity of “chronic nonobstructive pyelonephritis” has been
a puzzling exception. It is now clear that the pattern of renal
injury resulting from VUR corresponds well with descriptions
of both chronic nonobstructive pyelonephritis and the Ask-
Upmark kidney (103,104).

An understanding of the pathology of human reflux
nephropathy has largely been built by the observations made
on the pig experimental model (23–25,105,106). Although it
is now clear from these studies that intrarenal reflux of ster-
ile urine at high pressure can lead to focal scarring, there is
still controversy as to whether such scarring can be produced
in humans without infection. The reason is that it is diffi-
cult to establish that a newly diagnosed patient with reflux
nephropathy has never suffered from a urinary infection. Con-
sequently, the pathology of reflux nephropathy in humans has



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-24 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:44

Chapter 24: Vesicoureteric Reflux and Reflux Nephropathy 657

largely been inferred from descriptions of chronic pyelonephri-
tis. There are few explicit accounts of the pathology of human
reflux nephropathy.

The pathologic findings in human reflux nephropathy are
based mainly on the examination of kidneys removed because
of hypertension or uncontrollable UTIs, or prior to renal trans-
plantation. The pattern of evolving reflux nephropathy can also
be inferred from appearances in the kidneys of paraplegic pa-
tients. Pathologic appearances depend on the severity of VUR
and the presence of intrarenal reflux and UTI.

Where gross reflux is continuing, the ureter is tortuous, di-
lated, and hypertrophied, and there may be fairly generalized
dilatation of the pelvicalycine system with shrinkage of the
pyramids and hypertrophy of pelvicalycine smooth muscle so
that the appearances are similar to a pure obstructive process.
However, there is a tendency for the degree of atrophy to vary
from one lobe to another. Macroscopic evidence of infection
may be minimal. Microscopically there is tubular atrophy in
the cortex with regressive changes in the medulla similar to
those seen in less severe forms.

Nephrectomy specimens show the changes that are associ-
ated specifically with reflux nephropathy. In these cases, reflux
may be less than gross or even have ceased completely, leaving
a scarred kidney. Many of these kidneys may weigh only 15
to 30 g. Areas of gross cortical atrophy alternate with areas
of normal cortex. There is a marked tendency for atrophy to
be concentrated at the poles of the kidney, especially the upper
pole, but the pattern is extremely variable. Careful examina-
tion shows the large flat areas of atrophy to correspond with
the renal lobes. Because the papillae at the poles are mainly
of a compound reflux type, polar scars are usually extensive,
representing atrophy of several lobes. Smaller irregular areas
of scarring are also seen in other lobes, typically in lobe cen-
ters and in the form of bands and wedges. Where infection has
been a prominent clinical feature, the capsule may be thick-
ened and adherent. The degree of lobar atrophy is variable and,
in extreme cases, the combined width of cortex and medulla
may not exceed 1 mm. The corresponding calyx is greatly ex-
panded by atrophy of the papilla and outer medulla. However,
other calyces appear normal, and the ureter may be of nor-
mal caliber, although thick-walled. Inflammatory changes are
frequently inconspicuous. Risdon et al. (107) emphasized that
congenital maldevelopment of the kidney is also a crucial factor
in the development of reflux nephropathy in young children,
particularly males.

Histologic progression of atrophy can be traced. Tubular at-
rophy advances with diminution of tubular diameter and thin-
ning of epithelial cells. Atrophic tubules commonly contain
colloid casts and some tubules may undergo cystic dilatation
(Fig. 24-7). Glomeruli are initially approximated by tubular at-
rophy and then undergo hyalinization. In long-standing cases,
they may disappear entirely. The interstitium is fibrotic with a
sparse lymphocytic infiltrate. Arterioles and interlobular arter-
ies undergo obliterative changes with contraction and intimal
thickening. In the outer medulla, atrophic tubules with flat-
tened epithelium are often prominent with the appearance of
thyroidization, classically associated (albeit erroneously) with
chronic pyelonephritis. In some cases, focal “blow-out” lesions
may be seen in the outer medulla and cortex. These consist
of rounded masses of pale-staining material, which include
Tamm-Horsfall protein, apparently extravasating from rup-
tured tubules into the interstitium. Such foci are frequently sur-
rounded by aggregates of lymphocytes and plasma cells. In the
inner medulla, loops of Henle have disappeared, and only a few
markedly dilated ducts of Bellini remain. They are surrounded
by an interstitium containing large numbers of spindle cells.
Sometimes these are arranged concentrically around collecting
ducts, a pattern that is associated with marked hypertrophy
of pelvicalycine smooth muscle. Frequently, focal calcification

FIGURE 24-7. Section from a scarred area in a kidney from a woman
aged 22 years with sterile reflux nephropathy. In the cortex no
glomeruli can be identified. Most tubules are atrophic, but some are di-
lated and contain “colloid.” Arteries are thick walled. There is a heavy
chronic inflammatory infiltrate in the thinned atrophic medulla with a
lymphoid follicle. (Hematoxylin and eosin. Magnification ×70.)

is present both within dilated ducts and in the interstitium.
Chronic inflammatory changes are often striking in the inner
medulla and calyces, even when cortical inflammation is mini-
mal and when urinary infection is absent. Heavy lymphocytic
infiltration of medullary interstitium and of calycine lamina
propria may include follicle formation.

While the classic pattern of reflux nephropathy is expressed
in total lobar atrophy, it is evident that intrarenal reflux may
involve some ducts of Bellini in some pyramids, while sparing
others. This results in macroscopic cortical scarring in a smaller
and more irregularly disposed form. Corresponding radial at-
rophic and inflammatory changes involving part of the lobe are
histologically evident.

In a proportion of cases where continuing UTI has been
noted, cortical atrophic changes are accompanied by a heavy
inflammatory reaction in a radial distribution extending from
the medulla and involving all or parts of a lobe. There is cor-
responding radial inflammation in the medulla. Periglomerular
fibrosis is usually obvious and frequent. Scanty neutrophils may
be seen in occasional cortical tubules, as well as in the medulla.

The wide range of changes seen macroscopically and mi-
croscopically extend from gross atrophy, with minimal inflam-
matory change to heavily inflamed and less atrophic kidneys
falling within the ambit of chronic pyelonephritis. It is the in-
tegration of cortical atrophy with segmental or duct reflux that
validates the pathological entity of reflux nephropathy.

Glomerular Lesion

While some patients with severe bilateral reflux nephropathy
may develop renal failure because of severe scarring, a further
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FIGURE 24-8. Biopsy specimen
from the hypertrophied left kidney
of a 49-year-old man with severe
reflux nephropathy in the right kid-
ney. One hypertrophied glomerulus
shows sclerosis of segments adjacent
to the stalk. (Silver methenamine.
Magnification ×175.)

group has been defined whose renal function deteriorates de-
spite reflux having spontaneously ceased or having been cor-
rected surgically, and in the absence of complicating UTI.
The latter group is characterized by persistent proteinuria and
less consistently hypertension. This histologic hallmark is the
hypertrophy of surviving nephrons, with focal and segmen-
tal glomerulosclerosis and hyalinosis involving unscarred seg-
ments of kidney or the structurally normal contralateral kid-
ney in patients with unilateral reflux nephropathy (Fig. 24-8).
Morita et al. (108) reported a strong positive correlation be-
tween the extent of glomerular involvement and both the
amount of proteinuria and the reduction of glomerular filtra-
tion rate (GFR).

In the early chronic pyelonephritis literature, proteinuria
was a constant feature in patients developing uremia. A variety
of glomerular lesions were described in scarred tissue, including
segmental and global sclerosis. The relationship of these lesions
to the vascular obliterative lesions of chronic pyelonephritis has
not been clearly defined.

Several authors have reported finding focal and segmen-
tal glomerulosclerosis in both children (108–111) and adults
(112–115) with reflux nephropathy, who developed chronic
renal failure. Most of these patients had proteinuria exceeding
2 g/day. Zimmerman et al. (110) examined nephrectomy speci-
mens from eight young patients with bilateral reflux nephropa-
thy and renal failure. In six of these, the daily protein excretion
was over 2.3 g. Apart from changes of chronic pyelonephri-
tis, they also noted focal and segmental glomerulosclerosis
with hyalinosis. Sclerosed glomeruli contained IgM, comple-
ment, and subendothelial electron-dense deposits. Kincaid-
Smith (112) reported focal and segmental glomerulosclerosis
in 88 of 105 patients with reflux nephropathy, including all
52 with end-stage renal failure. In four cases, this glomeru-
lar lesion was demonstrated in the normal contralateral kid-
ney of patients with unilateral reflux nephropathy. Torres
et al. (114) described 54 patients with reflux nephropathy. Al-
though the majority presented with renal failure, in some the
renal biopsy was done because of proteinuria. The most com-
mon lesion was focal and segmental glomerulosclerosis with
widespread glomerulomegaly. Deposits of IgM, C3, and prop-

erdin were present in sclerosed segments. Antireflux surgery
did not influence the development of these glomerular lesions.
Not all reports agree. Marek and Dvoracek (104) presented
a series of nephrectomy specimens from children and adults
with reflux nephropathy that did not show focal and segmen-
tal glomerulosclerosis, but only severe scarring and intersti-
tial damage. Acute poststreptococcal glomerulonephritis may
cause an acute deterioration of renal function in patients with
reflux nephropathy; recovery has been reported to be poor
(116).

Cotran (117,118) discussed some of the mechanisms that
may lead to focal and segmental glomerulosclerosis in patients
with reflux nephropathy. Based on studies in a rat model,
Hostetter et al. (119) constructed an elegant hypothesis that
may explain the development of this glomerular lesion. They
proposed that hemodynamic adaptation by surviving glomeruli
to the loss of renal mass leads to glomerulosclerosis. The hy-
pothesis is that each surviving glomerulus is subjected to a
supranormal single-nephron blood flow causing raised intra-
glomerular pressure and enlargement of glomerular capillaries
(glomerulomegaly). This causes stretching and widening of the
slit pores of the epithelial cells, resulting in proteinuria, sclero-
sis, and filtration failure. Clinical observations suggest that a
maladaptive response to a loss of renal mass may be a cause
of glomerulosclerosis and progressive renal damage in reflux
nephropathy. Proteinuria may not appear for many years af-
ter severe scarring has occurred, and the proteinuria increases
as renal function declines. Hypertension is a late complica-
tion. The change in renal hemodynamics may explain why this
glomerular lesion may affect the contralateral unscarred kidney
in patients with unilateral reflux nephropathy (120).

Focal and segmental glomerulosclerosis, therefore, appears
to be the most common glomerular lesion found in end-stage
reflux nephropathy. The relative contributions to chronic renal
failure from chronic obliterative vascular disease/scarring and
the development of a secondary glomerular disease are still un-
certain. Matsuoka et al. (121) undertook open renal biopsies
on 49 patients (43 children) with coarse renal scarring and/or
with more than grade III reflux. Most cases of glomerulosclero-
sis were global, while focal segmental glomerulosclerosis was
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uncommon. Attention paid to the tubulointerstitium and the
relationships between the cellular infiltrates (mainly T4 cells)
and glomerular, tubular, and vascular damage (122).

POSSIBLE MECHANISMS
OF DAMAGE

The majority of young patients shown to have VUR come to
attention because of a complicating UTI. Over 90% of pa-
tients with renal damage associated with reflux will already
have demonstrable damage at the initial presentation. Of those
patients who present with end-stage reflux nephropathy, how-
ever, only about 60% have a history of UTI. What happened to
the rest? Did they have asymptomatic infections? Or an illness
that could not be recalled? Or was the reflux silently causing
damage by an effect, such as the colorful and often quoted
analogy to the destructive “water–hammer” action of the Sev-
ern Bore, a periodic tidal wave in the River Severn in England?
Or was the damage because of renal dysplasia, a related, but
separate, expression of a malformation of the urinary tract
during renal development? It is clear from experimental work
in the pig and monkey that high-pressure VUR can cause re-
nal damage in the absence of infection. It is clear that com-
plicating UTIs make VUR more harmful and are important
in the pathogenesis of some renal scars. A debatable issue is
whether UTI without VUR or obstruction can result in renal
scarring.

Urodynamic Factors

There is strong support for the suggestion that high-pressure
VUR and intrarenal reflux in the sensitive, growing newborn
kidney can be potentially damaging by way of urodynamic
factors. This is the age when bladder and sphincteric control
is developing and during which dysfunction is not uncommon.
It is characterized by uninhibited detrusor contractions during
filling and higher bladder pressures during voiding, because of
the obstructive effect of uncoordinated contractions in the ure-
thral sphincter. With the more severe degrees of reflux, these
pressures are transmitted to the renal pelvis and to any reflux-
ing collecting ducts. In fact, fetal ultrasonography studies are
providing increasing evidence that renal damage is occurring
in utero.

In reflux, each time the bladder contracts, a “water-
hammer” pulse of pressure of up to 100 cm of water or higher
reaches the kidney and could produce severe disruption if in-
trarenal reflux should occur. The fact that the bladder pressures
usually rapidly fall again suggests that ischemia is unlikely to
be the major factor in the pathogenesis of reflux nephropathy.
In contrast, in ureteric obstruction, a pelvic pressure of 30 to
60 cm of water sustained for several hours may well exceed
filtration pressure and efferent arteriolar pressure and cause
ischemia and papillary atrophy. Elevation of the intrapelvic
pressure causes a decrease in renal blood flow in the presence
of intrarenal backflow (41).

In clinical practice, increasing attention is now being given
to the detection of lower urinary tract dysfunction that might
raise the intrapelvic pressure associated with reflux. This is not
to deny that reflux in the presence of normal lower urinary tract
function and voiding pressures may carry a significant risk of
reflux nephropathy.

In infants and young children, the risk of developing re-
flux nephropathy is related to the grade of reflux, which, in
turn, can be altered by detrusor dysfunction and high pressures.
It is thus logical to include synchronous urodynamic studies

whenever voiding cystourethrography is indicated in search of
reflux. If lower urinary tract dysfunction is demonstrated in
addition to reflux, then anticholinergic drugs could be used
to lower the pressures during filling and voiding and possibly
hasten the cessation of reflux. There is, however, as yet, no ev-
idence that anticholinergic agents can reduce the risk of renal
damage.

Role of Tamm-Horsfall Glycoprotein

It has been suggested that mechanisms other than urody-
namic factors or bacterial infection may contribute to the renal
damage of reflux nephropathy and, in particular, to the de-
terioration in renal function that may occur in the absence
of continuing reflux, UTI, or hypertension (117,118). One of
these mechanisms involves the escape of urine into the renal
parenchyma. The urinary constituent that has received the most
attention is Tamm-Horsfall glycoprotein, which is secreted by
the epithelial cells of the ascending limb of the loop of Henle
and the distal convoluted tubule (DCT).

Hodson et al. (23) postulated that following intrarenal re-
flux, Tamm-Horsfall protein may excite an immunologic re-
sponse and that the detection of autoantibodies to it might
prove a useful marker of reflux. Anti–Tamm-Horsfall glyco-
protein autoantibodies have been detected in the sera of normal
infants, children, and adults and in increased titers in patients
with upper urinary infection (123,124). Nevertheless, these au-
toantibodies were not found in increased titers in girls with
asymptomatic bacteriuria and reflux.

The mechanism of formation of autoantibodies to this gly-
coprotein is unclear, and it is difficult to reconcile the presence
of true autoantibodies with the presence of free Tamm-Horsfall
protein in normal serum. Moreover, it has been suggested
that the binding between Tamm-Horsfall glycoprotein and im-
munoglobulin exhibited by these immunoassays is nonspecific
(125). Sensitive immunoassays can detect Tamm-Horsfall gly-
coprotein in serum (126,127).

Tamm-Horsfall glycoprotein is found in the glomerular
space, renal interstitial tissue, perihilar lymph nodes, and veins
of diseased kidneys. Interstitial deposits of Tamm-Horsfall pro-
tein are observed in 25% to 30% of patients with tubuloint-
erstitial diseases, including reflux nephropathy (128,129). Ex-
tratubular Tamm-Horsfall glycoprotein serves as a marker for
parenchymal urinary extravasation, but any etiologic role in
renal injury remains to be elucidated. In many patients, the
deposits are surrounded by a pleomorphic immune cell in-
filtrate that comprises monocytes/macrophages, lymphocytes,
neutrophils, and occasional plasma cells. In the pig model of
reflux nephropathy, high-pressure reflux is associated with ex-
tratubular localization of Tamm-Horsfall protein and circulat-
ing autoantibodies (23,130). Thomas et al. (131) demonstrated
in vitro release of proinflammatory compounds from human
neutrophils and mononuclear phagocytosis following stimula-
tion with aggregated Tamm-Horsfall glycoprotein.

From studies in both humans and pigs, it is clear that the
histologic damage cannot be accounted for by the demonstra-
ble deposits of Tamm-Horsfall glycoprotein, as these deposits
are restricted to a small portion of the tissue exhibiting histo-
logic change and are not found in all human cases or animal
models. Any immunologic mechanism proposed for the con-
tinuing renal damage in reflux nephropathy must account for
the localized lesions that occur and the fact that the condition
may be unilateral. Although there is some evidence in animals
that an immune response to Tamm-Horsfall glycoprotein may
be operative in disease models of tubulointerstitial nephritis,
the case for this glycoprotein having a role in the pathogene-
sis of the tubulointerstitial nephritis of reflux nephropathy in
humans remains unproved.
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Role of Infection

Most UTIs complicating VUR or resulting in acute
pyelonephritis are caused by Escherichia coli. The initiating
step in the onset of the UTI is adhesion of the E. coli to the
urinary tract epithelial cells (132). This adhesion is mediated
by nonspecific, as well as by specific receptor–ligand interac-
tions. Among the factors involved, P-fimbriae (so named be-
cause they act as ligands for P blood group antigens on the
urothelial cells) have received special attention. Additional vir-
ulence factors, such as hemolysin, aerobactin, particular O and
K serotypes, and serum resistance may also be important in the
pathogenesis of acute pyelonephritis (133–136). The role of
P-fimbriated E. coli in the development of reflux nephropathy
is unclear. While some reports indicate that most episodes of
nonobstructive acute pyelonephritis in children and in adults
are caused by P-fimbriated E. coli, most pyelonephritic episodes
associated with renal scarring are caused by non-P-fimbriated
strains (137,138). Bacterial adhesion to the urothelium results
in the release of endotoxin, activation of the alternative comple-
ment pathway and formation of membrane attack complex and
chemotactic cleavage products (139,140). The release of endo-
toxin has been proposed to inhibit ureteral peristalsis caus-
ing functional obstruction and facilitating intrarenal reflux.
Macrophages in the renal interstitium respond to the bacte-
rial invasion by releasing cytokines and chemokines, as well as
by digesting and presenting bacterial antigens to CD 4 + T lym-
phocytes. The activation of lymphocytes results in further re-
lease of cytokines and stimulation of lymphocyte proliferation.
Invading neutrophils engulf bacteria that have been coated with
serum-derived proteins. The release of reactive oxygen species
(ROS) and lysosomal enzymes by these cells results not only in
bacterial killing, but also in renal damage. Some studies suggest
that urine and serum cytokine levels may be useful as nonin-
vasive markers of parenchymal damage in reflux nephropathy
(141,142). Early treatment of the infection with antibiotics and
inhibition of the inflammatory response by the administration
of glucocorticoids have been proved experimentally to reduce
renal damage (143).

EXPERIMENTAL REFLUX
NEPHROPATHY

Observations on the pig experimental model have contributed
enormously to the understanding of the natural history and
pathology of VUR and reflux nephropathy (23–25,106,107).
The reason why the pig has been used as a model to study
pyelorenal reflux is that, like humans (and the gorilla, cow,
sheep, and otter), it possesses a multipapillary kidney.

Hodson et al. (23) observed the development of focal scar-
ring in the multipapillary kidneys of young female miniature
pigs with intrarenal reflux while their urine remained sterile.
The scars only developed in areas affected by intrarenal reflux.
A characteristic feature of intrarenal reflux was that it occurred
mainly at the poles of the kidneys, while the mid-zone tended
to be spared. The reason for this was unexplained until the im-
portant observations on the morphology of renal papillae were
made, as discussed earlier (24,25).

The initial studies by Ransley and Risdon (24,25) indicated
that UTI was of prime importance in the scarring process and
that intrarenal reflux of infected urine could produce focal scar-
ring very rapidly (“big bang” theory). These workers later con-
firmed (107) the work of Hodson et al. (23) that high-pressure
sterile reflux resulted in renal scarring and defined the urody-
namic conditions under which damage developed.

There has been debate as to the effect of an acute increase
in ureteric pressure on renal blood flow. However, Thomsen

et al. (41) studied piglets using electromagnetic flow probes
and contrast material infused through a ureteric catheter and
showed that renal blood flow decreased with increasing in-
trapelvic pressure, but only if intrarenal reflux was present.
This was thought to be because of the mechanical effects of
interstitial edema and the resulting increase in interstitial pres-
sure. Focal ischemia produced by intrarenal reflux may be an
important factor in the development of renal scarring in reflux
nephropathy.

The pathology of the pig experimental renal lesion follow-
ing sterile reflux has been described in detail (106,107). The
sterile focal scarring was in the same distribution as the scar-
ring resulting from intrarenal reflux of infected urine. Macro-
scopically the most striking changes are the development of
extensive flat scars corresponding to lobes draining through
compound papillae. Less extensive “slit” scars, traversing the
center of the lobe in the plane of its axis, occurred most com-
monly in the mid-zone of the kidney, and small “pit” scars were
scattered throughout the kidneys. Changes varied in severity
with the voiding pressure. In some animals with a high voiding
pressure, there was generalized dilatation of the pelvicalycine
system with scarring in most lobes. Where there was lobar scar-
ring, the corresponding papillae were flattened, while with slit
scars only the centers of papillae were scarred. The histologic
changes have been described elsewhere (106,107).

Over the past 20 years, Roberts (139,140,144) has un-
dertaken a series of well-organized experiments using adult
macaque monkeys to study the interrelationships between VUR
of varying degrees, intrarenal reflux, urodynamic factors, and
untreated UTI. These studies have shown that a loss of renal
function will occur in the presence of sterile urine only if the
bladder neck obstruction is severe. VUR by itself did not cause
renal parenchymal damage in the absence of obstruction or
infection. On the other hand, the studies by Roberts in the
monkey have shown that inoculation of bacteria into the blad-
der can cause acute pyelonephritis and scarring in the absence
of VUR (139,140). The cause of this different susceptibility to
UTI in the pig and the monkey and the relevance of these ob-
servations to reflux nephropathy in humans continue to be a
subject of debate.

TECHNIQUES FOR
DEMONSTRATING

VESICOURETERIC REFLUX

Voiding Cystourethrography

The voiding cystogram is the most precise method available
for defining VUR and will almost certainly remain the refer-
ence against which new techniques will be evaluated. How-
ever, the procedure is invasive and unpleasant, especially in
the 2- to 5-year-old child. If repeated studies are required, the
cumulative radiation dose should be considered. The radia-
tion dose with tailored, low-dose voiding cystourethrography
techniques, however, is much lower, comparable to those of
radionuclide techniques. Voiding cystourethrography is also
important for assessing bladder function and is best combined
with measurements of bladder pressure and urine flow rate. The
bladder is filled with water-soluble contrast medium run into
the bladder through either a urethral or suprapubic catheter
(145). A helpful outline with recommendations on how to
optimize the performance of voiding cystography has been
recently published (146). The authors provide recommenda-
tions for patient and parent preparation, catheterization tech-
nique, radiological contrast, cyclical voiding, imaging, and re-
porting of results, and discuss contraindications and possible
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FIGURE 24-9. Classification of grades of VUR used by the Interna-
tional Reflux Study Committee. (From: Report of the International Re-
flux Study Committee. Medical versus surgical treatment of primary
vesicoureteral reflux. Pediatrics 1981;67:392, with permission.)

complications. If VUR is demonstrated, it must be classified
according to the extent and degree of ureteric filling and the
degree of dilatation of the collecting system and, in particular,
the minor calyces. The grading classification of VUR agreed
upon by the 26 units participating in the International Re-
flux Study in Children (144,147,148) has become widely used
(Fig. 24-9):

■ Grade I Ureter only.
■ Grade II Ureter, pelvis, and calyces with no dilatation

and normal calyceal fornices.
■ Grade III Mild or moderate dilatation and/or tortuosity

of the ureter and mild or moderate dilatation
of the pelvis. No or only slight blunting of the
fornices.

■ Grade IV Moderate dilatation and/or tortuosity of the
ureter, and moderate dilatation of the pelvis
and calyces. Complete obliteration of the
sharp angles of the fornices, but main-
tenance of papillary impressions in the ma-
jority of calyces.

■ Grade V Gross dilatation and tortuosity of the
ureter, pelvis, and calyces. The papillary im-
pressions are no longer visible in the majority
of the calyces.

The grading of reflux is determined by the most severe re-
flux, which usually coincides with the peak of voiding. The
bladder volume at which reflux is first seen, as well as any
intrarenal reflux, should be noted, although these are not rele-
vant to the current grading systems. Intrarenal reflux may oc-
cur in association with grades III, IV, or V on the International
Classification. This classification is now widely used and its
utilization by all radiologists encouraged.

Alternative Methods of Demonstrating
Vesicoureteric Reflux

Alternative methods for demonstrating VUR could be consid-
ered clinically useful if they were less invasive, better tolerated,
cheaper, or associated with a lower radiation dose to the go-
nads than voiding cystourethrography. However, such meth-
ods must not produce false-negative results, especially for the
more severe degrees of reflux, and should have a low incidence
of false-positive results. It is essential that any new technique
should enable the degree of reflux to be classified (145).

Indirect Methods

Unfortunately there is no clinical test available for diagnosing
VUR. Careful cystoscopic evaluation by an experienced urol-
ogist will give valuable information on the position and con-

figuration of the ureteric orifices when assessing the etiology
of a scarred kidney where reflux is no longer demonstrable by
radiologic techniques.

Silber and McAlister (149) assessed the frequency of lon-
gitudinal folds in the calyceal system, renal pelvis, or ureter,
demonstrated during intravenous urography, as an indirect sign
of VUR. Longitudinal folds were observed in 30% of 354 re-
nal units examined. These folds were most frequent in those
individuals with the most severe degree of reflux. The authors
concluded that such longitudinal folds were a valuable indirect
indicator of reflux. However, these folds are not specific for
reflux.

While the wide ureter on an intravenous urogram in a neu-
ropathic patient should arouse suspicion that reflux or lower
urinary tract dysfunction might be present, these conditions are
not necessarily excluded by the findings of a ureter of normal
size (150).

Orr et al. (151) demonstrated experimentally that VUR was
associated with a sharp drop in renal blood flow coinciding
with a peak in bladder pressure at the commencement of mic-
turition. Whether this technique would prove valuable as a clin-
ical test seems doubtful. A reduction in either the renal length
or mass correlates well with the continuing presence of gross
VUR. Individual renal function tests may assist in identify-
ing which kidneys are being subjected to potentially damaging
reflux.

Radionuclide Micturating Cystography

In 1959, Winter (152) was the first to suggest the use of ra-
dionuclides in the investigation of VUR. Dodge (153) drew
attention to the potential value of the indirect radionuclide
micturating cystogram when he observed that if a patient with
reflux voided at the end of a renogram there was often a brisk
rise in renal activity.

Other workers used this indirect method, which relied on
the rapid and complete renal clearance of an intravenously in-
jected radionuclide, such as 99mTc DTPA or 99mTc MAG-3,
which are often used for split renal function measurements.
When the radionuclide had accumulated in the bladder, the
residual activity in the kidneys was low enough to permit vi-
sualization of any reflux activity when the patient was placed
under the gamma camera. As the patient voided, any significant
increase in radioactivity over the upper urinary tract indicated
reflux. The major drawback of this indirect method was the
necessity for considerable patient cooperation, which makes it
unsuitable for children under 5 years of age. Furthermore, re-
flux can be detected only during the voiding and postvoiding
phases, and the morphology of the bladder and urethra cannot
be evaluated. There are advantages, however, including the fact
that the bladder is not catheterized and that renal function can
be measured.

Blaufox et al. (154) reported the use of direct radionuclide
micturating cystography, which is performed by instillation
into the bladder through a urethral catheter of a radionuclide,
such as 99mTc-pertechnetate or 99mTc-DTPA in saline. This pro-
cedure required about 50 minutes to perform and resulted in
an estimated gonadal radiation dosage of 4 or 5 millirads. The
authors showed good correlation with conventional voiding
cystourethrography and concluded that the technique was a
useful adjunct to conventional radiologic studies for the diag-
nosis of VUR in children. This technique has been used exten-
sively by Conway et al (155,156), but, again, the radionuclide
was instilled through a urethral catheter, a technique that is un-
pleasant and potentially hazardous. Conway et al. (155) used
1 millicurie of 99mTc-pertechnetate and estimated the radia-
tion exposure to the bladder wall to be 30 millirads. Conway
et al. (157) measured the residual urine volume and other uro-
dynamic measurements during the examination. Conway et al.
(157) later reported their clinical experience of more than 3,500
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FIGURE 24-10. Radionuclide micturating cystogram showing VUR
into the left kidney.

radionuclide micturating cystograms over a 12-year period and
concluded that the method was sensitive and, possibly more
so, than conventional radiologic methods. Cyclic (filling the
bladder and having the infant void around the catheter sev-
eral times) direct radionuclide cystography may increase the
sensitivity of the procedure (158).

Bailey et al. (159) modified the direct method by instill-
ing the radionuclide suprapubically into the distended bladder
(Fig. 24-10). This method was simple, highly acceptable to the
patients, and preferred to urethral catheterization. These au-
thors concluded that this technique was ideal for the follow-
up of patients with VUR treated either surgically or conser-
vatively. More recently, indirect radionuclide cystography has
been shown to have some advantages for following children
with VUR (83,160).

Godley et al. (161) have reported a method for the quantita-
tion of VUR by synchronous combined direct radionuclide cys-
tography and urodynamics. Intravesical pressures and volumes
are coordinated with volumes of reflux. This method requires
further study to assess its potential for providing a functional
classification of VUR.

Recently, the Pediatric Committee of the European Asso-
ciation of Nuclear Medicine has published guidelines on the
indications, acquisition, processing, and interpretation of di-
rect radionuclide cystography in children (162). Advantages of
radionuclide cystography are the higher sensitivity and lower
radiation burden. Disadvantages, compared to conventional
voiding cystourethrography, are that the morphology of the
bladder and urethra and the dimensions of the collecting sys-
tem cannot be evaluated.

Ultrasonography

For some time there has been hope that ultrasound would be
able to detect VUR. Despite the report of Tremewan et al. (163),
there has been disappointment in this respect. One of the meth-
ods used has been conventional ultrasonography of kidneys
and ureter in order to detect dilatation of the collecting system
or other indirect signs of VUR. Jureidini et al. (164) assessed
the urinary tract of children using real-time ultrasonography.
The bladder and lower ureters were observed closely for at least
5 minutes for dilatation. Ultrasonography was shown by these
investigators to be reliable for diagnosing reflux with dilata-
tion. Others (161–163,165–167), however, believe that sonog-
raphy is not sufficiently sensitive or specific for detecting VUR.
Blane et al. (165) found that 74% of kidneys with reflux at

voiding cystourethrography were ultrasonographically normal
and that 28% of the refluxing kidneys that were missed had
reflux of grade III or more. Stokland et al. (166) and DiPietro
et al. (167) have reported similar results.

More recently, Avni et al. (168) have again confirmed that
dilatation of the renal pelvis alone detected by static ultra-
sonography is a poor predictor of the presence of VUR. Never-
theless, when these investigators included other abnormalities,
in addition to pelvic dilatation, such as calyceal or ureteral
dilatation, pelvic or ureteral wall thickening, absence of corti-
comedullary differentiation, and signs of renal dysplasia (small
kidney, thinned or hypoechoic cortex and cortical cysts), they
found that only 12.3% of renal refluxing units were normal.
This study has been criticized, because it only included infants
with VUR, therefore allowing an estimate of specificity of the
variables studied, but not of their sensitivity.

Hiraoka et al. (80) have used ultrasound scanning of the
kidneys during voiding (voiding ultrasonography) to diag-
nose VUR. They examined the kidneys before, during, and
after voiding provocation using a B-mode ultrasound scanner
equipped with a videocassette recorder. Voiding provocation
was attempted for up to 5 minutes and was successful in 60%
of the cases. The presence of transient pelvic dilatation, de-
fined as an increase in diameter of 3 mm or more by com-
parison to before voiding and returning to its basal size within
2 minutes, was considered indicative of VUR. By comparison to
voiding cystourethrography, voiding ultrasonography detected
transient renal pelvic dilatation in 71% of 24 kidneys with
VUR and 94% of 17 kidneys with high-grade (grade III or
more) reflux.

Another ultrasonography approach has been the introduc-
tion of fluids with echogenic characteristics into the bladder
followed by ultrasonography of the kidneys and ureters to de-
tect the echogenic refluxing material (169,170). Obviously, the
major disadvantage of this technique is that it still requires
bladder catheterization, and its clinical usefulness has not been
proved.

Marshall et al. (171) used color Doppler to detect the pres-
ence of VUR. This method is noninvasive, avoids ionizing radi-
ation, does not require bladder catheterization, and enables the
position of the ureteric orifice to be determined in relation to the
midline of the bladder. These authors concluded that the more
laterally positioned the ureteric orifice was, the more likely
it was to reflux and suggested that color Doppler ultrasound
measurement of laterality of the ureteric orifice may be useful
for predicting which children with a UTI would benefit from
voiding cystourethrography. Oak et al. (172) reported 87% ac-
curacy for grade I, 92% for grade II, and 100% for grades III,
IV, and V reflux using a color Doppler real-time machine as a
diagnostic method. Kosar et al. (173) found color-flow Doppler
ultrasonography to be 90% sensitive with a specificity of 93%.
Color-Doppler ultrasound has some limitations. It is influenced
by hydration status and is unsuitable for patients aged <2 years
because it requires significant patient cooperation. Another im-
portant limitation is the suboptimal delineation of the posterior
veins, which imposes restrictions on the evaluation of posterior
urethral valves and of the ureters, which imposes restrictions
on the grading of reflux.

Resistive index determined by color-Doppler ultrasound has
also been reported to correlate with the severity of the VUR,
but the clinical usefulness of this method is doubtful (174).

BLADDER PRESSURE AND
BLADDER DYSFUNCTION

The potential importance of bladder pressure in patients
with VUR has become recognized since the availability of
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A B

FIGURE 24-11. A voiding cystourethrogram of a patient showing grade III (Christchurch classification)
VUR at a detrusor pressure of 10 cm of water (A), and both grade IV and areas of intrarenal reflux at 70
cm of water (B).

urodynamic studies. The pressure within the renal pelvis and
any refluxing tubules is determined by the filtration pressure
and the urinary production rate and by the contractility of
the smooth muscle, the degree of distention, and the effi-
ciency of peristalsis in the pelvis and ureter, all modified by the
ureterovesical resistance. In the more severe degrees of reflux,
intrapelvic pressure is dominated by the transmitted bladder
pressure where a continuous column of fluid joins the bladder
and pelvis. The grade of reflux in any one patient can change
with the bladder pressure (Fig. 24-11) and, hence, if the grade
of reflux is to be documented or used as a basis for any manage-
ment decision, it is important to record instantaneous bladder
pressures on any still x-ray film showing reflux.

Assessment of Lower Urinary
Tract Dysfunction

The two main features of lower urinary tract dysfunction that
can lead to increased bladder pressures are detrusor instability
and detrusor–sphincter dyssynergia (56, 57).

In children, after the toilet-training age, lower urinary tract
dysfunction can be grossly assessed from the history (54,55).
The diagnosis can be facilitated by documentation of the void-
ing pattern using a urinary diary. Noninvasive measurement of
urine flow and residual urine can be easily obtained using a flow
meter and a sonographic device. If these are abnormal, further
urodynamic studies are recommended. These studies may be
difficult to interpret, as findings depend on the observer being
confident that the child is cooperating and remaining relaxed
throughout. This difficulty has been overcome in some centers
by repeating the cystometry three times in a relaxed environ-
ment. Another technique is the dysfunctional voiding symptom
score, which is an aggregate score of various clinical features

of the dysfunctional voiding symptom complex. It provides a
quantitative means of monitoring the response to bladder be-
havioral modification (62).

The assessment of low urinary tract dysfunction in infants
and non–toilet-trained children is more difficult. To provide a
basic assessment of bladder function in these patients, Holm-
dahl et al. (175) have developed a 4-hour voiding observation
test, including the number of voidings, voiding volume (from
diaper weights), bladder capacity, and residual urine (using a
bladder ultrasound). Using this test, refluxing infant boys with
very high pressure levels and low capacity on urodynamic in-
vestigation were shown to have a different voiding pattern from
healthy infants of comparable age.

TECHNIQUES FOR
DEMONSTRATING REFLUX

NEPHROPATHY

Intravenous Urography

The intravenous urogram has been the traditional imaging
technique for diagnosing reflux nephropathy. For many years
this was the only technique available, but real-time ultrasound
and dimercaptosuccinic acid (DMSA) radionuclide scanning
are now available. These other methods do not provide as much
anatomic detail, but can be used to determine renal size and
focal loss of parenchyma. The role of ultrasound and, in partic-
ular, DMSA scanning has changed the status of the intravenous
urogram with regard to the examination of patients with UTI.
Whereas the intravenous urogram was formerly widely used as
the primary examination in patients with UTI, it now plays a
secondary role to either ultrasonography or DMSA scanning.
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FIGURE 24-12. Intravenous urogram of
a 35-year-old woman showing bilateral
reflux nephropathy, which is more severe
on the right side. Note the focal nature
of the scars involving the full thickness of
renal parenchyma, mainly in the polar re-
gion (arrow). There are other areas where
the renal lobes are normal.

The place of the intravenous urogram is to confirm the diag-
nosis of reflux nephropathy, where this is suspected, from one
of the other examinations.

A good-quality intravenous urogram will demonstrate the
irregularly scarred surface of the kidney along with clubbing
of the underlying calyx. The latter indicates damage to the
papilla. This is evidence of full-thickness scarring on a lobar
basis, which is the hallmark of reflux nephropathy. Depending
on the extent and severity of this scarring process, two quite
distinct types of radiographic damage emerge:

1. Full-thickness focal scars with calyceal clubbing and atro-
phy and retraction of the overlying cortex, involving one or
more renal lobes, and found most frequently in the polar
region. There is always preservation of at least one nor-
mal renal lobe (Fig. 24-12). These appearances are pathog-

nomonic of reflux nephropathy. This is the most com-
mon form of reflux nephropathy, and the number of re-
nal lobes involved determines the severity of the scarring
process.

2. Occasionally, and associated with the most severe degrees
of VUR, the renal damage is diffuse with involvement of
all lobes of the kidney, resulting in a generalized reduction
in parenchymal thickening with uniform papillary changes
(Fig. 24-13). The use of nomograms for renal length, renal
parenchymal area, and parenchymal thickness are helpful in
its identification. This type of reflux nephropathy resembles
the changes seen in obstructive atrophy.

Classifications of the type and degree of renal scarring have
been proposed by Smellie et al. (176) (Fig. 24-14) and by
Monsour et al. (177).

FIGURE 24-13. Intravenous urogram
of a 4-year, 8-month-old boy showing
generalized scarring in the right kidney
and a normal left kidney.
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FIGURE 24-14. Grading of parenchymal scarring in reflux nephropa-
thy. A: Mild scarring with not more than two scarred areas. B: More
than two scarred areas but some areas of normal tissue persist. C:
Diffuse thinning of parenchyma with generalized calyceal clubbing—
“backpressure type.” D: Shrunken kidney with insignificant parenchy-
mal thickness. (From: Smellie JM, Edwards D, Hunter N, et al. VUR
and renal scarring. Kidney Int 1975;8:S-65, with permission.)

Radionuclide Techniques

Not long ago, it was necessary to undertake bilateral ureteric
catheterization to measure individual renal function. This re-
quired general anesthesia, was time-consuming, and was poten-
tially hazardous. In a dilated urinary collecting system, such as
one subjected to reflux, it was often difficult to place a tapered
ureteric catheter that did not leak. Recently, the use of nonin-
vasive radionuclide techniques for measuring individual renal
function have become popular and have been shown to corre-
late well with measurements made during ureteric catheteriza-
tion (178) (Fig. 24-15).

Although the intravenous urogram has been the key imag-
ing modality for renal parenchymal injury, at times it fails to
demonstrate focal scarring, especially at the upper poles, and
is of no value in determining renal function. There has been
recent interest in the use of radionuclides for the renal imag-
ing of patients with reflux nephropathy. The most widely used
radionuclides are those labeled with 99mTc because of their ex-
cellent physical properties. Compounds, such as diethylenetri-
amine pentaacetic acid (DTPA), DMSA, glucoheptonate, and
mercaptoacetyltriglycine (MAG-3) are available and have their
own specific advantages and disadvantages. DTPA is predomi-
nantly filtered with little cortical retention, but the other agents
are retained to varying degrees (DMSA > glucoheptonate >
MAG-3) by chemical combination in the cells of the proximal
tubules, allowing good cortical pictures to be obtained (179).

FIGURE 24-15. Posterior view of a DMSA scan showing a hypertro-
phied normal left kidney and a small scarred atrophic right kidney
contributing only 11.3% to overall renal uptake.

Radionuclides have also been used to evaluate possible renal
sepsis. [67Ga]citrate localizes in polymorphonuclear leukocytes
and an increased uptake of Ga can be expected in bacterial in-
fections within the renal parenchyma. 111In- and 99mTc-labeled
autologous leukocytes have also been reported to be useful in
acute pyelonephritis, but clinical experience is limited.

Dillon et al. (180) reported in 1983 an excellent correla-
tion between the findings on intravenous urography and the
DMSA scan in 12 children with reflux nephropathy. The latter
detected two additional scars that had been missed on conven-
tional radiology. Focal defects on DMSA scanning reflect un-
derperfusion, either because the proximal tubules in the dam-
aged area extract a smaller amount of the radionuclide than
the normal areas or because they are damaged by ischemia and
are incapable of taking up the DMSA. Many other workers
subsequently confirmed the value of DMSA scanning for iden-
tifying renal scars (181,182), in addition to providing valu-
able functional information based on the relative uptake of
the tracer in the two kidneys in the posterior view, corrected
for background activity. In 1984, Goldraich et al. (182) pro-
posed a four-grade classification of renal parenchymal dam-
age based on the DMSA scan (Fig. 24-16). These Brazilian
workers (183) later reported an 88% concordance between
the findings on intravenous urography and the DMSA scan
in a large series of children with primary VUR. In 34 kid-
neys, the intravenous urogram was considered normal but the
DMSA scan showed scars. The authors concluded that abnor-
malities detected by the DMSA scan may precede the radio-
logic findings. On the other hand, acute perfusion defects on a
DMSA scan may occur as a result of an acute renal parenchy-
mal infection and resolve within 3 months of the clinical
episode.

Most clinicians now consider the DMSA scan and the intra-
venous urogram to be complementary investigations in the di-
agnosis of renal scarring (184), but some believe that the DMSA
scan is the new “gold standard” investigation for a child with
a UTI (185). Posterior and left and right posterior oblique pla-
nar images are usually obtained, but some authors prefer the
single-photon emission-computed tomography (SPECT) tech-
nique. Although DMSA scans have been used for many years,
the interpretation of DMSA images is not always straightfor-
ward. There is significant interobserver variability in the clas-
sification of DMSA scans as normal or abnormal (186,187).

Ultrasonography

Ultrasonography has evolved considerably in recent years with
the development of real-time and Doppler imaging. The infor-
mation obtainable from ultrasound examination will increase
in the future with continuing technologic advances. Ultrasound
now provides an excellent screening examination of the urinary
tract, providing information on kidney size, the presence of
obstruction, severe scarring in adults, and examination of the
bladder with assessment of bladder emptying. The assessment
of renal size in children is facilitated by the use of nomograms
(188,189). It can be used to screen out children in whom intra-
venous urography is not necessary (190,191) and to evaluate
adults presenting with UTI (192). It has the advantage of being
less expensive and noninvasive when compared to intravenous
urography. On the other hand, ultrasonography is very oper-
ator dependent and less accurate than intravenous urography
or DMSA scan to detect renal scarring.

Other Imaging Methods

Computed tomography (CT) and magnetic resonance imag-
ing (MRI) have not been extensively used to diagnose reflux
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A-E

FIGURE 24-16. Classification of kidneys with reflux nephropathy (RN) on 99mTc-DMSA scanning. A:
Normal. B: Type 1 (no more than two scarred areas). C: Type 2 (more than two scarred areas, with some
areas of normal parenchyma). D: Type 3 (generalized damage to whole kidney, similar to obstructive
nephropathy, i.e., contraction of entire kidney with or without focal scars). E: Type 4 (“end-stage” kidney
with little or no uptake of radionuclide, i.e., less than 10% of overall function). (Courtesy of Dr. Noemia
P. Goldraich, Porto Alegre, Brazil.)

nephropathy. Fast CT techniques, such as spiral and electron-
beam CT, may be more sensitive and specific than excretory
urography and DMSA scan to detect small scars, particularly
in the anterior and posterior part of the kidneys, which are
more difficult to visualize by urography or DMSA scanning.
The disadvantage of these techniques, however, is that they re-
quire breathhold imaging, which may not be feasible in young
children. The potential advantages of MRI techniques to de-
tect renal scarring are, at present, outweighed by their cost and
need for sedation or anesthesia in young children. Normative
renal growth curves can be constructed from CT and MRI de-
rived renal volumes. In reflux nephropathy, the cortical fraction
is reduced and differential function on nuclear scan correlates
with MRI-derived differential volume (193).

NATURAL HISTORY OF
VESICOURETERIC REFLUX

Some kidneys subjected to VUR become progressively dam-
aged, while others remain apparently unaffected. The observa-
tion, however, that the severity of reflux was the single most im-
portant determining factor as to whether renal damage would
occur was a major breakthrough in the understanding of this
entity (1,19,21,194). Reflux becomes less marked with increas-
ing age and frequently completely disappears. Even the severest
degrees of reflux may cease, especially when renal scarring has
become severe. An abnormal ureteric orifice in the bladder may
remain as the only marker of previous reflux. What may have
been a grossly refluxing ureter in infancy may be a moderately
or slightly refluxing ureter in childhood. This phenomenon is
best explained by the maturation theory of Hutch (15).

Rolleston et al. (19) investigated 91 males and 84 females
under the age of 12 months. Ninety-eight were under 8 weeks
of age. Those with obstructive uropathy were excluded. VUR
was found in 86 (49%) of the infants and was bilateral in 44.
The 130 refluxing ureters were classified into three grades of
severity. At the initial presentation, 26 of the 32 kidneys sub-
jected to gross reflux already had renal damage. In comparison
only 3 of 74 kidneys subjected to moderate reflux were possibly
slightly damaged. None of the 24 kidneys with slight reflux was
damaged. When these infants were followed for 6 months to
6 years, progressive renal parenchymal damage only occurred
in those kidneys with continuing gross reflux. No progressive
damage was detected in kidneys associated with moderate or

slight reflux. What was of great significance was that progres-
sive lesions were demonstrated in some of these children in the
continued absence of UTIs.

Rolleston et al. (21) extended their study to 350 infants (age
range 3 days–12 months; mean age, 3 months) and demon-
strated reflux in 147 (42%). Of the 226 refluxing ureters, 49
were classified as gross. Only 79% of these infants were inves-
tigated because of a complicating UTI. At the initial investiga-
tion, 29 of 49 kidneys with gross reflux, or 13% of all kidneys
with reflux, were already damaged. No damage was associated
with the lesser degrees of reflux. Of the 16 kidneys associated
with gross reflux but no evidence of renal damage at the initial
examination, 7 showed subsequent damage. In the majority
of these kidneys the renal damage was generalized. These key
studies by Rolleston et al. (19,21) clearly indicated that infancy
or early childhood was the critical period in the natural history
of the renal damage associated with reflux.

Acton and Drew (195) reported 160 neonates undergo-
ing urinary tract investigations primarily because of a urinary
infection. Of this group, there were 54 between the ages of
7 days and 8 weeks in whom reflux was demonstrated. Reflux
nephropathy was found only in those with severe reflux. Five
of the six with grade IV reflux had a generalized reduction of
renal parenchyma at a mean age of 3 weeks of life. Of those
infants with less severe reflux, 77% ceased to reflux sponta-
neously, the majority in the first year of life. None of these
infants developed any radiologic evidence of renal damage.

Support for anatomic renal damage occurring in associ-
ation with continuing gross reflux was provided by Aperia
et al. (196), who demonstrated that kidneys subjected to gross
reflux underwent a steady functional deterioration. Kidneys
with lesser degrees of reflux, or no reflux, had no change in
individual renal function. Klare (197) assessed individual re-
nal function using radionuclide techniques and demonstrated
that only those kidneys subjected to gross reflux had reduced
function.

There have been few long-term studies of infants with gross
VUR. Bailey et al. (198,199) reported the long-term follow-up
of 31 infants with gross reflux diagnosed between 1952 and
1970. Prior to 1970, all infants with gross reflux diagnosed in
that institution were treated with prophylactic antimicrobial
therapy and did not undergo ureteric reimplantation unless
there was radiologic evidence of renal damage. In this series,
there were 16 boys and 15 girls with a total of 44 grossly
reflux ureters. Twenty-four of the 31 infants presented with
a UTI. The mean age at presentation was 15.3 weeks (boys
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11.3 weeks; girls 19.5 weeks). In 12 of the 26 in whom reflux
nephropathy was eventually documented, renal scarring was
already present when first investigated at 4 to 48 weeks of life
(mean 20 weeks). Of the 14 additional patients, who developed
reflux nephropathy during follow-up, all did so within 3 years
of birth. Clearly the damage resulting from gross reflux devel-
oped extremely early in life and in some was probably present
at birth. Of the original 31 infants, 21 had remained under reg-
ular supervision for a mean of 23.9 years (range 16 to 37 years)
(199). Four of the 21 had normal kidneys on intravenous urog-
raphy and normal renal function. Four patients had developed
bilateral reflux nephropathy; two of these had proteinuria and
a glomerular filtration rate of less than 70 mL/min with one
progressing toward end-stage renal failure. One of the two pa-
tients with renal insufficiency also had mild hypertension. The
remaining 13 patients had unilateral reflux nephropathy. Two
of these had hypertension and one (born with a single kidney)
developed end-stage renal failure at 23 years of age. While this
study was in progress, 24 patients born between 1952 and 1970
entered the same department’s renal replacement program, be-
cause of end-stage reflux nephropathy. These 24 patients did
not present in infancy or early childhood with UTIs but came
to attention in later life with hypertension, proteinuria, or renal
failure.

Jacobson et al. (200) reported a 25- to 35-year retro-
spective follow-up on 30 patients who presented with acute
pyelonephritis in childhood (aged 1 to 13 years; mean age
6 years) and were shown to have reflux nephropathy. Three of
the patients developed end-stage renal failure and seven, hyper-
tension. These studies demonstrated that the more severe the
renal parenchymal damage, the greater the risk of long-term
complications. Such patients should be kept under supervision
for the development of proteinuria, hypertension, or renal in-
sufficiency.

Smellie et al. (201) reported a long-term (10 to 35 years)
follow-up of 226 patients with VUR and UTI, who had a mean
age of 5 years at presentation. Of the 226 patients (20% of
those with grade I, 26% of grade II, and 69% of grade III
through V reflux), 37% had cortical scars at presentation. One
hundred ninety-three patients were treated with uninterrupted
low-dose antibacterial prophylaxis, until two consecutive neg-
ative cystograms were obtained, and a regimen designed to
achieve complete bladder emptying by regular drinks and void-
ing, double voiding at bedtime, and correction of constipation.
The remaining 33 patients were treated surgically. New scars
developed in two boys, one with and one without previous
scars, at the age of 7 and 9 years. Both had VUR into the
corresponding ureter and each scar followed a symptomatic
infection.

In 1984, the Southwest Pediatric Nephrology Study Group
(202) initiated a prospective study to follow the natural history
of children with grades I, II, or III VUR on the International
Classification. A total of 113 normotensive children (92 girls),
aged between 1 month and 5 years, with reflux in at least one
ureter and without radiographic evidence of renal scarring were
enrolled. VUR was unilateral in 65 and bilateral in 48 of the
children. The protocol included antimicrobial prophylaxis and
surveillance for UTI, an annual voiding cystourethrogram un-
til the reflux had resolved, intravenous urography at 1, 3, and
5 years to assess renal growth (planimetric surface area) and
scarring, and an annual screening for evidence of renal dys-
function and hypertension.

At the initial report, 83 patients had completed 2 years of
follow-up (202). Breakthrough UTI had occurred in 18 chil-
dren. Of 45 ureters with no reflux at the initial diagnosis, 5
had grade I or II reflux, while of 121 ureters with reflux at
diagnosis, 28% had resolved, 22% had no reflux, 19% had a
lower grade of reflux, 21% had the same degree, and 10% a

more severe degree of reflux. VUR resolved more often when
the reflux was initially grade I than grade II or III, while the
reflux worsened in only one ureter with grade III. Twelve per-
cent of those with grade II and 21% with grade I reflux had a
higher grade of reflux at the 2-year follow-up than at the initial
diagnosis. Blood pressure, GFR, and plasma renin activity, rel-
ative to age, were normal in all children. New unilateral renal
scars, unrelated to recurrent UTI or the grade of reflux, was
observed in three children.

Arant (203) reported that 74 of the 113 children had com-
pleted 3 years of follow-up. At this time, reflux had resolved
in 67% of those with grade I, 57% with grade II, and only
19% with grade III reflux. A total of 6% had a higher grade
of reflux between diagnosis and the 3-year follow-up and 23%
of nonrefluxing ureters at diagnosis exhibited reflux during a
follow-up study. A breakthrough UTI had occurred in 24%
of children, but was unrelated to resolution of the reflux or
to renal damage. No child had a significant abnormality of
the urinary sediment, while one had mild proteinuria. Five pa-
tients had a blood pressure measured at or above the 95th per-
centile for age, and 70 had a plasma renin activity more than
two standard deviations above the age-related mean value. The
GFR had remained normal in every child. Arant indicated that
the most significant finding to date in this prospective study
was that definite evidence of renal scarring (cortical thinning
over a deformed calyx) had developed in eight kidneys (eight
children), including some children without documented UTI
during the period of observation. In this group, renal scarring
occurred nearly three times more commonly in grade III VUR
than it did in grades I or II.

Several large prospective studies have confirmed the rela-
tionship between the presence and severity of VUR and the
occurrence and extent of the cortical scars. Many children al-
ready had evidence of renal parenchymal scarring at the time
that UTI and VUR were detected. The International Reflux
Study in Children (IRSC) studied 306 children under 11 years
of age with grades III or IV VUR (204–211). The frequency
of parenchymal scarring or thinning increased from 10% in
children with nonrefluxing renal units, who had contralateral
VUR to 60% in those with severely refluxing grade IV kidneys.
The Birmingham Reflux Study Group (BRSG), reported renal
scarring in 54% of 151 children under 14 years of age with
severe VUR, resulting in ureteral dilatation (greater than grade
III using the classification system adopted by the IRSC) at the
time reflux was detected (212,213). Participants in these studies
were children previously diagnosed as having UTI. Parenchy-
mal scarring also occurred after the diagnosis and initiation
of therapy. The frequency of new scar formation in the IRSC
was inversely related to age, occurring in 24% under 2 years of
age, 10% from 2 to 4 years of age, and 5% over 4 years of age.
This is consistent with the initial observations by Rolleston in
1975. In another prospective study by Jodal of 1,177 children
with first time symptomatic UTI, 66% of those with grade III
or more VUR developed renal scarring, compared to only 5%
of those without VUR (214).

Despite the evidence reviewed above, other studies using
DMSA scanning as a tool to identify renal parenchyma scars,
have challenged the concepts that VUR plays the primary role
in the development of cortical scarring (215–218) and that
younger children are at a higher risk of renal sequelae after
pyelonephritis (219). Some methodological issues, such as the
difficulty in distinguishing between acute and old lesions using
DMSA scans, the lack of generally accepted criteria for inter-
pretation of DMSA images, the utilization in some studies of
radionuclide cystography to grade the severity of the VUR, and
the high variability of VUR, which may be detected on one ex-
amination and not on another the following day, may account
for these differences (186,187,220–222).
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CLINICAL PRESENTATIONS OF
VESICOURETERIC REFLUX AND

REFLUX NEPHROPATHY

VUR may present in many ways. The most frequent clini-
cal marker, particularly in infants and children, is a compli-
cating UTI. The other clinical presentations are included in
Table 24-1.

Like VUR, reflux nephropathy may also present in several
ways (Table 24-2), some of which obviously overlap.

The various clinical presentations of VUR and reflux
nephropathy are discussed individually.

Urinary Tract Infections

As discussed earlier, complicating UTIs are the most common
manifestation of VUR or reflux nephropathy in infants and
children. The reason why patients with reflux are predisposed
to UTI is not clear, but is certainly multifactorial and beyond
the scope of this discussion.

Depending on the age at which the initial investigations are
performed, 15% to 60% of infants and children with UTI will
be found to have some degree of reflux (1), and 8% to 13%
of the total will have radiologic evidence of reflux nephropa-
thy (Fig. 24-17). Arant (76) stated that “the highest incidence
of primary VUR therefore, may be expected from young, non-
black patients with UTI and their siblings, male and female,
studied by radionuclide cystography immediately after the uri-
nary tract becomes sterile. These are the patients who should
be identified early and observed closely to minimize any fur-
ther renal injury as a consequence of recurrent UTI or bladder
dysfunction.”

In Christchurch Hospital, Abbott (223) examined 1,460
consecutive infants (757 males), age 3 to 6 days of life, and
found 14 (1%) to have bacteriuria. Nine were asymptomatic.
Of these 11 boys and 3 girls with bacteriuria, 8 had reflux
(slight in 2, moderate in 6). Maherzi et al. (224) studied 1,950
infants in a neonatal special care unit and found bacteriuria on
suprapubic bladder aspiration in 43 (2.2%). Fourteen of these
43 neonates (36 boys) had reflux. Drew and Acton (225) under-
took suprapubic aspiration on infants presenting with jaundice
of unknown etiology, failure to thrive, excessive weight loss,
diarrhea, vomiting, or possible sepsis. There were 905 such in-
fants among 12,942 consecutive neonates, and 64 of them had
bacteriuria (0.5% of all live births). Of the infected infants,
84% were males, and VUR was detected in 27.

Bourchier et al. (75) investigated 100 infants with a UTI.
Twenty-seven of the 68 boys (40%) and 20 of the 32 girls
(63%) had a urinary tract abnormality, which, in 29%, was

TA B L E 2 4 - 1

CLINICAL PRESENTATIONS OF VESICOURETERIC
REFLUX

1. Complicating urinary tract infections
2. Loin pain
3. Family studies
4. Nocturnal enuresis or other urologic complications
5. Associated with other congenital abnormalities
6. Fetal ultrasonography
7. Coincidental

TA B L E 2 4 - 2

CLINICAL PRESENTATIONS OF REFLUX
NEPHROPATHY

1. Complicating urinary tract infections
2. Hypertension—benign or accelerated
3. During pregnancy—syndrome mimicking

preeclampsia
4. Proteinuria
5. Renal failure
6. Renal calculi
7. Family studies
8. Nocturnal enuresis or other urologic complications
9. Associated with other congenital abnormalities

10. Coincidental

considered clinically significant. Thirty-six of the infants had
VUR and, in 23, it was grade III or IV.

What these and other studies clearly demonstrate is that in
neonates and young infants UTIs are more frequent in boys
than in girls and, in both sexes, there is a high incidence of uri-
nary tract abnormalities, the most common of which is VUR.
It could be suggested that the infant or young child with severe
reflux, who has a clinical urinary infection or detected asymp-
tomatic bacteriuria and thereby comes to clinical attention is
more fortunate than the child whose reflux is not complicated
by a UTI and, therefore, goes undetected, resulting in renal
damage.

After the first year of life, the prevalence of asymptomatic
bacteriuria in boys is extremely low, but for girls it remains at
about 1%. McKerrow et al. (226) investigated 572 consecutive
children with a UTI and found 51% to have a urologic abnor-
mality. More specifically, reflux was seen in 272 ureters of 178
children (31%).

In prospective studies of girls over the age of 4 years, reflux
nephropathy rarely developed in kidneys that were normal at
the outset, even when reflux was present and asymptomatic
UTIs were left untreated (227–229). These observations sug-
gest that antimicrobial therapy may not be necessary in girls
over 4 years of age in whom the kidneys are radiologically
normal. In Cardiff schoolgirls over 4 years of age, prolonged
asymptomatic bacteriuria was not associated with a reduction
in renal function, and there was no benefit from intermittent
antimicrobial treatment (230). In those with reflux nephropa-
thy, who might have been expected to show progressive renal
damage, there was no difference in renal function between kid-
neys exposed to gross reflux or continuing infections, or both,
and those not so exposed. Hansson et al. (231) concluded like-
wise and provided evidence that girls with asymptomatic bac-
teriuria may actually benefit from not receiving antimicrobial
treatment. These results differ from the earlier observations of
Smellie et al. (176,232), who showed, in uncontrolled stud-
ies, that long-term antimicrobial prophylaxis benefited renal
growth.

With increasing age, other clinical presentations of VUR
or reflux nephropathy become relatively more common, al-
though young women with an onset of UTIs after the com-
mencement of sexual activity can be shown to have underlying
reflux nephropathy that did not present in infancy or early
childhood. About 4% to 5% of sexually active women with
symptomatic UTIs have been shown to have reflux nephropa-
thy (233). These patients may present with either bacterial cys-
titis or acute pyelonephritis. As discussed later, the disorder
may also come to attention because of the detection of asymp-
tomatic bacteriuria in pregnancy.
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FIGURE 24-17. Histogram depicting the per-
centage of patients of various age groups with
UTI shown to have VUR (based on a variety
of published data). Both sexes are included in
those under 1 year of age, and only females
in the remainder. (From: Bailey RR. The re-
lationship of vesico-ureteric reflux to urinary
tract infection and chronic pyelonephritis–
reflux nephropathy. Clin Nephrol 1973;1:
132, with permission.)

The bacteriologic diagnosis of UTI in the pediatric age group
is difficult. If in doubt, uncontaminated urine must be ob-
tained for culture by suprapubic bladder aspiration. Similarly,
young children may not develop the classic clinical features
of acute pyelonephritis, but present with fever, jaundice, or
failure to thrive. A UTI should always be excluded in any ill
child.

It is clear that any infant or child, whether asymptomatic
or not, should have urinary tract investigations following the
first bacteriologically proven UTI (234). The objective should
be to detect as many children as possible with significant VUR
as early in life as possible so that adequate therapeutic mea-
sures can be undertaken before significant damage occurs. The
most accurate and precise method of detecting significant VUR
is still the voiding cystourethrogram. In infants and children up
to 2 years of age, this is a relatively simple examination. How-
ever, beyond this age it is usually difficult and traumatic for the
child. As a result, any protocol for radiologic investigation of
UTI must be a compromise. Voiding cystourethrography does
not provide any information about the upper urinary tracts
other than the degree of VUR, and, for assessment of renal
parenchymal scarring and obstructive uropathy, either DMSA
scanning, ultrasound, or intravenous urography should be con-
sidered.

As ultrasonographers become more experienced and clin-
icians become more confident in ultrasonic interpretation, it
may be possible to undertake ultrasonography in preference to
intravenous urography (235,236). Gordon (237) has already
advocated ultrasound examination as the primary investiga-
tion in all infants and children. This is accompanied by DMSA
scanning in all children under 5 years and, for those under
1 year, a voiding cystourethrogram is performed, in addition.
In children over the age of 5 years in whom the ultrasound
examination is normal, Gordon advocates no further inves-
tigation. If ultrasonography is abnormal, then further studies
will be required and may include DMSA scanning, intravenous
urography, and voiding cystourethrography. This protocol ap-
peals as one that will detect significant VUR at an early age
and will not subject a large number of otherwise normal
children with UTI to the trauma of a normal voiding cysto-
urethrogram.

Whyte et al. (238) reported on a protocol that restricts the
number of voiding cystourethrograms in children over the age
of 2 years by reliance on a good-quality intravenous urogram.
This has appeal in centers where DMSA scanning is not readily
available. In this protocol, children under 2 years with UTI are
investigated with both ultrasound and voiding cystourethrog-
raphy. If these are normal, then no further imaging is required.
If abnormal, then DMSA scanning and intravenous urogra-
phy will be necessary. In children between the ages of 2 and
5 years, the primary examination is an intravenous urogram
where the objective is to determine the presence of underly-
ing significant VUR by assessment of ureteric caliber. If the
examination is of good quality and normal, then no further in-
vestigations are performed unless UTI continues to be a clinical
problem.

Recent recommendations for initial work-up at the first up-
per UTI from a Swedish state-of-the-art conference include a
clinical history, examination of abdomen, genitals and back,
determinations of blood pressure and serum creatinine, and
imaging studies, which are determined by the age of the patient.
For children below 2 years of age, ultrasonography within 2 to
4 weeks and a voiding cystouretherogram within 1 to 2 months
are recommended. Children 2 years of age and older should
have an ultrasonography within 1 to 2 months and a DMSA
scan after 6 to 12 months. A voiding cystoureterogram is added
in these older children if DMSA scanning is not available or if
the DMSA scan reveals uptake defects or uptake asymmetry,
with one kidney having below 45% of total function (239).

Hansson et al. (240) reviewed the records of 303 chil-
dren younger than 2 years with initial UTI investigated with
DMSA scintigraphy; voiding cystourethrography was per-
formed within 3 months after UTI. In 156 of the 303 children
(51%), DMSA scintigraphy showed renal lesions. VUR was
found in 80 of the 156 patients with renal lesions (51%), and
VUR grade significantly correlated with their presence. Seven
infants had a normal DMSA scintigraphy and dilating VUR
(grade III) on the voiding cystourethrography. At follow-up af-
ter 1 to 2 years, six of these seven patients had normal DMSA
scans and one had a scarred duplex kidney. VUR resolved
spontaneously in five and improved spontaneously to grade
1 in two patients. None of the seven children had recurrent
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UTI. Based on these observations, the authors proposed a strat-
egy that replaces voiding cystourethrography by DMSA scintig-
raphy as a first-line investigation in infants with UTI and uti-
lizes voiding cystourethrography only in patients with renal
lesions.

Hypertension

Hypertension is a frequent late complication of reflux
nephropathy. The hypertension is usually benign but occasion-
ally may follow an accelerated course with deteriorating renal
function. Reflux nephropathy is the most common cause of se-
vere hypertension in childhood, but is uncommon in the first
five years of life. Not infrequently, accelerated hypertension in
children or teenagers is diagnosed by an ophthalmologist.

Rance et al. (241) found 29 of 96 children with persistent
hypertension to have “chronic pyelonephritis,” making it the
most common cause. Smellie and Normand (242) reported 83
children with reflux nephropathy, of whom 11 were hyperten-
sive at presentation. In six of these eleven children, the hy-
pertension was malignant, and in seven with bilateral reflux
nephropathy, there was renal insufficiency. During the 4 to
20 years of follow-up, an additional 14 children developed
hypertension.

In a long-term follow-up study of 294 patients (235 females)
over 15 years of age with reflux nephropathy (176 unilateral),
25 (8.5%) had hypertension at their initial presentation at a
mean age of 17.3 years. At their last follow-up, at a mean age
of 34.2 years, 113 patients (38%) had hypertension or were on
antihypertensive therapy. Hypertension occurred significantly
more frequently in those with severe bilateral renal parenchy-
mal scarring (243).

Kincaid-Smith and Becker (244) reported 48 women and
7 men 17 years or older with reflux nephropathy. At presenta-
tion, 21 of these patients had a diastolic blood pressure above
99 mm Hg. Hypertension was more frequent in those with bi-
lateral scarring or renal insufficiency. Kincaid-Smith et al. (245)
later reported that hypertension was the presenting manifesta-
tion in 26 of 123 women and 5 of 22 men with reflux nephropa-
thy. However, almost one-half of the total group had a blood
pressure exceeding 140/90 mm Hg at presentation.

Torres et al. (246) studied 7 men and 60 women with pri-
mary bilateral VUR and noted that 23 (34%) had a diastolic
blood pressure exceeding 90 mm Hg at presentation. Of those
with hypertension, 3 had unilateral renal scarring, 19 had bilat-
eral scars, and 1 had no scarring. The presence of hypertension
in the 19 patients with bilateral scars correlated positively with
both the cumulative grade of renal scarring and the degree of
renal insufficiency. Similar results have been reported by Köhler
et al. (247).

More recently, ambulatory blood pressure monitoring
(ABPM) has been used to detect early blood pressure (BP)
changes in patients with reflux nephropathy. Patzer et al.
(248) compared ambulatory blood pressure values in 61 reflux
nephropathy patients and 904 healthy controls. They found
a significant positive correlation between the extent of renal
scarring and systolic and diastolic BP. Mean systolic daytime
BP was significantly elevated in girls with renal scars com-
pared with healthy controls. Mean systolic and diastolic night-
time BP were significantly elevated in these patients. Dias-
tolic dipping was significantly lower in patients compared with
controls. Elevated night-time BP may be the most sensitive in-
dicator of BP elevation in these children. Lama et al. (249) eval-
uated the relationship between ambulatory BP and the sever-
ity of renal damage in 100 (70 females, 30 males, mean age
of 13.5 ± 5) normotensive children with reflux nephropathy.
There was no significant difference in casual BP between the
groups. The mean 24–hour systolic and diastolic BP and load

were significantly higher in patients with grades III/IV than in
those with grades I/II reflux nephropathy, while casual BP mea-
surements were not different. In the patients with grades III/IV
reflux nephropathy, who had significantly higher serum crea-
tinine concentrations, microalbuminuria correlated with am-
bulatory BP, and plasma renin activity failed to decrease with
chronological age. In 3 of 12 patients with grades III/IV reflux
nephropathy and increased load BP, left ventricular geometry,
by integrated backscatter, was abnormal.

UNILATERAL REFLUX
NEPHROPATHY AND

HYPERTENSION

From the time Ask-Upmark (103) suggested a possible relation-
ship between hypertension and unilateral renal disease and the
report by Butler (250), 8 years later, that the removal of a small
scarred kidney cured the hypertension in a 10-year-old girl with
a UTI and a blood pressure of 190/120 mm Hg, there has been
interest in the question of whether hypertensive patients with
unilateral reflux nephropathy may benefit from nephrectomy.
The evidence still remains unclear despite an enormous amount
of published literature, none of it controlled and most of it
anecdotal.

Smith (251) was one of the first to attempt to assess the
chaos of conflicting opinion when reviewing the literature pub-
lished between 1937 and 1957. There were 575 documented
patients who underwent unilateral nephrectomy for established
hypertension. Of these, 149 (26%) had a fall in blood pressure
to 140/90 mm Hg or less for at least 1 year. Of the 149 patients,
62 had unilateral “chronic pyelonephritis.” Smith (251) con-
sidered that many more failures than successes remained un-
reported and concluded that “even in the presence of obvious
unilateral renal disease, nephrectomy remains an experimental
procedure and subject to experimental error.”

In 1957, Thompson (252) reviewed 3,000 patients who
had undergone unilateral nephrectomy at the Mayo Clinic. Of
these, 344 had hypertension, of whom 337 were assessable. Of
the latter, 100 had unilateral chronic pyelonephritis, and 63 of
these had a normal blood pressure after 1 month. The major-
ity of these patients were followed for 1 year; 55% remained
normotensive.

Kincaid-Smith (253) reviewed the literature from 1956 to
1961 and collated data on 326 patients with unilateral re-
nal disease and hypertension. Fifty-seven of these had reflux
nephropathy, and 23 of them were normotensive after 1 year;
33 showed a substantial benefit after nephrectomy. Luke et al.
(254) reported 28 patients with unilateral reflux nephropathy
who underwent nephrectomy because of hypertension. Eleven
were cured, 3 improved, and 14 were not helped. It was con-
cluded that the best results were in young patients with a
short history of hypertension and that nephrectomy should be
considered if the scarred kidney contributed less than 25%
of total renal function, and the other kidney was completely
normal.

Siamopoulos et al. (255) reported on a retrospective assess-
ment of 31 patients with hypertension and unilateral scarred
kidneys treated over a 9-year period. Fifteen of the patients
were subjected to nephrectomy and 16 managed conserva-
tively (not randomized). Nephrectomy was of value in the man-
agement of some of the patients. Wanner et al. (256) stud-
ied 43 patients with unilateral parenchymatous renal disease
(predominantly reflux nephropathy) and hypertension, 20 of
whom were nephrectomized and 23 treated with antihyperten-
sive drugs. Both therapeutic approaches showed an excellent
blood pressure-lowering effect, which was sustained for up to
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4 years. These authors also reviewed the more recent published
literature and commented on the lack of prospective, random-
ized studies.

Haycock (257) reported two hypertensive girls with unilat-
eral reflux nephropathy who were cured by nephrectomy and
reviewed the literature on the results of nephrectomy for uni-
lateral renal disease in hypertensive patients under the age of
15 years. Of a total of 45 children (23 with unilateral reflux
nephropathy), 34 were cured, 1 improved, 9 failed, and there
was 1 postoperative death. The results of surgery in childhood
appeared better than in adults.

There has been only one long-term prospective, randomized
trial to study the benefit of nephrectomy on the hypertension of
patients with unilateral reflux nephropathy. This study (258)
was designed to assess whether prophylactic nephrectomy of
the damaged kidney could prevent hypertension developing
in those patients who were still normotensive and whether
nephrectomy would be beneficial to those already hyperten-
sive. This study only included patients with well-documented
unilateral reflux nephropathy in whom the affected kidney had
a glomerular filtration rate of 10 mL/min or less, and the con-
tralateral kidney was completely normal radiologically, showed
compensatory hypertrophy, and had an overall glomerular fil-
tration rate exceeding 72 mL/min. This study was terminated,
because of increasing difficulties in obtaining informed consent
from patients eligible for enrollment. The results confirmed that
normotensive patients are at risk of developing hypertension,
but there was no convincing evidence to demonstrate that this
could be prevented by prophylactic nephrectomy. There was
statistically significant evidence, however, that hypertensive pa-
tients benefited from nephrectomy (259).

To complicate the situation, de Jong et al. (260) reported
eight patients in whom unilateral reflux nephropathy was
thought to be responsible for the hypertension, but, in fact,
the contralateral renal artery was stenosed because of fibro-
muscular dysplasia. Clearly, this previously unrecognized sce-
nario should be considered in any hypertensive patient with a
unilateral small kidney.

ROLE OF THE
RENIN–ANGIOTENSIN SYSTEM

Peripheral Plasma Renin Activity

Savage et al. (261) showed that the peripheral plasma renin
activity was raised in 9 of 15 hypertensive children and 8 of
100 normotensive children with either unilateral or bilateral
reflux nephropathy. It was suggested that an elevated plasma
renin activity may indicate those children at risk of develop-
ing hypertension. Dillon and Smellie (262) then reported on
26 normotensive children with reflux nephropathy, and, of
these, 5 had an elevated peripheral plasma renin activity. Of
51 children with reflux nephropathy and nonmalignant hyper-
tension, 36 had a plasma renin activity markedly above the
normal range, while in 15 the values were high in the normal
range. These findings suggested that the renin–angiotensin sys-
tem may be implicated in the hypertension of children with
reflux nephropathy. The same authors reported their 5-year
(263), 10-year (264), and 15-year (265) findings on the orig-
inal 100 normotensive children. At 5 years, 85 patients were
available for assessment, and 11 (13%) were found to have
an elevated plasma renin activity, but not 5 of the 8 origi-
nal normotensive children with an increased level in the first
study. Of eight children identified as hypertensive at the 5-year
follow-up, only three had an increased plasma renin activity
5 years previously. Although the plasma renin activity tended
to rise in children with reflux nephropathy as they grew older,

there was no direct relationship between blood pressure and
plasma renin activity, plasma creatinine concentration, and the
degree of renal scarring. The 10-year assessment (264) of 45
of the 95 traceable patients has shown 10 (22%) to have an
elevated plasma renin activity. Once again there was no cor-
relation between blood pressure and plasma renin activity or
plasma creatinine. The 15-year follow-up (265) traced 78 of
the original 100 normotensive children, of whom 55 (median
age 27.3 years; 40 females) were available for assessment. Sys-
tolic blood pressure was above 140 mm Hg in 5 and diastolic
BP was above 90 mm Hg in 2 patients. Whereas previously in
this long-term study, the BP and peripheral plasma renin ac-
tivity had increased progressively with age, the latest findings
suggested that in early adult life there was a leveling out of the
BP and a reduction in the plasma renin activity, even though
the latter’s regression with age remained abnormal.

Bailey et al. (266,267) measured the peripheral plasma renin
activity of 17 normotensive and 12 hypertensive adults with
unilateral reflux nephropathy. Eight of the normotensive and
6 of the hypertensive patients had a low plasma renin activity,
while 4 of the 17 normotensive and none of the 12 hypertensive
patients had an elevated peripheral plasma renin activity. In a
carefully controlled study, Jacobson et al. (268) investigated
22 adult women with reflux nephropathy and concluded that
the renin–angiotensin–aldosterone system was abnormally ac-
tivated and was probably more important than hypervolemia
in the development of hypertension in this group compared
with 9 healthy control women.

Renal Vein Renin Studies

Hypertension in a patient with a unilateral renal parenchymal
abnormality raises the possibility of surgical cure. The ratio
of the plasma renin activity in the renal veins of the normal
and abnormal kidneys has been widely used as an index of
significant asymmetric renin release and thus a predictor of
which patients with renal artery stenosis may have their hyper-
tension cured by revascularization or nephrectomy. The same
concept has been followed to assess the possible role of the
renin–angiotensin system in the hypertension associated with
unilateral reflux nephropathy.

Several early studies concluded that patients with unilateral
nonvascular renal disease showed few, if any, indications of
participation of the renin–angiotensin system in the pathogen-
esis of their hypertension. Bailey et al. (266,267) studied 29
patients with unilateral reflux nephropathy, 17 of whom were
normotensive and 12 had untreated hypertension. The ratio
of the plasma renin activity between the renal veins exceeded
1.5 in 3 normotensive and only 2 hypertensive patients, all of
whom had a low peripheral plasma renin activity. All patients
in this study also had differential renal function tests under-
taken and 4 of the normotensive and 1 of the hypertensive
patients had criteria suggesting that the damaged kidney was
acting ischemically. One of these 4 normotensive patients had
a renal vein renin concentration exceeding 1.5, while the hy-
pertensive patient had a ratio of 1.1. From these data, it was
concluded that there was neither consistent evidence to sup-
port the concept that the renin–angiotensin system played a
primary role in the nonmalignant hypertension associated with
unilateral reflux nephropathy, nor could any guide be obtained
from renal vein renin estimations to support the idea that pro-
phylactic nephrectomy should be considered in a normotensive
patient.

Dillon and Smellie (262), however, studied 21 hypertensive
children with unilateral reflux nephropathy and found the re-
nal vein renin concentrations of some predictive value as to
whether surgery would be beneficial or not. There is abun-
dant evidence that the renin–angiotensin system is activated
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when accelerated hypertension complicates reflux nephropa-
thy (269).

Presentation During Pregnancy

If a female with reflux nephropathy does not present early in
life with a complicating UTI or as a teenager with hypertension,
she is likely to do so when she becomes pregnant. Women with
reflux nephropathy are also prone to become hypertensive with
any type of hormonal contraception.

It is well established that approximately 5% to 6% of
pregnant women have asymptomatic bacteriuria in the first
trimester. In some racial groups, such as the New Zealand
Maori, the prevalence rate may be as high as 18% (270,271).
Of women found to have asymptomatic bacteriuria during
pregnancy, 5% to 33% have been reported to have a uri-
nary tract abnormality, the most common of which is reflux
nephropathy.

Women with a history of previous UTIs have been shown
to have a much higher incidence of bacteriuria during preg-
nancy, while those with renal scarring and persistent reflux
are more prone to develop acute pyelonephritis in pregnancy
(272). These authors noted few serious complications in preg-
nancy in those women with reflux nephropathy and attributed
this to their continuous clinical supervision.

Apart from a UTI, symptomatic or asymptomatic, the most
common presentation of reflux nephropathy in pregnancy is
with a syndrome mimicking preeclampsia, often in the first or
second trimester. Bailey (266) reported 226 women who pre-
sented with severe or complicated preeclampsia or preeclamp-
sia in a second or subsequent pregnancy. Nine (4%) of these
women were found to have reflux nephropathy. This was
comparable to the incidence of reflux nephropathy found in
women investigated because of asymptomatic bacteriuria in
pregnancy.

Kincaid-Smith and Becker (244) reported 48 women 16
years or older with reflux nephropathy. One was diagnosed be-
cause of hypertension in pregnancy and two because of postpar-
tum edema and proteinuria. Thirty-seven of these women had
a total of 85 pregnancies. Complications such as hypertension,
fluid retention, and UTIs developed in 59 of the pregnancies.
Kincaid-Smith et al. (245) expanded their study and reported
that 23 (19%) of 123 women presented with a pregnancy-
related complication. Recently, this group (273) reported on
345 pregnancies in 137 women with reflux nephropathy. Over-
all, the number of fetuses lost was 48 (14%), while maternal
complications occurred in 39% of the pregnancies. Bilateral
renal scarring was associated with increased maternal compli-
cations during pregnancy. McGladdery et al. (274) reached sim-
ilar conclusions when they reviewed the outcome of 50 preg-
nancies in 28 women with reflux nephropathy.

Smellie et al. (201) have reported on 91 pregnancies in 52
women with a history of VUR during childhood. Twenty-four
of these women had scarred kidneys and 10 still had VUR
on their last cystogram. Of these 52 women, 26 had 43 com-
pletely normal pregnancies, while the other 26 women had 11
uncomplicated and 37 complicated pregnancies. The compli-
cations include hypertension, UTI, and low infant birth weight.
Women with scarred kidneys were more likely to have abnor-
mal pregnancies than those without, including an increased
frequency of UTIs. The frequency of UTIs was not different in
women who had undergone ureteric reimplantation from those
who had not been treated surgically.

Women with reflux nephropathy, normal renal function,
and hypertension should be encouraged to become pregnant,
but require careful antenatal supervision. These patients usu-
ally have an improvement in their BP during the second
trimester, but in the third trimester may require increased

antihypertensive therapy. The pregnant women with reflux
nephropathy who get into major problems are those who have
renal insufficiency and proteinuria prior to becoming pregnant.
They should be monitored carefully and their BP aggressively
controlled. Becker et al. (275) studied 20 women with reflux
nephropathy and renal insufficiency (plasma creatinine 0.2 to
0.4 mmol/L). Six of these 20 women experienced pregnancies
exceeding 12 weeks’ gestation. Pregnancy was associated with
a rapid deterioration in renal function in all six, resulting in
end-stage renal failure in four women within 2 years of deliv-
ery despite adequate BP control. These authors concluded that
pregnancy in women with reflux nephropathy and moderately
severe renal failure had a deleterious effect on renal function
and that they should be informed of this risk. The majority of
pregnant women with reflux nephropathy, however, will pro-
vide few management problems.

If any woman develops hypertension during early preg-
nancy, or severe or atypical preeclampsia in a second or subse-
quent pregnancy, then reflux nephropathy should be excluded.
Although some of these women will be detected by routine
urine culture, many will not have covert bacteriuria.

Proteinuria

Persistent proteinuria is a bad prognostic feature. It indicates a
complicating glomerulopathy, the histologic hallmark of which
is focal and segmental glomerulosclerosis with hyalinosis. This
lesion may involve the unscarred segments of kidney or the
structurally normal contralateral kidney in patients with uni-
lateral reflux nephropathy (110,112,114,276).

Proteinuria may not appear for many years after severe scar-
ring has occurred, and the proteinuria tends to increase as renal
function declines. Hypertension then becomes an associated
complication. As the glomerulopathy is the most sinister long-
term complication of reflux nephropathy, there clearly needs to
be a great deal more investigational work done in this area.

End-Stage Reflux Nephropathy

Chronic renal failure may be the end result of VUR (277–283).
Early descriptions (11,12) of what is now recognized as reflux
nephropathy were of young individuals dying from uremia.
Yet, in 1975, neither VUR nor reflux nephropathy were listed
as etiologies of renal failure in the United States Human Renal
Transplant Registry. Undoubtedly these patients were catego-
rized under diagnoses such as “pyelonephritis” or “congenital
anomalies.”

In one study, 32 (3.3%) of 965 patients referred for re-
nal transplantation had bilateral primary, low-pressure VUR
(284). The mean age at referral was 21.1 years. Ten of the 32
patients had sterile reflux. The severity of the reflux, rather than
UTI, was considered the significant factor in the development
of renal failure. In another study (285), 15 of 50 patients with
end-stage renal failure had VUR. The 7 males and 8 females
had a mean age of 30 years. Nine of the 15 patients had a
history of UTI.

Bailey (277) and Bailey and Lynn (280) initially reported
that about 12% of patients entering their dialysis–transplant
program had reflux nephropathy. The majority presented with
renal failure, hypertension, and significant proteinuria. Bai-
ley et al. (283) extended these observations and reported that
42 patients (18 males) with reflux nephropathy, representing
11.3% of 371 patients, had entered their renal replacement
program. Documented UTIs only occurred in 18 patients. Eight
of the 24 women presented during a pregnancy, usually with
features resembling preeclampsia. The mean age at commence-
ment of dialysis treatment was 27.9 years for the males and
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FIGURE 24-18. Diagram suggesting the pos-
sible mechanisms by which reflux nephropathy
may progress to end-stage renal failure. FGS,
focal and segmental glomerulosclerosis and
hyalinosis. (From: Bailey RR, Lynn KL, Rob-
son RA. End-stage reflux nephropathy. Renal
Failure 1994;16:27, with permission.)

28.5 years for the females. Six of these 42 patients started dial-
ysis before the age of 16 years and represented one-half of the
children entering this program.

Kincaid-Smith et al. (245) reported that, between 1963 and
1982, 533 patients presented with end-stage renal failure and,
in 82 (15.3%), it was because of reflux nephropathy. There
were 30 men and 52 women; the mean age at which the men
developed renal failure was 22 years and for the women 33
years. These authors also published details of 145 patients (123
women) with reflux nephropathy, aged 14 to 65 years, who
presented over a decade (245). Seven of these patients reached
end-stage renal failure during follow-up.

All investigators have stressed that proteinuria is the ma-
jor prognostic feature of those patients whose renal function
deteriorates. The proteinuria reflects the complicating glomeru-
lopathy that may develop and progress in the absence of com-
plicating UTIs or hypertension and after the reflux has either
been corrected surgically or resolved spontaneously. El-Kharib
et al. (286) reported that the risk factors for an increase in
plasma creatinine in patients with reflux nephropathy were,
in descending order, the presence of proteinuria, an elevated
plasma creatinine, bilateral renal scarring, male sex, and the
presence of hypertension.

A diagram suggesting the mechanisms by which reflux
nephropathy may progress to renal failure is shown in Figure
24-18.

The Australia and New Zealand Dialysis and Transplant
Registry has complete data for all patients entering renal re-
placement programs in both countries. The figures for 1971 to
1992 inclusive are included in Table 24-3. Of patients under
16 years of age, 23% had reflux nephropathy.

Using the European Dialysis and Transplant Association
Registry Report of 1977, it has been assessed that 0.3 to 0.4
children per million of the population per year under the age of
15 years will present with renal failure due to reflux nephropa-
thy (287). This may have been an underestimate, as it is known

that some of the most severely affected patients, particularly
boys, die from uremia in early life.

During the years 1979 to 1983 inclusive, 81,108 patients
were enrolled in the European Dialysis and Transplant Associ-
ation Registry (S. Challah, personal communication). Unfortu-
nately as many as seven different diagnostic categories proba-
bly included patients with end-stage reflux nephropathy. It has
been assessed from these data (288) that somewhere between
1.8% and 15.3% of all these patients with end-stage renal fail-
ure, and 8.1% to 24.7% of those under the age of 15 years,
had reflux nephropathy (Table 24-4).

The North American Pediatric Renal Transplant Core Com-
parative Study reviewed more than 3,000 patients who received
renal transplants between 1987 and 1995. Reflux nephropathy
was found to be the cause of end-stage renal failure in 5.7% of
these patients (289).

Marra et al. (290) used data from the ItalKid Project,
a prospective population-based registry of Italian children,
which collects information of all patients with CRF born over
the last 30 years, to compare the prevalence of chronic renal
failure secondary to VUR in males and females. They found a
striking prevalence of males, a finding that conflicts with the
data of the Australia and New Zealand Dialysis and Trans-
plant Registry where the distribution of chronic renal failure
secondary to reflux is similar in the two sexes. It is possible that
this difference in the most recent study is the result of the more
widespread and aggressive management of UTIs over the last
30 years. It is also possible that reflux nephropathy in females
leads to chronic renal failure at a later age.

Although many editorials and reviews (115,291–297) have
drawn attention to reflux nephropathy being an important
cause of end-stage renal failure, it continues to be regarded
by many as a minor or insignificant problem. Any patient
presenting with renal insufficiency and proteinuria, with or
without hypertension or UTIs, should have reflux nephropathy
excluded.

TA B L E 2 4 - 3

PATIENTS ENTERING RENAL REPLACEMENT PROGRAMS IN AUSTRALIA AND NEW ZEALAND
AND THE NUMBER WITH END-STAGE REFLUX NEPHROPATHY, 1971–1992

Australia New Zealand

Male Female Male Female

Total no. patients entering renal
replacement programs

7368 6033 1432 1039

No. with reflux nephropathy 434 (5.9%) 523 (8.7%) 92 (6.4%) 119 (11.5%)
Total no. patients <16 yr 261 198 44 52
No. <16 yr with reflux nephropathy 57 (21.8%) 49 (24.7%) 7 (15.9%) 12 (23.1%)

(From: Disney APS, Australia and New Zealand Dialysis and Transplant Registry, personal communication.)
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TA B L E 2 4 - 4

DATA FROM EUROPEAN DIALYSIS AND TRANSPLANT ASSOCIATION REGISTRY, 1979–1983 INCLUSIVE

Registry categorya Registry categorya

Sex Total no. patients 24 20 29 60–63 Total no. <15 yr 24 20 29 60–63

Male 47,646 663 3,769 406 575 1,334 88 47 7 164
Female 33,462 761 5,275 395 467 1,006 101 67 11 91
Total 81,108 1,424 9,044 801 1,042 2,340 189 114 18 255

(1.8%) (11.2%) (1.0%) (1.3%) (8.1%) (4.9%) (0.8%) (10.9%)

aCategory 24, Pyelonephritis/interstitial nephritis, because of VUR without obstruction; category 20, pyelonephritis/interstitial nephritis, cause not
specified; category 29, pyelonephritis/interstitial nephritis, because of other causes; category 60–3, congenital renal hypoplasia, oligomeganephronic
hypoplasia, segmental renal hypoplasia (Ask-Upmark kidney), congenital renal dysplasia ± urinary tract malformation.
(From: Challah S, EDTA Registry, personal communication.)

Urinary Calculi

It is not widely appreciated that there is an increased frequency
of urinary calculi in patients with reflux nephropathy. The
emphasis has been on the association with staghorn calculi
in patients with uncontrolled UTIs, particularly with Proteus
mirabilis or other urea-splitting organisms.

Torres et al. (246) reported 16 radiopaque calculi in 12 of
67 adults with primary bilateral VUR. Eight of the 12 pa-
tients were asymptomatic. In 11 patients, the calculi were in
the scarred kidneys and one-half of the stones were contained
in medullary cavities, while others were in clubbed calyces or
associated with papillary tips. None of these patients had an
accompanying renal tubular acidosis. Six of the 12 underwent
metabolic investigations and the only abnormality detected was
a patient with hyperuricosuria. When stone analysis was pos-
sible, the composition consisted of calcium carbonate, calcium
phosphate, or struvite. The location of some calculi suggested
that urinary stasis may promote stone formation. Very similar
observations have been made by Köhler et al. (247).

Roberts and Atwell (298) reported five children (four boys)
with VUR, a Proteus species UTI and urinary calculi; they es-
timated the incidence of calculi in patients with VUR to be
0.5%.

Recently, Garcı́a-Nieto et al. (299) studied the prevalence of
nephrolithiasis and hypercalciuria in 46 children with VUR and
in their parents. The prevalence of renal colic and calyceal mi-
crolithiasis in these children was 6.5% and 19.6%, respectively.
Twenty-seven out of 46 (58.6%) children had hypercalciuria,
a prevalence much higher than that found in their control pe-
diatric population (3.8%). The presence of hypercalciuria was
not correlated with the severity or status of the VUR or with the
presence of reflux nephropathy. The children with hypercalci-
uria were shorter and had lower maximal urine osmolalities
compared to those without hypercalciuria. Sixty-three percent
of the children with hypercalciuria and 52.6% of the children
without hypercalciuria had one or both parents with hypercal-
ciuria. The authors concluded that hypercalciuria is an impor-
tant metabolic factor that contributes to the pathogenesis of
nephrolithiasis in patients with VUR and suggested a common
link between these two inheritable conditions. Other authors
have not found a correlation between VUR and hypercalciuria
(300).

Familial Association

After Stephens et al. (301) reported VUR in identical twins
in 1972, there were several similar reports, including a set of

triplets (302). Additional evidence indicated familial aggrega-
tion, but the mode of inheritance was unclear. Several authors
suggested either a multifactorial trait (303–305) or an autoso-
mal dominant gene with reduced penetrance (306–308). Two
single-family studies suggested X-linked inheritance (309,310).

Three New Zealand studies have more clearly elucidated
the inheritance of VUR. First, Heale (311) reported 15 families
who had come to attention on casual enquiry of 213 patients
with reflux nephropathy. Radiologic abnormalities of the uri-
nary tract were found in 67 (38%) of 175 relatives of the 15
propositi. In 12 of these 15 families there was a hereditary
pattern, suggesting autosomal dominant inheritance with vari-
able penetrance. Bailey (194) then reported 56 further families
from the same unit and noted that in 17 (30%) of these there
were one or more affected members. Finally, data from a total
of 88 affected families were subjected to segregation analysis
(312,313), using a mixed model (314) and a computer pro-
gram (POINTER). Eighteen families were ascertained through
a proband with end-stage reflux nephropathy, 2 through a
proband with severe renal failure, and 68 through a proband
with reflux and normal renal function. In 30 of the 88 families,
additional affected members were found. Some of these are de-
picted in Figure 24-19. Of the 242 relatives investigated, 48
were affected. Three generations were affected in 6 families,
and 2 generations in a further 15 families. In a few cases, ap-
parently nonaffected relatives were likely asymptomatic carri-
ers of the gene, as they had both an affected offspring and an
affected parent (Fig. 24-19, No. 31). In one family (Fig. 24-19,
No. 41), both parents were affected, but the only child was
unaffected. These results are consistent with a dominant, but
not recessive, mode of inheritance.

Segregation analysis indicated that the hypothesis of no ge-
netic effect could be rejected, as could the recessive model. Poly-
genic inheritance fitted better, but the best model was that of
a single dominant gene acting together with random environ-
mental effect. Detailed testing of the subjects with VUR, reflux
nephropathy, or end-stage renal failure showed no heterogene-
ity in the data, supporting the hypothesis that the same major
locus was responsible. The model indicated that the gene fre-
quency was 1 in 600 and that mutation was uncommon. Ac-
cording to the model, and using information on the prevalence
of end-stage reflux nephropathy, it was calculated that 45% of
gene carriers will have VUR or reflux nephropathy as adults
and 15% will develop end-stage renal failure. Of noncarriers
of the gene, 0.05% will have VUR or reflux nephropathy and
0.001% will go on to renal failure from this cause. Thus, the
trait for reflux is one of the most common mendelian dominant
traits known in humans.

Hollowell et al. (315) performed a meta-analysis of 11
recent studies on the value of screening siblings of affected
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FIGURE 24-19. Pedigrees of some of the fam-
ilies in which more than one member had VUR
or reflux nephropathy. The data are consistent
with an autosomal dominant mode of inheri-
tance with incomplete penetrance. (From Bai-
ley RR, Janus E, McLoughlin K, et al. Famil-
ial and Genetic Data in Reflux Nephropathy.
In Reflux nephropathy update: 1983, Hodson
CJ, Heptinstall, RH, Winberg, J, eds. Basel:
Karger, 1984, with permission.)

individuals for VUR (315). Of 1768 siblings, 32% had reflux
rate substantially higher than that seen in the general pediatric
population. Only 2%, however, had reflux greater than grade
III. Some of these children go on to develop progressive renal
scarring with renal dysfunction. The incidence of reflux and
renal abnormality in the sibling population was 3%. In more
than one-half of these, there was no history of UTI. Hollow-
ell et al. (315) noted that the four largest studies found a 5%
to 23% incidence of renal insufficiency in siblings with reflux,
compared to a 3% risk of renal disease in the entire sibling
population. Kaefer et al. (316) analyzed a database of voiding
cystourethrogram (VCUG) for multiple gestation births. Over-
all, 50% of siblings of index cases had demonstrable VUR
(316). Eighty percent of identical twins were concordant for
VUR, whereas only 35% of nonidentical twins were concor-
dant for VUR. When only the youngest individuals in each
group were considered, 100% of the monozygotics and 50%
of the dizygotics exhibited VUR. The investigators concluded
that the frequency strongly supported autosomal dominant
inheritance.

In view of the familial aggregation of VUR and reflux
nephropathy and the evidence for an inherited basis, a search
has been made for possible genetic markers. An early study
(194,317) showed that HLA-B12 was significantly more fre-
quent in patients reaching end-stage reflux nephropathy com-
pared with those entering two dialysis–transplant programs
from all other causes. Sengar et al. (318) studied the histocom-
patibility antigens of 36 unrelated French Canadian children
(34 girls) with a history of at least two UTIs and found HLA-
AW32 to be present in 6 of 16 with VUR, compared with none
of 20 without reflux. These authors suggested that a gene or
genes other than those governing the HLA were responsible for
the genesis of reflux.

The frequency of 40 HLA antigen specificities was deter-
mined in 44 Americans with end-stage reflux nephropathy and
compared with 526 blood donors (319). Higher-than-normal
frequencies were observed for HLA-B12 in female patients and
HLA-B15 in both sexes. In addition, there was an increase in
the frequency of the combinations A9/B8, A9/BW15, A1/A9,
and B8/BW15 in the male patients. It was concluded that the
major histocompatibility antigens may be in linkage disequi-
librium with the gene(s) determining the susceptibility to renal

damage by reflux and that this linkage, or its clinical expres-
sion, may be influenced by variations in relation to the sex of
patients.

Bailey et al. (317) extended their earlier study to 33 patients
with end-stage reflux nephropathy and 108 patients with end-
stage renal failure from all other causes and compared them
with 179 blood donors. Comparisons of HLA antigen and HLA
haplotype (the unit of inheritance of the HLA system) frequen-
cies in patients and controls were made. An analysis of the HLA
antigen frequency in the control subjects versus patients with
end-stage reflux nephropathy showed that only for HLA-A9
was there a significantly higher incidence in the patients. When
the patients were subdivided according to sex, the trend per-
sisted, but statistical significance was lost. The haplotypes that
showed a difference between the patients with end-stage reflux
nephropathy and the controls were HLA-A9/B12 and HLA-
A2/B8. However, neither combination was statistically signif-
icant. When patients with end-stage reflux nephropathy were
compared with those with renal failure from all other causes,
the relative incidence of these two haplotypes was significantly
more frequent in the former.

Clearly the search must continue for a genetic marker or
markers for VUR. It seems likely that VUR will be found to
be genetically heterogeneous. An autosomal dominant inheri-
tance with variable expression and reduced prevalence has also
been documented for other types of congenital urological mal-
formations, such as renal adysplasia, ureteropelvic junction
obstruction, ureterovesical junction obstruction, ureteral du-
plication, and multicystic renal dysplasia (320). Interestingly,
contralateral urological malformations of different types of-
ten coexist in the same patients. Numerous genes are involved
in the regulation of the complex reciprocal inductive interac-
tions between the ureteric bud and the metanephric blastema,
which is responsible for the development of a normal urinary
tract (321). It seems likely that mutations in many of these
genes will be found to be responsible for congenital urological
malformations. Mutations in the PAX2 gene have been found
to be responsible for the renal–coloboma syndrome, which is
characterized by optic nerve colobomas, VUR, and other renal
malformations (322). PAX2, however, has been excluded as
a major locus for primary familiar VUR (323). Uroplakin III
appeared to be an excellent candidate gene for familial VUR,
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since its knock-out in the mouse causes VUR without other
congenital abnormalities of the urogenital tract or other organ
systems. However, no pathogenic mutations were detected in
25 patients with familial VUR (324).

The angiotensinogen, angiotensin-converting enzyme
(ACE), angiotensin II type 1 (AT1) and type 2 (AT2) receptor
genes are necessary for the normal development of the kidney
and/or urinary tract (325–327). While disruptions of the an-
giotensinogen, ACE, and AT1 genes in mice result in atrophic
renal papillae and enlargement of the renal pelvis, disruption
of the AT2 gene results in congenital hydronephrosis (328).
A particular polymorphism of the AT2 gene has been found
with increased frequency in patients with primary obstructive
megaureter (329), but not in patients with primary VUR
(330). While some of the genes may not be directly responsible
for VUR, they may increase the susceptibility to development
of renal damage. A study has suggested that patients with
VUR and the ACE gene DD polymorphism are more likely
to have cortical scars than those with the DI or II genotype
(331). Rigoli et al. (332) recently investigated the genotype
distribution of the ACE insertion/deletion polymorphism and
AT2R single nucleotide polymorphisms in Italian children
with congenital urinary tract abnormalities, as well as the
association between these polymorphisms and renal disease
progression. For these studies, 92 healthy control subjects
and 102 Italian children with congenital urinary tract ab-
normalities were recruited; 27 with vesicoureteral reflux,
12 with hypoplastic kidneys, 20 with multicystic dysplastic
kidneys, 13 with ureteropelvic junctions stenosis/atresia, 18
with nonobstructed, nonrefluxing primary megaureters, and
12 with posterior urethral valves. No difference was observed
in the ACE genotype distribution, but the D/D genotype
was overrepresented in the subgroup of patients with radio-
graphically demonstrated renal parenchymal abnormalities.
Moreover, a significant correlation was observed between the
G allele of AT2R and congenital urinary tract abnormalities.
These data suggest that the ACE-related DD polymorphism is
a risk factor for progressive renal parenchymal damage in these
patients, while allelic variants in AT2R may play a role in the
development of some congenital urinary tract abnormalities
(332). Haszon et al. (333) also found a significant association
between the DD phenotype and renal scarring. Other studies
do not confirm these observations (334,335). Yoneda et al.
(334) performed a study to identify significant independent
risk factors, including ACE gene polymorphism, associated
with renal parenchymal damage in patients with primary
familial vesicoureteral reflux (334). They identified 88 families
in which 2 or more members had primary vesicoureteral
reflux, comprising 162 patients with a mean age of 2.3 years
(range 3 weeks to 12 years). Renal scarring was detected
in 45 of the 162 patients (28%). There were no significant
differences in ACE genotype distribution in patients with and
without renal damage. The same authors also failed to find
an association between polymorphisms and the presence of
VUR.

Recent studies in mice have demonstrated that genes en-
coding bone morphogenetic protein 4 (BMP4) and forkhead
transcription factor 1 (FOXC1) are involved in the organogen-
esis of the kidney and urinary tract and that loss of function
of either gene causes congenital urinary tract abnormalities.
To explore the possible role of BMP4 or FOXC1, Nakano
et al. (336) screened both genes for mutations in seven pa-
tients with congenital urinary tract abnormalities. Initial anal-
ysis revealed a triplet (GCG) insertion in FOXC1 in three of
the seven patients. No mutations were detected in the coding
sequence of BMP4. The TGF-β1 at position −509 T-C poly-
morphism, which is associated with higher circulating levels of
TGF-β1, the tissue kalikrein (KLK1) at position –130 12 G

allele, which is associated with low kallikrein expression, and
the TNF-α gene polymorphism at position −308 involving a
guanidine to adenosine transition (−308G and −308A) have
been found more frequently in patients with progressive reflux
nephropathy than in controls (337,383).

Nocturnal Enuresis or Other
Urologic Complications

Infants and children with VUR have a high incidence of noctur-
nal enuresis (339) or evidence of lower urinary tract dysfunc-
tion such as detrusor instability or detrusor–sphincter dyssyn-
ergia. Hypospadias, undescended testicles, bifid pelvicalyceal
collecting systems, ureteric duplication, pelviureteric junction
obstruction, multicystic renal dysplasia, and other urologic
conditions may be associated with primary VUR.

Association with Other
Congenital Abnormalities

VUR has been reported in association with a range of other con-
genital disorders such as Hirschsprung’s disease, anorectal ab-
normalities (e.g., short-colon syndrome), renal–coloboma syn-
drome, and the prune-belly syndrome.

Loin Pain

Loin pain is probably the only urinary tract symptom that
can be attributed specifically to VUR. Although infants and
young children rarely complain of loin pain, older patients
may give a clear history of loin pain when their bladder is full,
with worsening at the start of micturition and then rapid relief
after voiding. This is arguably the only indication for antireflux
surgery in an older child or adult.

Coincidental Finding

As more patients are having upper abdominal ultrasonography
to evaluate abdominal symptoms, so is reflux nephropathy be-
ing detected coincidentally with greater frequency. The most
common situation is to find in a previously healthy individual
an irregularly scarred kidney on one side with a hypertrophied
contralateral kidney. Rarely, however, does the chance finding
of a small kidney explain the abdominal symptoms, unless the
patient has a UTI or urinary calculi.

Fetal Ultrasonography

Since the evidence became available that renal damage occurs
as a result of gross VUR in the first few years of life, and prob-
ably even in utero, there has been a search for a simple, rapid,
reliable, safe, and noninvasive method of screening infants for
the presence of gross reflux. To date prenatal ultrasonography
appears the most promising.

Improved sophistication of high-resolution ultrasono-
graphic equipment has permitted visualization of fetal
anatomy. The potential now exists for the detection of cer-
tain congenital anomalies as early as 12 to 15 weeks of gesta-
tion. Kramer (340) pointed out that at 10 weeks of gestation
the intercortical nephrons produce urine, the ureter becomes
patent, and urine flows into the urogenital sinus. Shortly after
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this the cloacal membrane ruptures and allows communica-
tion between the urinary tract and the amniotic cavity. Ultra-
sonography may identify up to 90% of fetal kidneys by 17 to
20 weeks of intrauterine life. After 20 weeks’ gestation, the
rate of urine production can be measured by serial estimation
of bladder volume.

This knowledge has stimulated great interest in the exami-
nation of fetal kidneys by ultrasonography. A number of inves-
tigators have reported a range of urinary tract abnormalities
observed in utero (341–348). The most common prenatal ul-
trasound findings are those of hydronephrosis or hydroureter.
In approximately 10% to 30% of cases this is because of VUR
(349,350). Most neonates with VUR diagnosed prenatally are
boys owing to the higher voiding pressures in males as com-
pared to females. Prenatal hydronephrosis in blacks, however,
is very rarely because of VUR (351). VUR detected prenatally
is usually bilateral and high grade. Of kidneys exposed to pre-
natal VUR detected by fetal ultrasonography, 23% to 60% are
renographically abnormal. Many of these kidneys show gen-
eralized damage, but others exhibit focal lesions. These obser-
vations clearly point to the fact that a significant proportion
of reflux nephropathy is congenital. Whether these lesions are
primary, occurring pari passu with the VUR, or whether they
are secondary, as a result of the VUR, is uncertain (352,353).
Nevertheless, the predominance of boys suggests that the renal
damage in congenital reflux nephropathy is, indeed, secondary
to VUR in utero, since the “ureteric bud theory” cannot satis-
factorily account for the marked male predominance.

It is currently recommended to offer maternal ultrasonog-
raphy to all pregnant patients to detect potentially significant
congenital urological malformation in asymptomatic fetuses
(349,350). Patients with pelvic dilatation measuring more than
4 mm in the anterior–posterior dimension should undergo re-
peat ultrasonography in the early postnatal period between 2
and 7 days of life. Those with initial negative studies should
have a repeat ultrasonography within 1 month of life, since
low urinary output within the first days of life may cause
false-negative studies. Patients in whom the hydronephrosis
is confirmed at birth should be screened for VUR by voiding
cystourethrography. Some authors recommend screening with
voiding cystourethrography (VCUG), even when hydronephro-
sis has resolved at birth. Ismaili et al. (354) prospectively fol-
lowed 264 infants with antenatal renal pelvis dilation. Two
successive neonatal renal ultrasound examinations were per-
formed at day 5 and 1 month after birth. VCUG was performed
in all infants. Neonatal ultrasound findings were abnormal in
190 infants (72% of total). Among them, 63 (33%) had an ab-
normal VCUG. When both neonatal ultrasound findings were
normal (74 infants), the VCUG showed abnormalities in only
5 (6.7%) patients (4 low-grade primary VUR and 1 posterior
urethral valve). Therefore, a normal-appearing urinary tract on
two successive neonatal ultrasound scans rarely coexists with
abnormal findings at VCUG. In such patients, VCUG does not
seem justified. Moorthy et al. (355) also concluded in a retro-
spective study that children with antenatal hydronephrosis and
a normal postnatal ultrasound are highly unlikely to have an
undetected urinary tract abnormality.

It has been suggested that male infants with VUR may bene-
fit from circumcision, because uncircumcised boys have a four-
fold higher likelihood of UTI compared to the circumcised pop-
ulation despite antibiotic prophylaxis (349). However, a recent
study reporting on 27 children circumcised at the time of an-
tireflux surgery and 50 not circumcised showed no significant
difference between the groups in the number of UTI episodes
or morphologic changes on renal scans after antireflux surgery
(356). These findings indicate that circumcision during antire-
flux surgery has no effect on the incidence of postoperative
UTI.

MANAGEMENT OF
VESICOURETERIC REFLUX

Surgery to Correct Vesicoureteric Reflux

There is still considerable disagreement concerning the indica-
tions for antireflux surgery (357–362). At one extreme, are
those clinicians who do not correct VUR of any degree in
any individual, regardless of age, but choose to use low-dose
antimicrobial prophylaxis for varying periods of time. At the
other extreme, are those who operate on any patient, at any
age, and with any degree of reflux. The truth, as always, prob-
ably lies somewhere in between.

In the past, many urologists have recommended antireflux
surgery in an attempt to control complicating UTIs. The bal-
ance of evidence suggests, however, that surgical correction has
no effect on the overall incidence of these infections. The lat-
ter are invariably easy to manage if attention is paid to careful
bacteriologic assessment, appropriate antimicrobial treatment,
and regular follow-up.

Recently, there has been a more scientific approach to an-
tireflux surgery. This has resulted directly from studies of the
natural history of the different degrees of reflux in infants and
young children. The intentions of surgery must be either to pre-
vent renal parenchymal damage developing in normal kidneys
subjected to continuing reflux or to reduce the risk of further
damage to those kidneys that are already scarred. The impor-
tant questions that have been addressed concern which kidneys
are at risk of scarring, at what age should surgery be done, and
does surgery prevent scarring, lessen further damage, or even
allow the kidney to regain normal growth?

There have been many uncontrolled studies reporting
surgery having little or no benefit, but the procedure was in-
variably done long after renal damage developed or was un-
dertaken on patients with a degree of reflux that is now known
not to be associated with parenchymal scarring.

In Christchurch Hospital, an uncontrolled study (363)
showed that some kidneys subjected to gross reflux may recom-
mence normal renal growth if the reflux was successfully cor-
rected early in life. In other patients, renal growth did not occur
after surgery, but further renal damage was prevented. Other
investigators made similar observations (364–368).

Most clinicians now agree that surgery is of no benefit if
the patient has developed proteinuria, renal insufficiency, or
hypertension. The latter persists, while renal function continues
to deteriorate. All of the information available would suggest
that if surgery is beneficial, it must be undertaken very early in
life, as renal damage associated with reflux invariably develops
within the first 2 or 3 years of life and usually within the first
few months.

Probably the only specific indication for antireflux surgery
in an adult is the very occasional patient who is troubled by
loin pain when the bladder is full or during micturition.

Controlled Trials

There have been several prospective, controlled trials to assess
the benefits of antireflux surgery compared with medical man-
agement of the more severe grades of reflux. These trials have
studied the natural history of sterile VUR of a severe degree.
As far as the long-term outcome of patients is concerned, it is
probably more important to assess the effect of surgery on the
natural history of reflux nephropathy and its complications.

The Birmingham Reflux Study Group (212) started in 1975
and compared operative versus nonoperative management of
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children with gross reflux (Rolleston classification), whether or
not scarring was present, and with moderate reflux (Rolleston
classification—equivalent to International Classification grade
II) when scarring was already present. Three age groups were
included (<1 year, 1 to 5 years, >6 years). Children in both
arms of the study received antimicrobial prophylaxis. Unfor-
tunately, most of the children already had scarred kidneys at
enrollment and only 15 were under the age of 1 year. After
2 years of follow-up, no short-term advantage was shown for
either form of treatment, with neither antimicrobial treatment
nor antireflux surgery diminishing the scarring process once it
had developed (212). The initial follow-up report was extended
to 161 children observed for 2 years, of whom 104 were fol-
lowed for 5 years (213,369). Between the treatment groups
no significant differences emerged in the incidence of break-
through UTIs, GFR, renal concentrating ability, renal growth,
the progression of existing scars, or new scar formation. The
authors concluded that neither treatment could claim superior-
ity, nor could they fully protect the kidneys from further dam-
age, and stressed that efforts must be directed toward identi-
fying infants at risk before scarring develops. This study was
concluded after the 5-year report.

The largest prospective trial was undertaken under the aus-
pices of the International Reflux Study Group as a collaborative
effort enrolling children under the age of 11 years (204,211).
The 15 collaborating units in the United States enrolled 138
children with grade IV reflux (International Classification),
while the 8 units in the European arm of the study enrolled 402
children with both grade III and grade IV reflux. Unfortunately,
children with grade V reflux were not included because the clin-
icians all agreed that the most severe form of reflux in an in-
fant or a young child warranted antireflux surgery. Enrollment
was completed in early 1985 and all children were randomized
to receive either antireflux surgery or no surgery, which in-
cluded complete bladder emptying, regular bowel movement,
and careful perineal toilet. Most of the children already had re-
nal scarring at entry. All were given antimicrobial prophylaxis,
which was continued in the medically treated group until the
reflux had stopped and in the surgical group for 6 months after
surgery.

In the European arm of the study, the children had a repeat
voiding cystourethrogram 3 months after enrollment and, if
they still had dilating reflux (i.e., grade III or more), were then
considered to have stable reflux, entered in the main study, and
randomized to either treatment with surgery or no surgery. This
preallocation period resulted in 81 children in the European
arm being excluded because of “unstable reflux.” These 81
children are being followed as a separate group and appear
to differ biologically from those remaining in the main study.
Thus, 321 children in the European arm of the study were
followed in the main study.

There was no preallocation phase in the United States arm
of the study, which definitely had problems with recruitment.
In addition, it is difficult to explain why in this group there were
only 14 boys (11% of the total) compared with 97 (24% of the
total) in the European group. This difference was statistically
significant and was not explained by an older age group in the
American children. If the latter were true, fewer boys would be
expected, as boys tend to present within the first year of life. It
has been shown that the risk of UTIs in boys is higher in those
who are uncircumcised (370), and it has been postulated that
the practice of widespread circumcision in the United States
may be responsible for the small number of boys enrolled in
that arm of the trial. In addition, 67% of the children in the
United States were already known to have reflux before the
index presentation, compared with only 19% of the European
group.

Of the 321 children in the European arm, 306 were treated
according to the random allocation, 155 medically and 151
surgically. During the first 5 years of medical observation, the

VUR disappeared in 16%, diminished in 33%, and did not
change in 51% of the cases. The disappearance rate was higher
for unilateral (54%) than for bilateral (12%) reflux. Postopera-
tive obstruction occurred in 10 ureters (10 patients) of the 151
surgically treated patients. Reoperation was needed in seven
(4.6%). Recurrence of UTI was observed in 39% of the med-
ical and 40% of the surgical patients. Acute pyelonephritis,
however, was more frequent in the medical than in the surgi-
cal group (22% versus 10%, p <0.01). Recurrent infections in
boys occurred almost exclusively during the first year of age.
New scars developed in 12% of medical and 13% of surgical
patients. Following surgery, new scars developed earlier than
in the medical group. The younger the child at entry, the higher
the risk of new scars. More boys than girls develop new scars.
Children with grade IV reflux were more likely to develop new
lesions than those with grade III reflux. Progression of the scars
was noted in 42% of children with renal scars at entry, with
no difference between the study groups.

After completing the 5-year study, five of the eight original
European participating centers agreed to extend the follow-up
period with clinical observation and an additional intravenous
urogram at 10 years (371). Among 223 patients (113 medical
and 110 surgical) who continued follow up with urography
at 10 years, new scars developed in only 2 patients. Overall,
47 new scars were acquired in 42 patients (20 medical and 22
surgical), 25 of them in children with unscarred kidneys at en-
try (13 medical and 12 surgical). New scars occurred mostly
in children under 5 years of age and were observed more fre-
quently in children with grade IV than grade II reflux. The
authors concluded that with careful management, only a small
proportion of children with severe reflux developed new scars
and rarely after the first 5-year follow-up period and that there
was no difference between children treated medically or surgi-
cally.

A 10-year follow-up of this study focusing on the evolution
of the height and weight of these children has also been pub-
lished (372). No differences in these parameters were detected
between the surgically treated children and those on long-term
antibiotic prophylaxis (3%).

In the United States arm of the study, 68 children were al-
located to medical and 64 to surgical treatment. Treatment
changes, however, occurred during the study, resulting in sur-
gical correction of VUR in 87 patients. There were no episodes
of postsurgical obstruction and persistent reflux was noted in
less than 1% of the patients. The overall rate of UTIs was the
same in both groups, but pyelonephritic infections occurred
more frequently in the medical than in the surgical group (22%
versus 8%, p <0.05). The VUR disappeared in 24% of the med-
ically treated patients. New scars developed in 22% of the chil-
dren treated medically and in 31% of those treated surgically.

A group from Rotterdam (373–375) published three reports
of two prospective studies conducted between 1982 and 1986.
Ninety-four children (63 girls), aged between 3 months and 14
years, with a total of 137 refluxing ureters, have been followed
for at least 5 years. All children with reflux grade III (Inter-
national Classification) or less had antimicrobial prophylaxis
only, those with grade IV were randomized to antimicrobial
treatment alone or surgery plus antimicrobial treatment, and
those with grade V reflux were all treated surgically. The pro-
tocol and the findings of these studies are difficult to follow,
but the authors concluded that if detrusor instability has been
excluded, surgery is the preferred treatment for children with
grade IV and V reflux.

A prospective, randomized study was undertaken in Auck-
land, New Zealand to assess the effect of sterile grade III or IV
reflux (International Classification) on individual kidney func-
tion and renal growth in children in three age groups (6 to
23 months, 2 to 5 years, and 6 to 10 years). A total of 138 chil-
dren (112 girls) were randomized to receive either conservative
treatment (continuous low-dose antimicrobial prophylaxis) or
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TA B L E 2 4 - 5

TREATMENT RECOMMENDATIONS: BOYS AND GIRLS WITH PRIMARY VESICOURETERAL REFLUX AND NO
RENAL SCARRING

Treatment

Clinical Initial (antibiotic prophylaxis or open Follow-up (continued antibiotic prophylaxis,
presentation surgical repair) cystography, or open surgical repair)a

Reflux grade/ Preferred Reasonable Preferred No
laterality Pt. age (yr) Guideline option alternative Guidelineb optionb consensusc

I–II/Unilat.
or bilat.

Younger
than 1

Antibiotic
prophylaxis

Boys and
girls

1–5 Antibiotic
prophylaxis

Boys and
girls

6–10 Antibiotic
prophylaxis

Boys and
girls

III–IV/Unilat.
or bilat.

Younger
than 1

Antibiotic
prophylaxis

Bilat:
Surgery if

Unilat:
Surgery if

1–5 Unilat:
Antibiotic

prophylaxis

Bilat:
Antibiotic

prophylaxis

persistent persistent
Surgery if

persistent
6–10 Unilat:

Antibiotic
prophylaxis

Bilat: Surgery

Bilat:
Antibiotic

prophylaxis

Surgery if
persistent

V/Unilat. or
bilat.

Younger
than 1

Antibiotic
prophylaxis

Surgery if
persistent

1–5 Bilat: Surgery
Unilat:

Antibiotic
prophylaxis

Bilat:
Antibiotic

prophylaxis
Unilat:

Surgery if
persistent

6–10 Surgery Surgery

aFor patients with persistent uncomplicated reflux after extended treatment with continuous antibiotic therapy.
bSee duration of reflux regarding the time that clinicians should wait before recommending surgery.
cNo consensus was reached regarding the role of continued antibiotic prophylaxsis, cystography or surgery.
(From: Elder JS, Peters CA, Avant BS Jr, et al. Pediatric vesicoureteral reflux guidelines panel summary report on the management of primary
vesicoureteral reflux in children. J Urol 1997;157:1846.)

antireflux surgery. There were 45 infants under 1 year of age,
but only 7 of these were boys, while in this age group there
were only 6 with grade IV reflux. Complete 2-year data are
available for 115 children (376). The significant observation
was that in those children aged 2 to 10 years at entry, those
treated surgically had a significant increase in GFR, but those
in the medical group did not. A further report on this study is
unlikely.

Recently, Wheeler et al. (377) conducted a meta-analyses of
randomized controlled trials using a random effects model to
evaluate the benefits and adverse effects of treatments for VUR
in children. Main outcome measures were incidence of UTI,
new or progressive renal damage, renal growth, hypertension,
and GFR. Eight trials involving 859 evaluable children com-
paring long-term antibiotics with surgical correction of reflux
(VUR) and antibiotics (seven trials) and antibiotics compared
with no treatment (one trial) were identified. Risk of UTI by
1 to 2 and 5 years was not significantly different between sur-
gical and medical groups (relative risk [RR] by 2 years 1.07;
95% confidence interval (CI) 0.55 to 2.09, RR by 5 years 0.99;
95% CI 0.79 to 1.26). Combined treatment resulted in a 60%
reduction in febrile UTI by 5 years (RR 0.43; 95% CI 0.27
to 0.70), but no concomitant significant reduction in risk of
new or progressive renal damage at 5 years (RR 1.05; 95%
CI 0.85 to 1.29). In one small study, no significant differences
in risk for UTI or renal damage were found between antibi-
otic prophylaxis and no treatment. It is uncertain whether the
identification and treatment of children with VUR confers clin-

ically important benefit. The additional benefit of surgery over
antibiotics alone is small, at best. Assuming a UTI rate of 20%
for children with VUR on antibiotics for 5 years, nine reim-
plantations would be required to prevent one febrile UTI, with
no reduction in the number of children developing any UTI or
renal damage.

The place of surgical management of VUR will continue to
be debated. As the results of the control trials do not clearly
favor a surgical versus a medical approach, strong opinions
for and against surgical management of VUR will continue
to be promoted. Because of the lack of consensus regarding
management of this common condition, panels of experts have
been convened by the American Urologic Association and the
Swedish Medical Research Counsel, and their recommenda-
tions have been published (239,378). The treatment recom-
mendations of the American Urologic Association panel of ex-
perts are presented in tabular form (Tables 24-5 and 24-6) and
are based on scientific evidence and expert opinion. Although
cost reduction cannot be the basis for decision making, cost
analysis of the treatment of VUR have shown that medical
management is less costly than up-front surgery (379,380).

Surgical Techniques

In experienced hands, antireflux surgery is a successful proce-
dure and associated with a low morbidity rate. A number of
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TA B L E 2 4 - 6

TREATMENT RECOMMENDATIONS: BOYS AND GIRLS WITH PRIMARY VESICOURETERAL REFLUX AND
WITH RENAL SCARRING

Treatment

Clinical Initial (antibiotic prophylaxis or open Follow-up (continued antibiotic prophylaxis,
presentation surgical repair) cystography, or open surgical repair)a

Reflux grade/ Preferred Reasonable Preferred
laterality Pt. age (yr) Guideline option alternative Guidelineb optionb No consensusc

I–II/Unilat. or
bilat.

Younger
than 1

Antibiotic
prophylaxis

Boys and girls

1–5 Antibiotic
prophylaxis

Boys and girls

6–10 Antibiotic
prophylaxis

Boys and girls

III–IV/Unilat. Younger
than 1

Antibiotic
prophylaxis

Girls: surgery
if persistent

Boys: surgery
if persistent

1–5 Antibiotic
prophylaxis

Girls: surgery
if persistent

Boys: surgery
if persistent

6–10 Antibiotic
prophylaxis

Surgery if
persistent

III–IV/Bilat. Younger
than 1

Antibiotic
prophylaxas

Surgery if
persistent

1–5 Antibiotic
prophylaxis

Surgery Surgery if
persistent

6–10 Surgery

V/Unilat. or
bilat.

Younger
than 1

Antibiotic
prophylaxis

Surgery Surgery if
persistent

1–5 Bilat: surgery Unilat: surgery Surgery if
persistent

6–10 Surgery

aFor patients with persistent uncomplicated reflux after extended treatment with continuous antibiotic therapy.
bSee duration of reflux regarding the time that clinicians should wait before recommending surgery.
cNo consensus was reached regarding the role of continued antibiotic prophylaxis, cystography or surgery.
(From: Elder JS, Peters CA, Avant BS Jr, et al. Pediatric vesicoureteral reflux guidelines panel summary report on the management of primary
vesicoureteral reflux in children. J Urol 1997;157:1846.)

techniques are available, with Cohen’s transtrigonal advance-
ment technique being the most popular (381). The basic princi-
ple with this procedure is to lengthen the submucosal ureteric
tunnel. Austin and Cooper (382) have recently reviewed the
different surgical techniques, postoperative management, and
complications, as well as new endoscopic techniques used to
correct VUR and their outcomes (Tables 24-7 and 24-8).

The first endoscopic technique to correct VUR was based
on the endoscopic injection of biologically inert polytetraflu-
oroethylene (Teflon) paste suspended in glycine into the
lamina propria behind the submucosal ureter (383). This is
a simple and reliable procedure that can be undertaken on an
outpatient basis (384,385). Because of concerns with migra-
tion of the injected Teflon, granulomatous formation, and pos-
sible carcinogenic properties, this product has been withdrawn
from use in some countries (386,387). Silicone, glutaralde-
hyde cross-linked bovine collagen (GAX-collagen), polyvinyl
alcohol foam, bioglass, dextranomer microspheres suspended
in a sodium hyaluronan solution, autologous fat or blood,
chondrocyte-alginate or human bladder muscle cell–alginate
gel suspensions, and detachable self-sealing membrane bal-
loon systems are alternative substances under investigation
(388,389). The use of particulate silicone microimplants has
been limited, because of reports of silicone particle migration.
The main drawback of GAX-collagen is its inability to conserve
volume over time. Polyvinyl alcohol has been shown to have
a potential tumorigenic effect in laboratory animals. Recently,

the U.S. Food and Drug Administration (FDA) has approved
an injectable implant of dextranomer/hyaluronic acid copoly-
mer for use in children, making the endoscopic treatment of re-
flux a potential alternative to open surgical correction in native
kidneys. Continuous observation will be necessary to establish
the long-term success of this intervention. Uncontrolled void-
ing dysfunction may contribute to endoscopic treatment failure
and treatment with anticholinergic agents and voiding rehabil-
itation for at least 6 months prior to the procedure has been
recommended for these patients (390). Endoscopic correction
of VUR in transplanted kidneys is often unsuccessful (391).

Management of Neurogenic Bladder
and Vesicoureteric Reflux

Intermittent bladder catheterization, together with prophylac-
tic antimicrobial therapy and anticholinergic agents, when in-
dicated, have been used with some success to circumvent the
high detrusor pressures associated with neuropathic lower uri-
nary tract dysfunction.

In spinal cord injury patients, lowering bladder outlet re-
sistance, either pharmacologically using α-adrenergic blocking
drugs and striated muscle antispasmodics, or surgically by en-
doscopic division of the external urethral sphincter or the in-
sertion of ureteral stents or springs, can reduce the height of
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TA B L E 2 4 - 7

COMMONLY USED TECHNIQUES OF SURGICAL URETERAL REIMPLANTATION

Author Technique Advantages Disadvantages

Politano–Leadbetter Intravesical
ureteroneocystotomy

Potential for a long submucosal
tunnel; anatomic alignment of
the ureters for retrograde
catheterization

Potential complications as a
result of neocystotomy
(obstruction, transperitoneal
placement, bowel injury)

Glenn–Anderson Intravesical trigonal
advancement

No neocystotomy and anatomic
alignment of ureters; simple to
perform

Not suitable for dilated ureters
as a result of limitation of
submucosal tunnel length

Cohen Intravesical cross-trigonal
advancement

No neocystotomy and potential
for long tunnel length; simple
to perform

Ureters not in anatomic
alignment could prevent
retrograde catheterization

Gil–Vernet Intravesical medial
advancement

No neocystotomy; simple and
rapid procedure because of
limited dissection of ureters

Less successful than other
intravesical techniques and
only suitable if ureters are
highly mobile within the
bladder

Lich–Gregior and
Zaontz and
colleagues

Extravesical neocystotomy
with or without
advancement

Ureters in anatomic alignment;
less postoperative bladder
symptoms and hematuria

Difficult dissection; potential
temporary urinary retention
when performed bilaterally

(From: Austin JC, Cooper CS. Vesicoureteral reflux: surgical approaches. Urol Clin North Am 2004;31:543, with permission.)

reflex bladder contractions and stop reflux, or at least reduce
its severity. Intermittent self-catheterization of the bladder can
reduce the incidence of complicating UTIs, but whether this
lowers detrusor pressure is not yet fully established.

Management of Complicating Urinary Tract
Infections

The management of symptomatic UTIs in either children or
adults with VUR or reflux nephropathy should be the same as
that for any complicated UTI. Such patients invariably respond
to a curative course of any appropriate antimicrobial agent.
A 5-day course of treatment is generally sufficient. There is

no indication for combinations of antimicrobial agents to be
used. Similarly, there is no place for single-dose therapy in the
treatment of UTIs in infants or young children, patients with
acute pyelonephritis, or those patients known to have VUR or
reflux nephropathy.

Infants or children with VUR, particularly grade III and
above, should be placed on long-term, low-dose antimicrobial
prophylaxis with a drug, such as nitrofurantoin or trimetho-
prim, until puberty or after the reflux has stopped, either spon-
taneously or following successful surgical correction. If re-
current symptomatic infections are a clinical problem, careful
attention should be given to increasing the fluid intake and
instructing the patient to practice complete or double micturi-
tion. Cognitive bladder training may also be appropriate (392).
Recently, it has been suggested that suspension of antibiotic

TA B L E 2 4 - 8

DIFFERENT IMPLANT MATERIALS STUDIED FOR ENDOSCOPIC TREATMENT OF REFLUX

% Reflux cured with
Implant one injectiona Biodegradable Comments

Autologous
chondrocytes

55 Autologous Requires two procedures: cartilage harvest and the
subsequent subureteric injection

Bovine cross-linked
collagen

72 Yes Skin allergy testing prior to treatment; high relapse
rate after 1 year

Dextranomer/
hyaluronic acid
copolymer

72 Yes Nonimmunogenic; easy to inject with syringe and
needle; only implant FDA approved for the
treatment of reflux in children in the United States

Polydimethylsiloxane 82b No Solid silicone elastomere soft tissue-bulking agent
suspended in bioexcreteable carrier gel

Polytetrafluoroethylene 73 No Teflon particles suspended in glycerine; small particle
size makes migration a concern; most studied of all
implants with largest series

aOverall for all reflux grades.
bGrades I–III only.
(From: Austin JC, Cooper CS. Vesicoureteral reflux: surgical approaches. Urol Clin North Am 2004;31:543, with permission.)
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prophylaxis may be a reasonable option for a highly select
group of children with VUR old enough to verbalize symp-
toms of UTI, with normal voiding patterns, and a minor his-
tory of infections and minimal or no renal scarring (393). For
now, however, this practice should be used only with extreme
caution.

For sexually active women, a vaginal source of sepsis should
be excluded. Many of these women will benefit from postcoital
micturition. Other patients have been assisted by applying an
antiseptic cream to the periurethral area prior to intercourse.
Failing that, long-term, low-dose antimicrobial prophylaxis
may be necessary. The drugs that are most appropriate include
nitrofurantoin, 50 mg, trimethoprim, 100 mg, cotrimoxazole,
0.24 g, or norfloxacin, 200 mg. If the patient has renal insuf-
ficiency, cephalexin, 125 mg, can be used successfully. Initially
prophylactic treatment is best started on a nightly basis. The
duration of treatment is an individual clinical decision. The
drug could then be reduced to alternate nights, 3 nights weekly,
or even just following intercourse, if that has been the clinical
pattern of the infections. Some patients are enthusiastic to re-
main on long-term medication if their symptomatic infections
are troublesome, while others may wish to abandon treatment
after a 3- to 6-month period.

As long as there is no evidence of associated urinary tract
obstruction or complicating urinary calculi, there is no risk of
any further renal damage occurring in adult patients who have
symptomatic or asymptomatic infections.

Management of Hypertension

All patients with reflux nephropathy should have their BP
monitored and treatment started as soon as it becomes persis-
tently elevated. Nonpharmacologic approaches should be insti-
tuted initially. Hypertension due to reflux nephropathy is gen-
erally easy to manage with conventional antihypertensive ther-
apy, while accelerated hypertension invariably responds well to
treatment. Meticulous control of hypertension is probably the
most important aspect of the long-term management of any
patient with reflux nephropathy. The angiotensin-converting
enzyme inhibitors are proving particularly valuable antihyper-
tensive agents in these patients. In addition, there is a possibil-
ity that this group of drugs may affect the rate of deterioration
of renal function in the small proportion of patients with re-
flux nephropathy who have proteinuria and renal insufficiency
(394).

As mentioned earlier, hypertensive patients with unilat-
eral reflux nephropathy may benefit from nephrectomy of
the affected kidney. However, apart from one prospective
study (201), much of the evidence for such a benefit remains
anecdotal.

Management of Pregnant Women
with Reflux Nephropathy

Women with known reflux nephropathy, like all pregnant
women, should have their urine screened for asymptomatic
bacteriuria at the first antenatal clinic visit and thereafter in
each trimester. If bacteriuria is present, it should be eradicated
so as to reduce the risk of acute pyelonephritis developing later
in the pregnancy or early puerperium. If bacteriuria recurs in
the pregnancy, then low-dose antimicrobial prophylaxis (e.g.,
nitrofurantoin, 50 mg) should be introduced for the remainder
of the pregnancy.

Those women with reflux nephropathy who are hyperten-
sive, but have normal renal function and no proteinuria, should
not be dissuaded from becoming pregnant, but encouraged to

have careful antenatal supervision. Such women often have an
improvement in their BP control during the second trimester,
but require increased antihypertensive treatment in the third
trimester and puerperium. ACE inhibitors and angiotensin II
antagonists are contraindicated during pregnancy.

The women with reflux nephropathy who get into major
problems during or following a pregnancy are those who have
proteinuria and renal insufficiency prior to conception (217).
These women should be monitored carefully and their BP well
controlled. Fortunately, the majority of pregnant women with
reflux nephropathy provide few management problems.

Investigation of Family Members

The familial nature of VUR raises the question of family stud-
ies. VUR is found in approximately one-third of first-degree
relatives of individuals with this condition (395–400). The fre-
quency of VUR is much higher in children younger than 1 year
than in those older, declining from 67% in infants, 52% in 1
to 2 years old to 29% after 2 years of age. In the absence of
a simple screening test for gross VUR, it has been suggested
that all children born to parents with known VUR or reflux
nephropathy, or who have affected siblings, should have their
urinary tract investigated as soon after birth as possible. A lim-
ited voiding cystourethrogram in the neonatal period is a simple
procedure and will reliably exclude a potentially damaging de-
gree of VUR. Such investigations are invariably acceptable to
well-informed parents and enable the diagnosis of VUR to be
made before a UTI or reflux nephropathy develops. This ap-
proach is recommended irrespective of the finding of fetal renal
pelvic dilatation on prenatal ultrasonography.

Several recent studies have addressed the value of famil-
ial screening for VUR (reviewed by Chertin and Puri [401]).
Cascio et al. (402) compared the incidence of renal damage in
index patients (n = 107, median age 1.5 years) with VUR and
UTI, symptomatic siblings with reflux and a documented his-
tory of UTI (n = 64, median age 1.2 years), and asymptomatic
siblings with reflux diagnosed during a screening program for
hereditary reflux (n = 55, median age 6 months) DMSA scan-
ning revealed reflux nephropathy in 36 of 166 (22%) refluxing
units in index patients, 25 of 97 (26%) in siblings who pre-
sented with UTI, and 6 of 89 (7%) in asymptomatic siblings
who underwent screening voiding cystourethrography. How-
ever, the prevalence of moderate and severe renal scarring in
asymptomatic siblings was comparable to that in siblings with
reflux and UTI. Sweeney et al. (402) compared the incidence of
renal scarring in infants with high-grade vesicoureteral reflux
presenting with UTI (n = 97) and those diagnosed by famil-
ial screening with no history of UTI (n = 30). DMSA renal
scan demonstrated renal scarring in 38% and 67% of grade
IV and V refluxing units in UTI cases, but only 29% and 36%
of those in asymptomatic siblings. These observations suggest
that early intervention in infants with high-grade reflux may
change its natural history and protect against renal scarring.
Other studies raise doubts about the potential value of screen-
ing programs. Bonnin et al. (403) performed DMSA scanning
in 46 symptomatic index patients, 17 siblings with reflux, and
48 siblings without reflux. Four of the 17 siblings had a previ-
ous febrile UTI and the remaining 13 were asymptomatic. On
DMSA renal scan, only six of all screened siblings (10%) had
abnormalities, including asymmetrical differential function in
five and a parenchymal defect in one. Only one of these six
patients had reflux. Based on their finding, Bonnin et al. (403)
concluded that a systematic screening in this group is not ben-
eficial, despite significant 26% incidence of reflux in asymp-
tomatic siblings of patients with primary reflux. A limitation
of this study is that most of the 65 siblings described were older
than 18 months.
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Management of Patients with Urinary Calculi

Patients with reflux nephropathy who develop loin pain,
ureteric colic, or UTIs that are difficult to eradicate should be
investigated for urinary calculi. Most of the stones will be ra-
diopaque and, therefore, a good-quality plain abdominal radio-
graph with nephrotomography should detect them. If ureteric
colic is present, an intravenous urogram should be undertaken.

Metabolic evaluation of stone disease associated with VUR
is indicated, although the role of metabolic factors is contro-
versial. If a UTI is present, every attempt should be made to
eradicate it. This may require a course of parenteral antimi-
crobial therapy. If the infection cannot be eradicated, and the
stone is growing, consideration should be given to its removal.
Most of these stones can be extracted using the percutaneous
technique, although this may provide technical problems in
small, irregularly scarred kidneys. There is little information
available on the use of lithotripsy, but in experienced hands it
would undoubtedly be beneficial.

CONCLUSION

Primary VUR is an important and common congenital abnor-
mality, which may be inherited, and is a central component
in the pathogenesis of reflux nephropathy. There is compelling
evidence that infancy and early childhood comprise the criti-
cal period in the natural history of the renal scarring associ-
ated with reflux. In some infants renal damage occurs in utero.
The pattern and extent of the renal damage are related to the
severity of the reflux and the presence of intrarenal reflux. The
precise role of complicating bacterial infections in the etiol-
ogy and pathogenesis of reflux nephropathy remains uncer-
tain, but renal damage may occur in the continued absence of
UTIs. However, the most frequent and most important clini-
cal presentation of VUR is with a complicating UTI early in
childhood.

More investigation on the pathogenesis of this important
cause of serious renal disease is necessary. What is required is
a reliable way of detecting VUR at birth, or even in utero, so
as to prevent or at least reduce the risk of renal damage and
to enable UTIs to be avoided. The search must continue for a
genetic marker as well as a simple and efficient way of screening
newborn infants for the presence of the more serious degrees of
VUR. At the present time, there is strong evidence to investigate
those infants at birth who were shown to have fetal renal pelvic
dilatation on prenatal ultrasonography or who have parents or
siblings with either VUR or reflux nephropathy.

It is still uncertain as to the mechanisms for the develop-
ment of both hypertension and the glomerulopathy. The latter
is manifested as proteinuria and is the indicator of those pa-
tients who may progress to end-stage reflux nephropathy.

The role of antireflux surgery is still unclear despite several
prospective studies. If surgery has a place, it is for the correction
of the most severe degrees (i.e., dilating forms) of reflux, as early
in life as possible, and ideally before any renal parenchymal
damage has occurred.
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CHAPTER 25 ■ URINARY TRACT
OBSTRUCTION
SAULO KLAHR

Obstructive nephropathy is a renal disorder that begins with
hydrodynamic and hemodynamic responses, leading to cellular
changes in all renal compartments, and, finally, to interstitial
fibrosis and tubular atrophy.

Urinary tract obstruction is a common cause of loss of re-
nal function, which may be reversible with treatment. Urinary
tract obstruction occurs in a variety of clinical circumstances,
not only in diseases intrinsic to the urinary tract, but also in dis-
eases originating in other organ systems. Symptoms and signs
of urinary tract obstruction may be minimal or absent, and
diagnosis, therefore, requires a high index of suspicion. Early
recognition of the presence of obstruction is important, since
the degree to which nephron function is irreversibly lost is re-
lated to the duration of obstruction.

Several terms and definitions are used in this chapter: Ob-
structive uropathy is used as a general term indicating complete
or partial obstruction of the flow of urine at any level from the
renal calyx to the external urethral meatus. Hydronephrosis
refers to abnormal dilation of the renal pelvis and calyces with
varying degrees of renal parenchymal atrophy and is usually,
but not always, the result of obstructive uropathy. Obstructive
nephropathy refers to the functional and pathologic changes in
the kidney that result from obstruction to the flow of urine.

INCIDENCE AND CAUSES

Obstructive uropathy is a common clinical problem. The in-
cidence of hydronephrosis reported by Bell (1) in a series of
32,360 autopsies was 3.8% (3.9% in males, 3.6% in females).
The incidence of clinical manifestations of obstructive uropa-
thy prior to death was not reported, and it is likely that hy-
dronephrosis was an incidental autopsy finding in many of
these patients. The incidence of hydronephrosis at autopsy is
somewhat lower in children than in adults, being 2% in one
series of 16,000 autopsies (2). Over 80% of children with hy-
dronephrosis at autopsy were less than 1 year old, with the
balance of childhood cases being distributed uniformly through
the childhood years. About 166 patients per 100,000 popula-
tion had a presumptive diagnosis of obstructive uropathy on
admission to hospitals in the United States in 1985 (3). Among
male patients with kidney and urologic disorders, obstructive
uropathy ranked fourth at discharge (242 patients/100,000 dis-
charges). In females with kidney and urologic problems, ob-
structive uropathy ranked sixth as a diagnosis at discharge
(94 patients/100,000 discharges). In the United States in 1985,
about 387 visits per 100,000 population were related to ob-
structive uropathy (3). New ultrasound techniques have made
possible the diagnosis of obstructive uropathy in the fetus dur-
ing pregnancy (4,5). In the adult, the incidence and causes of
urinary tract obstruction vary with the age and sex of the pa-
tient. In young and middle-aged males, acute obstruction from
renal calculi is common, but temporary, and such cases would
not be included in autopsy surveys. In females of this age group,

on the other hand, pelvic cancer is an important cause. In the
older age group, urinary tract obstruction is more common in
men, resulting from prostatic hypertrophy or malignancy. In
the United States, 7,913 patients with urologic problems were
on dialysis in 2001.

Anatomic factors are also important in establishing the site
of the obstruction. The degree of obstruction in the urinary
tract and whether it is intraluminal, intramural (intrinsic), or
extramural (extrinsic) are helpful. The usual sites of obstruc-
tion in the urinary tract are the urethra and the bladder neck,
the bladder and ureterovesical junction, the ureter, and the
renal pelvis and ureteropelvic junction. Table 25-1 shows a
clinical–anatomic classification of the causes of urinary tract
obstruction based on age, sex, and anatomic level of obstruc-
tion.

Intraluminal obstruction may be because of renal calculi,
blood clots, or sloughed renal papillae and most likely occurs
at three locations—the ureteropelvic junction, the ureterovesi-
cal junction, or the bladder neck, although it may occur at
any level. Intramural (intrinsic) obstruction may be because
of functional or structural lesions in the wall of the uri-
nary tract. Functional obstruction is because of impaired peri-
staltic activity, such as neurogenic bladder, while structural
lesions include inflammatory ureteric strictures or malignant
disease of the uroepithelium. Common extramural obstructive
lesions include prostatic disease and gynecologic, colorectal, or
retroperitoneal malignancy.

CLINICAL SYNDROMES AND
COMPLICATIONS

Patients with obstructive uropathy may present with an acute
and life-threatening illness, with chronic and slowly progressive
symptoms, or with virtually no symptoms or signs. The clinical
presentation will depend not only on the underlying cause of
obstruction but also on the duration of the obstruction (acute
or chronic), on its severity (unilateral or bilateral, partial or
complete), and on the presence or absence of complications,
such as urinary tract infection (UTI).

There are five common clinical syndromes that may indi-
cate the presence of obstructive uropathy and several additional
clinical presentations because of complications of this disorder
(Table 25-2). Clinical syndromes owing to urinary tract ob-
struction itself include lower urinary tract symptoms, such as
difficulty in voiding, increasing frequency and nocturia, flank
pain and renal colic with or without an abdominal mass, or the
finding of an asymptomatic abdominal mass, often in a child.
Patients with obstructive uropathy may present with acute re-
nal failure, particularly with anuria or widely varying urinary
output, or with symptoms and signs of chronic renal failure,
often with few symptoms and signs to suggest obstruction. Of
interest because of their pathophysiology, are the renal tubular
defects associated with obstructive nephropathy, including the
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TA B L E 2 5 - 1

COMMON CAUSES OF OBSTRUCTIVE UROPATHY, BY
AGE AND LEVEL OF OBSTRUCTION

Infants and children Adults

Urethra or bladder neck
Meatal stenosis Urethral stricture (male)
Phimosis Benign prostatic hypertrophy
Urethral valves (male)

Bladder
Neurogenic bladder Neurogenic bladder
Calculus (Southeast Asia) Blood clot
Blood clot Carcinoma of bladder

Foreign body
Calculus

Ureter
Stricture (congenital) Calculus (male predominance)
Ureterocele Blood clot
Megaureter Renal papilla
Blood clot Stricture—tuberculosis,

radiation
Retroperitoneal tumor Vesicoureteral reflux (female

preponderance)
Vesicoureteral reflux

(female preponderance)
Carcinoma of prostate
Retroperitoneal tumor
Retroperitoneal fibrosis
Pelvic neoplasm—carcinoma

of cervix
Pregnancy, uterine prolapse
Inflammatory bowel disease
Abdominal aortic aneurysm
Surgical ligation
Carcinoma of ureter

Ureteropelvic junction and
renal pelvis

Congenital stricture Calculus
Aberrant renal artery Blood clot
Blood clot Renal papillary tissue

Aberrant renal artery
Fibrous band

clinical syndromes of polyuria (nephrogenic diabetes insipidus,
postobstructive diuresis), salt and water depletion, and hyper-
chloremic hyperkalemic metabolic acidosis.

Unilateral obstruction of the ureter or ureteropelvic junc-
tion may be asymptomatic, may be accompanied by dull aching
flank pain, or, in the case of a renal stone obstructing the ureter,
there may be severe renal colic presenting as an acute abdom-
inal emergency with associated paralytic ileus. Renal colic in
milder cases may subside spontaneously, leaving no symptoms
or only intermittent mild flank pain.

Bilateral obstruction of acute onset may be accompanied
by lower abdominal or back pain and progressive symptoms
of renal failure. Since chronic lower urinary tract obstruction
often precedes acute obstruction, as in the older male with be-
nign prostatic hypertrophy, there may be a history of increasing
“bladder” symptoms. Gross hematuria in a patient with acute
or chronic renal failure should alert one to the possibility of ob-
structive uropathy from tumor, blood clots, or stones. Patients
with slowly progressive bilateral urinary tract obstruction may
present with symptoms of chronic renal failure, such as fa-
tigue, anorexia, nausea, vomiting, dyspnea, peripheral edema,
or drowsiness.

Renal tubular defects resulting in water and salt deple-
tion are particularly characteristic of obstructive nephropathy.

TA B L E 2 5 - 2

CLINICAL SYNDROMES OF URINARY TRACT
OBSTRUCTION

Clinical syndrome Type of obstruction

1. Bladder symptoms Partial bilateral obstruction
2. Acute renal failure (often

with anuria)
Complete bilateral

obstruction (or complete
obstruction of a solitary
kidney)

3. Chronic renal failure Severe partial bilateral
obstruction

4. Renal tubular disorder with: Chronic partial bilateral
obstruction, or

Polyuria, polydipsia Relief of complete or severe
partial bilateral
obstruction
(postobstructive diuresis)

Sodium and water depletion Complete or partial
unilateral obstruction

Renal tubular acidosis Any obstructive lesion
5. Flank pain or enlarged

tender kidney
6. Other complications of

obstruction:
Resistant or recurrent

urinary tract infections
Infective (struvite) calculi
Hypertension
Polycythemia
Neonatal ascites

Polyuria, nocturia, thirst, and polydipsia may be prominent
symptoms. Patients with chronic partial urinary tract obstruc-
tion may present with hyperosmolar dehydration and hyper-
natremia because of severe impairment of urine-concentrating
ability resulting in nephrogenic diabetes insipidus. This is par-
ticularly true in older adults, who frequently have hypodipsia.
If renal tubular damage results in urinary salt wasting, patients
with chronic obstructive uropathy may present with postural
hypotension and progressive manifestations of uremia owing
to intravascular volume contraction. Hyperchloremic acidosis,
often with hyperkalemia, may also result from distal nephron
or collecting duct damage (type 4 distal renal tubular acidosis).
After relief of severe bilateral obstruction, a disorder referred to
as postobstructive diuresis may occur with a marked increase
in sodium and water excretion.

In addition to these clinical syndromes, patients with ob-
structive uropathy may present with the clinicopathologic
consequences of urinary tract obstruction, specifically hy-
dronephrosis, renal parenchymal atrophy, and chronic renal
failure, or with other complications of obstruction, such as uri-
nary tract infection, renal calculi, hypertension, polycythemia,
and neonatal ascites.

Hydronephrosis, Renal Parenchymal Atrophy,
and Renal Failure

The volume of urine normally contained in the calyces and
pelvis of each kidney is small (5 to 10 mL), but with persis-
tent obstruction the urinary tract proximal to the site of ob-
struction becomes dilated and, with long-standing obstruction,
there can be massive enlargement of the kidney. In such situa-
tions, the calyces and pelvis are greatly dilated, the medulla is
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almost completely destroyed, and the cortex may be reduced to
a thin, extensively sclerotic rim. With severe acute obstruction,
in childhood, atrophy of the parenchyma may be very rapid,
and a shrunken kidney with minimal dilation of the pelvis and
calyces may result. Microscopic examination of obstructed kid-
neys shows tubular dilation and atrophy with chronic intersti-
tial inflammatory changes and fibrosis, which are more severe
than glomerular changes. However, glomeruli become hyalin-
ized in a pattern similar to that seen in nephrosclerosis. When
both kidneys are affected by lower urinary obstruction, the
changes are usually asymmetric, but chronic renal failure even-
tually results.

Although hydronephrosis is a striking sign of obstructive
uropathy, it is the associated atrophy of the renal parenchyma
that leads to loss of renal function. Three mechanisms have
been proposed to explain the loss of kidney function.

1. Pressure atrophy. Increased pressure in the renal pelvis and
calyces may be responsible for the atrophy observed in the
renal medulla of obstructed kidneys. The morphologic find-
ing that renal papillae are often flattened and atrophied out
of proportion to the cortex is in agreement with this concept.
This structural finding is compatible with the distal tubular
and collecting duct defects in sodium, potassium, and wa-
ter handling and urinary acidification that often accompany
urinary tract obstruction.

2. Intrarenal reflux. Intrarenal reflux refers to pyelotubular
backflow of urine or of radiographic contrast material in-
stilled in the bladder. It usually occurs during micturition
and results in segmental radiographic opacification of the
kidney parenchyma. Rolleston and colleagues (6) found that
intrarenal reflux, sometimes extending outward as far as
the renal capsule, was common in children with severe vesi-
coureteral reflux, and, in addition, that the scarred and at-
rophic segments of the kidney corresponded exactly with the
segments in which intrarenal reflux was observed. Hodson
and colleagues (7,8) made the same observations in piglets
with experimental urethral obstruction and vesicoureteral
reflux. Intrarenal reflux probably results from increased pye-
localyceal pressure, which changes the shape of the pliant
renal papilla from conical to flat, causing the slitlike open-
ings of the ducts of Bellini (terminal collecting ducts) to
gape open, thus allowing pyelotubular backflow of urine
(9). Further evidence of retrograde intratubular movement
of urine is obtained from the finding of Tamm-Horsfall pro-
tein, which is secreted in the distal nephron, in the Bowman’s
space of glomeruli, and in the interstitium of obstructed rat
kidneys (10). The finding of intrarenal reflux in the cortex
helps explain the presence of cortical as well as medullary
atrophy in the obstructed kidney.

3. Ischemia. Renal blood flow is reduced in chronic obstruc-
tion not only because of the vasomotor changes but also
because enlargement of the renal pelvis may cause arterial
or venous obstruction owing to stretching or kinking of ves-
sels. Decreased renal blood flow predisposes the obstructed
kidney to ischemic atrophy. Collapse of the inner medullary
blood vessels and corresponding medullary tubular injury
occur in rats with unilateral obstruction (11). If hyperten-
sion develops owing to obstructive nephropathy, there may
be sclerosis and narrowing of the renal blood vessels. The
resultant ischemia could play an important role in the pro-
gression of parenchymal atrophy.

Urinary Tract Infection Associated
with Urinary Tract Obstruction

UTI is a common and serious complication of obstruction.
Acute pyelonephritis with fever, costovertebral angle pain, and

tenderness, or bacteremia may be the presenting clinical pic-
ture. Recurrent bacteriuria and/or UTI may be present. In
males, the first attack of UTI is sufficient justification for per-
forming an intravenous urogram to exclude a structural (often
congenital) abnormality causing partial obstruction and predis-
posing to infection. Chronic bacteriuria is frequent and difficult
to eradicate in patients with obstructive uropathy.

If the obstruction is below the level of the bladder, sponta-
neous development of bacteriuria is very common. Two factors
are important in the development of such infections. First, in
the presence of an obstruction to bladder outflow, there is a
larger than normal volume of residual urine after voiding. This
urine provides an excellent culture medium in which bacteria
may persist and multiply. Second, defenses against bacterial
growth may be impaired in the walls of the distended ureter
and bladder.

Obstructive uropathy above the level of the bladder is not
necessarily associated with infection. Biopsy evidence shows
that an obstructed kidney is more easily infected than an un-
obstructed kidney (12,13). With time, however, the suscepti-
bility to infection induced by urinary tract obstruction may
decrease function only modestly and not progressively. If urine
from such a hydronephrotic kidney is sterile, it is important
not to undertake procedures such as retrograde pyelography.
This procedure can introduce infection that is often refrac-
tory to treatment and that may then cause progressive renal
damage.

Renal Calculi

Renal calculi are both a cause and a serious potential com-
plication of obstruction. Stones complicating obstruction are
invariably of the struvite (magnesium ammonium phosphate–
calcium carbonate) type resulting from the association of uri-
nary infection with urea-splitting bacteria, which produce ure-
ase and break down urea in the urine to ammonia, which, in
turn, buffers hydrogen ions and raises urine pH, precipitating
struvite. The usual sequence of events is the presence of partial
urinary tract obstruction followed by infection, with forma-
tion of a renal pelvic staghorn stone. Such stones tend to grow
rapidly and recur after removal unless (a) all stone fragments
are removed, (b) infection is eradicated on a long-term basis,
and (c) obstruction to urine flow is corrected. The combination
of ureteropelvic junction obstruction with recurrent staghorn
calculi may result in loss of renal function.

Hypertension Associated with Urinary
Tract Obstruction

In obstructive nephropathy, hypertension may develop because
of fluid retention with extracellular fluid (ECF) volume ex-
pansion, increased renin secretion, or possibly from decreased
synthesis of vasodepressor substances, such as prostaglandins
(PGs). After relief of bilateral obstruction, volume-dependent
hypertension may improve as fluid retention is corrected.

Hypertension can occur as a consequence of unilateral uri-
nary tract obstruction. Hypertension was associated with ele-
vated renin concentration in the renal venous blood from the
obstructed kidney (14–16) and relief of the obstruction has,
at times, resulted in disappearance of the hypertension and
restoration of the renal venous renin levels to normal (14).
This sequence of events resembles the hypertension associated
with unilateral renal artery stenosis. Indeed, ureteral occlusion
does cause an acute increase in renin release (17,18).

Complicating an evaluation of the role of renin, however,
are patients with hypertension and unilateral hydronephrosis,
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but normal renin secretion (19–21). Weidmann et al. (21), how-
ever, studying six patients before and after surgery for unilat-
eral ureteropelvic and ureteral obstruction, observed a correla-
tion between the postoperative magnitude of the fall in blood
pressure and the decrement in plasma renin levels. These au-
thors emphasized that surgery is most likely to cure hyperten-
sion in patients who have not only elevated renin secretion in
the ipsilateral kidney but also suppressed renin secretion in the
contralateral kidney.

Several clinical studies suggest that hypertension associ-
ated with unilateral hydronephrosis may be renin-dependent.
However, other aspects of the pathophysiology of unilateral
ureteral obstruction may also be contributing to the hyperten-
sion (20).

Polycythemia

Occasionally, patients with obstructive nephropathy have an
abnormally high erythrocyte mass. This polycythemia is be-
cause of increased synthesis and release of erythropoietin
(22).

Neonatal Ascites

Urinary tract obstruction (bilateral), usually owing to urethral
valves in male infants, may present with ascites in the neonatal
period.

PATHOPHYSIOLOGY OF URINARY
TRACT OBSTRUCTION

The clinical syndromes outlined previously also influence the
pathophysiology of obstructive uropathy. Specifically, the age
of the patient and level of obstruction are important, as well
as the severity and duration of obstruction and the presence or
absence of complications.

The effects of obstruction on renal function and structure,
that is, obstructive nephropathy, may be discussed by consid-
ering the functions of the kidney, including renal blood flow,
glomerular filtration rate (GFR), and tubular function, as indi-
cated by urinary-concentrating ability and salt, other solutes,
and acid excretion. In addition, the endocrine–metabolic as-
pects of renal function must be considered, particularly the
renin–angiotensin and prostaglandin systems. Some aspects of
obstructive nephropathy have been studied in humans, usu-
ally with chronic obstruction, but our current understanding
of this disorder is based largely on the use of animal models
that resemble the clinical syndromes seen in humans.

Hydrodynamics in the Urinary Tract

The movement of urine from the kidney to the bladder un-
der normal conditions is the result of three factors: (a) hy-
drostatic pressure, (b) ureteral and pelvic peristalsis, and (c)
the rate of urine flow (23,24). The urinary collecting system is
lined by a transitional epithelium and surrounded by circular
and longitudinal layers of smooth muscle. Action potentials
that originate in smooth muscle cells of the renal pelvis are
conducted along the pelvis and ureter and are followed by a
wave of contraction. Urine leaves the renal pelvis and enters
the ureter passively during the resting phase after contraction.
The normal ureteropelvic junction does not demonstrate an
anatomic sphincter. This junction, however, appears to act as a

functional sphincter, since distortion of this area is a common
cause of hydronephrosis.

In the ureter, urine is propelled in boluses by the peristaltic
waves of contraction. Initially, the circular smooth muscle com-
ponents of the ureteral wall contract proximally and com-
pletely occlude the lumen, a process referred to as coaptation,
and, subsequently, as circular muscle relaxes, the longitudinal
smooth muscle components contract and the bolus of urine
is propelled down the ureter. An essential feature of normal
peristalsis is bolus formation, which is achieved only by occlu-
sion of the lumen. Dilation of the ureter clearly interferes with
this process. The nature of normal ureteral peristalsis also pre-
vents retrograde transmission of the pressures generated during
coaptation (10 to 25 mm Hg) to the renal pelvis and renal pelvic
pressures seldom rise above 4 mm Hg (23).

The effects of obstructive uropathy on hydrodynamics will
depend on the rate of urine flow at the time of obstruction,
with very high pressures being generated during diuretic states.
It will also depend on the level of obstruction, with higher
pressures being generated by obstruction at higher levels in
the urinary tract, particularly above the level of the bladder.
Whether obstruction is unilateral or bilateral and partial or
complete is also important. Immediately after acute ureteral
obstruction, both the baseline and peak intraluminal pressures
are increased, and 1 hour after obstruction, baseline and peak
pressures are similar and three to five times greater than pres-
sures prior to obstruction (25). At this point, coaptation of
the ureteral walls does not occur, and pressures generated may
be transmitted directly to the renal pelvis and papillae. The
effects of ureteral obstruction on ureteral diameter are best un-
derstood by examining the relationship between pressure and
tension, which is expressed in Laplace’s law:

p = k (t/r ),

where p is the transmural pressure gradient pi (inside) po (out-
side), k is a constant, t is the wall tension, and r is the radius
of the ureter. Assuming constant extraluminal pressure, an in-
crease in ureteral pressure will be observed after obstruction as
long as the increase in wall tension (increased t) is greater than
the degree of ureteral dilation (increased r) of the urinary tract.
After acute obstruction, smooth muscle fibers in the urinary
tract respond to the increase in pressure by contracting and in-
creasing the tension. With persistent obstruction, the smooth
muscle of the urinary tract contracts less forcefully, the tension
of the walls of the obstructed tract increases no further, and,
after prolonged obstruction with dilation, the tension may de-
crease. With superimposed urinary infection, as often occurs in
chronic obstruction, the loss of muscle tone is even more dra-
matic and progressive dilation occurs with no further increase
in wall tension, or with a decrease (26). From the Laplace for-
mula it can be seen that with dilation (increased r and con-
stant or decreased t), intraluminal pressure will decrease, and
renal pelvic pressures will return to only mildly elevated lev-
els as has been demonstrated with chronic obstruction in both
animals and humans (27). These findings have several clini-
cal implications, most notably (a) the major renal damage re-
sulting directly from increased pressure will occur early after
the development of obstruction, and (b) patients with chronic
partial obstruction may not experience deleterious effects ow-
ing to elevated ureteral pressures, since these are often in the
near-normal range, unless conditions of high urine output or
worsening obstruction ensue, when intrarenal pressure may in-
crease.

Decompression of the chronically obstructed urinary tract
cannot, however, be entirely accounted for by dilation and de-
creased smooth muscle tone in the walls of the urinary tract.
The driving force for intrarenal pressure and urine propulsion,
namely, the glomerular filtration pressure, is also reduced. After
12 to 24 hours of complete unilateral ureteral ligation or after
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relief of acute obstruction, intraluminal hydrostatic pressure is
normal, but glomerular filtration pressure and renal blood flow
are reduced (28–32). These findings indicate that the GFR is
depressed by factors other than high intraluminal hydrostatic
pressure opposing filtration pressure. This fall in GFR involves
renal vasoconstriction associated with prolonged obstruction.

The escape of urine across walls of the collecting system
is a third mechanism by which the urinary tract may be de-
compressed with prolonged obstruction. There is evidence
that complete obstruction of the urinary tract does not com-
pletely abolish glomerular filtration. Direct micropuncture of
glomeruli and proximal tubules indicates the presence of sig-
nificant filtration (29,33,34). If there is persistence of filtration,
then reabsorption of filtrate must also occur.

In addition to renal tubular reabsorption, urine may be re-
absorbed directly across the walls of the renal pelvis through
the lymphatics (pyelolymphatic reflux) or renal venous system
(pyelovenous reflux). Markers of GFR experimentally intro-
duced into the renal pelvis may appear in renal venous blood
or renal lymph. The lymphatic flow from the kidneys is in-
creased markedly during acute and chronic obstruction. Most
of this increase in lymph flow, however, appears to be because
of increased lymph production from the renal vascular bed,
perhaps due to increased renal venous pressure rather than to
urine reabsorbed from the renal pelvis (35). Thus, the quanti-
tative significance of pyelolymphatic or pyelovenous backflow
is uncertain, but probably small.

Changes in Intrarenal Pressure, Glomerular
Filtration, and Renal Hemodynamics

The factors determining the fall in GFR during obstructive
uropathy have been clarified by micropuncture studies of
glomerular dynamics in experimental animals. Changes in
intratubular pressure, including stop-flow pressure, which rep-
resents glomerular filtration pressure, have provided an impor-
tant insight on the pathophysiology of obstructive nephropa-
thy after unilateral (UUO) and bilateral ureteral obstruction
(BUO). Glomerular filtration may be expressed by the formula:

GFR = Kf (PGC − [PT + πGS ])

where K f is the glomerular ultrafiltration coefficient, PGC is the
glomerular capillary pressure, PT is the intratubular pressure,
and πGC is the mean oncotic pressure along the glomerular
capillary. δP is the difference between PGC and PT and rep-
resents the pressure gradient across the glomerular capillary
wall. An increase in PT without a concomitant increase in PGC
will result in a decrease in δP, the driving force for filtration.
Glomerular filtration also depends on the rate of blood flow en-
tering the glomerular capillary; a decrease in glomerular blood
flow during obstructive uropathy will decrease GFR, because
the rate at which capillary oncotic pressure rises is accelerated
when a given volume of filtrate is removed from a smaller vol-
ume of blood. Both glomerular blood flow and hydrostatic
pressure depend on renal vascular resistance, which is largely
divided between two resistance segments—the preglomerular
segment (afferent arteriole) and the postglomerular segment
(efferent glomerular arteriole). Peritubular capillaries may also
provide a postglomerular vascular resistance in urinary tract
obstruction.

During Obstruction

After either unilateral or bilateral ureteral obstruction, renal
blood flow increases significantly (15% to 25%) in the first 1
to 2 hours. This decrease in renal vascular resistance immedi-
ately after complete ureteral obstruction is probably secondary
to the synthesis and release of vasodilator PGs. With persist-

FIGURE 25-1. The triphasic relationships between ipsilateral renal
blood flow and left ureteral pressure during 18 hours of left ureteral
occlusion. The three phases are designated by roman numerals and
divided by vertical dashed lines. In phase I, the left renal blood flow
and ureteral pressure rise together. In phase II, the left renal blood flow
begins to decline while the ureteral pressure remains elevated and, in
fact, continues to rise. Phase III shows the left renal blood flow and
ureteral pressure declining together. (From: Moody TE, Vaughan ED,
Gillenwater JY. Relationship between renal blood flow and ureteral
pressure during 18 hours of total unilateral ureteral occlusion. Invest
Urol 1975;13:246, with permission.)

ing unilateral or bilateral ureteral obstruction, renal blood flow
progressively decreases to 40% to 50% of normal by 24 hours
(32,36) (Fig. 25-1). GFR is more markedly reduced than renal
blood flow–that is, filtration fraction is low, and GFR is 20%
to 30% of normal in both UUO and BUO obstruction after 24
hours (29,33). However, the site of changes in intrarenal vas-
cular resistance and, therefore, the mechanisms responsible for
the decrease in GFR differ in these two models of obstructive
nephropathy.

After acute UUO, there is an immediate increase in in-
trapelvic and proximal tubular hydrostatic pressure, the sever-
ity of which depends on the diuretic state of the animal (37).
Despite this increase in intratubular pressure, the GFR in sur-
face nephrons is about 80% of normal, because of an increase
in glomerular capillary hydrostatic pressure and glomerular
plasma flow, secondary to afferent arteriolar dilation and de-
creased renal vascular resistance (34). As unilateral obstruc-
tion persists, progressive vasoconstriction and a decrease in
nephron filtration rate develop within about 4 hours and, by
24 hours, surface nephron GFR is 30% of normal because of a
decrease in glomerular capillary pressure and plasma flow asso-
ciated with an increase in renal vascular resistance, presumably
at the level of the afferent arteriole (29). Proximal intratubular
pressure is now normal rather than increased, as during the
first few hours of obstruction (28–32).

During acute BUO, proximal tubular hydrostatic pressure
increases to a higher level than after unilateral obstruction and,
in sharp contrast to unilateral obstruction, intrarenal pres-
sure remains twice normal after 24 hours. Renal blood flow
increases for the first few hours after obstruction and then
decreases to 40% to 50% of normal, similar to unilateral ob-
struction (36,38,39). Surface nephron GFR after 24 hours is
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TA B L E 2 5 - 3

COMPARISON OF CHANGES IN HEMODYNAMICS AND FILTRATION DYNAMICS
IN COMPLETE UNILATERAL AND BILATERAL URETERAL OBSTRUCTIONa

Unilateral ureteral obstruction Bilateral ureteral obstruction

During During

1–2 hr 18–24 hr After 1–2 hr 18–24 hr After

RBF ↑ ↓ ↓ ↑ ↓ ↓
PT ↑ N N ↑↑ ↑ N
GFR ↓ ↓↓ ↓↓ ↓ ↓↓ ↓↓
GPF ↑ ↓ ↓ ↑ N ↓
PGC ↑ ↓ ↓ ↑ N ↓

aRBF, renal blood flow; PT , proximal tubular pressure; GFR, glomerular filtration rate; GPF, glomerular
plasma flow; PGC , glomerular capillary pressure; ↑, ↓, N, increase, decrease, normal.

reduced to about 30% of normal in BUO, as it is in UUO, but
the decrease in GFR in BUO is because of a persistent increase
in proximal tubular hydrostatic pressure while glomerular cap-
illary pressure and plasma flow are normal (33). Comparison of
UUO and BUO is shown in Table 25-3. The predominant site of
increased vascular resistance thus appears to be postglomerular
during bilateral obstruction compared to preglomerular with
unilateral obstruction.

The increase in renal vascular resistance that develops af-
ter several hours of UUO also occurs at the level of the single
nephron when it is blocked with viscous oil for 12 to 24 hours
(28,40–42). Prolonged tubular obstruction results in decreased
glomerular capillary hydrostatic pressure through slowly de-
veloping vasoconstrictor mechanisms at the level of the single
nephron. This single-nephron vasoconstrictor response does
not occur if both ureters have been ligated prior to individ-
ual nephron obstruction (40), again indicating the differing
effects of bilateral, compared to unilateral obstruction, on the
intrarenal sites determining renal vascular resistance.

Heterogeneity of nephron function is also prominent in
models of acute unilateral or bilateral obstruction after 24
hours, but does not appear to contribute significantly to the
distinctive changes in total renal function (30,31,43–45). Sim-
ilarly, changes in the intracortical distribution of blood flow,
as measured by microspheres, do not explain the differences
between bilateral and unilateral obstruction. Inner medullary
plasma flow, in contrast to the initial increase in total renal
blood flow, decreases progressively during complete ureteral
obstruction (46). After 24 hours, inner medullary plasma flow
is more markedly decreased than total renal blood flow, be-
ing 10% to 20% of normal, and is more severely affected in
bilateral than in unilateral ureteral obstruction. Reversible in-
ner medullary vascular obstruction has also been demonstrated
histologically (11). These changes in medullary blood flow may
be important in the impaired sodium and water reabsorption
in deep nephrons and collecting ducts of the postobstructive
kidney.

Acute ureteral obstruction has hemodynamic effects in ad-
dition to increasing renal blood flow for several hours and in-
creasing pressures in the ureter and renal tubules (47). Vaso-
constrictor responses to several stimuli are blunted, decreasing
responses to electrical stimulation of the renal nerves or brain
or norepinephrine (48). In addition, autoregulation of renal
blood flow is virtually abolished by high ureteral pressure of
75 mm Hg and renal blood flow, while increased, becomes di-
rectly related to arterial blood pressure (49,50). A third result
of acute ureteral obstruction, which may also be associated
with its vasodilator effect, is a marked increase in renin release
into the renal vein (17,18).

During chronic complete ureteral obstruction, renal blood
flow progressively decreases. After 24 hours, renal blood flow
is 40% to 50% of normal in both unilateral and bilateral ob-
struction. Prolonged UUO is associated with a further decrease
in blood flow to 30% at 6 days, 20% at 2 weeks, and 12% at
8 weeks (51).

During chronic partial ureteral obstruction, GFR may re-
main unchanged or decrease, depending on the severity and
duration of the obstruction and the extracellular fluid (ECF)
volume status. Maintenance of normal nephron filtration rates
appears to depend on an increase in glomerular capillary hy-
drostatic pressure, which results from a more marked increase
in efferent compared to afferent arteriolar vascular resistance
and which may also be associated with a decrease in glomerular
capillary ultrafiltration coefficient (52–54). Decreased nephron
filtration rates in chronic partial obstruction have been as-
sociated with a mild persistent increase in proximal pressure
(55). Nephron loss, which may be more marked in deep, com-
pared to superficial nephrons (44,55,56), also contributes to
decreased GFR with chronic partial obstruction.

After Relief of Obstruction

Following relief of unilateral obstruction of 24 hours’ duration,
intratubular pressure is normal, but GFR remains reduced and
renal vascular resistance increased, with a gradual return to
normal after approximately 1 week (29–31,57). Following re-
lief of 24 hours of bilateral obstruction, intratubular pressure
decreases from elevated levels to normal, but glomerular capil-
lary pressure and plasma flow also decrease because of afferent
arteriolar vasoconstriction, resulting in a persistent decrease in
GFR (33,39,45,57,58). Thus, the glomerular filtration dynam-
ics and renal blood flow following relief of 24 hours of UUO or
BUO appear to be similar and dominated by afferent arteriolar
vasoconstriction. The observation that marked postobstructive
diuresis occurs after relief of BUO, but not of UUO, indicates
that factors other than changes in filtration and blood flow dy-
namics must be important in determining this state (see below).

The recovery of glomerular filtration after relief of obstruc-
tion is a problem of major clinical importance. The potential
for recovery of GFR will seriously affect decisions regarding
treatment of obstructive uropathy.

The factors that determine the extent to which the decrease
in GFR is reversible have been studied in dogs by measuring
the rate and degree of return of renal function after varying
periods of complete UUO (59,60). The maximum GFR attained
after the release of obstruction of 7 days’ duration was about
two-thirds of the GFR before obstruction. If the duration of
ureteral obstruction was 28 days, the GFR returned to only
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one-fifth of the original rate. In general, the maximal degree
of recovery was observed within 2 to 4 weeks after release
of the obstruction. These studies indicate that the longer the
duration of obstruction, the less the degree of recovery that
can be expected.

Recovery of nephron function after obstruction is not uni-
form throughout the kidney. There is a greater decrease in fil-
tering juxtamedullary nephrons as compared to superficial cor-
tical nephrons immediately after release of 24 hours of UUO in
the rat (30). Whole kidney GFR recovered by 2 weeks to nor-
mal values (after release of 24 hours of obstruction), but only
85% of nephrons in the postobstructive kidney were filtering
compared to 100% in the contralateral kidney (61). Single-
nephron GFR of functioning superficial and juxtamedullary
nephrons was higher in the postobstructive than in the con-
tralateral normal kidney. The normal whole kidney GFR in
the postobstructive kidney was, therefore, at the expense of
hyperfiltration in the remaining nephrons and there was a per-
manent decrement in functioning nephrons. The mechanism
responsible for this permanent loss of nephrons remains to be
defined, as does its long-term significance for the development
of chronic renal failure after obstructive uropathy.

The conclusion that recovery of function is related to the
duration of obstruction also appears to apply to humans, but
the number of supporting clinical studies is limited. In children
with severe congenital lesions, the earlier the obstruction is re-
lieved by reconstructive surgery, the greater is the GFR after
long-term follow-up (62,63). Most reports of functional re-
covery following relief of urinary tract obstruction in humans
have been based on radiographic or isotopic methods of assess-
ing renal function rather than on renal clearance techniques.
By radiographic techniques, recovery of function is often ob-
served after obstruction of less than 3 weeks’ duration, and
some recovery of function was demonstrated in one case when
the duration of obstruction was almost 5 months. The obstruc-
tion in the latter case, however, may have been only partial (64).
One patient was carefully studied after the relief of complete
unilateral obstruction of 3 months’ duration (65). In that case,
the GFR in the postobstructed kidney returned to 20% of nor-
mal for one kidney (10.2 mL/min). It is likely that the potential
for recovery of function is better in partial than in complete
obstruction and when the obstruction is not complicated by
urinary tract infection (63,66).

Mechanisms of Changes in Glomerular Filtration Rate
and Renal Hemodynamics

The factors responsible for the changes in renal hemodynamics
and GFR in obstructive nephropathy are of interest, because
of their potential clinical significance. Nishikawa et al. (67)
demonstrated increased PG synthesis in the hydronephrotic
isolated perfused kidney. Vasodilator and vasoconstrictor PGs
have been studied in relation to the functional changes of uri-
nary tract obstruction. The relevance of such studies to hu-
man obstructive uropathy is suggested by reports of increased
thromboxane (TX) synthesis by human hydronephrotic kid-
neys (68) and increased prostaglandin E2 (PGE2) excretion dur-
ing postobstructive diuresis in humans (69).

Vasodilator Prostaglandins. The early hemodynamic conse-
quences of acute ureteral obstruction are blunted or prevented
by inhibition of PG synthesis. The increase in ureteral pres-
sure following UUO is reduced by prior administration of in-
domethacin (70) and the increases in proximal intratubular
pressure and glomerular capillary pressure are similarly re-
duced (70–73). The increase in renal blood flow that begins im-
mediately after UUO is prevented by indomethacin or meclofe-
namate and a similar effect is seen on the vasodilation that
follows BUO (50,71,72,74–76). The impairment of autoreg-

ulation that is seen in the kidney with ureteral obstruction is
prevented by indomethacin and normal autoregulation of re-
nal blood flow with changes in arterial pressure is restored
in the obstructed kidney (74). In addition, the renin release
that accompanies ureteral obstruction is nearly abolished by
inhibitors of PG synthesis (74,75). The stimulus for the release
of vasodilatory PGE2 or PGI2 after acute ureteral obstruction
is unclear, but appears to depend on elevated pressure in the
renal tubule or lumen of Bowman’s space (47).

Vasodilator PGs may also be important in maintaining GFR
during chronic partial obstruction, as suggested by studies in
an animal model (54). After PG inhibition, nephron GFR and
plasma flow fell from previously normal levels, suggesting that
intrarenal PGs were acting as a vasodilator and antagonizing
a local vasoconstrictor substance. Thromboxanes, the group
of vasoconstrictor PGs, were not thought to be involved be-
cause their release would also be inhibited by indomethacin
and meclofenamate. Angiotensin II (Ang II) is known to in-
crease efferent arteriolar constriction and reduce the ultrafiltra-
tion coefficient (K f ), changes that were observed with chronic
partial ureteral obstruction. It was suggested that the vaso-
constrictor Ang II may be interacting with vasodilator PGs to
determine glomerular filtration dynamics in this experimental
model (54).

Vasoconstrictor Prostaglandins. Two vasoconstrictors, TXA2
and Ang II, play a major role in the decrease in renal plasma
flow per nephron and the decline in single-nephron GFR seen
following ureteral obstruction (77). Both TXA2 (78) and Ang
II (79) are able to contract mesangial cells in culture and, there-
fore, can potentially reduce the glomerular capillary area avail-
able for filtration. Figure 25-2 summarizes the effects of these
two hormones on renal function. The central role of these two
vasoconstrictors in modulating postobstructive renal hemody-
namics is illustrated by the fact that if rats are pretreated with
ACE inhibitors and thromboxane synthase inhibitors, the de-
cline in renal function seen after ureteral obstruction is virtually
prevented (80).

After the onset of ureteral obstruction, the hydronephrotic
kidney exhibits an enhanced ability to generate TXA2 (81,82).
This prostanoid is a potent vasoconstrictor in the hydronephro-
tic kidney (83). Inhibitors of TX synthesis partially reverse the
decline in renal function seen after obstruction (84–86), with
prior administration giving more benefit (80). The generation
of TX after ureteral obstruction is conditioned by the diet of
the animals prior to the onset of ureteral obstruction (87–89).
Animals fed a low-protein diet do not generate as much TX
and exhibit less vasoconstriction in response to ureteral ob-
struction than animals fed a high-protein diet (84). Further-
more, thromboxane synthase inhibitors were not effective in
reversing the postobstructive vasoconstriction in animals fed a
low-protein diet. Although several studies support the sugges-
tion that TX generation is important in the alteration in renal
hemodynamics following ureteral obstruction, this has not uni-
versally been found (90,91); the reason for this discrepancy is
unclear.

Chronic renal obstruction in rabbits is associated with a pro-
liferation of interstitial fibroblasts and infiltration of mononu-
clear cells (92,93). This mononuclear cell infiltrate has been
linked to the increase in TX and PGE2 production and release
by the chronically hydronephrotic rabbit kidney (73,94,95). It
is now apparent that there is an acute (within 4 hours) infiltra-
tion of leukocytes, predominantly macrophages, into the kid-
ney following the onset of ureteral obstruction (82) (Fig. 25-3),
which correlates with the increase in TX generation and the de-
cline in GFR. Furthermore, when the macrophage infiltration
is eliminated by prior irradiation of the animals, the enhanced
TX generation is blunted and postobstructive renal function
is improved (96), suggesting that the infiltrate is, indeed,
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FIGURE 25-2. Glomerular filtration rate (GFR) is reduced in obstructive nephropathy be-
cause of a decrease in both single nephron GFR (SNGFR) and in the total number of filtering
nephrons. The potential mechanisms responsible for the decrease in SNGFR in obstruction are
shown. Initially (3 to 6 hours after the onset of obstruction) SNGFR falls because of reduced net
filtration pressure as a consequence of a marked elevation in hydrostatic pressure (PT) in Bow-
man’s space without a comparable increase in intraglomerular pressure (PGC) After 24 hours
of obstruction, the decrease in SNGFR is due mainly to a fall in intraglomerular hydrostatic
pressure (PGC) This decrease in PGC may be related to decreased plasma flow per nephron
(QA) as a consequence of increased intrarenal levels of TXA2 and Ang II. Inhibition of Tx
synthesis in rats with ureteral obstruction increases QA, decreases afferent (RA) and efferent
(RE) arteriolar resistances, and increases the ultrafiltration coefficient (K f ), suggesting that this
vasoconstrictor decreases QA and K f and increases RA and RE, Angiotensin administration in
normal rats has been shown to decrease QA and K f and increase net filtration pressure (�P),
presumably due to preferential constriction of the efferent arteriole. Both TXA2 and Ang II may
decrease K f by contraction of mesangial cells and, hence, decrease the total glomerular surface
area available for filtration. (From: Klahr S, Harris K, Purkerson ML. Effects of obstruction
on renal function. Pediatr Nephrol 1988;2:342, with permission.)

functionally significant. Despite irradiation of the animals prior
to the onset of ureteral obstruction, TX generation remains sig-
nificantly elevated over baseline values. Thus, in addition to the
infiltrate of metabolically active cells acting as a source of TX in
the hydronephrotic kidney, there is also an intrinsic renal source
of enhanced TX production. Indeed, glomeruli isolated from
rats following a short period of ureteral obstruction exhibit
an enhanced production of prostanoids, including TX (97,98).
Mesangial cells are most likely responsible for the increased
production of eicosanoids in isolated glomeruli from rats with
obstruction. The mechanism underlying this increased synthe-
sis may relate to exposure of these cells to increased Ang II
secretion in vivo, as treatment of the animals with the ACE-I in-
hibitor enalapril, prior to ureteral obstruction, effectively pre-
vented the enhanced glomerular prostanoid production (98).
Enhanced activity of enzymes of both the cyclooxygenase and
lipoxygenase pathways has been demonstrated in kidneys of
rats with ureteral obstruction (99).

Renin–Angiotensin System

Ureteral obstruction increases renin secretion into the renal
vein (17,18). The maximum renin release during ureteral occlu-
sion coincides with complete arteriolar dilation (100), suggest-
ing that arteriolar dilation is the predominant stimulus to renin
secretion. Because the increased renin is almost completely
abolished by pretreatment with the cyclooxygenase inhibitors
indomethacin and meclofenamate (74,101), it is likely that the
formation of vasodilatory prostaglandins such as prostacyclin
or PGE2 is a necessary step for the release of renin from jux-
taglomerular cells (102). In addition, the generation of renal

cortical prostaglandins may act as a direct stimulus to the re-
lease of renin, as prostaglandins are able to release renin from
renal cortical slices (103).

There is evidence that Ang II plays a central role in the
modulation of hemodynamic changes following ureteral ob-
struction. The angiotensin II antagonist saralasin ameliorates
the vasoconstriction that is seen in response to ureteral ob-
struction in rats (104), although other authors found it inef-
fective in dogs (105). Similarly, the ACE inhibitors captopril
(84,86) and enalapril (80) appear to be highly effective in ame-
liorating the decline in GFR and renal plasma flow in response
to ureteral obstruction, and this effect is particularly marked
if the inhibitor is administered prior to the onset of obstruc-
tion (80). Because ACE inhibitors also activate kinins, their ef-
fect could be secondary to enhancing the levels of vasodilator
kinins, rather than inhibiting the production of the vasocon-
strictor angiotensin. However, neither aprotinin, a kallikrein
inhibitor that blocks kinin production, nor carboxypeptidase,
an enzyme that increases kinin destruction, block the beneficial
effect of captopril on postobstructive renal function (86). Thus
the beneficial effect of ACE inhibitors appears to be because of
inhibition of Ang II generation.

Antidiuretic hormone (ADH) contributes to renal vasocon-
striction and the decrease in GFR observed in rats with BUO
(106). Rats with BUO of 24 hours’ duration had significantly
higher plasma values of ADH than did sham-operated rats.
Pretreatment with a specific antagonist of the V1-type recep-
tor for ADH significantly increased GFR and effective renal
plasma flow and decreased mean arterial blood pressure in rats
with BUO. Leukotrienes (LKs), potent mediators of inflam-
mation, are synthesized by cells through the 5-lipoxygenase
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FIGURE 25-3. The effect of bilateral ureteral obstruction on the num-
ber of cells expressing the leukocyte common antigen in kidneys at
timed intervals after obstruction. The results represent the mean ± SE
of single kidneys of three rats. Representative portions of cortex and
medulla were dissected out, weighed, and subjected to enzymatic diges-
tion and labeled. The control kidneys were taken from littermates that
did not undergo any procedure. SE, standard error. (From: Schreiner
G, Harris KPG, Purkerson ML, et al. The immunological aspects of
acute ureteral obstruction: immune cell infiltrate in the kidney. Kidney
Int 1988;34:487, with permission.)

pathway. We found increased synthesis of leukotriene B4
(LKB4) in isolated glomeruli from rats with BUO. Inhibition of
the 5-lipoxygenase pathway in vivo ameliorated the decrease
in GFR and effective renal plasma flow seen after unilateral
release of BUO (107).

Atrial Natriuretic Peptide

A contributing factor to the differences in hemodynamics af-
ter UUO and BUO may be the differing plasma levels of atrial
natriuretic peptide (ANP). ANP levels are higher in animals
with BUO than in those with UUO (108). Atrial peptide causes
preglomerular vasodilation and postglomerular vasoconstric-
tion (109) and increases K f in the isolated perfused glomerulus
preparation (110). In addition, the administration of exoge-
nous ANP is able to increase GFR following both UUO and
BUO (80,108). A scheme for the interactions of the various
vasoactive hormones following ureteral obstruction is shown
in Figure 25-4.

Nitric oxide (endothelium-derived relaxing factor), a va-
sodilator, appears to have a role in the hemodynamic changes
that occur after ureteral ligation. In the model of BUO with
unilateral release of obstruction after 24 hours, infusion of
l-arginine, the substrate for nitric oxide synthase (NOS), in-
creased GFR and effective renal plasma flow in postobstructed
kidneys compared to control kidneys (111). Infusion of the NO
synthase inhibitor N6-nitro-l-arginine methyl ester (l-NAME)
markedly impaired renal function after unilateral release of
BUO of 24 hours’ duration (111). In another study (112),

l-NAME produced greater vasoconstriction in kidneys with
ipsilateral UUO than in those of sham-operated rats.

Other Factors

Renal nerve activity is increased by elevated ureteral pressure
(113), and the compensatory vasoconstriction that develops
acutely in the contralateral normal kidney is prevented by
ipsilateral or contralateral renal denervation (113,114). En-
dogenous opioids may also be involved in mediating excretory
responses in the contralateral kidney (115). Acute renal den-
ervation improves blood flow and GFR after release of UUO,
but prior renal denervation was ineffective (116). In contrast
to the effect of renal denervation on unilateral obstruction,
denervation had no effect on the kidney with postobstructive
diuresis after release of bilateral obstruction, and such kidneys
had decreased norepinephrine content compared to unilaterally
obstructed kidneys, suggesting partial denervation (117,118).
Partial renal denervation could, therefore, be a contributing
factor to postobstructive diuresis.

The possible role of the tubuloglomerular feedback (TGF)
mechanism in determining changes in glomerular filtration dy-
namics in experimental obstructive nephropathy has also re-
ceived attention (119,120). After 2 hours of UUO, the sen-
sitivity of the TGF mechanism to increased flow through the
loop of Henle is decreased when intrarenal pressure and renal
blood flow are increased (119). After 24 hours of UUO, how-
ever, TGF sensitivity is enhanced and could contribute to the
afferent arteriolar vasoconstriction noted at this time, which
persists after relief of obstruction (120). With BUO, in con-
trast, TGF sensitivity is blunted at 24 hours before and after
relief of obstruction. Decreased TGF sensitivity after relief of
BUO could contribute to the phenomenon of postobstructive
diuresis (120).

Sodium Excretion and Postobstructive Diuresis

During and After Relief of Partial Obstruction. During acute
partial UUO, there is a significant decrease in sodium, potas-
sium, and solute excretion, with a decrease in urine sodium con-
centration and an increase in urine osmolality (16,104,121).
The clinical importance of acute partial obstruction causing
decreased urine sodium concentration and increased osmolal-
ity, thus mimicking prerenal oliguria owing to volume deple-
tion, has been emphasized (121). Decreased sodium excretion
was initially attributed to decreased GFR (122,123), but stud-
ies undertaken during saline diuresis indicate that with mild
or moderate increases in ureteral pressure there is a signif-
icant increase in tubular reabsorption of sodium and water
(121). The factors responsible for this increased reabsorption
are not clear. Increased reabsorption is the reverse of that ex-
pected with an increase in blood flow to the juxtamedullary
cortex that is known to occur during partial UUO (124) and
increased renal nerve activity does not appear to be involved
(125). Decreased flow rate in the distal nephron has been sug-
gested (16). In one study during elevation of ureteral pressure
to 30 mm Hg, fractional reabsorption of fluid in the proximal
tubule was not significantly increased (126). With an increase
in proximal tubular pressure to 30 mm Hg during mannitol
diuresis, however, a rapid and reversible increase in proximal
and distal renal tubular permeability to creatinine, mannitol,
sucrose, and iothalamate, but not inulin, was seen (127).

During chronic partial obstruction, the gradual decrease in
GFR is accompanied by an increase in the fractional excretion
of filtered sodium, indicating decreased tubular reabsorption.
Micropuncture of surface nephrons in chronic partial UUO or
of a solitary kidney with partial obstruction in the rat indi-
cates that increased fractional excretion of sodium is not de-
pendent on increased filtration or decreased proximal tubular
reabsorption in surface nephrons, but results from decreased
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FIGURE 25-4. In obstructive nephropathy, the activities of the enzymes phospholipase
C and cyclooxygenase are increased. There is also increased production of vasodilatory
prostaglandins (PGE2,PGI2–prostacyclin); PGE2 and PGI2, in turn, may increase the pro-
duction of the vasoconstrictor Ang II by activating renin. The production of another vasocon-
strictor, thromboxane A2 (TXA2), is also increased in the obstructed kidney. This increased
production of TXA2 is, in part, because of its synthesis by macrophages that invade the renal
parenchyma. Kinin excretion, per unit of glomerular filtration rate (GFR), is also increased
in obstruction. Plasma levels of atrial peptide (a vasodilator) are increased in rats with
bilateral ureteral obstruction (BUO), but not in rats with unilateral ureteral obstruction.
Atrial peptide, in turn, may antagonize the effects of Ang II. Ang II may activate phospho-
lipase C and increase the release of PGE2. Kinins are also known to activate phospholipase
C. It is suggested that these four interrelated systems encompassing both vasoconstrictor
(renin–angiotensin, TXA2) and vasodilatory substances (PGE2, PGI2, kinins, atrial pep-
tide) condition the changes in renal plasma flow and GFR seen in obstructive nephropathy.
(From: Klahr S, Harris K, Purkerson ML. Effects of obstruction on renal function. Pediatr
Nephrol 1988;2:342, with permission.)

reabsorption in the distal tubule, in juxtamedullary nephrons,
or in the collecting duct (55,128).

After relief of chronic partial UUO in humans, there is no
increase in absolute sodium and water excretion from the hy-
dronephrotic kidney, although decreased concentrating ability
and increased fractional excretion of sodium are observed (66),
presumably because of altered function in the deep nephrons
and collecting ducts. The results indicate that other factors
such as volume expansion or further reduction in function-
ing nephron mass with uremia are necessary to bring about an
increase in salt and water excretion (postobstructive diuresis)
following relief of obstruction. With hypotonic saline loading,
there was a disproportionate diuresis from the hydronephrotic
kidney (56), which was associated with reduced reabsorption
in the distal nephron, indicating that volume expansion may
be a significant factor in postobstructive diuresis.

A mild diuresis developed after relief of chronic partial
ureteral obstruction of a solitary hydronephrotic kidney in the
rat (128). Partial obstruction of a solitary kidney in humans and
animals is comparable to BUO in its association with azotemia
and postobstructive diuresis. In contrast to the marked pos-
tobstructive diuresis seen after relief of acute complete BUO,
the modest increase in urine flow and sodium excretion that
occurred after relief of chronic partial obstruction was due en-
tirely to an increase in GFR after release of obstruction and
there was no increase in fractional sodium excretion. Surface-
nephron GFR increased by only 20%, and tubular reabsorp-

tion did not change significantly after relief of obstruction,
whereas whole kidney GFR doubled, suggesting an improve-
ment in function of deep nephrons. Animals with a high urea
concentration in plasma had a greater diuresis and decreased
water reabsorption in the distal tubule. Thus, changes in GFR
and blood urea concentration may influence the degree of pos-
tobstructive diuresis after relief of chronic partial BUO.

After Relief of Complete Obstruction. A marked and some-
times prolonged diuresis may occur after the relief of obstruc-
tion of both kidneys or of a solitary kidney. This diuresis is
characterized by massive losses of water, sodium, and other
solutes. In one case report, after relief of acute obstruction,
the rate of urine flow approached one-half the GFR (129). If
not replaced, such losses could lead to severe hypovolemia and
life-threatening electrolyte imbalance. However, a brisk diure-
sis following relief of urinary tract obstruction may also be
physiologically appropriate or even iatrogenic rather than an
indicator of tubular malfunction. Many factors influence the
urinary flow rate following relief of obstruction, and the ap-
propriateness of fluid replacement in a given case will depend
on the mechanisms involved. Table 25-4 lists some of the mech-
anisms contributing to postobstructive polyuria.

1. Saline diuresis owing to expansion of ECF volume. When
obstruction of the urinary tract is bilateral and prolonged,
renal insufficiency occurs, so that continued intake of fluid
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TA B L E 2 5 - 4

MECHANISMS RESPONSIBLE FOR POSTOBSTRUCTIVE
DIURESIS

Physiologic mechanisms
Excretion of excess salt and water retained during the period

of obstruction
Excretion of excess salt and water administered

intravenously after relief of obstruction
Osmotic diuresis because of retained urea or administered

glucose

Pathologic mechanisms
Inappropriate losses of sodium and water because of

intrinsic defect in tubular reabsorption of sodium or
circulating natriuretic factors, such as atrial natriuretic
peptide (ANP)

Inappropriate losses of water because of an impaired
renalconcentrating capacity

Rate and degree of recovery of glomerular filtration

and electrolytes results in expansion of the ECF volume.
ECF volume expansion activates natriuretic forces, such as
ANP, which will become manifest when obstruction is re-
lieved and GFR increases. With hypotonic expansion of ECF
volume, the secretion of vasopressin may be suppressed, and
a water diuresis may be superimposed on the natriuresis af-
ter release of the obstruction. Excretion of retained water
and electrolytes allows normal restoration of the ECF vol-
ume and its composition. This effect accounts, at least in
part, for the diuresis in most patients who have polyuria
after relief of BUO (130,131).

2. Osmotic diuresis owing to retained urea. During urinary
tract obstruction there is progressive azotemia, with accu-
mulation of urea and other poorly reabsorbable solutes. Af-
ter relief of obstruction, the high concentration of urea and
other solutes in the glomerular filtrate will create an osmotic
diuresis similar to that produced by intravenous infusion of
urea or mannitol (132,133). However, some patients with
high osmotic loads do not display a significant natriuresis
or diuresis after relief of obstruction and, in those who do
have a natriuresis, there may be no urea retention (134).
This finding implicates factors other than, or in addition to,
an osmotic load to account for the phenomenon of postob-
structive diuresis.

3. Osmotic diuresis owing to excessive infusion of intravenous
solutions. The brisk diuresis observed after relief of urinary
tract obstruction is often so striking that the replacement
of urinary losses with intravenous fluids is begun before
ECF volume has been restored to normal. When this is
done, however, the patient will continue to have iatrogenic
polyuria and natriuresis until the rate of fluid administration
is reduced and ECF volume is allowed to decrease to normal.
Thus many cases of postobstructive polyuria attributed to
abnormal tubular function are actually caused by infusion
of intravenous solutions.

4. Recovery of glomerular filtration. The rate and degree of
recovery of glomerular filtration after relief of obstruction
is important in determining the occurrence of a marked pos-
tobstructive diuresis (135). In spite of the presence of many
factors favoring rapid diuresis, including urea retention and
impaired tubular function, the majority of patients with
chronic obstructive uropathy do not demonstrate a clinically
important natriuresis after correction of the obstructing le-
sion because the GFR is low. In the reported cases of striking
postobstructive diuresis, GFR was relatively high, 30% to
70% of normal, thus delivering a large load of solute and
water to tubules with impaired reabsorptive capacity.

5. Diuresis owing to defect in tubular reabsorption of sodium.
A massive and prolonged postobstructive diuresis associ-
ated with a defect in tubular sodium reabsorption and thus
with “inappropriate” sodium losses in the urine has been de-
scribed in (129,132,134,136,137). Osmolar clearances of
up to 62 mL/min and fractional sodium excretion in the
range of 20% to 30% have been observed. In the cases de-
scribed, the obstruction was relatively acute and bilateral
(or involved a solitary kidney), and, prior to relief of the
obstruction, the patients were in severe renal failure.

Animal experiments indicate that a dramatic increase in
sodium and water excretion (about fivefold) occurs after re-
lief of bilateral obstruction for 1 day, despite the low GFR.
Volume expansion is not the major factor involved, since
food and water are withheld during the 24 hours of ob-
struction and animals lose weight. Micropuncture studies
demonstrated decreased proximal (57) and distal (39,43,57)
tubular sodium reabsorption, but the most dramatic abnor-
malities occur in the medullary collecting duct. Bilateral ob-
struction caused a marked decline in sodium reabsorption
in this segment of the nephron, and there was a net addi-
tion of sodium to the tubular fluid as it passes down the
collecting duct (138). Impairment of reabsorption in deep
nephrons may also be important in postobstructive diuresis
and papillary (terminal) collecting duct reabsorption was
normal in this study (139). After relief of unilateral ob-
struction in experimental animals, fractional reabsorption
of sodium is decreased, but net sodium excretion is usually
similar or less than that of the unobstructed kidney, because
GFR is low (30,31). In contrast, after relief of bilateral ob-
struction, proximal tubular reabsorption of sodium is nor-
mal or increased in the surface nephrons of the unilateral
postobstructive kidney, and thus delivery of sodium to the
collecting ducts is reduced (30,140). Therefore, in spite of
impaired deep nephron (141) and collecting duct reabsorp-
tion (138), the excretion of sodium remains normal. These
results are in agreement with the clinical findings that sig-
nificant postobstructive natriuresis occurs only after relief
of bilateral obstruction or obstruction of a solitary kidney
(134,142).

A period of functional anuria from bilateral obstruc-
tion or obstruction of a solitary kidney may impair tubular
sodium reabsorption directly (an intrinsic defect) or may be
associated with the accumulation of natriuretic factors in
the plasma. Experimental data indicate that both occur but
that circulating natriuretic factors are critical for the occur-
rence of postobstructive diuresis. Impaired function of deep
juxtamedullary nephrons and medullary collecting ducts
has been described after relief of both unilateral and bilat-
eral obstruction (138–140,143). Cross-circulation studies,
however, demonstrated the presence of plasma natriuretic
factors only in rats with bilateral obstruction (144) (Fig.
25-5). Total intravenous reinfusion of urine also resulted in
marked natriuresis and diuresis (58,144,145) without im-
pairment of medullary collecting duct function (138). Urea
acting as an osmotic agent in plasma is undoubtedly impor-
tant, but did not account for the degree of natriuresis and
diuresis observed (58,144). ANP was recently shown to in-
crease markedly in BUO compared to UUO and is probably
an important critical circulating natriuretic factor in pos-
tobstructive diuresis (108). Clinical studies have confirmed
elevated ANP levels in patients with bilateral obstruction
and azotemia (146).

6. Diuresis owing to impaired water reabsorption. The devel-
opment of vasopressin-insensitive nephrogenic diabetes in-
sipidus during partial urinary tract obstruction is discussed
subsequently in this chapter. This type of abnormality can
also continue or become manifest after relief of obstruction.
Impaired water reabsorption in the collecting duct has been
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FIGURE 25-5. Changes in sodium excretion in normal rats undergoing
cross-circulation with donor rats having bilateral (•) or unilateral (o)
ureteral ligation of 24-hour duration. Standard error of mean value is
shown and significance of the difference from the mean control value. ∗,
P <0.01 or less; P <0.05. (From: J Clin Invest 1976;57:380, reprinted
with permission from the c© American Society of Clinical Investiga-
tion.)

observed following relief of bilateral urinary tract obstruc-
tion (138). Micropuncture experiments in rats and chronic
unilateral hydronephrosis indicate that volume expansion
may magnify this defect in distal tubular salt and water re-
absorption (56).

Impaired Urinary-Concentrating Ability

Impaired ability to concentrate the urine is a characteristic
feature of obstructive nephropathy whether urinary tract ob-
struction has been acute or chronic, unilateral or bilateral, or
complete or partial. The only exception is seen during acute
partial obstruction when urine osmolality is increased and
sodium concentration decreased because of increased tubu-

lar reabsorption (16,121). In patients with chronic partial ob-
structive uropathy or with recently relieved partial or complete
obstruction, a decrease in renal-concentrating ability can usu-
ally be demonstrated (66,147,148). Patients with marked im-
pairment may present with nephrogenic diabetes insipidus and
demonstrate polyuria and persistently hypotonic urine (149–
152). If fluid intake is inadequate in these patients, severe de-
hydration and hypernatremia can develop (153). After relief
of partial or complete urinary tract obstruction, impairment of
concentrating ability, which persists initially, may gradually dis-
appear over a period of months (150). The loop of Henle, distal
tubule, and collecting duct, particularly in the juxtamedullary
nephrons, are the major sites affected (143,154). Loss of the
normal medullary solute concentration gradient and lack of re-
sponsiveness to the administration of vasopressin (VP) are the
two characteristic pathophysiologic features and, as expected,
several mechanisms participate in producing these abnormal-
ities, which lead to impaired urinary-concentrating ability
(Fig. 25-6).

Inability to Establish Hypertonicity in the
Medullary Interstitium

A defect in the transtubular transport of sodium chloride in
the ascending limb of the loop of Henle may contribute to the
concentrating defect of urinary tract obstruction. Such a defect
would lower the tonicity of the medullary interstitium and thus
the osmotic driving force for water movement from the collect-
ing duct into the interstitium. In support of this possibility is
the finding that in dogs (16,155) and rabbits (156), the tissue
concentration gradient of sodium and urea between the cortex
and the papillary tip was abolished in the obstructed kidney.
Furthermore, Hanley and Davidson (143) showed that chloride
transport was markedly decreased in the thick ascending limb
of the loop of Henle, microdissected from obstructed kidneys
and perfused in vitro. Decreased Na+– K+–ATPase activity in
the outer medulla of obstructed kidneys contribute to this de-
fect (157,158) and enhanced PGE2 production may play a role
(159).

Loss of the medullary solute gradient has also been at-
tributed to renal hemodynamic changes that “wash out” the
medullary tonicity. However, inner medullary plasma flow is

FIGURE 25-6. Mechanisms by which urinary tract obstruction may impair urinary concentrating capacity
of the kidney. (From: Schrier RW. Renal and electrolyte disorders, 3rd ed. Boston: Little, Brown, 1985,
with permission.)
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markedly decreased, not increased, during ureteral obstruction
(11,46), and prior clamping of the renal artery did not pre-
vent loss of the medullary solute concentration gradient (156).
Medullary plasma flow does, however, increase rapidly toward
normal after relief of obstruction (46,141) and could delay
reestablishment of the medullary solute gradient. Flattening of
the renal papillae and destruction of the long loops of Henle
in chronic obstruction contribute to a decrease in the maximal
tonicity of the medullary interstitium.

Insensitivity of the Tubule to Vasopressin

Administration of VP to patients with water-losing states,
secondary to partial urinary tract obstruction, may not de-
crease the urine flow rate nor increase the tonicity of the
urine (149,152). Furthermore, VP did not increase urine cyclic
adenosine monophosphate (cAMP) excretion or α VP-sensitive
adenyl cyclase in experimental animals (160,161). A VP-
resistant isotonic urine can be attributed to factors that impair
the generation of a hypertonic medullary interstitium. How-
ever, since the medullary interstitium should never be less than
isotonic, the presence of VP-resistant hypotonic urine indicates
a failure of complete osmotic equilibration between the collect-
ing duct and the interstitium owing either to failure of VP to in-
crease water permeability of the collecting duct maximally or to
rapid tubular flow through the collecting duct. VP-dependent
water reabsorption was reduced in the isolated perfused corti-
cal collecting duct from obstructed kidneys and the VP resis-
tance was not overcome by cAMP (143,154). Increased synthe-
sis of PGE2 in the medulla of the obstructed kidney may play a
role in the decreased collecting duct response to VP (159,162,
163).

Role of Aquaporins

The aquaporins are a family of membrane water channels.
Aquaporin-2 (AQP2) is predominantly found in the apical do-
main of the collecting duct principal cells (164). Frokiaer and
colleagues report (165,166) that AQP2 expression is decreased
in the setting of bilateral or unilateral obstruction. The reduc-
tion in aquaporin expression may explain the postobstructive
polyuria and the impairment in urinary-concentrating capacity
found in bilateral ureteral obstruction. Recently Shi et al. (167)
found that major sodium transporters and aquaporins in the
obstructed kidney are downregulated in response to neonatally
induced partial UUO, which indicates that these transporters
may play a crucial role for the persistent reduction in renal
handling of sodium and water in response to partial UUO.

Increased Osmotic Load

Increased solute excretion and thus increased solute delivery to
the concentrating and diluting segment of the nephron, is as-
sociated with diminished urine concentration in spite of max-
imal doses of VP (133). In chronic obstruction and in other
forms of chronic renal disease, total solute excretion is normal,
but, because of the fall in GFR, solute excretion per milliliter
of glomerular filtrate or per nephron may be high. Thus the
rate of solute delivery to the concentrating and diluting seg-
ment of each nephron may be high. Such an osmotic diuresis
per nephron may provide a partial explanation for the impair-
ment in renal-concentrating capacity associated with urinary
tract obstruction. Impairment of urinary-concentrating ability
is also observed, however, in acute and unilateral obstruction
(131,150,168,169), situations in which azotemia is not present,
and the solute load per unit of GFR may not be excessive.

Defects in Urinary Acidification
and Potassium Excretion

Patients with obstructive uropathy may be unable to acidify
the urine. Impaired urinary acidification is seen in patients af-
ter relief of unilateral obstruction (65,68,169) and after relief
of bilateral obstruction (147,149) or obstruction of a solitary
kidney (142). Distal renal tubular acidosis, with inability to
lower the urine pH to a normal minimum value in response to
acidemia, has been reported. Proximal, bicarbonate-wasting,
renal tubular acidosis has also been reported during postob-
structive diuresis (142).

Berlyne (147) reports distal renal tubular acidosis in six of
seven patients with chronic obstruction. In six patients studied
by Gillenwater et al. (66), 1 week after release of unilateral ob-
struction, H+ excretion was significantly less in the previously
obstructed kidney than in the contralateral kidney. After relief
of obstruction, the acidification defect may disappear over a
period of weeks, or it may persist. In one study, the acidifica-
tion defect correlated with recovery of function (170); urine pH
below 6.0 in patients with chronic obstruction was associated
with recovery of renal function after relief of obstruction, while
with higher urine pH, recovery of function was only partial.

Animal studies found that the decreased H+ excretion is be-
cause of either decreased bicarbonate reabsorption in the deep
juxtamedullary nephrons or impaired H+ secretion in the late
distal tubule and collecting ducts (171,172). Defective acidifi-
cation is associated with decreased excretion of both ammo-
nium and titratable acid. Walls and colleagues (172) found no
significant change in fractional bicarbonate reabsorption in the
proximal and distal tubules of surface nephrons of the rat, but
a marked decrease in urine PCO2 during bicarbonate loading,
suggesting impaired ability of the deep nephrons or collecting
ducts to secrete hydrogen. Thirakomen et al. (171) found a low
urine PCO2 during bicarbonate loading in the dog. Sodium sul-
fate infusion failed to reduce urine pH to the same extent in the
postobstructive kidney, thus suggesting impaired H+ secretion.

Studies of isolated perfused nephron segments suggest that
H+ secretion in the outer medullary and cortical collecting
ducts is reduced by obstruction (173), a change associated with
a decrease in H+-ATPase in the apical portion of intercalated
cells (173–175). Batlle and associates (176) describe hyper-
kalemic distal renal tubular acidosis in patients with chronic
obstructive uropathy. Hyperkalemia owing to decreased uri-
nary K+ excretion was common in these patients. Hyper-
kalemic hyperchloremic acidosis was the presenting feature of
obstructive uropathy in several patients and resulted from three
mechanisms:

1. A selective deficiency of aldosterone secretion, probably sec-
ondary to decreased renal renin production (hyporeninemic
hypoaldosteronism). Such patients lower urine pH appro-
priately in response to an ammonium chloride load, but have
reduced ammonia excretion.

2. A defect in H+ secretion, with inability to maximally lower
urine pH in the presence of systemic acidosis (distal renal
tubular acidosis).

3. A combination of the above two defects (type 4 distal re-
nal tubular acidosis). A defect in distal nephron (collect-
ing duct) sodium reabsorption with decreased intraluminal
negative potential difference could be the primary factor in
both diminished H+ secretion and K+ secretion (a so-called
voltage-dependent defect).

In animal models, K+ excretion, both absolute and frac-
tional, is markedly decreased from the UUO kidney after re-
lief of 24 hours of obstruction. This abnormality has been at-
tributed to decreased sodium delivery to the distal nephron
(135). Decreased potassium excretion persists, however, when
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distal sodium delivery is increased with volume expansion or
sodium sulfate administration (171), suggesting that there may
be an intrinsic defect in the distal K+-secreting mechanism that
could be associated with the defect in sodium reabsorption.
During postobstructive diuresis, K+ excretion is increased, both
in absolute and in fractional terms. This increased potassium
excretion is due to enhanced secretion in the distal tubule and
collecting duct (138), perhaps because of increased sodium de-
livery, increased tubular flow rate, and particularly increased
plasma K+ levels.

In vitro perfusion of the cortical collecting duct of the rab-
bit revealed that UUO led to decreases in the lumen-negative
transepithelial voltage (143,154) and in Na+–K+ pump in situ
turnover (177). Muto and co-workers (178) found that in the
cortical collecting duct obtained from obstructed kidneys of
rabbits with 24 hours of UUO, the conductances of Na+ and
K+ in the apical membrane were decreased. The Na+–K+– AT-
Pase pump activity and the relative K+ conductance in the baso-
lateral membrane of this nephron segment were also inhibited,
whereas the relative chloride conductance in the basolateral
membrane was stimulated. Muto and Asano (179) also showed
that renal decapsulation in rabbits with UUO partially corrects
the decreased conductances of Na+ and K+ in the apical mem-
brane and the basolateral Na+– K+ pump activity. Thus, in-
creased renal pressure may initiate the defects in Na+ and K+

transport observed in the cortical collecting duct of the ob-
structed kidney. Others (180,181) also report transport defects
in the thick ascending limb and the inner medullary conducting
ducts of obstructed kidneys in the rabbit.

Magnesium and Calcium Excretion

Hypomagnesemia is seen in humans following relief of BUO
(182). Magnesium excretion increases inappropriately after re-
lease of both bilateral and unilateral obstruction (65,142,183)
The increase in Mg2+ excretion correlates with the increase in
sodium excretion during postobstructive diuresis; a similar in-
crease in calcium excretion is seen. Magnesium, but not Ca2+,
excretion is high following release of UUO in both humans
(65) and animals (183). Decreased reabsorptive capacity of the
ascending limb of the loop of Henle during UUO or BUO has
been suggested as the explanation for increased fractional ex-
cretion of Mg2+.

Phosphate Excretion

Hypophosphatemia because of high urinary excretion of inor-
ganic prosphate (Pi ) may develop during postobstructive di-
uresis in humans (142) and animals (183–186). The striking
increase in absolute and fractional excretion of Pi appears to
parallel the increase in sodium and water excretion and may, in
part, be because of extrarenal factors. Phosphaturia in exper-
imental animals can be prevented by dietary restriction of Pi ,
suggesting that changes in filtered phosphate load are impor-
tant, while the fact that Pi is largely reabsorbed in the proximal
tubules suggests that this nephron segment must be a major site
of decreased reabsorption.

After release of UUO, in contrast to bilateral obstruction, Pi
excretion is markedly decreased in humans and experimental
animals (65,183,185,186). Pi excretion and urinary cAMP ex-
cretion from the obstructed kidney are relatively insensitive to
parathyroid hormone (PTH) (65). Animal studies indicate that
decreased Pi excretion is because of a decrease in nephron GFR
and an increase in reabsorption of phosphate in the proximal
tubule, similar to the changes that occur in sodium handling
after release of UUO (185). No intrinsic abnormality in phos-
phate transport or in the response to PTH has been found in

the proximal tubule of the UUO kidney using brush-border
vesicles from luminal membranes (186). These results suggest
that hemodynamic factors may enhance proximal tubular re-
absorption of phosphate.

Recovery of Tubular Function
After Obstruction

While the effects of ureteral obstruction on tubular function
in the immediate period that follows relief of obstruction have
been extensively studied, the long-term effects of ureteral ob-
struction on tubular function are less well known. Studies after
release of UUO of 24 hours in rats revealed that abnormalities
of tubular function persist beyond a time (14 days) when whole
kidney GFR had returned to normal (61). Urine osmolality was
lower in the postobstructed kidney up to 60 days following re-
lease of the obstruction. Net acid secretion was decreased and
ammonium excretion was less in the postobstructive kidney, the
latter owing to a defect in ammonia reentrapment in the col-
lecting duct. Urine pH remained higher in the postobstructive
kidney up to 14 days after the release of the obstruction and
K+ excretion remained lower. These observations on tubular
function, following release of ureteral obstruction, are consis-
tent with persistent alterations in distal tubule-collecting duct
function, a loss of functioning juxtaglomerular nephrons fol-
lowing the release of the obstruction, or both. The temporal
recovery of tubular function following the release of ureteral
obstruction is illustrated in Figure 25-7.

Effect of Age on Obstructive Uropathy

Urinary tract obstruction is common in infants and children
(62,63,187). It is almost always partial and congenital. Long-
term obstructive nephropathy is the most important cause of
renal failure in infants and children (188). Josephson et al.
(189) induced partial UUO in newborn rats and examined the
effects at 9 weeks in the adult animal. Marked hydronephro-
sis occurred, the obstructed pelvis being enlarged sevenfold,
but whole kidney blood flow and GFR were decreased by only
10%. There was a compensatory increase in blood flow and
GFR in the contralateral nonobstructed kidney. Kidney weights
were similar to normal and, despite distortion, the degree of at-
rophy appeared to be small. Thus, the effects of partial ureteric
obstruction on renal function were not proportionate to the
degree of hydronephrosis and were fully compensated. Taki
et al. (190) examined the relationship between the age at which
obstruction occurs and the resulting changes in renal function
in guinea pigs. Partial ureteral obstruction at 1, 2, 3, 4, or 5
weeks of age resulted in a progressively decreasing amount of
compensatory hypertrophy in the contralateral kidney. GFR
was markedly reduced in the obstructed kidney at all ages, but
younger animals were more severely affected. Urinary-concen-
trating ability, however, was similarly affected at all ages.

Renal Metabolism in
Obstructive Nephropathy

Changes in enzyme activity and in energy and substrate
metabolism in the obstructed kidney have been described
(191). Altered responsiveness to hormones and altered hor-
mone synthesis have also been described. The significance of
changes in enzyme activity, such as alkaline phosphatase and
glucose 6-phosphate dehydrogenase, which increase and de-
crease, respectively, with obstruction, has not been determined
(92,192,193). The decrease in Na–P-ATPase observed 1 to
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FIGURE 25-7. A: Effect of unilateral ureteral obstruction on the urine osmolality (mean ± SE) for the
contralateral kidney (�) and the postobstructed kidney ( ) is depicted 3 hours (0.12 day) and 8, 14, and 60
days postrelease. B: Relation between urine pH and the number of days after ureteral release. (•) Represents
mean values obtained for the contralateral kidney; (o) values obtained from the postobstructed kidney. C:
Long-term effects of unilateral ureteral obstruction on acid excretion. (o) Represents mean values for the
postobstructed kidney; (•) values for the contralateral kidney. Upper panel depicts absolute ammonium
excretion (UNH4+ V). Middle panel depicts absolute titratable acid excretion (UTAV). Lower panel depicts
the absolute excretion of net acid (UNaV). Values in A, B, and C are significantly different from those for
the contralateral control kidney at ∗P <0.05; §P <0.01; ||P <0.005; and ¶P <0.001. (From: Bander SJ,
Buerkert JE. Long-term effects of 24 hour unilateral obstruction on renal function in the rat. Kidney Int
1985;28:614, with permission.)

7 days following release of obstruction, particularly in the outer
medullary portion of the kidney, could be important in the
pathogenesis of increased fractional sodium and water excre-
tion and impaired urinary-concentrating ability (157,158).

The GFR decrease in the obstructed kidney is associated
with decreased delivery and reabsorption of sodium and lower
energy requirements. Oxygen consumption and substrate up-
take decrease in proportion to the fall in GFR and, with a
decrease in oxygen consumption, there is a corresponding in-
crease in anaerobic glycolysis (194). Adenine nucleotide (ATP)
levels fall in the obstructed kidney after 24 hours of ureteral
obstruction, probably because of mitochondrial damage and
decreased oxidative metabolism (93,195). Renal gluconeoge-
nesis is markedly reduced in the obstructed kidney within
24 hours, perhaps because of inhibition of phosphoenolpyru-
vate carboxykinase (PEPCK) activity, and this may play a role
in modulating the decrease in renal phosphate reabsorption
(195). Renal ammoniagenesis is reduced and probably plays a
role in the defective urinary acidification (194).

Hormonal abnormalities in obstructive nephropathy in-
clude (a) altered hormonal responsiveness and/or sensitivity
of the obstructed kidney and (b) altered production of hor-

mones within the kidney, specifically renin–angiotensin and the
PGs. Decreased renal excretion and/or altered metabolism of
hormones also occur in obstructive nephropathy, but are not
known to be affected in a way that is different from other
renal parenchymal diseases. VP insensitivity of the collecting
duct may be important in the decrease in urine-concentrating
ability (143,154,160,161). Decreased sensitivity to aldosterone
(171,176) may be important in the syndrome of hyperkalemic
distal renal tubular acidosis described in patients with obstruc-
tive uropathy. Administration of mineralocorticoid fails to in-
crease urinary K+ excretion in some patients, but it is uncertain
whether blunting of the tubular response to aldosterone or a
primary defect in K+ secretion, or both, is responsible.

The postobstructive kidney has an increased ability to re-
lease prostaglandins in response to Ang II, and dose-response
curves suggest that there is an increase in the number and/or
affinity of the receptors for the hormone (67). In addition, the
contractile response of strips of renal cortex to angiotensin was
enhanced in rabbit kidneys that had been obstructed for 8 to
32 days compared to normal kidneys, which showed minimal
response (196), suggesting that the sensitivity of the postob-
structive kidney to angiotensin is increased.
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PTH responsiveness is blunted in the postobstructive kid-
ney, as indicated by response of urinary cAMP and phosphate
excretion (65), but the abnormalities in phosphate excretion
do not appear to be explained by this finding (185). This de-
crease in response to PTH is accompanied by decreased gener-
ation of cAMP, decreased activation of adenylate cyclase by the
hormone in basolateral membranes obtained from the proxi-
mal tubule of postobstructive kidneys, and the apparent loss
of PTH receptors in the same membrane (197). After relief
of BUO, absolute and fractional phosphate excretions are in-
creased and do not increase further with exogenous PTH ad-
ministration (65,183). However, reducing the filtered load of
phosphate (which is high following BUO because of hyperphos-
phatemia) restores phosphate excretion toward normal and the
response to PTH is normalized. Ureteral obstruction blunts the
calcemic response of the skeleton to PTH, probably as a result
of the decreased production of 1,25-dihydroxyvitamin D by the
obstructed kidney (198) or increased levels of circulating PTH.

Lipid metabolism is altered in the obstructed kidney. There
is an increase in triglyceride content and a decrease in total
phospholipid content (199). The net synthetic rate of triglyc-
eride by the obstructed kidney is increased because of a de-
crease in fatty acid oxidation and an increase in the release of
fatty acids from phospholipids, presumably due to increased
phospholipase activity. Following obstruction, the phospho-
lipid content of the basolateral membranes of tubular cells is
decreased (200). Because the lipid composition or physical state
of the membrane (fluidity) affects the activity of membrane-
bound enzymes and water permeability, it is possible that selec-
tive changes in the lipid composition of basolateral membranes
following obstruction could account for both the altered trans-
port characteristics and the altered response to hormones seen
following ureteral obstruction.

FACTORS LEADING TO
EXTRACELLULAR MATRIX

ACCUMULATION IN
OBSTRUCTIVE NEPHROPATHY

Growth Factors

Interstitial fibrosis is a common outcome of long-term ureteral
obstruction. The process of fibrosis, in part, represents an im-
balance between extracellular matrix (ECM) protein synthesis
and degradation. An initial event in the interstitial fibrosis pro-
cess is macrophage infiltration of the tubulointerstitial com-
partment. Because the macrophage is a potent source of nu-
merous peptide growth factors, it is not surprising that these
moieties play a critical role in initiating and propagating the
fibrogenic response to urinary tract obstruction. The renal cor-
tical tubular cell can also produce a myriad of peptide growth
factors in response to ureteral obstruction. Renal proximal
tubular cells and macrophages are a potent source of an array
of growth factors, such as transforming growth factor (TGF)-
β, interleukin-1 (IL-1), interleukin-6 (IL-6), fibroblast growth
factor (FGF), tumor necrosis factor (TNF), and platelet-derived
growth factor (PDGF). These peptide growth factors are im-
portant regulators of cell growth and differentiation.

Considerable attention has focused on the pluripotent
peptide growth factor, TGF-β in the renal fibrotic response
to injury (201). This polypeptide elicits a variety of cel-
lular responses that promote fibrosis, including stimula-
tion of ECM genes, downregulation of degradative matrix
metalloproteinases, and upregulation of tissue inhibitor of
metalloproteinase-1 (TIMP-1) (202,203). TGF-β1 is a 25 kDa
protein secreted in an inactive (latent) form that requires acti-

vation before it can exert its biological effect. Latent TGF-β1
is stored at the cell surface and in the ECM and is converted to
active TGF-β1 by an unknown mechanism(s). TGF-β1 induces
the production of collagen types I, III, and V by cultured re-
nal fibroblasts and stimulates production of proteoglycans and
type IV collagen. The role of upregulated TGF-β1 expression
in tubulointerstitial fibrosis has been described in a number
of experimental models of progressive renal disease. In these
models a major profibrogenic effect of TGF-β is to produce a
state of net ECM accumulation, which is achieved by the dis-
ordered balance of oversynthesis of ECM components and a
combination of inhibition of the degradation of matrix protein
by increased generation of proteinase inhibitors and decreased
expression of degradative proteins.

In the model of UUO, increased TGF-β1 expression occurs
(204–206). Walton et al (206) noted a gradual increase in TGF-
β messenger RNA (mRNA) expression with time from the on-
set of ureteral ligation. Kaneto (205) found that 3 days after
ureteral ligation, the obstructed kidney exhibits significantly
increased TGF-β1 mRNA expression, as compared with con-
trol (unoperated rats) kidneys. In addition, TGF-β1 mRNA
levels in glomeruli from the obstructed kidney are essentially
the same as those obtained in glomeruli from the contralateral
kidney (205). However, TGF-β1 mRNA in isolated tubules is
increased in the obstructed, but not in the contralateral un-
obstructed kidney, supporting the contention that the tubular
epithelium is the source for this growth factor in the obstructed
kidney (205).

Diamond et al. (204) found highly significant 2.6-, 5.8-,
and 7.0-fold increments in renal cortical TGF-β1 mRNA lev-
els at 12, 48, and 96 hours, respectively, in the obstructed kid-
ney versus the contralateral unobstructed specimens. Intracel-
lular TGF-β1, on immunolabeling, was detected only in the
obstructed kidneys of rats with unilateral ureteral obstruction
at all three time points and was confined to peritubular cells
of the renal interstitium. A significant correlation (p <0.005)
correlation (r = 0.95) between interstitial macrophage number
and cortical TGF-β1 mRNA levels was noted (204), suggest-
ing the infiltrating renal interstitial macrophage as a cellular
source for this growth factor’s upregulated expression. In sub-
sequent studies (207), these investigators measured levels of
active TGF-β1 in tissue culture medium conditioned by ob-
structed and unobstructed cortical tissue, harvested at 48 and
96 hours after unilateral ureteral obstruction. The renal cortex
of obstructed kidneys had 1.9- and 3.6-fold increments in active
TGF-β1 concentrations (pg/mL/mg cortical protein) at 48 and
96 hours after unilateral ureteral ligation intervals, respectively,
versus contralateral unobstructed kidney specimens from the
same animals with unilateral ureteral obstruction or cortical
specimens from normal, sham-operated rats. Pimental et al.
(208) noted a strong TGF-β immunoreactivity in Bowman’s
capsule and in peritubular interstitial tissue in obstructed kid-
neys of rats at both 1 and 7 days after UUO. These investigators
consistently found TGF-β1 immunoreactive mononuclear cells
within the interstitium at 24 hours after UUO (208). Collec-
tively, these data show that after ureteral ligation, macrophages
increase within the obstructed renal cortex in association with
increased renal cortical TGF-β1 mRNA and protein expres-
sion, as well as TGF-β1 activity, implicating this inflammatory
cell as a source for this pluripotent cytokine.

Modulation of Tissue Inhibitors of
Metalloproteinases and Matrix

Metalloproteinases

The accumulation of ECM following tubulointerstitial in-
jury represents an imbalance between ECM deposition and
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dysregulation of proteases, which degrade matrix components.
Proteases are a family of enzymes collectively termed metal-
loproteinases, capable of degrading both the collagenous and
noncollagenous components of the extracellular matrix. Ma-
trix metalloproteinases (MMPs), such as meprin, stromelysin,
collagenase, and gelatinase are present in renal tissue and play
an important role in the regulation of normal tissue remodeling
(209). The activity of MMP is controlled, in part, by inhibitory
proteins or TIMPs, which are a family of at least three proteins
that can bind to metalloproteinases to inhibit ECM degrada-
tion (210). Macrophage-derived cytokines, PDGF, EGF, and
FGF, can increase collagenase, transin, and stromelysin mRNA
expression and activity. IL-1 is a potent activator of TIMP
expression. TGF-β is a potent repressor of collagenase and
stromelysin and can activate increased TIMP-1 expression, par-
ticularly in combination with IL-1. The ability of TGF-β to
inhibit collagenase expression has been shown in human fi-
broblast cultures. In situ hybridization studies have revealed
that tissue localization of TIMP-1 transcripts is present at sites
of active tissue remodeling, where its expression significantly
overlaps with that of TGF-β.

Alterations in the regulation of TIMP expression by TGF-β
may contribute to the development of interstitial fibrosis af-
ter unrelieved UUO. A marked elevation of TIMP-1 mRNA
expression was shown as early as 12 hours after unilateral
ureteral obstruction (211). After 96 hours of unilateral ureteral
obstruction, there was a 30-fold increment in TIMP-1 mRNA
in the obstructed kidneys compared with the contralateral un-
obstructed kidneys (211). Sharma and co-workers (203) found
that expression of TIMP mRNA is significantly increased at all
time points after ureteral ligation, although it is maximal at
day 3. Immunohistochemically, increased TIMP reactivity lo-
calized to the interstitial space and TIMP mRNA expression is
observed to parallel the interstitial macrophage infiltration that
accompanies ureteral obstruction (203). In regard to MMP-2,
which has degrading activity against both collagen IV and de-
natured collagen, there is an early increase in mRNA expres-
sion at day 3 in the hydronephrotic rabbit kidney; however, it
returns to normal by day 7 after ureteral ligation (203).

The membrane-bound metalloproteinase, meprin, is also
implicated in the development of renal injury. Meprin is a met-
alloendopeptidase located in the brush-border membranes of
the rat and mouse kidney. A decreased meprin α and β mRNA
expression in kidneys has been observed in rats as early as
12 hours after unilateral obstruction (212). Meprin protein,
on Western blotting, is also decreased in a proximal tubule
membrane preparation from obstructed kidneys as early as
48 hours after unilateral ureteral ligation and persists through-
out 96 hours of obstruction (212). These studies suggest that
dysregulation of the renal proximal tubule cells after ureteral
obstruction may lead to diminished meprin activity and hence
alterations in ECM accumulation.

It has been shown (213,214) that macrophage-derived TGF-
β1 may be pivotal in the process of myofibroblast transforma-
tion. Johnson et al. (215) note that infusion of Ang II to rats
leads to focal tubulointerstitial injury. Alpers et al. (216) have
identified accumulation of the renal cortical interstitial cells
expressing α-smooth muscle actin (αSMA) at sites of chronic
tubulointerstitial injury. Diamond and associates (217) show
that αSMA mRNA and protein are only evident in the renal
cortex of the obstructed kidney.

Decorin is a 92.5-kDa protein that possesses a 40-kDa core
protein and a single chondroitin sulfate side chain. TGF-β
binds only to the core protein of decorin and becomes inactive.
When released from decorin, TGF-β regains activity, suggest-
ing a biological interaction of this growth factor with decorin
that transiently inactivates it in the ECM. In the rat unilateral
ureteral obstruction model of hydronephrosis, active TGF-β1
may induce a physiological upregulation of decorin mRNA and

protein with immunolocalization of this proteoglycan to the
periglomerular and peritubular interstitium (207). One possi-
ble explanation to account for the progressive interstitial fibro-
sis that develops in experimental rat hydronephrosis, despite an
increased decorin mRNA and protein expression (207), is that
a physiological upregulation of renal cortical decorin is inade-
quate to neutralize the available TGF-β1, which, consequently,
initiates a profibrogenic cascade by a variety of mechanisms.

DIAGNOSIS OF URINARY TRACT
OBSTRUCTION

Symptoms and Signs

The diagnosis of obstructive uropathy is not always obvious.
Until excluded by specific diagnostic tests, urinary tract ob-
struction should be suspected in patients presenting with acute
or chronic renal failure. Obstructive uropathy may present
at any age—in the infant, child, and all stages of adulthood.
Early recognition and prompt treatment are essential, since ir-
reversible renal damage resulting from obstruction is related to
its duration as well as its severity.

The clinical syndromes and complications of urinary tract
obstruction have been described previously. Difficulties with
urinary stream, such as hesitancy, frequency, dribbling, noc-
turia, and the need to double-void are all obvious indications
of a history of possible urinary tract obstruction. Patients may
present with acute abdominal pain, because of sudden ureteral
obstruction, with mild persistent flank aching, with lower ab-
dominal pain, or with gross hematuria. A past history of re-
nal calculi, gynecologic disease or surgery, or bowel disease or
surgery may also be clues.

On physical examination, signs of intravascular volume
contraction may be found in patients with salt and water de-
pletion, secondary to chronic urinary tract obstruction. With
severe renal failure, on the other hand, peripheral edema, pul-
monary congestion, and hypertension may be observed. Fea-
tures of chronic renal failure, such as pallor, drowsiness, in-
crease in neuromuscular irritability, or pericarditis may be
prominent. A palpable kidney or a distended bladder provides
more direct evidence of urinary tract obstruction. Paralytic
ileus may be prominent with acute renal colic. A careful rectal
examination is essential and in the female a complete pelvic
examination is required.

Urinalysis and Laboratory Findings

Urinalysis may be normal in acute or chronic urinary tract ob-
struction despite the presence of severe impairment of renal
function. Usually, however, there are both red cells and white
cells in the urine depending on the cause of obstruction. Pro-
teinuria is absent or mild (less than 1.5 g/24 h), in most cases.
Casts in the urine are also not distinctive and consist of granu-
lar, hyaline, or waxy casts, or occasionally white cell casts in the
presence of renal infection. Urine culture should be obtained
in all patients with obstructive uropathy even in the absence of
pyuria. The urine sediment should be examined carefully for
the presence of crystals. Sulfonamides, cystine, or uric acid crys-
tals may be the first indication as to the type of stone causing
the ureteral obstruction or the intrarenal obstruction resulting
in acute renal failure.

When acute renal failure is the presenting syndrome of ob-
structive nephropathy, urinary sodium, creatinine concentra-
tions, and urine osmolality may be difficult to interpret. Usu-
ally the urinary diagnostic indices are similar to those seen with
acute tubular necrosis with decreased osmolality, high urine
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sodium concentration, and decreased urine-to-plasma creati-
nine ratio (218) owing to previous chronic obstruction result-
ing in tubular damage. With recent obstruction and without se-
vere renal failure, however, the indices may be similar to those
for prerenal azotemia with low urine sodium concentration and
increased osmolality (121).

Serum electrolytes may indicate a hyperchloremic metabolic
acidosis, because of acquired distal renal tubular acidosis and
this may be combined with an anion gap type of metabolic
acidosis when renal failure is present. Hyperkalemia with hy-
perchloremic metabolic acidosis (type 4 distal renal tubular aci-
dosis) may be a clue to the presence of obstructive nephropathy
(176), although it also may be seen in chronic interstitial renal
disease and diabetic nephropathy. The blood urea nitrogen may
be elevated out of proportion to the serum creatinine, the ra-
tio normally being approximately 10:1, because in obstructive
disease, with slowing of intratubular fluid flow, urea reabsorp-
tion is increased in the distal nephron or in the bladder. The
earliest functional abnormality in obstructive nephropathy is
impairment of maximum urinary-concentrating ability, which
can be assessed by an overnight concentration test. Assessment
of urine acidification may also be important; this is undertaken
by using the short ammonium chloride load test or the bicar-
bonate loading urine PCO2 test or both.

Diagnostic Imaging in Urinary Tract
Obstruction

Several diagnostic imaging techniques are available to detect
urinary tract obstruction, to assess its severity, and to deter-
mine its cause. In all patients with acute or chronic renal failure
when no obvious cause is found, obstructive uropathy must be
excluded by appropriate investigation. A wide range of pro-
cedures is available and may be appropriate, depending on
the circumstances, including abdominal plain films and tomo-
grams, intravenous urography, ultrasonography, radionuclide
scanning, computed tomography, and the invasive techniques
of retrograde or antegrade pyelography (reviewed in reference
219).

The selection of diagnostic imaging techniques depends on
the clinical setting and presenting symptoms. In patients with
acute unilateral obstruction presenting with flank pain, abdom-
inal plain films, and intravenous urography are the initial and
possibly the only tests required. With chronic unilateral hy-
dronephrosis, however, an assessment of the severity and de-
gree of parenchymal atrophy will require ultrasonography and
diuresis urography, with possibly antegrade pyelography and
pressure measurement, as well. Determination of the cause of
obstruction may require computed tomography (CT) and ret-
rograde pyelography. With chronic bilateral obstruction, a sim-
ilar range of tests may be needed, with invasive procedures
usually applied first to the more severely affected kidney.

In patients presenting with acute or chronic renal failure,
abdominal plain films or renal tomograms and ultrasonog-
raphy are the procedures of choice since urographic contrast
agents may provide little visualization and are associated with a
risk of worsening renal function. If hydronephrosis is detected,
other procedures are then required to determine the severity
and cause of the obstruction.

Plain Films and Tomograms

A plain abdominal radiograph (KUB—kidneys, uereters, blad-
der) may provide clues to the presence of obstructive uropathy.
It should be obtained routinely in the early investigation of pa-
tients with renal failure and is a standard initial step prior to
intravenous urography. A difference in size of more than 2 cm
between the two kidneys or the finding of suggestive intraab-

dominal calcifications is an immediate clue to possible obstruc-
tive uropathy. The presence of normal-size kidneys in a patient
with chronic renal failure is also suggestive. Renal tomograms
provide better definition of renal size and shape and also detect
smaller calcifications (as small as 2 mm in diameter).

Intravenous Urography

The intravenous urogram or pyelogram (IVP) is the examina-
tion of choice in most cases of urinary tract obstruction. The
IVP combines the features of accurate anatomic demonstration
of the kidneys, calyces, pelvis, and ureters with gross estimate
of renal function (220). Other diagnostic imaging procedures
provide more precise information concerning one or another
aspect of urinary tract structure and function, but the IVP re-
mains a helpful screening procedure.

Urographic contrast agents are hypertonic water-soluble
salts of iodinated benzoic acid derivatives (e.g., diatrizoate)
that are rapidly excreted by the kidney following intravenous
administration. These agents are excreted almost entirely by
glomerular filtration, without significant tubular reabsorption,
and are concentrated in the tubules by sodium and water reab-
sorption. With normal renal function, a uniform, dense nephro-
gram, because of contrast material in the proximal tubules and
peritubular capillaries is seen within 30 seconds of injection,
and approximately 2 minutes later, contrast agent begins to
appear in the renal calyces. The IVP may not be helpful in
patients with severely compromised renal function. The uri-
nary tract is usually visualized poorly in patients with serum
creatinine levels greater than 5 mg/dL. In early acute obstruc-
tion there may be minimal dilation of the collecting system,
whereas, with chronic or repeated episodes of obstruction, hy-
dronephrosis may be marked and is eventually accompanied
by renal parenchymal atrophy. The IVP may also indicate the
level of obstruction at the renal pelvis, ureter, ureterovesical
junction, or bladder outlet. Close attention should be focused
on the bladder for evidence of thickening (trabeculation) of
the wall, an enlarged prostate, and, particularly, residual urine
after voiding. Lower urinary tract (bladder neck) obstruction
may be further evaluated by a voiding cystourethrogram in
which dye is inserted by catheter into the bladder and timed
films are taken during voiding. This technique is also useful for
the assessment of vesicoureteral reflux.

It is important to emphasize that dilation of the urinary
tract cannot always be attributed to obstruction nor does the
absence of hydronephrosis exclude obstruction. Functional ab-
normalities of the ureter or bladder, vesicoureteral reflux, or
even a chronic massive diuresis, such as that accompanying
primary diabetes insipidus may produce urinary tract dilation.
On the other hand, intermittent or partial obstruction may not
be accompanied by urinary tract dilation unless urine flow rates
are high. Intravenous urography during a diuresis induced by
hypertonic saline or furosemide may be helpful in showing a
dilated renal pelvis (221) (Figs. 25-8 and 25-9).

Ultrasonography

Diagnostic ultrasound is the procedure of choice to determine
the presence or absence of dilated calyces or renal pelvis and,
thus, to suggest the presence of obstructive uropathy (222). Be-
cause it is not invasive and not dependent on renal function,
ultrasonography is particularly useful to exclude hydronephro-
sis in patients with acute or chronic renal failure (Fig. 25-10).
It is very useful in detecting hydronephrosis in the fetus during
pregnancy (4,5,223,224). Ultrasound is an extremely sensitive
test for hydronephrosis, with a reported accuracy of greater
than 90% (225–227). It can also be used to assess the degree
of renal parenchymal atrophy accompanying hydronephrosis.
Like all diagnostic procedures, it is not foolproof. Examples of
conditions causing obstruction without urinary tract dilation
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FIGURE 25-8. Intravenous pyelogram from a patient with severe left
flank pain that lasted for 3 hours. Radiograph taken 6 hours after
injection of contrast media shows a very dense nephrogram on the
left. A faint right pyelogram is seen, but a clear left pyelogram is not
seen. The findings suggest nearly complete left ureteral obstruction; a
stone was subsequently passed. (From: Flamenbaum W, Hamburger
RJ. Nephrology Philadelphia: Lippincott, 1982, with permission.)

include staghorn calculi filling the renal pelvis, retroperitoneal
fibrosis with constriction of the ureters and pelvis, and acute
obstruction in a patient with ECV contraction and low urine
flow rate.

A limitation of ultrasonography is, paradoxically, its ex-
treme sensitivity to detect small increases in volume of the re-
nal pelvis. False-positive diagnosis has been reported in 8%
to 26% of urographically nonobstructed kidneys (225,228). A
second drawback is its relative inability to provide information
on the localization and cause of urinary tract obstruction.

Isotopic Renography

This procedure requires the intravenous injection of a ra-
dionuclide and imaging with a gamma scintillation camera.
Intravenous injection of tracer amounts of technetium-labeled
diethylenetriamine pentaacetic acid (99mTc-DPTA) or 131io-
dine-labeled orthoiodohippurate and sequential imaging pro-
vide a dynamic pattern of urinary excretion. Radionuclide ex-
aminations are 90% sensitive in detecting obstruction, with
false-negative diagnoses, because of poor excretory function
and, therefore, poor visualization (229). It is also highly spe-
cific, although dilation of the renal pelvis or ureters from
nonobstructive causes may result in a false-positive diagnosis.
Diuresis renography carried out by administering a diuretic
(furosemide 0.3 to 0.5 mg/kg intravenously) during the study
may help to determine the presence or absence of mechani-
cal obstruction, since, with functional obstruction, the diuretic
promptly and markedly increases tracer drainage from the uri-
nary tract. Alternatively, diuretic administration may increase
dilation during diuresis; an increase of greater than 20% sug-
gests significant ureteropelvic junction obstruction (230,231).

FIGURE 25-9. A: Intravenous pyelogram from a patient with right
flank pain and hematuria intermittently for several weeks. Radiograph
taken 1 hour after injection of contrast media shows a markedly di-
lated right renal pelvis and a dilated, completely filled right ureter. B:
Examination of the plain radiograph before dye injection shows sev-
eral radiopaque stones overlying the sacrum. (From: Flamenbaum W,
Hamburger RJ. Nephrology Philadelphia: Lippincott, 1982.)

The main limitation of isotopic renography compared to
intravenous urography is the inferior anatomic definition,
whereas its advantages are the small radiation dose and lack of
risk of systemic reaction or renal injury.

Newer developments with radionuclide imaging, including
computer analysis of excretion of radioactivity (deconvolution
analysis), suggest that while the uptake function may be normal
despite significant outflow obstruction, the renal parenchymal
transit time of radionuclide is a more sensitive indicator of
obstruction (232,233). Similarly, analysis of activity in the re-
nal parenchyma compared to the renal pelvis or whole kidney
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FIGURE 25-10. Supine right sagittal sonogram of the abdomen in
a patient presenting with anuric acute renal failure and a history of
cervical carcinoma. The film shows markedly dilated calyces in the
right kidney lying inferior to the liver, with the anterior abdominal
wall at the top of the photograph. Similar findings were present in
the left kidney. (From: Flamenbaum W, Hamburger RJ. Nephrology
Philadelphia: Lippincott, 1982.)

may provide a more accurate estimate of the potential recov-
ery of renal function following surgical relief of obstruction
(233,234). It is important to remember that even nonvisual-
ization on renal scan does not preclude recovery of significant
renal function after relief of obstruction (235).

Computed Tomography and Magnetic
Resonance Imaging

Computed tomography (CT) may be useful as a secondary
study to determine the etiology of urinary tract obstruction
(236). It can provide detailed anatomic information, but is not
used as an initial procedure because of its high cost, lack of im-
mediate availability, and relatively large radiation dose. CT is
particularly helpful to determine potential causes of obstructive
uropathy in the retroperitoneal area, since it is able to deter-
mine the density of different types of tissues. Nonradiopaque
calculi composed of uric acid are also readily detectable by CT.
Thus CT scanning has replaced the invasive diagnostic proce-
dures of retrograde and antegrade pyelography in evaluating
patients with urinary tract obstruction (Fig. 25-11).

Nuclear magnetic resonance (NMR) or magnetic resonance
imaging (MRI) provides computer-generated displays showing
the distribution of hydrogen nuclei-emitting NMR when sub-
jected to applied magnetic fields and radiofrequency energy.
NMR is particularly useful in determining tissue densities and,
hence, like CT, may prove to be useful in determining the eti-
ology of obstructive uropathy (237,238).

Ureteropyelography

Pyelography provides detailed information about the location
and cause of urinary tract obstruction previously detected by
IVP, ultrasonography, or isotopic renography. When further
anatomic information is required or when renal contrast excre-
tion is poor or nonexistent, pyelography becomes an essential
part of the investigation. Urologic consultation is an integral
part of the diagnosis and management of such patients. Cys-
toscopy provides definitive information about possible causes

FIGURE 25-11. Transverse view of abdominal computerized axial to-
mogram (CT) in a patient with intermittent left flank aching in whom a
radiolucent filling was visualized in the renal pelvis by intravenous pyel-
ography. The CT scan shows that this filling defect at the ureteropelvic
junction is dense (white), indicating that it is a uric acid stone rather
than a tumor, blood clot, or necrotic papilla. (From: Flamenbaum W,
Hamburger RJ. Nephrology Philadelphia: Lippincott, 1982.)

of obstruction located in the posterior urethra and bladder,
which are difficult to demonstrate by noninvasive methods.
Retrograde ureteric catheterization permits samples of urine
to be obtained for diagnosis from one or both ureters, allows
the injection of contrast material for exact localization of the
level of ureteric obstruction, and may be therapeutic in reveal-
ing ureteric or ureteropelvic obstruction. In the hands of a
skilled urologist, the incidence of infection or postcatheteri-
zation ureteral edema is minimal.

Antegrade ureteropyelography is also used as a diagnostic
and, at times, therapeutic procedure in obstructive uropathy.
The technique involves the percutaneous puncture of the di-
lated renal pelvis that has been previously localized by ultra-
sonography or contrast injection. Measurement of resting pres-
sures and samples of urine for culture or cytology are obtained
from the renal pelvis, and, following injection of contrast me-
dia, excellent visualization of the ureter is obtained. If desired,
temporary or permanent relief of obstruction may be accom-
plished by percutaneous nephrostomy.

The advantages of antegrade pyelography include the use of
local anesthesia, sterile technique, physiologic route of contrast
injection, and the ability to make pressure measurements and
obtain samples of fluid or brushings of intraluminal lesions.
The risks include bleeding or the extravasation of urine.

In patients with chronic partial unilateral obstruction and
hydronephrosis, it is difficult to determine whether a surgical
procedure should be done for an abnormality at the uretero-
pelvic junction. The gold standard in this situation is consid-
ered to be renal perfusion–pressure studies carried out by an-
tegrade pyelography (239,240). For these studies, fluid is in-
fused through a needle in the dilated renal pelvis at a standard
rate and intrapelvic pressure is recorded while bladder pressure
is monitored simultaneously through an indwelling catheter
(Whitaker test). At a flow rate of 10 mL/min, the pressure fall
to the bladder should not exceed 15 cm of water. With sig-
nificant obstruction, the pressure decrement will, in almost all
cases, be more than 22 cm of water (238). It should be rec-
ognized, however, that such procedures have technical pitfalls
and that factors other than outlet obstruction may affect the
pressure drop.
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TREATMENT OF URINARY TRACT
OBSTRUCTION

The overriding principles in the treatment of urinary tract ob-
struction should be as follows:

1. Eliminate any life-threatening aspect of this disorder.
2. Preserve renal function by relief of obstruction and treat-

ment of complications, particularly, urinary tract infection
(UTI).

3. Determine the cause of obstruction and its specific treat-
ment.

The first principle in treating obstructive uropathy is to elim-
inate any life-threatening aspect of this disorder.

1. Gram-negative septicemia may occur when pyelonephritis
develops in the presence of severe partial or complete ob-
struction. Thus, fever in a patient with urinary tract obstruc-
tion must be managed aggressively with diagnostic blood
and urine cultures and appropriate antibiotics administered
parenterally while awaiting the results of cultures.

2. Acute papillary necrosis secondary to pyelonephritis and
obstruction may cause rapid destruction of renal tissue and
this possibility is another reason for using immediate cor-
rective measures. Emergency surgical relief of obstruction
by the most simple appropriate procedure, such as bladder
catheterization or percutaneous nephrostomy, is usually re-
quired in such patients.

3. Acute or chronic renal failure with hyperkalemia, acidosis,
convulsions, coma, or pericarditis is another life-threatening
clinical presentation of obstructive uropathy that may re-
quire immediate treatment by dialysis until definitive mea-
sures can be taken to correct the obstruction.

4. Occasionally, intravascular volume contraction and hy-
potension may present as a complication of postobstructive
diuresis or of chronic partial urinary tract obstruction with
inadequate oral intake.

The second principle of treatment is to prevent further de-
terioration of renal function and to allow recovery of function.
Surgical therapy that decreases elevated intrarenal pressure or
corrects progressive anatomic abnormality is essential. Metic-
ulous management of urinary tract infection is also important.
Treatment of other complications, such as renal calculi or hy-
pertension, and detection of recurrent obstruction by careful
follow-up, may preserve renal function.

The need to accurately determine the cause and rate of pro-
gression (natural history) of urinary tract obstruction is an
important third principle of treatment. Before a decision is
made regarding the need for specific surgical therapy, it may
be necessary to perform serial assessments of renal function
over several months or longer. Elective surgical repair is re-
quired for progressive lower urinary tract symptoms, recurrent
serious urinary tract infections, urinary retention, or evidence
of progressive deterioration in renal function. Surgical treat-
ment, however, is usually not indicated simply because of the
finding of residual urine in the bladder, mild to moderate vesi-
coureteral reflux, or a dilated renal pelvis. Once a decision has
been made that surgical intervention is required, optimal ther-
apy consists of removal of the obstructing lesion and reestab-
lishment of continuity of the urinary tract. At times, however,
the obstructing lesion cannot be removed, and urinary diver-
sion may be required for weeks, months, or years. Placement of
a bladder catheter (intermittent or continuous), nephrostomy,
pyelostomy, cutaneous ureterostomy, suprapubic cystostomy,
or ureteroileal cutaneous anastomosis (ileal conduit), as well
as other procedures, may be used in appropriate cases, but
each is accompanied by risks of recurrent obstruction, ascend-

ing urinary tract infection, electrolyte abnormalities, volume
depletion, and formation of renal calculi. At times, nephrec-
tomy is the procedure of choice when return of useful renal
function is unlikely.

It is clear that management of obstructive nephropathy
should involve consultation with a skilled urologist. Defini-
tive therapy to preserve renal function and correct the cause of
obstruction is frequently surgical. Nevertheless, it is appropri-
ate for the internist or nephrologist to remain directly involved
in the care of many of these patients, particularly with respect
to evaluation of the underlying causes, such as renal calculi,
treatment of complications, such as urinary tract infection, and
careful follow-up of renal function.

Surgical Treatment

To determine the likely benefit from definitive surgical therapy,
it is important to consider the potential for recovery of GFR
after relief of obstruction. Assessment of the severity, dura-
tion, and cause of obstruction by analysis of symptoms, signs,
and appropriate specialized tests is essential. In general, if the
obstruction is of recent onset (weeks), a gradual increase in
GFR over a period of 1 to 4 weeks may be expected. How-
ever, if obstruction is long-standing (months or years), renal
parenchymal function may be irreversibly lost and little or no
improvement in function should be expected. A discussion of
the surgical treatment of obstructive uropathy is available else-
where (241).

Renal Pelvic Obstruction

Congenital ureteropelvic obstruction is usually corrected sur-
gically in patients who are symptomatic (flank pain or mass),
patients who experience recurrent infections, or patients in
whom progressive renal damage can be demonstrated. In addi-
tion to removal of any extrinsic obstructing lesion, such as an
aberrant renal artery, surgical treatment (240) involves some
form of plastic repair (pyeloplasty) of the ureteropelvic junc-
tion, such that redundant tissue is removed and the junction
remains funnel-shaped and dependent. Radiographic improve-
ment in the appearance of the renal pelvis following surgery
should not be expected, but deterioration of renal function
and recurrent infections can be largely eliminated. In patients
in whom a stable level of renal function has been achieved
with a dilated renal pelvis and mild ureteropelvic obstruction,
surgery is not required.

Renal calculi obstructing the ureteropelvic junction for sev-
eral days usually require surgical removal, since they are too
large to be passed spontaneously, and may cause progressive
renal damage. Smaller stones in the renal pelvis or calyces are
usually not removed surgically unless they are causing intermit-
tent obstruction, as they may be difficult to locate and surgery
is associated with significant risk of renal damage. Surgical in-
tervention for large, nonobstructing renal pelvic stones, which
are usually of the staghorn infective (or struvite) type, is contro-
versial, because surgery is difficult and rapid stone recurrence
is frequent unless all infected stone fragments can be removed
and recurrent infection prevented.

Ureteral Obstruction

Renal calculi are a common cause of ureteric obstruction in the
adult. Most stones pass spontaneously if they are less than 5 to
7 mm in diameter and, on occasion, larger stones may be
passed. Thus, in the absence of infection, such stones should
be treated conservatively at first with control of renal colic by
analgesics and increased hydration. If the stone reaches the
lower end of the ureter, basket extraction through cystoscopy
may be possible, whereas stones impacted higher in the ureter
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require surgical removal by ureterolithotomy. Extracorporeal
shock-wave lithotripsy (242) involves the focusing of electro-
hydraulically or ultrasonically generated shock waves to dis-
integrate the stone. The procedure is effective for calculi of
7 to 15 mm; in 90% of patients, the stone will be fragmented
and all particulate matter will pass within a 3-month period.
Morbidity is low. In selected individuals, the procedure can be
done on an outpatient basis. Most patients are back at work
2 to 3 days after shock-wave therapy. Ureteric obstruction from
other causes, such as tuberculous stricture or extrinsic com-
pression from tumor or retroperitoneal fibrosis, often requires
more extensive surgical therapy, which may include urinary di-
version. The management of vesicoureteral reflux and reflux
nephropathy is discussed in Chapter 24 (Vesicoureteric Reflux
and Reflux Nephropathy).

Lower Urinary Tract Obstruction

Surgical treatment for bladder neck or urethral obstruction is
indicated for patients with severe difficulties in voiding, de-
creased renal function, or recurrent urinary tract infection. In
patients with mild or moderate symptoms, a decision should
be made on an individual basis with periodic assessment of re-
nal function. Severe bladder dysfunction, such as a neurogenic
bladder or obstruction from pelvic malignant disease, may re-
quire surgical urinary diversion, usually in the form of an ileal
conduit.

Nephrectomy as a Treatment for
Unilateral Obstruction

There are few indications for removing an obstructed kidney. In
general, refractory pyelonephritis in a unilaterally obstructed,
but functioning, kidney is not sufficient reason for a nephrec-
tomy, because it is likely that pyelonephritis has developed
in the unobstructed contralateral kidney by ascending spread
from infected bladder urine. In this situation, removal of func-
tioning tissue in the obstructed kidney could hasten develop-
ment of chronic renal failure. Nephrectomy is warranted only
if the obstructed kidney is severely and irreversibly damaged
and pyelonephritis within it is recurrent, severe, and refractory
to treatment. Rarely, removal of a functioning, but obstructed,
kidney may be indicated if surgical repair has been unsuccess-
ful and acute infection in that kidney appears to have been
the source of life-threatening episodes of Gram-negative sep-
ticemia.

Medical Treatment

Fluid and Electrolyte Management

Patients with chronic partial obstruction and renal tubular dys-
function may have excessive losses of water (including nephro-
genic diabetes insipidus), sodium chloride, or sodium bicar-
bonate in the urine. Accordingly, they may require oral sodium
chloride and/or sodium bicarbonate supplements, as well as a
high fluid intake. They should be warned to replace excessive
fluid losses occurring with intercurrent illness causing diarrhea,
vomiting, or excessive sweating.

Postobstructive diuresis after relief of severe partial or com-
plete obstruction is an uncommon event, but requires careful
assessment and management of fluid and electrolyte balance
including replacement of deficits of sodium chloride, bicarbon-
ate, potassium, and water, and replacement of insensible losses
and of ongoing losses in the urine. Usually 0.45% NaCl is
a suitable replacement solution for urinary losses, but urinary
electrolytes should be checked periodically, and potassium sup-
plements are usually required. Postobstructive diuresis must be
distinguished from the physiologic diuresis of retained fluid and

from iatrogenic diuresis resulting from overenthusiastic admin-
istration of intravenous fluids. Prolongation of the natriuresis
by volume expansion may be assessed by decreasing the intra-
venous replacement of urinary losses for 8 to 12 hours, com-
bined with clinical assessment of intravascular volume and of
changes in urine volume and body weight.

Urinary Tract Infection

Bacteriuria is difficult to eradicate in the presence of urinary
tract obstruction and occurs with increased frequency in such
patients. Acute UTI, with or without clinical pyelonephritis,
should be treated with appropriate antibiotics based on in vitro
bacterial sensitivity testing, although therapy must often be ini-
tiated before such results are available and then altered as re-
quired. Antibiotics that reach high concentrations in the kidney
and urine should generally be used.

Prophylactic antibiotics given parenterally 1 hour before
and a few hours after instrumentation of the urinary tract in
patients with obstructive nephropathy may reduce the inci-
dence of infection. Prolonged prophylactic antibiotic therapy,
for months or years, may be useful to reduce episodes of re-
current acute symptomatic UTI with pyelonephritis in patients
with chronic obstruction and/or struvite stones.

Other Complications: Hypertension and Renal Failure

Hypertension associated with obstructive uropathy is usually
treated medically with antihypertensive drugs, although occa-
sionally surgical correction of acute unilateral obstruction may
result in control of blood pressure. Renal failure associated
with obstruction is treated by dialysis as required for manage-
ment of acute renal failure or end-stage renal disease resulting
from obstruction. Patients with end-stage renal disease owing
to obstruction are suitable for renal transplantation, but usu-
ally require bilateral nephrectomy prior to such a procedure in
order to eliminate foci of infection. Even patients with urinary
diversions, such as an ileal conduit, may receive a kidney trans-
plant, although the high risk of infective complications often
makes long-term dialysis a safer alternative.

Long-Term Follow-Up

Patients who have had surgical treatment for obstruction or
who have chronic obstruction require careful long-term follow-
up by a physician. Such follow-up involves careful clinical as-
sessment, urinalysis and urine culture, periodic radiologic eval-
uation, and, most important, an assessment of renal function,
usually by endogenous creatinine clearance.

Obstructive Nephropathy and Renal Fibrosis

A model of renal fibrosis that encompasses many aspects of
other models of kidney disease is unilateral ureteral obstruction
(UUO) (243–246)

There are features of the UUO model that occur within 1
week of the onset of ureteral ligation. There are many readily
quantifiable cellular and molecular events during the initiation
and progression of renal fibrosis that make UUO an increas-
ingly good experimental model for study.

Table 25-5 describes factors, the expression of which is in-
creased in kidneys with ureteral obstruction; Table 25-6 depicts
factors, the expression of which is decreased in kidneys with
ureteral obstruction.

In a rat model of UUO, Sweeney et al. (247) visualized
changes in renal blood flow (RBF) using a radiolabeled com-
pound and radioautography. They measured an initial vasodi-
lation in the cortex within 10 min of obstruction. This was
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TA B L E 2 5 - 5

FACTORS THAT ARE INCREASED IN THE SETTING OF
URETERAL OBSTRUCTION

Vasoactive compounds
Angiotensinogen
Angiotensin II
Endothelin
Thromboxane A2

Prostaglandins
Transforming growth factor-β
Protein 53
Protein 21 (WAF1)
Tissue inhibitor of metalloproteinase-1
Decorin
Nuclear factor κB
Tumor necrosis factor-β
Protooncogenes
c-fos
c-jun
jun B
c-myc
cH-Ras
Growth factors
Interleukin-6
Platelet-activating factor
Basic fibroblast growth factor
Proteins involved in apoptosis
Clusterin (SGP-2)
Osteopontin
Chemoattractants
Monocyte chemoattractant peptide-1
Osteopontin
Adhesion proteins
Intercellular adhesion molecule-1
Vascular cell adhesion molecule-1
Fibronectin (alternate splice forms)
Matrix/basement membrane proteins
Collagen types I, III, IV, XV, and XVIII

followed by a significant vasoconstriction in both the cortical
and medullary beds (247). The changes in blood flow were
mediated by prostanoid, Ang II, and NO. We have identified a
significant pathophysiological role of several vasoconstrictive
substances during ureteral obstruction. These vasoconstrictors
include Ang II, TXA2, and ADH (248).

A recent study by Moridaira et al. (249) confirms that
enalapril inhibits the interstitial fibrosis in UUO kidneys. It also

TA B L E 2 5 - 6

FACTORS THAT ARE DECREASED IN THE SETTING
OF URETERAL OBSTRUCTION

Growth or homeostatic factors
Bone morphogenetic protein-7 (BMP-7)
Hepatocyte growth factor
Epidermal growth factor
Redox state
Copper, zinc superoxide dismutase
Catalase
Reduced glutathione
Others
Meparin
Inducible nitric oxide synthase (iNOS)

TA B L E 2 5 - 7

EFFECTS OF VASOCONSTRICTORS AND
VASODILATORS ON RENAL HEMODYNAMICS IN
RATS AFTER UNILATERAL RELEASE OF BILATERAL
URETERAL OBSTRUCTIONa

GFR (%)

Before After
Maneuver maneuver maneuver

Inhibition of synthesis or activity of vasoconstrictors
RAS inhibition 20.7 75.8
RAS and TXA2 inhibition 23.5 90.5
Prevention of macrophage

infiltration
21.5 52.3

TXA2 synthesis inhibition 17.0 29.7
LT synthesis inhibition 21.5 49.5
Inhibition of ADH V1 receptors 22.3 35.8
Endothelin antibody 21.0 33.8
Deendothelialization of main

renal arteries
21.0 10.2

Administration or activation of
vasodilators

l-Arginine administration (for
NO synthesis)

24.3 49.2

TXA2 inhibition and PAF
administration

17.0 57.6

ANP administration 24.8 39.5

aGFR, glomerular filtration rate was measured in rats after unilateral
release of bilateral obstruction versus that in one kidney of
sham-operated rats; RAS, renin–angiotensin system; TXA2,
thromboxane A2; LT, leukotrienes; ADH, antidiuretic hormone; NO,
nitric oxide; PAF, platelet-activating factor; ANP, atrial natriuretic
peptide. (From: Gaudio KM, et al. Renal perfusion and intratubular
pressure during ureteral occlusion in the rat. Am J Physiol
1980;238:F205; Mene P, Dunn MJ. Contractile effects of TXA2 and
endoperoxidase analogues on cultured rat glomerular mesangial cells.
Am J Physiol 1986;251:F1029, with permission.)

suggests a beneficial and unforeseen effect of enalapril on the
obstructed kidney by potentially stimulating the production of
NO through an increased expression of the ETB receptor.

We also found a vasoconstrictive effect of leukotrienes in
the setting of bilateral ureteral obstruction (248). On the other
hand, it is likely that vasodilatory substances are decreased in
the setting of ureteral obstruction or are not increased to a
sufficient degree to balance the increased activity of the vaso-
constrictor compounds. Administration of vasodilators (PGE2
and PGI2) and platelet-activating factor (PAF) after inhibition
of the synthesis of TXA2 increased GFR and effective renal
plasma flow (ERPF) significantly but not to normal levels. We
also found that endothelin has an important role in the renal
functional alterations observed in rats after unilateral release of
24-hour duration bilateral ureteral ligation (250). Rats given a
specific anti-endothelin antibody had significantly higher GFR
and ERPF values than untreated rats subjected to bilateral
ureteral obstruction. Table 25-7 summarizes the overall role
of vasoconstrictors and vasodilators in the renal hemodynam-
ics observed after unilateral release of bilateral ureteral ob-
struction. The overall role of endothelin in the altered hemo-
dynamics of bilateral ureteral obstruction seems to be modest
compared with that of other vasoconstrictors or the decreased
activity of other vasodilators known to have a role in this set-
ting. L-Arginine, PAF, and atrial natriuretic peptide (ANP) are
among the vasodilators that have a role in the hemodynamics
of bilateral ureteral ligation. The administration of L-arginine,
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the substrate for NO synthesis, increased GFR to ∼50% of the
values obtained for one kidney in sham-operated rats.

Inducible nitric oxide synthase (iNOS) has been identi-
fied by immunohistochemistry in the renal tubules after UUO
(251) Vasodilation of the afferent arteriole during acute UUO
(<5 hours) may account for the increase in RBF and ureteral
pressure. Several studies have explored the role of NO during
ureteral obstruction. Intrarenal infusion of NG-monomethyl-L-
arginine, a nonspecific NOS inhibitor, attenuated the increase
in RBF after acute ureteral obstruction (251). These effects of
NG-monomethyl-L-arginine were reversed by the intrarenal in-
fusion of L-arginine.

The protective effect of NO has been demonstrated in sev-
eral renal disease models. We augmented renal NO production
by transfer of the inducible nitric oxide synthase (iNOS) gene
into rat kidney in controls and in unilateral ureteral obstruction
(UUO).

This study demonstrates the feasibility of liposome-
mediated iNOS gene transfer into the kidney. Furthermore, the
improvement of renal function in UUO demonstrates that the
transfected iNOS gene is active and suggests that decreased
iNOS activity contributes to the decreased renal function in
UUO. This iNOS construct may have therapeutic utility in the
pathophysiologic sequelae of UUO and other renal diseases
(252).

Another aid in the recovery from acute ischemic renal injury
is treatment with hepatocyte growth factor (HGF) (253). In-
deed, a decrease in HGF levels induced by either an increase in
Ang II or TGF-β was hypothesized to be a factor in the devel-
opment of glomerulonephritis (254). HGF has been described
as a substance produced by mesenchymal cells that maintains
epithelial homeostasis (255). Mizuno et al. (256) used a mouse
model of UUO and treated the animals with vehicle, a neutral-
izing antibody to HGF, or recombinant human HGF. Treat-
ment with the HGF-neutralizing antibody was found to in-
crease TGF-β expression, decrease tubular cell proliferation,
and accelerate apoptosis. Treatment with exogenous HGF at-
tenuated apoptosis and TGF-β expression (256). The authors
suggested that the reduction in endogenous HGF can account
for the progression of renal fibrosis in tubulointerstitial-based
disease (256). This was underscored by a study in which HFG
was administered by tail-vein injection every 12 hours for the
7 days of UUO (257). The injection of HGF blunted the ex-
pected increase in TGF-β1 mRNA and various histological in-
dices of fibrosis (257).

Recently, another protein has emerged as a potential
renotrophic factor: bone morphogenetic protein-7 (BMP-7).
In a preventative protocol, BMP-7 treatment was found to sig-
nificantly decrease renal injury in a rat model of UUO when
treatment was initiated at the time of injury (258). Subsequent
studies suggested that BMP-7 treatment will also attenuate re-
nal fibrosis when administered after renal fibrosis has begun
(259). This treatment protocol was also found to significantly
increase renal function from the levels measured in the vehicle-
treated group (259). These studies underscore the value of his-
tological parameters as an indicator of renal function and the
potential of renal homeostatic factors in the treatment of kid-
ney disease.

Recently, arginine infusions in dogs with 18 hours of UUO
were shown to increase renal blood flow, leading to the con-
clusion that a lack of substrate may contribute to the pro-
found vasoconstriction resulting from chronic UUO (260,261).
Chronic UUO in mice leads to a progressive reduction in the
production of iNOS by the obstructed kidney and tubular
apoptosis is even more severe following UUO in mice lack-
ing the gene for iNOS (262). Mechanical stretch of tubular
epithelial cells, because of tubular dilatation, appears to be a
major factor contributing to apoptosis following UUO, and
axial strain on cultured tubular cells increases iNOS expres-

sion (263). Moreover, inhibition of endogenous iNOS increases
stretch-induced apoptosis in rat renal tubular cells (262).

In this very well-controlled study using cationic liposomes
as the vehicle, iNOS was localized to collecting ducts, distal
tubules, and glomeruli. Importantly, renal expression of iNOS
and urinary NO2/NO3 remained elevated more than 30 days
after transfection (previous reports of kidney-targeted viral-
mediated delivery of genes have not shown long-term expres-
sion) (252). While iNOS transduction was performed 7 days
prior to ureteral obstruction, and functional studies were per-
formed after only 24 hours of UUO, the authors indicate that
longer-term studies of morphologic effects of iNOS transduc-
tion are to follow.
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CHAPTER 26 ■ NEPHROLITHIASIS
KEITH A. HRUSKA AND ANNE M. BECK

The crystals that form into renal stones consist of calcium
salts, uric acid, cystine, or struvite (magnesium ammonium
phosphate). Calcium stones are the predominant variety (Table
26-1) and are composed of calcium oxalate (CaOx), CaOx and
calcium phosphate as apatite, or apatite alone (1–7). Two forms
of CaOx crystals—monohydrate and dihydrate—differ in their
lattice structure and microscopic appearance (8) and this may
be relevant to pathophysiology. The calcium phosphate crystals
are most commonly apatite or hydroxyapatite. Calcium car-
bonate is a crystal form usually found mixed in struvite stones
or a high pH environment. Occasionally, brushite (calcium hy-
drogen phosphate), whitlockite (calcium orthophosphate), and
octacalcium phosphate are found (6). Calcium phosphate crys-
tals are as common in stones as are CaOx crystals (Table 26-1),
but the amount of CaOx in mixed stones generally exceeds that
of calcium phosphate. In addition, pure CaOx stones are much
more frequent than are pure calcium phosphate stones. The
incidence of renal stones appears to be gradually increasing,
but remains poorly defined. A survey reported from a well-
defined, upper-Midwest population in 1979 found the inci-
dence in women to be 36 per 100,000 population. For men,
the incidence had risen from 79 per 100,000 in 1950 to 124
per 100,000 in 1974 (9).

Nephrolithiasis is an extremely costly malady to society in
terms of lost productivity and treatment cost. Estimates docu-
ment the loss of several billion dollars annually from the United
States economy each year to nephrolithiasis and missed work-
days.

Calcium, uric acid, cystine, and struvite stones differ from
one another in terms of pathogenesis and treatment. There-
fore, each stone type is described separately. The clinical man-
ifestations by which the stones present are not related to the
composition of the stone and this should be kept in mind.

CALCIUM STONES

Natural History of Nephrolithiasis

Kidney stones account for about one of every 1,000 hospital
admissions, and up to 10% of Americans will develop a stone
in their lifetime; the vast majority of these are calcium stones.
The incidence of nephrolithiasis in the United States is highest
in the southeast (10,11), with peak incidence occurring in the
late summer months. In addition, sedentary white-collar work-
ers are more likely to form stones than are active blue-collar
laborers (12,13). Stones are distinctly less common in African
Americans, American Indians, and people of Asian descent.
The age and sex distribution of patients referred for evalua-
tion of nephrolithiasis at our institution shows a 1.6:1 ratio of
male to female patients and a maximum incidence in the 30-
to 50-year-old group (excluding patients with cystinuria and
infection stones).

The natural history of stone disease is characterized by re-
currence. Although many studies of the natural history and
incidence of stones have been biased by referral practices and

differences in definition of recurrence, there is clear evidence in
the literature of the recurrent nature of stone disease.

A common dilemma faced by the clinician is whether or not
to evaluate and treat the first-time stone former. The risk of re-
currence after an initial episode has been estimated to be about
50% within 5 years, with almost two-thirds of patients hav-
ing a recurrence by 9 years (13,14). Even when nephrolithiasis
is evaluated and treated appropriately, the incidence of recur-
rence in first-time stone formers is not significantly different
from that in treated patients with a history of multiple stone
episodes (15). In fact, these patients most likely represent re-
current stone formers in the initial stage of their disease. These
and other data demonstrating Randall’s plaque (1,16) suggest
that such patients should be evaluated and treated in the same
manner as patients with recurrent nephrolithiasis.

Patients who have undergone shock-wave lithotripsy rep-
resent another group at risk for stone recurrence. Stone frag-
mentation often leads to regrowth of stone material, as residual
fragments may act as a nidus for ongoing crystal deposition and
stone formation. Medical therapy aimed at correcting underly-
ing urinary abnormalities in these patients may prevent or limit
stone growth and recurrence (17).

Despite the almost inevitable risk of nephrolithiasis recur-
ring if it is left untreated, diagnostic evaluation and selective
treatment of metabolic abnormalities clearly decrease the inci-
dence of new stone formation and can induce complete remis-
sion (18–21).

Pathogenesis

Formation of Renal Stones

The formation of renal stones composed of calcium salts is a
complex process that remains poorly understood despite con-
siderable efforts over many centuries. The process consists of
a calcium salt precipitating from solution (nucleation) forming
a crystal. Subsequent crystal growth and aggregation lead to
a stone nidus. When the aggregate adheres to the tubulopelvic
uroepithelium, continued epitaxial growth of the crystal ag-
gregate eventually leads to a detectable size, making it a renal
stone.

Nucleation

Nucleation describes the process that occurs when the activity
of calcium salts reaches the level at which the solid phase be-
gins to appear. If one compares urine to an aqueous solution,
it quickly becomes apparent that urine is able to hold much
higher levels of calcium salt in solution than is water. If one
considers an aqueous solution containing crystals of a calcium
salt when the crystal neither grows nor shrinks, the solution
is in equilibrium. The product of the free ion concentrations
(activity product) at this equilibrium determines the equilib-
rium solubility product (SP) of the salt (Fig. 26-1). Solutions
with concentrations of salt less than the equilibrium SP are un-
dersaturated. A higher free-ion activity product will cause the
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TA B L E 2 6 - 1

TYPES OF RENAL STONES FORMED AND FREQUENCY OF OCCURRENCEa

CaOx and cap CaOx Cap Uric acid Cystine Struvite Number of stones

Nordin and Hodgkinson (2) 46.0 14.7 8.0 2.9 3.3 25.1 243
Lagergen (3) 44.2 15.1 7.6 3.6 1.1 28.1 460
Melick and Henneman (4) 30.3 27.1 20.6 12.9 2.6 14.8 155
Prien (5) 34.3 32.7 5.3 5.8 2.9 19.0 1,000
Sutor, et al. (6) 35.9 28.5 7.4 2.47 1.61 24.1 810
All series 37.2 26.3 7.4 4.5 2.2 22.3 2,668

aCaOX, calcium oxalate; Cap, calcium phosphate. Numbers represent the percentage of each stone type in the series. Total numbers of stones
surveyed are shown in the last column.
(From: Coe FL, Favus MJ. Nephrolithiasis. In: Brenner BM, Rector FC Jr., eds., The kidney, 2nd ed. Philadelphia: Saunders, 1991, with permission.)

solid phase (the crystals) to grow (epitaxy). However, if the
crystals are removed from a solution at the level of the equi-
librium SP and then the ion activity product is elevated, the
activity product that would have caused growth of preformed
crystals now results in no appearance of a new solid phase.
This solution is called metastably supersaturated (Fig. 26-2).
The activity products of calcium salts in urine are almost con-
stantly in the range of metastable supersaturation. In the range
of metastable supersaturation, if the activity products are suffi-
ciently raised, new crystals will appear. The activity product at
which new crystals form is called the formation product (FP),
or the upper limit of metastability (Fig. 26-2). Above the level of
the FP, a solution is unstable, creating new crystal nuclei. Urine
may be undersaturated, metastably supersaturated, or unstable
with respect to CaOx or the stone-forming calcium phosphate
crystals (brushite, octacalcium phosphate, hydroxyapatite, and
apatite). However, most of the time, it is metastably supersat-
urated and, particularly for brushite, close to the FP.

Factors Influencing Urinary Supersaturation

The multiple factors influencing urinary supersaturation in a
clinical setting are shown in Table 26-2. The renal excretion
of calcium salts that precipitate and take part in stone for-
mation is a primary determinant of urinary supersaturation.
Thus, urinary volume, calcium, oxalate, and phosphate ions
all participate in the risk of calcium stone formation. In addi-
tion, binding of calcium and oxalate to cells, or the solid phase,
and urine pH (which influences relative amounts of monohy-
drogen phosphate and dihydrogen phosphate), drastically alter
free-ion concentrations and have great importance in regulat-

FIGURE 26-1. A solution containing calcium salt (a calcium salt con-
sists of cations, C2+, and anions, A2−) crystals is in equilibrium when
the crystals neither grow nor shrink. At this point, the product of the
free-ion concentration (activity product) is the equilibrium solubility
product (SP) of the salt.

ing saturation—at least equal to the role of the total concen-
trations of the respective substances. This is the reason why
hypercalciuria, oxaluria, unduly alkaline urine, and low uri-
nary volumes are not sufficient to ensure that stones will form
in and of themselves. Binding of the components of calcium
salts also complicates the measurement of urine saturation and
simple concentration measurements give only small clues to
actual free-ion activity products.

Alternative substances to calcium salts may be considered
as inhibitors of urinary saturation and contribute to the ability
of urine to hold salts in solution to a much greater extent than
does a simple aqueous solution. The known inhibitors of uri-
nary saturation include the divalent cation magnesium, which
forms oxalate, and phosphate salts, which are more soluble
compared to those of calcium. In addition, citrate and sul-
fate are anions with which calcium forms soluble complexes
as alternatives to phosphate or oxalate. Urine also contains
substances to which calcium binds, thereby reducing the free-
ion activity. Pyrophosphate, nephrocalcin, and osteopontin are
other inorganic and organic crystal inhibitory calcium-binding
sites and are discussed in greater detail later in this chapter. In
addition, certain substances to which calcium salts may com-
plex actually promote precipitation. In this category, uric acid
and sodium urate are found. These substances are also dis-
cussed later in this chapter.

Measurements of Urinary Supersaturation

Because simple concentration measurements provide few clues
to the activity of specific ions in urine, several strategies have
been designed to estimate urinary supersaturation (22–24).
These approaches are computer-based calculations of urinary
free-ion activity for calcium, oxalate, and phosphate derived
from their concentrations and their known tendencies to form

FIGURE 26-2. When calcium salts are added to a solution, precipita-
tion (nucleation) does not occur until free-ion activity products well
above the SP are reached. The activity product at which solid phase
begins to form is the formation product (FP).
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TA B L E 2 6 - 2

FACTORS AFFECTING URINARY SUPERSATURATION
IN THE CLINIC

Renal excretion rates
Calcium
Oxalate
Phosphate
Protons
Water

Inhibitors
Magnesium
Citrate
Nephrocalcin
Osteopontin
Tamm-Horsfall protein
Others (pyrophosphate, glycosaminoglycans)

Promoters
Uric acid, urate
Altered epithelial calcium oxalate binding

soluble complexes with each other and with other ligands, such
as citrate and sulfate. A calculated free-ion activity product,
such as the CaOx ion product, when divided by the corre-
sponding equilibrium SP, yields an activity product ratio (APR),
which estimates the degree of saturation (Fig. 26-3). A ratio
above 1 indicates urinary supersaturation. Ratios below 1 rep-
resent undersaturation. The upper limit of metastable supersat-
uration can be determined by raising the APRs to the point at
which precipitation or solid-phase formation begins to appear.
The APR at this point is called the formation product ratio
(FPR) (22). Pak and Holt (25) modified the approach to mea-
suring urinary supersaturation by adding seed crystals to urine
and incubating for 2 days at 37◦C, with stirring at constant
pH. The ratio of concentration products at the start and end of
the incubation must equal the APR, even though the concen-
tration products themselves do not equal the activity products.
Pak and Holt (23,25) show that the assumption of stable activ-
ity coefficients is valid, so that that the empirical concentration
product ratio is a valid estimate of the APR, within limits.

Observations of Urinary Supersaturation

Several investigators (26–30) with varying approaches have
accumulated evidence indicating that urine from stone form-

FIGURE 26-3. The calculated activity product of a calcium salt fac-
tored by its solubility product (SP) yields a ratio (R) describing under-
saturation (<1), saturation (1), metastable supersaturation (>1), and
the formation product ratio (FPR) at the point when the solid phase
begins to form. The FPR determined for calcium oxalate (CaOx) by
Pak and Holt (25) was 11 ± 3.

ers is more supersaturated than normal (Table 26-3). Because
of differences in methodology, the absolute values of activ-
ity products differ among investigators. However, stone for-
mers, whether hypercalciuric or normocalciuric, had higher
average values of urine saturation than did those who did
not form stones. This held whether saturation was measured
with respect to CaOx, brushite, octacalcium phosphate, or
hydroxyapatite.

An important observation common to approaches both
with and without the use of seed crystals is that activity prod-
ucts of normal urine, on average, are above the equilibrium SP
(Fig. 26-2) or oversaturated, except with respect to brushite. In
the data from Pak and Holt (25,29) and Weber (30), this is a
visible fact: Added crystals grew in urine from most normal per-
sons. The use of urine measurements to assess supersaturation
may be insufficient to reveal the full crystallization potential
that exists in the renal tubule. Hautmann and colleagues (31)
studied the calcium and oxalate concentrations in tissue from
cortex, medulla, and papillae of human kidneys. The CaOx
concentration product in the papillae exceeded that of urine
and the concentrations in the medulla and cortex. If the high
chemical concentration product in the papillae reflects a high
free-ion product in tubular fluid or interstitium, CaOx crystal-
lization in this region may occur more rapidly than would be
predicted from the ion product of the final urine.

Formation Products

The urinary APR at which the urine produces new crystals
has been measured for CaOx and brushite for those with no
signs of stone formation and hypercalciuric, normocalciuric,
and hyperparathyroid stone formers. Surprising variability was
reported by Pak (29) (Fig. 26-4). However, the APR at the limit
of metastability, the FPR, is higher in normal urine than in
urine from stone formers. Furthermore, the FPR in urine from
patients with hyperparathyroidism may be below the value ob-
served for simple aqueous salt solution. This low value of FPR
suggests facilitation of crystal formation. This type of data from
several investigators yielded several conclusions. The first is
that urine is abnormally supersaturated in stone formers. The
values of APRs lie close enough to the FPR, at least for CaOx,
so that new crystal formation would be expected. Most urine,
even from those without stone formations, is metastably su-
persaturated with respect to CaOx, so that growth of crystal
nuclei into a significant mass is predictable.

Homogeneous Versus Heterogeneous Nucleation

Nucleation, the initial precipitory event in stone formation,
may be homogeneous or heterogeneous. In an unstable solu-
tion, crystals form spontaneously by homogeneous nucleation.
Much higher levels of supersaturation are required to produce
homogeneous nucleation than heterogeneous nucleation (32).
The latter occurs in metastably supersaturated urine as certain
macromolecules, or other crystals that can act as nuclei, stimu-
late precipitation. Because urine contains a number of macro-
molecular and cellular degradation products, crystallization is
most often heterogeneous (32,33).

The efficiency of heterogeneous nucleation depends on the
similarity between the spacing of charged sites on the pre-
formed surface and the spacing in the lattice of the crystal that
is to grow on that surface. This matching is referred to as epi-
taxis, and its extent is usually referred to as a good or poor
epitaxial relationship (34). A number of urine crystals have
good epitaxial matching and behave toward one another as
heterogeneous nuclei. Monosodium urate and uric acid are ex-
cellent heterogeneous nuclei for CaOx (35,36). Thus, uric acid
or urate could, by crystallization, lower the FPR for CaOx.
Heterogeneous nucleation is thought to play a role in linking
hyperuricosuria to CaOx stones (37–41), a matter discussed
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TA B L E 2 6 - 3

URINE CALCIUM OXALATE AND CALCIUM PHOSPHATE ACTIVITY PRODUCT
RATIOS (APRs) IN NORMAL SUBJECTS AND IN STONEFORMERSa

Hypercalciuric stone TCH normocalciuric
Normal subjects formers TCH stone formers

Calcium oxalate monohydrate
Robertsonb 3 ± 1.2 to 10.7 ± 1.3 5.5 ± 1.3 to 18.2 ±

1.3
—

Pakc 1.45 ± 0.70 2.8 ± 1.4 2.2 ± 6.1
Weberd 1.97 ± 0.90 3.3 ± 2.2 2.2 ± 1.0
Brushite
Pake 0.35 to 0.26 1.74 ± 0.79 0.9 ± 0.5
Marshall f 1.15 ± 0.60 1.35 ± 0.70 4 ± 1.4
Octacalcium

phosphate
63 79 200

Hydroxyapatite 4.6 × 105 9.1 × 105 2.9 × 108

aAll values are means ± standard deviations.
bFrom: Lonsdale K. Human stones. Science 1968;159:1199; Robertson WG, Peacock M, Nordin BEC.
Activity products in stone-forming and non-stone-forming urine. Clin Sci 1968;34:579; Robertson WG.
Saturation inhibition index as a measure of the risk of calcium oxalate stone formation in the urinary tract.
New Engl J Med 1976;294:249; and Marshall RW. The relationship between the concentration of calcium
salts in the urine and renal stone composition in patients with calcium-containing renal stones. Clin Sci
1972;43:433; values of APR were calculated from activity products; the equilibrium solubility product (Ksp)
was taken as 1.7 × 10−9 m2.
cFrom: Pak CYC. Effects of orthophosphate therapy on the crystallization of calcium salts in urine. Miner
Electrolyte Metab 1978;1:147; values of APR were measured by experiments.
dFrom: Weber DV. Urinary saturation measurements in calcium nephrolithiasis. Ann Intern Med
1979;90:180; values of concentration product ratio (CPR) (see text) were measured by seeding experiments.
eFrom: Pak CYC, Holt K. Nucleation and growth of brushite and calcium oxalate in urine of stone-formers.
Metabolism 1976;25:665; Ksp of brushite was taken as 9.32 × 10−7 m2; values of APR were calculated.
f From Marshall RW. The relationship between the concentration of calcium salts in the urine and renal stone
composition in patients with calcium-containing renal stones. Clin Sci 1972;43:433; Ksp of octacalcium was
taken as 2.3 × 10−18 m2 and of hydroxyapatite as 1.1 × 10−56 m2; values of APR were calculated.
(Modified from: Coe FL, Favus MJ. Nephrolithiasis. In: Brenner BM, Rector FC Jr., eds. The kidney, 2nd ed.
Philadelphia: Saunders, 1991, with permission.)

later in this chapter. Epitaxial overgrowth of CaOx on a sur-
face of uric acid has been experimentally documented (42). At
a pH above 6.9, brushite may transform to hydroxyapatite,
which can serve as a nucleus for CaOx (43). Based on obser-
vations that calcium phosphate is the most common crystal in
human urine (44), is ubiquitous in human urinary stones, and
is often seen at the center of mixed CaOx/calcium phosphate
urinary stones (45), nucleation of CaOx crystals is proposed
to be induced by calcium phosphate (1,16). In addition, both
apatite and brushite crystals induce crystallization of CaOx in
vitro from metastable solutions of CaOx (46,47). The other
possible epitaxial relationships have not yet been linked ex-
plicitly to particular varieties of stone disease (48). However,
the low FPRs in primary hyperparathyroidism suggest that het-
erogeneous nucleation may be occurring.

Crystal Growth

Once present, crystal nuclei grow if suspended in urine with an
APR above 1 (Fig. 26-3). Crystal growth is critical to stone dis-
ease, as microscopic nuclei are too small to cause obstruction.
Crystals are regular lattices, composed of repeating subunits,
and they grow by incorporation of calcium and oxalate, or
phosphate, into new subunits on their surfaces. In metastable
solutions at 37◦C, growth rates of CaOx and the stone-forming
calcium phosphate crystals are rapid. Appreciable changes in
macroscopic dimensions occur over hours to days. Growth rate
increases with the extent of oversaturation and tends to be most
rapid in urine having the highest APR.

Factors Influencing Crystal Growth

In urine, the upper limit of metastability is higher and crystal
growth rates lower than in a salt solution with the same APR.
The nature of the materials that confer crystal growth rate
inhibition on urine is not completely known. Crystal growth
inhibitors for calcium phosphate crystals may not be the same
as the substances that affect CaOx crystal growth.

Inorganic pyrophosphate increases the FPs of calcium phos-
phate and CaOx in salt solutions and by absorbing their sur-
faces, retards the growth of hydroxyapatite (41) and CaOx
crystals (43). Urinary pyrophosphate concentrations range
from 20 to 40 μM in adults. This concentration is sufficient
to inhibit crystal growth (49). Fleisch and Bisaz (40) sug-
gest that urine raises the FP for calcium phosphate above the
level expected from the pyrophosphate it contains. They sug-
gest that other inhibitors accounted for approximately 50%
of the total inhibition of calcium phosphate crystal growth.
Smith and colleagues (50) have produced similar estimates.
Bisaz (51) suggests that pyrophosphate, citrate, and magnesium
ions contribute about 77% of the total calcium phosphate—
pyrophosphate contributes insignificantly to CaOx crystal
growth inhibition.

Inhibitors of Calcium Oxalate Crystal Growth

Some progress has been made describing the urinary inhibitors
of CaOx crystal growth. The studies of Robertson and asso-
ciates (53,54) suggesting that a urinary proteoglycan may sig-
nificantly contribute to CaOx crystal growth inhibition have



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-26 Schrier-2611G GRBT133-Schrier-v4.cls July 11, 2006 15:12

Chapter 26: Nephrolithiasis 721

FIGURE 26-4. Formation product ratios (FPRs) for calcium oxalate
(CaOx) and brushite of urine from normal subjects and stone formers.
Each point shows the value for a single urine sample. For an aqueous
solution, the activity product ratios at which spontaneous crystalliza-
tion of CaOx and brushite occurs, the so-called FPRs, are shown by
dotted lines at 8 and 3.6, respectively. C, control subject; AH-1 and
AH-2, severe and mild absorptive hypercalciuria; NN, normal calci-
uric stone formers; PHPT, primary hyperparathyroidism. Mean values
in standard deviations (SD) are shown by horizontal lines. (From: Pak
CYC, Holt K. Nucleation and growth of brushite and CaOx in urinary
stone-formers. Metabolism 1976;25:665, with permission.)

not been further supported. Strongly acidic peptides, such as
nephrocalcin and osteopontin have been described as impor-
tant inhibitors of CaOx crystal growth (49,55–59). Strongly
acidic peptides, such as poly-L-aspartate and poly-L-glutamic
acids inhibit CaOx crystal growth and urine appears to con-
tain several glycopeptides unusually rich in these two amino
acids. Two of the best known of these are nephrocalcin and
osteopontin (59). Treatment of urine with nonselective pro-
teases diminishes the inhibition of CaOx crystal growth (49),
which may be related to urinary glycoproteins. Nephrocalcin
contains γ -carboxyglutamic acid (Gla) and is an amphiphilic
molecule with a molecular mass of about 15 kDa. It tends to
self-aggregate into a series of higher molecular-mass polymers
(55,56).

Nephrocalcin from stone formers lacks the Gla residues,
which is associated with a loss of ability to form stable film at an
air–water interface, perhaps reflecting decreased amphiphilic-
ity. The nature of the molecular abnormality leading to de-
creased inhibition of CaOx crystal growth is unknown. A sep-
arate abnormality in nephrocalcin has been identified from the
urine of patients with X-linked recessive nephrolithiasis (60).
Nephrocalcin from affected males and carrier females with X-
linked recessive nephrolithiasis is poorly phosphorylated, with
decreased ability to inhibit crystal growth.

Osteopontin (OPN) is a more recently isolated CaOx crys-
tal growth inhibitor (57). Expression of OPN under basal con-
ditions is limited to bone matrix, kidney, inner ear, decidual
glands, and smooth muscle (61). OPN is found in breast milk

and serum (62,63). It is expressed in response to various mi-
togens and growth factors, including phorbol esters and trans-
forming growth factor-beta (TGF-β) (64,65) and is also ex-
pressed by cells in response to injury. Kleinman (66) finds
that renal tubular OPN expression increases markedly after
ischemic injury. However, OPN excretion is not decreased in
renal stone formers. It appears that the level of phosphoryla-
tion is the critical issue in regards to the function of OPN as
a urinary crystal inhibitor (59). The full OPN protein is not
required for functional activity. Small domains of the OPN
primary sequence were able to independently inhibit calcium
oxalate monohydrate (COM) crystal growth. The phospho-
rylated OPN peptides are potent inhibitiors of COM crystal
growth, but not COM crystal aggregation (59). The extent of
phosphorylation of OPN is responsive to hormonal influences,
such as those of vitamin D (67). The role of OPN in the kid-
ney is not fully understood, although it is protective against
CaOx monohydrate crystal aggregation and retention in the
kidney as demonstrated by studies in OPN null mice, genetic
hypercalciuric stone-forming rats, and humans (68,69).

The role of OPN in biology is complex (70). It is an osteo-
clast autocrine-regulating motility and bone resorption (71).
OPN is a ligand for the cell surface receptors of αvβ3 and CD44,
and stimulates osteoclast signal transduction upon binding
(71,72). In the kidney αvβ3 is found largely on the basolateral
surface of the distal nephron (73), and CD44 localization is un-
known, whereas OPN is secreted mainly by the thick ascending
limb into the tubular fluid at the luminal surface of the epithe-
lial cell. OPN is structurally related to proteins found in other
mineralized tissues, notably mollusk shells, which have con-
trasting effects on crystallization, depending on whether they
are in solution or immobilized on a surface. When in solution,
these proteins inhibit calcite, CaOx, and apatite crystal growth
(74). However, if these proteins are immobilized on a support
before incubation with a supersaturated solution of the min-
eral phase, they are able to initiate crystal nucleation in specific
orientations (75). It is believed that OPN serves as a modulator
of crystallization and is important for ordered crystal structure
of the bone (76). In its phosphorylated state, it inhibits and,
thereby, regulates apatite formation (77). OPN is also found
in association with the pathologic calcification of stone matrix
(78) and atherosclerotic plaques (64,64,79). Phosphorylation
of OPN renders it inhibitory to vascular calcification (80) and
skeletal mineralization (76)

Tamm–Horsfall protein (THP) is the major urinary glyco-
protein of normal urine. THP from stone formers is abnormal,
having a higher tendency to aggregate under conditions of in-
creased ionic strength and low pH (81). Normal THP is an
inhibitor of crystal aggregation, but THP from stone formers
is less active in preventing aggregation and, under some con-
ditions, THP from stone formers may promote the formation
of crystal aggregates, especially in the presence of high concen-
trations of calcium. The structural abnormalities responsible
for impaired inhibitory activity are not completely understood
(82). One study demonstrated that Tamm-Horsfall glycopro-
tein and citrate concentrations are linearly related to CaOx
monohydrate agglomeration inhibition (83). The effects of the
two substances are synergistic. Tamm-Horsfall glycoprotein re-
moval from the urine dramatically reduced CaOx agglomera-
tion (83).

Hallson and Rose (84) suggested that certain materials in
urine, which they refer to as uromucoids, might promote cal-
cium phosphate crystallization and aggregation. The signifi-
cance of these findings is unclear. Of greater interest, urate an-
ions in urine appear to bind and adsorb inhibitor substances,
suggesting that hyperuricosuria could promote CaOx stones by
reducing levels of urine crystal growth inhibitors (53). When
incubated in vitro, monosodium urate is able to bind heparin,
a potent proteoglycan inhibitor of CaOx crystallization (85).
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TA B L E 2 6 - 4

PATHOGENETIC MECHANISMS IN SOME ESTABLISHED FORMS
OF CALCIUM NEPHROLITHIASIS

Mechanisms

Reduced
Heterogeneous inhibition of

Overexcretion nucleation stone formation

Idiopathic hypercalciuria + − Unknown
Primary hyperparathyroidism + + −
Hyperuricosuria − + +
Renal tubular acidosis + Unknown +
Hyperoxaluria + − +
No detectable metabolic abnormality − − +

This demonstrates that at least one specific polyanion inhibitor
could be adsorbed by a solid phase of uric acid.

Relationship of Oversaturation and Crystal Growth
Inhibition to Clinical Nephrolithiasis

The force that drives calcium salts out of solution, into the
solid phase, is oversaturation. Compared to homogeneous nu-
cleation, heterogeneous nucleation facilitates stone formation
by decreasing the degree of oversaturation required for nu-
cleation. Inhibitors, such as magnesium, pyrophosphate, os-
teopontin, and nephrocalcin suppress nucleation, increase the
supersaturation needed to produce the solid phase, and retard
the growth of nuclei already formed. In the most important
stone-forming conditions, oversaturation, heterogeneous nu-
cleation, and reduced inhibitors have documented, or at least
postulated, roles that vary from one disease to another (Table
26-4). Treatment is often successful in reversing stone forma-
tion by eliminating the disturbances that enhance the risk of
stones or, in some cases, by introducing secondary biochemical
changes that compensate for the underlying defect.

Oversaturation occurs in idiopathic hypercalciuria, primary
hyperparathyroidism, and hyperoxaluria because of overexcre-
tion (Table 26-4). Both hypercalciuria and phosphaturia occur
in renal tubular acidosis (RTA). Oversaturation with respect to
calcium phosphate salts, which make up most of the stones in
RTA, is also increased by an alkaline urine and by low levels
of urinary citrate, an important calcium-binding agent.

The finding of urine formation products below those of sim-
ple salt solutions provides evidence for heterogeneous nucle-
ation in hyperparathyroidism. The basis for this finding is un-
known. Hyperuricosuria is thought to engender urine crystals
of uric acid or sodium hydrogen urate, which are efficient het-
erogeneous nuclei for CaOx (35,36,38). It is uncertain whether
these crystals are in a gel state (53).

Low levels of urine inhibitors have been demonstrated in
some hypercalciuric and normocalciuric stone formers (27).
Robertson (27) reports lower inhibitor levels in hyperuricosuric
stone formers. In general, the levels of crystallization inhibitors
in the urine of stone formers differ from those in non–stone
formers and, consequently, their urine samples can be distin-
guished from samples of normal people more reliably when
inhibitor content is measured than by the use of supersatura-
tion measurements alone (Fig. 26-5). This fact highlights the
presence of low inhibitor levels in stone-forming patients and
suggests that inhibitors are very important in preventing stones.

More recent measurements of urinary inhibitors of CaOx
monohydrate crystal growth show that the lowest inhibitor
levels occur in patients with hypercalciuria, but not hyperuri-

cosuria (85), and that samples from normal subjects can be
distinguished from those of stone formers no more reliably by
a combination of inhibitor and supersaturation measurements
than by measurements of inhibition alone. Nephrocalcin from
urine of stone-forming patients (86) or CaOx stones (87) seems
abnormal; it lacks Gla and forms weak air–water films. The
difference between these results and those of Robertson (27)
is probably related to differences in methodology. Hallson and
Rose (84) present additional evidence that inhibitors of crystal-
lization are functionally important and differ in stone formers
from those in normal subjects.

Classification of Calcium Nephrolithiasis
by Urinary Chemistries

In Table 26-5 are shown the classifications of biochemical
and physical disturbances that contribute to the formation of

FIGURE 26-5. Saturation-inhibition index of urine from stone form-
ers in normal subjects. The ability of dilute urine to prevent crystal
aggregation in an in vitro system (inhibitory activity) is shown as a
function of relative supersaturation with respect to calcium oxalate
(CaOx) (x axis). A value of 1.0 represents the saturation at the level
of the formation product (FP); a value of 0.1 would be near the solu-
bility product. Stone formers (solid circles) and normal subjects (open
circles) fall into separate zones; the dotted line, obtained by statistical
analysis, is the best plane of separation. (From: Robertson WG, Pea-
cock M, Marshall RW, et al. Saturation inhibition index as a measure
of the risk of calcium oxalate stone formation in the urinary tract. N
Engl J Med 1976;294:249, with permission.)
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TA B L E 2 6 - 5

URINARY CHEMISTRIES IN EVALUATION OF NEPHROLITHIASISa

Seltzer and Hruska (89) Levy et al. (88) University of
Jewish Hospital Texas Southwestern

(N = 587) (N = 1270)

Sole Combined Sole Combined
Category occurrence (%) occurrence (%) occurrence (%) occurrence (%)

Hypercalciuria 14 51 — —
Male (>250 mg/24 hr) 8 34 — —
Female (>225 mg/24 hr) 6 17 — —
Absorptive hypercalciuria — 37 6.1 23.1
Fasting hypercalciuria — 14 4.3 13.9
Renal hypercalciuria — 1 0.3 1.3
Renal phosphaturia — 2 2.1 7.6
Primary hyperparathyroidism — 1 0.8 1.3
Hyperuricosuria 8 42 — —
Male (>0.75 g/24 hr) 6 30 — —
Female (>0.70 g/24 hr) 2 12 — —
Hyperuricosuric calcium nephrolithiasis — — 8.3 27.6
Gouty diathesis — — 3.1 6.9
Hypocitraturia 9 34 — —
Male (<250 mg/24 hr) 5 18 — —
Female (<300 mg/24 hr) 4 16 — —
Complete distal RTA — — 0.08 0.16
Incomplete distal RTA — — 0.0 1.1
Chronic diarrheal syndrome — — 0.2 1.8
Idiopathic — — 3.5 24.4
Hyperoxaluria (>40 mg/24 hr) 8 34 — —
Enteric hyperoxaluria — — 0.2 1.4
Primary hyperoxaluria — — 0.0 0.4
Dietary hyperoxaluria — — 0.4 5.7
Hypomagnesuria (<5 mEq/24 hr) 5 26 0.3 6.5

(<50 mg/24 hr)
Low urinary volumes (<1,500 ml/24 hr) 26 61 1.7 13.5

(<1,000 ml/24 hr)
No diagnosis/difficult to classify — 2 — 4.0

aRTA, renal tubular acidosis.The category definitions in the table refer to Jewish Hospital and Washington University, St. Louis. Criteria for the
University of Texas Southwestern data are provided in the text.

calcium stones, based on two surveys from the mid-
1990s (88,89). A number of specific disturbances have
the potential to create an environment conducive to re-
nal stone formation. Several investigators utilize the pres-
ence of such disturbances as the basis for diagnostic cat-
egorization of nephrolithiasis (18,88,89). In 1980, based
on ambulatory evaluations of patients with nephrolithia-
sis, Pak (90) reported ten metabolic etiologies compos-
ing four types of hypercalciuria hyperuricosuria, hyperox-
aluria, RTA, uric acid stones, and infection stones. Pak
reported an 11% incidence of finding no metabolic abnormal-
ities (90). Since 1980, the understanding of the pathophysiol-
ogy of renal stone disease has progressed. As shown in Ta-
ble 26-5, in large series, more than 15 etiologic categories
of nephrolithiasis have been described. A single diagnosis is
found in the minority of patients, while approximately 60%
have more than one diagnosis. The finding of no metabolic
abnormality has been reduced to the range of 2% to 4%
of patients with nephrolithiasis. Hypercalciuric nephrolithiasis
accounts for about 60% of the patients. Hyperuricosuria asso-
ciated with calcium nephrolithiasis can be subdivided into hy-
peruricosuric calcium nephrolithiasis and patients with gouty
diathesis. Hyperoxaluric calcium nephrolithiasis, which occurs
in about 8% of patients with recurrent stones, has been sub-

divided into enteric, primary, and dietary variants. Hypocitra-
turic calcium nephrolithiasis, which affects about 30% of pa-
tients in its idiopathic variant, is also associated with incom-
plete RTA and chronic diarrheal syndrome. Hypomagnesiuric
calcium nephrolithiasis, infection stones, and cystinuria are un-
common, accounting for 7%, 6%, and 1% of patients, respec-
tively. The acquired problem of low urinary volume, less than
1 L/day, according to Levy and colleagues (88), and less than
1.5 L/day, according to Seltzer and Hruska (89), is the single
most common abnormality.

The description of clinical subtypes that follow represents
the minimal diagnostic criteria utilized to establish the presence
of the entities listed in Table 26-5 according to Hruska and
Seltzer.

Absorptive Hypercalciuria Type I

Diagnostic criteria include: calcium nephrolithiasis, normo-
calcemia, normophosphatemia, hypercalciuria (>200 mg/day)
on a calcium-restricted diet, normal fasting urinary calcium
(<0.11 mg/dL glomerular filtrate [dL GF]), exaggerated calci-
uric response to an oral calcium load (>0.20 mg urinary cal-
cium/mg urinary creatinine), and normal to suppressed serum
parathyroid hormone (PTH) function (Fig. 26-6) (91–98).
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FIGURE 26-6. Pathogenesis of absorptive hypercalciuria. Intestinal
hyperabsorption of calcium leads to an increase in serum calcium and
a reduction of parathyroid hormone (PTH). The increase in the filtered
load of calcium and the reduced calcium reabsorption produced by loss
of PTH activity lead to hypercalciuria.

Absorptive Hypercalciuria Type II

Criteria are same as for type I, except for normal urinary cal-
cium (<200 mg/day) on the restricted diet (91–97,99).

Absorptive Hypercalciuria Type III
(Renal Phosphaturia)

Diagnostic criteria are characterized as similar to type I, ex-
cept for persistent severe hypophosphatemia (2.0 mg/dL or less)
(Fig. 26-7) (100).

Sodium-Linked Phosphate Transporter

Low serum phosphate concentrations owing to a decrease in
renal phosphate reabsorption occur in some patients with re-
nal calcium stones and/or bone demineralization. Two different
heterozygous mutations in the sodium-linked phosphate trans-
port protein encoded by the NPT2a gene have been associated
with this disorder (101).

Renal Hypercalciuria

Diagnostic criteria include calcium nephrolithiasis, normocal-
cemia, normophosphatemia, hypercalciuria on the restricted
diet, elevated fasting urinary calcium (>0.11 mg/dL GF), and
elevated serum PTH (Fig. 26-8) (102).

Primary Hyperparathyroidism
(Resorptive Hypercalciuria)

Criteria for diagnosis include: nephrolithiasis, hypercalcemia,
hypercalciuria, and high serum PTH with surgical confir-
mation of abnormal parathyroid tissue (Fig. 26-9) (91–
94,96,103,104).

Fasting Hypercalciuria and Elevated Fasting
Urinary Calcium

Calcium nephrolithiasis and hypercalciuria on the restricted
diet that can be categorized into a resorptive form because of
fasting hypercalciuria. Fasting hypercalciuria is further charac-
terized by normal to suppressed parathyroid function, eliminat-

FIGURE 26-7. Renal phosphaturia. Hypophosphatemia leads to in-
creased production of 1,25(OH)2D3, intestinal hyperabsorption of cal-
cium, and increased skeletal calcium mobilization. As a result, hyper-
calciuria develops.

FIGURE 26-8. The pathogenesis of renal hypercalciuria. Defective re-
nal calcium reabsorption leads to hypocalcemia and a stimulation of
parathyroid hormone (PTH) secretion. The latter increases the pro-
duction of 1,25(OH)2D3, stimulating calcium absorption and leading
to hypercalciuria. The hypercalciuria, in turn, compensates for the re-
duction in serum calcium, but compensation never completely restores
normal calcium, and elevated PTH values are required in this syn-
drome.

ing renal calciuria, normocalcemia, and normophosphatemia
(>2.0 mg/dL).

Hyperuricosuric Calcium Nephrolithiasis (HUCN)

The diagnostic criteria for hyperuricosuric calcium nephrolithi-
asis (HUCN) include: calcium nephrolithiasis, hyperuricosuria
(>700 mg/day for females; >750 mg/day for males), and, fre-
quently, a low urinary pH of <5.5 (38,105,106).

Gouty Diathesis

Criteria include uric acid or calcium nephrolithiasis and low
urinary pH (<5.5) in the absence of excessive gastrointesti-
nal alkali losses (107–109) or animal protein excess. Hyper-
uricemia, hypertriglyceridemia, and a history of gouty arthritis
may be present.

Hyperoxaluric Calcium Nephrolithiasis

Criteria include calcium nephrolithiasis and hyperoxaluria
(>44 mg/day). The three forms of hyperoxaluric calcium
nephrolithiasis are:

1. Enteric hyperoxaluria, defined as the presence of ileal dis-
ease (Crohn’s disease, ulcerative colitis, jejunoileal bypass,
or intestinal resection), or fat malabsorption with hyperox-
aluria on the random and restricted diets (110–113).

2. Primary hyperoxaluria, consisting of marked hyperoxaluria
(>80 mg/day) without evidence of bowel disease, high-
oxalate diet, low-calcium diet, treatment with calcium-
binding agents, enhanced oxalate absorption, or high doses
of vitamin C (114).

3. Dietary hyperoxaluria, marked by high-oxalate diet, hyper-
oxaluria on a random diet, and normal urinary oxalate ex-
cretion on the restricted diet (113,115,116).

Enteric hyperoxaluria is typically associated with hypocitra-
turia because of intestinal loss of HCO3, low urinary volume,
and low normal urinary calcium excretion.

FIGURE 26-9. Pathogenesis of hypercalciuria and primary hyper-
parathyroidism. Excess secretion of parathyroid hormone (PTH) stim-
ulates bone remodeling and elevations of 1,25(OH)2D3 and calcium
absorption. The resultant increase in serum calcium leads to an increase
in the filtered load of calcium. The latter overwhelms the stimulation
of renal tubular calcium transport by PTH, and hypercalciuria results.
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Hypocitraturic Calcium Nephrolithiasis

Diagnostic criteria include calcium nephrolithiasis and hypo-
citraturia (<320 mg/day) [108] that compose:

1. Distal RTA, characterized by systemic metabolic acidosis
or defective urinary acidification following an ammonium
chloride load and urinary pH above 6.5. The acidosis is a hy-
pokalemic, hyperchloremic nonunion-gap metabolic acido-
sis (116). In the complete form, metabolic acidosis is present
before an ammonium chloride load, whereas in the incom-
plete form, urinary acidification following an ammonium
chloride load is impaired despite normal serum electrolytes
before the load.

2. Chronic diarrheal syndrome, defined as chronic diarrhea
with excessive alkali loss from various gastrointestinal dis-
orders (e.g., gastric resection, ileal disease, Crohn’s disease,
and ulcerative colitis) (117).

3. Idiopathic hypocitraturia of unknown etiology.

Hypomagnesiuric Calcium Nephrolithiasis

Criteria for diagnosis include: nephrolithiasis, hypomagnesuria
(<50 mg/day) on the random diet, and absence of a diarrheal
disorder (118).

Infection Stones

Criteria for diagnosis include struvite or carbonate-apatite
nephrolithiasis (119).

Cystinuria

Diagnosis is based on cystine nephrolithiasis and urinary cys-
tine level higher than 200 mg/day (120).

Low Urine Volume

Diagnosis is based on calcium or uric acid nephrolithiasis and
urine volume less than 1 L/day (121).

Lack of Metabolic Abnormality

This is attributed to calcium nephrolithiasis and a normal bio-
chemical evaluation (122).

Difficult Classification

Those that fall into this category are generally nephrolithiasis
with recognized stone risk factors (123). A definitive diagnosis
cannot be made because of borderline or inconsistent labora-
tory values or to the absence of critical data (e.g., stone analysis
or roentgenographic visualization).

HYPERCALCIURIC
NEPHROLITHIASIS

The majority of patients with calcium nephrolithiasis exhibit
hypercalciuria (Table 26-5) and have idiopathic hypercalciuria,
which is a term used to describe recurrent nephrolithiasis asso-
ciated with hypercalciuria, and is probably a distinct entity.
However, most of the data suggest that multiple metabolic
abnormalities besides excess calcium excretion contribute to
nephrolithiasis associated with hypercalciuria. Furthermore,
there is a much higher incidence of idiopathic hypercalciuria
than nephrolithiasis in the general population (124). Several
estimates place the incidence of idiopathic hypercalciuria at
2% to 4% (56), while the incidence of nephrolithiasis is no
more than 0.5% to 1.0%. Between 40% and 50% of calcium
stone formers excrete excess calcium in their urine, defined as
more than 300 mg/24 hour (men), 250 mg/24 hour (women)

on ≥1000 mg calcium intake, or 4 mg/kg body weight/24 hour
(either sex). The term idiopathic hypercalciuria applies if the
serum calcium level is normal and sarcoidosis, RTA, hyper-
thyroidism, malignant tumors, rapidly progressive bone dis-
ease, immobilization, Paget’s disease, Cushing’s disease (or syn-
drome), and furosemide administration have been excluded.
Virtually all normocalcemic hypercalciuria encountered in pa-
tients with nephrolithiasis falls under the umbrella of “idio-
pathic hypercalciuria” (88).

Idiopathic Hypercalciuria

Idiopathic hypercalciuria is an inherited syndrome. Studies of
families of patients with hypercalciuric nephrolithiasis reveal a
high incidence of hypercalciuria in first-degree relatives (125).
The pattern of inheritance in consecutive generations with high
frequency is compatible with an inherited trait with the broad
characteristics of autosomal dominant transmission. This pat-
tern of inheritance was demonstrated in large kindred (126).
Hypercalciuria also occurs in children at the same rate as in
adults (127). Spontaneous hypercalciuria similar to that ob-
served in hypercalciuric nephrolithiasis of humans has been
demonstrated in the laboratory rat (69,128), which has become
an animal model of the human disorder.

The pathogenesis of idiopathic hypercalciuria involves ex-
cessive intestinal calcium absorption and depressed renal tubu-
lar calcium reabsorption (Fig. 26-6). The latter is largely due
to suppression of PTH (129,130) and can be considered as a
major factor in preventing hypercalcemia associated with in-
creased intestinal absorption. When placed on low-calcium di-
ets, patients with hypercalciuric nephrolithiasis often demon-
strate a negative calcium balance (131). This could be because
of defective renal tubular calcium reabsorption, but renal hy-
percalciuria should produce secondary hyperparathyroidism,
which is rarely observed (88,89). In addition, considerable ev-
idence indicates that PTH levels are suppressed and that the
negative calcium balance stems from excessive skeletal remod-
eling and bone resorption (129,130). The question of whether
depressed renal tubular calcium reabsorption greater than that
expected with PTH suppression contributes to the hypercal-
ciuria of nephrolithiasis remains unanswered. It is supported
only by data from a few patients in whom secondary hyper-
parathyroidism has been documented (see “Renal hypercalci-
uria” in Table 26-5).

In hypercalciuric calcium oxalate stone formers, the initial
site of calcium/phosphate crystal deposition is the basement
membrane of the thin limbs of Henle’s loop. There is sub-
sequent extension to the vasa section, then the interstitium
and, in the most severe cases, to the papillae. Alternatively,
in patients with hyperoxaluria secondary to intestinal bypass,
the initial crystals were again calcium/phosphate complex, but
these arose within the tubule lumens of terminal collecting
ducts. Non–stone formers, subjected to nephrectomy had nei-
ther plaque nor crystals. Thus, there are different sites of crys-
tallization depending upon the metabolic abnormalities leading
to stone formation.

In addition, in patients with idiopathic hypercalciuria, there
was evidence for crystal-induced cell injury in areas of dense
crystal deposition, while in the bypass patients there was not
only cell injury, but also cell death (16).

The genetically hypercalciuric stone forming rats sponta-
neously form calcium/phosphate stones unless their diet is aug-
mented with an oxalate precursor (132).

In the genetic hypercalciuric stone forming rats, calcium ox-
alate, but not calcium/phosphate, stones induce marked prolif-
eration of the urothelium resulting in sequestration of stones
(69).
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Thus, rats and humans appear protected against calcium
oxalate stone formation unless a nucleation site, such as the
calcium/phosphate crystal is present.

Absorptive Hypercalciuria

Increased intestinal absorption of calcium is a uniform finding
in patients with hypercalciuric nephrolithiasis (89) (Fig. 26-6).
At issue is whether increased absorption is the primary de-
fect or caused secondarily in the idiopathic hypercalciuric syn-
drome (Figs. 26-6 through 26-9). All forms of hypercalciuric
nephrolithiasis are associated with increased intestinal calcium
absorption. Those associated with intestinal calcium hyperab-
sorption on a secondary basis—renal hypercalciuria, primary
hyperparathyroidism, and renal phosphaturia—are relatively
uncommon forms of hypercalciuric nephrolithiasis. Further-
more, fasting hypercalciuria appears to be the expression of
increased skeletal remodeling and intestinal calcium hyperab-
sorption together. All of this indirectly suggests that a specific
problem producing intestinal calcium hyperabsorption is a ma-
jor, if not the basic, underlying defect in idiopathic nephrolithi-
asis.

Intestinal Calcium Absorption

Net calcium absorption is the difference between the mucosal
absorptive rate and the secretion of calcium into biliary, duode-
nal, and pancreatic fluids. While calcium absorption rates may
be measured using oral radiolabeled calcium, only overall bal-
ance studies in which fecal losses are measured can quantitate
net calcium absorption. The mucosal to serosal absorptive rate
is higher in patients with hypercalciuric nephrolithiasis than
in healthy individuals (94) (103,133–140) (Table 26-6), but

overlap is extensive. In six studies, individuals with no signs
of hypercalciuric nephrolithiasis absorbed an average of 27%
to 52% of an oral dose of radioactive calcium, whereas those
with hypercalciuric nephrolithiasis absorbed 22% to 80%. If
one chooses only the six studies incorporating normal control
subjects, the more efficient calcium absorption by hypercalci-
uric nephrolithiasis subjects is particularly evident. Increased
mucosal-to-blood transport of calcium, but not magnesium,
has also been demonstrated directly by in vivo jejunal perfu-
sion in hypercalciuric nephrolithiasis (97). The molecular and
electrophysiology of intestinal calcium transport is discussed in
Chapter 89. At normal calcium intakes, <1,500 mg/day, cal-
cium absorption in the duodenum and proximal jejunum is an
active process mediated by a mucosal membrane calcium pump
(ECaC) (141,142) and efficient cytosolic calcium-binding pro-
teins (calbindin) (143), both transcriptionally regulated by cal-
citriol. At high calcium intakes, passive transport mechanisms
in the more distal small bowel and colon may account for
most of calcium absorption as the proximal active calcitriol-
regulated mechanisms are suppressed.

In normal individuals, urine calcium excretion rises slowly
with net absorption (144) (Fig. 26-10), and calcium balance
is usually positive when the absorption rate exceeds 200 mg/
24 hour. At all levels of net absorption, urinary calcium excre-
tion was higher in hypercalciuric than in normal subjects, so
much so that none of the patient data fell within the 95% con-
fidence band derived from studies of normal individuals (Fig.
26-11). For example, in the range of 200 to 300 mg of net
calcium absorption, not one of 38 normal subjects excreted as
much as 300 mg of calcium in the urine, whereas 16 hypercal-
ciuric patients did (compare Figs. 26-10 and 26-11). In other
words, hypercalciuric nephrolithiasis subjects excreted in the
urine an abnormally high percentage of the calcium they ab-
sorbed from the intestine. This is compatible with suppression

TA B L E 2 6 - 6

INTESTINAL CALCIUM ABSORPTION IN NORMAL SUBJECTS AND PATIENTS WITH IDIOPATHIC
HYPERCALCIURIA

Dietary calcium absorbed (%)a

Reference (no.) Method Calcium intake (mg/24 hr) Normal subjects Idiopathic hypercalciuria

Caniggia et al. (134) Fecal 45Ca Free dietb None studied 22.0 (1)
Birge et al. (133) 47Ca, PO/IV 800 52.2 ± 13.2 (6) 58.5 ± 8.6 (4)
Wills (135) 47Ca, PO/IV 400 49.0 ± 10.0 (4) 76.0 ± 17.0 (5)
Pak (136) Fecal 47Ca 400 45.6 ± 9.0 (29) 69.7 ± 7.0 (9)

58.1 ± 13.0 (11)c

Pak et al. (94) Fecal 47Ca 400 50.0 ± 7.0 (20) 71.0 ± 7.0 (22)d

50.0 ± 17.0 (2)e

Ehrig et al. (137) 47Ca/45Ca, PO/IV 462–952 None studied 47.8 ± 11.0 (22) f

37.6 ± 11.0 (22)g

Kaplan (103) Fecal 47Ca 400 48.0 ± 8.0 (11) 80.0 ± 9.0 (211)d

73.0 ± 7.0 (3)e

Shen (138) 47Ca/45Ca, PO/IV Free dietb 27.0 ± 9.0 (14) 40.0 ± 9.0 (15)
Barilla (139) Fecal 47Ca 400 None studied 69.5 ± 6.4 (10)d

70.1 ± 10.4 (8)e

Zerwekh and Pak (140) Fecal 47Ca 400 None studied 69.0 ± 7.0 (11)d

68.0 ± 9.0 (10)d

aCa, calcium; PO, orally; IV, intravenously. Values are means ± standard deviations; numbers in parentheses represent numbers of patients studied.
bUsual diet, but not measured.
cEleven patients listed as having normocalcemic primary hyperparathyroidism may be considered hypercalciuric.
d“Absorptive” idiopathic hypercalciuria.
e“Renal” idiopathic hypercalciuria.
f Prior to therapy.
gThree to 16 months after administration of hydrochlorothiazide.
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FIGURE 26-10. Urinary calcium excretion as a func-
tion of net intestinal calcium absorption. Data are de-
rived from 6-day balance studies on 195 normal adults.
Each symbol represents individual subjects from dif-
ferent sources: circles, Knapp (274); squares, Lafferty
and Pearson (275); diamonds, Liberman et al. (276);
and triangles, Edwards and Hodgkinson (277). Open
figures represent women; solid figures represent men.
Solid lines represent mean and 2 SD. The dotted line
is the line of identity; points above the line reflect
negative calcium balance. (From: Coe FL, Favus MJ.
Nephrolithiasis. In: Brenner BM, Rector FC, eds. The
kidney, 2nd ed. Philadelphia: Saunders, 1991, with per-
mission.)

of renal tubular calcium transport rates by low levels of PTH.
Net absorption rates exceeded 200 mg/24 hour in 55 normal
subjects (Fig. 26-10). Urine calcium excretion was less than
net absorption; that is, calcium balance was positive in 48 sub-
jects. If a generous margin for error (50 mg/24 hr) is allowed
in the balance data, none of the 55 normal individuals were
in negative calcium balance. Among 37 hypercalciuric patients
with a calcium absorption rate above 200 mg/24 hour, how-
ever, calcium excretion exceeded net absorption in 23 patients
by more than 50 mg/24 hour (Fig. 26-11). In other words, neg-
ative calcium balance was frequent in idiopathic hypercalciuria
subjects, but not in normal individuals. This is compatible with
either reduced tubular reabsorption, which should produce el-
evated levels of PTH, or with excessive bone resorption. The
latter appears most likely.

Renal Tubular Calcium Reabsorption

Two systematic studies (145,146) have evaluated overall renal
fractional calcium reabsorption (Table 26-7). In both, the fil-
tered load of calcium was calculated from inulin clearance or
creatinine clearance and ultrafilterable serum calcium concen-
tration. The fraction of the filtered calcium load excreted was
calculated for several clearance periods in normal and hyper-
calciuric nephrolithiasis subjects. Fractional calcium excretion
was clearly high in the hypercalciuric nephrolithiasis subjects.
The effects of hydrochlorothiazide and acetazolamide on the
renal tubular handling of sodium, magnesium, and calcium
suggested to the authors a generalized defect in proximal tubu-
lar reabsorption (145–147). These studies did not examine
the role of suppressed or elevated PTH levels in the subjects
with hypercalciuric nephrolithiasis. The general finding of a

FIGURE 26-11. Urinary calcium excretion as a function of net
intestinal calcium absorption from 6-day balance studies per-
formed on 51 patients with idiopathic hypercalciuria reported
as follows: open circle, Nassim and Higgins (278); open square,
Henneman et al. (279); open squares with dot in center, Jackson
and Lancaster (280); open triangles, Harrison (281); open cir-
cles with dot in center, Dent et al. (282); open inverted triangles,
Parfitt et al. (283); closed diamonds, Edwards and Hodgkinson
(277); open diamonds, Liberman et al. (276); half-darkened
circles, Lemann (284). Solid lines represent mean and 2 SD de-
rived from balance studies from 195 normal adults, shown in
Figure 26-10. The dotted line is the line of identity, with posi-
tive calcium balance below the line. (From: Coe FL, Favus MJ.
Nephrolithiasis. In: Brenner BM, Rector FC, eds. The kidney,
2nd ed. Philadelphia: Saunders, 1991, with permission.)
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TA B L E 2 6 - 7

FRACTION OF FILTERED CALCIUM EXCRETED IN THE URINE BY NORMAL
AND HYPERCALCIURIC SUBJECTSa

Normal subjects Hypercalciuric subjectsb

Edwards and Hodgkinson (145) 0.94% (7) 2.94% (14), p <0.001
Peacock and Nordin (146) 1.27% (5) 4.25% (9), p <0.01

aNumber of subjects studied are shown in parentheses next to fractional excretion values.
bUrine calcium >300 mg/24 hr (men) or 250 mg/24 hr (women).

tendency for PTH levels to be suppressed and the rarity of sec-
ondary hyperparathyroidism call for a reexamination of the
issue regarding renal tubular calcium fluxes.

A rare syndrome, X-linked hypercalciuric nephrolithiasis
(XLHN) or Dent’s Disease is characterized by recurrent calcium
nephrolithiasis and has been found to be because of mutations
in a proximal tubular intracellular vesicle chloride transport
protein, CLCN5 (148–152). Two other types of hypercalciuric
nephrolithiasis, which map to the same defective gene on the
X chromosome (Xp11.22) as Dent’s disease, X-linked reces-
sive nephrolithiasis and recessive hypophosphatemic rickets,
are associated with inactivating mutations in CLCN-5 (148).

The CLC-5 gene is a member of a family of genes that en-
code voltage-gated chloride channels (149). CLC-5 is found
in the kidney tubules and in bone cells. All mutations in the
CLCN-5 gene found to date have been functional, with loss
of function manifested as a lowered conductance of the mu-
tated channel. CLC-5 is distributed in the human kidney in
the proximal tubule, in the thick ascending limb of the loop
of Henle, and in the α-type intercalated cells of the collecting
duct (149). These sites are where calcium is resorbed from the
filtrate. CLC-5 knockout animals are hypercalciuric and pro-
teinuric (150).

CLC-5 colocalizes with the vacuolar H+-ATPase in prox-
imal tubular cells and α-type intercalated cells. CLC-5 mu-
tations are associated with modifications in the polarity and
expression of H+-ATPase, but not ultrastructural alterations
in proximal tubular cells (152). The variability in diseases
with the CLCN-5 mutations involves impaired solute reabsorp-
tion by the proximal tubule and range from kaliuresis, glyco-
suria, phosphaturia, and/or hypouricemia. Constant findings
of Dent’s disease include hematuria and low-molecular weight
proteinuria. Dent’s disease progresses to renal failure because
of nephrocalcinosis and tubulointerstitial nephritis.

Thiazide diuretics reduce hypercalciuria in patients with
CLC-5 mutations, but thiazides can make these patients be-
come hypokalemic. The beneficial effect must be weighed
against the potential side effect profile (151). Langman finds
little reduction in stone formation even when urinary calcium
is lowered to normal in such individuals (153).

Another Voltage-Gated Chloride Channel

Bartter’s syndrome is a disease arising from one of three pos-
sible genes in the thick ascending limb that bear mutations
in the Na+-K+-2Cl-gene NKCC2, in the K+ channel ROMK
or in the chloride channel CLCNKB. Each of these mutations
produces a phenotype that includes hypercalciuria and kidney
stone formation with or without nephrocalcinosis. A misense
mutation in the CLCNKB gene leads to disease of intrafamilial
heterogeneity of urinary calcium levels. Some family members
have Bartter’s syndrome with frank hypercalciuria, while oth-
ers have hypocalciuria and a clinical phenotype of Gitelman’s
syndrome (154).

Hypomagnesemia/Hypercalciuria

Familial hypomagnesemia with hypercalciuria and nephrocal-
cinosis (FHHNC) is an autosomal recessive tubular disorder
that is frequently associated with progressive renal failure.
The primary defect is related to impaired tubular reabsorp-
tion of magnesium and calcium in the thick ascending loop of
Henle. Mutations in PCLN-1, which encodes the renal tight
junction protein paracillin-1, were identified as the underly-
ing genetic defects. Affected patients usually present in child-
hood or adolescence with symptomatic hypocalcemia (155–
157). Recurrent nephrolithiasis and nephrocalcinosis are also
seen and progression to renal insufficiency and an acidification
defect are common. The problem with acidification has been
attributed to defective ammonia transfer to the deep nephrons
and impaired medullary hydrogen ion secretion because of
nephrocalcinosis (158). Treatment with magnesium salts and
thiazides seems to have no effect on the progression of the
disease.

A second form of primary hypomagnesemia, Gitelman’s
syndrome, is associated with hypocalciuria. It is because of
mutations in the gene encoding the thiazide-sensitive sodium-
chloride-cotransporter. Since thiazides are used to treat hy-
percalciuric nephrolithiasis, it is important to know that they
can mimic the syndrome of hypomagnesemia including hy-
pokalemia induced by magnesuria (159).

Skeletal Remodeling

The high frequency of negative calcium balance in patients
with idiopathic hypercalciuria on low calcium diets was the
first indication that exaggerated bone resorption characterized
the syndrome. Additional evidence for elevated skeletal remod-
eling in hypercalciuric nephrolithiasis has accrued. Several in-
vestigators (130,160) have documented reduced vertebral bone
density in hypercalciuric nephrolithiasis by both computed to-
mography and dual-energy x-ray absorptiometry. Patients who
exhibit fasting hypercalciuria tend to have a greater reduction
in trabecular bone density than do other hypercalciuric pa-
tients, but there is significant overlap, and patients with ab-
sorptive hypercalciuria and normal fasting calcium excretion
exhibit a high prevalence of reduced bone mineral density. In-
creased rates of skeletal remodeling with resorption favored
over formation are supported by the findings of increased os-
teocalcin secretion and increased urinary hydroxyproline levels
in patients with fasting hypercalciuria (130). The pathogenesis
of exaggerated bone remodeling rates may be due to eleva-
tions in 1α,25-dihydroxycholecalciferol (1α,25[OH]2D3) lev-
els, or because of elevations in bone cytokine activity, such as
prostaglandin (PG) activity (161) and interleukin-1 (IL-1) ac-
tivity (130). The result of this exaggerated skeletal remodeling
is an increase in calcium release to the systemic circulation and
suppression of PTH secretion (162). One possibility is that ex-
aggerated skeletal remodeling is a component of the syndrome
of idiopathic hypercalciuria. Activation of skeletal remodeling
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in the hypercalciuric patient results in increased skeletal re-
modeling, leading to the loss of a quantum of the skeleton
before counterregulatory influences decrease remodeling rates,
removing the component of fasting hypercalciuria from the hy-
percalciuric syndrome. Such a scenario is sufficient to explain
the clinical picture, as we currently understand it. Greater clar-
ification of the roles of fasting hypercalciuria, and of bone re-
modeling, and their pathogenesis is required in patients with
hypercalciuric nephrolithiasis. The role of skeletal remodeling
in nephrolithiasis was further clarified by the recent discovery
of a mutation in the Type 2a, sodium-dependent phosphate co-
transport gene found in the proximal tubule and osteoclasts
(101).

Fasting Hypercalciuria

Except for negative calcium balance, either primary intestinal
calcium absorption or a primary renal calcium leak could pro-
duce the findings summarized in Tables 26-6 and 26-7 and in
Figs. 26-10 and 26-11. Primary intestinal overabsorption in-
creases postprandial serum calcium levels above normal and
increases the filtered load of calcium (Fig. 26-6). PTH secre-
tion is reduced by the hypercalcemia and suppression of PTH
secretion would reduce calcium reabsorption because PTH
stimulates renal tubular calcium reabsorption (see Chapter 88,
Disorders of Potassium and Acid-Base Metabolism in Associ-
ation with Renal Disease). In contrast, a renal tubular trans-
port defect (Fig. 26-7) leading to hypercalciuria would produce
secondary hyperparathyroidism. PTH, in turn, would stim-
ulate the production of 1α,25(OH)2D3 and produce intesti-
nal calcium hyperabsorption. Hyperabsorption would elevate
postprandial serum calcium levels, raising the filtered calcium
load and decreasing the magnitude of secondary hyperparathy-
roidism. The only way of distinguishing one mechanism from
the other is by testing specific predictions that differ in the two
forms of hypercalciuria. Clinically, PTH levels are the most
clear-cut basis of distinction. Fasting hypercalciuria is not a
means of detecting a renal calcium leak because it can be and
is caused by exaggerated bone remodeling.

Absorptive hypercalciuria is associated with low or nor-
mal fasting immunoreactive PTH (iPTH) levels. The absorptive
hypercalciuria hypothesis predicts a spectrum of fasting PTH
values, but it forbids the combination of elevated fasting uri-
nary calcium–creatinine ratio and normal-to-suppressed iPTH
levels. Normal PTH levels are typically observed in patients
with fasting hypercalciuria and hypercalciuric nephrolithiasis.
The renal model requires elevated fasting urinary calcium–
creatinine ratios and a high serum iPTH level. This is seen
uncommonly (Table 26-5).

On the other hand, evidence exists for suppressed PTH lev-
els in patients with hypercalciuric nephrolithiasis who exhibit
fasting hypercalciuria (162) (Fig. 26-12). When fasting hyper-
calciuric subjects are treated with sulindac, a nonsteroidal an-
tiinflammatory agent, their urinary calcium excretion is de-
creased, but, more important, their PTH levels are increased.
This suggests that a bone resorptive process is releasing calcium
to the circulation and suppressing PTH. Inhibition of bone re-
sorption by sulindac results in an increase in PTH levels, sug-
gesting that the levels are suppressed in patients with fasting
hypercalciuria (162).

Past studies attempting to detect low or normal PTH levels
(94,102,138,163,164) suffer from difficulties with the radioim-
munoassay for PTH. More recent double-antibody techniques
that enable the measurement of intact hormone and the detec-
tion of low circulating PTH levels circumvent these problems
and support the finding of low or normal PTH levels in patients
with hypercalciuric nephrolithiasis.

FIGURE 26-12. Changes in serum immunoreactive parathyroid hor-
mone (PTH) in patients with fasting hypercalciuria after 15 days of
diclofenac treatment. Dotted lines indicate the normal range of PTH.
(From: Filipponi P, Mannarelli C, Pacifici R, et al. Evidence for a
prostaglandin-mediated bone resorption mechanism in subjects with
fasting hypercalciuria. Calcif Tissue Int 1988;43:61, with permission.)

Pathogenesis of Absorptive Hypercalciuria

A potential explanation for the pathogenetic process iden-
tified in absorptive hypercalciuria is abnormally elevated
1,25(OH)2D3 levels. Patients with idiopathic hypercalci-
uria tend to exhibit elevations in 1,25(OH)2D3 levels
(100,103,131,138,165). The frequency of high 1,25(OH)2D3
levels in idiopathic hypercalciuria is controversial, but it ap-
pears to range from 30% to 40%. Kaplan (103) demonstrates
that fractional calcium absorption correlates with the serum
concentration of 1,25(OH)2D3.Two-thirds of the patients in
this study did not have elevated 1,25(OH)2D3 levels.

On the other hand, evidence exists showing that increased
intestinal absorption of calcium may be primary and indepen-
dent of vitamin D. Several studies indicated that the hypophos-
phatemia observed in idiopathic hypercalciuria is not sufficient
to stimulate 1,25(OH)2D3 levels (166,167). Breslau (168) used
ketoconazole, an imidazole antimycotic agent (169) capable of
reducing serum 1,25(OH)2D3 levels by 40% in normal sub-
jects and in patients with primary hyperparathyroidism after
1 week of therapy (170). Ketoconazole was used as a probe
to investigate the pathogenetic importance of 1,25(OH)2D3
in patients with absorptive hypercalciuria. Twelve of 19
patients responded to ketoconazole with a reduction in
serum 1,25(OH)2D3 levels, intestinal calcium absorption, and
24-hour urinary calcium excretion. In the responding pa-
tients, intestinal calcium absorption was directly correlated
with serum 1,25(OH)2D3 levels and 24-hour urinary calcium
excretion. In seven nonresponders, a reduction in 1,25(OH)2D3
produced no change in intestinal calcium absorption or 24-
hour urinary calcium excretion. The authors conclude that ab-
sorptive hypercalciuria is a heterogeneous disorder composed
of both vitamin D-dependent and vitamin D-independent sub-
sets (168). The vitamin D-dependent subsets incorporate pa-
tients with elevated 1,25(OH)2D3 levels, patients with abnor-
mally responsive vitamin D receptors, and patients with allelic
variations in the vitamin D receptor that have been incrim-
inated in causing osteoporosis (171). Animal studies in the
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genetically hypercalciuric rat support the possibility that an
abnormal vitamin D receptor could contribute to the patho-
genesis of absorptive hypercalciuria (172).

Medical Management of Hypercalciuric
Nephrolithiasis

The conservative recommendations made for all patients, re-
gardless of the underlying etiology of stone disease, are affected
somewhat by the diagnosis of hypercalciuria. Measures un-
dertaken to increase urinary output to more than 2 L/day, to
avoid high oxalate and sodium intake, and to restrict animal
proteins with extremely high purine levels, are generally rec-
ommended in any patient with recurrent nephrolithiasis. With
these conservative measures alone, a significant number of pa-
tients are able to normalize urinary risk factors for stone for-
mation and reduce the incidence of recurrence. After 3 to 4
months of conservative therapy, the patient needs reevaluation.
If the patient’s metabolic or environmental abnormalities have
been corrected, the conservative approach to therapy should
be considered and the patient followed every 6 months with
repeat 24-hour urine testing. Follow-up is essential, not only
to monitor the efficiency of treatment but also to encourage pa-
tient compliance. However, if a metabolic defect persists despite
conservative treatment, medical therapy may be instituted. For
example, if significant sodium-dependent hypercalciuria per-
sists despite dietary recommendations of restricting salt intake,
medical therapy with thiazides or citrate may be instituted.

The issue of dietary calcium in patients with hypercalci-
uric nephrolithiasis has become an important one. It is clear
that adequate calcium intake is needed to maintain skeletal
homeostasis during adulthood and old age. However, high cal-
cium intakes are not tolerable in patients with hypercalciuric
nephrolithiasis and absorptive hypercalciuria. Nevertheless, a
low-calcium diet promotes oxalate absorption by decreasing
CaOx salt formation in the intestine. In the absence of cal-
cium, increased free oxalate anion is available for absorption.
The impact of low-calcium diets favoring hyperoxaluria has
been tested in a large population study from Framingham,
Massachusetts (173). Curhan and co-workers (173) show that
dietary calcium intake is inversely associated with the risk
of kidney stones in patients who did not have a prior history of
kidney stones. Thus, low-calcium diets increased the risk of the
development of a kidney stone. It is important to realize that
this study specifically excluded most patients with idiopathic
hypercalciuria who had already had a renal stone. It is a mis-
take to recommend high-calcium diets in patients with hyper-
calciuric nephrolithiasis, especially those who have absorptive
hypercalciuria.

Despite improved elucidation of pathophysiology and for-
mulation of diagnostic criteria for nephrolithiasis of different
causes, selective medical treatment programs for nephrolithi-
asis have not been widely implemented. Confusion and con-
troversy regarding the pathogenesis of hypercalciuria, and the
absence of an ideal therapeutic approach to absorptive hyper-
calciuria, have contributed to this situation. Thiazide diuretic
therapy remains the mainstay of the medical approach to hy-
percalciuria. Treatment with thiazide is ideal, pathophysiologi-
cally, for renal hypercalciuria. Thiazides directly stimulate renal
tubular calcium transport and suppress the secondary hyper-
parathyroidism associated with the condition. However, renal
hypercalciuria, as previously discussed, is an uncommon form
of hypercalciuria associated with nephrolithiasis. As idiopathic
hypercalciuria is largely an intestinal overabsorption problem,
an ideal treatment would be one that directly and specifically
inhibits calcium absorption. Such a pharmacologic agent is not
available.

Sodium Cellulose Phosphate

Sodium cellulose phosphate reduces urinary calcium excretion,
especially in patients with intestinal hyperabsorption. How-
ever, sodium cellulose phosphate induces a reciprocal increase
in oxalate excretion because of the binding of intestinal cal-
cium. The resultant hyperoxaluria offsets the beneficial effects
of the induced hypocalciuria. In one study, the oxalate excre-
tion rate rose from 30 to 60 mg/24 hour (174) and the mean
APR for CaOx fell only 20%, from 2.75 to 2.19. Other investi-
gators (175) described the clinical response of recurrent CaOx
stone disease to cellulose phosphate. The therapy reduced stone
recurrence in patients who received cellulose phosphate to the
same degree accomplished by just reducing dietary calcium in-
take. The latter is known to be ineffective as a single therapeutic
approach. Thus, cellulose phosphate is not a treatment for the
typical calcium stone former. Whereas, the rationale for its use
might seem reasonable, it is flawed by the reciprocal hyper-
oxaluria. In addition, the high frequency of negative calcium
balance in patients with idiopathic hypercalciuria must also be
of concern with use of this type of agent.

Thiazides

Thiazides have been extensively used for the treatment of
hypercalciuric nephrolithiasis (18,176,177). Hydrochloroth-
iazide is most effective in patients with renal hypercalciuria,
because by reducing the high PTH levels, hydrochlorothiazide
inhibits 1α,25(OH)2D3 production and reduces intestinal cal-
cium absorption. Thiazides exert significant hypocalciuric ac-
tion in patients with intestinal hyperabsorption without reduc-
ing intestinal calcium absorption (98). Nonetheless, thiazides
may show long-term effectiveness in absorptive hypercalciuria.
Despite the hypocalciuric action of thiazides and the resultant
increase in serum calcium, intestinal calcium absorption re-
mains persistently elevated. These studies suggest that retained
calcium is added to the skeleton at least during the first few
years of therapy. Bone density, determined in the distal third
of the radius by photon absorptiometry, increases significantly
during thiazide treatment, as does absorptive hypercalciuria,
with an annual increment of 1.34% (178). With continued
therapy, however, the increase in bone density stabilizes and
the hypocalciuric effect of thiazide becomes attenuated. These
results suggest that thiazide treatment causes low turnover of
bone, which interferes with the continued calcium accretion
in the skeleton. The resulting hypocalciuric effect of thiazide
is blunted by an increase in the serum calcium level and the
resultant increase in filtered calcium load (178).

In addition to the aforementioned studies, several controlled
and uncontrolled studies documented the effectiveness of thi-
azide therapy in hypercalciuric nephrolithiasis; see reference
(7) for review. Thiazides directly inhibit the sodium chloride
cotransport protein for apical sodium entry in the diluting seg-
ment of the cortical thick ascending limb and the early distal
nephron. This transport protein is also expressed in the os-
teoblast, which may further contribute to the positive actions
of thiazides in patients with absorptive hypercalciuria leading
to increased skeletal calcium accretion. Additional studies will
be required to delineate the role of this potential mechanism in
the therapeutic benefits resulting from thiazides.

Orthophosphate

Orthophosphate (neutral or alkaline salt of sodium/potassium
phosphate given in doses of 0.5 g of phosphorus 3 to 4
times/day) reduces 1,25(OH)2D3 synthesis. However, no con-
vincing evidence exists that this treatment restores normal in-
testinal calcium absorption. Orthophosphate reduces urinary
calcium by directly impairing the renal tubular reabsorption of
calcium and by binding calcium in the intestinal tract. Urinary
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phosphorus is markedly increased during therapy, a finding re-
flecting the absorbability of soluble phosphate. Physicochemi-
cally, orthophosphate reduces the urinary saturation of CaOx,
but increases that of brushite. Moreover, the urinary inhibitor
activity is increased, probably because of the stimulated renal
excretion of pyrophosphate and citrate. The results of studies
on the efficacy of orthophosphate are mixed (178–180). Al-
though reports to the contrary have appeared, orthophosphate
therapy can cause soft tissue calcification and PTH stimula-
tion (181). Furthermore, orthophosphate therapy is contraindi-
cated in patients with nephrolithiasis complicated by urinary
tract infection and in patients with renal insufficiency.

PRIMARY
HYPERPARATHYROIDISM

In the past, primary hyperparathyroidism was a major cause of
hypercalciuric nephrolithiasis. The advent of routine screening
of serum chemistries in hypercalcemic patients led to early de-
tection of primary hyperparathyroidism. Consequently, most
patients with primary hyperparathyroidism are detected in an
asymptomatic phase before nephrolithiasis becomes a problem.
Currently, primary hyperparathyroidism accounts for less than
1% of hypercalciuric nephrolithiasis (88,89,182) (Table 26-5).

The pathogenesis of nephrolithiasis in primary hyper-
parathyroidism is a direct response to the presence of excessive
PTH levels in the circulation. PTH is the primary regulator of
renal tubular calcium transport and one of the primary mech-
anisms regulating bone remodeling. PTH regulates intestinal
calcium absorption secondarily through 1,25(OH)2D3. PTH
acts on the proximal nephron by decreasing phosphate reab-
sorption and increasing the production of 1,25(OH)2D3 (see
Chapter 89). In the thick ascending limb and the distal nephron,
PTH directly stimulates tubular calcium reabsorption by regu-
lating both transcriptional and posttranslational modifications
of transport proteins both at the entry step in the luminal mem-
brane and the exit step, the calcium ATPase, on the basolateral
membrane. Measurement of tubular calcium reabsorption in
hypercalcemic patients is technically difficult, but perhaps of a
diagnostic value (183). Enhanced tubule reabsorption of cal-
cium is responsible for normal urinary calcium excretion rates
in some hyperparathyroid patients (184,185), and for the ob-
servation that for any given level of serum calcium, urinary cal-
cium excretion is lower in hyperparathyroidism than in other
nonparathyroid types of hypercalcemia (i.e., sarcoidosis and
multiple myeloma).

Although PTH stimulates tubule calcium reabsorption, uri-
nary calcium excretion is greatly elevated in primary hyper-
parathyroidism because of the increase in filtered calcium load
(186). The elevation of circulating 1,25(OH)2D3 contributes
to the hypercalcemia and as a result, adds to the hypercalciuria
seen in patients with primary hyperparathyroidism.

A major component of hypercalcemia stems from PTH stim-
ulation of bone remodeling. PTH affects both bone formation
and bone resorption through its direct actions on marrow cells
at varying stages of osteoblast differentiation. Stimulation of
osteoprotegerin ligand in the osteoblast and marrow stromal
cells stimulates osteoclast differentiation.

Renal stones observed in patients with primary hyper-
parathyroidism are usually composed of hydroxyapatite and
CaOx. Stones often recur and become bilateral if the diagnosis
is not made early in the course of the disease. Nephrocalcinosis
may be the only renal manifestation of hyperparathyroidism.
PTH increases the APRs for CaOx and brushite mainly due
to hypercalciuria. Phosphate overexcretion may be observed,
but it also may be absent because chronic phosphaturia tends
to cause a negative phosphorus balance. The urine pH is not

abnormally alkaline in primary hyperparathyroidism, and the
magnitude of the acidosis is negligible when glomerular func-
tion is normal. This suggests that altered acid-base metabolism
in hyperparathyroidism does not contribute significantly
to stone formation (8). Pak and Holt (25) demonstrate an
unexplained reduction of the FPR for CaOx and brushite in
primary hyperparathyroidism (Fig. 26-4). The diagnosis of pri-
mary hyperparathyroidism rests with repeated determination
of the serum calcium and iPTH levels. The assays for circulating
PTH levels using double-antibody techniques enable the detec-
tion and measurement of the intact hormone (187,188). More
recently, the “intact” hormone assays have been recognized
as also detecting PTH inhibitory peptides lacking the first few
amino acids from the NH2-terminus (189). Assays that specif-
ically recognize PTH and its first amino acid have been devel-
oped and are referred to as “bioactive” PTH assays (189,190).
In the diagnosis of primary hyperparathyroidism, detection of
familial hypocalciuric hypercalcemia is critical. This inherited
disease is produced by a mutation in the PTH gland calcium
sensor such that PTH secretion is not adequately sensitive to
the serum calcium levels. Affected patients may exhibit mild
hypercalcemia and mild hyperparathyroidism, but do not have
complications related to the hyperparathyroid state. Thus, de-
tection of patients with the familial disease is crucial so that
they are not exposed to surgical therapy for primary hyper-
parathyroidism. The very low urinary clearance of calcium
factored by creatinine excretion is currently the most sensi-
tive means of separating primary hyperparathyroidism from
familial hypocalciuric hypercalcemia (191).

Surgical removal of adenomas or excess parathyroid tis-
sue is indicated in patients with primary hyperparathyroidism
who have sustained complications of the disease. Nephrolithi-
asis is one of the main complications of primary hyperparathy-
roidism, and any patient who has had a renal stone should
undergo surgical correction of the disease state.

HYPERURICOSURIA

Hyperuricosuria can be a significant factor in the formation
of calcium stones. It can also result in the formation of uric
acid stones (as discussed later in this chapter in the section
entitled “Uric Acid Stones”) or hematuria without stones. Hy-
peruricosuria is defined as a urinary excretion rate of uric acid
that exceeds 700 mg/24 hour in females or 750 mg/24 hour in
males. In about 8% of patients with recurrent calcium stones,
hyperuricosuria is the sole urinary abnormality (88,89) (Ta-
ble 26-5). Furthermore, patients with gout may form calcium
stones (192), which formation also suggests that uric acid plays
a role in calcium nephrolithiasis. Although the serum uric acid
level is higher in hyperuricosuric calcium stone-forming pa-
tients, compared to other calcium stone formers, levels may
still be within the normal range (18). As 12% of those without
stones may have hyperuricosuria, other unknown differences
between the nonstone-forming and the stone-forming popula-
tions (105) may also exist. Nevertheless, the dramatic reduction
in calcium stone formation in hyperuricosuric patients treated
with allopurinol firmly establishes hyperuricosuria as a con-
tributory agent (18,37,193).

Either of two theories may explain the mechanism by which
uric acid promotes calcium stone formation. The prevailing hy-
pothesis states that through epitaxy (194), the growth of one
crystal on the substance of another, uric acid can serve as a seed
for precipitation of a calcium salt. Studies have demonstrated
that sodium urate accelerates precipitation of CaOx or calcium
phosphate in vitro (35,36). This has been attributed to physio-
logically relevant urinary concentrations of monosodium urate
(0.1 mg/mL) (35). An alternative hypothesis states that urate
can complex with and thus neutralize endogenous urinary acid
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mucopolysaccharides, which normally retard the crystalliza-
tion of CaOx (195).

Urinary uric acid depends on both the renal filtered load
of uric acid and its subsequent tubular transport. Hyperuri-
cosuria is usually due to a high filtered load. The source of
this uric acid are purines, which come from the dietary in-
take of purine-rich foods, endogenous synthesis of purines from
nonpurine precursors, and salvage of purine bases from tissue
catabolism (196). Coe and colleagues. (197) have studied the
contribution of dietary purine overconsumption to hyperuri-
cosuria in CaOx stone formers. They find that hyperuricosuric
patients consume more purine than do control subjects eating
isocaloric diets. Overall, a very close correlation exists between
urine uric acid and dietary purine intake. Coe and colleagues
(197) also find that excessive purine intake does not fully ac-
count for the hyperuricosuria, as some patients excrete more
urate than normal subjects consuming equivalent amounts of
purine. A purine-rich diet is also rich in protein. Gutman (198)
hypothesizes that in some instances, a high-protein diet causes
overproduction of uric acid, as the increase in urinary uric acid
during a high-protein diet is only partially accounted for by
the purine content. It is possible that abnormal tubular han-
dling of urate resulting in hyperuricosuria and normal or low
serum urate levels also occurs. Patients with such a defect and
stones have been described (196). Similarly, the Dalmatian dog,
which has been well studied, can have hyperuricosuria because
of enhanced tubular secretion of urate (199). Although purine
load is the most common mechanism for hyperuricosuria, other
factors are contributory.

The treatment of hyperuricosuric calcium stone formers fo-
cuses on decreasing the hyperuricosuria. All of these patients
should be administered a low-purine diet, which will decrease
urinary uric acid excretion (105,197,200), although, in some
patients, the effectiveness in stone prevention is unproved. A
low-purine diet involves avoiding meat, fish, and poultry. Hy-
peruricosuric calcium stone formers may also be treated with
allopurinol, which blocks xanthine oxidase, the last enzymatic
step in the purine degradative pathway before uric acid is pro-
duced. Very good evidence shows that allopurinol decreases
stone formation in this group of patients (18,37), including
the results of a prospective controlled study by Ettinger and
colleagues (193). The usual starting dose of allopurinol is 300
mg/day. A follow-up measurement of 24-hour urinary uric acid
excretion after institution of allopurinol will determine the ad-
equacy of the dose. Potassium citrate may be an alternative
to allopurinol in patients with mild hyperuricosuria (600 to
1,000 mg/day) in whom hypocitraturia is present, as citrate
will inhibit CaOx precipitation (201).

RENAL TUBULAR ACIDOSIS

Renal tubular acidosis (RTA) is a known risk factor for both
nephrocalcinosis and calcium stones. The patients may have
severe disease, as in one study by Caruana and Buckalew (202)
in which the patients had a mean of 51 ± 14 stone episodes.
Only the hypokalemic form of distal RTA (type I RTA) is as-
sociated with kidney stones, but the cause of the RTA may
be idiopathic or secondary to systemic diseases (202). Most
patients present with nephrolithiasis, a normal serum bicar-
bonate level but abnormal urinary acidification in response to
an ammonium chloride challenge. These patients are believed
to have incomplete RTA (203). The complete form of RTA is
often accompanied by nephrocalcinosis. An early description
by Albright (204) was of a 13-year-old girl severely affected by
RTA with renal calculi, but also with rickets combined with
dwarfism. The calculi may be CaOx, calcium phosphate, or a
mixture of both, but the presence of calcium phosphate makes
RTA a likely etiology (202,205,206). When both nephrocalci-

nosis and RTA appear in concert, it may be difficult to define
the primary event because nephrocalcinosis can both cause and
RTA or occur as a result of it. For example, when medullary
sponge kidney is associated with kidney stones, nephrocalci-
nosis, and RTA, it is unclear which is the primary problem
(207).

RTA results in hypercalciuria and hypocitraturia, both of
which predispose to nephrolithiasis. Induction of metabolic
acidosis with ammonium chloride results in hypercalciuria
(208), which is associated with a net systemic positive acid
balance with a stable serum bicarbonate level, suggesting that
the acid load is buffered. Because gastrointestinal absorption
of calcium does not increase with metabolic acidosis, bone is
the likely source of both the urinary calcium and the buffering
capacity. This is most likely the link between distal RTA and
rickets (204). Furthermore, as expected, alkali therapy corrects
the acidosis and the osteomalacia (209). Citrate excretion, a
known inhibitor of calcium precipitation, is low in patients
with RTA because of increased reabsorption (202). Simpson
(210) demonstrated in vitro inhibition of citrate oxidation by
renal cortical slices incubated in medium with a high pH. Fur-
thermore, hypokalemia, a frequent accompaniment of distal
RTA, also results in hypocitraturia due to increased reabsorp-
tion.

Distal renal tubular acidosis often presents as a fa-
milial disease. Primary distal RTA is inherited as ei-
ther an autosomal-dominant or autosomal-recessive trait
(OMIM179800, 276300, and 602722). Autosomal-recessive
distal RTA often presents in infancy, whereas autosomal-
dominant distal RTA may not present until adolescence or
young adulthood (211). Patients with autosomal-dominant
and -recessive distal RTA have been shown to harbor muta-
tions in the gene encoding the chloride–bicarbonate exchanger
AE1 (SLC4A1) (211–217). Mutations in ATP6N1B, encoding a
kidney vacuolar proton pump protein 116-kDa subunit, cause
recessive distal RTA with preserved hearing (211,218). On the
other hand, mutations in the gene encoding B1 subunit of
the proton pump, (ATP6V1B1) and (ATP6V0A4), cause renal
tubular acidosis with sensory neurodeafness (211,219,220).
Mutations in the genes encoding carbonic anhydrase (CA)
II (221–223), kidney anion exchanger 1 (K AE1) (213,216–
218,224), and subunits of the H+-ATPase (211,220,225) have
also been identified in patients with distal RTA (211). In the fa-
milial forms of RTA, renal deposition of calcium salts (nephro-
calcinosis) and renal stone formation commonly occur. Re-
placement of alkali corrects the systemic metabolic defects and
improves the nephrocalcinosis and nephrolithiasis. Such treat-
ment does not affect the hearing loss of the patients with reces-
sive distal RTA.

Pseudohypoaldosteronism type II is a genetic disorder that
produces a clinical phenotype that includes hypertension, hy-
perkalemia, and metabolic acidosis. It has been linked to muta-
tions in the gene encoding WNK-1 or -4 and is localized to the
distal nephron (226). A recent study demonstrated that in an
affected family with a mutation in the WNK4 gene, there was
marked hypercalciuria and osteopenia. Thiazide diuretics com-
pletely reversed both the urine and bone abnormalities (226).
Distal RTA is possible only if fasting urine pH is above 5.3. If
so, an ammonium chloride challenge is necessary to prove the
diagnosis. A urine pH above 5.3 after ammonium chloride-
induced (100 mg/kg) acidification indicates the presence
of RTA.

The treatment of RTA-associated nephrolithiasis consists of
alkali therapy. Coe and Parks (227) and Wilansky and Schnei-
derman (228) document dramatic decreases in stone disease
when patients with RTA are treated with alkali. This treat-
ment may also result in an associated decrease in nephrocal-
cinosis. An oral dose of alkali is 1 mEq/kg (approximately
80 mEq/day) in four divided doses, but the dose should be
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adjusted to normalize 24-hour urinary citrate excretion. The
alkali is usually given in the form of citrate, which both nor-
malizes urinary citrate (229) and decreases urinary calcium
(209,228,229). Potassium citrate is preferable over sodium cit-
rate, because potassium citrate causes a greater decrease in cal-
cium excretion (229). By replacing buffer capacity with oral
alkali, potassium citrate causes calcium excretion to fall as less
bone buffers are mobilized. It is likely that sodium citrate does
not decrease hypercalciuria as much as the potassium salt, be-
cause the extra sodium may have a calciuric effect. Potassium
citrate is contraindicated in severe renal insufficiency, and care
should be taken to avoid hyperkalemia in the presence of mild
or moderate renal insufficiency.

HYPEROXALURIA

Excessive urinary oxalate excretion (>40 to 45 mg/day) con-
tributes to stone formation by increasing the saturation of urine
with respect to CaOx. Signifying the importance of hyperox-
aluria, increased urinary concentration of oxalate has a greater
impact than does urinary calcium on the saturation of CaOx
(230). Hyperoxaluria is a relatively frequent finding in patients
with kidney stones and was detected in 34% of 587 consecutive
patients evaluated for recurrent nephrolithiasis at the Jewish
Hospital of St. Louis Kidney Stone Center from 1987 to 1993.
In 8% of these patients, hyperoxaluria was the only identifiable
defect (Table 26-5) (231).

Oxalate is an end product of metabolism excreted primarily
by the kidneys. Under normal conditions, oxalate is poorly ab-
sorbed from the gastrointestinal tract and only about 10% of
urinary oxalate can be accounted for by dietary intake (232).
Urinary oxalate excretion varies among patients and is deter-
mined by intrinsic oxalate production and metabolism, and
gastrointestinal oxalate absorption.

Oxalate Production and Metabolism

Oxalate production occurs through a number of metabolic
pathways, some of which remain incompletely characterized
(Fig. 26-13). The oxidative metabolism of glyoxylate is a major
contributor to oxalate production; in addition, ascorbic acid
and tryptophan are converted directly to oxalate. Pyridoxine
(vitamin B6) is required as a cofactor for the transamination
of glyoxylate to glycine. Moreover, deficiency of vitamin B6
may result in accumulation of glyoxylate, increased produc-
tion of oxalate, and hyperoxaluria (233). Disordered red cell
oxalate exchange and defective oxalate transport may occur
as an inherited trait and has been proposed to be a factor in
hyperoxaluria within certain families (234).

Increased availability of substrate for oxalate production
can occur clinically in patients taking large doses of ascor-
bic acid (vitamin C) and in those who ingest ethylene glycol.
Metabolism of ethylene glycol results in increased production
of glycolate, increased glyoxylate, oxalate formation, and hy-
peroxaluria. Ascorbic acid, when taken in large doses (4 to
8 g/day), may lead to marked increases in urinary oxalate
(235); however, in some patients hyperoxaluria may develop
with doses as small as 500 mg/day.

Primary hyperoxaluria (PHO) is a rare metabolic disorder
with autosomal recessive inheritance. PHO is induced by one
of two enzymatic defects, both of which result in markedly
enhanced conversion of glyoxalate to poorly soluble oxalate,
which is then excreted in the urine. Glyoxalate is normally
metabolized in three ways. Glyoxalate is converted to glycine
by the hepatic peroxisomal enzyme alanine:glyoxalate amino-
transferase (AGT). AGT is abnormal in type I PHO (236).
Pyridoxine (vitamin B6) is a coenzyme of AGT. Glyoxalate

FIGURE 26-13. Metabolic pathways of oxalate production. Oxidative
metabolism of glyoxylate is the major endogenous source of oxalate.
Ascorbic acid (vitamin C) is also directly converted to oxalate.

is converted to glycolate by the cytosolic enzyme glyoxalate
reductase/D-glycerate dehydrogenase (GRHPR). GRHPR is
deficient in type 2 PHO (237). Patients with this disorder ex-
crete increased amounts of L-glyceric acid as well as oxalate.
Glyoxalate is also converted to oxalate by lactate dehydroge-
nase.

Type I PHO is much more common than type 2. The defect
in AGT, which normally converts glyoxalate to glycine, results
in an increase in the glyoxalate pool available for conversion
to oxalate. The AGT gene maps to chromosome 2q36-37 and
encodes for a 43-kDa protein. A number of different mutations
have been identified in the coding region of the AGT gene in
type 1 PHO. These defects lead to absent AGT protein and/or
absent AGT catalytic activity (236). The GRHPR gene has been
mapped to chromosome 9 and contains nine exons, spanning
9 kb (238).

In most patients with type 1 PHO, glycolate excretion is
increased. Practically all patients with type 2 disease have in-
creased excretion of L-glyceric acid. In general, hyperoxaluria
plus increased urinary excretion of glycolate or L-glyceric acid
is strongly suggestive, but not absolutely diagnostic, of either
type 1 or 2 PHO. In addition, hyperoxaluria alone, without in-
creased glycolate or L-glyceric acid excretion, does not exclude
the diagnosis of PHO (114).

The presence of AGT deficiency can be confirmed by liver
biopsy. Evaluation of the hepatic tissue includes quantification
of enzymatic activity, an immunoblot to analyze the protein,
and an immunoelectronic examination to demonstrate the vir-
tual absence of AGT in the peroxisomes. AGT activity is less
than 2% of normal in one-third of cases and ranges from 2 to
48% of normal in the remaining patients (237).

Phenotypically, PH1 is heterogeneous, ranging from severe
infantile oxalosis and death to milder forms with renal stone
disease in later life. PH2 has a less severe clinical course,
but there may be a decline in renal function associated with
the presence of nephrocalcinosis. Children with nephrolithia-
sis secondary to hyperoxaluria should have urinary glycerate
measured to exclude PH2 (15).
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Gastrointestinal Oxalate Absorption

Increased absorption of oxalate occurs with excess dietary ox-
alate intake, diminished binding of oxalate by dietary calcium
and magnesium, or enhanced permeability of the colon to ox-
alate. Foods with a relatively high oxalate content include
spinach, beets, rhubarb, asparagus, cranberries, wheat germ,
colas, teas, chocolates, nuts, beans, and various green leafy
vegetables. Once ingested, oxalate forms insoluble salts with
available calcium (and magnesium) in the intestinal lumen and
is poorly absorbed; any free unbound oxalate is available for
absorption distally in the colon.

Disorders characterized by absent or dysfunctional small
bowel, as well as any causes of fat or bile acid malabsorption
can lead to hyperoxaluria (239). Fat malabsorption allows lu-
minal calcium and magnesium to saponify, leaving inadequate
free calcium (and magnesium) to bind oxalate. Bile acid mal-
absorption causes increased permeability of the colon to ox-
alate (240). Thus, patients with inflammatory bowel disease,
those who have had ileal bypass surgery or resection, and those
with disorders associated with malabsorption develop hyper-
oxaluria because of an increase in unbound oxalate and en-
hanced colonic absorption.

Patients following a low-calcium diet and those taking
sodium cellulose phosphate for the treatment of absorptive hy-
percalciuria may also manifest hyperoxaluria as a result of such
therapy. Diminished oral calcium intake (with a low-calcium
diet) and binding of calcium and magnesium in the gut by
sodium cellulose phosphate allow increased amounts of un-
bound oxalate to be presented distally in the colon where it is
readily absorbed (241,242).

Therapy

Treatment of primary hyperoxaluria is difficult. Reducing
sodium intake to 2 to 3 gm/day and limiting or avoiding high-
oxalate foods is recommended. Supplemental citrate, magne-
sium, and phosphorus may help decrease urinary oxalate crys-
tallization. Calcium intake should not be restricted because
this can increase intestinal calcium absorption. Approximately
10% to 40% of patients respond to pyridoxine supplemen-
tation, but vitamin C and D supplements should be avoided.
Dialysis does not remove oxalate adequately. Hepatic trans-
plantation remains the only therapy capable of correcting the
underlying abnormalities in these patients (243).

Treatment of patients with enteric hyperoxaluria should in-
clude a low-fat diet with restriction of oxalate-rich foods, ap-
propriate therapy of any underlying gastrointestinal disorders,
and avoidance of a low calcium intake. Some patients may
benefit from the addition of oral calcium and magnesium sup-
plements taken with meals, which act to bind dietary oxalate
in the intestinal lumen, making it unavailable for absorption.
Cholestyramine may also be of some benefit in those patients
with significant fat and bile acid malabsorption as it acts as a
nonabsorbable resin to bind fats and bile acids. Pyridoxine sup-
plements may be effective in patients with moderate to severe
hyperoxaluria (244).

Patients with chronic diarrhea frequently have hypomag-
nesemia, hypokalemia, metabolic acidosis, hypocitraturia, and
low urinary volumes. For these reasons, they also are prone to
the development of uric acid stones. Therapy involves increased
fluid intake, correction of hypokalemia and hypomagnesemia,
and oral citrate supplements. Attention must also be paid to
treatment of the underlying intestinal disorder and diarrhea.

URIC ACID STONES

Uric acid stones are radiolucent stones responsible for approx-
imately 5% of kidney stones in the United States. Other popu-
lations may have a higher relative incidence of uric acid stones
as a cause of urolithiasis. Because of the difficulty in visualiz-
ing these stones on an abdominal radiograph, an intravenous
pyelogram is often necessary to make the diagnosis. Stones
containing some calcium may be visualized on the radiograph,
which may have important therapeutic implications.

Pathogenesis

Uric acid is the normal breakdown product of purine
metabolism and is a natural urinary constituent. Precipitation
of uric acid to form a stone can be demonstrated best by the
relationships demonstrated in Figure 26-1 (108). The solubility
limit of undissociated uric acid is 96 ± 2 mg/L at 37◦C. In a
given sample of urine, undissociated uric acid is dependent on
the total uric acid concentration and urinary pH. The clinical
laboratory routinely measures total uric acid excretion, but the
undissociated uric acid can be inferred from both the total uric
acid concentration and the urinary pH (Fig. 26-14).

FIGURE 26-14. Nomograms showing undissociated
uric acid concentration at values of urine pH and total
uric acid concentration. The solubility limit for uric acid
is shown by crossed hatched bars (96 ± 2 mg/L). (From:
Coe FL. Uric acid and calcium oxalate nephrolithiasis.
Kidney Int 1983;24:392, with permission.)
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The total urinary uric acid concentration is a function of
both uric acid excretion and urinary volume. Hyperuricosuria
is defined as a urinary excretion rate of uric acid that exceeds
700 mg/24 hour in females or 750 mg/24 hour in males. When
patients with gout were assessed for risk factors for stone dis-
ease, it was found that the incidence of stones increases with
increasing degrees of hyperuricosuria (192). A urinary excre-
tion rate of uric acid of more than 1 g/24 hour is associated with
a 50% incidence of stones (192). Urinary uric acid excretion
depends on both the renal filtered load of uric acid and its sub-
sequent tubular transport. Hyperuricosuria is usually because
of a high filtered load. As stated earlier, the source of this uric
acid is mostly purines (196), usually from meat, fish, and poul-
try. A purine-rich diet is also rich in protein and, as Gutman
(198) hypothesizes,, in some instances, a high-protein diet also
causes overproduction of uric acid as the increase in urinary
uric acid during a high-protein diet is only partially accounted
for by the purine content. Urinary uric acid is probably not the
only factor predisposing patients with gout to stone formation.
This is supported by the finding that patients with gout have
a threefold greater risk of stones compared to hyperuricemic
control subjects who were not stone formers (245). Further-
more, most patients with gout and uric acid lithiasis are not
hyperuricosuric (246).

Uric acid nephrolithiasis in patients with gout may be due to
an abnormal urine pH. The precipitation of uric acid is highly
dependent on urine pH within the usual physiologic range.
Urate is capable of binding two protons. It is the dibasic (con-
taining two protons) form, which is also referred to as undis-
sociated uric acid and which has a low solubility in urine. The
dissociation constant (pKa) of the first proton is 5.35 at 37◦C.
Thus, at pH 5.0, there may be tenfold more undissociated uric
acid than at pH 6.5 (Fig. 26-14). Interestingly, patients with
uric acid stones (246,247) and gout (192) have lower urine pH
than do control subjects. This has been attributed to an abnor-
mality in glutamine metabolism and decreased ammoniagenesis
(246), resulting in secretion of the remaining endogenous acid
produced as titratable acidity. Both diet and underlying diseases
can influence urinary pH and contribute to uric acid stones in
the gout-free population. A high-protein diet generates an acid
load that has to be excreted by the kidneys, whereas diarrhea
results in bicarbonate losses that have to be regenerated by the
kidney, resulting in an acidic urine.

Diseases Associated with Uric Acid Lithiasis

Among patients with uric acid lithiasis, a family history of gout
or kidney stones often exists, predominantly in males. Most
cases of uric acid lithiasis are idiopathic, but some disease as-
sociations should be considered when treating a patient with
uric acid stones.

Primary Gout

Of patients with primary gout, 22% have uric acid stones
(192). Of these stones, 83% are pure uric acid, while 4% are
mixed stones, while the rest are calcium stones. Often, the uric
acid stone disease antedates the diagnosis of gout. Conversely,
the stones may only appear after administration of uricosuric
drugs for gout. As discussed previously, uricosuric agents may
treat the gout, but cause uric acid stones.

Secondary Gout

Underlying diseases that cause gout confer a higher risk for kid-
ney stones than does primary gout (42% versus 22%). These
diseases are associated with excess generation of uric acid be-
cause of nucleotide turnover (e.g., myeloproliferative disease,

polycythemia because of congenital heart disease, and chronic
granulocytic leukemia).

Chronic Diarrhea

Because intestinal fluid losses may result in urinary concentra-
tion of excreted urate, chronic diarrhea can result in uric acid
stones. Likewise, fecal bicarbonate loss causes renal regenera-
tion of bicarbonate with subsequent urinary acidification and
more undissociated urate.

Familial Disease

Hereditary disorders associated with overproduction of uric
acid include inborn errors of metabolism, such as Lesch–Nyhan
syndrome and type I glycogen storage disease. Lesch–Nyhan is
caused by hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) deficiency and Kelley Seegmiller syndrome is a par-
tial enzymatic defect (248). Type I glycogen storage disease is
secondary to glucose-6-phosphatase deficiency (249). A single
gene that is located distally on the long-arm of the X chromo-
somes codes for HGPRT. Purification of mutant HGPRT genes
in patients with partial or complete deficiency of HGPRT has
lead to the identification of single amino acid substitutions in
five known variants of HGPRT. Several families with inherited
predispositions to uric acid stones have been described (247),
though the underlying cause is unknown. A candidate gene for
uric acid nephrolithiasis has been identified on 10g21-g22 from
a local Sardinian population with known susceptibility to uric
acid kidney stone disease (9).

Treatment

The fact that urinary uric acid concentration and urine pH can
influence urate precipitation underlies the following treatment
modalities.

Existing stones can be dissolved with alkali (to keep the
urine pH at 6.5 or above) and a large amount of fluids to
keep the urine output at more than 2 L/d. Allopurinol should
also be given to reduce hyperuricosuria. Uric acid stones that
contain calcium may be refractory to dissolution. Furthermore,
the presence of obstruction or refractory pain may necessitate
more rapid therapies such as lithotripsy or invasive urologic
techniques.

Stone prevention necessitates dietary counseling and alkali
therapy. Dietary modification entails keeping urine output at
more than 2 L/day and reducing dietary purine intake (i.e.,
meat, fish, and poultry). Furthermore, patients should also re-
duce their protein intake to decrease both urine uric acid and
the acid load. Likewise, alcohol intake should be limited be-
cause it may increase uric acid production. Alkali treatment
should be given, aiming for a urine pH of 6.5. Approximately
1 mEq/kg of potassium citrate daily given in three divided doses
is effective (198). Sodium bicarbonate may be a less desirable
form of alkali because the sodium load may aggravate hyper-
calciuria, which may aggravate nephrolithiasis.

Allopurinol can decrease urinary uric acid excretion by
blocking the conversion of xanthine to uric acid by xanthine
oxidase. Allopurinol serves as a second-line agent used when
patients either refuse treatment or diet and when alkali therapy
fails. Furthermore, it may be of benefit when uric acid loads are
large, such as prior to chemotherapy for large-volume rapidly
growing tumors, or if the urinary uric acid excretion rate is
more than 1 g/24 hour. In the treatment of hyperuricosuria,
because of chemotherapy, a brisk diuresis should still be main-
tained as xanthine, the precursor of urate, may accumulate
and cause acute renal failure, as can other products of tumor
lysis.
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STRUVITE STONES

Struvite stones are composed of magnesium ammonium phos-
phate with variable amounts of carbonate apatite. This com-
pound forms only in the presence of chronic urinary tract infec-
tion with bacteria capable of producing urease. The action of
bacterial urease on urine urea yields ammonia and carbon diox-
ide. These are further hydrolyzed to ammonium and carbonate,
resulting in a urine pH above 7.2—ideal conditions for stru-
vite formation. Most species of Proteus and Providencia pro-
duce urease. Klebsiella, Pseudomonas, Serratia, Haemophilus,
Staphylococcus, and Corynebacterium species are all capable
of urease production. Escherichia coli do not possess urease
activity.

Struvite now accounts for less than 10% of all stones
and occurs most often in women and patients with spinal
cord injury, neurogenic bladder, urinary diversion, or chronic
indwelling bladder catheters, because of their increased fre-
quency of chronic urinary tract infection. Clinical findings may
include evidence of urinary tract infection, hematuria, flank
pain, or obstructive uropathy. Rarely, infection stones may
cause xanthogranulomatous pyelonephritis. Struvite, when cal-
cified, presents radiographically with a characteristic multilob-
ulated shape and laminated appearance and may extend to
involve all calyces forming so-called staghorn calculi.

Because struvite formation occurs in the region surround-
ing bacterial colonies, all struvite stone material is infected. In
addition, antimicrobial agents are unable to adequately pen-
etrate struvite and achieve bactericidal levels. Therefore, the
only curative treatment is eradication of infection with antimi-
crobials and removal of all stone material. Combined percu-
taneous nephrostolithotomy and extracorporeal shock wave
lithotripsy is recommended as the first-line treatment choice
(250). In those patients who are not candidates for surgery,
a conservative approach may be indicated. Chronic antibiotic
therapy may limit stone growth and result in partial dissolution
(251) in nonsurgical patients. Another potentially useful agent
is acetohydroxamic acid (AHA), which is a potent inhibitor
of bacterial urease and can limit stone growth (252). Despite
the potential usefulness of AHA, it has been associated with
frequent side effects, including potentially carcinogenic effects
(253), particularly in patients with renal insufficiency. For these
reasons, use of AHA should be limited to patients with normal
renal function who are unable to undergo surgical interven-
tion.

CYSTINE STONES

Cystinuria is an inherited abnormality in amino acid trans-
port affecting the intestinal and renal epithelia. As a result
of abnormal renal tubular transport of cystine, abnormally
large amounts of the amino acid are excreted in the urine.
The solubility of cystine in urine is approximately 300 mg/L
When overexcretion leads to higher concentrations than the
solubility limit, cystine stones tend to form. Biochemically, it
has been known for decades that there exist different pheno-
types in cystinuric populations. The disease has been differ-
entiated by amino acid excretions in obligate heterozygotes
as type I (normal urinary amino acids), type II (high excre-
tion of dibasic amino acids), or type III (modest elevation in
dibasic amino acids). However, mutations of only two genes,
SLC3A1 and SLC7A9, identified by the International Cystin-
uria Consortium, have been found to be responsible for all
three types of the disease making a case for a new classifica-
tion (254). The first known gene of the cystine transporter,
SLC3A1, was found to encode a subunit glycoprotein rBAT
and thought to be responsible for type I disease. SCL3A1 is

located on chromosome 2. This gene encodes a protein that
mediates sodium-independent transport of cystine and dibasic
acids in the proximal tubule and small intestine. The severity
of the defect in protein function and, therefore, in cystine han-
dling varies in part with the type of mutation that is present
(255). A second component of the transporter, b(o)+AT, en-
coded by the gene, SCL7A9, is thought to be responsible for
type II and III (or nontype I) cystinuria (255–257). SCL7A9
encodes an amino acid transporter that is located on chromo-
some 19q13.1. However, some carriers of SCL7A9 mutations
display a type I clinical phenotype (254,258). Urinary cystine
levels, initial and recurrent stone formation rates, and gender
differences do not segregate with the mutation in either part of
the transporter protein (259).

Cystinuria frequently causes staghorn calculi or multiple
large and bilateral stones. Urinary tract obstruction, infection,
and renal failure are common, especially in men. Cystine stones
are visible on roentgenograms, because of the density of the sul-
fur in the cystine molecule. Recurrence of stones is the rule fol-
lowing surgical treatment, including lithotripsy, of nephrolithi-
asis. Cystinuria should not be confused with cystinosis. The
latter is a genetic disorder in which intracellular cystine accu-
mulation leads to widespread tissue damage, including renal
failure. In cystinuria, the amino acid accumulates only in the
lumen of the renal tubules.

Despite molecular unraveling of cystine transport and
cystinuria, it has not reached a degree of clinical significance
that mandates genetic testing in affected patients. The response
to tiopronin therapy by reductions in urinary cystine does not
seem dependent on genotype (153).

Pathogenesis

Cystine overexcretion raises urinary cystine concentration
above the limits of solubility for this relatively insoluble amino
acid. Characteristic hexagonal crystals are identified in cystin-
uric patients, particularly in the first voided morning urine,
which is concentrated and usually acidic. Normal adults ex-
crete less than 30 mg of cystine in 24 hours (19 mg/g of creati-
nine) (260), whereas homozygous cystine stone formers usually
excrete more than 350 mg of cystine per day (250 mg/g of cre-
atinine). Intermediate excretion rates are observed in heterozy-
gote patients (261). Urinary excretion of the dibasic amino
acids arginine, ornithine, and lysine is also increased in pa-
tients with cystinuria. Of interest, patients with heterozygous
cystinuria may have an increased risk of forming CaOx stones
(262).

Amino acids are filtered and normally completely reab-
sorbed by the proximal tubule. Excessive urinary excretion
of cystine and dibasic amino acids in cystinuria occurs with
normal or subnormal blood levels, indicating the tubular re-
absorption defect in the common transport mechanism for the
dibasic amino acids (263–266). A similar transport defect ex-
ists in intestinal epithelial cells. After oral administration of
cystine, urinary excretion of cystine does not rise, as it does in
normal subjects. Urinary excretion of orally ingested arginine,
lysine, or ornithine is variable and often low in cystinuric sub-
jects. Jejunal perfusion studies showed defects in arginine, as
well as cystine, absorption (267).

Treatment

Therapy is designed to reduce the excretion and increase the
solubility of cystine. Methionine is the precursor of cystine and
dietary restriction of methionine reduces urinary excretion of
cystine (268). However, methionine is an essential amino acid
and dietary restriction is, therefore, not a practical mode of
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treatment. Lowering urinary cystine concentration by increas-
ing urinary volume reduces the likelihood of precipitation and
thus provides the basis for clinical treatment. An intake of more
than 4 L/day may be required. Patients may excrete up to 1 g
of cystine daily and the solubility limit for cystine is about
300 mg/L unless the urine pH is above 7.5. However, alkaline
therapy to raise urinary pH is of limited benefit because the
maximal pH is usually around 7.9 and is difficult to maintain.
Use of sulfhydryl agents to produce soluble mixed disulfides
instead of cystine provides the cornerstone of medical therapy.
Classically, D-penicillamine has been the drug of choice until
recently (269). This drug forms a mixed disulfide with cystine
and reduces cystine excretion. A newer compound, mercapto-
propionylglycine (Thiola), is also capable of reducing the free
cystine concentration of the urine and is more efficacious than
D-penicillamine, because side effects are less common (270).
The principal side effects of mercaptopropionylglycine therapy
are similar to those of D-penicillamine and include anosmia,
loss of taste, skin rashes, and the nephrotic syndrome. More
severe side effects require discontinuation of the medication.
Recent interest in the use of captopril, a sulfhydryl-containing
angiotensin II-converting enzyme inhibitor used to treat con-
gestive heart failure and hypertension, has produced several
reports. Results have been mixed, with some studies showing a
reduction in cystine excretion (271,272). However, other inves-
tigators found captopril ineffective in reducing cystine excre-
tion in children and adults (273). The mechanism of captopril
action is unknown as its dose of approximately 100 mg/day
cannot suffice to account for a 1:1 exchange for cystine and
the formation of a mixed disulfide.
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CHAPTER 27 ■ MOLECULAR
PATHOGENESIS OF RENAL CANCER AND
RELATED TREATMENT ASPECTS
ROBERT M. GEMMILL, LUCIANO J. COSTA, BRUNO C. MEDEIROS, AND HARRY A. DRABKIN

The age of molecular medicine is rapidly uncovering key events
in the pathogenesis of human cancer and other diseases. This
chapter is focused on critical discoveries and pathways that are
presently known to affect the pathogenesis of renal cell cancer
(RCC), specifically clear-cell carcinoma, papillary carcinoma,
and Wilms’ tumor. We also review certain key findings in kidney
development that pertain to renal carcinogenesis. As is the na-
ture of science, new findings will likely confirm, extend, or even
refute current concepts. For this edition, we have incorporated
a number of recent observations that reveal new mechanisms
and reinforce the importance of established mechanisms. We
have also included a section on treatment of metastatic clear-
cell RCC, particularly those aspects that pertain to the patho-
genetic process.

KIDNEY DEVELOPMENTAL
PATHWAYS AND CANCER

Development of the vertebrate kidney has been studied ex-
tensively, first by biologists interested in inductive events be-
tween tissues and, more recently, by molecular biologists inter-
ested in the biochemical details of these events. It is striking
that many molecular signaling pathways implicated in nor-
mal kidney development have also been implicated in can-
cer, either uniquely in the kidney or in other organs. Thus,
normal and neoplastic development can be viewed as differ-
ent aspects of fundamentally similar processes and a great
deal of insight can be obtained by contrasting the two. Our
understanding of molecular signaling pathways, which play
critical roles during kidney development, derives primarily
from gene knock-outs in the mouse, developmental expression
patterns, and experimental manipulations in tissue or organ
culture.

There are now hundreds of genes whose expression pat-
terns have suggested involvement in kidney development. We
make no attempt to discuss these comprehensively, but provide
a synopsis of selected relevant pathways.

Morphological Events

The metanephric kidney is initiated as an evagination of the
Wolffian duct into surrounding metanephrogenic mesenchyme
at the duct’s caudal end. The resulting ureteric bud induces
mesenchymal cells, which condense into aggregates around the
growing tip, proliferate, and undergo mesenchymal to epithe-
lial transition. Peripheral mesenchyme, which remains undif-
ferentiated, induces the ureteric bud to grow and arborize, gen-
erating more growing tips. Each tip is capable of condensing
more mesenchymal cells into aggregates. Aggregated epithe-
lial cells form the renal vesicle, a spherical cyst that under-

goes subsequent shape changes to generate comma-shaped and
then S-shaped bodies as it connects to the developing ureter.
The S-shaped bodies ultimately form the glomerulus and tubule
system of the mature nephron, while the branched ureteric bud
forms the collecting ducts and ureter. This process occurs in a
radial manner such that mature nephrons are formed in the
central portion of the growing kidney with newer nephrons
and cells in earlier stages of development at the periphery. The
process of nephron development is complete in humans by 34
to 36 weeks gestation, but continues for up to 10 days post-
partum in the mouse.

Signaling Pathways in Kidney Development

It has long been clear from tissue transplantation experiments
that reciprocal tissue inductions take place between the ureteric
bud and the surrounding metanephrogenic mesenchyme. Glial
cell–derived neurotrophic factor (GDNF) is produced by unin-
duced metanephric mesenchyme while its receptor complex,
GFR-α1, together with the receptor tyrosine kinase RET, is
expressed at the growing tips of the ureteric bud. Mouse
knock-outs for RET or GDNF lack kidneys (1,2) The ureteric
bud produces signaling molecules that induce the metanephric
mesenchyme. Two of these are WNT-11 and FGF2. Another
WNT ligand, WNT-4, as well as BMP-7, are expressed by
the aggregating mesenchymal cells and are required for the
mesenchymal–epithelial conversion. Condensing mesenchymal
cells also express WT1 and c-MET, both of which are directly
involved in kidney tumorigenesis.

WT1 is the Wilms’ tumor suppressor gene that encodes a
zinc-finger transcription factor. Kreidberg et al. (3) found that
mice homozygous for a WT1 knockout died as embryos be-
tween stages E13 and E15 with failed kidney development.
The ureteric bud was absent and a high proportion of blastemal
cells underwent apoptosis. Tissue culture experiments revealed
that mutant metanephric mesenchyme was incapable of being
induced. The receptor tyrosine kinase MET, which is the recep-
tor for hepatocyte growth factor/scatter factor (HGF/SF), plays
an important role in kidney development (4). MET stimulation
induces tubulelike structures in cultured epithelial cells and in
organ culture, while neutralizing antibodies against HGF/SF
inhibit differentiation of metanephric mesenchymal cells (5).
Importantly, activating mutations in MET lead to papillary
renal carcinoma. The most frequently mutated gene in clear-
cell renal cell carcinoma (RCC), the von Hippel–Lindau (VHL)
gene, has no known role in kidney development. However, the
murine VHL knock-out dies in utero at E10.5 to 12.5 because
of placental vascular dysgenesis, making evaluation of kidney
development difficult (6). A link between VHL and WT1 is
exemplified by the fact that hypoxia induces WT1 in a HIF-1
dependent manner (7).
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HEREDITARY KIDNEY CANCER

Tumor suppressor genes (TSGs) encode proteins that prevent
cells from acquiring neoplastic properties, such as uncontrolled
cell-cycle progression and proliferation, growth, immortaliza-
tion and escape from programmed cell death (apoptosis). As
first shown for the retinoblastoma gene (8), loss of TSG func-
tion is a rate-limiting event. Since most genes occur in two
copies, one on each chromosomal homolog, inactivation of
both alleles requires two separate events. Familial cases result,
in part, from an inherited mutation in one allele with a sub-
sequent somatic mutation eliminating the second. While still a
rare event, the frequency of the second “hit” is sufficient (∼1
in 106 cells) that individuals who inherit a mutant allele have
a high risk for tumor development. On the other hand, spo-
radic cases result from equally rare somatic mutations in both
alleles. As a consequence, bilateral disease is rare in sporadic
cases, but common in familial ones. The development of both
VHL disease and Wilms’ tumor involves loss of TSGs, whereas
papillary renal cancer involves an activation event.

CLEAR-CELL RENAL CANCER

von Hippel-Lindau Disease (VHL)

In 1904, von Hippel described progressive retinal changes in
two patients and, with knowledge of other reports, indicated
that the primary retinal lesion was a hemangioblastoma. In
1921, with the autopsy of one of von Hippel’s patients, multiple
tumors in the central nervous system (CNS), hypernephromas
(RCCs), bladder papillomas, along with numerous pancreatic,
renal, and epididymal cysts were observed. In 1926, Lindau,
following his work on cerebellar cysts often containing small
angioblastic tumors, was able to assemble enough patient data
to substantiate the syndromic nature of these various lesions.

More recently, Maher and colleagues (9) reported the spec-
trum of disease in a series of 152 English VHL patients. Reti-
nal angiomas and cerebellar hemangioblastomas were the most
frequent initial manifestations, with a mean age of onset of 25
and 29 years, respectively. In contrast, the mean age of onset
for renal cancer was 44 years. Given enough time, however,
nearly all patients were predicted to develop both renal cancer
and CNS vascular neoplasms. The development of pheochro-
mocytoma, on the other hand, is related to the nature of the
VHL mutation and clinically has been used to subclassify VHL
patients into those with (type 2), and those without (type 1)
this manifestation.

VHL disease has previously been considered as one of
the multiple endocrine neoplasias (MEN) (10). Interestingly,
the presence of pheochromocytoma in VHL provides pheno-
typic overlap with both MEN2A (medullary thyroid cancer,
pheochromocytoma, and hyperparathyroidism) and MEN2B
(medullary thyroid cancer, pheochromocytoma, marfanoid
habitus, and neuromas of the lips, tongue, and gastrointestinal
[GI] tract) (10,11). In a study of 82 patients with pheochro-
mocytoma from Freiburg, Germany, 19% were found to have
VHL syndrome while 4% had MEN2 (12). While these per-
centages are not representative of more heterogeneous pop-
ulations, it is important to consider both syndromes in the
evaluation of patients with pheochromocytoma. The causative
gene in MEN2 is the transmembrane tyrosine kinase, RET,
which functions as the signal-transduction component for four
coreceptors, GFRα-1, 2, 3, and 4. These co-receptors bind
four related ligands: glial-derived neurotrophic factor (GDNF),
neurturin (NTN), artemin (ART), and persephin (PSP) in a par-
tially overlapping manner (13,14). While activating mutations

of RET are responsible for the MEN2 syndrome, loss of either
RET or GDNF results in renal agenesis (1,2), and persephin is
known to promote branching of the ureteric bud (15).

Using a positional cloning strategy, Latif et al. (16) were able
to isolate the VHL gene in 1993. Following this breakthrough,
Iliopoulos et al. (17) produced anti-VHL antibodies and found
the protein had an approximate size of ∼30 kDa and was lo-
calized predominantly in the cytoplasm. The hypothesis that
VHL suppressed tumor formation was verified by inserting a
wild-type gene in a VHL mutant renal carcinoma cell line (17).
The initial clue as to VHL function came from coimmunopre-
cipitating proteins, which were identified as ElonginC and B
(18). These proteins were known to be part of a complex with
ElonginA, which suppressed the pausing of RNA polymerase
II during transcription. However, VHL–ElonginC/B complexes
were mutually exclusive with those consisting of ElonginA–
ElonginC/B. This suggested that VHL might compete with
ElonginA to inhibit gene transcription. Experiments by Kibel et
al. (19) reached parallel conclusions and, in addition, demon-
strated that many VHL mutations clustered in the region that
interacted with the ElonginC and B complex. However, the
story was just beginning.

Gnarra et al. (20) also observed that wild-type VHL in-
hibited in vivo tumor growth while having no effect in vitro.
VHL also had no effect on the tumorigenicity of papillary re-
nal carcinoma. These investigators hypothesized that this dis-
crepancy might be due to the expression of angiogenic factors
and demonstrated that the production of vascular endothelial
growth factor (VEGF) was upregulated in VHL mutant cell
lines. However, while VEGF mRNA was dramatically upreg-
ulated, this did not occur at the level of transcriptional elon-
gation, suggesting there must be an alternative VHL function.
The answer came again from coimmunoprecipitation exper-
iments, which identified a new component, cullin-2 (21,22).
At the protein level, cullin-2 was similar to yeast CDC53,
which was part of a ubiquitin ligase complex. Since ubiq-
uitination targets proteins for destruction, these results sug-
gested that VHL might function in the control of protein sta-
bility. We now know that a major function of VHL involves
targeting of specific proteins for polyubiquitination, espe-
cially HIF-α subunits, and subsequent degradation by the 26S
proteosome (Fig. 27- 1).

STRUCTURE OF THE VHL,
ElonginC, ElonginB (VCB) COMPLEX

Stebbins et al. (23) described the x-ray crystal structure of
VHL complexed with ElonginC and ElonginB. VHL provides
the targeting subunit to this E3–ubiquitin ligase complex. The
prototypic pathway was discovered in yeast mutants that af-
fected the G1/S cell cycle transition by failing to degrade
the cell cycle inhibitor, Sic1. The yeast complex is known
as SCF (S kp1, C dc53/Cullin, F -box receptor). ElonginC is
highly related to Skp1 and interacts with VHL through a
motif (present in VHL) known as the F-box. Cullin-2 func-
tions as a scaffold positioning the VCB proteins on one side
of the substrate and RBX1, a small protein containing a
RING-H2 domain with a high-affinity binding site for the
Ub-conjugated E2 (24,25), on the other side. Interestingly,
the TRC8 (26) hereditary renal/thyroid cancer gene also con-
tains a RING-H2 domain (see below) and has been implicated
in ubiquitination (27).

Approximately one-half of the mutations in VHL affect
its F-box-like α-helical region and disrupt interaction with
ElonginC (23). The β-domain comprises the other major por-
tion of VHL and is formed by extensive β-pleated sheets. The
β-domain recruits substrates independent of ElonginC/B
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FIGURE 27-1. Anatomy of an SCF complex.

binding and is also frequently disrupted by mutations. The
correct folding of newly synthesized proteins is facilitated by
chaperones, multisubunit complexes containing a central cav-
ity that function in an ATP-dependent manner. A 55-amino
acid segment of VHL has been shown to bind to the chap-
eronin, TRiC, along with the heat-shock protein, HSP70 (28).
VHL mutations involving this region interfere with TRiC bind-
ing and result in incorrect folding, as evidenced by increased
protease sensitivity. Thus, VHL mutations diminish the polyu-
biquitination of substrates through either decreased binding of
the substrate to VHL or by disrupting the binding of VHL to
the ElonginC/B/Cul-2/Rbx1 complex.

E3–ubiquitin ligases are combinatorially complexed, with
six cullins and multiple Skp1-related proteins. Database ana-
lyses have found a much larger number of F-box proteins.
In support of this complexity, based on quantitative West-
ern blots, there is about 1μg of VHL protein per 150 μg of
ElonginB (29). The ElonginBC complex has been shown to
bind a group of molecules containing a common ∼50 amino
acid domain in their C-terminus referred to as the SOCS box.
SOCS-box proteins, so named for their ability to suppress
cytokine signaling, are induced by various cytokines, includ-
ing interleukin-6 (IL-6), erythropoietin (EPO), GH, leptin,
leukemia-inhibitory factor, and others, in an apparent nega-
tive feedback loop. The SOCS-box motif is structurally similar
to the F-box (23) and mediates binding to ElonginBC (reviewed
in Zhang et al.[30]). Various F-box proteins are themselves un-
stable and undergo ubiquitin-dependent degradation (31). It
has been suggested that the ubiquitin ligase core components,
such as ElonginBC/Cul-2/E2 ligase constantly associate with
different F-box proteins in a dynamic manner (31).

Cullins are modified by the ubiquitin-like peptide, Nedd8,
on a specific lysine residue close to the RBX1 interaction site

(32–38) . This modification is necessary for maximal activ-
ity of E3-ubiquitin ligases. While normal cells contain a small
proportion of neddylated cullins, mutations in the COP9 sig-
nalosome (CSN) complex lead to high modification levels. The
signalosome contains a deneddylase activity that appears to
reside in the CSN5 subunit (39). While increased neddylation
levels might be expected to constitutively activate E3 ligases,
in fact, the converse is true, as this interferes with function
(40). Modification by Nedd8 is thought to increase the bind-
ing affinity of cullin/RBX1 for ubiquitin-conjugated E2s. These
observations have suggested a model in which neddylation and
deneddylation must occur cyclically for maximum E3 ligase
activity.

Consequences of VHL Mutations

The VHL protein has a substantial effect on the transcriptional
regulation of many genes that function physiologically in re-
sponse to hypoxia, including VEGF and erythropoietin. Renal
carcinomas are particularly vascular tumors often associated
with polycythemia. The link between these phenomena in-
volves the transcription factor, hypoxia-inducible factor (HIF),
which binds hypoxia response elements (HREs) present in the
promoter regions of these genes. The presence of HREs, or reg-
ulation by HIF, has been shown for a variety of genes including
VEGF, the VEGF receptor FLT-1, erythropoietin, glucose trans-
porters 1 and 3, insulinlike growth factor 2, and its binding
proteins, etc. (see Semenza, 1999 and 2004 for detailed reviews
[41,42]). HIF is a heterodimeric transcription factor composed
of an α and β subunit. HIFα protein levels are carefully regu-
lated at the transcriptional, translational, and posttranslational
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levels while HIF β is constitutive. Importantly, VHL has been
shown to bind HIFα subunits and influence its stability (43).

While most E3-Ub ligases recognize polyubiquitinated tar-
get proteins after they are marked by phosphorylation, HIFα
subunits are modified by proline hydroxylation to create a
high-affinity binding site for VHL. Three proline hydroxy-
lases are known, PHD1, 2, and 3, and the reaction also re-
quires Fe(II), 2-oxoglutarate, molecular oxygen, and the cofac-
tor ascorbic acid. Hydroxylation of the two proline residues
(Pro-564 and Pro 402) on the 4 position also generates suc-
cinate as a byproduct. An asparagine hydroxylase termed
FIH-1 (Factor Inhibiting H IF-1) modifies an interaction site
for transcriptional coactivator, CBP/p300, and blocks bind-
ing. Thus, normoxia leads to inhibition of HIF transcrip-
tional activity, as well as its degradation. Hypoxia robs the
PHDs of the critical oxygen cofactor, leading to reduction or
loss of activity and a corresponding increase in HIF trans-
activation (44). Interestingly, the iron chelator desferrioxam-
ine also stabilizes HIFα, as does cobalt, which can replace
the Fe(II) atom and block PHD activity. Both ascorbic acid
and 2-oxoglutarate are intermediates in the Krebs cycle, as
is the hydroxylation by-product, succinate. Thus conditions
that alter levels of these metabolic intermediates may influ-
ence activities of the proline and asparagine hydroxylases
and potentially upregulate HIF. This is discussed in more
detail later.

While increased levels of HIF1α, HIF2α, and HIF target
genes appear necessary for renal tumor development (45), re-
cent data suggests these changes are not sufficient. Neverthe-
less, deregulated HIF contributes to the high vascularity char-
acteristic of kidney tumors and likely provides an important
boost to tumor growth. More insight into the possible role of
VHL in tumorigenesis came from studies in model organisms.
In mammalian cells, the ElonginC/B complex binds Cul-2. Dis-
ruption of the worm gene, C. elegans cul-2, leads to growth ar-
rest of cells at the G1/S boundary (e.g, a checkpoint during the
cell cycle, which regulates the beginning of DNA replication)
(46). Cell-cycle control is mediated partly by the activities of
cell-cycle dependent kinases, CDKs, and CDK inhibitors. The
loss of cul-2 leads to elevated levels of a particular CDK in-
hibitor and reduction of this inhibitor was shown to correct
the cell cycle arrest. Loss of cul-2 also resulted in cell divi-
sion with uncondensed chromosomes and unequal DNA seg-
regation. Thus, in the worm, defects in ubiquitin targeting can
lead to alterations in the cell cycle and aneuploidy. Experimen-
tally, overexpression of VHL in human cells leads to elevated
levels of the CDK inhibitor p27kip1 (47), which is known to
be regulated by ubiquitination and degradation. Carrano and
coworkers (48) showed that p27 ubiquitination is dependent
on the presence of an F-box-containing protein, SKP2, the ki-
nase activity of CDK2/cyclinE, which phosphorylates p27, and
Cul-1. Moreover, the F-box protein SKP2 is limiting in the cell
for this reaction to occur. Studies in Drosophila identified the
VHL homologous gene, DVhl (49). Development of the trachea
in Drosophila involves the migration and elongation of a set
of primordial cells, which fuse and branch in a manner that is
reminiscent of vascular development. Loss of VHL results in ex-
cessive branching, similar to what is observed during hypoxia
in Drosophila. In contrast, overexpression of VHL results in
blunted trachea formation, consistent with the absence of cell
movement. In human RCC, VHL inhibits branching morpho-
genesis induced by HGF/SF (50) and inhibits matrix metal-
loproteinases, which degrade the extracellular matrix during
migration and invasion.

VHL has also been shown to bind and regulate secretion
of fibronectin, a prime constituent of the extracellular matrix
(51). The importance of this interaction has been unclear, yet
all tumor-associated VHL mutations tested have also dysreg-
ulated fibronectin deposition (52). Integrins, which are trans-

membrane proteins, bind fibronectin and other matrix com-
ponents, and several of these have important roles in kidney
development. The interaction with fibronectin occurs with a
fraction of VHL that is localized within, or at, the endoplasmic
reticulum (ER) (52). Renal carcinomas with mutant VHL are
deficient in fibronectin secretion and this interaction appears
to be independent of ElonginC/B. In at least one instance, a re-
nal carcinoma cell line (ACHN) lacking a VHL mutation was
shown to have a fibronectin mutation (reviewed in Ohh et al
[52]). Ohh and colleagues (52) have recently discovered a VHL
mutation (K159R) that fails to deposit fibronectin properly, yet
retains the ability to regulate HIFα. Of interest is the fact that
expression of this mutant VHL cannot block tumor forma-
tion, despite its ability to downregulate HIF. This suggests that
deregulation of fibronectin may be at least as important for
tumorigenicity as HIF. Moreover, specific lysine mutated is the
target for modification by Nedd8.

Hereditary Renal Carcinoma and TRC8

A 3;8 chromosomal translocation, t(3;8)(p14.2;q24.1), was de-
scribed in a family with classic features of hereditary RCC,
that is, autosomal dominant inheritance, early onset and bilat-
eral disease (53). The translocation and RCC segregated con-
cordantly and a follow-up analysis reported the occurrence of
thyroid cancer in two translocation carriers (54). Frequent 3p
loss of heterozygosity (LOH) in sporadic RCC led to the initial
assumption that a critical tumor suppressor gene would be lo-
cated at 3p14. However, identification of the VHL gene at 3p25
(see above), provided an alternative explanation for at least
some observed 3p LOH. Within 3p14, Ohta et al. (54a) identi-
fied the FHIT gene, which was interrupted in its 5′ untranslated
region by the 3;8 translocation. The human gene, like its yeast
homolog, encodes diadenosine (5′5′ ′-P1,P3-triphosphate) hy-
drolase activity. Although several reports described FHIT al-
terations in diverse carcinomas using nested RT-PCR, other
results were contradictory (55–57). In fact, most FHIT ab-
normalities occurred in the presence of wild-type transcripts
and resulted from low-abundance splicing alterations. Further-
more, Boldog et al. (58) demonstrated that the 3p14 deletions
coincided with FRA3B, the most inducible fragile region in the
genome and suggested FHIT alterations might be primarily re-
lated to genomic instability.

Based on an observation from one case of a parotid ade-
noma in which FHIT underwent a chromosomal transloca-
tion with HMGIC, the known causative gene in a variety of
benign tumors, a novel gene fused to FHIT from the chro-
mosome 8 breakpoint, was found (26). This gene, TRC8, was
found to be partially related to the Drosophila segment polarity
gene, patched. Patched is responsible for both hereditary and
sporadic basal cell carcinomas, as well as medulloblastomas
(Fig. 27-2).

TRC8 encodes a predicted 664 amino acid, multitransmem-
brane protein. The patched similarity includes the second ex-
tracellular domain of patched, which is involved in binding
sonic hedgehog, as well as its putative sterol-sensing domain.
Sterol-sensing domains are regulatory motifs best character-
ized in SCAP, the sterol regulatory element-binding protein
(SREBP) cleavage-activating protein (59). Under conditions of
low cholesterol, SCAP escorts SREBP to the Golgi, where pro-
teases cleave and activate three SREBP proteins (60). When
cells are replete with cholesterol, the SREBP/SCAP complex is
retained in the ER, bound to the anchoring protein, INSIG.
When cholesterol levels are low, interaction between SCAP
and INSIG is lost and the SCAP/SREBP complex is escorted
to the Golgi for proteolytic activation. While the function of
the sterol-sensing domain in patched is unknown, hedgehog is
actually tethered to the plasma membrane by cholesterol. A
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FIGURE 27-2. A schematic of the predicated TRC8 structure and patched similarities.

schematic of the predicted TRC8 stucture and patched similar-
ities is shown in Figure 27-2.

TRC8 also contains a RING-H2 domain (CX2CX9−27
CXHX2HX2CX6−17CX2C), which is known to catalyze ubiq-
uitination reactions (61). As discussed above, the VHL–Elongin
complex contains a smaller RING-H2 protein, RBX1. The
Drosophila TRC8 homolog has been shown to function as a
growth inhibitor, consistent with tumor suppressor function
(62). Given the probable role of TRC8 in ubiquitination, it
is perhaps not surprising that the COP9 signalosome subunit
CSN5 was identified as an interacting protein (62). Moreover,
selected mutations in CSN5 could restore growth to fly struc-
tures inhibited by TRC8 (63). In vitro growth inhibition has
now been observed in mammalian cells expressing wild-type
TRC8, but not when mutations in the RING-H2 domain were
present (A. Brauweiler, H. Drabkin and R. Gemmill, unpub-
lished).

Tuberous Sclerosis (TSC)

Tuberous sclerosis (TSC) is a dominantly inherited disease
marked by the formation of hamartomas in different organs,
including the brain, kidney, and skin. The incidence is 1 in 5
to 10,000 live births (64) with about one-third of cases be-
ing familial (65). The disease is caused by mutations in either
TSC1 (hamartin) or TSC2 (tuberin) (66,67). Loss or reduction
in the function of the hamartin–tuberin complex in patients
with TSC leads to unregulated mTOR signaling (68,69). In the
kidney, angiomyolipomas are the most common manifestations
of TSC, although benign cysts and lymphangiomas occur. In
addition to benign lesions, clear-cell RCC may develop in 1%
to 2% of adult patients with TSC.

Angiomyolipomas are composed of varying amounts of ma-
ture smooth muscle, adipose tissue, and blood vessels (70).
The natural history of the renal manifestations of TSC was
evaluated in a series of 59 patients (mean age 11.4 years),
who were prospectively followed by different imaging studies
(71). Angiomyolipomas were present in approximately 80%
of patients, commonly being numerous and bilateral. In pa-
tients with normal baseline imaging studies, renal lesions (an-
giomyolipomas or renal cysts) presented at an average age of
9 years. It has been suggested that lesions <4 cm in diameter
can be monitored with periodic ultrasonography. Angiomy-
olipomas >4 cm can become symptomatic and require inter-
vention (72,73). Routinely, renal-sparing approaches are pre-
ferred, while total nephrectomies are reserved for patients with

nonfunctioning kidneys causing uncontrolled hypertension or
other complications, as well as for tumors suspected of being
malignant (72).

PAPILLARY RENAL CANCER

Papillary renal tumors account for between 5% to 20% of re-
nal carcinomas (74,75). In addition to spontaneous tumors,
papillary renal carcinomas can be hereditary. In contrast to the
frequent loss of chromosome 3p seen in clear-cell carcinomas,
papillary tumors are characterized by a gain of chromosomes 7,
17, 16, and loss of the Y chromosome in males. From genetic
linkage studies in papillary renal carcinoma families, a large
27 cM region of chromosome 7 was identified as containing
the responsible gene. Because of the increased copy number of
chromosome 7 in papillary tumors, Schmidt et al. (76) con-
sidered that the causative gene might be an oncogene instead
of a tumor suppressor gene. Using candidate genes localized
with the 27 cM interval, the MET oncogene, a receptor ty-
rosine kinase, was shown to contain activating mutations in
affected family members. Mutations were also seen in non-
hereditary papillary tumors, although their frequency was low
(3/60) (76). Moreover, the extra copies of chromosome 7 that
occur in papillary renal carcinomas were shown to contain the
active mutant MET gene (77).

Morphologically, papillary renal cancer can be classified
as type 1 and type 2. Type 1 tumors are composed of small
cells organized in single layers, while type 2 tumors have larger
cells and pseudostratification (78). These pathologic subtypes
correlate with differences in molecular pathogenesis and out-
come (79). Germ-line activating mutations in MET are found
in patients with hereditary papillary renal cancer type 1. In-
terestingly, MET is also a HIF target gene (80) and clear-cell
RCCs with VHL mutations are hyperresponsive to hepatocyte
growth factor (50). However, MET mutations have not been
described in clear-cell RCC, although tumors with mixed clear-
cell/papillary features occur (78).

A second type of hereditary papillary renal cancer occurs
in the leiomyoma renal cell carcinoma syndrome (HLRCC),
characterized by cutaneous and uterine leiomyomas, together
with type 2 papillary RCC. In this disorder, papillary renal
cancer can be aggressive with early metastases. Germ-line mu-
tations of the Krebs cycle component, fumarate hydratase,
have been identified in affected individuals (81). Interestingly,
mutations in another Krebs cycle enzyme, succinate dehydro-
genase (SDH), are responsible for some forms of hereditary
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FIGURE 27-3. Krebs Cycle.

paragangliomas and pheochromocytomas, tumor types seen
in the VHL syndrome (82). Even in apparently nonhereditary
cases of paraganglioma/pheochromocytoma, mutations in
SDHB or SDHD subunits were identified in ∼14% with the
frequency about equal between the two genes. However, while
mutations in the SDH-D subunit are associated with be-
nign tumors, about one-third of tumors arising in individ-
uals with SDH-B mutations are malignant (83). Moreover,
early-onset clear-cell RCC has been reported in some of these
individuals (84).

SDH converts succinate to fumarate and fumarate hydratase
converts fumarate to malate (85). Thus, two consecutive en-
zymes in the Krebs cycle are linked to renal cancer, paragan-
gliomas, and pheochromocytoma. As shown in Figure 27-3,
2-oxoglutarate is an intermediate in the Krebs cycle and is used
by prolyl hydroxylases to modify HIF, making it a higher affin-
ity substrate for VHL (86–88). Succinate dehydrogenase (SDH)
converts succinate to fumarate and mutations in the D-subunit,
SDHD, lead to elevated levels of succinate, which inhibit pro-
lyl hydroxylase activity (89). In addition, DNA damage by free
radicals has been reported in a SDH-C mutation model (90).
Although the cellular phenotype of fumarate hydratase mu-
tations in cases of HLRCC has not yet been described, it is
possible that there are similar alterations involving either HIF
or DNA damage (Fig. 27-3).

Overall, when confined to the kidney papillary, RCCs have a
better prognosis than the clear-cell subtype. In a review of 1985
patients with sporadic clear-cell versus 270 patients with papil-
lary carcinoma without metastatic disease, the 5-year survival
was 87.4% for papillary, but only 68.9% for clear-cell carci-
noma (91). In the metastatic setting, however, papillary RCCs
may have a worse prognosis (92). Currently, there is no stan-
dard treatment for metastatic papillary RCC and objective re-
sponses to immunotherapy are uncommon. However, in vitro
data suggest that therapy directed against MET may be a
promising strategy for type 1 cancers (93). Taken together, these
data suggest that papillary and clear-cell cancers share at least
some features, including MET and HIF deregulation, while sur-
vival with metastatic disease and responses to immunotherapy
differ.

Other molecular alterations have also been identified in
hereditary papillary renal cancers. From cytogenetic studies,
a recurrent translocation between chromosomes X and 1 was
identified (75), and a basic helix-loop-helix type of transcrip-
tion factor, TFE3, was shown to be involved. This rearrange-
ment fuses an intact TFE3 gene downstream of the PRCC gene.

The normal TFE3 gene is lost in tumors (94). The normal
PRCC gene encodes a nuclear protein and compared to normal
TFE3, the PRCC-TFE3 fusion has enhanced transcriptional ac-
tivity (95). The N-terminal region of PRCC has been shown
to interact with a mitotic spindle checkpoint protein, Mad2B,
stimulating translocation of Mad2B into the nucleus (96). The
PRCC/TFE3 fusion appears to block this effect in a dominant
negative fashion.

WILMS’ TUMOR

Wilms’ tumor or nephroblastoma is an embryonal neoplasm
originating from undifferentiated metanephric mesenchyme.
Affecting about 1 in 8 to 10,000 children, Wilms’ tumor is fre-
quently triphasic, containing blastemal, stromal, and epithelial
cell components (97). However, as all three of these cell types
originate from the condensing metanephric mesenchyme of the
developing kidney, finding them together in a single tumor is
not surprising. Development of Wilms’ tumor requires loss of
activity for the tumor suppressor locus, WT1, which encodes a
transcriptional regulator. However, while loss of WT1 activity
is necessary, it is not by itself sufficient. Clusters of preneoplas-
tic cells called nephrogenic rests are frequent in the kidneys of
Wilms’ tumor patients (98). These poorly differentiated cells
are believed to represent precursors to Wilms’ tumor. Nephro-
genic rests were shown by mutation analysis to contain the
identical somatic mutation, as the accompanying Wilms’ tu-
mor in two cases (99), demonstrating their clonal relatedness
and suggesting that mutations of WT1 constituted an early le-
sion. Wilms’ tumors occur both sporadically and in a heritable
fashion (100). Familial cases constitute about 1% of all Wilms’
tumors; tumor risk is inherited in an autosomal dominant fash-
ion with variable penetrance and expressivity. Like most tumor
suppressor genes associated with familial cancers, the risk for
tumor development is dominant, but the mechanism for gener-
ating neoplasia is recessive at the cellular level, requiring loss
of both alleles.

FUNCTION OF WT1

The protein encoded by WT1 is shown schematically in Figure
27-4. WT1 contains a DNA binding domain made up of four



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-27 Schrier-2611G GRBT133-Schrier-v4.cls July 27, 2006 20:31

750 Section V: Neoplasms of the Genitourinary Tract

FIGURE 27-4. Wilms’ tumor 1 (WT1) structure and domains.

zinc fingers of the Cys2– His2 class together with a praline- and
glutamine-rich domain that can regulate transcription. Muta-
tions found in Wilms’ tumors either eliminate the protein en-
tirely or disrupt the zinc-finger domain and, thus, interfere with
DNA binding. The zinc fingers consist of polypeptide regions,
which can coordinate Zn2+ ions, stabilizing their structure, and
holding key amino acid side chains into specific configurations.
Zinc fingers have been found in many transcription factors
where they function to hold the DNA interaction domain in
a specific configuration necessary for binding. A developmen-
tal abnormality of the genitourinary tract called Denys-Drash
syndrome results from dominant negative mutations in WT1
(101,102). Denys-Drash patients have severe urogenital aber-
rations, renal failure, pseudohermaphroditism, and Wilms’ tu-
mor. These mutations predominantly affect the third zinc finger
(occasionally the second) of WT1, preventing the protein from
binding DNA. Kidney abnormalities resulting from dominant
negative mutations support the critical role of WT1 in kidney
development identified by murine knock-out studies previously
mentioned.

There are two alternatively spliced sites in the WT1 pre-
mRNA that give rise to four distinct WT1 transcripts and
four distinct protein products. Transfection of a Wilms’ tu-
mor cell line with constructs expressing these four variants
demonstrated that all could suppress growth (103). Most ex-
perimental attention has been focused on the two WT isoforms,
which either contain or lack a three amino acid motif consist-
ing of lysine, threonine, and serine (KTS). These three amino
acids are inserted into a linker region between zinc fingers 3
and 4 and, as a consequence, alter the interactions between
WT1 and its DNA binding site (104). The −KTS form gener-
ates a more stable interaction with its DNA binding site, while
insertion of KTS disrupts important interactions between the
linker region and the adjacent zinc fingers, lowering the sta-
bility of the complex. These differences translate into altered
nuclear localization for the two variants. The −KTS form is
distributed diffusely throughout the nucleus (105), while the
+KTS variant resides in nuclear speckles, as do WT1 mutant
proteins with a disrupted zinc finger domain. While it has been
suggested that the +KTS form participates in pre-mRNA splic-
ing, its speckled location was distinct from that of the essential
splicing factor, SC35, questioning this role. Coexpression of the
−KTS form with truncated mutant WT1 protein led to their
physical association and an altered subnuclear compartmen-
talization. This suggests that dominant negative WT1 proteins
may alter WT1 (−KTS) function by changing its subnuclear
localization.

WT1(−KTS) binds to both GC-rich and TC-repeat elements
in a variety of promoters and represses transcription, at least in
transient transfection assays (106). Genes whose expression is
known or suspected of being repressed by WT1, include Pax-2
(107), insulinlike growth factor 2 (IGF-2), the IGF receptor,
platelet-derived growth factor A, EGF receptor, TGFβ, BCL2,
c-MYC, and WT1 itself (108), among others (109). Several
of these genes are known to be critical factors in kidney de-
velopment, and at least Pax2 is upregulated in WT1 mutant
Wilms’ tumors. The repression of these genes has led to the
broad hypothesis that WT1 functions as a transcriptional re-

pressor to block growth-promoting genes and, thereby, allow
differentiation. In addition, it appears necessary for cell sur-
vival by blocking apoptosis. However, not all target genes are
repressed by WT1. The cell surface proteoglycan syndecan-
1 was shown to be transcriptionally activated by WT1 (109).
This observation takes on added significance as syndecan-1 ex-
pression is induced at the time of epithelial differentiation of
metanephric mesenchyme, and its loss is correlated with ma-
lignant transformation and loss of differentiation. The view of
WT1 as a general transcriptional repressor was challenged fur-
ther by Lee et al. (110). They pointed out that many genes,
which possess WT1 responsive elements in their promoters
and are transcriptionally repressed in transient transfection as-
says, are not regulated by WT1 in vivo (110). Moreover, WT1
can either repress or activate GC-rich promoters depending
upon experimental conditions. Using expression profiling cou-
pled with tetracycline-regulated expression of WT1 (−KTS)
they found the gene encoding amphiregulin to be strongly in-
duced (110). A ligand for the epidermal growth factor recep-
tor, amphiregulin is known to induce proliferation of some
epithelial cells and yet inhibit growth of many cancer cell lines
(111). Amphiregulin expression was coincident with WT1 in
differentiating structures within the nephrogenic zone of the
kidney. Condensed mesenchyme or blastemal cells surround-
ing the ureteric bud showed low-level expression for both
genes, while developing glomeruli had high levels, particularly
in the podocyte cells. Mature glomeruli had little to no ex-
pression of either gene. Importantly, recombinant amphireg-
ulin was capable of inducing branching morphogenesis in cul-
tured murine kidney rudiments. The results of Lee et al. (110)
confirm that WT1 can function as a transcriptional activator
on a physiologically relevant target and suggest that repres-
sion of gene expression is only a part of the picture. Additional
genes activated by WT1 include Müllerian-inhibiting substance
(MIS), which is upregulated by WT1 (−KTS) in conjunction
with steroidogenic factor-1 (SF1), during sexual development
(112). Sex reversal (SRY) is also a target (113,114). Trans-
fection of WT1 can increase expression of E-cadherin, an im-
portant cell-adhesion molecule that is induced in condensing
mesenchyme at about the same time as WT1 expression (115).
Anti-apoptotic effects of WT1 may result from its upregulation
of Bcl2 (116).

The absence of kidneys in WT1 mutant mice has been de-
scribed above. Besides kidney agenesis, WT1−/− embryos had
abnormal gonadal development with total loss occurring by
day E14. This feature is consistent with the genitourinary de-
fects observed in WAGR and Denys-Drash syndromes. Recent
findings have demonstrated the upregulation of WT1 mRNA
and protein in hypoxic heart (and kidney) tissues in a HIF-1
dependent manner (7). Thus, remarkably, WT1 is a target gene
of the HIF system forming a potential connection between the
deregulated events in clear-cell renal carcinoma and Wilms’
tumor.

TREATMENT OF RENAL CELL
CARCINOMA

Metastatic renal cell carcinoma is notoriously resistant to con-
ventional chemotherapy and is currently an incurable disease.
However, new biologic agents are beginning to break the re-
sistance barrier. Following a brief discussion of conventional
chemotherapeutic agents, we review the use of immunotherapy
in RCC, then move to anti-VEGF, anti-EGFR, as well as protea-
some and mTOR inhibitors, before considering the multikinase
inhibitors, which are generating considerable enthusiasm in the
treatment of RCC.
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CONVENTIONAL
CHEMOTHERAPY

Many conventional cytotoxic agents have been tried in
metastatic RCC with uniformly poor results (average response
rate of 6%). Vinblastine and 5-FU appear to be the most
active (117). Newer agents, including Gemcitabine, Irinote-
can, Oxaliplatin, Paclitaxel, Carboplatin, and Ixabepilone,
are being tested alone or in combination in Phase II tri-
als. Recently, the combination of Capecitabine and Gemc-
itabine produced a 15.8% partial-response rate in 21 patients
with metastatic RCC, although no complete responses were
observed (118).

IMMUNOTHERAPY

RCC has been one of the malignant diseases where presumed
stimulation of the immune system, either by removing the pri-
mary tumor or through treatment with IL-2, interferon or stem-
cell transplantation (to induce a graft versus tumor effect) has
repeatedly produced beneficial results.

Interleukin-2 (IL-2)

Reports of rare, but recurrently demonstrated spontaneous re-
missions, in RCC suggested that the immune system, in some
circumstances, was able to recognize cancer cells as non-self
and organize an effective response (119). In the early 1980s,
such observations triggered a search for therapeutic agents with
potential to improve the immunologic response against tumor
cells. Basic research in T-cell stimulating molecules led to the
discovery of interleukin-2 (IL-2) (120). IL-2 is naturally pro-
duced by TH-1 lymphocytes and normal CD4 and CD8 T-
lymphocytes respond to IL-2 by activation and proliferation,
enhancing the ability of these cells to recognize antigens and
amplifying the population of cells capable of causing direct cy-
totoxicity. Initial attempts to use IL-2 as an anticancer agent
were generally unsuccessful, except for responses in melanoma
and renal cell carcinoma (121). Early trials were based on in
vitro stimulation of T-cells with IL-2 to induce the formation
of lymphokine-activated killer cells (LAK cells), which were
administered with high-dose IL-2.

Patients exposed to high doses of IL-2 develop fever, rash,
flulike symptoms and, most concerning, a capillary-leak syn-
drome, characterized by lung edema and hypotension requiring
volume support and vasopressors (122). Once established, such
syndromes can be complicated by infection, renal failure, and
acute coronary events. Although toxic, the effect of high-dose
IL-2 in metastatic RCC can sometimes be spectacular. However,
in a different series, only about 15% of the patients achieved
an objective response, and about 5% of patients obtained a
complete response, which could be long-lasting (123).

With more experience in IL-2 therapy, the exclusion of high-
risk patients has resulted in a marked reduction in lethality
(124). The addition of LAK cells to IL-2 also increases the
complexity and cost of treatment, without a clear benefit. One
major randomized trial compared high-dose IL-2 with or with-
out LAK cells. In patients with RCC, there was no signif-
icant difference in activity between arms (125). Subsequent
trials using low-dose IL-2, with or without INF-α, have pro-
duced fewer overall complete responses, which were usually
short-lasting (126).

The importance of dose intensity of IL-2 for patients with
metastatic RCC was clarified in a NIH trial that randomized
patients to receive high-dose IL-2 (156 patients) or a dose that

was 10 times lower (150 patients). The trial design was subse-
quently amended (after 117 patients) to include a third arm of
low-dose subcutaneous IL-2. All patients had clear-cell histol-
ogy and a favorable performance status. Although there were
no treatment-associated deaths, morbidity was higher with
high-dose IL-2. There was also a significantly higher response
rate with high-dose IL-2 compared to low-dose IV IL-2 (21%
versus 13%, p = .048), but no overall survival difference. High-
dose IL-2 was also superior to subcutaneous IL-2 with response
rates of 21% versus 10%, p = .033 (127).

Recently, the results of a multi-institution Phase III trial in-
volving 192 patients with metastatic RCC and good perfor-
mance status was reported (128). Patients were randomized to
receive intravenous high-dose IL-2 or low dose, subcutaneous
IL-2 plus INF-α. The response rate was significantly higher
in patients treated with high-dose IL-2 (23.2% versus 9.9%,
p = 0.018). While there was no significant difference in over-
all survival (17 versus 13 months, p = 0.211), patients with
prior nephrectomy (p = .04) or bone or liver metastasis
(p = 0.001) appeared to benefit. As expected, there were more
severe grade 3 and 4 toxicities in the high-dose IL-2 arm, al-
though treatment-related mortality was rare and not different.
Based on these reports, we conclude that high-dose IL-2 may
be the best option for younger patients with good performance
status, who do not have access to a clinical trial, particularly if
they have bone or liver involvement.

Interferon

Interferons provide primary defenses against infectious organ-
isms, particularly viruses. Interferon-alpha (INF-α) is naturally
produced by macrophages and lymphocytes and induces sev-
eral biological effects including immunomodulation, antipro-
liferation, and enhanced of expression of cell-surface antigens.
In phase II studies, recombinant INF-α was reported to in-
duce responses in RCC in up to 29% of cases (129). How-
ever, in contrast to IL-2, INF-α has no curative potential and
complete responses are rare and of short duration. In a ran-
domized trial comparing INF-α with medroxyprogesterone ac-
etate, INF treatment was associated with an improved sur-
vival, although the benefit was minimal (median survival of
8.5 versus 6 months), and patients treated with INF-α had
more symptoms and worse quality of life (129a). INF-α can be
self-administered subcutaneously. Most patients experience a
flulike reaction with low-grade fever, myalgia, arthralgia, and
headache. Other side effects including alopecia, depression,
rash, autoimmune phenomenon, and cytopenias are much less
frequent (129a).

Stem-Cell Transplantation

In leukemia, an important aspect of stem-cell transplanta-
tion involves graft-versus-leukemia effects. Based on this ob-
servation, and responses of RCCs to immunologic manip-
ulations, attempts have been made to achieve graft-versus-
tumor effects using nonmyeloablative, allogeneic stem-cell
transplantation. In an initial report of 19 patients, 3 ob-
tained a complete response, and 7 obtained a partial response.
Two patients, however, died of transplant-associated events
(130). However, a recent report failed to show similar bene-
fit (131). Considering the complexity and treatment-associated
toxicity, allogeneic stem-cell transplantation remains an ex-
perimental approach for RCC and should be performed in
the context of a clinical trial. Other approaches, such as
vaccines prepared from the individual’s tumor, also remain
experimental.
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ANTI-VEGF THERAPY

Bevacizumab

At least one-half of clear-cell RCCs have upregulation of HIF-
1/2α and HIF target genes including VEGF (131). Bevacizumab
(rhuMAB VEGF [Avastin, Genentech, San Francisco, CA]) is
a humanized recombinant anti-VEGF antibody that binds all
forms of VEGF-A isoforms (with an affinity of ∼1.8 nM) and
neutralizes their activities (132). Despite in vitro absence of
antiproliferative activity against primary cancer cell lines, in
vivo tumor growth of MDA-MB435 breast cancer or A673
rhabdomyosarcoma cells in nude mice was inhibited by 95%
following treatment with bevacizumab.

Bevacizumab was subsequently tested in Phase I trials in
patients with advanced malignancies. Among eight advanced
RCCs, minor tumor shrinkage was noted in two cases and sta-
ble disease for at least 2 months was observed in five others
(133,134). In a Phase II trial of 116 patients with metastatic
clear-cell RCC randomized to placebo, low-dose (3 mg/kg) or
high-dose (10 mg/kg) bevacizumab every 2 weeks, there was
a 10% objective partial-response rate, which was confined to
the high-dose arm (135). Compared to placebo, there was also
a significant prolongation in the time to disease progression
(4.8 versus 2.5 months; p<.001 by log-rank test) and even
by 8 months, 30% of these patients had not progressed com-
pared to 14% and 5% treated with low-dose bevacizumab or
placebo, respectively. At the time of the report, four patients
were still undergoing treatment in the absence of disease pro-
gression for 3 to 5 years (6).Two patients, who discontinued
therapy after 2 years, had subsequent disease progression. Both
responded after the reinstitution of bevacizumab and have re-
mained stable on treatment foran additional 3 to 3.5 years.
Two other patients remained stable while undergoing proto-
col therapy, but then subsequently received 10 mg/kg under
compassionate use circumstances. Both remained stable and
continuedto take bevacizumab for a total of >4 years (136).
Some of these patients have experienced substantial proteinuria
(>3.5 g/day), although other aspects of renal function remained
normal.

Thalidomide

Thalidomide, a previously banned agent because of fetal limb
developmental abnormalities (phocomelia) when taken during
pregnancy, has found new uses in oncology, particularly mul-
tiple myeloma and other solid tumors (137). While there is an
antiangiogenic effect, its mechanism of action is unclear. Down-
regulation of COX-2, decreased VEGF-induced endothelial cell
activation, reduced expression of TNF-α and inhibition of IL-6
have been reported (138; 138a; 139). Hansen et al., as well as
others (140), have shown that thalidomide induces oxidative
stress in susceptible species with impairment of the transcrip-
tion factor, NF-κB, and its downstream target genes includ-
ing fibroblast growth factors. These results appear to fit well
with the role of NF-κB and FGFs in multiple myeloma, and
the ability of FGFs to induce VEGF production (141). In sev-
eral Phase II studies, partial responses to thalidomide were ob-
served in up to 10% of cases (138). Increased doses of thalido-
mide were toxic, with somnolence, constipation, peripheral
neuropathy, and increased incidence of thrombosis (138,142).
Thalidomide combined with INF-α produced partial responses
in 3/14 patients (21%) (142a). Among 37 patients treated with
thalidomide and subcutaneous IL-2, there was 1 complete and
14 partial responses (response rate of 41%) with tolerable
toxicity.

EGFR INHIBITORS

The EGF receptor (EGFR) belongs to the ErbB family of ty-
rosine kinase receptors, which is comprisedof EGFR itself
(ErbB1/EGFR/HER1),ErbB2 (HER2/neu), ErbB3 (HER3), and
ErbB4 (HER4)(143–145). Overexpression of the EGF receptor
(EGFR) in RCC has been recognized for some time and EGFR
signaling is mitogenic for malignant and normal renal tubular
cells (146–149). TGFα, an EGFR ligand under transcriptional
control by HIF, is constitutively expressed in VHL mutant cells
(150). Downstream consequences of ErbB signaling include ac-
tivation of the Ras/Raf/MAPK and phosphatidylinositol 3-OH
kinase (PI3K)/AKT pathways, as well as JAK/STAT signaling,
which mediate a host of cell responses including cell growth
and proliferation.

Monoclonal Antibody Therapy

There are currently two different monoclonal antibodies in
clinical trials in patients with metastatic renal cancer. Cetux-
imab (cetuximab, IMC-C225, Erbitux ImClone Systems Inc,
New York) is a chimeric human–murine antibody directed
against the EGFR, while ABX-EGF (panitumumab, Abgenix,
Fremont, CA) is a fully humanized antibody. Both bind to the
extracellular domain of the receptor, compete with ligand bind-
ing and block activation by EGF or TGFα(151–153). They also
induce receptordimerization and downregulation, which may
be important for growth inhibition (154).

In a Phase II trial of patients with RCC, treated at varying
doses of ABX-EGF, there were two of 31 patients with objective
responses, while 58% had minor responses or stable disease
(155). However, despite similar in vitro results (156), treatment
with cetuximab did not produce any responses among 55 pa-
tients. Whether these different results reflect real variation in
the antibodies, the doses used, or are due to other factors is
unknown. In any case, the investigators concluded that further
study of cetuximab was not recommended (157), while trials
with ABX-EGF are ongoing in RCC and in colorectal cancer
(158).

Small Molecule Inhibitors of EGFR

Small molecule inhibitors of EGFR have been developed that
compete with ATP binding and block the kinase activity of
the receptor. Two of these inhibitors have been tested in pa-
tients with metastatic RCC, gefitinib (IressaTM; AstraZeneca,
Wilmington, DE) and erlotinib (Tarceva, OSI-774, OSI Phar-
maceuticals, Melville, NY). These small molecules are also able
to block the catalytic activity of EGFR mutants lacking the
extracellular binding domain (159). In terms of downstream
signaling pathways, the monoclonal antibodies (MABs) and
tyrosine kinase inhibitors (TKIs) seem to have similar effects
and toxicities.

Phase I studies with both gefitinib and erlotinib demon-
strated that rash, diarrhea, nausea, vomiting, and fatigue were
the most common side effects with maximum tolerated doses
of 500 and 150 mg/day, respectively (160). As single agents
in RCC, the antitumor effects of these compounds (in terms
of tumor regression) are modest, at best. In a Phase II study
of 21 patients treated with 500 mg gefitinib daily as a 28-day
cycle, stable disease was reported in eight (38%), all of whom
were previously progressing. Median progression-free survival
was 2.7 months and median overall survival was 8.3 months:
the difference in overall survival between patients with stable
disease and progressive disease was 16 + versus 6.1 months,
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respectively (p = 0.0007). To our knowledge, no studies with
single-agent erlotinib in RCC have been performed.

COMBINED ANTI-VEGF AND
ANTI EGFR-THERAPY

Since RCCs frequently have upregulation of hypoxia-inducible
genes (including VEGF and TGFα), the combination of an anti-
VEGF agent (bevacizumab) plus an antagonist of EGFR (er-
lotinib) was a logical strategy. In xenograft models, the com-
bination of Avastin and Tarceva results in greater efficacy than
either agent alone (161). There also appears to be little to no
overlap in the toxicity profile between the two agents. Based
on these factors, a Phase II trial of the bevacizumab/erlotinib
combination in patients with metastatic RCC was undertaken.
Bevacizumab was given 10 mg/kg IV every 2 weeks, and er-
lotinib was used at 150 mg PO daily. A total of 57 patients,
with 0 or 1 prior treatment, were enrolled. Out of 40 evaluat-
able patients, overall responses were noted in 16 patients (40%)
(partial response in 10 [25%]). Stable disease was noted in 19
patients (47%), and the actuarial progression-free survival at 6
months was 71%. The treatment was generally well tolerated
with the most common grade 3/4 toxicities being hyperten-
sion, diarrhea, rash, and nausea/vomiting. Thus, the combi-
nation appears to be more active than either agent alone. A
randomized Phase II trial of bevacizumab versus bevacizumab
plus erlotinib in patients with metastatic RCC is in progress
and has completed accrual.

PROTEASOME INHIBITION

The normal degradationof proteins is crucial for maintenance
of cellular homeostasis.The 26 S proteasome is a barrel-shaped
structure with internally located proteases. However, entry of
proteins into the 20 S proteasome core is sterically inhibited in
the absence of a 19 S regulatory particle consisting of a multi-
subunit proteasome lid and base, which, together with the core
particle, form the 26 S proteasome (162). The usual scenario
is that proteins are first targeted by specific phosphorylations
and subsequently recognized by E3-ubiquitin ligase complexes
by which polyubiquitin chains are added. These polyubiquiti-
nated proteins are bound by the proteasome lid, unfolded by
the activity of ATPases that form the adjacent base, and finally
threaded into the 20 S core where they are hydrolyzed (162).
Bortezomib (PS-341) (Velcade TM; Millennium Pharmaceuti-
cals, Inc., Cambridge, MA) is a potent, reversible inhibitor of
this proteolytic activity.

While proteasome inhibition might be expected to be non-
specific, in fact, certain systems appear particularly vulnerable,
such as the transcription factor NF-κB, which is sequestered in
the cytoplasm by IκB (163). When IκB is phosphorylated (164)
by IKK (165), IκB is polyubiquitinated and degraded allowing
NF-κB to enter the nucleus and activate target genes. B-cell ma-
lignant diseases, especially multiple myeloma, are particularly
dependent on NF-κB and sensitive to proteasome inhibition
(166). Substantial constitutiveNF-κB activation has been ob-
served in RCC cell lines (167,168). Importantly, the frequency
of constitutive NF-κB activationis reported to be greater in
locally advanced and metastatic RCCs compared to localized
cases (169). Bortezomib is able to induce apoptosis in RCC cell
lines with high constitutive NF-κB activity in a dose-dependent
fashion (170). Furthermore, the presence a wild-type VHL gene
appears to sensitize RCCs to the antitumor effects of borte-
zomib (170).

Two independent Phase II trials of PS-341 (Bortezomib)
have been published (171,172). In the first (171), PS-341 was

administered IV twice weekly and patients received the drug
2 out of every 3 weeks (the maximally tolerated dose was
1.3 mg/m2). Of 37 assessable patients, there were 4 partial
responses (11%) and stable disease in 14 patients (38%).
These responses lasted between 8 and 20+ months with sen-
sory neuropathy being the most frequent significant toxicity
(53%). The second study (172) used 1.5 mg/m2 administered
IV twice weekly for 2 out of every 3 weeks with escalation to
1.7 mg/m2 in the absence of significant toxicity. Twenty-three
patients were enrolled and eighteen patients completed at least
three cycles of therapy. The most common severe side effects
were arthralgia, diarrhea, and vomiting. However, only one ob-
jective response was seen. In summary, proteasome inhibitors
likely will have a role in the treatment of RCC, although not
as single agents and not in all patients.

mTOR INHIBITORS

All mRNAs are not created equal. Messenger RNAs with
long, structured 5′-untranslated regions often associated with
growth and cell-cycle regulatory genes (e.g., c-MYC, cyclin D1)
are poorly translated into protein unless stimulated by growth
factor signaling (173). AKT, MAPK, and the mammalian target
of rapamycin, mTOR, are critical components in this regula-
tion. In at least one form of hereditary RCC, because of mu-
tations in the tuberous sclerosis (TSC1/2) complex, the mTOR
pathway is constitutively activated (174). Mutations in the
tumor suppressor gene, PTEN, also activate mTOR. PTEN
mutations occur in ∼5% of RCCs and are associated with
advanced-stage, aggressive disease (175). Thus, there is ratio-
nale for mTOR inhibitors in RCC.

Rapamycin (sirolimus), an immunosuppressant macrolide
produced by Streptomyces hygroscopicus, binds FKBP-12, cre-
ating a molecular complex that specifically inhibits mTOR
functions (176). Inhibition of mTOR by rapamycin leads to
downregulation of cyclin/cdk complexes and p27 accumula-
tion, which blocks progression in late G1/S phase of cell cy-
cle (177,178). In addition to immunosuppression, sirolimus
is thought to retard proliferation of endothelial and vascular
smooth muscle cells required for tumor angiogenesis (179). Re-
cently, studies showed that sirolimus also inhibited the onco-
genic transformation of human cells induced by either PI3K
or AKT in mice with loss of the normal PTEN allele (180–
182). CCI-779 is a water-soluble ester of sirolimus. At sev-
eral nontoxic doses, CCI-779 demonstrated antitumor activ-
ity in a variety of human cancer models (183,184). As with
sirolimus, PTEN-deficient human tumors are more sensitive to
CCI-779-mediated growth inhibition than PTEN-expressing
cells (180–182). Preclinical studies suggest that intermittent ad-
ministration of CCI-779 reduces its immunosuppressive prop-
erties, while retaining antitumor activity (185).

In a Phase II study (185), 111 patients were treated with
varying doses of CCI-779. Overall, there was one durable
complete response and an overall response rate of ∼35%.
The median time to tumor progression was 5.8 months, and
median survival was 15.0 months. The most common ad-
verse events were rash, mucositis, and nausea, although se-
vere toxicities were rare and reversible upon discontinua-
tion of CCI-779. Since mTOR is one of the downstream
targets of growth factor signaling, mTOR inhibitors will
likely find their greatest use when combined with other
agents. For example, we have shown that rapamycin plus
an EGFR inhibitor synergistically inhibits growth in RCC
cell lines with wild-type VHL (186). Other reports have
shown that rapamycin augments the actions of other tyro-
sine kinase inhibitors, as well as standard chemotherapeutic
agents (142).
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MULTIKINASE INHIBITORS

Small-molecule kinase inhibitors that have more than one tar-
get (multikinase inhibitors) are generating considerable excite-
ment in the treatment of metastatic RCC. Although these agents
have potent activities against specific kinases, the true bio-
logic targets responsible for tumor regressions are not precisely
known. Sequencing of the human genome has identified 518
putative kinases, of which 90 are tyrosine kinases, and 58 are
receptor tyrosine kinases (187). Moreover, the in vivo targets
are likely to include kinases present in both the tumor cells, as
well as stroma (e.g., endothelial cells). Because deregulation of
HIF is an important aspect of RCC development, agents that
affect HIF target genes, especially VEGF and its receptors, may
be particularly useful.

BAY 43-9006

The BAY 43-9006 compound (Sorafenib) was initially found to
block the RAF proteins, CRAF and BRAF in vitro (IC50 con-
centrations of 2 to 22 nM), but further examination demon-
strated that this compound also blocked other kinases, includ-
ing the VEGF receptors, VEGFR2 and VEGFR3 (IC50, 10-90
nM), platelet-derived growth factor receptor (PDGF-β, IC50
28nM), as well as the receptors for FLT-3 ligand (FLT-3, IC50,
45 nM) and steel factor/stem-cell factor (c-KIT, IC50, 50 nM)
(188). At higher concentrations (IC50, 0.58 μM), the fibrob-
last growth factor receptor, FGFR1, is inhibited. Enthusiasm
for the compound was initially because of, in part, to the high
frequency of BRAF mutations in melanoma (∼70%) and pap-
illary thyroid cancer (33%). Signaling through many receptors
involves activation of RAS, recruitment of RAF to the mem-
brane, and subsequent activation of the MAP kinase (ERK)
pathway, which affects a large number of downstream cellular
responses. In vitro studies have demonstrated that BAY 43-
9006 is a potent inhibitor of ERK phosphorylation in many,
but not all, cancer cell lines (189). In particular, cell lines with
activating mutations of KRAS appear nonresponsive. However,
in vivo growth of these resistant cell lines could still be inhibited
by BAY 43-9006, suggesting an anti-angiogenic effect.

BAY 43-9006 is taken orally. Phase I studies in patients with
solid tumors indicated that diarrhea, hand–foot syndrome, and
fatigue were the common toxicities. A Phase II trial of 63
metastatic RCC patients treated with BAY 43-9006 for at least
12 weeks resulted in 25 partial responses, 18 patients with sta-
ble disease and 15 with progressive disease (190). There is cur-
rently a large randomized trial BAY 43-9006 versus placebo in
patients with metastatic RCC who failed one previous treat-
ment (immunotherapy or chemotherapy), although patients
with previous anti-angiogenic treatments were excluded.

SU011248

Like BAY 43-9006, SU011248 is an oral multikinase inhibitor
that blocks the activity of the VEGF receptor (VEGFR2, IC50, 9
nM) and PDGFR-β (IC50, 8 nM), as well as SRC, ABL, IGFR-1,
and FGFR-1 tyrosine kinases at IC50 doses ranging from 0.6 to
0.8 μM. Phase I studies identified fatigue as the most common
dose-limiting toxicity and showed encouraging responses in
3 out of 4 patients with metastatic RCC (191) A Phase II trial
of 63 previously treated RCC patients showed a response rate
of 40% with an additional 27% of patients with stable disease
lasting at least three months (192). A Phase III randomized trial
comparing SU011248 versus INF-α in previously untreated pa-
tients is underway.

PTK787/ZK 222584

This agent was developed as an oral selective inhibitor of
VEGFR-1, VEGFR-2, and VEGFR-3. VEGFR-3 is major reg-
ulator of lymphatic proliferation, which correlates with the
amount of lung metastases in experimental systems (193).
Other kinases, such as PDGFR and c-KIT are inhibited,
whereas there appears to be no activity against c-ABL (194).
In a Phase I study involving 37 evaluatable patients, 7 (19%)
had minimal or partial responses, while 17 others had stable
disease, suggesting the compound had activity in RCC (195)
Nausea, fatigue, vomiting, dizziness and headaches were ob-
served, but overall PTK787 appears to be relatively safe.
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CHAPTER 28 ■ PRIMARY NEOPLASMS OF
THE KIDNEY AND RENAL PELVIS
BRIAN I. RINI, JOHN F. WARD, AND NICHOLAS J. VOGELZANG

Kidney tumors account for approximately 3% of malignancies
in the United States with 36,160 new cases and 12,660 deaths
expected in 2005 (1). Renal cell carcinoma (RCC) constitutes
90% of all tumors of the renal cortex, but is not comprised of
a single biologic or histologic cell type. Instead, RCC is a het-
erogenous group of malignant cell types each having a particu-
lar biologic behavior ultimately impacting the response to treat-
ment and cancer-specific mortality (1). Conventional clear-cell
renal cortical neoplasms (CCRCC) represent more than 65%
of all RCC and are the most virulent of the subtypes. The other
35% of RCC is composed of generally more indolent subtypes
(chromophobe and papillary) or are not known to systemically
disseminate (oncocytoma). Tumors arising from the lining of
the upper urinary collecting system and ureter may sometimes
be mistaken for primary renal cortex tumors, but are a distinct
entity of urothelial origin. These urothelial carinomas (transi-
tional cell carcinomas) require treatment aligned with the man-
agement of bladder cancers. Cancers arising in other organs
will occasionally metastasize to the kidney (gastrointestinal,
pulmonary) but, the most common nonrenal neoplasm of the
kidey are of hematologic origin (lymphoma). Wilms’ tumor
(nephroblastoma), which represents the most common solid
neoplasm of children, accounts for less than 1% of primary
renal cancers in adults.

RENAL CELL CARCINOMA

Historical Perspective

Renal carcinoma was first described in 1826 by Konig. In 1855,
Robin hypothesized that these tumors arose from cells of the
renal tubular epithelium, a notion that was later verified. In
1883, Grawitz noted that the microscopic appearance of renal
tumors was similar to that of adrenal cells. He concluded, in-
correctly, that renal cancers that arose from the adrenal, rests
within the parenchyma of the kidney. The term hypernephroid
tumor derives from this incorrect hypothesis; however, the term
hypernephroma, as applied to renal tumors in general, survives
today.

Epidemiology

Renal cell carcinoma accounts for 2% to 3% of all cancers. It
affects men almost twice as often as women (2) and is more
common in North American and European countries than
other areas (3). The incidence of RCC increases with age with
a median age at diagnosis of approximately 65 years. Although
RCC is uncommon in children, such cases are occasionally
encountered.

The incidence of RCC is rising in the United States among all
races and both sexes. From 1975 to 1995, the incidence among
white men, white women, black men, and black women in-

creased by 2.3%, 3.1%, 3.9%, and 4.3%, respectively (4) (Fig.
28-1). This increase in incidence occurred for all tumor stages,
but was greatest for localized tumors. The increasing use of
ultrasonography, computed tomography (CT), and magnetic
resonance imaging (MRI) has increased the proportion of in-
cidentally detected renal tumors (5,6). Most studies conclude
that incidentally detected tumors are of lower stage and have a
better outcome than symptomatic lesions (see below). In spite
of increased incidental detection of the disease, the overall mor-
tality rate from kidney cancer continues to rise. Furthermore,
there is an increasing disparity of RCC incidence and mortality
between whites and blacks, the latter group having dispropor-
tionately higher rates of both disease and death from disease
(7).

Risk Factors

Cigarette smoking is generally regarded as a risk factor for
RCC. The largest published case-control study reported a rel-
ative risk of 2.0 among patients with over 42 pack-years of
exposure (8). Attributable risks based on these data suggest
that about one-fourth to one-third of all RCC in men may be
caused by cigarette smoking. The attributable risk appears less
pronounced in women. After smoking cessation, the risk of
RCC seems to decline (8). Other tobacco products have not
consistently been shown to increase the risk of RCC (7,9). The
component of cigarette smoke responsible for tumorigenesis is
not known (9).

Both case-control and cohort studies have reported an asso-
ciation between obesity and the risk of RCC. This association
is consistently demonstrated in women; the relationship is less
apparent in men (10). The mechanism by which obesity pre-
disposes to RCC is not clear.

Hypertension has been reported to increase the risk of RCC;
however, when epidemiologic data are adjusted for antihyper-
tensive medications, it is unclear whether the hypertension or
the medicines cause the increased risk (7). Diuretics have been
implicated in particular (8). When hypertension is combined
with cigarette smoking and obesity, the three factors are es-
timated to account for 50% of the RCC cases in the United
States (11). Trends in incidence of these three risk factors may
partially explain the rising incidence and racial disparity of
RCC.

Many individual studies report an increased risk of RCC
among members of various occupational groups, but no group
has demonstrated consistent and conclusive evidence of in-
creased risk. One large case-control study reported a signifi-
cant association (relative risk 1.4 to 2.0) among blast-furnace
and coke-oven workers, as well as iron and steel workers. In
addition, workers exposed to asbestos, cadmium, dry-cleaning
solvents, gasoline, and other petroleum products were at in-
creased risk (12). None of these associations have been consis-
tently seen in other studies so that the true risk of RCC from
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FIGURE 28-1. Age-adjusted (1970 U.S. standard) inci-
dence rate for renal cell carcinoma and renal pelvis carci-
noma per 100,000 persons/year by sex and race (SEER),
1975–1977 to 1993–1995. SEER indicates surveillance,
epidemiology, and end results program. (From: Chow
WH, Devesa SS, Warren JL, et al. Rising incidence of re-
nal cell cancer in the United States. JAMA 1999; 281:
1629, with permission.)

various occupations remains unknown. Cases of RCC follow-
ing therapeutic radiation exposure are rare, but have been
reported (13).

Trichloroethylene (TCE), an industrial solvent, is classified
by IARC (International Association of Renal Carcinoma) as
a carcinogen in animals. In humans, mutations in the von
Hippel-Lindau (VHL) gene (implicated in RCC tumorigene-
sis; see “Genetics/Molecular Biology,” later in this chapter)
have been noted in tumors from patients with high cumula-
tive exposure to trichloroethylene, more so than tumors from
nonexposed patients (14). This study demonstrated an associ-
ation between the number of mutations and the severity of the
trichloroethylene exposure. Nucleotide 454 in the VHL gene
appears to be a hot spot for mutational changes in patients ex-
posed to trichloroethylene. Epidemiologic studies attempting
to define the risk of RCC in TCE-exposed patients have had
conflicting results (15,16). The cytochrome enzymes responsi-
ble for TCE metabolism have genetic differences, which may
produce carcinogenic metabolites in rare individuals. In order
to more precisely quantify risk of RCC in occupational groups,
a large epidemiological study is underway in formerly commu-
nist Eastern Europe where occupational safety laws were lax
or nonexistent for many years.

Patients receiving hemodialysis are at increased risk for
RCC, particularly patients with acquired cystic kidney disease
(ACKD), who have a 50-fold increased risk compared to the
general population (17). The tumors arise from cells lining the
cysts and are generally of papillary histology. Some authors
have recommended regular CT or ultrasound imaging to screen
for renal tumors (18).

Clinical Presentation

Renal cell carcinoma has been referred to as the “internist’s tu-
mor,” a tribute to the protean symptoms, signs, and laboratory
abnormalities that can be seen at presentation and throughout
the clinical course. A “classic triad” of hematuria, flank pain,
and a palpable mass has been long associated with RCC, but
this constellation of findings is seen in less than 1% of patients

with localized disease (2,19). In Table 28-1 are listed the fre-
quency of the more common symptoms and signs encountered
at diagnosis in a series from UCLA of over 1,500 newly diag-
nosed patients (20).

In a case series of over 2,000 patients diagnosed with RCC
in Illinois from 1975 to 1985, 42% had stage I tumors at di-
agnosis, 19% had stage II, 21% had stage III tumors, and
18% had stage IV (metastatic) disease (20). More recent se-
ries have reported 10% to 50% of patients as presenting with
metastatic disease (21,22). The most common sites of spread
are the lungs (61%), lymph nodes (37%), bones (27%), adrenal
gland (16%), and liver (16%), About 5% of RCC patients
present with brain metastases (21). RCC has been known to
metastasize to virtually any site in the body (Fig. 28-2); metas-
tases to the thyroid gland, heart, pancreas, digits, and skeletal
muscle are all uncommon, but well documented. RCC is unique
in its predilection to spread locoregionally via the lumen of the
renal vein and inferior vena cava (19). Contiguous spread to
the right atrium is not uncommon.

Paraneoplastic Syndromes

The list of signs and symptoms (paraneoplastic syndromes) as-
sociated with RCC is long and varied. In the series from UCLA,

TA B L E 2 8 - 1

PRESENTING SYMPTOMS OF RENAL CELL
CARCINOMA

% of cases

Hematuria 40–60
Pain 25–50
Palpable mass 30–50
Fever 5–20
Weight loss 20–30
Varicocele 1–2
Incidental finding 4–10
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FIGURE 28-2. Renal cell carcinoma with metastatic spread to the fore-
head. (See Color Plate.)

the most common findings at presentation were anemia, hep-
atic dysfunction, unintended weight loss, malaise, hypoalbu-
minemia, and hypercalcemia (Table 28-2). Confirmation that
a sign or symptom is paraneoplastic requires documentation
of resolution of the sign or symptom following complete resec-
tion. Kim et al. (23) showed that the majority of the findings
(Table 28-2) occurred more frequently in patients with local-
ized RCC, strongly implicating systemically acting proteins se-
creted by the tumor or the host in response to the tumor as
the cause for the syndrome. Thus, the presence or absence
of a paraneoplastic syndrome does not predict metastatic dis-
ease. As noted by the UCLA group, the presence of virtually
any sign or symptom conveyed a significantly worse progno-
sis and that “the highest hazard scores were associated with
anorexia, unintended weight loss, malaise, thrombocytosis and
night sweats” (23). The UCLA investigators reported that the
symptom complex of hypoalbuminemia, weight loss, anorexia,
and malaise (so called “cachexia-related finding”) were predic-
tors of poor survival that were independent of stage, grade, and
performance status. The difference in survival between patients
with one versus all four cachexia-related findings was not sta-
tistically different. In patients with localized RCC, the 2-year
survival rate was 95% in patients without cachexia compared
to 79% in patients with at least one cachexia-related finding
(p < 0.0001). In patients with metastatic RCC, the median sur-
vival was 12 months in patients with cachexia, compared to
31 months in patients without cachexia (p <0.001).

Kim et al. (23) also investigated whether cachexia was an
independent predictor for both tumor recurrence and survival
following nephrectomy in patients with localized, T1 RCC.
At least one cachexia-related finding was found in approxi-
mately 15% of the T1 patients. The effect of cachexia on sur-
vival rates was the most pronounced for patients with high-
grade T1 RCC. where the presence and absence of cachexia
were associated with 5-year survival rates of 55% and 75%,
respectively.

Previous reports suggesting that there was no difference in
prognosis for patients with RCC presenting with or without

TA B L E 2 8 - 2

PRESENTATION OF RENAL CELL CARCINOMA (LOCALIZED AND METASTATIC)
AND EFFECT ON DISEASE-SPECIFIC SURVIVAL

Percentage Localized/ Hazard p value
(n) metastatic ratio (HR) (univariate)

Paraneoplastic
Anemia 52 0.7 2.0 <0.0001
Hepatic dysfunction 32 0.6 2.1 <0.0001
Weight loss 23 0.3 3.0 <0.0001
Malaise 19 0.6 2.9 <0.0001
Hypoalbuminemia 20 0.6 2.3 <0.0001
Hypercalcemia 13 0.6 1.8 0.0223
Anorexia 11 0.4 3.1 <0.0001
Thrombocytosis 9 0.6 2.6 <0.0001
Night sweats 8 0.6 2.5 <0.0001
Fever 8 0.5 2.0 <0.0001
Hypertension 3 0.6 1.4 0.3945
Erythrocytosis 4 0.47 1.4 0.1810
Chills 3 0.6 1.7 0.0457

Classic triad
Gross hematuriaa 24 0.7 1.2 0.0744
Flank paina 20 0.6 1.3 0.0631
Flank/abd massa 4 0.4 1.8 0.0064

aDisease-specific survival.
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symptoms and were likely flawed due to small sample size,
leaving the investigators with inadequate power to investigate
the specific types of signs and symptoms (i.e., cachexia-related
versus noncachexia-related findings). The more common para-
neoplastic syndromes are discussed in the following sections.

Anemia

Anemia is much more common than erythrocytosis. The low
hematocrit is rarely explained by hematuria or bone mar-
row replacement by tumor. Laboratory analysis often reveals
normochromic, normocytic morphology with depressed serum
iron and iron-binding capacity, consistent with the anemia of
chronic disease.

Fever

RCC commonly causes tumor fever. Interleukin-6 (IL-6), a
known pyrogen, may be secreted by tumor cells. One series
of RCC patients reported elevated IL-6 levels in 18 out of
71 (25%) patients, with fever documented in 78% of those
with elevated levels (24). Other cytokines have been implicated
but the data are less convincing. Anti-IL-6 antibodies are being
developed clinically.

Hypercalcemia

Hypercalcemia was seen in 13% of the newly diagnosed pa-
tients in the UCLA series. Secretion of parathyroid hormone-
related peptide (PTHrP) by the tumor is the predominant
cause of hypercalcemia associated with RCC. One series of
42 RCC cases used PTHrP-specific monoclonal antibodies to
demonstrate PTHrP in 40 of the tumors (25). Other humoral
polypeptides that may contribute include; PTH, osteoclast-
activating factor (OAF), transforming growth factor-α (TGF-
α), interkeukin-1, and tumor necrosis factor. Hypercalcemia
is virtually the only paraneoplastic syndrome associated with
RCC that will respond to conventional medical therapy (in-
travascular fluid replacement, loop diuretics, biphosphonates,
etc.) without treatment directed at the underlying tumor
(26,27). In metastatic RCC, stimulation of osteoclasts by
metastatic bone deposits appears to contribute relatively little
to the hypercalcemia. Nonetheless a search for bone metastases
is warranted in all patients with hypercalcemia.

Hepatic Dysfunction (Stauffer’s Syndrome)

Abnormal serum liver function studies have been associated
with RCC independent of liver metastases. This syndrome was
first reported by Stauffer in 1961 (28). The etiology of this
syndrome is poorly understood, but tumor resection typically
improves the abnormalities. Hepatic biopsies demonstrate a
nonspecific hepatitis with no biliary obstruction to explain an
elevated alkaline phosphatase (29). It is speculated that cy-
tokines and acute-phase reactants produced either by, or in
response to, the tumor may cause the hepatic dysfunction,
but this relationship remains ill defined. Treatment of the ma-
lignancy has been shown to improve Stauffer’s syndrome in
animal models (30).

Erythrocytosis

Erythropoietin levels were once thought to be elevated in the
majority of RCC cases (31). The paradoxically low incidence of
erythrocytosis was believed to be due to the concomitant pres-
ence of anemia in these patients. A more recent series demon-
strated elevated erythropoietin levels in only 1 out of 49 RCC
patients (32). Despite this study, it is believed that the ery-
throcytosis associated with RCC is due to aberrant produc-
tion of erythropoietin, or a closely related substance, by the
tumor cells (33). This follows in that erythropoietin produc-

tion is regulated by hypoxia-inducible factors that are dysreg-
ulated in RCC (vide infra). Small series have suggested that
erythropoietin-producing tumors may be more responsive to
immunotherapy (34).

Hypertension

Elevated blood pressure that responds poorly to antihyperten-
sive therapy is well documented in RCC. Ectopic renin pro-
duction by the tumor has been implicated (35). In the absence
of renal artery stenosis, nephrectomy will generally lower the
blood pressure. Erythrocytosis, if present, can exacerbate pre-
existing or paraneoplastic hypertension.

Amyloidosis

Secondary amyloidosis is an unusual manifestation of RCC;
however, RCC is the most common solid tumor associated
with amyloidosis. This phenomenon has been the subject of
several small series and case reports (36–41). Still, the mech-
anism by which amyloid is formed has not been determined.
Nephrotic syndrome and hepatosplenomegaly have both been
described.

Other Syndromes

RCC has been reported to express gonadotropic hormones
(42), prolactin (43), and adrenocorticotrophic hormone
(ACTH) (44).

Pathology/Genetics/Molecular Biology

With the increasingly widespread availability of cytogenetic
and molecular studies (i.e., microarray) efforts have been made
to correlate the genetic with the morphologic features of re-
nal epithelial neoplasms (45–47). More recent studies have
demonstrated that distinct pathologic subtypes have distinct
gene expression profiles (48). Further research has also iden-
tified gene expression patterns associated with survival (49).
Additional work, however, is required in this area on larger
data sets to incorporate this technology into clinical practice.
However even before microarray analysis was widely available,
by the late 1990s pathologists had incorporated cytogenetics
into the morphologic classification of renal neoplasms (50,51).
While that classification system represented an advance in our
understanding of these diseases, it also rendered older medical
literature difficult to interpret. For example, the “sarcomatoid”
variant of RCC does not exist as a distinct clinicopathologic en-
tity in the updated classification system. Rather, it is considered
a dedifferentiated form of any of the subtypes.

The recent classification system does not yet include mi-
croarray but does define the three most common malignant
epithelial neoplasms in adults; conventional (clear-cell) RCC,
papillary RCC, and chromophobe RCC. The genetic and mor-
phologic features of each are briefly discussed below and, where
appropriate, discussion of inherited predisposition syndromes
is included. These syndromes are often divided into two types:
those giving rise to the clear-cell variety of RCC and those as-
sociated with papillary histology.

Conventional (Clear-Cell) Renal Cell Carcinoma

This pathologic entity arises from the proximal convoluted
tubule and comprises more than one-half of renal epithelial tu-
mors. Most cases are sporadic, but these tumors are also asso-
ciated with von Hippel-Lindau (VHL) disease. Among patients
with VHL disease who develop clear-cell RCC, deletion (par-
tial or complete) of the 3p chromosome arm is nearly universal.
Of note, among patients without clinical VHL disease who
develop clear-cell RCC, somatic inactivation (via mutation
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FIGURE 28-3. Renal cell carcinoma, clear-cell type: The cells are in
an acinar arrangement and feature optically clear cytoplasm. (From:
Murphy WM, Beckwith JB, Farrow GM. Tumors of the kidney, blad-
der, and related urinary structures, 3rd series. Washington, DC: The
American Registry of Pathology, 1994, with permission.) (See Color
Plate.)

or gene methylation) of both alleles of the VHL gene are found
in a significant number of patients (52,53).

Grossly, these tumors appear golden yellow, but the color
varies with tumor grade. By light microscopy, the tissue can
demonstrate a variety of growth patterns including solid, aci-
nar, cystic, papillary, pseudopapillary, tubular, and sarcoma-
toid. An individual tumor can exhibit multiple growth pat-
terns. The cytoplasm is typically clear or granular–eosinophilic
(Fig. 28-3).

The tumors are graded according to nuclear characteristics
and given a score of 1 to 4, based on the system of Fuhrman
and associates (54). This score has been shown to correlate
with prognosis in clear-cell RCC. Most high-grade tumors are
solid, pseudopapillary, or sarcomatoid. Most low-grade lesions
have acinar features.

von Hippel-Lindau Disease. VHL disease is an autosomal-
dominant familial cancer syndrome involving multiple organs.
It is due to mutation of the VHL gene on 3p25. The disorder
involves abnormalities of vascular proliferation and an
increased risk of some neoplasms. Characteristic lesions other
than RCC include hemangioblastomas of the cerebellum and
retina, pheochromocytomas, and renal, pancreatic, and epi-
didymal cysts. Of patients with VHL disease, 60% to 80%
will develop central nervous system hemangioblastomas and
retinal angiomas, the most characteristic lesions of VHL dis-
ease (55,56). These lesions are nonmalignant, but can cause
significant morbidity. VHL disease is also the most common
cause of hereditary-type pheochromocytoma (57). Diagnostic
criteria derived in 1963 by Melmon and Rosen (58) are still
in use today. Screening for symptoms of VHL should begin
early in families at risk and include: yearly eye examinations
and blood pressure monitoring starting by age 5, yearly ab-
dominal ultrasounds, magnetic resonance imaging (MRI), and
computerized tomography (CT or CAT) scans starting in late
childhood, and yearly 24-hour urine collection test for elevated
catacholamines.

Of patients with VHL disease, 40% to 60% will develop
RCC, which is characteristically multicentric, arising from re-
nal cysts. The kidneys of patients with VHL disease harbor
thousands of small cysts that appear to derive from proximal
renal tubule epithelial cells. Although the majority of these cysts
will be clinically silent, each is potentially a site of RCC de-
velopment (Fig. 28-4). The propensity for multifocality makes
management difficult. Serial imaging with CT scans is always
indicated, beginning at around age 20. Likewise, nephron-
sparing surgery, when mass lesions reach approximately 3 cm in
size, is indicated whenever possible (59,60). Such an approach
may delay the need for renal dialysis.

The VHL gene was cloned in 1993 (61) and characterized
as a tumor suppressor gene shortly afterward. The function

FIGURE 28-4. von Hippel-Lindau syndrome.
Left: Multiple renal cysts and tumors are ev-
ident. Right: Cut surface of the same kidney.
(From: Murphy WM, Beckwith JB, Farrow
GM. Tumors of the kidney, bladder, and re-
lated urinary structures, 3rd series. Washing-
ton, DC: The American Registry of Pathology,
1994, with permission.)
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of the VHL gene protein product (pVHL) has recently been
elucidated. In normal cells, pVHL controls the degradation
of hypoxia-inducible factor-α (HIF-α) proteins. These proteins
have a variety of cellular functions, among them to upregulate
proangiogenic proteins (like vascular endothelial growth factor
[VEGF]) in the presence of hypoxia (62). It is now clear that
reduced cellular levels of pVHL result in an overexpression of
VEGF (63). These data support the belief that the dysregula-
tion of angiogenesis is an important step in the development of
RCC and cancer, in general. With the development of new phar-
macologic agents that target aberrant angiogenesis (see below),
VHL syndrome may provide a unique opportunity to study the
long-term effects of such therapy and its impact in preventing
or slowing tumorigenesis (64).

According to the Knudson “two hit” genetic model of tu-
morigenesis (65), the sporadic form of a known hereditary
tumor can arise if both copies of a tumor suppressor gene are
inactivated. This phenomenon has been described in 60% of
sporadic clear-cell RCC in which allelic loss of VHL and so-
matic mutation or promotor methylation of the remaining
VHL allele occurs (66,67). Inactivation of VHL appears to pre-
dispose only for clear-cell histology in patients afflicted both
with VHL disease and sporadic RCC. Furthermore, VHL in-
activation is only seen in tumors associated with VHL disease
and their sporadic counterparts.

Familial Clear-Cell Renal Cell Carcinoma. Dominantly inher-
ited clear-cell RCC, independent of VHL syndrome, has also
been described. One extended family with a germline t(3:8)
(p21;q24) translocation has been studied extensively. Ten mem-
bers of the family have developed clear-cell RCC, six with bi-
lateral disease. The age at diagnosis ranged from 37 to 59 years
(68). The relationship between this translocation and the VHL
gene is the subject of ongoing investigation, but it is clear that
the VHL gene is not mutated in this syndrome. Yearly screening
for kidney cancer with ultrasound, MRI, and CT scan begin-
ning at age 20 has been suggested for families with this rare
condition.

Tuberous Sclerosis. Also called tuberous sclerosis complex,
this disorder is characterized by multiple benign hamartomas
associated with epilepsy and learning disabilities. It is domi-
nantly inherited with two major susceptibility loci at 9q34 and
16p13.3. Like VHL, these genes appear to encode for proteins
involved in tumor suppression (69). Although tuberous scle-
rosis is associated with RCC, benign hamartomas (angiomy-
olipomas) of the kidney are much more common in afflicted
patients.

Papillary Renal Cell Carcinoma

This entity accounts for approximately 10% of RCC tumors
(70). A number of cytogenetic abnormalities characterize these
tumors including trisomy of chromosome 7, 16, and 17 and the
loss of chromosome Y (47,53–55). The molecular basis for this
malignancy is unknown. Although hereditary papillary RCC
is caused by an activating mutation of the MET oncogene (see
below), only about 5% of sporadic papillary RCC have MET
mutations. The application of the Fuhrman grading system to
papillary tumors is controversial, in contrast to clear-cell le-
sions where the prognostic significance of tumor grade has been
clearly demonstrated.

Multifocal disease, either microscopically or grossly, is a
prominent pathologic feature of papillary RCC. By light mi-
croscopy, necrosis is often seen and and racemase can be used
as an immunohistochemical marker.

Foamy macrophages and psammoma bodies are frequently
encountered, as is hemosiderin pigment in the cytoplasm of the
tumor cells. Most papillary tumors exhibit elements of pap-

FIGURE 28-5. Renal cell carcinoma, papillary type: neoplastic cells
over papillary structures with numerous stromal xanthoma cells.
(From: Murphy WM, Beckwith JB, Farrow GM. Tumors of the kid-
ney, bladder, and related urinary structures, 3rd series. Washington,
DC: The American Registry of Pathology, 1994, with permission.) (See
Color Plate.)

illary, papillary-trabecular, and papillary-solid tissue (70,71)
(Fig. 28-5). Tumors that demonstrate all three types of growth
are the rule. In addition, many papillary tumors have areas
with solid, tubular, and glomeruloid characteristics; however,
sarcomatoid growth is unusual.

Hereditary Papillary Renal Cell Carcinoma. Hereditary pap-
illary RCC (HPRCC) is an inherited form of RCC in which
patients develop bilateral, multifocal type 1 papillary RCC.
The susceptibility gene for hereditary papillary RCC has been
identified as the MET proto-oncogene residing on 7q31-q34
(72). MET encodes a precursor protein of the C-MET receptor,
whose ligand is hepatocyte growth factor (HGF). The HGF/C-
MET signaling cascade has been implicated in normal liver and
placenta organogenesis. In cancer cells, this signaling pathway
appears to enhance the proliferative and metastatic capabili-
ties of the cell. Management of multifocal tumors is similar to
VHL syndrome with surgical extirpation when tumors reach a
size of 3 cm. Individuals in families where HPRCC is suspected
should have yearly screening with ultrasound, MRI, or CT scan
beginning around age 30.

At least one family segregating both papillary RCC and
papillary thyroid cancer has been described. This familial syn-
drome was not linked to markers for the MET proto-oncogene.
Whether this syndrome represents a distinct clinical entity or
a variant of organ-specific hereditary papillary RCC is not
clear.

Hereditary Leiomyomatous Renal Cell Carcinoma. Heredi-
tary leiomyomatous RCC (HLRCC) is a disease characterized
by papillary type II RCC, multiple cutaneous leiomyomas, uter-
ine leiomyomas, and leiomyosarcomas. The renal tumors tend
to be solitary, characterized by aggressive clinical behavior with
early metastases (73). Screening for kidney cancer should be
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FIGURE 28-6. Renal cell carcinoma, chromophobe
cell type: The tumor features a mixture of acidophilic
granular cells and pale transparent cells. Prominent
cell borders impart a plantlike or “cobblestone” ap-
pearance. (From: Murphy WM, Beckwith JB, Far-
row GM. Tumors of the kidney, bladder, and related
urinary structures, 3rd series. Washington, DC: The
American Registry of Pathology, 1994, with permis-
sion.)

considered in families with HLRCC. Women in these families
should also be screened for uterine leiomyomata and treatment
with hysterectomy may be necessary. The gene associated with
HLRCC is called FH (fumarate hydratase) and genetic testing
is available.

Chromophobe Renal Cell Carcinoma. This variant comprises
an estimated 5% of RCC (74) and carries a significantly better
prognosis than clear-cell RCC, likely because more chromo-
phobe tumors are localized at diagnosis. It was this description
of chromophobe RCC that eventually led to a reassessment
of the renal tumor classification system. While the morphol-
ogy of these tumors may overlap with other subtypes, the ge-
netic abnormalities help define this entity. Many chromophobe
RCC’s feature hypodiploid tumor cells with frequent loss of
chromosomes 1, 6, 10, 13, 17, or 21 (75,76). Like oncocy-
tomas, chromophobe RCCs are felt to arise from intercalated
cells of the renal cortex; some authors have postulated that
“hybrid tumors” (oncocytoma and chromophobe RCC) may
exist (77).

While metastatic disease occurs in cases of chromophobe
RCC, these tumors are less aggressive than either clear-cell or
papillary RCC. They tend to be larger at diagnosis, with a
greater proportion of organ-confined disease (78–80).

Grossly, these tumors are characteristically beige or light
tan. Microscopically, the growth pattern is mostly solid, but can
be admixed with areas of tubular, trabecular, or cystic growth.
As in papillary RCC, sarcomatoid growth can be seen and is
associated with more aggressive behavior. The cells demon-
strate perinuclear halos, a visual product of the conglomer-
ation of cytoplasmic organelles at the periphery of the cell.
This phenomenon accentuates the cell membrane granting the
tissue a “cobblestone” appearance at low microscopic power
(Fig. 28-6).

Hereditary Chromophobe Renal Cell Carcinoma and Onco-
cytoma (Birt-Hogg-Dube Syndrome). Birt-Hogg-Dube (BHD)
syndrome is an inherited disorder characterized by hair folli-
cle tumors (fibrofolliculomas and trichodiscomas) on the face,
neck and trunk, pulmonary cysts, and renal tumors (73). Most
of the kidney cancers associated with BHD are classified as the
chromophobe type or oncocytoma, but clear-cell and papillary
kidney cancers have also been reported in families with BHD.
Due to the increased risk of kidney cancer, yearly screening
with ultrasound, MRI, or CT scan should be considered begin-
ning at age 25. The BHD gene has been localized to the short
arm of chromosome 17 and genetic testing is available.

Other Genetic Syndromes

Autosomal-Dominant Polycystic Kidney Disease. Patients
with autosomal-dominant polycystic kidney disease (ADPKD)
do not have a higher prevalence of RCC (81); however, the
disease may behave differently in the presence of ADPKD. A
systematic review of the published RCC cases in the setting
of ADPKD revealed an earlier age of onset, more frequent in-
cidence of bilateral tumors, and a higher incidence of sarco-
matoid histologic features compared to sporadic RCC cases
(82). Because of the baseline radiologic abnormalities in pa-
tients with ADPKD, the diagnosis of renal tumors can be chal-
lenging and potentially delayed (Fig. 28-7).

FIGURE 28-7. Polycystic kidney disease. This renal cell carcinoma of
the mid-kidney arose in a patient with multiple renal cysts. (From:
Murphy WM, Beckwith JB, Farrow GM. Tumors of the kidney, blad-
der, and related urinary structures, 3rd series. Washington, DC: The
American Registry of Pathology, 1994, with permission.)
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Imaging

When a patient is suspected of having a renal mass, based ei-
ther on clinical signs and symptoms, retroperitoneal imaging is
generally indicated. These tests help identify renal masses and
differentiate cystic from solid lesions, as well as assess for nodal
involvement, renal vein or inferior vena caval tumor thrombus,
and metastasis to other sites. There is little role for biopsy of
renal masses. The indications, limitations, and interpretation
of the most commonly used tests are discussed in the following
sections.

Intravenous Urography (IVU)

Although this test is not as sensitive as axial imaging in the
detection of RCCs, particularly smaller lesions, it is very often
the first study obtained. Irregularities in the renal contour, ab-
normal distortion of a renal calyces, and parenchymal calcifi-
cations or loss of the psoas shadow are all suggest the pres-
ence of a renal mass. In general, any lesion, with or without
calcifications, that is not sharply defined should be further in-
vestigated with ultrasound or CT scanning. Usually, solid re-
nal masses are iso- to hyperintense when compared to normal
contrast enhanced renal parenchyma, while renal cysts are usu-
ally hypointense.

IVU is not a sensitive means to detect renal lesions smaller
than 2 to 3 cm, detecting only 52% of confirmed masses in one
study (83). IVU, a functional anatomic study, is still a valuable
tool for assessing the anatomic relationships of the kidney and
ureters and may still be superior to CT urography for assessing
the urothelium of the renal pelvis and ureters.

Ultrasonography

When a mass is detected by IVU, ultrasonography is useful
to differentiate solid from cystic masses. Despite the fact that a
proportion of lesions will be solid or indeterminate and require
CT imaging, the approach of using ultrasound before CT may
still be cost-effective in some settings (84). Solid renal masses
can appear hyperechoic, isoechoic, or hypoechoic, when com-
pared to surrounding parencyma. All solid masses noted on
ultrasound merit CT scanning. RCC can occasionally contain
cystic areas or even be predominately cystic. Unlike benign
cysts that have sharply defined, smooth walls and posterior en-
hancement of the ultrasonic signal, the cystic component of a
RCC will usually have irregular, nodular walls. Cystic lesions
of the kidney can be categorized I–IV for the likelihood of ma-
lignancies. Category I to II lesions are usually followed with
sequential imaging, while category III to IV cysts have a much
higher (50% to 95%) association with malignancy and should
generally be treated as such. Malignant lesions can escape de-
tection by ultrasound if they are isoechoic and do not deform
the borders of the kidney (85,86). As in IVU, if there is a high
clinical suspicion of RCC, a CT should be obtained, even in
the face of a normal ultrasound. Retroperitoneal ultrasound
can also be useful in assessing the renal vein and inferior vena
cava for the presence of tumor thrombus.

Computed Tomography (CT)

CT of the abdomen before and after the adminstration of intra-
venous contrast and using 5-mm reconstruction is the imaging
study of choice for diagnosis and staging of renal neoplasms.
The sensitivity to detect a lesion less than 3 cm in diameter has
been estimated at 94% (87).

The vast majority of malignant renal lesions display hyper-
attenuation with IV contrast when compared to surrounding
normal parenchyma, a function of the prominent vascularity
of these tumors. Any solid renal mass should be considered

malignant until proved otherwise. There are no reliable CT
characteristics to differentiate between RCC cell types or on-
cocytomas. Some <1-cm renal masses have been longitudinally
followed in patients at high risk for morbidity from any inter-
vention and can demonstrate very slow (<0.5 cm/year) growth.
Malignant cystic lesions (class III and IV cysts) contain nodu-
larity or irregularity to the walls or septae within the mass (88).

Magnetic Resonance Imaging (MRI)

Despite the widespread availability of MRI scanning, CT is still
the mainstay for radiologic evaluation of renal tumors. MRI
with IV gadopentetate dimeglumine (Gd-DTPA) enhancement
offers an excellent option, in patients with renal failure or an
allergy to iodinated contrast material. Using intravenous con-
trast, the ability of MRI to characterize renal masses is at least
as good as CT (89). MRI offers better resolution in the detec-
tion of very small lesions and may better demonstrate hemor-
rhage into a cyst (89,90). On the other hand, MRI studies are
more expensive than CT, have more frequent imaging artifacts,
and do not reliably demonstrate calcifications.

MRI is not required in the staging of RCC, in most circum-
stances, although it can more reliably detect tumor thrombus
into the renal vein and the cephalic extent in the inferior vena
cava compared to CT (90–93) (Fig. 28-8).

Angiography

MRI has largely replaced angiography in the evaluation of the
inferior vena cava in cases of known or suspected tumor throm-
bus. Angiography remains an option for patients who cannot
undergo MRI. In cases where nephron-sparing surgery is be-
ing planned, angiography is sometimes used to accurately de-
fine the renal vasculature. In general, however, this modality
is rarely used in the initial imaging or staging of renal neo-
plasms.

Staging/Grading

The American Joint Committee on Cancer (94) tumor, node,
and metastasis (TNM) system and the Robson (95) staging

FIGURE 28-8. Renal cell carcinoma as seen with MRI. There is mas-
sive extension of tumor into the inferior vena cava (arrows). (From:
Murphy WM, Beckwith JB, Farrow GM. Tumors of the kidney, blad-
der, and related urinary structures, 3rd series. Washington, DC: The
American Registry of Pathology, 1994, with permission.)
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TA B L E 2 8 - 3

RENAL CELL CARCINOMA STAGINGa

Robson
Primary tumor (T) stage

TX Primary tumor cannot be assessed
T0 No evidence of primary tumor I
T1 Tumor 7 cm or less in greatest dimension limited to the kidney I

T1a Tumor 4 cm or less in greatest dimension, limited to the kidney I
T1b Tumor more than 4 cm but not more than 7 cm in greatest

dimension, limited to the kidney
I

T2 Tumor more than 7 cm in greatest dimension limited to the kidney II
T3 Tumor extends into major veins or invades the adrenal gland or

perinephric tissues, but not beyond Gerota’s fascia
III

T3a Tumor invades the adrenal gland or perinephric tissues but not
beyond Gerota’s fascia

II

T3b Tumor grossly extends into the renal vein(s) or vena cava below
the diaphragm

IIIA

T3c Tumor grossly extends into the renal vein(s) or vena cava above
the diaphragm

IIIA

T4 Tumor invades beyond Gerota’s fascia IV

Regional lymph nodes (N)

NX Regional lymph nodes cannot be assessed
N0 No regional lymph node metastases
N1 Metastasis in a single regional lymph node IIIB
N2 Metastasis in more than one regional lymph node IIIB

aAmerican Joint Committee on Cancer, 6th ed. Robson Staging System.

system are both used in the United States (Table 28-3). Al-
though CT scanning is useful for clinical staging, prognosis is
based upon pathologic staging of the resected tumor. The most
recent version of the TNM system has divided T1 lesions into
T1a (≤4 cm) and T1b (4 to 7 cm). This revised system has been
strongly correlated with patient survival (96).

The most widely used system of grading renal tumors was
proposed by Fuhrman and associates in 1982 (54). This system
takes into account nuclear size, nuclear membrane irregular-
ity, and nucleolar prominence and assigns the tissue a score of
1 to 4. This score is based on subjective observations by the
pathologist; hence, there may be significant variability from
one observer to another (97). Nonetheless, tumor grade is an
independent predictor of survival. In one series of 643 patients,
the 5-year survival was 88.7% among patients with grade 1 dis-
ease, but 46.1% with grade 3 and 4 (98). Lower grade lesions
have demonstrated a statistically significant improvement in
survival at all tumor stages (98).

Prognosis

Wide variability in the clinical behavior of RCC reflects a com-
plex molecular mechanism of tumor growth, spread, and the
role of the immune system. Although progress has been made
in identifying the genetic changes and biomolecular markers
of RCC, they are not currently validated or widely available.
The most important determinant of survival remains stage
(Table 28-3), while histologic subtype has a well-described
impact on prognosis (98). Other multiple variables have an
interplay with stage in determining the liklihood of a single
event (disease recurrence and survival). Exponential formulas,
which integrate these variables, have been gathered from large
databases of patients having long-term outcome information to

provide prognostic information for a single patient. The most
widely used of these systems is the University of California Los
Angeles Integrated Staging System (UISS), which has been val-
idated across many institutions (99). It is commonly applied in
patients being considered for protocol enrollment to adjunct
treatment trials.

The UISS defines subgroups with different risks of death fol-
lowing nephrectomy by assimilating TNM stage, Eastern Co-
operative Oncology Group (ECOG) performance status, and
Fuhrman grade into prognostic algorithms and nomograms.
This results in three risk groups (low- [LR], intermediate-
[IR], and high-risk [HR]) for localized and metastatic disease
(99). For localized disease, 5-year survival rates following par-
tial or radical nephrectomy are approximately 92%, 67%,
and 44% for LR, IR, and HR disease, respectively. For pa-
tients with metastatic disease, 3-year survival rate treated with
nephrectomy followed by interferon (IFN) or interleukin-2 (IL-
2)-based immunotherapy are approximately 37%, 23%, and
12%, respectively. The fact that this figure is greater than zero
underscores the curious and variable natural history of RCC.

Treatment

Localized Tumors

Surgery. Despite advancing understanding of the molecular
pathophysiology and cytogenetic abnormalities of RCC, sur-
gical extirpation of the tumor remains the only curative treat-
ment for early-stage disease. Surgical nephrectomy, removal
of the kidney from within Gerota’s fascia, was first success-
fully performed in 1869 and became routine by the end of
the 19th century. In 1963, Robson (100) claimed superior sur-
vival over simple nephrectomy when the perirenal fat and
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ipsilateral adrenal gland were also included in the surgical re-
section As a greater understanding of the pathophysiology of
RCC was achieved and fewer patients presented with large,
symptomatic or locally advanced tumors, nephron-sparing
surgery (NSS) (i.e., partial nephrectomy) evolved into a stan-
dard surgical approach for most tumors ≤4 cm, even when a
normal contralateral kidney is present (101). Early favorable
results with NSS at the beginning of the 1990s were solidified
with 10-year reports showing rare local recurrence and almost
100% survival with NSS by the end of the decade (102–104).
Maximal nephron preservation is associated with decreased
long-term (>10-year) hyperfiltration injury, proteinuria, and
hypertension, as well as renal insufficiency, when compared to
radical nephrectomy, especially in patients with or at risk for
hypertension and diabetes mellitus (105).

Concurrent to the establishment of open partial nephrec-
tomy, laparoscopic radical nephrectomy was being developed
and applied to patients with RCC. Since 1992, the num-
ber of patients undergoing laparoscopic radical nephrectomy
has increased explosively worldwide and at select centers is
now extended to patients with advanced disease. Laparoscopic
nephrectomy has advantages in many indexes of periopera-
tive morbidity, including estimated blood loss, postoperative
narcotic requirements, length of hospitalization and duration
of convalescence (102). The complication rate during laparo-
scopic nephrectomy varies in the published literature from
7.5% to 34%, but is generally higher than following open rad-
ical nephrectomy.

Laparoscopic radical nephrectomy is generally reported to
confer long-term oncologic effectiveness equivalent to tradi-
tional open radical nephrectomy, although local recurrences
and port site recurrences are well documented (102).

In 4% to 9% of newly diagnosed patients RCC has invaded
the venous system (renal vein, inferior vena cava, right atrium).
This cancerous thrombus can embolize and cause sudden death
or invade the wall of the IVC, complicating resection. Several
studies have examined the prognostic significance of the level
of venous extension (106,107). Although the risk of recurrence
after nephrectomy is significantly increased in patients with ve-
nous thrombus, compared to patients without venous throm-
bus, this difference is eliminated in multivariate analysis that
includes T stage, Fuhrman grade, and ECOG performance sta-
tus. Clinical variables, such as stage, grade, and ECOG should
primarily guide treatment decisions.

The role of regional or extended lymph node dissection
at the time of nephrectomy is controversial and is best indi-
vidualized based on nuclear grade, the presence of sarcoma-
toid component, tumor size and stage, and the presence of tu-
mor necrosis obtained by frozen section analysis at the time
of nephrectomy. Some, but not all, authors have reported ex-
tended lymph node dissection (diaphragmatic crus to bifurca-
tion of the aorta) to confer improved cancer-specific survival,
even when no lymph node involvement is identified (108,109).
The only Phase III randomized trial of the role of lymphadenec-
tomy in 772 patients has revealed no increase in morbidity, but
equivalent survival, suggesting it should only be used in pa-
tients likely to receive the most benefit through cytoreduction
(110).

Adjuvant Therapy. RCC carries a very poor prognosis follow-
ing relapse; the minority of patients respond to disease-specific
therapy. Following nephrectomy with curative intent, 20% to
30% of patients will relapse (111,112). It is possible to identify
patients at a particularly high risk for recurrence. For exam-
ple, renal vein and lymph node involvement are associated with
higher relapse rates. Hence, the concept of adjuvant systemic
therapy to lower the risk of relapse after “curative” resection
is of considerable interest. However, there is currently no ev-
idence to support routine adjuvant therapy outside of partic-

ipation in a clinical trial. Postnephrectomy radiation failed to
reduce the risk of relapse in randomized trials (113,114). Three
randomized trials of adjuvant interferon-α (IFN-α) versus ob-
servation failed to demonstrate improved time to relapse or
overall survival in the treated group (115–117). Studies of ad-
juvant interleukin-2 (IL-2) have, likewise, not demonstrated
any clinical benefit.

Relapsed or Metastatic Disease

The prognosis for patients with metastatic disease is poor. Ap-
proximately one-third of patients will either present or return
with metastatic disease, 90% of these from conventional clear-
cell RCC. The median overall survival time of patients with
advanced RCC is approximately 10 months, with a 3-year sur-
vival rate of about 10% (118). Factors associated with shorter
survival include poor performance status, high lactate dehydro-
genase, low hemoglobin, high calcium, and no nephrectomy
(118).

Immunotherapy. The host’s immune response to cancer has
been studied extensively in recent years, leading to the devel-
opment of immunomodulating agents in the treatment of RCC
(and cancer, in general). Today, with the success of IFN-α and
IL-2 in the treatment of advanced RCC, the importance of the
immune system in cancer treatment is well established.

Interferon-α. Interferons occur naturally in all persons. In
vitro, these glycoproteins display a number of immunomod-
ulating effects. IFN-α stimulates mononuclear cells and pro-
motes expression of the major histocompatibility complex.
Beyond these immune effects, there is evidence that interfer-
ons inhibit angiogenesis (119). When this agent is used alone
to treat RCC, the overall response is 10% (120,121), although
rates as high as 30% have been reported in more selected pa-
tients (122). The patients most likely to respond to IFN-α in-
clude those with high-performance status, prior nephrectomy,
and lung-predominant metastases (120,123). The typical du-
ration of response is 4 to 6 months. Prolonged responses are
rare but do occur (123).

The time from the start of treatment to objective response
can be prolonged; the average time is 3 to 4 months (121), with
lengths as long as 1 year reported. The most effective duration
of treatment in those who respond has not been established.
Several randomized trials examining the dose of IFN-α suggest
that 5 to 10 million units 2 to 3 times per week has maxi-
mal efficacy, with less toxicity than that seen at higher doses
(124). The toxicity of IFN-α can be significant including flulike
symptoms, fatigue, and anorexia. An estimated 10% to 20%
of patients cannot tolerate treatment (120).

IFN-α has been compared to hormonal agents and cytotoxic
chemotherapy in four randomized trials (Table 28-4). Two of
the trials were underpowered with less than 100 total patients
(125,126). The two larger trials demonstrated a statistically
significant survival advantage in the interferon arm (127,128).
The largest, with 335 patients randomized to treatment with
interferon alone versus medroxyprogesterone (127), showed a
median survival of 8.5 months in the interferon arm versus 6
months in the steroid arm. The second largest study compared
vinblastine to vinblastine plus interferon. In this trial, survival
improved by 7 months in the interferon arm (16 months versus
9 months) (128). Despite these significant results, long-term
survival with interferon treatment is rare and the toxicities of
this agent are not insignificant. Nevertheless, IFN-α treatment
is a standard of care for patients with metastatic RCC who
cannot be treated on clinical trials.

Interleukin-2. The Food and Drug Administration (FDA) ap-
proved IL-2 for the treatment of RCC in 1992 and it is the
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TA B L E 2 8 - 4

RANDOMIZED TRIALS OF INTERFERON-α IN PATIENTS WITH METASTATIC
RENAL CELL CARCINOMA

N Response rate (%) Median survival (months)

Steineck et al., 1990 (125)
Interferon-α2a 30 6 7
Medroxyprogesterone acetate 30 3 7 (NS)

Kriegmair et al., 1995 (126)
Interferon-α + vinblastine 41 20.5 16
Medroxyprogesterone acetate 35 0 10 (p = 0.19)

Medical Research Council Renal
Cancer Collaborators 1999 (127)

Interferon-α 167 16 8.5
Medroxyprogesterone acetate 168 2 6 (p = 0.017)

Pyrhonen et al., 1999 (128)
Interferon-α2a + vinblastine 79 16.5 16
Vinblastine 81 2.5 9 (p = 0.0049)

only agent so indicated. This decision was based on a study of
225 patients treated with high-dose IL-2. The overall response
rate was 14% with a median response duration of 23 months
(129). Longer durations have been reported, but in more se-
lected patient populations. Randomized trials of high-dose IL-2
versus lower dose IL-2 or IFN-α regimens have demonstrated
a slightly higher overall response rate, complete response rate,
and durable complete response rate with high-dose IL-2, but no
overall survival advantage has yet been demonstrated for high-
dose IL-2. Administration of high-dose bolus IL-2 is compli-
cated by significant toxicity, mainly the result of capillary leak.
This phenomenon can lead to hypotension and pulmonary
edema that often requires monitoring in the intensive care unit.
As a result, the small but real benefit of high-dose IL-2 realized
in the durable complete response rate must be balanced against
these side effects.

IL-2 does not inhibit tumor cells directly, rather, it acti-
vates lymphocytes, both in vitro and in vivo. This observa-
tion prompted the administration of IL-2 in conjunction with
lymphocytes derived from the host, so-called “lymphokine-
activated killer (LAK) cells.” When IL-2/LAK cell treatment
was compared to IL-2 treatment alone in three randomized
trials (130,131), the efficacy of the therapy was shown to
be entirely derived from IL-2. Similarly, infusion of tumor-
infiltrating lymphocytes (TILs) with high-dose IL-2 did not
augment clinical benefit when studied in a randomized trial.

Combined Immunotherapy. In 1993, Vogelzang and col-
leagues (132) reviewed the literature on IL-2 combined with
interferon. A total of 607 patients treated in 23 clinical trials
had an overall response rate of 19%, which is not markedly
different than the response rate with IL-2 alone. A randomized
phase II trial of high-dose IL-2 and IFN-α versus IL-2 alone
showed no difference in response (133). A second randomized
trial showed a higher response rate with IL-2 and IFN-α com-
pared to either agent alone, but survival with the combination
was not better than with IL-2 alone (134). Although IL-2 and
IFN-α are frequently given in combination for the treatment
of RCC, the advantages and benefits of this approach have not
been firmly established.

Other Immune Modulators. GM-CSF likewise proved ineffec-
tive (135,136). Interleukin-12 (IL-12) has shown variable effi-
cacy in Phase II trials (137); however, it appeared to demon-
strate synergy with IL-2 in animal models (138). Although no

cytokines other than IL-2 and interferon have proved success-
ful, ongoing efforts using different methods of immunomodu-
lation are encouraging. For example, one trial of host-derived
tumor cells fused to allogeneic dendritic cells demonstrated a
complete response in 4 of 17 patients (139), although further
follow-up has failed to confirm the initial findings. Efforts to in-
duce the “graft versus tumor” effect with the administration of
allogeneic lymphocytes (nonmyeloablative allogeneic periph-
eral blood stem cell transplantation or “mini bone marrow
transplant”) are ongoing in patients with RCC. The technique
appears to have preliminary efficacy and substantial toxicity in
a recently published series (140).

VEGF-Targeted Therapy. As described above, inactivation of
the VHL tumor suppressor gene is observed in the majority
of clear-cell RCC. The resulting VHL gene silencing leads to
induction of hypoxia-regulated genes, including VEGF, a po-
tent proangiogenic protein, and platelet-derived growth factor
(PDGF). Therapy to inhibit VEGF has thus been pursued in
RCC.

A recombinant human monoclonal antibody against VEGF
(rhuMAb VEGF, bevacizumab, Avastin [Genentech, San Fran-
cisco, CA]) binds and neutralizes all biologically active iso-
forms of VEGF (141). The clinical utility of bevacizumab
in metastatic RCC has been investigated in a randomized
Phase II trial in which 116 patients with treatment-refractory,
metastatic clear-cell RCC were randomized to receive placebo,
low-dose (3 mg/kg) bevacizumab or high-dose (10 mg/kg) be-
vacizumab given intravenously every 2 weeks (142). An intent-
to-treat analysis demonstrated a significant prolongation of
TTP in the high-dose bevacizumab arm compared to placebo
(4.8 versus 2.5 months; p <0.001 by log rank test). Given the
promising data demonstrating an effect of bevacizumab on TTP
in RCC, an intergroup Phase III trial, investigating the addition
of bevacizumab to initial IFN-α therapy in RCC, is underway
(143).

Additional small molecule inhibitors of the VEGF and re-
lated receptors have also undergone initial clinical testing in
metastatic RCC. Sorafenib is an orally bioavailable biaryl urea
originally identified as an inhibitor of raf kinase, an enzyme
involved in cellular proliferation and, subsequently, found to
inhibit the VEGF and platelet-derived growth factor (PDGF)
receptor families (144). Sorafenib was investigated in a Phase
II randomized discontinuation trial in which 202 patients
with metastatic RCC were evaluated. The overall percentage
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of patients experiencing any tumor regression was 71%, with
a progression-free survival (PFS) advantage in the subset of pa-
tients who were randomized to remain on sorafenib versus pa-
tients crossed over to placebo (24 versus 6 weeks; p = 0.0087)
(145). A subsequent placebo-controlled, randomized Phase III
trial of sorafenib in 905 cytokine-refractory RCC patients was
conducted. This trial observed a PFS advantage in the sorafenib
arm of 24 versus 12 weeks (p <0.000001) (146). Based on these
data, sorafenib was FDA approved for advanced RRC in De-
cember, 2005.

Sunitinib is an orally bioavailable oxindole small-molecule
tyrosine kinase inhibitor of VEGF and PDGF receptor fam-
ilies (147,148). Two sequential Phase II trials of sunitinib
in cytokine-refractory, metastatic RCC have been conducted
(149,150). Objective response rates of 40% were observed,
with additional patients experiencing tumor shrinkage. Based
on these data, sunitinib was FDA-approved for advanced RCC
in January, 2006.

Chemotherapy. RCC is particularly resistant to cytotoxic
agents. The cells exhibit nearly uniform expression of P-
glycoprotein, the protein product of the multidrug resistance
(MDR) gene (151). Perhaps, for this reason, most standard
chemotherapeutic drugs (such as doxorubicin and paclitaxel),
which are transported from the cell by the MDR protein, have
no demonstrable activity against RCC. Despite our growing
understanding of the molecular and genetic basis of chemother-
apy resistance, efforts to circumvent the P-glycoprotein resis-
tance mechanism have been unsuccessful (152,153).

Motzer and Russo reviewed the results of Phase II trials con-
ducted with 33 agents from 1990 to 1998. These studies tended
to be small; few included more than 50 patients. The most
extensively studied agents were floxuridine, fluorouracil, and
vinblastine, with response rates ranging from 0% to 20%, de-
pending largely on patient selection. The only single agents with
consistently demonstrable, albeit modest, efficacy are the flu-
orinated pyrimidines (fluorouracil, capecitabine, floxuridine).
Given the low response rates with these agents, patients with
unresectable disease are appropriate candidates for investiga-
tional approaches. The more recently developed chemother-
apeutic agents are being evaluated. For example, the combi-
nation of gemcitabine and fluorouracil initially demonstrated
an objective response rate of 17% (154). Further experience
with this regimen substantiates a modest 10% to 15% response
rate, thus making it a viable alternative for treatment-refractory
metastatic RCC.

Surgery. The role of surgical intervention in patients with
metastatic RCC can be twofold: First, to render a patient clin-
ically free of all sites of metastases (“metastasectomy”); and
second, to resect the primary tumor when metastases are unre-
sectable prior to initiation of systemic therapy (“cytoreductive
nephrectomy”). Debulking nephrectomy has become a stan-
dard of care in selected metastatic RCC patients on the ba-
sis of two identically designed, prospective randomized trials
(155). Eligibility for both trials included biopsy-proved Tany,
Nany, M1 RCC with a primary tumor amenable to resection
as determined by the operating surgeon. Additional eligibility
included ECOG performance status 0 or 1, no prior radiother-
apy or systemic treatment of any kind, and adequate end-organ
function. Eligible patients were randomized to radical nephrec-
tomy (with or without lymphadenectomy), followed within
1 month after surgery by interferon-α (5 million units subcuta-
neously 3×/week) or to immediate interferon without preced-
ing nephrectomy. Both trials were powered to detect an overall
survival improvement, with analysis based on intent-to-treat
criteria using Kaplan–Meier technique for survival duration.
A combined analysis of 341 total randomized patients demon-

strated an overall survival advantage for the nephrectomized
group of 13.6 months versus 7.8 months (p = 0.002). Not
surprisingly, the benefit was most pronounced in performance
status 0 patients, but was not dependent on site of metastasis or
disease measurability. The combined response rate in 253 pa-
tients with measurable disease revealed a 6.9% response rate
in the nephrectomy arm versus a 5.7% response rate in the
interferon-only arm (p = 0.60). Surgical morbidity and mor-
tality were acceptable and did not prevent subsequent admin-
istration of interferon in 95% of nephrectomized patients at
a median of 19 days after surgery. These trials provide con-
vincing evidence of an overall survival benefit in appropriately
selected patients. These data have been translated into the clin-
ical practice of initial debulking nephrectomy followed by sys-
temic therapy. Importantly, proper patient selection can max-
imize the benefit of this approach. Good performance-status
patients with a resectable primary tumor representing the ma-
jority of tumor burden and without rapidly progressing extra
renal disease or medical comorbidities should be considered for
initial nephrectomy.

More recent metastasectomy studies have identified favor-
able clinical and surgical characteristics, but have never been
assessed in a randomized clinical trial. Favorable subgroups
include those patients with a solitary site of metastases (pul-
monary most favorable), disease-free interval of >1 year, and
<60 years of age (156). Surgical resection after a partial re-
sponse to systemic treatment may be an option in selected
patients.

TRANSITIONAL CELL
CARCINOMA OF THE RENAL

PELVIS AND URETER

The epithelial cells lining the urethra, urinary bladder, ureter,
and renal pelvis, referred to collectively as the urothelium, can
give rise to carcinoma at any point. When they arise in the renal
pelvis, these transitional cell carcinomas (TCC) account for
5% of all urothelial tumors and about 5% to 10% of all renal
tumors. In 1989, there were approximately 1,600 new cases of
renal pelvic TCC, accounting for 700 deaths. The peak age at
diagnosis is around 60 to 65 years (157). TCC is uncommon in
persons less than 40 years of age. Published series consistently
report a male predominance.

Clinical Presentation

The presenting symptoms are not unlike those of RCC. Hema-
turia is the most commonly reported symptom, occurring in
60% to 100% of patients depending on the series. Flank pain
is reported in about one-third of patients. A palpable mass
is seen less frequently and, like RCC, the triad of hematuria,
pain, and mass is not commonly encountered. Multicentric dis-
ease, especially in the bladder, occurs in about 20% to 50% of
patients (161–164). Therefore, diagnosis of one urothelial tu-
mor mandates evaluation of the entire urinary tract.

Diagnosis

Intravenous pyelogram has long been the mainstay of renal
pelvic tumor detection, but ultrasound, CT, and MRI are be-
coming more important. Urine cytology is helpful, but the num-
ber of false-negative results is high (164). The most definitive
method of diagnosis is achieved via ureteroendoscopic tech-
niques (165).
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Staging

The staging of renal pelvic TCC has gone through numerous
permutations and revisions over the past 60 years. The most
commonly employed system was originally proposed by Grab-
stald and colleagues in 1971 (161). It was based on the staging
of bladder TCC proposed by Jewett and Strong. Other stag-
ing systems have been based on those for RCC. In an effort to
standardize renal pelvic TCC staging, the TNM system of the
American Joint Committee on Cancer is recommended.

Treatment

Early stage disease has traditionally been treated with to-
tal nephroureterectomy with removal of a cuff of bladder.
Studies demonstrating a high incidence of recurrence in the
residual ureteral stump (166) illustrate the need for this
bladder cuff resection. More conservative approaches via en-
dourologic procedures have recently proved feasible. These
procedures may be appropriate for patients with bilateral dis-
ease, significant comorbidities, or poor performance status. La-
paroscopic nephroureterectomy (168,169), percutaneous man-
agement techniques (170), and retrograde ureteroscopic man-
agement (171,172) have all been used with success.

Metastatic or unresectable disease can be treated with
the same chemotherapy utilized in metastatic bladder cancer.
MVAC (methotrexate, vinblastine, doxorubicin, and cisplatin)
has been the most commonly used chemotherapeutic regimen.
A recent study suggested that treatment with gemcitabine and
cisplatin was as efficacious as and less toxic than MVAC (173).
High-dose MVAC with G-CSF may be associated with a greater
2-year survival rate than standard dose MVAC (174).

Prognosis

Stage is the most important predictor of survival, regardless of
which staging system is employed. Early stage disease can be
treated surgically with curative intent. In surgically treated pa-
tients, 5-year disease-specific survival rates have been reported
as follows: 100% for Ta/cis, 91.7% for T1, 72.6% for T2, and
40.5% for T3. The outlook for patients with T4 tumors is poor,
with a median survival of 6 months (175).

WILMS’ TUMOR

Wilms’ tumor, sometimes called nephroblastoma, is a primary
renal cancer. Predominantly a pediatric disease, Wilms’ tumor
can occur in young adults. About 400 new cases are reported
each year in the United States. Unlike RCC, Wilms’ tumor re-
sponds well to treatment and curative therapy is available, even
for metastatic disease.

Epidemiology

The majority of Wilms’ tumors occur in children under 5 years
of age (167). Although rare, adult cases are well documented
(176). The prevalence among boys and girls is essentially the
same. A number of risk factors for Wilms’ tumor have been pro-
posed, including paternal exposure to hydrocarbons and lead
(178) and maternal exposure to cigarette smoke, coffee, oral
contraceptives, and a number of other environmental factors
(179). There have been several studies that fail to show these
associations, however, leading most investigators to conclude

that the bulk of available data does not definitively support
the existence of environmental risk factors for Wilms’ tumor
(180).

Genetics

A number of congenital abnormalities are associated with
Wilms’ tumor including aniridia, WAGR syndrome (Wilms’ tu-
mor, aniridia, genitourinary abnormalities, and mental retar-
dation), Denys-Drash syndrome, Beckwith-Wiedemann syn-
drome, hemihypertrophy, and trisomy 18 (181,182). Wilms’
tumor has been associated with abnormalities in three genes:
WT1, WT2, and an unnamed gene on the 16q chromosomal
arm. Of Wilms’ tumors, 20% show loss of heterozygosity at
WT1 located on the 11p13 chromosomal arm. Abnormali-
ties at this gene are associated with WAGR syndrome and
Denys-Drash syndrome (183). WT2 is located at 11p15 and
is linked to Beckwith-Wiedemann syndrome. Familial Wilms’
tumor without any associated congenital abnormalities or mu-
tations at 11p13, 11p15, or 16q has been described, suggesting
that other gene loci are involved.

Presentation and Evaluation

The mean age at diagnosis is about 4 years (184). The most
common finding at diagnosis is an abdominal mass, associated
with pain in about one-half of cases. Hypertension, fever, and
anemia (from hematuria or intratumoral hemorrhage) are not
uncommonly seen. Ultrasound is the initial imaging procedure
of choice, mainly for its ability to demonstrate the presence
of tumor thrombi in the inferior vena cava. CT of the ab-
domen helps distinguish Wilms’ tumor from neuroblastoma,
which often arises suprarenally. Whether CT imaging of the
chest is indicated for staging is controversial. Tissue specimens
are classified into favorable and unfavorable histology, a dis-
tinction that requires an experienced pathologist. In general,
unfavorable histology demonstrates anaplastic or sarcomatous
features, while favorable findings include rhabdomyomatous
or teratoid histology (185).

Treatment

The study of pediatric tumors has contributed a great deal to
the general understanding of multimodality therapy. This ap-
proach has proved successful in Wilms’ tumor, where treat-
ment can involve surgery, radiation, and chemotherapy. Cu-
rative treatment generally requires two out of the three
modalities.

Surgery

Surgical resection of unilateral disease remains the mainstay
of treatment. After a full preoperative evaluation to determine
the extent of the tumor as accurately as possible, the resec-
tion is generally performed via a transverse supraumbilical
incision. The adrenal gland is generally removed only for le-
sions of the upper renal pole. Regional lymph nodes are sam-
pled, but a formal lymph node dissection has not been proved
beneficial.

Radiotherapy

Despite impressive cure rates with multimodality treatment,
therapy-related toxicity is a significant problem. Radiation can
contribute to poor bone growth, scoliosis, pulmonary fibrosis,
fertility problems, and second malignancies. For this reason,
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much effort has been directed toward defining more precisely
the risks and benefits of radiation. Recent large randomized
trials have helped clarify the indications for radiation therapy.
For example, radiation is no longer recommended for patients
with early-stage tumors and favorable histology. Radiation is
given to all patients with stage III and IV disease, and stage
II patients with unfavorable histology. The dose and field of
radiation is based on histology, stage at diagnosis, and sites of
gross residual disease after surgery.

Chemotherapy

Wilms’ tumor was the first tumor in which adjuvant chemother-
apy was successfully used. Current recommendations call for
chemotherapeutic treatment at every stage of disease. The
primary agents used are vincristine, dactinomycin, and dox-
orubicin, often administered together. Other agents with ac-
tivity against Wilms’ tumor include etoposide, cisplatin, car-
boplatin, cyclophosphamide, and ifosfamide. Reducing the
toxicity of chemotherapeutic treatment, particularly doxoru-
bicin, has been the goal of recent studies.

Relapsed Disease

Survival after recurrence is poor. One study found that the
3-year postrelapse survival of 367 children was only 30%
(185). Salvage treatment with single agents or combination
chemotherapy does have efficacy, but durable complete re-
sponses are rare. High-dose chemotherapy with stem cell rescue
has been used for relapsed Wilms’ tumor with some short-term
success (186). Experience with this technique is too limited to
characterize the impact on long-term survival.

Prognosis

Overall survival is excellent with current therapy. Early-stage,
favorable histology patients have a 4-year survival of greater
than 90%. Even patients with bilateral, stage IV, or unfavorable
histology have an overall survival of about 70% (185).

SARCOMA OF RENAL ORIGIN

Primary renal sarcomas are rare in adults. One retrospective
analysis identified 21 patients with the diagnosis out of 4,018
cases of primary renal malignancy (187). The most common
histology is leiomyosarcoma, accounting for approximately
50% of these tumors. Complete surgical resection is the ther-
apeutic goal. Resectability is related to vascular involvement,
distant metastases, and the extent of local disease. As with soft-
tissue sarcoma, in general, the resection of widespread disease
may provide a survival benefit in treated patients (188); thus
“resectable” is a relative term.

Extrapolation of data regarding soft-tissue sarcomas sug-
gests that there is no role for adjuvant chemotherapy (189). The
use of adjuvant radiotherapy has never been studied in a ran-
domized prospective trial and available data have been incon-
clusive (190,191). Ifosfamide and doxorubicin have been used
in advanced or unresectable soft-tissue sarcomas with some
success (192,193).

RENAL ONCOCYTOMA

Renal oncocytoma is a rare primary renal neoplasm
with unique microscopic features. The tumor consists of
eosinophilic epithelial cells (oncocytes) with dense, mitocho-
ndria-rich cytoplasm (Fig. 28-9). The cell of origin is uncertain,
but believed to be in the distal tubule or collecting duct (194).
The diagnosis of oncocytoma can be suggested by CT findings

FIGURE 28-9. Renal oncocytoma. The cells are in tight alveolar ar-
rangements and feature acidophilic cytoplasm. The nuclei are round
and regular and exhibit no or single small nucleoli. (From: Murphy
WM, Beckwith JB, Farrow GM. Tumors of the kidney, bladder, and
related urinary structures, 3rd series. Washington, DC: The American
Registry of Pathology, 1994, with permission.) (See Color Plate.)

of a sharply marginated, homogeneous mass with occasional
stellate scar formation (195) (Fig. 28-10); however, imaging
studies are not sufficiently accurate to forgo tissue sampling if
RCC is suspected.

The issue of whether these tumors metastasize is compli-
cated by the limitations of past classification schemes for renal
neoplasia. Early published series of oncocytoma cases almost
certainly contain what we would today classify as RCC with
eosinophilic cytoplasm. More recent, large series with better
follow-up (196,197) have led some authors to state definitively
that these are benign tumors.

The pathologic differentiation between an oncocytoma and
a RCC with oncocytic features can be difficult. Furthermore,
there are reports of both oncocytoma and RCC elements ex-
isting within the same tumor (198), or within the same kidney
(199). Given these complicating factors, most authors agree
with the surgical resection of large solid tumors of the kid-
ney. In the setting of significant comorbidities and clinical data
suggestive of oncocytoma, careful watchful waiting may be
appropriate.

COLLECTING DUCT CARCINOMA

Also known as Bellini duct carcinoma (BDC), this rare tumor
comprises much less than 1% of primary renal neoplasms. It is
believed to arise from the collecting duct in the renal medulla.
These tumors tend to be aggressive; most patients present with
metastatic disease. Cytogenetic abnormalities have been re-
ported, but all such studies include few patients. These inves-
tigators have noted monosomy of chromosome 1, 6, 14, 15,
and 22 (200) and loss of heterozygosity of chromosomal arm
1q (201). The classic histology is described as neoplastic ducts
and tubules associated with stromal desmoplasia (202). Few
prospective data regarding systemic treatment strategies were
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FIGURE 28-10. Renal oncocytoma. This mahogany-brown tumor ex-
hibits a stellate central scar. Such scars can be visible on computed
tomography (CT ) images and suggest the diagnosis of oncocytoma.
(From: Murphy WM, Beckwith JB, Farrow GM. Tumors of the kid-
ney, bladder, and related urinary structures, 3rd series. Washington,
DC: The American Registry of Pathology, 1994, with permission.) (See
Color Plate.)

available, but, recently, a French group reported on a prospec-
tive trial using gemcitabine and either cisplatin (or carboplatin
in patients with renal insufficiency). They treated 22 BDC pa-
tients; (median age 62; M:F ratio of 1:1) and reported 1 com-
plete response, 6 partial responses, and 7 patients with stable
disease. The median time to progression was 9.5 months and
the median survival was 12.9 months; toxicity was modest.
This is the first prospective clinical trial to be conducted in
BDC and is the current standard of care (203).

MEDULLARY CARCINOMA

In 1995, Davis and colleagues published a case-series of 33
patients with sickle cell trait (one patient had sickle cell dis-
ease) who presented with an aggressive neoplasm originating
in the renal medulla (204). The description of this entity has
now been confirmed in other published reports (205–207). Like
collecting duct carcinomas, these tumors generally behave ag-
gressively and are often metastatic at diagnosis. In the series
presented by Davis and colleagues (204), the mean survival
after surgery was 15 weeks. Patients tended to be young; the
mean age was 22 years with a male predominance. Microscopi-
cally, the tumor cells appear high grade and are intermixed with
inflammatory cells. The pathology is suggestive of collecting
duct carcinoma (CDC) and some authors have suggested that
medullary carcinoma is an aggressive variant of CDC (205).
Molecular or cytogenetic features that define this entity rarely
been described. One series reported ABL gene amplification in

3 patients (208). As with CDC, these tumors do occasionally
respond to conventional chemotherapy agents.

PHASE III TRIAL OF SUNITINIB
VERSUS IFN-α

Motzer et al. (209) recently reported on a phase III trial of
sunitinib versus IFN-α as first line therapy in 750 patients
with good and intermediate risk RCC using Memorial Sloan
Kettering Cancer Center risk group categorization. The pri-
mary end point was progression-free survival (PFS) with sec-
ondary end points being patient related outcomes, overall sur-
vival, response rate, and adverse events and safety. The trial
had a 90% power to detect a 35% improvement in median PFS
from 20 weeks to 27 weeks. Patients were randomized 1:1 to re-
ceive sunitinib 50 mg/day, by mouth, for 4 weeks followed by a
2 week off period (6 week cycles) or IFN-α 9MU subcutaneous
TIW. There was no crossover, and the arms were well balanced.
The median age was 60, and 90% had a prior nephrectomy.
Approximately 35% had good risk disease, 58% had interme-
diate risk disease, and 7% had poor risk disease. The median
PFS was 11 months for the sunitinib arm versus 5 months for
the IFN-α arm (Hazard ratio 0.415, P <0.000001). The ob-
jective response rate assessed by the investigators was 37% for
sunitinib versus 9% for IFN-α (P <0.000001) while the inde-
pendent third party review recorded an objective response rate
of 31% versus 6% (P <0.000001). There was only one com-
plete response (in the sunitinib arm). Of the sunitinib patients,
66% remain on study, while only 34% of the IFN-α patients
remain on study. All subgroups benefited from sunitinib, in-
cluding the poor risk patients (HR = 0.53). All adverse events
were more common in the IFN-α arm except diarrhea, hand
foot syndrome, and hypertension, which were more common
in the sunitunib arm. Adverse events leading to withdrawal
from the study occurred in 8% of patients on sunitinib and
13% on IFN-α. Only 1% of patients withdrew consent from
the sunitinib arm, while 8% withdrew consent from the IFN-α
arm. Although survival end points were still premature, the
HR was 0.65 (P <.02) in favor of sunitinib. The investigators
concluded that sunitinib was the new standard of care for first
line treatment of metastatic RCC.
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CHAPTER 29 ■ BLADDER CANCER
MATTHEW D. GALSKY AND DEAN F. BAJORIN

Cancer of the urinary bladder ranks eleventh in incidence
among cancers worldwide. Internationally, approximately
310,000 new cases are diagnosed each year. The age-
standardized incidence of bladder cancer is highest in indus-
trialized countries (1). In the United States, cancer of the
urinary bladder is the fourth most common cancer in men and
the tenth most common cancer in women; an estimated 61,420
cases will be diagnosed (44,690 in men, 16,730 women) and
13,060 (8,990 men, 4,070 women) will die of their disease in
2006. The majority of patients (approximately 75%) present
with localized disease (2).

EPIDEMIOLOGY

The incidence of cancer of the urinary bladder increases with
age. In the United States, the probability of developing bladder
cancer is low below age 40 (approximately 1 in 4,600) but in-
creases markedly after age 60. Bladder cancer is more common
in men than women with a ratio of 2:1 to 4:1. The disease is
almost twice as frequent in white men as black men (2).

RISK FACTORS

Several chemical and environmental exposures have been
linked to the development of bladder cancer. However, in most
cases, the long latency period between the exposure and devel-
opment of clinical disease has limited the ability to establish
causality.

Industry-Related Carcinogens

A link between chemical carcinogens and the development
of bladder cancer was first made in the early 1800s. Since
then, multiple compounds have been implicated. The ma-
jority of these carcinogens are aromatic amines, including
2-naphthamine, 4-aminobiphenyl, and benzidine, or deriva-
tives of aromatic amines. The time from exposure to death
from bladder cancer has been estimated at over 20 years (3).

Occupations linked to the development of bladder cancer
include workers in the aluminum, dye, paint, petroleum, rub-
ber, and textile industries. Occupations involving exposure to
“combustion gases” including chimney sweeps, truck drivers,
and garage or gas station workers have also been associated
with an increased risk (4–7). Case-control studies have sug-
gested an increased risk in hairdressers and barbers, thought
to be related to exposure to hair dyes (8). No significant asso-
ciation has been shown with personal hair dye use (9).

Tobacco Smoking

Cigarette smoking is the most important risk factor for blad-
der cancer and is thought to contribute to 1 to 2 of every three
cases of bladder cancer diagnosed (10–12). The risk of devel-

oping bladder cancer increases with the extent of exposure to
cigarette smoking; heavy smokers have a six- to tenfold increase
in risk compared with nonsmokers. Smoking cessation leads to
a decreased risk. In a meta-analysis of case-control studies, the
risk decreased by 60% after 25 years (13). The precise carcino-
gens in tobacco linked to the development of bladder cancer
are unclear. However, the aromatic amines 2-naphthylamine
and 4-aminobiphenyl and the heterocyclic amine Trp-p-2 are
likely candidates. Presumably as a result of less inhalation of
smoke, the risk is lower in pipe and cigar smokers compared
with cigarette smokers (14).

Diet

Several dietary factors have been linked to the development
of bladder cancer. A case-control study suggested an increased
risk with consumption of fried or fatty foods and a decreased
risk with vitamin A intake (15). The quality of drinking water,
through the by-products of water chlorination and concentra-
tion of arsenic, has also been associated with increased risk
(16,17). Consumption of coffee and dietary sweeteners has not
convincingly been associated with the development of bladder
cancer.

Drugs and Diseases

Heavy use of the analgesic phenacetin has been associated
with chronic renal disease and development of cancer of the
bladder, ureter, and renal pelvis (18). There does not appear
to be an association with acetaminophen, the major metabo-
lite of phenacetin. The cytotoxic/immunosuppressive agent cy-
clophosphamide increases the risk of bladder cancer up to nine-
fold with a latency period of generally less than 10 years (19).
Pelvic irradiation for prostate, cervical, or ovarian cancer, in-
creases the risk of a secondary bladder cancer by a factor of
1.5 to 4 (19).

Schistosomiasis, caused by the trematode Schistosoma
haematobium, is endemic to the Middle East, Southeast Asia,
and Africa. Bilharzial bladder disease, secondary to infection
with S. haematobium, has been linked to the development of
bladder cancer (20). In endemic regions, bladder cancer is the
most common solid tumor. The majority of cases are squamous
cell carcinomas. Paraplegic patients (often with bladder stones
or chronic indwelling Foley catheters) are also felt to be at in-
creased risk for squamous cell carcinoma of the bladder.

PATHOLOGY

The lining of the urinary tract, the urothelium, extends from
the renal pelvis to the urethra. The majority (90% to 95% in
the United States) of cancers of the urothelial tract are transi-
tional cell carcinomas (TCC) (21). Approximately 90% of tran-
sitional cell carcinomas develop within the bladder, whereas
8% develop in the renal pelvis and 2% develop in the ureter
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and urethra. In North America, less common histologies in-
clude squamous cell carcinomas (3%), adenocarcinomas (2%),
and small-cell carcinomas (<1%) (22). The distribution of his-
tologic subtypes differs in other parts of the world. In Schisto-
soma haematobium endemic regions, squamous cell carcino-
mas predominate.

Adenocarcinomas of the bladder can arise in the urachal
remnant at the dome of the bladder or in the periurethral tis-
sues. Mixed histologies against a background of transitional
cell carcinoma are not uncommon, and generally do not por-
tend a worse prognosis. Lymphomas or melanomas of the blad-
der are rare.

Cancers of the urothelium demonstrate distinct growth pat-
terns. The majority are papillary, arising from hyperplastic ep-
ithelium (21). While these lesions have a propensity to recur,
they rarely progress to more invasive cancers (22). Conversely,
carcinoma in situ (CIS) is a high-grade lesion and is thought to
be a precursor in up to two-thirds of invasive cancers (23).

PATHOGENESIS

Cancers of the urothelium are characterized by a propensity to
recur, both at the same site and at distant sites in the urothelial
tract. This has led to the hypothesis that a field defect develops
in the urothelium, leading to the tendency to form new tumors.
Whether tumors that originate at separate sites in the urothelial
tract are derived from the same clone is an area of controversy,
although several studies support this concept (24,25).

A series of genetic events likely leads to the development
(primary events) and progression (secondary events) of bladder
cancer. These events are believed to result in the activation of
protooncogenes and/or inactivation of tumor suppressor genes.
Multiple studies support a key role for alterations in the p53
and retinoblastoma-susceptibility (RB) gene pathways. Altered
expression of the RB gene product in primary bladder tumors
obtained from cystectomy or transurethral resection specimens
has been correlated with poorer survival (26,27). Nuclear accu-
mulation of p53 protein, as determined by immunohistochem-
ical analysis, has been associated with a higher probability of
disease progression in superficial tumors (28) and disease re-
currence/death in invasive tumors (29). The cooperative effects
of alterations of these genes and others, including p21 and p16,
has been highlighted by recent work (30–32).

CLINICAL PRESENTATION,
DIAGNOSIS, AND STAGING

The majority of patients with bladder cancer present with su-
perficial disease (approximately 75%), while 15% to 20% have
invasive disease and 5% present with metastases (2). Hema-
turia is the most common presenting sign of bladder cancer.
Most often, the hematuria is gross and painless and may be
intermittent. Other disorders may present in a similar fashion.
In a series of 1,000 patients presenting with gross hematuria,
15% were diagnosed with bladder cancer (33). While micro-
scopic hematuria was detected in 13% of the population in one
study, it was attributed to urothelial cancer in only 0.4% (34).

Pain related to bladder cancer typically results from lo-
cally advanced or metastatic disease. Flank pain may indicate
ureteral obstruction. Suprapubic pain may be related to inva-
sion of the perivesical soft tissue or bladder outlet obstruc-
tion and urinary retention. Bone pain may be a sign of bone
metastases.

Irritative voiding symptoms including urinary frequency, ur-
gency, dysuria, or urge incontinence most commonly occurs
with CIS or tumors decreasing the bladder capacity or causing

TA B L E 2 9 - 1

CLINICAL STAGING OF PRIMARY BLADDER TUMOR

Noninvasive papillary tumor Ta
Carcinoma in situ Tis
Invasion of subepithelial connective tissue T1
Invasion of superficial muscle T2a
Invasion of deep muscle T2b
Invasion of perivesical fat (microscopic) T3a
Invasion of perivesicular fat (macroscopic) T3b
Invasion of adjacent structures (prostate, uterus,

vagina, bowel) but still mobile
T4a

Fixed to pelvic wall, abdominal wall T4b

detrusor overactivity. Obstructive voiding symptoms, such as
an intermittent stream or the sensation of incomplete voiding,
are less common.

The diagnosis of bladder cancer is typically made by urine
cytology and/or cystoscopic examination and a transurethral
resection specimen. Clinical staging involves both information
obtained from a pathologic review of the transurethral re-
section specimen and an examination under anesthesia. The
transurethral resection specimen will determine if the muscle
has been invaded (at least clinical stage T2); therefore, muscle
must be present in the specimen for an adequate assessment.
The exam under anesthesia affords an opportunity to deter-
mine whether there is a palpable mass (clinical stage T3b) and
whether or not the mass is fixed (clinical stage T4b).

The cystoscopic examination begins with a bladder barb-
otage to examine urine cytology. The bladder is then system-
atically inspected and the size, number, location, and growth
pattern of tumors are noted. Biopsies are obtained from visible
tumors or tumors are resected transurethrally. Muscle must be
present in the specimen for adequate staging. Random biopsies
should also be taken from grossly normal urothelium and from
the prostatic urethra.

Notably, there is marked discordance between clinical stag-
ing and the information derived from pathological review of
the cystectomy specimen (pathologic staging). In a trial of pa-
tients receiving neoadjuvant chemotherapy in which 57% had
a complete clinical response (no evidence of tumor by cysto-
scopic examination or transurethral resection), only 30% had
no evidence of disease on pathologic review of the subsequent
cystectomy specimen (35).

Computed tomography (CT) and magnetic resonance imag-
ing (MRI) can be helpful in determining the presence of exten-
sion to the perivesical fat (T3) or involvement of the regional
lymph nodes (nodes confined within the true pelvis). However,
these imaging modalities do not accurately predict the depth
of invasion in the bladder wall. Radionuclide bone scans are
generally recommended in patients with locally advanced tu-
mors and/or symptoms of skeletal involvement or in patients
with unexplained elevations in alkaline phosphatase.

Clinical stage is most commonly assigned using the tumor,
node, and metastasis (TNM) system (Table 29-1) (36). Post-
cystectomy, the TNM system is also used to assign the patho-
logic stage, which further refines prognosis. Nodal stage is de-
termined by the size and number of involved regional lymph
nodes.

TREATMENT

The selection of treatment for patients with bladder cancer in-
volves consideration of the extent of disease and the patient’s
comorbidities, renal function, and preferences. Treatment
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options range from endoscopic resection to multimodal-
ity approaches involving surgery, radiation therapy, and
chemotherapy.

Superficial Disease

Superficial bladder cancer refers to patients with Tis (carci-
noma in situ), Ta (papillary tumors confined to the urothelium
above the basement membrane), or T1 (extension into the lam-
ina propria) disease. Three main goals define the treatment of
patients with superficial disease: removal of existing disease,
prophylaxis against recurrence, and prevention of the develop-
ment of more invasive disease. Generally, these lesions are first
managed by complete endoscopic resection. In patients with
tumors involving the lamina propria, a repeat cystoscopy is
usually performed to document the absence of residual disease
as a significant number of patients have more advanced disease
than initially appreciated (37).

Approximately 40% to 80% of patients with complete re-
section of superficial disease will develop a recurrence within
6 to 12 months and 10% to 25% will have progression to
more advanced stages. Therefore, vigilant follow-up with cys-
toscopic examination and urine cytology every 3 to 6 months
is indicated. Higher-grade tumors are more likely to recur and
progress to more advanced stages (38). Papillary noninvasive
lesions (Ta) are typically low grade and recur multiple times
before progression to invasive disease. Alternatively, CIS is gen-
erally high grade and frequently associated with progression to
invasive disease. The majority of T1 lesions are high grade and
90% of patients will have a recurrence by 5 years (39).

Intravesical therapies have been developed in an attempt
to minimize this high risk of recurrence with superficial blad-
der cancer. The most common indication for intravesical ther-
apy is in the adjuvant setting after complete endoscopic re-
section of disease. Less frequently, intravesical approaches are
utilized for patients with residual disease after transurethral
resection.

Various guidelines have been proposed for selecting patients
for intravesical therapy. Patients at highest risk for recurrence
appear to benefit most from such therapy, which includes pa-
tients with multiple superficial recurrences within a short time
period, multiple tumors, diffuse CIS, or T1 disease. In a study
of intravesical bacillus Calmette-Guerin (BCG) in patients with
these characteristics, treatment-delayed progression, decreased
the need for cystectomy, and improved survival (40).

Several agents have been administered as intravesical ther-
apy including BCG, mitomycin, the anthracyclines, interferon,
and gemcitabine. The mechanism of action of these agents is
not clear, although a nonspecific inflammatory reaction is felt
to play a role. Randomized trials have demonstrated the su-
periority of BCG compared with doxorubicin or mitomycin
(41,42). Side effects from these agents are similar including
cystitis, fever, and hematuria.

BCG is instilled weekly for 6 weeks. Close surveillance is
then performed with urine cytology and cystoscopy every 3 to
6 months. Some recommend a repeat 6-week course of BCG if
a recurrence is detected. The criteria for proceeding with cys-
tectomy in patients in whom intravesical therapy has failed are
not well defined. Patients with impaired bladder function or
recurrent T1 tumors within 6 to 12 months after transurethral
resection and intravesical therapy are generally offered
cystectomy.

Muscle-Infiltrating Tumors

Surgery

For patients with tumors infiltrating the muscularis propria
(clinical stage T2), the standard approach in the United States is
a radical cystectomy with pelvic lymph node dissection. Organ-
sparing procedures may be possible in a select subgroup of pa-
tients. A radical cystectomy involves a wide resection of the
bladder with all of the perivesical fat and tissue in an attempt to
achieve negative margins. In men, a prostatectomy is also per-
formed. In women, the urethra, uterus, fallopian tubes, ovaries,
anterior vaginal wall, and surrounding fascia are removed. Uri-
nary flow can either be directed through a conduit diversion or
a continent reservoir. With a conduit diversion, urine is drained
directly from the ureters to the skin surface with no internal
reservoir. A segment of bowel is used to bridge the gap between
the ureters and the skin. Continent reservoirs include continent
stomas, in which patients self-catheterize at regular intervals,
and internal, orthotopic neobladders, in which case patients
may void in the natural position.

The prognosis after surgery for muscle-invasive disease is
defined by the pathologic stage (Table 29-2). In a series of
1,054 patients with TCC treated with radical cystectomy and
pelvic lymph node dissection, the 5-year disease-free survival
for patients with node-negative organ confined disease ex-
ceeded 80%, but dropped to 62% to 78% for patients with
extravesical disease (pT3) and 50% for patients with invasion
of local organs (pT4) (43). While, pathologic involvement of
the regional lymph node portends an even worse prognosis,
some patients with lymph node involvement are cured with
surgery alone. Five-year survival rates of up to 57% have been
reported for patients with a single lymph node involved, com-
pared with 0% to 27% for those with more extensive involve-
ment (44–46).

The importance of an adequate pelvic lymph node dissec-
tion and pathologic assessment has recently been highlighted.
With a standard pelvic lymph node dissection, the distal com-
mon iliac, external iliac, obturator, and hypogastric nodes are
removed, generally yielding 10 to 14 lymph nodes (47). Ret-
rospective studies have correlated the extent of lymphadenec-
tomy with improved survival. In one such analysis, the as-
sociation between surgical/pathologic variables and survival

TA B L E 2 9 - 2

FIVE-YEAR SURVIVAL OF PATIENTS WITH BLADDER CANCER TREATED WITH
CYSTECTOMY BY PATHOLOGIC STAGEa

Number patients Year T2 T3a T3b PT4 N− N+ Reference

261 1991 63% 50% 15% 21% 60% 4% (88)
269 2001 59% 22% 28% 27% NA NA (89)

1054 2001 72% 58% 38% 33% 69% 31% (43)

aT stages include patients with node- positive disease.
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was explored in a series of 637 patients (48). Improved sur-
vival and decreased local recurrence was associated with an
increased number of lymph nodes removed (and examined by
the pathologist). This association was observed in both patients
with node-negative and node-positive disease. The 5-year sur-
vival rate for patients with 0 to 6, 6 to 10, 11 to 14, and
>14 lymph nodes examined was 33%, 44%, 73%, and 79%,
respectively. Lymph nodes are dissected from the pathologic
specimen by the pathologist and then counted. Similar results
were reported from a second study in which surveillance, epi-
demiology, and end results (SEER) data on 1923 patients who
underwent radical cystectomy was analyzed (49). Notably, the
influence of surgical factors on outcome has been shown to be
independent of the impact of perioperative chemotherapy. In
an analysis of a randomized cooperative group study exploring
neoadjuvant chemotherapy, a multivariate model adjusted for
perioperative chemotherapy demonstrated that negative mar-
gins and ≥10 nodes removed were significantly associated with
longer postcystectomy survival (50).

External-Beam Radiation Therapy

In many countries, external-beam radiation therapy is stan-
dard initial therapy for patients with invasive bladder cancer.
A recent analysis reviewed the results of three randomized trials
conducted before 1980 comparing preoperative radiation ther-
apy followed by cystectomy with radiation therapy alone (51).
While these trials were small and did not specifically address the
issue of cystectomy versus radiation therapy, the authors did
conclude that cystectomy provided a survival benefit. Random-
ized studies of radiation therapy versus surgery, using modern
radiotherapy techniques, have not been performed. In a con-
temporary series, the cause-specific survival at 5-years among
163 patients with bladder cancer treated with external-beam
radiation therapy (and salvage cystectomy) was 87% for T1,
48% for T2, and 26% for T3 disease (52). Patients who retain
their bladder are at continued risk of developing new tumors
and require close surveillance.

Side effects related to external-beam radiation therapy to the
bladder include irritative symptoms of the bowel and bladder,
inflammation of the skin, and fatigue. Sexual function may be
impaired. Rarely, a reduction in bladder capacity due to fibrosis
may necessitate cystectomy or urinary diversion.

Perioperative Chemotherapy

A significant proportion of patients undergoing cystectomy
with curative intent will have micrometastases and ultimately

succumb to their disease. Given the chemosensitivity of TCC,
multiple clinical trials have sought to administer chemotherapy
in the perioperative setting in an attempt to eradicate subclini-
cal disease. These trials have utilized a variety of regimens either
administered before (neoadjuvant) or after (adjuvant) surgery.

There are several potential advantages to a neoadjuvant ap-
proach. Before surgery, patients may be better able to tolerate
chemotherapy. Systemic treatment is initiated sooner, theoret-
ically against a smaller volume of microscopic disease. Impor-
tantly, this approach allows the response to treatment to be as-
sessed by monitoring the primary tumor; this has been shown
to be of prognostic significance. In a study of patients treated
with neoadjuvant cisplatin-based chemotherapy, at a median
follow-up of 25 months, 91% of patients who responded to
chemotherapy (defined as pathologic stage ≤T1) were alive
compared to 37% of nonresponders (53).

A disadvantage of the neoadjuvant approach is the dis-
cordance between clinical response (based on repeat cys-
toscopy/TURBT) and pathologic response (based on patho-
logic review of the cystectomy specimen). In one study of
neoadjuvant chemotherapy, 57% of patients achieved a clin-
ical complete response, but only 30% had a complete patho-
logic response (54). While neoadjuvant therapy may allow the
consideration of organ preservation in a select subgroup of pa-
tients, chemotherapy is not a substitute for surgery and the
majority of patients will still require cystectomy. In patients
with a complete clinical response to chemotherapy, refusal of
cystectomy becomes problematic. A theoretical disadvantage
of neoadjuvant chemotherapy is the risk of delaying poten-
tially curative surgery during administration of chemotherapy
which may be ineffective.

Several randomized trials have explored the role of neoad-
juvant chemotherapy in TCC (Table 29-3). While the majority
failed to demonstrate a survival benefit with the use of preop-
erative chemotherapy, many of these studies were underpow-
ered (55), utilized suboptimal chemotherapy (56,57), closed
early (58), or were reported with inadequate follow-up time
(59). Recently, large well-designed trials and a meta-analysis
have been reported, which have shifted the standard of care in
muscle-invasive TCC toward the routine use of neoadjuvant
chemotherapy (60–62).

The largest neoadjuvant chemotherapy trial in TCC (63)
randomized 976 patients with T2 to T4aNx disease to neoad-
juvant CMV (cisplatin, methotrexate, and vinblastine) versus
no chemotherapy. Management of the primary tumor was left
to the discretion of the treating physician and could include cys-
tectomy, radiation therapy, or both. When initially reported, a

TA B L E 2 9 - 3

RANDOMIZED TRIALS OF NEOADJUVANT CHEMOTHERAPYa

Number patients Neoadjuvant chemotherapy Local therapy Survival benefit Reference

975 CMV RT/Cyst/Both Yes (60)
317 MVAC Cyst Yes (61)
325 C+A RT/Cyst Yesb (62)
317 M+C Cyst No (90)
206 MVAC Cyst No (55)
104 C+5FU Cyst No (91)
122 C Cyst No (57)
123 MCV Cyst/RT No (58)
171 MVEC Cyst No (59)
194 Carboplatin MV Cyst No (92)

aM, methotrexate; C, cisplatin; V, vinblastine; A, doxorubicin; 5-FU, 5-fluorouracil; E, epirubicin; Cyst, cystectomy; RT, radiation therapy.
bBenefit for subset with T3 to T4.
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TA B L E 2 9 - 4

RANDOMIZED TRIALS OF ADJUVANT CHEMOTHERAPYa

Number Adjuvant Local Survival
patients chemotherapy therapy benefit Reference

91 CAP Cyst (CAP Cyst Yes (67)
49 MVA(E)C Cyst Yes (66)
77 C Cyst (C Cyst No (68)
83 CM Cyst (CMCystCyst No (65)
50 CMV Cyst No (69)

aM, methotrexate; C, cisplatin; V, vinblastine; A, doxorubicin; 5-FU, 5-flurouracil; E, epirubicin; Cyst,
cystectomy.

5.5% difference in the absolute 3-year survival (HR = 0.85;
95% CI 0.71 to 1.02) favoring the chemotherapy arm was
observed, which did not achieve statistical significance. Up-
dated results, with a median follow-up of 7 years, demon-
strated a significant improvement in survival favoring neoad-
juvant chemotherapy (p = 0.048; HR = 0.85; 95% CI 0.72 to
1.0) (60).

A United States intergroup trial has also shown a survival
benefit with neoadjuvant chemotherapy (61). This study ran-
domized 317 patients with T2 to T4a TCC of the bladder to
three cycles of neoadjuvant MVAC (methotrexate, vinblastine,
doxorubicin, and cisplatin) followed by radical cystectomy ver-
sus radical cystectomy alone. At 8.7 years median follow-up,
both median survival (77 versus 46 months, p = 0.06) and
5-year survival (57% versus 43%, p = 0.06) favored the com-
bined modality arm. Neoadjuvant chemotherapy did not im-
pair the ability to proceed with surgery or increase the rate of
postoperative complications.

A meta-analysis including data from 2688 patients (but not
including the U.S. intergroup trial) further supports the use
of neoadjuvant chemotherapy (64). Compared to local ther-
apy alone, the use of neoadjuvant cisplatin-based combina-
tion chemotherapy was associated with a significant improve-
ment in overall survival (HR = 0.87 [95% CI, 0.78 to 0.98,
p = 0.016]) with a 5% absolute survival benefit at 5 years. No-
tably, the survival benefit did not reach statistical significance
when trials utilizing single-agent cisplatin were included (HR
= 0.91 [95% CI 0.83 to 1.01, p = 0.084]).

Delivery of chemotherapy in the adjuvant setting also has
potential advantages and disadvantages. With postoperative
chemotherapy, a treatment decision can be based on informa-
tion derived from the pathologic rather than the clinical stage.
This may avoid “over-treating” patients who are estimated to
have a reasonable outcome from surgery alone (e.g., patients
with organ-confined disease). Disadvantages include potential
difficulties tolerating chemotherapy in the postoperative setting
and the lack of objective means of assessing treatment response
after the primary tumor is removed.

The role of adjuvant chemotherapy following cystectomy
has been evaluated in several clinical trials (Table 29-4)
(65–69). All of these trials were small, with the largest enrolling
only 91 patients. Two of these trials did report a survival bene-
fit with adjuvant chemotherapy. Skinner et al. (67) randomized
patients with pT3-4 or node-positive TCC to receive CISCA
(cisplatin, doxorubicin, and cyclophosphamide) for four cy-
cles versus no further treatment after cystectomy. The median
survival was 4.3 years in the adjuvant chemotherapy group ver-
sus 2.4 years in the observation group (p = 0.006). However,
only 91 of 498 eligible patients were enrolled, raising concerns
of selection bias. In a trial conducted by Studer et al. (68), pa-
tients with pT3b-T4a or node positive TCC were randomized

to receive either three cycles of MVA(E)C (methotrexate, vin-
blastine, doxorubicin/epirubicin, cisplatin) or no further treat-
ment after cystectomy. This study, designed to detect a 35%
improvement in disease-free survival, enrolled 100 patients and
was terminated early after 49 patients were enrolled after an
interim analysis showed a significant improvement in 3-year
disease-free survival (63% versus 13%, p = 0.0015). Addi-
tional randomized trials, limited by inadequate sample size and
suboptimal chemotherapy, have not show a survival advantage
with the use of adjuvant chemotherapy (65,68).

Neoadjuvant chemotherapy is the current standard for pa-
tients with (muscle-invasive) TCC of the bladder. Based on the
limitations of the reported trials, the data supporting adjuvant
chemotherapy is less compelling. The optimal management for
patients with locally advanced TCC of the bladder, who did not
receive neoadjuvant chemotherapy, is controversial and diver-
gent opinions exist regarding the use of adjuvant therapy. This
controversy is reflected in the design of two large ongoing in-
ternational trials, one randomizing patients between adjuvant
chemotherapy and cystectomy alone and the other random-
izing patients between two different adjuvant chemotherapy
regimens.

BLADDER-SPARING APPROACHES

In carefully selected patients, muscle-invasive disease may be
treated with curative intent while attempting to spare the blad-
der. Attempts to spare the bladder have included transurethral
resection of tumors alone, radiation therapy alone, chemother-
apy plus conservative surgery, and combinations of all three
modalities. In general, multimodality approaches seem opti-
mal and such therapy requires the close collaboration of an
experienced team. Given the risk of recurrent disease and new
tumors in the retained bladder, ongoing surveillance is manda-
tory after completion of therapy.

In a small subgroup of patients, a partial cystectomy alone
may be performed in an attempt to spare the bladder. Suit-
able patients for consideration of partial cystectomy include
the following: a solitary tumor at the dome, posterior, ante-
rior, or lateral bladder wall; a 2-cm margin of normal bladder
around the base of the tumor; no prior history of TCC or CIS;
and normal bladder capacity. However, few patients meet these
criteria and local recurrence rates from 38% to 78% have been
reported (70).

The combination of transurethral resection, chemotherapy,
and radiation therapy may optimize bladder preservation. The
best candidates are patients with a solitary early-stage lesion
and no evidence of hydronephrosis. Critical to the success of
this approach is the ability to initially perform a complete
transurethral resection of tumor. Subsequently, patients receive
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TA B L E 2 9 - 5

SELECTED TRIALS OF COMBINED MODALITY BLADDER-SPARING THERAPY

Adjuvant/Neoadjuvant
Number patients chemotherapy Radiation therapy Radiation sensitizer Survival Intact bladder Reference

42 None Daily C 52% 5-yr NA (93)
91 Neoadjuvant CMVa Daily C 62% 4-yr 44% 4-yr (94)
34 None Hypofractionated C + FU 83% 3-yr 66% 3-yr (95)
52 Adjuvant CMV Twice daily C 61% 3-yr 48% 3-yr (96)

aM, methotrexate; C, cisplatin; V, vinblastine; 5-FU, 5-fluorouracil.

concurrent chemoradiation with or without adjuvant or neoad-
juvant chemotherapy. During (and after) the treatment period,
cystoscopic surveillance of the bladder is maintained and cys-
tectomy is performed if there is evidence of persistent invasive
disease.

The optimal combined modality bladder-sparing regimen is
not well defined. A series of trials exploring various regimens
have been performed, many by the Radiation Therapy Oncol-
ogy Group (RTOG) (Table 29-5). The necessity of neoadjuvant
chemotherapy was explored in RTOG 89-03 in which patients
were randomized to neoadjuvant cisplatin, methotrexate, plus
vinblastine (CMV) followed by concurrent radiation plus cis-
platin versus concurrent chemoradiation alone. There was no
difference between the arms in survival with an intact bladder
at 5 years median follow-up (58).

There have been no randomized trials comparing the results
of bladder-sparing therapy with radical cystectomy. Compared
with historical controls, the use of a combined modality ap-
proach in appropriately selected patients has yielded similar
outcomes. Five-year survival rates of 50% to 60% have been
reported with approximately 70% of those patients maintain-
ing an intact bladder (71). In a recent analysis of quality of
life in patients treated with bladder preservation, the majority
of patients with an intact bladder preserved normal bladder

function and low rates of bowel symptoms and urinary incon-
tinence were reported (72).

METASTATIC DISEASE

Cisplatin is the most active single agent in urothelial TCC.
During the late 1970s, trials evaluating single-agent cisplatin
in patients with advanced TCC reported response rates ranging
from 26% to 65%. Multiagent regimens followed shortly. In
1985, a landmark study explored the MVAC regimen. In this
trial, 24 patients with advanced/metastatic disease were treated
and responses were observed in 71% (95% CI, 53% to 89%) of
patients (73). Complete responses were achieved in 50% (95%
CI, 30% to 70%). Subsequently larger studies confirmed the
activity of MVAC and randomized trials showed improved sur-
vival with MVAC compared to single-agent cisplatin (74) and
CISCA (cyclophosphamide, cisplatin, and doxorubicin) (Table
29-6) (75).

Despite the benefits of MVAC, the limitations of this regi-
men in patients with advanced disease became readily appar-
ent. While a substantial proportion of patients that responded
to this regimen, median survivals were consistently less than 13
months. The durability of complete responses was poor, with

TA B L E 2 9 - 6

RANDOMIZED TRIALS OF CISPLATIN-BASED CHEMOTHERAPY IN METASTATIC TRANSITIONAL CELL
CARCINOMA

Number Survival
Treatment arms patients OR CR (months) P Reference

MVACa 120 36% 13% 12.5 <0.0002 (74)
Cisplatin 126 11% 3% 8.2
MVAC 55 65% 35% 12.6 <0.05 (75)
CISCA 55 46% 25% 10
MVAC 86 59% 24% 12.5 0.17 (97)
FAP 83 42% 10% 12.5
MVAC 129 58% 9% 14.1 0.122 (98)
HD-MVAC 134 72% 21% 15.5
MVAC 205 46% 12% 14.8 0.746 (77)
Gemcitabine + Cisplatin 203 50% 12% 13.8
MVAC 109 54% 23% 14.2 0.025 (78)
Docetaxel + Cisplatin 111 37% 13% 9.3
MVACb 44 40% 13% 14.2 0.41 (83)
Paclitaxel + Carboplatin 41 28% 3% 13.8

aMVAC, methotrexate, vinblastine, doxorubicin, cisplatin; CISCA, cyclophosphamide, cisplatin, doxorubicin; CMV, cisplatin, methotrexate,
vinblastine; MV, methotrexate, vinblastine; FAP, 5-fluorouracil, interferon-α2b, cisplatin; HD-MVAC, high-dose MVAC; OR, overall response; CR,
complete response.
bTrial terminated early with only 85 patients.
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less than 4% of patients alive and disease-free at 6 years or
more (76). Perhaps most limiting was the associated toxicity;
febrile neutropenia and mucositis were common and treatment-
related deaths occurred in 2% to 4% of patients. Other side
effects included decreased renal function, hearing loss, and pe-
ripheral neuropathy.

Over the past decade, efforts have focused on not only im-
proving the efficacy of treatment in patients with advanced
TCC, but also on improving the tolerability of treatment. Sev-
eral newer agents with activity in TCC have been identified and
incorporated into multiagent regimens.

A landmark multicenter Phase III trial randomized 405 pa-
tients to gemcitabine plus cisplatin (GC) versus MVAC (Table
29-6) (77). While this was not designed as a noninferiority
trial, the response rates and median survivals were similar on
both arms. Importantly, MVAC was associated with a greater
incidence of neutropenic fever (14% compared to 2%), neu-
tropenic sepsis (12% compared to 1%), grade ≥3 mucositis
(22% compared to 1%), and treatment-related deaths (3%
compared to 1%). Gemcitabine plus cisplatin has since be-
come a widely used standard treatment regimen for patients
with metastatic TCC.

Other cisplatin-based doublets and triplets have been re-
cently been explored. In a randomized Phase III trial, docetaxel
plus cisplatin (DC) was compared with MVAC (78). Although
DC was better tolerated, response rates and survival favored
the MVAC arm. Phase II trials exploring triplet combinations
of gemcitabine, cisplatin, plus paclitaxel (GCT) and ifosfamide,
cisplatin, plus paclitaxel have reported promising activity (ITP,
ifosfamide, paclitaxel, and cisplatin) (79,80). A randomized
Phase III study comparing gemcitabine plus cisplatin versus
gemcitabine, cisplatin, plus paclitaxel is ongoing.

Up to 40% of patients with TCC may be ineligible for
cisplatin-based therapy due to impaired renal function. As
a result, carboplatin-based therapy has been extensively ex-
plored. No Phase III trials have directly compared carboplatin-
based therapy with cisplatin-based therapy and controversy
exists regarding the equivalence of such regimens. In random-
ized Phase II trials, consistently higher response rates have
been reported with cisplatin- compared with carboplatin-based
therapy (81,82). The Eastern Cooperative Oncology Group
(ECOG) initiated a Phase III trial comparing MVAC with pacli-
taxel plus carboplatin; however, this study was terminated after
2 years of slow accrual (83). In patients with advanced TCC
without contraindications (e.g., poor creatinine clearance, soli-
tary kidney, poor performance status), cisplatin-based therapy
should be considered the treatment of choice.

The majority of patients with advanced TCC still suc-
cumb to their disease, necessitating novel approaches. One
new approach is the administration of sequential dose-dense
chemotherapy based on the Norton–Simon hypothesis, a math-
ematical prediction model of chemotherapy sensitivity derived
from the Gompertzian growth rates of tumors (84). Other ap-
proaches involve the integration of novel targeted therapies.

Based on the promising results with the ITP regimen, a pilot
study of sequenced therapy with doxorubicin and gemcitabine
(AG) followed by ITP was performed (85). A preliminary anal-
ysis of 21 patients demonstrated an major overall response rate
of 87% (95% CI, 71% to 100%) and a complete response of
43% (95% CI, 22% to 64%) (86). This regimen is being fur-
ther explored in the setting of advanced disease and a modified
version (AG followed by paclitaxel plus cisplatin) is the exper-
imental arm of a national adjuvant therapy trial.

Therapies targeting the epidermal growth-factor receptor
(EGFR) pathway given in combination with cytotoxic agents
are also being explored. Cooperative group trials are evaluat-
ing trastuzumab given in combination with paclitaxel, carbo-
platin, and gemcitabine or gefitinib in combination with either
gemcitabine/cisplatin or gemcitabine/carboplatin.

PROGNOSIS IN ADVANCED
DISEASE

Pretreatment patient characteristics can be used to assess prog-
nosis in patients with advanced TCC treated with cisplatin-
based combination chemotherapy. In a multivariate analy-
sis of predictors of survival in 203 patients with TCC, two
factors had independent prognostic significance: Karnofsky
performance status ≤80% and visceral (lung, liver or bone)
metastases (87). The median survival for patients with 0, 1,
or 2 risk factors was 33, 13.4, and 9.3 months, respectively
(p = 0.0001).

SUMMARY

Bladder cancer is a common disease. Over the past decade,
much progress has been made in understanding the pathogen-
esis of this disorder and elucidating the key genetic pathways
involved. The clinical course and management of bladder can-
cer is heterogenous. The management of superficial lesions typ-
ically involves endoscopic resection with or without intravesi-
cal therapy. Muscle invasive disease is best managed by radical
cystectomy with neoadjuvant chemotherapy. In a select sub-
group of patients, a combined modality approach involving
surgery, radiation therapy, and chemotherapy may successfully
spare the bladder. For patients with advanced disease, strides
have been made in the activity and tolerability of systemic
chemotherapy yet few patients are cured. Novel approaches,
integrating agents targeting pathways involved in the patho-
genesis of bladder cancer, are being explored in an attempt to
further improve outcomes.
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CHAPTER 30 ■ PROSTATIC CARCINOMA
SHANDRA WILSON, L. MICHAEL GLODE, AND E. DAVID CRAWFORD

EPIDEMIOLOGY AND ETIOLOGY

Prostatic carcinoma is the most commonly diagnosed noncu-
taneous malignancy in American males, with approximately
170,000 new cases diagnosed each year (1). Prostate cancer
is the second most common cause of male deaths caused by
cancer and, although the government initiative Healthy Peo-
ple 2010 aims for the mortality of prostate cancer to be less
than 28 per 100,000, few states have yet to achieve this in
2004. Death rates range from 25 to 37/100,000 in Caucasians
across the United States and are generally more than twice this
for African American men (1). In the year 2000, there were
more than 400 million people worldwide aged 65 or above.
This number is projected to increase to almost 1.5 billion by
the year 2050, 25% of whom will be aged 80 or above. This
close to fourfold increase is only partially accounted for by the
projected 50% increase for the global population, as a whole,
and is due largely in part to improvements in longevity (2).
Specifically in America, in 2020, 5.9% of the population—or
17,000,000 individuals—will be age 75 or older. Prostate can-
cer may appear in epidemic proportions as approximately one-
third of these seventeen million citizens are male and autopsy
studies suggest that up to 60% of men harbor tumors (3).

The fact that prostate cancer has the lowest average num-
ber of life-years lost to all major cancers in men or women
prompts some to suggest that early detection and treatment of
this neoplasm are a low priority, despite the fact that it causes
more deaths among men less than 65 years of age than dis-
eases that receive greater research support, such as nephritis,
lymphoma, and leukemia (4). Yet, when placed in the context
of the enormous numbers of men who die of prostate cancer,
the total number of potential life-years lost to this cancer ranks
it third among 17 malignancies studied in men (5). Thus, the
overall impact of prostate cancer is significant.

One of the risk factors for prostate cancer is age. Most au-
topsy series show a positive correlation of prostate cancer inci-
dence and age. However, prostate cancer prevalence in younger
men may be higher than expected from clinical practice. One
autopsy study of men less than 50 years old who died of trauma
demonstrated microscopic foci of prostate cancer in 29% of
those 30 to 39 years old and in 32% of those in their forties
(6). Exposure to environmental agents has been evaluated and
cadmium appears to be a risk factor for the development of
prostate cancer (7). History of benign prostatic hypertrophy
(8) or previous vasectomy (9) do not appear to have any bear-
ing on the risk of developing prostate cancer.

Race, as alluded to earlier, is also a risk factor for prostate
cancer. Northern European and black populations, particu-
larly in the United States, tend to have high mortality rates
for prostate cancer, whereas persons of Asian origin have low
clinical incidence rates (10,11). Although serum testosterone
quantitation has been used to explain this variation (long-
term testosterone injections in rats results fairly predictably in
prostate cancer), the true etiology and mechanism of this dis-
crepancy is still being investigated. A recent study out of Fin-
land found decreased androgen levels to be a significant risk

factor for prostate cancer (12). Leptin, insulin, and insulin-
like growth factor (IGF-1), and their interactions with testos-
terone may be responsible for these findings. A recent analysis
suggests that IGF-1 may be directly related to the rate of de-
veloping prostate cancer. Men in the upper quartile for IGF-1
serum levels have a twofold increased risk compared to the
general population (13). Recent data on incidence of latent
carcinoma in Japan show a significant upward trend, whereas
clinical prevalence remains low (14). This suggests similarity of
initiating factors in malignant transformation, with important
genetic or geographic differences in promoting factors. A land-
mark study (prostate cancer prevention trial) recently evaluated
the effect of 5-α reductase inhibition and prostate cancer risk.
The prospective study randomized 18,882 men (55 years of age
or older) with a normal digital rectal examination (DRE) and
a prostate-specific antigen (PSA) of ≤3.0 to daily finasteride
or placebo. DREs were performed and PSAs were drawn at
routine clinical intervals; transrectal ultrasound guided-needle
sextant biopsies were performed when there was a corrected
PSA of >4 or an abnormal DRE. At the end of 7 years, all
the men who had not previously had a biopsy for PSA eleva-
tion or change in DRE underwent a biopsy. Of the men who
had data for the final analysis, prostate cancer was detected
in 18.4% of the 4368 men treated with finasteride and 24.4%
of the 4,692 men who received placebo, resulting in a 24.8%
reduction in the prevalence of prostate cancer over 7 years of
therapy. Tumors of Gleason grade 7–10 were significantly more
common in the finasteride group (37.0%) than in the placebo
group (22.2%) (p <0.001). This represented 6.4% of the men
included in the final analysis of the finasteride group and 5.1%
of the men in the placebo group (p = 0.005) (15).

Family history also plays an important role in prostate can-
cer risk. A man has a threefold increased risk of prostate can-
cer if his father or brother has been diagnosed with the dis-
ease and up to a ninefold increased risk if he has more than
two first-degree relatives have been diagnosed with the disease
(16). Studies comparing concordance rates for monozygotic
and dizygotic twins indicate that as much as 42% of prostate
cancer can be attributable to heritable factors (17). The first lo-
cus found to be implicated in prostate cancer is HPC1 on chro-
mosome 1. Now others on various chromosomes (17q and 8p)
have been identified. However, despite extensive efforts using
linkage analysis, a gene that accounts for more than a small
percentage of familial prostate cancer cases has not been found
(18).

Dietary or other cultural influences are implicated by studies
showing that persons of Japanese ancestry living in the United
States have a prostate cancer mortality rate that is between
that of Japanese men in Japan and Caucasian men in the United
States (19). Several other studies suggest a relationship between
diet and carcinoma of the prostate. Dietary risk factors identi-
fied to date include a high intake of proteins, total fat, saturated
fat, and possibly high intakes of vitamins A and C (20). Studies
performed for skin cancer revealed that selenium and vitamin
E may provide some protection from prostate cancer develop-
ment. A trial coordinated by the Southwest Oncology Group
(SWOG 9917) is a prospective randomized trial designed with
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FIGURE 30-1. Eight-year analysis of
695 men randomized to radical prosta-
tectomy or watchful waiting with can-
cers detected by PSA screening. Death
in surveillance group 13.6%, prostatec-
tomy group 7.1% with surveillance pa-
tients allowed to be placed on androgen
deprivation when disease was progress-
ing. (From: Holmberg L, Bill-Axelson A,
Helgessen F, et al. A randomized trial
comparing radical prostatectomy with
watchful waiting in early prostate can-
cer. N Engl J Med 2002;347:781.)

enough power to draw conclusions about the effect of sele-
nium on patients with prostatic intraepithelial neoplasia. Sim-
ilarly the SELECT trial is a prospective, randomized four-arm
trial evaluating the benefit of selenium alone, selenium with
vitamin E, vitamin E alone or placebo in patients with PSA
≤4 ng/mL. Lycopene is the third focus in prostate cancer pre-
vention. Lycopene has been shown to decrease adverse pathol-
ogy on radical prostatectomy and will likely continue to be
evaluated (21). Phase I and II studies are also ongoing to eval-
uate the efficacy of vitamin D analogs in the prevention of
prostate cancer (22). Other investigations into prevention in-
clude soy, green tea, and cycloogenase inhibitors.

PROSTATE CANCER SCREENING

The value of early detection is probably one of the more con-
troversial areas topics in prostate cancer. Early detection in
asymptomatic men is of major interest because it is generally
believed that men presenting with symptomatic prostate can-
cer usually are incurable at the time of diagnosis. This simple
observation has prompted recent efforts to detect more cases
of prostate cancer at an asymptomatic stage, when cure is pos-
sible. The discovery of prostate-specific antigen (PSA) has en-
hanced these efforts. Salient arguments against routine screen-
ing center around a number of issues, including lead-time and
lag-time bias, financial as well as quality-of-life treatment costs,
imperfect screening tests, and lack of consistent evidence that
current prostate cancer treatments decrease mortality. Propo-
nents, on the other hand, point out that properly conducted
screening utilizes one of the best tumor markers available, de-
tects significant cancers, is cost effective, and has lead to sig-
nificant stage migration.

The debate regarding the efficacy of treatment of early pro-
static carcinoma includes lead- and length-time bias arguments.
Opponents of screening state that because of lead-time bias, a
diagnosis of prostate cancer may be made earlier, but the pa-
tient dies at the same point in time. Opponents also argue that
because of length-time bias, generally insignificant nonthreat-
ening tumors are detected and that when aggressive tumors
are detected, they present at such clinically advanced stage that
current treatments are ineffective.

The lead time provided by PSA, appears to be between
5.4 and 12.3 years (23,24). This is significantly longer than

the 1.7-year time frame provided by mammography screening
(25). With the results of the Scandinavian trial showing a huge
trend toward improvement in disease-specific survival with
prostate cancer treatment versus observation at 7-year follow-
up (13.6% death due to prostate cancer with surveillance ver-
sus 7.1% with extripation; Fig. 30-1) and decreased painful
bony metastases with treatment (27.3% rate of metastatic dis-
ease with surveillance versus 13.4% with definitive therapy;
Fig. 30-2), it appears that a pure lead-time bias is not occurring
(26). It is expected with further follow-up of this study a bene-
fit in overall survival with treatment will also become evident.
The fact that definitive prostate cancer treatment appears to
decrease metastases and increase disease-specific survival helps
explain why the overall mortality in the United States is declin-
ing, although the population as a whole is getting older and
the incidence has increased (Fig. 30-3). These data obviously
argue strongly in support of the effectiveness of prostate cancer
screening (27).

Opponents are also concerned that prostate cancer screen-
ing detects nonthreatening latent tumors. However, autopsy
series show the incidence of latent prostate cancer approaches
50% in men less than 50 years old and 70% in men 70 to
80 years of age (28). Prostate cancer incidences in the United
States in areas where screening is prevalent are reported to be
4% to 6.4% in men 50 to 70 years of age and 10% in men 70 to
80 years of age (29). Clearly, all latent tumors are not being
detected. Artificial neural networks evaluating autopsy and
prostatectomy data predict that screening detects only 29%
to 44% of latent tumors (30). Jonathan Epstein estimates the
percentage of the low-volume low-grade potentially clinically
“insignificant” tumors to comprise only 14% to 16% of the
cancers removed by radical prostatectomy at Johns Hopkins
(31). Gerald Andriole has evaluated the difference of cancers
detected by screening at Washington University and incidental
cancers found in cystoprostatectomy and autopsy specimens.
The volume of tumor, Gleason’s scoring, and percentage of
tumors that are extracapsular are all significantly higher in tu-
mors detected by PSA screening (Table 30-1).

Opponents of PSA screening have concerns about the cost
of screening as well as the costs associated with treatment. An-
nual costs of prostate cancer screening appear to be in line with
other life-saving programs. Annual costs of PSA screening are
estimated to range between $8,700 to $145,000 per patient (de-
pending on PSA cut points and inclusion or exclusion of biopsy
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FIGURE 30-2. Eight-year analysis of
695 men randomized to radical prosta-
tectomy or watchful waiting with
cancers detected by PSA screening.
Metastatic rate in surveillance group
27.3%, prostatectomy group 13.4%
(From: Holmberg L, Bill-Axelson A,
Helgessen F et al. A randomized trial
comparing radical prostatectomy with
watchful waiting in early prostate can-
cer. New Engl J Med 2002;347:781.)

and treatment costs). Even in the worst-case scenario, this is
considerably less than mammography ($232,000 per patient
per year), which has similar screening efficacy concerns, but is
widely accepted (32). In addition, the costs of treatment to a pa-
tient’s quality of life have also significantly declined. Although
older studies find incontinence and erectile dysfunction rates

FIGURE 30-3. Incidence and mortality rates of prostate cancer in the
United States. (From: Campbell’s Urology, 8th ed. Philadelphia: Walsh,
Retik, Vaughan, and Wein, 2002.)

to be 63% and 90%, respectively, modern series reporting on
patients who undergo nerve-sparing procedures indicate these
rates are closer to 5% and 40% (33,34). Furthermore, studies
show 3.5 years of quality-adjusted life expectancy in patients
who undergo definitive treatment, even in patients with mod-
erately to poorly differentiated prostate cancers (35).

Unfortunately, PSA is an imperfect marker. With use of these
databases, sensitivity, specificity, and positive predictive values
have been developed for the test (Table 30-2) (36–39). Digi-
tal rectal exam is also not sensitive in screening for early dis-
ease when used alone. Historically, the detection rate by DRE
and digitally guided biopsy was reported to be 1.3% to 1.7%
(40,41). However, when DRE, PSA measurement, and transrec-
tal ultrasound (TRUS) were used together in this large screening
study of over 1,000 men, the detection rate increased to 3.6%.
In one prostate-cancer screening program, 38% (12 of 32) of
carcinomas detected would have been missed by DRE alone,
whereas another study reported that 32% to 43% would have
remained undetected by DRE or TRUS alone (42,43). Age-
specific reference ranges have been developed that attempt to
increase the sensitivity of detection in a younger age group,
while increasing the specificity in older men. In fact, these age-
specific reference ranges are now widely utilized by many re-
porting laboratories (Table 30-3). PSA specificity is also im-
proved by considering the use of PSA velocity (rate of rise over
time) (with a change greater than 0.75 being considered a sig-
nificant risk of cancer). PSA density (amount of PSA in serum
divided by prostate volume on ultrasound), although intuitively
reasonable (with values greater than 0.15 implying greater risk)
does not improve specificity as much as expected and can miss
significant cancers (44). Consideration of percentage of free
PSA, does, however, increase specificity (the more PSA protein
that is unbound to serum proteins the higher the risk of cancer
with 15% considered a general cut point) (45). Fortunately,
intense work is being performed on other PSA polymorphisms
and proteomics, which may add more sensitivity and specificity
to the diagnosis of cancer. Proteomics uses mass spectroscropy
to measure the weights of various proteins using a surfaced-
enhanced laser. Each mass spectroscropy creates a “signature,”
which correlates well with the presence or absence of cancer.
Early reports using this technique show both a sensitivity and
specificity of over 85% (46).

The controversy of the true efficacy of prostate can-
cer screening will not be resolved until formal, controlled
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TA B L E 3 0 - 1

COMPARISON OF SCREENED VERSUS INCIDENTAL PROSTATE CANCERS

Screening Cancer at
cancer autopsy Cancer-cystectomy

Extracapsular (%) 20 0 2
Volume cancer (mL) 0.5–2.5 0.5–0.15 0.02–0.7
Gleason score ≤6 (%) 4–26 94 78

(Modified from: Lecture by Dr. G. Andriole National Urologic Oncology, Update 2003, Long Beach, CA.)

large-scale trials have been completed. These trials are under-
way and involve long-term follow-up of thousands of men in
America and Europe (PLCO and ERSCP trials, respectively).
Until the data are available, however, it is important to know
that prostate cancer mortality continues to decline in America
where screening is heavily practiced, prostate cancer screen-
ing appears to have similar or lower costs of other screening
programs, and sensitivities and specificities of screening can be
improved by using age-adjusted PSA, PSA velocity, and per-
centage of free PSA. It is also important to know that because
of screening in the United States, currently only 2% to 4%
of patients with prostate cancer are diagnosed with metastatic
disease and only one-third of patients are diagnosed with ex-
tracapsular extension or large-volume disease (47–49). Prior to
widespread screening efforts two thirds of patients diagnosed
with prostate cancer were found to have either locally advanced
or metastatic disease (50,51).

DIAGNOSIS

There has been an effort to reestablish PSA threshold that is
considered normal. Although a value less than 4 ng/mL is usu-
ally considered within normal limits, men with a PSA between
2 to 3 ng/mL, have a relative risk of having or develop-
ing prostate cancer five times greater than men with a PSA
<1 ng/mL. According to Catalona, 82% of the cancers in
younger men and 65% of the cancers in older men would
have been missed using the traditional PSA threshold of 4.0
(52,53). An analysis of blood samples collected prospectively
in men who developed prostate cancer, mathematically deter-
mined the best PSA threshold to be 3.3 ng/mL in the Physician’s
Health Study (54). In men undergoing biopsy in the previously
discussed Prostate Cancer Prevention Trial (PCPT), 15.2% of
the control patients diagnosed with prostate cancer had a PSA
≤3.0 ng/mL and 14.9% of these were Gleason’s grade 7 or
higher (55). The results of this study and of those already

discussed suggest that the biopsy incidence of prostate can-
cer in men with PSA levels of 1 to 10 ng/mL is relatively
similar and suggest that PSA values in this range are more a
reflection of benign prostatic hyperplasia than cancer stage.
However, no study has evaluated the outcome of men who
have undergone therapy with lower PSA threshold-detected
cancer and compared them to outcomes of therapy in men
with prostate cancer detected by traditional PSA thresholds.
Most urologists make the decision on when to proceed with
prostate biopsy by considering PSA value in the context of sev-
eral other factors such as patient age, family history, race, PSA
polymorphism and velocity determinations, as well as patient
comorbidities.

When a biopsy is performed, cancer detection rates can be
improved with an increased number of cores and a laterally di-
rected technique. Ten to twelve core samples is considered the
current standard of care and decreases the false-negative biopsy
rate (56). Laterally directed prostate biopsies, as shown in
Figure 30-4, contain greater volumes of peripheral zone and,
therefore, are more sensitive in detecting prostate cancer (57).
Color doppler has been combined with conventional ultra-
sound technology resulting in a small improvement in the sen-
sitivity of ultrasound in detecting prostate cancer (58).

STAGING

Although there is no true “premalignant lesion,” which has
been definitively shown to progress to invasive prostate can-
cer, prostatic intraepithelial neoplasia (PIN) is thought to be
associated with a high risk of concurrent or subsequent devel-
opment of adenocarcinoma. In a case-controlled study of 100
patients showing high-grade PIN matched with 112 biopsied
patients without PIN, 36% of those with PIN were diagnosed
with prostate cancer within 24 months. In contrast, only 13%
of the PIN-negative group with otherwise similar risk factors
developed invasive disease in the same time frame (59).

TA B L E 3 0 - 2

CALCULATED PERCENTAGES OF SENSITIVITY, SPECIFICITY, POSITIVE/NEGATIVE PREDICTIVE VALUE, AND
OVERALL ACCURACY OF PSA DETERMINATION AS SCREENING TEST FOR PROSTATE CANCER

Predictive value

Study Patients Sensitivity (%) Specificity (%) Positive (%) Negative (%) Overall accuracy (%)

Catalona (24)a 235 79.0 59.0 40 89.0 64.0
Cooner (25) 1807 80.2 74.6 35 95.7 75.5
Labrie (26) 1002 72.0 91.2 33 98.1 90.1
Powell (27) 211 89.5 90.0 47 NAb NAb

aComparison group.
bNA, not available.
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TA B L E 3 0 - 3

AGE-SPECIFIC PSA RECOMMENDATIONS

Age (years) PSA (ng/mL)

50–60 <2.5
60–70 <3.5
70–80 <4.5

Accurate staging of prostatic carcinoma remains a difficult
problem. When surgical staging is carefully performed, it is
highly predictive of survival. In Table 30-4 are shown the cur-
rent tumor/mode/metastases (TNM) pathological staging sys-
tem for prostatic carcinoma (60). Pathologic stage correlates
with recurrence risk, as well as overall survival. Gleason score,
which has been shown to be remarkably reproducible among
pathologists, is a critical element in this evaluation (61). The
primary Gleason score refers to the dominant histologic pat-
tern, whereas the secondary score represents the bulk of the
nondominant pattern. The addition of these two scores, the
Gleason sum, then can be used to predict (along with the PSA
and clinical stage) the likelihood of lymph nodes at the time of
radical retropubic prostatectomy (Tables 30-5a–d).

Preoperative staging using pelvic computed tomography
(CT) scans remains unsatisfactory for the majority of patients.
Only 50% sensitivity to extracapsular extension was found
among 32 patients in whom CT was compared with histologic
examination after radical prostatectomy (63). CT scanning,
however, can be used for directing fine-needle aspiration of
an enlarged lymph nodes in high-risk patients (64,65). Mag-
netic resonance imaging (MRI) using endorectal coils offers an
improvement in the sensitivity of preoperative staging, partic-
ularly in high-risk patients. One study showed 100% sensi-
tivity and 94% specificity in predicting seminal vesicle inva-
sion at surgery (66). However, this technology remains costly
and is somewhat invasive. In the past, bone scans were con-
sidered mandatory before a decision to pursue aggressive local
management. However, this practice has fallen under increas-
ing scrutiny in the era of cost containment. The incidence of
positive bone scans in patients with clinically locally confined
prostate cancers and PSA values of less than 8.0 ng/mL was
0 in a study of 467 men studied at the Mayo Clinic. In addi-

FIGURE 30-4. Laterally directed prostate biopsies (#1’s) are more
likely to contain greater volumes of peripheral zone and, therefore,
prostate cancer. (From: Keetch DW, Catalona WJ, Smith DS. Serial
prostatic biopsies in men with persistently elevated serum prostate-
specific antigen values. J Urol 1994;151:1571.)

TA B L E 3 0 - 4

TUMOR–NODE METASTASES STAGING OF PROSTATE
CANCER FROM AMERICAN JOINT COUNCIL OF
CANCER

TNM Definition

T1−2 Tumor confined to the prostate
T1a Cancer detected in <5% of specimen removed

for obstruction
T1b Cancer detected in >5% of specimen removed

for obstruction
T1c Cancer detected by elevated PSA alone
T2a Cancer confined to one lobe of prostate,

palpable clinically
T2b Cancer found bilaterally in prostate, palpable

clinically

T3−4 Tumor extension beyond the prostate
T3a Cancer with extension extracapsularly; fatty

tissue only
T3b Cancer invasion into seminal vesicle
T4a Cancer extension to bladder or rectum
T4b Cancer extension to pelvic side wall

N1−4M1 Metastases
N1−4 Regional nodal metastases
M1 Distant metastases

Current CAP staging.

tion, only three of 561 patients with PSA values of 10 ng/mL
or less had a positive scan (67). It is generally recommended
that these imaging procedures be performed in patients with a
substantial risk of seminal vesical or lymph node involvement
(Gleason sum ≥7 or PSA >10–20 ng/mL) (68).

111Indium capromab pendetide (ProstaScint) is monoclonal
antibody directed to prostate- specific membrane antigen
(PSMA). PSMA is a type 2 transmembrane glycoprotein with
three domains. Some studies suggest it may be more frequently
expressed in aggressive cancers. In one study, the sensitivity of
immunoscintigraphy for lymph node detection was only 62%
and the specificity was 72% when used preoperatively in 152
patients before pelvic lymph node dissection (69). Positron-
emission tomography (PET) scans are generally felt to be of
little value in prostate cancer due to the generally slow rate of
growth of this cancer. Despite advances in imaging technology,
consideration of PSA and Gleason score remains one of the best
predictors of lymph node status (70). For completely accurate
staging, patients at high risk may undergo laproscopic pelvic
lymph node sampling with minimal morbidity.

Interestingly, recent studies evaluating reverse transcriptase
polymerase chain reaction (RT-PCR) for messenger RNA con-
tained in archival specimens, suggest that many patients for-
merly thought to have negative nodes by routing histologic
examination, have, in fact, evidence of prostate cancer cells.
Edelstein evaluated archival specimens from 57 patients who
were felt to have negative nodes at the time of radical prostatec-
tomy. Of evaluable specimens, 47% contained mRNA for PSA
using RT-PCR. Of these, 14 of 16 had PSA biochemical relapse
within 5 years, emphasizing the inability of localized surgical
or radiotherapy to cure patients with pathologic N1 disease
(71). Ferrari (72), who studied 58 nodes from 33 patients, only
four of whom were found to be positive by routine evaluation,
published similar findings. In contrast, RT-PCR found message
for PSA or PSMA in 23 of 29 “negative” patients. Although
the prognostic significance of these findings is not available,
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TA B L E 3 0 - 5

RISK OF LYMPH NODE INVOLVEMENT GIVEN PSA AND GLEASON SUM

a. Probability of lymph node involvement—PSA = 0.0–4.0 ng/mL

Gleason score Stage T1a Stage T1b Stage T1c Stage T2a Stage T2b Stage T2c Stage T3a

2–4 0 0 0 0 0 0 —
5 0 1 0 0 1 1 2
6 1 2 0 1 2 2 5
7 — 6 1 2 5 5 9

8–10 — 14 4 5 10 10 —

b. Prediction of probability of lymph node involvement—PSA = 4.1–10.0 ng/mL

Gleason score Stage T1a Stage T1b Stage T1c Stage T2a Stage T2b Stage T2c Stage T3a

2–4 0 1 0 0 1 1 1
5 1 2 0 1 2 2 3
6 3 5 1 2 4 4 9
7 8 12 3 4 9 9 15

8–10 18 23 8 9 16 17 24

c. Prediction of probability of lymph node involvement—PSA = 10.1–20.0 ng/mL

Gleason score Stage T1a Stage T1b Stage T1c Stage T2a Stage T2b Stage T2c Stage T3a

2–4 0 2 0 1 1 1 —
5 3 5 1 2 4 4 7
6 — 13 3 4 10 10 18
7 18 24 8 9 17 18 26

8–10 — 40 16 17 29 29 37

d. Prediction of probability of lymph node involvement—PSA >20.0 ng/mL

Gleason score Stage T1a Stage T1b Stage T1c Stage T2a Stage T2b Stage T2c Stage T3a

2–4 — 4 1 1 3 — —
5 — 10 3 3 7 7 11
6 — 23 7 8 16 17 26
7 — — 14 14 25 25 32

8–10 — 51 24 24 36 35 42

(From: Gleason DF. Histologic grading of clinical staging of prostatic carcinoma. In: Tannenbaum M, ed. Urologic Pathology: The prostate.
Philadelphia: Lea & Febiger, 1977:171.)

studies such as these, performed with standardized reagents
and techniques, are ongoing, and may provide useful informa-
tion in the future regarding therapy decisions. There has been
one adjuvant randomized clinical trial evaluating the value of
early hormonal blockade in men with positive lymph nodes
diagnosed at the time of radical prostatectomy. This study, al-
though small, clearly revealed a significant survival benefit for
early androgen deprivation in patients with node-positive dis-
ease following radical prostatectomy (73).

THERAPY OF LOCALIZED DISEASE

For patients with stage T1–2 (i.e., tumor is confined to the
prostate), the condition and age of the patients dictate therapy.
Stage T1a and T1b tumors may be able to be observed with
minimal impact to a patient’s overall survival, although this
strategy may need to be modified in younger men.

For stage T1c and T2 tumors, several localized treatment
options are available, depending on patient preference, comor-
bidities, and Gleason grade. One option for such patients is
expectant management, or “watchful waiting.” This technique
involves digital exam and PSA monitoring quarterly or semian-
nually, with the option of deferred definitive or palliative treat-
ment. Although this technique subscribes to the “do no harm”

dictum, the progression of tumors detected by screening is sub-
stantially more than one would hope. In Sweden, Johansson
(74) studied the natural history of untreated low-grade, gener-
ally well-differentiated (only 4% of tumors were high-grade),
prostate cancer in men with a median age of 73 years and has
recently updated his observations (74). This study involves 223
consecutive patients with T0–2, NX, M0 disease who have now
been followed for an average of 21 years treated only with an-
drogen deprivation upon tumor progression. During observa-
tion, it appears that the rate of death due to prostate cancer in-
creases threefold between 15 and 20 years of observation (from
15 per 1,000 patient-years to 44; p = 0.01). Of patients, 64%
progressed, and 48.8% developed metastases at 20 years. These
values are substantially increased from the 55% rate of pro-
gression and 23.1% rate of metastases seen at 15-year follow-
up. Kaplan-Meyer curves demonstrating this natural history of
prostate cancer stratified by clinical stage and pathologic grade
are seen in Figure 30-5. To avoid the development of metas-
tases and death from prostate cancer, these data suggest that
men with a life expectancy longer than 15 to 20 years should
be treated definitively—even when the disease is well differen-
tiated and diagnosed at an early stage. In Holberg’s study (26),
the metastatic rate was 27.3% at 8 years in men undergoing
watchful waiting compared to 13.4% in men treated defini-
tively (p = 0.03). Watchful waiting may be a consideration
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FIGURE 30-5. Survival of patients with prostate cancer treated only with androgen deprivation upon
progression stratified by clinical stage and pathologic grade (From: Messing EM, Manola J, Sarosdy M, et
al. Immediate hormonal therapy compared with observation after radical prostatectomy and pelvic lym-
phadenectomy in men with node-positive prostate cancer (see comments). N Engl J Med 1999;341:1781).
(Reprinted with permission from Johansson JE, Adren O, Andersson SO, et al. Natural history of early,
localized prostate cancer JAMA 2004;291:2713.)

for patients who refuse therapy or who have protracted life ex-
pectancies, however, the likely rate of metastatic development
should be kept in mind. Novel observation protocols that in-
clude definitive therapy for failures that incorporate PSA dou-
bling time, clinical stage, and pathologic grade may reach a
balance between overtreatment and prevention of metastatic
disease, but have yet to be fully evaluated (75).

Data from Harvard Medical School (76) suggest that 57%
of patients at 5 years and 74% of patients at 7 years of pa-
tients on observation were eventually converted to active ther-
apy (76% treated definitively upon treatment).

Surgical Prostatectomy

The lack of consensus on definitive treatment of early prostate
cancer continues to present confusion for patients and practi-
tioners. In addition to the lack of supporting data found in the
published literature, marked bias exists among treating subspe-
cialists. Moore and colleagues (77) surveyed prostate cancer
“experts” with a case summary that included an early-stage
prostate cancer scenario and asked these individuals how they
would wish to be treated if the case was their personal medical
history. Radiation oncologists overwhelmingly chose radiation
therapy, whereas urologists chose surgery, and medical oncolo-
gists were divided in their choice. Interestingly, British respon-
dents generally were less likely to choose any therapy, perhaps
indicating a more conservative approach to the disease at the
time of the survey (1988) than may exist now. Although more
than a decade has passed since Moore’s survey, recent polls sug-
gest that the biases of treating physicians to recommend their
own modality persist (78).

In spite of these uncertainties, the number of patients un-
dergoing radical retropubic prostatectomy has increased ap-
proximately sixfold over the past decade. This may reflect the
fact that urologists are generally the physicians who diagnose
prostate cancer. It may also reflect improvements in surgical
technique, which allows nerve-sparing approaches in prop-
erly selected patients with concomitant preservation of erectile
function and is also a result of the increased number of patients

being diagnosed with early-stage disease by current screening
efforts (79).

A number of papers have been published on the outcome
of radical retropubic prostatectomy in terms of disease con-
trol rate, cancer specific, and overall survival (80–83). The ap-
propriate patient for such therapy has clinical stage T1 or T2
prostate cancer and expected longevity exceeding 10 years. The
results of such treatment are shown in Table 30-6.

TA B L E 3 0 - 6

RESULTS OF RADICAL PROSTATECTOMY

10-Year actuarial survival rates
Overall 44–88%
Biochemical progression-free 82%
Disease-specific 88–93%

10-Year local failure 12%
Dead from competing causes 10–30%
Complications

Impotencea 25–100%
Incontinencea 10–40%
Rectal injury 0–5%
Cardiovascular 0.5–4%
Death 0–2%

a Incontinence and impotence rates depend on definitions and
methodology of assessment.
(From: Smart CR. The results of prostate carcinoma screening in the
U.S. as reflected in the surveillance, epidemiology, and end results
program. Cancer 1997;80:1835; Lepor H, Walsh PC. Long-term
results of radical prostatectomy in clinically localized prostate cancer:
experience at the Johns Hopkins Hospital. NCI Monogr 1988;7:117;
Walsh PC. Follow-up prostate cancer treatments after radical
prostatectomy: a population-based study. J Urol 1996;156:301;
Oefelein MG, Grayhack JT, Mcvary KT. Survival after radical
retropubic prostatectomy of men with clinically localized high grade
carcinoma of the prostate [see comments]. Cancer 1995;76:2535.)
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Surgical Prostatectomy with Neoadjuvant
Hormonal Ablation

A number of centers have studied the potential of using an-
drogen ablation prior to radical prostatectomy in an effort to
improve on the foregoing results. In these studies, patients are
treated with a gonadotropin-releasing hormone (GnRH) ana-
log plus or minus an antiandrogen or other means of androgen
ablation for varying periods of time prior to prostatectomy. The
results of four such studies are shown in Table 30-7 (84–87).

In each study, the incidence of a positive surgical mar-
gin was significantly reduced by the neoadjuvant treatment.
However, this may because at least in part, to difficulty of
pathological assessment following androgen deprivation as no
prospective randomized trial to date has shown an improve-
ment in overall outcome with neoadjuvant androgen depriva-
tion. Currently, patients who are candidates for prostatectomy
should undergo surgery immediately unless they are enrolled
in a clinical trial (on-going studies continue evaluating vari-
ous durations of neoadjuvant androgen deprivation and novel
suppression techniques are ongoing). These recommendations
differ substantially from the recommendation for definite use
of neoadjuvant hormonal ablation in patients who chose ra-
diotherapy as the primary treatment modality, as is discussed
below.

Radiation Therapy

Radiation therapy for early prostate cancer has been used to
treat prostate cancer for over 25 years. The complications
of proctitis, fissures, and lymphedema, seen at the initiation
of this treatment modality have, in essence, been eliminated
through improvements in technique. Diarrhea, urinary ob-
struction, hemorrhagic cystitis, remain complications of radia-
tion therapy, but are generally self-limited (88). Using data from
the National Cancer Institute’s Surveillance, Epidemiology, and
End Results (SEER) data base, the cumulative proportion of pa-
tients who had undergone radiation for prostate cancer, who
developed bladder cancer, was 5.5% over a follow-up period
of 20 years (HR = 1.5, CI 1.07 to 2.02; 95% CI, 4.1% to
6.9%) (89). Impotence following radiation therapy has been
less well studied, but approaches that of nerve-sparing prosta-
tectomy at 2 years (90,91). Three-dimensional conformal ra-
diotherapy (3D-CRT) allows the treatment of the prostate with
higher doses with sparing of the rectal and bladder wall result-
ing in less fecal urgency/frequency and urinary incontinence
(92). Intensity Modulated Radiation Therapy (IMRT) refines
dosing further using special software to allow for even more

concentrated dosimetry to the prostate while sparing surround-
ing organs, although a difference in survival with this technique
has yet to be proved. The use of a proton beam appears to be
feasible and to have similar outcomes to traditional photon
beam treatment as well (93). The radiation oncology group at
Fox Chase Cancer Center in Philadelphia evaluated external-
beam radiation dose and outcome. The group found that lower
dosages of radiation was one of the most predictive factors
of biochemical failure after treatment (76% failure for dosage
<72 Gy, 35% failure for 72.1 to 75.9 Gy, and 21% failure for
dosage >76 Gy, when pretreatment PSA = 10 to 19.9 (94).
Three-dimensional conformal radiation allows for consistent
delivery of 78 Gy to the prostate. A PSA nadir ≥1.0 ng/mL ap-
pears to be an important predictor of biochemical failure after
radiation treatment (95).

Several large prospective randomized trials have shown the
benefit of androgen deprivation with radiation. The Radiation
Oncology Group (RTOG) showed that androgen deprivation
with radiation provided a survival advantage over radiation
alone, particularly in patients with high-grade tumors in the
85-31 trial (96). A European trial (EORTC 22863) confirmed
a survival advantage with adjuvant androgen deprivation in
patients with high-grade, as well as large low-grade tumors,
with only 3 years of deprivation (97). RTOG 86-10 showed
this same benefit with only 4 months of neoadjuvant/adjuvant
therapy in men with bulky tumors and Gleason score ≤6 (98).
RTOG 92-02 showed a possible survival advantage for long-
term over short-term androgen suppression in high-grade tu-
mors (99). As a result of these studies, virtually all patients who
elect radiotherapy for the initial treatment of their prostate can-
cer now receive neoadjuvant hormonal ablation. Studies con-
tinue to investigate the ideal length of therapy required both
prior to and following radiation.

Brachytherapy, or “seed implants,” have been used since
the turn of the century, when Barringer inserted radium seeds
into the gland. Recent advances, in which the urologist and
radiation oncologist participate in the three-dimensional plan-
ning and placement of seeds, have improved the dosimetry of
this technique. Retrospective studies of patients who have un-
dergone treatment with this modality indicate comparable re-
sults with potentially fewer side effects in patients who have
low-grade, low-stage tumors (100). The use of transperineal
implantation with a template to control the “x,y” coordi-
nates in conjunction with transrectal ultrasonography to con-
trol the “z” coordinate has allowed brachytherapists to im-
prove the accuracy of the interstitial implant. Improved implant
imagery, combined with better patient selection, computer-
assisted dosimetry, and the availability of additional radioac-
tive sources, such as 125Iodine, 103Palladium, and 192Iridium,
with different photon energy and half-life, all contribute to the

TA B L E 3 0 - 7

SURGICAL PROSTATECTOMY WITH NEOADJUVANT HORMONAL ABLATION STUDIES

N

Initial Positive
Study androgen ablation Immediate surgery surgical margin Reference

Canadian Urologic 101 28/101 Goldenberg et al. (84)
Oncology Group 112 59/91

Belgian Uro-oncology 65 18/65 Van Poppel et al. (85)
Group 62 23/62

Lupron Depot Neoadjuvant 149 24/149 Soloway et al. (86)
Group 138 65/138

Sloan-Kettering 69 13/69 Fair et al. (87)
Trial 72 31/72
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superior results compared with older implant studies. Localized
therapy with permanent or temporary radiation seed placement
can also be used in combination with external-beam therapy
in patients with high- or intermediate-risk disease (101). Re-
sults of such treatments are currently under investigation. Most
radiation oncologists agree that pretreatment androgen depri-
vation is not required for patients with low-risk disease (PSA
<10, clinical stage T1c or T2a, Gleason score <7).

Comparative Studies of Early
Treatment Outcomes

Unfortunately, there are simply no randomized prospective
studies comparing the outcome of patients who choose radio-
therapy or surgery for treatment. However, retrospective data
exist. One such study compares patients treated with radiation
at Harvard and the surgically managed patients at the Univer-
sity of Pennsylvania Hospital. Surgical treatment consisted of
a radical retropubic prostatectomy and bilateral pelvic lymph
node sampling, whereas radiotherapy was given with the 3D-
CRT technique without neoadjuvant hormonal manipulation.
Patients with Gleason scores of 5 to 6 who represent about
50% of the total patients reported in the entire series. Per-
haps the most remarkable aspect of the data is the absolute
consistency of worsening prognosis with higher Gleason grade
or clinical stage, regardless of the treatment modality. As far
as comparative results, the confidence intervals between ra-
diation and surgery overlap considerably, indicating probable
equivalence in outcome—at least at the time of publication with
2-years follow-up. The authors of the study also concluded that
the very high relapse rate at 2 years for patients with Gleason
scores of 8 to 10 or pretreatment PSA more than 20 ng/mL
make these patients ideal candidates for involvement in a clin-
ical trial (102).

THERAPY OF ADVANCED DISEASE

Rising PSA after local treatment of prostate cancer is a hotly
debated issue in urologic oncology. Biochemical failure may be
the only manifestation of disease recurrence. Ultrasensitive PSA
value, Gleason score, timing, velocity of detectable PSA, and
PSA doubling time are the most helpful predictors of eventual
imaging-detectable recurrence (103–105). TRUS–guided biop-
sies of prostatic fossa are more sensitive than digital rectal ex-
amination (DRE) when local recurrence is suspected, although
a false negative is not infrequent with this modality. The yield of
bone scan is limited until serum PSA rises above 20 ng/mL, im-
munoscintigraphy and CT scan have only moderate sensitivity
in early disease, and PET scanning has limited value in prostate
cancer evaluation because of the generally slow-growing nature
of the tumor. There has been some investigation into a fusion
of these two studies to help provide physiologic and anatomic
detail.

Local salvage therapies include:

■ Radiation for patients who underwent radical prostatec-
tomy. The patients most likely to benefit from this therapy
are those with good preradiation continence and PSA levels
<1.0 ng/mL (104).

■ Salvage surgery for those with organ-confined disease who
failed radiation. Salvage prostatectomy includes a high risk
of incontinence and rectal injury in most series and should
be reserved for carefully selected patients.

■ Salvage cryotherapy is an alternative to prostatectomy fol-
lowing radiation. This surgery carries a minimal risk of rec-
tovesical fistula and almost no risk of bowel injury or total
incontinence. Early reports suggest a cure rate similar to

radical surgery (106). The rates of erectile dysfunction with
cryotherapy, however, approach 100%.

It is important to remember that localized salvage thera-
pies should be reserved only for patients who were considered
candidates for cure prior to their initial treatment.

Systemic therapy includes a combined, intermittent, or
monotherapeutic androgen deprivation. Controversy contin-
ues as to the best time of initiation of systemic therapy. Stud-
ies have shown that patients with rapid PSA doubling times
are more likely to die of prostate cancer than of other causes
(107,108). “Vaccines,” which stimulate a patient’s immune sys-
tem in this scenario, are currently being evaluated in clinical
trials.

Hormonal Manipulations

The standard of care for patients with metastatic prostate can-
cer remains androgen deprivation. In 1794 John Hunter, who
recognized that removal of the testes caused prostatic atrophy
in animals, made the original insight into a potential role for
testosterone in the trophic maintenance of prostatic carcinoma
(109). Wide knowledge of the hormonal sensitivity of prostate
epithelial cells showing favorable results obtained with castra-
tion date back to the 1890s. The role of surgical castration
for advanced prostatic carcinoma was firmly established by
Huggins and colleagues in the early 1940s wherein a survival
advantage was seen in androgen-deprived patients (110,111).

The role of diethylstilbestrol (DES) therapy and orchiec-
tomy did not emerge until completion of the Veterans Admin-
istration Cooperative Urology Research Group trials, which
were organized in the 1960s (112–116). The first of these trials
was designed to determine whether DES therapy, either alone or
in combination with orchiectomy, truly was superior to placebo
administration in patients with locally extensive or metastatic
disease. Investigators participating in these trials were allowed
to change therapy when disease progression occurred, thus
making it difficult to compare the various assigned treatments.
In fact, the investigators really were comparing delayed ther-
apy in the placebo group with early therapy in the DES groups.
Of subjects assigned to placebo, 70% of stage C and 100% of
stage D patients were eventually given another form of therapy
after developing symptomatic disease (117). The main conclu-
sion of the first trial was that there was no survival advantage
to hormonal manipulation used at the diagnosis of disease, as
compared with waiting until symptomatology appeared.

The central change in therapy during the past two decades is
the widespread availability of GnRH analogs as an alternative
to surgical castration and DES. Patients prefer this treatment
modality, since it provides the opportunity for intermittent an-
drogen deprivation and also provides the opportunity to avoid
the potential cardiovascular complications of high-dose DES
(118). In two studies in which patients were given a choice
between a GnRH analog and orchiectomy, more than three-
fourths elected to avoid surgery (119,120). GnRH analog ther-
apy has become even more convenient, since these studies, with
the availability of 3-, 4-, and 6-month depot injections.

The underlying biochemical mechanisms of androgen ac-
tivity are summarized as follows. Target tissues including
the prostate gland and hair follicles in males, which contain
membrane-bound 5-α reductase. This enzyme converts circu-
lating testosterone to a more potent molecule, dihydrotestos-
terone (DHT). Active DHT is bound by a specific cytoplasmic
receptor. The receptor–steroid complex is then translocated
to the nucleus, where it is bound to acceptor sites on DNA.
This interaction with DNA results in the transcription of new
mRNA and protein synthesis. The net result in prostatic tissue
appears to be inhibition of cell death (121). Although some
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relationship exists between responsiveness to androgen deple-
tion and the quantitative measurement of androgen receptor,
the degree of heterogeneity of tumor tissue, combined with
a high subjective response rate to androgen depletion, re-
stricts the clinical usefulness of routine androgen-receptor mea-
surements in managing prostate cancer (122,123). Hormone-
refractory prostate cancer seems to result from amplification
and overexpression of the wild-type receptor, as opposed to
mutations in the gene (124).

In general, the subjective and objective cancer response rates
to all methods of reducing testicular androgen production are
the same. Orchiectomy, DES, GnRH analog, as well as the
newly formulated GnRH antagonist (which does not require
administration of an anti-androgen with the initiation of treat-
ment) all reduce circulating testosterone levels to less than
50 μg/dL, although occasional patients may have an incom-
plete response (125). The disappointing fact is, however, that
none of these approaches used alone have resulted in increased
survival (126–131). Regardless of how androgen deprivation
is achieved, most studies show the majority of patients with
metastatic disease have disease progression 12 to 36 months
after the initiation of therapy. Performance status, extent of dis-
ease, and other variables are more important prognostic factors
of survival than the means of androgen deprivation (132–134).

Progression to androgen independence has been evalu-
ated by several scholars. One theory explains the failure of
androgen-deprivation therapy to increase survival by postulat-
ing the existence of several clones of cells in prostate cancer. The
majority of the clones are likely androgen dependent whereby
androgen deprivation results in apoptosis and death (reflected
clinically by partial or complete remission). However, a small
number of cell clones would be androgen independent and con-
tinue to proliferate, resulting in the clinical reappearance of
cancer. A Southwest Oncology Group study, based on this hy-
pothesis, compared androgen ablation plus chemotherapy with
androgen ablation alone, eventually followed by chemother-
apy, but was unable to show a difference in overall survival
(135,136).

Another hypothesis assumes that different prostate can-
cer cell lines have different levels of androgen dependence
(137). This hypothesis is largely based on the work of Geller,
who showed that DES administration or bilateral orchiectomy
does not result in complete elimination of dihydrotestosterone
in prostatic tissue (138). Low levels of intraprostatic dihy-
drotestosterone synthesized by conversion of adrenal andro-
gens still can be measured after any surgical or medical castra-
tion. Reducing testosterone levels with castration would then
cause the death of the most androgen-dependent cells, with
clinical remission as a result, but the less androgen-dependent
cells would survive and continue to proliferate, eventually re-
sulting in clinical progression. The latter hypothesis led to
the concept of total or maximal androgen blockade as ini-
tial approach to metastatic prostate cancer. Labrie (139) first
promoted this in 1985, when he demonstrated, for the first
time, that overall survival was increased by combining bilat-
eral orchiectomy or a luteinizing hormone-releasing hormone
(LHRH) analog with the antiandrogen flutamide. His results
were received with considerable skepticism because the trial
treated a relatively small number of patients and lacked an ad-
equate control group. Subsequently, large meta-analyses have
confirmed a small advantage to combined androgen block-
ade. The first meta-analysis, published in 1995 by the Prostate
Cancer Trialists Collaborative Group, examined 22 published
and unpublished trials totaling 5,710 patients (140). Original
patient-based data were obtained from the primary investiga-
tors and analyzed by the log-rank statistic. It compared the
number of deaths observed in the combined androgen block-
ade arm to the number expected on the basis of the average
pattern of survival in a combination of the two treatment arms.

Median follow-up was 40 months; 57% of the patient cohort
had died at the time of analysis. Types of castration included
orchiectomy, goserelin, leuprolide, or buserelin; antiandrogens
included cyproterone acetate, nilutamide, or flutamide. No sta-
tistically significant differences were observed among the dif-
ferent forms of castration (alone or combined with antiandro-
gens), or among individual antiandrogens. The overall mor-
tality among patients treated by castration alone was 58.4%
versus 56.3% in those treated by combined androgen block-
ade, corresponding to a nonsignificant 6.4% reduction in the
annual odds of death. A plot of survival estimate demonstrated
no difference between arms at 2 years, but a 3.4-month (3.5%,
95% CI, 0% to 7%) improvement (26.2% versus 22.8%) in
estimated survival in favor of combined androgen blockade at
5 years. No differences in the study findings were observed
when patients were stratified by age or stage of disease. No
data were analyzed with respect to cost or quality of life in
this study. A second meta-analysis also was published in 1999
by the Agency for Health Care Policy and Research (141). This
study included published randomized, placebo-controlled trials
for survival estimates, Phase II trials for adverse events, and all
trials that included quality of life assessments. The castration
arms included leuprolide, goserelin, buserelin, diethylstilbe-
strol, and orchiectomy; antiandrogens included flutamide, ni-
lutamide, bicalutamide, and cyproterone acetate. Survival data
were combined from the randomized studies using a random
effects model. A detailed cost-effectiveness analysis also was
performed. The results were reviewed by a broad range of pro-
fessionals with expertise in urology, medical oncology, tech-
nology assessment, cost-effectiveness analysis, meta-analysis,
and relevant lay issues. These included representatives from
the American Urological Association, the American Society of
Clinical Oncology, the American Society for Therapeutic Ra-
diation and Oncology, and the pharmaceutical industry. Fi-
nally, the most recent analysis included 21 trials comparing
outcomes between castration and combined androgen block-
ade in 6,871 patients. No statistically significant differences
in outcome were observed among different forms of castra-
tion or individual antiandrogens. Eighteen trials, including the
largest trial of 1,386 patients, analyzed 80% of the patients and
showed no statistically significant difference in overall survival
among treatment arms (142). Three trials found a statistically
significant difference in overall survival in favor of combined
androgen blockade, with an improvement of median survival
at 5 years of 3.7 to 7 months, or 3% to 9%. The analysis of
all 21 trials found no difference in overall survival at 2 years
(HR 0.97, 95% CI 0.87 to 1.09), but an improved survival
for combined androgen blockade at 5 years (HR 0.92, 95% CI
0.85 to 0.99). Six trials reported outcomes stratified by prog-
nostic group, but only one included prospective stratification
and had sufficient statistical power to detect a meaningful dif-
ference in survival (142). Both the meta-analysis and this single
trial found no differences in survival among prognostic groups
or therapeutic arms. Although limited data are available on
toxicity, a higher proportion of patients randomized to com-
bined androgen blockade (10%) withdrew from therapy be-
cause of adverse effects versus the castration arm (4%). Only
a single study (which compared orchiectomy to orchiectomy
plus flutamide) included quality of life endpoints, with a clear
advantage in emotional functioning and less diarrhea in the or-
chiectomy arm (14). The cost-effectiveness analysis suggested
that combined androgen blockade costs more than $100,000
per quality-adjusted life year compared to orchiectomy, and
that its efficacy must increase to 20% to fall below this widely
used benchmark.

Alternative approaches to the use of combined androgen
blockade also are receiving attention. The use of antiandrogens
alone remains an interesting possibility, producing responses
in about 75% of patients treated. A possible advantage of this
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category of drugs is better maintenance of sexual potency, al-
beit at the expense of estrogenic side effects (143). Progestins,
such as megestrol and medroxyprogesterone acetate, have been
studied in some trials and appear to avoid some of the estro-
genic side effects of DES (144). Agents that inhibit steroid syn-
thesis (aminoglutethimide, ketoconazole, and spironolactone)
have undergone limited clinical trials in patients with prostatic
carcinoma, but appear to introduce additional side effects that
make them unsatisfactory as first-line agents (145–147).

One of the more intriguing new approaches to hormone
refractory disease is intermittent androgen blockade. The the-
ory for this is that some cells remain sensitive to androgens and
that by allowing these cells periodic reexposure to androgen by
withdrawal of the GnRH analog or antiandrogen, such cells
will remain the majority population. Completed preliminary
clinical studies suggest that quality of life may be improved, but
it remains uncertain as to whether such an approach is equiv-
alent (or superior) to continuous androgen ablation (148).

Androgen-Independent Disease

Androgen deprivation is the only effective form of systemic
therapy for men with advanced disease, producing symp-
tomatic and/or objective response in 80% of patients. Unfortu-
nately, androgen independence (AI) frequently predicts death
within a few years (149). Hormone refractory or androgen-
independent prostate cancer (HRPC/AIPC) is highly chemore-
sistant with objective response rates of 10% and most studies
have shown no survival benefit with treatment (150). In 1985,
Eisenberger and colleagues (151) reviewed 17 randomized clin-
ical trials of 1,464 evaluable patients and found an objective
response rate of 4.5% (151). In 1992, Yagoda and Petrylak
(152) reviewed 26 trials of chemotherapy conducted between
1987 and 1991; the reported overall response rate was 8.7%.
Lack of effective treatment of HRPC remains the main obstacle
to improving the survival and quality of life for patients with
advanced disease; therefore, novel therapeutic strategies that
target the molecular basis of androgen resistance and chemore-
sistance are required.

Definition of Hormone Refractory Prostate Cancer

Hormone refractory prostate cancer is commonly defined as
demonstration of two to three serial rises in serum PSA ob-
tained at least 2 weeks apart with castrate serum testosterone
levels. Using these criteria alone, a very heterogeneous pop-
ulation of patients is included. It is helpful to subcategorize
patients in terms of extent of disease and presence or absence
of symptoms such as bone pain.

Patients with localized prostate cancer and rising PSA levels
after definitive surgery or radiotherapy and no demonstrable
metastatic disease may be treated with androgen deprivation.
When serum PSA begins to rise while on androgen deprivation
therapy, restaging studies are often negative for metastases.
This situation, sometimes referred to as biochemical HRPC,
represents a growing population of otherwise asymptomatic
patients. There is no standard approach to these patients, al-
though many clinical trials now are targeting this population.

Most often, HRPC is thought of in the context of widely
metastatic bone disease. In this setting, it is helpful to distin-
guish between those who are asymptomatic and those who
have bone pain or other symptoms of metastatic disease. The
median time to symptomatic progression after a rise in PSA
over 4 ng/mL is approximately 6 to 8 months, whereas the me-
dian time to death from PSA progression is 12 to 18 months
(150). Once patients become symptomatic, however, the me-
dian survival ranges from 8 to 12 months. Symptomatic pa-
tients need immediate attention; palliation of pain and treat-

ment options is varied and is reviewed in the following. A
recent analysis of patients involved in Cancer and Leukemia
Group B protocols suggested that overall survival in men
with androgen-independent prostate cancer ranges from 7.5 to
27 months. This study suggested that risk factors such as PSA,
alkaline phosphatase, lactate dehydrogenase, hemoglobin,
Gleason Score, ECOG performance status, and presence or ab-
sence of visceral metastases could help predict an individual’s
risk (153).

Finally, it is important to know that the term androgen
independence or hormone refractory is somewhat of a mis-
nomer in terms of contemplating treatment options. In some
cases, the prostate cancer may still exhibit some dependence on
the hormonal milieu, whereas in other cases the disease may
function entirely independently. Basic science investigation us-
ing androgen independent prostate cancer cells in vitro sug-
gests that apoptosis rates decline when testosterone is provided
(Hari Koul, personal communication November, 2004). Unfor-
tunately, at present there is no way to predict which patients
may benefit from a second or subsequent hormonal manipu-
lation and androgen dependence or independence can only be
determined retrospectively, based on response to further hor-
monal manipulation.

Second-Line Hormonal Manipulations

Antiandrogen Withdrawal. Patients with a rising serum PSA
while on combined androgen blockade should undergo a trial
with antiandrogen discontinuation to evaluate for a positive
antiandrogen withdrawal response. This phenomenon was first
observed after flutamide was discontinued and the PSA subse-
quently declined without other interventions (154). It has now
been described with other hormones such as megestrol acetate
and diethylstilbestrol, as well as the other nonsteroidal antian-
drogens, bicalutamide and nilutamide (155–158). The antian-
drogen withdrawal response occurs in approximately 15% to
30% of patients. Although the median duration of PSA re-
sponse is only 3.5 months, the range of duration of response
varies from 4 weeks to well over 12 months. Both subjective
and objective responses have been reported, along with a de-
cline in PSA (159). Although the precise mechanism of the an-
tiandrogen withdrawal response remains undefined, it likely
results from altered structure of the steroid-binding domain of
the androgen receptor (i.e., mutations of the promoter with hy-
permethylation or cleavage) or presence of coactivators (such
as interleukin-6). One or both of these factors permits an an-
tiandrogen to act as an agonist rather than an antagonist with
subsequent transcriptional activation of cell survival and mito-
genesis signaling pathways (160,161). Discontinuation of the
antiandrogen thus disrupts this stimulus.

Antiandrogen Addition. An antiandrogen trial may result in a
PSA response (>50% decline) in 15% to 80% of cases, if the
patient has not been on antiandrogens previously; however,
the median duration of response is only 4 months (162–164).
Subjective responses have been reported as well. The effects of
second-line antiandrogen therapy in HRPC on survival remain
unknown.

Ketoconazole. The combination of ketoconazole (KC) and hy-
drocortisone (HC) generally is well tolerated and often effec-
tive, although patients on this regimen require careful moni-
toring. PSA responses (>50% decline) have been reported in
62% of patients and subjective responses have been observed
in 20% to 50% (166–168). At a dose of 400 mg TID, KC
blocks production of adrenal hormones including hydrocorti-
sone; therefore, replacement doses of 20 to 25 mg in the morn-
ing and 10 to 15 mg at 4:00 pm should be prescribed. Miner-
alocorticoid replacement is also frequently necessary. KC must
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be taken on an empty stomach and requires an acid stomach
environment for adequate absorption. If patients are on acid-
lowering drugs, such as H2 blockers or ion-pump inhibitors,
1,000 mg vitamin C can be added to each KC dose to im-
prove acidity. Adverse events secondary to drug–drug interac-
tions are significant. Coadministration of KC with terfenadine,
astemizole, cisapride, fluconazole, and erythromycin can cause
arrhythmias. Patients on drugs such as warfarin, which are
metabolized by cytochrome P-450, need to be monitored more
closely, because KC interacts with this pathway. Side effects of
KC include nausea, gastrointestinal bloating, hepatotoxicity,
sticky-skin syndrome, and asthenia.

Corticosteroids. Corticosteroids alone have definite activity
against prostate cancer and provide significant palliation in
terms of anorexia, pain, and depression. The optimal drug and
dosage have not been determined, but even prednisone at a
dose of 5 mg BID resulted in subjective and PSA responses in
the Canadian randomized trial discussed below (168). Higher
doses of corticosteroids often are reserved for patients with
very end-stage disease or those with spinal cord compression,
because long-term administration results in manifestations of
Cushingoid syndrome, including fluid retention, hypertension,
bruisability, glucose intolerance, truncal obesity, facial ery-
thema, and osteoporosis.

Radiation Therapy

EBRT traditionally has provided successful palliation of bone
pain for patients with symptomatic HRPC or patients with
pending spinal cord compression (169). Radiopharmaceuticals
may be indicated in a patient with multiple painful bone metas-
tases who is otherwise not eligible to receive chemotherapy.
89Strontium and 153Samarium, are preferentially taken up and
deliver beta irradiation in sites where there is new bone forma-
tion (170,171). The exact mechanism of action of pain relief is
not known, although PSA declines reported after treatment in
some studies suggest there is some direct cell kill. A randomized
trial of EBRT versus EBRT with 153Samarium showed a delay
in the appearance of painful new bone metastases, decreased
analgesic intake, greater freedom from metastases at 3 months,
and improved quality of life compared with EBRT alone (172).
A randomized multicenter clinical trial initiated by M.D. An-
derson is currently evaluating the benefit of 89Strontium with
doxorubicin as compared to doxorubicin alone (MDA-3410).
A difficulty with strontium is the incidence of neutropenia. A
small study evaluating the benefit of 188Rhenium, given in one
or two doses, showed an increase in objective response rate,
time to progression, and overall survival when two doses of
radiopharmaceutical were given (173).

Chemotherapeutic Options

Historically, prostate cancer has not been considered a
chemosensitive disease because of the poor survival outcomes
reported in older clinical trials. Many of these trials were
performed in the pre-PSA era when patients were treated at
later and more symptomatic stages and survival or objective
response rates were primary (and often underpowered) end-
points. Single-agent chemotherapy has been associated with
relevant palliative effects, but no single agent has been associ-
ated with an objective response rate greater than 30%. The use
of palliation as an endpoint, along with the availability of PSA
as an indicator of disease response, have renewed interest in
the use of chemotherapy in multiple Phase II and several Phase
III trials. PSA, as a measure of disease outcome in metastatic
HRPC, has emerged as an acceptable surrogate endpoint to
evaluate new agents in this clinical setting (174,175). There
are also is some evidence of correlation between PSA response
and survival, based on retrospective data, but a cause and ef-

fect relationship remains to be confirmed through prospective
investigations.

Anthracyclines. Palliative effects have been observed in HRPC
patients following the administration of corticosteroids, as well
as mitoxantrone. A Phase III Canadian trial randomized 161
symptomatic patients with HRPC to receive either the best pal-
liative care with prednisone 5 mg BID or prednisone plus mi-
toxantrone 12 mg/m2(176). The primary endpoints were pal-
liation and duration of palliation with secondary endpoints
of improved time to progression and survival. A reduction
of two or more points in a six-point pain scale lasting for at
least two evaluations, 3 weeks apart, without any increase in
analgesic use was achieved in 29% of patients in the mitox-
antrone arm versus 12% of those receiving prednisone alone.
Importantly, the median duration of palliation was significantly
longer in the mitoxantrone arm, 43 weeks versus 18 weeks
in the prednisone alone arm (p <0.0001). Although PSA was
not an endpoint of the trial, PSA responses (>50% decline)
were higher in the mitoxantrone arm as well (44% compared
to 21% in the prednisone alone arm). Of 50 patients who
were crossed over to the mitoxantrone arm at progression,
22% achieved a palliative response that lasted a median of
18 weeks. Median time to progression also was better in the
mitoxantrone arm, 24 versus 10 weeks (p = 0.0001); how-
ever, there was no difference in survival between the treatment
arms.

The Cancer and Leukemia Group B (CALGB) recently pub-
lished results of a similar trial conducted in the United States
(177). Unlike the Canadian trial, survival was the primary end-
point of this study with palliation secondary and no crossover
to the mitoxantrone containing arm was allowed. Furthermore,
patients did not need to be symptomatic. Over one-third of the
242 patients in the CALGB trial were asymptomatic at ran-
domization. As in the Canadian trial, there was a significant
difference between arms in time to disease progression (me-
dian 16.1 versus 9.9 weeks, p = 0.0218). Forty-two of 112
patients (38%) receiving mitoxantrone had a 50% reduction
in PSA as opposed to 25 of 116 patients (22%) receiving hy-
drocortisone alone (p <0.008). Evaluation of survival by PSA
reduction in both groups (N = 228) demonstrated a survival
advantage for those patients with a PSA response. Despite the
improvement in time to disease progression and PSA response
in the mitoxantrone-containing arm, overall survival was not
significantly improved (median 12.3 versus 12.6 months, re-
spectively). It should be noted that similar results were previ-
ously reported with corticosteroids and doxorubicin and there
may be little difference between the anthracyclines (178).

Estramustine Combinations. When used alone, estramustine is
a relatively ineffective drug with significant nausea and vom-
iting, edema, thromboembolic events, and gynecomastia. In
combination with other antimicrotubule drugs, including vin-
blastine, etoposide, paclitaxel, and docetaxel, however, estra-
mustine appears to be synergistic. Multiple Phase II trials have
evaluated estramustine-based combinations and have demon-
strated objective, PSA, and palliative responses in the 40% to
50% range (Table 30-8) (179–182). A Phase III trial of vinblas-
tine alone versus vinblastine plus estramustine showed statisti-
cally significant improvement in progression-free survival (3.7
versus 2.1 months), but whether this difference is significant
clinically is debatable (183).

As reported in Phase I to II trials, the combination of es-
tramustine and docetaxel appears to be active, as well as rea-
sonably well tolerated (182). Estramustine at a dose of 280 mg
TID on an empty stomach is administered for 5 days. Toxicities
include granulocytopenia, thrombocytopenia, nausea, edema,
transaminitis, and esophagitis. A new Phase III trial will com-
pare this combination with mitoxantrone and corticosteroids.
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TA B L E 3 0 - 8

ESTRAMUSTINE-BASED PHASE II TRIALS

Estramustine combined Percentage with <50 Percentage with Median survival
with (reference) Number of patients decline in PSA palliative response (months)

Vinblastine (179) 36 61 43 11.5
Etoposide (180) 42 52 — 10.5
Paclitaxel (181) 34 53 — 17
Docetaxel (182) 32 63 53 22.8

Taxanes. Paclitaxel (Taxol) and docetaxel (Taxotere) are tax-
anes that inhibit microtubule formation and phosphorylate the
cell survival oncoprotein, Bcl-2 (183). Paclitaxel is indicated
in the treatment of metastatic breast and ovarian cancer and
has been evaluated alone and in combination in patients with
prostate cancer. A Phase II trial by the Eastern Cooperative
Oncology Group reported minimal activity with single-agent
paclitaxel in 23 men with HRPC (184). Increased activity is
reported, however, when paclitaxel is combined with other in-
hibitors of microtubular function. A Phase II trial combining
paclitaxel with estramustine reported PSA responses (>50%
decline) in 53% of 32 patients and objective responses in four
of nine men with measurable disease (181). A Phase II study
of estramustine, oral etoposide, and paclitaxel in 40 men with
HRPC reported and overall response rate of 45% and a >50%
decrease in PSA in 65% of patients (185). Median duration
of response was 3.2 months and median overall survival was
12.8 months. The regimen was well tolerated with no signifi-
cant change in quality of life as a result of therapy.

Docetaxel monotherapy is indicated in the treatment of pa-
tients with locally advanced or metastatic breast cancer after
failure of cytotoxic therapy, and in some countries for the treat-
ment of non–small cell lung and ovarian cancer. In Phase I and
II trials in HRPC, weekly or every third week, docetaxel ex-
hibits significant activity (186,187). Docetaxel monotherapy of
75 mg/m2 every third week resulted in PSA declines of >50%
and >80% in 45% and 20%, of patients, respectively. An ob-
jective response was seen in 28% of patients with measurable
disease (188). Docetaxel has also been combined with zole-
dronic acid, thalidomide, calcotrol with some response in Phase
II studies (189–191). The CALGB study found a 19-month
overall survival when docetaxel was used in combination with
estramustine and carboplatin (192).

Although the every third week conventional schedule is the
currently approved schedule with an extensive clinical expe-
rience in solid tumors, such as breast, lung, and ovarian can-
cer, there is a growing clinical experience with the docetaxel
weekly schedule, including HRPC. Early studies in HRPC sug-
gested that weekly docetaxel could provide a suitable alterna-
tive resulting in higher dose intensity without increased toxi-
city. The weekly schedule appeared to have similar activity as
the conventional 3-weekly schedule, but a better safety pro-
file. Unfortunately, the results of TAX327, a three-armed ran-
domized Phase III trial evaluating docetaxel and prednisone on
a 3-weekly schedule against docetatel and prednisone weekly
versus mitoxantrone and prednisone found that there was a
statistically significant median survival advantage on patients
given docetaxel every third week over mitoxantrone and pred-
nisone (18.9 versus 16.5 months, respectively, p = 0.009). This
finding was not statistically significant when weekly adminis-
tration of docetaxel was evaluated (17.4 months for weekly
docetaxol versus 16.5. months for mitoxantrone and pred-
nisone) (193). An important Phase III randomized study re-
cently showed a survival advantage when chemotherapy was
given for androgen-independent prostate cancer. This study of

770 men showed a 17.5-month versus 16.5- month survival
in men treated with estramustine and docetaxel verses mitox-
antrone and prednisone (p = 0.002). Although neutropenic
fevers, nausea, and vomiting were higher in the estramus-
tine/docetaxel arm, this may now be considered standard of
care for patients with HRPC (194).

Bisphosphonates

Bisphosphonates are stable analogs of calcium pyrophosphate
that inhibit osteoclast activity in bone. They have been FDA-
approved for palliation of pain owing to osteolytic bone metas-
tases of breast cancer and myeloma and have been reported
to be palliative in small Phase II studies in prostate cancer
(195,196). Clodronate, a relatively low-potency bisphospho-
nate, available in Europe, has resulted in a reduction in the
incidence and number of new bone and visceral metastases in
breast cancer (197). A study presented in the Journal of the
National Cancer Institute in October, 2002 evaluated zole-
dronic acid, a potent new IV bisphosphonate. Six hundred
forty-three patients with documented metastatic hormone re-
fractory prostate cancer were randomly assigned to three treat-
ment groups, including 8 mg of zoledronic acid every 3 weeks
for 15 months, 4 mg of zoledronic acid at a similar dosing
interval or a placebo group. All patients were given vitamin
D and calcium supplementation. Unfortunately, secondary to
renal toxicity the patients on the 8-mg dose were later rel-
egated to 4-mg dose. Skeletal-related events (SREs), time to
skeletal related events, pain levels, and quality of life scores
were recorded. The number of patients who suffered skeletal-
related events was significantly less in the 4-mg group than the
placebo group 44% versus 33% (p = 0.02) and the median
time to the first skeletal related event was significantly differ-
ent for these two groups as well (50% incidence not reached
by 420 days in patients on 4 mg zoledronic acid and 50% inci-
dence achieved at 363 days in patients on placebo). There was
no difference seen in overall survival, disease progression, per-
formance status, or quality of life in this study, and only 32%
of the patients enrolled completed the study. Fatigue, anemia,
myalgia, fever, and lower-limb edema occurred in at least 5%
more patients in both zoledronic acid groups than in placebo
groups (198). Skeletal-related events, as suggested above, are
potentially more common in patients with metastatic disease
or osteoporosis. An interesting study looking at the preven-
tion of osteoporosis in prostate cancer was presented recently
in the Journal of Urology. This multicenter, double-blind, ran-
domized, placebo controlled study evaluated 106 men with
nonmetastatic prostate cancer who were started on androgen
blockade for the first time during the study period. All pa-
tients were given calcium and vitamin D supplementation and
underwent bone density evaluation at enrollment and at the
termination of the trial at 1 year. Study candidates were ran-
domized to receive 4 mg of IV zoledronic acid or placebo upon
enrollment and every 3 months during the study. Data showed
that the mean bone mineral density increased significantly in
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the lower spine, femoral neck, trochanter, and total hip in pa-
tients on the IV bisphosphonate, but decreased in patients on
placebo. This difference in density was statistically significant
(p <0.001) (199).

Investigational Trials of Novel Agents

Ongoing clinical trials using investigational agents continue
either alone or in combination with more conventional
approaches discussed previously. Some of these approaches
include gene or vaccine therapy, matrix metalloproteinase
inhibitors, antiangiogenesis drugs, telomerase inhibitors, en-
dothelian A receptor blockers, nonsteroidal antiinflamma-
tory medications, gene therapy using antisense oligodeoxynu-
cleotides (AS-ODNs) (chemically modified stretches of
single-strand DNA complementary to mRNA that inhibit
translation by forming RNA/DNA duplexes thereby reduc-
ing transcription of a target gene), and signal transduction
inhibitors. A comprehensive discussion of these agents is be-
yond the scope of this chapter. Improved understanding of the
pathways regulating apoptosis after androgen deprivation or
cytotoxic chemotherapy has helped identify cell survival genes
that may serve as new therapeutic targets in the future.

CONCLUSION

Treating patients with HRPC is challenging and requires con-
sideration of multiple disease and patient-related factors. It is
important to individualize the approach to therapy based on
the patient’s performance status, other comorbidities, symp-
toms, logistical issues, patient desires, and expectations. It is
imperative to consider maintaining or improving quality of life,
in addition to increasing survival when treating patients with
hormone refractory prostate cancer.
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CHAPTER 31 ■ TESTICULAR CARCINOMA
VARUNI KONDAGUNTA, ROBERT J. MOTZER, AND GEORGE J. BOSL

Germ cell tumors (GCTs) of the testis, arising from the malig-
nant transformation of primordial germ cells, constitute 95%
of all testicular neoplasms. GCTs infrequently arise from an ex-
tragonadal site, including the mediastinum, retroperitoneum,
and, rarely, the pineal gland. This disease is notable for the
young age of the afflicted patients and serves as a model
for curable cancer. Ninety-five percent of all newly diagnosed
patients are cured, including 70% to 80% of patients with
metastatic disease treated with cisplatin-containing chemother-
apy. Knowledge of management and experience are critical and
studies show that patient outcome is superior at centers with
expertise in the management of GCTs (1).

EPIDEMIOLOGY AND
RISK FACTORS

Germ cell tumors are the most common solid tumors in men
between the ages of 15 and 35 years. There are three modal
peaks: infancy, ages 25 to 40, and approximately age 60. Ap-
proximately 8,900 new cases of testicular GCTs and 400 deaths
due to testicular cancer were diagnosed in the United States in
2004, and the incidence is increasing (2).The worldwide inci-
dence has more than doubled in the past 40 years. It is highest
in Scandinavia, Switzerland, Germany, and New Zealand, in-
termediate in the United States and Great Britain, and lowest in
Africa and Asia. GCTs are seen principally in whites; the white
to black incidence is approximately 5:1.

The cause of GCTs is unknown. Familial clustering has been
observed, particularly among siblings (3).Cryptorchidism and
Klinefelter syndrome predispose a person to the development
of GCTs arising from the testis and mediastinum, respectively
(4).Orchiopexy performed prior to puberty reduces the risk of
GCTs and improves the ability to observe the testis. Few data
support a higher incidence of GCTs in persons with the human
immunodeficiency virus infection and the results of treatment
are similar (5,6).Reports suggesting that having a vasectomy
may be a risk factor for GCTs have not been confirmed in
cohort analysis (7).

PATHOLOGY

GCTs are classified into two major subgroups: seminoma and
nonseminoma (Table 31-1). The Mostofi adaptation of the
Dixon/Moore classification (8), adopted by the World Health
Organization (WHO), is the classification commonly used in
North America and Europe (9).

Carcinoma in situ (CIS), present in every case of testicu-
lar GCTs, is the precursor of invasive GCTs. CIS is frequently
present in retroperitoneal presentations, but rarely in mediasti-
nal presentations (10). The incidence of CIS is low in the gen-
eral population; in men with impaired fertility, the incidence is
about 0.5%. The incidence of CIS is between 2% and 5% in
both cryptorchid testes and the contralateral testis in patients
with a prior documented testicular GCTs (11,12).

Seminoma accounts for approximately one-half of all tes-
ticular GCTs and most frequently occurs in the fourth decade
of life. The typical or classic form consists of sheets of large
cells with abundant cytoplasm and round, hyperchromatic nu-
clei with prominent nucleoli. A lymphocytic infiltrate (and/or
granulomatous reaction with giant cells) is frequently present.
A high mitotic rate (anaplastic), syncytiotrophoblastic giant
cells, and increased serum concentration of human chorionic
gonadotropin may be present, but do not change manage-
ment. An “atypical” form of seminoma has been described
with unusual immunohistochemical features. The cells cytolog-
ically resemble classical seminoma, but lymphocytic infiltrate
and granulomatous reaction are absent, necrosis is more com-
mon, and the nuclear-cytoplasmic ratio is higher than typical
seminoma. “Atypical” seminoma frequently shows cytoplas-
mic expression of low-molecular-weight keratin or the type-1
precursor to the blood group antigens, while typical seminoma
stains negative (13). Electron microscopic studies have shown
that the individual tumor cells of “atypical seminoma” acquire
cytoplasmic cytokeratin intermediate filaments, suggesting ep-
ithelial differentiation. There has been no specific association of
“atypical” seminoma with an adverse prognosis, and its man-
agement is currently the same as any other seminoma.

The incidence of nonseminoma (which comprises 50% of
GCTs) peaks in the third decade of life. Most tumors are mixed,
consisting of two or more cell types, and consist of embry-
onal carcinoma, yolk sac carcinoma (endodermal sinus tumor),
choriocarcinoma, and teratoma histologies. Seminoma may be
a component, but the definition of a pure seminoma excludes
the presence of any nonseminoma cell type. The presence of any
nonseminomatous element (other than syncytiotrophoblasts)
imparts the prognosis and directs management.

Embryonal carcinoma is the most undifferentiated cell type,
with a capacity to differentiate to other nonseminoma cell
types. Embryonal carcinoma may produce elevated serum con-
centrations of human chorionic gonadotropin (HCG), alpha-
fetoprotein (AFP), or both. Pure choriocarcinoma, which
is rare, consists of both cytotrophoblasts and syncytiotro-
phoblasts and is usually associated with widely metastatic dis-
ease and elevated serum concentrations of HCG. Hemorrhage
into the primary tumor may occur and is occasionally a severe
complication when it occurs spontaneously at a metastatic site.
Yolk sac tumors histologically mimic the embryonic yolk sac
and nearly always produce AFP. Pure yolk sac histology is fre-
quently present in GCTs arising in the mediastinum.

Teratoma, derived from a totipotential, malignant precur-
sor (embryonal carcinoma or yolk sac tumor), is composed of
somatic cell types from two or more germ cell layers (ecto-
derm, mesoderm, and endoderm). Mature teratomas consist of
adult-type differentiated cell types, such as cartilage or mucin-
producing glandular epithelium. Immature teratoma refers to a
tumor with partial somatic differentiation, similar to that seen
in a fetus. Both mature and immature teratomas are generally
histologically benign. Rarely, however, any teratoma may de-
velop an aggressive growth pattern and histologically resemble
a somatic malignancy such as rhabdomyosarcoma, adenocarci-
noma, or primitive neuroectodermal tumor (14). This entity is
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TA B L E 3 1 - 1

HISTOLOGIC CLASSIFICATION OF GERM CELL
TUMORS

1. Seminoma
a. Classic (typical) seminoma
b. Anaplastic seminoma
c. Spermatocytic seminoma

2. Embryonal carcinoma
3. Teratoma

a. Mature
b. Immature
c. Mature or immature teratoma with malignant

transformation
4. Choriocarcinoma
5. Yolk sac tumor (endodermal sinus tumor)

referred to as “teratoma with malignant transformation,” and
may occur in the setting of GCTs arising from any primary site
(14). Acute leukemia has been associated with GCTs arising
from the mediastinum, but not from other primary sites (15).
The clinical behavior of teratoma with malignant transforma-
tion follows the natural history of the transformed cell type,
not GCTs (16).

BIOLOGY

The genetic analysis of male GCTs has revealed important data
relevant to the mechanism of germ cell transformation. An
isochromosome of the short arm of chromosome 12 [i(12p)] is
a specific genetic marker of a GCT, and has been identified in
all histologic subtypes (17). In tumors not displaying an i(12p),
excess 12p genetic material is found on marker chromosomes
with aberrant banding consisting of repetitive 12p segments
(18). Therefore, excess 12p genetic material is present in all
GCTs and represents one of the earliest genetic events in ma-
lignant transformation. i(12p) has been identified in the acute
leukemia associated with mediastinal GCTs and in teratoma
with malignant transformation, reflecting clonal GCT origin
(19,20).

A candidate gene, CCND2, mapped to 12p13, is a possi-
ble oncogene on 12p whose deregulated expression may lead
to GCT development (21). It is abundantly expressed in CIS
as well as many lineages of GCTs (21). Cyclin D2 is one of
the D-type cyclins that, along with the cyclin-dependent ki-
nases cdk4 and/or cdk6, regulate the phosphorylation of pRB
and controls the G1/S cell cycle checkpoint. Disruption of this
checkpoint through the amplification/overexpression of D-type
cyclins has been shown to be one of the most important path-
ways in human tumor development. Extensive molecular anal-
ysis has identified the loss of genomic or functional expression,
or both, of several known tumor suppressor genes, such as
RB1, DCC, and NME, and genomic loss at several previously
recognized as well as at novel chromosomal sites (18,22). More
recently, microarray technology has been used to identify can-
didate amplified and overexpressed genes on 12p that may ulti-
mately provide a mechanistic basis for this genetic abnormality
and its role in GCT development (23,24).

Male GCTs display patterns of differentiation that mimic
stages normally undergone by the developing zygote. The
pluripotentiality of the tumor cells manifests as histological
differentiation into germ-cell-like undifferentiated (seminoma),
primitive zygotic (embryonal carcinoma), embryonal-like so-
matically differentiated (teratoma), and extra-embryonally dif-
ferentiated (choriocarcinoma and yolk sac tumor) phenotypes.

Seminoma can be viewed as transformed germ cells that have
retained the inhibitory mechanism for zygotic-like differentia-
tion, a feature of germ cells prior to fertilization. The kit recep-
tor, normally expressed by spermatogonia and primary sperma-
tocytes (25), is expressed mainly by CIS and seminoma (26).
Nonseminoma appears to down-regulate kit and up-regulate
stem cell factor, which is consistent with loss of germ cell phe-
notype and acquisition of somatic fates (26).

Molecular genetic studies have identified a subset of clin-
ically resistant GCTs that harbor TP53 gene mutations (27).
Evaluation of cellular response to cisplatin in one GCT-derived
cell line with a TP53 gene mutation showed resistance to cis-
platin (27). This was in contrast to the extreme sensitivity of
another GCT-derived cell line with wild-type TP53(27). The
cisplatin resistance in a subset of GCT may be linked to an
inability to mount apoptotic response after drug exposure due
to inactivating TP53 gene mutation. The rapid apoptotic re-
sponse of GCTs upon exposure to chemotherapeutic agents
may be due to a high ratio of the pro-apoptotic bax protein to
the anti-apoptotic bcl-2 protein, favoring apoptosis (28).

A cohort of cisplatin-resistant GCTs was analyzed for the
presence of amplified DNA sequences (29). In this study, com-
parative genomic hybridization was performed on a panel of
GCTs comprising of 17 resistant and 17 sensitive tumors. High
level amplification of eight chromosomal regions (other than
12p) was detected in five of the resistant tumors, but none in
the sensitive group (29). Once the identity and function of the
amplified genes are determined, they may become relevant to
understanding GCT chemotherapy resistance.

INITIAL PRESENTATION

Clinical Presentation

The pathognomonic presentation of a primary testicular
tumor is a painless testicular mass; however the painless tes-
ticular mass occurs in a minority of patients with testicular tu-
mor. A majority present with diffuse testicular pain, swelling,
hardness, or a combination of these findings. Since infectious
epididymitis or orchitis is more common, a trial of antibi-
otic therapy is often undertaken first. If testicular discomfort
does not abate or findings do not revert to normal within 2 to
4 weeks, a testicular ultrasound is indicated. On ultrasound,
the typical testicular tumor is intratesticular and may produce
one or more discrete hypoechoic masses or diffuse abnormali-
ties with microcalcifications. The association between testicu-
lar microlithiasis and GCTs is not clearly defined (30,31). Bi-
lateral tumors are rare at diagnosis, but 2% of patients with
one testicular GCT will develop a metachronous new primary
tumor in the remaining testis. Therefore, self-examination is
taught to all patients.

A radical inguinal orchiectomy with clamping and ligation
of the spermatic cord at the internal ring is required for all
suspected testicular tumors. Since the testis embryologically
originates in the genital ridge and descends through the ab-
domen and inguinal canal into the scrotum during fetal life,
the primary lymphatic and vascular drainage of the testis is
to the retroperitoneal lymph nodes and the renal or great ves-
sels, respectively. Trans-scrotal orchiectomy is contraindicated
because this leaves the inguinal portion of the spermatic cord
intact and predisposes to scrotal skin recurrence and inguinal
and pelvic nodal metastases.

GCTs also arise from extragonadal primary sites. The me-
diastinum and retroperitoneum are the most common primary
extragonadal sites and comprise fewer than 10% of all GCT
presentations. Retroperitoneal primary tumors present with
back pain (psoas muscle invasion) or an abdominal mass.
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Mediastinal primary tumors usually present with shortness of
breath, chest pain, or superior vena cava syndrome. In all ex-
tragonadal presentations, testicular ultrasound is performed to
exclude the testis as the primary site. The management of ex-
tragonadal and testicular GCTs is the same, and the primary
site is an independent factor in staging and risk classification.

Staging

A comprehensive evaluation is necessary to define the extent of
disease and determine the appropriate treatment. It includes
pathology; physical examination; determination of serum
concentrations of AFP, HCG, and LDH; and radiographic
studies.

Pattern of Metastases

The regional draining lymph nodes for the testis are in the
retroperitoneum and are the initial route of metastasis. The
vascular supply originates from the great vessels with drainage
to the inferior vena cava (for the right testis) or the left renal
vein (for the left testis). As a result, the lymph nodes involved
first by a right testicular tumor are the interaortocaval lymph
nodes just below the renal vessels, between the aorta and in-
ferior vena cava. For a left testicular tumor, the first involved
lymph nodes are lateral to the aorta (para-aortic) and below
the left renal vessels. In both cases, further nodal spread is in-
ferior and contralateral and, less commonly, above the renal
hilum.

Lymphatic involvement can extend cephalad to the retro-
crural, posterior mediastinal, and supraclavicular lymph nodes.
Left supraclavicular adenopathy and pulmonary nodules may
occur with or without retroperitoneal disease. Pulmonary
metastases are the most common site of visceral organ metas-
tases. Liver, bone, and brain metastases are less common.

Radiographic Evaluation

A computed tomography (CT) scan of the abdomen and pelvis
and a chest radiograph are required. Nodes in the retroperi-
toneum at landing zones measuring between 10 and 20 mm
are involved by GCTs in about 70% of patients. In evaluation
of the postchemotherapy mass, the CT scan detects residual
masses which may contain residual malignant tumor, teratoma,
or necrosis/fibrosis. If mediastinal, hilar or lung parenchymal
disease is suspected, CT of the chest is required. CT or mag-
netic resonance imaging of the brain is performed for patients
with neurologic signs or symptoms, but is usually not part of
routine staging.

MRI occasionally provides valuable preoperative informa-
tion regarding vascular anatomy and patency of the great ves-
sels for patients with bulky retroperitoneal disease following
chemotherapy. However, MRI adds little to the management
of most patients with GCT. The role of lymphangiography is
limited to assessing precise ports in patients with Stage I semi-
noma.

Studies have compared positron emission tomography
(PET) to CT for evaluation of patients with newly diagnosed
disease or residual disease after completion of chemotherapy.
Although early studies suggest that PET may be more sensi-
tive than CT, disease <0.5 cm was not detected by PET (32).
In patients with NSGCT, PET has not been consistently able
to identify residual viable malignant GCTs and does not de-
tect teratoma (33,34). A study has shown that PET is useful in
detection of residual viable seminoma in patients with masses
larger than 3 cm in diameter after chemotherapy (35).

Serum Tumor Markers

AFP production is restricted to nonseminoma, specifically em-
bryonal carcinoma and yolk sac tumor. The serum half-life of
clearance is 5 to 7 days. Increased AFP concentrations are seen
at all stages; between 40% and 60% of the patients with metas-
tasis have increased serum levels. Conditions other than GCTs
in which elevated AFP may be detected in serum include liver
injury (infectious, drug/alcohol induced), hepatocellular carci-
noma, and other malignancies arising from the gastrointestinal
tract. Elevated serum concentrations of AFP for patients with
pure seminoma reflect an otherwise undetected nonseminoma
presence.

Increased HCG serum concentrations (produced by embry-
onal carcinoma, seminoma, or syncytiotrophoblasts) are ob-
served in 40% to 60% of metastatic nonseminomatous GCTs,
and 15% and 20% of metastatic seminomas (36). The serum
half-life of clearance is 18 to 36 hours. The α-subunit is iden-
tical to that of luteinizing, follicle-stimulating, and thyroid-
stimulating hormones. Since the a-subunit is common to several
pituitary hormones, radioimmunoassays for HCG are directed
at the β-subunit. False-positive estimations of HCG concentra-
tions include cross-reactivity of the antibody with luteinizing
hormone and treatment-induced hypogonadism, or pituitary
production of HCG.

Lactate dehydrogenase (LDH) is less specific than AFP
and HCG. Serum levels are increased in approximately 60%
of advanced nonseminoma and 80% of advanced seminoma
(36,37). The serum level of LDH has independent prognostic
significance for patients with advanced GCTs.

Serum tumor marker levels are assessed before, during, and
following treatment, and throughout follow-up. Increased lev-
els of AFP and/or HCG without radiographic or clinical find-
ings imply active disease and are sufficient reason to initiate
treatment if false-positive causes are excluded. After surgery
and chemotherapy, marker concentrations should decrease ac-
cording to known half-lives. A plateau or slow half-life clear-
ance suggests residual active disease (38).

STAGING

A comprehensive evaluation is necessary to define the extent
of disease and to determine appropriate treatment. This in-
cludes pathologic examination of the primary tumor; physical
examination; determination of serum concentrations of AFP,
HCG, and LDH; and radiographic studies. The GCT’s ex-
tent is assigned as follows: Stage I—disease limited to testis,
epididymis, or spermatic cord; Stage II—disease limited to
retroperitoneal lymph nodes; and Stage III—metastatic disease
to supradiaphragmatic nodal or visceral sites, or markedly ele-
vated serum tumor markers. Revised TNM and stage groupings
of the American Joint Committee on Cancer (AJCC) and the
Union Internationale Centre le Cancre (UICC) were adopted in
1997 (Table 31-2) (39). Serum concentrations of AFP, HCG,
and LDH were incorporated because of their independent prog-
nostic significance. The classification of retroperitoneal lymph
node involvement is based either on pathological evaluation af-
ter retroperitoneal lymph node dissection (RPLND) or clinical
evidence of retroperitoneal lymph node involvement.

PROGNOSTIC FACTORS

T-stage of the primary lesion (not size), histology, and serum tu-
mor marker concentrations predict the likelihood of retroperi-
toneal disease for clinical Stage I tumors. For nonseminoma,
the presence of lymphatic and/or vascular invasion is associated
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TA B L E 3 1 - 2

TNM STAGE

Primary tumor (T)
pTX Primary tumor cannot be assessed.
pTO No evidence of primary tumor (eg., histologic scar in testis).
pTis Intratubular germ cell neoplasia (carcinoma in situ).
pT1 Tumor limited to the testis and epididymis and no vascular/lymphatic invasion. Tumor may invade into the tunica

albuginea but not the tunica vaginalis.
pT2 Tumor limited to the testis and epididymis with vascular/lymphatic invasion or tumor extending through the tunica

albuginea with involvement of tunica vaginalis.
pT3 Tumor invades the spermatic cord with or without vascular/lymphatic invasion.
pT4 Tumor invades the scrotum with or without vascular/lymphatic invasion.

Regional lymph nodes (N)
Clinical

NX Regional lymph nodes cannot be assessed.
NO No regional lymph node metastasis.
N1 Lymph node mass 2 cm or less in greatest dimension; or multiple lymph nodes, none more than 2 cm in greatest

dimension.
N2 Lymph node mass more than 2 cm, but not more than 5 cm in greatest dimension; or multiple lymph nodes, any one

mass >2 cm, but not more than 5 cm in greatest dimension.
N3 Lymph node mass more than 5 cm in greatest dimension.

Pathological
pN0 No evidence of tumor in lymph nodes.
pN1 Lymph node mass 2 cm or less in greatest dimension and ≤5 nodes positive, none >2 cm in greatest dimension.
pN2 Lymph node mass more than 2 cm but not more than 5 cm in greatest dimension; more than 5 nodes positive, none

>5 cm; evidence of extranodal extension of tumor.
pN3 Lymph node mass more than 5 cm in greatest dimension.

Distant metastases (M)
MO No evidence of distant metastases.
M1 Nonregional nodal or pulmonary metastases.
M2 Nonpulmonary visceral metastases.

Serum tumor markers (S)
LDH HCG (mIu/mL) AFP (ng/mL)

S1 <1.5 × N <5,000 <1,000
S2 1.5–10 × N 5,000–50,000 1,000–10,000
S3 >10 × N >50,000 >10,000
N indicates the upper limit of normal for the LDH assay.

Stage GROUPING
T N M S

Stage I
IA T1 N0 M0 S0

IB T2 N0 M0 S0

T3 N0 M0 S0

T4 N0 M0 S0

IS TANY N0 M0 SANY

Stage II
IIA TANY N1 M0 S0

TANY N1 M0 S1

IIB TANY N2 M0 S0

TANY N2 M0 S1

IIC TANY N3 M0 S0

TANY N3 M0 S1

Stage III
IIIA TANY NANY M1 S0

TANY NANY M1 S1

IIIB TANY NANY M0 S2

TANY NANY M1 S2

IIIC TANY NANY M1 S3

TANY NANY M2 SANY

(From: AJCC staging handbook. Philadelphia-New York: Lippincott-Raven, 1998, with permission.)
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TA B L E 3 1 - 3

GERM CELL TUMOR RISK CLASSIFICATION

Seminoma Nonseminoma

Good Risk Any HCG
Any LDH
Nonpulmonary visceral

metastases absent
Any primary site

AFP <1000 ng/mL
HCG <5000 mIu/mL
LDH <1.5 × upper limit of normal
Nonpulmonary visceral metastases absent
Gonadal or retroperitoneal primary tumor

Intermediate
Risk

Nonpulmonary visceral
metastases present

Any HCG
Any LDH
Any primary site

AFP 1,000–10,000 ng/mL
HCG 5,000–50,000 mIu/mL
LDH 1.5–10.0 times upper Limit of normal
Nonpulmonary visceral metastases absent
Gonadal or retroperitoneal primary site

Poor Risk – Mediastinal primary site
Nonpulmonary visceral metastases present

(eg., bone, liver, brain)
AFP ≥10,000 ng/mL
HCG ≥ 50,000 mIu/mL
LDH ≥10 × upper limit of normal

(From: International Germ Cell Cancer Collaborative Group. International germ cell concensus
classification: a prognostic factor-based staging system for metastatic germ cell cancers. J Clin Oncol
1997;15:594, with permission.)

with a higher likelihood of retroperitoneal metastases (about
50%) and is included in the definition of T2. Invasion through
the tunica albuginea into tunica vaginalis (also T2), spermatic
cord (T3), or scrotum (T4) are additional adverse features. Re-
producible prognostic factors predicting retroperitoneal dis-
ease in seminoma have not been identified. Persistent elevation
of serum tumor markers after orchiectomy implies metastatic
disease.

The number and size of retroperitoneal lymph nodes found
at RPLND for nonseminoma have prognostic importance
(pathologic stage). Most retrospective studies report a ≤30%
incidence of relapse when fewer than six nodes are involved
with tumor, and the largest node is <2 cm, and no extranodal
tumor extension is evident. More extensive tumor involvement
at RPLND is generally associated with a recurrence rate of
≥50%.

The transverse diameter of the largest lymph node on CT
scan is used to subcategorize Stage II disease (clinical stage).
For seminoma, the size of retroperitoneal adenopathy on CT
scan dictates treatment modality, and relapse proportion af-
ter definitive radiation therapy increases from 15% or less for
nodes <5 cm to between 40% and 60% for nodes >5 cm
(40). For patients with nonseminoma, treatment is based on
retroperitoneal lymph node size, location of adenopathy, and
presence of increased serum tumor marker concentrations.

Between 70% and 80% of the patients with advanced GCTs
are cured with cisplatin- combination chemotherapy programs.
Treatment is stratified according to the probability of cure. Pa-
tients more likely to be cured are classified as “good-risk.”
They constitute the majority with advanced disease and are
treated with regimens showing maximum efficacy with mini-
mal toxicity. In contrast, the patients who are unlikely to be
cured are categorized as “poor-risk.” For poor-risk patients,
effective therapy is the priority.

Between 1980 and 1997, several classification algorithms
were used to assign good- and poor-risk status based on ex-
tent of disease, specific sites of disease, and pretreatment serum
tumor marker concentrations. The Memorial Sloan-Kettering
Cancer Center (MSKCC) (41) and Indiana University (42) al-
location criteria were used in the United States. A compari-

son of these and other risk criteria for patients with advanced
nonseminoma demonstrated marked differences (43). The In-
ternational Germ Cell Cancer Collaborative Group (IGCCCG)
developed a common classification system based on data from
over 5,000 patients treated with chemotherapy. Independent
prognostic factors for progression-free survival with nonsemi-
noma were pretreatment levels of LDH, HCG, AFP; site of
primary tumor; and the presence of nonpulmonary visceral
metastases (bone, brain, or liver) (44). Nonpulmonary vis-
ceral metastasis was the only significant prognostic factor
in seminoma. Investigators agreed on three strata of good-,
intermediate-, and poor-prognosis patients (Table 31-3). These
strata were incorporated into the revised TNM classification
(39). The IGCCCG grouping should be used in future clinical
trials and in treatment decisions.

MANAGEMENT OF
LOW-STAGE GCT

Seminoma

Patients with clinical Stage I seminoma are treated with radi-
ation therapy. A randomized trial showed that a simple para-
aortic port excluding the ipsilateral iliac and pelvic nodes is
as effective as the “dog-leg” portal. Although toxicity appears
less, more pelvic relapses may be seen (45). Stage I seminoma
is treated with 150 to 180 cGy/day five sessions per week using
high-energy linear accelerator beams to a total dose of 2,500
to 3,000 cGy. Approximately 4% will relapse elsewhere, and
the death rate is less than 2% (45–49).

Long-term sequelae of radiation therapy include the poten-
tial for gastrointestinal neoplasms (50). Therefore, surveillance
alone has been studied as management after orchiectomy, with
chemotherapy reserved for patients who relapse. The relapse
rate to surveillance is approximately 15%, and relapses occur
at intervals more than 5 years from diagnosis. Therefore, in the
United States, observation for clinical Stage I seminoma is not
recommended.
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Low-tumor-burden Stage II seminoma includes all patients
with retroperitoneal metastases measuring <5 cm in maxi-
mum transverse diameter (clinical Stages IIA and IIB); radiation
therapy is the treatment of choice. A dog-leg radiation portal
is used. Fractionation is the same as clinical Stage I disease,
with a boost of approximately 500 to 750 rads to involved
lymph nodes. The relapse proportion is 5% to 15%, with
death from seminoma rare (51,52). Prophylactic mediastinal
radiation therapy is not given, since relapses solely in the ante-
rior or posterior mediastinum seldom occur.

A “horseshoe kidney” is a contraindication to retroperi-
toneal radiation therapy due to the high likelihood of radiation-
induced renal failure. In this circumstance, observation is pre-
ferred in clinical Stage I, and primary chemotherapy is preferred
for clinical Stage II. Patients with second metachronous testic-
ular GCTs following RPLND or radiation are observed for
clinical Stage I disease. Inflammatory bowel disease may also
be a contraindication to radiation therapy, and the same man-
agement policies are followed as for patients with a horseshoe
kidney.

Nonseminoma

The choice of management options for clinical Stage I non-
seminoma depends upon specific histologic features and serum
tumor marker concentrations. The conventional approach has
been RPLND. Retroperitoneal metastases will be found in
about 30% of patients judged preoperatively to be clinical
Stage I (53). In the past, most patients undergoing bilateral
RPLND experienced retrograde ejaculation and subsequent
infertility. An improved understanding of the neuroanatomy
of seminal emission and ejaculation, the pattern of retroperi-
toneal metastasis for right- and left-sided tumors, and surgical
mapping studies have led to modification of infrahilar surgical
boundaries and techniques.

RPLND may be of two types: nerve-dissecting or nerve-
avoiding. Modified, nerve-avoiding RPLND templates were de-
signed to avoid the hypogastric plexus and contralateral sym-
pathetic fibers responsible for ejaculation in clinical Stage I
or IIA disease. These template dissections do not identify spe-
cific nerve fibers. Rather, their design minimizes trauma to the
hypogastric plexus by limiting contralateral dissection above
the takeoff of inferior mesenteric artery. This method avoids
transsection of contralateral nerves and results in preservation
of ejaculation in approximately 50% to 80% of patients. Be-
cause the para-aortic nodes may be involved with right sided
primary tumors, a dissection of these nodes is important in
right RPLND template to minimize the need for reoperation
(54). Preservation of ejaculation appears to be more successful
when nerves are prospectively identified and spared, compared
to modified template dissection, although the operation usually
takes longer. With nerve dissection, about 95% of patients have
normal ejaculatory status postoperatively. Regardless of tech-
nique, retrograde ejaculation remains a risk with any RPLND,
and preoperative sperm banking is recommended.

The impetus for surveillance in clinical Stage I patients
includes the infertility resulting from RPLND, lack of tu-
mor detected at RPLND, and high cure rate associated with
cisplatin-based chemotherapy for advanced disease. Approx-
imately 25% of patients with T1N0M0 disease and normal
serum tumor markers relapse during surveillance (55). A higher
likelihood of retroperitoneal and/or systemic relapse is associ-
ated with T2−4 tumors.

Clinical Stage I nonseminoma patients with a T1 tumor and
serum tumor markers that are normal or declining at half-
life are offered both surgical and observation options. When
RPLND is chosen, the procedure should be a nerve-sparing
type. If surveillance is selected, patient compliance is essential,
as follow-up is rigorous and includes physical examination,

chest x-ray, determinations of AFP and HCG levels, and reg-
ular CT scans. Patients with clinical Stage I and persistently
elevated or rising serum tumor markers following orchiectomy
are treated with chemotherapy, since the disease is often not
limited to the retroperitoneum (56). The experience is limited
regarding chemotherapy as initial treatment of clinical Stage I
disease in the setting of normal tumor markers when the risk of
retroperitoneal disease is high (T2 or greater). In three reports
of patients receiving two cycles of cisplatin-based chemother-
apy, fewer than 5% relapsed and about 1% died of GCT
(57,58,59). This approach avoids RPLND, but patients are
exposed to the transient (e.g., myelosuppression), permanent
(e.g., neuropathy), and delayed (e.g., Raynaud’s phenomenon,
acute leukemia, cardiovascular) toxicities of chemotherapy.

Low-tumor-burden clinical Stage II nonseminoma includes
disease ipsilateral to the primary tumor, at or below the renal
hilum, not associated with tumor-related back pain, and limited
to the primary landing zone. Ipsilateral solitary lymph nodes
<3 cm are managed by RPLND. However, elevated serum tu-
mor markers usually reflect systemic disease, and these pa-
tients are considered for primary cisplatin-based chemother-
apy. Lymph nodes between 3 and 5 cm, even if solitary, are
associated with more extensive disease than can be detected on
abdominal CT scan, and are generally treated with chemother-
apy followed by RPLND.

Surveillance is a treatment choice for compliant patients
with fewer than six involved nodes and none larger than 2 cm
(pN1) (60). Approximately 20% of such patients relapse.
Surveillance requires close monitoring and a compliant patient.
Lack of patient compliance, psychologic factors, occupation,
geography or other issues may make adjuvant chemotherapy
the preferred choice in rare patients. Those who relapse dur-
ing surveillance require three or four cycles of cisplatin-based
therapy according to disease status at that time.

Adjuvant chemotherapy is an important consideration
when any involved node resected at RPLND is >2 cm in diam-
eter, or six or greater nodes are involved, or extranodal exten-
sion is present (pN2-pN3) (60). A majority of patients relapse
in this setting when adjuvant chemotherapy is not given. A
randomized trial showed that observation with standard treat-
ment at relapse and two cycles of adjuvant chemotherapy had
equivalent survival (61). Treatment with two cycles of adjuvant
etoposide plus cisplatin with or without bleomycin adminis-
tered at three-week intervals results in a relapse-free survival
of nearly 100% (61–66). Although survival is the same when
chemotherapy is withheld until relapse, the number of cycles
of adjuvant chemotherapy is less than that given at relapse and
additional surgery is avoided.

ADVANCED METASTATIC DISEASE

The treatment for patients with clinical Stage IIC and primary
retroperitoneal and mediastinal seminoma is chemotherapy,
since relapse frequent occurs when these patients are man-
aged with radiation therapy only. In nonseminoma, Stage III
patients and Stage II patients with multifocal retroperitoneal
lymph node involvement, lymphadenopathy >3 cm in diam-
eter, increased AFP or HCG, and/or tumor-related back pain
receive initial chemotherapy.

The first combination chemotherapy regimens containing
cisplatin, vinblastine, and bleomycin (with or without other
drugs) resulted in a 70% to 80% complete response proportion
in patients with metastatic GCT (37,67). Subsequent studies
showed that prolonged maintenance chemotherapy was unnec-
essary, and etoposide, less toxic and more efficacious, replaced
vinblastine (68). Significant toxicities included neuromuscular
toxicity (68), mortality due to myelosuppression or bleomycin-
induced pulmonary fibrosis (68), and Raynaud’s phenomenon
(68,69).
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TA B L E 3 1 - 4

CHEMOTHERAPY REGIMENS

A. Previously untreated—good risk
1. Etoposide 100 mg/m2 IV daily × 5 days

Cisplatin 20 mg/m2 IV daily × 5 days
Four cycles administered at 21-day intervals

2. Etoposide 100 mg/m2 IV daily × 5 days
Cisplatin 20 mg/m2 IV daily × 5 days
Bleomycin 30 units IV weekly on days 2, 9, 16
Three cycles administered at 21-day intervals

B. Previously untreated—intermediate and poor risk
Etoposide 100 mg/m2 IV daily × 5 days
Cisplatin 20 mg/m2 IV daily × 5 days
Bleomycin 30 units IV weekly on days 2, 9, 16
Four cycles administered at 21-day intervals

The high cure rate with significant toxicity resulted in an
effort to identify patients more likely (“good-risk”) and less
likely (“poor-risk”) to be cured with standard chemother-
apy. Extent of disease and serum tumor marker elevations
were identified as independent predictors of prognosis (44),
and previously untreated patients with metastatic disease were
stratified into good-risk and poor-risk groups. Good- and poor-
risk allocation algorithms were developed, and clinical trials
addressed issues represented by risks of treatment failure. Stan-
dard treatment regimens are summarized in Table 31-4. Re-
sponse proportions range from 88% to 95% among good-
risk patients with favorable survival distributions (43). Since
the advent of good-risk stratification, trials focused on elimi-
nating bleomycin from treatment, reducing the number of cy-
cles of chemotherapy, and substituting carboplatin for cisplatin
(Table 31-5) (70–76).

Three randomized clinical trials have evaluated the elimi-
nation of bleomycin from regimens containing etoposide and
cisplatin. Etoposide and cisplatin (EP) for four cycles was com-
pared to a five-drug, bleomycin-containing regimen (VAB-6)
and was found to be therapeutically equivalent and less toxic
(71). A randomized trial of cisplatin and etoposide with (BEP)

and without bleomycin (EP) was performed by the EORTC.
The dose of etoposide in this study was 360 mg/m2 per cycle,
with dose modifications for thrombocytopenia in contrast to
500 mg/m2 per cycle without dose attenuations in American
trials (72). The bleomycin arm was more toxic; the complete
response proportion was lower in EP patients (72). No differ-
ences were observed in relapses, time to progression, or sur-
vival in over 7 years of follow-up (72). This study concluded
that bleomycin cannot be deleted from good-risk therapy when
European doses of etoposide are used.

A French trial compared three cycles of BEP to four cycles
of EP. The criteria for good risk were those developed by the
Institute Gustave Roussy but most patients were good risk by
the IGCCCG criteria. At the primary endpoint of “favorable”
response, BEP (92%) and EP (91%) were equivalent. With a
median follow-up of 4 years, neither event-free survival nor
overall survival was statistically different (76). The trial has
been criticized for a number of reasons including the failure
to establish noninferiority, and the retrospective assignment
to IGCCCG criteria. A retrospective analysis evaluated late
relapse in patients receiving EP, and none were observed with
a median follow-up of 7 years (77).

Because carboplatin has less neurologic and gastrointesti-
nal toxicity than cisplatin, two randomized trials compared
their efficacy in combination chemotherapy. Both trials showed
carboplatin was inferior to cisplatin (74,75). Carboplatin-
containing programs have no role in the initial treatment of
advanced GCTs.

These trials collectively establish that four cycles of etopo-
side (500 mg/m2/cycle) plus cisplatin (≥100 mg/m2/cycle) or
three cycles of bleomycin, etoposide plus cisplatin are equally
effective and well tolerated, and in conjunction with adjunctive
surgery, will cure approximately 90% of good-risk patients.
Either regimen may be considered standard treatment.

Between 20% and 25% of patients with advanced GCT
present with hepatic, osseous, and/or brain metastases; high
serum tumor marker levels; or mediastinal nonseminomatous
primary tumors. These features are associated with a low likeli-
hood of cure, and clinical trials directed at improving treatment
efficacy remain the priority. New agents and dose-intense ther-
apy have been evaluated to improve the treatment outcome
for poor-risk GCT patients. A randomized trial comparing cis-
platin 100 and 200 mg/m2 per cycle given in combination

TA B L E 3 1 - 5

RANDOMIZED TRIALS IN GOOD-RISK GERM CELL TUMORS

Complete Durable
Reference Good-risk criteria Regimen (cycles) response (%) response (%) Recommended regimen

70 Indiana BEP(4) 97 92 BEP (3)
BEP(3) 98 92

71 MSKCC VAB-6(3) 96 85 EP(4)
EP(4) 93 82

72 EORTC BEP(4) 95 91 BEP (4)
EP(4) 87 83

73 Indiana BEP(3) 94 86 BEP(3)
EP(3) 88 69

74 MSKCC EC(4) 90 87 EP (4)
EP(4) 88 76

75 MRC/EORTC CEB(4) 87 77 BEP (4)
BEP(4) 94 91

76 GETUG BEP(3) 92 — Regimens equivalent
EP(4) 91 —

MSKCC, Memorial Sloan-Kettering Cancer Center; EORTC, European Organization for the Research and Treatment of Cancer; MRC, Medical
Research Council; GETUG, Genito-Urinary Group of the French Federation of Cancer Centers; B, bleomycin; E, etoposide; P, cisplatin; C,
carboplatin; VAB-6, cisplatin + vinblastine + dactinomycin + bleomycin + cyclophosphamide; NS, not stated.
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with etoposide plus bleomycin showed that the higher
cisplatin dose resulted in equal efficacy but greater toxicity (78).
In another randomized trial, ifosfamide replaced bleomycin,
but no therapeutic benefit was observed and toxicity was worse
(79). Therefore, in poor-risk patients, four cycles of BEP remain
the standard regimen to which investigational regimens should
be compared. Likewise, in intermediate-risk patients by IGC-
CCG criteria, four cycles of BEP is considered standard ther-
apy. Durable complete responses occur in 75% and 40% of
intermediate- and poor-risk patients, respectively.

Reports that high-dose therapy with stem cell rescue cured
a minority of patients with refractory GCT (80,81) led to the
study of dose-intensive regimens as part of first-line therapy.
Two studies incorporated high-dose carboplatin plus etoposide
into first-line therapy for poor-risk patients. In the first study,
poor-risk patients who were at high risk of failure based on
presenting factors were selected to receive high-dose therapy.
Patient selection was based on a prolonged clearance of serum
AFP or HCG, or both, during standard induction chemother-
apy (82,83). Hematopoietic reconstitution was rapid, and a
trend to improved survival was observed in patients who
received high-dose chemotherapy compared to an historical
poor-risk experience with conventional-dose, cisplatin-based
chemotherapy (83). In a separate report, a single-arm study of
high-dose chemotherapy with autologous stem cell support as
first-line therapy in advanced GCT patients with poor prog-
nostic features, also suggested a favorable outcome in patients
receiving high-dose chemotherapy compared to historical con-
trols treated on conventional-dose therapy (84). A national,
randomized trial comparing four cycles of BEP to two cycles of
BEP followed by two cycles of three-drug, high-dose therapy
in poor- and intermediate-risk patients has completed accrual
and data are maturing.

POSTCHEMOTHERAPY SURGERY

Surgical resection of residual disease is necessary in nonsemi-
nomatous GCT patients who respond to cisplatin-containing
chemotherapy by achieving normal serum tumor marker con-
centration. Necrotic debris/fibrosis, teratoma, and/or viable
carcinoma may be found at resection. The pathologic pres-
ence of necrotic debris or mature teratoma requires no further
chemotherapy; between 5% and 10% of patients will relapse.
If a viable residual GCT is completely resected, two additional
cycles of chemotherapy are given, but 30% to 50% of patients
relapse (85).

There is general agreement over the need to resect all
measurable residual disease. In the retroperitoneum, necro-
sis/fibrotic debris comprises 45% to 50% of pathologic find-
ings, teratoma another 35%, and viable GCT the remaining
15% to 20% (86–88). No single criterion predicts a negative
pathology with sufficient accuracy to eliminate the risk of resid-
ual teratoma or viable GCTs and obviate postchemotherapy
RPLND. The need for postchemotherapy RPLND is contro-
versial when the postchemotherapy CT scan, usually of the
retroperitoneum, is interpreted as “normal.” But, larger ret-
rospective series show that 10% to 20% of such patients will
have either mature teratoma or viable carcinoma in previously
involved areas (86,87,88).

The approach to patients with pure seminoma and a
postchemotherapy residual mass is controversial. Two impor-
tant features distinguish seminoma from nonseminoma. First,
teratoma in the residual mass is rare. Second, a complete
RPLND following chemotherapy is often not technically feasi-
ble, secondary to severe desmoplastic reaction and obliteration
of tissue planes. Consequently, perioperative morbidity is re-
ported as higher for seminoma than for nonseminoma (89,90).

The majority of patients with persistent radiographic ab-
normalities after chemotherapy do not have viable seminoma.
Studies conflict with regard to size of residual mass as a predic-
tor. In a series of 104 patients, 8 of 30 (27%) patients with a
residual mass >3 cm relapsed or had residual seminoma (91).
Conversely, among 74 with tumors measuring <3 cm, no vi-
able tumor was identified, and only two patients (3%) relapsed
at the site of residual “disease.” Their conclusion was that re-
section or biopsy of a residual mass ≥3 cm is preferable to
observation, recognizing that full RPLND was usually not fea-
sible. If viable seminoma was documented, additional therapy
was required (91). Conversely, other series report that the size
of the residual mass is not predictive of residual malignancy. A
fluorodeoxyglucose (FDG)-PET scan study in 52 patients with
residual mass after chemotherapy for bulky seminoma reported
that all 8 positive scans and 42 of 44 negative scans were ac-
curate (35).

In seminoma, residual masses <3 cm are observed. Contro-
versy exists regarding the minority of patients with a residual
mass measuring ≥3 cm. An FDG-PET scan should be done
in patients with a residual mass measuring 3 cm or larger. A
negative PET scan in this setting is associated with a high like-
lihood of freedom from disease. A positive PET scan implies
presence of viable disease and intervention should be consid-
ered. Careful observation is one alternative, but relapse with
subsequent ifosfamide-based salvage chemotherapy has a low
cure rate. Surgical resection, which can identify residual dis-
ease and direct immediate therapy, has low morbidity in ex-
perienced hands given modern techniques and perioperative
care (91). There is no role for radiation to the area of residual
disease (92).

MANAGEMENT OF RELAPSE
AFTER CHEMOTHERAPY

Twenty to thirty percent of patients with advanced GCT will
relapse or fail to achieve a complete response to conventional-
dose cisplatin-based chemotherapy. Patients who relapse after
complete response are treated with second-line ifosfamide plus
cisplatin-containing salvage chemotherapy, and approximately
25% are cured (93). High-dose chemotherapy with stem cell
rescue is the treatment of choice for patients not cured by ifos-
famide plus cisplatin-containing chemotherapy or who fail to
achieve complete response to first-line chemotherapy (i.e., in-
complete response). Two cycles of high-dose carboplatin plus
etoposide with or without high-dose cyclophosphamide (or
ifosfamide) with stem cell rescue given as third-line therapy
cures approximately 20% of patients who fail prior cisplatin
plus ifosfamide-containing therapies (81,94).

The major toxicities of dose-intensive therapy are hema-
tologic and infectious, with most studies reporting 10%
treatment-related mortality (81). Hematopoietic growth factor
support decreases the duration of neutropenia and hospitaliza-
tion (95). Peripheral blood-derived stem cells have replaced the
use of autologous bone marrow, and a randomized trial showed
that peripheral blood-derived stem cells result not only in rapid
neutrophil reconstitution but also faster platelet engraftment
(96).

Prognostic factors may be used to select patients for ei-
ther standard ifosfamide based chemotherapy or high-dose
chemotherapy with stem cell rescue. Patients with testicular
GCT who fail to achieve an initial complete remission have a
cure rate of <10% with ifosfamide-based therapy (97) and are
treated with high-dose etoposide plus carboplatin-based reg-
imens. In contrast, patients with GCTs who progress within
1 month of cisplatin, have high HCG levels, or nonseminoma
histology arising from a mediastinal primary site generally
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do not achieve long-term benefit from high-dose chemother-
apy and should be considered for Phase II studies with novel
agents.

Complete and partial responses to paclitaxel have been re-
ported in approximately 25% of patients who fail prior therapy
(98). The combination of ifosfamide, cisplatin, and vinblas-
tine (VeIP) is a standard regimen in patients who relapse from
complete remission with a durable complete remission rate
of 25%. The substitution of paclitaxel for vinblastine shows
promise in both high-dose and conventional-dose salvage pro-
grams (99,100). Of 46 patients treated with paclitaxel, ifos-
famide plus cisplatin (TIP) as second-line therapy, 36 (78%)
were progression-free more than 18 months from the start of
therapy (101). All had favorable prognostic features for re-
sponse: testis primary site and prior complete response to first-
line chemotherapy program. Four cycles of TIP was associated
with a high proportion of patients who achieved a complete
response, a low likelihood of relapse, and tolerable toxicity.

In contrast, an incomplete response to first-line therapy or
extragonadal (mediastinal) primary site results in a durable
complete remission in fewer than <10% of patients treated
with cisplatin plus ifosfamide salvage chemotherapy. Three se-
ries of patients with refractory progressive GCTs, who received
high dose carboplatin and etoposide with stem cell rescue
(with or without cyclophosphamide or ifosfamide), reported
that 15% to 21% of patients survived and remained disease-
free with long-term follow-up (102–104). The major toxicities
are hematologic and infection, with these series reporting a
treatment-related mortality rate of 10% to 12%. The treat-
ment of these patients with repetitive cycles of dose-intensified
paclitaxel, ifosfamide, carboplatin, and etoposide with autolo-
gous stem cell rescue resulted in a complete remission in 21of
37 (57%) treated with this program and 13 (35%) remain in
durable complete response with follow-up >18 months (100).
Hematopoietic growth factor and peripheral blood-derived
stem cells decreased the duration of neutropenia and hospi-
talization. Although these series demonstrate that refractory
disease remains potentially curable, the majority of cisplatin-
refractory GCTs patients die of their disease, and new drugs
and strategies are still an important are of research.

Histologic findings of resected masses following second-line
chemotherapy shows viable tumor occurs in approximately
50% of specimens, teratoma in 40%, and necrosis in only 10%
(105). Additional standard-dose chemotherapy adds no benefit
to patients with viable NSGCT in the resected specimen after
salvage chemotherapy.

In general, surgery should be avoided in patients with el-
evated serum tumor markers. While this general rule holds
true, surgery has curative potential in a highly select group
of patients with increased marker levels, even after salvage
chemotherapy. Patients with a solitary retroperitoneal mass
and increased AFP seem to be the best candidates. Technically
difficult, this surgery should be performed at a tertiary center.

TREATMENT SEQUELAE

Acute nausea and vomiting occurs but is controllable with
5-HT3 antagonist plus dexamethasone. Cisplatin can be as-
sociated with delayed emesis, and administration of oral meto-
clopramide and a benzodiazepine plus dexamethasone for 2 to
4 days after therapy is sometimes necessary.

Due to the effect of cisplatin on proximal tubules, progres-
sive reduction in glomerular filtration and cumulative hypo-
magnesemia may result (106), particularly after ifosfamide-
combination or high-dose salvage chemotherapy. An increased
frequency of diastolic hypertension and cardiac events, in-
creased mean cholesterol levels, and increased low-density and
decreased high-density lipoprotein levels have been reported

years after chemotherapy for GCTs (107–109). All patients
treated with cisplatin-based chemotherapy for GCTs should
be monitored for blood pressure, lipids, and cholesterol, and
symptoms suggestive of cardiovascular disease.

Neutropenic fever occurs in about 10% to 15% of patients
receiving EP, more frequently with the addition of bleomycin,
and in more than 50% of patients receiving salvage chemother-
apy. Hematopoietic growth factor support should be used pro-
phylactically from the beginning of ifosfamide salvage therapy.
Replacing vinblastine with etoposide decreased the frequency
of neuropathy, although cisplatin still causes symptomatic neu-
ropathy in a minority of patients. Auditory toxicity from cis-
platin is associated with reduced high-tone hearing and, less
frequently, tinnitus, although patients rarely require hearing
aids.

Pulmonary toxicity from bleomycin is rare but can be fatal.
In good-risk patients, a reduction in the number of bleomycin
doses from 12 to 9 resulted in no bleomycin-related, deaths
(70). Vascular toxicity, most prominently as Raynaud’s phe-
nomenon, occurs in a minority (<10%) of patients receiving
bleomycin by weekly bolus (69).

Infertility is an important consideration, since patients are
young and the cure rate is high. A standard, modified bilateral
RPLND results in retrograde ejaculation in nearly all patients.
Nerve-dissecting and nerve-avoiding RPLND reduce, but do
not eliminate, that risk. Chemotherapy may affect the germinal
epithelium directly, and Leydig cell insufficiency is frequent. Af-
ter chemotherapy, persistent oligospermia and abnormal forms
and motility have been reported (110), but conception may oc-
cur despite oligospermia.

Etoposide causes secondary leukemia characterized by
translocations involving chromosome 11q in less than 0.5%
of patients receiving a total dose <2,000 mg/m2 (111,112) and
as many as 6% of patients receiving total etoposide doses of
>3,000 mg/m2(113). However, recent reports showed acute
leukemia in 0.8% to 1.3% of patients receiving median cumu-
lative etoposide doses >2,400 mg/m2(114).

The incidence of gastrointestinal malignancies increased af-
ter radiation therapy or radiation plus chemotherapy (50,115).
The relative risk increases with time and is greatest after
10 years (50). An excess of soft tissue sarcoma has also been
observed, with radiation therapy implicated as the major cause
(50). These second malignancies do not outweigh the benefits
of treatment intervention.
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CHAPTER 32 ■ HOST–PATHOGEN
INTERACTIONS AND HOST DEFENSE
MECHANISMS
SCOTT J. WEISSMAN, JOHN W. WARREN, HARRY L. T. MOBLEY, AND MICHAEL S. DONNENBERG

The urinary tract is a complicated epithelium-lined tube with
an opening to the body surface, making it susceptible to infec-
tion by exogenous organisms. Indeed, urinary tract infections
(UTIs), which are almost always caused by colonic organisms
in the normal host, may be the most common bacterial infec-
tion of humans (1). UTIs represent the most common kidney
and urologic disease in the United States, whether judged by
visits to physicians or hospital discharge summaries (2), and
entail direct and indirect medical costs approaching $2 billion
annually (3).

In the course of producing, storing, and voiding urine, the
urinary tract is continually flushed, and infecting organisms are
usually recovered by the clinician or investigator in a voided
urine specimen. This fortunate situation allows for relatively
easy assessment of bacteriuria, which almost always accom-
panies UTIs. Bacteriuria generally manifests in one of three
clinical presentations. The first category is asymptomatic bac-
teriuria, in which bacteria may be limited to the bladder or may
be found in both the bladder and kidney. The second is cystitis,
a syndrome characterized by dysuria, frequency, and urgency
of urination, sometimes with lower abdominal pain and hema-
turia. The third is acute pyelonephritis, which is clinically in-
dicated by flank pain and fever and complicated by bacteremia
in about 30% of the cases. Although most clinicians ascribe
cystitis to an infection of the bladder and pyelonephritis to
one including the kidney, this may be too facile a distinction.
For instance, as judged by bladder washout tests or ureteral
catheterization, 15% to 25% of “cystitis” cases actually may
have bacteria above the bladder, and, conversely, 30% to 50%
of patients with flank pain and/or fever do not have bacte-
ria in the kidney (4,5). However, while most of the work de-
scribed here has been performed without localization studies,
investigations of bacterial virulence factors and host response
mechanisms over the past two decades have shown excellent
correlation with the clinical syndromes of acute cystitis and
pyelonephritis.

This chapter is devoted to understanding the means by
which the most common uropathogen, Escherichia coli, causes
acute cystitis or pyelonephritis in the normal urinary tract (i.e.,
one without structural or functional abnormalities, or prior in-
strumentation) after entering the bladder through the urethra.
Thus, other organisms, other means of colonization and en-
try, recurrent and chronic infections, and complicated UTIs are
discussed in other chapters. Neither do we discuss hematoge-
nous infection, a sequence beginning at another site in the body
and resulting in a minority of UTI cases, and usually caused
by pathogens such as Staphylococcus aureus, salmonella, and
Candida.

This chapter is divided into two parts. The first concerns
the pathogen and the features that allow it to occupy and pro-
duce disease within the urinary tract. The second part concerns
the host and is divided into six areas: urine, bladder epithelium,

ureter, kidney, inflammatory/immune response, and genetic fac-
tors. To the extent possible, studies of organisms stress compar-
isons of isogenic mutants; that is, strains genetically identical
but for the factor being investigated.

UROPATHOGENIC
ESCHERICHIA COLI

Strains of E. coli colonize the colon of human newborns
soon after birth; these organisms and a succession of different
E. coli—some transient, some more persistent—inhabit this site
for the rest of the individual’s life. Some of these strains may
colonize the periurethral area and enter the bladder. Those that
do and persist without symptoms are similar in their character-
istics to the spectrum of E. coli colonizing the gut (6). However,
those that enter and elicit symptoms are not a random sample of
fecal E. coli, but rather a subset of strains—the uropathogenic
E. coli (UPEC)—that differ from the majority of fecal strains
in that they are more likely to possess a variety of putative
virulence factors, including polysaccharide capsules, adhesins,
siderophores, and cytotoxins (7,8).

A large proportion of UTIs are caused by a limited number
of UPEC “clones” (clusters of closely related strains) that typi-
cally derive from two of the four main phylogenetic groups of
the E. coli species, which are groups B2 and D, moreso than
groups A and B1 (9,10). Although virulence factor carriage re-
mains a better predictor of experimental virulence than does
phylogenetic background (11), the concentration of virulence
factors in strains from groups B2 and D (12) suggests that the
evolution of certain E. coli lineages has equipped these strains
well for production of extraintestinal disease. For example,
serotype O18:K1:H7 (phylogenetic group B2), long known as
the leading Gram-negative cause of newborn meningitis (13),
is also the most frequently recovered serotype in acute cystitis
the United States (9,14). Such pathogenic versatility highlights
the notion of “extraintestinal fitness” that has informed much
recent work on the UPEC strains (10) and is consistent with ev-
idence that colonization of the lower genitourinary tract serves
an important role in the ecology of these strains (15,16).

Uropathogenic E. coli are, thus, defined not only by their
source (they are cultured from the urine or blood of individuals
with symptomatic UTI), but also by the presence of putative
virulence factors; however, mere association does not estab-
lish whether these factors are truly involved in infection. The
concept of molecular Koch’s postulates has been very useful
for determining whether a putative virulence factor is indeed
important for infection. According to these postulates, a fac-
tor is considered a virulence determinant if the following three
conditions are met: (a) the factor is associated with virulent
strains, (b) inactivation of the gene encoding the factor results
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in attenuation of virulence in a relevant animal model, and
(c) virulence is restored when the gene encoding the factor is
reintroduced to the mutant (17). In the sections that follow,
we examine putative UPEC virulence factors and review what
is known regarding their role in infection, with emphasis on
fulfillment of these postulates.

Pathogenicity Associated Islands

Studying model UPEC strain 536, Hacker and colleagues noted
the spontaneous deletion of chromosomal regions leading to si-
multaneous loss of multiple, distinct virulence-associated phe-
notypes (18,19). Further characterization of the deleted seg-
ments led to the discovery of horizontally mobile, virulence
factor-rich clusters of DNA that they termed “pathogenicity
associated islands” (PAIs). Subsequently, these elements have
been discovered in a wide variety of bacterial pathogens, Gram-
positive and Gram-negative alike, with multiple PAIs described
in each of model UPEC strains 536, J96, and CFT073 (19–21).
In general, PAIs are 10 to 200 kb in size, carry virulence genes,
are inserted near or within tRNA genes, contain insertion se-
quences or other mobile genetic elements, and have a G+C
content different from the rest of the chromosome (22).

The contribution of mobile genetic elements to the emer-
gence of pathogenic strains from commensal populations has
been highlighted by the recent publication of several bacte-
rial chromosome sequences, including nonpathogenic K-12
lab strain MG1655 (23), enterohemorrhagic O157:H7 strain
EDL933 (24), and UPEC strain CFT073 (25). The chromo-
somes of these model strains differ not only in size—ranging
from 4.6 Mb (MG1655) to 5.5 Mb (EDL933)—but in content,
such that only 39.2% of their combined protein set are com-
mon to all 3 strains (25). E. coli chromosomes, then, appear
to be highly diverse mosaic structures, featuring a core genome
with a mostly homogeneous G+C content, along with a large,
flexible gene pool formed of mobile genetic elements such
as PAIs, conjugative plasmids, bacteriophages, transposons,
insertion elements, as well as by the recombination of for-
eign DNA into host DNA (22). The dynamic properties of
bacterial genomes may provide for continued emergence of
novel clones. Indeed, the recent detection of a globally dissem-
inated E. coli clone (“clonal group A”), accounting for up to
50% of trimethoprim-sulfamethoxazole-resistant cystitis and
pyelonephritis isolates (26,27), indicates the need for ongoing
surveillance.

Adhesins

The host-pathogen interactions that lead to urinary tract dis-
ease are initiated upon attachment of bacteria to epithelial cells.
This type of adherence is a highly specific phenomenon: tropism
for and within the urinary tract is mediated by molecular in-
teractions between adhesins on the bacterial surface and com-
plementary receptors on the epithelial cell membrane. Bacte-
rial adhesins often are integrated into fimbriae (also known as
pili), hair-like appendages composed of repeating subunits in
a helical array that protrude from the surface of the bacteria.
Alternatively, adhesins may take a variety of other forms.

Type 1 Fimbriae

Genes for the production of type 1 fimbriae are ubiquitous in
E. coli and related Gram-negative bacteria, and the fimbriae are
produced by more than 90% of all E. coli. Following initial vi-
sualization of these fimbrial organelles in 1950 (28), Brinton
(29) and Duguid (30) and colleagues independently made the

important observation that the ability of type 1 fimbriae to
agglutinate erythrocytes was inhibited by mannose; thus, they
are known as “mannose-sensitive” or “mannose-specific” ad-
hesive organelles. The nine-gene fim cluster encodes FimA (the
major structural subunit) and FimH (the tip adhesin), as well
as machinery for biosynthesis of the type 1 fimbriae (31–34),
via the chaperone/usher pathway (described in detail for the
structurally more complex P fimbria, subsequently).

By virtue of their ability to bind mannose-containing gly-
coproteins via the FimH adhesin, type 1-fimbriated bacteria
and/or isolated type 1 fimbriae adhere to a wide range of human
target cells, including buccal cells, colonic epithelial cells and
polymorphonuclear leukocytes (35–38). Comparative analysis
of UPEC and fecal strains, however, reveals that type 1 fim-
briae expressed by UPEC mediate up to 20-fold higher ability
to bind uroepithelial cells than the type 1 fimbriae expressed
by intestinal isolates (39,40). This distinct tissue tropism is
due to increased affinity of UPEC FimH variants for termi-
nal mono-mannose (M1) residues, resulting from acquisition
of single amino acid replacements that occur at various loca-
tions throughout the adhesin (41). The structural basis for this
functional heterogeneity has been clarified by the FimH crystal
structure, which was recently resolved (42,43).

Consisting of a lectin (receptor-binding) domain and a pilin
(fimbria-adapting) domain joined by a inter-domain linker
chain (42), the FimH adhesin binds mannose residues at the
distal end of the lectin domain within a deep cavity composed
of residues highly conserved among UPEC strains (43). Curi-
ously, however, the mutations conferring strong M1 adherence
map away from this binding cavity, primarily to the interface
between the lectin and pilin domains (44). The functional ba-
sis for this unexpected distribution was clarified by study of
conformational change between the two FimH domains dur-
ing mechanical stress. Thomas and colleagues observed that
fecal-type, low-M1-binding FimH variants mediate distinctly
stronger bacterial binding to target cells when shear force is
applied (shear-dependent binding), whereas UPEC-type, high-
M1-binding FimH variants mediate strong bacterial binding re-
gardless of shear force (shear-independent binding) (45). Com-
putational simulations based on the FimH crystal structure pre-
dicted that when shear force was applied to receptor-bound
FimH, the inter-domain linker chain would be extended, al-
lowing the two domains to move apart. Then, a specific linker
chain mutation predicted to ease linker extension (by reducing
hydrogen bonding to adjacent lectin domain loops) was intro-
duced into FimH by site-directed mutagenesis and its binding
properties evaluated. Like the naturally occurring, UPEC vari-
ants of FimH, the mutant exhibited shear-independent binding
with dramatically increased M1 binding strength, indicating
the functional relevance of linker chain extension in altering
adhesin-receptor interactions (45). The “force sensor” func-
tion of FimH provides a molecular mechanism for bacterial
discrimination between soluble and surface-anchored receptor
molecules. This capacity would allow bacteria to avoid inhi-
bition of binding during colonization of niches rich in soluble
mannosylated glycoproteins (such as the oropharynx). In con-
trast, shear-independent, strong M1 binding may mediate rapid
colonization of certain niches; however, the increased sensitiv-
ity to soluble inhibitors, as well as the limited ability to spread
across target surfaces during low shear, may represent an im-
portant functional trade-off with deleterious implications for
long-term fitness (45,46).

Elegant electron microscopy images by Mulvey and col-
leagues have demonstrated E. coli adhering via type 1 fimbriae
to umbrella cells of the murine bladder with the tips of the
fimbriae seen embedded in the central cavity of a hexagonal
array of uroplakin molecules (47). Uroplakins are glycopro-
teins that constitute the “asymmetric membrane unit” in uroep-
ithelium; they express terminal M1 residues and have been
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identified as the specific receptors for type 1 fimbriae in murine
bladder (48). Following type 1 fimbrial binding to superficial
epithelium, bacteria are rapidly engulfed by these cells, using
a zipper-like mechanism (49). Internalization is not observed
with an isogenic FimH-null mutant (50), but is observed using
polystyrene latex beads coated with FimH (49). Epithelial cell
engulfment of E. coli may then lead to the formation of “intra-
cellular bacterial communities” (discussed later in the chapter)
by which UPEC may avert the robust host inflammatory re-
sponse (51).

Additional efforts to demonstrate a UTI-related virulence
phenotype for type 1-fimbriated E. coli have focused on type
1 fimbrial expression, as fim cluster carriage is common to
pathogenic and commensal strains alike. Expression of these
pili is governed by an invertible genetic element containing the
promoter for the operon. When the invertible element is in
one position, transcription proceeds into the operon and pili
are made, whereas the opposite orientation precludes fimbrial
expression (52). Using mixed inocula of wild-type and phase-
locked mutants of CFT073, Gunther and colleagues studied
the role of phase variation during urinary tract colonization
in the CBA mouse model, in which bacteria are inoculated by
transurethral colonization into the bladders of strain CBA mice
(53). Phase-locked-on mutants were recovered from the blad-
der in greater numbers than wild-type bacteria at 24 hours, but
not 48 or 72 hours, indicating that phase variation is essential
to bladder colonization, particularly in the early stages of in-
fection. In addition, transcriptome analysis from microarray
studies of the CBA mouse model indicates high levels of type
1 fimbrial expression during bladder colonization (54). More
importantly, evidence from mouse studies strongly supports the
essential role of type 1 fimbriae in UTIs. A mutant unable to
make FimH is severely deficient in colonization of the urinary
tract in the murine model and complementation of the mutant
restores virulence (55); thus, molecular Koch’s postulates have
been fulfilled for the type 1 pili.

P Fimbriae

In 1976, Svanborg and colleagues demonstrated that E. coli
causing acute pyelonephritis adhered in greater numbers
in vitro to uroepithelial cells obtained from the urine of volun-
teers than did strains causing asymptomatic bacteriuria (56).
Such adherence was not inhibited by mannose, an observation
that excluded the well-studied type 1 fimbria as the responsible
binding organelle. This work rapidly led to the identification
of a new adhesin, the P fimbria. Other adhesins have been
identified since, but none have supplanted P fimbriae in their
predominance in acute pyelonephritis. Cloning of the fimbrial
genes by Hull and associates (31) and subsequently others (57,
58) led to the elucidation of the genetics and structure of P fim-
briae, much of which has been done by Normark and Hultgren
and their colleagues (59–64). Typically encoded within chro-
mosomal PAIs (22), the pap (pyelonephritis-associated pilus)
operon comprises 11 genes (Fig. 32-1) and is distributed selec-
tively within the E. coli species (12), unlike the ubiquitous fim
operon.

P fimbrial biogenesis has served as the paradigm for the as-
sembly of numerous other pili (65). Biogenesis of the fimbria
is dependent on an outer membrane channel, PapC, which has
a pore of sufficient diameter to allow pilin subunits, but not
intact pili, to pass (66). The energy driving pilus export across
the outer membrane is thought to arise in the favorable ther-
modynamics resulting from pilin subunit interactions in the
tightly packed pili. PapC functions as an usher with an ac-
tive role in selecting the order in which fimbrial subunits are
assembled (67). The PapD protein serves as a molecular chap-
erone, capping interactive surfaces on nascent pilin subunits as

they emerge through the cytoplasmic membrane and prevent-
ing premature subunit–subunit interactions (68). The fimbria is
composed of a proximal shaft joined end-to-end with a flexible
fibrillar tip, at the end of which is the receptor-specific PapG
adhesin. The fimbrial shaft is composed of about 1,000 PapA
proteins arranged in a helical pattern and is anchored to the
PapC outer membrane usher by PapH. At the distal end of the
shaft, PapK links the shaft to the fibrillum, which is composed
of repeating subunits of PapE. PapF links the tip adhesin, PapG,
to the distal end of the fiber. The structure of the P fimbria al-
lows the tip adhesin to project beyond the lipopolysaccharide
and capsular material covering the organism. The fiber on the
distal end of the shaft appears to be flexible, a property that
is likely required by the “side-on” binding pocket orientation
of the PapG adhesin, the crystal structure of which (PapG II
variant) has been resolved (69).

Kallenius and associates found that pyelonephritogenic
E. coli strains agglutinated erythrocytes expressing the P blood
group antigens, which are glycosphingolipids consisting of a
lipid moiety anchored in the cell membrane and a carbohydrate
chain on the erythrocyte surface. A review of these known car-
bohydrate portions suggested that the common receptor moi-
ety for P fimbriae may be a digalactoside, α-D-Gal-(1α4)-ß-D-
Gal (termed hereafter gal-gal disaccharide) (70). Demonstrat-
ing that pyelonephritogenic E. coli bound red blood cells ob-
tained from persons of P antigen phenotype much more avidly
than from those lacking this phenotype, and that binding was
inhibited by the synthetic gal-gal disaccharide, they named the
fimbriae “P fimbriae” for P blood group antigen (71). These
data are consistent with knowledge that globosides containing
the gal-gal disaccharide are the predominant glycolipid found
in human kidney tissue, particularly epithelial cells (72). Ko-
rhonen and colleagues subsequently used frozen sections of hu-
man tissue to show binding of purified P fimbriae to proximal
tubular, distal tubular, collecting duct, and bladder epithelial
cells (Table 32-1) (73–75).

The epidemiologic association of P fimbriae with acute
pyelonephritis (and to a lesser extent, with cystitis) identified
by Svanborg and colleagues was subsequently confirmed by
numerous studies (7,76–86). In an analysis of published, con-
trolled studies, Donnenberg and Welch reported that E. coli
from otherwise healthy patients with pyelonephritis are six
times more likely to possess P fimbriae than are strains from the
feces of controls (87). Approximately 80% of such strains have
P fimbriae. Furthermore, there is a strong relationship between
the severity of infection and the prevalence of P fimbriae. It is
interesting to note that unlike type 1 fimbriae, only E. coli, not
other Gram-negative rods, carry the genes for P fimbriae (88).

Mouse and monkey models of ascending UTIs have been
particularly useful in confirming the importance of P fimbriae,
as these species express renal epithelial receptors similar to
those in humans (89–93). Studies using genetic mutants of P
fimbriae (90,91,94), soluble gal-gal receptors as inhibitors (95),
and purified P fimbriae as vaccines (91,96–99) have supported
the concept that P fimbriae are important in acute pyelonephri-
tis. In one such study, a mutant identical to the virulent clinical
isolate except for lack of the PapG adhesin caused significantly
less renal damage than its adhesin-positive relative, although
both strains were able to colonize the kidney. There was no dif-
ference between the strains in colonization of the bladder (94).
The result of complementing the mutant to restore produc-
tion of P fimbriae was not studied, and thus molecular Koch’s
postulates were not fulfilled. Furthermore, in a mouse model
of ascending UTIs, deletion of both copies of the tip adhesins
from a highly virulent pyelonephritis strain that has two copies
of the pap operon had no effect on colonization of bladder or
kidneys (100).

P fimbriae comprise a family in which the P fimbrial shaft
is homologous; the distinction among family members is in
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FIGURE 32-1. A: Model of P-fimbria construction. B: Pap gene operon for P fimbria. (Reprinted from:
Kuehn MJ, et al. P. pili in uropathogenic E. coli are composite fibers with distinct fibrillar adhesive tips.
Nature 1992;356:252, with permission.)

TA B L E 3 2 - 1

BINDING OF E. COLI ADHESINS TO HUMAN KIDNEY AND BLADDER

Adhesin bindinga

P fimbria FIC fimbria S fimbria Type 1 fimbria Dr adhesin

Kidney
Bowman’s capsule +++ — +++ — +++b

Glomerulus +++ — +++ — —
Proximal tubule ++ — ++ +++ +++b

Distal tubule ++ ++ ++ (+) +++b

Collecting duct + ++ ++ (+) +++b

Vessel walls +++c +++c +++c +++ —
Urinary bladder
Epithelium + — ++ — +
Vessel walls +++c +++c +++c ++ —
Muscular layer + + + +++ +
Connective tissue — — ++ — +++
aBinding to tissues is graded from +++ (intense) to – (not detectable); (+) denotes very weak binding.
bTo capsular or tubular basement membranes.
cMainly to endothelial cells.
(Reprinted from: Korhonen TK, et al. Tissue tropism of Escherichia coli adhesins in human extraintestinal infections. Curr Top Microb Immunol
1990;151:115, with permission.)
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FIGURE 32-2. Preferred conformations and
epitope presentations of gal-gal disaccharide-
containing glycosphingolipids as receptors for the
three PapG adhesins of P fimbriae. (Reprinted
from: Stromberg N, et al. Saccharide orientation
at the cell surface affects glycolipid receptor
function. Proc Natl Acad Sci USA 1991;88:9340,
with permission.)

the tip adhesin, PapG (101,102). The distinct adhesin types
were first identified by differences in binding characteristics;
it now appears that each adhesin type attaches to a distinct
functional portion of the gal-gal disaccharide-containing gly-
cosphingolipids, based on the length of the carbohydrate chain
exposed on the surface of the eukaryotic cell, and thus on
the stereometric positioning of the gal-gal moiety (Fig. 32-2)
(69,102). PapG I, the adhesin variant coded by the first pap
cluster cloned by Hull and associates (31), has subsequently
been found in limited numbers of other UPEC strains (103). P
fimbriae bearing adhesin PapG II are much more common and
are in fact the predominant P fimbrial class in pyelonephritis.
PapG III fimbriae, bearing the so-called PrsG adhesin, is more
common in cystitis strains (104–106).

Adhesins with Less Established Roles in
Urinary Tract Infections

Dr Adhesin

The Dr adhesin family is composed of fimbrial and afimbrial
structures on the surface of E. coli that bind to the Dr blood
group antigen (107), a portion of the membrane protein decay-
accelerating factor (DAF) that prevents host cell lysis by com-
plement (108, 109). Dr adhesin-bearing E. coli bind to bladder
epithelium and have been associated epidemiologically with
recurrent UTI in young adults and pyelonephritis in pregnant
women (110). While all Dr family adhesins characteristically
bind DAF, only DraE binds type IV collagen of basement mem-
branes as well (Table 32-1) (111). This dual receptor specificity
was investigated by creation of a mutant DraE in which type IV
collagen binding was abolished but DAF binding retained. In
a mouse model of chronic UTI, the mutant-bearing strain was
able to colonize the kidney, but was eliminated in 6 to 8 weeks,
while the native protein-bearing, isogenic strain caused persis-
tent infection lasting at least 14 weeks (112). These provocative
findings indicate that in addition to DAF binding, the extracel-
lular matrix binding mediated by Dr fimbriae may contribute
to establishment of chronic UTI by E. coli.

F1C Fimbriae and the S Fimbria Family

A family of E. coli fimbriae that includes S, F1C, and Sfa pili
has highly related biogenesis genes but different adhesin alleles.
These pili have been linked to UTIs and other extraintestinal
infections, particularly neonatal meningitis. Although the epi-
demiology of these pili remains poorly studied, pooled data

from several reports indicate that F1C fimbriae in particular
are more common among pyelonephritis and cystitis strains
than among fecal strains of E. coli (87). Although they do not
agglutinate erythrocytes, F1C fimbriae are expressed in vivo
and adhere to human distal tubular and collecting tubular ep-
ithelium and vascular endothelium on kidney cross sections
(Table 32-1) (75). Recently, the F1C fimbriae were reported to
interact with two minor glycosphingolipids isolated from rat,
canine, and human urinary tracts: galactosylceramide, found
throughout the urinary tract (except in urethra), and globo-
triaosylceramide, expressed specifically in the kidney (113).
Further, F1C-fimbriated bacteria induced IL-8 production in re-
nal epithelial cells to levels produced by adhesion of type 1- and
P-fimbriated bacteria, supporting a role for F1C in pyelonephri-
tis. However, isogenic mutant experiments to determine the role
of these pili in UTIs have not been reported.

Other Putative Virulence Factors

One might imagine that mere attachment of bacteria to an ep-
ithelial cell surface is insufficient to cause symptomatic disease.
Clues to additional virulence-related bacterial features have
been derived from epidemiologic studies (7). In many cases,
possible roles for these putative virulence factors have been
explored in animal and in vitro systems.

Hemolysin

Since the early 1900s, certain E. coli strains have been known
to lyse erythrocytes, detected as a zone of clearing around the
bacterial colony on a blood agar plate. In 1921, Dudgeon and
colleagues found that about 50% of E. coli that cause UTIs
were hemolytic (114), a finding substantiated by numerous re-
cent studies. The responsible factor, hemolysin, is a 107-kDa
toxin belonging to the RTX (“repeats in toxins”) family, a
group of proteins sharing a glycine- and aspartate-rich non-
apeptide motif repeated in tandem near the C terminus (115).
The four-gene hemolysin operon is encoded on the chromo-
some of UPEC strains, often adjacent to genes encoding P fim-
briae on the same PAI (116,117). Thus, it is not surprising that
UPEC are twofold to threefold more likely to have the hly genes
than are fecal strains (87).

The gene cluster for hemolysin encodes four proteins: HlyC,
HlyA, HlyB, and HlyD (118,119). The hlyA gene encodes pro-
hemolysin, which is acylated to the active, mature lipopro-
tein by HlyC (120). HlyB (an ATP-binding cytoplasmic mem-
brane protein) and HlyD (a cytoplasmic membrane protein
with a large periplasmic domain), together with TolC (an outer
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membrane protein not encoded within the hemolysin operon),
form an export complex by which hemolysin is secreted into
the surrounding media (121,122). Once in the external envi-
ronment, hemolysin binds calcium using its RTX consensus
repeats to generate a functional tertiary structure and bind to
cell membranes (123–125). Target cell surface receptors iden-
tified for HlyA include a β2-integrin in leukocytes (126) and
glycophorin, an integral membrane protein, in red blood cells
(127). Amino acid residues 914–936 appear to constitute the
major glycophorin-binding region, as demonstrated by the abil-
ity of a peptide containing these residues to protect red blood
cell suspensions against HlyA challenge (128). Rather than
forming a pore through the membrane, as originally proposed,
it appears that hemolysin produces cytolysis by inserting only
into the outer leaflet of the host cell membrane (125), via its
N-terminus domain.

In addition to its ability to lyse erythrocytes, E. coli
hemolysin is cytotoxic to other human blood cells, such as poly-
morphonuclear leukocytes, monocytes, mast cells, basophils,
and lymphocytes (129–133). In cystitis and acute pyelonephri-
tis, however, E. coli hemolysin may also directly contribute to
infection through its effects on uroepithelial cells. The lethality
of the toxin has been demonstrated in renal tubular epithelial
cells from rat (134) and human (135,136), as well as in human
bladder epithelial cells (137). More recently, sublytic concen-
trations of hemolysin were reported to induce oscillations of
intracellular calcium concentrations in renal tubular epithelial
cells, and these oscillations were associated with induction of
IL-6 and IL-8 expression (138). Abolition of the oscillations by
use of a glutamate receptor antagonist indicate that, unlike the
lethal effects, the sublethal effects of hemolysin may be due to
an inhibitable, receptor mediated interaction with the host cell
(139). These results suggest a role for hemolysin in stimulating
the host response to the bacteria. In spite of evidence for its con-
tribution to virulence in several infection models, hemolysin’s
role in UTI has not been clearly demonstrated by appropriate
studies using deletion mutants.

Cytotoxic Necrotizing Factor (CNF1)

CNF1 is a fascinating, 115-kDa toxin that induces the for-
mation of stress fibers in cells by deamidating and constitu-
tively activating members of the Rho family of small, actin-
regulatory GTPase proteins (140,141). Paradoxically, once
thus activated by CNF1, Rho proteins are rapidly degraded
in the ubiquitin-mediated proteasomal pathway of the host
cell (142). Nonetheless, CNF1 intoxication effectively confers
epithelium-invasive properties upon UPEC (142,143), and trig-
gers production of proinflammatory cytokines in both epithe-
lial (144) and endothelial cells (145). The physical linkage of
CNF1 and hemolysin on PAIs (146,147) led to studies indicat-
ing that these two important toxins may in fact be coregulated
in UPEC, by novel means (148) involving the virulence-related,
regulatory protein RfaH (149). Although epidemiologic data
and in vitro studies indicate an important role for CNF1 in
urinary tract disease, direct comparisons of the virulence of
wild-type UPEC strains with their isogenic cnf1 mutants in dif-
ferent murine models of UTIs have so far yielded conflicting
results (150,151).

Secreted Autotransporter Toxin (Sat)

Enterobacterial autotransporter systems enable translocation
of proteins across the inner membrane, presumably via the
Sec system, and across the outer membrane through a ß-barrel
porin structure formed by the C-terminus autotransporter do-
main. A 107-kDa protein termed Sat (secreted autotransporter
toxin) is secreted significantly more often by E. coli strains
causing acute pyelonephritis than by fecal strains (152). Orig-
inally isolated from model pyelonephritis strain CFT073, Sat

showed highest similarity to two known SPATE (serine pro-
tease autotransporters of Enterobacteriaceae) (153) proteins,
Pet and EspC, but has homology with virulence-related pro-
teins (including adhesins, invasins, and toxins) from a range
of E. coli pathotypes. In addition to serine protease activity,
Sat displays cytopathic (specifically, cytoplasmic vacuolating)
activity on human bladder and kidney cell lines (154). In an an-
imal model of ascending UTIs, Sat produced cytopathic effects
in the CBA mouse kidney (though not in the bladder), but was
not required for urinary tract colonization (154). In addition,
SPATE proteins Pic and Tsh are expressed by CFT073 in the
urine of transurethrally infected mice and are more prevalent
among UPEC than among fecal isolates, but do not yet have a
demonstrated role in urinary tract virulence (155).

Siderophores

Like all living cells, bacteria require iron for important func-
tions such as electron transport and oxygen transport and stor-
age. Infecting bacteria are confronted with iron limitation be-
cause most mammalian hosts sequester iron using proteins
such as transferrin and lactoferrin. However, bacteria have
evolved low-molecular-weight chelators called siderophores
(Greek sideros, iron; and phoros, bearing) in order to acquire
host iron for their own use. Aerobactin, the most effective
siderophore produced by E. coli, is secreted into the medium,
binds iron, and is then reclaimed by the bacterium via a receptor
protein. To date, several additional siderophores and receptors,
including yersiniabactin (fyu) (156), ireA (157) and iroN (158)
have been identified among UPEC strains. The siderophore re-
ceptor iroN contributed to E. coli virulence in a mouse model
of UTI (158) and has been proposed as a UTI vaccine candi-
date (159). Individual UPEC isolates frequently encode multi-
ple iron acquisition systems (25), and many strains can also uti-
lize heme as an iron source by expressing the chuA outer mem-
brane receptor (160). It is not yet understood to what extent
these systems serve distinctive roles (161) or may be redundant
in these bacteria. However, the importance of iron utilization
in UTI has been emphasized by fulfillment of molecular Koch’s
postulates for TonB (162), a cytoplasmic membrane protein
that provides energy to the outer membrane receptors involved
in transport of iron compounds (163). A TonB-negative deriva-
tive of CFT073, unable to utilize heme or the siderophores en-
terobactin and aerobactin, exhibited attenuated virulence in a
murine UTI model and restoration of virulence upon introduc-
tion of a TonB-containing plasmid. In addition, CFT073 mu-
tants deficient in either aerobactin or heme transport (chuA)
were able to colonize murine bladder and kidney when inocu-
lated in pure culture, but were outcompeted by the wild-type
strain when introduced in mixed culture (162).

O Antigens

E. coli strains are serotyped on the basis of a system developed
by Kauffmann in the 1940s (164). The three determinants of
serotype still in use are the O, or somatic antigen; the K, or
capsular antigen; and the H, or flagellar antigen (165). Pre-
cise serotype determination is a laborious process that involves
the use of hundreds of cross-absorbed antisera to determine to
which of the 173 O, 80 K, and 56 H types a strain belongs.
As many as 50,000 different E. coli serotypes exist (in addition
to nontypable strains, commonly found in fecal flora); yet, as
pointed out decades ago by Kauffmann, a limited number ac-
count for a large proportion of the strains that cause human
infection. Although certain of the O-antigen serogroups are
overrepresented in symptomatic UTIs, with O1, O2, O4, O6,
O7, O8, O16, O18, O25, and O75 accounting for the ma-
jority of isolates (7), the association of particular serogroups
with disease is confounded by other potential virulence fac-
tors that are found significantly more frequently in serogroups



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-32 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:50

822 Section VI: Infections of the Urinary Tract and the Kidney

associated with infection (81,166,167). It should also be noted
that carriage of shared serotype antigens does not guarantee
the phylogenetic relatedness of E. coli strains (168), due to the
horizontal mobility of antigen determinant clusters. Although
isogenic mutant studies have suggested that ability to synthe-
size an O antigen in general is required for UTI pathogenesis
(169), there is no experimental evidence that having a particu-
lar O antigen type per se increases the pathogenic potential for
an E. coli strain.

Capsular Polysaccharides and Serum Resistance

The ability to grow in the presence of human serum is a com-
plex phenotype in E. coli that depends on multigenic prop-
erties, including lipopolysaccharide, outer membrane proteins,
and the ability to make a carbohydrate capsule (170,171). Cap-
sules also play a role in resistance to phagocytosis in the absence
of anticapsular opsonizing antibody (172). The epidemiologic
data concerning the occurrence of capsule in strains isolated
from patients with UTIs are contradictory and quite confusing.
A review of the published data did not confirm the common be-
lief that certain capsules are more common in UPEC than other
E. coli, nor did it confirm that particular encapsulated strains
were more likely to be resistant to human serum (87). Like-
wise, experimental studies of different capsule types in which
wild-type isolates were compared with isogenic, unencapsu-
lated mutants in mouse models of ascending UTIs have yielded
conflicting results in support of a role for capsule production
in urovirulence (22,169). While insertion of a signature-tagged
transposon into the (K2) kps cluster of strain CFT073 attenu-
ated virulence in a murine model of UTIs, the defect was not
complemented (173).

Vaccine

Langermann and colleagues (174) developed a vaccine using
the type 1 fimbrial adhesin protein (FimH), which binds to
mannosylated receptors in the urinary tract, for protection
against the development of UTIs. This vaccine, administered in-
traperitoneally, successfully protected mice from transurethral
challenge with a uropathogenic E. coli strain; bladder colo-
nization was reduced by 99%. Similar success was achieved
in cynomolgus monkeys (175), but clinical experience in hu-
mans has yet to be published. A similar strategy utilizing the
purified P fimbrial adhesin (in an adhesin/chaperone complex)
as a vaccine antigen protected cynomolgus monkeys against
pyelonephritis on challenge by a P-fimbriated E. coli strain
(176). Other vaccine candidates recently proposed and studied
in animal models include the Dr adhesin (177) and siderophore
receptor iroN(159).

Summary

The concept that certain traits are more common among
E. coli isolated from patients with UTIs than among fecal E. coli
is now well established; however, it is important to note that
none of the recognized putative virulence factors is present in all
strains from cases of pyelonephritis or cystitis, even when only
normal hosts are considered. Exploring the genotypic diversity
of UPEC strains, comparative genomic approaches have re-
vealed the mosaic structure and highly dynamic nature of bacte-
rial chromosomes, while the detailed study of PAIs has begun to
elaborate how multiple virulence factors may be coordinately
regulated in the course of complex programs of pathogenesis.
Given these considerations, what generalizations are possible
regarding UPEC? First, UPEC are a heterogeneous collection
of strains that differ greatly in phenotypic properties within
the group, as well as in comparison to other E. coli strains.

Second, UPEC often express specific adhesins—most notably
type 1 fimbriae and P fimbriae, which aid in colonization of
the urinary tract. Third, many UPEC possess toxins such as
hemolysin and CNF that may contribute to tissue damage, but
the actual roles of these factors in disease remain only partially
understood. Likewise, the contributions to UTI pathogenesis of
other attributes common among UPEC strains (e.g., O antigen,
capsule and serum resistance) have not been fully elucidated to
date. Thus, despite years of study, much remains to be learned
about the disease-causing abilities of uropathogenic E. coli.

THE HOST

The ability of an organism to cause symptomatic disease is the
net effect of the bacterium’s virulence properties and the host’s
responses to prevent colonization, inhibit bacterial growth,
clear the organism from the body, contain the invader or its
effects, or kill the organism.

Urine

Voiding

The most effective mechanism of the host to protect itself from
UTIs is one of the simplest. The process of voiding is a highly
efficient means of clearing bacteria from the normally function-
ing urinary tract (178–181); urination flushes out more than
99.9% of organisms that have recently entered the bladder
(180). A shear-dependent mode of fimbrial binding (described
for type 1 fimbriae, above) may provide means to counter this
defense, by firmly anchoring the bacteria to urinary tract ep-
ithelium during periods of urine flow (45).

Composition

Even after effective voiding, a film of urine remains adherent
to the bladder mucosa and can then inoculate subsequently
formed urine. A number of investigators have demonstrated
that human urine often allows growth of known uropathogens
(178,180), especially E. coli, which can outcompete other or-
ganisms (182). Although urine composition varies among indi-
viduals, and varies with diet, hydration, and related factors, it
has been established that high osmolality and urea concentra-
tions inhibit bacterial growth (183,184), and that measurable
oxygen tension in urine can kill anaerobic bacteria that prevail
among colonic strains (182).

Tamm-Horsfall Protein

Urinary mucus is primarily composed of aggregates of Tamm-
Horsfall protein (THP, also known as uromodulin), a glyco-
protein produced by epithelial cells of the ascending limb of
the loop of Henle. Orskov and colleagues noted that type 1-
fimbriated E. coli bound to urinary mucus (185, 186) via what
was later determined to be mannose-sensitive binding to THP
(187). This prompted speculation that THP suspended in urine
might bind type 1-fimbriated E. coli and prevent adherence
to bladder epithelium. However, subsequent studies indicated
not only that THP levels typically found in urine were un-
likely to block target cell adhesion (188–191), but also that
very low THP concentrations may even enhance binding of
type 1-fimbriated bacteria to uroepithelium (190). Recently,
however, comparison of wild-type and THP-knockout mice
demonstrated that type 1-fimbriated, but not P-fimbriated, bac-
teria produce longer duration of bacteriuria and more intense
colonization of the bladder in the absence of THP (192).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-32 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:50

Chapter 32: Host–Pathogen Interactions and Host Defense Mechanisms 823

Bladder Epithelium

Glycosaminoglycan

A layer of glycosaminoglycan (GAG) overlies epithelial cells
in the normal bladder. A series of studies by Parsons and as-
sociates demonstrated that this lining inhibits bacterial adher-
ence to the underlying epithelium (193–197), while removal
of this layer enhances adherence. Regeneration occurs within
24 hours, and bacterial adherence to epithelium is once again
inhibited. GAG makes the bladder surface more hydrophilic,
forming a low-energy interface with urine that tends to inhibit
bacterial adhesion (198). In experimental cystitis, this layer can
be disrupted by infection, with subsequent binding of organ-
isms to the bare epithelium (199,200). Based on these observa-
tions, intravesical instillation of hyaluronic acid to restore in-
tegrity of the GAG layer has shown promise in an uncontrolled
study of human volunteers with recurrent UTIs (201).

Attachment, Internalization, and Exfoliation

Upon reaching the bladder, E. coli attach via type 1 fimbriae
to mannosylated uroplakin proteins present on the superficial
umbrella cells of the urinary mucosa (50), triggering a com-
plex series of events that has been carefully studied by Hult-
gren, Mulvey and colleagues. Activation of host cell GTPases
of the Rho family (including Cdc42 and Rac1) leads to in-
duction of focal adhesin kinase/phosphoinositide-3 kinase and
vinculin/α-actinin complexes, producing localized actin rear-
rangements by which type 1-fimbriated E. coli, but not iso-
genic fimH-null mutants, are promptly engulfed (49). This in-
vasion of the superficial epithelium thus provides a protected
intracellular niche that allows some proportion of the infecting
UPEC to avert the robust response of the host innate immune
system.

At six hours following inoculation, massive exfoliation of
apoptotic bladder epithelial cells takes place (47), carrying
many bound organisms into the urine for subsequent voiding.
This phenomenon has been described by several investigators
in previous animal models (200,202–204), and indicated by
the morphologic changes observed by Elliott and colleagues on
scanning electron microscopy of human bladder biopsy tissue
(205,206). This innate host defense mechanism leaves exposed
the underlying, less differentiated intermediate cells of the blad-
der mucosa, which rapidly differentiate to superficial epithelial
cells over the next 12 to 48 hours (207). Using a functional ge-
nomics approach, Mysorekar and colleagues characterized the
dramatic response of murine bladder epithelium to the binding
of type 1-fimbriated E. coli. Quite distinct from the extremely
low rate of localized turnover that normally marks sloughing
during bladder epithelial renewal (208), UPEC-infected blad-
der activates an intricate network of regulatory and signaling
pathways that mediate urothelial regeneration and induce ex-
pression of proinflammatory mediators, including inducible ni-
tric oxide synthase, IL-6 and Mip-2, the mouse ortholog of IL-8
(207).

Persistent Intracellular Reservoirs

A number of observations, both clinical and experimental,
have led to interest in the possibility of long-term intracel-
lular colonization of the bladder by UPEC. Following acute
infection of the bladder, approximately one in four women ex-
perience recurrence within 6 months despite antibiotic ther-
apy, with one-third of recurrent E. coli UTIs being caused
by the index-episode strain (209). Although bacteria have
been observed adhering to the bladder tissue of previously in-
fected individuals whose urine had been sterilized by antibi-

otics (205,206), biopsy specimens from human cystitis cases
have not, to our knowledge, been examined by transmis-
sion electron microscopy to evaluate internalization of or-
ganisms by bladder epithelial cells. Animal models of cys-
titis (199,202,203), however, as well as in vitro studies of
cultured human bladder cells (47), have demonstrated this phe-
nomenon. Finally, over a 6-week period following acute blad-
der infection with UPEC, Schilling and colleagues detected at
least one bacteriuric recurrence in 5 of 14 mice, and more than
one recurrence in 3 of 14, and observed persistence of bac-
teria in the murine bladder despite 10 days of treatment with
trimethoprim-sulfamethoxazole (210). These provocative find-
ings raise the question as to whether recurrent UTIs are due
primarily to de novo infections with the same strains by rein-
troduction from a persistent vaginal, fecal or environmental
(household member or pet) reservoir, or rather to reemergence
of bacteria from a persistent reservoir within the bladder.

Recently, Justice and colleagues used time-lapse video mi-
croscopy to visualize the postinternalization behavior of GFP-
labeled UPEC inside murine bladder epithelial cells, and de-
scribed distinctive stages in the development of what they have
termed intracellular bacterial communities (IBCs) (51). Early
IBC formation occurs in the first 6 to 8 hours after inoculation,
and consists of rapid bacterial division that produces loosely
associated, amorphous clumps of organisms in the host cell cy-
toplasm. Between 6 to 8 hours after inoculation, a dramatic
phenotype switch occurs, featuring a shortening of bacterial
morphology and a twofold increase in doubling time. This IBC
maturation produces a tight, highly organized collection of bac-
teria that is appreciated as a pod-like protrusion on the bladder
surface (211). The resulting middle IBC exhibits many proper-
ties typical of biofilms—collections of surface-attached bacteria
demonstrating community behavior (212)—including expres-
sion of type 1 fimbriae (213), antigen 43 (214) and polysaccha-
ride matrix (212). Once established in the intracellular niche,
UPEC are protected from engulfment by arriving neutrophils,
while extracellular bacteria are readily cleared (211). Thus, in-
tracellular biofilm formation promotes bacterial persistence in
the bladder by protecting from immune effectors and presum-
ably, by virtue of barriers to permeability and a reduced rate
of growth, from antibiotics (210).

Starting 12 hours postinoculation, the late IBC forms, as
bacteria along the edge of the biofilm begin to differentiate
into typical rod morphology and detach from the group. These
bacteria are highly motile (likely due to flagellar expression)
and begin “fluxing” out of infected cells, individually or en
masse (215), completing the first round of the developmen-
tal process. Once escaped, the bacteria may filament up to 70
μm or more in length (51, 215), in which form PMNs appear
unable to ingest or kill them. By attaching to and invading
another epithelial cell, the bacteria initiate a second round of
IBC formation, which proceeds more slowly than the first, and
subsequent rounds may follow, by which time the reservoir is
established. After several days, a quiescent reservoir of bacteria
remains inside an intact layer of superficial epithelium. With-
out further apparent action by host or bacteria, the UPEC may
persist in such state for months (210, 215). Events that lead to
recurrence are unclear, but may involve reentry into the char-
acterized cycle at the point of early IBC formation (51). While
this elegant and important study represents the first description
of intracellular biofilms in living tissue, the formation of such
communities in human bladder remains to be demonstrated.

Ureter

Vesicoureteral reflux is uncommon in the normal adult uri-
nary tract, and the means of bacterial ascent from bladder to
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kidneys in these individuals is unclear; however, it is known that
E. coli adhere to human ureteral mucosa (37,216,217). This is
mediated by type 1 fimbriae, which can bind to superficial as
well as intermediate cells, and by P fimbriae, which can bind to
intermediate cells. Furthermore, there are in vivo and in vitro
findings indicating that disordered ureteral peristalsis during
infection may also contribute to bacterial ascent (218,219).

Kidney

Once organisms reach the pelvis of the kidney, the subse-
quent steps that lead to acute pyelonephritis are unknown.
Whether pyelonephritogenic organisms bind to pelvic epithe-
lium or move into the collecting system and bind to collecting
duct or distal or proximal tubular epithelium is unclear. The
medullary kidney may be more susceptible to infection than the
cortex possibly owing to lower blood flow, higher osmolality,
and/or lower pH, which may adversely affect leukocyte activity
(220).

While organisms adherent to epithelium have not been
sought in the few biopsy or autopsy specimens of human cases
of early acute pyelonephritis, such biopsies have demonstrated
bacteria internalized in renal tubular epithelial cells (221). In
animals, bacteria adherent to pelvic and distal and proximal
tubular epithelium have been identified, often tethered to the
epithelium by fimbria-like structures (222–228). Furthermore,
a number of investigators have observed bacteria inside pelvic,
proximal tubular and/or distal tubular epithelial cells, usually
contained within membrane-bound vacuoles, suggesting that
the epithelial cell is capable of a process similar to phagocyto-
sis (223–228). Internalization of bacteria into cultured human
renal epithelial cells has been demonstrated (229) in a process
involving tyrosine phosphorylation (230,231), but the fate of
the epithelial cell and internalized bacteria in such a situation is
unclear (225,227,228). The human renal epithelial cell, then,
appears capable of active internalization of bacteria during up-
per tract infection, but the significance of this activity in tissue
damage and/or bacterial clearance remains to be studied.

Inflammatory and Immune Responses

Symptomatic UTI—whether cystitis or pyelonephritis—
represents an acute inflammatory response, and the severity
of infection reflects the magnitude of inflammation. Specifi-
cally, the outcome of bacterial intrusion into the urinary tract
appears to be determined primarily at the mucosal surface by
the innate immune response generated by the host (232). This
response begins with specific interactions between bacterial sur-
face structures and epithelial cell receptors, leads to activation
of host cell signaling pathways and release of immunomodu-
lators (including cytokines and chemokines), and results in the
recruitment of leukocytes. On the other hand, the adaptive re-
sponse, with humoral and cell-mediated components, develops
more slowly, and thus may contribute more to chronic/repeat
UTIs than to acute infections.

Innate Immunity

By recognizing conserved molecular elements of commonly en-
countered microorganisms, the toll-like receptors (TLRs) pro-
mote the mammalian host’s rapid response to bacterial infec-
tion. While sharing structural features and host cell signaling
pathways, the TLRs each recognize a distinct, specific ligand,
with the best studied of the receptors to date, TLR4, recog-
nizing bacterial lipopolysaccharide (LPS), in concert with host
molecules CD14, MD-2, and LPS binding protein (233). Dis-
covery that an inactivating point mutation in the cytoplasmic

tail of TLR4 accounts for the well-known, LPS-unresponsive
phenotype of mouse strain C3H/HeJ (234) has led to extensive
research into the host innate immune response to E. coli UTI.

After UPEC infection of the urinary tract, TLR4 signal-
ing leads to a rapid influx of polymorphonuclear leuko-
cytes (PMNs). Haraoka and colleagues demonstrated that this
TLR4-dependent recruitment is essential to successful resolu-
tion of UTI, with the finding that TLR4-competent C3H/HeN
mice recruit PMNs and are able to clear virulent UPEC (235),
while TLR4-deficient C3H/HeJ mice demonstrate minimal
PMN response and experience UPEC persistence in tissue
(235,236). With TLR4 expression by hematopoietic cells (such
as macrophages and dendritic cells) already well established,
Schilling and colleagues undertook a reciprocal bone marrow
transplantation approach to evaluate the role of TLR4 expres-
sion by epithelial cells in the murine response to UTI (237).
The investigators compared the responses to UPEC challenge
of wild-type, TLR4-competent mice with two chimeric strains:
TLR4-competent mice transplanted with marrow from TLR4-
deficient mice (thus, TLR4-competent epithelium and TLR4-
deficient neutrophils) and TLR4-deficient mice transplanted
with marrow from TLR4-competent mice. The finding that nei-
ther chimeric strain was effective in clearing the infection sup-
ported a conclusion that the hematopoietic compartment alone
is insufficient in mounting a protective inflammatory response
to E. coli UTI in the mouse, and thus TLR4-dependent, epithe-
lial activation and signaling play an essential role (237). Ex-
pression of TLR4 and responsiveness to LPS have been demon-
strated in human bladder epithelium using several distinct
tumor cell lines (238), but there have been conflicting findings
(due to differences in tumor cell line selection) as to the involve-
ment of other host factors—particularly membrane-bound ver-
sus soluble CD14—in the TLR4/LPS interaction (238,239).

Type 1 and P fimbrial adhesion also contribute to epithelial
cell activation, although by distinct (and not fully understood)
mechanisms. While CD14-negative epithelial cells (e.g., human
cell line A498) are poorly reponsive to free LPS, type 1 fimbriae
are able to deliver an LPS-dependent signal to CD14-negative
epithelial cells via the TLR4 pathway (239). P-fimbriated bac-
teria appear to stimulate uroepithelial cells in two ways. First,
by binding to glycosphingolipid (GSL) receptors on human kid-
ney epithelial cells in vivo, P-fimbriated bacteria trigger release
of ceramide, the GSL receptor’s membrane-anchoring domain,
and activate a cellular signaling pathway leading to IL-6 se-
cretion (240). Second, P-fimbriated bacteria recruit TLR4 as a
co-receptor and activate an LPS-independent signal in CD14-
negative, human kidney epithelial cells, leading to an increase
in TLR4 mRNA levels (241). While it is unclear whether P
fimbriae might also deliver an LPS-dependent signal in CD14-
positive cells, it is clear that specific fimbrial interactions are
important in host cell activation.

Polymorphonuclear leukocytes have been noted within the
urine of patients with UTI since the microscope was invented,
and while most of these PMNs are viable, only 2% to 3%
contain ingested bacteria (242). PMNs may ingest pathogens
with or without prior opsonization. Opsonins are host fac-
tors that enhance phagocytosis (Greek opson, seasoning; and
phagein, to eat), and the process by which they enhance in-
gestion by leukocytes is known as opsonophagocytosis. The
most important serum opsonins are complement components
and immunoglobulins, but evidence indicates that in urine, IgG
and IgA may serve as the main opsonins (243).

The ability of phagocytes to ingest E. coli even in the ab-
sence of complement or immunoglobulin has been partially
explained by observations that certain bacterial surface com-
ponents can mediate phagocytosis. Type 1 fimbriae, and the
FimH adhesin in particular, are important in this process (244–
247); thus, this process has become known as lectinophagocy-
tosis (lectin, in this sense is a synonym for adhesin) (244). It
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is important to note, however, that type 1-mediated phagocy-
tosis is associated with relatively low bactericidal activity by
both PMNs and macrophages (248–250). In fact, a wide va-
riety of host and bacterial factors have been shown to atten-
uate the lethality of the PMN/bacteria interaction, including
Tamm-Horsfall protein (251,252), Dr family adhesins (253),
P fimbriae (254–256) and surface carbohydrates such as O-
antigen and capsular polysaccharide (257). It is interesting to
speculate, then, that for clearance of bacteria from the urinary
tract, the bactericidal capacities of PMNs may not be crucial.
Merely the ability to attach and perhaps ingest bacteria may be
sufficient as PMNs work their way through the epithelium to
the mucosal surface, where they are released into the urine to be
voided with their captured prey. Additionally, increased expres-
sion by PMNs (as well as bladder epithelial cells) of inducible
nitric oxide synthase, leading to production of nitric oxide and
its breakdown products, may contribute to clearance of UPEC
from the bladder (258).

The presence of PMNs in the kidney during pyelonephri-
tis is well established, and likely contributes substantially to
both bacterial clearance and tissue damage. Using a monkey
model of acute pyelonephritis, Fussell and Roberts demon-
strated binding of P-fimbriated E. coli to distal and proximal
tubular epithelial cells at 6 hours. Neutrophils were not seen
until 24 hours but grew to large numbers within the intersti-
tium, between epithelial cells, and within the lumen, often con-
taining phagocytized bacteria (222). The innate immune prop-
erties of the kidney itself, however, are less well understood.
While epithelial cells in the mouse kidney appear to lack TLR4
expression (237,259), a recent study of urinary tract biopsy tis-
sue has demonstrated TLR4 expression in human renal tubu-
lar epithelial cells (260), in contrast to previous findings in a
human kidney cell line (259). The possibility of renal epithe-
lial signaling grows more likely in light of the recent discovery
of TLR11 (261). Expressed preferentially in the urinary tract,
TLR11 appears to recognize UPEC specifically, although a spe-
cific ligand remains to be identified. UPEC infection in TLR11-
deficient mice results in dramatically lowered inflammation and
a severely increased bacterial load in kidneys (261). Finally,
the kidney may mount innate immune responses through renal
tubule epithelial cell production of the antimicrobial peptides
beta-defensins, demonstrated in response to both IL-1α and
E. coli (262).

Interleukin (IL)-6 is an endogenous pyrogen that elicits syn-
thesis of acute-phase reactants and induces IgA secretion. IL-8
is the main human chemokine promoting transepithelial PMN
migration, and macrophage inflammatory protein (MIP)-2 was
identified as the mouse homolog (263–265). Within an hour or
so of challenge with UPEC, cultured human renal and blad-
der epithelial cells produce IL-6 and -8 (266–268), a process
now known to be mediated by LPS stimulation of eptihelial cell
TLR4, and possibly enhanced by type 1 and/or P fimbrial ad-
hesion (259). Concentrations of both cytokines are commonly
elevated in the urine and serum patients with various mani-
festations of UTI, particularly acute pyelonephritis (269–272).
Antibody against MIP-2 blocks and traps PMNs.

The high-affinity, human IL-8 receptors (IL8Rs) CXCR1
and CXCR2 are serpentine molecules with seven transmem-
brane domains that couple to heterotrimeric G proteins for
signal transduction. Godaly and colleagues have shown that
both receptors are expressed in human urinary tract biopsy
tissue, and both are upregulated during in vitro infection of
human uroepithelial cell lines (263). However, in this same
model, antibodies to CXCR1, but not to CXCR2, inhibited
neutrophil migration across infected epithelium, indicating a
more essential role for CXCR1 (263). Furthermore, knock-
out of the murine IL-8R homolog (mIL-8Rh KO) produces a
dramatic in vivo phenotype of infection, featuring an aberrant
PMN response with delayed influx, subepithelial trapping, and

abscess formation (265). In mice that do not die of sepsis, the
natural history of UPEC infection in mIL-8Rh KO strains even-
tually involves renal scarring, in a pattern resembling human
disease (273).

The ability of uropathogenic E. coli to elicit an inflamma-
tory response from bladder, as well as renal, epithelium may
help to explain the previously noted finding that localization
studies do not always confirm that the cystitis syndrome is
confined to the bladder or that the acute pyelonephritis syn-
drome includes the kidney (4,5). Two reports have examined
characteristics of infecting bacteria and have localized UTI
through the use of either antibody-coated bacteria or renal
scanning with dimercaptosuccinic acid (79,274). Both showed
that a substantial number of pyelonephritis syndromes caused
by P-fimbriated organisms appear to be caused by infections
restricted to the lower urinary tract. It is tempting to specu-
late that certain bladder infections may elicit sufficient IL-6,
IL-8, and other cytokines to manifest as fever with circulating
acute-phase reactants and leukocytosis—that is, to mimic acute
pyelonephritis.

Humoral Immunity

There is a local and systemic antibody response to UTIs. Pa-
tients with acute pyelonephritis have higher circulating concen-
trations of antibodies against the infecting organism than those
with cystitis; indeed, the latter often have circulating antibodies
at concentrations no higher than control patients (275–277).
Antibodies to infecting organisms have also been identified in
the urine of patients with UTIs (278–280), with IgA and IgG
predominating, and IgM uncommonly found (281). Substan-
tially greater numbers of patients with pyelonephritis can be
shown to have antibody-coated organisms in their urine than
patients with cystitis; indeed, for some time this was used to
distinguish kidney from bladder infection (282,283). Animal
models have confirmed local production of antibodies, demon-
strating IgA-producing lymphocytes in the submucosa of the
bladder (284) and the appearance of IgA and IgG, but usually
not IgM, in the urine (285–287).

Antibody in urine provides host protection in several ways.
First, antibody acts as an opsonin for phagocytosis by PMNs
migrating to the urinary tract; that is, within a few days
lectinophagocytosis is joined by opsonophagocytosis. Second,
antibodies to adhesins can inhibit bacterial attachment to
urinary epithelial cells (287). Third, antibodies can aggluti-
nate organisms by immune mechanisms, presumably allow-
ing more effective eradication by voiding. Fourth, antibodies
to hemolysin have been demonstrated in patients (288,289)
and may be important in its neutralization. The use of various
E. coli components as vaccines in animals suggests that anti-
bodies play a role in diminishing the incidence of subsequent
infections (96,97,175,290). The roles of complement activa-
tion and antibody-dependent cytotoxicity in the urinary tract
have not yet been well explored.

Cell-Mediated Immunity

Although human T cells increase in 2 to 3 days in infected or-
gans during pyelonephritis and cystitis, the importance of cell-
mediated immunity in acute infection is unclear. Marked T-cell
scarcity owing to thymectomy, radiation, or genetic absence of
the thymus makes little difference to outcome of experimen-
tal bacterial infection of the kidney (291–293). Because CD4
cells are often seen with plasma cells (284,294), a reasonable
speculation is that within a day or so of the acute infection,
CD4 cells are acting as helper cells for antibody response to
the infecting organism (294), and thus may contribute to host
response upon rechallenge with the same strain (295).

Experimental studies of knockout mouse strains have gener-
ally confirmed the inefficiency of the specific immune response
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in UTI. Nude (T-cell deficient) mice, for example, are resistant
to experimental UTI, as are T-cell receptor (TCR) αβ subunit-
complex knockout and RAG knockout mice (232) and mice
lacking B cells due to chromosomal deletion of a portion of
the antibody-receptor gene complex (296). However, SCID (B-
and T-cell deficient) mice do appear to be more susceptible to
UTI (297), as do mice deficient in the TCR γ δ subunit complex
(296). Notably, γ δ T lymphocytes are absent from SCID mice
but present in nude mice, and may account for the differing
UTI susceptibility of these two model mouse strains. The γ δ T
lymphocytes are considered important for mucosal immunity,
and may contribute to epithelial repair (such as that follow-
ing bladder exfoliation) by growth factor production (298).
Nonetheless, these data suggest that the role of adaptive im-
munity may be in the response to chronic or repeat infections
of the kidneys and bladder, rather than in the defense against
acute infection.

Acute Renal Damage

There are at least three possible modes of injury to renal
parenchyma during UTI. The first is due to direct effects of
the infecting bacteria. Among known E. coli virulence factors,
only hemolysin is known to damage bladder and renal epithe-
lial cells directly (134–137). Many E. coli organisms causing
acute pyelonephritis and cystitis do not carry hemolysin, thus
any direct damage to host tissue must be by other means.

In contrast, there is strong evidence that in acute pyelo-
nephritis, much of the renal damage is caused by the inflamma-
tory response, particularly that of PMNs. In vitro, PMNs iso-
lated from experimental acute pyelonephritis can kill syngeneic
renal epithelial cells in culture within 24 to 48 hours (299). In
animals, suppression of acute suppuration, even though caus-
ing a greater bacterial burden, diminishes tubular epithelial cell
damage and renal scarring (227,228,300–302). In IL-8 recep-
tor knockout mice, PMNs fail to exit properly and accumulate
in the subepithelial space, forming abscesses and producing re-
nal scarring in surviving mice (273). The importance of PMN-
mediated oxidative injury of renal cells has been confirmed in
additional in vivo studies (303,304). Thus, the inflammatory
response by PMNs must be considered a double-edged sword.

The third possibility is renal ischemia and reperfusion injury,
which may be induced during acute pyelonephritis, possibly by
granulocyte aggregation in capillaries (305).

Genetic Factors

In addition to the many behavioral and environmental risk
factors that predispose to UTI, which have been reviewed else-
where (306), several interesting findings point to genetic fac-
tors that may contribute to UTI susceptibility. Of these, ABH
blood group secretor status and its relationship to risk of re-
current UTI (307) and pyelonephritis (308) have been stud-
ied most extensively. Reduced expression of the human IL-8
receptor CXCR1 has been found in children prone to acute
pyelonephritis (264), and PMN bactericidal function may be
defective in some patients with recurrent UTIs (309). Also, al-
though a contribution to UTI susceptibility of genetic polymor-
phism in the human TLR4 locus (310) has yet to be determined,
TLR polymorphism has been linked with susceptibility to dis-
ease from other pathogens (311). Statistical analysis of exper-
imental UTI outcomes in inbred and backcross mouse strains
also indicates the polygenic nature of host susceptibility to dis-
ease, and suggests that C3H/HeJ strain susceptibility may, in
fact, be due to more than a single (TLR4) locus (312). The inter-
face of epidemiology, immunology, and microbiology promises
to further our understanding of host genetic factors in disease
susceptibility.

CONCLUSION

At least three general principles can be derived from a synthe-
sis of the preceding data. First, adherence of bacteria to uri-
nary tract epithelial cells is a critical step in the pathogenesis of
symptomatic UTIs caused by E. coli. Type 1 and P fimbriae are
important mediators of E. coli adherence to specific receptors
on uroepithelium.

Second, adherence is not sufficient. The epithelium must be
perturbed for symptomatic infection to become manifest, and
such perturbations may be of benefit or detriment to the host.
For example, epithelial cell lysis induced by hemolysin is prob-
ably detrimental to the host; on the other hand, the production
of cytokines by the epithelial cell is probably beneficial to the
host. However, the effects of some epithelial perturbations are
unclear. Examples include cytoskeletal changes induced by cy-
totoxic necrotizing factor, ingestion of bacteria by the epithelial
cell and sloughing of the epithelial cell. Are these steps in the
progression of the bacterial infection, or in the response of the
host to protect itself?

Third, each of the symptomatic UTI syndromes must repre-
sent the common manifestation of several different pathogenic
pathways. That is, no single E. coli strain causes all cases
of pyelonephritis, or all cases of cystitis. For instance, sim-
ply on the basis of genetic make-up, no more than 50%
of pyelonephritogenic E. coli organisms employ hemolysin
as a virulence factor. Nonhemolytic strains causing acute
pyelonephritis must use other virulence factors, known and as
yet undiscovered, to produce this symptomatic UTI. Likewise,
hosts differ genetically (as well as behaviorally), and this varia-
tion is certain to interact with pathogen diversity to determine
the outcome of bacterial intrusions into the urinary tract.
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CHAPTER 33 ■ CYSTITIS AND URETHRITIS
WALTER E. STAMM

DEFINITIONS

Bacteriuria

Bacteriuria, or bacteria in the urine, does not necessarily imply
infection of the urinary tract. One must interpret urine culture
results within the context of the clinical situation, the method of
specimen collection, and the results of urine microscopy. Con-
tamination of voided urine specimens with bacteria resident
in the anterior urethra or periurethral skin inevitably occurs in
some patients. For this reason, the number and type of bacteria
in the urine are quantified and differentiated bacteriologically.

In voided urine samples obtained from patients with uri-
nary tract symptoms, the finding of more than 105 organisms
of a single bacterial species is highly predictive of infection
(1). In addition, the finding of a combination of several or-
ganisms present in quantities greater than 105/mL of urine,
together with pyuria, dysuria, urgency, and frequency, is con-
sidered to be diagnostic of infection (2). The specificity of this
traditional threshold (i.e., ≥105 bacteria/mL) for the diagnosis
of acute coliform urinary tract infections (UTIs) in women is
very high (0.99), but the sensitivity in populations of women
with acute dysuria is often low (0.51) (3). About one-third
of women with symptoms characteristic of cystitis and associ-
ated pyuria have midstream coliform counts between 102 and
105/mL. They have a satisfactory response to appropriate an-
timicrobials (4). These patients, formerly considered to have
the acute urethral syndrome, should now be regarded as a sub-
set of women with cystitis. A reduction in the threshold for
significant bacteriuria in this setting to 102 coliforms/mL raises
the sensitivity of the midstream urine culture to 0.95, whereas
specificity only drops to 0.85 (3). Although not yet tested, this
threshold is probably also suitable for uropathogenic Gram-
positive bacteria in women presenting with acute dysuria. For
example, Staphyloccus saprophyticus has a longer generation
time in urine than the Enterobacteriaceae (5) and is usually
found in lower counts (102 to 104) in urine obtained by supra-
pubic aspiration from dysuric women (6). The type of organism
recovered from the urine also helps to distinguish true bacteri-
uria from contamination; lactobacilli, the other staphylococci,
diphtheroids, and Neisseria are all rare causes of UTI. However,
the presence of one or more of these organisms along with a
typical uropathogen, such as Escherichia coli or S. saprophyti-
cus, is not uncommon in voided specimens. Mixed cultures,
particularly with low colony counts, are very likely to repre-
sent contamination. True mixed infections occur in 3% to 5%
of cases (7).

In voided specimens from women with no symptoms of UTI,
≥105 bacteria represents true bacteriuria in four out of five
cases (8,9). If the same organism is isolated in ≥105 organ-
isms/mL in a repeat sample, then the possibility of contamina-
tion falls to 5% (10). Urine obtained by catheterization is less
likely to be contaminated; a single catheter-derived specimen
containing ≥105 organisms/mL indicates infection in 95% of
cases, and lower counts are more likely to be significant than

low counts obtained from clean-catch samples. Urine obtained
by suprapubic aspiration is least likely to be contaminated, al-
though small numbers of bacteria are sometimes found in un-
infected patients (11). Contamination is less likely in men, and
a diagnostic threshold of 104 bacteria/mL in clean-catch sam-
ples is more appropriate (12). Bacterial counts in clean-catch
samples of less than 105 in asymptomatic women and less than
104 in asymptomatic men are most unlikely to represent true
bacteriuria (5%).

Cystitis and Urethritis

There is a broad spectrum of symptoms in UTIs, ranging from
patients who are completely asymptomatic to those with symp-
toms referable to the urethra, bladder, or both, and to those
with the full-blown syndrome of acute pyelonephritis with
fever and loin pain.

Acute bacterial infection of the bladder is referred to as acute
cystitis. Histopathologically, acute cystitis is characterized by
inflammation limited to the superficial mucosal layer of the
bladder. Patients with cystitis generally complain of dysuria,
urgency, and frequency. Hematuria, low back pain, and lower
abdominal pain also may be present. Fever and costovertebral-
angle tenderness are both absent in most cases. Clinical signs
and symptoms are notoriously inaccurate in localizing the site
of infection, however, and up to 50% of women with symp-
toms and signs of cystitis on clinical examination are found
to have silent renal infection when evaluated with localization
procedures, such as ureteral catheterization, bladder washout,
or the antibody-coated bacteria test.

The term acute urethral syndrome has been used to de-
scribe women who experience symptoms of cystitis but who
have urine cultures with less than 105 colony-forming units
(CFU)/mL. This term should be discarded in that it implies both
unknown causation and a urethral origin of symptoms. Recent
work, as outlined in the following section, has demonstrated
that most women who formerly were classified as having the
urethral syndrome can now be classified as having either acute
cystitis or acute urethritis, and specific causative pathogens usu-
ally can be identified.

Recurrent Infections

Recurrent urinary tract infections are either relapses with the
original infecting organism or reinfections with a different or-
ganism. In general, relapses develop within 3 weeks after ces-
sation of therapy for the previous infection. Occasionally, re-
infections occur with the same organism that has persisted in
the vagina or feces and may be mistaken for relapse. Reinfec-
tions account for 80% of recurrent UTIs (13) and result from
reintroduction of organisms from the perineal flora. Relapses
arise after inadequate or inappropriate treatment, when there
is a sequestered focus of infection in the kidney or prostate,
or because of a structural abnormality of the urinary tract.
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Continual relapses (i.e., persistence of a single infecting organ-
ism despite appropriate treatment) or true chronic urinary tract
infection are unusual and usually suggest a structural abnor-
mality or stone.

PATHOGENESIS

Route of Infection

Bacterial cystitis almost always results from the entry of bacte-
ria colonizing the anterior urethra and periurethral skin into the
bladder (13). Hematogenous or lymphatic spread from sites of
infection elsewhere is very unusual. Retrograde infection from
foci in the prostrate or kidney may occur and recent data in
animals suggest that foci of infection may be established in the
bladder mucosa (14). Rarely, bacteria spread from the bowel
to the bladder by means of a fistulous communication (i.e., in
Crohn’s disease or malignancy). Characteristically, polymicro-
bial infection and pneumaturia result in such cases.

The short female urethra is an insufficient anatomic bar-
rier to the entry of urethral bacteria, which may be massaged
easily into the bladder. This may explain the association of
urinary tract infections and bacteriuria with sexual activity
(15). The annual incidence of bacteriuria is significantly lower
(0.4%) among nuns in the age range of 13 to 54 years than
among working women of the same age (1.6%) (16). Pre-
sumably, bacteria are massaged into the bladder during sexual
intercourse.

Bacteria are also introduced into the bladder during
catheterization of the urethra. Single catheterization of the
bladder in ambulatory patients results in a 1% incidence of sub-
sequent UTI (17). Further support for the theory that UTIs arise
from ascending spread of bacteria from the perineum comes
from the consistent observation that the organisms that eventu-
ally cause UTIs usually colonize the vagina and the periurethral
areas beforehand (13). In women with normal urinary tracts,
the development of infection following colonization probably
depends on mechanical factors, such as sexual intercourse and
pregnancy, and the balance between contributions of bacterial
virulence factors and host defenses.

Pathogens

In 95% of infections, a single bacterial species is responsi-
ble, and in about 80% of acute uncomplicated cases, the or-
ganism is E. coli (Fig. 33-1) (18). Interestingly, relatively few
serogroups, defined on the basis of O, H, and K antigens, cause
the majority of infections namely, O antigen groups 2, 4, 8, 18,
and 75 (19). These pathogens are known as uropathogenic E.
coli. In patients who have repeated urinary tract infections, the
likelihood of isolating more than one organism or an antibiotic-
resistant organism increases. Among hospital inpatients, there
is a similar increase in the frequency with which organisms
other than E. coli are isolated. Instrumentation, catheteriza-
tion, cross infection, and underlying illnesses all contribute.
Antibiotic-resistant isolates are common, particularly if the
patient has received multiple or protracted courses of antimi-
crobial treatment.

In the past, coagulase-negative staphylococci often have
been regarded as urinary contaminants, but studies have
now clearly demonstrated a pathogenic role for one species,
S. saprophyticus (7,20). In urine, this organism can be iden-
tified reliably as coagulase-negative staphylococci that are re-
sistant to novobiocin (21). S. saprophyticus infections charac-
teristically occur in young women between the ages of 16 and
25 years but may occur in men or women of any age. They oc-
cur most commonly during the spring and summer. In studies
from Europe (20,22), S. saprophyticus has accounted for up
to one-third of acute UTIs. Wallmark (22) reported that 22%
of a series of 787 Swedish women 16 to 25 years old were in-
fected with the organism. In the United States, the proportion
of UTIs owing to S. saprophyticus infection has generally been
reported to be 5% to 15%.

Anaerobic bacteria, lactobacilli, corynebacteria, strepto-
cocci (other than enterococci), and other staphylococci are the
predominant organisms isolated from the perineum and dis-
tal urethra, but they seldom cause UTI. These organisms are
among the most common urinary contaminants. Bacteria may
be found in the urine during certain systemic infections (e.g.,
leptospirosis and Salmonella bacteremia), and in metastatic
infections of the kidney (usually Staphylococcus aureus), but
cystitis caused by these species is very unusual. Adenoviruses
(type 11) may cause epidemic hemorrhagic cystitis in children,

FIGURE 33-1. Bacterial causes of acute cystitis.
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particularly in boys (23), and may be underestimated as an end-
emic cause of cystitis. Other viruses rarely cause acute cystitis.

Virulence Factors

In comparison with nonuropathogenic E. coli derived from the
normal fecal flora, uropathogenic E. coli exhibit specific viru-
lence factors, which include increased adherence to vaginal (24)
and uroepithelial cells mediated by fimbrial adhesins (25,26),
resistance to the bactericidal activity of human serum (27), pro-
duction of hemolysin and other cytotoxins (19), siderophores
to bind iron and increased amounts of K capsular antigen (28).
The adhesive properties of these organisms are important de-
terminants, not only of infectivity, but also of a propensity to
develop upper tract infections. Adhesion is mediated by spe-
cific surface ligands, which attach as lectins to host cell-wall
carbohydrate residues (receptors). These ligands are usually
pili or fimbria, which can be seen on electron micrographs as
narrow hairlike projections extending from the bacterial cap-
sule (29,30). Most of the Enterobacteriaceae possess type 1
fimbriae, which bind mannoside residues in mannosylated gly-
coproteins on vaginal epithelial and uroepithelial cells (31).
Binding can be competitively inhibited by a-methyl manno-
side and thus is termed mannose-sensitive (MS) (32). Type 1
fimbriae mediated binding appears particularly important in
bladder infections and in internalization of E coli within ep-
ithelial cells (14). Escherichia coli strains that cause upper uri-
nary tract infections usually express additional surface adhesins
that cannot be inhibited by an a-methyl mannoside and are
thus termed mannose-resistant adhesins (MR); 80% to 90%
of uropathogenic E. coli that express MR adhesins recognize
a glycolipid receptor found on human erythrocytes and uroep-
ithelial cells (33,34). The minimal recognition structure on this
globoseries glycosphingolipid is a disaccharide moiety, α-D-
galactopyranosyl-(1-4)-ß-galactopyranoside [α-gal(1-4)-ß-gal]
(35). This structure also constitutes a major part of the P blood
group erythrocyte surface antigens (36), and these pili have,
therefore, been named P fimbriae. The MR adhesin or adhesins
that do not recognize this disaccharide moiety are termed x-
specific (34); they are also fimbrial but recognize receptor struc-
tures other than α-gal-(1-4)-ß-gal. Further molecular details of
the role of specific adhesins in UTI are provided in Chapter 32,
Host–Pathogen Interactions and Host Defense Mechanisms.

Several lines of evidence emphasize the importance of bac-
terial attachment in uropathogenicity (37) Escherichia coli col-
onization of the mouse bladder can be prevented by mannose
(i.e., competitive blockade of the MS adhesin) (38). Subjects
who lack the P blood group phenotype and, therefore, do not
express the P-specific recognition site on uroepithelium appear
to be less susceptible to UTI (39). Antibodies directed against
the fimbriae that mediate uroepithelial attachment block ad-
herence in vitro (39a) adhesion probably also play a central
role in the uropathogenicity of other bacterial species; S. sapro-
phyticus adherence to uroepithelial cells is significantly greater
than that of S. aureus or the other coagulase-negative staphylo-
cocci (40). Fimbrial adhesion and uropathogenicity have also
been correlated in Proteus mirabilis (41) and Klebsiella UTIs
(42). Once attachment to uroepithelial cells occurs, hemolysin
production and bacterial endotoxins may be important in
initiating tissue invasion and cell damage. The presence of
K-antigen protects bacteria from phagocytosis by leukocytes.
Most uropathogenic E. coli also produce aerobactin, which
facilitates acquisition of iron. These virulence factors are un-
doubtedly important in predisposing otherwise normal subjects
to UTIs, but they are less important in patients with structural
abnormalities of the urinary tract. Organisms infecting the up-
per tracts of children with vesicoureteric reflux, for example,
do not exhibit urovirulence factors (43).

In summary, in women and children with normal urinary
tracts, bacteria enter the bladder after periurethral coloniza-
tion. Their ability to survive in the bladder depends on ad-
herence to vesical uroepithelium mediated by fimbriae and re-
sistance to host factors (see the following). Other bacterial
virulence factors then determine whether ascending infection
will develop. Of these, P fimbriae have been identified as be-
ing important because they presumably mediate adhesion to the
uroepithelium of the renal pelvis and collecting system (9,30).

Host Factors

Entry of bacteria to the female bladder is probably a frequent
occurrence, but established infection does not necessarily en-
sue. Urethral catheterization introduces a shower of bacteria
into the bladder, but natural clearance occurs in all but 1% of
ambulatory patients. Several factors act in concert to defend
against infection. The flushing and diluting effects of urine ac-
cumulation and voiding are important (44), but at normal urine
flow rates these factors alone are insufficient to clear infection.
The acidity, high urea concentration, and extremes of osmo-
lality of urine make it a poor culture medium (45) for many
anaerobic and fastidious bacteria and inhibit growth of many
other organisms. The increased frequency of UTIs in pregnancy
may, in part, be related to a more favorable urine pH and osmo-
lality. Bacteria grow less well in urine collected from men than
women, probably because of inhibitory activity of prostatic
fluid (46). Urinary mucus containing Tamm-Horsfall protein
may act as a physical barrier to infection with the Enterobacte-
riaceae, because it contains large numbers of mannose residues
that bind to the MS adhesins on these bacteria (47). The blad-
der mucosa itself resists adhesins, a property that appears to
be related to surface mucopolysaccharides and can be reversed
by application of acid (48). Although these factors may defend
against small inocula of bacteria, they may be overcome by
larger inocula or more adhesive bacteria (49). Foreign bodies
such as stones and structural abnormalities provide a refuge
for bacteria that may be extremely difficult or impossible to
eradicate with antimicrobials (50). Recent studies have defined
the role of innate host defense mechanisms in mediating the in-
flammatory response in cystitis (Chapter 32). In particular, at-
tachment of E. coli to mucosal epithelial cells initiates IL-6 and
IL-8 secretion, which produces an inward migration of poly-
morphonuclear (PMN) leukocytes and macrophages, which re-
move and destroy bacteria (49). Urine inhibits the phagocytic
functions of PMN leukocytes, including migration, aggrega-
tion, and killing. The inflammatory response is in part respon-
sible for the symptoms of cystitis. In contrast to pyelonephri-
tis (51), cystitis is seldom associated with a marked systemic
or local antibody response to the infecting organism (51).
Recent studies have more clearly defined the role of specific
cytokines in mediating the inflammatory response in cystitis
(Chapter 32).

Two main theories have been advanced to explain the
propensity of certain women to develop repeated UTIs. The
first, propounded by Stamey and colleagues, holds that these
women have a defect in their local defense mechanisms that
renders them more vulnerable to periurethral colonization
(14,52,53). The host, therefore, has a biologic predisposition
to infection. An alternative theory proposed by Kunin and col-
leagues (54) holds that the virulent properties of uropathogenic
bacteria are the clinical determinants of infection. According
to this theory, there is no intrinsic defect in local defense mech-
anisms, provided that the urinary tract is structurally normal.
All women, therefore, are equally prone to infection, but once
they have developed a UTI, the infection itself and the antimi-
crobial treatment used to treat the infection may predispose
them to persistent or recurrent periurethral colonization with
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uropathogens. The corollary of this theory holds that the longer
the interval between infections, the less likely is a recurrent in-
fection. Periurethral colonization predisposing to UTI is central
to both theories, but, according to the latter theory, it is not the
primary abnormality. Although longitudinal studies generally
have confirmed that periurethral colonization precedes infec-
tion, the evidence that some women are intrinsically more likely
to be colonized than others is conflicting. Some studies have re-
ported an increased incidence of prolonged colonization with
Enterobacteriaceae in women with recurrent UTIs (14,53,55–
58) but others have not (54,59–61). The factors predisposing
to colonization have been investigated; low vaginal pH was
the major important factor preventing colonization (28), and
serotypes of E. coli associated with UTI were significantly more
resistant to an acid environment than those serotypes not asso-
ciated with UTI (57). Vaginal fluid is inhibitory to the growth
of Pseudomonas aeruginosa and P. mirabilis but less so to
E. coli (62). Biochemical changes in vaginal fluid might reason-
ably be attributed to alterations in the nonpathogenic resident
vaginal bacterial flora. In earlier studies, no detectable quan-
titative or qualitative differences in vaginal concentrations of
lactobacilli or anaerobic bacteria were demonstrated between
women with and without recurrent UTI (63). More recent stud-
ies, however, have demonstrated an inverse relationship be-
tween E. coli vaginal colonization and the presence of H2O2
producing lactobacilli in women with recurrent UTI (64). These
studies indicate that diaphragm or spermicide use markedly al-
ters the vaginal microflora, promoting colonization with E. coli
and other uropathogenic species (9), and reducing lactobacilli
populations.

Studies of bacterial adherence in women prone to recurrent
UTIs generally have demonstrated an increased attachment of
E. coli to periurethral (65), uroepithelial (66), buccal, and vagi-
nal epithelial cells from such women (14,67). More recently,
studies have demonstrated that nonsecretors of blood group
antigens have an increased risk of recurrent UTIs (9) and that
the epithelial cells of nonsecretors support bacterial attachment
to a greater extent than do cells from secretors (9), suggesting a
genetic predisposition to UTIs in some women. No defects in lo-
cal immunoglobulin production in women with previous UTIs
have been demonstrated (68). Thus, at present, there is increas-
ing evidence in support of host factors as the primary explana-
tion for recurrent UTIs in women. Both inherited (i.e., P blood
group and nonsecretor status) and acquired factors (i.e., sper-
micide and diaphragm use, as well as antibiotic exposure) are
likely of importance. Polymorphisms in host response genes,
such as IL-6, IL-8, TNF and others, are now being studied as
possible factors predisposing a person to recurrent UTIs.

EPIDEMIOLOGY

Cystitis or inflammation of the bladder is among the most com-
mon of all bacterial infections. In the first year of life, the inci-
dence of UTI is higher in males than females (69). The overall
prevalence of bacteriuria in the neonatal period is approxi-
mately 1% (70,71). Established UTIs during this period are
often associated with bacteremia. Between the ages of 1 and
5 years, the prevalence of bacteriuria in girls rises to 4.5% per
year, whereas the incidence in boys falls to 0.5% per year. In-
fections in boys are often associated with congenital abnormal-
ities of the urinary tract or with lack of circumcision. Between
one-third and one-half of UTIs during the first 5 years are as-
sociated with vesicoureteric reflux, and this appears to be the
critical period, determining whether progression to renal scar-
ring will occur or not (72,73). Bacteriuria in this age group is
usually associated with symptoms, whereas asymptomatic bac-
teriuria is more usual during the school years. The prevalence
of bacteriuria among schoolgirls in the United States is approx-

imately 1.2%, with a total of 5% of girls having bacteriuria at
some time. Most of these cases are not associated with renal
abnormalities (74,75). Bacteriuria is rare in school-age boys.
During the reproductive period, UTIs are some 50-fold more
common in women. Approximately 20% of women between
24 and 64 years old have at least one episode of dysuria each
year, most of these being caused by bacterial infections (76).
In later years, the incidence of UTIs increases sharply in both
sexes, with a progressive reduction in the female:male ratio.
In the United States, UTIs result in approximately 6 million
outpatient visits each year (77). This figure probably underes-
timates the true incidence, because at least one-half of all UTIs
resolve without medical attention.

CLINICAL MANIFESTATIONS

The symptoms of a UTI in young children are notoriously
nonspecific, with fever, poor feeding, and vomiting often be-
ing the major manifestations (70). Abdominal discomfort is
inconstant. Urinary tract infections must always be excluded
in children with unexplained fever. After infancy, the classic
symptoms of dysuria, with urgency and frequency, are more
usual. Adults with cystitis have frequent urgent voiding of small
volumes of urine. Nocturia is common. There is often a sen-
sation of lower abdominal heaviness or discomfort. The urine
may be turbid and is frankly bloody in one-third of cases. The
onset of dysuria may be abrupt. Most cases resolve promptly
with antimicrobial treatment, and many resolve spontaneously
without therapy. However, some progress after 1 or 2 days
to develop signs and symptoms of upper tract involvement,
including fever, rigors, vomiting, flank pain, and hematuria.
However, studies comparing the localization of bacteria by
laboratory techniques with clinical signs and symptoms have
demonstrated a poor correlation between clinical manifesta-
tions and localization results (71,72). Urethritis may be more
common than cystitis in men who experience dysuria (73). Uri-
nary tract infections often are asymptomatic in the elderly (74);
furthermore, frequency, urgency, nocturia, and incontinence
may have multiple causes in this age group. There should be
a low threshold for microbiologic examination of the urine
in elderly patients with unexplained fever, increased urinary
frequency, incontinence, or lower abdominal discomfort. Pa-
tients with neurogenic bladders or an indwelling catheter usu-
ally have no symptoms referable to the bladder when a UTI
develops; presenting signs and symptoms of pyelonephritis and
unexplained fever or septicemia are more usual.

Investigations

In a series of classic studies in the 1950s, Kass (1,8,75)
demonstrated the value of quantitative cultures of the urine
in the diagnosis of asymptomatic bacteriuria and pyelonephri-
tis. A threshold of ≥105 bacteria/mL of urine reliably dis-
tinguished contaminated specimens from true bacteriuria in
asymptomatic women and accurately diagnosed women with
acute pyelonephritis. Many clinicians subsequently adopted
this single criterion to diagnose cystitis, although Kass had
not, in fact, studied women with lower tract symptoms. Ap-
proximately 40% of women who experience symptoms of cys-
titis have midstream urine cultures containing less than 105

bacteria/mL (61,76,77). These women closely resemble those
with cystitis (characterized by “significant” bacteriuria, that is,
≥105/mL) in age, marital status, presenting symptoms, preva-
lence of periurethral colonization, bacterial species, serotypes,
bacterial virulence factors, and response to antimicrobials
(76–78). It has become apparent that cystitis with significant
bacteriuria and cystitis with lower bacterial counts have a
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similar pathogenesis and represent a clinical continuum
(3,79,80). Both illnesses occur in the same women; approxi-
mately 20% of symptomatic episodes in women with recur-
rent UTIs are associated with less than 105 organisms/mL. In a
prospective study of women with the acute urethral syndrome,
over 50% subsequently developed significant bacteriuria (61).

In a study of 59 women presenting with the acute urethral
syndrome (80), cultures of bladder urine obtained by suprapu-
bic aspiration (the majority of cases) or sterile urethral catheter-
ization grew uropathogens in 27 (46%). In 26 of these cases
(96%), there were ≥8 leukocytes/mL of unspun midstream
urine. This study confirmed that approximately half of the
women who present with acute dysuria have midstream urine
containing 102 to 104 coliforms/mL and indeed have bacterial
cystitis.

Urethritis and vaginitis account for urinary symptoms in
most women with urine specimens that are truly culture-
negative for bacteria. The sexually transmitted pathogens
Chlamydia trachomatis, Neisseria gonorrhoeae, and herpes
simplex virus are also important causes of dysuria (4); approx-
imately 20% of women with proved gonococcal or chlamydial
genital infections who were attending a clinic for sexually trans-
mitted diseases complained of these symptoms. In one study,
the incidence of gonorrhea in women presenting with symp-
toms of acute UTI to an urban emergency room was approxi-
mately 30% (81). In a population of college students presenting
with the acute urethral syndrome, 10 of 16 patients with sterile
bladder urine and pyuria were found to have C. trachomatis
infection, and no cases of gonococcal infections were detected
(80). Clearly, the relative frequencies of these two infections
depend on their prevalence in the community. Genital herpes
simplex infection produces dysuria in 10% of women with pri-
mary infections (73). Lesions usually are evident on the vulva
or cervix, but occasionally dysuria precedes the external lesions
and may cause diagnostic confusion.

Vulvovaginitis associated with Candida albicans or Tri-
chomonas vaginalis also may cause dysuria. The discomfort is
characteristically external, because it is related to the passage
of urine across the inflamed labia (73). The patient’s history
helps to distinguish vaginitis from cystitis, because complaints
of urgency and suprapubic pain are unusual in vaginitis, and
dysuria is characteristically external. Associated symptoms of
vaginitis (discharge, odor, or soreness) are usually present as
well.

Several other organisms have been implicated in the
acute urethral syndrome, but their role is controversial.
Those include Mycoplasma hominis, Ureaplasma urealyticum,
Mycoplasma genitalium and a variety of anaerobic, mi-
croaerophilic, and fastidious bacteria (80,82–84). Approxi-
mately 15% of women have no identifiable infectious cause of
dysuria. In those women, the urine is sterile and there is usually
no pyuria. Some of these women experience repeated episodes
of dysuria for which no cause is identified; cold weather (85),
allergies (86), stress (86), anxiety (86); obstruction (87,88),
trauma, and senile atrophy of the periurethral glands (89) all
have been suggested as possible causes, and treatment strate-
gies, such as surgery to improve urine flow (90) and estrogen
suppositories (89), have been recommended, but no approach
is consistently beneficial (4).

DIAGNOSIS

Microscopic examination and culture of clean midstream
urine specimens are the primary laboratory investigations in
suspected UTIs (2,91). Uninfected people excrete less than
400,000 leukocytes/hour, whereas more than 95% of patients
with symptomatic UTIs excrete considerably more than this
number (92). Unfortunately, measurement of pyuria by exam-

ination of centrifuged urine sediment lacks precision (2). A
simple and reproducible method of screening for pyuria is to
examine a fresh, uncentrifuged specimen of urine in a hemo-
cytometer chamber. A count of 10 or more leukocytes/mL
is considered abnormal. Most women with cystitis and mid-
stream bacterial counts of uropathogens ≥102/mL have more
than 60 leukocytes/mL (91). The finding of pyuria is not spe-
cific for cystitis, but it serves as a useful indication of infec-
tion because most patients with infections have white cells in
their urine. In the absence of positive midstream urine cultures
(<102 uropathogens/mL), pyuria suggests chlamydial infec-
tion or gonorrhea (3). Microscopic or occasional gross hema-
turia may be observed in cystitis, but it is rare in gonor-
rhea or chlamydial infection; white cell casts strongly suggest
pyelonephritis in a patient with symptoms of a UTI.

The presence of one or more bacteria per oil immersion field
in Gram-stained uncentrifuged urine correlates with ≥105 or-
ganisms/mL on culture with a sensitivity and specificity over
90% (9); therefore, this method represents a simple and rapid
screening test for high-grade bacteriuria, but does not detect
low-count infections (102 to 104 bacteria/mL). The gram stain
is also useful because organism morphology is helpful in select-
ing empiric therapy.

Rapid Diagnostic Methods

Several screening methods can be used for the rapid detection
of bacteriuria and pyuria. They may be used in several settings:
The clinician may use them to facilitate immediate diagnosis;
the laboratory may use them as a rapid screen to select which
specimens require further microbiologic investigation; and they
may be used for the mass screening of various populations
(e.g., school-age girls or pregnant women) to detect bacteriuria.
Four biochemical tests have been devised: the glucose oxidase,
catalase, nitrite, and leukocyte esterase tests.

Glucose Oxidase Test

The urine normally contains glucose, but if bacteria are present,
glucose is metabolized. This test detects the absence of glucose
in a single specimen. It has two drawbacks: First, the urine
must remain in the bladder for approximately 4 hours for the
bacteria to consume sufficient glucose; and second, it is not
appropriate when abnormal glycosuria is present (i.e., in preg-
nancy or diabetes).

Catalase Test

Most uropathogens generate catalase. If hydrogen peroxide is
added to infected urine, bubbles of oxygen are then released.
Unfortunately, this test does not reliably identify bacteriuria,
because blood elements also contain catalase; therefore, the
test has a high false-positive rate.

Nitrite Test

Nitrite is formed when bacteria reduce the nitrates that are
present in normal urine (93). Colorimetric detection of nitrite,
therefore, provides a simple and rapid method of detecting bac-
teriuria. The Griess test has been adapted to a dipstick, which
turns pink when positive. The major disadvantage of this test
is lack of sensitivity; the urine must incubate in the bladder for
at least 4 hours (94) to allow adequate nitrate reduction. In ad-
dition, some organisms, such as yeasts and enterococci, do not
reduce nitrates. Finally, urobilinogen, ascorbic acid, and low
urinary pH may all produce false-negative results. Detection of
bacterial dehydrogenase activity by triphenyltetrazolium chlo-
ride reduction (also a colorimetric method) also lacks sensitiv-
ity and may give false-negative results.
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Leukocyte Esterase Test

The presence of leukocytes in urine may be detected by a colori-
metric test of esterase activity. This method has been reported
to detect pyuria down to levels of 25 to 50 white cells/mL (72).
The sensitivity of a combined dipstick test, which utilizes both
the leukocyte esterase and the nitrite test (LN strip), has ranged
from 70% to 95% with a specificity of 65% to 85% (93).

Automated Methods for the Detection
of Bacteriuria

Several automated labor-saving devices have been introduced
for the rapid detection of bacteriuria (95).

Photometric Methods

Photometric methods detect changes in light scatter, resulting
from bacterial growth, and measure the consequent drop in
voltage in the photometer. Obviously, the sensitivity of these
methods is directly related to growth rates and incubation
times. Currently available systems require incubation times be-
tween 1 and 13 hours. False-negative rates have tended to be
high for slower growing organisms (e.g., Pseudomonas). Using
a threshold colony count of more than 105 CFU/mL, overall
false-negative rates have ranged from 3% to 15% for the three
available systems, and detection times have been between 2 and
5 hours (96). These methods also have been adapted for speci-
ation of organisms using selective liquid media and have been
extended to perform antimicrobial sensitivity testing.

A more rapid turbidometric method using the Limulus
amoebocyte (LAL) test has been introduced, which can detect
Gram-negative bacteriuria in 20 minutes, with a sensitivity of
approximately 95% for more than 105 CFU/mL (97). It cannot
detect Gram-positive bacteriuria.

Bioluminescence Methods

Bioluminescence methods of rapid detection do not require
bacterial growth and are therefore more rapid than the pho-
tometric assays (current methods take between 2 and 25 min-
utes for sample processing). They are based on the firefly lu-
ciferin/luciferase system, which converts the energy of cellular
adenosine triphosphate (ATP) into light (98). These methods
have had a reported sensitivity that is comparable to the photo-
metric methods, but they are generally less specific with false-
positive rates over 15%.

Filtration Methods

A very rapid method of diagnosis (Bac-T-Screen) has been in-
troduced in which urine is filtered, stained, and quantitated
colorimetrically (99). This test takes 2 minutes. Studies report
a sensitivity of 85% to 98% and a specificity of 40% to 60%
with this method, using cultures of probable pathogens at more
than 105 CFU/mL as the standard (100). Approximately 5%
to 10% of samples are uninterpretable because of clogging or
deposition of residual pigment on the filter. This method has
the advantage of also detecting pyuria, which may be of value
in identifying patients who have infections characterized by
pyuria and 102 to 104 bacteria/mL of urine.

None of these currently available methods has emerged as
clearly superior to the others, and the choice of a given method
depends in part on its intended use. There are continuous tech-
nologic improvements, and it is likely that automated tech-
niques will progressively replace conventional diagnostic meth-
ods for the detection of pyuria and bacteriuria, particularly for
large-scale screening. A major limitation of these methods is
their lack of sensitivity when applied to the diagnosis of acute

dysuria. The sensitivities of all of these methods for detecting
bacteriuria ≥105 CFU/mL exceeds 90%, but all are consider-
ably less able to detect infections characterized by 102 to 104

CFU/mL. Because most of these low-count infections are also
characterized by pyuria, however, methods such as the L-N
strip or the Bac-T-Screen, which are capable of detecting either
bacteriuria or pyuria, appear to be useful diagnostically in this
setting. In addition, the rapidity of these two tests makes them
appealing in the setting of acute symptoms.

Urine Culture

Conventional microbiologic quantitation of bacteriuria is per-
formed by streaking a known volume of urine from a calibrated
platinum loop (either 0.01 or 0.001 mL) onto agar plates, in-
cubating at 37◦C for 24 hours, and then counting the number
of bacterial colonies (101). Other methods include the accurate
but time-consuming pour-plate method and the dip inoculum
method, in which an agar surface is simply immersed in urine
and then incubated. The dip inoculum method is a simple and
practical alternative for outpatient diagnosis when access to a
microbiology laboratory is limited.

MANAGEMENT

General Principles

Asymptomatic Bacteriuria

Children with asymptomatic bacteriuria generally should be
treated. This, however, begs the question as to who should be
screened, and there is no consensus on this issue (47). By the
time a child goes to school, it is probably too late to signif-
icantly affect the natural history of vesicoureteric reflux and
progressive renal scarring (70,102,103). The cost:benefit ratio,
efficacy, and practicalities of screening younger children for
bacteriuria have yet to be determined (74,104–106).

There is little convincing evidence that treatment of asymp-
tomatic bacteriuria is beneficial in adults who are not preg-
nant (72). Bacteriuria in pregnancy is associated with a high
risk of developing acute pyelonephritis and jeopardizing the
pregnancy (107,108). Women should be screened for bacteri-
uria during pregnancy and promptly treated. At present, there
is no clear reason to routinely treat asymptomatic bacteriuria
in elderly patients (10,73). Treatment may be advisable in se-
lected high-risk cases. Although asymptomatic bacteriuria in
hospitalized patients has been associated with a higher mor-
tality than in patients without bacteriuria (110), this proba-
bly relates to the frequency with which seriously ill patients
are catheterized and the mortality associated with bacteremic
catheter-associated UTIs. Asymptmatic bacteriuria in patients
about to undergo urologic surgery should also be treated in or-
der to reduce the risk of postoperative infection. The Infectious
Disease Society of America has recently released guidelines for
the treatment of aymptomatic bacteriuria (109).

Symptomatic Bacteriuria

All symptomatic infections should be treated with antimicro-
bial drugs. The principles of antimicrobial therapy are the same
as those applying to treatment of any infection. Ideally, the
least toxic, least expensive drug should be prescribed for long
enough to eradicate the infection (111,112). The antibacterial
spectrum of the agent should cover the likely infecting organ-
isms but preferably not disrupt the normal gut and perineal
flora. Successful treatment of uncomplicated lower tract in-
fections closely correlates with the inhibitory concentration of
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TA B L E 3 3 - 1

TREATMENT OF UNCOMPLICATED LOWER URINARY TRACT INFECTION

Dose Dose Dose interval Recommended
Drug (adult; mg) (child; mg/kg) (hours) duration (days)

Trimethoprim-
sulfamethoxazole

160/800 2.5/12.5 12 3

Trimethoprim 200 3 12 3
Norfloxacin 400 N/A 12 3
Ciprofloxacin 250 N/A 12 3
Ofloxacin 200 N/A 12 3
Amoxicillin 250–500 5 8 7
Amoxicillin-clavulanate 250–500/125 4/2 8 7
Nitrofurantoin 100 3 12 7

NA, not applicable.

antimicrobials achieved in the urine rather than plasma or tis-
sue concentration (12). Some antimicrobials that are success-
fully used to treat cystitis (e.g., nitrofurantoin and nalidixic
acid) do not achieve microbicidal blood or tissue levels but
are excreted in high concentrations in the urine. Urinary con-
centrations of many antibiotics are considerably higher than
corresponding levels in other body fluids and may even exceed
the minimal inhibitory concentration and minimum bacterici-
dal concentration of some “resistant” organisms. This finding
probably accounts for the clinical observation that antibiotics
to which their infecting organism was apparently resistant cure
some patients with cystitis.

Urinary pH is an important determinant of in vitro antibac-
terial activity of some antimicrobials, such as erythromycin and
the aminoglycosides, but is rarely clinically important. The
urinary antiseptic methenamine exerts its antibacterial activ-
ity by the liberation of formaldehyde and un-ionized organic
acid at pH 5.5 or lower. Two organic acid salts are avail-
able, methenamine mandelate, and methenamine hippurate.
Acidification of the urine by restriction of alkalizing agents,
such as milk and fruit juice, and by ingestion of methionine
may enhance formation of uric acid stones, and taking ascor-
bic acid may accelerate formation of oxalate stones. Further-
more, it may be impossible to acidify the urine, particularly
if it is infected with urea-splitting organisms, such as Pro-
teus. Methenamine sometimes is used for long-term suppressive
treatment if renal function is normal, although it remains ques-
tionable whether adequate urinary acidification is possible. The
aminoglycoside antibiotics must be given parenterally; there-
fore, they are used only for the treatment of cystitis with organ-
isms that are resistant to all other antimicrobials. Urinary pH
may be an important determinant of their activity in renal fail-
ure when urinary concentrations are lower (because less drug is
filtered) (113). In this situation, low urinary pH together with
high urinary concentrations of calcium and magnesium may
reduce their antibacterial activity sufficiently to impair thera-
peutic efficacy.

A variety of nonspecific adjunctive measures are often rec-
ommended to supplement antimicrobial treatment. Patients
with a UTI are commonly advised to drink as much as they can.
The diluting and flushing out of nonadherent bacteria from the
bladder may rapidly reduce bacterial counts in the urine and
provide temporary symptomatic relief. In some cases, a very
large fluid load (7,000 mL/24 hours) may be sufficient to clear
the infection but, more usually, as urine flow falls, bacterial
counts rise again and symptoms recur. Other effects of forced
fluids may not be beneficial; urinary acidification is reduced,
antibacterial substances in the urine are diluted, and obstruc-

tion or reflux may be exacerbated. Nonspecific treatment to
reduce bladder discomfort and dysuria, such as potassium cit-
rate and phenazopyridine, has little use in the management
of bacterial cystitis. Phenazopyridine occasionally is helpful
in women with recurrent dysuria who have no documented
infections.

Antimicrobial Therapy for
Uncomplicated Cystitis

Increasingly, women with uncomplicated cystitis are being
treated empirically without obtaining a urine culture or an-
timicrobial sensitivity data. Empiric antimicrobial regimens are
chosen for their lack of toxicity, patient acceptability, activity
against potential uropathogens, and cost (114,115). The In-
fectious Diseases Society of America has published evidence-
based treatment guidelines (116). Most experience has been
gained with sulfonamides, ampicillin or amoxicillin, nitrofu-
rantoin, trimethoprim-sulfamethoxazole, and the newer fluo-
roquinolones (Table 33-1), although the oral cephalosporins,
nalidixic acid, and the tetracyclines have all been used
as well.

Sulfonamides

Traditionally, sulfonamides with rapid renal clearance have
been used for outpatient treatment of cystitis. In the past, drugs
were effective in vitro against 70% to 85% of outpatient strains
of E. coli, S. saprophyticus, and P. mirabilis; Klebsiella strains
are variably sensitive, but enterococci are uniformly resistant.
They also have useful activity against C. trachomatis (117).
Adverse reactions are rare but potentially serious, including
rashes, erythema nodosum, erythema multiforme (occasion-
ally progressing to the Stevens-Johnson syndrome), hemolysis,
blood dyscrasias, and a variety of other hypersensitivity phe-
nomena (118,119). Sulfonamide crystalluria is rare with the
more soluble sulfonamides. These drugs should not be given to
premature infants or women before delivery, because they dis-
place bilirubin from plasma albumin binding sites and therefore
may precipitate kernicterus. Although they remain a generally
effective, well-tolerated, and inexpensive treatment for outpa-
tient UTIs, they have been superseded in recent years because
of increasing in vitro resistance of E. coli and the availability
of newer antimicrobials with a broader antibacterial spectrum.
Up to 30% to 40% of strains causing acute cystitis are sulfon-
amide resistant.
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Ampicillin and Amoxicillin

Although potentially effective against all the major
uropathogens, the proportion of community-acquired
E. coli strains demonstrating in vitro resistance to ampicillin
has been rising in recent years and now exceeds 30% in many
communities. In addition, at least half of S. saprophyticus (7)
and almost all Klebsiella strains are resistant in vitro. The
antibacterial spectra of other ampicillin-related compounds,
such as amoxicillin and cyclacillin, and the prodrugs pivampi-
cillin and talampicillin are essentially similar (120), although
they are both well absorbed from the gut and, therefore, have
less associated diarrhea (3% to 5% versus 15% to 20%).
Adverse effects from ampicillin treatment are seldom serious.
Rashes are relatively common (10%) (121), but serious allergic
reactions are rare.

Clavulanate-Potentiated Amoxicillin

Clavulanic acid is the first of a new generation of ß-lactamase
inhibitors (122). These drugs are structurally related to peni-
cillin, have little intrinsic antibacterial activity, but inactivate
staphylococcal and Gram-negative bacterial enzymes of Rich-
mond classes II to V (123). Potassium clavulanate combined
with amoxicillin (Augmentin) has excellent in vitro and in vivo
activity against a variety of ß-lactamase-producing amoxicillin-
resistant organisms. The pharmacokinetics of the two drugs are
similar, and approximately 40% of the oral dose of clavulate is
eliminated unchanged in the urine (124). Several studies have
demonstrated that clavulate-potentiated amoxicillin is effective
in the treatment of UTIs caused by ampicillin-resistant organ-
isms (mainly ß-lactamase-producing E. coli) (114,115,125).
However, gastrointestinal side effects (usually loose stools or
diarrhea) have been frequent (about one-quarter of patients)
and sometimes necessitate cessation of therapy.

Nitrofurantoin

Nitrofurantoin is effective in vitro against most of the common
uropathogens seen in acute cystitis (126). Antimicrobial activ-
ity is confined to the urinary tract because tissue concentrations
are subinhibitory, whereas urine concentrations are bacterici-
dal. Mild nausea is observed in many patients, but vomiting is
less common (4%). Gastrointestinal intolerance occurs less fre-
quently with the macrocrystalline preparations (119). A variety
of allergic manifestations have been reported, including fever,
pulmonary infiltrates, pulmonary fibrosis, pseudotumor cere-
bri, megaloblastic anemia, and hepatitis, but all are rare (127–
130). Peripheral neuropathy is observed mainly in patients with
renal failure (in whom the drug is relatively ineffective) (132).
As with the sulfonamide drugs, hemolysis may be precipitated
in patients who are deficient in glucose-6-phosphate dehydro-
genase (G6PD). Overall side effects are more common than with
the short-acting sulfonamides (approximately 9% versus 3%).
The prevalence of these adverse effects increases with age. Inter-
estingly, despite many years of use, most uropathogens seen in
acute cystitis remain sensitive in vitro to nitrofurantoin (131).

Trimethoprim and Trimethoprim-Sulfamethoxazole

Trimethoprim usually is combined with sulfamethoxazole in a
fixed 1:5 ratio. Although this combination demonstrates syn-
ergy against a wide variety of bacteria, it is not clear whether
the sulfonamide component is necessary for the treatment or
prevention of UTIs (133). Trimethoprim alone appears to be
equally effective. However, the sulfonamide component does
provide useful activity against C. trachomatis, which may
have some value in the empiric outpatient treatment of dy-
suric women. Trimethoprim-sulfamethoxazole is highly effec-

tive against all the major uropathogens except the enterococci
and pseudomonads. Most of the adverse effects associated with
trimethoprim-sulfamethoxazole can be attributed to the sul-
fonamide component (134,135). Sensitivity reactions and gas-
trointestinal symptoms constitute nearly three-quarters of the
reported adverse effects (135). Skin rashes occur in approxi-
mately 3.5% of patients (136), but serious reactions, includ-
ing Lyell’s syndrome and Stevens-Johnson syndrome, are rare.
Nausea and, occasionally, vomiting occur in 3.5% of patients
(137), but monilial overgrowth and diarrhea are rare. Hema-
tologic toxicity, including leukopenia, thrombocytopenia, and
hemolytic anemia, has been reported in about 0.5% of pa-
tients (135,137). Rare cases of agranulocytosis and aplastic
anemia also have occurred (135). Surprisingly, megaloblastic
anemia secondary to folate antagonism is unusual but may oc-
cur in patients who are already folate-deficient (138). Deterio-
ration of renal function has been reported after trimethoprim-
sulfamethoxazole administration (139), but this may be partly
accounted for by the observation that trimethoprim specifically
inhibits tubular secretion of creatinine and may cause a rise in
serum creatinine without affecting the glomerular filtration rate
(140). In addition, trimethoprim may interfere with the assay of
creatinine (141). Occasional headaches, dysphoria, and other
central nervous system side effects also have been reported,
particularly after high doses (142). Trimethoprim should be
avoided during early pregnancy because folate antagonism,
theoretically, may be teratogenic, although there is no evidence
of this in humans. Overall, despite an apparently long list of
potential adverse effects, trimethoprim-sulfamethoxazole has
been used extensively for the past 15 years with an excellent
record of safety and effectiveness. Increasing antimicrobial re-
sistance in E. coli strains causing UTIs (now 15% to 20%) is
limiting its usefulness in many geographic areas (131).

Fluoroquinolones

Most of the recently developed fluoroquinolones are excel-
lent agents for the treatment of UTIs. Ciprofloxacin and lev-
ofloxacin are the two drugs for which there is the most clinical
experience and data treating UTIs, and there is little evidence
that any of the more recently released drugs in this class offer
advantages over these two (116,143). They are highly active
against most of the major uropathogens, reach high concen-
trations in the urine, have little activity against the resident
perineal and vaginal anaerobic flora, and are well absorbed and
well tolerated when taken by mouth. Except for ciprofloxacin,
in vitro activity against P. aeruginosa is limited. The fluoro-
quinolones have limited in vitro activity against enterococci.
Clinical experience with these drugs indicates that they are
highly effective for treatment of cystitis (116,118,146,147).

Duration of Therapy

Although older treatment regimens of 7 and 14 days for un-
complicated UTIs generally were very effective, they were also
expensive and relatively toxic. Several lines of evidence sug-
gest that shorter courses of treatment may be preferable. First,
pathologic observations indicate that cystitis is a superficial
mucosal infection in most cases (113). Second, patients often
discontinue treatment themselves, when symptomatically im-
proved after taking only a few doses of antibiotic, and are
cured. Third, the bladder washout procedure, which involves
a single instillation of antimicrobials into the bladder, has a cure
rate of about 90% in patients with infection limited to the blad-
der (146). In addition, there is the analogy with the treatment
of bacterial sexually transmitted diseases, in which single-dose
therapy is commonly employed. Finally, after a single dose of
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antimicrobials, therapeutic bactericidal concentrations may be
present in the urine for 24 to 72 hours with some drugs.

Early clinical studies with single-dose treatment were en-
couraging with most cure rates being 75% to 100% (146–
151). However, most of these studies were confined to infecting
organisms that were sensitive to the antimicrobials and were
not antibody-coated bacteria test positive (i.e., confined to the
lower urinary tract). Many studies now have documented a
higher failure rate of antibody-coated bacteria (ACB) positive
infection, even with longer courses of treatment. In addition,
follow-up in some of these single-dose treatment studies was
1 week or less (i.e., insufficient to exclude relapsing or recur-
ring infection), and many of the early studies had small sample
sizes and inadequate power.

Single-dose therapy has the advantages of simplicity, high
compliance, reduced cost and side effects, and less adverse
selective pressure on the perineal flora (152). It has the
disadvantages of low efficacy against upper tract infection
(pyelonephritis has been documented to follow single-dose
therapy in one case) (114) and, commonly, failure to clear vagi-
nal and periurethral coliform colonization, resulting in rapid
reinfection. Trimethoprim-sulfamethoxazole is superior to the
ampicillin-related drugs in the single-dose treatment of uncom-
plicated cystitis (111,112,114). Cure rates with trimethoprim-
sulfamethoxazole have varied between 76% and 95%
(114,148,149), whereas amoxicillin results have been generally
lower, varying between 50% and 85%. Bacampicillin (28%)
(153) and cyclacillin (30%) (114) were even less effective in
similar studies. The most likely explanation for this discrep-
ancy lies with the different pharmacokinetic properties of these
drugs. Ampicillin is rapidly eliminated (t1/2ß = 30 minutes),
and although clearance is predominantly renal, urinary con-
centrations 6 hours after oral administration are almost unde-
tectable (154). Fifty to 60% of trimethoprim and 25% to 50%
of sulfamethoxazole are eliminated unchanged in the urine, and
the resulting ratio in the urine is approximately 2:1 (155). The
elimination rates of both drugs are considerably slower than
that of ampicillin (t1/2ß for both is approximately 10 hours)
(156). Consequently, urinary concentrations remain high for
up to 24 hours. Bacteria in the urine, therefore, are exposed to
lethal concentrations of antimicrobials for considerably longer
than in the case of ampicillin or other rapidly eliminated ß-
lactam antibiotics. The same is true for many fluoroquinolones,
which have long half-lives and are effective as single-dose ther-
apy (114,116).

The biologic effects of the drugs are also quite dif-
ferent. Ampicillin eliminates much of the microaerophilic
and anaerobic vaginal flora. This encourages colonization
by enteric Gram-negative organisms, whereas trimethoprim-
sulfamethoxazole and fluoroquinolones have less effect on the
normal vaginal flora, even when used for long periods. The high
rates of recurrence with ampicillin may be related to persistent
perineal colonization with coliforms and to the high frequency
with which this drug selects resistant organisms in fecal flora.

Although trimethoprim-sulfamethoxazole has emerged as
superior to ampicillin, it is not clear whether the sulfonamide
moiety is at all necessary. Trimethoprim alone is highly effec-
tive for treatment of UTIs (157–159). Sulfonamide-sensitive,
trimethoprim-resistant uropathogens are rare, and most of the
serious toxicity associated with the combined preparations can
be ascribed to the sulfonamide component. It has been argued
that trimethoprim alone should replace the combination, but
this is not universally accepted. Most large series reported have
used the combined preparation.

Current evidence thus suggests that single-dose treatment
of uncomplicated lower urinary tract infection in women is
a satisfactory alternative to longer courses of antimicrobials.
Specific regimens include trimethoprim-sulfamethoxazole (320
to 1,600 mg), trimethoprim (400 mg), ofloxacin (400 mg),

ciprofloxacin (500 mg), amoxicillin (3 g), and nitrofuran-
toin (200 mg). However, more recent studies and meta-
analyses suggest that 3 days of therapy with trimethoprim-
sulfamethoxazole or a fluoroquinolone reduces the failure
rate but preserves the advantages of single-dose therapy (i.e.,
low cost, low toxicity, good patient acceptability). Avail-
able data indicate that 3-day regimens of trimethoprim-
sulfamethoxazole, norfloxacin, ofloxacin, and ciprofloxacin
are highly effective in the treatment of acute cystitis (114,116).
These regimens appear to be as effective as 7- to 10-day regi-
mens but have fewer side effects (114–116), and they are more
effective than single-dose therapy (111,112). Thus, 3-day regi-
mens have become the treatment of choice for acute uncompli-
cated cystitis (116). Regimens of 7 to 10 days should be used in
patients with complicating factors or in patients being treated
with beta-lactams or nitrofurantoin.

Asymptomatic Bacteriuria

Children and pregnant women with asymptomatic bacteriuria
(>105 organisms/mL) should be treated. One approach is out-
lined in Figure 33-2. Three days of therapy may be effective, but
follow-up must be guaranteed to ensure clearance of bacteri-
uria. The evidence that treatment benefits other groups of pa-
tients is less convincing. In particular, asymptomatic bacteriuria
in elderly patients is a common and apparently benign condi-
tion that probably does not require treatment. Patients found to
have asymptomatic bacteriuria prior to urologic surgery should
be given 3 to 7 days of antimicrobial prior to surgery (109).

Acute Dysuria

In the treatment of women presenting with acute dysuria and
frequency, a careful history and microscopic examination of the
urine occupy the central part of the decision-making tree and
usually allow definitive treatment to be started immediately.

Figure 33-3 shows one practical approach to diagnosis and
treatment. It may, however, be more cost effective to empiri-
cally treat women who have symptoms of a UTI, or who have
symptoms and pyuria on urinalysis, with 3 days of an antimi-
crobial agent, using response to therapy rather than positive
urine culture as the means of diagnosis (160). This approach
costs the patient less and results in fewer symptom days. Any
features in the history or examination (i.e., fevers, flank pain,
costovertebral tenderness) that suggest upper urinary tract in-
fection warrant an extended course of treatment (Chapter 37).
In addition, short-course therapy is only appropriate for un-
complicated infections in women and children. It is not recom-
mended for patients with abnormalities of the urinary tract or
for the treatment of males.

Acute Pyelopnephritis

Acute pyelonephritis can be divided into cases that are con-
sidered uncomplicated and cases considered complicated. The
former occur in young women with no evidence of anatomic or
structural abnormalities. The latter are all other cases. Recent
data suggest that most uncomplicated cases can be successfully
treated with oral antimicrobials in the outpatient setting as
long as they have no vomiting and have normal blood pressure,
pulse and only mild to moderate pain. A regimen of 7 to 14
days of a flouroquinolone can be used as empiric therapy. One
initial dose of parenteral medication followed by oral therapy
is an alternative approach. Patients with moderate to severe
uncomplicated pyelonephritis or complicated disease should
be hospitalized for initial parenteral therapy. They can usually
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FIGURE 33-2. Algorithm for management of asymptomatic bacteriuria.

be switched to oral therapy in 2 to 3 days when fever resolves
(Table 33-1).

Relapsing Infection

Relapses usually are caused by unsuspected persistent up-
per tract infections (females), prostatitis (males), or structural
abnormalities, such as stones or diverticula. If a patient re-
lapses after 1 to 7 days of treatment, then a 14-day course
of treatment should be prescribed. Before therapy, sensitiv-
ity to the prescribed antimicrobial agent should be confirmed.
Trimethoprim-sulfamethoxazole or a fluoroquinolone proba-
bly is the most effective therapy. If there is another relapse,
further investigations are indicated to identify potentially re-
mediable structural lesions. Meanwhile, a 6-week course of
treatment should be initiated, because this may be effective
when 2-week courses have failed (155).

Recurrent Infection

Many women have periodic episodes of cystitis, but a small
minority has attacks with such disabling frequency that an-
timicrobial prophylaxis is justified. This group of patients may
be divided into those with structural or functional abnormali-
ties of the urinary tract (and an associated tendency to develop
pyelonephritis) and those with a normal intravenous pyelo-
gram and cystoscopy and infections confined to the lower uri-

nary tract. The vast majority of women fall into the latter cate-
gory. Recurrent infections can be related to sexual intercourse
(15) or diaphragm use (161) in a proportion of women, but no
predisposing factors are apparent in the majority. Recurrent
infections tend to cluster in time (162); that is, the likelihood
of a subsequent infection is greatest at the end of the treatment
course and then diminishes progressively the longer the woman
is infection free.

Simple measures, such as voiding immediately after sex-
ual intercourse and changing from the diaphragm to an al-
ternative form of contraception, may be effective in women in
whom these factors are related to recurrent infection. Three
antimicrobial strategies can be employed: (a) continuous low-
dose prophylaxis (163,164), (b) self-administered short-course
treatment (165), and (c) postcoital single-dose prophylaxis
(Table 33-2) (166).

Trimethoprim, with or without sulfamethoxazole, and ni-
trofurantoin have been evaluated extensively and are highly
effective (164). Most experience has been gained with
trimethoprim-sulfamethoxazole; it is well tolerated, with an
excellent therapeutic index when used for a long term
(163–165,167). Side effects are rare and usually develop in
the first few weeks of therapy. Emergence of resistant strains is
unusual with these drugs, and their efficacy does not appear to
diminish with extended use. Excellent results have also been ob-
tained with norfloxacin, ciprofloxacin, and levofloxin. Nitrofu-
rantoin and oral cephalosporins have been used for long-term
prophylaxis, but experience is more limited and, in general,
results have not been as good.
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FIGURE 33-3. Management of dysuria and frequency in women.

The choice of management strategy depends on the factors
predisposing to recurrent infection (if any), the numbers of in-
fections per year, and the preference of the patient. In general,
continuous prophylaxis is preferred in women who experience
three or more infections per year. Patient-administered single-
dose therapy should be reserved for women with two to three
infections per year, and postintercourse prophylaxis should
be used for women who temporally relate infection to sex-
ual activity. The costs of prophylaxis and patient-administered
single-dose therapy with trimethoprim-sulfamethoxazole are
approximately the same (165). Obviously, the infection rate is
higher with self-treatment, but patient acceptability also may

TA B L E 3 3 - 2

REGIMENS FOR MANAGEMENT OF RECURRENT
CYSTITIS

Daily: Trimethoprim 40 mg-sulfamethoxazole 200 mg or
nitrofurantoin 100 mg or trimethoprim 100 mg

Self-treatment: Trimethoprim 320 mg-sulfamethoxazole
1600 mg at first symptoms of infection

Postcoital: Trimethoprim 40 mg-sulfamethoxazole 200 mg or
nitrofurantoin 100 mg or trimethoprim 100 mg

be higher. There are no clear guidelines concerning when to stop
prophylaxis; often, 6 months of drug treatment is given. Most
women return to their preprophylaxis rate of infection when
the drug is withdrawn. During prophylaxis, patients should
initially be seen twice yearly to evaluate efficacy and toxicity
and to check urine cultures. If significant bacteriuria (105/mL)
or symptomatic infection develops during prophylaxis, an an-
tibiotic other than the prophylactic agent should be selected
initially. Therapy should then be modified, dependent on an-
timicrobial susceptibility.

Pregnancy

Asymptomatic bacteriuria occurs in 4% to 7% of pregnant pa-
tients (108,168). The prevalence of bacteriuria is directly pro-
portional to age and parity (169) and inversely proportional to
socioeconomic status (170). Asymptomatic bacteriuria in early
pregnancy is a major risk factor for the development of acute
pyelonephritis in the second and third trimesters (110,170).
Thus, patients presenting with bacteriuria at their first ante-
natal clinical visit should be treated. Approximately one-third
of untreated patients with bacteriuria develop upper tract in-
fections at a later stage (usually in the third trimester). This
contrasts with a rate of less than 1% in patients without bacteri-
uria in early pregnancy (108). The incidence of pyelonephritis
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FIGURE 33-4. Management of bacteriuria in
pregnancy.

in women with bacteriuria can be reduced to less than 5%
by appropriate therapy. Thus, over 75% of acute pyelonephri-
tis in pregnant patients can be prevented by screening for and
eliminating asymptomatic bacteriuria in early pregnancy. Pre-
vention of pyelonephritis in pregnancy also prevents associated
fetal morbidity (primarily prematurity).

Several physiologic factors probably account for this predis-
position to infection in pregnancy. Estrogens and progesterone
induce dilatation of the ureter and renal pelvis, which increases
progressively toward term (171). Bladder capacity almost dou-
bles in late pregnancy with distortion of shape by the gravid
uterus. These changes revert to normal by the second month
postpartum. Bacteriuria is a frequent finding in postpartum
women with asymptomatic bacteriuria in early pregnancy, even
if this has been treated appropriately (172,173). Treatment of
bacteriuria in pregnancy does not appear to influence the long-
term course in these women.

Women should be screened for bacteriuria at their first an-
tenatal clinic visit and treatment should be given if significant
bacteriuria is found. Sulfonamides, nitrofurantoin, ampicillin,
cephalexin, and nalidixic acid all are considered relatively safe
in early pregnancy. Sulfonamides should not be used near term,
because there is the theoretic risk that kernicterus may be in-
duced in the newborn. Trimethoprim, a dihydrofolate reduc-
tase inhibitor, is not generally recommended in pregnancy, be-
cause there is some evidence of fetal toxicity with very high
doses in animals. However, there is no evidence of teratogenic-
ity or other adverse effects in human pregnancy. Tetracyclines
are also contraindicated in pregnancy; fetal toxicity secondary
to calcium chelation may occur after the fifth month, and acute
fatty liver may develop in the mother at any stage. Nitrofuran-
toin is well tolerated, and many studies attest to its safety in
pregnancy (174–176). It may induce anemia in both mother
and fetus with G6PD deficiency (177) and has also been shown
to produce coagulation abnormalities, but these have not been
associated with adverse effects (178). The fluoroquinolones
should not be used during pregnancy.

Single-dose therapy has not been evaluated widely in preg-
nant patients; single-dose ampicillin (2 g) plus probenecid, ni-
trofurantoin (200 mg), or sulfisoxazole (2 g) were effective in
approximately 75% of patients in one study (179). Given the
greater effectiveness of 7-day therapy in nonpregnant women,

a 7-day course of nitrofurantoin would seem to be a reason-
able treatment of choice for asymptomatic bacteriuria or un-
complicated lower UTIs if careful follow-up can be achieved
(Fig. 33-4). These patients should be followed up 2 weeks after
completing therapy and then at monthly intervals. The aim of
management is to detect and treat asymptomatic bacteriuria as
promptly as possible and therefore to prevent the development
of acute pyelonephritis.

Children

Urinary tract infections in newborn infants may be nosocomi-
ally acquired; babies nursed in neonatal units are at a threefold
increased risk as compared with babies nursed at home (180).
After the neonatal period, UTIs continue to be an important
cause of fever, and they are a potential cause of progressive re-
nal damage in children with vesicoureteric reflux (73,103,181).
Early detection and treatment of recurrent infections have been
shown to reduce renal scarring (182). Symptomatic infections
in young children may occur with fever, abdominal pain, con-
vulsions, or other nonspecific signs and symptoms. In older
preschool children, symptoms are usually referable to the uri-
nary tract (i.e., frequency, dysuria, hematuria, urgency, fever,
and often a return of enuresis). Asymptomatic infections are
common in young girls and also represent a threat to the de-
veloping kidneys, because many girls with asymptomatic bac-
teriuria have vesicoureteric reflux and renal cortical scars that
are indicative of reflux nephropathy. Overall, renal scarring
is found in 12% to 20% of children evaluated for infections
of the urinary tract (71). Because this is a major cause of hy-
pertension and end-stage renal failure (183), all infections in
childhood should be treated promptly. Although much of the
renal damage occurs within the first 5 years of life, recent evi-
dence suggests that children over 5 years old are still vulnerable
(182).

As soon as a UTI is suspected, urine should be obtained for
culture and empiric treatment started before waiting for bac-
teriologic confirmation of the diagnosis. As in adults, pyuria
is a valuable indicator of a UTI and the most likely infecting
organism is E. coli. The initial antimicrobial agent of choice
is probably trimethoprim-sulfamethoxazole or trimethoprim
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alone. The initial duration of treatment should be 7 to 10 days.
Single-dose or short-course treatment is effective in uncom-
plicated lower tract infections, but upper tract involvement
should be assumed in febrile children in order to err on the
side of safety. The traditional teaching that girls are “allowed”
one urinary tract infection but boys are not allowed any be-
fore initiating investigations is still probably valid, although
an ultrasound examination of the bladder and kidneys is a rea-
sonable first step in any child admitted to a hospital with a
documented UTI. Girls, at their second infection, all boys, and
children with large bladders, abnormal kidneys, hypertension,
or azotemia should be evaluated. This should include routine
blood biochemistry, ultrasound of the urinary tract, and a plain
abdominal radiograph before proceeding to intravenous urog-
raphy, micturating cystourethrography, and, in some cases, cys-
toscopy in consultation with a pediatric urologist.

Recurrent infections in children with vesicoureteric reflux
can be prevented by antimicrobial prophylaxis (183,184). This
treatment appears to prevent fresh scarring, whereas 20% of
children with reflux who receive intermittent short courses of
treatment for recurrent infections develop new scars (185). This
finding supports the initiation of prophylaxis immediately fol-
lowing the course of treatment until the underlying cause of
the infection has been determined.
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40. Maårdh PA, Colleen S, Hovelius B. Attachment of bacteria to exfoliated
cells from the urogenital tract. Invest Urol 1979;16:322.

41. Fader RC, Davis CP. Effect of piliation on Klebsiella pneumoniae infection
in rat bladders. Infect Immunol 1980;30:554.

42. Silverblatt FS. Host parasite interaction in the rat pelvis: a possible role of
pili in the pathogenesis of pyelonephritis. J Exp Med 1974;140:1969.

43. Lomberg H, Hellstrom M, Jodal U, et al. Virulence-associated traits in
Escherichia coli causing first and recurrent episodes of urinary tract in-
fection in children with or without vesico-ureteric reflux. J Infect Dis
1984;150:561.

44. Cox CE, Hinman F. Experiments with residual bacteriuria, vesical emptying
and bacterial growth on the mechanism of bladder defense to infection.
J Urol 1961;86:739.

45. Kaye D. Antibacterial activity of human urine. J Clin Invest 1968;47:
2374.

46. Stamey TA, Fair WR, Timothy MM. Antibacterial nature of prostatic fluid.
Nature 1968;218:444.

47. Orskov S, Ferencz A, Orskov F. Tamm-Horsfall protein or uromucoid in
the normal urinary slime traps type 1 fimbriated Escherichia coli. Lancet
1980;1:887.

48. Parsons CL, Greenspan C, Mulholland SG. The primary antibacterial de-
fense mechanism of the bladder. Invest Urol 1975;13:72.

49. Mullholland SG. Lower urinary tract antibacterial defense mechanisms.
Invest Urol 1979;17:93.

50. Buckwold FJ, Ludwig P, Harding GK, et al. Therapy for acute cystitis
in adult women. Randomized comparison of single-dose sulfisoxazole vs
trimethoprim-sulfamethoxazole. JAMA 1982;247:1839.

51. Rene P, Silverblatt FJ. Serological response to E. coli pili in pyelonephritis.
Infect Immunol 1982;37:749.

52. Stamey TA. Urinary infections. Baltimore: Williams & Wilkins, 1972.
53. Stamey TA, Sexton CC. The role of vaginal colonization with Enterobac-

teriaceae in recurrent urinary infection. J Urol 1975;113:214.
54. Kunin CM, Polyak F, Postel E. Periurethral bacterial flora in

women: prolonged intermittent colonization with Escherichia coli. JAMA
1980;243:134.

55. Boineau FG, Lewy JE. Urinary tract infection in children: an overview.
Pediatr Ann 1975;64:515.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-33 Schrier-2611G GRBT133-Schrier-v4.cls July 27, 2006 20:32

Chapter 33: Cystitis and Urethritis 845

56. Schaeffer AJ, Stamey TA. Studies of introital colonization in women with
recurrent urinary infection. IX. The role of antimicrobial therapy. J Urol
1977;118:221.

57. Stamey TA, Kaufman MF. Studies of introital colonization in women with
recurrent urinary infection. II. A comparison of growth in normal vagi-
nal fluid of common versus uncommon serogroups of E. coli. J Urol
1975;114:264.

58. Stamey TA, Timothy MM. Studies of introital colonization in women with
recurrent urinary infection. I. The role of vaginal pH. J Urol 1975;114:261.

59. Cattell WR, McSherry MA, Northeast A. Periurethral enterobacterial car-
riage in pathogenesis of recurrent urinary infection. Br Med J 1974;4:136.

60. Elkins IB, Cox CE. Vaginal and urethral bacteriology of young women. I.
Incidence of gram negative colonization. J Urol 1974;3:88.

61. O’Grady FW, McSherry MA, Richards B, et al. Introital Enterobacteri-
aceae, urinary infection and the urethral syndrome. Lancet 1970;ii:1208.

62. Stamey TA, Mihara G. Studies of introital colonization in women with re-
current urinary infections. V. The inhibitory activity of normal vaginal fluid
on Proteus mirabilis and Pseudomonas aeruginosa. J Urol 1976;115:416.

63. Scholes D, Hooton TM, Roberts PL, et al. Risk factors for recurrent urinary
tract infection in women. J Infect Disease 2000;182:1177.

64. Gupta K, Stapleton AE, Hooton TM, et al. Inverse association of H2O2-
producing lactobacilli and vaginal Escherichia coli colonization in women
with recurrent urinary tract infections. J Infect Dis 1998;178:446.

65. Köllenius G, Winberg J. Bacterial adherence to periurethral epithelial cells
in girls prone to urinary tract infections. Lancet 1978;ii:540.

66. Svanborg-Eden C, Eriksson B, Hanson IA. Adhesion of Escherichia coli to
human uroepithelial cells in vitro. Infect Immunol 1977;18:767.

67. Schaeffer AJ, Jones JM, Dunn JK. Association of in vitro Escherichia coli
adherence to vaginal and buccal epithelial cells with susceptibility of women
to recurrent urinary tract infections. N Engl J Med 1981;304:1062.

68. Kurdydyk LM, Kelly K, Harding GK, et al. Role of cervicovaginal antibody
in the pathogenesis of recurrent urinary tract infection in women. Infect
Immunol 1980;29:76.

69. Abbott GD. Neonatal bacteriuria: a prospective study in 1460 infants. Br
Med J 1972;1:267.

70. Bran JL, Levison ME, Kaye D. Entrance of bacteria into the female urinary
bladder. N Engl J Med 1972;259:626.

71. Randolph MF, Greenfield M. The incidence of asymptomatic bacteriuria
and pyuria in infancy. A study of 400 infants in private practice. J Pediatr
1964;65:57.

72. Bacteriuria: when does it matter? Lancet 1979;ii:1155.
73. Smellie JM, Normand IC. Bacteriuria reflux and renal scarring. Arch Dis

Child 1975;50:581.
74. Kaye D. Urinary tract infection in the elderly. Bull NY Acad Med 1980;56:

209.
75. Kass EH. Chemotherapeutic and antibiotic drugs in the management of

infections of the urinary tract. Am J Med 1955;18:764.
76. Gallagher DJ, Montgomeric JZ, North JD. Acute infections of the urinary

tract and the urethral syndrome in general practice. Br Med J 1965;1:622.
77. Mond NC, Percival A, Williams JD, et al. Presentation, diagnosis, and

treatment of urinary-tract infections in general practice. Lancet 1965;i:514.
78. Fihn SD. Acute uncomplicated urinary tract infections in women. N Engl

J Med 2003: 349:259.
79. Stamm WE, Running K, McKevitt M, et al. Treatment of the acute urethral

syndrome. N Engl J Med 1981;304:956.
80. Stamm WE, Wagner KF, Amsel R, et al. Causes of the acute urethral syn-

drome in women. N Engl J Med 1980;303:409.
81. Curran JW, Rendtorff RC, Chandler RW, et al. Female gonorrhea: its re-

lation to abnormal uterine bleeding, urinary tract symptoms and cervicitis.
Obstet Gynecol 1975;45:195.

82. Drabu YJ, Sanderson PJ. Urine culture in urethral syndrome. Lancet
1980;i:37.

83. Gorgan RA, Brumfitt W, Hamilton-Miller JM. Do anaerobes cause urinary
infections? Lancet 1980;i:37.

84. Ronald A. The etiology of urinary tract infection: traditional and emerging
pathogens. Am J Med 2002;113:14S.

85. Kindall L, Nickels TT. Allergy of the pelvic urinary tract in the female: a
preliminary report. J Urol 1949;61:222.

86. Smith DR. Stress reaction linked to urinary frequency. Med World News
July 20, 1962.

87. Gray LA, Pingelton WB. Pathological lesions of the female urethra. JAMA
1956;162:1361.

88. Dacis DM. The relationship between urethral resistance and chronic urinary
tract disease. J Urol 1956;76:270.

89. Youngblood VH, Tomlin EM, Davis JB. Senile urethritis in women. J Urol
1957;48:150.

90. Keitzer WA, Allen JS. Operative treatment of chronic cystitis by urethro-
tomy: 10 years of experience. J Urol 1970;103:429.

91. Brumfitt W, Pursell R. Double-blind trial to compare ampicillin, cephalexin,
co-trimoxazole and trimethoprim in the treatment of urinary infection. Br
Med J 1972;2:673.

92. Mabeck CE. Studies in urinary tract infections. IV. Urinary leukocyte ex-
cretion in bacteriuria. Acta Med Scand 1969;186:193.

93. Wenk RE, Dutta D, Rudert J, et al. Sediment microscopy, nitrituria, and
leukocyte esterasuria as predictors of significant bacteriuria. J Clin Lab
Automation 1982;2:117.

94. Monte-Verde D, Nosanchuk JS. The sensitivity and specificity of nitrite
testing for bacteria. Lab Med 1981;12:755.

95. Pezzlo MT. Detection of bacteriuria by automated methods. Lab Med
1984;15:539.

96. Pezzlo MT, Tan GL, Peterson EM, et al. Screening of urine cultures by three
automated systems. J Clin Microbiol 1982;15:468.

97. Jorgensen JH, Alexander GH. Rapid detection of significant bacteriuria
by use of an automated limulus amoebocyte lysate assay. J Clin Microbiol
1982;16:587.

98. Thore A, Lundin SA, Bergman S. Detection of bacteriuria by luciferase
assay of adenosine triphosphate. J Clin Microbiol 1975;1:1.

99. Wallis C, Melnick JL, Langoria CJ. Colorimetric method for rapid deter-
mination of bacteriuria. J Clin Microbiol 1981;14:342.

100. Davis JR, Stager CE, Araj GF. Clinical laboratory evaluation of a bacteriuria
detection device for urine screening. Am J Clin Pathol 1984;81:48.

101. Hoeprich P. Culture of the urine. J Lab Clin Med 1960;56:899.
102. MacGregor ME, Freeman P. Childhood urinary infection associated with

vesico-ureteric reflux. Q J Med 1975;44:481.
103. Smellie J, Edwards D, Hunter N, et al. Vesico-urethral reflux and renal

scarring. Kidney Int 1975;8:S65.
104. Cardiff-Oxford Bacteriuria Study Group. Sequelae of covert bacteriuria in

schoolgirls: a four year follow-up study. Lancet 1978;i:889.
105. Savage DC, Wilson MI, McHardy M, et al. Covert bacteriuria of childhood.

Arch Dis Child 1973;48:8.
106. Verrier-Jones ER, Meller ST, McLachlan MS, et al. Treatment of bacteriuria

in schoolgirls. Kidney Int 1975;8:85.
107. Kaitz AL, Hodder EW. Bacteriuria and pyelonephritis of pregnancy: a

prospective study of 616 women. N Engl J Med 1961;265:667.
108. Kincaid-Smith P. Bacteriuria in pregnancy. Lancet 1965;i:395.
109. Little PJ. Bacilluria in pregnancy. Proc R Soc Med 1965;58:1042.
110. Dontas AS, Kasviki-Charvati P, Papanayiotou PC. Bacteriuria and survival

in old age. N Engl J Med 1981;304:939.
111. Stamm WE, Hooton TM. Management of urinary tract infections in adults.

N Engl J Med 1993;329:1328.
112. Hooton TM. The current management strategies for community acquired

urinary tract infections. Infect Dis Clin N Amer 2003;17:303.
113. Minuth JN, Musher DM, Thorsteinsonn SB. Inhibition of the antibacterial

activity of gentamicin by urine. J Infect Dis 1976;133:14.
114. Hooton TM, Stamm WE. Management of acute uncomplicated urinary

tract infection in adults. Med Clin North Am 1991;75:339.
115. Hooton TM, Besser R, Foxman B, et al. Acute uncomplicated cystitis in an

era of increasing antimicrobial resistance: a porposed approach to empirical
therapy. Clin Infect Diseases 2004;39:75.

116. Warren JW, Abrutyn E, Hebel JR, et al. Guidelines for antimicrobial treat-
ment of uncomplicated acute bacterial cystitis and acute pyelonephritis in
women. Clin Infect Dis 1999;29:745.

117. Stamm WE, Guinan ME, Johnson C, et al. Effect of treatment regimens
for Neisseria gonorrhoeae on simultaneous infection with Chlamydia tra-
chomatis. N Engl J Med 1984;310:545.

118. Gupta K, Hoootn TM, Stamm WE. Increasing antimicrobial resistance and
the management of community acquired urinary tract infections. Ann In-
tern Med 2001;135:41.

119. Weinstein L, Madoff MA, Saniet CM. The sulfonamides, IV. N Engl J Med
1960;263:952.

120. Neu HC. Aminopenicillins: clinical pharmacology and use in disease states.
Int J Clin Pharmacol Biopharm 1975;11:132.

121. Shapiro S, Stone D, Siskind V, et al. Drug rash with ampicillin and other
penicillins. Lancet 1969;ii:969.

122. Reading C, Cole M. Clavulanic acid: a beta-lactamase inhibiting beta-
lactam from Streptococcus claviligerus. Antimicrob Agents Chemopther
1977;11:852.

123. Stein GE, Gurwith MJ. Amoxicillin-potassium clavulanate, a ß-lactamase
resistant antibiotic combination. J Antimicrob Chemother 1982;10:
131.

124. Goldstein FW, Kitzis MD, Acar JF. Effect of clavulanic acid and amoxicillin
combination. J Amtimicrob Chemother 1982;10:131.

125. Goldstein FW, Kitzis MD, Acar JF. Effect of clavulanic acid and amoxicillin
formulation against beta-lactamase producing gram-negative bacteria in
urinary tract infection. J Antimicrob Chemother 1979;5:705.

126. Turck M, Ronald AR, Petersdorf RG. Susceptibility of Enterobacteriaceae
to nitrofurantoin correlated with eradication of bacteriuria. Antimicrob
Agents Chemother 1966;6:446.

127. Bhagwat AG, Warren RE. Hepatic reaction to nitrofurantoin. Lancet
1969;ii:1369.

128. Dawson RB. Pulmonary reactions to nitrofurantoin. N Engl J Med
1966;274:522.

129. Ellis FG. Acute polyneuritis after nitrofurantoin therapy. Lancet 1962;
ii:1136.

130. Holmberg L, Bowman G, Bottiger LE, et al. Adverse reactions to nitrofu-
rantoin: analysis of 921 reports. Am J Med 1980;69:733.

131. Gupta K, Scholes D, Stamm WE. Increasing prevalence of antimicrobial
resistance among uropathogens causing acute uncomplicated cystitis in
women. JAMA 1999;218:736.

132. O’Grady F. Urinary tract infection in women. JR Coll Phys (Lond)
1979;13:70.

133. Reaves D. Sulphonamides and trimethoprim. Lancet 1982;ii:370.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-33 Schrier-2611G GRBT133-Schrier-v4.cls July 27, 2006 20:32

846 Section VI: Infections of the Urinary Tract and the Kidney

134. Lawson DH, Paice BJ. Adverse effects of trimethoprim-sulfamethoxazole.
Rev Infect Dis 1982;4:429.

135. Salter AJ. Trimethoprim-sulfamethoxazole: an assessment of more than 12
years of use. Rev Infect Dis 1982;4:196.

136. Lawson DH, Jick H. Adverse reactions to cotrimoxazole in hospitalized
medical patients. Am J Med Sci 1978;275:53.

137. Salter AJ. The toxicity profile of trimethoprim/sulfamethoxazole after four
years of widespread use. Med J Aust 1973;1:70.

138. Rooney PJ, Housley A. Trimethoprim/sulfamethoxazole in folic acid defi-
ciency. Br Med J 1972;2:656.

139. Kalowski S, Nanra RS, Mathew TH, et al. Deterioration in renal function
in association with co-trimoxazole therapy. Lancet 1973;i:394.

140. Trollfors B, Wahl M, Alestig K. Co-trimoxazole, creatine and renal function.
J Infect Dis 1980;2:221.

141. Bye A. Drug interference with creatinine assay. Clin Chem 1976;22:283.
142. Frisch JM. The patterns of adverse reactions to trimethoprim/ sulfamethox-

azole. In: Bernstein LS, Salter AJ, eds. Trimethoprim/ sulfamethoxazole in
bacterial infections. Edinburgh: Churchill Livingstone, 1973.

143. Bauerfeund A, Petermuller C. In vitro activity of ciprofloxacin, norfloxacin
and nalidixic acid. Eur J Clin Microbiol 1983;2:111.

144. Goldstein EJ, Albert ML, Ginsberg BP. Norfloxacin versus trimethoprim-
sulfamethoxazole in the therapy of uncomplicated community acquired
urinary tract infection. Antimicrob Agents Chemother 1985;27:422.

145. Sabbay J, Hoagland VL, Shih WJ. Multiclinic comparative study of nor-
floxacin and trimethoprim-sulfamethoxazole for treatment of urinary tract
infections. Antimicrob Agents Chemother 1985;27:297.

146. Ronald AR, Boutros P, Mourtada H. Bacteriuria localization and response
to single dose therapy in women. JAMA 1976;285:1854.

147. Bailey RR, Abbott GD. Treatment of urinary tract infection with a sin-
gle dose of trimethoprim/sulfamethoxazole. Can Med Assoc J 1978;118:
551.

148. Burke JP, Garibaldi RA, Britt MR, et al. Prevention of catheter associated
urinary tract infections: efficacy of daily meatal care regimens. Am J Med
1981;70:655.

149. Counts GW, Blair AD, Wagner KF, et al. Treatment of cystitis in women
with a single dose of trimethoprim/sulfamethoxazole. Rev Infect Dis
1982;4:484.

150. Fang LS, Tolkoff-Rubin NE, Rubin RH. Efficacy of single dose and
conventional amoxicillin therapy in urinary tract infection localized
by the antibody coated bacteria technique. N Engl J Med 1978;298:
413.

151. Gruneberg RN, Brumfitt W. Single dose treatment of acute urinary tract
infection: A controlled trial. Br Med J 1967;3:649.

152. Harbord RR, Gruneberg RN. Treatment of urinary tract infection with
a single dose of amoxicillin, cotrimoxazole or trimethoprim. Br Med J
1981;283:1301.

153. Marier RL, Sanders CV, Yu SL. Single dose bacampicillin versus multi-
dose amoxicillin therapy of urinary tract infection. Proceedings of the 23rd
Interscience Conference on Antimicrobial Agents and Chemotherapy. Las
Vegas, 1983;178.

154. Bodey GP, Nance J. Amoxicillin: in vitro and pharmacological studies.
Antimicrob Agents Chemother 1972;1:358.

155. Turck M, Ronald AR, Petersdorf RG. Relapse and reinfection in chronic
bacteriuria. II. The correlation between site of infection and pattern of
recurrence in chronic bacteriuria. N Engl J Med 1968;248:422.

156. Spicehandler J, Pollock AA, Simberkoff MS, et al. Intravenous pharmacoki-
netics and in vitro bactericidal activity of trimethoprim-sulfamethoxazole.
Rev Infect Dis 1982;4:562.

157. Bryand RE, Sutcliff MC, McGee FA. Human polymorphonuclear leukocyte
function in urine. Yale J Biol Med 1973;46:113.

158. Kasanen A, Sundquist H. Trimethoprim alone in the treatment of uri-
nary tract infections: eight years of experience in Finland. Rev Infect Dis
1981;4:358.

159. Neu HC. Trimethoprim alone for treatment of urinary tract infection. Rev
Infect Dis 1982;4:355.

160. Carlson KJ, Mulley AG. Management of dysuria: a decision analysis model
of alternative strategies. Ann Intern Med 1985;102:244.

161. Fihn S, Latham RH, Running K, et al. Association between diaphragm use
and urinary tract infection. JAMA 1985;254:240.

162. Stamm WE, McKevitt M, Roberts PL, et al. Natural history of recurrent
urinary tract infections in women. Rev Infect Dis 1991;13:77.

163. Stamm WE, Counts GW, McKevitt M, et al. Urinary prophylaxis with
trimethoprim and trimethoprim-sulfamethoxazole: efficacy, influence on
the natural history of recurrent bacteriuria, and cost control. Rev Infect
Dis 1982;4:450.

164. Stamm WE, Counts GW, Wagner KF, et al. Antimicrobial prophylaxis of
recurrent urinary tract infection. Ann Intern Med 1980;92:770.

165. Gupta K, Hooton TM, Roberts PL, et al. Patient-initiated treatment of
uncomplicated urinary tract infection in young women. Ann Intern Med
2001;135:9.

166. Vosti KL. Recurrent urinary tract infections: prevention by prophylactic
antibiotics after sexual intercourse. JAMA 1975;231:934.

167. Harding GK, Ronald AR. A controlled study of antimicrobial prophy-
laxis of recurrent urinary infection in women. N Engl J Med 1974;391:
591.

168. Norden CW, Kass EH. Bacteriuria of pregnancy: a critical appraisal. Annu
Rev Med 1968;19:431.

169. Kass EH. Bacteriuria and pyelonephritis of pregnancy. Trans Assoc Am
Phys 1959;42:257.

170. Turck M, Goffe B, Petersdorf RG. Bacteriuria of pregnancy. N Engl J Med
1962;266:857.

171. Andriole VT. Urinary tract infection in pregnancy. Urol Clin North Am
1975;2:485.

172. Leigh D, Gruneberg R, Brumfitt W. Long term follow-up of bacteriuria in
pregnancy. Lancet 1968;i:603.

173. Zinner S, Kass EH. Long term (10 to 14 years) follow-up of bacteriuria of
pregnancy. N Engl J Med 1971;285:820.

174. Cavanagh D, Sandberg JR. Prematurity and urinary tract infection. II. A
clinical study of 270 patients. Am J Obstet Gynecol 1966;96:579.

175. Little PJ. The incidence of urinary infection in 5000 pregnant women.
Lancet 1966;ii:925.

176. Little PJ. The treatment of bacteriuria of pregnancy with low dosage nitro-
furantoin. In: Symposium on pyelonephritis. Edinburgh: Churchill Living-
stone, 1967:17.

177. Fofar JO, Nelson MM. Epidemiology of drugs taken by pregnant
women: drugs that may affect the fetus adversely. Clin Pharmacol Ther
1973;14:632.

178. Junge WD. Influence of nitrofurantoin on blood coagulation and fibrinoly-
sis in pregnant women, their newborn infants, and during the puerperium.
Klin Woschenshr 1941;49:977.

179. Harris RE, Gilstrap LC, Pretty A. Single dose antimicrobial therapy for
asymptomatic bacteriuria during pregnancy. Obstet Gynecol 1982;59:
546.

180. Tullus K, Horlin K, Svenson SB, et al. Epidemic outbreaks of pyelonephritis
caused by nosocomial spread of P-fimbriated E. coli in children. J Infect
Dis 1985;180:728.

181. Shak KJ, Robins DG, White RH. Renal scarring and vesico-ureteric reflux.
Arch Dis Child 1978;53:210.

182. Smellie JM, Ransley PG, Normand IC, et al. Development of new renal
scars: a collaborative study. Br Med J 1985;290:1957.

183. Smellie JM, Grünberg RN, Leakey A, et al. Long term low-dose co-
trimoxazole in prophylaxis of childhood urinary tract infection: clinical
aspects. Br Med J 1976;2:203.

184. McKerrow W, Davidson-Lamb N, Jones PF. Urinary tract infection in chil-
dren. Br Med J 1984;289:299.

185. Smellie JM, Edwards D, Normand IC, et al. The effects of vesico-ureteric
reflux on renal growth in children with urinary tract infection. Arch Dis
Child 1981;56:593.

186. Thornton GF, Lytton B, Andriole VT. Bacteriuria during in dwelling
catheter drainage. JAMA 1966;195:179.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-34 Schrier-2611G GRBT133-Schrier-v4.cls July 11, 2006 15:20

CHAPTER 34 ■ INFECTIONS OF THE UPPER
URINARY TRACT
ALLAN R. RONALD AND LINDSAY E. NICOLLE

In the normal urinary tract, ascending upper tract infection is
prevented or delayed by the dynamics of urine flow and the
interference of the vesicoureteral junction. The microbial etiol-
ogy of urinary tract infections is similar throughout the urinary
system, but the infection site determines the clinical features,
response to therapy, complications, and ultimate prognosis;
therefore, it is appropriate to identify upper tract infection in
this chapter as a unique and significant illness. Parasitic, fungal,
and mycobacterial infections of the upper tract are discussed
in other chapters. Viruses are commonly excreted in the urine,
but with the exception of the syndrome of hemorrhagic fever
with renal insufficiency, their role in renal disease is ill defined;
therefore, this chapter focuses primarily on bacterial infections.
Infection of the upper urinary tract is not readily diagnosed in
the absence of the classic clinical features of acute pyelonephri-
tis. As a result, much of the information available and compiled
for this review is derived from studies in which the diagnosis
of renal infection was imprecise. Complicated urinary infec-
tions are reviewed in Chapter 36. Uncomplicated upper tract
infection in adults is the principle focus of this review.

DEFINITIONS

Acute Pyelonephritis

Acute pyelonephritis is a clinical syndrome of flank pain, re-
nal tenderness, fever, and chills, accompanied by bacteriuria. It
may be associated with bacteremia, which can progress to the
systemic inflammatory response syndrome, “septic shock,” and
death. Acute nonobstructive pyelonephritis, also called acute
uncomplicated pyelonephritis, occurs in women with a normal
genitourinary tract (1). Pyelonephritis also occurs as one of the
more severe symptomatic presentations of complicated urinary
infection in persons with structural or functional abnormalities
of the genitourinary tract.

Chronic Pyelonephritis

Chronic pyelonephritis is a radiologic diagnosis characterized
by renal scarring and destructive changes in the calyceal system,
presumed to be caused by bacterial infection, vesicoureteral re-
flux, or both. Although the classic histologic features of chronic
pyelonephritis have included interstitial inflammation and fi-
brosis, this description is now recognized to lack specificity for
bacterial infection and is common to a variety of pathologic
processes (2).

Bacteriuria

Bacteriuria is the presence of bacteria in the urine. Kass in-
troduced the term significant bacteriuria to differentiate con-

taminated from infected urine by using quantitative urinary
bacterial counts (3). Significant bacteriuria is the presence of at
least 105 colony-forming units (CFU)/mL or at least 108 CFU/L
(International System of Units). Patients with symptomatic
urinary infection may demonstrate lower bacterial counts in
voided urine.

Asymptomatic Bacteriuria

Asymptomatic bacteriuria is bacteriuria in the absence of any
subjective symptoms of urinary infection. Presumably, if pyuria
or a serologic response to the infecting organism occurs, the
patient is infected and not simply colonized. In females, two
voided urine samples with at least 105 CFU/mL of the same
organism are required to diagnose asymptomatic bacteriuria
(3). In men, only one urine culture is necessary (4). A single
specimen obtained by catheterization or suprapubic aspiration
in men or women is also sufficient.

Pyuria

Pyuria is the presence of more than 5 polymorphonuclear
leukocytes/high-power field (HPF) on microscopic examina-
tion of spun urine sediment or the presence of more than 10
polymorphonuclear leukocytes/μL of unspun urine (5).

HISTORICAL PERSPECTIVES

Asscher credited the ninth-century Arabic physician Rhazes for
the initial diagnosis of acute pyelonephritis in a patient in Bagh-
dad (6). The patient had an acute febrile illness complicated by
necrotizing papillitis. In 1841, Rayer, in his textbook of kidney
disease, noted the frequent occurrence of pyelonephritis dur-
ing pregnancy (7); however, it was not until 1881 that Roberts
noted bacteria in the urine of patients with urinary symptoms
(8). A year later, Wagner associated the focal histopathologic
changes of chronic pyelonephritis with a history of recurrent
urinary infection (9). He also cited the “Schrumpfniere” or
“the shrunken kidney” as the end product of urinary infec-
tion. In 1894, Escherich identified “Bacillus coli” in the urine
of children with urinary infections (10). Lohlein, in 1917, de-
scribed the occurrence of urinary infection in three girls who
had progressive renal impairment and bilateral contracted kid-
neys (11); all three died with uremia.

Several investigators followed groups of patients with re-
current infection prior to the antimicrobial era. Longcope
and Winkenwerder, in 1933, identified hypertension and at-
rophic pyelonephritis as important complications of longstand-
ing recurrent renal infection (12). Weiss and Parker, in their
1939 classic monograph, described the histologic lesions in pa-
tients with chronic pyelonephritis and noted in particular the
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vascular changes in the renal arterioles (13). They postulated
that chronic pyelonephritis frequently led to hypertension and
end-stage renal failure. In 1937, Crabtree and colleagues fol-
lowed 45 patients with acute pyelonephritis of pregnancy
(14,15). During the subsequent 5 to 10 years, hypertension de-
veloped in six women and three progressed to end-stage renal
disease. Marple, in 1941, recognized that bacteria were com-
monly present in the urinary tract in large numbers without
associated symptoms (16). Kass, in 1956 showed the signifi-
cance of quantitative assessment of bacteriuria and identified
the importance of asymptomatic bacteriuria during pregnancy
(3). The subsequent availability of antimicrobial therapy has
substantially modified the natural history and complications
of renal infection.

PATHOGENESIS

Bacteriology

Escherichia coli is responsible for 75% or more of community-
acquired renal infections (Table 34-1). Organism character-
istics associated with renal invasion belong to a restricted
number of O:K:H serotypes, and are characterized by the pro-
duction of hemolysin, production of aerobactin, resistance to
the bactericidal activity of normal human serum, and the pres-
ence of specific adhesion proteins that bind to receptors on
epithelial cells (22). Strains of E. coli isolated from patients
with nonobstructive pyelonephritis consistently contain genes
for hemolysin production and one particular adhesion protein,
P fimbriae (23). These and other virulence genes are often clus-
tered in the genome in pathogenicity islands (24). The P fimbrae
family is one of the mannose resistant adhesins with a bind-
ing specificity for the gal (α1–4) gal-β disaccharide galabiose.
The pap G class II allele is identified in approximately 95%
of E. coli identified in individuals with acute nonobstructive
pyelonephritis but only 70% to 75% of those with compli-
cated urinary infection (25). E. coli strains isolated from acute
nonobstructive pyelonephritis are from a restricted group of
virulent E. coli, whereas those isolated from complicated uri-
nary infection or asymptomatic bacteriuria are highly hetero-

geneous with a significantly lower frequency of virulence char-
acteristics (25,26). One clonal group of E. coli, which was also
multidrug resistant, has been described in outbreaks occurring
in both Europe and the United States (27). Prats and colleagues
described a uropathogenic clone (E. coli 015:K52:H1) during a
1-year period in Barcelona, Spain, and showed that this strain
is overrepresented in patients with acute pyelonephritis (28).

Other Gram-negative rods, including Klebsiella spp., Pro-
teus mirabilis, and Enterobacter species, are isolated in 10%
to 15% of patients with community-acquired renal infections.
Proteus mirabilis accounts for more than 40% of infections
in infant boys (29). Proteus mirabilis is particularly significant
as a renal pathogen because of its propensity to promote stru-
vite calculi. Coagulase-negative staphylococci and Enterococ-
cus faecalis each cause 2% to 3% of invasive renal infections.
The latter is a more important pathogen in elderly men. Group
B streptococci are isolated in less than 1% of urinary infec-
tions, but appear to have a propensity for patients with dia-
betes and pregnant women (30). Group A streptococci, Strep-
tococcus pneumoniae, and Neisseria spp. are rare upper tract
pathogens. Haemophilus influenzae has been implicated occa-
sionally in childhood urinary infections, including acute bac-
teremic pyelonephritis. Staphylococcus aureus renal infection
and bacteriuria commonly occur in patients with bacteremic
staphylococcal infection (31). Although Staphylococcus sapro-
phyticus is an important cause of acute cystitis in females, its
role in invasive upper tract infection is uncertain (32). Gard-
nerella vaginalis may be isolated from women with bacteriuria,
particularly during pregnancy (33). Both Mycoplasma hominis
and Ureaplasma urealyticum have, infrequently, been isolated
as the sole pathogen in patients with classic acute pyelonephri-
tis, and increases in specific antibody titers to these agents sup-
port a role for infection (34).

The etiology of pyelonephritis in patients with compli-
cated urinary infection, including catheter associated hospital-
acquired urinary infection is substantially different (Table
34-1). Escherichia coli, usually arising from the patient’s
own gastrointestinal tract, remains the most common urinary
pathogen, but other species are more often isolated, and resis-
tant bacteria are more common. Gram-negative rod infections,
including Pseudomonas aeruginosa and Serratia marcescens,
account for 10% to 15% of hospital-acquired invasive upper

TA B L E 3 4 - 1

DISTRIBUTIONS OF BACTERIAL SPECIES ISOLATED IN PYELONEPHRITIS AND BACTEREMIC URINARY
INFECTION IN SELECTED REPORTS

Pyelonephritis Bacteremic infection

Safrin Pinson Jerkeman and Bryan and Bryan and
Organism et al. (17) et al. (18) Braconier (19)a Reynolds (20)a Reynolds (21)b

Escherichia coli 140 63 52 201 100
Klebsiella spp. 5 5 7 — —
Citrobacter spp. — — 2 29 41
Enterobacter spp. — 3 — — —
Proteus mirabilis 2 2 9 37 28
Pseudomonas spp. — 4 5 8 21
Staphylococcus aureus — 1 1 — —
Staphylococcus saprophyticus 8 4 — 17c 19c

Enterococcus faecalis 1 — 8 — —
Other — 6 — 4 12

aCommunity acquired, including both complicated and uncomplicated infection.
bHospital acquired.
cAll Gram-positive organisms.
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tract infections in some reports, and may occur in outbreaks
(35,36). Staphylococcus epidermidis, often resistant to the an-
tibacterial agents usually prescribed for urinary infection, oc-
curs frequently as an acquired cause of bacteriuria in patients
with indwelling catheters but is seldom a cause of symptomatic
infection (37). In one study, of 175 pathogens cultured from the
initial urinary infections in 110 patients following catheteriza-
tion, coagulase-negative staphylococci were isolated from 31%
of infections; Candida spp. from 32%; P. aeruginosa and Kleb-
siella spp. each from 17%; and E. coli from 16% (38). The
spectrum of infecting organisms will be influenced by antimi-
crobial exposure of the patient. Corynebacterium group D2 has
been identified as a unique etiologic agent of nosocomial uri-
nary infection, particularly in catheterized patients (39). These
organisms are urease producers and may produce persistent
infection, bladder and renal calculi, pyelonephritis, and bac-
teremia. They are slow growing and may be missed if routine
cultures are discarded after 24 hours.

Some organisms that are relatively uncommon in North
America can also cause urinary infection. Leptospiral infection
usually involves the kidneys, with pathologic changes of inter-
stitial inflammation, hemorrhage, and tubuloepithelial damage
(40). The pathogenesis of these lesions and the specific role of
the leptospiral spirochete are uncertain. Although renal insuffi-
ciency is common, localized renal symptoms are unusual. Lep-
tospirosis has not been reported to cause chronic renal impair-
ment. Culture of urine on special leptospiral media is usually
positive during the acute illness (40). Brucella spp. have been
associated with bacterial pyelonephritis (41). In 1905, Kennedy
reported that 54% of patients with Brucella melitensis infec-
tion had positive urine cultures (42). The clinical features vary
from those of acute pyelonephritis to a chronic debilitating ill-
ness. Chronic infection results in a granulomatous response,
which may progress to a destructive cavitating process indis-
tinguishable from renal tuberculosis (42,43). Salmonella spp.
are common renal pathogens in patients with urinary schisto-
somiasis and may cause acute pyelonephritis in patients with
Salmonella gastroenteritis (44).

Organisms that are unable to use urine as a nutrient source
only rarely cause pyelonephritis. These organisms include most
species of obligate anaerobes. The relatively high oxygen ten-
sions in normal urine also likely inhibit anaerobic organisms.
In a prospective study of 5,781 specimens, Segura et al. iden-
tified only 10 patients with anaerobic bacteriuria among those
with positive urine Gram stains and negative aerobic cul-
tures, an overall prevalence of 1.2% (45). All but one of these
10 patients had complicated urologic problems.

Protoplasts, or bacterial L forms with cell walls, have been
postulated to have a significant role in pyelonephritis, enabling
organisms to persist and cause disease in the hypertonic en-
vironment of the renal medulla (46). Studies are inconclusive
with respect to the significance of these in urinary infection,
although occasionally they are isolated in urine.

Host Factors and Host Response

Host factors and response are described in detail in another
chapter (Chapter 32). Genetic factors have a role in develop-
ment of acute, unobstructed pyelonephritis. The prevalence of
urinary infection is increased twofold to sixfold in the female
siblings and mothers of girls with urinary infections (47). The
P1 blood group is associated with recurrent pyelonephritis in
girls without vesicoureteral reflux (48). Epithelial cell receptors
necessary for E. coli binding are glycolipids of the globoseries,
the antigens of the P blood group system. This observation may
provide a genetic basis for the increased susceptibility of some
females for urinary infection. Women who are nonsecretors of

blood group substance also have an increased risk of recurrent
urinary infection (49).

Individuals with structural or functional abnormalities of
the urinary tract have a greatly increased risk of pyelonephri-
tis, apparently independent of genetic factors or bacterial vir-
ulence factors. Obstruction at the level of the kidney or ureter
may directly inhibit urine flow from the upper tract and bac-
teria will establish infection behind the obstruction. Voiding
abnormalities, as with neurogenic bladders, are frequently as-
sociated with reflux and upper tract infection.

Acute pyelonephritis is characterized by an intense and ex-
tensive inflammatory and immune response. Pyuria is present,
and urinary and serum cytokines and chemokines are elevated
(50–52). The extent of the inflammatory response appears to
correlate with the severity of the clinical presentation. The spe-
cific virulence factor, the P fimbria, appears to be important in
stimulating an epithelial cytokine response (52). The inflamma-
tory response resolves promptly with the institution of effective
antimicrobial therapy (53). Upper tract infection is associated
with a greater inflammatory response than lower tract infec-
tion, and cytokines are increased in symptomatic infection as
compared to asymptomatic infection. Upper tract infection is
associated with both a local and a systemic humoral immune
response. Local urine antibody includes both an IgA and an IgG
response to the infecting bacteria (54). This specific antibody
response develops about 7 to 10 days from infection onset.
The protective effect of these antibodies remains controversial
(54).

PATHOLOGY

Acute Pyelonephritis

The histologic hallmarks of acute pyelonephritis include ab-
scess formation and edema in the renal parenchyma and ac-
cumulation of polymorphonuclear leukocytes in and around
tubules. Bacteria are often demonstrable in foci of acute renal
suppuration. In general, glomeruli are spared, although small
abscesses may surround them. Areas of infection are character-
istically wedge-shaped with the apex in the medulla resembling
an infarct. Tissue destruction is greater in the cortex than in
the medulla as a result of this configuration, but the relative
smaller size of the medulla means the inflammatory response
appears to have a greater effect on medullary anatomy and
function. The distribution of wedge-shaped areas of suppura-
tion is characteristically focal, usually corresponding to renal
lobes, and sharply demarcated from areas of uninvolved renal
parenchyma. In adults, the kidney is unlikely to be uniformly
affected, unless concomitant obstruction is present. Histologic
features of acute and chronic pyelonephritis can overlap. The
relative degrees of edema and fibrosis rather than the intersti-
tial cellular response are the most useful criteria to delineate
these entities.

Circulatory compromise, perhaps because of toxins or in-
creased intrarenal pressure, is present in the early stages of
acute pyelonephritis. In animal models, short periods of vas-
cular occlusion result in changes that closely resemble those
of pyelonephritis (2). Vascular spasm, therefore, may be a sig-
nificant factor in the pathogenesis of the pyelonephritic scar.
Many systemic infections cause an acute interstitial nephritis
with edema and a predominant infiltration of mononuclear
cells. Salmonella typhosa, Corynebacterium diphtheriae, My-
coplasma pneumoniae, Leptospira spp., and other organisms
have been associated with an acute diffuse interstitial renal re-
sponse without direct bacterial invasion (2). The pathogenesis
of this response is not well understood.
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Chronic Pyelonephritis

Chronic pyelonephritis is a focal parenchymal disease with
associated changes in the renal collecting system owing to in-
flammation and deformation (55). Fibrosis with atrophy of
overlying renal tissue leads to surface depression or scars.
Neighboring unaffected renal tissue often undergoes hypertro-
phy and may appear to be a mass lesion. A sharply defined
border between normal and diseased tissue is characteristic of
chronic pyelonephritis. The capsule is adherent and the corti-
cal surface irregular. Calyceal clubbing results from papillary
retraction into the scar. Dilatation, muscular hypertrophy, and
fibrotic inflammation causing thickening of the calyceal sys-
tem, all occur to a variable extent. The two kidneys are usu-
ally markedly asymmetrically involved, whereas other diseases
that cause interstitial inflammation usually affect both kidneys
equally.

The histology of chronic pyelonephritis is the pathology of
interstitial or tubulointerstitial nephritis and is characterized
by a pleomorphic infiltrate of lymphocytes, plasma cells, and
macrophages in the interstitium of the kidney (2). Polymor-
phonuclear leukocytes and eosinophils may also be present.
Recent and longstanding interstitial renal inflammation can
appear similar. However, with longstanding disease, tubular
atrophy and fibrosis as well as foci of tubular dilatation and
colloid cast formation become evident. These blind, obstructed
tubules can superficially resemble thyroid acini. Zones of nor-
mal parenchyma usually separate scars. Arteries and arterioles
within the scars show medial hyaline change and intimal prolif-
eration. The vessels in zones of normal kidney may be normal
or may demonstrate hyaline intimal changes (55).

The status of the glomerulus differentiates primary tubu-
lar interstitial disorders from glomerulopathies. Although
glomeruli in tubular interstitial disorders may be partially or
completely hyalinized, glomeruli in severely scarred zones may
be relatively normal, or may show compensatory glomerular
hypertrophy.

Previously, many end-stage kidneys were referred to patho-
logically by the term chronic pyelonephritis. Freedman re-
viewed the body of clinical and experimental data that doc-
uments the difficulty of attributing chronic interstitial renal
inflammation, in the end-stage kidney, to infection (55). Four
points were noted. First, histologic findings of chronic inter-
stitial renal inflammation occur in many clinical entities that

are not associated with bacterial infection. Second, interstitial
changes in the kidney can be produced experimentally by meth-
ods that do not employ bacterial infection. Third, the equal sex
distribution of histopathologic pyelonephritis does not corre-
spond to the known predominance of urinary tract infections
in females (56). Fourth, bacteriuria is a very common nosoco-
mial complication of hospitalization and occurs with increased
incidence in patients with a variety of underlying renal and
urologic diseases. Thus, the contribution of urinary infection
to the pathologic features found at necropsy has been overem-
phasized. In most instances, bacteriuria has played no role in
the development of the underlying renal disease.

PREVALENCE AND INCIDENCE

Symptomatic Pyelonephritis

Bacteriuria occurs in 0.7% of full-term infants, and clinically
evident urinary infection occurs in 0.3% (57,58). Males pre-
dominate in both groups, and account for almost 80% of
neonatal urinary infections. Most of these infections appear to
involve the upper tracts. Tullus and colleagues retrospectively
reviewed the incidence of pyelonephritis among 11,655 chil-
dren born at a Stockholm hospital between January 1, 1979,
and June 30, 1982 (59). The annual incidence of pyelonephri-
tis during the first 2 years of life in these children was 34 per
10,000, but 89/10,000 in infants cared for in one neonatal
unit. An epidemic of a virulent, multiple resistant E. coli strain,
serotype 06:K5, occurred in this unit (59). Acute pyelonephri-
tis occurred after a mean of 5.6 months following discharge,
with a range of 1 week to 17 months; only one infant had an
underlying malformation of the urinary tract.

It is estimated at least 250,000 episodes of acute
pyelonephritis with over 160,000 hospitalizations occur each
year in adult women in the United States (60). The highest rates
of acute nonobstructive pyelonephritis are in young women
(Table 34-2). Ikaheimo and associates reported an incidence
of 2.7 episodes of pyelonephritis/100 patient years during
1-year follow-up of women in a family practice in Finland who
had originally presented with acute cystitis (61). The ratio of
episodes of cystitis to pyelonephritis was 29:1. Stamm and asso-
ciates, in the United States, followed 51 women with recurrent
uncomplicated urinary infection for a median of 9 years (62).

TA B L E 3 4 - 2

REPORTED INCIDENCE OF PYELONEPHRITIS IN WELL CHARACTERIZED
POPULATIONS

Study design (reference) Population Rate

Retrospective (59), Sweden children <2 years 34/10,000 population
Prospective, 12 months,

Finland (61)
179 women initially

presenting to GP with
acute cystitis

2.7/100 patient years

Retrospective (62),
United States 1969–1985

51 women with
recurrent cystitis

0.1 ± 0.3/patient year

Administrative data (63),
Canada, hospitalized

women—all
women >60 years
men

10.9/10,000 population
175/10,000 population
3.3/10,000 population

Administrative data (60)
United States, hospitalized

women <60 years
women >60 years
men <60 years
men >60 years

7.8–15.0/10,00 population
13.5–23.3/10,000 population
1.1–2.4/10,000 population
6.3–12.9/10,000 population

Prospective (64), Canada diabetic women with
bacteriuria

7.2/100 patient years
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The mean infection rate was 2.6 per patient year with the ratio
of cystitis to pyelonephritis episodes being 18:1 in women not
receiving prophylactic antibiotics.

Hospitalization for treatment of acute pyelonephritis re-
ported from one province in Canada was 11/10,000 for all
women (63). Pyelonephritis accounted for 0.4% of all hos-
pital admissions. The frequency of hospitalization underesti-
mates the incidence of pyelonephritis because many patients
with pyelonephritis, especially young healthy women, are not
admitted for treatment. Peak rates occurred in women 20 to
29 years old, and men and women older than 50 years. From
0.3% to 0.7% of all pregnancies required hospitalization for
pyelonephritis. Women with diabetes were six to 24 times
more likely to be admitted with pyelonephritis than nondia-
betic women, stratified by age. An American study reported
similar hospitalization rates of 11.7/10,000 for women (60)
(Table 34-2). Rates were not increased in patients with dia-
betes. They were highest for younger women at 15/10,000 (age
20 to 39 years) and in women over 80 years (23.3/10,000).

Pyelonephritis in men is usually in the context of compli-
cated urinary infection, but acute nonobstructive pyelonephri-
tis does occur. Krieger and colleagues reported an incidence of
symptomatic urinary infection including both lower and upper
tract infection, of 4.9/10,000 men per year in a 6-year study of
male university students (65). Rates of hospitalization for acute
pyelonephritis in men were reported to be 3.3/10,000 per year
in Manitoba (63) and 2.4/10,000 in the United States (60). In
other groups with complicated urinary infection, Waites and
associates reported 1.8 episodes/person year of urinary infec-
tion associated with fever and chills, presumably upper tract
infections, in 64 spinal cord-injured patients managed with in-
termittent catheterization or condom drainage (66). Fever oc-
curred with 11% of all episodes of urinary infection identified
by monthly screening. In a prospective study of episodes of
febrile urinary infection in residents of long-term care facilities,
a rate of febrile urinary infection of 1.1/10,000 resident days
was reported (67). The rate was 0.8/10,000 resident days for in-
dividuals without chronic indwelling catheters, and 4.6/10,000
for those with chronic indwelling catheters. The high rates in
elderly populations reflect underlying functional and structural
abnormalities, consistent with complicated urinary infection.

Asymptomatic Upper Tract Infection

Asymptomatic bacteriuria is common in many populations
(68). Although no epidemiologic studies have prospectively
localized the site of infection, some individuals with asymp-
tomatic bacteriuria do have upper tract involvement. Pre-
sumably, factors such as duration of bacteriuria, infecting
organism, associated medical illnesses, the presence of vesi-
coureteral reflux, and urinary obstruction influence the preva-
lence of upper tract infection in patients with asymptomatic
bacteriuria.

Lincoln and Winberg found that eight of 298 male neonates
had asymptomatic bacteriuria, whereas none of 286 female
neonates were infected at birth (69). The reasons for male pre-
dominance are unknown. In cross-sectional and longitudinal
studies, Kunin and associates determined the prevalence and
incidence of urinary infection in both schoolgirls and adult
women (70–72). The prevalence was 1.2% among 16,000 girls
and the annual incidence of infections was 0.4% in previously
nonbacteriuric girls (70). About 5% of girls had one or more
episodes of bacteriuria between the ages of 6 and 18 years.
Two-thirds of these infections were asymptomatic. Girls found
to be bacteriuric at the initial examination and those who ac-
quired bacteriuria during the study did not differ from their
nonbacteriuric cohorts with regard to personal hygiene, so-
cioeconomic status, or race.

Large populations of women have been studied in different
settings. The prevalence of bacteriuria is strikingly similar in
Wales, Jamaica, Japan, and Virginia (United States) (72,73).
Between 3% and 7% of women surveyed from the ages of
16 to 65 years have asymptomatic bacteriuria, compared with
less than 0.1% of men. In 1,758 Dutch women, the prevalence
of bacteriuria increased from 2.7% of women aged 15 to 24
years to 9.3% of women aged 65 years or older (74). Kunin
and McCormack studied the prevalence of bacteriuria in 3,304
nuns and 2,698 control subjects matched for age and race (72).
The prevalence of bacteriuria in nuns below the age of 34 was
one-twelfth that of control subjects, and similar for white and
black nuns. The frequency of bacteriuria in the nuns gradu-
ally increased so that by the age of 65 there was no significant
difference between nuns and control subjects. In the control
subjects there was no evidence that menstruation, personal hy-
giene, or oral contraceptive practice altered the prevalence of
bacteriuria.

The prevalence of asymptomatic bacteriuria during preg-
nancy has varied from 3% to 10%. The incidence of acquiring
bacteriuria during pregnancy is about 1%, similar to the inci-
dence of new infections in these patients in the nonpregnant
state (75). Whether patients with diabetes have an increased
prevalence or incidence of urinary infection has been contro-
versial. The prevalence has been reported to be increased about
threefold in women with diabetes, but is not increased in men
with diabetes (76). There are large differences in the prevalence
of bacteriuria reported in different studies, reflecting variations
in study populations.

The prevalence of bacteriuria increases consistently with
age, with a rapid increase over the age of 65 (77). Boscia and
associates found an initial prevalence of bacteriuria of 18%
for women and 6% for men in one primarily ambulant elderly
population (78). By 1 year of follow-up, 30% of women and
10% of men had at least one positive urine culture. This high
prevalence is likely related to associated chronic illness, par-
ticularly neurologic diseases. The prevalence of bacteriuria in
residents of nursing homes is exceptionally high, reaching 20%
to 50% in both men and women (79–81). Residents who are
more functionally impaired and have neurologic diseases with
voiding impairment are more likely to have bacteriuria. For
institutionalized women, at least 50% with bacteriuria have
upper tract localization (82,83). Bacteriuria in these popula-
tions often persists and remains asymptomatic for months to
years (79). Episodes of febrile infection are infrequent given
the high prevalence of bacteriuria in this population (67). War-
ren and associates, however, showed that at autopsy 38% of
elderly bacteriuric women resident in nursing homes with a
long-term indwelling catheter, and 5% without a catheter had
renal parenchymal inflammation (84).

NATURAL HISTORY AND
CONSEQUENCES

Infection during Infancy and Childhood

In the anatomically normal urinary tract, recurrent infections
rarely lead to end-stage renal disease unless infections begin
during infancy or childhood. Established risk factors for the
development of renal parenchymal scarring include the pres-
ence of vesico-ureteric reflux, recurrent infection, and delayed
treatment in young age at the time of infection (85). Why
the acute inflammation accompanying infection results in re-
nal scarring in some children but does not lead to scarring in
others is not well understood. Recently, studies of the inflam-
matory response and genetic polymorphisms have suggested
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that cytokine gene polymorphisms may partly explain this
observation (85).

Renal scarring is found almost exclusively in patients with
vesicoureteral reflux. Several investigators have argued that
vesicoureteral reflux is essential for the development of renal
scars and renal impairment. However, consensus seems to have
emerged that, in infants and children with vesicoureteral re-
flux, infection is the primary cause of renal scars (86). Few
patients have progressive or new scarring when infections are
adequately treated and recurrences prevented (87). Specific di-
agnosis and adequate treatment in infancy may prevent renal
scars and chronic atrophic pyelonephritis (88).

The ability to diagnose vesico-ureteral reflux in utero has
provided further information about the association of vesico-
ureteral reflux, urinary infection, and renal failure in infants.
Severe prenatal reflux combined with kidney damage is seen
virtually exclusively in males (89). Kidney damage in female
infants is focal, as it is with older children and male infants
with less severe vesico-ureteral reflux. Asale et al. (90) fol-
lowed 108 children from birth in whom vesico-ureteral re-
flux was diagnosed before any infection had occurred. Mild
to moderate kidney damage was present at birth in only 9 of
the neonates, and 7 of these were male. Urinary infection was
avoided through continuing antimicrobial prophylaxis while
vesico-ureteral reflux persisted. There was no evidence of re-
nal function deterioration in the first 30 months of life. Thus,
renal failure associated with vesico-ureteral reflux in infants is
often due to abnormalities present in the prenatal period, but
further renal deterioration and renal function can be avoided
by preventing urinary infections.

Scarring after pyelonephritis in infancy is associated with
renal growth arrest in the involved kidney. Careful follow-up
with immediate diagnosis and adequate treatment of all recur-
rent episodes of infection, particularly during infancy and early
childhood, is the major factor in the prevention of progressive
renal impairment (91). Smellie and colleagues confirmed that
renal growth proceeded normally in children with nonrefluxing
ureters and children with reflux who were kept free of infec-
tion (87). Although ureteral surgery for reflux can prevent some
symptomatic episodes of pyelonephritis, it does not prevent the
progression of renal scarring which may occur if infections are
not prevented (92).

Asymptomatic bacteriuria occurring in girls 5 years or older
with normal kidneys on study entry is benign (93). It is not asso-
ciated with renal scar development regardless of antimicrobial
treatment. A follow-up of young girls with asymptomatic bac-
teriuria detected in screening programs subsequently followed
into adult life and pregnancy, however, reported that sub-
jects treated for covert bacteriuria as schoolgirls, usually 10 to
15 years earlier, had a greater capacity to increase glomeru-
lar filtration rate during pregnancy, compared to untreated
control subjects (94). Programs to screen for bacteriuria and
treat infections in school-age girls have not proven to be
worthwhile.

Adult-Onset Infection and Renal Impairment

Kunin critically reviewed the relationship between kidney in-
fection and renal failure (95). Following observations in the
preantimicrobial era implicating urinary infection as a ma-
jor factor in the etiology of renal failure, the relationship has
been clarified by: (a) a more precise definition of bacterial
pyelonephritis and the recognition of its similarity to the lesions
produced by vascular disease, interstitial nephritis of varying
etiology, and papillary necrosis; (b) substantial evidence that
infection and vesicoureteral reflux are synergistically associ-
ated with focal renal cortical scars and distortion of the re-
nal calyces and that most renal damage occurs during the first

3 years of life; (c) the description of analgesic nephropathy and
its role in producing interstitial nephritis and papillary necro-
sis, which must be distinguished from bacterial pyelonephri-
tis; (d) improved bacteriologic procedures for the diagnosis of
urinary tract infection; and (e) results of long-term prospec-
tive epidemiologic studies that evaluated the outcome of
infection.

Careful autopsy studies performed since 1960 have evalu-
ated the contribution of renal infection to renal disease (55,96).
Weiss and Parker, in reviewing autopsy data of end-stage kid-
neys, noted that healed pyelonephritis was indistinguishable
from primary vascular disease (13). In the longest and most
definitive study, Freedman correlated autopsy with clinical
data (55). He excluded patients with genitourinary abnormal-
ities and serious nonurinary infections. Pathologic criteria for
pyelonephritis were found in 1.4% of 4,686 autopsied subjects.
Anatomic findings were equally distributed bilaterally, and the
kidneys lacked the broad scars characteristic of pyelonephritis.
He concluded that these abnormalities could be explained on
the basis of vascular disease, papillary necrosis, or medullary
cysts. A detailed analysis of the clinical course suggested that
the role of infection was negligible.

Huland and Busch reviewed 15,921 cases in the twelfth re-
port of the Human Transplant Registry (96). Thirteen percent
were considered to have pyelonephritis; however, all had vesi-
coureteral reflux, analgesic abuse, nephrolithiasis, or obstruc-
tion as an underlying contributory factor in the etiology of
pyelonephritis. They concluded that renal damage from adult-
onset pyelonephritis sufficient to cause end-stage renal disease
rarely, if ever, occurs in the absence of underlying structural
abnormality.

Stamm and colleagues followed 51 women with recurrent
urinary infection for an average follow-up time of 9 years (62).
They experienced 696 episodes of infection; approximately 5%
were clinically diagnosed as acute pyelonephritis. No signif-
icant impairment in renal function occurred during almost a
decade of follow-up. The Bristol Pyelonephritis Registry fol-
lowed 375 individuals after a clinical diagnosis of recurrent
pyelonephritis from 1 to 13 years. Only one patient had radio-
graphic progression of renal scars (97).

Where progressive renal failure occurs, diagnoses other than
infection are usually present. Parker and Kunin retrospectively
reviewed 74 of 163 women hospitalized for acute pyelonephri-
tis 10 to 20 years earlier (98). Continuing clinical illness fol-
lowing the index hospitalization had occurred in more than
40% of patients; 28% had had an operative urologic proce-
dure, and 23% had renal stones. Seventeen percent were bac-
teriuric at follow-up examination. One patient died of com-
plications of pyelonephritis, one required transplantation for
end-stage renal disease, and two others had significant renal
impairment. Seven patients had undergone unilateral nephrec-
tomy for pyelonephritis. Gower followed 62 adult women with
a radiologic diagnosis of chronic pyelonephritis, for a mean
follow-up period of almost 5 years (99). Infection was treated,
so bacteriuria was present during the observation period in
only 3% and 20% of women with unilateral and bilateral
pyelonephritis, respectively. Serial studies demonstrated radio-
graphic progression in 11 women. Persisting bacteriuria and
analgesic ingestion were both important factors in progressive
radiologic damage, but not hypertension or vesicoureteral re-
flux. Two of the 36 patients with bilateral pyelonephritis had
renal failure or died during the follow-up. Alwall described a
selected series of 29 women followed for 1 to 15 years (100).
After an initial normal-appearing IUD, contract needs to be
developed in all patients and several went on to end-stage re-
nal disease. It is likely, however, that analgesic abuse was a
concomitant factor that accounted for disease progression.

A recent study by Raz (101) and colleagues describes long-
term outcomes for women admitted with acute pyelonephritis
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to a hospital in Israel between 1982 and 1992. Only 31%
of the patients were available for 10-year follow-up, likely
a group representing those with more serious disease. With
technetium 99Tcm–labelled dimercaptosuccinic acid (99Tcm-
DMSA) scanning, 46% of these women had evidence of re-
nal scarring. Pregnancy and hypoalbuminemia at hospitaliza-
tion for pyelonephritis were independent risk factors correlated
with the finding of renal scars at 10 years follow-up. While four
women with scars had a GFR of less than 75 mL per minute,
none had developed renal impairment. Despite the high pro-
portion of renal scarring in this selected group of women, there
were no clinically relevant adverse outcomes.

A small number of well-documented anecdotal reports
describe acute renal failure, which is usually reversible, in
acute nonobstructive pyelonephritis with E. coli (102). In
some of these cases, concomitant nonsteroidal antiinflamma-
tory drugs may have contributed to the pathogenesis of renal
failure.

These long-term prospective studies in adult women support
the hypothesis that recurrent urinary tract infection usually has
a benign natural history. Current evidence suggests that a very
small proportion of adults with recurrent urinary tract infec-
tion and no other complicating illness are at risk of renal dam-
age directly attributable to infection. Most persons with renal
impairment and infection have significant underlying urologic
abnormalities or associated renal diseases.

Hypertension

Miall and associates initially reported a significantly higher
mean blood pressure among women with bacteriuria com-
pared to noninfected women (103). Kincaid-Smith and
colleagues found blood pressure to be higher in patients with
urinary tract infection and radiologic evidence of renal dam-
age, compared to those without renal damage (104). However,
long-term follow-up of the large female cohort of Kunin and
associates demonstrated no significant differences in blood
pressure between patients with bacteriuria and those with-
out bacteriuria (72). In the 1930s, Longcope described young
women with severe progressive renal disease caused by bi-
lateral renal infection (105). Hypertension usually was not
seen during the course of acute pyelonephritis, but only af-
ter renal insufficiency developed, usually an interval of 10 to
15 years. Patients entered into the Bristol Pyelonephritis Reg-
istry and followed for up to 13 years developed hypertension
at the same rate as the general population (106). Raz (101)
found a similar frequency of hypertension in women with and
without renal scarring 10 to 20 years after hospitalization for
acute pyelonephritis. Thus, urinary infection is not directly as-
sociated with hypertension.

Nephrolithiasis

The pathophysiology of nephrolithiasis is described in Chapter
26. Stone formation within the urinary tract increases the sus-
ceptibility of the kidney to infection by obstructing the flow of
urine (107). The reported rate of infection in the presence of re-
nal calculi has varied from 2% to 47% (107). The importance
of infection with urease-producing organisms in the develop-
ment of triple phosphate (calcium, magnesium, and ammo-
nium phosphate) stones composed of struvite (MgNH4[PO4]
× 6H2O) and calcium apatite (Ca10 [PO4]6 × CO3) is well es-
tablished (107). Successful treatment of struvite stones requires
complete eradication of all stone material. Antimicrobial ther-
apy is an adjunct to maintain urine sterile while complete stone
dissolution is achieved (108).

Mortality

A comprehensive population-based study of the incidence and
prevalence of bacteremic acute pyelonephritis from 1977 to
1981 in an urban population of 400,000 was reported by
Bryan and Reynolds (20). They identified all episodes of bac-
teremia prospectively over 5 years. Of community-acquired
bacteremias, 22% were attributed to invasive urinary infec-
tion, an annual incidence of 15.7 per 100,000. The mortal-
ity directly attributable to bacteremic urinary infection was
4.8%. All 15 deaths occurred in patients with significant un-
derlying illness. During the same period, these investigators
observed 1,520 episodes of hospital-acquired bacteremia, of
which 221 episodes originated from the urinary tract, yielding
a rate of 7.3 per 10,000 hospitalized persons (21). The mor-
tality rate attributed directly to infection in these patients with
nosocomial bacteremic pyelonephritis was 12.7% and 71% oc-
curred in catheterized patients. The mortality of Gram-negative
bacteremia originating from sites other than the urinary tract
was more than three times the mortality of bacteremic acute
pyelonephritis.

Neurogenic Bladder

Following traumatic spinal cord injury, patients managed with
permanent indwelling catheters have substantial subsequent
morbidity and mortality attributable to renal infection. The
mortality rate from renal failure was 20% within three decades
from injury in survivors of World War II spinal injury. This
was a consequence of obstruction, nephrolithiasis, suppu-
rative renal disease, and progressive nonobstructive chronic
pyelonephritis (109). More than one-half of the deaths during
the second decade after cord injury were caused by renal fail-
ure (110). The introduction and widespread practice of bladder
management to maintain a low-pressure system within the gen-
itourinary tract, particularly intermittent catheterization, have
dramatically altered the occurrence of and mortality from com-
plications of urinary infection in this population (111). Spinal
cord injured patients, however, remain at risk of urosepsis
and complications including urethritis, periurethral abscess,
bladder and renal calculi, vesicoureteral reflux, and renal or
perinephric abscesses.

Pregnancy

Acute pyelonephritis occurs in 1% to 2% of all obstetric pa-
tients in the absence of bacteriuria screening and treatment
programs (75). It is the most common medical complication
requiring hospitalization during pregnancy (75) and is asso-
ciated with preterm labor (112). Acute pyelonephritis in preg-
nancy occurs primarily in the second and third trimesters. Duff
reported that 52% of episodes occur in the second trimester,
46% in the third, and only 2% in the first (113).

The attributable risk of asymptomatic bacteriuria or acute
pyelonephritis to maternal toxemia, prematurity, and perinatal
mortality remains controversial (75). Sever and associates, in
data collected from more than 55,000 pregnant women, noted
a higher incidence of low-birth-weight infants and stillbirths in
the 3.5% of women with documented urinary tract infection
(114). Naeye reported a combined perinatal mortality rate of
42 per 10,000 births in bacteriuric women as opposed to 21 per
10,000 births in nonbacteriuric women (115). McGrady and
colleagues, using birth certificate data from Washington State,
showed that the fetal mortality rate was 2.4 times higher for
urinary tract infection-associated pregnancies (116). Romero
and colleagues, in a meta-analysis, documented an increased
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occurrence of low birth weight and preterm delivery with
asymptomatic bacteriuria (117). Smaill (in a Cochrane review)
also showed that antibiotic treatment significantly reduced the
risk of low birth weight (118). Thus, acute pyelonephritis, as
with any febrile bacterial illness during pregnancy, is associated
with premature labor in late pregnancy (117). Asymptomatic
bacteriuria is associated with prematurity and low birth weight,
but it is not clear if it is causative.

Pregnant patients have a reduced glomerular filtration rate
following acute pyelonephritis, which reverts to normal within
8 weeks of effective treatment (119). Long-term follow-up stud-
ies of women known to have previously experienced bacteriuria
during pregnancy showed a benign course in the majority of
patients (120,121). In a follow-up period of 10 to 14 years,
almost 40% of 134 women with bacteriuria during pregnancy
also had bacteriuria on follow-up culture (121). Although pyel-
ography showed renal scarring in 28% of these patients, cre-
atinine clearance was normal for both the bacteriuric and the
nonbacteriuric women (121). In addition, no significant eleva-
tion of blood pressure was found in the persistently bacteriuric
group. Raz (101) reported that pregnancy at hospitalization
for acute pyelonephritis was an independent risk factor for
presence of renal scars 10 to 20 years later. Subtle differences
in renal function were found in long-term follow-up between
women with and without urinary infection during pregnancy,
but these did not appear to be clinically significant.

LABORATORY DIAGNOSIS

Urine Culture

Quantitative bacterial counts from the urine of patients with
acute pyelonephritis generally exceed 105 CFU/mL (3,112). In
patients with renal infection, ureteral urine bacterial counts
vary between 101 and 106 CFU/mL (123). The maximum sta-
tionary phase growth is reached in the bladder after a pe-
riod without emptying; thus, whenever possible, urine cul-
tures should be obtained following overnight “incubation” of
urine within the urinary bladder. A number of factors, includ-
ing diuresis, frequent voiding, partially effective antibacterial
chemotherapy, infection owing to fastidious organisms, and ex-
traluminal infection, may reduce bacterial counts to lower lev-
els. No study to date has shown a correlation between bacterial
counts in urine and the severity of urinary tract symptoms.

The diagnosis of asymptomatic bacteriuria in women can
only be made with 95% assurance if two consecutive urine
cultures are positive for the same organisms at numbers equal
to or greater than 105 CFU/mL (3). In men, a single positive
urine culture establishes the diagnosis of bacteriuria (4).

Urine cultures from which more than one organism is iso-
lated may be difficult to interpret. Such “mixed cultures” may
reflect contamination, but true multiple organism infection of
the urinary tract is not uncommon. Mixed cultures are particu-
larly common in patients with foreign bodies or renal stones. In
a study of catheter-associated infections, 10% of low-level and
6% of high-level bacterial count infections had two or more
organisms isolated (38). Different organisms may be present in
each kidney. Differential growth rates in the bladder or sup-
pression of one organism by the other may result in the report
of a single organism in voided urine despite different infecting
organisms in ureteral urine cultures or even the bloodstream.

Pyuria

Demonstrating pyuria is the most readily available means of
establishing the presence of a host response, presumably dif-

ferentiating colonization from infection. In some clinical pre-
sentations it is also a sensitive but nonspecific screening test
for bacteriuria. Renal infection is characterized by a higher uri-
nary leukocyte count than bladder infection (124,83). Leuko-
cytes disintegrate at alkaline pH, potentially leading to false-
negative findings for pyuria in patients with infections with
urease-producing organisms (125). In addition, neutropenic
patients with symptomatic urinary infection may fail to demon-
strate pyuria. The sensitivity, specificity, and predictive value
of pyuria as a diagnostic test for acute pyelonephritis have not
been determined.

The routine clinical practice of measuring pyuria by the
number of cells in centrifuged urine per high power field is
imprecise with many sources of error (5). The enumeration
of the absolute number of leukocytes in a measured volume
of urine excreted over a fixed period is highly reproducible
and separates levels of pyuria in symptomatic infected pa-
tients from those in normal volunteers without bacteriuria
(126). Leukocyte excretion rates, however, are not applica-
ble to routine patient care. Excretion rates do correlate well
with absolute leukocyte counts from random, unspun urine
counted in a hemocytometer. Neutrophil counts in excess of
10/mm3 represent an abnormal host response (5). Less than
1% of healthy males and females without bacteriuria excrete
10 leukocytes/mm3 or more (61).

Bacteremia

Between 15% and 30% of hospitalized patients with acute
pyelonephritis have bacteremia (17–19,127). Elderly women,
patients with diabetes, and individuals with obstruction are
more likely to be bacteremic (128). Bacteremic patients are
presumably at greater risk of metastatic infection to other
sites.

Recent studies have reviewed the utility of routine blood
cultures for all patients presenting to the emergency depart-
ment with acute pyelonephritis. McMurray reported that 56
(18%) of 307 patients hospitalized with acute pyelonephritis
from 1990 to 1992 had positive blood cultures; 32% of positive
blood cultures were coagulase negative staphylococci and pre-
sumed to be contaminants (129). Only one blood culture grew
a pathogenic organism not also isolated from urine culture, and
clinical management was not altered by positive blood cultures.
Velasco (130) obtained routine blood cultures from outpatients
presenting with a diagnosis of acute pyelonephritis at a Span-
ish hospital. Positive blood cultures were found in 147 (25%)
of 583 patients, with coagulase negative staphylococci isolated
in only 17. Escherichia coli grew from 91% of positive blood
cultures, and 23% of women with E. coli pyelonephritis had
positive blood cultures. Blood culture results were consistent
with the urine culture result in 98% of positive cases. Both
these studies concluded that routine blood cultures were not
clinically useful and should not be recommended. Wing (131)
pooled data from three randomized control trials in pregnant
women with acute pyelonephritis where routine blood cultures
obtained at study entry. Among 391 women, 24% had positive
blood cultures and 5 (1.3%) grew S. epidermidis. They also ob-
served that blood cultures were consistent with urine cultures,
and did not change management. Smith (132), however, retro-
spectively reviewed results from nonpregnant women admitted
with acute pyelonephritis through the emergency department
of an urban county teaching hospital where blood cultures were
obtained selectively rather than routinely. Bacteremia occurred
in 36% of 64 women, and was more frequent in black women,
women with genitourinary abnormalities, with higher pulse
rates on admission, higher levels of pyuria, and more prolonged
fever. Blood cultures were positive in two patients with negative
urine cultures.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-34 Schrier-2611G GRBT133-Schrier-v4.cls July 11, 2006 15:20

Chapter 34: Infections of the Upper Urinary Tract 855

TA B L E 3 4 - 3

LOCALIZATION OF INFECTION IN BACTERIURIC POPULATIONS

Site of infection

Reference Method Population investigated Symptoms Renal Bladder Equivocal

123 Ureteral catheterization 95 Women Variable 67 54 —
26 Males

134 Bladder washout 125 Women 52 Asymptomatic 63 52 10
30 Upper
43 Lower

135 Bladder washout 133 Women 90 Asymptomatic 56 54 23
15 Upper
28 Lower

136 Bladder washout 50 Women 25 Upper 21 22 7
25 Lower

137 Bladder washout 105 Women 60 Asymptomatic 65 39 —
24 Lower
20 Upper

These studies suggest women who present with acute
pyelonephritis and who are clinically stable with moderate
symptoms are unlikely to benefit from the practice of obtain-
ing routine blood cultures. However, women who are more
severely ill, where the diagnosis is uncertain, or where an un-
derlying abnormality is present or suspected, should have blood
cultures. This is particularly the case for pregnant women,
where failure to initiate appropriate antimicrobial therapy may
have adverse fetal outcomes.

Leukocyte Casts

Leukocyte casts indicate intrarenal inflammation. They are
present in about two-thirds of patients with invasive renal in-
fection, but are nonspecific, also being present in many inter-
stitial and glomerular renal diseases.

Hematuria

Microscopic hematuria is common in patients with renal infec-
tion and has no documented significance. It usually disappears
with treatment. Red blood cell casts are unusual. Persistent
hematuria after antimicrobial treatment may require urologic
investigation to exclude other causes.

Proteinuria

Quantitative proteinuria with a urinary protein excretion rate
exceeding 100 mg/24 hours is unusual in either acute or
chronic renal infection unless a second renal disease associ-
ated with proteinuria is present. A syndrome of vesicoureteral
reflux, chronic pyelonephritis, and massive proteinuria asso-
ciated with focal glomerulosclerosis has been reported (133).
The cause of this syndrome is not known.

INFECTION LOCALIZATION

Bacteriuria was at one time assumed to be synonymous with
renal infection. Localization studies by Stamey and colleagues
in 1965, using the ureteral catheterization technique, demon-
strated that many asymptomatic patients and most patients

with symptoms confined to the bladder had only lower tract
infection (123). In Table 34-3 are summarized several studies
performed to localize infections (123,134–137). From these
studies, it is apparent that as many as one-half of women with
asymptomatic infection and a substantial minority of women
who experience only bladder symptoms, have renal infection.
No epidemiologic studies and few therapeutic studies of bac-
teriuria and its complications have attempted to prospectively
localize renal bacteriuria. A partial list of tests and procedures
proposed for localization of the site of infection within the uri-
nary tract are listed in Table 34-4.

Cystoscopy with ureteral catheterization is a direct ap-
proach to localization and continues to be the only certain
way to diagnose renal infection. It also permits localization of
infection to one kidney and can identify different infecting or-
ganisms in each collecting system (138). In practice, however,
this procedure has limited usefulness. Expert urologic manip-
ulation with meticulous attention to avoid contamination is
required. Cystoscopy and ureteral catheter insertion must be
performed in an infected urinary tract because antibacterial
therapy is withheld until the urine collections are complete. In-
fected bladder urine must be removed by repeated washing with
sterile irrigating fluid before ureteral catheters are introduced
through the bladder (123). Otherwise, positive ureteral urine

TA B L E 3 4 - 4

METHODS PROPOSED TO IDENTIFY URINARY
INFECTION LOCALIZED TO THE KIDNEY

Ureteral catheterization with differential urine cultures
Intravenous pyelography/CT scanning
Nuclear medicine imaging
Bladder washout
Renal biopsy with culture
Fluorescent examination of renal tissue for bacterial antigen
Serum antibodies to lipopolysaccharide antigen
Urinary enzymes
C-reactive protein
Serum procalcitonin
Tamm-Horsfall antibodies
Maximal renal concentrating ability
Antibody-coated bacteria (ACB)
Relapse following short course therapy
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cultures may result from carriage of infected bladder urine into
the ureters during catheterization.

Histopathologic examination of renal tissue obtained by
biopsy or at necropsy is a direct approach to the diagnosis
of renal infection. Pyelonephritis, however, is a focal disease,
and a random kidney biopsy specimen may not produce either
a pathologic or bacteriologic diagnosis (139). The correlation
between the histologic diagnosis of chronic pyelonephritis and
bacteriologic findings at postmortem is tenuous, and bacterial
cultures of urine or renal tissue obtained at necropsy have not
proved useful. Percutaneous renal biopsies are seldom used to
diagnose chronic pyelonephritis. Bacteriologic studies of renal
tissue rarely are helpful. The nonspecificity of the histologic
findings and their focal nature further limit the diagnostic util-
ity of biopsy. Obstruction or concomitant diseases such as dia-
betes mellitus and hypertension frequently distort the gross and
histologic features and make it impossible to attribute changes
specifically to bacterial inflammation. At necropsy the normal
renal architecture may be totally destroyed.

An intravenous pyelogram has a low sensitivity for diagnos-
ing renal infection (140). Imaging of the kidneys with 67Ga cit-
rate has been proposed to localize infection. Hurwitz and asso-
ciates compared imaging with 67Ga citrate to cultures obtained
by ureteral catheterization or bladder washout in 47 patients
and found a false-positive rate of 15% and a false-negative
rate of 13% for the imaging procedure (136). Radioisotopic
localization, particularly with DMSA may be a more sensitive
procedure for diagnosing renal infection and assessing renal
scarring. These tests are often positive in patients with inva-
sive upper tract infection, but are less reliable in those with
asymptomatic infection (141–143).

Fairley and colleagues described a technique for diagnosing
renal infection that involves Foley catheterization followed by
bladder irrigation with a mixture of an antibiotic and a de-
briding enzyme (135). The antimicrobial agent is then rinsed
from the bladder, and timed specimens are obtained. Organ-
isms found in post-rinse specimens are considered to have orig-
inated from the kidneys. Although this technique seldom has
been compared to the more definitive ureteral catheterization
technique, it has been used widely to validate other procedures
(Table 34-2). However, the procedure is uncomfortable and
there are problems of interpretation in at least 20% of women
(144). In patients with significant reflux, antimicrobial agents
can ascend into the upper tract and suppress positive cultures.
Antimicrobial agents persist in the bladder in some patients
following irrigation and can render renal urine cultures falsely
negative.

Indirect techniques to localize upper tract infection have,
to date, consistently not been validated over time. Antibody
directed against the lipopolysaccharide antigen of the infect-
ing microorganism is frequently present in patients with symp-
tomatic upper tract infection and usually absent in patients
with cystitis or asymptomatic infection. Essentially all studies
of antibody response to date have limited their investigation to
E. coli. Although several investigators suggested that this tech-
nique has a sensitivity of 80% or higher in patients with renal
infection and a specificity approaching 80% in patients with
bladder infection, other investigators found that the sensitiv-
ity and specificity are inadequate for the clinical evaluation of
an individual patient (145). The test is not useful for routine
patient care.

In 1974, Thomas and colleagues described an in vitro pro-
cedure for the localization of the site of infection in patients
with bacteriuria (146). The test depends on the presence of
fluorescing immunoglobulins directed at the O somatic anti-
gen on the bacterial surface (the ACB test). Bacteria in urinary
sediment are incubated with fluorescein-tagged antihuman im-
munoglobulins. Even within the same laboratory, difficulties

with interpretation can be considerable. Thus, as with other
localizing procedures, the ACB test lacks the sensitivity and
specificity to be a reliable guide for clinical decision making
for individual patients.

Maximal urinary concentrating ability is reduced in many
patients with renal bacteriuria. Fluid deprivation for 24 hours
with administration of antidiuretic hormone achieves maxi-
mum urinary concentration of more than 800 mOsm/kg of
water in more than 80% of patients with bladder bacteriuria,
but at least 70% of patients with renal infection are unable to
concentrate urine to this level following maximal stimulation
(147,148); however, urinary concentration is altered in a num-
ber of pathologic states, and the test is not sufficiently sensitive
or specific to be of value for an individual patient.

Measurements of urinary enzymes, including urinary dehy-
drogenase, leucine aminopeptidase, ß-glucuronidase, catalase,
lactic dehydrogenase, lysozyme, and urinary α1 microglobu-
lin, have been proposed as localization methods. Considerable
overlap occurs in the urinary enzyme range for renal and blad-
der infections. Although at least one study has found that each
of these can differentiate renal infection from bladder infec-
tion, further evaluation has not proved them to be clinically
useful for localizing infection. Excretion of Tamm-Horsfall
protein is increased in some patients with renal infection,
particularly those with vesicoureteral reflux. IgG autoantibod-
ies to this protein have also been proposed to diagnose renal
infection.

Measurement of C-reactive protein has been used as a test to
localize renal infection in symptomatic children (149). Serum
procalcitonin is also being studied to diagnose pyelonephritis
and upper tract infection in febrile infants and children, a pre-
sentation which is often a diagnostic challenge. A sensitivity of
70% to 94.1% and, specificity of 83% to 94%, of procalcin-
tonin levels using DMSA scintography as the reference test has
been reported (150–152). This is superior to C-reactive pro-
tein (150,152). However, variable levels of procalcitonin are
used in these studies, and the optimal level above which a test
is considered abnormal has yet to be defined. Serum procal-
citinon levels have also been used to predict outcomes. Pratt
(153) showed that elevated proclacitonin (using a cut-off of
1 ng/mL) correlated with the presence of renal scars and was
more specific than C-reactive protein or leukocyte count.

In practice, clinical presentations are used to assess site
of infection. Smeets and Gower screened 43 symptomatic
women with the bladder washout technique (154). Among
these women, only fever higher than 38◦C correlated with re-
nal involvement. Two-thirds of the patients with upper tract
infections were febrile at the time of localization compared to
one-third of patients with lower tract infections. These stud-
ies and others suggest that no clinical criteria are uniformly
reliable to localize the site of the infection (155).

A short course of effective antimicrobial therapy will cure
most uncomplicated bladder infections in women. It has been
proposed that differential outcomes with short-course therapy
may localize the site of infection. Comparisons of single-dose
therapy outcome with other localization methods have docu-
mented an association between failure of single-dose therapy
and renal infection (156–158). However, single-dose therapy
will fail in 10% to 20% of individuals with lower tract infec-
tion, and a proportion of individuals with upper tract infection
will be cured. Single-dose treatment regimens can predict up-
per tract abnormalities on radiographic studies. In one study of
37 women (159), eight had abnormal-appearing IVPs. Treat-
ment with a single injection of kanamycin failed in seven of
these eight patients. Bailey found that 76 of 80 patients treated
with a single dose of amoxicillin with a radiologically normal
urinary tract were cured, compared with only 12 of 21 with
radiologic abnormalities (160). Thus, the use of single-dose
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therapy as a localization method has some specificity, but lim-
ited sensitivity.

ORGAN IMAGING

Acute Pyelonephritis

An abdominal film of the kidneys as initial screening may
provide some information in patients with presumed acute
pyelonephritis, as renal calculi are visualized in about 5% of pa-
tients. One or both kidneys may be enlarged or gross changes,
such as hydronephrosis or renal atrophy, may be apparent
from the renal outline. Occasionally, perinephric gas or other
changes in the retroperitoneal space may provide diagnostic
clues (161). Other findings recognized on the abdominal films
may lead to diagnoses other than acute pyelonephritis, such as
a perforated viscus. There is currently little role for intravenous
pyelography in patients during an episode of acute pyelonephri-
tis. An early study (162) reported that three-fourths of 40 pa-
tients had normal IVPs. Nonobstructive hydronephrosis may
be diagnosed in patients presenting acutely with invasive upper
tract infection and must be differentiated from stones, congen-
ital anomalies, sloughed papillae, or other lesions obstructing
urine flow.

Renal ultrasonography and computerized tomographic
(CT) scanning have largely replaced IVP for initial screening for
genitourinary obstruction in patients with acute pyelonephri-
tis (163,164). In addition to identifying anatomic abnormali-
ties and focal complications such as intrarenal or perinephric
abscess, ultrasonography usually shows swollen kidneys, al-
though this may be appreciated only by repeat scanning follow-
ing antimicrobial therapy. The degree of renal enlargement on
ultrasonography has been correlated with prolonged prether-
apy symptoms, higher leukocyte counts, and prolonged hospi-
talization (163).

An unenhanced CT is usually sufficient and will detect most
calculi, gas forming infections, hemorrhage, parenchymal cal-
cifications, obstruction and inflammatory masses. However, a
contrast enhanced study is necessary to fully define changes in
renal excretion that occur as a result of inflammation and can
be identified through use of contrast material. The helical (or
spiral) fast scanning technology using a CT scan can provide
information addressing specific phases of contrast medium ex-
cretion (165). To date there has been little experience in using
magnetic resonance imaging in the evaluation of acute renal
infection (165).

A contrast-enhanced CT scan may be indicated in acute
pyelonephritis if the differential diagnosis includes other in-
traabdominal or retroperitoneal pathology, or if there is a de-
layed response to therapy and the ultrasound is normal or
equivocal. With an unenhanced CT, there is global swelling of
the infected kidney (164). With contrast-enhanced CT either
an enlarged kidney with a uniformly homogeneous nephro-
gram or a striated parenchymal nephrogram or wedge-shaped
segmental defects are seen (164). The striated pattern is ow-
ing to localization of inflammatory cells and fluid within the
collecting ducts. The wedge-shaped low-attenuation areas re-
flect renal parenchyma with impaired function caused by vas-
cular spasm, tubular obstruction, or interstitial edema. Renal
enlargement, delayed visualization, and poor definition of ca-
lyceal architecture in the involved kidney are also common
findings. Renal parenchymal volume increases by 25% to 50%
during an episode of acute pyelonephritis and can take 4 to
6 weeks to regress (166). Little and colleagues described four
patients with unilateral pyelonephritis in whom the involved
kidney was 1.5 cm or longer than the noninvolved kidney

(167). Mucosal edema of the ureter or renal pelvis may ap-
pear as delicate parallel lucent striations in the collecting sys-
tem and the infundibulum and calyces may be narrowed by
edema (164).

In children, DMSA scintigraphy is more sensitive then
intravenous pyelography or ultrasound for detecting acute
pyelonephritis and renal scarring (165,168). Scintigraphy has
also been evaluated as a predictor of outcomes at longer-
term follow-up. Wallin (169) reported that scintigraphy de-
fects present at acute infection persist in 34% of kidneys at
6 months. Hitsal (170) evaluated quantitative analysis of
DMSA scintigraphy to predict long-term renal scarring fol-
lowing acute pyelonephritis in children. The intensity of
abnormality with DMSA scintigraphy was predictive of sub-
sequent scarring. In adult populations, Attari (171) found
contrast enhanced CT scanning more accurate for identifying
acute pyelonephritis then DMSA scintigraphy. Small lesions
and those localized to the inner layer of the renal cortex were
present on the CT scan but not appreciated with the lower
resolution of scintigraphic images.

Rosenfield and colleagues described 12 patients with an ede-
matous renal mass resulting from localized renal inflammation,
called a nephronia (172). The term nephronia refers to a renal
mass from localized inflammation but without suppura-
tion, analogous to lobar pneumonia (173). Gallium scanning
demonstrates increased uptake in the area of the mass, usually
accompanied by generalized increased activity elsewhere in the
same or opposite kidney. Ultrasonography shows a sonolucent
ovoid mass that disrupts the normal corticomedullary defini-
tion and produces low-level echoes. These findings permit dif-
ferentiation of nephronia from renal abscess or tumor.

Radiologic changes induced by acute inflammation are usu-
ally reversible with antimicrobial treatment (136,163). How-
ever, in isolated instances, a progressive reduction in renal size
or the development of a scar has been described following
an episode of acute pyelonephritis (167). In one study, 10 of
44 men and women with acute nonobstructive pyelonephritis
and hypodense images on CT had persistent abnormalities at
follow-up CT (174). Early scar formation was present in two
patients, and two patients with atrophy had renal biopsy which
showed chronic interstitial nephritis.

Chronic Pyelonephritis

Hodson described the classic large, deep, segmental, coarse cor-
tical scar usually related to one or more of the renal calyces,
which is the hallmark of atrophic or chronic pyelonephritis
(175). The involved kidney is irregular in outline and below
average size unless hypertrophy has occurred owing to com-
pensatory enlargement. Scars may involve an entire pole of the
kidney or, in patients with atrophic pyelonephritis, the entire
kidney. The upper pole is the most common site for scars. In
serial studies, the initial abnormality was loss of renal cortex,
with the renal parenchyma becoming thinned. Calyceal club-
bing then developed as the renal papilla is retracted into the
scar. The cup of the calyx is no longer a “cup,” because the
papilla does not project into it.

Renal atrophy with coarse scars that histologically contain
tubules but no glomeruli had been considered to be a congenital
malformation and designated as the Ask-Upmark kidney; how-
ever, vesicoureteral reflux and recurrent urinary infection are
associated with this abnormality, and these features may be re-
lated causally (176). Uninvolved renal tissue may hypertrophy
locally with segmental enlargement in patients with chronic
pyelonephritis, resulting in the formation of a pseudotumor
that must be differentiated from other causes of renal masses.
Brucellosis may cause chronic renal infection that mimics renal
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cell carcinoma with calyceal clubbing, deposition of calcium in
renal tissue, and mass formation (41).

Indications for Radiologic Investigation

There are several indications for imaging in individuals with
suspected acute pyelonephritis: (a) to assist with diagnosis of
acute pyelonephritis, (b) to assess whether there are underlying
abnormalities present that may require intervention, (c) to as-
sess the severity of infection or, (d) in follow-up, to determine
the extent of persistent damage such as renal scarring.

Imaging of the genitourinary tract for patients presenting
with acute pyelonephritis should be selective (165). In pa-
tients with acute pyelonephritis evaluated by IVP, among 170
patients (163 women, seven men), 85 had normal pyelograms,
75 had structural or functional abnormalities that were at-
tributable to the acute infection or represented a risk for re-
lapse, and only 10 (5.9%) had specific disorders that resulted
in a change of management (177). Thus, routine imaging stud-
ies for all patients are not recommended. Men and women with
atypical presentations, with a delayed response to therapy, or
in septic shock where obstruction must be excluded, should
have imaging studies. They may also be considered in patients
who relapse shortly after therapy is discontinued.

Renal ultrasonography or contrast enhanced CT scanning
is the preferred initial screening test for upper tract infec-
tion in adults because they are rapid and noninvasive. In
children, initial screening with ultrasonography or DMSA
scintigraphy detects scarring and other renal abnormalities
(141,143). Voiding cystourethrogram is added for young chil-
dren or if there is evidence of upper tract disease. Investi-
gations should be performed in male infants and boys with
proven bacterial urinary infection, and in girls with recur-
rent or complicated infection. Intravascular injection of radi-
ologic contrast media has risks of hypersensitivity or contrast
media-induced renal failure. The concomitant presence of dia-
betes mellitus, particularly with renal impairment, is a relative
contraindication.

Repeated radiologic evaluation following an initial normal
examination should be discouraged. Unless specific new indi-
cations emerge, serial periodic studies are redundant in adults
with recurring infection. Even among patients with prior radi-
ologic evidence of chronic pyelonephritis, the development of
new findings is unusual (99). Upper tract pathology rarely de-
velops after the age of 1 year in adequately treated children, and
repeated examinations are seldom indicated (91,93,178).

CLINICAL PRESENTATION

Adults

The classic clinical presentation of acute upper urinary tract
infection in adults includes fever, usually over 38.5◦C, chills,
unilateral or bilateral pain in the lumbar flank region, and gen-
eralized constitutional symptoms, including malaise, anorexia,
nausea, emesis, diarrhea, myalgia, and headache. The illness
may progress rapidly, and many patients seek care within
24 hours of onset of symptoms. Between 15% and 30% of
patients experience concomitant symptoms suggestive of lower
urinary tract infection, including dysuria, frequency, urgency,
and suprapubic discomfort. More than one-half of patients pre-
senting with acute pyelonephritis have a history of lower tract
symptoms during the previous 6 months. Renal pain may ra-
diate to the epigastrium or the lower abdominal quadrants.
Severe flank pain with radiation to the groin is unusual and
suggests ureteral obstruction. Gastrointestinal symptoms, pri-

marily nausea, vomiting, and diarrhea, occur frequently and
predominate in about 10% of patients. Although patients pre-
senting with acute pyelonephritis may be severely ill, the spec-
trum of disease also includes individuals with only low-grade
fever or mild flank discomfort. Flank pain or discomfort on
palpation or fist percussion is usually present and may be ac-
centuated by superimposed obstruction. The physical findings
are variable, however, ranging from none to the clinical features
of septic shock.

Other diseases, both above and below the diaphragm, can
mimic the pain of acute pyelonephritis. The differential diag-
nosis includes acute bacterial pneumonia, appendicitis, chole-
cystitis, a perforated viscus, diverticulitis, splenic infarction,
acute pancreatitis, and aortic dissection. Acute pelvic inflam-
matory disease may be misdiagnosed as acute pyelonephritis
and should be excluded by a pelvic examination in women at
risk of sexually transmitted infections. Acute varicella-zoster
viral infection in an appropriate dermatome can also mimic
renal pain. Renal infarction, acute renal vein thrombosis, ob-
structive uropathy, and acute glomerulonephritis can each oc-
cur with a clinical picture that can be confused with acute
pyelonephritis.

Pinsent and colleagues (179) assessed the utility of fever in
differentiating acute pyelonephritis from other potential diag-
noses. In a retrospective chart review, 93% of women who pre-
sented to the emergency department with pyuria, leukocytosis,
costovertebral angle tenderness, and two or more of abdominal
pain or tenderness, back pain, and history of nausea and vom-
iting were ultimately diagnosed as acute pyelonephritis when
fever was also present. When fever was not present, 35% of
women with these symptoms ultimately had an alternate diag-
nosis. All nonhospitalized patients with fever were ultimately
diagnosed as pyelonephritis, and 13% without fever had an al-
ternate diagnosis. They concluded that when patients present
with findings compatible with acute pyelonephritis but without
feverthere should be a high index of suspicion for an alternate
diagnosis (179).

The presenting clinical features in pregnant women are sim-
ilar to those in nonpregnant women. In one study, septic shock
developed in 3% of pregnant patients with acute pyelonephritis
(180). Patients with diabetes mellitus may experience worsen-
ing of hyperglycemia. Renal infection in patients with diabetes
mellitus and hyperglycemia may, rarely, present as emphysema-
tous pyelonephritis owing to carbon dioxide production from
fermentation of glucose by Gram-negative rods (161,181).
Pneumaturia also may be present. Acute pyelonephritis in pa-
tients with diabetes may be accompanied by papillary necro-
sis. Fragments of the renal papillae can block the ureter, pro-
ducing colic and hydronephrosis, often accompanied by gross
hematuria.

In elderly patients, symptoms of urinary infection may be
more difficult to ascertain and chronic symptoms of dysuria,
frequency, urgency, and incontinence often occur unrelated to
infection. Flank tenderness is less common in elderly patients,
and confusion, sometimes with other neurologic symptoms or
signs, is more common compared to younger age groups. How-
ever, classic features of upper tract infection do occur in elderly
patients. Gleckman and colleagues reported that septic shock
occurred in five and bacteremia in 19 of 35 elderly patients who
presented to a hospital with acute pyelonephritis, although only
one patient died during the acute illness (182).

The clinical manifestations of chronic pyelonephritis are
usually nonspecific. Some patients have recurrent acute symp-
tomatic exacerbations of renal infection. Others have no clear-
cut symptoms of infection despite persistent bacteriuria. Others
may complain of vague flank discomfort, abdominal pain, or
intermittent low-grade pyrexia. Only improvement after a trial
of therapy may clarify an association between symptoms and
persistent renal infection.
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Genitourinary sepsis can lead to metastatic infection at
other sites. Siroky and colleagues, in a comprehensive review,
identified 175 patients in whom metastatic infections devel-
oped from a primary source in the genitourinary tract (183).
One hundred six patients (59%) had infection of the skeletal
system; 51 patients (28%), infection of the endocardium; and
the remainder, infection of miscellaneous sites, including the
eye and the central nervous system. Men predominated (86%)
and the mean age was 57 years. Many of the men were consid-
ered to have a primary prostatic focus from which dissemina-
tion occurred, but in 46 patients the upper urinary tract was
considered to be the source of the bacteremia. About one-third
of these patients had undergone manipulation of the upper uri-
nary tract prior to development of metastatic infection. Under-
lying host factors that would impair resistance to infection were
unusual. The mean latent period separating an episode of acute
urinary infection from the onset of symptoms of vertebral os-
teomyelitis was 54 days in a Danish review (184). Almost 70%
of the skeletal infections were caused by Gram-negative rods
and the spine was the metastatic site in 83 of these patients. In
patients with endocarditis, Gram-positive organisms were re-
sponsible for two-thirds of the infections and usually occurred
in patients with preexisting heart disease.

Infants and Children

In the neonatal period, urinary tract infection usually presents
as sepsis. The clinical picture, however, can vary from life-
threatening septicemia in association with pyelonephritis to
asymptomatic bacteriuria (57,185). Nonspecific symptoms
associated with urinary infections in infants include fever;
inadequate weight gain; gastrointestinal symptoms such as
anorexia, emesis, diarrhea, and paralytic ileus; meningitis;
seizures; lethargy; irritability; hypotonicity; respiratory irregu-
larity; pallor; cyanosis; abdominal distention; gray skin color;
and jaundice. Other studies have identified jaundice as the hall-
mark of ongoing infection in the neonate (186). The frequent
occurrence of generalized sepsis, premonitory symptoms prior
to the onset of bacteriuria, and necropsy findings demonstrat-
ing cortical infection in the presence of a normal renal pelvis
support a hematogenous route of renal infection in neonates.
The predominance of males is unexplained. The intestinal tract
is the presumptive source.

In older children, the clinical features of urinary infection
more closely approximate those in adults. Burbige and col-
leagues reviewed 83 bacteriuric boys and found only nine of
the 83 to be asymptomatic (187). The most common clini-
cal presentation included fever, irritative bladder symptoms,
abdominal or flank mass, hematuria, and enuresis. Almost
75% of these boys had an anatomic abnormality, most com-
monly vesicoureteral reflux. One-fourth, however, had obstruc-
tive lesions, usually in the lower urinary tract. As girls ma-
ture, abdominal tenderness, vaginal discharge, vomiting, and
anorexia become less common features. Fever and flank pain
become the predominant symptoms. The epidemiologic stud-
ies of Kunin and colleagues confirmed that asymptomatic uri-
nary tract infection in childhood occurs almost exclusively in
females (70,71).

TREATMENT OF UPPER
TRACT INFECTION

Therapeutic Principles

The following should be considered whenever upper urinary
infection is diagnosed and treated:

1. Antimicrobial selection is based on known presumed organ-
ism susceptibility and patient tolerance. The efficacy of most
regimens for upper urinary tract infections has not been as-
sessed optimally in clinical trials (188). Many reported stud-
ies combine patients presenting with acute nonobstructive
pyelonephritis and those with upper or lower tract compli-
cated urinary infection. Thus, the evidence base to support
a specific regimen is limited.

2. The clinical findings of invasive upper tract infection can
be mimicked by many illnesses. Laboratory confirmation is
necessary.

3. Bacteriuria by itself is a nonspecific finding. Patients with
asymptomatic bacteriuria, particularly elderly patients, fre-
quently have illnesses that do not arise from renal infection.

4. An agent that provides adequate blood and tissue levels as
well as a high urinary level is preferred for the treatment
of acute invasive renal disease. Agents that provide high
sustained medullary levels of antimicrobial activity are more
effective for upper tract infection in an animal model (189),
although human studies are lacking.

5. Urine pH alters antibacterial activity and concentration. For
example, a higher pH simultaneously increases the concen-
tration of sulfonamides and decreases the concentration of
trimethoprim. Aminoglycosides are more active in alkaline
urine. Urine pH has not been shown, however, to be an im-
portant determinant of therapeutic outcome in acutely ill
patients treated with parenteral agents.

6. Suppurative and obstructive complications commonly com-
plicate invasive pyelonephritis and occur in 5% to 15%
of patients. Patients with life-threatening infection, patients
who do not respond within 72 hours of antimicrobial ther-
apy, patients who deteriorate after the onset of therapy, and
patients who rapidly recur after therapy must be investi-
gated urgently to exclude obstruction or abscesses that re-
quire surgical responses.

7. Clinical improvement may not equate with pathogen erad-
ication. Urinary infection is usually a recurrent disease and
patients should be aware of this possibility. Follow-up urine
cultures are not necessary to document bacteriologic cure,
but should be obtained if symptoms recur.

Acute Pyelonephritis

A suspected clinical diagnosis of acute pyelonephritis requires
urgent assessment and institution of therapy. Appropriate di-
agnostic tests, including urine culture prior to antimicrobial
therapy in all cases, and CBC and blood cultures for subjects
with more severe presentations, should be obtained. Initial ther-
apeutic decisions include whether hospitalization is required
and whether diagnostic imaging studies should be obtained to
exclude obstruction or other complicating factors, as well as
selection of an empiric antimicrobial agent.

Hospitalization

Patients with severe clinical presentations, including mod-
erate to severe costovertebral angle pain, rigors, high fever
(>38.5◦C), or severe nausea or vomiting, should be hospital-
ized for initial investigation and parenteral antibacterial treat-
ment. Intravenous fluids, analgesics, and bed rest are usually
prescribed during the initial 24 to 48 hours. Hypotension and
diminished urine output should be identified early and appro-
priate interventions undertaken. Patients with clinical features
of septic shock should be cared for in a critical care unit.
Where it is unclear whether a patient needs to be admitted,
observation for a 12-hour period with initial parenteral ther-
apy is an appropriate and frequently used option. If the patient
is stable without substantial nausea or vomiting after initial
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FIGURE 34-1. Management of pyelonephritis. TMP/SMX, trimethoprim/sulfamethoxazole.

parenteral therapy, discharge home to complete oral therapy is
appropriate.

Patients with acute pyelonephritis may be only mildly
or moderately symptomatic with low-grade fever, mild flank
pain, and few constitutional symptoms. These patients may
be managed as outpatients with an oral antimicrobial regimen
(Fig. 34-1). Specific criteria to identify patients appropriate for
outpatient therapy are not well defined; however, patient com-
pliance; lack of significant nausea, vomiting, or other constitu-
tional signs; and absent or low-grade fever (38◦C or less) seem
appropriate. In addition, women who are pregnant or where
there is diagnostic uncertainty require more careful follow-up,
and hospital admission is recommended in these cases.

Safrin and associates (17) reported a retrospective review
of therapy and showed similar outcomes for parenteral and
oral therapy with unsatisfactory outcomes in 10% of either
group. Ambulatory patients were clearly less ill, as evidenced
by lower temperatures and leukocytosis, as compared to the in-
patient group, but specific criteria used to identify patients for
outpatient therapy were not stated. Pinson and associates (18)
also reviewed management and outcomes of 111 febrile women
presenting to an emergency room with acute pyelonephritis.
Eighty-three (75%) were not hospitalized. Women hospitalized
for management were older, more frequently had diabetes or
known genitourinary abnormalities, and were more ill as evi-
denced by vomiting and a higher temperature. Management of

nonhospitalized patients (80%) usually included a single par-
enteral antimicrobial injection followed by oral therapy (usu-
ally trimethoprim-sulfamethoxazole). Nine (12%) of 75 out-
patients with follow-up returned with continuing symptoms of
acute pyelonephritis, usually within 24 hours, and seven were
subsequently admitted and cured. The authors concluded that
most febrile women with acute pyelonephritis could be treated
out of hospital, but recommended early follow-up after initia-
tion of therapy.

Elkharrat (190) used an algorithmic approach for
women presenting to the outpatient department with acute
pyelonephritis. All received a single intravenous dose of a
flouroquinolone after cultures were obtained, and had an
ultrasound of the abdomen and pelvis. Patients with normal
ultrasonography could be discharged. Of 68 patients, 10 were
discharged directly from the emergency ward, 48 after a 12 to
24 hour stay in the observation unit, and 10 were hospitalized.
Favorable outcomes occurred in all but one woman.

Parenteral Antimicrobial Therapy

Patients usually require initial parenteral therapy if their symp-
toms are severe. A full course of parenteral therapy is indicated
only for patients who cannot tolerate oral therapy or are in-
fected with a resistant organism for which no oral therapy is
available. The Infectious Disease Society of America (IDSA)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-34 Schrier-2611G GRBT133-Schrier-v4.cls July 11, 2006 15:20

Chapter 34: Infections of the Upper Urinary Tract 861

guidelines note that there are limited data available to support
recommendations for specific parenteral agents (188). How-
ever, based on substantial clinical experience, an aminoglyco-
side with or without ampicillin, a parenteral fluoroquinolone,
or an extended spectrum cephalosporin with or without an
aminoglycoside is an appropriate empiric option (188). John-
son et al.(191) reported parenteral ampicillin or TMP/SMX,
both with initial gentamicin, were equally effective.

Treatment regimens have been investigated in several animal
models of acute pyelonephritis. Ampicillin and gentamicin in
combination were more effective than either drug alone in ster-
ilizing renal tissue, preventing relapse, and reducing the sever-
ity of renal lesions in acute pyelonephritis (192). Miller and
Phillips, in a similar model, showed that antimicrobial therapy
markedly reduced histopathologic changes when it was given
up to 4 days after bacterial challenge, but had little effect on
the development of renal scars when it was initiated later in the
course of the infection (193). Thus, at least in the animal model,
early effective treatment can prevent a destructive pyogenic and
cellular immune response owing to bacterial invasion.

Any empiric regimen for initial treatment of patients with
acute pyelonephritis should include in its antibacterial spec-
trum at least 95% of the potential organisms in the popula-
tion treated. Standard initial therapy, pending culture and sus-
ceptibility results, is an aminoglycoside, such as gentamicin,
netilmicin, or tobramycin, in a dose of 1.5 mg/kg initially, fol-
lowed by 1.0 mg/kg every 8 hours combined with ampicillin 1 g
every 4 hours (Table 34-4). Once daily aminoglycoside dosing is
an alternative. The ampicillin therapy provides coverage for E.
faecalis, an uncommon pathogen in younger populations. For
the penicillin-allergic patient, an aminoglycoside alone may be
adequate empiric parenteral therapy. This approach is depicted
in an algorithm in Figure 34-1. The selection of a “standard”
antimicrobial regimen for empiric therapy requires knowledge
of antimicrobial susceptibilities in the community or hospital
in which the infection has developed. If widespread resistance
to gentamicin or tobramycin is present, amikacin may be the
aminoglycoside of choice for empiric treatment, especially for
nosocomial pyelonephritis where more resistant isolates may
be anticipated.

Aminoglycoside-related nephrotoxicity and ototoxicity are
unusual if high sustained trough levels are avoided and the
duration of therapy is 4 days or less. Aminoglycoside levels
should be monitored if the patient has renal impairment or
will be continued on therapy longer than 5 days. Trough lev-
els should not exceed 2 μg/mL for gentamicin, netilmicin, and
tobramycin or 5 μg/mL for amikacin. Bailey (194) enrolled
53 patients, the majority of whom were women with acute
pyelonephritis, into a comparative study of a single large dose
of 10 mg/kg of gentamicin followed by oral ciprofloxacin or
2.5 mg/kg q8h followed by oral ciprofloxacin if patients were
clinically stable. The two regimens appeared to be equally effi-
cacious, but there was a trend to increased autotoxicity in the
standard gentamicin therapy group and lower costs associated
with the single large dose to initiate therapy. Sandberg (195)
reported that the addition of a two-day course of tobramycin
to initial cefotaxime therapy, followed by oral cefadroxil did
not improve outcomes in women with acute pyelonephritis.

Cefazolin should not be used alone for empiric treatment
of invasive renal infection owing to the prevalence of re-
sistance to these agents among nosocomial and community-
acquired pathogens. Wide-spectrum penicillin derivatives and
third-generation cephalosporins have been compared prospec-
tively to the aminoglycoside with ampicillin regimen (Table
34-4) (188,196–199). In clinical studies reported to date,
all regimens appear equivalent. Piperacillin, mezlocillin, and
azlocillin are active in vitro against most strains of P. aerug-
inosa and E. faecalis. They are preferred over the third-
generation cephalosporins for empiric treatment if either of

these pathogens is a probable etiologic agent. Piperacillin
should generally be used in combination with an amino-
glycoside. Aztreonam is a monobactam ß-lactam antibiotic,
with an antibacterial spectrum limited to aerobic Gram-
negative rods, including P. aeruginosa (196). It has been
used successfully to treat patients with acute pyelonephri-
tis. The third-generation cephalosporins, including cefotaxime,
ceftizoxime, ceftazidime, and ceftriaxone, have each been
studied as single-agent alternatives to the combination of
ampicillin and an aminoglycoside, with cure rates for acute
pyelonephritis of about 90% in patients with normal re-
nal function and a normal urinary tract (188,197–199). The
ß-lactam inhibitors in combination with a ß-lactam antibiotic
are also effective and equivalent to other regimens and may be
drugs of choice for hospital-acquired infections. Piperacillin-
tazobactam, ampicillin-clavulanic acid, ticarcillin-clavulanic
acid, and cefoperazone with sulbactam are all effective regi-
mens. Imipenem-cilastatin or meropenem have been used suc-
cessfully to treat complicated urinary infection with multi-
ply resistant organisms. In a compilation of several studies,
however, nine of 41 adequately evaluated patients experienced
relapse following a course of imipenem therapy (199). Par-
enteral fluoroquinolones such as ciprofloxacin, ofloxacin, and
levofloxacin are also useful agents for the treatment of acute
pyelonephritis (200,201). Vancomycin may be required to treat
enterococci or staphylococci resistant to the ß-lactam antibi-
otics. Newer parenteral antimicrobial agents are more expen-
sive than the standard therapy of ampicillin plus aminogly-
coside and potential therapeutic advantages must be weighed
against the increased expense.

Oral Antimicrobial Therapy

The usual approach is to switch patients to oral therapy once
they have improved. In addition, patients presenting with mild
to moderate symptoms may be treated entirely with oral ther-
apy. Pinson and colleagues (202) and Warren and colleagues
(188) reviewed studies that document efficacy of oral regimens
for treatment of acute pyelonephritis. At the time of review,
they suggested trimethoprim-sulfamethoxazole, amoxicillin-
clavulanic acid, and norfloxacin have been studied well enough
to document efficacy, but that cephalosporins and amoxicillin
cannot be recommended (Table 34-5). Amoxicillin by itself
should not be used for nonenterococcal or nonstreptococcal in-
fection because of high community rates of resistance to Gram-
negative organisms and a tendency to promote colonization
with resistant organisms that may cause subsequent infections
(188,203). However, amoxicillin in combination with the ß-
lactamase inhibitor clavulanic acid can be prescribed as an oral
regimen for multiply resistant organisms.

Stamm and colleagues (204) compared 2- and 6-week reg-
imens of trimethoprim-sulfamethoxazole or ampicillin in the
outpatient management of women with pyelonephritis. They
found trimethoprim-sulfamethoxazole to be superior to ampi-
cillin for both treatment durations; the 6-week regimen did
not improve cure rates. For trimethoprim-sulfamethoxazole,
83% to 90% of women remained cured at 6-week follow-up
following discontinuation of antibiotics. Thus, for populations
where resistance to trimethoprim-sulfamethoxazole is less than
5% in community isolates, trimethoprim-sulfamethoxazole re-
mains a therapy of choice for oral outpatient management of
pyelonephritis (188).

A comparative study randomized 378 women with acute
pyelonephritis to oral trimethoprim/sulfamethoxazole for
14 days compared to oral ciprofloxacin for 7 days (205). In
either regimen, an initial parenteral dose of ceftriaxone or
ciprofloxacin, respectively, could be given. In this study, ther-
apy was not modified once antimicrobial susceptibilities were
obtained (i.e., therapy with TMP/SMX was continued even if
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TA B L E 3 4 - 5

SELECTED THERAPEUTIC REGIMENS APPROPRIATE
FOR TREATMENT OF PYELONEPHRITIS IN PATIENTS
WITH NORMAL RENAL FUNCTION

Parenteral therapy
Standard

Ampicillin 1 g q4–6h plus aminoglycosidea (gentamicin,
tobramycin, or netilmicin at 1.5 mg/kg q8h or
3–5 mg/kg q24h, or amikacin at 5 mg/kg q8h or
15 mg/kg q24h)

Alternatives
Cefotaxime, 1 g q8h
Ceftriaxone, 1 g q12–24h
Ceftazidime, 1 g q8–12h
Ceftizoxime, 1 g q8–12h
Aztreonam, 1 g q8h
Piperacillin-tazobactam, IV, 3.375 g q8h
Ticarcillin-clavulanate, 3 g/100 mg q4h
Ampicillin-sulbactam, 2 g/0.5–1.0 g q6h
Piperacillin, 2 g q6h plus aminoglycoside
Ciprofloxacin, 400 mg IV q12h
Ofloxacin, 200–400 mg IV q12h
Levofloxacin, 500 mg 1 g OD
Gatifloxacin, 400 mg OD

Meropenem 500 mg–1g q8h
Ertapenem 1g OD

Oral Therapy
Standard

Amoxicillin 500 mg TID
Trimethoprim-sulfamethoxazole, 160/800 mg BID
Trimethoprim, 100 mg BID
Cephalexin, 500 mg QID
Norfloxacin, 400 mg BID
Ciprofloxacin, 500 mg BID

Alternatives
Amoxicillin-clavulanate, 500 TID or 875 mg BID
Cefuroxime axetil 500 mg BID
Ofloxacin, 400 mg BID
Lomefloxacin, 400 mg OD
Levofloxacin, 500 mg OD
Gatifloxacin, 400 mg OD

aAminoglycosides may be prescribed in a once-daily dose.

the infecting isolate was found to be resistant). The regimens
were equally effective when the infecting organism was sus-
ceptible to the antimicrobial given. Because of a higher rate
of resistance of E. coli to trimethoprim/sulfamethoxazole, the
1-week ciprofloxacin arm was superior overall with a 96%
cure rate at 4 to 11 days and 85% at 22 to 44 days postther-
apy. TMP/SMX therapy was not effective when given by itself
to patients with TMP/SMX resistant organisms.

Cronberg (206) enrolled 171 patients, about 60% of whom
were women with acute pyelonephritis, into a comparative
study of initial cefuroxime for 2 to 3 days and, once fever
had subsided and culture results were available, randomized to
ceftibuten 200 mg bid or norfloxacin 400 mg bid to complete
10 days. The norfloxacin treatment arm was superior for erad-
ication of bacteriuria. Sanchez (207) enrolled 105 women into
a study comparing ceftriaxone one gram daily for 10 days com-
pared with a single initial dose of ceftriaxone followed by oral
cefixime for 9 days. The cure rate was 91% for both groups.
These studies and substantial clinical experience all support
oral therapy for infection, with limited initial parenteral ther-
apy for selected patients. In a modelling exercise, Yen (208)

compared trimethoprim/sulfamethoxazole to norfloxacin for
10 day outpatient oral therapy for acute pyelonephritis in
young women. Using the assumptions in their model they con-
cluded that norfloxacin would be more effective and less costly
then trimethoprim/sulfamethoxazole. Their base assumptions
were a lower cure rate with TMP/SMX and a higher adverse
event rate, which explains the benefit of the norfloxacin regi-
men. Several studies have also examined the use of quinolones
in oral therapy (201). Ciprofloxacin, norfloxacin, ofloxacin,
and levofloxacin are all efficacious for the treatment of acute
pyelonephritis. It is likely that all fluoroquinolones with pri-
marily renal excretion are equally effective (201). Quinolone
antimicrobials, which are extensively metabolized and have
low urinary levels, such as sparfloxacin or grepafloxacin, may
not be as effective. The newer quinolones with an extended
spectrum of greater Gram-positive and anaerobic coverage do
not provide additional benefit in treatment of pyelonephritis
compared to earlier agents.

Pregnant Women

It is generally recommended that pregnant women with acute
pyelonephritis be admitted to hospital, at least the first sev-
eral days, to ensure that they respond to antimicrobial therapy
and ascertain the infecting organism and susceptibilities. Par-
enteral outpatient therapy with close monitoring is an option
for some patients in the first and early second trimesters only
(209). A prospective, randomized trial of intravenous ampi-
cillin and gentamicin, intravenous cefazolin, or intramuscu-
lar ceftriaxone found all three to be equally effective for par-
enteral treatment of acute pyelonephritis in pregnancy (210).
Despite this study, empiric cefazolin therapy should be avoided
given the relatively high prevalence of resistance in community
E. coli.

Children

There are limited clinical trials which address treatment of
acute pyelonephritis in children. Infants of one month or
less require hospitalization for treatment and investigation
because of the very high prevalence of concomitant bac-
teremia and uropathology. For parenteral therapy aminogly-
cosides or a third generation cephalosporin are preferred, and
trimethoprim/sulfamethoxazole or amoxicillin/clavulanic acid
are first line agents for oral therapy (211). Fluoroquinolones are
avoided because of concerns about adverse effects on cartilage.
Outpatient parenteral therapy is an option (212). Clinical trials
that have compared oral beta lactam therapy with intravenous
ceftriaxone found no differences in outcome for older children
treated for 10 to 14 days (211). Studies which have examined
short courses of parenteral antibiotics followed by oral therapy
compared with longer courses of intravenous treatment have
shown that at long-term follow-up at 3 or 6 months there was
no significant difference between the two treatment regimens
with regard to renal scarring (213,214). Thus, initiating ther-
apy with a short initial course of intravenous therapy and com-
pleting with oral therapy for children who are clinically stable,
with or without initial parenteral therapy, is recommended.

Duration of Therapy and Follow-Up

Most patients become afebrile within 72 hours of the onset
of therapy; other clinical findings, including renal-angle ten-
derness, rapidly improve. Behr et al. (215) reported in a se-
ries of patients admitted with both complicated and uncom-
plicated acute pyelonephritis, that 26% remained febrile at
48 hours and 13% at 72 hours. The median duration of fever
was 34 hours. Johnson et al. reported that 30% of women
with acute uncomplicated pyelonephritis remained febrile at
two days, but virtually all were afebrile by 72 hours (191).
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TA B L E 3 4 - 6

ABNORMALITIES ASSOCIATED WITH COMPLICATED
RENAL INFECTION

Associated systemic diseases
Diabetes mellitus
Neutropenia
Immunosuppression
Postrenal transplantation
Renal insufficiency

Underlying structural abnormalities
Congenital abnormalities (obstruction and/or stasis)
Acquired obstruction (pelvocalyceal, ureteral, urethral)
Neurogenic bladder
Catheter associated (continuous or intermittent)
Cystocele
Bladder diverticula
Renal cyst
Renal calculus
Atrophic or malfunctioning kidney

Less susceptible pathogens
Pseudomonas aeruginosa
Proteus mirabilis
Candida albicans

The duration of therapy required for optimal cure rates in
patients with acute pyelonephritis is uncertain. A minimum of
2 weeks of therapy has been routinely recommended. However,
10 days are clearly sufficient in many studies (192,207) and
7 days (205) and 5 days (194) have also been reported effective
in carefully controlled clinical trials. Currently, 10 to 14 days
are recommended.

About 10% of women with acute pyelonephritis have a re-
lapse with the initial infecting organism within 4 weeks of com-
pleting therapy (216). For men with an initial episode of urinary
infection, as many as 30% will relapse, presumably because of
prostatic localization of infection. About 50% of patients with
urinary infection in the setting of structural or functional gen-
itourinary abnormalities (Table 34-6) recur by 6 weeks after
therapy (217,218). Generally, urine cultures posttherapy are
obtained only if symptoms recur. Patients with symptomatic re-
lapse should be reassessed clinically and, if appropriate, inves-
tigated radiologically to exclude calculi, obstruction, or other
abnormalities.

Recurrent Upper Tract Infection

Urinary infection recurrence, either upper or lower tract, can
be anticipated in about one-half of patients within 1 year of
treatment (219). The pattern of recurrence is a predictor of in-
fection site, with relapse predictive of renal infection in women
and renal or prostatic infection in men. For women who have
a symptomatic relapse, retreatment with a 4- or 6-week course
of antimicrobial therapy results in cure for most of those with
a normal genitourinary tract (204,217). Longer courses of an-
timicrobial therapy (4 weeks or more) may be considered in
patients with relapsing symptomatic infection or where pro-
gressive renal damage is a concern. Men should receive ther-
apy for 6 or 12 weeks because of presumed prostatic infection
(220).

Several principles should be considered in all patients with
recurrent infections:

1. A negative urine culture on therapy provides in vivo evi-
dence of antimicrobial effectiveness against the pathogen.

The urine culture becomes negative within 24 hours of in-
stitution of effective chemotherapy. Isolation of any quanti-
tative count of the initial infecting organism is failure of
therapy. Pyuria usually disappears within 4 days. Bacte-
rial persistence with positive urine cultures occurs owing
to inadequate levels of the antimicrobial agent in the urine,
the presence of resistant organisms, or patient noncompli-
ance. Continuing the same antimicrobial regimen, even with
a clinical response, may be inappropriate if urine cultures
remain positive.

2. Relapse is frequently associated with urologic abnormal-
ities, an atrophic or poorly functioning obstructed kidney,
or prostatic infection. Infected renal cysts (221), calculi, and
prostatic infection allow organisms to remain in sites where
effective antimicrobial levels are not achieved. Patients with
relapse require careful reevaluation including radiologic and
urologic investigation. In the absence of urologic or radio-
logic abnormalities, most women who have a relapse can be
cured with a sufficiently prolonged course of therapy. On
the other hand, infection recurs in patients with calculi in
the kidneys or prostate infection following even prolonged
treatment courses of several months.

3. Urinary infection treatment trials in men have not gener-
ally localized infection to the prostate or kidneys. Owing
to the frequency of complicating urologic abnormalities in
men with urinary infection, attempts to define a homoge-
neous group with renal infection and determine treatment
response have generally been unsuccessful. About one-half
of men with relapsing bacteriuria appear to have renal infec-
tion, and an equal number have an infected prostate (222).
Some may have infection at both sites. Treatment should
be undertaken only if recurring symptoms or complicating
disease indicate that these men are at risk of morbidity from
infection. A prolonged course of therapy with TMP/SMX or
a quinolone for at least 6 to 12 weeks should be prescribed
to eradicate a persisting but curable renal or prostatic focus.
Even with prolonged treatment, however, a cure is obtained
in less than one-half of men.

4. Antimicrobial concentration in both renal tissue and urine
may be markedly diminished with impaired renal function
caused by acute or chronic parenchymal renal disease or
obstruction. This phenomenon has not been well studied in
acute renal infection. In patients with unilateral renal im-
pairment, the antimicrobial concentration of some agents
may be inadequate to inhibit bacterial growth or sterilize
urine originating from the diseased kidney (223). The con-
tralateral normal or hypertrophied kidney may be excreting
the antibacterial agent effectively, so drug does not accumu-
late in serum. Excretion of the antimicrobial agent in the
urine from the healthy kidney may be adequate to steril-
ize bladder urine and make it appear that the bacteriologic
outcome is satisfactory, despite persistence or continuing
bacterial multiplication in the diseased kidney.

5. Patients with frequent reinfections have altered bacterial
flora, reflecting the impact of repeated courses of antibac-
terial agents on the fecal reservoir (224). Sulfonamides,
penicillins, cephalosporins, and flouroquinolones eradicate
susceptible Gram-negative organisms within the intestinal
tract, which may be replaced by resistant Enterobacteri-
aceae or Pseudomonas spp. Broad-spectrum antimicrobial
agents excreted preferentially in bile have a greater impact
on the fecal flora than do agents preferentially excreted in
the urinary tract. The “next infection,” if it occurs within
2 to 4 weeks, often will be caused by an organism that is
resistant to the therapeutic regimen previously prescribed.
With frequent reinfections, particularly in patients with de-
vices such as ureteric stents or an indwelling catheter, the
pathogens become progressively resistant to antimicrobial
therapy.
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6. Treatment of asymptomatic bacteriuria should be avoided
except for bacteriuria in pregnancy or prior to an invasive
urologic procedure with potential trauma to the genitouri-
nary mucosa (68).

7. Patients with ileal conduits and long-term indwelling supra-
pubic or urethral catheters are always infected. Although
transient suppression may occasionally yield a negative
urine culture, bacteriological failure is predictable. In the ab-
sence of controlled studies demonstrating sustained benefits,
patients should only be treated for symptomatic episodes.
Continuous suppressive antibacterial regimens select multi-
ply resistant organisms and are not recommended.

Treatment in the Presence of Impaired
Renal Function

There are additional considerations in treating patients with
impaired renal function. Agents which might further compro-
mise function should be avoided, if possible, and agents which
are effective in the face of decreased renal perfusion should
be selected. In addition, antimicrobial therapy may ameliorate
symptoms but frequently will not cure infection in the pres-
ence of moderate to severe renal impairment. Long-term sup-
pressive therapy with an oral antimicrobial may be required
in selected cases for management of recurrent symptomatic
episodes.

Aminoglycosides should be avoided. In the presence of un-
stable renal function, a rise in blood urea or creatinine level
may be incorrectly attributed to an aminoglycoside. Nitrofu-
rantoin is contraindicated. It does not achieve adequate uri-
nary levels to inhibit bacterial growth in renal infection and
may cause irreversible peripheral neuropathy if prescribed to
patients with renal impairment (225). Doxycycline is relatively
safe in renal impairment but usually fails to achieve adequate
urine levels. Other tetracyclines are contraindicated. Sulfon-
amides have been associated with further loss of renal func-
tion and should not be used. Methenamine mandelate or other
organic salts also are contraindicated in patients with renal
impairment.

The ß-lactam antibacterials, both penicillins and
cephalosporins, have little dose-related toxicity and are
relatively safe in patients with renal failure. Patients with
impaired renal function are at increased risk of seizures with
imipenem, but not meropenem therapy. Interstitial nephritis
occurs rarely in patients receiving ß-lactam antibacterial
agents, but the risk of this complication is not increased by
coexisting renal impairment. Moderate dose reduction of most
ß-lactam agents is required if glomerular filtration falls below
25% of normal. No untoward consequences of trimetho-
prim prescribed without sulfonamide have been reported in
patients with moderately advanced renal impairment. The
fluoroquinolone antimicrobials, ciprofloxacin, ofloxacin,
levofloxacin, and gatifloxacin also are effective in renal failure.
Dosage adjustments are required for patients with creatinine
clearance rates less than 30 mL/minute. There have been
reports of renal failure with concomitant administration of
quinolones with cyclosporine and these agents should be used
with caution in transplant recipients (226).

PREVENTION

New infections can be prevented by both continuous and in-
termittent chemoprophylactic regimens. Persistent infections in
renal or prostatic tissue can be suppressed indefinitely with-
out “cure” by long-term treatment regimens, preventing symp-
tomatic recurrence.

Prophylaxis

Prophylaxis of symptomatic lower tract infections is highly
effective (Chapter 33). These prophylactic regimens also are
effective for women with recurrent acute nonobstructive
pyelonephritis and should be considered in any woman who ex-
periences two or more episodes of symptomatic infection, either
cystitis or pyelonephritis, in 1 year. For males, only Freeman
et al. (227) prospectively studied the effectiveness of prevent-
ing asymptomatic infection in reducing the occurrence of acute
pyelonephritis. This study demonstrated that both sulfon-
amides alone and nitrofurantoin could suppress endogenous
infection and prevent reacquisition in males. Studies with cur-
rent antimicrobials including trimethoprim-sulfamethoxazole
or the fluoroquinolones to prevent new infections have not
been reported in men.

Following renal transplantation, continuous prophylaxis
with trimethoprim-sulfamethoxazole reduced the incidence of
bacteriuria from 38% to 8% during the initial year after trans-
plantation (228). Both symptomatic and asymptomatic urinary
infections are prevented with current strategies of TMP/SMX
prophylaxis in renal transplant recipients (229).

In children with vesicoureteral reflux, upper tract infection
can occur with each reinfection. Long-term prophylaxis pre-
vents most reinfections. In prospective longitudinal studies,
Smellie and colleagues (230) and Winberg and colleagues (91)
reported that prolonged prophylaxis prevents infection and can
prevent progressive renal impairment during infancy and child-
hood, with resumption of normal renal growth.

Immunization has been suggested as an alternative to
chemoprophylaxis. Both capsular antigen and pili have been
used to prevent ascending infection in animal models (231–
233). Antigenic variations in lipopolysaccharides and E. coli
pili have made this difficult to achieve. Vaccination of mon-
keys with PapG prevented ascending pyelonephritis, but
human studies are not yet available (234).

Prevention in Pregnancy

Prevention of invasive upper tract infection in pregnant women
should be a part of the antenatal care of all patients (75). Preg-
nant women should be screened for bacteriuria once at 12 to
16 weeks’ gestation and those with positive cultures should
be treated. Subsequent screening cultures later in pregnancy
are not recommended for asymptomatic women whose initial
culture is negative. In the absence of a screening and treat-
ment program, acute pyelonephritis will occur in 20 to 30
per 1,000 pregnant women. With an intervention program for
treatment of asymptomatic bacteriuria, acute pyelonephritis
can be reduced to three to five per 1,000 (75). Pregnant women
who have had bacteriuria should be followed with urine cul-
tures throughout pregnancy. Although continuous low-dose
prophylaxis has been recommended for patients who have re-
current infections, careful follow-up and treatment may be as
effective.

The choice of a regimen for treatment of asymptomatic bac-
teriuria or for prophylaxis of symptomatic or asymptomatic in-
fection in pregnancy must address potential adverse effects on
the fetus. The flouroquinolones are contraindicated, because
of potential harmful effects on fetal cartilage development.
Although trimethoprim/sulfamethoxazole is generally consid-
ered safe during pregnancy, residual concerns about a poten-
tial teratogenic effect from the trimethoprim component lim-
its use, especially during the first trimester. The penicillins and
cephalosporins are safe in pregnancy, and nitrofurantoin is safe
but is avoided at term because of potential hemolysis of fe-
tal hemoglobin. Although ampicillin or a cephalosporin is not
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usually recommended, where the organism susceptibility is
known, as is the case for asymptomatic bacteriuria, they are
appropriate for treatment. Cephalexin may also be used for
prophylaxis, at 250 mg/day, and nitrofurantoin may be used
for either treatment or prophylaxis.

Prevention of Catheter-Associated Upper
Tract Infection

Catheter-associated infections are the most common hospital-
acquired infection and a frequent cause of hospital-acquired
bacteremia (21). Infections can be prevented or delayed during
short-term catheterization by limiting the duration of catheter-
ization, maintaining a closed drainage system, and insertion
under sterile technique. Infection control programs must en-
sure that prevention practices are current and maintained to
minimize acquisition of nosocomial bacteriuria.

Prevention of Infection in Patients with
Neurogenic Bladders

Bacteriuria is an anticipated complication following neuro-
logic injury or disease complicated by a neurogenic blad-
der. Increased residual urine and reflux are major reasons
for the development of bacteriuria. Maintenance of a low-
pressure voiding system is important to prevent complications
of urinary infection (111). Prophylactic antimicrobials are not
recommended in spinal cord-injured patients managed with
intermittent catheterization (235). Although trimethoprim-
sulfamethoxazole, trimethoprim, or nitrofurantoin prophy-
laxis may prevent infection in the acute or early injury phase,
they are not effective in the long term. Problems associated with
induction of resistant bacteria outweigh benefits.

Continuous Suppression

Some patients experience repeated relapse despite prolonged
antimicrobial treatment. Continuous long-term suppression
should be considered if these patients have symptomatic re-
currences or underlying complicating urologic abnormalities.
For instance, patients with infected renal calculi or obstructive
lesions leading to recurrent symptomatic infection that cannot
be remedied by surgery should receive continuous suppressive
antimicrobial treatment.

In a large study of bacteriuric males, Freeman and colleagues
compared continuous suppressive therapy with one of three
regimens (sulfamethoxazole, nitrofurantoin, and methenamine
mandelate) to placebo in 229 men with bacteriuria (237). Dur-
ing a 10-year follow-up, continuous therapy reduced the num-
ber of symptomatic recurrences and maintained the urinary
tract free of bacteriuria more effectively than did placebo.
Whereas only 44% of the patients on treatment regimens re-
quired additional therapy for acute exacerbations, 93% of the
patients on placebo required treatment. Antimicrobial agents
currently available may be even more effective. Suppression
could not be achieved in all patients with the treatment reg-
imens used. Prostatic and renal calculi, previous renal scars,
and E. faecalis infections all predicted failure of suppressive
therapy.

Sheehan and colleagues (236) compared 12 to 24 weeks of
norfloxacin therapy for complicated recurrent urinary infection
in a prospective, randomized, blinded study. The longer antimi-
crobial course led to fewer failures or reinfections compared
to placebo, serving as prophylaxis, suppressive, and curative
therapy.

Chinn and associates also demonstrated that antibacterial
suppression is effective in patients with renal calculi (237). No
patients had further loss of renal function during a cumula-
tive 77 years of continuous observation despite the presence
of stones and partial obstruction. Renal calculi increased in
size in only four of the 22 patients during the period of an-
tibacterial suppression, and four of six patients with impaired
renal function had a fall in serum creatinine during suppres-
sion. Long-term antibacterial treatment should be combined
with operative removal to prevent stone recurrence. Advances
in the endourologic treatment of infected renal calculi make it
possible for most patients with renal stones to be treated with
complete removal of all calculous material (108). Continuous
antibacterial treatment for as long as 3 to 6 months is recom-
mended with careful follow-up for recurrence of infection with
urea-splitting pathogens, particularly Proteus spp. Permanent
suppression may be necessary if any calculous material remains
in the upper tract.

The antimicrobial dosage required to maintain patients free
of bacteriuria with suppressive therapy is not well documented
in clinical studies, but generally one-half the treatment dose
may be used. In stable patients, the dose may sometimes be
reduced further. Patients on suppressive regimens should be
reviewed periodically to ensure compliance, obtain urine cul-
tures, and repeat renal function assessment. “Breakthrough”
bacteriuria occurs occasionally. If the initial infecting organ-
ism has reappeared, then susceptibility testing will determine
whether it has become resistant or has recurred because of
an inadequate suppressive dose of medication. New infections
may occur because of entry of a new infecting pathogen and
are usually resistant to the existing treatment regimen. With-
out stopping suppressive therapy, the patient should receive a
2-week course of a second agent to eradicate the new pathogen.
The suppressive regimen should be continued throughout if
the underlying “permanent” pathogen is being suppressed ef-
fectively. No guidelines have been developed for the optimal
length of continuous suppressive therapy. If the indications for
continuous suppressive therapy persist, therapy may need to
be continued indefinitely.

VIRAL INFECTIONS OF
THE KIDNEY

Viruria commonly occurs during viremic infections as a man-
ifestation of acute generalized disease with limited, if any,
involvement of the kidneys. Many viruses multiply in tubu-
lar epithelium and are excreted in the urine as exfoliated in-
fected cells. The presence of characteristic inclusions in urine
sediment is a useful diagnostic parameter for several viral
illnesses. Viral infections of the kidney, however, rarely pro-
duce acute inflammatory changes in renal tissue or precipi-
tate symptoms that lead to recognized clinical renal illness.
Chronic renal impairment is not a known consequence of viral
infections.

Viruses have been isolated from the urine in at least
16 viral diseases (238). Rubella, varicella-zoster, measles, and
cytomegalovirus are commonly isolated during clinical illness,
but no disease with renal manifestations owing to these agents
has been recognized (238). Mumps frequently produces tran-
sient renal impairment with a reduction in glomerular filtration
and significant proteinuria and hematuria. These abnormali-
ties disappear within 1 month of the illness (239). Histologic
studies suggest that viral multiplication in renal tubular cells
induces these changes. Coxsackie B virus has also been associ-
ated with mild renal impairment.

Infectious mononucleosis may have renal manifestations.
Hematuria and proteinuria occur in 11% and 18% of patients,
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respectively (240). Acute renal failure owing to interstitial
nephritis with few glomerular changes has been described
(241). The duration of the renal disease appears to be shortened
with high-dose corticosteroid treatment.

Papovaviruses (the BK virus strain) are frequently isolated
from the urine of patients during treatment with immuno-
suppressive drugs following transplantation and the immuno-
compromised states (242). Viruses can be seen by electron
microscopy in uroepithelial cells from the renal pelvis, virus-
specific antibody is present in urine, and decoy cells can be vi-
sualized with Papanicolaou’s stain. BK virus nephropathy with
graft dysfunction and tubular necrosis occurs in some immuno-
compromised patients with positive PCR for BK virus DNA in
plasma and urine (242). The only treatment is reduction of
immunosuppression.

The hemorrhagic fever viruses frequently cause renal im-
pairment and are important health problems in many parts
of the world (243). Viral hemorrhagic fever with renal syn-
drome occurring in Korea, Scandinavia, the Soviet Far East,
and the Balkans is caused by members of the Bunyaviridae
genera (243,244). The prototype agent is the Hantaan virus,
originally isolated in Korea in 1978 (245). Rodents are the
reservoirs for these agents, and transmission to humans occurs
by respiratory aerosols with no intermediary vector (232). Sec-
ondary cases have not been described in humans. The virus has
been isolated from rats trapped in East Coast seaports of the
United States (244).

High fever, myalgias, severe headache, and a petechial rash
characterize the illness. Thrombocytopenia is common. Hy-
potension and oliguria develop on about the fifth day of fever.
Pathologic examination discloses widespread capillary damage
with leakage of intravascular plasma and red cells. Acute olig-
uric renal failure with massive proteinuria is a frequent com-
plication. Renal biopsy specimens show extensive necrosis of
tubular epithelium with anatomically normal glomeruli except
for the presence of extravasated red cells and protein-rich fluid.
The overall mortality can be markedly reduced by supportive
therapy, including dialysis, and in recent series, it has been 5%
or less.
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CHAPTER 35 ■ RENAL AND PERIRENAL
ABSCESSES
LOUISE-MARIE DEMBRY AND VINCENT T. ANDRIOLE

Bacterial infections of the kidney and perinephric space include
a spectrum of pathologic conditions that can be divided into
intrarenal and perirenal abscesses. Both conditions are suppu-
rative infections localized either within the parenchyma of the
kidney (intrarenal abscess, i.e., renal cortical abscess and cor-
ticomedullary abscess) or within the perirenal fascia external
to the kidney capsule (perinephric abscess), and each can be
identified by specific diagnostic techniques. The incidence of
intrarenal and perirenal abscesses ranges from 1 to 10 cases
per 10,000 hospital admissions. In the preantibiotic era, most
cases were caused by hematogenous seeding from distant foci
of infection and were predominantly in young males without
an antecedent history of renal disease. Currently, most cases oc-
cur as a complication of urinary tract infection and affect males
and females with equal frequency. The incidence increases with
age and an abnormality of the genitourinary tract often exists.
This chapter covers only the more common types of these renal
and perirenal infections.

INTRARENAL ABSCESS

Renal Cortical Abscess (Renal Carbuncle)

Etiology

A renal carbuncle (from the Latin, carbunculus, or “little
coal”) is a circumscribed, multilocular abscess of the renal
parenchyma, which forms from a coalescence of multiple cor-
tical microabscesses. It is most commonly caused by staphy-
lococci (Staphylococcus aureus) and is the result of metastatic
spread from a primary focus of infection elsewhere in the body
most commonly the skin. Renal carbuncles were first described
by Israel in 1905, in a presentation before the Free Society of
Berlin Surgeons (1). Although numerous reports and reviews
(2–12) have been published since Israel’s initial description,
the total number of reported cases of renal carbuncle remains
relatively small.

Pathogenesis

A renal cortical abscess results from a primary focus of infec-
tion elsewhere in the body (Fig. 35-1). Common primary foci
are cutaneous carbuncle, furunculosis, cellulitis, paronychia,
osteomyelitis, endovascular infection, and infection of the res-
piratory tract. Important predisposing conditions that increase
the risk of bacteremia and hematogenous abscess are injection
drug use, hemodialysis, and diabetes mellitus. Staphylococcus
aureus is the most common causative agent (90%) and infects
the cortex of the kidney by hematogenous dissemination from
the primary focus, resulting in several interconnecting furuncles
or microabscesses. Coalescence may occur with progression of
the infection so that the lesion consists of a fluid-filled mass with
a relatively thick wall. Rarely, the process may extend to the
periphery of the renal cortex and rupture through the capsule,

leading to formation of a perinephric abscess. The majority
of renal cortical abscesses are unilateral (97%), single lesions
(77%), in the right kidney (63%), and are not associated with
perinephric abscesses (90%). The reason for unilateral localiza-
tion is not clear, although diminished resistance of the kidney
resulting from previous disease or injury, including trauma, has
been cited as a predisposing factor (13). Infrequently, ascend-
ing infection causes a renal cortical abscess (14,15). Because
the interval between the original staphylococcal infection and
the onset of clinical symptoms of a renal cortical abscess may
vary from a few days to many months (average time of approx-
imately 7 weeks) (13), the primary focus of infection may have
healed and is not apparent in one-third of affected patients
(6,8,11).

Clinical Features

Renal cortical abscesses are three times more common in
males than females. The disease occurs at all ages but is most
common between the second and the fourth decades of life
(6,7,13). The clinical picture of a renal cortical abscess is non-
specific. Most patients have chills, fever, and abdominal or back
pain (8,11,13). Some may have a palpable flank mass. Others
present with a clinical picture of fever of undetermined origin,
with few or no localizing signs (16). Most patients have no
urinary symptoms (13), because the abscess occupies a circum-
scribed area within the parenchyma of the kidney, which may
not communicate with the excretory passages.

Physical examination often reveals tenderness in or near the
region of the kidney. Pain on fist percussion of the costoverte-
bral angle is the most constant physical finding, often accom-
panied by moderate muscle rigidity in the upper abdominal
and lumbar muscles. A flank mass or a bulge in the lumbar
region, with loss of the natural concave lumbar outline, may
be present. Examination of the chest on the affected side may
be abnormal, with decreased respiratory excursion, tenderness
over the lower ribs, dullness, diminished breath sounds, in-
creased fremitus, or rales.

Basic laboratory data are variable. Peripheral white blood
cell counts are moderately elevated in 95% of the patients
(6,13). The urinalysis usually presents no pathognomonic find-
ings. Proteinuria, pyuria, or microscopic hematuria usually are
present and a Gram stain of the urine will demonstrate the
pathogen if the abscess communicates with the collecting sys-
tem of the kidney. However, negative urinalyses are seen in
most patients and blood cultures are usually negative (13).

Diagnosis

Renal cortical abscesses must be differentiated from other
space-occupying lesions in the kidney. Renal tumors, cysts, in-
trarenal abscesses caused by aerobic Gram-negative bacilli, and
perinephric abscesses can mimic renal cortical abscesses. In the
past, surgical exploration was performed to differentiate the
renal mass from a carcinoma (5). The clinical presentation of a
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FIGURE 35-1. Diagram of the pathogenesis of a staphylococcal re-
nal carbuncle. (From: Andriole VT. Renal carbuncle. Medical Grand
Rounds 1983;2:259, with permission.)

renal cortical abscess is nonspecific and not helpful in differen-
tiating this disease from a renal tumor or perinephric abscess.
Chills, fever, malaise, and back pain may be seen in each. A
renal cortical abscess on the anterior surface of the kidney may
produce abdominal symptoms and lead to an erroneous diag-
nosis of an intraabdominal process. Renal cortical abscesses
may also be confused with abscesses of the renal medulla, par-
ticularly in children (11,13–15,17–19). Radiologic techniques
can define the character of the renal mass and establish the
correct diagnosis (20–29).

In intravenous pyelograms, a renal cortical abscess appears
as a mass of diminished density, frequently associated with

distortion of the calyces, infundibulum, and renal outline.
An abscess that extends to the periphery of the renal cortex
may produce sufficient edema of the renal capsule to oblit-
erate a segment of the perirenal fat shadow. However, there
is no displacement of the kidney, as is frequently seen with
a perinephric abscess. Thus, an abnormal intravenous pyelo-
gram that demonstrates an intrinsic mass with caliceal distor-
tion, but without displacement of the kidney in a patient with
sterile urine, suggests a diagnosis of renal cortical abscess or
tumor.

Ultrasonography has been extremely helpful in establishing
the diagnosis of renal cortical abscess (13). Renal ultrasonogra-
phy can provide morphologic detail of the kidneys; it is capable
of identifying cystic lesions, tumorlike masses, or abscess cav-
ities; and can show the size and location of the lesion. Early
in the development of a renal cortical abscess, however, inter-
nal echoes may be present, giving the appearance of a solid or
semisolid mass. Because these findings are compatible with ei-
ther a renal cortical abscess or tumor, renal angiography may be
performed to define the lesion further and to establish the cor-
rect diagnosis (4,8,11,13,20,22,26,27,29). After coalescence,
an abscess can be identified by ultrasound as a fluid-filled mass
with a relatively thick wall (Fig. 35-2). Ultrasonography also
can be used to guide aspiration of the lesion and to follow its
resolution with antibiotic treatment (11,28,30) (Fig. 35-3).

Selective renal arteriography may be required to differen-
tiate a renal cortical abscess from a tumor. A renal cortical
abscess can be identified angiographically as a mass that pro-
duces arcing, stretching, and attenuation of adjacent arteries,
with the vessels located around the circumference rather than
within the mass (Fig. 35-4). Early in the course, the rim around
the abscess is poorly visualized, but arterial circulation to the
periphery gradually increases with time so that a late study may
identify a dense rim in the parenchymal phase. An untreated
abscess may progress to a stage in which the rim is thick and
poorly vascularized.

Renal and perirenal abscesses can be arteriographically
distinguished from tumors, because the major portion of an
abscess is avascular while the wall of the abscess is hypervas-
cular. Renal carcinoma may be hypervascular or hypovascular

A B

FIGURE 35-2. Ultrasonogram of the right kidney on admission to the hospital. A: Longitudinal view,
demonstrating two echolucent fluid-filled lesions. B: Transverse view, demonstrating fluid-filled masses
with thickened margins. (From: Andriole VT. Renal carbuncle. Medical Grand Rounds 1983;2:259, with
permission.)
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A B

FIGURE 35-3. Ultrasonogram of the right kidney after 4 weeks of antibiotic therapy (from the same
patient as in Figure 35-2). Longitudinal view (A) and transverse view (B) showing a decrease in the
size of the fluid-filled echolucent lesions. (From: Andriole VT. Renal carbuncle. Medical Grand Rounds
1983;2:259, with permission.)

(necrotic), but rarely both. In an abscess, the arteries retain
their normal organization and branching pattern. Tumor neo-
vascularity, in contrast, consists of abnormal vessels. Tumor
vessels have no recognizable organization, may enlarge instead
of taper as they course peripherally, and have an abnormal
branching pattern.

FIGURE 35-4. Arterial phase of left renal arteriogram. Peripheral
vessels of the lower pole are attenuated and separated in comparison to
normal vessels in the upper pole. No tumor vessels are present. (From:
Andriole VT. Renal carbuncle. Medical Grand Rounds 1983;2:259,
with permission.)

Occasional chronic inflammatory lesions may mimic tumors
angiographically, especially if the mass is solid and contains
central vascularity. However, in the presence of intrinsically
normal peripheral arteries and absent central vascularity, a di-
agnosis of abscess can be established accurately. Oblique pro-
jections may be necessary to verify the absence of central vas-
cularity (11,25,26).

Renal scanning with 67Ga citrate (Fig. 35-5) also has been
useful in localizing a renal abscess in adults (21,30,31). A
subtraction technique using 67Ga citrate and 99Tc glucohep-
tonate can define the extent of perinephric involvement and
eliminate any false-positive scans seen with gallium alone (31).

FIGURE 35-5. Radionuclide scan with 67Ga citrate at 48 hours, show-
ing abnormal uptake in the right upper quadrant, inferior to the liver
and right in the area of the kidney. (From: Andriole VT. Renal carbun-
cle. Medical Grand Rounds 1983;2:259, with permission.)
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The latter may occur in patients with renal carcinoma, severe
pyelonephritis without abscess formation, or ureteral obstruc-
tion. 111In-labeled white cell scanning identifies a renal abscess,
but does not demonstrate a renal carcinoma.

Computed tomography (CT) is the most accurate noninva-
sive technique currently in widespread use and permits detec-
tion of abscesses smaller than 2 cm (32–34). Computed tomog-
raphy is useful if ultrasonography is negative or equivocal and
allows for the detection of unsuspected occult abscesses. Com-
puted tomography also is useful as a guide to percutaneous
aspiration of an abscess and to follow a known lesion. An ab-
scess appears as a sharply demarcated low-density lesion on
CT. The abscess does not enhance with contrast because of its
avascular nature; however, the wall of the abscess enhances be-
cause of the presence of dilated and inflamed vessels (30,33,34).
The finding of gas in a low density mass is pathognomonic for
an abscess (33). Such noninvasive techniques (ultrasound and
CT) have reduced the need for angiography to further define
intrarenal masses.

Radiologic techniques can correctly establish a diagnosis of
a renal cortical abscess only when this diagnosis is considered.
Unfortunately, clinicians generally do not think of the diagnosis
of renal cortical abscess early in its course. An average delay
of 62 days before the correct diagnosis was established and
proper treatment instituted has been reported (13).

Treatment

Historically, the treatment of a renal cortical abscess has been
surgical and has varied with the condition of the patient
(6,7,9,12). However, since a renal cortical abscess is usually
hematogenous in origin and caused by S. aureus, it often re-
sponds to antistaphylococcal antimicrobial therapy alone, thus
obviating the need for surgical intervention (13).

If the diagnosis of renal cortical abscess is suspected from the
history, physical findings, and renal ultrasonography (abscess
localized to the renal parenchyma) or CT, and large, Gram-
positive cocci or no bacteria are seen on microscopic exami-
nation of the urine, antimicrobial therapy should be directed
against S. aureus. Oxacillin or nafcillin 1 to 2 g IV every 4 to
6 hours is appropriate initial therapy. If a history of penicillin
allergy (rash) is present, cefazolin (2 g every 8 hours) or van-
comycin (1 g every 12 hours) IV is a recommended alternative
in patients with normal renal function. Patients with severe im-
mediate penicillin allergy may manifest a cross-reacting allergy
when a cephalosporin is administered and should receive van-
comycin instead. Renal cortical abscesses can be cured with
parenteral antibiotic therapy administered for a minimum of
10 days to 2 weeks, followed by oral antistaphylococcal ther-
apy for at least an additional 2 to 4 weeks. Fever gradually
subsides over a 5- to 6-day period without recurrence. Flank
or back pain abates rather quickly, and patients display sig-
nificant clinical improvement within 24 hours of initiating an-
tibiotic therapy. A prompt response to treatment justifies con-
tinuing antibiotic therapy without surgical intervention, and
serial ultrasound or CT examinations can be used to show
progressive reduction and ultimate disappearance of the renal
mass. A contrary clinical course should suggest misdiagnosis or
uncontrolled infection, with the development of perinephritis,
perinephric abscess, or infection with an organism resistant to
the antibiotics being administered. In such cases, modification
of therapy may be required, based on the results of cultures
of blood, urine, or purulent material percutaneously aspirated
from the abscess, or surgical drainage may be necessary. Nev-
ertheless, a trial of intensive antibiotic treatment is warranted
in lesions localized to the renal parenchyma. If the patient does
not respond within 48 hours, percutaneous, ultrasonically, or
CT-guided needle aspiration of the intrarenal fluid-filled lesion
can be attempted as a substitute for surgical drainage (35–38).

If this treatment is unsuccessful, operative intervention should
be undertaken.

Renal Corticomedullary Abscess

Etiology

Enteric aerobic Gram-negative bacilli, predominantly Esch-
erichia coli, Proteus spp., and less commonly, Klebsiella spp.,
Enterobacter spp., and Pseudomonas spp. are usually respon-
sible for intrarenal corticomedullary infections in association
with vesicoureteral reflux or other urinary tract abnormalities.

Pathogenesis

Renal corticomedullary bacterial infections include a variety
of acute and chronic parenchymal inflammatory processes.
The more severe forms of these infections include acute fo-
cal bacterial nephritis, acute multifocal bacterial nephritis, and
xanthogranulomatous pyelonephritis, which almost always in-
volve only one kidney. Acute focal bacterial nephritis is an un-
common, severe form of acute infectious interstitial nephritis
presenting with a renal mass caused by acute focal infection
without liquefaction (39). This entity is also referred to as focal
pyelonephritis or acute lobar nephronia, because the pathology
consists of a heavy leukocytic infiltrate confined to a single renal
lobe with focal areas of tissue necrosis. Acute multifocal bac-
terial nephritis is also a severe form of acute renal infection in
which a heavy leukocytic infiltrate occurs throughout the kid-
ney with frank intrarenal abscess formation. Acute focal bacte-
rial nephritis may represent an early phase of acute multifocal
bacterial nephritis (40). Xanthogranulomatous pyelonephritis
is a very rare and atypical form of severe chronic renal in-
fection. Schlagenhaufer initially described the pathologic fea-
tures of xanthogranulomatous pyelonephritis (41) in 1916.
Grossly, the entire kidney or its involved segment is enlarged
and may be fixed by perirenal fibrosis or retroperitoneal ex-
tension of the granulomatous process, which often resembles
an inoperable tumor. Xanthogranulomatous pyelonephritis is
classified into three stages based on the extent of involve-
ment of renal and adjacent tissue by the xanthogranulomatous
process (42). In stage I (nephric), the xanthogranulomatous
inflammatory process is confined to the kidney. Stage II le-
sions (perinephric) involve the renal parenchyma and Gerota’s
fat, whereas stage III lesions (paranephric) involve the renal
parenchyma and its surrounding fat with widespread retroperi-
toneal involvement. Each stage is further divided into focal
or diffuse, depending on the amount of parenchymal involve-
ment. Microscopically, the disease is characterized by massive
tissue necrosis and phagocytosis of liberated cholesterol and
other lipids by xanthoma cells (macrophages). These foamy
xanthomatous histiocytes appear to simulate clear-cell renal
carcinoma (43,44).

Acute focal bacterial nephritis, acute multifocal bacterial
nephritis, and xanthogranulomatous pyelonephritis most com-
monly occur as a complication of bacteriuria and ascend-
ing infection, associated with tubular obstruction or scarring
from prior infections, renal calculi, vesicoureteral reflux, uri-
nary tract obstruction, or other abnormalities of the geni-
tourinary system or in association with the endocrinopathies
of diabetes mellitus or primary hyperparathyroidism (13,15,
18,19,39,40,44–49). These predisposing factors, particularly
vesicoureteral reflux in children and renal calculi or other
forms of urinary obstruction in adults, lead to intrarenal re-
flux and provide an avenue for bacteria to inoculate the re-
nal parenchyma. Parenchymal infection develops with abscess
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formation because the kidney is unable to clear the infection
in the presence of reflux, urinary obstruction, medullary scar-
ring, or other causes of tubular obstruction. In adults, two-
thirds of intrarenal abscesses caused by aerobic Gram-negative
bacilli are associated with renal calculi or damaged kidneys,
whereas in children this process is often associated only with
vesicoureteral reflux. The incidence of renal abscesses in pa-
tients with diabetes mellitus is twice that in nondiabetic per-
sons. In contrast to the staphylococcal renal cortical abscess
of hematogenous origin, the Gram-negative bacillary corti-
comedullary abscess of the kidney frequently produces severe
renal infection. Although renal corticomedullary infections are
confined within the substance of the kidney, they may perfo-
rate the renal capsule and form a perinephric abscess, extend
toward the renal pelvis and drain into the collecting system,
or develop into a chronic abscess (47). The etiology of xan-
thogranulomatous pyelonephritis is undefined; however, it ap-
pears to be related to a combination of chronic urinary tract
infection and renal obstruction. Seventy-five percent of patients
have renal calculi, 50% of which are staghorn calculi. Addi-
tional predisposing factors include chronic segmental or dif-
fuse renal ischemia resulting in alterations in renal or lipid
metabolism or both, lymphatic obstruction, abnormal immune
response, diabetes mellitus, and primary hyperparathyroidism
(44,50,51).

Clinical Features

Renal corticomedullary abscesses affect males and females with
equal frequency except for xanthogranulomatous pyelonephri-
tis in adults, where females are more frequently affected than
males (50,51). Although these infections occur in all age
groups, the incidence increases with advancing age. Peak in-
cidence for xanthogranulomatous pyelonephritis occurs in the
fifth to seventh decade and has been reported to occur in trans-
planted kidneys as well as native kidneys (52). Most patients
with acute focal bacterial nephritis, multifocal bacterial nephri-
tis, or xanthogranulomatous pyelonephritis experience fever,
chills, and flank or abdominal pain. Two-thirds of patients have
nausea and vomiting but dysuria is not necessarily present thus
mimicking an abdominal process. Some patients may have a
palpable flank or abdominal mass. Clinical signs of severe uri-
nary tract infection with urosepsis may be seen in patients with
acute multifocal bacterial nephritis, half of whom have diabetes
mellitus. Nonspecific constitutional complaints of malaise, fa-
tigue, and lethargy are particularly common (74%) in patients
with xanthogranulomatous pyelonephritis, who may also com-
plain of weight loss (24%). Significant physical findings in-
clude a renal mass (60%), hepatomegaly (30%), and rarely,
a draining flank sinus in patients with a past medical history
of recurrent urinary tract infection (65%), renal stones (30%),
or prior urinary tract instrumentation (26%). Peripheral white
blood cell counts are elevated in most patients. The urinalysis is
often abnormal, with pyuria, proteinuria, bacteriuria, and oc-
casionally hematuria. However, the urinalysis may be normal
in as many as 30% of patients. Escherichia coli, P. mirabilis,
and Klebsiella spp. are the most common organisms recovered
from urine cultures. Blood cultures are also frequently positive
in patients with acute focal bacterial nephritis or acute multi-
focal bacterial nephritis. Anemia is present in 75%, abnormal
liver function tests (bilirubin, AST, alkaline phosphatase, and
prothrombin time) in 38% to 63%, hypoalbuminemia in 60%,
hypergammaglobulinemia (α1- and α2-globulin) in 79%, and
hyperuricemia in 50% of patients with xanthogranulomatous
pyelonephritis (44,53). In general, the clinical and laboratory
findings may or may not point to the urinary tract as the focus
of infection and may not distinguish renal abscess from other
abnormalities of the urinary tract.

Diagnosis

Renal corticomedullary abscesses must be differentiated from
other space-occupying lesions in the kidney. Renal tumors,
intrarenal cysts, renal cortical abscesses, and perinephric ab-
scesses may mimic renal corticomedullary abscesses, because
the clinical presentation of each of these conditions is similar.
Fever, chills, malaise, and back pain may be seen in each. Clin-
ical signs of urosepsis may be present in patients with renal
corticomedullary abscesses and to a lesser extent, in patients
with perinephric abscesses. In contrast, these signs are usually
absent in patients with renal tumors, cysts, and renal corti-
cal abscesses. Patients with renal corticomedullary abscesses
often have an abnormal urinalysis (70%) with pyuria, pro-
teinuria, and bacteriuria, and blood cultures frequently are
positive (40).

Radiographic techniques are essential to identify renal cor-
ticomedullary abscesses. The urographic findings in patients
with acute focal bacterial nephritis are: (a) a poorly marginated
and relatively sonolucent ovoid mass disrupting the corti-
comedullary definition and producing some low-level echoes
on ultrasound examination; (b) a solid-appearing mass on ex-
cretory urography, CT, or angiography; and (c) abnormal up-
take of gallium at the location of the mass, which may be asso-
ciated with increased activity elsewhere in the same or opposite
kidney (39). A fluid-filled mass or a fluid debris level typical of a
frank renal abscess is not found in acute focal bacterial nephri-
tis on ultrasonography (39,40). On a non–contrast-enhanced
CT, the lesion of acute focal bacterial nephritis is typically im-
perceptible. There are three characteristics seen with contrast
enhanced CT: lobar distribution of inflammatory areas, poorly
defined wedge-shaped areas of diminished contrast enhance-
ment without frank liquefaction, and masslike hypodense le-
sions in severe cases (40,54). Renal abscesses, however, are usu-
ally round, have liquid centers, and are visible with and without
contrast enhancement. The lack of a defined wall by ultrasound
or CT in acute focal bacterial nephritis is an important factor
distinguishing this entity from an abscess (30). On angiography,
narrowing and obstruction of veins within the mass, along with
only minor arteriographic abnormalities, are characteristic of
acute focal bacterial nephritis (39). Focal abnormalities in the
kidney on gallium images may be seen in some neoplasms and
renal abscesses as well as acute focal bacterial nephritis. How-
ever, the diagnosis of acute focal bacterial nephritis is strongly
suggested whenever the abnormalities are larger on the gallium
image than on the urogram or sonogram or whenever bilateral
abnormalities are seen on gallium images that correlate with
a focal mass on the urogram or sonogram (39). The distinc-
tion between acute focal bacterial nephritis, renal abscess, and
tumor can be made also by needle aspiration (55). However,
in most patients, a combination of imaging techniques is suf-
ficient to diagnose acute focal bacterial nephritis and permit
conservative medical therapy without confirmation by needle
biopsy or surgery (39,56). In this context, serial uroradiologic
studies should be performed to follow the process to resolution
(57,58).

The urographic findings in patients with acute multifocal
bacterial nephritis typically show severe impairment of ex-
cretion of contrast material on the affected side, with renal
enlargement, a diminished nephrogram, and a delayed pyelo-
gram (40,59,60). Ultrasonography may demonstrate areas of
decreased echogenicity throughout the affected kidney. Poorly
defined wedge-shaped areas of decreased contrast enhancement
similar to those described in patients with acute focal bacterial
nephritis can be seen on contrast-enhanced CT, except that
multiple renal lobes are involved (40,61) (Fig. 35-6). If an-
giography is performed, the number and caliber of interlobar
arterial branches are diminished, and fine linear stripes of al-
ternating density and lucency in the angiographic nephrogram
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FIGURE 35-6. Computed tomography (CT) scans of a patient with
bilateral intrarenal abscesses.

are present throughout the kidney (40). Computed tomogra-
phy is more sensitive than ultrasonography for the detection of
intrarenal bacterial infections and defining the extent of disease
(30,58,62).

The radiographic findings in patients with xanthogranu-
lomatous pyelonephritis are varied and uncharacteristic. The
xanthogranulomatous process may occur in a localized (uni-
focal) or diffuse (multifocal) form in either a previously nor-
mal kidney or one that is obstructed, contains a stone, or has
an anomalous collecting system or caliceal diverticulum. Per-
inephric extension of the xanthogranulomatous process pro-
duces obscure renal margins and ablation of the perinephric
and paranephric fat (44). Radiographically, xanthogranulo-
matous pyelonephritis appears as either localized or diffuse
enlargement of one kidney with an indistinct renal outline.
Urographically, the most frequent finding has been a stone-
bearing (70%) and functionless (80%) kidney (63). Caliceal
deformity and irregularity (46%) may be present (44,53). Neo-
vascularity may be present on angiography, but most xan-
thogranulomatous renal masses are hypovascular or avascu-
lar, and the majority cannot be definitively distinguished from
renal cell carcinoma (44,64,65). There are no specific ultra-
sonographic findings that reliably distinguish renal tumors and
abscesses from xanthogranulomatous pyelonephritis (66). The
sonographic features of xanthogranulomatous pyelonephritis
include a diffusely enlarged kidney with multiple areas of in-
creased anechoicity and a central echogenic focus with acous-
tic shadowing (67). Although these findings are also seen in

a hydronephrotic kidney, the presence of a central strongly
echogenic focus suggests xanthogranulomatous pyelonephri-
tis (67,68). On CT, focal xanthogranulomatous pyelonephritis
appears as low-density mass lesions, with wall enhancement
surrounding dilated calices, which may contain stones, or as a
focal mass in one pole of a duplicated kidney (69). In diffuse
xanthogranulomatous pyelonephritis, CT demonstrates an en-
larged kidney, often with central calcification in the renal pelvis
without dilatation, and with multiple, rounded, low-density
areas representing dilated calices and abscess cavities. On en-
hanced scans, the walls of these cavities demonstrate a promi-
nent blush because of increased vascularity within the granu-
lation tissue and the compressed normal parenchyma (63,69).
Extension of the xanthogranulomatous process through the re-
nal capsule, with involvement of the perirenal and pararenal
spaces and the psoas muscle, when present, also can be ob-
served on CT (63,69). The diagnosis is suggested by CT findings
in 44% of cases. This imaging study plays an important role
in determining the extent of extrarenal disease and planning
of operative treatment. Ultrasound examination is less specific
than CT, and magnetic resonance imaging (MRI) generally of-
fers no additional information over CT scans but may be useful
in patients with renal insufficiency or allergy to iodinated con-
trast material (30,70).

Treatment

In the past, surgical drainage, débridement, or nephrectomy
was the accepted treatment for renal corticomedullary ab-
scesses. Recent experience indicates that successful therapy
of acute focal and multifocal bacterial nephritis with antimi-
crobial agents alone will produce a symptomatic response
within 1 week in most patients and result in no sequelae
(31,32,38,40,46,47,71). Radiologic techniques should be used
to document resolution of the infection (58); nevertheless, the
time at which the intrarenal infection is discovered and its
degree of suppuration should guide its management. A well-
established large abscess cavity may be more difficult to eradi-
cate with antibiotics alone than an earlier lesion in the preab-
scess state; however, a trial of intensive antibiotic treatment is
appropriate for lesions localized to the renal parenchyma be-
fore determining the need for operative drainage, particularly
in a promptly diagnosed and otherwise healthy person. Intra-
venous fluids and parenteral antibiotics should be started as
soon as the diagnosis is entertained. In patients with acute fo-
cal or multifocal bacterial nephritis, initial antibiotic selection
(empiric therapy), before the results of urine cultures and sen-
sitivities are available, should be aimed at the most common
uropathic, enteric Gram-negative aerobic bacilli (e.g., E. coli,
Klebsiella, and Proteus spp.).

Monotherapy with a third-generation cephalosporin (e.g.,
cefotaxime, ceftriaxone, or ceftazidime), an extended-spectrum
penicillin (e.g., piperacillin), or ciprofloxacin is acceptable em-
piric therapy. Combined therapy with a ß-lactam, such as ampi-
cillin or cefazolin, with an aminoglycoside is no more successful
than single-agent therapy in the treatment of acute focal or mul-
tifocal bacterial nephritis (38). Empiric therapy should be mod-
ified to the most effective single agent based on the results of
the antibiotic sensitivities of the organisms recovered from cul-
tures of urine, blood, or both. Although the duration of treat-
ment has not been defined, current recommendations are to
continue parenteral antibiotics for at least 24 to 48 hours after
the resolution of fever and clinical improvement are attained.
Oral antibiotic therapy, based on the results of antimicrobial
susceptibility tests, can then be continued for an additional
2 weeks. Patients with acute focal bacterial nephritis typically
respond to medical therapy alone (at least 14 days of an appro-
priate antimicrobial agent), and follow-up studies have shown
resolution of the intrarenal lesion without the need for surgical
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drainage (40,49,56). Although many patients with acute multi-
focal bacterial nephritis slowly improve with antibiotic therapy
alone, some may require surgical intervention. Patients who
are likely to fail appropriate antibiotic therapy alone are those
who have radiologic evidence of a large intrarenal abscess,
significant obstructive uropathy, severe vesicoureteral reflux
(primarily in children with Gram-negative bacillary multifocal
bacterial nephritis) with extensive parenchymal involvement,
patients with diabetes mellitus with gas-forming infections, and
patients of advanced age or with urosepsis (18,40,45–47,72).
In general, surgical intervention is indicated in the patient who
has radiologic evidence of a large intrarenal abscess and persis-
tent fever with an absence of a clinical response after 5 to 7 days
of adequate antibiotic therapy. In patients requiring drainage,
percutaneous aspiration of the abscess combined with systemic
antibiotic therapy has been successful (47,73,74). If a signifi-
cant obstructive uropathy is present, prompt drainage, usually
by percutaneous nephrostomy, is necessary with correction of
the lesion, if possible, when the patient is afebrile and stable
(40). If surgical intervention is necessary, the abscess should
be incised and drained, and nephrectomy should be reserved
for diffusely damaged kidneys or for patients of advanced age
who are septic and require urgent surgical intervention for sur-
vival (45). Also, all children with renal parenchymal infection
caused by Gram-negative bacilli should undergo voiding cys-
tourethrography to look for lower urinary tract abnormalities
(18). Thus, current clinical experience indicates that many pa-
tients with acute multifocal bacterial nephritis may not require
surgery as they did in the past but may be treated success-
fully with antibiotics alone. The decision to drain the abscess
mechanically should be based on the radiologic findings and
response of the patient to initial drug therapy.

In contrast, patients with xanthogranulomatous pyelone-
phritis generally are not cured by antibiotic therapy alone.
These patients often require surgical removal of the xan-
thogranulomatous process to cure this disease; however, there
have been several case reports of successful treatment with an-
tibiotics without surgical intervention (50). The diagnosis of
xanthogranulomatous pyelonephritis is not commonly made
preoperatively; however, once the involved tissue is resected,
the xanthogranulomatous process ceases and does not seem to
recur. The prognosis in patients who have an otherwise normal
urinary tract is excellent. Total nephrectomy is the usual proce-
dure, but Malek and Elder (44) suggested that partial nephrec-
tomy for selected localized disease, such as cases confined to
the kidney (stage I) or involving the perinephric fat (stage II),
may be sufficient. Partial nephrectomy is especially suitable
in children, who usually present with localized disease (44).
In adults, the disease is frequently diffuse throughout most, or
all, of the kidney and advanced stages extend to the perinephric
fat (stage II) and beyond (stage III). Although removal of the
kidney and perirenal fat is preferred, it may be technically dif-
ficult and complicated by fistulization of adjacent bowel. Open
surgical nephrectomy is preferred over laparoscopic nephrec-
tomy as it is quicker, leads to less complications and results in
a similar post-operative course (75). Even though xanthogran-
ulomatous pyelonephritis does not recur following successful
surgery, bacteriuria may continue in some patients and will
require appropriate treatment (44,53).

Infected Renal Cyst

Spontaneous infection of preexisting solitary renal cysts has
been described (40,76,77). In contrast, patients with autoso-
mal dominant polycystic renal disease may have one or more
cysts that become infected (78). The most common etiologic
agents are Gram-negative uropathogens that are thought to in-
fect the cysts as a consequence of bacteriuria and ascending

infection (79). Infection may also occur as a result of iatro-
genic cyst instrumentation (40). The clinical features of infected
cysts are similar to those of an acute renal abscess and include
nausea, chills, fever, flank or back pain, and dysuria. The di-
agnosis is made radiographically. Ultrasonography or CT may
demonstrate a solitary renal mass that is compatible with an
uncomplicated simple renal cyst or multiple lesions character-
istic of polycystic renal disease. Gallium or indium imaging or
gadolinium-enhanced magnetic resonance may help to identify
the infected cyst (or cysts) in patients with polycystic kidneys
(80). A definitive diagnosis can be made by ultrasound or CT-
guided percutaneous cyst puncture with culture. Effective treat-
ment for infected solitary cysts includes percutaneous drainage
combined with 2 weeks of appropriate antimicrobial therapy
(38). Surgical drainage is rarely required. In contrast, the ther-
apy of infected cysts in patients with polycystic renal disease is
more difficult and not well defined. A conservative approach
with long-term (6 to 8 weeks) oral antibiotic treatment directed
against the most likely pathogens or those isolated from urine
or blood cultures is successful in some cases (79). In general,
surgical drainage is generally avoided because of the difficulty
in identifying which cyst is infected.

PERINEPHRIC ABSCESS

Etiology

Staphylococcus aureus, E. coli, and Proteus spp. are the most
common causes of perinephric abscesses. Other, less com-
mon causes include Klebsiella spp., Enterobacter spp., Pseu-
domonas spp., Serratia spp., and Citrobacter spp. Occasion-
ally enterococci and streptococci are implicated, including two
cases of S. pneumoniae (81,82) and one case of Group B strep-
tococcus in a diabetic patient (83). Perinephric abscesses also
may be caused by various anaerobic bacteria, including Gram-
negative bacilli and anaerobic cocci, Clostridium spp., and
Actinomyces spp. (84). These anaerobic bacteria may be the
pathogens in patients with abscess cultures reported to be ster-
ile (32,47). Mycobacterium tuberculosis is also an important
cause of perinephric abscess, as are certain fungi, particularly
Candida spp. Nocardia has been reported as a cause of per-
inephric abscess in immunocompromised patients (85). More
than one microorganism has been simultaneously recovered
from perinephric abscesses in as many as 25% of patients
(45,47,48,86,87). Although bacteria isolated from the urine
frequently correlate with those isolated from the abscess, in
some patients, urine cultures are positive for microorganisms
different from those subsequently isolated from the abscess ma-
terial (47,86,88,89). Blood cultures may be positive (20% to
40%) in some patients (86,88).

Pathogenesis

A perinephric abscess is a collection of purulent material in the
space between the capsule of the kidney and Gerota’s fascia
(Fig. 35-7). The abscess usually is confined to this space, but
may extend beyond Gerota’s fascia into the pararenal space, or
even into the flank muscles or psoas muscle (90). It may present
as a draining flank abscess through Petit’s triangle or as an ab-
scess in the groin or paravesical area by extending caudally
between the diverging layers of Gerota’s fascia (48). It rarely
perforates into the peritoneal cavity or ruptures into the colon.
Cephalad extension may result in a subphrenic abscess, pene-
tration of the diaphragm and empyema, lung abscess, or for-
mation of a nephrobronchial fistula (2,47,73,87,91). The most
frequent initiating event is the direct extension or rupture of an
abscess within the renal parenchyma into the perinephric space
(5,14,17). This is the most common mechanism responsible for
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FIGURE 35-7. Diagram of the pathogenesis of a perinephric abscess.

staphylococcal perinephric abscesses that occur when a renal
cortical abscess ruptures into the perinephric space (13). Other
causes include hematogenous or regional lymphatic seeding
of the perinephric space, usually from sites of skin infection
(47,86,92). Rarely, spread of infection from inflammatory le-
sions of the liver, gallbladder, pancreas, pleura, prostate, or
female reproductive organs as well as diverticulitis, appendici-
tis, perforated carcinoma of the colon, and osteomyelitis of
adjacent ribs or vertebrae has been implicated in the patho-
genesis of perinephric abscess (32,47,93–95). The majority of
patients with perinephric abscesses have some form of obstruc-
tion to urinary outflow. Specific predisposing factors include
renal or ureteral calculi, ureteral stricture, neurogenic bladder,
vesicoureteral reflux, mechanical bladder outlet obstruction,
neoplasm, renal papillary necrosis, polycystic kidney disease,
genitourinary tuberculosis, immunosuppresion including renal
transplantation, trauma (including urinary tract instrumenta-
tion, renal biopsy, or aspiration), and the associated conditions
of diabetes mellitus (a major contributing factor), glucocorti-
coid therapy, and injection drug use (40,47,78,81,96).

Clinical Features

The onset of perinephric abscess is characteristically insidious.
Patients are often ill for 1 to 3 weeks before they seek medical
care, and early recognition of this condition is difficult. The
most common symptoms are fever, which occurs in almost all
patients; unilateral flank pain, in 70% to 80%; and chills and
dysuria, in 40% of patients (47,86,97,98). Weight loss, nau-
sea, and vomiting are less common. Diarrhea is very rarely a
symptom associated with perinephric abscess (99). On physi-
cal examination, flank and costovertebral angle tenderness are
the most common findings, but abdominal tenderness may be
present in about 60% of cases. In some patients, the pain may
be referred to the corresponding hip, thigh, or knee. Scoliosis,
with splinting on the affected side, pain on bending toward the
contralateral side and during either active flexion of the ipsi-
lateral thigh against pressure, or extension of the thigh while
walking may be present in some patients. A flank or abdominal
mass is present in less than half the patients (32,40,47,86). Rou-
tine laboratory studies are nonspecific. The peripheral white

blood cell count is usually modestly elevated with associated
neutrophilia. Anemia and azotemia may be present in 40%
and 25% of patients, respectively (97). Pyuria and proteinuria
are common; however, hematuria is present in only 10% of pa-
tients and the urinalysis may be entirely normal in 25% to 30%
of the cases. Two-thirds of patients have positive urine cultures,
with more than 105 bacteria/mL of urine. Approximately 40%
of patients are bacteremic (32,40,47,86).

Diagnosis

A perinephric abscess must be differentiated from other infec-
tions of the urinary tract and from other occult abscesses. Pa-
tients with this disease may present with fever of undetermined
origin or with unexplained peritonitis, empyema, or pelvic ab-
scess resulting from extension of the perinephric abscess. The
diagnosis should also be considered in patients with urinary
tract infection who do not respond promptly to antibiotics and
have an abnormality of the urinary tract or diabetes. Prompt di-
agnosis of this disease is made in less than one-third of patients
at the time of admission (47,48,86,88). Up to 25% to 30%
of patients are diagnosed only at autopsy (47,86). This disease
should be considered in the differential diagnosis of patients
who present with the signs and symptoms described previously.
Radiologic examinations with ultrasonography, CT, arteriog-
raphy, and 67Ga or 111In imaging are essential diagnostic aids
in most cases. Roentgenogram of the chest may be normal or
may show a pleural effusion, elevated hemidiaphragm either
with or without decreased diaphragmatic excursion, or a lower
lobe infiltrate (47,86). Supine abdominal roentgenogram may
demonstrate an upper quadrant mass, obliteration of the renal
outline, vertebral scoliosis, or absent psoas shadows. How-
ever, obliteration of the psoas margin is not a reliable diag-
nostic sign for perinephric abscess (13,17). Although uncom-
mon, the presence of extraluminal, retroperitoneal gas bubbles
in the area of the kidney suggests a perinephric abscess pro-
duced by gas-forming organisms. This condition, termed em-
physematous pyelonephritis, occurs primarily in patients with
diabetes mellitus, with or without urinary obstruction, and
more rarely in nondiabetic patients who have urinary obstruc-
tion (72,100,101). On excretory urography, important radio-
graphic findings of perirenal abscesses include decreased renal
mobility with respiration or position, absent or diminished re-
nal function, caliectasis and other caliceal abnormalities, and
displacement (usually medially and upward) of the kidney or
ureter. Extrarenal extravasation of contrast material, though
uncommon, is virtually diagnostic of perirenal abscess (47,90).
Also, fistula formation occurs occasionally between the perire-
nal space and other structures, such as the colon. Retrograde
pyelography is usually not necessary, but it is occasionally help-
ful in identifying obstructive lesions distal to the renal pelvis.
Ultrasonography may demonstrate an intrinsic mass in addi-
tion to the more characteristic findings of a perinephric fluid
collection, along with displacement of the kidney, loss of a dis-
tinct renal outline, and renal fixation. These findings indicate
extension of the inflammatory process to the perinephric space
(13,17). The sonographic appearance may vary from a nearly
anechoic mass, displacing the kidney, to an echogenic collection
that merges with normally echogenic fat within Gerota’s fascia
(40). Ultrasound also may be useful to determine the extent of
the abscess (Fig. 35-8) and detect an associated obstruction of
the collecting system. However, ultrasound may be falsely neg-
ative in 36% of cases as compared to computed tomography
(97). Findings on CT include thickening of the renal fascia and
perirenal fluid collection. In most cases, pus can be differenti-
ated from other causes of perirenal fluids collections, such as
urine, blood, lymph, exudates, and transudates (102). Com-
puted tomography also provides the most precise anatomic in-
formation and can demonstrate the extent and route of the
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A B

FIGURE 35-8. A: Longitudinal ultrasonogram down the right paravertebral region, demonstrating a huge
complex mass with a large irregular fluid component, labeled A. B: Marked enlargement of the psoas major
muscle (arrows) with a large contained fluid collection, labeled A. (From: Andriole VT. The clinician’s
viewpoint. Clin Diagn Ultrasound 1982;11:1, with permission.)

abscess beyond the renal capsule (e.g., extension to the flank
or the psoas muscle) (Fig. 35-9). This detail is important in
planning surgical drainage of the abscess. Radionuclide imag-
ing with 67Ga or 111In may be used occasionally to confirm
the presence of renal or perirenal inflammation (Fig. 35-10) or
evaluate renal function. Gallium or indium imaging may pro-
vide the first evidence of a perirenal abscess in patients with
suspected infections but without localizing signs or symptoms.
However, 67Ga is not sufficiently definitive to exclude renal
carcinoma, pyelonephritis, intrarenal abscess, or ureteral ob-
struction (13,31,33). Thus, a subtraction technique using 67Ga
citrate and 99mTc glucoheptonate has been used to define the
extent of perinephric involvement as well as to eliminate any
false-positive scans seen with gallium alone (13,31). On an-
giography, characteristic findings of perinephric abscesses in-
clude an increase in number and size of the perforating arteries
extending from the kidney into the abscess, stretching, and
prominent tortuous capsular arteries around the abscess and a
contrast blush (11,13,25,26). Perirenal and renal abscesses can
be arteriographically distinguished from tumors, as described
previously; however, angiography is not necessary in most pa-
tients with perinephric abscess because of the availability of the
newer, noninvasive imaging modalities.

Treatment

Early surgical or percutaneous (under imaging guidance)
drainage of the perinephric abscess is imperative (40,47,
86,102). Antibiotic therapy alone is inadequate and should be
used as adjunctive treatment. In some patients, the perinephric
abscess has been drained by percutaneous tube placement, as-
piration of pus, and antibiotic irrigation prior to definitive
surgery (nephrectomy), which is frequently necessary (40,47).
In others, acute nephrectomy is performed at the time of ini-
tial surgical drainage. There are rare case reports of immuno-
competent patients with small (≤3.5 cm) abscesses who were
successfully treated with prolonged courses of intravenous an-
tibiotics without drainage (74,103); however, immunocom-
promised patients or those with abscesses larger than 2 cm
did poorly and had high mortality rates when treated with

A

B

FIGURE 35-9. A: Computed tomography (CT) scan through midab-
domen, demonstrating marked enlargement of the right psoas major
muscle with a bilobed fluid-filled cavity, labeled A (from the same pa-
tient as in Figure 35-8). B: Transverse CT scan through the level of the
femoral head, showing the inferior extent of the abscess (arrow) point-
ing below the inguinal ligament. (From: Andriole VT. The clinician’s
viewpoint. Clin Diagn Ultrasound 1982;11:1, with permission.)
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A-C

FIGURE 35-10. A: Oblique 67Ga scan, demonstrating activity of the entire right paravertebral region
(from the same patient as in Figure 35-8). B: Posterior 67Ga scan, demonstrating activity in the region of
the femoral head, indicating the inferior extent of this abscess cavity. (From: Andriole VT. The clinician’s
viewpoint. Clin Diagn Ultrasound 1982;11:1, with permission.)

antibiotics alone. Computed tomography should be used to
follow the response to treatment.

Initial antimicrobial therapy should be aimed at the most
common uropathic Gram-negative bacilli as well as against
staphylococci, since some perinephric abscesses are a conse-
quence of staphylococcal renal carbuncles. An aminoglycoside
(gentamicin or tobramycin) in a dose of 1 to 1.5 mg/kg of body
weight every 8 to 12 hours in patients with normal renal func-
tion should be combined with an antistaphylococcal ß-lactam,
oxacillin, nafcillin, or cefazolin, intravenously. If bacterial re-
sistance to gentamicin or tobramycin is suspected because the
patient has had previous antimicrobial therapy or hospitaliza-
tion, amikacin in a dose of 7.5 mg/kg of body weight every
12 hours in patients with normal renal function should be
used. The dose of gentamicin, tobramycin, or amikacin must be
adjusted for those patients with compromised renal function.
Therapy should be modified based on the results of the an-
tibiotic sensitivities of the organisms recovered from cultures
of the abscess material. An antipseudomonal ß-lactam (e.g.,
ticarcillin, piperacillin, cefoperazone, or ceftazidime) should
be added to the aminoglycoside if P. aeruginosa is the cause of
the infection, and clindamycin, chloramphenicol, or metron-
idazole should be added if anaerobic bacteria are involved. A
combination of penicillin or ampicillin plus gentamicin is the
treatment of choice in enterococcal infections. Isoniazid plus
rifampin and ethambutol or streptomycin is necessary for ab-
scesses caused by M. tuberculosis and amphotericin B for those
caused by fungi.

The prognosis in patients with perinephric abscess is poor.
Even though there have been major improvements in diagnos-
tic technology, surgical therapy, and antimicrobial treatment,
the mortality associated with perinephric abscess remains high
and is in a range from 20% to more than 50% (32,45,47,74).
Prompt diagnosis of perinephric abscess, immediate surgical
or percutaneous drainage, and appropriate antimicrobial ther-
apy, followed by definitive surgical therapy for cases with a
poor response, may be effective in reducing this high mortality
rate.
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CHAPTER 36 ■ COMPLICATED URINARY
TRACT INFECTIONS
DENNIS J. MIKOLICH AND STEPHEN H. ZINNER

Complicated infections of the genitourinary (GU) tract refer to
those infections that occur in the presence of anatomic or func-
tional abnormalities in the kidney, bladder, or collecting sys-
tems (including vesicoureteral reflux and neurogenic bladders
in patients with spinal cord injury); obstruction to normal urine
flow (including renal, ureteric and bladder calculi, and prostatic
hypertrophy); urinary tract catheterization or instrumentation;
cystic renal disease; specific diseases such as diabetes mellitus;
and abnormalities in host defense mechanisms and those infec-
tions that follow surgery or renal transplantation (Table 36-1).
In addition, infections that are caused by organisms that resist
antimicrobial therapy (such as multidrug-resistant enterococci)
or might otherwise be difficult to eradicate may be consid-
ered in this category. Aerobic or anaerobic bacteria, mycobac-
teria, fungi, parasites, and even viruses may cause complicated
infections.

Other conditions associated with complicated urinary in-
fections include prostatic, kidney, or perinephric abscesses;
pyonephrosis; emphysematous pyelonephritis and cystitis;
malakoplakia and xanthogranulomatous pyelonephritis; intra-
mural vesical abscesses; pyelonephritis with bacteremia and
sepsis; and tuberculosis. Some of these conditions are discussed
in other chapters (Chapters 35, 37, and 38). Complicated uri-
nary infections may occur either in the upper or lower uri-
nary tract and may be acute or chronic. Not included in this
category are asymptomatic bacteriuria, urethritis, acute cysti-
tis, acute pyelonephritis, or recurrent upper or lower urinary
tract infection occurring in the presence of a normal urinary
system.

ANATOMIC OR STRUCTURAL
RISK FACTORS

Obstructive Uropathy

Obstructive uropathy may include calculi at any level of the
urinary tract; prostatic hypertrophy; cancer of the prostate,
bladder, or uterus; external compression by uterine or other tu-
mors; neurogenic bladder; and congenital abnormalities. Any
of these conditions may be associated with a complicated uri-
nary tract infection. Obstruction above the bladder may lead
to renal pelvic dilatation and hydronephrosis with subsequent
pressure atrophy of renal cortical tissue. When infection does
occur in the setting of partial or complete obstruction, clear-
ance of infection is more difficult because drainage may be lim-
ited, antibiotic penetration might decrease, and host responses
may be impaired.

Obstruction of the urinary tract may be acute or chronic,
unilateral or bilateral, and complete or incomplete. Acute ob-
struction of the upper urinary tract may be associated with
retroperitoneal or flank pain, especially if calculi are present.
Obstruction at the bladder level increases risk of infection by

decreasing the effect of micturition on reducing bacterial in-
ocula as well as allowing for multiplication of bacteria to the
degree that mucosal antibacterial and other host factors are
overwhelmed or inactivated. Obstruction at higher levels of
the urinary tract may predispose to infection, as dilatation and
pressure necrosis may decrease defense mechanisms in the kid-
ney and allow disseminating hematogenous bacteria to alight
and form a nidus of infection in the renal cortex or medulla.
Also, once the normal architecture of the urinary tract has been
damaged, whether as a result of reflux or obstruction, bac-
teria that lack the virulence factors necessary to cause renal
infection in the absence of structural lesions may be responsi-
ble for serious upper tract infection once introduced into the
kidney.

Treatment of urinary infections in the face of obstructive
uropathy or stone disease usually requires antibiotic therapy
for a longer duration than that for uncomplicated infections;
treatment may be required for up to 6 weeks. Obviously, cor-
rection of the obstruction and removal of calculi are important
adjunctive measures. In general, a 6-week course of a bacte-
ricidal antibiotic that achieves adequate concentration in re-
nal tissue and bladder urine is recommended. Depending on
the organism and susceptibility testing results, intravenous or
oral therapy can be used, for example, a fluoroquinolone or a
ß-lactam antibiotic. Special consideration is needed in the face
of staghorn calculi, which often form in the presence of urease-
producing organisms such as Proteus sp. Once the organism
has been eradicated with a long course of antibiotics, “prophy-
lactic” or “suppressive” therapy can be given with low-dose
trimethoprim-sulfamethoxazole, daily or every other day, or
with a combination of trimethoprim and a methenamine com-
pound. Nephrolithiasis is considered in more detail in Chapter
26.

Catheterization and Instrumentation

The distal third of the urethra is normally colonized with per-
ineal and skin flora. Instrumentation for any reason may in-
troduce these organisms into the bladder. In the presence of an
indwelling catheter, bacteria can ascend from the periurethral
area along the mucous sheath that develops between the ure-
thral mucosa and the latex rubber catheter (1). Although sev-
eral techniques have been introduced to prevent urinary infec-
tion in chronically catheterized patients, such as closed sterile
drainage, continuous irrigation through a three-way catheter
with antibiotic or acetic acid, and systemic antibiotic prophy-
laxis, all patients with prolonged urinary catheter drainage ul-
timately become colonized with high counts of bacteria (from
2 to about 21 days).

Urinary tract infections (UTIs) are the most common in-
fection acquired in hospitals; elderly patients are at greatest
risk. A review of nosocomial infections from 1986 to 1990
analyzed a total of 101,479 infections in 75,398 patients (2).
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TA B L E 3 6 - 1

COMPLICATED INFECTIONS OF THE URINARY
TRACT

Anatomic or structural risk factors
Obstructive uropathy—stones, strictures, tumors

Prostate associated (see Chapter 34)
Instrumentation—catheter associated and nosocomial
Renal cystic disease
Ureteral stents and surgical urinary diversions

Ileal loop constructions
Other anatomic risk factors

Vesicoureteral reflux
Urachal remnants

Functional risk factors
Diabetes mellitus
Renal transplantation
Spinal cord injury and neurologic dysfunction
Neutropenia
Human immunodeficiency virus

Miscellaneous complicated infections
Pyonephrosis
Emphysematous pyelonephritis and cystitis
Malakoplakia and xanthogranulomatous pyelonephritis
Intramural vesical abscess
Urosepsis
Tuberculosis (see Chapter 38)
Infections caused by atypical or resistant organisms (e.g.,

vancomycin-resistant enterococci, anaerobes)

Of these, 44% originated in the urinary tract and Escherichia
coli was responsible for 25% of these infections, followed by
Enterococcus sp. in 15%, Pseudomonas aeruginosa in 13%,
and Candida sp. in 7%. Indwelling Foley catheters were present
in 84% of the elderly patients reviewed in this series and 78%
of younger patients (ages 15 to 64 years). Bacteremia, an impor-
tant sequela of complicated UTIs, developed in 4% of patients
with indwelling bladder catheter-associated urinary infections
and case-fatality rates of 13% to 30% have been reported for
these bacteremic nosocomial urinary infections (3–6).

Catheter-associated urinary infections may account for
40% of nosocomial infections in American hospitals (7,8). Pa-
tients with catheter-associated urinary infections have a case-
fatality rate ten times higher than that for nonbacteriuric
catheterized patients (9). This is most likely attributable to as-
sociated bacteremia and sepsis (5,7).

Catheter-associated nosocomial UTIs (CAUTI) have been
recently described in a study of 1,497 patients. These infections
were more frequent in women (23.2%) than men (8.9%). They
were unimicrobial in 94% and polymicrobial (primarily with
enterococci and Gram-negative bacilli) in 6%. The distribu-
tion of single isolates in these patients included Gram-negative
bacilli in 34%, enterococci or staphylococci in 27% and
Candida sp. in 27%. Patients with CAUTI only rarely have
symptoms (<10%) in the face of infections and pyuria, and
they may not have peripheral leukocytosis (10). Catheters left
in place without bona fide medical necessity often contribute
to nosocomial infections and are accompanied by an increase
in associated antibiotic costs (11).

Environmental factors may relate to the nosocomial acqui-
sition of bacteriuria in catheterized patients. Prevalent bacteria
in the hospital colonize patients, or the patient’s endogenous
flora may enter the urinary collecting system or drainage bag.
Within 24 to 48 hours they may be found in the bladder (12,13),
and they increase to high colony counts over the subsequent

48 hours (14). Bacteria may attach to the luminal surface of
the catheter in association with the production of a mucoid
biofilm, and this may predispose to urinary infection or catheter
blockage and obstruction (7,12–17).

Urea splitting bacteria may lead to mucosal encrustations
and encrusted cystitis and pyelitis, most commonly owing to
Corynebacterium group D2 (18). There is often a history of
prior urologic procedure or chronic illness, including immune
compromise or renal transplantation. Patients may describe
symptoms of cystitis, dysuria, gross hematuria, passage of en-
crusted debris, often with complaints of an ammonia odor
to the urine. Failure to diagnose this condition can lead to
renal impairment or ureteric obstruction and loss of renal
graft as a result of infection, renal abscess, or obstructive
uropathy.

Treatment consists of antibiotics. The glycopeptides van-
comycin and teicoplanin have in vitro activity against
Corynebacterium group D2. These organisms are frequently
resistant to fluoroquinolone antibiotics (>50%). Additional
treatment includes acidification of urine as well as chemoly-
sis and removal of infected calcified plaques that contain the
organisms (18).

Some caution is warranted in interpreting the results of cul-
tures of material obtained from urinary collection devices. Sev-
eral populations of bacteria may grow within the catheter and
include planktonic bacteria in the urine and surface bacteria
associated with the bacterial biofilm (19). Bacteria may be cul-
tured from catheter lumen encrustations when bladder urine
might be sterile (20). Because bladder urine is normally ster-
ile, Garibaldi and associates (21) suggested that the presence
of 100 or more organisms per mL should be considered as evi-
dence of a positive urine culture in a catheterized patient. These
authors demonstrated that breaks in the catheter-collecting
system junction were associated with early acquisition of
bacteriuria.

Condom catheters are the usual alternatives to indwelling
bladder catheters in incontinent male patients without obstruc-
tive uropathy. Although associated with fewer infectious com-
plications, at least one outbreak implicated these devices in 64
geriatric patients, 40 (63%) of whom had asymptomatic in-
fections, frequently with mechanical obstruction of urine flow
including kinking of the outlet, or blockage of flow by adhesive
devices with associated penile cyanosis and ulceration. These
problems may lead to urinary stasis, bacteriuria, and bladder
wall distention, all of which may predispose to complicated
urinary infections (22,23).

Treatment of catheter-associated urinary infections depends
on the clinical setting. In general, asymptomatic bacteriuria in
catheterized patients is not treated. In patients with catheters
in place for the long term, there is some risk of dissemination
of bladder bacteriuria to the blood during manipulation of the
urinary tract as during catheter changes (generally done to min-
imize concretions and obstruction). Antimicrobial agents have
not been shown to prevent catheter associated UTIs in persons
with long term indwelling urethral catheters (24). Preventive
strategies that avoid antibiotics are needed for these patients.
We occasionally advocate treating the colonizing bacteria 8 to
24 hours prior to the catheter change, with a single dose of
a bactericidal antibiotic based on susceptibility testing of the
organisms (e.g., a quinolone or an aminoglycoside).

Bacteriuria

Interventional attempts to decrease the incidence of nosoco-
mial UTIs using a silver-alloy, hydrogel-coated latex urinary
catheter have been compared with standard silicone-coated
latex catheters (25). In older studies, catheters significantly
reduced the rates of bacteriuria in male surgical patients not
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receiving antibiotics (26,27). In the more recent study (25),
silver-coated catheters were associated with a 32% decrease in
infection risk in male patients. Infection rates in females were
similar in both catheter groups. In addition to a decrease in
nosocomial infection rates, significant savings on hospitaliza-
tion and other infection related costs were described. The eco-
nomic consequences of nosocomial symptomatic UTIs can cost
over $650 (USD) and catheter-related bacteriuria over $2,800
(USD) (28). A recent study by Rupp et al. demonstrated addi-
tional cost savings with the silver-alloy hydrogen-coated uri-
nary catheters and also showed a decline in nosocomial UTIs
(29). No evidence of silver-resistant urinary pathogens was
found.

Symptomatic urinary infection or urosepsis in the presence
of an indwelling catheter is best treated with rapidly bacteri-
cidal antibiotics such as an aminoglycoside, a quinolone, or
a ß-lactam-aminoglycoside combination. Bacteremia is usually
easily cleared, but eradication of the urinary infecting organ-
ism may be difficult in the continued presence of the catheter.
Management of catheter-related urinary infections has been
reviewed (30).

Renal Cysts (Including Polycystic
Renal Disease)

Complicated infections within or associated with isolated re-
nal cysts, autosomal dominant polycystic renal disease, or ac-
quired renal cystic disease (three or more renal cysts or cystic in-
volvement of >25% of renal mass in the absence of autosomal
dominant polycystic kidney disease) (31,32) remain important
diagnostic and therapeutic challenges.

Patients with polycystic kidney disease may develop typical
infections of the urinary bladder and ascending pyelonephri-
tis with renal parenchymal involvement as well as infection
within the renal cysts themselves (33–35). The presence of
polycystic kidney disease is associated with a 50% to 70%
lifetime risk of UTI (36). In an autopsy study of 23 patients
with polycystic kidney disease, 13 (56%) had findings con-
sistent with pyelonephritis (37). It may be difficult to impli-
cate infection as a cause of hematuria or flank pain in patients
with cystic abnormalities of the kidney because these symp-
toms may be present in the absence of infection (38). Also,
pyuria (≥10 leukocytes/high-power field) may be present in
more than 40% of patients with polycystic kidney disease, with
or without other symptoms suggestive of urinary infection (39);
however, infection is documented in only about 10% of these
patients (40). Findings suggestive of UTI in the presence of
cystic renal disease include positive blood cultures, leukocy-
tosis, fever, and lower GU tract symptoms such as dysuria.
Negative urine cultures do not exclude infection of a renal
cyst (35).

In a review of renal infections in patients with polycystic
kidney disease, Sklar and associates (38) described four types
of infections according to anatomic involvement: (a) localized
infected cyst (pyocyst), (b) pyonephrosis (intrarenal abscess as-
sociated with ureteral obstruction), (c) acute bacterial intersti-
tial nephritis, and (d) perinephric abscess. Clinical findings may
vary with the anatomic location of bacterial infections in these
patients.

The diagnosis of complicated UTIs in patients with renal
cystic disease is usually based on the results of clinical exami-
nation, laboratory testing, and diagnostic imaging. Radiologic
evaluation with plain radiography, ultrasound, computed to-
mography, and gallium imaging has been utilized to determine
the presence and location of infection (38). Gallium imaging
may show uptake within the kidney, but it does not provide
specific information to determine whether an abscess or in-

fected cyst is present. Computed tomography may be neces-
sary to define pyocysts (38). Plain radiography may be useful
if calculi are contributing to the clinical presentation. Renal
ultrasonography also may identify calculi and can differen-
tiate hydronephrosis from pyonephrosis and perinephric ab-
scess. Percutaneous drainage of infected cysts in adult poly-
cystic kidney disease has been described as has laparoscopic
cyst decortication using transperitoneal or retroperitoneal
access (41,42).

When cysts are infected, the Enterobacteriaceae (especially
E. coli, Klebsiella sp., and Proteus sp.) and P. aeruginosa
are most frequently implicated, with Staphylococcus aureus,
Salmonella sp., Streptococcus sp., Corynebacterium sp., and
others isolated less frequently (43,44). A gas producing
Clostridium perfringens infection in a renal cyst has been re-
ported in a patient with polycystic kidney disease (45).

Attempts should be made to isolate the infecting organism
from the blood, urine, or cyst drainage. Appropriate treat-
ment of infections in patients with polycystic kidney disease
depends on the use of antibiotics that are able to concentrate
within the infected cysts in addition to providing bacterici-
dal activity against the infecting organism. Aminoglycosides,
penicillins, and cephalosporins have relatively poor pene-
tration into renal cysts, although pH, cyst physiology, and
histology may affect diffusion (46–48). These antibiotics are
relatively lipophobic and do not diffuse across cyst epithelial
layers (46–50). Lipophilic agents such as clindamycin, chlo-
ramphenicol, macrolides, metronidazole, and trimethoprim are
able to penetrate and accumulate within cysts, but they may or
may not be active against the infecting organisms (46–50). Flu-
oroquinolone antibiotics such as ciprofloxacin and norfloxacin
accumulate in cystic fluid, and they have been used successfully
to treat infected renal cysts (51–53). In one study, ciprofloxacin
achieved therapeutic concentrations in cystic fluid in seven pa-
tients with polycystic kidney disease and proximal and distal
cysts. Because most of the causative organisms in infected cysts
are facultative Gram-negative bacilli with quinolone suscep-
tibility, these agents are quite useful clinically. Oral therapy
is acceptable unless patients are septic. Infection in multiple
cysts has been associated with sepsis and may require surgi-
cal intervention (nephrectomy) in rare cases (54). Intravenous
quinolone therapy should be used in bacteremic patients and
in patients with decreased gastrointestinal (GI) quinolone ab-
sorption (e.g., antacid use).

Urinary Diversion

Ureteral Stents

Ureteral stents are placed in the treatment of hydronephrosis
and obstruction caused by nephrolithiasis or malignancies, and
as adjuncts to lithotripsy and open surgical procedures on the
urinary tract. These stents are made of synthetic polymers and
are either indwelling (self-retained in place between the renal
pelvis and the bladder) or external.

Complications of indwelling ureteral stents include fever, in-
fection, gross or microscopic hematuria, biofilm development
and stent rupture, catheter migration, encrustation and bladder
stone formation, and vesicoureteral reflux (55–57). Infection in
the presence of stent obstruction is problematic and difficult to
eradicate. Also, it is often difficult to differentiate symptoms
caused by infection from those associated with the presence
of a stent, which include hematuria, dysuria, increased urinary
frequency, nocturia, and loin pain (58). Bacterial colonization
of stents has been reported but there are no formal guidelines to
distinguish colonization (which may be associated with encrus-
tation, stone formation, and obstruction) from active infection
(55).
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Positive urine cultures with supporting clinical evidence for
urinary infection should stimulate prompt antibiotic treatment
to eradicate the infecting pathogens. Ureteral stents that de-
velop biofilm formation and encrustations treated in vivo with
oral ciprofloxacin or ofloxacin absorb these antibiotics (59).
Attempts to determine the presence of bacterial stent coloniza-
tion are not reliable. Despite negative urine cultures, stents may
be colonized with bacteria or fungi. Double-J ureteral stents can
become colonized with Gram-negative bacteria within 2 weeks
of placement. E. coli, the most common organism in one study,
was cultured on stents prior to urinary colonization (60). Sil-
icone ureteral stents compared with low surface energy stents
and hydrogel-coated stents demonstrated less encrustation in
the presence of urease-producing bacteria (Proteus mirabilis).
These results may indicate a reduced risk of encrustation and
Proteus mirabilis infection with this stent (61). Some inves-
tigators have recommended prophylactic antibiotic treatment
directed at common Gram-negative uropathogens and entero-
cocci prior to endourologic procedures (62). The presence of
bacteremia and other signs of systemic infection suggest infec-
tion in the face of possible occlusion or obstruction of the stent,
and stent removal is essential (55).

Surgical Urinary Diversion

Urinary diversions are performed to reroute urine in patients
with obstructive uropathy from many causes—urinary blad-
der carcinoma or prostatic or gynecologic malignancies—and
in patients with congenital abnormalities, neurologic disorders,
and pelvic trauma. Although intermittent catheterization may
be preferable in some patients with neurogenic bladder dys-
function (e.g., multiple sclerosis, paraplegia), the creation of a
ureteroileal conduit is a popular alternative to achieve control
of urine excretion. This procedure does not carry the associ-
ated metabolic and electrolyte complications seen with jejunal
bypass procedures (63). The surgical construction of an ileal
loop conduit is associated with few serious complications and
a low mortality rate.

Infectious complications have been well described in pedi-
atric and adult populations, however (64–67). An increased
incidence of infectious complications has been noted when
the ureteric component becomes obstructed; pyelonephritis
may result. In long-term follow-up studies of patients with
ureteroileal conduit diversions, Pitts and Muecke (68) and
Schmidt and associates (69) observed pyelonephritis in 10%
to 20% of patients. A large number of these patients had renal
calculi and renal deterioration. Renal calculi are encountered
frequently after urinary diversion and are often caused by urea-
splitting organisms such as Proteus mirabilis and Proteus mor-
ganii, as reported in 31 of 34 patients studied by Dretler (66).
The urease produced by these organisms splits urea to form an
alkaline pH, and the solubility product constant for calcium
and phosphate is exceeded with the resultant precipitation of
crystals, which form the nidus for renal stones. In a study of
renal calculi that developed following ileal conduit diversion,
Dretler (66) found that 14 of 15 were composed of calcium
and struvite (magnesium ammonium phosphate).

Recommendations for management of these patients in-
clude aggressive control of infection using bactericidal drugs
active against urea-splitting organisms and acidification of the
urine or avoidance of alkaline urinary pH, which encour-
ages stone formation. The detection of urinary infection in
these patients is difficult, because the ileal loops are almost
always colonized. Asymptomatic bacteriuria in the presence of
a ureteroileal conduit should not be treated and prophylactic
antibiotics are not recommended. However, positive urine cul-
tures associated with physical findings of fever, chills, and flank
pain should prompt initiation of appropriate bactericidal an-
tibiotics directed against Gram-negative enteric rods including

Proteus sp. Aminoglycosides, quinolones, cephalosporins, and
penicillin-ß-lactamase inhibitor combinations (e.g., ampicillin-
sulbactam, piperacillin-tazobactam, ticarcillin-clavulanate) are
useful in this setting. When susceptibilities are known, specific
therapy can be instituted.

Other Anatomic Risk Factors

Vesicoureteral Reflux

Conditions that allow reflux of urine from the bladder to the
ureters and subsequently the kidneys are associated with in-
creased frequencies of acute and chronic pyelonephritis (70).
Various degrees of vesicoureteral reflux may occur congeni-
tally, and once bladder urine is infected, upper tract infection
is facilitated by the retrograde flow. In this setting, organisms
that cause infection may be relatively free of virulence factors
such as hemolysins, pili, and other adhesions (Chapter 24).
Vesicoureteral reflux is associated with progressive renal scar-
ring in children, even in the absence of infected urine, and these
patients have an increased risk of renal damage and even renal
failure when infection does occur (71,72).

In a study of the etiologies of renal scarring, Huland and
Busch (73) evaluated 213 patients with recurrent UTIs. Forty-
two patients (26%) were found to have pyelonephritic scarring
and renal insufficiency. Twenty-eight (67%) of these patients
had urinary infections in the presence of vesicoureteral reflux.
Young children under 4 years of age with intrarenal reflux have
a well-demonstrated risk of renal scarring (71,74).

The approach to treatment of patients with documented
vesicoureteral reflux and recurrent UTIs includes antibiotic
management plus surgical reconstruction (antireflux opera-
tion). Hendren reported that more than 70% of very young
children no longer had urinary infections after the surgical pro-
cedure (75). Some success has been achieved with continual
antibiotic prophylaxis in these patients. Long-term chemopro-
phylaxis to prevent recurring UTIs has been studied in addition
to surgical reconstruction. Regimens that include trimethoprim
with and without sulfamethoxazole, quinolones, nitrofuran-
toin, and cephalexin can be effective at low doses over the long
term (76,77).

Infected Urachal Remnants/Cysts

Acute and recurrent UTIs in the presence of abnormalities
of urachal development with patent urachal remnants may
be difficult to diagnose. Four primary developmental de-
fects exist and present with varying signs and symptoms:
patent urachus, umbilical urachal sinus, vesicourachal diver-
ticulum, and urachal cyst (78–82). Umbilical urachal sinuses
and urachal cysts are only rarely infected and many urachal
cysts are found incidentally during surgery or radiographic
studies. Although most patent urachal remnants in adults are
undetected and asymptomatic, umbilical urachal sinuses oc-
casionally may be infected and present with purulent umbili-
cal drainage or periumbilical erythema. These infections may
present as infraumbilical abdominal wall abscesses or with con-
tiguous involvement of the peritoneal cavity with an enteric
fistula (83).

Vesicourachal diverticula may present with recurrent uri-
nary infections, and urethral discharge, pneumaturia, and a
suprapubic mass also may be found (78,83). Imaging stud-
ies may help make the diagnosis, but often cystoscopy may
be necessary, especially if the diverticulum is associated with
malignant transformation of the remnant. The organisms that
infect vesicourachal diverticula include E. coli and other Enter-
obacteriaceae, S. aureus, Enterococcus sp., and actinomycetes
(78,84,85).
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FUNCTIONAL RISK FACTORS

Diabetes Mellitus

Many factors that predispose the diabetic patient to infections
in the urinary tract have been described. Diabetes mellitus is
associated with increased risk of these infections as a result of
poorly controlled plasma glucose concentrations, which in turn
may impair granulocyte function and cell-mediated immunity.
Also, the neurologic dysfunction associated with diabetic neu-
ropathy may result in a neurogenic bladder with incomplete
bladder emptying, urinary stasis, and retention. The increased
likelihood of urethral instrumentation may predispose these
patients to infection, as may diabetic microangiopathy, which
can contribute to local ischemia and impaired host defenses
(86,87).

In Table 36-2 are listed the manifestations of UTIs in pa-
tients with diabetes mellitus. Asymptomatic bacteriuria has
been described as occurring two to four times more frequently
in diabetic women (87,88) and as being more prevalent in
diabetic women than men (89). Bacteriuria in diabetic pa-
tients may be associated with a disproportionate risk of in-
fection in the upper urinary tract and kidneys and one study
reported that upper tract infection could be documented in
79% of diabetic women with asymptomatic bacteriuria (88).
Other renal parenchymal complications of UTI in diabetic pa-
tients include pyelonephritis, emphysematous pyelonephritis,
papillary necrosis, and perinephric abscesses; these conditions
should be considered in the evaluation of nonresponse to ap-
propriate antibiotic therapy for urinary infection in diabetic
patients.

Diabetic patients with urinary infections are more likely
to be bacteremic or uroseptic than are nondiabetic patients
(90,91). These patients are also more likely to develop acute
pyelonephritis at a fivefold greater risk than nondiabetic pa-
tients (92). Diabetic patients with systemic signs of urinary
infection should be studied with abdominal radiography to de-
tect renal emphysematous pyelonephritis. Ultrasound or com-
puterized tomography should be performed if obstruction of
an abscess is suspected. In a large review of bacteremia in hos-
pitalized patients, MacFarlane and associates reported that 49
(29%) of 168 patients with bacteremia were diabetic patients
and the urinary tract was the focus of infection in 21 (43%) of
them (90). The urinary tract is implicated as the source of bac-
teremia more frequently in diabetic than nondiabetic patients
(91). Postmenopausal women with diabetes are at higher risk
of UTI and this is related to duration of diabetes and insulin
dependence (93). Type 2 diabetic women with histories of UTI
(especially upper UTI) are at increased risk for renal scarring
and damage, as demonstrated by renal cortex scans (94). Most
of the bacteria responsible for urosepsis in diabetics are Gram-

TA B L E 3 6 - 2

MANIFESTATIONS OF URINARY INFECTIONS IN
PATIENTS WITH DIABETES MELLITUS

Clinical manifestation Reference

Asymptomatic bacteriuria (88,90,224,225)
Acute papillary necrosis (87,97)
Emphysematous cystitis (98,226)
Emphysematous pyelonephritis (99,100)
Fungal infections (227)
Perinephric abscess (228)
Xanthogranulomatous pyelonephritis (229,230)

negative rods, with E. coli and Klebsiella sp. accounting for
about 70%. Notably, Klebsiella sp. are isolated twice as fre-
quently in diabetic patients with bacteremic urinary infections,
and a large proportion of these patients had indwelling urinary
bladder catheters.

In diabetic patients taking oral hypoglycemic agents,
trimethoprim-sulfamethoxazole could lead to further hypo-
glycemia. No such potentiation is seen with most fluo-
roquinolone antibiotics but hypoglycemia is reported with
gatifloxacin (95). Invasive staphylococci also can cause com-
plicated infections and they may or may not result in abscess
formation. Treatment for staphylococcal urinary infections re-
quires oxacillin, nafcillin, or vancomycin, based on suscepti-
bility testing. Intravenous antibiotics should be administered
for the first 2 to 4 days in complicated infections, monitoring
for decreasing symptoms and fever. Oral step-down treatment
should be continued for approximately 14 days thereafter.

Opal and associates described 29 adult patients with Strep-
tococcus agalactiae (group B streptococcus) bacteremia re-
viewed over 10 years at Walter Reed Medical Center. Nine
(31%) of these bacteremic patients had diabetes, and six of
these had involvement of the urinary tract (96).

Renal papillary necrosis is a well-known complication of
UTIs in diabetic patients. In fact, more than half of patients
with renal papillary necrosis are diabetic, possibly reflecting
microvascular insufficiency leading to ischemia and necrosis of
the renal papilla (97). These patients may present with flank
pain, chills, and fever, and 15% may have renal insufficiency
(87).

Emphysematous infectious processes may involve the blad-
der (emphysematous cystitis) or the kidney (emphysematous
pyelonephritis) and are more frequent in diabetic patients. Em-
physematous cystitis is usually caused by common faculta-
tive bacteria such as E. coli, although a few cases caused by
Clostridium perfringens have been reported (98). This condi-
tion is identified on plain films, urographic roentgenograms,
or computerized tomography by finding gas in the bladder
wall. Tissue ischemia or trauma is usually involved in the
pathogenesis.

Emphysematous pyelonephritis usually results from inva-
sion of the renal parenchyma by gas-producing organisms. In
patients with diabetes mellitus, high levels of blood glucose
offer an enhanced environment for bacteria and gas forma-
tion may result from the accompanying mixed acid fermenta-
tion of glucose by enteric organisms. In patients with diabetes,
emphysematous pyelonephritis presents with fever, flank pain,
and often the finding of a flank mass or a renal mass on pyel-
ography (99). Escherichia coli is the most frequently isolated
bacteria, followed by Proteus, Pseudomonas, and Klebsiella
sp., but Clostridium sp. are not typically involved (100). The
diagnosis is established by the radiologic finding of gas in
the renal parenchyma and bacteremia is usually present. Cul-
tures of the urine are positive and blood cultures also may be
positive.

Treatment includes intravenous fluid support, appropriate
antibiotics, and percutaneous catheter drainage. Hyperbaric
oxygen may be an additional treatment option along with an-
tibiotics (101). Surgical intervention may be required if the re-
sponse to medical therapy is delayed. Obstructing lesions must
be removed and collections drained; nephrectomy may be re-
quired to effect a cure (102), especially in patients with exten-
sive renal involvement and/or multiorgan system dysfunction
(103).

Renal Transplantation

Complicated UTIs may occur in patients following renal trans-
plantation, with an incidence varying from 35% to 79% (104).
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Most of these infections occur within the first 4 months follow-
ing transplantation (105) and are usually caused by common
Enterobacteriaceae, including E. coli, Klebsiella pneumoniae,
and P. aeruginosa, or by fungi, especially Candida sp. and in-
vasive aspergillosis (106). Infections that occur 6 months or
later after transplantation are less common and are more likely
to involve the lower urinary tract, including the bladder. Some
unusual organisms may cause urinary infections in transplant
recipients; these include Ureaplasma urealyticum and Gard-
nerella vaginalis (107), the latter of which was implicated as a
cause of perinephric abscess (108).

In the early posttransplantation period, symptoms of uri-
nary infection may be mild or absent and fever may be ab-
sent; however, pyelonephritis and associated bacteremia are
not uncommon (104). Uremia and corticosteroid or other im-
munosuppressive therapy may be responsible for this picture.
Significant risk factors for post transplant UTIs include ad-
vanced age, female gender, cadaveric donor, reflux kidney dis-
ease and use of azathioprine (109). Posttransplantation re-
nal infection (especially with Enterococcus faecalis) may lead
to elevated serum creatinine levels and may result in a cas-
cade of immunologic responses that ultimately precipitate al-
lograft dysfunction or rejection (110). In addition to common
cytomegalovirus infections in transplant patients, infections
with hepatitis C virus and BK polyomavirus have been de-
scribed after renal transplantation, and viral-associated inter-
stitial nephritis may occur. In one center BK polyomavirus with
associated transplant dysfunction and graft loss was reported
in 2.5% of transplanted patients. Clinical features include
ureteral obstruction, lymphocele, bacterial urinary infection,
and hematuria. The diagnosis may be established with renal
biopsy and electron microscopy of urine. Interruption of pro-
gression may be achieved with immunosuppressive treatment
(111,112). Relapse rates may be high if posttransplantation uri-
nary infections are not treated aggressively with antimicrobial
agents (104,113,114).

Chronic urinary infection may occur in these patients and
can be particularly problematic if associated with anatomic or
structural defects in the ureter, bladder, or urethra as a result
of the surgical procedure itself or secondary to fistula forma-
tion (113). Vesicoureteral reflux may develop at the ureteral
anastomotic site in up to 25% of patients and may lead to hy-
dronephrosis and infection. Graft failure may also occur as a
result of mesangiocapillary glomerulopathy (115,116).

In a review of infectious complications in 450 renal trans-
plant patients who received cyclosporine, Takahashi and col-
leagues found 41 patients (9.1%) with UTIs (117). Diabetes
mellitus, high serum cyclosporine levels, and prolonged uri-
nary catheterization were identified as factors that increased
the risk of urinary infection.

Prophylactic use of trimethoprim-sulfamethoxazole for
6 months following renal transplantation may prevent com-
plicated UTIs, including Gram-negative rod bacteremia and
sepsis (104,118–121) and may decrease the incidence of
posttransplantation urinary infection to less than 10%. This
drug also might reduce the development of opportunistic in-
fections caused by Listeria monocytogenes, Nocardia aster-
oides, and Pneumocystis jiroveci (104,120). However, reports
of trimethoprim-sulfamethoxazole-induced alteration of renal
function or synergistic exacerbation of cyclosporine nephro-
toxicity have stimulated the search for other prophylactic
compounds.

Treatment of pyelonephritis in the posttransplantation pa-
tient should include 6 weeks of an appropriate antibiotic based
on susceptibility testing plus chronic “suppressive” antibi-
otic therapy thereafter (104). A recent report suggested that
ciprofloxacin is associated with high cure rates and few seri-
ous side effects in the treatment of acute pyelonephritis and
other urinary infections in these patients (122). Late UTI after
renal transplantation may be a risk factor for serious com-

plications including graft loss and death as described in a re-
cent retrospective review of 728,000 renal transplant patients
(123). Pharmacokinetic or pharmacodynamic interactions be-
tween ciprofloxacin and cyclosporine have not been reported,
which suggests that they can be used together without addi-
tional monitoring (124).

Patients are at increased risk of catheter-associated urinary
infection because they often receive Foley catheters in the post-
transplantation period. To screen for these infections, Burleson
recommended culturing the catheter tip on removal (125). In a
study of 15 patients with negative catheter tip cultures, none de-
veloped a subsequent urinary infection; however, in 24 patients
with positive catheter tip cultures and negative urine cultures,
16 developed a urinary infection. Tolkoff-Rubin and colleagues
(118,126) used prophylactic trimethoprim-sulfamethoxazole
(160 mg of trimethoprim, 800 mg of sulfamethoxazole) for
4 months after urinary catheter removal and reported a de-
crease in the catheter-associated infection rate from 38% to
8% with the use of this regimen.

Spinal Cord Injury and
Neurologic Dysfunction

Frequent bladder catheterization is necessary as a result of blad-
der neuropathy in paraplegic or quadriplegic patients following
traumatic or surgical injury to the spinal cord. This leads to col-
onization of the lower urinary tract with pathogenic bacteria
and results in bacteriuria in about 80% or more of these pa-
tients (127). Bacteremia may follow and urinary infection may
be associated with high mortality rates in patients with spinal
cord injury and neuropathic bladders.

Urinary infections and the related sepsis as well as the high
frequency of renal disease in these patients are probably asso-
ciated with vesicoureteral reflux, hydronephrosis, accompany-
ing renal calculi, and pyelonephritis, which were responsible
for death in 43% of patients with spinal cord injury followed
prospectively for 25 years in a veterans’ hospital (128).

These patients may not present with typical symptoms of
fever, chills, dysuria, or flank pain, and the presence or absence
of symptoms usually is not helpful in predicting the results of
urine cultures. Perkash and Giroux were able to document the
presence of typical symptoms in only 3% of 110 patients with
spinal cord injury and bacteriuria (>105 bacterial colonies/mL)
(129).

The prevention of infection in patients with spinal cord
injury is a major priority. Unfortunately, intermittent catheter-
ization or self-catheterization as an alternative to indwelling
bladder catheters may be associated with complications,
including urethral fistulization, periurethral abscess forma-
tion, and epididymitis. Banovac and associates compared
methenamine hippurate to no prophylactic antimicrobial agent
in 56 patients with spinal cord injury who utilized intermittent
catheterization or self-catheterization (130). Although there
was some imbalance in the patient groups, positive urine cul-
tures occurred in eight (23%) of 24 patients who received
methenamine compounds and in 13 (58%) of 22 patients
who received no prophylactic agents (130). Methenamine com-
pounds (methenamine mandelate and methenamine hippu-
rate) are urinary antiseptics that decompose in acid urine to
formaldehyde. Urine pH must be kept in the range of 5 to 6 for
this reaction to occur (131). Methenamine mandelate may be
combined with trimethoprim to minimize or prevent infection
with Proteus sp., which contribute to alkalization of the urine
by means of urease production (132,133).

The high rates of bacteriuria (80% to 90%) that de-
velops within 2 to 3 weeks in spinal cord-injured patients
who require self-catheterization have prompted the study of
many other prophylactic antimicrobial regimens. Some of these
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studies were well-designed double-blind or placebo-controlled
trials and some demonstrated a decrease in bacteriuria (134);
however, little effect on symptomatic infection and bacteri-
uria was demonstrated. A double-blind, placebo-controlled,
prospective, randomized study of low-dose trimethoprim-
sulfamethoxazole (40 mg of trimethoprim, 200 mg of sul-
famethoxazole, every day) was performed in 117 evaluable
patients with recent spinal cord injury who required inter-
mittent urinary bladder catheterization and who were fol-
lowed for the first 4 months following injury. A reduction
in the frequency of bacteriuria was demonstrated in men in
the treatment group and the time to onset of bacteriuria was
prolonged. Symptomatic urinary infection was more com-
mon in the placebo-treated men (18 of 52, 35%) than in
the trimethoprim-sulfamethoxazole-treated men (four of 57,
7%; P <0.0003). However, resistant Gram-negative bacilli
and breakthrough bacteriuria were found in both popula-
tions, side effects were common, and the authors concluded
that these events limit the overall utility of this approach
(134,135).

Recent attention to the development of adherent biofilms
in the urinary tract may offer explanations for recurring and
difficult to treat infections in this population. Uropathogens
can develop dense urethral biofilms with glycocalyx material
on the bladder wall or catheters. Recently, biofilms have been
described with intracellular bacteria that cause bulges appear-
ing like pods on the bladder surface of infected mice. The pods
have been shown to have polysaccharide matrices with a pro-
tective shell of uroplakin. It is becoming increasingly more ev-
ident how bacteria may evade antimicrobial killing within an
environment that protects microorganisms in a uroplakin shell.
These mechanisms support the ability of biofilms to allow bac-
terial microcolonies to survive and cause chronic or recurrent
infections (136,137). This may contribute to the pathogenesis
of recurrent urinary infections. Bacterial biofilms also can be
detected on bladder epithelial cells and may respond better to
fluoroquinolones than to trimethoprim-sulfamethoxazole. In
addition to clinical cure of urinary infection, ofloxacin eradi-
cated bladder biofilms in patients with spinal cord injury (138).
In spinal cord-injured patients with neuropathic bladders and
urinary infection, E. coli isolates are more virulent and more
often hemolytic and demonstrate D-mannose–resistant hemag-
glutination of human erythrocytes more often than isolates
from patients with asymptomatic bacteriuria (139). Increas-
ing antibiotic resistant Gram-negative bacteria and multidrug
resistant staphylococci are being reported in outpatients with
spinal cord injury and UTI (140).

An experimental approach to prophylaxis has been reported
that utilizes a nonpathogenic E. coli strain 83972 to colonize
urinary bladders in spinal cord injury patients. Intravesical in-
oculation and colonization with this bacteria was not associ-
ated with urinary infection symptoms but was associated with
improved quality of life (141). Other approaches, including
cranberry juice intake, may lead to reduction of uroepithelial
cell biofilms (142).

As mentioned already, frequent monitoring and treatment
of symptomatic infection with appropriate bactericidal antibi-
otics and single doses of these agents prior to catheter changes
may reduce the morbidity of urinary infections in spinal cord-
injured patients with long-term indwelling catheters.

Neutropenia

Patients whose neutrophil count has fallen below 1,000
granulocytes/μL are at increased risk of bacterial infections.
Most of these patients have received anticancer chemotherapy
for leukemia, lymphoma, or solid tumors. As the gastrointesti-
nal (GI) flora is the usual source of bacteremia in these patients,
unless instrumentation in the urinary tract has been performed,

urinary infections are not particularly frequent. In most se-
ries, fewer than 5% of the infections in neutropenic patients
arise from the urinary tract (143). In patients with profound
and prolonged granulocytopenia (<100 cells/μL), bacteremia
is not uncommon; however, the urinary tract is infrequently
the source of these infections. In fact, bacteremia in this pop-
ulation is more frequently caused by Gram-positive cocci than
Gram-negative rods, probably in part because of the presence
of chemotherapy-induced oral mucositis and the dissemination
of oral Gram-positive cocci to the bloodstream.

The usual symptoms and signs of bacterial urinary infec-
tion may not be manifest because granulocytopenic patients
may not respond locally to the presence of infection. Dysuria
and burning may or may not be present and pyuria is often
minimal because of the absence of granulocytes; therefore, it
is important to culture the urine in febrile granulocytopenic
patients even though the yield may be low. Fungal urinary in-
fections may occur, especially following long courses of antibi-
otics. Patients with hematological malignancies and neutrope-
nia have been reported to have Achromobacter and Alcaligenes
sp. bacteremic infections, with urinary tract involvement or ori-
gin. Resistance patterns for these species show susceptibility to
antipseudomonal penicillins, carbapenems, and trimethoprim-
sulfamethoxazole, but resistance to quinolones and aminogly-
cosides (144).

Empirical use of antimicrobial agents early in the course
of fever after appropriate cultures of blood, urine, and mate-
rial from other presumed infected sites are obtained has re-
duced the mortality owing to infections in neutropenic pa-
tients. Gram stain should be performed on urine specimens
from these patients and antibiotics directed against the com-
mon bacterial pathogens in this population: E. coli, S. aureus,
P. aeruginosa, and streptococci (especially viridans Streptococ-
cus). Amphotericin B or fluconazole should be considered for
candidal UTIs.

Acquired Immunodeficiency Syndrome and
Human Immunodeficiency Virus Infection

Acquired immunodeficiency syndrome (AIDS) and infection
with the human immunodeficiency virus (HIV) have been asso-
ciated with infectious and noninfectious complications in the
GU tract (145–150). Noninfectious complications include HIV-
associated nephropathy, which has become the third leading
cause of end stage renal disease in Blacks between 20 and 64
years old (151). Other noninfectious complications are associ-
ated with protease inhibitor therapy, usually used in combina-
tion with two other highly active agents to prevent HIV replica-
tion. Indinavir sulfate has been implicated with crystallization
and stone formation in the urinary tract, not usually visible on
plain radiographs. Patients complain of ipsilateral flank pain
with nausea, vomiting, dysuria, and hematuria. Computerized
tomography is not diagnostic, but calcifications may be seen
ultrasonically in approximately 35%. Up to 20% of patients
treated with indinavir may have urologic side effects. Conser-
vative treatment with hydration, analgesia, and brief discontin-
uation of therapy is effective, but permanent withdrawal may
be necessary in 5% of patients (152,153). Infections caused
by commonly encountered bacteria may present as cystitis,
pyelonephritis, or renal abscesses. Also, Mycobacterium tuber-
culosis as well as atypical or nontuberculous mycobacteria may
be found in upper and lower UTIs in these patients. Of the usual
infecting bacteria, E. coli accounts for 25% and Pseudomonas,
Proteus, Klebsiella, and Enterobacter sp. are found frequently.
Acinetobacter, Salmonella, and Candida sp. also may be en-
countered (150). A recent review of HIV patients showed
that UTIs were more frequent than in HIV-negative patients.
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Enterococcus sp. were among the most frequently isolated
organisms (154).

Gardenswartz and associates described a cryptococcal renal
abscess in a patient with AIDS, and there are reports of pro-
static abscesses caused by S. aureus, Enterococcus sp., M. tuber-
culosis, and Mycobacterium avium-intracellulare (155,156).
Histoplasma capsulatum can cause prostatic infection, which
presents clinically as prostatitis with fever and tenderness
on examination, but urine cultures are only rarely positive
(157,158). Granulomatous interstitial nephritis resulting from
disseminated histoplasmosis has been reported (159). Mi-
crosporidial infection of the urinary tract owing to Vittaforma
corneae has been described (160). Urinary infection with as-
pergillus infecting the kidney has been reported in an AIDS
patient and was treated with Amphotericin B locally via a
nephrostomy tube, as well as with systemic antifungals (161).
Nosocomial infection with Stenotrophomonas maltophilia of
presumed urinary tract origin has been reported in HIV-
infected patients by Calza et al., with high-level resistance
to beta-lactam antibiotics, monobactams, carbapenems, and
aminoglycosides (162).

Cytomegalovirus can cause cystitis with hematuria in HIV-
infected persons (126) and toxoplasmic cystitis also has been
described (163). Trichomonas vaginalis urethritis, documented
both by wet-mount and culture and polymerase chain reac-
tion, has been reported in men with and without symptoms
(164). Latent urinary BK virus, a human polyomavirus, can
be activated in patients with AIDS and nephritis may result
(165). Adenovirus hemorrhagic cystitis with gross hematuria
and dysuria has been described in an HIV-infected patient
with Burkitt’s lymphoma (166). Noninfectious vesical involve-
ment with Kaposi’s sarcoma (145) and urethral lymphoma (de-
scribed by Lopez and colleagues) in HIV-infected patients may
have unusual presentations that initially could be confused with
urinary infection (149).

Patients with neurogenic bladder that complicates HIV in-
fection or AIDS may present with urinary retention, urinary
frequency, and altered urinary flow as a result of bladder hy-
perreflexia or hyporeflexia (167). Most of the patients with
bladder hyperreflexia had concomitant cerebral toxoplasmo-
sis. Other patients with AIDS may have urinary retention sec-
ondary to central nervous system lymphoma, myelopathy, or
prostatic hypertrophy.

MISCELLANEOUS CAUSES

Pyonephrosis is an acute suppurative infectious process with
gross pus within the renal parenchyma that usually results from
ureteral obstruction (168,169). The clinical differentiation of
pyonephrosis from infected hydronephrosis is difficult even
with the use of ultrasound evaluation (169). Infection may be
associated with obstruction owing to congenital anomalies, cal-
culi, malignancy, ureteral strictures, nephrolithiasis, diabetes,
and functional disorders of the renal collecting system.

In a review of 23 patients with pyonephrosis, St. Lezin and
associates reported 15 patients with virgin stone formation that
produced obstruction at various sites including the calyces, re-
nal pelvis, and middle and distal aspects of the ureter (168).
The clinical presentation may vary from asymptomatic bac-
teriuria to resembling that of pyelonephritis with fever, flank
or abdominal pain, leukocytosis, pyuria, and septic shock. The
responsible organisms include the Enterobacteriaceae, anaero-
bic bacteria such as Bacteroides sp., and Candida sp. (168).

Radiographic determination of pyonephrosis may be lim-
ited even with the use of ultrasonography and computerized
tomography; the correct diagnosis requires a high degree of sus-
picion. Ultrasound or computerized tomography-guided renal
urine aspiration or retrograde ureteral catheter placement may

be required. Nephrectomy may be necessary if drainage and
appropriate antibiotic therapy directed at organisms isolated
from aspirated and drained infected material does not prove
successful (170–172).

Xanthogranulomatous Pyelonephritis

Xanthogranulomatous pyelonephritis is a unique pathologic
presentation of chronic bacterial pyelonephritis. Schlagen-
haufer initially described it in 1916, and almost 400 cases
have now been reported in the literature (173). During the past
20 years, several reviews have been published (173–175). Xan-
thogranulomatous pyelonephritis is relatively uncommon and
accounts for less than 1% of surgically or pathologically proved
cases of chronic pyelonephritis. Only 18 patients with this diag-
nosis were identified at the Mayo Clinic in a five year period,
during which 3,000 consecutive nephrectomies were investi-
gated (175). Most cases are diagnosed in elderly patients, with
almost 70% occurring in women.

The pathogenesis of xanthogranulomatous pyelonephritis
is uncertain. Although P. mirabilis infection is present in most
patients, it is not essential for the pathologic process to oc-
cur. Urinary obstruction usually has a role. Macrophages filled
with periodic acid-Schiff (PAS)-positive granules have been
produced in a rat infection model with P. mirabilis, E. coli,
and S. aureus. On electron microscopy, macrophages appear
to have ingested bacteria and developed phagolysosomes filled
with amorphous material. It is hypothesized that xanthogran-
ulomatous pyelonephritis may be caused by a lysosomal defect
of macrophages that prevents complete digestion of ingested
bacteria. Familial disease has not been described.

Presenting symptoms are recurrent flank pain, fever, and
constitutional fatigue. Persistent anemia and leukocytosis oc-
cur in about 75% of patients. The urinalysis shows pyuria and
often hematuria. Urine cultures are positive for P. mirabilis
in about two-thirds of patients, and E. coli, Klebsiella sp., and
S. aureus are each reported from a small proportion of patients.
Multiple pathogens occur in about 25% of patients (174). In a
small proportion of patients, urine cultures are negative despite
ongoing disease activity and positive cultures may be obtained
from resected renal tissue (175). Staphylococcus aureus may
be more likely to produce localized disease and usually is not
associated with nephrolithiasis (176). Occasionally pathogens
isolated from resected renal tissue are different than those from
voided urine (177).

Most patients have a history of recurrent urinary infec-
tion, often complicated by renal calculi, obstructive uropathy,
and previous urologic procedures. Often patients have had a
chronic undiagnosed illness for several months before the diag-
nosis of xanthogranulomatous pyelonephritis has been consid-
ered. On physical examination, a renal mass is palpable in more
than 50% and hypertension is present in about one-fourth of
patients (174). Hepatic dysfunction with elevated enzymes and
indirect bilirubin levels is present in one-quarter of patients and
these revert to normal after appropriate treatment (174).

Intravenous pyelography (IVP) discloses a nonfunctioning
kidney in 85% of patients. Struvite renal calculi occur in 80%
and are virtually universal with P. mirabilis infection. Radio-
logic investigation may also demonstrate cavitary masses and
calyceal deformities. Angiography usually discloses hypovas-
cular renal masses with no neovascularization. Computerized
tomography is the diagnostic procedure of choice. It demon-
strates the extent of involvement of perirenal structures and
may permit a specific diagnosis by recognition of abnormal
fatty tissue in the renal mass (178).

The disease is almost always unilateral and appears to be
caused by chronic renal infection with an unusual inflam-
matory response (175). On gross examination, the kidney is
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enlarged with either local or generalized involvement of renal
tissue. Calyces are usually dilated and the renal parenchyma
is replaced by yellow-orange soft tissue, which is usually
surrounded by abscesses. The localization of this peculiar tis-
sue in the renal pelvis is characteristic. Perirenal fat is usu-
ally inflamed, edematous, and adherent to the kidney. The in-
flammation may spread beyond Gerota’s fascia and involve
the perirenal fat of the retroperitoneal space. On microscopic
examination, the lipidlike tissue is composed of a mixture of
large foamy lipid-laden macrophages (xanthoma cells) together
with neutrophils, plasma cells, fibroblasts, and necrotic debris.
The cytoplasm of the xanthoma cells stains strongly with PAS.
Although these cells form the basis of the microscopic iden-
tification of the lesion, they are not specific and may only
reflect phagocytosis of tissue within the lipid. Foreign-body
giant cells and microscopic calcification are also frequently
present.

Xanthogranulomatous pyelonephritis is frequently mis-
taken for renal carcinoma or renal tuberculosis. Prior to the
availability of CT, the diagnosis was seldom considered preop-
eratively. Kidneys were often removed surgically because of an
incorrect preoperative diagnosis. Current organ imaging tech-
nologies enable a preoperative diagnosis (178). If the disease
is localized in the kidney, total nephrectomy may be avoided
and local resection with removal of renal calculi and intensive
treatment of urinary infection may salvage residual functioning
renal tissue (177). The disease rarely involves both kidneys and
does not recur after treatment. The disease has not been ob-
served to progress serially from one kidney to the other, so rad-
ical removal of involved tissue is not necessary. Further study
of conservative management is warranted (177,179).

Malakoplakia

Renal malakoplakia is a rare granulomatous disease of un-
certain etiology that occurs in similar clinical settings to xan-
thogranulomatous pyelonephritis. The term malakoplakia is
derived from the Greek word for soft plaque. Over 200 cases
have been reported to date, predominantly in women and the
elderly. Many of the clinical and laboratory features of this dis-
ease resemble those of xanthogranulomatous pyelonephritis,
but most patients have E. coli rather than P. mirabilis urinary
infection (180).

The gross lesion is a soft yellow-brown plaque of variable
size. Renal tissue is involved in one-fifth of patients and is bi-
lateral in about 50%. The renal pelvis and ureters are involved
in an additional one-fifth of patients and ureteral stricture may
develop. Renal involvement appears frequently to be an as-
cending progression of bladder malakoplakia. Histologically,
the plaques show large histiocytes with foamy eosinophilic
cytoplasm, called von Hansemann macrophages. The cyto-
plasm contains PAS-positive granules and large renal concen-
tric crystals, named Michaelis-Gutmann bodies. These bodies
show a typical crystalline structure on electron microscopy and
are primarily calcium and iron on chemical analysis. These
lesions may be confined to the urinary tract but occasion-
ally are seen in skin, prostate, testes, and the gastrointestinal
tract.

The disease is caused by a defect in macrophage func-
tion, with impairment of bactericidal activity of monocytes for
E. coli (181). Movement of lysosomes to phagocytic vacuoles
is delayed owing to low levels of cyclic guanosine monophos-
phate. A cholinergic agonist can correct this defect (182). The
Michaelis-Gutmann bodies are presumed to result from abnor-
mal deposition of calcium phosphate and iron in the overloaded
phagosomes (183).

Renal parenchymal malakoplakia usually occurs as an up-
per tract infection with fever and flank pain (184). A palpable

flank mass occasionally may be present. IVP reveals enlarged
kidneys with multiple filling defects (185). Renal malakoplakia
may progress to renal impairment and failure (186,187). The
disease occurs more frequently in immunosuppressed patients
and has been observed in several patients following renal trans-
plantation (188).

Several patients have been treated successfully with the
cholinergic agonist bethanechol chloride and long courses of
trimethoprim-sulfamethoxazole (181,184,189). Immunosup-
pression may have to be modified when the disease occurs in
renal transplant recipients.

Urosepsis

The urinary tract is the most common site of origin for Gram-
negative rod bacteremia, and the development of bacteremia
from a urinary focus is termed urosepsis. Urosepsis is one
of the most common presentations for bacteremic illness in
nursing homes and hospitals. As discussed already, E. coli
accounts for almost half of these uroseptic infections, with
other enteric Gram-negative bacilli and enterococci following
in frequency. Interleukin 8 (IL-8), a small chemotactic protein,
plays an important role in neutrophil migration during UTI
(193–195). Increased urinary IL-8 levels occur in urinary tract
infection and urosepsis. Patients with acute pyelonephritis have
higher IL-8 levels in urine than plasma (194). During urosep-
sis, this phenomenon stimulates the delivery of neutrophils to
the GU system and results in pyuria. Although endotoxin (the
bacterial cell wall lipopolysaccharide) may enter the circulation
from a well-localized focus of Gram-negative bacterial infec-
tion, the presence of sepsis originating from the urinary tract
usually implies bacteremia, which in turn usually results from
infection in the kidney or renal pelvis.

Clinically, most uroseptic patients present with fever, shak-
ing chills, flank pain, hypotension, cloudy urine, and leuko-
cytosis. However, obtunded patients may not have urinary
complaints or clinical signs referable to the urinary tract, and
patients with obstructive uropathy might not present with the
usual laboratory clues of pyuria and bacteriuria (196). Bac-
teremia in a patient with urinary infection usually implies that
the infection originates from the kidney, but in the presence
of an indwelling bladder catheter, erosive urethritis or cystitis
might be the responsible focus. Also, sepsis may follow instru-
mentation or manipulation of the lower urinary tract such as
occurs during percutaneous nephrolithotomy or ureteroscopy
(197). Staghorn calculi (struvite or apatite) can become embed-
ded with Gram-negative bacteria. A recent study has identified
endotoxin associated with sepsis in stone fragments in a child
who died from sepsis syndrome after percutaneous staghorn
stone manipulation (198).

The diagnosis of urosepsis is usually confirmed by blood cul-
tures positive for the same organism cultured from the urine.
Despite initial hopes that rapid diagnostic tests for the presence
of circulating endotoxin might speed the diagnosis of bacterial
sepsis, no such test is available currently. Careful examination
for the presence of bacteria on a drop of unspun urine (un-
der a coverglass, or a Gram-stained smear) plus the findings of
pyuria in a septic patient point to the urinary tract as the source
of the infection in most cases. However, strong clinical suspi-
cion is necessary for less typical patients and at least two and
preferably three blood cultures should be obtained to identify
the responsible organism.

Treatment requires intravenous fluid support, maintenance
of blood pressure with pressors if necessary, and antibiotics.
If the organism is known (as in the case of recently cultured
urine in a septic patient), then a single active antibiotic can
suffice. If no clues exist as to the identity of the organism,
intravenous therapy with extended-spectrum penicillin (e.g.,
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piperacillin) or a penicillin-penicillinase inhibitor combination
(e.g., ticarcillin-clavulanic acid, ampicillin-sulbactam; pipera-
cillin-tazobactam) can be used. Third-generation cephalos-
porins also can be used, but these agents are not effective
against enterococci. Aminoglycosides (gentamicin, to-
bramycin, or amikacin) may be used in combination with a
penicillin if enterococci or P. aeruginosa are suspected. Com-
bination therapy with cephalosporin or extended-spectrum
penicillin plus aminoglycoside is suggested if Gram-negative
rod bacteremia occurs in a patient with granulocytopenia. In-
travenous fluoroquinolones (e.g., ciprofloxacin, levofloxacin)
also are useful, but resistance is increasing in some centers.

Adjunctive therapy with corticosteroids is not recom-
mended. Considerable research activity has been directed to
blocking cytokine activity in sepsis (not limited to urosepsis),
but recent trials of antiendotoxin monoclonal antibodies, anti-
tumor necrosis factor antibodies, and IL-1 receptor antagonist
have been disappointing.

Others

Tuberculosis (Chapter 38) and renal and perinephric abscesses
(Chapter 35) also are discussed elsewhere. Abscesses may rarely
develop in the bladder wall. These intramural vesical abscesses
are only rarely reported (190–192) and are usually caused by
coliform bacteria, often in the presence of inflammatory bowel
disease, diverticular disease, or a foreign body.

Infections Caused by Unusual or
Resistant Organisms

Enterococci are not uncommon causes of UTIs and GU sites
account for the majority of clinical bacteriology laboratory
isolates. These organisms are more commonly isolated from
nosocomial infections than from the community. Enterococci
may be the causative agents in lower UTIs (e.g., cystitis), in
catheter-related infections, in infections following urinary tract
instrumentation, and in patients with GU anatomic abnormal-
ities (199–201).

The incidence of enterococcal infection in general is increas-
ing at an alarming rate according to the National Nosocomial
Infection Surveillance (NNIS) Study; for example, from 1980 to
1989, the incidence of bloodstream infections with enterococci
has increased 120% (201), and the urinary tract is frequently
identified as the source. These infections may originate from the
patient’s own GU or GI flora or may be nosocomially spread
from other patients (202).

Unfortunately, antimicrobial resistance in enterococci is
also increasing dramatically, not unlike the rise in methicillin-
resistant S. aureus seen over the past 30 years (203). A large
number of enterococcal strains including up to 70% of Entero-
coccus faecium isolates show vancomycin resistance. This has
been attributed to the almost 160-fold increase in vancomycin
usage per 1,000 patient-days in hospitals between 1978 and
1992 (204). Vancomycin resistance is often classified by phe-
notypic expression of the presence of certain resistance genes
such as VanA, which mediates resistance to vancomycin and
teicoplanin; VanB with strains susceptible to teicoplanin but
resistant to vancomycin; and VanC, which imparts low-level
resistance to vancomycin in strains of Enterococcus gallinarum
and Enterococcus casseliflavus (205,206).

Also, enterococcal strains that were previously susceptible
to penicillin and gentamicin have been identified. Even peni-
cillin plus gentamicin therapy may fail to eradicate some of
these infecting organisms (207). Although ampicillin and van-

comycin have been used as mainstays in the therapy of compli-
cated nosocomial enterococcal urinary infections, strains resis-
tant to both are threatening to overcome the efficacy of these
drugs. Alternative treatment with drugs such as teicoplanin
and quinupristin-dalfopristin (Synercid) or with chlorampheni-
col may be necessary. Moellering and associates described the
efficacy of quinupristin/dalfopristin for vancomycin-resistant
enterococcal (VRE) infections including those in the urinary
tract. These patients were most often hospitalized, chronically
ill, with multiple comorbidities. Clinical response to treatment
occurred in 74% (208). Newer agents include linezolid, an ox-
azolidinone compound, effective in the treatment of serious
Gram-positive infections including VRE (209). Daptomycin
has been introduced recently with activity against resistant
Gram-positive bacteria (VRE/MRSA) (210). Increasing mul-
tidrug resistant strains of E. coli causing community acquired
pyelonephritis and other complicated UTIs are being reported,
with identified clonal groups responsible for the antimicrobial
resistance (211).

Hemolytic-uremic syndrome (HUS) associated with en-
terohemorrhagic E. coli urinary infection has been reported.
Hemolytic-uremic syndrome includes a triad of microangio-
pathic hemolytic anemia, thrombocytopenia, and acute renal
impairment. Thirteen cases of HUS associated with E. coli UTI
have been described. Most cases are not associated with diar-
rhea or a prodrome, which usually occur when HUS occurs
as a result of consumption of fecally contaminated products
from cattle or sheep (212). Extended spectrum beta-lactamase
producing bacteria (ESBLs) are other resistant Gram-negative
enterobacteria that cause nosocomial and community ac-
quired UTIs. Susceptibility patterns usually show resistance to
quinolones, aminoglycosides, cephalosporins, and monobac-
tams. Identified antibiotics to which these isolates (usually
Klebsiella sp., E. coli, Acinetobacter and other Gram-negative
bacteria) are susceptible include ertapenem, imipenem, and
amikacin (213–216).

Atraumatic rupture of the urinary bladder associated with
methicillin-resistant Staphylococcus aureus (MRSA) has been
reported recently (217). Methicillin-resistant Staphylococcus
aureus UTIs usually require therapy with intravenous van-
comycin. Involvement of the upper urinary tract, pyelonephri-
tis, renal abscess, and bacterial endocarditis should be excluded
in these patients.

Anaerobic bacteria are unusual causes of urinary infec-
tion, but they are implicated in some patients (Table 36-3).
Although they are major components of the normal urethral,
periurethral, and vaginal flora, their presence in these areas
may prevent other more invasive aerobic or facultative organ-
isms from colonizing these sites and subsequently causing in-
fection (207). Anaerobic bacteria may be identified in the urine
in chronically catheterized patients but this is often short-lived
and without clinical significance (218). Anaerobic bacteriuria
is more common in patients who have undergone renal trans-
plantation (219).

The mechanism by which these organisms cause disease in
the bladder, kidney, or prostate depends on their ability to
ascend from the periurethral area to the bladder or kidney.
This process is accelerated in the presence of obstruction, uri-
nary stasis, calculi, trauma, and catheters or other foreign
bodies (219–222). Anaerobic bacteria have been documented
to cause prostatitis and prostatic abscesses as well as bac-
teriuria, pyelonephritis, and urosepsis. Some of these organ-
isms (e.g., Bacteroides or Sphaerophorus sp.) have been im-
plicated in urinary or prostate infections following colonic
surgery (223). Clindamycin and metronidazole are usually
active against anaerobic organisms and cefoxitin or cefote-
tan and penicillins with ß-lactamase inhibitors also may be
effective.
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TA B L E 3 6 - 3

ANAEROBIC CAUSES OF COMPLICATED URINARY
TRACT INFECTIONS

Clinical diagnosis Organism Reference

Renal transplantation Bacteroides fragilis (219)
Bacteroides

melaninogenicus
Prostatitis Peptostreptococcus (231)

Sphaerophorus
funduliformis

(220)

Prostate abscess S. funduliformis (233)
Sphaerophorus

gonidiaformans
(232)

B. fragilis (233)
Renal abscess or B. fragilis (234)
Pyelonephritis Peptococcus

asaccharolyticus
(235)

Fusobacterium
nucleatum

(236)

Perinephric abscess B. fragilis (237)
Urosepsis with Peptococcus (238)

bacteremia Clostridium
perfringens

(239)

Recurrent cystitis Actinobaculum
massiiae

(240)

Pyeloureteral
junction
obstruction/
pyelonephritis

Actinobaculum
schaalii

(241)
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CHAPTER 37 ■ FUNGAL URINARY TRACT
INFECTIONS
SCOTT F. DAVIES AND GEORGE A. SAROSI

Although thousands of different fungi exist in nature, only a
few can cause illness in humans. Most of these are organisms
that cause only superficial skin infections. Only a very small
number of fungi are true pathogens for humans and other mam-
mals, able to invade normal hosts and infect deep tissues. In
addition, there are a number of fungal species that can produce
human illness under special circumstances, especially when the
patient’s immune status has been altered, either by native dis-
ease or by therapy directed at some other illness.

Although customarily listed with bacteria as microorgan-
isms capable of causing human illness, fungi are distinctly
different from bacteria. Bacteria do not have a true nucleus
(prokaryotes); fungi are the first group that does have a true
nucleus, surrounded by a nuclear membrane similar to those
of mammalian cells (eukaryotes).

The vast majority of human fungal illnesses are caused
by only a handful of organisms. Among these organisms are
the causative agents of the endemic mycoses—histoplasmosis,
blastomycosis, coccidioidomycosis, and paracoccidioidomyco-
sis. In addition, in rare instances, invasive fungal infection
may be caused by another fungus, Sporothrix schenckii. These
five fungi share a common characteristic—they are dimorphic.
These fungi exist in the environment as hyphae (molds) but,
following invasion of human tissues, they convert to their
tissue-invasive form. The causative agents of histoplasmosis,
blastomycosis, and sporotrichosis convert to unicellular yeasts
that reproduce by simple budding. Paracoccidioidomycosis is
similar, but reproduction of the tissue-invasive form occurs by
multiple budding of daughter cells peripherally around the par-
ent cell. Tissue replication of the fungus Coccidioides immitis is
unique. The tissue-invasive form of the organism is a spherule.
As the spherule grows, cleavage lines develop and the spherule
is divided into a large number of endospores. Following matu-
ration of the giant spherule, the outer membrane ruptures, and
the multiple endospores are released. Each of these endospores
can in turn mature into another giant spherule. A sixth fungal
organism, Cryptococcus neoformans, can also produce inva-
sive infections in normal hosts. This organism, both in nature
and infected human tissues, is a single budding yeast with a
carbohydrate capsule. It is the only encapsulated yeast that
can infect mammals. The infecting particles are likely small,
desiccated yeast that are aerosolized easily and are the correct
size to reach the alveoli if they are inhaled. Once in the lung,
the yeast grows in size and the carbohydrate capsule becomes
more prominent.

These six fungal organisms are often referred to as
“pathogenic fungi.” They are capable of invading any non-
immune host and producing an infection. All these fungi share
one important feature. Their tissue-invasive form cannot be
killed by nonimmune phagocytes, including polymorphonu-
clear leukocytes (PMN) and macrophages (1).

Following inhalation and conversion to their tissue-invasive
form, these organisms may remain in the lungs, or they may dis-
seminate widely throughout the body. Their unchecked prop-

agation will be contained only by the eventual development of
effective cell-mediated immunity. The vast majority of people
are able to mount effective cell-mediated immunity and, thus,
are able to eliminate these slowly propagating fungi before se-
vere illness ensues; therefore, recovery from the infections is
the rule rather than the exception. However, the ordinarily be-
nign clinical course can be profoundly altered if the infecting
dose is massive, if there are overwhelming immune defenses,
or if cell-mediated immunity does not develop because of an
underlying immunodeficiency (whether naturally occurring or
induced by immunosuppressive therapy with glucocorticoids
and/or cytotoxic agents).

The second group of fungi that cause human illness is often
called “opportunistic” fungi. A number of filamentous fungi,
including aspergillus species and members of the family Mu-
corales, can cause invasive disease when normal immunity is
altered. Aspergillus infections are perhaps 10 times as com-
mon as mucor infections, with other rare filamentous organ-
isms such as Pseudallescheria boydii and Fusarium infections
much less common. When the spores of the filamentous fungi
are inhaled, normal neutrophils are able to dispose of these
invading particles (1). These phagocytes form an efficient non-
immune barrier to infection that is breached easily when cyto-
toxic chemotherapy greatly reduces the number of neutrophils.
Similarly, human infection with these organisms can occur in
patients whose native neutrophils have abnormal fungicidal
mechanisms, which are either inherited or acquired. High-dose
glucocorticoid therapy depresses T-cell function, but is also a
common cause of acquired phagocyte dysfunction.

Candidiasis, the most common opportunistic fungal infec-
tion, is caused by Candida species, most commonly Candida
albicans. The epidemiology of candidiasis differs greatly from
the epidemiology of the other normally pathogenic fungi.
Candida albicans is a common commensal and is part of the
endogenous flora of humans, colonizing skin, mucous mem-
branes, the gastrointestinal (GI) tract, and the female genital
tract (2,3). Unlike other fungal infections, which are usually ac-
quired by inhaling the infecting particles, candidiasis is almost
always the result of endogenous infection.

Candidiasis is an overlap disease. The organism can flour-
ish on mucosal surfaces when T-cell function is depressed
by a primary immunosuppressive illness, especially acquired
immunodeficiency syndrome (AIDS). Glucocorticoid therapy
(systemic or topical), antibacterial antibiotics, and diabetes also
enhance overgrowth of Candida organisms on mucosal sur-
faces; however, phagocytes can kill the yeast and there is little
tendency to deep invasion except with severe neutropenia. Be-
cause most cases of invasive candidiasis complicate neutrope-
nia, it is best classified (with aspergillus species) as an oppor-
tunist.

Another important difference between Candida infections
and aspergillus infections is that barrier function is much more
important. Invasive Candida infections can occur when bar-
rier function (especially skin and bowel mucosa) is breached in
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the setting of corticosteroid therapy, severe illness, or even di-
abetes. The organisms can transmigrate across bowel and can
invade through the skin (either along vascular access catheters
or directly through diseased or injured areas of skin); how-
ever, deep tissue invasion leading to multiple abscesses through-
out the body is uncommon except in neutropenic patients and
corticosteroid-treated patients.

Candida organisms can also readily ascend from the urethra
to the bladder, especially when there is an indwelling catheter.
This colonization of the bladder is analogous to mucous mem-
brane infection in most instances and does not usually set the
stage for deep invasion.

It is helpful to divide fungal pathogens into two groups—
one group requiring intact T-cell function for elimination, and
the other group requiring intact PMN and macrophage func-
tion. Rather than considering these fungi as “pathogens” ver-
sus “opportunists,” it is perhaps better to think in terms of T-
cell opportunists (the endemic mycoses plus cryptococcus) and
phagocyte opportunists (the filamentous fungi and Candida)
(4). Although both limbs of immune defenses are abnormal
in many immunocompromised patients, the more pronounced
form of immune defect determines which type of fungal infec-
tion is likely to occur.

Phagocyte opportunists are discussed first, followed by T-
cell opportunists, because candidiasis is by far the most impor-
tant fungal infection of the genitourinary (GU) tract.

INFECTIONS CAUSED BY
PHAGOCYTE OPPORTUNISTS

Candidiasis

Candida albicans, the most common organism associated with
the syndromes of candidiasis, is a normal inhabitant of the
human GI tract, the female genital tract and frequently the
oropharynx (2,3). The organism does not usually colonize nor-
mal skin, but moist intertriginous skin, damaged skin, or skin
of elderly individuals is frequently colonized (5). In addition,
members of the genus Candida have been isolated from hos-
pital environments (6), food, and many animals. Although the
organism has also been isolated from soil, it is not believed that
human infections result from exposure to soil.

The vast majority of human infections are indigenous in ori-
gin. Although human-to-human transmission has been seen,
especially in neonates who pass through a contaminated birth
canal, this is a rare and unusual mechanism of infection. Al-
though rare episodes of Candidiasis have been traced back to
putative sources in a hospital (7), the lack of a convenient bio-
typing system interferes with careful epidemiologic investiga-
tion; it is also entirely possible that the reported infections were
indigenous in origin.

Pathogenesis

Intact skin and GI mucosa provide a powerful barrier to infec-
tion by Candida. Any abnormality in normal integument, such
as maceration in intertriginous areas, alters this barrier and al-
lows Candida colonization—setting the stage for possible inva-
sion. Similarly, alteration of the normal mucosal barrier in the
GI tract (e.g., by cytotoxic chemotherapy) facilitates transin-
fection across the gut. The first line of defense is the neutrophils
once the organism crosses the skin or gut and tissue invasion
occurs. Normal neutrophils can phagocytose and kill Candida
blastospores and damage pseudohyphae (8,9). Monocytes and
perhaps eosinophils also are capable of attacking and destroy-
ing Candida. In fact, some evidence suggests that monocytes
are more efficient in destroying ingested Candida than are neu-
trophils (10). Myeloperoxidase, hydrogen peroxide, and the

superoxide anion system are the primary mechanisms of inter-
cellular killing by neutrophils. Individuals whose neutrophils
lack these killing mechanisms are highly susceptible to invasion
by Candida species (10,11).

The role of lymphocytes in normal defense against Candida
species is less certain (12). Although it is apparent that patients
with dysfunctional lymphocyte function (e.g., chronic mu-
cocutaneous candidiasis) are superficially infected with Can-
dida species, deep tissue invasion apparently does not take
place. This situation is analogous to human immunodeficiency
virus (HIV)-infected individuals with marked decrease in helper
T cells. Mucocutaneous candidiasis is ubiquitous in these pa-
tients, but deep tissue invasion of Candida is rare (13).

The role of humoral immunity in candidiasis is complex.
Serum and plasma, even though they contain antibodies di-
rected against Candida, are incapable of killing the fungi (14).
Complement is necessary for opsonization of the organism
(15), and the clinical observation that complement-deficient
animals are more susceptible to candidiasis indicates a pos-
sible role for the complement system in host defense against
Candida species (16). Both the classical and the alternate path-
ways of complement activation are involved; the alternate path-
way may be more important. The ability of Candida species
to adhere to epithelial cells, fibrin clots, and synthetic mate-
rial is important; however, the precise role of adherence in
the pathogenesis of candidiasis has not been fully elucidated
yet (17).

It is apparent from the complex interaction of phagocytotic
cells, lymphocytes, and humoral immunity that any immune
defect will likely increase the risk of Candida invasion. Per-
haps the most important factor predisposing to invasion by
Candida has been the wide and increasing usage of broad-
spectrum antibiotics. Both oral and parenteral antibiotics reach
significant concentrations in the gut lumen and markedly alter
the bacterial flora of the normal human GI tract. This alter-
ation allows organisms normally at a competitive disadvan-
tage to grow unimpeded, creating a microenvironment where
Candida may overgrow.

The GI tract is one site for the entrance of Candida into the
bloodstream. When an overwhelming amount of Candida is
ingested (as was done deliberately in the often-cited article by
Krause) the organisms transmigrate even normal GI mucosa to
invade the bloodstream (18). Any interruption of the normal
GI tract mucosal barrier will increase the likelihood of blood-
stream invasion. When surgical manipulation of the gut (es-
pecially procedures that transect bowel) is combined with an-
timicrobial therapy, the likelihood of this occurrence increases
many times (19). Similarly, when chemotherapy causes destruc-
tion of the rapidly dividing cells of the gut lining, bloodstream
invasion by Candida can occur.

The development of intravenous devices to administer par-
enteral fluid, therapeutics, and nutrients has provided another
route for Candida to enter the bloodstream. In fact, intravas-
cular catheter-related candidemia is likely the most common
cause of positive Candida blood cultures. Patients receiv-
ing hyperalimentation are more susceptible to hematogenous
candidiasis (20). It is uncertain whether the hyperalimentation
itself is the major predisposition or whether much of the in-
creased risk is owing to the catheter and factors related to the
underlying condition that necessitated the hyperalimentation.
Colonization with Candida species is common when chemi-
cal or thermal burns damage the normal skin (21). It should
not be surprising that hematogenous candidiasis is frequent in
these patients because burn patients frequently receive multiple
antibiotics, hyperalimentation, intravenous fluids and multiple
antibiotics.

Once the fungus enters the bloodstream and disseminates
widely throughout the body, microabscesses are formed in
many deep tissues (22). In these microabscesses, both yeasts
and pseudohyphae are present. The initial tissue response is
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a neutrophil-rich exudate; monocytes and histiocytes appear
later. In some patients, a granulomatous response may be seen.
If patients have neutropenia, the reaction frequently lacks the
neutrophil component, and the microabscesses may contain
only tissue debris, endothelial cells, and occasional chronic in-
flammatory cells. The clinical picture includes fever, chills, and
in some cases renal failure. Macronodular skin lesions and en-
dophthalmitis (cotton wool exudates visible with an ophthal-
moscope) may be clues to the diagnosis.

Diagnosis

Candida organisms are small, 4- to 5-μm cells that are usually
ovoid in shape and reproduce by single budding, or (for albi-
cans species) by serial budding or germ tube formation. These
latter forms of reproduction lead to pseudohyphae and sprout
mycelia. All species of Candida grow readily in most labora-
tory media, whether in vented blood culture bottles or on agar
plates. Special fungal media are not required for recovery. The
use of the lysis centrifugation blood culture system increases
the recovery of Candida from blood cultures (23).

Candida albicans is easily separated from other species of
Candida by placing freshly cultured organisms in serum. The
organisms immediately begin to produce pseudohyphae. The
process begins by formation of germ tubes that project from
the cell surface, which can usually be observed within 2 hours.
Among the remaining species of Candida, speciation can be ac-
complished relatively quickly by chemical tests (24). These are
usually important, because the different species have different
antifungal sensitivity patterns.

The organisms are readily seen in histopathologic sections,
even in hematoxylin and eosin (H&E)-stained sections. The or-
ganisms also are easily identified after staining with one of the
various modifications of the silver stain. The gold standard for
the diagnosis of disseminated candidiasis is recovery of the or-
ganism from blood culture. Even with the increased sensitivity
of the lysis centrifugation system, perhaps as many as half of
the patients with disseminated candidiasis never have a positive
blood culture (25).

Accurate serodiagnosis of candidiasis would be a great help,
but unfortunately there are no widely accepted serologic tests
available (26). Generally speaking, tests that measure antibody
to Candida are not reliable, because most individuals have an-
tibodies to Candida. Although a rising titer may carry some
weight, it is not uncommon to see equally high or even ris-
ing titers from patients who are only colonized. Serodiagnostic
tests vary a great deal from investigator to investigator; no sin-
gle test has gained widespread acceptance or proved itself in
the clinical arena. Tests that measure circulating Candida anti-
gens have more theoretical appeal because of higher specificity,
but sensitivity has been variable and there are no promising
candidates for a highly useful clinical test.

Candidemia. Perhaps the single most common error made in
the diagnosis of candidiasis is to disregard so-called “isolated”
candidemia (27). Isolation of Candida from any biological
specimen should be taken seriously, but this is especially true
for isolation from blood. Although occasional patients may
have only transient episodes of Candida dissemination via the
bloodstream, even a single positive blood culture for Candida
should lead to further investigation to rule out possible sites of
deep-tissue involvement. All patients with Candidemia need a
full course of treatment.

Invasive candidiasis may occur following insertion of intra-
venous devices or after alteration of the gut mucosal barrier.
Whatever the mechanism, once the organism is in the blood-
stream, widespread dissemination can ensue, especially in the
setting of profound and prolonged neutropenia. In the vast ma-
jority of instances, Candida infection of the renal parenchyma
is the result of hematogenous dissemination from a skin or gut

source; however, renal candidiasis is the cause of only a tiny
fraction of positive Candida urine cultures.

Upper and Lower Urinary Tract Candidiasis

Candidiasis is by far the most important fungal infection of
the urinary tract. About half of all Candida isolates from the
urine are Candida albicans. About 20% to 30% are Candida
glabrata and about 10% each are Candida parapsilosis and
Candida tropicalis. A few percent of isolates are owing to other
species, including C. kreusei, C. Guilliermondi, and Candida
lusitaneae.

The problem is that there are several different syndromes as-
sociated with positive Candida cultures in the urine that vary in
severity from trivial to life threatening or even fatal. Sometimes
it is very hard to tell these syndromes apart.

Positive urine cultures for Candida may be: (a) contam-
ination, (b) colonization of the lower urinary tract (usually
harmless), (c) infection that has already ascended to the up-
per urinary tract with possible serious consequences and even
a small chance of hematogenous spread from the kidney, or
(d) a marker of hematogenous Candida infection from another
source (usually intravenous catheter or bowel) that has seeded
the kidney and is being excreted into the urine. In this last case,
blood cultures sometimes are positive; however, positive urine
cultures may be the only marker of disseminated candidiasis.

Simple contamination should be excluded first, especially in
female diabetic patients without a urinary catheter (who have
increased numbers of Candida organisms in the vagina and
at the urethral orifice). Two consecutive positive urine cultures
should be required before a diagnosis is made and therapy con-
sidered.

Most positive urine cultures for Candida are not contam-
inants. They reflect simple colonization of the lower urinary
tract. Candida species, usually C. albicans or C. glabrata, oc-
casionally are recovered from the urine of normal females with-
out catheters (28,29). Although less frequent than in females,
the normal male urinary tract may also occasionally harbor
candida organisms. Whether this actually represents coloniza-
tion of the male bladder or whether it just reflects coloniza-
tion of the male urethra secondary to infection in the female
sexual partner is unclear. Unlike in normals, colonization of
the lower urinary tract is very common in hospitalized pa-
tients. The major risk factors for colonization of the bladder
are broad-spectrum antibiotic administration, diabetes melli-
tus, age, and most important, an indwelling urinary catheter
(30). Diabetes is a risk factor because of increased perineal colo-
nization and autonomic impairment of bladder function, which
often necessitates catheter drainage of the bladder. Even with-
out the use of antibiotics, the longer a urinary catheter stays in
place, the greater the risk of Candida infection of the bladder
(31). Candida isolates make up 10% or more of all positive
urine cultures in hospitalized patients and 25% or more of all
positive urine cultures in hospitalized patients with a urinary
catheter (32). Candida isolates are even more common (some-
times more than 50% of all urinary isolates) in patients from
surgical intensive care units.

Ascending infection from the bladder to the kidneys is un-
common and usually occurs when the upper urinary tract is
obstructed and/or instrumented, especially in diabetic patients.
Diagnosis is difficult. Symptoms of pyelonephritis (fever with
flank pain) are rare. Hyphae within renal casts are diagnos-
tic but rare. Unfortunately, pyuria and positive KOH smear
from yeast and/or pseudohyphae in the urine are not help-
ful in distinguishing upper tract disease for colonization of
the bladder. Ascending infection should be suspected when
Candida urine cultures are persistently positive in appro-
priate patients (with stones, strictures, stents, or other uri-
nary tract abnormalities) who have fever and sepsis syndrome
or decreasing renal function (reflecting bilateral obstruction).
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Renal ultrasound examination and computed tomographic
scans can demonstrate abscesses in the kidneys or filling defects
in the proximal collecting system. As discussed previously, pos-
itive blood cultures for Candida species are usually associated
with central venous catheters (often in patients with other risk
factors) and bowel transmigration in patients with neutrope-
nia, and with bowel trauma and surgery. Candidemia rarely
results from ascending infection of the upper urinary tract that
began as colonization of the bladder.

The final and least likely explanation for candiduria is
that the positive urine culture is a marker of hematogenous
Candida infection that has seeded the kidney and is being
shed in the urine. In this case, there is a systemic fungal in-
fection that needs aggressive systemic therapy. In one large
prospective study of 861 hospitalized patients (mostly asymp-
tomatic) with positive urine cultures for Candida, only 7 pa-
tients had positive blood cultures and only 2 died of systemic
Candida infections (33); however, there are other situations
where a positive urine culture may be more significant. A pos-
itive urine culture in a neutropenic patient who has never had
a urinary drainage catheter is more likely a marker of occult
systemic infection. Multiple urine cultures with C. parapsilosis
sometimes are a marker for a catheter-related systemic Candida
infection.

High fever in a patient with candiduria is usually caused
by another infection; however, if no other infection is found
then the combination of persistent candiduria and fever war-
rants investigation to exclude clinically silent hematogenous
renal candidiasis that is seeding the urine. In that setting, it is
also important (but difficult) to exclude disseminated candidi-
asis, especially in high-risk patients. Some intensive care unit
(ICU) studies suggest that 10% or more (rather than 1%) of
positive urine cultures are a marker of disseminated candidia-
sis (34). Blood cultures can be negative and the infection can
be fatal if left untreated. Deciding which patients to treat for
possible disseminated candidiasis is extremely difficult. Many
centers choose to treat empirically based on some combination
of the following: fever without other cause and unresponsive to
antibacterial antibiotics; colonization of multiple sites (usually
urine and sputum or other respiratory specimens); prolonged
therapy with antibacterial antibiotics; central vascular lines;
hyperalimentation; abdominal trauma requiring bowel resec-
tion; and abdominal surgical procedures that transect bowel
wall.

Unfortunately to date there are no good tests to exclude dis-
seminated candidiasis. Many patients have negative blood cul-
tures. Negative urine cultures are evidence against disseminated
candidiasis in neutropenic patients with fever (35), but proba-
bly have less value in non-neutropenic patients. Overtreatment
of patients with positive urine cultures results from the extreme
difficulty of absolutely proving that a positive urine culture is
not a marker of invasive candidiasis in a high-risk patient. It is
unlikely that this situation can be improved unless better tests
are developed to diagnose and exclude disseminated candidia-
sis. The positive urine culture has exceedingly poor specificity,
because over 90% of the time there is only colonization of no
particular clinical import.

Treatment

Treatment depends on the clinical syndrome, species of
Candida isolated, and susceptibility testing. The most impor-
tant agents are intravenous amphotericin B, intravenous and
oral azoles, and caspofungin, the first of a new class of anti-
fungals, the echinocandins. Amphotericin B has more toxicity,
especially nephrotoxicity. Fluconazole is nontoxic and is ex-
creted unchanged into the urine in high concentrations. Itra-
conazole is highly protein bound and is poorly excreted into
the urine and has a lesser role. It does have a somewhat broader
spectrum against non-Candida albicans. Voriconazole has the

same broad spectrum of itraconazole, but is not excreted in ac-
tive form into the urine. Caspofungin is an echinocandin that is
potent across the range of candida species. Although caspofun-
gin has fairly low urine levels, it has been reported to success-
fully clear candiduria in a small number of cases. Other agents
that are coming include additional azoles and echinocandins.
Clinical data about these newer agents are incomplete.

Most strains of C. albicans are sensitive to fluconazole and
to Amphotericin B (AMB) and fluconazole. Many strains of
C. glabrata and especially C. krusei may have significant resis-
tance to both these drugs. Lipid-based formulations of AMB
have less renal toxicity, but are not generally utilized as first
line therapy for candida infections.

There is finally reliable susceptibility testing for yeast iso-
lates, the NCCLS M28-A system (36). It tests various yeast iso-
lates against fluconazole, itraconazole and other azoles. Isolates
are divided into S (susceptible), S-DD (susceptible but dose-and
delivery-dependent), and R (resistant). Testing for susceptibil-
ity to AMB is not as well developed. The exact species isolated
and the results of susceptibility testing influence the treatment
plan.

The Infectious Diseases Society of America (IDSA) pub-
lished extensive practice guidelines for treatment of candidi-
asis in 2004 (37). There were many changes from the previous
guidelines of 2000 (38), because the release of caspofungin and
voriconazole (and large clinical studies with these agents) has
led to major changes in clinical practice. The reader can refer
to the original documents for more complete information. The
recommendations from 2004 will also change over time as new
studies and even newer agents emerge.

For candidemia in particular there have been major shifts.
Several large trials have shown equivalency for fluconazole
with AMB (39,40,41). Caspofungin in one excellent study
showed equivalency with AMB and possible superiority for
non-albicans species (42). An open label trial showed that
voriconazole was equal to combined therapy with AMB and
fluconazole (43).

The new agents and the new information support the fol-
lowing approach. For first line therapy, consider fluconazole
400 mg/day continued 2 weeks beyond negative cultures and
resolution of symptoms. Caspofungin (70 mg loading dose fol-
lowed by 50 mg/day) is alternate therapy. Other options in-
clude fluconazole 800 mg/day (especially for S-DD isolates),
AMB 0.6 –1.0 mg/kg/day, fluconazole 800 mg/day plus AMB
0.6 to 1.0 mg/day for the first 5 to 6 days, or voriconazole
6 mg/kg q 12 hours times two and then 3 mg/kg q 12 hours.
As stated in the ISDA guidelines (37), the choice among these
regimens is complex and multifactorial. “The choice . . . de-
pends on the clinical status of the patients, . . . knowledge of
the species and/or antifungal susceptibility . . . , relative drug
toxicity, presence of organ dysfunction, knowledge for use of
the drug in the given patient population, and the patients prior
exposure to antifungal drugs.”

For C. glabrata and S-DD isolates of other fungal species,
caspofungin and fluconazole 800 mg/day are good options. Flu-
conazole 400 mg/day is generally preferred for C.albicans, C.
tropicalis, and C. parapsilosi, barring other factors. Flucona-
zole 600 mg/day is preferred for C. lusitaneae. Caspofungin
and AMB are preferred agents for C. krusei. Other factors, as
stated earlier, may tilt treatment toward ABM, combination
therapy, or voriconazole. A cytokine that accelerates recovery
from neutropenia (G-CSF or GM-CSF) should be used for pa-
tients who develop suspected or proven disseminated candidi-
asis while neutropenic.

The following are considerations for treatment of urinary
candidiasis:

1. For all noncatheterized patients with asymptomatic can-
diduria, repeat urine cultures are indicated to exclude simple
contamination.
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2. For patients with asymptomatic candiduria with little rea-
son to suspect ascending infection or clinically silent inva-
sive candidiasis, no treatment is indicated. There is no evi-
dence that these patients benefit from therapy. In a prospec-
tive double-blind trial, Candida was cleared from urine at
14 days in 50% of patients treated with fluconazole at
200 mg/day as compared to 29% treated with placebo.
Two weeks later, however, candiduria rates were the same
in treated and untreated patients (68% versus 65% clear
of Candida) (44). Remove the urinary drainage catheter if
possible. Repeat urine cultures 2 weeks later.

3. Amphotericin bladder washes can be used as a test. If can-
diduria clears, that is evidence that the positive cultures
were only colonization. If candiduria cannot be cleared, it is
somewhat suggestive (but not diagnostic) of seeding of the
urine from silent disseminated candidiasis. AMB bladder
washes are rarely indicated.

4. For rare symptomatic Candida cystitis (frequency, dysuria,
urgency, hematuria), treat with fluconazole 200 mg/day for
7 to 14 days or AMB 0.3 to 1.0 mg/kg for 1 to 7 days.

5. Treat candiduria patients who have a higher risk of pro-
gression from the lower to the upper tract (ascending in-
fection that might possibly lead to hematogenous spread
from the kidney) the same as patients with symptomatic
candiduria. This includes patients with renal allografts and
patients scheduled for urologic procedures.

6. Perform ultrasound and/or renal computerized tomography
(CT) to diagnose ascending disease involving the upper tract
in appropriate persistent candiduria patients (those with
ureteral or renal pelvic catheters, obstructed upper urinary
tract, diabetes, or renal allograft recipients). Treat patients
with proven upper tract infection the same as those with in-
vasive disease. Occasionally, patients with fungus balls may
require surgery.

7. For selected patients (defined in the preceding text) with
candiduria but lacking evidence of infection at any other
site treat as possible occult invasive candidiasis with the
same regimens used for candidemia and proven dissemi-
nated candidiasis (see the previous text). Continue treat-
ment for 2 weeks after all cultures are negative and signs
and symptoms of infection are resolved. (The usual course
of therapy is 4 to 6 weeks.) As mentioned, selection of this
treatment group is difficult and uses criteria that include:
fever without other cause that is unresponsive to antibacte-
rial antibiotics; colonization of multiple sites (usually urine
and sputum or other respiratory specimens); prolonged an-
tibacterial antibiotics; central vascular lines; hyperalimen-
tation; abdominal trauma requiring bowel resection; and
surgery that transects bowel wall.

8. Fluconazole is excreted unchanged in the urine and does
not reach high urine concentrations in patients with renal
failure. Treatment of candiduria with fluconazole is one of
the few situations where the drug dosage must be increased
in renal failure.

In Table 37-1 treatment strategies are outlined for various
forms of candidiasis in non-neutropenic and neutropenic hosts,
and in patients with AIDS.

INFECTIONS CAUSED BY
FILAMENTOUS FUNGI

The filamentous fungi are true phagocyte opportunists. These
organisms are extremely common in nature and are found in
decaying organic material. Members of the genus Aspergillus
are clinically most important. More than 300 different species
of aspergillus have been identified, over 100 of which have been
associated with human illness. However, 90% or more of hu-
man infections are caused by Aspergillus fumigatus, followed

in decreasing frequency by Aspergillus niger, Aspergillus ter-
reus, Aspergillus nidulans, and Aspergillus clavatus. Infection
by any other species is uncommon. Members of the class Zy-
gomycetes (mucormycoses) are also becoming more important
as pathogens in immunosuppressed patients, although the total
number of human infections from these agents is less than one-
tenth that from aspergillus species. Recently, other soil fungi
also have been associated with clinical illness. For the sake of
simplicity, these have been categorized as hyalohyphomycosis
(pigmented hyphae) and phaeohyphomycosis (nonpigmented
hyphae).

These fungal species are primarily respiratory pathogens,
although members of the class Zygomycetes frequently invade
the upper respiratory tract, diseased skin, and even diseased
bowel, in addition to the lung. Following inhalation (or im-
plantation into the skin or sinuses) all of these organisms may
invade blood vessels, which leads to widespread dissemination
to the skin, brain, and visceral organs, often including the kid-
neys. A major pathogenic mechanism shared by all filamentous
fungi is vascular invasion leading to distal tissue necrosis (45).
Subsequent to tissue necrosis, the fungi may continue to grow
in the necrotic tissue producing a fungus ball or fungal bezoar
as a cavity forms (45,46,47). Although the vast majority of all
renal aspergillosis is pyemic, there has been one report of in-
advertent transplantation of two kidneys already infected with
aspergillus; the donor was a failed liver transplant recipient
(48).

Aspergillus renal disease takes two main forms: parenchy-
mal and pelvic aspergillosis. The first form is more common
and it is assumed that both types of infection are usually
blood-borne, although occasional reports have shown appar-
ently isolated fungus balls in the bladder without upper tract
disease (49). Parenchymal renal disease is most common in pa-
tients with impaired phagocyte function (50), whereas pelvic
aspergillosis is more frequently encountered in diabetic patients
(51). Flank pain is the most common manifestation of renal as-
pergillosis, analogous to the left upper quadrant pain that oc-
curs with splenic infarction. Urinalysis often shows white blood
cells without bacteria. KOH preparations of the urine may
show hyphae. Positive aspergillus cultures from urine usually
are the result of blood-borne seeding of the renal parenchyma
and only rarely reflect isolated disease of the bladder. For
Candida, over 90% of positive urine cultures are the result
of bladder colonization; for aspergillus, over 90% of positive
urine cultures are the result of hematogenous spread of infec-
tion to the kidneys from a lung source and shedding of the
organisms into the urine. Autopsy evaluation of patients with
invasive aspergillosis shows a much higher frequency of renal
disease than was clinically apparent during life (50). A test to
detect aspergillus antigens in blood has recently been standard-
ized and has become widely commercially available (52). That
test may be helpful to diagnosis aspergillus infection as one of
the possible causes of multiple renal abscesses.

Renal disease from Zygomycetes includes renal parenchy-
mal disease as well as invasion of renal veins (53). Disease
almost always is owing to blood-borne seeding of the kidneys.
Isolated renal mucormycosis has been described in AIDS pa-
tients who abuse drugs intravenously or have long-term in-
travascular access catheters for various therapies.

Therapy for filamentous fungi infections is less successful
and less well defined than therapy for other fungal diseases.
High-dose AMB (even 1 to 1.5 mg/kg/day) has the mainstay
of therapy for invasive aspergillosis, but at this dose AMB is
poorly tolerated because of nephrotoxicity. Newer lipid based
preparations of AMB permit higher AMB dosing with less re-
nal toxicity. Therapy for invasive aspergillosis is rapidly evolv-
ing with the advent of newer agents and new clinical studies.
Voriconazole 6 mg/kg q 12 hours times two doses followed
by 300 mg q 12 hours is a first line agent (54). Liposomal
AMB 5 mg/kg/day (or higher doses) is an alternate therapy.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-37 Schrier-2611G GRBT133-Schrier-v4.cls July 26, 2006 18:24

T
A

B
L

E
3

7
-
1

T
R

E
A

T
M

E
N

T
S
T

R
A

T
E

G
IE

S
F

O
R

C
A

N
D

ID
IA

S
IS

F
o

rm
o

f
il

ln
es

s
N

o
n

n
eu

tr
o

p
en

ic
h

o
st

N
eu

tr
o

p
en

ic
h

o
st

H
IV

-i
n

fe
ct

ed
h

o
st

C
ut

an
eo

us
ca

nd
id

ia
si

s
To

pi
ca

lc
lo

tr
im

az
ol

e,
ec

on
az

ol
e,

m
ic

on
az

ol
e,

ny
st

at
in

.
K

ee
pi

ng
th

e
ar

ea
dr

y
is

al
so

im
po

rt
an

t.
Sa

m
e

as
no

nn
eu

tr
op

en
ic

Sa
m

e
as

no
nn

eu
tr

op
en

ic

O
ra

lp
ha

ry
ng

ea
l

To
pi

ca
lc

lo
tr

im
az

ol
e

or
ny

st
at

in
,F

L
U

10
0

m
g/

da
y

PO
fo

r
7

to
14

da
ys

.I
T

R
A

so
lu

ti
on

20
0

m
g/

da
y

PO
is

eq
ua

lly
ef

fe
ct

iv
e

an
d

tr
ea

ts
so

m
e

pa
ti

en
ts

w
ho

fa
il

FL
U

th
er

ap
y.

Sa
m

e
as

no
nn

eu
tr

op
en

ic
FL

U
20

0
m

g
PO

×
1

da
y,

th
en

10
0

m
g

PO
×

1
w

ee
k.

C
on

ti
nu

e
lo

ng
-t

er
m

su
pp

re
ss

io
n

w
it

h
10

0
m

g
PO

q
w

ee
k.

IT
R

A
so

lu
ti

on
20

0
m

g/
da

y
PO

fo
r

7
to

14
da

ys
tr

ea
ts

so
m

e
pa

ti
en

ts
w

ho
fa

il
FL

U
th

er
ap

y.
C

on
si

de
r

A
M

B
0.

3
m

g/
kg

/d
ay

fo
r

re
fr

ac
to

ry
ca

se
s.

E
so

ph
ag

ea
lc

an
di

di
as

is
FL

U
20

0
m

g
PO

×
1

da
y,

th
en

10
0

m
g

PO
q

da
y

1
to

2
w

ee
ks

.
R

A
so

lu
ti

on
20

0
m

g/
da

y
PO

is
eq

ua
lly

ef
fe

ct
iv

e
an

d
tr

ea
ts

so
m

e
pa

ti
en

ts
w

ho
fa

il
th

er
ap

y.

Sa
m

e
as

no
nn

eu
tr

op
en

ic
FL

U
20

0
m

g
PO

×
1

da
y,

th
en

10
0

m
g

q
da

y
×

1
w

ee
k.

C
on

ti
nu

e
lo

ng
-t

er
m

su
pp

re
ss

io
n

w
it

h
10

0
m

g
PO

q
w

ee
k.

IT
R

A
so

lu
ti

on
20

0
m

g/
da

y
PO

fo
r

7
to

14
da

ys
tr

ea
ts

so
m

e
pa

ti
en

ts
w

ho
fa

il
FL

U
th

er
ap

y.
C

on
si

de
r

A
M

B
0.

3
m

g/
kg

/d
ay

fo
r

re
fr

ac
to

ry
ca

se
s.

V
ag

in
al

ca
nd

id
ia

si
s

In
tr

av
ag

in
al

m
ic

on
az

ol
e,

bu
ta

co
na

zo
le

,t
io

co
na

zo
le

,o
r

te
rc

on
az

ol
e.

FL
U

15
0

m
g

PO
si

ng
le

do
se

or
IT

R
A

20
0

m
g

B
ID

fo
r

1
da

y.
R

ec
ur

re
nt

in
fe

ct
io

ns
m

ay
re

qu
ir

e
m

ai
nt

en
an

ce
th

er
ap

y
w

it
h

FL
U

15
0

m
g

q
w

ee
k.

Sa
m

e
as

no
nn

eu
tr

op
en

ic
FL

U
20

0
m

g
PO

q
da

y
un

ti
ls

ym
pt

om
at

ic
im

pr
ov

em
en

t;
th

en
20

0
m

g
q

w
ee

k.
So

m
e

pa
ti

en
ts

ne
ed

co
nt

in
uo

us
da

ily
su

pp
re

ss
io

n.
In

va
si

ve
ca

nd
id

ia
si

s
(i

nc
lu

de
s

al
l

pa
ti

en
ts

w
it

h
po

si
ti

ve
bl

oo
d

cu
lt

ur
es

)a

R
em

ov
e

ce
nt

ra
lv

en
ou

s
lin

es
.F

L
U

6
m

g/
kg

(o
r

40
0

m
g

in
us

ua
la

du
lt

)
IV

q
da

y
×

7
da

ys
,t

he
n

40
0

m
g

PO
un

ti
l

14
da

ys
af

te
r

la
st

po
si

ti
ve

cu
lt

ur
e.

C
as

po
fu

ng
in

,A
M

B
,

an
d

vo
ri

co
na

zo
le

ar
e

al
te

rn
at

e
tr

ea
tm

en
ts

(s
ee

te
xt

).

Sa
m

e
as

no
nn

eu
tr

op
en

ic
.T

he
ev

id
en

ce
fo

r
re

m
ov

in
g

ce
nt

ra
lv

en
ou

s
lin

es
is

le
ss

cl
ea

r,
be

ca
us

e
m

an
y

ca
se

s
ar

e
of

bo
w

el
or

ig
in

.

R
ar

el
y

se
en

.T
re

at
as

no
n-

ne
ut

ro
pe

ni
c,

ex
ce

pt
co

nt
in

ue
lo

ng
-t

er
m

su
pp

re
ss

io
n

w
it

h
FL

U
10

0
to

20
0

m
g

PO
q

da
y.

H
ep

at
os

pl
en

ic
ca

nd
id

ia
si

s
N

ot
se

en
Fr

eq
ue

nt
A

M
B

fa
ilu

re
s.

FL
U

40
0

m
g/

da
y

×
6

to
12

m
on

th
s

m
ay

be
ef

fe
ct

iv
e.

N
ot

se
en

C
hr

on
ic

m
uc

oc
ut

an
eo

us
ca

nd
id

ia
si

s
FL

U
20

0
to

40
0

m
g/

da
y

PO
N

ot
se

en
N

ot
se

en

U
ri

na
ry

ca
nd

id
ia

si
s

(b
la

dd
er

,n
ot

re
na

l)
b

R
em

ov
e

ur
in

ar
y

ca
th

et
er

if
po

ss
ib

le
.N

o
ev

id
en

ce
of

be
ne

fit
fr

om
tr

ea
tm

en
t

of
as

ym
pt

om
at

ic
pa

ti
en

ts
w

it
h

lo
w

ri
sk

of
in

va
si

ve
ca

nd
id

ia
si

s.
D

o
se

ri
al

cu
lt

ur
es

af
te

r
ca

th
et

er
re

m
ov

ed
or

ch
an

ge
d.

Fo
r

tr
ea

tm
en

t
of

bl
ad

de
r

co
lo

ni
za

ti
on

,F
L

U
20

0
m

g/
da

y
×

7
to

14
da

ys
.I

f
in

va
si

ve
ca

nd
id

ia
si

s
is

hi
gh

ly
su

sp
ec

te
d,

tr
ea

t
fo

r
th

at
in

di
ca

ti
on

.

T
re

at
al

lc
as

es
of

ca
nd

id
ur

ia
.F

L
U

20
0

m
g

PO
fo

r
7

to
14

da
ys

if
is

ol
at

ed
bl

ad
de

r
co

lo
ni

za
ti

on
is

su
sp

ec
te

d.
H

ow
ev

er
,t

he
re

is
m

or
e

co
nc

er
n

th
at

th
e

pa
ti

en
t

m
ay

ha
ve

in
va

si
ve

ca
nd

id
ia

si
s.

T
re

at
as

in
va

si
ve

di
se

as
e

if
su

sp
ic

io
n

is
hi

gh
.

Sa
m

e
as

no
nn

eu
tr

op
en

ic
,b

ut
m

ay
ne

ed
lo

ng
-t

er
m

su
pp

re
ss

io
n

w
it

h
FL

U
10

0
to

20
0

m
g

PO
q

da
y.

Pe
ri

to
ne

al
(o

n
pe

ri
to

ne
al

di
al

ys
is

)
A

M
B

in
tr

ap
er

it
on

ea
lo

r
co

m
bi

na
ti

on
th

er
ap

y
w

it
h

flu
cy

to
si

ne
an

d
FL

U
in

tr
ap

er
it

on
ea

l.
N

ot
se

en
N

ot
se

en

A
M

B
,a

m
ph

ot
er

ic
in

B
;F

L
U

,fl
uc

on
az

ol
e;

IT
R

A
,i

tr
ac

on
az

ol
e,

V
O

R
I,

vo
ri

co
na

zo
le

.
a
T

he
se

re
co

m
m

en
da

ti
on

s
ar

e
fo

r
se

ns
it

iv
e

st
ra

in
s

of
C

.a
lb

ic
an

s,
C

.t
ro

pi
ca

lis
,a

nd
C

.p
ar

ap
si

lo
si

s.
In

fe
ct

io
ns

w
it

h
az

ol
e

re
si

st
an

t
st

ra
in

s
in

cl
ud

in
g

C
.g

la
br

at
a

re
qu

ir
e

di
ff

er
en

t
st

ra
te

gi
es

an
d

hi
gh

er
do

si
ng

.
Fo

r
C

.g
la

br
at

a
ca

sp
of

un
gi

n,
FL

U
12

m
g/

kg
(o

r
80

0
m

g/
da

y)
,V

O
R

I,
an

d
A

M
B

at
le

as
t

0.
7

m
g/

kg
ar

e
po

ss
ib

le
ch

oi
ce

s.
Fo

r
C

.k
ru

se
i,

C
as

po
fu

ng
in

an
d

A
M

B
at

1.
0

m
g/

kg
/d

ay
ar

e
pr

ef
er

re
d.

b
R

en
al

in
di

ca
te

s
in

va
si

ve
ca

nd
id

ia
si

s.

900



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-37 Schrier-2611G GRBT133-Schrier-v4.cls July 26, 2006 18:24

Chapter 37: Fungal Urinary Tract Infections 901

Caspofungin 70 mg on day one and then 50 mg/day is another
option (55). For the sickest patients, combination therapy with
two or even all three of these agents is increasing in clinical
practice, without as yet firm evidence from clinical trials. Itra-
conazole in doses of 200 to 400 mg twice daily has also been
shown to be effective in many forms of aspergillosis (56).

Renal excretion of these agents is somewhat limited. There is
poor urinary excretion of itraconazole, which is highly protein
bound, drug levels in urine for caspofungin are low, and there
is no excretion in the urine of the active form for voriconazole.
In some cases, surgical removal of an aspergillus infected kid-
ney may yield a higher cure rate than pharmacologic therapy
alone and should be considered if appropriate in the context
of the underlying illness and the extent of disease in other or-
gans. Therapy of Pseudallescheria boydii, an aspergillus-like
fungus, has to be mentioned separately. This organism is rare
but important because it is resistant to AMB. Some isolates
are susceptible to itraconazole and/or voriconazole. It can be
distinguished from aspergillus only by culture.

Therapy of Zygomycosis is unsatisfactory. Most authorities
recommend the use of AMB (57). Neither the exact dose nor
the duration of therapy is known. Surgical resection of devital-
ized infected tissue is extremely important. Anecdotal reports
suggest that hyperbaric oxygen may have a minor adjunctive
role (57). Isolated renal mucormycosis in AIDS patients is best
treated by antifungal therapy in combination with surgical re-
section if possible and appropriate in the overall clinical situa-
tion.

INFECTIONS CAUSED BY T-CELL
OPPORTUNISTS: THE ENDEMIC

MYCOSES

The endemic mycoses share many features, but there are also
significant differences among them. One important difference
among the endemic mycoses of North America is their geo-
graphic location. Although histoplasmosis (58) and blastomy-
cosis are coendemic in the Midwest and south central United
States, blastomycosis extends much further north than histo-
plasmosis and extends into adjacent areas of central Canada
(59). For unexplained reasons, New England seems to be free
of both fungi. Coccidioides immitis is endemic in the southwest
United States, especially in the more arid parts of this area as
well as the contiguous areas of northwest Mexico (60). Cryp-
tococcus neoformans is cosmopolitan, and cases have been re-
ported worldwide.

These organisms all enter the body by way of the lung,
but the histopathologic appearance of the initial infection is
quite different. Histoplasmosis is predominantly a granuloma-
tous infection with very few neutrophils present among well-
developed granulomas (58). The tissue response to blastomy-
cosis is predominantly neutrophilic and scattered granulomas
appear only with the development of cell-mediated immunity
(61). Neutrophils do not disappear in virtually all instances
of blastomycotic infection; thus, the characteristic tissue re-
sponse is the presence of a mixed pyogenic and granulomatous
exudate (59,61). The tissue response in Paracoccidioides im-
mitis is similar to blastomycosis (62). Coccidioides immitis is
unique—its form of reproduction (endospores evolving into
giant spherules) is different from the other endemic mycoses.
In this infection, the initial tissue response is rich in neutrophils,
and granulomas make their appearance later. Although occa-
sionally the final tissue response is predominantly granuloma-
tous, usually the tissue response retains a heavy component
of neutrophils, and the pathology remains both pyogenic and
granulomatous (60).

The tissue response to C. neoformans is different than that
of the endemic mycoses. Sometimes inflammatory cells are vir-
tually absent. The thick polysaccharide capsule of the yeast
is antiphagocytic (63), and it is not uncommon to see cryp-
tococcal infection without any inflammatory tissue response,
especially in the lung, where huge masses of rapidly dividing
cryptococci can form a gelatinous mass.

Histoplasmosis

Epidemiology

The thermal dimorphic fungus Histoplasma capsulatum is en-
demic throughout the world, with its highest concentration
along river valleys. By far the most endemic area in the entire
world, however, is in the Midwest and south central United
States around the Ohio and Mississippi River valleys (58). Al-
though the exact growth requirements for the fungus are not
known, soil enriched with organic nitrogen, commonly in the
form of bird or bat droppings, is most suitable for fungal prop-
agation. Infection in humans follows inhalation of wind-borne
particles (69).

Pathogenesis

The lung is the portal of entry. Following inhalation, a few
spores reach the alveolar spaces, where multiplication by bi-
nary fission begins. There may be a brief initial influx of neu-
trophils, but macrophages actively phagocytose the organisms
and quickly become the predominant inflammatory cell. These
macrophages are unable to kill the fungus during the preim-
mune phase of the illness (65). The organism grows unchecked
within the macrophages and disseminates throughout the body
through the bloodstream and lymphatic system. With the devel-
opment of specific T-cell mediated immunity, the now “armed”
macrophages can either kill the fungus or wall it off within
granulomas. There is often central necrosis in the granulomas.
The clinical illness ends as the infection is controlled. The gran-
uloma is surrounded by peripheral fibrosis and may eventually
calcify. It is important to realize, however, that prior to the
development of specific T-cell–mediated immunity, the organ-
ism has disseminated widely throughout the body, and mul-
tiple organs (especially organs rich in reticuloendothelial [RE]
cells) may be heavily seeded, including the liver, spleen, adrenal
glands, and lungs. Calcified granulomas often are found in
these organs in residents of endemic areas (66) and do not im-
ply progressive dissemination but only uneventful healing of
the fungemia and benign dissemination that accompany many
primary infections.

Clinical Manifestations

The Primary Infection. The vast majority of human infections
caused by H. capsulatum are asymptomatic and discovered
only during the course of an epidemic investigation by identi-
fying individuals with a positive histoplasmin skin test. Usu-
ally there is no history of any significant prior respiratory ill-
ness (67,68). When the primary infection is symptomatic, it
produces a lower respiratory syndrome indistinguishable from
other influenza-like illnesses with nonproductive cough, fever,
headache, and myalgias (69). Recovery from the clinical illness
takes anywhere from several days to several weeks, but virtu-
ally all primary infections resolve spontaneously. In the rare in-
dividual with abnormal T-cells, the initial, usually self-limited
dissemination progresses, and a rapidly fatal, progressive dis-
seminated illness ensues (70) called progressive disseminated
histoplasmosis (PDH), which distinguishes it from the benign
early dissemination of primary histoplasmosis.
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Radiographically, the primary infection appears as single or
multiple areas of nodular infiltrate, frequently with involve-
ment of ipsilateral hilar lymph nodes. A diffuse micronodular
infiltrate may be seen when the initial inoculum is extremely
heavy (69). In rare patients with heavy exposure, rapidly
progressive gas exchange problems can develop, leading to
the manifestations of the adult respiratory distress syndrome
(ARDS).

In patients with preexisting pulmonary abnormalities, es-
pecially smokers with centrilobular emphysema, the primary
infection often involves the upper zones where the lung is most
abnormal (71,72). Most of these infections resolve sponta-
neously, although slowly. As many as 25% of these patients
develop a progressive, chronically destructive infection. The
chest radiograph mimics reinfection tuberculosis, and the fun-
gus grows in abnormal air spaces and advances to adjacent
areas of the lung, producing a fibrocavitary infiltrate (73).

Progressive Disseminated Histoplasmosis. Histoplasma or-
ganisms disseminate widely throughout the body, involving
cells of the RE system, during the preimmune phase of the
primary infection. With the development of T-cell–mediated
immunity, these foci of infectious particles are either killed
or walled off, and the infection is localized (70). Patients
without an effective T-cell–mediated immune system, how-
ever, often develop a rapidly progressive infection. The tissue
response in T-cell–deficient individuals is poor, without any
attempt at granuloma formation. Although macrophages are
seen throughout the infiltrate, organisms multiply freely within
these macrophages as well as in the necrotic material within the
infected tissue. High fever, hepatosplenomegaly, and evidence
of suppressed bone marrow function are seen. The pace of the
illness is rapid and may lead to death within days or weeks.

Progressive disseminated histoplasmosis follows a more
chronic course in patients with at least partially preserved
T-cell function—attempt at granuloma formation is seen, and
the number of organisms is considerably smaller (70). Ulcer-
ations of the buccal and pharyngeal mucosa and the rectum
as well as the glans penis may be seen, and occasionally cuta-
neous ulcers are present. Fever is usually low grade, and the
time course of the illness is months to years (70).

The chest radiograph in PDH is variable. In the more rapidly
progressive form of PDH, the chest radiograph frequently
shows a diffuse micronodular infiltrate (70). Small nodules
may coalesce as the infection progresses. In patients with par-
tially intact T-cell mediated immunity, chest radiograph may
mimic reinfection tuberculosis with fibrocavitary infiltrates in
the upper zones.

The vast majority of patients with the rapidly progressive
form of PDH are immunocompromised, and it is especially
common in patients with AIDS who have a CD4 count un-
der 100/dL (74). In this clinical setting, the chest radiograph
may appear normal initially and then rapidly progress to a dif-
fuse reticulonodular infiltrate, mimicking Pneumocystis carinii
pneumonia (74).

The mechanism of infection in HIV-infected patients (75)
(as well as in other immunocompromised patients) (76) may
be endogenous reactivation or may result from rapid progres-
sion of the primary infection in a patient with deficient T-cell–
mediated immunity who inhales the organisms while immuno-
suppressed (77). In rare instances, PDH has been acquired by
renal transplantation of an infected allograft (78).

Diagnosis

The diagnostic gold standard is recovery of the fungus in cul-
ture. Although it is usually not difficult, it is time consuming
because the laboratory has to grow the organism in its mycelial
phase at 23◦C, convert it to the yeast phase at 37◦C, and finally

convert it back to the mycelial phase at 23◦C. This entire pro-
cess may take up to 30 days. It is important to notify the labo-
ratory when histoplasmosis is suspected clinically. Exoantigen
testing on early mycelial isolates can prove that the isolate is
H. capsulatum and shorten the diagnostic sequence.

Primary pulmonary histoplasmosis is seldom diagnosed by
culture. Most cases are either never diagnosed or are diagnosed
retrospectively by serologic tests because sputum production is
minimal and the illness is usually self-limited. With rapidly pro-
gressive pulmonary disease leading to gas exchange problems,
lung biopsy is usually required, and the organism often can be
seen directly in histopathologic sections and cultured from the
tissue.

The most frequently utilized diagnostic tests for histoplas-
mosis are serologic. The immunodiffusion test has fair speci-
ficity but is not sensitive, and it cannot be highly recommended.
The complement fixation (CF) serologic test is more sensitive,
with more than three-quarters of the patients with primary
pulmonary histoplasmosis showing a diagnostic titer rise in
6 weeks. Unfortunately, both acute and convalescent sera are
required to show this titer rise. It often takes 4 to 6 weeks to
collect both sera and get the results back from a reference lab-
oratory (79). A single titer of 1:32 or higher to the yeast-phase
antigen is highly suggestive of acute histoplasma infection in
the appropriate clinical setting. Another immunodiagnostic test
is the measurement of the histoplasma polysaccharide antigen
(HPA) (80), which is now available in a kit form. The test mea-
sures fungal antigen in urine and serum and has high specificity.
It is also very sensitive in patients with a heavy burden of or-
ganisms, mainly AIDS patients with PDH (81). Sensitivity of
the test is low in more benign, self-limited forms of the dis-
ease, including primary pulmonary histoplasmosis in normal
hosts.

Except in AIDS serodiagnostic tests cannot be relied on for
diagnosis in patients with ARDS or rapidly progressive PDH
because they are too slow and insensitive. In AIDS patients,
the urine can be checked for HPA; a positive test is diagnos-
tic. For non-AIDS patients the organism must be documented
histopathologically in tissue or cultured from the blood or
other specimens. Cultural recovery from blood using the lysis–
centrifugation system is faster than cultural methods, especially
if there is a large burden of organisms, as occurs in AIDS pa-
tients (82). Within 3 to 5 days, adequate fungal growth can
be visualized. When the pace of the illness is even more rapid,
attempts at direct histopathologic diagnosis should be made.
The most simple and direct way to establish a direct diagnosis is
the examination of bone marrow using an aspirate and bilateral
trephine biopsies (83). Special stains, either methenamine sil-
ver or the periodic acid-Schiff (PAS), are extremely helpful. The
diagnosis can be established within hours if the characteristic
yeast is seen within bone marrow macrophages. In occasional
patients (again usually AIDS patients with large burden of or-
ganisms), the characteristic yeast can be identified directly on
peripheral blood smears, where they are seen within circulating
phagocytes (84).

Involvement of the Genitourinary Tract. Although the renal
parenchyma may be involved at autopsy examination in more
than 40% of patients who die of PDH (70,85,86), clinically
apparent renal disease during life is uncommon. In occasional
patients, renal papillary necrosis has been reported (87). In one
reported instance, a calcified histoplasma granuloma eroded
from the kidney to the skin producing a pyelocutaneous fis-
tula (88). The organism may be recovered in culture from
urine in patients with PDH. The incidence of cultural recov-
ery depends on the severity of infection and intensity of effort
made to culture the urine. Some authors have reported posi-
tive urine cultures in up to 40% of patients in selected series
of PDH (86,89). AIDS patients with PDH have a very high
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density of organisms and are most likely to have positive urine
cultures.

Prostatitis and cystitis have been reported at autopsy, but
clinically these are exceedingly rare (70,85,90). The glans penis
may be involved by an ulcer in PDH, especially in uncircum-
cised males.

Histoplasma polysaccharide antigen can be detected in the
urine of patients with PDH with a heavy fungal burden. This
test is essential in AIDS patients with PDH, both for initial
diagnosis (81) and for monitoring relapse (91). Histoplasma
polysaccharide antigen has a significant but lesser role in di-
agnosis and management of PDH in non-AIDS patients where
the burden of fungal organisms is much smaller.

Treatment

Treatment is seldom indicated for primary infections because
the vast majority of them resolve spontaneously. For patients
with severe acute pulmonary histoplasmosis with ARDS, the
treatment is amphotericin-B (AMB) to a dose of 500 mg or un-
til improvement has occurred (92). Patients with PDH usually
require AMB to clinical stabilization (up to 500 to 1,000 mg)
followed by itraconazole 200 mg twice daily (93). Itraconazole
should be continued for life in patients whose immunosup-
pressed state cannot be reversed, including all patients with
AIDS. Patients with chronic pulmonary histoplasmosis and
milder forms of PDH can be treated with itraconazole (same
dose) for 6 months.

Blastomycosis

Epidemiology

The thermal dimorphic fungus Blastomyces dermatitides is en-
demic primarily in North America. The disease is common only
in the United States and Canada. The endemic area largely over-
laps the endemic area of histoplasmosis except that it extends
further north across northern Wisconsin and Minnesota and
into the central provinces of Canada. The organism resides
in soil, and it appears to require high humidity and organic
nitrogen for optimum growth (59). Infection in humans and
susceptible mammals, such as the dog (94), follows inhalation
of aerosolized particles.

Pathogenesis

The lung is the portal of entry for most infections. Following
inhalation of the infecting particles, an area of pneumonitis
occurs in the alveoli. The large yeasts multiply once the or-
ganism converts to its yeast phase. There is single budding
with a characteristic broad neck of attachment between the
bud and parent cell. The initial tissue response is predomi-
nantly pyogenic (61). Only later do macrophages participate
in large number. After establishment of cell-mediated immu-
nity, the macrophages ingesting the organisms are capable of
killing them, and the infection is usually controlled. Usually
the infection is confined to the lung and hilar nodes. In some
patients, the organism disseminates by way of the bloodstream
throughout the body. Spontaneous resolution is unlikely once
extrapulmonary dissemination occurs. Unlike in histoplasmo-
sis where the final histopathology is primarily granulomatous,
in blastomycosis the histopathology usually retains a heavy
PMN infiltrate, producing characteristic microabscess forma-
tion and pyogenic-granulomatous tissue response. Extrapul-
monary dissemination usually involves the skin and bones, and
less commonly the prostate and meninges (59,61). Other in-
volved organs have been reported on occasion.

Clinical Manifestations

Some primary infections are asymptomatic. When symp-
tomatic, the disease may manifest itself as an acute lower respi-
ratory tract infection with fever, myalgia, and arthralgia, and
a cough productive of mucopurulent sputum (95). Many in-
dividuals slowly recover following the clinically symptomatic
illness, but a sizable number do not. They develop a subacute
to chronic, slowly progressive pulmonary infection (59).

Chest radiographic findings are highly variable. The infil-
trates are frequently nodular, but may involve entire lobes as
well (96). Hilar lymph nodes may be involved, and pleural dis-
ease is not uncommon.

Once extrapulmonary dissemination occurs, the resultant
cutaneous ulcers and bony lesions become symptomatic. Pro-
static involvement may be silent or symptomatic (59,61),
whereas meningeal disease usually leads to the development
of subacute or chronic meningitis. Patients may have headache
and altered mental status, but frank meningeal signs including
stiff neck are usually absent (97).

Involvement of the Genitourinary Tract

Renal involvement, although reported, is extremely rare (98).
When the kidney is involved, there are usually no clinical find-
ings. Autopsy series show a higher incidence of renal involve-
ment, but these include mainly patients with well-advanced
cases of blastomycosis who died of widely disseminated dis-
ease. Even in these patients, the renal involvement was clini-
cally silent during life (61).

The prostate as well as the testes and epididymis may be
involved with extrapulmonary dissemination (59,61,99). Find-
ings frequently are that of a nonspecific prostatitis with signs
and symptoms of a urinary tract infection. Occasional patients
present with lower urinary tract obstruction, suggesting benign
prostatic hypertrophy. The combination of prostatic disease in
combination with a chronic lung infection, with or without
skin and bony lesions, should raise suspicion of blastomycosis
(59).

Diagnosis

Diagnosis usually requires either isolation in culture or direct
visualization of the organism from biologic material. Cultural
recovery is not difficult, but may take as long as 30 days to
complete. When the laboratory is properly alerted, earlier, ten-
tative identification can be made as soon as 3 to 5 days after
plating the material by using exoantigen testing to positively
identify early mycelial isolates.

The simplest and most direct diagnostic test is direct exam-
ination of sputum and other biological material after digestion
with 10% KOH. The potassium hydroxide dissolves extrane-
ous material, leaving the infecting organisms readily visible.
When large, single budding yeast with a wide neck of attach-
ment between parent and daughter cell is visualized, diagnosis
is certain. KOH preparations may be performed on respiratory
secretions, skin scrapings, aspirates from cutaneous microab-
scesses, and prostatic fluid obtained after transrectal prostatic
massage (59).

Histopathology of biopsied material frequently shows the
organism. In addition to the more frequently performed sil-
ver stain, the PAS stain is highly effective for identifying the
organism in tissue sections (61).

Although serologic tests exist, they are neither as specific
nor as sensitive as for histoplasmosis (100). A positive sero-
logic test should raise suspicion and prompt more intensive
diagnostic investigation, including direct smears, cultures, and
tissue biopsies as appropriate, although one should not make
a definite diagnosis of blastomycosis on the basis of sero-
logic tests. The immunodiffusion test has fairly good specificity
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(it should never be ignored when positive) but has poor sensi-
tivity so that a negative result can never exclude the diagnosis.

Treatment

Itraconazole is highly effective in nonmeningeal blastomycosis.
Over 90% of patients with mild to moderate pulmonary and
nonmeningeal extrapulmonary blastomycosis can be success-
fully treated with itraconazole at a dose of 200 mg twice daily
for 6 months (101).

Amphotericin-B should be used when the disease is rapidly
progressive or involves the meninges. In the majority of in-
stances, 1.5 to 2.0 g of AMB is curative (102). Amphotericin-
B is more effective and results in more rapid improvement
than oral agents. Amphotericin-B should be used for all life-
threatening disease. Once such patients stabilize (usually af-
ter 0.5 to 1.0 g of AMB) treatment can be switched to itra-
conazole, 200 mg twice daily, which is continued for 6 to
12 months.

Coccidioidomycosis

Epidemiology

The tissue dimorphic fungus Coccidioides immitis is endemic
only in North and South America. The most heavily endemic
area exists in the desert southwest United States and contigu-
ous areas of Mexico. The organism survives the desert heat in
rodent burrows. Mycelial growth occurs following the rainy
season, when rapidly rising temperatures are highly favorable
for growth (60). The barrel-shaped Arthroconidia become air-
borne following any disturbance of the soil and may travel
considerable distances to cause human illness (103).

Pathogenesis

The lung is the portal of entry. Upon arrival at the alveoli, the
arthrospores convert to the tissue-invasive form, leading to the
formation of giant spherules. Septation occurs within the giant
spherules, leading to the formation of a large number of en-
dospores. Following maturation of the giant spherule, the cell
wall ruptures, releasing the endospores. Each endospore can
mature to another giant spherule. Following initial PMN in-
flux, macrophages increase in numbers and ingest the fungus.
Following initial PMN exudate, macrophages move in to ingest
the fungus. Following establishment of effective cell-mediated
immunity, infected areas are walled off, creating focal nodules
that have granulomatous and pyogenic elements. These nod-
ules are essentially microabscesses. In patients at risk for the
development of disseminated disease, the organism can spread
beyond the lung. Involvement of the skin and bones is common.
In approximately one-third of the patients extrapulmonary dis-
semination involves the meninges, either as one of many organs
or as the sole extrapulmonary site of infection (60).

Clinical Manifestations

The Primary Infection. Most primary infections are asymp-
tomatic and heal spontaneously. Symptomatic patients have
fever, arthralgias, and myalgias, frequently followed by the de-
velopment of severe pleuritic chest pain and cough productive
of mucopurulent sputum. Recovery may take anywhere from
a few days to 6 or more weeks. One to 3 weeks are typical. In
some patients, the disease slowly progresses causing substantial
morbidity (57).

Extrapulmonary dissemination, when present, usually fol-
lows in the wake of the acute illness. With meningeal dis-
ease, overt meningeal signs are usually absent, and the patient
presents primarily with either headache or confusion. Bone and

joint infection is usually symptomatic. If the patient lives long
with disseminated disease, involvement of the skin, which is
usually quite obvious to the patient and the examiner, is nearly
universal (57,60).

Chest radiographic findings during the acute infection range
from small areas of pneumonitis to nodular infiltrates. These
nodules frequently shell out, leading initially to a thick-walled
cavity. The development of a thin-walled cavity is considered a
hallmark of the disease. Radiographic manifestations of bone
disease often include destruction of bone, but are not specific
(104).

Genitourinary Tract Involvement

Symptomatic involvement of the kidneys is extremely rare, al-
though renal involvement in an autopsy series is considerably
more common, reaching 60% in an older series that included
many patients with widely disseminated disease (105,106). The
organism often can be cultured from the urine in cases of dis-
seminated coccidioidomycosis. However, the presence of fun-
guria during a primary infection does not always indicate pro-
gressive extrapulmonary dissemination. Many patients with
funguria recover spontaneously (107). The prostate and epi-
didymis may also be involved. Symptomatic prostatitis is quite
rare (104,106,108).

Diagnosis

Although the organism is easy to culture, it is extremely haz-
ardous to laboratory personnel. Most laboratories that attempt
to culture it use a closed culture system with exoantigen test-
ing as the identification procedure, to reduce risk to labora-
tory personnel (109). Papanicolaou stain of biologic material
(including sputum and pus from sinus tracts or aspirate from
microabscesses) frequently shows the fungus (110). Although
10% KOH may be used, the Papanicolaou smear is more sen-
sitive.

Serodiagnosis in coccidioidomycosis is highly developed.
The complement fixation (CF) test in the right laboratory is
both diagnostic and provides useful prognostic information.
A high or rising titer (to 1:32 or higher) should increase sus-
picion of extrapulmonary dissemination (111). Many labo-
ratories now use the much simpler immunodiffusion test for
both IgM and IgG antibodies. Once the diagnosis is estab-
lished by immunodiffusion testing, a CF test also should be
done because it has greater prognostic value. Complement fix-
ation test is not necessary if the immunodiffusion tests are
negative.

The organism is readily seen in histopathologic sections even
without special stains. Giant spherules are large (30 to 100 μm)
and are so characteristic in appearance that they are seldom
misinterpreted. Special stains also are helpful, and both the
silver and PAS stains may be used. Individual endospores are
best seen with these special stains and can resemble small yeast;
however, if spherules are also present, there is no confusion.

Treatment

Although AMB has been used for almost 40 years in coccid-
ioidomycosis, it is not as effective as it is for histoplasmosis and
blastomycosis and its exact role is still poorly defined. Most au-
thorities believe that severely ill patients should receive AMB
initially, followed by fluconazole after clinical stabilization.

Since fluconazole became available, the majority of opinion
has swung toward the use of fluconazole early in daily doses
of 400 to 800 mg (112). Even meningitis seems to respond
well (113). Although it is perhaps too early to speak of cures
of coccidioidal meningitis, long-term functional improvement
may be obtained.
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INFECTIONS CAUSED BY
T-CELL OPPORTUNISTS:

CRYPTOCOCCOSIS

Epidemiology

Cryptococcosis is different from the endemic mycoses because
it is neither geographically restricted nor dimorphic. The or-
ganism exists in a yeast form in nature and infected tissue. The
organism is found in soil, usually in association with pigeon
and other bird excreta (114). It occurs in both urban and ru-
ral areas. Although the exact nature of the infecting particle is
unclear, it is widely accepted that desiccated small yeast is the
likely infectious particle.

Pathogenesis

The lungs are the portals of entry. Following inhalation of
the infecting particle (the small, nonencapsulated yeast), the
yeast forms reach the alveoli, and begin multiplication and
capsule formation. Because the large carbohydrate capsule is
antiphagocytic, the recruitment of PMN and other inflamma-
tory cells is markedly decreased (63). It is not uncommon to see
large masses of cryptococci growing in tissue without any vis-
ible inflammatory response. Elimination of the organism usu-
ally proceeds only after development of adequate cell-mediated
immunity (115). Presumably during the preimmune phase of
the infection, the organism gains access to the circulation and
disseminates throughout the body. The yeast is neurotropic,
and the most frequent extrapulmonary site of lodgment is the
meninges and brain tissue itself.

Clinical Manifestations

Primary Infection. The vast majority of patients have no symp-
toms during the initial pulmonary infection. Most patients

come to medical attention only if they later develop meningeal
disease. At the time cryptococcal meningitis is recognized,
occasional patients still have evidence of healing pulmonary
cryptococcosis, usually manifest as a small infiltrate or round
nodule on the chest radiograph. Occasional patients develop
symptoms during the primary pulmonary infection, which are
usually mild. Mild fever and cough may be present, but the tem-
perature elevation is usually short-lived, and the cough is sel-
dom severe. The chest radiograph in symptomatic patients with
pulmonary cryptococcosis is variable. The majority of individ-
uals show single, or occasionally multiple, nodules that attain
surprisingly large size, even up to 10 cm in diameter. Healing
usually takes place without scar formation and complete dis-
appearance of the lesions from the pulmonary parenchyma is
the rule.

Cryptococcal meningitis is the most common clinical syn-
drome recognized. The onset of meningitis is usually subacute,
and seldom there are florid signs of meningitis. Most frequent
complaints include headache and occasionally confusion. Focal
neurologic findings are uncommon. When present, they usually
result from entrapment of various cranial nerves. The sixth
cranial nerve is most frequently involved, causing lateral rec-
tus palsy. The tempo of disease is highly variable. Although in
many patients the disease follows a subacute or even chronic
course, the organism is capable of producing an explosive and
rapidly progressive infection leading to death in days to weeks.
Extrapulmonary cryptococcosis, including meningitis, is a dis-
ease seen almost exclusively in patients whose T-cell function
is impaired. Prior to the onset of the HIV epidemic, many
patients with lymphoreticular malignancies (most commonly
Hodgkin’s disease) developed the illness (116). Because of the
advent of the HIV epidemic, the vast majority of cryptococ-
cal infections are seen in patients with AIDS (117). Develop-
ment of cryptococcal disease is usually a late finding during
the course of HIV infection. Early in the AIDS epidemic in
North America, approximately 7% to 10% of all HIV-infected
patients developed cryptococcal disease. This incidence has

TA B L E 3 7 - 2

CLINICAL MANIFESTATIONS OF T-CELL OPPORTUNISTS

Histoplasmosis Blastomycosis Coccidioidomycosis Cryptococcosis

Habitat Soil enriched by organic
nitrogen in the form
of bird or animal
feces.

Soil enriched by organic
nitrogen in the form
of bird or animal
feces.

Soil enriched by organic
nitrogen in the form
of bird or animal
feces.

Soil enriched by organic
nitrogen in the form
of bird or animal
feces.

Portal of entry of
primary infections

Lung
Mild
Self-limited. Occasional

adult respiratory
distress syndrome.

Lung
Moderately severe. May

be self-limited,
usually subacute and
progressive.

Can mimic bacterial
pneumonia
occasional ARDS.

Lung
Mild to severe pleuric

pain common, usually
self-limited.

Progressive in significant
minority of patients.

Lung
Symptomatic to mild.

Tissue response Granulomatous Pyogranulomatous Pyogranulomatous Usually no response to
occasional granuloma

Extrapulmonary
spread

Always (benign
Fungemia)

Progressive in T-cell
immunocompromised
host.

Frequent
Frequently no evidence

of T-cell abnormality.

Occasional
Males, blacks, T-cell

immunocompromised
hosts at risk.

Rare in normals
Extemely common in

T-cell immuno-
compromised
host.

Regiculoendothelial
organs

Skin, bone, prostate,
meninges

Skin, bones, meninges Meninges, bones,
prostate, kidney, skin

Complicating human
immuno-deficiency
virus infection

Common Rare Common Very common
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TA B L E 3 7 - 3

DIAGNOSIS OF INFECTIONS WITH T-CELL OPPORTUNISTS

Histoplasmosis Blastomycosis Coccidioidomycosis Cryptococcosis

Histopathology 2 to 5-μ single
budding yeast;
silver or PAS stain.

−20-μ single budding
yeast, with broad neck
of attachment; multiple
nuclei; thick, doubly
refractive wall; silver or
PAS stain.

Huge, up to 100-μ giant
spherule, with multiple
endospores H&E;
silver stain.

Encapsulated single
budding yeast;
capsule size variable;
silver or
mucicarmine stain.
India ink preparation
of CSF and other
fluids.

Culture Time consuming, up
to 30 days.

Tuberculate
macroconidia may
be seen by 5 to
7 days.

Exoantigen testing
quicker.

Time consuming, up to
30 days.

Lollipop-shared conidia
are seen by 5 to 7 days.

Extreme biohazard
Barrel-shaped

arthroconidia are seen
by 7 days.

Closed-system
exoantigen testing
avoids aerosol
formation.

Rapid, 3 to 5 days.
Capsule formation is
variable.

Rapid diagnosis by
examination of
fresh specimen

Silver stain of
sputum may show
small yeasts, but is
unreliable and has
low sensitivity.

Intracellular
organisms may be
seen on peripheral
blood smear,
especially in AIDS
patients.

KOH digest is less highly
reliable.

Papanicolaou stain
frequently is positive.

Papanicolaou stain is
positive in 50%.

KOH digest is less
reliable.

India ink preparation
of CSF or prostatic
secretions is highly
specific and 70%
sensitive.

Serology Immunodiffusion is
not sensitive CF
test is 75%
sensitive; fourfold
rise usually takes
3 to 6 weeks.

HPA is sensitive in
disseminated
disease, especially
in AIDS patients.

HPA has high
specificity.

Tests are not highly
reliable; however,
positive results should
lead to renewed efforts
to investigate further
with cultures and tissue
biopsies for
histopathology.

Immunodiffusion test is
useful as initial
screening test.

CF test is sensitive and
provides prognostic
information.

Antigen determination
is highly sensitive in
CSF; serum antigen
titer usually positive
in AIDS patients, but
usually negative in
others.

HPA, Histoplasma polysaccharide antigen; PAS, periodic acid-Schiff; H&E, hematoxylin and eosin; AIDS, acquired immune deficiency syndrome;
KOH, potassium hydroxide; CSF, cerebrospinal fluid; CF, complement fixation.

decreased because of the widespread use of fluconazole (for oral
and esophageal candidiasis and primary prevention of crypto-
coccus) and because of the advent of effective antiretroviral
therapy that preserves and even restores immune function. It
is estimated that up to one-third of AIDS patients in Africa
develop cryptococcal infection during the course of their HIV
infection.

Diagnosis

Recovery of the organism in culture is usually rapid and easy.
The organism grows in unenriched media and is frequently
cultured in 3 to 4 days.

India ink preparations of spinal fluid (and prostatic fluid)
are extremely helpful in experienced hands. Fine particles of
carbon are held away from the yeast cell wall by the capsule,
leaving an obvious halo around the organism. Although the In-
dia ink test is highly specific, sensitivity, even in the best hands,
is only 50% to 70% (118).

Diagnosis has been simplified since cryptococcal antigen de-
termination became available. Cryptococcal antigen may be
measured in serum or in cerebrospinal fluid (CSF). In HIV-
infected patients, serum cryptococcal antigen titers are almost
always as high if not higher than concurrent cerebrospinal
fluid levels (117). In non-AIDS immunocompromised patients,
serum cryptococcal titers are usually negative, and the CSF
must always be tested for the antigen.

Examination of CSF usually reveals a lymphocytic pleocy-
tosis of varying degree. The protein is usually elevated, and the
glucose is depressed. In non-AIDS patients, a white count be-
low 20/mm2 implies poor prognosis (119). It is important to
recognize that, especially in AIDS patients, the cerebrospinal
fluid frequently is entirely normal without any lymphocytic
pleocytosis and normal protein and glucose. In these instances,
the diagnosis depends on a positive cryptococcal antigen test
on CSF or a positive culture of the CSF (120).

Histopathologic examination of biopsy material shows
large masses of budding yeasts with a large carbohydrate
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capsule. Although the organism is readily visible on H&E
stained sections, the mucicarmine stain stains the capsule a
brilliant red, aiding diagnosis.

Involvement of the Genitourinary Tract

During the preimmune phase of dissemination, the organisms
frequently spread to the kidney and prostate. Renal involve-
ment is usually asymptomatic, and only occasionally will pa-
tients develop any urinary tract findings such as dysuria and uri-
nary frequency (121). Progressive involvement of the kidneys
has been reported but is rare. Pyelonephritis and renal papil-
lary necrosis are also quite uncommon (121,122). In contrast to
the infrequent clinical findings of renal involvement, autopsy
studies of AIDS patients with cryptococcal infection show a
surprisingly high frequency of renal involvement with up to
one-half of patients showing fungi within renal parenchyma
(123,124).

Symptomatic prostatitis is uncommon, but does occur
(123,125,126). The prostate appears to be a “sanctuary” site of
involvement (127). Following apparently successful treatment
of cryptococcal meningitis, recurrence of the cryptococcal in-
fection is sometimes recognized first in the prostate, especially
in AIDS patients (128).

Treatment

Pulmonary cryptococcal disease in immunologically intact pa-
tients is usually a self-limited illness. Prior to the availability of
fluconazole, most experts suggested a period of careful obser-
vation prior to starting AMB treatment, after CSF sampling to
exclude meningitis (129). Since fluconazole became available,
it is probably reasonable to initiate treatment with this agent at
400 mg/day to hasten resolution and perhaps lessen the chance
of meningeal seeding. Whether one elects to observe or treat
such a patient, it is mandatory to perform a lumbar puncture
to rule out the presence of meningeal involvement, which may
be totally asymptomatic.

Pulmonary cryptococcal disease in T-cell immunocompro-
mised patients usually progresses to extrapulmonary dissemi-
nation. After a lumbar puncture is performed, all such patients
should be treated. In stable patients, fluconazole 400 mg daily
usually is adequate. When the pace of the infection is rapid,
AMB 0.7 mg/kg daily with 5-fluorocytosine (5FC) 100 mg/kg
daily in four divided doses (with monitoring of serum levels
and dosage adjustments as needed to maintain serum levels of
100 to 150 μg/dL) is recommended (93).

Amphotericin-B 0.7 mg/kg daily plus 5-FC 100 mg/kg in
four divided doses also is the recommended initial treatment
for patients with disseminated cryptococcal disease (130). 5-FC
is bone marrow toxic and is particularly difficult to use in AIDS
patients, whose bone marrow is already suppressed from HIV
infection, other opportunistic infections and from retroviral
treatment. Drug levels must be monitored and 5-FC dosing
adjusted downward as needed. The goal in AIDS patients is to
keep the serum level less than 100 μg per dL. Even with reduced
dosing, many AIDS patients simply will not tolerate 5-FC with-
out major bone marrow suppression. In fact in some centers
5-FC is rarely used. AMB alone is an alternative for initial ther-
apy of cryptococcal meningitis (doses at least 0.7 mg/kg/day)
for AIDS patients unlikely to tolerate 5-FC. Fluconazole (400 to
800 mg/day) is also effective and may be safely tried as initial
therapy in patients who are stable and do not have focal neu-
rologic findings or altered mental state (131). Care must be
taken to watch for the development of increased intracranial
pressure, which usually becomes manifest by deterioration of
cognitive function as well as the development of papilledema.
When increased intracranial pressure becomes clinically evi-
dent, then removal of spinal fluid by repeated lumbar puncture
(done under pressure monitoring with removal of sufficient

volume to reduce the opening pressure by half) or decompres-
sion of the lateral ventricles by use of an intraventricular shunt
should be performed.

Following successful treatment of the meningeal disease, flu-
conazole 200 mg daily should be given to all AIDS patients
and other selected severely immunocompromised patients for
the remainder of their lives. This form of treatment is more ef-
fective than continuous suppressive therapy with weekly doses
of AMB (132). It is thought that persistence of the organisms
in the prostate may give rise to many clinically significant re-
currences. The continuous use of fluconazole appears to suc-
cessfully suppress the organism in extrapulmonary sites and
prevent relapses (118). In Table 37-2 are highlighted the clini-
cal manifestations of the important T-cell opportunists and in
Table 37-3 are highlighted the diagnostic tests that are useful
in these infections.
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CHAPTER 38 ■ URINARY TRACT
TUBERCULOSIS
MARK S. PASTERNACK AND ROBERT H. RUBIN

Nearly a century ago, Osler pointed out that the clinical entity
tuberculosis is the net result of two pathologic processes: “In all
tubercles two processes go on: the one—caseation—destructive
and dangerous; and the other—sclerosis—conservative and
healing. The ultimate result in a given case depends upon the
capabilities of the body to restrict and limit the growth of the
bacilli” (1).

Perhaps in no other form of tuberculosis are both these pro-
cesses so important in determining the clinical impact of the
tubercle bacillus on an organ system as in genitourinary tuber-
culosis. On the one hand, particularly in the preantimicrobial
era, progressive destruction and caseating necrosis of the kid-
ney leading to “autonephrectomy” have long been recognized
as possible results of tuberculous seeding of the kidney. On the
other hand, ureteral and calyceal scarring as part of the healing
process can result in obstructive uropathy and comparable loss
of renal function. Therefore, medical and surgical management
of genitourinary tuberculosis must focus on both aspects of
the tuberculous process, with emphasis on the early diagnosis
and prevention of both tissue damage and excessive scarring.
Because genitourinary tract disease can be a particularly oc-
cult form of tuberculosis, clinicians are challenged greatly in
their efforts to achieve these objectives. The purpose of this
chapter is to outline a practical approach to this problem,
based on established epidemiologic, pathogenetic, and clinical
principles.

ETIOLOGY

Robert Koch first identified the tubercle bacillus in 1882 over
100 years ago. In his classic report, he defined staining proce-
dures for the direct observation of bacilli in clinical specimens
(including the use of aniline dyes, which are now used to de-
fine “acid-fastness”), culture techniques on solid medium for
the in vitro passage of bacilli isolated from clinical or experi-
mental lesions, and subsequent inoculation of guinea pigs with
cultured material to confirm its etiologic role in tuberculosis
(2). This demonstration of an etiologic role for the tubercle
bacillus in tuberculosis became the basis of “Koch’s postu-
lates,” the standard criteria for etiologic research in infectious
disease.

Mycobacterium tuberculosis, the human tubercle bacillus,
is now classified as one of approximately 90 species of higher
bacteria with unusual shared structural and tinctorial proper-
ties (3,4). All mycobacteria, members of the genus Mycobac-
terium, have the ability to take up aniline dyes, such as those
contained in carbolfuchsin, and to resist decolorization by
washing in alcohol acidified with inorganic acid (e.g., 95%
ethanol, 3% HCl). This unique property correlates with the
extremely high lipid content of mycobacterial cell walls. Al-
though all mycobacteria are obligate aerobes, they are found
in nature in disparate settings: some species exist primarily as

soil and water saprophytes, while others are true pathogens of
amphibians, reptiles, birds, and various mammals. M. bovis,
the bovine tubercle bacillus, has virtually disappeared as a hu-
man pathogen in modern societies through tuberculin testing
of cattle and pasteurization of dairy products. A variety of
mycobacterial species can be pathogenic in humans (e.g., M.
avium-intracellulare), whereas still others have been identified
as human saprophytes (M. gastri, M. smegmatis). Mycobac-
terium tuberculosis is distinguished from the many other “atyp-
ical” mycobacteria by its metabolic properties, rate of growth,
pigment production, and virulence in experimental infection in
guinea pigs. Mycobacterium tuberculosis characteristically ap-
pears as a small, slender, slightly curved rod 2 to 4 μm in length
with a diameter of 0.3 to 0.6 μm. Bacilli can appear singly or in
small clusters on clinical specimens. Unlike infected pulmonary
secretions where the density of organisms commonly is high,
the low density of bacilli in urine samples, as well as their pos-
sible confusion with saprophytic mycobacteria, makes urine
acid-fast stains impractical for rapid diagnosis. Although M.
tuberculosis can grow on simple synthetic media, typically in
intertwining aggregates known as serpentine cords, its slow
growth rate (15 to 20 hours doubling time) necessitates cul-
ture periods of up to 6 to 8 weeks for the appearance of vis-
ible colonies. Optimal growth requires high partial pressures
of oxygen, as in air, although bacilli can remain viable but
metabolically dormant under greatly reduced PO2. This is par-
ticularly relevant for the progression of renal tuberculosis (see
the following discussion).

The unique features of the mycobacterial cell wall are re-
sponsible not only for the characteristic acid-fast staining prop-
erties but for some of the important host–parasite interac-
tions as well. In addition to a peptidoglycan cell wall layer
common to conventional bacteria, a second glycan layer en-
cases the organism (5,6). This arabino-galactan layer is co-
valently linked to the peptidoglycan layer and also contains
esters of mycolic acids, which are very large fatty acids that
are unique to mycobacteria. A number of complex glycolipids
reside in the outermost layer—“cord factor,” phosphatides,
and sulfatides. These glycolipids can be extracted from vi-
able mycobacteria by organic solvents and thus are not co-
valently linked to the glycan layers. Cord factor, trehalose
dimycolate, is responsible for growth in serpentine cords in
vitro and is a virulence factor in vivo (7). The mycobacte-
rial sulfatides are lysosomotropic within macrophages and in-
hibit the fusion of sulfatide-containing lysosomes with phago-
somes containing engulfed viable bacilli (8). These agents may
thus be protective against the intracellular killing mechanism
of macrophages. In contrast, the most striking immunologic
feature of mycobacteria, their immunoadjuvant capacity, ap-
pears to be due to muramyl dipeptide, which is an essen-
tially ubiquitous component of bacterial peptidoglycan cell
walls (9,10). Presumably, the association of the peptidoglycan
layer with the lipid-rich outer layers potentiates its adjuvant
activity (7).
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EPIDEMIOLOGY

Tuberculosis remains the single greatest cause of death due to
microbial invasion in the world. The World Health Organi-
zation (WHO) estimates that approximately one-third of the
world’s population is latently infected with Mycobacterium
tuberculosis; and approximately 8 million new cases and 3 mil-
lion deaths due to tuberculosis occur each year. Although more
than 90% of cases occur in the developing world (where there
is significant overlap with the acquired immune deficiency syn-
drome (AIDS) epidemic), approximately 15 million individuals
in the United States are infected with M. tuberculosis (11–15).

Prior to 1980, significant progress, particularly in the devel-
oped countries, was being made in the control of tuberculosis.
However, in the 1980s the epidemiology of tuberculosis, both
in developed countries like the United States and in the emerg-
ing countries of Asia, Africa, and Latin America, underwent
a catastrophic change. The advent of the AIDS epidemic, fur-
ther exacerbated by war, famine, and poverty, and the large-
scale immigration of populations caused by these conditions,
brought to a halt the progress that was being made in the world-
wide control of tuberculosis. For example, in the United States,
the number of recognized cases of tuberculosis decreased be-
tween 1953 and 1984 by 73.6% (84,304 to 22,255); however,
from 1985 to 1992, there was an increase of 12.6% in the an-
nual incidence of reported cases of clinical tuberculosis (26,673
in 1992). Factors other than the AIDS epidemic postulated to
account for this increase in cases included the following: (a) a
decrease in the availability of resources for tuberculosis con-
trol programs; (b) an increasing homeless population; and (c)
an increase in the number of individuals incarcerated within
the prison system—these last two, like the AIDS epidemic,
particularly affecting those populations in which tuberculo-
sis had traditionally been a significant problem—immigrants,
the poor, non-Caucasians, and those without supporting so-
cial structures. Included in this resurgence in tuberculosis cases
was a high rate of transmission to vulnerable populations in
hospitals, correctional facilities, residential care facilities, and
shelters for the homeless. Indeed, in a particularly alarming de-
velopment, outbreaks of M. tuberculosis resistant to isoniazid
and rifampin were now being reported (15–19).

Recognition of this growing problem resulted in an intensi-
fication of tuberculosis control measures, including the use of
directly observed therapy. By 1999, the number of new U.S.
cases of tuberculosis had fallen to an all-time low, 18,361 (6.4
per 100,000), a 34% reduction since 1992. This decline re-
flected improvement in preventing both the transmission of the
infection (clustered cases) and reactivation disease (15,20,21).
Tuberculosis in the United States is primarily an urban disease
with 75% of the new cases occurring in the 99 metropolitan
areas that have populations of more than 500,000. Increas-
ingly, in the United States tuberculosis is found among immi-
grants. Thus, although from 1992 to 1999 the number of cases
decreased 46% among those born in the United States, the
number of cases increased 3% among those born outside the
United States. Approximately half these cases were found in
immigrants from Latin America, the Philippines, and South-
east Asia (15). The overall incidence of clinical tuberculosis
among foreign-born residents of the United States is approxi-
mately 30/100,000, more than four times that of native-born
residents. In Europe similar patterns of increased tuberculo-
sis have been seen among immigrants from high-tuberculosis–
incidence countries (15,16,22–24). In addition, relatively high
rates of extrapulmonary tuberculosis and drug-resistant tuber-
culosis have been observed among these immigrant populations
(25).

Of these extrapulmonary forms of tuberculosis, genitouri-
nary tract disease and infection of regional lymph nodes are the

FIGURE 38-1. Schematic representation of the pathogenesis of urinary
tract tuberculosis.

ones most frequently encountered by the clinician with geni-
tourinary tract disease accounting for approximately 20% of
extrapulmonary infection (26–29). As outlined in the following
discussion and in Figure 38-1, extrapulmonary tuberculosis is
the result of hematogenous spread from a pulmonary site of
primary infection. Accordingly, genitourinary tuberculosis is
observed in two clinical settings: commonly, as a late manifes-
tation of earlier clinical or subclinical pulmonary infection and
rarely, as part of the multiorgan infection that is characteristic
of disseminated (miliary) tuberculosis.

Statistics generated in the prechemotherapy era indicated
that approximately 3% of unselected autopsy patients and
26% of those dying of tuberculosis had evidence of genitouri-
nary tract tuberculosis at postmortem examination (30). In the
early chemotherapeutic era (1952–1960), approximately 11%
of patients dying of tuberculosis had genitourinary involvement
at autopsy with most of this decline attributable to a decrease
in early genitourinary lesions in patients with miliary tubercu-
losis (31). At the present time, it is estimated that significant
genitourinary disease will develop in approximately 4% to 8%
of non-HIV–infected individuals with pulmonary tuberculosis
if adequate therapy is not instituted (29).

Traditionally, genitourinary tuberculosis has been a disease
of young to middle-aged adults with a male to female ratio
of approximately 5:3 (29–31,33–35). Although genitourinary
tuberculosis has been reported in children (32,36,37), it is un-
common, and seen today almost exclusively in the rare child
with miliary disease. Approximately one-quarter of the patients
with genitourinary tuberculosis have a history of diagnosed tu-
berculosis (usually of the lung). In an additional 25% to 50% of
patients, changes compatible with old pulmonary tuberculosis
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can be found on chest x-ray films made at the time of diagnosis
of genitourinary tract disease (29,33,35).

Thus, in the non-HIV–infected individual there is a con-
siderable lapse of time between the onset of pulmonary infec-
tion and the diagnosis of active genitourinary tuberculosis. If
one considers patients with early manifestations of primary tu-
berculous infection (i.e., erythema nodosum, pleurisy, or hilar
adenopathy), the time lapse is most commonly 16 to 25 years,
and intervals of longer than 40 years have been well docu-
mented. If one looks at patients with reactivation pulmonary
tuberculosis, then the time lapse is usually about 4 to 8 years,
but it may be as long as several decades (29,33,38).

There are several epidemiologic implications of these obser-
vations. First, the best way to decrease the incidence of gen-
itourinary tuberculosis is by identifying and treating persons
with pulmonary infection prior to the development of extrapul-
monary disease. Second, long after the incidence of pulmonary
tuberculosis falls, the incidence of genitourinary disease will re-
main relatively high, because a reservoir of patients with silent
genitourinary tract infection will persist for decades after the
incidence of new pulmonary infection falls. Thus, the rise in tu-
berculosis cases that occurred in the late 1980s and early 1990s
virtually guarantees an increase in extrapulmonary infections
such as genitourinary disease in the next several decades, unless
extensive case finding and effective treatment of these individ-
uals are accomplished in the interim. This task will be rendered
particularly difficult because the burden of disease has fallen
particularly heavily upon those with poorer access to skilled
medical care—foreign born, the homeless, the incarcerated,
migrant farm workers, and inner city ethnic minority groups
(15,23,28,39–42). Finally, it is clear that the age of the popula-
tion with genitourinary tract tuberculosis, and other forms of
extrapulmonary tuberculosis, reflects the average age at presen-
tation of active pulmonary tuberculosis—significantly younger
among immigrants, urban ethnic minority populations, and
the disadvantaged, and over the age of 50 among other groups
(25,29,43,44).

In assessing epidemiologic factors that might predispose to
tuberculosis, it is important to emphasize that only 5% to 15%
of persons infected with the tubercle bacillus (as measured by
a positive response to the tuberculin test) ever become ill from
this infection (45). Of this group, approximately 3% to 5%
have manifestations of genitourinary tract disease (26). In ad-
dition to exposure to tuberculosis in countries where the disease
is rampant, such public health factors as crowding, homeless-
ness, poverty, and drug addiction, all amplified by the AIDS
epidemic, play a significant role in the spread of tuberculosis
(11–17,40,43,46-52).

A minimum estimate of clinical tuberculosis in patients with
AIDS is approximately 15% in the United States, with an even
higher incidence (27%) in adults 25 to 44 years of age. The
annual rate of tuberculosis among tuberculin skin test positive
HIV-infected individuals in the United States has been reported
to be 1.7 to 7.9 cases per 100 person years. This variation re-
flects the differences in the prevalence of tuberculosis in dif-
ferent population groups. To put this statistic in perspective,
the rate of tuberculous disease among HIV-infected, tuberculin
positive individuals is 4 to 26 times higher than that among
comparable HIV-infected, tuberculin negative individuals, and
is approximately 200 to 800 times that of the general American
population (53–55). In addition, HIV-infected individuals pre-
senting with clinical tuberculosis have a significantly increased
probability of infection with M. tuberculosis resistant to first
line antituberculous agents, particularly rifampin (55). The
consequences of dual infection are far greater than those of ei-
ther agent by itself. Thus, the mortality rate for HIV-infected in-
dividuals with tuberculosis is approximately four times higher
than that of tuberculosis itself, with at least part of this ex-
cess mortality being caused by acceleration in the progression

of the HIV process (15,55–61). There is a bi-directional in-
traction between AIDS and tuberculosis: tuberculosis is best
treated in the setting of highly active AIDS retrovirus therapy
(HAART) for the HIV infection, and there is some evidence
that dual infection results in an escalation in the progression of
the HIV infection. In addition, drug interactions become par-
ticularly important in patients with dual infection; for example,
rifabutin is used instead of rifampin if a protease inhibitor is
used. Fluconazole metabolism is increased in the presence of
rifampin and other agents, thus complicating care in these pa-
tients. Despite the need for care in constructing the therapeutic
regimen, early diagnosis and appropriate therapy of both in-
fections are critical to the patient’s survival (56–66).

Two epidemiologic patterns of mycobacterial infection are
observed in HIV-infected individuals. Individuals from popu-
lation groups with a low rate of endemic tuberculosis, such as
gay men and those with posttransfusion HIV disease, primarily
have difficulties with disseminated M. avium-intracellulare in-
fection. In contrast, HIV-infected individuals who either belong
to or come into contact with population groups with a high
rate of endemic tuberculosis (those in developing countries,
immigrants from these countries, the homeless, intravenous
drug users, prisoners, and, in the United States and other de-
veloped countries, the inner city poor) are primarily afflicted
with disseminated M. tuberculosis (15,46–52,55,67–72). Care-
ful molecular epidemiologic studies have demonstrated that in
HIV-infected individuals, outbreaks of tuberculosis resulted in
either progressive primary disease or reinfection of individuals
whose immunity had been attenuated by the effects of progres-
sive HIV disease (73–75).

In HIV-infected individuals tuberculosis is often the AIDS-
defining illness, not infrequently occurring early in the course
of HIV infection. Extrapulmonary disease, often in conjunction
with pulmonary disease, is the rule, with the time course for
the development of disseminated disease being greatly abbre-
viated in these individuals. In this setting, genitourinary dis-
ease is rarely seen as an isolated phenomenon, but rather is
part of disseminated infection. The incidence of HIV infection
among patients with extrapulmonary tuberculosis is approx-
imately twice that of those with tuberculosis restricted to the
lungs (55,74,75).

The coexistence of tuberculosis with HIV infection has al-
ready had major public health consequences on the control of
tuberculosis. Because HIV infection both increases the burden
of infectious tubercle bacilli and obscures the symptoms (ow-
ing to the impaired inflammatory response of these immuno-
suppressed individuals), these people are highly efficient trans-
mitters of tuberculosis. The expected consequence of this is
the potential for a marked increase in the occurrence of sec-
ondary cases, and even epidemics, in contacts of these indi-
viduals, particularly in medical settings, crowded living condi-
tions, prisons, and shelters for the homeless. Those populations
most at risk for both HIV infection and tuberculosis, and the
coexistence of these two infections, are the same populations
with the highest incidence of drug-resistant tuberculosis. The
result of this concordance of events is that the tuberculosis that
can be amplified by the HIV epidemic includes a high poten-
tial for drug-resistant disease, thus complicating greatly both
the management of individual patients and the public health
strategies that must be taken to protect the community (15,48–
52,55,74,76,77).

One additional epidemiologic consideration is the possi-
bility that urine from patients with urinary tract tuberculosis
could transmit tuberculosis to household members. Vasquez
and Lattimer (78) reported a doubling of the incidence of tuber-
culin positivity among children of parents with active urinary
tract tuberculosis without active pulmonary disease. Other ob-
servers have been unable to confirm this finding. Our policy has
been not to isolate persons with urinary tract tuberculosis but
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to consider their urine potentially infectious and to maintain
contact precautions when handling it.

PATHOGENESIS OF
TUBERCULOSIS

Systemic Aspects

The host–parasite interaction in tuberculosis (i.e., the interac-
tion of a slowly proliferating pathogen that resists the usual
microbicidal mechanisms of the host) stands in stark contrast
to conventional bacterial disease, where despite the pathogen’s
rapid proliferation, the host’s resources (complement fixation,
opsonization, phagocytosis, and ready lysis within phagocytic
cells) are formidable. The pathogenesis of tuberculosis reflects
the balance of intrinsic mycobacterial virulence and the host
immunologic response. The classic response in tuberculosis,
the formation of granulomas, is ordinarily protective for the
host by limiting the proliferation and spread of M. tuberculo-
sis, but may be pathogenic as well, because it may lead directly
to tissue injury in the form of caseation (79). Thus, the clinical
manifestations of tuberculosis represent not only the conse-
quences of mycobacterial proliferation but also host repara-
tive and destructive responses.It is well known that in the ab-
sence of immunosuppression, the lifetime risk of symptomatic
M. tuberculosis infection among latently infected individuals is
only ∼10%. Similarly, the risk of developing extrapulmonary
disease, such as genitourinary tuberculosis, is rather low. An
increased understanding of the molecular mechanisms respon-
sible for host defense against mycobacterial infections has led to
a growing appreciation that human susceptibility to mycobac-
terial infection may be attributable in significant measure to
host genetic factors, as well as to the intrinsic virulence of M.
tuberculosis isolates (80,81).

Tubercle bacilli are inhaled as small-particle aerosols and
gain direct access to the alveoli (79). Presently, ingestion of M.
tuberculosis with primary localization of disease in the intesti-
nal tract or oropharynx is rare. The small aerosol inoculum
multiplies slowly and is phagocytosed by polymorphonuclear
leukocytes and pulmonary macrophages. Mycobacteria inter-
act with respiratory epithelium (82), alveolar surfactant pro-
teins (83), and the alternate complement system (84), but in-
teractions with macrophage Toll-like receptors (TLRs 2 and 4,
(85,86)) play a critical role in initiating the host immune re-
sponse. TLRs are pattern-recognition proteins, expressed on
macrophages and dendritic cells, which serve as innate im-
mune receptors (87). Each TLR binds one or more of a va-
riety of microbial products [endotoxin (lipopolysaccharide),
bacterial DNA, flagellin, mycobacterial lipoarabinomannan,
etc.] and transduce inflammatory signals culminating in the
activation of NF-κB and transcription of tumor necrosis fac-
tor α (TNFα) and interferon γ (88). Following opsonization
by C3, Mycobacterium tuberculosis binds to phagocytic cell
surface complement receptors and is phagocytosed (84). My-
cobacteria suppress the intracellular calcium flux that normally
accompanies phagocytosis and inhibit macrophage activation
and phagolysosome maturation (89). M. tuberculosis can also
directly adhere to, infect, and lyse type II alveolar epithelial cells
(90,91), facilitating access to lung interstitium and enhancing
early dissemination to extrapulmonary foci.

The host response to mycobacterial infection has been called
the IL-12—interferon γ axis (80). Macrophage activation via
TLR signaling and other early events is associated with secre-
tion of TNFα and IL-12 and the related cytokines IL-18 and
IL-23 (92). The latter cytokines program resting T lympho-
cytes toward an inflammatory Th1 response. Activated Th1
lymphoctyes secrete as their dominant cytokines interferon γ

as well as TNFα, and this in turn activates macrophages and
enhances their mycobactericidal activity. The use of TNFα an-
tagonists (etanarcept, infliximab, and adalimumab) as disease-
modifying agents in the treatment of rheumatoid arthritis and
other inflammatory diseases confirms a central role for TNFα in
the host response against mycobacterial infection. These ther-
apies have been associated with rapidly progressive tuberculo-
sis, impaired granulomatous reactions in tissue biopsies, and a
high rate of extrapulmonary disease (93). In the initial stages
of primary infection, resting macrophages have a limited abil-
ity to lyse mycobacteria, and the bacillary titer rises despite
entrapment within macrophage and granulocyte phagosomes
and lysophagosomes. Some bacilli can even escape from these
organelles and replicate freely within the cytoplasmic compart-
ment (94). Macrophage-mediated killing of intracellular M.
tuberculosis requires the L-arginine-dependent generation of
reactive nitrogen intermediates, such as nitric oxide, and this
capability is greatly enhanced following macrophage activa-
tion by interferon-γ and tumor necrosis factor (95). Thus, in-
fected macrophages program T cells toward a Th1 response
which in turn augments macrophage-mediated mycobacterial
killing.

T cell-infected macrophage interactions are more complex,
however, since several cytolytic T cell effector populations are
generated which can lyse infected macrophages (96). In addi-
tion to the expansion of conventional peptide-specific CD4+
and CD8+ αβT-cell receptor-expressing populations (97),
T cells with a double negative phenotype (CD4-, CD8-) ex-
pressing γ δ T-cell receptors recognize mycobacterial phospho-
lipid antigens presented by MHC-like molecules (e.g., CD-
1) and lyse infected macrophages via Fas–FasL interaction.
These phospholipid antigens are also recognized by CD8+
αβT-cell receptor-expressing cytotoxic T lymphocytes, trig-
gering perforin-mediated cytotoxicity, and by natural killer T
(NKT) cells, which possess NK markers as well as αβT-cell re-
ceptors (98). In at least some instances, immune lysis of infected
macrophages appears beneficial to the host. Perforin-mediated
lysis of infected macrophages reduces M. tuberculosis viability
by 50% in vitro (97), and may be important in vivo in re-
ducing the number of infecting tubercle bacilli. The cytotoxic
granules that contain perforin also contain granulysin, a lipid-
binding protein that has potent mycobactericidal activity in
the presence of perforin (99). In contrast, Fas-mediated lysis of
macrophages does not affect mycobacterial viability, but may
be important in reducing antigen presentation and dampen-
ing the immune response. The immune lysis of heavily infected
macrophages may facilitate the phagocytosis of released my-
cobacteria by additional activated macrophages. These newly
recruited cells have a lower bacillary burden and may be more
effective at killing their intracellular bacilli, or serve as target
cells for cytotoxic T lymphocytes.

In addition to their direct cytotoxic activities, the acti-
vated lymphocytes secrete a variety of cytokines, including
interferon-γ , migration inhibitory factor (MIF), granulocyte-
macrophage colony-stimulating factor, TNFα, IL-12, and in-
hibitory cytokines such as interleukin-4 (IL-4) (100) and IL-
10 (101). IL-4 production undermines the host Th1 response,
and triggers tissue fibrosis (102), a characteristic finding in
chronic tuberculosis. In HIV-infected individuals coinfected
with M. tuberculosis, immunosuppressive cytokines (e.g., IL-
10) produced by macrophages/monocytes diminish the T-
lymphocyte response in vitro, suggesting that Th2-like activity
contributes to uncontrolled, systemic spread in these patients
(103). Macrophages are recruited to infiltrate the area of my-
cobacterial growth to form granulomas and mature into epithe-
lioid cells by the macrophages’ elaboration of tumor necrosis
factor (104); this process requires NKT cells (98). In spite of
macrophage activation, the killing of intracellular mycobacte-
ria by human macrophages is often incomplete (105,106).
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The outcome of early tuberculous disease covers a spec-
trum from granuloma formation with efficient containment
and healing to slowly progressive disease at the site of the pri-
mary pulmonary infection, or to clinically significant systemic
spread of disease. Mycobacterial dissemination is actually the
rule rather than the exception (Fig. 38-1). Although most bacilli
are contained within macrophages initially, their continued
proliferation disrupts the macrophages and the bacilli return
to the extracellular environment. Most are engulfed again, but
some are carried in the lymphatic drainage and produce re-
gional lymphadenitis. Alternatively, some viable mycobacteria
may reach regional lymph nodes while entrapped within mi-
gratory macrophages. Progressive infection within the lymph
node contaminates efferent lymph, and when sequential lymph
node barriers fail, thoracic duct lymph delivers mycobacteria
to the venous blood, seeding the pulmonary bed as well as ex-
trapulmonary sites, such as the skeletal system, lymph nodes,
and most frequently, the kidneys.

Thus, limited hematogenous dissemination due to low grade
bacillemia can occur early in the process of granuloma for-
mation when the number of mycobacteria is small, and most
organisms are found intracellularly within the macrophages
comprising the granuloma. Small granulomas rapidly form at
the metastatic foci because mycobacterial immunity is evolving
or is already established at the time of dissemination. Although
the bacilli may remain viable, the granulomas may remain clin-
ically silent for decades.

Granuloma formation may itself contribute to the patho-
genesis of severe tuberculosis (79). Granulomas are active le-
sions with continued ingress of immune T lymphocytes and
monocytes (107). Shortly after microscopic granulomas be-
come well established, polymorphonuclear leukocytes and
monocytes enter the lesion (108). The resultant phagocyto-
sis is accompanied by exocytosis of lysosomal contents with
local tissue destruction. This leads to a characteristic local
necrotic process, known as caseation. Macrophage disrup-
tion returns the mycobacteria to the extracellular environment,
where their proliferation accelerates (79). Communication of
the caseating granuloma with the bronchial tree restores fa-
vorable metabolic conditions, and mycobacterial titers can in-
crease by several logarithms. Such highly infected material
can spread endobronchially to produce additional foci of pul-
monary tuberculosis or excavate into a pulmonary vessel, lead-
ing to intense bacillemia. Such severe hematogenous dissemi-
nation commonly is responsible for miliary tuberculosis rather
than limited extrapulmonary disease. In miliary tuberculosis,
the systemic features of illness overshadow the asymptomatic
renal involvement.

Pathogenesis of Renal Tuberculosis

Local factors play a significant role in the evolution of clinically
significant renal tuberculosis. The small silent renal granulomas
resulting from silent hematogenous dissemination are typically
found bilaterally in the renal cortex and arise from capillaries
within and adjacent to glomeruli (109) (Fig. 38-2). A glomeru-
lar location is not surprising in view of their high rate of per-
fusion (increasing the likelihood of delivering a bacillus in the
setting of sparse bacillemia) and their favorable oxygen tension.
Such cortical granulomas usually remain dormant for decades.
In some patients, however, bacillary proliferation within the
glomerular capillary leads to capillary rupture and delivery of
organisms into the proximal tubule. Clinically important re-
nal tuberculosis, therefore, is usually initially localized to the
medulla. This is likely caused by entrapment of mycobacte-
ria and infected macrophage debris within the loop of Henle
(109) and the known impairment of phagocyte function asso-

FIGURE 38-2. Early renal tuberculosis. Three small granulomas are
visible in the cortex. The adjacent papillary tip is involved as well.
(From: Kollins SA, Hartman GW, Carr DT, et al. Roentgenographic
findings in urinary tract tuberculosis. Am J Roengentol Radium Ther
Nucl Med 1971;121:487, with permission.)

ciated with the hypertonic environment found in the medulla
(110,111).

Analogous to progressive pulmonary disease, granulomas
may enlarge in the medulla, leading to caseation and papil-
lary necrosis. Such intraparenchymal granulomas may persist
as mass lesions but commonly cavitate into the calyceal system.
Despite bilateral hematogenous seeding of the kidneys, clini-
cally significant disease is usually unilateral (109). Communi-
cation of the caseating granuloma with the collecting system
usually is responsible for the spread of bacilli to the renal pelvis,
ureters, bladder, and accessory genital organs and is analogous
to the endobronchial spread of infection seen in cavitary lung
disease (30). Lymphatic spread to contiguous structures also
occurs in addition to epithelial infection by a luminal mecha-
nism (112), and direct hematogenous seeding of pelvic genital
organs with clinical sparing of the kidney can occur occasion-
ally (30). In addition to the direct parenchymal destruction
associated with advanced renal lesions, the fibrosis that accom-
panies the granulomatous process within the collecting system,
such as infundibular strictures and renal pelvic kinking, adds
an obstructive mechanism that may contribute significantly to
progressive renal dysfunction.

PATHOLOGY

The caseating granuloma is the classic microscopic finding in
essentially all forms of tuberculosis (Figs. 38-3 and 38-4). Med-
lar (109) characterized the early pathologic findings in renal
tuberculosis by meticulously examining microscopic sections
of kidneys from patients who died of pulmonary tuberculosis.
Bilateral microscopic renal involvement is the rule, although
the extent of involvement usually is asymmetric. Granulomas
vary greatly in size, from lesions contained within a single
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FIGURE 38-3. A caseating granuloma in the
renal cortex. In addition to the necrotizing
granuloma in the center of the field, a diffuse in-
terstitial infiltrate of lymphocytes is seen. Some
tubules are preserved (H&E, magnification ×
79).

glomerulus to large caseous abscesses, and in the apparent den-
sity of acid-fast bacilli.

Most renal granulomas originate as vascular lesions in the
cortex. Although glomerular lesions predominate, with foci
within the capillary tuft, granulomas may develop within capil-
laries in relation to the convoluted or collecting tubules. Lesions
within the collecting system per se are usually at the nadir of
the loop of Henle or in the pyramidal collecting tubule, always
draining a vascular granuloma (Fig. 38-2), and presumably de-
veloping in response to ulceration and discharge of these lesions
into the collecting system. Focal sparing of tubules, glomeruli,
or both within the granulomas is characteristic of renal tuber-
culosis (Figs. 38-3 and 38-4).

Clinically significant caseation progresses from the med-
ullary collecting system lesions (113). The enlarging med-
ullary abscess extends to the papilla and commonly produces
papillary necrosis. It may replace the medullary pyramid and
persist as a parenchymal cavity, or tuberculoma, or discharge
into the draining calyx. Several pyramids may be involved in-
dividually with a variable extent of destruction or may coa-
lesce to destroy the bulk of the renal parenchyma (Fig. 38-
5). Infection of the calyces, pelvis, and ureter is followed by
stricture formation, so that caliectasis (114) and tuberculous
pyonephrosis (“caseocavernous renal tuberculosis”) are com-
mon in advanced disease. The end-stage kidney is nonfunc-
tional (“autonephrectomy”) and destroyed by the combined

FIGURE 38-4. Renal cortical tissue showing
destruction of tubules and a diffuse lympho-
cytic infiltrate with focal caseating granulomas.
The glomeruli are spared (H&E, magnifica-
tion ×79).
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FIGURE 38-5. Renal tuberculosis with replacement of most of the
parenchyma by caseous necrosis. There is cavitation of pyramids.

necrotizing and obstructive processes. Calcification in ad-
vanced lesions is common and may be focal or generalized,
which produces a “putty” or “cement” kidney.

CLINICAL FEATURES

Urinary tract tuberculosis is notorious for its insidious mode of
presentation, with approximately 20% of cases diagnosed un-
expectedly at operation or autopsy. As many as 20% to 56% of
patients with active urinary tract tuberculosis detected on the
basis of an abnormal urinalysis or culture deny either constitu-
tional symptoms of tuberculosis or symptoms referable to the
urinary tract (29,33,35,36,114,115). One measure of the fre-
quently occult nature of urinary tract tuberculosis comes from
Lattimer’s report (115) of 18 of 25 physicians with renal tuber-
culosis being diagnosed only after far-advanced cavitary dis-
ease had developed. If physicians with ready access to medical
care have their renal tuberculosis overlooked, then the prob-
lem is only compounded in the populations who today have
the greatest risk of tuberculosis—inner-city minority groups,
immigrants from the developing countries of the world (par-
ticularly those undergoing social disruption), and the indigent
elderly—all of whom have relatively poor access to medical
care.

Approximately 75% of patients with urinary tract tuber-
culosis present with symptoms suggesting urinary tract in-
flammation. Such symptoms resemble those of conventional
bacterial urinary tract infection—dysuria, mild or moderately
severe back or flank pain, hematuria, nocturia, and pyuria. Re-
nal colic, owing to the passage of clots or stones, may be ob-

served in as many as 10% of patients (29,33–35,44,114,115).
Severe pain localized to the kidneys is uncommon but has been
reported (116). Noteworthy for their infrequency are the con-
stitutional symptoms usually associated with tuberculosis—
fever, weight loss, night sweats, and anorexia. Fewer than 20%
of patients with tuberculosis restricted to the urinary tract have
constitutional symptoms. Indeed, the presence of such consti-
tutional symptoms should suggest the presence of active tuber-
culosis in other organs as well (29,33–35,44,114,115).

As noted previously, the extent of renal dysfunction sec-
ondary to tuberculous infection can be quite variable, from
small focal areas of infection and scarring unassociated with
any functional impairment to gross parenchymatous destruc-
tion and complete loss of function. As in any other form of
tubulointerstitial nephritis (Chapter 48, Acute Tubulointersti-
tial Nephritis), patients with renal tuberculosis may be subject
to dehydration because of a concentrating defect, a tendency
to lose salt, or both (117). However, in any patient in whom
this is documented, particularly when associated with consti-
tutional symptoms, concomitant tuberculous adrenal disease
(Addison’s disease) must also be sought (118,119).

The only way that renal function loss owing to parenchy-
matous infection and destruction can be limited is by early
diagnosis and therapy. It is also important to identify patients
subject to the second major cause of renal functional loss in this
setting—those with hydronephrosis secondary to obstruction
induced by the tuberculous process. Here the second element of
the pathologic process induced by tuberculosis, sclerosis, exerts
its effects. Strictures, usually either at the ureteropelvic junction
or at the lower end of the ureter, can result in hydronephro-
sis and loss of renal function. Obstruction and hydronephrosis
can develop during therapy because such sclerotic strictures
are frequently part of the healing process. The clinician must
be alert to this possibility, because correction of such obstruc-
tion is the best way to preserve renal function in patients with
tuberculosis (29,33–35,114,120–123).

There are three other major complications of renal tuber-
culosis: hypertension, superinfection with conventional bacte-
ria, and nephrolithiasis. In 1940, Nesbit and Ratliff (124) re-
ported that hypertension could be cured by the removal of a
tuberculous kidney, an observation subsequently confirmed by
other authors (125–127). More recent data, however, suggest
that this is an uncommon event. First, hypertension may not
be more common in patients with renal tuberculosis (<5% of
those with tuberculous kidney infection are hypertensive) than
in the general population. Second, surgical cure of hypertension
in these patients appears to be the exception rather than the rule
(29,33–35,44,120,128,129). Renal vein renin sampling may be
useful in predicting the outcome of surgery for patients with
hypertension and renal tuberculosis (130).

Both nephrolithiasis and bacterial superinfection of a uri-
nary tract rendered anatomically abnormal by the tuberculous
process are not uncommon. Nephrolithiasis has been reported
in 7% to 18% of patients with renal tuberculosis, and super-
infection has been reported in 12% to 50% of patients with
urinary tract tuberculosis (29,33,34,44,120).

The delivery of large numbers of M. tuberculosis into the
urine of patients with renal tuberculosis is the major cause of
tuberculous infection of the ureters and bladder. In the bladder,
as in the ureters, scarring and contracture is the major result of
tuberculous infection, again the not-so-benign effects of “heal-
ing.” The result is a small, contracted bladder with greatly
thickened walls. There are three functional consequences of
this process: a small bladder capacity, incomplete emptying and
thus a predisposition to secondary bacterial infection, and most
serious of all, vesicoureteral reflux (120,131,132).

The incidence of genital infection in association with urinary
tract tuberculosis is very different in the two sexes. In men, such
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FIGURE 38-6. Prostatic tissue with epithe-
lioid granulomatous reaction surrounding a
duct (H&E, magnification ×125).

dual involvement is relatively common. Indeed, genital disease
may lead to the recognition of extensive urinary tract infection.
Epididymitis, with or without orchitis, presenting as a scrotal
mass or discomfort, is the most common manifestation of male
genital tuberculosis. The majority of such patients are free of
constitutional complaints (35,115,120,133,134). The impor-
tance of this form of tuberculosis is underlined by the report of
Ferrie and Rundle (133) that 75% of their patients with tuber-
culous epididymoorchitis already had evidence on pyelogram
of tuberculosis involving the bladder, ureters, kidneys, or all
of these organs at the time they presented with their epididy-
mal disease. Epididymitis can present decades after apparently
adequate therapy for renal tuberculosis (135).

Tuberculous prostatitis, also heralded by a mass lesion,
pain, or both, rather than systemic symptoms in most patients,
is likewise frequently associated with urinary tract disease
(Fig. 38-6). The prostate, like the epididymis and testes, can be
infected either by means of the hematogenous route or more
directly from infected urine. Two important points for the clin-
ician regarding tuberculous prostatitis are as follows: Tuber-
culosis can be transmitted by means of infected semen in such
patients (115), and viable organisms frequently persist in the
prostate long after other parts of the genitourinary system have
been sterilized (29,120,136,137). Persistent prostatic infection
is presumably related to the same difficulty in delivering effec-
tive antimicrobial therapy to the prostate that is responsible
for persistent conventional bacterial infection of the male gen-
itourinary system.

Urethral and penile tuberculosis are both uncommon but
may present with strictures, fistulous tracts, and ulcerating
or papillonecrotic skin lesions. Both these forms of tubercu-
lous infection are usually secondary to seeding from infected
urine, but primary penile tuberculosis has been reported to
occur owing to the direct inoculation of M. tuberculosis into
a wound following ritual circumcision, after the use of con-
taminated surgical instruments, or from contaminated clothing
(138–140).

In contrast, tuberculosis of the female reproductive tract is
quite distinct from urinary tract tuberculosis. The incidence of
renal disease in women with genital tuberculosis is less than
5%, which is little different from that found in patients with

pulmonary or skeletal tuberculosis (141). The explanation for
this difference between men and women is clear: Whereas in-
volvement of the male genital tract usually occurs from direct
extension or from infected urine, the female genital tract is
almost always infected hematogenously, with seeding of the
fallopian tubes and then secondary extension from this site.
Thus, the major manifestations of female genital tuberculosis—
infertility, secondary amenorrhea, vaginal bleeding, and pelvic
pain—are quite separate from the manifestations of urinary
tract tuberculosis (29,33,115,141–143).

Given the insidious nature of urinary tract tuberculosis,
routine laboratory studies can be quite important in raising
the possibility of tuberculous infection. By far the most useful
screening test is urinalysis. As emphasized by Simon and asso-
ciates (29), virtually the only time when a urinalysis is normal
and a urine culture positive for M. tuberculosis is in the patient
with miliary dissemination, in whom the urinary tract seeding is
a recent and perhaps insignificant event. In contrast, essentially
every patient with established urinary tract tuberculosis has an
abnormal urinalysis with pyuria, hematuria, or both. The old
clinical teaching that the asymptomatic patient with pyuria,
particularly with an acid urine and a urine culture that fails to
reveal conventional bacterial pathogens, must be considered as
having tuberculosis until proved otherwise remains true today
(29,33-35,44,115,120,144). Although there are other causes
of “sterile pyuria,” such as Chlamydia trachomatis or inva-
sive fungal infection, tuberculosis must be excluded in patients
with these findings. Perhaps most useful as a next step in the
evaluation of such a patient is the placement of an intermediate-
strength tuberculin test (5 TU). Virtually every patient with uri-
nary tract tuberculosis who is not receiving systemic steroids
or who has not been rendered anergic by such debilitating con-
ditions as advanced malignancy or HIV infection has a positive
tuberculin test. In contrast, fewer than 20% of patients with
urinary tract tuberculosis have abnormalities on tests that mea-
sure systemic illness (i.e., anemia, changes in white blood cell
count, low serum albumin, etc.) (29,33–35,44,115,120,144).
Similarly, azotemia at presentation is quite uncommon. Ap-
proximately two-thirds of patients with urinary tract tuber-
culosis have evidence of old or current tuberculosis on chest
roentgenography (29,33,44,115,120,144).
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ATYPICAL MYCOBACTERIAL
INFECTION

Genitourinary infection caused by atypical mycobacterial or-
ganisms is quite rare, although a few cases of prostatic or epi-
didymal infection, or both, owing to M. kansasii have been
reported (145,146). In addition, disseminated disease due to
this organism has been reported in immunocompromised pa-
tients, with such disseminated infections seeding the kidney
and leading to a granulomatous reaction in the kidney and the
isolation of M. kansasii in the urine (147,148). As noted, this
form of genitourinary infection is particularly prominent in
patients with AIDS with disseminated infection caused by M.
avium-intracellulare and other atypical mycobacterial species
(66,69–71,149).

Diagnosis

The isolation of M. tuberculosis by urine culture is the defini-
tive diagnostic test in renal tuberculosis. Early-morning urine
specimens are preferred over 24-hour urine samples (144, 150),
because mycobacterial viability falls with prolonged exposure
to acid urine (151). In order to detect the low rate of bacil-
luria, three to five specimens should be submitted. Samples
are routinely decontaminated by limited exposure to acid or
alkaline solutions and then concentrated by centrifugation.
Neither direct nor amplified nucleic acid hybridization probes
are licensed for rapid diagnosis of urinary M. tuberculosis
given their borderline sensitivity (∼70%) compared to tradi-
tional culture (152). Cultures are established on standard solid
mycobacterial media, either egg-based (Löwenstein-Jensen) or
agar-based (Middlebrook 7H10). These media also contain
aniline dyes, such as malachite green, to inhibit the growth
of bacterial contaminants. The transparent agar medium fa-
cilitates early visualization of microcolonies by approximately
1 week (3).

Microbiologic identification is based on colonial morphol-
ogy, growth rate and optima (37◦C, carbon dioxide-enriched
atmosphere), absence of pigment production, accumulation of
niacin, reduction of nitrate, and absence of significant cata-
lase activity (3,144,150). Recently, radiometric techniques have
been employed to recover mycobacteria with greater sensitiv-
ity and increased speed. Commercial reagents are available
for the rapid speciation of primary isolates by nucleic acid
hybridization techniques (e.g., Accuprobe® [Gen-Probe, San
Diego, CA]).

The development of commercial broth systems for mycobac-
terial growth detection has permitted the automation of the
diagnostic process. Such systems as the BACTEC 460 (Becton
Dickinson Microbiology Systems, Sparks, MD), mycobacte-
rial growth indicator tube (MGIT) systems, ESP (Extra Sensing
Power) Myco-ESP culture System II (Trek Diagnostic Systems,
Inc., Westlake, OH), and BacT/ALERT MB Susceptibility Kit
(Organon Teknika, Durham, NC) use Middlebrook 7H12 me-
dia with added material for detection of mycobacteria (radio-
metric or colorimetric systems). With these systems, mycobac-
terial growth can be detected in 1 to 3 weeks, as compared to
solid media, which takes 3 to 8 weeks (151).

Other rapid diagnostic techniques have been developed and
are in the process of being deployed in major diagnostic lab-
oratories. These include high performance liquid chromatog-
raphy to identify the spectrum of mycolic acids in the bac-
terial cell (which is useful after 7 to 10 days of culture),
ELISA techniques to detect mycobacterial protein antigens,
and the detection of tuberculostearic acid by gas chromatog-
raphy and mass spectroscopy. A high priority is being given

to making more rapid diagnostic approaches widely available
(15,153–157).

In retrospective analyses of patients with renal tuberculosis,
urine cultures were reported to be positive in 80% to 90% of
cases (29,33). In patients with negative cultures despite optimal
processing of multiple samples, the diagnosis is often reached
by the recovery of M. tuberculosis from other sites (e.g., sputum
or surgical specimens) in the setting of abnormal urinalyses and
intravenous pyelography, together with a positive tuberculin
reaction. When tissue specimens are submitted for mycobacte-
rial culture, they are best macerated using sterile sand with a
mortar and pestle, because automated homogenization meth-
ods may heat samples excessively and kill any mycobacteria
present (151).

Primary mycobacterial isolation provides an opportunity
to perform drug susceptibility testing in addition to confirming
the diagnosis of genitourinary tuberculosis. Drug susceptibil-
ity testing is recommended on initial isolates from all patients,
but is particularly important in evaluating patients who previ-
ously received chemotherapy and in patients epidemiologically
linked to known cases of drug-resistant tuberculosis (144).

Radiology

Radiologic evaluation plays a central role in the diagnosis
and long-term management of patients with renal tuberculo-
sis (34,158–160). There is excellent correlation between the
pathology of renal tuberculosis and the corresponding abnor-
malities seen by excretory urography (161). Even plain films
of the abdomen are valuable, as genitourinary calcifications
(present in up to 50%) (34,162) as well as other extrapul-
monary foci of mycobacterial disease (vertebral, mesenteric
lymph node, adrenal glands) may be present (approximately
10%) (34) (Figs. 38-7 and 38-8). Chest radiographs show ev-
idence of tuberculosis in 50% to 75% of patients with ac-
tive renal disease (29,33,34). In the remainder, the primary
pulmonary granuloma, responsible for hematogenous spread,
heals and may no longer be detectable by radiograph, but the
metastatic renal granulomas progress to cause local destruc-
tion.

FIGURE 38-7. Plain film of the abdomen shows a left autonephrec-
tomy with calcification of the kidney parenchyma and the left ureter
(arrows). There is tuberculous involvement of the lumbar spine, result-
ing in fusion of the intervertebral disc space. K, kidney parenchyma;
LS, lumbar spine.
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FIGURE 38-8. Tuberculous calcification of both
adrenal glands (arrows). Intravenous urogram
demonstrates the normal kidneys. K, normal kid-
neys.

Excretory urography traditionally has been the standard
diagnostic imaging technique. Nephrotomograms are particu-
larly valuable in assessing moderate or advanced disease, espe-
cially with decreasing clearance of dye. In recent years, comput-
erized tomography (CT) with contrast, particularly helical CT,
has provided increased delineation of renal parenchymal ab-
normalities (163–165), although contrast administration (with
risks of allergy and nephrotoxicity) is still required, and the
total radiation dose exceeds that of traditional excretory urog-
raphy. The earliest stage of renal involvement, the cortical gran-
uloma (Fig. 38-2), is associated with positive urine mycobac-
terial cultures but negative excretory urograms. The spread of
infection to the medulla and the evolution of cavitary disease in
the papillae represent the earliest changes detectable radiologi-
cally (Fig. 38-9). Papillary granulomas caseate and rupture into
the collecting system. The resulting small communicating cav-
ities may be single or multiple but are usually unilateral and
may mimic papillary necrosis of other etiologies. With time,
they enlarge in an irregular fashion, with shaggy margins, and
may progress to involve the entire medullary pyramid. A con-
sequence of papillary cavitation is spread of infection to the
uroepithelium and submucosa of the draining calyx. The re-
sulting fibrotic reaction leads to stenosis and even complete
stricture of the calyceal infundibulum. Thus a medullary cav-
ity may be excluded from the collecting system and an abscess,
or localized tuberculous pyonephrosis, ensues. These lesions
may be difficult to distinguish from a truly noncommunicat-
ing caseous parenchymal cavity. Advanced medullary disease
may lead to renal cortical scarring as well. Amorphous cal-
cification is frequently seen (Fig. 38-7) and may progress to
outline the entire granuloma. Both the parenchymal tubercu-
lous granuloma and the noncommunicating pyonephrosis may
be confused with primary mass lesions, but CT (163–165),
sonography (166), and, in selected cases, angiography (167)
may be necessary to resolve this issue by confirming the cystic
and avascular nature of the mass.

The discharge of caseous material infects the renal pelvis,
ureter, and bladder as well. Renal pelvic involvement is mani-
fested by obstructive changes involving portions of the kidney
due to stenosis or kinking of the pelvis or the entire organ
due to ureteropelvic junction stenosis (Figs. 38-10 and 38-11).
Thus poor visualization by excretory urography may be seg-
mental or involve the entire kidney. Ureteral disease initially
presents as mucosal irregularity, together with diffuse dilata-
tion or narrowing due to inflammation or edema (168) (Figs.
38-9 and 38-10). There may be a single focus or multiple areas
of ureteral involvement. In addition to an irregular border, the

combination of multiple strictures and accompanying segmen-
tal dilation leads to a beaded or corkscrew configuration (Fig.
38-10). Unlike nonspecific strictures, tuberculous lesions may
extend for several centimeters and are usually present together
with ipsilateral renal disease. In some instances, intramural fi-
brosis leads to a rigid “pipestem” ureter. Calcification and even

FIGURE 38-9. Intravenous urogram in a patient with active urinary
tuberculosis, demonstrating papillary necrosis diffusely involving all
the calyces in both kidneys. There is a small irregular bladder and
narrowing of both distal ureters (arrows). B, bladder; C, calcyes.
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A B

FIGURE 38-10. A: Intravenous urogram shows tu-
berculous narrowing of the left renal pelvis and
upper pole infundibulum (arrows) and papillary
necrosis of the lower pole calyces. The left ureter is
moderately dilated and irregular in contour. B: Left
retrograde pyelogram 6 months later, documenting
fibrotic narrowing of the distal ureter (arrows) dur-
ing antituberculous therapy. Tuberculous ureteri-
tis commonly heals by cicatrization and may lead
to severe obstruction of the collecting system. C,
calcyes.

A B

FIGURE 38-11. Intravenous urograms 14 years apart. A: Early change of renal tuberculosis with papillary
necrosis of the upper pole calyces (arrows). B: Fourteen years later, there has been complete stenosis of
the left upper pole infundibulum (arrow) as the tuberculous process heals by scarring.
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FIGURE 38-12. Voiding cystourethrogram in a young man with left
renal tuberculosis, showing reflux into duplicated ureters of a normal
right kidney and into an abnormal single left ureter, with a concomitant
distal stenosis. The bladder is markedly reduced in volume and there is
a diverticulum at the dome. There is reflux of contrast into the prostatic
gland (arrows) secondary to tuberculous prostatitis. There is a stricture
of the midbulbous urethra (arrowhead), which is an unusual site for
tuberculous involvement. B, bladder; D, diverticulum; LU, left ureter;
RU, duplicated ureters.

calculi may be present as well. Ureterovesical junction involve-
ment may produce a stricture responsible for ureteral obstruc-
tion or a patulous, rigidly dilated orifice associated with vesi-
coureteral reflux.

Bladder involvement similarly begins with focal mucosal
irregularity and progresses to produce a small, contracted tra-
beculated bladder with intramural thickening (Figs. 38-9 and
38-12). Occasionally, calcification of the bladder wall may
occur.

The excretory urogram has long been the radiologic stan-
dard for evaluating patients with renal tuberculosis because
of its capacity to record focal calyceal abnormalities, includ-
ing cavitation, scarring, and obstruction, and to survey the
collecting system in equal detail simultaneously. Sonography
cannot record erosive calyceal abnormalities or distinguish ad-
vanced caseous disease from focal pyonephrosis. Sonography
may, however, play a role in monitoring the possible devel-
opment of hydronephrosis (166). Computerized tomography
studies, particularly when intravenous contrast reagents are
administered, have become the procedure of choice for diag-
nosing and assessing renal tuberculosis (Fig. 38-13). Thus, in
early or focal disease, obstruction of a single major calyx or
a group of minor calyces may be observed; tuberculous in-
volvement of the renal pelvis may be visualized as either di-
latation owing to ureteropelvic junction obstruction or diffuse
pelvic contraction. With advanced disease, small, atrophic kid-
neys, often with one or more low-density areas, are observed
(163–166). Calcifications of the genitourinary system and ex-
trarenal intra-abdominal disease can likewise be observed at
the same time (169,170). Sonographic and CT studies are par-
ticularly useful in patients with advanced disease when there
is nonvisualization of the affected kidney by excretory urog-
raphy. Angiography has been used in the occasional patient
when isolated focal disease caused by obstruction or cavitation
has mimicked a primary renal mass. The obliterative arteritis
that accompanies progressive caseation is responsible for the

A

B

FIGURE 38-13. Computed tomography scans (A) before and (B) after
the intravenous administration of contrast. There is a calcified nonfunc-
tioning left kidney characteristic of a tuberculous autonephrectomy in
a patient with old pulmonary tuberculosis. The right kidney is normal.
LK, left kidney; RK, right kidney.

avascular appearance of the granulomatous mass with pruning
and obliteration of the interlobar arteries (167). Radionuclide
imaging may demonstrate an inflammatory lesion but is entirely
nonspecific and does not replace urine culture or intravenous
pyelography (or CT) (171).

Clinical Management

The advent of effective chemotherapy has revolutionized the
clinical management of urinary tract tuberculosis, although
the recent increase in drug-resistant infection, amplified by
the AIDS epidemic, threatens this success. Whereas in the
prechemotherapeutic era extirpative surgery was the only hope
of controlling infection, today medical cure is the rule. There is
a continuing need for surgical intervention, but now it is for the
correction of anatomic abnormalities caused by scarring rather
than for the removal of infected tissues. The two goals, then,
in the management of urinary tract tuberculosis are the con-
servation of tissue and function (both with medical treatment
and surgical relief of obstruction resulting from tuberculous
scarring) and antimycobacterial cure.

CHEMOTHERAPY OF URINARY
TRACT TUBERCULOSIS

The chemotherapeutic approach to tuberculosis is based on the
following general principles (15,172–176).
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1. Mycobacterium tuberculosis may persist in a viable form
while multiplying slowly or even intermittently. It is be-
lieved that there are three populations of organisms that
must be considered when treating patients with active tuber-
culous infection (177). The largest number, and fortunately
the most easily treated, are those that are extracellular, as
within a cavity, where the pH is either neutral or alkaline.
Because this group of organisms is actively multiplying, this
is the population most easily treated with two or more bac-
tericidal drugs. Also, because it is quantitatively the largest
population, drug resistance is most apt to emerge within
this population if an inappropriate therapeutic program is
employed. A much smaller population of slowly or intermit-
tently multiplying organisms is found at an acid pH within
macrophages. Finally, there are a variable number of or-
ganisms exhibiting slow or intermittent multiplication at a
neutral pH within closed caseous lesions.

Curative therapy requires eradication of all three popula-
tions of organisms. Because of pH constraints, differing abil-
ities to penetrate at different sites, and inherent effects on the
tubercle bacillus, each of the available antituberculous drugs
is more or less effective for these different populations of
M. tuberculosis. Rifampin and rifabutin are the only drugs
that are bactericidal for all three populations of M. tuber-
culosis. Isoniazid (INH) is bactericidal both for the actively
growing organisms in cavities and for those slowly mul-
tiplying within macrophages. Streptomycin and the other
injectable aminoglycosides are bactericidal only for the ac-
tively replicating extracellular organisms. Pyrazinamide is
bactericidal only for intracellular organisms. All other drugs
currently licensed for the treatment of tuberculosis are bac-
teriostatic. The fluoroquinolones—ciprofloxacin, ofloxacin,
and levofloxacin—are bactericidal for M. tuberculosis in
vitro (minimum bactericidal concentration of 2 μg/mL, in
the setting of peak blood levels >4 μg/mL) and achieve ex-
cellent concentrations intracellularly. Not surprisingly, al-
though they are not yet formally licensed for the treatment
of tuberculosis, initial studies of these drugs appear promis-
ing when one or the other is administered together with
at least one first-line bactericidal agent (INH, rifampin, or
pyrazinamide) to which the particular isolate is susceptible
(173,178–182). The primary role of bacteriostatic antitu-
berculous drugs is to inhibit the development of mutants re-
sistant to simultaneously administered bactericidal agents.

2. The spontaneous development of drug-resistant mutants of
M. tuberculosis occurs at a rate of approximately 1 × 10−6

(183). The probability that a single organism would be re-
sistant to two drugs simultaneously is thought to be equal
to the product of the probabilities of resistance to each drug
alone (1 × 10−6× 1 × 10−6 = 1 × 10−12). Therefore, a ma-
jor determinant of the number of drugs necessary to treat
tuberculous infection is the number of organisms harbored
by the individual. In the case of urinary tract tuberculosis
without active infection at other sites, an organism burden
of approximately 1 × 107 is likely. Therefore, a minimum
of two drugs to which the patient’s particular isolate is sus-
ceptible is necessary to treat these infections. Use of only
one effective drug, given the rate of mutation to drug re-
sistance and the number of organisms present, would lead
to not only clinical failure but also the selection of resistant
organisms.

3. Different patient groups have different rates of primary drug
resistance. In the United States as a whole, a survey of M.
tuberculosis isolates from 13,511 patients newly diagnosed
(and previously untreated) in the time period 1994 to 1997
revealed that 8.2% were primarily resistant to one of the
major drugs (isoniazid, rifampin, streptomycin, ethambu-
tol), and an additional 4.1% were resistant to more than
one drug. Of an additional 833 isolates taken from previ-

ously treated individuals in the United States, 12.5% were
resistant to one drug (8.1% resistant to isoniazid), 11.2%
were resistant to more than one drug, and 2.0% were resis-
tant to all four drugs (184). Hispanics, Asians, blacks, and
new immigrants from Asia and Latin America have rates
of primary resistance two to four times higher than those
cited for the rest of the country. As previously noted, these
are the patient groups in whom the coexistence of HIV in-
fection and tuberculosis is most likely to occur, thus greatly
complicating the therapy of such individuals. Other patient
groups with a particularly high rate of drug resistance are
those who have undergone previous therapeutic courses that
failed and those who remain persistently culture positive on
a therapeutic regimen consisting of two or more first-line
drugs (12,15,23,173,184) (Table 38-1).

4. Because of the increase in incidence of drug-resistant tu-
berculosis in the United States in recent years, it is now
recommended that drug susceptibility testing be carried out
on isolates from all patients, rather than just on isolates
from the high-risk patient groups. Because the most com-
mon cause of the development of de novo drug resistance
is failure of compliance by the patient, increasing attention
is now directed to the use of directly observed therapy in
which public health workers directly administer the ther-
apy to the patient. Particularly in urban areas, this strategy
of enforced antituberculous therapy compliance has proved
to be quite successful in blocking the spread of tuberculosis,
particularly drug-resistant tuberculosis (15,173,184–186).

The standard of care for urinary tract tuberculosis due to
drug-sensitive organisms in a compliant patient now consists
of a 6-month regimen of INH, rifampin, and pyrazinamide
for 2 months, followed by INH and rifampin for 4 months
(15,173,184–189). Unless the possibility of drug resistance
is vanishingly small (a <4% incidence of drug resistance in
the patient’s community, no previous treatment with antitu-
berculous drugs, no known exposure to a drug resistant case,
etc.), a fourth drug—ethambutol, streptomycin, or one of the
fluoroquinolones—should be included in the initial regimen
until the results of sensitivity testing are available. Patients not
tolerating pyrazinamide should be treated for 9 months with
INH and rifampin (plus one or more of the other drugs listed
until susceptibility testing results are known). More prolonged
courses of therapy are indicated for any patient slow to re-
spond to one of the standard regimens, those with miliary or
central nervous system disease, those with significant immuno-
suppression (e.g., AIDS, organ transplant recipients, etc.), and
children with multiple sites of involvement (including the skele-
ton) (173,190).

HIV-associated tuberculosis is managed similarly to that ob-
served in the HIV-negative population (although our preference
is to prolong therapy for an additional 3 to 6 months in those
with AIDS), with the following modifications to increase the
probability of success: directly observed therapy for all patients
with HIV-related tuberculosis; the substitution of rifabutin for
rifampin in individuals receiving anti-HIV protease inhibitors
because of the risk of drug interactions that affect the efficacy
of treatment of both the HIV and the tuberculosis; monitoring
the responses to antituberculosis treatment to individualize the
appropriate duration of antituberculosis therapy (191,192).

The management of drug-resistant disease is determined by
the results of in vitro susceptibility testing. At a minimum, at
least two drugs, preferably including at least one of the front-
line bactericidal agents (INH, rifampin, and pyrazinamide) to
which the isolate is susceptible, are prescribed. If the isolate
is susceptible to two of these agents, and the patient tolerates
them, then a 6- to 9-month regimen is usually sufficient. If the
isolate is susceptible to only one of these, and the additional
agent is ethambutol or a fluoroquinolone, then therapy should
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TA B L E 3 8 - 1

TREATMENT OF MYCOBACTERIAL DISEASE IN ADULTS AND CHILDREN

Commonly
used agents Daily dose Twice-weekly dose Most common side effects Remarks

Isoniazid 5 to 10 mg/kg up to
300 mg PO or IM

15 mg/kg PO
or IM

Peripheral neuritis,
hepatitis,
hypersensitivity

Bactericidal to both
extracellular and intracellular
organisms. Pyridoxine as
prophylaxis for neuritis.

Rifampin 10 mg/kg up 600 mg
PO

10 mg/kg up to
600 mg PO

Hepatitis, febrile
reaction, purpura (rare)

Bactericidal to all populations
of organisms.

Streptomycin 15 to 20 mg/kg up
to 1 g IM

25 to 30 mg/kg
IM

Eighth nerve damage,
nephrotoxicity

Bactericidal to extracellular
organisms.

Pyrazinamide 15 to 30 mg/kg up
to 2 g PO

50 to 70 mg/kg
PO

Hepatotoxicity,
hyperuricemia

Bactericidal to intracellular
organisms. Combination
with an aminoglycoside is
bactericidal.

Ethambutol 15 to 25 mg/kg PO 50 mg/kg PO Optic neuritis (reversible
with discontinuation of
drug; very rare at
15 mg/kg), skin rash

Bacteriostatic to both
intracellular and extracellular
organisms, primarily used to
inhibit development of
resistant mutants. Use with
caution with renal disease or
when eye testing is not
feasible.

Capreomycin 15 to 30 mg/kg up
to 1 g IM

Eighth nerve damage,
nephrotoxicity

Bactericidal to extracellular
organisms in cavities. Use
with caution in older
patients. Rarely used with
renal disease.

Kanamycin 15 to 30 mg/kg up
to 1 g IM

Eighth nerve damage,
nephrotoxicity

Bactericidal to extracellular
organisms. Use with caution
in older patients. Rarely used
with renal disease.

Ethionamide 15 to 30 mg/kg up
to 1 g PO

GI disturbance,
hepatotoxicity,
hypersensitivity

Bacteriostatic to both
intracellular and extracellular
organisms. Divided dose may
help GI side effects; has a
metallic taste.

Para-aminosalicyclic
acid

150 mg/kg up to
12 g PO

GI disturbance,
hypersensitivity,
sodium load

Bacteriostatic to extracellular
organisms only. GI side
effects are very frequent,
making cooperation difficult.

Cycloserine 10 to 20 mg/kg
up to 1 g PO

Psychosis, personality
changes, convulsions,
rash

Bacteriostatic to both
intracellular and extracellular
organisms. Alcohol may
aggravate psychotic
problems. Side effects may be
blocked by pyridoxine,
ataractic agents, or
anticonvulsant drugs.

Ciprofloxacin 500 to 1,000 mg GI upset, dizziness,
hypersensitivity, drug
interactions,
headaches, restlessness

Bactericidal. Not approved by
FDA for tuberculosis
treatment. Should not be
used in children.

Ofloxacin 400 to 500 mg GI upset, dizziness,
hypersensitivity, drug
interactions,
headaches, restlessness

Bactericidal. Not approved by
FDA for tuberculosis
treatment. Should not be
used in children.

GI, gastrointestinal; FDA, U.S. Food and Drug Administration.
(Adapted from: American Thoracic Society. Treatment of tuberculosis and other mycobacterial diseases [Official Statement]. Am Rev Respir Dis
1983;129:790.)
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be prolonged for at least 12 months. In patients with infection
caused by multiresistant organisms, a multidrug regimen of the
second-line agents (Table 38-1) is administered for 24 months
(172).

Two types of genitourinary tract tuberculosis are partic-
ularly difficult to treat—“the autonephrectomized” kidney
destroyed by tuberculosis and now presenting as a nonfunc-
tioning, avascular, calcified, caseous mass, and prostatic tuber-
culosis. In both these circumstances, delivery of antitubercu-
lous therapy to the site of infection is fraught with difficulty.
Indeed, as observed in the following, some authorities believe
that all end-stage tuberculous kidneys should be removed sur-
gically, and Dutt and Stead (190) noted that tuberculous ab-
scesses must be surgically drained in any patient undergoing
short-course therapy. As far as prostatic tuberculosis is con-
cerned, we have observed patients who had been rendered
culture negative with 2 years of therapy for urinary tract tu-
berculosis who, a few years later at the time of an incidental
prostatectomy, were shown to harbor living M. tuberculosis at
this sequestered site.

SURGICAL MANAGEMENT OF
URINARY TRACT TUBERCULOSIS

In the prechemotherapy era, surgical ablation of infected foci
was the only therapy available for renal tuberculosis. Without
surgery, the 5-year survival rate for patients with renal tuber-
culosis was 15% to 42%, but with surgery, 10-year survival
rates approached 50% (193). With modern chemotherapy, no
one should die of urinary tract tuberculosis; however, there still
remains a role for surgery today for this disease. The primary
form of surgical intervention is in the relief of strictures, partic-
ularly those of the ureters, which can result from the scarring
process. Thus, ureteral dilatations, ureteral reimplantations,
and in some cases, relief of intrarenal obstruction to urine flow
are important aspects of the modern function-conserving ap-
proach to urinary tract tuberculosis (131,132,194–199). Be-
cause such strictures can develop on therapy, the possible need
for surgical intervention continues long after cultures for M.
tuberculosis turn negative, and close follow-up with frequent
radiologic assessment is mandatory (see the previous discus-
sion). Less commonly, patients whose bladders have been badly
scarred by the tuberculosis process have such poor bladder
function that bladder augmentation or even urinary diversion
may be necessary to deal with unbearable urinary frequency,
inadequate emptying, or both (197,199–201).

In the case of ureteral strictures, it has been suggested that
the administration of steroids in conjunction with antituber-
culous therapy can prevent scarring and lessen the need for
reparative surgery (202,203). A controlled trial demonstrating
this benefit has not been done, and the use of steroids remains
controversial (29). We do not use steroids in this setting. Newer
techniques for balloon dilatation and stent placement to deal
with internal strictures have proven to be very useful (204).

Perhaps the most controversial area of surgical management
is whether or not nephrectomy is necessary for the nonfunction-
ing end-stage tuberculous kidney. Lattimer and his colleagues
(115,128,205,206) pioneered the concept that a 2-year course
of chemotherapy can sterilize these caseous, calcified masses
and leave the patient with no further risk to his or her health.
Other investigators have felt that such sequestered, caseous tis-
sue should be removed during the course of chemotherapy in
order to prevent late tuberculous reactivation, the development
of hypertension, and other untoward sequelae (207–211). It is
our opinion that with modern regimens that include INH and
rifampin for periods longer than 18 months, routine removal of
the tuberculous “cement” kidney is not necessary. We reserve

such nephrectomies for patients with unilateral, end-stage tu-
berculous kidneys whose course is complicated by conventional
bacterial sepsis, hemorrhage, intractable pain, newly developed
severe hypertension, inability to sterilize the urine because of
patient unreliability, drug resistance, or some other factor (29).
For the great majority of patients, however, ablative surgery is
not indicated.
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CHAPTER 39 ■ PATHOPHYSIOLOGY OF
ISCHEMIC ACUTE RENAL INJURY
CHARLES L. EDELSTEIN AND ROBERT W. SCHRIER

Acute renal injury may lead to the clinical syndrome, which has
been termed acute tubular necrosis (ATN). This term emerged
from the early observation on renal biopsy that necrosis of
some renal tubular epithelial cells may occur in humans with
acute renal injury (1). Tubular epithelial casts (muddy brown
casts) are excreted in the urine of these patients. It is now
known, however, that the tubular necrosis is quite patchy and
alone could not account for glomerular filtration rates (GFR)
less than 10 mL/minute/1.73m2, the functional hallmark of
clinically significant ATN (1). Moreover, a percentage, ranging
from 30% to 70%, of the urinary tubular epithelial cells has
been shown to be viable by culture and exclusion of vital dyes
(2,3). This observation is somewhat surprising since generally
cells, which are separated from their extracellular matrix, un-
dergo apoptosis (4–7). Emerging results, however, suggest that
adhesion molecules (e.g., cadherins and integrins) may allow
cell to cell or cell to matrix adhesion, which not only avoids
apoptosis but may contribute to intratubular obstruction
(8–11). Intraluminal tubular casts on renal biopsy are a hall-
mark of clinical ATN and earlier nephron dissection studies by
Jean Oliver demonstrated a preferential location of these casts
in the medullary collecting duct (12). This location is of partic-
ular relevance to the overall low GFR in ATN, since thousands
of nephrons drain into a single medullary collecting duct.

In the past, a debate emerged about whether the patho-
physiology of clinical ATN was primarily tubular or vascular.
In fact, initial rat micropuncture studies were unable to con-
sistently detect an elevation in tubular pressures in experimen-
tal acute renal failure (ARF) and thus suggested that the term
vasomotor nephropathy replace the ATN term for the clinical
syndrome (13–15). However, against a purely vascular patho-
genesis was the observation that the intrarenal infusion of a
vasodilator (e.g., dopamine), which restored renal blood flow
to normal, failed to reverse the ARF failure clinical syndrome in
either human or experimental animals (16,17). Experimental
results have emerged that both vascular and tubular factors are
involved in the pathogenesis of clinical ATN. Most recently, the
role of endothelial injury and dysfunction (18) in promoting an
inflammatory response in ARF (19) has received prominence.
Thus, this chapter will discuss the potential tubular and vascu-
lar factors, as well as inflammatory processes, involved in the
pathogenesis of ischemic ARF (Fig. 39-1). Toxic ARF will be
discussed in another chapter. However, it must be emphasized
that ATN in humans is frequently multifactorial. Both ischemic
and toxic insults combine to cause clinical ATN. In the present
chapter, ATN and ischemic ARF will be used interchangeably
with the assumption that causes of prerenal and postrenal (i.e.,
urinary tract obstruction) azotemia have been excluded (see
Chapter 25).

Regarding the definition of ARF, criteria based on the serum
creatinine and urine output, have been recently proposed for
classifying ARF (19a). These RIFLE criteria (Risk, Injury, Fail-
ure, Loss of function, and End stage kidney disease) may facil-
itate early diagnosis and interpretation of future clinical trials.

The understanding of the pathogenesis of ischemic ARF is
of considerable importance for several reasons. First of all, this
clinical syndrome is quite frequent, occurring in 5% to 10%
of hospitalized patients and 30% to 40% of intensive care unit
patients (20–22). The incidence is likely to increase in the fu-
ture because of the use of newer nephrotoxic drugs and the
performance of more complex procedures in older patients
(23). Secondly, ischemic ARF has a very high mortality par-
ticularly when requiring dialysis to treat the resultant uremic
syndrome. Overall mortality averages 40% to 50%; however,
patients in an intensive care unit with ischemic ARF may have
mortality in excess of 80%, particularly if they have multi-
organ failure (24–29). It is widely quoted that the mortality
of ARF has only improved slightly in the last 40 years (30).
However, a study suggests that there has been improvement
in ARF mortality between the late 1970s and the early 1990s
(31). Thirdly, there is considerable evidence that a functional
component of the renal failure exists. Specifically, histologic
examination of the kidney from patients with clinical ATN
exhibits normal glomeruli, occasional tubular necrosis, some
intraluminal casts, and modest interstitial edema (1). There is
virtually no evidence for irreversible tissue damage and the
morphological changes alone fail to support the presence of a
GFR less than 10 mL/minute/1.73m2. Lastly, the vast major-
ity of patients who recover from ischemic ARF demonstrate
grossly normal renal function (27). Thus, on recovery, patients
with this clinical syndrome, which have a dramatically high
mortality, are not left with residual dead tissue, which occurs
after a myocardial infarction or stroke.

EXPERIMENTAL MODELS OF
ACUTE RENAL FAILURE

Available models to study the pathophysiology of renal cell
ischemia are listed in Table 39-1 (32). An understanding of
these models will allow better interpretation of the multiple
studies discussed in this chapter.

Proximal and distal tubular cells in culture have been widely
used to study tubular injury. These cells change from their nor-
mal dependence on oxidative, mitochondrial metabolism to
glycolysis under culture conditions (33). As a result, these cul-
tured tubules become less susceptible to oxygen deprivation.
Thus, exposure to drugs like antimycin-A, ionomycin, or a
combination to induce “chemical” ATP depletion and subse-
quent necrosis or apoptosis is used. Cultured cells also undergo
considerable structural change that includes simplification of
both their apical and basolateral compartments (34). The pres-
ence of necrosis rather than apoptosis in these cells may be re-
lated to the level of ATP depletion. In cultured mouse proximal
tubules subjected to ATP depletion below 15% of control val-
ues, the cells died of necrosis, whereas in ATP depletion from
25% to 70% of control values all the cells died of apoptosis
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FIGURE 39-1. Vascular and tubular factors and inflammatory pro-
cesses are involved in the pathophysiology of ischemic acute renal fail-
ure.

(35). While cultured tubules are the least complex model and
allow understanding of mechanisms involved, the therapeutic
implications for in vivo ARF is limited.

Freshly isolated rat or rabbit proximal tubules in suspension
are also widely used to study proximal tubular injury (36–44).
The method of isolation of tubules is by collagenase digestion
and Percoll centrifugation. The isolation of proximal tubules
from mice has recently been described (41,45). Hypoxia is
achieved by gassing the suspension with 95%N2/5%CO2 for
up to 15 minutes thereby reducing the pO2 to approximately
30 mm Hg. Percent lactic dehydrogenase (LDH) release into
the suspension medium is measured as an index of lethal mem-
brane injury (46,47). The tubules are preincubated with cy-
toprotective agents and enzyme inhibitors before induction of
hypoxia and the effect of these agents on cell membrane in-
jury can be determined. The presence of necrosis rather than
apoptosis during short periods of hypoxia (15 to 30 minutes)
in this model was demonstrated using DNA-specific dyes, such
as Hoechst 33342 and propidium iodide (48). Another study
has also demonstrated that during hypoxia there is endonu-
clease activation without morphologic features of apoptosis

TA B L E 3 9 - 1

AVAILABLE MODELS TO STUDY THE
PATHOPHYSIOLOGY OF RENAL CELL ISCHEMIA
(INCREASING ORDER OF COMPLEXITY)

Model Origin

Cultured tubular cells Primary culture of human, rat
and mouse; Madin-Darby
canine kidney (MDCK) cells
(distal); porcine renal epithelial
(LLC-PK1) cells (proximal);
opossum kidney (OK) cells;
human kidney (HK) cells.

Freshly isolated proximal
tubules in suspension

Rabbits, rats, mice

Isolated perfused kidney Rat
Whole animals Rabbits, rats, mice, dogs (not

much used anymore)
Human patients Renal biopsy studies. Urine and

serum biomarkers of ARF.

(Adapted from: Lieberthal W, Nigam SK. Acute renal failure: II.
Experimental models of acute renal failure; imperfect but
indispensable. Am J Physiol 2000;278:F1.)

in the same model of rat proximal tubules (49). Freshly iso-
lated tubules are valuable for both structural and metabolic
investigations as they retain the biochemical properties of the
in vivo state, a high degree of structural integrity, and are highly
polarized and fully differentiated (32). However, the tubules
are highly sensitive to ATP depletion and severe hypoxia or
anoxia results in necrosis of more than 50% of the cells after
30 minutes.

In whole animal studies, usually rats, rabbits, or mice, a
clamp model of ischemic ARF is used (50–52). Ischemic ARF is
generally induced by (i) clamping of both the right and left renal
pedicles or renal arteries or (ii) unilateral renal pedicle or artery
clamp preceded by contralateral nephrectomy. The renal vessels
are clamped for varying periods of time, generally from 45 to
60 min, followed by varying periods of reperfusion. This results
in a reversible model of ARF in which the BUN and serum
creatinine reach a peak at 24 to 48 hours reperfusion and then
gradually normalize over the next 7 days (50–53). However,
renal vessel clamping in rats results in extensive necrosis of
proximal tubules. This necrosis is much more extensive than is
seen in humans with ischemic ARF. Nevertheless, while animal
models of ischemic ARF are complex with many experimental
limitations, they provide important leads for future therapeutic
clinical interventions.

In the isolated perfused kidney model, the kidney is re-
moved from the animal. The perfusate usually consists of
Krebs-Henseleit buffer with albumin. Urine is collected by can-
nulation of the ureter. This model allows study of factors in-
dependent of changes in systemic hemodynamics and neural
activity. The further advantages of this model are that it al-
lows the study of specific circulatory factors or pharmacolog-
ical agents that are added to the perfusate. These agents are
thus delivered directly to the kidney. The disadvantages of the
model are (i) the absence of red blood cells in the perfusate
impairs oxygen delivery to the medullary thick ascending limb
(MTAL) and (ii) perfusate flow greatly exceeds normal in vivo
values. The isolated perfused kidney is regarded as a model of
selective hypoxia to the medullary thick ascending limb (54).

Study of human patients with ARF, while having impor-
tant experimental limitations, of course, has the most direct
therapeutic value. Analysis of urine cytology represents a non-
invasive method for potentially defining the cause of ARF (1).
Myers and coworkers have examined patients with ischemic
ARF postrenal transplantation by obtaining biopsies of these
allografts at the time of transplantation (55–57). Biomarkers
of kidney injury would greatly facilitate the early detection and
precise diagnosis of ATN.

BIOMARKERS OF ARF

Acute renal failure is usually diagnosed by recording increases
in serum creatinine and decreased urine output over several
days. However, serum creatinine is not a good marker of renal
function in ARF because its concentration can be affected by
factors not related to renal function such as volume of distri-
bution, muscle mass, and creatinine secretion (27). When the
kidney is injured and the true GFR suddenly drops, there is a
slow increase in serum creatinine over days. A new steady state,
that may take up to 7 days, is reached when creatinine genera-
tion equals creatinine excretion. In contrast to serum troponin
in myocardial infarction, an increase in serum creatinine is not
directly related to tubular injury in ARF. Recent studies have
examined urine and serum biomarkers of kidney injury that
would facilitate the diagnosis of ATN.

Although the initial studies on some molecules like
tubular enzymes (e.g., L-alanine aminopeptidase, N-acetyl-
[beta]-D- glucosaminadase, and adenosine deaminase binding
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protein) were promising, the larger and more detailed studies
have shown inadequate sensitivity or specificity to advocate
clinical use (58–60). Recently described molecules such as the
cytokine IL-18 (61), kidney injury molecule-1 (KIM-1) (62),
cystein-rich protein 61 (Cry61) (63), neutrophil gelatinase-
associated lipocalin (NGAL) (64), and sodium/hydrogen ex-
changer isoform 3 (NHE3) (65) have demonstrated compelling
results as markers of ARF at the preclinical level. Studies are
being initiated to explore these molecules in human ARF.

Urinary IL-18 is an excellent test for diagnosis of ATN and
delayed graft function in humans (66). The mature form of IL-
18, as detected by ELISA assay, is massively increased in the
urine of patients with ischemic ATN compared to normal con-
trols and other acute and chronic renal diseases. Urinary IL-18
increases in the first 24 hours after kidney transplantation in
patients with delayed graft function (DGF). Lower levels of uri-
nary IL-18 in the first 24 hours after kidney transplantation are
associated with a better functioning kidney. On receiver oper-
ating characteristic (ROC) curve analysis, the discriminatory
power of the urine IL-18 test to detect ATN is 97%. The accu-
racy of this test compares favorably with the recently described
markers of ARF, actin, IL-6, and IL-8 (67).

Because of the crucial importance of earlier therapies and
management of ARF, markers are being explored for early di-
agnosis of ARF. NGAL were investigated as an early biomarker
for ARF following cardiopulmonary bypass in 45 patients (68).
Urine and serum was collected at baseline and at frequent in-
tervals for 5 days following cardiopulmonary bypass. All pa-
tients who developed ARF (defined as a 50% increase in serum
creatinine) displayed a significant increase in serum and urine
NGAL very early after cardiopulmonary bypass compared to
patients without ARF. These results show that NGAL may be
a sensitive, early urinary, and serum biomarker for ARF.

In a nested case-control study within the Adult Respiratory
Distress Syndrome (ARDS) network trial, urinary IL-18 was in-
vestigated as an early marker of ARF (69). Median urine IL-18
levels were significantly higher in ARF cases (defined as a 50%
increase in serum creatinine) as compared to controls. On mul-
tivariable analysis, urine IL-18 values predicted development
of ARF 24 and 48 hours later after adjusting for demographics,
sepsis, APACHE III score, serum creatinine, and urine output.
After controlling for other parameters, a rise in urine IL-18 by
25 pg/mL is associated with increased odds of ARF by 19%
in the next 24 hours. Urine IL-18 performs well as a diagnos-
tic test with an area under the receiver operator characteristic
curve of 73%. The conclusion of this study is that urinary IL-18
levels can be used for the early diagnosis of ARF.

A recent study demonstrated that serum cystatin C appears
to increase 24 to 48 hours before creatinine in patients with
ARF (70). However, cystatin C is a marker of clearance and
not a marker of renal tubular injury.

An early biomarker of ischemic ATN may lead to ear-
lier treatments (e.g., appropriate fluid balance, avoidance of
nephrotoxic drugs, appropriate drug dosage, earlier nephrol-
ogy consultation, and earlier initiation of dialysis) (71). Also,
an early marker with a high sensitivity and specificity will help
in designing interventional trials for the treatment of ARF by
allowing for the timely initiation of the investigational drug.
Future clinical trials and prospective studies in ARF should
incorporate biomarker measurements to hasten the clinical de-
velopment of these tests.

BACKLEAK OF GLOMERULAR
FILTRATE POSTRENAL ISCHEMIA

It has been proposed that GFR in ischemic ARF is really not
as low as measured since glomerular filtrate is leaking across

damaged epithelium or tubular basement membranes. In some
toxic experimental models of ischemic ARF, diffuse tubular
necrosis and basement membrane damage have been associated
with evidence for backleak of glomerular filtrate. The term
backleak of glomerular filtrate refers to the unregulated passage
of salt and water from the tubular lumen into the interstitium
and later back into the renal venous capillaries and renal veins
(72). However, the level of epithelial and basement membrane
damage with these experimental toxic models (e.g., cisplatin
and mercuric chloride) is virtually never observed in human
ATN. Myers et al. have performed studies using solute sieving
curves in search of tubular backleak of glomerular filtrate (73).
They found that dextran sieving curves could sometimes exceed
inulin sieving curves, thus providing evidence in support of
backleak of solutes (i.e., inulin) which are normally unable
to cross intact tubular epithelial basement membranes. Even
when accepting the validity of this method for documenting
tubular backleak of filtrate, however, the calculated amount
would only account for a decrease in renal function of 8% to
10%. Thus, while tubular backleak of glomerular filtrate might
occasionally occur in patients with severe ischemic ARF, it is
unlikely to be a dominant pathogenic factor.

The tight junction of polarized tubular epithelial cells is the
most apical component of the junctional complex and serves
as an important permeability barrier (74). Tight junctions also
control cell polarity (75). However, the tight junction in the
proximal tubule is relatively “leaky” with as much as one-third
of proximal sodium reabsorption occurring via the paracellular
route. The tight junctional complex is a dynamic and regulated
structure. Some of its protein components have been identified
and include the transmembrane protein occludin. Nontrans-
membrane proteins on the cytosolic leaflet include zona oc-
cludens (ZO)-1, ZO-2, cingulin, 7H6, and several unidentified
phosphoproteins. Interactions of some of these proteins with
the actin cytoskeleton are major determinants of tight junction
structure and may also play a role in the regulation of tight
junction assembly (74). The integrity of the tight junction is
disrupted during ischemic injury and must be reestablished for
recovery (76). There is in vitro experimental evidence in cell
culture studies for an impaired tight junction between tubu-
lar epithelial cells undergoing chemical anoxia (77). Ruthe-
nium red, which normally is impermeable to tight junctions,
has been shown to enter the zona occludans after chemical
hypoxia and renal ischemia (77,78). Energy depletion abol-
ishes the gate function of the tight junction, as determined by
the dramatic decrease in transepithelial resistance, but it leaves
the fence function intact, as determined by the maintenance
of lipid polarity (79). In an ATP depletion-repletion model
in Madin-Darby canine kidney cells, tight junction proteins,
such as ZO-1, reversibly form large complexes and associate
with cytoskeletal proteins (80). A model has been proposed in
which a key, potentially regulated, step in the generation of the
ischemic epithelial cell phenotype is the interaction between
tight junction proteins and fodrin and/or other cytoskeletal
proteins (80). Intracellullar calcium plays a role in tight junc-
tion reassembly after ATP depletion (76). In this study, the
role of intracellular calcium in tight junction reassembly after
ATP depletion-repletion was studied using the cell-permeable
calcium chelator 1, 2-bis(2-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid-AM (BAPTA-AM). Lowering intracellular cal-
cium during ATP depletion was associated with significant
inhibition of the reestablishment of the permeability barrier
following ATP repletion as measured by transepithelial electri-
cal resistance and mannitol flux, marked alterations in the sub-
cellular localization of occludin by immunofluorescent analysis
and decreased solubility of ZO-1 and other tight junction pro-
teins by Triton X-100 extraction assay. This suggested that low-
ering intracellular calcium potentiates the interaction of tight
junction proteins with the cytoskeleton.
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Recent studies have also shown the importance of small
GTPases (Rho, Rac, and dc-42) in the integrity of the zona oc-
cludans (81). ATP depletion with chemical hypoxia has been
demonstrated to inactivate these GTPases and thereby con-
tribute to increased paracellular backleak of filtrate (75,82).
Expression of constitutively active RhoA GTPase in ATP-
depleted MDCK cells prevents tight junction disassembly (75).
Cyanide-induced chemical hypoxia increases the kinase activ-
ity of c-Src and causes its translocation to cell-cell junctions
where it binds to and phosphorylates beta-catenin and p120,
suggesting that this may contribute to the loss of epithelial bar-
rier function (83). It is likey that the effects on tight junction
integrity seen in ATP depletion are due, at least in part, to the
inhibition of Na-K-ATPase (84).The relevance of these cell cul-
ture observations to clinical ischemic ARF in patients remains
to be proven.

DECREASED TUBULAR SODIUM
REABSORPTION POSTRENAL

ISCHEMIA

Proximal tubular injury, whether it be sublethal reversible dys-
function, necrosis, or apoptosis has been extensively studied.
Mechanisms of proximal tubular injury that will be discussed
in this section are outlined in Table 39-2. The study of proximal
tubular injury is of special relevance in order to explain the de-
creased tubular sodium reabsorption that occurs in postrenal
ischemia.

In the normal kidney, Na+ is vectorially transported from
the proximal tubule lumen across the apical membrane mi-
crovilli into the tubular epithelial cells and then across the ba-
solateral membrane into the interstitium and the peritubular
circulation (85). Na+-influx into the polarized proximal tubu-
lar epithelial cells across the apical membrane is passive down
the Na+-gradient via the H+/Na+ exchanger and various Na+-
cotransporters. The Na+- gradient is maintained by an active
transport via the Na+/K+-ATPase at the basolateral membrane
of the proximal tubular cells (Fig. 39-2).

The earliest signs of clinical ATN are urinary muddy brown
casts and an increased fractional excretion of sodium (FENa)
(86,87). The proximal tubule is the most frequent morpholog-
ical site of injury in ischemic ARF in both humans and animals
(88). The S3 segment of the proximal tubule is particularly
prone to ischemic injury, perhaps because of its location in
the outer medulla, which is relatively hypoxic compared to the
renal cortex (88). The proximal tubule nephron site is also as-
sociated with impaired vectorial sodium transport. The earliest
morphological changes with ischemic injury are invagination
and sloughing of the brush border membrane into the lumen, an
abnormality compatible with impairment of apical sodium an-
tiporters and cotransporters responsible for sodium entry into
proximal tubular epithelium (89–91). The tubules lose their
polarity (87). In vitro studies have shown that ATP depletion
leads to dephosphorylation and inactivation of the actin bind-
ing protein, ezrin, and activation of actin depolarizing protein
in the proximal tubule membrane (92,93). This leads to dis-
ruption of the microvillar actin and loss of the brush border
membrane (94). Loss of polarity of proximal tubule cells dur-
ing chemical anoxia and ischemia has also been shown with
the translocation of the Na-K-ATPase to the apical membrane
(95–97) (Fig. 39-3). The translocated Na-K-ATPase remains
functional (98). In MDCK cells exposed to ATP depletion,
there is loss of polarity of Na-K-ATPase and dissociation of
the membrane-cytoskeleton complex at the spectrin-ankyrin
interface (99). Thus, sodium transport into the proximal lu-
men and decreased proximal tubular sodium reabsorption have
been proposed in response to hypoxia and ischemia.

TA B L E 3 9 - 2

MECHANISMS OF HYPOXIC/ISCHEMIC PROXIMAL
TUBULAR INJURY

SUBLETHAL REVERSIBLE INJURY
Cytoskeletal disruption and loss of polarity
Loss of tight junction function
Loss of cell-matrix adhesion
Abnormal gene expression

NECROSIS
Severe ATP depletion (15% of normal)
Calcium influx
Calcium-dependent phospholipase A2(cPLA2)
Calcium-dependent cysteine proteases e.g., calpain
Calcium-independent PLA2

Caspase-1
Interleukin-18 (IL-18)
Metalloproteases
Oxygen radicals
Lipid peroxidation
Deficiency of glycine
Nitric oxide (generated by iNOS)
Endonuclease activation
Deficient heat stress response
Potassium efflux

APOPTOSIS
Mild ATP depletion (25% to 50% of normal)
Caspase-3
Caspase-1
Caspase-6
Endonuclease activation
Serine proteases
Insulin-like growth factor I receptor deficiency
Deficient heat stress response
Erythropoietin
Bcl-2 proteins
Mitochondrial injury

Studies in cadaveric transplanted kidneys with prompt and
delayed graft function have been compared relative to the cellu-
lar location of the actin binding proteins, ankyrin and spectrin,
and Na-K-ATPase using selective antibodies. In those kidneys
with delayed graft function approximately 50% of the ankyrin,
spectrin, and Na-K-ATPase was translocated from the basolat-
eral membrane to the cytoplasm, whereas those kidneys with
prompt graft function had only minimal translocation of these

FIGURE 39-2. Normal reabsorption of sodium in the proximal tubule.
The NaK-ATPase pump is located on the basolateral surface of the
proximal tubule.
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FIGURE 39-3. Tranlocation of the Na-K-ATPase pump away from
the basolateral proximal tubule membrane during hypoxia/ischemia.
Loss of polarity of proximal tubule cells during chemical anoxia and
ischemia results in a translocation of the Na-K-ATPase. During ATP
depletion in cultured cells the Na-K-ATPase translocates to the api-
cal membrane. In human kidney allografts with delayed function, the
Na-K-ATPase translocates to the cytoplasm. The translocated Na-K-
ATPase remains functional.

proteins from the basolateral membrane (55) (Fig. 39-4). These
observations, therefore, have contributed to our understand-
ing of reversible and sublethal tubular dysfunction in ischemic
kidneys in vivo.

Since proximal tubular cells in culture convert from primar-
ily oxidative to glycolytic metabolism and alter their pheno-
type (33,34), confirmation of experimental results in other sys-
tems is advisable. The use of freshly isolated proximal tubules
to study the response to hypoxia has also been enlightening.
These tubules in general maintain their phenotype and oxida-
tive metabolism but are more sensitive to hypoxia, as assessed
by LDH release, than in vivo tubules (100–103). Hypoxia for
15 to 30 minutes causes a reproducible release of LDH and the
cells die by necrosis (48,49). The central role of intracellular
calcium and various protective maneuvers against hypoxic in-
jury have been demonstrated in these isolated proximal tubules.
However, before discussing the role of intracellular calcium in
proximal tubular injury, we shall briefly consider adenine nu-
cleotides. It is unquestioned that the first effect of ischemia,
hypoxia, or mitochondrial inhibition in most in vitro and in
vivo models is to compromise adenine nucleotide metabolism.

FIGURE 39-4. The cellular location on immunohistochemistry of the
actin binding proteins, ankyrin and spectrin, and Na-K-ATPase in ca-
daveric transplanted kidneys with prompt graft function (PGF) and
delayed graft function (DGF) was compared. In those kidneys with
delayed graft function approximately 50% of the ankyrin, spectrin,
and Na-K-ATPase was translocated from the basolateral membrane to
the cytoplasm. Whereas those kidneys with prompt graft function had
only minimal translocation of these proteins from the basolateral mem-
brane. ∗∗p <0.01 vs PGF, ∗∗p <0.05 vs PGF. (Adapted from: Alejandro
VS, Nelson WJ, Huie P, et al. Postischemic injury, delayed function
and NaK-ATPase distribution in the transplanted kidney. Kidney Int
1995;48:1308.)

Decreased production of ATP precedes the increase in intracel-
lular calcium.

Adenine Nucleotides

Removal of oxygen from renal cells or whole kidneys results
in prompt decreases in the cellular ATP pool. Initially, adeno-
sine diphosphate (ADP) and adenosine monophosphate (AMP)
concentrations increase (52), and further catabolism of AMP
to adenosine and then to hypoxanthine and, in some species, to
xanthine occurs as the ischemic period is prolonged (104,105).
Provision of exogenous ATP-MgCl2 to ischemic rat kidneys
protects against ischemic injury (106). Mechanisms whereby
loss of ATP results in cellular injury include the loss of purine
nucleosides themselves, in some species the generation of oxy-
gen free radicals during reperfusion, and the loss of many
metabolic functions (e.g., phosphorylation) of important en-
zymes and ion channels and the functions of ion transporters
that are dependent on adequate ATP levels.

Ischemic preconditioning protects the heart and in some
studies, the kidneys, from subsequent ischemia/reperfusion in-
jury. Ischemic preconditioning appears to be mediated via
activation of adenosine receptors, specifically A1 adenosine
receptors. In support of this are studies that the exogenous
administration of adenosine, or A1 adenosine agonists mimic
ischemic preconditioning in cardiac muscle (107). It was re-
cently demonstrated that rat kidneys can be preconditioned
to attenuate ischemic-reperfusion injury. In this study, adeno-
sine infusion before the ischemic insult protects renal func-
tion via A1 adenosine receptor activation and adenosine A1
antagonism blocks adenosine-induced protection. In addition,
adenosine A3 receptor activation before ischemia worsens renal
ischemia-reperfusion injury and adenosine A3 receptor antag-
onism protects renal function (107). A2A adenosine receptors
mediate inhibition of ischemic ARF in rats due to an inhibitory
effect on neutrophil adhesion (108,109). Combined infusion of
an A2A adenosine receptor agonist and a type IV phosphodi-
esterase (PDE 4) inhibitor leads to enhanced protection against
ischemia-reperfusion injury in mice (110). Protection against
renal ischemia-reperfusion injury by adenosine A2A receptor
agonists or endogenous adenosine requires activation of re-
ceptors expressed on bone marrow–derived cells (111). The
adenosine A2 receptor may be a novel therapeutic target in
renal ischemia-reperfusion injury (112).

Intracellular Calcium

The normal regulation of epithelial cell calcium is demon-
strated in Figure 39-5. Calcium exists in the cell as cytosolic
free calcium, which is the smallest amount, but the most criti-
cal for regulation of intracellular events. Calcium is also bound
to proteins and anions in the cytosol and to membrane phos-
pholipids and glycoproteins. The largest pool of intracellular
calcium is in the mitochondria and the endoplasmic reticulum
(113,114). The concentration of calcium in the cytosol is about
100 nM, which is 1/10,000 of the extracellular calcium that is
in a mM concentration (113). The large electrochemical gra-
dient between intracellular and extracellular calcium is main-
tained by binding of calcium to intracellular components and
by apical and basolateral transport systems. Transport systems
may be voltage dependent or ATP dependent. Calcium efflux is
mediated in basolateral membranes by both calcium ATPase,
which is ATP dependent, and by a Na+/Ca2+ exchanger on
the basolateral membrane, which is ATP independent (115).
Normally, the cell membrane is impermeable to calcium and
maintains the steep calcium gradient between cytosolic free
calcium and the extracellular space (114). However, when cy-
tosolic calcium increases in response to either increased cellular
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FIGURE 39-5. The normal regulation of epithelial cell calcium. The cytosolic free
calcium [Ca2+]c is the smallest amount, but the most critical for regulation of intra-
cellular events. The concentration of calcium in the cytosol is about 100 nM, which
is 1/10000 of the extracellular calcium, which is in a mM concentration [Ca2+]e
Calcium is also bound to proteins and anions in the cytosol and to membrane phos-
pholipids and glycoproteins [Ca2+]b. The largest pool of intracellular calcium is in
the mitochondria and the endoplasmic reticulum. The large electrochemical gradient
is maintained by binding of calcium to intracellular components and by apical and
basolateral transport systems. Transport systems, which maintain the large electro-
chemical gradient between intracellular and extracellular Ca2+ may be voltage de-
pendent or ATP dependent like the Ca2+ ATPase pump and the Na+/Ca2+ exchanger.
During cell injury active mitochondrial sequestration appears to be quantitatively the
most important process for buffering elevations in cytosolic calcium.

membrane permeability or decreased calcium efflux or both,
the mitochondria and endoplasmic reticulum actively increase
their calcium uptake. Mitochondrial uptake and retention of
calcium becomes substantial only when cytosolic levels exceed
400 to 500 nM as occurs with cell injury (113). Mitochondrial
uptake is regulated by a calcium uniporter in the mitochondrial
inner membrane. Thus, during cell injury active mitochondrial
sequestration appears to be quantitatively the most important
process for buffering elevations in cytosolic calcium.

During epithelial cell injury, several factors favor increases
in cytosolic free calcium (Fig. 39-6). There is (i) decreased mi-
tochondrial electron transport leading to decreased ATP levels;
(ii) increased membrane permeability; and (iii) depolarization
or opening of voltage dependent channels. The decreased ATP
leads to decreased calcium uptake by mitochondria and endo-
plasmic reticula and decreased ability to pump calcium out of
the cell.

With this background on the normal regulation of cell cal-
cium, we shall now consider the role of intracellular calcium
in tubular injury. In 1981, it was proposed that calcium ions
were important participants in the functional, biochemical and
morphologic disturbances that characterize ARF (116,117).

Numerous studies over the past 15 years in different injury
models and cell types have demonstrated an increase in cy-
tosolic calcium in renal epithelial cell injury. These studies are
summarized in Table 39-3.

Initial interest in this area began with the demonstration that
chemically dissimilar Ca2+ channel blockers (CCB) are effec-
tive in preventing or attenuating the courses of experimental
ARF (50,115). On the background of these experimental re-
sults, the efficacy of CCB has been shown in preventing ARF
associated with cadaveric transplantation (118,119) and ra-
diocontrast media (120). These results led to a series of exper-
iments examining the role of cellular Ca2+ in the pathogenesis
of ischemic ARF. Early studies demonstrated that renal mito-
chondrial Ca2+ accumulation characterizes ischemic ARF and
that this Ca2+ uptake impairs renal mitochondrial oxidative
phosphorylation and ATP synthesis (51,52,121,122). More-
over, protection against ischemic ARF with CCB was associated
with an attenuation of this mitochondrial Ca2+ accumulation
and improved mitochondrial respiratory function (50).

In vitro experiments using cultured renal tubules suggested
a pathogenic role for cellular Ca2+ independent of any vas-
cular effect (123,124). In other experiments, either removal of

FIGURE 39-6. During epithelial cell injury, several factors
favor increases in cytosolic free calcium. There is (1) de-
polarization or opening of voltage dependent channels; (2)
increased membrane permeability and (3) decreased mito-
chondrial electron transport leading to decreased ATP lev-
els. The decreased ATP leads to decreased calcium uptake
by mitochondria and ER and decreased ability to pump cal-
cium out of the cell.
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TA B L E 3 9 - 3

INCREASES IN CYTOSOLIC CALCIUM IN RENAL EPITHELIAL CELL INJURY

Injury model Cell type Reference

Calcium ionophore Rabbit proximal tubules (454)
Anoxia LLCMK2 cells (455)
Chemical ATP depletion MDCK cells (456)
Calcium ionophore
Chemical ATP depletion

Cultured rabbit proximal tubules (457)

Chemical anoxia Rabbit proximal tubules (178)
Hypoxia Rabbit proximal tubules (458)
Hydrogen peroxide LLCPK1 cells (459)
Anoxia and hypoxia Rat proximal tubules (127)
Chemical anoxia Opossum kidney cells (460)
Hypoxia-reoxygenation Primary culture rat proximal tubules (461)
Hypoxia Rat proximal tubules (103)
Anoxia Rabbit proximal tubules (462)

(Reproduced from: Edelstein CL. Editorial Comment: calcium-mediated proximal tubular injury—what is
the role of cysteine proteases? Nephrol Dial Transplant 2000;15:141, with permission.)

Ca2+ from the medium during early reoxygenation (125) or the
administration of CCB (126) was found to improve cell viabil-
ity after anoxia. Further experiments were designed to examine
the role of cellular Ca2+ and the direct effects of CCB on renal
tubular epithelium without vascular influences; these experi-
ments utilized isolated proximal tubules, a consistent tubular
site of ischemic injury. The use of this preparation allowed the
study of direct tubular effects of protective agents, which could
not have been demonstrated to be independent of vascular ef-
fects in whole animal studies. Models of injury were devel-
oped in the isolated tubule preparation in response to hypoxia,
anoxia, and phosphate depletion (127–129). Studies demon-
strated that 45Ca uptake is increased with hypoxia and that
CCB prevent this increase (127). Moreover, the protective ef-
fect of a decreased pH was also shown to be associated with
a decrease in hypoxia related enhanced 45Ca influx (130). In
addition, Wetzels et al. showed that hypoxia-induced proxi-
mal tubule membrane damage can be significantly reduced by
lowering the extracellular Ca2+ concentration or by the addi-
tion of verapamil (46). In this latter study, the protective effect
of verapamil was associated with improved cellular ATP and
K+ levels, an effect that is not observed with other protective
agents, such as glycine or alanine. This finding suggested that
verapamil could act directly on the mitochondria and affect
the plasma membrane. Subsequent studies using isolated renal
cortical mitochondria did, in fact, demonstrate that verapamil
exerts a protective effect against Ca2+-induced mitochondrial
damage and that this effect may be mediated by the inhibition
of mitochondrial Ca2+ uptake and mitochondrial phospholi-
pase activity (131). Furthermore, studies in isolated tubules
confirmed hypoxia-induced free fatty acid and lysophospho-
lipid accumulation (132) and suggested a relationship between
these events and the rate of cellular Ca2+ uptake (133).

One question is to what level the free cytosolic calcium rises
during ATP depletion. Previously it was difficult to determine
peak cytosolic calcium levels using the high affinity calcium flu-
orophore Fura-2. Weinberg’s group showed that the cytosolic
free calcium increases to greater than 100 μM in ATP depleted
proximal tubules using the low-affinity calcium fluorophore
Mag-Fura-2 (101). Experiments were done in the presence of
2mM glycine which approximates the physiological concentra-
tion in vivo. In the tubules studied, 91% had a free cytosolic
calcium that exceeded 10 μM. Thirty-five percent had levels
greater than 500 μM with no cell membrane damage. In this
study, proximal tubules seemed to have a remarkable resistance
to the deleterious effects of increased calcium during ATP de-

pletion in the presence of glycine. In the isolated perfused rat
kidney, intracellular calcium increases have also been measured
using 19F NMR and 5F BAPTA and demonstrated a partially
reversible increase from 256 nM to 660 nM (134,135).

Another question is what level of oxygen deprivation is
required to increase cytosolic calcium. Peters et al. demon-
strated the rise in cytosolic calcium in anoxic but not hypoxic
tubules (136). In hypoxic perfusion oxygen tension measured
with a very sensitive electrode was 5 to 6 mm Hg. Complete
anoxia was achieved with oxyrase in a nonperfused system.
Calcium did not increase during hypoxia, but there was an in-
crease in calcium during anoxia. This increase paralleled the
collapse in mitochondrial membrane potential as measured
by rhodamine fluorescence. Because cell membrane damage
occurred during both anoxia and hypoxia, it was concluded
that an increase in cell calcium is not always necessary for cell
injury.

The crucial questions to implicate calcium as a primary fac-
tor in cell injury are (i) whether the increase in cytosolic calcium
precedes the injury and (ii) whether preventing the rise in cy-
tosolic calcium attenuates the injury (137,138). To investigate
whether hypoxia is associated with an increase in free cytoso-
lic calcium in proximal tubular cells, which precedes any ev-
idence of membrane damage, a video imaging technique was
developed in which free intracellular calcium could be mea-
sured simultaneously with the staining of nuclei with the mem-
brane impermeable indicator, propidium iodide, as an index
of hypoxia-induced membrane damage (139). Propidium io-
dide enters the cell through the damaged plasma membrane
and stains the cell nucleus. The percent of nuclei that stain
with propidium iodide is quantitated and is an index of plasma
membrane damage. Hypoxia in rat proximal tubules is associ-
ated with a significant rise in cytosolic calcium that antecedes
evidence of membrane damage as assessed by propidium io-
dide staining (103). Cytosolic calcium increased from 170 to
390 nM during 5 minutes of hypoxia. The increase in cytoso-
lic calcium preceded propidium iodide detectable cell injury
(Fig. 39-7). The increase in cytosolic calcium that preceded the
hypoxic membrane damage was promptly reversible with re-
oxygenation after 8 minutes hypoxia. This is important because
if cytosolic calcium is increased only after lethal cell membrane
damage, reoxygenation should not have normalized cytoso-
lic calcium. The 10-minute cytosolic calcium rise correlated
significantly with subsequent cell damage observed at 20 min-
utes. The pivotal role of the rise in cytosolic calcium during
hypoxia was further demonstrated by using the intracellular
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FIGURE 39-7. In isolated proximal tubules, the increase in free cy-
tosolic calcium as measured by Fura-2 precedes the cell membrane
damage as assessed by Propidium Iodide staining. (Adapted from:
Kribben A, Wieder ED, Wetzels JF, et al. Evidence for role of cytosolic
free calcium in hypoxia-induced proximal tubule injury. J Clin Invest
1994;93:1922.)

Ca2+ chelator 1,22-Bis (2-aminophenoxy) ethane-N,N,N′,N′-
tetraacetic acid (BAPTA) to prevent the rise in cytosolic
calcium; this approach resulted in marked cytoprotection
against hypoxic tubular injury.

Thus, low extracellular calcium also prevented the hypoxia
induced increase in free intracellular calcium, indicating that
hypoxic injury may be primarily due to net calcium entry (i.e.,
calcium influx > efflux) from the extracellular compartment
into the cells (103). While this result suggests an increase in
calcium influx during hypoxia, it does not exclude a decrease in
calcium efflux. Direct measurement of the calcium efflux is not
possible with the current technology. The estimation of the cal-
cium influx with different techniques during hypoxia has pro-
vided contradictory results. Using 45Ca2+ an increase in calcium
influx was observed, while with manganese-quenching of fura-
2, a decrease of the calcium influx was proposed (127,140). The
latter study hypothesized that reducing calcium influx during
hypoxia provides the cell with a means to prevent cellular cal-
cium overload during ATP depletion when calcium extrusion
is limited. In this regard, it was demonstrated that endoplasmic
reticulum calcium stores play a role in determining the cytosolic
calcium during hypoxia (141).

In summary, there are various factors that may explain the
differences between the cytosolic calcium found in proximal
tubules during hypoxic injury. These factors include (i) species
differences between rat and rabbit tubules, (ii) differences in
injury models caused by oxygen deprivation as compared to
metabolic inhibitors (chemical hypoxia), (iii) the severity of the
oxygen deprivation and the energy state of the mitochondria,
and (iv) different methods in measuring cytosolic calcium.

What are the mechanisms whereby increases in cytosolic free
calcium could lead to cell membrane injury? Potential calcium-
dependent mechanisms include changes in the actin cytoskele-
ton of proximal tubule microvilli (142), activation of calcium-
dependent PLA2(39), and activation of the cysteine protease,
calpain (137,138,143,144).

Calcium-Dependent Changes in
the Actin Cytoskeleton

The role of calcium in pathophysiological alterations of the
proximal tubule microvillus actin cytoskeleton was studied in
freshly isolated tubules (142). Precisely defined medium cal-
cium levels were defined using a combination of the metabolic
inhibitor, antimycin, and the ionophore, ionomycin, in the pres-
ence of glycine, to prevent lethal membrane damage. Increases
of intracellular calcium to 10 μM were sufficient to initiate
concurrent actin depolymerization, fragmentation of F-actin

into forms requiring high-speed centrifugation for recovery, re-
distribution of villin to sedimentable fractions, and structural
microvillar damage consisting of severe swelling and fragmen-
tation of actin cores. However, during ATP depletion induced
by antimycin alone or hypoxia alone, initial microvillar dam-
age was calcium-independent. This study suggests that both
ATP depletion-dependent but Ca2+-independent, as well as
Ca2+-mediated processes can disrupt the actin cytoskeleton
during acute proximal tubule cell injury. It also suggests that
both types of change occur, despite protection afforded by
glycine and reduced pH against lethal membrane damage;
and that Ca2+-independent processes primarily account for
prelethal actin cytoskeletal alterations during simple ATP de-
pletion of proximal tubule cells.

In normal proximal tubule cells, actin is concentrated in
apical brush border microvilli, along with the actin-binding
protein villin. Villin plays an important role in actin bundling
and in microvillar assembly, but can also act as an actin-
fragmenting protein at higher calcium concentrations. The ef-
fects of ischemic injury and reperfusion on the distribution of
villin and actin in proximal tubule cells of rat kidney were
examined (145). This study demonstrated that villin may be
involved in the initial disruption of the actin cytoskeleton dur-
ing reperfusion injury and that its migration back to the apical
domain of these cells accompanies the reestablishment of a nor-
mal actin distribution in the brush border.

ATP depletion results in the conversion of monomeric G-
actin to polymeric F-actin during tissue ischemia (146). This
conversion results from altering the ratio of ATP-G-actin and
ADP-G actin, causing a net decrease in the concentration of thy-
mosinactin complexes as a cosequence of the differential affin-
ity of thymosin beta 4 for ATP and ADP-G actin (147). Recent
studies suggest that the actin binding protein tropomysin binds
to and stabilizes the apical actin microvilli under physiological
conditions in proximal tubules (148).

Activation of Phospholipase A2 (PLA2)

PLA2 enzymes are important regulators of prostaglandin and
leukotriene synthesis and can directly modify the composition
of cellular membranes (149). PLA2enzymes are also potent
regulators of inflammation. The cytosolic form, cPLA2, pref-
erentially releases arachidonic acid from phospholipids and
is regulated by changes in intracellular calcium concentration
(150).

PLA2 enzymatic activity was measured in cell-free extracts
prepared from rat renal proximal tubules (39). Both solu-
ble and membrane-associated PLA2 activity were detected. All
PLA2 activity detected during normoxia was calcium depen-
dent. Fractionation of cytosolic extracts by gel filtration re-
vealed three peaks of PLA2 activity. Exposure of tubules to
hypoxia resulted in stable activation of soluble PLA2 activity,
which correlated with disappearance of the highest molecular
mass form (>100 kDa) and appearance of a low-molecular-
mass form (approximately 15 kDa) of PLA2. Hypoxia also re-
sulted in release of a low-molecular-mass form of PLA2 into
the extracellular medium. Pretreatment of tubules with glycine
before hypoxia blocked this release of PLA2 but not activation
of soluble PLA2 activity. This study provides direct evidence
for calcium-dependent PLA2 activation during hypoxia. How-
ever, calcium-independent forms of PLA2have also been found
to play a role in hypoxic proximal tubular injury (151).

The mechanism of PLA2-induced cell membrane damage is
interesting. Membrane phospholipid breakdown has been ob-
served to occur in a number of tissues during ischemia (152).
In proximal tubules hypoxia has been shown to cause an
increase in free fatty acids, which was initially believed to con-
tribute to cell injury (153). However, a study from our labora-
tory has shown that unsaturated free fatty acids protect against
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hypoxic injury in proximal tubules and that this protection may
be mediated by negative feedback inhibition of PLA2activity
(40). This protective effect of unsaturated free fatty acids has
been confirmed by Zager et al. (154). The injurious effect
of PLA2 could be related to a direct disruption of cell mem-
brane integrity by attacking the phospholipid component of
cell membranes or through accumulation of lysophospholipids,
which have been shown to disrupt cell membranes and cause
cytotoxicity (155).

cPLA2knockout mice have been developed (156). After tran-
sient middle cerebral artery ischemia, the cPLA2 knockout
mice have smaller infarcts and developed less brain edema and
fewer neurological deficits (156). The effect of ischemic ARF
in cPLA2 knockout mice has not been reported.

Activation of Calpain

The cysteine proteases are a group of intracellular proteases
that have a cysteine residue at their active site. The cysteine
proteases consist of three major groups: cathepsins, calpains,
and the newly discovered caspases. The major groups of cys-
teine proteases are shown in Table 39-4. The cathepsins are
noncalcium-dependent lysosomal proteases that do not appear
to play a role in lethal cell injury (157–159). Calpain is a cal-
cium activated neutral protease (CANP) (160). It has absolute
dependence on calcium. It is a heterodimer and has 2 subunits,
an 80-kDa catalytic subunit and a 30-kDa regulatory subunit.
There are two major ubiquitous or conventional isoforms of
calpain, the low calcium sensitive μ-calpain and the high cal-
cium sensitive m-calpain (161,162). The isoenzymes have the
same substrate specificity, but differ in affinity for Ca2+. μ-
calpain is activated by micromolar concentrations of Ca2+ and
m-calpain is activated by millimolar concentrations of Ca2+.
The millimolar concentrations of intracellular calcium needed
for activation of m-calpain are not seen in normal cells and
phosphophatidylinositol is thought to lower the calcium con-
centration required for half maximal autolysis of m-calpain
(163).

Suzuki’s membrane activation theory is thought to explain
the regulation of calpain activity (164,165). Specifically, pro-
calpain exists in the cytoplasm as an inactive proenzyme and
becomes active proteolytically only after it has become autol-
ysed at the cell membrane. Activity of the autolyzed calpain is
subject to a final regulation by calpastatin (164,165). Calpas-
tatin is a specific endogenous inhibitor of calpain. It is as widely
distributed in nature as the enzyme itself. Calcium is required
for calpastatin to bind to calpain and thus for the inhibitory
effect of calpastatin on calpain.

Calpain substrates include cytoskeletal proteins (e.g., spec-
trin), receptor proteins (e.g., glutamate), and enzyme proteins
(e.g., kinases and phosphatases). Postulated functions of cal-
pain include platelet activation and aggregation, cytoskeleton
and cell-membrane organization (166), and regulation of cell
growth (167–170).

The calcium-dependent calpains have been shown to be
mediators of hypoxic/ischemic injury to the brain, liver, and
heart (171–174). The role of the calcium dependent cytosolic
protease, calpain, in hypoxia-induced renal proximal tubular
injury has also been investigated (42). Tubular calpain activ-
ity increased significantly by 7.5 minutes of hypoxia, before
there was significant LDH release, and further increased during
20 minutes of hypoxia. Chemically dissimilar cysteine protease
inhibitors markedly decreased LDH release after 20 minutes of
hypoxia and completely prevented the rise in calpain activity
during hypoxia. This role of calpain in proximal tubule injury
has subsequently been confirmed by other groups (175,176).
This increased calpain activity has subsequently been shown to
be associated with breakdown of the cytoskeletal protein, spec-
trin, both in vitro (44) and in vivo (177) as well as increasing
Na-K-ATPase into the cytoplasmic fraction of the cell.

Acidosis has been shown to protect the isolated proximal
tubule from membrane damage (178). The effects of low intra-
cellular pH (pHi) or low free cytosolic calcium [Ca2+]i on this
hypoxia-induced calpain activity were also determined. Both
low pHi and low [Ca2+]i attenuated the hypoxia-induced in-
crease in calpain activity. This attenuation of calpain activity
was observed early before hypoxia-induced membrane dam-
age and was associated with marked reduction in the typical
pattern of hypoxia-induced cell membrane damage observed
in this model (43).

Recent studies have demonstrated that calpain mediates
progressive plasma membrane permeability and proteolysis
of cytoskeleton-associated paxillin, talin, and vinculin dur-
ing antimycin A or hypoxia-induced proximal tubular cell
death (179). Novel nonpeptide calpain inhibitors are protec-
tive against antimycin A-induced calcium influx and hypoxia/
reoxygenation-induced proximal tubular cell death (180).

Caspases

Caspases participate in two distinct signaling pathways: (i) ac-
tivation of proinflammatory cytokines and (ii) promotion of
apoptotic cell death (6,181–186). The term caspase embod-
ies two properties of these cysteine proteases in which “c”
refers to “cysteine” and “aspase” refers to their specific ability
to cleave substrates after an aspartate residue. There are now

TA B L E 3 9 - 4

THE MAJOR GROUPS OF CYSTEINE PROTEASES

Cathepsins Calpains Caspases

Family B,H,L,S (lysosomal) μ and m-calpain
Tissue specific isoforms

1 to 14

Location Lysosome Cytoplasm Cytoplasm
Activation Calcium-independent Calcium-dependent Caspase activated
Optimal pH 5 to 6 7.4 7.4
Functions Intracellular protein

degradation
Intracellular signaling
Cytoskeletal stability
Necrosis and apoptosis

Apoptosis/necrosis
Cytokine activation

(Adapted from: Edelstein CL. Editorial Comment: Calcium-mediated proximal tubular injury—what is the
role of cysteine proteases? Nephrol Dial Transplant 2000;15:141, with permission.)
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14 members of the caspase family, caspases 1–14. Caspase-14
has recently been characterized and found to be present in em-
bryonic tissues but absent from adult tissues (187). Caspases
share a predilection for cleavage of their substrates after an
aspartate residue at P1 (183,188). The members of the cas-
pase family can be divided into three subfamilies based on
substrate specificity and function (189). The peptide prefer-
ences and function within each group are remarkably similar
(189). Members of Group 1 (of which caspase-1 is the most im-
portant) prefer the tetrapeptide sequences WEHD and YVAD.
This specificity is similar to its activation sequence suggest-
ing that caspase-1 may employ an autocatalytic mechanism of
activation. Caspase-1 (previously known as interleukin-1 con-
verting enzyme or ICE) plays a major role in the activation of
proinflammatory cytokines. Caspase-1 is remarkably specific
for the precursors of interleukin-1 (IL-1) and IL-18 (interferon-
gamma-inducing factor), making a single initial cut in each pro-
cytokine that activates them and allows exit from the cytosol
(190,191). Group III “initiator” caspases-8 and 9 prefer the se-
quence (L/V)EXD. This recognition motif resembles activation
sites within the “executioner” caspase proenzymes, implicat-
ing this group as upstream components in the proteolytic cas-
cade that serve to amplify the death signal. These “initiator”
caspases pronounce the death sentence. They are activated in
response to signals indicating that the cell has been stressed
or damaged or has received an order to die. They clip and
activate another family of caspases, the “executioners.” The
optimal peptide sequence motif for Group II or “executioner
caspases” (of which caspase-3 is the most important) is DEXD
(182,189,192). This optimal recognition motif is identical to
proteins that are cleaved during cell death.

Activation of caspases-1, 8, 9, and 3 have been described in
hypoxic renal epithelial cells (193–195) and cerebral ischemia
(196). Caspase-1 may also cause cell injury by activation of the
proinflammatory cytokines IL-1 and IL-18 (183,191). How-
ever, IL-1 was not found to play a role in ischemic ARF in mice
(29). Caspase-3 knockout mice have decreased apoptosis in the
brain and most have premature lethality dying at 1 to 3 weeks
of age (197). However, caspase-3 deficient mice that have been
backcrossed into C57BL/6 and reaching 6 to 12 weeks of age
are protected against Fas-mediated fulminant hepatitis (198).
These mice provide an ideal opportunity to evaluate the role of
the “executioner” and the most abundant caspase, caspase-3,
in ischemic and hypoxic cell injury. While cells contain many
caspases, targeted disruption of specific caspase genes in mice
has provided much insight into the functions of individual cas-
pases during cell death (199).

While caspases play a crucial and extensively studied role in
apoptosis, there is now considerable evidence that the caspase
pathway may also be involved in necrotic cell death (200). Cas-
pase inhibition has been demonstrated to reduce ischemic and
excitotoxic neuronal damage (201–203). Moreover, mice defi-
cient in caspase-1 demonstrate reduced ischemic brain injury
produced by occlusion of the middle cerebral artery (203,204).
Inhibition of caspases also protects against necrotic cell death
induced by the mitochondrial inhibitor, antimycin A, in PC12
cells, Hep G2 cells, and renal tubules in culture (205,206).
Caspases are also involved in hypoxic and reperfusion injury
in cultured endothelial cells (207). Rat kidneys subjected to is-
chemia demonstrate an increase in both caspase-1 and caspase-
3 mRNA and protein expression (208). Caspases play a role in
hypoxia-induced injury of isolated rat renal proximal tubules
(48). In this study, caspase activity was increased in association
with cell membrane damage as assessed by lactate dehydroge-
nase (LDH) release. A specific caspase inhibitor attenuated the
increase in caspase activity and markedly protected against cell
membrane damage.

Like caspase-3, caspase-6 is also an “executioner” caspase
(209). Caspase-6 was cloned and characterized in rat kidneys

(210). In rat kidney ischemia-reperfusion injury, there is in-
creased expression of caspase-6 and translocation from the cy-
toplasm to the nucleus (210).

A recent study investigated the role of caspase inhibition
and apoptosis in ischemic ARF in mice in vivo (211). A rela-
tionship between apoptosis and subsequent inflammation was
found. At the time of reperfusion, administration of the anti-
apoptotic agents IGF-1 and ZVAD-fmk (a caspase inactivator)
prevented the early onset of not only renal apoptosis, but also
inflammation and tissue injury. Conversely, when the antiapop-
totic agents were administered after onset of apoptosis, these
protective effects were completely abrogated.

There appears to be an interaction between caspases and
calpain during hypoxia-induced injury in the proximal tubule,
since caspase inhibition was shown to decrease calpain activ-
ity during hypoxia (48,144). Recent in vivo studies suggest
that caspase mediated degradation of the endogenous inhibitor
of calpain, calpastatin, is a mechanism whereby the calcium-
mediated activity of calpain is increased (177).

Caspases in Cold Ischemia

Preservation injury, also known as cold ischemia, is an im-
portant clinical problem in kidney transplantation. Significant
damage to the kidney may occur during harvest, cold storage
and transport. An ongoing area of interest is identifying meth-
ods to reduce organ injury during this process. The primary
consequence of cold ischemic injury is delayed graft function
(DGF) in kidney transplants (212–214). These consequences
have both short-term and long-term effects. In kidney trans-
plant, for example, DGF increases patient morbidity in the
short term as a hospital stay is longer and dialysis may be re-
quired. In the long term, DGF independently predicts reduced
1- and 5-year graft survival (215).

Both human and animal studies suggest that the adverse
impact of cold ischemia may be associated with apoptosis. In
human kidney transplant biopsies performed after 1 hour of
reperfusion, apoptosis of tubular cells correlated significantly
with cold ischemic time (216). Biopsies of human donor kid-
neys that subsequently developed postoperative ATN demon-
strated increased renal tubular epithelial cell apoptosis (217).
Prolonged cold ischemia has also been shown to increase apop-
totic cell death in rat kidney allografts at 24 weeks posttrans-
plant (218). Mitochondria undergo significant changes during
ischemia and may contribute to preservation injury (219).

Caspases have been studied in cold ischemic kidneys (220).
Kidneys of mice were perfused with cold University of Wiscon-
sin (UW) solution containing a pancaspase inhibitor or vehicle
via the left ventricle. The contralateral right kidney was used
as a control. The left kidney was stored for 48 hours at 4◦C to
produce cold ischemia. Caspase-3 activity was massively (100-
fold) increased in cold ischemic kidneys compared to controls.
On immunoblot analysis, the processed form of caspase-3 was
increased in cold ischemic kidneys compared to controls. The
increase in caspase-3 was associated with significantly more
renal tubular apoptosis and brush border injury. In addition,
caspase-2, 8, and 9 activities were increased in cold ischemic
kidneys. The pancaspase inhibitor prevented the formation of
the processed form of caspase-3 and the increase in caspase
activity, and reduced apoptosis and brush border injury. The
results of this study suggest that caspase inhibition may prove
useful in kidney preservation.

The relevance of these studies to organ preservation and the
subsequent risk of graft dysfunction is substantial. In the mod-
els of liver organ harvest and storage, addition of a caspase
inhibitor to the UW storage solution was effective at reduc-
ing caspase activation and cell death in both liver and kidney
models (221,222). Phase I clinical trials regarding IDN-6556
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developed by Idun Pharmaceuticals have been completed. IDN-
6556 decreased the elevation of liver enzymes in patients with
hepatic dysfunction (223). A placebo controlled phase II trial is
being conduced to evaluate whether addition of IDN-6556 to
the flush and cold storage solutions as well as administration to
the recipient prior to transplant can improve markers of liver
injury following liver transplantation. Caspase inhibitors are
a particularly attractive approach to reducing the incidence of
DGF in kidney transplantation.

Caspase-1 and IL-18

Caspase-1 is a proinflammatory caspase that cleaves precursor
interleukin-1β (IL-1β) and precursor interleukin-18 (IL-18).
Caspase-1 −/− mice develop less ischemic ARF as judged by
renal function and renal histology (224) (Fig. 39-8A). IL-1β re-

ceptor knockout mice or mice treated with IL-1β receptor an-
tagonist (IL-1Ra) are not protected against ischemic ARF (29).
Since caspase-1 also activates IL-18, lack of the mature form of
IL-18 in these caspase-1 −/− mice was investigated as a possible
mechanism of this protection against ARF. Kidney IL-18 was
more than 100% increased in wild-type ARF as compared to
sham-operated controls. On immunoblot analysis, there was a
conversion of the precursor to the mature form of IL-18 in ARF
wild-type mice, but not in the caspase-1 −/− ARF mice and
sham-operated controls. To further analyze the role of IL-18,
wild-type mice were injected with rabbit anti-murine IL-18 neu-
tralizing antiserum prior to the ischemic insult. These mice were
protected against ARF to a similar degree as caspase-1 −/−
mice (Fig. 39-8B).

Caspase deficient mice have provided extensive information
on the role of individual caspases in disease processes. The
study of caspase inhibitors is an important step toward the
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FIGURE 39-8. Caspases and IL-18 in ischemic
ARF. A. Caspase-1 −/− mice are protected against
ischemic ARF. Caspase-1 −/− mice developed less
severe ARF, as determined by serum creatinine
and ATN score compared with wild-type (WT)
mice with ARF. ∗p <0.001 vs sham, ∗∗p <0.01 vs
wild type ARF. B. Caspase-1 converts the pro to
mature IL-18. Mice treated with IL-18 antiserum
(AS) are functionally protected against ischemic
ARF. In vehicle-treated mice with ischemic ARF
(Veh ARF), serum creatinine and BUN was signifi-
cantly increased at 24 hours compared with sham-
operated controls. In mice treated with neutral-
izing IL-18 antiserum (AS), the serum creatinine
and BUN were significantly reduced. ∗p <0.01 vs
sham, ∗∗p <0.01 vs vehicle-treated mice with ARF
(Veh ARF). C. Mice treated with the pancaspase
inhibitor OPH-001 are protected against ischemic
ARF. In vehicle-treated mice with ischemic ARF,
serum creatinine and ATN score was significantly
increased at 24 hours of post-ischemic reperfusion
compared with sham-operated controls. In mice
treated with OPH-001 (OPH) before induction of
ischemic ARF, the serum creatinine and ATN score
were significantly decreased compared with sham-
operated controls. ∗p <0.001 vs sham, ∗∗p <0.01
vs vehicle-treated mice with ARF (Veh ARF), not
significant vs sham. (Reproduced from: Melnikov
VY, Faubel SG, Siegmund B, et al. Neutrophil-
independent mechanisms of caspase-1- and IL-18-
mediated ischemic acute tubular necrosis in mice.
J Clin Invest 2002;110:1083, with permission.)
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possible therapeutic effect of caspase inhibition in ischemic
ARF. Mice with ischemic ARF treated with newly devel-
oped caspase inhibitor, Q-VD-(Ome)-OPH (OPH-001) had
a marked (100%) reduction in blood urea nitrogen (BUN)
and serum creatinine and a highly significant reduction in the
morphological ATN score than did vehicle-treated mice (225)
(Fig. 39-8C). OPH-001 significantly reduced the increase in
caspase-1 activity and IL-18 and prevented neutrophil infil-
tration in the kidney during ischemic ARF. To further inves-
tigate whether this lack of neutrophil infiltration was con-
tributing to the protection against ischemic ARF, a model of
neutrophil depletion was developed. Neutrophil-depleted mice
had a small (18%) reduction in serum creatinine during is-
chemic ARF but no reduction in the ATN score despite a lack
of neutrophil infiltration in the kidney. Remarkably, caspase-1
activity and IL-18 were still significantly increased in the kid-
ney in neutrophil-depleted mice with ARF. Thus, to investigate
the role of IL-18 in ischemic ARF in the absence of neutrophils,
neutrophil-depleted mice were treated with IL-18-neutralizing
antiserum. IL-18-antiserum-treated neutrophil-depleted mice
with ischemic ARF had a significant (75%) reduction in serum
creatinine and a significant reduction in the ATN score com-
pared to vehicle-treated neutrophil-depleted mice. These results
suggest a novel neutrophil-independent mechanism of IL-18-
mediated ischemic ARF.

The effects of different caspase inhibitors on ischemic ARF
in the rat kidney has been studied (226). A caspase-1 inhibitor
significantly reduced functional and histological evidence of
ischemic ARF compared to a caspase-3 inhibitor.

Another group of investigators found that caspase-1-
deficient mice were not protected against renal ischemia (227).
In this study, the model of renal ischemia was 45 minutes of
unilateral renal pedicle clamping with contralateral nephrec-
tomy. This model produces a milder form of functional injury
than bilateral clamping. At 24 hours, BUN and creatinine were
lower in the caspase-1−/− mice than in wild type, but the de-
crease was not statistically significance. Studies of kidney tissue
revealed that renal myelperoxidase (MPO) was reduced and
DNA laddering was the same. On histological examination,
immunohistochemistry for neutrophil infiltration and TUNEL
positive cells were the same between both groups; necrosis,
however, was not examined. In addition, in the same study
(227), treatment with IL-1 receptor antagonist, anti-IL-1 recep-
tor antibody, or anti-IL-18 antibody minimally reduced renal
functional deterioration, inflammation, and apoptosis.

Caspase-1 also contributes to cisplatin-induced ARF and
ATN (228). In this study, both caspase-1 and 3 activities were
increased in the kidney. Caspase-1-deficient mice were pro-
tected against cisplatin-induced apoptosis and ARF. Surpiris-
ingly the caspase-1 deficient mice had less caspase-3 activation,
less tubular apoptosis on day 2 after cisplatin injection and less
ATN on day 3 after cisplatin injection.

Matrix Metalloproteinases

Matrix metalloproteinases are a large family of zinc-dependent
matrix-degrading enzymes, which include interstitial collage-
nases, stromelysins, gelatinases, elastases, and secreted as well
as membrane-type matrix metalloproteinases. They play a cru-
cial role in remodeling of the extracellular matrix, which is an
important physiological feature of normal growth and develop-
ment. In the kidney, interstitial sclerosis and glomerulosclerosis
have been associated with an imbalance of extracellular matrix
synthesis and degradation (229). Alterations in renal tubular
basement membrane matrix proteins, laminin and fibronectin,
occur after renal ischemia-reperfusion injury (230). The role of
matrix metalloproteinases in this process has been studied.

Meprin A is a zinc-dependent metallo-endopeptidase that
is present in the brush border membrane of renal proximal
tubular epithelial cells. The redistribution of this metalloen-
dopeptidase to the basolateral membrane domain during ARF
results in degradation of the extracellular matrix and dam-
age to adjacent peritubular structures. The effect of meprin
A, the major matrix degrading metalloproteinase in rat kid-
ney, on the laminin-nidogen complex was examined. Nidogen-
1 (entactin) acts as a bridge between the extracellular matrix
molecules, laminin-1 and type IV collagen, and thus partici-
pates in the assembly of basement membranes. Following is-
chemic injury, meprin A undergoes redistribution and/or adher-
ence to the tubular basement membrane. Nidogen breakdown
products are produced as the result of partial degradation of
tubular basement membrane by meprin A following renal tubu-
lar ischemia-reperfusion injury (231).

The susceptibility of inbred strains of mice to ischemic
and nephrotoxic ARF was studied in mice with normal and
low meprin A activity (232). The strains of mice with normal
meprin A developed more severe renal functional and structural
injury following renal ischemia or the injection of hypertonic
glycerol compared to the two low meprin A strains. These find-
ings suggest that meprin A plays a role in the pathophysiology
of ARF following ischemic and nephrotoxic ARF insults to the
kidney (232). A recent study demonstrated that meprin inhi-
bition protects against ischemic ARF in vivo in rats (233).The
characteristics of tubular metalloproteinases have been studied
and indicate that it is distinct from classic matrix-degrading
metalloproteinases (234).

Nitric Oxide (NO)

NO is a lipophylic, highly reactive free radical gas with diverse
biomessenger functions (235). NO mediates diverse functions
including vasodilatation, platelet aggregation inhibition, neu-
rotransmission, inflammation, antimicrobial, antitumor, and
apoptosis (235). Whether the net effects of NO are beneficial
or deleterious is determined by the cell type, concentration of
NO, duration of production, and the composition of surround-
ing microenvironment (235). There are three major nitric ox-
ide synthase (NOS) isoforms in the kidney: neuronal NOS or
nNOS (also known as NOS1), inducible NOS or iNOS (also
known as NOS2), and endothelial NOS or eNOS (also known
as NOS3) (236) (Table 39-5). The macula densa is the princi-
pal site of nNOS expression in the kidney (237,238). In situ
hybridization studies in normal rat kidney demonstrate iNOS
mRNA in the S3 segment of the proximal tubule, the corti-
cal and medullary thick ascending limb, the distal convoluted
tubule, and the cortical collecting duct and inner medullary
collecting duct (239). eNOS mRNA has been detected in
glomeruli and preglomerular vasculature, as well as proximal
and distal tubules (240). eNOS protein is mainly present in the
endothelium of intrarenal, afferent, efferent, glomerular arteri-
oles, and medullary vas recta (237). Expression of eNOS pro-
tein in tubules has not yet been reported (236). nNOS and
eNOS are continuously present, activated by calcium, and are
also termed constitutive NOS (cNOS) (241,242). In contrast,
iNOS is induced when the cells have been stimulated by certain
cytokines, microbes, and microbial products, and thus is called
inducible NOS (iNOS) (243,244). The time course of both
calcium-dependent and independent NOS activity in rat renal
cortex and medulla has been studied (245). Calcium-dependent
NOS activity in cortex and medulla decreased in the early phase
of ARF and then increased in the recovery phase in the cortex.
iNOS activity increased in the early phase of ARF in both cor-
tex and medulla and was maintained at higher levels in the
medulla. In another study, L-arginine improved the deficiency
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TA B L E 3 9 - 5

NITRIC OXIDE SYNTHASE (NOS) ISOFORMS

Tissue distribution

Isoform Body Renal Phenotype of knockout mouse

nNOS (Type 1) Neurons, skeletal muscle, penis Macula densa Protection against cerebral ischemia
(463,464)

iNOS (Type 2) Constitutive: ileum, uterus,
skeletal muscle

Induced: macrophage, VSMC

Constitutive:
mTAL, proximal
tubule

Less hypotensive response to LPS (465)
Increased mortality in polymicrobial

sepsis (466)
No protection against LPS-induced

ARF (398)
Protection against ischemic ARF (247)

eNOS (Type 3) Endothelium Glomerular vessels,
intrarenal arteries

Hypertension (467)
Increased susceptibility to stroke (468)

and myocardial ischemia (469)

of constitutive NOS activity and improved the recovery phase
of ischemic ARF in rats (246).

Studies in freshly isolated proximal tubules from knock-
out mice have also been revealing about the role of nitric oxide
in hypoxic/ischemic tubular injury. Hypoxia-induced proximal
tubule damage, as assessed by LDH release, was no different
between wild type and mice in which eNOS and nNOS has
been “knocked out.” However, proximal tubules from the in-
ducible NOS (iNOS) knockout mice demonstrated resistance
to the same degree of hypoxia (41). The iNOS knockout mice
also had less renal failure and better survival than the wild
type mice after renal artery clamping (247). An induction of
heat shock protein was also observed in the iNOS knockout
mice as a potential contributor to the protection. Star et al.
produced further results in a renal artery clamp model in mice
in which alpha melanocyte stimulating hormone (άMSH) was
shown to block the induction of iNOS, decrease neutrophil in-
filtration and afford functional protection (248). A subsequent
study examined the relative importance of άMSH on the neu-
trophil pathway by examining the effects of άMSH in ICAM-1
knockout mice and neutrophil poor isolated perfused kidneys
where neutrophil effects are minimal or absent (249,250). In
this study, it was found that άMSH decreases renal injury when
neutrophil effects are minimal or absent indicating that άMSH
inhibits neutrophil-independent pathways of renal injury.

Hypoxia was found to increase nitric oxide (NO) release
from freshly isolated proximal tubules and this effect was
blocked by L-NAME, a nonspecific NOS inhibitor, but not
by the inactive D-NAME compound (38,251). The NO re-
lease during hypoxia was accompanied by LDH release and
was reversed by L-NAME administration. Interestingly, how-
ever, L-NAME administration to the rat kidney clamp model
actually worsened the renal failure (252). This result was inter-
preted as an overriding blocking effect of eNOS activity with
the nonspecific effects of L-NAME (72). This would worsen
the renal vasoconstriction and resultant injury, thus obscuring
any salutary effect at the level of the proximal tubule (253).
Thus, opposing abnormalities in NO production within the
endothelial and tubular compartments of the kidney may con-
tribute to renal injury (72). Reduced eNOS derived NO produc-
tion causes vasoconstriction and worsens ischemia; increased
iNOS derived NO production by tubular cells adds to the in-
jurious effects of ischemia on these cells. Therapeutic inter-
ventions to modulate NO production in ischemic ARF may
require selective modulation of different NOS isoforms in the
tubular and vascular compartments of the kidney (254). On
this background the group of Goligorsky performed studies
using a specific antisense oligonucleotide to iNOS (252). The

ischemia-induced upregulation of iNOS and nitrite production
were both blocked by the antisense oligonucleotide. Most im-
portantly the BUN and serum creatinine did not rise after the
renal ischemic insult in the animals treated with the antisense
oligonucleotide against iNOS.

The Goligorsky group also studied the relationship between
nitric oxide and osteopontin during ischemic ARF. Osteopon-
tin is a negatively charged glycosylated phosphoprotein that is
expressed in many tissues including renal epithelial cells. Os-
teopontin serves both a cell attachment function and a cell
signaling function via the alpha v beta 3 integrin. Effects on
gene expression include suppression of the induction of nitric
oxide synthase by inflammatory mediators. Osteopontin may
play an important role in the pathophysiology of ARF. Osteo-
pontin knockout mice subjected to renal ischemia developed
worse renal failure and more structural damage than wild type
controls (255). This was associated with the augmented ex-
pression of inducible nitric oxide synthase and the prevalence
of nitrotyrosine residues in kidneys from osteopontin knockout
mice versus wild-type counterparts. This study provides strong
evidence of renoprotective action of osteopontin in acute renal
ischemia.

The microvillar actin and cellular integrins are poten-
tial substrates of NO action, which could contribute to the
ischemia-mediated sloughing of the brush border membrane
and detachment of proximal tubule epithelial cells from their
extracellular matrix (8,256–258). Such an effect would not
only result in impaired tubular sodium reabsorption, but also
provide intraluminal cellular debris as a component of tubular
cast formation.

Glycine

Glycine is a well-known cytoprotective agent against proximal
tubular injury (259,260). The mechanism of this cytoprotec-
tive effect remains unknown. However, many of the patho-
physiological events that occur in in vitro models of proximal
tubule injury, for example, ATP depletion (261,262), cytoskele-
tal changes (92,102), prelethal influx of Ca2+ (103), activa-
tion of phospholipase A2 (PLA2)(132), activation of iNOS
(38), calpain activation (43) are not affected by glycine. These
events therefore are more likely to be potential mediators of
in vivo proximal tubule injury where glycine is present at phys-
iological concentrations (259,263). It is also well known that
the availability of glycine in a cell is a major determinant of
lethal cell membrane damage to anoxic, hypoxic, ischemic and
toxin-induced insults in hepatocytes, proximal tubules, and
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endothelial cells (259,260,264–266). Since glycine is present
at physiological concentrations in vivo (259,263), the mecha-
nism of structural and functional changes during cell injury is
better understood and needs to be assessed in the presence of
glycine.

Heat Shock Proteins

The stress response is a highly conserved homeostatic mecha-
nism that allows cells to survive a variety of different stresses
(267). Stresses that trigger the heat shock response include hy-
perthermia, hypothermia, generation of oxygen radicals, hy-
poxia/ischemia, and toxins (268). On a molecular level, their
function is to protect cells from environmental stress damage
by binding to partially denatured proteins, dissociating protein
aggregates, to regulate the correct folding, and to cooperate
in transporting newly synthesized polypeptides to the target
organelles.

The proteins induced by these stresses belong to a family
of proteins called heat shock proteins (HSP). The proteins are
identified by their molecular weight. The most important fam-
ilies include proteins of 90, 70, 60, and 27 kDa (268). HSP
90 is essential for cell viability. It is associated with the steroid
hormone receptor and is a general chaperone with ATPase like
activity. In stressed cells it associates with the cytoskeletal pro-
tein, actin. The HSP 70 family includes proteins that are both
constitutively expressed and induced by stress. They are the
most highly induced proteins by stress and function as chaper-
ones binding to unfolded or misfolded proteins. The HSP 60
family is restricted to the mitochondrial matrix where it func-
tions as an unfoldase. The HSP 27 family has functions similar
to HSP 70. Ubiquitin is a stress protein that binds denatured
proteins and targets them for proteolysis by the proteasome.

Renal ischemia results in both a profound fall in cellular
ATP and a rapid induction of the 70 kD heat-shock protein
family, HSP-70 (269,270). The relationship between cellular
ATP and induction of the stress response in renal cortex during
renal ischemia has been studied. Van Why et al. demonstrated
that a 50% reduction in cellular ATP in the renal cortex must
occur before the stress response is detectable, that reduction
of ATP below 25% control levels produces a more vigorous
response, and that reperfusion is not required for initiation of
a heat-shock response in the kidney (271).

Ischemic ARF also induces differential expression of
small HSPs. In sham-operated kidneys, HSP 25 localized to
glomeruli, vessels, and collecting ducts, while another stress
protein, alphaB-crystallin, localized primarily in medullary thin
limbs of Henle’s loop and collecting ducts. After ischemia,
HSP 25 accumulated in proximal tubules in cortex and outer
medulla, while alphaB-crystallin labeling became nonhomoge-
neous in outer medulla, and increased in Bowman’s capsule.
This study demonstrates that there is striking differential ex-
pression of HSP 25 and alphaB-crystallin in various renal com-
partments (272).

In vitro studies have demonstrated that HSP induction pro-
tects cultured renal epithelial cells from injury. It has been de-
termined that prior heat stress protects opossum kidney (OK)
cells, a cultured renal epithelial cell line, from injury medi-
ated by ATP depletion (273). Also HSP 70 overexpression is
sufficient to protect LLC- PK1 proximal tubular cells from hy-
perthermia but is not sufficient for protection from hypoxia
(274).

During ischemic ARF, the question of whether prior HSP
induction by hyperthermia is protective is controversial. One
study found that prior heat shock protected kidneys against
warm ischemia (275). Another study investigated the protec-
tive effect of heat-shock proteins on ischemic injury to renal
cells in two different experimental models: ischemia-reflow in

intact rats and medullary hypoxic injury as seen in the isolated
perfused rat kidney. Prior induction of HSP by hyperthermia
was not protective against the functional and morphological
parameters of ischemic ARF in either of these models (276).
These variable results may be explained by the complexity of
the intact animal compared to cultured cells, the degree, dura-
tion, and timing of the hyperthermic stimulus and the differen-
tial response of mature and immature kidneys (23,277).

Pharmacological agents have been used to increase stress
protein expression. Recently, inhibitors of the proteasome have
been identified that can block the rapid degradation of abnor-
mal cytosolic and ER-associated proteins. The hypothesis that
proteasome inhibitors, by causing the accumulation of abnor-
mal proteins, might stimulate the expression of cytosolic heat-
shock proteins and/or ER molecular chaperones and thereby
induce thermotolerance was tested in Madin-Darby canine kid-
ney cell culture (278). Inhibition of proteasome function in-
duced heat-shock proteins and ER chaperones and conferred
thermotolerance in these cells. Thus, these agents may have
applications in protecting against cell injury (278). Another
study determined that proteasome inhibition protects against
the morphological and functional abnormalities in ischemic
ARF in rats (279). However, the effect of proteasome inhibition
on HSP induction during ischemic ARF was not determined in
this study.

The mechanism of HSP protection against ischemic ARF
is interesting. It has been suggested that HSPs participate in
the postischemic restructuring of the cytoskeleton of proximal
tubules (280). It was found that HSP 72 complexes with aggre-
gated cellular proteins in an ATP-dependent manner suggest-
ing that enhancing HSP 72 function after ischemic renal injury
assists refolding and stabilization of Na(+)-K(+)-ATPase or
aggregated elements of the cytoskeleton, allowing reassembly
into a more organized state (281). Another study examined the
temporal and spatial patterns of HSP-25 induction in relation
to the actin cytoskeleton (282). This study suggested that there
are specific interactions between HSP 25 and actin during the
early postischemic reorganization of the cytoskeleton. In an-
other study, the Brown Norway rat was resistant to renal fail-
ure and ATN compared to the Sprague-Dawley rat (283). The
Brown Norway rat had no distribution of Na-K-ATPase into
detergent soluble cortical extracts and immunohistochemistry
showed that baseline HSP-72 and 25 expression was increased
in proximal tubules of the Brown Norway rats compared to
the Sprague-Dawley rats.

Another potential mechanism of HSP protection against
proximal tubular injury is the inhibition of apoptosis. Opos-
sum kidney proximal tubule (OK) cells exposed to ATP de-
pletion develop apoptosis by morphological and biochemical
criteria. Prior heat stress reduced the number of apoptotic-
appearing cells, significantly decreased DNA fragmentation,
and improved cell survival compared with controls (284). This
study demonstrated that novel interactions between HSP 72
and the antiapoptotic protein, Bcl2, may be responsible, at least
in part, for the protection afforded by prior heat stress against
ATP depletion injury.

Altered Gene Expression

During renal ischemia in vivo, the reaction of the renal epithe-
lial cells is heterogeneous (285). Some cells, especially those
of the proximal tubule, undergo necrosis. Other cells undergo
apoptosis, and still others survive the ischemic injury intact. In
addition, injured tubules are relined with new cells actively en-
gaged in DNA synthesis. Thus, surviving tubular cells re-enter
the cell cycle and replicate. These cells may undergo partial
dedifferentiation that allows them to undergo mitosis (286).
The complex events that mediate this heterogeneous response
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of tubular cells are being studied. This response of tubular cells
may involve the early immediate gene response.

Immediate early genes and protooncogenes are induced dur-
ing the early reperfusion period after renal ischemia (287).
There is c-fos and c-jun activation as well as an increase in
DNA synthesis (288). There is accumulation of early growth
response factor-1 (Egr-1) and c-fos mRNAs in the mouse kidney
after occlusion of the renal artery and reperfusion (289,290).
Transient expression of the genes cfos and Egr-1 may code for
DNA binding transcription factors and initiate the transcrip-
tion of other genes necessary for cell division (291). JE and
KC, growth-factor-responsive genes with cytokine-like proper-
ties that play a role in inflammation, are also expressed during
early renal ischemia (292). These genes may code for proteins
with chemotactic effects that can attract monocytes and neu-
trophils into areas of injury (290). Studies demonstrate that
c-fos and c-jun are expressed following renal ischemia as a
typical immediate early gene response, but they are expressed
in cells that do not enter the cell cycle (286,293). The failure of
the cells to enter the cell cycle may depend on the coexpression
of other genes.

DNA synthesis occurs in the proximal tubule, whereas the
induction of the early gene response is restricted to cells of the
thick ascending limb and collecting duct (290). Thus, the im-
mediate early gene response does not always occur in cells that
undergo DNA synthesis, suggesting that the role of the early
gene response is not necessarily proliferative in this setting. The
role of the stress response during renal ischemia and the fate
of the cells undergoing it are unknown. This immediate early
gene response may play a role in the protection of tubular cells
against injury. Alternatively, it may be important in mounting
a response that will later help the regeneration of other tubular
cells as the products of some of these genes are localized to cells
that are not undergoing cell death from apoptosis or necrosis
(294). The immediate early gene response may be the response
to sublethal injury allowing the cell to dedifferentiate (291).

The pathways that lead to the early gene response are inter-
esting. At least two quite different pathways lead to the activa-
tion of c-jun (295–297). Growth factors activate c-jun via the
mitogen activated protein kinases (MAPKs), which include ex-
tracellular regulated kinases, (ERKs) –1 and 2. This pathway is
proliferative in nature. In contrast, the stress-activated protein
kinase (SAPK) pathway is separate from the MAPK pathway.
These kinases include c-Jun N-terminal kinase (JNK)- 1 and 2.
Activation and the effect on cell fate of the SAPK pathway is
very different from the MAPK pathway. The SAPK pathway
is essentially antiproliferative and can lead to either cell sur-
vival or cell death. During renal ischemia, SAPKs are activated
and inhibition of SAPK after ischemia protects against renal
failure (298,299). Thus, it is possible that manipulation of this
pathway could lead to therapies that may ameliorate ARF.

Numerous recent studies have analyzed gene expression
during ischemic ARF. Cell communication, apoptosis and
inflammation genes distinguish primary allograft function
in human kidney transplantation (300). In renal ischemia-
reperfusion in the mouse, there was an increase in genes
involved in cell structure, extracellular matrix, intracellular
calcium binding, and cell division/differentiation (301). In an-
other study in mice, there were consistent patterns of altered
gene expression in the first 24 hours of postischemic reperfu-
sion (302). These genes included transcription factors, growth
factors, signal transduction molecules and apoptotic factors.
In ischemia-reperfusion in the rat, alterations in the expres-
sion of 18 genes were identified by microarray analysis (303).
Nine genes were up-regulated: ADAM2, HO-1, UCP-2, and
thymosin beta4 in the early phase and clusterin, vanin1, fi-
bronectin, heat-responsive protein 12, and FK506 binding pro-
tein in the established phase. Nine genes were down-regulated:
glutamine synthetase, cytochrome p450 IId6, and cyp 2d9

in the early phase and cyp 4a14, Xist gene, PPARgamma,
alpha-albumin, uromodulin, and ADH B2 in the established
phase. Changes in gene expression of ADAM2, cyp2d6, fi-
bronectin, HO-1, and PPARgamma were confirmed by quan-
titative real-time polymerase chain reaction (PCR). One of the
problems with microarray analysis in the whole kidney dur-
ing ischemic ARF in vivo is identifying which of the numer-
ous cell types in the kidney is the source of the gene alter-
ation. Laser capture microdissection of immunofluorescently
defined cells (IF-LCM) can isolate pure populations of targeted
cells from a sea of surrounding cells with excellent preserva-
tion of mRNA (304). This technique has been used to label
and isolate thick ascending limb cells in the kidney for mRNA
analysis (304).

Exploration of the early gene response in renal ischemia
using DNA microarrays and other genome-scale technologies
should narrow the gap in our knowledge of gene function and
molecular biology (305). Gene expression in early ischemic
ARF may provide clues toward pathogenesis, biomarker dis-
covery and novel therapeutics (306).

Apoptosis

Apoptosis was first described by Kerr et al. (307). The term
comes from the ancient Greek that means “the dropping off as
of leaves from a tree.” The term stresses the facts that apoptosis
is a physiological form of cell death, occurs in the individual cell
(or leaf) in a programmed pattern, and can be triggered accord-
ing to a program regulated by external stimuli (autumn) (4).
Thus, apoptosis is the name given to a process of physiologic
or programmed cell death. Apoptotic cells undergo a series of
morphologically identifiable changes in their pathway to cell
death (308). The morphological, biochemical and molecular
characteristics of apoptosis versus necrosis are very different
(Table 39-6).

The triggers of apoptosis include (i) cell injury e.g. ischemia,
hypoxia, oxidant injury, nitric oxide and cisplatinum; (ii) loss of
survival factors e.g. deficiency of renal growth factors, impaired
cell to cell or cell to matrix adhesion and (iii) receptor-mediated
apoptosis (e.g., Fas [CD 295] and TGFβ) (309).

TA B L E 3 9 - 6

MORPHOLOGICAL, BIOCHEMICAL, AND
MOLECULAR DIFFERENCES BETWEEN APOPTOSIS
AND NECROSIS

Apoptosis Necrosis

Individual cells shrink and
detach from other cells

Multiple cells swell but
remain attached

Plasma membranes remain
intact

Plasma membrane disruption

Cell excludes DNA specific
dye, propidium iodide

Propidium iodide enters cell
and stains nucleus

Nuclear condensation,
fragmentation, and
pyknosis

Nuclear swelling and
autolysis

Apoptotic bodies No apoptotic bodies
Nuclear DNA fragmentation Nuclear DNA fragmentation
Programmed by gene

activation
No gene activation

Phagocytosis of cellular
fragments

Cellular lysis

No inflammation Inflammation
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The two major pathways of apoptosis involve Fas and p53
(6,7,310). In the TNF receptor superfamily, Fas antigen (CD
295) is the most important factor. Engagement of Fas by its
ligand (FasL) results in apoptosis. The tumor suppressor gene,
p53, mediates apoptosis in cells whose DNA has been dam-
aged. The cascades involving Fas and p53, which are centrally
important in cell death, are shown in Figure 39-9.

In the p53 pathway, cytochrome c release from mitochon-
dria is an apoptosis trigger (311). Cytochrome c binds to a
protein called apoptotic protease activating factor-1 (Apaf-1).
This binding allows Apaf-1 to activate caspase-9, an “initia-

Intrinsic Pathway Intrinsic Pathway

p53 Ligand

Cytochrome c Death receptor

APAF-1 Adapter molecule

Pro-caspase-9 Pro-caspase-8

Caspase-9 Caspase-8

Pro-caspase-3 and 7

Caspase-3 and 7

BID
cleavage

BAX

BCL-2, Bcl-XL

Caspase-2

APOPTOSIS

FIGURE 39-9. Major pathways of apoptosis. There are two major
pathways of caspase-mediated apoptosis [451]. In the mitochondrial
or “intrinsic” pathway, stress-induced signals (for example p53) act
via Bcl-2 proteins to cause cytochrome c release from mitochondria.
In the “extrinsic” pathway, there is the binding of a ligand (for exam-
ple, Fas ligand) to its death receptor (for example, Fas) that recruits
an adaptor protein. In the “intrinsic” pathway cytochrome c release
from mitochondria is an apoptosis trigger [311]. Cytochrome c binds to
a protein called apoptotic protease activating factor-1 (Apaf-1). This
binding allows Apaf-1 to activate caspase-9, an “initiator” caspase,
which then activates caspase-3 and 7. The presence of an excess of
the anti-apoptotic protein Bcl-2 on mitochondria inhibits cytochrome
c release. Caspase-2 is a recently discovered caspase that is a critical
initiator of the mitochondrial apoptosis pathway [452]. Activation and
increased activity of caspase-2 is required for the permeabilization
of mitochondria and release of cytochrome c [452]. In the “extrin-
sic” pathway, the death receptors (CD95/Fas/APO-1, TNFR1, DR3/
WSL-1/TRAMP. DR4/TRAIL-R1, DR5/TRAIL-R2, DR6) are a subset
of the TNF/NGF receptor family of cell surface molecules that possess
a common motif within their cytoplasmic tails, called the death do-
main. The death domains of these receptors recruit adapter molecules
that, in turn, recruit caspases to the receptor complex. For example,
Fas antigen (CD 95) is engaged by its ligand (FasL) resulting in apop-
tosis. Activation of procaspase-8 requires association with its cofactor
Fas-associated death domain (FADD). The pathways may be linked
as caspase-8 may cleave a member of the Bcl-2 family, BID, which
can release cytochrome c. Apoptosis mediated by both pathways has
been described during renal ischemia/reperfusion in rats [312;313].
Both caspase-3 and 7 play a crucial and extensively studied role in
the promotion of all forms of apoptotic cell death [184]. Caspase-7,
like caspase-3, is an “executioner” caspase and is downstream of the
“initiators” caspase-8 and 9.

tor” caspase which then activates caspase-3. During this form
of apoptosis, the mitochondrial inner transmembrane poten-
tial collapses indicating the opening of a large conductance
channel known as the mitochondrial permeability transition
(PT) pore. The presence of an excess of the antiapoptotic pro-
tein Bcl-2 on mitochondria inhibits cytochrome c release. Bcl-
2 can also prevent the mitochondrial PT pore opening. P53
levels are increased during renal ischemia reperfusion in rat
kidneys (312). Mitochondrial dysfunction has been demon-
strated during ischemic ARF (51). Thus, cytochrome c release
from mitochondria and subsequent caspase-9 activation may
be a common pathway in both apoptosis and necrosis in the
kidney.

In the Fas pathway, Fas antigen (CD 295) is engaged by its
ligand (FasL) resulting in apoptosis. Activation of procaspase-
8 requires association with its cofactor Fas-associated death
domain (FADD). The p53 and Fas pathways may be linked as
caspase-8 may cleave a member of the Bcl-2 family, BID, which
can release cytochrome c. Fas mediated apoptosis during renal
ischemia/reperfusion has been described in rats (313).

Caspases are the major mediators of the cell death in apop-
tosis and also play a role in necrotic cell death. The central
role of caspases in cell death is supported by caspase-8, 9, and
3 knockout mice that have strong phenotypes based on apop-
totic cell death defects, developmental defects and usually fe-
tal/perinatal mortality (186). Caspase-7, like caspase-3, is an
“executioner” caspase and is downstream of the “initiators”
caspase-8 and 9. Both the intrinsic and extrinsic pathways acti-
vate caspase-7. Caspase-3 and 7 exhibit very similar substrate
specificities in peptide hydrolysis assays in vitro (314). How-
ever, the role of caspase-7 during the execution phase of apop-
tosis is obscure (315). Caspase-7 is unable to cleave the well-
known caspase-3 substrates including fodrin, gelsolin, DNA
fragmentation factor 45 (DFF45), inhibitor of apoptosis pro-
teins (IAP) and signal transducer and activator of transcription-
1 (STAT-1) (315). Also, caspase-7 is unable to activate cas-
pases that would normally be activated by caspase-3 (316). It
is known that caspase-3 and 7 can act independently as “ex-
ecutioners” of apoptosis (317). Both caspase-3 and caspase-7
deficient mice are perinatally lethal due to a lack of apoptosis
(318). Caspase-7 may play a more specialized role in apoptosis
than caspase-3 (315). Caspases have been described in detail
earlier in this chapter.

Caspase-dependent or independent endogenous endonucle-
ase activation, resulting in DNA fragmentation, is consid-
ered a characteristic biochemical marker for apoptosis (49).
However, DNA fragmentation also occurs in cellular necrosis
(49,319,320). The differentiation of apoptosis from necrosis
in tubular cells therefore is still difficult (321) and requires
both demonstration of DNA fragmentation, usually using a
histochemical technique based on terminal deoxynucleotidyl
transferase (TdT) reactivity with DNA breaks, as well as mor-
phological evidence of apoptosis by light and electron mi-
croscopy. Pathways usually associated with apoptosis (e.g.,
endonuclease activation and increased mitochondrial perme-
ability) may also be associated with necrosis, suggesting that
apoptotic and necrotic cell death may share the same path-
ways (322). Both apoptosis and necrosis can occur in tissues
exposed to ischemia/reperfusion or cultured cells exposed to
hypoxia (323).

The number of in vitro and in vivo studies where apopto-
sis is described in renal tubules, is increasing. These studies are
summarized in Tables 39-7 and 39-8. A feature of in vitro stud-
ies in tubules in culture (Table 39-7) is that severe or prolonged
ATP depletion leads to necrosis while milder and shorter ATP
depletion leads to apoptotic cell death. A similar pattern has
emerged from the in vivo studies (Table 39-8) (i.e., the same
insult in a mild form can lead to apoptosis and when severe
can lead to necrosis).
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TA B L E 3 9 - 7

APOPTOSIS IN HYPOXIC/ANOXIC TUBULAR INJURY IN VITRO (CULTURED CELLS)

Cell type Type of injury Signals Comment Ref

MDCK and primary
culture rat proximal
tubules

Hypoxia Necrosis also observed. (470)

Primary culture mouse
proximal tubules

Partial ATP depletion
(Antimycin A)

Renal growth factors
did not ameliorate
apoptosis.

Severe ATP depletion caused
necrosis.

(35)

LLC-PK1 (proximal)
and MDCK cells

ATP depletion Same pattern in LLC-PK1 and
MDCK.

(471)

MDCK (distal) Partial ATP depletion
(Antimycin A)

Fas, FADD, Caspases,
PARP

Severe ATP depletion caused
necrosis.

(472)

Opossum kidney
(proximal)

ATP depletion
(cyanide, 2-deoxy-
D-glucose)

Bcl-2/Bax Prior heat shock attenuated
apoptosis.

(284)

Rat proximal tubules Hypoxia Caspases
Bcl-2

Serine protease inhibitors
suppressed caspase-9 activation
and apoptosis.

(473)

Rat proximal tubules Antimycin A Mitochondrial Ca2+

and permeability
L-type calcium channel blocker

decreased apoptosis.
(474)

Human tubular cells Fas transfection Fas High, but not basal Fas
expression caused apoptosis.

(475)

MDCK Overexpression of
ankyrin death
domain

Fas Inhibition of ankyrin Fas
interaction decreased apoptosis.

(476)

Rat proximal tubules Hypoxia
Cisplatin
Staurosporine

Mitochondrial
cytochrome c release

Minocycline upregulates Bcl-2
and decreases apoptosis.

(477)

Rat proximal tubules ATP depletion Bid cleavage Bid cleavage and apoptosis
blocked by anti apoptotic Bcl-2
overexpression and caspase-9
inhibition.

(478)

Numerous recent studies have demonstrated that erythro-
poietin (EPO) protects against ischemic ARF by affecting apop-
totic cell death (324–326). A single dose of EPO either preis-
chemia or just before reperfusion, improves renal function and
tubular injury, prevents the activation of caspase-3, -8, and -9
and reduces apoptotic tubular cell death (324). EPO also pro-
tects against hypoxia-induced apoptosis in human proximal
tubule cells (325). In the same study, EPO protected function-
ally against ischemic ARF in rats in vivo and reduced outer
medullary thick ascending limb apoptosis while potentiating
tubular mitosis and proliferation (325). In another study in
rats with ischemic ARF, EPO decreased serum creatinine, de-
creased tubular apoptosis and necrosis, decreased tubular cell
proliferation, increased antiapoptotic Bcl-2 protein expression,
decreased caspase-3 activity and increased heat shock protein
70 (HSP70) expression (326). Thus, EPO may be a potential
new therapy for ARF in humans.

Complement

The complement system is a mediator of ischemia-reperfusion
injury in heart, lung, brain, intestine and muscle (327). A pre-
dominant role for C5b-9 in renal ischemia/reperfusion injury
has been demonstrated (328). In this study, the primary dam-
aging effect of complement was on parencymal cells rather
than vascular endothelial cells. In another study, lack of a
functional alternative complement pathway ameliorated is-

chemic ARF in mice (329). In this study, mice deficient in
factor B, an essential protein in the alternative complement
pathway, were functionally and histologically protected against
ischemic ARF.

Relative Importance of Proximal
Versus Distal Tubular Injury

There is an ongoing debate regarding which nephron segments
are most severely injured in ischemic ARF (88). The target
zone for hypoxic injury has also been extensively studied in
the isolated rat perfused kidney (IPRK). This target zone pre-
dominantly involves the S3 segments of the proximal tubule
and also distal tubules located within the outer stripe of the
outer medulla and their cortical equivalent, the medullary rays,
those straight sections of the proximal and distal tubules drain-
ing the superficial cortical glomeruli. While the sensitivity of
the proximal tubules to injury is well recognized in all mod-
els of ARF, the debate over whether the proximal or distal
nephron segments is the primary target for hypoxic/ischemic
injury has been well reviewed recently (88). Of interest in the
IPRK model of injury is the presence of a consistent artifact as
a result of the absence of an oxygen carrier during erythrocyte-
free perfusion. This artifact is the necrosis of medullary thick
ascending limb (MTAL) cells first described by Alcorn (330).
It had been observed by Leichtweiss et al. that tissue oxy-
gen tension fell sharply in the region of the corticomedullary
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TA B L E 3 9 - 8

APOPTOSIS IN RENAL ISCHEMIA/REPERFUSION INJURY IN VIVO

Location of
Model Type of injury apoptosis Signals Comment Ref

Sprague Dawley
rats

5 to 45 minutes I,
12 to 24 hours R

Distal Sulfated
glycoprotein 2

Longer periods of ischemia
induced necrosis.

(479)

Wistar rats 60 minutes I,
7 to 14 days R

NT NT Necrosis at day 1 reperfusion. (480)

Sprague Dawley
rats

60 minutes I,
3 to 12 hours R

NT Proliferating cell
nuclear antigen
(PCNA)

Uninephrectomy enhanced
proliferation and decreased
apoptosis.

(481)

Sprague Dawley
rats

45 minutes I,
24 hours R

NT P53 and c-myc Verapamil attenuated
apoptosis.

(312)

ICR mice 30 to 120 minutes I,
24 hours R

Distal Fas Proximal tubules developed
necrosis.

Less apoptosis in Lpr mice
lacking Fas.

(313)

Human kidney
allografts

Reperfusion after
cold preservation

NT NT Less apoptosis in kidneys from
living related donors.

(482)

Wistar rats 60 minutes I,
24 hours R

Proximal and
distal

EGF, LGF1, and
TGFβ

Osteogenic protein-1 reduced
proximal but not distal
apoptosis.

(483)

Sprague Dawley
rats

60 minutes I,
1 and 5 days R

Proximal Proapoptotic
protein, SIVA

∗Peaks of apoptosis at 1 and
7 days reperfusion.

(484)

Human kidney
allografts

Cold ischemia Distal No change in Bcl-2 Apoptosis predicts early graft
function.

(217)

Sprague Dawley
rats

30 minutes I,
2 hours R

NT NT CCBs attenuated apoptosis. (485)

Sprague Dawley
rats

60 minutes I,
1 and 7 days R

Proximal Fibroblast growth factor (FGF)
attenuated proximal
apoptosis and distal necrosis.

(486)

Swiss mice 45 minutes I,
2 hours R

Distal Caspase-1 + 3. Caspase inhibition attenuated
renal failure and
inflammation.

(211)

Sprague Dawley
rats

60 minutes I,
7 days R

∗Endothelin receptor
antagonist attenuated
apoptosis.

(487)

Sprague Dawley
rats

30 minutes I,
4 to 14 days R

Proximal and
distal

Bcl-2, Bcl-XL, and
Bax

Distal tubules enhanced Bcl-2
expression.

(344)

NMRI mice 15 or 35 minutes I,
1 day R

NT Fas Small interfering RNA
(siRNA) increased survival.

(488)

C57BL6 mice 22 minutes I,
1 day R

OSOM Caspase-1
IL-18

Pancaspase inhibitor decreased
tubular necrosis and
apoptosis.

(225)

Sprague Dawley
rats

45 minutes I,
6 hours R

NT Nitrotyrosine,
MDAde

Caspase-1 inhibitor decreased
necrosis.

(226)

Death-associated
protein kinase
(DAPK)
mutant mice

30 minutes I,
16 to 120 hours R

NT DAPK Mutant mice had less
apoptosis and renal failure
despite same degree of
necrosis as wild type.

(489)

I, ischemia; R, reperfusion; NT, not tested; NMRI, Naval Medical Research Institute; OSOM, outer stripe of outer medulla;
MDA, malondialdehyde; ∗, apoptosis not confirmed morphologically.

junction (331). Studies by Brezis et al. demonstrated that the
MTAL lesion resulted from hypoxia and provided support for
the hypothesis that countercurrent diffusion of oxygen from de-
scending to ascending limbs of the vasa recta is responsible for
the prevailing low oxygen tension of the renal medulla (332).
Subsequently this group was able to induce a similar lesion in
a number of models of renal injury. They have championed the
notion that the MTAL segment lies on the brink of hypoxia as
a result of the unique architecture of the kidney, which facili-

tates the countercurrent multiplier required for the formation
of concentrated urine (333). Other groups have also suggested
that arteriovenous diffusion of oxygen (between adjacent par-
allel arterial and veins) is responsible for lowering tissue PO2
in the corticomedullary region and for maintaining the very
low medullary PO2 (334,335). However, Endre et al. demon-
strated in the IPRK in the presence of low concentrations of
erythrocytes that MTAL injury was prevented both under con-
trol conditions with high perfusate oxygen tension and in the
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presence of hypoxia (336). The proximal tubule continued to
be injured by hypoxia in the presence of erythrocytes, confirm-
ing that MTAL necrosis is an artifact of cell-free perfusion in
this model. Nevertheless, coupled with the evidence for pre-
glomerular arteriovenous diffusion of oxygen, which reduces
average cortical PO2 to sub-venous levels (337), the IPRK stud-
ies suggest that an even greater amount of the kidney is under
threat from hypoxia when renal perfusion is reduced. Such
widespread borderline hypoxia may be adaptively useful in
priming the oxygen sensor in renal erythropoietin producing
cells. However, when there is reduced renal perfusion, criti-
cally low levels of oxygen can be reached in tubular regions,
particularly where there is high energy demand from transep-
ithelial transport. Clearly, both proximal straight tubules (S3)
and MTAL exist in such a region under constant threat of hy-
poxia. Magnetic resonance (MR) microscopy studies of the
IPRK have demonstrated swelling of the cells in these inter-
bundle regions in the outer medulla and their cortical equiva-
lent, the medullary rays, restricting flow through the vascular
bundles (338). These MR observations complement the earlier
observations by Mason et al. and others that there is erythro-
cyte aggregation and stasis in the outer stripe of the model after
reperfusion following ischemia (339–341).

Of greater interest, however, is the observation that while
frank necrosis of MTAL cells is rarely seen in vivo, several
studies in the IPRK have observed DNA fragmentation in
MTAL cells after brief hypoxia (54) and after 15 or 60 min-
utes reperfusion after ischemia (342). DNA fragmentation has
been observed after 24 hours reperfusion following ischemia
in vivo in rats (343,344) although little or no morphological
evidence of apoptosis has been observed in any of these stud-
ies. Similar DNA fragmentation was observed in human au-
topsy specimens after renal hypoperfusion (345). Recent stud-
ies of the Bcl-2 multigene family and growth factors by Gobé et
al. (343,345) in a 30-minute bilateral arterial clamp model of
ischemia–reperfusion have suggested a way of reconciling the
observations of proximal cell necrosis and DNA fragmentation
without apoptosis in nearby MTAL. After 24 hours of reper-
fusion, distal tubules showed a marked increase in expression
of antiapoptotic Bcl-2 and a moderate increase in antiapop-
totic Bcl-XL and proapoptotic Bax. Proximal tubules showed a
marked increase in Bax expression and a moderate increase in
Bcl-XL.Twenty-four hours after expression of the Bcl-2 proteins
was increased, IGF-1 and EGF protein levels were increased in
the distal tubule, similar to the Bcl-2 antiapoptotic proteins,
and were also detected in the adjacent proximal tubules sugges-
tive of paracrine action in these tubules. TGF-beta expression
was moderately increased in regenerating proximal tubules, but
no relationship was seen with the pattern of expression of the
Bcl-2 genes. An explanation of these results is that the distal
tubule is adaptively resistant to ischemic injury via promotion
of survival by antiapoptotic Bcl-2 genes, and its survival allows
expression of growth factors critical not only to the mainte-
nance and regeneration of its own cell population (autocrine
action), but also to the adjacent ischemia-sensitive proximal
tubular cells (paracrine action).

The hypothesis has therefore been proposed that both the
S3 proximal tubule and MTAL cells reside in regions where
oxygen availability is borderline. Hypoxia induces both necro-
sis and apoptosis in proximal tubular cells. Hypoxia triggers
apoptosis in MTAL cells, but the presence of antiapoptotic Bcl-
2 genes prevents completion of programmed cell death and the
DNA fragmentation is repaired. The induction of the growth
factors EGF and IGF in these MTAL and distal tubule cells then
provides both autocrine and paracrine mechanisms respectively
for the recovery of the MTAL and proximal tubules. Because
proximal cells are necrotic or have sloughed due to loss of cell
adhesion, proximal tubule recovery is delayed compared to the
MTAL. This hypothesis also provides a mechanism for tubular

obstruction by casts since viable MTAL cells are the source of
Tamm-Horsfall protein.

TUBULOGLOMERULAR
FEEDBACK

Tubuloglomerular feedback (TGF) (“tubular communication
with the glomerulus”) operates within the juxtaglomerular ap-
paratus (JGA) of each nephron where changes are sensed in the
salt content of fluid at the luminal macula densa and that infor-
mation is transmitted to the afferent arteriole to cause compen-
satory changes in single nephron GFR (346). nNOS (NOS 1) is
expressed in the macula densa and may influence TGF. How-
ever, micropuncture experiments using NOS antagonists have
shown that nitric oxide (NO) may modulate TGF (346). In-
stead, local NOS blockade causes the curve that represents TGF
to shift leftward and become more steep. Changes in macula
densa NO production may underlie the resetting of TGF, which
is required in order to keep the TGF curve aligned with ambient
tubular flow as tubular flow changes to accommodate physio-
logic circumstances. Also, macula densa NO production may
be substrate limited and dissociated from NOS protein con-
tent. The importance of NO to TGF resetting and the substrate
dependence of NO production have both been found during
changes in dietary salt (347,348). In addition, nNOS inhibi-
tion sensitizes the tubuloglomerular feedback mechanism after
volume expansion (349). Macula densa cells detect changes in
distal sodium chloride concentration, at least in part, through
an apical Na:2Cl:K cotransporter (350). Macula densa NO di-
rectly inhibits Na:2Cl:K cotransport and NO and angiotensin
II independently alter cotransporter activity (350). To deter-
mine the role of the local renin-angiotensin system on TGF,
mice with absent renal tissue expression of ACE were studied
(351). TGF was absent in mice without ACE in the kidney sug-
gesting that renal tissue ACE is an important contributor to
TGF (351). Mice deficient in adenosine A1 receptors lack TGF
(352). Mice deficient in ecto-5′nucleotidase/CD73, the enzyme
responsible for adenosine formation from AMP have an im-
pairment of TGF regulation of GFR (353).

Taken together, the proximal tubular injury and resultant
dysfunction could contribute to the drastic fall in GFR, the hall-
mark of ischemic ARF. One potential mechanism is increased
TGF. Specifically in ARF, the decreased proximal tubule reab-
sorption would increase solute delivery to the macular densa
with the resultant constriction of the afferent arteriole and fall
in GFR (354). In normal nephrons, the maximal fall in GFR
with increased solute delivery to the macular densa is approx-
imately 50%. Thus, increased TGF could be a major factor in
mediating the pathway whereby proximal tubule damage could
lower GFR. However, because clinical ATN or ischemic ARF
is associated with a 90% fall in GFR, either additional fac-
tors or increased sensitivity of TGF postischemic injury to the
kidney must occur. In that regard, dissected afferent arterioles
from ischemic kidneys have been shown to have increased cy-
tosolic calcium concentrations and enhanced vasoconstriction
responses to angiotensin II and endothelin (355,356). It is thus
theoretically tenable that the sensitivity of the TGF is indeed
enhanced postischemia. However, the role of TGF in ischemic
ARF remains controversial (357).

In support of a pathogenic role of TGF in ischemic ARF are
studies by Brian Meyer’s group that demonstrated the following
(55,56): (i) Translocation of NaK-ATPase to the cytoplasm re-
sults in depolarization confined to the proximal tubule; (ii)
Fractional excretion of lithium, a surrogate measure for the
fraction of filtered sodium that is delivered to the macula densa,
the site of tubuloglomerular feedback, is massively increased,
and (iii) These abnormalities persist for the duration of the
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maintenance phase of postischemic ARF. This study provides
evidence for decreased proximal reabsorption of sodium, re-
sultant increased sodium delivery to macula densa, tubuloglo-
merular feedback and resultant filtration failure that accompa-
nies ischemic ARF.

Another pathway whereby tubular injury can contribute to
a fall in GFR is by causing intraluminal cast formation and
tubule obstruction. This will be the next topic discussed.

TUBULAR CAST FORMATION
AND OBSTRUCTION POSTRENAL

ISCHEMIA

The classic radiological findings in early ARF, prior to the real-
ization that contrast is nephrotoxic, was an early dense nephro-
gram not followed by a pyelogram. Because the nephrogram
phase represents contrast entering the tubules by filtration, a
persistent nephrogram suggests tubular obstruction with on-
going glomerular filtration.

Kidneys with ischemic ARF or ATN are swollen and, there-
fore, it was suggested that interstitial edema may lead to tubu-
lar collapse secondary to extraluminal-mediated compression.
It is clear however that recovery from ATN can occur when
the kidneys are still enlarged and swollen. Increased excretion
of tubular epithelial casts are however a hallmark of recovery
from ATN (23). The presence of tubular casts on renal biopsy
as well as urinary casts has provided morphological support for
a role of tubular obstruction due to intraluminal cast forma-
tion in the pathogenesis of ischemic ARF (358). As noted ear-
lier, while earlier micropuncture studies failed to consistently
demonstrate increased tubular pressures postischemia, several
subsequent studies provided convincing evidence for the pres-
ence of tubular obstruction in experimental ischemic ARF. Finn
and Gottschalk using micropuncture techniques during saline
loading demonstrated clear evidence of increased tubular pres-
sures in postischemic, as compared to normal kidneys (359).
Renal vasodilation to restore renal blood flow also demon-
strated increased tubular pressures in ischemic ARF in the rat.
Perhaps the most compelling studies, however, were those mi-
cropuncture experiments performed by Tanner et al. (360).
They found that perfusing the proximal tubule with artificial
tubular fluid at a rate, which did not increase tubule pressure
in normal animals, increased tubule pressures in animals af-
ter a renal ischemic insult. Moreover, venting those obstructed
tubules led to improved nephron filtration rates. Burke et al.
also demonstrated that prevention of ischemic ARF in dogs
with mannitol led to a decrease in intratubular pressures, sug-
gesting that the induced-solute diuresis led to relief of cast-
mediated tubular obstruction (361).

While it is clear that brush border membranes, necrotic cells,
viable cells and perhaps apoptotic tubular epithelial cells enter
tubular fluid after an acute renal ischemic insult, the actual pro-
cess and predominant location of the cast formation is however
less clear. It is known, however, that the casts uniformly stain
for Tamm Horsfall protein (THP) (358).

Integrins

Integrins are heterodimeric glycoproteins consisting of differ-
ent combinations of alpha and beta subunits; they recognize the
most common universal tripeptide sequence, arginine-glycine-
aspartic acid (RGD), which is present in a variety of matrix
proteins (9). These integrins can mediate cell-cell adhesion via
an RGD inhibitable mechanism (8).

In normal kidneys, proximal tubular cells are stained by the
RGD peptide, RhoG-RGD, basolaterally in a punctuate pattern

and with Bt-RGD only minimally. On the other hand, ischemic
kidneys labeling with RhoG-RGD and Bt-RGD occurred at
the basolateral and apical aspect of tubular cells as well as on
desquamating or desquamated cells within the tubular lumen
and also on the vasa rectae (362). In ischemic kidneys, antibod-
ies to beta1 and αV subunits of integrins stained glomeruli and
the apical aspect of the proximal and distal tubules. Desqua-
mated cells and cellular conglomerates obstructing the tubular
lumina were intensely stained with RGD peptides (363). Dual
labeling experiments with Bt-RGD and antibodies against inte-
grin receptors demonstrated αVβ3 binding sites for RGD pep-
tides in the vasculature and some desquamated cells, whereas
the majority of the desquamated cells bind Bt-RGD via β1 in-
tegrins (362).

Experimental results support a role for adhesion molecules
in the formation of casts. It has been shown that a translocation
of integrins to the apical membrane of tubular epithelial cells
may occur with ischemia (8,257,258). Possible mechanisms for
the loss of the polarized distribution of integrins include cy-
toskeletal disruption, state of phosphorylation, activation of
proteases, and production of NO (364,365). These integrins
are known to recognize arginine, glycine, aspartate (RGD)
tripeptide sequences (10,363). Thus, viable intra-luminal cells
could adhere to other luminal or paraluminal cells. The Golig-
orsky group provided experimental evidence for this cell-cell
adhesion process as a contributor to tubule obstruction in
ischemic ARF. Synthetic cyclical RGD peptides were infused
prior to the renal ischemic insult in order to block cell to
cell adhesion as a component of tubule obstruction (11,366–
369). Using micropuncture techniques the cyclic RGD tripep-
tides blocked the rise in tubular pressure postischemic insult
(10). In vivo study of RGD peptides (cyclic RGDDFLG and
RGDDFV) in ischemic ARF in rats demonstrated attenuation
of renal injury and accelerated recovery of renal function (11).
Systemic administration of fluorescent derivatives of two differ-
ent cyclic RGD peptides, a cyclic Bt-RGD peptide and a linear
RhoG-RGD peptide, infused after the release of renal artery
clamp ameliorated ischemic ARF in rats (11,368). The staining
of these peptides suggests that cyclic RGD peptides inhibited
tubular obstruction by predominantly preventing cell-to-cell
adhesion, rather than cell-to-matrix adhesion (363).

In addition to cell-cell adhesion, it is worthy to note that
Bonventre et al. have demonstrated increased fibronectin in the
tubular lumen after an ischemic insult and fibronectin is known
to possess RGD sequences, which are recognized by cellular
integrins (370). Moreover, THP is known to possess an RGD
sequence, which may or may not be in a position to be recog-
nized by integrins. This possibility however led to in vitro cellu-
lar adhesion studies in which LLCPK1 cell adhesion to several
different matrices, (i.e., collagen I and collagen IV), was exam-
ined (364). Interestingly, THP diminished cell adhesion in arti-
ficial fluid mimicking distal tubular fluid but not tubular fluid
similar to ATN or collecting duct fluid have significantly higher
ionic concentrations (371). In this regard, it has been suggested
that THP becomes a polymeric gel in the presence of high ionic
strength fluid, but is a nongel monomeric substance in low ionic
strength fluid. Recent studies documented that the gel forma-
tion by THP is an active process that can be abolished by boil-
ing. A role of the oligosaccharide component of THP in the gel
formation was demonstrated, since n-glycanase treatment to
remove the oligosaccharide abolished the gel formation (371).

Thus, the intraluminal presence of brush border mem-
branes, viable and nonviable cells in association with extracel-
lular matrix, (e.g., fibronectin), THP and adhesion molecules
support their involvement in cast formation in ischemic ARF.
The actual tubular obstruction by the casts however may only
occur in the presence of the impaired vascular responses to
renal ischemia. More specifically, if net glomerular filtration
pressure were normal, the majority of the tubular casts may be
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FIGURE 39-10. Tubular factors in the pathogenesis of
ischemic ARF. THP = Tamm-Horsfall protein, PLA2 =
phospholipase A2. (Reproduced from: Kribben A, Edelstein
CL, Schrier RW. Pathophysiology of acute renal failure.
J Nephrol 1999;12[Suppl 2]:S142, with permission.)

excreted in the urine rather than lodging in the collecting duct
and other nephron sites. Tubular factors in the pathogenesis
of ischemic ARF are shown in Figure 39-10. The various per-
turbations in the renal vasculature, which occur in association
with a renal ischemic insult, will now be discussed.

VASCULAR PERTURBATIONS
POSTRENAL ISCHEMIA

Ischemic ARF is associated with renal vasoconstriction with a
resultant decrease in glomerular hydrostatic pressure and renal
plasma flow (16,17,372). Not only are circulatory vasocon-
strictors, such as catecholamines, angiotensin II and endothe-
lin, as well as renal sympathetic tone, frequently increased in
the setting of ischemic ARF (72), but the renal vascular re-
sponse has been shown to be enhanced. This increased response
to vasoconstrictors is due in part to the earlier mentioned
increase in cytosolic calcium concentration in the afferent ar-
terioles of the glomerulus. The endothelial damage is also as-
sociated with a diminution of the renal vasodilators which op-
pose the action of vasoconstrictors. In experimental sepsis, the
NO secondary to iNOS has been suggested to downregulate
renal eNOS (373). Moreover, the renal clamp model of ARF
in the rat has been shown to be associated with downregu-
lation of endothelial-derived nitric oxide (eDNO) (355,374).
Recent studies have also shown that endothelin receptor an-
tagonists ameliorate the diminution in renal hemodynamics
associated with renal ischemia in the isolated perfused rat kid-
ney (375,376). Further support for endothelin as an impor-
tant mediator of ischemia-reperfusion induced renal injury is
the protective effect of an endothelin-A receptor antagonist in
rats after clamping of the renal arteries (377). Impairment of
prostaglandin synthesis by damaged endothelium can also pro-
foundly enhance renal vascular resistance associated with re-
nal ischemia. In this regard, infusion of prostaglandin E1 may
protect against ischemic ARF (378). Also, inhibition of throm-
boxane A2 improves renal function in rats exposed to warm
ischemia-reperfusion (379).

Oxygen Free Radicals

A large number of studies have been performed in the isolated
perfused rat kidney (IPRK), which cast light on the role of

oxygen radicals in the biochemical and morphological changes
which follow hypoxia and reperfusion. Studies with 31P mag-
netic resonance spectroscopy (MRS) confirmed the rapid onset
of ATP depletion with induction of hypoxia (380). These same
studies also demonstrated that the extent of morphological in-
jury during different degrees of hypoxic perfusion was propor-
tional to the extent of ATP depletion. Further studies with 23Na,
31P and 87Rb (a congener of potassium) MRS demonstrated
that increases in intracellular sodium and decreases in potas-
sium accompanied the decrease in ATP induced by hypoxia
(381). Subsequent investigation revealed that the rate and ex-
tent of increase in sodium was reduced by pretreatment with
dimethylthiourea (DMTU) and dimethylsulfoxide (DMSO),
both scavengers of oxygen-derived free radicals (OFR) (382).
These studies supported similar indirect evidence for injury in-
duced by OFR during reperfusion (383,384). Whereas some
studies have demonstrated that activated neutrophils produce
OFR injury after ischemia (385,386), other studies in isolated
proximal tubules (387) and the studies in the cell-free isolated
perfused rat kidney, for example, (382) indicated that OFR
were generated and contributed to the injury process even in the
absence of neutrophils. The identification of the actual species
of OFR involved in reperfusion injury required direct methods
of detection rather than a reliance on scavengers.

Direct detection of hydoxyl radicals was initially achieved
in isolated proximal tubules by using biochemical traps (387).
Similar studies were subsequently performed in the intact kid-
ney using 0.5 mM salicylate to react with hydroxyl radicals
during reperfusion for 15 minutes after ischemia of 15 min-
utes (388). An increase in 2,5 dihydroxybenzoic acid was ob-
served using high performance liquid chromotography (HPLC)
with electrochemical detection. Subsequent studies by Endre
et al. (389) utilized electron paramagnetic resonance (EPR) and
5,5-dimethyl-l-pyrroline N-oxide (DMPO) as a spin trap con-
firmed that hydroxyl radicals were generated during a briefer
3-minute reperfusion period following 20 minutes of ischemia.
Interestingly, both studies demonstrated a significant genera-
tion of hydroxyl radicals in control kidneys, which was abol-
ished by the addition of the scavenger, DMTU. An increase in
an unidentified carbon-centered radical was also identified dur-
ing reperfusion in the EPR study and could represent an early
lipid peroxidation product (389).

With 60 minutes of reperfusion after 20 minutes of ischemia
in the IPRK, tubular damage was prominent in both the cor-
tical and medullary proximal tubule and in the MTAL (342).
The morphological changes included cellular blebbing, brush
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border damage, tubular casts, and occasional apoptosis. The
MTAL always demonstrates signs of injury during cell-free per-
fusion (see the subsequent text), so caution is required in in-
terpreting damage in this region. DNA fragmentation was de-
tected predominantly in the MTAL and distal tubule using the
technique of in-situ end labeling (342). Pretreatment with ei-
ther allopurinol, which acts both to inhibit xanthine oxidase
and as an OFR scavenger, or DMTU, reduced both the mor-
phological features of injury the extent of DNA fragmentation
in the MTAL. Taken together, these results suggest that hy-
droxyl radicals formed during reperfusion after ischemia play
a significant role in both necrotic and apoptotic cell injury.

On the background of these postischemic vascular pertur-
bations is the observation that a decrease in renal perfusion
pressure is not associated with autoregulation of either GFR
or renal blood flow (17,355,372,390–392). In fact, rather than
renal vasodilation, renal vasoconstriction occurs with a fall in
renal perfusion pressure in the postischemic kidney. Thus, a
degree of hypotension, which is of no clinical significance in
the normal kidney, may cause renal damage in the kidney dur-
ing the recovery phase of ATN. The same increased sensitivity
in the postischemic kidney has also been shown to occur with
nephrotoxic agents such as aminoglycosides.

The increased vulnerability to recurrent ischemic injury is a
possible reason for the clinical finding of fresh tubular necrosis
even 4 weeks after the initiation of ARF. Specifically, in patients
with prolonged ARF after combat injury, a prominent finding
in biopsy or autopsy specimens obtained 3 to 4 weeks after
the initial insult was fresh tubular renal ischemic lesions that
could not be related to the remote initial ischemic insult (393).
A possible explanation for the fresh ischemic lesions was al-
tered reactivity of the renal vasculature. Transient reduction of
blood pressure within the normal autoregulatory range, which
frequently occurs during intermittent hemodialysis treatment,
can actually result in recurrent ischemic injury and prolonga-
tion of ARF due to the altered vascular reactivity of the injured
kidneys (394). In humans, a deterioration of renal function
parameters during hemodialysis are in accordance with this
proposal of altered autoregulation (365).

Studies to examine the role of Ca2+ and CCB in the vas-
cular perturbations in experimental ischemic ARF have been
performed. These studies demonstrate that intrarenal CCB can
reverse the increased sensitivity to renal nerve stimulation as
well as the loss of renal autoregulation, both of which charac-
terize experimental ARF (395). In addition, other studies in the
rat showed that atrial natriuretic peptide (ANP), which atten-
uates vasoconstrictor-induced increases in [Ca2+]i in cultured
vascular smooth muscle cells (396), is also protective against
ischemic ARF (397), despite the fact that its systemic adminis-
tration causes a fall in arterial pressure.

Endotoxemia-Induced ARF

Recent experimental studies in septic mice have incriminated
still another mediator of renal vasoconstriction. The intraperi-
toneal administration of lipopolysaccharide (LPS) as an endo-
toxin was associated with a profound decrease in GFR and
renal blood flow both in wild type and iNOS knockout mice.
A soluble receptor of tumor necrosis factor (TNF), however,
was associated with profound improvement in renal hemody-
namics in both wild type and iNOS knockout mice (398). Since
septic patients with renal failure have a high mortality, this ob-
servation has potential therapeutic importance.

Sepsis in mice has also been shown to be associated with
an impaired response of NO-mediated cyclic GMP in the renal
cortex, the agent’s secondary messenger for vasodilation (399).
The renal nerves and activation of the renin-angiotensin system
contribute to renal vasoconstriction during sepsis. In this study,

renal denervation decreased the high plasma renin levels during
endotoxemia and was protective against the decreased GFR
and renal blood flow in a normotensive model of endotoxemia-
induced sepsis (400).

Oxygen radicals may contribute to the vasoconstriction in
endotoxemia-induced ARF (401). ARF during sepsis is asso-
ciated with increased nitric oxide and oxygen radicals includ-
ing superoxide. Renal extracellular superoxide dismutase (EC-
SOD) is decreased in endoteoxemia (402). Antioxidant therapy
with chemically dissimilar antioxidants, metalloporphyrin and
tempol, preserved GFR and renal blood flow during endotox-
emia (402). This protective effect was reversed by inhibition of
iNOS suggesting the importance of the bioavailability of NO
for preservation of renal function during endotoxemia (402).

The demonstration of global renal vasoconstriction in sepsis
may depend on the model used. In a nonlethal hyperdynamic
model of sepsis in sheep injected with Escherichia coli, renal
failure developed despite markedly increased renal blood flow
(403).

In another study in endotoxemia-induced ARF, the role of
renal inflammation and apoptosis was determined (404). In
this study, LPS acted on extrarenal Toll-like receptor 4 lead-
ing to systemic TNF release and subsequent ARF. Mice with a
mutation in Toll-like receptor 4 were resistant to LPS-induced
ARF and had less neutrophil infiltration and renal cell apopto-
sis (404).

INFLAMMATION IN POSTRENAL
ISCHEMIA

Ischemic ARF has been described as an inflammatory disease
(19). This is evidenced by numerous studies demonstrating en-
dothelial injury, leukocyte infiltration in the kidney and the
generation of inflammatory mediators by tubular cells (19).

Endothelial Cell injury

Silver nitrate staining of blood vessels was studied in rats at
4 hr after release of a renal artery clamp (405). Ischemic ARF
resulted in disorganization of endothelial integrity with ar-
eas of denudation, partial disappearance of cell-cell borders
and distortion of cell–cell contacts most prominent in the re-
nal microvasculature. Intravital microscopy of blood flow in
peritubular capillaries provided direct evidence for the exis-
tence of a “no flow” phenomenon caused by endothelial injury
(405,406). Transplantation of endothelial cells or surrogate
cells expressing endothelial NOS, either intravenously or in-
traarterially, resulted in functional protection against ischemic
ARF (405). These studies suggested that endothelial cell injury
is the primary cause of the “no-flow” phenomenon and that
when ameliorated there is attenuation of renal function.

It has been demonstrated in mice that injury of renal mi-
crovascular endothelium alters barrier function after ischemia
(407). In this study, circulating von Willebrand factor (vWF),
a marker of endothelial injury, was increased in the circulation
24 hours after ischemia. In FVB-TIE2/GFP mice, in which the
microvasculature can be visualized, there were alterations in
the cytoskeleton and alterations in the integrity of adherens
junctions that correlated with a permeability defect identified
using fluorescent dextrans and two-photon intravital imaging
(407).

The extension phase of ARF is marked by continued hy-
poxia and an inflammatory response, which are more marked
in the corticomedullary junction (18). Severely reduced blood
flow, stasis and accumulation of red blood cells has been doc-
umented in the corticomedullary region (18). Endothelial cell
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injury is thought to play an important role in the initiation and
extension phase of ischemic ARF (18).

Neutrophil Activation

Renal ischemia-reperfusion injury is associated with an in-
crease in infiltrating neutrophils (408). The adherence of neu-
trophils to the vascular endothelium is an essential step in the
extravasation of these cells into ischemic tissue (28). Therefore,
leukocyte adhesion molecules have been studied in renal in-
jury (409). After adherence and chemotaxis, infiltrating leuko-
cytes release reactive oxygen species and enzymes that damage
the cells (28). Infusion of normal neutrophils accentuates se-
vere ischemia/reperfusion injury and decreases GFR during is-
chemia. Activated neutrophils have been shown to enhance the
decrease in GFR in response to renal ischemia at least in part
due to release of oxygen radicals (386,410–412). In contrast,
infusion of oxygen radical deficient neutrophils from patients
with chronic granulomatous disease patients did not worsen
the course of ischemic injury (411). The mechanism by which
adherent leukocytes cause ischemic injury is unclear, but likely
involves both the release of potent vasoconstrictors including
the prostaglandins, leukotrienes, and thromboxanes (413), as
well as direct endothelial injury via release of endothelin and a
decrease in NO (72,414).

Intracellular adhesion molecule I (ICAM I) has been sug-
gested to play an important role in the pathophysiology of
ischemic ARF (408,415). Increased systemic levels of the cy-
tokines, tumor necrosis factor (TNF-alpha) and interleukin-1
(IL-1) may upregulate ICAM-1 after ischemia and reperfusion
in the kidney (415). ICAM-1 on endothelial cells promotes
the adhesion of neutrophils to these cells and causes tissue
damage. The administration of a monoclonal antibody against
ICAM-1 protected against ischemic ARF in rats (408,411). Pre-
treatment with an ICAM-1 antisense oligodeoxyribonucleotide
ameliorated the ischemia-induced infiltration of granulocytes
and macrophages and resulted in less cortical renal damage as
assessed by a quantitative pathologic grading scale (416). In
parallel, ICAM-1 deficient mice are protected against renal is-
chemia (415). Thus, ICAM-1 is a mediator of ischemic ARF
probably by potentiating neutrophil-endothelial interactions.

Red blood cell swelling has been suggested to cause the
medullary blood flow congestion which occurs postrenal is-
chemia and worsens the relative hypoxia in that region of the
kidney. The restoration of renal blood flow in experimental
renal ischemia in the dog, however, occurs with either an iso-
tonic or hypertonic mannitol induced-diuresis. There is now
evidence that upregulation of adhesion molecules may con-
tribute to this impaired medullary blood flow postischemic in-
jury (409,417,418).

P-selectin, an important molecule involved in adherence of
circulating leukocytes to tissue in inflammatory states, also
seems to be involved in the infiltration of the leukocytes during
ischemic injury. In fact, renal ischemia has also been shown to
be associated with upregulation of endothelial P-selectin with
enhanced adhesion of neutrophils (419). A soluble P-selectin
glycoprotein ligand prevented infiltration of leukocytes and
ameliorated ischemia induced renal dysfunction (365). In con-
trast to P-selectin, the L-selectin does not appear to mediate
tubular damage in postischemic kidney (409). After adherence
and chemotaxis, neutrophils release reactive oxygen species or
oxygen free radicals.

There is evidence that neutrophils, mediate tubular injury
in ARF (420). This evidence is derived from studies that show
an accumulation of neutrophils in ischemic ARF and studies
demonstrating a beneficial role of anti-ICAM-1 therapy in ARF
(415). Also, mice depleted of peripheral neutrophils by an-
tineutrophil serum were protected against ischemic ARF (415).

However, in another study, rats depleted of peripheral neu-
trophils by anti-neutrophil serum were not protected against
ischemic ARF (421). In another study, mice were injected with
0.1 mg of the rat IgG2b monoclonal antibody RB6-8C5 (BD
Pharmingen) intraperitoneally 24 hours before renal pedicle
clamp (225). This results in depletion of neutrophils in the pe-
ripheral blood and in the kidney during ischemic ARF. In this
study, there was the slight functional protection and no histo-
logical protection against ischemic ARF in neutrophil-depleted
mice (225).

Lymphocytes

The role of lymphocytes in ischemic ARF is an ongoing area
of study (422,423). Lymphocytes has been examined in genet-
ically altered, immune deficient mice. In one study, mice with
a combined deficiency of both CD4 and CD8 cells were pro-
tected against ischemic ARF at 48 hours, but not 24 hours,
postischemic reperfusion (424). In a follow-up report by the
same investigators, nu/nu mice that are athymic and deficient
in both CD4 and CD8 T cells, were protected against ischemic
ARF 24 and 48 hours postischemic reperfusion (425). To deter-
mine the pathogenic T cell type, mice with targeted genetic de-
ficiencies of either CD4 or CD8 T cells were also studied. CD4
deficient mice, but not CD8 deficient, are protected against is-
chemic ARF (425). Therefore, it appears that the pathogenic
T cell subtype in ischemic ARF is the CD4 T cell. However,
RAG-1 −/− mice, which lack mature T and B lymphocytes,
are not protected against ischemic ARF despite lacking both
CD4 and CD8 T cells (426). In a recent study, mice deficient
in B lymphocytes alone were protected against ischemic ARF
(427). In summary, CD4 T cell deficient, nu/nu (lacking mature
T cells), and B cell deficient mice are protected against ischemic
ARF while CD8 T cell and RAG-1 −/− (lacking mature B and
T cells) mice are not protected.

The effect of complete depletion of CD4 T cells with a mon-
oclonal antibody in ischemic ARF is not known. In one report,
the use of GK1.5 antibody alone to deplete CD4 T cells did not
protect against ischemic ARF; however, complete depletion of
CD4 T cells as judged by FACS analysis did not occur (428).
Protection did occur when GK1.5 was used with two other an-
tibodies, which resulted in the depletion of both CD4 and CD8
T cells (428). In another study, complete depletion of CD4 T
cells using the GK1.5 antibody was not protective against is-
chemic ARF in mice (429). In summary, it is believed that CD4
T cells are important in the pathogenesis of ischemic ARF and
that very few T cells in the kidney are enough to contribute to
injury (425) (423,428).

Monocyte/macrophages

Another inflammatory cell that is a potential mediator of
injury in ischemic ARF is the monocyte/macrophage (423).
Macrophages infiltrate the postischemic rat kidney (430).
Macrophage chemoattractants, for example, monocyte chemo-
attractant protein-1 (MCP-1) are increased in the postischemic
rat kidney (423). In a model of macrophage depletion using
liposomal clodronate, it was demonstrated that macrophages
contribute to tissue damage during acute rejection (431). An
anti-B7-1 antibody blocks mononuclear cell adherence in vasa
recta in rats and attenuates ischemic ARF both functionally
and histologically (432). Gene therapy in rats expressing an
amino-terminal truncated MCP-1 reduced macrophage infil-
tration and ATN (433).Two recent studies have demonstrated
that macrophage depletion using liposomal clodronate is pro-
tective against ischemic ARF in mice (434,435).
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Inflammatory Mediators

In renal ischemia/reperfusion, tubular epithelial cells pro-
duce TNF-alpha, IL-1, IL-6, IL-8, IL-18 TGF-beta, MCP-1,
RANTES and fractalkines (19,224,225). Leukocytes produce
TNF-alpha, IL-1, IL-8, MCP-1, reactive oxygen species and
eicosanoids (19). The antiinflammatory cytokine, IL-10, in-
hibits TNF-alpha, ICAM-1 and iNOS and protects against is-
chemic and cisplatin-induced renal failure and ATN (436).

Statins are potent antiinflammatory drugs (437). Both in
vitro and in vivo studies suggest lipid lowering–independent
antiinflammatory functions of statins (437). After adhesion to
the vascular endothelium, inflammatory cells migrate to the site
of inflammation (437). Statins act independently of lipid low-
ering to selectively inhibit leukocyte adhesion by direct inter-
actions with the leukocyte-function antigen-1 (LFA-1) (437).
Statins reduce macrophage influx and chemokine expression
in rat kidneys (438). Statins are known to decrease the ex-
pression of pro-inflammatory cytokines by inflammatory cells
(437). Simvastatin reduces expression of IL-6 and monocyte
chemoattractant protein (MCP-1) in monocytes from hyperc-
holestrolemic patients and in cultured endothelial cells (437).
Pravastatin downregulates TNF-alpha and MCP-1 (439] in hu-
man monocytes in vitro. Some of the antiinflammatory effects
of statins are mediated by nitric oxide.

Rats were treated with cerivastatin or vehicle for 3 days be-
fore induction of ischemic ARF (440). Statin treatment reduced
the increase in serum creatinine by 40% and protected against
tubular necrosis. In addition, monocyte and macrophage infil-
tration was almost completely prevented, ICAM-1 upregula-
tion was decreased and iNOS expression was reduced (440).
In another study, atorvastatin improved the course of ischemic
ARF in aging rats by enhancing nitric oxide availability and
improving renal hemodynamics (441).

RECOVERY FROM ISCHEMIC ARF

It has been demonstrated in rats that severe ischemic ARF re-
sults in permanent alteration in renal capillary density that
contributes to a urinary concentrating defect and renal fibrosis
(442,443). However, in contrast to other organs, the kidney
can recover from tubular necrosis, at least in the short term.
There are 2 potential mechanisms of recovery: (i) dedifferen-
tiation and proliferation of the surviving non necrotic tubular

cells (444) and (ii) mobilization and delivery of bone marrow
stem cells to the injured kidney (445).

After ischemic ARF there is proliferation of tubular cells that
mimics events in the developing kidney (446). Epithelial cells
are also dedifferentiated during the recovery period (444). In
the postiscehmic kidney, there is also expression of genes that
encode growth factors (301,303,306). Dedifferentiation and
proliferation of tubular epithelial cells may result in the spread-
ing of cells over the damaged basement membrane. Cell adhe-
sion molecules like neural cell adhesion molecule (NCAM),
cytokines and kidney injury molecule-1 (Kim-1) (62,447) may
play a role in these processes. Targeted delivery of hepatocyte
growth factor (HGF) to the proximal tubule in transgenic mice
results in marked protection against ischemic ARF (448). Un-
derstanding the physiology of repair and recovery of surviving
tubular cells may lead to therapies to hasten the recovery pro-
cess in humans.

Bone marrow stem cells have the capacity to migrate to other
organs (445). Bone marrow derived cells can populate and con-
tribute to turnover of both the normal and injured renal tubu-
lar epithelium (449). Cells from the adult mouse bone marrow
are mobilized into the circulation by transient renal ischemia
and home specifically to the injured kidney where they differ-
entiate into tubular epithelial cells (445). It was investigated
whether an increase in circulating stem cells, using pharma-
cological mobilization from the bone marrow, would improve
renal function in mice with ischemic ARF (450). The pharma-
cological increase in stem cells was associated with marked
granulocytosis and worsening of renal failure. In the future,
therapies aimed at stimulating the proliferation, mobilization
and targeting of stem cells may enhance recovery from ischemic
ARF (445).

SUMMARY

Tubular and vascular perturbations and inflammation combine
to cause ischemic ARF. The tubular and vascular events in
ischemic ARF are summarized in Figures 39-10 and 39-11.
The inflammatory events are summarized in Figure 39-12.
Recent laboratory studies using in vivo, cellular and molec-
ular approaches have provided substantial insight into the
pathogenesis of the syndrome. These studies have identified
several potential therapeutic interventions, which need to be
tested with prospective clinical trials. Interventions which have

FIGURE 39-11. Vascular factors in the pathogenesis of is-
chemic ARF. ET, endothelin; PG, prostaglandins; TNF α, tumor
necrosis factor. (Reproduced from: Kribben A, Edelstein CL,
Schrier RW. Pathophysiology of acute renal failure. J Nephrol
1999;12[Suppl 2]:S142, with permission.)
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RENAL ISCHEMIA

INFLAMMATION

Endothelial injury

Leukocyte adhesion and migration

Inflammatory mediators (TNFα, IL-18, ROS, eicosanoids)

GFR

Tubular cells

ICAM-1 and P-selectin

Inflammation
(Neutrophils, T cells, monocyte/macrophages)

Inflammatory mediators
(IL-6, IL-18, TNFα, TGFβ,  MCP-1, 

RANTES, Fractalkine)

FIGURE 39-12. Inflammatory response in ischemic ARF. IL-1,
interleukin-1; IL-18, interleukin-18; TNFα, tumor necrosis factor al-
pha; TGFβ, transforming growth factor beta; RANTES, regulated
upon activation, normal T cell expressed and secreted, ROS, reactive
oxygen species; ICAM-1, intracellular adhesion molecule-1; MCP-1,
monocyte chemoattractant protein-1.

attenuated experimental ischemic/hypoxic proximal tubule
damage include cysteine protease inhibitors, άMSH, specific
iNOS inhibition, synthetic cyclical RGD sequences, mannitol,
oxygen radical scavengers, TNF soluble receptors, inducers of
HSP and anti-ICAM antibodies, endothelin antagonists, IL-18
antiserum, erythropoietin, CTLA4 immunoglobulin to men-
tion a few (Table 39-9). The intrarenal administration of these
compounds may be necessary to avoid systemic complications.
In that regard, the hypotensive effect of atrial natriuretic pep-

TA B L E 3 9 - 9

SOME EMERGING THERAPIES FOR ISCHEMIC ACUTE
RENAL FAILURE

Cysteine protease inhibitors
Caspase inhibitors
IL-18 inhibition
άMSH
Specific iNOS inhibition
Synthetic cyclical RGD sequences
Oxygen radical scavengers
TNF soluble receptors
Inducers of HSP
Anti-ICAM antibodies
Endothelin antagonists
Endothelial cell infusion
Mannitol with natriuretic peptides or calcium channel blockers
Erythropoeitin
CTLA4 immunoglobulin

tide in recent trials no doubt obscured any intrarenal beneficial
effect of the compound.
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CHAPTER 40 ■ PATHOPHYSIOLOGY
OF NEPHROTOXIC CELL INJURY
BRIAN S. CUMMINGS AND RICK G. SCHNELLMANN

INTRODUCTION

Nephrotoxic epithelial cell injury induced by chemicals can re-
sult in acute renal failure (ARF) and can be mediated via a va-
riety of mechanisms. After direct or indirect chemical-induced
injury, renal epithelial cells either repair and regenerate or die.
If the degree of cell death is sufficient, then overall renal func-
tion declines and ARF results. Indirect chemical insults may
decrease renal blood flow, thereby causing renal ischemia and
reperfusion-induced cell injury and death. Furthermore, recent
studies demonstrate that the T and B cells and, to a lesser ex-
tent, macrophages and neutrophils inhibit renal function in
ARF (1–3). The role of inflammatory cells in ARF is likely sec-
ondary to the initial insult and occurs during the maintenance
phase of ARF (4,5). These examples highlight the premise that
multiple mechanisms are involved in the pathophysiology of
nephrotoxic epithelial cell injury and ARF.

A secondary effect of nephrotoxicant-induced cell death in
ARF can be the generation of “backleak.” After an insult, in-
jured and dead epithelial cells release from the basement mem-
brane and adhere via integrins to other released and attached
epithelial cells (4–11). The cellular aggregates can form tubular
casts that block the flow of filtrate and increase intraluminal
pressure, decreasing the single nephron glomerular filtration
rate (4). In addition, the loss of epithelial cells can leave gaps
in the basement membrane allowing tubular filtrate to “back-
leak” into the circulation, further decreasing the apparent sin-
gle nephron glomerular filtration rate as currently measured.
Thus, “backleak” and the loss of epithelial cells contribute to
the decreased renal function.

As a consequence of either direct or indirect renal epithelial
cell injury, cells die or repair and regenerate. Renal epithelial
cells are known to repair and regenerate, and significant ad-
vances have been made to enhance our understanding of this
process (12–16). Regeneration begins when cells adjacent to the
injured area de-differentiate, proliferate, and migrate into the
denuded areas. Ultimately, the cells differentiate and tubular
structure and function are restored. Chemicals also may pro-
tract the maintenance phase of renal dysfunction through their
ability to inhibit cellular repair and regeneration. If a nephro-
toxicant inhibits this process, then recovery of normal renal
function may be delayed or inhibited. For example, the recov-
ery of renal function after treatment with the aminoglycoside
antibiotic tobramycin and cisplatin were compared (10,11).
A 4-day treatment with tobramycin resulted in renal dysfunc-
tion with proximal tubular necrosis that was followed by a
proliferative response. Renal dysfunction was fully reversible
and serum creatinine levels and proximal tubular morphology
returned to the control values by day 14. Although a 4-day reg-
imen of cisplatin also resulted in renal dysfunction with prox-
imal tubular necrosis, the renal dysfunction persisted. These
studies provide evidence that renal proximal tubules dam-
aged by cisplatin may not undergo normal regeneration, which
results in protracted ARF.

In vitro studies support the hypothesis that nephrotoxicants
can inhibit the proliferative and/or migratory processes during
regeneration. For example, Counts and colleagues (17) used
an in vitro model of renal proximal tubular cell (RPTC) regen-
eration to determine whether nephrotoxicants can inhibit the
proliferative and/or migratory processes during regenera-
tion. Subsequent to mechanically induced injury to a con-
fluent monolayer, HgCl2, the mycotoxin fumonisin B1, and
the haloalkene cysteine conjugate, S-(1,2)-dichlorovinyl-L-
cysteine, inhibited the normal proliferative and migratory re-
sponse that resulted in the closure of the denuded areas in the
absence overt cytotoxicity to the monolayer. Therefore, it is im-
portant to determine if the mechanisms involved in the patho-
physiology of nephrotoxic-induced ARF are directly inducing
cell death or inhibiting regeneration after cell death.

The goal of this chapter is to review some of the mecha-
nisms by which chemicals produce renal epithelial cell injury
and death. Other chapters in this volume, and several excellent
reviews, discuss renal cell death and ARF produced by specific
chemicals; the reader is referred to these for additional insights
and perspectives (18–20).

SUSCEPTIBILITY OF THE KIDNEY
TO INJURY

The susceptibility of the kidney to various agents can be at-
tributed to several functional properties of this organ. These
properties include: (a) receiving 20% to 25% of the cardiac
output, ensuring high levels of toxicant delivery over a period
of time; (b) extensive reabsorptive capacity with specialized
transporters promoting cellular uptake of the toxicant; (c) uri-
nary concentrating capacity that results in high concentrations
of toxicants in the medullary lumen and interstitium; (d) bio-
transformation enzymes resulting in the formation of toxic
metabolites and reactive intermediates; (e) high metabolic rates
and workload of renal cells resulting in increased sensitivity
to toxicants; and (f) sensitivity of the kidney to vasoactive
agents.

Nephrotoxicants generally damage specific segments of the
nephron, with the proximal tubule epithelial cell being the
primary target. Furthermore, different segments of the prox-
imal tubule (S1, S2, and S3) are targets for different nephro-
toxicants. For example, aminoglycoside antibiotics, chromate,
cadmium chloride, and the mycotoxin citrinin primarily af-
fect the S1 and S2 segments, whereas cyclosporine, HgCl2,
uranyl nitrate, cisplatin, bromobenzene, and cysteine conju-
gates of halogenated hydrocarbons affect the S3 segment (21).
In addition, interferon-α, gold, and penicillamine may target
cells in the glomeruli, whereas nonsteroidal antiinflammatory
drugs (NSAIDs) and angiotensin convertising enzyme (ACE)
inhibitors may target cells in renal vessels (22). The reasons for
these segmental differences may include: (a) differences in tox-
icant delivery to a given segment, (b) differences in transport
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and uptake among segments, and (c) differences in biotrans-
formation enzymes among segments.

XENOBIOTIC TRANSPORT

For most xenobiotics, transport into the epithelial cell is
required for the expression of toxicity and xenobiotics, in
general, enter cells by passive diffusion or by active or fa-
cilitated transport. With xenobiotic accumulation, injury is
initiated with altered cellular functions. Likewise, inhibition
of the transporter(s) responsible for xenobiotic import blocks
injury. As stated earlier, differences in transporter expres-
sion among different tubular segments are one indicator of
whether a given tubular segment is the target of xenobiotic
toxicity.

Several transporters that participate in basal physiologi-
cal functions of renal cells, such as reabsorption and secre-
tion, participate in the transport of nephrotoxicants (23–25).
These transporters include, but are not limited to, the or-
ganic cation transporters (OCT [26–28]), organic anion trans-
porters (OATs [29–31]), amino acid transporters (32,33), and
transporters involved in multi-drug resistance such as P-glyco-
protein (34).

OATs and OCTs transport a variety of physiological com-
pounds into renal cells (35). In addition, they transport
drugs, natural products, and industrial chemical and pollutants
(23,29,31,35–37). For example, the mycotoxin ochratoxin
A is transported into renal tubular cells by OAT1, OAT 3,
and OAT 5 (35,36,38) and induces renal cell death. Ochra-
toxin A transport into renal cells is inhibited by probenecid
(39), an inhibitor of most OAT proteins, and probenecid
blocks ochratoxin A-induced cell death (40). The uptake and
cell death induced by the trichloroethylene metabolite S-(1,2)-
dichlorovinyl-L-cysteine also is inhibited by probenecid (41)
and para-aminohippurate (PAH, an OAT substrate, [37]) in
isolated RPTC. The ability of Hg+2 and its cysteine-conjugates
to induce cell death in vivo and in canine kidney cells is altered
by inhibitors or substrates of OAT proteins, suggesting that the
nephrotoxicity of this environmental contaminant is regulated
by these transporters (29,31).

OCT proteins also play a significant role in xenobiotic trans-
port and injury in renal cells. For example, OCT 1 and OCT 2
are required for the nephrotoxicity of platinum compounds in-
cluding cisplatin, oxaliplatin, and carboplatin in Madin-Darby
canine kidney cells (27). OCT 1 and OCT 2 also mediate the
transport of 1-methyl-4-phenyl-pyridinium, disopyramide, and
chlorpheniramine into renal cells (42).

The role of P-glycoprotein in chemical-induced renal cell
death is still being investigated. However, the nephrotoxicity of
chemotherapeutics, such as cisplatin, is altered by over expres-
sion of P-glcyoprotein (43). Further, P-glycoprotein may medi-
ate the nephrotoxicity of diallyl disulfide and S-allyl-cysteine,
two investigational chemotherapeutics (44).

CELL DEATH

In many cases, transport of toxicants into renal cells results
in cell death. Cell death is generally thought to occur through
one of two mechanisms: oncosis or apoptosis (45–47). Apop-
tosis is a tightly controlled, organized process that was initially
defined morphologically, and morphologic changes remain the
hallmark of apoptosis. Necrosis or necrotic cell death affects
masses of contiguous cells and is characterized by the swelling
of organelles and increases in cell volume, after which the cell
membrane becomes more permeable and ruptures with the re-
lease of cellular contents, followed by inflammation (Fig. 40-1).
Majno and Joris (45) pointed out that necrotic cell death

is a poor term to describe cell death characterized by cel-
lular volume increases and cell rupture. Historically, necro-
sis has been used to describe drastic tissue changes occurring
after cell death. These changes include karyorrhexis, kary-
olysis, pyknosis, condensation of the cytoplasm, and intense
eosinophilia, and alterations representing the cadaver of a cell.
Temporally speaking, cells die long before necrotic changes are
observed.

Manjo and Joris (45) suggested that the term oncosis
(from ónkos, meaning “swelling”), a word coined by von
Recklinghausen in 1910 to describe cell death with swelling,
be used generically to describe cell death characterized by
cellular swelling, organelle swelling, blebbing, and rupture
(48). Levin and associates (49) have supported the use of the
term oncosis and further suggested that the term necrosis be
used to designate groups of dead cells, defined on histologi-
cal sections, regardless of the type of cell death (apoptosis or
oncosis).

Despite the fact that both apoptosis and oncosis induce
necrosis, the morphologic and biochemical characteristics of
oncosis and apoptosis are very different (45–47) (Fig. 40-1).
The morphology associated with oncosis has been explained
previously. Apoptosis usually affects scattered individual cells,
and morphologically, the cell shrinks while organelle integrity
is retained. The chromatin becomes pyknotic and marginates
against the nuclear membrane. Ultimately, the cell shrinks to
a dense round mass (apoptotic body) or forms pseudopodia
(i.e., buds) containing nuclear fragments and/or organelles that
break off into small fragments (apoptotic bodies). In either
case, adjacent cells, or macrophages phagocytize the apoptotic
bodies, and inflammation does not occur. Numerous authors
incorrectly use the terms programmed cell death and apopto-
sis synonymously. The phrase “programmed cell death” refers
to situations in which cells are programmed to die at a fixed
time (e.g., during development) (46). Although the process and
morphology of programmed cell death and apoptosis may be
similar, the term apoptosis is more appropriate for chemical-
and ischemia-induced cell death.

Apoptosis

One key difference between oncosis and apoptosis is the activa-
tion of caspases in the latter. Caspases belong to a 14-member
family of cysteine proteases and are key mediators of apoptosis
(50–52). Caspases can be divided into three groups based on
structural differences and substrate preferences: initiator cas-
pases (caspase -2, -8, -9, -10, and possibly -12), executioner or
effector caspases (caspases -3, -6, and -7), and cytokine proces-
sors (caspases -1, -4, -5, and -13). Initiator caspases are acti-
vated by numerous processes including receptor-directed mech-
anisms and chemical exposures, and mediate chemical-induced
apoptosis in numerous cell types, including proximal tubular
cells (53–55), glomerular cells (56), medullary cells (57,58),
and cells present in the collecting ducts (57–61). Activation
of initiator caspases results in the activation of executioner
caspases that leads to several of the biochemical character-
istics of apoptosis. However, recent studies in nonrenal cells
suggest that caspase-2 can induce apoptosis independent of
its catalytic activity via a mechanism involving permeabiliza-
tion of the mitochondrial membrane and subsequent release of
pro-apoptotic proteins inducing cytochrome c, Smac/Diablo
(62,63) (see the subsequent text).

Caspase-8, an initiator caspase, plays an integral role in
receptor-mediated apoptosis (64–67). Caspase-8 is activated
by membrane receptors such as Fas-ligand and TNFα recep-
tors (66;68–70) and, in turn, cleaves the Bcl-2 family pro-
tein Bid to form tBid (64-67). tBid acts on mitochondria to
cause the release of pro-apoptotic proteins and result in the
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FIGURE 40-1. Comparison of the morphologic features of oncosis and apoptosis. At the top middle, a nor-
mal cell. Left: Cell and organelle swelling, followed by vacuolization, blebbing, and increased membrane
permeability (lysis) and finally necrotic changes (i.e., coagulation, shrinkage, and karyolysis). Right: Cell
shrinkage followed by budding and karyorrhexis and finally necrotic changes (i.e., breakup into cluster of
apoptotic bodies). The pathology of each event is listed next to each pathway. (Adapted from: Cummings
BS, Schnellmann RG. Measurement of cell death in mammalian cells. In: Protocols in pharmacology. New
York: John Wiley & Sons, 2004;12:8, with permission.)

activation of caspase-9 and caspase-3. In contrast, caspase-8
may directly activate caspase-9 or caspase-3 independently of
the mitochondrion (Figure 40-2). Chemicals may also activate
caspase-8 independently of receptor-mediated mechanims. For
example, cisplatin and etoposide activate caspase-8, caspase-
9 and caspase-3 in LLC-PK1 cells (71) and U937 cells in the
absence of receptor-stimulation (66). In contrast, cisplatin and
cyclosporine activated caspase-3 in the absence of caspase-8 in
mouse and rabbit RPTC (49–51). Thus, the role of caspase-8
in chemical-induced apoptosis is variable.

Executioner, or effector, caspases are responsible for the
cleavage of a number of substrates that typically result in
the morphologic features of apoptosis. For example, cleav-
age of the Inhibitor of Caspase-Activated Deoxyribonuclease
(ICAD/DFF45) by caspases results in its deactivation and al-
lows caspase-activated deoxyribonuclease to cleave DNA, re-
sulting in the “ladder-like” pattern after agarose gel elec-
trophoresis (72,73). Further, cleavage of poly(ADP-ribose)
polymerase (PARP) by caspases-3 and -7 results in its activation
and the addition of ADP-ribose monomers to a variety of pro-
teins (74). Other substrates for caspases include DNA repair
enzymes that prevent cells from making a futile attempt at re-
pair, and scaffolding proteins that allow for the reorganization

of the cytoskeleton and the packaging of the cell constituents
into apoptotic bodies (51).

Role of Mitochondria in Apoptosis

Mitochondria are integral in the apoptotic process through the
production of ATP and the release of pro-apoptotic factors.
For example, the release of cytochrome c from mitochondria
results in the binding of cytochrome c to apoptotic protease
activating factor 1 (APAF-1), which promotes the binding and
proteolytic cleavage of pro-caspase-9 to caspase-9 (51; 75).
Activated caspase-9 cleaves and activates executioner caspases
(i.e., caspases-3, -6, and -7) (Fig. 40-2). A number of toxi-
cants, including cisplatin and S-(1,2)-dichlorovinyl-L cysteine,
cause cytochrome c release and apoptosis (51,66,76,77). Cy-
tochrome c release from the mitochondria is associated with a
decrease in the mitochondrial inner membrane potential and
the accumulation of several pro-apoptotic proteins such as
Bad, Bak, and Bax at the mitochondria (Fig. 40-2). Other
pro-apoptotic proteins released from the mitochondria include
apoptosis-inducing factor (AIF), Smac/Diablo, Omi and Endo
G (64–66,78–85) (Fig. 40-2).
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FIGURE 40-2. Cell signaling cascades involved in the activation of caspases and apoptosis. 1: Receptor-
mediated death signals or chemicals can initiate apoptosis through multiple mechanisms. 2: Pro-caspase-8
is activated by receptor-mediated signals at the cellular membrane or directly by chemicals. Once activated,
caspase-8 cleaves Bid to t-Bid, which interacts with Bax/Bak to induce mitochondrial-mediated apoptosis
or directly activates caspase-9 and other caspases. 3: Some chemicals cause DNA damage that signals the
release of pro-apoptotic proteins from the mitochondria. 4: Receptor-mediated signals, direct chemical
injury, or signals resulting from DNA damage can all cause cytochrome c, Smac/Diablo, Endo G, and
AIF release from the mitochondria. 5: Released cytochrome c forms a complex with APAF-1 and pro-
caspase-9, resulting in caspase-9 activation. 6: Activated caspase-9 cleaves and activates pro-caspase-3
and -7, which can also be activated by caspase-8 independently of cytochrome c. 7: Activated caspases
(e.g., 3 and 7), AIF, and Endo G cause the classical markers of apoptosis, such as cleavage and activation
of poly(ADP)polymerase, inactivation of inhibitors of DNases leading to DNA fragmentation, cleaved
lamins, and the activation of other caspases.
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Bad, Bak, Bax, and Bid belong to the Bcl-2 family of pro-
apoptotic proteins, which are characterized by specific regions
of homology termed Bcl-2 homology domains (86). Under non-
stressed conditions these proteins exist bound to proteins in the
mitochondria and cytosol (64). After toxicant exposure Bax,
Bid, or Bak can dissociate and translocate to the mitochondria.
Translocation to the mitochondria typically initiates alterations
in the mitochondrial membrane potential and release of cy-
tochrome c, Endo G, Smac/Diablo, Omi, and AIF (61,64,87)
(Fig. 40-2). The exact mechanisms involved in the regulation
of these proteins, or whether caspases or cytochrome c can act
independently of Bax, Bid, or Bak in renal cells is presently
unclear. However, current studies suggest that these proteins
are partially regulated by trans-activation factors such as p53
(88–91). Furthermore, studies show that Bid mediates apop-
tosis induced by hypoxia and ATP depletion in cultures of rat
RPTC (92); Bax mediates proximal tubular apoptosis in mice
treated with cisplatin in vivo (58); and Bak is elevated during
apoptosis in primary bovine glomerular endothelial cells in-
duced by TNFα or lipopolysaccharide (93) or during ischemia-
reperfusion-induced renal cell apoptosis in mice (94).

In contrast to Bax, Bid, and Bak, Bcl-2 is an antiapoptotic
protein (60). Increased levels of Bcl-2 prior to toxicant expo-
sure protects numerous cells, including renal cells (94), from
toxicant-induced apoptosis (78,86,94,95). The protective ef-
fect of Bcl-2 may be the result of its ability to bind Bax, Bid,
and Bak, preventing them from altering mitochondrial mem-
brane permeability, initiating the release of mitochondrial pro-
apoptotic proteins, and activating caspases (95). In support of
this hypothesis, over expression of Bcl-2 protects against ATP-
depletion-induced apoptosis in cultures of rat RPTC (92), and
up regulation of Bcl-2 protected kidney epithelial cells both in
vitro and in vivo against apoptosis induced by hypoxia, azide,
cisplatin, and staurosporine (67).

AIF is released from the mitochondria in response to de-
creases in the mitochondrial membrane potential induced by
ATP depletion (78,96); ischemia-reperfusion; anti-Fas antibod-
ies (97); or exposure to high concentrations of Ca2+ (98),
t-butyl hydroperoxide (98), or atractyloside (98). Cellular
pathologies associated with AIF release are similar to those
seen with caspases (chromatin condensation and oligonucle-
osomal DNA fragmentation) (97). AIF is a distinct protease
with properties similar to those of caspases. In opposum kid-
ney cells AIF is released after ATP depletion-induced by sodium
cyanide and 2-deoxy-D-glucose (79,96). However, the abil-
ity of AIF to participate in toxicant-induced renal cell death
in vivo or in other renal cell models in vitro has not been fully
explored.

Smac/Diablo is a pro-apoptotic protein released from the
mitochondria to the cytosol during apoptosis where it blocks
the antiapoptotic activity of inhibitors of apoptosis proteins
(IAP) (81). However, the ability of Smac/Diablo to promote
apoptosis may not exclusively be the result of its ability to bind
IAP. This was demonstrated in human embryonic kidney cells
(HEK293) in which a mutant Smac/Diablo was unable to bind
IAP. In this model both receptor- and chemical-induced apop-
tosis was increased in the presence of mutant Smac/Diablo,
supporting the hypothesis that this protein’s ability to induce
apoptosis is partially independent of its ability to bind IAP (82).
Despite these data, released Smac/Diablo functions at the level
of executioner caspases and downstream of the Bcl-2 family of
proteins (83). Smac/Diablo is expressed in the mouse kidney
and in several renal cell models (99) and mediates apoptosis
in vivo in mice after treatment with high concentrations of
folic acid or after exposure of cultures of renal epithelial cells
to TNFα (81). Increased expression of Smac/Diablo potentiates
TNFα- and etoposide-induced apoptosis in HEK293 cells (82).
However, similar to several other pro-apoptotic proteins, ex-

pression of Smac/Diablo is not essential for apoptosis in kidney
cells. For example, acetaminophen-induced renal cell apopto-
sis proceeds in a caspase-dependent manner in the absence of
Smac/Diablo activity (100).

Omi is a mammalian serine protease that has homol-
ogy to bacterial HtrA endoprotease (101). Omi localizes
to the endoplasmic reticulum and mitochondria and is ex-
pressed ubiquitously in a number of cell types including RPTC
(84,85,101,102). After exposure to apoptotic stimuli Omi is
released from the mitochondria and binds to, and cleaves, in-
hibitors of IAP (84). Omi-directed degradation of IAP facili-
tates caspase activation and the subsequent biochemical and
morphological features of apoptosis. Inhibition of Omi us-
ing the synthetic inhibitor ucf-101, or siRNA against Omi,
decreased cisplatin-induced apoptosis in primary cultures of
mouse RPTC (84). Furthermore, treatment of mice with ucf-
101 prior to cisplatin treatment decreased nephrotoxicity and
renal cell death in vivo (84). These recent studies support the
hypothesis that Omi may mediate other types of toxicant-
induced renal cell apoptosis.

INITIATORS OF CELLULAR
INJURY

Xenobiotics initiate cell injury by a variety of mechanisms.
Some chemicals initiate toxicity directly because of their reac-
tivity with selected cellular macromolecules. For example, the
antifungal drug amphotericin B increases the permeability of
the plasma membrane to cations (103), the mycotoxin fumon-
isin B1 inhibits sphinganine (sphingosine) N-acyltransferase
(104), and aminoglycosides bind initially to cellular anionic
phospholipids (105,106). Other xenobiotics initiate toxicity
following biotransformation to a reactive intermediate or a sta-
ble metabolite. Xenobiotics can also initiate toxicity indirectly
through the production of reactive oxygen species.

Role of Biotransformation

Renal xenobiotic metabolism can contribute significantly to
whole-body metabolism and/or renal toxicity of a chemical
because a primary route of xenobiotic excretion is the kid-
ney. Some chemicals need to be metabolized or biotransformed
to a toxic reactive intermediate for cellular injury to occur
(Fig. 40-3). The reactive intermediate binds covalently to
critical cellular macromolecules, which are thought to inter-
fere with the normal functioning of the macromolecules and
thereby initiate cellular injury. In many cases, these reactive in-
termediates or “alkylating” agents are electrophiles that bind
to cellular nucleophiles. The renal xenobiotic-metabolizing en-
zymes found in experimental animals and humans have been
reviewed by Lock (107) and Lohr (108) and are summarized
in Table 40-1.

Although the kidney contains many of the xenobiotic-
metabolizing enzymes found in the liver, in general their con-
centration within the kidney is lower. For example, renal
cytochrome P-450 levels are between 0.1 and 0.2 nmol/mg
microsomal protein across a variety of species, which repre-
sents approximately 20% of cytochrome P-450 levels found in
the liver (107,109). The distribution of cytochrome P-450 also
varies in different renal cells. For example, cytochrome P-450
levels are highest in the S2 segment, followed by the S3 and S1
segments, respectively with the other tubular segments having
less than 10% of that of the S1 segment (107).

The renal cytochrome P-450 system is very active against
a variety of endogenous and exogenous compounds, and
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FIGURE 40-3. The bioactivation of tri-
chloroethylene by the glutathione-(GSH-)
conjugation pathway. Trichloroethylene
(top left) can be metabolized by either cy-
tochrome P-450 to the compound listed
(top right) or be conjugated to GSH by
the glutathione S-transferase (GST) to form
S-(1,2)-dichlorovinyl-glutathione (DCVG).
These reactions can occur either in the liver
or in the kidney. DCVG formed in the liver
is delivered to the kidney via the bile or
the blood where the high concentrations
of γ -glutamyltransferase (GGT) and dipep-
tidase in the kidney results in the cleav-
age of the GSH moiety and the formation
of S-(1,2)-dichlorovinyl-L cysteine (DCVC).
Metabolism of DCVC by N-acetyl-S-tran-
sferase produces N-acetyl-S-(1,2)-dichlo-
rovinyl-L-cysteine (NAcDCVC), which is
excreted in the urine of mice, rats, and hu-
mans exposed to trichloroethylene. NAcD-
CVC also can be deacetylated back to
DCVC. Metabolism of DCVC by cysteine-
conjugate ß-lyase results in the formation
of a reactive thiol that can rearrange to
form a protein acylating species. (From:
Cummings BS, et al. Role of cytochrome
P450 and glutathione S-transferase alpha
in the metabolism and cytotoxicity of
trichloroethylene in rat kidney. Biochem
Pharmacol 2000;59:531, with permission.)

numerous cytochrome P-450 isoforms have been identified in
renal tissue. For example, cytochromes P-450 IA1, IA2, IIB2,
IIC2, IIC11, IID, IIE1, IIJ2, IIJ3, IIJ5, IIJ9, IIIA, IVA1, IVA2,
IVA3, and IVF have been identified in RPT of the mouse,
rat, and rabbit kidney (107,108,110 –114). The distal tubular
cells also express several cytochrome P-450 isoforms, includ-
ing IIB1, IIC11, IIE1, IVA2, IVA3, and IVF (108,110,113,115).
There are species- and sex-dependent differences in the expres-
sion of cytochrome P-450 isoforms. For example, cytochrome
P-450 IIA, IIC, and IIE are present in male mouse kidneys
but are absent, or present at very low levels, in female mouse
kidneys (116). Several studies also report that there are dif-
ferences in the expression of cytochrome P-450 isoforms be-
tween the human and rodent kidney. One important exam-
ple is the expression of cytochrome P-450 IIE1, which has
been detected in renal proximal and distal tubular cells of
mice and rats but not human kidneys (107,108,110,111,117 –
119). In contrast, both human and rodent kidneys express high

amounts of cytochrome P-450 IVA isoforms. However, rat kid-
neys express IVA1, IVA2, and IVA3, whereas human kidneys
appear to express IVA11 (110,119). Such differences in xeno-
biotic expression must be taken into account when the role
of biotransformation in chemical-induced nephrotoxicity is
assessed.

In contrast to the numerous compounds known to be bio-
transformed to reactive intermediates by P-450 isoforms in
the liver, few compounds have been documented to produce
nephrotoxicity through renal cytochrome P-450 bioactivation.
Renal cytochrome P-450 plays a role in the nephrotoxicity of
chloroform (120–127). Renal cytochrome P-450 metabolizes
chloroform to trichloromethanol, which is unstable, and re-
leases HCl to form phosgene. Phosgene can react with: (a) two
molecules of glutathione to produce diglutathionyl dithiocar-
bonate, (b) water to produce two molecules of HCl and CO2,
(c) cysteine to produce oxothizolidine-4-carboxylic acid, or
(d) cellular macromolecules to initiate toxicity (120,121,127).
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TA B L E 4 0 - 1

EXPRESSION OF SELECTED XENOBIOTIC BIOTRANSFORMATION ENZYMES IN
THE KIDNEY

Enzyme Cell type Species References

CYTOCHROME P450 MONOOXYGENASES
IA Proximal tubules Rat, mouse, human (107,108)
IA2 Proximal tubules (112)
IIB Proximal tubules Rat and mouse (110)

Distal tubules Rat and mouse (110)
IIC2 Proximal tubules
IIC9 Unknowna Human but not rat (107)
IIC11 Distal tubules Male rat (110)
IID Proximal tubules (114)
IIE1 Proximal tubules Rat, mouse, not human (110,119,375)

Distal tubules (110)
IIJ Proximal tubules Human, rat, mouse (112,376–378)
IIIA1 Glomerulus Rat, mouse, not human (107,108,110)
IIIA4 Proximal tubules Human, not rat or mouse (107)
IVA2 Proximal tubules Rat, mouse, not human (107,110)

Distal tubules (107,110)
IVA3 Proximal tubules Rat, mouse, not human (107,110)

Distal tubules (107,110)
IVA11 Proximal tubules Human, not rat or mouse (117,119)
IVF Proximal tubule Human and mouse (113,119)

Distal tubules Mouse (113)

FLAVIN-CONTAINING MONOOXYGENASES
FMO1 Unknowna Rat, mouse, and human (107,137)
FMO3 Unknowna Rat, mouse, and human (107,137)
FMO5 Unknowna Human (137)

GLUTATHIONE S-TRANSFERASES
GSTα Proximal tubules Rat, mouse, and human (115,117,136)

Distal tubules
GSTμ Proximal tubules Rat, mouse, not humanb (115,117,136,140)
GST π Proximal tubules Rat, mouse, and human (115,117)
GST θ Proximal tubules Human (117)

aActivity and expression have been measured in kidney microsomes only.
bGSTμ is expressed in some human kidney malignancies.

Chloroform bioactivation by renal cytochrome P-450 is de-
pendent on the sex of the species. The marked sex difference in
the nephrotoxicity of chloroform is reversed by castration of
males or the treatment of females with testosterone, suggesting
that the renal cytochrome P-450 responsible for chloroform
bioactivation is under androgenic control (120,128). Because
cytochrome P-450 isozymes IIB1 and IIE1 are present in male
mice and are expressed in female mice treated with testosterone,
these isozymes may be responsible for renal chloroform bioac-
tivation (107,127).

Acetaminophen is metabolized in the mouse kidney by cy-
tochrome P-450 IIE1 to the reactive intermediate N-acetyl-
p-benzoquinonimine, which binds to cellular proteins
(122,124,128). Numerous hepatic proteins to which N-acetyl-
p-benzoquinonimine binds covalently have been identified.
These include a cytosolic protein that has sequence homology
to a selenium binding protein (58 kDa) (129–131), microsomal
glutamine synthetase (44 kDa) (126), cytosolic N-10-formyl
tetrahydrofolate dehydrogenase (100 kDa) (130,132), and mi-
tochondrial glutamate dehydrogenase (50 kDa) (132). Recent
studies suggest that acetaminophen can mediate renal cell death
in mouse RPTC by inducing endoplasmic reticulum (ER) stress
(100). In this model, acetaminophen treatment increased the

expression of GADD153, an ER stress protein, and induced
caspase-12 cleavage and apoptosis, independently of caspase-
3, -9, or the release of the mitochondrial pro-apoptotic protein
Smac/Diablo. It is not known if N-acetyl-p-benzoquinonimine
mediates ER stress via cytochrome P-450 bioactivation or if
novel mechanisms are involved.

Flavin-containing monooxygenases (FMOs) are a family
of enzymes that oxidize the nucleophilic nitrogen, sulfur,
and phosphorus moieties of a number of chemicals, includ-
ing S-(1,2)-dichlorovinyl-L-cysteine, tamoxifen, and cimetidine
(108,133 –135). The role of FMOs in nephrotoxicity has re-
ceived little attention, but FMO isozyme FMO3 activity has
been detected in the kidneys of rats, dogs, mice, rabbits, and
humans (136). Like cytochrome P-450, species differences do
exist in FMO activity in the kidney with the rat exhibiting a
two-fold to six-fold greater activity (as determined by methio-
nine S-oxidase activity) than other species, including humans.
Studies in human kidney microsomes demonstrate that FMO1,
FMO3, and FMO5 are all expressed but at different levels
(137). Further, samples from African American patients ex-
hibited significantly higher levels of FMO1 activity compared
to their Caucasian counterparts, suggesting that the expres-
sion of renal FMO isoforms may differ depending on ethnic
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background (137). However, the expression of FMO1, FMO3,
or FMO5 does not appear to be sex-dependent as no difference
in the activity or expression of these enzymes was detected be-
tween human male and female kidney microsomes (137).

In vitro, FMO1, FMO3, FMO4, and FM05 metabolize cys-
teine S-conjugated S-allyl cysteine, while FMO3 metabolizes
S-(1,2)-dichlorovinyl-L-cysteine (137). However, little S-(1,2)-
dichlorovinyl-L-cysteine was metabolized in human kidney mi-
crosomes, even though FMO3 was expressed in these tissues,
suggesting that FMO may not contribute to the nephrotox-
icity of this compound in human renal cells. In contrast, in
studies using human proximal tubular cells, treatment with the
FMO inhibitor methimazole decreased S-(1,2)-dichlorovinyl-
L-cysteine-induced apoptosis (138). Recent studies also suggest
that FMO catalyzed sulfoxidation of the sevoflurane (a com-
monly used anesthetic) degradation product fluoromethyl-2,2-
difluoro-1-(trifluoromethyl)vinyl ether may be key to its renal
toxicity (139). However the exact isoforms involved in the pro-
cess, or the mechanisms involved, are not known.

The conjugation enzymes glucuronosyltransferase, sulfo-
transferase, and glutathione S-transferase are located in the
kidney where they conjugate both endogenous and exoge-
nous compounds. The action of these enzymes on nephrotox-
icants increases their water solubility and promotes their ex-
cretion and elimination (108). Glutathione-S-transferases are
a diverse family of enzymes with at least five different subfam-
ilies. Glutathione-S-transferase α, μ, and π are expressed in
RPTC of the rat, and α and μ are expressed in rat distal tubular
cells (115,136). The expression of glutathione-S-transferases
in human RPTC appear to be similar to that observed in rat
RPTC (117). The μ class of glutathione-S-transferase is ex-
pressed in some patients exhibiting kidney neoplasias and/or
tumor growth (140).

Although glutathione conjugation is normally recognized
as a detoxification pathway in which electrophiles are neu-
tralized, numerous extrarenally formed glutathione conjugates
have proved to be nephrotoxic. In fact, glutathione conjugates
and mercapturic acids may be considered targeting moieties
for toxicant delivery to the kidney. For example, the extrarenal
conjugation of glutathione is important for the nephrotoxic-
ity of HgCl2 (141), halogenated alkenes, and aromatics, and
possibly acetaminophen (127,142–144). The nephrotoxicity
of the halogenated alkene trichloroethylene in rats and hu-
mans is believed to be a direct result of its conjugation with
glutathione to form S-(1,2)-dichlorovinyl-glutathione, and the
subsequent processing of the glutathione-conjugate to S-
(1,2)-dichlorovinyl-L-cysteine in RPTC (115,145) (Fig. 40-3).
In vivo, trichloroethylene is conjugated with glutathione in the
liver and delivered via the bile or blood to the kidney. The
expression of enzymes, such as γ -glutamyl transferase and
dipeptidase in the RPTC and biliary and intestinal tract re-
sults in the cleavage of the γ -glutamyl and glycyl moieties,
respectively, and the formation of S-(1,2)-dichlorovinyl-L-
cysteine. Metabolism of S-(1,2)-dichlorovinyl-L-cysteine by N-
acetyl-S-transferase produces N-acetyl-S-(1,2)-dichlorovinyl-
L-cysteine, which is excreted in the urine of mice, rats, and
humans exposed to trichloroethylene (146,147). N-acetyl-S-
(1,2)-dichlorovinyl-L-cysteine also can be deacetylated back
to S-(1,2)-dichlorovinyl-L-cysteine. Metabolism of S-(1,2)-
dichlorovinyl-L-cysteine by cysteine-conjugate ß-lyase results
in the formation of a reactive thiol that can rearrange to form
a protein acylating species. A strong correlation exists between
increases in markers of renal injury (proteinuria, creatinine
clearance, glucosuria) and the levels of glutathione metabolites
of trichloroethylene in the blood and urine of humans exposed
to high amounts of trichloroethylene (148). Key determinants
in the nephrotoxicity of trichloroethylene and similar chem-
icals, such as sevoflurane, isoflurane, and desflurane, which
utilize this common pathway of biotransformation (139,149),

appear to be the high levels of γ -glutamyl transferase, dipep-
tidase, and cysteine-conjugate ß-lyase activities found in the
kidney.

Role of Reactive Oxygen Species

Reactive oxygen species (ROS) are mediators of cellular injury
during inflammatory responses, ischemia-reperfusion, and af-
ter nephrotoxicant exposure. Cellular ROS are generated dur-
ing the normal function of the mitochondrial and microsomal
electron transport chains as a result of the incomplete reduc-
tion of O2 to water (150–152) (Fig. 40-4). Superoxide anion
free radical is produced by a one-electron reduction of O2, and
H2O2 is produced by a two-electron reduction of O2. Superox-
ide anion can dismutate to form H2O2, or H2O2 can be formed
directly. The hydroxyl radical is formed from H2O2, and the
superoxide anion free radical via the metal-catalyzed Haber-
Weiss reaction or the superoxide-driven Fenton reaction. Fer-
rous iron (Fe2+) appears to be the major intracellular initiator
of the reaction, but cuprous ions may participate as well. The
precise source and form (e.g., ferritin) of the ferrous iron is still
unclear.

One source of Fe2+ may be the heme-moiety that resides in
the active site of cytochrome P-450 isoforms (153). Evidence
for this source includes the observation that rats treated in-
traperitoneally with cisplatin for 4 days had significantly lower
levels of renal cytochrome P-450 content compared to con-
trol rats, and the decrease in P-450 content correlated with
increases in bleomycin-detectable iron content in the kidney.
Piperonyl butoxide (a cytochrome P-450 inhibitor) decreased
the cisplatin-induced release of iron in the kidney and the func-
tional and morphologic markers of kidney toxicity (154). These
same effects were observed in LLC-PK1 cells, a porcine kidney
cell culture line. Thus, P-450 may serve as one source of Fe2+

to initiate the formation of ROS.
Superoxide anion acts as a reductant for Fe3+, and the Fe2+

generated reduces H2O2to the hydroxyl radical. The hydroxyl
radical is a highly reactive species and reacts rapidly with
adjacent molecules. Superoxide anion and H2O2 are less re-
active, and H2O2 may diffuse away from the initial site of
formation to produce injury at a distant site within the cell.
Although H2O2 readily crosses cell membranes, superoxide
anion and hydroxyl radical do not. Because ROS production
is a natural byproduct of metabolically active cells, such as
the kidney, significant defenses against the normal production
of ROS or those produced under pathologic conditions exist
(Fig. 40-4).

The term oxidative stress is commonly used to describe
those conditions in which there is an increase in ROS for-
mation. Chemicals may initiate oxidative stress indirectly by
augmenting the production of ROS. For example, Walker and
Shah (155) showed that gentamicin enhances H2O2 genera-
tion in isolated rat renal cortical mitochondria, and Lund and
associates (156) showed that mitochondria isolated from rats
treated with HgCl2 exhibit elevated levels of H2O2 production.
Another mechanism by which chemicals may produce oxida-
tive stress is through redox cycling. Certain compounds, es-
pecially quinones, can undergo a one-electron reduction to a
semiquinone radical and a second one-electron reduction to the
hydroquinone. The hydroquinone is oxidized to the quinone,
and the cycle begins again, hence the term redox cycling. Dur-
ing the reduction process, superoxide anion is formed from O2,
and oxidative stress ensues. For example, Brown and colleagues
(157) have provided evidence that menadione (2-methyl-1,4-
naphthoquinone) produces toxicity in isolated rat renal epithe-
lial cells through its ability to undergo redox cycling and cause
oxidative stress. However, it should be recognized that the
ability of quinones to undergo redox cycling varies with the
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FIGURE 40-4. A schematic representa-
tion of the major pathways and pos-
sible intracellular targets and oxidants.
Detoxification pathways and protective
agents are also shown. See text for
details. GSH, glutathione; GSSG, glu-
tathione disulfide; SOD, superoxide dis-
mutase.

quinone, and some quinones produce toxicity through their
ability to arylate cellular macromolecules, particularly protein
sulfhydryls (157–159).

ROS can induce lipid peroxidation, inactivate enzymes by
directly oxidizing protein sulfhydryl or amino groups, depoly-
merize polysaccharides, and induce DNA strand breaks. Lipid
peroxidation results from the interaction of free radicals with
polyunsaturated fatty acid side chains of membrane phospho-
lipids to form free radicals and relatively stable lipid hydroper-
oxides (160). Transition metals can catalyze the decomposi-
tion of lipid hydroperoxides, which results in the formation of
alkoxyl and peroxyl free radicals that propagate the reaction.
Lipid breakdown products such as hydroxylated fatty acids,
2-alkenyls, and 4-hydroxyalkenyls also are produced, are toxic,
and may contribute to organelle and cellular dysfunction. Thus,
ROS-induced degradation of membrane lipids can result in de-
creased cellular membrane integrity, altered enzymatic activity,
and transport properties, and anisotropy (161,162). The ox-
idation of protein sulfhydryl and amino groups by ROS can
produce dramatic alterations in enzymatic activity and mem-
brane structure and function that also lead to cell death. Fi-
nally, ROS can produce DNA strand breaks that may lead to
cell death. Although H2O2 does not directly damage DNA, be-
cause of its stability and ability to diffuse throughout the cell, it
is generally thought that DNA damage results from the metal-
catalyzed activation of H2O2 to the hydroxyl radical near the
DNA.

A wide variety of structurally diverse nephrotoxicants ap-
pear to produce renal cell injury at least in part by oxida-
tive stress, including HgCl2 (141,156,160), haloalkene cys-
teine conjugates (163–166), cyclosporine A (166), and cisplatin

(167–172). The diversity of these nephrotoxicants highlights
the critical and common roles that ROS play in the mechanism
of cell death. Further, the generation of ROS is typically an
initiator signal for renal cell death.

MEDIATORS OF CELL INJURY

A number of common cellular pathways that mediate cell death
have been identified. It is generally thought that after an ini-
tial cellular interaction, a sequence of events occurs that leads
to cell injury and death. In the case of oncosis and apoptosis,
there is a point along the sequence, yet to be identified, that is
the point of no return; the point at which the cell will die irre-
spective of any intervention. Investigators have tried to identify
the sequence of deleterious events, the point of no return, and
the relative importance of each observed change in a variety of
tissues for a number of years with some success. This has led
to the identification of numerous intracellular mediators that
are keys in the generation of renal cell injury and death.

p53 and p21

The tumor suppressor protein p53 and the cell cycle inhibitor
protein p21 play important roles in renal cell death and acute
renal failure (171,173–179). p53 and p21 appear to have op-
posite effects in that activation of p53 increases renal cell
death (171) while activation of p21 appears to be protective
(174,176). However, recent reports suggest that p53 can acti-
vate p21 during renal cell death induced by selected toxicants,



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-40 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 19:56

Chapter 40: Pathophysiology of Nephrotoxic Cell Injury 971

such as cisplatin (175). Thus the exact mechanisms controlling
p21 and p53 cross talk, and the effect of this cross talk on renal
cell death and cellular proteins have yet to be determined.

p53 is activated in renal cells after exposure to agents that
induce DNA damage, such as cisplatin (172,175). The mecha-
nism of p53 activation involves its phosphorylation at numer-
ous serine-residues and its subsequent release from a regulator
protein and translocation to the nucleus. Once in the nucleus,
p53 can induce the transcription of a number of genes, includ-
ing p21 (175), and activate several apoptotic pathways such
as those involving caspases. Inhibition of p53 activation with
a pharmacological agent decreased cisplatin-induced apoptosis
in rabbit RPTC through a mechanism that includes the inhibi-
tion of caspase-3 (171). Caspase-3 activity in this model pre-
ceded both phosphatidylserine externalization and chromatin
condensation, but not p53 nuclear translocation. In support
of this hypothesis others have demonstrated that inhibition of
p53 translocation inhibits ARF and renal cell death induced by
cisplatin in rat RPTC (180), and after renal ischemia in rats
(181,182).

Induction of p21 occurs in response to DNA damage and
p53-induced cell cycle arrest (174). Once activated, p21 in-
hibits one or more of the cyclin-dependent kinase activities
(173,174) and it is hypothesized that inhibition of these pro-
cesses prevents renal cell cycle activity and apoptosis, and
protects against nephrotoxicity. In support of this hypothesis,
knock-out mice lacking p21 exhibit increased renal cell cycle
activity, apoptosis, and are more susceptible to cisplatin and
ischemia-induced ARF compared to wild type controls (174).
The downstream mediators of apoptosis include caspases, as
treatment of RPTC from p21 knock-out mice with cisplatin
resulted in significantly higher levels of caspase-3 activity and
apoptosis compared to control cells expressing p21 (176). Al-

though these studies illustrate that caspase activity is one mech-
anism by which p53 induces and p21 protects against renal cell
death, the exact pathways needed to activate caspases have not
fully determined.

Signaling Kinases

Signaling kinases refer to enzymes that alter the activity, ex-
pression, or localization of another protein by altering its
phosphorylation, including other signaling kinases. Signaling
kinases differ in terms of the amino acids targeted for phos-
phorylation (serine/threonine/tyrosine), the location within a
cell (membrane-bound or cytosolic), and the protein targeted
for phosphorylation. Table 40-2 lists several signaling kinases
identified in the kidney, the site within the kidney or cell in-
volved, the nephrotoxicant involved, and several references to
studies that suggest critical roles for signaling kinases both in
the development of renal cell death and in the recovery of renal
cells after toxicant-induced injury (12,183–189).

Protein kinase C (PKC) refers to a family of serine/threonine
kinases comprised of 11 different isoforms divided into con-
ventional PKC (cPKC; α, β1/2, and γ ), novel PKC (nPKC; ε,
δ, η, and θ ), and atypical PKC (aPKC; τ.., λ. and ζ ) groups
(190). These isoforms differ in terms of preferred substrates
and mechanisms of action (190–192). Activation of cPKC is
Ca2+- and diacylglycerol-dependent while activation of nPKC
is Ca2+-independent (190,193). In contrast, activation of aPKC
is independent of both Ca2+ and diacylglycerol. RPTC have
been reported to express α, β1, β2, ζ , δ, λ., and ε (194–197),
and several other isoforms are expressed in the kidney of rats,
mice, and humans (183,185,198,199).

TA B L E 4 0 - 2

SELECTED SIGNALING KINASES INVOLVED IN RENAL CELL INJURY, SURVIVAL,
OR REPAIR

Kinase Location Nephrotoxicant Reference

PROTEIN KINASE C (PKC)
CONVENTIONAL PKC
PKCα Proximal tubules Cisplatin

DCVCa
(185,379)

ATYPICAL PKC
PKCζ Proximal tubules t-butylhydroperoxide (184)

MITOGEN ACTIVATED PROTIEN KIANSE (MAPK)
ERK1/2 Proximal tubules Cisplatin

H202

TGHQc

(185,186,202,
205,380)

JNK/SAPKa Proximal tubules Cisplatin (186)
P38 Proximal tubules Cisplatin

H202

TGHGc

(186,202,205)

OTHER KINASES
Protein kinase Bb LLC-PK1

Proximal tubules
Cisplatin
Mechanical Injury
H202

(12,380)

Phosphoinositide-
3-kinase

LLC-PK1
Proximal tubules

Cisplatin
Mechanical Injury

(12)

aS-(1,2)-dichlorovinyl-L-cysteine
bAlso known as AKT
c2,3,5-tris-(glutathion-S-yl)hydroquinone
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The toxicity of both fumonison-B1 and TNF are mediated
by PKC in human renal cells and LLC-PK1 cells (185,188,189).
The exact role of PKC in renal cell death depends on the tox-
icant and the specific isoform(s) involved (183–185). For ex-
ample, activation of PKCα in rabbit RPTC during cisplatin
treatment results in mitochondrial dysfunction and cell death
(185). In contrast, activation of PKC-ζ after exposure to t-
butylhdyroperoxide mediates cellular repair (183,184).

One possible mechanism by which PKC mediates renal cell
death following toxicant exposure is by activating a group
of kinases called mitogen-activated protein kinases (MAPK).
MAPK is the general name for a family of tyrosine/threonine
kinases that are activated by oxidants, environmental chem-
icals, and anticancer agents (200–209). Family members of
MAPK include ERK 1 and 2 (ERK1/2), the c-jun N-terminal
kinase/stress activated protein kinases (JNK/SAPK), and p38
(206). Studies in RPTC support the hypothesis that activation
of ERK1/2 is a participant in cisplatin-induced mitochondrial
dysfunction (185). In particular cisplatin-induced PKCα acti-
vation was followed by ERK1/2 activation, which caused a
decrease in mitochondrial membrane potential, caspase 3 acti-
vation, and apoptosis. Other studies supporting the hypothesis
that MAPK mediates cisplatin-induced renal cell death include
those performed in vivo in mouse kidneys (58,186,210). The
targets of MAPK include mitochondrial-associated proteins
(58,185), forkhead transcription protein (211), alpha-adducin
(a prominent protein in the regulation of cytoskeleton filament,
(210)), and proteins that are part of the mitochondrial electron
transport chain (185).

Similar to PKC, the role of MAPK in toxicant-induced re-
nal cell death is toxicant-specific. Arany et al. (186) demon-
strated that ERK activation mediated cisplatin-induced renal
cell death in vivo and in vitro in mouse models. However,
the same investigators observed that ERK activation protected
against oxidant-induced (H2O2) cell death (186). Interestingly,
cisplatin-induced ERK activation and renal cell death was
dependent on the epidermal growth factor-receptor (EGF-R)
and c-Src. Although studies by Zhuang and colleagues (12)
(personal communication) demonstrated that H2O2 expo-
sure of RPTC results in Src, EGF-R, ERK1/2, protein ki-
nase B (Akt) and phosphoinositide-3-kinase (PI3K) activation,
ERK1/2 inhibition was associated with cell death and Src
inhibition potentiated cell death. Finally, EGF-R-induced ac-
tivation of ERK is believed to mediate 2,3,5-tris-(glutathion-
S-yl)hydroquinone (TGHQ)-induced death in LLC-PK1 cells
(202,205). The detailed mechanisms of Src, EGF-R, PI3K,
ERK1/2 and p38 activation, the targets of these kinases and
their role in cell death produced by different toxicants remain
to be determined.

Altered Calcium Homeostasis

Intracellular Ca2+ homeostasis is important to cell viability be-
cause Ca2+ is a second messenger and plays a critical role in
a variety of cellular functions (212–216). Cytosolic free Ca2+

concentration is approximately 100 nM and is tightly regu-
lated in the face of a large extracellular-intracellular gradient
(10,000:1) by a series of pumps and channels located on the
plasma membrane and ER. Mitochondria are not thought to be
involved significantly in the normal regulation of Ca2+; how-
ever, they accumulate Ca2+ after toxicant exposure or hypoxia
(212).

Considering the preceding, toxicants must increase cy-
tosolic free Ca2+ levels supraphysiologically or produce sus-
tained increases to initiate or mediate cell death. In turn,
these increases in cytosolic free Ca2+ can activate a num-
ber of degradative Ca2+-dependent enzymes, such as phos-
pholipases, endonucleases, and proteinases, and alter the cy-

toskeleton. The precise role of Ca2+ influx remains unclear.
However, decreasing the extracellular Ca2+ concentration or
blocking extracellular Ca2+ influx decreases cell death (217–
220). Increases in cytosolic free Ca2+ levels were observed in
a hypoxia model using rat RPTC and in a mitochondrial in-
hibitor model using rabbit RPTC, and experimental manip-
ulations that chelate intracellular Ca2+, or decrease the in-
flux of extracellular Ca2+, decreased cell death (219–224).
These results reveal that intracellular and extracellular Ca2+

mediate the late phase of cell injury. Studies demonstrating
that inhibitors of Ca2+-activated neutral proteases (calpains)
decreased cell death produced by a variety of diverse toxi-
cants, and anoxia, in rabbit RPTC, further supports the role
of Ca2+ in cell death (219,220,224,225). Nephrotoxicants
that have been shown to increase cytosolic free Ca2+ include
HgCl2 (226,227), pentachlorobutadienyl-glutathione (167),
pentachlorobutadienyl-L-cysteine (228), tetrafluoroethyl-L-
cysteine (229), S-(1,2)-dichlorovinyl-L-cysteine (230–233), ox-
idants (234,235), sevoflurane, miconazole (236,237), cyclo-
sporine A (87,238), and gentamicin (155,239,240).

Proteinases

Nonphysiologic activation of proteinases in the cytosol or those
associated with organelles or membranes could disrupt normal
membrane, cytoskeleton, or organelle function and lead to cell
death. Lysosomes are one source of proteinases because they
normally degrade proteins with acid hydrolases. The lysosomal
membrane could rupture under conditions of cell injury, releas-
ing the proteinases into the cytosol to degrade susceptible criti-
cal proteins. Experimental studies have found little evidence of
lysosomal rupture during injurious conditions (212). There was
neither evidence of lysosomal rupture prior to cell death nor
beneficial effects of lysosomal enzyme depletion in primary cul-
tures of individually microdissected human and rabbit RPTC
treated with cyclosporine A (241). The cysteine proteinase in-
hibitor t-trans-epoxysuccinyl-leucylamido(4-guandino)butane
(E64), however, was cytoprotective.

A variety of cysteine and serine proteinase inhibitors were
shown to be ineffective in protecting rabbit RPTC segments
from antimycin A, tetrafluoroethyl-L-cysteine, bromohydro-
quinone, and t-butylhydroperoxide (242). However, E64 and
the aspartic acid proteinase inhibitor pepstatin produced a
small degree of cytoprotection in RPTC exposed to antimycin
A or tetrafluoroethyl-L-cysteine. Although loss of lysosomal
membrane potential was observed after antimycin A exposure,
and extensive inhibition of lysosomal cathepsins B and L by
E64 was correlated with cytoprotection, E64 cytoprotection
was only observed after some cell death had occurred. These
results reveal that lysosomal cysteine and aspartic acid pro-
teinases do not play a significant role in RPTC death produced
by nephrotoxicants.

Ca2+-activated neutral cysteine proteinases (calpains) are
a 14-member family of Ca2+-activated proteinases that have
cytoskeletal proteins, membrane proteins, and enzymes as
substrates (243). The kidney expresses calpain-1 and -2, the
two most-studied calpains and Schnellmann and colleagues
(221,224,244,245) showed that calpain inhibitor II and the
calpain inhibitor PD150606 decreased calpain activity and
decreased cell death produced by a variety of toxicants in-
cluding bromohydroquinone, antimycin A, tetrafluoroethyl-L-
cysteine, and t-butylhydroperoxide. Inhibition of calpains may
serve to protect the cell by preventing calpain-mediated extra-
cellular Ca2+ influx and/or cytoskeletal alterations (221,244).
Edelstein and associates (246) reported that calpain activity
was increased early (within 10 minutes) in the genesis of hy-
poxic injury to rat RPTC and that inhibition of the initial
calpain-mediated influx of extracellular Ca2+ protected these
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cells. Furthermore, Takaoka and associates (247) reported that
treatment with calpeptin increased renal function in rats sub-
jected to ischemia-reperfusion. These results suggest that cal-
pains play a critical role in cell death produced by a wide
range of nephrotoxicants and renal dysfunction produced by
ischemia-reperfusion.

Recent evidence has revealed that mitochondrial Ca2+ accu-
mulation results in the activation of a mitochondrial calpain,
which causes mitochondrial dysfunction (248–250). This atyp-
ical mitochondrial calpain has been identified as calpain-10,
and inhibition of it prevented mitochondrial dysfunction. Fur-
ther, mitochondrial calpain-10 targets complex I of the electron
transport chain. While cytosolic calpains-1 and -2 are media-
tors of cytoskeleton and membrane disruption in cell injury,
it is now clear that mitochondrial calpain plays a role in cell
injury.

In several reports, the activation of calpains resulted in the
deactivation of caspases and increased oncosis (251,252). Like-
wise, in a neuronal apoptosis system, addition of calpain I
inhibited the release of cytochrome c and the subsequent cleav-
age and activation of pro-caspase -3 and -9 (251). In contrast,
inhibition of calpains in this same model increased apopto-
sis. Furthermore, calpains inactivate caspases -3, -7, -8, and
-9 by cleaving them at sites distinct from their activation site
(253). Thus, calpains may mediate key processes that deter-
mine whether a cell will die by either apoptosis or oncosis.
The mechanisms and targets of calpains in renal cell injury are
still to be determined. Caspases, a family of cysteine proteases,
are discussed under the previous apoptosis section. Caspase
activity, per se, is not always needed for apoptosis to occur.
For example, caspase-2-directed permeabilization of the mito-
chondrial membrane results in the release of the pro-apoptotic
proteins cytochrome c and Omi is independent of its catalytic
activity (62,63,254). Furthermore, a recent study demonstrated
that apoptosis induced by four diverse toxicants (cisplatin,
vincristine, staurosporine, and A23187) proceeded in rabbit
RPTC in the presence of caspase inhibitors and the absence of
caspase-3, -8, and -9 activity (255). Further, cisplatin-induced
apoptosis in RPTC was shown to be both dependent and in-
dependent of caspase-3 and p53 activity (171). Although these
studies support the hypothesis that renal cell apoptosis can pro-
ceed in the absence of caspase activity, the exact mechanisms
involved are not known. Recent data in renal cells show that
cisplatin-induced apoptosis is mediated via endonuclease G as
opposed to caspases (256,257).

Phospholipase A2

Phospholipase A2s (PLA2) are a family of enzymes that hy-
drolyze the acyl bond at the sn-2 position of phospholipids,
resulting in the release of arachidonic acid and a lysophospho-
lipid (258). The enzymes in this group have different substrate
preferences, Ca2+ dependencies, and biochemical characteris-
tics. Several Ca2+-dependent forms have been identified in the
rat and rabbit kidney cytosolic fraction with molecular weights
of 14, 85, and 100 kDa (258,259). The most thoroughly
characterized renal cytosolic PLA2 is the Ca2+-dependent
85 kDa PLA2 (cPLA2). A Ca2+-independent plasmalogen-
selective PLA2 has been described in the rabbit kidney (260),
which is located in the cytosol and has a molecular weight
of approximately 28 kDa. Recently an ER Ca2+- independent
80 kDa PLA2, distinct from the 85-kDa cytosolic cPLA2, has
been found in the rabbit kidney (261). Furthermore, Mancuso
and associates (262) have reported that human kidneys ex-
press mRNA corresponding to an 85-kDa membrane bound
Ca2+-independent PLA2. This PLA2 was subsequently demon-
strated to be localized to at least the ER of rabbit RPTC and in
rat kidney (261,263). Thus, both Ca2+-dependent and Ca2+-

independent PLA2 are present in the kidney. There are likely
additional forms of PLA2 found in the kidney, and additional
characterization of all renal forms is needed.

It is generally thought that a toxicant-induced nonphysi-
ological increase in PLA2 activity could result in the loss of
membrane phospholipids and consequently impair membrane
function. Because many PLA2 are Ca2+-dependent, the increase
in PLA2 activity may be secondary to an increase in cytoso-
lic free Ca2+ (258). For example, an increase in PLA2 activ-
ity was observed in rabbit RPTC subjected to anoxia (264),
and the phospholipase inhibitors mepacrine and dibucaine de-
creased hypoxia-induced rat RPTC death (265). The generated
lysophospholipids and free fatty acids also may contribute to
the injury by altering membrane permeability or uncoupling
mitochondrial respiration (266–269). If ATP levels are limited
during the injury process, reacylation of the lysophospholipids
(270,271), de novo phospholipid synthesis (272), and esterifi-
cation of free fatty acids (273,274) may all be inhibited.

The role of PLA2 activation in various forms of renal
cell injury and apoptosis is controversial (69,172,222,258–
261,264,275–279). Nevertheless, the role PLA2 in cell injury
and death appears to be toxicant-specific. For example, inhibi-
tion of membrane-bound Ca2+-independent PLA2 with bro-
moenol lactone increased rabbit RPTC oncosis induced by
the oxidants t-butylhydroperoxide, menadione, duraquinone,
cumene hydroperoxide, and cisplatin (at high concentrations)
but had no affect on oncosis induced by the nonoxidant an-
timycin A (261). The increase in cell death induced by these
oxidants correlated to increased lipid peroxidation at early
time points during injury, prior to decreases in membrane in-
tegrity. Thus, Ca2+-independent PLA2 in renal cells appears to
protect against oxidant-induced renal cell oncosis. In contrast,
inhibition of membrane-bound Ca2+-independent PLA2 in the
same cell type decreased cisplatin-induced apoptosis and inhib-
ited caspase-3 activation, phosphatidylserine externalization
and chromatin condensation (172). Thus, membrane-bound
iPLA2 appears to induce apoptosis and protect against oxidant-
induced oncosis in rabbit RPTC. The exact mechanisms con-
trolling these opposing roles have yet to be fully determined.
However, oxidants inactivate iPLA2 activity in rabbit RPTC,
whereas cisplatin, at an apoptotic inducing concentration, does
not (275).

In contrast to the protective role of membrane-bound Ca2+-
independent PLA2 following oxidative stress, increasing cPLA2
activity increased the susceptibility of renal epithelial cells to
oxidative stress (280). Increased H2O2 toxicity was not due
to decreases in the activity of the antioxidant defense enzymes
superoxide dismutase, catalase, or glutathione peroxidase. In
contrast, chelation of cytosolic free Ca2+ decreased H2O2 tox-
icity, suggesting a key role for Ca2+ in the mediation of cPLA2-
mediated oncosis in renal cells. Kohjimoto and colleagues (281)
demonstrated that preincubation of MDCK cells with an in-
hibitor of cPLA2 (arachiondyl trifluoromethyl ketone) signifi-
cantly reduced the toxicity of oxalate. Thus, cPLA2 can mediate
some forms of oncotic renal cell death.

Another possible role for PLA2 in renal cell death is their
ability to metabolize and release fatty acids from glycerophos-
pholipids. Cell membranes are rich in polyunsaturated fatty
acids and as such are susceptible to lipid peroxidation under
normal and pathologic conditions. Peroxidized lipids are pre-
disposed to degradation by PLA2, resulting in increased PLA2
activity and the formation of arachidonic acid metabolites and
lysophospholipids. Ultimately, the lipids are reacylated and
repaired. As discussed earlier, selective inhibition of an ER-
Ca2+-independent, plasmalogen-selective PLA2-potentiated t-
butylhydroperoxide induced rabbit RPTC death. Furthermore,
t-butylhydroperoxide itself decreased iPLA2 activity prior to
the onset of cell death (275). These results reveal that the mi-
crosomal Ca2+-independent, plasmalogen-selective PLA2 may
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function to hydrolyze oxidized or damaged phospholipids and
is therefore a phospholipid repair enzyme. The observation
that t-butylhydroperoxide decreased the microsomal Ca2+-
independent, plasmalogen-selective PLA2 activity suggests that
one pathway by which t-butylhydroperoxide is toxic is through
its ability to produce oxidized phospholipids and inhibit their
removal. The importance of not only Ca2+-independent PLA2,
but also all PLA2 in renal cell death is still under investigation.

MITOCHONDRIA, ENDOPLASMIC
RETICULUM, LYSOSOMES, AND

THE CELL MEMBRANE

Mitochondria, ER, lysosomes, and the cell membrane all play
a role in nephrotoxic cell injury that leads to oncosis and apop-
tosis. Apoptosis and oncosis do not proceed through mutually
exclusive pathways consisting of single sequences of events.
Cell death by apoptosis or oncosis is often determined by the
organelles affected and the pathway(s) activated in these or-
ganelles. Typically, one pathway predominates over others, de-
pending on the time of exposure, the concentration used, and
the toxicant itself.

Because of the presence of multiple cell death path-
ways and multiple targets, inhibition of one pathway may
not block nephrotoxicant-induced cell death. For example,
if one blocks the oxidative stress associated with S-(1,2)-
dichlorovinyl-L-cysteine, pentachlorobutadienyl-L-cysteine, or
tetrafluoroethyl-L-cysteine exposure to RPTC, the rate of cell
death is diminished, but the cells eventually die because of
the mitochondrial dysfunction produced by these compounds
(282) (Fig. 40-5). Thus, a given chemical can cause cell death
by interacting at numerous organelles, and blocking one inter-
action at one organelle may not decrease cell death, rather it
may alter the organelle targeted, and thus the mechanism of
cell death.

Mitochondria

The renal tubular reabsorption of solutes and water requires a
large expenditure of energy. Although ATP is generated by both
oxidative phosphorylation and glycolysis, approximately 95%
of renal ATP is formed by oxidative phosphorylation (283).
The amount of oxidative phosphorylation that occurs within a
given cell varies along the nephron. Thus, toxicants that inter-
fere with mitochondrial function and anoxia will produce cell
injury and death, particularly in tubular cells that have limited
glycolytic capabilities, such as the S1 and S2 segments of the
proximal tubules.

Mitochondria can act as primary or secondary mediators
in apoptosis and oncosis (284,285). When mitochondria are
the primary target of nephrotoxicants, release of cytochrome
c and other apoptotic inducing proteins can occur early in
the apoptotic process. If mitochondria are not a direct target of
the nephrotoxicant, these proteins may still be released but later
in the apoptotic process. As stated, central to the role of the
mitochondrion in apoptosis is its ability to release cytochrome
c and other apoptotic inducing proteins, leading to the activa-
tion of caspases-9 and -3 and other downstream caspases (75)
(Fig. 40-2). Other regulators of apoptosis that interact with the
mitochondria have been discussed previously.

A key difference in mitochondrial function during apoptosis
and oncosis is the maintenance of ATP during apoptosis. ATP
production must be maintained long enough for apoptosis to
ensue. Cellular ATP levels act with the mitochondrial mem-
brane potential as one switch that dictates whether a cell dies
by apoptosis or oncosis (286). If the mitochondrial membrane

FIGURE 40-5. A: The time-dependent effects of deferoxamine (DEF)
and N, N′-diphenyl-1,4-phenylenediamine (DPPD) on S-(1,1,2,2-
tetrafluoroethyl)-L-cysteine (TFEC)-induced cell death (lactate dehy-
drogenase [LDH] release) from rabbit renal proximal tubules. DEF
and DPPD were added at the same time as TFEC (25 μM). Values are
means ± SEM. Values at a given time point or within a given treatment
with different superscripts are significantly different from one another
(P ≤0.05). B: The time-dependent effects of DEF and DPPD on TFEC-
induced lipid peroxidation (malondialdehyde [MDA] formation) in
rabbit renal proximal tubule suspensions. Values are means ± SEM.
Only the TFEC alone is significantly different from controls (P ≤0.05).
(Adapted from: Groves CE, Lock EA, Schnellmann RG. Role of lipid
peroxidation in renal proximal tubule cell death induced by haloalkene
cysteine conjugates. Toxicol Appl Pharmacol 1991;107:54, with
permission.)

potential is lost quickly and cellular ATP levels are drastically
decreased (below 10% to 20% of normal), then oncosis occurs.
Events that result in the rapid loss of mitochondrial membrane
potential include the rapid influx of Ca2+ into the mitochondria
and the rupture of the inner and/or outer mitochondrial mem-
branes (286). In contrast, if the loss of membrane potential is
slower and ATP levels are maintained through oxidative phos-
phorylation or glycolysis, then the cell dies through apoptosis.
It should be noted that the majority of cells in culture derive
their energy from glycolysis and can maintain ATP levels in
the presence of mitochondrial dysfunction. Consequently, cul-
tured cells are generally more susceptible to apoptosis than cells
in vivo.

Many nephrotoxicants cause mitochondrial dysfunction
(285). The mechanisms of cell death for many of these tox-
icants are still under investigation, whereas others are fairly
well known. For example, HgCl2 altered isolated renal cor-
tical mitochondrial function and mitochondrial morphology
prior to proximal tubule necrosis after an in vivo exposure
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(287,288). When added to isolated rat renal cortical mitochon-
dria, HgCl2 produced similar changes in various respiratory
parameters (287; 288). Rabbit RPTC exposed to HgCl2 also
exhibit decreased mitochondrial function prior to the onset of
cell death (289). Pentachlorobutadienyl-L-cysteine initially un-
couples oxidative phosphorylation in RPTC cells by dissipating
the proton gradient (290–293). In contrast, tetrafluoroethyl-
L-cysteine does not uncouple oxidative phosphorylation but
rather inhibits state-3 respiration by inhibiting sites I and II
of the electron transport chain (293). Other nephrotoxicants
that have been shown to affect mitochondrial function in-
clude cisplatin (294–296), citrinin (297–301), ochratoxin A
(302–304), cephaloridine (305,306), N-(3,5)-dichlorophenyl-
succinimide (307), S-1,2-(dichlorovinyl)-L-cysteine (308,309),
and 2-bromohydroquinone (159).

Because of the vast number of nephrotoxicants that induce
mitochondrial dysfunction, studies are starting to focus on the
exact protein targets within the mitochondria. For example,
studies determining the effect of hypoxia on mitochondrial
electron transport chain constituents in rabbit RPTC reveal
that complex I may be particularly sensitive (310,311). Stud-
ies also illustrate that cisplatin-induced changes in oxidative
phosphorylation, membrane potential, and ATP levels in rab-
bit RPTC are all preceded by inhibition of F(0)F(1)-ATPase
(complex IV) (185).

Recent studies in renal cortical mitochondria suggest that an
increase in Ca2+ influx activates a mitochondrial calpain that
targets complex I of the electron transport chain and induces
mitochondrial dysfunction (see the previous text) (248–250).
These recent studies are of critical importance to the under-
standing of the pathology of mitochondrial-mediated renal cell
death and to identifying novel therapeutic targets for inhibition
of renal cell death and possibly ARF.

Endoplasmic Reticulum

The ER is the site of protein synthesis and processing, and
bioactivation and detoxification pathways, including those in-
volving cytochrome P-450 and FMO. The ER is also a key
regulator of cellular Ca2+ homeostasis. Under physiologic con-
ditions, ER Ca2+ is typically released following receptor acti-
vation through the binding of inositol triphosphate (IP3) to IP3
receptors on the ER. Cytosolic free Ca2+ increases as a conse-
quence of the ER Ca2+ release and is subsequently decreased
by ER uptake via the smooth ER Ca2+-ATPases (SERCA) or
extrusion via the plasma membrane Ca2+-ATPase.

Schnellmann and colleagues demonstrated that the release
of ER Ca2+ is an important signaling pathway in oncosis
(219,312). In this case, depletion of ER Ca2+ stores with the
SERCA inhibitors thapsigargin or cyclopiazonic acid prior to
antimycin A or hypoxia exposure resulted in the inhibition of
oncosis (219,312). It was demonstrated that Ca2+ release from
the ER activates calpains (Ca2+-dependent cysteine proteases),
which subsequently leads to further disruption of ion home-
ostasis, cleavage of cytoskeleton proteins, and cell swelling,
which ultimately results in oncosis (221,224,244,312). Recent
studies demonstrate that the cytoprotective effects of some
stress proteins may be through their ability to regulate ER
Ca2+. For example, iodacetamide and S-(1,2)-dichlorovinyl-
L-cysteine, both alkylating toxicants, can activate heat shock
proteins (HSPs), calreticulin, and glucose related protein 78
(GRP78) in the renal epithelial cell line, LLC-PK1 (313,314).
HSPs are typically ER localized proteins that are critical me-
diators of protein folding. Glucose related protein 78 and cal-
reticulin are Ca2+ binding proteins that appear to aid in the
sequestering of Ca2+ during toxic stress. Sequestering of Ca2+

by these proteins may also protect renal cells by preventing cel-
lular oxidative stress that is induced by Ca2+-mediated mito-

chondrial injury (315,316). The increased expression of Ca2+-
sequestering proteins and HSPs at the ER is a response to a
previous injury and is meant to condition the cell to withstand
further injury.

The ER is also a site within the kidney for genesis of apopto-
sis induced by a number of compounds. Caspase-12 is a murine
caspase, is similar to caspase-1 and -11, and is localized to the
ER. Further, caspases-12 is found in mice kidneys and is ex-
pressed in RPTC (317). Mice that do not express caspases-12
were resistant to renal cell apoptosis induced by the ER stress
agents tunicaymycin, brefeldin A, and thapsigargin compared
to wild type animals. In contrast, kidneys from mice null for
caspases-12 underwent similar levels of apoptosis caused by
the fas antibody, TNF-α plus cycloheximide, or staurosporine,
agents that cause apoptosis by mechanisms other than ER
stress. The key to the activation of caspases-12 as opposed
to other caspases may be perturbations in the ER membrane
and/or Ca2+ levels. Recently, acetaminophen has also been sug-
gested to activate caspase-12 in mouse RPTC (100). Thus, ER
can mediate both renal cell oncosis, via the release of Ca2+ and
calpain activation, or renal cell apoptosis via the activation
of caspases-12, and it appears that both mechanisms involve
changes in the ability of the ER to regulate Ca2+. The exact
mechanistic differences between ER-mediated apoptosis and
oncosis are under investigation.

Plasma and Organelle Membranes

Some compounds can interact with the plasma membrane di-
rectly, increase ion permeability, and disrupt ion homeosta-
sis. For example, amphotericin B is an antifungal polyene
that binds to cholesterol in the plasma membrane and forms
a pore that increases potassium and proton permeabilities
(103,318,319). Several heavy metals such as silver, gold, mer-
cury, and copper also appear to react with the plasma mem-
brane and increase potassium permeability (320,321). It re-
mains to be determined how these changes in potassium and
proton permeabilities ultimately lead to cell death; however,
Reeves and Shah (322) reported that inhibition of potassium
channels decreases hypoxic injury in rat RPTC.

Toxicants generally disrupt cell volume and ion homeosta-
sis by inhibiting energy production either directly or indi-
rectly. The loss of ATP results in the inhibition of membrane
transporters that maintain the differential ion gradients across
the plasma membrane. The Na+-K+-ATPase is responsible for
maintaining the normal Na+ and K+ gradients and the sec-
ondary ion transport processes. As ATP levels decrease, Na+-
K+-ATPase activity decreases, resulting in K+ efflux and Na+

influx and a decrease in the normally negative membrane po-
tential (323,324). The decrease in the negative membrane po-
tential allows Cl−, as well as additional Na+, to enter down
a concentration gradient resulting in water influx and cellular
swelling. For example, treatment of rabbit RPTC suspensions
with the mitochondrial inhibitor antimycin A inhibits respi-
ration within 1 minute, followed by ATP depletion, and the
loss of the sodium and potassium gradients and transport over
the next 5 to 10 minutes (224,325) (Fig. 40-6). Miller and
Schnellmann (326) demonstrated that increased Cl− influx does
not occur during the initial 15 minutes but between 15 and
30 minutes, during the late stages of cellular injury, followed by
cellular rupture. Decreasing extracellular NaCl concentrations
by 50% with isoosmotic substitution of mannitol decreased
Cl− influx, cellular swelling, and cellular rupture (327). Fur-
thermore, hyperosmotic incubation buffer decreased the cel-
lular swelling and cellular lysis but not the increased Cl− in-
flux (327). Thus, the delayed increase in Cl− influx may be the
trigger for the water influx and additional Na+ influx that pro-
vides the osmotic force for cellular swelling and rupture.
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FIGURE 40-6. A: A schematic rep-
resentation of a normally function-
ing renal cell. Note that the in-
side of the cell is negative with re-
spect to the outside, which decreases
the ability of Cl− to enter the cell.
B: The addition of a mitochondrial
inhibitor such as antimycin A blocks
cellular respiration, decreases ATP
levels and Na+-K+-ATPase activity,
increases Na+ influx and K+ efflux,
and decreases the membrane poten-
tial. C: Subsequently, there is an
increase in Cl− influx (down the con-
centration gradient) by an uniden-
tified pathway. D: The increase in
Cl− influx results in water influx,
increased Na+ influx, and cellular
swelling. These processes provide the
osmotic force that ultimately leads to
cellular lysis.

Increased Cl− influx occurs during the late stages of
cell injury in RPTC and LLC-PK1 cells exposed to a va-
riety of injury stimuli and toxicants, including HgCl2, t-
butylhydroperoxide, bromohydroquinone, tetrafluoroethyl-L-
cysteine, and hypoxia (327,328). The mechanism by which
Cl− influx occurs under these conditions is not known, but
it is inhibited by blockers of Ca2+-activated Cl− channels (e.g.,
niflumic acid, indanyloxyacetic acid (IAA-94), 5-nitro-2-(3)-
phenylpropylamino-benzoate (NPPB), and diphenylamine-2-
carboxylate (DPC)) (150–153). The Cl− influx is insensitive to
the Cl− channel blockers 4-acetamide-4′-isothiocyanostilbene-
2,2′-disulfonic acid (SITS) and diisothiocyanostilbene-2,2′-
disulfonic acid (DIDS) or to the Cl− transport inhibitors
bumetanide and hydrochlorothiazide (327). Therefore, the Cl−

influx that occurs during the late phase of cell death may be
through a Ca2+-activated Cl− channel.

Lysosomes

Lysosomes are membrane-bound vesicles that pinch off from
the Golgi-apparatus and contain a variety of hydrolytic en-
zymes (329). Under normal conditions lysosomes contain hy-
drolytic enzymes that function as intracellular digestive en-
zymes. However, lysosomes can play an important role in
the toxicity of several compounds including aminoglycoside
antibiotics, and in α2u-nephropathy. α2u-nephropathy occurs
in male rats when compounds such as unleaded gasoline, d-
limonene, 1,4-dichlorobenzene, tetrachloroethylene, decalin,
2,2,4-trimethylpentane, and lindane bind to α2u-globulin and
prevent its normal renal proximal tubular lysosomal degra-
dation (330–333). α2u-Globulin is synthesized in the liver
of male rats under androgen control. Serum α2u-globulin
(18.7 kDa) is freely filtered by the glomerulus with approx-

imately half being reabsorbed via endocytosis in the S2 seg-
ment of the proximal tubule. The binding of these agents
to α2u-globulin inhibits its normal degradation and results
in the accumulation of α2u-globulin in the proximal tubule.
Over time, the size and number of lysosomes increase, and
characteristic protein-droplet morphology is observed. Ulti-
mately, this leads to single-cell oncosis, the formation of gran-
ular casts at the junction of the proximal tubule and the thin
loop of Henle, and cellular regeneration. Recent data show
that an HS protein cognate of 73 kDa mediates the binding of
α2u-globulin to a 96-kDa membrane glycoprotein in male rat
kidney lysosomes (334). This HSP also is involved in the degra-
dation of other cellular proteins. Treatment of rats with 2,2,4-
trimethylpentane increases the rate of transport of not only
α2u-globulin into the lysosome, but also increases the rate of
lysosomal transport of many proteins. The increase in trans-
port is a result of α2u-globulin-mediated increases in the level
of the receptor proteins in the lysosomal membrane. Thus, α2u-
globulin may induce lysosomal overload by increasing the rate
of transport of cellular proteins to the lysosome. In this manner,
chronic exposure to the preceding compounds may lead to a
chronic nephropathy and in some cases results in an increased
incidence of renal adenomas/carcinomas by nongenotoxic
mechanisms.

α2u-nephropathy is sex- and species-specific, occurring in
particular strains of male rats but not female rats, male or
female mice, rabbits, or guinea pigs. It does not occur in fe-
male rats, other species, or male Black Reiter rats because
they do not produce α2u-globulin. Because humans are ex-
posed to these diverse compounds regularly, they may be at
risk for α2u-globulin-induced nephropathy and renal tumors.
Current evidence suggests that humans are not at risk be-
cause: (a) humans do not synthesize α2u-globulin; (b) hu-
mans secrete fewer proteins in general and, in particular, fewer
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low-molecular-weight proteins in the urine than the rat;
(c) the low-molecular-weight proteins in human urine are ei-
ther not related structurally to α2u-globulin, do not bind to
compounds that bind to α2u-globulin, or are similar to pro-
teins in female rats, male Black Reiter rats, rabbits, or guinea
pigs that do not exhibit α2u-globulin nephropathy; and (d) mice
excrete a low-molecular-weight urinary protein that is 90%
homologous to α2u-globulin, but do not exhibit α2u-globulin
nephropathy and renal tumors after exposure to α2u-globulin
nephropathy-inducing agents (335).

The aminoglycoside antibiotics also induce lysosomal dys-
function and cause ARF failure (105,106,336) (Chapter 42,
Antibiotic- and Immunosuppression-Related Renal Failure).
In this case, the aminoglycosides are filtered, bound to an-
ionic phospholipids in the brush border, reabsorbed by en-
docytosis in the S1 and S2 segments of the proximal tubule,
and accumulated in the lysosomes. Over time, the size and
number of lysosomes increase and electron-dense lamellar
structures called myeloid bodies appear. The myeloid bodies
contain undegraded phospholipids and are thought to occur
through aminoglycoside-induced inhibition of lysosomal hy-
drolases such as sphingomyelinase and phospholipases. How-
ever, the steps between lysosomal phospholipid overload and
tubule cell death are less clear.

CELLULAR DEFENSES

The RPT cell has numerous defenses against both reactive
intermediates and ROS (Fig. 40-4). Glutathione, a primary
cellular protectant and the most abundant cellular nonpro-
tein thiol, is found at high concentrations in at least three
subcellular compartments (cytosol, mitochondrion, nucleus)
(337). Normally, glutathione detoxifies electrophiles by form-
ing a glutathione conjugate either directly or with the aid of
glutathione S-transferases. For example, RPT cells detoxify
compounds containing a quinone nucleus, such as bromohy-
droquinone, by conjugating it to glutathione, forming mono-
and di-substituted glutathione conjugates (159). Glutathione
also acts in conjunction with glutathione peroxidase and glu-
tathione reductase to neutralize ROS. In this case, an organic
peroxide is reduced to water and an alcohol by glutathione per-
oxidase, forming glutathione disulfide (Fig. 40-4). Glutathione
disulfide is reduced to glutathione by glutathione reductase in
an NADPH-dependent reaction. Catalase and superoxide dis-
mutase are two other enzymes that detoxify ROS. Superoxide
dismutase converts the superoxide anion to H2O2, and catalase
converts the hydrogen peroxide to water.

Several studies have investigated the differences in the activ-
ity of glutathione-dependent enzymes among different cells of
the kidney. This area is of interest as differences in the activity of
these enzymes may account for differences in the susceptibility
of different kidney regions to oxidative stress. Cummings and
associates (145) reported that the levels of glutathione peroxi-
dase and γ -glutamylcysteinyl synthetase are higher in rat RPT
cells than distal tubule cells. The activity of glutathione reduc-
tase and glutathione S-transferase appears to be equal between
the two cell populations; however, the proximal tubular cells
have a much higher concentration of glutathione than distal
tubular cells (27 nmol/mg for proximal tubular cells versus
13 nmol/mg for distal tubular cells) (338).

Lash and colleagues have demonstrated that over-
expression of the dicarboxylate carrier, a protein respon-
sible for the transport of gluthathione into mitochon-
dria, protected normal rat kidney-52E cell lines from both
oxidant (t-butylhydroperoxide) and S-(1,2)-dichlorovinyl-L-
cysteine-induced apoptosis (339). The mechanism of protec-
tion correlated to increased transport of glutathione into the
mitochondria. The increased level of glutathione decreased

oxidant-induced mitochondrial dysfunction and the subse-
quent release of cytochrome c and caspase activation.

Vitamin C (ascorbic acid) under normal circumstances is a
very effective reducing agent and free radical scavenger and
functions in the recycling of the Vitamin E radical back to Vi-
tamin E (340,341). Like glutathione, Vitamin C can detoxify
compounds containing a quinone nucleus such as bromohydro-
quinone, but in this case Vitamin C reduces the bromoquinone
and the bromoquinone radical back to bromohydroquinone
(159); however, Vitamin C can act as a prooxidant in the pres-
ence of iron under some circumstances.

Reports have suggested that Vitamin C may function in rab-
bit RPTC to promote repair and regeneration after exposure
to t-butylhydroperoxide and S-(1,2)-dichlorovinyl-L-cysteine
(14–16). Vitamin C added in pharmacological concentrations
to primary cultures of rabbit RPTC prior to, during, and af-
ter exposure to toxicants improved recovery in these cultures
as measured by increases in cell number and mitochondrial
function (16). The effect of Vitamin C was not the result of
its antioxidant function, because both t-butylhydroperoxide
and S-(1,2)-dichlorovinyl-L-cysteine caused the same amount
of damage in treated and untreated cultures. Rather, the in-
crease in cellular function observed in cultures treated with
Vitamin C was linked to its ability to aid cells in recovery af-
ter damage, potentially through its ability to promote collagen
deposition in the extracellular matrix (16).

Vitamin E (α-tocopherol) is a lipid-soluble antioxidant
found in cell membranes (342). Vitamin E is known as a chain-
breaking antioxidant because it contributes an electron to a
peroxyl radical formed during lipid peroxidation and thereby
prevents further lipid peroxidation. The Vitamin E radical pro-
duced is unreactive and is recycled back to Vitamin E. Vitamin
E can suppress cyclosporin A-mediated toxicity in vivo in rat
renal kidneys by inhibiting lipid peroxidation (343). Vitamin
E also can protect freshly isolated rat proximal tubule cells
from the toxicity of cephaloridine, a beta-lactam antibiotic
that causes cell specific acute tubular necrosis in vivo (344).
The protective effect of Vitamin E on proximal tubule cells in
this study also correlated with the decreases in the level of lipid
peroxidation.

Glycine

During studies designed to examine the cytoprotective effects
of glutathione, it was observed that glycine was cytoprotec-
tive in a number of models (345). In addition to glycine, a
few other small amino acids of similar structure, including
D- and L-alanine, ß-alanine, and 1-aminocylopropane-1-
carboxylic acid, were protective, indicating a stringent struc-
tural requirement for cytoprotection. Studies have demon-
strated that glycine is cytoprotective against a diverse group of
chemical insults, such as anoxia, metabolic inhibitors, bromo-
hydroquinone, halogenated alkene, and alkane cysteine conju-
gates, and to a lesser extent t-butylhydroperoxide and HgCl2
(217,346). The mechanism of glycine cytoprotection has re-
mained elusive, but recent studies demonstrate that glycine
acts during the terminal phase of cell injury (346). Further-
more, Aleo and Schnellmann (347) and Miller and associates
(326,327,348,349) observed that the neuronal glycine receptor
antagonist strychnine was cytoprotective and acted in a similar
manner to that of glycine under a variety of conditions. Thus,
strychnine and glycine may be cytoprotective through a ligand–
acceptor interaction. Strychnine binds to a low-affinity binding
site on the basolateral membrane of the rabbit RPT cell in a sat-
urable and reversible manner at concentrations equivalent to
that necessary for cytoprotection (245). Proteins corresponding
to two of the three subunits of the neuronal strychnine-sensitive
glycine receptor have been identified on the basolateral
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membrane of the RPT and a recent report has provided evi-
dence that one of these is the glycine receptor ß-subunit (348–
350). The signal transduction pathway for the neuronal glycine
receptor is Cl−. Because Cl− influx plays a major role in pro-
viding the osmotic force for the swelling during cell injury and
glycine and strychnine block Cl− influx, glycine and strychnine
are cytoprotective by directly or indirectly altering Cl− influx.

Alternatively, Nichols and associates (351) proposed that
glycine is cytoprotective in hepatocytes through its ability to
inhibit calpains. However, Edelstein and coworkers (246) re-
ported that glycine did not inhibit calpain activity in rat RPT
exposed to hypoxia. Studies in rabbit RPT demonstrated that
glycine and strychnine did not inhibit basal calpain activity
but did inhibit the increase in calpain activity observed dur-
ing the late phase of cellular injury (352). Later studies con-
firmed that glycine does not directly affect calpain activity, but
rather inhibited toxicant-mediated extracellular Ca2+ influx,
calpain translocation, and Cl− influx (352). Further studies
are needed to conclusively identify the mechanism of glycine
cytoprotection.

Acidosis

Although acidosis is not a normal cellular defense mechanism
per se, decreasing intracellular pH has been shown to be cy-
toprotective in a variety of in vitro models, and as such has
contributed to our understanding of cell death (353,354). Us-
ing freshly isolated RPT, extracellular pH reduced to 6.8 to
pH 7.0 results in cytoprotection (354–356). Interestingly,
Weinberg (355) demonstrated that the protective effect of ex-
tracellular acidosis not only was limited to the addition of
acids to the extracellular medium, but also was observed in
high-density suspensions of RPT subjected to anoxia. Under
these conditions, the RPT spontaneously lowered the pH of
surrounding medium to pH 7.0, presumably due to the hy-
drolysis of ATP and the accumulation of protons. Thus, under
conditions of ischemia in vivo, it is possible that localized aci-
dosis may afford a degree of cytoprotection.

A number of findings have contributed to our under-
standing of the cytoprotective effect of extracellular acido-
sis. Rodeheaver and Schnellmann (353) demonstrated that
extracellular acidosis (pH 6.4) ameliorated renal proxi-
mal tubular cell death produced by a series of mitochon-
drial inhibitors (antimycin A, rotenone, carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone, oligomycin) and ion
exchangers (nigericin, monensin, valinomycin) but potentiated
cell death produced by the oxidants t-butylhydroperoxide, hy-
drogen peroxide, and ochratoxin A. Associated with the ex-
tracellular acidosis-induced increases in cell death was an in-
crease in glutathione disulfide formation, lipid peroxidation,
and mitochondrial dysfunction and a decrease in glutathione
peroxidase and reductase activities. Thus, the mechanism for
this extracellular acidosis-induced potentiation of oxidant tox-
icity is most likely the result of a decrease in free radical
detoxification.

Previous studies indicated that extracellular acidosis was
not cytoprotective through its ability to preserve mitochondrial
function or ATP levels (353–355). Studies have demonstrated
that extracellular acidosis initiated at various times after toxi-
cant exposure was still cytoprotective (212,354). For example,
extracellular acidosis initiated 15 minutes after antimycin A
or carbonyl cyanide-p-trifluoromethoxyphenylhydrazone ad-
dition, a time point after the cessation of respiration, depletion
of ATP, and increases in intracellular sodium and decreases in
intracellular potassium, was completely cytoprotective at 45
and 105 minutes later, respectively. However, the cytoprotec-
tion did not prevent the increase in Cl− influx that occurs in the
late stages of cell injury. Extracellular acidosis initiated 2 hours

after tetrafluoroethyl-L-cysteine or t-butylhydroperoxide addi-
tion also was cytoprotective 2 hours later. These results demon-
strate that the cytoprotective effect of extracellular acidosis oc-
curs very late in the cell injury process distal to Cl− influx.

Peroxisomes and Peroxisomal Proliferating
Activated Receptors (PPAR)

Peroxisomes are membrane-bound vesicles that contain
degradative enzymes for fatty acids and amino acids (329). In
addition peroxisomes contain catalase, which converts H2O2
to oxygen and water. Although the ability of peroxisomes to
metabolize H2O2 is crucial in the protection of cells against ox-
idative stress, peroxisomal proliferation has been linked to the
preservation of mitochondrial function (357) and the reduction
in renal cell death following injury induced by gallic acid (358),
cisplatin (256,359), and ischemia/reperfusion-induced injury.

Peroxisomes also may protect against renal cell death via
mechanisms linked to the activation of peroxisomal prolifera-
tor receptors (PPAR). PPAR are members of a nuclear hormone-
activated receptor and transactivation protein family (360). At
this time, three different PPAR have been identified and cloned
(PPAR-α, PPAR-β/δ., and PPAR-γ ) (360). PPAR-β/δ appears to
be expressed in almost all tissues including the kidney cortex
(360–362). PPAR-γ is present in distal medullary collecting
ducts, glomeruli, and the renal microvasculature (362,363).
PPAR-α is expressed in the proximal tubule, medullary thick
ascending limbs, and the glomerular mesangial cells. It is hy-
pothesized that differences in the distribution PPAR isoforms
may result in different mechanisms of protection between dif-
ferent cells.

Activators of PPAR are structurally diverse and include plas-
ticizers (di[2-ethyhexl]phthalate) (364), herbicides (365), hy-
polipidemic drugs (fenofibrate, clofibrate, and clofibric acid)
(360) and antidiabetic drugs (360,365,366) (e.g., troglitazone
and rosiglitazone) (366–369). Activators of PPAR increase the
number of peroxisomes within the cell and increase the ex-
pression of enzymes for fatty acid β-oxidation including fatty
acyl-CoA oxidase, enoyl-CoA hydratase/3-hydroxyacyl-CoA
dehydrogenase bifunctional enzyme, and 3-ketoacyl-CoA thi-
olase (364,365,370,371). Activators of PPAR isoforms also
increase mitochondrial enzymes including carnitine palmitoyl
transferase, medium chain acyl-CoA dehydrogenase, and pyru-
vate dehydrogenase complex (359,362). The increase in these
proteins is believed to be key in the protection against nephro-
toxicants (360,362,365,372).

The overall affect of the activation of PPAR, at least ac-
tivation of PPAR-α, on renal cell death appears to be benefi-
cial. The PPAR-α agonist clofibrate and WY14643 reduce renal
cell dysfunction and injury induced by ischemia/reperfusion in
male rat kidneys (362,373,374). In vivo studies demonstrate
that induction of PPAR-α also correlated to increases in mi-
tochondrial medium-chain acyl-CoA dehydrogenase and pyru-
vate dehydrogenase complex activity and decreases in cisplatin-
induced proximal tubular necrosis (359). The exact mechanism
involved in the PPAR-α mediated protection against nephro-
toxicants has yet to be determined.

SPECIFIC TOXICANTS

It is critical to identify the ultimate toxic species and the
cell type targeted in order to understand the mechanism by
which a chemical produces nephrotoxicity. For example, is
the glomerulus, proximal convoluted tubule, proximal straight
tubule, the thick ascending limb of Henle, or the distal con-
voluted tubule the target of the parent compound, a primary
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or secondary metabolite? Thus, excellent biotransformation,
toxicokinetic, and morphologic studies are paramount in de-
termining the sites of biotransformation, which metabolites
reach the kidney, the quantity of metabolites in the kid-
ney, the target cell type in the kidney, and ultimately the
mechanism of nephrotoxicity. Other chapters in this book
focus on specific toxicants such as analgesics (Chapter 44,
Nephrotoxicity of Nonsteroidal Antiinflammatory Agents,
Analgesics, and Angiotensin-Converting Enzyme Inhibitors),
antibiotics (Chapter 42, Antibiotic- and Immunosuppression-
Related Renal Failure), antineoplastics (Chapter 43, Renal Dis-
eases Induced by Antineoplastic Agents), heavy metals (Chap-
ter 47, Nephrotoxicity Secondary to Environmental Agents and
Heavy Metals), immunosuppressives (Chapter 42, Antibiotic-
and Immunosuppression-Related Renal Failure), and radio-
contrast media (Chapter 45, Radiocontrast Media-Induced
Acute Renal Failure).
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CHAPTER 41 ■ ACUTE RENAL FAILURE
VINCENT WENG SENG LEE, DAVID HARRIS, ROBERT J. ANDERSON, AND ROBERT W. SCHRIER

Acute renal failure (ARF) is defined as an abrupt decrease in
renal function sufficient to result in retention of nitrogenous
waste (e.g., blood urea nitrogen [BUN] and creatinine) in the
body. Although there is unanimity of opinion regarding this
general definition, there is no consensus regarding the magni-
tude of elevation of serum creatinine and BUN sufficient to
ascribe a diagnosis of ARF (1–3). Moreover, there is a nonlin-
ear relationship between decreasing glomerular filtration rate
(GFR) and rising serum creatinine concentration in individuals
with a normal basal serum creatinine. Thus, in individuals with
a normal basal serum creatinine, significant decreases in GFR
are often associated with either slight or modest increases in
serum creatinine concentration (4). Also, not only renal elimi-
nation, but also rate of production and volume of distribution
are significant determinants of serum creatinine concentration
(5). Taken together, although practical and currently our most
useful tool for diagnosis, increases in serum creatinine concen-
tration can be a somewhat insensitive marker of ARF.

Not only differences in diagnostic criteria, but also differ-
ences in frequency of surveillance and populations studied ren-
der definitive conclusions about the incidence of ARF difficult.
Nonetheless, the data depicted in Table 41-1 demonstrate that
ARF occurs with relatively high frequency, especially in seri-
ously ill hospitalized patients (6–34). Figure 41-1 depicts po-
tential high incidence settings of ARF.

Acute renal failure not only occurs with high frequency, but
is also associated with significant morbidity and mortality. A
matched-pairs cohort study of mild-to-moderate radiocontrast-
associated ARF found a mortality of 7% in controls that was
increased about sixfold in patients with ARF (35). A prospec-
tive case control study of 17,126 intensive care unit (ICU) pa-
tients found that patients with ARF treated with dialysis had
an over four times higher hospital mortality than control pa-
tients (62.8% vs. 15.6%, p <.001), which remained signifi-
cantly higher even when dialysis patients were matched with
control subjects for age, severity of illness, and treatment cen-
ter (36). Contemporary mortality of patients with oliguric and
nonoliguric ARF remains in the 40% to 80% and 15% to
20% ranges, respectively (Fig. 41-2) (37–44). It is noteworthy
that a direct relationship exists between the magnitude of rise
in serum creatinine concentration and mortality of ARF (Fig.
41-3) (37). This emphasizes the need for early assessment and
intervention in all cases of ARF. Together, it is apparent that
ARF is associated with substantial morbidity, mortality, and
cost.

The financial costs of ARF are high. In a Canadian ICU, the
cost of dialysis was $3,486 to $5,117 (Canadian) per week for
continuous renal replacement therapy (CRRT), and $1,342 a
week for ischemic heart disease (IHD). The total direct cost of
care for the subsequent year for patients who remained on dial-
ysis was substantially higher ($73,273) than for those patients
with renal recovery ($11,192) (45). A prospective cohort study
of 490 ARF patients requiring dialysis from five geographically
distant teaching hospitals estimated costs per quality-adjusted
life year saved to be from $62,000 to $274,000 (46). In a
Finnish study carried out in 1992, the mean cost of the treat-
ment for ARF was $36,000 per patient and $80,000 for ARF

survivors (47). These latter data are now more than 12 years
old, suggesting even greater contemporary cost.

Abrupt and progressive renal failure is the final common
pathway for several disease processes (Tables 41-2 to 41-4; Fig.
41-4). Thus, multiple disease entities and diverse pathologic
conditions can produce a similar clinical entity of ARF. The
high frequency of occurrence, multiple causes, and potential
for high morbidity and mortality demand a logical approach to
the patient with ARF. In this chapter, we use the term ARF in its
most generic sense to describe acute impairment of the kidney
function independent of cause and mechanism. We discuss the
causes, clinical settings, diagnostic approaches, consequences,
and therapy of such clinically encountered ARF.

This chapter will discuss the general clinical aspects of
acute renal failure. The pathophysiology of ARF (Chapters 39
and 40), antibiotic- and immunosuppression-related aspects
of ARF (Chapter 42), renal diseases induced by antineoplas-
tic agents (Chapter 43), nephrotoxicity of nonsteroidal anti-
inflammatory agents, analgesics and angiotensin-converting
enzyme inhibitors (Chapter 44), radiocontrast media–induced
ARF (Chapter 45), nephrotoxicity secondary to drug abuse and
lithium use (Chapter 46), nephrotoxicity secondary to environ-
mental agents and heavy metals (Chapter 47), acute tubuloin-
terstitial nephritis (Chapter 48), acute renal failure associated
with pigmenturia or crystal deposits (Chapter 49) are discussed
elsewhere.

DIAGNOSIS OF ACUTE
RENAL FAILURE

Acute renal failure is most often diagnosed by finding increas-
ing concentrations of serum creatinine and/or blood urea nitro-
gen (BUN). The usual BUN:serum creatinine ratio is about 15:1
and the BUN and serum creatinine increase by 10 to 15 and
1.0 to 1.5 mg/dL/day, respectively, in the absence of GFR. Sev-
eral clinical situations can disproportionately affect either the
BUN or serum creatinine thereby altering the BUN:serum cre-
atinine ratio (48). Moreover, as is apparent from Figure 41-5,
factors other than a reduction in GFR can be associated with
increased concentrations of BUN (e.g., catabolic state with en-
hanced urea nitrogen formation) and occasionally serum crea-
tinine (e.g., medication effects to impair renal tubular secretion
of creatinine and chemically interfere with creatinine measure-
ments).

The serum creatinine concentration is usually a better
marker of glomerular filtration rate (GFR) than the BUN.
In a steady state setting, a reasonable approximation is that
each time the GFR halves the serum creatinine concentration
doubles. Thus, steady state GFRs of 100, 50, 25, 12.5, and
6.25 mL/minute are associated with serum creatinine concen-
trations of about 1.0, 2.0, 4.0, 8.0, and 16.0 mg/dL, respec-
tively. Acute renal failure often occurs in a non–steady state in
which the three determinants of serum creatinine concentration
(production, volume of distribution, and renal elimination)
fluctuate (5). Computerized models derived from ARF patients
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TA B L E 4 1 - 1

INCIDENCE OF ACUTE RENAL FAILURE

Population with ARF Any ARF (%) Severe ARF (%)

General public (18,19)
<50 yr of age — 0.0017∗

15–64 yr of age — 0.0006∗

>65 yr of age — 0.0047∗

>80 yr of age — 0.095∗

Pregnancy (20,21)
Presumably healthy — 0.00006
Underprivileged, inner city — 0.0002

Heart disease (22–26)
Admission to a coronary care unit — 4
After coronary intervention 14 1
Cardiopulmonary resuscitation survivors — 29

Infections (27–31)
Hospitalized for pneumonia 8 —
Community-acquired bacteremia 24 4
Rocky Mountain spotted fever 20 —
Human immunodeficiency virus 20–40 10–30

Extensive trauma (32,33) 20–40 0.1–5.0
Significant burns (34,80) 15–30 1–5
Liver disease (96,224)

Spontaneous bacterial peritonitis 30–40 0–1
End-stage liver disease 20–40 10–20

Hospital admission (37,54)
General medical—surgical ward 1–4 0.1–1.0
Intensive care units 10–30 1–5

Nonrenal transplantation (96,185,192,195)
Cardiac 25–50 1–15
Liver 30–50 20–40
Bone marrow autologous 5–15 2–7
Bone marrow allogeneic 30–60 15–30

Postoperative (24,25,161,167)
Elective abdominal aortic aneurysm 10–30 2–10
Obstructive jaundice 5–10 2–3
General surgery 20–30 0.1–2.0

ARF, acute renal failure.
Severe ARF, ARF requiring dialysis except in those data marked by ∗ where severe ARF is defined by a rise
in serum creatinine to over 500 μmol/L with subsequent fall below 500 μmol/L.
— = not stated or assessed.

FIGURE 41-1. Frequency of acute renal failure (ARF) in selected settings.
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FIGURE 41-2. Mortality of oliguric and nonoliguric acute renal failure
in six studies published in the past quarter of a century.

demonstrate that several patterns of change in GFR occur dur-
ing development and recovery from ARF. These GFR changes
are poorly reflected by daily changes in serum creatinine con-
centration (5). Moreover, the rise in serum creatinine that oc-
curs in ARF is a post facto finding. Unfortunately, although
real-time, noninvasive monitoring of GFR can be done in seri-
ously ill patients, these techniques are currently expensive and
not widely available (49).

In selected circumstances it is not clear if an elevated
BUN:serum creatinine ratio is due to an acute or chronic pro-
cess (Table 41-5). In this setting, review of previous records
is helpful. In the absence of previous values, measurement of
carbamylated hemoglobin can be helpful. Nonenzymatic car-
bamylation of the terminal valine of hemoglobin occurs in di-
rect relationship to the magnitude and duration of increase in
BUN (50,51). A carbamylated hemoglobin level greater than
80 to 100 μg carbamyl valine per gram hemoglobin suggests
the diagnosis of acute rather than chronic renal failure (52,53).
The presence of small kidney size on an imaging study strongly
supports a diagnosis of chronic renal disease and the other fac-
tors noted in Table 41-5 may also help to differentiate acute
from chronic renal failure. Because reversible factors often are
operative in both acute and chronic renal failure, the clinician
should assume the presence of potentially treatable conditions
in all cases of renal failure.

Other biochemical markers of ARF that are more sensitive
than serum creatinine have been sought (Table 41-6). Urinary

FIGURE 41-3. Relationship of acute renal failure mortality to magnitude of resultant rise in serum crea-
tinine concentration. (From: Hou S, Bushinsky D, Wish JB, et al. Hospital-acquired renal insufficiency: a
prospective study. Am J Med 1983;74:243, with permission.)

TA B L E 4 1 - 2

CAUSES OF PRERENAL ACUTE RENAL FAILURE

Decreased intravascular fluid volume
Extracellular fluid loss—burns, diarrhea, vomiting, diuretics,

salt-wasting renal disease, primary adrenal insufficiency,
gastrointestinal hemorrhage

Extracellular fluid sequestration—pancreatitis, burns, crush
injury, nephrotic syndrome, malnutrition, advanced liver
disease

Decreased cardiac output
Myocardial dysfunction—myocardial infarction, arrhythmias,

ischemic heart disease, cardiomyopathies, valvular disease,
hypertensive disease, severe cor pulmonale

Peripheral vasodilation
Drugs—antihypertensive agents
Sepsis
Miscellaneous—adrenal cortical insufficiency,

hypermagnesemia, hypercapnia, hypoxia
Severe renal vasoconstriction
Sepsis
Drugs—nonsteroidal antiinflammatory agents, β-adrenergic

agonists
Hepatorenal syndrome
Mechanical occlusion of renal arteries
Thrombotic occlusion
Miscellaneous (emboli, trauma [e.g. angioplasty])

markers of early renal injury have been studied recently. Kid-
ney injury molecule (KIM-1) is a transmembrane protein found
in proximal tubule cells that was shown to be upregulated
in a postischemic rat model (7). Han and colleagues found
(8) that urinary KIM-1 protein concentration was significantly
higher in urine samples from patients with ischemic acute tubu-
lar necrosis (ATN) compared to urine samples from patients
with other forms of acute and chronic renal failure. Mura-
matsu and associates (9) found that the secreted, cysteine-rich,
heparin binding protein Cyr61 was rapidly induced in proxi-
mal straight tubules following renal ischemia, and excreted in
the urine where it might serve as an early biomarker of renal
injury. No clinical studies have so far been undertaken. In a
prospective study of critically ill patients, high values of uri-
nary gamma glutamyl transpeptidase, alkaline phosphatase,
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TA B L E 4 1 - 3

CAUSES OF POSTRENAL ACUTE RENAL FAILURE

Intrarenal (intratubular)
Crystal deposition—uric acid, oxalic acid, methotrexate,

acyclovir, triamterene, sulfonamides, indinavir, tenofovir
Protein deposition—light chains, myoglobin, hemoglobin
Extrarenal
Ureteral/pelvic
Intrinsic obstruction—tumor, stone, clot, pus, fungal ball,

papilla
Extrinsic obstruction—retroperitoneal and pelvic malignancy,

fibrosis, ligation, abdominal aortic aneurysm
Bladder
Prostate hypertrophy/malignancy
Stones
Clots
Tumor
Neurogenic
Medication
Urethral
Stricture
Phimosis

N-acetyl-glucosaminidase, and alpha- and pi-glutathione S-
transferase, indexed to urinary creatinine, were predictive of
ARF. Urinary interleukin-18 was found to be elevated in pa-
tients with ATN and delayed graft function compared with
other renal diseases (12). In patients with acute renal allograft
dysfunction, selected chemokines that bind to the CXCR3 re-
ceptor appear to be useful (14). In patients with ARF, the apical
sodium transporter Na+/H+ exchanger isoform 3 (NHE3) pro-
tein appears to be a marker of renal tubule damage, helping to
differentiate prerenal azotemia, ATN, and intrinsic ARF other
than ATN (13). Serum cystatin C appears to be more sensitive
than serum creatinine for detecting early decrements in GFR
(11), but is not validated in ARF. Further studies are required
to assess the usefulness of these tests in clinical practice.

Kidney regulation of the normal volume and composition
of body fluids and the process of urine formation begins with
ultrafiltration of the blood delivered to the kidney, proceeds
through intrarenal processing of the ultrafiltrate by tubular
reabsorption and secretion, and ends by elimination of the
formed urine through the ureters, bladder, and urethra. It
follows that ARF can result from a decrease in renal blood
flow (prerenal azotemia; Table 41-2), intrinsic renal parenchy-
mal diseases (renal azotemia; Table 41-4), or obstruction to
urine flow (postrenal azotemia; Table 41-3). Because appro-
priate therapy of ARF depends on delineating the underly-
ing cause, the initial step in determining the cause of ARF
is to attempt to classify the site of origin of ARF as pre-
renal, renal, or postrenal. From a practical perspective, pa-
tients with hospital-acquired ARF tend to have more than
one cause, whereas those with community-acquired ARF of-
ten have a single cause of ARF (2,18,37,41,54–58). Individuals
with community-acquired ARF have fewer numbers of comor-
bidities and greater prevalence of ARF of postrenal cause than
those with hospital-acquired ARF (3,59). A number of clini-
cal and laboratory clues may assist in determining the site of
ARF.

Prerenal Acute Renal Failure

The process of urine formation begins with delivery of blood
to the glomerulus. The highly selective permeability of the

TA B L E 4 1 - 4

RENAL CAUSES OF ACUTE RENAL FAILURE

Renal vascular disorders
Vasculitis
Malignant hypertension
Scleroderma
Thrombotic thrombocytopenic purpura
Hemolytic–uremic syndrome
Disseminated intravascular coagulation
Mechanical renal artery occlusion (surgery, emboli,

thrombotic occlusion)
Renal vein thrombosis
Glomerulonephritis
Postinfectious
Membranoproliferative
Rapidly progressive glomerulonephritis (idiopathic,

polyarteritis nodosa, systemic lupus erythematosus,
Wegener’s syndrome, microscopic polyarteritis,
Goodpasture’s syndrome, Henoch-Schonlein purpura)

Drugs
Interstitial nephritis
Drugs (penicillin, sulfonamide, rifampin, ciprofloxacin,

phenindiones, cimetidine, proton pump inhibitors
[omeprazole, lansoprazole], azathioprine, phenytoin,
captopril, thiazides, furosemide, bumetanide, allopurinol,
NSAIDs including selective cyclooxygenase-2 inhibitors,
5-aminosalicylates)

Hypercalcemia
Infections
Nonspecific due to frank septicemia or systemic

antiinflammatory response syndrome
Specific organisms (Legionella, Leptospira, Rickettsia,

Hantavirus, Candida, malaria)
Specific organ involvement (bacterial endocarditis, visceral

abscess, pyelonephritis)
Infiltration
Sarcoid
Lymphoma
Leukemia
Connective tissue disease
Tubular necrosis
Renal ischemia (prolonged prerenal)
Nephrotoxins (aminoglycosides, radiocontrast agents, heavy

metals, organic solvents, other antimicrobials)
Pigmenturia (myoglobinuria, hemoglobinuria)
Miscellaneous

glomerular capillary combined with the glomerular capillary
hydrostatic pressure (which exceeds glomerular capillary on-
cotic pressure and intratubular hydrostatic pressure) results in
formation of glomerular filtrate. Under unusual circumstances
such as mannitol intoxication, high-dose dextran infusion, or
marked hyperproteinemia, a “hyperoncotic state” occurs in
which glomerular capillary oncotic pressure exceeds hydro-
static pressure (60–62). This results in cessation of glomerular
filtration and ARF, often accompanied by an anuric state. Rapid
reversal of this form of ARF occurs with removal (plasmaphere-
sis) of the osmotically active substance from plasma.

The central role of delivery of blood to the glomerulus as
the starting point of formation of glomerular filtrate dictates
that clinical disorders that can decrease renal perfusion are
potential causes of ARF. In clinical practice, ARF owing to
hypoperfusion with a resultant fall in glomerular capillary fil-
tration pressure is one of the most common forms of ARF
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FIGURE 41-4. Causes of acute renal failure.

(1,2,18,35,38–40,44,55). The frequency of prerenal azotemia
as a cause of ARF varies with the clinical setting. A prospective
study by Hou et al. (37) found prerenal azotemia to be the sin-
gle most common cause of ARF in a general medical-surgical
hospital. Liano found that prerenal causes of ARF among the
elderly accounted for 48% of community-acquired ARF and
58% of hospital-acquired ARF (63). In blacks, Obialo reported
that 19% of community-acquired ARF and 35% of hospital-
acquired ARF were prerenal in origin (3). Brivet observed that
in critically ill patients, prerenal causes accounted for 17% of
cases of ARF (44). Shusterman and associates found that the
odds ratios for development of hospital-associated ARF were
increased by 9.4- and 9.2-fold in the presence of the prerenal
insults of volume depletion and congestive heart failure, re-
spectively (55). Prerenal forms of ARF also appear to be com-
mon causes of community-acquired ARF and constituted 70%

of all such cases in the experience of Kaufman and associates
(57). Not only is prerenal azotemia common but also it is often
potentially reversible. Moreover, prolonged prerenal azotemia
can lead to ischemic acute tubular necrosis (ATN) with sig-
nificant morbidity. Thus, recognition and prompt therapy of
prerenal causes of ARF are important.

Under normal circumstances, renal blood flow and glomeru-
lar filtration rate (GFR) are relatively constant over a wide
range of renal perfusion pressures, a phenomenon termed
autoregulation (64). Renal autoregulation not only allows con-
stancy of GFR and filtered load of solutes but also maintains
constancy of oxygen delivery in spite of variable renal perfu-
sion pressures. This autoregulatory response normally renders
an individual relatively resistant to prerenal forms of ARF;
however, a marked decrease in renal perfusion pressure be-
low the autoregulatory range can lead to an abrupt decrease

FIGURE 41-5. Causes of abnormal-
ities in blood urea nitrogen (BUN) to
serum creatinine ratio.
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TA B L E 4 1 - 5

DIFFERENTIATION OF ACUTE VERSUS CHRONIC
RENAL FAILURE

Favors chronic Favors acute

History of kidney disease,
hypertension, abnormal
urinalysis

+ 0

Small kidney size + 0
Urinalysis with broad

casts (i.e., more than
two to three white
blood cells in diameter)

+ 0

Return of renal function
to normal with time

0 +

Low carbamylated
hemoglobin

0 +

Hyperkalemia, acidemia,
hyperphosphatemia,a

anemiaa

+ +

aMore common in chronic renal failure.

in GFR and ARF. Within the autoregulatory range, a reduc-
tion in renal perfusion, as occurs with either diminished car-
diac output or depletion of extracellular fluid volume, nor-
mally results in dilation of the glomerular afferent arteriole
and constriction of the glomerular efferent arteriole so that
glomerular capillary-hydrostatic pressure and GFR usually re-
main constant (64). The afferent dilation is mediated in part
by vasodilatory eicosanoids, whereas efferent constriction can
be attributed in part to angiotensin II. It follows that in the set-
ting of compromised cardiac output or intravascular volume
depletion, prevention of afferent arteriolar dilation (as occurs

TA B L E 4 1 - 6

EXPERIMENTAL URINARY MARKERS IN ARF
(ADAPTED FROM [6])

Enzymes e.g., gamma glutamyl transpeptidase, alkaline
phosphatase, N-acetyl-glucosaminidase, alpha- and
pi-glutathione S-transferase

Tubular proteins, e.g., adenosine-deaminase binding protein,
kidney injury molecule, cyr61 (cysteine-rich heparin
binding protein),

Growth factors, e.g., human epidermal growth factor,
hepatocyte growth factor

Low-molecular-weight proteins
Proteases, e.g., l-alanine aminopeptidase,

N-acetyl-[beta]-d-glucosaminidase
Cytokines, e.g., IL-2, IL-6, IL-18
Chemokines, e.g., CXCR3 binding chemokines, monocyte

chemotactic peptide-1
Adhesion molecules, e.g., intercellular adhesion molecule-1,

CD8, CD25
Amino acids
Cytodiagnostics, e.g., proximal tubule cells
Coagulation factors
Ion and water transporters, e.g., NHE3

IL, interleukin.

following nonsteroidal antiinflammatory agent therapy, which
impairs synthesis of selective eicosanoids) and attenuation of
efferent arteriolar constriction (as occurs following angiotensin
converting enzyme inhibition, angiotensin receptor inhibition,
and perhaps calcium channel blocking agents) can potentially
decrease glomerular capillary filtration pressure and potentially
cause an abrupt decline in GFR.

From a clinical perspective, a potentially reversible “prere-
nal” form of ARF can be seen when nonsteroidal antiinflamma-
tory drugs (NSAIDs) are given to patients with volume deple-
tion, hypoalbuminemia, an edematous disorder, advancing age,
underlying chronic renal failure, or recent diuretic (especially
triamterene) use (65) (see Chapter 44). These clinical condi-
tions are often associated with enhanced renal vasoconstric-
tion owing to renal adrenergic neural tone, norepinephrine,
and angiotensin II. If the nonsteroidal antiinflammatory drugs
(NSAIDs) are stopped early, the renal failure readily reverses.
With continued administration of the agent, a more severe
form of ARF owing to ischemic ATN may occur. Selective
cyclooxygenase-2 inhibitor therapy has also been associated
with acute renal failure, hypertension, edema, hyponatremia,
hyperkalemia, type 4 renal tubular acidosis, and acute tubu-
lointerstitial nephritis (66).

A similar prerenal form of ARF can complicate angiotensin
converting enzyme therapy (67,68). In the presence of a de-
crease in renal blood flow from severe bilateral renal artery
stenosis, renal artery stenosis in a solitary kidney, and other
high-renin, high-angiotensin II states (i.e., edematous states
and volume depletion disorders), angiotensin II converting en-
zyme inhibition with a resultant decrease in both renal perfu-
sion pressure and efferent arteriolar constriction can precipi-
tously decrease GFR. For example, about one-third of patients
with severe congestive heart failure experience an abrupt rise
in serum creatinine concentration following angiotensin con-
verting enzyme inhibitor therapy (68). In the setting of heart
failure, this increase in serum creatinine following angiotensin
converting enzyme inhibition tends to be mild and readily re-
versible on discontinuation of the drug.

Several clinical conditions can result in enhanced renal af-
ferent arteriolar vasoconstriction, which potentially impairs re-
nal autoregulation, thereby decreasing glomerular capillary hy-
drostatic pressure and inducing ARF. For example, in the set-
ting of hemorrhagic hypotension or Gram-negative sepsis, the
combined effect of intense renal adrenergic neural traffic, nore-
pinephrine, angiotensin II, endothelin, a variety of lipid-derived
mediators (thromboxanes, leukotrienes, and prostaglandin F2a-
like compounds), and endotoxin can all exert potent vasocon-
strictor influences on the afferent arteriole of the kidney. Thus,
the decrease in systemic and, therefore, renal perfusion pres-
sure that accompanies septic or hemorrhagic shock, combined
with intense afferent arteriolar constriction, can result in a pre-
cipitous fall in GFR and ARF.

It is noteworthy that experimental studies demonstrate that
one effect of ischemic ATN may be to impair renal autoregula-
tion (69). Some of this impaired autoregulation appears to be
due to the effect of enhanced renal adrenergic neural tone and
increased action of renal vasoconstrictors such as thrombox-
ane to prevent afferent arteriolar dilation as renal perfusion
pressure is reduced (69). Impaired generation of endothelial-
derived relaxing factors such as nitric oxide may be impor-
tant determinants of abnormal autoregulatory responses under
normal and pathologic conditions. Sublethal endothelial injury
and endothelial dysfunction, resulting in an impaired release of
nitric oxide produced by endothelial-derived nitric oxide syn-
thase, have been described in ischemic kidneys (70,71). From
a clinical perspective in the setting of ATN, it is possible that
modest decreases in renal perfusion pressure can serve to main-
tain a decrease in GFR in the maintenance phase of ARF, thus
preventing or prolonging recovery from ATN.
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It is also of interest that fixed renal artery stenosis is an
important determinant of the renal autoregulatory response
and thus predisposition to ARF. Studies by Textor and as-
sociates suggest a “critical renal perfusion pressure” in pa-
tients with fixed renal artery stenosis (72). In these studies,
eight patients with unilateral renal artery stenosis tolerated
sodium nitroprusside–induced arterial pressure reduction with-
out a change in either GFR or estimated renal plasma flow. By
contrast, a similar pressure reduction in eight patients with
bilateral renal artery stenosis resulted in marked reductions
in GFR and renal plasma flow. Sensitivity of GFR and renal
plasma flow to blood pressure reduction was eliminated fol-
lowing revascularization in four patients with bilateral renal
vascular stenosis (72). In addition to impairing renal autoreg-
ulation, fixed renal artery stenosis may also impair renal blood
flow sufficient to cause a reversible form of prerenal azotemia
(73). Correction of renal artery stenosis may not improve blood
pressure or renal function if there is evidence of structural re-
nal damage such as high resistance to renal blood flow (74).
Although chronic renal hypoperfusion can lead to ischemic
glomerulopathy, improvement in renal function often occurs
in kidneys >9 cm in size once chronic vascular occlusion is
relieved (73).

A number of disorders that result in extracellular fluid vol-
ume depletion can override normal autoregulatory responses
and induce a prerenal form of ARF (64). For example, gas-
trointestinal losses of fluid can precipitate prerenal ARF. Pro-
longed nasogastric and biliary drainage (sodium concentration
150 mEq/L) of large amounts of fluid can cause ARF. Diar-
rhea of any cause can induce volume depletion and ARF. In
this regard, aggressive restoration of extracellular fluid volume
dramatically decreased the frequency of ARF owing to prerenal
causes that complicate cholera (75). In a collected series of 22
patients with villous adenoma (stool sodium 70 to 150 mEq/L),
all had azotemia with BUN as high as 200 mg/mL (76). Seques-
tration of extracellular fluid, as occurs with acute pancreatitis,
can cause ARF. In some studies, 1% to 7% of cases of ARF
have occurred in the setting of acute pancreatitis (77,78). In
a case series of 363 individuals with severe acute pancreatitis,
ARF occurred in 35.8% of patients and was an independent
predictor of mortality (79). Extensive dermal losses of salt, al-
bumin and water occur in the setting of burns (34,80,81). Early
in the course of patients with burns, ARF is often due to vol-
ume depletion with prerenal azotemia and rarely ischemic ATN
(34,80). Later, sepsis and aminoglycoside antimicrobial agents
produce a nonoliguric form of ARF in the setting of burns.
Burn size, inhalation injury, and albumin level at presentation
are risk factors for ARF in burn patients (34,81). Delay in fluid
resuscitation is associated with higher mortality (80). Excessive
dermal losses with extracellular volume depletion and ARF also
occur in heat stroke; however, rhabdomyolysis also is present
in many cases of heat stroke (82–84).

Acute renal failure resulting from excessive renal loss of
extracellular fluid also is common (55,62,85,86). Often this
is due to overzealous use of diuretic agents. Mild degrees of
azotemia often are seen in conditions of renal loss of fluid as
occurs with diabetic ketoacidosis; fortunately, ischemic ATN
is rare in this setting (86). Of note, ketoacidosis can interfere
with automated serum creatinine assays, producing artifactu-
ally high values. Renal loss of salt and water also can lead to
ARF in hyperosmolar, nonketotic states (87).

Interestingly, hemorrhagic shock, except in either occasional
circumstances or in the obstetric setting, rarely leads to se-
vere ARF. Of 590 patients with serious upper gastrointestinal
hemorrhage, only 8 died with ARF (88). Of 175 episodes of
gastrointestinal bleeding in 161 patients with cirrhosis, ARF
occurred in 20 of these episodes, and 11 patients died (89).
ARF occurring in the setting of acute myocardial infarction
also is rare. Causes of ARF in the setting of myocardial infarc-

tion include prolonged hypotension with cardiogenic shock,
contrast nephropathy, cholesterol embolism (from angiogra-
phy or thrombolysis [90]), drugs, renal tract obstruction due to
hemorrhage (91) and rarely, rhabdomyolysis from cardiopul-
monary resuscitation or cardioversion (92). In two series of
patients with acute myocardial infarction who underwent per-
cutaneous coronary angioplasty, ARF occurred in 3% (93) in
one series and 0.6% of patients required dialysis in another
series (94). The risk of ARF increases with the degree of hemo-
dynamic compromise. Of 118 patients with cardiogenic shock
following acute myocardial infarction, 39 developed ARF and
35 died (95).

The hepatorenal syndrome (see Chapter 75) is a life-
threatening complication of severe liver disease that shares
many features with prerenal azotemia (96,97). In 234 patients
with cirrhotic ascites, the probability of development of this
syndrome was about 40% over a 5-year period (97). It is gen-
erally agreed that severe renal vasoconstriction occurs with
the hepatorenal syndrome and is responsible in large part for
the ARF. The renal vasoconstriction may be caused by a com-
bination of enhanced renal vasoconstrictors (norepinephrine,
angiotensin II, vasopressin, endotoxin, endothelin, selected
thromboxanes, leukotrienes, and increased renal adrenergic
traffic) as well as decreased renal vasodilators (eicosanoids,
kinins, and nitric oxide). Other key hemodynamic features of
hepatorenal syndrome are systemic arterial hypotension, por-
tal hypertension, and splanchnic vasodilatation (98). Despite
some understanding of the pathophysiology of this disorder, no
therapeutic modality has been shown to be consistently benefi-
cial. Liver transplantation has been lifesaving in selected cases.
As a bridge to liver transplantation, intravenous albumin and
vasoconstrictors of the splanchnic circulatory bed such as terli-
pressin are helpful short-term agents which may improve renal
function in 50% to 75% of patients (98,99).

Postrenal Acute Renal Failure

Obstruction of urine flow is generally considered a less com-
mon cause of ARF. In several series, obstructive uropa-
thy is encountered in 2% to 10% of all cases in ARF
(18,22,37,38,44,54,56,57) (Table 41-3). However, obstructive
uropathy is more common in selected patient populations
such as the very young or older men with prostatic disease
and patients with a single kidney or intraabdominal cancer,
particularly pelvic cancer (18,100,101). Obstructive uropa-
thy is most frequently encountered in community- and hos-
pital ward-associated ARF and is less common in ICU-related
ARF (56,63). For example, obstructive uropathy constitutes
20% to 40% of all community-acquired ARF. Finally, the
cause of obstructive uropathy is often amenable to therapy.
Thus, obstructive uropathy should be considered in each case
of ARF.

The cause of obstruction of urine flow can be classified
as intrarenal or extrarenal (Table 41-3; Fig. 41-4). Intratubu-
lar deposition of either crystalline or proteinaceous material
can increase intratubular pressure, thereby decreasing effec-
tive glomerular filtration pressure. For example, intratubular
precipitation of uric acid can cause tubule obstruction and
ARF. Acute uric acid nephropathy is most often seen follow-
ing chemotherapy for leukemias and lymphomas (102,103).
In this setting, the liver converts the purine load generated by
cytolysis into uric acid. The high filtered load of uric acid and
tubular reabsorption combine to produce high tubular concen-
trations of soluble urate and uric acid. Acidification of tubular
fluid converts urate to uric acid, which can occlude tubular
lumens.

Abrupt exposure of the kidneys to high filtered loads
of other insoluble crystalline substances can also cause an
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intrarenal form of obstructive uropathy (104). For example,
ARF associated with calcium oxalate crystalluria can accom-
pany ethylene glycol ingestion, administration of the anes-
thetic agent methoxyflurane, and small-bowel bypass opera-
tions (105,106). Administration of high doses of methotrexate
can be associated with ARF, possibly owing to intratubular pre-
cipitation of the insoluble 7-hydroxy metabolite of methotrex-
ate (104). Other crystalline substances that can potentially pre-
cipitate within renal tubules and lead to ARF include acyclovir,
triamterene, sulfonamides, and protease inhibitors such as in-
dinavir (104,107–109). Intratubular precipitation of myeloma
proteins and perhaps other proteins also can lead to ARF (110).
Dehydration with resultant high tubular water reabsorption
and radiographic contrast material can facilitate intratubular
myeloma protein deposition.

Recognition of intratubular obstruction as a potential cause
of ARF has important therapeutic implications. For example,
prophylactic therapy with the xanthine oxidase inhibitor al-
lopurinol can prevent accumulation of uric acid in tumor ly-
sis syndrome. Moreover, forced diuresis decreases tubular salt
and water reabsorption, thereby diluting tubular fluid with
decreases in crystal and protein concentrations. Finally, ma-
nipulations that increase urinary pH can increase solubility of
crystalline substances such as methotrexate, uric acid, and sul-
fonamides (104).

Micropuncture and morphologic studies of an animal model
of ARF owing to uric acid nephropathy illustrate these points
(111,112). In this model, the underlying pathologic lesion is
deposition of uric acid crystals within collecting ducts and
deep cortical and medullary vessels. In these studies, high rates
of urine flow, either induced by high-dose furosemide (which
produced a solute diuresis) or in animals with central dia-
betes insipidus (which resulted in a water diuresis), protected
against the development of uric acid–induced ARF. By contrast,
either urinary alkalinization or induction of a mild diuresis with
a furosemide provided only minimal protection. These obser-
vations suggest that maintenance of high urinary flow rates
should be a major objective in cases of high uric acid loads. It
is also noteworthy that clinical experience suggests that main-
tenance of high urine flow may protect against development
of ARF in the setting of high doses of methotrexate infusion
and myeloma cases. Finally, in patients with ARF owing to uric
acid nephropathy, hemodialysis can remove large amounts of
uric acid and restore renal function.

Extrarenal lesions are the most common cause of postre-
nal ARF and are listed in Table 41-3. Several factors deter-
mine renal response to extrarenal obstruction. The site, degree,
and rapidity of onset of obstruction are all important. With-
out complicating infection, substantial improvement in renal
function can follow decompression of the urinary tract after
several days of complete obstruction. Prostatic obstruction is
by far the most common cause of postrenal ARF encountered
in men because of its critical location at the bladder outlet.
Obstruction of the upper urinary tract is a less common cause
of ARF because it requires simultaneous obstruction of both
ureters or unilateral ureteric obstruction with either absence
of or severe disease in the contralateral kidney. Intraureteric
obstruction can be due to stone, necrotic papillae, tumor, pus,
blood clots, and fungal balls. Papillary necrosis usually occurs
in the setting of sickle cell disorders, diabetes mellitus, chronic
urinary tract infections, analgesic abuse, obstructive uropathy,
and possibly chronic alcoholism. Extraureteric lesions produc-
ing obstruction include retroperitoneal fibrosis, adenopathy,
and tumors; pelvic tumors; and surgical ligation. Retroperi-
toneal fibrosis is often idiopathic but may be encountered in
response to retroperitoneal neoplasia as well as in the set-
ting of some pharmacologic agents (methysergide, methyldopa,
ß-blockers) and connective tissue diseases. A high frequency of
ARF due to prostatic carcinoma in males and pelvic carcinoma

(predominantly cancer of the cervix) in females causing ureteric
occlusion has been reported (18,101). Less commonly encoun-
tered causes of extrinsic ureteric obstruction include inflamma-
tory bowel disease (predominantly right-sided obstruction), an
inflammatory reaction resulting from a leaking abdominal aor-
tic aneurysm, and the late stages of pregnancy.

Norman and colleagues examined their experience with 50
cases of renal failure caused by ureteric obstruction experienced
over a 5-year interval (113). The cause of obstruction was ma-
lignant disease (cervix, prostate, bladder, bowel, or ovary) in
76% of cases. Nonmalignant causes of obstructive uropathy in-
cluded retroperitoneal fibrosis (16%), calculi (4%), and ligated
ureters (4%). Substantial survival time was observed following
relief of obstruction (often with percutaneous nephrostomy or
ureteral stents) in many of the patients with extensive malig-
nant disease.

Kaufman and associates (57) performed a prospective study
looking at ARF that develops while living in the community.
Of 100 patients with ARF, 20 cases were due to obstruction.
Causes of obstruction included benign prostatic hypertrophy
(12 patients); prostatic carcinoma (2 patients); and individual
cases of lymphoma, ureteral stones, and bladder stones (57).

Recent reports emphasize that stone-induced obstruction
may be a relatively frequent cause of ARF in selected popula-
tions (114,115). Grundy and collaborators described urosepsis
as the setting of ARF in five quadriplegic patients. In three of
these five patients, stone-induced obstructive uropathy played
a role in the sepsis (114). Ansari et al. (115) have emphasized
that uric acid obstruction of the ureters with anuric ARF can
be seen in young male residents of the Near East. From 1978
to 1981, they encountered eight male patients with ARF, loin
pain, and anuria owing to ureteral obstruction with uric acid
calculi. Retrograde pyelography and either local or systemic al-
kalinization dissolved the stones, relieved the obstruction, and
returned renal function to normal.

Pharmacologic agents with potential anticholinergic effects
(e.g., tricyclic antidepressants, phenothiazines, antihistamines)
and cold remedies containing α-adrenergic agents (e.g., phenyl-
propanolamine) often precipitate acute urinary retention by
impairing detrusor function and enhancing bladder sphincter
tone, respectively.

Acute Renal Failure

A variety of renal disorders can cause ARF (Table 41-4). These
diagnoses should be considered when prerenal and postrenal
disorders have been excluded. The frequency with which renal
causes are encountered in patients with ARF varies between
25% and 80%. In a series of pediatric patients, as many as 50%
of all cases of ARF can be attributed to such renal parenchymal
disorders as acute glomerulonephritis and hemolytic-uremic
syndrome. In hospitalized adults in whom prerenal and postre-
nal azotemia have been excluded, ARF is often caused by ATN.
By contrast, in an outpatient setting in which prerenal and
postrenal causes have been excluded, other renal parenchy-
mal diseases more often cause ARF. The renal causes of ARF
can be categorized most systematically by their anatomic site
of origin. Thus, vascular, glomerular, interstitial, and tubu-
lar disorders occur. Acute renal failure due to renovascular
(Chapters 52 and 70), glomerular (Chapters 58–69), and in-
terstitial disorders (Chapter 48) are discussed in detail in other
chapters.

The underlying disorders that usually predispose to ATN
are listed in Table 41-4 and Figure 41-4. Basically, three ma-
jor categories of insults predispose to ATN. These categories
include renal ischemia (prolonged prerenal failure), nephro-
toxins, and pigmenturia (myoglobinuria and hemoglobinuria).
Studies of patients with ATN emphasize that multiple insults to
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renal function are usually present. For example, in more than
600 well-characterized patients with ATN, about half had more
than a single insult to renal function (35,38–42,55). Several ex-
perimental studies in animal models of ARF demonstrate that
multiple renal insults such as fever, bacteremia, endotoxemia,
relative hypotension, and aminoglycoside agents individually
produce relatively minor decrease in renal function. Collec-
tively, however, these insults can produce marked decrements
in renal function with resulting ARF (116,117).

The most common predisposing factor in the development
of ATN appears to be renal ischemia resulting from prolonged
prerenal azotemia (37,38,41–44,55). Sepsis, and particularly
septic shock, has assumed an ever-increasing role as a major
predisposing factor in the occurrence of ATN (37,38,42,55,56).
Nephrotoxins (Chapters 42–47) account for about 25% of
all cases of ATN (85,118). Contemporary nephrotoxins com-
monly encountered include the aminoglycoside antimicrobial
agents, radiographic contrast materials, nonsteroidal antiin-
flammatory drugs (NSAIDs), organic solvents, and heavy met-
als such as cisplatin and carboplatin. A prospective case control
study found that the relative risk for development of ARF was
increased five- to sixfold by exposure to either aminoglyco-
side antimicrobials or radiocontrast agents (55). The increas-
ing number of infections in patients with AIDS has served as a
strong reminder of the significant nephrotoxicity and ARF that
can accompany therapy with pentamidine, sulfamethoxazole–
trimethoprim, amphotericin B, foscarnet, acyclovir, cidofovir,
aminoglycosides, and β-lactam antibiotics (30,31,119). The
use of recombinant cytokine therapy for advanced solid tumors
has been associated with nephrotoxicity following gamma in-
terferon and interleukin-2 treatment (120,121). Intravenous
immunoglobulin therapy has been used to treat a variety of
immunologic disorders. Such therapy can occasionally be as-
sociated with ARF, although the mechanism appears unclear
(122). In addition to ischemia and nephrotoxins, a third com-
mon predisposing factor in ATN cases is pigmenturia caused
by either hemoglobin or myoglobin. Finally, no specific identi-
fiable cause is found in a few cases of ATN.

Rasmussen and Ibels examined risk factors for the devel-
opment of ATN (123). In this study, the records of 143 pa-
tients who developed an acute increase in serum creatinine
of more than 2.2 mg/dL and who did not have prerenal or
postrenal azotemia, glomerulonephritis, and interstitial nephri-
tis were examined by retrospective multivariate analyses. Ap-
proximately 60% of these patients were seen in a surgical
setting. The following were considered possible acute in-
sults: hypotension (74%), sepsis (31%), contrast media and
aminoglycosides (25%), pigmenturia (hemoglobin, myoglobin,
22%), and dehydration (35%). Nearly two-thirds (64%) of the
143 patients had more than one acute insult before ATN. In
three more recent series of ICU-associated ARF, 30% to 48%
of patients experienced sepsis, 17% to 30% either impaired
cardiac output or volume depletion, and 20% to 30% were
exposed to one or more nephrotoxins (43,44,56).

CLINICAL SETTINGS OF ACUTE
RENAL FAILURE

Multiple Organ Failure

Acute renal failure is increasingly recognized to occur com-
monly in the context of multiple organ failure. This is partic-
ularly true when ARF is encountered in critically ill patients.
In the extensive experience of Liano and associates, only 11%
of intensive care unit (ICU)–associated ARF occurred without
failure of at least one additional organ system (56,124). By
contrast, in Liano’s series, 69% of hospital ward-associated

ARF occurred without failure of another organ system. Of
more than 200 cases of intensive care unit-associated ARF,
11% had none, 24% had one, 40% had two, and 26% had
concomitant failure of three or more concomitant organs (56).
Allgren and colleagues reported that of ARF patients, 48%
to 55% were on assisted ventilation, 26% to 35% had con-
gestive cardiac failure, 27% to 42% were septic, and 13% to
33% had acute hepatic dysfunction at the time of presentation
of ARF (42). Groeneveld and co-workers found that 90% of
ICU patients who developed ARF had failure of other organ
systems (125). In their experience, other organ systems failed
90% of the time before the ARF became apparent. Together
these and other observations emphasize that intensive care unit-
associated ARF usually occurs in the context of dysfunction of
two or more additional organ systems. Moreover, this ARF
usually appears after the onset of dysfunction of other organ
systems.

A case-controlled study provides a unique perspective on
the association of ARF and multiple organ dysfunction (35).
This analysis of moderate radiocontrast-associated ARF found
that preexisting sepsis (22%), respiratory failure (36%), mental
status changes (41%), and clinically significant bleeding (15%)
were commonly present before the onset of ARF (35). How-
ever, after the onset of ARF the percentage of patients that
previously did not have the condition that experienced sep-
sis was 45%, respiratory failure 78%, mental status changes
68%, and bleeding 27%. These observations emphasize that
although ARF often complicates the course of patients with
multiple organ dysfunction, the occurrence of ARF often her-
alds either the onset or the further development of multiple
organ failure.

The cause of ARF in the setting of multiple organ dys-
function can rarely be attributed to a single insult (37,38,41–
44,55,125). Renal ischemia owing to hemodynamic instability
and impaired cardiac output, intravascular volume depletion,
sepsis, and exposure to potential nephrotoxins are nearly uni-
form accompaniments of ARF when it occurs in the setting of
multiple organ dysfunction.

The basic principles of treatment for ARF occurring in the
setting of multiple organ failure do not differ substantially from
isolated ARF. However, with multiple organ failure, the associ-
ated hemodynamic instability and requirement for continuous
adjustment of volume status often demands early continuous
modalities of renal replacement therapy (125).

Older Age

The frequency of development of severe ARF is undoubtedly in-
creased with advancing age. In a prospective, 2-year study of a
450,000 person population, Feest and co-workers found that
individuals over 70 years of age comprised more than 70%
of all cases of ARF (18). The frequency of severe ARF was
17 per million population in those under 50 years of age and
was increased by 56-fold (949 per million population) in those
aged 80 to 89 years (18). The mean age of several recent se-
ries of patients with severe ARF has ranged from 54 through
69 years. Pascual et al. (126) found that 14% of all ARF en-
countered in Madrid, Spain referral centers occurred in patients
aged 80 years or older.

Elderly individuals have multiple other comorbidities that
put them at higher risk of ARF. Fortescue et al. (127) found that
in a prospective cohort of 8,797 patients undergoing coronary
artery bypass grafting, 1.8 to 1.9% of patients over 70 years
of age required dialysis versus 0.5 to 1.0% under the age of
70. However, in a stepwise logistic regression analysis, cardio-
genic shock, history of renal disease, elevated left-ventricular
end diastolic pressure in addition to age were also found to be
independent predictors of development of ARF.
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The causes and underlying predisposing factors of ARF in
the elderly generally mirror those seen in a younger popu-
lation. However, prerenal and postrenal causes of ARF may
be especially common in the aging population. For example,
Pascual et al. (126) found prerenal causes increased from
21% to 30% when individuals less than 65 years of age were
compared with those over 80 years of age. Moreover, postrenal
causes increased from 7% to 21% when those less than 65 were
compared with those over 80 years of age. Together, prerenal
and postrenal causes of ARF comprised 52% of all causes of
ARF in the over 80 years of age population (128). Renal causes
including those of vascular, glomerular, interstitial, and tubular
origins are also encountered in the elderly population. Preston
and collaborators found that 55 of 363 renal biopsies done on
an over 65 years of age group were performed because of ARF
(128). Of those 55, 42% revealed acute glomerulonephritis,
27% ATN, 16% renal vascular diseases, and 15% acute inter-
stitial nephritis (128).

One specific concern with regard to ARF in an elderly pop-
ulation is use of NSAIDs and selective cyclooxygenase-2 in-
hibitors. About 10% to 15% of older adults in the United
States consume these medications on a regular basis (19,129).
Population-based case-control studies demonstrated that the
incidence of ARF is rare (two per 100,000 person-years) but
is increased fourfold by NSAID usage (19). In a population
of individuals with an average age of 79 years, NSAID usage
was associated with twofold-increased likelihood of having a
blood urea nitrogen (BUN) >23 mg/dL and a serum creatinine
>1.4 mg/dL (129). Selective cyclooxygenase-2 inhibitors ap-
pear to have a potential to reduce GFR similar to conventional
NSAIDs in the elderly (66). There are several case reports in
the elderly of ARF due to selective cyclooxygenase-2 inhibitors
(130–132). A randomized trial of 8059 patients (39% aged
over 65) compared a selective cyclooxygenase-2 inhibitor to
a NSAID (133). Increased creatinine levels occurred in 0.7%
of the selective cyclooxygenase-2 inhibitor versus 1.2% of the
NSAID group (133).

The influence of increasing age on ARF outcome is debated.
Some but not all studies demonstrate a direct relationship be-
tween advancing age and ARF mortality (126). There are, how-
ever, numerous outcome variables in the setting of ARF and a
contribution of age, independent of comorbidity, on ARF out-
come is difficult to ascertain. When stratified by severity of
illness, recent studies do not suggest that age is an important
ARF outcome determinant.

Sepsis or Infection

The occurrence of either frank septicemia or systemic inflam-
matory response syndrome is commonly noted in conjunction
with development of ARF. Shusterman and collaborators found
that septic shock was the clinical condition associated with the
highest likelihood of development of hospital-acquired ARF
with an adjusted odds ratio near infinity (55). Three studies of
ICU-associated ARF found that sepsis was a predisposing fac-
tor in 30% to 48% of cases (40,43,44). In a multicenter study
of 81 ICU’s across Australia, septic shock accounted for 45%
of cases of ARF requiring dialysis (134). In 234 patients with
community-acquired bacteremia, 24% developed some degree
of ARF (28). In about half of these patients, the ARF was mild
to moderate in severity and readily reversible, whereas in the
remainder it was severe and persisted (28). In a hospital-based
study (135), ARF developed in 19% with sepsis, 23% with
severe sepsis, and 51% with septic shock in culture-positive
individuals.

Several types of infections with prominent systemic mani-
festations such as leptospirosis are occasionally complicated by
ARF (see Table 41-4). A national pneumonia surveillance study

found that 8% of patients hospitalized with pneumonia have
some element of ARF (27). Some degree of ARF can be encoun-
tered in the context of specific causes of pneumonia such as that
due to Legionella species and other organisms (136,137). Sev-
eral systemic bacterial infections such as those due to bacterial
endocarditis and visceral abscesses are associated with devel-
opment of ARF (138). Severe bacterial pyelonephritis can be
associated with bacteremia and ARF (139). Systemic infections
of nonbacterial origin are also associated with ARF. Examples
include Rocky Mountain spotted fever where ARF occurs in
up to 20% of cases (29). Other examples of systemic, nonbac-
terial infections associated with ARF include Hantavirus and
candidiasis (140,141). Malaria-associated ARF is common in
many geographic areas (142).

The causes of ARF in patients with sepsis and infection
are diverse (143–148)(see Table 41-7). Prospective studies have
identified several risk factors for acute renal failure in patients
with sepsis. Older age, elevated serum creatinine level despite
elevated central venous pressure (CVP), and presence of hep-
atic failure were predictive for ARF in 2442 patients with sepsis
admitted to an intensive care unit (149).

Therapeutic efforts for sepsis-related ARF, other than iden-
tification and treatment of the offending infectious agents,
generally are supportive in nature. Some enthusiasm for con-
tinuous hemofiltration for treating sepsis-associated ARF has
been generated (150,151). One rationale supporting such ther-
apy is potential removal of proinflammatory cytokines; how-
ever, the brief half-life of many of these substances and direct
measurements have demonstrated very limited removal of cir-
culating mediators by continuous hemofiltration (151). In ad-
dition, large controlled trials of monoclonal antibodies and
receptor antagonists directed against either tumor necrosis fac-
tor or interleukin-1 in patients with the sepsis syndrome have
been disappointing (151).

TA B L E 4 1 - 7

PATHOPHYSIOLOGIC FACTORS IN SEPTIC ARF

Prerenal
Hypoperfusion
Renal
Intrarenal vasoconstriction with redistribution of blood flow

away from outer medulla (143)
Activation of coagulation and fibrinolysis (intraglomerular

thrombosis and disseminated intravascular coagulation)
Norepinephrine
Angiotensin II
Endothelin
Interleukins (IL-6, Il-8, IL-10) (144)
Extrarenal toll-like receptor 4 (146)
Platelet activating factor
Eicosanoids
Tumor necrosis factor (145)
Apoptosis (144)
Acute tubular necrosis (312)
Interstitial nephritis (140,312)
Disseminated intrarenal microabscesses (147)
Rhabdomyolysis, hemoglobinuria, and myoglobinuria

(142,148)
Glomerulonephritis (138)
Postrenal
Drug-induced intratubular crystallization (acyclovir,

sulfonamides, protease inhibitors, foscarnet)
Fungus balls
Sloughed papilla
Renal calculi
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Human Immunodeficiency Virus Infection

Acute renal failure is common in the setting of human immun-
odeficiency virus (HIV) infection (30,31,119,152–155) (see Ta-
ble 41-8). The frequency of occurrence of ARF complicating
the course of HIV infection is dependent on the stage of the
disease, treatment regimen, comorbid complications, and so-
ciodemographic features of the population studied. An early
study that antedated current treatment protocols found 55%
of 246 patients with advanced HIV infection experienced one
or more episodes of a >0.3 mg/dL increase of serum creatinine
over a 42-month interval (152). In this study, 20% of patients
experienced a >2.0 mg/dL rise in serum creatinine and 7% had
a peak serum creatinine that exceeded 6 mg/dL (152). Several
other studies demonstrated a high frequency of occurrence of
ARF in HIV populations in the context of the treatment reg-
imens in use in the 1980s (30,31,154). Many clinicians expe-
rienced in the care of HIV-infected patients feel that advances
in overall management have decreased the frequency and im-
proved the prognosis of HIV-associated ARF (30). In a single
center series of 92 HIV positive patients with ARF admitted
between 1988 and 1997, most patients recovered with symp-
tomatic treatment, but 18% of patients died within 2 months
of their diagnosis of ARF (155).

Multiple potential causes are usually present in patients with
HIV infection that develop ARF (30,31,152–155). The rela-
tive frequency of the cause depends on the characteristics of
the HIV population being reported, the frequency with which
renal biopsies are performed, and the academic interests of
the reporting center. Often comorbid and/or associated condi-
tions such as hypertension, diabetes mellitus, malignancy, in-
travenous drug abuse, and multiple infections are present that
can contribute to renal dysfunction. Potential prerenal causes
include gastrointestinal volume loss/sequestration, poor fluid

TA B L E 4 1 - 8

CAUSES OF ARF IN HIV-POSITIVE PATIENTS

Prerenal
Hypovolemia—gastrointestinal losses, poor fluid intake,

severe hypoalbuminemia, renal salt wasting, diabetes
insipidus

Hypotension and reduced renal perfusion—sepsis,
cardiomyopathy, cirrhosis/hepatic insufficiency,
pancreatitis, nephrotic syndrome

Intrarenal
Vascular—microangiopathy (hemolytic uremic syndrome and

thrombotic thrombocytopenic purpura), drug-induced,
infection, plasmacytic interstitial nephritis

Glomerular—HIV associated glomerulosclerosis, IgA
nephropathy, immune complex glomerulonephritis

Tubulointerstitial—acute tubular necrosis (nephrotoxic,
ischemic, pigment-related)

Postrenal
Intrarenal—tubular precipitation of uric acid, sulfadiazine,

acyclovir, protease inhibitors, foscarnet
Extrarenal—extraureteric (fibrosis, tumor, lymph nodes),

intraureteric (stones, pus, fungus balls, sloughed papilla),
bladder (structural, e.g., stones and blood clots and
functional, e.g., neuropathic), urethral obstruction
(urethritis, stricture, blood clots)

IgA, immunoglobulin A.
(Adapted from: Perazella MA. Acute renal failure in HIV-infected
patients: a brief review of common causes. Am J Med Sci
2000;319:385.)

intake, severe hypoalbuminemia, and early sepsis (30,31,152–
155). Postrenal possibilities include intrarenal (tubular precip-
itation of sulfadiazine, acyclovir and protease inhibitors, and
tubular precipitation of myeloma protein) (105), extrarenal
(extraureteric blockage from fibrosis, tumor and nodes, and
intraureteric obstruction from stones, pus, fungus balls, and
papillae), and bladder/urethra (obstructing prostate) origin
(30,31,152–155).

A renal source appears to be an especially common cause
of ARF in the HIV population. Such renal causes include
those of vascular (shiga–toxin independent hemolytic-uremic
syndrome) and glomerular (HIV-associated glomerulosclerosis;
cytomegalovirus [CMV], hepatitis B and C and other infection-
associated glomerulopathies; tumor-associated glomerulopa-
thy; and lupus-like glomerulopathies) origin (155). Although
earlier studies suggested ATN as a common renal cause of
ARF in HIV populations, more recent reports suggest a de-
clining frequency of ATN (30). Potential causes of ATN
include ischemia (prerenal disorders, sepsis), drugs (NSAIDs,
radiocontrast, aminoglycoside, pentamidine, foscarnet, am-
photericin), and pigmenturia from rhabdomyolysis. Other re-
nal causes of ARF in HIV-infected individuals include allergic
interstitial nephritis (trimethoprim–sulfamethoxazole, pheny-
toin, rifampin, and multiple other agents) and a rare but treat-
able disorder characterized by plasmacytic interstitial nephri-
tis (154). The nucleotide analog tenofovir causes a reversible
acute renal impairment and Fanconi syndrome (156,157). The
use of highly active antiretroviral therapy (HAART) is associ-
ated with reconstitution of CD4 positive T cells. Reactivation
of latent infection such as tuberculosis and cryptococcosis is a
recognized consequence of HAART (158). Immune reconstitu-
tion may cause ARF due to reactivation of urinary tuberculosis
(159).

A recent report of 92 HIV-infected individuals with ARF
illustrates the spectrum of causes and potential utility of renal
biopsy (155). The patients in this series were generally late in
the course of HIV infection and had a mean CD4+ count of
76/mm3. A renal biopsy was performed in 60 patients. The
most common cause of ARF was hemolytic-uremic syndrome
(36%). Other causes included ATN (27%), intrarenal or ex-
trarenal obstruction (17%), HIV-associated glomerulosclero-
sis (16%), other glomerulopathies (4%), interstitial nephritis
(2%), and myeloma kidney (1%).

The prognosis of ARF complicating HIV infection is depen-
dent on the cause. A report of severe ARF (serum creatinine of
6 mg/dL or higher) found roughly comparable renal recovery
in HIV-infected and noninfected ARF patients (56% and 47%,
respectively) and comparable overall ARF mortality of 55% to
60% (30). A significantly higher percentage of the HIV ARF
population than the non-HIV ARF group was considered to
be terminal and was not dialyzed (36% vs. 18%, respectively).
Many of the non-ATN causes of HIV-associated ARF appear
to be responsive to therapeutic modalities (160).

Postoperative State

The postoperative period is currently one of the most prevalent
settings of ARF. For example, 27% of the 748 cases of ARF
reported by Liano and Pascual were encountered in the post-
operative setting (40). Postoperative ARF accounted for 25%
of all intensive care unit-associated ARF and 8% of all hospi-
tal ward-associated ARF in this study (40). Older studies by
Charlson and associates indicated that 25% of elective, non-
cardiac surgical procedures were complicated by an acute rise
in serum creatinine of 20% or greater (161). A 50% decline
in endogenous creatinine clearance occurred in 11% of these
patients (161). More recent studies indicate that mild ARF
occurs in 7% to 8% of patients undergoing cardiac surgery
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and that about 1% of such patients will require renal replace-
ment (24,25).

In studies by Chertow and associates (25), the development
of postcardiac surgery ARF sufficient to require renal replace-
ment therapy increased 30-day mortality by 15-fold (4% to
64%). Recursive partitioning could allocate patients into dis-
tinct risk groups for development of ARF (25). For example,
use of intraaortic balloon pump, cardiomegaly plus New York
Heart Association Class IV functional status or the presence
of peripheral vascular disease plus a cardiac valve replacement
operation were the three clinical settings associated with rela-
tively high risk (>5%) of developing severe postoperative ARF
(25). Leacche and colleagues (162) followed 13,847 consecu-
tive patients undergoing cardiac surgery, 40 (0.3%) of whom
developed postoperative ARF requiring dialysis. Of these
40 patients, 29 died and 7 of the remaining 11 survivors re-
quired permanent dialysis (162).

Several risk factors have been identified for ARF after car-
diac surgery. The use of cardiopulmonary bypass was an in-
dependent predictor of ARF in a series of 2199 patients un-
dergoing coronary artery bypass surgery (163). Mangano and
colleagues (164) performed a multicenter prospective study of
2,222 patients undergoing cardiac surgery. Use of cardiopul-
monary bypass for greater than 2 hours was associated with a
3.7 times relative risk of acute renal impairment (serum crea-
tinine >2.0 mg/dL or increase of 0.7 mg/dL) or dialysis. Other
risk factors identified included older age, congestive heart fail-
ure, previous coronary artery bypass surgery, preexisting re-
nal impairment, diabetes, hyperglycemia, and poor ventricular
function (164).

The use of hypothermia during cardiopulmonary bypass
has been associated with worse post-operative renal function
(165) (compare to effects of therapeutic hypothermia in sec-
tion on cardiopulmonary resuscitation below). In a series of
1,442 patients undergoing coronary artery bypass surgery, the
use of hypothermia was associated with worse renal function
at 24 hours postoperatively, but similar renal function 1 week
postoperatively (166). Duration on cardiopulmonary bypass
was longer in the hypothermia group (because of the need for
cooling down and rewarming), which may be the explanation
for why the patients undergoing hypothermia had transiently
worse postoperative renal function.

Another clinical situation in which a relationship between
renal ischemia and ATN is well established involves surgical
procedures on the aorta. In 25 series of more than 7,000 pa-
tients with an operation for an abdominal aortic aneurysm,
17% developed mild and 6% severe ARF. Mortality rate for
ARF was 61% (167). Gornick and Kjellstrand reported their
experience with 47 patients with ATN who required dialysis
following repair of an abdominal aortic aneurysm (168). These
47 patients constituted approximately 15% of the patient pop-
ulation that required dialysis for ATN over an 11-year interval.
Survival in patients with ATN after surgery for abdominal aor-
tic aneurysms was low (21%).

Individuals undergoing aortic or thoracoabdominal aortic
surgery commonly have renal arterial disease. A retrospective
nonrandomized study (169) suggested that ARF requiring dial-
ysis was less common in patients who had previously under-
gone renal artery endarterectomy for occlusive disease.

A third operative setting felt to be associated with a high
frequency of ARF is that of the jaundiced patient. A review
of 16 series made up of 2,300 jaundiced patients found an
overall frequency of development of ARF of 8% (167). Re-
cently, a very small (N = 23) prospective study of patients un-
dergoing surgery for relief of obstructive jaundice studied the
frequency of development of ARF (170). All patients were ag-
gressively hydrated preoperatively and then assigned to receive
either dopamine or no dopamine. No cases of ARF were seen
in either group (170).

Abdominal operations may be associated with ARF postop-
eratively. Sugrue and colleagues (171) identified increased in-
traabdominal pressure as an independent risk factor contribut-
ing to postoperative ARF in patients undergoing abdominal
surgery, a phenomenon known as the abdominal compartment
syndrome. Operative exploration and decompression of 279
patients whose intraabdominal pressure exceeded 25 mm Hg
resulted in diuresis and resolution of ARF in 7 patients (172).
Proposed mechanisms include increased renal vascular resis-
tance and increased levels of antidiuretic hormone, renin, al-
dosterone, and catecholamine concentrations (171,173–176).
Pressure on the ureter is not thought to be an important factor
(171).

What underlies the relatively high frequency of ARF that oc-
curs in relation to elective surgical procedures? In many cases,
underlying comorbidity (diabetes mellitus, chronic hyperten-
sion, vascular disease, congestive heart failure, myeloma, cir-
rhosis) leads to diminished baseline GFR and reduced renal
reserve (161,177). With this background, the “surgical expe-
rience” may induce afferent arteriolar renal vasoconstriction
and diminished GFR (178,179). Clinical ARF may then occur
if an additional renal insult is encountered. These additional
renal insults often are referred to as “second hits,” and include
reoperation, sepsis, nephrotoxin exposure, circulatory/volume
deficits, and heart failure (161,177).

Trauma and Burns

The frequency with which ARF accompanies major trauma is
dependent on the definition of ARF and the trauma population
studied. A retrospective review of nearly 73,000 admissions to
nine referral trauma centers over 5 years revealed only a 0.1%
incidence of ARF sufficient to require renal replacement ther-
apy (32). By contrast, 31% of prospectively studied trauma pa-
tients admitted to a single ICU developed either a rise in serum
creatinine of >2 mg/dL or a 20% increase if baseline values
were abnormal (32,33,180). The frequency of ARF compli-
cating earthquake trauma is unknown but may be substantial
in patients with significant degrees of rhabdomyolysis (181).
In the earthquake in the city of Marmara, Turkey, 639 victims
developed ARF, 477 required dialysis, and 97 died (182,183).

The causes of posttraumatic ARF depend on the timing
of onset of ARF (32,33,180,181). When present early in the
posttraumatic course, ischemia caused by hypotension and
pigment-associated ARF, either alone or in combination, are
the most common predisposing factors. When ARF occurs later
in the course of the traumatized patient, it usually arises in the
context of multiple organ failure and sepsis. Risk factors for
development of posttraumatic ARF include high injury severity
scores, hypotension at admission, high creatine phosphokinase
(CPK) values (over 100,000 to 250,000), and requirement for
mechanical ventilation.

About half of posttraumatic ARF is modest in degree with
peak serum creatinine concentration less than 4 mg/dL (33).
Generally speaking, any degree of posttraumatic ARF is asso-
ciated with significant mortality. Thus, in the study of Vivino
and associates, the mortality of mild ARF (peak serum creati-
nine <4.0 mg/dL) was 71%, whereas with greater degrees of
severity of ARF it was 93% (33).

Acute renal failure complicating burn injury occurs in 5% to
15% of patients with third-degree burns exceeding 10% of
body surface area (34,80). As with posttraumatic ARF, the
occurrence of postburn ARF appears to be biphasic. Volume
depletion, hypotension, and myoglobinuria usually are con-
tributing factors when ARF occurs early postburn (34,80).
Acute renal failure occurring later in the course of burn injury
usually occurs in the context of sepsis, nephrotoxin exposure,
and multiple organ failure (34,80). The degree of burn injury
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and the occurrence of infection are closely related to develop-
ment of ARF (34,80). Mortality of burn injury complicated by
ARF is exceptionally high and exceeds 85% in nearly all studies
(34,80). Survivors tend to be younger, with less extensive burns
and with clinical courses not complicated by sepsis (34,80).

Acute Renal Failure Complicating Nonrenal
Solid Organ Transplantation

The widespread success and availability of transplantation of
hearts, pancreases, lungs, bone marrow, and livers has been
associated with substantial occurrence of renal failure that is
both acute and chronic in nature. Much of the chronic renal
failure seen after nonrenal solid organ transplantation appears
attributable to cyclosporine and tacrolimus (184).

The frequency with which ARF complicates cardiac trans-
plantation varies depending on the immunosuppressive regi-
men used and the underlying health of the recipient. Patients at
highest risk are those with abnormal baseline renal function,
recipients of high-dose cyclosporine, significant comorbidity,
and associated posttransplant cardiac dysfunction (185). The
frequency of occurrence of severe ARF after cardiac trans-
plantation ranges from 5% to 15% in most series. In their
series of 56 cardiac transplant patients, Stevens and colleagues
(186) reported that 6 (11%) required renal replacement ther-
apy. However, mild degrees of ARF are much more common
and are seen in 25% to 50% of all cardiac transplant recipi-
ents (185,187,188). Typically, ARF after heart transplantation
occurs within the first week posttransplantation and is char-
acterized by an oliguric state, unremarkable urine sediment,
and urinary diagnostic indices typical of prerenal azotemia
(185). Often, a high BUN to creatinine ratio and dispropor-
tionate hyperkalemia are present. Late ARF can be seen in the
setting of rhabdomyolysis in patients taking an HMG-COA
(3-hydroxy-3-methyl-glutaryl-coenzyme A) reductase inhibitor
and cyclosporine (189). General supportive treatment and re-
duction or elimination of cyclosporine are the mainstays of
therapy (185–188). Even with severe ARF, survival may be
good, perhaps because of the younger age of recipients and
the presence of single organ failure (185). A small randomized
trial did not demonstrate benefit of pretreatment with the renal
vasodilator urodilatin (188).

Acute renal failure occurs commonly in patients awaiting
and following liver transplantation. Over 18 months at a sin-
gle large liver transplantation center, ARF occurred in 36%
of end-stage liver disease patients who were not transplanted
and in 30% of transplanted patients during their postoperative
course (96). In this series, ARF was defined as either doubling
of the serum creatinine within 24 hours or development of
oliguria with need for dialysis. Patients with reversible prere-
nal azotemia were excluded. In another study, ARF occurred
after liver transplantation in 51% of cases (190). Most (66%)
of this ARF was modest in degree, although 34% of patients
required dialysis (190). Patients at highest risk for the devel-
opment of ARF in the setting of liver transplantation are those
with higher comorbidity as reflected by higher Acute Physiol-
ogy and Chronic Health Evaluation (APACHE) scores as well
as those with abnormal basal renal function and impaired graft
function.

The causes of ARF pretransplantation are usually attributed
to either the hepatorenal syndrome or ischemic ATN (96,190).
Acute renal failure after liver transplantation usually is due to
ATN (about 60% of cases), which is most commonly ischemic
and occasionally nephrotoxic in origin. Other common con-
tributors to postliver transplantation ARF include cyclosporine
(30% to 40%), hepatorenal syndrome (5% to 10%), sepsis
(1% to 10%), and rhabdomyolysis (1% to 5%).

Liver transplant recipients who develop ARF exhibit post-
operative mortality that exceeds that seen in those without ARF
fourfold to sevenfold, an average of 30% to 50% (187,190).
Interestingly, transplanted patients who develop ARF prior to
liver transplant appear to have comparable mortality (29%) to
those who develop ARF posttransplant (41%) (96).

Patients who develop ARF after liver transplantation not
uncommonly progress to end-stage renal failure. Paramesh and
colleagues studied 1,602 orthotopic liver transplant recipients,
of whom 350 (22%) required dialysis postoperatively. Forty-
three (2.7%) developed end-stage renal failure. Risk factors
included cyclosporine and the presence of diabetes pretrans-
plantation (191).

Acute renal failure is a common accompaniment of bone
marrow transplantation, where it is estimated to complicate
the course of 30% to 60% of allogeneic, 5% to 15% of autol-
ogous, and 5% of nonmyeloablative transplants (192–198) (see
Table 41-9). About half of all patients with ARF have a suf-
ficient degree of renal failure to require renal replacement

TA B L E 4 1 - 9

HEMOPOIETIC CELL TRANSPLANTATION AND ARF

Autologous Allogeneic Nonmyeloablative

Study (198) (194) (193)
Number of patients 160 88 253
Population studied Breast cancer (regional

lymph node spread or
metastases)

Lymphomas and leukemias
(N = 79), breast cancer
(N = 7), multiple myeloma
(N = 1), myelodysplastic
syndrome (N = 1)

Lymphomas and leukemias
(N = 183), multiple
myeloma (N = 70)

Grade 0 renal dysfunction 44% 8% 10%
Grade 1 renal dysfunction 35% 23% 50%
Grade 2 renal dysfunction 14% 36% 36%
Grade 3 renal dysfunction 7% 33% 4%
Mortality 7% 58% 34%

Grade 0 = decrement in GFR (as calculated by Cockcroft and Gault formula) of less than 25% from baseline.
Grade 1 = fall in GFR >25% from baseline but rise in serum creatinine less than twofold.
Grade 2 = fall in GFR >25% from baseline and rise in serum creatinine greater than twofold but without requiring dialysis.
Grade 3 = same as grade 2 but with dialysis.
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therapy. Traditionally, the causes of ARF after bone marrow
transplantation have been managed by time of onset (192,195–
197). Very early ARF (within 1 week) is rare and usually at-
tributable to either tumor lysis syndrome from cytoreductive
therapy or bone marrow infusion toxicity. Bone marrow infu-
sion toxicity often is caused by the presence of free hemoglobin
from the red cell destructive action of freeze–thaw cycles and
dimethylsulfoxide (DMSO) exposure. Acute renal failure is a
relatively common occurrence 20 to 30 days after transplan-
tation. This ARF is categorized as resulting from a form of
hepatorenal syndrome owing to graft versus host disease or
nephrotoxins or is multifactorial (prerenal factors, sepsis) in
nature. Adenovirus associated nephritis is an unusual cause
of ARF that occurs in allogeneic stem cell transplantation
(199). These patients developed ARF in association with symp-
toms such as hematuria, flank pain, fever, and cystitis. Kidney
biopsy revealed nuclear inclusions within renal tubular epithe-
lial cells which were positive for adenovirus immunocytochem-
ical stains (199). An even later form of ARF occurs usually
in the context of thrombotic microangiopathy or cyclosporine
nephrotoxicity. Mild forms of ARF (doubling of serum creati-
nine) after bone marrow transplant are associated with 20% to
45% mortality. Post–bone marrow transplant ARF sufficient to
require hemodialysis is associated with greater than 80% mor-
tality.

Cardiovascular Disease

Heart disease is the leading cause of mortality and hospital-
ization in patients over 65 years of age in the United States
(200). Patients with cardiovascular disorders may be uniquely
susceptible to the development of ARF. Thus, such patients of-
ten have substantial comorbidity (hypertension, atherosclerotic
disease, and diabetes mellitus), which can decrease renal re-
serve. The presence of diminished cardiac output, therapy with
multiple pharmacologic agents (angiotensin converting enzyme
[ACE] inhibitors, receptor blockers, and diuretics), selected
cardiac events (arrhythmias and arrest), exposure to nephro-
toxins (radiocontrast media), and invasive procedures such
as surgery and catheterizations all can result in development
of ARF.

Several recent studies highlight many of these points.
Behrend and Miller published a retrospective review of ARF
as it occurred within a cardiac care unit (22). The frequency of
ARF was 4%. More than 50% of these patients had hyperten-
sion and diabetes mellitus. Congestive heart failure accounted
for 35% of ARF cases and contributed to an additional 25%
of cases that had more than a single cause. Other etiologies
included arrest or arrhythmia in 13%, radiocontrast in 11%,
volume depletion in 6%, sepsis in 6%, and urinary tract ob-
struction in 3%. The overall mortality rate of these cardiac care
unit patients with ARF was 50%.

McCullough and collaborators (23) reported on their expe-
rience with over 3,600 patients undergoing coronary interven-
tion (angioplasty, atherectomy, or stenting). The incidence of
ARF (defined as a 25% increase in serum creatinine concentra-
tion) was 14%, and 0.8% of patients required hemodialysis.
Multivariable analysis found that decreased creatinine clear-
ance, the presence of diabetes mellitus, and increasing dose of
radiocontrast were independently associated with the develop-
ment of ARF. In-hospital mortality was 1.1% for those without
ARF, 7.1% for those with ARF who did not require dialysis,
and 35.7% for those with ARF who needed dialysis (23).

Mattana and Singhal have reported on ARF accompanying
cardiopulmonary arrest. These investigators found that 16 of
56 patients who survived cardiopulmonary arrest developed
ARF (26). Those with ARF had longer duration of arrest (12
versus 7 minutes), received more epinephrine (1.8 vs. 0.9 mg),

and had more heart failure (44% vs. 13%) than those without
ARF. Survival to discharge was observed in 6% of those with
and 48% of those without ARF. In cardiopulmonary resusci-
tation, the use of mild therapeutic hypothermia (compared to
normothermia) is associated with reversible acute renal dys-
function (201) (also see earlier section, “Postoperative State,”
for ARF associated with cardiopulmonary bypass surgery). The
mechanism of this effect is unknown. In animal and human
studies, hypothermia causes renal afferent arteriolar vasocon-
striction, reducing renal plasma flow (201–203). In a rat model
of hypothermia, mean blood pressure and heart rate fell, lead-
ing to reduced cardiac output and renal perfusion (204).

Other causes of ARF encountered in patients with cardio-
vascular diseases include prerenal forms of ARF caused by di-
uretics and ACE inhibitors, atheroembolic disease, and other
vascular disorders (67,205–207).

Pregnancy

Acute renal failure occurring in the setting of pregnancy has
dramatically declined in incidence in western societies but
remains a major issue in selected less well-developed coun-
tries (20,21,208–212). Current estimates of the frequency with
which ARF complicates pregnancy range from one in 5,000
pregnancies in an inner-city U.S. urban population to one in
18,000 pregnancies in an Italian population (20,21). The inci-
dence in the Italian population decreased from one in 3,000 to
one in 18,000 pregnancies when the 1956 to 1967 and 1988 to
1994 time periods, respectively, were examined (21). A strik-
ingly high frequency of pregnancy-related ARF continues to be
reported in some developing countries (208,209).

The causes and predisposing factors for pregnancy-
associated ARF are multiple. Occasionally, prerenal factors
from either associated illnesses or hyperemesis gravidarum are
encountered. Rarely, the gravid uterus leads to obstructive
uropathy, especially with twin pregnancies, polyhydramnios,
or other intrapelvic processes (25). Pregnancy-associated ARF
has occurred often in the context of septic abortion in the past
and in some underdeveloped countries. Where septic abortions
are rare, most contemporary pregnancy-related ARF occurs in
the setting of the HELLP syndrome (hemolysis, elevated liver
enzymes, and low platelets), eclampsia or preeclampsia, post-
partum hemorrhage, or placental abruption. Cortical necrosis
or idiopathic postpartum ARF occurs rarely. These disorders
may lead to nonreversible renal failure (211,212). Pregnancy-
associated pyelonephritis with sepsis can be associated with
ARF infrequently.

Sibai and Ramadan provided information on ARF com-
plicating the HELLP syndrome (211). Of 32 pregnant pa-
tients with HELLP, 6 had preexisting hypertension, and 26
were previously normotensive. Maternal and perinatal mor-
tality rates were 13% and 35%, respectively, in these HELLP
cases, whereas 72% of births were preterm. Acute dialysis
was required in 10 of 32 patients with ARF complicating the
HELLP syndrome. Eleven subsequent pregnancies occurred in
eight normotensive women, and only one was complicated
by preeclampsia. By contrast, preeclampsia occurred in three
of six subsequent pregnancies in four hypertensive women.
No residual renal dysfunction or hypertension was seen af-
ter 5 years of follow-up in 23 surviving normotensive women,
whereas 2 of 5 surviving hypertensive women required chronic
dialysis.

Overall, most contemporary series of ARF complicating
pregnancy report relatively low mortality rates (approximately
25%). Nowadays, cortical necrosis with lack of recovery of
renal function occurs much less commonly during pregnancy
at present but continues to be seen when ARF accompanies
pregnancies in developing countries (212).
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See Chapter 74 for a detailed discussion of pregnancy-
related ARF and Chapter 53 for discussion on syndromes of
preeclampsia.

Malignant Disease

One setting in which ARF is encountered with high frequency is
in patients with malignant disease (104,213–218) (see Chapters
43 and 49). For example, Lanore and collaborators found that
43% of 349 patients with hematologic malignancies encoun-
tered over 6 years developed some degree of ARF (213). Recent
studies of patients with multiple myeloma find that about one-
fourth develop ARF (214).

The causes of ARF in patients with neoplastic disease are
diverse (213–217). Prerenal factors from lack of fluid in-
take, vomiting, and diarrhea are common. Less commonly
encountered prerenal failures seen in patients with cancer
include chemotherapeutic agent–induced heart failure owing
to cardiomyopathy and cancer-related pericardial tamponade
and interleukin-2–induced capillary leak syndrome (215,218).
Postrenal factors potentially operative as causes of ARF in
patients with neoplastic disorders include intrarenal obstruc-
tion from crystals (uric acid, methotrexate, myeloma protein)
and extrarenal obstruction owing either to ureteric blockage
(nodes, tumor mass, fibrosis) or bladder obstruction (prostatic
or bladder cancer, neurogenic bladder caused by neoplastic
spinal cord compression) (104,113,214–218). Acute tubular
necrosis appears to be the most common renal cause of ARF
in patients with neoplasm. This ATN is often attributable to
sepsis or drugs (e.g., NSAIDs, radiocontrast, aminoglycosides,
mithramycin, gallium, nitrosoureas, and amphotericin B).
Other pharmacologic agents such as mitomycin, tacrolimus,
and cyclosporine can induce renal vascular injury and ARF.
Tumor-lysis syndrome, hyperuricemia, and hypercalcemia also
are relatively common causes of neoplasia-associated ARF.
Tumor-lysis syndrome may occur after cytotoxic therapy or
may occur spontaneously (219–221). Other disorders (e.g.,
tumor infiltration, tumor-related glomerulopathy, and either
tumor-related or chemotherapeutic agent-related thrombotic
microangiopathy) are occasional causes of ARF in cancer
patients (213–218,222,223). In patients with plasma cell
dyscrasias, ARF can be attributable to light-chain tubular tox-
icity, amyloid renal involvement, and renal vein thrombosis
(214).

Acute renal failure outcome occurring in the cancer setting is
dependent on the cause and extent of the cancer, and is usually
associated with a guarded prognosis; however, survival of up
to 30% can be seen, even in patients requiring hemodialysis for
the ARF (213). Recovery of renal function and at least 1-year
survival can be seen in 40% to 50% of patients with multiple
myeloma and ARF (214).

Liver Disease

Renal dysfunction is often encountered in patients with ad-
vanced liver disease (96,97,224–227). Acute renal failure oc-
curred in 19% in 493 patients with end-stage liver disease who
were being evaluated for possible liver transplantation (96). In
this study, all cases of reversible prerenal forms of ARF were
excluded. The likelihood of development of ARF owing to the
hepatorenal syndrome was about 40% over a 5-year period
in a prospective study of 234 patients with cirrhotic ascites
(97,110).

There are several diagnostic considerations in patients with
liver disease and ARF. With acute liver disease, prerenal factors

(e.g., vomiting or diarrhea) always can play a role in ARF. Also
toxins (e.g., acetaminophen, carbon tetrachloride and other
hydrocarbons, and amanita phalloides), infections (e.g., sep-
sis; hepatitis A, B, and C; leptospirosis; and yellow fever), and
circulatory disturbances (e.g., shock or hypotensive states and
severe congestive heart failure) can result in concomitant acute
renal and hepatic dysfunction. Prerenal and postrenal factors
must be considered in the setting of chronic liver disease. Renal
causes of ARF in patients with advanced liver disease usually
fall into one of four categories: hepatorenal syndrome, ischemic
ATN, nephrotoxin-induced ATN (especially NSAIDs and ra-
diocontrast), and sepsis-associated ARF.

One common setting of ARF in patients with advanced liver
disease is spontaneous bacterial peritonitis (224). With spon-
taneous bacterial peritonitis, about one-third of patients de-
velop some degree of ARF. A recent prospective randomized
trial found that intravenous albumin (1.5 g/kg initially and
1.0 g/kg on day 3) plus cefotaxime resulted in significantly less
ARF (10% vs. 33%) and hospital death (10% vs. 29%) than
cefotaxime alone in patients with cirrhosis and spontaneous
bacterial peritonitis (36,224).

The prognosis of ARF complicating liver disease is depen-
dent on the clinical setting and cause of the liver and renal
dysfunction but generally is not good. Acute renal failure was
associated with more than 80% mortality in patients with end-
stage liver disease evaluated for transplantation (37,96).

Rhabdomyolysis

Dissolution of skeletal muscle with resultant extravasation of
intracellular contents into the circulation constitutes the clini-
cal syndrome of rhabdomyolysis. Rhabdomyolysis can be trau-
matic (muscle crush, and/or pressure injury, extreme physical
exertion) or nontraumatic in nature (41,228–236). Nontrau-
matic causes of rhabdomyolysis are legion (Table 41-10 or see
table in Chapter 49) and include ischemic, infectious, toxic,
metabolic, and thermic insults (237–239). The frequency with
which rhabdomyolysis is associated with ARF is variable, de-
pending on associated medical conditions, the degree of muscle
injury, the presence or absence of volume depletion and hemo-
dynamic instability, and the duration of the rhabdomyolysis.
In general, about 10% to 40% of patients undergoing signifi-
cant rhabdomyolysis develop some degree of ARF (228–236).
About half of the cases are mild in degree and responsive to
volume repletion, whereas the remainder are more severe, with
a clinical course typical of ATN. The logistic regression model
for prediction of ARF in patients with rhabdomyolysis devel-
oped by Ward found that the magnitude of elevation of crea-
tine kinase, potassium, and phosphorus; and the presence of
volume depletion, hypoalbuminemia, and sepsis as causes of
rhabdomyolysis were predictive of prolonged ARF (235).

Recent reviews highlight several key aspects of ARF that can
be seen in the context of traumatic rhabdomyolysis (240). The
immediate cause of morbidity is leak of the sarcolemmal mem-
brane to potentially toxic factors (potassium and phosphorus)
and metabolites (myoglobin and uric acid) as well as uptake
by damaged muscles of extracellular fluid and calcium, which
can lead to hypovolemic and hypocalcemic shock as well as
neurovascular entrapment. Persons surviving the cardiotoxic-
ity of hyperkalemia and the hypovolemic shock are susceptible
to ATN, which is a consequence of ischemia (hypovolemia,
hypotension), direct tubular toxicity of myoglobin, and myo-
globin tubular cast formation. Management includes prehospi-
tal intravenous volume replacement and maintenance of high
urine flow (>100 cc/hour) until myoglobinuria subsides. There
is anecdotal evidence that a mannitol–alkaline diuresis can help
prevent the associated ARF (229,232,236,240).
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TA B L E 4 1 - 1 0

CAUSES OF RHABDOMYOLYSIS

Physical causes Nonphysical causes

Trauma and compression
Traffic or working accidents
Disasters
Torture
Abuse
Long-term confinement to the same
Position

Occlusion or hypoperfusion of muscle
Vessels thrombosis
Embolism
Vessel clamping
Shock

Excessive or prolonged contraction of
muscles

Exercise
Epilepsy
Psychiatric agitation
Delirium tremens
Tetanus
Amphetamine overdose
Ecstasy
Status asthmaticus

Electrical current
High-voltage electrical injury
Lightning
Cardioversion

Hyperthermia
Exercise
High ambient temperatures
Sepsis
Neuroleptic malignant syndrome
Malignant hyperthermia

Metabolic myopathies
McArdle’s disease
Mitochondrial respiratory chain
Enzyme deficiencies
Carnitine palmitoyl transferase
Deficiency
Myoadenylate deaminase deficiency
Phosphofructokinase deficiency

Drugs and toxins
Regular and illegal drugs (see Chapter 46)
Toxins
Snake and insect venoms
Buffalo fish (United States), burbot

(Northern Europe)—Haff disease

Infections
Local infection with muscle invasion

(pyomyositis)
Metastatic infection (sepsis)
Systemic effects
Toxic shock syndrome
Legionella
Tularemia
Salmonella
Falciparum malaria
Influenza
HIV
Herpes viruses
Coxsackievirus
Dengue fever

Electrolyte abnormalities
Hypokalemia
Hypocalcemia
Hypophosphatemia
Hyponatremia
Hypernatremia
Hyperosmotic conditions
Endocrine disorders
Hypothyroidism
Diabetic coma, related to electrolyte

disturbances
Polymyositis/dermatomyositis

(Adapted from: Vanholder R, Sever MS, Erek E, et al. Rhabdomyolysis J Am Soc Nephrol 2000;11:1553;
Birewar S, Oppenheimer M, Zawada ET Jr. Hypothyroid acute renal failure S D J Med 2004;57:109; Davis
JS, Bourke P. Rhabdomyolysis associated with dengue virus infection Clin Infect Dis 2004;38:e109.)

The International Society of Nephrology established the Re-
nal Disaster Relief Task Force in 1995 and gave it responsibil-
ity for preparing stocks of goods (intravenous fluids, dialysis
equipment) and lists of medical, nursing staff and volunteers
who could intervene immediately in the event of a large-scale
disaster (241). Victims of crush injury associated with earth-
quake damage were shown to benefit from early administration
of mannitol and intravenous fluids (241,242).

Gabow and collaborators reported experience with 87
episodes of rhabdomyolysis in 77 patients seen over a 4-year
interval (243). Rhabdomyolysis was defined as an at least
sixfold increase in serum creatine kinase in the absence of
myocardial infarction or cerebrovascular accident and an in-
crease in MM isoenzymes of creatine kinase. Most patients

(66 of 77) were men, with mean age of 48 years. Causes
of rhabdomyolysis included alcoholism (67%), muscle com-
pression (39%), seizures (24%), trauma (17%), drugs (5%),
and metabolic (8%) factors. Muscle pain was noted in half
the patients, but muscle swelling rarely was present. In the
87 episodes, 52 (60%) were not associated with ARF. Prer-
enal azotemia was seen in six (7%), whereas 29 (33%) de-
veloped ATN. Of the 29 patients who developed ATN, half
had advanced ARF on hospital admission. Nearly one-half of
the 29 patients with ARF were oliguric and 13 required dialy-
sis. Rhabdomyolysis following major trauma appeared partic-
ularly to predispose to ARF. Six of the 29 ARF patients (21%)
died. Only two patients required fasciotomy for neurovascular
compression.
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DIAGNOSTIC APPROACH

Presenting Features

There are numerous causes of ARF, as noted in the previous
section, some of which are amenable to specific therapeutic
interventions. For these interventions to be effective, they must
usually be applied early in the course of the disease process.
It follows that key considerations in the diagnosis of ARF are
early detection and timely evaluation to determine the cause of
the disorder.

With regard to early detection, hospital-acquired ARF usu-
ally comes to the attention of the clinician by finding a rising
serum creatinine and/or BUN concentration. Less commonly,
hospital-acquired ARF is detected by the development of
oligoanuria. Rarely, hospital-associated ARF is detected when
evaluation for one of the biochemical or clinical consequences
of loss of renal function (i.e., hyperkalemia, metabolic acido-
sis, hyperphosphatemia, hypocalcemia, hyperuricemia, bleed-
ing, or encephalopathy) is undertaken. Community-acquired
ARF is usually detected by finding an elevated serum creatinine
and/or BUN or abnormal urinalysis on multiphasic screening
of patients with nonspecific complaints. Difficulties with the
urinary stream also are a common presenting manifestation
of ARF owing to postrenal causes in men in the outpatient
setting.

It is important to acknowledge that early detection of the
presence of ARF may be difficult. Currently, there is no reli-
able, practical “real time” method that provides accurate in-
formation on renal function. An abnormality in renal function
certainly is present in the oliguric patient (244); however, most
contemporary ARF is nonoliguric in nature. Also an increase
in the serum creatinine concentration may not be a sensitive
indicator of ARF, particularly in patients with normal baseline
renal function and serum creatinine concentration. It follows
that relatively large decreases in GFR in patients with a normal
baseline GFR, as occurs early in the course of ARF, initially may
be associated with only small increases in serum creatinine con-
centration; moreover, the serum creatinine concentration is also
influenced by such variables as production rate and volume of
distribution (5). Heightened awareness of the clinical settings
of ARF and careful attention to small increases in serum cre-

atinine concentration and abnormalities of urinalysis in these
settings are necessary for early detection of ARF.

Tests of tubular function have been developed to aid early
diagnosis of ARF (see Table 41-6). Early reports are promising,
but at present, these tests have no specific role in clinical prac-
tice. Similarly, radionuclide methods of real-time noninvasive
monitoring of renal function are expensive and impractical for
day-to-day use.

The importance of early detection and elucidation of the
specific cause of ARF is illustrated by data in Figure 41-3.
These data, from patients with hospital-acquired ARF, demon-
strate that the mortality of ARF is directly proportional to the
magnitude of subsequent rise in serum creatinine concentra-
tion (37). In addition to this observation, several disease en-
tities that can produce ARF (e.g., acute glomerulonephritis,
acute interstitial nephritis, and renal vascular disorders) may
respond to specific therapeutic interventions. With regard to
rapidly progressive glomerulonephritis, there is convincing ev-
idence that therapy is beneficial primarily when given early in
the course of the disorder. A recent study documents the rela-
tively long delays that are often encountered before hospital or
specialist referral for patients with potentially treatable disor-
ders such as renal failure caused by Wegener’s granulomatosis,
Goodpasture’s syndrome, and other forms of rapidly progres-
sive glomerulonephritis (245) (see Chapters 60 and 68). Max-
imal effort should be directed to early detection in view of the
high morbidity, mortality, and numerous causes of ARF. Once
detected, timely determination of the cause of ARF depends
on a systematic approach similar to that depicted in Figure
41-6. Other approaches that provide generalizations about the
course of ARF include the “site” of onset (Table 41-11) and
the associated clinical conditions.

Chart Review, History, and
Physical Examination

Chart analysis for determination of the underlying disease
states and recent clinical events is needed. A meticulous history
with regard to prescription drugs, over-the-counter agents, and
herbal preparations as well as possible environmental expo-
sure is critical in view of the frequency with which nephrotox-
ins contribute to development of ARF (1,37,38,54,85,246,247)

FIGURE 41-6. Suggested sequential diag-
nostic evaluation to determine the cause of
acute renal failure.
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TA B L E 4 1 - 1 1

COMPARISONS OF ACUTE RENAL FAILURE BY SITE
OF ONSET

Hospital Intensive
Factor Community ward care unit

Age Older Older Younger
Cause (%)

Prerenal 30–50 30 20
Postrenal 20–40 10–20 1
Renal 15–30 30–50 70–80

Isolated (%) 80 70 10
Renal replacement

therapy need (%)
10 20 70

Mortality (%) 20 30 70

(see Chapters 42–45, 47, 48). The relationship between medi-
cation exposure and ARF may not be readily apparent in some
cases (248). Careful attention to a history of loss or seques-
tration of extracellular fluid volume, signs and symptoms of
sepsis or heart failure, and symptoms related to the genitouri-
nary tract (urine output, pyuria, dysuria, hematuria, and flank
or abdominal pain) can provide helpful diagnostic informa-
tion. Intense thirst, salt craving, orthostatic syncope, and mus-
cle cramps often are symptoms of extracellular fluid volume
depletion. Examination and careful recording, in flow sheet
fashion, of available data on the clinical course of each pa-
tient with ARF are necessary. Examination of serial vital signs,
hemodynamic data, intake and output, and daily weight can
provide important data regarding the cause of ARF. A weight
change of greater than 0.25 to 0.50 kg/day indicates gain or
loss of salt and/or water. Recording of serial renal functional
data and correlation of any deterioration in renal function with
clinical events such as those altering systemic hemodynamics
(Table 41-2) and use of potential nephrotoxins often are of
great diagnostic value. As is discussed subsequently, analysis
of the hemogram, routine biochemical data, and special sero-
logic studies also can be of great diagnostic assistance.

Physical examination can be of value in determining the
presence or absence of prerenal and postrenal causes of ARF
as well as the presence of a systemic disorder that could result
in a renal cause of ARF. The effect of either loss or sequestra-
tion of extracellular fluid volume on systemic hemodynamic
responses depends on several variables, including the compo-
sition and rate of fluid loss and the underlying health state of
the patient. For example, a 20% to 40% decrease in extra-
cellular fluid volume by sodium depletion over 4 to 5 hours
decreases mean arterial pressure by about 35% (249). This de-
crease in mean arterial pressure is associated with a decline in
cardiac output and an increase in total peripheral resistance
(249). By contrast, a 30% decrease in extracellular fluid vol-
ume by sodium depletion over 11 days causes no decrease in
mean arterial pressure (249). The presence of a significant in-
crease in pulse and a decrease in arterial pressure 2 to 3 minutes
following change from a supine to either a sitting or standing
position is compatible with the presence of extracellular fluid
volume depletion. Dry mucous membranes, low jugular venous
pressure, absence of axillary moisture, decreased turgor of skin
over the forehead and sternum, and absence of skin sheet marks
over the back are all findings compatible with either loss or se-
questration of extracellular fluid volume.

A recent metaanalysis examined the sensitivity, specificity,
and predictive value of physical examination in the setting of
volume depletion (250). A large (>30 beats/minute) postural
pulse rise and postural dizziness was highly associated with

blood loss hypovolemia, whereas dry mucous membranes and
longitudinal tongue furrows were more than 80% sensitive for
detecting non-blood loss hypovolemia (250). Physical exam-
ination also can provide evidence of cardiac dysfunction. El-
evated jugular venous pressure, pulsus paradoxus, the pres-
ence of moist pulmonary rales, S3 sounds, and murmurs are all
compatible with prerenal azotemia owing to impaired cardiac
function. The presence of significant edema is compatible with
a number of disorders characterized by a decrease in effective
arterial blood volume and prerenal azotemia. These include
cardiac failure, hepatic cirrhosis, nephrotic syndrome, and se-
vere hypoalbuminemia. Also, retroperitoneal fibrosis and in-
traabdominal lymphomas and other extensive cancers as well
as acute inferior vena caval or renal vein thrombosis can present
as ARF associated with pedal edema.

Physical examination must also include palpation for deter-
mining the state of peripheral circulation, renal size, and the
possibility of abdominal aortic aneurysms. Palpation or percus-
sion of the suprapubic area is necessary to detect bladder dis-
tention, and rectal and pelvic examinations are needed to detect
prostatic and pelvic disorders. Examination of the skin may re-
veal palpable purpura suggestive of vasculitis; lower-extremity
evaluation may reveal livedo reticularis and evidence of emboli,
suggesting atheroembolic disease. It is beyond the scope of this
chapter to detail all the physical findings that can be associated
with causes of ARF other than ATN; however, the presence of
neurologic or pulmonary disease, fever, skin lesions, joint ab-
normalities, or diffuse lymphadenopathy suggests the presence
of a systemic disorder associated with ARF.

Urinalysis and Urinary Flow Rate

Chemical and microscopic examination of the urine is critical
in assessment of the cause of ARF (6,37,251,252). Urinalyses in
103 patients with ATN yielded diagnostically useful informa-
tion in approximately 75% of cases (37). Routine microscopic
urinalysis may also provide prognostic information. Hou and
associates found that about half of 97 patients with ARF had
an abnormal microscopic urinalysis (37). An abnormal urinaly-
sis (probable “renal” cause of ARF) was associated with 35%
mortality, whereas a normal urinalysis (probable “prerenal”
cause of ARF) was associated with 15% mortality (37). Such a
relationship between routine urinalysis and prognosis was not
found in another study of ARF (252). Marcussen et al. (251) re-
cently used quantitative Papanicolaou smears of urine sediment
in patients with ARF. Patients with ATN had higher numbers
of collecting duct cells and casts than those without tubular
necrosis; however, there was substantial overlap between the
two groups. Moreover, significant numbers of patients with
rapidly reversible ARF demonstrated tubular epithelial cells
and casts on this type of urinary sediment examination (251).
An entirely normal microscopic urinalysis in the setting of ARF
suggests the presence of either prerenal azotemia or obstructive
uropathy.

The “dipstick” can provide helpful information in ARF. A
positive reaction for “blood” by an orthotoluidine test indi-
cates the presence of red blood cells (>3/high-power field). If no
red blood cells are present, this reaction will be positive in the
presence of either myoglobin or hemoglobin. Because the myo-
globin molecule is smaller (17,000 MW) and is not bound to
plasma proteins, it is readily filtered and cleared from plasma.
By contrast, the larger hemoglobin molecule (65,000 MW),
which is bound to haptoglobin, is less readily cleared from the
plasma and thus gives plasma a pink-red color. Definitive dif-
ferentiation of hemoglobin from myoglobin in the urine is best
done by electrophoretic or immunochemical techniques that
are not widely available.
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The dipstick protein reading reflects the presence of albu-
min. Urinary protein determination performed by the acid pre-
cipitation method (e.g., Exton’s reagent) detects the presence
of all types of protein in the urine. Thus, a quantitative es-
timate of proteinuria that is lower with the dipstick method
than with Exton’s reagent suggests the presence of light chains
(globulins) in the urine. Immunoelectrophoretic techniques re-
main the definitive method for identifying urinary light chains.
If heavy proteinuria (2 to 3 g/day) is present in ARF, the pres-
ence of vasculitis or glomerular or other renal parenchymal
cause of ARF should be sought. It is important to correlate the
dipstick proteinuria assessment with the urinary specific grav-
ity. For example, a 1+ reading in a concentrated specimen may
not indicate significant proteinuria. Conversely, a 1+ reading
in a dilute specimen may indicate significant proteinuria. Re-
cent studies indicate that the ratio of a urinary measurement of
albumin-to-creatinine concentration in a spot urinary sample
provides a reasonable estimate of the grams per day of urinary
protein.

Examination of the urinary sediment is of great value in the
differential diagnosis of acute impairment of renal function.
Sediment containing few formed elements or only hyaline casts
strongly suggests prerenal azotemia or obstructive uropathy.
With ATN, brownish pigmented cellular casts and many renal
tubular epithelial cells are observed in more than 75% of pa-
tients. Sufficient red blood cells to cause microscopic hematuria
are traditionally thought to be incompatible with a diagnosis of
ATN and usually result from glomerulonephritis or structural
renal disorders (stones, tumor, infection, or trauma). However,
a case report suggested that macroscopic hematuria might be
a rare presenting manifestation of ATN (253). Red blood cell
casts suggest the presence of glomerular or vascular inflam-
matory diseases of the kidney and rarely if ever occur with
ATN. Red blood cell casts, however, can be seen rarely in acute
interstitial nephritis. The presence of large numbers of poly-
morphonuclear leukocytes, singly or in clumps, suggests acute
diffuse pyelonephritis or papillary necrosis. Eosinophilic casts
on Hansel’s stain of urine sediment may be diagnostically help-
ful (254). The stains that best detect the bilobed eosinophil
include Hansel’s stain and the May-Grunwald-Giemsa stain.
These stains are less pH dependent than Wright’s stain and
often detect eosinophiluria in allergic interstitial nephritis.
However, eosinophiluria also is seen in some forms of glomeru-
lonephritis and in atheroembolic renal disease but is rarely en-
countered in ATN (205,254). The combination of brownish-
pigmented granular casts and positive occult blood tests on
urine in the absence of hematuria indicates either hemoglobin-
uria or myoglobinuria. In ARF, the finding in fresh, warm urine
of large numbers of football-shaped uric acid crystals may sug-
gest a diagnosis of acute uric acid nephropathy, whereas the
finding of large numbers of “back-of-envelope–shaped” oxalic
acid suggests ethylene glycol toxicity. Other agents (e.g., indi-
navir, sulfadiazine, acyclovir, and methotrexate) also can in-
duce ARF with characteristic crystal appearance on urinalysis
(104). The presence of broad casts (defined as more than three
white blood cells in diameter) suggests chronic renal disease.

An older study used the technique of transmission elec-
tron microscopy to study urinary sediment in the setting of
ARF (255,256). In this study, renal tubular epithelial cells
were present in urine sediment only in the presence of ATN
(255). There was a correlation between the severity of cellu-
lar damage to urinary renal tubular epithelial cells and clinical
course. These observations suggest that transmission electron
microscopy may be helpful in determining the cause and sever-
ity of ARF. Unfortunately, the test is not practical.

The urinary flow rate also may provide helpful informa-
tion about the cause of ARF. Anuria should be defined as
absence of urine by bladder catheterization. Sustained peri-
ods of anuria suggest urinary tract obstruction as the cause of

ARF. Other rare causes of anuria include rapidly progressive
glomerulonephritis, mechanical occlusion of renal blood flow,
and diffuse renal cortical necrosis. Brief intervals of severe olig-
uria (<100 mL/day) may be encountered early in the course of
some patients with ATN and may be especially common in the
setting of ATN and heat stroke (82).

Oliguria (<400 mL/day) traditionally has been considered
the cardinal feature of renal failure (257); however, the first
clinical descriptions of progressive azotemia occurring with lit-
tle or no oliguria were reported in the early 1940s (258). In the
mid-1950s, additional reports suggested that nonoliguric vari-
eties of ARF may be especially common following head injury,
military combat casualties, and burns (259,260). Small series
of selected patients in the 1960s and 1970s reemphasized the
occurrence of nonoliguric ARF in burned and traumatized pa-
tients (261,262). Since then, it has become apparent that nono-
liguric ARF is more common than generally appreciated. In a
1977 prospective study, we found that the majority (59%) of
patients with ARF encountered in a general medical-surgical
hospital were nonoliguric despite progressive azotemia (38).
The nonoliguric state was seen with all types of ARF, including
those following surgery, trauma, hypotension, nephrotoxins,
and rhabdomyolysis. Additional studies report similar results
and demonstrate a frequency of nonoliguric ARF ranging from
25% to 80% of all cases of ARF (Fig. 41-2). More recently in
a nationwide study, Allgren et al. (42) enrolled ARF patients in
a clinical trial of a renal vasodilator. Of enrolled patients, 24%
were oliguric and 76% nonoliguric (42).

Why was the high frequency of nonoliguric ARF recognized
only relatively recently? Daily biochemical monitoring of renal
function in seriously ill patients, regardless of urine output, has
contributed to greater recognition of nonoliguric ARF. Amino-
glycoside nephrotoxicity, a frequent contemporary cause of
hospital-acquired ARF, often is nonoliguric. Prophylactic use of
volume expansion, high-dose potent diuretic agents, and renal
vasodilators may also contribute to a high frequency of nono-
liguric ARF, especially after aortic and open-heart surgery. It is
possible also that aggressive resuscitation and improved sup-
portive management of the seriously ill, traumatized patient
have altered the natural history of ARF so that nonoliguric va-
rieties are more common. For example, the Maryland Institute
of Emergency Medical Services demonstrated an increasing in-
cidence of nonoliguric and a decreasing incidence of oliguric
ARF concomitant with more aggressive fluid resuscitation of
traumatized patients (263). Another influence on the frequency
of occurrence of nonoliguric ARF is the means of patient se-
lection. When ARF patients are selected by need for dialytic
therapy as the only criterion, few if any nonoliguric patients
are encountered. When all patients with an increasing serum
creatinine level are studied (2), the frequency of occurrence of
nonoliguric ARF is very high (Fig. 41-2).

Oliguria with avid renal salt and water retention is the hall-
mark of reversible prerenal azotemia. Decreasing effective cir-
culating arterial volume results in increased renal vascular re-
sistance (occurring predominantly at the afferent arteriole) and
diminished renal blood flow. A decrease in glomerular capillary
hydrostatic pressures decreases glomerular filtration. The resul-
tant decline in peritubular hydrostatic pressure and increase in
filtration fraction (with an increased peritubular colloid oncotic
pressure) may act to increase proximal tubular fluid reabsorp-
tion. Increases in plasma concentrations of aldosterone and an-
tidiuretic hormone, decreases in glomerular capillary pressure
and altered peritubular factors combine to result in avid tubu-
lar reabsorption of salt and water and decreased urine flow.
Thus, urine flow in patients with prerenal azotemia usually is
diminished, and the urine is concentrated with a low fractional
excretion of sodium.

In 1980, Miller and associates reported nine patients with
apparent polyuric prerenal failure (264). These patients ranged
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from 28 to 76 years of age. No evidence of diabetes insipidus,
exposure to nephrotoxins or diuretic drugs, or glycosuria was
present. Two patients had mild chronic interstitial renal disease,
whereas the other seven had normal basal serum creatinine con-
centrations. Azotemia developed in each patient (mean serum
creatinine, 2.5 mg/dL), and high urine outputs (ranging from
980 to 2140 mL/day at the time of peak serum creatinine) were
present. A negative fluid balance, signs of intravascular volume
depletion, low urinary sodium concentration (<22 mEq/L),
and resolution of azotemia with intravenous fluid administra-
tion suggested prerenal azotemia. The authors postulated that
a depletion of medullary interstitial solute prevented maximal
urinary concentrating ability in these seriously ill patients, al-
lowing the “polyuric” prerenal state to occur. However, be-
cause slow recovery of renal function following correction of
prerenal factors was seen, some of these patients may have had
nonoliguric ATN.

It is important to emphasize that all disease processes in-
cluding prerenal, postrenal, and diseases of the kidney (vascu-
lar, glomerular, interstitial, and tubular) that can produce ARF
are often nonoliguric (265). In nearly all of the reported cases, a
nonoliguric clinical picture is associated with lower morbidity
and mortality and better long-term outcome than an oliguric
state (38,42,265).

Recent clinical studies and a review of experimental studies
conducted in laboratory models of ARF have clarified several
aspects of the pathophysiology underlying the variations of
urine flow rate in ARF (266,267). In a study of 25 patients
with predominantly renal ischemia-associated ARF, Rahman
and Conger found that the urine flow rate strongly correlated
with residual GFR (266). By contrast, urine flow rate did not
correlate with selected aspects of renal tubular function such
as urine:serum ratio of creatinine or fractional excretion of
sodium. These clinical observations plus a large body of experi-
mental data suggest that the residual level of GFR is the primary
determinant of urine flow in patients with ARF (266,267). The
higher level of residual GFR in nonoliguric patients is com-
patible with improved survival and lower morbidity in these
patients.

Urinary Chemical Indices

Urinary concentrations of electrolytes and nitrogenous wastes
were first measured in patients with ATN in the late 1940s
(268,269). These studies found low urinary-plasma (U/P) cre-
atinine and urea nitrogen ratios and high urinary concentra-
tions of sodium (UNa) and chloride (UC1) in the established
phase of ATN. As renal function improved, U/P creatinine and
urea–nitrogen ratios increased. These early observations were
subsequently confirmed in nearly all studies (270–280). In the
1950s, Welt (281) and Waugh (282) first suggested that spot
urinalysis, specific gravity, and UNa would be helpful in dis-
tinguishing between reversible prerenal azotemia and ATN. In
1967 and 1976, Handa (273) and Espinel (276), respectively,
suggested that the diagnostic accuracy of UNa alone in deter-
mining the cause of ARF was limited. However, either the renal
failure index (UNa ÷ U/P creatinine) or the fractional excretion
of sodium (FENa or U/PNa ÷ U/P creatinine × 100) was found
to have a high degree of accuracy in differentiating between re-
versible prerenal azotemia and ATN. Prospective studies have
confirmed the utility of selected urinary indices as diagnos-
tic aids in assessing the patient with ARF (270) (Table 41-12;
Fig. 41-7). More recently, the fractional excretion of uric acid
and trace lithium has been proposed to be even more sensitive
and specific aids in determining the cause of ARF (278,279).

The primary use of spot urine chemistries in ARF is to assist
in differentiation between potentially reversible prerenal states
and ATN. For prerenal states, the combination of reduced renal

TA B L E 4 1 - 1 2

FRACTIONAL EXCRETION OF SODIUM (FENa) IN
ACUTE RENAL FAILURE

FENa <1% FENa >1%

Prerenal azotemia Diuretic use
ECF volume loss or

sequestration
Nonreabsorbable solute

Impaired cardiac output Bicarbonate
Severe renal vasoconstriction Glucose

Hepatorenal syndrome Mannitol
Nonsteroidal

antiinflammatory agents
Mineralocorticoid deficiency

Disease of afferent arteriole
(e.g., TTP, scleroderma)

Late obstructive uropathy

Sepsis Chronic renal failure
Nephropathy Acute tubular necrosis
Early phase of myoglobinuric

renal failure
Severe ischemic

Acute glomerulonephritis
Early obstructive uropathy
10%–15% of nonoliguric

acute tubular necrosis

TTP, thrombotic thrombocytopenic purpura.

perfusion and intact tubular function results in enhanced renal
tubular reabsorption of filtered salts and water in an effort
to expand extracellular fluid volume, thereby restoring renal
perfusion. This increase in tubular reabsorption of salts and
other organic substances results in relatively low urine concen-
trations and fractional excretion of sodium, chloride, lithium,

FIGURE 41-7. Urinary diagnostic indices to differentiate between pre-
renal and renal causes of acute renal failure.
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and uric acid (Fig. 41-7). The enhanced tubular water reab-
sorption produces concentrated urine with relatively high U/P
ratios of osmolality, urea nitrogen, and creatinine. By contrast,
ATN is associated with impaired tubular reabsorption of salts
and water with consequent higher urinary concentrations of
sodium, chloride, lithium, and uric acid and lower U/P ratios
of osmolality, urea nitrogen, and creatinine (Fig. 41-7). Some of
the impaired tubular reabsorption of filtered salts in ATN can
be attributed to loss of renal tubular epithelial cell polarity with
translocation of the sodium pump (Na-K-ATPase) from a nor-
mal basolateral to an apical location (283). Also, a major Na
exchanger in the proximal tubule (NHE-3), is transcriptionally
downregulated with ischemic injury, as are other more distal
transport systems that regulate tubular sodium reabsorption,
such as the bumetanide sensitive Na-K-2Cl transporter and the
thiazide sensitive Na-Cl-cotransporter (284,285).

Several caveats are in order in using spot urine chemistries
as diagnostic aids in evaluating the cause of ARF. Despite
widespread, routine use, no study has demonstrated that
knowledge of these indices either changes management or im-
proves outcome of ARF. There is currently no “gold stan-
dard” for the diagnosis of ATN and most data obtained on
urine chemistries in ARF rely on variable and arbitrary crite-
ria for determining the cause of the renal failure. Nearly all
studies of spot chemistries have been performed at a single
time point relatively late in the course of ARF. The lack of
serial data is important because ARF state is often dynamic
in nature (277). For example, early in the course of ARF, re-
nal tubular function is intact. Later, ischemia may result in
loss of tubular cell polarity. The resulting urine chemistries
therefore are dependent on the phase of the course in which
they were obtained. This may limit the sensitivity and speci-
ficity of urine chemical indices. For example, the early course
of ARF occurring in the setting of sepsis, radiocontrast expo-
sure, rhabdomyolysis, and NSAID use often is associated with
renal vasoconstriction and low FENa (286–290). Later in the
course, the FENa often increases, especially if tubular necrosis
occurs.

Two other points deserve emphasis with regard to use of
urine chemistries as ARF diagnostic aids. Early in the course
of urinary tract obstruction, in some patients with nonolig-
uric ATN and in some vascular/glomerular disorders (acute
glomerulonephritis, vasculitis, thrombotic thrombocytopenic
purpura), urinary chemical indices can be indistinguishable
from those seen with prerenal ARF (274,280,290). Conversely,
several acute renal parenchymal disorders (e.g., interstitial
nephritis, severe ischemic nephropathy, and exacerbations of
chronic renal failure) can be associated with urine chemical
parameters indistinguishable from ATN, suggesting a lack of
specificity (291,292). Finally, it is important to acknowledge
that potentially reversible prerenal ARF with a FENa>1% oc-
curs in selected settings such as recent diuretic use, bicarbona-
turia, salt-wasting nephropathy, glycosuria, and mineralocor-
ticoid deficiency (Table 41-12). In the setting of prerenal ARF
associated with bicarbonaturia, the urinary chloride concen-
tration is low, confirming a prerenal state (293). In the set-
ting of prerenal ARF associated with diuretic use, the frac-
tional excretion of trace lithium and uric acid continue to be
low (279). Unfortunately, measurement of fractional excretion
of trace lithium requires atomic absorption spectrophotome-
try and thus is not widely available for timely clinical use at
present.

Although urine chemical indices are most often used as di-
agnostic adjuncts in patients with ARF, it is of interest that they
may also provide prognostic information. For example, several
studies suggest that, in oliguric patients with ARF, lower val-
ues for FENa and higher values for U/P osmolality predict a
high likelihood of a diuretic response to loop diuretics, manni-
tol, and/or dopamine (38,294,295). Moreover, the more urine

chemistries resemble those seen in prerenal states, the higher
the likelihood of survival from ARF (38,279).

One specific urine index deserves special comment. The ra-
tio between urinary uric acid and urinary creatinine has been
used as an aid to determine the nature of ARF (296). In an
older study by Kelton et al. (296), ratios of higher than 1 in
patients with renal failure were observed in patients with acute
uric acid nephropathy compared with ratios below 1 in those
who had ARF from other causes (296). For example, the ra-
tio was found to be less than 1 in prerenal azotemia, chronic
renal failure, and obstructive uropathy. It was concluded that
a ratio of more than 1 in ARF signified a diagnosis of acute
uric acid nephropathy. In a more recent study, the urinary uric
acid–urinary creatinine ratio was studied in 23 patients with
ARF (297). This ratio was >1 in 12 patients. These 12 patients
had high fever, catabolism, hyperbilirubinemia, and nonolig-
uric ARF. The 11 patients with ratios of <1 tended to be less
catabolic and oliguric. These results suggest limited diagnos-
tic utility of the urinary uric acid–urinary creatinine ratio in
determining the cause of ARF (297).

Consider Urinary Tract Obstruction

A postrenal cause is encountered in a significant percentage
of all cases of ARF, especially in cases of community-acquired
ARF (18,57) (see Chapter 25). The potential for therapeutic
intervention suggests that the possibility of urinary tract ob-
struction should be considered in all cases of ARF. A cost-
effectiveness analysis of a global strategy of excluding urinary
tract obstruction in all cases of ARF has not been done. The
presence of prostatic, pelvic, or intraabdominal cancer, a sin-
gle kidney, anuria, widely fluctuating urinary volumes, recent
surgery on the genitourinary tract or within the retroperitoneal
space, or a normal urine sediment demand evaluation for po-
tential obstruction.

The best means of excluding obstructive uropathy as a cause
of ARF remains debatable. Physical examination (suprapubic
palpation, and pelvic and rectal examinations) and postvoid-
ing bladder catheterization continue to be the best methods
for bladder neck obstruction. Ultrasonography in experienced
hands is an excellent screening tool for the presence of ex-
trarenal obstruction; however, it is recognized that significant
obstructive uropathy may occur in the presence of minimal
ureteral and renal pelvic dilation. For example, in studies by
Curry and associates (298), 27 patients with obstructive uropa-
thy were examined by ultrasound. Three of these 27 (11%)
were found to have minimal dilation and high-grade obstruc-
tion that improved with percutaneous drainage. Other series
of nearly 250 patients report a somewhat lower frequency
(4%) of nondilated obstructive uropathy (299,300). Because
the majority of patients with ARF and nondilated renal col-
lecting systems do not have either retrograde pyelography or
percutaneous nephrostomy, it is likely that the reported fre-
quency of nondilated obstructive uropathy represents a min-
imal estimate. Abdominal and pelvic conventional and spiral
computerized tomography scanning technologies appear to be
exceptionally helpful in the diagnosis of acute obstructive
uropathy (301). Occasionally, retrograde pyelography, stent
replacement, or empiric percutaneous nephrostomy drainage
may be necessary to exclude obstructive uropathy.

Miscellaneous Tests

In some circumstances, the cause of ARF is not apparent af-
ter chart review, history, physical examination, and urinaly-
sis. Review of the hemogram may be helpful in this setting.
A peripheral blood smear that reveals rouleaux formation
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may suggest the presence of a plasma cell dyscrasia. Serum
and/or urinary protein electrophoresis are needed to substan-
tiate this diagnosis. Eosinophilia is compatible with allergic
interstitial nephritis, atheroembolic disease, and polyarteri-
tis nodosa. A microangiopathic picture with thrombocytope-
nia suggests vasculitis, malignant hypertension, the HELLP
syndrome, hemolytic-uremic syndrome, and thrombotic
thrombocytopenic purpura. The presence of coagulopathy can
suggest either disseminated intravascular coagulation or an
antiphospholipid antibody syndrome as the cause of ARF. If
glomerulonephritis is a diagnostic possibility, then the pres-
ence of antineutrophilic cytoplasmic antibodies may suggest
a diagnosis of either Wegener’s granulomatosis (primarily a
cytoplasmic pattern) or pauci-immune glomerulonephritis (pri-
marily a perinuclear pattern). Antibodies to glomerular base-
ment membrane are strongly suggestive of Goodpasture’s syn-
drome, whereas antinuclear antibodies and antibodies against
DNA suggest the presence of systemic lupus erythematosus.
The presence of cryoglobulins may point to the presence of cir-
culating immune complexes, a plasma cell disorder, or primary
cryoglobulinemia. A review of blood chemistries may be help-
ful. Hypercalcemia of diverse causes can be associated with
the development of ARF, and very high uric acid concentra-
tions may suggest the presence of diffuse tissue injury such as
occasionally occurs in tumor lysis syndrome and rhabdomy-
olysis. If mechanical obstruction of the renal vasculature is
suspected, then isotope studies, Doppler procedures, magnetic
resonance angiography, or conventional angiography might be
considered.

Therapeutic Trials

Response to specific interventions may provide diagnostically
helpful information in the ARF setting. Restoration of renal
function with either extracellular fluid volume replacement or
improvement in cardiac output (dopamine/dobutamine) sup-
ports a diagnosis of prerenal azotemia. Improved renal function
after relief of obstructive uropathy suggests postrenal azotemia.
Improvement or amelioration of ARF after cessation of phar-
macologic agents such as NSAIDs or ACE inhibitors suggests
a pathogenetic role for those substances in ARF. Mechanical
(angioplasty or surgical manipulations) or pharmacologic
(thrombolytic) improvement in renal blood flow in the appro-
priate clinical setting supports an ischemic basis for worsening
of renal function (72,73,302,303).

Renal Biopsy

Occasionally, despite a logical sequential approach, the cause
of ARF remains unclear. Renal biopsy may be considered un-
der such circumstances. A renal biopsy often is considered in
the setting of ARF when some of the following are present:
(a) no obvious cause of ARF, (b) either extrarenal clinical evi-
dence or a history of systemic disease, (c) heavy proteinuria and
persistent hematuria, (d) marked hypertension in the absence
of volume expansion, (e) prolonged (>2 to 3 weeks) oliguria,
and (f) anuria in the absence of obstructive uropathy. It is worth
reemphasizing the necessity for aggressive, timely evaluation if
glomerular disease is a diagnostic possibility as a cause of ARF
(245). Once the serum creatinine exceeds 2 to 5 mg/dL in cases
of rapidly progressive glomerulonephritis, and perhaps acute
interstitial nephritis, the possibility of nonreversible scarring
and lack of recovery of renal function increases significantly
(245).

Several studies have examined the clinical utility of renal
biopsy in the setting of ARF (304–309). Mustonen and asso-
ciates (305) performed biopsies in 91 of 99 patients and com-

pared biopsy results with the prebiopsy clinical diagnoses. A
clinical impression of acute tubular and/or interstitial disease
was confirmed by biopsy in 44 of 51 (86%) of cases. A clin-
ical impression of acute glomerular disease was confirmed by
biopsy in 16 of 23 (70%) of cases. In 30% of cases, either
no clinical diagnosis was obvious or the clinical diagnosis dif-
fered from the biopsy diagnosis. Wilson et al. (307) performed
a renal biopsy on 84 patients with ARF. All of these patients
had undefined “atypical features” for ATN. On biopsy, 52%
had glomerular disease, 30% had acute tubulointerstitial dis-
ease, and 18% had renal vascular disorders (307). In this study,
a clinical diagnosis of an acute tubulointerstitial process was
77% sensitive and 86% specific. By contrast, a clinical diag-
nosis of acute glomerulonephritis was less sensitive (56%) and
less specific (66%). In another prospective study, Cohen and
associates (304) found that only one-third of the clinical diag-
noses of the cause of ARF were substantiated by renal biopsy.
Moreover, in this small series, the renal biopsy led to a signif-
icant change in therapy in more than half of the patients with
ARF who were undergoing a biopsy (304).

Solez and colleagues (306) reported on their experience with
976 patients with ARF encountered over a 10-year interval.
Twenty-two percent of these patients underwent biopsy be-
cause the cause of ARF was not apparent. Most of the patients
had features atypical of ATN such as gradual onset of ARF,
significant hypertension, marked proteinuria, significant hema-
turia, prolonged (>3 weeks) oliguria, and underlying systemic
disease. Half of the patients, in whom the ARF diagnosis was
not apparent, had glomerular disease on biopsy, whereas the
remainder had tubulointerstitial disease.

In addition to indications for performing a renal biopsy
in ARF, two other issues are of concern. The first is safety.
Recent developments in treating the coagulopathy associated
with renal failure plus improvements in biopsy techniques (e.g.,
biopsy guided by real time ultrasonography or CT imaging, use
of smaller needles and biopsy guns) have improved safety. In-
deed, reasonable safety has been demonstrated in the setting
of uncooperative ICU patients requiring mechanical ventila-
tion (310). In this small study, percutaneous renal biopsy per-
formed on critically ill, ICU patients undergoing mechanical
ventilation was compared with open biopsy. Sufficient renal
tissue for diagnosis was obtained on all seven patients under-
going percutaneous biopsy and the rate of complications was
roughly comparable to patients undergoing open biopsy (310).
Renal biopsy utilizing a transjugular approach has been used in
high-risk patients. Thompson and colleagues (311) reported on
25 patients who underwent transjugular renal biopsy—these
procedures were performed by an interventional radiologist
experienced in transjugular liver biopsies, and diagnostic tis-
sue was obtained in 21 (84%) of cases. Seventeen out of 25
patients developed perforation of the renal capsule, 6 of whom
required coil embolization. One patient developed renal vein
thrombosis 6 days after a failed transjugular biopsy attempt
(311).

The timing of biopsy in ARF remains a key issue (245). In
the past, lack of recovery of renal function and persisting anuria
after several days were considered as indicators for ARF biopsy.
Presently, concerns about the irreversible nature of many forms
of severe glomerulopathy and acute interstitial disorders, if left
untreated, have led to a much more timely approach to biopsy
when the cause of ARF is not clear.

COMPLICATIONS OF ACUTE
RENAL FAILURE

Determination of the rate of occurrence of complications in
patients with ARF sometimes is difficult. Patients with the
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highest rate of development of ARF often have significant co-
morbidity and preexisting multiple organ dysfunction prior to
development of ARF. For example, in a case cohort study of
mild-to-moderate radiocontrast-induced ARF, preexisting sep-
sis (22%), respiratory failure (36%), mental status changes
(41%), and bleeding (15%) were relatively common (35).
However, the rate of new occurrence of these complications
following development of ARF in patients that did not have the
complication before ARF was strikingly high (sepsis 45%, res-
piratory failure 78%, mental status changes 68%, and bleeding
27%) (35).

Cardiovascular System Complication

Hemodynamic instability is often encountered before and after
development of ARF. Liano found that 60% of ICU-associated
and 19% of hospital ward-associated ARF cases experienced
hypotension (56). Myocardial ischemia (13% to 19%) and
cardiac arrhythmias that required treatment (22% to 29%)
were observed commonly in a large multicenter study of pa-
tients with ARF (42). Volume overload and congestive cardiac
failure are also common complications occurring in ARF pa-
tients (38,40,77,312,313). Of course, congestive heart failure
and its treatment (angiotensin converting enzyme [ACE] in-
hibitors and diuretics) can be associated with ARF. Pericardial
tamponade also can be associated with ARF. The causes of
cardiac tamponade in ARF are pericardial effusion (usually of
serosanguinous type), hemorrhage into the pericardial sac, and
collagenization of pericardial exudate (314,315). The concomi-
tant presence of significant cardiac dysfunction and ARF may
be a manifestation of either systemic disease (i.e., systemic lu-
pus erythematosus, scleroderma) or a complication of cardiac
disease (i.e., subacute bacterial endocarditis, atrial fibrillation
with emboli). Spontaneous and catheter-induced atheroemboli
can cause abdominal and peripheral vascular manifestations
as well as ARF. Indwelling arterial and venous catheters can
lead to vascular occlusion, inflammation, and infection in the
setting of ARF. Cardiac arrest in the setting of ARF always
should arouse immediate suspicion of hyperkalemia, a poten-
tially treatable cause of cardiac arrest.

Pulmonary System Complications

Pulmonary infiltrates caused by edema from volume overload
and/or infection are encountered frequently in ARF. In eight
series comprising 1,900 patients with severe ARF, more than
50% had concomitant respiratory failure sufficient to warrant
mechanical ventilation (316).

Respiratory failure occurred commonly before (36%) and
especially after (78%) the development of ARF in the expe-
rience of Levy and associates (35). Liano et al. (40) found
that 82% of ICU-associated cases of ARF were on mechani-
cal ventilation, whereas Allgren reported that 48% to 55% of
all ARF patients were intubated for respiratory support (42).
Pulmonary infiltrates appeared in 26 of 92 (28%) patients with
ATN in our experience (38). Pulmonary complications includ-
ing aspiration pneumonia, and adult respiratory distress syn-
drome occurred in 54% of 462 patients in another recent study
(312). McMurray and associates found 81 episodes of pneu-
monia in 276 patients with ATN (77).

There are several disease processes that can cause simultane-
ous pulmonary involvement and impairment of renal function
(316). These processes include Goodpasture’s syndrome, sys-
temic lupus erythematosus, Wegener’s granulomatosis, allergic
granulomatous angiitis (Churg-Strauss syndrome), polyarteri-
tis nodosa, cryoglobulinemia, sarcoidosis, renal vein thrombo-
sis with pulmonary emboli, and bronchogenic carcinoma with

immune complex glomerulonephritis. The development of pul-
monary complications is an adverse prognostic factor in ARF
(312,313,316,317). In a study of prognostic risk factors in 462
patients with ATN, Bullock et al. (312) found the development
of pulmonary complications to be the single most significant
risk factor for death in ATN; and ARF occurring in the respira-
tory ICU was associated with an 80% mortality. In five series
of patients with severe ARF, mortality increased from 49% in
nonventilated patients to over 80% in patients who required
mechanical ventilation (316).

Gastrointestinal System Complications

The primary gastrointestinal complications of ARF include
symptoms of anorexia and nausea, vomiting, and upper gas-
trointestinal bleeding. Stress ulcers and gastritis are common.
In a prospective study of 514 subjects with ARF (318), acute
gastrointestinal bleeding occurred in 69 (13.4%) patients.
Forty (7.8%) patients had bleeding that was severe, that is,
resulted in hemodynamic compromise or required transfusion
or surgery. The most common causes of bleeding were gastric
erosions/ulcers, duodenal ulcers and esophageal varices. Inde-
pendent risk factors for bleeding included thrombocytopenia,
liver cirrhosis, de novo ARF, chronic liver disease, increased
severity of ARF, and APACHE II score (318). Gastrointestinal
bleeding complicated the course of 8% to 13% of patients with
ARF recently reported by Allgren and associates (42).

Mild hyperamylasemia (two or three times normal) can be
seen in ARF (319). Also noteworthy is the fact that several dis-
ease processes (e.g., atheroemboli, vasculitis, and common bile
duct stones with bacteremia) can present with both acute pan-
creatitis and ARF. Acute and chronic renal failure can elevate
the ratio of the renal clearances of amylase to creatinine (319).
Thus, lipase determinations and clinical assessment often are
necessary to assist in the diagnosis of pancreatitis in the setting
of ARF. Acute pancreatitis can result in ARF. In two recent se-
ries of more than 1,000 patients with acute pancreatitis, 4% to
14% developed some degree of ARF (320,321). Allgren found
that 2% to 10% of all ARF patients had a clinical diagnosis of
acute pancreatitis (42).

Jaundice often occurs during the course of ARF. Jaundice
occurred in 43% of 462 patients with ATN in the experi-
ence of Bullock et al. (312). Jaundice occurred in 28% of
ICU-associated and 13% of hospital-ward associated ARF in
the experience of Liano and associates (40). Jaundice is often
multifactorial, with contributing factors including passive hep-
atic congestion, blood transfusions, hypotension, medications
and toxins, and sepsis. A number of infections (Gram-negative
sepsis, especially in patients with bile duct obstruction, lep-
tospirosis, or hepatitis A, B, and C) and toxins (hydrocarbons,
acetaminophen, Amanita phalloides toxin) can cause simulta-
neous hepatitis and ARF. The development of jaundice in the
setting of ARF may be an ominous prognostic finding (312).

Neurologic System Complications

Central nervous system disorders have long been recognized as
frequent accompaniments of ARF. Liano and associates empha-
sized that the presence of coma associated with ARF signals an
exceptionally poor prognosis (40). Mental status changes were
noted by Levy et al. (35) in 41% of patients before and 68%
of patients after development of ARF. In another study, Liano
found that about 25% of ARF patients were sedated, making
assessment of mental status difficult, and that 5% were co-
matose (56). Levy et al. found that the course cases of 12% of
ARF patients were complicated by an acute stroke, whereas a
stroke occurred in only 2% of case controls (35).
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There are a number of causes of neurologic dysfunction
in the setting of ARF such as primary neurologic disease,
other metabolic disturbances, and the presence of systemic
disease involving both the kidneys and nervous system (vas-
culitis, systemic lupus erythematosus, subacute bacterial en-
docarditis, thrombotic thrombocytopenic purpura, hemolytic-
uremic syndrome, malignant hypertension). Pharmacologic
agent–induced (e.g., sedative-hypnotic drugs) encephalopathy
is a common cause of central nervous system dysfunction in pa-
tients with renal failure (322). Neurologic symptoms appearing
after dialytic therapy should arouse suspicion of a dialysis dis-
equilibrium syndrome. Development of peripheral neuropathy
in the setting of ARF should raise consideration of neurovas-
cular entrapment (rhabdomyolysis), ischemic neuropathy (pol-
yarteritis, emboli), and heavy metal intoxication.

Infectious Complications

Acute renal failure and infections are commonly associated. In
the experience of Rasmussen and Ibels, septicemia appeared
to be an important factor contributing to the development of
ARF in 26% of 143 ARF patients (123). In a case-control study,
Shusterman and colleagues (55) found that septic shock was the
single clinical condition associated with the highest likelihood
of development of hospital-acquired ARF.

Allgren found that sepsis occurred in 27% to 42% of pa-
tients with ARF and that the overall rate of associated infection
ranged from 44% to 57% (42). In a recent prospective study
of patients with septic shock, 21% of patients were oliguric at
the time of study entry (323).

Not only is septicemia frequently associated with the onset
of ARF, but also infections frequency complicates the course
of patients with ARF. Levy and colleagues found a 22% fre-
quency of preexisting infection before and an additional 45%
frequency of infections after ARF (35). McMurray et al. (77)
found infections in 74% of 276 patients with ATN. In their
study, the most common sites of infection were pulmonary
(29%), urinary tract (32%), and peritonitis (22%). A total of
56 patients had abscesses, and 97 had documented bacteremia.
Infections from indwelling venous and arterial lines and in-
dwelling bladder catheters also occur in ARF; however, urinary
tract infections can occur even in patients without indwelling
catheters. Patients with ARF on dialysis in ICU are especially
susceptible to infection. Hoste (324) found that in 704 ICU
patients treated for ARF with dialysis, 62 patients developed
nosocomial bacteremia. The lungs were the most important
source of bloodstream infection (26%), followed by the ab-
domen (23%), catheters for vascular access (16%), urogenital
tract (10%), wounds (6%), and unknown (19%) (324). Pul-
monary infections appear to occur later in the course of ARF.
In a prospective analysis, we found that 11% of 92 patients
with ARF developed septicemia. In the experience of Bullock
et al. (312) with 462 ARF patients, 91% received an average of
three antibiotics for 16 days. Keane et al. (325) recently pub-
lished a small (N = 35) prospective, controlled study examin-
ing the efficacy of intravenous immunoglobulin G as adjunctive
therapy in patients with ARF. A striking 71% of 35 ARF pa-
tients developed culture-proven infections (325). Interestingly,
mortality was significantly lower in immunoglobulin-treated
patients (12%) than controls (44%). Also of interest, there
was no difference in the rate of infectious complications when
the immunoglobulin-treated patients were compared with con-
trols. Confirmation of these results as well as documentation
of the mechanisms of improved survival is needed.

Infectious complications are a leading source of morbidity
and mortality in ARF. McMurray et al. (77) found that infec-
tious complications were the cause of death in 54% of 102 ATN
deaths. In the extensive experience of Liano and associates in

which progression of underlying disease was excluded, infec-
tion was the single leading case of death (40).

Endocrine System Complications

Acute tubular necrosis is often associated with disturbances in
divalent ion metabolism (hypocalcemia, hyperphosphatemia,
and hypermagnesemia) (326,327). Altered parathyroid hor-
mone (PTH) action and vitamin D metabolism may play a
pathogenetic role in the hypocalcemia and hyperphosphatemia.
Several studies demonstrate a high plasma PTH in ATN
(233,328–335). This probably occurs in response to hypocal-
cemia. The simultaneous presence of hypocalcemia with high
PTH levels suggests impaired bone response to PTH, which
has been demonstrated in humans with ATN (330). In some
ARF patients, decreased 1,25-dihydroxy vitamin D is present
and many ARF patients have hyperphosphatemia. These latter
two factors may underlie the skeletal resistance to PTH that
occurs with ATN (326–331,333-335). Monomeric calcitonin
levels have been found to be increased with ARF (335). The role
of calcitonin in the deranged calcium/phosphorus homeostasis
of ARF remains to be determined.

Calcium homeostasis in ARF related to rhabdomyolysis has
been investigated (233,329,335). In general, hypocalcemia, hy-
perphosphatemia and low levels of 1,25-dihydroxy vitamin
D are present. Hypercalcemia can rarely occur early in the
polyuric phase of ARF and is associated with increases in
1,25-dihydroxy vitamin D and PTH (both amino-terminal and
carboxy-terminal) (233). Later in the polyuric phase, serum
calcium vitamin D, and PTH levels returned to normal. A
close correlation between serum calcium and vitamin D lev-
els can be present (233). These observations suggest that the
hypocalcemia seen during the early phase of ARF is due to
hyperphosphatemia and decreased 1,25-dihydroxy vitamin D
synthesis. In summary, high PTH, skeletal resistance to PTH,
and low 1,25-dihydroxy vitamin D levels occur in ARF. Rarely,
the recovery of rhabdomyolysis-associated ARF can be compli-
cated by hypercalcemia. The cause of this late syndrome may be
mobilization of calcium sequestered by necrotic muscle tissue
rather than a disturbance of the PTH-vitamin D axis (336,337).
Calciphylaxis has been reported as a rare complication of ARF
(338).

Data on male gonadal function in ARF are available. Two
groups of investigators found high blood prolactin levels and
low testosterone in males with ARF (331,332). The abnormal-
ities in prolactin and testosterone resolved as renal function
normalized. In the study of Kokot and Kuska (331), increased
blood concentrations of luteinizing hormone and estradiol also
were present. These workers found a negative correlation be-
tween plasma prolactin and testosterone but no correlation be-
tween PTH and either testosterone or prolactin (331). By con-
trast, Levitan et al. (332) found a direct relationship between
prolactin and PTH. Together, these observations demonstrate
that male gonadal failure frequently occurs in the setting of
ARF. Unfortunately, data on comparably ill control subjects
are not available.

Thyroid function tests have been examined in the setting of
ARF (339,340). Total thyroxine (T4) and triiodothyronine (T3)
are decreased in ARF and return to normal with recovery of
renal function. In one but not another study, free T3 and free T4
also were decreased in ARF (339,340); however, all patients ap-
peared clinically to be euthyroid and thyroid-stimulating hor-
mone was normal. Thus, patients with ARF resemble other
critically ill patients, and thyroid function is normal.

Kokot and Kuska (331) studied glycogenic insulin release
in patients with ARF. Insulin release from beta cells was stud-
ied by intravenous glucose infusions. Fasting insulin concen-
trations were normal. In response to glucose infusion, insulin
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concentrations were higher than in controls, and plasma disap-
pearance was prolonged. These findings suggest the presence
of insulin resistance such as is commonly seen in chronic re-
nal failure. This conclusion was further documented by find-
ing that insulin (0.1 μm/kg) decreased fasting plasma glucose
from 96 to 58 mg/dL in patients with ARF and from 90 to
38 mg/dL in normal subjects. In acutely uremic rats, insulin
resistance appears to be caused by skeletal muscle resistance
to insulin-mediated glucose uptake (341). Also, there appears
to be impaired hepatic glucose response to glucagon but not to
cyclic adenosine monophosphate (cAMP). Together, these clini-
cal and experimental studies suggest that ARF produces insulin
resistance and the resistance occurs at the skeletal muscle level.
Also, acute uremia appears to include a “pre-cAMP” defect
in hepatic glucose response to glucagon (341). High plasma
renin activity (PRA) and angiotensin II often occur in the set-
ting of ARF. In a clinical study, Mitch and Walker (342) found
elevated plasma levels of angiotensin II in 13 patients with
shock and ARF. Of these 13 patients, 10 had increases in PRA;
however, only slight increases in angiotensin II and PRA levels
were frequently found. Furthermore, comparable increases in
PRA and angiotensin II were observed in six patients under-
going elective drug-induced hypotension who did not develop
ARF (342). The observations confirm that high levels of an-
giotensin II and PRA are often observed in the clinical setting
of ARF. However, similar levels also occur in settings in which
renal function is clinically well maintained. Whether the high
angiotensin II levels contribute to hypertension that occasion-
ally complicates ARF remains to be determined. Transient hy-
perreninemic hypoaldosteronism is common in patients with
septic shock. These abnormal aldosterone levels are associated
with greater sodium and fluid depletion and are followed by
enhanced incidence of acute renal failure requiring renal re-
placement therapy and prolonged length of stay in the ICU
(343).

Kokot and Kuska (331) examined growth hormone re-
sponse in insulin in patients with ARF. Patients with ARF
had a threefold greater increase in growth hormone compared
with controls. Following hemodialysis, the exaggerated in-
crease in growth hormone response was significantly less but
still present.

BIOCHEMICAL ABNORMALITIES
IN ACUTE RENAL FAILURE

Nitrogen Balance

Plasma urea nitrogen and serum creatinine increase because de-
creased urinary excretion of nitrogenous waste occurs in ARF.
The magnitude of increase is dependent on the nitrogen in-
take, the degree of renal impairment, and the degree of protein
catabolism (see Table 41-13). Urea nitrogen appearance rates
ranging from 5 to 50 mg/day or greater can occur, depending on
the catabolic state of the patient (344). In the noncatabolic pa-
tient with mild renal impairment, daily BUN usually increases
<10 to 15 mg/dL per day and serum creatinine <1.5 mg/dL
per day. Conversely, in the catabolic patient, daily increments
of BUN can exceed 50 mg/dL. In 462 patients with ATN,
Bullock et al. (312) found that 35 were “catabolic” as defined
by an increase of BUN of >30 mg/dL on 2 consecutive days.
Biesenbach et al. (317) found that 10% to 20% of 710 cases of
ARF were hypercatabolic. The degree of renal impairment is
also an important determinant of BUN and plasma creatinine
in ARF. We found that the duration of BUN of >50 mg/dL in
ARF was 18 ± 2.0 days in oliguric patients and 8 ± 0.8 days
in nonoliguric patients who had a higher GFR (38).

TA B L E 4 1 - 1 3

SELECTED BIOCHEMICAL COMPLICATIONS IN
ACUTE RENAL FAILURE

Change/day

Noncatabolic Catabolic

Blood urea nitrogen (mg/dL) 10–20 >30
Creatinine (mg/dL) <1.5 >1.5
K+ (mEq/L) <0.5 >0.5
HCO3− (mEq/L) <2 >2
Phosphorus (mg/dL) 0.5 >1

The precise cause of the catabolic state in ARF cannot be
stated with certainty. Many patients have necrotic tissue, mus-
cle damage, fever, and sepsis and may be receiving corticos-
teroids. Several hormonal abnormalities are present in ARF
(e.g., elevated levels of glucagon, catecholamines, growth hor-
mone, cortisol, and insulin resistance) that could alter mus-
cle protein metabolism (331,344). A major cause of protein
catabolism in ARF is insulin resistance (345). Insulin resistance
leads to reduced protein synthesis, enhanced degradation of
muscle protein and excessive release of amino acids into the cir-
culation (345). Gluconeogenesis and ureagenesis are increased
due to hepatic uptake of these amino acids from the circula-
tion (345). Circulating proteases released from leukocytes have
been found in the blood of catabolic patients with ARF (346).
ARF is associated with a reduction in protease inhibitors such
as α-2-macroglobulin (347). The use of dialysis may remove
amino acids and other nutritional elements (348). Finally, di-
minished nutritional intake can potentially contribute to the
depressed level of muscle protein synthesis in ARF.

Enhanced muscle breakdown with release of creatine can
lead to a disproportionate increase in serum creatinine relative
to BUN in the setting of rhabdomyolysis-induced ARF. For
example, Koffler and associates (349) found that about 25%
of their patients with rhabdomyolysis-induced ARF had dis-
proportionate increases in creatinine relative to BUN. Gross-
man and associates (234) found daily increments in plasma
creatinine varying from 1.6 to 6.6 mg/dL. In 15 patients with
rhabdomyolysis-related ARF, nine had daily increments of
plasma creatinine of >3.0 mg/dL (234). However, Gabow et al.
(243) did not find any difference in daily increment in plasma
creatinine when ARF patients with (1.3 ± 0.7 mg/dL) and with-
out (1.4 ± 0.8 mg/dL) rhabdomyolysis were compared.

Clinicians usually follow daily serum creatinine concentra-
tions to assess whether GFR is increasing, decreasing, or con-
stant in patients with ARF. The serum creatinine concentra-
tion, however, is dependent on creatinine production, volume
of distribution, and renal elimination, and all of these vari-
ables are subject to fluctuations in patients with ARF. Moran
and Myers (5) developed a simple, computerized model of cre-
atinine kinetics in patients with postischemic ARF. This model
allows calculation of GFR based on serum creatinine concen-
tration corrected for changes in creatinine volume of distribu-
tion and was validated by direct measurements of GFR. Us-
ing this model, two clinically noteworthy observations were
made. First, in patients with ARF, changes in GFR often cor-
related poorly with changes in serum creatinine concentration.
Second, several patterns (abrupt and large, slow and progres-
sive, and stepwise) of change in glomerular filtration occurred
during development of and recovery from postischemic ARF
and were poorly reflected by daily changes in serum creatinine
concentration (5). These observations suggest that definite con-
clusions regarding changes in GFR are difficult to make using
serum creatinine concentration alone in the setting of ARF.
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In this regard, isotopic methods (utilizing radioisotope or ra-
diocontrast) can provide noninvasive, real-time monitoring of
renal function in critically ill patients (49,350,351). Unfortu-
nately, this methodology is not widely available at present.

Disorders of Electrolyte and
Uric Acid Metabolism

Hyperkalemia, hyponatremia, metabolic acidosis, and hyper-
uricemia often occur in ARF. In our experience, a rise in plasma
potassium concentrations to >5.5 mEq/L was seen in 50% of
patients with ARF (38). Minuth and colleagues (252) found
hyperkalemia in 75% of 94 patients. Wheeler and associates
(352) found that 30% of patients with ATN develop an increase
in plasma potassium concentration to >6.0 mEq/L; however,
an increase in serum potassium may not occur in cases of mild
ARF (326). The hyperkalemia is due to continued potassium re-
lease from cells in the face of impaired renal potassium elimina-
tion. For example, the potassium concentration of intracellular
water is about 155 mEq/L in skeletal muscle. Thus, tumor ly-
sis syndrome and rhabdomyolysis can induce dangerous levels
of hyperkalemia quickly. A study of seven patients with rhab-
domyolysis induced by extensive traumatic muscle crush in-
jury revealed plasma potassium concentrations on admission of
4.5 to 8.3 mEq/L despite rapid evacuation from the site of
injury (236). Three of the seven patients had potassium concen-
trations of >6.9 mEq/L. Gabow and colleagues (243) found sig-
nificantly higher peak potassium concentrations in ARF asso-
ciated with rhabdomyolysis than in other forms of ARF (5.6 ±
0.9 vs. 4.7 + 0.6 mEq/L, respectively; p <0.05). Other factors
including a cellular shift of potassium owing to acidemia and
hyperosmolality and potassium loads from exogenous sources
such as blood, dietary intake, potassium salts (e.g., salt substi-
tutes), or large doses of penicillin G can also contribute to hy-
perkalemia. Acute renal failure induced by NSAIDs can also be
associated with marked hyperkalemia (353). An effect of these
agents in suppressing renin and aldosterone secretion may be
responsible in part.

Metabolic acidosis occurs often in ARF. In 92 patients
with ARF, we found metabolic acidosis (plasma bicarbonate of
<15 mEq/L, pH <7.40) in 19% (38). In a group of patients
with mild ARF (rise in serum creatinine of 2 mg/dL), a 2 to
4 mEq/L decrease in serum bicarbonate occurred (339). Stable
patients without kidney function on chronic hemodialysis usu-
ally have a decline of plasma bicarbonate of 2 mEq/L/day (344).
The metabolic acidosis is often associated with an increased an-
ion gap. Thus, Gabow and associates (243) found an anion gap
of 17 ± 6 mEq/L in ARF; however, when rhabdomyolysis was
present, the anion gap increased to 28 ± 14 mEq/L. By con-
trast, Dolson found an anion gap of 14 ± 0.6 mEq/L in series
of patients with mild ARF (326). The metabolic acidosis results
from continued production of nonvolatile acid and decreased
renal ability to excrete acid. In severely catabolic states, the
usual daily production of 1 mEq/L of nonvolatile acid can be
increased markedly. It is noteworthy that other causes of an-
ion gap metabolic acidosis such as ingestion of ethylene glycol
and clinical settings associated with lactic acidosis are often
associated with ARF.

Hyponatremia is a common complication of ARF and is
caused by an absolute or relative increase in solute-free water
intake. In a prospective analysis of hyponatremia, we found
that 19% of all cases of hyponatremia occur in the setting of
excess solute-free water intake in the presence of renal failure
(354). Rare associations with hyponatremia and ARF include
toxin ingestion (355,356), rhabdomyolysis, infection (357) and
hypothyroidism (358). Hyperuricemia usually occurs in ARF.
Peak uric acid was 9.2 ± 3.7 mg/dL in 38 patients with ATN

(243) and 8.6 mg/dL in 96 patients with mild ARF (326).
Much higher blood uric acid concentrations occur in cell injury-
associated ARF, and peak uric acid concentrations of 14.1 ±
4.4 mg/dL were found in patients with ARF and rhabdomyol-
ysis (243). Uric acid concentrations of greater than 20.0 mg/dL
were seen in five of 21 patients with rhabdomyolysis and ARF
in other studies (234,349). Striking increases in uric acid con-
centrations also occur with ARF in the setting of heat stroke,
tumor lysis, and catabolism. Despite high blood uric acid con-
centrations, there is little evidence of irreversible end-organ
disease resulting from hyperuricemia (82,349).

Disorders of Divalent and
Trivalent Ion Metabolism

Hyperphosphatemia in the range of 5 to 8 mg/dL often oc-
curs in ARF (233,327,329,335). With mild ARF, the rise in
serum phosphorus may be very modest, to the 4 to 5 mg/dL
range (326). Decreased urinary excretion of phosphorus con-
tributes to hyperphosphatemia. In addition, phosphorus is re-
leased from injured tissue, in which intracellular phosphate
concentrations average 100 mmol/L. In the presence of tissue
destruction, as in the tumor lysis syndrome and in rhabdomyol-
ysis, extremely high serum phosphorus concentrations are seen.
For example, 14 of 34 patients with ARF due to nontraumatic
rhabdomyolysis had hyperphosphatemia (>9 mg/dL) in two
studies (234,349). In another study, peak serum phosphorus
in patients with ARF with and without rhabdomyolysis was
7.0 ± 2.7 and 4.5 ± 1.8 mg/dL, respectively (243). Acute aci-
dosis can also contribute to hyperphosphatemia, by decreasing
the glycolytic rate and increasing the rate of hydrolysis of sugar
phosphates intracellularly.

Hypocalcemia is also an expected finding in ARF. In the
absence of rhabdomyolysis, calcium concentrations usually ex-
ceed 6.5 mg/dL (327,329,335). In mild ARF, the serum calcium
concentration usually is 8.5 mg/dL or higher (326). Profound
hypocalcemia can be observed in rhabdomyolysis-associated
ARF. Thus, eight of 35 patients with rhabdomyolysis and ARF
had serum calcium concentrations of <6.5 mg/dL (233). The
cause of the hypocalcemia of ARF is debated. Phosphate re-
tention with calcium-phosphate deposition in soft tissues can
cause some degree of hypocalcemia. However, in some studies,
no relationship between hyperphosphatemia and hypocalcemia
can be demonstrated, suggesting that additional mechanisms
are operative (330). As noted previously, skeletal resistance to
the calcemic effect of PTH is present in ARF.

Rarely, hypercalcemia complicates the course of ARF
(243,359-361). Although this hypercalcemia usually occurs
during the diuretic phase of rhabdomyolysis-induced ARF, it
has been reported during the oliguric phase as well (359). The
mechanism of this hypercalcemia is unclear. Both increased and
decreased PTH levels are reported (243,359). Utilizing elec-
tron microscopy and technetium pyrophosphate scanning in
four patients with rhabdomyolysis, Akmal et al. (359) demon-
strated muscle tissue calcification that disappeared during
recovery from ARF. Sperling (336) described one case of rhab-
domyolysis in which plasma parathyroid hormone and 1,25-
dihydroxyvitamin D levels were suppressed during the period
of maximal hypercalcemia while in the recovery phase of ARF.
A technetium pyrophosphate scan demonstrated extensive de-
position of calcium throughout the pelvic and lower extremity
muscles. Meroney et al. (362) administered radiolabeled cal-
cium to dogs with experimental muscle trauma. They found
that the isotope was deposited in injured skeletal muscle at
a rate nine times that observed in control animals. As noted
earlier, hypercalcemia occurring in the early polyuric phase of
rhabdomyolysis-associated ARF is associated with increases in
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1,25-dihydroxy vitamin D and PTH (233). Two studies demon-
strated widespread tissue calcium deposition with calcium-
related organ dysfunction in patients becoming hypercalcemic
after rhabdomyolysis-associated ARF (243,349). These obser-
vations emphasize the importance of recognition and control
of this complication of ARF.

Hypermagnesemia in the range of 2.5 to 4.0 mg/dL occurs
frequently in ARF (326,327). This range of hypermagnesemia
is almost always asymptomatic; however, striking hypermag-
nesemia can occur if magnesium-containing antacids are ad-
ministered to patients with ARF.

High plasma aluminum concentrations are traditionally
thought to occur exclusively in the setting of chronic renal fail-
ure. However, more recent reports demonstrate high plasma
aluminum concentrations occurring in the setting of ATN
(363,364). In the majority of these patients with ARF, the
source of the aluminum appeared to be untreated water used
for dialysis (363). Other potential sources include intravesicu-
lar alum therapy for hemorrhagic cystitis (364,365), oral feed-
ing, and intravenous albumin (366).

Hematologic Status

Anemia is common with ARF. A recent study by Hales and
associates (367) found anemia (hematocrit <35) in 91% of
56 patients with ARF. In this study, the degree of anemia cor-
related directly with the magnitude of elevation of BUN and
was worse in oliguric than in nonoliguric patients (367). The
causes of anemia in the ARF setting are multiple and include
blood loss from surgical procedures/trauma, the gastrointesti-
nal tract, and phlebotomy for laboratory testing. Contempo-
rary reports establish that ARF may be associated with sup-
pressed serum erythropoietin concentrations (334,368). For
example, a report of 10 patients with ATN includes data on
serial measurements (radioimmunoassay) of serum erythropoi-
etin (368). Serum erythropoietin levels were very low in pa-
tients with ATN. Moreover, several weeks to months were re-
quired before serum erythropoietin levels returned to normal,
and the normalization of serum erythropoietin lagged far be-
hind the normalization of the GFR. In one patient with ATN,
exogenous recombinant erythropoietin resulted in a brisk retic-
ulocytosis and a progressive increase in hemoglobin, suggesting
the lack of any endogenous inhibitor of erythropoiesis.

A number of disease states resulting in ARF are associated
with significant abnormalities of the hemogram. Thus, ARF
associated with a microangiopathic hemolytic process suggests
a “vascular” form of ARF (Table 41-4). Eosinophilia suggests
the possibility of allergic interstitial nephritis, polyarteritis no-
dosa, and atheroembolic disease (205,369–371). Anemia and
rouleaux formation suggest a plasma cell dyscrasia. Leukope-
nia and thrombocytopenia often occur in systemic lupus
erythematosus.

Coagulation disturbances occur frequently in ARF. Dissem-
inated intravascular coagulation commonly accompanies ARF.
Allgren found that of a large number of ARF patients (32% to
42%) were thrombocytopenic and 13% to 27% had coagu-
lopathy (42). Acute renal failure associated with traumatic and
atraumatic rhabdomyolysis is often accompanied by thrombo-
cytopenia and disseminated intravascular coagulation (240).
Cocaine-associated rhabdomyolysis appears to be associated
with an especially high frequency of thrombocytopenia and
coagulopathy (372). Preeclampsia and the HELLP syndrome
may be associated in severe cases with ARF, thrombocytopenia
and disseminated intravascular coagulation (373,374). The use
of bioincompatible components in dialysis (intermittent or con-
tinuous therapies) may cause activation of platelets, plasmatic
coagulation and fibrinolysis (375). Sepsis may cause activation
of plasma coagulation, reduction of natural inhibitors of coag-

ulation, defective fibrinolysis, and thrombocytopenia. Conse-
quently septic patients with ARF may develop a “consumptive
thrombohemorrhagic disorder” where the initial presentation
is hemorrhagic, whilst the initial pathologic event is throm-
botic (376). In one study, 19 of 47 patients with intravascular
coagulation developed ARF concurrently with or shortly af-
ter onset of the coagulopathy (377). However, the absence of
either cortical necrosis or microthrombi in the 11 kidneys ex-
amined histologically argues against a role for coagulopathy
in directly affecting renal function in these patients. Studies
in three patients with ARF owing to cardiogenic shock also
suggest that intravascular coagulation can contribute to ARF
(378). A falling platelet count and a rise in fibrinogen degra-
dation products occurred simultaneously with onset of ARF.
Increasing urine output and improved renal function occurred
after heparin therapy.

A bleeding diathesis complicating the course of ARF oc-
curred in 16% of the patients reported by Liano and associates
(40). A functional defect in platelets leading to a prolongation
in the bleeding time is seen in ARF. Thus, hemorrhagic com-
plications contributing to hemostatic abnormalities are seen in
5% to 20% of patients with ARF (77). Bleeding was encoun-
tered in 15% of patients before and in an additional 27% of
patients after development of ARF in one study (35). Cardiac
bypass surgery affects hemostasis by decreasing coagulation
factors, due to hemodilution and consumption (provoked by
endothelial activation from trauma and artificial surface expo-
sure) (376). Massive transfusion may cause hemostatic failure
due to dilution of clotting factors, while storage of blood leads
to platelet dysfunction and reduced clotting factors (376). As-
sociated liver disease is often present in patients with ARF.

TREATMENT OF ACUTE
RENAL FAILURE

Prevention

In view of the high morbidity and mortality of ARF, it is imper-
ative that maximal effort be directed to prevention of this disor-
der. General preventative strategies are outlined in Tables 41-14
and 41-15. With regard to nephrotoxins, about 20% to 30% of
all cases of ARF can be attributed to one or more nephrotoxic
agents (1,37,38,41,55,85) (see Chapters 42–45, 47, 48). The
clinical characteristics that place a patient in a high-risk cate-
gory for nephrotoxin-induced ARF are well known and include
the presence of underlying renal ischemia (e.g., volume deple-
tion, congestive heart failure, or an edematous disorder), con-
comitant exposure to more than a single nephrotoxin, and ex-
posure to high doses of the nephrotoxin. Other characteristics
such as advanced age and underlying renal insufficiency may
also be important. When good indications for use of a potential
nephrotoxin are present in high-risk patients, reasonable guide-
lines for usage include implementation of the smallest possible
dose, clear end points for stopping the drug, measurement and
maintenance of normal blood levels (if available), avoidance
of concomitant nephrotoxins, maintenance of euvolemia, and
serial monitoring of serum creatinine concentration. In some
cases, such as with once daily dosage of aminoglycosides (379)
or lipid encapsulated amphotericin B (380), dosing and formu-
lation modification may modestly reduce nephrotoxicity (381).

A contemporary study has nicely illustrated the potential
value of a computerized surveillance system with electronic no-
tification of clinicians to attenuate nephrotoxin-induced ARF
(382). In this study, e-mail messages were sent to clinicians to
notify them whenever mild increases in serum creatinine oc-
curred in their patients who were receiving a potential nephro-
toxin (382). This notification led to earlier discontinuation of
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TA B L E 4 1 - 1 4

PREVENTION OF ACUTE RENAL FAILURE

Avoidance of nephrotoxicity
Recognition of agents with nephrotoxic potential
Recognition of high-risk populations
Avoidance of concomitant use of more than one nephrotoxin
Consideration of alternative therapies
Use of smallest dose and briefest duration
Formulation/dosing modification
Monitoring of blood levels if available
Frequent measurement of renal function
Surveillance systems to alert clinicians to changes in renal

function
Hydration

Minimization of nosocomial infection
Meticulous handwashing
Conservative use and rapid removal of intravascular and

intravesicular catheters
Cautious use of antibiotics based on culture data with

automatic stop orders to ensure periodic reassessment
Aspiration pneumonia precautions (elevate head of bed,

attention to gastric residual volume, conservative use of
sedatives/hypnotics)

Selected application of pharmacologic intervention
Extracellular fluid expansion
Maintenance of high urine flow
Maintenance of cardiac index and mean arterial pressure
Renal vasodilators
Intravenous albumin
Growth factors
Calcium channel blockers
Miscellaneous agents

Selected application of nonpharmacologic interventions
Preoperative optimization
Maintenance of high oxygen delivery
Minimization of artificial ventilation
Supranormal optimization of cardiovascular hemodynamics
Prophylactic hemofiltration

the offending agent than when clinicians were not notified. Ear-
lier notification and cessation of the offending agent decreased
the frequency of development of severe ARF from 7.5% to
3.4%. It is likely that a more powerful intervention (e.g., au-
tomatic stop order, clinician telephone notification) could have
even earlier, more meaningful impact.

Recommendations to prevent ARF are not uniformly fol-
lowed. Weisbord and associates (383) reviewed the medical
records of “at risk” patients who underwent radiologic inves-
tigations using radiocontrast. They found that of 144 patients
eligible for intravenous volume expansion, 16% failed to re-
ceive any intravenous fluids. NSAIDs and COX-2 inhibitors
were prescribed for 8% of patients (383).

Volume Expansion

A large body of experimental data and clinical studies sug-
gest numerous clinical settings in which volume expansion and
maintenance of high urine flow rates can protect the kidney
from development of ARF (Tables 41-14 and 41-15). Based on
a comparison with historic controls, Eisenberg and associates
(384) suggested that volume expansion is 100% effective in
preventing contrast agent-induced ARF. Currently, nearly all
clinicians empirically utilize some form of volume expansion

before, during, and following contrast exposure if the patient’s
clinical condition permits such therapy (385,386) (see Chap-
ter 45). However, there are no randomized, prospective tri-
als that document effectiveness and compare the efficacy of
any fluid administration regimens to “no therapy” (385). Sim-
ilarly, early anecdotal clinical experience found that hydration
decreased/prevented ARF that occurs occasionally in associa-
tion with cisplatin (387,388). Currently, it is standard of care
to hydrate all patients receiving cisplatin therapy if possible
(387,388). As with contrast agents, there are no prospective
randomized trials that either prove efficacy or hydration or
compare various regimens. Amphotericin B often induces ARF
(389–391). The nephrotoxicity associated with amphotericin B
is directly related to cumulative dosage and worsened by con-
comitant diuretic administration (390). Although prospective,
randomized trials are not available, case reports and anecdotal
clinical experience strongly suggest that prophylactic volume
expansion decreases the risk of amphotericin B-induced ARF
(389–391). In patients with sepsis, the optimal form of volume
replacement is unknown. Three meta-analyses have recently
compared crystalloid versus colloid solutions: two showing no
difference in mortality (392,393) and one showing that colloids
increase mortality by 4% (394). A Cochrane review of albumin
administration in systemically ill patients showed that albumin
increased mortality in comparison to other intravenous solu-
tions (395). In patients with severe sepsis, hydroxyethylstarch
was associated with a higher risk of ARF than gelatin (396).
Boldt and associates (397) found no difference between hy-
droxyethylstarch and albumin in a trial of volume replacement
in critically ill patients. Finfer and colleagues (398) performed a
multicenter randomized controlled trial of resuscitation fluids
comparing albumin and saline in critically ill patients. There
was no difference in 28-day mortality, organ failure, hospital
stay, days on mechanical ventilation, or days on renal replace-
ment therapy (398).

Another setting in which experimental (399–401) and retro-
spective clinical studies (229,232,236,240,243) suggest a role
of volume expansion and maintenance of urine flow to po-
tentially protect the kidneys from development of ARF is in
pigmenturic states. In one study, seven individuals were given
fluid resuscitation (1.5 to 3.0 L) during extrication and evac-
uation from crush injury (236). Subsequently, these patients
were subjected to massive forced alkaline diuresis, and none
developed ARF. The authors of this report have extensive ex-
perience dealing with crush injuries and felt that ARF would
have been inevitable in these patients in the absence of forced
alkaline diuresis. In another series of 21 patients admitted with
nontraumatic rhabdomyolysis, 45% of patients responded to
volume expansion with an increase in urine output (232). All
patients who responded became nonoliguric, did not require
dialysis, and survived. In patients who remained oliguric, 9%
died, and all required dialysis. The timing of initiation of fluid
resuscitation is also important. Gunal and colleagues (242) de-
scribed a case series of 16 crush victims from the 2003 earth-
quake in Bingol, Turkey. Early and vigorous fluid resuscitation
was performed as described by Better and Stein (402). Duration
between rescue and initiation of fluids was significantly longer
in the dialyzed victims as compared with nondialyzed ones
(9.3 vs. 3.7 hours). To date, potential risks of forced alkaline
diuresis in rhabdomyolysis, such as pulmonary edema, wors-
ening muscle edema with neurovascular entrapment, and pre-
cipitation of calcium salts in damaged muscle, have not been
observed. In view of controlled experimental data and the anec-
dotal human experience, it appears reasonable to attempt to
maintain a carefully monitored diuresis in patients with myo-
globinuria. Precise guidelines as to the magnitude of diuresis
required to protect the kidneys are not available.

Deposition of relatively insoluble crystals within renal
tubules with resulting tubular obstruction is another form of
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TA B L E 4 1 - 1 5

PHARMACOLOGIC AGENTS THAT HAVE BEEN ADVOCATED TO PREVENT/ATTENUATE CLINICAL ACUTE
RENAL FAILURE IN SELECTED SETTINGS

Prevention Treatment Reference

Renal vasodilators
Dopaminea Neutral Neutral (142,405,415,530,

533,534,536)
Fenoldopam Beneficial (contrast nephropathy) N/A (425–428)
Atrial natriuretic peptides Neutral Neutral (42,414,431,433,

434,542–547)
Sympathetic blocking agents

Clonidine Neutral N/A (178)
Calcium channel blockers Neutral N/A (435–437,442,443)

Inotropic agents
Dobutamine Neutral N/A (444)
Dopexamine Neutral Neutral (445–448,551)
Norepinephrine N/A Neutral (536–538)
Vasopressin N/A Neutral (539,540)

Diuretic agents
Furosemide Harmful Neutral (beneficial

as diuretic)
(406,459–461)

Mannitol Neutral (beneficial in renal
transplantation)

Neutral (62,64,229,236,240,
242,295,411,413,414,
459,462–468,470,
472–476)

Growth factors
Insulin-like growth factor Neutral Neutral (479,480,548)
Growth hormone N/A Harmful (549)

Thyroxine N/A Neutral (550)
Theophylline Beneficial (contrast nephropathy) N/A (412,481–484)
Albumin Beneficial (hepatorenal syndrome) N/A (224)

Inflammation
Endothelin antagonists Harmful N/A (507)
Platelet activating factor Neutral N/A (487–491)
Activated protein C Beneficial (high APACHE score

>25)
N/A (485,486)

TNF blockade Neutral N/A (493–495)
Nitric oxide synthase inhibitor Harmful N/A (497)
Prostaglandin E1 antagonist Neutral N/A (508)
Inhibitors of leukocyte adhesion N/A N/A (498)
Tissue factor pathway inhibitor N/A N/A (486)
Antithrombin Neutral N/A (499)

Intensive insulin therapy Beneficial N/A (518)
Steroid therapy Neutral N/A (500,501)
N-acetylcysteine Beneficial (contrast nephropathy) N/A (449–454)
Sodium bicarbonate Beneficial (contrast nephropathy) N/A (477)

N/A, not applicable.
Beneficial = overall beneficial effect on renal function; harmful = overall harmful effect on renal function; neutral = no definite benefit or harm to
renal function.
aSee text for discussion of possible harmful effects.

ARF that may be preventable by maintenance of a high urine
flow rate (103,104,111,296). Intratubular deposition of uric
acid crystals has been clearly demonstrated to be prevented
by maintaining a high rate of urine flow in the experimental
setting (111,112). Although uric acid solubility is enhanced at
an alkaline urinary pH, high urine flow appears to be signifi-
cantly more protective against uric acid nephropathy than al-
kaline pH. Methotrexate, sulfadiazine, triamterene, indinavir,
and other protease inhibitors, and acyclovir are therapeutic
agents that, when administered in high doses, can occasionally
be associated with ARF (104). Although the mechanisms of

the ARF associated with these agents remain to be precisely
defined, intratubular precipitation of insoluble parent drug or
drug metabolite appears likely in many cases. Anecdotal expe-
rience suggests that maintenance of high urine flow can prevent
the kidneys from the nephrotoxicity that occasionally follows
high doses of these agents and is currently standard practice
(104).

Several pharmacologic agents have been proposed to poten-
tially protect the kidneys from ARF due to a variety of insults.
Although much experimental data are available, few controlled
clinical trials have evaluated the efficacy of the majority of these
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agents (Tables 41-14 and 41-15). Two renal vasodilators—low-
dose intravenous dopamine and intravenous atrial natriuretic
peptide—have been tried as renoprotective agents in several
clinical settings.

Dopamine

Dopamine, at doses of 0.5 to 5.0 μg/kg/minute, acts on two
populations of dopamine receptors. In the kidney, this action
usually results in vasodilation, natriuresis, diuresis, and per-
haps an increase in GRF (403). Recently, dopamine has been
demonstrated to antagonize the renal vasoconstrictor effects
of norepinephrine in healthy men (403). Dopamine has a po-
tential beneficial effect on splanchnic blood flow and oxygen
consumption in patients with septic shock, provided the frac-
tional splanchnic flow is not already high before treatment
(404). To date, the data on use of dopamine to prevent ARF
have generally been disappointing. Although dopamine ap-
pears capable of inducing a diuretic effect after major vas-
cular surgery (405), it does not exert a clear-cut renoprotec-
tive effect in the settings of cardiac surgery (406,407), elective
major vascular surgery (408), or oliguric patients with septic
shock (323,409).

It is in the area of prevention of radiocontrast-associated
ARF in which most data on dopamine prophylaxis have been
obtained. In one study of high-risk patients (those with chronic
renal insufficiency, 40% of whom had diabetes), dopamine ap-
peared to exert a renoprotective effect in patients with a serum
creatinine ≤2.0 mg/dL (410). Similar findings were reported
by Hall and associates in patients with chronic renal insuffi-
ciency (411). By contrast, dopamine did not protect high-risk
patients (mean age 74 years, mean serum creatinine 1.9 mg/dL,
60% diabetic patients) undergoing coronary angioplasty (412).
Stevens and associates found no benefit in prevention of ARF
by forced diuresis with mannitol, dopamine, and intravenous
saline in patients (average serum creatinine 2.5 mg/dL) under-
going angiography (413). Weisberg found that prophylactic
dopamine increased the rate of ARF in diabetic patients but
perhaps protected nondiabetic patients undergoing coronary
angioplasty (414). In summary, although suggestive, the cur-
rent data do not clearly establish a renoprotective effect of
dopamine to prevent contrast-associated ARF.

In a meta-analysis of randomized controlled trials using
dopamine in prevention of ARF, Kellum and Decker exam-
ined 58 studies (N = 2,149), of which 24 were randomized
controlled trials (N = 1,019) and 5 involved radiocontrast dye
(N = 451). There was no benefit in favor of dopamine in terms
of mortality, incidence of ARF, or requirement for hemodialysis
(415).

Dopamine is not without side effects. Dopamine adminis-
tration requires venous cannulation and local extravasation of
dopamine adjacent to an artery may provoke distal ischemia
and gangrene (416). Dopamine can depress respiratory drive
and may increase cardiac output and myocardial oxygen con-
sumption (even at “renal-doses”), and trigger tachyarrhyth-
mias and myocardial ischemia (417,418). Dopamine may po-
tentially induce or exacerbate hypovolemia and prerenal ARF
through its natriuretic effects and trigger hypokalemia and hy-
pophosphatemia. In a porcine model of hemorrhagic shock
(419) low-dose dopamine hastened the onset of gut ischemia.
The latter complication appeared due to shunting of blood
away from the bowel mucosa rather than an absolute reduc-
tion in mesenteric blood flow. Dopamine may worsen pituitary
dysfunction in critical illness (420). The effect of dopamine
wears off after 48 hours, suggesting tolerance of dopaminergic
receptors (421,422). There is evidence that in normal subjects,
dopamine has unpredictable pharmacokinetic properties and
so administration based on body weight may not give a pre-
dictable response (423).

Fenoldopam

Fenoldopam mesylate is a dopamine agonist that holds promise
for prevention of ARF, particularly in the setting of radio-
contrast nephropathy. Fenoldopam blocks reduction in renal
plasma flow after radiocontrast (424). One prospective trial
and three retrospective trials of fenoldopam in radiocontrast
nephropathy support its efficacy (425–428). In elderly patients
with severe vascular disease undergoing aortic aneurysmal re-
pair, the use of fenoldopam in an open label uncontrolled trial
was associated with a relatively rapid return of renal function
to baseline values, despite profound decreases during aortic
cross-clamping (429). A study of patients undergoing elective
repair of a thoracoabdominal aortic aneurysm found that the
use of fenoldopam was associated with reductions in mortality,
dialysis requirements, and lengths of stay in the hospital and
intensive care unit (430).

Atrial Natriuretic Peptide

Another vasodilator, atrial natriuretic peptide (ANP), or anari-
tide, has also been studied as a renoprotective agent. Like
dopamine, ANP improves renal blood flow and GFR (431)
and has also been shown to improve patient hemodynamics
during cardiopulmonary bypass (432). Early studies provided
no convincing effects for a renoprotective effect of atrial natri-
uretic peptide and perhaps some worsening of renal function in
selected settings (414,433,434). Also an atrial natriuretic pep-
tide did not appear to exert a renoprotective effect after cardiac
transplantation in a small study (188).

Clonidine

Several clinical settings are associated with enhanced activity
of the sympathetic nervous system. One such setting is cardiac
surgery (178,179). A randomized controlled study found that
clonidine reduced sympathetic activity and better preserved cre-
atinine clearance than placebo in the immediate postcardiac
surgery period (178). No data on the effect of inhibitors of
sympathetic activity on the occurrence of ARF are available, to
our knowledge.

Calcium Channel Blockers

A wealth of experimental data suggests a renoprotective effect
of calcium channel blockers. However, limited clinical data are
available. Two prospective studies found that either 20 mg of
oral nitrendipine or 10 mg of sublingual nifedipine prevented
mild decreases in GFR and renal blood flow after radiocontrast
exposure in normal subjects compared with untreated controls
(435,436). In a large study, no significant change in serum cre-
atinine was seen in either control or nifedipine treated (20 mg)
patients exposed to nonionic contrast (437). The intravenous
administration of diltiazem was shown to attenuate the tempo-
rary decrease in creatinine clearance that occurs immediately
following cardiopulmonary bypass (179). In patients who have
undergone cardiac surgery, use of diltiazem postoperatively in-
creases urine output and preserves markers of renal tubular
integrity such as urinary alpha-glutathion s-transferase, alpha-
1-microglobulin, and N-acetyl-ß-glucosaminidase (438). The
addition of intrarenal gallopamil (a potent calcium entry block-
ing agent) to intravenous furosemide treatment enhanced the
recovery of renal function after acute renal failure (439). Fewer
patients develop acute tubular necrosis after kidney transplan-
tation when treated with oral (440,441) or intravenous (442)
diltiazem, however, graft function, rate of rejection, and graft
loss were unchanged (443). These modest human data are inad-
equate to suggest a potential protective role for calcium channel
blockers in clinical settings.
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Dobutamine

In many critically ill patients at risk for renal failure, impaired
cardiac index is present (23,56,124). Some of these patients
are treated with ß-adrenergic agonists such as dobutamine
(444). In one comparative study of intensive care unit patients,
dopamine induced a diuresis without any change in cardiac
index or creatinine clearance, whereas in the same patients,
dobutamine increased cardiac index and creatinine clearance
without affecting urine output (444). To date there are no data
on dobutamine relative to preventing ARF.

Dopexamine

Dopexamine is a dopamine-1 and less potent dopamine-2 ag-
onist. It is also a β2 agonist which acts on peripheral vessels
and inhibits neuronal reuptake of norepinephrine. It reduces
peripheral vascular resistance and increases cardiac output.
Dopexamine does not protect against the development of ARF
after abdominal surgery (445) or in the setting of cardiopul-
monary bypass (446). A marginal benefit was seen in a small
trial in patients undergoing aortic surgery (447). No benefit in
renal vascular resistive index was seen in patients after coro-
nary bypass surgery (448).

N-acetylcysteine

N-acetylcysteine has recently been advocated as a renoprotec-
tive agent, particularly in the setting of radiocontrast nephropa-
thy (see Chapter 45). Tepel and associates (449) randomized
83 patients who underwent CT scanning with IV iopromide to
receive N-acetylcysteine (600 mg twice daily) on the day prior
to and day of the procedure, or placebo. He found a 90% re-
duction in radiocontrast nephropathy (defined as number of
patients with 0.5 mg/dL rise in serum creatinine 48 hours post-
contrast). Since then, several meta-analyses (450–454) have
shown that N-acetylcysteine reduces the risk of radiocontrast
nephropathy by about 50%. These meta-analyses were flawed
by the heterogeneity of trials and variable definitions of what
is “radiocontrast nephropathy.” Those trials that showed lack
of benefit of N-acetylcysteine in prevention of radiocontrast
nephropathy may have done so for several reasons, including
(a) negative results occurred in trials whose control group had
less contrast nephropathy; (b) American studies which were
negative used the liquid formulation which may be less ef-
ficacious; (c) in some negative studies acetylcysteine was not
administered on the day prior to intervention—such a premed-
ication may be required to induce sulfhydryl formation (451);
(d) atheroemboli may be a more common cause than contrast
nephropathy of ARF leading to dialysis following coronary an-
giography (455); (e) N-acetylcysteine is less effective in patients
with moderate and severe renal impairment as shown in one
study (456). The mechanism of action of N-acetylcysteine is
unknown, but may include antioxidant effects and blockade
of renal vasoconstriction (457). N-acetylcysteine may reduce
serum creatinine (by increasing tubular secretion and/or en-
hancing metabolism) independent of its effect on prevention of
radiocontrast nephropathy (458).

Furosemide

Diuretic agents such as furosemide and mannitol have long
been used as possible renoprotective agents in high-risk settings
for ARF. Recent controlled studies suggest that prophylactic
furosemide exerts a deleterious effect on GFR in the setting
of cardiac surgery (406). When administered in the setting of
radiocontrast exposure, furosemide appears detrimental, even
when care is taken to avoid concurrent extracellular fluid vol-
ume depletion (459–461). Furosemide is not effective in pre-
vention of ATN due to cephalosporins and aminoglycosides
(461).

Mannitol

Mannitol has long been utilized in clinical studies as a reno-
protective agent (295,462–468). Early anecdotal experience
suggested efficacy in several postoperative and other settings.
For example, retrospective clinical experience suggests a bene-
ficial effect of mannitol in some patients with rhabdomyolysis-
associated ARF, although a randomized trial-documenting effi-
cacy is not available (64,229,236,240,242,469). Mannitol has
also been used in the setting of nephrotoxin exposure, includ-
ing exposure to cisplatin, amphotericin B, and radiocontrast
agents (414,464,466). With regard to amphotericin B, the only
prospective randomized trial included 11 patients, and no ben-
efit of mannitol was seen (468). With regard to radiocontrast
exposure, mannitol appeared to increase the frequency of con-
trast nephropathy in one study and in diabetics with renal in-
sufficiency in another study (411,459). In renal insufficiency
in nondiabetics, mannitol may provide some renoprotective
activity (414). Forced diuresis using a combination of man-
nitol, furosemide, and dopamine did not provide protection
against radiocontrast nephropathy (413). In obstructive jaun-
dice, mannitol does not protect against ARF (470,471). Manni-
tol does not reduce ARF but may reduce subclinical renal injury
in individuals undergoing aortic aneurysm surgery (472). Man-
nitol in combination with moderate hydration administered
prior to cross-clamp in cadaveric renal transplantation im-
proved graft function postoperatively (473–476). In summary,
clear-cut data supporting the widespread use of furosemide or
mannitol as effective agents to prevent ARF are not available.
Anecdotal observations suggest beneficial effects of mannitol
in the setting of rhabdomyolysis. Mannitol is reported to cause
ARF by inducing renal vasoconstriction and inducing vacuolar
damage in renal tubular epithelial cells (62).

Sodium Bicarbonate

Intravenous sodium bicarbonate has been shown to be supe-
rior to sodium chloride in reducing the risk of radiocontrast
nephropathy in a randomized controlled study of 119 patients
with serum creatinine over 1.1 mg/dL (477). The postulated
mechanism is alkalinization of urine within the renal medulla
which inhibits contrast-induced free radical formation. Follow-
ing the trial, a registry of 191 individuals receiving sodium
bicarbonate for radiocontrast procedures demonstrated an in-
cidence of radiocontrast nephropathy of 1.6% (477).

Growth Factors

Growth factors are among the most recent substances pro-
posed to exert a protective influence to prevent ARF (478,479).
Insulin-like growth factor was compared to placebo in 58 pa-
tients undergoing surgery of either the suprarenal aorta or
the renal arteries (479). At 72 hours postoperatively, placebo-
treated patients had decreased their creatinine clearance by
5 mL/minute, whereas growth factor-treated patients had in-
creased their creatinine clearance by 8 mL/minute (p <0.05).
However, there were no differences in discharge serum creati-
nine or length of stay when treated and untreated patients were
compared. In another study, 43 recipients of cadaveric renal al-
lografts were randomized to receive subcutaneous insulin-like
growth factor or placebo (480). Inulin clearance on day 7, nadir
serum creatinines after 6 weeks, and need for dialysis did not
differ between the two groups. Clearly more study is needed to
ascertain if growth factors can act as significant renoprotective
agents.

Theophylline

Theophylline has been suggested to protect against develop-
ment of radiocontrast-associated ARF (412,481–483). Some
of these studies suggest that theophylline attenuates the
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nephrotoxic potential of radiocontrast agents; however, the ef-
fect appears to be modest in degree (1,88,481–483). Joachim Ix
and colleagues (484) performed a meta-analysis of seven ran-
domized controlled trials of theophylline and aminophylline
in patients at risk of radiocontrast nephropathy (pooled sam-
ple size N = 480). The difference in mean change in serum
creatinine was 11.5 μmol/L (95% confidence intervals 5.3–
19.4 μmol/L, p = 0.004) lower in the theophylline- or
aminophylline-treated groups than controls. One participant
(0.6%) required dialysis.

Activated Protein C and Other Modulators of Sepsis

A large body of clinical and experimental data suggests that
ARF in septic patients is driven by an intense inflammatory
process, involving numerous regulatory mediators. Activated
protein C (drotrecogin) has been shown in a large randomized
controlled study of 1690 patients with sepsis and organ fail-
ure (485) to reduce 28-day mortality from 30.8% to 24.7%.
Despite FDA approval, questions about study design have pre-
vented universal acceptance of activated protein C as a ther-
apy for patients with sepsis and organ failure (486). Inhibitors
of platelet activating factor may decrease organ dysfunction
in septic patients, decrease the need for dialysis (487) but do
not significantly improve 28 day mortality (487–490). A large
phase III trial was prematurely discontinued after interim data
from >1250 patients failed to demonstrate improved 28-day
all-cause mortality, the primary endpoint of the trial (491). In
patients with septic shock, an elevated level of soluble tumor
necrosis factor (TNF) receptors was shown to be an indepen-
dent predictor for the development of ARF and death (492).
However, TNF blockade had minimal benefit on mortality in
septic patients (493) except in those whose serum interleukin-6
concentrations were elevated (494,495). The intricate relations
between endothelial and epithelial cells, based in part on the
relations between endothelial and inducible nitric oxide syn-
thases, are perturbed in renal ischemia (496). An inhibitor of
nitric oxide synthase was shown to increase mortality in a ran-
domized controlled trial of 797 critically ill patients with septic
shock (497). No clinical studies have yet been undertaken of in-
hibitors of leukocyte adhesion or endothelin (498). High-dose
antithrombin III therapy had no effect on 28-day all-cause mor-
tality in adult patients with severe sepsis and septic shock and
did not reduce the risk of acute renal failure (499).

Steroid Therapy

Adrenal corticosteroid production is an important protec-
tive response during critical illness. Subnormal production of
adrenal corticosteroids may result in hemodynamic instabil-
ity and ongoing evidence of inflammation without an obvious
source and lack of response to empirical therapy (498). The use
of physiologic doses of steroids in critically ill patients, partic-
ularly those with adrenal hyporesponsiveness, has been shown
to reduce 28-day mortality (500). However supranormal doses
of corticosteroids may be harmful (501).

Minimizing Time of Mechanical Ventilation

Duration of time on mechanical ventilation is associated with
increased mortality and renal failure in critically unwell pa-
tients (502). Daily interruption of sedation may reduce time
on mechanical ventilation (503). Lower tidal volume on ven-
tilation was shown to reduce mortality (504). Mechanical
ventilation is associated with the disruption of pulmonary ep-
ithelium and endothelium, lung inflammation, atelectasis, hy-
poxemia, and the release of inflammatory mediators (504).
These inflammatory mediators can cause injury to lung and
other organs (504). In a rabbit model of acute respiratory dis-
tress syndrome, Imai (505) showed that low tidal volume ven-

tilation reduced injurious epithelial cell apoptosis in the kidney
in vitro, possibly due to a inhibition of Fas ligand.

Endothelin Antagonists

Endothelin antagonists can prevent experimental ARF (506),
and also can block intrarenal vasoconstriction (507). How-
ever, the endothelin antagonist SB209670 exacerbated contrast
nephropathy in a clinical trial comparing it against placebo in
patients receiving 0.45% saline before and after radiocontrast
(507).

Prostaglandin E1

Prostaglandin E1 (PGE1) has been studied in a phase I trial of
130 patients with chronic renal impairment undergoing radio-
contrast administration (508). The parenteral administration
of PGE1 immediately before radiocontrast exposure and con-
tinued for a period of 5 to 5.5 hours significantly reduced the
elevation of serum creatinine poststudy. The most effective of
the three PGE1 dosing regimens tested was 20 ng/kg/minute
(508).

Albumin

Impairment of renal function occurs commonly in patients with
cirrhosis and spontaneous bacterial peritonitis. In a prospective
controlled trial, intravenous albumin (1.5 g/kg at diagnosis fol-
lowed by 1 g/kg on day 3) decreased the frequency of ARF (de-
fined as a 50% greater increase in pretreatment BUN or serum
creatinine to levels >30 and 1.5 mg/dL, respectively) from 33%
to 10% (p = 0.002) (224).

Preoperative Optimization

With regard to prevention of ARF in a postoperative setting,
older studies suggested that “preoperative optimization” could
reduce the frequency of ARF in selected high-risk settings
(169,509). For example, Berlauk and colleagues (509) have
provided data that preoperative “optimization” of cardiovas-
cular hemodynamics—guided by Swan-Ganz measurements—
can be helpful in selected patients undergoing limb-salvage ar-
terial surgery. In this randomized prospective study, patients
who were “optimized” had less mortality (1.5% vs. 9.5%),
graft loss (2.9% vs. 19.0%), and ARF (1.5% vs. 4.8%). Gat-
tinoni and associates found that volume expansion to supra-
normal cardiac indices and normal mixed venous oxygen satu-
ration had no effect on mortality or incidence/severity of ARF
(510). Early institution of treatment to increase central venous
oxygen saturation to greater than 70% resulted in lower mor-
tality and less severe organ dysfunction in patients with se-
vere sepsis or septic shock (patients had a mean serum Cr 260
μmol/L) (511). Other retrospective studies suggest similar re-
sults in the setting of abdominal aortic aneurysm surgery (169).
Confirmation of these results, with delineation of patient pop-
ulations and optimization regimens of benefit, is needed.

Perfusion with Ringer’s Lactate

In a study of patients undergoing thoracoabdominal aorta re-
pair, perfusion of the kidneys with cold Ringer’s lactate solution
was associated with less renal failure (512).

Improvement of Cardiac Index

With regard to critically ill patients, it has been proposed
that the combination of inadequate oxygen delivery and in-
creased tissue oxygen need potentially results in generalized
organ ischemia and multiple organ failure. Consequently, in
selected patients, fluid volume and pharmacologic therapy ma-
nipulated to increase cardiac index and the delivery and con-
sumption of oxygen to “supranormal levels” (cardiac index
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>4.5 L/minute/m2 body surface area; oxygen delivery >600
mg/minute/m2) is sometimes performed. These supranormal
levels are viewed by some as whole-body overcompensation
necessary to survive severe critical illness. Does this therapeu-
tic strategy of achievement and maintenance of supranormal
cardiac index and oxygen delivery improve outcome and pro-
tect the kidney? Five prospective randomized trials have been
undertaken to test this hypothesis in heterogeneous groups of
seriously ill patients (513–517). Improved survival is seen in
some but not all studies. In one study, this therapeutic approach
significantly decreased survival (517). Similar results are seen
with regard to ARF. It should be noted that the sample sizes
of most of these studies are relatively small. Moreover, these
catastrophically ill patients often represent an extremely het-
erogeneous patient population, rendering precise matching of
control and experimental subjects difficult. However, to date,
compelling evidence that maintaining supranormal values of
hemodynamic and oxygen delivery parameters in all cases of
catastrophic illness will improve survival and protect the kid-
neys is not available.

Intensive Glycemic Control

Insulin therapy with aggressive glycemic control has been
shown in intensive care patients to reduce mortality and de-
crease (by 41%) the incidence of ARF requiring dialysis (518).
The mechanism of action is not just due to its hypoglycemic ef-
fect. Insulin is antiapoptotic and antiinflammatory (519), may
reduce the oxidative stress due to hyperglycemia (520), is mi-
togenic (521) and normalizes lipids (522).

Prophylactic Dialysis

An area of controversy is the use of prophylactic dialysis to pre-
vent ARF. Marenzi and colleagues (523) studied 114 patients
with chronic renal failure and a serum creatinine greater than
2 mg/dL who were to undergo coronary angiography. These in-
dividuals were randomized to either hemofiltration plus saline
hydration or saline hydration alone. Hemofiltration was car-
ried out in an ICU, commenced 4 to 6 hours prior to, stopped
during, and continued for 18 to 24 hours after the angiographic
procedure. Temporary renal replacement therapy (hemodialy-
sis or hemofiltration) was required in 25% of the control pa-
tients and in 3% of the patients in the hemofiltration group.
The rate of in-hospital events was 9% in the hemofiltration
group and 52% in the control group (p<0.001). In-hospital
mortality was 2% in the hemofiltration group and 14% in the
control group (p = 0.02), and the cumulative 1-year mortal-
ity was 10% and 30%, respectively (p = 0.01). The benefit of
dialysis may be due to the ability of the physician to give ade-
quate hydration without fear of volume overload as well as the
ability of dialysis to remove radiocontrast after angiography.
However, it is not possible based on this study to determine
if the benefit of hemofiltration was due to the dialysis pro-
cedure, the intensity of medical and nursing care or the use of
anticoagulation. Its invasiveness and cost prevents this strategy
from being used more widely in the prevention of radiocontrast
nephropathy, at least until further studies are done.

Conservative Management

An approach to the overall management of the patient with
ARF is presented in Table 41-16. Of primary importance is
the exclusion of potentially treatable prerenal, postrenal, and
renal parenchymal causes of ARF that may be amenable to
specific therapeutic interventions. Once specifically treatable
conditions are excluded, it is important to achieve a euvolemic
state and to correct any abnormalities in cardiac index that

TA B L E 4 1 - 1 6

CONSERVATIVE TREATMENT OF ACUTE RENAL
FAILURE

1. Exclude reversible/treatable causes of acute renal failure.
2. Obtain and maintain euvolemic state.
3. Attempt to establish a urine output if patient remains

oliguric.
4. Provide adequate nutrition.
5. Minimize use of invasive lines and procedures.
6. Monitor drug usage carefully, and modify dosage or dosing

interval appropriately.
7. Monitor and treat for clinical and biochemical

complications.
8. Institute renal replacement therapy when appropriate.

are present. If the patient remains oliguric despite a euvolemic
state, it has become common clinical practice to attempt to
make the patient nonoliguric by administration of potent di-
uretic agents and/or renal vasodilators (524,525). The ratio-
nale for such therapy is the markedly lower morbidity associ-
ated with nonoliguric relative to oliguric ARF (38). Moreover,
nonoliguric patients have higher GFRs and fewer biochemical
and clinical complications than oliguric patients (38).

Diuretics and Renal Vasodilators

Substantial clinical experience allows several generalizations
regarding diuretic/vasodilator therapy of patients who con-
tinue to be oliguric despite correction of prerenal and postrenal
factors and exclusion of treatable renal parenchymal disorders.
First, the greatest likelihood of success for converting an olig-
uric to a nonoliguric state occurs when the duration of oliguria
is brief. Prospective randomized trials in oliguric patients in
which furosemide was given late in the course of ARF demon-
strate no benefit (525–527). In an analysis of 552 critically ill
individuals, Mehta and colleagues found that those who were
unresponsive to furosemide had a worse prognosis (528). Clin-
ical observations clearly suggest that urinary chemical indices
demonstrating more intact tubular function (i.e., lower spot
urinary sodium concentration and FENa, and higher U/P osmo-
lality) as well a briefer duration of oliguria predict a favorable
response to furosemide (38,142,294,295). Second, the route
of administration of the diuretic may be an important con-
sideration because seriously ill patients with diminished renal
function appear to respond more readily to a continuous in-
fusion rather than a bolus of a loop diuretic (529). Third, a
small controlled study and anecdotal experience suggest that
dopamine may be synergistic with loop diuretics in converting
an oliguric to a nonoliguric state (142,530). Although substan-
tial controversy surrounds the issue as to whether dopamine
exerts any beneficial effect in oliguric states (531,532), two re-
cent studies clearly document that dopamine can increase urine
flow in critically ill, oliguric patients (405,533). For example,
Flancbaum and associates (533) used oliguric surgical intensive
care unit patients as their own control and could clearly doc-
ument a diuretic response to low-dose intravenous dopamine,
which was reversible after cessation of dopamine. The combi-
nation of mannitol, furosemide, and dopamine has been shown
to reduce the need for short term dialysis in patients with ARF
after cardiac surgery (534). Finally, the complication rate of
low-dose dopamine and continuous infusion of a loop diuretic
appears to be low. Taken together, although no prospective,
randomized controlled data document clinical outcome bene-
fit, we continue to utilize a trial of a loop diuretic occasionally
with low-dose dopamine in selected oliguric patients in whom
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obstructive uropathy has been excluded and prerenal factors
corrected.

Inotropic Support

Many experimental and clinical data suggest a beneficial ef-
fect of norepinephrine on the urine output in sepsis. A ben-
eficial effect on renal function (glomerular filtration) is a less
consistent finding suggesting that blood pressure may be par-
tially responsible for inducing a diuresis (535). It has yet to
be demonstrated convincingly that therapeutic doses of nore-
pinephrine compromise renal function in human shock (536)
or that dopamine is renoprotective in norepinephrine-treated
patients (421,536). Some studies suggest that in patients with
septic shock, norepinephrine induces a diuresis more effectively
than other vasoactive drugs such as dopamine (537,538). In
critically ill septic individuals unresponsive to catecholamines,
an infusion of vasopressin may increase urine output, creati-
nine clearance, blood pressure, and systemic vascular resistance
(539,540).

Atrial Natriuretic Peptide

In addition to loop diuretics and dopamine, other renal vasoac-
tive agents have also been used in oliguric patients in an attempt
to attenuate ARF. In this regard, experimental and small clinical
trials suggested the potential utility of atrial natriuretic peptide
(541,542). Rahman and associates (542), in a prospective ran-
domized trial of 53 ARF patients, found that intravenous atrial
natriuretic peptide and diuretics, when compared with diuretics
alone, decreased the need for dialysis (23% vs. 52%, p <0.05)
and reduced mortality (17% vs. 35%, p = 0.11). Unfortunately,
two large-scale multicenter studies failed to find benefit from
intravenous infusion of atrial natriuretic peptides in established
oliguric and nonoliguric ARF (42,543). Allgren and colleagues
(42) examined 504 critically ill patients with ATN. They found
that a 24 hour infusion of ANP (0.2 μg/kg/min) did not improve
overall dialysis-free survival but did provide benefit in nono-
liguric patients. Lewis (544) found that in 222 oliguric ARF
patients there was a trend toward higher dialysis-free survival
in patients on ANP. Sward (545) randomized 61 patients with
nonoliguric ARF after cardiac surgery to ANP (lower dose 0.05
μg/kg/minute) or placebo. She found that ANP was associated
with improved dialysis-free survival. Despite randomization,
the placebo group had more diabetics (N = 6) than the ANP
group (N = 0). Ularitide is a similar agent to ANP that showed
no benefit in patients with ARF after abdominal surgery (546)
but was beneficial in reducing the need for dialysis in a random-
ized study of 14 patients with ARF following cardiac surgery
(547). One large-scale multicenter study failed to find benefit
from intravenous infusion of ularitide in established oliguric
and nonoliguric ARF (543). In summary, there is no consistent
evidence for a beneficial role of atrial natriuretic peptides in the
treatment of ARF.

Other Pharmacologic Agents

Insulin-like growth factor 1 has also been used in the setting
of established ARF (548); however, a multicenter, randomized
controlled trial found no benefit of this therapy (548). In pa-
tients with prolonged critical illness, high doses of growth hor-
mone were associated with increased morbidity and mortality
(549). Likewise, the thyroid hormone, thyroxine, has recently
been demonstrated to be of no benefit in treating human ARF
(550). Dopexamine (a dopamine agonist) did not improve cre-
atinine clearance in critically ill patients (551).

Nutrition

Provision of adequate nutrition is another important thera-
peutic goal in the management of patients with ARF (552–

556). The catabolic stress of infection and injury often seen
in patients with ARF fosters the development of malnutri-
tion with its potential consequences of immunosuppression,
infection, poor wound healing, and skeletal muscle weakness
(554). The goals of nutritional support in the setting of ARF in-
clude restoration of metabolic homeostasis with maintenance
of fluid, electrolyte, and acid–base balance; preservation of lean
body mass; maximization of protein synthesis; and prevention
of vitamin, mineral, and trace element depletion. Obviously,
accomplishment of these goals in critically ill, oliguric ARF pa-
tients represents a significant clinical challenge. Specific details
on guidelines of nutritional assessment, calculation of protein
and energy requirements, the products available, and means of
administration of these products to meet the protein and energy
requirements as well as the standards of care for monitoring
nutritional therapy are beyond the scope of this chapter and
can be found in readily available sources (552–556).

Monitoring Medication Use

Another aspect of the medical management of ARF that de-
mands attention is careful monitoring of medication and drug
usage. Nearly all pharmacologic agents are eliminated, at least
in part, by the kidneys. Moreover, the presence of renal fail-
ure may impair hepatic metabolism and excretion of selected
pharmacologic agents. Also, the consequences of the ARF state
may potentiate end-organ responses to several pharmacologic
agents, resulting in enhanced activity and possibly toxicity.
Finally, the administration of some pharmacologic agents re-
sults in concomitant administration of “metabolic loads” (e.g.,
sodium and potassium) that are often poorly eliminated in
patients with ARF. For these reasons, frequent, continuing
scrutiny of the medication list is mandatory in all patients with
ARF.

Complications of ARF

Clinical and laboratory monitoring are needed to detect the
multiple potential complications of ARF. The frequency of this
monitoring depends on several factors including the type and
severity of underlying illness, whether the patient is oliguric,
whether the patient is catabolic, and associated medical condi-
tions.

Three of the most important complications of ARF are vol-
ume overload, hyperkalemia, and infection. All of these compli-
cations are associated with morbidity and are potentially fatal.
All are preventable and/or treatable. With regard to volume
overload, daily weight, intake and output, vital signs, oxime-
try, clinical assessments, and sometimes invasive monitoring
are often necessary to evaluate extracellular fluid volume sta-
tus and cardiac output. Occasional chest x-rays may also help.
The most feared consequence of volume overload, pulmonary
edema, is particularly difficult to manage in patients with ARF,
especially if the patient is oliguric. Two studies emphasize the
potential adverse consequences of volume overload in the post-
operative setting (557,558). In 21 consecutive cases of postop-
erative ARF, Murkau and Latimer (557) found that 90% of
these patients were grossly fluid overloaded at the time of in-
stitution of dialysis by an average of 10 to 11L. A study of
Lowell and associates (558) suggested that volume overload
per se is an important contributor to postoperative morbidity
and mortality. In this study, 40% of 48 consecutive postoper-
ative intensive care unit patients gained more than 10% body
weight. Mortality in this group of patients was 32% versus
10% in those gaining <10% body weight. As noted previ-
ously, renal response to diuretic agents is markedly impaired
in ARF, and the presence of volume overload and pulmonary
edema often requires institution of either renal replacement or
ultrafiltration therapy (557,558).
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TA B L E 4 1 - 1 7

TREATMENT OF HYPERKALEMIA IN ACUTE RENAL FAILURE

Modality Onset Duration Mechanism

Calcium (10 mL of 10% calcium gluconate
IV, 1–3 doses)

Immediate 30–60 min Increases threshold potential

Sodium bicarbonate (1–2 ampoules;
45–90 mEq)

5–10 min 1–2 hr Intracellular shift of potassium

Glucose–insulin (25–50 mL of 50% glucose
with 5–10 U of insulin administered as
intravenous push)

2–4 hr 30–60 min Intracellular shift of potassium

Potassium exchange resin (25–50 g of
kayexalate plus 70% sorbitol; 20–30 mL
orally or 50–100 mL rectal enema)

1–4 hr Few hours Removal of potassium

Hemodialysis 2–3 hr Several hours Removal of potassium

Hyperkalemia is a frequent accompaniment of ARF and
is due to continued potassium release from tissue with de-
creased renal potassium excretion. In some cases, such as in the
presence of rhabdomyolysis, tumor chemotherapy, or extensive
hemolysis, the endogenous potassium load results in profound
hyperkalemia. Sometimes, exogenous potassium loads such
as those occurring with inadvertent administration of potas-
sium intravenously or blood transfusions contribute to hyper-
kalemia. Hyperkalemia exerts its deleterious effect by raising
the resting electrical potential of excitable tissue toward the
threshold potential. As the resting potential nears the thresh-
old potential, there is danger of repolarization block with lack
of electrical activity and cardiac arrest with asystole. The elec-
trical effects of hyperkalemia are dependent on the rate and
magnitude of rise in serum potassium concentration. Abrupt
(only a few hours) increases to concentrations of 6.0 mEq/L or
greater are often associated with electrocardiographic (ECG)
and clinical manifestations, whereas slower (over several days)
increases to this level may not be associated with either ECG
or clinical findings. The ECG manifestations of hyperkalemia
include a symmetrical increase in amplitude with peaking of
the T waves (often seen only in leads V2 to V3), a decrease in P
waves, widening of the QRS complex, prolongation of the PR
interval, and development of left-axis deviation and left bundle
branch block. Ultimately, a sine wave pattern and cardiac ar-
rest occur. Rarely, paresthesias, muscular weakness, and flaccid
paralysis can be seen with hyperkalemia.

Treatment of hyperkalemia (Table 41-17) is needed when-
ever ECG changes are present. The presence of neuromuscu-

lar signs and symptoms also mandates therapy. Some form of
therapy should also be considered when the serum potassium
exceeds 5.5 to 6.0 mEq/L. Available therapies with their mode
of action, speed of onset, and duration are presented in Table
41-17.

As noted previously, infectious complications commonly
complicate the course of patients with ARF and are a frequent
cause of death. Minimization of use and duration of invasive
catheters is important in an attempt to decrease nosocomial
infection. Not only are infections common complications, but
also they may be especially difficult to detect in the ARF set-
ting. For example, renal failure can dampen the febrile response
to bacteremia (559). Moreover, the leukocytosis that often ac-
companies an acute bacterial infection may be absent in pa-
tients undergoing dialysis (560). A high index of suspicion,
aggressive culturing, and early use of specific antimicrobial
agents in appropriately modified doses should be the standard
of care.

A bleeding tendency can complicate the course of some pa-
tients with ARF (40,42,561). This coagulopathy rarely results
in spontaneous hemorrhage but can be of potential importance
in the setting of operative and invasive procedures. Therapeutic
options for the treatment of ARF-related bleeding are outlined
in Table 41-18. Intravenous desmopressin rapidly shortens the
bleeding time in renal failure. However, its duration of action
is brief, and repeated doses lose effectiveness. Cryoprecipitate
can shorten the bleeding time for 12 to 24 hours. Conjugated
estrogens require 12 to 24 hours to exert their effect to reduce
bleeding time in chronic renal failure. Estrogens have a long

TA B L E 4 1 - 1 8

TREATMENT OPTIONS FOR HEMORRHAGIC DIATHESIS IN ACUTE RENAL
FAILURE

Treatment Onset Duration Comment

Desmopressin (0.3 U/kg body
weight IV over 30 min)

1–4 hr <8–12 hr Tachyphylaxis with
repeated doses

Cryoprecipitate (10 U IV over
10–30 min)

1–4 hr 12–24 hr Possible risk for
hepatitis

Conjugated estrogens (0.6 mg/kg
body weight IV over 40 min)

12–24 hr Several days with
repetitive doses

Not well studied in
acute renal failure

Elevation of hematocrit (packed
RBC sufficient to elevate
hematocrit to >30%–35%)

Few hours Few days Complications of
transfusion

RBC, red blood cells.
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duration of action but have not been studied in the setting of
ARF. Elevation of the hematocrit to >35% can shorten the
bleeding time in ARF.

The anemia of ARF is managed initially by excluding and
treating reversible causes (for example hemolysis and blood
loss). The anemia of ARF is usually modest and rarely symp-
tomatic. Thus, therapy is reserved for either symptomatic
patients (e.g., angina) or for large reductions in hemat-
ocrit/hemoglobin, which can usually be attributed to other con-
ditions such as gastrointestinal blood loss. Blood transfusion
is indicated in severe cases of anemia. Hebert and colleagues
showed that a restrictive policy in transfusing patients if the
hemoglobin was less than 7 g/dL rather than 10 g/dL was not
associated with increased mortality and was probably supe-
rior (562). Recombinant human erythropoietin is effective at
reducing transfusion requirements in critically ill patients not
requiring dialysis (563). No studies specifically in ARF have
been performed (564).

With regard to other biochemical complications of ARF,
the development of hyponatremia usually implies administra-
tion of excess water, whereas hypobicarbonatemia that can be
attributed to renal failure per se rarely requires therapy. In fact,
rapid alkanization can, by decreasing ionized calcium, precipi-
tate enhanced neuromuscular activity with carpopedal spasm,
cramps, stridor, and seizures.

Usually the mild hypocalcemia that accompanies ARF re-
mains asymptomatic and does not require therapy. The hyper-
calcemia that rarely occurs in the ARF setting can usually be
best managed by dialysis using either a very low or calcium-free
dialysate. The hyperphosphatemia of ARF is usually not specif-
ically treated. Although oral aluminum hydroxide can reduce
the serum phosphorus in ARF, this agent often leads to con-
stipation. If the serum phosphorus exceeds 7 to 8 mg/dL, then
short-term calcium citrate, calcium carbonate, or aluminum
hydroxide therapy and/or some form of dialysis can be consid-
ered. The modest hypermagnesemia that is seen in ARF can best
be managed by removal of all sources of magnesium intake.

The modest hyperuricemia of ARF rarely leads to clinical
complications. Because of low GFR, little uric acid is filtered
and available for precipitation within the renal tubules. Also,
acute gouty arthritis rarely complicates the course of the sec-
ondary hyperuricemia of ARF. In cases of either exception-
ally high uric acid (>20 to 30 mg/dL) or where it is not clear
whether hyperuricemia-induced ARF is present, then dialytic
therapy and reduced dosage allopurinol may be therapeutic
considerations.

Renal Replacement Therapy

The issues regarding renal replacement therapy in ARF are cur-
rently the source of much debate and investigation. The areas
of debate include when to start, what modality to use, and how
much is enough (36,565–617).

When to Start

Generally agreed-on indications for institution of renal re-
placement therapy for ARF include persistent hyperkalemia,
fluid overload unresponsive to conventional treatment, ongo-
ing marked acidemia, symptoms of uremia, and occasionally,
bleeding. Based on substantial retrospective data and historic
data, most nephrologists also feel that “prophylactic” dialysis
to keep the BUN and creatinine 90 to 100 and 9 to 10 mg/dL,
respectively, can be readily justified (565,578,606). There are,
however, no definitive data supporting these numbers. More-
over, a general trend to even earlier renal replacement therapy
has occurred over the past decade based on recent studies. A
prospective study of cardiac surgical patients randomized 61

patients to early (oliguria unresponsive to furosemide) or late
dialysis (dialysis when serum creatinine greater than 5 mg/dl or
potassium greater than 5.5 mmol/L) (577). The “early” group
started dialysis earlier (0.9 vs. 2.5 days), stayed less in ICU (7.9
vs. 12 days) and had lower mortality (23 vs. 55%) (577). A
retrospective analysis of 100 trauma patients with ARF found
that, after controlling for injury severity score, a lower BUN at
initiation of dialysis was associated with earlier commencement
of dialysis and better survival (578). In a prospective trial of
425 patients comparing different rates of ultrafiltration on con-
tinuous hemofiltration, Ronco (579) found that a lower BUN
before commencement of dialysis was associated with lower
mortality. However, one study of 132 critically ill ARF patients
found an inverse relationship between serum creatinine at ini-
tiation of hemodialysis and increased mortality (601). A high
percentage of patients with ARF, particularly those with mild,
nonoliguric ARF, do not require renal replacement therapy.
By contrast, intensive and often continuous renal replacement
therapy is frequently needed in catabolic intensive care unit
patients with severe, oliguric ARF. Moreover, the fluid-volume
requirement to maintain nutritional status often dictates early
institution of some type of renal replacement therapy in many
ICU patients with ARF.

What Modality to Use

There is debate about the optimal modes of renal replace-
ment therapy for patients with ARF. Generally available modes
of therapy include conventional intermittent hemodialysis
(IHD), intermittent and continuous peritoneal dialysis (PD),
continuous arteriovenous hemofiltration (CAVH), continu-
ous arteriovenous hemodialysis (CAVHD), continuous ven-
ovenous hemofiltration (CVVH), and continuous venovenous
hemodialysis (CVVHD). A survey conducted several years ago
in the United States indicated that IHD followed by types of
continuous renal replacement therapies and then, infrequently,
PD were the modes most often used to treat ARF (576). There
has been a widespread, increasing trend to use more continuous
therapy, especially CVVHD in critically ill patients.

Several non–patient-related factors must be considered
when selecting a mode of renal replacement therapy. Such fac-
tors include the availability of the necessary equipment, the
expertise demanded by each modality, and the cost of each
modality. Patient-related factors that must be considered in-
clude the patient’s hemodynamic status, the indication for ther-
apy and speed with which the indication must be corrected, the
patient’s catabolic state, the availability of vascular access, the
requirement for patient mobility, the anticipated fluid-volume
load that will be given to the patient, the associated clinical
conditions of the patient, and the anticipated duration of ther-
apy.

Peritoneal dialysis is rarely performed currently in adults as
a treatment modality for ARF (576). However, this modality
can be used in adults, especially those with a strong contraindi-
cation to anticoagulation, and peritoneal dialysis is more fre-
quently used in children with ARF (602). Peritoneal catheter
placement may be either temporary (percutaneous with max-
imal longevity generally limited to 48 to 72 hours because of
infection) or indwelling (can be inserted under local anesthe-
sia and maintained indefinitely). Peritoneal dialysis does not
require anticoagulation, can be done on a continuous basis al-
lowing for constant removal of volume and solute, and can be
performed in patients with hemodynamic instability. However,
the relative efficiency of peritoneal dialysis is such that removal
of solute and fluid is only 10% to 20% that of hemodial-
ysis. This inefficiency generally limits usage in patients with
ARF who require significant volume and solute removal, al-
though peritoneal dialysis has been used successfully to man-
age posttraumatic ARF (607). Additionally, the frequency of
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intraabdominal surgery and acute respiratory failure make PD
impractical in critically unwell patients (580). Absorption of
dextrose may lead to hepatic steatosis, increased carbon diox-
ide production causing worse respiratory failure, and hyper-
glycemia (581). Survival of PD patients was no different to
hemodialysis patients in one small study (36).

The IHD modality has been in widespread use for the past
four decades for the treatment of ARF (576). In recent years,
the development of bicarbonate-based dialysate and volumet-
rically controlled machines for precise regulation of ultrafiltra-
tion has made IHD a safer procedure in the hemodynamically
unstable ICU patient with multiorgan failure. In most centers
in the United States, the standard approach to IHD for ARF
uses moderate blood flow rates (200 to 250 mL/minute) and
dialysate flow rates of 500 mL/minute. The most common rea-
sons cited for preferential choice of IHD are efficacy, ease of
use, familiarity with the modality, ready availability of nursing
personnel familiar with the procedure, and ability to rapidly
correct life-threatening fluid volume, electrolyte and acid–base
disorders. Concerns about use of IHD include the fact that a
reasonably good and stable level of mean arterial pressure is
needed to safely and effectively use this modality. Moreover,
any IHD-associated hemodynamic instability, combined with
potentially impaired ability of the injured kidney to autoregu-
late blood flow, could either induce new ischemia or perpetuate
previous ischemia (608).

Most recently, continuous modes of renal replacement
therapy, especially CVVHD, have been increasingly utilized
(565,572,574,575,602,603,605). Continuous modes of ther-
apy such as CVVHD are especially useful for patients who have
low mean arterial pressure, are hemodynamically unstable, are
hypercatabolic, or have a requirement for large fluid volumes.
Measurement of clearance and solute removal using CVVHD
suggests treatment comparable to five quality IHD sessions per
week (574,575).

The major disadvantage of CRRT is the need for well-
trained ICU nursing personnel to perform the procedure. A
lack of detailed understanding of the CRRT flow sheets and
the computations necessary to determine replacement fluid vol-
umes can lead to significant complications regarding signif-
icant volume depletion or excess. Occasionally, lactate-based
replacement fluid may result in lactate accumulation and wors-
ening acid–base status if the patient has liver disease and is
unable to metabolize lactate as a source of base. On-site for-
mulation of custom bicarbonate-containing replacement fluid
is costly and time consuming. Ambulation and physical therapy
is difficult while the patient is receiving CRRT.

CRRT is associated with activation of the inflammatory
and coagulation pathways, and removal of antioxidants and
cytokines (584,585). Removal of cytokines appears to be me-
diated by adsorption onto the dialysis membrane (586). Two
recent studies suggest a hemodynamic and metabolic benefit of
dialysis in patients with intractable circulatory shock without
renal failure (587,588). It is uncertain if any such benefit is due
to removal of cytokines or another mechanism (e.g. cooling,
fluid removal) (589,590).

Because of difficulties precisely matching seriously ill pa-
tients with ARF, a clear-cut consensus as to whether IHD or
CVVHD is a preferable mode of renal replacement therapy has
not emerged. It is likely, however, that ARF patients are best
served by considering these modalities as complementary rather
than as competing therapeutic options. Martin and colleagues
(582) have shown that continuous therapies are preferentially
given to patients with marked hemodynamic compromise. The
choice of modality may also be limited by availability of equip-
ment and trained nursing staff (583). In this regard, the recent
careful analysis of Swartz and associates is of interest (575). In
this retrospective analysis of over 300 patients, the higher mor-
tality seen with CVVH appeared clearly related to severity of

case mix and comorbidity rather than modality of treatment.
When matched populations were analyzed retrospectively, no
clear-cut outcome differences by modality of renal replace-
ment therapy were apparent. A prospective randomized study
of 166 patients compared continuous renal replacement ther-
apy with intermittent hemodialysis after excluding individuals
with severe hypotension (591). Despite randomization there
were differences between groups that favored the intermittent
hemodialysis group. After adjusting for confounders, there was
no significant difference between modalities in terms of mortal-
ity or renal survival (591). Two systematic reviews (592,593)
showed no difference between intermittent and continuous
therapies, but after adjusting for study quality and severity of
illness, Kellum found a decreased relative risk of death with
continuous therapies. Different methodologies, small numbers
of patients, study flaws, and lack of standardized approaches to
timing and indications of dialytic intervention make accurate
comparisons between modalities problematical (594,595).

New modalities of dialysis incorporating the advantages
of hemodynamic stability of CRRT coupled with high rates
of solute and fluid removal of intermittent hemodialysis have
emerged. In slow low efficiency daily dialysis, or SLEDD,
near conventional dialysis equipment is used at low blood
and dialysate flow rates, for prolonged periods of time (6 to
12 hours/day). This modality offers more hemodynamic sta-
bility, better correction of hypervolemia, and more adequate
solute removal, compared with IHD (596) and compares favor-
ably with CRRT in terms of patient outcomes (597). SLEDD
also uses less nursing resources and does not require inten-
sive anticoagulation (600). The single-path batch dialysis sys-
tem uses a closed-loop system comprising a 75-L dialysate
tank which lasts for 18 hours of extended single-path high-
flux hemodialysis. It was well tolerated by critically ill patients
in two small series (598,599).

Another controversial issue with regard to RRT in ARF is se-
lection of dialysis membrane (565,566,570,571,609–612). The
polysaccharide structure of cellulosic (bioincompatible) mem-
branes provides a trigger for complement activation via the
alternative pathway, which leads to the liberation of anaphy-
lotoxins and activation of leukocytes. The potential induction
of a systemic inflammatory reaction during such dialysis treat-
ment with bioincompatible dialysis membranes could conceiv-
ably cause further ischemia or inflammatory changes within
the previously injured renal microcirculation.

In a recent study of 72 patients with ARF, patients were ran-
domized to intermittent dialysis treatment with either bioin-
compatible Cuprophane dialysis membranes, which activate
the complement system and leukocytes, or to dialysis with a
biocompatible membrane composed of polymethyl methacry-
late, which has a less marked effect on complement and leuko-
cytes (610). The two dialysis membranes chosen for the study
had similar clearance and ultrafiltration characteristics and the
patient groups were similar. Fifty-seven percent of patients on
dialysis with biocompatible membranes survived, compared
with 37% of these dialyzed with Cuprophane membranes (p =
0.11). Recovery of renal function occurred in 62% of those di-
alyzed with a biocompatible membrane, compared with 37%
of those who underwent dialysis with Cuprophane membranes
(p = 0.04). The time to recovery of renal function after initia-
tion of dialysis was also significantly shorter in the biocompat-
ible membrane group compared with the Cuprophane group:
five dialysis treatments over 11 days versus 17 dialysis treat-
ments over 33 days, respectively. Subgroup analysis revealed
that the benefits of biocompatible membrane dialysis were evi-
dent only in patients who were nonoliguric before the initiation
of dialysis. These results suggest that use of the biocompatible
dialysis membrane increases the likelihood of recovery of renal
function and survival of patients with ARF. Other studies have
confirmed and extended these observations to include other
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biocompatible dialysis membranes, including polysulfone, and
polyacrylonitrile membranes (571); however, this issue may
not be quite a clear-cut as those two studies suggest. For ex-
ample, in recent prospective studies a clear-cut advantage of
biocompatible membranes has not emerged (566,609,612). A
meta-analysis by Jaber (567) demonstrated that the use of a
biocompatible membrane did not significantly affect mortal-
ity among patients with ARF who require IHD. However, a
meta-analysis by Subramanian (568) (which included an ad-
ditional 169 patients from one trial) found a relative risk of
mortality for cellulosic (bioincompatible) membranes of 1.37
(CI, 1.02–1.83). Given the known proinflammatory effects of
these membranes in experimental models, the shift in clinical
practice toward increased use of synthetic membranes in the
setting of ARF, and the now reasonable cost of biocompati-
ble membranes (in comparison to cellulose membranes), it is
unlikely that this question will be resolved (569).

How Much Is Enough?

A final area of controversy with regard to RRT in ARF is
how much is enough? Schiffl (613) randomized 160 patients
with ARF to receive either daily hemodialysis or intermittent
(second-daily) dialysis. Patients perceived to require CRRT
because of hemodynamic instability were excluded. Daily
hemodialysis resulted in better control of uremia, fewer hy-
potensive episodes during hemodialysis, and more rapid resolu-
tion of ARF (9 vs. 16 days) than did conventional hemodialysis.
More patients in the conventional-hemodialysis group than in
the daily-hemodialysis group had the systemic inflammatory
response syndrome or sepsis, respiratory failure, changes in
mental status, or gastrointestinal bleeding. The mortality rate,
according to the intention-to-treat analysis, was 28% for daily
dialysis and 46% for alternate-day dialysis. The mean time
averaged urea concentration in the conventional hemodialysis
group was 104 mg/dL, suggesting that this group was inade-
quately dialyzed and that the difference in outcomes was there-
fore more marked. Ronco (579) studied 425 patients with ARF
commencing continuous venovenous hemofiltration, randomly
assigning ultrafiltration at 20 mL/hour/kg, 35 mL/hour/kg, or
45 mL/hour/kg. Survival (calculated at 15 days after stopping
dialysis) in the lowest ultrafiltration group was significantly
lower (41%) than in the other groups respectively (57% and
58%). Renal survival was nonstatistically worse in the low-
est ultrafiltration group. Increasing the dose of dialysis in these
two studies improved both patient and renal survival. Measure-
ment of dose in dialysis in ARF patients is not possible with
the same techniques as in stable chronic hemodialysis patients
due to lack of steady-state of urea generation and fluid com-
partments; however models have been developed (615–617).

Outcome and Prognosis of
Acute Renal Failure

The outcome of ARF is highly dependent on the definition of
the disorder and the patient population studied. In epidemio-
logic studies undertaken in general medical-surgical hospitals,
ARF has often been defined as an increase of 0.25 to 1.0 mg/dL
in serum creatinine. Although this appears to be a very mild
increase in serum creatinine, it likely reflects at least a 30% to
60% decrement in GFR. In such ARF patients, mortality rates
of 20% to 30% have been reported (37,55). These mortality
rates exceed those for comparable hospitalized patients who
do not develop ARF by a factor of 6 to 10 (55). Only 10% to
20% of these patients require dialytic therapy. When series of
patients with ARF are identified by either reviewing consulta-
tions to a renal service or by retrospective reviews of discharge
diagnoses, the selection bias generally results in a more seri-
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Fractional excretion of sodium
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Underlying health of the patient
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Presence, severity, and reversibility of underlying disease
Clinical circumstances
Cause of the renal failure
Severity and reversibility of acute process(es)
Number and type of other organ systems failed
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ously ill group of patients with more pronounced renal failure.
In such patients, contemporary mortality rates of 30% to 60%
are reported, with 30% to 50% of patients requiring dialytic
therapy (35,39–44,312,618,619). Finally, many series report
outcome and prognostic variables only in patients with ARF
who have undergone dialytic therapy. In these patients, current
mortality rates range from 50% to 90% (35,39–44,312,619).

A case-control study emphasizes some of the important out-
come aspects of contemporary ARF (49). In this study, 183
patients with radiocontrast-associated ARF (defined as an in-
crease in serum creatinine of at least 25% to at least 2 mg/dL)
were matched to comparable patients exposed to radiocon-
trast that did not develop ARF. Mortality was 7% in control
and 34% in ARF patients. After adjustment for comorbidity,
the adjusted odds ratio for death with ARF was 5.5. The devel-
opment of ARF was not only associated with death, but also
with development of respiratory failure, sepsis, and bleeding
(Fig. 41-9).

As alluded to previously, a major prognostic factor in pa-
tients with ARF is the severity and duration of the resultant
renal dysfunction (Table 41-19, Figs. 41-8 and 41-9). Hou and
collaborators (37), in a large prospective study, found that the
presence of urinalysis abnormalities in patients with ARF had a
marked influence on outcome. Death occurred in 31% of ARF
patients with normal urine sediment and in 74% (p <0.025)
of patients with abnormal urine sediment (37). These obser-
vations have also been reported in other studies and probably
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FIGURE 41-8. Acute renal failure mortality relative to number of or-
gan systems failed. (From: Star RA. Treatment of acute renal failure.
Kidney Int 1998;54:1817.)
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FIGURE 41-9. Morbidity occurring before and after radiocontrast-
associated acute renal failure. (From: Levy EM, Viscoli CM, Hor-
witz RI. The effect of acute renal failure on mortality. JAMA
1996;275:1489, with permission.)

reflect outcome differences between prerenal azotemia (normal
sediment) and renal azotemia (abnormal sediment). Hou and
collaborators (37) also found a direct correlation between mor-
tality and the magnitude of rise in serum creatinine in patients
with ARF. The mortality rate was less than 20% to 30% until
the increment in serum creatinine exceeded 3 mg/dL, at which
time the mortality rate was 64%.

Other likely indicators of severity of renal insult in patients
with ARF are the quantity and quality of urine output. Virtually
all contemporary studies of patients with ARF find mortality
rates of nonoliguric patients to be less than half of those of
oliguric patients (Fig. 41-2).

It is unclear whether or not patients with acute renal failure
due to sepsis appear to have a worse prognosis than those with
non-septic acute renal failure. Confounding variables make an
independent association among sepsis, ARF, and mortality dif-
ficult to tease out. In a prospective multicenter study of 345
patients with ARF, Levy (35) found that sepsis was an inde-
pendent predictor of hospital mortality (OR, 2.51) and need
for mechanical ventilation. Cytokine levels are also predictive
of greater mortality in patients with septic ARF (620). Hoste
(324) found that there was a high incidence of nosocomial
bloodstream infection in a subgroup of severely ill patients
with ARF who were treated with RRT in the ICU. However,
nosocomial bloodstream infection did not lead to a statistically
significant increased length of stay, costs, or mortality (324).

One advance in the study of ARF that has occurred over
the past decade has been in the area of development of in-
dices that predict ARF outcome (621–634). The issue of pre-
dicting outcome and estimating the probability of survival for
individual patients with ARF is important with regard to cost-
effective allocation of resources. Also, determination of sever-
ity of illness and likelihood of survival is important with re-
gard to quality assurance assessment and comparability of
patient populations for controlled prevention and treatment
trials.

Most patients with ARF are seen in an ICU setting. Several
multipurpose scoring systems for ICU patients have been de-
signed to provide estimates of hospital mortality (621). These
systems are all based on rigorous research involving several
thousand patients from multiple sites for both development
and validation studies (621). Some of three widely used sys-
tems (Acute Physiology and Chronic Health Evaluation or
APACHE, Mortality Probability Models or MPM, and the Sim-
plified Acute Physiology Score or SAPS) use logistic regression
techniques and have evolved through three generations of de-
velopment. These systems appear capable of assessing prog-

nosis, comparing different ICU performances, and stratifying
patients for clinical studies. However, the number of patients
with ARF included in the development of these ICU scoring sys-
tems was modest at best. Thus, it is perhaps not surprising that
these general ICU scoring systems perform suboptimally with
regard to ARF, inasmuch as they often underestimate the risks
of death when applied to an exclusive ARF population (459). A
study has validated the APACHE system for 153 patients with
ARF (635). This has led to the development of “ARF specific”
prognostic indices (622–634).

Perhaps the best of the ARF specific prediction tools is the
one developed by Liano and colleagues (56,565,628,629). This
tool was initially based on retrospectively obtained data and
has been validated, prospectively. When applied to ARF mor-
tality in both the ICU (actual 72%, predicted 65%) and the
non-ICU (actual 32%, predicted 32%) setting, this instrument
performed well (56). Renal failure accounts for 21% of this in-
dex, whereas comorbid conditions such as hypotension, jaun-
dice, and assisted ventilation account for the remainder. In-
clusion of comorbid conditions as a key aspect of ARF out-
come is important. For example, in one large series, the cause
of death could be directly attributed to underlying disease in
61% of the ARF deaths (56). The performance of the Liano
scale and other scales in prediction of ARF mortality are dis-
cussed in Star (565). Recently, the observation that blacks may
have especially high ARF morbidity and mortality has been
emphasized (3).

One simple but powerful method to assess ARF mortality is
in the context of the number of associated failed organs (565).
An estimated association is depicted in Figure 41-8. In gen-
eral, associated failure of more than two organ systems places
ARF outcome in the vicinity of 10% to 20% likelihood of
survival.

There has been recent discussion whether the prognosis of
patients with ARF has improved. Improving general medical
care and supportive therapy and changes in case-mix do not
allow for a definitive answer to this issue. However, a Mayo
Clinic study provides a qualified yes to the suggestion that mod-
ern therapy has been associated with improved ARF outcome
(43). In this analysis of dialyzed patients with ARF, overall mor-
tality declined from 68% to 48% when the years 1977 to 1979
were compared with 1991 to 1993. Stratification by APACHE
II revealed markedly improved mortality in the two compared
time frames in patients with either low (36% to 11%), or mod-
erate (75% to 35%) but not high scores (100% to 85%). Mod-
ern medical management does not appear to be helping those
with the greatest chance of dying.

In general, recovery from oliguric ARF due to acute tubular
necrosis occurs relatively quickly (636). In our experience, the
majority of patients with oliguric ATN require renal replace-
ment therapy for roughly 5 to 15 days. Notable exceptions
occur, particularly in elderly patients, patients with multiple
organ failure or patients in whom ATN complicates the course
of solid organ transplantation. In the experience of Kjellstrand
and associates (636), the median time from initiation of dial-
ysis to recovery of renal function in survivors was 12 days.
Usually, renal function has reached maximal levels within 4 to
6 weeks after the last dialysis for ARF. However, there are no-
table published exceptions of protracted, slow, continuous re-
covery of renal function (637–639). There is also a small but
significant group of patients with ARF that do not recover re-
nal function. For example, Bhandry and Turney recently re-
ported that 16% of 1095 patients with severe ARF failed to
recover renal function and needed chronic RRT (639). Only
six patients recovered sufficient renal function to become in-
dependent of dialysis after 3 to 18 months on regular dialysis
therapy (6 to 21 months after onset of ARF) (639). The fre-
quency of lack of renal recovery from ARF was highest for ARF
attributed to renal parenchymal disease (35%) and less high



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-41 Schrier-2611G GRBT133-Schrier-v4.cls July 17, 2006 15:20

Chapter 41: Acute Renal Failure 1025

for ARF occurring in either a medical (9%) or surgical (6%)
setting. These latter settings likely reflected ATN as a cause of
the ARF.

CONCLUSION

Acute renal failure is commonly encountered in contempo-
rary medical practice. Acute renal failure is the end product
of a variety of insults operating via several pathophysiologic
mechanisms. At present, an incomplete understanding of the
pathophysiology of human ARF hampers effective therapy to
uniformly prevent, attenuate, and hasten recovery from ARF
(640,641). However, effects directed toward prevention, early
detection, timely diagnosis of the cause/predisposing factor(s),
and specific intervention remain the keys to reducing the sig-
nificant mortality and morbidity of ARF.
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CHAPTER 42 ■ ANTIBIOTIC- AND
IMMUNOSUPPRESSION-RELATED
RENAL FAILURE
JEAN-LOUIS BOSMANS AND MARC E. DE BROE

AMINOGLYCOSIDE ANTIBIOTICS

Nephrotoxic injury is a common complication of aminogly-
coside antibiotic therapy. Studies that have used well-defined
measures of nephrotoxicity indicate an incidence rate of 7% to
36% (1–9). This variability reflects differences with respect to
the nephrotoxicity potentials of aminoglycoside antibiotics in
clinical use as well as differences among patients receiving these
drugs. A survey of clinical studies published between 1975
and 1982 reveals that the average incidence of nephrotoxicity
caused by specific aminoglycoside antibiotics was gentamicin,
14%; tobramycin, 12.9%; amikacin, 9.4%; and netilmicin,
8.9% (10). In critically ill patients, the incidence of amino-
glycoside nephrotoxicity may rise twofold (11).

Clinical Aspects

The clinical expression of aminoglycoside nephrotoxicity has
been well described (12–16). The earliest and most common
expression of aminoglycoside renal tubular cell alterations is
increased urinary excretion of low-molecular-weight proteins
(17,18) and of lysosomal and brush-border membrane en-
zymes (17–20). These changes may be detected within 24 hours
of initiating drug therapy, and the frequency and magnitude
of these changes increase as a function of dose and duration of
therapy. Unfortunately, these changes do not predict which pa-
tients will progress to acute renal failure (ARF). This probably
reflects the fact that several mechanisms underlie the expression
of the enzymuria and proteinuria (13). With repeated dosing,
the amount of enzymes and low-molecular-weight proteins ex-
creted in the urine may increase quite sharply, which may sig-
nify the onset of proximal tubular cell necrosis (13).

Nonoliguric renal failure is a common expression of amino-
glycoside nephrotoxicity (21) and may reflect a direct in-
hibitory effect on solute transport along the thick ascending
limb of Henle’s loop (22) or possibly tubulointerstitial cell in-
jury (23), which results in impaired ability to maintain a hy-
pertonic medullary interstitium. Inhibition of adenylate cyclase
may also contribute to the polyuria (24). Neither mechanism,
however, adequately explains the maintenance of normal to
high urine output, even in the face of severe depression of
whole-kidney glomerular filtration rate (GFR). The slow evo-
lution of ARF, which has been attributed to a variable sus-
ceptibility of renal proximal tubular cells to aminoglycoside
toxicity (12,25), may allow for the development of maximal
compensatory adaptation by residual intact nephrons. In ad-
dition, micropuncture experiments (26) implicate a marked
depression of solute and water transport along the proximal
tubule such that the large increase in the fraction of filtrate
escaping reabsorption along the proximal tubule may over-

whelm the reabsorptive capacity of the distal nephron and
contribute to the pattern of nonoliguric renal failure. When
oliguria occurs, it usually signifies the influence of one or more
complicating factors, for example, ischemia or another nephro-
toxin, especially if the oliguria appears early in the course of
aminoglycoside administration. Studies in animals have shown
that aminoglycoside therapy sensitizes the kidney to a subse-
quent ischemic or nephrotoxic insult (27–36), such that the
severity of the ARF is substantially greater than that predicted
by the sum of the individual insults. Deterioration of other
proximal tubular transport processes may occur during amino-
glycoside toxicity and in rare cases may mimic a Fanconi-
like syndrome (37). Hypokalemia and hypomagnesemia sec-
ondary to renal potassium and magnesium wasting may also
appear (38,39).

Depression of GFR is a relatively late manifestation of
aminoglycoside nephrotoxicity. In humans, depression of GFR
typically does not occur before 5 to 7 days of therapy have
been completed (15) unless there has been a major complicat-
ing factor such as renal ischemia. Studies in animal models of
aminoglycoside nephrotoxicity have implicated activation of
the renin–angiotensin system (40), reduction in the size and
density of glomerular endothelial fenestrae (41), tubular ob-
struction (42), tubular back leak (26), and release of platelet
activating factor from mesangial cells (43) as pathogenic fac-
tors causing depression of GFR.

The majority of patients with aminoglycoside nephrotox-
icity recover renal function clinically, although in some cases
the time to recovery may be prolonged (16). Chronic renal
failure is a distinctly uncommon complication of pure amino-
glycoside nephrotoxicity in humans, so that when it occurs,
it usually signifies the contribution of some additional factor.
Animal studies indicate, however, that incomplete regeneration
with interstitial fibrosis does occur (44), and the same may be
true for humans (45).

Morphologic Alterations

Aminoglycosides cause tubular cell necrosis that in animal
models is largely confined to the proximal convoluted tubule
and pars recta (46–48). In humans, the renal tubular site of
injury is less well established (23,49), due in part to the fact
that little human biopsy material has been available for study.
Moreover, in human subjects, the development of ARF in con-
junction with aminoglycoside administration typically occurs
in association with other insults such as sepsis and renal is-
chemia (23,50,51), and each of these insults has been shown
to interact synergistically with aminoglycoside antibiotics to
magnify the severity and sites of tubular cell injury (30–36).

The earliest lesion seen by electron microscopy is an in-
crease in the number and size of secondary lysosomes, also
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FIGURE 42-1. Above: Binding uptake and intracellular trafficking of gentamicin in renal proximal tubular
cells. After glomerular filtration (1), gentamicin (•) is shown binding to the surface membrane (2) and
being internalized by a receptor (megalin) mediated endocytic process (3). Gentamicin also enters the cell
through fluid phase endocytosis. It moves through the endocytic system into late endosomes and from
there into lysosomal structures (4). A small but quantifiable fraction (5%–10%) of gentamicin directly
traffics from the surface membrane into the trans-Golgi network (5) and from there throughout the Golgi
apparatus. Below left: Ultrastructural appearance of proximal tubular cells after 4 days of gentamicin
treatment, showing lysosomes containing dense lamellar and concentric structures (large arrow), while
brush border, mitochondria (small arrow) and peroxisomes are unaltered. Upon higher magnification,
the structures in lysosomes show a periodic pattern. Bar left = 1 μm, middle = 0.1 μm. Below right:
Internalization and lysosomal sequestration of gentamicin. (Adapted from: Verpooten GA, Tulkens PM,
Molitoris BA. Aminoglycosides and vancomycin. In: DeBroe ME, Porter GA, Bennett VM, et al., eds.
Clinical nephrotoxins: renal injury from drugs and chemicals, 2nd ed. Dordrecht, The Netherlands: Kluwer
Acadmic Publishers, 2003:151.)

called cytosegrosomes or phagosomes (46–48). Examples of
this lesion are shown in Figure 42-1. Secondary lysosomes are
primary lysosomes that have coalesced with endocytic or au-
tophagic vacuoles. Many of these lysosomes contain myeloid
bodies, electron-dense lamellar structures of concentrically ar-
ranged and densely packed membranes. These lysosomal al-
terations probably represent autophagic vacuoles arising from
sequestration of fragments of membranes and organelles dam-
aged in the early phase of toxicity and are undergoing lysoso-
mal processing. In experimental animals receiving single par-
enteral drug doses or continuous drug infusion, these changes
have been observed as early as 6 to 12 hours posttreatment
(52). Both the number and size of lysosomal myeloid bodies

increase as a function of dose and duration of drug therapy
and are accompanied by progressive expansion of the volume
of the cell occupied by engorged lysosomes (47,52,53). These
morphologic alterations also have been convincingly demon-
strated in human kidney material (54,55). Studies in experi-
mental animals and in cultured cells have demonstrated that
the myeloid bodies are composed of membranes rich in phos-
pholipids (56,57) and form as a consequence of the lysosomal
accumulation in high concentration of aminoglycosides. This
lysosomal accumulation of aminoglycosides inhibits lysosomal
phospholipases (58,59) and possibly other lysosomal enzymes
and impairs the degradation of cell membranes (57,60). Similar
alterations have been induced by a variety of compounds that
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accumulate within the lysosomal compartment and interfere
with the activity of lysosomal enzymes (61–63).

Following lysosomal alterations, there occurs a decrease in
the density and height of brush-border microvilli, dilation of
the cisternae of rough endoplasmic reticulum, and the appear-
ance of cytoplasmic vacuolization in tubular epithelial cells
(48,52). As injury progresses, brush-border membrane frag-
ments and extruded myeloid bodies, membrane vesicles, and
cytoplasmic debris begin to be seen within tubular lumina
(48,64). Later in the course of nephrotoxicity, mitochondrial
swelling becomes evident, and patchy, but extensive tubular
epithelial cell necrosis and desquamation occur. Many tubules,
both proximal and distal, are filled with eosinophilic, granular
material that, by electron microscopy, is composed of cytoplas-
mic debris, membrane fragments, and myeloid bodies. Trans-
mission electron microscopy of the urine reveals the presence
of myeloid bodies and fragments of brush-border membranes
(64–66).

Proximal tubular cells manifest an apparent variable suscep-
tibility to aminoglycoside toxicity evident by the appearance
of cell regeneration simultaneously with ongoing cell necrosis
(25,44,47,53,67). In several animal studies virtually complete
recovery of renal structure and function has been observed dur-
ing continued aminoglycoside administration (68,69). One ex-
planation for these observations is that the renal tubular ep-
ithelium had acquired resistance to the nephrotoxic effects of
the aminoglycoside antibiotic. Sundin and colleagues (70) re-
port that the “acquired resistance” reflects selective inhibition
of aminoglycoside uptake by renal proximal tubular cells, the
mechanism of which does not involve a reduction in the mem-
brane content of phosphatidylinositol or megalin. In animal
models, cell regeneration can be detected by [3H]thymidine in-
corporation into DNA after only 4 days of low-dose amino-
glycoside administration and before cell necrosis is evident by
light microscopy (53,70). The magnitude of DNA labeling cor-
relates with the dose and duration of drug administration (71).
Of particular interest is the observation that quantitatively sim-
ilar labeling is observed in renal cortical interstitial cells as in
tubular epithelial cells (53,71,72). This finding raises the ques-
tion of the role of these interstitial cells in the pathogenesis of
aminoglycoside toxicity. Eventually most areas of the affected
kidney regain normal architecture and function, but residual
scarring containing collections of collapsed, atrophic tubules
may occur focally in the cortex (44,45,48). In animal models
of aminoglycoside nephrotoxicity, the degree of tubular cell
necrosis correlates reasonably well with the decline in renal
excretory function. A similar correlation is lacking in human
material (23,49,54).

Pathogenesis

The pathogenesis of aminoglycoside nephrotoxicity is inti-
mately linked to the renal pharmacology of these drugs (73–
76). Aminoglycoside antibiotics are organic polycations with
a net cationic charge that, at pH 7.4, ranges from +4.47 in
the case of neomycin to +2.39 for amikacin. Because these
compounds are highly hydrophilic, they are poorly absorbed
across the intestinal tract and therefore must be given parenter-
ally. They are distributed in a volume slightly greater than ex-
tracellular volume and are eliminated from the body without
metabolic transformation. The route of elimination is almost
exclusively by the kidneys, and the principal mechanism of ex-
cretion is glomerular filtration. Of toxicologic significance is
the fact that small amounts of aminoglycoside antibiotics are
selectively transported into proximal tubular cells by adsorp-
tive endocytosis (77–79), which has been shown to occur across
the basolateral as well as the apical membrane (79). Several
lines of evidence have implicated anionic phosphatidylinositol

as a membrane binding site for aminoglycosides (80,81). More-
recent studies also suggest a role for megalin, an endocytic re-
ceptor for cationic ligands, in the uptake of aminoglycoside
antibiotics across the brush-border membrane of renal proxi-
mal tubular cells (82). Indeed, by using the specific antagonist
receptor-associated protein, blocking the activity of megalin
in perfused rat proximal tubules, a reduction of 20% in gen-
tamicin clearance ensued. Nagai demonstrated similar results
in rats treated with maleate, impairing the receptor-mediated
uptake of megalin ligands (83). Megalin knockout mice are
protected against aminoglycoside nephrotoxicity (84).

Following endocytosis, the aminoglycosides are translo-
cated into the lysosomal compartment, where they accumulate
in millimolar concentrations and reside with a half-life mea-
sured in days (74). As noted, the lysosomal compartment is the
site of myeloid body formation consequent to aminoglycoside-
induced inhibition of lysosomal enzymes such as phospholi-
pase, sphyngomyelase, etc. When the concentration of drug
and/or the amount of lysosomal phospholipid reaches a criti-
cal threshold, an injury cascade is triggered that eventuates in
irreversible cell injury with progression to necrosis (52). How-
ever, neither the sequence nor the specific mechanisms involved
in the progression to cell death have been clearly established.
Sandoval and colleagues report that within 15 minutes of en-
docytosis gentamicin traffics to the Golgi complex as well as
to the lysosomal compartment of LLC-PK1 cells (85,86) and
rat renal proximal tubular cells (87). These observations raise
the possibility that the Golgi complex may provide a pathway
for the redistribution of aminoglycoside antibiotics to other
intracellular compartments and thereby broaden the potential
for these drugs to disrupt a variety of organellar functions. For
example, the depression of protein synthesis observed early in
the course of gentamicin administration may signify retrograde
transport of gentamicin to the endoplasmic reticulum (87). The
reason gentamicin and presumably other aminoglycoside an-
tibiotics are transported from the endosomal compartment to
the Golgi complex is not known; but, it may reflect an effect
of these agents to perturb endosomal fusion (88) possibly as a
consequence of binding to megalin (88) or to membrane-acidic
phospholipids (89,90).

A growing body of evidence supports the view that the
pathogenesis of aminoglycoside toxicity is causally related to
the capacity of these cationic drugs to bind to and perturb
the function and structure of biologic membranes. Aminogly-
cosides have been shown to bind to anionic (58,80,91–98)
but not to neutral phospholipids (58,80,92,94). Among the
anionic phospholipids, aminoglycosides bind most avidly to
phosphatidylinositol 4,5-bisphosphate (PIP2) (80,93,99–101).
Several approaches have been used to gain insight into the
molecular interaction between aminoglycosides and anionic
phospholipids (80,91,94,97,98,102–104). All models indicate
an electrostatic interaction between a protonated amino group
and the anionic phosphate group. Ramsammy and Kaloyanides
(103) propose a model, that in addition to an electrostatic inter-
action between a protonated amino group and the phosphate
group, also involves formation of hydrogen bonds between an
amino group of gentamicin and the carbonyl groups of glycerol.
This model explains aminoglycoside-induced changes in the
biophysical properties of artificial membranes (i.e., an increase
in the transition temperature and a decrease in glycerol per-
meability of phosphatidylinositol [PI]-containing liposomes)
(96). Both changes signify that gentamicin induces a decrease
in membrane fluidity, and this finding has been confirmed in
brush-border membranes as assessed by changes in the fluores-
cence polarization of membrane probes (92) and by electron
spin resonance spectroscopy (105). Aminoglycosides also have
been shown to promote membrane aggregation (102,106), a
process that requires neutralization of surface charge. In a
comparative study of aminoglycoside-induced aggregation of
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PI-containing liposomes (102), it was observed that the rank
order with respect to efficacy in neutralizing membrane surface
charge was neomycin > gentamicin = tobramycin = netilmicin
= spermine. The rank order for inducing aggregation of lipo-
somes was neomycin > gentamicin > tobramycin > netilmicin
= spermine and was identical to the rank order of these agents
with respect to depressing glycerol permeability (102). This
rank order also coincides precisely with the established clini-
cal nephrotoxicity potentials of these drugs. Since depression
of glycerol permeability was shown to be dependent on hy-
drogen bonding between one or more amino groups of the
drug and carbonyl groups of the glycerol backbone (103), these
data suggest that the membrane toxicity of aminoglycosides is
closely linked to their potentials to engage in hydrogen bond-
ing. Importantly, the rank order in terms of nephrotoxicity po-
tentials does not coincide with the net cationic charge of these
agents (102). This observation emphasizes that spatial orienta-
tion of charge rather than net charge is a critical determinant of
toxicity.

Schacht and colleagues (93,95,100,107) utilize a variety
of methods to assess aminoglycoside-induced perturbations
of PIP2-containing membranes as a measure of the ototoxi-
city potentials of these antibiotics. Increased fluorescence of
1-anilino-8-naphthalenesulfonate (95), increased permeability
to carboxy fluorescein (100), and increased surface tension of
monomolecular film of phosphatidylcholine (PC)/PIP2 (107)
were shown to correlate precisely with the ototoxicity poten-
tials of aminoglycoside antibiotics. These studies have led to the
hypothesis that the ototoxicity of aminoglycosides is causally
related to their binding to PIP2 and disruption of this signaling
mechanism (108).

The studies cited here provide the foundation for the hy-
pothesis that the toxicity of aminoglycoside antibiotics is
causally related to their capacity to interact electrostatically
and by hydrogen bonding to membrane anionic phospholipids
and, thereby, to perturb the biophysical properties and func-
tion of cell membranes. It is well established that these drugs
interact with and perturb the function of plasma membranes
(13,109–112), lysosomes (13,52,53–60,113–118), mitochon-
dria (48,119–122), and microsomes (123–125). It remains un-
clear, however, whether toxicity results from disruption of a
single critical membrane function or multiple membrane func-
tions. It is possible that the injury cascade is triggered by the
rupture of lysosomes engorged with aminoglycoside antibiotic
and with myeloid bodies. The resultant release of potent acid
hydrolases and high concentrations of drug into the cytoplasm
might cause disruption of a number of critical intracellular pro-
cesses including mitochondrial respiration (48,119–122), mi-
crosomal protein synthesis (123–125), intracellular signaling
via the PI cascade (126–129) as well as generation of hydroxyl
radicals (130–132), all of which have been observed in ex-
perimental models of aminoglycoside toxicity. However, the
observation that gentamicin is transported to the Golgi com-
plex shortly after endocytic uptake (85,86), provides an al-
ternate mechanism by which these drugs gain access to other
organelles. Recently, proteomic analysis following gentamicin
administration indicated energy production impairment and a
mitochondrial dysfunction occurring in parallel to the onset of
nephrotoxicity (133).

Further insight into the pathogenesis of aminoglycoside
nephrotoxicity has been gleaned from studies of interventions
that modify the severity of this disorder in experimental an-
imals. Williams and colleagues (134–136) first reported that
polyasparagine and polyaspartic acid (PAA) inhibited binding
of gentamicin to rat renal brush-border membrane in vitro and
when injected in vivo conferred protection against the devel-
opment of aminoglycoside nephrotoxicity without inhibiting
the renal cortical accumulation of drug. These findings have
been confirmed and extended by three groups of investigators

(137–145). The mechanism by which PAA protects against
aminoglycoside nephrotoxicity was shown to be related
to the ability of PAA, a polyanion, to form electrostatic
complexes with the polycationic aminoglycoside antibiotics
(142,146,147) presumably within the endocytic compartment
(144), thereby preventing aminoglycosides from binding to an-
ionic phospholipids, from inhibiting lysosomal phospholipase
degradation of phospholipid, from forming lysosomal myeloid
bodies, and from disrupting the PI cascade (146). Additional
support for this theory is provided by the observation that PAA
prevented gentamicin from depressing glycerol permeability or
aggregating PI-containing liposomes (146), effects previously
shown to be dependent on gentamicin binding electrostatically
and by hydrogen bonding to PI (96,103). Subsequently, other
compounds capable of forming electrostatic complexes with
aminoglycosides have been reported to protect against nephro-
toxicity (148–151).

Recently, an analog of pentoxifylline, HWA-448, was
shown to protect against gentamicin toxicity in a cell culture
model (152). Similar to PAA, HWA-448 did not depress the
membrane binding or cellular uptake of gentamicin. It remains
unknown whether HWA-448 forms a complex with gentamicin
within the endosomal compartment.

Treatment and Prevention of
Aminoglycoside Nephrotoxicity

The efficacy of PAA and other anionic compounds in prevent-
ing nephrotoxicity in humans has yet to be established. There-
fore the primary focus of treatment is prevention, and this can
be accomplished by understanding and modifying, when pos-
sible, the risk factors (Table 42-1) for this complication (153–
155). Risk factors may be categorized into those that are de-
termined by the individual patient and not easily influenced,
if at all, and those that are determined by the clinician and
potentially controllable (Table 42-1).

Prominent among the risk factors peculiar to the patient
and not modifiable is advanced age (153). The mechanism is
probably multifactorial and includes age-related decline of re-
nal function that if not appreciated and corrected for results in
excessive dosing (156). Animal studies suggest that aging is as-
sociated with altered renal pharmacokinetics accompanied by
increased renal cortical accumulation of drug (157). Increased
susceptibility of the aging kidney to aminoglycoside toxicity
has also been suggested (158), possibly on the basis of an age-
related impaired capacity for cellular repair and regeneration.
Male gender has been shown to carry increased risk for amino-
glycoside nephrotoxicity in the rat (159), whereas female gen-
der has been identified as a risk factor in humans (153). The
reason for this difference has not been established.

Obesity carries increased risk for aminoglycoside nephro-
toxicity that is unexplained by differences in the volume of
distribution or renal clearance of drug (160). The increased
risk associated with chronic liver disease (153) may be related
to the alterations in extracellular volume, hemodynamics, and
electrolyte balance commonly observed in this disorder, all of
which are known to promote renal cortical accumulation of
drug (74). Preexisting chronic renal insufficiency is associated
with increased risk primarily due to failure to adjust appropri-
ately the dose of aminoglycoside for the level of impaired kid-
ney function (161). Renal hypoperfusion from any cause carries
an increased risk of aminoglycoside nephrotoxicity whether the
renal ischemic insult occurs before (81), during (33), or after
drug administration (31). The latter observation is particularly
worthy of note because it implies that the increased risk of
nephrotoxicity persists even after the drug has been discontin-
ued. The prolonged half-life of aminoglycosides in renal cortex
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TA B L E 4 2 - 1

RISK FACTORS FOR AMINOGLYCOSIDE
NEPHROTOXICITY

Patient factors
Older patientsa

Preexisting renal disease
Magnesium, potassium, calcium deficiencya

Intravascular volume depletion,a hypotensiona

Hepatic syndrome
Sepsis syndromea

Aminoglycoside factors
Recent aminoglycoside therapy
Larger dosesa

Treatment of 3 or more daysa

Drug choice: e.g., gentamicin,a amikacina

Frequent dosing intervala

Concomitant drugs
Amphotericin B
Cephalosporines
Cisplatin
Clindamycin
Cyclosporine
Foscarnet
Forosemide
IV radiocontrast agents
Piperacillin
Vancomycin

aConcurrent with experimental nephrotoxicity data.
(Adapted from: Verpooten GA, Tulkens PM, Molitoris BA.
Aminoglycosides and vancomycin. In: De Broe ME, Porter GA,
Bennett VM, et al., eds. Clinical nephrotoxins—renal injury from
drugs and chemicals, 2nd ed. Dordrecht, The Netherlands. Kluwer
Acadmic Publishers, 2003:151.)

(74) may contribute to this risk. Three components of the septic
state—renal hypoperfusion, endotoxemia, and hyperthermia—
have been identified as factors contributing to the heightened
risk of nephrotoxicity during aminoglycoside therapy (34–36).
Renal hypoperfusion (34,81) and endotoxemia (32,162) are
associated with increased accumulation of drug in renal cor-
tex; however, this factor alone does not explain the increased
risk.

Of those risk factors that are potentially modifiable by the
clinician, the most important are daily drug dose, interval of
dosing, and the duration of therapy. A direct relationship be-
tween total dose (daily dose plus duration of therapy) and
nephrotoxicity has been consistently found in experimental
animals (25,44,48,52,67) and in humans (9,15,153,154,161).
Animal studies have shown that the same dose of a drug ad-
ministered in two or three divided doses leads to greater renal
accumulation of the drug and greater nephrotoxicity than if
it was given as a single dose (163,164). Two trials in humans
found that the dosage schedule had a critical effect on the re-
nal uptake of gentamicin, netilmicin (165), amikacin, and to-
bramycin (166). The study was carried out in patients with nor-
mal renal function (serum creatinine between 0.9 and 1.2 mg
per dL, proteinuria lower than 300 mg per day) who had renal
cancer and submitted to nephrectomy. Before surgery patients
received gentamicin (4.5 mg per kg per day), netilmicin (5 mg
per kg per day), amikacin (15 mg per kg per day), or tobramycin
(4.5 mg per kg per day), as a single injection or as a contin-
uous intravenous infusion over 24 hours. The single-injection
schedule resulted in a 30% to 50% lower cortical drug con-

A

B

FIGURE 42-2. A: Course of serum concentrations of gentamicin and
netilmicin after administration of the dose by a 30-minute intravenous
injection or by continuous infusion of 24 hours. B: Cortical concentra-
tion of gentamicin and netilmicin after administration by the previously
mentioned administration schedules. (Reprinted from: Verpooten GA,
et al. Once-daily dosing decreases renal accumulation of gentamicin
and netilmicin. Clin Pharmacol Ther 1989;45:22, with permission.)

centration of netilmicin, gentamicin, and amikacin compared
with administration by continuous infusion (Figs. 42-2 and
42-3). For tobramycin, in humans as well as in rats, no differ-
ence in renal accumulation could be found, indicating the lin-
ear cortical uptake of this particular aminoglycoside. Admin-
istration of drug by continuous IV infusion carries the highest
risk of nephrotoxicity with respect to gentamicin, tobramycin,
and netilmicin but not amikacin (76,164,167). These obser-
vations have stimulated studies in humans to assess the an-
timicrobial efficacy of once per day dosing with an aminogly-
coside administered alone or in combination with a β-lactam
antibiotic (168–171).

Several meta-analyses pooled the data of individual ran-
domized control trials (RCT) (Table 42-2) (172–181), includ-
ing a meta-analysis specifically of the studies in immuno-
compromised patients (181). It is apparent that only the
meta-analyses that combine the results of the individual RCT
by means of a fixed-effects model yielded significant results in
favor of less nephrotoxicity in the single daily dose regimens.
However, given the inhomogeneity of the study designs and
the different aminoglycoside used, it seems prudent to use the
random-effects model to combine the individual studies. The
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A

B

FIGURE 42-3. A: Course of serum concentrations of tobramycin and
amikacin after administration of the dose by a 30-minute intravenous
injection or by continuous infusion of 24 hours. B: Cortical concentra-
tion of tobramycin and amikacin after administration by the previously
mentioned administration schedules. (Reprinted from: De Broe ME,
Giuliano RA, Verpooten GA. Influence of dosage schedule on renal
cortical accumulation of amikacin and tobramycin in man. J Antimi-
crob Chemother 1991;27[Suppl C]:41, with permission.)

meta-analyses that used this technique did not show a signif-
icant difference in the two dosing regimens. Nevertheless, in
all analyses the single daily dose regimen was associated with
a decrease in nephrotoxicity. Even the most recent prospec-
tive study (182) evaluating the efficacy and nephrotoxicity of
once-daily administration of gentamicin versus multiple-daily
administration in 52 children could not show a difference in
incidence of nephrotoxicity in both groups. Although a de-
crease in nephrotoxicity rates in once-daily dose regimens has
not been established, extended interval dosing strategies have
never been associated with an increased risk of nephrotoxicity.
The main reason why the majority of acute care hospitals (183)
have adopted this strategy is that once-daily dosing provides a
cost-effective method for administration of aminoglycosides by
reducing workload among service personnel and by reducing
or even eliminating the need for therapeutic drug monitoring
(184,185).

Volume depletion (187), hypokalemia (188), hypomagne-
semia (189), and metabolic acidosis (190) all carry increased
risk for aminoglycoside nephrotoxicity. In the case of vol-
ume depletion and hypokalemia, the increased risk appears to
be related to increased accumulation of drug in renal cortex

(74). The mechanism underlying the increased risk associated
with hypomagnesemia has not been definitively established but
may relate to the competition between divalent cations and
the cationic aminoglycoside antibiotics critical for membrane-
binding sites (191). In the case of metabolic acidosis, the re-
duced pH promotes increased protonation of aminoglycoside
antibiotics and augments the reactivity of these organic poly-
cations with membrane anionic phospholipids (58,97,115).

Finally, the risk of nephrotoxicity has been shown to be
augmented when aminoglycoside antibiotics are administered
in conjunction with certain drugs and pharmaceutical agents,
some of which have intrinsic nephrotoxicity potential. These
include amphotericin B (171), cephalothin but not third-
generation cephalosporins (192), vancomycin (195,194), cis-
platin (195), furosemide (196), calcium channel blockers (197),
radiocontrast agents (198), and nonsteroidal antiinflammatory
drugs (199). Many of these synergistic interactions have been
identified in animal studies so that the relevance of these ob-
servations to humans remains to be established. Nevertheless,
prudence dictates that potentially nephrotoxic drugs should be
avoided if possible in patients who are receiving or have re-
cently completed therapy with aminoglycoside antibiotics.

The prevention of aminoglycoside nephrotoxicity requires
that these drugs be used only for well-defined indications and
that they be prescribed in the appropriate dose and for the
appropriate duration to achieve the therapeutic goal. Dosing
based on individualized drug pharmacokinetics derived from
measurements of serum drug concentration would appear to
be a rational approach. Unfortunately, prospective studies have
failed to demonstrate that dosing based on drug pharmacoki-
netics reduces the incidence of nephrotoxicity (200). Indeed,
eight prospective, randomized controlled trials specifically de-
signed to investigate the effect of pharmacokinetic dosing (201)
on aminoglycoside expression of nephrotoxicity could be iden-
tified from the literature (202–209). These individual studies
have been unable to detect any change in the incidence of this
adverse event. Nevertheless, close monitoring of serum drug
concentration is still warranted, especially in high-risk patients
to ensure that therapeutic concentrations are achieved. Even
when those factors known to influence risk are absent, or have
been minimized or eliminated, aminoglycoside nephrotoxicity
will still occur in a certain percentage of appropriately dosed
patients. These patients exhibit excessive renal accumulation
of drug or increased sensitivity to a given level of drug accu-
mulation (210). The clinician must be constantly alert to the
possibility of aminoglycoside nephrotoxicity and monitor all
patients on aminoglycoside therapy for this potential compli-
cation. The intensity of monitoring is dictated in part by the
relative risk factors present. At a minimum, frequent measure-
ments of serum creatinine concentration, generally every 2 to
3 days, should be performed. In high-risk patients, daily crea-
tinine clearances and urinalysis may be required to detect early
signs of toxicity before a rise in serum creatinine concentra-
tion or serum trough level of drug becomes evident. If renal
injury occurs, then the drug should be stopped if possible or
dosage should be reduced to prevent the accumulation of drug
in serum and further toxic injury related thereto. Careful atten-
tion must be paid to maintaining fluid and electrolyte balance
and avoiding potential insults to the kidney related to renal hy-
poperfusion or exposure to other potential nephrotoxins. Even
when nephrotoxicity is recognized early and the drug is discon-
tinued, renal failure may progress over the next 5 to 10 days,
with the serum creatinine and blood urea nitrogen (BUN) rising
to disturbingly high levels, where they may remain for a num-
ber of days before renal function slowly begins to improve. No
specific therapy for hastening recovery has been identified to
be effective in humans. In an animal model, epidermal growth
factor was shown to accelerate recovery (211). The prognosis
for recovery of renal function is generally good except in those
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TA B L E 4 2 - 2

META-ANALYSIS OF THE INCIDENCE OF NEPHROTOXICITY IN SINGLE DAILY
DOSING VERSUS MULTIPLE DOSING OF AMINOGLYCOSIDES

Author N of RCT Method Results (95% CI)

Blaser and König,
1995 (172)

24 Summation RR 0.82

Galloe et al., 1995 (173) 16 Not given RR 1.00 (0.98–1.02)
Barza et al. 1996 (174) 21 Random-effects model RR 0.78 (0.57–1.07)
Munckhof et al.,

1996 (175)
15 Random-effects model RD −1.3%

(−5%−3.1%)
Ferriols-Lisart and

Alos-Alminan,
1996 (176)

18 Fixed-effects model OR 0.60 (0.40–0.86)

Freeman and Strayer,
1996 (177)

15 Fixed-effects Peto OR 0.70 (0.51–0.94)

Hatala et al., 1996 (178) 13 Random-effects model RR 0.87 (0.60–1.26)
Ali and Goetz, 1997

(179)
26 Random-effects model RD −0.18%

(−0.99%–3.75%)
Bailey et al., 1997 (180) 22 Random-effects model RD −0.6%

(−2.4%–1.1%)
Hatala et al., 1997 (181) 4 Random-effects model RR 0.78 (0.31–1.94)

OR, odds ratio; RD, risk difference; RR, risk ratio.
(Adapted from: Verpooten GA, Tulkens PM, Molitoris BA. Aminoglycosides and vancomycin. In: De Broe
ME, Porter GA, Bennett VM, eds. Clinical nephrotoxins—renal injury from drugs and chemicals, 2nd ed.
Dordrecht, The Netherlands: Kluwer Acadmic Publishers, 2003:151.)

cases where the underlying disease exposes the kidney to per-
sisting or recurrent insults related to sepsis, hypotension, and
hypoperfusion.

β-LACTAM ANTIBIOTICS

The β-lactam antibiotics comprise the penicillins, cephalo-
sporins, and carbapenems. ARF has been observed with this
class of antibiotics as a result of acute proximal tubular cell
necrosis or allergic interstitial nephritis. Studies in animals
have established the relative nephrotoxicity potentials of β-
lactam antibiotics as cephaloglycin > cephaloridine >> cefa-
clor > cefazolin > cephalothin >>> cephalexin, ceftazidime,
and penicillins, which do not exhibit clinical nephrotoxicity
(212). The selective toxic potential of β-lactam antibiotics to-
ward renal proximal tubular cells appears to be causally linked
to their concentrative uptake by the organic anion transport
system and their intrinsic reactivity toward sensitive intra-
cellular target proteins (212,213). The importance of the or-
ganic anion transport system to the nephrotoxic potential of
these agents is supported by the observations that (a) toxic-
ity is restricted to β-lactams that are secreted by this trans-
port system, (b) toxicity can be prevented by inhibition of
organic anion transport, and (c) maneuvers that increase the
intracellular uptake of drug augment toxicity (212,213). The
product of intracellular drug concentration and time, defined
as the area under the curve (AUC), is an important deter-
minant of toxicity. Among the cephalosporins, the greatest
AUC is observed with cephaloridine (212,213). This agent
is readily transported into proximal tubular cells across the
basolateral membrane; however, its egress across the apical
membrane is retarded due to the fact that cephaloridine is a
zwitterion and the cationic moiety impedes its permeation
across the luminal membrane (214). Therefore, at equivalent
doses, the AUC for cephaloridine is significantly higher than
that of other cephalosporins. Cephaloglycin, the most nephro-

toxic of the cephalosporins released for clinical use, has a renal
cortical AUC only one-fifth that of cephaloridine (215). The
greater nephrotoxicity of cephaloglycin reflects the fact that
it is far more reactive than cephaloridine toward sensitive in-
tracellular target proteins (212,216). Three molecular mecha-
nisms have been implicated in the pathogenesis of cephalori-
dine nephrotoxicity: (a) lipid peroxidation (217), (b) compet-
itive inhibition of mitochondrial carnitine transport and fatty
acid oxidation (218,219), and (c) inhibition of mitochondrial
respiration consequent to inactivation by acylation of mito-
chondrial anionic substrate transporters (220,221).

In the case of the other nephrotoxic β-lactam antibiotics, the
pathogenesis of toxicity appears to be linked primarily to de-
pression of mitochondrial respiration. This conclusion is sup-
ported by the following observations from in vivo animal stud-
ies (212,213,215,220,221):

1. The nephrotoxic potential of β-lactams correlates with the
magnitude of inhibition of mitochondrial respiration.

2. Irreversible inhibition of mitochondrial respiration occurs
within 1 hour after administration of a nephrotoxic dose.

3. Inhibition of respiration precedes the appearance of ultra-
structural mitochondrial damage that resembles ischemic
and cyanide injury.

Although only a limited number of β-lactam antibiotics
cause toxic injury after in vivo exposure, many of these agents
exhibit the capacity to inhibit in vitro mitochondrial respira-
tion, especially that component supported by succinate (222).
Inhibition of mitochondrial respiration is observed within
5 minutes of in vitro drug exposure. Increasing the concen-
tration of succinate reverses the inhibition, presumably as a
consequence of competitive displacement of drug from the mi-
tochondrial membrane anionic carrier. However, as the expo-
sure of mitochondria to drug is augmented by raising the prod-
uct of drug concentration and time, inhibition of mitochon-
drial respiration becomes progressively irreversible, which has
been attributed to drug-induced acylation and inactivation of
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the transporter (212,213). The rank order of cephalosporins
with respect to their potential to acylate target proteins in
vitro is ceftazidime > cefaclor > cephaloglycin > cephalothin
> cephaloridine > cefazolin >> cephalexin and several peni-
cillins (212,213). This order is at variance with their in vivo
nephrotoxicity potential, which is cephaloglycin > cephalori-
dine >> cefaclor > cefazolin > cephalothin >>> cephalexin,
ceftazidime, and the penicillins. The explanation for the dif-
ferences between the in vitro and in vivo toxicity potentials of
these drugs resides in the important role of concentrative up-
take of these drugs into intact proximal tubular cells by the
organic anion transport system. Although ceftazidime and ce-
faclor exhibit high acylation activity in vitro, the AUC of these
agents is low (only 7% that of cephaloridine and only 37%
that of cephaloglycin), and this severely restricts their inter-
action with the mitochondrial anion transporter (212,213).
Mitochondrial injury also has been implicated as the major
mechanism of nephrotoxicity caused by imipenem (223,224).
This drug is marketed in combination with cilastin, which
inhibits the enzymatic breakdown of imipenem by cytoplas-
mic and brush-border dihydropeptidase and also inhibits its
nephrotoxicity.

The therapeutic–nephrotoxic ratio of these agents is much
more favorable than that of aminoglycoside antibiotics. The
incidence of serum creatinine elevations is difficult to say with
certainty, but severe nephrotoxic ARF is uncommon (225,226).
Similar to other antibiotics, high doses and prolonged ther-
apy elevate the risk of nephrotoxicity. In animal studies, the
incidence and severity of toxicity associated with β-lactam an-
tibiotics were augmented by combined therapy with amino-
glycoside antibiotics (227), by renal ischemia (228), and by
endotoxemia (229). In three prospective studies in human sub-
jects, the combination of an aminoglycoside antibiotic with
cephalothin was associated with a significantly higher incidence
of nephrotoxicity (230–232). Early reports suggested a possible
interaction between several second-generation cephalosporins
and aminoglycoside antibiotics (233). In contrast, a recent
prospective study provides no evidence that combination ther-
apy with third-generation cephalosporins and an aminoglyco-
side antibiotic potentiates the risk of nephrotoxicity (171).

The diagnosis of nephrotoxic ARF secondary to β-lactam
antibiotics is suggested by the appropriate clinical setting in
combination with a urine sediment and urinary indices typical
of acute tubular cell necrosis. Establishing the precise diagno-
sis may be difficult in the presence of septicemia, hypotension,
or other nephrotoxic drugs. It should be kept in mind that
β-lactam antibiotics also cause ARF secondary to allergic inter-
stitial nephritis (234). The pattern of the rise in the blood urea
nitrogen (BUN) and serum creatinine may be indistinguishable
from that seen with acute tubular cell necrosis. The presence
of large numbers of red and white blood cells in the urinary
sediment, especially if associated with eosinophiluria and sys-
temic signs of hypersensitivity (rash, fever, and eosinophilia),
strongly suggests the diagnosis of allergic interstitial nephritis.
However, in many patients, these clues are equivocal so that it
may be necessary to perform a kidney biopsy to establish the
correct diagnosis.

VANCOMYCIN

Vancomycin use in clinical medicine has increased significantly
in recent years as a consequence of the rise in the incidence
of methicillin-resistant staphylococcal infections. Because this
antibiotic is poorly absorbed from the gastrointestinal tract, it
is usually administered intravenously for the treatment of sys-
temic infections. Vancomycin is not appreciably metabolized,
and it is excreted essentially entirely by the kidneys primarily by
glomerular filtration, as there is no evidence that the drug un-

dergoes tubular absorption or secretion (235). Therefore, drug
dosing must be modified in subjects with renal failure. Ani-
mal studies demonstrated that vancomycin had nephrotoxic
and ototoxic potential (236). Early clinical experience in hu-
man subjects revealed a significant incidence of nephrotoxicity,
which in retrospect may have been due to impurities generated
during the initial manufacturing process (237). More recent re-
ports indicate that the incidence of nephrotoxicity associated
with vancomycin ranges between 0% and 7% when given as
sole therapy (238). Animal studies initially suggested that van-
comycin and aminoglycoside antibiotics interacted synergisti-
cally to cause ARF (239). Recent reports indicate that a similar
interaction occurs in humans (194,195). Indeed, in a meta-
analysis the incidence of nephrotoxicity associated with com-
bination therapy was 13.3% greater than therapy with van-
comycin alone. In a prospective study, comparing continuous
versus intermittent infusion of vancomycin in severely ill pa-
tients, Wysocki et al. (240) found a significant rise in serum
creatinine during treatment only in those patients who re-
ceived vancomycin with other antibiotics including aminogly-
cosides. Monitoring vancomycin serum concentrations is not
cost-effective in preventing vancomycin-induced nephrotoxic-
ity in patients with normal renal function, since the correlation
between serum levels and antibacterial efficacy or toxicity re-
mains controversial (241). It should be noted that vancomycin
has been reported to cause allergic interstitial nephritis (242);
however, this appears to be an uncommon complication. Te-
icoplanin, a glycopeptide antibiotic similar to vancomycin, is
devoid of nephrotoxicity.

SULFONAMIDE ANTIBIOTICS

The sulfonamide antibiotics and their metabolites are excreted
primarily by the kidneys by a process involving glomerular fil-
tration, tubular absorption, and tubular secretion (243). The
high incidence of nephrotoxic ARF observed with the first-
generation sulfonamides was due to their low solubility and
the resultant precipitation of drug in the form of crystals that
caused intratubular obstruction (244). Sulfadiazine, a poorly
soluble sulfonamide, continues to be used today in combi-
nation with pyrimethamine for the treatment of Toxoplasma
encephalitis; nephrotoxicity manifested as hematuria, crystal-
luria, renal colic, and ARF may complicate therapy in 5% of
cases (245,246). These abnormalities usually subside with hy-
dration and alkalinization of the urine.

Trimethoprim-sulfamethoxazole is administered intra-
venously in high concentrations as therapy for Pneumocystis
carinii pneumonia. Although the solubility of sulfamethoxa-
zole is high, ARF secondary to crystal deposition of the parent
drug or a metabolite has been reported (247,248). More com-
monly, the elevation of serum creatinine observed in patients
treated with this combination drug reflects inhibition of tubular
secretion of creatinine by trimethoprim (249,250). This effect
is more pronounced in subjects with baseline elevation of the
serum creatinine secondary to underlying chronic renal insuf-
ficiency. Failure of the BUN to rise in proportion to the rise in
serum creatinine should call attention to the correct diagnosis.

Sulfonamides including sulfamethoxazole also have been
implicated in causing acute hypersensitivity reactions and ARF
secondary to allergic interstitial nephritis (234).

ANTIFUNGAL AGENTS

Amphotericin B is widely used as the drug of choice for
the therapy of systemic fungal infections, especially in im-
munocompromised patients (251,252). Unfortunately, the clin-
ical application of this drug is accompanied by a number of
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dose-dependent toxic side effects, the most serious of which is
ARF (253,254). Amphotericin B is a polyene that consists of a
large lactone ring with seven conjugated double bonds, seven
hydroxyl groups, and a sugar moiety. It exhibits the propen-
sity to bind to membrane sterols and form membrane pores,
which in mammalian cells are estimated to be composed of
eight molecules of cholesterol alternating with eight molecules
of drug (255). The resultant increase in membrane permeabil-
ity to small electrolytes is thought to be a dominant factor in
the toxicity of the drug. Amphotericin B binds preferentially to
ergosterol, the major sterol of fungi, and this presumably ex-
plains the selective toxicity of this and similar drugs for fungi
(256).

The reason amphotericin B causes nephrotoxicity in humans
and experimental animals is not apparent from its pharmacoki-
netics (257,258). Because amphotericin B is poorly transported
across the gastrointestinal tract, it must be administered intra-
venously. Its volume of distribution is about 4 L per kg. Up to
95% of drug in serum is bound, primarily to β-lipoproteins.
The major depot site for amphotericin B is the liver, where
up to 41% of administered drug can be recovered compared
to 6% in the lung and 2% in the kidney. The elimination of
amphotericin B from serum can be described by a triexponen-
tial curve, the half-lives of which are 24 hours, 48 hours, and
15 days, respectively. Less than 10% of administered drug is
recovered in the urine, and there are no known metabolites.

Although the kidney is not a major route of amphotericin
B elimination, it is the major site of toxicity, the incidence of
which is influenced by daily drug dose, duration of therapy, and
the presence of potentiating factors (259,260). The clinical ex-
pression of amphotericin B nephrotoxicity is dominated by the
appearance of azotemia and creatininemia, which may occur
early in the course of drug therapy (260–262) and reflects de-
pression of renal blood flow and GFR secondary initially to a
reversible rise in renal vascular resistance. With prolonged ther-
apy, depression of renal function may persist as a consequence
of injury to tubular epithelium (263) and possibly the renal
vasculature (264). A variety of abnormalities of tubular func-
tion may be seen as well. These include incomplete distal re-
nal tubular acidosis (265), hypokalemia and hypomagnesemia
secondary to renal tubular wasting of these cations (266,267),
and loss of urine concentrating capacity (268). The urinary sed-
iment frequently contains evidence of microscopic hematuria,
pyuria, and cylinduria. While most of these abnormalities are
reversible after the drug is discontinued, full recovery may be
delayed for a number of months. Chronic renal insufficiency
may occur with prolonged or multiple courses of therapy.

Insight into the pathogenesis of amphotericin B nephro-
toxicity has been gleaned from studies in experimental ani-
mals (269). It has been shown that intravenous administration
of amphotericin B elicits an acute depression of renal blood
flow and GFR in association with an increase in renal vas-
cular resistance that is not mediated by the renal nerves, by
angiotensin II, by endothelium-dependent factors, or by tubu-
lar glomerular feedback (270–273). These hemodynamic alter-
ations have been shown to be modifiable by a variety of inter-
ventions including administration of calcium channel blockers
(274), a selective dopamine-1 receptor agonist (275), saline
loading (276,277), atrial natriuretic peptide (273,278), and
theophylline suggesting its direct vasoconstrictive effect (273).
Depolarization of vascular smooth muscle consequent to the
formation of membrane pores was postulated as the basic
mechanism by which amphotericin B augmented renal vascu-
lar resistance (269,273). Amphotericin B also induces tubular
dysfunction in the rat that mimics alterations observed in hu-
mans (278). The dominant site of tubular injury in the rat is the
inner stripe of the outer medulla (279), a zone that functions
on the verge of hypoxia even under physiologic conditions.
Investigators have postulated that hypoxic injury to this zone

TA B L E 4 2 - 3

RISK FACTORS FOR AMPHOTERICIN B
NEPHROTOXICITY

Daily drug dose
Duration of therapy
Chronic renal insufficiency
Sodium depletion
Renal hypoperfusion
Concomitant drug therapy/exposure
Diuretics
Aminoglycosides
Cisplatin
Radiocontrast agents
Cyclosporine

results from the demand for increased oxygen to support in-
creased sodium transport stimulated by the heightened influx
of sodium across the apical membrane made permeable by am-
photericin B at a time when the supply of oxygen is reduced as
a consequence of amphotericin B–induced reduction in renal
blood flow (279,280).

A contributory factor to the toxicity of amphotericin B is
deoxycholate, the vehicle in which the drug is suspended. De-
oxycholate was shown to be cytotoxic to renal tubular cells
in vitro (281). Various alternate vehicles and formulations for
suspending amphotericin have been investigated in an attempt
to reduce toxicity. Administration of amphotericin B in lipo-
somes (257,282) or with other lipid preparations (283) has
been reported to reduce the nephrotoxicity of this agent with-
out compromising its therapeutic efficacy.

A number of factors have been identified as potentiating the
risk of amphotericin B nephrotoxicity (Table 42-3), and the
physician should strive to eliminate or minimize these risk fac-
tors whenever possible. Fisher et al. (259) observed a 1.8-fold
increase in risk of nephrotoxicity for each 0.1 mg per kg incre-
ment in the daily dose of amphotericin B. The risk of nephro-
toxicity was increased 15.4-fold in patients who had an el-
evated serum creatinine prior to the start of amphotericin B
therapy and 12.5-fold in patients who received diuretics dur-
ing the course of amphotericin B therapy. The latter observa-
tion may reflect the powerful influence of sodium depletion on
this complication. Sodium loading has been shown to minimize
amphotericin B nephrotoxicity (260) so that special attention
should be paid to ensure that the patient is optimally volume-
repleted prior to the initiation of therapy with this agent
(Fig. 42-4).

ANTIVIRAL AGENTS

Acyclovir is a potent antiviral agent effective in the treatment
of infections caused by herpes simplex viruses (285). Its ma-
jor route of excretion is the kidney, which accounts for ap-
proximately 80% of total body clearance (286). Given the
fact that the renal clearance of acyclovir exceeds the creati-
nine clearance by severalfold, it follows that a substantial frac-
tion of drug must be eliminated by tubular secretion, which
promotes the attainment of tubular fluid concentrations in ex-
cess of the drug’s estimated solubility of 1.3 mg per L (286).
Approximately 85% of the drug recovered in the urine is un-
changed; the remainder is recovered as the principal metabo-
lite, 9-carboxymethoxymethylguanine (286). In several large
series, acyclovir has been reported to cause elevation of the
BUN and serum creatinine in 10% to 15% of cases (287,288).
In one series of 23 patients, an incidence of acute renal
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FIGURE 42-4. Proposed approach
for management of amphotericin B
therapy. (Reprinted from: Bernardo
JF, Sabra R, Vyas SJ, et al. Ampho-
tericin B. In: DeBroe ME, Porter GA,
Bennett VM, eds. Clinical nephro-
toxins: renal injury from drugs and
chemicals. Dordrecht, The Nether-
lands: Kluwer Acadmic Publishers,
2003:199, with permission.)

insufficiency of 48% was reported (289). The clinical ex-
pression of nephrotoxicity may range from asymptomatic
azotemia to renal colic with nausea and vomiting. Examina-
tion of the urinary sediment may reveal microscopic hema-
turia, pyuria, and birefringent crystals. The pathogenesis of
acyclovir-induced ARF has been attributed to intratubular ob-
struction caused by precipitation of drug (288) as well as direct
tubular cell toxicity (290,291). High drug dose, rapid drug in-
fusion, and low urine volume predispose to the development
of ARF. In about half the cases, the onset of azotemia oc-
curs during the first few days of therapy; it is usually transient
and frequently resolves in response to increased fluid intake
even when drug therapy is continued. Severe renal failure has
been reported, however, even in patients who were prehydrated
(292). Fortunately, even in these cases, renal function usually
recovers. In the rat infusion of acyclovir caused a decrease in
whole kidney and single nephron GFR and renal plasma flow in
association with an increase in renal vascular resistance (293).

Foscarnet is an antiviral agent that is being used with in-
creasing frequency for the treatment of cytomegalovirus in-
fections and acyclovir-resistant herpes virus infections, par-
ticularly in immunocompromised individuals (294,295). This
agent is excreted unchanged in the urine by glomerular fil-
tration and tubular secretion (296). Major complications of
therapy include ARF, often severe and of uncertain pathogen-
esis (297,298), and electrolyte abnormalities that include hy-
percalcemia, hypocalcemia, hypophosphatemia, hypomagne-

semia, and hypokalemia (246,299). ARF secondary to crystal
deposition has been described as well (300). Volume expan-
sion by infusing saline has been reported to greatly reduce the
incidence and severity of ARF (298,301).

Cidofovir is an antiviral nucleotide analog indicated for
the treatment of cytomegalovirus retinitis in patients with ac-
quired immunodeficiency syndrome (AIDS) (302). The drug is
eliminated primarily by the kidneys by glomerular filtration
and tubular secretion via the organic acid transport system
(303). The major complication of therapy with this agent is
nephrotoxic injury to proximal tubular cells; but, this compli-
cation can be significantly reduced by the coadministration of
probenecid, which presumably blocks the renal tubular uptake
of cidofovir and decreases the renal elimination of the agent
(304).

PENTAMIDINE

Pentamidine has been used for the treatment of P. carinii
pneumonia since the 1950s. In the preacquired immunodefi-
ciency syndrome (AIDS) era, pentamidine therapy was com-
plicated by ARF in about 25% of cases (305). The incidence
of ARF in patients with AIDS treated with pentamidine ap-
pears to be substantially higher than this figure, and it is un-
explained by greater drug dose, longer duration of therapy, or
concomitant therapy with other potentially nephrotoxic agents
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(306). The mechanism of pentamidine-induced ARF has not
been established. Although pentamidine is concentrated in the
kidney (307–309), pharmacokinetic studies utilizing a high-
performance liquid chromatography assay indicate that <5%
of the drug is excreted in the urine each day (308,310). The
mechanism of renal elimination is not known.

Pentamidine nephrotoxicity presents as nonoliguric ARF
beginning 7 to 10 days after the start of therapy. Urinalysis
reveals mild proteinuria, microscopic hematuria, pyuria, and
cylinduria. Most patients experience mild to moderate ARF,
but occasionally severe renal failure necessitating dialysis ther-
apy occurs. In one series, azotemia was accompanied by hy-
perkalemia in association with a picture of hyperchloremic
metabolic acidosis (306). Renal magnesium wasting has been
observed in several cases (311). Recovery of renal function usu-
ally begins within a week after stopping drug therapy and in
most cases returns to baseline within several weeks.

Chronic renal insufficiency, volume depletion, cumulative
dose, and concurrent use of other nephrotoxic drugs heighten
the risk of pentamidine nephrotoxicity in humans (250,312).
In the rat, pentamidine nephrotoxicity was potentiated by am-
photericin B, tobramycin, and cyclosporine, whereas it was
ameliorated by fosfomycin, D-glucaro-1,5-lactam, verapamil,
and enalapril (313).

NEPHROTOXICITY OF
CYCLOSPORINE

Since its clinical use as an immunosuppressant drug in the early
1980s, cyclosporine A (CsA) has tremendously improved the
outcome of solid organ (kidney, heart, liver, lung, and pancreas)
and bone marrow transplants (314,315). In more recent years,

the immunosuppressive properties of CsA have also been used
in the treatment of autoimmune diseases (psoriasis, uveitis,
and severe rheumatoid arthritis) as well as steroid-resistant
nephrotic syndrome.

The major side effect of CsA is its renal toxicity. Although
in preclinical animal studies, renal side effects were not ob-
served (316–318), early reports from clinical practice revealed
the nephrotoxicity of CsA (319–321). Since that time, nu-
merous observations have added to the overwhelming evi-
dence of three different forms of cyclosporine nephrotoxicity
(322–330). This toxicity is not restricted to only the field
of kidney transplantation but has also unequivocally been
documented in heart (331,332), bone marrow (332), liver
(333,334), and pancreas transplantation (335), as well as in
a variety of autoimmune diseases (336–339), in which a priori
rejection of the kidney graft is absent.

Based on experimental data and clinical experience, this
chapter intends to summarize our present knowledge about
the three different forms of cyclosporine nephrotoxicity: ARF
(with sometimes protracted course evolving to chronicity);
the hemolytic–uremic-like syndrome; and chronic irreversible
nephrotoxicity.

Clinical Pharmacology of Cyclosporine A

The selective immunosuppressive effects of CsA were described
for the first time in 1976 (340). CsA is a lipophilic fungal pep-
tide with a molecular weight of 1.203 daltons, consisting of
11 amino acids (Fig. 42-5). As a consequence of its high hy-
drophobicity, CsA interacts easily with phospholipid bilayer
membranes, while some CsA amino acids form a hydrophilic
active immunosuppressive site (341).

FIGURE 42-5. Structure of new immunosup-
pressive drugs.
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CsA is available for clinical use in three formulations: one
stabilized in castor oil (Cremophor) for intravenous injection,
the second as a microemulsion formulation (Neoral), and a
third formulation as soft gelatin capsules. The pharmacokinetic
profile of the conventional CsA formulation (Sandimmune) ex-
hibits a high degree of interpatient and intrapatient variability
(342–344). Pharmacokinetic studies in healthy subjects and re-
nal transplant recipients have shown that the more recent mi-
croemulsion formulation of CsA possesses superior pharma-
cokinetic characteristics, with more complete and predictable
absorption of the drug from the gastrointestinal tract, result-
ing in less pharmacokinetic variability (345,346). In clinical
trials, the microemulsion formulation of CsA increased drug
exposure and reduced the incidence of acute rejections, with-
out incremental toxicity (347–349).

In the circulation, CsA is mainly bound to high-, low-, or
very low-density lipoproteins and to chylomicrons (350). Only
a small fraction of CsA circulates unbound. The volume of dis-
tribution ranges from 4 to 8 L per kg of body weight (351). Due
to its hydrophobicity, CsA dissolves extensively in cell mem-
branes and tissue lipids (352). CsA accumulates in lympho-
cytes, liver, kidney, heart, lung, and neural and muscle cells
(353).

CsA has a median half-life of 6.4 to 8.7 hours and is pre-
dominantly eliminated by hepatic metabolism through specific
isoenzymes of the cytochrome P-450 superfamily (354). More
than 90% of the parent compound and the metabolites are
excreted in the bile, while only 6% is eliminated by the kid-
neys (352). Significant individual differences in CsA clearance
rates (354,355), with a median value of 12 mL per minute per
kg, can be explained by wide genetic differences among in-
dividuals in the content of cytochrome P-450 isoenzymes, as
well as a variety of other factors such as patient age (356),
the functional status of the liver (357), and interactions with
other drugs (358). Independent of the intrinsic nephrotoxic-
ity of CsA, its complex clinical pharmacokinetic profile entails
the potential hazard of incorrect dosing, ultimately resulting in
irreversible renal damage or acute rejection of the graft.

To optimize CsA therapy, monitoring of CsA trough lev-
els in serum, plasma, or whole blood by means of radioim-
munoassays or high-performance liquid chromatography is
common clinical practice (359). Monitoring CsA trough levels
has limited value, however, for the assessment of adequate im-
munosuppression or predicting protection from nephrotoxicity
(360,361). The AUC is more informative and a better indicator
of drug exposure (362) but is expensive and time consuming.
Large-scale clinical trials using Neoral C2 monitoring in renal
and liver transplant recipients have demonstrated low acute
rejection rates and good tolerability with a low adverse event
profile to at least 1 year posttransplant (363–367). Neoral C2
monitoring provided a more accurate assessment of delayed
and/or low absorbers of CsA in these studies. Neoral C2 moni-
toring in maintenance renal transplant recipients, showed that
26% to 49% of the patients, managed by monitoring of cy-
closporine trough levels, were treated with excessive doses of
CsA, adversely affecting graft function (368–370). Dose reduc-
tion to optimal C2 levels, between 600 and 800 ng per mL, in
these patients, resulted in improvement of graft function, with-
out increased risk for rejection (368). These data provide evi-
dence that monitoring of C2 levels may result in more adequate
dosing of cyclosporine.

Immunosuppressive Mechanism
of Cyclosporine A

CsA blocks the activation of T cells, mainly through inhibition
of transcription of lymphokines, most notably interleukin-2

(IL-2), the main growth factor for T cells (371). By inhibiting
IL-2 expression in T cells, CsA prevents helper T cells from
orchestrating a response to foreign antigens.

The immunosuppressive effect of FK506 (tacrolimus) is
similar to that of CsA (372), as a logical consequence of a
similar molecular mechanism of action of both drugs (373)
(Fig. 42-6). CsA and FK506 bind with high affinity to intra-
cellular target proteins, called immunophilins, which possess
cis–trans isomerase activity. These immunophilins have been
identified respectively as cyclophilins in the case of CsA (374)
and FK-binding proteins in the case of FK506 and rapamycin
(375). The binding of CsA or FK506 is a prerequisite of
their immunosuppressive potential because it has been demon-
strated that the CsA- or FK506-immunophilin complex com-
petitively binds directly to the serine–threonine phosphatase
calcineurin (376,377) in the presence of Ca2+. The inhibi-
tion of calcineurin by the drug–immunophilin complex results
in an altered modification pattern of the cytoplasmic compo-
nents of transcription factors, thereby disturbing their nuclear
translocation (373).

Potential substrates for calcineurin are the nuclear factor
of activated T cells (NF-AT) and the nuclear factor of im-
munoglobulin (light chain in B cells (NF-κB), which were both
reported as being affected in their IL-2 promoter binding ac-
tivity by CsA and FK506, but not by rapamycin. This could
explain the similarity of the immunosuppressive effect of CsA
and FK506, in contrast to rapamycin, although rapamycin
shares the same affinity as FK506 for the FK-binding protein
(378,379).

Experimental Nephrotoxicity
of Cyclosporine A

Much of our knowledge of cyclosporine nephrotoxicity derives
from experimental studies in animal models. The understand-
ing of the pathogenesis of chronic cyclosporine nephrotoxic-
ity has long been hampered, however, by the lack of an ex-
perimental model until a number of investigators developed a
suitable animal model of chronic cyclosporine nephrotoxicity
(380–384).

Functional Alterations Induced by Cyclosporine A

It has been unequivocally established that CsA profoundly al-
ters renal and glomerular hemodynamics. Acute and/or chronic
CsA administration induces a decline in GFR, with a con-
comitant reduction in renal blood flow and an increase in re-
nal vascular resistance as a consequence of vasoconstriction
(385–388), preferentially at the level of afferent arterioles
(324). These hemodynamic effects are mainly responsible for
the acute cyclosporine nephrotoxicity and probably contribute
also to the pathogenesis of chronic nephrotoxicity by induc-
ing chronic renal ischemia. The possible underlying mecha-
nisms of this vasoconstrictor effect of CsA are discussed un-
der Pathophysiologic Studies of Cyclosporine Nephrotoxicity,
below.

Although early pathologic studies suggested that CsA is a
primary tubular toxin (389), the results of clearance experi-
ments conflict with that premise (390). CsA reduces the end
proximal tubular flow rate (391) and increases proximal frac-
tional reabsorption (392). The latter is due to an inadequate
adaptive reduction in the absolute rate of proximal reabsorp-
tion (393). CsA causes a resetting of the tubuloglomerular feed-
back with onset at lower tubular flow rates and greater maxi-
mum response (394).

CsA-treated rats show a reduction of sodium chloride
reabsorption in the distal nephron, including Henle’s loop
(391,392), most likely as a secondary response to the decreased
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FIGURE 42-6. Cyclosporine (CsA) and FK506
both interfere, by binding to their respective im-
munophilins, with the function of intracellu-
lar molecules that transmit calcium-associated
signals between the T-cell receptor (TCR) and
the activation of lymphokine genes (interleukin-
2) in the nucleus. Transcriptional regulation of
interleukin-2 (IL-2) gene expression is modu-
lated by the combination of transcription fac-
tors (e.g., NF-AT, NF-κ B, OTF-1) interacting
with their corresponding recognition sites at
the IL-2 promoter. These DNA/protein com-
plexes, together with RNA polymerase II (RNA
pol II), result in the antigen-inducible tran-
scription of IL-2. Potential intervention sites
for the pentameric complex (calcineurin A
[p61], calcineurin B [p19], calmodulin [p17],
immunophilin, drug), involving (e.g., modifi-
cation and translocation) of antigen-inducible
transcription factors (NF-AT [p88], NF-κ B
[p50, p65]), are indicated by asterisks. CyA
and FK506 interfere with the G0 to G1 transi-
tion of the cell cycle, whereas rapamycin inter-
feres with the G1 to S transition (indicated by
a triangle). AG, antigen; APC, antigen present-
ing cell; DAG, diacylglycerol; Ins P3, inosito-
ltrisphosphate; MHC, major histocompatibility
class; PiP2, phosphatidylinositolbiphos-phate;
PKC, protein kinase C; PLC, phospholipase C.
(Reprinted from: Baumann G. Molecular mech-
anism of immunosuppressive agents. Trans-
plant Proc 1992;24[Suppl 2]:4, with permis-
sion.)

proximal tubular fluid delivery. This reduced sodium delivery
to and reabsorption from the distal nephron results in reduced
distal acidification and potassium secretory capacity through
a decreased generation of a negative transmembrane potential.
This explains the observed hyperkalemic metabolic acidosis in
CsA-treated rats (395) as well as in CsA-treated kidney trans-
plant recipients (396).

In summary, CsA reduces renal blood flow and GFR pre-
dominantly through vasoconstriction of the afferent arterioles.
Effects of CsA on tubular function consist of increased proxi-
mal tubular reabsorption and decreased distal sodium delivery,
which induce hyperkalemic metabolic acidosis.

Morphologic Alterations Induced by Cyclosporine A

The renal pathology induced by CsA is largely dose-related and
time-related. For clarity, we will focus on two distinct patho-
logic patterns, the acute (potentially reversible) toxic injury and
the chronic (essentially irreversible) nephrotoxicity induced by
CsA.

At supratherapeutic levels (100 mg per kg per day PO), CsA
induces mainly tubular pathology consisting of isometric vac-
uolization of tubular cells, accumulation of eosinophilic bodies
often representing giant mitochondria, and microcalcifications
in proximal tubules by 21 days (389,397–399). The effects on
the proximal tubule tend to be most prominent in the S3 seg-

ment (400) and become more widespread at very high doses.
These pathologic alterations are reversible after dose reduction
or withdrawal of CsA. In contrast to the acute toxic injury,
chronic administration of CsA (12.5 mg per kg per day) for
3 to 10 weeks induces striking morphologic alterations in the
medullary rays of the cortex of the rat (380). These changes
progress in time and result in areas of focal or striped inter-
stitial fibrosis with foci of atrophic proximal tubules, which
are most prominent in the subcapsular cortex (401,402). The
severity of the lesion progresses with treatment and is exac-
erbated by salt depletion (384). Withdrawal of CsA does not
reverse the observed structural changes (401).

Besides the striped interstitial fibrosis, mild glomerular en-
dothelial damage, glomerular hypercellularity, and mesangial
matrix expansion (381) are observed after long-term CsA ad-
ministration. Morphometric analysis with three-dimensional
reconstruction of individual glomeruli (403) shows subsets of
glomeruli with small volume with significant reduction in GFR
(404), alternating with hypertrophic glomeruli.

At the vascular level, scanning electron microscopy shows
focal narrowing of the afferent arteriolar diameter that pro-
gresses with time of CsA treatment and parallels the decrease
in inulin clearance (326). CsA nephropathy is associated with
degenerative hyaline changes in the walls of afferent arteriolar-
sized blood vessels (405), which can disappear after discontin-
uation of CsA (406,407).
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Pathophysiologic Studies of
Cyclosporine Nephrotoxicity

Numerous studies have focused on different pathophysiologic
mechanisms of cyclosporine nephrotoxicity. We will sequen-
tially discuss mechanisms of renal vasoconstriction, cellular
and molecular mechanisms, mechanisms of matrix protein ac-
cumulation, and studies on lipid peroxidation.

Mechanisms of Cyclosporine A–Mediated Renal Vasoconstric-
tion. As mentioned previously, administration of CsA induces
a marked afferent arteriolar vasoconstriction resulting in de-
creased renal blood flow and GFR. The renal sympathetic ner-
vous system has been implicated in the renal functional effects
of CsA because the α-adrenergic antagonists phenoxybenza-
mine (385) and prazosin (408) prevent a CsA-induced fall in
renal blood flow and GFR. Moreover, a significant increase
in renal afferent and efferent nerve activity has been demon-
strated in CsA-treated rats (409). The relevance of the acti-
vated sympathetic nervous system to the pathophysiology of
cyclosporine nephrotoxicity in kidney transplantation is ques-
tionable, however, because the renal allograft is denervated.
Nevertheless, increased sensitivity of the denervated organ
to circulating catecholamines (409) or significant reinnerva-
tion of renal allograft after transplantation (410) is a possible
explanation.

Rodent models of cyclosporine nephrotoxicity consistently
show activation of the renin–angiotensin–aldosterone axis, in
contrast to results in humans. Besides increased plasma renin
activity in CsA-treated rats (398,411), hyperplasia of the juxta-
glomerular apparatus (383,412,413), as well as elevated renin
synthesis and release in juxtaglomerular cells (414,415), has
been documented in experimental animals during CsA ther-
apy. However, angiotensin-converting enzyme inhibitors show
conflicting effects on renal blood flow in CsA-treated rodents,
with improvement in some studies (385,416) but not in others
(386,417). More recent experimental studies suggest that CsA-
related chronic interstitial injury is mediated by angiotensin II,
since renin–angiotensin blockade prevents CsA-induced tubu-
lointerstitial fibrosis (418,419). However, in human cardiac
and renal allograft recipients treated with CsA, plasma renin
is suppressed (331,420), suggesting that the renin–angiotensin
system is not of primary importance in human cyclosporine
nephrotoxicity.

Hypovolemia could contribute to renal vasoconstriction
with CsA therapy because CsA-treated rats have reduced
plasma volume and saline expansion reverses the deficits in
renal blood flow and GFR (421). Studies with furosemide
(422), mannitol (423), and chronic sodium depletion (380)
have demonstrated that hypovolemia potentiates cyclosporine
nephrotoxicity. Sodium depletion enhanced fibrosis and the
expression of TGF-β1 and matrix proteins in experimental
CsA nephropathy (424). However, there is evidence impli-
cating hypovolemia and sodium-depletion as an exacerbat-
ing rather than as a causative factor of human cyclosporine
nephrotoxicity.

Much attention has been paid to the potential role of an
altered eicosanoid metabolism in cyclosporine nephrotoxicity.
In animal models, CsA consistently increases the generation
of thromboxane A2 (TxA2), a potent renal vasoconstrictor
(425–427), while its effects on vasodilatory prostaglandins are
controversial (421,428,429). Pharmacologic manipulation of
thromboxane metabolism with a specific TxA2 receptor antag-
onist (430,431) or a TxA2 synthase inhibitor (432) partially
prevented the CsA-induced acute decline in GFR and renal
blood flow in normal rats. The TxA2 receptor antagonist also
attenuated chronic cyclosporine nephrotoxicity in rats with re-
nal isograft (433). The relevance of these data to human cy-
closporine nephrotoxicity, however, is controversial (434,435).

Another potential mediator of CsA-induced vasoconstric-
tion is the platelet activating factor (PAF) because it has been
demonstrated that rat mesangial cells release increased quanti-
ties of PAF when incubated with CsA, and CsA-stimulated cell
contraction is abolished by the PAF antagonists, BN52021 and
alprazolam (436). Chronic cyclosporine nephrotoxicity is also
attenuated in rats treated with the PAF antagonist BN52063
(437).

More recently, the role of endothelin, the most potent vaso-
constrictor yet identified, has been advocated in CsA-induced
vasoconstriction. CsA treatment has been shown to stimulate
endothelin production (438,439) and promote glomerular en-
dothelin binding in vivo (440). Endothelin appears to mediate
CsA-induced renal vasoconstriction in the rat (441). The result-
ing reduced single-nephron GFR and glomerular plasma flow
rate, as well as the decreased glomerular capillary pressure,
were attenuated by an antiendothelin antibody (442). Simi-
larly, the endothelin receptor antagonist BQ123 has the po-
tential to prevent hypoperfusion and hypofiltration induced by
CsA (443). Recent work additionally demonstrated that CsA
selectively modulates renal messenger RNA (mRNA) expres-
sion for endothelin peptide and one of its receptor subtypes in
a site-specific way (442). In humans, the endothelin receptor
antagonist bosentan markedly blunted the renal hypoperfusion
effect of CsA (444).

Experimental data indicate that an enhanced 5-HT2
(serotonin)-mediated vasoconstriction plays an important role
in the suppression of renal blood flow (RBF) autoregulation in-
duced by CsA, since the administration of ritanserin, a pure 5-
HT2 antagonist, restored the RBF autoregulation (445). In vivo
studies in humans demonstrated reduced basal and stimulated
nitric oxide (NO) production from the endothelium of forearm
resistance vessels in cyclosporine-treated renal transplant re-
cipients (446). This suggests endothelial dysfunction, and may
provide a potential mechanism to explain cyclosporine-induced
hypertension.

Elevated cytosolic calcium is yet another attractive candi-
date to explain the CsA-induced vasoconstriction. This has
been demonstrated in cultured rat mesangial cells (447) as
well as in vascular smooth muscle cells (448). The augmented
transmembrane Ca2+ influx and intracellular Ca2+ mobiliza-
tion could account for the protective effects of calcium channel
antagonists in acute (449–451) as well as chronic (452,453)
cyclosporine nephrotoxicity.

In summary, the acute or subacute effects of CsA on renal
hemodynamics are likely mediated by a number of vasoactive
substances such as endothelin, serotonin, impaired NO pro-
duction, TxA2, and PAF. At the cellular level, CsA induces in-
creased intracellular Ca2+, resulting in contraction of vascular
smooth muscle cells as well as mesangial cells. Calcium channel
blockers are able to protect against these effects.

Cellular and Molecular Mechanisms of Cyclosporine Nephro-
toxicity. CsA modulates mitochondrial calcium fluxes, result-
ing in reduced mitochondrial swelling, respiration, and calcium
discharge (454,455). Additionally, CsA modulates cytosolic
calcium regulation in mesangial cells (447,456).

In T lymphocytes, CsA only affects calcium-dependent
pathways on T-lymphocyte activation. As stated earlier un-
der Immunosuppressive Mechanism of Cyclosporine A, the
immunophilin-ligand complex inhibits the Ca2+-dependent
phosphatase calcineurin, which is an important step in signal
transmission pathways. The analogy of immunosuppressive ef-
fect of FK506, as well as its nephrotoxicity, has led to an attrac-
tive hypothesis stating that cyclosporine nephrotoxicity could
be inherent to its immunosuppressive effect (457); a similar
hypothesis was formulated with regard to FK506 (458).

The mechanisms underlying the linkage of nephrotoxic ef-
fects to immunosuppressive effects of CsA or FK506 are still
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unknown. However, the blocking of T-cell activation by CsA or
FK506 is an attractive explanation because it has been shown
that a mononuclear cell infiltrate is part of cyclosporine nephro-
toxicity (459). Alteration of the repair function of these cells
could therefore be a possible mechanism inducing interstitial
fibrosis.

Administration of CsA in vivo to rats causes a marked im-
pairment of microsomal protein synthesis (460). Additional
studies have shown a dose-dependent and time-dependent
translational alteration of intracellular protein synthesis pro-
duced by cyclosporine (461).

The role of this decreased renal microsomal protein synthe-
sis induced by CsA is speculative but could, if persistent with
long-term cyclosporine treatment, alter renal cell matrix and
interstitial cell interactions favoring fibrosis (461).

Recent in vitro studies showed that CsA induces apoptosis in
tubular epithelial cells in a dose-dependent and time-dependent
manner (462–465). This effect was mediated by the induction
of inducible nitric oxide synthase (iNOS) (462), caspases (463),
or TNF receptor super family member 6 (Fas) (464).

Mechanisms of Matrix Protein Accumulation. Interstitial
fibrosis, the end point of chronic cyclosporine nephrotoxic-
ity, results from an excessive extracellular matrix accumula-
tion, which represents an imbalance between rates of extra-
cellular matrix production and degradation. Cyclosporine has
been shown to enhance the production of specific extracellu-
lar matrix components in mouse and rat kidney (466,467),
as well as in renal cells in culture (468). In the presence of
CsA, angiotensin II is known to induce interstitial collagen for-
mation (469). Blockade of the renin–angiotensin system with
angiotensin II receptor antagonists or angiotensin-converting
enzyme inhibitors markedly abrogated the tubulointerstitial fi-
brosis without improving renal hemodynamics (418,419,470).
The location of the angiotensin receptor type 1 mRNA in
the outer medulla and medullary rays might explain the pe-
culiar striped pattern of fibrosis noted in an experimental
model of chronic cyclosporine nephrotoxicity (471). All to-
gether, these data strongly suggest that CsA-induced interstitial
fibrosis could be mediated by angiotensin II, independent of its
hemodynamic effects.

Several recent studies also implicated transforming growth
factor-β1, a potent immunosuppressive and fibrogenic cy-
tokine, as a potential mediator of CsA-induced interstitial fi-
brosis (472–478). Enhanced intragraft expression of TGF-β
was associated with interstitial fibrosis in patients treated with
CsA (472). In animals, CsA induced an increased expression of
TGF-β1, both at the mRNA and the protein level, again asso-
ciated with tubulointerstitial fibrosis (473–475,478). Similarly,
CsA stimulated expression of TGF-β1 in renal cells (476,477).
The fibrogenic effects, induced by CsA, were abrogated by a
neutralizing anti-TGF-β1 antibody (477,478).

In contrast to the already mentioned enhanced collagen
formation induced by CsA, recent work demonstrates an in-
creased expression at both the transcriptional (mRNA) level
and protein level of tissue inhibitor of metalloproteinases
(TIMP-1) in a rat model of chronic cyclosporine nephrotox-
icity (479,480). Moreover, Duymelinck and associates show
that cholesterol feeding accentuates the cyclosporine-induced
elevation of renal plasminogen activator inhibitor type 1 (PAI-
1) (481). This increased expression and production of TIMP-1
and PAI-1, induced by CsA, could result in a decreased degra-
dation of extracellular matrix, which would in turn lead to
progressive extracellular matrix accumulation and interstitial
fibrosis.

In summary, CsA-induced interstitial fibrosis results from
a combination of increased synthesis of matrix components,
as well as decreased degradation of extracellular matrix. An-
giotensin II and transforming growth factor-β1 may play a role
in the process of increased collagen formation induced by CsA,

while the TIMP-1 and the PAI-1 likely mediate the decreased
degradation of extracellular matrix induced by CsA.

Studies on Lipid Peroxidation. It has been shown that in
vitro incubation of rat renal microsomes or human liver mi-
crosomes with CsA induces dose-related lipid peroxidation
(482,483). Lipid peroxidation seems to be the main mechanism
of free-radical toxicity (484–486). Reactive oxygen species
through a peroxidative process may increase the availability of
arachidonate metabolites and enhance prostanoid production
(487–489). Recent in vivo studies in the rat indicated that cy-
closporine nephrotoxicity is accompanied by dose-related sys-
temic and renal lipid peroxidation (490), preceding the fall in
GFR (491). Concurrent treatment with antioxidants (i.e., Vita-
min E [490], melatonin [492], or N-acetylcysteine [493]), sup-
pressed CsA-induced lipid peroxidation and reduced functional
and structural damage. The mechanism by which CsA-induced
lipid peroxidation could contribute to cyclosporine nephro-
toxicity is putative, including direct cellular toxicity (494),
thromboxane-mediated ischemia (495), or peroxidation-linked
excess extracellular matrix production (496). Several reports
suggest that calcineurin inhibitors, CsA and tacrolimus, have
prooxidant activity, and they increase the susceptibility of low-
density lipoprotein to oxidation in humans (497–499).

Clinical Nephrotoxicity of Cyclosporine A

CsA can cause a wide spectrum of renal functional and mor-
phologic impairments, including a marked and rapidly re-
versible decrease in GFR and renal plasma flow (323) and a
chronic form of renal damage in patients treated for more than
6 months with a potential evolution to end-stage renal disease
(328,331). Thrombotic microangiopathy is another, although
relatively uncommon, nevertheless serious, adverse effect of cy-
closporine (326,500).

Acute Renal Failure Induced by Cyclosporine A. Acute cy-
closporine renal dysfunction is not infrequent in clinical prac-
tice and occurs not only in patients with kidney transplantation
(319) but also in heart (501), liver (322), and bone marrow
(320) transplant recipients. This acute form of nephrotoxic-
ity may occur within weeks following initiation of CsA ther-
apy and can also be observed after years of drug therapy
(502). The incidence of this acute renal injury can be enhanced
by extended graft preservation (325), preexistent renal his-
tologic lesions (503), donor hypotension, and perioperative
complications (504).

Acute cyclosporine nephrotoxicity has clinical features sim-
ilar to those of acute renal allograft rejection, including an
abrupt fall in GFR, impaired urinary concentrating capacity,
and sodium retention (505). Hypertension is observed in up
to 50% of patients, whereas metabolic acidosis, hyperkalemia,
and hyperuricemia are less frequent (506). Characteristic of
this syndrome of acute reversible renal dysfunction induced by
CsA is the rapid recovery of renal function on reduction of the
CsA dose (323,507).

Delayed kidney graft function is a less frequent severe form
of protracted ARF with oliguria induced by CsA (504). Its in-
cidence varies largely between centers (508,509), presumably
reflecting different strategies of immunosuppressive treatment
or variations in time of ischemia of the kidney before trans-
plantation (510,511).

Although nephrotoxicity due to cyclosporine alone is rarely
observed with CsA trough blood levels below 200 ng per mL
per (344,512), blood level monitoring has proved unreliable in
the differential diagnosis between acute cyclosporine nephro-
toxicity and acute rejection of kidney allografts (344).

The difficulty in differentiating acute rejection from cy-
closporine nephrotoxicity in the setting of kidney transplanta-
tion often compels performance of a kidney biopsy (513,514).
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On the histologic basis, cyclosporine nephrotoxicity is often
a diagnosis of exclusion with the absence of definite signs of
acute rejection, such as intimal arteritis (515,516) or intratubu-
lar lymphocytes (517). Histologic features of cyclosporine
nephrotoxicity are nonspecific and include arteriolar hyalinosis
(518,519), as well as isometric vacuolization of proximal tubu-
lar cells (520).

Analogous to experimental data obtained in animal mod-
els, CsA causes a dose-related and time-related fall in GFR
and renal plasma flow in humans induced by renal vasocon-
striction (521,522). In two studies, the intrarenal blood flow
was significantly reduced after oral cyclosporine intake, but
hypoperfusion could not be elicited by tacrolimus (523,524).
The beneficial effects of different calcium channel blockers on
this CsA-induced renal hypoperfusion (525–530) suggest this
vasoconstriction is mainly effected at the afferent arteriolar
level because it has been demonstrated that calcium antago-
nists preferentially reduce glomerular afferent arteriolar tone
(531).

In contrast, coadministration of indomethacin unmasks
CsA-induced renal vasoconstriction and potentiates cy-
closporine nephrotoxicity by reducing the intrarenal pro-
staglandins (532). This suggests a role for the eicosanoids in
the CsA-induced vasoconstriction. Further arguments in favor
of this possibility are the partial beneficial effects observed with
a specific TxA2 synthase inhibitor (435) and with dietary regi-
mens with omega-3 polyunsaturated fatty acids (533).

Although a role for increased vascular renin activity in
cyclosporine-induced renal and peripheral vasoconstriction has
been suggested (534,535), investigators have never detected
any significant preventive effect of angiotensin-converting en-
zyme inhibition on the decline in renal blood flow and the
increase in renal vascular resistance induced by CsA.

Unlike in animal models, prazosin did not significantly af-
fect GFR, renal plasma flow, or renal vascular resistance in
patients who had undergone transplant and were treated with
CsA (536), thus questioning the role of the sympathetic nervous
system in cyclosporine nephrotoxicity.

Endothelin has been implicated as a causative agent in
CsA-induced vasoconstriction (see Experimental Nephrotox-
icity of Cyclosporine A, above). Although intrarenal injections
of antiendothelin antibodies protected against the effects of cy-
closporine (438), administration of specific endothelin receptor
antagonists has shown conflicting results (443,537).

Chronic Cyclosporine Nephrotoxicity. The main clinical is-
sue associated with CsA treatment is, however, the chronic
nephrotoxicity (331) that is clinically defined by progressive
renal dysfunction with hypertension. Histologic lesions can al-
ready appear after 6 months of CsA therapy (328,538), with
progression over time, even after CsA dose reduction (335).
As mentioned previously, chronic cyclosporine nephrotoxicity
has been documented in other clinical settings besides kidney
transplantation (331–339). Chronic cyclosporine nephrotoxi-
city is related to the cumulative CsA dose (335,539) and may
be irreversible even after CsA discontinuation (540).

The clinical features of chronic cyclosporine nephrotoxic-
ity are nonspecific, including a slowly progressive decline of
renal function over months or years, severe arterial hyperten-
sion, mild proteinuria, and tubular dysfunction (505). In renal
allografts, differential diagnosis with chronic rejection is of-
ten impossible on clinical grounds alone, thus necessitating the
performance of a kidney biopsy (541).

The histopathologic lesions of chronic cyclosporine nephro-
toxicity have been extensively studied and are now well known
(329,330,542,543). Histopathologic findings in 2-year proto-
col biopsies from a randomized study showed comparable le-
sions in renal allografts under cyclosporine and tacrolimus
treatment (544). They include renal arteriolar damage (the
so-called CsA-associated arteriolopathy), tubular atrophy, and

(striped) interstitial fibrosis, as well as glomerular sclerosis.
These lesions are nonspecific, however, except for the CsA-
associated arteriolopathy.

The vascular lesions are located almost exclusively in the
arterioles and arteries, with up to two layers of smooth muscle
cells, and usually consist of circular nodular protein deposits
or mucoid thickening of the intima, which contributes to nar-
rowing or occlusion of the lumen (329). CsA-associated arteri-
olopathy affects a limited number of arterioles in a dose-related
manner (543).

Tubulointerstitial changes may be nearly diffuse, but usu-
ally there are narrow stripes of atrophy and fibrosis, appar-
ently corresponding to areas of cortex with afferent arterio-
lar lesions (329). This interstitial fibrosis progresses over time
(335). Tubular atrophy is nearly always found in areas with in-
terstitial fibrosis (545) and likewise progresses with time (335).
CsA-induced glomerulopathy consists of global or focal and
segmental sclerosis (330,546). Again, the number of affected
glomeruli increase with time (335).

Although the histologic features of chronic cyclosporine
nephrotoxicity have been well characterized, the differential
diagnosis with chronic rejection of the renal allograft in kid-
ney transplantation still often remains difficult (547).

A great matter of debate is whether prolonged therapy with
CsA can result in progressive, irreversible renal damage, ulti-
mately leading to end-stage renal disease. This was advocated
by some authors (548,549) but denied by others (536,550).
Multicenter studies in renal transplant patients showed re-
duced but stable renal function after up to 3 to 5 years of CsA
treatment (551,552). Conversion from CsA to azathioprine in
kidney transplant recipients after 3 months significantly im-
proved the creatinine clearance at 5 years’ posttransplantation
(553). In patients who have undergone pancreas transplant,
a sequential functional and morphologic study has unequivo-
cally shown the progressive character of the histologic lesions
due to cyclosporine nephrotoxicity (335). This was strongly
correlated with CsA blood levels, CsA dose, and magnitude
of the decline in creatinine clearance during the first post-
transplant year (335). Analysis of sequential protocol biopsies
of renal allografts over a period of 10 years, in a prospec-
tive study of 120 kidney-pancreas transplant recipients, con-
firmed this progressive character of renal histologic lesions,
induced by calcineurin-inhibitors (554). In this study, severe
histologic damage was present in 58.4% of the renal allografts
by 10 years.

Altogether, these data point out that chronic cyclosporine
nephrotoxicity has a progressive and irreversible character
once the histologic lesions have arisen. Assessment of the re-
nal function, be it by means of serum creatinine or creatinine
clearance, underestimates the magnitude of the problem due to
the relatively low sensitivity of those methods and to the slow
progression of the renal damage induced by cyclosporine.

The pathophysiology of chronic cyclosporine nephrotoxi-
city in humans is a matter of extensive investigation, mainly
through experimental models (see Pathophysiologic Studies of
Cyclosporine Nephrotoxicity, above).

Hemolytic–Uremic-like Syndrome Induced by Cyclosporine A.
Thrombotic microangiopathy is a relatively uncommon but se-
rious adverse effect of cyclosporine in renal (326) and nonre-
nal (500) transplant recipients, with an overall 43% graft sur-
vival rate (555,556). The most striking morphologic changes
are an extensive thrombotic process in the renal microcircula-
tion, with several glomerular capillaries occluded by thrombi
extending from the afferent arterioles and containing platelet
aggregates (329). Laboratory anomalies include thrombocy-
topenia, hemolytic anemia, and deterioration of the renal func-
tion (326). In the setting of kidney transplantation, the differ-
ential diagnosis of hemolytic–uremic syndrome and vascular
rejection is not obvious (555). According to a retrospective
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study of 29 patients with calcineurin-inhibitor induced throm-
botic microangiopathy, repeated plasma-exchange induced
a recovery of the renal allograft function in 80% of the
patients (557).

This hemolytic–uremic-like syndrome induced by CsA re-
inforces the concept that the vascular endothelium is the main
target in this form of CsA toxicity. That CsA can damage vascu-
lar endothelium is confirmed by the high plasma concentration
of factor VIII-related antigen, found in recipients of renal al-
lograft given CsA and having clinical signs of nephrotoxicity
(558). Recent work shows significantly higher plasminogen-
activator inhibitor (PAI-1) levels in patients treated with CsA
who underwent renal transplant, compared to patients who
were not treated with CsA, suggesting a decreased fibrinolytic
activity in the former patients (559). This could account for
the increased risk of hemolytic–uremic syndrome induced by
CsA.

Summary

CsA is a potent immunosuppressive drug with nephrotoxic side
effects. Independent of the intrinsic nephrotoxic properties of
CsA, its complex clinical pharmacokinetic profile could cause
incorrect dosing, ultimately resulting in irreversible renal dam-
age.

The clinical nephrotoxicity of CsA consists of three entities
with different expressions of renal damage induced by CsA
(i.e., ARF, hemolytic–uremic-like syndrome, and chronic cy-
closporine nephrotoxicity). The ARF is essentially reversible
and mainly hemodynamically mediated through afferent ar-
teriolar vasoconstriction. Dosage reduction of CsA reverses
the nephrotoxic effects. The hemolytic–uremic-like syndrome
consists of an extensive thrombotic process at the level of the
glomerular capillaries, causing loss of kidney function in more
than half of the cases. Chronic cyclosporine nephrotoxicity is
an irreversible renal damage characterized by a specific arte-
riolopathy and striped interstitial fibrosis, resulting in slow
progressive decline of renal function. Although the pathophys-
iology of this process is extensively studied in experimental
models, many questions still remain unanswered.

TACROLIMUS (FK506)

Tacrolimus (FK506) is a fungal product, a new macrolide im-
munosuppressant agent, which has shown important poten-
tial in transplantation and in the treatment of autoimmune
diseases (560–562). Although it is many times more potent
than cyclosporine, allowing the use of lower doses, both drugs
have similar nephrotoxic properties (563,564). In 1991, the
first international congress of FK506 was held in Pittsburgh,
Pennsylvania (565).

Molecular Action

Cyclosporine and FK506 have dissimilar chemical structures
(Fig. 42-5), nevertheless both agents bind to a similar class of
ubiquitous intracellular receptors: immunophilins, molecules
that are cis–trans prolyl isomerases. These intracellular bind-
ing proteins are well conserved through evolution and change
the confirmation of cyclosporine and FK506. The cytosolic re-
ceptor for FK506 (FKBP) has been well characterized (566).
This drug–immunophilin complex must bind to calcineurin, a
calcium-dependent protein phosphatase, to allow the immuno-
suppressant actions of the drugs in lymphocytes (567,568) (Fig.
42-6). Similar calcineurin-mediated dephosphorylation of cy-
closporine and FK506 may lead to inhibition of signal trans-

duction in other cell types and organs, which mediates both
the desirable immunosuppressant effects and the possibly toxic
effects.

Cyclosporine and FK506 are powerful immunosuppressive
drugs that inhibit the calcium–calmodulin-dependent phos-
phatase calcineurin in T cells, thereby preventing the activation
of T cell-specific transcription factors such as NF-AT involved
in lymphokine gene expression (Fig. 42-6). While this may,
at least in part, explain the mechanism of cyclosporine and
FK506 immunosuppression, additional mechanisms have to
be invoked to explain the pharmacologic properties and toxic
effect of these drugs such as nephrotoxicity and neurotoxic-
ity. Schwaninger et al. (569) studied the effect of cyclosporine
and FK506 on calcineurin phosphatase activity and gene tran-
scription mediated by the cyclic adenosine monophosphate-
responsive element (CRE), a binding site of the ubiquitous tran-
scription factor CREB. An imported gene was placed under
the transcriptional control of the CRE of the rat glucagon gene
and transiently transfected into the glucagon expressing cell
line αTC2. Cyclosporine and FK506 inhibited depolarization-
induced gene transcription in a concentration-dependent man-
ner. Both cyclosporine and FK506 inhibited calcineurin phos-
phatase activity at the drug concentrations that inhibited gene
transcription. The FK506 analog rapamycin had no effect on
calcineurin activity and gene transcription, but excess con-
centrations of rapamycin prevented the effect of FK506 on
both calcineurin activity and gene transcription. These re-
sults further support the notion that the interaction of drug-
immunophilin complexes with calcineurin may be the molec-
ular basis of cyclosporine- and FK506-induced inhibition of
CREB/CRE-mediated gene transcription. The ability to inter-
fere with CREB/CRE-mediated gene transcription represents a
new mechanism of cyclosporine and FK506 action that may un-
derlie pharmacologic effects and toxic manifestations of these
potent immunosuppressive drugs (569).

A recent report demonstrated that in vivo FK506 treatment
eliminated antigen-stimulated T cells through DNA fragmen-
tation (apoptosis), representing one of the mechanisms of im-
munologic tolerance (570).

Experimental Studies

Cell Culture

McCauley and colleagues (571) demonstrated a cyclosporine-
and FK506-mediated, dose-dependent inhibition of renal cell
proliferation using LLC-PK1 cells (an established cell line de-
rived from the pig proximal tubule) in culture. Although FK506
inhibited renal cell proliferation to a greater degree than cy-
closporine at the same concentration, when clinically relevant
concentrations were compared, FK506 was significantly less in-
hibitory than cyclosporine. Moutabarrik and associates (572)
observed similar effects in the same cell line but could not make
a clear distinction between the FK506 and the cyclosporine
effects on release of 3H thymidine from prelabeled cells, N-
acetyl-β-d-glucosaminidase release, and cell detachment. Ul-
trastructural changes such as vacuolization, swelling, and mi-
tochondrial enlargement and inhibition of the growth of the
cultured tubular cells were also observed at high concentrations
of FK506 and cyclosporine. Low concentrations of FK506 and
cyclosporine were not cytotoxic and induced only a minimal
inhibitory effect on the growth of tubular cells in vitro. Cy-
closporine and FK506 also induced a time-dependent stimu-
lation of the secretion of endothelin by cultured tubular cells.
The concentration of cyclosporine that induced these effects
was 10 to 100 times higher than that required for FK506. The
concentrations of FK506 and cyclosporine inducing endothelin
secretion were not cytolytic for tubular cells in vitro. Yatscoff
et al. (573) compare the effect of rapamycin and FK506 on
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the release of prostacyclin and endothelin in vitro using cul-
tured rabbit mesangial and endothelial cells. The effects of both
rapamycin and FK506 on the basal or stimulated release of
prostacyclin or endothelin from mesangial cells and endothe-
lial cells are similar with the following exceptions: Rapamycin
results in a significant increase in the release of prostacyclin,
while in contrast FK506 results in a significant decrease in the
release of prostacyclin from the endothelial cells. Benigni and
colleagues (574) review the vascular effects of FK506 as com-
pared to cyclosporine in endothelial cell culture and intact or-
gan. FK506, unlike cyclosporine, is without significant effect
on thromboxane B2, 6-ketoprostaglandin F11α, or endothelin
release in bovine aortic endothelial cells grown in culture and
does not alter the renal vascular resistance in vivo. These find-
ings suggest that FK506 causes much less pronounced endothe-
lial cell injury, at least in vitro.

Atcherson and Trifillis (575) examine in vitro cytotoxicity of
FK506 on normal human proximal tubule cells. They find that
FK506 is reversibly and mildly toxic to monolayers of human
renal proximal tubule cells.

Edkins and associates (576) compare the effect of FK506
(2.5 mg per kg for 7 days) and cyclosporine (50 mg per kg per
day) on renal, hepatic, brain and cochlear-reduced glutathione
content. Both cyclosporine and FK506 increase glutathione lev-
els in kidney to approximately equivalent levels after 5 days of
treatment. Only FK506 increases glutathione levels in liver, and
neither drug changes levels in other tissues.

Ali Shah et al. (577) show that FK506 exhibits a broad,
powerful inhibitory effect on human hepatic microsomal cy-
tochrome P-450-dependent drug metabolism. However, the full
potential for drug interactions can only be determined by in-
vestigating its effects on other P-450 families using both in vivo
and in vitro studies. On the other hand, Yoshimura et al. (578)
recently report that, in rats, both FK506 and rapamycin are
without significant effects in contrast to cyclosporine on renal
microsomal P-450–dependent drug metabolism.

Yoshimura et al. (579) review the effect of FK506 and ra-
pamycin on renal P-450 systems in rat models. They find that
although cyclosporine has a strong effect on renal P-450 sys-
tems and induces such a system in kidney cortex (microsomal
P-450), FK506 and rapamycin have no substantial effect on the
induction of renal P-450.

The role of intracellular calcium in the pathogenesis
of cyclosporine nephrotoxicity has received great attention
(580,581) and has resulted in therapeutic implications to pre-
vent nephrotoxic effects of the drug. The effect of cyclosporine
and FK506 on microsomes and mitochondria of rabbit renal
cortex tissue has been studied by Prasad and associates (582).
Both drugs decrease calcium uptake and A23187-induced cal-
cium release from microsomes and mitochondria in a dose-
dependent manner (0.5 to 10.0 μg per mL). The effect of
FK506 is significantly less at equivalent concentrations, and mi-
crosomal calcium-stimulated ATPase is not changed by either
drug.

The potential role of the FK506 binding protein (FKBP12)
in cellular calcium homeostasis has been suggested. Indeed, Ja-
yaraman and colleagues (583) find that a 12-kd protein tightly
bound to the calcium release channel in skeletal muscles of
rabbit is FKBP12. Obviously, if this observation can be con-
firmed in vascular smooth muscle, it may explain the mecha-
nism of FK506-induced vasoconstriction in renal vasculature.
This process also is probably calcineurin-drug complex me-
diated. A further role of calcineurin in α-adrenergic stimula-
tion of Na+-K+-ATPase activity in renal tubular cells is illus-
trated by Aperia et al. (584). They demonstrate that FK506
inhibited Na+-K+-adenosine triphosphatase (ATPase) activity
induced by oxymetazoline, an α-adrenergic agonist. This study
may suggest a role for FK506-mediated renal nerve changes in
sodium and potassium homeostasis. In this context, Palevsky

and colleagues (585) report a resistance to the effect of aldos-
terone on renal cells in cultures exposed to FK506.

Animal Studies

Animal studies have shown both acute and chronic nephro-
toxicity produced by FK506 (586). Somewhat different than
cyclosporine, FK506 produces toxicity at blood levels that
are clinically relevant; however, the doses necessary to achieve
these blood levels on a weight basis are at least 10-fold larger
than those used clinically. This contrasts with cyclosporine,
with which acute and chronic nephrotoxicity can be produced
with doses on a weight basis that are very close to those clini-
cally used, particularly in the salt-depleted rat model; however,
the blood levels achieved with these doses are at least three to
four times those achieved clinically (587).

Preclinical animal studies gave few hints of nephrotoxic-
ity (588). However, a troubling series of side effects soon ap-
peared including vasculitis, myocardial necrosis, and severe
weight loss. Fortunately, most of these side effects turned out to
be species-specific. Nephrotoxicity of FK506 became apparent
from the initial series of rescue patients treated with the drug
(589).

Several studies have documented reduction in effective re-
nal plasma flow and GFR in animal models. Ueda and col-
leagues (590) have measured renal cortical blood flow, using a
hydrogen ion clearance method, serum creatinine, and juxta-
glomerular cell cross-sectional area in mice treated with FK506,
3 mg per kg per day given subcutaneously as compared with
saline-treated control animals. Cortical blood flow is signif-
icantly reduced in FK506-treated animals as compared with
control animals, as is juxtaglomerular cell area. Kumano et al.
(591) also note a reduction in GFR and effective renal plasma
flow using inulin and p-aminohippuric acid in a heminephrec-
tomized rat model in response to an acute infusion of FK506
and after 21 days of treatment. Proximal tubular vacuolization
typical of cyclosporine nephrotoxicity is noted, and diltiazem
improves both the functional and morphologic changes caused
by FK506. Lieberman and associates (592) note a significant
volume reduction in both cyclosporine-treated and FK506-
treated glomeruli that are inhibited by verapamil. Mitamura
and colleagues (593) review the FK506-induced nephrotoxic-
ity in spontaneous hypertensive rats. These results indicate that
the acute nephrotoxicity of FK506 is derived from impaired
glomerular function associated with renal arteriolar constric-
tion brought about by the drug. All of these renal disorders in-
duced by FK506 recover completely or partially when the drug
is withdrawn for 2 or 4 weeks. Thus, the acute nephrotoxicity
of FK506 in spontaneous hypertensive rats is reversible.

Ryffel and colleagues (594) explore the nephrotoxicity of
immunosuppressants in rats. Specifically, they compare the
nephrotoxic effects of FK506 and rapamycin with that of cy-
closporine in male Wistar rats. FK506 causes proximal tubular
epithelial changes consisting of atrophy, vacuolization, inclu-
sion bodies, microcalcification, and focal mononuclear intersti-
tial infiltrate as described for cyclosporine. The most striking
alteration is hypertrophy of the juxtaglomerular apparatus.
The percentage of renin-containing juxtaglomerular appara-
tus and the extent of renin immunoreactivity along afferent
vessels are significantly increased in FK506-treated and CsA-
treated rats. By contrast, no renal morphologic lesions are
found in rapamycin-treated animals. Renal cortical extracts
contain abundant cyclophilin and FK506-binding protein, the
main intracytoplasmic receptors for cyclosporine and FK506,
respectively. The authors hypothesize that both the immuno-
suppressive and toxic effects of FK506 and cyclosporine, but
not of rapamycin, are mediated through an immunophilin–
drug–calcineurin complex. The renal substrate of calcineurin,
which mediates renal vasoconstriction, is yet to be identified.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-42 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 22:5

Chapter 42: Antibiotic- and Immunosuppression-Related Renal Failure 1053

Andoh and associates (595) also compare the acute ra-
pamycin nephrotoxicity with cyclosporine and tacrolimus.
They find that cyclosporine and FK506 strikingly decrease uri-
nary excretion of nitric oxide, renal blood flow, and GFR,
whereas rapamycin does not. In contrast, all three of these
drugs cause significant hypomagnesemia associated with inap-
propriately high fractional excretion of magnesium, suggest-
ing renal magnesium wasting. In addition, with all three drugs
there are lesions in the rat kidneys consisting of tubular col-
lapse, vacuolization, and nephrocalcinosis. These researchers
show that only the calcineurin inhibitors produce glomerular
dysfunction in an acute experimental model of nephrotoxicity.

Of interest is the experiment of Hara and colleagues (596)
that shows that FK506 is effective in the prevention of the
development of rapid glomerular injury in rats with accelerated
nephrotoxic serum glomerulonephritis.

Clinical Studies

Since the initial reports on the use of tacrolimus in clinical trans-
plantation by Starzl and Shapiro (597,598), numerous large-
scale trials compared the efficacy and safety of tacrolimus and
cyclosporine mainly in liver (599,600), and kidney (601–603)
transplantation. According to five out of six of these large tri-
als, renal function and the incidence of renal impairment were
comparable in both treatment arms at 1 year posttransplanta-
tion. Similar results were reported in a long-term comparison
of nephrotoxicity between tacrolimus and cyclosporine in pe-
diatric heart transplant recipients (604). In contrast, Ashan et
al. reported a significantly better renal allograft function at
2 and 3 years, under tacrolimus compared to cyclosporine,
both in combination with steroids and mycophenolate mofetil
(603,605). However, graft survival at 2 and 3 years was com-
parable in both groups. In an intention-to-treat analysis, graft
survival at 5 years was comparable between patients, initially
randomized to tacrolimus or cyclosporine in the large U.S. mul-
ticenter trial (601,606).

In all these large trials, the incidence of acute rejection was
significantly lower in the tacrolimus treated patients, com-
pared to the cyclosporine treated patients. Similarly, there
was a different profile of adverse effects with higher inci-
dence of post-transplant diabetes mellitus and neurotoxicity
under tacrolimus, compared to a higher incidence of hyper-
tension, hyperlipidemia, hirsutism, and gum hyperplasia in cy-
closporine treated patients.

According to three studies, the intrarenal hemodynamics
are less affected by tacrolimus compared to cyclosporine, with
better preservation of the renal plasma flow (523,524,607).

The histopathological changes, induced by tacrolimus, in
the (transplanted) kidney, are entirely comparable to those in-
duced by cyclosporine, that is, arteriolar hyalinosis and striped
interstitial fibrosis (544,608-611). The intrarenal expression of
TGF-beta, collagen, fibronectin, MMP-2, TIMP-1, and osteo-
pontin was assessed by RT-PCR, and proved to be similar in
kidneys treated with either tacrolimus or cyclosporine (612).

In conclusion, the nephrotoxicity of tacrolimus is function-
ally and morphologically comparable to the nephrotoxicity of
cyclosporine as well in recipients of a renal allograft, as in re-
cipients of a solid nonrenal organ. However, there is evidence
that tacrolimus is a more powerful immunosuppressive agent,
with a different toxicity profile.

OKT3

OKT3 is a murine monoclonal antibody directed against the
epsilon-moiety of the CD3 receptor that comodulates with the
antigen T-cell receptor (TCR) on the surface of T lymphocytes.

The immunosuppressive properties of OKT3 are related to its
ability to deplete CD3+ cells from the circulation, to induce the
internalization of CD3/TCR complexes, and to sterically in-
hibit residual CD3/TCR complexes (613). Since the CD3/TCR
complex is a signal transducing system, binding of the OKT3
monoclonal antibody to this CD3 receptor activates the T lym-
phocytes before internalization or stripping of the CD3/TCR
complex from the surface of the cell. In other words, before
exerting immunosuppressive effects, OKT3 induces a transient
activation of lymphocytes. In addition, monocyte activation is
induced by the multivalent cross-linking of the CD3/TCR com-
plex and the monocyte Fc receptor induced by OKT3 (614).
This activation is accompanied by the release of several proin-
flammatory cytokines including tumor necrosis factor-α (TNF-
α), interferon-γ (IFN-γ ), IL-2, and interleukin-6 (IL-6) into
the circulation within hours after the initial OKT3 injection
(615–620). T cells are the main source of TNF-α in this clini-
cal setting, although monocytes can also be activated, as shown
by their production of IL-1 and IL-6 (621). That TNF-α and
IFN-γ play a key role in this inflammatory reaction is suggested
by the prevention of the hypothermia, hypomobility, diarrhea,
and piloerection using monoclonal antibodies directed against
TNF-α and IFN-γ (622–624).

Complement activation seems to play a minor role in the
pathogenesis of OKT3-associated cytokine release syndrome.
Indeed, Mackie and colleagues (625) describe a syndrome
presenting all the clinical symptoms of a classic anti-CD3-
induced toxicity in complement-deficient mice. Furthermore,
Waid and associates (626) demonstrate the lack of toxicity of
a complement-binding nonmitogenic anti–T-cell receptor im-
munoglobulin M (IgM) monoclonal antibody.

Clinical Observations

The clinical syndrome of this post-OKT3 inflammatory reac-
tion is characterized by generalized capillary leak, fever, chills,
rigors, diarrhea, headaches, aseptic meningitis, noncardiogenic
pulmonary edema, cerebral edema/convulsions, and the so-
called cytokine nephropathy.

OKT3 has been used to treat allograft rejection and has also
been used prophylactically to delay the use of cyclosporine in
the immediate postoperative period when the allograft is is-
chemic and most vulnerable to the use of vasculopathic and
nephrotoxic effect of cyclosporine. However, Toussaint et al.
(627) observe a higher rate of delayed graft function among
OKT3 patients than those treated initially with cyclosporine
immediately after transplantation. These investigators use low
doses of steroid (1 mg per kg of methylprednisolone) before the
first OKT3 injection in contrast with other centers where 4 to
8 mg per kg is used (628). The critical role of steroid pretreat-
ment at sufficient dose in the partial protection of the late graft
function among OKT3 patients is confirmed when 8 mg per
kg of methylprednisolone is used (629). This increased dose of
steroid is associated with a smaller increase of TNF and IFN-γ
(629). Simpson et al. (630) report signs of tubular alterations
as demonstrated by investigating the urinary sediment in renal
allograft recipients and a striking increase in serum creatinine
during the first 3 days of OKT3 therapy. Batiuk and associates
(631) report a syndrome of reversible renal dysfunction associ-
ated with OKT3 induction therapy after renal transplantation
and with OKT3 rejection after cardiac transplantation. Indeed,
7.5% of renal allograft recipients with immediate graft func-
tion developed a rising serum creatinine and decline in urine
output not attributable to cyclosporine because cyclosporine
therapy had not yet been initiated. The renal biopsies obtained
in all of the patients showed no histologic abnormalities or mild
interstitial edema. Four of sixteen cardiac transplant patients
developed an increase in serum creatinine following the second
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dose of OKT3 given for rejection. However, two of the patients
also received indomethacin. Renal dysfunction resolved spon-
taneously in all cases.

Goldman and colleagues (632) analyze the changes of serum
creatinine levels in the first days of antirejection therapy with
OKT3. Although initial serum creatinine levels were similar, the
OKT3-treated group reached a mean peak increase in serum
creatinine of 76% on day 4 as compared to the mean peak in-
crease of 57% on day 3 in the pulse steroid treatment group.
Chatenoud and others (616) examine the release of cytokines
in the systemic circulation in 35 renal allograft recipients who
received 5 mg per day of OKT3 starting at the time of trans-
plantation. All but three patients were pretreated with a 1-g
bolus of methylprednisolone from 1 to 3 hours before admin-
istration of OKT3 to ameliorate the clinical reactions. TNF
reached a peak at 1 hour after OKT3 injection and remained
elevated at 4 hours. Peak TNF was higher in the three pa-
tients who did not receive the steroid bolus and was higher
in those who received the bolus concomitantly rather than
1 hour before OKT3. IFN-γ reached a maximum at 4 hours
following the OKT3 injection and was highest in those not
receiving the steroid bolus or who received it at the time of
OKT3 injection. IL-2 increased in only five patients, three of
whom did not receive the steroid bolus. IL-1β, IFN-α, and
granulocyte–macrophage colony-stimulating factor levels did
not increase with OKT3 injection. Fifteen to twenty hours
after injection, TNF, IFN-γ , and IL-2 levels had returned to
baseline.

The massive leukocyte activation resulting in cytokine re-
lease probably plays an important role in the acute renal dys-
function post-OKT3 administration. IL-1, IFN-γ , IL-2, IL-
6, and TNF-α are involved in the capillary leak syndrome
(633,634), which explains the clinical symptomatology of lung
edema, reducing circulating volume, and hence compromising
renal perfusion. Of note is the demonstrated release of endothe-
lin after the first dose of OKT3 in renal transplant recipients
(635). A direct cytotoxic effect of particular cytokines in kid-
ney parenchyma has been put forward as a possible mecha-
nism of allograft destruction (636). In addition, activation of
leukocytes by cytokines induces an enhanced expression of ad-
hesion molecules (637). The increased expression of adhesion
molecules on endothelial and parenchymal cells may result in
margination, diapedesis, migration, and appearance of those
activated cells in the interstitium of the kidney. Indeed, acti-
vated neutrophils can play a mediator role by releasing oxy-
gen radicals in the physiopathology of ischemic kidney injury.
A recent report by Kelly et al. (638) shows that prohibiting
neutrophils from infiltrating into the interstitium protects the
kidney against ischemic injury, as is the case in other models
(639).

Abramowicz and associates (640) demonstrate that OKT3
exerts procoagulant effects that can precipitate intragraft
thromboses and result in transplant loss. The thrombotic events
took place during the prophylactic administration of OKT3
occurring between day 1 and 11 postoperatively, always be-
fore the use of cyclosporine. The most striking finding in the
renal biopsies was the formation of thrombi in some glomeru-
lar capillary loops and in afferent arterioles. Endothelial cells
were swollen, causing diminished patency of capillary lumens.
The interstitium was only slightly enlarged by edema without
significant influx of inflammatory cells or tubular damage. In-
creased numbers of polymorphonuclear cells were present in
the peritubular and glomerular capillaries. The authors look
carefully for additional risk factors by comparing the clinical
parameters of the 13 recipients with thrombosis to those of 218
patients free of this complication. The only relevant parameter
appeared to be the methylprednisolone dose given as pretreat-
ment before the first OKT3 injection. Six out of forty-two pa-
tients (14%) receiving 30 mg per kg of methylprednisolone ex-

perienced a thrombotic event, as compared to seven of the 189
patients (3.7%) who received the regular 8 mg per kg of methyl-
prednisolone. The latter incidence compares to the 2% to 3%
of vascular complications in renal transplantation reported in
the absence of OKT3 prophylaxis (641,642), suggesting that
the risk of thrombotic events related to OKT3 itself is rather
low.

This clinically important side effect is related to the capacity
of the first OKT3 dose to trigger the extrinsic pathway of the
coagulation system and may precipitate early intragraft throm-
bosis, resulting in early transplant loss (641,643–645). Pradier
and colleagues (643) find that all patients receiving OKT3 in the
context of a kidney transplant have an increased plasma level
of prothrombin fragments, peaking 4 hours after the first injec-
tion. There is no difference between the patients who receive
5 mg or 10 mg, neither when OKT3 is given as prophylaxis
nor when given for treatment of rejection. Fibrin degradation
products, indicative of a fibrinolytic process, are already above
baseline values 4 hours after the first injection and continue
to increase until 24 hours. The von Willebrand factor levels,
an indicator of endothelial cell damage, are also significantly
increased after OKT3 injection. The study of Raasveld and as-
sociates (644) confirms the previous findings, as they report
an increased level of thrombin–antithrombin III complex, in-
dicative of activation of the coagulation, as well as increased
levels of tissue-type plasminogen activator and plasmin-α2–
antiplasmin complexes, indicative of fibrinolysis after the first
injection of OKT3. According to the latter report, activation of
the coagulation occurs via the extrinsic rather than the intrinsic
pathway.

In vitro/Animal Studies

Pradier and associates (643) and Abramowicz and colleagues
(645) studied this phenomenon in vitro and find that the activa-
tion of the coagulation by OKT3 is related to the induction of
procoagulant activity of the tissue factor type on both endothe-
lial cells and monocytes and that the high doses of methylpred-
nisolone potentiate OKT3-induced tissue factor expression and
activity on monocytes (646).

Indeed, using human umbilical vein endothelial cells, they
could show that OKT3 and supernatants of unstimulated pe-
ripheral blood mononuclear cells are inactive. However, su-
pernatants of OKT3-stimulated peripheral blood mononuclear
cells induce a massive increase of tissue factor activity at the en-
dothelial cell surface measured by thrombin generation. The in-
hibition of this procoagulant activity by anti-TNF monoclonal
antibodies demonstrates that TNF is an important mediator of
this effect of OKT3 at the endothelial cell membrane level. This
is compatible with the well-known TNF effect on the expres-
sion of tissue factor on endothelium (647).

Itaka and colleagues observe (648) that monocytes also dis-
play increased procoagulant activity after culture in the pres-
ence of OKT3 antibody. This has been confirmed by other au-
thors (645,646) as well. Again, this is due to an increased tissue
factor expression by not clearly identified mechanisms. Indeed,
TNF does not seem to play an important role (649). To what
extent the monocyte procoagulant inducing factor (650), an as
yet incompletely characterized cytokine (651), plays a role is
still to be demonstrated. Furthermore, interactions between ac-
tivated T cells and monocytes appear to be necessary to induce
the monocyte procoagulant activity (651,652). The question
of why only a small number of patients developed intragraft
thrombosis after OKT3 was nicely addressed in a recent paper
by Abramowicz and colleagues (645). They report that the pro-
coagulant activity of unstimulated peripheral blood mononu-
clear cells reaches 3.0 ± 0.7 mU per mL after OKT3 stimu-
lation and further increases to 7.4 ± 2.0 mU per mL when
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those cells are first preincubated overnight with methylpred-
nisolone before OKT3 stimulation. They show that this process
involves a tissue factor–factor VII pathway; specifically, they
find increased membrane expression of tissue factor on mono-
cytes and a marked reduction of the induced procoagulant ac-
tivity when the clotting assay is performed with factor VII-
deficient plasma (645). Furthermore, corticosteroids increase
plasminogen activator inhibitor-1 (PAI-1) secretion by hepato-
cytes (653), while at the same time they decrease tissue-type
plasminogen activator (654) as well as prostacyclin (655,656)
and nitric oxide production (657,658). In addition, one has to
remember that OKT3 induces the release of proinflammatory
cytokines such as TNF, IL-1, and IFN-γ , which also contributes
to the decrease of endothelial cell expression of thrombomod-
ulin (622,647,659), markedly inhibiting the anticoagulant ef-
fects of protein C and S (659,660).

Administration of OKT3 induces increased group II secre-
tory phospholipase A2 levels inducing the biosynthesis of vaso-
constrictive prostaglandins, vasoactive lipid mediators that in-
fluence glomerular hemodynamics, and renal function (661).

Alegre et al. (662) investigate the possible direct renal dam-
age of anti-CD3 monoclonal antibody in a murine model. In
this study hamster anti-mouse CD3 monoclonal antibody 145-
2C11 (663) is injected and induces an important transient re-
lease of several cytokines in the circulation (662,664). Tubular
lesions are histologically identified mainly at the S3 segment
of the nephron and are also evidenced by discrete renal func-
tion impairment. Pretreatment with steroids almost completely
abolishes the cytokine release, and no changes in histology and
renal function can be observed.

Finally, the kidney graft is by all means susceptible to the
development of ARF. Warm and protracted cold ischemia as-
sociated with organ procurement and the immunosuppression
administered may present additional risk factors to develop
and maintain ARF after OKT3 administration.

Abramowicz and colleagues (665) performed a study in or-
der to prevent as much as possible the nephrotoxic effects seen
in the context of OKT3 administration. According to these
authors, combined strategy of appropriate dosage of steroids
before the first OKT3 injection, administration of a calcium-
channel blocker, and optimalization of volume status is safe
and efficiently prevents OKT3 nephrotoxic effects.

OKT3 induces activation of both mononuclear cells and the
common pathway of coagulation responsible for the first dose
reactions and transient or severe nephrotoxic effects. Patient-
related or donor-related risk factors and inappropriate doses
of steroids contribute substantially to the severity of those side
effects. New anti-CD3 agents such as humanized OKT3 and
OKT3 F(ab′)2 are being developed and will contribute to a
better clinical tolerance and comparable immunosuppression
(666).

Daclizumab and basiliximab are new monoclonal antibod-
ies approved for the prophylaxis of acute organ rejection in re-
nal allograft recipients (667–671). The efficacy of these agents
has been established in a number of well-controlled clinical
trials. These multicenter studies assessed the efficacy of da-
clizumab and basiliximab versus placebo when used as part
of a regimen of double therapy (cyclosporine and corticos-
teroids) or triple therapy (cyclosporine, corticosteroids, and
azathioprine) to prevent acute allograft rejection. These stud-
ies demonstrate that daclizumab significantly decreases the in-
cidence of acute rejection at 6 months. Daclizumab, when
given in combination with other immunosuppressants, does
not show an increase in the number of serious adverse events
compared with placebo (670). With basiliximab, the incidence
of acute rejection is 34% with double therapy in the basil-
iximab group and 52% in the placebo group. The incidence
and types of adverse events are similar to those in placebo-
treated patients. No drug interactions have been observed when

daclizumab and basiliximab are administered with other im-
munosuppressive agents (667).

MYCOPHENOLATE MOFETIL

Mycophenolate mofetil (MMF), the morpholinoethyl ester of
mycophenolic acid (Fig. 42-5), has been developed as an im-
munosuppressant for prevention of rejection in renal trans-
plantation. In vivo, MMF is deesterified to mycophenolic acid
(the active immunosuppressive component), which is a potent
and specific inhibitor of the synthesis of guanosine nucleotides
and thus a selective suppressor of proliferation of both T and
B lymphocytes. MMF, given alone or with corticosteroids or
cyclosporine, lowers the frequency of acute rejection after al-
logeneic organ transplantation in animals (672,673).

The immunosuppression of MMF appears to be additive
with that of cyclosporine and tacrolimus, and MMF does
not promote nephrotoxicity (674). Initial studies indicated
that MMF, in combination with cyclosporine and steroids, re-
duces the incidence of acute rejection in renal transplantation
(675–677).

In the meantime MMF has been used under several clinical
conditions. In cardiac, liver, lung, and pancreas transplanta-
tion the use of MMF in association with reduced doses of cy-
closporine has resulted in improved renal function and main-
tained immunosuppression (678–681). In renal transplanta-
tion, Halloran and others (682) summarize the three multi-
center trials that confirm at 1-year posttransplant MMF is ef-
fective in preventing acute renal allograft rejection (675–677).
Two studies address patients with chronic kidney graft dys-
function in whom MMF is introduced and cyclosporine ex-
posure reduced (683,684). The rationale is that the increased,
immunosuppressive potency of MMF would allow for a safe
reduction of CsA doses. The conclusion from these two studies
is that cyclosporine dose reduction in patients on MMF results
in an improved graft function with no increased risk of rejec-
tion. It must be noted, however, that follow-up was short—less
than 1 year—in both studies. In addition, whether MMF does
better than azathioprine (AZA) in this setting remains an open
question. Indeed, a similar improvement of chronic graft dys-
function is reported when AZA is introduced and cyclosporine
doses reduced (685).

Is there a role for MMF in the attempt to withdraw cal-
cineurin inhibtors in patients with stable renal transplanta-
tion? Several randomized (686–688), as well as nonrandomized
(689), clinical trials in renal transplantation examined the effi-
cacy and safety of calcineurin inhibitors in patients with stable
graft function under triple immunosuppressive regimen, con-
sisting of prednisolone, cyclosporine or tacrolimus, and MMF.
All these studies reported a significant improvement of the graft
function, as well as lower blood pressure, and an improved
lipid profile after calcineurin inhibitor (CNI) withdrawal. In
contrast, the incidence of acute rejection was higher in the
CNI withdrawal group, without any impact on graft survival.
Therefore, these studies provide evidence that CNI withdrawal
is achievable in renal transplant recipients with stable graft
function. CNI withdrawal appears to improve graft function,
hypertension, and hyperlipidemia. However, caution should be
paid to the increased incidence of acute rejection after CNI
withdrawal, and the short term of follow-up, reported in these
studies (6 to 32 months).Whether CNI withdrawal will result
in improved graft survival, is not yet known.

Since MMF has multiple immunosuppressive and anti-
inflammatory modes of actions including the inhibition of
humoral and cellular immunity, antimutogenesis, reduction
of mononuclear cell infiltration, and inhibition of vascular
smooth muscle and mesangial cell proliferation, it is not sur-
prising that the drug is now used in autoimmune-mediated
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renal disease (690). Briggs and colleagues (691,692) report
their limited experience in eight patients with different types of
nephrotic-type glomerulonephritis and unsatisfactory response
to steroids as cyclosporine. Controlled prospective studies are
underway to clarify the potential advantages of MMF com-
pared with other immunosuppressive agents in these disease
entities.

In conclusion, MMF is a potent, nonnephrotoxic immuno-
suppressive drug, which significantly reduced the incidence
of acute rejection under triple immunosuppressive regimens
with prednisolone and cyclosporine or tacrolimus. In addi-
tion, MMF appears to allow dose reduction or even with-
drawal of CNI in renal transplant recipients with stable graft
function, thereby avoiding the long-term nephrotoxicity in-
duced by calcineurin inhibtors. Because immunosuppressant-
induced nephrotoxicity has been associated with significant
financial costs, cyclosporine-sparing and FK506-sparing reg-
imens should result in substantial savings in health care costs
(693) (Fig. 42-5). It is important to emphasize here that there
are no long-term data for these experimental regimens, but they
offer a new direction if these short-term results are confirmed
over a more sufficient period of time.

RAPAMYCIN

Rapamycin (sirolimus, or SRL) is a macrocyclic fermentation
product of Streptomyces hygroscopicus, and was first isolated
in 1975 (694). SRL has a similar molecular structure to FK
506 and also binds to FKBP12 (695). However, the SRL-
FKBP12 complex does not affect the calcineurin phosphatase,
but instead binds to a protein, called the mammalian target of
rapamycin (mTOR) (696). This binding of the SRL-FKBP12
complex to mTOR inhibits both DNA and protein synthesis,
resulting in arrest of the cell cycle in late G1, as it progresses
to the S phase (697).

SRL blocks T-cell proliferation, induced by cytokines, al-
loantigens, and mitogens in a dose-dependent manner (698). In
addition, SRL acts on B-cells, causing an inhibition of antigen
and cytokine driven B-cell proliferation (699). In vitro studies
have demonstrated the synergistic immunosuppressive interac-
tion of CsA and SRL (700), in contrast to the combination
of FK506 and SRL, which produced an antagonistic effect at
low doses (701). Animal studies have confirmed the immuno-
suppressive potential of SRL (702), as well as its synergistic
interaction with CsA (703). In contrast to the in vitro studies,
FK506 interacted synergistically with SRL in animal studies
(704).

Clinical Efficacy of Sirolimus
in Renal Transplantation

Based on the results from several multicenter, prospective, ran-
domized trials, including a U.S. study, a global study, a com-
bined European-U.S. study, and two European studies, SRL
was approved in 1999 by the Food and Drug Administration
(FDA) for the prevention of acute rejection in renal transplant
recipients. SRL was used in combination with CsA and pred-
nisolone in these studies and reduced the incidence of acute
rejection at 1 year to 10% (705).

Three prospective, randomized trials in renal transplant
recipients compared CsA to SRL in combination with
prednisolone and azathioprine or mycophenolate mofetil
(706–708). All these trials showed a comparable incidence of
acute rejection in both treatment arms, and more importantly,
a superior graft function at one year in the SRL-treated pa-
tients. In one study, graft function remained significantly bet-

ter at three years in the SRL-treated patients (709). In addi-
tion, the incidence of normal histology in protocol biopsies at
2 years was significantly higher in SRL-treated patients, com-
pared to CsA-treated patients (66.6% vs. 20.8%) (709). These
results from three trials provide evidence that avoidance of the
long-term nephrotoxicity, induced by calcineurin inhibitors, is
achievable in renal transplant recipients.

Several randomized trials in renal transplantation investi-
gated the feasibility and the outcome of early calcineurin in-
hibitor withdrawal, in triple regimens with SRL and pred-
nisolone (710–713). Overall, patient and graft survival, as well
as the incidence of acute rejection at 1 year, were compara-
ble in both treatment arms (CsA + SRL + P vs. SRL + P).
In contrast, graft function was superior, and the incidence of
hypertension was reduced in the patients weaned from CsA.
Similarly, the incidence of chronic allograft nephropathy was
significantly lower in protocol biopsies at 1 year from patients
on SRL + P alone (713). Again, these data provide strong evi-
dence that early withdrawal of calcineurin inhibitors can safely
be achieved in renal transplant recipients under SRL, and may
avoid long-term nephrotoxicity.

Nephrotoxicity of Sirolimus

Studies in pigs and rats have shown that sirolimus has no dele-
terious effects on glomerular filtration rate or renal blood flow,
and caused minimal morphologic signs of toxicity (714,715).
Sirolimus reduced medullary concentrating ability and in-
creased tubular enzymuria in rat kidneys, suggesting that mild
tubular injury may occur (716). In a salt-depleted rat model
of CsA toxicity, the combination of CsA with SRL produced a
functional and morphologic deterioration (717).

In clinical studies in renal transplant recipients, sirolimus
proved to be an effective immunosuppressive drug, devoid of
intrinsic nephrotoxicity (see Clinical Efficacy of Sirolimus in
Renal Transplantation, above). However, sirolimus may pro-
long delayed graft function in renal transplant recipients (718).
In addition, thrombotic microangiopathy has been described
under the combination of sirolimus and tacrolimus, after in-
testinal transplantation (719). Of concern are the reports on de
novo proteinuria, occurring after conversion from a calcineurin
inhibitor to sirolimus in renal transplant recipients (720). Al-
though the exact mechanism for the development of this pro-
teinuria is currently putative, the increased intraglomerular
pressure, resulting from the withdrawal of the intrarenal vaso-
constriction, induced by CNIs, could be one reasonable ex-
planation. However, proinflammatory effects of a rapamycin
derivative, SDZ RAD, were described as well in experimental
mesangial proliferative glomerulonephritis (721).

In conclusion, there is large evidence that sirolimus is a non-
nephrotoxic immunosuppressive drug. Studies, performed in
renal transplantation, have shown that sirolimus may allow
the avoidance of the nephrotoxicity induced by calcineurin in-
hibitors. Of concern are the proteinuria, recently reported af-
ter conversion to sirolimus, and the side effects induced by this
drug, such as myelosuppression and hyperlipidemia.
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CHAPTER 43 ■ RENAL DISEASES INDUCED
BY ANTINEOPLASTIC AGENTS
ROBERT L. SAFIRSTEIN

Treatment of previously resistant tumors with potent cytore-
ductive therapies for cure is now common clinical practice. Of-
ten this entails the use of nephrotoxic chemotherapeutic agents
at high doses and in combinations that potentiate their ability
to damage the kidney. In this setting, acute renal failure (ARF)
has become an anticipated side effect of treatment along with
the depressed hematopoiesis. Recent surveys of the incidence
of ARF within hospitalized patients note that nearly 20% of
such cases are due to antineoplastic therapy (1). This chapter
reviews what is known about the nephrotoxicity of antineo-
plastic drugs, used alone or in combination with other nephro-
toxic agents. The goal of this review is to rationalize therapy to
prevent as much damage to the kidney as possible because, in
almost all studies to date, acute renal failure, when it occurs,
carries a grave prognosis for the patient with cancer.

FACTORS THAT POTENTIATE
RENAL FAILURE IN PATIENTS

WITH CANCER

Extracellular Volume Depletion
and Diminished Effective Arterial

Circulating Volume

The clinical context in which an anticancer drug is given con-
tributes greatly to its nephrotoxic potential. Extracellular vol-
ume depletion as a consequence of nausea, vomiting, or diar-
rhea should always be suspected in patients with cancer. Fluid
sequestered outside the vascular space, as might occur in peri-
tonitis, bowel obstruction, and malignant effusion may also be
present. Hepatobiliary disease and heart failure, both of which
may be a consequence of the cancer or its treatment, also seem
to potentiate nephrotoxicity. The ability of the renal circulation
to respond normally to volume depletion may also be signif-
icantly impaired by the concurrent use of drugs that inhibit
renal cyclooxygenase activity to achieve pain relief or diminish
fever. To the extent that it is possible, steps should be taken to
restore the circulation prior to the introduction of nephrotox-
ins and to stop these agents before antineoplastic treatment is
instituted.

Patients with Cancer and
Intrinsic Renal Disease

As will be seen, any preexisting decrease in renal function, even
minor, contributes greatly to the incidence and severity of renal
failure during antineoplastic therapy. In some cases, this may be
a consequence of altered pharmacokinetics of drugs excreted
primarily by the kidney, but in other circumstances, the reason
for the potentiation is less clear. Recognition of underlying re-

nal disease, therefore, is important in cancer patients. Indeed
renal failure may be provoked by characteristics unique to the
specific nature of the cancer. For example, the invasion of the
ureters by tumors of the ovary and cervix or the obstruction
of the ureters caused by retroperitoneal fibrosis provoked by
breast cancer is not uncommon.

Minor degrees of renal dysfunction, often recognized only
on retrospective analysis of treatment-related nephrotoxicity,
are a risk factor in the development of renal failure follow-
ing chemotherapy (2). Prior chemotherapy and exposure to
radiocontrast dyes, which provoke minor, and sometimes over-
looked, renal injury are often the culprits. Prior radiation ther-
apy is an important contributing factor because the dose of ra-
diation necessary to damage kidneys is less when administered
together with other cytoreductive drugs (3). Hypercalcemia,
hyperphosphatemia, and hyperuricemia, as well as high blood
concentrations of myoglobin, hemoglobin, and light chains,
may all provoke renal failure. The clinical status of the pa-
tient also impacts on outcome. Infection and prolonged im-
mobilization and their relationship to rhabdomyolysis, the use
of hyperalimentation and subsequent hypophosphatemia, in-
compatible blood transfusions, and marrow infusion injury,
all may occur during the course of therapy and impact neg-
atively on renal function. Invasion of the kidney parenchyma
with tumor is rarely a cause of renal failure, but renal fail-
ure has been reported with massive invasion of lymphomatous
cells (4). The immunocompromised cancer patient is frequently
infected and exposed to nephrotoxic antibiotics that can dam-
age the kidney, and pyelonephritis-induced renal failure has
been reported in such cases even in the absence of nephrotoxic
drugs (5).

Urinary Tract Obstruction and
Patients with Cancer

Ureteral and bladder outlet obstruction always need to be con-
sidered in the cancer patient, not only under the obvious cir-
cumstances of tumor invasion and obstruction in cancer of the
urinary bladder, prostate, and cervix, but also ureteral obstruc-
tion due to stones and blood clot or to retroperitoneal fibrosis
associated with malignancy locally and elsewhere (6). These
complications often go unrecognized because of the asymmet-
ric nature of the involvement.

Chronic Renal Failure and
Patients with Cancer

Glomerular abnormalities are common in patients with cancer.
Principal among them is membranous glomerulopathy, which
may be associated with cancer in 10% of all patients with such
nephropathy (7) and as high as 22% in older patients (8). As
many as 50% of patients with multiple myeloma have renal
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TA B L E 4 3 - 1

NEPHROTOXIC ANTINEOPLASTIC AGENTS

Alkylating agents Antimetabolites Antitumor antibiotics Biologic agents

Cisplatin High-dose
methotrexate

Mitomycin Recombinant
interferon-α and
interferon-γ

Carboplatin Cytosine arabinoside Mithramycin Interleukin-2
Cyclophosphamide 5-Fluorouracil
Nitrosoureas 5-Azacytidine
Carmustine (BCNU)
Lomustine (CCNU)
Semustine (methyl

CCNU)
Streptozocin
Ifosfamide

failure and nephrotic syndrome with κ or λ light chains in
the urine, frequently with primary amyloidosis in the kidney
(9). The paraproteinemic syndromes associated with cancers
of the hematopoietic system, such as macroglobulinemia and
cryoglobulinemia, may also be associated with glomerular ab-
normalities (10). These paraproteins may be produced in such
large quantities that they exceed the ability of the tubules to re-
absorb them sufficiently to prevent the formation of proteina-
ceous casts that obstruct the flow of urine and cause further
decline in glomerular filtration. This so-called “cast nephropa-
thy” is also associated with glomerular abnormalities.

Interstitial renal disease is also common in patients with can-
cer. Recurrent serious infections in the immunocompromised
host requiring chronic exposure to potentially nephrotoxic an-
tibiotics can cause damage to the kidney. Treatment with high-
energy radiation may cause renal failure with hypertension,
proteinuria, and profound anemia (11). The renal failure may
not develop for years after exposure and occurs in patients
exposed to greater than 20 Gy (2,000 rads) of high-energy ra-
diation to both kidneys.

Fluid and Electrolyte Disorders
Associated with Cancer

A variety of electrolyte disorders occur in the background of
cancer. Hypophosphatemia with renal phosphate loss and os-
teomalacia can occur with mesenchymal tumors (12). The syn-
drome remits when the tumor is removed, which suggests the
production of a phosphaturic substance by the tumor. Hypona-
tremia is associated with a number of tumors including small
cell cancer of the lung (13) and various head and neck tumors
(14). Hypokalemia and hypophosphatemia may occur together
in cancer patients and, although rare, may be so severe that
they induce rhabdomyolysis and acute renal failure. In a re-
cent report, 16% of patients with small cell lung cancer had
hyponatremia and had shorter survival than patients with the
same stage of the disease who did not have hyponatremia (15).
Although there is a relationship between hyponatremia and
tumor cell production of arginine vasopressin (AVP) in some
patients (15), there are some patients in whom hyponatremia
is not associated with high levels of AVP (16). Interestingly, a
patient with leiomyosarcoma was recently described who pre-
sented with hyponatremia and hypertension and very high lev-
els of prorenin and renin who responded to both angiotensin-
converting enzyme inhibitors and tumor removal (17). Central
diabetes insipidus as a result of metastatic disease, especially
breast cancer (18), may also occur.

Hypercalcemia is perhaps the most common electrolyte ab-
normality of cancer and can be divided into two forms (19).
One is related to local osteolytic lesions, and the other is asso-
ciated with a humoral factor, a parathyroid hormone-related
protein, which is the cause of enhanced bone resorption. Hy-
percalcemia can reduce glomerular filtration itself, but it may
cause renal failure by potentiating the nephrotoxic effects of
other drugs or require treatment by drugs that are nephrotoxic
themselves (see next section). Thus hypercalcemia is an impor-
tant risk factor for the development of renal failure in cancer
patients.

ANTINEOPLASTIC AGENTS THAT
CAUSE ACUTE RENAL FAILURE

Several antineoplastic agents have predictable dose-related
nephrotoxicity. Included in this group (Table 43-1) are the
alkylating agents cisplatin and streptozotocin, the antimetabo-
lite methotrexate, the antitumor antibiotic mithramycin, and
the cytokine interleukin-2 (IL-2). These agents induce a fall
in glomerular filtration that is usually dose-related and pre-
dictable. Others have nephrotoxic potential after chronic re-
peated exposure to the drug, especially in combination with
other drugs, as single exposure rarely causes renal failure. Taxol
(paclitaxel), a microtubule-binding agent recently introduced
into multidrug cytoreductive regimens, has shown potentia-
tion of the nephrotoxicity of cisplatin (20) and in the setting
of bone marrow transplant (21). When recognized, the decline
in renal function with some chemotherapeutic drugs is some-
times irreversible. Examples of these agents are the alkylating
agents lomustine (CCNU) and semustine (methyl CCNU) and
the anti-tumor antibiotic mitomycin. Chronic and irreversible
decline in renal function has also been documented after cis-
platin therapy and after bone marrow transplantation, perhaps
as a result of repeated, but subclinical damage to the kidney.

ALKYLATING AGENTS

Cisplatin

Cisplatin, perhaps the most commonly used antineoplastic
agent for the treatment of solid tumors, is the best-studied an-
tineoplastic nephrotoxin. Long-term survivors have provided
the opportunity to follow cisplatin nephrotoxicity over longer
periods of time than has been possible with other agents.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-43 Schrier-2611G GRBT133-Schrier-v4.cls July 17, 2006 15:36

1070 Section VII: Acute Renal Failure

Preclinical studies identified nephrotoxicity as cisplatin’s ma-
jor dose-limiting side effect early (22), and initial protocols not
employing aggressive hydration prior to administration of cis-
platin produced severe and frequently irreversible renal failure
(23). Other significant side effects, such as ototoxicity and se-
vere nausea and vomiting, may also limit its use.

Pathogenesis

The kidney accumulates and retains platinum to a greater de-
gree than other organs and is the principal excretory organ for
injected cisplatin (24). In the rat, the kidney excretes the drug
rapidly within the first hour of its administration by a process
consisting predominantly of glomerular filtration, with a mi-
nor component of secretion (25–27). There is no evidence of
tubular reabsorption, suggesting that the kidney accumulates
cisplatin by peritubular uptake (26). The uptake of cisplatin by
the kidney is dependent on temperature and the normal con-
sumption of oxygen and can be inhibited by drugs that partic-
ipate in the organic base transport system, suggesting that at
least some portion of renal cisplatin uptake is facilitated (26).
Consistent with the view that cisplatin nephrotoxicity may be
linked to how the kidney transports cisplatin is the high cis-
platin content of proximal straight tubules after [195mPt] cis-
platin injection (28), the principal site of necrosis following
cisplatin (29). Changes in the distal nephron including apop-
tosis, if not frank necrosis, have also been described (23,30).
The glomerulus is spared of obvious morphologic changes.

Excreted platinum is predominantly cisplatin, but inside the
cell cisplatin is converted to another species (31). Once gaining
access into the cell, cisplatin is thought to undergo aquation
reactions in which the labile chloride ligands are replaced by
water molecules, resulting in a positively charged and highly
reactive electrophilic product (32). The primary lethal lesion
produced by cisplatin in cancer cells is its intrastrand bind-
ing to adjacent purine bases (33), which alters the secondary
structure of DNA, inhibiting its template function and inhibit-
ing DNA replication (34,35). This lesion is not produced by the
transplatin isomer, which is neither antineoplastic nor nephro-
toxic. Whether the nephrotoxicity of cisplatin also depends on
such damage to DNA is unknown. Cisplatin may also damage
the kidney by depletion of critical sulfhydryl centers, includ-
ing glutathione, and provoke damage to the cell in much the
same manner as oxidant stress. Indeed the administration of
manganese superoxide dismutase attenuates cisplatin-induced
renal failure (36).

CELLULAR RESPONSES TO
CISPLATIN TREATMENT

Role of the Protein Kinase Cascades
in Cisplatin Nephrotoxicity

Cellular stress, including DNA-damaging chemotherapeutic
drugs, activates several signaling pathways: the stress-activated
protein kinase (SAPK), including the Jun N-terminal kinases
(JNKs), p38 MAPK (mitogen-activated protein kinase), and
the extracellular regulated kinases or (ERKs) (37). Cisplatin-
mediated activation of JNK and concomitant cell death are
related, since expression of a dominant negative expression
vector of the JNK (Jun N-terminal kinase) MKK4 (mitogen-
activated protein kinase kinase 4) blocked cell death (38). Sim-
ilarly, cells derived from animals in which the gene for c-jun was
deleted, a specific protooncogene target of JNK, were more re-
sistant to cisplatin-induced cell death than normal cells (39).

A balance between the JNK and ERK pathways had been pro-
posed to dictate the cellular decisions of death and survival:
transient activation of JNK when also accompanied by activa-
tion of prosurvival ERK or AKT (v-akt kinase/protein kinase B)
pathways may not be associated with cell death. Indeed, inhibi-
tion of JNK by dominant-negative mutants proved to be protec-
tive of cisplatin-induced injury (38). Pharmacologic inhibition
of the cisplatin-induced ERK activity in ovarian carcinoma cells
caused enhanced cisplatin cytotoxicity (40), and inhibition of
the Akt/PKB pathway enhanced activation of caspase-3 and
caspase-9 in proximal tubular cells (41).

However, inhibition of cisplatin-induced activation of ERK
protected rabbit (42) and mouse proximal tubule (43) cells,
suggesting that the interaction of cisplatin with such cells is
fundamentally different from that seen in cancer cells. As these
observations have important clinical implications, it will be
necessary to explore these approaches in vivo to see whether
the discrepancies are more a function of the limitations of in
vitro models of tissue injury or signal important differences in
cellular response.

Role of Casplase Activation in
Cisplatin-induced Cell Death

Cisplatin induces apoptosis of renal proximal tubular cells (LL-
CPK) in vitro via mitochondria-dependent and –independent
pathways (41), and the activation of the caspases is crucial to
this process. Studies in renal tubular epithelial cells demon-
strate that cisplatin induces selective and differential activa-
tion of caspases including executioner caspase-3 and initiator
caspase-8, -9, and -2 but not proinflammatory caspase-1 (41).
The translocation of Bax to the mitochondria and release of
cytochrome c from the mitochondria to the cytosol further
support the activation of caspase-9 (42). Cisplatin–induced
activation of caspase-8 and apoptosis has also been reported
in freshly isolated proximal tubular epithelial cells, which in-
volves the TNF- and Fas pathways (44). DEVD-CHO (acetyl-
Asp-Glu-Val-Asp-aldehyde) or LEHD-CHO (acetyl-Leu-Asp-
Glu-Asp-aldehyde), inhibitors of caspase-3 and caspase-9,
respectively, provided only partial protection against cisplatin-
induced cell death and DNA damage in LLC-PK1 cells (41) in-
dicating mechanisms other than caspase activation are also in-
volved in cisplatin-induced cell death. Thus, cisplatin-induced
activation of caspase-8 and caspase-9 in renal proximal tubules
indicate that both receptor and mitochondrial signaling path-
ways participate in the activation process. In a recent study p53
inhibition was shown to partially protect cisplatin-induced cell
death (45) indicating that p53 may also be involved in cisplatin
-induced activation of caspases in renal tubular epithelial cells.
Working out the precise details of renal cisplatin-induced cas-
pase activation is likely to reveal additional means to amelio-
rate its nephrotoxicity.

Cytokines and Cisplatin-induced Cell Death

Cisplatin administration significantly upregulates several cy-
tokines and chemokines (tumor necrosis factor-α [TNF-α],
transforming growth factor-β [TGF-β], regulated upon ac-
tivation, normal T cell expressed and secreted [RANTES],
macrophage inflammatory protein [MIP-2], monocyte chemo-
tactic protein-1 [MCP-1]) in the kidney (46). Several antiin-
flammatory strategies have yielded positive protective results.
Anti-ICAM I (intercellular adhesion molecule-1) antibodies re-
duce cisplatin toxicity (47), as does salicylate treatment (48)
and interleukin-10 (IL-10) administration (49). These stud-
ies provide convincing evidence that cisplatin cytotoxicity is
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mediated in part by inflammatory mediators. Interestingly,
TNFα itself provokes oxidant dependent damage to cells so
that the possibility that the TNF-α–related toxicity is direct
and unrelated to recruitment of inflammatory cells (50) cannot
be ruled out.

Cell Cycle Events in Cisplatin Nephrotoxicity

Genotoxic damage either by intercalation of DNA or by
oxidant-induced damage may be an important component
of the stress imposed by cisplatin. Cisplatin provokes in-
creased expression of the cyclin-dependent kinase inhibitor
p21WAF1/CIP1, which inhibits completion of the cell cycle, and
promotes DNA repair. Interestingly, mice with deletion of the
p21 gene are more susceptible to cisplatin nephrotoxicity (51),
suggesting that it may be critical to the repair of cisplatin-
induced damage to renal cells. Confronted with a hostile en-
vironment, the kidney mounts a response that is initiated by
signaling molecules that engage multiple pathways including
those that regulate the cell cycle. The cell undergoing these
changes may decide to check the progression of the cycle and
repair damage before proceeding or enter a pathway destined to
cell death. This decision point is carefully regulated and cyclin-
dependent kinase inhibitors, especially p21, are important in
this decision. The interface between these pathways and the cell
death pathways are first emerging but phosphorylation events
critical to cell function reside in the cyclin dependent kinases
and the kinases, phosphatases, inhibitors, and activators that
regulate their activities. The identification of the precise path-
ways engaged in this process is an area of active research not
only in acute renal failure but also in the field of cell biology in
general.

Clinical Manifestations

Cisplatin predictably lowers glomerular filtration rate (GFR)
in a dose-dependent manner (52) after even single drug expo-
sure, and its nephrotoxicity is augmented by coadministration
of drugs used in aggressive chemotherapy (53). The onset of
the renal failure is gradual, usually occurring 3 to 5 days after
its administration. Early proteinuria is mild (>500 mg/day),
as is glycosuria. Enzymuria is common, even in the mildest
forms of ARF. In a few patients, significant urinary electrolyte
wasting may be provoked by cisplatin (54), including severe
sodium, divalent cation excretion, and phosphate wasting, but
this presentation is uncommon and seen primarily with high-
dose therapy. Most common is the gradual onset of nonoliguric
renal failure with water excretion in excess of solute (28). In
micropuncture experiments, the site of altered water reabsorp-
tion is beyond the late distal tubule, probably in the apparently
morphologically intact collecting duct (28). In rats, the cause of
the fall in glomerular filtration is afferent vasoconstriction and
possibly an altered ultrafiltration coefficient, before evidence
of tubule obstruction (55). The mediators for these changes
in segmental water transport and vascular resistance are
unknown.

Cisplatin also produces hypomagnesemia (55) in a large per-
centage of patients receiving the drug. Although it may oc-
cur acutely, it is usually observed after repeated exposure over
longer periods of time (56). It is often found when additional
drugs with significant potential for magnesium wasting are
used in conjunction with cisplatin, such as nephrotoxic antibi-
otics like gentamicin or amphotericin (57), or when cisplatin is
used in combination with other chemotherapeutic agents (56).
In the normomagnesemic animal ingesting a diet containing
adequate magnesium, cisplatin does not induce hypomagne-
semia. However, in the rat kept on a magnesium-deficient diet,

cisplatin induced a defect in maximal reclamation of an ad-
ministered magnesium load, suggesting that hypomagnesemia
is a consequence of diets deficient in magnesium in combination
with a mild defect in magnesium reabsorption (58). This is con-
sistent with the relative ease of treating the hypomagnesemia
with oral magnesium supplementation. Hypomagnesemia may
persist even when cisplatin is withdrawn (59) but usually re-
mits when cisplatin administration is discontinued (53). Serum
calcium is usually normal in such cases.

In almost all studies, repeated cisplatin administration has
been shown to reduce GFR chronically in a dose-related man-
ner (52,60–66). Patients receiving up to 850 mg in multiple
courses had a 9% reduction in hippuran clearance, while pa-
tients receiving more than 850 mg of cisplatin had a 40% re-
duction in GFR over a 5-year period (52). This study also found
significant potentiation of cisplatin nephrotoxicity in those pa-
tients receiving cisplatin combined with radiotherapy. In each
of these studies, GFR remained stable after discontinuation of
the therapy for up to 3 to 5 years of follow-up.

Protective Measures

The wide therapeutic application of cisplatin depends not only
on its clinical efficacy but also on the development of strategies
that diminish the severity of the ARF it produces. The most
commonly used protective measure is to establish a solute di-
uresis (67). A commonly applied protocol is to establish a di-
uresis before (12 to 24 hours) administering cisplatin, which
is then given in isotonic saline by a 3-hour infusion, followed
by infusion of isotonic saline or mannitol for 24 hours after
the drug is infused. Cisplatin is usually administered in daily
divided doses for 5 days until the maximum dose is reached,
usually not to exceed 120 mg per m2 body surface area (BSA).
Beyond this dose cisplatin provokes an unacceptable degree of
renal failure, even in the presence of a diuresis.

The mechanism of the protection is not known. Although
the concentration of cisplatin is lower in the urine, neither the
tissue concentration of the drug nor the degree of cytotoxicity
is altered by such maneuvers (67). Alternatively, the high chlo-
ride content of the urine might reduce its speciation into toxic
metabolites, but mannitol is equally effective in diminishing
the degree of renal failure where urine chloride concentration
is reduced, so this explanation seems inadequate as well.

Additional maneuvers have been attempted to reduce cis-
platin nephrotoxicity. Diethyldithiocarbamate (DDTC), which
has been shown to compete for platinum binding to DNA (68),
has shown promise experimentally (69) but has been much
less successful in human trials due to its toxicity and fail-
ure to modify cisplatin ototoxicity (70). Inorganic thiophos-
phates like WR2721 (amifostine) has been shown to be effec-
tive in preventing renal failure even after repeated exposure
(71). The mechanism of protection may involve promotion of
better DNA repair and synthesis by amifostine (72) and/or by
the release of free thiols after dephosphorylation with alka-
line phosphatase, which then act as free radical scavengers and
metal binding centers (73).

Erythropoietin improves renal function when co-admini-
stered with cisplatin and the improvement seems to be mediated
by improved regeneration rather than an inherent reduction in
toxicity (74).

Promising future strategies will be based on a better under-
standing of the pathophysiology of cisplatin-induced kidney
injury. In Figure 43-1 are outlined likely therapeutic targets
for intervention. Cisplatin by its pro-oxidant effects and direct
interaction with proteins and DNA initiates a stress response
characterized by activation of pro-death and pro-survival
transduction and molecular pathways. In each instance the bal-
ance between these pathways can be manipulated to ameliorate
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FIGURE 43-1. Cisplatin and the renal stress response. Sites of potential cisplatin-macromolecular inter-
action that initiates the renal stress response consisting of signal transduction and molecular pathways.
These responses lead to the phenotypic changes characteristic of cisplatin-induced kidney injury including
necrosis, apoptosis, survival, and repair, as well as inflammatory and vascular effects that may mediate
and ameliorate these effects. The balance between the responses that promote repair and survival and
those that cause cells to die can be manipulated by upregulating the former and downregulating the latter
(see text).

the consequences of cisplatin exposure on kidney function and
structure. Thus inhibitors of caspase activity, TNF-α inhibitors,
inhibition of specific components of the MAPKs, upregulation
of cell-cycle regulators, and antioxidants each show promise in
ameliorating experimental cisplatin nephrotoxicity. Translat-
ing these observations to the bedside should be accomplished
in the near future.

New platinum compounds with antineoplastic effects and
less nephrotoxicity have been identified and are being in-
creasingly applied. Prominent among them is carboplatin
(cis-diaminecyclobutanedicarboxylplatinum II). While the kid-
ney remains the primary excretory organ and dose modifi-
cation must be applied in the presence of diminished renal
function, the compound has much less nephrotoxicity than cis-
platin (75). The dose-limiting side effect is myelosuppression,
especially thrombocytopenia (76). Because of its overlapping
toxicity with other antineoplastic agents and experience with
such toxicity, carboplatin is increasingly included in protocols
for lung, head and neck, and cervical cancer. Carboplatin and
other similar compounds will almost certainly be increasingly
used in patients with prior chemotherapy-induced renal dys-
function, especially in those patients with tumors expected to

respond to anti-tumor platinum analogs. The full impact of the
use of this drug on the occurrence of renal failure, however, is
as yet unknown.

Cyclophosphamide

Cyclophosphamide is converted by hepatic mixed-function ox-
idases into an active alkylating agent with wide-ranging anti-
tumor activities against many hematologic and solid tumors.
Its primary toxicity is myelosuppression, but important toxic-
ity involving the gastrointestinal tract and urinary bladder may
also occur.

Cyclophosphamide diminishes the ability of the kidney to
excrete water (77). Impaired water excretion occurs acutely
and resolves after discontinuation of the drug. The water re-
tention may involve a direct effect of cyclophosphamide on
the collecting duct epithelium, as elevated serum AVP (argi-
nine vasopressin)levels have not been detected (78). Recogni-
tion of this effect is important since hydration protocols with
hypotonic solutions prior to the administration of cyclophos-
phamide are likely to provoke marked hyponatremia. Thus
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hydration with normal saline is preferable. It is important to
remember, however, that any detectable AVP is inappropriate in
the presence of hypo-osmolality. While the effect of cyclophos-
phamide is self-limited and rarely of clinical significance, the
concentrated urine predisposes to hemorrhagic cystitis and uric
acid nephropathy. Cyclophosphamide is increasingly included
in high-dose treatment regimens combined with autologous
bone marrow or stem cell transplants, and possible new po-
tentiating patterns of renal failure may emerge (79).

Nitrosoureas

Semustine (methyl-CCNU), carmustine (BCNU), and lomus-
tine (CCNU) have demonstrated efficacy against brain tu-
mors, Hodgkin’s disease and other lymphomas, and multiple
myeloma (80). Their high lipid solubility and high permeability
across the blood–brain barrier make them ideal for the treat-
ment of such tumors. Carmustine, which is the most commonly
used nitrosourea, is given intravenously at a dose of 150 to 200
mg per m2 infused over 1 to 2 hours. Nephrotoxicity presents
the main limitation to their greater efficacy at these doses, while
hepatic failure and pulmonary fibrosis are common at higher
doses. The nitrosoureas are rapidly metabolized (81), and their
metabolites appear in the urine for up to 72 hours following
administration (82). These metabolites are thought to be re-
sponsible for the nephrotoxicity, as the parent compound is
not detected in the urine. The mechanism of the nephrotoxic-
ity of the nitrosoureas is unknown.

Streptozotocin

Streptozotocin is a nitrosourea that is used for the treatment
of metastatic islet cell carcinoma of the pancreas and carcinoid
tumors. Nephrotoxicity is its chief limiting side effect and is
present in 75% of patients who receive prolonged streptozo-
tocin administration (83). Nephrogenic diabetes insipidus and
obstructive uropathy from uric acid nephrolithiasis caused by
its uricosuric effect have also been described.

The major excretory route of streptozotocin is the kid-
ney, which accumulates the drug to high concentrations (84).
Proximal tubules are the principal site of damage (85). Al-
though there are no definitive data relating cumulative dose
with nephrotoxicity, renal damage often occurs with a cumu-
lative dose of 4 g per m2 body surface area (BSA) (87). Clinical
streptozotocin-induced nephrotoxicity includes tubular reab-
sorptive abnormalities similar to Fanconi’s syndrome includ-
ing hypophosphatemia as well as proteinuria (86); even after
a single exposure to the drug (87), these tubular effects may
precede the reduction in GFR. Extreme caution should be used
before introducing it in patients with preexisting renal disease.
A related analog, chlorozotocin, also causes renal failure in
patients with metastatic islet cell carcinoma of the pancreas
treated with total doses exceeding 1,500 mg (88).

Ifosfamide

Ifosfamide has been shown to be active against testicular car-
cinoma and pediatric soft tissue sarcomas, osteosarcoma, and
Ewing’s sarcoma (89). Used in conjunction with mesna, the
dose-limiting side effect of hemorrhagic cystitis has been elim-
inated (90). The incidence of severe nephrotoxicity, which is
dose related, has been significantly reduced by administering
ifosfamide in divided daily doses rather than by bolus infu-
sion (89). Reabsorptive defects have been reported even under
these circumstances (91–93) and consist of aminoaciduria, bi-

carbonaturia, phosphaturia, and proteinuria. Small but consis-
tent reductions in GFR and persistent proximal tubule defects
have been documented in patients receiving multiple courses
of nonplatinum-containing ifosfamide protocols (94–95). Pre-
vious renal disease, perhaps as a consequence of cisplatin
exposure, has proved to be an important risk factor for the
development of ifosfamide nephrotoxicity (2,96–98). A severe
irreversible Fanconi-like syndrome with rickets may appear in
the course of therapy with ifosfamide, especially when com-
bined with cisplatin (97).

ANTIMETABOLITES

Methotrexate

Methotrexate (MTX), an analog of folic acid, is used in com-
bination chemotherapy of embryonic hematologic and solid
tumors, as well as in cytoreductive protocols in bone marrow
transplant. It is given in two dose ranges, low and high, with
clearly different degrees of nephrotoxic risk. At conventional
doses, nephrotoxicity is rarely a problem (99), but at the doses
given in leucovorin rescue therapy (1 to 7 g per m2 BSA), high
rates of nephrotoxicity and drug-related mortality can occur
unless precautions are taken to minimize the nephrotoxicity.

Primarily the kidney excretes MTX by glomerular filtra-
tion and tubular secretion so that 90% of the drug appears
unchanged in the urine after conventional intravenous doses
(100). Thus reduced glomerular filtration raises the concen-
tration of MTX in body fluids for a prolonged period of time.
Under these conditions, marked bone marrow, gastrointestinal,
and renal toxicity is observed (101). Removal by hemodialy-
sis and peritoneal dialysis is poor, as is the efficacy of plasma
exchange (102–104).

The mechanism of MTX nephrotoxicity is unclear. A com-
monly invoked mechanism is its limited solubility at acid urine
pH, which provokes intratubular precipitation especially dur-
ing high-dose infusion (104). According to this hypothesis, de-
hydrated patients who excrete acid urine are more at risk for
this complication. Consistent with this notion is the decline
in MTX nephrotoxicity observed since the institution of uri-
nary alkalinization and hydration associated with high-dose
MTX therapy (105). It should be pointed out that hydration
alone ameliorates the nephrotoxicity of a wide variety of toxic
and physical insults as discussed previously. MTX may be di-
rectly toxic to the tubule epithelium, as proximal tubule necro-
sis without intraluminal precipitation has been noted (106).
Finally, infusion of high-dose MTX reduces glomerular filtra-
tion without changing blood pressure, suggesting a direct renal
hemodynamic effect (107,108). Thus MTX nephrotoxicity is
probably multifactorial.

Clinical Course

Typically symptoms of renal colic sometimes precede overt re-
nal failure, which is nonoliguric. Since the onset of the renal
failure is rapid, often only hours after administration, thus
further limiting its excretion, it is often associated with se-
vere organ toxicities including gastroenteritis, hepatitis, mu-
cositis, and pancytopenia. Plasma levels exceeding 0.5 μM for
48 hours following MTX infusion are associated with a 40%
incidence of severe systemic toxicity (103). Expansion of the
extracellular fluid with 150 mM NaHCO3 should precede use
of drug. Removal of drug by dialysis is problematic because of
its high volume of distribution and protein binding, but high-
flux dialyzers show improved drug removal (109).
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Treatment

When acute renal failure intervenes, the goal of therapy is to
reduce MTX concentration as rapidly as possible. A newly
introduced treatment of high-dose MTX nephrotoxicity with
carboxypeptidase-G2 (CPDG-2), a recombinant bacterial en-
zyme that hydrolyzed MTX to an inactive metabolite shows
early promise. In a recent study CPDG-2 reduced MTX blood
levels by 98% following infusion. While early concern for de-
lay in recovery due to the potential for the metabolite to crys-
tallize in urine, this has not proven to be the case. Given the
ease of administration and its greater efficacy in reducing MTX
concentration, this treatment would appear to have definite ad-
vantages over dialytic approaches (110).

MTX is routinely used in chemoprevention of graft-versus-
host disease (GVHD) following bone marrow transplant, and
its participation in the renal failure induced on that background
is discussed in the section Renal Failure Associated with Bone
Marrow Transplant, below.

Cytosine Arabinoside

Cytosine arabinoside, also known as cytarabine and ara-C, is
a pyrimidine nucleoside that inhibits DNA synthesis when ac-
tivated by the enzyme deoxycytidine kinase (111). It is used
in multidrug protocols in the treatment of acute leukemia,
in the blast phase of chronic myelocytic leukemia, and non-
Hodgkin lymphoma (112). Deamination of free cytosine arabi-
noside yields uracil arabinoside, which is the principal urinary
metabolite of cytosine arabinoside (113).

Renal failure occurs in 50% of patients treated with mul-
tidrug regimens including cytosine arabinoside, even if used
with drugs not known to produce renal failure (114). Poten-
tiation of nephrotoxicity was especially common in a drug
regimen using cytosine arabinoside in combination with cis-
platin and hydroxyurea (115). High-dose cytosine arabinoside
leads to even greater nephrotoxicity and neurotoxicity, espe-
cially in patients with prior renal injury (116). Rarely acute
rhabdomyolysis may be a causative factor in cases exposed to
cytosine arabinoside (117). Prominent apoptosis of muscle cells
has been demonstrated in such cases secondary to cytochrome-
c release. All other drugs that initiate muscle damage, such as
cyclophosphamide, 5-azacytidine, interferon, and interleukin-
2 should be discontinued.

5-Fluorouracil

The active metabolite of 5-fluorouracil (5-FU), fluorodeoxyuri-
dine monophosphate, inhibits DNA synthesis by inhibiting
thymidylate synthase. While not nephrotoxic when given as
a single agent, renal insufficiency has been observed when it
is combined with other agents of known nephrotoxic poten-
tial. When given with mitomycin-C, which provokes renal fail-
ure in a minority of patients (discussed later in this chapter
in the section Mitomycin-C), fluorouracil provoked severe and
fatal renal insufficiency in 10% of patients undergoing such
treatment for carcinoma of the gastrointestinal tract and pan-
creas (118,119). In these reports, either an acute or chronic
syndrome of microangiopathic hemolytic anemia with throm-
bocytopenia emerged. Histologic examination of the kidney
revealed fibrin thrombi in arterioles, which also demonstrated
intimal hyperplasia. Interstitial fibrosis, tubular atrophy, and
glomerular necrosis were observed in the chronic forms. Renal
failure was also noted when the drug was given in combination
with cisplatin (120). This combination is increasingly applied

in otherwise resistant advanced solid tumors, especially of the
head and neck (121) and invasive cervical cancers (122).

5-Azacytidine

A similar circumstance exists for azacytidine because there has
been no nephrotoxicity described when this drug is used alone
(123), but a high rate of tubular reabsorptive abnormalities has
been noted when the drug is used in combination with others
(124). Nephrotoxicity is manifested by glycosuria, acidemia,
phosphaturia, and polyuria and with mild azotemia. The de-
fects were compatible with an acquired renal tubular acidosis,
which appears early in the course of treatment and resolves
rapidly when the drug is discontinued.

ANTITUMOR ANTIBIOTICS

Mitomycin-C

Mitomycin-C is used in combination protocols, most often
with 5-fluorouracil and doxorubicin, in the treatment of solid
tumors of the genitourinary and gastrointestinal systems. In
preclinical studies, acute tubular necrosis was induced by sin-
gle intravenous injection (125). Although it is known that the
drug is metabolized in the liver, the specifics of its renal han-
dling have not been adequately addressed. The mechanism of
the nephrotoxicity is also unknown.

The available data would seem to indicate that mitomycin-
C occasionally induces a dose-related, mild form of ARF when
administered alone (126). However, its nephrotoxicity is more
frequent and severe when used in combination with other
drugs. Clinically, the renal failure is accompanied by a microan-
giopathic hemolytic anemia, usually occurring late in the course
of therapy (127). The incidence is reported to be between 2%
and 10% of cases and patients receiving a cumulative dose of
30 to 50 mg per m2 should be carefully monitored for frag-
mentation of red blood cells if unexplained anemia or throm-
bocytopenia appear. Histopathologically, the findings are con-
sistent with a thrombotic microangiopathic process with fibrin
deposition within glomeruli and interstitial blood vessels.
Glomerular sclerosis and necrosis and interstitial scarring
are prominent. While these changes are reminiscent of the
hemolytic-uremic syndrome, plasma exchange does not im-
prove renal function (127), nor is the experience with gluco-
corticoids and anti-platelet drugs good. Anecdotal evidence for
improvement of renal function after immunoadsorbtion with
staphylococcal protein-A columns suggest that immune com-
plexes may play a role in the pathogenesis of the renal failure.
A recent animal study of its nephrotoxicity, however, found a
direct tubulotoxic effect only (128) and no good animal model
exists that mimics the clinical situation.

Mithramycin

Mithramycin inhibits RNA synthesis and has some antineo-
plastic efficacy in testicular carcinomas and glioblastomas
(129,130), but it is most frequently used to treat malignancy-
associated hypercalcemia. The calcium-lowering effect of the
drug seems to be due to its inhibition of osteoclast function
(131) and is linked to its inhibition of messenger RNA (mRNA)
synthesis (132). A single 25 μg per kg IV dose, which nor-
malizes serum calcium in a large majority of cases, is usually
not nephrotoxic. However, repeated daily injection of the drug
has been reported to cause significant nephrotoxicity in up to
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40% of patients in one study (129). Renal failure persists if it
occurs on the background of preexistent renal disease and is the
cause of death in 10% of the patients studied. Histologically,
there is a picture typical of acute tubule necrosis with appar-
ently normal glomeruli. The mechanism of the nephrotoxicity
is unknown.

KIDNEY INJURY AND THE
TREATMENT OF

HYPERCALCEMIA OF
MALIGNANCY

Zolendronnate

Zolendronnate, a highly effective bisphosphonate that is in-
creasingly used to treat hypercalcemia in cancer patients, can
also cause acute renal failure (133). The renal toxicity, which
is characterized by proximal tubule necrosis and apoptosis but
spares the glomerulus, is dose related and occurs in about 10%
of cases receiving the usual 4 mg dose. Prolonging infusion time
and reducing exposure dose have been found to reduce nephro-
toxicity. Even under these circumstances, renal failure emerges
slowly and requires cessation of drug. The renal failure, when
recognized early, is partially reversible but is somewhat slow to
resolve. The mechanism of its nephrotoxicity is unknown, but,
like cisplatin, is almost certainly related to its active uptake and
concentration in proximal tubule cells.

BIOLOGIC AGENTS

Interferons

The interferons are glycoproteins that have antiviral (134), as
well as antitumor activity (135,136). Renal insufficiency has
been produced by both interferon-α (IFN-α) and interferon-
γ (IFN-γ ), two of the three major classes of the interferons.
IFN-α produces proteinuria, sometimes massive with nephrotic
syndrome, and histopathologically a picture consistent with
minimal-change nephropathy (137). The occurrence of ARF,
however, is relatively rare (138). ARF with renal biopsy ev-
idence of acute tubular necrosis has been described with
IFN-γ treatment of acute lymphoblastic leukemia (139). Di-
vided doses of up to 1 × 107 U per m2 BSA total administered
IFN-α and 1,000 μg per m2 BSA IFN-γ are usually tolerated
without significant nephrotoxicity (140).

Interleukin-2

IL-2 is a polypeptide cytokine that activates the natural killer
function of lymphocytes. Infusion of IL-2 concurrently with
such lymphokine-activated killer (LAK) cells is associated
with regression of several solid tumors including malignant
melanoma, renal cell cancer, and colorectal cancer (141). Pro-
found reductions in blood pressure, GFR, and sodium excre-
tion occur in patients during the period of drug infusion, which
resolve fairly rapidly when the infusion is stopped (142).

A more comprehensive study of IL-2 nephrotoxicity docu-
mented falls in GFR in 90% of cases (143). Although the syn-
drome of hypotension, oliguria, salt retention, and azotemia
suggests a prerenal component, massive infusion of fluid does
not abrogate the fall in GFR (144). In Figure 43-2 is shown
the time course of changes in salt excretion, GFR, and car-
diac output in a patient receiving IL-2 infusion. It can be seen

FIGURE 43-2. Hourly fractional sodium excretion (FENa), creatinine
clearance (CCr), and cardiac output (CO) as a percent of preinfusion
levels during the infusion of interleukin-2 (IL-2), 500,000 U in 12
hours, in a patient undergoing treatment for renal cell carcinoma. The
patient also received mannitol and isotonic saline infusion prior to the
infusion of IL-2.

that the fall in GFR and salt excretion precedes the period of re-
duced cardiac output, suggesting early effects of IL-2 on kidney
function before effects on central hemodynamics are obvious.
In a study of renal hemodynamics during high-dose IL-2 and
IFN-α adoptive immunotherapy of renal cell carcinoma, GFR
fell significantly following repeated infusion and was not ac-
companied by a fall in renal plasma flow, suggesting a fall in
the net glomerular ultrafiltration pressure or permeability co-
efficient (145). The fall was accentuated by use of nonsteroidal
anti-inflammatory drugs. Whether IL-2 mediates these effects
directly or indirectly is not clear.

CHEMOTHERAPY-INDUCED
TUMOR LYSIS AND

RENAL FAILURE

The release of potential nephrotoxic products into the circu-
lation from cancer cells lysed by chemotherapy is common.
The blood concentration of uric acid, xanthine, phosphate,
and potassium may increase to levels that impact on kidney
function. This is especially true in the setting of prior renal
insufficiency. This syndrome of metabolic derangements asso-
ciated with renal failure during chemotherapy has been termed
the “tumor lysis syndrome” and is not infrequently observed
after the treatment of acute leukemia, malignant lymphoma,
and bulky solid tumors (146,147).

Hyperuricemia and Acute Renal Failure

Renal insufficiency associated with acute hyperuricemia is most
frequently associated with the therapy of leukemias and lym-
phomas (148), although it has been reported in disseminated
carcinoma (149,150) and may even occur spontaneously (151).
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The incidence in one series of patients treated for non-Hodgkin
lymphoma was 6% of all patients but was highest in pa-
tients with high-grade tumors and renal insufficiency (152).
Hyperuricemia-induced crystalluria and renal failure are dis-
cussed in Chapter 49, but pretreatment with allopurinol and
establishing an alkaline diuresis have significantly reduced the
incidence of this complication.

Xanthine Nephropathy

Although rare, xanthine nephropathy can occur during tumor
lysis when allopurinol is used to prevent the production of
uric acid. Xanthine concentration in the blood increases con-
sequent to xanthine oxidase inhibition by allopurinol, and like
uric acid, xanthine is poorly soluble in acid urines. Xanthine
crystalluria can occur when its urinary excretion rises beyond
its solubility (153). This is especially likely in patients who have
minor degrees of hypoxanthine–guanine phosphoribosyltrans-
ferase deficiency (154).

Hyperphosphatemic Nephropathy

Hyperphosphatemia may occur as part of the tumor lysis syn-
drome and, when extreme, may result in ARF (155,156). This
is especially true in patients with prior renal insufficiency (155).
The cause of the reduced GFR seems directly related to the hy-
perphosphatemia itself because oral phosphate overdose also
lowers GFR (157), and reduction in serum phosphate level re-
verses the renal failure (158,159). The mechanism of reduced
GFR may be the intrarenal precipitation of calcium phosphate
(155,160), which may be exacerbated by excessive alkaliniza-
tion of the urine. Hemodialysis may be required to reduce
plasma phosphate and to restore renal function under these
circumstances.

Retinoic Acid Syndrome

Tretinoin (all-trans-retinoic acid) is a vitamin A derivative
that is used in the treatment of acute promyelocytic leukemia.
Tretinoin enhances the morphologic and functional matura-
tion of leukemic promyelocytes and may provoke apoptosis in
these cells. The appearance of a syndrome consisting of fever,
respiratory distress, pulmonary infiltrates, and pleural and peri-
cardial effusions occurs in as much as 25% of treated patients
unless preventive measures are taken (161). Since the syndrome
can be reproduced by the infusion of activated leukocytes, it is
speculated that cytokine production by such stimulated white
cells is responsible for its manifestations. The addition of in-
travenous dexamethasone and the reduction of the white cell
count by prior chemotherapy usually before Tretinoin is added
have decreased the occurrence of the syndrome markedly.

RENAL FAILURE ASSOCIATED
WITH BONE MARROW

TRANSPLANT

Bone marrow transplant is becoming an increasingly common
modality for treatment of cancer and other disorders (162).
Current indications include aplastic anemia, hematologic and
nonhematologic malignancies, hereditary enzyme deficiencies,
immunodeficiency states, and selected hemoglobinopathies.
Renal failure occurs frequently in this group of patients, in
most series as high as 40% (163,164) or higher (165).

It is useful to consider the frequency of ARF as it relates to
the time of bone marrow transplant because it varies during
the course of transplant (166). Also, the likelihood of the oc-
currence of ARF, especially its severity, appears to be related to
whether the transplanted hematopoietic cells are derived from
the patient (autologous) or not (allogeneic). In a recent study
of autologous bone marrow transplants in high-dose patients
with breast cancer (21), the incidence of ARF was significantly
lower than that reported in an earlier report of predominantly
allogeneic transplant patients (164). Thus the occurrence of
graft-versus-host reactions and the use of immunosuppressive
drugs with nephrotoxic potential may impact on the occurrence
of ARF.

Up to 10 days following completion of conditioning with
cytoreductive drugs and at the time of bone marrow infusion,
a small percentage of patients (<5%) present with renal failure
that is most often due to the tumor lysis syndrome or the infu-
sion of the bone marrow. The latter would seem to be a result
of toxic products that accumulate during cryopreservation of
bone marrow cells or due to the cryopreservative that is used
(167). Hemoglobin appears in the urine of 75% to 100% of
such patients and may be due to disrupted red blood cells within
the infusate or due to in vivo hemolysis induced by the dimethyl
sulfoxide in the cryopreservation solution (168). This form of
ARF is relatively uncommon, perhaps as a consequence of the
induction of a solute and bicarbonate diuresis that is routinely
induced prior to marrow infusion (167).

The most common time frame for ARF to develop after
a bone marrow transplant is between 10 and 21 days after
infusion (166), when as many as 20% of patients who sur-
vive the initial period of bone marrow transplant develop ARF.
Whether the exposure of ordinarily nontoxic amounts of heme
proteins might predispose the kidney to later injury has recently
been the matter of some debate in the literature (169,170),
since heme itself may be cytoprotective. During this time, al-
most all of the complications of prior cytoreductive therapy be-
come most evident, including marrow aplasia, infection, and
gastrointestinal and hepatic toxicity. This is also the period
where dialysis will be most required (163,171). Mortality in-
creases markedly if dialysis is required, approaching 90% in
some studies (163,171). Despite the many possible causes of
ARF, Zager and co-workers (163) find that the large major-
ity of such patients develop renal failure in the background of
liver failure reminiscent of the hepatorenal syndrome. The syn-
drome is characterized clinically by hyperbilirubinemia, hep-
atomegaly, usually with right upper quadrant pain, and sud-
den weight gain, often with peripheral edema and ascites. The
urinary sodium remains low despite diuretic therapy, and in
the presence of large requirements of fluid for administration
of medications and blood products, there is the potential to
develop significant degrees of circulatory congestion. Dialysis
is most often required to relieve such congestion, rather than
uremia.

The liver most often shows prominent changes of veno-
occlusive disease characterized by venular thrombosis, vari-
able degrees of hepatocellular necrosis, and portal hyperten-
sion (173,174). The cause of the syndrome is unknown, but it
bears some resemblance to the veno-occlusive disease induced
by radiochemical-induced endothelial cell damage. The severity
of the liver disease, as assessed by serum bilirubin levels, cor-
relates with the occurrence of renal failure. Also, preexisting
liver disease, concurrent administration of estrogen–progestin,
amphotericin, or MTX, and preexisting kidney disease all in-
crease the risk of ARF (163,173,175). Zager et al. (163) point
out the important role that sepsis plays in initiating the syn-
drome, either directly or by virtue of the exposure to addi-
tional toxins, especially amphotericin. Attempts to limit venous
occlusion with heparin, prostaglandin E1 infusion, and tis-
sue plasminogen activator have not been uniformly successful,
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A B

FIGURE 43-3. A: Light-microscopic appearance of a glomerulus from a patient who received a bone
marrow transplant 6 months before and had a plasma creatinine of 2.1 mg/dL. Glomerular capillary
loops are distended by the subendothelial deposition of proteinaceous material and formed elements of
the blood including erythrocytes (arrow). There is loss of endothelial and mesangial cells. Focal sclerosis
of the mesangium is present. (Jones silver methenamine, ×1,100.) B: Electron-microscopic appearance of
a glomerular capillary from a patient 10 months after bone marrow transplant with a plasma creatinine
of 4.3 mg/dL. Proteinaceous deposits, sometimes mineralized (arrow), lift the endothelium away from the
glomerular basement membrane, tending to narrow the capillary lumen. (Magnification ×6,300.) (From:
Cohen EP, et al. Clinical course of late-onset bone marrow transplant nephropathy. Nephron 1993;64:626,
with permission.)

as is the attempt to reduce TNF-α by pentoxifylline (176). Re-
cent studies have focused attention on the deficiency of the
naturally occurring anticoagulants protein C and antithrom-
bin III as causes of the syndrome (177), but preexisting liver
and renal disease, the use of estrogens and progestin, ampho-
tericin, MTX, mismatched grafts, and age greater than 25 years
have each been shown to be risk factors. Once renal failure oc-
curs, dialysis is the treatment of choice, as the administration
of diuretics and dopamine infusion has not been successful in
reversing it (166).

HEMOLYTIC-UREMIC SYNDROME
ASSOCIATED WITH BONE
MARROW TRANSPLANT

Renal failure may emerge as long as 2 years following bone
marrow transplant in a manner that may be identical to the
hemolytic-uremic syndrome (HUS). HUS was first reported by
Shulman and colleagues (178) who described three patients
who developed renal failure 6 weeks after bone marrow trans-
plant with hypertension, congestive heart failure, and a severe
microangiopathic hemolytic anemia. It is now a recognized
complication in as many as 25% of transplant patients who
survive 2 years following successful engraftment (179). The

syndrome is variable and may occur abruptly or take on a more
chronic course (180). The microangiopathic hemolytic anemia
may be clinically obscure, and the diagnosis may require care-
ful and sequential analysis of the blood and urine and finally a
renal biopsy. In both forms of presentation, it is common for
patients to enter a more chronic phase with severe, but stable
renal failure. Renal histopathology reveals enlarged, hypocel-
lular glomeruli with deposition of spongy material along the
inner aspect of the glomerular basement membrane extending
into the glomerular capillary loops and producing a “double
contour” appearance (Fig. 43-3). Arterioles also show thick-
ening of the wall with expansion of the subendothelial space
with mucoid deposits. These changes, consistent with severe
mesangiolysis (181) and arterionecrosis, are similar to those
seen in acute radiation nephritis (182). Deposition of fibrin,
C3 (Complement 3), Clq (Complement 1q), and immunoglob-
ulin M (IgM) can also be demonstrated. In the few patients
who have been biopsied in the chronic phase of the disease,
glomerular and interstitial fibrosis and arteriolar nephroscle-
rosis predominate (180).

The mechanism of the nephrotoxicity is unknown, but the
role of cyclosporin A (CsA) is not thought to be primary, as
the syndrome occurs in its absence (180,183,184). Total body
radiation is thought to be a principal cause of the syndrome, as
syngeneic transplants not receiving radiation do not have the
disease and partial shielding of the kidney results in a lower
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incidence of HUS following bone marrow transplant (185).
Interesting in this regard is that the radiation dose necessary
to induce the damage is well below the known threshold of
20 Gy (11). Conditioning protocols used prior to transplanta-
tion that usually include cyclophosphamide and cytosine arabi-
noside, which may be radiomimetic, and the need to introduce
CsA treatment to prevent GVHD, all probably potentiate the
nephrotoxicity of ionizing radiation.

The similarity of post-transplant HUS and non–transplant-
related HUS prompted attempts to treat patients with plasma
exchange but without success (186). Another major treatment
decision is whether to continue CsA. As already indicated, it
does not seem that the role of CsA is primary, and the grav-
ity of GVHD would dictate that patients should remain on
the drug. Nonetheless, most centers attempt to reduce the CsA
dose. Treatment includes aggressive management of the hy-
pertension, as there is evidence that this slows the progres-
sion of the renal disease (179). Recently, there is some evi-
dence to suggest that angiotensin-converting enzyme inhibition
and angiotensin-receptor blockade can be used to prevent post-
transplant HUS (187,188).

HEMOLYTIC-UREMIC SYNDROME
SECONDARY TO CANCER

AND CHEMOTHERAPY

HUS often occurs on the background of cancer and chemother-
apy but may rarely occur in disseminated cancer even be-
fore the initiation of chemotherapy. In the latter circumstance,
HUS may actually respond to chemotherapy (189). However,
it is most often associated with mitomycin therapy as dis-
cussed above, but other agents have been implicated including
bleomycin and cisplatin (190). As in autoimmune and familial
forms of HUS, large molecular weight complexes of von Wille-
brand factor (vWF) trigger the characteristic microaggregation
of platelets. But in contradistinction to these forms, the cause
of the increase in the levels of circulating vWFs is not due to a
deficiency of vWF-cleaving protease (ADAMTS13) but is due
to release of these complexes from damaged endolethial cells
(191,192). Standard plasma exchange therapy is less successful
in cases of cancer chemotherapy-associated HUS and alternate
therapy with plasma perfusion over staphylococcal protein-A
is being advocated.

Cyclosporine Nephrotoxicity

GVHD is a serious complication of bone marrow transplant,
carrying with it mortality rates of up to 50% (193). CsA, be-
cause of its lack of bone marrow toxicity and proven efficacy
(193) over MTX alone in preventing GVHD, is the preferred
drug to use in combination with MTX or prednisone. The use
of CsA has been associated with a greater incidence of renal fail-
ure than the use of MTX alone (194) or MTX plus prednisone
(195), and the risk of renal failure has correlated reasonably
well with CsA levels in the blood (196), so that monitoring
of CsA levels is recommended (166). However this is still a
controversial point because the development of renal failure
did not correlate with blood CsA levels in at least one large
series (164). Currently the risk of CsA-induced renal failure is
relatively low, perhaps as a consequence of close drug moni-
toring and the relatively brief period of full-dose therapy that
is employed when no active GVHD is present (196). However,
with the increasing use of unrelated donor grafts, it is likely
that more chronic GVHD and prolonged CsA dosage will be
accompanied by greater nephrotoxicity.

CONCLUSION

It is clear that several factors stand out as potentiating the
nephrotoxicity of these agents. First is the presence of preex-
istent renal disease. Recognition of this and reduction of the
administered dose of the nephrotoxin should lead to lower
nephrotoxicity. Second is the fullness of the intravascular arte-
rial circulation, and hydration of the patient prior to cytoreduc-
tive therapy is an important element in prevention of the most
severe forms of renal disease. Data to support the notion that a
full extracellular fluid space at the time of exposure ameliorate
the subsequent course of the ARF are extensive and reviewed
in Chapters 39 and 40. The mechanism of this protection is
unknown, but several urinary indices have been identified to
predict the outcome of exposure. Thus a high-solute excretion
rate and increased renal blood flow are thought to be crucial
elements in this regard (197). Interestingly, many different re-
nal stresses respond to this regimen, including ischemic and
nephrotoxic insults, and, experimentally at least, do not de-
pend on altering the extent of the cytotoxic insult (34,197) or
the pharmacodynamics of the drug (34), suggesting that the
mechanism of protection depends on some interruption of the
impact of cell injury on kidney function.

It is important to note that the coexistence of cardiovascular
disease as well as pulmonary and liver disease will limit the kid-
ney’s ability to excrete salt so that monitoring the response of
the kidney to salt infusion is crucial. Introduction of a diuretic
may be necessary under conditions where there is no diuresis
in response to the infusion of fluids alone. While there are ad-
vocates of one hydration protocol over another, there are very
few randomized, prospective studies to demonstrate benefits of
one protocol over another. One recent prospective trial found
no benefit of the addition of either mannitol or furosemide to
the infusion of 0.45% sodium chloride at a rate of 1 mL per kg
body weight per hour for 12 hours before and 12 hours after
exposure to radiocontrast dye (198). Adjustments to any stan-
dard protocol of fluid administration by careful monitoring of
the urine output and assessment of solute excretion are crucial
to achieve maximum benefit. If weight gain and peripheral or
central edema are provoked, fluid administration may actually
be deleterious to the outcome.

The full impact of the antineoplastic drugs on long-term
renal function is more difficult to determine, but recent data
with cisplatin and bone marrow transplant would indicate that
significant degrees of renal dysfunction are to be expected. The
challenge for the future is to uncover the mechanism of the
permanent renal failure and prevent it.
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CHAPTER 44 ■ NEPHROTOXICITY OF
NONSTEROIDAL ANTIINFLAMMATORY
AGENTS, ANALGESICS, AND ANGIOTENSIN-
CONVERTING ENZYME INHIBITORS
BIFF F. PALMER AND WILLIAM L. HENRICH

NEPHROTOXICITY OF
NONSTEROIDAL

ANTIINFLAMMATORY DRUGS

Nonsteroidal antiinflammatory drugs (NSAIDs) are some of
the most widely utilized therapeutic agents in clinical practice
today. While the gastrointestinal toxicity of these medications is
well known, it has become increasingly apparent that the kid-
ney is also an important target for untoward clinical events.
The renal toxicity associated with the use of NSAIDs can be
divided into one of several distinct clinical syndromes. These
include a form of vasomotor acute renal failure, nephrotic syn-
drome associated with interstitial nephritis, chronic renal in-
jury, and abnormalities in sodium, water, and potassium home-
ostasis. The common link in these syndromes is a disruption
in prostaglandin metabolism, the class of compounds whose
synthesis is inhibited by these agents.

Prostaglandin Biosynthesis and
Compartmentalization

Prostaglandins are members of a class of compounds termed
eicosanoids. Eicosanoids are biologically active fatty acids that
are all derived from the oxygenation of arachidonic acid. The
particular enzyme involved in the oxygenation process dictates
which class of eicosanoid will be synthesized. Oxygenation of
arachidonic acid by the enzyme cyclooxygenase is responsible
for prostaglandin and thromboxane synthesis (Fig. 44-1). The
enzyme lipoxygenase converts arachidonic acid to leukotrienes,
lipoxins, and eventually to hydro fatty acid derivatives such
as hydroxyeicosatetraenoic acid (HETE). Finally, oxygenation
by the cytochrome P-450 system generates epoxyeicosatrienoic
acids (EETs).

The availability of free arachidonic acid is the rate-limiting
step in eicosanoid biosynthesis. Normally, arachidonic acid is
found esterified to membrane phospholipids, where it under-
goes deacylation primarily under the influence of phospholi-
pase A2. Phospholipase A2-mediated arachidonic acid release
is a calcium–calmodulin-dependent step that is stimulated by
vasopressin, bradykinin, angiotensin, and norepinephrine (1).
Corticosteroids inhibit this reaction by inducing the formation
of an inhibitor of phospholipase A2 called macrocortin or lipo-
modulin. Once released, free arachidonic acid is either reester-
ified back into membrane lipids or is converted into one of the
biologically active eicosanoids.

The first step in the synthesis of prostaglandins and throm-
boxanes is a cyclooxygenase reaction in which arachidonic

acid is converted into the cyclic endoperoxide prostaglandin
G2 (PGG2). PGG2 then undergoes a peroxidase reaction to
form a second endoperoxide called PGH2, which is accom-
panied by the formation of a superoxide radical. Both of these
reactions are catalyzed by the enzyme cyclooxygenase (COX),
also known as prostaglandin endoperoxide H synthase (2,3).
The cyclooxygenase and peroxidase reactions occur on dis-
tinct but neighboring sites on the COX enzyme. Once formed,
PGH2 has a short half-life and is rapidly acted on by a series
of enzymes that produce biologically active prostaglandins or
thromboxane. Prostacyclin synthase acts to form prostacyclin
(PGI2), thromboxane synthase forms thromboxane A2, and iso-
merases are responsible for the formation of PGE2, PGD2, and
PGF2a. PGE2 can be converted to PGF2α by 9-ketoreductase,
an enzyme that is stimulated by high-salt diet and inhibited by
furosemide (4).

Prostaglandins are synthesized on demand and exert physi-
ologic effects in discrete microenvironments along the nephron
in close proximity to their points of synthesis (Table 44-1). Due
to the virtual absence of distant effects, these compounds are
best regarded as autacoids rather than hormones. Variations
in the synthetic and degradative machinery along the length
of the nephron account for the differing types and amounts
of prostaglandins found in any given segment (5). PGI2 is the
most abundant prostaglandin produced in the cortex and is pri-
marily synthesized in cortical arterioles and glomeruli (6). This
location corresponds to the known effects of PGI2 in regulat-
ing renal vascular tone, glomerular filtration rate (GFR), and
renin release. PGE2 and thromboxane A2 are also produced in
the glomerulus and therefore may exert effects at this site.

The most abundant prostaglandin found in the tubules is
PGE2 (5,6). The cortical and especially the medullary por-
tion of the collecting duct is the dominant site of PGE2 syn-
thesis. Lesser amounts are found in the thin descending and
thick ascending limb with the least amount of synthesis found
in the proximal tubule. Medullary interstitial cells are also a
rich source of PGE2 production. This distribution provides
the anatomic basis for PGE2 to modulate sodium and chloride
transport in the loop of Henle, regulate arginine vasopressin-
mediated water transport, and control vasa recta blood flow.
PGF2α is synthesized primarily by medullary interstitial cells
and less by the papillary collecting tubule and glomeruli.
Prostaglandin-degradative enzymes are found in both the cor-
tex and medulla but are most abundant in the cortex. Except
for PGI2, which undergoes spontaneous hydrolysis to 6-keto-
PGF2α, prostaglandins are rapidly metabolized into inactive
products by a 15-prostaglandin dehydrogenase (7). Increased
concentration of this enzyme in the proximal nephron may fa-
cilitate degradation of prostaglandins delivered to the proximal
tubule by glomerular filtration (8).
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FIGURE 44-1. Synthetic and degradative path-
ways for the different types of eicosanoids. 15-
PDG, 15-prostaglandin dehydrogenase; EETs,
epoxyeicosatrienoic acids; HETE, hydroxye-
icosatetraenoic acid; TXA2, thromboxane A2.

Biologic Actions of Prostaglandins
in the Kidney

Under baseline euvolemic conditions, prostaglandin synthesis
is negligible, and as a result, these compounds play little to no
role in the minute-to-minute maintenance of renal function.
Where these compounds come to serve a major role is in the
setting of a systemic or intrarenal circulatory disturbance. This
interaction is best illustrated when examining renal function
under conditions of volume depletion (Fig. 44-2). In this set-
ting, renal blood flow is decreased while sodium reabsorption,
renin release, and urinary concentrating ability are increased.
To a large extent, these findings are mediated by the effects
of increased circulating levels of angiotensin II (AII), arginine

TA B L E 4 4 - 1

COMPARTMENTALIZATION AND FUNCTION OF
RENAL PROSTAGLANDINS

Site Eicosanoid Action

Arterioles PGI2, PGE2 Vasodilation
Glomeruli PGI2 > PGE2

(human)
PGE2 > PGI2

(rat)
TXA2

Maintain GFR
Vasoconstriction

Tubules PGE2, PGF2α Enhance NaCl and water
excretion

Interstitial cells PGE2 Enhance NaCl and water
excretion, influence
regional blood flow

Juxtaglomerular
apparatus

PGI2, PGE2 Stimulate renin release

PGI, prostaglandin I; PGE, prostaglandin E; PGF, prostaglandin F;
TXA, thromboxane A; GFR, glomerular filtration rate.

vasopressin (AVP), and catechols. At the same time, these hor-
mones stimulate the synthesis of renal prostaglandins, which in
turn act to dilate the renal vasculature, inhibit salt and water re-
absorption, and further stimulate renin release. Prostaglandin
release under these conditions serves to dampen and coun-
terbalance the physiologic effects of the hormones that elicit
their production. As a result, renal function is maintained near
normal despite the systemic circulation being clamped down.
Predictably, inhibition of prostaglandin synthesis will lead to
unopposed activity of these hormonal systems, resulting in ex-
aggerated renal vasoconstriction and magnified antinatriuretic
and antidiuretic effects. In fact, many of the renal syndromes
that are associated with the use of NSAIDs can be explained
by the predictions of this model.

FIGURE 44-2. In the setting of absolute or effective volume depletion,
a number of effectors are activated that serve to defend the circulation
and at the same time stimulate the synthesis of renal prostaglandins. In
turn, renal prostaglandins function to moderate the effects of these hor-
monal systems such that renal function is maintained in the setting of
systemic vasoconstriction. AVP, arginine vasopressin; GFR, glomeru-
lar filtration rate.
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Expression and Regulation of Cyclooxygenase
(COX)-1 and COX-2 in the Kidney

Aspirin and other NSAIDs exert their prostaglandin-inhibitory
effects by inhibiting the COX enzyme. The COX enzyme ex-
ists as two isoforms termed cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2). These enzymes are encoded by two
different genes and differ significantly in their regulation. The
COX-1 enzyme is constitutively expressed in most tissues and is
responsible for producing prostaglandins involved in maintain-
ing normal tissue homeostasis. The COX-2 enzyme is princi-
pally an inducible enzyme rapidly upregulated in response to a
variety of stimuli such as growth factors and cytokines typically
found in the setting of inflammation (3). With the discovery of
COX-2, a great deal of effort was put forth to develop com-
pounds to selectively block the activity of this isoform without
affecting the activity of COX-1. The availability of a COX-2–
specific inhibitor would provide a therapeutic tool to inhibit
the synthesis of arachidonic acid metabolites at sites of inflam-
mation and yet leave unperturbed COX-1 derived prostanoids
involved in normal homeostasis. In this manner the analgesic,
antiinflammatory, and antipyretic effects of an NSAID could be
obtained with minimal to no side effects. While initial experi-
ence with specific COX-2 inhibitors has been associated with a
reduction in gastrointestinal complications, recent information
suggests this paradigm is not applicable to the kidney.

COX-1 and COX-2 are both constitutively expressed in
the kidney. COX-1 is localized to mesangial cells, arteriolar
endothelial cells, parietal epithelial cells of Bowman’s capsule
and throughout the cortical and medullary collecting duct (9).
COX-2 is primarily expressed in the macula densa and adjacent
cells in the cortical thick ascending limb with lesser amounts
in the podocytes and arteriolar smooth muscle cells (10–13).
COX-2 is also abundantly expressed in interstitial cells in the
inner medulla and papilla (Table 44-2).

The expression of COX-2 in different regions of the kid-
ney varies in response to alterations in intravascular volume.
This variation is particularly evident in the macula densa where
studies show COX-2 plays an important stimulatory role in the
release of renin via the tubuloglomerular feedback mechanism.
Under conditions of low renal perfusion when the chloride con-
centration at the level of the macula densa is low, renin release
is inhibited by a COX-2 selective inhibitor but unaffected by
a COX-1 inhibitor (14). In genetically engineered mice lack-
ing COX-2 there is a failure of renin release in response to a
low salt diet whereas renin release is intact in animals lacking
COX-1 (15,16).

Stimulation of renin with subsequent formation of an-
giotensin II is part of a feedback loop since angiotensin II
exerts an inhibitory effect on COX-2 synthesis in the mac-

TA B L E 4 4 - 2

INTRA-RENAL LOCALIZATION OF COX-1 AND COX-2

Localization of COX-1
Mesangial cells
Arteriolar endothelial cells
Parietal epithelial cells of Bowman’s capsule
Cortical and medullary collecting duct cells
Localization of COX-2
Macula densa and adjacent cells of cortical thick ascending

limb of Henle
Interstitial cells in inner medulla and papillae
Low-level expression in podocytes and arteriolar smooth

muscle cells

ula densa via the angiotensin type 1 (AT1) receptor (17). In
contrast to effects at the macula densa angiotensin II upregu-
lates COX-2 and prostaglandin synthesis in vascular smooth
muscle cells and mesangial cells (18,19). This latter effect pro-
vides a mechanism for COX-2 to both facilitate the tubu-
loglomerular feedback response to low salt delivery to the
macula densa by increasing angiotensin II levels and preserve
the glomerular filtration rate through generation of vasodila-
tory prostaglandins to antagonize the vasoconstrictive effect of
angiotensin II (20).

The expression of COX-2 is also responsive to changes in
volume in the medulla of the kidney. COX-2 expression de-
creases with salt depletion and increases with high salt diet and
dehydration (13). COX-2–derived prostaglandins may play
an important role in facilitating a natriuretic response to salt
loading and help protect against volume overload. The in-
crease in COX-2 in response to dehydration is thought to pro-
vide a cytoprotective effect in the setting of hypertonic stress
(21,22). Treatment of water-deprived animals with a selective
COX-2 inhibitor is associated with apoptotic patches of re-
nal medullary interstitial cells. By contrast, no such changes
are seen in animals treated with the inhibitor alone or in an-
imals undergoing water deprivation without pharmacologic
treatment.

In summary, COX-2 is constitutively expressed in the kidney
and is highly regulated in response to physiologic perturbations
in intravascular volume. As discussed in the remainder of this
chapter the majority of experimental and clinical studies to
date suggest that the specific COX-2 inhibitors may not offer
any distinct advantage over traditional NSAIDs with regard to
renal toxicity. In fact, most of the renal syndromes that have
been linked to nonselective COX inhibitors have now been
described with the selective COX-2 inhibitors (Table 44-3). The
only exception is the development of chronic kidney disease
and papillary necrosis. The failure to link COX-2 inhibitors use
to these complications is not surprising since these agents have
only been available for clinical use for a relatively short period

TA B L E 4 4 - 3

CLINICAL SYNDROMES ASSOCIATED WITH
NONSELECTIVE COX INHIBITORS AND SELECTIVE
COX-2 INHIBITORS

Nonselective
COX inhibitor

(traditional Selective
Syndrome NSAID) COX-2 inhibitor

Vasomotor acute renal
failure

Yes Yes

Tubulointerstitial
nephritis with
nephrotic syndrome

Yes Yes

Tubulointerstitial
nephritis without
nephrotic syndrome

Yes Yes

NaCl retention and
edema

Yes Yes

Hypertension Yes Yes
Hyperkalemia Yes Yes
Decreased free water

clearance and
hyponatremia

Yes Yes

Papillary necrosis Yes Not reported
Chronic kidney

disease
Yes Not reported
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of time. As with traditional NSAIDs, the COX-2 inhibitors
need to be used cautiously and require close monitoring of renal
function in patients at high risk for adverse renal outcomes.

The overall clinical utility of selective COX-2 inhibitors has
recently been called into question as a result of rofecoxib be-
ing removed from clinical use due to an increase risk of car-
diovascular events. Whether such a risk applies to all COX-2
inhibitors is still a matter of debate.

Effects of Prostaglandins on
the Renal Circulation

Prostaglandins primarily exert a vasodilatory effect on the re-
nal vasculature (23). This vasodilatory effect alters the renal
circulation in two major ways. First, these compounds influ-
ence the distribution of renal blood flow to different regions of
the kidney. Prostaglandin stimulation results in a preferential
increase in blood flow to the more juxtamedullary nephrons
(24). By contrast, inhibition of prostaglandin synthesis results
in a selective reduction of flow to inner cortical nephrons while
flow remains well preserved in the outer cortex (25). Second,
prostaglandins exert a vasoregulatory effect on the renal mi-
crocirculation to include the interlobular, afferent, and effer-
ent arterioles as well as the glomerular mesangium. In isolated
renal arterioles, both PGE2 and PGI2 attenuate AII-induced
and norepinephrine-induced afferent arteriolar vasoconstric-
tion. On the efferent side of the circulation, PGI2 similarly
antagonizes AII-induced and norepinephrine-induced vasocon-
striction, but PGE2 is without effect (26). In addition to local
production, vascular reactivity of the efferent arteriole appears
to be influenced by prostaglandins produced in the upstream
glomerulus (27). In this regard, Arima and associates (27) find
that orthograde infusion of AII (afferent arteriole-glomerulus-
efferent arteriole) results in less vasoconstriction of the efferent
arteriole as compared to when infused in a retrograde fashion
(efferent arteriole-glomerulus-afferent arteriole). Pretreatment
with indomethacin markedly increases the vasoconstrictive ef-
fect during orthograde infusion but is without effect during the
retrograde infusion.

Prostaglandins have also been shown to attenuate mesangial
cell contraction induced by AII, endothelin, AVP, and platelet-
activating factor (28–31). Contraction of these cells will nor-
mally cause a decrease in the total glomerular capillary surface
area and result in a fall in the GFR. Mesangial cell synthesis
and release of PGI2 in humans and PGE2 in rats dampen the
constrictor effects of these hormones such that the glomeru-
lar capillary surface area is maintained, thereby minimizing
any fall in GFR. Thus, in the setting of enhanced hormonal
constrictor activity, prostaglandins play a major role in main-
taining glomerular hemodynamics by exerting a vasodilatory
effect at the level of the afferent and efferent arteriole as well
as within the glomerular mesangium.

Renal Syndromes Associated with
Nonsteroidal Antiinflammatory Drugs

Vasomotor-Induced Acute Renal Failure

Prostaglandins appear to play a negligible role in maintenance
of renal function under normal circumstances. This conclusion
is based on studies in both experimental animals as well as hu-
mans. In conscious, sodium-replete dogs and rats, inhibition
of renal prostaglandin synthesis with a variety of NSAIDs does
not alter baseline renal blood flow or GFR (32–35). Similarly,
renal hemodynamics are unaffected in healthy humans after
both short-term (36,37) and long-term administration of as-

pirin (38). In related studies, administration of indomethacin
to healthy volunteers was also found to produce no change in
renal hemodynamics (39,40).

A sharply different effect of cyclooxygenase inhibition is ob-
served when systemic hemodynamics are compromised. Under
conditions of circulatory distress, renal blood flow represents
a balance between vasoconstrictor influences on the one hand
and vasodilatory prostaglandins on the other. Predictably, ad-
ministration of NSAIDs in this setting will shift this balance
toward unopposed vasoconstriction and potentially result in a
precipitous decline in renal function.

This interplay between vasoconstrictive effectors and va-
sodilatory prostaglandins is particularly well illustrated in a se-
ries of studies utilizing a model of hemorrhage in dogs (41,42).
In animals subjected to hemorrhage, prostaglandin synthesis
inhibition was associated with a marked reduction in renal
blood flow as compared to prostaglandin-intact dogs. This re-
nal ischemic response was found to be partly reversed after
infusion of an AII antagonist or after renal denervation. When
renal denervation was combined with the AII antagonist, renal
blood flow was restored to values comparable to that in the
nonprostaglandin-inhibited animals. Clearly, these findings il-
lustrate the pivotal role that prostaglandins play in opposing
the renal ischemic effects of AII and renal nerves.

The modulating effect of vasodilatory prostaglandins on re-
nal hemodynamics can be expected to roughly parallel the ex-
tent to which vasoconstrictor effectors are activated. In turn,
the activity of these effectors will reflect the degree of circula-
tory distress. With only mild perturbations in the circulation,
one can begin to detect a discernible effect of prostaglandins
on renal blood flow. For example, unlike subjects ingesting an
ad lib sodium diet, normal subjects placed on a salt-restricted
diet will demonstrate a modest fall in creatinine clearance and
renal blood flow following the administration of aspirin or in-
domethacin (43,44).

Diuretic therapy is a common clinical situation where
NSAIDs may exert a deleterious effect on renal function in
otherwise healthy subjects (45). Like sodium restriction, di-
uretics increase the dependence of renal blood flow and GFR
on vasodilatory prostaglandins and potentiate the deleterious
effects of prostaglandin inhibition with cyclooxygenase in-
hibitors (46). The degree to which renal function is disturbed,
however, appears to vary depending on which diuretic–NSAID
combination is used. In this regard, Favre and colleagues (45)
find that the combination of triamterene and indomethacin
given to healthy subjects results in a marked decline in creati-
nine clearance. By contrast, only a mild decrease in creatinine
clearance is found when indomethacin is given in combination
with furosemide, hydrochlorothiazide, or spironolactone. In-
terestingly, triamterene is the only diuretic associated with a
marked increase in urinary prostaglandin secretion. Although
there is little evidence to suggest that the renal failure patients in
this study were volume-depleted, it appears that triamterene by
some unknown mechanism renders the renal circulation crit-
ically dependent on vasodilatory prostaglandins. As a result,
triamterene in combination with an NSAID should only be
used with extreme caution.

As alterations in the circulation become more pronounced,
rendering the renal circulation more dependent on vasodilatory
prostaglandins, cyclooxygenase inhibition can be expected to
result in more profound changes in renal hemodynamics. In
congestive heart failure, a decrease in effective arterial circu-
latory volume is the proximate cause for activation of neuro-
humoral vasoconstrictor forces that participate in the mainte-
nance of systemic arterial pressure and result in increased total
peripheral vascular resistance. Important to note, the rise in
renal vascular resistance is less than that seen in the periphery
(47). Vasodilatory prostaglandins function in a counterregu-
latory role, attenuating the fall in renal blood flow and GFR
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that would otherwise occur if vasoconstrictor forces were left
unopposed (48).

Cirrhosis is another clinical condition in which the integrity
of the renal circulation can become critically dependent on va-
sodilatory renal prostaglandins. Cirrhotic patients with a low
urinary sodium concentration tend to be the most susceptible
to develop acute decrements in renal function following the
administration of NSAIDs (49). These patients have a more
marked decrease in effective arterial circulatory volume, pri-
marily due to splanchnic vasodilation, which in turn leads to
higher levels of circulating catechols, AII, and AVP (50,51). As a
result, the renal circulation in this subset of patients is more crit-
ically dependent on the effect of vasodilatory prostaglandins.
As seen in patients with congestive heart failure, these patients
have high urinary concentrations of PGE2, which decline in
parallel with the fall in GFR (49).

Renal prostaglandins may play an important role in main-
tenance of renal hemodynamics in nephrotic syndrome. GFR
and filtration fraction are moderately decreased in most pa-
tients with the nephrotic syndrome (52,53). Micropuncture
studies in an experimental model of the nephrotic syndrome
have indicated that relative preservation of renal plasma flow
may serve an important role in attenuating the fall in GFR
that would otherwise occur due to a reduction in the ultra-
filtration coefficient (54). In this setting, locally produced va-
sodilatory prostaglandins may serve to reduce afferent arteri-
olar resistance, thereby increasing renal plasma flow and in-
creasing filtration pressure (55,56). Administration of NSAIDs
in this setting would lead to increased afferent arteriolar tone.
The resulting fall in renal plasma flow and filtration pressure
combined with the already decreased ultrafiltration coefficient
would result in a dramatic fall in GFR (55). Indeed, administra-
tion of prostaglandin synthesis inhibitors to nephrotic subjects
is commonly associated with a fall in GFR and may precipitate
acute renal failure in some patients (57,58). Other settings in
which there is increased vasoconstrictive input focused on the
kidney rendering it particularly vulnerable to the deleterious
effects of NSAIDs include endotoxic shock (59) and anesthesia
(60).

Risk factors for the development of NSAID-induced ARF
are not necessarily confined to conditions characterized by
decreases in absolute or effective arterial circulatory volume
(Table 44-4). One such example is the presence of underlying
chronic kidney disease. In this setting, increased vasodilatory
prostaglandins are thought to play an adaptive role in mini-
mizing the decline in global renal function by increasing GFR
in surviving nephrons through increased renal blood flow. The

TA B L E 4 4 - 4

RISK FACTORS FOR NSAID-INDUCED ACUTE
VASOMOTOR RENAL FAILURE

Decreased EABV Normal or increased EABV

Congestive heart failure Chronic renal failure
Cirrhosis Glomerulonephritis
Nephrotic syndrome Elderly
Sepsis Contrast-induced nephropathy
Hemorrhage Obstructive uropathy
Diuretic therapy Cyclosporin A
Postoperative patients

with “third space” fluid
Volume depletion/

hypotension

EABV, effective arterial blood volume.

TA B L E 4 4 - 5

PREDISPOSING FACTORS FOR NSAID-INDUCED
NEPHROTOXICITY IN THE ELDERLY

Age-related changes in renal function
↓ In glomerular filtration rate
↓ In renal blood flow
↑ In renal vascular resistance
Age-related changes in pharmacokinetics
↑ Free drug concentration
−Hypoalbuminemia
−Retained metabolites
↓ Total body water
↓ Hepatic metabolism with longer drug half-life

signal for increased prostaglandin production is generally not a
disturbance in the systemic circulation leading to increased cir-
culating levels of AII and catecholamines but rather intrarenal
mechanisms leading to generation of vasoactive compounds
within the glomerular microcirculation (61).

Increasing age is a risk factor for the development of nephro-
toxicity when using NSAIDs (62,63). This susceptibility in part
may be related to changes in renal function that normally ac-
company the aging process (64) (Table 44-5). Aging is asso-
ciated with a progressive decline in the GFR and total renal
blood flow. In addition, there is an increase in renal vascular
resistance. Important to note, the renal vasculature becomes
less responsive to vasodilators, while the response to vasocon-
strictors remains intact. In an analysis of 1,908 patients treated
with ibuprofen, renal impairment was found to occur in 343
(18%) patients (62). The two most important risk factors iden-
tified for the development of toxicity is age greater than 65
years and preexisting renal insufficiency. In a prospective study
of 114 older patients (mean age 87 years) started on NSAID
therapy, a greater than 50% increase in the serum urea ni-
trogen concentration was found in 15 (13%) patients (63). In
this study, concurrent use of a loop diuretic and large doses of
NSAIDs were found to be predictive of those who developed
significant azotemia.

In addition to age-related changes in renal function, age-
related changes in the pharmacokinetics of NSAIDs may also
make this population more susceptible to renal toxicity (65,66).
Older patients, particularly those with chronic illness, often
have lower albumin levels, which reduce protein binding of
the drugs and result in higher free-drug concentrations. This
binding of the parent compound to circulating albumin is fur-
ther impaired by retained metabolites, which accumulate as
a result of the normal age-related impairment in renal func-
tion. Increased drug levels also occur as a result of the age-
related decrease in total body water. Finally, decreased hepatic
metabolism, which is often present in older adults, contributes
to a longer half-life of the parent compound and can result in
unexpectedly high drug levels.

Other conditions in which effective arterial circulatory vol-
ume is normal or increased and yet renal function is criti-
cally dependent on increased synthesis of prostaglandins in-
clude immune mediated glomerular injury, urinary obstruction
(67), radiocontrast-induced injury (68), and administration of
cyclosporin A (69). In these conditions, increased production
of vasodilatory prostaglandins has been shown to counterbal-
ance the effects of intrarenally generated vasoconstrictors such
as thromboxane, leukotrienes, platelet-activating factor, and
endothelin. Administration of NSAIDs in each of these set-
tings can be expected to result in an exaggerated fall in renal
function.
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TA B L E 4 4 - 6

CLINICAL FEATURES OF NSAID-INDUCED
VASOMOTOR RENAL FAILURE

Oliguria
Usually occurs within a few days of beginning medicine
Hyperkalemia out of proportion to renal failure
Low fractional excretion of Na
Usually does not require dialysis
Usually reversible

NSAID-induced acute renal failure is most commonly an
oliguric form of renal failure that begins within several days
after initiation of the drug (Table 44-6). The urinalysis is unre-
markable in the majority of cases. Unlike other causes of acute
oliguric renal failure, the fractional excretion of sodium is often
less than 1%. This low fractional excretion of sodium reflects
the underlying hemodynamic nature of the renal failure. Hyper-
kalemia out of proportion to the decrement in renal function
is also a typical feature of this lesion. If recognized early, the
renal failure is reversible with discontinuation of the NSAID.
As a result, dialysis is usually not required.

Are Certain Nonsteroidal Antiinflammatory Drugs Renal Spar-
ing? An NSAID with effective antiinflammatory properties but
associated with less nephrotoxicity would be highly desirable
because there is a sizable population at risk for renal toxicity.
This issue has been most commonly discussed with sulindac.
It has been postulated that sulindac may have renal-sparing
properties as a result of its unique metabolism. Sulindac is ad-
ministered as a prodrug (sulindac sulfoxide), which must be
first converted to sulindac sulfide to exert cyclooxygenase in-
hibitory effects. The sulfide metabolite can be converted back
to the parent sulfoxide compound or be metabolized to an inac-
tive sulfone metabolite (70). The liver and kidney are thought
to be the major sites at which each of these biotransformations
takes place. Based on the ability of the kidney to inactivate
sulindac sulfide, renal prostaglandin synthesis should remain
relatively intact (71). In fact, unlike other NSAIDs, the active
metabolite of sulindac does not appear in the urine after oral
administration of sulindac sulfoxide but rather is excreted as
the parent compound or as the sulfone metabolite (72).

Despite the potential for less renal toxicity, studies exam-
ining this issue have produced conflicting results, some show-
ing renal sparing effects (73,74) and others not (75–77). This
discrepancy may in part be explained by changes in the phar-
macokinetics of sulindac that occur as a function of duration
of therapy and severity of underlying disease. Sulindac has a
long half-life (16 to 18 hours) which is prolonged in the set-
ting of renal or liver disease. In either circumstance, the ac-
tive compound, sulindac sulfide, can progressively accumulate
in the plasma over several days to weeks. In the setting of
chronic renal failure, steady-state concentrations of ibuprofen
are achieved within 24 to 48 hours, whereas concentrations of
sulindac sulfide may not achieve a steady state even after 11
days of therapy (75,78,79). With regard to patients with base-
line renal insufficiency, an adverse effect of sulindac on renal
function has mostly been reported in studies of longer duration
that included patients with more advanced degrees of renal in-
sufficiency (75,78). In this setting, levels of sulindac sulfide up
to 10 times normal have been reported (78). Such levels may
exceed the capacity of remaining renal tissue to convert sulin-
dac sulfide to inactive metabolites.

Similar observations have been noted in patients with cir-
rhosis and ascites (74). In patients who demonstrate a signifi-
cant decline in both urinary prostaglandin excretion and GFR

following the administration of sulindac, circulating levels of
sulindac sulfide are much higher in comparison to patients with
cirrhosis who fail to develop renal toxicity (74).

Thus, while there appears to be some reduced risk for
vasoconstriction-induced renal insufficiency in patients who
take sulindac versus other NSAIDs, this agent still needs to
be given with caution. It is likely that the renal-sparing effect
of sulindac may simply reflect that common clinical doses are
at the low end of the dose-response curve in terms of inhibiting
renal prostaglandins. By contrast, similar doses administered to
high-risk patients, particularly those with renal insufficiency or
liver disease, may result in much higher sulindac sulfide levels
which may be capable of inhibiting renal prostaglandin syn-
thesis. In addition to disease-induced changes in the pharma-
cokinetics of sulindac, there may be individual variability deter-
mined by genetic and/or environmental factors in the capacity
of the kidney to convert sulindac sulfide to inactive metabo-
lites (80). In this regard, a recent report found that 25 of
70 patients who were chronically ingesting sulindac for treat-
ment of arthritis had detectable sulindac sulfide levels in the
urine. It is interesting to speculate that this subgroup may be
at risk for renal toxicity in the appropriate setting.

Nabumetone has also been postulated to have renal spar-
ing properties due to modest selectivity of the drug toward
the COX-2 enzyme. However, critical review of clinical studies
examining this issue does not allow a definite answer to this
question (81). As with sulindac, the use of nabumetone in pa-
tients at risk for adverse renal effects must be given cautiously
with frequent monitoring of renal function.

COX-2 Inhibitors and Acute Renal Failure. Clinical stud-
ies comparing the specific COX-2 inhibitors with traditional
NSAIDs have generally shown similar effects on renal func-
tion. One possible exception based on studies in healthy vol-
ume replete adults suggest prostaglandins derived from COX-2
may be more important in modulating urinary sodium excre-
tion while COX-1 derived prostaglandins are more important
in regulating renal blood flow and GFR. In one study 24 el-
derly subjects on a nonrestricted diet received either celecoxib
or naproxen for a total of 10 days (82). A small but statistically
significantly decrease in GFR developed only in the naproxen
group. By contrast both drugs caused a similar decrease in uri-
nary sodium excretion that was transient in nature. Urinary
sodium levels returned to baseline after 72 hours and remained
stable for the remainder of the study. Similar findings were
found in 36 subjects maintained on a high-sodium diet and ran-
domized to receive rofecoxib, indomethacin, or placebo (83).
Both drugs caused a transient fall in urinary sodium excretion
as compared to placebo while only the indomethacin-treated
group demonstrated a decline in GFR.

Differing effects on GFR noted between selective and non-
selective COX inhibitors in euvolemic patients are no longer
apparent under conditions where renal function is more depen-
dent upon prostaglandins. In elderly subjects placed on a low-
sodium diet, rofecoxib lowers GFR to a similar extent as in-
domethacin (84). Similarly, treatment with celecoxib decreases
GFR and renal plasma flow to the same extent as naproxen
in young sodium-restricted healthy young men (85). Patients
with stable chronic kidney disease treated for 7 days with ei-
ther celecoxib or naproxen exhibit significant declines in GFR
that are similar in magnitude (86).

There are now numerous reports of clinically relevant acute
renal failure occurring in association with specific COX-2 in-
hibitor therapy (87). This complication has typically devel-
oped in patients with multiple risk factors for NSAID-induced
nephrotoxicity to include decreases in absolute or effective cir-
culatory volume. As with traditional NSAIDs, the renal failure
is frequently accompanied by hyperkalemia and may be se-
vere enough to require dialysis but is reversible following the
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discontinuation of the drug and restoration of extracellular
fluid volume.

Glomerular and Interstitial Disease

The use of NSAIDs can be associated with the development
of a distinct syndrome characterized by the development of
interstitial nephritis and nephrotic range proteinuria. The inci-
dence of this lesion is unknown but is thought to be rare. One
estimate for fenoprofen-induced interstitial nephritis was one
case per 5,300 patient-years of treatment (88). While virtually
all NSAIDs have been reported to cause this syndrome, the
vast majority of cases have been reported in association with
use of the propionic acid derivatives (fenoprofen, ibuprofen,
and naproxen) (133–142). Of these, fenoprofen has been im-
plicated in greater than 60% of cases (89). Interstitial nephritis
with and without nephrotic syndrome has also been reported
with the COX-2 inhibitors, rofecoxib and celecoxib (90–94).

Unlike hemodynamically mediated ARF, there are no clear-
cut risk factors that serve to identify those at risk for develop-
ment of this syndrome. The mean age of patients is 65 years
(89). The presence of an underlying renal disease prior to ex-
posure of the NSAID has been notably absent. This syndrome
has generally been referred to as an example of acute interstitial
nephritis. There are, however, a number of features that distin-
guish this form of interstitial renal disease from that observed
with other pharmacologic agents (89,95) (Table 44-7). First,
the average duration of exposure prior to the onset of disease
is typically measured in months and can be as long as a year. By
contrast, allergic interstitial nephritis due to other drugs usu-
ally presents within several days to weeks after exposure to the
drug. Second, nephrotic range proteinuria is found in >90%
of cases of NSAID-induced interstitial disease, a degree of pro-
teinuria that is distinctly uncommon in acute allergic interstitial
nephritis due to other drugs. Third, symptoms of hypersensitiv-
ity that are commonly seen in acute allergic interstitial nephritis
such as rash, fever, arthralgias, or peripheral eosinophilia are
uncommon in NSAID-associated disease. Fourth, the vast ma-
jority of cases associated with NSAIDs have been reported in
older patients. On the other hand, allergic interstitial nephritis
is seen in all age groups.

Renal biopsy findings typically show a diffuse or focal lym-
phocytic infiltrate. The number of eosinophils in the infiltrate is
variable but generally is not marked. The glomerular changes
are most commonly those seen in minimal change disease.

TA B L E 4 4 - 7

CLINICAL CHARACTERISTICS OF NSAID-INDUCED
TUBULOINTERSTITIAL NEPHRITIS (TIN) VERSUS
TYPICAL DRUG-INDUCED TIN

Typical
NSAID-induced drug-induced

Characteristic TIN TIN

Duration of
exposure

5 days –>1 year 5–26 days

Hypersensitivity
symptoms

7%–8% 80%

Eosinophilia 17%–18% 75%–80%
Proteinuria

>3.5 g/24 hr
>90% <10%

Eosinophiluria 0%–5% 80%–85%
Peak serum

creatinine
1.5–>10 mg% 1.5–>10 mg%

In particular, the glomeruli are normal by light microscopy,
while fusion of the podocytes is seen with electron microscopy.
In some cases there is evidence of glomerulosclerosis. Since
most patients who develop this syndrome are older, this latter
finding may simply represent the normal age-related increase
in glomerulosclerosis. Immunofluorescent studies are typically
nonspecific. There has been an occasional report of weak and
variable staining for immunoglobulin G and C3 along the tubu-
lar basement membrane. Electron microscopy typically shows
diffuse fusion of the podocytes in cases with heavy proteinuria.
Mesangial, electron-dense deposits have been observed in only
three patients, suggesting that this is not an immune-mediated
disease (96–98).

While the combination of interstitial nephritis and nephrotic
syndrome is the most common clinical manifestation, a sec-
ond presentation is the development of nephrotic syndrome
without evidence of interstitial renal disease (95,99). Once
again, the glomerular histology is typical of minimal change
disease, although a few patients have been described with
changes typical of membranous glomerulopathy (90,95,100).
It is likely that the pathophysiologic mechanism that under-
lies the development of glomerular disease in the absence of
interstitial disease is similar, if not identical, to the more com-
mon finding of combined nephrotic proteinuria and interstitial
nephritis.

A third presentation that has uncommonly been reported
is the development of interstitial nephritis without nephrotic
proteinuria (95,101–103). The onset of disease following the
initiation of drug therapy tends to be much shorter and in this
respect resembles the more common form of drug-induced al-
lergic interstitial nephritis. In addition, these patients are more
likely to exhibit a systemic hypersensitivity reaction. Given the
closer temporal relationship between the administration of the
offending NSAID and the development of renal insufficiency,
one may confuse this latter presentation with that of NSAID-
induced vasomotor ARF. Symptoms of hypersensitivity as well
as histopathologic changes typical of interstitial renal disease
should allow one to distinguish this lesion from hemodynami-
cally mediated ARF.

Finally, NSAID toxicity may present as an exacerbation of
an underlying disease. In a case report of a patient with systemic
lupus erythematosus, the development of interstitial nephri-
tis and nephrotic syndrome after administration of naproxen
clinically appeared as a rapidly progressive lupus glomeru-
lonephritis (104).

The clinical course of patients who present in any one of
these manners is to develop a spontaneous remission after re-
moval of the offending NSAID. The time until resolution is
variable but can range from a few days to several weeks. In
some patients, the degree of renal insufficiency can be severe
enough that dialytic support is required. Steroid therapy has
been used in many of the reported cases; however, the effi-
cacy and necessity of this therapy are unknown. It should be
noted that relapses have been reported after inadvertent expo-
sure to the same NSAID or after exposure to a different NSAID
(105–107).

Renal Sodium Retention

Sodium retention is a characteristic feature of virtually all
NSAIDs, occurring in as many as 25% of patients who use
them. The physiologic basis of this effect is directly related to
the natriuretic properties of prostaglandins. Prostaglandins in-
crease urinary sodium excretion by both indirect and direct
mechanisms (Fig. 44-3). Through their activity as renal va-
sodilators, prostaglandins may cause an increase in the filtered
load of sodium. In addition, these compounds preferentially
shunt blood flow to the inner cortical and medullary regions
of the kidney (24,25). As a result of increased medullary blood



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-44 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:7

Chapter 44: Nephrotoxicity of Nonsteroidal Antiinflammatory Agents 1089

FIGURE 44-3. The direct and indirect mechanisms
by which renal prostaglandins exert a natriuretic
effect.

flow, there is a fall in the medullary interstitial solute concentra-
tion. Processes that reduce the degree of medullary hypertonic-
ity lead to a concomitant reduction in the osmotic withdrawal
of water from the normally sodium-impermeable thin descend-
ing limb of Henle. This in turn decreases the sodium concentra-
tion of fluid at the hairpin turn. The net effect is less passive re-
absorption of sodium across the normally water-impermeable
thin ascending limb of Henle. Consistent with this mechanism,
infusion of PGE1 lowers and prostaglandin synthesis inhibi-
tion raises sodium chloride and total solute concentration in
the medulla (108–110).

Finally, prostaglandins can affect sodium reabsorption in
the proximal tubule by virtue of their ability to influence the
tone of the efferent arteriole. Changes in the tone of this vessel
play a central role in determining the Starling forces that gov-
ern fluid reabsorption in this nephron segment. Increased resis-
tance of this vessel, as that which occurs in the setting of high
concentrations of AII, leads to a decrease in the downstream
peritubular hydrostatic pressure. In addition, efferent constric-
tion increases the filtration fraction by reducing glomerular
plasma flow and increasing the upstream glomerular pressure.
The increased filtration fraction leads to an increase in the per-
itubular oncotic pressure. A decrease in hydrostatic pressure
and increase in oncotic pressure in the peritubular vessel fa-
vor fluid reabsorption in the proximal tubule. By modulating
the degree to which the efferent arteriole is constricted and
thus altering peritubular Starling forces acting on the proximal
tubule, prostaglandins can decrease proximal tubular sodium
reabsorption. Predictably, in a model of high circulating levels
of AII induced by suprarenal aortic constriction, inhibition of
prostaglandin synthesis was found to increase efferent arteriole
oncotic pressure and decrease peritubular hydrostatic pressure,
resulting in a significant increase in proximal fluid reabsorption
(111).

In addition to these hemodynamically mediated changes in
renal sodium handling, prostaglandins have direct effects on
tubular sodium transport. In the isolated perfused tubule, PGE2
has been shown to inhibit sodium transport in the cortical and
outer medullary collecting duct (112,113). Using the same tech-
nique, PGE2 has also been shown to decrease chloride transport
in the thick ascending limb of Henle (114). In vivo studies also
support a direct inhibitory effect of prostaglandins on sodium
transport in the loop of Henle, distal nephron, and collecting
duct (115,116). The mechanism of this direct inhibitory effect

is unclear but may involve decreased activity of the Na–K–
ATPase pump (117). Prostaglandins have also been shown to
mediate the natriuretic response to increased renal interstitial
hydrostatic pressure that occurs during renal interstitial vol-
ume expansion (118,119). In addition, these compounds play a
permissive role in the sodium excretion that follows volume ex-
pansion and an increase in renal perfusion pressure (120,121).

It would at first seem paradoxical that under conditions
of volume depletion the kidney would elaborate a compound
that would have further natriuretic properties. The role of
prostaglandins in this setting, however, is to moderate the avid
salt retention that would otherwise occur in the setting of un-
opposed activation of the renin–angiotensin–aldosterone and
adrenergic systems. By virtue of their natriuretic properties,
prostaglandins play a role in ensuring adequate delivery of
filtrate to more distal nephron segments under conditions in
which distal delivery is threatened (e.g., renal ischemia, hypo-
volemia). In addition, diminished NaCl reabsorption in the
thick ascending limb of Henle reduces the energy requirements
of this segment. This reduction in thick ascending limb work-
load in conjunction with a prostaglandin-mediated reallocation
in renal blood flow helps to maintain an adequate oxygen ten-
sion in the medulla under conditions that would otherwise have
resulted in substantial hypoxic injury (122,123).

NSAIDs are thought to cause salt retention primarily by in-
hibiting prostaglandin synthesis and therefore disrupting the
foregoing mechanisms. The extent to which salt retention be-
comes clinically manifest depends on the degree of baseline
prostaglandin production. In normal healthy humans, base-
line prostaglandin production is minimal. As a result, NSAID-
induced positive sodium balance is transient and usually of
no clinical importance. By contrast, NSAID administration in
clinical conditions such as congestive heart failure, cirrhosis,
or nephrotic syndrome can result in marked sodium retention
and potentially adverse clinical consequences.

In addition to causing sodium retention, NSAIDs have been
shown to attenuate the natriuretic effect of diuretics (124–126).
The mechanism of this resistance is multifactorial. The natri-
uretic effects of loop diuretics have, in part, been linked to the
ability of these drugs to increase renal blood flow, an effect me-
diated by the stimulation of vasodilatory prostaglandins (127–
129). By inhibiting prostaglandin synthesis, NSAIDs limit
sodium excretion by preventing the increase in renal blood flow
normally seen after the administration of the diuretic (128). In
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addition to this hemodynamic effect, micropuncture and mi-
croperfusion studies have shown that prostaglandin inhibition
also blunts the effect of furosemide at the level of the thick
ascending limb of Henle (130–132). This latter effect may be
related to inhibition of furosemide-induced stimulation of na-
triuretic prostaglandins that act within this tubular segment.
Finally, NSAIDs may limit the diuretic response to loop diuret-
ics by competing for tubular secretion, thereby limiting the de-
livery of the drug to the luminal surface of the thick ascending
limb (133).

Indomethacin has also been shown to attenuate the diuretic
response to hydrochlorothiazide (134). The mechanism of this
interaction may result from enhanced salt absorption in the
loop of Henle, which would then limit the delivery of chloride
to the site of the thiazide action in the distal nephron. A similar
explanation may underlie the resistance that has been described
with NSAIDs and spironolactone (135).

Sodium Balance and Hypertension. In considering the natri-
uretic and vasodilatory properties of prostaglandins, it is not
surprising that administration of NSAIDs has been shown to
interfere with blood pressure control. In pooled studies, ad-
ministration of NSAIDs has been associated with an average
increase in blood pressure of between 5 and 10 mm Hg (136–
138). Of the various subgroups examined, this effect is most
pronounced in patients who are already hypertensive and much
less so in those who are normotensive. Of the hypertensive pa-
tients, those treated with β-blockers seem to be the most vul-
nerable to the hypertensive effect of NSAIDs (136,138). In this
regard, it is particularly interesting to note that propranolol has
been shown to increase prostacyclin formation (139). There is
less of an interaction with diuretics and angiotensin-converting
enzyme inhibitors, while no effect is seen with calcium channel
blockers (136).

Subgroup analysis shows that patients with low renin hy-
pertension (older adults and blacks) are at higher risk for wors-
ening hypertension in association with NSAID use. Older hy-
pertensive patients have reduced urinary PGE2 excretion when
compared to younger hypertensive patients (140). The patho-
genesis of NSAID-induced hypertension is not known with cer-
tainty. In a recent metaanalysis, NSAIDs were found not to alter
body weight or urinary sodium excretion significantly, imply-
ing that mechanisms other than salt retention were responsible
for the increased blood pressure (138). In this regard, elimina-
tion of the vasodilator prostacyclin from the resistance blood
vessels is believed to play some role in the development of hy-
pertension in individuals at risk (141–143).

Sodium Balance, Edema, and Hypertension with COX-2
Inhibitors. The use of COX-2 inhibitors is complicated by the
development of peripheral edema with a frequency similar to
that seen with traditional NSAIDs. In approximately 6,000
patients with osteoarthritis lower extremity edema developed
in 3.6% and 3.8% of patients treated with rofecoxib at 12.5
and 25 mg doses, respectively (87). These rates of edema were
no different than the comparator NSAIDs ibupofren and di-
clofenac and greater than placebo. In over 5,000 patients with
osteoarthritis treated with celecoxib the incidence of peripheral
edema was 1.6% and 3.0% in patients receiving 100 or 200
mg celecoxib twice daily as compared to 2.2% for the NSAID
comparator and 1.3% for placebo (144).

Increased blood pressure has also been reported to occur
in a minority of patients in large trials designed to investi-
gate the safety of rofecoxib and celecoxib. Conflicting results
have been noted in smaller trials directly comparing these two
drugs. In the Successive Celecoxib Efficacy and Safety Stud-
ies (SUCCESS) VI and VII only a minority of patients devel-
oped increased blood pressue but did so to a greater extent
on rofecoxib as compared to celecoxib (145,146). These tri-

als have been criticized for using doses of the drugs that were
not equivalent based on efficacy data, different baseline patient
characteristics, and timing of blood pressure measurements fa-
voring the shorter acting celecoxib. Subsequent studies using
equipotent doses of the drugs and measuring blood pressure at
intervals that would capture the peak effect of the drugs have
shown no difference between these drugs with regards to in-
creasing blood pressure (147,148). While more rigorously de-
signed prospective trials would be useful, the majority of data
suggest no difference between the various COX-2 inhibitors
and the tendency to develop increased blood pressure. This
complication is a class effect that is dose related and develops
with the same frequency as traditional NSAIDs. As previously
mentioned, rofecoxib is no longer available for clinical use.

Potassium Metabolism

The use of NSAIDs has been associated with the development
of hyperkalemia in the setting of chronic renal insufficiency as
well as normal renal function (149–154). The physiologic ba-
sis for this effect is inhibition of prostaglandin-mediated renin
release with subsequent development of hypoaldosteronism.
Both in vivo and in vitro studies have shown a direct stimu-
latory effect of prostaglandins (primarily PGI2 and PGE2) on
renin release from the juxtaglomerular cells (155,156). Clinical
studies in salt restricted subjects have shown the COX-2 selec-
tive inhibitors reduced urinary potassium excretion to a similar
extent as traditional NSAIDs (84,85). Both celecoxib and rofe-
coxib have been reported to cause significant hyperkalemia in
case reports. These finding are consistent with COX-2 in the
macula densa playing an important role in stimulating renin
release.

In addition to direct effects, these compounds play an essen-
tial intermediary role in those pathways that are of primary im-
portance in the regulation of renin release. In particular, renin
release stimulated by both decreased perfusion pressure and
decreased delivery of filtrate to the macula densa is dependent
on an intact cyclooxygenase system (157,158). By contrast,
β-adrenergic stimulation of renin release can occur indepen-
dently of prostaglandin synthesis (159,160).

NSAID-induced suppression of renin release with subse-
quent development of a hyporenin–hypoaldosterone state is
thought to be the primary mechanism of hyperkalemia. De-
creased renin release leads to decreased circulating levels of
angiotensin I, which in turn results in low levels of AII. Since
AII normally stimulates aldosterone release from the zona
glomerulosa cells in the adrenal gland, serum aldosterone lev-
els fall. In addition to low circulating levels, the effect of any
given level of AII on aldosterone release is impaired because
prostaglandins have been shown to play an intermediary role
in this stimulatory effect (161). Low circulating levels of AII
further contribute to the development of hypoaldosteronism
because adequate levels of AII are required for the stimulatory
effect of hyperkalemia on aldosterone release (162). In addition
to interfering with the renin–angiotensin–aldosterone cascade,
NSAIDs favor positive potassium balance in other ways. As
discussed earlier, inhibition of prostaglandin synthesis is asso-
ciated with increased sodium reabsorption in the loop of Henle
and thus decreased distal delivery. A reduction in sodium de-
livery to the aldosterone-sensitive cortical collecting tubule is
a known factor impairing potassium excretion. In addition,
tubular flow rates are an important determinant of potassium
excretion. Since NSAIDs increase the hydroosmotic effect of
AVP, flow rates can fall, further impairing potassium excretion.
Finally, decreased synthesis of prostaglandins may have effects
of decreasing potassium secretion at the level of the potassium
channel (163).

The development of hyperkalemia in patients receiving
an NSAID is most likely to occur in the setting of renal



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-44 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:7

Chapter 44: Nephrotoxicity of Nonsteroidal Antiinflammatory Agents 1091

FIGURE 44-4. The renin-angiotensin-aldosterone system and regulation of renal potassium excretion.
Aldosterone binds to a cytosolic receptor in the principal cell and stimulates sodium reabsorption across the
luminal membrane through a well-defined sodium channel. As sodium is reabsorbed the electronegativity
of the lumen increases thereby providing a more favorable driving force for potassium secretion through an
apically located potassium channel. Disease states or drugs that interfere at any point along this system can
impair renal potassium secretion and increase the risk of hyperkalemia when using angiotensin-converting
enzyme (ACE)-inhibitors or angiotensin receptor blockers. In many patients, this risk is magnified due to
disturbances at multiple sites along this system.

insufficiency or those with baseline abnormalities in the renin–
angiotensin–aldosterone system (155). Diabetic patients are at
risk due to the increased incidence of hyporeninemic hypoal-
dosteronism that occurs in this patient population (164,165).
Similarly, older adults are at higher risk by virtue of the nor-
mal age-related decrease in circulating renin and aldosterone
levels (166). Particular caution should be used when NSAIDs
are combined with other pharmacologic agents known to in-
terfere with the renin–angiotensin–aldosterone cascade (167)
(Fig. 44-4). Examples would include β-blockers, cyclosporin A,
angiotensin-converting enzyme inhibitors, angiotensin recep-
tor blockers, heparin, ketoconazole, high-dose trimethoprim,
and potassium-sparing diuretics.

Water Metabolism

Prostaglandins have important modulatory effects on renal wa-
ter metabolism. Their primary effect is to impair the ability to
maximally concentrate the urine. In doing so, two processes
that are central in the elaboration of a concentrated urine are
interfered with, namely, the generation of a hypertonic inter-
stitium and maximal collecting duct water permeability. The
decrease in interstitial hypertonicity is due to a washout effect

that results from the ability of prostaglandins to shunt blood
flow to the inner cortical and medullary regions of the kid-
ney. In addition, prostaglandins decrease sodium absorption
in the thick ascending limb and decrease AVP-induced urea
permeability in the medullary collecting duct. Decreased ac-
cumulation of sodium and urea in the interstitium further re-
duces the interstitial osmolality. The impairment in collecting
duct water permeability is the result of prostaglandins oppos-
ing the hydroosmotic effect of AVP (168–170). Interesting to
note, AVP is known to stimulate PGE2 synthesis in collecting
duct cells; by doing so, AVP induces its own antagonist. This
interaction is another example in which prostaglandins exert a
moderating effect on an effector mechanism that elicited their
synthesis. In this case, prostaglandins play an important role
in minimizing the water retention that would otherwise oc-
cur if the activity of AVP was unopposed (171). By oppos-
ing the vasoconstrictive action of AVP, prostaglandins also
contribute to the maintenance of glomerular perfusion and
filtration (172).

Based on the foregoing discussion, administration of
NSAIDs would predictably impair solute-free water excre-
tion by increasing the hydroosmotic effect of any given level
of circulating AVP and increasing the degree of interstitial
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FIGURE 44-5. The mechanisms by which nonsteroidal antiinflam-
matory drugs lead to decreased renal water excretion. AVP, arginine
vasopressin.

hypertonicity (Fig. 44-5). In most circumstances, however, hy-
ponatremia is not associated with the use of NSAIDs. Under
normal conditions, any decrease in serum osmolality would
be sensed in the hypothalamus and result in inhibition of AVP
release. As a consequence, excess solute-free water would be
promptly excreted, restoring the serum osmolality back to nor-
mal. On the other hand, administration of NSAIDs in the set-
ting of nonsuppressible AVP release may result in dramatic falls
in the serum sodium concentration. Patients at risk for this
complication would include those with high-circulating levels
of AVP driven by a decreased effective arterial circulatory vol-
ume such as congestive heart failure or cirrhosis (173). Patients
with syndrome of inappropriate antidiuretic hormone secretion
(SIADH) or those taking medications capable of stimulating
AVP secretion or impairing urinary dilution by other mecha-
nisms are also at risk for the development of hyponatremia
(60,174).

In this regard, a recent study examined the effects of ibupro-
fen and a thiazide diuretic on renal water handling in other-
wise healthy young and older volunteers subjected to a wa-
ter load (175). Three days of hydrochlorothiazide (100 mg
per day) was found to impair both solute-free water clear-
ance and the ability to elaborate a maximally dilute urine. A
delay in the recovery of serum osmolality was noted in both
the young and older subjects but to a significantly greater ex-
tent in the older subjects. When the young subjects were then
given a water load after treatment with ibuprofen together with
the thiazide, solute-free water clearance and serum osmolality
were reduced further and to a degree similar to that seen in
the older subjects on the thiazide regimen alone. It was postu-
lated that the susceptibility to thiazide-induced hyponatremia
known to occur in some elderly patients may, in part, be related
to lower renal prostaglandin production. It can be expected
that a greater number of older patients will be taking a combi-
nation of NSAIDs and hydrochlorothiazide given the efficacy
of thiazide diuretics in the treatment of systolic hypertension.

NONSTEROIDAL
ANTIINFLAMMATORY

DRUG-INDUCED CHRONIC
KIDNEY DISEASE AND

ANALGESIC NEPHROPATHY

The most common form of drug-induced chronic kidney dis-
ease is analgesic nephropathy. This lesion has most commonly

been linked to the chronic ingestion of compound analgesics
containing aspirin, phenacetin, and caffeine (176). A still un-
resolved question is whether long-term use of NSAIDs alone
can similarly result in a progressive and irreversible form of
chronic kidney disease. In this regard, a number of observa-
tions have emerged that would appear to substantiate the belief
that long-term use of NSAIDs can lead to a chronic form of re-
nal injury. Furthermore, the clinical characteristics of NSAID-
induced chronic kidney disease are sufficiently different from
those in analgesic nephropathy to suggest that this is a dis-
tinct clinical entity. Before reviewing the data linking chronic
NSAID use and renal insufficiency, a brief description of anal-
gesic nephropathy will be provided.

Analgesic nephropathy is a chronic kidney disease char-
acterized by renal papillary necrosis and chronic interstitial
nephritis (176–178). The early reports linking analgesics and
renal disease were generally found in patients who consumed
combination products containing phenacetin. This fact focused
attention on phenacetin as the primary cause of the syndrome
and prompted many countries to officially remove the drug
from nonprescription analgesics. Significantly, the removal of
phenacetin has not been uniformly followed by the expected
reduction in the incidence of the syndrome (179). Given that
other agents such as acetaminophen or salicylamide have been
substituted for phenacetin in many combination products, the
lack of decline in incidence of analgesic nephropathy suggests
that the use of combination products is as important as whether
the compound contains phenacetin (179,180). This conclu-
sion is further supported by the experience in Belgium where
a strong geographic correlation exists between the prevalence
of analgesic nephropathy and sales of analgesic mixtures con-
taining a minimum of two analgesic components (181,182).

Numerous epidemiologic studies performed in the past
demonstrated a wide variation in the geographic incidence of
analgesic nephropathy (179,180,183–186). Much of this vari-
ability could be explained by differences in the annual per
capita consumption of phenacetin (178,179). In those coun-
tries with the highest consumption such as Australia and Swe-
den, analgesic nephropathy was found responsible for up to
20% of cases of end-stage renal disease. In Canada, which had
the lowest per capita consumption, analgesic nephropathy ac-
counted for only 2% to 5% of end-stage renal disease patients.
It has been estimated that between 2% and 4% of all end-
stage renal disease cases in the United States can be attributable
to habitual analgesic consumption. Within the United States,
there are also regional differences in the reported incidence of
analgesic nephropathy, which are thought to be reflective of
differences in analgesic consumption (179,180,183,184). For
example, the use of combination analgesics is more common
in the southeastern United States, and the incidence of anal-
gesic nephropathy is three to five times as common a cause of
end-stage renal disease in North Carolina compared to Penn-
sylvania (179,180,183,184).

The development of analgesic nephropathy is associated
with a number of well-defined clinical characteristics (187).
The disease is more common in women by a factor of 2 to 6
and has a peak incidence at age 53 years. Patients typically con-
sume compound analgesics on a daily basis, often for chronic
complaints such as headache, dyspepsia, or to improve work
productivity. It has been estimated that nephropathy occurs af-
ter the cumulative ingestion of 2 to 3 kg of the index drug. Often
patients will exhibit a typical psychiatric profile characterized
by addictive behavior. Gastrointestinal complications, such as
peptic ulcer disease, are common. The patients are frequently
anemic as a result of gastrointestinal blood loss as well as re-
nal insufficiency. Ischemic heart disease and renal artery steno-
sis have both been reported to occur with higher frequency
in these patients (178). In fact, regular use of analgesic drugs
containing phenacetin is associated with an increased risk of
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hypertension and mortality and morbidity due to cardiovas-
cular disease (186,188). Finally, long-term use of analgesics is
known to be a risk factor for the subsequent generation of
uroepithelial tumors (189).

Patients with analgesic nephropathy have predominantly
tubulomedullary dysfunction characterized by impaired con-
centrating ability, acidification defects, and occasionally a salt-
losing state. Proteinuria tends to be low to moderate in quan-
tity. Interesting to note, the pattern of proteinuria is typically
a mixture of glomerular and tubular origin. Pyuria is common
and is often sterile. Occasionally hematuria is noted, but if per-
sistent should raise the possibility of a uroepithelial tumor.

There are several features of analgesic nephropathy that
make it difficult to diagnose. The disease is slowly progres-
sive and the symptoms and signs are nonspecific. Patients are
often reluctant to admit to heavy usage of analgesics and there-
fore are either misdiagnosed or not diagnosed at all until the
renal failure is far advanced. In addition, the lack of a simple
and noninvasive test that reliably implicates analgesics as the
cause of the renal injury has been an important limiting fac-
tor. Noncontrast abdominal computed tomography (CT) may
emerge as a useful diagnostic tool in this setting given its useful-
ness in the diagnosis of papillary necrosis (190). Characteristic
findings by computerized tomography suggesting the diagnosis
include small kidneys with an irregular contour and intrarenal
calcifications particularly in the medulla.

As mentioned earlier, there are a number of reports that
suggest that chronic use of NSAIDs alone may also lead to
renal injury. In this regard, several NSAIDs have been associ-
ated with the development of papillary necrosis either when
administered alone or in combination with aspirin (191). In
addition to inhibiting prostaglandin synthesis, the ability of
these agents to redistribute blood flow to the cortex, ren-
dering the renal medulla ischemic, may underlie this associa-
tion. While the reports linking papillary necrosis and NSAIDs
are predominantly anecdotal in nature, more recent observa-
tions would suggest that chronic renal failure resulting from
long-term use of NSAIDs may be more prevalent than once
thought (192,193). In a multicenter case-control study, San-
dler and associates (192) report a twofold increase in the risk
for chronic kidney disease associated with the previous daily
use of NSAIDs. Chronic kidney disease in these patients was
newly diagnosed and was defined as a serum creatinine con-
centration of 1.5 mg/dL or greater. This increased risk was
primarily limited to older men. An additional report linking
chronic use of NSAIDs with development of chronic kidney
disease described 56 patients from Australia (178). These pa-
tients had taken only NSAIDs over a period of 10 to 20 years
for treatment of varying rheumatic diseases. In 19 patients
(34%), radiographic evidence of papillary necrosis was found.
In 37 patients, renal biopsy material was available that dis-
closed evidence of chronic interstitial nephritis. The clinical
characteristics of these patients were quite different from those
with analgesic nephropathy, suggesting that NSAID-induced
chronic kidney disease is indeed a distinct entity. In particu-
lar, patients with NSAID-associated renal disease were older,
had an equal female-to-male ratio, a lower incidence of papil-
lary necrosis, less severe renal insufficiency, and a lower inci-
dence of urinary tract infections (178). In addition, an increased
risk of uroepithelial tumors has not been described in these
patients.

Further evidence of chronic toxicity has been reported in
a preliminary communication in which patients treated with
NSAIDs for rheumatoid arthritis and osteoarthritis were com-
pared to a matched control arthritis population (194). In this
study, the NSAID-treated patients had a rise in the serum cre-
atinine concentration from 1.28 to 2.58 mg/dL over a mean
period of 47.5 months. The control group not taking NSAIDs
had stable renal function. Finally, Segasothy and colleagues

(193) report on the risk of chronic renal disease in a prospec-
tive study of 259 heavy analgesic abusers. In this study, 69
patients developed radiographic evidence of papillary necro-
sis. Of these, 29 used NSAIDs either singularly (17 patients)
or in combination with another NSAID (12 patients). Another
nine patients used NSAIDs in combination with paracetamol,
aspirin, caffeine, or a traditional herbal medicine. Renal in-
sufficiency (serum creatinine concentration 1.4 to 8.8 mg/dL)
was noted in 26 of the 38 patients who had used an NSAID
chronically. Similar to the patients from Australia (178), this
disorder was more common in males (1.9:1.0), distinguishing
this disorder from classic analgesic nephropathy, which typ-
ically occurs in females. Similarly, these patients did not ex-
hibit the usual psychological profile associated with analgesic
abuse.

Thus, while further studies are needed to definitely assess
the question of cumulative toxicity, it appears that some chron-
ically treated patients may develop a change in renal function
over a long-term period. Given the abuse potential of powerful
NSAIDs and the fact that ibuprofen, naproxen, and ketoprofen
are now available on an over-the-counter basis, it is possible
that chronic NSAID abuse may become a more common cause
of chronic kidney disease in the future.

In considering the definite association of compound anal-
gesic abuse and the possible linkage of chronic NSAID use to
the development of chronic kidney disease, it has become com-
mon clinical practice to recommend acetaminophen whenever
possible for analgesia. In this regard, a recent case-control study
examining the use of over-the-counter analgesics as a risk factor
for end-stage renal disease found that acetaminophen may also
cause chronic kidney disease when used on a continual basis
(195). In this study, heavy average use of acetaminophen (>1
pill per day) and medium- to high-cumulative intake (1,000 or
more pills in a lifetime) each doubled the odds of end-stage re-
nal disease. These authors conclude that reduced consumption
of acetaminophen could decrease the overall incidence of end-
stage renal disease approximately 8% to 10%. The findings
in this study confirmed an earlier report that also concluded
that long-term daily use of acetaminophen is associated with
an increased risk of chronic kidney disease (183). While these
studies do not establish a cause-and-effect relationship between
acetaminophen ingestion and chronic kidney disease, the data
do suggest that ingestion of acetaminophen on a continual and
chronic basis should be discouraged.

A recent organized review by a consensus panel of the Na-
tional Kidney Foundation (NKF) surveyed over 600 articles
and studied the implications of several different kinds of anal-
gesic ingestion and renal failure risks (196,197). The highlights
of the recommendations from the NKF consensus panel based
on this review are that:

1. Ingestion of aspirin and nonsteroidal combinations are not
encouraged because of an increased risk of renal failure
when those combinations are ingested together.

2. Habitual consumption of analgesics is discouraged, and
monitoring is recommended when such use is mandatory.

3. Combination analgesics are recommended to be available by
prescription only with an explicit warning to physicians that
the habitual consumption of these combination products
could lead to the insidious development of chronic kidney
disease.

4. There should be an explicit warning to consumers regarding
NSAID ingestion.

The panel concluded that there is negligible clinical evidence
that suggests habitual use of acetaminophen alone causes the
clinical entity of analgesic nephropathy and that there is no
evidence that occasional use of acetaminophen causes renal
injury. Finally the panel points out that there is no risk from the
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FIGURE 44-6. Renal autoregulation normally main-
tains intraglomerular pressure relatively constant de-
spite variations in renal perfusion pressure. In patients
with chronic hypertension or mild chronic kidney dis-
ease renal autoregulation changes in such a way that
intraglomerular pressure begins to vary more directly
with changes in mean arterial blood pressure. One can
conceptualize this change as if the normal sigmoidal re-
lationship between systemic blood pressure and intra-
glomerular pressure becomes progressively more lin-
ear. As a result, increases in mean pressure cause exag-
gerated rises in intraglomerular pressure while declines
in mean pressure will cause exaggerated falls in in-
traglomerular pressure. The decline in intraglomerular
pressure accompanying more stringent levels of blood
pressure control will manifest itself by an increase in
the serum creatinine concentration. Renal dysfunction
that occurs in this setting is hemodynamic in origin
and is reflective of a lower intraglomerular pressure.

regular use of aspirin in the relatively small doses recommended
for prevention of cardiovascular events.

NEPHROTOXICITY OF
ANGIOTENSIN-CONVERTING

ENZYME INHIBITORS
AND ANGIOTENSIN

RECEPTOR BLOCKERS

The most common form of nephrotoxicity associated with
angiotensin-converting enzyme (ACE) inhibitor therapy is an
increase in the serum creatinine concentration occurring in the
setting of antihypertensive therapy (198). This complication is
becoming more common in clinical practice since guidelines
governing adequate blood pressure control have been made
more stringent. This decline in renal function is hemodynamic
in origin and not secondary to structural injury to the kidney
and can be traced to changes in renal autoregulation that ac-
company chronic kidney disease.

Normal renal autoregulation enables the kidney to maintain
fairly constant renal blood flow and glomerular filtration rate
in the setting of varying systemic blood pressure. One com-
ponent of this process is an intrinsic property of the afferent
arteriole called the myogenic reflex. The myogenic reflex causes
this vessel to either constrict or dilate in response to changes
in intraluminal pressure. An increase in arterial pressure elic-
its a vasoconstrictive response, whereas a decreased arterial
pressure results in vasodilation. These changes in afferent tone
provide an immediate response to maintain intraglomerular
pressure and glomerular filtration rate relatively constant in
the face of everyday fluctuations in systemic blood pressure
(199).

In the setting of chronic hypertension, the small arteries of
the kidney to include the afferent arteriole undergo a number
of pathologic changes that give rise to alterations in the way
the kidney autoregulates (200). As with vessels elsewhere, the
afferent arteriole initially demonstrates evidence of endothelial
dysfunction leading to impaired vasodilation. Over time this
impairment is exaggerated by histologic changes of hyaline ar-
teriosclerosis and myointimal hyperplasia. These changes lead
to a blunted ability of the preglomerular circulation to either
constrict or dilate in response to changes in renal perfusion
pressure. In essence these vessels take on the characteristics of
a pressure-passive vasculature where changes in mean arterial

pressure are matched by proportional change in GFR (201,202)
(Fig. 44-6).

A blunted ability of the preglomerular circulation to dilate
in response to a drop in the mean arterial pressure will cause an
exaggerated decrease in the intraglomerular pressure and GFR.
This impairment in autoregulation explains why patients with
hypertension and chronic kidney disease are more likely to have
an increase in the serum creatinine concentration when blood
pressure is lowered. Any drug that lowers blood pressure can
cause an increase in the serum creatinine concentration through
this mechanism but ACE inhibitors are more commonly asso-
ciated with this complication. ACE inhibitors will exaggerate
the decline in intraglomerular pressure due to blood pressure
reduction by concomitant vasodilation of the efferent side of
the glomerular circulation.

As long as the increase in serum creatinine concentration
is not excessive (>30% above the baseline value), or progres-
sive, discontinuation of the ACE inhibitor is not necessarily
warranted particularly considering the potential benefit, these
agents have in slowing the progression of chronic renal failure.
Long-term trials in both diabetic and nondiabetic patients have
shown that the initial decline in renal function reaches a plateau
within several weeks and is reversible with discontinuation of
the ACE inhibitor even after several years of therapy (203,204).
Thus a small, stable increase in the serum creatinine concen-
tration after the start of an ACE inhibitor is hemodynamic in
nature and reflects a fall in intraglomerular pressure.

If the rise in serum creatinine is >30% or the repeat
value shows a progressive rise then the appropriate response
is to discontinue the ACE inhibitor and initiate a search for
other causes of renal dysfunction. There are several condi-
tions in which use of ACE inhibitors may cause exaggerated
or progressive declines in renal function (Table 44-8). The first

TA B L E 4 4 - 8

RISK FACTORS FOR ACEI- OR ARB-INDUCED ACUTE
RENAL FAILURE

Renal artery stenosis
Polycystic kidney disease
Decreased absolute or effective arterial blood volume
Nonsteroidal antiinflammatory drugs
Cyclosporin A, FK-506 (tacrolimus)
Sepsis
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setting involves significant (usually >70%) bilateral renal
artery obstruction or unilateral renal artery obstruction to a
solitary functioning kidney. Under these conditions increased
tone of the efferent arteriole acts to attenuate the decline in
intraglomerular pressure that results from the arterial obstruc-
tion. The trade-off is that renal function and glomerular fil-
tration rate become dependent upon sustained constriction of
the efferent vessel by AII. A similar physiology can develop in
patients with polycystic kidney disease where the renal arteries
become extrinsically compressed by large cysts (205). Unless
the underlying obstruction can be treated then other classes of
antihypertensive agents will have to be utilized.

ACE inhibitors can also cause an azotemic response under
conditions of an absolute (gastroenteritis, aggressive diuresis,
poor oral intake) or effective reduction in arterial circulatory
volume (moderate to severe congestive heart failure). In these
settings angiotensin II-mediated constriction of the efferent ar-
teriole serves to minimize the decline in glomerular filtration
rate that would otherwise occur as a result of the fall in re-
nal perfusion pressure. In the volume-contracted patient, the
appropriate response to hold the ACE inhibitor and restart
the drug once the extracellular fluid volume has been replen-
ished. In a patient with congestive heart failure, ACE inhibitors
will increase the serum creatinine when the decrease in intra-
glomerular pressure resulting from efferent vasodilation is not
offset by an increase in renal perfusion. This can occur in pa-
tients with severely depressed cardiac function in which after-
load reduction can no longer increase cardiac output or in the
setting of aggressive diuresis.

A similar mechanism is responsible for renal dysfunction
that occurs in patients given ACE inhibitors in the setting of
NSAIDs, cyclosporin A, or early sepsis (206–208). In these
settings, there is increased vasoconstriction of the renal vascu-
lature. ACE inhibitor-induced efferent vasodilation in the face
of decreased perfusion pressure accounts for the fall in GFR.

Angiotensin receptor blockers can cause renal dysfunction
through the same mechanisms described with ACE inhibitors.
Based on the biology of angiotensin II and its receptors there
are reasons to suggest that such adverse effects on renal func-
tion may be slightly less common. These drugs block the AT1
receptor, which is located primarily on the efferent vessel re-
sulting in a vasodilatory response. AT1 blockade is also asso-
ciated with higher levels of angiotensin II that can then stim-
ulate AT2 receptors that are located to a greater extent on the
afferent side of the glomerular circulation (209–211). Stimu-
lation of the AT2 receptor causes vasodilation (210). Efferent
vasodilation (from AT1 blockade) combined with afferent va-
sodilation (from AT2 stimulation) might allow GFR to be better
maintained in the setting of decreased blood pressure. In ani-
mal models of volume depletion, angiotensin receptor block-
ers have been shown to better preserve GFR as compared to
ACE inhibitors (212,213). Whether such differences between
angiotensin receptor blockers and ACE inhibitors are sufficient
to be of clinical relevance in maintaining renal function has not
been well studied (214).

A few cases of membranous nephropathy have been at-
tributed to the use of ACE inhibitors (215,216), but the over-
all incidence of this complication and that of tubulointerstitial
nephritis are believed to be low. To date there are no such re-
ports linking angiotensin receptor blockers to the development
of glomerular or interstitial renal disease.
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CHAPTER 45 ■ RADIOCONTRAST
MEDIA-INDUCED ACUTE RENAL FAILURE
SAMUEL N. HEYMAN, MAYER BREZIS, AND ROBERT E. CRONIN

Since the introduction of the first iodinated contrast medium in
1954, the use of iodinated radiocontrast media has markedly
expanded, in parallel with the increasing use of imaging proce-
dures, including computerized tomography and angiographic
interventions. Some 80,000,000 imaging studies with iodinated
contrast agents were performed worldwide during 2003, cor-
responding to about 8 millions liters of radiocontrast mate-
rial (Idee JM, personal communications). This explains why
contrast-induced nephropathy (CIN) remains an important ia-
trogenic cause of acute renal failure (1,2), despite its recogni-
tion, the implementation of preventive strategies and the use
of safer agents. Hou reported in 1987 that of 129 cases of
hospital-acquired renal insufficiency, 12% followed the use of
radiocontrast (1), putting contrast media as the third leading
cause of new-onset acute renal failure (ARF) in hospitalized pa-
tients. Fifteen years later, CIN remains an important cause of
ARF acquired in a tertiary care hospital, together with reduced
renal perfusion, medications, and surgery (3).

This chapter will first provide a brief review of the radio-
contrast materials presently used. This will be followed by the
important clinical features of CIN, and by an evaluation of
laboratory investigations that provide insights into the patho-
genesis of this disorder. The last section deals with methods
currently used to prevent the development of CIN, and the
search for additional preventive strategies.

TYPES OF CONTRAST AGENTS

The first widely used radiocontrast media were high-osmolar
(≈1,600 mOsm) ionic derivatives of triiodobenzene, such as
diatrizoate, meglumine, or metrizoate (Table 45-1, Fig. 45-1).
Since the early 1990s their use has gradually been replaced by
safer “low-osmolar” (600 to 800 mOsm) agents, such as the
nonionic iohexol, ioversol, iopromide, or iopamidol, and the
ionic dimer ioxaglate, particularly for high-risk patients. Third-
generation isoosmolar (≈300 mOsm) nonionic agents, such as
iodixanol and iotrolan have been introduced during the late
nineties and their nephrotoxic potential as compared with the
low-osmolar contrast media is currently being investigated.

The basic structure of high-osmolar agents, such as sodium-
diatrizoate, is a single benzene ring that contains three io-
dine atoms and a short ionic residue that facilitates water
solubility. The nonionic monomers, such as iohexol, do not
have an ionic residue, and thus are only moderately hyper-
tonic. Dimeric ionic compounds, for instance ioxaglate, are
constructed of two linked benzene rings that together contain
six iodine atoms and a cationic residue of either sodium or
methylglucamine. Because the iodine content of these dimeric
compounds is twice that of either the ionic or the nonionic
agents, similar amounts of iodine can be given with only half
the osmotic load. The recently developed nonionic dimers re-
semble the dimeric ionic compounds but are devoid of the ionic
site. This structural modification further reduces the osmolar-

ity to a near-physiologic value, but at the price of a substantial
increase in viscosity (Table 45-1). As outlined below, the new
generation low- and isoosmolar agents are considered safer,
as compared with the high-osmolar radiocontrast media. In-
deed, the median lethal dose of intravenously administered io-
hexol, is three times greater than that of the ionic high osmolar
agents (4). Nonionic contrast media seem to have a partic-
ular advantage in myelography, digital subtraction angiogra-
phy, leg phlebography, arteriography and renal tomography.
Systemic effects, such as a feeling of warmth (especially af-
ter intravenous use), that depend on iodine content, osmolal-
ity, and sodium ion concentration are less frequent with these
agents (5). Unlike the ionic agents that are minimally reab-
sorbed by the nephron, the nonionic agents are to some ex-
tent reabsorbed by the proximal tubule, but there is species
specificity to this property (6). Radiocontrast agents cause mild
proteinuria when injected directly into the renal artery, but the
magnitude of this effect with nonionic agents is smaller than
with ionic radiocontrast (7). The nonionic agents also have sig-
nificantly less cardiac effects, causing less depression of ventric-
ular contractility and less reduction in coronary sinus calcium
concentration (5). They also appear to have less effect on com-
plement consumption, cause fewer hypersensitivity reactions,
and have a less disruptive effect on the endothelial wall of blood
vessels (8).

CLINICAL FEATURES OF CIN

Historical Perspective

In the early 1960s, radiocontrast material was suspected of
causing acute renal failure (ARF), but controversy surrounded
many of the early case reports. Ten years later, CIN was recog-
nized as one of the leading causes of ARF in patients with re-
nal insufficiency, diabetes mellitus, volume depletion, and low
cardiac output. Soon after this recognition, however, the in-
cidence of ARF in high-risk patients declined sharply, simply
because physicians learned to volume expand these patients be-
fore administering radiocontrast (Fig. 45-2). This bell-shaped
curve, which characterizes the history of clinical drug toxici-
ties in general, disqualifies historical controls. For instance, the
use of mannitol to prevent CIN was based on historical con-
trols; more recent reports, using concurrent controls, suggest
that mannitol may in fact be detrimental, especially in diabetic
patients (9,10). Moreover, in prospectively studied, carefully
prepared patients, the incidence of clinically significant ARF
is very low; only about 1% of high-risk patients need dialysis
following radiocontrast administration (9,10). Similar obser-
vations have led some investigators to suggest that following
imaging studies, ARF may not occur much more often when
radiocontrast medium is administered than when it is not (11).
Prospective studies that focus on patient selection and opti-
mal treatment often miss one of the most important factors
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TA B L E 4 5 - 1

TYPES OF RADIOCONTRAST AGENTS IN USE

Class of Osmolality Viscosity
radiocontrast agent Contrast agents (mosm) (mPa∗s, 37◦C)

High-osmolar
Ionic monomer

Iothalamate
Diatrizoate

1,400–2,000 ∼5–6

“Low-osmolar”
Nonionic monomer

Ionic dimer

Iohexol, ioversol
Iopamidol, iopromide
Iomeprol
Ioxaglate

600–800 ∼4.5–6.5

Isoosmolar
Nonionic dimer

Iotrolan
Iodixanol

∼300 ∼9

involved in CIN—lack of awareness leading to the adminis-
tration of large doses of radiocontrast to the sickest and least
prepared patients (12).

Incidence of CIN

The incidence of CIN is highly dependent on the population
studied and the criteria used to diagnose renal injury. CIN has
been defined as a rise in serum creatinine of 0.3 mg/dL (13,14),
0.5 mg/dL (9,15–19), 0.6 mg/dL (20), 1.0 mg/dL (17,21–26),
or 2.0 mg/dL (27,28), or a 10% (29), 25% (10,29–31) or a
50% increase in baseline serum creatinine 1 to 5 days follow-
ing exposure to radiocontrast material (11,32). D’Elia and co-
workers (22) report that 0.68% of nonazotemic patients and
17.4% of azotemic patients had a 1 mg/dL rise in serum cre-
atinine following nonrenal angiography. A 12% incidence of
ARF was reported in seriously ill, hospitalized patients, using a
rise in serum creatinine of at least 1 mg/dL within 48 hours of
the study as the criterion for nephrotoxicity (33). A prospective

study of 537 consecutive patients undergoing major angiogra-
phy, that used somewhat more stringent criteria for nephro-
toxicity (i.e., 1 mg/dL serum creatinine rise within 24 hours),
uncovered no episodes of ARF (23). Nevertheless, these pa-
tients received saline expansion during the angiographic proce-
dure. The reported incidence of CIN seems to be declining (16,
34–36). In a group of patients with few risk factors other than
an age >70 years, the incidence of ARF after angiography was
as low as 1.2% (36). Mueller reported a comparable incidence
of 0.7% to 2% of CIN in 1,620 patients undergoing coronary
angiography, the majority without predisposing risk factors
(18). Rudnick and colleagues (37) have emphasized that studies
examining the incidence of CIN also report substantial ARF in
the control patients not receiving radiocontrast. This suggests
that earlier reports probably overestimated the true incidence
of CIN in the general population. However, the reported in-
cidence of CIN in high-risk patients remains much higher, at
the range of 10% to 45% (21,26,36,38–43), despite the use
of newer contrast media and the implementation of preventive
measures, though only a small fraction of these patients require

A

C

D
B

FIGURE 45-1. A: High-osmolar ionic radiocontrast agents are triiodinated benzoic acid anionic deriva-
tives and a cation (metrizoate). B: Nonionic “low-osmolar” radiocontrast agents are also triiodinated
benzoic acid derivatives (iohexol). C: Ionic “low-osmolar” dimeric radiocontrast agents contain two ben-
zene rings, with a total of six iodine atoms and a cation (ioxaglate). D: Isoosmolar agents are nonionic
dimmers also consisted of two iodinated benzene rings (iodixanol).
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FIGURE 45-2. Schematized history of radiocontrast nephropathy.
(From: reference 179, Heyman SN, Rosen S, Brezis M. Radiocontrast
nephropathy: a paradigm for the synergism between toxic and hypoxic
insults in the kidney. Exp Nephrol 1994;2:153, with permission.)

renal replacement therapy. Thus, the incidence of CIN and the
assessment of the efficacy of preventive measures should be
regarded in the perspective of predisposing risk factors, type
and dosage of the radiocontrast agent, and the implementa-
tion of protective strategies. Indeed, diversity in the definition
of CIN and the marked heterogeneity regarding patients’ char-
acteristics, the type and volume of administered radiocontrast,
the type of imaging procedure and the applied protective mea-
sures, interfere with comparisons of clinical studies and in the
assessment of efficacy of various interventions (44).

Risk Factors for CIN

Factors linked to the development of CIN can be divided
into patient-related and procedure-related factors (Table 45-2).
The former group include preexisting renal insufficiency
(22,26,27,45–53), diabetes mellitus (21,24,26–28,33,46,47,
49,54–60), advanced age (13,27,28,33,45,46,54,55,61), mul-
tiple myeloma (62–65), volume depletion (45,49,53,66), pres-
ence of cardiovascular disease (13,14,28,46,49,53,56,59,67),
hypertension (13,14,28,48,67,68), dehydration (54,57,59,
67,69), concomitant exposure to other nephrotoxins (56,57,
59,69), anemia (49,70), proteinuria (13,28,33,71), abnormal
liver function (33,71), hyperuricemia (24,27,68), male sex
(13,18), and renal transplantation (72,73). Hyperlipidemia
also appears to be a risk factor in experimental CIN (74).
Among procedure-related risk factors are the type of radiocon-
trast material used (i.e., high- vs. low- or isoosmolar agents)
(26), volume of contrast media (19,21,45,49,56,57,66,75,76),
repeated exposure to radiocontrast media over a few days
(13,14,67,68,71), and injection site (i.e., intraarterial vs. in-
travenous) (27,49).

Many of these risk factors may be covariate rather than be
independent variables. This probably accounts for reports that
fail to confirm many of these as risk factors. The incidence of
CIN is proportional to the number of coexisting clinical risk
factors (36). As shown in Figure 45-3, among aged patients it
was almost inevitable in the presence of three or more risk fac-
tors, while at their absence the chance to develop CIN became
negligible.

Underlying renal insufficiency is the risk factor most com-
monly associated with CIN. Factors that may be involved in
this predisposition include (a) a reduced glomerular filtration
rate (GFR) that obligates each remaining nephron to excrete
a proportionately greater load of contrast material, hence ex-
posure to a greater amount of contrast, and (b) the lack of
functional renal reserve in chronic stable renal insufficiency to
buffer acute losses in glomerular filtration. Thus, any nephron

TA B L E 4 5 - 2

RISK FACTORS FOR DEVELOPMENT OF
RADIOCONTRAST AGENT-INDUCED ACUTE
RENAL FAILURE

Patient-Related Factors Procedure-Related Factors

Renal insufficiency Type of radiocontrast medium
(High-osmolar > low or
isoosmolar)

Diabetes mellitus Dose of radiocontrast medium

Age Repeated exposures to
radiocontrast material
within 72 hr

Effective volume depletion
Dehydration
Congestive heart failure
Chronic liver disease
Nephrotic syndrome
Concomitant

hypotension

Mode of administration
(Intraarterial > intravenous)

Primary coronary intervention
for acute MI∗

Concomitant exposure to
nephrotoxins

Medications
Other exogenous

nephrotoxins
Sepsis

Myeloma

Male gender

Hypertension

Transplanted kidney

Hyperuricemia

Proteinuria

Anemia

(∗Marenzi, et al. N-acetylcysteine and contrast-induced nephropathy
in primary angioplsty. N Engl J Med 2006;354:2773.)

FIGURE 45-3. Clinical incidence of radiocontrast nephrotoxicity as a
function of the number of preexisting risk factors present in the patient.
(Redrawn from: Rich MW, Crecelius CA. Incidence, risk factors, and
clinical course of acute renal insufficiency after cardiac catheterization
in patients 70 years of age or older. Arch Intern Med 1990;150:1237,
with permission.)
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FIGURE 45-4. The impact of pre-
existing renal dysfunction and dia-
betes on the incidence of CIN. (Mod-
ified with permission from: McCul-
lough et al. Acute renal failure af-
ter coronary intervention: incidence,
risk factors, and relationship to mor-
tality. Am J Med 1997;103:368.)

damage or loss is translated immediately into a rise in serum
creatinine. D’Elia and co-workers (22) have studied 378 hospi-
talized patients undergoing nonrenal angiography and identi-
fied the presence of preexisting azotemia as the only risk factor
predisposing to nephrotoxicity (defined as a rise in serum cre-
atinine of ≥1 mg/dL following the procedure). McCullough,
evaluating the incidence and risk factors for CIN in 3,700 pa-
tients undergoing coronary intervention (75), reports that the
lower the baseline creatinine clearance, the larger was the risk
for the development of CIN (Fig. 45-4).

Taliercio and co-workers (77) show that class IV heart fail-
ure is an independent risk factor for CIN, particularly when the
amount of contrast exceeds 125 mL. They report a 23% inci-
dence of contrast nephropathy (>1 mg/dL rise in serum creati-
nine) in 139 patients with preexisting abnormal renal function
(serum creatinine ≥2 mg/dL) who underwent cardiac angiog-
raphy. The mean increment in serum creatinine was 2.6 mg/dL,
the time to peak serum creatinine was 2.8 days, and 9% de-
veloped anuria or oliguria. Similarly, Gomes and colleagues
(78) show an increased incidence of CIN in patients receiving
digoxin for congestive heart failure or arrhythmias, and Rihal
shows an increased risk for CIN in patients following acute
myocardial infarction and hypotension (53).

Volume depletion and dehydration, often the result of purg-
ing enemas and restricted food and fluid intake prior to the
radiographic study, appear to be less important risk factors
nowadays, as current practice encourages volume expansion
prior to most contrast requiring procedures. Nevertheless, ef-
fective volume depletion may still exist during contrast studies
despite fluid administration in patients with poor cardiac out-
put, cirrhosis or hypoalbuminuria, or in critically ill patients
with sepsis syndrome or shock.

Whether diabetes mellitus per se predisposes to
radiocontrast-induced ARF was for years a matter of de-
bate. The incidence of CIN in diabetic patients rises sharply if
the baseline serum creatinine is elevated. A serum creatinine
>1.5 mg/dL increases by approximately 50% the likelihood
of developing ARF (24,46). Harkonen and Kjellstrand (24)
report that 22 of 29 (76%) of all diabetic patients with a serum
creatinine >2 mg/dL developed ARF following intravenous
pyelography. Diabetic patients with a baseline serum creatinine
>5 mg/dL and those developing diabetes before the age of
40 years had an even greater risk of CIN. In 56% of these
latter patients, renal failure was irreversible. The experience of
13 patients with type I diabetes with advanced nephropathy
(mean serum creatinine of 6.8 mg/dL) undergoing coronary
angiography was equally stark, with 12 of the 13 developing
CIN (49). When renal insufficiency is advanced at the time
CIN develops, it is often irreversible (49,58,79). The age

of onset of diabetes also seems to affect the severity and
likelihood of developing CIN. It has been suggested that
Type II diabetic patients are less likely to develop CIN than
type I diabetic patients (24,80). Nonetheless, the risk of
developing CIN in type II diabetes is not trivial. Shieh and
others (80) report a 6% incidence of ARF after excretory
urography in 49 type II diabetic patients who, as a group,
had only minor renal impairment (mean baseline serum
creatinine of 1.3 mg/dL and mean creatinine clearance of
79.6 ml/minute). Several reports suggest that diabetes in the
absence of renal insufficiency does not predispose to CIN
(11,22,26,32,35). By contrast, Rihal, reports that diabetes
significantly predisposes to CIN after coronary intervention
when baseline creatinine is below 2 mg/dL, but not above it
(53). Other studies using sensitive measures to detect toxicity
or using multivariate analysis of risk factors also suggest that
diabetic patients with normal renal function are at increased
risk for CIN (51,52). In summary, it seems most prudent to
view the presence of diabetes as a synergistic factor in causing
radiocontrast-induced ARF, although renal function may
appear normal when insensitive measures such as the serum
creatinine are used. This is well illustrated in McCullough’s
large cohort of patients undergoing coronary interventions
(75): among patients with preexisting renal failure, the risk
of CIN was doubled in diabetic patients at any given baseline
renal function (Fig. 45-4).

Multiple myeloma historically has been singled out as a
high-risk disease for the development of CIN (62–64). A cen-
tral event in the pathogenesis of myeloma-induced renal fail-
ure is the co-precipitation of Bence-Jones proteins with Tamm-
Horsfall protein in the renal tubule (81,82). However, an anal-
ysis of 476 patients with myeloma exposed to radiocontrast
revealed an incidence of ARF of 0.6% to 1.25% (65). This
low value is similar to the reported incidence of CIN found in
patients who served as controls for radiocontrast-administered
subjects (11) or in well hydrated low-risk population (18). The
early reports of ARF following contrast exposure in myeloma
patients may have underestimated the role of comorbid fac-
tors such as sepsis, hypercalcemia, and volume depletion. Nev-
ertheless, it seems prudent in patients with unexplained renal
disease undergoing contrast studies, particularly older patients,
to screen the urine for Bence-Jones proteins with p-toluene sul-
fonic acid (TSA) or, if unavailable, the dipstick and sulfosal-
icylic acid (SSA) test (83). A positive TSA test, or a positive
SSA test (which checks for all urinary proteins) with a negative
dipstick (albumin), may be considered presumptive evidence
of Bence Jones proteinuria, and radiocontrast studies should
then be undertaken only with caution if no alternative imaging
procedure is suitable.
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As discussed below (under Prevention of CIN), the type of
radiocontrast should be considered a renal risk factor, when
the use of high-osmolar agents is to be considered. It is now
clear that low-osmolar contrast media are significantly safer, as
compared with the old generation high-osmolar agents, with
an estimated 50% risk reduction for CIN (26,30). By contrast,
the use of the more recently developed isoosmolar contrast ma-
terials is probably not advantageous over low-osmolar agents,
regarding the risk of nephrotoxicity (42,43).

The importance of the volume of radiocontrast in the eti-
ology of ARF was also debated for a while, with some stud-
ies showing a positive relationship (45,53,74,77,78) and oth-
ers showing no relationship (22,24,84). Miller and colleagues
(84) have studied prospectively 200 patients requiring intra-
venous or intraarterial contrast material and found no con-
sistent change in renal function with increasing doses of con-
trast material. However, Cigarroa and associates (21) showed
that careful limitation of the volume of contrast material used
during cardiac catheterization could reduce the incidence of
nephropathy (see Prevention of CIN, below). Recent stud-
ies, using much larger volumes of radiocontrast material for
complicated angiographyic interventions, settled this debate,
clearly defining contrast dose as an independent risk factor for
CIN (19).

Clinical Presentation of CIN

CIN, manifested as an acute decline in renal function, has been
reported following virtually every radiographic procedure us-
ing intravascular injection of iodinated radiocontrast. Renal
toxicity appears to be favored in the presence of the risk fac-
tors outlined above. Nonoliguric CIN is far more common than
the oliguric form, and is generally more common in patients
initially having a lower serum creatinine prior to receiving the
contrast. In oliguric ARF, the time course of the oliguria and the
rise in serum creatinine depend on the baseline serum creati-
nine prior to receiving the contrast agent. Patients with normal
or mild renal functional impairment prior to receiving radio-
contrast agents usually have oliguria lasting 2 to 5 days, with
recovery to baseline urine volumes and serum creatinine by
day 7. When more serious impairment of underlying renal func-
tion is present, recovery is generally prolonged, and up to 30%
of patients may end up with various degrees of residual renal
impairment (85). Renal failure may even be irreversible, requir-
ing long-term hemodialysis (22,23,41,45,49,51,77,78,86,87).
As with ARF of other etiologies, protracted CIN is associated
with a prolonged hospitalization course (88) and over fivefold
increase in mortality (89).

Diagnosis of CIN

The most easily diagnosed case of CIN is that in which olig-
uria develops within 24 to 48 hours following a radiocontrast
study. More often, a subtle, nonoliguric episode of ARF is
diagnosed in retrospect by demonstrating a reversible 0.5 to
3.0 mg/dL rise in serum creatinine. In most situations, the
serum creatinine remains the most practical test for detecting
the presence of CIN. However, differential diagnoses should be
taken into account for this indication of declining glomerular
filtration, including pre- and postrenal causes, comorbidities
such as sepsis syndrome or advanced liver failure, exposure to
other nephrotoxins, or cholesterol emboli in the case of angio-
graphic studies performed through the aorta.

One feature that characterizes many patients with CIN is
the paradoxical and, as yet, poorly explained propensity for
the urinary sodium concentration and the fractional excretion
of sodium to be low (28,46,47,90). Fang and colleagues (47)
report 12 patients with radiocontrast-induced ARF who had

FIGURE 45-5. Persistent nephrogram in solitary kidney in a 73-year-
old woman 8 hours following excretory urography performed to eval-
uate hematuria. The contralateral kidney had been removed previously
because of nephrolithiasis. Baseline serum creatinine was 1.6 mg/dL.
(Photograph courtesy of Dr. Thomas Curry.)

a low fractional excretion of sodium (mean 0.36%), which
persisted for up to 5 days during the oliguric phase. Reduced
renal perfusion and acute tubular obstruction have been offered
as explanations for this phenomenon (47).

The urinalysis may occasionally show features of ATN (re-
nal tubular cellular casts, muddy brown or coarsely granular
casts), but these may often be absent (22,49). Conversely, in
the absence of a rise in serum creatinine, radiocontrast agents
may still alter the urinary sediment. Gelman and associates (91)
demonstrate more formed elements (cells, casts, and debris) in
the urine of 12 of 14 patients following angiography, although
none of the patients experienced a reduction in GFR. All pa-
tients showed amorphous urate crystals, and two patients had
a heavy shower of calcium oxalate crystals.

A persistent nephrogram 24 to 48 hours after the contrast
study is a characteristic but not pathognomonic feature of CIN
(20,22,92) (Fig. 45-5). In a healthy subject given a bolus of ra-
diocontrast material, renal opacification is the densest immedi-
ately after the end of the injection and then fades rapidly, while
it appears in the urinary collecting system. A very little nephro-
gram effect remains detectable at 6 hours (93). In most patients
with radiocontrast-induced ARF as well as in patients with
other forms of ARF, the nephrogram develops quickly but fails
to disappear with time. A persistent nephrogram is a sensitive
indicator of the presence of renal failure (83% of patients with
renal failure had a positive nephrogram) with high specificity
(93% of patients without renal failure lacked the persistent
nephrogram) (22). The likelihood ratio of ARF being present,
then, following a positive result is equal to 12 (sensitivity/[100
– specificity]). In other words, a positive nephrogram increases
by 12 times the likelihood that ARF has occurred over baseline
incidence (i.e., if it was 1.5%, it is now about 18%). The like-
lihood ratio following a negative test is equal to 0.18 ([100 –
sensitivity]/specificity), or about one-fifth. Thus, the absence of
a nephrogram decreases the likelihood of contrast nephropa-
thy to one-fifth from baseline incidence (e.g., if it was 1.5%, it
is now about 0.3%).

Detection of urinary biomarkers, released from tubu-
lar cells, such as gamma-glutamyltranspeptidase, alanine
aminopeptidase, alkaline phosphatase, or N-acetyl-beta-
glucosaminidase (NAG) has also been suggested in the diagno-
sis of CIN (94), but current technologies are considered to suf-
fer from large basal variations and low specificity of increased
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urinary enzymes. For instance, increased urine volume per se
may enhance enzymuria (95). However, protracted enzymuria
five days after the exposure to the radiocontrast agent may be
more indicative for tubular injury (96). Another limiting fac-
tor for the usefulness of urinary biomarkers is the selective or
predominance of their expression by specific segments of the
nephron, as with kidney injury molecule (KIM)-1, that serves
as a sensitive marker of proximal tubular damage (97).

Human Pathology of CIN

The reportedly characteristic renal lesion with CIN is an intense
vacuolization of proximal tubular cells, often called osmotic
nephrosis (98,99). A review of 211 renal biopsies obtained
within 10 days of urography or renal arteriography revealed
osmotic nephrosis in 47; a diffuse form was found in patients
with severe preexisting renal disease, while a milder focal form
was seen in patients with less severe renal impairment or in pa-
tients with previously normal kidneys. However, the presence
of the focal or even the diffuse form did not necessarily predict
the presence of renal functional impairment. Conversely, virtu-
ally normal proximal tubular cells were found in patients who
developed oligoanuric ARF after urography (99). Hyperosmo-
lality or high ionic medium does not seem to be required for
the development of these lesions because the newer low- and
iso-osmotic contrast media are capable of inducing it as well
(100–102). Notably, in 13 patients with histologically normal
kidneys, vacuoles were not found in any of the tubular cells,
implying that an underlying nephropathy was required to in-
duce this histologic lesion. Iodine cannot be demonstrated in
these vacuoles (103,104), which develop rapidly within 5 to
15 minutes under experimental settings (102,103). Heyman
and co-workers (103) suggest that the origin of the vacuoles
is not from endocytosis but from invagination of membranes
of lateral cellular interdigitations. They suggest that the con-
trast media in the paracellular space may have damaged these
membranes, leading to the vesicular outpouchings. Ultrastruc-
tural histochemistry, however, reveals that these vacuoles con-
tain acid phosphatase activity (102), suggesting merging with
lysosomes. Noteworthy, KIM-1, a marker of proximal tubu-
lar damage, was not found in the urine of patients with CIN
(97), supporting the concept that proximal tubular vacuoliza-
tion not necessarily reflects tubular cell injury. In summary,
most human and animal studies indicate that proximal tubular
vacuolization appears after radiocontrast exposure irrespective
to changes in kidney function. In that perspective, and given the
very limited (cortical) sampling of human material, that is often
obtained at a very late phase of established ATN, we believe
that proximal tubular vacuolization should serve as marker of
radiocontrast exposure, rather than an indicator of CIN (105).

PATHOGENESIS OF CIN

Overview

Though recognized for some 40 years, the pathophysiology of
CIN remains an issue of controversy. It is classified as “acute
tubular necrosis” (ATN), or “toxic nephropathy,” but, in fact,
very little is known about its true nature and morphologic char-
acteristics. Indeed, the low fractional excretion of sodium noted
in many cases of CIN is not a typical finding in ATN. As de-
tailed above, cortical tubular vacuolization, also present af-
ter radiocontrast administration under experimental settings,
should better be regarded as a marker for contrast medium ex-
posure, rather than an indicator of tubular damage. Unfortu-
nately, human morphology of deeper kidney structures is lack-

ing, and urinary biomarkers of tubular injury are of limited
value.

Typical toxic ATN, such as cis-platinum or gentamicin
nephropathies are believed to be mediated primarily through
well-characterized direct tubular-cell toxicity, as also docu-
mented with heavy metals in experimental and clinical set-
tings. Renal handling of the toxin predominantly determines
the distribution pattern of tubular damage. The injury is dose-
dependent, and the contribution of perturbations is relatively
marginal, with the exception of the hydration state (106). On
the other hand, data regarding direct tubular toxicity of ra-
diologic contrast agents is quite limited, and is predominantly
based on in vitro prolonged incubation of tubular cells or tubu-
lar segments with iodinated dye. Contrast agents, once filtered
through the glomerulus, are not reabsorbed or metabolized by
tubular cells (perhaps with the exception of traces of nonionic
agents) (6). Furthermore, although the dose of radiocontrast
is considered proportional to the risk for renal dysfunction,
CIN is rarely encountered in the absence of predisposing fac-
tors. These data suggest that factors other than direct tubular
toxicity are predominantly responsible for CIN.

The current knowledge regarding the pathophysiology of
CIN predominantly stems from animal studies that examined
the effect of radiocontrast media upon renal function, hemody-
namics and oxygenation. In complementary studies, the impact
of contrast agents upon various mediators that could govern
these changes was examined, and ultimately, adequate animal
models of CIN were developed. Together with in vitro research
and experiments in kidneys perfused ex vivo, these studies have
led to the recognition that CIN represents the outcome of a
unique combination of interactive pathogenic processes, in-
cluding regional endothelial dysfunction, renal tissue hypoxia,
and subsequent oxygen free radical-induced cytotoxicity (Table
45-3, Figure 45-6).

In this section we shall describe the intensification of the
outer medullary hypoxemia that follows the administration
of iodinated radiocontrast agents, review the various compo-
nents believed to be involved in this process and their potential
role in CIN, analyze related cytotoxic processes, and appraise
the lessons learned from the development of animal models
of CIN.

Physiologic Medullary Hypoxia

While oxygen is abundant in the renal cortex, the medulla is
poorly oxygenated, working normally on the verge of anoxia.
Medullary partial pressure of oxygen (PO2) as low as 30 mm
Hg has been detected with oxygen microelectrodes under nor-
mal physiologic conditions in rats, dogs, and humans, reflecting
relatively low regional blood flow and countercurrent oxygen
diffusion from decending to ascending vasa recta. The limited
medullary oxygen delivery of some 8 mL/minute/100 g tissue is
hardly sufficient for the metabolic needs for tubular transport,
predominantly carried out in the outer medulla by medullary
thick ascending limbs (mTALs) and S3 (straight) segments of
the proximal tubule. Consequently, oxygen extraction by the
renal medulla is near-maximal, reaching 79% of regional oxy-
gen supply, leaving a very marginal oxygen reserve (107,108).
This critical medullary oxygen balance is manifested by high
levels of cytochrome AA3 in its redox state, and by the high
levels of unsaturated hemoglobin, detected within the renal
medulla by blood-oxygen-level dependent (BOLD) magnetic
resonance imaging (MRI) (109,110). The kidney appears to
have designed regulatory mechanisms to allow urinary con-
centration without medullary hypoxic injury. Optimal urinary
concentration requires a perfect match between oxygen supply
and demand, an effect achieved through a precise regulation
of blood flow and tubular work in the outer medulla. Distal
tubular reabsorption is affected by the control of GFR and
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TA B L E 4 5 - 3

CONTRAST-INDUCED PHYSIOLOGIC CHANGES

Extrarenal
Decreased systemic oxygenation

Altered pulmonary function
Leftward shift of oxygen-hemoglobin dissociation curve

Hemodynamic changes leading to transient renal
hypoperfusion

Rheologic alterations of the blood

Renal: physiologic changes
Diuresis
Altered GFR: biphasic response ↑→↓
Intrarenal blood viscosity ↑
Urine viscosity ↑
Renal volume and interstitial pressure ↑
Altered renal circulation

Cortex: biphasic response ↑→↓
Outer medulla: ↑↑↑
Papilla: ↓↓↓

Reduced renal oxygenation (cortex ↓; medulla ↓↓↓)
Oxygen delivery ↓
Oxygen consumption ↑

Uric acid and oxalate excretion ↑
Enzymuria

Renal: altered mediators regulating renal hemodynamics and
function

Adenosine ↑
Nitric oxide: ↓ in cortex; ↑ in outer medulla
Prostaglandins: PGE2 ↑, PGI2 ↑ or ↓
Atrial natriuretic peptide ↑
Endothelin ↑
Vasopressin ↑
Histamine ↑
Reactive oxygen species ↑

Renal: additional major changes at cellular level
Free radical species ↑
Hypoxia-inducible factors (HIF) and related stress-response

genes ↑
Poly-(ADP-ribose) polymerase (PARPP) ↑ (probably)

proximal tubular reabsorption (both governing solute delivery
to the distal nephron) and by the regulation of distal tubu-
lar reabsorption. Locally produced prostaglandins and nitric
oxide (NO), and the generation of adenosine from the break-
down of adenosine triphosphate (ATP) are major participants
in the regulation of medullary oxygenation. All three induce
medullary vasodilation and directly inhibit tubular reabsorp-
tive activity. Adenosine can further improve medullary oxy-
genation by the induction of cortical vasoconstriction with the
reduction of GFR, and subsequently diminished solute delivery
for reabsorption by the distal nephron (107,108). The location
were the mediator is released and the distribution and density
of its receptors are important in maintaining medullary oxy-
genation. For instance, both the synthesis and the density of
receptors for prostaglandine E2 (PGE2) are abundent in the
outer medulla. The effect of various mediators upon corti-
cal and medullary microcirculation may be diverse, depending
on receptor types. Adenosine exerts cortical vasoconstriction
through adenosine-A1 receptors, while it induces medullary va-
sodilation through adenosine-A2 receptors (111). Comparably,
endothelin-1 exerts cortical vasoconstriction through ETA re-
ceptors, but enhances medullary blood flow activating ETB re-
ceptors (112). Angiotensin II also selectively induces cortical
vasoconstriction, while medullary flow is maintained (113).
Thus, in the normal intact kidney medullary blood flow is
usually maintained, even during systemic and local vasocon-
strictive stimuli, by the combined effects of locally produced
vasodilators (NO, PGE2) and a unique regional vasodilatory ef-
fect of renal vasoconstrictors. Corticomedullary redistribution
of blood flow and the activation of the tubuloglomerular feed-
back mechanism may, therefore, be regarded as measures de-
signed to maintain medullary oxygenation and prevent tubular
hypoxic damage. Most risk factors for CIN are characterized
by defective nitrovasodilation or prostaglandin synthesis (see
below), major protectors of medullary oxygenation. Indeed,
renal medullary PO2 markedly declines during experimental
inactivation of these mechanisms (114,115).

Ample experimental data indicate that enhancement of dis-
tal tubular reabsorptive workload, unmatched by adequate
oxygen supply, or altered regional blood flow, may lead to
ATN with a rather selective outer medullary hypoxic damage,
predominantly affecting mTALs, and to a lesser extent S3 seg-
ments. Papillary injury may develop as well. The reader is re-
ferred to detailed reviews of the role medullary hypoxic injury
plays in the evolution of ATN and in chronic renal parenchymal
disease (107,108).

FIGURE 45-6. Schematic algorithm illustrating puta-
tive hypoxic and toxic mechanisms involved in the
pathophysiology of CIN, and their interrelations.
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Aggravation of Medullary Hypoxia
by Radiocontrast Agents

Using Clark-type oxygen microelectrodes, Brezis found that
injection of radiocontrast markedly affects renal parenchymal
oxygenation (113). Following the administration of the high-
osmolar ionic agent sodium iothalamate, cortical PO2 declined
from 40 to 25 mm Hg. More impressive was the change ob-
served in outer medullary PO2 which fell from 26 mm Hg at
baseline to mean levels as low as 9 mm Hg (Figure 45-7). Com-
parable studies with oxygen microelectrodes were repeated by
Liss and colleagues, showing a fall in medullary oxygenation
from about 30 mm Hg to 15 mm Hg after the administra-
tion of ionic, as well as nonionic, low-osmolar and isoos-
molar contrast agents (116). Radiocontrast-induced intensi-
fication of medullary hypoxemia has also been suggested by
non-invasive BOLD MRI (110), which detects increased un-
saturated hemoglobin concentration within the renal medulla,
and by the detection of hypoxia inducible factors (HIF) shortly
after contrast administration (117).

Systemic effects of the radiocontrast medium may con-
tribute to the decline in renal tissue oxygenation, including the
induction of pulmonary ventilation-perfusion mismatch (118),
reduced cardiac output and renal perfusion pressure (119), rhe-
ologic alterations of the blood (120,121), and a leftward shift
of the oxygen-hemoglobin dissociation curve (122). Systemic
hypoxemia is less likely to occur with the use of nonionic agents
(123), yet it may aggravate regional ischemic injury (124).
However, the greater part of the decline in renal parenchy-
mal oxygenation is attributed to altered intrarenal balance of
oxygen supply and demand.

Radiocontrast-Induced Change
in Oxygen Demand

Administration of radiocontrast media induces an abrupt tran-
sient increase in glomerular filtration, and urinary output
(125). This response, comparable to the osmotic diuretic ef-
fect of mannitol, occurs despite a rise in vasopressin (126,127),
and is mediated in part by an increase in plasma volume and
the release of natriuretic peptides (128,129). Natriuresis and
diuresis may also be related to an ETB- mediated effect of en-
dothelin (130), released in response to radiocontrast injection

(128,131). All these factors, perhaps in addition to the sub-
stantial osmotic load provided by many contrast media, lead
to enhanced solute delivery to the distal nephron, with sub-
sequent increased oxygen consumption for tubular reabsorp-
tion. The decline in outer medullary PO2 despite enhanced
regional blood flow (see below) only emphasizes the impor-
tant role for increased reabsorptive activity in the ensuing re-
gional hypoxia. Indeed, the inhibition of tubular transport with
the loop diuretic furosemide abruptly reverses radiocontrast-
induced medullary hypoxemia (114,132). The improvement of
medullary hypoxemia with furosemide takes place even though
it induces profound regional vasoconstriction (133), further
emphasizing the central role of regulated tubular transport in
the maintenance of medullary oxygen balance.

Radiocontrast-Induced Intrarenal
Changes in Oxygen Supply

The decline in renal parenchymal oxygenation may also re-
flect radiocontrast-induced altered renal microcirculation. In-
deed, it has been known for over 30 years that renal blood
flow briefly and transiently increases following radiocontrast
injection, with a prolonged subsequent decline to about 25%
below baseline (134). This effect occurs whether the radiocon-
trast is administered intravenously or intra-arterially and is an
intrinsic response of the kidney because it can be reproduced
in isolated perfused kidneys (103). Weisberg and colleagues di-
rectly measured renal blood flow during cardiac catheterization
in patients with chronic renal failure and found no association
between reduced renal blood flow and the development of CIN
(135). However, alterations in renal blood flow during contrast
injection, predominantly reflecting changes in cortical flow,
conceal very important changes in medullary flow, that consti-
tute of only 10% of total renal perfusion. Thus, changes in renal
blood flow cannot predict alterations in medullary oxygen sup-
ply (107,108). Moreover, medullary flow is usually preserved
during a moderate decline in renal blood flow (within the “au-
toregulatory” range), despite a remarkable fall in cortical blood
flow (136), a phenomenon called “corticomedullary redistribu-
tion of blood flow.” Furthermore, a fall in cortical blood flow
alone is expected to increase medullary oxygenation, the out-
come of diminished glomerular filtration rate (GFR) and solute
delivery for reabsorption by the distal nephron (136).

FIGURE 45-7. Changes in outer
medullary partial pressure of oxygen
(PO2) following the administration
of high-osmolar ionic agent (iothala-
mate), low-osmolar nonionic (iopro-
mide), low-osmolar ionic (ioxaglate)
and isoosmolar nonionic contrast
medium (iotrolan), compared with
Ringer’s solution. Also illustrated is
the reversal of iothalamate-induced
decline in medullary oxygenation
with furosemide. (Modified from:
Heyman SN, et al. Early renal
medullary hypoxic injury from ra-
diocontrast and indomethacin. Kid-
ney Int 1991;40:632, and from: Liss
P, et al. Injection of low and iso-
osmolar contrast medium decreases
oxygen tension in the renal medulla.
Kidney Int 1998;53:698).
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The possibility that radiocontrast-related medullary hy-
poxia reflects altered medullary microvasculature has there-
fore been explored by direct determination of the local
microcirculation. Nygren (137) and subsequently Liss and col-
leagues (138) recorded papillary blood flow with laser-Doppler
probes after the exposure of the papilla by the dissection of
the renal pelvis. Indeed, they found that ionic high-osmolar,
as well as nonionic and low-osmolar radiologic contrast me-
dia markedly reduced papillary blood flow. Using video mi-
croscopy of trans-illuminated papillary vasa recta and dual-
window cross-correlation technique, they also documented
near cessation of red blood cell movement in papillary blood
vessels, associated with red cell aggregation (138).

At the outer medulla, however, microcirculatory response
to radiocontrast was found to be quite different. Using nee-
dle laser-Doppler probes inserted through the cortex following
partial renal decapsulation, Agmon found that outer medullary
regional microcirculation markedly increases after the injec-
tion of the high-osmolar agent iothalamate, as long as NO-
or prostaglandin-synthesis are intact (139). Increased outer
medullary flow in response to radiocontrast was also reported
by Heyman (140) and by Palm (141), using the nonionic low-
osmolar iopromide, while Liss found a dose-related response,
with a decline in regional flow at low and intermediate volumes
of contrast, but enhancement at high volumes (142).

Altogether, these findings indicate that radiocontrast-
induced accentuation of inner medullary hypoxia is mediated
to large extent by a decline in regional blood flow and oxygen
supply. By contrast, intensification of outer medullary hypoxia
predominantly represents enhanced oxygen consumption, not
fully compensated by increased regional oxygen delivery. The
cause for the disparate papillary and outer medullary micro-
circulatory response to radiocontrast agents is unknown, but
it may reflect structural and functional differences between re-
gional pericytes (143), or diverse distribution of vasoactive me-
diators or their receptors. An additional artificial effect related
to the technical procedures (i.e., papillary exposure and re-
moval of the renal capsule, respectively), cannot be excluded
with certainty.

Radiocontrast-Triggered Neurohumoral
Responses and Their Potential Role in CIN

Numerous mediators are involved in the changes in renal mi-
crocirculation, associated with radiocontrast injection, some
inducing renal vasoconstriction (vasopressin, histamine), oth-
ers exerting renal vasodilation (nitric oxide [NO], natriuretic
peptides, prostaglandins [PGE2, PGI2]), and others producing
varying responses at different renal vascular beds (endothelin,
adenosine).

The role of the renal sympathetic system is yet to be de-
fined, though radiocontrast-induced constriction of innervated
renal artery is not mediated through alpha receptors (144). Va-
sopressin levels rise after radiocontrast injection in response
to the increase in plasma osmolality, and probably due to
contrast-induced hypotension (126,127). Endothelin synthe-
sis and release from endothelial cells is triggered by high- and
low-osmolar ionic and nonionic agents, both in vitro and in
vivo (128). This response is dose-related, and is not medi-
ated through hypertonicity. Plasma and urinary endothelin in-
creases in humans following radiocontrast studies (131). In
a rat model of CIN, the low-osmolar agent ioversol stimu-
lated endothelin remarkably less than iothalamate, and was
less nephrotoxic, suggesting a role for endothelin in CIN (145).
The renal microcirculatory response to endothelin-1 closely re-
sembles radiocontrast-induced changes in renal hemodynamics
(112). Total renal and cortical flows decline, an effect blocked

by endothelin-ETA antagonist (146), and outer medullary flow
increases, an effect triggered by ETB-mediated release of NO
(112).

Intrarenal adenosine also rises following the administra-
tion of radiocontrast media (125,147), reflecting ensuing re-
nal hypoxia and/or increased tubular workload, with conse-
quent breakdown of ATP. Like endothelin, and in resemblance
to renal hemodynamic response to radiocontrast agents, re-
leased adenosine exerts dual effects on the renal vasculature,
with A1-mediated cortical vasoconstriction and A2-dependent
outer medullary vasodilation (111), with an overall decline in
total renal blood flow and GFR (111,148). The administra-
tion of nonselective- or selective adenosine A1-receptor block-
ers did not attenuate the contrast-associated decline in renal
blood flow and GFR in healthy rats (149), suggesting that under
normal physiologic conditions renal hypoxia leads to adeno-
sine release, rather than the other way around. By contrast,
severe renal hypoxia induced by chronic inhibition of NO syn-
thase increases renal vascular sensitivity to the radiocontrast-
induced adenosine release, generating renal vasoconstriction
and reduced GFR, both ameliorated with adenosine receptor
antagonists (149). In the same fashion, theophylline blocks the
decline in renal blood flow in volume-depleted anesthetized
dogs (148). Adenosine breakdown generates oxygen free radi-
cals that may lead to cytotoxic epithelial and endothelial injury
(see below). Iodinated contrast agents also trigger the release
of histamine that may also participate in the decline in renal
blood flow (150).

Contrast media also alter renal vasodilatory mechanisms.
Plasma levels of atrial natriuretic peptide (ANP) rapidly rise
after the injection of the contrast material, in parallel with the
abrupt transient rise in renal blood flow and diuresis (128).
Intrarenal NO concentration is modified as well (140). Cor-
tical NO declines, in parallel with the gradual fall in cortical
blood flow. Cortical NO-synthase activity also tends to fall,
and markedly declines in response to nonselective endothelin-
receptor blockade, illustrating the cross-talk between these me-
diators. By contrast, medullary NO-synthase activity is unaf-
fected by the contrast medium, though NO tracings with a
selective electrode markedly increase, in parallel with the rise
in regional flow (140). This might be explained by the evolv-
ing decline in regional PO2 and extended local bioavailability
of NO (151). Iodinated radiocontrast agents also affect va-
soactive cyclooxygenase metabolites. Urinary PGE2 increases
sevenfold in the rat (146), indicating substantial upregulation
of this important medullary vasodilator in response to ensu-
ing hypoxia. The effect of radiocontrast agents on prostacyclin
(PGI2) production by endothelial cells is debated, with one re-
port showing declining levels of 6-keto-PGF1-alpha in renal
veins in dogs (134), and another study demonstrating rising
plasma levels in humans with ionic as well as nonionic agents
(152).

Intact nitrovasodilation and prostaglandin synthesis are es-
sential for the maintenance of adequate medullary oxygena-
tion during contrast administration. As shown in Figure 45-8,
the outer medullary vasodilatory response to radiocontrast is
blocked by the inhibition of each of these systems, and is re-
placed by intense vasoconstriction. This leads to a critical re-
duction in ambient PO2 to levels as low as 8 mm Hg (115,139)
and increases medullary hypoxia-induced factor (HIF) expres-
sion (117).

Mechanical Factors

Blood viscosity may be substantially influenced by contrast me-
dia (153,154) and may contribute to the reduction in pap-
illary blood flow, noted by Liss (138). This may be related
to the intrinsic physical properties of the dye (Table 45-1), or
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FIGURE 45-8. Reversal of outer
medullary hyperemic response to
radiocontrast administration after
inhibition of nitric oxide or prosta-
glandin synthesis. (From: Agmon Y,
et al. Nitric oxide and prostanoids
protect the renal outer medulla
from radiocontrast toxicity in the
rat. J Clin Invest 1994;94: 1069,
with permission.)

due to erythrocyte rigidity, endothelial injury or microthrombi
(121,155,156). Additionally, the early radiocontrast-induced
enhanced diuresis is associated with swelling of the renal
parenchyma, presumably due to tubular luminal expansion
and increased interstitial volume (157). It is conceivable that
this could increase renal interstitial pressure with subsequent
compression of the vasa recta and peritubular capillaries, com-
promising regional oxygenation. Tubular intraluminal urine
viscosity also increases following radiocontrast administra-
tion, particularly at the distal nephron, as the result of wa-
ter reabsorption with increasing concentration of the contrast
medium (158). Rising urine viscosity, noted with high- and
low-osmolar agents is markedly more pronounced with the
new isoosmolar agents (154), reflecting their physical proper-
ties (Table 45-1). This could contribute to the increased intra-
luminal hydraulic pressure that might directly diminish GFR.
Radiocontrast agents may also induce intratubular obstruc-
tion by precipitation of uric acid (76,91) or oxalate crystals,
or co-precipitate with Tamm-Horsfall protein, synthesized and
released by medullary thick ascending limbs following radio-
contrast exposure (159). Radiocontrast agents may also bind
with Bence-Jones protein in patients with multiple myeloma
(160,161).

Toxic-Hypoxic Interactions
and Endothelial Dysfunction

Increased urine viscosity and cast formation by cell debris and
precipitation of contrast medium with urinary proteins could
lead to prolonged exposure of tubular cells to the dye, as evi-
dently happens during the persistent nephrogram phenomenon
(20,62), increasing the risk for a direct cytotoxic effects on
tubular cells. Indeed, in vitro studies show independent direct
tubular damage caused by radiocontrast agents (162), with
tubular membranal oxidative injury (163,164). In vivo stud-
ies also confirm the existence of oxygen free radical-mediated
membranal damage (159,164–166), though this could indi-
rectly result from reperfusion of critically hypoxic regions.
Reactive oxygen species may cause DNA damage, activating
high-energy consuming reparative processes such as the DNA
mending poly-(ADP-ribose) polymerase (PARP). The induc-
tion of PARP may, in turn, initiate a vicious circle of addi-
tional intracellular energy store depletion and tubular damage
(167,168).

Most importantly, endothelial cells may also be injured by
the evolving hypoxic stress. Indeed, accumulation of HIF-2α

can be detected in medullary endothelial capillaries following
exposure to contrast media (117). Subsequent endothelial dam-
age, induced by reactive oxygen species (149,169) and energy
consuming reparative mechanisms, such as PARP, may lead
to endothelial dysfunction, which may further aggravate re-
gional oxygen insufficiency (164,170). Finally, contrast studies
are often carried out in critically ill patients, treated with other
nephrotoxins or displaying co-morbid states such as sepsis or
myohemoglobinuria that may exert additional tubulotoxic and
hypoxic insults.

Thus, synergism exists between hypoxic, hemodynamic,
toxic, and obstructive components of CIN. Renal dysfunction
with minimal or absent tubular damage, noted in some of the
animal models detailed below, implies that reversible cell in-
jury has been restored, or that renal microvascular response
predominates. Altered glomerular hemodynamics, mediated by
tubuloglomerular feedback, helps in restoring medullary oxy-
genation by decreasing reabsorbtive workload (108). Yet, it is
manifested as diminished GFR with a low fractional sodium
excretion.

Risk Factors for CIN: Predisposition to
Medullary Oxygen Insufficiency

As detailed above, CIN seldom develops among patients with-
out risk factors. This highlights the value of protective mecha-
nisms, designed to maintain medullary oxygen sufficiency, in-
cluding vasodilating prostaglandins, NO, and adenosine. By
adjustment of local transport activity to the limited available
oxygen supply, these mechanisms enhance outer medullary
blood flow and suppress tubular reabsorptive activity. Their
inactivation in rats reverses the increase in outer medullary
blood flow induced by radiocontrast, and aggravates regional
hypoxia (115,139).

Dysregulation of medullary oxygen balance is also encoun-
tered in most clinical circumstances considered to predispose
to CIN (105). As shown in Table 45-4, most risk factors for
contrast nephropathy are characterized by structural or func-
tional changes that can aggravate hypoxic stress during con-
trast administration. Diabetes, hypertension, aging, atheroscle-
rosis, and hyperlipidemia are all characterized by defective
nitrovasodilation, while defective prostaglandin synthesis is en-
countered in aging and in patients receiving nonsteroidal anti-
inflammatory agents. Indeed, intensified medullary hypoxia
has been encountered is some of these conditions (114,171–
173), associated with regional HIF expression (173,174),
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TA B L E 4 5 - 4

RISK FACTORS FOR CIN PREDISPOSE TO MEDULLARY
OXYGEN INSUFFICIENCY

Defective protective mechanisms
Altered nitrovasodilation

Diabetes, hypertension, aging, hyperlipidemia,
atherosclerosis

Altered renal prostaglandin synthesis
Aging, NSAIDs

Enhanced systemic vasoconstrictive stimuli
Volume depletion, heart failure, cirrhosis, nephrosis

Increased reabsorptive workload
Diabetes, chronic renal disease

Structural changes of the renal microvasculature
Chronic renal disease

Blood hyperviscosity
Myeloma

and a defective medullary vasodilatory response (169,175).
Consequently, the increase in outer medullary blood flow in
response to radiocontrast is lost and even reversed, as shown
by Palm in diabetic rats (141). Arginine depletion in these
clinical conditions may also contribute to endothelial dysfunc-
tion (74). As reviewed elsewhere (107,108), enhanced systemic
vasoconstrictive stimuli accompany effective arterial volume
depletion, for instance in patients with heart failure, cirrhosis,
hypovolemic shock, dehydration, or hypoalbuminemia. Preex-
isting renal parenchymal disease is characterized by deformed
medullary microcirculation, the result of structural parenchy-
mal changes, and local oxygen insufficiency may be intensified
by increased reabsorbtive workload in hypertrophic remnant
nephrons. Enhanced tubular reabsorption and oxygen con-
sumption may accompany early or uncontrolled diabetes, asso-
ciated with increased GFR, osmotic diuresis, or upregulation
of tubular transport (171). Myeloma proteins may increase
blood viscosity and alter the medullary microcirculation. Ex-
posure to additional nephrotoxins may intensify medullary hy-
poxia by the induction of renal vasoconstriction (cyclosporine),
by the increase in metabolic workload (mannitol) or by
their combination (amphothericin, hypercalcemia). Finally,
rhabdomyolysis, urine outflow obstruction, and sepsis are
among other renal perturbations characterized by altered re-
nal microcirculation and predisposition to medullary hypoxic
damage (107,108).

Experimental Models of CIN: The Concept
of Combined Insults

In isolated rat kidneys, contrast agents hasten the decline in
kidney function and extend hypoxic tubular damage, which se-
lectively involves mTALs and S3 segments in the outer medulla
(103). In vivo, resembling humans, normal animals subjected
to contrast media do not develop CIN (176), so much so
that the intrinsic nephrotoxicity of radiocontrast agents has
even been questioned (177). They either retain kidney func-
tion, or die when administered extremely large volumes of the
dye. As in humans, proximal tubular vacuolization is a hall-
mark of radiocontrast exposure, rather than an indicator of
CIN (103,178). In intact rats, the radiocontrast-associated de-
cline in medullary PO2 invokes adaptive cellular hypoxic stress
response, initiated by post-transcriptional medullary accumu-
lation of HIF, with preservation of renal integrity and func-
tion (117). By contrast, the induction of other insults that

TA B L E 4 5 - 5

ANIMAL MODELS OF CIN: INDUCTION OF
PREDISPOSING FACTORS

Altered endothelial nitrovasodilation
Congestive heart failure (182)
Diabetes (256)
Hypertension (184)
Hypercholesterolemia (74)
Transient global renal ischemia (189,191)
Inhibition of nitric oxide synthase (115,139,149,186,227)

Altered prostaglandin synthesis
Aged animals (184)
Inhibition of cyclooxygenase (103,115,139,181)

Increased single nephron GFR
Preexisting renal disease: prior reduction of renal mass

(103,185)
Acute-on-chronic renal failure (192)
Amino-acid infusion (185)
Diabetes (256)
Aged animals (184)

Vasoconstrictive stimuli
Congestive heart failure (182)
Salt depletion (103,148,181)
AII infusion (183)
Endothelin infusion (184)

Increased interstitial pressure
Urinary outflow obstruction (186)

mimic predisposing clinical conditions is a prerequisite for
the development of CIN with tubular damage (106,179,180).
As illustrated in Table 45-5, some perturbations were ap-
plied to generate vasoconstrictive stimuli, like volume deple-
tion in rats and rabbits (163,181), heart failure in dogs (182),
or the infusion of angiotensin II (183) or endothelin (184)
in rats. Others were added to enhance oxygen requirements,
by hypertrophy of single remnant kidney (103,185) or in-
creased glomerular filtration (185). In additional models, re-
nal medullary protective mechanisms were altered, such as the
direct inhibition of prostaglandin- (103,115,139,181) or NO-
synthesis (115,139,149,186). In others, endothelial dysfunc-
tion was reproduced by the induction of hypercholesterolemia
(74) or with short- (187–190) or long-term ischemia (191).
Ureteral obstruction served to enhance interstitial hydraulic
pressure (186), while residual chronic damage produced by
ischemia-reflow served to mimic preexisting tubulointerstitial
disease (192). Unlike the consistantly high reproducibility of
other models of toxic nephropathies, most of these experimen-
tal models produce a rather heterogenous response with a wide
spectrum of renal dysfunction and tubular injury, in reminis-
cence with the inconsistent occurence and pattern of CIN in
humans.

We found the models of radiocontrast administration fol-
lowing the combined inactivation of prostaglandin- and NO-
production (139) most convenient and clinically relevant, with
respect to the characteristics of most risk factors, displaying
altered renal microvascular regulation. In these rat models,
renal sodium gradient, an indicator of an intact countercur-
rent exchange system and urinary concentrating capacity, is
disrupted shortly after the administration of the radiocontrast
medium (193), representing medullary functional failure, and
subsequently diminished glomerular filtration (103,115,139).
The severity of renal dysfunction is proportional to the number
of the applied coperturbations (Figure 45-9A), resembling ob-
servations in humans (36). Renal dysfunction correlates with



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-45 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 2:14

1110 Section VII: Acute Renal Failure

A B

FIGURE 45-9. Rat models of CIN. A: the extent of medullary thick ascending limb (mTAL)-necrosis,
induced by radiocontrast medium (CM), in animals preconditioned by prior uninephrectomy (UNK) salt
depletion (SD), angiotensin II infusion (AII), amino acid infusion (AA), indomethacin (INDO), inhibi-
tion of NO synthase with NG-monomethyl-L arginine (L-NMMA) or NG-nitro-L-arginine methyl ester
(L-NAME), and ureteral obstruction (Obst). B: Functional-morphologic correlations in these models.
(Modified with permission from: Heyman SN, Reichman J, Brezis M. The pathophysiology of contrast
nephropathy: a role for medullary hypoxia. Invest Radiol 1999;34:685.)

structural damage in the more severe protocols (Fig. 45-9B),
but less so with the more moderate models of “partial” proto-
cols, that cause limited tubular damage, underscoring a poten-
tial role for ensuing altered renal hemodynamics as the cause
for the decline in kidney function (180).

Careful assessment of perfusion-fixed kidneys in our rat
models reveals that morphologic tubular damage rapidly de-
velops in the outer medulla as early as 15 minutes after the
administration of the radiocontrast (114), predominantly af-
fecting medullary thick ascending limbs and to a lesser extent
S3 segments in the outer stripe of the outer medulla and in
medullary rays. (103,114,115,139). These morphologic find-
ings range from reversible injury (mitochondrial swelling with
maintained cellular integrity) to a more severe damage pat-
tern (nuclear pyknosis and disruption of cell membranes).
A gradient of damage is noted, maximal among mTALs at
the mid-interbundle zone, most remote from vasa recta. By
24 hours tubular necrosis is maximal, affecting about 50% of
mTALs in the most severe models, occasionally associated with
injured collecting ducts. Damaged inner medullary structures
with necrosis of the papillary tip may develop as well (186).
Apoptotic cell death is also noted with a pattern of distribu-
tion comparable to that of tubular necrosis (194). An addi-
tional morphologic hallmark of radiocontrast administration
is outer medullary vascular congestion that appears as early
as 15 minutes after the administration of contrast (114), rep-
resenting altered microcirculation due to hypoxic endothelial
dysfunction. Indeed, two-photon microscopy reveals renal en-
dothelial injury with vascular leak, white blood cell adhesion,
and rouleaux formation of red blood cells (195).

Conclusions

In summary, as schematically shown in Figure 45-6, the os-
motic and volume loads of radiocontrast agents induce a host
of systemic and renal physiologic responses that include diure-
sis and hemodynamic alterations, associated with profound

medullary hypoxia (105,179,180). Numerous neurohumoral
and physical mechanisms are involved in these reactions. In
healthy subjects they are balanced by protective regulatory sys-
tems, structured to maintain renal parenchymal oxygenation,
function, and integrity. These protective regulatory systems are
characteristically altered in clinical risk factors that predispose
to CIN. Consequently, renal parenchymal injury develops dur-
ing contrast administration, the outcome of synergic hypoxic
and toxic insults to tubular epithelial cells and to the renal mi-
crocirculation. In adequate models of CIN (106) animals are
subjected to perturbations designed to mimic clinical risk fac-
tors. These models may improve our understanding the patho-
physiology of CIN, and enable the exploration of potential
preventive strategies.

PREVENTION OF CIN

In generally healthy individuals, without risk factors, the threat
of CIN is very low, probably less than 1%, and the possibility of
severe and protracted renal dysfunction requiring renal replace-
ment therapy is negligible (18,26,36,75). Among high-risk pa-
tients, a few strategies were found to be effective in reducing
the incidence of CIN, including selection of patients, the choice
of low- or isoosmolar radiocontrast materials rather than high
osmolar agents, given at the lowest required dose, and proper
hydration protocols (Table 45-6). Since the incidence of CIN
remains substantial in high-risk individuals despite these pre-
cautions, a variety of additional measures, including vasodila-
tors, antioxidants, and attenuators of tubular metabolism, are
continually tested in animal models as well as in clinical trials,
so far without unequivocal clinical success.

Selection of Patients

The first and most important step in the prevention of CIN
is to identify those patients at risk and to consider the use
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TA B L E 4 5 - 6

CIN: PREVENTIVE STRATEGIES

Patients’ selection
Identification of patients at risk
Consideration of alternative imaging procedures without

radiocontrast
Risk benefit assessmenta

Avoidance of concomitant nephrotoxins
NSAIDs in particular

Prophylactic hydrationa

Saline
Bicarbonate

Type of Radiocontrast mediuma

The use of low- or nonionic agents rather than
high-osmolar contrast material

Radiocontrast dosage/removala

The use of the smallest doses required
Dose adjustment to renal function
Prophylactic hemodialysis (failed)
Prophylactic hemofiltration

Additional experimental approachesa

Vasodilators
Adenosine receptor antagonists
Dopamine/fenoldopam
Atrial natriuretic peptide
Endothelin receptor antagonists (nonselective, selective

ETA)
Calcium-channel blockers
Acetylcysteine
l-Arginine
Prostaglandins
Angiotensin-converting enzyme inhibitors

Attenuation of metabolic requirements
Loop diuretics
PARPP inhibition
Hypothermia
Prostaglandins

Attenuation of free radical formation/attack
Allopurinol
Acetylcysteine
Alkaluria: bicarbonate, acetazolamide

Cellular adaptation to hypoxic/toxic stress
Induction of heme-oxygenase

Others
Mannitol

aStrategies applied in high-risk patients/animal models of CIN.
All strategies classified as “additional experimental approaches” have
failed in human trials, exert debatable effects, or are under clinical or
laboratory investigation.

of alternative imaging technologies, such as sonography, nu-
clear imaging procedures, magnetic resonance imaging (MRI),
or positron emission tomography (PET). The availability of
these techniques, and their appropriateness in respect to con-
venience, costs, and their sensitivity and specificity should be
taken into account and weighed against the risk of iodinated
radiocontrast study. Obtaining medical history and physical
examination is therefore a mandatory requirement before such
procedures, in order to identify patients at risk, to correct re-
versible risk factors, to initiate effective protective measures
and to consider alternative imaging approaches (196). Con-
current administration of drugs with potential nephrotoxicity

should be avoided, if possible. The concomitant use of over-
looked over-the-counter nonsteroidal antiinflammatory agents
is of particular concern, as are other medications that adversely
affect renal parenchymal oxygenation, such as cyclosporine or
amphothericin. For the above reasons, hospitalization prior
to ambulatory imaging procedures is highly recommended for
very high-risk patients. Monitoring of renal function over 48 to
72 hours following the imaging procedure should be scheduled
as well.

Reports of lactic acidosis following contrast administra-
tion in diabetic patients taking metformin have raised concern
about performing radiocontrast studies in patients on this drug
(197,198). However, there is little evidence that this complica-
tion develops in patients taking metformin who have normal
renal function before receiving contrast. It is more likely that
the diabetic patient with prior renal insufficiency and superim-
posed radiocontrast nephropathy experiences delayed excre-
tion of the drug that predisposes to the development of lac-
tic acidosis. Rasuli (199) recommend that metformin be held
for 48 hours after radiocontrast administration to determine
whether renal function has been impaired. If renal function
remains stable, the prior dose of metformin may be resumed.
There is no pharmacologic reason to withhold metformin for
48 hours prior to the study in these patients, as is sometimes
suggested.

Hydration Protocols

The administration of intravenous fluids has long been the stan-
dard treatment in the prevention of CIN in high-risk patients.
This approach, based on retrospective and uncontrolled obser-
vations during the eighties (23,200) became widely accepted,
though randomized controlled trials comparing hydration pro-
tocols with no fluids have never been performed. The rationale
for fluid administration is to attenuate preexisting vasocon-
strictive stimuli in patients with effective volume depletion and
to compensate for fluid loss induced by the osmotic diuresis.
In addition, fluid administration may decrease the tubular in-
traluminal concentration of the radiocontrast and hasten its
clearance, reducing urine viscosity and minimizing the poten-
tial for direct tubular toxicity.

A routine protocol in hospitalized adult patients was for
years the intravenous administration of 0.45% saline, applied
at the rate of 1 mL/kg/hour for 24 hours and initiated 6 to
12 hours before the radiocontrast study (12). This simple rou-
tine is well tolerated even among patients with congestive heart
failure (9), though minor adjustments may be needed to address
the patient’s clinical status.

For outpatient procedures this protocol was substituted
with short oral hydration before the procedure, followed by
intravenous 0.45% saline for 6 hours. This regimen was as
successful as the inpatient intravenous hydration for the pre-
vention of CIN following angiography in patients with mild-
to-moderate renal failure (201). The choice of 0.45% saline
has recently been challenged by a large study, in which 1,620
unselected patients, undergoing elective or emergency cardiac
catheterization were randomized to hydration protocols us-
ing 0.45% versus 0.90% saline (18). The incidence of CIN
was 2% and 0.7%, respectively, for the entire cohort (p =
0.04), indicating that normal saline may be better. However,
most of the enrolled patients were at low risk for CIN. Sub-
group analysis disclosed that in a subset of 286 patients with
preexisting renal failure, the corresponding incidence of CIN
was 4% and 2%, respectively (NS), but diabetic patients and
those administered with large amounts of the contrast medium
had a statistically significant favorable outcome with the 0.9%
saline preparation (0% vs. 5.5%, and 0% vs. 3%, respectively).
For obscure reason, women also had better results with the
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FIGURE 45-10. Percentage of patients
able to be evaluated who developed
nephrotoxicity for each treatment and
stratification group following cardiac an-
giography. DM, diabetes mellitus; �, io-
hexol; �, meglumine/sodium diatrizoate;
RI, renal insufficiency. (From: Rudnick
MR, et al. Nephrotoxicity of ionic and
nonionic contrast media in 1,196 pa-
tients: a randomized trial. Kidney Int
1995;47:254, with permission.)

0.9% solution (0.6% vs. 5.1%). In another recent clinical trial,
119 patients with preexisting renal failure were randomized to
a saline infusion protocol or equivalent load of bicarbonate
solution (31). The rationale here was that alkaluria attenuates
the generation of oxygen free radicals and may reduce subse-
quent tubular toxicity. CIN developed in 14% of patients on
the saline hydration protocol, as compared with 2% only in the
bicarbonate group. This finding was conceptually supported by
a recent report that acetazolamide attenuates tubular damage
and renal dysfunction in rats subjected to CIN (195). Bicarbon-
ate infusion, however, may require a closer clinical monitoring
to prevent clinically significant metabolic alkalosis. In conclu-
sion, though additional large studies are required to confirm
the above findings and to establish the superiority of isotonic
saline over half-normal saline in patients with preexisting renal
disease, it is reasonable to advocate the use of isotonic saline
in high-risk patients, and to consider the alternative use of iso-
equivalent bicarbonate solution.

The Choice of Radiocontrast

The development of low-osmolar agents was aimed chiefly
to reduce the incidence of adverse effects, including CIN. In-
deed, as outlined above, these agents produce more moder-
ate systemic hemodynamic effects, are given at smaller vol-
umes (dimeric agents), produce smaller osmotic and sodium
ionic loads, have a less disruptive effect on the vascular en-
dothelium and, in the case of ioversol, do not stimulate en-
dothelin release (145). Nevertheless, whether the use of low-
osmolar contrast media causes a clinically important reduction
in nephrotoxicity remained controversial for a long time, since
their introduction in the late 1980s. Several well-designed stud-
ies were unable to demonstrate a lower incidence of nephro-
toxicity when compared to high-osmolality contrast media
(16,32,35,51,86). Others found a significant advantage of
low-osmolality contrast medium over a conventional high-
osmolality agent (30,202). Because the relatively small num-
ber of high-risk patients in the studies showing no benefit
may have obscured a positive effect, a type II error, the Io-
hexol Cooperative Study enrolled 1,196 patients to compare
the low-osmolar iohexol with the high osmolar agent meglu-
mine/sodium diatrizoate in healthy and high-risk patients (26).
This prospective, multicentered trial showed that individuals

with normal renal function, in the presence or absence of dia-
betes, had a very low risk of renal injury with either contrast
agent (Fig. 45-10). However, patients with renal insufficiency
who received diatrizoate were 3.3 times more likely to develop
renal failure than those receiving iohexol. A metaanalysis of 45
controlled trials comparing high- and low-osmolality contrast
media was consistent with this multicentered trial, showing
that low-osmolality media is associated with reduced nephro-
toxicity (203). Thus, for patients with normal renal function,
there was no statistical benefit from the use of low-osmolality
agents. By contrast, in patients with preexisting renal failure,
the risk of developing ARF was reduced by 50%. Irrespective
to these issues, the extensive use of cheap high-osmolar radio-
contrast agents have been replaced to a large extent by the
less toxic low-osmolar agents over the last decade, in parallel
with the declining costs of the newer agents. Evidently, eco-
nomic considerations in the long-lasting debate regarding the
use of low-osmolar contrast media in all radiographic stud-
ies, or selectively for high-risk patients (26,204), are no longer
valid.

A further reduction of the incidence of CIN in high-risk
patients has been anticipated with the recent introduction of
isoosmolar contrast media. Aspelin et al. (17) randomized 129
patients with chronic renal failure (mean plasma creatinine 1.5
mg/dL), undergoing cardiac catheterization, to the isoosmolar
agent iodixanol or to the low-ionic material iohexol. The inci-
dence of CIN (peak increase in serum creatinine >0.5 mg/dL)
was significantly lower with the isoosmolar agent—2% versus
17%, respectively. Comparable results were also shown in a
previous study by Chalmers and Jackson, who found that the
incidence of CIN was 50% less in patients with chronic re-
nal impairment given iodixanol, as compared to iohecol (29).
However, in subsequent studies the incidence of CIN following
iodixanol in comparable high-risk patients ranged from 12%
to 33%. Indeed, in recent review and a meta-analysis, iso- and
low-osmolar agents were found to be comparable regarding
the risk for CIN (42,43). Possibly, the advantage of reducing
radiocontrast volume and osmolar loads with the new isoos-
molar agents is offset by the adverse effects of increased vis-
cosity (154), as reflected by a comparable decline in medullary
PO2 (116). In conclusion, for high-risk patients, particularly
those with renal dysfunction and diabetes, the use of low-
or isoosmolar radiocontrast media is justified to minimize the
risk of clinically significant CIN. By contrast, in patients with
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normal renal function the risk of CIN is extremely low and
equal for low-osmolar and high-osmolar agents. The new
isoosmolar contrast materials are not safer than low-osmolar
agents, regarding nephrotoxicity.

Radiocontrast Dose

Since the dose of the iodinated radiocontrast agent is consid-
ered a risk factor for CIN, high-risk patients should be given
the smallest loads of contrast material possible. There is a dose
of radiocontrast below which severe radiocontrast nephropa-
thy is very unlikely to occur. McCullough and colleagues (75),
in a cohort of more than 3,600 patients undergoing coronary
contrast intervention studies, reported that acute renal failure
requiring dialysis does not occur in any patient who receives
100 mL of contrast or less. Cigarroa suggests adjusting the
maximal permitted radiocontrast volume to the degree of re-
nal dysfunction (21). Controlled dosing of the contrast medium
using the following formula resulted in a 90% decline in the
incidence of CIN.

contrast medium dose (mL) = 5 mL × body weight (kg)
serum creatinine (mg/dL)

Radiocontrast Removal

The load of contrast material per functioning nephron inversely
correlates with their numbers. Since iodinated contrast agents
are effectively removed by hemodialysis (205), this procedure
was expected to alleviate the risk of CIN when performed im-
mediately after contrast studies in patients with advanced re-
nal failure, given large volumes of the radiocontrast material.
However, when hemodialysis was initiated in 30 patients with
advanced renal failure one hour after the contrast study, the in-
cidence of CIN was not reduced: 53% inpatients on hemodial-
ysis vs. 40% in patients treated conservatively (206). In an-
other larger cohort of 113 patients with advanced renal failure
(creatinine above 3 mg/dL), prophylactic hemodialysis, started
immediately after the contrast injection, also did not reduce the
incidence of CIN. Moreover, subsequent dialysis was more than
doubled among patients assigned to prophylactic hemodial-
ysis, as compared with the control group (41). By contrast,
Marenzi has recently reported favorable outcome with pro-
phylactic venovenous hemofiltration among 114 patients with
comparably advanced renal failure, undergoing coronary inter-
ventions with high volume (250 mL) of contrast (87). The need
for subsequent renal replacement therapy was reduced eight-
fold (3% as compared with 25% in controls) and in-hospital
mortality rate was 2% and 14%, respectively. Of the remain-
ing patients, only one in the treatment group ended up on per-
manent hemodialysis, as compared with three patients in the
control group. These study groups illustrates the results of an-
giographic interventions using large volumes of radiocontrast
medium, often in hemodynamically unstable cardiac patients.
The advantage of continuous venovenous hemofiltration over
hemodialysis seems to be the hemodynamic stability, avoiding
hypovolemia and hypotension. In addition, it enables vigorous
hydration without causing pulmonary congestion. Thus, the
study by Marenzi indicates that hemofiltration is probably the
procedure of choice under such circumstances. As outlined by
Asif (196), the associated increased costs must be viewed in the
context of short- and long-term benefits obtained, that may
justify its use in very high-risk patients with advanced renal
failure.

Vasodilators—A Conceptual Debate

As shown in Table 45-6, numerous types of renal vasodilators
were tried for the prevention of CIN. The late and protracted
decline in renal blood flow and GFR after radiocontrast ad-
ministration (132) provides the rationale for these trials. In-
creased GFR and subsequent urine generation may also reduce
the intraluminal concentration of the radiocontrast medium,
shorten its transit time, and remove sediments. However, in-
creased renal blood flow predominantly reflects augmented cor-
tical, rather than medullary blood flow, and endothelial dys-
function is not restored. Radiocontrast-induced reduction of
cortical blood flow and GFR are mediated in part by renal
defense mechanisms, designed to maintain medullary oxygen
sufficiency (105). Their neutralization may enhance GFR and
increase distal tubular reabsorption and oxygen consumption.
Thus, a conceptual debate exists regarding the usefulness of in-
duction of renal vasodilation in CIN. Should we, or should we
not improve GFR at the price of intensification of medullary
hypoxic injury? In the absence of unequivocal efficacy of va-
sodilators or available clinical tools for the noninvasive as-
sessment of medullary hypoxic stress and injury, this debate
remains open.

Theophylline

Since adenosine has been associated with the renal hemody-
namic changes induced by the contrast material, the effect of
the adenosine receptor antagonist, theophylline, was explored
in few clinical trials, with small numbers of patients included,
many at low risk for CIN (207,208). In these studies theo-
phylline was not protective. Abizaid compared 20 high-risk
patients (creatinine ≥1.5 mg/dL), half of them diabetics, treated
with intravenous theophylline, with patients given fluids, only,
ending with similar results (209). Early studied the effect of
oral theophylline in a placebo-controlled study in 80 compa-
rably high-risk patients, and found that theophylline provided
no functional benefit over hydration, though it prevented en-
zymuria (210).

Most other studies, however, found that theophylline re-
duced the risk of CIN. Katholi studied its effect in 93 hydrated
patients who were also treated with calcium channel block-
ers and randomized to low- and high-osmolar contrast agents
(211). Theophylline totally prevented or attenuated by half
the decline in creatinine clearance in patients receiving low-
or high-osmolar agents, respectively. Kapoor studied 70 dia-
betic patients with a relatively preserved renal function, under-
going coronary angiography with high-osmolar agents. CIN
developed in 3% of patients treated with theophylline, as com-
pared with 31% in the control group (212). In intensive care
unit (ICU) patients on aminophylline prophylaxis Huber re-
ported CIN in 2% of 78 patients, as compared with 14% of 565
matched control patients (213). In a randomized, double-blind
placebo-controlled study in 100 patients given low-osmolar
contrast medium, the same group report corresponding inci-
dence of 4% and 16% of CIN, respectively, with a significant
protective impact of theophylline shown by multiple regression
analysis (214).

As with most clinical studies of CIN, comparison of the
different studies is difficult in the perspective of varied pa-
tients’ characteristics, radiologic procedures, type and dose
of the radiocontrast agent used, dosing and mode of theo-
phylline administration, other interventions, and the definition
of CIN. Nevertheless, it seems that the decline in GFR fol-
lowing CIN may be attenuated by adenosine-receptor antag-
onists. These findings underscore the role of adenosine in the
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contrast-related reduction of renal blood flow (149,208), but
as discussed above, blocking its effect harbors a danger of en-
hancement of medullary hypoxia (111). Thus, the true impact
of adenosine-receptor antagonists on the prevention of clini-
cally significant CIN is yet to be proven.

Dopamine and Fenoldopam

Low-dose dopamine is a potent renal vasodilator and enhances
GFR even in patients with renal impairment. In intact ani-
mals, dopamine increases outer medullary blood flow. How-
ever, physiologic medullary hypoxia is not improved, possibly
as the result of enhanced distal tubular transport (215). Clinical
trials with dopamine in the prevention of CIN provide mixed
results. In a randomized study of 55 patients with chronic re-
nal dysfunction, dopamine was not beneficial, though in a sub-
group of patients with advanced renal failure (baseline creati-
nine ≥2 mg/dL) creatinine clearance was maintained, while in
control patients it significantly declined (216). Weiseberg (10)
randomized 50 patients with chronic renal failure, half of them
with diabetes, to hydration alone, or together with dopamine,
ANP, or mannitol. In nondiabetic individuals dopamine slightly
reduced the plasma creatinine following the contrast study.
By contrast, in diabetic patients, while renal blood flow was
significantly improved, plasma creatinine paradoxically rose
(10). Similar findings were noted with ANP and mannitol (see
below), suggesting that in diabetic patients with endothelial
dysfunction, improving cortical blood flow and GFR may ad-
versely affect medullary oxygenation and intensify regional hy-
poxic damage (105).

Fenoldopam is a recently developed selective DA-1 ago-
nist, devoid of DA-2 or adrenergic effects. It induces renal
vasodilation and increases GFR, diuresis and natriuresis. In
anesthetized dogs fenoldopam prevented the decline in renal
blood flow, induced by radiocontrast (217). In a prospective
study Kini compared 110 high-risk patients with baseline cre-
atinine ≥1.5 mg/dL, undergoing coronary interventions, with
historic controls. The incidence of CIN was 4.5% versus 19%,
respectively (218). A small randomized multicenter study of
45 patients ended with comparable results (219). However, in
a large, double-blind, placebo-controlled, randomized multi-
center study, involving 315 high-risk patients (creatinine clear-
ance ≤60 mL/min, half of them diabetics), the incidence of
CIN among fenoldopam-treated patients was 34% as com-
pared with 30% in the control group (40). Doses of fenold-
epam higher than those studied so far seem impractical due to
the risk of hypotension. Thus, currently both dopamine and
fenoldopam are not recommended for the prevention of CIN
in high-risk patients.

Natriuretic Peptides

Weisberg studied the effect of atrial natriuretic peptide (ANP)
administered during contrast studies in patients with chronic
renal failure, in addition to hydration (10). In nondiabetic pa-
tients ANP induces some decline in plasma creatinine. In di-
abetic individuals, however, as with dopamine and mannitol,
ANP enhanced renal blood flow but paradoxically reduced kid-
ney function, with plasma creatinine increasing twice as high
as in the hydration-only group. Possibly, enhancing renal blood
flow and GFR during contrast administration in patients with
altered medullary microcirculation may intensify regional hy-
poxia and exacerbate medullary hypoxic damage. Comparable
findings were noted in a more recent large-scale study, enrolling
247 patients with chronic renal failure undergoing contrast
studies, half of them diabetics (220). Aneritide in addition to
hydration did not prevent CIN in nondiabetic patients (8% vs.

9% in the saline-only group). Once again, in diabetic patients
the incidence of CIN tended to be higher in the ANP group
(39% vs. 26%, NS). Thus, ANP analogs are ineffective in the
prevention of CIN in nondiabetic high-risk patients, and may
be harmful in diabetic individuals.

Endothelin-Receptor Antagonists

Since radiocontrast media exert endothelin release that partic-
ipates in contrast-related alterations in the renal microvascu-
lature, the potential use of endothelin antagonists in the pre-
vention of CIN was explored. In a recent placebo-controlled
study, 158 hydrated patients with renal failure (mean serum
creatinine 2.7 mg/dL) undergoing cardiac catheterization were
randomized to receive the nonselective ETA/ETB receptor an-
tagonist bosentan (39). The mean increase in serum creati-
nine 48 hours after the angiographic study was significantly
higher in the treatment group (0.7 vs. 0.4 mg/dL in the placebo
group) and the incidence of CIN was higher (56% vs. 29%, re-
spectively). Endothelin ET-1 exerts cortical vasoconstriction by
binding to endothelin ETA receptors, while it induces medullary
nitrovasodilation, mediated by ETB receptors (112), with both
actions conceivably leading to the amelioration of medullary
hypoxemia. Nonselective inhibition of endothelin receptors is,
therefore, likely to intensify medullary hypoxemia and to en-
hance CIN. Future research may therefore be directed to the
evaluation of selective endothelin ETA antagonists and their
possible potential to prevent CIN.

Other Vasodilators

The prophylactic use of calcium channel blockers has been
studied in few small studies (221–223), predominantly in pa-
tients without renal failure. Nifedipine acutely increased renal
plasma flow when given before the radiocontrast, as compared
with a decline or no change, noted in control patients given
the high- and low-osmolar agents, respectively (222). Never-
theless, with the exception of one study (221) this treatment
was found to be ineffective, and has not been explored further.

The protective potential of the vasodilating prostaglandin
PGE1seems more promising. In a randomized, double-blind,
placebo-controlled study, 130 patients with renal dysfunction
(serum creatinine ≥1.5 mg/dL) were randomized to hydra-
tion alone or with the addition of PGE1infusion at 3 dif-
ferent doses. The mean increase in serum creatinine in the
placebo group 48 hours following the radiographic study was
0.72 mg/dL, significantly higher than the 0.12 to 0.30 mg/dL
increment in the three treatment groups (224). Comparable
findings were achieved in a repeated experiment (225), estab-
lishing a potential protective effect of PGE1 at a rate of 20
ng/kg/minute, administered 30 to 60 minutes prior the contrast
study. This approach is compelling, in the perspective of the
central role of prostaglandins in the maintenance of medullary
oxygenation. This strategy may be particularly important in the
aged population, characterized by reduced renal prostaglandin
synthesis.

So far, a single randomized study was published in India,
looking at the prophylactic use of angiotensin-converting en-
zyme inhibitors during contrast studies (226). Among 71 di-
abetic patients, the incidence of CIN was 29% in the control
group, as compared with 6% in patients receiving captopril.
The better outcome with captopril might reflect antioxidant
properties of the sulfhydryl-containing compound, rather than,
or in addition to, the class effect. Unfortunately, the wide use
of these agents in the high-risk population precludes the con-
duction of comparable wide-scaled placebo-controlled stud-
ies. This report, however, possibly illustrates the safe use of
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angiotensin-converting enzyme inhibitors during contrast stud-
ies, and suggests a possible role for the renin-angiotensin system
in the pathogenesis of CIN.

Finally, the NO precursor arginine may restore endothe-
lial dysfunction and improve outer medullary vasodilatory re-
sponse to contrast media. This is indirectly implicated from
an experimental model of CIN in hypercholesterolemic rats,
where l-arginine, but not d-arginine, prevented the contrast-
mediated decline in renal blood flow and GFR (74). l-arginine
also improved renal blood flow and GFR in salt-depleted rats
given radiocontrast (227). However, it was ineffective in a small
randomized clinical trial in patients undergoing coronary an-
giography, and may have caused a trend for larger deteriora-
tion in renal function. However, data presented is not stratified
for patients with or without a propensity for renal endothelial
dysfunction (228).

Loop Diuretics

While renal vasodilators may increase medullary tubular re-
absorption and deepen medullary hypoxia, potentially inten-
sifying CIN, inhibition of tubular transport seems a reason-
able intervention in the attenuation of medullary hypoxemia
and in the prevention of this disorder. Indeed, furosemide re-
verses the decline in medullary oxygenation caused by radio-
contrast (114), even though it decreases regional blood flow
(229). When given prior to the radiocontrast agent, furosemide
does not prevent the decline in medullary PO2, but since the
starting point is higher, critical medullary hypoxia is prevented
(230). In a rat model of CIN, furosemide averts the develop-
ment of tubular necrosis in the outer medulla, though function
is only partially restored, conceivably due to effective volume
depletion (231). In young human subjects medullary hypoxia
is improved with furosemide, as shown by BOLD MRI (109).

Solomon et al. (9) prospectively assigned 78 patients with
chronic renal insufficiency undergoing cardiac catheterization,
half of them with diabetes, to prior treatment with saline, saline
plus mannitol, or saline plus furosemide. Eleven percent of
patients treated with saline, 28% treated with mannitol, and
40% treated with furosemide developed ARF (i.e., 0.5 mg/dL
rise in serum creatinine within 48 hours). Urine output and
sodium excretion were unexpectedly similar in all three groups
24 hours postangiography, making volume depletion an un-
likely explanation for the results. The worst outcome of pa-
tients receiving furosemide was consistent with an earlier report
also showing that furosemide enhances radiocontrast-induced
ARF (232). However, in the later study, substantial weight re-
duction in the furosemide group, as opposed to weight gain
in the hydration-only group indicates that the decline in kid-
ney function could result from volume depletion. Furosemide
may also be deleterious in human CIN because of ensuing
medullary vasoconstriction (151,229,233), and its failure to
attenuate medullary hypoxemia in the aged (109).

Other Diuretics

Mannitol was one of the first agents used in an attempt to pre-
vent radiocontrast-induced ARF. It reportedly decreased the in-
cidence of ARF in a small group of patients when given within
1 hour of the radiocontrast (234,235). The precise interpreta-
tion and weight that should be given to these reports are unclear
because in one report only five patients each were studied in
the experimental and control groups (235). Mannitol-induced
osmotic diuresis could have a beneficial effect in ARF by de-
creasing tubular obstruction. However, radiocontrast agents
also promote a vigorous osmotic diuresis, making it unclear
what additional benefit mannitol might afford in protecting

renal function. Mannitol, like dopamine and atrial natriuretic
peptide, was superior to saline in preventing ARF in nondi-
abetics, but paradoxically, it worsened the severity of ARF
in the diabetic patients when compared to saline alone (10).
Other reports fail to demonstrate a protective effect from man-
nitol and suggest that saline expansion is the preferred agent to
prevent contrast toxicity (9,25). Mannitol may be deleterious
by increasing the osmotic load to the kidney and aggravating
medullary hypoxia (229). In fact, mannitol itself, when given
in large doses, can induce ARF (236).

The carbonic anhydrase-inhibitor acetazolamide was reno-
protective in a rat model of CIN (195), perhaps by the attenu-
ation of oxygen free radical formation through alkaluria.

Antioxidants: N-Acetylcysteine (NAC)

Evidence for renal parencymal injury by oxygen free radicals
led to the evaluation of effectiveness of antioxidants in the
prevention of CIN (164). In addition to a direct protection of
tubular epithelial cells, this approach repairs vascular endothe-
lial dysfunction, typical of clinical conditions that predispose
to CIN (171,237), and may reduce the propensity to develop
medullary hypoxic damage. NAC is a scavenger of reactive oxy-
gen species, widely used in the prevention of acetaminophen
liver toxicity. Being cheap and almost devoid of side effects,
NAC became the subject of numerous clinical trials around
the world since Tepel’s report in 2000 (238), given orally or
intravenously, before and after the radiocontrast study.

As underscored by Safirstein (239), NAC directly prevents
cytotoxicity by neutralizing free radical species (162), and may
replenish cellular glutathione levels. In addition, it might exert
regional vasodilation through nitric oxide production, and may
restore endothelial dysfunction and improve oxygen supply.
Indeed, NAC was found to improve renal medullary microcir-
culation induced by reperfusion injury (240) and to attenuate
renal vasoconstriction induced by radiocontrast media (241).
Tepel randomized 83 hydrated patients with chronic renal fail-
ure, given a small intravenous dose (75 mL) of nonionic low-
osmolar radiocontrast agent, to receive placebo or NAC orally,
600 mg every 12 hours, a day before, and a day after the pro-
cedure. The incidence of CIN after 48 hours was 2% in NAC-
treated patients, significantly lower than 21% in the control
group (238). Diaz Sandoval conducted a comparable study in
54 patients undergoing coronary angiography (38) with more
than twice the volume of the contrast medium, showing a sim-
ilarly striking difference in the incidence of CIN between the
treatment and control groups (8% vs. 45%). In a study by
Shyu (242) in patients with more advanced renal failure (serum
creatinine ≥2.8 mg/dL) undergoing coronary intervention find-
ings were similar (3% vs. 25%). Baker reported that high-dose
intravenous NAC shortly before the contrast study was also
highly effective in the prevention of CIN (5% vs. 21%) (243).

However, additional studies provide different results.
Durham studied 79 patients with chronic renal failure (serum
creatinine ≥1.7 mg/dL), undergoing cardiac studies with low
mean volumes of contrast medium (85 mL). The incidence
of CIN was 26% in the treatment group, as compared with
22% in the controls. Noteworthy, NAC oral administration
was modified, given at two doses 1,200 mg each, 1 hour be-
fore and 3 hours after the procedure (244). However, NAC
was non-protective also in other trials, such as Boccalandro’s
(245), that exactly followed Tepel’s protocol. Briguori also con-
ducted a randomized study in 183 consecutive patients with
renal dysfunction, undergoing coronary or peripheral arterial
procedures, adopting Tepel’s dosing regimen of NAC (19). In
this study the incidence of CIN was not statistically different
(6.5% and 11% in the treatment- and control-groups, respec-
tively). Subgroup analysis revealed that while in patients given
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contrast in excess of 140 mL NAC was not protective, at lower
volumes of the contrast medium NAC treatment was signifi-
cantly favorable (0% vs. 8%, respectively). However, logistic
regression analysis showed that the amount of the radiocon-
trast agent and not the treatment strategy predicted the occur-
rence of CIN. The same Italian group conducted most recently
two additional studies in large cohorts of patients with chronic
renal failure, undergoing coronary or peripheral arterial pro-
cedures (246,247), and report that NAC administration at a
double dose (1,200 mg twice a day) is more protective than
Tepel’s regimen in the prevention of CIN (3.5% vs. 11%), and
more effective that fenoldopam infusion (4.3% vs. 14%, re-
spectively). The double dose of NAC was this time protective,
particularly when large volumes of the radiocontrast (>140
ml) were used (247).

In the perspective of additional studies with inconsistent re-
sults, Birck (248) and Alonso (249) performed meta-analysis
of 7 and 12 well-conducted, randomized controlled reports,
respectively, evaluating the outcome of over 800 patients. Both
studies acknowledge the heterogeneity of patients’ characteris-
tics and of the variables related to the radiologic studies and
NAC administration that were not controlled for in the meta-
analysis. The potential bias of not reporting negative findings
has also been addressed, as was the mixed outcome, with some
reports showing clear benefit, while others concluded with no
demonstrable efficacy. Birck and Alonso both reached the con-
clusion that NAC treatment was effective in the prevention
of CIN, with an overall calculated risk reduction of 41% to
56%. A most recent meta-analysis by Kshirsagar (44), how-
ever, reaches a different conclusion, predominantly addressing
the heterogeneity of the various study groups, regarding the
definition of CIN, the patients’ characteristics, the sort of ra-
diologic procedure, the type and dose of radiocontrast stud-
ies, the hydration protocols used, and the dosing and timing
of NAC administration. Comparing 16 well-designed studies,
Kshirsagar concludes that research on NAC and the incidence
of CIN is too inconsistent at present to warrant a conclusion
on efficacy or a recommendation for its routine use (44). Hoff-
mann further questions the true value of NAC, showing that it
may directly hasten creatinine excretion, irrespective to changes
in GFR (250). Fishbane and colleagues (251) propose that cur-
rently the use of NAC should be recommended, in the per-
spective of the overall suggested benefit, the lack of effective
alternatives, the safety and tolerability of the drug and its low
costs. Thus, large-scale multicenter studies with strict defini-
tions and control of variables are required, to confirm efficacy
of NAC in the prevention of CIN (44). The use of intravenous
NAC (243) or larger oral NAC doses, as suggested by Briguori,
should be further explored (247).

Other Potential Strategies

Adenosine breakdown by xanthine oxidase elaborates free rad-
ical species, believed to exert tubular toxicity, as well as en-
dothelial dysfunction. Bakris reported that the xanthine oxi-
dase inhibitor allopurinol effectively prevented the fall in renal
blood flow and GFR, and reduced urinary malondialdehyde, a
marker of membranal injury, produced by oxygen free radicals
(164). Katholi studied 39 patients with mild renal failure given
ionic contrast agents (252). Allopurinol-treated patients with
low plasma Mg2+ had somewhat milder decline in creatinine
clearance as compared with control, low Mg2+patients (33%
vs. 79%, respectively). However, in nonhypomagnesemic pa-
tients allopurinol did not affect the decline in kidney function.
PARP inhibition is another potential therapeutic approach. In
a rat model of CIN, PARPP inhibition attenuated renal dys-
function, though the extent of tubular damage was unaffected
(167). Activation of stress response genes is another alternative,

as shown in another rat model of CIN in rats, pretreated by
the induction of heme-oxygenase (253). Other related potential
options are erythropoietin or HIF stabilizers (254). Hypother-
mia was also found to prevent CIN in rabbits (255), supposedly
through attenuation of renal oxygen consumption.

In summary, in high-risk patients attempts to reduce the in-
cidence of CIN below 10% to 20% were futile, so far. A basic
conceptual debate is whether deactivation of renal vasocon-
strictive mechanisms is the appropriate mode of intervention,
or is it the amelioration of medullary hypoxia. This debate
calls for consideration of combined strategies that in addition
to vigorous hydration will concomitantly enhance renal oxy-
gen supply, reduce medullary oxygen consumption, and restore
endothelial dysfunction.

CONCLUSIONS

Radiocontrast ARF may be a paradigm for the synergism be-
tween toxic and hypoxic insults to the kidney, illustrating the
renal vulnerability to disruption of the delicate medullary oxy-
gen balance and the pathogenic implications of endothelial dys-
function within the kidney. It develops almost exclusively in
patients with risk factors, characterized by the propensity to
develop medullary hypoxia. Prevention of CIN is initiated by
an appropriate selection of patients and the identification of
patients at risk, substitution of contrast studies with alterna-
tive imaging procedures, if possible, in high-risk individuals,
and avoiding concomitant administration of other nephrotox-
ins. High-risk patients undergoing contrast studies should be
given hydration regimen with normal saline, and receive low-
or isoosmolar agents at the smallest dose possible. Hemofiltra-
tion may be used for very-high-risk patients that require large
volumes of contrast medium for radiographic interventions.
Regardless of all these measures, CIN develops in about 10%
to 45% of high-risk patients, and remains a significant cause
of iatrogenic acute renal failure. Measures to further reduce
the incidence of CIN with additional preventive strategies are
currently being explored.
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CHAPTER 46 ■ NEPHROTOXICITY
SECONDARY TO DRUG ABUSE AND
LITHIUM USE
JOEL NEUGARTEN, GLORIA R. GALLO, AND DAVID S. BALDWIN

DRUG ABUSE

Abuse of narcotics, cocaine, and other illicit substances may be
associated with a variety of renal disorders as listed in Table
46-1. In the 1970s and early 1980s, glomerulosclerosis associ-
ated with intravenous heroin abuse in young African American
adults emerged as an important correlate of nephrotic syn-
drome and end-stage renal disease in urban areas and ac-
counted for approximately 10% of patients aged 18 to
45 years undergoing dialysis (1,2). Also, in the early 1980s,
secondary amyloidosis became an important cause of renal
failure in heroin abusers who injected drugs via the subcuta-
neous route (“skin poppers”) and developed chronic suppura-
tive skin lesions (3–6). Later, glomerulosclerosis in intravenous
drug abusers infected with the human immunodeficiency virus
(HIV) was recognized as a clinicopathologic entity distinct
from heroin-associated nephropathy in HIV-negative heroin
addicts (7,8). HIV-associated nephropathy rapidly supplanted
heroin-associated nephropathy as the major renal disorder af-
fecting intravenous drug abusers. Concurrently, the incidence
of heroin-associated nephropathy and of “skin poppers’ amy-
loidosis” decreased dramatically (9–11). Friedman and Rao
(9) reported on the sharp decline in the incidence of heroin-
associated nephropathy since 1989 and the complete absence
of new cases of end-stage renal disease due to this disease for
the years 1991 to 1993. Friedman and Rao (9) suggested that
heroin-associated nephropathy may be due to the adulterants
contained in “street” heroin rather than the heroin itself, and
attributed the virtual disappearance of heroin nephropathy to
an increase in purity of “street” heroin leading to reduced ex-
posure to nephrotoxic adulterants. However, the changing epi-
demiology of renal disease in drug abusers may instead reflect
the high prevalence, ranging up to 50% to 60%, of HIV infec-
tion among drug abusers (12). The presence of HIV infection
in such a large proportion of the addict population has greatly
reduced the number at risk for heroin-associated nephropathy,
which has been pre-empted by the occurrence of HIV infection
and its nephropathy.

Focal Glomerulosclerosis in Intravenous
Heroin Abusers

Nineteenth-century clinicians appreciated the occurrence of
proteinuria among opium addicts. Early investigators found
albuminuria in 7% to 17% of addicts (13,14). Later stud-
ies attempted to define the nature of renal disease in nar-
cotics abusers (15,16–20). In cross-sectional studies, investi-
gators determined the prevalence of glomerular abnormalities
in postmortem specimens from heroin addicts and the preva-
lence of proteinuria and renal sediment abnormalities in popu-

lations of addicts attending drug rehabilitation centers (15–20).
Markedly disparate data were reported. However, these studies
probably have little relevance to renal disease in heroin addicts
as we now understand it. The finding of nonspecific urinary
abnormalities in surveys of the addict population cannot be ac-
cepted as representative of the incidence of heroin-associated
nephropathy. The rarity with which cases could be detected in
cross-sectional or prospective studies of heroin abusers is read-
ily apparent when one considers that data available from the
early 1980s, at the height of the epidemic of heroin-associated
nephropathy, placed its prevalence at well below 1%, with an
annual incidence of less than one new case per 1,000 heroin
addicts (21,22).

In the early 1970s several investigators began to recog-
nize a clinicopathologic entity in heroin addicts character-
ized by the nephrotic syndrome and glomerulosclerosis (16,19,
23,24). Rao and colleagues (25) identified focal and segmental
glomerulosclerosis that progressed to global sclerosis as heroin-
associated nephropathy. These authors described 14 African
American intravenous heroin users in whom the nephrotic
syndrome was present in all but one. Renal biopsy speci-
mens showed focal and segmental or global glomerulosclerosis
(FSGS) in 11 of 13 patients, associated with focal and segmen-
tal glomerular deposition of immunoglobulin M and comple-
ment. Numerous other investigators confirmed these charac-
teristic morphologic features (3,4,26–33). A similar syndrome
of glomerulosclerosis associated with the nephrotic syndrome
and progressive renal insufficiency has been observed rarely in
abusers of intravenous drugs other than heroin, among them
cocaine and pentazocine with tripelennamine (1,23,29).

Clinical Features of Heroin-Associated FSGS

Detailed descriptions of the course of nephropathy in 298 in-
travenous drug abusers, most described prior to the advent of
HIV, with biopsy-proven focal and segmental glomerulosclero-
sis are available in the literature (1–4,16,17,20,25–28,34–37);
incomplete information is available in an additional 168 cases
(Table 46-2). Over 90% were African American males. The
mean age was 29 years. Intravenous heroin, often in conjunc-
tion with cocaine, was used in all but a few cases (1,23,29).
The mean duration of drug abuse prior to presentation with
renal disease was 6 years, ranging widely from 6 months to
24 years but generally exceeding 1 to 2 years.

Two-thirds of patients presented with edema due to the
nephrotic syndrome, an additional one-fourth with an abnor-
mal urinalysis, and most of the remainder with uremia. Hy-
pertension was present in nearly two-thirds on initial presenta-
tion and developed in all those who progressed to uremia (1).
Microscopic hematuria was described in one-third and pyuria
in one-half of the cases, but nearly one-fourth had no docu-
mented sediment abnormalities. Renal function on presenta-
tion varied widely but was reduced in three-fourths of cases.
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TA B L E 4 6 - 1

RENAL DISEASE ASSOCIATED WITH DRUG ABUSE

1. Focal glomerulosclerosis in intravenous heroin users
2. Amyloidosis in subcutaneous heroin abusers
3. Endocarditis-associated glomerulonephritis in intravenous

drug users
4. Acute renal failure due to nontraumatic rhabdomyolysis
5. Cocaine–associated nephropathy
6. Systemic necrotizing vasculitis
7. Nephropathy in glue and solvent “sniffers”
8. Hepatitis-related glomerulonephritis in drug abusers
9. Focal glomerulosclerosis in drug abusers infected with the

human immunodeficiency virus

Ten percent presented with uremia. Urinary protein excretion
averaged 9.3 g/24 hours and was less than 2 g/24 hours in
only 6% of cases. Proteinuria exceeded 10 g in 43%. Serum
complement levels were normal and rarely erythrocytosis was
reported (28).

Follow-up observations demonstrated that heroin-
associated nephropathy regularly progressed inexorably to
uremia. Patients presenting with a serum creatinine level below
2.2 mg/dL or a creatinine clearance exceeding 50 mL/min
advanced to end-stage renal failure (ESRD) over a mean period
of 43 months (range 6 to 148 months). As would be expected,
ESRD occurred over a commensurately shorter period in those
who presented with more advanced renal insufficiency.

The effect of abstinence from drug use on the course
of established nephropathy is not known. Several patients
with heroin-associated nephropathy have been described who
underwent sustained remission of proteinuria and/or stabi-
lization or improvement in renal function following absti-
nence (4,35,37). Eleven other patients with heroin-associated
FSGS progressed to ESRD despite discontinuation of drugs.
It appears, however, that patients who abstained may have
followed a more protracted course. Corticosteroid and im-
munosuppressive therapy have generally proved to be in-
effective. Despite reported responses to such therapy (26),
there is no convincing evidence that treatment induces remis-
sion of proteinuria or prevents progression to end-stage renal
failure.

TA B L E 4 6 - 2

FOCAL GLOMERULOSCLEROSIS IN INTRAVENOUS
HEROIN ABUSERS

Clinical features

African American 95%
Male sex 92%
Age 29 yr
Duration of drug abuse 6 yr
Hypertension on presentation 64%
Serum creatinine on presentation 3.6 mg/dL
Nephrotic syndrome 80%
Time to uremia:

Initial creatinine clearance >50 mL/min 43 mo
Initial creatinine clearance 20–50 mL/min 23 mo
Initial creatinine clearance <20 mL/min 7 mo

Comparison with Other Forms of Focal
Glomerulosclerosis

In studies performed prior to the recognition of HIV-associated
nephropathy, we found that heroin-associated FSGS and idio-
pathic FSGS showed similar histology on presentation (39).
Both frequently displayed segmental glomerulosclerosis with
foam cells and hyalinosis as well as varying numbers of glob-
ally sclerotic glomeruli. In contrast, HIV-associated nephropa-
thy is characterized by segmental and/or global collapse of tufts
together with prominent visceral epithelial cell hypertrophy.
In addition, patients with HIV-associated FSGS often present
with severe renal failure even though they lack advanced
stages of diffuse global glomerulosclerosis. In this respect, HIV-
associated FSGS differed from idiopathic and heroin-associated
FSGS. Furthermore, interstitial inflammation and distinctive
cystic tubular dilatation was noted to be more prominent in
HIV-associated FSGS than in idiopathic or heroin-associated
FSGS.

D’Agati and co-workers (7,38) compared renal biopsy spec-
imens from patients with idiopathic FSGS, heroin-associated
FSGS, and HIV-associated FSGS. They found the specimens to
be qualitatively similar but noted that the HIV group had more
globally “collapsed” glomeruli, less hyalinosis, more severe vis-
ceral epithelial cell swelling, more prevalent and severe tubular
microcytic dilation, and more severe tubular cell degenerative
changes (7,38). The severity of tubular atrophy and intersti-
tial fibrosis, edema, and inflammation did not differ among
the three groups (7). Ultrastructural examination in the HIV
group showed numerous tubuloreticular inclusions involving
glomerular endothelium, interstitial capillary endothelium, and
interstitial leukocytes (7). These inclusions were only rarely
observed in biopsies from patients with idiopathic or heroin-
associated FSGS and when present were seen only in glomerular
capillaries (7,38). These authors concluded that, while no single
morphologic feature distinguishes HIV-associated FSGS from
idiopathic or heroin-associated FSGS, the constellation of clin-
ical and pathologic features that characterize HIV-associated
nephropathy is diagnostic (7,38).

Epidemiology

Epidemiologic studies performed during the 1970s and 1980s,
prior to the HIV epidemic, suggested the existence of a form
of FSGS that occurred in intravenous heroin abusers, pre-
dominantly young African American males. FSGS in nonad-
dicts is likewise more prevalent in African Americans than in
Caucasians, but this race disparity is more marked in par-
enteral drug abusers (21). Intravenous drug abuse may un-
mask a genetic predisposition in blacks to develop glomeru-
losclerosis (1,21). The emergence of this latent tendency may
be triggered by exposure to heroin itself or adulterants in
“street” drugs, bacterial or viral contaminants, or other envi-
ronmental factors related to heroin use. In this regard, Haskell
and colleagues (40) have demonstrated an increased frequency
of HLA-BW53 among African American intravenous drug
abusers with heroin-associated nephropathy, and suggest a
genetic predisposition to the development of FSGS in this
population (40,41).

The epidemiology of nephropathy in intravenous heroin
users has changed radically in the last two decades. HIV-
associated collapsing FSGS and hepatitis C-related glomeru-
lonephritris have supplanted heroin-associated FSGS as the
major causes of glomerular disease among intravenous drug
abusers. The virtual disappearance of heroin-associated FSGS
may be due to an increase in purity of “street” heroin leading
to reduced exposure to nephrotoxic adulterants, or the disease
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may have been pre-empted by the occurrence of HIV infection
with its distinctive collapsing glomerulopathy.

Studies performed in the late 1980s and 1990s described re-
nal histopathology in European intravenous heroin users who
were selected for evaluation of proteinuria or examined post-
mortem (42,43,44,45). Glomerular lesions in some were clas-
sified as membranoproliferative glomerulonephritis and may
have been due to infection with hepatitis C. However, serum an-
tibody to the hepatitis C virus when sought postmortem could
not be detected (42).

Perneger et al. (46) performed a case control study of 716
illicit drug users and 361 controls. Those who had ever used
heroin or other opiates were at increased risk for end stage renal
disease, with an adjusted odds ratio of 19.1. The association
showed a dose-dependent effect. The use of cocaine, crack, or
psychedelic drugs was also associated with ESRD but these
associations could not be separated from the effects of heroin
use. The authors estimated that heroin-associated renal disease
accounts for 5.6% of all treated ESRD patients aged 20 to 64
and for 5% to 6% of new patients starting renal replacement
therapy in this age group. However, these investigators failed
to distinguish between HIV- or hepatitis C-related renal disease
in heroin addicts and heroin-associated FSGS. In this regard,
the United States Renal Data System (47) attributed 0.1% of
new cases of ESRD from 1998–2002 to heroin/related abuse.
The median age was 45 years, 75.5% were male, and 59.2%
were black.

Pathogenesis

Early investigators suggested that FSGS in heroin abusers
was immunologically mediated (22,25). The finding of im-
munoglobulin M (IgM) and C3 in segmental lesions suggested
an immunologic mechanism of damage due to deposition of
immune complexes; the putative antigen being a self-injected
bacterial or viral contaminant, an adulterant used to dilute
heroin, or the heroin itself (1). Although electron-dense ma-
terial may be seen in areas of sclerosis, they are not found in
uninvolved peripheral capillary walls in kidney biopsies of ad-
dicts with FSGS. The appearance and location in the lumens
of sclerosing tufts suggest that these accumulations represent
nonspecific trapping of immunoglobulins rather than immune
deposits. Immunofluorescence findings are consistent with this
interpretation.

Administration of morphine to rats by Marchand and co-
workers (48) did not result in glomerular disease but instead
caused tubulointerstitial lesions in the cortex, medulla, and
papilla consisting of basement membrane thickening, loss of
microvilli, and dense cytoplasmic inclusions in proximal, dis-
tal, and collecting duct tubules. However, other investigators
have demonstrated increased glomerular podocyte micropro-
jections in morphine-treated rats (49). Clearly, administration
of morphine sulfate to rats is not analogous to the nonsterile
self-injection of heroin and its adulterants by addicts.

Studies by Singhal and co-workers (50–58) suggest that
morphine, the active metabolite of heroin, may directly medi-
ate heroin nephrotoxicity. Exposure of mesangial cells to mor-
phine stimulates cellular proliferation and synthesis of collagen
and laminin and suppresses collagenase activity (50–56). Mor-
phine enhances accumulation of macromolecules within the
mesangium and stimulates production of pro-proliferative and
fibrogenic cytokines (52–56). These alterations in mesangial
cell function may contribute to the development of cell prolifer-
ation and matrix abnormalities observed in cultured mesangial
cells after long-term exposure to morphine (50). In addition,
morphine increases renal medullary interstitial cell and renal
fibroblast proliferation and enhances the release of proinflam-
matory macrophage secretory products (57,58). However, the

relevance of these in vitro experimental observations to the
development of heroin-associated nephropathy in humans re-
mains to be established.

Deposition of talc granules has been observed in arterioles
and glomeruli of intravenous drug abusers who inject drugs
compounded for oral or rectal use (59–63). Granulomatous
interstitial nephritis with particulate deposits in the renal in-
terstitium has also been reported (60,62,64). In addition, a
syndrome of microangiopathic hemolytic anemia, thrombocy-
topenia, and acute renal failure has also been observed with
intravenous heroin use (65).

Amyloidosis in Subcutaneous Heroin Abusers
(“Skin Poppers’ Amyloidosis”)

In the late 1970s and early 1980s, systemic amyloidosis
emerged as a major cause of nephropathy in heroin abusers
(3–6). The association was first reported in small numbers of
addicts with proteinuria between 1975 and 1979 (66–72). By
the early 1980s, approximately one-half of heroin abusers who
underwent renal biopsy for proteinuria in New York City were
found to have amyloidosis (3,4,6). However, with the advent
of HIV infection among drug users, amyloidosis has become
an infrequent cause of nephrotic syndrome and renal failure
in drug abusers, paralleling the decline in heroin-associated
FSGS.

Pathogenesis

We performed a prospective survey of 150 predominantly
African American male intravenous drug addicts who were ex-
amined consecutively at postmortem in the early 1980s (5).
We demonstrated that addicts with suppurative skin infec-
tions were at high risk for the development of amyloidosis (5).
Twenty-six percent of the 23 addicts with chronic suppurative
skin infections due to subcutaneous injections had renal amy-
loidosis. The skin infections, usually in the extremities, were
generally extensive, involving 10% to 20% of the body sur-
face area. The amyloid was amyloid A protein-related in all
cases. All but one of those found to have renal amyloidosis
had chronic skin infections. The near universal association of
renal amyoidosis with chronic suppurative cutaneous lesions
in subcutaneous drug abusers strongly implicates skin infection
in the pathogenesis (3–6,70,73,74). Thus, to the extent exam-
ined, amyloidosis in addicts does not differ from amyloidosis
secondary to chronic infections and inflammatory diseases in
nonaddicts associated with chronic cutaneous dermatoses, sec-
ondarily infected burns, or decubitus ulcers (5).

The average duration of drug abuse in addicts with re-
nal amyloidosis was 18 years, significantly longer than the
average 6 years in addicts with FSGS. The mean age of ad-
dicts with amyloidosis was 41 years, while those with focal
sclerosis averaged 29 years of age. In general, intravenous
drug abuse antedated the subcutaneous route in those with
amyloidosis. With advancing age and prolonged addiction, in-
travenous sites for injection of drugs become exhausted, neces-
sitating a shift to the subcutaneous route. Cutaneous ulcera-
tions that develop in response to local reactions to the injected
heroin, bacterial contaminants, and/or diluents are followed by
suppurative complications (72,75). Longer survival of addicts
in the late 1970s and early 1980s due to improved manage-
ment of bacterial endocarditis, hepatitis, and other narcotic
abuse-related medical illnesses likely allowed the emergence
of renal amyloidosis. However, there has been a dramatic de-
cline in the incidence of “skin poppers’ amyloidosis” in the
HIV era.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-46 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 10:29

1124 Section VII: Acute Renal Failure

Pathology

Deposits of amyloid are typically present in all renal compart-
ments. Glomeruli typically exhibit prominent mesangial expan-
sion or solidified lobules, which may be misinterpreted as scle-
rosis in hematoxylin–eosin-stained sections. However, routine
stains readily differentiate the two processes because amyloid
is silver-negative with periodic acid-silver methenamine stain,
whereas the opposite is true of sclerosis. Peripheral capillary
walls are often thickened and have a “spicular” deformity in
silver-stained sections produced by the penetration of amyloid
fibrils through the glomerular basement membrane. Tubular
basement membranes, especially those of the distal segments,
are thickened due to deposits of amyloid, and the degree of
tubular atrophy appears to parallel the amount of amyloid
deposited. While amyloid is seen focally in tubular basement
membranes of some proximal tubules, the amount and distri-
bution are far greater in distal segments.

All of the 17 kidneys with skin poppers’ amyloidosis that we
examined by immunofluorescence showed predominant stain-
ing for AA protein. Amyloid was isolated from the kidney and
biochemically characterized in two instances. The amyloid pro-
tein was AA protein–related and did not differ from AA amy-
loid secondary to other chronic infections and inflammatory
diseases (5,76).

Clinical Features

The following description of the clinical features of skin pop-
pers’ amyloidosis is based on data from 60 cases reported in the
literature, (3,4,6,66–74,77–79) (Table 46-3). The mean age of
these patients was 41 years (range, 5 to 57 years). When speci-
fied, nearly all patients were African American, and all but 10
were men. Heroin was abused in nearly all cases, often in asso-
ciation with cocaine; however, in two patients, crushed tablets
of pentazocine and tripelennamine were the sole drugs abused.
The vast majority injected drugs by the subcutaneous route and
invariably had extensive skin ulcerations, usually with active
chronic suppuration at the time of presentation. Chronic skin
infections at intravenous injection sites or systemic illnesses
known to be associated with systemic amyloidosis were seen
in those who had not abused drugs by the subcutaneous route.
The mean total duration of drug abuse was 18 years, and the
average time from initiation of the subcutaneous route to pre-
sentation with amyloidosis was 3 years, with a range of 1 to
8 years.

Addicts with amyloidosis typically present with the nephro-
tic syndrome. Urinary protein excretion averaged 13 g/24 hours
and was in the nephrotic range in over 80%. Microscopic
hematuria and pyuria were uncommon. Hypertension on initial
presentation was reported in 17%. Average serum creatinine
levels did not differ between hypertensive and normotensive

TA B L E 4 6 - 3

AMYLOIDOSIS IN SUBCUTANEOUS HEROIN ABUSERS

Clinical features

African American 98%
Male sex 86%
Age 41 yr
Duration of intravenous route 18 yr
Duration of subcutaneous route 3 yr
Suppurative skin lesions 88%
Nephrotic syndrome on presentation 86%
Hypertension on presentation 17%
Serum creatinine on presentation 2.5 mg/dL

patients. Dubrow and colleagues (3) comment on the infre-
quency of hypertension in heroin abusers with systemic amy-
loidosis in contrast to its presence at presentation in two-thirds
of heroin abusers with FSGS. Our own experience differs in-
sofar as we frequently observed hypertension at presentation
among heroin addicts with systemic amyloidosis. Kidney size
was normal in two-thirds of cases and was increased in the re-
mainder. Serum creatinine on presentation varied widely and
averaged 2.5 mg/dL. Only 4% were uremic at presentation.

Follow-up data are available in a limited number of pa-
tients who generally progressed to uremia over 2 to 3 years af-
ter presenting with serum creatinine levels ranging from 1.5 to
4.7 mg/dL. Abstinence from subcutaneous drug use and clear-
ance of infection has been associated with remission of the
nephrotic syndrome and improvement or stabilization of re-
nal function in several patients (73–80). However, repeat renal
biopsy showed persistent glomerular deposits of AA amyloid in
one of these (74). In contrast, others have described persistent
nephrotic syndrome, progressive loss of renal function and per-
sistent renal amyloid deposits despite discontinuation of drug
use and clearance of infection (72). Tan and colleagues (78)
treated one patient with colchicine. Although renal function
improved and the nephrotic syndrome remitted, repeat renal
biopsy after 12 months failed to show any improvement in the
amyloid burden (78).

Tubular Disorders

We assessed renal tubular function in 13 addicts with renal
amyloidosis (6). Renal tubular acidosis was found in eight
patients. Polyuria and polydipsia, glycosuria, and phospha-
turia were additional clinical features. Nephrogenic diabetes
insipidus insensitive to exogenous vasopressin administration
was documented in one patient in whom amyloid deposits were
demonstrated in renal tubular basement membranes, predom-
inantly involving distal segments.

In summary, systemic amyloidosis emerged in the late 1970s
and early 1980s as an important cause of nephropathy in drug
abusers in urban areas related to use of the subcutaneous route
of drug injection. However, with the advent of HIV infection,
renal amyloidosis in the addict population has experienced a
dramatic decline.

Endocarditis-Associated Glomerulonephritis
in Heroin Abusers

In a review of the epidemiology and clinical features of
glomerulonephritis during the course of bacterial endocardi-
tis, we noted that patients were frequently parenteral drug
abusers infected with Staphylococcus aureus (81,82). Others
have reported a similarly high incidence of glomerulonephritis
in parenteral drug abusers with bacterial endocarditis due to
S. aureus (83–91). The predisposition of parenteral drug
abusers to develop glomerulonephritis during the course of
bacterial endocarditis may be related to preformed serum an-
tibodies to bacterial antigens.

Pathology

Glomerulonephritis encountered in the course of endocardi-
tis can be classified as diffuse or focal (81). Diffuse glomeru-
lonephritis, as it occurs in addicts with acute bacterial endo-
carditis due to S. aureus, is generally indistinguishable from
acute post streptococcal or other post infectious glomeru-
lonephritis. Proliferation in glomeruli is global and regular, and
electron-dense deposits are present in a subepithelial distribu-
tion. This contrasts with the morphologic features of diffuse
glomerulonephritis seen with subacute bacterial endocarditis
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due to Streptococcus viridans. In this latter setting, deposits
are predominantly subendothelial and mesangial, and prolif-
eration in glomeruli is irregular with coexistence of segmental
and global lesions (81). Focal glomerulonephritis in infective
endocarditis is characterized by varying degrees of segmental
glomerular hypercellularity, sclerosis, or capsular adhesions.
Epithelial and fibroepithelial crescents, either small or circum-
ferential, may be present.

Clinical Features

Clinical manifestations of focal glomerulonephritis are usu-
ally mild (82). Microscopic hematuria, pyuria, or modest pro-
teinuria may be observed; heavy proteinuria and hyperten-
sion are rare. Renal functional impairment is uncommon, but
when segmental glomerular involvement is severe and exten-
sive, renal insufficiency may supervene (81). Occasionally, fo-
cal glomerulonephritis may be present in the absence of clinical
abnormalities.

We reported our experience with the course of diffuse
glomerulonephritis during bacterial endocarditis as seen pre-
dominantly in heroin abusers (81,82). Renal functional im-
pairment on initial presentation ranged from mild to advanced
renal failure. No correlation existed between the duration of
symptoms prior to presentation and the initial and peak serum
creatinine level. In the majority of patients, serum creatinine
reached maximal levels prior to initiation of antibiotic therapy
or during the early phase of treatment. Advanced renal insuffi-
ciency on initial presentation was associated with both failure
of bacterial cure and failure to recover renal function. It is
unclear whether the presence of severe renal insufficiency hin-
dered the eradication of infection or whether more “severe”
endocarditis gave rise to more severe glomerulonephritis. By
contrast, effective antibiotic therapy led to recovery of renal
function, normalization of the serum complement level, and
remission of the clinical features of glomerulonephritis. Renal
recovery occurred consistently in those patients in whom renal
functional impairment was mild or moderate.

Microscopic hematuria and proteinuria are universal in
endocarditis-associated diffuse glomerulonephritis (81). Gross
hematuria may also be observed or may result from renal in-
farction or concurrent drug-induced interstitial nephritis. It is
generally thought that the nephrotic syndrome is a rare fea-
ture; however, the nephrotic syndrome has been reported in
16% of histologically confirmed cases of glomerulonephritis
in patients with bacterial endocarditis (81). Fifty-six percent of
those with nephrotic syndrome were parenteral drug abusers
with S. aureus bacterial endocarditis (81). Diffuse glomeru-
lonephritis was present in most (81). These data, however, may
overestimate the true incidence of nephrotic syndrome because
patients with heavy proteinuria are more likely to be subjected
to renal biopsy. Hypertension is rarely described despite its
frequent occurrence in other forms of post infectious endo-
capillary glomerulonephritis (81). Because of the difficulty in
differentiating cardiac, nephrotic, and “nephritic” edema in
patients with endocarditis and renal disease, the contribution
of primary renal sodium retention cannot be determined with
certainty.

Outcome

With control of infection by antibiotic therapy, the urinary
abnormalities normalize in most patients within several days
to several weeks (81). Occasionally, microscopic hematuria or
proteinuria may persist for months to years after bacteriologic
cure (81). In the majority of cases, renal insufficiency of mild
to moderate severity resolves promptly with successful antibi-
otic therapy. Infrequently, transient worsening of renal function
may occur prior to recovery (81). Despite the worst prognosis
in patients who present with uremia, even severe renal failure

may resolve with successful antibiotic therapy, sometimes with
improvement continuing over weeks or months. Serial renal
biopsies may reveal almost complete histological resolution of
glomerulonephritis in association with clinical recovery (81).

Renal failure requiring dialysis may persist despite bacteri-
ologic cure (81,82). This might occur more frequently were it
not for the high mortality associated with uremia due to fail-
ure of antibiotic therapy. Among those cured of endocarditis,
later deaths due to chronic renal failure secondary to glomeru-
lonephritis acquired during the active phase of endocarditis
have occasionally been reported (81). Persistent renal insuffi-
ciency, nephrotic syndrome, and sediment abnormalities have
been described in parenteral drug abusers after bacteriologic
cure of S. aureus endocarditis (92,93). Our own studies demon-
strate that glomerulonephritis acquired during the course of
endocarditis may occasionally prove to be irreversible despite
bacteriologic cure and may result in persistent renal insuffi-
ciency or sediment abnormalities (82). A role for corticos-
teroids, cytotoxic agents, or plasmapheresis has been suggested
in patients with bacterial endocarditis and diffuse proliferative
glomerulonephritis with extracapillary proliferation in whom
renal function fails to recover with antibiotic therapy alone
(94). However, these recommendations are based solely on iso-
lated case reports and require confirmation with controlled,
randomized studies.

Acute Renal Failure Due to Nontraumatic
Rhabdomyolysis in Drug Abusers

Nontraumatic rhabdomyolysis in drug users is a well-
recognized clinical syndrome. Although cocaine (95–129) and
heroin (122,130–161) are the agents most frequently responsi-
ble, the syndrome has also been described after intravenous or
oral administration of amphetamine, methamphetamine, phen-
cyclidine, methadone, and barbiturates and other sedatives
singly or in combination (138,162–174). In particular, phency-
clidine may cause rhabdomyolysis during periods of involun-
tary isometric activity against mechanical restraints (168,169).
Intra-arterial injection of temazepan formulated as a gelatin
capsule or hard gel may cause acute renal failure due to par-
ticulate embolization with rhabdomyolysis (173). However,
temazapan is no longer available in these formulations. Tetanus
or self-injection of water may rarely cause nontraumatic rhab-
domyolysis in drug abusers (30,37).

Prolonged pressure on dependent muscles during extended
periods of depressed consciousness and immobilization result-
ing in vascular compromise, is generally believed to be respon-
sible for heroin-associated rhabdomyolysis (36,37,130–137).
This sequence results in compression myonecrosis and ischemic
injury. However, a number of cases of heroin-associated rhab-
domyolysis have occurred in the absence of depressed con-
sciousness or muscle compression (134,145–152). Rhabdomy-
olysis in these instances has been attributed to a direct toxic
effect or an allergic reaction to heroin or a contaminant. Instead
of the typical localized muscle involvement seen with pressure
myonecrosis, generalized and symmetric muscle swelling may
be observed in these cases (150–152). Lending further credence
to a toxic or allergic pathogenesis is the occasional occurrence
of swelling of an entire extremity after local injection of heroin
(150). In several cases, myocarditis appeared to accompany
nontraumatic rhabdomyolysis due to heroin (148,152,153);
however, in only one case was myocardial involvement con-
firmed histologically (152).

Most heroin abusers with nontraumatic rhabdomyolysis
are young men between the ages of 18 and 41 years (mean,
25 years). Prolonged muscle compression during extended pe-
riods of stupor and immobilization was present in the vast
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majority. The degree and duration of stupor usually determined
the severity of rhabdomyolysis and the occurrence and severity
of acute renal failure (37). Hypoxia, volume depletion, acido-
sis, hypotension, and disturbances in temperature regulation,
which frequently accompany drug overdose, contributed to the
occurrence of renal failure in this setting (134,154,155). Clin-
ical evidence of muscle injury such as swelling and tenderness
of involved muscles or localized pain and weakness was fre-
quent; however, these findings may be absent or overlooked.
Elevation of serum levels of muscle enzymes and myoglobin-
uria were characteristic features. Acute renal failure occurred
in two-thirds of cases and was frequently oliguric. Prognosis
was excellent, with full recovery in all but several patients who
died during oliguric acute renal failure (150,152).

The first reports calling attention to the association between
cocaine abuse and nontraumatic rhabdomyolysis appeared in
1987 (95–97). Well over 100 cases have been described to
date (95–129,174–180). The vast majority were male, and
their average age was 30 years. Ischemic myonecrosis due to
cocaine-induced vasoconstriction may be primarily responsible
for rhabdomyolysis; however, cocaine has also been shown to
have direct toxic effects on muscle in vitro (181). Most patients
experienced complications of cocaine use that may have con-
tributed to the development of rhabdomyolysis or may have
been primarily responsible for muscle injury. These complica-
tions included hypotension, seizures, hyperpyrexia, and mus-
cle compression following prolonged immobilization. Others
abused cocaine together with heroin or alcohol—drugs that are
themselves associated with muscle injury. Cocaine may be con-
taminated with arsenic, strychnine, amphetamine, and phency-
clidine, which may cause seizures and rhabdomyolysis (173).
Myalgia or muscle tenderness accompanied cocaine-induced
rhabdomyolysis in one-half of cases. Cocaine was most fre-
quently administered by intravenous injection or by smoking
of the cocaine alkaloid. It has been suggested that renal fail-
ure is unrelated to the route of administration (155); however,
we found that intravenous cocaine was associated with more
severe muscle injury and a greater incidence of renal failure
(105,107).

Urinalysis typically showed a positive orthotolidine reaction
for heme. Proteinuria was detected by dipstick in two-thirds of
cases. Renal failure developed in nearly one-half of the patients.
Of those who developed renal failure, one-half were oliguric
and an equal number required dialysis. Roth and associates
(104) found evidence of more severe muscle injury in patients
with cocaine-induced rhabdomyolysis who developed acute re-
nal failure. Mean serum creatine phosphokinase levels in those
who developed renal failure were 150 times the upper limit of
normal and twice as high as in the group as a whole (104). In
our own series, mean peak serum creatine phosphokinase levels
exceeded 90,000 IU/L in cocaine addicts with rhabdomyolysis
who developed acute renal failure as compared to a mean peak
value of approximately 1,000 IU/L among nonazotemic addicts
(107). Hypotension, hyperpyrexia, volume contraction, diffuse
intravascular coagulation, and severe hepatic dysfunction were
associated with the development of acute renal failure in both
series as well as in many individual case reports. Of the 13 pa-
tients with renal failure reported by Roth and associates (104),
6 died. In contrast, we observed an excellent renal prognosis
(107). In view of the rapid proliferation of cocaine addiction
among young adults, cocaine-induced rhabdomyolysis has be-
come an increasingly frequent cause of acute renal failure in
urban areas.

Cocaine-Associated Nephropathy

Although the most frequent renal manifestation of cocaine
abuse is acute renal failure due to nontraumatic rhabdomy-

olysis, cocaine may induce nephropathy by other mecha-
nisms (182–209). In several cases, cocaine use was associ-
ated with acute renal failure in the absence of rhabdomyolysis
or accelerated hypertension (207–209). Renal failure was at-
tributed to cocaine-induced vasoconstriction leading to acute
tubular necrosis. Cocaine may also precipitate malignant hy-
pertension with rapid progression to end-stage renal failure
(175,182,183,210).

Cocaine may unmask, exacerbate, or induce scleroderma
and has been responsible for precipitating scleroderma renal
crises (184,186). Cocaine is a potent arterial vasoconstric-
tor and may contribute to thrombosis by its ability to in-
crease platelet aggregability, enhance thromboxane produc-
tion, and induce endothelial injury. Renal infarction has been
attributed to cocaine-induced renal artery vasospasm or ar-
terial thrombosis (200,204,211,213). Cocaine use has also
been associated with the development of microangiopathic
hemolytic anemia, thrombocytopenia, and acute renal failure
due to thrombotic microangiopathy in the absence of hyper-
tension (187,188). Isolated case reports have linked cocaine
with a variety of glomerular and tubulointerstitial renal dis-
eases, including anti-glomerular basement membrane disease,
acute interstitial nephritis, and systemic necrotizing vasculitis;
however, these associations have not been clearly established
(189–191,205).

In the rat kidney, cocaine has been shown to enhance
mesangial cell uptake of macromolecules, indirectly stimulate
mesangial cell proliferation, and induce release of macrophage
secretory products, including interleukin-6 and transforming
growth factor β (192,193). In addition, chronic administra-
tion of cocaine to rats causes renal injury leading to glomerular
sclerosis and chronic tubulointerstitial damage (194). How-
ever, these experimental observations may not translate to
human disease. It has been suggested that cocaine use may be
a risk factor for hypertensive end-stage renal disease in African
Americans (10,183,214–216). However, convincing evidence
of a cause and effect relationship remains to be established.

Vupputuri et al. (215) found that the relative risk for mild
renal functional impairment among 637 men enrolled in a hy-
pertension clinic was increased to 2.3 with the use of any il-
licit drug, to 3.0 with cocaine use and to 3.9 with psychedelic
drug use. Use of marijuana, amphetamines, or heroin did not
lead to a significant increase in risk. In a cross-sectional study
of 193 ESRD patients, Norris et al. (216) found that a clini-
cal diagnosis of hypertensive nephrosclerosis was strongly as-
sociated with a history of cocaine use. Cocaine users had an
earlier onset of ESRD despite only a brief history of hyperten-
sion. In contrast, Breclin and colleagues (195) studied blood
pressure measurements in 301 predominantly African Amer-
ican males hospitalized for cocaine addiction treatment and
concluded that cocaine use is associated with acute but not
chronic hypertension. There was no significant difference in
age-adjusted blood pressure in the cocaine users compared to
National Health and Nutrition Examination Survey groups. In
addition, microalbuminuria was not detected in these patients
who had used cocaine for a mean of 12 years.

Several reports have attributed accelerated arteriosclerosis
of the renal vasculature to cocaine use even in the absence of
hypertension (196–199). DiPaolo and associates (197) com-
pared 40 renal autopsy specimens from cocaine-related deaths
with 40 specimens obtained from road accident victims. Kid-
neys from cocaine addicts showed extensive arteriosclerosis
with medial thickening, luminal narrowing, and vessel obstruc-
tion, which were absent in control cases. In association with
these vessel changes, cocaine addicts showed significantly more
glomerular hyalinosis, periglomerular fibrosis, and interstitial
cellular infiltration. The pathogenesis of accelerated hyperplas-
tic atherosclerotic damage in cocaine addicts is speculative but
may relate to repeated episodes of cocaine-induced vasospasm,
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mast cell activation, activation of the renin-angiotensin system,
or cocaine-stimulated thromboxane production, platelet aggre-
gation, or collagen synthesis. In addition, cocaine may modu-
late mononuclear cell infiltration of atherosclerotic plaques and
may adversely affect lipoprotein metabolism (196).

Teratogenicity

Exposure to cocaine in utero due to maternal use has been
associated with a more than four-fold risk of developing con-
genital urinary tract abnormalities (217–226). Hydronephro-
sis, horseshoe kidney, prune belly syndrome, renal agenesis,
prominent renal pelvis, nephromegaly, unilateral small kidney
and genital organ abnormalities have been described in as-
sociation with in utero cocaine exposure (218,221). Reduced
urine output has been observed in fetuses exposed to cocaine
(223,225). Stillborn fetuses exposed to cocaine show thicken-
ing of the renal interlobular artery walls with narrowing of
the lumen (224). These vascular abnormalities are reflected
in higher renal artery resistance indices (227). Severe hyper-
tension due to renal artery stenosis and persistent postnatal
hypertension have been described after prenatal cocaine expo-
sure (226,228). Renal vascular disease and congenital urinary
tract abnormalities are also observed in experimental models
of in utero cocaine exposure (220). In addition, an increased
incidence of urinary tract infections has been observed in in-
fants after prenatal cocaine exposure (229). It has been pos-
tulated that cocaine-induced vasoconstriction of uterine and
fetal blood vessels may lead to developmental abnormalities.
Alterations in calcium metabolism may also contribute. Persis-
tent postnatal hypertension in the absence of renal anomalies
has been attributed to dysfunction of the sympathetic nervous
system (228).

Ecstasy (3–4 methylenedioxymethamphetamine) (MDMA)
has been associated with acute renal failure, accelerated hy-
pertension and electrolyte disturbances (173,230–239). A syn-
drome of hyperthermia, coagulopathy, rhabdomyolysis with
acute renal failure, and hepatic failure may complicate inges-
tion of this agent (230,231,234,235). Acute renal failure may
also arise as a result of accelerated hypertension (237). MDMA
may cause inappropriate release of antidiuretic hormone with
resultant hyponatremia and has also been reported to cause
urinary retention due to bladder neck closure (173).

Systemic Necrotizing Vasculitis in
Parenteral Drug Abusers

Citron and co-workers (240) described systemic necrotizing
vasculitis in parenteral drug abusers, which was clinically simi-
lar to classic polyarteritis nodosa, and attributed this syndrome
to abuse of amphetamines. Although a variety of drugs were
involved, methamphetamine had been abused by all but 2 of
their 14 patients and was used exclusively by one of them.
An experimental model of amphetamine-induced cerebral vas-
culitis was developed in the rhesus monkey (241). Cerebral
angiography demonstrated vessel spasm, with occasional mi-
croaneurysm formation, while histology showed generalized
cerebral edema, hemorrhage, and infarction. However, the va-
lidity of this model has been questioned because severe hyper-
tension is produced, which itself may be responsible for the
histological and angiographic features observed (242).

An association exists between classic polyarteritis nodosa
and hepatitis B surface antigenemia (243). Hepatitis B sur-
face antigen has been found in the serum of 4% to 13% of
parenteral drug abusers (244–247). Accordingly, some inves-
tigators have proposed that systemic necrotizing vasculitis in
parenteral drug abusers may be related to hepatitis B surface
antigen, thus discounting a pathogenetic role for amphetamine

(248). When sought, hepatitis B surface antigen has been found
in the serum of some, but not all, drug abusers with systemic
necrotizing vasculitis (242,248–252). In one study, hepatitis B
surface antigen was demonstrated in fewer than one-third of
cases (250). However, Koff and colleagues (248) describe one
abuser of heroin and amphetamine with systemic necrotizing
angiitis in whom hepatitis B surface antigenemia was transient.
More recently, systemic necrotizing vasculitis has been associ-
ated with hepatitis C infection and cryoglobulinemia. It is pos-
sible that hepatitis B surface antigen-negative drug users with
systemic necrotizing vasculitis reported in earlier series may
have been infected with hepatitis C. Thus, it is unclear what
role methamphetamine use, hepatitis B infection, and hepati-
tis C infection play in the pathogenesis of systemic necrotizing
angiitis in drug abusers.

The clinical course and angiographic features of systemic
necrotizing vasculitis have been described in 39 parenteral
drug abusers, and in addition, isolated cerebral angiitis has
been described in 20 others (36,240,242,248–259). Patients
with widespread vasculitis ranged in age from 18 to 47 years
(mean, 24 years); one-half were male. The duration of par-
enteral drug abuse invariably exceeded 3 months. When spec-
ified, amphetamines were among the agents abused in all but
two patients, usually in association with multiple other drugs.
Hepatitis B surface antigen was demonstrated in the serum of
fewer than one-third of the 30 patients evaluated by Citron and
Peters (250). Hepatitis B surface antigen was sought in five ad-
ditional patients and was present in all (242,248,249,251,252).
In five asymptomatic patients, the diagnosis was made on the
basis of typical angiographic findings consisting of arterial
aneurysms and sacculations involving multiple organs (240).
In symptomatic cases, the duration of illness prior to presen-
tation ranged widely from several days to 1 year. The severity
of hypertension observed in this syndrome and its refractori-
ness to therapy has been emphasized (249). Hypertension was
present in 13 of 17 patients. Malignant hypertension associ-
ated with papilledema, encephalopathy, or rapidly progressive
renal failure occurred in six patients.

Renal manifestations were present in 4 of the 14 patients re-
ported by Citron and co-workers (240). Uremia developed in
two cases and hematuria, proteinuria, or azotemia were present
in the other two. Renal involvement was seen in a total of 11
patients; 7 of whom were uremic. Severe or accelerated hyper-
tension was characteristic of all but one of those who developed
renal failure. Small kidneys with segmental ischemic atrophy,
reflecting old as well as more recent renal infarctions, were
characteristic findings at postmortem examination. Necrotiz-
ing arteriolitis frequently involved the interlobular and arcu-
ate arteries. Vascular changes of different ages often coexisted.
Glomerulonephritis was not observed.

Of the 11 patients with renal involvement, 3 died in ure-
mia and 4 others died due to visceral infarction, cardiovas-
cular complications, or aneurysmal rupture. One patient un-
derwent renal transplantation. Follow-up was not available in
the remaining three uremic patients. The response to immuno-
suppressive therapy has been inconsistent. Four patients re-
sponded favorably to therapy with steroids or cytotoxic agents.
In one of these, cytotoxic therapy induced a remission despite
an equivocal response to steroids. However, relapse occurred
after discontinuation of therapy. Two patients died and a third
developed accelerated hypertension and renal failure during
corticosteroid therapy.

Nephropathy in Glue and Solvent “Sniffers”

Inhalation of the fumes of toluene or toluene-containing com-
pounds (spray paint, household and model glue, lacquer and
paint thinners) may be associated with a variety of electrolyte
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and acid–base disturbances (260–281). Taher and co-workers
(260) first recognized nonanion gap hyperchloremic metabolic
acidosis in association with toluene “sniffing” in two patients,
one of whom was studied in detail. Urine pH was inappropri-
ately high, and studies of urinary bicarbonate excretion sug-
gested a distal renal tubular acidosis. Azotemia was absent,
and proximal tubular reabsorption of solutes was unimpaired.
The acidifying defect was rapidly reversible but recurred with
repeated episodes of toluene abuse. Renal potassium wasting
was attributed to hyperaldosteronism, and generalized muscle
weakness and flaccid quadriparesis resulted from severe hy-
pokalemia. Numerous other cases of hyperchloremic metabolic
acidosis due to toluene inhalation have subsequently been re-
ported (261–280). In addition, transient congenital renal tubu-
lar dysfunction with hyperchloremic metabolic acidosis due to
maternal toluene abuse has been described (267,268,270,281).

Moss and colleagues (263) reported proximal tubular dys-
function with toluene abuse. They describe a patient with hy-
perchloremic metabolic acidosis, hypokalemia, hypouricemia,
hypophosphatemia, and hypocalcemia. Proximal reabsorption
of uric acid, glucose, phosphate, calcium, and amino acids
was impaired. The high fractional excretion of bicarbonate
suggested a proximal defect, while submaximal urinary acid-
ification during ammonium chloride loading suggested an
additional distal defect. Microscopic hematuria and pyuria
were present. Despite abstinence from toluene, hyperchloremic
metabolic acidosis persisted, whereas the other tubular defects
reversed, only to recur with repeated exposure. Two additional
cases with hyperchloremic metabolic acidosis due to proximal
bicarbonate wasting were described in this report (263).

Streicher and associates (265) reported 25 cases of toluene
abuse associated with hypokalemia in 13 patients, hypophos-
phatemia in 10 patients, and hyperchloremic metabolic acido-
sis in 19 patients. Hypokalemia and hypophosphatemia con-
tributed to muscle weakness, which was a frequent presenting
complaint and which progressed in some to quadriparesis. Sev-
eral patients developed nontraumatic rhabdomyolysis, perhaps
related to the combined effects of hypokalemia and hypophos-
phatemia on skeletal muscle. In other cases, rhabdomyolysis
occurred in the absence of these electrolyte disturbances, lead-
ing the authors to suggest that toluene may have direct toxic
effects on skeletal and cardiac muscle. Hypokalemia was at-
tributed to a redistribution of extracellular potassium. Despite
normal values at presentation, serum calcium levels declined
during fluid repletion, leading to symptomatic hypocalcemia
in some patients.

Batlle and colleagues studied the mechanisms underlying
toluene-induced distal renal tubular acidosis (274). Toluene
abusers showed normal bicarbonate reabsorption but were un-
able to maximally acidify their urine. Inability to normally in-
crease urinary partial pressure of carbon dioxide (Pco2) in a
highly alkaline urine excluded hydrogen ion back-diffusion as
a cause of the acidification defect. Toluene decreased the rate of
proton secretion in a turtle urinary bladder preparation, lead-
ing the authors to conclude that the defect in distal acidification
observed in toluene abusers is due to impaired active hydrogen
ion transport.

An elevated anion gap was found in approximately one-
third of reported cases of toluene-induced metabolic acidosis
(273). The elevated anion gap is due to the accumulation of
products of toluene metabolism (benzoic acid and hippuric
acid). These metabolites are more likely to accumulate and
cause anion gap acidosis in those with impaired renal func-
tion. In contrast, in individuals with normal renal function,
overproduction and urinary excretion of the anions of these
organic acids may contribute to the development of nonanion
gap hyperchloremic metabolic acidosis (261,273).

Heavy toluene exposure has been associated with pyuria in
nearly one-third of reported cases, while microscopic hema-

turia and proteinuria were each observed in approximately
one-fifth (264,282–284). In the series reported by Streicher
and associates (265), abnormalities of the urinary sediment
were particularly frequent, occurring in 18 of 21 patients,
and included hematuria, pyuria, and proteinuria ranging up to
1 g/24 hours. Similarly, pyuria was universal, and hema-
turia and proteinuria each occurred in three-fourths of the 16
episodes of toluene intoxication reported by Voigts and Kauf-
man (264).

Acute renal failure has been observed in association with
toluene inhalation (227,261,264,285–292). Transient renal in-
sufficiency was observed in only one of the 25 cases reported
by Streicher and associates (265). By contrast, Voigts and
Kaufman (264) describe transient renal insufficiency in 38%
of 16 episodes of toluene intoxication. Renal failure may be
caused by nontraumatic rhabdomyolysis, hypotension-induced
acute tubular necrosis, or in association with hepatic fail-
ure (261,285–286,289,290). Serial renal biopsies in one pa-
tient with irreversible acute renal failure demonstrated pro-
gressive tubulointerstitial injury (287). Of interest is a report
of a long-term regular toluene abuser who developed recur-
rent nephrolithiasis due to toluene-induced distal renal tubular
acidosis causing bone calcium mobilization and hypercalcuria
(262). Renal calculi have also been observed in other chronic
toluene abusers (269,292,293). Anti-glomerular basement
membrane–mediated glomerulonephritis, focal glomeruloscle-
rosis, and membranoproliferative glomerulonephritis have
been associated with glue sniffing, however, a causal relation-
ship has not been established (294–301).

Acute renal failure has been reported in inhalation abusers
of trichloroethylene and other compounds contained in clean-
ing fluid and other solvents (“solvent sniffers”) (302,303).
Oliguria and renal insufficiency, with or without associ-
ated acute centrilobular necrosis of the liver, were reversible
in all cases. Modest proteinuria was a universal feature,
whereas microscopic hematuria was infrequent. Similarly, oc-
cupational inhalation exposure to trichloroethylene has been
associated with reversible acute oliguric renal failure, ab-
normalities of the urinary sediment, and fatal combined
hepatic and renal failure (304–308). Examination of re-
nal tissue in one case showed acute tubular necrosis. Anti-
glomerular basement membrane–mediated glomerulonephritis
and hemolytic—uremic syndrome have also been associated
with solvent abuse (309,310).

Hepatitis-Related Glomerulonephritis
in Drug Abusers

Parenteral drug abusers are frequently infected with hepatitis
B or hepatitis C (244–247). The association of these infections
with glomerular disease is discussed in Chapter 59.

Human Immunodeficiency Virus-Associated
Nephropathy in Drug Abusers

This subject is discussed in Chapter 59.

LITHIUM AND THE KIDNEY

Early histopathologic studies of the kidney in lithium-treated
psychiatric patients raised great concern about the potential
for serious nephrotoxicity (311,312). However, these disturb-
ing estimates of the frequency and severity of lithium-induced
renal injury were based on uncontrolled studies of patients who
were selected because of prior acute lithium intoxication or
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severe polyuria (311,312). Clearly, lithium intoxication may be
associated with acute deterioration of renal function, which can
be followed by irreversible renal damage (313–316). However,
the key question is whether maintenance therapy with doses in
the therapeutic range may cause chronic renal injury and if so,
how often this occurs. Based on the publication of more rigor-
ous studies, a more accurate picture of lithium nephrotoxicity
has emerged. However, even these studies have failed to fully
define the spectrum of lithium nephrotoxicity.

Adequacy of Clinical Studies

Results of studies evaluating renal function in lithium-treated
patients must be interpreted cautiously, with attention to dif-
ferences in methodology and experimental design. Published
reports differ with respect to sample size, criteria for patient
selection, treatment duration, dose and type of lithium prepa-
ration, plasma lithium levels, concurrent therapy with other
psychotropic agents, and the reference range used to determine
normality. Exclusion of preexisting renal disease by pretreat-
ment evaluation has not been a consistent feature.

Studies lacking a suitable control group are of limited in-
formational value. An ideal control group would consist of
patients suffering from affective disorders who have never re-
ceived lithium and who are well matched for demographic fac-
tors including use or other psychotropic agents. In addition,
behavioral factors such as psychogenic water drinking cannot
be controlled. Prospective longitudinal studies, as opposed to
the cross-sectional approach, provide the most reliable assess-
ment of the effects of lithium on renal function. However, no
longitudinal study has included a matched psychiatric group
to control for the effects of aging and of other psychotropic
agents on renal function.

Clinical Features of Lithium Nephrotoxicity

Acute Renal Failure

Acute lithium intoxication severe enough to require hospital-
ization is associated with renal insufficiency in up to 75% of
cases (313,314,317–325). Circulatory collapse contributes to
acute renal failure in some cases (319). Saline loading may im-
prove renal function, suggesting that volume depletion due to
lithium-induced natriuresis contributes to impaired renal func-
tion. However, a reduced glomerular filtration rate (GFR) fre-
quently persists even after volume expansion (313,314,320).
Examination of renal tissue in patients with acute renal failure
associated with lithium intoxication has demonstrated prox-
imal tubular necrosis, minimal histologic abnormalities, or
nonspecific findings of distal tubular injury (319,321,325). In
some, chronic tubulointerstitial nephritis has been found in the
absence of acute tubular injury (313,314). Renal insufficiency
may persist after recovery from an episode of lithium intoxica-
tion (313,314). In addition, rare cases of nontraumatic rhab-
domyolysis have been described in association with lithium-
induced hyperosmolar dehydration or neuroleptic malignant
syndrome (326,327).

Chronic Renal Insufficiency

Whether or not lithium therapy may lead to progressive re-
nal failure in the absence of clinical episodes of intoxication
has been debated for decades. Identification of occasional pa-
tients with severely impaired renal function in cross-sectional
or prospective studies of lithium-treated patients has limited
informational value because renal disease unrelated to lithium
cannot be excluded. The failure to identify patients with end-
stage renal failure in longitudinal studies does not necessarily

exclude the possibility that a small subgroup may progress to
uremia or that the duration of follow-up was insufficient. Until
recently, remarkably few patients have been reported in whom
advanced renal functional impairment or end-stage renal fail-
ure was attributed to lithium therapy (319,328–334).

Thirteen longitudinal studies measured serum creatinine or
GFR prior to initiation of lithium therapy and again after pe-
riods of treatment ranging from 1 to 10 years (337–349). In
addition, 13 longitudinal series measured serum creatinine or
GFR on repeated occasions during the course of lithium ther-
apy (315,334,335,338,346,350–357). No significant change
in serum creatinine was observed in 16 of these reports after
an average follow-up period of 4.5 years (315,335,340,343–
348,351–356). A modest increase in serum creatinine, on the
order of 10% to 20%, was reported in four studies over a
follow-up period averaging 7 years (341,342,347,349). The
rise in serum creatinine was not a general phenomenon but was
restricted to a small number of patients. When filtration rate
was measured by clearance techniques, GFR was unchanged
in several series after an average follow-up period of 5 years
(339–342,344,345). Other studies showed a 6% to 20% de-
cline in GFR after a follow-up period that averaged 4 years
(315,335,337,338,347,350,355–358). However, none of these
studies was properly controlled for the effects of aging on re-
nal function. Lokkegaard (347) evaluated 142 lithium-treated
patients and found only a modest decline in GFR after 5 to
17 years, with none falling below the range of normal until
after 7 years of therapy. It has been suggested that GFR only
begins to decline after a decade or more of therapy (359,360). A
prospective, longitudinal study of 14 lithium-treated patients
performed by Presne et al. (334) found that creatinine clear-
ance declined 1.93 mL/min/year over a mean follow-up period
of 18.9 years (discussed in greater detail below).

Ten cross-sectional series compared GFR or serum creati-
nine levels in lithium-treated patients with a control group of
patients suffering from affective disorders who had never re-
ceived lithium (nine studies), with healthy controls (one study),
or with both (one study) (316,351,355,361,370). In four of
these studies, serum creatinine did not differ between lithium-
treated patients and controls. In three others, a modest increase
of serum creatinine, on the order of 10%, was observed in
lithium-treated patients. Creatinine clearance was measured in
six studies in which the average duration of lithium therapy
was 6 years and was found not to differ between lithium-
treated patients and controls (316,350,353,355,361,369). In
another study, creatinine clearance was 42% lower in patients
treated with lithium for 80 months than in lithium-naı̈ve con-
trols (370). In two studies, GFR was measured isotopically after
an average duration of 7.5 years on lithium and was found to
be modestly reduced (363,364).

Renal function has been assessed in lithium-treated patients
in 24 cross-sectional reports that lacked any control group
(329,330,359,366,371–391). Serum creatinine was found to
be modestly elevated above the normal range in approxi-
mately 5% of patients. Five observers failed to demonstrate
any reduction in GFR below the range of normal in lithium-
treated patients (374,381,383,387,389). Other investigators
found that GFR measured by creatinine clearance, isotopi-
cally, or by inulin clearance was modestly reduced below the
range of normal in 3% to 36% of lithium-treated patients
(359,366,367,371,372,376–380,382,384,385,388,390,391).

Data are inconsistent with respect to the relationship be-
tween various therapeutic variables and renal function. Several
studies have found an inverse correlation between GFR and du-
ration of lithium therapy (334,357,375,389,390,392). How-
ever, numerous other investigators have failed to confirm this
observation (315, 351, 364, 368–370, 373, 377, 380, 382, 384,
385,389,391). Most have failed to find any correlation be-
tween GFR and average serum lithium level or total cumulative
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dose (334,341,345,347,368–371,379,380,382,384); however,
contrary data exist (334,347).

In summary, in most studies, adverse effects of lithium
on GFR were modest and of little clinical significance. How-
ever, two recent studies suggest that chronic administration
of lithium over decades may lead to end-stage renal failure
(332,334).

Markowitz et al. (332) describe 24 lithium-treated patients
who underwent renal biopsy due to renal insufficiency. The
patients ranged in age from 26 to 57 and were predominantly
white; 50% were men. The duration of lithium therapy ranged
from 2 to 25 years (mean 13.6 years). Serum creatinine ranged
from 1.3 to 8.0 mg/dL (mean, 2.8 mg/dL). Proteinuria exceeded
1 g/day in 10 patients, 6 of whom manifested the nephrotic
syndrome. Only two patients had experienced prior episodes
of acute lithium intoxication. Renal biopsy showed chronic
tubulointerstitial nephropathy, associated in all but one case
with cortical and medullary tubular cysts or dilation. Focal
segmental glomerular sclerosis was seen in 50% and global
glomerulosclerosis in 100% of biopsies. Despite discontinu-
ation of lithium therapy in 19 of 20 patients, 8 progressed
to end-stage renal failure over a mean of 30.6 months. A
serum creatinine of 2.5 mg/dL or greater predicted progres-
sion to ESRD despite discontinuation of lithium. Renal func-
tion improved in only three patients, all of whom discontin-
ued lithium before the serum creatinine exceeded 2.5 mg/dL.
These authors conclude that renal dysfunction due to lithium
is often irreversible, may be associated with proteinuria due to
glomerular involvement, and may progress to end-stage renal
failure.

Presne et al. (334) studied 54 patients with lithium-induced
renal insufficiency and an additional 20 lithium-treated psychi-
atric patients, 14 of whom were studied prospectively. Eigh-
teen percent had proteinuria, which exceeded 1 g/day approxi-
mately 10%. Microscopic hematuria was present in 24% and
leucocyturia in 31%. After a mean of 10 years, calculated
creatinine clearance fell from 62.6 to 41.4 mL/minute at a
rate of 2.29 mL/min/year. Heavy proteinuria, which exceeded
750 mg/24 hours, was associated with a more rapid decline in
renal function. Twelve patients reached end stage renal failure.
They had higher serum creatinine levels at entry and two-third
had proteinuria. Few had a history of lithium intoxication.
Renal functional impairment generally required a duration of
lithium therapy exceeding 20 years. Discontinuation of lithium
when the calculated creatinine clearance exceeded 40 mL/min
was usually associated with improvement in renal function,
whereas discontinuation of therapy when renal function was
more impaired was usually associated with continued dete-
rioration. In the 14 patients studied prospectively, calculated
creatinine clearance fell at a rate of 1.93 mL/min/year from
77.8 to 40.8 after a mean follow-up of 18.9 years. Presne et al.
(334) performed renal biopsies in 29 patients (334). Interstitial
fibrosis and tubular atrophy was present in 85%. Interstitial
fibrosis was predictive of the final creatinine clearance and cor-
related with the duration of lithium administration and the
cumulative dose. Tubular cysts were present in 28% and tubu-
lar dilation in 66% and correlated with the duration of lithium
administration but not with renal function. The median per-
centage of sclerotic glomeruli was 10% (range 0% to 90%);
only one patient had focal glomerulosclerosis.

These investigators surveyed dialysis centers in France and
identified 24 patients in whom end-stage renal failure was at-
tributed to lithium (0.22% of the dialysis population). The
average duration of lithium administration prior to the devel-
opment of end-stage renal failure was 20 years. By compari-
son, the incidence rate of end-stage renal disease attributed to
lithium in Australia is 0.7% and in New Zealand, 0.2%.

In the series reported by Presne et al. (334), it is difficult to
evaluate the relative contributions of concomitant neuroleptic

therapy, hypercalcemia, and hypertension to progressive renal
injury. Only 1 of the 12 patients who progressed to end-stage
renal disease underwent renal biopsy. Segmental glomeruloscle-
rosis was present in only 1 of the 29 renal biopsy specimens,
including nine cases selected for lithium-induced renal insuffi-
ciency. It is difficult to reconcile the fact that focal and seg-
mental glomerulosclerosis was common among the patients
reported by Markowitz et al. (332), but rare in the series re-
ported by Presne et al. (334). Nevertheless, prudence dictates
an awareness of the potential for nephrotoxicity, as well as
periodic monitoring of renal function and utilization of the
lowest serum lithium levels capable of achieving a therapeutic
response.

Urinary Concentrating Ability

Six longitudinal studies evaluated urinary concentrating ability
before initiation of lithium therapy and again after treatment
periods ranging up to 8 years (337,338,341,342,393,394).
Most showed a 10% to 15% decline in maximum urinary os-
molarity (Uosm) within weeks to months after initiation of
therapy (338,393,394). Schou and Vestergaard (341) report a
large cohort of patients before and up to 7 years after initiating
lithium therapy. The investigators maintained a mean serum
lithium level of 0.6 mmol/L, which was lower than previously
recommended therapeutic serum levels (0.8 to 1.2 mmol/L).
Maximum Uosm declined 7% from pretreatment levels and
was abnormal in only 6% of patients (341). Similarly, two
other reports in which serum lithium levels were maintained
below 0.7 mmol/L found little decline in maximum Uosm after
3 and 8 years of treatment (337,342). In three studies, urine
volume increased only modestly from prelithium levels after
periods of treatment ranging up to 8 years, while in a fourth,
urine volume increased by 23% (338,341,342,394). In patients
maintained on a low therapeutic serum lithium level treatment
regimen by Schou and Vestergaard (341), mean urine volume
rose by only 10% to 20%, and the number of patients with
severe polyuria did not increase.

Six longitudinal studies performed serial measurements of
urinary concentrating ability in patients treated with lithium
for 3 to 10 years and again after an additional treatment period
ranging up to 10 years (315,335,338,355,356,357,363,395).
Two failed to find any interval decline in urinary concentrat-
ing ability when first assessed 5 to 10 years after initiation of
treatment and again after an additional treatment period of
2 to 10 years (315,335,363). By contrast, in three other stud-
ies, maximum Uosm declined by 7% to 20% between mea-
surements first made 4 to 6 years after initiation of treatment
and again after an additional treatment period of 2 to 8 years
(355,356,357,395). Urine volume increased by 10% to 20%
in two reports but showed no significant interval change in
another (335,350,355,363).

Five longitudinal studies measured urinary concentrat-
ing ability in unselected patients during long-term lithium
treatment and again after discontinuation of therapy
(335,345,355,392,396,397). Maximum Uosm increased 10%
to 30% within weeks to months after withdrawal of lithium
but remained subnormal in all but one study. Bucht and Wahlin
(392) examined a large cohort of lithium patients for periods
up to 1 year after discontinuation of lithium. Maximum Uosm
increased by nearly 30% in the first 8 weeks after lithium with-
drawal, but no further improvement was observed thereafter
(392). The percentage of patients with abnormal concentrating
ability decreased from 96% while on lithium to 63% 1 year
after discontinuation of lithium (392). Three studies reported
urine volume measurements, which normalized after discon-
tinuation of lithium in two studies and never increased in the
third (335,355,396).
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Sixteen cross-sectional studies compared concentrating abil-
ity in lithium-treated patients with control subjects suffering
from affective disorders or with healthy controls (316,339,
351,355,360,361,363–367,369,392,395–400). In 10, urinary
concentrating ability was reduced in lithium patients com-
pared to psychiatric controls (316,339,355,360,363–365,
369,370,392,395–397). The average maximum Uosm was 589
mOsm/kg H2O on lithium (range, 406 to 737 mOsm/kg H2O)
versus 818 mOsm/kg H2O in psychiatric controls (range,
683 to 850 mOsm/kg H2O). On average, 67% of patients
treated with lithium for 5 to 10 years (range, 36% to 85%)
showed abnormal urinary concentrating ability compared
to 34% of psychiatric controls (range, 10% to 48%). By
contrast, in three other studies, urinary concentrating ability
did not differ between patients treated with lithium for 3 to
8 years and psychiatric controls (351,361,366,367,400). One
of the latter reports maintained patients on low therapeutic
serum lithium levels, while another utilized a single-dose sched-
ule. Urine volume was increased in lithium-treated patients
compared to psychiatric controls in nearly all studies (278,316,
339,360,361,363,364,366,367,369,392,396–398,400). Urine
volume averaged 2.6 L/24 hours in lithium-treated patients
compared to 1.8 L/24 hours in psychiatric controls. In the
one study that failed to show any difference in urine volume
between lithium-treated patients and psychiatric controls,
patients were maintained on low therapeutic serum lithium
levels (366,367).

Twenty-eight investigations evaluated concentrating ability
in unselected lithium-treated patients (315,345,347–349,359,
366,367,371,372,374,375,377–379,381,383–391,393,401–
405). When compared to the accepted range of normal, the
prevalence of impaired urinary concentrating ability among
patients treated with lithium for an average of 2 to 19 years
ranged from 16% to 85% (mean, 53%), while the prevalence
of increased urine volume ranged from 6% to 70% (mean,
24%). Only three groups failed to find any impairment
in urinary concentrating ability in lithium-treated patients
(366,367,374,381). Of note, two of these maintained patients
on low therapeutic serum lithium levels.

Data are inconsistent with respect to the relationship be-
tween various therapeutic variables and concentrating ability.
An inverse correlation between maximum Uosm and duration
of lithium therapy or cumulative lithium dose has often been re-
ported (316,345,347,349,355,357,371,378,379,385,390,392,
395–397,406). A positive correlation between urine flow rate
and duration of lithium therapy has also been described (347,
348,374,375,385,389,396,407,408). However, many other
studies have failed to confirm one or both of these observa-
tions (315,339,341,347,356,369,370,372,378,381,384,389,
391,406). Serum lithium levels correlated inversely with
urinary concentrating ability or positively with urine flow
rate in some reports (315,339,341,355,378,387,392,407), but
not in others (341,347,357,369,370,372,381,384,393,406).
Notwithstanding these inconsistent data, the preponderance
of evidence suggests that maintenance of low serum lithium
levels limits the adverse impact of lithium therapy on urinary
concentrating ability and urine flow rate.

Polyuria and Polydipsia

Polyuria and impairment of urinary concentrating ability de-
velop rapidly after initiating therapy and improve after lithium
withdrawal (392,409,410). Hypernatremic dehydration may
result if access to water is restricted (411–414). Inhibition of
vasopressin-stimulated water flow in the collecting duct is pri-
marily responsible for the concentrating defect (254,415–419).
However, factors other than resistance to vasopressin may also
contribute to lithium-induced polyuria. Typically the defect in
concentrating ability is not severe enough to prevent elabora-

tion of a hypertonic urine, and in most patients polyuria cannot
be explained solely by the degree of reduction in maximum
Uosm. Those who show only a modest impairment in maxi-
mum Uosm may nevertheless produce large 24-hour urine vol-
umes. Polyuria may be observed as well, even in patients with
normal urinary concentrating ability. This constellation of ob-
servations can only be explained if excessive water drinking
contributes to the polyuria in many lithium-treated patients.
Although lithium clearly stimulates thirst in rat models, it is
generally claimed that lithium-induced stimulation of thirst
does not play a significant role in the development of polyuria
in humans (319,420–424). The finding of normal or elevated
plasma levels of vasopressin in lithium-treated polyuric patients
is cited as evidence against a prominent role for primary poly-
dipsia (313,366,398,415,425–427). However, since lithium in-
duces resistance to vasopressin, it is reasonable to suggest that
these patients operate at an elevated set point and that finding
normal or mildly raised plasma vasopressin levels in this setting
may still reflect some suppression by excessive water drinking.
Increased fluid intake may be psychogenic in origin or due to
dry mouth resulting from other psychotropic agents (424).

Thiazide diuretics may ameliorate lithium-induced polyuria
through a reduction in solute-free water excretion (420,428–
430). Thiazide diuretics induce a natriuresis, which results
in a compensatory increase in sodium and lithium reabsorp-
tion in the proximal tubule (431). Thiazide diuretics may
raise serum lithium levels and precipitate lithium intoxica-
tion by inducing extracellular volume depletion (420,429,430).
Nonsteroidal antiinflammatory agents may also be used to
treat lithium-induced polyuria, albeit, at the risk of precipi-
tating lithium toxicity due to increased tubular reabsorption
of lithium (432–443). Inhibition of prostaglandin synthesis
increases cyclic adenosine monophosphate through increased
production or inhibition of degradation (438). Nonsteriodal
antiinflammatory agents also enhance sodium reabsorption
leading to a secondary increase in passive water absorption
(236). Both these factors contribute to antagonism of lithium-
induced polyuria. Amiloride is the drug of choice to raise
maximum urinary osmolarity and ameliorate lithium-induced
polyuria (444–446). Amiloride antagonizes the inhibitory ef-
fect of lithium on vasopressin-induced water transport by
blocking the cellular uptake of lithium through the amiloride-
sensitive sodium channel (444).

Proteinuria

The effect of long-term lithium therapy on urinary pro-
tein excretion is controversial. However, it is clear that
in the vast majority of patients any observed effects are
modest and of little clinical significance. Administration of
lithium to rats increases urinary protein excretion (447). In
six longitudinal investigations of lithium-treated patients ex-
tending from 90 days to 7 years, no increase in the uri-
nary excretion of protein, albumin, or β2-microglobulin was
demonstrated (315,337,341,343,356,448). Similarly, in 11
cross-sectional reports of lithium-treated patients, albumin-
uria and low molecular-weight proteinuria were absent (361,
365–367,374,381–383,390,391,448). In contrast, one lon-
gitudinal and five cross-sectional studies showed mod-
est proteinuria or albuminuria in lithium-treated patients
(332,334,365,379,408,449). Markowitz et al. (332) reported
proteinuria in 10 of 24 lithium-treated patients undergoing re-
nal biopsy for renal insufficiency (six in the nephrotic range)
(332). Similarly, Presne et al. (334) reported proteinuria in
11 of 62 lithium-treated patients; proteinuria exceeded 1 g in
10%. In six other studies, urinary excretion of low–molecular-
weight proteins including β2-microglobulin and N-acetyl-β-
glucosaminidase was increased (369,379,383,408,450,451).
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At least 39 cases of the nephrotic syndrome have been de-
scribed in association with lithium therapy (332,334,359,452–
473). The duration of lithium therapy prior to the development
of nephrotic syndrome ranged widely from weeks to 14 years.
Serum lithium levels were in the therapeutic range in nearly
all cases. Most renal biopsies showed minimal glomerular
changes. Mesangial hypercellularity or focal or global glomeru-
lar sclerosis was observed in other cases. Resolution of the
nephrotic syndrome after discontinuation of lithium and re-
currence upon rechallenge in several cases strongly support
an association between lithium and minimal change disease
(452,454,462). In one case, the nephrotic syndrome due to
focal glomerular sclerosis remitted after discontinuation of
lithium (467), but failed to remit in other cases (332,453,463).
Markowitz and colleagues (332) describe the nephrotic syn-
drome in six lithium-treated patients, all of whom showed
focal or global glomerulosclerosis on renal biopsy. These in-
vestigators suggest that lithium may be responsible for a
podocytopathy.

Pathophysiology

Concentrating Ability

Primary among the factors that contribute to impaired uri-
nary concentrating ability is lithium-induced inhibition of
vasopressin-stimulated water flow in the collecting duct
(353,415–419). This effect has been attributed to inhibition of
adenylate cyclase activity (353,415–419). As a result, lithium
blunts vasopressin-stimulated synthesis of cyclic adenosine
monophosphate (cAMP), which mediates the hydroosmotic ac-
tions of vasopressin in the collecting duct (415,419). Although
the primary site of action of lithium on renal concentrating
ability is at the luminal surface of the cortical collecting duct,
lithium also influences vasopressin-stimulated cAMP synthesis
in the medullary thick ascending limb and in medullary collect-
ing tubules (416,484).

Vasopressin binds to the V2 receptor and induces a con-
formational change, which enables a stimulatory guanyl-
nucleotide regulatory protein to be activated by intracellular
guanosine triphosphate (438). Once activated, the stimulatory
G protein in turn activates the catalytic subunit of adenyl cy-
clase to enhance cAMP generation (438). A study of the ef-
fects of lithium on medullary collecting tubules in a rat model
of chronic oral lithium administration suggests that lithium-
induced inhibition of vasopressin-sensitive adenylate cyclase
activity is mediated via activation of an inhibitory G protein
(475). In contrast, earlier studies suggested that lithium acts by
inhibiting activation of the stimulatory G protein (353,476).
Magnesium plays an essential role in transducing vasopressin-
induced activation of the stimulatory G protein (476). Antag-
onism of magnesium’s actions by lithium may explain the abil-
ity of magnesium loading to reverse the inhibitory effects of
lithium on adenyl cylase activity.

Studies in a variety of vasopressin-responsive tissues demon-
strate that lithium acts at points both proximal and distal
to the generation of cAMP (353,393,416–418,477–482). In
some vasopressin-responsive tissues, lithium fails to inhibit
cAMP–analog-stimulated water flow, suggesting a site of ac-
tion proximal to the generation of cAMP (481). However, in
other tissues, including cortical collecting tubules from lithium-
treated rabbits, lithium inhibits the hydroosmotic actions of
cAMP analogs, suggesting a site of action beyond the gener-
ation of cAMP (393,417,480). Lithium does not appear to
enhance degradation of cAMP via activation of phosphodi-
esterase; however, contrary data exist (418,483,484).

Aquaporin-2 is the apical water channel of the principal
cell and the primary target for regulation of collecting duct

water permeability by vasopressin (485). Cyclic AMP and pro-
tein kinase A are involved in the regulation of acquaporin-
2 expression as well as vesicular trafficking of aquaporin-
2 (486,487). Lithium-fed rats show decreased expression of
aquaporin-2 protein and reduced mRNA levels in cortical and
inner medullary collecting duct principal cells (485,488–493).
Levels of acquaporin-3 levels are also decreased in the kid-
ney of lithium-treated rats, whereas acquaporin-6 levels are
increased and acquaporin-1 and acquaporin-4 levels are un-
changed (485,488,492,494,495). In addition, the fraction of
intercalated collecting duct cells is increased at the expense of
a reduced fraction of aquaporin-2-expressing principal cells
(488,496).

Lithium also inhibits delivery of aquaporin-2 to the plasma
membrane (494). The presence of a cAMP response element in
the 5′ untranslated region of the aquaporin-2 gene suggests that
the effects of lithium on aquaporin-2 expression and targeting
may be due to inhibition of cAMP production (497). How-
ever, lithium’s downregulation of aquaporin-2 expression is
only partially reversed by 1-desamino-8d-arginine-vasopressin,
whereas targeting to the apical plasma membrane is restored
(494).

Lithium also decreases vasopressin V2 receptor density but
has no effect on binding affinity (498). Some investigators sug-
gest that enhanced synthesis of cyclooxygenase products may
also play a role in mediating the effects of lithium on water
transport; however, other studies fail to support this hypothesis
(475,499–501). Carney and co-workers (502) have suggested
that impaired urinary concentrating ability may result from
lithium-induced upregulation of circulating parathyroid hor-
mone, which competitively inhibits the hydroosmotic actions
of vasopressin. Lithium-induced hyperparathyroidism may
also impair concentrating ability via hypercalcemia-induced
downregulation of aquarin-2 (485).

Factors other than resistance to vasopressin also con-
tribute to the impairment of concentrating ability induced by
lithium. In rare patients, central diabetes insipidus may coex-
ist (319,362,393,399,444,503). Lithium-induced suppression
of proximal tubular sodium and water reabsorption increases
delivery of filtrate to the ascending limb, thereby increasing
solute-free water generation (420,482). This increased deliv-
ery of tubular fluid to collecting tubule cells that are resis-
tant to the hydroosmotic action of vasopressin may contribute
to polyuria in those with excessive water intake (420,482).
In patients with renal functional impairment and a reduced
number of functioning nephrons, an osmotic solute diuresis in
remaining nephrons may also contribute to impaired urinary
concentrating ability. In addition, high urine flow rates and
disturbances in sodium transport may impair medullary urea
trapping and disrupt the medullary osmotic gradient (418).
Whereas earlier direct measurements of the corticopapillary
gradient have yielded conflicting results (418,420,504,505),
Klein et al. (491) suggest that chronic administration of lithium
reduces inner medullary interstitial osmolarity due to reduced
interstitial urea and sodium chloride concentration. When ad-
ministered to rats, lithium down-regulated expression of the
urea transporters UT-A1 and UT-B in the renal inner medulla
and inhibited vasopressin-stimulated UT-A1 phosphorylation
in inner medullary collecting duct suspensions (491). Thus, re-
duced UTA-1 and UT-B protein and/or reduced sensitivity of
UT-A1 to phosphorylation by vasopressin contribute to a de-
crease the in inner medullary interstitial urea concentration in
lithium-treated rats (491).

Structural injury to tubules and interstitial tissue may con-
tribute to reduced maximal Uosm after prolonged lithium
administration. If this were the case, then the urinary con-
centrating defect might progress with increasing duration of
therapy and persist in some patients after withdrawal of
lithium. Although polyuria frequently corrects within several



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-46 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 10:29

Chapter 46: Nephrotoxicity Secondary to Drug Abuse and Lithium Use 1133

weeks after discontinuation of lithium, several longitudi-
nal observations have shown a failure to normalize uri-
nary concentrating ability up to 12 months after lithium
withdrawal (311,345,392,396,397,506). Although controver-
sial, several investigators have found a correlation between
polyuria or impaired urinary concentrating ability and dura-
tion of lithium therapy, lithium dose, or histopathologic lesions
(335,349,371,377,383,392,397,403,507). In addition, several
patients have been reported in whom polyuria and impaired
urinary concentrating ability persisted up to a decade after dis-
continuation of lithium (396,415,420,508–516). Persistence of
impaired urinary concentrating ability was frequently associ-
ated with reduced GFR and correlated with chronic tubuloin-
terstitial nephritis (510,511,513).

Normal or elevated plasma levels of vasopressin have been
demonstrated in lithium-treated patients with impaired urinary
concentrating ability (313,366,398,415,425–427). Hypothala-
mic responses to water loading and water deprivation are nor-
mal in most but not all cases (313–316,370). Lithium-induced
central diabetes insipidus has been described in a small number
of patients (370,393,399,481,503). Of note, diminished renal
response to vasopressin and increased serum levels of vaso-
pressin has been demonstrated in some lithium-treated patients
with normal urinary concentrating ability (366). Thus, despite
lithium-induced renal resistance to vasopressin, it appears that
water balance may be maintained by compensatory increases
in serum vasopressin levels in some patients (366).

Sodium Handling

Lithium inhibits reabsorption of sodium by the proximal
tubule and by nephron segments beyond the loop of Henle
(319,521,522). Although data are conflicting, lithium does not
appear to impair sodium transport in the thick ascending limb
of the loop of Henle (319,521–525). Lithium directly competes
with sodium for tubular transport; however, the importance of
this effect in humans is controversial (319,521,522). In addi-
tion, lithium antagonizes the tubular sodium-retaining proper-
ties of mineralocorticoids (319,526–530).

Lithium induces an immediate sodium and water diuresis,
which lasts 1 to 2 days (531,532). Transient natriuresis is fol-
lowed by a period of sodium and water retention lasting 4 to
5 days, associated with increased serum levels of aldosterone
(531,533). This is followed by a return of serum aldosterone to
pre-lithium levels and a return to sodium balance (319,533).

Downregulation of the amiloride-sensitive sodium channel
(ENaC) contributes, at least in part, to the sodium wasting as-
sociated with lithium therapy (492,534). Nielson et al. (492)
found a marked reduction in the β and γ subunits of ENaC
in the principal cells of cortical and outer medullary collecting
ducts of lithium-fed rats. These finding help explain the ob-
servation that lithium-treated animals show an impaired renal
responsive to amiloride and mineralocorticoids (530). Down-
regulation of the Na-Cl cotransporter in the distal convoluted
tubule may also contribute to lithium-induced sodium wast-
ing, however this finding is controversial (485). In contrast,
other major sodium transporters, including the type 3 Na/H
exchanger, the ∝ subunit of Na-K-ATPase and the bumetanide-
sensitive Na-K-2Cl cotransporter do not contribute to the de-
velopment of lithium-induced polyuria or increased sodium ex-
cretion (485,492). The expression of these transporters after
administration of lithium to rats has generally (but not univer-
sally) been found to be unchanged or increased, presumably as
a compensatory response to sodium wasting (490,493).

Acute administration of large doses of lithium raises plasma
renin and aldosterone levels, secondary to lithium-induced na-
triuresis and perhaps to a direct effect of lithium on the jux-
taglomerular apparatus (319,502,531,535,536). Most studies
suggest that chronic administration of lithium is associated

with normal plasma levels and appropriate responses of the
renin–angiotensin axis to various stimuli (319,394,536–538).
In contrast, other studies have demonstrated activation of the
renin–angiotensin system in patients on long-term lithium ther-
apy, possibly as a compensatory response to lithium-induced
mineralocorticoid resistance (539–541).

Renal Lithium Handling

Lithium is not protein-bound and is freely filtered at the
glomerulus (313,336,542,543). Approximately 80% of filtered
lithium is reabsorbed by the nephron, primarily in the proximal
tubule (313,336,542,543). Proximal reabsorption of lithium is
enhanced by dietary sodium restriction or extracellular vol-
ume depletion leading to reduced urinary lithium excretion
and elevated serum lithium levels (320,544). Thus, lithium in-
toxication may be precipitated by volume depletion induced
by diuretic therapy (320,544). Nonsteroidal antiinflammatory
agents may also raise serum lithium levels by increasing reab-
sorption of lithium by the proximal tubule (432–443). Toxic
serum lithium levels may in turn exacerbate volume depletion
by inducing a salt and water diuresis, which further elevates
serum lithium levels (320,544). In addition, combined ther-
apy with lithium and angiotensin-converting enzyme inhibitors
has been associated with the development of renal insufficiency
and lithium intoxication (545–556). Experimental studies have
shown that angiotensin-converting enzyme inhibitors decrease
renal lithium clearance by reducing the filtered load and in-
creasing fractional reabsorption of lithium (557). It has been
reported that losartan does not alter renal lithium handling or
serum levels in the rat (558).

Calcium Metabolism

Lithium therapy is frequently associated with alterations in
parathyroid hormone and calcium homeostasis (359,559–
596). Therapeutic concentrations of lithium increase the con-
centration of calcium required for half-maximal inhibition
of parathyroid hormone release by parathyroid cells in-vitro
(561,562,570,571,585,591). The molecular mechanism re-
sponsible for this increase in the set-point for calcium is unclear.
It has been suggested that lithium blunts the rise in intracellu-
lar calcium in response to an increase in extracellular calcium
(570,585), however, other investigators discount any role for
intracellular calcium, cAMP generation, or calcium receptor-
mediated signal transduction (571,591).

Chronic treatment with lithium is associated with elevated
serum calcium levels in 0% to 36% of patients, elevated
ionized calcium levels in 25% to 42% of patients and ele-
vated parathyroid hormone (PTH) level in 3% to 42% of pa-
tients (334,359,564,573,574,575,586,590,593,594). An even
greater number of patients exhibit evidence of hyperparathy-
roidism as reflected by shift to the right in the relationship
between PTH and ionized calcium (574). Serum magnesium
levels are also frequently elevated (564–566).

The time course of lithium’s effect on calcium and PTH are
not entirely consistent (572,573,587,588). One longitudinal
study found that ionized calcium rose after several weeks of
lithium therapy, but PTH levels rose only after prolonged ther-
apy (572). Other studies indicate that PTH levels rise shortly
after initiation of lithium therapy (587,593). Another longitu-
dinal study found that serum calcium and PTH levels rose in
80% of patients but remained within the normal range in the
first few weeks after initiation of lithium therapy (573).

In thyro-parathyroidectomized rats, lithium inhibited PTH-
stimulated renal resorption of calcium and magnesium and
blunted PTH-stimulated phosphaturia (563). In lithium-
treated patients, urinary calcium reabsorption is increased,
whereas plasma phosphorus levels, urinary phosphorus
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excretion, and urinary cAMP levels are normal and renal stones
are rare (569,572,583,593–595).

Lithium therapy has been associated with parathyroid ade-
nomas and hyperplasia (336,559,584,592,595,597). Although
parathyroid adenomas are more common than parathyroid hy-
perplasia in lithium-treated patients, the latter are overrepre-
sented compared with the general population (596). Long-term
administration of lithium leads to an increase in parathyroid
gland volume (572). In vitro studies show that lithium stim-
ulates cellular proliferation of hyperplastic and adenomatous
parathyroid tissue but has no effect on the growth of normal
parathyroid tissue (586).

In a cross-sectional study, Bendz et al. (596) examined cal-
cium and parathyroid hormone homeostasis in 142 psychiatric
patients on long-term lithium therapy compared to age and
sex-matched psychiatric controls. Persistent hypercalcemia was
found in 3.6% of lithium-treated patients. Serum calcium level
was inversely correlated with glomerular filtration rate and uri-
nary concentrating ability but not with serum lithium levels or
the dose or duration of lithium therapy. The incidence of hy-
perparathyroidism over 19 years was 6.3%. Surgically-verified
hyperparathyroidism was present in 2.7%. Despite withdrawal
of lithium for 8.5 weeks, serum calcium levels remained higher
than in controls. By contrast, other studies show that serum
calcium levels normalize within several weeks after discontinu-
ation of lithium therapy, however the duration of lithium ther-
apy was shorter in those reports (559).

Mak et al. (594) prospectively studied 53 lithium-treated pa-
tients for 2 years. There was no change in serum calcium, serum
phosphorus or tubular reabsorption of phosphorus. PTH levels
rose by 1 month and were significantly elevated at 6 months.
In the fasting state, renal calcium reabsorption was increased
and calcium excretion decreased, suggesting that bone resorp-
tion was reduced. By contrast, bone mineral density was found
to be reduced in lithium-treated patients by other investigators
(559,564,565,569,583).

Urinary Acidification

Lithium induces a distal tubular acidification defect (316,337,
364,394,404,405,435,597–606). Although hyperchloremic
metabolic acidosis develops in experimental animals treated
with large doses of lithium, an incomplete form of distal re-
nal tubular acidosis is usually observed in humans. Longitu-
dinal studies have documented the development of a urinary
acidification defect after initiation of lithium therapy in hu-
mans (316,364,396), which is reversible after lithium with-
drawal (404). A correlation between reduced urinary acidifi-
cation and duration of therapy has been suggested (316,364).
The fractional excretion of bicarbonate is not markedly ele-
vated in lithium-treated patients (304), and most are unable
to achieve a normal urine-to-blood PCO2 gradient in a max-
imally alkaline urine, suggesting a distal acidification defect
(405,602). Some studies have found that lithium-treated pa-
tients are able to maximally acidify their urine and excrete
normal amounts of ammonia and titratable acid after acid
loading (405,602). However, these findings have not been uni-
versal (361,381,388,394,435,601). Studies carried out in iso-
lated rabbit cortical collecting tubules and in the turtle blad-
der suggested that the impaired urinary acidification seen with
lithium administration results from a voltage dependent defect
(598,605,606). In this context, lithium-induced downregula-
tion of the amiloride-sensitive sodium channel reduces sodium
reabsorption in the collecting duct, which in turn decreases hy-
drogen ion secretion by decreasing lumen negative transepithe-
lial potential (496). The expression of other renal acid trans-
porters is unchanged or increased (496). Infusion of sodium
sulfate corrected the acidification defect in several human stud-
ies (435,559,601). In addition, lithium may directly inhibit hy-

drogen ion secretion by inhibiting the activity of H-adenoisine
triphosphatase (H-ATPase) despite increased protein expres-
sion (496,498).

Histopathology

Concern over irreversible renal damage following long-term
lithium therapy led to the first systematic study of renal
histopathology (312). This study was undertaken in selected
patients with a history of lithium intoxication or with nephro-
genic diabetes insipidus, many of whom showed marked re-
ductions in GFR (312). This report described focal interstitial
fibrosis, tubular atrophy and dilation, microcysts formation in
distal and collecting tubules, and focally sclerotic glomeruli
(312). The glomerular lesions appeared to be secondary to
tubulointerstitial disease.

Although we now believe that lithium-induced inhibition
of vasopressin-stimulated water flow is primarily responsible
for impaired urinary concentrating ability, structural injury to
tubules and interstitial tissue contribute to the reduced maxi-
mal Uosm. In this regard, early reports suggested that the de-
gree of impaired concentrating ability correlated with the sever-
ity of tubular damage and the duration of lithium treatment
(312,349).

The causal relationship between chronic tubulointerstitial
abnormalities and lithium treatment has since been challenged
because similar changes have been observed in psychiatric pa-
tients who have not received lithium (316,364,607,608). In
a comparison of renal biopsies from 44 patients treated with
lithium and 25 patients with affective disorders who had never
received lithium, there was no difference in the degree of in-
terstitial fibrosis (364). The only distinguishing feature was the
presence of microcysts in lithium-treated patients (Fig. 46-1).
In the same study, interstitial fibrosis did not differ between
psychiatric patients who had never received lithium and 25 age-
matched transplant kidney donor controls, but was statistically
greater in lithium-treated patients than in the transplant donor
controls. These observations suggest that features shared by
patients with affective disorders, such as the use of other psy-
chotropic medications, may be partly responsible for the tubu-
lointerstitial changes that have been attributed to lithium. Stud-
ies by other investigators have shown that renal abnormalities
were more pronounced in patients treated with combinations
of lithium and neuroleptics than with lithium alone, raising
further questions concerning attribution of the nephropathy
exclusively to lithium (507).

Chronic tubulointerstitial nephropathy is a nonspecific pat-
tern of renal injury; however, specific renal lesions have been
attributed to lithium (332,349,364). Lithium increases the mi-
totic rate of collecting duct cells both in vitro and in vivo
(488) and causes marked principal cell hypertrophy (485).
Tubular cysts have been observed in approximately 50% of
lithium-treated patients with interstitial nephritis (332,349).
These cysts show characteristics suggesting distal tubule and
collecting duct origin (332). In addition, lesser degrees of tubu-
lar dilation are frequently observed (332). New Zealand white
rabbits develop progressive chronic tubulointerstitial nephritis,
identical tubular cysts, and progressive renal insufficiency with
increasing duration of lithium exposure (609). The fact that
tubular cysts are observed in lithium-treated psychiatric pa-
tients with chronic tubulointerstitial nephritis, but are not seen
in psychiatric patients with chronic tubulointerstitial nephri-
tis who were not treated with lithium, supports the specificity
of these lesions (364). Farres et al. (610) utilized gadolinium-
enhanced magnetic resonance imaging to evaluate patients with
lithium-induced renal insufficiency. They identified abundant,
uniformly and symmetrically distributed renal microcysts in
both the cortex and medulla.
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FIGURE 46-1. Cystic dilation of tubules, or “microcyst,” formation, the only histologic feature suggesting
chronic damage, which distinguished biopsies from patients receiving lithium from those of patients with
manic-depressive psychosis who had not received lithium. (Periodic acid-Schiff, ×900.)

Reversible cytoplasmic lesions have been described in the
distal tubules of lithium-treated patients, which are absent in
non–lithium-treated psychiatric controls (316,449,611) (Fig.
46-2). These lesions, which consist of vacuolar swelling and
glycogen accumulation, have been reproduced in the distal con-
voluted tubules and collecting ducts of lithium-treated rabbits
(609). Glycogen accumulation has been attributed to lithium-
induced decreases in intracellular cAMP (609). However, other
investigators have only rarely observed these lesions (332).

Markowitz and colleagues (332) studied 24 renal biopsy
specimens from lithium-treated patients referred for renal in-
sufficiency. The predominant findings were tubular atrophy
and interstitial fibrosis that tended to be patchy in early cases.
A sparse, predominantly lymphocytic, interstitial infiltrate was
often seen in association with interstitial fibrosis. Tubular cysts
were seen in two-thirds of biopsies. The cysts were sparse and
did not exceed 1 to 2 mm in diameter. All biopsies showed
global glomerulosclerosis, whereas focal segmental glomeru-
losclerosis was present in half of the biopsies, involving 6%
to 20% of glomeruli. Glomerulomegaly was frequent. Im-
munofluorescence showed focal nonspecific binding of IgM
and C3. Electron microscopy showed variable podocyte efface-
ment and no electron-dense deposits.

Dosing Regimen and Toxicity

It has been suggested that the type of lithium preparation
and the dosing pattern may influence nephrotoxicity. How-
ever, results are conflicting. Slow-release lithium preparations
have been said to be less nephrotoxic than rapidly dissolv-
ing preparations that deliver higher peak serum lithium lev-
els (390,406,612,613). Although several cross-sectional stud-
ies show more severe impairment of urinary concentrating
ability in patients treated with rapidly dissolving prepara-
tions, others find no difference between the preparations
(341,347,372,389,390,406,613). It has been proposed that
trough serum lithium concentrations are crucial in determin-

ing the severity of renal functional impairment and struc-
tural injury (612,614–616). This observation could be ex-
plained if tubular cell regeneration occurs only during peri-
ods of low serum lithium concentration (384,616). In several
cross-sectional studies, multiple-dose regimens, which achieve
relatively high trough but low peak serum lithium levels,
were associated with greater histologic injury, lower GFR, or
more pronounced impairment of urinary concentrating abil-
ity (335,363,384,403,615–621). Urine volume was correlated
with trough serum lithium levels but not with peak levels
or with lithium dose (614,616). In a prospective longitudinal
study extending over 10 years, a multiple-dose regimen was
associated with greater urine volumes and higher serum crea-
tinine levels (335). In another report, urine volume decreased
after lithium-treated patients were switched from a multiple-
dose to a single-dose schedule in the absence of any difference
in steady-state serum lithium concentration (363,615). How-
ever, treatment regimens were not randomly allocated, and in
some of the studies cited, the lithium dose was greater in the
multiple-dose group (614,618). Moreover, other investigators
found no change in urine volume when lithium-treated patients
were switched from a multiple- to a single-dose regimen or vice
versa (622–625). In a randomized, cross-over study, Waldron
et al. (626) failed to find any difference in urine volume with
twice a day versus single daily dosing. In addition, several cross-
sectional studies found no correlation between urine volume,
renal concentrating ability, or GFR on the one hand and the
number of lithium doses on the other (341,347,385,389,393).
These discrepant data may be reconciled in part by the ob-
servation of Kusalic and Engelsmann (627) that conversion
from a multiple- to single-dosing regimen was associated with
an improvement in renal function only in those patients who
had been treated with a multiple-dosing regimen for less than
5 years.

There is convincing evidence to suggest that maintenance
of lower average serum lithium levels is associated with less
nephrotoxicity. In prospective observations extending over
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FIGURE 46-2. Ballooning, vacuolation, and accumulation of periodic acid-Schiff (PAS)–positive glycogen
in epithelial cells in distal tubules (D) in a patient taking lithium. These changes appear within days of
starting lithium and disappear soon after lithium is ceased. (PAS, ×900.)

7 years in which the average serum lithium concentration was
maintained at a low level (0.68 mmol/L), GFR was unchanged,
while urinary concentrating ability and urine flow rate showed
only modest changes (341). In two cross-sectional series of pa-
tients maintained on low-dose regimens (0.4 to 0.6 mmol/L),
renal function did not differ from controls suffering from af-
fective disorders (302,303). Similar results have been obtained
in uncontrolled cross-sectional studies (315,374), but contrary
data do exist (357).

It has also been suggested that lithium nephrotoxicity
may be enhanced by concurrent administration of neurolep-
tic agents. While several reports indicate that therapy with
neuroleptic agents alone is associated with reduced urinary
concentrating ability or increased urine volume, others have
failed to confirm these observations (341,365,392,397). In sev-
eral studies, concurrent neuroleptic therapy has been associ-
ated with more severe impairment of urinary concentrating
ability, increased urine flow rate, worse renal histology, or
lower GFR (341,344,348,351,362,365,371,379,392,395,397,
507,628). However, in some of these studies, the dose of
lithium was greater in those who also received neuroleptic
agents (351,392,507). Moreover, others investigators failed to
find any differences in lithium nephrotoxicity between patients
treated with lithium alone versus those also receiving other
psychotropic agents (338,347,356,382,389,390,618).

Summary

In summary, in most patients the adverse effects of lithium
on renal function are modest and of little clinical significance
if maintenance serum levels are kept at the lowest effective
level. However, it appears that advanced renal insufficiency
may develop on maintenance lithium therapy after decades of
treatment. Much more commonly, patients develop distressing

polyuria. The relative contributions of lithium nephrotoxicity,
behavioral factors (polydipsia), and the effects of other psy-
chotropic agents in the development of renal symptoms vary
among individual patients. Because nephrotoxicity may be as-
sociated with clinical episodes of lithium intoxication or high
serum lithium levels, it is prudent to regularly monitor renal
function and maintain the lowest effective serum lithium levels.
Isolated polyuria due to impaired concentrating ability may re-
spond to amiloride. In general, modest reduction of filtration
rate in association with mildly impaired urinary concentrat-
ing ability may not be a harbinger of progressive renal failure.
However, the risks of nephrotoxicity must be weighed in indi-
vidual patients against the therapeutic benefit from continued
lithium therapy.
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CHAPTER 47 ■ NEPHROTOXICITY
SECONDARY TO ENVIRONMENTAL
AGENTS AND HEAVY METALS
RICHARD P. WEDEEN

Environmental kidney diseases are usually recognized when
they result from occupational exposure, a special case of en-
vironmental disease. Toxic effects detected in a few highly ex-
posed workers suggest the diseases that can be anticipated from
the lower exposures encountered by large populations from en-
vironmental pollution. Recognized chronic occupational renal
diseases include those arising from exposure to heavy metals,
organic solvents (aliphatic, aromatic, and halogenated hydro-
carbons), and silica. Itai-itai disease from cadmium and Min-
imata disease from mercury are two environmental diseases
arising from industrial pollutants first identified in Japan. To
this group can be added Balkan nephritis, a disease of unknown
etiology presumed to be of environmental origin and nephropa-
thy caused by the ingestion of germanium compounds.

More than 45 naturally occurring elements are classified as
heavy metals by virtue of their metallic qualities and specific
gravities >5. Seven of these metals are generally recognized
as nephrotoxic following environmental or occupational ex-
posure: lead, cadmium, mercury, uranium, chromium, copper,
and arsenic, although chronic renal failure has been described
for only lead, mercury, cadmium, uranium, and arsenic. Thera-
peutic forms of platinum (Chapter 43, Renal Diseases Induced
by Antineoplastic Agents), gold (Chapter 66, Renal Involve-
ment in Systemic Sclerosis, Rheumatoid Arthritis, Sjögren’s
Syndrome, and Polymyositis-Dermatomyositis), lithium, and
bismuth may also induce kidney damage. Although other heavy
metals are potentially damaging to the kidneys, too little evi-
dence of the clinical importance of these renal effects is avail-
able to warrant inclusion here. The potentially nephrotoxic
heavy metals include barium, cobalt, manganese, nickel, sil-
ver, thallium, thorium, tin, and vanadium. The paucity of in-
criminating evidence against these elements may be more a
testimony to our ignorance of the etiologic factors that lead
to end-stage renal disease than to the benign nature of the
metals.

Cause and effect are relatively easy to demonstrate when
renal damage is acute. Establishing the contribution of an en-
vironmental toxin to kidney disease, however, is considerably
more difficult if the toxicity is delayed. When renal disease
is a consequence of long-term, low-dose, asymptomatic ex-
posure modulated by complex interactions with other toxins,
nutritional factors, other diseases, and genetic susceptibil-
ity, etiology remains difficult to prove. Kidney disease aris-
ing from exposure to environmental agents and heavy metals
plays a special role in nephrology because of the potential for
prevention.

URINARY BIOMARKERS

More than 25 urinary proteins and biochemical markers
(eicosanoids) have been measured in urine using sensitive, spe-

cific assays to characterize early stages of toxic renal injury.
We hope to detect specific causes of toxic nephropathy before
the reduction in glomerular filtration rate (GFR) is suffi-
cient to be manifest clinically by an increase in serum crea-
tinine. The goal of establishing “fingerprints” for specific envi-
ronmental nephrotoxins has been partially achieved. Urinary
biomarkers are selected because they reflect specific sites of re-
nal injury: (a) low-molecular-weight proteins and intracellular
enzymes—proximal tubule damage, (b) Tamm-Horsfall glyco-
protein and kallikrein—distal tubule injury, (c) high-molecular-
weight proteins—increased glomerular permeability (if >200
mg/g creatinine), and (d) biochemical markers—eicosanoids
suggesting vascular injury. Comprehensive urinary profiles
have been evaluated in cooperative studies conducted in Eu-
rope (1–5) (Table 47-1). To achieve broad diagnostic value, the
urinary markers are examined in subjects with known toxic
exposures, over a wide range of dose rates and exposure times.
Patients with known clinical renal failure, glomerular disease,
multinephrotoxin or drug exposure, or systemic diseases that
predispose to kidney damage (e.g., hypertension, diabetes mel-
litus, and gout) are excluded from these studies to reduce con-
founding variables. The specificity of tubular injury tends to
disappear once renal damage is sufficient to cause an increase
in the serum creatinine.

A sampling of 11 urinary markers (human intestinal alkaline
phosphatase [HIAP], total nonspecific alkaline phosphatase
[TNAP], N-acetyl-ß-d-glucosaminidase [NAG], retinol bind-
ing protein [RBP], Tamm-Horsfall glycoprotein [THG], ß2-
microglobulin, microalbumin, thromboxane B2 [TBX2], and
three prostaglandins [prostaglandin E2, PGE2; prostaglandin
F2α, PGF2α; 6-keto-prostaglandin F1α, 6-keto-PGF1α]) are pre-
sented to illustrate how differentiation of the toxic nephro-
pathies can be accomplished (Table 47-1). The excretion pat-
terns illustrated in Table 47-1 represent occupational exposure
levels indicated by the mean blood or urine concentrations
specified. The isoenzyme HIAP is a sensitive and specific in-
dicator of injury to the S3 segment of the proximal tubule ow-
ing to occupational exposure to mercury and cadmium (3–5).
Along with other markers of tubular and glomerular injury,
HIAP is increased in the ischemic kidney and hypertension.
Total nonspecific alkaline phosphatase is not increased in anal-
gesic abuse or lead exposure, but it is increased after per-
chlorethylene exposure (6,7). N-acetyl-ß-d-glucosaminidase is
not elevated in the urine of workers exposed to perchlorethy-
lene, or mercury (1,6); however, NAG and RBP are elevated
after cadmium exposure (3,8). Tamm-Horsfall glycoprotein ap-
pears to be a marker of distal tubular injury in contrast to
HIAP, TNAP, NAG, and RBP, which reflect proximal tubule in-
jury. Although the pathophysiologic significance of the urinary
eicosanoids is unclear, measurement of urinary PGE2, PGF2α,
and 6-keto-PGF1α may provide insight into the mechanisms of
hypertension and injury to the glomerulus or renal medulla.
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TA B L E 4 7 - 1

URINARY MARKERS IN TOXIC NEPHROPATHIES—EUROPEAN COOPERATIVE STUDY

HIAP TNAP NAG RBP THG β2-M mAlb TXB2 PG

Pb − − + − − − − ++ 6F–
Cd + + + − + + + + − + ++ − 6F++
Hg + + + + + − − − − − F–

− − E–
PCE − + + + − − ± − + F–

E–

HIAP, human intestinal alkaline phosphatase; TNAP, total nonspecific alkaline phosphatase; NAG, N-acetyl-β-d-glucosaminidase; RBP, retinol
binding protein; THG, Tamm-Horsfall glycoprotein; β2-M, β2-microglobulin; mAlb, microalbumin; TXB2, thromboxane B2; PG, prostaglandin;
Pb, lead; Cd, cadmium; Hg, mercury; PCE, perchloroethylene; 6F, 6-keto-PGF1α ; F, PGF2α ; E, PGE2.

The ability of these urinary markers to discriminate between
various nephrotoxins increases with increasing exposure levels.

Low levels of urinary albumin may reflect either glomeru-
lar or tubular injury. Although generally considered to indicate
early glomerular injury in diabetic patients, the appearance of
small quantities of albumin in the urine may sometimes repre-
sent the failure of the tubule to reabsorb or metabolize albumin
that passes through the glomerular filter in minute quantities
but does not normally reach the bladder. Thus, low levels of
urinary albumin may represent proximal tubular dysfunction
rather than increased glomerular permeability.

A number of alternatives to the 11 urinary markers shown in
Table 47-1 are available. For the present, they appear either to
be redundant (e.g., alanine aminopeptidase, α1-microglobulin,
γ -glutamyltransferase) or to offer few advantages because
their functional significance is unclear (e.g., fibronectin, gly-
cosaminoglycans, kallikrein, or sialic acid). Reports by Mutti
and associates (9) and the European Cooperative Study Group
(1–3,6,8) suggest that the proximal tubule brush-border anti-
gens designated BB50, BBA, and HF5 may be sensitive indica-
tors of proximal tubular injury. However, standardization of
these immunoassays has not been accomplished.

Urinary markers are determined in fresh-voided specimens
(spot urines) and expressed relative to the creatinine concen-
tration. Urine collections should be made at 8 am when both
GFR and protein excretion are highest. Circadian rhythm has
been shown to occur for both GFR and low-molecular-weight
proteinuria, with both being lowest during sleep (10).

LEAD NEPHROPATHY

Occupational exposure to lead began over 10,000 years ago in
the region of the Aegean sea. The earliest description of lead
poisoning is found in a poem dating from about 200 bc by
the Greek philosopher Nikander of Colophon (11). Although
possible recognition of renal effects of lead can be traced to the
17th century, Lancereaux provided the first description of lead
nephrotoxicity in modern terms in 1862. Lancereaux’s patient
had saturnine (lead-induced) gout; his kidneys showed inter-
stitial nephritis at postmortem examination. Controversy con-
cerning the renal effects of lead stems from this 19th century
description compounded by the recurrent failure to recognize
the late sequelae of chronic absorption of relatively low lev-
els of lead or to distinguish glomerular from extraglomerular
renal disease. Additional confusion has been created by the
failure to distinguish the transient Fanconi’s syndrome of acute
childhood lead poisoning from the chronic interstitial nephritis
characteristic of lead nephropathy in adults. In addition to the
difficulty in assigning cause when the effect is delayed in time,

identification of the renal effects of lead was further obscured
because the late complications of excessive lead absorption,
namely, gout and hypertension, can themselves produce renal
damage unrelated to lead.

Diagnosis

In the past, lead nephropathy was identified in individuals who
had repeated episodes of acute lead intoxication (11). The clas-
sic symptoms of inorganic lead poisoning (abdominal colic,
extensor muscle weakness, and encephalopathy) in patients
known to have excessive lead absorption made the diagno-
sis straightforward. In recent decades, the diagnosis was con-
firmed in the clinical laboratory by finding anemia in associa-
tion with excessive urinary excretion of lead, coproporphyrins,
or δ-aminolevulinic acid. Following the extensive studies of
lead metabolism by Kehoe beginning in the 1930s (11), the
mainstay of laboratory diagnosis was the blood lead concen-
tration. Until 1978, a whole blood lead concentration of up
to 80 μg/dL was considered “acceptable” in occupationally
exposed adults. Blood lead levels below 80 μg/dL were con-
sidered incompatible with the diagnosis of lead poisoning in
adults, although levels above 40 μg/dL were considered unac-
ceptable in children. The battle over the determination of the
“safe” blood lead level continues despite a growing consen-
sus that blood levels over 10 μg/dL may be associated with
lead-induced organ damage (12).

The blood lead concentration is relatively insensitive to cu-
mulative body stores acquired over many years of moderate
exposure (i.e., exposure insufficient to produce classic symp-
toms of acute poisoning). Blood lead concentrations tend to
fall markedly within weeks of removal from exposure. Alter-
native approaches to the detection of excessive lead absorption
have been examined because approximately 95% of the body
stores of lead are retained in bone with a mean residence time
approximating 20 years (13). At present, cumulative past lead
absorption is best assessed by the calcium disodium edetate
(CaNa2EDTA) lead-mobilization test.

The ethylenediamine tetraacetic acid (EDTA) test is per-
formed in adults by parenteral administration of 1 to 3 g of
CaNa2EDTA over 4 to 12 hours with subsequent collection
of 24-hour urine samples over 1 to 4 days. A dosage of 20 to
30 mg of CaNa2 EDTA per kg is generally used in children.
Adults without undue prior lead absorption excrete up to 650
μg of lead-chelate in the urine. Neither the dose (1 to 3 g)
nor the route of administration (intravenous or intramuscular)
appears to critically modify the normal response to chelation
testing (14), but in the presence of renal failure (serum cre-
atinine >1.5 mg/dL) urine collections should be extended to
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FIGURE 47-1. Relationship of bone lead to chelatable lead in 35 Bel-
gians including 22 lead workers (squares). Lead was measured in tran-
siliac bone biopsy specimens by atomic absorption spectroscopy and
chelatable lead by the EDTA lead-mobilization test. The linear regres-
sion correlation coefficient (r) is 0.87. Open symbols represent subjects
with normal glomerular filtration rates; closed symbols, those with re-
duced glomerular filtration rates. (From: Van de Vyver FL, et al. Bone
lead in dialysis patients. Kidney Int 1988;33:601, with permission.)

at least 3 days. The intramuscular administration of 2 g of
CaNa2EDTA (1 g of EDTA mixed with local anesthetic in each
of two injections, 12 hours apart) may be the preferable method
of performing the chelation test because it has been well stan-
dardized in both normal subjects and patients with renal failure
(14–19). In the presence of reduced GFR, urinary excretion of
lead chelate is measured for 3 consecutive days and the ade-
quacy of collection checked by simultaneous measurement of
urinary creatinine excretion (1.3 g of creatinine per day is an
acceptable lower limit in normal adult males).

Because lead in bone has a biologic half-life measured in
decades, compared to a biologic half-life of lead in blood of
only 4 weeks (20), the bone more closely reflects cumulative
body lead stores. Chelatable lead correlates well with bone lead
(21,22) (Fig. 47-1). Diagnostic monitoring of the body lead bur-
den can be accomplished by in vivo tibial K x-ray fluorescence,
a new noninvasive technique that is both safe and accurate at
bone lead concentrations associated with interstitial nephritis
caused by lead (23–25) (Fig. 47-2). The characteristic K x-rays
of lead are stimulated by the 88-keV gamma emissions from a
109Cd radioactive source. The fluorescent x-rays are measured
with a high-purity, liquid nitrogen-cooled, germanium detector
and recorded in a computer equipped with a multichannel pulse
height analyzer. The characteristic K x-rays differ from the char-
acteristic L x-rays of lead in that the higher-energy K photons
penetrate 2 cm of cortical bone (26). L x-rays only detect lead
within the outermost 0.5 mm of subperiosteal bone. Calibra-
tion of the L x-rays is problematic because of major soft tissue
absorption. K x-rays, on the other hand, can be accurately cal-
ibrated and normalized to the bone calcium content. The K
x-ray fluorescence technique records the calcium-phosphorus
content of the bone region under study (elastic scatter) and thus
permits measurement of the lead-calcium atomic ratio. This ra-

FIGURE 47-2. Bone lead determined by in vivo tibial K x-ray fluores-
cence compared to chelatable lead in American armed service veterans
without known excessive exposure to lead. Dotted lines represent 95%
confidence limits of data presented in Figure 47-1. Transiliac bone lead
values in Figure 47-1 were multiplied by 1.75 to convert to tibial bone
values. Pb, lead. (From: Wedeen RP. Bone lead, hypertension, and lead
nephropathy. Environ Health Perspect 1988;78:57, with permission.)

tio is largely independent of target-source geometry and there-
fore permits calibration by either plaster-of-Paris phantoms or
absolute physical properties (25). Whole-body radiation during
the 30-minute K x-ray fluorescence test is 0.3 mrem, equiv-
alent to background cosmic radiation absorbed over about
10 hours.

Although the blood lead reflects absorption of both organic
and inorganic lead, the clinical symptoms of organic lead are
primarily cerebral. Colic, peripheral neuropathy, and anemia
are not seen in acute organic lead poisoning. Chelation ther-
apy is ineffective in acute organic lead poisoning (27). DuPont’s
Chambers Works in Deepwater, New Jersey, became known as
the “House of Butterflies” because of the frequency of hallu-
cinations among workers producing tetraethyl lead shortly af-
ter discovery of the antiknock gasoline additive in 1923 (28).
Renal disease has not been found following tetraethyl lead
absorption (27).

Acute Lead Nephropathy

In children with lead encephalopathy, a proximal tubule reab-
sorptive defect characterized by aminoaciduria, phosphaturia,
and glycosuria (Fanconi’s syndrome) has been observed (29).
Fanconi’s syndrome is found in the presence of blood lead lev-
els usually in excess of 150 μg/dL and appears to be rapidly
reversed by chelation therapy designed to treat the far more
dangerous encephalopathy. The proximal tubule reabsorptive
defect has been induced experimentally in rats fed dietary lead
(30). In both children and experimental animals, acute lead
nephropathy is consistently associated with acid-fast intranu-
clear inclusions in proximal tubule epithelial cells (31). The in-
tranuclear inclusion bodies consist of a lead–protein complex
and may be seen in tubular epithelial cells in the urinary sed-
iment during acute poisoning (32). Lead-containing intranu-
clear inclusions have been observed in liver, neural tissue, and
osteoclasts as well as kidney. Acute poisoning is also associated
with morphologic and functional defects in mitochondria.

Chronic Lead Nephropathy

The phrase chronic lead nephropathy refers to the slowly
progressive interstitial nephritis occurring in adults following
prolonged lead exposure. Occupational lead nephropathy has
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developed after as little as 3 years of intense exposure (18).
Analysis of death certificates of 601 men employed at the
Bunker Hill Lead Mine and Smelter in Kellogg, Idaho, up to
1977 indicated a twofold-increased risk of dying from chronic
renal disease (33). The increased risk approached fourfold after
20 years of occupational exposure. Although most frequently
recognized in lead workers after decades of occupational ex-
posure, chronic lead nephropathy also has been recognized
among young adults in Australia who sustained acute child-
hood lead poisoning (34) and among illicit whiskey (“moon-
shine”) consumers in the southeastern United States. Chronic
interstitial nephritis owing to lead has also been seen among
American workmen whose exposure was never severe enough
to produce acute symptoms of lead poisoning (18,19), and
in U.S. armed service veterans suffering from renal failure at-
tributed to gout or essential hypertension (16,17). In the veter-
ans, exposure to lead had never produced acute symptoms of
poisoning, and the source of exposure had never been recog-
nized. The diagnosis was only established by performance of
the CaNa2EDTA lead-mobilization test after renal failure was
apparent. Medical histories were often misleading; patient re-
call frequently contradicted the objective evidence of chelation
testing. Sporadic case reports of lead nephropathy arising from
unusual accidental exposure such as geophagia (35) or Asian
folk remedies and cosmetics continue to appear in the medical
literature (11).

“Queensland nephritis” appears to represent the transition
from the acute disease of childhood to the chronic nephropathy
of adults (34). This evolution has been observed in experimen-
tal animals but has not been reported in American children.
The difference between the American and Australian experi-
ence may well owe to the fact that the American children with
pica who had long-term follow-up received chelation therapy
in childhood. In an early follow-up study of untreated child-
hood lead poisoning, diagnostic criteria for both lead poison-
ing and renal disease were unacceptably vague (36). A 50-year
follow-up of untreated lead-poisoned children in the United
States found evidence of increased renal disease (37).

Chronic lead nephropathy from moonshine came to medical
attention because of the dramatic symptoms of acute lead poi-
soning. As in severely exposed industrial workers, lead colic
and anemia were associated with reduced GFR, which often
improved following chelation therapy. Transient renal failure,
apparently the result of renal vasoconstriction (38), was super-
imposed on more chronic renal damage that appeared to be less
responsive to chelating agents. The chronic lead nephropathy
of the moonshiners, more often than not, was accompanied by
gout and hypertension, in accord with 19th century descrip-

tions of plumbism and contemporary reports from Australia
(11). A statistically significant odds ratio of 2.4 has been re-
ported for moonshine consumption and end-stage renal dis-
ease, suggesting a causal association in the absence of acute
lead poisoning (39).

Evaluation of renal function in workmen with excessive
body lead stores has revealed previously unsuspected reduc-
tions in GFR (i.e., <90 mL/minute/1.73 m2 body surface area)
before renal dysfunction was clinically evident (19). In these oc-
cupationally exposed individuals, minimal (about 30%) reduc-
tions in GFR were restored to normal by long-term, low-dose
chelation therapy (1 g of CaNa2EDTA with local anesthetic
three times weekly until the chelation test returned to nor-
mal). This therapeutic response in preazotemic lead nephropa-
thy may reflect reversal of functional impairment rather than
reversal of established interstitial nephritis. Both the renin-
angiotensin system and Na+-K+-ATPase are inhibited by lead
(40), and these effects may have been modified by chelation
therapy. Considerable epidemiologic evidence suggests that
modest azotemia is significantly more prevalent among lead-
exposed workers than among nonexposed counterparts, pre-
sumably owing to both morphologic and functional changes
(11,41).

Renal biopsies in chronic lead nephropathy show nonspe-
cific tubular atrophy and interstitial fibrosis with minimal in-
flammatory response as well as mitochondrial swelling, loss
of cristae, and increased lysosomal dense bodies within proxi-
mal tubule cells (18,21) (Fig. 47-3). Arteriolar changes indistin-
guishable from nephrosclerosis are found, often in the absence
of clinical hypertension. Intranuclear inclusion bodies are often
absent when the renal disease is long-standing or following the
administration of chelating agents. Clumped chromatin and
nuclear invaginations of cytoplasmic contents may be found
even in the absence of intranuclear inclusions. Morphologic al-
terations are minimal in glomeruli until the reduction in GFR
is advanced.

The hypothesis derived from acute lead nephropathy—
that proximal tubular injury accounts for the pathogenesis of
chronic lead nephropathy—has gained little support. The ap-
pearance of arteriolar nephrosclerosis before hypertension de-
velops and the relatively short duration of hypertension before
renal failure supervenes suggest that the initial renal injury from
lead may be in the microvascular endothelium (42,43). At the
cellular level, lead metabolism mimics that of calcium (44).
Proximal tubular transport defects in excess of that expected
in comparable chronic renal failure have not been convinc-
ingly demonstrated in chronic lead nephropathy. The mecha-
nism of microvascular injury remains speculative. Interference

FIGURE 47-3. Renal biopsy ob-
tained from a 28-year-old man who
had prepared lead solder for 5
years. His 125I-iothalamate clear-
ance was 52 mL/minute/1.73 m2;
hemoglobin, 9.6 g/dL; uric acid,
13.2 mg/dL; and blood lead, 48
μg/dL when he was initially seen.
Lead-chelate excretion following
2 g of CaNa2EDTA intramuscu-
larly was 5.2 mg/24 hours. Light
microscopy shows periglomerular
fibrosis, a sclerotic glomerulus,
and tubular atrophy. (Trichrome
stain; magnification ×304.) (From:
Wedeen RP, et al. Occupational lead
nephropathy. Am J Med 1975;59:
630, with permission.)
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with cation transport is a reasonable hypothesis because the
metabolism of lead is similar to that of other cations. The para-
dox that increased dietary calcium reduces vascular smooth
muscle tone, whereas increased free intracellular calcium in-
creases it could, in part, be explained by lead–calcium inter-
actions (15). Inhibition of red blood cell Na+-K+-ATPase in
lead workers correlates with membrane-bound lead (45), and
lead increases red blood cell Na+-Li+ countertransport in vitro
(46). Similarly, lead interactions with vasoactive substances
may modulate blood pressure and induce endothelial injury
(47,48).

The functional changes in chronic lead nephropathy appear
to be less specific than those observed in acute poisoning. As
in other forms of interstitial nephritis, proteinuria and glyco-
suria are initially absent. In contrast to cadmium nephropathy,
the excretion of urinary marker proteins such as HIAP, TNAP,
THG, RBP, lysozyme, and ß2-microglobulin (2,8) is not in-
creased in the absence of a reduced GFR (Table 47-1). The
increase in urinary NAG with increasing blood lead reflects
Fanconi’s syndrome of acute lead poisoning rather than the
chronic interstitial nephritis associated with occupational lead
exposure (49,50). N-acetyl-ß-d-glucosaminidase excretion cor-
relates positively with the blood lead concentration but not
with the bone lead concentration (50). Exhibiting a pattern
of eicosanoid excretion noted in essential hypertension, lead-
exposed workers showed an increase in TXB2 and a decrease
in PGE2 and 6-keto-PGF1α in the urine (2,50). In contrast to
the reabsorptive defect of acute lead nephropathy, saturnine
gout is characterized by renal retention of uric acid (34). The
clearance (CPAH) and maximal secretion rate (TmPAH) for p-
aminohippurate (PAH) have been found to be variable in pa-
tients with occupational lead nephropathy.

The relationship of lead to gout nephropathy has pro-
voked controversy for over a century (11,51). Hyperuricemia
and gout are common among individuals with excessive ex-
posure to lead, apparently the result of decreased excretion
and increased production of uric acid. Similarly, although hy-
peruricemia invariably accompanies azotemia, gout is rare in
patients with renal failure except in those with lead nephropa-
thy. Half of uremic patients with lead nephropathy have clini-
cal gout (34), but in the absence of renal failure, gout cannot
usually be attributed to lead despite coexisting hypertension
(52,53).

There is substantial evidence that renal failure in gout is
sometimes secondary to overt or unsuspected lead poisoning.
In Queensland, Australia, as many as 80% of gout patients with
renal failure have elevated EDTA lead-mobilization tests (34).
In New Jersey, chelatable lead was found to be significantly
greater among gout patients with renal failure than among gout
patients with normal renal function (16). Because patients with
comparable renal failure owing to known causes other than
lead show no increase in chelatable lead, the excessive mobiliz-
able lead in these gout patients appears to be the cause rather
than consequence of their renal failure. Measurement of lead
levels in transiliac biopsy specimens from patients with end-
stage renal disease confirms the fact that renal failure per se
does not cause increased bone lead levels (22). Unrecognized
lead poisoning, therefore, may explain the occurrence of renal
failure in some gout patients who have neither urinary calculi
nor intratubular uric acid deposition disease. Similarly, overt
lead poisoning may explain the protean manifestations of gout
in past centuries, the so-called irregular gout, as well as the long
but almost forgotten association of gout with wine (11). Spo-
radic contamination of alcoholic drinks with lead throughout
history may have been responsible for gout that terminated in
cerebral disease (e.g., uremia, stroke, or encephalopathy).

The association between lead and hypertension has also
been a subject of controversy since the first use of the sphygmo-
manometer. The early view that renal injury induced by lead

causes hypertension has gained increasing support. The EDTA
lead-mobilization test can sometimes indicate that lead is the
most probable cause of hypertension with renal failure when
lead exposure has not been previously suspected. Patients be-
lieved to have “essential hypertension with nephrosclerosis”
may be identified as having lead nephropathy by the EDTA
lead-mobilization test (17). The duration of hypertension in pa-
tients with lead nephropathy tends to be shorter than that in hy-
pertensives without renal failure, suggesting that lead-induced
renal injury precedes and therefore causes the hypertension.
This view is consistent with the finding that creatinine clearance
decreases with increasing blood lead in the general population,
an effect that is independent of blood pressure (41,54).

Lead nephropathy does not account for renal failure in all
hypertensives with kidney disease any more than it accounts
for renal failure in all gout patients with kidney disease. The
heavy metal may, however, contribute to the long and contro-
versial association of gout with hypertension, as well as to the
variable incidence of renal failure in each of these conditions.
Mortality data show that death from hypertensive cardiovas-
cular disease is more frequent among lead workers than the
general population (33).

A role for lead in hypertension gains further credence from
epidemiologic studies of low-level lead exposure (i.e., exposure
too low in intensity to produce the classic symptoms of acute
lead poisoning). The Second National Health and Nutrition
Examination Survey (NHANES II) performed between 1976
and 1980 included blood lead and blood pressure measure-
ments in almost 10,000 noninstitutionalized Americans aged 6
months to 74 years (55). The correlation between blood lead
and blood pressure was robust even when both measurements
were within the accepted “normal” range (56,57). Similar con-
clusions have been drawn from studies performed throughout
the world, although statistically nonsignificant findings in small
studies have also been reported. A longitudinal study of 590
men with a low mean blood lead concentration (6.3 μg/dL)
found that bone lead was higher in those who developed hy-
pertension than in those who did not, although the blood lead
was not significantly different (58). Although some doubts have
been raised about the magnitude of the dose-response rela-
tionship, there is a growing consensus that lead contributes to
hypertension in the general population, particularly in the pres-
ence of renal dysfunction. Lead may also contribute to the dis-
proportionate representation of black men with hypertensive
nephrosclerosis and diabetic nephropathy in end-stage renal
disease programs in the United States (15).

Treatment

Lead nephropathy is important because it is one of the few re-
nal diseases that is preventable. Moreover, lead nephropathy
can sometimes be reversed or its progression retarded by judi-
cious use of chelation therapy (11,19,38,59). Lead nephropa-
thy is unusual for a nonsystemic disease involving the kidneys
in that an etiologic diagnosis can be established even after re-
nal failure supervenes. The observation that chelation therapy
improved renal function in renal failure patients with low body
lead stores suggests that unrecognized low-level lead absorp-
tion contributes to renal failure owing to other causes (60).

Although chelation therapy effectively reverses acute lead
nephropathy and the preclinical renal dysfunction of occupa-
tional lead nephropathy (19), there is no evidence that such
therapy reverses established interstitial nephritis. The partial
remissions achieved among moonshiners and symptomatic lead
workers may represent reversal of acute poisoning superim-
posed on chronic lead nephropathy. No improvement in renal
function can be expected once advanced interstitial nephritis
is present and the steady-state serum creatinine concentration
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exceeds about 3 mg/dL (61). Chronic volume depletion and
hyporeninemic hypoaldosteronism may contribute to the re-
versible component of renal dysfunction. The effect of lead
on the renin–angiotensin system, however, remains contro-
versial because increased renin responsiveness has also been
observed in lead-exposed experimental animals and humans
(40).

Before chelation therapy is undertaken, the diagnosis should
be clearly established. It may be necessary to perform the EDTA
lead-mobilization test, and other possible causes of renal dis-
ease must be rigorously excluded. For the present, attempts at
chelation therapy probably should be avoided when the cause
of the renal disease is unclear (e.g., in the presence of heavy pro-
teinuria). Moreover, long-term, low-dose EDTA therapy should
only be undertaken with a clear end point in mind, such as
reversion of the EDTA test to normal and restoration of re-
nal function. Although the EDTA test has been shown to be
safe even in the presence of renal failure (62), the cumulative
nephrotoxicity of prolonged EDTA therapy in patients with
markedly reduced GFR is unknown. Reports that CaNa2EDTA
therapy has been followed by deterioration of renal function
warrant careful follow-up of treated patients (61,63). Despite
these caveats, it may be appropriate to perform EDTA lead-
mobilization tests in individuals with gout or hypertension and
renal failure or interstitial nephritis of unknown etiology, be-
cause a positive test may provide the best available indication of
etiology. Knowledge of etiology may permit identification and
removal of the source of lead and prevention of lead nephropa-
thy in others.

CADMIUM NEPHROPATHY

Industrial use of cadmium has increased steadily since its dis-
covery by Stromyer in 1817. Cadmium-containing compounds
are widely used in the manufacturing of pigments, plastics,
glass, metal alloys, and electrical equipment. Acute absorption
of as little as 10 mg as dust or fumes may induce severe gas-
trointestinal symptoms and, after a delay of 8 to 24 hours, fatal
pulmonary edema (64,65). Chronic low-dose exposure, on the
other hand, causes slowly progressive emphysema, anosmia,
and proximal tubular reabsorptive defects characterized by
low-molecular-weight proteinuria, enzymuria, aminoaciduria,
and renal glycosuria (66). Hypercalciuria (with normocal-
cemia), phosphaturia, and distal renal tubular acidosis result
in clinically important osteomalacia, pseudofractures, and uri-
nary tract stones (67,68). Interstitial nephritis resulting from
parenteral administration of cadmium to experimental ani-
mals was recognized in the 19th century (69), but only recently
has the progression of early proximal tubular dysfunction to
chronic renal failure been documented.

Metabolism

Nonoccupationally exposed individuals accumulate cadmium
throughout their lives through food and cigarettes. The biologic
half-life of cadmium in humans exceeds 15 years, and one-third
of the total body stores (10 to 20 mg) is retained in the kidneys.
Tubular proteinuria has resulted from low-level environmental
exposure to cadmium as well as to the higher exposure levels
encountered in industry (70).

Absorbed cadmium is initially sequestered in liver and kid-
ney, where it is bound to a cysteine-rich apoprotein, metal-
lothionein (64,66). Zinc, copper, mercury, and iron, as well
as cadmium, induce metallothionein synthesis in these organs.
With a molecular mass of 6,500 daltons, the cadmium–thionein
complex is filtered at the glomerulus, taken up in the proximal
tubule by endocytosis, and transferred to lysosomes, where it

is rapidly degraded. Cadmium–thionein is considerably more
nephrotoxic than cadmium or metallothionein alone, but cyto-
plasmic cadmium ions released from lysosomes may be the me-
diator of tubular cell injury (71). Although uptake in liver ini-
tially exceeds that in kidney, most of the cadmium is eventually
bound to protein in the proximal tubules, where it is accumu-
lated until a “critical concentration,” approximately 200 μg/g
of renal cortex, is achieved. At this tissue level, renal effects
become evident, including tubular proteinuria and increased
cadmium excretion (66). Although urinary cadmium excretion
is normally less than 2 μg/day, after the critical concentration
has been exceeded, urinary cadmium in excess of 10 μg/day is
usual. Significant abnormalities of proximal tubular function
are associated with urinary cadmium excretion in excess of
30 μg/day (72). The blood cadmium concentration is less re-
liable as an indicator of health effects. Although the blood
cadmium level rises promptly following occupational expo-
sure, blood is a poor indicator of cumulative absorption. Nev-
ertheless, blood levels greater than 1 μg/dL, as well as urine
concentrations of over 10 μg/g of creatinine, are considered
evidence of excessive exposure.

Increased urinary excretion of low-molecular-weight pro-
teins such as ß-2-microglobulin or RBP is an early renal effect
of cadmium (64). ß-2 Microglobulin has been the most ex-
tensively examined urinary protein in cadmium nephropathy,
but because of its instability in acid urine, measurement of
urinary RBP or NAG is probably more reliable (3,8,50,72).
Low-level increases in the excretion of albumin and trans-
ferrin in cadmium workers with low-molecular-weight pro-
teinuria and enzymuria (3) raise the possibility of glomerular
injury but also could be explained by impaired tubular reab-
sorption or metabolism of these proteins that are normally
filtered in small quantities. Proteinuria in cadmium workers
rarely exceeds a few hundred milligrams per day and does
not approach nephrotic levels (>3.5 g/day). The usual tech-
niques for detecting albuminuria such as Albustix, heat and
picric acid, or nitric acid are not sufficiently sensitive or spe-
cific to reliably detect tubular proteinuria. Although phospho-
tungstic, trichloroacetic, and sulfosalicylic acids are more sen-
sitive, immunologic techniques are required for specific protein
identification. The pathophysiologic implications for increased
excretion of 6-keto-PGF1α and sialic acid in cadmium workers
remain to be determined (3).

Calcium Wasting

Clinical symptoms associated with cadmium nephropathy de-
rive primarily from the increased calcium excretion that ac-
companies the renal tubular dysfunction. Hypouricemia, hy-
pophosphatemia, intermittent renal glycosuria, or elevated
serum alkaline phosphatase (in the absence of renal failure or
hyperparathyroidism) may bring the acquired Fanconi’s syn-
drome to the clinician’s attention, but ureteral colic is more
likely to be the cadmium worker’s chief complaint (64,67). Al-
though both osteomalacia and renal failure are distinctly un-
common in cadmium workers (62), urinary calculi have been
reported in up to 40% of those subjected to industrial expo-
sure (66,67,74). Osteomalacia is associated with diminished
renal tubular reabsorption of calcium and phosphate, elevated
circulating parathormone levels, and reduced hydroxylation of
vitamin D metabolites (76).

Itai-Itai Disease

In Japan, a painful bone disease associated with pseudofrac-
tures caused by cadmium-induced renal calcium wasting was
recognized in the 1950s. Attributed to local contamination of
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food staples by river water polluted with industrial effluents,
particularly cadmium, the syndrome known as itai-itai or
“ouch-ouch” disease afflicted postmenopausal, multiparous
women. Sustained deficiencies in iron, zinc, calcium, and vi-
tamin D rendered these women particularly vulnerable to cad-
mium toxicity. The women with itai-itai disease tended to have
reduced GFR, anemia, lymphopenia, and hypotension as well
as osteomalacia. They exhibited a waddling gait, short stature,
anemia, glucosuria, and elevated serum alkaline phosphatase
levels. Hypertension was absent. ß2-Microglobulin excretion
exceeded the normal maximum (1 mg/g of creatinine) 100-
fold, and GFR was substantially reduced in the most severely
affected individuals. An increase in mean serum creatinine con-
centration from 1.19 to 1.68 mg/dL in 21 individuals averaging
65 years of age who were followed for 9 to 14 years after ß2
microglobulin was first detected demonstrated the progression
of renal failure (76). The long-term follow-up demonstrated
that ß2-microglobulin predicts the later development of renal
failure in patients with itai-itai disease and that renal damage
progresses even after exposure has ceased.

Chronic Interstitial Nephritis

Until recently, the role of cadmium in the induction of chronic
interstitial nephritis has been controversial (Fig. 47-4). Epi-
demiologic studies do not show a consistent correlation be-
tween blood or urinary cadmium levels and blood pressure
(77). Mortality studies designed to evaluate the long-term im-
plications of industrial cadmium exposure have yielded con-
flicting results (78). Nevertheless, tubulointerstitial nephritis
was found in 23 occupationally exposed and 26 environmen-
tally exposed individuals in whom postmortem tissue or renal
biopsy specimens were examined (79). These findings in con-
junction with recent epidemiologic studies in the United States
(74) and Belgium (80,81) and the long-term follow-up of itai-
itai disease in Japan (76) leave little room for doubt that cad-
mium can induce chronic interstitial nephritis.

In the United States, Thun and coworkers (74) examined
45 current and retired nonferrous smelter workers exposed to

cadmium for a mean of 19 years. Their blood cadmium levels
averaged 7.9 μg/dL and urinary cadmium 9.3 μg/g of creati-
nine. Cumulative cadmium dose estimated from air measure-
ments correlated with low-molecular-weight proteinuria and
with decreased fractional calcium and phosphate reabsorption.
The cadmium workers had significantly more kidney stones
than did controls. Correlations between renal function and cad-
mium exposure were independent of other diseases in the work-
men. A strong association between cumulative cadmium expo-
sure and the later increase in serum creatinine supported the
notion that cadmium-induced renal disease progresses slowly
after a latent period of several decades. Roels and colleagues
(80) provided further evidence that clinical renal disease re-
sults from cadmium. Workers who were exposed to cadmium
in a nonferrous smelter in Belgium for up to 5 years and who
had tubular proteinuria were examined annually for 5 years af-
ter exposure had ceased. Cadmium levels in liver ranged from
24 to 158 μg/g and from 133 to 355 μg/g in the kidney. Serum
creatinine concentrations increased from a mean of 1.2 to
1.5 mg/dL over 5 years (Fig. 47-5). The reduction in GFR was
accompanied by an increase in mean serum ß2-microglobulin
from 0.189 to 0.300 mg/dL and an increase in mean urinary
ß2-microglobulin excretion from 1.770 to 2.500 mg/L. The loss
of glomerular filtration over the 5-year period was estimated to
be 30 mL/minute, 30 times the predicted loss of kidney func-
tion for these elderly men. In contrast to the progression of
renal disease in these cadmium workers, the same laboratory
found that environmental exposure leading to urine cadmium
concentrations of less than 1 μg/24 hours did not result in pro-
gressive renal failure over 5 years (81). Despite the low levels of
cadmium absorption, the environmentally exposed group ex-
hibited diminished bone density and increased risk of fractures
(82).

Diagnosis

Most commonly, the diagnosis of cadmium nephropathy is
established by the history of exposure in conjunction with
laboratory tests indicative of proximal tubule dysfunction

FIGURE 47-4. Autopsy section of kidney from
a 46-year-old man who had manufactured cad-
mium pigments for 28 years. He was found
to have renal glycosuria, proteinuria, mild
hypertension, and severe pulmonary emphy-
sema. Death was attributed to cor pulmonale.
His kidneys contained 55 μg Cd/g wet wt
and showed extensive interstitial fibrosis, tubu-
lar atrophy, and glomerular sclerosis. (From:
Kazantzis G, et al. Renal tubular malfunction
and pulmonary emphysema in cadmium pig-
ment workers. Q J Med 1963;32:165, with per-
mission.)
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FIGURE 47-5. Progression of renal dys-
function in cadmium (Cd) workers over 5
years after removal from exposure. A: To-
tal population of cadmium workers (N =
23). The mean serum creatinine increased
from 1.2 to 1.5 mg/dL. B: Cadmium work-
ers with serum creatinines <1.5 mg/dL (N =
21). C: Cadmium workers with tubular pro-
teinuria and serum creatinine <1.3 mg/dL
(N = 11). Dashed line represents two age-
matched control groups of 23 subjects each.

(e.g., increased excretion of urinary biomarkers, hypercalci-
uria, or renal glycosuria). Suspicions are confirmed if the uri-
nary cadmium concentration exceeds 10 μg/g of creatinine. Re-
nal and hepatic accumulation of cadmium has been exploited
for diagnostic purposes by in vivo neutron-activation analy-
sis. This noninvasive technique for assessing organ cadmium
content correlates well with tissue and urinary cadmium levels
and ß2-microglobulin excretion. It should prove valuable for
monitoring industrial exposure before toxic levels have been
attained (80). In individuals without occupational exposure,
renal cadmium content reaches a maximum of about 50 μg/g
of cortex at about 45 years of age and thereafter declines as
urinary elimination increases (66). Renal cadmium concentra-
tion tends to fall with the development of renal failure, so that
the diagnostic value of neutron-activation analysis of kidney is
diminished in azotemic or uremic patients. In vivo neutron-
activation studies indicate that when the hepatic cadmium
level exceeds about 60 ppm, and renal cortical content exceeds
200 ppm (20 mg/kidney), tubular proteinuria is likely to occur
(80).

Treatment

Although CaNa2EDTA given to experimental animals simulta-
neously with cadmium results in prompt excretion of the cad-
mium chelate and protection from nephrotoxicity, the chelating
agent has little effect after cadmium has been complexed with
metallothionein (83). Progression of renal disease has been de-
scribed despite removal from exposure (76). Although osteo-
malacia may be arrested by calcium and vitamin D replacement
(72), urinary tract stones represent a relative contraindication
to such therapy.

MERCURY

The toxicity of mercury depends on both its chemical form
and the route of absorption. Elemental mercury is virtually
harmless when ingested (84), but inhalation of the metallic va-
por can produce bronchial damage and later neurologic disease
(85,86). After in vivo oxidation of metallic mercury to the ionic
form, the inhaled vapor readily crosses the blood-brain bar-
rier and is retained in the cerebrum and cerebellum. Although
preferentially accumulated in the kidney, neurologic but not

nephrologic disease regularly follows exposure to elemental
mercury; paresthesias, tremor, ataxia, visual impairment, ery-
thrism, and ultimately stupor and death are the clinical course.

Once in the environment, elemental mercury undergoes
biotransformation to both organic and inorganic salts that
are absorbed by living organisms and thus enter the food
chain. Methyl, ethyl, and phenoxyethyl mercury are impor-
tant organomercurial contaminants arising from industrial and
agricultural processes. Methyl and ethyl mercury compounds
are widely used as fungicides but also enter the environment as
industrial wastes and through biotransformation of less toxic
mercurials. Although a diuretic effect of inorganic mercury was
documented in the late 19th century, diuresis following thera-
peutic administration of organomercurials was first noted by
a medical student in Vienna in 1920 as a side effect of No-
vasurol used in antisyphilitic therapy (86). Organomercurials
subsequently became the mainstay of diuretic therapy until the
advent of ethacrynic acid and furosemide in the 1960s. The
inorganic mercurous salt, calomel (Hg2Cl2), is relatively non-
toxic and was widely used as a medicinal agent until the twen-
tieth century. The mercuric salt, corrosive sublimate (HgCl2),
on the other hand, is highly nephrotoxic and continues to be
used to create animal models of acute tubular necrosis (ATN)
(86). Phenyl and methoxy methyl mercuric salts produce simi-
lar nephrotoxicity.

Although all chemical forms of mercury are accumulated in
the cells of proximal tubules, the cellular concentration by itself
provides little insight into pharmacologic or toxic mechanisms.
Inorganic mercury is retained in the kidney with a biologic half-
life approximating 2 months (87). While HgCl2, chlormero-
drin, and p-chloromercuribenzoate (p-CMB) are each selec-
tively concentrated in the proximal tubule, the inorganic HgCl2
salt produces tubular necrosis, chlormerodrin is a diuretic, and
p-CMB blocks the diuretic effect of chlormerodrin (87–89).

The inorganic and organic mercurials bind avidly to
sulfhydryl groups in circulating proteins and amino acids as
well as intracellular glutathione, cysteine, and metallothionein.
Selective accumulation in the pars recta of proximal tubules
is accomplished by transport primarily from the luminal side
of mercury bound to amino acids or proteins. Mercury-ligand
reaches lysosomes by endocytosis (88) with subsequent release
into the cytosol by intralysosomal enzymatic degradation. It is
less clear if mercury moves in the secretory direction, entering
proximal tubular cells from the peritubular surface. Excretion
is primarily through bile in the feces.
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Diagnosis

Although blood mercury levels over 3 μg/dL or urine levels
above 50 μg/g of creatinine are considered abnormal, the cor-
relation of blood and urine concentrations with renal disease is
poor (90). Workers exposed to mercury vapors frequently ex-
crete more than 200 μg of mercury per liter of urine, but very
few have renal disease. Consequently, the diagnosis of mercury-
induced renal disease is usually dependent on known exposure
in the presence of renal dysfunction. Case reports of ATN or
the nephrotic syndrome attributed to occupational, accidental,
or intentional exposure to mercury are necessarily limited to
situations in which the toxic agent has been identified. Occupa-
tional exposure to elemental mercury for a decade with urinary
concentrations exceeding 50 μg/dL is associated with increased
HIAP excretion but little increase in urinary TNAP, NAG, RBP,
THG, ß2 microglobulin, or microalbumin (1,5) (Table 47-1).
There is no evidence that enzymuria from mercury exposure
predicts the development of renal failure.

Acute Tubular Necrosis

Ingestion of as little as 0.5 g of HgCl2 produces ATN in hu-
mans. Over the first few days, the clinical picture is dominated
by gastrointestinal symptoms including erosive gastritis with
hematemesis and melena. Before oliguria supervenes, chela-
tion therapy with intravenous BAL (British antilewisite; dimer-
caprol) may limit renal damage. Initially, oliguria should be
treated by volume expansion with close monitoring of cen-
tral venous or pulmonary wedge pressure. Not only may di-
uresis induced by hydration, mannitol, and furosemide pre-
vent the development of oliguric acute renal failure, but also
persisting oliguria in the face of adequate therapy indicates
renal parenchymal damage. An elevated urinary sodium con-
centration (>40 mEq/L) and diminished concentrating ca-
pacity (Uosm <450 mOsm/L) in association with failure to
obtain diuresis in an acutely oliguric patient with adequate
circulatory status confirm the diagnosis of ATN. Once olig-
uria has become established, rigid fluid restriction is mandatory
(<500 mL/day). Acute oliguric renal failure may rapidly leads
to death unless dialysis is provided.

Histologic examination of the kidneys reveals necrosis of
the proximal tubules, particularly the pars recta. In the ex-
perimental model, the tubular basement membrane is spared
compared with the damage incurred during ischemic tubular
necrosis (87). However, backleak of inulin from the tubular lu-
men to peritubular capillaries has been observed in experimen-
tal animals, indicating loss of integrity of the proximal tubule.
Such backleak contributes to the reduction in inulin or creati-
nine clearance induced by outer cortical ischemia. In the rat,
HgCl2-induced ATN is accompanied by sequestration of mer-
cury sulfide within lysosomes of surviving proximal tubule cells
(88). The extent of damage to individual nephrons is highly
variable, although tubular necrosis extends to more proximal
segments after larger doses (87).

During the recovery phase, oliguria is replaced by polyuria
while the GFR is still low. Urine flow rates may double daily,
reaching a maximum of about 5 L/day while the serum cre-
atinine continues to rise, albeit more slowly than the initial
rate of 1 to 2 mg/dL/day. During the diuretic phase, salt and
water must be vigorously replaced, but potassium restriction
and reduced doses of toxic drugs normally excreted by the
kidneys should be maintained. If death from hypervolemia,
hyperkalemia, hemorrhagic complications, uremia, and infec-
tion is avoided, spontaneous regeneration of tubular epithe-
lium occurs with subsequent recovery. Dystrophic calcification
of necrotic tubules may, however, limit restoration of function,

and the kidneys may show residual interstitial nephritis (88).
The entire process from acute oliguria through polyuria and
recovery may last from a few days to many months.

Nephrotic Syndrome

Sporadic case reports of nephrotic syndrome following expo-
sure to elemental or organic mercury have appeared since the
middle of the twentieth century. Proteinuria in children with
acrodynia (“pink disease”) following external use of mercu-
rial ointments or powders has been attributed to allergic re-
actions. In the occupational setting, the causal relationship of
mercury exposure to proteinuria and the nephrotic syndrome
has been less compelling (84), largely because the dose-response
is unpredictable and, in addition, the etiology of nephrotic syn-
drome unrelated to mercury is rarely known.

Renal biopsies have most often shown deposits within
glomerular capillaries consistent with membranous nephropa-
thy (92) (Fig. 47-6), but normal glomeruli (e.g., nil disease)
and antiglomerular basement membrane (anti-GBM) antibody
deposition also have been described. In most instances, protein-
uria owing to mercury appears to be self-limited and disappears
spontaneously when the source of exposure is removed.

Observations in rats may provide a framework for under-
standing mercury-induced glomerular disease in humans. In
1971, Bariety and associates (93) reported that multiple sub-
cutaneous injections of HgCl2 in rats, in doses too small to
produce ATN, induced membranous nephropathy. Renal dis-
ease characterized by glomerular deposition of immune com-
plexes and heavy proteinuria developed in about 2 months.
Subsequent studies showed that the immune response is actu-
ally biphasic; immune complex deposition is preceded by anti-
GBM antibody and complement deposition (94). The response
to mercury in the rat is under precise genetic control and is dose

FIGURE 47-6. Electron micrograph of kidney from a 24-year-old man
exposed to mercury vapor in an industrial electrolysis unit. The urinary
mercury was 174 μg/24 hours; urinary protein, 3.11 μg/24 hours. Cre-
atinine clearance was 116 mL/minute/1.73 m2. Subepithelial electron-
dense deposits (arrows), presumably immune complexes, overlie the
glomerular basement membrane. (Lead citrate and uranyl acetate; mag-
nification ×11,000.) (From: Tubbs RR, et al. Membranous glomeru-
lonephritis associated with industrial mercury exposure. Am J Clin
Pathol 1982;77:409, with permission.)
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dependent (95,96). As little as 0.005 mg/100 g of body weight
elicit immunologically mediated glomerular disease in selected
strains. Metallic mercury vapor (1 mg/m3) is as effective
as HgCl2 for inducing autoimmune disease in susceptible
rats. Similar renal disease has been induced in other rodents
and with alternate forms and routes of exposure, including
organomercurials and inhalation. As in humans, mercury-
induced glomerular disease in rats is self-limited. Immunoglob-
ulin localization in the glomeruli is associated with heavy
proteinuria, circulating immune complexes, and polyclonal B-
cell activation owing to antiself Ia autoreactive T cells. The
glomerular disease can be transferred to T cell-depleted rats by
T cells and helper T cells taken from HgCl2-treated rats of the
same strain (97). Weening and co-workers found evidence that
the autoimmune process is initiated by mercury inhibition of
suppressor T-cell functions (97).

Minimata Disease

In 1956, endemic methyl mercury poisoning was recognized
in Japan arising from the contamination of food by industrial
effluents in the area of Minimata Bay (98). Severe neurologic
defects including visual, speech, and gait disturbances afflicted
several hundred adults whose diet consisted largely of contam-
inated fish. The mercury pollution had been going on for a
decade before the health consequences were recognized. Fish
from Minimata Bay contained up to 36 mg of mercury per kg.
Cerebral palsy was common among the children of affected
mothers. Similar clusters of cases were subsequently identified
in Nigata, Japan, and in Iraq, where the disease was the result
of bread prepared from grain that had been treated with methyl
mercury fungicide.

Although methyl mercury is more avidly accumulated by
renal than by neural tissue, the kidney manifestations of Min-
imata disease are minor. Tubular proteinuria occurs (99), but
clinically important albuminuria and azotemia have not been
reported. Postmortem examinations have shown minimal non-
specific renal abnormalities, although rats treated with methyl
mercury show increased numbers of mercury-containing lyso-
somes in proximal tubule epithelial cells. In more heavily ex-
posed rats, lysosomal and mitochondrial dysfunction has been
observed and may account for the tubular proteinuria in pa-
tients with Minimata disease.

Treatment

British antilewisite is an effective chelator for acute inorganic
mercury poisoning. Up to 5 mg/kg is given initially by the
intramuscular route, followed by 2.5 mg/kg twice daily for
10 days. In the presence of acute renal failure, the mercury
chelate can be removed by hemodialysis. BAL is of doubt-
ful value in chronic poisoning, which is effectively treated by
removing the patient from the source of exposure. Succimer
(DMSA), an oral chelating agent, approved for the treatment
of lead poisoning in children, is an effective chelator of mercury
and may play an important role in the treatment of mercury
toxicity in the future (89).

OTHER HEAVY METALS

As long as the etiology of most end-stage renal disease is un-
known, the contribution of environmental and industrial tox-
icants to the induction of chronic renal disease will remain
unclear. Uranium is used to induce experimental ATN and,
like lead, is stored in bone. Uranium is selectively accumulated

in the proximal tubule with a biologic half-life approximat-
ing 1 week for 95% of the renal stores (100). After inhala-
tion, the uranyl ion binds to circulating transferrin and to pro-
teins and phospholipids in the second and third segments of
the proximal tubule. Rats given uranyl nitrate subcutaneously
develop intrarenal microcysts 8 weeks after injection (101).
Acute tubular necrosis occurred in men working on the atomic
bomb during the Manhattan Project in the 1940s (102), but
chronic renal failure caused by uranium has not been reported.
A workplace hazard evaluation performed by the National In-
stitute of Occupational Safety and Health revealed significantly
increased ß2-microglobulin excretion compared to controls in
workmen exposed to uranium dust (103). The clinical signifi-
cance of this finding is doubtful, however, because the urinary
ß2-microglobulin levels were well within the normal range and
there was no evidence of reduced renal function. Many of these
men had urinary uranium levels in excess of the upper accept-
able limit of 30 μg/L.

Acute tubular necrosis has been reported after voluntary
ingestion of copper sulfate in young female science students
attempting suicide in Delhi, India (104).

Minimal tubular proteinuria in the absence of reduced
glomerular filtration has also been reported in chrome platers,
but the implications of this finding for clinically important re-
nal disease also remain speculative (105). Like other heavy
metals, chromium is selectively accumulated in the proximal
tubule. The hexavalent form induces ATN, but there is no
convincing evidence of tubular injury from usual occupational
exposure (9,106–109). Chromium has been recognized as an
important cause of lung cancer for over 100 years, but chronic
renal disease from occupational or environmental exposure has
not been reported.

Bismuth compounds prepared as therapeutic agents have
produced unequivocal ATN. Lower dosage induces Fanconi’s
syndrome with reduced glomerular filtration and bismuth-
containing intranuclear inclusions in proximal tubule cells that
are similar to, but distinguishable from, lead inclusions (110).

The acute cardiovascular collapse and hemolysis accom-
panying arsenic poisoning are associated with renal failure,
but whether the mechanism of injury involves distinct cellu-
lar toxicity is unclear (111). Moonshine contaminated with
arsenic produces painful polyneuropathy that is distinct from
the isolated motor neuropathy of lead poisoning. Patchy cor-
tical necrosis with persistent residual renal failure has been re-
ported following consumption of arsenic-contaminated liquor
(111,112). When arsenicals react with acid, the deadly, col-
orless, odorless gas arsine (AsH3) evolves. Almost invariably
the result of an industrial accident, arsine inhalation produces
hemolysis, hematuria, and abdominal pain within a few hours,
followed by acute oliguric renal failure and jaundice within
2 days (113). Reticulocytosis, basophilic stippling, bilirubine-
mia, and free hemoglobin in the plasma may assist diagno-
sis, which is established by detecting arsenic in the urine.
Acute tubular necrosis followed by residual interstitial nephri-
tis 2 years after exposure has been documented (Fig. 47-7).
BAL is ineffective once renal failure is present. In addition to
hemodialysis, exchange transfusion may be necessary to elim-
inate hemoglobin-bound arsenic from the body.

SOLVENTS

Halogenated hydrocarbons have often been implicated in the
induction of ATN or Fanconi’s syndrome in both humans and
experimental animals. Low-level occupational absorption by
inhalation of volatile hydrocarbons or absorption through the
skin may also induce tubular proteinuria, which does not neces-
sarily signify the presence of clinically important renal disease,
glomerular damage, or immune system activation (114,115).
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FIGURE 47-7. Renal biopsy obtained 2 years after acute renal failure from arsine poisoning in an in-
dustrial accident. The patient required peritoneal dialysis and hemodialysis for 6 weeks. The initial renal
biopsy showed acute tubular necrosis. At the time of this biopsy the creatinine clearance was 24 mL/minute.
A: Light microscopy shows local interstitial fibrosis, tubular atrophy, and sclerosis in 13 of 17 glomeruli.
(Hematoxylin and eosin; magnification ×300.) B: Electron microscopy shows normal and damaged proxi-
mal tubule cells. In this illustration, normal and distorted mitochondria are present in a single cell adjacent
to a normal nucleus. (Uranyl acetate and lead citrate; magnification ×9,000.) m, probably newly formed
mitochondria; M, normal mitochondria; N, nuclei. (From: Muehrcke RO, Pirani CL. Arsine-induced
anuria: a correlative clinicopathological study with electron microscopic observations. Ann Intern Med
1968;68:853, with permission.)

Light Hydrocarbon Nephropathy

Toxicologic studies of the effects of gasoline distillates per-
formed over the past two decades under the auspices of the
American petroleum industry have identified an effect of gaso-
line constituents on the renal tubule of male rats. Referred to as
light hydrocarbon nephropathy, the tubular injury is induced
by exposing Fischer 344 male rats to petroleum hydrocarbon
vapors from a few hours up to a few years (116,117). Mice,
guinea pigs, dogs, primates, and female rats do not develop
the lesion. It is not known if similar morphologic tubular dam-
age occurs in humans exposed to gasoline vapors. However,
acute renal failure following intense exposure to diesel fumes
has been reported in humans (118). The hydrocarbons stud-
ied in animal models include n-nonane, C8, C10–C11 isoparaf-
finic solvent, jet fuels, methylisobutyl ketone, varnish, unleaded
gasoline, naphthas, and a variety of complex organic solvents
and distillates. These volatile hydrocarbons are cytotoxic to
proximal tubules, where they and their metabolic products are
selectively accumulated. The most prominent lesion is hyaline
droplet formation within epithelial cells of proximal tubules.
Sustained renal failure with permanently reduced GFR has not
been reported in light hydrocarbon nephropathy in humans or
experimental animals.

A number of investigators have attempted to identify
solvent-induced glomerulonephritis by assessing the urine of
exposed workers for low-molecular-weight proteins and en-
zymes, markers for tubular, rather than glomerular disease.
Light hydrocarbon nephropathy should not be confused with
the relatively rare glomerular disease in humans referred to as
solvent nephropathy (115). Increased excretion of TNAP has
been reported in workers exposed to perchlorethylene in dry
cleaning establishments (50). Although such tubular protein-
uria is common, the massive albuminuria of solvent nephropa-
thy is distinctly rare in association with perchlorethylene ex-
posure.

Severe neurologic toxicity has been reported following glue
sniffing among teenagers seeking intoxication. Permanent as
well as transient neurologic and hepatic damage has resulted.
Fanconi’s syndrome caused by proximal tubular reabsorptive
defects has been observed following recreational glue sniffing,
apparently the result of toluene, mixed with acetone, isopropyl
alcohol, ethyl acetate, and trichloroethylene. Immunologically
mediated glomerulonephritis and the hemolytic–uremic syn-
drome have also been reported following glue sniffing (14).
In addition, distal renal tubular acidosis and myoglobinuria
have been reported with acute renal failure and residual chronic
tubulointerstitial nephritis.

Toluene is metabolized to benzoic acid and then to hip-
puric acid, which are selectively accumulated in proximal
tubules. These organic acids may contribute to “high anion
gap metabolic acidosis” because they are “unmeasured anions”
in the blood. Significant renal disease, however, has not been
found in cross-sectional studies of industrial workers regularly
exposed to styrene, toluene, or xylene or oil refinery work-
ers (119). The failure to find increased tubular proteinuria in
cohorts exposed to solvents, oils, or hydrocarbons, of course,
has no bearing on the question of solvent-induced glomeru-
lonephritis.

Solvent Nephropathy

At least 40 clinical epidemiologic studies have examined the re-
lationship between glomerulonephritis and exposure to organic
solvents (120–122). A number of these studies concluded that
patients with chronic glomerulonephritis have been exposed
to organic solvents (aliphatic and aromatic) more frequently
than patients with other diseases. Initially, solvent nephropathy
was associated with anti-GBM antibody-mediated glomeru-
lonephritis and pulmonary hemorrhage (e.g., Goodpasture’s
syndrome) (114). As of 1992, at least 31 cases of Goodpasture’s
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syndrome following solvent exposure had been reported (120).
Organic solvents may expose the otherwise cryptic Goodpas-
ture antigen (type IV collagen α3 chain) to the immune re-
sponse system in susceptible individuals (123). On the other
hand, inhaled hydrocarbons may alter alveolar immune reac-
tivity, making lung a preferential target for antialveolar base-
ment membrane antibody deposition (124).

Following the initial description of Goodpasture’s syndrome
resulting from solvent exposure, reports of solvent nephropa-
thy have included many different types of glomerulonephritis.
Although a graded dose-response to solvents has not been doc-
umented, this caveat may not be important for immunologi-
cally mediated disease. Progression of glomerulonephritis has
been associated with continued solvent exposure (124,125).
The huge number of chemically distinct compounds contained
in petroleum may preclude identification of a specific toxic
agent. Avoidance of exposure to volatile hydrocarbons and
their derivatives remains an essential preventive approach.

The existence of solvent nephropathy has met with some
skepticism. Indeed, caution is justified because of the absence
of a good experimental model of immunologically mediated
glomerulonephritis, combined with concern that the correla-
tion between solvent exposure and chronic glomerulonephritis
may be influenced by patient recall bias. The etiologic role of
solvents remains controversial because the dose and composi-
tion of industrial solvents are usually unknown. Moreover, of
the thousands of workers exposed, very few develop kidney
disease. The genetic and environmental factors that make spe-
cific individuals susceptible to solvent nephropathy have not
been delineated. The inability to obtain reliable measurements
of solvent exposure makes it likely that the etiologic role of
solvents in the induction of glomerular disease will remain con-
troversial.

SILICON

Silicon is a semimetal found as the dioxide silica (SiO2), in
28% of the earth’s crust. Because it has a specific gravity of
only 2.3 it is not a heavy metal. Silica is present in the serum
at concentrations of 20 to 50μg/dL in an unbound form as
silicic acid and is cleared in the urine at the rate of glomerular
filtration (126). Silica is believed to induce renal disease by di-
rect deposition of crystalline material in the renal parenchyma
(127) and by immunologic mechanisms acting as an adjuvant to
stimulate the immune response. Tubular proteinuria is found
in workers exposed to silica dust (128,129). The odds ratio
to develop end-stage renal disease for a patient who worked
as a sandblaster is 3.8 compared to matched controls (39).
In the accelerated form of silicosis known as silicoproteinosis,
rapidly progressive, immune complex-mediated focal glomeru-
losclerosis may appear (129). In addition to the severe nodular
pulmonary fibrosis, these patients develop an overwhelming
autoimmune response that simulates lupus erythematosus (Ca-
plan’s syndrome). Glomerular disease that is independent of
silicosis also has been described as a result of exposure to sil-
ica (128–131). Antineutrophil cytoplasmic antibody (c-ANCA)
positive Wegener’s granulomatosis has been associated with ex-
posure to silica dust as well as to silicon containing compounds
such as grain dust (132).

GERMANIUM

Falling just below silica in the periodic table group IVA, which
includes tin (Sn) and lead (Pb), germanium has a specific grav-
ity of 5.23. Like silicon, it has semiconductor properties. It
has been used in the treatment of cancer, a variety of med-
ical ailments, and in unproved remedies for conditions such

as arthritis, acquired immunodeficiency syndrome (AIDS), and
the chronic fatigue syndrome. Germanium-containing elixirs
and health foods were reported to cause chronic tubulointer-
stitial nephritis first in Japan in the 1980s and more recently
in Europe and the United States (133–137). Most cases have
resulted from the ingestion of germanium oxide (GeO2), but
germanium-lactate-citrate and the organic germanium com-
pound carboxyethyl germanium sesquioxide (Ge-132) have
also been implicated. The renal disease differs from that in-
duced by other heavy metals in that widening of the intersti-
tium and tubular atrophy (apparently distal tubular) has been
evident after prolonged (6 to 36 months), high-dose (16 g to
hundreds of grams) consumption. The tubulointerstitial disease
is slowly progressive even after exposure has been terminated.
Fatal outcomes have been reported. The pathophysiologic
mechanism of tubular damage is unclear because selective accu-
mulation in the kidney does not occur and immunologic mecha-
nisms have not been implicated. There is no evidence of primary
proximal tubular injury. Proteinuria is absent. Electron-dense,
periodic acid-Schiff (PAS) reagent-positive granules (containing
germanium in the experimental rat) are found in distal tubular
mitochondria (136). Vacuolization is present in proximal and
distal tubular epithelia (133,134). Prolonged consumption of
germanium compounds also induces severe hepatic steatosis,
polymyositis, and peripheral neuropathy. Acute lactic acidosis
has been reported from germanium-lactate-citrate (133,137).

BALKAN NEPHROPATHY

Balkan endemic nephropathy is a slowly progressive tubu-
lointerstitial nephritis of unknown etiology described about
40 years ago among middle-aged men and women living
in farming villages along the Danube River in Croatia, Ser-
bia (the former Yugoslavia), Rumania, and Bulgaria (138).
The disease occurs in families and is associated with urinary
tract transitional cell carcinomas and tubular proteinuria (ß2-
microglobulin). Heavy proteinuria, fluid retention and hyper-
tension are absent. Unfortunately, control groups with renal
disease of known etiology and comparable severity have not
been studied in this region. A variety of environmental factors
have been suspected including lead, cadmium, and mycotoxins,
but no single etiologic agent has been incriminated. The possi-
bility of low-level toxicity from suspect environmental nephro-
toxins or a multifactorial etiology has not been excluded. The
prevalence of generally recognized renal diseases has not been
established in the Danube region, making differentiation of
Balkan nephropathy from known renal diseases identified in
other regions of the world problematic.
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CHAPTER 48 ■ ACUTE
TUBULOINTERSTITIAL NEPHRITIS
GARABED EKNOYAN AND UDAY KHOSLA

When first introduced, the pathologic diagnosis of “acute inter-
stitial nephritis” was used to identify the morphologic features
observed at postmortem in the kidney of patients with a dis-
parate group of infectious diseases in which the kidney was
sterile and free of the infectious organism causing the systemic
illness (1). The earliest description of the lesion was reported
in 1860 in a fatal case of scarlet fever that at postmortem ex-
amination revealed infiltration of the kidney by lymphocytic
cells, in the absence of suppurative bacterial infection; the con-
dition was termed lymphomatous nephritis (2). After the report
of several similar cases, Councilman (1) in 1898 published his
now classic paper in which he described the lesions of acute
interstitial nephritis (AIN), based on a review of the literature
and his observations made at postmortem examination of 42
cases. He found the lesion to occur with approximately equal
incidence in patients with scarlet fever (25%) and diphtheria
(23%), and less frequently in patients with other infectious
diseases. Councilman summarized the pathologic process as
“an acute inflammation of the kidney characterized by cellu-
lar and fluid exudation in the interstitial tissue, accompanied
by, but not dependent on, degeneration of the epithelium; the
exudation is not purulent in character, and the lesions may be
both diffuse and focal,” and identified the infiltrating cells as
“plasma cells that had migrated from the blood vessels and
multiplied locally by mitotic division.” He localized the foci
of cellular infiltrates to three sites: the boundary zone of the
pyramids, the subcapsular region of the cortex, and around
the glomeruli. These meticulous observations, lucid descrip-
tion, and insightful analysis are just as valid today as they were
then and encapsulate the lesions of this disease of the kidneys
more succinctly and thoroughly than anything that has been
written over the century since they were first reported (1).

Subsequent reports confirmed Councilman’s observation
that nonsuppurative lesions of the kidney interstitium appeared
after short but variable periods after the onset of acute infec-
tions that were primarily streptococcal in origin. These were
most common in the cortex of the kidney and consisted mostly
of focal infiltrates comprising for the most part lymphocytes
and plasma cells, with only occasional polymorphonuclear
leukocytes (3,4). The concept of acute tubulointerstitial injury
after acute infection was so well accepted that several of the
initial reports of acute tubular necrosis (ATN), which appeared
immediately before the proper characterization of acute renal
failure (ARF) due to tubular necrosis during the first part of
World War II, called the lesion acute hematogenous interstitial
nephritis and argued for the similarity of the lesions of ATN to
those noted after streptococcal infections (5,6). In fact, there
was a brief period during which the lesions of ATN and AIN
were confused because they were considered variants of the
same entity. This difficulty persists to this day if the kidney tis-
sue is not examined carefully and is interpreted without benefit
of the clinical history (7). The pathologic lesions of ATN and
AIN now are classified as variants of tubulointerstitial disease
in general (8).

The introduction of antibiotics during World War II and
the eradication of serious and fatal streptococcal infections re-
sulted in loss of interest in the entity described by Councilman,
while attention focused on ischemic or nephrotoxic ATN as
the predominant cause of ARF. It therefore is ironic that inter-
est in AIN was revived in the 1960s when the very antibiotics
used to treat streptococcal infections came to be recognized as
a cause of AIN (9), after the lesions were described in a case
of penicillin hypersensitivity in 1958 (10). In fact, the bulk of
the current reports in the literature are on drug-induced AIN,
and the number of drugs implicated as causing AIN continues
to increase, as does that of the variations in their clinical and
laboratory manifestation (11,12). AIN has since come to define
the clinicopathologic syndrome that develops in diverse condi-
tions, including infections, and is characterized by an acute de-
terioration of kidney function, the pathologic features of which
remain those first described by Councilman in 1898 as “char-
acterized by cellular and fluid exudation in the interstitial tis-
sue, accompanied by, but not dependent on, degeneration of
the epithelium; . . . and the lesions may be both diffuse and
focal” (1).

Although this clinicopathologic syndrome initially was re-
ferred to as acute interstitial nephritis (1,9,13), the more in-
clusive and precise descriptive terms acute tubulointerstitial
nephritis (ATIN) and acute tubulointerstitial nephropathy are
used now (12). The preferential use of the term tubulointersti-
tial stems from the fact that although the dominant morpho-
logic features are those evident in the interstitium, the tubules
also are affected, albeit to a degree that may be difficult to
detect on light microscopy. However, the structural injury to
the tubules can be severe; more important, and independent of
the severity of their structural injury, it is disorders of tubu-
lar function that constitute a characteristic component of the
disordered kidney function and that differentiate this entity
from other forms of ARF due to glomerular or vascular disease
(14–17). In fact, tubular dysfunction is an invariable accom-
panying feature of the reduction in glomerular filtration rate
(GFR) and, as a rule, can be documented to precede a clini-
cally evident decrease in GFR (15,18). In addition, although
the interstitial cellular infiltrates contribute significantly to the
pathogenesis of the disease, there is increasing evidence that the
tubules play an important role in the processing and presenta-
tion of the antigenic stimulus and the immunopathogenesis of
the disease process (19–22). Stimulated tubular epithelial cells
also differentiate into infiltrating fibroblasts and are responsi-
ble for the release of cytokines that lead to recruitment of the
infiltrating cells responsible for progression of the injury and
its potential progression to irreversible damage (22–25).

Although ATIN may be suspected clinically, the diagnosis
depends on the presence of characteristic morphologic changes
of the kidney noted on biopsy specimens or at postmortem
examination. The adjective acute refers to the sudden on-
set and rapid progression of the clinical features of this syn-
drome and not to its pathologic features, which are notable for
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mononuclear cell infiltration rather than the polymorphonu-
clear leukocytes characteristic of an acute inflammatory reac-
tion (9).

PATHOLOGIC FEATURES

Independent of the causative agent or clinical condition re-
sponsible for ATIN, the principal morphologic features that
characterize it are an increase in the interstitial volume, mainly
because of edema; mononuclear cell infiltrates of varying de-
grees and distribution; and tubular injury and degeneration of
differing severity, which in general are localized to the sites
of the greatest cellular infiltrates. The glomeruli are spared,
but many show some degree of periglomerular infiltrates and
ischemic change, except in ATIN associated with nephrotic
syndrome, where the lesions of minimal-change disease are
seen on electron microscopy. Although the extent and sever-
ity of each of the tubulointerstitial lesions show some cor-
relation with the level of reduction in GFR, the closest cor-
relation is found with the infiltrative process (11,26). The
interstitial infiltrative lesions may be diffuse but usually are
patchy in distribution and most evident in the cortex and outer
medulla of the kidney. When the infiltrating cells are meager,
they show a focal peritubular distribution that is most evi-
dent in the corticomedullary region; when profuse, they liter-
ally obscure the normal appearance of the tubules, are even
periglomerular, and may extend into the medulla, where they
are always much less prominent. As first noted by Council-
man (1), even in cases in which the infiltrates are diffuse they
always are more prominent at certain foci. A diffuse infiltra-
tive process has been shown to be associated with higher levels
of serum creatinine and a poorer prognosis for recovery than
patchy infiltrations. The infiltrating cells are composed mostly
of mononuclear cells, lymphocytes, and plasma cells, and only
rarely polymorphonuclear cells and macrophages. The prog-
nosis appears to be less favorable when 1% to 6% of the in-
terstitial infiltrating cells are composed of neutrophilic granu-
locytes (26). By the same token, an increase in the number of
macrophages (usually <10%) and the presence of granuloma-
tous reactions are associated with a prolonged course of ARF
and varying degrees of residual impairment of kidney function
(11,27–29). When present, eosinophils are sparse and consti-
tute only a small component of the infiltrating cells, except in
occasional cases of antibiotic-induced AIN, where they may be
marked. The presence of infiltrating eosinophils shows no re-
lation to the increased eosinophilia or the presence of urinary
eosinophils that also occur in drug-induced ATIN. A role for a
specific chemoattractant for eosinophil cells, eotaxin, which is
expressed in the kidney, has been proposed as a mechanism for
tissue eosinophilia (30). The production of eotaxin is upregu-
lated in various forms of allergic and hypersensitivity inflam-
mation such as asthma, conjunctivitis and drug-induced exan-
thems (31,32). Monoclonal antibodies to eotaxin have shown
the presence of eotaxin mainly in the endothelial cells, infil-
trating mononuclear cells, and in a small number of tubular
epithelial cells in a case of renal interstitial eosinophilia with
membranous glomerulopathy (33). Whether the same mecha-
nism is operative in all cases of ATIN remains to be determined
and deserves to be examined.

Immunologic characterization and analysis of the interstitial
cellular infiltrates reveals that most (up to 80%) of the mononu-
clear cells are activated T lymphocytes. B lymphocytes also are
present but constitute a much smaller portion of the interstitial
cellular infiltrates, being highest in cases due to nonsteroidal
antiinflammatory drugs (NSAIDs) (34). The infiltrating T cells
are predominantly CD3+, with relatively smaller numbers of
CD4+ cells of the helper/inducer subset and CD8+ cells of

the cytotoxic/suppressor subset. In most cases, the CD4 vari-
ety predominates over the CD8 variety (34–38). Natural killer
lymphocytes are rare and, when present, constitute only a small
proportion of the infiltrating cells (35). A slight prevalence (just
over 50%) of the CD8+ suppressor/cytotoxic subset has been
noted in cases of ATIN associated with massive proteinuria
after exposure to NSAIDs (34) or antibiotics (38). The rele-
vance of this observation to massive proteinuria as a feature
of ATIN is unknown (34–36). Convincing evidence has been
advanced that the infiltrating cells are antigenically activated
(39,40) and immunologically engaged in the pathogenesis of
the lesions (41–43). However, no diagnostic pattern of markers
or cell types has come to be identified with the lesions associ-
ated with any specific form of ATIN.

Variable degrees of tubular injury usually are present, but
tubular atrophy is absent. The tubular lesions are most evident
at the site of greatest concentration of infiltrating cells. They
usually are focal and are more severe in the proximity of infil-
trating cells (26,44). A distinguishing lesion that results from
focal infiltrating lymphocytes is disruption of the tubular base-
ment membrane (TBM) and its epithelial cell lining, so-called
“tubulitis,” which is characteristic of ATIN. Granulomatous
reactions, multinucleated epithelioid cells, and polymorphonu-
clear leukocytes are detected in most cases with marked tubular
injury. Rupture of the TBM and “tubulitis” may be seen in these
severe cases. Even in the absence of evident epithelial cell injury
on light microscopy, electron microscopy reveals structural cell
changes, loss of the brush border, and fragmentation or lam-
ination of the TBM (44,45). Occasional mitotic nuclei of the
epithelial cells may be observed. As a rule, immunofluorescent
studies are not revealing. Scant and nonspecific granular stain-
ing for immunoglobulins, usually without complement, may
be detected along the TBM. In rare drug-induced cases, lin-
ear deposits of immunoglobulin G (IgG) and complement (C3)
may be present, indicating antibodies directed against tubular
membrane antigens. There is increasing evidence for a partici-
patory role of the epithelial cells in the pathogenesis of ATIN
(21,22). Enhanced expression of the human leukocyte antigen
(HLA) class II antigens (HLA-DR) of injured tubular epithelial
cells has been demonstrated (46,47), but shows no correlation
with the intensity or phenotype of the infiltrating interstitial
cells (37). The basilar vascular adhesion molecule (VCAM-1)
and the luminal intercellular adhesion molecule (ICAM-1) have
been shown to be induced (48). Both of these molecules are
ligands to the integrin expressed on memory-activated T cells
and their expression may serve to promote T-cell recruitment,
adherence, and interaction with the tubule at sites of tissue
injury.

The overall profile of immunocompetent cells identified in
ATIN does not differ from that of chronic tubulointerstitial
nephritis and suggests an important pathogenetic role for cell-
mediated immunity in which both the epithelial and infiltrat-
ing cells are active and participating components. The role of
mononuclear cells in lesions that pursue an acute time course is
not unexpected. Activated lymphocytes are the dominant cell
types observed, within the first 12 to 24 hours, in experimental
models of delayed-type hypersensitivity (49). Their reversible
presence over a limited time course in ATIN may reflect the
balance of the mechanisms that regulate the immune response
(50,51).

PATHOGENESIS

The immune response implicated in the pathogenesis of ATIN
has been categorized into three phases: an antigen expression
and recognition phase, an integrative or regulatory phase, and
an effector or mediator phase (50). In the first phase, either



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-48 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:11

1162 Section VII: Acute Renal Failure

the resident interstitial cells expressing major histocompatibil-
ity complex (MHC) class II or the tubular epithelial cells may
function as antigen presenters. Tubular injury has been shown
to stimulate MHC class II antigen expression by the tubular ep-
ithelial cells, providing a basis for a central role of the tubules
in the initiation of the disease process (19,20,46).

The subsequent integrative or regulatory phase may sup-
press or intensify the reaction to the stimulus provided by the
antigen-presenting cells. This is a rather complicated and still
being deciphered as a phase of the immune response, in which
T cells and antibodies directed at the presented antigen play a
central role. Locally produced cytokines implicate a participa-
tory role for the infiltrating, epithelial, and endothelial cells in
this regulatory phase (21,22,52). The role of tubular epithelial
cells (TECs) in this process has been examined. Exposure to se-
lected insults or toxins result in activation of the TECs and their
expression of various growth factors and chemokines, such as
interleukins (IL), monocyte chemoattractant proteins (MCP),
major histocompatibility complex (MHC), vascular endothe-
lial growth factor (VEGF), transforming growth factor (TGF)
and regulated on activation, normal T expressed and secreted
(RANTES) (21,22). The subsequent bidirectional cross-talk be-
tween the TECs and recruited infiltrating inflammatory cells,
either by soluble factors or direct contact, in this phase ulti-
mately modulate the course of renal involvement and its po-
tential for reversibility (32,50,51).

The final effector or mediator phase is mediated primarily
by humoral factors released by the infiltrating cells, with the
TECs playing a participatory role (Fig. 48-1). The cytotoxic
cells may induce injury by the release of proteases, and the in-
ducer cells by the release of lymphokines, which in addition to a
direct detrimental action augment the role of the macrophages
(50,53–55). In turn, the release of collagenases, elastases, and
reactive oxygen species by the macrophages magnifies the in-
jury initiated by the lymphocytes. Experimental studies indicate
that the activated macrophages are responsible for the forma-
tion of a multinucleated epithelioid and granulomatous reac-
tion (54,55). Lymphokines also promote fibroblast prolifera-
tion and alter the balance in favor of increased matrix synthesis
rather than removal (21,22,25,50,56).

In the final analysis, it is the presence of a rather wide range
of activated mononuclear cells and their interaction with each
other and with parenchymal cells, during the integrative and
regulatory phases, which is potentially damaging to the kid-
ney (Table 48-1). Several of the cellular (epithelial, endothelial,
lymphocytes, macrophages) signals have varying, often over-
lapping, functions that interact to modulate or amplify the in-

FIGURE 48-1. Pathogenetic pathways implicated in acute tubuloint-
erstitial nephritis.

TA B L E 4 8 - 1

IMMUNOMODULATORY SIGNALS INVOLVED IN THE
PATHOGENESIS OF ACUTE TUBULOINTERSTITIAL
NEPHRITIS

Antigenic cell surface markers
MHC, major histocompatibility complex
HLA Class II
SPARC, secreted protein acidic and rich in protein

Adhesive cell surface makers
ICAM-1, intracellular adhesion molecule 1
VCAM-1, vacular adhesion molecule 1
Integrins
Selectins

Chemoattractants
MCP-1, monocyte chemoattractant protein 1
RANTES, normal T cell expressed and secreted
MIP-1, macrophage inflammatory protein-1
Eotaxin

Proinflammatory cytokines
IL-6, interleukin-6
IL-8, interleukin-8
TGF-α, transforming growth factor α

GM-CSF, granulocyte monocyte-colony stimulating factor
PDGF-β, platelet derived growth factor β

TNF-α, tumor necrosis factor α

Vasoactive substances
Adenosine
NO, nitric oxide
ET-1, endothelin 1

Cytotoxic substances
MP, metalloproteinases
TIMP-1, tissue inhibitor metalloproteinases
ROS, reactive oxygen species
Ferric ion

Profibrotic cytokines
TGF-β
PDGF
IL-1
IL-6
TNF
PAI, plasminogen activator inhibitor

flammatory reaction of ATIN. Some of the ones that have been
identified include cell surface markers that have either anti-
genic (MHC, HLA class II, secreted protein acidic and rich in
protein [SPARC]) or adhesive (ICAM-1, VCAM-1, integrins;
selectins) properties. Others are chemoattractant MCP-1; os-
teopontin; macrophage inflammatory protein-1 (MIP-1); eo-
taxin; RANTES, proinflammatory (interleukin [IL]-6 and IL-8;
TGF-β; platelet-derived growth factor-β [PDGF-β]; granulo-
cyte–monocyte colony-stimulating factor [GM-CSF]; tumor
necrosis factor-α [TNF-α]), vasoactive (adenosine; nitrous ox-
ide [NO]; endothelin-1 [ET-1]), cytotoxic (metalloproteinases
[MP]; tissue inhibitor metalloproteinases [TIMP-1]; reactive
oxygen radicals; ferric ion), or fibrogenic [TGF-β, PDGF, IL-
1, IL-6, TNF, plasminogen activator inhibitor (PAI)]. Evidence
also exists for possible protective cytokines that can favorably
modify the proinflammatory sequence of events (57). The re-
sultant integration, during the regulatory and effector phases,
either suppresses the effector phase, as in mild forms of ATIN,
or amplifies it, as in severe forms of ATIN. Ultimately, feedback
mechanisms and removal of the inciting agent restore the re-
sponse to injury to its baseline dormant state with consequent
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recovery of normal kidney function or residual permanent
damage (31–33,52,58–62).

The bulk of the available information about the phases of
the immune response and interstitial inflammatory reaction in
ATIN derives from studies in experimental animals, particu-
larly in models of recombinant rats and mice (43,51,56,63).
Unfortunately, there are no animal models that correspond to
the reaction that occurs in human ATIN. A principal limitation
of human studies is that the data derived from kidney biopsies
provide information only at fixed moments in the course of
a lesion that is an evolving process. The same limitation ap-
plies to the serologic data provided in clinical studies that are
obtained at a fixed period, usually when the lesion is well estab-
lished and often at its worst, with limited or no data available
on the onset or resolution phases of the lesion. These limita-
tions notwithstanding, considerable evidence has accrued for a
role of the principal immunologic mechanisms—cell-mediated
injury, anti-TBM antibodies, immune complex deposition—in
the pathogenesis of ATIN. Although there is evidence that all
three mechanisms may be operative to varying degrees in dif-
ferent patients, the bulk of the available information favors a
predominant role for cell-mediated injury.

Contrary to the extensive experimental data in support of
anti-TBM disease from animal models of interstitial disease,
anti-TBM antibodies have been detected only rarely in human
ATIN (64,65). The evidence presented in favor of anti-TBM
antibodies as a cause of ATIN derives from cases attributed
to methicillin. The deposition of a metabolite of methicillin,
dimethoxyphenylpenicilloyl, along the TBM was initially im-
plicated as the antigenic stimulus but subsequently questioned
to have a pathogenetic role when the deposits were found in the
kidneys of totally asymptomatic patients exposed to the drug
(66,67). By the same token, patients with a transplanted kid-
ney who have anti-TBM antibodies that are shown to bind to
the TBM of the allograft do not manifest the clinical features
of ATIN (68). In two cases of ATIN attributed to phenytoin
in which linear deposits of IgG were detected, the lesion could
not be induced in rats by passive transfer, although binding of
the antibodies to TBM could be demonstrated in vitro (69,70).
Thus, the dearth of evidence for anti–TBM-mediated disease
is far from convincing for an important role, if any, of this
mechanism in human ATIN.

The same limitations apply for a role of immune complex–
mediated ATIN. The cases in which granular deposits of IgG
have been detected have been in patients with Sjögren’s syn-
drome (71,72) and systemic lupus erythematosus (73–76),
whose underlying disease mechanism accounts for the depo-
sition of immune complexes in the kidneys as well as other
body organs. Their presence in other, more common forms of
ATIN is extremely rare and never a dominant feature.

By contrast, the evidence in favor of cell-mediated disease
is overwhelming. The infiltrating cells are antigenically acti-
vated. T-cell reactivity has been demonstrated from in vitro
studies of lymphocyte stimulation (52,63,77,78). Infiltrating
cells have been analyzed by immunoperoxidase studies using
monoclonal antibodies. Most are T lymphocytes that express
the T-cell antigen–receptor complex (39,48,79). As a rule, the
infiltrating lymphocytes are CD4+ and CD8+, with a slight
preponderance of the former (46,80), except in cases due to
NSAIDs (34,52) and on occasion in cases due to cimetidine
(81) or antibiotics (79), in which CD8+ cells may show a slight
preponderance. Comparative studies of ATIN due to NSAIDs
or β-lactam antibiotics have failed to reveal significant differ-
ences in the CD4+/CD8+ ratio or in the overall percentage
composition of T cells, B cells, and monocytes. The reported
differences in infiltrating cell subtypes can be due to individ-
ual genetic background, nature of the insult, and the point
in time during the course of the disease when biopsies were
obtained. Nevertheless, it is clear that where sought, activated

antigens have been demonstrated on the surface of the infiltrat-
ing cells (36,39), and plasma cells containing IgE (41,42,81),
IgA (34), IgG, and IgM (42) have been detected. However,
no diagnostic pattern of markers or infiltrating cells has
emerged.

FUNCTIONAL MANIFESTATIONS

The principal manifestations of ATIN are those of tubular dys-
function, which is one reason that the term tubulointerstitial
nephritis was introduced in preference to the initial appellation
of interstitial nephritis. As a rule, tubular dysfunction precedes
the onset of azotemia, which in turn precedes that of oliguria.
As such, vigilance to clinically evident abnormalities of tubular
function, including polyuria, are essential to the early detection
of ATIN during its initial reversible stages.

Because of the focal nature of the lesions and the segmen-
tal nature of normal tubular function, the pattern of tubular
dysfunction that results varies depending on the major site of
injury, whereas the extent of damage determines the severity
of tubular dysfunction. The principal hallmarks of glomeru-
lar disease, such as salt retention, edema, and hypertension,
characteristically are absent (15,16,78,82). However, massive
proteinuria does occur in ATIN due to NSAIDs and, occasion-
ally, antibiotics (16,34,83). The magnitude of reduction in GFR
that occurs seems to correlate with the extent of the intersti-
tial cellular infiltrates (11,26). This is in contrast to chronic
forms of tubulointerstitial nephritis, in which it is the magni-
tude of interstitial fibrosis that correlates with the severity of
decreased GFR, whereas the enlargement of the interstitium
by cellular infiltrate has less bearing on GFR (81,85). Under
any circumstance, the structural changes of ATIN account for
the functional changes observed in this clinicopathologic syn-
drome. In addition to the direct injury to epithelial cells that
may account for tubular dysfunction, changes in the intersti-
tial volume and composition contribute to the functional ab-
normalities that develop. A major part of the reabsorbed or
secreted tubular fluid has to traverse a true interstitial space
(86). The structure, composition, and permeability character-
istics of the interstitial space must, of necessity, exert an effect
on such an exchange. A change in any of these parameters of the
interstitium or those of the epithelial cell tight junctions, by de-
laying equilibration or exchange processes, could well account
for the functional alterations of the renal tubule that develop
in ATIN. It also is possible that changes in the pressure of the
supporting interstitium, which are transmitted to the periarte-
rial space, could affect the blood flow to the adjacent tubule
and thereby cause tubular dysfunction. In addition, the expan-
sion of interstitial space would increase the distance between
tubular epithelium and the peritubular capillary plexus, where
the reabsorbed fluid is delivered.

Tubular alterations also may be reflected in reductions of the
GFR through tubuloglomerular feedback as the function of the
affected proximal tubular segments becomes compromised and
both the rate and load of solute delivery to the macula densa are
altered (87–89). Furthermore, the increase in hydrostatic pres-
sure of the edematous interstitium, as has been demonstrated
in allograft rejection (15), may adversely affect the intraarte-
riolar pressure and cause a reduction of the hydrostatic pres-
sure transmitted to the glomerular capillaries (Fig. 48-1). In
addition, a vasoactive effect of the cytokines, eicosanoids, and
reactive oxygen species elaborated by the interstitial infiltrat-
ing cells and injured epithelial cells may affect renal hemody-
namics through the increased production of vasoconstrictive
substances, such as thromboxane A2 and leukotrienes, and
decreased production of vasodilators, such as NO, brought
about by reduced production of its substrate l-arginine by the
injured proximal tubule cells (90–92). Evidence for a role for
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TA B L E 4 8 - 2

CAUSES, PRINCIPAL SITES OF INJURY, AND PATTERNS OF TUBULAR DYSFUNCTION IN ACUTE
TUBULOINTERSTITIAL NEPHROPATHIES

Site of injury Causes Tubular dysfunction Clinical manifestation

Cortex
Proximal tubule Antibiotics

Multiple myeloma
Immunologic diseases
Neoplastic diseases
Idiopathic

↓ Reabsorption:
Na+, glucose, HCO3

−,
urate, PO4, amino acids

Glucosuria, hypouricemia,
hypophosphatemia,
aminoaciduria, alkaline
urine, acidemia

Distal tubule Antibiotics
Immunologic diseases
Nonsteroidal antiinflammatory drugs
Idiopathic

↓ Secretion: H+, K+

↓ Reabsorption Na+
Alkaline urine, acidemia,

hyperkalemia, inability to
preserve sodium

Medulla and papilla Infections
Analgesics
Nonsteroidal antiinflammatory drugs
Disorders of uric acid, calcium,

oxalate
Immunologic diseases
Idiopathic

↓ Reabsorption: Na+

↓ Concentrating ability

Polyuria, nocturia, inability
to preserve sodium

cytokines released by the infiltrating cells in the reduction in
renal blood flow and GFR has been advanced from studies of
an experimental model of acute obstructive nephropathy that
is characterized by acute mononuclear cell infiltrates (93). Cer-
tainly, the correlation between the severity and extent of cel-
lular infiltrates and increments in serum creatinine attests to a
role of the infiltrating cells in the reduction of GFR in ATIN
(Fig. 48-1).

The tubulointerstitial lesions usually are localized either to
the cortex or the medulla. Cortical lesions predominantly af-
fect either the proximal tubule or the distal tubule. Medullary
lesions affect the loop of Henle and the medullary collect-
ing duct. The change in the normal function of each of
the affected segments then determines the manifestations of
tubular dysfunction (Table 48-2). Lesions principally affecting
the proximal tubule result in bicarbonaturia (proximal renal
tubular acidosis), glucosuria (renal glucosuria), aminoaciduria,
β2-microglobinuria, phosphaturia, and uricosuria (15,16). The
latter two events can be valuable in suggesting the possibil-
ity of tubulointerstitial disease when the serum phosphate and
urate levels are lower than expected in any patient with re-
duced kidney function. The presence of glucosuria when the
blood sugar levels are normal should always lead to a consid-
eration of ATIN. The distal nephron segment secretes hydrogen
and potassium and regulates the final amount of sodium chlo-
ride excreted. Lesions primarily affecting the distal tubule re-
sult in the distal form of renal tubular acidosis, hyperkalemia,
and salt wasting (15,16). Lesions that primarily involve the
medulla and papilla disproportionately affect the loops of
Henle, collecting ducts, and other medullary structures essen-
tial to achieving and maintaining medullary hypertonicity. Dis-
ruption of these structures therefore results in different degrees
of nephrogenic diabetes insipidus, polyuria, and nocturia. A
reduction in collecting duct aquaporins has been shown in
an experimental model of acute renal injury (82). Actually, a
polyuric phase almost always precedes the onset of oliguria in
ATIN.

Although this general framework is useful in localizing the
site of injury, considerable overlap is encountered clinically,
with different degrees of proximal, distal, and medullary dys-
function present in any one patient, all of which usually pre-

cede any clinically detectable changes in GFR. In most cases,
however, the reduction in GFR and consequent azotemia are
the presenting clinical abnormalities calling attention to the
acute kidney injury. Preexisting or coexistent evidence of tubu-
lar dysfunction, unless specifically sought, may go undetected
and either delay the diagnosis or result in the wrong clinical
diagnosis. One can only speculate on the number of cases of
ATIN that go undetected clinically because of the presence of
tubular dysfunction alone in the absence of frank azotemia
or oliguria—hence the importance of monitoring for tubular
dysfunction in patients exposed to agents known to be asso-
ciated with ATIN, and the necessity of documenting tubular
dysfunction in those with azotemia to marshal evidence for the
diagnosis of ATIN.

CLINICAL FEATURES

The clinical presentation of individual cases of ATIN is diverse
and varies to some degree depending on the causative factor.
The manifestations best characterized in methicillin-induced
ATIN can be considered the prototypically classic clinical man-
ifestations, around which general variation occurs depending
on the causative agent and individual variation depending on
the particular case encountered clinically.

In most cases, symptoms develop several days or even weeks
after exposure to the inciting agent, which in the case of drugs
is not dose dependent. The classic triad of low-grade fever
(70% to 100%), fleeting skin rash (30% to 50%), and mild
eosinophilia (80%) described with methicillin-induced ATIN
is not invariably present, and certainly it is less common for
all three to occur together. Their documentation depends to
some degree on the vigilance with which they are sought be-
cause they may be mild and transient. The full triad was
noted to be present in approximately one-third of cases of
methicillin-induced ATIN (94–97), but only in 5% of cases of
ATIN induced by other drugs in which any one of them (fever,
rash, or eosinophilia) is less likely to occur (11,12,83,98).
The skin rash consists of erythematous maculopapular lesions,
which often are pruritic, and affect preferentially the trunk
and proximal portion of the extremities. Flank pain, reflecting
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edema-induced distention of the renal capsule, may be detected
in over one-third of the cases when queried and may be the pre-
senting symptom in some cases (99). Gross hematuria, another
presenting feature, may be present in 10% to 15% of drug-
induced ATIN cases when specifically sought. Gross hematuria
was a distinct feature of the first reported case of methicillin-
associated ATIN in a child with cystic fibrosis treated intermit-
tently with methicillin, who experienced gross hematuria each
time she was exposed to the drug (100), and occurs in more
than half the cases of methicillin-induced ATIN (11). Although
a transient eosinophilia often (40% to 60%) is present, it may
go undetected unless specifically sought, which accounts for its
inconsistency in reported cases.

Urinalysis can be helpful in the diagnosis. Proteinuria,
hematuria, and pyuria are present in most cases. The protein-
uria is mild, seldom exceeds 2 g/day, and only rarely is in the
nephrotic range, except in those cases due to NSAIDs (95–
97,101,102). Microscopic hematuria is detected in up to 90%
of cases and gross hematuria in 15%; rarely, red blood cell
casts may be detected (103). The pyuria is nonspecific except
when eosinophils are detected in an appropriately prepared
and carefully examined urinary sediment (104–106). Although
eosinophils may be observed with Wright’s stain of a well-spun
urinary sediment, the use of Hansel’s stain on the sediment of
an alkalinized urine sample is superior in detecting eosinophils
(104). The mere detection of eosinophiluria is not specific for
ATIN (107,108). The sensitivity of eosinophiluria for the diag-
nosis of ATIN has been estimated to be 40% to 60%. Its speci-
ficity has not been well established, but its positive predictive
value has been estimated to be only 38% (108). Eosinophil-
uria is present in approximately 15% of hospitalized patients,
in whom it usually is caused by a variety of other inflamma-
tory diseases of the urinary tract, and in only 14% of those
with eosinophiluria is it due to ATIN (105). The presence of
eosinophiluria is a better predictor of ATIN when more than
5% of the leukocytes are eosinophils, in which case 40% of the
eosinophiluric patients have ATIN, as opposed to an incidence
of 3.5% in those with less than 1% are eosinophils. Other
conditions in which an eosinophiluria exceeding 5% may be
present are urinary tract obstruction, cystitis, contrast-induced
ARF, IgA nephropathy, and cholesterol emboli. Thus, the de-
tection of selective eosinophiluria, although useful, is neither
necessary nor sufficient for the diagnosis of ATIN. Equally use-
ful urinary findings in the diagnosis of ATIN are the detection
of renal glucosuria, increased fractional excretion of uric acid,
and inability to concentrate the urine maximally and to con-
serve sodium, as reflections of tubular dysfunction detailed in
the previous section.

The impairment in kidney function varies, ranging from
discrete selective abnormalities of tubular function to frank
kidney failure, with or without oliguria (109,110). As a rule,
increments in blood urea nitrogen and serum creatinine de-
velop after tubular dysfunction is detectable and while the pa-
tient is still nonoliguric or even polyuric. Oliguria develops if
the presenting systemic symptoms, modest azotemia, and evi-
dence of tubular dysfunction go undetected and if exposure to
the causative agent or factor continues. Kidney failure is more
likely to occur in older patients and is more severe in those who
become oliguric. The duration of the oliguric period is variable,
ranging from a few days to several weeks. Supportive renal re-
placement therapy may be required in approximately one-third
of those patients. Reversal of kidney failure and return to base-
line kidney function is the rule in the majority of cases (about
60% to 65%). Irreversible kidney failure can occur but is rare
(about 5% to 10%), while partial recovery with persistent im-
pairment of kidney function is relatively more common (10%
to 20%) in cases where interstitial fibrosis and granulomas are
present in biopsy specimens (11,12.83,111,112).

Increased kidney size on ultrasonography, reflecting in-
terstitial edema, is common but nondiagnostic. Radioactive
gallium uptake by the kidney, reflecting interstitial cellular in-
filtration, can be detected in one-third of cases, but lacks di-
agnostic specificity (78,113). However, when the gallium scan
is negative it can be useful to rule out ATN (78,95,113). The
lymphocyte stimulation test can be valuable in the diagnosis
of drug-induced ATIN, especially in determining the responsi-
ble agent in cases of multiple-drug therapy (78,93). The serum
level of IgE can be elevated and IgE-containing plasma cells
have been demonstrated among the renal interstitial cellular
infiltrates, providing further evidence for a hypersensitivity re-
action (41,101,114).

There is suggestive evidence that a short course of treatment
with steroids improves the kidney lesions and expedites recov-
ery from drug-induced ATIN (115–117), although this is not a
uniformly observed response (83,118,119). The use of steroids
should be considered in patients with protracted kidney failure,
especially when the failure persists after the inciting agent has
been discontinued (26,94–96), and in those whose biopsy re-
veals granulomatous lesions that are associated with increased
risk of permanent kidney injury (117,120,121). Reversal of
apparently permanent kidney failure after steroid therapy in a
patient on maintenance hemodialysis has been reported (122).
However, in a retrospective evaluation of biopsy-proven cases
of ATIN, the routine use of steroids was not associated with
a statistical difference in kidney function or outcome (123).
Unfortunately, no controlled clinical trials are available, and
controversy over the use of steroids persists. If steroids are
used, a response usually is evident relatively early after initia-
tion of treatment. The course of treatment should be brief, and
steroids should be discontinued if no response is observed after
3 to 4 weeks of therapy (124,125).

INCIDENCE AND DIAGNOSIS

The frequency with which ATIN accounts for cases of clini-
cally encountered ARF is difficult to establish. The diagnosis of
ATIN is based on the finding of characteristic morphologic fea-
tures on kidney biopsy and on the identification of the causative
factor. Both of these requirements for a correct diagnosis are
fraught with difficulties and limitations.

Part of the difficulty associated with the diagnosis of ATIN
stems from the relatively low index of suspicion with which its
possibility is considered clinically and the general reluctance to
perform a kidney biopsy in cases of ARF. Even if a biopsy is
performed, there are difficulties in differentiating the lesions of
ATIN from those of ATN, a distinct possibility in most cases
of ARF in which the prevailing clinical condition could be con-
ducive to either ATIN or ATN (7,126). An essential differential
feature between the two entities is the magnitude of intersti-
tial edema and cellular infiltrates, which are more prominent
in ATIN, and the magnitude of tubular cell injury, which is
more prominent in ATN (Fig. 48-2). However, given the vari-
able degree to which each of these features may be present
in each entity (7,126), there is sufficient overlap between the
extent of edema and the severity of tubular injury in ATIN
and ATN to make it difficult to differentiate among them on
morphologic features alone, at least in some cases. This is best
illustrated in the literature before World War II, when ATN
came to be recognized as a distinct entity. In contemporary
reports, classic ATN cases due to transfusion reactions were
labeled acute hematogenous interstitial nephritis, emphasizing
the similarity of the lesions to those reported by Councilman as
being associated with systemic infections (5,6). Ironically, the
subsequent focus on tubular cell injury in ATN has deviated at-
tention from the interstitial infiltrates present in ATN and the
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FIGURE 48-2. Schematic representation of the spectrum of structural
changes associated with cases of acute renal failure due to acute tubu-
lointerstitial nephritis (ATIN) and acute tubular necrosis (ATN). (Re-
produced from: Eknoyan G. Acute renal failure associated with tubu-
lointerstitial nephropathies. In: Brenner BM, Lazarus JM, eds. Acute
renal failure, 2nd ed. New York: Churchill Livingstone, 1988:491, with
permission.)

emerging evidence for their role in the pathogenesis of kidney
injury in ATN (127). Broadly defined, the morphologic fea-
tures of tubulointerstitial nephritis can be considered a spec-
trum of lesions characterized by interstitial edema, cellular in-
filtrates, and tubular injury (Figs. 48-2 and 48-3). Depending
on the magnitude and severity of each of these structural fea-
tures, at one end of the spectrum would be clear-cut cases of
ATIN, and at the other end, ATN. Difficulty is encountered
in cases that fit in the middle of this spectrum, and is further
magnified in those with focal rather than diffuse lesions. In
such cases, the history of exposure to an inciting agent and
its identification become important in establishing a correct
diagnosis.

There also are difficulties associated with identifying the
causative factor. Clinically, removal of a suspected agent fol-
lowed by reversal of the lesion strongly suggests the diagnosis.
This can be particularly convincing in the presence of systemic

manifestations of a hypersensitivity reaction, such as fever, skin
rash, and eosinophilia, in addition to ARF, all of which subside
on removal of the inciting factor or agent. Difficulties arise
when the only manifestation is ARF, which is potentially re-
versible, and when a number of corrective measures are insti-
tuted simultaneously. Moreover, most patients are on several
drugs, and there is the expected tendency to incriminate the
most common and better known agents that have been asso-
ciated with ATIN. When the wrong drug is discontinued, the
acute kidney injury continues unabated because the causative
agent continues to be administered. The diagnostic limitations
of removing agents wrongly surmised as a cause of ATIN
have been shown by studies in which lymphocyte stimulation
testing revealed causative agents that had not been suspected
clinically (78). Proof depends on recurrence with reexposure
to the same agent, as has occurred accidentally with some
antibiotics (128).

Most of the figures quoted in the literature on the incidence
of ATIN stem from retrospective studies based on kidney biop-
sies. Review of unselected kidney biopsy specimens reveals a
low incidence of ATIN (26). Review of biopsy specimens from
patients with unexplained ARF reveals a frequency that ranges
from 8% to 22% (118,123,129–133), which generally is higher
in the elderly population (134). The problem in deriving con-
clusions on incidence from kidney biopsies is illustrated by the
following two studies. In a report of 976 patients with ARF,
218 of whom underwent kidney biopsy, a diagnosis of ATIN
was made in 29 cases, an incidence of 14% of patients sam-
pled for biopsy, but only 3% of all patients with ARF (135).
The question remains whether such a report can be considered
a cross-sectional study and whether the incidence of ATIN in
the 758 patients who did not undergo biopsy was the same. In
another study, 13% of the biopsies of patients with ARF re-
vealed ATIN; the diagnosis was not suspected clinically in any
of them (129). Thus, given the very small number of patients
with ARF who are subjected to kidney biopsy, the necessity
of kidney biopsy to diagnose ATIN, and the failure to suspect
the diagnosis of ATIN clinically, all render conclusions derived
from biopsy reports of limited value in estimating the true inci-
dence of ATIN (135). Furthermore, because of the variable and
often subjective reasons for which kidney biopsies are done in
different centers, any attempt to compare or combine results
from different reports would not be useful. Coupled with the
fact that cases of ATIN with mild azotemia and only some

FIGURE 48-3. Kidney biopsy from a case
of NSAID-induced acute tubulointerstitial
nephritis. Note the increased interstitial
space between the tubules showing edema
and focal infiltration my mononuclear in-
flammatory cells. The glomerular structure
is preserved, but there are periglomerular
clusters of mononuclear cells.
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TA B L E 4 8 - 3

PRINCIPAL CONDITIONS ASSOCIATED WITH ACUTE
TUBULOINTERSTITIAL NEPHROPATHY

Infections
Invasive of renal parenchyma
Reactive to systemic infections

Drugs
Antibiotics
Sulfonamides
Nonsteroidal antiinflammatory drugs
Other drugs

Systemic diseases
Metabolic disorders
Immune diseases
Neoplastic disease

Idiopathic with uveitis

degree of tubular dysfunction may go entirely undetected, it
is impossible to determine the true incidence of ATIN from
biopsy reports. In cases of clinically evident ARF, ATIN proba-
bly accounts for approximately 15% to 20% of them. Among
the causes of ATIN, infections and drugs are the most common
(Table 48-3).

INFECTIONS

Infections as a possible cause of ATIN often are overlooked,
and as a consequence their diagnosis is missed and their inci-
dence as a cause of ATIN is underestimated. The eradication of
serious streptococcal infections that were first associated with
ATIN after the introduction of antibiotics and the recognition
of antibiotics as a cause of ATIN have led to the preferen-
tial consideration of drugs used in the treatment of infections
as a principal cause of ATIN. In addition, the hemodynamic
changes associated with severe infections and the use of antibi-
otics with a direct nephrotoxic effect in their treatment usu-
ally are implicated as a cause of any deterioration of kidney
function without adequate investigation of ATIN as a possi-
ble cause of ARF. Another reason that hinders the diagnosis
of ATIN is the commonly held but questionable notion that
postinfectious acute glomerulonephritis is the most common
kidney lesion associated with infections. Finally, the modest
reduction in kidney function and its return to baseline as the
infection is treated limits the clinical consideration given to the
observed changes in kidney function. Thus, unless the possibil-
ity of infection-induced ATIN is considered seriously, without
undue bias toward coexistent and confounding conditions that
may account for an acute deterioration of kidney function, and
the diagnosis pursued actively, cases of infection-induced ATIN
will go undetected, and its true incidence will remain underes-
timated. Nevertheless, several new causes of infection-induced
ATIN have come to be identified since Councilman described
their association.

Tubulointerstitial lesions of the kidney may develop in
the kidney either because of direct invasion of the kidney
parenchyma by the infective microorganisms or because of re-
active changes to a nonrenal systemic infection.

Invasive Infections

The classic and by far the most common example of ATIN is
due to direct bacterial invasion of the kidney, although fun-

gal, viral, and parasitic infections also may account for it.
The usual forms of pyelonephritis are considered in Chapter
34, Infections of the Upper Urinary Tract, and are not de-
tailed here, except to highlight their differential features from
ATIN reactive to a systemic infection. Apart from the clas-
sic local and systemic symptoms of acute pyelonephritis that
clinically differentiate direct infection of the kidney from reac-
tive ATIN and culture of the invasive organism in the urine,
there are distinct morphologic differences between the two en-
tities that deserve emphasis. Acute bacterial pyelonephritis is
a focal rather than diffuse lesion, which usually is limited to
an individual pyramid and rarely affects all the pyramids of
the kidney. The areas of infection are characteristically wedge
shaped, with the apex directed to the medulla. The infected
foci are focal and sharply demarcated from the adjoining un-
infected parenchyma, and lack the tendency to spread laterally
(9,136). Contrast-enhanced computed tomography reveals the
typical wedge-shaped, nodular, hypodense areas corresponding
to the distribution of the lesions and heavy cellular infiltrates
in pyelonephritis (137). These are quite distinct from the gen-
eralized changes of ATIN (138). In the absence of obstruction,
the infection tends to be confined to the originally affected lob-
ule and to resolve gradually over a period of weeks. An acute
reduction in kidney function is rare except in severe cases and
those with obstruction, or when the infection is superimposed
on preexisting chronic kidney disease (139). As recovery oc-
curs, the initial polymorphonuclear leukocytic infiltrate is re-
placed by mononuclear cells and the development of streaks of
fibrous tissue that account for the cortical scars encountered in
such cases (140–144).

Occasional cases of acute ATIN have been reported in asso-
ciation with otherwise invasive infections such as mycoplasmal
pneumonia (145), toxoplasmosis (146), cytomegalovirus infec-
tion (113,147,148), infectious mononucleosis (149–153), poly-
omavirus infection (154), hantavirus infection (155), Rocky
Mountain spotted fever (156), leptospirosis (157,158), Legion-
naires’ disease (159,160), candidiasis (161,162), Yersinia pseu-
dotuberculosis (163), Ascaris lumbricoides(164), and adenovi-
ral infection (165,166). A greater number of such cases are
now encountered clinically and recorded in the literature be-
cause of the increasing number of immunocompromised hosts
[patients with acquired immunodeficiency syndrome (AIDS),
transplant recipients, the elderly] in the general population.
Of those, patients with AIDS constitute a special challenge
in the diagnosis of ATIN, not only because of their propen-
sity to contract unusual infections (167), but because of the
number of drugs they consume, such as protease inhibitors,
which not only are nephrotoxic but cause ATIN (168–172).
Although the passage of the of implicated organisms through
the renal parenchyma and their isolation from the urine have
been demonstrated, their localization in the kidney is less well
substantiated. The cellular infiltration is mononuclear rather
than polymorphonuclear, and evidence has been advanced for
an immunologic mechanism responsible for the renal reaction
elicited by some of them (151). Antigenic material has been
demonstrated in the renal parenchyma of humans with ATIN
associated with some of these infectious agents, such as My-
coplasma (145), polyomavirus (154), the rickettsiae responsi-
ble for Rocky Mountain spotted fever (156), and leptospira
(173–181). The complex nature of the lesions encountered in
some of these infections can be better appreciated from a spe-
cific consideration of some of them.

Leptospirosis

Acute renal failure occurs in almost half the cases of leptospiro-
sis, and the degree of kidney involvement often determines the
gravity of the disease (173). In fact, in endemic areas of the dis-
ease, leptospirosis is one of the most common causes of ARF
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(174). Although there might be evidence of renal involvement
in the preicteric phase of the disease, it is in its icteric phase
that ATIN develops in conjunction with a rapid deterioration
of kidney function. Rodents are the principal reservoir of the or-
ganisms, which enter the host through the skin or mucosa and
gain access to the kidney by the bloodstream. At first, they tran-
siently invade the glomeruli, then pass to the peritubular cap-
illaries, and ultimately penetrate the interstitium and tubules
(175,176). The renal lesions of leptospirosis are limited exclu-
sively to the tubules and interstitium. They are focal in distri-
bution and are most pronounced at the corticomedullary junc-
tion, a structural feature characteristic of ATIN lesions that
are reactive to infections. The tubular changes consist of de-
generation, epithelial necrosis, and rupture of the basement
membrane (174–177). The interstitial changes are restricted to
the region of the affected tubules. Endothelial cell injury and
capillary thrombosis are demonstrable in the affected foci. Ini-
tially, interstitial edema and cellular infiltration are minimal
but ultimately become prominent, such that the whole kidney
becomes enlarged, congested, and soft. The infiltrates consist
of mononuclear cells, plasma cells, and eosinophils. The in-
terstitial lesions may be present even in the absence of clini-
cally detectable kidney failure (178). The tubular lesions occur
during leptospiral migration through the renal parenchyma,
and during this stage the spirochetes can be detected in the
urine (176–179). Thus, direct tubular injury by Leptospira may
account for the renal lesions. Leptospiral antigens have been
demonstrated in the renal interstitium of a canine model of the
disease, suggesting a role for immunologic mechanisms (180).
Leptospiral outer membrane proteins and lipoproteins have
been implicated in causing tubular dysfunction and initiating
the immunologic injury (181–183). They have been shown to
inhibit Na+-K+-Cl− cotransporter activity and messenger RNA
(mRNA) synthesis (182–183) in the thick ascending limb. This
could account for the polyuria and hypokalemia frequently
seen in these cases. Furthermore, the exposure of cultured prox-
imal and thick ascending limb cells to the outer membrane pro-
teins results in activation of a pro-inflammatory cascade, with
increased induction gene expression of NF-?B, iNOS, MCP-
1, and TNF-α (181,182) The superimposition of shock and
volume depletion in severe cases of the disease may further
contribute to the tubular lesions, and the structural changes
observed may represent the cumulative effect of both direct in-
vasion and ischemia, possibly coupled with an immune injury
(178). Anti-glomerular basement membrane antibodies with
linear, immunofluorescent deposits along the glomerular and
TBM have been reported in one case (184) and diffuse nodular
complement deposits in another (185).

Although the interstitial changes may persist for several
months in an occasional patient, usually with persistent spiro-
chetes in the urine, in most cases the renal changes subside
within a few weeks after resolution of the disease with appro-
priate antibiotic therapy (140,152,157). In these usual cases,
kidney function returns to normal, whereas in those who de-
velop a chronic carrier state the leptospira localize in the kidney,
fibrosis and tubular atrophy develop, and permanent impair-
ment of kidney function ensues (157,177).

Hantavirus Infection

The once mysterious entities of “hemorrhagic fever with renal
syndrome” in Asia and “nephropathia epidemica” in Europe
are now recognized as due to infection with one of the related
RNA viruses of the Hantavirus genus, which belong to the fam-
ily of Bunyviridae (186–188). The availability of serologic tests
for the specific antibodies, which appear early in the course of
the infection and may persist indefinitely, now allows for the
easy diagnosis of this once enigmatic disease that mimics several

of the features of leptospirosis—fever, petechiae, thrombocy-
topenia, and liver and kidney dysfunction (189–191).

The renal lesions consist of the classic changes of ATIN, with
tubular injury, interstitial edema, and predominantly mononu-
clear cellular infiltrates with occasional polymorphonuclear
leukocytes and eosinophils. They are most prominent in the
medulla and corticomedullary junction, together with the hall-
marks of Hantavirus nephropathy: vascular congestion and in-
terstitial hemorrhage (155,188). This accounts for the microhe-
maturia and, together with the enlarged kidneys, for the back
pain present in most cases. The transient heavy proteinuria
(>2 g/d) noted at the onset of the disease correlates with the
urinary excretion of IL-6 (192). The severity of the lesions and
frequency of renal failure are higher and the prognosis worse
in the Asian than in the European and American varieties of
the infection (193–197).

Polyoma Virus

Polyoma is a double-stranded DNA virus family, one strain of
which, BK virus, commonly causes ATIN. Typically, the virus
is acquired in childhood but remains latent as over 70% of
adults are seropositive (198). However, when the immune sys-
tem is compromised, as in AIDS and transplant recipients, the
virus reemerges and causes ATIN (199,200). Its incidence in
kidney transplant recipients is reported to be 3% to 5%, with
an associated 50% graft loss among those affected (210,202).
It is considered to result from over immunosuppression, and in
transplant recipients its incidence has increased with the use of
newer more potent immunosuppresants. Decreasing immuno-
suppression has been effective in the management of some cases
but is associated with an increase in acute rejection episodes
(201).

There are no specific clinical features the kidney disease ex-
cept for increasing levels of serum creatinine. Diagnosis is based
on findings on kidney biopsy that are distinct from those of
acute rejection. The finding of cells in the urine that have viral
inclusions, so-called decoy cells, are indicative of viral replica-
tion in the urinary tract but are not specific of ATIN. Detection
and quantification of viral DNA load in plasma by PCR is po-
tentially useful for the detection of significant viral reactivation,
and can serve as a quantifiable surrogate marker of the course
of the infection (201,202).

Brucellosis

Renal involvement is rare in brucellosis, although the organ-
isms frequently are recovered from the urine of infected pa-
tients. By contrast, in those with renal involvement, it is un-
usual to recover the organisms from the urine (203). In the
acute form of the disease, fever, proteinuria, hematuria, and
pyuria are presenting features. The renal lesion consists of a
focal glomerulitis coupled with a severe, sometimes diffuse,
interstitial inflammatory reaction caused by infiltrating poly-
morphonuclear leukocytes (203). In the chronic form of the
disease, extensive fibrosis develops that clinically and radio-
logically mimics the findings of tuberculosis (204).

Candidiasis

Disseminated candidiasis almost always affects the kidney
(205,206). Candida albicans causes two types of lesions in the
kidneys. The first type, which is relevant to this chapter, oc-
curs during the candidemic phase with the initial seeding of
the kidney, which rapidly elicits an inflammatory reaction with
polymorphonuclear infiltration limited to the renal cortex. De-
pending on the severity and extent of the lesions, pyuria and
candiduria may be the only findings, with varying degrees of
renal insufficiency in approximately half the cases (207). When
multiplication extends to the tubular lumen, they may invade
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the interstitial tissue and elicit a severe interstitial inflamma-
tory reaction in the medulla. Based on experimental studies, it
would seem that when smaller doses of Candida are injected,
the mycelia pass down the tubules and enter the collecting sys-
tem without eliciting the cortical lesions, which are seen only
when larger doses of Candida are injected (208).

The second type of lesion develops in the more chronic form
of the infection and results from the multiplication of the or-
ganisms in the urinary tract, where no limiting inflammatory
reaction can be elicited. This can result in the proliferation
of the organisms into mycelial filaments that form bezoars of
Candida in the renal pelvis and calices (207,208). The large be-
zoars or fungus balls can completely fill and occlude the renal
pelvis and calices and result in obstructive nephropathy and
hydronephrosis (208,209).

Noninvasive Infections

Acute tubulointerstitial nephritis may complicate infections in
the absence of bacteremia and parenchymal invasion of the
kidneys. Before the widespread use of antibiotics, ATIN was a
relatively common complication observed at autopsy of cases
of scarlet fever, β-hemolytic streptococcal infections, and diph-
theria (3,4,210). Although the lesions of ATIN were noted to be
more common in cases of scarlet fever (3), the more severe de-
structive lesions occurred in cases of diphtheria (4). The avail-
ability of specific vaccines has eradicated diphtheria, whereas
specific antibiotic therapy has ameliorated the severity of strep-
tococcal infections such that, although renal lesions continue
to occur, their clinical outcome is now more favorable (211–
213). Unlike the relatively later renal changes of streptococcal
infections, which occur in the second or third week after onset
of the infection and cause typical postinfectious acute prolifer-
ative glomerulonephritis, the lesions of ATIN occur early in the
course of infection, usually during the first few days of onset of
the infection (3,4, 210–214), often between the 9th and 12th
days of the disease (13,214), and in the absence of edema or
hypertension.

The renal lesions may be focal or diffuse. Interstitial edema
is more prominent than the cellular infiltrates, which are rather
diffuse and localized to the corticomedullary junction. The cel-
lular infiltrates are especially prominent in the perivascular ar-
eas and, on occasion, may be dense enough to mimic leukemic
infiltration. The initial infiltrates consist of plasma cells, his-
tiocytes, and lymphocytes, whereas in the later stages of the
disease the number of plasma cells decreases and that of lym-
phocytes increases. The lesions can easily be differentiated from
those of pyelonephritis by their distribution. In pyelonephritis,
the inflammatory foci are arranged radially, whereas in non-
invasive ATIN they form a circular band around the vessels
at the corticomedullary region. Occasional eosinophils may be
present (211–213). The proximal tubules may be dilated, with
swelling and occasional necrosis of the lining cells (13). The
interstitial ground substance may stain heavily with periodic
acid-Schiff stain, suggesting depolymerization of the intersti-
tial mucopolysaccharides (13).

In contrast to the detailed morphologic changes reported in
the early literature describing this entity, the clinical informa-
tion provided is sparse. Where noted, proteinuria and pyuria
were said to be common (4). In a careful study of the urinary
sediment of 14 children with scarlet fever, an abnormal sedi-
ment was reported to be present in all (215). In larger series,
the urinary sediment is noted as being abnormal in only 50%
to 60% of the cases (212).

The availability of antibiotics and supportive therapy has
altered the picture of infection-associated ATIN, not only
through the emergence of antibiotics as a more common cause
of ATIN but by prolonging the course of the infective disease in

severe cases that were once rapidly fatal and revealed ATIN at
postmortem. The use of potentially nephrotoxic antibiotics al-
lows time for tubular necrosis to develop and become the lesion
most evident at autopsy. This is in contrast to the preantibiotic
era, when patients died soon after the onset of severe infection,
probably before epithelial cell necrosis had set in (216). Cer-
tainly, the lesions described by Councilman (1) are much less
rarely noted in the current literature, and most of the available
information on them dates back to the preantibiotic or early an-
tibiotic periods. Nevertheless, they continue to be encountered,
particularly in children (212,215,217), and must be considered
in streptococcal infections with ARF in the absence of hyper-
tension and edema, and with normal complement levels (218).
In one series of 13 kidney biopsies of ATIN in children, 10 were
attributed to systemic infections, of which 7 were considered
to be streptococcal in origin (45).

Drugs

Drugs have emerged as the most common cause of ATIN,
with most cases attributed to antimicrobials (219,220). First
described in conjunction with the sulfonamides used in the
1940s (185,186), the lesion was next reported to occur during
penicillin therapy in the 1950s (10) and was ultimately best
characterized in patients treated with methicillin in the 1960s
(100,109,223). Since then, the number of antimicrobials, as
well as other drugs, implicated as a cause of ATIN continues
to increase. Although the implicated mechanisms and general
morphologic feature on kidney biopsy are the same as those de-
scribed with methicillin, their clinical presentations differ with
other drugs. Essentially, nonoliguric ARF is more common,
while those of fever, eosinophilia and skin rash are less com-
mon. Other subtler differences are the less frequent occurrence
of gross hematuria clinically, and of tubulitis on kidney biopsy
(11,12,206).

The association of ATIN with most of the incriminated
drugs is quite rare, often based on individual case reports, and
the evidence for a causative role of the drug merely circum-
stantial, particularly in the absence of a kidney biopsy. Even
in cases where a kidney biopsy is available, the possibility of
ATIN due to the underlying infection or of ATN due to the
hemodynamic instability of infected patients could make inter-
pretation of the biopsy difficult and the attribution of ATIN to
the implicated drug suspect, especially in instances where only
a single case is reported in the literature. In cases where kidney
biopsy is not available for documentation of interstitial lesions,
the acute deterioration of kidney function and abnormal uri-
nary sediment, even in the presence of the eosinophiluria used
to implicate ATIN, may be due to any of the other possible
causes, including preexisting kidney disease, ATN, postinfec-
tious glomerulonephritis, or a direct nephrotoxic effect of the
implicated agent or one of the coadministered drugs. The lat-
ter possibility is particularly confounding because any one of
the multiple agents used in the treatment of most patients can
be responsible for ATIN, even when least suspected (78,115).
By contrast, the possibility that ATIN may be missed clinically
because acute deteriorations of kidney function, particularly
when only modest, are attributed to other possibilities and
their diagnosis not pursued by kidney biopsy may occasion-
ally prove detrimental to patient care, but it certainly limits
any estimation of the true prevalence of drug-induced ATIN
and its incidence in cases of clinical ARF (115).

Drug-induced ATIN is due to a hypersensitivity reaction, as
evidenced by several facts: It occurs in only a small number
of people exposed to the drugs; it is not dose related; it often
is associated with other systemic manifestations of hypersensi-
tivity such as fever, skin rash, eosinophilia, and arthralgia; the
reaction recurs on reexposure to the same drug or one of its
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congeners; circulating antibodies to some of the incriminated
drugs have been demonstrated in some instances; and labo-
ratory evidence for a hypersensitivity reaction has been doc-
umented in some cases. In addition, the structural features of
individual drugs (propionic acid derivatives) or those common
to some groups of drugs (β-lactams) do seem to predispose to
the development of ATIN. The most common causes of drug-
induced ATIN are antibiotics and NSAIDs. The lesion is more
commonly encountered with methicillin than penicillin (224)
and with fenoprofen than other NSAIDs, including others that
are propionic acid derivatives (225).

Antibiotics

Of the several antibiotics that have been incriminated as a cause
of ATIN, most share the β-lactam structural ring—penicillin
and its derivatives and the cephalosporins.

Methicillin

Methicillin is the agent with the highest incidence of drug-
induced ATIN and the one in which the clinical features of this
side effect of antibiotics are best characterized (11,12,226).
The mean period of drug administration before the renal le-
sions occur is approximately 15 days, with a reported range
of 10 to 45 days (227). The incidence of ATIN has been esti-
mated to be approximately 2% of those exposed to the drug
and increases to 15% in those who are exposed to it for over 2
weeks (53,224,228–230). In those who experience a reaction,
subsequent exposure to methicillin results in recurrence after
a much shorter period of exposure and at lower doses of the
drug (229–233). With the reduced clinical use of methicillin,
there has been a reduction in the number of cases encountered
clinically and reported in the literature (28,98,233).

Systemic manifestations are a dominant feature of
methicillin-induced ATIN. Characteristically, drug-induced
fever appears after the initial fever caused by the infection has
subsided. The recurrent episode of fever usually is accompa-
nied by skin rash, eosinophilia, and arthralgias. The skin rash
is fleeting and consists of erythematous, often pruritic, mac-
ulopapular lesions that are present in 30% to 50% of cases.
Eosinophilia is common (80%) but transient, and, unless noted
and specifically sought, goes undetected (11,94–97). Arthral-
gias are nonspecific and less common (10% to 20%) than the
fever, skin rash, and eosinophilia. Eosinophiluria appears to be
more common and more evident than in other forms of drug-
induced ATIN (11,12,94).

As a rule, patients are polyuric as kidney function begins
to deteriorate, and the ARF, when first detected, is nonoliguric
in two-thirds of patients (95–97,101,234). Independent of the
severity of the ARF, the outcome is favorable after withdrawal
of methicillin in 90% of cases (95–97,227). The initial improve-
ment, which is rapid over the first few weeks of discontinuing
methicillin, is followed by a slower return of kidney function
to normal in most (>2/3), but only to near normal in a some
20% of cases (12,26,235). The worst prognosis is in those with
granulomatous lesions. Instances of persistent kidney failure
are rare (<10%), and are more likely in those whose kidney
biopsy reveals diffuse infiltrates, interstitial fibrosis, granulo-
matous reaction, and tubular injury (234,236,237). Recovery is
faster and more likely in those whose dominant kidney lesions
consist of interstitial edema rather than cellular infiltrates, and
when the cellular infiltrates are focal rather than diffuse (26).

A metabolic derivative of methicillin, dimethoxyphenyl-
penicilloyl, has been implicated as the inciting antigen on the
basis of its demonstration by immunofluorescence techniques
along the TBM (65,66) and the detection of circulating anti-
bodies to dimethoxyphenylpenicilloyl in cases of ATIN (109).

However, neither of these findings appears to be specific to
the incidence of ATIN because both have been shown to be
present in methicillin-treated cases with no evidence of acute
kidney injury (67,238).

Rifampin

Since the introduction of rifampin (rifampicin) as an antitu-
berculous agent in 1976, over 100 cases of ARF have been
ascribed to it in the literature. As a rule, ARF has occurred
during intermittent administration of the drug (once or twice
weekly), usually appearing several months after institution of
therapy (239–242). A more abrupt onset occurs with rifampin
readministration after a hiatus in its previous daily, unevent-
ful use (243). ARF during continuous daily rifampin therapy
also has been noted (18). However, most cases reported have
occurred during intermittent therapy, and the number of cases
noted has decreased since intermittent use of the drug has been
abandoned (234,244).

Circulating antibodies to rifampin have been detected in
most, but not all, affected patients, as well as in the serum of
those without any adverse reaction to the drug (245–248). The
suggestion has been made that the kidney lesions develop as
a response to a critical level of antigen–antibody complexes
that accumulate during intermittent rifampin therapy (245,
246,249). However, immunofluorescence staining of kidney
biopsy specimens for deposits of antibodies to rifampin has
been negative in most cases (18,239,243–246), although it
has been positive in an occasional case (243–250). A role for
cell-mediated immune injury appears more likely based on
in vitro studies of lymphocyte activation on exposure to ri-
fampin (234,251).

Accompanying and preceding symptoms of patients in
whom renal involvement develops include fever, chills, nau-
sea, vomiting, diarrhea, dizziness, lumbar or abdominal pain,
and myalgias, which occasionally are accompanied by abnor-
malities of liver function, hemolysis, and thrombocytopenia
(18,239–244). The symptoms are dramatic in their sudden ap-
pearance and severity in those patients exposed to the drug for
a second time and sometimes are associated with hypotension
and hemodynamic compromise. As a result, the initial reports
of ARF attributed to rifampin were ascribed to ischemic tubu-
lar injury. A direct nephrotoxic effect that is slower in onset has
been reported with rifampin. Kidney biopsy in such cases re-
veals marked proximal tubular injury but very little interstitial
infiltration (249). Actually, the majority of lesions of rifampin-
induced ARF are those of ATIN and consist of interstitial edema
and focal infiltration with mononuclear cells and occasionally
eosinophils, with focal segments of tubular epithelial cell injury
and necrosis (18). In some cases, the necrotic tubular lesions
may be severe and extensive (240–243,252). Whether this re-
flects the severity of ATIN or is due to ischemic injury secondary
to vasomotor phenomena is difficult to establish. Certainly,
the accompanying systemic manifestations—eosinophilia, re-
currence on challenge, the reported humoral studies, as well as
the morphologic features seen on kidney biopsy—are strongly
supportive of ATIN due to an allergic hypersensitivity reac-
tion to the drug. While ATIN is the most common lesion of
rifampin-induced ARF, glomerular lesions have been reported
also (242). As a drug that induces cytochrome P-450, the conse-
quent reduced levels of tacrolimus and cyclosporine can result
in ARF due to acute rejection in kidney transplant recipients
(241,242)

The severity of ARF due to ATIN is variable. Dialysis may
be required in some patients in whom prolonged oliguria de-
velops (253). The course of renal failure usually is favorable,
with return of kidney function to normal in most cases after
withdrawal of rifampin, although residual impairment of re-
nal function may occur in some (239,256,257). The role of
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steroids in accelerating recovery from rifampin-induced ATIN
is undetermined. The lesion has occurred in a patient who was
receiving steroids for other reasons (18).

Penicillin and Congeners

Acute tubulointerstitial nephritis clinically and pathologically
undifferentiable from that described with methicillin also oc-
curs with penicillin and its congeners, but is much less common
than with methicillin. The dose of penicillin used has been fairly
large, 12 to 60 million U/day, although ATIN has been reported
at lower doses (16,109,113,146,234) and even after a single
dose (258).

Other penicillin derivatives that have been associated
with the lesions of ATIN are, in descending order of fre-
quency, ampicillin (16,26,95,259–262), oxacillin (263), car-
benicillin (264,265), nafcillin (102), and oxacillin and amoxi-
cillin (102,234,237,265–268). The systemic manifestations of
a hypersensitivity reaction in these cases have been less com-
mon than in ATIN due to methicillin and penicillin.

Cephalosporins

Acute tubulointerstitial nephritis also has been noted with
the cephalosporins. It is more common with cephalothin
(231,234,269–272), followed in descending order of frequency
by cephalexin (95,273), cephradine (274), cefoxitin (275), cefa-
zolin (276), cefaclor (102), cefotaxime (28,277), and cefotetan
(278), cefoperazone (279), cephaloridine, cefamandole, and
cephapirin (11).

Other Antibiotics

The incidence of ATIN with other antibiotics is much less
than that encountered with methicillin, penicillin congeners,
and rifampin, except for ciprofloxacin, with which an increas-
ing number of cases continue to be reported (117,234,280–
283). Isolated instances of ATIN have been reported with
minocycline (284), doxycycline (26), gentamicin (26,230,285),
polymyxin (286), vancomycin (287,288), lincomycin (287),
mezlocillin (289), chloramphenicol (26), erythromycin (290–
293), flurithromycin (294), netilmicin (291), norfloxacin
(295,296), tetracycline (297), ethambutol (298), telithromycin
(299), and levofloxacin (300).

Sulfonamides

The introduction of sulfonamides in the 1930s heralded a new
and welcome era in the specific treatment of infectious diseases.
Despite their utility and general safety, severe adverse reactions
were quite common with these agents and often necessitated
cessation of their use (301,302). The introduction of antibiotics
during the following decade led to a consistent decline in the
use of sulfonamides until the introduction of trimethoprim–
sulfamethoxazole (TMP/SMX) (170), when a resurgence of
adverse reactions attributed to sulfonamides was observed,
necessitating modification of the warnings in the labeling of
TMP/SMX (303). The advent of AIDS with the associated pro-
phylactic use of TMP/SMX (170), as well as its use in transplant
recipients (304), has led to the increased incidence of these side
effects.

The renal effects observed with the initially available,
less soluble sulfonamides (sulfathiazole, sulfapyridine, sulfadi-
azine) were due to the precipitation of sulfa crystals in the re-
nal tubules, with consequent hematuria, obstructive uropathy,
and kidney failure. The renal lesions consisted of focal tubu-
lar necrosis, sometimes with sulfa crystals noted in the lumen,
and with peritubular interstitial infiltration and edema in the
affected segments (305,306). The introduction of more soluble

sulfonamides (sulfisoxazole, sulfamethoxazole, sulfamerazine,
sulfasalazine) made this complication much less common, but
by no means eliminated it (301,305–309). An idiosyncratic
hypersensitivity-type reaction as a cause of the acute renal in-
jury, which was recognized from the outset, now is the principal
cause of the renal adverse effects of sulfonamides (301,305–
310). The symptoms develop at a mean of 14 days after initiat-
ing therapy. Fever followed by skin rashes of varying severity
usually precede the onset of ARF. Eosinophilia has been noted
as an accompanying finding in most cases. Unlike antibiotic-
induced ATIN, there is evidence of multiple organ involve-
ment (heart, liver, lungs) in patients who have sulfonamide-
induced ATIN (301,310,311). The renal lesions noted in kidney
biopsy specimens consist of interstitial edema and focal areas of
mononuclear cell infiltration that are most pronounced around
the segments of tubular injury and necrosis (306,310). The kid-
ney failure is reversible after withdrawal of the drug and insti-
tution of steroid therapy (306), although residual fibrosis and
tubular atrophy with persistent impairment of renal function
may occur (310).

The predisposition of patients to idiosyncratic reactions has
been attributed to individual differences in the metabolism of
sulfonamides. Those who have idiosyncratic reactions are slow
acetylators of sulfonamide, which leads to the accumulation
of drug metabolites that can covalently bind to cell macro-
molecules and cause cell injury, or elicit a secondary immuno-
logic phenomenon (311,312).

Acute renal failure due to a hypersensitivity reaction also oc-
curs with TMP/SMX (26,232,234,313–317). The increase in
serum creatinine that occurs with this agent does not necessar-
ily indicate renal injury because trimethoprim interferes with
the tubular secretion of creatinine, with a consequent increase
in the serum creatinine level, without necessarily affecting true
glomerular filtration rate (318). The clinical and morphologic
features of ATIN induced by TMP/SMX are identical to those
induced by other sulfonamides and are due to the sulfamethox-
azole content. Multinucleated giant cells and granulomatous
reactions, reflecting the severity of the reaction, have been de-
scribed and are associated with only partial recovery of kidney
function after withdrawal of the drug, despite steroid therapy
(234).

Most of the reported cases of TMP/SMX-induced ATIN
have been in patients with reduced kidney function, or trans-
plant recipients (313,315,316). It has been suggested that the
propensity of patients with reduced kidney function to ATIN
may be due to the accumulation of a toxic metabolite, which
predisposes them to the adverse effects of the drug (313,316),
much like that noted in the genetically predisposed slow acety-
lators (311). Crystalluria occurs with the use of high doses
of TMP/SMX. In patients with severe renal insufficiency, this
could cause further deterioration of kidney function without
necessarily eliciting an allergic reaction (319), as has been doc-
umented experimentally (320,321).

Nonsteroidal Antiinflammatory Drugs

The NSAIDs provide a relatively effective approach to the treat-
ment of musculoskeletal pain and inflammation, which are
among the most common complaints of an aging population.
As a result, NSAIDs have become the most widely prescribed
category of drugs. The impact of recent reports of increased rel-
ative risk for cardiac death associated with NSAID use remains
to be determined, but is bound to have a significant dampening
effect on their widespread level of utilization heretofore (322).

The most serious untoward effects of their use have been
noted in the gastrointestinal tract and the kidney (323,324).
The renal effects include reduction in GFR and renal blood
flow, acute and chronic renal injury, and abnormalities of
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sodium and potassium homeostasis (323–326). By far the most
common of these side effects is the hemodynamically mediated,
reversible ARF related to the prostaglandin-inhibitory action
of these agents, which occurs principally in patients with con-
gestive heart failure, cirrhosis of the liver, nephrotic syndrome,
septicemia, and volume depletion from any cause (326–328).
Less common has been the development of another form of
ARF due to tubulointerstitial nephritis, which, unlike other
drug-induced ATINs, is frequently associated with massive pro-
teinuria (215,326,329–331). A necrotizing vasculitis also has
been reported in a few cases in association with fenoprofen,
indomethacin, and diclofenac (331–335).

The duration of exposure to NSAIDs before the onset of
ATIN is variable, ranging from 2 weeks to 18 months; as a rule,
ATIN develops after prolonged exposure (mean, 5.4 months)
to the incriminated agent (225,234,331). The propionic acid
derivatives fenoprofen, ibuprofen, and naproxen account
for approximately three-fourths of the cases reported (225,
331–336). Fenoprofen alone has been incriminated for over
one-half of the reported cases. The lesions have been noted
after the self-administration of over-the-counter ibuprofen
(337,338) and of mefenamate in drug mixtures (339), and to
recur after exposure to different NSAIDs of the same group
(330,334) or on reexposure to the same agent (225). Other
NSAIDs that have been incriminated include, in decreasing or-
der of frequency, tolmetin (340–342), zomepirac (343–346),
indomethacin (225,347,348), diclofenac (349–351), and diflu-
nisal (3352,353). Isolated cases have been reported with the use
of phenylbutazone (354,355), mefenamate (356), phenazone
(357), sulindac (358), noramidopyrine (234), and piroxicam
(259,260). Contrary to initial expectations they also occur
with the selective cyclooxygenase-2–inhibitory agents such
as celecoxib (361–363), rofecoxib (364,365) and nimesulide
(366,367).

The proteinuria and clinical manifestations of the nephrotic
syndrome usually are of insidious onset and precede the on-
set of kidney failure. Nephrotic syndrome, without renal in-
sufficiency, may be the only manifestation in approximately
10% of cases. On the other hand, kidney failure without
nephrotic syndrome occurs in approximately 15% of cases
(11,12,83,225,331). The variation in clinical presentation has
been attributed to the severity of the allergic hypersensitiv-
ity reaction, with a more rapid course presenting with re-
duced kidney function and nephrotic syndrome in hyperreac-
tors (332). β2-Microglobulinuria is a common and prominent
feature. Flank pain has been a notable complaint in several
cases. The clinical features of hypersensitivity reaction (fever,
rash, eosinophilia) occur in only 20% of cases, compared with
an incidence of over 85% in patients with methicillin-induced
ATIN. The serum complement and IgE levels usually are nor-
mal, and anti-TBM antibodies are absent. Most of the patients
reported have been older than 60 years of age, which is more a
reflection of the greater use of NSAIDs in this age group than of
age as a predisposing factor (333). The urine sediment reveals
microscopic hematuria and pyuria and only rarely eosinophil-
uria (83). In the diagnosis of proteinuria due to NSAIDs, it
should be kept in mind that tolmetin can produce pseudopro-
teinuria. This is due to the effect of its dicarboxylic metabolite
on the detection of proteinuria by the acid precipitation (sulfos-
alicylic acid and trichloroacetic acid) methods. In such cases,
no proteinuria is detected with dye-impregnated reagent strips,
electrophoresis, or nephelometry (368,369).

Histologic examination of the kidney reveals diffuse edema,
focal areas of interstitial infiltrates consisting predominantly
of lymphocytes, and vacuolar degeneration of the tubules
(Fig. 48-3). In some cases, the proportion of infiltrating B lym-
phocytes and CD8+ cells has been more than that noted in
other forms of ATIN. Eosinophils have been observed in one-
third of the cases reported and may constitute up to 20%

of the infiltrating cells, even when eosinophiluria is absent.
The glomeruli are minimally altered, if at all, except for the
effacement of the epithelial foot processes consistent with
minimal-change disease in nephrotic cases. Mesangial electron-
dense deposits have been noted in rare instances in associ-
ation with modest membranous and subendothelial deposits
(370,371). Membranous glomerulonephritis, reversible after
drug withdrawal, has been reported with sulindac and other
NSAIDs (332,372). Immunofluorescent microscopy is nega-
tive, although a slight, nonspecific focal immunofluorescence
of the glomeruli and TBM occasionally has been noted (334).
Granulomatous reactions occur in severe cases (373).

The kidney failure, although insidious in onset, can be severe
enough on clinical presentation to require supportive dialytic
therapy in approximately a third of the patients. The severity of
the kidney failure may stem from the additive effects of ATIN,
reduced renal blood flow due to inhibition of prostaglandin,
altered glomerular permeability, and absence of systemic ef-
fects, the latter of which leads to delayed diagnosis early in
the course of the disease process until patients finally present
with nephrotic syndrome and kidney failure. The response to
discontinuation of the offending NSAIDs has been favorable
in most cases, with improvement of kidney failure occurring
within a few days, but with a slower subsidence of proteinuria
over weeks or months. Cases of persistent kidney failure have
been reported (225,374). Progression of the kidney lesion to fo-
cal glomerular sclerosis has been noted on repeat kidney biopsy
in some patients (332,375,376). Steroids have been used in the
treatment of severe cases. The response to steroid therapy, if
any, appears to be slow, and the value of corticosteroids in this
entity is questionable (83,377).

The pathogenesis of NSAID-associated ATIN remains un-
determined. The rarity of the lesion despite the widespread
use of these agents (estimated at 1 in 5,300 patient-years of
treatment with fenoprofen) supports an idiosyncratic reaction
(329). The clinical features of a hypersensitivity reaction, al-
though present in only one-fifth of the cases, support an al-
lergenic reaction. Their absence from most cases has been
construed as an argument against a hypersensitivity reaction,
but may actually reflect an amelioration of the hypersensi-
tivity symptoms because of the antipyretic and antiphlogis-
tic actions of NSAIDs. The presence of a diffuse interstitial
eosinophilic infiltrate, in the absence of peripheral eosinophilia
and eosinophiluria, also is compatible with the antiinflamma-
tory effect of the NSAIDs. Evidence for a humoral antibody re-
action is lacking. There is a slight preponderance of cytotoxic/
suppressor (CD8+) T cells in the infiltrates, especially early
in the course of the disease, which has been advanced as
an argument for cell-mediated immunity (55,83,378,379). Po-
tentially, the metabolism of these agents could yield metabo-
lites that are injurious to the tubules and podocytes. More-
over, cyclo-oxygenase blockade can affect the arachidonic acid
lipo-oxygenase pathways leading to the formation of proin-
flammatory and vasoactive compounds (313a). Whether the
prostaglandin-inhibitory effect of these agents plays a role in
the unique proteinuric features of this form of ATIN has not
been ascertained but certainly is an attractive conceptual pos-
sibility that cannot be neglected (225,380).

Phenindione

An increasing number of severe sensitivity reactions were noted
with the anticoagulant phenindione after its introduction in
1947. The more common reactions were skin rash, fever, diar-
rhea, blood dyscrasias, stomatitis, and hepatitis, in descending
order of frequency. The reactions appeared after 3 to 5 weeks
of therapy and continued to progress even after discontinua-
tion of the drug, proving fatal in one-half of the cases. ARF due
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to ATIN, which was granulomatous in some cases, also was re-
ported in approximately 30 cases, usually coincident with the
development of jaundice and hepatotoxicity (381–388). ATIN
was accompanied by the classic triad of skin rash, fever, and
eosinophilia, usually with a prolonged period of oliguria and
death in one-third of the cases reported (16,385), chronic kid-
ney disease in some (358), and massive proteinuria in others
(387).

Because of the high incidence (10%) of these adverse side
effects and their severity, this agent was prescribed much less
over the years, leading to the cessation of its manufacture in
1983 for economic reasons. It is, however, still available in
some countries, or as an investigational drug in the United
States. Phenindione is an indanedione derivative and since then
other analogs (fluindione, anisoindione, diphenadione) have
been introduced but ATIN has not been reported with any of
them.

A metabolic product of phenindione that is excreted by the
kidneys imparts a red-orange color to the urine. This is of
no clinical importance except in the differential diagnosis of
hematuria. Acidification of the urine eliminates the color and
differentiates it from the true hematuria that develops in ATIN
(389).

Allopurinol

Severe hypersensitivity reactions to allopurinol have been re-
ported since its introduction in 1963 (337). They have the fea-
tures of a diffuse vasculitis involving multiple organs (338).
The symptoms appear approximately 4 weeks after initiation
of therapy and consist of fever, rather severe generalized skin
rashes that may be desquamative, eosinophilia, hepatic failure,
and prolonged oliguric kidney failure (390–394).

The structural changes in the kidney are characteristic of
ATIN, including those of a granulomatous reaction in severe
cases (395). Although the renal lesions have been reported in
patients with normal kidney function, most cases have occurred
either in patients with preexisting kidney disease and reduced
kidney function, or in those receiving other drugs that might
themselves cause ATIN. The decreased excretion of a toxic
metabolite of the drug, possibly oxypurinol, has been impli-
cated as the inciting agent in those with reduced kidney func-
tion. A predisposing role of thiazides, furosemide, and ampi-
cillin has been implicated in those who have experienced a
reaction while receiving other drugs (390,396).

The finding of circulating anti-TBM antibodies, together
with granular deposits of C3 along the TBM of a single case, has
been advanced as evidence for the role of an immune-mediated
mechanism (393). However, the absence of linear deposits of
anti-TBM antibody in the kidney biopsy specimen and the fact
that the patient had IgA nephropathy as the underlying primary
kidney disease make the interpretation of the results from this
individual case impossible, unless these findings are substanti-
ated in other cases.

Proton Pump Inhibitors

Cases of classic ATIN have been reported with the antiulcer
agent cimetidine (397–404). The renal lesions are patchy, with
focal areas of tubule cell injury and interstitial inflammatory
infiltrates consisting of lymphocytes and a few eosinophils.

In one carefully studied case, IgE-producing plasma cells
were identified as part of the infiltrating cells, most of which
were identified as being cytotoxic/suppressor T lymphocytes,
and activated T cells were demonstrated in the circulation,
strongly implicating a cell-mediated immune reaction as the
pathogenetic mechanism of cimetidine-induced ATIN (81).

In addition to its inhibitory action on gastric acid secretion,
there is evidence that cimetidine might have a role as an im-
munomodulator (81). It is possible that this action plays a
role in cimetidine-induced ATIN; it seems unlikely, however,
given that there are only a few case reports of ATIN related to
this widely prescribed agent, now available over the counter.
Hence, the more likely possibility is that the kidney injury is
idiosyncratic. In addition, the clinical and morphologic fea-
tures of the ATIN are characteristic of a hypersensitivity re-
action: eosinophilia, eosinophiluria, fever, and IgE-containing
plasma cells in the infiltrate, with recurrence of the symptoms
on rechallenge (397–404). The lesions of ATIN have been re-
ported also in association with other proton pump inhibitors
such as ranitidine (98,405–407), lansoprazole (408), omepra-
zole (290,409–411), and pantoprazole (412,413).

Phenytoin

One of the adverse side effects associated with the anticon-
vulsant phenytoin, formerly known as diphenylhydantoin, is
a delayed hypersensitivity reaction characterized by a systemic
reaction and ARF. The systemic manifestations include fever,
hepatitis, myositis, lymphadenopathy, skin rashes that may
be exfoliative, eosinophilia, and anemia (69,70,414–416). The
kidney injury is due to ATIN characterized by edema and fo-
cal inflammatory infiltrates consisting of mononuclear cells and
occasional eosinophils. Nephrotic syndrome has been observed
in some patients (69). The lesions are reversible on withdrawal
of the drug, but steroid treatment has been successfully used in
most reported cases (69,414–417).

In two cases, circulating antibodies to human TBM were
detected and linear deposits of anti-TBM antibodies demon-
strated along the renal TBM (69,70). In one case, deposits of
phenytoin were demonstrated along the TBM, leading to the
suggestions that the initial alteration of the host TBM is due to
phenytoin deposition with secondary immune reaction directed
at the phenytoin–TBM complex or to the phenytoin-altered
TBM (69). Passive transfer of the anti-TBM from one patient
failed to produce the disease in experimental animals (70), with
increased DNA incorporation, on exposure to phenytoin could
be induced only in the lymphocytes from patients demonstrat-
ing the hypersensitivity reaction (65,414).

Diuretics

Acute renal failure often is associated with the use of diuret-
ics. The renal insufficiency that results usually is prerenal in
origin and a result of the systemic and renal compensatory
mechanisms mediated by extracellular fluid volume depletion
induced by the diuretics (418). Less commonly, deterioration
of kidney function is the result of other mechanisms, including
direct renal toxicity, such as with mercurial diuretics (418,419);
obstruction, such as with triamterene nephrolithiasis (420);
necrotizing vasculitis, such as with thiazides (421); and occa-
sionally ATIN that has been noted to occur with furosemide,
thiazides, triamterene, chlorthalidone, ethacrynic acid, tienilic
acid, and indapamide (422–428). Most of the reported cases
have been associated with the use of thiazides and furosemide,
both of which are structurally related to sulfonamides, another
group of drugs associated with ATIN. A potentiating role of
triamterene used in conjunction with thiazides or furosemide
has been suggested (423).

Several of the patients with diuretic-induced ATIN had pre-
existing kidney disease (26,422), although the lesions also are
noted in patients with normal kidney function (368,371). The
deterioration of kidney function usually is insidious in onset
but may be rapid and lead to oliguric ARF. Systemic symptoms
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of drug-related hypersensitivity reaction (fever, skin rash, and
eosinophilia) were present in almost all the patients reported.
The kidney biopsy findings were those of classic ATIN, includ-
ing an eosinophilic infiltrate in one-half of the reported cases
and a granulomatous reaction in an occasional case (422–430).
Immunofluorescent studies have been negative. Abatement of
symptoms and return of kidney function to baseline have oc-
curred in all patients reported after removal of the incriminated
diuretic and the administration of steroids to some patients.

Given the frequency with which diuretics are prescribed, the
fact that less than 20 cases of ATIN have been reported with
their use reflects the relative rarity of diuretic-induced ATIN.

Other Drugs

The list of other drugs associated with ATIN continues to ex-
pand. Most of these have been isolated, single case reports of
patients who often were using more than one drug.

By far the most common among these to be associated with
ATIN are glafenin (431,432) and its derivatives, antrafenin
(433,434) and floctafenin (434). Although direct drug toxic-
ity, with lesions of ATN, has been incriminated as the cause of
ARF in some of these patients (434,435), clinical and labora-
tory evidence of an immunologically mediated hypersensitivity
reaction causing ATIN has been sufficiently well documented
to justify incriminating these agents as a cause of ATIN.

Other drugs that have been implicated are sulfinpyrazone
(95,436,437), aminopyrine (11), azathioprine (438,439), qui-
nine (440), clofibrate (441), propylthiouracil (442), carba-
mazepine (443,444), amidopyrine (445), amphetamine (446),
phenobarbital (114,447), p-aminosalicylic acid (448), capto-
pril (449–451), diltiazem (452), methyldopa (453), acyclovir
(454,455), interferon (456), indinavir (457), griseofulvin (458),
ifosfamide (459), intravenous immunoglobulin (446), phenter-
mine and phendimetrazine (461), foscarnet (462), interleukin
(463), and even aspirin (464,465).

SYSTEMIC DISEASES

Although most cases of ATIN are due to a hypersensitivity
reaction to drugs or infections, whether renal or extrarenal,
an acute deterioration of kidney function with the structural
changes of ATIN also occurs in a variety of systemic diseases. In
these, the renal involvement is due either to the metabolic dis-
turbances associated with the underlying disease, the immuno-
logic basis of the primary disease process, or the infiltrative
nature of the disease (Table 48-3).

Metabolic Disorders

The metabolic disorders in which ATIN develops are those due
to abnormalities in the metabolism of urate, oxalate, calcium,
potassium, and heavy metals (466,467).

Uric Acid

The kidney, as the major organ responsible for uric acid excre-
tion, becomes the principal target organ affected by disorders
of urate metabolism. Renal involvement results from the pre-
cipitation of uric acid in the renal parenchyma and the urine
outflow tract. Depending on the load of uric acid presented to
the kidney and the duration of exposure, the parenchymal le-
sions that develop are those of either an acute or a chronic urate
nephropathy. In the acute form of urate nephropathy, the renal
changes are those of an ATIN (466–468). The most common
condition in which this is encountered is in ARF associated

with the tumor lysis syndrome (469,470) and occasionally in
massive tissue destruction such as rhabdomyolysis (471).

Oxalate

The increased metabolic production or intestinal absorption
of oxalate and its consequent excretion by the kidney almost
invariably results in the precipitation of calcium oxalate in the
urine outflow tract (466). Microcrystallization first occurs in
the proximal tubule, where oxalate is secreted. However, the
lesions that develop are more prominent in the medulla, where
the increased concentration of oxalate in the tubular fluid, as
water is reabsorbed, and the acidification of the fluid, as hy-
drogen is secreted, favor the precipitation of calcium oxalate.
This results in injury and atrophy of the affected tubules, with
interstitial edema and inflammatory cell infiltration around the
injured tubular segments (466,467,472,473). When the hyper-
oxaluria is sudden and massive, such as after ethylene gly-
col ingestion (474,475), methoxyflurane anesthesia (476) or
the ingestion of star fruit (477), acute deterioration of kidney
function occurs, the morphologic features of which are those
of ATIN. Otherwise, when the hyperoxaluria is modest and
chronic, such as in inflammatory bowel disease, the onset of
kidney failure is insidious and the lesions are those of chronic
tubulointerstitial nephritis (466,478), although ARF associated
with enteric hyperoxaluria can occur (479,480).

The treatment of acute oxalate nephropathy consists of
maintaining a high urine flow rate, hemodialysis, and support-
ive measures directed at elimination of the oxalate precursors.

Immune Diseases

Diseases due to an immune mechanism affect primarily the
glomeruli, with secondary involvement of the tubules and in-
terstitium. Primary tubulointerstitial nephritis mediated by an
underlying altered immune mechanism is extremely rare in hu-
mans. The two conditions in which an immune mechanism
may result in ARF primarily due to tubulointerstitial lesions,
with only limited glomerular involvement, are the transplanted
kidney (481,482) and systemic lupus erythematosus (73).

The diagnosis of ATIN in kidney transplant recipients can
be challenging (483–490). Despite the numerous medications
these patients receive, drug-induced ATIN is an uncommon
cause of ARF in them. Drug-induced ATIN lesions can resem-
ble acute cellular rejection morphologically, and both entities
can show improvement after steroid therapy. While infiltrat-
ing eosinophils can be seen in acute cellular rejection, their
presence and localization at the cortico-medullary junction and
the presence of granulomatous lesions are suggestive of drug-
induced ATIN (486–488), while that of tubulitis is a defining
feature of allograft rejection (489). Clinically, the diagnosis is
compounded by the fact that allograft recipients are prone to
infection-induced ATIN, such as cytomegalic virus (483), ade-
novirus (484), and polyoma virus (485).

ARF with prominent tubulointerstitial lesions may occur in
other diseases due to altered immune mechanisms, but very
rarely in the absence of glomerular lesions. These diseases are
Sjögren’s syndrome (71), mixed cryoglobulinemia (71), We-
gener’s granulomatosis (491,492), crescentic glomerulonephri-
tis (65), sarcoidosis (493), IgA nephropathy (494,495), and
autoimmune pancreatitis (496).

Neoplastic Diseases

An acute deterioration of kidney function may occur in any
neoplastic disease, either because of direct invasion of the kid-
ney or the urinary tract by malignant cells or because of the
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metabolic disorders (hypercalcemia, hyperuricemia) that may
be caused by the malignancy. The institution of antineoplas-
tic therapy, which may itself be nephrotoxic or can magnify
the existing tumor-related metabolic disorder (hyperuricemia),
is another mechanism of the acute renal injury experienced by
these patients (497). Lymphoproliferative disorders and plasma
cell dyscrasias are the two neoplastic diseases in which ATIN
due to neoplastic cellular infiltrates is a principal cause of the
ARF (498–500).

Lymphoproliferative Disorders

The kidney is one of the most common extranodal sites
of metastatic lymphomas (501–504), although primary lym-
phoma in the kidneys without evidence of extrarenal lesions
also can occur (505–507). Infiltration of the kidney is more
common in non-Hodgkin’s lymphomas and acute lymphoblas-
tic leukemia than in Hodgkin’s disease (498,499). Leukemic
infiltration of the kidney has been noted in two-thirds of pa-
tients with leukemia, usually in those with the acute form of
the disease (495,508,509). Renal infiltrates usually are bilat-
eral and symmetrical and may go undetected unless extensive
parenchymal infiltration occurs, in which case flank pain, pal-
pable, tender kidneys, gross hematuria, and ARF are the pre-
senting findings (499,502–511). The infiltrates are localized
to the interstitium, compressing the tubules but sparing the
glomeruli, thereby mimicking the classic morphologic features
of an ATIN. Irradiation of the kidneys or systemic chemother-
apy can result in a dramatic reversal of the structural and func-
tional abnormalities (504,512,513).

Plasma Cell Dyscrasias

The renal complications of plasma cell dyscrasias are a ma-
jor cause of morbidity and mortality in patients with multiple
myeloma (499,501,514). ARF occurs in approximately 10%
of these patients, and chronic kidney disease is present in more
than two-thirds of them (499,500,515–517).

The pathogenesis of ARF is multifactorial (517–523). The
acute lesions directly related to multiple myeloma, the so-called
myeloma cast nephropathy, are those that result from the ex-
cessive production of light chains and their precipitation as
dimers in the distal tubules. As a result, varying degrees of in-
jury, necrosis, and regeneration of the tubular epithelial cells
occur, with interstitial edema and an inflammatory reaction,
including polymorphonuclear, mononuclear, and multinucle-
ate giant cells, around the affected tubules. Immunofluorescent
study of the kidney tissue can provide the definitive diagnosis
when fluorescence is positive for specific sera for either κ or λ
light chains (499,518,519).

The propensity of light chains to lead to myeloma cast
nephropathy depends on their concentration in the tubular
fluid, the tubular fluid pH, and the intrinsic physiochemical
properties of the light chains (521,522). These factors account
for the fact that the patients who are dehydrated, those who are
producing an acid urine, and those with λ light chains rather
than κ chains are more prone to development of acute lesions of
myeloma-induced kidney failure. They also provide a physio-
logic basis for treatment consisting of maintaining a high rate of
urine flow and its alkalinization, which can prevent and reverse
the lesions in their early stage of formation (514,522,523).

IDIOPATHIC ACUTE
TUBULOINTERSTITIAL

NEPHRITIS

Since the entity of idiopathic ATIN was first noted in the liter-
ature in 1972 (524), an increasing number of cases of ATIN in

the absence of exposure to drugs, infections, or any of the other
conditions usually associated with ATIN have been reported
(26,36,101,234,524–530). In fact, in most reports of ATIN,
where a series of cases from a single institution are presented,
a varying number of cases included have been of unknown
cause (26,45,101,528,529).

The only common feature of these cases has been the pres-
ence of reversible ARF and the finding of edema and a mononu-
clear inflammatory infiltration of the interstitium on kidney
biopsy. Although certain of the laboratory features of a hy-
persensitivity reaction (elevated IgE levels, eosinophilic infil-
trate, and eosinophiluria) are present in some of the cases
(101,524,529), the systemic manifestations of a hypersensitiv-
ity reaction (fever, arthralgia, rash) have been characteristically
absent. Linear deposits of IgG, C3, and anti-TBM antibodies
have been detected on immunofluorescent study of the kid-
ney biopsy in some cases (527,528), granular deposits of C3
and IgG were seen in others (524–526), but no deposits were
present in the rest (36,524)

The clinical presentation of most has been nonspecific, ex-
cept for the acute deterioration of kidney function. The renal
failure has been severe enough in a third of the cases to ne-
cessitate supportive dialytic therapy. The outcome has been fa-
vorable in most cases, with recovery occurring spontaneously
or after the institution of steroid therapy (45,122,525–532).
There have been cases of irreversible kidney failure that have
failed to respond to steroid therapy (525–527). Clinically, the
nonspecific presentation of idiopathic ATIN coupled with its
favorable prognosis and response to steroids, at least in some
cases, mandates that its possibility be considered in the differ-
ential diagnosis of every patient with ARF in whom the cause
of the kidney dysfunction is uncertain.

The number of cases reported is too low to formulate a
common pattern for idiopathic ATIN. Idiopathic ATIN consti-
tutes 15% to 25% of cases of ARF that are sampled for biopsy
(132,133). Systemic diseases, such as chronic active hepatitis
or ulcerative colitis, have been present in an occasional case
(528). Uveitis, on the other hand, has been a feature of several
patients with idiopathic ATIN. This group constitutes a variant
that deserves separate consideration.

Idiopathic Acute Tubulointerstitial
Nephritis with Uveitis

An acute eosinophilic interstitial nephritis that occurred in as-
sociation with an anterior uveitis of unknown cause was first
described in 1975 in two patients who also had bone mar-
row and lymph node granulomas (533). The syndrome of
ATIN with uveitis has since been noted to occur rarely in
other granulomatous conditions (534), and has been identi-
fied in patients with no bone marrow granulomas in most of
the reported cases (535–545). Most of the patients have been
adolescent girls of pubertal age, although the lesion occurs in
adults (534,542,546). Familial occurrence and an association
with certain HLA serotypes have been suggested (547,548),
with a strong association with the HLA-DQ and HLA-DR al-
leles (549). Anorexia, asthenia, nocturnal fever, and weight loss
may be present for several months before the onset of the oc-
ular complaints. A moderate anemia is common and hyper-
globulinemia usually is present (550,551). There also is evi-
dence of tubular dysfunction, such as glucosuria, proteinuria,
aminoaciduria, β2-microglobulinuria, impaired urinary con-
centrating ability, and azotemia (530,546,548–551). Uveitis
may occur as a manifestation of a variety of systemic dis-
eases (552). It is unusual for any of these systemic disorders
to be complicated by ATIN, and its occurrence with uveitis in
those in whom ATIN develops has been termed renal ocular
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syndrome (535) or tubulointerstitial nephritis and uveitis syn-
drome (TINU syndrome) (536).

The cause of this syndrome complex remains undefined
but has been presumed by some to be the result of an au-
toimmune process or reaction of an as yet undetermined viral
infection. It has been described in individual cases of toxoplas-
mosis, giardiasis, chlamydiosis, and Epstein-Barr virus infec-
tion (553,554). No cause has been identified despite extensive
investigation. The demonstration of circulating immune com-
plexes in some cases has led to the suggestion of a role for an
immune-mediated process (536). Mast cells may play a role
in the development of interstitial injury in these cases (555).
Both the ocular and renal changes respond to a brief course of
steroid treatment (535,536) but can recur; spontaneous remis-
sion without steroid treatment also has been reported especially
in children (536,551–556). The uveitis may be asymptomatic
indicating the need for ophthalmologic examination in all cases
of idiopathic ATIN (557). The uveitis can precede the onset
of ATIN (558) or relapse without any renal manifestations,
in which instances it responds to topical steroid treatment. In
children and adolescents, the long-term prognosis is good, with
recovery of kidney function and no documented visual loss. In
adults, the prognosis is less favorable and kidney failure re-
quiring dialysis may develop, particularly if steroid therapy is
withheld (559,560).
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CHAPTER 49 ■ ACUTE RENAL FAILURE
ASSOCIATED WITH PIGMENTURIA OR
CRYSTAL DEPOSITS
BURL R. DON, RUDOLPH A. RODRIGUEZ, AND MICHAEL H. HUMPHREYS

ACUTE RENAL FAILURE
RESULTING FROM HEME

PIGMENTS

Myoglobinuric Acute Renal Failure

The destruction of skeletal muscle and the release of muscle
cell contents, notably myoglobin, into the circulation can cause
an acute deterioration in renal function. The seminal descrip-
tion of the consequences of traumatic muscle injury on kidney
function is attributed to Bywaters and Beall (1), who vividly
documented the brown-black granular casts, the reduction in
urinary output, hyperkalemia, and ultimately death in the vic-
tims of crush injuries at the time of the German blitz of London
during World War II. In addition, Bywaters et al. (2,3) were
the first to establish a definite pathophysiologic relationship
between crush injury, myoglobinuria, and acute tubular necro-
sis. Since that time, it has become evident that muscle damage
from nontraumatic, (4) as well as traumatic, causes can pro-
duce the syndrome of myoglobinuric acute renal failure, thus
establishing rhabdomyolysis as a common cause of acute renal
failure on medical and surgical services of large hospitals.

Causes of Rhabdomyolysis and Myoglobinuria

A variety of conditions and diseases can lead to rhabdomyolysis
and acute renal failure, and the list of causes is constantly being
expanded with new case reports (Table 49-1). Although the list
is lengthy, it can be divided into eight basic categories: (a) direct
muscle injury, (b) drugs and toxins, (c) genetic disorders (de-
creased energy production), (d) infections, (e) excessive muscu-
lar activity, (f) ischemia, (g) electrolyte and endocrine/metabolic
disturbances, and (h) immunologic diseases. The common de-
nominator for all the causes is a disruption of normal skele-
tal muscle cell structure or metabolism that leads to influx of
Ca2+ across the sarcolemmal membrane and impairment of
the normal sequestration of calcium in the sarcoplasmic retic-
ulum. Adenosine triphosphate (ATP) depletion further inter-
feres with Ca2+ sequestration, leading to lethal intracellular
Ca2+ overload. The high intracellular Ca2+ concentration acti-
vates neutral proteases, phospholipases, and other degradative
enzymes that cause myofibril and membrane damage (5). The
subsequent death and lysis of the skeletal muscle cells results
in the release of intracellular contents into the circulation. In
the United States, the three most common causes of rhabdomy-
olysis are drug abuse (with a substantial percentage related to
ethanol use), muscle compression, and seizures (6,7).

Crush injuries (8–12) and prolonged compression of the
limbs (13) can lead to massive rhabdomyolysis and its sequelae,
including acute renal failure. Related to such injuries are hy-

povolemia, hypocalcemia, and shock as sodium chloride, cal-
cium, and water flow from the extracellular compartment into
the damaged muscle cells. In addition, hyperkalemia and hy-
perphosphatemia commonly are seen as a result of the efflux
of these solutes from injured cells. Prolonged compression of
a limb has been shown to increase intramuscular pressures to
a point sufficient to cause muscle and capillary ischemia and
necrosis by local obstruction of the circulation (13).

Drugs and toxins that have been implicated in causing rhab-
domyolysis are legion (14–16). Several mechanisms have been
implicated for drug- and toxin-induced rhabdomyolysis, in-
cluding (a) drug-induced coma leading to compression of a
limb (13); (b) excessive muscular activity [e.g., phencyclidine
(17), LSD, hemlock (18)]; (c) drug-induced hyperthermia (19);
(d) drug-induced vasoconstriction with muscle ischemia [e.g.,
cocaine (20)]; (e) impaired ATP formation (e.g., cyanide, sal-
icylates); (f) induction of potassium or phosphorus depletion
(e.g., diuretics); (g) hypersensitivity reaction resulting in myosi-
tis; and (h) a direct toxic effect on skeletal muscle cell, as has
been attributed to ethanol (21). Although certain drugs such as
heroin (22) or ethanol may have a direct toxic effect on skeletal
muscle cells, a more important factor in causing rhabdomyol-
ysis is the occurrence of coma after their use, which leads to
muscle compression and ischemia. In addition, drug use may
be associated with other conditions that predispose to rhab-
domyolysis. For example, in the alcoholic patient, concomi-
tant hypokalemia (23), hypophosphatemia (24–26), starvation
(27), and ethanol-induced enzyme defects (28) may contribute
to rhabdomyolysis. The presence of multiple etiologic factors
may be a common scenario, as noted in a large clinical series
by Gabow et al. (29) in which more than one factor capable
of injuring muscles was present in 51 of 87 episodes of rhab-
domyolysis.

Various hereditary enzyme deficiencies and defects have
been associated with rhabdomyolysis and myoglobinuria.
In patients with hereditary deficiency of myophosphorylase
(McArdle’s syndrome) (30), phosphofructokinase (31), and
carnitine palmityl transferase (32), physical exercise can induce
rhabdomyolysis. The common denominator of these disorders
is decreased energy production on the part of skeletal muscle
cells due to impaired substrate utilization. In the setting of in-
creased energy demands (exercise), the inability of muscle cells
to generate sufficient ATP leads to cell damage and rhabdomy-
olysis.

The myositis occasionally associated with infectious dis-
eases such as influenza (33) and leptospirosis can lead to dis-
ruption of skeletal muscle cells and thus rhabdomyolysis and
myoglobinuria. In addition, infections like gas gangrene pro-
duce a clostridial toxin that is directly myotoxic (34).

Excessive muscular activity has been increasingly recog-
nized as a common and preventable cause of rhabdomyol-
ysis (35). Strenuous and exhaustive exercise, especially in
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TA B L E 4 9 - 1

CAUSES OF RHABDOMYOLYSIS

Traumatic muscle injury
Crush injuries
Compression/pressure necrosis
Severe burns
Contact sports
Direct muscle trauma
Drugs and toxins (partial list)

Ethanol
Heroin
Barbiturates
Cocaine
Amphetamines
Benzodiazepines
Phencyclidine
HMG-CoA reductase inhibitors (statins)
Fibric acid derivatives (clofibrate, gemfibrozil)
Hemlock
Salicylates
Carbon monoxide
Ethylene glycol
Isopropyl alcohol
Snake and insect venoms
Succinylcholine
Colchicine
Propofol
Para-phenylenediamine
Colchicum autumnale (autumn crocus)
Monensin

Genetic disorders
Phosphorylase deficiency (McArdle’s disease)
Phosphofructokinase deficiency
α-Glucosidase deficiency
Carnitine palmityltransferase deficiency
Amylo-1,6-glucosidase deficiency

Phosphohexoseisomerase deficiency
Infections (partial list)

Influenza
Tetanus
Gas gangrene
Legionnaires’ disease
Shigellosis and salmonellosis
Coxsackievirus
Leptospirosis
Streptococcus
HIV

Excessive muscular activity
Vigorous exercise
Seizures/status epilepticus
Delirium tremens
Status asthmaticus
Psychotic muscle contractions
Tetany
Ischemia
Arterial occlusion
Compression
Electrolyte and endocrine/metabolic

disorders
Hypokalemia
Hypophosphatemia
Hypothyroidism
Diabetic ketoacidosis
Diabetic hyperosmolar nonketotic

coma
Hypothermia and hyperthermia
Immunologic disease
Polymyositis
Dermatomyositis

deconditioned men (so-called “white collar” rhabdomyolysis),
can result in major morbidity from hyperkalemia, metabolic
acidosis, disseminated intravascular coagulation (DIC), acute
respiratory distress syndrome, and rhabdomyolysis (36). Con-
tributing factors to this syndrome include exercising in a hot or
humid environment, volume depletion, fasting, eccentric mus-
cle contractions (running downhill), preexistent muscle injury
(alcoholic myopathy), and male sex (36). Intense muscle con-
tractions deplete energy reserves, thus disrupting normal cellu-
lar transport processes and permitting calcium to accumulate
in the cell, resulting in activation of proteolytic enzymes and
cell death. Based on a number of studies reviewed by Knochel
(36), physical training raises the threshold and induces a degree
of resistance to the development of exertional rhabdomyolysis.
Training may induce this adaptation by increasing blood flow
and oxygen delivery to muscles, increasing muscle glycogen
content (improved fuel storage), and increasing the capacity for
oxidative metabolism (improved fuel utilization). Other con-
ditions associated with excessive muscle contractions and sig-
nificant rhabdomyolysis include seizures, tetanus, and delirium
tremens.

Severe potassium deficiency can lead to rhabdomyolysis,
myoglobinuria, and acute renal failure. During exercise, there
is an increase in blood flow to the contracting muscles that is
mediated by potassium released from the contracting muscle
fibers. In the setting of potassium depletion, the potassium re-
lease from contracting muscle fibers is suboptimal, leading to

blunted vasodilation and thus muscle ischemia (cramps) and
necrosis (23). Hypophosphatemia, especially in the setting of
severe alcoholism, has been associated with muscle cell injury
and rhabdomyolysis (24–26). Other metabolic conditions that
have been reported to cause rhabdomyolysis include hypothy-
roidism (37) and both hyperthermia (19) and hypothermia
(38).

Myoglobin Metabolism

Myoglobin is composed of a folded polypeptide portion
(globin) and a prosthetic group, heme, which contains an atom
of iron. The molecular weight of myoglobin is 17,800 dal-
tons, which is approximately one-fourth that of the other ma-
jor heme pigment, hemoglobin (39). Based on tracer studies,
the half-life of myoglobin in the circulation varies from 1 to
3 hours; after 6 hours, it has completely disappeared (40). Small
quantities of myoglobin (milligram amounts) released during
normal conditions are probably cleared by the reticuloendothe-
lial system (41). Because of its relatively small molecular weight
and size, larger quantities of myoglobin released from muscle in
states of injury or disease are readily filtered at the glomerulus
and thus can be cleared by renal mechanisms.

In the human circulation, myoglobin appears to be bound to
an α2-globulin that has a binding capacity of 23 mg/dL. Because
myoglobin is loosely bound to α2-globulin, at concentrations
below 23 mg/dL, approximately 15% to 50% of the myoglobin
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is in an unbound state and is filtered (fractional clearance rela-
tive to inulin, 0.75) and excreted in the urine. This interesting
kinetic relationship between myoglobin and its binding pro-
tein probably explains why myoglobin is detected in the urine
when plasma levels are less than 23 mg/dL (39). According to
Kagen (42), the effective renal threshold for myoglobin occurs
when the plasma concentration exceeds 0.5 to 1.5 mg/dL.
Based on a distribution volume of myoglobin of 28.5 L and
a muscle myoglobin content of 4 mg/g, Knochel (43) has cal-
culated that injury of approximately 102 g of muscle would be
required to exceed a renal threshold of 1.5 mg/dL. Beyond this
threshold, the factors that determine the urinary concentration
and excretion rate of myoglobin include (a) the plasma con-
centration of myoglobin, (b) the extent of myoglobin binding
in plasma, (c) glomerular filtration rate (GFR), and (d) urine
flow rate.

Myoglobin is visible in plasma or urine to the unaided eye
when the concentration exceeds 100 mg/dL. Because of rela-
tively rapid renal clearance of myoglobin, visible plasma levels
of myoglobin have never been reported. Knochel (43) has esti-
mated that a visible plasma level of myoglobin would require
the destruction of 7.1 kg of muscle in an anephric patient. In
contrast, because myoglobin is cleared rapidly in patients with
normal renal function, visible myoglobinuria is achieved with
far less muscle necrosis. For example, necrosis of only 178 g of
muscle, achieving a plasma myoglobin level of only 2.5 mg/dL,
is sufficient to produce visible myoglobinuria in a patient with
normal renal function excreting concentrated urine (43). How-
ever, reduced renal function or a high urine flow rate decreases
the concentration of myoglobin in urine, diminishing the utility
of a visual inspection of the urine to detect myoglobinuria for a
given amount of muscle necrosis. In these situations, benzidine,
guaiac, or orthotoluidine (dipstick) tests detect levels as low as
0.5 mg/100 mL. These tests, however, do not distinguish be-
tween myoglobin and hemoglobin. This can be accomplished
either by immunodiffusion or spectrophotometry (39).

Although the presence of myoglobinemia or myoglobinuria
is indicative of skeletal or cardiac muscle injury, it may not be
the most sensitive method to detect rhabdomyolysis. Given that
myoglobin has a relatively rapid renal clearance (1 to 6 hours),
a patient with rhabdomyolysis may have a normal plasma level
by the time he or she is hospitalized. In the series by Gabow
et al. (29), 26% of the patients with documented rhabdomy-
olysis had a negative orthotoluidine reaction for myoglobin in
the urine. In contrast, creatine kinase, an intracellular mus-
cle enzyme, appears to be a more sensitive plasma marker for
rhabdomyolysis because of its slower clearance (serum half-life,
1.5 days) (44). Thus, at initial clinical evaluation, patients with
rhabdomyolysis have increased serum creatine kinase levels,
whereas urine myoglobin levels may or may not be detected.

Pathophysiology of Myoglobinuric and
Hemoglobinuric Acute Renal Failure

The exact pathophysiology of pigment-induced acute renal fail-
ure is unclear and probably is multifactorial. Given the bio-
chemical similarity between myoglobin and hemoglobin, most
investigators suspect that both myoglobinuric and hemoglobin-
uric acute renal failure share a common pathogenesis. In
fact, the major animal model used to study pigment-induced
oliguric acute renal failure is produced by subcutaneous or
intramuscular injections of glycerol, and results in both in-
travascular hemolysis (hemoglobinuria) and rhabdomyolysis
(myoglobinuria). Thus, the pathogeneses of myoglobinuric and
hemoglobinuric acute renal failure are considered together in
this discussion.

The proposed mechanisms by which myoglobinuria or he-
moglobinuria causes acute renal failure include (a) hypo-
volemia and renal ischemia, (b) direct tubular toxicity of myo-

FIGURE 49-1. Pathophysiologic process of myoglobinuric and
hemoglobinuric acute renal failure. (Reprinted from: Zager RA. Rhab-
domyolysis and myohemoglobinuric acute renal failure. Kidney Int
1996;49:317, with permission.)

globin/hemoglobin, (c) tubular obstruction from heme pigment
casts or uric acid crystals, and (d) glomerular fibrin deposition.
As in many clinical syndromes, it is probably the interplay of
these proposed mechanisms that results in acute renal failure,
rather any one single factor; these interactions are schematized
in Figure 49-1.

Hypovolemia and Renal Ischemia

During the initial phase of glycerol-induced acute renal fail-
ure, there is a marked reduction in cardiac output (36%) and
renal blood flow (20%) and an increase in renal vascular re-
sistance (45). Subcutaneous or intramuscular (but not intra-
venous) glycerol not only produces muscle injury but causes
sequestration of fluid into the injection site (46). Thus, the
hemodynamic changes are due, in part, to the migration of
plasma water into the site of injury, with consequent severe
intravascular volume contraction that occurs in this model of
myohemoglobinuric acute renal failure. Comparable events oc-
cur in the clinical setting inasmuch as muscle injury that occurs
in the crush syndrome causes a shift of fluid from the vascu-
lar space into the injured muscle, leading to intravascular vol-
ume depletion (12). Moreover, the conditions that predispose a
person to rhabdomyolysis, such as drug-induced coma with ac-
companying poor oral intake or excessive insensible fluid losses
from exhaustive exercise, contribute to intravascular volume
depletion and compromise of renal function.

In the initial phases of glycerol-induced acute renal failure,
the reduction in renal blood flow is associated with a redistri-
bution of regional blood flow from the outer to the inner cortex
(47) and vasoconstriction of the afferent and efferent arteriole.
As reviewed by Honda (48), the proposed mediators of this
initial renal vasoconstriction include (a) increased sympathetic
nerve activity, (b) augmented activity of the renin–angiotensin
system, (c) reduced nitric oxide production, (d) suppressed re-
nal prostaglandin production, (e) increased plasma vasopressin
concentration, and (f) glomerular microthrombi and reduced
nitric oxide activity. The reduction in nitric oxide may be due to
the fact that heme proteins can scavenge this important endoge-
nous vasodilator. Marlee et al. (49) have shown that nitric oxide
synthase inhibition worsens and nitric oxide supplementation
protects against glycerol-induced acute renal failure, lending
support to the importance of nitric oxide in the pathogenesis
of myoglobin-induced acute renal failure. The exact media-
tors have not been established and the renal vasoconstriction
may be due to the interplay among a number of vasoconstrict-
ing/vasodilating systems.
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The critical role that intravascular volume depletion plays
in the pathogenesis of myohemoglobinuric acute renal failure
is demonstrated by studies in which volume status is manipu-
lated in the glycerol-treated rat. In initial studies, Oken et al.
(50,51) noted that renal damage was ameliorated if the rats
ingested adequate quantities of water before the administra-
tion of glycerol. Similarly, Hsu et al. (45,52) found that the
reduction in renal blood flow and function in response to the
administration of glycerol was attenuated in rats chronically
drinking saline compared with rats drinking water. The study
by Reineck et al. (53) provided a better understanding of the
important temporal relationship between volume expansion
and improvement of renal function in the glycerol-treated rat.
Like other investigators, they noted that there was a significant
reduction in renal blood flow and GFR after the administration
of glycerol. These variables could be restored to normal levels
by volume expansion with Ringer’s solution at 3 and 6 hours
after administration of glycerol. They concluded that the ini-
tial decrease in GFR and low fractional excretion of sodium in
this model of myohemoglobinuric acute renal failure was due
to a decrease in renal blood flow (renal hypoperfusion). Vol-
ume expansion, however, was not successful in restoring GFR
when given 18 hours after the administration of glycerol, sug-
gesting that other events (e.g., tubular necrosis) had occurred
that were not amenable to volume therapy. These studies in
the rat support the clinical observation that, initially, patients
with myoglobinuric acute renal failure have features of prere-
nal azotemia, including a low urinary fractional excretion of
sodium (54). In addition, they provide the rationale for early
use of volume expansion in patients with significant rhabdomy-
olysis and hemoglobinuria.

As noted above, renal ischemia as well as oxygen metabo-
lites play an important role in the renal injury during myo-
globinuric acute renal failure. Recent studies in experimental
animal models of myoglobinuric-induced acute renal failure
have shown that antioxidant bioflavonoids, such as polyphe-
nols found in red wine, attenuate the severity of the renal dam-
age (55–57). Rodrio et al. noted that red wine reduces both
biochemical and morphologic renal damage caused by rhab-
domyolysis in rats given Chilean red wine. This attenuation
of renal damage is less impressive when the animals were
treated with alcohol-free red wine suggesting a synergy between
ethanol and nonalcoholic components of red wine in reducing
renal damage (56).

Myoglobin and Hemoglobin Nephrotoxicity. Bywaters and
co-workers expanded on their original description of the clini-
cal syndrome of rhabdomyolysis-induced acute renal failure (1)
to examine the role of myoglobin as a direct nephrotoxin. In a
study published in 1942 (2), they noted that rabbits ingesting
an acid diet with a urine pH below 6.0 had acute renal failure
after infusion of human myoglobin, whereas rabbits ingesting a
normal diet were spared from renal injury. Other investigators
(58–61) have confirmed this observation that intravenous infu-
sions of myoglobin are relatively benign, but can become highly
nephrotoxic in the setting of acidemia/aciduria and volume de-
pletion. Vetterlein et al. (62) demonstrated that infusions of
myoglobin had no effect on renal blood flow in normal rats,
but worsened renal blood flow in hypotensive animals. Thus, it
appears that heme proteins can intensify the degree of vasocon-
striction in the setting of hypovolemia. This may explain the
clinical observation that the presence merely of myoglobinuria
or a markedly elevated creatine kinase at the time of hospital
admission had little predictive value in determining who expe-
riences acute renal failure (29), suggesting that other conditions
(i.e., volume depletion, acidemia) are required for renal injury
to occur.

To address the question of why heme pigments are nephro-
toxic only in certain metabolic conditions, Braun et al. (46)

performed a detailed study investigating the effect of break-
down products of heme pigments on renal tubular transport.
First, they noted that, 4 hours after subcutaneous glycerol ad-
ministrations to rats, there was both swelling and pallor of
the proximal tubule and depression of normal tubular uptake
of hippurate and tetraethylammonium. Then, the investigators
measured the uptake of hippurate in renal cortical slices in-
cubated with various specific heme proteins or their deriva-
tives. Incubation with hemoglobin did not depress uptake if
the pH of the medium was kept at 7.4. However, uptake was
depressed when the pH was lowered to 5.4 or during hypoxic
conditions. In an acidic medium (pH <5.6), both myoglobin
and hemoglobin dissociate into ferrihemate (hematin; molec-
ular weight, 670 daltons) and their respective globin moieties
(63). Incubation with ferrihemate, regardless of the pH of the
medium, depressed the uptake of hippurate in the renal cortical
slices, whereas incubation with either globin or albumin alone
had no significant effect on transport. The inhibitory action of
ferrihemate on hippurate transport could be mitigated if the in-
cubation medium also contained albumin, which presumably
bound the ferrihemate. Intravenous injection of ferrihemate has
been shown to cause glomerular and tubular damage in the dog
(64). Therefore, it has been proposed that after filtration by the
glomerulus, myoglobin or hemoglobin is converted to ferrihe-
mate in the presence of an acid tubular fluid, or after exposure
to the acid pH of cellular lysosomes, and it is this metabolite
that is directly nephrotoxic.

These early studies implicated the heme moiety as the
nephrotoxic factor in myoglobinuric and hemoglobinuric acute
renal failure. More recent studies have suggested that the iron
component of heme may be the specific culprit in causing renal
injury. Iron can promote hydroxyl free radical formation by
the Fenton/Haber/Weiss reactions (65), leading to lipid peroxi-
dation and cell necrosis. Both myoglobin (66) and hemoglobin
(67) can act as Fenton reagents. Shah and Walker (68) and
Paller (69) have proposed that the iron in these heme pigments
could cause renal injury in vivo through the damaging effects
of free radicals. Administration of hydroxyl free radical scav-
engers such as dimethylthiourea and sodium benzoate attenu-
ated the renal injury in glycerol-treated rats (68). In addition,
both laboratories demonstrated that the iron chelator, defer-
oxamine, ameliorated both myoglobinuric and hemoglobin-
uric acute renal failure and lipid peroxidation. Zager (70) has
also shown that deferoxamine attenuates renal damage in the
glycerol-induced model of acute renal failure, but concluded
that iron toxicity is mediated by factors other than free radical
generation. For example, it has been suggested that heme pro-
tein endocytosis in the proximal tubule sensitizes the tubular
cell membranes to the damaging effects of phospholipase A2
(71). In addition, heme proteins appear to deplete cellular ATP
stores and thus have an adverse effect on cellular energetics (5).
A more recent study suggest that the iron toxicity may be due
to a redox cycling of the heme moiety from ferrous to ferric
and to ferryl oxidation states (72).

The kidney may have its own system to contend with ex-
posure to iron-containing heme pigments. Normally, iron is re-
leased from heme by the rate-limiting enzyme heme oxygenase,
which acts by opening up the heme ring, generating iron and
biliverdin. In turn, the liberated iron molecule can be taken up
by ferritin, the major cellular repository for iron. Nath et al. (7)
have demonstrated that the renal production of both heme ox-
idase and ferritin is increased in the glycerol-induced model of
myohemoglobinuric acute renal failure. The increase in heme
oxygenase and ferritin production is proposed to be an adap-
tive response on the part of the kidney on exposure to heme
pigments and is a mechanism by which the kidney normally de-
grades heme and sequesters the potentially nephrotoxic iron.
They noted that prior stimulation of the activity of heme oxy-
genase coupled with increased ferritin synthesis attenuated
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renal damage, whereas inhibition of the enzyme worsened renal
function. This increased activity of heme oxygenase or possi-
bly a broad-based proximal tubular cytoresistance (73) in the
kidney may explain the experimental observation that, after
induction of myohemoglobinuric acute renal failure, rechal-
lenging the animals with a second dose of glycerol does not
result in acute renal failure (74). One speculation is that in the
setting of clinical myoglobin-induced acute renal failure, there
may be factors contributing to inhibition of heme oxygenase
and ferritin synthesis or a diminution in proximal tubular resis-
tance, resulting in both accumulation of nephrotoxic iron and
tubular necrosis.

Tubular Obstruction. Filling of the tubular lumen by pig-
mented casts that become inspissated and obstruct urinary flow
with subsequent injury to tubular epithelium is one of the ear-
liest mechanisms proposed to explain the nephrotoxicity of
the heme pigments (75). In their original clinical description
of rhabdomyolysis-induced acute renal failure, Bywaters and
Beall (1) described the prominent histologic features, includ-
ing the appearance of tubular obstruction by cellular debris
and pigmented casts. It has been suggested that hypovolemia
and acidemia and the concomitant acidic concentrated urine
facilitate precipitation of filtered myoglobin or hemoglobin,
leading to obstructive cast formation (76). The presence of
Tamm-Horsfall protein in the tubular lumen is critical for heme
protein cast formation in the distal nephron. Moreover, an ob-
structing cast induces urinary stasis, providing for an extended
time for proximal tubular heme reabsorption and its attendant
tubular toxicity, as noted previously (77). In addition, it has
been speculated (43) that the increased urinary uric acid con-
centration observed in rhabdomyolysis (especially that caused
by exertion) may result in uric acid precipitation in the tubules.

Tubular obstruction can decrease GFR either by increas-
ing the tubular pressure and thus decreasing the glomerular
transcapillary hydraulic pressure, or by inducing the release of
factors (e.g., thromboxane) that cause renal vasoconstriction,
thereby reducing glomerular blood flow. The importance of
tubular obstruction as a possible mechanism of heme pigment–
induced acute renal failure is suggested by the studies of Zager
and colleagues (70,78) that explored the reasons why mannitol
exerts a protective effect against this syndrome. They evaluated
three hypotheses: (a) mannitol attenuates renal hypoperfusion,
(b) mannitol scavenges hydroxyl free radicals, and (c) manni-
tol prevents intrarenal heme trapping and cast formation. The
major beneficial effect of mannitol was attributed to its diuretic
effect, which presumably decreased cast formation and proxi-
mal tubular uptake of heme proteins. Similarly, alkalinization
of the urine may mitigate against myoglobinuric acute renal
failure by increasing the solubility of myoglobin (reduced cast
formation) and inducing a solute diuresis (76).

Although there is evidence that tubular obstruction may
be a factor in the pathogenesis of the acute renal failure, it
probably is not the primary cause of the initial decrease in
GFR in myohemoglobinuric acute renal failure. Rather than
high intratubular pressures from obstructing casts, intratubular
pressures were found to be low in the glycerol-induced model
of acute renal failure (50). This observation was interpreted to
indicate that the presence of casts is the result, rather than the
cause, of the decrease in GFR and urine flow. Instead of causing
the initial decrease in renal function, cast formation may play
a role in the maintenance of the renal failure once it develops
(79).

Glomerular Fibrin Deposition. Because of the liberation of tis-
sue factors, both rhabdomyolysis and intravascular hemolysis
can initiate DIC (43). Fibrin strands have been demonstrated
in glomeruli from patients (80) and experimental animals (81)
with rhabdomyolysis-induced acute renal failure. Intravenous

infusion of a muscle extract in rabbits resulted in DIC, renal
dysfunction, and glomerular microthrombi, whereas an intra-
venous infusion of pure myoglobin had no untoward effect
(82). This led to the conclusion that myoglobin, per se, is not
the cause of the renal damage in the crush syndrome, but rather
it is the release of other muscle constituents that induces DIC
and the subsequent deposition of glomerular microthrombi
that is responsible for rhabdomyolysis-induced acute renal
failure.

Clinical and Laboratory Features of Rhabdomyolysis
and Acute Renal Failure

The diagnosis of myoglobinuria can be suspected from history
and physical examination but must be confirmed by laboratory
testing. The diagnosis should be entertained in any patient with
obvious muscle damage from trauma or ischemia in whom the
involved region, usually an extremity, shows reddened overly-
ing skin with local swelling and induration. In patients with
rhabdomyolysis resulting from a drug overdose, these find-
ings also are common. Less obvious is muscle involvement in
cases of diffuse rhabdomyolysis, as from exertion, hypophos-
phatemia, or viral infections. In such patients, mild, diffuse
muscle tenderness, or no tenderness at all, may mask the rhab-
domyolysis and lead the examiner to dismiss the symptoms as
resulting from viral myalgias (4). In one series (29), 50% of
patients with rhabdomyolysis did not admit to the presence of
muscle pain and only 5% had obvious muscle swelling on ad-
mission, thus emphasizing the importance of continued clinical
inquiry, observation, and laboratory follow-up.

Risk Factors for Acute Renal Failure. The frequency of acute
renal failure in the setting of rhabdomyolysis is unknown, and
reports of frequency have ranged from 5% (4,83) to 33% (29).
Gabow and colleagues (29) emphasized that no single labora-
tory value could predict which patients are at high risk for
the development of acute renal failure. However, using dis-
criminant analysis, patients could be separated into high- and
low-risk groups, with the high-risk group (elevated serum
potassium and creatinine and reduced serum albumin concen-
trations) having a 41% prevalence of acute renal failure.

Based on a large historical cohort (157 patients), Ward (84)
identified clinical and laboratory differences between those pa-
tients in whom renal failure did or did not develop, and fac-
tors predictive of progression to renal failure. As shown in
Table 49-2, patients with rhabdomyolysis and renal failure
were older, had a higher incidence of hypertension, and were
more hypotensive and dehydrated. A significantly greater pro-
portion of them had a creatine kinase level greater than
16,000 IU/L, although as noted in the study, elevations to this
degree were seen in 10.7% of patients in whom renal failure
did not develop (Table 49-3). The renal failure group also had
significantly higher serum potassium and phosphorus levels
and lower serum calcium and albumin concentrations, and was
more acidemic with a concomitant lower urinary pH. Sepsis,
burns, and drug ingestion were the causes of rhabdomyolysis
more closely associated with the development of renal failure.
Using multiple logistic regression analysis, a scoring system was
developed predicting the risk of renal failure in patients with
rhabdomyolysis based on the variables of serum phosphorus,
potassium, albumin, and creatine kinase concentrations, and
the presence of dehydration and sepsis. A point score of 7 or
greater predicted a greater than 50% likelihood for develop-
ment of renal failure. In a more recent multivariate analysis of
72 consecutive patients with rhabdomyolysis due to illicit drug
use, patients with a creatine kinase greater than 25,000 U/L,
hypotension, and leukocytosis were at a greater risk of devel-
oping acute renal failure, whereas hyperthermia (temperature
>38.5◦C) was associated with a reduced risk (85).
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TA B L E 4 9 - 2

UNIVARIATE ANALYSIS OF CLINICAL VARIABLES IN PATIENTS WITH
RHABDOMYOLYSIS DEVELOPING AND NOT DEVELOPING RENAL FAILURE

Group

Renal failure Nonrenal failure
Variables (N = 26) (N = 131) pa

Age, yr (SD) 53.7 ± 20.6 41.4 ± 18.1 0.002
Male (%) 69.2 61.1 0.418
Hypertension (%) 46.2 22.9 0.026
Diabetes mellitus (%) 11.5 7.6 0.562
Previous renal disease (%) 19.2 3.8 0.051
Dehydration (%) 38.5 4.6 0.001
Hypotension (%) 34.6 14.5 0.040
Nephrotoxin exposure (%) 19.2 39.7 0.020
Diuretic use (%) 30.8 16.8 0.147
Nonsteroid drug use (%) 19.2 6.1 0.101
IV hydration (%)b 80.7 54.2 0.289
Osmotic treatment (%) 26.9 22.9 0.674
Bicarbonate treatment (%) 50.0 12.2 0.001

ap value for difference in means or proportions between renal failure and nonrenal failure groups.
b>150 mL/hr averaged over the first 24 hr after admission. IV indicates intravenous.

Urinalysis. Examination of the urine provides the first labo-
ratory clue to the presence of myoglobinuria. Classically, the
initial urine is dark (Table 49-4) and usually with an acid pH;
the benzidine or orthotoluidine reagent gives a positive reac-
tion for blood, (3+ to 4+), but microscopic examination of
the urinary sediment fails to reveal any red blood cells (RBCs)
or, at best, only a few (less than five per high-power field),
indicating the presence of a heme pigment not contained in
RBCs. This could result from hemoglobin released from RBCs
lysed in the urine, but more likely reflects myoglobin excreted
by glomerular filtration. Specific tests for urine myoglobin de-
termination are available in some clinical laboratories but, as
noted earlier, urine myoglobin levels are not the most sensitive
clinical markers for rhabdomyolysis. Although the strongest
clinical clue for myoglobinuria is the presence of a strongly
heme-positive urine and the absence of RBCs, in one major se-
ries (29), hematuria was present in 32%, and the dipstick was
heme negative in 18% of the patients with rhabdomyolysis.
In addition, proteinuria was detected by dipstick in 45% of

patients (29), which may be attributed to altered glomerular
permeability or tubular transport of small proteins (86). The
urinary sediment demonstrates brown “debris” and, with the
evolution of renal injury, pigmented brown granular casts and
renal tubular epithelial cells are seen with great frequency.

Serum Potassium Concentration. The most life-threatening
consequence of rhabdomyolysis is the release of large amounts
of intracellular potassium into the circulation. Because more
than 98% of total body potassium resides in cells, and skele-
tal muscle represents 60% to 70% of the total cellular mass,
breakdown of even a small area of skeletal muscle releases a
considerable potassium load. The presence of acidosis may shift
more potassium extracellularly and worsen the hyperkalemia.
As noted in the section on Risk Factors for Acute Renal Failure,
above, admission serum potassium levels tend to be higher in
the patients who go on to experience acute renal failure (84).
Approximately half of an acute potassium load is handled by
renal excretion (87,88); therefore, in acute renal failure, serious

TA B L E 4 9 - 3

UNIVARIATE ANALYSIS OF LABORATORY VARIABLES IN PATIENTS WITH
RHABDOMYOLYSIS DEVELOPING AND NOT DEVELOPING RENAL FAILURE

Group

Renal failure Nonrenal failure
Variables (N = 20) (N = 131) p

Peak creatine kinase >16,000 U/L, % 57.7 10.7 <0.001
Serum bicarbonate (mmol/L) 21.4 ± 7.2 23.7 ± 4.0 0.1306
Serum potassium (mmol/L) 4.73 ± 1.2 3.92 ± 0.6 0.0018
Serum phosphorus (mmol/L) 1.85 ± 1.08 0.06 ± 0.35 0.0006
Serum calcium (mmol/L) 2.02 ± 0.4 2.14 ± 0.2 0.1452
Serum albumin (g/L) 30.8 ± 10.0 35.9 ± 8.0 0.0107
Arterial pH 7.33 ± 0.10 7.38 ± 0.11 0.0495
Urinary pH 5.19 ± 0.06 5.75 ± 1.0 0.0009

All values are mean SD except peak creatine kinase.
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TA B L E 4 9 - 4

DIFFERENTIAL DIAGNOSIS OF PIGMENTURIA

Factors Myoglobinuria Hemoglobinuria Porphyria

Urine color Brown Reddish-brown Dark red
Serum color Clear Pink Clear
Orthotoluidine reaction Positive Positive Negative
Watson-Schwartz porphobilinogen Negative Negative Positive
Muscle pain/tenderness Present Absent Absent
Serum creatine kinase level Elevated Normal Normal
Serum haptoglobin Normal Decreased Normal

(Reprinted from: Schultze VE. Rhabdomyolysis as a cause of acute renal failure. Postgrad Med
1982;72:145, with permission.)

hyperkalemia can result and is usually the major indication for
dialysis.

Creatine Kinase. The relatively slower clearance of creatine ki-
nase compared with myoglobin makes this enzyme level a more
sensitive marker of muscle injury (44). Although no correlation
has been established between the absolute level of the creatine
kinase and the risk for development of acute renal failure, cre-
atine kinase levels are significantly higher in the patients in
whom renal failure develops (89). It has been stated anecdo-
tally that it is unusual to see acute renal failure develop in
patients with serum creatine kinase levels less than 3,000 IU/L
(90,91). Following serial serum creatine kinase levels is crucial
to monitoring patients with rhabdomyolysis, inasmuch as the
concentration of creatine kinase may continue to increase af-
ter admission to the hospital, reflecting ongoing or worsening
muscle necrosis. Increasing or decreasing creatine kinase con-
centrations provide some insight into whether the rhabdomy-
olysis is worsening or resolving, and following these levels is
essential to observe for the “second wave” phenomenon (see
later).

Acid–Base Balance. The conditions that cause rhabdomyolysis
involve tissue trauma or ischemia and predispose the patient
to an augmented acid load. In the study by Ward (84), the
patients with rhabdomyolysis who progressed to renal failure
tended to be significantly more acidemic. An elevated serum
anion gap is usual in patients with rhabdomyolysis and is due to
impaired renal excretion of intracellular organic acids released
from damaged muscles (92), as well as retention of inorganic
anions such as phosphate.

Uric Acid. Hyperuricemia is expected in patients with rhab-
domyolysis, especially when the muscle injury is due to strenu-
ous exercise or exertion. The increase in uric acid levels is due
to the release of intracellular purines from damaged muscle
cells, which are converted to uric acid in the liver (43).

Blood Urea Nitrogen: Creatinine Ratio. The rate of rise of
serum creatinine relative to the rise in blood urea nitrogen
(BUN) is often disproportionately greater in rhabdomyolysis-
induced acute renal failure compared with other causes of acute
renal failure. This phenomenon has been attributed to the re-
lease of large quantities of creatine from damaged muscles and
the subsequent conversion of the creatine to creatinine, result-
ing in a more rapid increase in the serum creatinine concen-
tration (4,48). Based on creatine:creatinine kinetics and their
respective concentrations in skeletal muscle, Oh (93) has chal-
lenged this conventional view. He has pointed out that the pa-

tient population in which rhabdomyolysis develops tends to
have a larger percentage of younger men with a greater mus-
cle mass, whereas other forms of acute renal failure are more
often associated with older and more cachectic patients who
have less muscle mass and thus reduced creatinine production
rates.

Calcium–Phosphorus Metabolism. The perturbations of cal-
cium and phosphorus metabolism usually seen in most types of
acute renal failure appear to be exaggerated in rhabdomyolysis-
induced acute renal failure (94). Muscle damage leads to break-
down of intracellular phosphate compounds and release of
large quantities of inorganic phosphorus into the circulation,
resulting in hyperphosphatemia. This abnormality is accentu-
ated when acute renal failure develops owing to impaired uri-
nary excretion. Hypocalcemia also occurs early in the course
of myoglobin-induced acute renal failure (29); its pathogen-
esis has been attributed to a number of mechanisms. Early
observations by Meroney et al. (95) suggested that the hypocal-
cemia may be due to the deposition of calcium salts in the dam-
aged muscles. Using electron radiography and technetium-99m
diphosphonate scans, Akmal et al. (96) provided evidence of
deposits of calcium in the damaged muscles of patients during
the oliguric phase of myoglobinuric acute renal failure. When
renal function improved, the calcium deposits disappeared.
They concluded that, initially, the damaged muscles serve as a
nidus for calcium deposition (dystrophic calcification), which
is accentuated by the concomitant hyperphosphatemia and el-
evated calcium–phosphorus product. Subsequently, during the
recovery phase of acute renal failure as GFR increases, the con-
centration of phosphorus and resultant calcium–phosphorus
product decrease. This permits the release of the sequestered
calcium deposits back into the circulation, leading to an in-
creased serum calcium concentration, sometimes to the point
of hypercalcemia.

More recently, it has been suggested that the hypocalcemia
may be due to abnormalities of vitamin D and parathyroid
hormone metabolism. Very low levels of 1,25-dihydroxycho-
lecalciferol (1,25[OH]2D3) and high levels of parathyroid hor-
mone have been noted during the oliguric phase of myoglobin-
uric acute renal failure (97,98). This may be due, in part, to
the hyperphosphatemia associated with rhabdomyolysis, inas-
much as hyperphosphatemia has been demonstrated to re-
duce the renal synthesis of 1,25(OH)2D3 and stimulate the
production of parathyroid hormone (99). Thus, the hypocal-
cemia of myoglobin-induced acute renal failure may be due
both to a deficiency of 1,25(OH)2D3 and to concomitant
skeletal resistance to parathyroid hormone (97). Regardless of
the mechanism, in the absence of frank tetany, hypocalcemia
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usually does not require treatment. In fact, correction of the
hypocalcemia with vigorous intravenous calcium replacement
may increase both dystrophic (calcium deposition in the dam-
aged muscle) and metastatic calcification.

Approximately 20% to 30% of patients with myoglobin-
uric acute renal failure experience transient hypercalcemia dur-
ing the recovery (diuretic) phase of their acute tubular necrosis
(4,83). Early studies (4,83,96) suggested that the hypercalcemia
was due to an augmentation of the normal remobilization of
the calcium deposits in the injured muscle that occurs during
the recovery phase of acute renal failure. Alternatively, it has
been proposed that as renal function improves, the combina-
tion of a decreasing serum phosphorus concentration and the
ambient secondary hyperparathyroidism stimulates the synthe-
sis of 1,25(OH)2D3, resulting in an “overshoot” hypercalcemia
(97,100,101). This augmented 1,25(OH)2D3 production may
be due, in part, to release of vitamin D from damaged muscle
tissue (102).

Urinary Sodium Excretion. Impaired renal tubular reabsorp-
tion of sodium is typically seen in most types of oliguric acute
renal failure as manifested by a high fractional excretion of
sodium. However, in both myoglobinuric and hemoglobinuric
acute renal failure, a low fractional excretion of sodium (<1%)
has been observed (54). As noted earlier in this chapter, hypo-
volemia and renal ischemia are important factors in the devel-
opment of renal failure in heme pigment–induced acute renal
failure, and thus the increased sodium avidity may be due to re-
nal hypoperfusion. In addition to this mechanism, it is known
that tubular obstruction and urinary tract obstruction are as-
sociated transiently with a low fractional excretion of sodium;
therefore, this also may be a factor contributing to the aug-
mented sodium reabsorption (103,104). A low fractional ex-
cretion of sodium is not seen in all cases of myoglobinuric and
hemoglobinuric acute renal failure, however, and the presence
of a low fractional excretion of sodium does not indicate less
severe renal injury.

Disseminated Intravascular Coagulation. Disseminated in-
travascular coagulation is commonly present in patients with
rhabdomyolysis and may be due to the release of intracellular
thromboplastins that activate the clotting cascade (43). More-
over, DIC may be an important factor in the pathogenesis of
the acute renal failure (see section on Glomerular Fibrin Depo-
sition, above).

Differential Diagnosis

Myoglobin-induced acute renal failure should be suspected in
patients subjected to trauma presenting with the classic triad
of heme-positive urine, an elevated serum creatine kinase level,
and dark (pigmented) urine containing dirty-brown granular
casts. More subtle cases, usually associated with diffuse, non-
traumatic rhabdomyolysis, may be more difficult to detect. The
differential diagnosis of pigmenturia is limited (Table 49-4). Al-
though certain drugs may impart an orange, red, or brown hue
to the urine, they do not react with the benzidine or orthotolu-
idine reagent on the urine dipstick. Among such agents are ri-
fampin, phenazopyridine (Pyridium), nitrofurantoin, and some
sulfa compounds. Porphyrins also color the urine brown but do
not react to give a positive test for occult blood. The most dif-
ficult challenge is to discriminate myoglobin from hemoglobin
in the urine. Because these are heme compounds, they both re-
act with the benzidine or orthotoluidine reagent and both are
associated with the absence of RBCs in the urine sediment. One
helpful clue may be the color of the serum in these two con-
ditions. Because myoglobin is relatively rapidly cleared by the
kidney, serum levels of myoglobin are not sufficiently elevated
to alter the color of the serum in patients with rhabdomyolysis.

In contrast, because of its much larger size and its avid bind-
ing to haptoglobin, hemoglobin is not as rapidly cleared by the
kidney, and serum levels may be high enough to result in a pink
discoloration of the serum in patients with hemoglobinuria.

Clinical Course and Complications of Myoglobinuric
Acute Renal Failure

Myoglobinuric acute renal failure can run a course ranging
from mild renal dysfunction with only transient oliguria and
quick recovery to a much more catastrophic disease requiring
frequent dialysis for periods of 2 or 3 weeks. Typically, the du-
ration of oliguria is 7 to 10 days; during this interval, patients
may excrete virtually no urine for up to 3 days at a time. Re-
sumption of more normal urine formation heralds the recovery
of renal function as patients enter the diuretic phase, with sub-
sequent clearing of azotemia and a cessation of the requirement
for hemodialysis.

In addition to muscle injury and acute renal failure, pa-
tients with rhabdomyolysis may have peripheral neuropathies.
These can result from compartment syndromes in which in-
volved muscle becomes edematous in confined tissue spaces
with compromise of blood supply to both muscle and nerves
in the area (96). Measurement of tissue pressure has been ad-
vocated as a tool in identifying those areas of damaged mus-
cle at risk; surgical fasciotomy may be required to avoid this
complication (13). The swelling of the muscles can lead to an
impairment in the blood supply of the muscles, resulting in a
recurrence or “second wave” of muscle necrosis as reflected by
a second rise in the serum creatine kinase concentration (43).
Neuropathy also can result from traction if rhabdomyolysis is
caused by prolonged coma, as from drug overdose (13).

Prevention and Treatment of Myoglobinuric Acute
Renal Failure

In addition to their landmark description of the medical con-
sequences of the “crush syndrome” and implication of myo-
globin as a nephrotoxin, Bywaters and colleagues in 1941 (1)
were one of earliest groups to recognize the benefits of brisk
alkaline fluid resuscitation in victims of crush injuries to miti-
gate the development of acute renal failure. They demonstrated
that prompt and early oral and intravenous administration of
fluids containing sodium salts of bicarbonate, lactate, and cit-
rate dramatically reduced mortality rates and the development
of renal injury in victims of the blitz of London (6). The ratio-
nale for this therapy was based on their notion that both an
augmentation of urinary flow and an increase in the urine pH
would facilitate the clearance and minimize the nephrotoxicity
of myoglobin. As is discussed later, the current recommended
therapy to prevent acute renal failure in the setting of rhab-
domyolysis has not changed appreciably since Bywaters and
colleagues’ original recommendations.

Understanding the possible mechanisms by which rhab-
domyolysis causes acute renal failure can provide the basis for
the various therapies that have been advocated for this dis-
order. Because hypovolemia and renal ischemia are important
factors in the pathogenesis of myoglobinuric acute renal fail-
ure, it has long been recognized that early and vigorous intra-
venous fluid therapy is important in attenuating renal injury.
Based on the notion that myoglobin is more nephrotoxic at an
acid pH (increased formation of ferrihemate; see earlier), most
groups advocate the addition of sodium bicarbonate to the in-
travenous fluids for alkalinization of the urine (8–11,91). By
correcting cellular acidosis, bicarbonate therapy may reduce re-
nal tubular epithelial swelling and attenuate renal tubular and
vascular collapse (105). Further, this therapy may ameliorate
the hyperkalemia commonly seen in rhabdomyolysis. There is
a theoretical concern that inducing a metabolic alkalosis with
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such treatment may enhance metastatic calcification, but the
salutary benefit of bicarbonate therapy probably outweighs any
untoward effect (9).

Mannitol has long been recognized to be an effective agent
in the prophylaxis against the development of experimental and
clinical acute renal failure, and has been used in combination
with fluid/alkaline therapy to prevent renal injury in patients
with rhabdomyolysis. Potential beneficial effects of mannitol
include (a) a decrease in blood viscosity and oncotic pressure
across the glomerulus, causing an increase in GFR; (b) dilata-
tion of glomerular capillaries and stimulation of prostaglandin
release; (c) increase in urine flow and prevention of obstructing
cast formation; (d) reduction in renal tubular epithelial swelling
and injury; and (e) scavenging of oxygen free radicals (8). In
addition, mannitol may have extrarenal benefits, including (a)
extracellular volume expansion, (b) increased cardiac contrac-
tility, (c) increased release of atrial natriuretic factor, and (d)
reduction in skeletal muscle cell edema and decompression of
muscle tamponade (8,106).

Furosemide, a loop-acting diuretic, has the theoretic advan-
tage of inhibiting sodium transport in the thick ascending limb
of Henle’s loop. Oxygen consumption is dictated primarily by
the rate of sodium transport, and a precarious balance exists in
this segment between the rate of oxygen delivery and its con-
sumption (107). By inhibiting sodium transport, furosemide
may reduce oxygen consumption in the face of limited deliv-
ery and thereby preserve cell viability. In addition, the aug-
mented urinary flow induced by the diuretic may reduce the
risk of tubular obstruction. Loop diuretics, however, have the
theoretic disadvantage of increasing acidification of the urine,
worsening intravascular volume depletion, and inducing oto-
toxicity, and thus the use of these agents has not been generally
recommended (8,9,90).

Plasma exchange therapy (108) and continuous hemodiafil-
tration (109) have been performed in patients with rhabdomy-
olysis for the purpose of removing myoglobin to prevent re-
nal failure. These studies are anecdotal and have not shown a
demonstrable benefit.

Although there are no controlled trials to show a direct
benefit of a forced alkaline–mannitol diuresis in the prevention
of acute renal failure in rhabdomyolysis, there are many case
reports suggesting such therapy was instrumental in averting
renal injury (11,91,110). Adequate fluid hydration and bicar-
bonate therapy, however, did not ameliorate the development
of renal failure in a large retrospective study (84). Moreover, in
a recent retrospective evaluation of 382 ICU trauma admissions
with a creatine kinase of >5,000 U/L, the use of bicarbonate
and mannitol in 40% of this group had no effect on rates of
renal failure, need for dialysis, and mortality, although there
was a trend to lower mortality rate in patients with creatine
kinase greater than 30,000 I/U treated with bicarbonate and
mannitol (111). The Divisions of Nephrology at San Francisco
General Hospital and at the University of California, Davis
Medical Center recommend the infusion of both mannitol and
sodium bicarbonate in most cases of myoglobinuria. Initially,
optimization of intravascular fluid volume deficits should be
carried out with dispatch using isotonic crystalloid solutions,
usually normal saline. Variables useful in following this course
of therapy include physical examination of the state of the cir-
culation, hematocrit, and recording of external fluid balance.
If the clinical assessment suggests that a euvolemic state has
been achieved but no improvement in oliguria has occurred,
the decision must be made about further intervention. Usually
by this time, laboratory results offer further support for the
diagnosis of myoglobinuria and acute renal insufficiency, and
we recommend the prompt infusion of a mannitol–bicarbonate
solution. This is made by adding two ampules, each contain-
ing 12.5 g mannitol in 50 mL, and two ampules of 50 mEq
NaHCO3 in 50 mL to 800 mL of 5% dextrose in water for

intravenous infusion. This reconstituted liter is roughly isos-
motic with plasma once the glucose is metabolized and contains
both mannitol and 100 mEq NaHCO3. It should be infused at
250 mL/hour; urine flow rate should increase by the end of the
4-hour infusion if the treatment is successful. If this is the case,
the solution should continue to be administered at a rate equal
to urine output and sufficient to achieve a urine pH greater
than 6.5 until such time as azotemia has started to clear and all
evidence of myoglobinuria has disappeared. If urine flow does
not increase after the 4-hour infusion, the patient has entered
the established phase of oliguric acute renal failure and should
be treated conservatively until dialysis can be arranged, based
on conventional criteria. This approach corrected oliguria, has-
tened the clearing of azotemia, and avoided the need for dial-
ysis in roughly half of patients with myoglobinuric acute renal
failure (91). As a group, these patients had somewhat lower
indices of muscle damage and somewhat better preservation of
renal function than the half that did not respond. Whether this
reflects earlier intervention or a less severe degree of muscle
injury, or both, is not known, and it also is possible that vig-
orous volume expansion with normal saline alone might have
caused the same result in some patients. Given that compli-
cations from the mannitol–bicarbonate infusion are few, even
in those patients who do not respond, its use should be se-
riously entertained in patients with myoglobin-induced acute
renal failure.

When acute renal failure has become established, dialysis
must be used. Early and intensive hemodialysis may be asso-
ciated with significantly lower morbidity and mortality rates
(112). Experience with peritoneal dialysis indicated that solute
clearance using this modality was inadequate to keep pace with
the rapid rate of solute appearance in these highly catabolic pa-
tients (113) and, thus, hemodialysis should be the modality of
treatment. Even so, daily hemodialysis often is required for the
first several days until the consequences of extensive muscle
injury have abated and rates of urea and potassium accumula-
tion have fallen. Thereafter, a schedule of thrice-weekly dialy-
sis usually is adequate unless other factors, such as continued
catabolism from infection or surgical wound debridement, or
volume overload from parenteral nutritional therapy demand
more frequent treatments. The prognosis for the renal failure
is good, and full recovery of function is the rule. However, the
ultimate prognosis for the patient probably depends more on
other coexisting conditions such as sepsis, bleeding, and respi-
ratory failure.

Hemoglobinuric Acute Renal Failure

Compared with the frequency of myoglobinuric acute renal
failure, hemoglobinuric acute renal failure is an uncommon
event. This is because the most common cause of hemoglobin-
uric acute renal failure is intravascular hemolysis from mis-
matched blood transfusions, and with modern blood banking
techniques, such untoward events are rare. An additional point
to emphasize in this regard is that significant hemoglobinuria
and renal failure are seen primarily in the setting of major
intravascular hemolysis. During most types of extravascular
hemolysis, the released hemoglobin is quickly taken up by
the reticuloendothelial system and metabolized to bilirubin.
Thus, extravascular hemolysis rarely results in acute renal
failure.

Causes of Hemoglobinuria

Hemoglobinuria results from filtration of free hemoglobin
in plasma, due almost exclusively to intravascular hemoly-
sis, which occurs in a variety of conditions (Table 49-5). Al-
though each of the listed causes may be associated with acute
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TA B L E 4 9 - 5

CAUSES OF HEMOGLOBINURIA AND ACUTE RENAL
FAILURE

Genetic defects
Glucose-6-phosphate dehydrogenase deficiency
Paroxysmal cold hemoglobinuria
March hemoglobinuria
Infection
Malaria
Clostridia
Transfusion reactions
Chemical agents
Arsine
Glycerol
Quinine sulfate
Analine
Benzene
Hydralazine
Fava beans
Cresol
Sodium chlorate
Methyl chloride
Coal tar products
Venoms
Rattlesnake, copperhead, water moccasin, coral snake
Tarantula
Brown recluse spider
Traumatic/mechanical destruction
Prosthetic valves
Disseminated intravascular coagulation
Extracorporeal circulation
Miscellaneous
Heat stroke
White phosphorus
Hemoglobin infusions

(Reprinted from: Dubrow A, Flamenbaum W. Acute renal failure
associated with myoglobinuria and hemoglobinuria. In: Brenner BM,
Lazarus JM, eds. Acute renal failure, 2nd ed. New York: Churchill
Livingstone, 1988:285, with permission.)

renal dysfunction, hemoglobinuria is more likely to occur in
only a few settings. These are hemolytic transfusion reactions
(114–116), DIC (117), march hemoglobinuria (118), and in-
fections with clostridia (119,120) and Plasmodium falciparum
malaria, the latter causing blackwater fever (121–124). In ad-
dition, infusion of hemoglobin solutions as a plasma volume
expander has been noted to cause acute renal dysfunction
owing to associated hemoglobinuria (125).

Hemoglobin Physiology and Metabolism

Hemoglobin has a molecular weight of 68,000 daltons and
is a tetramer of two α and two β globin chains surround-
ing a ferrihemate core. As noted earlier, free hemoglobin in
plasma is tightly bound to haptoglobin, and the hemoglobin–
haptoglobin complex is too large to be filtered by the glomeru-
lus. Thus, free hemoglobin appears in the urine only after
the plasma concentration of hemoglobin exceeds the maxi-
mum binding capacity of haptoglobin, which is approximately
100 mg/dL (in contrast to 1.5 mg/dL for myoglobin). In the
setting of intravascular hemolysis, the relatively low renal
clearance of hemoglobin (fractional clearance relative to in-
ulin, 0.03) results in an increase in plasma hemoglobin lev-
els sufficient to be visible to the naked eye as pink-colored
plasma, whereas with rhabdomyolysis, the rapid renal clear-

ance of myoglobin (fractional clearance, 0.75) prevents myo-
globin retention in the plasma and the plasma color is not
visibly altered. The color of the plasma is an important “bed-
side” clue that helps to distinguish between these two forms of
pigmenturia.

Clinical and Laboratory Features of Hemoglobinuric
Acute Renal Failure

As with myoglobin, the mechanisms by which hemoglobin
causes acute renal failure are not clearly understood. Because
both are heme-containing compounds and the heme moiety has
been implicated as a major factor in inducing renal injury, it
is generally accepted that the mechanisms by which they both
cause nephrotoxicity are similar, if not the same. As with myo-
globinuric acute renal failure, clinical experience indicates that
coexistent compromise of renal function from volume deple-
tion, acidosis, or hypotension must be present for hemoglobin-
uric acute renal failure to develop. Moreover, in the clinical
settings most commonly associated with it, other pathogenetic
mechanisms have been proposed to account for the acute re-
nal failure. For example, with hemolytic transfusion reactions,
the interaction of antigens on the red cell stroma with pre-
formed antibodies may be responsible for adverse effects on
kidney function (116). In DIC, afferent arteriole and glomeru-
lar capillary fibrin deposition are the events most directly re-
lated to acute renal failure (117). March hemoglobinuria oc-
curs from traumatic hemolysis of RBCs, most likely in people
with a genetic susceptibility (118); acute renal failure in this
setting results from volume depletion as well as hemoglobin-
uria. In blackwater fever, hemolysis is caused by the abrupt
release of falciparum trophozoites and perhaps also from the
quinine used to treat it (121–124). These patients are dehy-
drated and volume depleted from sweating and high fevers.
Clostridial sepsis also has multiple effects on renal function,
including hypotension, acidosis, and DIC, as well as hemolysis
(119,120).

Laboratory features of intravascular hemolysis and hemo-
globinuria include (a) increased serum lactate dehydrogenase
(LDH) levels, (b) low serum haptoglobin levels, (c) increased
unconjugated (indirect) serum bilirubin, (d) increased reticu-
locyte count, and (e) hyperkalemia. As with myoglobinuria,
hemoglobinuria and hemoglobinuric acute renal failure are
associated with pigmented urinary casts. The differential di-
agnosis and clinical course of hemoglobin-induced acute renal
failure are similar to those described for myoglobinuria.

Prevention and Treatment of Hemoglobinuric
Acute Renal Failure

Prevention of hemoglobinuric acute renal failure involves many
of the same preventative measures for myoglobinuric acute re-
nal failure, such as correcting volume depletion and the admin-
istration of mannitol and bicarbonate. In fact, Bywaters’ ther-
apy to treat crush injuries using saline and bicarbonate in the
1940s was based on earlier reports demonstrating such therapy
was beneficial in preventing renal failure in mismatched blood
transfusion reactions (6). In an experimental animal model of
hemoglobinuric acute renal failure, the simultaneous adminis-
tration of the amino acid, lysine, prevented the development of
acute renal failure. This was attributed to the ability of lysine
to inhibit proximal tubular reabsorption of hemoglobin or its
heme moiety (126). The clinical utility of such therapy remains
to be determined.

Management of sustained acute renal failure usually re-
quires hemodialysis. These patients in general are less catabolic
than patients with rhabdomyolysis. The acute renal failure usu-
ally lasts 1 to 2 weeks, but full recovery of renal function can
be expected.
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CRYSTALLINE ACUTE RENAL
FAILURE

Uric Acid Nephropathy

Acute uric acid nephropathy is the term given to the develop-
ment of acute renal failure caused by renal tubular obstruction
by urate and uric acid crystals. The main clinical setting in
which uric acid nephropathy occurs is the treatment of ma-
lignancy, especially of leukemia and lymphoma. Treatment of
these malignancies results in cell death and release of large
amounts of uric acid precursors. Some patients with these ma-
lignancies also have renal insufficiency and high serum uric
acid levels before chemotherapy, possibly because of early uric
acid nephropathy on the one hand, and the rapidly dividing
cell population on the other (127).

Properties of Uric Acid

The final breakdown product of purine degradation in humans
is uric acid (Fig. 49-2). Most other mammals degrade purines to
the soluble end product allantoin, but humans lack the enzyme
uricase. Uric acid (2,6,8-trioxypurine) is a weak acid with a
pKa of 5.75. Urates are the ionized form of uric acid, and at
a physiologic pH of 7.4, over 95% of uric acid dissociates
into urates, with 98% existing as monosodium urate. However,
uric acid predominates in an acid urine. Although initial in
vitro and in vivo studies had shown urate binding to plasma

proteins, urate binding to human serum proteins probably is
not significant (128–130).

At a temperature of 37◦C and a plasma pH of 7.40, the sat-
uration point of urate is at a concentration of 8.8 mg/dL, which
is only slightly above the normal physiologic range in humans
(131). However, urate crystal precipitation in the bloodstream
does not occur even with concentrations much higher than the
saturation point. Urates form stable supersaturated solutions in
plasma, possibly because of solubilizing substances (128,132).
On the other hand, precipitation of urate occurs in extracellular
fluid when the solubility concentration is exceeded. The most
important factor affecting the solubility of uric acid is pH. For
example, in a buffer medium at a pH of 5.0, saturation with
uric acid occurs at a concentration below 10 mg/dL, whereas
at a pH above 7.0, saturation occurs at a concentration above
150 mg/dL (131).

There are four components to the renal handling of urate.
First, urate is filtered freely at the glomerulus. Virtually all of
this filtered urate is then reabsorbed in the proximal tubule. An
amount equal to 50% is then secreted, and after further ab-
sorption, 10% is finally excreted (133,134). Animal data have
provided evidence for this bidirectional transport of urate, al-
though net transport differs among species. In humans, there
is net reabsorption of urate with the fractional excretion of
urate being approximately 10%, whereas in rabbits there is
net secretion with the fractional excretion of urate being over
100% (135). Animal micropuncture studies have localized the
primary nephron site of urate absorption and secretion to
the proximal tubule (135–137). An anion exchanger and a

FIGURE 49-2. Pathway of purine degradation showing the competitive inhibition of urate formation by
allopurinol and the site of action of rasburicase.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-49 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:13

Chapter 49: Acute Renal Failure Associated with Pigmenturia or Crystal Deposits 1195

voltage-dependent pathway seem to be the mechanisms in-
volved in urate transport (138,139).

Pathogenesis of Uric Acid Nephropathy

Experimental animal models of uric acid nephropathy are char-
acterized by hyperuricemia, hyperuricosuria, and uric acid de-
posits in and dilation of the kidney tubules, as observed in the
clinical entity (140). Along with the presence of extensive distal
tubule deposits of uric acid and urate, micropuncture studies
in the rat have shown increased proximal and distal tubular
pressures. The vasa recti also show deposits, and efferent ar-
teriolar and peritubular capillary pressures also are increased
(141). In this model, uric acid nephropathy was prevented by
maintaining a high tubular fluid flow, and only a modest benefit
was shown by alkalinization of the urine (142).

Humans with malignancies and hyperuricemia have an in-
creased urinary excretion rate and urinary concentration of
uric acid both in the presence and absence of renal insuffi-
ciency (143). Autopsy studies have documented the presence
of uric acid crystals in patients with leukemia. The uric acid
crystals were found only within the lumens of renal tubules, in
contrast to patients with gout, in whom no uric acid crystals
were found in tubular lumens (144,145). In addition, inter-
nal hydronephrosis has been described in association with the
intraluminal uric acid crystals, but the glomeruli and tubules
usually are intact (146). Supporting the concept that mechan-
ical intraluminal obstruction causes uric acid nephropathy are
the observations that the renal failure reverses after a short time
and that there is earlier and greater depression of inulin clear-
ance compared with p-aminohippurate clearance (146). This
evidence is consistent with the concept that uric acid nephropa-
thy occurs because of uric acid crystals obstructing the renal
tubular segments with maximum acidifying and concentrat-
ing abilities, namely, the distal tubule and collecting duct. The
obstruction then leads to increased intraluminal pressure, de-
creased filtration pressure, and a reduction in GFR.

Clinical and Laboratory Manifestations

The initial reports of uric acid nephropathy focused on pa-
tients treated for acute lymphoblastic leukemia, 10% of whom
had uric acid nephropathy (146). In these early patient se-
ries, risk factors for uric acid nephropathy included urine pH
less than 5.0, dehydration, rapid response to chemotherapy,
elevated serum uric acid, increased urinary excretion of uric
acid, and preexisting renal insufficiency (145–147). Tumor ly-
sis syndrome and acute uric acid nephropathy develop primar-
ily during the treatment of leukemia and lymphoma, but can
also occur in association with the treatment of other types of
malignancies or in other situations associated with elevated
plasma level and urinary excretion of uric acid. Metastatic
breast carcinoma, bronchogenic carcinoma, disseminated ade-
nocarcinoma, pancreatic carcinoma, and other nonhematopoi-
etic neoplasms have been reported to cause acute uric acid
nephropathy and tumor lysis syndrome (148–154). In addi-
tion to myoglobinuria, elevated serum uric acid concentration
and increased renal excretion of uric acid are thought to play
a role in the etiology of the renal failure caused by heat stress
(155). Hyperuricemic acute renal failure also has been reported
after epileptic seizures, during pregnancy, and in the setting of
cyclosporine use and renal transplantation (156–158).

Uric acid nephropathy during tumor lysis syndrome is
characterized by elevations in serum urea nitrogen, creati-
nine, potassium, uric acid, and phosphate concentrations, and
by a decrease in the serum calcium concentration. Hyper-
uricemia before chemotherapy occurs in 30% to 50% of pa-
tients with leukemia and lymphoma, and renal insufficiency
seems to be more common in patients with hyperuricemia be-
fore chemotherapy (127,147). Before the routine use of aggres-

sive prophylactic measures, patients with uric acid nephropa-
thy presented with serum uric acid levels of 20 to 80 mg/dL,
but although most patients still present with uric acid levels
greater than 8.0 mg/dL, uric acid concentrations in most pa-
tients can be normalized before chemotherapy with allopuri-
nol, alkalinization, and diuresis (127,159). Patients receiving
chemotherapy are at risk for other forms of renal failure in
addition to acute uric acid nephropathy, and the urinary uric
acid-to-creatinine ratio is a useful test to differentiate these var-
ious forms of renal failure. A ratio greater than 1 is consistent
with acute uric acid nephropathy (160). This is supported by
the observation that both the serum uric acid concentration and
the urinary excretion of uric acid are elevated in acute uric acid
nephropathy as opposed to other forms of renal failure, where
serum uric acid concentrations may be high but urinary excre-
tion is not elevated (161). The urinary uric acid-to-creatinine
ratio is more helpful in the diagnosis of uric acid nephropa-
thy than urinalysis, which usually is nondiagnostic. The urine
sediment may be normal or occasionally reveal amorphous ma-
terial containing uric acid crystals (150,160). Uric acid crystals
appear as rhomboid crystals or as microcrystallites (Fig. 49-3).

Elevations in BUN and serum creatinine typically develop
2 days after the initiation of chemotherapy, with return to
baseline after 7 to 10 days. Prior renal insufficiency seems
to predispose to the development of uric acid nephropathy
(162,163). The acute renal failure is usually of the oliguric va-
riety, even when treated with diuretics (163). When indicated,
dialysis usually is initiated within the first week from the start of
chemotherapy, but only one to four dialysis treatments usually
are required before the spontaneous return of renal function
(159,163).

As noted previously, the electrolyte abnormalities associated
with the tumor lysis syndrome and uric acid nephropathy are
hyperkalemia, hyperphosphatemia, and hypocalcemia. These
abnormalities result from the release of intracellular contents
after tumor necrosis, and patients with large tumor burdens are
at higher risk for tumor lysis syndrome (127). Hyperkalemia
actually occurs in less than 5% of patients after chemotherapy,
but if it develops, it can occur within 24 hours of initiation of
chemotherapy and can be severe enough to necessitate emer-
gent dialysis. In fact, sudden death has been reported as a conse-
quence of tumor lysis–induced hyperkalemia, occurring within
48 hours of chemotherapy (164). Hyperkalemia also is more
likely to occur in patients with preexisting renal insufficiency
(127,162,163).

Hyperphosphatemia, on the other hand, is very common in
the tumor lysis syndrome, and occurs in virtually all patients in
whom acute renal failure develops and in 30% of patients with
normal renal function (127). The development of hyperphos-
phatemia also is correlated with the tumor burden (127). In
patients with renal failure, the phosphorus concentrations av-
erage 12 mg/dL, with a range of 7 to 22 mg/dL (127,162,163).
Hypocalcemia also is common, and development of hypocal-
cemia correlates with hyperphosphatemia (127,159). In the
presence of hyperphosphatemia, the etiology of hypocalcemia
may be the precipitation of calcium phosphate salts, as dis-
cussed in the section on Myoglobinuric Acute Renal Failure,
above; when this occurs in the kidney, it may contribute to
the acute renal failure seen in tumor lysis syndrome (165,166).
Hyperphosphatemia also may contribute to the development of
hypocalcemia by depressing the production of 1,25(OH)2D3,
as was discussed earlier. Hyperphosphatemia has been shown
to worsen experimental acute renal failure, but the mechanism
is not clear because calcium phosphate deposition could not be
demonstrated in the rat kidneys (167). Calcium deposits have
been found at autopsy in the calices and tubules of a patient
who had acute renal failure in association with tumor lysis
syndrome, hyperphosphatemia (20 mg/dL), and hypocalcemia
(168).
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FIGURE 49-3. A: Amorphous urate crystals in urine. (Interference contrast microscopy, magnification
×200.) B: Uric acid crystals, cuboidal shape. (Magnification ×160.) C: Envelope-shaped calcium oxalate
dihydrate form of crystal. (Note: needle-shaped monohydrate calcium crystals are not pictured.) D: Sul-
fadiazine crystals in urine. (Polarized microscopy, magnification ×40.) These birefringent crystals often
assume a “fan” or “shock of wheat” shape. (Courtesy of Professor M. H. Haber, Department of Pathology,
Rush Medical College, Chicago, IL.)

Despite these characteristic manifestations of the tumor ly-
sis syndrome, it is difficult to predict in which patients acute
uric acid nephropathy will develop. Even when appropriate
prophylactic measures are taken with hydration, alkaliniza-
tion, and allopurinol, the following still may develop: hyper-
uricemia in 9%, hyperphosphatemia in 25% to 50%, hypocal-
cemia in 10% to 60%, and hyperkalemia in 8%. However, the
incidence of clinically significant tumor lysis syndrome after
chemotherapy is only 5% (127,162). The likelihood for de-
velopment of acute uric acid nephropathy is increased in the
presence of renal insufficiency, in patients with oliguria before
therapy, and in patients with lymphoma with high serum LDH
levels (127,162,163).

Differential Diagnosis

The diagnosis of acute uric acid nephropathy should be sus-
pected when acute renal failure in concert with tumor lysis
syndrome develops within the first 1 to 3 days after initiation
of chemotherapy for lymphoma or leukemia. The diagnosis
sometimes is made difficult by the variety of drugs, radio-
graphic studies, and associated clinical problems common dur-
ing the early presentation of malignancies. Renal complications
associated with malignancies include direct lymphomatous or

leukemic renal infiltration, obstruction due to stones, and ob-
struction due to malignancy. However, despite the common oc-
currence of direct lymphomatous or leukemic renal infiltration,
it rarely causes acute renal failure (146,163). Although early
reports suggested an association of tumor lysis and ureteral ob-
struction due to calculi, this also occurs only rarely (159,166).
Contrast nephropathy, dehydration, myeloma kidney, light-
chain disease, ureteral obstruction due to tumor compres-
sion or invasion, sepsis-related renal failure, and acute tubu-
lar necrosis due to nephrotoxic drugs all should be considered
in this high-risk population. The diagnosis also is made dif-
ficult by the common occurrence of hyperuricemia unrelated
to tumor lysis syndrome, but caused by any of the following:
preexisting renal failure, volume depletion, diuretics, salicy-
lates, levodopa, cyclosporine, nicotinic acid, pyrazinamide, or
ethambutol.

The diagnosis of uric acid nephropathy also should be con-
sidered when patients present with renal insufficiency before
treatment of the malignancy. Spontaneous hyperuricemia oc-
curs more commonly with lymphomas, and some patients
present with renal insufficiency before treatment, possibly be-
cause of uric acid nephropathy (149,159,162). Ultimately,
the diagnosis of acute uric acid nephropathy is made in
the presence of tumor lysis syndrome, with the urinary uric
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acid-to-creatinine concentration ratio greater than 1, and ex-
clusion of other causes acute renal failure.

Prophylactic Measures and Treatment

Before the dialysis era, the mortality rate from acute renal fail-
ure associated with uric acid nephropathy was 50%, but with
modern treatment, including proper prophylaxis and dialysis,
uric acid nephropathy is rare, and when it does occur, the prog-
nosis for the acute renal failure is excellent (159). The treat-
ment approach to uric acid nephropathy is divided into two
stages. The first is to prevent or minimize the metabolic con-
sequences of the tumor lysis syndrome, and the second is to
treat these consequences when they do occur. The approach
to both prophylaxis and treatment of tumor lysis syndrome
includes inhibition of xanthine oxidase, forced diuresis, and
urinary alkalinization. When these measures fail to prevent
the consequences of tumor lysis, and acute renal failure from
uric acid nephropathy develops, dialysis must be initiated to
treat uremia and severe electrolyte problems, and control hy-
peruricemia (Table 49-6). However, in the future, rasburicase,
a recombinant form of urate oxidase, may be an additional op-
tion for adult patients with acute renal failure from uric acid
nephropathy (169) (see below). In July 2002, the U.S. Food and
Drug Administration approved rasburicase for the initial man-
agement of plasma uric acid levels in pediatric patients with
leukemia, lymphoma, and solid tumor malignancies who are
receiving anti-cancer therapy expected to result in tumor lysis.

TA B L E 4 9 - 6

THE APPROACH TO URIC ACID NEPHROPATHY AND
TUMOR LYSIS SYNDROME

Approach to prophylaxis for tumor lysis syndrome and uric
acid nephropathy

Patients presenting prior to chemotherapy with hyperuricemia
and evidence of a large tumor burden: allopurinol,
300–600 mg

4–5 L/24 hr of normal saline. Add diuretics if the patient is
well hydrated and not maintaining an adequate urine
output. If there is no response to diuretics, match fluid input
with urine output.

Urinary pH should be maintained above 7.0 by titrating
intravenous bicarbonate therapy. Start with 100 mEq/L of
sodium bicarbonate in D5W per hour. Bicarbonate therapy
should be discontinued after serum uric acid is normalized.

If clinically feasible, postpone chemotherapy until uric acid is
normalized along with any other electrolyte abnormalities.

Patients presenting prior to chemotherapy and with a normal
uric acid level but still at risk for tumor lysis syndrome:

A llopurinol, 300–600 mg
4–5 L/24 hr of normal saline as described above.
If clinically feasible, postpone chemotherapy until 2 days after

start of allopurinol.
Treatment of uric acid nephropathy and tumor lysis syndrome
Hemodialysis initiated per the routine indications including

hyperkalemia, acidosis, hyperphosphatemia, volume
overload, or uremia.

Hemodialysis for control of hyperuricemia unresponsive to the
above measures. Adjust allopurinol doses for renal failure:

Creatinine clearance Allopurinol dose
0 100 mg q3d

10 100 mg q2d
50 200 mg qd

After hemodialysis, supplement with 50% of allopurinol dose.

Inhibition of Xanthine Oxidase. Allopurinol is a substrate for
and a competitive inhibitor of the enzyme xanthine oxidase
(Fig. 49-2). It blocks the conversion of hypoxanthine and xan-
thine to uric acid, resulting in a reduction in both serum uric
acid concentration and urinary excretion of urates. In the pres-
ence of allopurinol, hypoxanthine and xanthine accumulate
instead of uric acid, and the urinary excretion of these pre-
cursors also increases (170). Hypoxanthine is highly soluble,
and even with increased renal excretion, does not cause clinical
problems. Xanthine, on the other hand, is less soluble than uric
acid. Precipitated xanthine can be found in the urine of patients
receiving allopurinol, but these precipitates do not correlate
with the development of renal failure (170). However, well doc-
umented cases of xanthine nephropathy and xanthine calculi
associated with allopurinol use have been reported (170–173).

The half-life of allopurinol is less than 2 hours owing to
prompt renal elimination and rapid conversion to its chief
metabolite, oxypurinol. Oxypurinol is an active metabolite,
and reduces serum uric acid concentration and urinary uric
acid excretion half as much as allopurinol (174). Unlike allop-
urinol, oxypurinol is eliminated solely by the kidney and its
half-life is approximately 24 hours (174). Renal clearance of
oxypurinol is approximately 30 mL/minute, and its clearance
correlates directly with creatinine clearance such that with a
creatinine clearance of less than 10 mL/minute, the half-life of
oxypurinol is approximately 1 week.

In patients with normal renal function and hyperuricemia
associated with malignancy, allopurinol decreases serum uric
acid within 48 hours with a peak effect at 5 days (175). The
clinical effects of allopurinol probably are mediated by oxy-
purinol because the half-life of allopurinol is short. Despite the
use of allopurinol, hyperuricemia and acute uric acid nephropa-
thy sometimes cannot be avoided, and reasons for this failure
include a large tumor burden, aggressive chemotherapy, and
the inability to delay chemotherapy until allopurinol has de-
creased the serum uric acid concentration (159,162,163).

For optimal prophylaxis, allopurinol should be adminis-
tered at least 3 days before chemotherapy. The level of existing
renal function also must be considered when dosing the drug.
Allopurinol can lead to a life-threatening toxicity syndrome
that is characterized by a diffuse, desquamative skin rash, fever,
hepatic dysfunction, eosinophilia, and worsening renal func-
tion of unknown etiology, although consistent with a diffuse
vasculitis. Eighty percent of patients reported with this toxic-
ity had renal insufficiency (176–178). Improper dosing of allo-
purinol also can lead to xanthine nephropathy (171–173,176).

Optimal allopurinol dosing is reflected by a therapeutic
serum oxypurinol concentration, which ranges from 30 to
100 μmol/L (178). Patients with end-stage renal disease achieve
therapeutic levels of oxypurinol after one dose of allopuri-
nol (300 to 600 mg) and maintain this level until the next
dialysis, at which time the serum level is reduced by 40%
(176,179). Therefore, the maintenance dose must be reduced in
patients with renal insufficiency to avoid accumulation of oxy-
purinol. For example, plasma oxypurinol levels greater than
300 μmol/L can be achieved after the usual dose of allopurinol
(300 mg) in the presence of mild renal insufficiency, and these
potentially toxic levels persist for days after cessation of the
drug (179). The oral route is equivalent to intravenous dosing
of allopurinol; therefore, intravenous dosing should be consid-
ered only in patients unable to take anything by mouth. Rectal
administration of allopurinol is not effective and should not be
used (180,181). Allopurinol started at 300 to 600 mg is safe and
achieves therapeutic levels of oxypurinol, but the peak clinical
effect on uric acid production is not seen for 3 days. Optimally,
allopurinol should be started 3 days before chemotherapy, and
dose adjustments must be made in the presence of renal insuf-
ficiency (Table 49-6).
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Rasburicase

As mentioned above, most mammals degrade purines to the
soluble end product allantoin utilizing the enzyme uricase
(Fig. 49-2) which humans lack. Rasburicase, the recombinant
form of urate oxidase, has several advantages over allopurinol.
Rasburicase has a rapid onset of action and has been shown
to return uric acid to normal levels with hours (182). Unlike
allopurinol which inhibits the production of uric acid, rasburi-
case quickly reduces the existing uric acid levels and does not
rely on the renal clearance of existing uric acid or alkaliza-
tion of the urine. In one compassionate use trial, rasburicase
(0.20 mg/kg) was administered intravenously once a day for
1 to 7 days. The mean uric acid level in 29 hyperuricemic
children decreased from 15.1 to 0.4 mg/dL, and in 27 hy-
peruricemic adults, the mean level decreased from 14.2 to
0.5 mg/dL (183). Rasburicase is a very expensive drug and
although clinical trials have compared rasburicase to allopuri-
nol, the outcomes have been a decrement in uric acid level
rather than important metabolic outcomes or acute renal fail-
ure (184). Additional clinical trials are necessary before ras-
buricase will be approved for use in adults.

Forced Diuresis. Animal data have suggested that high renal
tubular fluid flow induced by a solute or water diuresis is im-
portant in the prevention of acute urate nephropathy. In fact,
rats treated with high-dose furosemide, and Brattleboro rats
with central diabetes insipidus and water diuresis both had
complete protection from uric acid nephropathy, whereas rats
treated solely with urine alkalinization had only partial protec-
tion (142). Diuresis probably imparts protection by lowering
the urate concentration in the collecting duct where uric acid
precipitation occurs, or by effects on tubular urate handling.
Whether these results can be applied to humans is not known
because species differences in urate handling exist.

Despite efforts to maintain high urine flow with hydration
and diuretics, a lower urine flow rate preceding chemotherapy
is more common in patients who have renal failure than in those
who do not (163). Although this observation probably reflects
the existence of mild spontaneous uric acid nephropathy before
chemotherapy, it is reasonable to assume that increased urine
flow would add protection from uric acid nephropathy. Patients
should be hydrated with 4 to 5 L of normal saline per 24 hours.
If the patient is well hydrated and not maintaining the expected
urine output, diuretics should then be initiated. If urine output
remains low, fluid intake should be adjusted to match output
in the effort to avoid fluid overload.

Urinary Alkalinization. Although evidence is lacking to con-
firm its theoretic role in preventing uric acid nephropathy, uri-
nary alkalization remains a prominent component in prophy-
lactic regimens. The theoretical benefit of urinary alkalization
is to increase the solubility of uric acid. However, in animal
studies, the most important intrarenal dynamic in prevention
of acute uric acid nephropathy was high urine tubular flow
(142). In this study, the use of acetazolamide achieved only par-
tial protection, which was likely due to the drug’s diuretic effect
and not its effect on urine pH (142). Along with the inherent
risk of causing a severe metabolic alkalosis when attempting
to alkalinize the urine with sodium bicarbonate administra-
tion, other potential disadvantages include increasing the risk
of symptomatic hypocalcemia and calcium phosphate precipi-
tation, which can cause acute renal failure by itself in this set-
ting (165,166,168,185). Urinary alkalinization also does not
have an effect on xanthine precipitation because the pKa of
xanthine is 7.4, as opposed to 5.6 for uric acid.

Bicarbonate therapy should be included in the prophylac-
tic regimen only when attempting to correct hyperuricemia.
If hyperuricemia is present before chemotherapy, bicarbonate

should be added to intravenous fluids with the aim of keeping
the urine pH above 7.0. Once hyperuricemia has been cor-
rected, bicarbonate therapy should be discontinued.

Hemodialysis. Dialysis assists in the management acute uric
acid nephropathy in two ways. First, dialytic therapy is initi-
ated for the typical indications common in acute renal failure
such as hyperkalemia, severe hyperphosphatemia, azotemia,
and fluid overload, although these indications may be more se-
vere and occur more rapidly than in other forms of acute renal
failure. Cases of fatal hyperkalemia have occurred within hours
after initiation of chemotherapy (163,164). Second, dialysis is
an effective way to reduce the serum uric acid level. This is
an important role for dialysis because patients usually do not
recover from acute uric acid nephropathy until the serum uric
acid level is reduced (186). Once this occurs, usually after only
one to four dialysis treatments, recovery of renal function is
signaled by a brisk diuresis (159).

Depending on the dialyzer and blood flow used, hemodial-
ysis has a uric acid clearance rate of 90 to 150 mL/minute,
whereas the peritoneal dialysis clearance is only 10 to
20 mL/minute (159,186,187). The superior clearance of
hemodialysis compared with peritoneal dialysis is evidenced
by the typical total uric acid cleared on hemodialysis versus
peritoneal dialysis: 7 to 8 g versus 4 g. When starting a pa-
tient on hemodialysis, caution should be taken not to use a
high-calcium bath if severe hyperphosphatemia is present be-
cause of the risk of increasing the calcium–phosphorus prod-
uct. Selected patients may benefit from continuous forms of
dialytic therapy such as continuous arteriovenous hemodialy-
sis. On continuous arteriovenous hemodialysis with a dialysate
flow of 4 L/hour, the uric acid clearance is 40 mL/minute, and
the possible advantage over the intermittent nature of dialy-
sis is the continuous clearance and control of phosphorus and
potassium (188).

Ethylene Glycol Toxicity

Acute ethylene glycol intoxication is a medical emergency that,
if not treated aggressively, leads to serious neurologic, car-
diopulmonary, and renal dysfunction and may result in death.
In 1993, 501 ethylene glycol exposures, including 254 hospital-
izations and 11 deaths, were reported to the American Poison
Control Centers (189). Ethylene glycol, an odorless and clear
liquid, is the major ingredient in antifreeze, and is most com-
monly consumed either intentionally by alcoholics seeking an
ethanol substitute or accidentally by children. An ingestion of
100 mL is considered the minimal lethal dose of ethylene glycol
(190). Diethylene glycol is a condensation product of ethylene
glycol production, and ingestion causes the same toxicities as
ethylene glycol. Diethylene glycol was used as the diluent in
the first sulfa antibiotic, sulfanilamide, and consequently led to
mass poisonings in 1937. One hundred five patients died from
the therapeutic use of Elixir Sulfanilamide, and one important
consequence of this tragedy was the 1938 Federal Food, Drug
and Cosmetic Act, requiring proof of product safety before
release of a drug (191,192). Unfortunately, this kind of gov-
ernmental supervision of pharmaceutical companies does not
exist in other countries such as Nigeria and Haiti, where 47
and 85 children, respectively, died when diethylene glycol was
used as a solvent in a preparation of cough syrup (193,194).

Metabolism of Ethylene Glycol

The metabolism of ethylene glycol is complex and incompletely
understood. As is the case with other alcohols such as ethyl
and methyl alcohol, nicotinamide adenine dinucleotide (NAD)-
dependent alcohol dehydrogenase is responsible for the first
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FIGURE 49-4. Pathway of ethylene glycol degradation.

oxidative step, converting ethylene glycol to glycoaldehyde
(Fig. 49-4). After this first step, the pathways have not been
well elucidated in humans, but are thought to include the fol-
lowing: glycoaldehyde oxidized to glycolic acid by aldehyde
oxidase, glycolic acid to glyoxylate by glycolic acid oxidase
or LDH, and then numerous subsequent pathways for glyoxy-
late metabolism, including one to oxalate by LDH and gly-
colic acid oxidase (190) (Fig. 49-4). Glycolate is converted to
glyoxylate very slowly and is probably the rate-limiting step
in the metabolism of ethylene glycol, whereas glycoaldehyde
and glyoxylate have very short half-lives (195,196). Lactic acid
production had been thought to be increased in ethylene gly-
col intoxication because of the altered NADH:NAD ratio re-
sulting from increased NADH formation from alcohol dehy-
drogenase, but lactic acidosis is not a consistent finding and
may be associated with alcoholism or hemodynamic instabil-
ity (190,195,197).

Ethylene glycol metabolites are thought to mediate the tox-
icity seen with ethylene glycol ingestion, and ethylene gly-
col itself is not toxic. In fact, inhibition of ethylene glycol
metabolism with ethyl alcohol or pyrazole prevents toxicity
(198,199). The observation that the mortality rate in rats is
reduced by performing a partial hepatectomy before adminis-
tration of ethylene glycol and glycolate illustrates the impor-
tance of ethylene glycol metabolites on toxicity: The partially
hepatectomized rats metabolized ethylene glycol more slowly
to its toxic byproducts, which allowed more time for renal ex-
cretion of the nontoxic and unchanged ethylene glycol (200).
Glycolate and oxalate are thought to be important mediators
of ethylene glycol toxicity.

The pathophysiologic process of ethylene glycol toxicity is
multifactorial and is thought to include accumulation of toxic
ethylene glycol metabolites, calcium oxalate crystal deposition
in tissues, and the effects of severe acidosis. After administra-
tion of a lethal dose of ethylene glycol in rats, profound renal
oxalosis is produced, and the same occurs with administration
of glycolic acid and glyoxylic acid. Renal pathology in these rats
demonstrated calcium oxalate crystals in the proximal and dis-
tal convoluted tubules, with smaller amounts in the collecting
tubule and none in glomeruli or renal interstitium (201). The
degree of crystal formation correlated with diffuse convoluted
tubular dilatation, but occasional epithelial necrosis seemed
to bear a relation to the degree of crystal formation. Admin-
istration of glycoaldehyde did not produce significant crystal
formation or the same degree of microscopic changes, but did
lead to pronounced tubular epithelial swelling. In addition to
the renal findings, oxalate crystals were found in brain tissue
(201). In dogs given nonlethal doses of ethylene glycol, renal
biopsy specimens revealed interstitial edema, tubular dilata-
tion, hydropic degeneration, and tubular cell necrosis even in
areas free of crystals. Electron microscopic findings were most
prominent in proximal tubule cells and included vacuolization,
cellular rupture, cytoplasmic buds, and increased density of mi-
tochondria (202). This pattern of proximal tubule damage is
similar to other models of ischemic and nephrotoxic forms of
renal failure (202).

These findings are similar to human autopsy series that also
have found calcium oxalate crystals in renal tubules. In these
studies, renal epithelial cells appear either normal or exten-
sively necrotic, depending on the interval between ingestion
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and death; minimal if any damage of the glomeruli has been
reported (203–205). Despite severe clinical neurologic distur-
bances, the brain characteristically has only mild perivascu-
lar and meningeal deposition of calcium oxalate crystals, but
edema, capillary engorgement, hemorrhage, and infarctions
also have been described (205,206). Although crystal depo-
sition usually is not reported, myocardial tissue findings are
consistent with myocarditis (205).

Renal biopsies in survivors of ethylene glycol intoxication
helped clarify the renal pathologic process because most re-
ported autopsy subjects had died within 48 hours of ingestion
of ethylene glycol. Survivors consistently show widespread re-
nal epithelial cell necrosis with preservation of the basement
membrane; calcium oxalate deposition is present but in a scat-
tered distribution, with preservation of epithelial cells at the
point of contact (207). Crystals are prominent in proximal
tubules and sparse in the distal tubules, and tubular dilatation
and obstruction are not consistently observed (208,209). Serial
biopsies have shown a clear sequence from initial severe tubu-
lar damage to regeneration of tubular epithelium over a 60-day
period (209). In aggregate, the autopsy and renal biopsy studies
do not support the hypothesis that calcium oxalate crystalliza-
tion is the primary cause of ethylene glycol toxicity; despite
widespread renal tubule damage, calcium oxalate crystal de-
position is patchy; and despite the presence of crystals, there is
no tubule obstruction or dilation.

High–anion-gap metabolic acidosis is a major feature of
ethylene glycol intoxication, and also is thought to contribute
directly to the clinical toxicity. In rats poisoned with ethylene
glycol, survival rates are five times greater after treatment with
sodium bicarbonate alone or with ethanol alone compared with
no treatment, and giving ethanol and sodium bicarbonate to-
gether improved the survival rate to six times that seen in rats
with no treatment (210). Also possibly illustrating the relation-
ship between acidosis and ethylene glycol toxicity is a report
of a patient who ingested a large amount of ethylene glycol
and lithium carbonate, a potential source of 320 mEq of bi-
carbonate. Despite an ethylene glycol level of 500 mg/dL on
admission, the patient did not have an anion gap metabolic
acidosis or renal failure (211). The major determinant of the
metabolic acidosis is glycolic acid; in dogs and monkeys, ad-
ministration of ethylene glycol produces severe metabolic aci-
dosis, and the depressed bicarbonate is matched by the increase
in glycolic acid production (212). Oxalic acid is very toxic to
kidneys and is lethal in doses much lower than toxic doses of
ethylene glycol, but in rats and monkeys, only 0% to 2.5%
of the original dose of ethylene glycol is excreted as oxalic
acid (190,196,213). In humans with ethylene glycol poisoning,
plasma glycolate concentration correlated with the increased
anion gap, and the serum concentrations of oxalate and gly-
oxylate were negligible in these patients (195,214). Although
studies have suggested that organic acids such as lactic acid
contribute to the severe metabolic acidosis of ethylene glycol
intoxication, glycolic acid seems to be the main cause of the aci-
dosis, with lactic and β-hydroxybutyric acids being elevated in
special circumstances such as associated hypotension or alco-
holic ketoacidosis (197,214).

It has been postulated that production of glycoalde-
hyde, glyoxal, glycolate, and glyoxylate from ethylene glycol
metabolism is important in the pathophysiologic process of
the toxicity. Aldehyde production is greatest 6 to 12 hours af-
ter ethylene glycol ingestion, and this is when cerebral symp-
toms are most severe (190). However, as mentioned, glyco-
late is the only metabolite that accumulates; its direct toxicity
has not been well studied, but it is known to be toxic in ani-
mals (196). For example, glycolic acid given to rats is lethal
and also causes renal tubular oxalosis (201). The role that
glycolic acid plays in the human renal, cerebral, and cardiac
toxicity remains to be proven, but it probably is one of the

multifactorial causes along with acidosis and calcium oxalate
crystals.

Clinical and Laboratory Manifestations

The initial reports of ethylene glycol poisoning in the 1940s and
1950s noted that the clinical manifestations of acute ethylene
glycol poisoning could be divided into three stages (207). Dur-
ing the first stage, occurring 30 minutes to 12 hours after ethy-
lene glycol ingestion, the central nervous system manifestations
predominate. During the second stage, occurring over the next
12 hours, cardiopulmonary dysfunction develops, and includes
tachypnea, pulmonary edema, and cardiac failure. In patients
who survive past the first 24 hours, the third stage is character-
ized by prolonged renal failure. Before the advent of aggressive
treatment with hemodialysis and intravenous ethanol, these
stages were very typical of the clinical course of most patients,
but with modern treatment and depending on the amount of
ethylene glycol ingested, the sequence and occurrence of these
clinical features and stages vary considerably (206,215).

In addition to apparent inebriation but without an alco-
holic odor, central nervous system manifestations include nys-
tagmus, depressed reflexes, seizures, and coma (190,216,217).
Delayed appearance of multiple cranial nerve deficits also has
been reported, and the deficits have not always been reversible
(218). Ocular effects are a main feature of methanol inges-
tion, but ophthalmoplegia, papilledema, loss of visual acuity,
and eventual optic atrophy also have been reported with ethy-
lene glycol ingestion (219). Abdominal signs and symptoms,
including nausea, vomiting, and pain, are very common (215).
For unexplained reasons, mild hypertension, tachycardia, and
a low-grade fever sometimes are present, and one study noted
a poor prognosis in patients with hypertension. Three of 6 pa-
tients with hypertension died in a series of 36 patients in which
the total deaths were 6 (190,206).

High–anion-gap metabolic acidosis with a high osmolar gap
is the most striking initial laboratory finding and is the main
diagnostic feature. The severity of the clinical presentation de-
pends on the quantity of ingested ethylene glycol and elapsed
time since its ingestion, but typically patients present with a
pH of less than 7.2, bicarbonate less than 10 mEq/L, anion gap
greater than 20, mean osmolal gap of 35, measured osmolal-
ity greater than 300 mOsm, and hyperkalemia (206,220,221).
Hypocalcemia is a frequent finding and can be severe and symp-
tomatic, leading to tetany or cardiac arrhythmia (206,217).
The onset of hypocalcemia is usually within the first 12 hours,
and the serum calcium usually remains low despite treatment
(222,223). The hypocalcemia probably is caused by a combi-
nation of chelation of calcium by oxalate and an abnormal
parathyroid hormone response (222).

Lumbar puncture frequently is performed because of the
mental status changes, and the cerebrospinal fluid sometimes
reveals pleocytosis with a sterile culture (203,205,215). A nor-
mal hematocrit and platelet count but a moderate leukocytosis
of 10,000 to 40,000/mm3 with a predominance of polymor-
phonuclear cells is seen commonly in the initial complete blood
count (190,205).

The urinalysis typically includes a low specific grav-
ity, mild proteinuria, microscopic hematuria, and pyuria
(215,217,224). Crystalluria is not invariably present, but usu-
ally is seen on presentation. The envelope-shaped calcium ox-
alate dihydrate form of crystals (octahedral dihydrate) tradi-
tionally has been thought of as the most commonly seen crystal
in ethylene glycol intoxication, but in fact the needle-shaped
monohydrate calcium oxalate crystals predominates in ethy-
lene glycol intoxication (224–226) (Fig. 49-3). Monohydrate
calcium oxalate crystals are thermodynamically stable, and
with time the dihydrate form transforms to the monohydrate
form (227). In vitro, the dihydrate form is seen only at high
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TA B L E 4 9 - 7

DOSING GUIDELINES FOR ETHANOL TREATMENT

Ethanol Specific Loading dose Maintenance Maintenance During dialysis
solution and gravity of (100 mg/dL of dose in nondrinkers dose in drinkers add the following

route of ethanol ethanol × 0.6 L/kg) 66 mg/kg/hr 154 mg/kg/hr to the maintenance
administration (g/dL) (mL/kg) (mL/kg/hr) (mL/kg/hr) dose (mL/hr)

5% IV 3.9 15.4 1.7 3.9 185
10% IV 7.8 7.7 0.84 2.0 90
20% PO 15.8 3.8 0.42 1.0 45
50% PO 39.5 1.5 0.17 0.4 18

IV, intravenous; PO, orally.
Oral ethanol dose should be increased by 50% after charcoal therapy.

concentrations of both calcium and oxalate (227). The pat-
tern of oxalate crystals in individual patients transforms from
the envelope-shaped crystals to the needle-shaped crystals in a
matter of hours (214).

The cardiopulmonary consequences of ethylene glycol in-
toxication now are rarely seen with prompt, aggressive treat-
ment. However, early reports described rapidly progressive
tachypnea, cyanosis, pulmonary edema, hypotension, and car-
diac failure in most cases (203,204,207). In a recent report from
an ethylene glycol poisoning epidemic in Sweden, pulmonary
edema occurred in only 1 of 36 patients and circulatory fail-
ure and hypotension in 2 of 36 patients (206). The etiology
of the pulmonary dysfunction is not known, but is probably
adult respiratory distress syndrome (228). However, this is not
necessarily due to direct ethylene glycol toxicity because these
patients are at risk for aspiration and pneumonia (206). My-
ocarditis, with focal muscle cell necrosis and diffuse infiltrates
of mononuclear cells, has been reported as a consequence of
ethylene glycol poisoning (206,229).

After ingestion of ethylene glycol sufficient to cause
metabolic acidosis, oliguric renal failure develops in most pa-
tients (206,215). If aggressive treatment, including dialysis and
ethanol, is provided soon after the ethylene glycol is ingested,
renal failure can be avoided. However, most patients do not
seek medical attention until symptoms develop, which usu-
ally is many hours after ingestion. Thus, renal failure is com-
mon, and may develop as soon as 24 hours after ingestion
(203,214,215,230). The course of the renal failure is typical of
oliguric acute tubular necrosis. The oliguria lasts 4 to 5 days
and is followed by a diuretic phase. The BUN and serum creati-
nine usually peak at 7 to 10 days, and most patients require only
1 to 2 weeks of dialytic support (199,206,207,215). However
some patients require dialysis for many months, and despite
the return of sufficient renal function to stop dialysis, renal
function does not always return to baseline values (214).

Diagnosis

In the absence of ketoacidosis and in the presence of the char-
acteristic signs and symptoms, it should be assumed that all
patients presenting with metabolic acidosis combined with in-
creased anion and osmolal gaps have either methanol or ethy-
lene glycol poisoning (221). The prognosis of both these poi-
sonings is improved with early diagnosis and treatment, and
therefore, if diagnosis cannot be confirmed with serum lev-
els of methanol or ethylene glycol, treatment with bicarbon-
ate and ethanol infusion and hemodialysis should be initiated.
Screening tests for the identification of ethylene glycol are be-
ing developed, but are not commonly used (231). Determina-
tion of ethylene glycol in serum is best performed with gas

chromatography, but this method is not routinely available at
most hospitals (232). Sodium fluorescein is a fluorescent dye
that is added to some commercial antifreeze preparations, and
a Wood’s lamp can be used to detect fluorescence visually in
urine, a finding that supports the diagnosis of ethylene glycol
ingestion (233).

Once the diagnosis of ethylene glycol poisoning has been
confirmed and the blood concentration of any concomitantly
ingested ethanol determined, the serum ethylene glycol level can
be estimated using the osmolal gap (234–236) (Table 49-7).
Ethylene glycol levels above 20 mg/dL can be lethal if not
treated aggressively (235).

Clinical Course and Treatment

Initial Emergency Department Treatment. If the patient is seen
in the first few hours after ethylene glycol ingestion, gastric
lavage and oral charcoal should be initiated to reduce further
drug absorption. Ethylene glycol is metabolized quickly to acid
intermediaries, and thus the high–anion-gap acidosis develops
rapidly after ingestion of ethylene glycol. Hemodialysis to pro-
vide a source of bicarbonate and to clear ethylene glycol and
its metabolites is the therapy of choice for treatment of the
acidosis. However, hemodialysis usually is delayed, and during
this waiting period patients usually require hundreds of mil-
liequivalents of sodium bicarbonate. Despite intravenous ad-
ministration of 300 to 500 mEq of sodium bicarbonate in the
first 6 hours, severe metabolic acidosis usually persists and is
not corrected until hemodialysis is initiated (214,237).

Correction of the acidosis may increase the likelihood of
symptomatic hypocalcemia such as seizures, tetany, and cardiac
dysfunction. Intravenous calcium supplementation should be
given cautiously because of the potential risk of further calcium
oxalate precipitation. Calcium should be given if clinical signs
or symptoms of hypocalcemia develop, but not prophylacti-
cally (217). Thiamine and pyridoxine are cofactors required in
the nontoxic metabolic pathways of ethylene glycol (away from
oxalate), and early replacement of these cofactors is advocated
to prevent potential depletion (190,216).

Administration of ethanol and hemodialysis have tradition-
ally made up the definitive treatments for ethylene glycol intox-
ication. Compared with ethylene glycol, ethanol has a higher
affinity for alcohol dehydrogenase and therefore inhibits the
metabolism of ethylene glycol to the toxic metabolites, permit-
ting the ethylene glycol to be renally excreted or dialyzed. With
a blood ethanol level of 100 mg/dL, liver alcohol dehydroge-
nase is saturated, and the half-life of ethylene glycol increases
from 3 to 17 hours (238). In rats, the median lethal dose of
ethylene glycol is doubled when ethanol also is given, and in
monkeys, a dose of 3.2 mL/kg of ethylene glycol was lethal
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except for those also receiving ethanol. The urinary excretion
of ethylene glycol was 10 times greater in ethanol-protected
monkeys than in those receiving ethylene glycol alone (239).
Since the first report of ethyl alcohol treatment in humans,
ethyl alcohol has been used in conjunction with dialysis in the
treatment of ethylene glycol poisoning, and ethanol is not rec-
ommended as a sole treatment (199). Although there have been
reports of successful treatment with ethyl alcohol without dial-
ysis, these were isolated cases in which ingestion only of small
amounts of ethylene glycol occurred (206,215).

For maximal inhibition of ethylene glycol metabolism, the
plasma ethanol concentration should be maintained between
100 and 200 mg/dL. This is achieved with a loading dose of
0.6 g/kg, followed by a maintenance dose of 66 mg/kg in non-
drinkers, and 154 mg/kg in regular alcohol consumers. During
dialysis, 7.2 g/hour should be added to the maintenance dose
(238,240). Oral ethanol also can be used, but the dose should
be increased by 50% if given soon after the administration of
charcoal (238). Intravenous ethanol comes in 5% and 10% so-
lutions diluted in dextrose and water, whereas a 20% or 50%
solution usually is used for oral or nasogastric administration.
The specific gravity of ethanol is used in calculating the correct
dose (234,238) (Table 49-7). Until the correct dose to achieve a
level between 100 and 200 mg/dL has been ascertained, hourly
ethanol concentrations should be checked.

4-Methylpyrazole. An alternative to ethanol therapy is fomepi-
zole (4-methylpyrazole; Antizol) which is a potent inhibitor of
alcohol dehydrogenase. It is now considered by many to be the
first line therapy over ethanol for treatment of ethylene glycol
toxicity (241,242). Animal studies have shown that fomepizole
prevents ethylene glycol–related mortality and toxicities, and
increases the urinary excretion of ethylene glycol by prevent-
ing its metabolism (198,212). In humans, fomepizole has been
studied in a small number of patients, and has been shown
to normalize acidosis within hours, prevent decreases in renal
function if used early, and decrease serum levels of ethylene gly-
col toxic metabolites (243). In humans without renal failure,
treatment results in an increase in the ethylene glycol half-life
from 3 to 14 hours, an increase in urinary excretion of ethylene
glycol, and prevention of clinical toxicity (244,245).

Fomepizole offers advantages over ethanol treatment, in-
cluding predictable pharmacokinetics, avoiding the need to
achieve and maintain the desired blood ethanol level, and
avoiding the ethanol-induced central nervous system depres-
sion. Fomepizole is available as a parenteral solution. The load-
ing dose is 15 mg/kg intravenously, followed by 4 more doses of
10 mg/kg every 12 hours, after which it is continued at a rate of
15 mg/kg every 12 hours until the ethylene glycol concentration
is undetectable or the patient is asymptomatic with a resolu-
tion of the high–anion-gap metabolic acidosis. Like ethanol,
the dose of fomepizole is adjusted during dialysis therapy. At
the start of dialysis, the next scheduled dose is given if it has
been longer than 6 hours since the last dose, but if it has been
less than 6 hours, the next scheduled dose is held. Fomepizole
is then given every 4 hours during dialysis. At the completion
of dialysis, no additional dose is given if it has been less than
1 hour since the last dose, one-half of the next scheduled dose is
given if it has been 1 to 3 hours since the last dose, and the next
scheduled dose is given if it has been longer than 3 hours since
the last dose. The maintenance dose off dialysis is continued
12 hours after the last dose (246).

Fomepizole has been used to treat ethylene glycol poisoning
successfully without hemodialysis or ethanol, but these patients
had normal renal function and fomepizole treatment was ini-
tiated soon after ethylene glycol ingestion (244,245). In mild
cases of ethylene glycol poisoning as evidenced by normal renal
function and no high–anion-gap acidosis, ethanol or fomepi-

zole is used by some as sole therapy without dialysis, but in
these cases forced diuresis with intravenous fluids and manni-
tol or furosemide should be used to avoid dehydration, min-
imize renal calcium oxalate crystal formation, and maintain
renal clearance of ethylene glycol (223,230,245). However, re-
cent data suggest that an abnormal presenting serum creatinine
concentration (≥1.5 mg/dL) predicts significantly prolonged
ethylene glycol elimination during fomepizole therapy, and in
the presence of metabolic acidosis, patients should undergo
hemodialysis (247).

Hemodialysis is indicated in all cases of confirmed or
strongly suspected ethylene glycol poisoning presenting with
renal failure, metabolic acidosis, and/or deteriorating clini-
cal status. Ethylene glycol and glycolate have low molecu-
lar weights, no protein binding, and a volume of distribu-
tion of 0.8 and 0.55 L/kg, respectively, which make them
easily dialyzable (195,238,248). Large surface-area dialyzers
(>2 m2) can achieve clearance of ethylene glycol of greater
than 200 mL/minute, and with smaller surface-area dialyz-
ers (1.1 to 1.6 m2) clearance of ethylene glycol and glyco-
late typically ranges from 150 to 190 mL/minute and from
140 to 170 mL/minute, respectively (195,214,238,248,249).
The renal clearance of ethylene glycol can be as high as
30 mL/minute in patients with preserved renal function, but the
importance of hemodialysis is illustrated by the fact that most
patients present with renal insufficiency, and in these patients
the renal clearance of ethylene glycol and glycolate is negligi-
ble (214,249). The length of the hemodialysis session should
be determined by the quantity of ethylene glycol ingested, but
this rarely is known. Although blood ethylene glycol levels are
helpful, they do not necessarily reflect the total quantity in-
gested because the blood ethylene glycol level is influenced by
time since ingestion and amount metabolized. Dialysis should
be continued for 8 hours if ethylene glycol levels are not avail-
able, and when levels are available, the dialysis prescription
should be calculated using the total body water, blood ethy-
lene glycol level, and the manufacturer-specified dialyzer urea
clearance (mL/minute) at the initial observed blood flow rate
(250). Bicarbonate-based dialysate is probably optimal com-
pared with acetate dialysate, which is associated with greater
hemodynamic instability, more central nervous system symp-
toms, and more oscillations in plasma bicarbonate (216,251).
Although peritoneal dialysis clears ethylene glycol and oxalate,
it should not be used over hemodialysis because of the high
efficacy of hemodialysis (211).

Sulfonamide Antibiotics, Indinavir,
and Acyclovir

Crystalline acute renal failure also can be caused by drugs
used for therapeutic purposes. If the solubility limit of a given
drug is exceeded in the renal tubules, the drug can then crys-
tallize and possibly cause obstructive nephropathy. Certain
sulfonamide antibiotics and acyclovir are the most common
drugs that can cause crystalline acute renal failure, but other
drugs such as methotrexate, triamterene, and high-dose vita-
min C potentially can crystallize and cause stones or obstructive
nephropathy (252–255,256). Before the acquired immunode-
ficiency syndrome (AIDS) era, crystalline acute renal failure
had become fairly rare, but with the frequent use of high-
dose sulfadiazine, sulfamethoxazole, indinavir, and acyclovir
in this population, it is again an important cause of acute renal
failure (257).

The sulfonamides were introduced into medical practice in
1936, and early animal experiments recognized that sulfon-
amides of low solubility were able to crystallize in the urinary
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tract and renal parenchyma, causing obstructive nephropa-
thy (258,259). Reports of patients with hematuria, crystal-
luria, renal colic, and renal failure were common until the
1950s, when sulfonamides with greater solubility became
available (258,260). In patients with AIDS, high-dose sulfa-
diazine is again being used commonly in conjunction with
pyrimethamine for the treatment of toxoplasmosis. After an
oral dose, sulfadiazine is rapidly absorbed and then partially
acetylated in the liver. The half-life of sulfadiazine is 8 to
17 hours in patients with normal renal function and 22 to
34 hours in patients with severe renal insufficiency (257). Re-
nal crystal formation in the nephron is promoted as the filtrate
is concentrated and acidified. The solubility of sulfadiazine is
almost 10-fold higher at a pH of 7.5 than a pH of 6.5.

Patients with sulfonamide-induced renal failure classically
present with renal colic, hematuria, acute renal failure, and
oliguria or anuria (261,262). Although renal failure develops
in most patients in the first week after the start of the sulfa-
diazine, patients also can present months after the start of the
medication. Delayed presentation of acute renal failure usually
occurs with the concurrent development of volume depletion,
often due to diarrhea, and these patients can be managed with
hydration without stopping the sulfadiazine (263,264). The
urinalysis usually shows hematuria, mild pyuria, and “shock
of wheat” crystals (Fig. 49-3). Renal ultrasonography may
reveal multiple echogenic foci in the renal parenchyma, but
occasionally shows frank hydronephrosis with ureteral stones
(261,265,266).

The acute renal failure should be managed with intravenous
fluids containing sodium bicarbonate with the aim of main-
taining urine pH over 7.15 and urine output over 1 L/day.
Urologic intervention sometimes is required in patients who re-
main anuric. Bilateral retrograde ureteral catheterization with
warm 5% sodium bicarbonate solution, ureteral stents, and
stone extraction with a stone basket all have been used in cases
of ureteral obstruction with stones (267–270). Although tem-
porary hemodialysis sometimes is necessary, recovery of renal
function to baseline is the rule within 7 days (262,266).

Patients starting sulfadiazine therapy should receive pro-
phylaxis against renal toxicity. To minimize crystal formation,
patients should be encouraged to maintain fluid intake over 2
to 3 L/day and should be started on sodium bicarbonate (6 to
12 g/day) to maintain urine pH higher than 7.15 (262). Patients
with renal insufficiency, diarrhea, or volume depletion should
be monitored closely with urinalyses, looking for hematuria
and crystalluria, and sulfadiazine levels should be considered
in patients with renal insufficiency (262).

Indinavir is one of the most common protease inhibitors
used in patients with AIDS as part of highly active antiretro-
viral therapy. Indinavir causes nephrolithiasis in 3% to 4%,
and symptomatic urinary tract disease, including nephrolithia-
sis with renal colic, flank pain without evidence of stones, and
dysuria or urgency, in 8% of patients taking the drug (271,272).
Most patients presenting with symptomatic urinary tract dis-
ease have crystalluria, and many have radiographic evidence of
either stones or renal parenchyma filling defects. However, only
a minority have mild to moderate renal insufficiency. Hydration
can prevent symptomatic urinary tract disease, but permanent
discontinuation of indinavir is necessary in some because of
recurrence of symptoms. Asymptomatic indinavir crystalluria
is found in 20% of patients receiving the drug in the normal
dosage of 800 mg orally, three times a day, and the drug should
not be discontinued for asymptomatic crystalluria. In vitro, in-
dinavir is more soluble at a pH of 4.5, but this is below the
in vivo potential of the kidney (272). The presence of crystal-
luria and pyuria may signal the presence of interstitial nephri-
tis, which may not reverse with conservative treatment with
hydration alone (273).

High-dose acyclovir also is associated with acute renal fail-
ure and crystalluria. Early preclinical toxicology studies in
animals clearly demonstrated that high-dose acyclovir given
to rats resulted in precipitation of drug crystals in the distal
nephron and also caused reversible obstructive nephropathy
(274,275). Although it has been assumed that intratubular acy-
clovir crystallization also is responsible for the renal failure
observed in humans, the pathophysiologic process is not en-
tirely clear. Most reported kidney biopsy or autopsy specimens
have not demonstrated intrarenal crystals, but typically show
normal glomeruli, no obstruction, occasional ruptured tubules,
and minimal focal areas of interstitial hemorrhage, congestion,
and inflammatory infiltrates (276,277). In one case report of
acyclovir nephrotoxicity, the renal biopsy was consistent with
acute tubular necrosis without any evidence of intratubular
crystals (278). Crystal dissolution during tissue fixation or the
time interval between discontinuation of acyclovir and obtain-
ing the renal biopsy could account for the inconsistent demon-
stration of crystals in renal tissue (278).

Renal impairment after intravenous acyclovir was com-
monly observed when bolus injections were used instead of
slow infusions; one series reported that increased BUN or
serum creatinine developed in 58 of 354 (16%) of patients
24 to 48 hours after administration of acyclovir (275,279). Un-
like all other subsequent reports, one infant in this series with
renal failure did show birefringent crystals in the renal tubules
in the postmortem examination (275). In contrast to bolus in-
jections, renal failure after slow intravenous infusions or oral
acyclovir is less common, but does occur, especially in patients
with renal insufficiency or volume depletion (276,280–282).

The acute renal failure caused by acyclovir typically devel-
ops 24 to 72 hours after the first dose of intravenous acy-
clovir. Unlike with the sulfonamide antibiotics, most patients
do not have renal colic, stones, or ultrasonographic findings
of obstruction. Many patients also have neurotoxicity, includ-
ing headache, irritability, tremulousness, ataxia, nystagmus,
lethargy, dysarthria, confusion, and coma (276,283,284). The
urinalysis usually reveals both mild hematuria and pyuria, and
examination of the urine with a polarizing microscope may
show birefringent, needle-shaped crystals within leukocytes
(276,283). Despite the development of massive acyclovir crys-
talluria in some patients, renal function may remain unaffected
(277,285).

Risk factors for the development of acyclovir-induced acute
renal failure include dehydration, bolus dosing, chronic renal
failure, and an acyclovir serum level of greater than 25 μg/mL
(275,282,286). Renal function in patients with acute renal fail-
ure usually normalizes within 4 to 9 days after drug discontin-
uation (276,286). Conservative management, with hydration
and discontinuation of acyclovir, is sufficient in most patients,
but in patients with combined severe neurotoxicity and nephro-
toxicity, hemodialysis can be used to reduce serum acyclovir
levels. This results in prompt reversal of acyclovir-associated
neurologic symptoms (283). In cases of mild renal failure, acy-
clovir nephrotoxicity can be managed by hydration and dose
reduction of acyclovir (282).

The half-life of acyclovir is 3 hours, and renal excretion
is the major route of elimination. For example, over 90% of a
given dose of acyclovir can be recovered unchanged in the urine
of subjects with normal renal function 12 hours after dosing
(287). There is a linear relationship between creatinine clear-
ance and the renal clearance of acyclovir. The renal clearance
of acyclovir is three times that of a given creatinine clearance,
indicating significant tubular secretion (287). In subjects with
preexisting renal insufficiency, the half-life of acyclovir can be
as high as 20 hours, and dosing in renal insufficiency should be
adjusted according to the level of renal function (287,288).
Hemodialysis effectively removes acyclovir, reducing the
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half-life to 5 hours, and can effectively remove 40% of acy-
clovir in body stores (283,287,289).
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CHAPTER 50 ■ BLOOD PRESSURE
AND THE KIDNEY
HUGH E. DE WARDENER AND GRAHAM A. MACGREGOR

Ten to fifteen percent of the world’s population suffers from
hypertension, but the cause can be identified in only 5%. Ab-
surdly, hypertension is referred to as essential hypertension
when the cause cannot be identified, as if other causes were
nonessential. It now seems increasingly likely that the initiat-
ing fault underlying hypertension of unknown cause (essen-
tial hypertension) is a covert abnormality of the kidney. It ap-
pears therefore that nearly all patients with high blood pressure
have a renal abnormality for the cause of hypertension, when
known, usually is an overt abnormality of the kidney.

HISTORICAL BACKGROUND

Bright, Hypertension, and
Advanced Renal Disease

Bright first proposed the notion in 1841 that hypertension is in
some way connected with the kidney (1). He performed post-
mortem examinations on patients who had died from “dropsy
and coagulable urine” in whom he stated there was always
“some obvious derangement of the kidneys.” He also noted
that the left ventricle was enlarged and the wall hypertrophied.
“What is most striking,” he pointed out was that, “ . . . there
were twenty two (patients) without any probable organic cause
(e.g., a valvular lesion) for the marked hypertrophy.” In trying
to find an explanation for the association of disease of the kid-
ney and left ventricular hypertrophy, Bright is credited with a
proposal that, after many vicissitudes, appears to be increas-
ingly relevant today.

Bright had noted that the radial pulse of these patients was
hard. Although he could not measure the arterial pressure,
fluctuating hydrostatic pressure within the artery was a well-
accepted phenomenon; therefore, a hard pulse denoted raised
arterial pressure. Harvey (2) had demonstrated the presence of
arterial pressure by cutting an artery, and Hales had measured
the arterial pressure of a horse (3) with a glass tube inserted
into the femoral artery (Fig. 50-1). Bright (1), searching for
a cause for cardiac hypertrophy and hypertension, concluded
that,

This leads us to look for some less local cause for the unusual
effects to which the heart has been impelled; and the two most
ready solutions appear to be; either that the altered quality of the
blood affords irregular and unwanted stimulus to the organ (the
heart) immediately; or that it so effects [sic] the minute and capillary
circulation as to render greater action necessary to force the blood
through the distant subdivisions of the vascular system.

The “altered quality of the blood” referred to those substances
he rightly assumed severely diseased kidneys could no longer
excrete. The idea that an “unwanted stimulus” to the heart
(i.e., an increase in cardiac output) might raise blood pressure
was not taken up until the 1960s (4), when it was put for-
ward as a possible factor for the onset of a pressure rise in

some patients (see later discussion). The second proposal, that
a greater action of the heart is necessary to force blood through
the vascular system, indicates that Bright considered that raised
arterial pressure might cause ventricular hypertrophy.

Bright did not specify which “distant sub-division of the
vascular system” he had in mind. One reads the word “dis-
tant” and assumes that he was referring to all the vessels in
the body. Bright’s contemporaries, however, clearly thought he
was referring “ . . . solely to the resistance of the small renal
arteries” (5); in other words, the rise in blood pressure was
necessary to force the blood through the kidneys. It is possible
that this interpretation was derived from some anatomic dissec-
tions of kidneys made by Toynbee (6) working in collaboration
with Bright. He found that in the final stages of Bright’s disease
when the kidneys were contracted, the renal arteries and vessels
in the “malpighian tubules” (the glomeruli) were so contracted
that they were very difficult or impossible to inject via the re-
nal artery. Subsequently, Johnson in 1868 (5) drew attention
to the fact that, in contrast to Bright’s opinion, all the minute
arteries of the body were involved in that the walls of the very
small arteries of the brain and pia mater, as well as those in
the kidneys, were hypertrophied. Like Bright, he thought this
change directly resulted from an abnormality of the blood that
was “contaminated by urinary excreta and otherwise deterio-
rated.”

Traube (7) made a fascinating suggestion in 1871. He
pointed out that “the shrinking of the renal parenchyma will
. . . act by decreasing the amount of liquid which is . . . removed
from the arterial system by urinary excretion. As a result . . .
the mean pressure of the arterial pressure must increase.” This
inspired teleologic hypothesis anticipated Fahr (8), Borst and
Borst-de-Gues (9), and Guyton’s (4) identical (although more
detailed) proposals by about 100 years, even though it leaves
unexplained the mechanisms that cause blood pressure to rise.
Traube’s assertion that hypertension is a compensatory phe-
nomenon to increase an impaired urinary excretion toward
normal is now considered to be relevant to most forms of hy-
pertension, including those in which there is no overt renal dis-
ease such as essential hypertension. Borst and Borst-de-Gues’s
(9) summing up of this idea and its overall effect was that the
arterial pressure rises to correct the kidney’s “unwillingness to
excrete sodium. Thus a seemingly normal sodium output is
maintained at the expense of the hypertension.”

Essential Hypertension and Nephrosclerosis

The next step forward was that of Mahomed in 1879 (10). He
observed that, “it is very common to meet people, apparently
in good health, who have no albumin in the urine or any other
sign of organic disease, who constantly present a condition of
high arterial tension.” He found at postmortem examination
that the kidneys of such patients, who had not had albuminuria,
were “red” rather than “yellow,” like those who had died with
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FIGURE 50-1. Stephen Hales and assistant measuring blood pressure
of a horse. (From: Pickering GW. Systemic arterial hypertension. In:
Fishman AP, Richards DW, eds. Circulation of the blood, men and
ideas. New York: Oxford University Press, 1964:487, with permission.)

albuminuria and dropsy; that is, they did not look very abnor-
mal, although they were somewhat contracted. Patients with-
out proteinuria had come under treatment for “symptoms of
cerebral haemorrhage, heart disease, lung disease and sundry
medical and surgical disease.” This is the first description of
essential hypertension, a condition of sustained hypertension
not due to overt renal disease. Mahomed concluded that

high pressure is a constant condition in the circulation of some
individuals and that this condition is a symptom of a certain con-
stitution or diathesis. . . . These persons appear to pass through life
much as others do and generally do not suffer from their high blood
pressure except in their petty ailments upon which it imprints it-
self. . . . As age advances the enemy gains accession of strength. . . .

The individual has now passed 40 years of age, his lungs begin to
deteriorate, he has a cough in the winter time, but by his pulse you
will know him. Alternatively headache, vertigo, epistaxis, a passing
paralysis, a more severe apoplectic seizure, and then the final blow.
. . . Of this I feel sure, that the clinical symptoms and the patho-
logical changes resulting from high arterial pressure are frequently
seen in cases in which slight, if any, disease is discoverable in the
kidney.

Mahomed’s proposals overlapped certain conclusions put
forward a few years earlier by Huchard (11) in Paris, who had
written that: “It has been wrongly assumed that chronic hyper-
tension only appears following interstitial nephritis (glomeru-
lar nephritis). The opposite is true; arterial hypertension is the
cause of arteriosclerosis; it precedes by a varying time inter-
val the evolution of different diseases (heart disease, arterial
nephritis, etc.) which are in turn secondary to vascular sclero-
sis.”

In addition to the suggestion attributed to Bright that occlu-
sive changes in the renal arteries are responsible for the associ-
ated rise in arterial pressure, Huchard put forward the concept

that hypertension itself could cause widespread occlusive arte-
rial changes (including in the renal arterial tree) that he called
“arterial nephritis,” what we now call hypertensive vascular
changes or nephrosclerosis, when present in the kidney.

Malignant Hypertension

These seminal observations were confirmed, elaborated, for-
gotten, and revived during the next 100 years. The next step
forward was Volhard’s (12) demonstration in 1931 that pri-
mary hypertension could have either a benign or malignant
course. The benign form of hypertension, although accompa-
nied by enlargement of the heart, might remain unchanged for
years (as Mahomed had noted), the patient eventually dying of
heart failure or a cerebrovascular accident while renal function
remained relatively unimpaired throughout. Malignant hyper-
tension was heralded by acute retinal changes and then increas-
ing renal functional deterioration, the patient rapidly dying of
renal failure. Volhard considered that benign essential hyper-
tension was caused by a primary thickening of the systemic
arteriolar walls that he called elastosis (i.e., full of elastic tis-
sue), which he suggested was due to the effects of age on a “ge-
netic constitution.” He thought that malignant hypertension
resulted from the action of a renal pressor substance released
because of renal ischemia, which in turn resulted from severe
“elastosis” of the renal arteries or glomerular nephritis that
reduced renal blood flow by contracting the kidneys. He was
also the first to suggest that vascular spasm of the renal vascu-
lature produced by a pressor substance released by the kidney
could lead to a vicious cycle effect that released more pres-
sor substance. The concept of a circulating pressor substance
resulted from the work of Tigerstedt and Bergman (13), who
showed in 1898 that saline extracts of fresh rabbit kidney or
an alcohol-dried powder produced a prolonged rise of pressure
when injected into rabbits that were lightly anesthetized with
urethane. They named this substance renin.

Volhard’s hypothesis about the origin of malignant hyper-
tension was supported first by the observation of Goldblatt et
al. (14) in 1934 that renal ischemia in dogs, induced by partially
constricting renal arteries, induced persistent hypertension that
was caused by some substance released by the kidney. However,
it took another 56 years before Tigerstedt and Bergman’s obser-
vations led to the identification and structure of horse and ox
angiotensin II by Skeggs et al. (15) and Peart (16), respectively.
Volhard’s vicious cycle hypothesis was supported by Wilson
and Byrom’s (17) experiments in rats, in which hypertension
was induced by a partially occluding renal artery clip placed
on one renal artery while the other kidney was left intact. In
the first few weeks thereafter, removal of the “clipped” kidney
was associated with a return of arterial pressure to normal, but
removal of the clipped kidney did not lower arterial pressure
if the clip was removed later (after the unclipped kidney had
suffered irreversible vascular damage). Rettig et al. (18) con-
firmed, by transplanting the unclipped kidney into a normal rat
that then develops hypertension, that the persistence of hyper-
tension after the clip is removed is caused by the hypertensive
vascular changes in the unclipped kidney.

Renal Origin of Hypertension

Mahomed’s notion that the kidney in nonmalignant essen-
tial hypertension is normal before being damaged by the rise
in pressure was continuously reaffirmed (19–21). Bell (19), a
pathologist, concluded in 1946 that “hypertension may de-
velop in persons whose renal vascular lesions are no greater
than is found in non-hypertensive controls.” It was not until
the emergence of hereditary strains of hypertension in the rat
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that Borst and Borst-de-Gues (9) and Guyton’s (4) claim be-
gan to be accepted that the kidney is abnormal in essential
hypertension. This followed the finding that hereditary hyper-
tension in the rat strongly resembles essential hypertension in
humans, and that the kidneys in these strains, as in essential
hypertension, are abnormal before the onset of hypertension,
thus excluding the possibility that the high blood pressure itself
is responsible for the renal abnormality.

Renal Origin of Hypertension in Hereditary
Strains in Animals

The principal evidence that the initiating hypertensive trigger
in hereditary rat strains of hypertension resides in the kidney
has been obtained in renal cross transplantation experiments
(22,23) (Fig. 50-2). This experiment was carried out from 1960
on by many different groups of research workers using four dif-
ferent strains of rat—the Dahl salt-sensitive rat, spontaneously
hypertensive rat, stroke-prone spontaneously hypertensive rat,
and Milan hypertensive rat (24–30). A unilateral nephrectomy
is performed on both rats, and the remaining kidney from each
is then cross-transplanted. Transplanting a kidney from a hy-
pertensive to a normotensive strain rat raises blood pressure of
the normotensive rat. To avoid the possibility that preexisting
hypertensive vascular changes in the graft induce pressure rises
in recipients, some of the kidneys from hypertensive strain rats
were taken from prehypertensive 7-week-old or 20-week-old
rats, blood pressure of which was kept within normal limits
from the age of 4 weeks with a converting enzyme inhibitor.
Nevertheless, blood pressure of the rat that received the kidney
still rose to the same extent. In the reverse set of experiments,
a kidney from a normotensive strain rat, when placed into a
young hypertensive strain rat before the onset of hypertension,
prevented the onset of hypertension. If placed into an older rat

FIGURE 50-2. Cross-transplantation experiment between an inherited
hypertensive strain rat and a control normotensive strain rat demon-
strating that the kidney carries a genetic abnormality that causes blood
pressure (BP) to rise. One kidney is removed from each rat, and the
remaining kidney is then cross-transplanted into the other rat. The ex-
periments are performed before the arterial pressure has risen in the
hypertensive strain rat. (From: de Wardener HE. The kidney, 5th ed.
Edinburgh: Churchill Livingstone, 1985:260, with permission.)

with established hypertension, it lowered the blood pressure.
These experiments clearly demonstrate that an underlying ge-
netic defect in the kidney is responsible for high blood pressure
in these rats with hereditary hypertension.

Renal Origin of Essential Hypertension

In essential hypertension, the nearest equivalent to the cross
transplantation experiments in animals is the relation of the
recipient’s blood pressure, after renal transplantation, to blood
pressure of the donor’s family. In one study of 50 recipients,
those from normotensive families who received a kidney from
a donor with a hypertensive parent needed significantly more
hypertensive therapy than those who received a kidney from
a normotensive family (31). In addition, there is a study of
six black hypertensive patients with terminal renal failure ow-
ing to nephrosclerosis from severe essential hypertension (32).
Their blood pressure fell to normal without the need for hy-
pertensive treatment after they received a kidney from young
normotensive donors. The average follow-up was 4.5 years.

Nature of the Renal Abnormality Responsible for
Hypertension in Inherited Hypertension

The principal overall abnormality appears to be an impaired
ability to excrete sodium. In cross transplantation experiments
in the rat, sodium is retained as blood pressure rises by the re-
cipients of hypertensive strain kidneys (33,34), which suggests
that the rise in blood pressure is directly related to an impaired
ability of the renal graft to excrete sodium. Recent observations
in the spontaneously hypertensive rat (SHR) demonstrated that
the impaired ability to excrete sodium is present at 3 to 7 weeks
of age and that such kidneys have a blunted natriuretic re-
sponse to arterial pressure associated with an increase in renal
vascular resistance owing to a narrowing of the afferent arte-
rioles. The most marked changes occur in the papillae, where
there is a reduction in blood flow and interstitial hydrostatic
pressure. Such vascular changes certainly could contribute to
the impaired ability of the kidneys to excrete sodium (35–39).
In addition, the kidney in essential hypertension and several
strains of hypertensive rats is the site of several other, inher-
ited abnormalities that could alter the ability of the kidney to
excrete sodium (see the following).

In humans renal vascular resistance is raised in normoten-
sive children of hypertensive parents (40) and there is consider-
able evidence that they also have an impaired ability to excrete
sodium. In some patients with essential hypertension who have
an exaggerated increase in blood pressure following an intra-
venous infusion of saline (41), there is a detectable impairment
in their ability to excrete an acute sodium load (42).

Urinary sodium excretion is closely related to dietary intake.
When the kidney has difficulty excreting sodium, the conse-
quences that follow are more severe, that is, the greater the
amount that has to be excreted. Thus, as the evidence accumu-
lates, studies demonstrate that hypertension is closely related
to the dietary intake of sodium.

Summary

Bright proposed (or at least is given credit for proposing) that
hypertension associated with severe renal disease is caused by
occlusive changes to the distant subdivisions of the vascular sys-
tem of the kidney (1). Subsequently it was found that hyperten-
sion without severe renal disease (i.e., essential hypertension),
can occur without microscopic vascular abnormalities in the
kidneys; therefore, it was deemed that essential hypertension
is unrelated to any abnormality of the kidney, in contrast to
hypertension with severe renal disease.
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In the past 40 years, however, evidence has accumulated
that although the renal vessels in an animal model of hyperten-
sion that closely resembles essential hypertension appear to be
normal on microscopy before the rise in pressure, they are func-
tionally abnormal in that they have an increased tone. Such an
increase, together with several other documented renal abnor-
malities in both essential hypertension and hypertensive strains
of rats, could be responsible, in part, for the “unwillingness” of
these kidneys to excrete salt. There is now evidence that even a
single monogenetic lesion, intrinsic to the kidney, such as Lid-
dle’s syndrome, which impairs sodium excretion, is sufficient
itself to cause blood pressure to rise (43). Thus, both hyper-
tension associated with severe renal disease, first described by
Bright, and essential hypertension are renal diseases, and the
principal functional abnormality appears to be an impaired
ability to excrete sodium.

SALT INTAKE AND BLOOD
PRESSURE

If essential hypertension is caused by an impaired ability to
excrete sodium, then there should be some relation between
salt intake and hypertension.

History of Salt in Human Affairs

The human race is considered to have been on the earth for
about 3 million years, and those living inland had to eat a
low-salt diet (approximately 10 to 15 mmol/day) until about
5,000 years ago. In other words, the human race is geneti-
cally programmed to eat a low-salt diet. This was accomplished
by increasing the tongue’s exceptional ability to detect minute
quantities of salt, and by a remarkable capacity to conserve
sodium by reducing sodium lost in sweat and urine. (It is pos-
sible to reduce 24-hour urine loss to less than 1 mmol.) Salt
intake rose when humans discovered that salt had the “magi-
cal” property of being able to preserve food. Initially, salt was
obtained with great difficulty from the sea and was one of
the precious cargoes carried inland by camel caravans across
the Arabian and African deserts. The Roman army, which at
first issued a monthly ration of salt to each man, eventually
found it more convenient to pay each man a monthly lump
sum (a salary) with which to purchase salt. Salt’s ability to pre-
serve food was of vital economic importance. It is probable,
however, that the consumption of highly salted preserved food
meant that fresh food tasted bland, and not surprisingly, those
who could afford it started to add salt to unsalted food. The
increasing use of salt made it an important object of commerce,
especially for those countries that bordered on the sea or had
salt mines. The salt trade was the underlying foundation of the
Venetian empire that lasted nearly 800 years (44). The Chinese
had a salt tax circa 2000 bc. Governments used the desire for
salt as a source of revenue, much as they now use that for al-
cohol. The demand for salt was so powerful and pervasive that
smugglers took enormous risks to bypass the tax. In the 17th
century, about one-third of the galley slaves in France had been
sentenced for violation of the salt tax. It was the most hated of
all taxes, and in the next century was one of the major causes
of the French Revolution (45).

By 1850, salt was no longer expensive, and it was estimated
that salt consumption in England and France per capita was
about 20 g/day (330 mmol), half added to the food at table,
the other half present in food. The introduction of refrigeration
reversed this trend, and during the 20th century salt consump-
tion tended to fall. Nevertheless, in Western communities, it is
still 100 to 400 mmol/day, with an average intake of 150 mmol

in Europe and the United States, at least six times more than
late Paleolithic man (46). Now, less is added at the table than
in 1850, but processed foods are responsible for the 70% to
80% of the total intake.

THE INFLUENCE OF SALT INTAKE
ON BLOOD PRESSURE

The relation of salt intake to blood pressure has been revealed
by (a) epidemiologic studies, (b) measuring the effect of in-
creasing and decreasing the intake of salt on the normal blood
pressure, and (c) decreasing salt intake in patients with hyper-
tension.

Epidemiologic Studies

There have been nearly 40 accounts of certain unacculturated
populations in which blood pressure did not rise with age—in
other words, such populations did not have essential hyperten-
sion (47). Their dietary intake of salt was below 3 g/day, in a few
it was below 1 g/day, and in one it was about 0.05 g/day. At the
other end of the scale, there have been studies among Japanese
and Portuguese communities with a high prevalence of hyper-
tension in one of which the salt intake averaged 26 g/day. The
bulk of Westernized societies, which consume around 7 to 12 g
of salt/day with an average of 9 g/day, are in between. The
connection between salt intake and hypertension in these in-
termediate populations is evident but more difficult to discern
mainly because of the relatively narrow range of salt intake
(approximately 6 to 10 g/day) and the wide fluctuations of
24-hour urinary salt excretion (used to measure salt intake),
which is owing to the variable day-to-day salt intake of indi-
viduals in most developed countries.

Unacculturated Populations

Low-salt-eating unacculturated populations used to inhabit the
tropics of Africa, South America, and the Pacific and Arctic re-
gions. The outstanding example is the Yanomamo Indians in
South America. Their staple foods are cooked bananas and
manioc; they have little access to salt. Their mean 24-hour uri-
nary excretion of salt is around 0.05 g/day and their potassium
intake is about 3 g/day. The Yanomamo culture encourages
chronic warfare and violence (48), yet there is no rise in blood
pressure with age.

Nigeria

In two related rural tribes in Nigeria only one had access to
salt. There was a highly significant difference in blood pressure
between the two tribes, the one with access to salt having the
higher arterial pressure. The two tribes were identical in all
other respects.

The Iranian Qash’ qai

The relation of salt intake to blood pressure in this primitive
nomadic tribe complements the others. Throughout the area
that this tribe has inhabited for approximately 400 years are
natural surface deposits of salt, which the tribe uses liberally
in baking and cooking as well as at the table. The average
urinary sodium excretion is 186 mmol/day in the men and
141 mmol/day in the women. The prevalence of hypertension
in those over 30 years of age is 12% and 18%, respectively,
with no tendency for increased weight with age.
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Thus, whatever subsidiary factors may be suggested, other
than the dietary intake of salt to account for the stability in
blood pressure with age in unacculturated people on low-salt
intakes, they did not prevent a rise in blood pressure in the
unacculturated tribe, which consumes a high-salt diet.

Migratory Studies

There are examples of groups of individuals from low-salt-
eating communities whose blood pressure rises when a change
in their circumstances causes them to eat more salt. The best
of these was a carefully controlled study from Kenya where
subsistence farmers ate a low-salt/high-potassium diet. Some
of the farmers migrated to an urban community where there
was a marked increase in salt intake and a fall in potassium
intake to levels similar to those in Western countries. Blood
pressure in these migrants rose, whereas there was no change
in blood pressure in a control group that did not migrate. It
was concluded that a major part of blood pressure rise that
occurred on migration resulted from the increase in salt intake
(49).

High-Salt-Intake Societies

There are several societies that continue to have a high salt
intake, comparable to that of most Western societies during
the 19th century, before the introduction of refrigeration and
canning. These include Portugal, northern China, and Japan.
Japan has been studied the longest.

Japan

In the late 1950s, the Japanese became aware that certain
northeastern parts of the country, which had a very high con-
sumption of salt, had the highest incidence of death from stroke
(owing, at that time, to brain hemorrhage from a ruptured
cerebral artery), and that in these areas the prevalence of high
blood pressure also was greater than in the rest of the country
(Fig. 50-3). For instance, the number of hypertensive individu-
als aged between 50 and 60 years in one community in the
northeast in which the salt intake was 26 g/day was 70%,
whereas it was only 10% in the south where the salt intake
was 14 g/day.

THE RELATIONSHIP OF BLOOD
PRESSURE TO SALT INTAKE

WITHIN AND BETWEEN
POPULATIONS

Studies of rural Asian communities in which there is a wide
range of salt intake but each individual’s intake is relatively
constant have repeatedly shown a direct within-center rela-
tionship between 24-hour urinary sodium excretion and blood
pressure (50–54). In Western cultures, however, in which the
within-individual daily salt intake varies considerably, it has
been difficult until recently to detect a significant relationship
within populations. In addition, early attempts to correlate
data among several international centers were criticized in that
the various centers from which the data were obtained had
used different criteria and there had been a failure to take into
account many confounding variables. Thus, interesting cross-
center linear relationships between blood pressure and sodium
intake, which were repeatedly demonstrated from data col-
lected worldwide (55,56), consistently failed to be universally
convincing.

FIGURE 50-3. Regional distribution of cerebral hemorrhage in Japan
in 1957–highest in the north and lowest in the south. The intake of
sodium in four areas is also indicated, 14 g/day in the south and 27
g/day in the north. (Reprinted from: Takahashi E, et al. The geographic
distribution of cerebral hemorrhage and hypertension in Japan. Hum
Biol 1957;29[2]:139, with permission.)

An extensive and very well controlled international epidemi-
ologic study (the Intersalt Study) that avoided the weaknesses
of previous investigations was carried out in 10,079 men and
women aged 20 to 59 years sampled from 52 centers around the
world. They were studied using a standardized protocol, cen-
tral training, and a central laboratory (57,58). After standard-
ization for age, sex, body mass index, alcohol intake, and potas-
sium excretion, within-center analyses showed that sodium ex-
cretion was significantly related to systolic pressure among in-
dividuals in a population, and cross-center analysis showed
that sodium excretion is significantly related to the rise in sys-
tolic and diastolic pressure with age (Fig. 50-4). A conservative
estimate of the size of this effect is that, on average, a reduction
in sodium intake of 100 mmol/day between the ages of 25 and
55 years corresponds to a 9 mm Hg lower rise in systolic pres-
sure. This is an underestimate because only one 24-hour urine
sample was obtained from each person to measure the sodium
excretion. Within-individual variations in daily sodium excre-
tion, however, may be considerable (e.g., more than fivefold).
When multiple regression analyses are calculated, factors that
fluctuate to a large degree in this way tend to appear less im-
portant than those, such as weight, that fluctuate much less (an
effect known as regression dilution bias). In order to obtain a
correct regression coefficient in Western communities in which
daily urinary sodium excretion fluctuates most widely, it would
be necessary to sample five to 14 24-hour samples (59–62). This
is impractical in a large survey. In the Intersalt Study, a partial
adjustment was attempted by calculating a coefficient of relia-
bility from the results of two 24-hour urine samples collected
from 807 participants at random.

Once again, the Intersalt Study demonstrated that in ge-
ographically isolated centers where urinary sodium excretion
rates were below approximately 60 mmol/day, of which there
were four in the Intersalt Study, blood pressure does not rise
with age, and hypertension is rare. In the past, the applicability
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FIGURE 50-4. Cross-center plots of diastolic blood pressure slope
with age, and median sodium excretion and fitted regression lines stan-
dardized for age, sex, body mass index, and alcohol consumption for
52 centers. (From: Intersalt Cooperative Research Group. Intersalt: an
international study of electrolyte excretion and blood pressure. Re-
sults for 24-hour urinary sodium and potassium excretion. Br Med J
1988;297:319, with permission.)

of such observations to other societies, particularly Western
societies, tended to be dismissed on the assumption that the
general health and daily life patterns of such isolated unaccul-
turated societies was probably more relevant to their low blood
pressure than their intake of sodium (63). It appears that this
assumption is unwarranted, at least regarding their physical
features. The local organizers at each of the four Intersalt cen-
ters with sodium intakes below 60 mmol/day reported that
the participants were physically active, appeared healthy, and
showed no sign of malnutrition or protein deficiency (64).

The Effect of Increased Salt Intake
on Normal Blood Pressure

Normal Animals

The prolonged ingestion of increased quantities of salt causes
hypertension in the normal dog (65,66), chicken (67), rabbit
(68), baboon (69), rat (70–72), and chimpanzee (73). The rate
of rise in blood pressure depends on the amount ingested. Hy-
pertension usually comes on within a few weeks, is sustained
thereafter, and is proportional to the intake. The effect is more
marked in animals exposed just after birth (69,70,74) and in
males (69,75).

Salt intake was first unequivocally demonstrated in ani-
mals as an initiator of hypertension by Meneely and associates
(71), who fed groups of ordinary stock rats a range of dietary
sodium intakes. At the end of 9 months, the mean blood pres-
sure of each batch was directly related to the intake of sodium
(Fig. 50-5). Dahl (76) confirmed these findings and made an ad-
ditional observation of immense importance. He found that in
each batch of rats’ blood pressure rose in some rats but not oth-
ers, and that this “sensitivity” and “resistance” of blood pres-
sure to a high-salt diet was genetically determined. At about
the same time, Smirk and Hall (77) bred a strain of rats that
became hypertensive with age on a normal sodium intake (the
first strain of “spontaneously hypertensive” rat) and another
strain that did not develop hypertension with age.

A recent study in chimpanzees (73) phylogenetically our
closest relation (98.4% genetic identity) is the most convinc-
ing testimony that excess sodium probably causes hyperten-
sion in humans. Normally chimpanzees, which live up to

FIGURE 50-5. The effect of various intakes of salt for 9 months
on the systolic blood pressure of normal rats. (From: Bell CD, Me-
neely GR. Observations on dietary sodium chloride. J Am Diet Assoc
1957;33:366, with permission.)

50 years and weigh up to 50 kg, eat a diet of fruit and veg-
etables with sodium content around 10 mmol/day. A gradual
increase in sodium intake in a colony of chimpanzees over
20 months to 200 mmol/day increased blood pressure by
33/10 mm Hg. Blood pressure returned to values present at
the beginning of the study when the salt intake was lowered
to 10 mmol/day (Fig. 50-6). This experiment shows that if the
animal species most closely related to humans (which normally
consumes a low-salt diet, as both they and humans are geneti-
cally programmed to do) increases its salt intake into the same
range as present-day humans, then they will develop hyperten-
sion, just as humans do.

Normal Humans

There do not appear to be any studies comparable to those
made in animals of the effect of an imposed, prolonged increase
in salt intake on blood pressure of normotensive humans pre-
viously accustomed to a low salt intake; that is, a situation
comparable to the chimpanzees. Salt intake has been increased
for relatively short periods in the normal high-sodium diet of
young adults (150 mmol/day), and this has induced only small
changes in blood pressure. For instance, in four out of five stud-
ies (78–82), increases in sodium intake up to 420 mmol/day for
up to 4 weeks in young or middle-aged (<47 years) normoten-
sive subjects did not cause a rise in arterial pressure.

Normotensive Offspring of Hypertensive Parents

Observations in monozygotic and dizygotic twins have estab-
lished that in normal subjects there are “strong heritable influ-
ences on the renal excretion of sodium which are most readily
identified in the volume expanded state” (83); and that fol-
lowing a relatively slow infusion of saline (2 L in 4 hours),
normotensive, first-degree relatives of patients with essential
hypertension excrete less sodium than control subjects do (84).
The relation of habitual salt intake to blood pressure, as mea-
sured by 24-hour urinary sodium excretion, has also been
studied in normotensive offspring of two hypertensive parents
(n = 41), normotensive offspring of one hypertensive parent
(n = 52), and normotensive offspring of two normotensive
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FIGURE 50-6. Blood pressure in chimpanzees
who either continued on their usual diet
(sodium 10 mmol/day) or were given an in-
creased salt intake (sodium 200 mmol/day). At
the end of the 20-month study, the salt sup-
plements were stopped, and blood pressure de-
clined to that of the control group. (From:
Denton D, et al. Nat Med 1995;I:1009, with
permission. Figure reproduced from: MacGre-
gor GA. Salt: blood pressure, the kidney, and
other harmful effects. Nephrol Dial Transplant
1998;13:2471, with permission.)

parents (n = 61). The mean age of the three groups was 21,
22, and 23 years, respectively. The 24-hour urinary sodium
excretion was similar in the three groups, but although there
was a positive association between 24-hour urinary sodium
excretion and systolic blood pressure in the offspring of two
hypertensive parents, no such association was apparent in the
offspring of two normotensive parents (85).

In contrast to a group of normotensive children of nor-
motensive parents, a high dietary intake of sodium (270 mmol/
day for 7 days) by normotensive children (mean age 25 ±
3 years) of hypertensive parents causes an increase in blood
pressure (86). The effect of a relatively slow intravenous in-
fusion of saline (2 L in 4 hours) has been studied frequently
(87–89). Again in contrast to normotensive children of nor-
motensive parents, an intravenous infusion to normotensive
offspring of hypertensive parents causes a rise in blood pressure
associated with a lesser rise in sodium excretion. The reduced
excretion of sodium is consistent with the evidence that the kid-
neys in essential hypertension have an inherited abnormality of
their ability to excrete sodium.

The Effect of Reducing Salt Intake on the
Blood Pressure of Normal Humans

The effect of a reduction in salt intake on the arterial pressure
of normal subjects has been studied in neonates, school-age
children, and adults.

Neonates

The blood pressure in normal newborn babies has been found
to be particularly sensitive to a prolonged small reduction in
sodium intake. Hofman et al. (90) allocated 476 babies into
two groups, one of which had a normal sodium intake and
the other a lower intake for 6 months. The normal intake was
three times greater than the lower. There was a progressive
and increasing difference in systolic pressure between the two
groups, so that the mean systolic pressure at 6 months was sig-
nificantly higher in those on the higher sodium intake. Of the
original 476 subjects, 167 were reinvestigated when they were
15 years old; blood pressure difference persisted in spite of the
same salt intake in both groups in the interval (91) (Fig. 50-7).

This apparent prolonged effect on blood pressure of an increase
in salt intake early in human life is consistent with many ex-
amples in animals that there is a period of high susceptibility
to the effects of increased salt intake in youth (74).

Children

In four studies in children, the significance of the results was
greatly influenced by the number of participants. In one study

FIGURE 50-7. This study began with 476 babies. The figure illustrates
the differences in blood pressure between two subgroups who were
studied for the first 6 months of life and 15 years later. The heading
“Double Blind” covers the first 6 months during which half the babies
consumed a normal intake of salt and the other half a lower intake. At
the end of 6 months blood pressure of the group that received the lower
intake of salt was lower than that of the group that received a normal
intake. For the next 14.5 years both groups ate a diet with a normal
intake of salt. The blood pressure difference between the two groups,
as measured in 167 of the original 476, in the 15th year is illustrated
under the heading “Normal Salt.” It can be seen that the difference in
blood pressure that was present at 6 months is still present, although
both groups have been eating the same amount of salt since that time.
(Drawn from data in Hofman A, et al. JAMA 1983; 250:370, and
Geleijnse et al. Hypertension 1996;29:913, with permission.)
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FIGURE 50-8. Mean systolic blood pressure levels in school children
in grade 1 (12 to 13 years old), grade 2 (13 to 14 years old), and grade
3 (14 to 15 years old). The blood pressure of each new intake into
these grades was measured at the beginning of the year. (From: Sasaki
N. In: Yamori Y, et al., eds. Prophylactic approach of hypertensive
diseases. New York: Raven Press, 1979:467. Reprinted by permission
of Lippincott Williams & Wilkins.)

with a total of only 80 children, a reduction in sodium intake
from 86 mmol/day to 56 mmol/day had no effect on blood
pressure at the end of 1 year (92). In the second study with
a total of 124 adolescents, a reduction in sodium intake of
65 mmol/day to an intake of 45 mmol/day for 24 days induced
a nonsignificant fall in blood pressure (93). In a third group of
149 children, a reduction in sodium intake from 105 mmol/day
to 50 mmol/day induced a significant fall in blood pressure
after 12 weeks but only after adjustment for age and weight
(94). With a total group of 750 children in the fourth study,
however, a reduction in sodium intake from 166 mmol/day
to 127 mmol/day induced a significant fall in blood pressure
at 24 weeks (95). Records from one school in Japan between
1957 and 1972, during which there was a national reduction
in dietary salt intake, show a steady decline in blood pressure
in children between of 12 and 14 years of age (96) (Fig. 50-8).

Adults

There are over 100 trials in adults on the effect of a reduction
in salt intake on blood pressure of a relatively small number of
normal subjects. Four older meta-analyses limited to random
controlled trials (97) agree that there is a significant fall in
blood pressure of 2/1 mm Hg. It is difficult to know what to
conclude from such trials because most of them lasted for less
than 2 weeks and some involved very large acute reductions in
salt intake that transiently stimulate the sympathetic nervous
system. A more recent meta-analysis of studies of 1 month or
more did show highly significant falls in blood pressure and a
dose response—i.e. the greater the reduction in salt intake, the
larger the fall in blood pressure. Indeed, a 6 gram reduction in
salt intake would cause a fall in blood pressure of 7/4 mm Hg
in hypertensives and 4/2 mm Hg in normotensives (98).

There is some evidence of the effect of prolonged reductions
in salt intake, but it was obtained by studying whole commu-
nities, which precluded it being randomly controlled.

The Effect of Reducing Salt Intake on the
Blood Pressure of Populations

The most vigorously controlled trial was carried out in Portu-
gal, which is notorious for its high salt consumption (99). The

trial was carried out in two communities within the same dis-
trict, each with about 800 inhabitants, who had a very high salt
intake of about 21 g/day, and in which 30% had high blood
pressure. Each community was close-knit and rural, which was
particularly favorable for health education. One village was
used as the control for the other in which the intake of salt was
reduced. Community awareness of stroke and hypertension
probably enhanced cooperation and the acceptance of guid-
ance. Active intervention lasted 2 years and involved the whole
community, but the responses were assessed in random sam-
ples. About half the total salt intake was added in the kitchen,
which was easy to influence; another 30% came from salted
codfish; the rest was in bread. Those responsible for cooking
were advised to add less salt and instead to use herbs and other
alternative flavorings (often previously unknown in the village),
which became popular. The community as a whole was advised
to eat less cod and fewer sausages, which also contained much
salt, and the bakers were asked to reduce the salt added to bread
by about 50% during the 2 years of the trial (Fig. 50-9). The
reduction in salt intake in the trial village was associated with a
highly significant difference in blood pressure. At the end of the
second year the difference in blood pressure between the two
villages was 13 mm Hg in systolic and 6 mm Hg in diastolic
pressure. The fall was maintained in the second year. There was
an upward trend in blood pressure of the control village over
the 2-year period. The fall in blood pressure involved the whole
community, not just those with hypertension, and the response
was similar between young and old or men and women. It was
estimated that a downward shift of blood pressure by 5 mm
Hg, as observed in this trial, could reduce the prevalence of
hypertension by about one-fourth.

Japan

The most comprehensive and wide-ranging endeavor to reduce
the salt intake of whole communities took place in Japan. As
a result of much public health activity to reduce salt intake the
natural average salt consumption was reduced from 13.5 to
12.1 g/day. The change was greatest where the salt intake was
highest. For instance, between 1960 and 1989, the salt intake
in the province of Akita was reduced from 18 to 14 g/day. This
reduction was accompanied by a gradual fall in average blood
pressure and hypertension, and a marked decline in stroke mor-
tality (100).

The Effect of Reducing Salt Intake in
Essential Hypertension

Historical Background

Ambard and Beaujard first demonstrated the connection be-
tween salt and hypertension in humans in 1904 (101). They
varied the intake of salt in patients with hypertension by means
of three diets: 2 L/day of milk only, milk plus meat and eggs
without the addition of salt, or 2 L of salty broth (containing
approximately 10.6 g of salt/L). The urinary output of chloride
was measured. Six hypertensive patients were studied for a pe-
riod of about 3 weeks. It was found that a negative chloride
balance lowered the blood pressure, whereas a positive chlo-
ride balance increased the blood pressure. One patient’s blood
pressure was relatively unaffected. They concluded: “We have
shown that there is a close relationship between chloride bal-
ance and the arterial pressure. Does this mean that chloride is
the initiator of hypertension or is it no more than yet another
index that certain putative poisons are being retained though
they have never been demonstrated?”

In the next 20 years, salt deprivation was occasionally used
to lower blood pressure, mainly in patients with renal disease,
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FIGURE 50-9. Blood pressure changes in two
Portuguese villages, in one of which the dietary
intake of salt was reduced. (Drawn from: Forte
JG, et al. Salt and blood pressure: a community
trial. J Hum Hypertens 1989;3:179.)

but the poor success reported, particularly by German workers
(102), was sufficient to discourage its general use. The notion
that there was a connection between salt intake and hyperten-
sion in humans was discredited. The “protein intoxication”
theory of hypertension, referred to by Ambard and Beaujard
(101), undoubtedly dominated the scene. This idea had origi-
nally been put forward by Bright (1) in relation to hypertension
associated with severe renal disease when it had some justifi-
cation. Its extension to essential hypertension, particularly at
a time when it was considered that the kidneys were normal,
is difficult to understand. Allen scathingly pointed out in 1920
(103) that treatment for hypertension at this time consisted
“chiefly in low protein diets, the elimination of supposed tox-
ins or the artificial reduction of pressure by drugs, bleeding,
electricity and the like. Mental and bodily rest is advised to a
degree which largely terminates usefulness of life.” Houghton
(104) and Allen and Sherrill (105) deplored this approach and
published detailed accounts of their experience of reducing salt
intake to patients with essential hypertension. Both groups
agreed that the effective hypotensive level of sodium intake
might vary from patient to patient; it might be necessary for
some patients to lower the intake of sodium to less than 2 g/day.
Allen and Sherrill (105) described the effect of a low-sodium
diet in 180 severe cases of hypertension. All patients had essen-
tial hypertension and were given a normal protein intake. The
blood pressure returned to normal in 19%. The relief of hyper-
tension and other symptoms was sufficient to be regarded as a
distinct therapeutic success in 42%. Complete failure occurred
in 30%. Allen and Sherrill concluded that pure hypertension
is “essentially a salt nephritis.” Houghton (104), discussing all
the effects of salt reduction in several forms of hypertension,
concluded that arterial hypertension is a “tertiary condition of
which the immediate cause is a larger sodium chloride intake
than the damaged kidneys can excrete,” a very modern view.
The nature of the renal abnormality that might impair the kid-
ney’s ability to excrete salt in primary hypertension (i.e., essen-
tial hypertension) was not discussed. Fahr (8) in 1919 was the
first to suggest that essential hypertension might result from
a primary renal disturbance, but he did not elaborate on its
nature.

The connection between salt and hypertension continued
to be denied in spite of Ambard and Beaujard, Allen and Sher-
rill, Houghton, and others. Kempner (106) finally clarified the
position in 1948, although somewhat against his own incli-

nations. He studied patients with and without renal “involve-
ment” (nephrosclerosis) who were given a low-fat, low-protein
(20 g/day), low-sodium (180 mg/day) rice diet for months and
years. Kempner claimed that he had devised this diet because
of his findings on “protein, fat and carbohydrate metabolism
of isolated kidney cells under various pathologic conditions
(cell injury and or changes in pH, sodium bicarbonate concen-
tration, oxygen tension, and metabolizable substrate),” a non
sequitur that many, including Pickering (107), found incom-
prehensible. Kempner was clearly more interested in the low
protein content of the diet and was reluctant to admit that it
might be the low sodium alone that lowered blood pressure.
He attributed such an assertion to others who used his diet.
He stressed that what he called the “active principle” of the
rice diet was its rigid restriction of protein, fat, sodium, and
chloride. His only acknowledgment that others before him had
observed that a low-salt diet alone lowered blood pressure was
to use derogatory quotes by some contemporary prominent hy-
pertension experts: (a) Fishberg (108) in 1939, who had stated
that “No dietary treatment is known which has a specifically
favorable effect on essential hypertension;” (b) Goldring and
Chasis (109) in 1944, who had concluded that in the absence
of edema and paroxysmal dyspnea the restriction of salt was
unwarranted; and Page and Corcoran (110) in 1945, who had
written that the hypotensive results obtained were owing not
to salt restriction but to “rest in bed and the psychotherapy
of constant attention.” It is ironic, therefore, that Kempner is
now remembered as the person who brilliantly demonstrated
that high blood pressure can often be lowered by a low-salt
diet.

The sodium content of Kempner’s rice diet was so low
that the 24-hour urinary excretion of sodium at the end of
2 months usually fell to below 100 mg. The effect of the diet
in 500 patients with hypertensive vascular disease as opposed
to glomerular nephritis (i.e., intrinsic overt renal disease) with
and without renal “involvement” was reported. The proba-
ble reason that Kempner’s paper had such an impact was that
it was visually so compelling and that it came 44 years af-
ter Ambard and Beaujard’s initial seed had been sown (101).
The paper contained (a) blood pressure charts showing the
relentless fall of blood pressure (Fig. 50-10), (b) chest x-rays
showing pronounced reductions in heart size, (c) electrocar-
diograms showing T-wave inversions reverting to normal, and
(d) photographs of the retinae showing loss of papilledema,
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FIGURE 50-10. The fall in blood pressure in a patient with severe
hypertension who was placed on Kempner’s rice diet. (From: Kempner
W. Treatment of hypertensive vascular disease with rice diet. Am J Med
1948;4:545, with permission.)

hemorrhages, and exudates. There is no doubt that in his hands
the rice diet achieved remarkable and sustained results; how-
ever, Kempner made no mention of the overwhelming difficulty
of trying to get patients to follow the rice diet or of the com-
plications associated with such severe reductions in sodium
intake, although he did admit that the rice diet was contraindi-
cated unless frequent checks of the patient’s blood and urine
were possible. Nor did Kempner discuss the role of the kid-
ney in the etiology of essential hypertension. Nevertheless, the
paper irrevocably linked the intake of sodium to hypertension
and therefore reinforced the suggestion that the connection be-
tween the two was the abnormal handling of sodium by the
kidney.

The use of severe salt restriction as recommended by Kemp-
ner had a temporary vogue but ceased with the introduction of
oral diuretics in the 1950s. In the 1970s and subsequently nu-
merous studies have shown theeffect of much more moderate
restrictions in salt intake.

There has been a slow acceptance that lowering the salt
intake of hypertensive patients lowers blood pressure and in-
creases the effectiveness of hypotensive drugs. There is no
doubt that part of the reluctance to reduce salt intake has
stemmed from the difficulty in getting patients to change their
dietary habits. Even when the patient is cooperative, it is dif-
ficult because of the high salt content of bread, and nearly all
processed foods, as well as fast food, restaurant food, and so
on. For instance, in 1997 Liebman and Jacobson ascertained

TA B L E 5 0 - 1

SODIUM CONTENT OF VARIOUS FOODS SOLD AT
RESTAURANTS IN UNITED STATES

Item Sodium (mg)

Tuna salad sandwich 1,320
Lasagna 2,055
Ham sandwich 2,200
Spaghetti with sausage 2,435
House fried rice 2,680
General Tso’s chicken 3,150
House lo mein 3,460
Beef burrito platter 3,920
Fried seafood platter 4,405

the sodium content of various foods sold in restaurants in the
United States (Table 50-1) (111). Thus, in a single meal many
customers at that time were exceeding the 2,400 mg of sodium
(6 g of sodium chloride) recommended for an entire day.

In one double-blind randomized study in 20 patients with
a mean age of 57 and a blood pressure of 164/101 mm Hg
in which salt excretion was reduced to 3 g/day for 1 year, 1
patient was lost to follow-up, and 3 required the addition of
drug therapy to control blood pressure, but blood pressure fell
to 142/85 mm Hg in the remaining 16 patients (112). There
are several other studies that agree that reducing the salt in-
take of elderly hypertensive patients induces a substantial fall
in blood pressure. Cappuccio et al. reported the response of a
group of elderly patients in whom a reduction in salt intake
of 83 mmol/day for 1 month induced a fall in blood pressure
of 7.2/3.2 mm Hg. In another study in 975 elderly patients
aged 60 to 80 who were being successfully treated with anti-
hypertensive drugs, treatment was stopped and they were ran-
domly allocated to one of four regimens: (a) sodium restriction,
(b) weight reduction, (c) both sodium restriction and weight re-
duction, and (d) the control group. They were monitored over
the next 30 months to detect those whose blood pressure re-
turned to hypertensive levels. There was a 50% decrease in
patients whose blood pressure returned to hypertensive level
in the group on 40 mmol sodium/day (113).

A meta-analysis of studies of sodium restriction of a month
or more confirmed that for a reduction in salt intake of 6
grams/day in untreated patients with essential hypertension,
blood pressure fell by 7/4 mm Hg (98).

There was also a successful mass campaign in Belgium
against salt in 1969. A total of 3,328 elderly subjects between
the age of 70 and 81 were studied. Between 1967 and 1986
the prevalence of hypertension in these subjects decreased sub-
stantially and severe hypertension disappeared. The reduction
in salt intake was from 16 to 11 g/day in the men and from 12
to 9 g/day in the women (114).

CONSEQUENTIAL THERAPEUTIC
AND PUBLIC HEALTH

IMPLICATIONS OF SALT INTAKE
AND HYPERTENSION

Both the epidemiologic evidence and the rise in blood pressure
that accompanies a rise in salt intake in normal animals and
humans demonstrate that salt intake is a major determinant of
blood pressure. Reducing the salt intake of patients with es-
sential hypertension induces a fall in blood pressure; therefore,
all such patients should reduce their salt intake. Furthermore,
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FIGURE 50-11. This figure summarizes studies that had been performed up to 1990, in which
blood pressure had been measured and the subjects followed up subsequently to find out how
many went on to develop a stroke or coronary heart disease (CHD). The horizontal axis shows
that blood pressure has been arranged in five ascending groups: both the systolic (SBP) and
diastolic (DBP) pressures are shown. The vertical axis on the left shows the relative risk of
developing a stroke, and on the vertical axis on the right the risk of developing CHD. It is
clear that the risk of developing a stroke (left) or CHD (right) is directly related to the level of
blood pressure throughout the normal and hypertensive range. Note that the risk of developing
a stroke is 16 times less with a low normal blood pressure than with a moderately raised blood
pressure. The size of the black boxes denotes the number of persons who died during the period
of observation: The boxes for CHD are much larger, indicating the larger number who died from
CHD compared to stroke. (From: MacMahon S, et al. Blood pressure, stroke, and coronary
heart disease. Part 1: Prolonged differences in blood pressure: prospective observational studies
corrected for the regression dilution bias. Lancet 1990;335:765, with permission.)

the close connection between blood pressure and salt intake in
normal subjects and animals and the blood pressure lowering
effect of salt reduction all indicate that it should be possible to
prevent a rise in arterial pressure by reducing the population’s
salt intake.

However, the slight fall in arterial pressure achieved after
a few days of salt reduction in normotensive subjects has led
some (115) to oppose the proposal that the nation’s salt intake
should be reduced (97). Although the effects of a few days of
salt reduction are irrelevant to the proposal that the nation’s
salt intake should be permanently reduced, it is incorrect to
suggest that the smallness of such a reduction is unimportant
because it neglects the fact that the relation of salt intake to
strokes and myocardial infarctions is continuous not only in
the hypertensive but also in the average range starting at a
systolic pressure of 115 mm Hg (Fig. 50-11). In other words,
although patients with hypertension have a much greater risk
of developing a stroke, the greater number of subjects in the
upper range of normal blood pressure have a greater number
of strokes (Fig. 50-12). A population-based reduction in salt
intake of 6 grams/day would lower blood pressure in adults
by an average of 5/3 mm Hg. This would result in an 24% in
stroke deaths and an 18% reduction in coronary heart disease
deaths (116).

The principal overt objections to the widespread agreement
among scientific bodies that the population’s salt intake should
be lowered from 10 to 12 g/day to 5 to 6 g/day are that the
long-term effects of such a maneuver are not known and that
they might be dangerous. Taking the second point first there
is the U.S. Food and Drug Administration’s (117) conclusion
that “no convincing evidence has been presented that a mod-
erate but significant reduction in salt intake would have any
adverse health effects.” Nevertheless, a myth continues to be
disseminated which is encapsulated in Muntzel and Drüeke’s
(118) assertion that “lowering salt intake may result in health
risks that outweigh the benefit of blood pressure reduction.”
This remarkable assertion is founded in part on the results of

experiments carried out in animals subjected to intense sodium
deprivation or massive intravenous injections of angiotensin.
It is also based on interpretations of some observations in hu-
mans that have been repeatedly exposed as irrelevant or based
on data that turn out not to support the assertion (119,120).

FIGURE 50-12. This figure shows how blood pressure of a large num-
ber of persons is distributed. The distribution of the population has
been divided into six solid blocks. The tallest and largest block con-
tains the greatest number of people and their diastolic pressure lies
between 80 and 89 mm Hg. The line that connects the small black cir-
cles indicates the number of strokes that occurred in each block. What
is clearly illustrated is that the greatest total number of strokes occurred
in those subjects with a diastolic pressure of 80 to 89 mm Hg, the upper
range of normal, and that a slightly lower number occurred in those
with a diastolic pressure of 90 to 99 mm Hg, which is a mild elevation
of blood pressure. Patients with severe hypertension, however, with a
diastolic pressure above 100 mm Hg have far fewer strokes in total
(although individually they have a much greater risk of developing a
stroke) because there are far fewer patients with severe hypertension.
(Redrawn from: MacMahon S, Rogers A. J Hypertens 1994;12:S5.)
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The long-term effects of salt intake reduction are not
known. In order to find out unequivocally it would be nec-
essary to have a randomized trial in several thousand subjects,
starting at birth and lasting about 50 years. There is no support
for such a trial, which would be unethical, an administrative
nightmare, prohibitively expensive, and that would have to
rely on those control participants who were consuming a high
(normal) sodium intake being willing to continue on such an
intake when they grew up and understood the dangers. In the
absence of such a trial decisions have to be made on what ev-
idence there is, keeping Geoffrey Rose’s words in mind (121):
“The level of evidence approximate to a particular decision
depends on the consequences of making the wrong decision.
For example, there is substantial evidence, but still well short
of proof, that a reduction in national salt consumption leads
to a somewhat lower mean blood pressure, with important ex-
pected health benefits. The change is safe and its cost minimal
(except to a small but noisy section of the business community).
The evidence for this policy is important, but one may judge it
to be sufficient.”

Worldwide there is now a scientific consensus that the pop-
ulation’s salt intake should be reduced. The World Health Or-
ganization (WHO) has recommended that all adults should
eat less than 5 g of salt per day (122). In the United States
similar recommendations have been put forward by the Na-
tional Heart Lung and Blood Institute, the National Academy
of Sciences, the National Research Council, the Department
of Health and Human Services, the Department of Agricul-
ture, the American Dietetic Investigation, the American Public
Health Association, the American Society of Clinical Investi-
gation, and the American Medical Association. Similar views
have been expressed in the United Kingdom by government ap-
pointed nutritional committees of independent experts (123).
The UK Food Standards Agency through its Specialist Advi-
sory Committee (SACN) recommended in 2003 that all adults
should eat less than 6 g of salt/day and set much lower targets
for children depending on age. Currently in the United King-
dom salt concentrations of many processed, canteen, and fast
foods are gradually being reduced so that salt intake will fall
below 6 g/day by 2110 (124).

It has to be pointed out that the case for a general reduction
in salt intake is much wider than simply preventing a rise in
blood pressure (125). There is evidence in humans that a de-
crease in sodium intake provides the following additional ben-
efits, which are largely independent of any fall in blood pres-
sure: (a) regression of left ventricular hypertrophy (126,127),
(b) reduction of proteinuria (128), (c) reduction of urinary cal-
cium (129) with a decrease in osteoporosis (129), (d) reduction
in the risk of renal stones (130), (e) protection against cancer
of the stomach (131), (f) reduction in the incidence of stroke
(114,132), (g) enhancement of the antihypertensive effect of
antihypertensive agents (133), and (h) decrease in diuretic-
induced potassium loss (134). In addition, reducing salt intake
may influence the genesis of nephrosclerosis and renal failure
because it has been shown in normotensive and hypertensive
rats that a high dietary salt intake leads to widespread fibro-
sis and increase in transforming growth factor-beta (TGF-β1)
(135) in the heart and kidney.

RENAL ABNORMALITIES
THAT DIMINISH AND

ACCOMPANY THE KIDNEY’S
ABILITY TO EXCRETE SODIUM

The effect of a change in salt intake on the blood pressure of
normal subjects and hypertensive patients, the epidemiologic

studies on the prevalence of hypertension in relation to salt in-
take, the influence of cross-transplantation of kidneys between
normal and hypertensive animals or humans, and the finding
that the rise in blood pressure takes place during a period of
salt retention in hereditary forms of hypertension in the rat sug-
gest that the hypertensive effect of sodium on blood pressure
is related to a renal impairment in sodium excretion.

There is considerable evidence for the presence of multi-
ple inherited renal abnormalities, each of which could inter-
fere with sodium excretion. In essential hypertension and the
hypertensive strains of rats it is probable that to have an over-
all impairment in the ability to excrete sodium, it is necessary
for the kidney to have several functional disturbances, each
of which has this effect. But there is no doubt that, as was
stated earlier, an isolated impairment in sodium transport lim-
ited to the kidney can cause hypertension. In the rare human
monogenic condition known as Liddle syndrome, mutations
of the gene-encoding subunits of the sodium channel cause an
increase in sodium reabsorption and hypertension. The effect
of these mutations in raising blood pressure appears to be lim-
ited to the kidney in that renal transplantation lowers blood
pressure (136). It is important to distinguish an inherited func-
tional abnormality from one that has been acquired as a result
of the rise in arterial pressure. The arterial pressure in inher-
ited hypertensive rats tends to rise steeply around the sixth
week of life; therefore, the distinction between an inherited le-
sion and a lesion secondary to the rise in pressure has to be
made in young rats. In essential hypertension, the studies have
to be made in young normotensive relatives of patients with
hypertension.

Renal Blood Flow, Glomerular Filtration
Rate, and Patterns of Urinary

Sodium Excretion

Changes in renal hemodynamics in the normotensive chil-
dren of hypertensive parents have yielded inconsistent results.
Bianchi and Barlassina (137) reported an increase in renal
blood flow and glomerular filtration rate (GFR). In contrast,
some investigators (40,138) have found that renal blood flow
and GFR rate are normal but that there is an increase in vascu-
lar resistance, whereas others (139) have reported that the renal
blood flow is reduced and renal vascular resistance is raised.
This variability has been claimed to be artificial because of dif-
ferences in the techniques used to measure the renal plasma
flow and filtration rate (140); there is probably some increase
in renal vascular resistance overall.

Approximately half of the patients with essential hyperten-
sion have a group of abnormalities that consist of: (a) a failure
of renal blood flow to increase normally in response to a high
salt intake, (b) a failure of renal blood flow to decrease normally
in response to an infusion of angiotensin II, and (c) a lower than
normal rise in plasma aldosterone in response to an infusion
of angiotensin II when on a low sodium diet (141). Eighty-five
percent of hypertensive patients who have some features of this
characteristic set of abnormalities have a positive family his-
tory of hypertension (142), and such factors are more likely to
be present in both of hypertensive sibling pairs than would be
expected from the frequency of their presence in the general
hypertensive population (143). These abnormalities also occur
in normotensive offspring of parents with hypertension (144).

Renal blood flow and GFR in hypertensive strains of rats
are reduced before the rise in pressure (145,146). The glomeru-
lus of young SHR and Milan hypertensive rats has a reduc-
tion in glomerular ultrafiltration coefficient, GFR, and single-
nephron filtration rate. The Dahl salt-sensitive hypertensive rat
has an impaired ability to excrete a high intake of sodium and a
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persistently low plasma renin value. On a normal sodium in-
take, however, blood pressure tends to be normal. In the Milan
(147) and Heidelberg (148) hypertensive strain rats, in which
blood pressure rises on a normal intake of sodium, there is a
transient period ending about the sixth to the seventh week
of life when the fractional excretion of sodium is lower, the
cumulative retention of sodium is greater, and plasma renin
activity is lower in the hypertensive strain than in the control
normotensive rat. At the end of this period, blood pressure of
the hypertensive strain rat has risen considerably.

The phenomenon of accelerated natriuresis in response to
an infusion of saline is prominent in inherited hypertensive
strains of rats and occurs, as in humans, both before and after
the rise in arterial pressure (149,150). As in humans, it has been
shown that the phenomenon of accelerated natriuresis in rats
is unrelated to changes in peritubular capillary hydrostatic or
colloid osmotic pressure (150).

Structural Glomerular Changes

There is a scanning and electron microscopic study in the 6-
week-old SHR in which the arterial pressure was 131 mm Hg,
as opposed to 121 mm Hg in control Wistar-Kyoto (WKY)
rats (151). The fenestrae of the glomerular capillary endothe-
lium of the SHR were already significantly smaller with an in-
creased number of cytoplasmic ridges and bulbous projections
lying across the endothelial surface. These changes should re-
duce the filtration surface per unit area of endothelium. At 12
weeks, when the arterial pressure of the SHR was 175 mm Hg
and that of the WKY rat was 138 mm Hg, these abnormalities
were more pronounced, whereas the endothelium of the WKY
rat was unchanged (in spite of the WKY rat having an arterial
pressure slightly higher at 12 weeks than that of the SHR at
6 weeks). Not only is the filtration surface per unit area re-
duced, some workers have also found that the SHR has a di-
minished number of nephrons (152).

Proteinuria

In a study of microalbuminuria, Fauvel et al. (153) found that
normotensive individuals with a genetic risk of hypertension
had a mean albuminuria of 36 ± 37 μ/min, whereas a control
group of normotensive individuals without a genetic risk of
hypertension had a mean proteinuria of 6 μ/min.

Tubular Sodium Reabsorption

Fractional lithium and uric acid clearance are considered to be
a measure of proximal tubule sodium reabsorption. A decrease
in renal fractional lithium clearance (i.e., an increase in reab-
sorption) has been observed in the normotensive offspring of
hypertensive parents by one group (154) but not by three oth-
ers (155–157). On the other hand, the two groups who have
studied fractional uric acid excretion agree that it is reduced
in the offspring of two and one hypertensive parents (85,158).
There is increased sodium reabsorption in the proximal tubule
in both the SHR and Milan hypertensive rat (145,146). The
amount of sodium delivered to the distal tubule is reduced, but
to keep in balance this should normally be adjusted by a dimin-
ished reabsorption from the distal tubule and collecting duct.
The inability of the distal nephron to adjust sodium excretion
to the reduced filtration rate therefore must be owing to an
additional functional abnormality of the distal and collecting
tubule.

Vascular Changes

Altered Relation of Arterial Pressure
to Urinary Sodium Excretion

The urinary sodium excretion of an isolated kidney is directly
related to the perfusion pressure (159–161). Changes in pres-
sure alter sodium excretion by changing the hydrostatic pres-
sure of the venous capillaries and the interstitial pressure sur-
rounding the tubules, an effect that is independent of the GFR
or renal blood flow, both of which tend to remain unchanged
throughout the autoregulatory range of perfusion pressure. The
relation between urinary sodium excretion and renal perfusion
pressure is sometimes referred to as a “pressure natriuresis”
curve. Some isolated kidneys need greater pressure to promote
the same rate of sodium excretion, a change that can be re-
ferred to as a right shift of the pressure natriuresis curve. If,
therefore, the pressure natriuresis curve of an isolated kidney,
perfused with blood from a normal animal, has shifted to the
right, it is probable that there is a rise in resistance in a vascular
site between the arterial perfusion pressure and the peritubu-
lar venous capillaries. It is probable that such a site of raised
resistance is present in kidneys in situ in all forms of hyperten-
sion; otherwise, hypertension would be accompanied by severe
sodium depletion.

In essential and inherited hypertension in the rat, there is a
primary shift of the natriuresis curve to the right. Tobian and
colleagues (162) and Roman and Cowley (163) have shown
that isolated kidneys of young prehypertensive salt-sensitive
and spontaneously hypertensive Dahl rats have a shift to the
right of the pressure natriuresis curve (Fig. 50-13). In the SHR,
there is evidence that the increased vascular resistance is owing
to narrowing of the afferent arteriole; these vessels are already
smaller than control at 6 to 7 weeks of age (164,165) because
of an increase in tone rather than medial hypertrophy. The in-
crease in resistance that results is particularly marked in the
papillary circulation and is evident between 4 and 10 weeks of
age, when the arterial pressure is rising (37). There is an ac-
companying reduction in papillary blood flow and interstitial
pressure (38), which tends to enhance sodium reabsorption.
In the Dahl salt-sensitive rat, in contrast to the SHR, the shift

FIGURE 50-13. Sodium excretion of isolated kidneys from salt-
sensitive prehypertensive and salt-resistant normotensive Dahl rats.
(From: Tobian L. The relationship of salt to hypertension. Am J Clin
Nutr 1979;32:2739, with permission.)
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to the right of the pressure natriuretic curve does not appear
to be associated with a particular reduction of the papillary
interstitial pressure (166), but to a reduced sensitivity of the
renal tubules to the interstitial pressure (167). These observa-
tions are consistent with the finding of increased renal vas-
cular resistance in the normotensive children of hypertensive
parents.

Abnormalities of Arachidonic
Acid Metabolism

The increased renal vasoconstriction of the young SHR may
result from one or more abnormalities of arachidonic acid
metabolism.

Cyclooxygenase Activity

At 6 weeks of age, bolus injections of arachidonic acid into
the renal artery of isolated kidneys perfused at constant flow
cause a greater rise in the perfusion pressure of the SHR kidney
than in the WKY rat (168). This is accompanied by a greater
release of the vasoconstrictor, thromboxane B2. This difference
is no longer evident at 18 weeks. These changes do not occur
in kidneys from rats made hypertensive with deoxycorticos-
terone acetate (DOCA) or a clip on the renal artery of one
kidney.

Cytochrome P-450-Dependent
Monooxygenase Activity

There are two forms of these enzymes of particular in-
terest, epoxygenases and hydroxylases (169). Epoxygenase
activity leads to the production of 11,12-epoxyeicosatri-
enoic acid (EET), which can be hydrolyzed to 11,12-dihydro-
xyeicosatrienoic acid (DHT). Hydroxylase activity leads to
the production of 20-hydroxyeicosatetraenoic acid (20-HETE)
and 19-hydroxyeicosatetraenoic acid (19-HETE). These prod-
ucts of cytochrome P-450 metabolism of monooxygenase activ-
ity are present in greater amounts in SHR microsomes from rats
aged 5 to 13 weeks (170). Tin (SnCl2), which reduces the con-
centration of cytochrome P-450 monooxygenase when given
for 4 days to 7-week-old SHR, prevents the customary rise in
blood pressure, an effect that lasts for 7 weeks after the ad-
ministration of tin. Tin has no effect on the blood pressure of
20-week-old rats (171).

It has been found that from birth until the ninth week, hy-
droxylase activity in cortical microsomal fractions is greater
in the SHR than the WKY rat, whereas there is no difference
in epoxygenase activity (172). The production of 20- and 19-
HETE is greater in the SHR. In addition, the conversion of the
hydroxylase metabolite 20-HETE by cyclooxygenase is much
greater in the SHR from birth until the seventh week. The pro-
duction of the resultant metabolite 20-OH prostaglandin (P5)
and 20-OH (PGH2) in the SHR rises substantially. Because
these are potent vasoconstrictors, it is possible that in the SHR
during the early weeks when the pressure is rising (173), these
metabolites are responsible in part for the observed renal vas-
cular constriction. In addition, although epoxygenase activity
is the same in the SHR and WKY rat, the production of EET in
the SHR is less than in the WKY because its conversion to DHT
is greater in the SHR (174). Thus, in the SHR the increased pres-
ence of 19-HETE, which stimulates Na-K-ATPase, and the di-
minished presence of ETE, which inhibits Na-K-ATPase (175),
may be responsible for the documented increase in renal Na-K-
ATPase activity in the young SHR and in part for the sodium
retention.

Urinary Kallikrein Excretion

Urinary kallikrein influences urinary sodium excretion. Its
excretion is reduced in essential hypertension (176) in the
SHR and the Dahl salt-sensitive rat (177). It is also reduced
in normotensive children of hypertensive parents (178). The
lower kallikrein excretion in essential hypertension extends
through a range of 9 to 259 mmol/day of urinary sodium ex-
cretion (179). Urinary kallikrein is synthesized in the distal
tubule and secreted into its lumen, where it acts on kinino-
gen to release kinins (180). Kinins are natriuretic substances
(181) closely linked to several other intrarenal substances that
have an effect on sodium excretion, such as angiotensin II,
prostaglandins, and antidiuretic hormone (182). Plasma aldos-
terone is the major regulator of urinary kallikrein excretion
(183). A decrease in sodium intake raises and an increase low-
ers urinary kallikrein excretion (184,185). Kallikrein induces
a loss of amiloride-sensitive sodium current and an increase
in amiloride-insensitive “leak” current on the mucosa of the
mammalian bladder (186). The net effect is to reduce sodium
transport, from which it is concluded that kallikrein may hy-
drolyze amiloride-sensitive channels, thus diminishing the rate
of entry of sodium into the cell. If this takes place in the apical
membranes of the distal tubules there is diminished sodium re-
absorption so that a reduction in urinary kallikrein may be an
additional factor, together with the reduced presence of the na-
triuretic kinins, which could increase sodium reabsorption and
thus impair the ability of the kidney to excrete sodium. There
is some fragmentary information on the genetic origin for the
reduced urinary kallikrein in essential hypertension (187) and
hereditary hypertension (188).

Tubuloglomerular Feedback

An increase in GFR increases the rate of delivery of tubular
fluid to the macula densa, the cells of which then signal the af-
ferent arteriole to constrict. This reduces the filtration rate and
the delivery of tubular fluid to the macula densa, which results
in a reduction of urinary sodium excretion (189). In the normal
animal, the sensitivity and reactivity of this adjustment increase
when there is a need to conserve sodium (hemorrhage and de-
hydration) (190,191) and diminish when there is a prolonged
need to increase sodium excretion (chronic salt loading and
DOCA administration) (192–195). When dietary sodium is in-
creased, the depression in tubuloglomerular feedback activity
results from the presence of an inhibitory factor in the tubu-
lar fluid (192), whereas with prolonged DOCA administration
(196) the fall in tubuloglomerular feedback activity is associ-
ated with a change in the characteristics of the juxtaglomerular
apparatus.

In the young SHR (196,197) and Milan hypertensive rat
(198) at a time when there is most evidence of sodium retention
and blood pressure is beginning to rise, there is a paradoxical
increase in tubular feedback activity that would tend to aggra-
vate the sodium retention. This increase in tubuloglomerular
activity instead of a compensatory fall, which would increase
sodium excretion, appears to be owing to a relative lack of the
humoral inhibiting factor in the tubule fluid (199). By the 12th
week, however, when blood pressure has risen considerably,
the tubuloglomerular feedback has almost returned to normal.
The Milan hypertensive rat has been studied at 3.5 to 5 weeks
and at 5 to 7 weeks, just before and after blood pressure begins
to rise (198). At 3.5 to 5 weeks, tubuloglomerular feedback ac-
tivity is absent, and 2 weeks later, when the blood pressure has
started to rise, tubuloglomerular feedback increases inappro-
priately to supranormal levels as in the SHR, thus diminishing
the kidney’s ability to excrete sodium.
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Dopamine Metabolism

Urinary dopamine is formed in the kidney. The renal actions
of dopamine include a substantial increase of regional blood
flow, a less marked rise in GFR, inhibition of proximal tubule
sodium reabsorption, and inhibition of renin release by the jux-
taglomerular apparatus. These are all natriuretic mechanisms,
but the effect on the proximal tubule is by far the most promi-
nent (200).

Basal dopamine excretion in essential hypertension may be
normal or even increased (201). Nevertheless, although the
sodium loading of normal Whites increases urinary dopamine
excretion, in patients with essential hypertension it either in-
duces a smaller increase or a reduction in dopamine excretion
(202). In a group of Japanese patients with hypertension who
were divided into sodium-resistant and -sensitive, depending on
the response of their blood pressure to a sodium load, the salt-
resistant patients (who showed a mean rise of blood pressure
of only 0.5 mm Hg) had a prompt increase in dopamine ex-
cretion, whereas the sodium-sensitive patients (in whom there
was a mean rise in blood pressure of 10.5 mm Hg) had no
increase in dopamine excretion (203). Other Japanese work-
ers (204) have found that dopamine excretion in hypertensive
patients in response to salt loading is lower than in normal
subjects, particularly in the low renin group (205,206). Nor-
motensive relatives of patients with hypertension also have a
lower urinary dopamine excretion and do not have a normal
regression between urinary sodium and dopamine excretion.
There is also some evidence that this renal dopamine abnor-
mality is present in hypertensive black Americans, but there
are important ethnic differences. The increasing dopamine ab-
normalities detected in the Japanese hypertensive patients and
their normotensive offspring are also present in normotensive
American blacks, Thais, and Zimbabweans but not Ghanaians
and Iranians. Various studies suggest that in essential hyperten-
sion it is the intrarenal generation of dopamine that is defective
(201,206). The carboxylation of exogenous L-dopa is reduced
(207), and the intravenous administration of dopamine induces
a greater increase in urinary sodium excretion and fractional
excretion, which suggests an enhanced dopamine receptor ac-
tivity. These renal abnormalities of dopamine metabolism are
also present in normotensive relatives of hypertensive patients
(202).

Abnormalities of dopamine metabolism also have been de-
tected in the Dahl (208) and SHR (209) forms of hypertensive
strain rats, but they are not the same as those in essential hyper-
tension. Although the overall excretion of a salt load in the SHR
is less than normal, the initial rise in urinary sodium excretion,
in contrast to the response in essential hypertension, is greater
than in the WKY; and, instead of an impairment of dopamine
generation, there appears to be a defect of the dopamine A1
receptor in both the SHR and the Dahl salt-sensitive rat. For
instance, the natriuretic effect of a dopamine A1 receptor ago-
nist in the SHR is less than in the WKY rat. Furthermore, there
is a dopamine A1 receptor coupling defect to adenyl cyclase in
the proximal tubules of the SHR kidney, even at 3 weeks of
age, well before the onset of hypertension (210).

Atrial Natriuretic Peptide

There is diminished atrial natriuretic peptide (ANP) immunore-
activity at distal tubule segments in essential hypertension,
which suggests a diminished binding capacity (211). A contin-
uous low dose of ANP induces a similar natriuretic response
in normotensive subjects as it does in hypertensive patients,
whereas there is a greater rise in solute-free water excretion in

the SHR (212). As in a normal animal, the natriuretic effect of
ANP is directly related to blood pressure (213), the absence of a
greater natriuretic effect in the SHR and the increase in solute-
free water suggest that the distal tubules in the SHR have an
increased sodium reabsorption.

There is a lowered renal response to ANP in the mature
hypertensive SHR (214). This is associated with a maximum
binding capacity of SHR glomeruli for I131-ANP that is reduced
by about 50% (215) and similarly diminished immunoreactiv-
ity at distal tubule segments (216). Urinary cyclic guanosine
monophosphate (cGMP) excretion response to intravenous
synthetic ANF (synthetic 26 amino acid peptide contained with
rat ANP), however, is increased and is associated with an in-
crease in affinity (217,218).

The intravenous injection of atrial extracts to Dahl rats has
also shown that the mature Dahl salt-sensitive hypertensive rat
has a natriuretic response that is about 50% less than that of
the Dahl salt-resistant strain (219). This is associated with a
defect of intracellular cGMP synthesis. There is a similar hy-
poresponsiveness to sodium nitroprusside, but cyclic adenosine
monophosphate response to arginine vasopressin (AVP) of the
Dahl sensitive rat is the same as from the Dahl resistance rat
(220). These changes are present in the 5- to 6-week prehyper-
tensive rat and appeared to be specific to the medullary struc-
ture in that the response of mesangial cells is the same in the
Dahl-sensitive and resistant rats.

The Effect of Age

Blood pressure rises with advancing age (Fig. 50-14). It is prob-
able that this relationship owes in part to a gradual involutional
diminution in renal function (221), which aggravates the over-
all effect of any inherited difficulty in excreting sodium. After
the age of 30 years there is a gradual decline in renal blood

FIGURE 50-14. Mean systolic and diastolic blood pressures for white
and black men and women in various age groups in the 1976 to 1980
National Health and Nutrition Examination Survey (NHANES II).
(From: Rowland M, Roberts J. Blood pressure levels and hypertension
in persons aged from 6–74 years. United States 1976–80 NCHS, Ad-
vance Data No. 84, Vital and Health Statistics of the National Center
for Health Statistics. Washington, DC: U.S. Department of Health and
Human Services, Oct. 8, 1982.)
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flow, GFR, secretion tubular maximum (Tm), and the ability
to concentrate the urine (222). By the age of 90 years, these
functions have decreased to approximately half their value at
the age of 30 years.

The Renal Contribution to the Fetal Origins
of Essential Hypertension

At all ages beyond infancy, people who had lower birth weights
have a higher blood pressure (223,224). This relationship be-
comes larger with increasing age. Measuring renal growth by
counting the number of glomeruli has raised the possibility that
the principal cause of this phenomenon is impaired intrauterine
renal development. Sixty percent of nephron growth develops
in the third trimester (225). Severe intrauterine growth retar-
dation in human fetuses has been shown to exert a profound
effect on renal development (226). This effect is magnified
thereafter by the lack of any compensatory increase in either
nephron numbers or size during the early phase of postnatal
life. There is one report, however, that maternal blood pres-
sure is inversely correlated, though weakly, with infant birth
weight, which suggests that the link between birth weight and
hypertension may in part result from an inherited tendency to
hypertension (227).

A similar phenomenon can be produced experimentally in
the pregnant guinea pig, which has a bicornuate uterus, by tying
the uterine artery on one side of the uterus while allowing the
fetuses on the other side to grow normally. The animals on the
ischemic side have low birth weight and develop higher blood
pressure in later life. In rats, maternal low-protein diets, which
have been shown to impair renal function of the fetus (228)
if maintained throughout pregnancy, also lead to an inverse
relationship between blood pressure and the low protein intake
at 9 weeks (229).

Conclusion

Many of the renal functional abnormalities in the various forms
of hereditary hypertension are the same, for instance, there are
defects of dopamine and renin–angiotensin metabolism that
could impair urinary sodium excretion in essential hyperten-
sion, the spontaneously hypertensive rat, and the Dahl salt
sensitive rat but the molecular disturbances and thus, presum-
ably the genetic faults that gives rise to them are usually differ-
ent. In other words, although patients with essential hyperten-
sion share several functional abnormalities with hypertensive
strains of rats, the precise nature of the few genetic disturbances
that have been detected in essential hypertension, and the many
detected in the hypertensive strains of rats are different, with
the exception of the adducin gene.

GENETIC ABNORMALITIES
AND HYPERTENSION

Polygenic Changes and Hypertension

The following account demonstrates that, although many ge-
netic abnormalities have been detected in hypertensive strains
of rats thus far, only three have been identified in essential hy-
pertension and they appear to play a minor part in raising blood
pressure.

Essential Hypertension

Angiotensinogen

A variant of the angiotensinogen (AGT) gene locus, so-called
AGT 235T, has been found to be more frequent in hypertensive
patients than in controls in Europe, the United States, Japan
(230), and the Afro-Caribbean (231). There is no evidence that
this variant confers a similar risk in African Americans and
Nigerians (232). The variant is associated with high AGT lev-
els, which suggests that the mutation results in an increase in
activity with a higher basal transcription rate. “The AGT gene
has been the most scrutinized and the most promising finding
of the primary hypertension genes thus far, however the AGT
235T variant explains a relatively small part of blood pressure
variance” (233). An increase in angiotensinogen activity in the
kidney could increase sodium reabsorption.

The Epithelial Sodium Channel

A variant (the T594m mutation) of the β subunit of the epithe-
lial sodium channel has been found in about 8% of black Lon-
don residents with a raised blood pressure as opposed to 2%
of those with normal blood pressure (234). Plasma renin activ-
ity was also significantly lower in those with hypertension and
the T594m variant. In addition, lymphocytes with the variant
show increased sodium transport, suggesting that the variant
may increase sodium reabsorption in the renal tubules, thus
reducing renal sodium excretion.

Adducin

The membrane-skeleton protein adducin was originally chosen
for genetic studies in the Milan hypertensive rat because it was
the only membrane skeletal protein eliciting an immunologic
response in cross-immunization experiments between Milan
hypertensive strain rats and Milan normotensive controls. It is
an aβ heterodimer that promotes the organization of a spectrin-
actin lattice. In the Milan hypertensive rat there is a mutation
in each of the two genes that codes for adducin. There is a high
degree (94%) of amino acid homology between rat and human
adducin, and many of the renal cell membrane ion transport
alterations in the Milan hypertensive strain rat are shared by a
subset of patients with essential hypertension. Linkage and as-
sociation studies were performed in hypertensive patients and
controls in Italy and a point mutation (G460W) was found
in the human α-adducin gene. The 460W variant was shown
to be more frequent in hypertensive patients than in controls
(235). But no association between α-adducin allele variants
was found in a group of patients with essential hypertension
in Japan (236) or Scotland (237). Experiments in patients with
essential hypertension with the α-adducin variant have shown
them to flatten pressure natriuresis relationships (235). This
is consistent with the findings in renal cell transfection experi-
ments (238) that the α-adducin variant increases Na-K-ATPase
activity, which increases tubular sodium reabsorption, and de-
creases fractional excretion of lithium and uric acid in hyper-
tensive patients exhibiting the variant, which is consistent with
an increase in proximal tubule sodium reabsorption (239).

Hypertensive Strains of Rats

An identified genetic locus influencing a quantitative trait such
as blood pressure is known as a quantitative trait locus (QTL)
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(240). Many QTLs that influence blood pressure have been
identified in hypertensive strains of rats. On chromosome 1
there is the SA gene responsible for a protein of unknown func-
tion that is expressed 10 times more in the proximal tubules of
SHR than in WKY, and the kallikrein gene that is also linked to
hypertension in the SHR. On chromosome 2 there is the ANP
receptor A gene, which is more expressed in the glomeruli of
SHR. On chromosome 4 of the SHR there is a QTL associated
with the neuropeptide Y gene and on chromosome 8 a signifi-
cant QTL with the dopamine receptor and potassium channel
genes, which explain about one-eighth of the genetic variance
in blood pressure in the SHR. On chromosome 10 there are
strong associations between blood pressure and some markers
on a region near the ACE gene in the SHR and Dahl salt-
sensitive strain. On chromosome 13 the renin locus influences
blood pressure but appears to be expressed only in conjunction
with as yet unknown alleles. The interaction of the missense
mutations found in the coding regions of the α-adducin genes
on chromosome 14 and α-adducin on chromosome 4 explain
up to 50% of blood pressure difference between the Milan hy-
pertensive and normotensive rats. And there are other genes on
chromosome 17 and 20, the testis-specific histone locus and the
heat-shock protein 70 and 27, respectively, that are significantly
related to blood pressure but their relation to renal function is
not apparent. There is also a linkage of hypertension to the Y
chromosome in some strains of SHR but not in others.

Monogenic Changes and Hypertension

In contrast to the apparently diffuse, uncertain, and subsidiary
position of the polygenic contribution in essential hypertension
and hypertensive strains of rats, there are rare monogenic ab-
normalities in humans, which are entirely responsible for rais-
ing blood pressure, and others that lower it (241). In view of the
extent of the evidence that links sodium and the kidney to hy-
pertension it is not surprising that all the monogenic mutations
identified so far, which induce changes in blood pressure, both
up and down, do so by interfering with sodium reabsorption
in the kidney.

The most relevant mutation regarding essential hyperten-
sion is Liddle’s syndrome, in which the patient presents early
with moderate to severe hypertension. It is caused by muta-
tions of either the β or γ subunits of the amiloride-sensitive
sodium channel on chromosome 16 that increase the passage
of sodium into the cell and therefore increase sodium reab-
sorption in the kidney. Renal transplantation corrects the rise
in blood pressure, which suggests that, as regards the origin of
the hypertension, the defect is intrinsic to the kidney, and that
therefore impairment in the kidney’s ability to excrete sodium
alone can cause hypertension.

There are two other monogenic causes of hypertension,
glucocorticoid-remediable aldosteronism (GRE) and the syn-
drome of apparent mineralocorticoid excess (AME). In GRE,
mutations of two genes on chromosome 8, the products of
which are involved in adrenal biosynthesis cause aldosterone
synthesis to be brought under the control of ACTH as well
as angiotensin II. This leads to a rise in plasma aldosterone
and therefore increases sodium reabsorption and the blood
pressure. AME patients also have excess stimulation of miner-
alocorticoid receptors, although the plasma aldosterone is low.
Normally the cells that contain mineralocorticoid receptors
contain an enzyme, 11 β hydroxycorticoid dehydrogenase,
that metabolizes cortisol to cortisone and prevents cortisol
from binding onto the mineralocorticoid receptors. Patients
with AME have a mutation of the gene responsible for 11ßhy-
droxycorticoid dehydrogenase so that cortisol can now bind
onto aldosterone receptors (as well as aldosterone), but as cor-
tisol circulates at concentrations that are orders of magnitude

greater than aldosterone the net effect is one of mineralo-
corticoid excess. Glycyrrhetinic acid, which is a constituent
of liquorice, inhibits 11β hydrocorticoid dehydrogenase and
is the cause of the hypertension that is associated with the
excessive consumption of licorice particularly in Holland.

In contrast to the monogenic lesions that increase sodium
reabsorption and raise the blood pressure, there are monogenic
lesions that diminish sodium reabsorption, and lead to sodium
loss and hypotension (e.g., Gitelman’s syndrome and pseudo-
hypoaldosteronism). Patients with Gitelman’s syndrome have
a low blood pressure, neuromuscular abnormalities, and hy-
pokalemia. There is an array of mutations of a gene on chro-
mosome 16 that encodes the renal thiazide-sensitive Na-Cl co-
transporter on the distal convoluted tubule. These result in
loss of function and an increase in sodium excretion. Pseudo-
hypoaldosteronism type I (PHA-1) is characterized by severe
dehydration in the neonatal period, marked by hypotension,
metabolic acidosis, and a high serum potassium concentration.
These patients have mutations in chromosome 12 or 16, which
each encodes different subunits of the same amiloride-sensitive
sodium channel as that which is affected in Liddle’s syndrome.
In PHA-1, however, the mutations instead of activating the
sodium channel impair its function and thus diminish sodium
reabsorption and increase sodium excretion, this is accompa-
nied by secondary defects in the secretion of hydrogen and
potassium ions.

The Mechanisms Responsible for the Rise in
Blood Pressure Resulting from Impaired

Ability to Excrete Sodium

The renal cross-transplantation experiments described earlier
and the demonstration that there is a connection between the
kidney’s ability to excrete sodium and the onset of hypertension
are among the most significant advances made in the patho-
genesis of essential hypertension in the past 80 years. How-
ever, they beg the question, how does an “unwillingness” to
excrete sodium cause hypertension? It is not a question that is
very often addressed. Two disconcerting but logical conclusions
emerge from the cross-transplantation experiments in rats. The
first is that in hereditary strains of hypertension the rise in ar-
terial pressure stems from one or more genetic abnormalities
of the kidney. It does not follow that the genetic faults that
lead to the functional hypertensinogenic renal disturbance are
only expressed in the kidney. There is much evidence that there
are generalized membrane abnormalities in hereditary hyper-
tension in both rats and humans (242–245). Nor does it fol-
low that the same genetic abnormalities are responsible for all
forms of hereditary hypertension. The second conclusion that
emerges from cross-transplantation experiments is that if there
are genetic abnormalities expressed in vascular smooth mus-
cle, the brain, or sympathetic system in hereditary forms of
hypertension, they do not, per se, cause hypertension, because
blood pressure of a hypertensive strain rat does not rise in the
presence of a normal kidney. Conversely, an imposed surgical
procedure on a kidney can induce hypertension in an animal
with no genetic abnormalities of its vascular smooth muscle or
nervous system.

In other words, the mechanisms that cause blood pressure
to rise as a consequence of a primary abnormality in the kid-
ney are secondary. It is useful to divide these into afferent and
efferent mechanisms. The evidence suggests that the kidney’s
impaired ability to excrete sodium stimulates cardiothoracic
(or renal) afferents to the hypothalamus that induce a multi-
plicity of pressor changes; these increase sympathetic activity
and thus arterial tone, which raises the blood pressure, a rise
buttressed by rises in plasma noradrenaline (246) and ouabain
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FIGURE 50-15. Flow diagram of a hypothesis that illustrates a chain
of possible links between an impaired ability to excrete sodium and
hypertension. (From: de Wardener HE. The hypothalamus and hyper-
tension. Physiol Rev 2001;81:1599, with permission.)

(247,248); the natriuretic effect of a rise in pressure then tends
to correct the kidney’s impaired ability to excrete sodium (Fig.
50-15), which is also countered by the well-documented de-
crease in plasma renin and rise in plasma atrial natriuretic pep-
tide (249).

Afferent Mechanisms

Theoretically, the immediate effect of an impaired ability to ex-
crete sodium should be to alter hydrostatic pressure or change
sodium concentration. Cardiopulmonary hydrostatic pressure
changes in hereditary strains of hypertensive rats and essential
hypertension do occur, and it has been demonstrated in normal
humans that it is the intrathoracic blood volume that controls
urinary sodium excretion, not total blood volume (250). Blood
volume in established essential hypertension and the inherited
forms of hypertension is usually normal or low, although it is
raised in a minority of patients (251). This appears inconsis-
tent with the proposal that the kidneys have a persistent dif-
ficulty in excreting sodium in essential hypertension, because
one would intuitively suppose that such a persistent tendency
toward volume expansion would lead to volume expansion. In
primary hyperaldosteronism, however, a parallel situation in
which hypertension is certainly associated with a persistent ten-
dency to retain sodium, the blood volume in the majority of pa-
tients is either normal or low, as in essential hypertension (252)

FIGURE 50-16. Plasma volume values during normal dietary sodium
intake in patients with primary hyperaldosteronism (1o Aldo) and es-
sential hypertension (EH). Values are expressed as percent of normal.
The crosshatched area represents the variability of the method ( ± 8%).
The open circles are primarily aldosteronism owing to hyperplasia; the
closed circles, aldosteronism owing to adenomas. In primary aldos-
teronism, there were as many patients who were hypovolemic (25%)
as there were those who were hypervolemic (30%). (From: Bravo EL,
et al. The changing clinical spectrum of primary aldosteronism. Am J
Med 1983;74:641, with permission.)

(Fig. 50-16). It is raised in only a minority of patients; nev-
ertheless, patients with essential hypertension and those with
primary hyperaldosteronism behave as if they were volume ex-
panded. The phenomenon of accelerated natriuresis (253,254)
occurs in both, and the plasma of both has an increased con-
centration of mammalian ouabain (255). The rise in plasma
ANP in essential hypertension is also consistent with a central
blood volume disturbance, because the stimulus for the release
of ANP is distention of the atria (256).

Venous Tone and Central Venous Pressure

The discrepancy between having a normal or low total blood
volume and yet responding to certain stimuli as if the blood
volume were expanded is perhaps explained by the observa-
tion that in essential hypertension and in hypertensive strains of
rats, there is an increase in tone of the venous vasculature with a
diminished venous compliance that causes a shift of blood from
the periphery to the thorax (257,258). These changes are ac-
companied by a rise in left atrial pressure both in humans (259)
and the rat (260,261). It appears, therefore, that a normal or
even low blood volume in hereditary forms of hypertension is
associated with such a shift of blood to the chest that the in-
trathoracic venous pressure rises in spite of an overall fall in
blood volume. That this rise in central venous pressure leads to
a persistent increase in neural traffic from the chest to the hy-
pothalamus is a supposition that appears reasonable. There is
evidence that acute afferent neural stimulation from the chest
can induce certain hypothalamic changes. The proposal that
cardiothoracic afferents might be responsible for pressor hy-
pothalamic changes in essential hypertension and hypertensive
strains of rats mirrors the well-documented phenomenon that
renal afferents appear to induce pressor hypothalamic changes
in certain forms of experimental renal failure (262–264). Renal
deafferentation by dorsal root section prevents the rise in arte-
rial pressure after 5/6 removal of renal mass (264) and lowers
the arterial pressure by about 50% in the one-kidney, one-clip
hypertensive rat but it has no effect on the development of
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hypertension in the SHR—one form of hereditary hyperten-
sion (265). There also is some evidence that renal afferents are
involved in the hypertension that accompanies chronic renal
failure in humans (266).

Efferent Mechanisms

In most forms of hypertension, particularly early on, there is an
increase in sympathetic activity that is owing to the extensive
functional changes in the hypothalamus.

Sympathetic Activity

The increase in sympathetic nervous activity in essential hy-
pertension has been recorded by measuring noradrenaline
“spillover” (i.e., the amount that is released from the nerve
endings that does not return into the sympathetic nerves and
is not metabolized), and by measuring neuronal activity of the
posterior tibial or peroneal nerve. Both methods reveal that in
patients with essential hypertension below the age of 30 to 40
there is an increase in activity that diminishes thereafter (267–
269). Direct evidence for an increase in sympathetic nervous
activity in the spontaneously hypertensive rat, the Dahl salt-
sensitive rat, renovascular hypertension, chronic renal failure
from reduction of renal mass, and mineralocorticoid hyperten-
sion has been obtained by measurement of electrical activity in
sympathetic nerves (270–272).

Hypothalamic Changes

Experiments in hypertensive strains of rats and certain exper-
imental forms of hypertension have shown that the particu-
lar site in the hypothalamus where a functional change takes
place, and the direction of the change, determine the direc-
tion of the alteration in arterial pressure. The same neurotrans-
mitter is able to have either pressor or depressor activity de-
pending on the neuronal system targeted (273). Hypothalamic
abnormalities include increases in neuronal firing and the se-
cretion and production of neurotransmitters and neuromodu-
lators such as catecholamines, acetylcholines, angiotensin, na-
triuretic peptide, vasopressin, nitric oxide synthase, ouabain,
serotonin, γ -aminobutyric acid, neuropeptide Y, tachykinin,
opioids, thyrotropin-releasing hormone, bradykinin, vasoac-
tive intestinal peptide, histamine, corticotrophin-releasing fac-
tor, and their receptors and associated enzymes (249). Increased
gene expression in the hypothalamus of the SHR has been de-
tected for angiotensinogen (274), angiotensin receptors (275),
vasopressin (276), atrial natriuretic peptide (277), nitric oxide
synthase (278), pre-proneuropeptide (279) pre-proenkephalin
(280), vasoactive intestinal peptide (281), and thyrotrophin re-
leasing hormone precursor (282). The type and direction of
most of the changes found in hypertensive animals are pres-
sor and they appear to be, both individually and collectively,
responsible for the increase in sympathetic activity and rise
in arterial pressure. A few are probably depressor, effectively
compensatory adjustments (278).

Most of the changes in hypothalamic activity that occur in
hypertension take place in the rostral hypothalamus and the
forebrain. The effect of the anesthetic used is critical and the
age of the rat at the time of observation is also of paramount
importance. A few changes can be detected before the onset of
the rise in pressure and others only appear as the pressure is
rising or thereafter. Overall the evidence suggests that with age
there is a progressive pattern of change. Early pressor increases
in catecholamine (283) and serotonin (284) activity become less
pronounced with time and, as a sustained pressor increase is
seen in cholinergic activity (285) and diminution in gamma-
aminobutyric acid (GABA) activity (286) take over. The earlier
diminution in nitrate oxide synthase (NOS) activity changes

to a depressor increase. The lessening with age, of the early
increase in sympathetic activity (see the preceding) makes it
likely that overall there is an evolutionary decrease in the in-
tensity of the initial pressor associated hypothalamic change.
The functional changes in the various forms of hypertension
are similar but there are differences. In DOCA + salt hyper-
tension there is no increase in catecholamine activity and there
is the pressor effect of the circulating DOCA on hypothalamic
mineralocorticoid receptors (287). In the Dahl salt-sensitive rat
there is greatly increased permeability of the blood-brain bar-
rier and an associated increase in water content of the brain
(288).

Summary

It is proposed that in patients with essential hypertension and
inherited forms of hypertension in rats there is an initial re-
tention of sodium that stimulates compensatory mechanisms.
They not only cause an increase in arteriolar tone, but also
an increase in venous tone that tends to shift blood centrally;
they also are responsible for a wide variety of central nervous
and humoral changes, including abnormalities in the hypotha-
lamus, sympathetic nervous system, and the concentration of a
variety of substances that circulate in the plasma. Collectively,
these changes raise blood pressure, which overcomes the im-
paired ability of the kidneys to excrete sodium.

ACQUIRED HYPERTENSION
AND THE KIDNEY

The diseases that afflict and destroy the kidney cause acquired
hypertension in humans. Many of the same conditions can be
imposed experimentally in animals. A variety of glomerular
nephritides can be induced. Hyperaldosteronism is usually re-
produced in animals by administration of DOCA; and increas-
ing the salt intake speeds and accentuates the process. Coarc-
tation of the aorta in humans can be surgically reproduced in
dogs by an operation that narrows the aorta. The relatively
uncommon human condition of renal artery stenosis can oc-
cur with a normal contralateral kidney. This condition can be
reproduced in animals by placing a partially constricting clip
on the renal artery of one kidney and either leaving the other
kidney intact or removing it. Salt intake is often increased to
accelerate the onset and increase the severity of the hyperten-
sion in such experimental maneuvers. The nearest experimental
equivalent to a renin-producing tumor of the kidney is a slow
chronic infusion of angiotensin II. Acromegaly is another form
of hypertension with salt and water retention.

Mechanisms that Raise Blood Pressure

The mechanisms responsible for the rise in arterial pressure
in the acquired forms of hypertension are much the same as
those discussed for essential hypertension. Most forms of ac-
quired hypertension involve some form of renal abnormality
that gradually distorts and destroys the kidney and conse-
quently impairs sodium excretion. This sets in motion simi-
lar mechanisms that raise blood pressure in essential hyper-
tension and hereditary forms of hypertension in the rat. And
these are reinforced by increased renal afferent stimulation
to the hypothalamus (see the following). In addition, the re-
duction in renal mass appears to bring in to operation three
other mechanisms: (a) the renal control of interstitial space
compliance, (b) the secretion of certain hypotensive hormones
from the renal medulla, and (c) the reciprocal relationship
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between fluid volumes and the concentration and effectiveness
of angiotensin II.

Renal Control of Interstitial Space Compliance

The compliance of the interstitial space determines the pro-
portion of the extracellular fluid volume that is apportioned
between the plasma and the interstitial space. Interstitial space
compliance, therefore, is one determinant of blood volume.
Blood volume, more particularly its distribution, is an impor-
tant factor in the control of arterial pressure.

An index of the compliance of the interstitial space can be
obtained by measuring the ratio of the plasma volume (PV) to
the portion of the extracellular fluid volume (ECFV) that lies
in the interstitial space (i.e., the interstitial fluid volume [IFV]);
thus IFV = ECFV − PV. Measuring changes in interstitial fluid
pressure, particularly during an acute infusion of saline, can
also assess interstitial space compliance. To maintain constant
extracellular fluid osmolality, it is probable that changes in in-
terstitial space compliance (i.e., its swelling to pressure char-
acteristics) are accompanied by a change in the capacity of the
space to bind sodium. Hyaluronic acid molecules can bind large
amounts of sodium ions (289). Changes in the compliance of
the interstitial tissues and their ability to bind sodium probably
represent a physiologic way to store water and sodium. These
mechanisms can be demonstrated in some animals adapted to
withstand heat and dehydration. There are studies of changes
in body water and electrolytes after water deprivation and heat
stress in Somali donkeys and Zebu cattle, animals that live un-
der desert conditions for several days without drinking (290).
Donkeys lose up to 21% of body water and 29% of extra-
cellular fluid but up to only 14% of plasma volume, whereas
serum sodium concentration increases by only 7%. They can
then drink large amounts of water and restore their total body
water deficiency in a few minutes, whereas serum sodium falls
by only 5% (291).

The following observations suggest that the kidney controls
the compliance of the interstitial space. Plasma volume: ex-
tracellular fluid volume ratio increases significantly more af-
ter bilateral nephrectomy than after unilateral nephrectomy
and placement of the remaining ureter in the inferior vena
cava. The interstitial pressure rises more after bilateral nephrec-
tomy, although there is greater expansion of the interstitial
fluid volume after unilateral nephrectomy and placement of
the remaining ureter in the vena cava (290,292,293). Inter-
stitial space compliance has been measured by measuring
changes in interstitial fluid volume and tissue pressure (TP)
10 minutes after a saline infusion (compliance = IFV/TP). Af-
ter unilateral nephrectomy and placing the remaining ureter
in the vena cava, there was little change in compliance from
values obtained after unilateral nephrectomy alone; following
bilateral nephrectomy, however, compliance falls severalfold.
Similar observations have been made 60 days after partial con-
striction of one renal artery with a clip and removal of the
opposite kidney. Tissue pressure and venous pressure are sig-
nificantly higher in the rats that develop hypertension; in these
animals, plasma volume also increases, but interstitial fluid vol-
ume remains unchanged (i.e., the plasma volume: interstitial
fluid volume [PV/IFV)] ratio is higher). After removal of the
clip, tissue pressure falls despite a rise in interstitial fluid vol-
ume, and there is a fall in PV/IFV.

A study of patients with chronic renal failure has yielded
similar results (294). Patients were divided into two groups,
one with GFR >32 mL/minute and the other with GFR
<20 mL/minute. The PV/IFV ratio of the group with the lower
GFR was significantly higher than that in the group with the
higher GFR. On increasing salt intake, the PV/IFV ratio of the
group with the lower GFR rose still higher, whereas in the pa-
tients with the higher GFR the ratio did not change. It was also

noted that the associated rise in blood pressure induced by the
increase in salt intake was directly related to the change in the
PV/IFV ratio. In other words, the lower the renal mass, the less
the compliance of the interstitial fluid space, so that, with the in-
crease in sodium intake and the tendency to retain sodium (and
water) that are associated with reduced renal mass, a large pro-
portion of the extracellular fluid volume is apportioned to the
plasma volume. The greater the plasma volume, the higher the
arterial pressure, possibly through the mechanisms discussed
earlier.

The nature of the substance responsible for the change in
interstitial space compliance is not known. The experiments
demonstrating its presence make it likely that the concentra-
tion of the substance is dependent on the excretory function
of the kidney or on the kidney’s ability to secrete renin. It is
probably a hormone, the rate of release of which is dependent
on the amount of renal mass and its effective perfusion with
blood.

Hypotensive Hormones from the Renal Papilla

If fragments of renal papilla (0.5 to 1.0 mm in size) from
a healthy donor animal are transplanted subcutaneously or
intraperitoneally into an animal suffering an experimentally
induced form of hypertension, blood pressure falls toward nor-
mal (295–297). This observation has been made in renopri-
val hypertension in the dog and the rabbit and in one-clip,
one-kidney hypertension in the rat (295,298). The hypoten-
sive effect is reversed by removal or rejection of the papillary
transplant. In time there is a change in the morphologic char-
acteristics of the transplant. The tubules disappear, and the
transplant consists mostly of renal interstitial cells embedded
in a network of capillaries. Similar results have been obtained
by injecting live monolayer cultures of renomedullary intersti-
tial cells subcutaneously. In contrast, chemical ablation of the
papillae in a rat on a normal diet leads to hypertension (299).
It has been concluded that the renal medullary cells induce this
hypotensive effect by releasing into the circulation a substance
or substances that cause vasodilation (300).

Renal medullary cells lie alongside and between Henle’s
loop, the vasa recta, and the collecting ducts (295,301). They
are surrounded by proteoglycans, which they secrete, and they
extend cytoplasmic processes that touch adjoining structures.
Renal interstitial cells have lipid-containing granules that are
a source of substrate for conversion into membrane lipid,
prostaglandins, and possibly antihypertensive lipids. The gran-
ules per se, either intact or disrupted, however, do not have a
hypotensive effect on their own when injected intravenously.
Many forms of experimental hypertension are associated with
a significant decrease in the lipid granules, which also show
several degenerative changes. Such changes also occur in a pap-
illary renal transplant or in cultured renal medullary cells when
they are no longer able to lower the blood pressure.

The renomedullary vasodepressor hormone secreted by the
renomedullary interstitial cells in the renal papillae is a lipid
named medullolipin I. It is conveyed to the liver, where it is
converted into its active form, medullolipin II, a vascular dila-
tor that suppresses sympathetic activity and causes natriure-
sis. Its action also opposes that of angiotensin II (302). The
secretion and conversion of medullolipin in both the kidney
and liver are related to cytochrome P450-dependent enzyme
systems.

The main factor that controls the secretion of medullolipin
is renal arterial perfusion pressure. Renal venous blood medul-
lolipin I has been obtained in greatly increased amounts after
suddenly raising renal arterial perfusion pressure by unclip-
ping a one-kidney, one-clip hypertensive rat or rabbit prepara-
tion (303). The effect of this sudden release of medullolipin I
has been demonstrated by an extracorporeal pump perfusion
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of an isolated clipped kidney in circuit with a conscious nor-
motensive rat (303). On removing the renal artery clip, there
is a significant fall in pressure of the normotensive rats from
125 to 70 mm Hg within 1 hour without an associated rise
in heart rate. The sudden appearance of medullolipin in the
renal venous blood as blood pressure is falling is associated
with an acute degranulation of the renomedullary interstitial
cells of the kidney that has just been unclipped. It is con-
cluded that the medullolipin acutely released into the general
circulation after unclipping the renal artery is an important
factor in the fall of arterial pressure, which occurs for about
24 hours after the clip is removed. Maintenance of the low arte-
rial pressure subsequently appears to be caused by other mech-
anisms. In contrast therefore with the effect of lowered perfu-
sion pressure on renin secretion, elevation of the renal arterial
perfusion pressure causes a compensatory increase in medul-
lolipin I secretion, and lowering the perfusion pressure shuts off
secretion.

A deficiency of medullolipin that contributes to an asso-
ciated hypertension can be caused by: (a) the decrease in the
number of and damage to renomedullary cells that occurs in
accelerated experimental hypertension and malignant hyper-
tension in humans, (b) inhibition of medullolipin secretion by
angiotensin II, sympathetic stimulation, and nitric oxide syn-
thase inhibition, and (c) removal of renomedullary cells by bi-
lateral nephrectomy, surgical and chemical papillectomy, and
papillary atrophy or necrosis (295,302,304,305).

Medullolipin I by mouth lowers blood pressure of the SHR
without altering cardiac output or heart rate (306). One case of
hypotension resulting from hypermedullolipinemia, which in
turn is caused by a lipinomedullolipinoma of renal medullary
interstitial cells, has been described in a 46-year-old woman
(307).

Fluid Volumes and Angiotensin II

There is a relationship between the concentration of plasma
angiotensin II and the state of fluid volumes that is particularly
relevant in most forms of acquired hypertension. In normal hu-
mans and animals, there is a reciprocal relationship between
plasma angiotensin II and the effectiveness of angiotensin II.
Normally, the effects of changes in blood volume or sodium
intake on the arterial pressure are nicely balanced. Although
moderate blood volume expansion induces a fall in angiotensin
II, it increases its effectiveness; although a contraction of the
blood volume increases angiotensin II, it reduces its effect; thus,
in both instances the resultant change in blood pressure is
buffered.

These relationships may become distorted with renal dis-
ease; therefore, serious disturbances in blood pressure usually
occur. Eighty percent of patients with diseased kidneys have
a tendency to volume expansion, whereas the distortion and
architectural compression of the renal vascular tree causes a
simultaneous rise in plasma renin activity and angiotensin II.
This is the worst of all worlds. There is an increased vascular
response to the raised levels of angiotensin II because of the
tendency toward volume expansion. This is presumably why
blood pressure rises early, quickly, and often to heights that
cause severe complications in most patients with chronic renal
failure.

There is a persistent restraint on urinary sodium excretion
in primary hyperaldosteronism. Similarly, it can be shown in
experimental animals given DOCA or fludrocortisone, or fol-
lowing renal artery stenosis, that there is a brief initial period
of positive sodium balance with a gain in weight; however, the
weight gain usually levels out, then the weight is restored to
near its control value (308–310). As in essential hypertension,
systemic venous compliance diminishes, and there is a tendency

for the central blood volume to rise (297,310,311). Edema does
not form. Blood volume, like that in essential hypertension,
tends to be normal or low or is raised in only a minority of pa-
tients (308,310). Total exchangeable sodium tends to be raised
(308,309). Plasma renin is reduced, and it is possible that the
hypertension is due in part to the raised level of plasma ouabain
(312) and vascular reactivity factor (313,314), but there is still
insufficient information on this point.

In unilateral renal artery stenosis, with the other kidney in
situ, plasma renin activity rises, and there is initial sodium re-
tention. Then, as mentioned, blood pressure rises, and sodium
balance is adjusted by increasing the excretion of sodium
through the unclipped kidney, presumably because of the rise
in arterial pressure and an increase in plasma natriuretic activ-
ity. Then there is a continued rise in plasma renin that can be
demonstrated to be an important cause of the rise in arterial
pressure. The eventual outcome with renal artery stenosis of a
sole remaining kidney is a tendency toward salt and water re-
tention and a fall in plasma renin, so that the main hypertensive
mechanisms are related to volume retention.

Hypertension and Dialysis

Most patients on maintenance hemodialysis continue to fight
a relentless battle against hypertension (315). The mechanisms
responsible for the rise in pressure are the same as those that
caused the rise in pressure before dialysis, but now they are
magnified and tend to be glaringly obvious. This is the reason
why nephrologists have no difficulty in accepting the role of
salt and water in the control of blood pressure. On the one
hand, a normal intake of fluids and the gross reduction in daily
urine volume inevitably cause a rapid increase in extracellu-
lar fluid volume between each dialysis (easily monitored as a
gain in weight), and on the other hand, severely diseased kid-
neys tend to secrete large amounts of renin. Furthermore, the
need to lower the patient’s weight at each dialysis by rapidly
removing a considerable amount of fluid may cause a further
brisk rise in plasma renin activity (316). If this recurring seesaw
reciprocal movement of extracellular fluid volume and renin
release is sufficiently violent, it eventually seems to resonate.
Then the more one attempts to control blood pressure by fluid
removal, the greater the rise in renin and angiotensin II so that
at each dialysis the blood pressure, instead of falling, rises and
becomes uncontrollable. In one patient, in an attempt to con-
trol the hypertension, the weight was lowered from 60 kg to
40 kg in about 2 months (316) (Fig. 50-17). This so reduced
the extracellular fluid and blood volume that the patient fainted
when he stood up, but his renin secretion was now so great that
when he lay down he had severe hypertension with intolerable
headaches and a tendency to develop acute pulmonary edema.
The problem was resolved by bilateral nephrectomy, an oper-
ation that is now rarely performed to control hypertension in
patients on maintenance hemodialysis. Weight reductions are
performed now with more circumspection, and there are better
hypotensive agents. By using measurements of blood volume,
extracellular fluid volume, and plasma renin activity before and
immediately after a dialysis and administering substances that
nullify the pressor effect of angiotensin II, it is possible to show
that hypertension in patients on maintenance hemodialysis are
either dependent on an increased volume or a raised plasma
angiotensin II, or sometimes a combination of both.

In Figure 50-18 are illustrated the findings in a patient whose
blood pressure was volume dependent. Before dialysis when
blood pressure was 200/100 mm Hg, the blood volume was
obviously high, and there was a gross expansion of extracellu-
lar water, whereas plasma renin activity was abnormally low.
And the lack of effect of an intravenous infusion of saralasin
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FIGURE 50-17. The effect of bilateral nephrectomy (B) on uncontrol-
lable hypertension in a patient on maintenance hemodialysis with a
very high plasma renin. There is an immediate fall in blood pressure,
which is maintained although there is a rise in weight. At point A the
patient had an attack of acute infectious hepatitis. (From: Brown JJ,
et al. Plasma renin concentration and the control of blood pressure in
patients on maintenance haemodialysis. Nephron 1969;6:329.)

(a competitor of angiotensin II) on blood pressure indicated
that blood pressure was not dependent on the plasma level of
angiotensin II. After several dialyses, the patient lost 9.5 kg
when blood pressure was 128/78 mm Hg, and the blood vol-
ume, extracellular fluid volume, and plasma renin activity be-
came normal; the saralasin infusion again demonstrated that
blood pressure was not dependent on angiotensin II.

In Figure 50-19 are illustrated the findings in a patient in
whom blood pressure was dependent on a raised level of an-
giotensin II. Before dialysis, when blood pressure was 180/100
mm Hg, the blood volume was normal, plasma renin activ-
ity was greatly raised, and the fall in pressure induced by sar-
alasin indicated that blood pressure was under the influence of
angiotensin II. After a dialysis, the patient lost 2.2 kg, blood
pressure fell to 170/95 mm Hg, and the blood volume was still
“normal,” but the plasma renin activity was now extremely
high and the greater fall in blood pressure induced by the sar-
alasin infusion indicated that blood pressure was even more
dependent on angiotensin II.

Renal Hypotension

Renal hypotension is an infrequent complication of some forms
of renal disease and usually follows bilateral nephrectomy in a
patient on maintenance hemodialysis. The renal diseases that
are most prone to this unusual complication are those that af-
fect predominantly the renal medulla (e.g., the reflux nephropa-
thy, obstructive uropathy, and phenacetin nephropathy). Al-
though the condition is sometimes referred to as salt-losing
nephritis, it is rarely owing to glomerular nephritis. The fall in
arterial pressure is due to a urinary leak of sodium. It occurs
only with bilateral renal disease and after the onset of renal
failure. It is associated with a gross generalized hypertrophy of
the juxtaglomerular apparatus and the adrenals. Plasma renin
activity and aldosterone are raised. Often there is hypokalemia

FIGURE 50-18. Patient on maintenance hemodialysis with hyperten-
sion caused by excess volume. Blood pressure (BP), weight, total blood
volume (TBV), extracellular water (ECW), plasma renin activity (PRA),
and the effect of an infusion of saralasin on the blood pressure, mea-
sured before and after the loss of 9.5 kg of weight in 17 days, are
shown. Saralasin, a competitor of angiotensin II, was infused to gauge
the dependency of blood pressure on angiotensin II. On the first oc-
casion, when blood pressure was 200/100 mm Hg, the blood volume
obviously was high, and there was a gross expansion of extracellular
water, plasma renin activity was abnormally low, and the lack of ef-
fect of the infusion of saralasin on blood pressure indicated that blood
pressure was not dependent on the plasma level of angiotensin II. On
the second occasion, after the loss of weight, when blood pressure was
128/78 mm Hg, blood volume, extracellular water, and plasma renin
activity were now normal, and the saralasin infusion again demon-
strated that blood pressure was not dependent on angiotensin II.

caused in part to the hyperaldosteronism and in part to the
renal disease. The condition tends to fluctuate wildly. Exac-
erbations often are caused by an upper urinary tract infection
when the combination of infection, hypotension, a fall in extra-
cellular fluid volume, and hypokalemia may cause severe but
usually entirely and easily reversible reductions in renal func-
tion. In spite of these alarming episodes, these patients survive
longer than other patients with renal failure whose progress is
calmer but who develop hypertension. Survival of patients with
renal hypotension depends on the skill and speed of reaction
of those who look after them. The continuous administration
of oral supplements of sodium chloride such as Slow Sodium
(Novartis), repeated monitoring of the urine for infection, and
prompt treatment of a relapse may prevent any progressive
deterioration in renal function.

Renal hypotension is such a serious and frequent compli-
cation of the anephric state that bilateral nephrectomy is no
longer used for the treatment of intractable hypertension in
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FIGURE 50-19. Patient on maintenance hemodialysis with hyperten-
sion caused by high plasma renin activity. Blood pressure (BP), weight,
total blood volume (TBV), extracellular water (ECW), plasma renin
activity (PRA), and the effect of an infusion of saralasin on blood pres-
sure measured before and after a loss of 2.5 kg of weight during a
single dialysis of 7 hours are shown. Saralasin, a competitor of an-
giotensin II, was infused to gauge the dependency of blood pressure on
angiotensin II. Before dialysis, when blood pressure was 180/100 mm
Hg, the blood volume was normal, although the extracellular water
was 2.5 kg greater than predicted (a not unusual gain in weight be-
tween dialyses), plasma renin activity was greatly raised, and the fall
in blood pressure induced by the infusion of saralasin indicated that
blood pressure was under the influence of angiotensin II. After dialysis,
having lost a “normal” amount of weight, blood pressure was 170/95
mm Hg, the blood volume and extracellular water were normal, but
the plasma renin activity was now extremely high, and the greater fall
in blood pressure induced by saralasin infusion indicated that blood
pressure was even more dependent on angiotensin II.

patients on maintenance hemodialysis. After bilateral nephrec-
tomy and the fall in plasma angiotensin II, the relation between
the arterial pressure and the blood volume is such that the vol-
ume has to be greater than normal to maintain a normal blood
pressure (317) (Fig. 50-20). Many anephric patients there-
fore live precarious lives of fluctuating hypotension in spite of
an overexpanded extracellular fluid volume, sometimes to the
point of demonstrable clinical edema and breathlessness. The
low arterial pressure presumably is due primarily to the almost
total absence of renin and angiotensin II, but there is evidence
that it may also result in part from the associated reduction in
plasma aldosterone.

These two forms of hypotension beautifully illustrate the in-
terdependence of angiotensin and extracellular fluid volume in
the control of blood pressure. On the one hand, in “salt-losing
nephritis,” the urinary leak of sodium and the decrease in extra-
cellular fluid volume are so great that the arterial pressure falls
in spite of enormous rises in plasma renin activity. On the other
hand, after bilateral nephrectomy in the absence of angiotensin,
gross overexpansion of the extracellular fluid volume does not

FIGURE 50-20. Blood volume versus mean lying blood pressure in
patients on maintenance hemodialysis. At normal blood volumes blood
pressure of anephric patients (•) was lower than in patients whose
kidneys were still in situ (◦).

prevent the arterial pressure from being intolerably low. Some
workers have claimed that the relationship between fluid vol-
ume and arterial pressure after bilateral nephrectomy depends
on whether the patient suffered from hypertension before the
operation. Occasionally, amyloidosis of the sympathetic chains
causes hypotension in a patient on dialysis. Until now this has
been an intractable and irreversible condition that leads to end-
less difficulties and death.

References

1. Bright T. Tabular view of the morbid appearance in 100 cases connected
with albuminous urine: with observations. Guy’s Hosp Rep 1836;1:380.

2. Harvey W. Exercitatio anatomica de motu cordis et sanguinis in animalibus.
Frankfurt: W. Fitzeri, 1628.

3. Hales S. Containing haemasticks; or an account of some hydraulick and
hydrostatical experiments made on the blood and blood-vessels of animals.
In: Statistical essays, vol. 2. London: Innis and Mauby, 1769.

4. Guyton AC. Arterial pressure and hypertension. Circulatory physiology III.
Philadelphia: Saunders, 1980.

5. Johnson GI. On certain points in the anatomy and pathology of Bright’s dis-
ease. II. On the influence of the minute blood-vessels upon the circulation.
Med-Chir Trans 1868;51:57.

6. Toynbee J. On the intimate structure of the human kidney, and on the
changes which its several component parts undergo in “Bright’s Disease.”
Med-Chir Trans 1846;29:303.

7. Traube L. Ueber den zusammenhang von herz-und-nierenkrankheiten,
gesammelte beitrage zur pathologie und physiologie, vol. 2 Berlin:
Hirschwald, 1871.

8. Fahr Th. Uber Nephrosklerose. Virchows Archiv 1919;226:119.
9. Borst JG, Borst-de-Gues A. Hypertension explained by Starling’s theory of

circulatory homeostasis. Lancet 1963;1:677.
10. Mahomed FA. On chronic Bright’s disease, and its essential symptoms.

Lancet 1879;i:46.
11. Huchard H. Maladies du coeur & des vaisseaux. Paris: Doin, 1889.
12. Volhard P. Nieren und Ableitende Harnwege. In: von Bergmann G, Staehelin

R, eds. Hanbuch der inneren medizin. Berlin: Springer, 1931.
13. Tigerstedt R, Bergman PG. Niere und kreislauf. Arch Physiol (Scand)

1898;8:223.
14. Goldblatt H, et al. Studies on experimental hypertension: the production of

persistent elevation of systolic blood pressure by means of renal ischemia.
J Exp Med 1934;59:347.

15. Skeggs LT, et al. The amino acid sequence of hypertension. II. J Exp Med
1956;104:193.

16. Peart WS. The isolation of a hypertensin. Biochem J 1956;62:520.
17. Wilson C, Byrom FB. The vicious circle in chronic Bright’s disease: experi-

mental evidence from the hypertensive rat. Q J Med 1941;10:65.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-50 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:16

Chapter 50: Blood Pressure and the Kidney 1233

18. Rettig R, et al. Are renal mechanisms involved in primary hypertension?
Evidence from kidney transplantation studies in rats. Klin Wochenschr
1991;69:597.

19. Bell ET. Renal diseases. London: Henry Kimpton, 1946.
20. Castleman B, Smithwick R. Relation of vascular disease to hypertension.

J Amer Med Assoc 1943;121:1256.
21. Fishberg AM. Hypertension and nephritis, 5th ed. London: Bailliere, Tindell

& Cox, 1954.
22. de Wardener HE. The primary role of the kidney and salt intake in the

aetiology of essential hypertension. Part 1. Clin Sci 1990;79:193.
23. de Wardener HE. The primary role of the kidney and salt intake in the

aetiology of essential hypertension. Part II. Clin Sci 1990;79:289.
24. Tobian L, et al. A comparison of the antihypertensive potency of kidneys

from one strain of rats susceptible to salt hypertension and kidneys from
another strain resistant to it. J Clin Invest 1966;45:1080A.

25. Dahl LK, Heine M, Thompson K. Genetic influence of renal homografts
on blood pressure of rats from different strains (36566). Proc Soc Exp Biol
Med 1972;140:852.

26. Bianchi G, et al. The hypertensive role of the kidney in spontaneously hy-
pertensive rats. Clin Sci 1973;45:135s.

27. Dahl LK, Heine M, Thompson K. Genetic influence of the kidneys on blood
pressure. Circ Res 1974;34:94.

28. Morgan DA, DiBona GF, Mark AL. Effects of inter-strain renal transplan-
tation on NaCl-induced hypertension in Dahl rats. Hypertension 1990;15:
436.

29. Greene AS, et al. Role of blood volume expansion in Dahl rat model of
hypertension. Am J Physiol 1990;258:H508.

30. Rettig R, et al. Role of the kidney in primary hypertension: a renal trans-
plantation study in rats. Am J Physiol 1990;258:F606.

31. Guidi E, et al. Hypertension in man with kidney transplant: role of familial
versus other factors. Nephron 1985;41:14.

32. Curtis JJ, et al. Remission of essential hypertension after renal transplanta-
tion. N Engl J Med 1983;309:1009.

33. Bianchi G, et al. Changes in renin, water balance and sodium balance during
development of high blood pressure in genetically hypertensive rat. Circ Res
1975;36(Suppl 1):153.

34. Graf C, et al. Sodium retention and hypertension after kidney transplanta-
tion in rats. Hypertension 1993;21:724.

35. Imig JD, et al. Elevated renovascular tone in young spontaneously hyper-
tensive rats. Hypertension 1993;22:357.

36. Gebremedhin D, et al. Enhanced vascular tone in the renal vasculature of
spontaneously hypertensive rats. Hypertension 1990;16:648.

37. Roman RJ, Kaldunski ML. Renal cortical and papillary blood flow in spon-
taneously hypertensive rats. Hypertension 1988;11:657.

38. Khiraibi AA, Knox FG. Renal interstitial hydrostatic pressure during pres-
sure natriuresis in hypertension. Am J Physiol 1988;255:R756.

39. Nørrelund H, et al. Early narrowed afferent arteriole is a contributor to the
development of hypertension. Hypertension 1994;24:301.

40. Hollengerg NK, Williams GH, Adams DF. Essential hypertension: abnor-
mal renal vascular and endocrine responses to a mild psychological stimu-
lus. Hypertension 1981;3:11.

41. Weinberger MH, et al. Definitions and characteristics of sodium sensitivity
and blood pressure resistance. Hypertension 1986;9:127.

42. Fujija T, et al. Factors influencing blood pressure in salt sensitive patients
with hypertension. Am J Med 1980;69:334.

43. Lifton RP. Molecular genetics of human blood pressure variation. Science
1996;272:676.

44. MacGregor GA, de Wardener HE. Salt, diet & health. Cambridge, England:
Cambridge University Press, 1998.

45. Multhauf RP. Neptune’s gift: a history of common salt. Baltimore: Johns
Hopkins University, 1978.

46. Eaton SB, Kohner M, Shostak M. Stone ages in the fast lane: chronic
degenerative diseases in evolutionary perspective. Am J Med 1988;84:
739.

47. Denton D. The hunger for salt. Heidelberg: Springer Verlag, 1982.
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CHAPTER 51 ■ HYPERTENSION
ASSOCIATED WITH RENAL PARENCHYMAL
DISEASE
MICHAEL C. SMITH, ANDREW LAZAR, AND MAHBOOB RAHMAN

In 1836, Richard Bright (1) reported that the presence of small
granular kidneys at postmortem examination was associated
with cardiac enlargement and theorized that the kidney was
the “chief promoter” of left ventricular hypertrophy. Subse-
quently, the discovery of renin in 1898 (2) and the classic ex-
periments by Goldblatt et al. in 1934 (3) established the central
role of the kidney in the control of arterial blood pressure. Mul-
tiple neurohumoral factors increase blood pressure by limiting
salt excretion and shifting the renal function curve to the right
(4–9). In addition, not only can renal parenchymal disease ini-
tiate and sustain hypertension (8), but also the consequent ele-
vation of blood pressure exposes the remaining renal tissue to
further hydraulically mediated damage (10).

This chapter reviews the important pathophysiologic mech-
anisms, clinical features, and therapy of hypertension caused
by both unilateral and bilateral renal parenchymal disease. Al-
though relevant models of experimental renal parenchymal hy-
pertension are discussed, the primary focus of this chapter is to
emphasize key advances in the understanding of hypertension
in human renal disease.

UNILATERAL KIDNEY DISEASE

Unilateral Kidney Disease

Unilateral renal parenchymal disease resulting from re-
flux nephropathy, congenital malformations, or bacterial
pyelonephritis can cause hypertension. Butler first described
the association between unilateral kidney disease and hyperten-
sion (11). He reported that unilateral nephrectomy could cure
hypertension in patients with unilateral chronic pyelonephri-
tis. However, the exact prevalence of this form of secondary
hypertension is unclear (12). Extensive early experience with
unilateral nephrectomy in hypertensive patients with presumed
unilateral parenchymal disease produced a disappointing cure
rate of only 26% (13). Additional investigation, however, has
clearly shown that with proper selection and careful preopera-
tive evaluation a subset of patients benefits substantially from
surgical intervention. Although initial investigations utilized
split renal function studies (14,15) or clinical characteristics
(16) to predict response to unilateral nephrectomy, these crite-
ria have been abandoned because of poor predictive value and
have been replaced by renal vein renin ratios.

Vaughan et al. (17) and Delin et al. (18) evaluated hyper-
tensive patients with unilateral renal parenchymal disease of
diverse etiologies. Both groups of investigators found that cure
or improvement of hypertension was limited to patients with
preoperative lateralizing renal venous renins. Additional data
have confirmed and extended the positive predictive value of
renal venous renins by demonstrating amelioration of hyper-

tension in 90% of patients with lateralizing renal venous renin
ratios of 1.5 or greater (19,20). In an important study, Gordon
et al. (21) evaluated 20 hypertensive patients with unilateral
renal parenchymal disease. All patients had measurements of
supine and stimulated renal venous renins and underwent uni-
lateral nephrectomy without regard to the renin values. These
investigators found that recumbent lateralizing renal venous
renin ratios of 1.5 or more identified patients likely to benefit
from nephrectomy with a sensitivity of 100%, a specificity of
84%, and a positive predictive value of 100%. Despite the fact
that not all studies support the utility of renal venous renins
in predicting response to surgery (22), we believe it is reason-
able to restrict operative intervention or renal artery emboliza-
tion to hypertensive patients, with uncontrolled blood pressure,
who demonstrate evidence of functional ischemia. Hyperten-
sion in patients with unilateral kidney disease and nonlateraliz-
ing renins probably reflects occult bilateral disease or essential
hypertension.

A note of caution is warranted, however, in the evaluation of
hypertensive patients with apparent unilateral kidney disease.
DeJong et al. (23) reported eight young women with hyperten-
sion and unilateral renal parenchymal disease. Renal venous
renins were measured in four and did not lateralize to the side
with the apparent unilateral parenchymal disease. Renal an-
giography revealed fibromuscular disease of the contralateral
renal artery in all eight patients. Surgical revascularization of
the stenotic kidney normalized blood pressure in all patients.
The fact that unilateral renal parenchymal disease can coexist
with contralateral fibromuscular dysplasia underscores the im-
portance of this diagnostic consideration, especially in patients
with nonlateralizing renal venous renins. In this latter group
of patients, nephrectomy should not be considered until renal
artery stenosis has been excluded by angiography.

Hypertension in Patients with Solitary Kidneys

Hypertension, proteinuria, focal glomerulosclerosis (FGS), and
progressive loss of renal function occur in experimental re-
nal ablation in rats (24–26) and frequently in humans with
unilateral renal agenesis (26–32). Because of these observa-
tions, some authorities have raised the issue of whether patients
undergoing unilateral nephrectomy for renal disease or trans-
plant donation are at risk for the development of hyperten-
sion, loss of renal function, or both (30,33–35). Renal ablation
by five-sixths nephrectomy in rats consistently results in hy-
pertension, proteinuria, and FGS (24,36,37). Moreover, in the
same model, supplementation of renal mass by isograft trans-
plantation reduces blood pressure, attenuates proteinuria, and
ameliorates glomerulosclerosis (38). Glomerulosclerosis and
progressive renal insufficiency have been associated with char-
acteristic intraglomerular hemodynamic alterations consisting
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TA B L E 5 1 - 1

HYPERTENSION IN PATIENTS WITH SOLITARY KIDNEYS

No. of No. with
patients hypertension Percent References

Unilateral agenesis 193 96 50 27–29,31,32,49–54
Unilateral nephrectomy 156 22 14 34,56,57,59
Kidney donation 833 137 16 35,58,60–65

of an increased single-nephron glomerular filtration rate
(GFR), an increment in glomerular capillary flow rate (QA),
and elevated glomerular capillary pressure (PGC) by most
(37,39,40), but not all (41,42) investigators. On the other hand,
some studies have suggested a link between glomerular hyper-
trophy (41,42), manifest as increments in glomerular volume
(VG) or glomerular capillary radius (RGC), or both glomerular
hypertrophy and altered intrarenal hemodynamics (26,43,44)
and progressive kidney disease in this model. Therapeutic ma-
neuvers that reduce PGC, such as dietary protein restriction or
angiotensin-converting enzyme (ACE) inhibition, decrease pro-
teinuria and retard progressive renal injury (25,26,37). Never-
theless, the relation among altered intrarenal hemodynamics,
glomerular hypertrophy, and progressive FGS in experimen-
tal renal ablation is unsettled and requires further investi-
gation (45,46). It is important to note, however, that three-
fourths reduction in renal mass in a canine model does not
lead to inexorable loss of renal function (47). Thus, although
these observations in experimental models of renal ablation
are provocative, their relevance to human renal disease is not
established.

Table 51-1 depicts the prevalence of hypertension in patients
with unilateral renal agenesis and in those who underwent uni-
lateral nephrectomy for renal disease or transplant donation.
In 1960, Ashley and Mostofi (48) reported the first associa-
tion between unilateral renal agenesis and progressive renal
insufficiency. They noted that, of 232 patients with unilateral
renal agenesis, 16% developed chronic renal failure and that
one-third of these had “chronic glomerulonephritis;” however,
the prevalence of hypertension was not reported. Since then,
the association between unilateral renal agenesis and the de-
velopment of proteinuria, hypertension, and chronic kidney
disease (CKD) owing to FGS has been emphasized repeatedly
(27–29,31,32,49–54). Hypertension is more prevalent in pa-
tients with unilateral renal agenesis compared with uninephrec-
tomized individuals (Table 51-1). Kiprov et al. (27) found that
four of eight patients with unilateral renal agenesis and his-
tologically proven FGS were hypertensive. In addition, in a
series of 586 cases of renal biopsy or nephrectomy specimens,
they found 29 cases of FGS; there were 24 cases of FGS in the
581 patients with two kidneys (4.1%), whereas all 5 patients
with unilateral agenesis demonstrated FGS (p <2 ×10−7) (27).
These findings have been confirmed by other investigators (28–
32) and suggest a clear relation among an increased prevalence
of hypertension, FGS, and unilateral renal agenesis. Argueso et
al. confirmed this increased risk for proteinuria, hypertension,
and CKD in a study of 159 patients with unilateral renal agen-
esis (54). It is possible that the number of remaining nephrons
in the contralateral kidney is reduced in patients with unilat-
eral renal agenesis. Alternatively, an in utero reduction in renal
mass could subject the remaining nephrons to abnormal hemo-
dynamic forces or neurohumoral factors with the consequent
development of glomerulosclerosis (26,55). Occasionally, the
hypertension is renin dependent and subsides with removal of
the dysplastic kidney (53), whereas in other cases proteinuria
and renal insufficiency antedate the increase in blood pressure

(27,28). In most instances of unilateral renal agenesis, how-
ever, the pathophysiologic mechanisms relating hypertension,
proteinuria, and FGS are speculative but unproved (30,32).

The prevalence of hypertension is lower in patients sub-
jected to unilateral nephrectomy for renal disease or transplant
donation (Table 51-1). Despite periods of prolonged observa-
tion, multiple studies have shown that high blood pressure was
not more common overall in patients undergoing nephrectomy
for unilateral kidney disease compared with the general pop-
ulation (28,29,34,50–52,56,57). A more important issue, and
the subject of considerable debate, is whether kidney donors
are at increased risk for the development of hypertension or
CKD. One group of investigators noted a 47% prevalence of
hypertension in 38 renal transplant donors followed for more
than 10 years (58); however, this prevalence was not different
from that of an age- and gender-matched control group. Other
authorities have made similar observations (59). Despite the
fact that one report suggests that kidney donors demonstrate
an accelerated rate of development of hypertension (60), the
majority of studies show no increase in the risk for the devel-
opment of proteinuria, hypertension, or CKD (61–65). With an
average follow-up ranging from 8 to more than 15 years, the
prevalence of hypertension does not exceed that of the general
population (Table 51-1). In a meta-analysis of 48 studies with
3,124 patients who had undergone a nephrectomy and 1,703
controls, Kasiske et al. (66) demonstrated that there was a small
rise in systolic blood pressure (2.4 mm Hg) that increased fur-
ther (1.1 mm Hg/decade) with longer duration of follow-up
in the nephrectomized group but there was no increase in the
overall prevalence of hypertension. Thus, in normal individ-
uals, unilateral nephrectomy does not cause progressive renal
dysfunction, but may be associated with a small increase in
blood pressure. However, patients with a family history of hy-
pertension may be more likely to develop hypertension follow-
ing uninephrectomy (67).

Taken together, the available data suggest that although the
findings from experimental models of renal ablation might be
applicable to patients with more than 50% reductions in renal
mass (68,69), they cannot be extrapolated to all patients with
solitary kidneys. Although unilateral renal agenesis is definitely
associated with an increased risk for the development of pro-
teinuria, hypertension, and FGS (70), unilateral nephrectomy
for renal disease or transplant donation does not increase the
risk for developing systemic hypertension or CKD in the re-
maining kidney. The reason for these apparently contrasting
observations is unclear but might relate to unrecognized con-
tralateral renal disease, the developmental stage at which the
reduction in renal mass occurs, or other unrecognized factors
(26).

Miscellaneous Lesions

Hypertension has been described in association with several
lesions that could potentially stimulate renin secretion from
the unilaterally involved kidney. Renin secreting tumors arising
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from the juxtaglomerular cells are rare. Patients present with
hypertension, hypokalemia, and hyperreninemic hyperaldos-
teronism (71). Control of blood pressure usually requires ACE
inhibition and definitive treatment is surgical resection. Most
patients with Wilms’ tumor also develop a renin dependent
form of hypertension that resolves after excision of the tumor
(72,73). Simple cysts (74,75), renal tuberculosis (76), renal in-
farction (77,78), and segmental hypoplasia (79,80) have been
linked to the development of hypertension. In the majority
of cases, unilateral hypersecretion of renin was demonstrated
and blood pressure normalized after surgical intervention
(74–76,78–80). Some reports, however, have not documented
lateralizing renal venous renins in all patients (79). These find-
ings are reminiscent of similar observations in renovascular
hypertension and might reflect the effect of dietary salt intake
or hypertension maintained by increased activity of the sym-
pathetic nervous system.

Bilateral Kidney Disease

Hypertension is common in both acute and chronic renal
disease. In acute renal parenchymal disease, hypertension is
chiefly mediated by expansion of the extracellular fluid volume
(ECFV). Volume depletion usually normalizes blood pressure,
and hypertension resolves with improvement of renal function.
Because hypertension is often transient in acute kidney disease,
its pathogenesis has not been studied extensively. On the other
hand, in CKD, not only is hypertension more frequent, but its
pathogenesis is more complex and its long-term cardiovascular
effects are of greater significance. Consequently, the following
sections focus largely on the pathogenesis, sequelae, and man-
agement of hypertension in patients with CKD.

Acute Renal Disease

Hypertension occurs more frequently in acute glomeru-
lonephritis than in acute tubular necrosis (81–83). In the largest
analysis to date, Bonomini et al. (81) retrospectively reviewed
262 patients with acute renal failure and serum creatinine con-
centrations >5 mg/dL. Hypertension developed at some time
during the course of acute renal failure in 103 patients (39%)
and was more common in patients with acute renal failure
due to glomerular or vascular disease (73%) compared with
those whose renal insufficiency was the result of tubulointer-
stitial processes (15%). High blood pressure was consequent to
expansion of the ECFV from salt and water retention and re-
sponded to salt subtraction during dialysis in hypertensive pa-
tients with acute renal failure, especially in the subset with acute
tubular necrosis (81). These investigators found that overall
17% of patients who experienced an episode of acute renal
failure were hypertensive at 3 months; however, the prevalence
of hypertension was 30% after 3 years of follow-up. Hyperten-
sion was more common in patients who developed acute renal
failure consequent to glomerular disease compared with those
with acute tubulointerstitial disease after both 3 months (42%
vs. 3%) and 3 years (53% versus 17%) of observation.

The pathogenesis of hypertension in acute renal failure
due to clinically apparent acute poststreptococcal glomeru-
lonephritis has been studied extensively (82–85). Hyperten-
sion occurs in 80% of patients with epidemic poststreptococ-
cal glomerulonephritis and is thought to be primarily volume
mediated because of consistent findings of suppressed plasma
renin activity (PRA) and reduced aldosterone levels (82–84).
Rodriguez-Iturbe et al. (85) studied 13 children with acute post-
streptococcal glomerulonephritis during the acute illness and
after resolution of the disease. Reduction in blood pressure
from a mean of 121/80 mm Hg to 90/54 mm Hg was associ-

ated with an average weight loss of 1.4 kg and an increase in
creatinine clearance from 47 to 123 mL/minute. Initially, PRA
and aldosterone were suppressed but increased to normal val-
ues within 4 to 6 weeks. Because the elevation of blood pressure
during the acute illness was significantly correlated with fluid
retention, estimated by changes in weight (R = 0.74, p <0.01),
these investigators concluded that hypertension in poststrepto-
coccal glomerulonephritis was chiefly volume dependent. They
postulated that an acute decline in glomerular filtration rate
(GFR) causes salt and water retention, expands the ECFV,
suppresses the renin-angiotensin-aldosterone system (RAAS)
and results in hypertension. Further investigations by the same
group (86) confirmed their initial observations and also demon-
strated reduced urinary excretion of prostaglandin E2 (PGE2)
and PGF2α as well as kallikrein in 14 patients with acute post-
streptococcal glomerulonephritis. They found no correlation,
however, between decreased prostanoid or kallikrein excretion
and activity of the RAAS, or changes in weight or blood pres-
sure. Converting enzyme inhibition with captopril decreased
blood pressure in hypertensive patients with poststreptococcal
glomerulonephritis, reduced plasma aldosterone, and increased
urinary PGE2 and kallikrein (87). The unexpected antihyper-
tensive efficacy of ACE inhibition in this setting of presum-
ably volume-dependent hypertension could be the result of a
further decrease in an inappropriately elevated angiotensin II
level, interruption of the vascular RAAS, or increased synthesis
of vasodilator and natriuretic prostaglandins and kinins.

Twenty percent to 30 percent of adults with minimal change
disease are hypertensive at the time of initial presentation
(88). Both vasoconstrictor (83,89) and volume-dependent (90)
forms of hypertension have been described. Some investiga-
tors have shown hypertension and increased PRA in minimal
change disease that are ameliorated by volume expansion or
steroid-induced remission (83,89). These observations support
the notion that hypertension in this setting is the result of an-
giotensin II–induced vasoconstriction consequent to underfill-
ing of the systemic vasculature that results from hypoalbu-
minemia. On the other hand, some studies have clearly shown
a volume-dependent component of hypertension in some pa-
tients with minimal change disease. Dorhout Mees et al. (90)
measured plasma albumin, blood pressure, plasma volume, and
blood volume in 10 patients, 5 of whom were hypertensive,
with minimal change disease before and after treatment with
corticosteroids (Fig. 51-1). Steroid therapy resulted in a sub-
stantial increase in plasma albumin and significant reductions
in blood pressure (17/14 mm Hg), plasma volume, and blood
volume. Blood pressure normalized in the 5 hypertensive pa-
tients, and GFR increased an average of 42 mL/minute in all
10 subjects. There were no consistent changes in the normal or
decreased PRA levels with steroid administration.

Consequently, the evidence to date suggests that the major-
ity of hypertensive patients with acute renal disease exhibit
volume-dependent hypertension that improves with salt re-
moval during dialysis or with spontaneous or steroid-induced
natriuresis. However, vasoconstrictor-mediated hypertension
is evident in some. It is also likely that, given the multiple eti-
ologies of acute renal disease, both volume and vasoconstric-
tor mechanisms are responsible for hypertension in many pa-
tients in a fashion similar to the development of hypertension
in chronic renal disease.

Chronic Kidney Disease

Hypertension associated with renal parenchymal disease is the
most common form of secondary hypertension; 5% of all hy-
pertensive patients have underlying kidney disease (91). Re-
nal parenchymal hypertension is important for several reasons.
First, renal parenchymal hypertension increases the risk of
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FIGURE 51-1. Plasma albumin (Alb), mean arterial
pressure (MAP), plasma volume (PV), and blood vol-
ume (BV) in 10 patients with minimal change disease
before (N) and after (R) steroid-induced remission.
(Reprinted with permission from: Dorhout Mees EJ, et
al. Observations on edema formation in the nephrotic
syndrome in adults with minimal lesions. Am J Med
1979;67:378.)

cardiovascular morbidity and mortality to an equal or even
greater extent compared with the risk attributable to essential
hypertension (91,92). Second, hypertension secondary to kid-
ney disease is associated with a greater prevalence of retinopa-
thy, especially malignant retinopathy, compared with essential
hypertension at all levels of blood pressure (93), suggesting
that neurohumoral factors involved in its pathogenesis are par-
ticularly vasculotoxic. Finally, hypertension in kidney disease
accelerates the loss of renal function in both diabetic and nondi-
abetic nephropathy (94,95). Renal parenchymal hypertension
can occur even with a normal serum creatinine concentration
and normal GFR (94,96) and increases in prevalence as renal
function decreases (94,95,97–99). More than 80% of patients
with CKD are hypertensive (98), and hypertension is present
in up to 90% of patients by the time end stage renal disease
(ESRD) supervenes (100,101).

Similar to hypertension in acute renal disease, the preva-
lence of hypertension in CKD varies depending on the underly-
ing pathology. Table 51-2 summarizes the approximate preva-
lence of hypertension in different chronic renal diseases. The
data are derived from series in the recent literature and include
patients with various levels of renal function (83,97–99,102–
108). It is apparent that hypertension is more frequent in pa-

TA B L E 5 1 - 2

PREVALENCE OF HYPERTENSION IN CHRONIC
RENAL PARENCHYMAL DISEASE

Percent with
Disease hypertension References

Glomerular disease 83,97,98,
Focal glomerular 75–80 99,102,103,

sclerosis 104,105,106,
Membranoproliferative

glomerulonephritis
70–75 107,108

Diabetic nephropathy 70–75
Membranous

nephropathy
50–60

Mesangioproliferative
glomerulonephritis

40–45

IgA nephropathy 40
Polycystic kidney

disease
70

Chronic interstitial
nephritis

50–60

tients with chronic glomerular disease compared with those
with polycystic kidney disease or chronic interstitial nephritis
(99,102,109). Moreover, among the glomerular diseases, hy-
pertension is more common in FGS and membranoprolifera-
tive glomerulonephritis compared with mesangioproliferative
glomerulonephritis or immunoglobulin A (IgA) nephropathy
(108).

Pathophysiology

Discussion of hypertension in CKD requires a brief examina-
tion of the central role of the kidney in the regulation of arterial
blood pressure (110). This critical function is primarily the re-
sult of the kidney’s unique position in regulating salt balance.
Blood pressure is expressed by the equation

BP = CO × TPR

where BP is blood pressure, CO is cardiac output, and TPR
is total peripheral resistance. Although cursory examination of
this equation could lead to the conclusion that increments in
cardiac output, TPR, or both can result in hypertension, its
simplicity obscures two important observations. First, isolated
elevation in TPR will not cause sustained hypertension without
a simultaneous constraint on renal sodium excretion. Second,
a primary defect in salt excretion can result ultimately in an
increased blood pressure maintained by an elevated TPR with
a normal cardiac output. Both of these critical concepts have
been developed and refined by Guyton et al. in a series of ele-
gant experiments over the last 20 years (9,111–114).

In an isolated perfused kidney, Guyton et al. (111) devel-
oped a renal function curve by plotting arterial pressure as a
function of urinary sodium excretion (Fig. 51-2). The solid line
in Figure 51-2 depicts sodium excretion over a wide range of
perfusion pressures in the isolated perfused kidney free of any
neurohumoral constraints on salt excretion. The curve inter-
sects the line at a point (a) where sodium intake and excretion
are in equilibrium. Utilizing a computer-generated model of ar-
terial pressure regulation, Guyton et al. (111,113) found that
alterations in TPR alone would not change long-term arterial
pressure in the presence of a constant sodium intake and an
unchanged renal function curve. For example, if an increase in
TPR raised arterial pressure to 150 mm Hg (b), sodium excre-
tion would increase substantially (c) until a sufficient decrease
in ECFV returned arterial pressure to the original set point (a).
On the other hand, a decrease in arterial pressure owing to
a reduction in TPR (d) would lower sodium excretion below
sodium intake, eventually increasing ECFV and returning arte-
rial pressure to baseline (a). Therefore, according to this model,
changes in salt intake or salt excretion (i.e., the position of the
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FIGURE 51-2. Renal function curves plotting
sodium intake and excretion against mean arterial
pressure. Curves for the isolated perfused kidney
and normal individuals are shown along with hy-
pothetical renal function curves for salt-sensitive es-
sential hypertension and renal parenchymal hyper-
tension. (Modified with permission from: Guyton
AC. Dominant role of the kidneys and accessory
role of whole-body autoregulation in the pathogen-
esis of hypertension. Am J Hypertens 1989;2:575.)

renal function curve) are required for the development of sus-
tained hypertension.

Renal function curves can be developed in humans by deter-
mining arterial blood pressure, once salt balance is achieved,
over a range of dietary salt intake. The series of dashed lines in
Figure 51-2 are examples of renal function curves in normoten-
sive subjects, patients with salt-sensitive essential hypertension,
and patients with renal parenchymal hypertension. The curve
from the normotensive subjects was derived at extremes of di-
etary salt intake (115) and underscores the fact that wide vari-
ation in sodium intake has little or no effect on blood pressure
in normal individuals, presumably because of the integrated
neurohumoral response to changes in salt intake. The curves
for essential hypertension and renal parenchymal hypertension
are theoretic and are shifted to the right of the normal renal
function curve. In both conditions, salt balance occurs at higher
than normal arterial pressure with either normal or high salt
intake. Salt restriction, however, reduces arterial pressure to
the normotensive range at the equilibrium point.

Despite the fact that hypertension is sustained by an ele-
vated TPR in the majority of patients with renal parenchymal
hypertension (see Hemodynamic Patterns, below) (116–120),
initiation of hypertension is probably the result of a positive
salt balance and expanded ECFV. Guyton et al. (111,113) ex-
amined the effect of salt loading on circulating hemodynamics
in a canine model of renal ablation. Substantial hypertension
developed in this model after 4 days of a high-salt diet at a
time when TPR was normal. This early increase in arterial pres-
sure was consequent to an increased ECFV and elevated car-
diac output. Over the next 2 weeks, blood pressure remained
increased, and ECFV and cardiac output decreased toward,
but not quite to, baseline (113). These observations are con-
sistent with longitudinal studies in patients with mild to mod-
erate renal insufficiency (121,122), and suggest that whereas
hypertension is initiated by volume expansion in this model,
it is maintained primarily by vasoconstriction. It is not clear
how the transition from a volume-mediated to vasoconstrictor
form of hypertension occurs. Possible explanations include lo-
cal autoregulation of tissue blood flow (111) or the production
of an endogenous digitalislike substance (EDLS) (123–125)
that simultaneously increases TPR and enhances renal sodium
excretion.

Eventually, renal parenchymal hypertension results from the
integrated action of elements that influence cardiac output,

TPR, or both. Table 51-3 lists some of the factors implicated
in the pathogenesis of hypertension in CKD and their effect
on cardiac output and TPR. It is important to note that each
has a dual effect; both vascular resistance and salt balance are
affected. Moreover, the effects are generally concordant with
regard to the potential influence on blood pressure; vasocon-
strictor compounds are antinatriuretic, whereas vasodilator
substances are natriuretic; hence, it is difficult, if not impos-
sible, to selectively alter TPR without simultaneously affect-
ing renal salt excretion. The development of hypertension in a
given patient with CKD results from the complex interplay of
several or more of these elements in addition to the absolute
level of GFR, underlying renal disease, genetic predisposition
to hypertension, and dietary salt intake. Despite the fact that

TA B L E 5 1 - 3

FACTORS THAT REGULATE ARTERIAL BLOOD
PRESSURE

Affect cardiac output Affect TPR

Extracellular volume
(stroke volume)

Antinatriuretic
Angiotensin II
Norepinephrine

Antidiuretic
Arginine vasopressin

Natriuretic
Atrial and brain

natriuretic peptides
Endogenous digitalis-like

substance
Kinins
Nitric oxide
PGE2, PGI2

Sympathetic nervous system
(heart rate)

Vasoconstrictor
Angiotensin II
Arginine vasopressin
Endogenous digitalis-like

substance
Endothelin
Norepinephrine
Thromboxane A2

Vasodilator
Atrial and brain natriuretic

peptides
Kinins
Nitric oxide
PGE2, PGI2

TPR, total peripheral resistance.
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multiple factors (Table 51-3) are conceivably involved in the
pathogenesis of renal parenchymal hypertension, only those
for which there is substantial support are discussed.

Salt Balance

Renal ablation in both rats (126) and dogs (113) clearly demon-
strates the central role of salt balance in the development of
hypertension under circumstances of reduced nephron mass.
Ylitalo et al. (126) subjected rats to subtotal nephrectomy and
found that a high-salt diet suppressed the RAAS and consis-
tently produced severe hypertension in animals with a 70% re-
duction in GFR. In contrast, in the same experimental model,
a normal salt intake caused only mild hypertension, and a low-
salt diet resulted in no increase in blood pressure. Similarly,
Guyton et al. (113) showed that dogs with renal ablation fed
a high-salt diet develop hypertension initiated by expansion of
the ECFV and an elevated cardiac output but maintained by
an increased TPR.

Although hypertension produced by renal ablation in ani-
mals is clearly dependent on a positive salt balance, the situ-
ation with regard to human renal parenchymal hypertension
is more complicated. Human renal disease often causes hy-
pertension that not only is related to a positive salt balance
consequent to a decreased GFR but also is the result of the
production of hormones and autacoids that increase TPR, re-
duce sodium excretion, and shift the renal function curve to the
right (Fig. 51-2). However, despite the complexity of the situa-
tion in an individual patient with a specific renal disease, there
is persuasive evidence that suggests that overall a positive salt
balance is critical to the development of hypertension in hu-
man renal disease. Many (127–129), but not all (130) studies
have shown that hypertensive subjects with mild to moderate
renal impairment have increased total exchangeable sodium
compared with normotensive subjects, patients with essential
hypertension, or normotensive patients with similar levels of
renal function. These subtle alterations in total body sodium
antedate frank hypertension or an increase in serum creatinine
concentration. Harrap et al. (131) compared young adults with
polycystic kidney disease to unaffected subjects from the same
kindreds. They found that the affected subjects had a signifi-
cant increase in total exchangeable sodium, PRA, and systolic
blood pressure compared with unaffected offspring despite ex-
hibiting similar, normal GFRs. Consequently, these investiga-
tors theorized that the increase in total exchangeable sodium,
presumably owing to activation of the RAAS, could cause the
increase in systolic pressure possibly mediated by elaboration
of an EDLS (131).

Plasma volume, blood volume, or ECFV are often normal
(130,132) or expanded (133,134) early in the course of CKD,
but are consistently elevated by the time ESRD supervenes
(135–138). In addition, salt loading in patients with ESRD
results in a disproportionate increase in plasma volume and
blood volume compared with interstitial fluid volume, further
exacerbating hypertension (139). Last, blood pressure directly
correlates with plasma volume (132) and exchangeable sodium
(140) in patients with mild to moderate renal insufficiency and
with ECFV (136,141) and exchangeable sodium (142) in those
with ESRD; however, not all studies have confirmed these find-
ings. Some have shown no correlation between blood volume
or ECFV and blood pressure after the institution of mainte-
nance dialysis (138,143) and only detected a relation between
sodium and blood pressure in renoprival hypertension (143).
Nevertheless, the bulk of the data support the concept that an
increase in total exchangeable sodium occurs early in the course
of renal disease when most measurements of plasma volume or
ECFV are normal. As kidney function declines, an increase in
ECFV is more readily detected and correlates significantly, al-
though often weakly (140), with arterial pressure.

FIGURE 51-3. The relation between increments in mean arterial pres-
sure (MAP) and extracellular fluid volume (ECV) per kilogram of lean
body mass (LBM) in patients with chronic renal failure subjected to a
high salt intake. For any given increase in ECV, there was a larger
increment in MAP (p <0.005) in group 2 (• creatinine clearance
<22 mL/minute) compared with group 1 (◦ creatinine clearance >32
mL/minute). (Reprinted with permission from: Koomans HA, et al. Salt
sensitivity of blood pressure in chronic renal failure: evidence for renal
control of body fluid distribution in man. Hypertension 1982;2:190,
with permission of the American Heart Association, Inc.)

Studies that have examined the effect of changes in salt bal-
ance on blood pressure in patients with chronic renal disease
provide additional support for the importance of salt in the
genesis of renal parenchymal hypertension. Koomans and et
al. (141) measured arterial pressure, blood volume, and ECFV
in patients with stage 3 (creatinine clearance >32 mL/minute)
or stage 4 (creatinine clearance <22 mL/minute) CKD at two
levels of salt intake. Institution of a high-salt diet increased
ECFV and arterial pressure in both groups. The increment in
arterial pressure, however, was larger for any given increase in
ECFV in the group with stage 4 disease (Fig. 51-3) compared
with those with stage 3 CKD. These data suggest that a positive
salt balance consequent to an increase in dietary salt augments
both ECFV and blood pressure; this hypertensive effect is in-
versely related to GFR and is most pronounced in severe renal
insufficiency. In patients with ESRD, the prohypertensive effect
of a positive salt balance is the result, not only of an increase
in plasma volume and cardiac output (144), but also of an en-
hanced vasoconstrictor response to angiotensin II (100,145).

Just as a positive salt balance increases blood pressure in
patients with renal disease, reduction of salt intake or admin-
istration of diuretics decreases exchangeable sodium, plasma
volume, ECFV, and arterial pressure in hypertensive patients
with CKD (134,146–148). Vasavada and Agarwal recently
demonstrated that daily administration of loop diuretics to pa-
tients with stage 2 and 3 CKD significantly decreased ECFV
and ambulatory systolic blood pressure over a 3-week period
(134). Further support for the dependence of blood pressure
on salt balance is the fact that salt subtraction with reduction
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of dry weight by hemodialysis (144,147,149–152) or peri-
toneal dialysis (153,154) normalizes blood pressure in the ma-
jority of ESRD patients without the need for pharmacologic
therapy. Vertes et al. (149) initially showed that hypertension
could be controlled in 35 of 40 patients undergoing mainte-
nance hemodialysis with salt removal during ultrafiltration.
Recently, Ozkahya et al. confirmed these findings by docu-
menting substantial improvements in blood pressure in both
hemodialysis and peritoneal dialysis patients with aggressive
ultrafiltration and sodium restriction (154,155). Further, in a
large cohort of patients undergoing chronic hemodialysis, in-
terdialytic weight gain, reflecting salt and water intake, was
an independent predictor of blood pressure (156). Finally, in
the Hemodialysis Study, there was a strong, statistically signifi-
cant correlation among intradialytic changes in blood pressure,
body weight, and plasma volume (152). These important obser-
vations have been confirmed and extended by other investiga-
tors (150–154) and reinforce the concept that adequate fluid re-
moval is the cornerstone of therapy in the hypertensive patient
with ESRD.

The preceding data strongly support the central role that
salt balance plays in renal parenchymal hypertension. How-
ever, salt balance is a major, but not exclusive, determinant of
blood pressure in patients with CKD. Even in patients whose
blood pressure is well controlled by salt removal during dialy-
sis, binephrectomy reduces blood pressure without significant
alterations in exchangeable sodium or ECFV (100,146). This
latter observation might result from a decrease in the RAAS or
a reduction in central sympathetic outflow and emphasizes the
important relation between volume and vasoconstrictor fac-
tors in the control of arterial pressure even under circumstances
where hypertension appears to be primarily sodium dependent
(100,144,145).

Sympathetic Nervous System

Increasing evidence suggests that the sympathetic nervous sys-
tem plays an important role in renal parenchymal hypertension.
Activation of the sympathetic nervous system directly increases
cardiac output and TPR and indirectly elevates vascular resis-
tance by stimulation of the RAAS (157–159). Angiotensin II
enhances both peripheral and central sympathetic activity re-
ciprocally; the increment in central sympathetic outflow may be
consequent to an angiotensin II-induced decrease in nitric oxide
content in the posterior hypothalamus (160). Further, elevated
renal sympathetic nerve traffic directly increases tubular reab-
sorption of sodium, reduces renal blood flow, and decreases
GFR (160). Taken together, there are multiple mechanisms by
which increased adrenergic activity contributes to hypertension
through both vasoconstrictor and volume-dependent mecha-
nisms.

The sympathetic nervous system plays an important role
in several models of experimental renal hypertension. Vari et
al. (161) studied the effect of renal denervation on the devel-
opment of hypertension in uninephrectomized rats maintained
on a low-salt diet. Simultaneous renal denervation and con-
tralateral nephrectomy decreased renal norepinephrine stores
and prevented the development of hypertension. When dener-
vation was delayed until 6 weeks postnephrectomy, both renal
norepinephrine content and arterial pressure declined (161).
These investigators concluded that both the development and
maintenance of hypertension in this experimental model were
dependent on intact renal nerves. Theoretically, this beneficial
effect of renal denervation might be consequent to elimination
of the decrements in GFR and sodium excretion mediated by
increased renal efferent sympathetic nerve activity. However,
accumulating evidence suggests that renal afferent sympathetic
neurons are important in renal hypertension. Campese et al.
studied the role of the afferent renal nerves in the development

of hypertension in rats that had undergone 5/6 nephrectomy
(162). Endogenous norepinephrine concentrations and nore-
pinephrine turnover in the hypothalamus were significantly in-
creased in rats with intact renal afferent nerves. However, in
rats subjected to dorsal rhizotomy, which interrupts the renal
afferent nerves, the increment in hypothalamic norepinephrine
was blunted and norepinephrine turnover was similar to con-
trol rats. Importantly, the increase in blood pressure induced by
5/6 nephrectomy was substantially attenuated by renal afferent
denervation. The same group of investigators (163) repeated a
similar set of experiments after the induction of acute renal
injury by intrarenal injection of phenol. There was a signifi-
cant increase in blood pressure and secretion of norepinephrine
from the hypothalamic nuclei in rats with intact renal afferent
nerves. As in their previous model, in rats that underwent re-
nal denervation, renal injury by phenol did not induce a rise in
blood pressure or norepinephrine secretion. These data provide
persuasive evidence that afferent signaling from diseased kid-
neys is important in mediating central sympathetic outflow and
hypertension in experimental renal disease. Whether the prox-
imate cause of the increased afferent traffic is local ischemia or
cytokine production remains to be determined (164,165).

Most studies (130,166,167), but not all (171), have found
increased plasma concentrations of norepinephrine in hyper-
tensive patients with mild to moderate renal dysfunction.
Ishii et al. (166) found significantly increased plasma nore-
pinephrine in hypertensive patients with chronic glomeru-
lonephritis compared with normotensive patients with simi-
lar renal function or normal subjects. Further, they noted a
significant correlation between arterial pressure and plasma
norepinephrine concentration. Ligtenberg et al. demonstrated
that muscle sympathetic nerve activity (MSNA) and serum
norepinephrine levels were higher in patients with hyperten-
sion and CKD compared to normal controls (167). Treatment
with enalapril for 4 to 6 weeks resulted in reduction of blood
pressure and improvement but not normalization of MSNA
(Fig. 51-4) and the baroreflex curve. In contrast, amlodipine
lowered blood pressure but MSNA remained elevated. These
important observations have been confirmed and extended by
other investigators (168–170). Klein et al. showed that MSNA
is increased in hypertensive patients with polycystic kidney dis-
ease irrespective of renal function (168). In patients with CKD,
the enhanced MSNA is due to intrinsic renal disease and is not
solely a function of reduced nephron mass. Moreover, the ele-
vated MSNA in CKD that is ameliorated by interruption of the
RAAS can be completely normalized by inhibition of central
sympathetic outflow with monoxidine (170). Finally, hyper-
tensive patients with renal disease demonstrate an increased
pressor response to exogenous norepinephrine (171).

Accumulating data suggest that increased activity of the
sympathetic nervous system contributes to hypertension in pa-
tients undergoing long-term dialysis. Plasma norepinephrine
levels are usually increased in hypertensive patients with CKD
before initiation of dialysis (166,167,172) and normal (173) or
elevated (174–176) in hypertensive dialysis patients. Selective
postganglionic sympathetic blockade reduces blood pressure in
patients on maintenance hemodialysis. Schohn and et al. (174)
gave debrisoquine, a postganglionic sympathetic blocker, to
normal subjects and both normotensive and hypertensive pa-
tients undergoing long-term dialysis. Blood pressure declined
by an average of 33/19 mm Hg in the hypertensive patients
but did not change significantly in the two former groups. Fur-
ther, Converse et al. (175) measured MSNA to skeletal mus-
cle in 11 normal subjects and 23 patients receiving long-term
hemodialysis. Five patients on dialysis had undergone bilateral
nephrectomy, but 18 retained their native kidneys; 14 of the lat-
ter group were hypertensive. Sympathetic nerve discharge was
significantly higher in the dialysis patients who retained their
kidneys compared with their nephrectomized counterparts or
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FIGURE 51-4. Baroreflex response to changes in mean arterial pressure (MAP) in patients with chronic
renal insufficiency (average creatinine 3.9 ± 1.9 mg/dL) before and after treatment with enalapril and
in control subjects. Sodium nitroprusside and phenylephrine were infused to provide gradations in MAP.
Results are shown at baseline (A) in 14 patients with renal insufficiency and 14 control subjects and
before and during treatment with enalapril (B) in 11 patients and 11 controls. Values are means ±
SE. (Reproduced with permission from: Ligtenberg G, et al. Reduction of sympathetic hyperactivity by
enalapril in patients with chronic renal failure. N Engl J Med 1999;340:1321, with permission of the
Massachusetts Medical Society.)

normal subjects. Mean arterial pressure and vascular resistance
in the calf were significantly lower in the nephrectomized dialy-
sis patients compared with the patients who had not undergone
nephrectomy. These and other data (177) suggest that reten-
tion of diseased kidneys, and not the uremic environment, is
responsible for the increase in MSNA. Taken together, these
observations provide persuasive support for the concept that
afferent sympathetic nerve traffic from diseased kidneys sig-
nals the anterior hypothalamus with a consequent increase in
peripheral sympathetic nerve activity (159,162,163,176).

Hence, there is abundant evidence that sympathetic over-
activity contributes importantly to renal parenchymal hyper-
tension. Early in the course of renal disease, circulating nore-
pinephrine is often elevated, MSNA is increased, and the
vascular response to exogenous norepinephrine is augmented.
Increased sympathetic activity results in hypertension in pa-
tients with pre-ESRD not only by increasing TPR but also
by directly stimulating renal sodium reabsorption and indi-
rectly limiting salt excretion through activation of the RAAS.
In ESRD, because urine volume is minimal, sympathetic overac-
tivity raises blood pressure primarily, if not solely, by increasing
TPR.

Pressor Compounds

Arginine Vasopressin. Despite extensive investigation, the ex-
act role of arginine vasopressin (AVP) in renal parenchymal
hypertension remains to be determined (178). Cowley et al.
(179) infused AVP into normal dogs with an ad libitum in-
take of water; serum sodium decreased, weight increased, but
blood pressure was unchanged. Any pressor effect of AVP, how-
ever, under these circumstances is difficult to interpret because
any increase in TPR is offset by dose-dependent decrements in
cardiac output with no net change in mean arterial pressure
(180). On the other hand, in dogs with subtotal renal abla-
tion, chronic infusion of subpressor doses of AVP resulted in
hyponatremia, an increased blood volume, suppression of the
RAAS, and hypertension (181). These data suggest that, in the
face of substantial reductions in renal mass, AVP can contribute
to hypertension by stimulation of V2 receptors in the collect-

ing duct with consequent hypotonic expansion of the ECFV. In
rats subjected to bilateral nephrectomy (182) or subtotal renal
ablation (183) and later rendered hypernatremic, administra-
tion of an AVP antagonist significantly reduced mean arterial
pressure. In one study (182), there was an inverse correlation
between blood pressure and plasma volume indicating that, in
rats with decreased renal mass, AVP increases arterial pressure
by stimulating V1 receptors, inducing vasoconstriction, and in-
creasing TPR.

Studies in humans have confirmed and extended these ob-
servations in experimental models. Padfield et al. (184) studied
normal volunteers, patients with malignant hypertension, and
patients with the syndrome of inappropriate antidiuretic hor-
mone secretion. They found no correlation between the plasma
concentration of AVP and blood pressure in either group of
patients. In addition, an infusion of AVP in normal subjects
did not increase arterial pressure. In normally hydrated vol-
unteers, AVP antagonism had no significant effect on blood
pressure, heart rate, or cutaneous blood flow (185). In con-
trast, application of an orally active V1 antagonist to patients
with essential hypertension reduced the peak blood pressure
response and increased heart rate after the administration of
hypertonic saline (186). These data suggest that AVP has a lim-
ited role in blood pressure homeostasis in normal individuals
or those with essential hypertension; however, in patients with
chronic renal failure, AVP might play a greater part in control
of blood pressure. Plasma concentrations of AVP are increased
in hypertensive patients with severe chronic renal insufficiency
compared with normal volunteers and exhibit an enhanced re-
sponse to an infusion of hypertonic saline (187). In patients
with ESRD undergoing long-term hemodialysis (188,189) or
continuous ambulatory peritoneal dialysis (190), plasma AVP
levels are also increased and correlate significantly with plasma
osmolality in some studies (189), but not in others (188). These
observations, although provocative, shed no light on the role
of AVP in the control of arterial blood pressure in patients with
chronic renal failure.

Investigations that utilized specific AVP antagonists
(191,192) provide more direct evidence of a role for AVP in
renal parenchymal hypertension. Gavras et al. (193) infused
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an AVP inhibitor in salt-loaded patients with ESRD receiv-
ing maintenance hemodialysis and demonstrated a modest de-
cline (13/8 mm Hg) in blood pressure. Further, Miura et al.
(194) administered an orally active V1 receptor antagonist to a
fluid-overloaded, hypertensive patient with diabetic nephropa-
thy and a serum creatinine concentration of 5.5 mg/dL. Blood
pressure decreased markedly without any change in heart rate,
suggesting a substantial reduction in TPR owing to V1 block-
ade. These preliminary but important observations suggest
that, although in the presence of euvolemia and normal renal
function AVP might not contribute significantly to control of
arterial pressure, its vasoconstrictor effect is revealed in the set-
ting of CKD. Additional investigation is required to determine
whether AVP is consistently involved in the initiation or main-
tenance of renal parenchymal hypertension and to elucidate
whether its effect is primarily mediated through expansion of
the ECFV or an increment in TPR (178).

Renin-Angiotensin-Aldosterone System. Multiple lines of ev-
idence suggest an important role for the RAAS in the initia-
tion and maintenance of hypertension in patients with renal
parenchymal disease. Plasma renin activity (131,166,195) and
angiotensin II concentrations (130,196) are increased and cor-
relate with arterial pressure in hypertensive patients with pre-
ESRD. In addition, angiotensin II blockade with saralasin in hy-
pertensive patients with early renal disease results in a decrease
in blood pressure that is inversely proportional to baseline PRA
(195). Some of the most persuasive evidence linking the RAAS
system to renal parenchymal hypertension derives from stud-
ies in early polycystic kidney disease. Many (131,197,198),
but not all (199) reports have found increased PRA in hyper-
tensive patients with polycystic kidney disease and normal or
only slightly impaired renal function. Filtration fraction is in-
creased (131,199), reflecting the fact that angiotensin II prefer-
entially constricts the efferent arteriole (200). Finally, admin-
istration of lisinopril decreases mean arterial pressure, renal
vascular resistance, and filtration fraction (200). These data,
along with the observation that renal volume is increased in
hypertensive patients with polycystic disease compared with
their normotensive counterparts, have led some authorities to
speculate that enlarging cysts compress intrarenal arterioles,
producing ischemia and ultimately activating the RAAS (197).

Not all studies, however, have supported a significant role
for the RAAS in the hypertension of pre-ESRD. Vascular reac-
tivity to exogenous angiotensin II is not increased (130,171),
and PRA is often normal (199) or decreased (201). Recently,
Wagner et al. (202), utilizing the quantitative polymerase chain
reaction, demonstrated that renin gene expression in human
renal biopsy specimens was decreased early in the course of
glomerulonephritis. Consequently, hypertension in early stage
kidney disease might be due to increased activity of the RAAS
in some circumstances, but not others. Analysis of the relation
is complicated by the fact that most studies have measured
PRA and not assessed the role of the vascular renin-angiotensin
system (203). Moreover, the involvement is complex because
angiotensin II directly and indirectly stimulates renal sodium
absorption, increases total exchangeable sodium, regulates
GFR, and potentiates the activity of the renal sympathetic
nerves (204). Finally, the role of aldosterone, per se, in the
pathogenesis of renal parenchymal hypertension is incom-
pletely understood. Aldosterone not only increases sodium re-
absorption with consequent expansion of plasma volume but
also enhances vasoconstriction in response to adrenergic stimu-
lation (205). Administration of exogenous aldosterone to rats
with remnant kidneys treated with losartan increased blood
pressure, proteinuria, and glomerulosclerosis compared with
rats that did not receive aldosterone (206). These data suggest
a possible role for aldosterone in renal parenchymal hyperten-
sion, independent of angiotensin II. Hence, activation of the

RAAS can mediate hypertension in CKD through both vaso-
constrictor and volume-dependent mechanisms.

The majority of patients with ESRD demonstrate normal
PRA and angiotensin II levels (144), are salt sensitive, and re-
main normotensive with reduction to dry weight during dialysis
(149,150,155). Ten to twenty percent of hypertensive patients
with ESRD, however, clearly exhibit renin-dependent hyperten-
sion. Blood pressure in this latter group does not respond to
salt removal, and most patients (147,149,207,208), but not all
(209) have elevated PRA. Arterial blood pressure and PRA cor-
relate significantly in this subset of patients (143). Weidmann
and et al. (207) examined the relation between blood pressure
and PRA in 51 patients undergoing long-term dialysis. Thirty-
one of 33 patients with normal blood pressure or hyperten-
sion that was easily controlled by ultrafiltration demonstrated
normal PRA. Moreover, 18 patients demonstrated hyperten-
sion that was resistant to salt removal and eventually required
bilateral nephrectomy to control blood pressure; 17 had ele-
vated PRA. Before the availability of minoxidil and ACE in-
hibitors, bilateral nephrectomy was often required to control
blood pressure in patients with increased PRA and resistant
hypertension (207,208). Lifschitz et al. (208) found that hy-
pertensive patients whose blood pressure normalized after bi-
lateral nephrectomy could be identified by their preoperative
decrease in blood pressure in response to angiotensin II block-
ade and their increased PRA. Decrements in arterial pressure
in response to binephrectomy have been associated with a re-
duction in TPR but no change in cardiac output (210,211).
Taken together, the humoral and hemodynamic response to
bilateral nephrectomy has been interpreted by some investiga-
tors to further implicate the RAAS in this form of hypertension.
However, these observations are also consistent with the impor-
tant role of the sympathetic nervous system in the hypertension
of ESRD (175). Predictably, ACE inhibition normalizes arterial
pressure in patients with increased PRA and dialysis-resistant
hypertension (100,212,213). Whether this owes exclusively to
interruption of the RAAS or is mediated in part by reduced
sympathetic nervous system (SNS activity) (167) remains to be
determined.

Hence, there is substantial support for the pathogenetic role
of the RAAS in the hypertension of CKD. Early in the course of
some forms of renal disease, activation of the RAAS causes hy-
pertension not only by increasing TPR but also by limiting renal
sodium excretion. Patients with chronic interstitial nephritis
are often normotensive with normal or only slightly increased
PRA (207,214). When hypertension develops, it is usually re-
sponsive to salt depletion. At the other end of the spectrum, hy-
pertensive patients with chronic glomerular disease, especially
those with severe hypertension, often demonstrate markedly
elevated PRA, respond poorly to salt removal, and require in-
terruption of the RAAS for control of blood pressure (207). In
the 10% to 20% of hyperreninemic hypertensive patients with
ESRD, the vasoconstrictor action of angiotensin II is dominant,
and hormonally mediated changes in salt balance are insignif-
icant. However, the lack of consistent relation between blood
pressure and either ECFV or PRA in patients with ESRD clearly
suggests that multiple other factors are involved in the patho-
genesis of hypertension in this setting (211,215).

Endothelin. Yanagisawa and et al. (216) initially identified en-
dothelin, a 21 amino acid, vasoactive, mitogenic peptide, in
1988. Endothelin exists in three distinct isoforms and, although
originally thought to be produced solely by vascular endothe-
lium, is secreted by various cells in multiple tissues (217,218)
including glomerular endothelial, epithelial, and mesangial
cells. Synthesis of endothelin is increased by shear stress and
a variety of agonists such as thrombin, angiotensin II, AVP,
and transforming growth factor-ß (219,220). Endothelin is the
most potent vasoconstrictor yet described (218,221) and exerts
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a wide range of physiologic effects including increasing the se-
cretion of atrial natriuretic peptide (ANP), nitric oxide (NO),
renin, and prostaglandins as well as stimulating mitogenesis
in diverse cell lines (218,222). Infusion of endothelin in dogs
increases blood pressure, TPR, and PRA and simultaneously
decreases renal blood flow, GFR, and urinary sodium excre-
tion (223,224). Therefore, it is possible that endothelin could
be pathogenetically related to renal parenchymal hypertension
consequent to hormonal, paracrine, or autocrine actions. Ac-
tions of endothelin are mediated through two different recep-
tors. The ETA and ETB receptors in vascular smooth muscle
mediate vasoconstriction, whereas ETB receptors on endothe-
lial cells mediate vasodilatation. However, there are species dif-
ferences in receptor actions since in rats, but not dogs, renal
vasoconstriction is due to endothelin binding to the ETB recep-
tor (225). Therefore, endothelin provides a counterregulatory
mechanism serving the maintenance of normal renal function
(226) depending on the differential effects of endothelin on
various receptor subtypes.

Administration of endothelin at pathophysiologic doses in
dogs markedly decreases renal blood flow (RBF) and GFR and
increases PRA and plasma aldosterone (224). Experiments that
have examined the effect of inhibition of endothelin converting
enzyme or blockade of endothelin receptors, however, provide
greater insight into the potential pathophysiologic role of en-
dothelin in hypertensive renal disease. Erythropoietin-induced
hypertension is ameliorated by ETA blockade but not ETB
blockade (226). Inhibition of endothelin converting enzyme re-
duces blood pressure in both spontaneously hypertensive rats
(SHR) and rats with renovascular hypertension (227). On the
other hand, administration of an endothelin receptor antag-
onist decreases arterial pressure in the SHR (228,229) and in
some (228), but not all (229) models of renovascular hyperten-
sion. Benigni and et al. (230) treated rats with subtotal renal
ablation with a specific ETA receptor antagonist and found
that endothelin receptor blockade not only decreased blood
pressure and proteinuria but also ameliorated the biochemi-
cal and histologic progression of renal disease. However, more
recent studies utilizing both ETA and ETA/B antagonists have
been unable to confirm these earlier observations (231,232).
Nevertheless, these preliminary observations suggest possible
application of endothelin receptor antagonists in human renal
parenchymal hypertension.

Infusion of endothelin into normal subjects at low doses that
double the normal plasma concentration significantly decreases
urinary sodium excretion without affecting RBF, GFR, or blood
pressure (233). Higher infusion rates that achieve the patho-
physiologic plasma endothelin concentrations found in renal
failure result in significant increments in renal vascular resis-
tance and systemic blood pressure while preferentially reducing
RBF compared with GFR (234). The resultant increase in filtra-
tion fraction is associated with a significant decrease in urinary
sodium excretion. Two reports provide additional support for a
contributory role of endothelin in some forms of human hyper-
tension. In one patient with carcinoma of the lung, episodic hy-
pertension during bouts of disseminated intravascular coagula-
tion correlated with plasma endothelin levels (235). Yokokawa
and et al. (236) described two patients with malignant heman-
gioendothelioma, increased plasma endothelin levels, and hy-
pertension. Removal of the tumor, which contained increased
concentration of endothelin and endothelin messenger RNA,
normalized both blood pressure and plasma endothelin con-
centration. Recurrence of the tumor in one patient was again
associated with hypertension and increased plasma levels of
endothelin. Multiple studies have compared radioimmunoas-
sayable plasma concentrations of endothelin in normotensive
subjects, patients with essential hypertension, and hyperten-
sive patients with renal disease. Endothelin levels have been in-
creased in patients with essential hypertension compared with

normal control subjects in some studies (237,238), but not in
others (239,240). Although no consistent correlation has been
found between plasma concentrations of endothelin and arte-
rial pressure in essential hypertension (237,238), administra-
tion of bosentan, a mixed ETA/B receptor antagonist, to essen-
tial hypertensives, decreased blood pressure to a level similar
to that achieved with ACE inhibition (240). Plasma concentra-
tions (239,241,242) and urinary excretion (243) of endothelin
are more consistently elevated in hypertensive patients with re-
nal disease compared with normal volunteers but still correlate
poorly with blood pressure (241,243). These inconsistent find-
ings are not surprising, however, considering that endothe-
lin probably functions as an autocrine or paracrine substance
and not as a circulating hormone (217,222). Vajo and co-
workers demonstrated that endothelin levels were elevated in
an anephric patient with severe hypertension, implying a role
for endothelin in the development of hypertension in this pa-
tient (244). However, methods to exclude volume overload
contributing to hypertension were not well described in this
study (245). In contrast, Hand et al. administered a selective
ETA antagonist to patients with pre-ESRD and healthy control
subjects (246). Forearm blood flow increased in both groups
but the increment was significantly greater in the healthy sub-
jects than in the patients with chronic renal failure, suggest-
ing a reduced role of endothelin in the maintenance of resting
vascular tone in patients with pre-ESRD. Hence, the role of
endothelin in renal parenchymal hypertension remains to be
elucidated.

Endogenous Digitalis-like Substance (EDLS). The concept that
an inhibitor of Na+-K+-ATPase, an EDLS, might be in-
volved in the pathogenesis of renal parenchymal hyperten-
sion was initially postulated by several groups of investigators
(123,247,248) more than 20 years ago. Despite intensive study,
the precise identification of this compound(s) remains elusive
(125,249,250). The EDLS is clearly distinct from ANP, brain
natriuretic peptide (BNP), and steroidal natriuretic compounds
(249). Candidate factors share several common features;
they inhibit Na+-K+-ATPase, are natriuretic, and cross-react
with antibodies to digitalis (249). The theoretic mechanism by
which an EDLS causes renal hypertension has been debated
but has received increasing support. According to this hypoth-
esis, an intrinsic or acquired defect in renal sodium excretion
causes an increase in the ECFV that signals the release of an
EDLS from the hypothalamus that inhibits Na+-K+-ATPase
(250). Inhibition of Na+-K+-ATPase in renal tubular epithe-
lia decreases sodium chloride reabsorption and increases uri-
nary sodium excretion, thus attenuating the expansion of the
ECFV. On the other hand, inhibition of Na+-K+-ATPase in
vascular smooth muscle increases intracellular sodium concen-
tration, reduces the transplasmalemmal sodium gradient, and
raises the intracellular calcium content because of decreased
sodium-dependent calcium efflux (123,125,250). The eventual
increment in intracellular calcium results in an increase in vas-
cular tone and TPR. Hence, salt balance is returned toward
baseline at the expense of an elevated TPR and increase in ar-
terial pressure.

Rats subjected to subtotal renal ablation and maintained on
a high-salt diet develop an increase in ECFV and hypertension
and demonstrate decreased Na+-K+-ATPase activity in cardiac
microsomes and arteries (251). In addition, diabetic rats with
a 25% reduction in renal mass demonstrate an increase in
ECFV, suppressed PRA, and hypertension (124). Plasma levels
of EDLS are increased, and cardiac and renal medullary micro-
somal Na+-K+-ATPase activity is decreased. Further, EDLS sig-
nificantly correlates with mean arterial pressure (124). Gomez-
Sanchez et al. (252) immunized salt-sensitive Dahl rats with
an ouabain conjugate and ameliorated, but did not completely
prevent, the development of hypertension when the animals



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-51 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:13

1248 Section VIII: Hypertension

were fed a high-salt diet. Finally, Digibind significantly reduced
mean arterial pressure in rats with reduced renal mass (253).

Since the initial report by Graves et al. (254) of an EDLS
in the plasma of patients with CKD, increased levels of EDLS
have been found in most (131,255–259), but not all (260),
studies of patients with essential hypertension and hyperten-
sive patients with CKD. Young adults with polycystic kidney
disease and normal GFR have significantly increased total ex-
changeable sodium, higher systolic blood pressure, decreased
RBF, and reduced ouabain-sensitive sodium efflux that is in-
versely related to total exchangeable sodium compared with
their unaffected siblings (131). These observations are consis-
tent with the presence of a circulating EDLS. Similar results
have been reported in hypertensive patients with mild to moder-
ate renal insufficiency (256). Other investigators have demon-
strated radioimmunoassayable evidence of digoxin-like activity
in patients with renal insufficiency who were not receiving dig-
italis (257). Although digitalis-like activity correlated inversely
with GFR, there was no relation to blood pressure. Kelly et al.
(258) demonstrated both increased levels of digoxin-like im-
munoreactivity and greater Na+-K+-ATPase inhibitory activity
in hypertensive patients with moderate renal dysfunction com-
pared with hypertensive patients with normal renal function
or with normal subjects. However, in patients receiving main-
tenance dialysis, digoxin-like immunoreactivity was normal.
There was no correlation between digoxin-like immunoreac-
tivity and blood pressure in any group. On the other hand, in
patients undergoing continuous ambulatory peritoneal dialy-
sis, Na+-K+-ATPase increased with sustained volume expan-
sion and significantly correlated with both mean arterial pres-
sure and change in body weight (259). Finally, Bisordi and
Holt found elevated levels of an EDLS in 15 hemodialysis pa-
tients (261). Plasma concentrations of EDLS correlated with
both pre- and post-dialysis ECFV and were paralled by similar
changes in ANP levels. Taken together, increasing evidence sug-
gests that an EDLS is elaborated in response to increments in
salt balance in patients with normal or reduced renal function,
but its role in the pathogenesis of renal parenchymal hyperten-
sion requires further clarification.

Erythropoietin. Recombinant human erythropoietin (r-
HuEPO) was introduced two decades ago for the treatment of
the anemia of chronic renal failure (262). It was soon apparent
that the development or exacerbation of hypertension was a
frequent adverse effect of therapy with r-HuEPO (263,264).
This prohypertensive effect of r-HuEPO occurs in patients
with mild to moderate renal dysfunction as well as in those
with ESRD (265,266). Increments of blood pressure can occur
in normotensive patients with ESRD, but elevations are more
evident in hypertensive individuals. Although early reports
(262,263) occasionally noted the development of severe hy-
pertension with seizures or encephalopathy, this rarely occurs
now, given the increased awareness of this potential compli-
cation. The incidence of reported hypertension in patients
with renal disease treated with r-HuEPO ranges from 17%
to 48% (265–268). However, some studies have shown no
correlation between the dose of r-HuEPO and blood pressure
(269). On the other hand, an analysis of placebo-controlled
multicenter trials (268) found that 21% of patients on chronic
hemodialysis treated with r-HuEPO developed clinically
significant increases in blood pressure. This latter estimate
is a more accurate reflection of the prohypertensive effect of
r-HuEPO because some previous trials were uncontrolled.

Although endogenous erythropoietin concentrations corre-
late with blood pressure in patients with essential hypertension
(270), the mechanism(s) by which r-HuEPO results in hyper-
tension remains uncertain (271). Since blood transfusion to
correct uremic anemia increases arterial pressure in patients on
chronic dialysis (272), some investigators have examined the

relation between either red cell mass or hematocrit and blood
pressure in patients with chronic renal failure. Treatment with
r-HuEPO increases red cell volume, but because of a concomi-
tant decrease in plasma volume, blood volume remains un-
changed (265,273). Moreover, despite a significant increase in
hematocrit, increments in blood pressure do not correlate with
the net change in hematocrit, the rate of increase in hematocrit,
or the dose of r-HuEPO (265,267,269). Finally, Kaupke et al.
(274) studied the effect of an increase in red cell mass owing to
iron repletion in anemic iron-deficient patients with ESRD who
were receiving a constant dose of r-HuEPO. In 15 patients, re-
pletion of iron stores resulted in an increase of hematocrit from
25% to 32% (p <0.001) but did not significantly change ei-
ther systolic or diastolic blood pressure. Hence, therapy with
r-HuEPO causes hypertension by additional mechanisms other
than an increase in red cell mass.

Although r-HuEPO is not a direct vasoconstrictor, incuba-
tion of r-HuEPO with rabbit aorta or carotid artery (275)
increases endothelin production. Incubation with a selective
ETA antagonist blocks the vasoconstrictor response induced by
r-HuEPO (275). These observations have led some investiga-
tors to speculate that endothelin might play a role in the hy-
pertension associated with therapy with r-HuEPO (275,276).
Carlini et al. (276) found increased plasma levels of endothelin
in patients on chronic hemodialysis treated with intravenous
r-HuEPO compared with their counterparts receiving subcuta-
neous r-HuEPO. There was a significant correlation between
mean arterial pressure and plasma levels of endothelin only in
the patients receiving intravenous erythropoietin. Other inves-
tigators have also been unable to demonstrate any change in
plasma concentration of endothelin during the subcutaneous
or intraperitoneal administration of r-HuEPO (268). Hence, if
endothelin is causally related to r-HuEPO-induced hyperten-
sion, the route of administration might be important.

Correction of the anemia of ESRD with r-HuEPO is asso-
ciated with an increase in blood pressure mediated by an in-
creased TPR and a decrease in cardiac output (265,268,277).
The decrement in cardiac output, however, is proportionately
less than the increment in TPR, resulting in an increase in blood
pressure. Several mechanisms potentially contribute to the in-
creased TPR. Correction of anemia increases whole blood vis-
cosity (264,277), which increases TPR (264,265). Further, an
increase in red cell mass improves tissue oxygenation and could
reverse hypoxic vasodilation, thereby increasing vascular tone
(265). Hence, enhanced production of endothelin, increased
blood viscosity, and reversal of hypoxic vasodilation together
with a genetic predisposition to hypertension (278), an aug-
mented vascular responsiveness to norepinephrine (275), and
possibly other undefined factors (265,271) increase blood pres-
sure during therapy with r-HuEPO. The observation that hy-
pertension does not develop to a significant extent in normal
volunteers, patients with multiple myeloma, or individuals with
the acquired immune deficiency syndrome (279,280) treated
with r-HuEPO underscores the concept that other factors as-
sociated with renal disease are required for therapy with r-
HuEPO to increase blood pressure (281). Hypertension as-
sociated with the treatment of the anemia of chronic renal
failure with r-HuEPO should be anticipated. Blood pressure
must be carefully monitored, and if hypertension develops or
worsens, it should be treated in the same fashion as in pa-
tients not receiving r-HuEPO (see Treatment of Hypertension,
below).

Depressor Compounds

In addition to producing vasoconstrictor and antinatriuretic
compounds, the kidney also synthesizes vasodilator and na-
triuretic factors (7,201,283,284). Therefore, it is theoretically
possible that deficient production of vasodepressor medullary
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lipids, nitric oxide, kinins, or renal prostaglandins could con-
tribute to the generation or maintenance of renal parenchy-
mal hypertension. However, despite the important antihyper-
tensive function of nonprostaglandin renal medullary lipids in
some forms of experimental hypertension (6,284,285) and the
prohypertensive effect of chemical renal medullectomy (286),
there is no substantial evidence linking a deficiency of these
compounds to the genesis of hypertension in human renal dis-
ease. On the other hand, considerable evidence suggests that
alterations in the production of nitric oxide, kinins, ANP, and
prostaglandins occur in renal parenchymal hypertension.

Nitric Oxide. Nitric oxide is produced by the vascular en-
dothelium from L-arginine by the enzyme NO synthase (NOS)
and functions as an endogenous nitrovasodilator (287–289).
To date, three isoforms of NOS have been described: neuronal
NOS (nNOS); inducible NOS (iNOS); and endothelial NOS
(eNOS). Within the kidney, NO mediates the vasodilator ac-
tion of kinins, participates in pressure-mediated natriuresis,
exerts a tonic vasodilator effect on the afferent arteriole, de-
creases tubular sodium reabsorption, and opposes endothelin-
induced vasoconstriction (283,288,289). Accumulating data
suggest that impaired production of NO might be related to
both experimental and human renal parenchymal hyperten-
sion. For example, in rats, stimulation of endogenous NO pro-
duction increases RBF and salt excretion, whereas inhibition
of NO synthesis produces the opposite effect (288,290,291).
Increased dietary salt stimulates renal NO production, and in-
hibition of NOS under conditions of salt loading results in
increased renal vascular resistance, decreased RBF and GFR,
increased urinary protein excretion, systemic hypertension, and
chronic progressive nephropathy (290–294). Angiotensin II re-
ceptor blockade or ACE inhibition ameliorate the deleterious
renal effects of chronic inhibition of NOS (294), implying a par-
ticularly noxious effect of angiotensin II in the face of reduced
NO production. In rats subjected to subtotal renal ablation,
systemic NO production is augmented whereas renal synthesis
is decreased (295,296) and chronic NOS inhibition aggravates
both systemic and glomerular hypertension, resulting in both
functional and histologic renal deterioration (297).

Decreased NOS activity and reduced NO production have
recently been demonstrated in an experimental model of im-
munologically mediated glomerulonephritis (298). Data in
humans provide some support for these experimental obser-
vations. Some (299) but not all (300) studies suggest that NO
synthesis is reduced in essential hypertension. Further, NOS
inhibition in normotensive volunteers resulted in a marked
increase in blood pressure (301). Endogenous inhibitors of
NOS that are normally excreted in the urine accumulate in
the plasma of patients with CKD and ESRD (302,303). Infu-
sion of one of these compounds, asymmetric dimethyl argi-
nine (ADMA), results in systemic hypertension in guinea pigs
and decreases forearm blood flow in normal volunteers (304).
Schmidt and Baylis (305) found that 13 patients with stage 3–
5 CKD demonstrated increased ADMA levels, reduced total
NO production and higher blood pressure compared with nor-
mal control subjects. However, other investigators have found
no difference in plasma ADMA concentrations between nor-
motensive and hypertensive patients with CKD (302). There
are conflicting data with regard to NO production in patients
with ESRD. Both increased (306) and decreased (307,308)
NO synthesis have been reported. Hence, at this juncture no
firm conclusions can be drawn regarding the role of NO in
the initiation or maintenance of human renal parenchymal
hypertension.

Kinins. Kinins stimulate the release of NO and PGI2 from vas-
cular endothelium and thereby cause vasodilation (283,309).
However, their role in the regulation of arterial pressure un-

der physiologic or pathophysiologic circumstance is uncertain.
Intrarenal infusion of bradykinin in conscious dogs for 7 days
had no significant effect on urinary sodium excretion, GFR, or
arterial blood pressure (310). These observations suggest that
circulating kinins do not exert an important long-term effect
on blood pressure but do not exclude a potentially significant
vasodepressor role of local intrarenal kinin production. In this
regard, rats subjected to chronic NOS inhibition or 5/6 renal
ablation, both models of salt-sensitive hypertension, demon-
strate decreased renal kallikrein expression and kinin excretion
(311). Levy et al. (312) demonstrated a direct relation between
RBF and urinary kallikrein excretion in patients with essential
hypertension. Further, excretion of both active and inactive
urinary kallikrein is decreased in salt sensitive subjects with
essential hypertension (313,314) and in Japanese (314) and
whites, but not blacks (315), with renal parenchymal hyperten-
sion. Almeida and et al. (316) demonstrated reduced plasma
kininogen concentration in patients with malignant hyperten-
sion and an average serum creatinine concentration of 4 mg/dL
compared with essential hypertensives or normal subjects. Af-
ter 3 months of adequate control of blood pressure, plasma
kininogen concentrations were still decreased, suggesting that
the reduced levels were not the result of the severe hypertension
but might have contributed to its pathogenesis.

Natriuretic Peptides. The natriuretic peptide system consists of
ANP, brain natriuretic peptide (BNP), and C-type natriuretic
peptide (CNP) (317). Of the three peptides, ANP and BNP
have been best characterized. Multiple studies have shown that
both ANP and BNP increase GFR and urinary sodium excre-
tion, inhibit the release of renin, aldosterone, and AVP, and
directly relax vascular smooth muscle (317–319). Hence, it
is theoretically possible that a deficiency of ANP, or BNP, or
both is related to the development of hypertension because
all of the actions of these natriuretic peptides tend to reduce
blood pressure and administration of synthetic ANP to pa-
tients with essential hypertension decreases arterial pressure
and increases sodium excretion (320). Basal levels of ANP and
BNP, however, are significantly higher in patients with essen-
tial hypertension compared with normotensive individuals and
correlate with blood pressure and left ventricular mass index
(130,318,321). Concentrations of both peptides are elevated in
pre-ESRD CKD (322,323), and in patients with ESRD (323–
325). Suda and et al. (322) measured plasma ANP concentra-
tions in hypertensive patients with an average creatinine clear-
ance of 39 mL/minute and in normal subjects. They found that
ANP levels in the hypertensive patients with renal disease were
significantly greater than in the normotensive controls and that
plasma ANP correlated with blood pressure. Similarly, Takami
et al. (323) demonstrated that plasma BNP concentrations were
five-fold greater in hypertensive patients with pre-ESRD than
in hypertensive controls. Brain natriuretic peptide levels corre-
lated with echocardiographic estimates of left ventricular over-
load independent of the degree of renal dysfunction (323).
In ESRD, the concentrations of both natriuretic peptides are
elevated to an even greater extent, increase with volume ex-
pansion, decrease significantly with fluid removal during dial-
ysis, and directly correlate with the degree of volume expan-
sion (324,326). Changes in natriuretic peptide concentrations
with salt removal during dialysis undoubtedly reflect decreases
in secretion because they are not cleared significantly across
conventional dialysis membranes (324,325). Taken together,
these observations suggest that both ANP and BNP are in-
creased in hypertensive patients with renal disease and respond
appropriately to changes in cardiac filling pressure. Hence,
there is no deficiency of these natriuretic peptides; rather,
their levels are increased, and they modulate the salt-retaining
and vasoconstrictor actions of other neurohumeral influences
(Fig. 51-5).
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FIGURE 51-5. Pathophysiologic mechanisms responsi-
ble for the initiation of renal parenchymal hyperten-
sion and the hemodynamic patterns that sustain the el-
evated arterial pressure. Direct effect (−); decreases or
attenuates (—). ANP, atrial natriuretic peptide; BNP,
brain natriuretic peptide; EDLS, endogenous digitalis-
like substance; GFR, glomerular filtration rate; PGE2,
prostaglandin E2; PGI2, prostacyclin; TxA2, thrombox-
ane A2. (Modified from: Smith MC, Dunn MJ. Hyperten-
sion in renal parenchymal disease. In: Laragh JH, Bren-
ner BM, eds. Hypertension: pathophysiology, diagnosis,
and management. New York: Raven Press, 1995:2091.)

Prostaglandins. Renal and extrarenal prostaglandin synthe-
sis exerts an important influence on vascular tone and salt
excretion. Prostacyclin (PGI2), PGE2, and PGD2 are vasodila-
tor and natriuretic, whereas thromboxane A2 and PGF2α are
vasoconstrictor and antinatriuretic (7,282,327). Not only do
prostaglandins directly modulate vascular tone and sodium
chloride excretion, they also indirectly affect vascular resis-
tance by regulating renin secretion and sympathetic tone (282).
However, because stimulation of endogenous prostaglandin
production tends to decrease blood pressure (328) and ad-
ministration of both nonselective and selective nonsteroidal
antiinflammatory drugs (NSAIDs) increases blood pressure in
treated hypertensives (329–332), a deficiency of systemic or
renal prostaglandin synthesis could conceivably contribute to
hypertension in patients with renal disease.

This notion is supported by the observation that urinary
excretion of PGE2 is reduced in about a third of patients with
essential hypertension (333) and that plasma concentrations
of 6-keto-PGF1α, a stable metabolite of PGI2, are reportedly
decreased in some populations with essential hypertension as
well (334). In contrast, urinary excretion of PGE2 is normal
(335) or increased (336) in hypertensive patients with CKD
and increases further with salt loading (337). These latter data
imply that deficient prostaglandin synthesis is not etiologically
related to human renal parenchymal hypertension but rather
that normal or enhanced prostaglandin production modulates
the vasoconstrictor and salt-retaining effects of angiotensin II,
the sympathetic nervous system, and other pressor compounds
(Fig. 51-6). The fact that virtually all NSAIDs, except aspirin
and sulindac, increase blood pressure in treated patients with
essential hypertension (282,327,329–332,338,339) and in hy-
pertensive patients with renal disease (335,339) further sup-
ports this contention. Ruilope and et al. (335) treated hyper-
tensive patients with stage 2–3 CKD with indomethacin at a
dosage of 2 mg/kg for 3 days and demonstrated a simultaneous
decrease in urinary excretion of PGE2 and creatinine clearance
together with a significant increment in weight and diastolic
blood pressure. Thus, inhibition of renal prostaglandin pro-
duction by NSAIDs in hypertensive patients with renal disease
can further reduce GFR and salt excretion in addition to exac-
erbating hypertension (327,335,338–341). Sulindac and pirox-
icam are less nephrotoxic than ibuprofen (341) but should
still be used cautiously in patients with renal parenchymal
hypertension. On the other hand, selective cyclooxygenase-2
inhibitors can also exacerbate hypertension and cause acute
on chronic renal failure (330,342) and do not offer dis-

tinct advantages over nonselective NSAIDs in this patient
population (343).

Hemodynamic Patterns

In hypertensive patients with renal disease, the increased ar-
terial pressure must be caused by an elevated cardiac output
or TPR, or both, consequent to expansion of the ECFV owing
to salt retention or as the result of vasoconstriction from in-
creased sympathetic tone or increased synthesis of pressor com-
pounds (Fig. 51-5). Both cross-sectional and longitudinal stud-
ies have examined this issue. Cross-sectional studies in stage
2–3 CKD (116–118) and ESRD (119,120,344) show that hy-
pertension is maintained chiefly by an increase in TPR and
bilateral nephrectomy or salt subtraction during hemodialy-
sis reduces both blood pressure and TPR without changing
cardiac output (119,120). Longitudinal observations in pa-
tients with early stage kidney disease (121,122) in addition to

FIGURE 51-6. Renal parenchymal disease is often associated with
augmented production of angiotensin II and increased activity of the
sympathetic nervous system (SNS). The effect is twofold: first, a di-
rect intrarenal vasoconstrictor effect that decreases renal blood flow
(RBF) and GFR and second, an increased synthesis of vasodilator and
natriuretic prostaglandins (PG). The latter modulates intrarenal vaso-
constriction. Inhibition of intrarenal PG production by nonsteroidal
antiinflammatory drugs results in unopposed intrarenal vasoconstric-
tion with a further decline in RBF and GFR.
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hemodynamic measurements in patients with ESRD subjected
to salt loading (9,113,345), however, suggest that alternative
hemodynamic patterns exist. For example, some data imply
that an elevated cardiac output can precede an increase in TPR
or, under certain circumstances, maintain hypertension. Brod
and et al. (121,122) repetitively measured hemodynamic pa-
rameters over a period of 2 to 8 years in 97 patients with stage
1 CKD (GFR 90–117 mL/minute). Initially 12 of 32 normoten-
sive patients demonstrated an increased cardiac output, ex-
panded blood volume, and reduced TPR. During the follow-up
period, 11 of these 12 patients eventually developed hyperten-
sion. Of the group of patients with initially mild to moderate
hypertension, one-third had an increased cardiac output and
normal vascular resistance. On the other hand, patients with
severe hypertension uniformly had an increased TPR. Taken to-
gether, these data support the hypothesis that early in the devel-
opment of renal parenchymal hypertension the elevated blood
pressure is consequent to salt retention, an expanded ECFV,
and an increased cardiac output. In the established phase, es-
pecially with moderate to severe hypertension, the increased
blood pressure is the result of an augmented TPR.

The sequential hemodynamic changes subsequent to volume
expansion observed in experimental models of renal ablation
(9,113) also have been demonstrated in humans with renopri-
val hypertension and nonnephrectomized patients with ESRD
(345,346). Coleman et al. (346) studied three nephrectomized
patients before and after volume expansion. During expansion
of the ECFV, blood pressure increased as a result of an elevated
cardiac output, whereas TPR remained constant. Established
hypertension, however, was associated with an elevated vascu-
lar resistance and normal cardiac output. Similar maneuvers in
a larger group of nonnephrectomized patients with ESRD have
confirmed and extended these findings and have indicated that
an increase in cardiac output is not a necessary initial event
in the development of hypertension. Kim et al. (345) found
four hemodynamic patterns consequent to salt loading in 10
patients undergoing chronic hemodialysis: Two showed no in-
crease in blood pressure; two developed an increment in blood
pressure along with an increase in cardiac output; one patient
developed hypertension that was initiated by an increase in
cardiac output and sustained by an elevated TPR; and five
had increases in blood pressure and vascular resistance with-
out a measurable change in cardiac output. However, in the
latter group, it is possible that transient increments in cardiac
output occurred but were missed before the new steady state
developed.

The relation between the factors that initiate hypertension
in renal disease and the hemodynamic patterns that maintain
the increased blood pressure is complex and multidirectional
(Fig. 51-5). A decline in GFR together with increased activity
of the sympathetic nervous system, the RAAS, or other vaso-
constrictor or salt-retaining compounds causes an increase in
exchangeable sodium and ECFV or an abnormal volume–renin
relationship. These phenomena trigger a sequence of hemody-
namic events culminating in hypertension. In anephric patients
or those with a decreased PRA, hypertension is initiated or
sustained by an elevated cardiac output. On the other hand, if
the underlying renal disease increases the activity of the sym-
pathetic nervous system or is associated with the elaboration
of vasoconstrictors (e.g., angiotensin II, endothelin), hyperten-
sion is mediated chiefly by an increase in TPR. Under certain
circumstances, however, an increment in cardiac output ante-
dates the sustained elevation of TPR and is reminiscent of the
autoregulation theory of blood pressure control espoused by
Guyton et al. (113). The factors that mediate the transition
from hypertension maintained by an increased cardiac output
to elevated blood pressure sustained by an increment in TPR
remain elusive. Increased sodium and calcium content of vas-
cular smooth muscle consequent to a circulating EDLS that

inhibits Na+-K+-ATPase could mediate the increase in vascu-
lar resistance (125,261).

Effect of Systemic Hypertension on Renal Function

The concept that systemic hypertension accelerates the decline
in renal function has become well accepted since the initial re-
ports by Wilson and Byrom (347) and Ellis (348) more than
50 years ago (349). Progressive renal dysfunction is uncom-
mon in benign essential hypertension (350); however, GFR de-
clines more rapidly in hypertensive patients with renal disease
compared with their normotensive counterparts. Multiple epi-
demiologic studies and clinical trials have convincingly demon-
strated by multivariate analysis that elevated systolic blood
pressure (351,352) or mean arterial pressure (353) strongly
predict progression of renal disease and rate of decline in GFR.
Poorly controlled blood pressure contributes to progressive loss
of kidney function in both diabetic nephropathy (354) and non-
diabetic renal disease (10,349,353,355–358). The exact mech-
anism whereby elevated systemic blood pressure aggravates
renal injury has not been firmly established. Initially, it was
speculated that hypertension caused arteriolar nephrosclerosis
with consequent ischemic glomerular sclerosis superimposed
on primary renal disease (359). Investigators theorized that lu-
minal obliteration owing to arteriolar nephrosclerosis further
decreased renal blood flow (RBF) and GFR and contributed
additionally to the decline in renal function. Few experimen-
tal data, however, support this notion. Rather, accumulating
evidence over the past two decades suggests that multiple in-
terrelated mechanisms, including impaired autoregulation of
RBF and GFR with consequent glomerular capillary hyperten-
sion, glomerular hypertrophy, and the production of fibrogenic
cytokines cause the accelerated loss of kidney function in hy-
pertensive patients with renal disease.

Azar and et al. (360,361) first demonstrated that in some
experimental models of hypertension, increments in systemic
blood pressure were transmitted directly to the glomerulus.
Utilizing micropuncture, they found that rats with one-kidney
post-salt hypertension had significantly greater PGC compared
with normotensive controls. The higher PGC was consequent to
reduced afferent arteriolar resistance (RA) and was associated
with increased transcapillary hydraulic pressure differences
(�P). Histologically, the animals developed glomerulosclerosis
rather than arteriolar sclerosis (361). Olson et al. (362) con-
firmed and extended these observations. They demonstrated
greater glomerular damage in experimental models of hyper-
tension in rats that showed a reduced RA (deoxycorticosterone-
salt, renal ablation) compared with models that had a normal
or increased RA (aortic ligature, stroke-prone spontaneously
hypertensive rats). These data imply that in experimental hy-
pertension, unassociated with primary renal disease, impaired
auto-regulation of RBF and GFR is decreased RA causes hy-
draulically mediated renal damage and progressive glomerular
injury.

Substantial evidence suggests that similar intrarenal hemo-
dynamic abnormalities are linked to progressive renal dysfunc-
tion when hypertension develops in conjunction with renal dis-
ease or is superimposed on preexisting renal disease. Dogs with
a marked reduction in renal mass exhibit significant loss of au-
toregulation of RBF and GFR in response to changes in renal
perfusion pressure (363). In rats, nephrotoxic serum nephri-
tis (364), aminonucleoside nephrosis (365), or subtotal renal
ablation (366–368) disturbs renal autoregulation with a con-
sequent increment in QA and GFR as systemic blood pressure
increases. Bidani and et al. (366) showed that rats subjected to
5/6 nephrectomy and fed a normal protein diet demonstrated
impaired autoregulation in response to graded changes in re-
nal perfusion pressure and greater glomerular injury compared
with their counterparts fed a low-protein diet. In contrast, they
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found no significant short-term loss of renal function in nor-
motensive rats with subtotal renal ablation (368). However,
recent studies from the same group (369) in a “normotensive”
rat remnant kidney model showed that the percent glomeru-
losclerosis correlated significantly with average systolic blood
pressure. These investigators speculated that impaired autoreg-
ulation of RBF and GFR antedates morphologic injury and
explains the observation that progressive glomerular damage
occurs in this model despite no significant increase in blood
pressure. Their conclusions are further strengthened by the fact
that superimposition of hypertension, by clipping a renal artery
(370) or institution of a high-salt diet (371), in experimental
immunologically mediated renal disease results in increasing
proteinuria and accelerated glomerulosclerosis. Finally, in rats
with streptozotocin-induced diabetes and two-kidney, one-clip
hypertension, the clipped kidney exhibits fewer morphologic
manifestations of diabetic nephropathy as compared with the
unclipped kidney (372).

These indirect observations are bolstered by direct measure-
ments of QA and PGC by micropuncture in experimental mod-
els of hypertensive renal disease. In rats with subtotal renal
ablation or in uninephrectomized spontaneously hypertensive
rats, increases in systemic pressure are transmitted directly to
glomerular capillaries as the result of a greater reduction in RA
compared with efferent arteriolar resistance (RE) (37,43,373).
The consequent increment in PGC is associated with progressive
proteinuria and glomerular injury. Similarly, in diabetic rats,
glomerular hypertension with increments in �P and PGC occurs
in the absence of systemic hypertension because of relatively
greater reductions in RA compared with RE (374). Moreover,
in fawn-hooded rats that spontaneously develop proteinuria,
hypertension, and progressive glomerulosclerosis, proteinuria
and glomerular damage are linked to an increase in PGC and
aggravated by uninephrectomy with its attendant preferential
reduction in RA (39,375,376). Hence, in diverse models of renal
parenchymal disease, renal morphologic and functional dete-
rioration occurs together with impaired renal autoregulation
owing to a greater decrease in RA compared with RE with a
resultant increase in PGC (46,377).

The relation between intraglomerular hemodynamic abnor-
malities and progressive glomerulosclerosis in experimental re-
nal disease is not straightforward. For example, Yoshida et al.
(41,43) demonstrated that glomerulosclerosis correlated with
glomerular hypertrophy and not PGC in a rat remnant kidney
model. Similarly, other investigators have dissociated progres-
sion of experimental renal disease from increments in PGC and
have suggested that measures of nephronal hypertrophy such
as VG and RGC or the production of growth factors are more
tightly linked to ongoing glomerular injury (26,378–382). In
this regard, mesangial cells in culture proliferate (383) and pro-
duce excess type I and IV collagen (384) in response to mechan-
ical stretching. Further, both angiotensin II (385,386) and en-
dothelin (387,388) stimulate mitogenesis of cultured mesangial
cells. The degree of glomerular sclerosis correlates significantly
with urinary excretion of endothelin in rats with subtotal renal
ablation (388). Moreover, emerging data suggest that aldos-
terone has an important role, independent of angiotensin II,
to mediate glomerulosclerosis and production of TGFβ (206).
Finally, in a rat model of Heymann nephritis the combination
of an ACE inhibitor and an ETA receptor antagonist reduces
glomerular sclerosis and interstitial damage to a greater extent
than either drug alone (381). Consequently, the above data
imply that in various experimental models renal disease pro-
gresses by different mechanisms; increments in PGC or VG or
augmented production of angiotensin II, aldosterone or en-
dothelin stimulate the production of growth factors that results
in progressive glomerular obsolescence.

Both salt restriction (42,378) and pharmacologic ther-
apy (26,37,38,374,376,389–391) limit proteinuria, preserve

renal function, and retard glomerular injury in experimen-
tal renal parenchymal hypertension. Salt restriction exerts
its beneficial effect by reducing renal hypertrophy without
significantly decreasing PGC (42,378). Pharmacologic treat-
ment, on the other hand, has ameliorated progressive re-
nal disease while decreasing PGC (37,44,374,376,389,392),
minimizing glomerular hypertrophy (43,44,380), and limiting
(381,393,394) or reversing (395) glomerular and interstitial
injury. Although the protective effect of drug treatment differs
according to the experimental model (37,391), stage of the dis-
ease at which therapy is instituted (396), and probably other
unidentified variables, some classes of antihypertensive agents
might be more renoprotective than others. For example, ACE
inhibitors and angiotensin II antagonists consistently ame-
liorate progressive renal injury (37,43,44,374,376,380,389–
393,397,398), whereas calcium channel blockers or combi-
nations of other drugs have prevented glomerular damage
in some (30,43,44,380,391,392,399), but not all (37,389,
390,397,398) studies. Anderson and et al. (37) compared ACE
inhibition by enalapril with a combination of reserpine, hy-
dralazine, and hydrochlorothiazide with regard to develop-
ment of proteinuria and glomerular sclerosis in rats subjected
to subtotal renal ablation. They found that enalapril reduced
PGC by preferentially decreasing RE relative to RA, decreased
systemic blood pressure, minimized proteinuria, and prevented
progressive glomerular damage. In contrast, triple drug therapy
did not decrease PGC or RE, despite similar effects on systemic
blood pressure, and failed to ameliorate progressive renal in-
jury. Based on these and similar data (374,376,389,393,395),
many authorities have concluded that ACE inhibitors and an-
giotensin II receptor antagonists are especially renoprotective
because of their unique ability to modulate hydraulically me-
diated glomerular damage, decrease glomerulosclerosis, and
minimize interstitial damage. On the other hand, Dworkin et
al. (391), in the uninephrectomized spontaneously hyperten-
sive rat, demonstrated that higher doses of triple drug therapy
decreased PGC and �P to a similar extent compared with ACE
inhibition and that both retarded the progression of renal dis-
ease. In addition, these same investigators (44) showed that
nifedipine and enalapril were equally renoprotective in rats
with subtotal renal ablation. However, all investigators have
not substantiated the latter observation (37,389,390,397). The
lack of calcium channel blockade to consistently ameliorate re-
nal injury in experimental models of renal disease could be due
to further impairment of renal autoregulation or inconsistent
effects on systemic blood pressure. For example, Griffin and
et al. (390,397) showed that dihydropyridine calcium channel
blockers (DHPCCBs) caused a further loss of renal autoregula-
tion in the rat remnant kidney model associated with increased
proteinuria and glomerular sclerosis. In addition, radiotele-
metric blood pressure monitoring in this model demonstrates
marked lability of blood pressure that is incompletely amelio-
rated by calcium channel blockade compared with ACE inhibi-
tion (369,390,394,397). The finding that glomerular damage
in the renal ablation model is tightly linked to achieved blood
pressure reduction (369,389,394) could explain some of the
inconsistent experimental data with regard to the renoprotec-
tive effects of calcium channel blockade. In addition, combi-
nation therapy with both an ACE inhibitor and an angiotensin
II receptor blocker, despite similar control of blood pressure,
is more renoprotective with regard to limiting proteinuria and
renal injury than monotherapy with either drug alone (400).
Taken together, the available data indicate that ACE inhibitors
and angiotensin II antagonists consistently limit renal injury in
experimental renal parenchymal disease through both hemo-
dynamic (37,374,376,389,393) and nonhemodynamic (392)
mechanisms. Other antihypertensive regimens are less effective.
It is uncertain whether this is the result of inconsistent con-
trol of systemic blood pressure, adverse hemodynamic effects
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FIGURE 51-7. Mechanisms responsible for the progression of renal
disease when systemic hypertension coexists with renal parenchymal
disease. GFR, glomerular filtration rate; SNS, sympathetic nervous
system. (Reprinted with permission from: Smith MC, Dunn MJ. Hy-
pertension in renal parenchymal disease. In: Laragh JH, Brenner BM,
eds. Hypertension: pathophysiology, diagnosis, and management.New
York: Raven Press, 1995:2094.)

in the renal microcirculation, or incomplete suppression of fi-
brogenic cytokines (401).

Figure 51-7 summarizes our current understanding of the
pathophysiologic mechanisms responsible for the accelerated
loss of renal function in renal parenchymal hypertension.
Hypertension results from decreased excretion of salt, in-
creased production of vasoconstrictor compounds, or both.
The preferential reduction in RA relative to RE owing to in-
creased intrarenal prostaglandin (367) or nitric oxide (289)
synthesis impairs autoregulation of renal blood flow. Conse-
quently, even small increments in systemic blood pressure are
transmitted to the glomerulus and increase PGC. The mito-
genic effects of angiotensin II, aldosterone, endothelin, tumor
growth factor β (TGFβ), and other growth factors result
in mesangial cell proliferation and glomerular hypertrophy
(206,386,387,401,402). Increased PGC and nephronal hyper-
trophy alone or together are associated with progressive
glomerular injury and fibrosis. Sustained reduction of systemic
blood pressure limits glomerular damage.

Beneficial Effects of Treatment of Hypertension in Chronic
Kidney Disease. Both systolic and diastolic blood pressures are
continuous, strong, independent risk factors for the develop-
ment of cardiovascular morbidity and mortality in the gen-
eral population (403). The Prospective Studies Collaboration
Group (404) developed a meta-analysis of individual data for
one million adults in 61 prospective studies to examine the re-
lationship between blood pressure and mortality. They found
that, at ages 40–69 years, each difference of 20 mm Hg usual
systolic blood pressure or 10 mm Hg usual diastolic blood pres-
sure, was associated with more than a twofold difference in the
death rate from stroke and a twofold difference in the death
rates from ischemic heart disease and other vascular causes.
The relationship existed down to a blood pressure of 115/75
mm Hg. The Seventh Report of the Joint National Commit-
tee on Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure (JNC VII) embraced these data in their
2003 recommendations (405). Over the past 40 years, numer-
ous studies have clearly demonstrated that effective pharmaco-
logic therapy significantly decreases cardiovascular morbidity

and mortality in patients with essential hypertension. Despite
the fact that upward of 80% of CKD patients will have hyper-
tension as their GFR declines (98,406), similar data pertaining
to patients with CKD are scant (92). Nevertheless, it is logical
to assume that existing data for the general population support
an aggressive approach to blood pressure control in the CKD
population. Unfortunately, the Third National Health and Nu-
trition Examination Survey (NHANES III) data indicate that
only 11% of individuals with hypertension and an elevated
serum creatinine had a blood pressure <130/85 and only 27%
had a blood pressure <140/90 mm Hg (407). Patients with
ESRD are at a 500-fold risk of a cardiovascular event in some
age ranges (408) and the cardiovascular risk increases at the
earliest stages of CKD (409–412). In fact, a patient with early
stage CKD is more likely to die from a cardiovascular event
than progress to ESRD (413). Thus, the ultimate goals of the
treatment of hypertension in CKD are reduction of cardiovas-
cular events and slowing the progression of CKD to ESRD.
The following sections will use evidence primarily from stud-
ies of nondiabetic kidney disease to discuss the concepts of:
(a) the racial disparity in ESRD, especially hypertensive renal
disease; (b) the importance of dietary sodium restriction and
the use of diuretics to ameliorate hypertension; (c) the appro-
priate blood pressure goal; (d) proteinuria as a contributor to
renal disease progression and a target for therapy; (e) the pri-
mary role of ACE inhibitors, angiotensin receptor blockers,
and their combination; (f) add-on therapy with calcium chan-
nel blockers and sympatholytics; and (g) emerging agents such
as aldosterone antagonists in the treatment of hypertension in
CKD patients.

Racial Differences in ESRD. Blacks have a sixfold greater risk
of developing hypertensive ESRD compared with whites, a 3.8-
fold increase in risk for ESRD owing to diabetic nephropa-
thy, and a 2.6-fold greater risk for renal failure from chronic
glomerulonephritis (414). Blacks have the highest incidence
rates for ESRD but the rate of rise may be slowing (410).
There are multiple potential reasons for the marked difference
in the occurrence of hypertensive renal disease in blacks com-
pared with whites. Several investigators postulate that lower
socioeconomic status and reduced access to preventive health
care are important determinants of the higher prevalence of
ESRD, particularly hypertensive ESRD, in the black population
(415,416). However, one study (350) showed that neither ac-
curately predicted the development of renal disease, and others
(417,418) contend that controlling for these factors does not
eliminate the influence of race on the development of ESRD.
In addition, the availability of effective antihypertensive ther-
apy over the past two decades has decreased the occurrence of
stroke and congestive heart failure in blacks as well as whites
but has not reduced the incidence of hypertensive ESRD (419).
Although the prevalence of hypertensive in blacks is 1.3- to
2-fold greater than whites (420,421), this fact alone does not
explain the greater than six-fold increase in the occurrence of
hypertensive ESRD in blacks (416,420,421). Misclassification
bias could contribute to the higher prevalence of hypertensive
ESRD in blacks compared with whites (420). In this regard,
Perneger et al. (422) have shown that, given the same writ-
ten case histories, black patients were twice as likely to receive
a diagnosis of hypertensive ESRD compared with their white
counterparts. However, the African American Study of Kidney
Disease (AASK) Trial showed that renal biopsies in nondiabetic
hypertensive blacks with mild to moderate renal insufficiency
and minimal proteinuria revealed changes consistent with hy-
pertensive renal disease in over 90% of the specimens (423).
Treated hypertensive blacks have significantly elevated noctur-
nal blood pressures compared with their white counterparts
(424), an observation that may explain their higher prevalence
of hypertensive ESRD. Finally, it is possible that an inherent
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genetic susceptibility of certain black kindreds to develop
ESRD contributes to the observed racial disparity (425,426).

Blacks with essential hypertension demonstrate greater ar-
teriographic (427) and histologic (428) evidence of arteri-
olar nephrosclerosis compared to whites with essential hy-
pertension. There are several functional correlates of these
anatomic differences. Both normotensive (429,430) and hy-
pertensive (431,432) blacks excrete less of a sodium load com-
pared with their white counterparts. This sluggish response
to salt loading is associated with a higher prevalence of salt-
sensitive hypertension and lower plasma renin activity com-
pared with white hypertensives in blacks with essential hyper-
tension (421,431,432). Hypertensive blacks exhibit an increase
in filtration fraction under basal conditions (427) and in re-
sponse to dietary salt loading (432,433). Campese et al. (432)
examined the renal hemodynamic response to a high dietary
salt intake in 26 subjects with essential hypertension. Fifteen
patients (nine white, six black) were salt resistant; 11 patients,
all of whom were black, were salt-sensitive. Renal blood flow
increased and GFR was unchanged with a consequent decline
in filtration fraction from 21% to 19% in the salt-resistant
group. On the other hand, in the salt-sensitive patients, GFR
remained stable whereas renal blood flow decreased, result-
ing in an increase in filtration fraction from 19% to 23%.
Calculated PGC decreased from 58 to 52 mm Hg in the salt-
resistant subjects but increased from 48 to 58 mm Hg in the
salt-sensitive group. These intrarenal hemodynamic abnormal-
ities in the latter group were due to a disproportionate increase
in RE compared with RA in response to salt loading. Interest-
ingly, nifedipine reversed the abnormal renal adaptation to a
high-salt diet in the salt-sensitive patients (432). Hence, the
renal hemodynamic response of salt-sensitive blacks to an aug-
mented salt intake (decreased RA with respect to RE and a con-
sequent increment in PGC) is reminiscent of the micropuncture
data in experimental models of renal hypertension and offers a
plausible explanation for the enhanced susceptibility of blacks
to develop hypertensive ESRD as well as chronic renal failure
from diabetes or other glomerular diseases.

Salt Restriction and Diuretic Use. The pathophysiology of hy-
pertension in patients with CKD is largely consequent to a
positive sodium balance and ECFV expands as GFR decreases
(434). In addition, the magnitude of increase in blood pressure
in response to ECFV expansion is greater as renal function de-
clines (141,434,435) (Fig. 51-3), but the impairment in ECFV
control antedates the development of hypertension and reduc-
tion in GFR (436,437). These observations underscore the im-
portant therapeutic implications of dietary salt restriction and
diuretic administration in the treatment of renal parenchymal
hypertension. Sodium retention not only causes hypertension in
CKD, but it also reduces the antihypertensive response to non-
diuretic antihypertensive agents such as ACE inhibitors, an-
giotensin receptor blockers, vasodilators, and centrally acting
sympatholytics but not calcium channel blockers (438–441).
Heeg et al. (442) found that the antiproteinuric effect of lisino-
pril was abolished by increasing sodium intake but that it was
restored by dietary salt restriction. Other investigators (443)
demonstrated that diuretic therapy could restore the beneficial
effect of ACE inhibition or nondihydropyridine CCBs (444) on
proteinuria and blood pressure control that had been blunted
by a high-sodium diet.

Despite the data supporting the pathophysiologic role of a
positive salt balance in renal parenchymal hypertension, large,
controlled, prospective studies on the effects of a low-salt
diet have not been conducted with CKD patients. Although
Koomans et al. (435) found that lower sodium intake markedly
diminished blood pressure in patients with advanced CKD,
these data have not been rigorously validated. Further, Ku-
magai et al. (445) showed that restriction of daily salt intake

decreased mean blood pressure by 16 mm Hg in 10 hyperten-
sive patients with chronic glomerulonephritis and an average
creatinine clearance of 50 mL/minute, but did not change blood
pressure in normotensive patients with glomerular disease or in
normal volunteers. Nevertheless, it is reasonable to recommend
that hypertensive patients with CKD limit their daily sodium
consumption to 80–100 mmol/day. Early in the course of renal
disease, modest salt restriction alone can normalize blood pres-
sure in a minority of hypertensive patients. However, diuretic
therapy is required in the majority of cases and is the corner-
stone of antihypertensive therapy, especially as renal function
deteriorates (405,406). In the AASK trial, the importance of
diuretic use, and dose, was confirmed. Patients required higher
doses of diuretics at lower estimated GFR to achieve the target
blood pressure for the trial (on average, 50 mg/day for GFR of
50–65 mL/minute, 60 mg/day for GFR of 50–65 mL/minute,
and 70 mg/day for GFR <35 mL/minute) (446). The require-
ment for a diuretic to achieve goal blood pressure and opti-
mize the antiproteinuric and antihypertensive effect of ACE
inhibitors, may explain the lack of superiority of the ACE in-
hibitor in the ALLHAT CKD subgroup since diuretics were
prohibited in the ACE inhibitor group (413).

Thiazide diuretics are effective in patients with stage 1–3
CKD (447). Loop-blocking diuretics, often in a multiple daily
dosing regimen, are required to achieve an adequate natriure-
sis with more severe renal impairment (447,448). It is impor-
tant to emphasize that the diuretic regimen should be advanced
until the patient is free of edema, because even small incre-
ments in ECFV can contribute to poor blood pressure control
(449). In patients with stage 5 CKD (i.e., creatinine clearances
<15 mL/minute), the combination of a loop diuretic with a thi-
azide minimizes diuretic resistance and has a synergistic effect
on salt excretion (450,451). Effective diuretic therapy alone
will normalize blood pressure in approximately one-third of
hypertensive patients with chronic renal insufficiency (148); the
remainder require additional pharmacologic treatment. Never-
theless, dietary or pharmacologically induced salt depletion is
crucial both from a pathophysiologic perspective and to limit
the development of pseudotolerance if short-acting vasodila-
tors or centrally acting sympatholytics are utilized as antihy-
pertensive agents (452,453).

Blood Pressure Goal. Recently, the JNC VII guidelines (405)
and the Kidney Disease Outcomes Quality Initiative (K/DOQI)
Clinical Practice Guidelines on Hypertension in Chronic Kid-
ney Disease (406) recommended a blood pressure goal of less
than 130/80 mm Hg for patients with CKD. The stated goals of
aggressive blood pressure management in these guidelines are
to slow deterioration of renal function and prevent cardiovas-
cular events. These recommendations are based on data from
several randomized prospective trials. Schrier et al. (454), in the
normotensive Appropriate Blood Pressure Control in Diabetes
(ABCD) trial, demonstrated that an achieved blood pressure of
128/75 mm Hg versus 137/81 mm Hg significantly reduced the
progression of incipient to overt diabetic nephropathy. A sec-
ondary analysis of the Reduction of Endpoints in Non–Insulin-
Dependent Diabetes Mellitus (NIDDM) with the Angiotensin
II Antagonist Losartan (RENAAL) study of 1,513 type 2 dia-
betics with overt nephropathy found an increased risk of pro-
gression of kidney disease among those with a treated systolic
blood pressure of greater than 140 mm Hg compared with
values less than 130 mm Hg (455). Thus, there are reason-
ably good data to support a blood pressure goal of less than
130/80 mm Hg in the setting of diabetic nephropathy.

Emerging data also support lower goal blood pressures for
patients with nondiabetic renal disease. Schrier et al. (456) ran-
domized 72 patients with polycystic kidney disease to either rig-
orous blood pressure control (<120/80 mm Hg) or standard
control (<135–140/85–90 mm Hg). Primary end points were
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change in creatinine clearance and change in LV mass index
(LVMI) as a cardiovascular surrogate. At seven years, the rigor-
ous control group achieved a blood pressure of 119/77 mm Hg
compared with 130/82 mm Hg for the standard control group.
Although there was no significant difference in change in crea-
tinine clearance between the two groups, the patients with the
lower goal blood pressure had a significantly greater decrease
in LVMI. A lower blood pressure was achievable, safe, and
theoretically could prevent cardiovascular events since LVH
is a significant risk factor for cardiovascular morbidity and
mortality (457).

In the Modification of Diet in Renal Disease (MDRD)
(458,459) trial, 585 patients with nondiabetic renal disease and
a mean GFR of 39 mL/minute were randomized to usual blood
pressure control (MAP = 107 mm Hg) or aggressive control
(MAP ≤92 mm Hg). Achieved blood pressures were approx-
imately 130/80 mm Hg versus 125/75 mm Hg, respectively.
When patients were stratified according to baseline proteinuria,
those with >3 g/day showed significantly slower progression of
renal disease in the lower blood pressure group compared with
those randomized to the usual blood pressure goal. Patients
excreting between 1 and 3 g of protein per day demonstrated a
modest benefit from the lower blood pressure goal while those
with <1 g/day of proteinuria had the slowest rate of progres-
sion and derived no benefit from the lower blood pressure goal
(459).

The African American Study of Hypertension and Kidney
Disease (AASK) trial enrolled nearly 1,100 African-Americans
with hypertension, minimal proteinuria (mean of approx-
imately 500 mg/day), mean serum creatinines of approxi-
mately 1.7–2.7 mg/dL, and a clinical diagnosis of hyperten-
sive nephropathy (460). Patients were randomized to ramipril,
metoprolol, or amlodipine and to one of two blood pressure
goals, 125/75 (MAP <92 mm Hg) or 140/90 mm Hg (MAP
102–107 mm Hg). At four years the groups achieved blood
pressures of 128/78 mm Hg and 141/85 mm Hg. Patients ran-
domized to ramipril had a significantly decreased risk of reach-
ing the composite end point of a 50% reduction in GFR, de-
crease in GFR of 25 mL/minute, the onset of renal failure, or
death (461). However, there was no difference between the
two goal blood pressure groups with respect to the primary
outcome of rate of change in GFR.

A meta-analysis by Jafar et al. for the Ace Inhibition in Pro-
gressive Renal Disease (AIPRD) study group (462) analyzed
1,860 nondiabetic patients to assess the relationship between
systolic and diastolic blood pressures, urinary protein excre-
tion, and progression of kidney disease. A systolic blood pres-
sure of 110 to 129 mm Hg and urine protein excretion of less
than 2 g/day were associated with lowest risk for kidney dis-
ease progression. In patients with proteinuria >1 g, the risk for
kidney disease progression decreased as systolic blood pres-
sure declined from 160 to 110 mm Hg. In contrast, patients
with <1 g of proteinuria showed no significant benefit with
regard to loss of kidney function over the same range of blood
pressure. Finally, a long-term follow-up (mean 10.6 years) of
the MDRD study found that patients assigned to the low tar-
get blood pressure (MAP <92 mm Hg) had a significantly de-
creased risk of progression to ESRD or a composite end point
of ESRD or all cause mortality compared with those assigned
to the usual blood pressure goal (MAP <107 mm Hg) (463).
Collectively, the MDRD, AASK, and AIPRD study group data
support a more aggressive blood pressure goal of <125/75 mm
Hg among patients with greater than 1 g of proteinuria per
day.

Taken together, the available data suggest that a blood pres-
sure of <130/80 mm Hg is appropriate for most CKD pa-
tients; however, for patients with greater than 1g/day of pro-
teinuria, <125/75 should be the goal. If a blood pressure of
<125/75 mm Hg can be achieved without unacceptable side

effects, all CKD patients may derive cardiovascular and renal
benefit.

Reduction of Proteinuria as a Treatment Goal. Both observa-
tional studies and prospective trials support the concept that
the extent of urinary protein excretion is the best predictor
of future progression to ESRD (464). A 20-year observational
study in a large white population found that dipstick-positive
proteinuria was a powerful predictor of both ESRD and overall
mortality (465). A Japanese screening study of over 100,000
people found that the risk of ESRD over a 7-year follow-up
was almost entirely restricted to subjects with dipstick-positive
urine at enrollment, regardless of their initial renal function
(466). Whether proteinuria is a reflection of the kidney dis-
ease, or plays a role in its progression is controversial. There
are data to suggest, however, that proteinuria itself propagates
renal injury.

Chronic nephropathies share common pathogenetic mech-
anisms that contribute to disease progression that are indepen-
dent of the original etiology of the renal disease. A reduction
in renal mass causes remaining nephrons to undergo hyper-
trophy with concomitant decrease in RA, increase in glomeru-
lar plasma flow, and increase in PGC (467). This adaptation
initially maintains GFR but is ultimately detrimental, causing
an increase in protein trafficking (468). Filtered proteins are
reabsorbed by proximal tubules and degraded by lysosomes
which causes gene activation encoding NK-kappa β, MCP-
1, RANTES and other proinflammatory mediators (469,470).
These pathways, along with increased TGF-β upregulation by
angiotensin II (471), may cause fibrogenesis and subsequent
scarring. Hence, reduction of proteinuria has become an im-
portant treatment goal in hypertensive patients with CKD.

Studies of ACE inhibition and angiotensin receptor block-
ade in patients with proteinuric renal disease support the con-
cept that the reduction of proteinuria, itself, should be a pri-
mary goal of therapy for these patients. Table 51-4 summarizes
the salient features of recent trials that examined the effect
of pharmacologically induced reduction of blood pressure, or
the addition of ACE inhibition, or both on the progression of
nondiabetic renal disease. Zucchelli et al. (472) conducted a
prospective, randomized trial assessing the effect of captopril
compared with slow-release nifedipine on the progression of
nondiabetic renal disease. After a 1-year prerandomization pe-
riod with conventional antihypertensive therapy during which
blood pressure averaged 165/100 mm Hg, 121 patients were
randomly allocated to treatment with captopril or slow-release
nifedipine. After 3 years of follow-up, both groups demon-
strated significantly lower blood pressure and slower decline
in renal function compared with the conventional antihyper-
tensive treatment administered during the prerandomization
period. There was no difference between the captopril and
nifedipine groups with regard to progression of renal disease
assessed by the reciprocal of the serum creatinine, creatinine
clearance, or radionuclide clearance. Urinary protein excretion
was unchanged over the duration of the study in both the ACE
inhibitor group and the calcium channel blocker group. The
authors concluded that improved control of arterial pressure
slows the rate of decline of renal function in nondiabetic re-
nal disease and that ACE inhibitors and calcium channel an-
tagonists are equally renoprotective. The primary results of
the MDRD study (458), based on an intention to treat analy-
sis, showed no significant difference over a 3-year period with
respect to change in GFR between subjects randomized to a
usual (107 mm Hg) mean arterial pressure (MAP) goal com-
pared with a low (92 mm Hg) MAP. However, the relatively
short mean duration of follow up (2.2 years), small separa-
tion of MAP (4.7 mm Hg) between the two blood pressure
goals, and the greater than anticipated initial decline in GFR in
the low MAP group obscured important observations. In this
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regard, secondary analyses of the MDRD data demonstrated a
faster decline in GFR in patients with a higher achieved blood
pressure (p <0.001), particularly in blacks and subjects with
proteinuria >1 g/24 hours (459,473).

The Angiotensin-Converting-Enzyme Inhibition in Progres-
sive Renal Insufficiency (AIPRI) study, a trial of ACE inhibition
in nondiabetic renal disease patients, included 563 patients fol-
lowed for an average of 3.5 years (474). The primary end point
was a doubling of baseline creatinine or the need for dialy-
sis. Patients receiving benazepril had a 53% reduced risk of
reaching the primary endpoint; however, the benefit was seen
primarily in those patients with >3 g of proteinuria per day.
Unfortunately, there was a significant difference in final blood
pressures between the benazepril and placebo group making it
difficult to assign a unique renoprotective effect to ACE inhi-
bition independent of a reduction in blood pressure.

In 1997, Giatras et al. (475) published a meta-analysis for
the AIPRD study group assessing the effect of ACE inhibitors
on the development of ESRD in nondiabetic kidney disease.
Among 1,594 patients from 10 studies, patients receiving ACE
inhibitors had a 30% reduction in the risk of developing ESRD.
Again, blood pressures were lower in the ACE inhibition group
casting doubt on whether ACE inhibitors themselves, or better
blood pressure control, were to be credited with lowering the
risk of ESRD.

Results from the Ramipril Efficacy in Nephropathy (REIN)
study (476) provide the most persuasive evidence for a uniquely
renoprotective effect of ACE inhibition. Three hundred fifty-
two patients with chronic nondiabetic renal disease were strat-
ified according to baseline proteinuria (stratum 1: 1 to 3 g/24
hours; stratum 2: ≥3 g/24 hours) and randomly assigned to
ramipril or placebo plus conventional antihypertensive ther-
apy to achieve a goal diastolic blood pressure less than 90 mm
Hg. By the time of the second interim analysis, there was
already a significant difference in the rate of decline of
GFR between the two groups despite similar blood pressure
control. Glomerular filtration rate decreased by 0.53 mL/
minute per month in the ramipril-treated group compared with
0.88 mL/minute per month in the placebo group (p = 0.03).
Moreover, reduction of proteinuria predicted the decrease in
risk of doubling the serum creatinine or progressing to ESRD.
The renoprotective effect of ACE inhibition was attenuated,
however, in patients with only 1 to 3 g of proteinuria (stra-
tum 1). In REIN stratum 1 the decline in GFR was not signif-
icantly different between the ramipril group (0.26 mL/minute
per month) and the placebo group (0.29 mL/minute/month);
however, progression to ESRD was significantly decreased with
ACE inhibition (477). In the most recent analysis of the REIN
data, both proteinuria >2 g and hypertension were indepen-
dent predictors of a more rapid decline in GFR (478). Not
surprisingly, hypertensive patients with proteinuria >2 g ben-
efited most from ramipril. On the other hand, ACE inhibition
did not confer a significant benefit to patients with <2 g pro-
teinuria, non–insulin-dependent diabetes, or polycystic kidney
disease.

With inclusion of the REIN data and the AIPRD study, a
meta-analysis of 11 trials confirmed the role of proteinuria in
the progression of renal disease (479). Among 1,860 nondia-
betic patients with proteinuric renal disease, relative risk in the
ACE inhibitor group was .69 for ESRD and .70 for the com-
posite outcome of doubling of baseline creatinine or ESRD
(479,480). Patients with greater baseline proteinuria benefited
most from ACE inhibitor therapy. There was a trend toward
benefit of ACE inhibition at baseline proteinuria of approxi-
mately 500 mg but the data were inconclusive. Moreover, the
relative risk reduction for ESRD was greater at increasing lev-
els of baseline proteinuria. Finally, in the AIPRD study, change
in proteinuria during treatment predicted renal outcome. The
1,710 patients whose proteinuria declined had an improved

renal outcome while the 638 patients without a decrease in
proteinuria saw no improvement in renal outcome (481). In
fact, the percent change of proteinuria at 3 months predicted
the change in GFR at 31 months (482). This analysis further
strengthens the concept that proteinuria is a modifiable risk
factor for progression of renal disease.

In the AASK trial, subjects with >300 mg/d of protein-
uria at baseline had more rapid decline in renal function and
ESRD events (461). Importantly, participants with a urine pro-
tein:creatinine rate > 0.66 g/g assigned to amlodipine had a rate
of decline in GFR double that of those assigned to ramipril. Af-
ter controlling for randomization, baseline GFR, and change in
GFR over the first 6 months of follow-up, the change in urine
protein excretion rate from baseline to 6 months was an inde-
pendent predictor of subsequent development of ESRD (461).
Thus, the results of the AASK trial are in agreement with other
important trials of proteinuric renal disease, suggesting that a
primary goal of treatment should be reduction of proteinuria.
Taken together, the data support the recommendation that ACE
inhibitors and angiotensin II receptor blockers (ARBs) are first-
line therapy in patients with CKD.

Combination ACE Inhibition and Angiotensin Receptor Block-
ade. Long-term ACE inhibition results in the accumulation of
angiotensin I that may “escape” ACE inhibition and be con-
verted to angiotensin II at the tissue level via alternative path-
ways including cathepsin G and chymase (483). Theoretically,
an angiotensin II receptor antagonist would block the alter-
nate pathway effects. Huang et al. have shown that chymase is
upregulated in patients with CKD, particularly those with dia-
betic nephropathy (484). In addition, ACE inhibition may reg-
ulate important metalloproteinase activities in CKD patients,
where ARBs are not effective (485). Thus, combination ACE
inhibitor and an angiotensin II receptor blocker therapy could
have additive renoprotective effects.

Short-term studies in patients with both diabetic nephropa-
thy (486) and nondiabetic nephropathies (487–489) have
demonstrated additive beneficial effects of ACE inhibition and
angiotensin II receptor blockade on microalbuminuria, pro-
teinuria, and serum creatinine. In the largest trial to date,
Nakao et al., in the COOPERATE study (490), randomized
301 nondiabetic patients with a mean GFR of 38 mL/minute to
losartan, trandolapril, or a combination of these medications.
At 36 months patients treated with combination therapy, de-
spite similar blood pressure control, had a 76% reduction in
proteinuria versus 42% and 44% decreases for losartan and
trandolapril, respectively. More importantly, the combination
therapy group had a significantly lower risk (11%) of ESRD
or doubling of creatinine compared with both the losartan and
trandolapril groups (23%) (p <0.02). Combination therapy
was particularly efficacious among patients with greater than
1 g of proteinuria per day. These data provide strong support
for the concept that combination therapy with an ACE in-
hibitor and an ARB more effectively retards the progression of
nondiabetic kidney disease compared with monotherapy with
either class of drugs.

Calcium Channel Blockers (CCB). In most instances, patients
with CKD will require between two and four anti-hypertensives
to achieve goal blood pressure (405). Thus, the role of CCBs
as add-on therapy in the treatment of hypertensive patients
with CKD is important. Recent studies have demonstrated
the efficacy of both nondihydropyridine (491) and DHPCCBs
(492,493) in reducing cardiovascular events in high-risk pa-
tients. However, data with regard to the effect of CCBs on the
progression of CKD are conflicting. In the REIN study (494),
patients with proteinuric nondiabetic nephropathies treated
with DHPCCBs and placebo (no ACE inhibitor) had signifi-
cantly greater proteinuria when compared with patients not
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administered DHPCCBs. In the AASK trial (460), patients with
proteinuria greater than 300 mg/day randomized to ramipril
had a significantly slower decline in GFR over 3 years compared
with patients treated with amlodipine. On the other hand, non-
DHPCCBs reduce proteinuria and slow the rate of renal dis-
ease progression in diabetic nephropathy (495,496). However,
in patients with nondiabetic nephropathies, Boero et al. (497)
found no difference in the reduction of proteinuria between
those treated with trandolapril and verapamil compared with
those who received trandolapril and amlodipine.

Herlitz et al. (498) showed that the addition of felodipine to
ramipril resulted in a slower progression of nondiabetic renal
disease compared with felodipine alone without any suggestion
of adverse effect from the DHPCCB. In the RENAAL study
(499), patients with type 2 diabetic nephropathy who received
a DHPCCB without losartan had a higher risk of reaching the
primary composite end point of ESRD, death, or a doubling
of serum creatinine. In contrast, patients receiving a DHPCCB
with losartan showed a slower progression to ESRD than did
the entire losartan arm.

In summary, CCBs are important add-on medications to
diuretics and ACE inhibitors or angiotensin II receptor block-
ers in order to achieve goal blood pressure. For patients with
significant proteinuria, non-DHPCCBs may decrease protein-
uria further and thus slow progression of renal disease, while
DHPCCBs are effective antihypertensive agents and may slow
progression of renal disease when added to a regimen already
containing a drug that interrupts the RAAS. Among CKD pa-
tients without significant proteinuria, either class of CCB is
likely safe when added to an ACE inhibitor or angiotensin II
receptor blocker.

Emerging Agents. Emerging data supporting an important role
for aldosterone in the pathogenesis of progressive renal dis-
ease (500,501) have stimulated interest in the study of aldos-

terone antagonism in patients with CKD. Shiigai et al. (502)
found that between 24% and 43% of patients had a loss of
the antiproteinuric effects of ACE inhibition within months
of treatment initiation. Sato et al. (503) studied 45 patients
with diabetic nephropathy treated with an ACE inhibitor. Forty
percent of the subjects who demonstrated an initial decline
in microalbuminuria subsequently showed an increase in al-
bumin excretion within several months. The loss of the an-
tiproteinuric effect of ACE inhibition corresponded to an in-
crease in plasma aldosterone. The addition of spironolactone
at a dose of 25 mg/day reduced urinary albumin excretion
rate and ameliorated the effect of “aldosterone escape.” Rach-
mani et al. (504) compared the effect of spironolactone, cilaza-
pril, and the combination on albuminuria in patients with
hypertension and diabetic nephropathy. Despite a similar re-
duction in blood pressure, spironolactone was superior to
cilazapril alone with regard to decreasing urinary albumin ex-
cretion, and the combination was more effective than either
drug alone. Eplerenone, a selective aldosterone receptor an-
tagonist, has less anti-androgenic effects than spironolactone
(505). As monotherapy in essential hypertensives, eplerenone
was as effective as enalapril but decreased albuminuria more
effectively than the ACE inhibitor (506). Less than 1% of pa-
tients had adverse events such as hyperkalemia. Taken together,
the data suggest that complete suppression of the RAAS might
be an important goal in retarding the progression of CKD.
However, hyperkalemia could be a limiting factor in a popula-
tion that already has multiple constraints on potassium home-
ostasis. Thus, while the concept of aldosterone antagonism in
patients with CKD appealing, randomized controlled trials are
necessary to confirm the utility and safety of this approach.

Approach to Treatment. Available classes of antihypertensive
drugs are shown in Table 51-5 along with general comments
regarding their utility or special attributes in patients with renal

TA B L E 5 1 - 5

CLASSES OF ANTIHYPERTENSIVE AGENTS

Class Comments (References)

Thiazide diuretics Usually not effective with creatinine clearances <25–30 mL/min (447). Additive or
synergistic effect on salt excretion in severe renal insufficiency when combined
with a loop diuretic (448,450,451).

Loop-blocking diuretics Short duration of action often requires multiple daily dosing (BID or TID) in patients
with avid salt retention (447,448). Continuous infusions more effective than bolus
therapy in severe renal dysfunction when parenteral treatment required (448).

β-Adrenoreceptor antagonists No significant effect on renal hemodynamics or salt excretion (519,520).
α1-Adrenoreceptor antagonists Salt retention (pseudotolerance) with short-acting agents can limit long-term efficacy

in chronic renal failure (521). Improve lipoprotein profile.
Central α2-adrenergic agonists Can cause pseudotolerance. Concomitant diuretic therapy usually necessary in

patients with renal insufficiency (452,513). Have therapeutic advantage because of
important role of sympathetic nervous system in renal parenchymal hypertension
(167,169,170,175,177).

α- and β-Adrenoreceptor antagonists Logical choice from pathophysiologic perspective. Side effects might limit utility.
Vasodilators Not suitable as monotherapy. Diuretics and sympatholytics required to limit salt

retention and reflex tachycardia.
ACE inhibitors Renoprotective effect independent of reduction in blood pressure (461,462,476).

Cardioprotective in high-risk patients (507). Suitable as monotherapy. Can cause
hyperkalemia (522). Exaggerated hypotensive effect with salt removal (522,523).

Angiotensin II receptor antagonists Antihypertensive effects and renoprotective effects probably similar to ACE inhibitors
(455,483). May be beneficial in combination with ACE inhibitors (487–490).

Calcium channel blockers Antihypertensive effect not blunted by high salt intake (509,510). Verapamil might
accumulate in severe renal insufficiency and produce acute toxicity (524).

Aldosterone antagonists Spironolactone and eplerenone might have specific renoprotective effects (503–505).
Can cause hyperkalemia alone or if added to ACE inhibitor or angiotensin II
receptor antagonist (506).
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parenchymal hypertension. In patients with pre-ESRD, an ideal
antihypertensive agent should be logical from a pathophys-
iologic perspective, produce few or no adverse clinical or
metabolic effects, exert a favorable effect on cardiovascular
morbidity and mortality, and beneficially influence the progres-
sion of renal disease. In this regard, ACE inhibitors, ARBs, cen-
trally acting sympatholytics, and calcium channel antagonists
are particularly useful for several reasons. Because both in-
creased central sympathetic activity and activation of the RAAS
are important pathophysiologically in the initiation and main-
tenance of hypertension in renal disease, pharmacologic inter-
ruption of these systems is logical from a therapeutic stand-
point. Angiotensin-converting enzyme inhibitors and ARBs not
only inhibit the RAAS but also modulate activity of the SNS
(167,170). They are rational agents from a pathophysiologic
perspective, exert a beneficial effect on the progression of renal
disease independent of their antihypertensive effect, and de-
crease cardiovascular morbidity and mortality in this high-risk
population (507,508). Consequently, ACE inhibitors or ARBs
should be considered as first-line antihypertensive therapy in
the majority of patients with CKD and hypertension (462,478).
Calcium channel antagonists effectively decrease blood pres-
sure despite extremes of dietary salt intake (509,510) and con-
sequently have proved effective antihypertensive agents in pa-
tients with CKD (472,511). Centrally acting sympatholytics
such as clonidine or monoxidine are logical from a pathophys-
iologic and practical perspective (169,170,512); however, they
are not effective as long-term monotherapy (452,513) and ex-
hibit significant side effects that often limit long-term utility.
Nevertheless, they are quite effective as adjunctive therapy in
selected patients.

Based on the previous discussion, we recommend the fol-
lowing approach to the treatment of renal parenchymal hy-
pertension. Limitation of sodium intake to 100 mEq/day or
less is essential to achieve the blood pressure goal, derive full
benefit from ACE inhibition or angiotensin II receptor block-
ade, and limit the development of pseudotolerance. An ACE
inhibitor or angiotensin receptor blocker is recommended as
first line therapy for all patients, particularly those with more
than 30 mg/day of albuminuria or overt proteinuria. A diuretic
will likely be necessary to achieve the blood pressure goal. Thi-
azide diuretics are effective in patients with mild to moderate
renal insufficiency and creatinine clearances >30 mL/minute
(447). Loop-blocking diuretics, often in a multiple daily dos-
ing regimen, are required to achieve an adequate natriuresis
with more severe renal impairment (447,448). It is important
to emphasize that the diuretic regimen should be advanced
until the patient is free of edema, because even small incre-
ments in ECFV can contribute to poor blood pressure control
(449,452). In patients with advanced renal insufficiency (i.e.,
creatinine clearances <15 mL/minute), the combination of a
loop diuretic with a thiazide minimizes diuretic resistance and
has a synergistic effect on salt excretion (450,451). Effective
diuretic therapy alone may normalize blood pressure in ap-
proximately one-third of hypertensive patients with chronic
renal insufficiency (148). Dietary and/or pharmacologically in-
duced salt depletion is crucial both from a pathophysiologic
perspective and to limit the development of pseudotolerance
if short-acting vasodilators or centrally acting sympatholytics
are utilized as antihypertensive agents (452,453).

As necessary, a CCB can be added to help achieve blood
pressure goal. A non-DHPCCB may be preferred for those with
overt proteinuria. The use of a beta-blocker should be consid-
ered ‘earlier’ if patients have heart failure or another indication
for its use. The addition of a beta-blocker may offer little addi-
tional antihypertensive effect when added to an ACE inhibitor
if the pulse is greater than 84 beats/minute (514). A vasodila-
tor or central sympatholytic agent may be necessary add-on
therapy for some patients, as studies have found that as many

as four or more drugs may be necessary to achieve goal. Klein
et al. (169) and others (167,175) have shown that sympathetic
nerve activity is inappropriately increased in chronic kidney
disease. Agents such as clonidine, or the recently studied mox-
onidine (170), provide theoretical benefit to CKD patients with
elevated sympathetic tone.

Hypertension is a common clinical problem in patients un-
dergoing chronic hemodialysis (525–528); 60% to 90% of
patients are hypertensive at the onset of ESRD. In a large,
nationally representative sample from the U.S. Renal Data
System,63% of prevalent hemodialysis patients were hyperten-
sive. Of these, 27% of patients had stage I, 25% had stage II,
and 11% had stage III hypertension, respectively (525). Sev-
eral studies show that blood pressure remains uncontrolled
in the majority of hemodialysis patients in the Unite States
(529–531). Hypertension is clearly established as a risk fac-
tor for cardiovascular disease morbidity and mortality in the
general population; however, whether hypertension is an inde-
pendent predictor of survival in patients undergoing chronic
hemodialysis is uncertain. Several studies show the association
between hypertension and adverse cardiovascular outcomes in
hemodialysis patients. In a long-term follow up of 432 ESRD
patients, after adjusting for age, diabetes, and ischemic heart
disease, as well as hemoglobin and serum albumin levels mea-
sured serially, each 10 mm Hg rise in mean arterial blood pres-
sure was independently associated with the presence of concen-
tric LV hypertrophy, and the development of de novo cardiac
failure and ischemic heart disease (532). Other studies have
confirmed that hypertension is a risk factor for left ventricular
hypertrophy (533,534), heart failure, coronary heart disease,
and arrhythmias in hemodialysis patients (535). Conversely,
reduction of arterial pressure is associated with regression of
LV hypertrophy (536). In addition, hypertension has been as-
sociated with stroke and cerebral infarction (537,538) and pro-
gression of atherosclerosis (539) in patients on hemodialysis.
Given this adverse impact on cardiovascular events, it is sur-
prising that several epidemiologic studies show no association
between hypertension and survival, and in fact have shown
that low blood pressure is strongly associated with mortality
(540–542). In a national random sample of 4,499 U.S. hemo-
dialysis patients, no association with an elevated mortality risk
could be observed for predialysis systolic hypertension (RR =
0.98 to 0.99, p value not significant) (540). Similarly, in a co-
hort of 5433 patients followed by a national dialysis provider
(Dialysis Clinic, Inc.), predialysis hypertension was not associ-
ated with an increase in cardiovascular mortality (541). In a co-
hort of 932 patients, the lowest mortality was associated with
predialysis systolic pressure of 160 to 189 mm Hg, whereas
normal to low predialysis pressure values were associated with
significantly increased mortality (543). Even in home hemodial-
ysis patients, low and high blood pressure were associated with
increased mortality and patients with mid-range blood pres-
sure values survived the longest (544). Thus hypertension is
associated with increased cardiovascular events, but not in-
creased mortality in hemodialysis patients (545). The reasons
underlying this apparently paradoxical relationship between
low pressure and mortality in this population have not been
clearly elucidated. It is possible that advanced cardiac disease
may confound the interpretation of these data. Patients with
ESRD who develop congestive heart failure have a very high
mortality; they also have a decline in blood pressure after the
onset of congestive heart failure that is well documented in
the Canadian cohort study (546–548). In addition, advancing
age is associated with lower blood pressure in ESRD patients
(525). Therefore, the effects of age and congestive heart failure
on mortality may mask the true relationship between blood
pressure and mortality in these studies. Another limitation of
previous studies may have been inadequate duration of follow
up. When early mortality was analyzed in an Italian study, (in
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the first 2 years) only low BP (diastolic BP <74.5 mm Hg)
was significantly associated with mortality, a finding that is
consistent with the literature. However, when late mortality
was analyzed, only high BP (systolic BP >160 mm Hg) was
significantly associated with mortality (549). Therefore, well-
designed prospective studies of appropriate duration, carefully
controlling for comorbid conditions, are needed to resolve this
critical issue (550). A high pulse pressure is an independent
predictor of adverse cardiovascular outcomes in dialysis pa-
tients, perhaps reflecting decreased arterial compliance in this
population (551,552).

Measurement of blood pressure presents some unique prob-
lems in hemodialysis patients (553). Inaccurate readings may
result from lack of standardization of blood pressure mea-
surement (554,555). In addition, blood pressure readings vary
considerably before and after dialysis and in the interdialytic
period. Predialysis blood pressures correlate better with LV
hypertrophy than postdialysis blood pressure readings (556).
However, postdialysis systolic pressure, not predialysis systolic
pressure, may be associated with an elevated mortality risk
(540,541). Using multiple blood pressure readings, such as a
2-week average predialysis BP of greater than 150/85 mm Hg
or a postdialysis BP of greater than 130/75 mm Hg increases
the sensitivity in diagnosing hypertension compared to single
readings (557,558). Despite these conflicting data, pending fur-
ther definitive information, some authors recommend a target
predialysis blood pressure of less than 140/90 mm Hg, unless
the patient has symptomatic hypotension during or after dial-
ysis (559). The use of ambulatory blood pressure monitoring
(ABPM) has been gaining popularity in hemodialysis patients
to overcome the difficulties of conventional measurements de-
scribed above (560,561). Blood pressure is often low at the end
of the dialysis treatment and gradually rises during the inter-
dialytic period (562). The “nondipping” profile with the lack
of normal nocturnal decline in blood pressure is common and
contributes to the accelerated target organ damage in these pa-
tients. For example, Covic et al. demonstrated that reduced
blood pressure diurnal variability was an independent risk fac-
tor for progressive left ventricular dilatation in hemodialysis
patients (563). In addition, Amar et al., albeit in a small sam-
ple, demonstrated that nocturnal blood pressure and 24-hour
pulse pressure were predictive of mortality in ESRD patients
(564). Finally, the nondipping phenomenon is closely related
to a high incidence of cardiovascular diseases and a poor long-
term survival (565). While the overall reproducibility of the
nondipper profile is variable (566), most patients diagnosed
as nondippers will continue to demonstrate that profile over
time (567). However, until larger studies comparing the pre-
dictive value of ABPM with conventional blood pressure mea-
surements in predicting outcomes of cardiovascular disease in
ESRD patients are available, the expense and inconvenience of
ambulatory blood pressure monitoring in all hemodialysis pa-
tients may not be justifiable. Home blood pressure monitoring
may be a useful adjunct in the management of hypertension
(568).

While pathogenesis of hypertension in hemodialysis patients
is clearly multifactorial, expansion of intravascular volume
status due to sodium and water retention is thought to be
the major determinant of blood pressure in this population
(569–571). This concept is supported by the fact that blood
pressure is directly correlated with total body water content
(572), and that higher interdialytic weight gains are associated
with higher blood pressure (525,573). Differences in interdi-
alytic weight gain often contribute to seasonal variations in
blood pressure (574,575). However, hypertensive dialysis pa-
tients have a higher rise in blood pressure for a given inter-
dialytic weight gain than normotensive dialysis patients, sug-
gesting that altered arterial compliance may contribute to the
pressor response to a large interdialytic weight gain (529). The

best clinical demonstration of the importance of the volume
regulation in the pathogenesis of hypertension is by Charra
et al. in Tassin, France. By performing long and slow dial-
ysis, and meticulous ultrafiltration, this group has been able
to achieve excellent volume control, blood pressure reduction
with minimal antihypertensive medication use, and high sur-
vival rates in their patients (576,577). Similarly daily dialysis
has been shown to have a beneficial impact on blood pressure
control (555). Other factors that may contribute to hyperten-
sion in hemodialysis patients include increased or inappropri-
ate response of the renin-angiotensin system (578), over activ-
ity of the sympathetic nervous system (579), and imbalance of
factors such as endothelin (580), nitric oxide (581), and other
vasoactive substances including asymmetric dimethylarginine
(582–585). An elevation in blood pressure in association with
erythropoeitin therapy, particularly given intravenously, has
been well established; however, the precise mechanism of this
action remains poorly defined (586). In addition, elevated lev-
els of parathyroid hormone may cause an elevation in blood
pressure (587,588). Unlike the general population, higher body
mass index has not been associated with higher blood pressure
in hemodialysis patients (589).

Management of Hypertension in
Hemodialysis Patients

The primary focus of management of hypertension in
hemodialysis patients should be to optimize intravascular vol-
ume status (590,591); this is accomplished by a strategy of
restricting salt intake, limiting interdialytic weight gain, and
adjusting utrafiltration and dialysate sodium concentration to
consistently attain dry weight (592). Patients who do not be-
come normotensive by this strategy will require antihyperten-
sive drug therapy.

Dry Weight Estimation and Maintenance

The crucial role of achieving and maintaining patients at dry
weight is illustrated by the Tassin experience discussed above.
In addition, patients with “resistant hypertension” may still
be volume expanded as demonstrated by Fishbane et al. who
showed that atrial natriuretic peptide levels (ANP) were ele-
vated in patients with refractory hypertension, suggesting that
intravascular volume remained expanded (593). When these
patients were subjected to more intensive ultrafiltration, blood
pressure and ANP levels were reduced, suggesting that patients
were now closer to their dry weight.

A practical problem in optimizing the intravascular status
of a patient is the lack of a consistent definition of, and a re-
liable diagnostic tool for the determination of “dry weight.”
Dry weight is defined as “that body weight at the end of dialy-
sis at which the patient can remain normotensive until the next
dialysis despite the retention of salt and water” (594). Clin-
ically, this is often estimated by the weight below which fur-
ther fluid removal would produce hypotension, muscle cramps,
nausea, and vomiting. Other diagnostic tools that have can be
used include bioimpedance (595), estimation of inferior ve-
nacaval diameter (596), measurement of ANP (597), and on-
line hematocrit (598) or blood volume monitoring (599); the
utility of these techniques in usual clinical practice is not well
established.

At the initiation of dialysis, ultrafiltration and restriction of
dietary salt intake should be used to reduce excess extracel-
lular fluid volume while antihypertensive drug therapy is be-
ing tapered. Reduction of blood pressure may be seen several
weeks following optimization of intravascular volume status—
this has been described as the “lag phenomenon” of blood
pressure and may be due to gradual changes in peripheral
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resistance (600–603). An individualized sodium concentration
of the dialysate based on predialysis plasma sodium levels can
decrease thirst, interdialytic weight gain and blood pressure
(602). Once dry weight has been established, it should be re-
assessed every few months since lean body mass may change
due to changes in nutritional status. Patients who remain hy-
pertensive despite apparently reaching dry weight should be
restarted on antihypertensive drug therapy.

Minimizing Interdialytic Weight Gain

Excessive interdialytic weight gain is independently associated
with higher blood pressure (525,529). In addition, excessive in-
tradialytic weight gains may result in intradialytic hypotension
when large-volume ultrafiltration is attempted. This may result
in symptoms of nausea and cramping and limit the amount
of fluid that can be removed. Therefore, patients should be
instructed not to gain more than 2.5% to 3% of their body
weight in between dialysis sessions.

Daily and Prolonged Dialysis

Increased frequency and duration of dialysis, such as noctur-
nal dialysis, has been associated with improvement in blood
pressure (604). Gentle and persistent ultrafiltration may allow
time for refilling of the intravascular compartment and permits
normalization of extracellular volume (605). It is also possi-
ble that intensive dialysis enables removal of pressor molecules
and improves endothelial function (606). Thus, prolonged and
frequent dialysis permits better control of hypertension via
volume and volume-independent mechanisms (606). In addi-
tion, nocturnal dialysis has been shown to improve endothe-
lial function (555), and induce regression of left ventricular
hypertrophy (607).

Antihypertensive Drug Therapy

Antihypertensive drugs are frequently used as an adjunct to
dialysis to control hypertension (526,608,609). Interestingly,
Salem et al. have shown that antihypertensive treatment has
a favorable effect on survival in the hemodialysis population
irrespective of the level of blood pressure (610). This provoca-
tive study hints at perhaps beneficial effects of antihypertensive
drug therapy at the end organ level, in addition to lowering
blood pressure.

Other than diuretics, all classes of antihypertensive agents
appear to be effective in lowering blood pressure in hemodial-
ysis patients. High doses of individual medications and com-
bination therapy are often required (611). No single class of
antihypertensives appears to offer particular advantage over
another with regard to lowering blood pressure (569). Obser-
vational data indicate that the use of calcium channel blockers
(612), ACE inhibitors (613), and beta-blockers (614) is asso-
ciated with lower total and cardiovascular-specific mortality
in hemodialysis patients. Most calcium channel blockers are
not removed by dialysis (615), and the use of calcium channel
blockers has been associated with better graft patency (616).
However, there are no randomized prospective clinical trials
comparing the effects of different classes of antihypertensive
agents on clinical outcomes. Pending such studies, it is reason-
able that the recommendations of JNC-7 (other than choice of
thiazide diuretic as initial therapy) may be used as a guideline
with regard to the choice of antihypertensive drug therapy in
specific situations (617). Several antihypertensive medications
may require dosage modification in hemodialysis patients. The
Physicians Desk Reference (PDR) or other sources of pharma-
cologic information should be consulted prior to prescription
of antihypertensive drug therapy (618).

Several issues regarding ACE inhibitor therapy are unique
to the hemodialysis population. ACE inhibitors can trigger an

anaphylactic reaction in patients dialyzed with a polyacryloni-
trile membrane dialyzer (619). In addition, ACE inhibitors have
been associated with worsening of anemia and erythropoietin
resistance in hemodialysis patients (620), though other reports
have not confirmed this (621). However, long-term therapy
with ACE inhibitors has been show induce regression of LV
hypertrophy in this population (622), and may reduce interdi-
alytic weight gain by minimizing the effect of angiotensin II on
the thirst mechanism (623).

Refractory Hypertension. Several factors may contribute to re-
sistant hypertension; these include inadequate fluid removal,
excessive interdialytic weight gains, poor compliance with dial-
ysis and medication regimens, and underprescription of anti-
hypertensive drugs (529). In patients who are poorly compli-
ant, three times a week supervised administration of atenolol
or lisinopril may be a safe and effective technique of lower-
ing blood pressure (624–626). Patients who remain refractory
or have suggestive signs or symptoms should be evaluated for
secondary hypertension (627,628). In the occasional patient
who remains refractory to all conventional measures, bilateral
nephrectomy may be considered (629).

Patients on peritoneal dialysis tend to have better
blood pressure control, perhaps due to better ultrafiltration
(630–632). Recent development of new solutions have en-
hanced the ability to achieve adequate volume removal in peri-
toneal dialysis (633).

Conclusion

In conclusion, hypertension remains a common and difficult
clinical problem in patients undergoing chronic hemodialysis.
Meticulous attention to optimizing intravascular volume sta-
tus often results in improvement in blood pressure. Prospec-
tive clinical studies are needed to define treatment goals, and
develop rational therapeutic strategies based on understanding
of pathophysiology. Development of reliable and clinically use-
ful tools to define intravascular volume may be invaluable in
obtaining better control of hypertension in this population.
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CHAPTER 52 ■ RENAL ARTERY STENOSIS,
RENAL VASCULAR HYPERTENSION, AND
ISCHEMIC NEPHROPATHY
MARC A. POHL AND CHRISTOPHER STUART WILCOX

Since 1934, when Goldblatt and et al. first experimentally
produced hypertension by clamping the renal artery, the re-
lationship between renal artery stenosis and hypertension has
intrigued countless investigators and clinicians (1). The phys-
iology and pathophysiology of the renin-angiotensin system
have been widely discussed, and much of our understand-
ing of the role and regulation of the renin-angiotensin sys-
tem has evolved from models of experimental hypertension
produced by renal artery clamping. The development of phar-
macologic agents that interfere with the activity of the renin-
angiotensin system (e.g., beta-blockers, angiotensin-converting
enzyme (ACE) inhibitors, and angiotensin II receptor antago-
nists), fascination with numerous diagnostic screening studies
designed to predict a relationship between renal artery stenosis
and hypertension, and controversies about renal revasculariza-
tion versus medical management of renal artery stenosis may
all be viewed, in one way or another, as emanating from the
original Goldblatt experiment.

The detection of renal artery stenosis in a patient with hy-
pertension typically raises the question as to whether the renal
artery stenosis causes the hypertension. However, renal artery
stenosis can be observed angiographically in normotensive in-
dividuals (2–4). In a postmortem study, Holley and associates
found moderate or severe stenosis of the renal artery in nearly
50% of patients who had been normotensive (4). Dustan et al.
reported that 39 (35%) of 111 normotensive patients had un-
suspected renal artery stenosis in one or both renal arteries
revealed by aortography that was performed to evaluate pe-
ripheral arterial occlusive disease (3). Thus, significant renal
arterial stenosis in patients with normal arterial pressure or in
patients with mild hypertension is well recognized. Conversely,
many hypertensive patients with renal artery stenosis are not
cured of their hypertension by renal revascularization (surgi-
cal or endovascular) procedures. Most patients with hyperten-
sion and atherosclerotic renal artery disease have essential or
primary hypertension despite the anatomic presence of renal
artery stenosis. Therefore, it is critical to distinguish between
renal artery stenosis wherein a stenotic lesion is present, but not
necessarily causing hypertension, and renovascular hyperten-
sion in which sufficient arterial stenosis is present to produce
renal tissue ischemia and initiate the sequence of pathophysio-
logic events leading to elevated blood pressure.

The syndrome of renovascular hypertension may be broadly
defined as the secondary elevation of the blood pressure (BP)
produced by any of a variety of conditions interfering with
arterial circulation to kidney tissue and causing renal tissue
ischemia. Most of the time, the condition interfering with
the arterial circulation is main renal artery stenosis. However,
Page demonstrated persistent arterial hypertension in exper-
imental animals in which one kidney was wrapped in cello-
phane; within 3 to 5 weeks of cellophane wrapping, severe
hypertension occurred, and was later alleviated by removal of

the wrapped kidney (5). Unilateral renal trauma, chronic sub-
capsular hematoma, perirenal hematoma, unilateral ureteral
obstruction, unilateral chronic atrophic pyelonephritis, uni-
lateral renal hypoplasia, and unilateral segmental hypoplasia
(Ask-Upmark kidney) may be associated with hypertension and
viewed as clinical counterparts of the experimental Page kidney,
wherein one may observe the syndrome of renovascular hyper-
tension without main renal artery stenosis. Thus, renovascular
hypertension and renal artery stenosis are not synonymous.

Historically, clinical discussions of renal artery stenosis have
focused on its role in the pathogenesis of hypertension, that is,
renovascular hypertension. More recently, the notion that renal
artery stenosis can produce renal insufficiency has generated
considerable interest and enthusiasm. Surgical renal revascular-
ization, percutaneous transluminal renal angioplasty (PTRA),
and renal artery stent placement sometimes produce improve-
ment in overall renal function in selected patients, and occa-
sionally, patients can discontinue dialysis after renal revascu-
larization. This syndrome of clinically significant reduction in
renal function due to compromise of the renal circulation has
been called ischemic renal disease or ischemic nephropathy. In
comparison to the voluminous literature addressing the rela-
tionship between renal artery stenosis, renal ischemia, and hy-
pertension (i.e., renovascular hypertension), the syndrome of
ischemic nephropathy, and the notion that renal artery stenosis
can produce renal failure have received relatively little atten-
tion.

This chapter reviews the types of renal artery disease pro-
ducing renal artery stenosis; the pathophysiology of renovascu-
lar hypertension; clinical features and diagnostic approaches to
renal artery stenosis, renovascular hypertension, and ischemic
nephropathy; management of patients with renal artery steno-
sis; and therapeutic strategies for the clinical syndromes of
renovascular hypertension and ischemic renal disease.

HISTORICAL ASPECTS OF
RENOVASCULAR HYPERTENSION

The history of renal disease and hypertension can be traced
to Richard Bright, who demonstrated in 1827 the association
between hardness of the pulse, proteinuria, and dropsy with
hardening of the kidneys (6). These observations suggested a
link between renal disease and disturbances of the circulation.
Bright also noted that the altered quality of blood so affects
the minute and capillary circulation as to render greater action
necessary to force the blood through the distal division of the
vascular system (6). Mahomed reported in 1874 a high ten-
sion in the arterial system in patients with renal disease (7).
Blood pressure measurements were not described in the obser-
vations of either Bright or Mahomed. In 1898, Tigerstedt and
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Bergmann described a renal pressor substance in the rabbit that
they called renin (8). The development of ideas on renovascular
hypertension has been reviewed by Peart (9).

In 1934, Goldblatt et al. produced hypertension in dogs by
constriction of the renal artery (1). They also noticed extensive
renal vascular abnormalities at autopsy of patients with hyper-
tension. About 40 years later, reflecting on his own work, Gold-
blatt stated, “Contrary, therefore, to what I had been taught,
I began to suspect that vascular disease comes first, and when
it involves the kidneys, the resultant impairment of the renal
circulation probably, in some way, causes elevation of blood
pressure” (10). Goldblatt’s studies, investigating the relation-
ship between hypertension and the kidney, largely preceded re-
nal revascularization procedures. However, they strongly sug-
gested that hypertension secondary to renal ischemia could be
corrected by nephrectomy (11).

Although renin was first identified by Tigerstedt and
Bergman in 1898, most of the information on it and the renin-
angiotensin cascade have accumulated over the past 50 years.
Tigerstedt’s initial experiments proved difficult to reproduce by
others, and renin lost credibility until Goldblatt’s classic exper-
iment. The biochemistry of the renin-angiotensin system was
elucidated over the next 20 years, forming the basis for many
physiologic and clinical studies that continue today (12,13).
The complexity of the renin-angiotensin system in terms of its
regulation, expression in different tissues, and sites of action
has been widely studied over the past decade with applica-
tion of modern molecular biology. Although much is currently
known about the renin-angiotensin system and its role in the
elevation of BP, fundamental questions about its mode of ac-
tion in the pathogenesis of elevated BP and other diseases of
the circulation remain unanswered.

PATHOLOGIC CLASSIFICATION OF
RENAL ARTERY DISEASE

A variety of pathologic lesions (Table 52-1) cause renal artery
stenosis, with or without associated renovascular hyperten-
sion. The two main types of renal arterial lesions forming the
anatomic basis of renal artery stenosis are atherosclerotic renal
artery disease and fibrous dysplasia or fibrous renal artery dis-
ease. Atherosclerotic renal artery disease is the most common
cause of renal artery stenosis, accounting for about 80% of

TA B L E 5 2 - 1

CAUSES OF RENAL ARTERY STENOSIS

Atherosclerotic renal artery disease
Fibrous renal artery disease (fibromuscular dysplasia, fibrous

dysplasia)
Medial fibroplasia
Perimedial fibroplasia
Intimal fibroplasia
Medial hyperplasia

Acute arterial embolism
Arterial trauma
Aortic dissection
Neurofibromatosis
Arterial aneurysm
Arteriovenous malformation
Cholesterol emboli
Systemic necrotizing vasculitis

Polyarteritis nodosa
Takayasu’s arteritis

renal arterial lesions. Fibrous renal artery diseases, as a group,
account for about 20% of renal arterial lesions (14–19). Re-
cent reports of “resistant hypertension” have indicated figures
of 84% for atherosclerotic renal artery disease and 16% for
fibrous renal artery disease of any kind (20). Fibrous renal
artery disease has been reported in 2% to 6% of potential renal
transplant donors (usually normotensive individuals) (19,21–
26). The vast majority of “incidental” renal artery lesions in
angiographic series are atherosclerotic.

In addition to atherosclerotic and fibrous renal artery dis-
ease, a number of less common clinical entities can produce
renovascular hypertension. These include acute arterial throm-
bosis or embolism, cholesterol emboli, aortic dissection, renal
arterial trauma, arterial aneurysm, arteriovenous malforma-
tion of the renal artery, neurofibromatosis, polyarteritis no-
dosa, and Takayasu’s arteritis. Renal artery thrombosis occur-
ring as a complication of umbilical artery catheterization has
been recognized as causing renovascular hypertension in in-
fants (27). Transplant renal artery atherosclerosis, intimal hy-
perplasia, or vascular kinking may contribute to renal trans-
plant renovascular hypertension (see Chapter 98).

Table 52-2 presents a classification of atherosclerotic and
fibrous renal artery diseases with a description of their mor-
phology and histology. These types of renal artery occlusive
diseases represent a heterogeneous group of diseases, occurring
in different age groups and behaving differently with regard to
their individual natural history. An appreciation of these dif-
ferences may be important for therapeutic decision making in
patients with renal artery occlusive disease.

ATHEROSCLEROTIC RENAL
ARTERY DISEASE

Atherosclerotic renal artery disease is the most common form
of renal artery stenosis and the most common cause of renovas-
cular hypertension in the Western world. Although on average
it accounts for 70% to 80% of renal artery lesions, it may
account for as many as 90% of all renal artery stenoses in cer-
tain populations. Atherosclerosis of the renal artery, frequently
observed in conjunction with generalized atherosclerosis oblit-
erans, predominantly affects men after the fifth decade of life,
but is not uncommon in women of similar ages or in younger
adults.

Renal artery atherosclerosis is often observed in patients
with peripheral vascular disease and in patients with coronary
artery disease. A prospective study by Olin et al. reviewed 395
consecutive patients who underwent arteriography for rou-
tine evaluation of abdominal aortic aneurysms, aortoocclu-
sive disease, lower extremity occlusive disease, or suspected
renal artery stenosis (28). Unilateral renal artery stenosis of
more than 50% was observed in 38% of the patients with ab-
dominal aortic aneurysm, in 33% of patients with aortoocclu-
sive disease, and in 39% with lower extremity atherosclerotic-
occlusive disease. Bilateral renal artery stenosis of more than
75% was noted in 13% of the patients studied. Fifty percent
of patients with diabetes and claudication had unilateral renal
artery stenosis of more than 50%. Other observers note sig-
nificant atherosclerotic renal artery disease in up to 30% of
patients with carotid and lower extremity atherosclerosis (29)
and in patients with coronary artery disease (30,31).

The precise epidemiologic correlations between hyper-
cholesterolemia or cigarette smoking and atherosclerotic renal
artery disease are not clear, but one might presume that they
are risk factors for renal artery atherosclerosis just as they
are for atherosclerosis in other vascular beds. In one series of
patients with atherosclerotic renal artery disease, 88% were
smokers, compared with only 42% of patients with essential
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FIGURE 52-1. Aortogram demonstrating severe nonostial atheroscle-
rotic renal artery disease of the left main renal artery.

hypertension (32). The investigators of this study also note a
higher-than-expected prevalence of cigarette smoking in pa-
tients with fibrous renal artery disease. Atherosclerotic re-
nal artery disease is infrequently observed in women younger
than 50 years of age unless they have experienced premature
menopause or are heavy cigarette smokers, or both. Men are
affected twice as often as women, but this gender difference
declines with advancing age. Recent series indicate a distinct
shift toward women in series referred for revascularization
(33–35). Several studies suggest that atherosclerotic renal vas-
cular disease is associated with adverse coronary events (36)
and increased mortality (37,38).

Renal artery atherosclerosis presents anatomically in two
locations. The first appears as an eccentric or concentric lesion
approximately 1 cm distal to the ostium of the renal artery
(“nonostial” atherosclerotic renal artery disease) (Fig. 52-1).
The second location for renal artery atherosclerosis is at the
orifice (ostium) of the renal artery, occurring as an aortic plaque
spillover lesion involving that orifice (ostial atherosclerotic re-
nal artery disease) (Fig. 52-2). The histologic appearance at
both locations of renal artery atherosclerosis is similar, with
typical complex plaque features of mural hemorrhage and cal-
cification, deposition of cholesterol crystals, and accumulations
of luminal thrombus. Some 75% to 80% of patients with renal
artery atherosclerosis and renovascular hypertension have os-
tial atherosclerotic lesions, and 25% to 30% of lesions are in
the nonostial location (39–41). Differentiating between ostial
and nonostial atherosclerotic renal artery disease is clinically
important in planning interventive strategies for renal revascu-
larization.

With recent interest in obstructive atherosclerotic renal
artery disease as a threat to long-term renal function and the
ability to improve kidney function with renal revascularization,
an understanding of the natural history of atherosclerotic renal
artery disease as a guide to the long-term management of such
patients is important. Unfortunately, prospective angiographic
studies on the natural history of atherosclerotic renal artery

FIGURE 52-2. Abdominal aortogram demonstrating severe bilateral
atherosclerotic renal artery disease with total occlusion of the left renal
artery at the ostium and tight right orificial (ostial) stenosis.

disease are not available. Four reports, retrospectively describ-
ing the natural history of atherosclerotic renal artery disease
with serial arteriographic studies, suggest that atherosclerotic
renal artery disease is a progressive disorder. Progressive steno-
sis occurs in 40% to 50% of patients with progression to total
arterial occlusion in approximately 15% of patients (42–45). A
contemporary prospective study reported a 16% progression
to total occlusion in medically managed (no vascular interven-
tion) patients over one year (46). It is important to distinguish
here between the “natural history” of renal vascular lesions
and the natural history of kidney function in these patients.

In the largest of these retrospective studies, Schreiber et al.
(44) observed that progressive atherosclerotic lesions devel-
oped in 37 (44%) of 85 patients over a mean follow-up pe-
riod of 52 months; progression to complete occlusion of the
involved renal artery occurred in 14 patients (16%). Examples
of progressive atherosclerotic renal artery disease are indicated
in Figures 52-3 and 52-4. In patients in whom progressive dis-
ease developed, it occurred primarily within the first 2 years of
angiographic follow-up. A careful analysis of the diseased renal
arteries suggested that the rate of progression of atherosclerotic
renal artery disease bore a relationship to the degree of steno-
sis on the initial renal angiogram. Most renal arteries with less
than 50% stenosis on the initial angiogram demonstrated less
than 50% stenosis on the follow-up angiogram (i.e., the le-
sion remained essentially unchanged). In contrast, 7 (39%) of
18 renal arteries initially demonstrating 75% to 99% stenosis
progressed to total occlusion. Thus, progression to complete
occlusion occurred more often and more rapidly in renal ar-
teries initially demonstrating higher degrees of stenosis. Renal
arteries with more than 50% stenosis on the initial angiogram
that eventuated in complete occlusion did so within 2 years
of the initial angiogram. The serum creatinine concentration
increased in 54% of patients with progressive disease, but in
only 25% of patients without evidence of angiographic pro-
gression. The size of the involved kidney decreased in 70% of
patients with progressive renal arterial disease, but in only 27%
of patients without progressive disease. There was no signifi-
cant difference in how well BP was controlled between patients
with and those without progressive renal artery disease. In a
more recent study by Tollefson and Ernst, 48 patients with a
minimum of two renal arteriograms at least 1 year apart were
followed for a mean of 7.3 years (45). Stenosis progression
was found in 42 (53%) of the 79 renal artery lesions, with 7
progressing to total occlusion.
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A,B

FIGURE 52-3. A: Mild stenosis (less
than 50%) due to atherosclerotic dis-
ease of the right main renal artery
(B) progressed to high-grade (75% to
99%) stenosis, as shown on a later ar-
teriogram. (From: Schreiber MJ, Pohl
MA, Novick AC. The natural his-
tory of atherosclerotic and fibrous re-
nal artery disease. Urol Clin North Am
1984;11:383, with permission.)

Some centers use renal duplex ultrasonography and color-
coded duplex ultrasonography to noninvasively diagnose,
grade, and monitor the progress of atherosclerotic renal
artery lesions (47–53) The overall sensitivity and specificity
of renal artery duplex ultrasonography (compared with renal
arteriography—the gold standard) was 98% in one study (51).
Another recent study reported a 92% sensitivity in identifying
renal artery stenosis of more than 75%, with none of the high-
grade stenoses missing detection (52). Prospective studies of
progressive renal artery stenosis that used duplex ultrasonog-
raphy also suggested that atherosclerotic renal artery disease
is a progressive disorder; one report suggested a cumulative
incidence of progression to total occlusion of 5% ± 3% at
12 months and 11% ± 6% at 24 months (53). A more re-
cent report from the same institution, which provided longer
follow-up on two-and-a-half times as many kidneys, prospec-

tively monitored a total of 295 kidneys in 170 patients with
atherosclerotic renal artery stenosis for a mean follow-up pe-
riod of 33 months (54). Overall, the cumulative incidence of
atherosclerotic renal artery stenosis progression was 35% at
3 years and 51% at 5 years. The 3-year cumulative incidence
of renal artery disease progression stratified by baseline disease
classification was 18%, 28%, and 49% for renal arteries ini-
tially classified as normal, less than 60% stenosis, and greater
than or equal to 60% stenosis, respectively. The cumulative in-
cidence of progression of lesions with less than 60% reduction
in lumen diameter progressing to more than 60% reduction in
lumen diameter was 30% at 1 year, 44% at 2 years, and 48%
at 3 years. Progression to total occlusion occurred only in nine
arteries all of which had a baseline reduction in lumen diam-
eter of greater than 60%. The cumulative incidence of pro-
gression to total occlusion in patients with baseline stenosis

A B

FIGURE 52-4. A: Aortogram taken in 1974 demonstrates two normal right renal arteries and minimal
atherosclerotic irregularity of the left main renal artery. B: Repeat aortogram taken in 1978 shows pro-
gression to moderate stenosis of the upper right renal artery and progression to total occlusion of the
left main renal artery. (From: Pohl MA, Novick AC. Natural history of atherosclerotic and fibrous renal
artery disease: clinical implications. Am J Kidney Dis 1985;5:A120, with permission.)
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of 60% or more was 4% at 1 year, 4% at 2 years, and 7%
at 3 years. Factors significantly associated with the risk of re-
nal artery disease progression during the time of monitoring
included: systolic BP greater than or equal to 160 mm Hg, di-
abetes mellitus, and high-grade (more than 60%) stenosis in
either the ipsilateral or contralateral renal artery. Blood pres-
sure control and serum creatinine did not predict progression.
Further observations by these authors demonstrated that kid-
neys distal to high-grade renal artery stenosis and subjected
to severe ischemia and poorly controlled hypertension are at
increased risk of renal atrophy, and that loss of renal mass cor-
relates with elevations in the serum creatinine concentration
(55).

Cholesterol emboli and atheroembolic renal disease fre-
quently occurs in patients with diffuse atherosclerosis. Renal
cholesterol embolization may occur spontaneously, after ab-
dominal aortography or selective renal angiography, after aor-
tic surgery or following trauma (56–60). Chapter 70 provides
a detailed discussion of atheroembolism. Clinically, cholesterol
emboli through the renal arterial circulation are associated
with deteriorating renal function, sudden onset of hyperten-
sion, or an exacerbation of hypertension (58,61,62). Malig-
nant hypertension resulting from atheromatous embolization
has also been described (63). The pathogenesis of hypertension
in patients with renal cholesterol embolism has not been inves-
tigated extensively, but might be the result of activation of the
renin-angiotensin system, producing a vasoconstrictor-type of
hypertension. Bilateral renal vein renin sampling in one patient
with malignant hypertension and papilledema demonstrated
evidence of unilateral hypersecretion of renin; at autopsy, the
ipsilateral renal artery was occluded by atheromatous debris
and evidence of cholesterol embolism was found in the high
renin-producing kidney. The authors speculate that cholesterol
embolism causes increased renin release from the involved kid-
ney, in turn causing renin-dependent hypertension (63).

FIBROUS RENAL ARTERY DISEASE
(FIBROMUSCULAR DYSPLASIA)

Fibrous diseases of the renal artery are the most common cause
of renovascular hypertension in persons younger than 40 years
(Table 52-2). These abnormalities of the renal artery are a het-
erogeneous group of nonatherosclerotic, noninflammatory vas-
cular occlusive diseases. Fibrous dysplasias account for 20%
to 30% of renal artery lesions producing renovascular hyper-
tension, and are the most frequent cause of renovascular hy-
pertension in children, accounting for 40% to 80% of cases.
Fibrous renal artery disease producing renovascular hyperten-
sion is much more common in women than men and in white
patients rather than African American or Asian patients with
hypertension. It is only rarely observed in patients older than
60 years (64).

The etiology of the fibrous dysplasias is not completely
understood. Genetic factors and cigarette smoking have been
implicated as etiologic factors (19,65). The preponderance of
fibrous renal artery disease in women suggests hormonal influ-
ences, but no proof is available and no animal models exist.
An association between ptotic kidneys and fibrous dysplasia
suggests that arterial stretching may be a factor in the devel-
opment of fibrous renal artery disease (66,67). Mural ischemia
resulting from functional defects in the vasa vasorum supplying
the arterial wall has been implicated (68,69).

There are four different types of fibrous renal artery dis-
eases: medial fibroplasia, perimedial fibroplasia, medial hyper-
plasia, and intimal fibroplasia (Table 52-2). Although the true
incidence rates for these four types have not been clearly de-
fined, medial fibroplasia is most common, accounting for ap-

FIGURE 52-5. Right renal arteriogram demonstrating the weblike
stenoses with interposed segments of dilation (large beads) typical of
medial fibroplasia (“string-of-beads” lesion).

proximately 75% of fibrous renal artery lesions. Medial fibro-
plasia affects the distal half of the main renal artery, frequently
extends into the major branches, is often bilateral, and an-
giographically gives the appearance of multiple aneurysms (a
“string of beads”) wherein the diameter of the aneurysms is
wider than the apparently unaffected portion of the main renal
artery (Fig. 52-5). Most cases of medial fibroplasia are diag-
nosed in women between the ages of 30 and 50 years. Although
medial fibroplasia progresses to higher degrees of stenosis in
about one-third of patients, complete arterial occlusion and
ischemic atrophy of the kidney ipsilateral to the renal artery
stenosis are rare. The stenotic lesions in medial fibroplasia are
secondary to thickened fibromuscular ridges replacing the nor-
mal structure of the intima and media of the artery. These areas
alternate with thinned areas that do not have an internal elastic
membrane, thereby becoming aneurysmal.

Perimedial fibroplasia (subadventitial fibroplasia) accounts
for approximately 15% of fibrous renal artery lesions. This
lesion also occurs predominantly in women, typically between
the ages of 15 and 30 years. Angiographically, it is often charac-
terized by a small string-of-beads appearance, with the beads
being of similar or smaller diameter compared to the diam-
eter of the apparently unaffected portion of the renal artery
(Fig. 52-6). This lesion typically affects the distal half of the
main renal artery, is frequently bilateral and highly stenotic,
and may progress to total arterial occlusion. Collateral blood
vessels and renal atrophy on the involved side are commonly
observed (19,42,70,71).

Medial hyperplasia and intimal fibroplasia account for only
5% to 10% of fibrous renal artery lesions. Intimal fibroplasia
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FIGURE 52-6. Selective right renal arteriogram shows tight stenosis
in the midportion of the renal artery, with a small string-of-beads ap-
pearance typical of perimedial fibroplasia. Note that the beads are of
a smaller diameter than the unaffected proximal portion of the renal
artery. Note also the presence of collateral vessels often seen with per-
imedial fibroplasia. (From: Pohl MA, Novick AC. Natural history of
atherosclerotic and fibrous renal artery disease: clinical implications.
Am J Kidney Dis 1985;5:A120, with permission.)

occurs primarily in children and teenagers and angiographi-
cally appears as a localized, highly stenotic, smooth lesion with
poststenotic dilation. It may occur in the proximal portion of
the renal artery and when it does, it can resemble atheroma.
Intimal fibroplasia is progressive, and is occasionally associ-
ated with dissection or renal infarction, and renal atrophy
(Fig. 52-7). Medial hyperplasia, also rare, is found predom-
inantly in teenagers, and angiographically also appears as a
smooth, linear stenosis, sometimes appearing as though a lig-
ature were tied around the renal artery. There is considerable
difficulty in distinguishing between intimal fibroplasia and me-
dial hyperplasia by angiography, and in the literature, these
two types of fibrous artery disease may be grouped together
(70,71).

As emphasized by Goncharenko and associates, who re-
viewed the progression of fibrous renal artery disease in 42
patients studied by serial angiography, perimedial fibroplasia,
medial hyperplasia, and intimal fibroplasia produce high-grade
renal artery stenosis that eventually leads to renal atrophy, re-
nal infarction, and loss of renal parenchyma ipsilateral to the
stenosis (70). Because these disorders are generally encountered
in children, adolescents, and young adults with significant hy-
pertension, who would, without intervention, require lifelong
antihypertensive therapy, surgical renal revascularization is rec-
ommended for relief of hypertension and preservation of renal
function.

On the other hand, the most common form of fibrous re-
nal artery disease, medial fibroplasia, rarely progresses to total

FIGURE 52-7. Selective right renal arteriogram shows smooth tight
stenosis of the distal right renal artery from intimal fibroplasia.

arterial occlusion. Further, progressive arterial stenosis from
medial fibroplasia does not adversely affect total renal func-
tion as measured by serum creatinine concentrations, nor is it
associated with a significant reduction in kidney size (44). De-
spite the progressive nature of medial fibroplasia, the available
data indicate that the risk of losing renal function over time
due to progressive arterial occlusion is small. Accordingly, sur-
gical renal revascularization or PTRA need not be considered
for the goal of restoring or preserving renal function in pa-
tients with medial fibroplasia. In most centers, PTRA is the ini-
tial interventive maneuver for patients with medial fibroplasia
and hypertension refractory to drug therapy or for hyperten-
sive patients wishing to avoid antihypertensive drug therapy.
Because medial fibroplasia and perimedial fibroplasia can pro-
duce a “beaded” appearance on angiography, differentiating
between these two forms of fibrous renal artery disease may be
difficult. Accordingly, prudence dictates careful monitoring of
serum creatinine levels, kidney size, and BP control for patients
thought to have medial fibroplasia.

Acute and chronic renal artery occlusion secondary to renal
artery emboli, aortic or renal artery dissection, neurofibro-
matosis, arterial trauma, arteriovenous malformations, pol-
yarteritis nodosa, and Takayasu’s arteritis are discussed in
conjunction with corresponding angiograms in Chapter 14.
Rupture of a renal artery aneurysm is a rare but serious com-
plication that requires urgent surgery. Novicki et al. reported
200 cases of perirenal hematoma, 20% due to renal artery
aneurysm rupture (72). Stanley et al. reported a series in which
the incidence of rupture of renal artery aneurysm was 5.6%
(73). There is disagreement about the natural history and fac-
tors that predispose to rupture. Hageman and associates fol-
lowed 25 patients with renal artery aneurysms less than 2 cm
in diameter for periods of 1 to 17 years without demonstra-
tion of rupture or increase of aneurysm size (74). Rupture
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of a renal artery aneurysm tends to occur in noncalcified or
incompletely calcified aneurysms larger than 1.5 to 2.0 cm in
diameter (75–78). Pregnancy also predisposes to rupture of re-
nal artery aneurysms (77).

Takayasu’s arteritis, a nonspecific inflammatory disease af-
fecting large arteries such as the aorta and its main branches,
including the renal arteries, mainly affects young women. It
can cause discrete stenosis of the aorta and its main branches,
including the common carotid, subclavian, and renal arter-
ies. Renal artery involvement is not uncommon in Asian and
African patients and is a major cause of renovascular hyper-
tension in these countries. Koide reports renovascular hyper-
tension in 278 (18.8%) of 1,475 patients in a Japanese nation-
wide survey of Takayasu’s arteritis (79). Takayasu’s arteritis is
the most common cause of renovascular hypertension in In-
dia and China, accounting for as many as 60% of all cases of
renovascular hypertension (80–82).

THE ATROPHIC KIDNEY IN
RENOVASCULAR HYPERTENSION

A variety of imaging techniques (see Chapters 12–14) are em-
ployed in clinical medicine to evaluate diseases of the kidney
and urinary tract and pathologic processes in the abdominal
and pelvic cavities. Not infrequently, an atrophic kidney or a
substantial discrepancy in renal size is observed. Although the
relationship between an atrophic kidney and its possible role
in hypertension has long been appreciated, in the hypertensive
patient with unilateral renal atrophy, the renal atrophy is not
necessarily due to main renal artery stenosis.

In a postmortem study of 84 cases of unilateral atrophy
reported by Baggenstoss and Barker, ischemic atrophy from
occlusive disease of the renal artery was not mentioned as a
cause of renal atrophy (83). In 1944, Sensenbach reviewed the
literature and found that 48 of 75 (64%) diseased (but not
necessarily atrophic) kidneys removed for relief of hyperten-
sion showed chronic pyelonephritis (84). These investigators
noted only one instance each of renal infarction and occlu-
sion of the renal artery. Subsequent reviews by Smith (1948)
(85), Sabin (1948) (86), and Barker (1951) (87) attributed
most cases of an atrophic kidney, wherein the atrophic kidney
was presumably related to hypertension, as due to either uni-
lateral pyelonephritis, post obstructive atrophy, or congenital
hypoplasia.

With the advent of renal angiography in the late 1950s and
early 1960s for the evaluation of patients with hypertension,
renal artery occlusive disease became more evident as a cause
of the atrophic kidney. In 1965, Gifford and associates found
that in 53 (71%) of 75 patients with an atrophic kidney, the
renal atrophy was due to stenosing atherosclerotic renal artery
disease (88). In 22 (29%) of these 75 patients, the atrophic
kidney was associated with a patent renal artery and the renal
atrophy was thought to be secondary to pyelonephritis or con-
genital hypoplasia. Of special interest in that report was the
observation that of the 53 patients with atherosclerosis of the
renal artery supplying the atrophic kidney, 17 (32%) had un-
suspected atherosclerotic disease involving the renal artery of
the contralateral normal-sized kidney. Lawrie and associates
reviewed 40 patients with renal atrophy due to total arterial
occlusion and observed contralateral renal artery stenosis in
31 patients (78%) (89). An example (Case 1) is included in the
section Ischemic Renal Disease (Ischemic Nephropathy) later
in this chapter.

In children, the observation of hypertension in conjunc-
tion with an atrophic kidney raises the possibilities of
congenital hypoplasia, segmental hypoplasia of the kidney
(Ask-Upmark kidney) (90–93), postobstructive atrophy (88),

chronic pyelonephritis, and fibrous renal artery disease as the
basis for the small kidney. With advancing age, and certainly
for patients older than 45 to 50 years, particularly in the set-
ting of generalized atherosclerosis, atherosclerotic renal artery
stenosis is the leading cause of an atrophic kidney.

THE RENIN-ANGIOTENSIN
SYSTEM IN RENOVASCULAR

HYPERTENSION

Activation of the renin-angiotensin system by proteolysis of cir-
culating angiotensinogen is summarized in Figure 52-8. Renin,
an enzyme produced and released by the juxtaglomerular cells
of the kidney, hydrolyzes the circulating peptide angiotensino-
gen or renin substrate to form angiotensin I. Angiotensin I,
a decapeptide, reaches an active form after two additional
amino acids are cleaved by a carboxypeptidase, angiotensin-
converting enzyme (ACE), yielding angiotensin II. Many de-
tails concerning the renin-angiotensin cascade have been
established by pharmacologic blockade of the action or forma-
tion of angiotensin II (94–97). These sites of intervention are
illustrated on the right side of Figure 52-8. A non-ACE path-
way is an alternative route for the generation of angiotensin II
(98–100).

The renin-angiotensin-aldosterone system (RAAS) has a
central role in renovascular hypertension(101). Angiotensin II
is among the most potent, naturally occurring vasoconstrictors
interacting with specific vascular receptors in nearly all vascu-
lar beds. At high levels, angiotensin II produces elevations in
vascular resistance, thereby raising BP directly. Another major
role of angiotensin II is the regulation of aldosterone produc-
tion by the adrenal glomerulosa. Although not the only factor
stimulating aldosterone production, angiotensin II is a potent
stimulus for the secretion of aldosterone, thereby producing
sodium and volume retention and “secondary aldosteronism,”
clinically manifested by hypokalemia. A more detailed discus-
sion of the biochemical pathways that generate angiotensin II,
actions of angiotensin at specific locations in the kidney, ac-
tions of angiotensin II on the central nervous system and on
sympathetic nerve modulation, and interactions of angiotensin
II with other hormones (e.g., bradykinin, prostaglandins, va-
sopressin) is beyond the scope of this chapter, but is explored
more thoroughly in Chapters 2 and 9.

FIGURE 52-8. Progressive activation of the renin-angiotensin system
initiated by proteolysis of circulating angiotensinogen. Sites of phar-
macologic intervention are illustrated on the right side of the diagram.
(Adapted from: Textor SC. Pathophysiology of renovascular hyperten-
sion. Urol Clin North Am 1984;11:373, with permission.)
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PATHOPHYSIOLOGY OF
RENOVASCULAR HYPERTENSION

Current understanding of the pathophysiology of renovascu-
lar hypertension has been derived largely from animal studies.
The pioneering experiments of Goldblatt et al. in 1934 demon-
strated that persistent hypertension could be produced in dogs
by renal artery clamping (1). They proposed that a circulating
substance might be responsible for the hypertension, and this
concept was later confirmed by Page and Helmer (102), Pick-
ering (103), and Braun-Menendez et al. (104). Subsequently,
“Goldblatt hypertension” was extensively studied in animals,
and it has been assumed that many of the experimental obser-
vations apply to human renovascular hypertension.

Critical Perfusion Pressure

The generation of elevated BP by constriction of a renal artery
in experimental animals and in humans requires sufficient com-
promise of the renal arterial lumen to initiate the pathophys-
iologic sequence of events resulting in an increase in the BP.
Studies of arterial lesions in several vascular beds indicated that
compromise of the arterial lumen must reach an advanced level,
exceeding 80% to 85% cross-sectional obstruction, before
hemodynamic changes are evident (105,106). Renal blood flow
and the pressure gradient across a graded stenosis of the artery
supplying a dog’s kidney are not changed until the degree of
stenosis exceeds 70% to 80% (107). Renin secretion increases
as renal perfusion pressure falls, and becomes maximal at the
limit of autoregulation (101,108). These experimental stud-
ies demonstrated that a substantial reduction in both lumen
diameter and cross-sectional area is necessary before any mea-
surable decrease in arterial flow or pressure occurs (Fig. 52-9).
In experimental animals, the Goldblatt clamp is manually tight-
ened to produce a presumable reduction in lumen diameter of
at least 80% to 85% and to induce hemodynamically signifi-
cant renal artery constriction (109). In humans, the ability of

currently available imaging techniques to visualize hemody-
namically critical renal artery stenosis (i.e., greater than 75%
to 80%) may be more problematic; renal artery stenosis is of-
ten present, but not sufficiently tight to be hemodynamically
significant. It is notoriously difficult to establish the true dimen-
sions of a stenotic lesion from two-dimensional arteriograms,
but poststenotic dilation suggests hemodynamically significant
main renal artery stenosis (see Chapter 14). Simon has con-
cluded that an 80% stenosis of a renal artery is required to
stimulate renin secretion and lead to renovascular hyperten-
sion in humans (110).

The feature common to all experimental models of renovas-
cular hypertension and to clinical examples of the syndrome
of renovascular hypertension is a reduction in renal perfusion
pressure. Whether or not this reduced renal perfusion pressure
predictably causes intrarenal ischemia is unclear. Although the
clinical conditions producing human renovascular hyperten-
sion vary widely, these conditions all share the common de-
nominator of rendering renal perfusion sufficiently low to ac-
tivate the renin-angiotensin system. In the case of a main renal
artery stenosis, it is important to recognize that detection of
hemodynamic effects related to renal artery stenosis implies
far-advanced (greater than 75% to 80%) reduction in lumen
diameter. High-grade renal artery occlusion may result in loss
of poststenotic perfusion and possibly, eventual total arterial
occlusion. The concomitant renal hypotension injures the kid-
ney and causes progressive loss of renal parenchyma (111).
These concepts are explored in greater detail in Chapters 2
and 39.

Experimental Models

Although there are differences among species (rat, dog, rabbit)
in experimental renovascular hypertension, two basic models
of Goldblatt hypertension are recognized: the two-kidney, one-
clip (2K-1C) model (in which one renal artery is constricted and
the contralateral renal artery and kidney are left intact) and
the one-kidney, one-clip (1K-1C) model (in which one renal

FIGURE 52-9. A: Changes in arterial flow and (B) pressure across a stenotic lesion during variation in the
degree of stenosis in the dog. These studies demonstrate that blood flow and pressure gradients induced
by vascular stenosis are negligible until the lumen narrows to more than 75% to 80% of total occlusion.
Further stenosis produced abrupt loss in blood flow. (Adapted from: May AG, Van de Berg L, DeWeese
JA, et al. Critical arterial stenosis. Surgery 1963;54:250, with permission.)
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FIGURE 52-10. Two animal models of renovascular hypertension. In
the two-kidney model the hypertension is mainly renin-dependent; in
the one-kidney model, hypertension is mainly volume-dependent.

artery is constricted and the contralateral kidney is removed).
These two experimental models of renovascular hypertension
are diagrammed in Figure 52-10.

In 2K-1C (“two-kidney”) Goldblatt hypertension, the renal
artery on one side is partially occluded (clipped) and the renal
artery to the contralateral kidney remains patent. Initially, el-
evated arterial pressure is associated with increased renal and
plasma renin levels and normal plasma and extracellular fluid
volumes. This form of experimental renovascular hypertension
is mainly renin- or angiotensin II-dependent (112). In 1K-1C
(“one-kidney”) Goldblatt hypertension, the renal artery on one
side is partially occluded and the contralateral kidney is re-
moved. In this model, the elevated BP is associated with volume
expansion and circulating renin levels which become normal
over time. A renin-initiated vasoconstrictor state is implicated
in the two-kidney model (112,113). The volume component is
not a major initial mechanism because the intact contralateral
kidney undergoes a pressure natriuresis (114,115). In the one-
kidney model, pressure-induced natriuresis is absent owing to
the removal of the contralateral kidney (96,116).

Human unilateral renovascular hypertension most closely
resembles the 2K-1C model. Clinical counterparts of exper-
imental two-kidney renovascular hypertension are listed in
Table 52-3. The 1K-1C model may be comparable to human
bilateral renal artery stenosis, renal artery stenosis in a solitary
functioning kidney, hypertension in a transplanted kidney, and
renovascular disease with coexisting bilateral renal parenchy-

TA B L E 5 2 - 3

CLINICAL COUNTERPARTS OF EXPERIMENTAL 2K-1C
(“TWO-KIDNEY”) RENOVASCULAR HYPERTENSION
(IMPLIES CONTRALATERAL [NONAFFECTED]
KIDNEY IS PRESENT)

Unilateral atherosclerotic renal artery disease
Unilateral fibrous renal artery disease
Renal artery aneurysm, arterial embolus
Arteriovenous fistula (congenital or traumatic)
Segmental renal arterial occlusion
Pheochromocytoma compressing renal artery
Unilateral ureteral obstruction, atrophic pyelonephritis, or

hypoplastic kidney
Unilateral metastatic tumor, perirenal hematoma, or

subcapsular hematoma (compressing renal parenchyma)a

aClinical analogs of experimental Page kidney.

TA B L E 5 2 - 4

CLINICAL COUNTERPARTS OF EXPERIMENTAL 1K-1C
(“ONE-KIDNEY”) RENOVASCULAR HYPERTENSION
(IMPLIES TOTAL RENAL MASS HYPOPERFUSED)

Stenosis to a solitary functioning kidney
Bilateral renal arterial stenosis
Aortic coarctation
Vasculitis (polyarteritis nodosa and Takayasu’s arteritis)
Unilateral renal arterial disease (atherosclerotic or fibrous)

with coexisting renal parenchymal disease
Atheroembolic renal disease

mal disease (Table 52-4). Nevertheless, most patients with ap-
parently significant bilateral renal artery stenosis, or stenosis of
a transplanted kidney have elevated levels of PRA (117,118).

Most discussions of renovascular hypertension focus on
two-kidney hypertension. In Figure 52-11 are schematically
represented the classic model of two-kidney Goldblatt hyper-
tension. In the presence of hemodynamically sufficient uni-
lateral renal artery stenosis, the kidney distal to the stenosis
(“stenotic kidney”) is rendered ischemic, consequent to im-
paired renal perfusion, activating the renin-angiotensin system,
generating high levels of angiotensin II, and producing a “vaso-
constrictor” type of hypertension. Numerous studies estab-
lished the causal relationship between angiotensin II–mediated
vasoconstriction and hypertension in the early phase of experi-
mental renovascular hypertension (94,112,113,115,119). The
high levels of angiotensin II stimulate the adrenal cortex to elab-
orate large amounts of aldosterone (secondary aldosteronism),
promoting sodium retention by the stenotic kidney. Moreover,
angiotensin directly enhances renal NaCl and fluid reabsorp-
tion (120). Both the direct pressor effects of angiotensin II and
sodium retention lead to restoration of renal perfusion pressure
at the expense of producing systemic hypertension (119). Mild
or moderate degrees of renal artery stenosis (less than 75%
to 80%) do not initiate this sequence of events. The human
correlate of experimental two-kidney hypertension assumes a
similar sequence of events, with renal artery stenosis producing
a hemodynamically significant reduction in perfusion, and acti-
vating the renin-angiotensin system. Secondary aldosteronism
ensues, and hypokalemia is frequently observed.

The model of 2K-1C Goldblatt hypertension implies that
the “contralateral” (unaffected) kidney is present and that its
renal artery is patent or only minimally narrowed. As indicated
in Figure 52-11, the contralateral kidney exhibits suppressed
renin secretion and a pressure natriuresis. The suppressed renin
from the contralateral kidney is explained by the exposure of
this kidney to systemic arterial pressures that are higher than
normal and higher than the pressure reaching the stenotic kid-
ney. Accordingly, there should be no stimulus for renin release
by the contralateral kidney, and renin content should be sup-
pressed on this side. Renal venous renin levels are typically the
same as arterial levels, indicating no net renin secretion from
the contralateral kidney (121,122). In experimental studies,
the contralateral kidney is devoid of renin content and juxta-
glomerular cell granulation (123,124). Further, the contralat-
eral kidney, if truly functioning normally and devoid of renal
parenchymal damage, should undergo a “pressure natriure-
sis,” excreting salt and volume at levels higher than normal
(125). Numerous studies confirmed that excretion of sodium
predominates in the contralateral kidney, but it has been dif-
ficult to establish in humans whether this pressure natriuresis
is caused purely by exaggerated natriuresis of the contralateral
kidney or by extreme sodium avidity by the stenotic kidney, or
by both (126,127).
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FIGURE 52-11. Schematic representation of two-
kidney renovascular hypertension. The presence of a
unilateral, hemodynamically significant renal arterial
narrowing initiates a sequence of events within the af-
fected kidney (“stenotic kidney”) based on activation
of the renin-angiotensin system. Initially vasoconstric-
tion and sodium retention result, leading to the systemic
elevation of blood pressure and suppression of renin
and enhanced excretion of sodium by the “contralateral
kidney.”

Therefore, the hemodynamic, biochemical, and functional
observations in two-kidney Goldblatt hypertension differ be-
tween the stenotic and contralateral kidneys. The kidneys ef-
fectively work against one another; the contralateral kidney
excretes sodium and water continuously and thereby prevents
the systemic arterial pressure from reaching levels sufficient
to restore renal perfusion to the stenotic kidney adequate to
suppress the release of renin (128). Based on this pathophys-
iology, two-kidney renovascular hypertension should be char-
acterized by the following: (a) unilateral release of renin and
contralateral suppression; (b) sodium avidity by the stenotic
kidney and continuous excretion of sodium by the unaffected,
contralateral kidney; (c) euvolemia or relative intravascular
volume depletion, depending on the balance between sodium
avidity in the stenotic kidney and the pressure natriuresis in the
contralateral kidney; and (d) BP dependent on circulating an-
giotensin II (and marked decreases in BP with administration
of angiotensin II antagonists or ACE inhibitors). These obser-
vations have been largely confirmed in humans, although not
entirely (129–133).

A similar sequence of events probably produces elevated ar-
terial pressure in one-kidney renovascular hypertension. The
critical difference between one-kidney and two-kidney reno-
vascular hypertension is that in one-kidney renovascular hy-
pertension there is no contralateral kidney to offset the sys-
temic BP elevation and sodium retention by the kidney distal
to the renal artery stenosis. There is no contralateral kidney
to undergo a pressure natriuresis. Renal perfusion pressures
are thus able to reach levels sufficient to suppress renin to
“normal” levels although these can be considered markedly
elevated relative to the high BP. The elevated arterial pressure
is sustained by sodium and volume excess and inappropriate,
ongoing secretion of renin (113,134,135). BP elevation is less
dependent on circulating angiotensin II (94,112,113). Under
conditions of sodium depletion, however, the pressor role of
angiotensin II may be demonstrated (136). The normal renin
and angiotensin II levels in one-kidney renovascular hyperten-
sion might be viewed as being inappropriately normal for the
level of BP elevation, arguing for a vasoconstrictor contribution
of angiotensin II in one-kidney hypertension.

Evolution of Renovascular Hypertension

The notions that 2K-1C renovascular hypertension is renin-
dependent and that 1K-1C renovascular hypertension is
volume-dependent are oversimplifications. Considerable data
in animals (mainly rats and dogs) indicate that the patho-
genetic processes producing renovascular hypertension do not

remain static. Operationally, the pathogenesis of both models
of Goldblatt hypertension can be viewed as evolving through
an acute phase (phase I), a transition phase (phase II), and
a chronic phase (phase III) (114,116,137). In both the two-
kidney and one-kidney models of experimental renovascular
hypertension, induction of renal hypoperfusion produced by
constriction of a renal artery produces prompt elevation of
the BP in concert with activation of the renin-angiotensin sys-
tem. Administration of ACE inhibitors or the angiotensin II
receptor blocker saralasin prevents this rise in BP, indicating
that this initial elevation of arterial pressure is renin- or an-
giotensin II-dependent (138,139). Cervenka demonstrated that
mice with genetic knockout of the AT1 receptor failed to de-
velop renovascular hypertension with the renal artery clipped
(139). Removal of the renal artery clip or unilateral nephrec-
tomy of the stenotic kidney promptly normalizes the BP in this
acute phase of 2K-1C experimental renovascular hypertension
(94,96,113,114,116,119).

Although one presumes that excess renin is released from
the stenotic kidney, peripheral plasma concentrations of renin
are not always increased (140,141). Removal of the stenotic
kidney does not always reduce the BP (119,131,142,143). Fur-
ther, widespread clinical experience supports the observation
that surgical renal revascularization to the stenotic kidney or
balloon dilation of the renal artery ipsilateral to the stenotic
kidney often fails to lower the BP, particularly in patients with
atherosclerotic renal artery stenosis (131,144–146).

These observations may be reconciled by separating two-
kidney renovascular hypertension into sequential phases as
depicted in Figure 52-12 (116). In phase I, renal ischemia and
activation of the renin-angiotensin system are of fundamen-
tal importance, and the BP elevation is renin-dependent. Acute
administration of angiotensin II antagonists or ACE inhibitors,
removal of the renal artery stenosis (i.e., removal of the clip in
the experimental animal), or removal of the stenotic kidney
will promptly normalize the BP. In the absence of these ma-
neuvers, a transition phase (phase II) subsequently develops,
bridging the acute (phase I) and chronic (phase III) phases of
experimental renovascular hypertension. This transition phase
variably lasts from a few days to several weeks, depending on
the experimental model and animal species. During this tran-
sition phase, plasma renin levels progressively fall, but the BP
remains elevated. Salt and water retention are observed as a
consequence of the effects of hypoperfusion of the stenotic kid-
ney, augmented proximal renal tubular reabsorption of sodium
and water, and secondary aldosteronism (137,147). In addi-
tion, the high levels of angiotensin II stimulate thirst, further
contributing to an expansion of the extracellular fluid volume.
The expanded extracellular fluid volume results in a progressive
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FIGURE 52-12. Sequential phases in two-kidney, one-clip (two-
kidney) experimental renovascular hypertension and the effect on
blood pressure and renin secretion. After the clip is put on one main re-
nal artery with the contralateral kidney left untouched, blood pressure
and renin secretion increase. In phase II, the blood pressure remains
high, but renin secretion falls. In phase III, the blood pressure remains
elevated, despite removal of the clip, presumably reflecting vascular
damage in the contralateral kidney. (From: Brown JJ, Davies DL, Mor-
ton JJ, et al. Mechanism of renal hypertension. Lancet 1976;1:1219,
with permission.)

suppression of peripheral plasma renin activity (PRA). Dur-
ing this transition phase, the hypertension is still respon-
sive to removal of the unilateral renal artery stenosis, to an-
giotensin II blockade, or to unilateral nephrectomy, although
these maneuvers do not normalize the BP as promptly and
consistently as in the acute phase (137,148). These changes
may depend on recruitment of additional mechanisms of an-
giotensin II action, including the generation of reactive oxygen
species (149,150), quenching of nitric oxide (151), and gen-
eration of endothelium-derived substances such as endothelin
(152,153) and thromboxanes (154,155). Some of these mech-
anisms depend upon slowly developing effects of angiotensin
II at levels that do not reverse with direct angiotensin II
blockade (156).

After several days or weeks, a chronic phase (phase III)
evolves, wherein removal of the stenosis by unclipping the re-
nal artery in the experimental animal or nephrectomy of the
stenotic kidney fails to reduce the BP (116). The mechanism
maintaining elevated arterial pressure, that is, the failure of
“unclipping” to lower the BP in this chronic phase of 2K-1C
hypertension, is almost certainly multifactorial but is in large
part due to widespread arteriolar damage in the contralateral
kidney consequent to elevated systemic pressure and the initial
high levels of angiotensin II. In this chronic phase of 2K-1C ren-
ovascular hypertension, extracellular fluid volume expansion
and systemic vasoconstriction are the main pathophysiologic
abnormalities (112), The BP remains elevated even though the
PRA has returned to a normal level. The pressure natriuresis
of the contralateral kidney blunts the extracellular fluid vol-
ume expansion initially generated by the stenotic kidney (Fig.
52-11), but as the contralateral kidney suffers vascular dam-
age from prolonged exposure to the increased BP, its excretory
function diminishes and extracellular fluid volume expansion
persists. In phase III of 2K-1C hypertension, acute blockade
of the renin-angiotensin system fails to lower the BP. Sodium
depletion may ameliorate the hypertension but does not nor-
malize it (112,157).

Systemic vasoconstriction also contributes to the elevated
BP in phase III of two-kidney hypertension, despite normaliza-
tion of renin levels. Conceptually, the normal levels of renin
and angiotensin II may be viewed as inappropriately high for
the level of arterial pressure. In rat studies 9 to 12 months into
2K,1C hypertension, although there is no immediate response

to an angiotensin receptor blocker (ARB), the BP gradually
falls to near normal values over 3 days of ARB infusion (155).
This suggests that angiotensin II remains a critical determinant
of the hypertension, but that this is no longer due to direct
effects of circulating angiotensin II. Interestingly, blockade of
thromboxane-prostanoid (TP) receptors over 3 days also re-
duces BP in this model, suggesting a role for vasoconstrictor
prostaglandins. Whether the peripheral renin level is elevated
or not, this phase of renovascular hypertension is associated
with increased sensitivity to angiotensin II (157), increased lev-
els of vasopressin (137,158,159), and increased peripheral and
central sympathetic nervous system activity (127,160–164).
Experimental studies demonstrated that angiotensin II acts on
both the central and the peripheral nervous system to acti-
vate sympathetic outflow. Plasma norepinephrine concentra-
tion and norepinephrine content in the hypothalamus are in-
creased in 1K-1C hypertensive rats, and in the same model,
central sympatholytic interventions such as creation of lesions
in the posterior hypothalamus prevent or attenuate the hyper-
tension. Further, renal denervation lowers BP, plasma nore-
pinephrine levels, and hypothalamic norepinephrine content
in the absence of changes in sodium or water intake, sodium
excretion, PRA, or creatinine clearance (164). A recent study
demonstrated elevated sympathetic nerve activity by means of
intraneural recordings of muscle sympathetic nerve activity in
patients with renovascular hypertension (165). Administration
of clonidine lowers BP, PRA, and urinary norepinephrine ex-
cretion, providing further support for a role of central ner-
vous system pressor mechanisms in the chronic phase of ex-
perimental renovascular hypertension. Hypertension-induced
structural changes in the vascular wall may also contribute to
the maintenance of elevated pressure in this chronic phase of
2K-1C renovascular hypertension. These changes may develop
via mechanical, neural, humoral, or pressure-related factors
(137,147). This may explain why it takes some days for an
angiotensin II receptor blocker to reduce BP in chronic reno-
vascular hypertension in rats (155).

In human 2K-1C renovascular hypertension, the duration
of hypertension is probably a surrogate for the chronic phase
(phase III) of experimental 2K-1C renovascular hypertension.
Hypertension, lasting more than 3 to 5 years in patients with
unilateral renal artery stenosis, particularly if poorly con-
trolled, has a mediocre cure rate after renal revascularization
or nephrectomy (131,144–146). This is illustrated in studies
of the outcome of two sets of selected patients having tests in-
dicating functionally important renal artery stenosis. Among
63 patients with atherosclerotic RAS, hypertension was cured
by intervention in 21% (166) while it was cured by interven-
tion in 52% with fibromuscular RAS (167). In both series, the
strongest factor predicting cure was a short history of hyper-
tension. These observations are particularly true for patients
with unilateral atherosclerotic renal artery disease, and may
be accounted for by the development over time of unrecog-
nized nephrosclerosis in the contralateral kidney (168–171).
As emphasized by Vertes and associates (170), many patients
with unilateral atherosclerotic renal artery stenosis have the un-
equal development of bilateral, obliterative, intrarenal vascular
disease. Detection of such pathologic changes in renal biopsy
specimens from the contralateral kidney in patients with
atherosclerotic renal artery stenosis was consistently associated
with failure to achieve BP reduction by either renal revascular-
ization of the stenotic kidney or its removal (171,172). How-
ever, the concept that the late stage of renovascular hyperten-
sion in humans is strictly analogous to phase III renovascular
hypertension in animals may be an oversimplification because
nephrectomy of the kidney ipsilateral to the renal artery steno-
sis usually leads to a significant fall in BP.

Thus, although in the early phase of 2K-1C Goldblatt hy-
pertension the generation of the hypertension appears to be
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TA B L E 5 2 - 5

PATHOGENETIC MECHANISMS IN SEQUENTIAL
PHASES OF RENOVASCULAR HYPERTENSION

Acute phase
Renin dependency

Transition phase
Sodium and water retention
Angiotensin II effects

Aldosterone
Intrarenal hemodynamics
Tubular function
Thirst

Progressive suppression of plasma renin activity
Changes in the contralateral kidney

Blunted pressure natriuresis
Impaired autoregulation

Chronic phase
Volume expansion

Suppressed plasma renin activity
Reciprocation of sodium dependency with renin

dependency
Systemic vasoconstriction
Renin-angiotensin system

Increased angiotensin II sensitivity
Local vascular renin-angiotensin system
Vasopressin
Peripheral and central sympathetic activity
Quenching of nitric oxide
Oxidative stress
Thromboxanes
Endothelin
Impaired sodium transport
Total body autoregulation
Structural changes in vascular wall

Development of nephrosclerosis

predominantly renin-dependent and the hypertension is ame-
liorated by interference with the renin-angiotensin system,
revascularization, or nephrectomy, the maintenance of BP ele-
vation in the chronic phase of experimental renovascular hy-
pertension and in hypertensive patients with long-standing
unilateral renal artery stenosis is multifactorial and less clearly
defined. The complexities of the pathogenetic mechanisms in
sequential phases of renovascular hypertension are summa-
rized in Table 52-5.

Extrapolating these observations to patients, one might pre-
sume that the sooner an arterial lesion presumably causing ren-
ovascular hypertension is removed, the more likely the chance
for relief of the hypertension. Admittedly, this clinical sug-
gestion may be stretching the experimental observations too
far. Nevertheless, clinical experience indicates that corrective
surgery for unilateral renal artery stenosis as the presumptive
cause for hypertension is far more successful in patients with
a brief history of hypertension (e.g., less than 5 years) in con-
trast to patients with hypertension of a longer duration or with
coexisting azotemia (131,144–146).

Thus far in this chapter, our discussion of the pathophys-
iology of renovascular hypertension has focused on the 2K-
1C model of renovascular hypertension (Fig. 52-11). The most
common clinical counterpart to this type of hypertension is
unilateral renal artery stenosis due to atherosclerotic or fibrous
renal artery disease. It should be appreciated, however, that sev-
eral other clinical circumstances (Table 52-3) may be associated
with this type of hypertension, including unilateral renal artery
aneurysm (75,173,174), congenital and traumatic arteriove-

nous fistula (175,176), and segmental arterial occlusion. Uni-
lateral renal trauma, with perirenal or subcapsular hematoma
formation, and development of a calcified fibrous capsule sur-
rounding the injured kidney causing compression of the renal
parenchyma may produce the syndrome of two-kidney ren-
ovascular hypertension (177–182), a clinical situation analo-
gous to the experimental Page kidney. Clinical counterparts of
1K-1C experimental renovascular hypertension (Table 52-4),
wherein the total renal mass is implicitly underperfused and
possibly ischemic, are common in clinical medicine. In pol-
yarteritis nodosa, Takayasu’s arteritis (81,183), and atheroem-
bolic renal artery disease (61,63,184) the syndrome of reno-
vascular hypertension is initiated by renal underperfusion, but
without main renal artery stenosis. In patients with bilateral
renal artery stenosis or renal artery stenosis of a solitary func-
tioning kidney (native or transplanted kidney), multiple phys-
iologic factors contribute to the hypertension; these include
systemic vasoconstriction, volume expansion, and probable co-
existing intrarenal ischemia due to nephrosclerosis or the vas-
cular changes of chronic rejection.

In summary, the pathogenesis and pathophysiology of hu-
man renovascular hypertension are complex, and to a large
degree incompletely defined. The relative contribution of var-
ious physiologic factors implicated in experimental models is
uncertain. These uncertainties apply to human renovascular
hypertension as well. Not surprisingly, predicting which pa-
tients might have renovascular hypertension is even more dif-
ficult. Nonetheless, compelling evidence exists for the impor-
tant participation of the renin-angiotensin system as well as
of volume-renin interrelationships in the pathogenesis of reno-
vascular hypertension. The contribution of other factors and,
in particular, a clearer understanding of intrarenal physiology
and pathology distal to main renal artery stenosis are areas for
future investigation.

Diagnosis of Renal Artery Stenosis and
Renovascular Hypertension

There are two reasons to diagnose renal artery stenosis. First,
renal artery stenosis in some hypertensive patients, if hemody-
namically significant, might be the cause of the hypertension
(i.e., renovascular hypertension). Second, renal artery steno-
sis has the potential to adversely affect renal function. Clinical
concern over these two issues “hypertension and renal func-
tion” dictates the appropriate choice of diagnostic tests.

A number of epidemiologic observations, clinical features,
laboratory tests, and diagnostic maneuvers are associated with
the anatomic presence of renal artery stenosis or predict the
likelihood that the renal artery stenosis is causing or contribut-
ing substantially to hypertension (Tables 52-6 to 52-8). Some
clinical features and diagnostic tests (e.g., an atrophic kidney
in a hypertensive patient with generalized atherosclerosis or
an abnormal-appearing renal artery duplex ultrasound scan
[34]) indicate main renal artery stenosis. Auscultation of a

TA B L E 5 2 - 6

STEPS IN MAKING THE DIAGNOSIS OF
RENOVASCULAR HYPERTENSION

1. Demonstration of renal arterial stenosis by angiography
2. Determination of pathophysiologic significance of the

stenotic lesion
3. Cure of the hypertension by intervention (i.e., surgical

revascularization, percutaneous transluminal angioplasty,
or nephrectomy)
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TA B L E 5 2 - 7

DIAGNOSIS OF RENAL ARTERIAL STENOSIS

Clinical clues
Age at onset of hypertension <30 or >55 yr
Abrupt onset of hypertension
Acceleration of previously well-controlled hypertension
Hypertension refractory to an appropriate three-drug

regimen
Accelerated retinopathy
Malignant hypertension
Systolic-diastolic abdominal bruit
Flash pulmonary edema
Evidence of generalized atherosclerosis obliterans
Acute renal failure with angiotensin-converting enzyme

inhibitor treatment

Diagnostic tests
Duplex ultrasonography
Magnetic resonance angiography
Computerized tomography angiography
Radionuclide renography
Captopril renography
Captopril provocation test (captopril plasma renin activity)
Rapid-sequence intravenous pyelography
Intravenous digital subtraction angiography
Carbon dioxide angiography
Conventional arteriography

systolic/diastolic abdominal bruit in the abdomen of a young
white woman not only suggests renal artery stenosis due to fi-
brous renal artery disease, but also predicts a cure for the hyper-
tension with renal revascularization (185). Similarly, captopril
renography is highly predictive of both renal artery stenosis and
renovascular hypertension (28,186). Formal renal angiography
detects renal artery stenosis but does not differentiate renal
artery stenosis from renovascular hypertension. Confounding
the interpretation of clinical clues and diagnostic tests suggest-
ing renal artery stenosis and renovascular hypertension is the
frequent occurrence of renal artery stenosis in patients with es-
sential hypertension and the fact that the diagnosis of renovas-
cular hypertension is only firmly established, retrospectively,
by observing cure or marked amelioration of the hyperten-
sion following renal revascularization or nephrectomy. There
is abundant literature devoted to clinical features and diagnos-
tic maneuvers predicting that renal artery stenosis is causing
the hypertension. On the other hand, clinical clues and diag-

TA B L E 5 2 - 8

DETERMINATION OF PATHOPHYSIOLOGIC
SIGNIFICANCE OF THE STENOTIC LESION (THE
DECISION TO RECOMMEND INTERVENTION, i.e.,
OPERATION OR PERCUTANEOUS TRANSLUMINAL
RENAL ANGIOPLASTY [PTRA], OR RENAL
ARTERY STENT)

Duration of hypertension <3–5 yr
Positive findings on captopril renogram
Positive result on captopril test
Renal vein renin ratio >1.5
Hypokalemia
Systolic-diastolic bruit in abdomen
Abnormal rapid-sequence intravenous pyelogram
Appearance of lesion on angiogram (>75% stenosis)

nostic tests predicting that renal artery stenosis will eventuate
in renal insufficiency are lacking.

Because the great majority of patients diagnosed as hav-
ing renovascular hypertension have this syndrome consequent
to main renal artery stenosis, the first step in making the di-
agnosis of renovascular hypertension is to demonstrate that
renal artery stenosis is present. Until recently, the anatomic
diagnosis of renal artery stenosis was confirmed only by con-
ventional renal arteriography. Newer imaging modalities (see
Chapters 12–14), including intravenous digital subtraction an-
giography, magnetic resonance angiography, computerized to-
mography angiography, and duplex ultrasound, have evolved
in recent years, allowing for variable reductions in expense,
risk, and invasiveness in diagnosing renal artery stenosis. The
second step in making the diagnosis of renovascular hyperten-
sion is to determine the pathophysiologic significance of the
renal artery stenosis. The third step in diagnosing renovascular
hypertension is to cure or markedly ameliorate the hyperten-
sion with surgical or endovascular renal revascularization or re-
moval of the involved kidney. Thus, hypertension presumed to
be renovascular in origin is a retrospective diagnosis. Although
renovascular hypertension is hypertension that is improved or
cured by a technically successful intervention, at some point
the hypertension may be analogous to phase III renovascular
hypertension in animals when the hypertension becomes au-
tonomous.

Issues of Prevalence, Epidemiology, Clinical
Features, and Physical Examination

Epidemiology and Prevalence

The prevalence of renovascular hypertension is not known with
precision, but available data suggest that it occurs in 0.5% to
5.0% of the general hypertensive population (187–196). Cen-
ters with special interest in hypertensive disorders have gen-
erated the available data on the prevalence of renovascular
hypertension. Consequently, the incidence of renovascular hy-
pertension in the community remains unknown. Many centers
search for the presence of renovascular hypertension only when
BP is poorly controlled. Screening procedures were less sensi-
tive when these prevalence figures were obtained. It is difficult
to determine whether prevalence figures in various reports are
referring to renal artery stenosis, renovascular hypertension,
or both. A negative result on a screening procedure at some
point during a patient’s clinical course does not exclude fu-
ture development of renal artery stenosis, particularly from
atherosclerotic renal artery disease.

Data from the Mayo Clinic revealed relative rarity of reno-
vascular hypertension; only 0.18% of their hypertensive popu-
lation underwent surgery for presumed renovascular hyperten-
sion. This low prevalence may be accounted for in part by the
fact that not all the screened patients underwent arteriography
(197). Although the small prevalence range for renovascular
hypertension implies that this condition is rare, hypertension
affects approximately 15% of the general population in West-
ern countries, and it is estimated that more than 60 million
people in the United States have hypertension (187,198). With
the exception of hypertension due to oral contraceptive use,
excessive alcohol ingestion, and the relief of hypertension by
treatment of end-stage renal disease, renovascular hypertension
is the most common correctable cause of secondary hyperten-
sion.

Although the prevalence of renovascular hypertension is
probably less than 1% for patients with mild-to-moderate hy-
pertension (187,193,195), the incidence of renovascular hy-
pertension may be as high as 10% to 45% in white patients
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with acute onset of hypertension or severe or refractory hy-
pertension, even if worsening BP is superimposed on preex-
isting mild-to-moderate hypertension (199–202). Most studies
suggested that renal artery stenosis and renovascular hyperten-
sion are less common in African American patients, in whom
severe hypertension is usually due to essential hypertension
(203–205). Grim and co-workers (205) found functional re-
nal artery stenosis in 11.7% of 377 hypertensive whites, but
in none of 87 hypertensive blacks. However, because hyperten-
sion affects a greater proportion of the black population, the
number of blacks with renovascular disease may be underesti-
mated. One study indicated that the prevalence of renovascu-
lar hypertension in selected whites and blacks was similar, but
that blacks had a much higher prevalence of both renal artery
stenosis and renovascular hypertension compared to rates in
previous reports (206). Another report indicated that 30% of
blacks with significant coronary disease had concomitant renal
artery stenosis (207). These data are supported by population
surveys in the elderly in North Carolina (208).

Clinical Signs and Symptoms

When sustained diastolic hypertension (with diastolic pressure
greater than 110 mm Hg) appears before age 30 or after age
55, renovascular disease should be suspected. Renovascular hy-
pertension may appear between the ages of 30 and 55 years,
but the onset of hypertension between these years typically
indicates primary (essential) hypertension. In the Cooperative
Study of Renovascular Hypertension, the average age of on-
set for fibrous renal artery disease as the cause of renovascular
hypertension was 33 years, and 16% of these patients were
younger than 20 years. For atherosclerotic renal artery disease
as the cause of renovascular hypertension, the average age at
onset was 46 years, and 39% of these patients were older than
50 years. For essential hypertension, the average age at onset
was 35 years, and only 7% were older than 50 years; 12%
were younger than 20 years (133,209). The decision for or
against renal angiography should not be based on gender, be-
cause atherosclerotic renovascular disease occurs with enough
frequency in either sex to justify renal angiography if other
clinical clues are present.

Virtually all discussions and definitions of renovascular hy-
pertension have focused on persistent elevation of the diastolic
BP or on elevations of both diastolic and systolic BP. Thera-
pies directed at curing or improving presumed renovascular
hypertension have always defined “cure” or “improvement”
in terms of reduction in the diastolic BP or improved levels of
both diastolic and systolic pressure. The notion that isolated
systolic hypertension or wide pulse pressure hypertension (e.g.,
180/70 mm Hg) could be renovascular in origin has been
largely ignored. In the Cooperative Study of Renovascular Hy-
pertension (209), no mention was made that renovascular hy-
pertension might be a reflection of isolated systolic hyperten-
sion or wide pulse pressure hypertension. With the widespread
employment of renal artery stenting, particularly in elderly pa-
tients with generalized atherosclerosis obliterans, new thoughts
and data regarding degrees of improvement in systolic BP in
patients with normal diastolic BPs could emerge. Conceivably,
new definitions of renovascular hypertension could include re-
ductions in systolic pressure alone or reductions in pulse pres-
sure in addition to the time-honored definitions of renovascular
hypertension which have required improvement in diastolic BP
levels or both diastolic and systolic BP levels.

A strong family history of hypertension suggests primary
(essential) hypertension and argues against renovascular hy-
pertension. However, a negative family history is not always
useful as evidence for renovascular hypertension unless one
can ascertain that close relatives are normotensive. The Coop-
erative Study of Renovascular Hypertension reported a statis-

tically significant difference in the presence of family histories
of hypertension between patients with renovascular hyperten-
sion (46%) and a group of patients with essential hypertension
(71%) matched for race, age, and sex (133,209). However,
family history by itself has limited usefulness in guiding sub-
sequent diagnostic studies for a specific hypertensive patient
because the overlap is large and many patients with essen-
tial hypertension develop superimposed atherosclerotic renal
artery stenosis later in life. Several reports suggest the familial
occurrence of fibrous renal artery disease, the exact mode of
transmission being unclear (210,211). Cigarette smoking has
been proposed as an etiologic factor in fibrous renal artery dis-
ease (19,32,65), and one presumes that cigarette smoking is
a risk factor for atherosclerosis of the renal artery as it is for
atherosclerosis in other vascular beds.

In general, the duration of hypertension is shorter for pa-
tients with renovascular hypertension than for patients with
essential hypertension (131,133,211,212). When the clini-
cal characteristics of essential and renovascular hypertension
(cured by surgery) were compared, a duration of hyperten-
sion less than 1 year was observed in 10% of patients with
essential hypertension and 25% of patients with renovascular
hypertension (212). Duration of hypertension is an important
prognostic factor regarding the response to surgery and it has
been suggested that the success of surgical treatment in reduc-
ing blood pressure is inversely proportional to the duration of
renovascular hypertension (131,133). The likely pathophysi-
ologic explanation for this clinical observation was discussed
earlier in this chapter. Patients whose hypertension suddenly
becomes more severe or resistant to a previously effective drug
regimen, or both, are candidates for renal artery stenosis and
renovascular hypertension; the possibility that renovascular
hypertension has been superimposed on underlying essential
hypertension should also be considered. Although the Cooper-
ative Study of Renovascular Hypertension did not find that ac-
celeration of hypertension occurred more frequently in patients
with renovascular hypertension than in patients with essential
hypertension, 133 many patients with renovascular hyperten-
sion demonstrate resistance to drug therapy (64,213).

Accelerated or malignant hypertension and hypertensive
crisis may be manifestations of renovascular hypertension
(133,199,214). Rapid onset or progression of hypertension as-
sociated with severe funduscopic changes is a strong clue to
the presence of renal artery stenosis. Davis et al. reported ren-
ovascular hypertension in 23% of 123 patients with severe
hypertension and grade III or IV funduscopic retinal changes
(199). This figure is considerably higher than the prevalence
of renovascular hypertension among the general hypertensive
population and argues for a thorough evaluation for renovas-
cular hypertension in patients presenting with accelerated or
malignant hypertension.

Pulmonary edema (“flash pulmonary edema”) has been sug-
gested as a pattern of clinical presentation for patients with ad-
vanced renal artery stenosis (215–217). In a series of 55 con-
secutive patients who were also azotemic, pulmonary edema
was present in 13 (25%). Most of these patients had high-
grade renal artery stenosis bilaterally or involving the artery to
a solitary kidney. Successful renal revascularization prevented
further occurrence of pulmonary edema. Although pulmonary
edema is frequently observed in the setting of severe hyper-
tension and hypertensive heart disease, in this series (217) the
occurrence of pulmonary edema was not related to the sever-
ity of the hypertension or coexisting renal failure. However, in
a study of 90 patients with renal artery stenosis, 23 had bi-
lateral renal artery stenosis and recurrent pulmonary edema
(218). Ninety percent of this latter group had renal insuffi-
ciency; only 20% had moderate or severe reduction in ejec-
tion fraction. Therefore, the findings of hypertension, recur-
rent pulmonary edema, azotemia, and a well-preserved ejection
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fraction should raise the possibility of bilateral renal artery
stenosis.

Generalized vascular disease is closely associated with
atherosclerotic renal artery stenosis (28,207,219). Of interest,
atherosclerotic renovascular disease is not more common in
diabetic patients despite the increased prevalence of vascular
disease in this patient population (187,195).

There are no symptoms that are pathognomonic of reno-
vascular hypertension. Flank pain does not occur more often
in patients with renal vascular disease than in patients with
essential hypertension (133,209). Flank pain or hematuria or
both may indicate segmental renal infarction due to segmen-
tal renal artery occlusion (220), renal artery dissection asso-
ciated with several of the fibrous dysplasias (221), or intimal
dissection of the renal artery after selective angiography (222).
Hypertension following traumatic injury is an indication to
exclude traumatic renal artery occlusion. A delayed onset of
hypertension following traumatic injury to the retroperitoneal
area suggests subcapsular or perirenal hematoma (Page kid-
ney). Takayasu’s arteritis, frequently involving the renal artery
and associated with renovascular hypertension, is character-
ized by nonspecific symptoms such as fever, myalgias, arthral-
gias, weight loss, general fatigue, vertigo, and cold extremities.
Hypertension developing in a young woman, an abdominal
bruit, increased erythrocyte sedimentation rate, and absent ra-
dial artery pulse are important clinical findings for establishing
this diagnosis (223).

Rapid deterioration of renal function following BP reduc-
tion with conventional antihypertensive agents or particularly
following BP reduction with ACE inhibitors strongly suggests
the presence of bilateral renal artery stenosis, or stenosis in
a solitary functioning kidney (162,224–229). In one series,
more than one-half of patients demonstrating an acute eleva-
tion in the plasma creatinine concentration that was either un-
explained or occurred shortly after institution of therapy with
an ACE inhibitor had main renal artery disease, while the re-
mainder presumably had disease of the intrarenal vessels due
to nephrosclerosis (230). The mechanism of acute renal dys-
function after treatment with ACE inhibitors appears to be a
combination of a fall in BP and a direct action of these com-
pounds on intrarenal hemodynamics. It is presumed that the
glomerular filtration rate (GFR) in the presence of renal artery
stenosis is maintained, in part by the actions of angiotensin II
on the efferent glomerular arterioles. Attenuation of this action
of angiotensin II by converting enzyme inhibition may explain
renal dysfunction occurring with ACE inhibitor therapy in the
setting of bilateral renal artery stenosis, or stenosis of a solitary
kidney.

In an instructive series of 104 patients at high risk for bi-
lateral renal artery stenosis, all were given an ACE inhibitor
for 2 weeks (although this was discontinued after 4 days if the
serum creatinine concentration had increased >20%) (231). If
after 2 weeks, the serum creatinine had not increased >20%,
and the BP remained elevated, patients were given a diuretic
to correct fluid retention. All patients subsequently had a renal
arteriogram. Of the 52 patients with severe (>50%) bilateral
renovascular disease or severe stenosis of the artery to a soli-
tary functioning kidney, each had a rise in serum creatinine
of >20% with ACE inhibitor therapy. The authors concluded
that a controlled exposure to an ACE inhibitor is generally safe
and that an ACE inhibitor-induced increase in serum creatinine
is 100% sensitive and 70% specific for the detection of severe
bilateral renovascular disease.

Physical Examination

The physical examination affords four clues to the presence of
renovascular disease: the severity of the hypertension, an ab-

dominal bruit, abnormalities of the optic fundi, and evidence
of atherosclerotic disease of the aorta and peripheral arteries.
As in essential hypertension, the hypertension in patients with
renovascular disease can be of any degree. As alluded to earlier,
however, severe hypertension and accelerated or malignant hy-
pertension are not uncommon manifestations of renovascular
hypertension (189,214,232,233). An acute rise in BP over pre-
viously controlled or stable baseline BP suggests renovascular
disease.

Detection of an abdominal bruit, although not diagnostic,
suggests renal artery disease and possible renovascular hyper-
tension. A systolic/diastolic bruit in the epigastrium or one or
both upper quadrants is virtually pathognomonic of renovascu-
lar disease and provides a strong indication for renal angiog-
raphy even if other clinical clues to renovascular disease are
lacking. Further, the abdominal systolic/diastolic bruit predicts
a successful result from surgical renal revascularization (185),
and hence is an index of renovascular hypertension as well as of
renovascular disease. The absence of a systolic/diastolic bruit
in the epigastrium does not exclude renovascular disease, but,
particularly in the case of fibrous renal artery disease, makes it
less likely that surgery or angioplasty will relieve the hyperten-
sion.

The diastolic component to an epigastric bruit is frequently
difficult to appreciate; a soft, wide, pansystolic bruit also sug-
gests renovascular disease. The helpfulness of an abdominal
bruit in the diagnosis of renovascular hypertension has been
stressed by several authors (133,209,234–236). Maxwell re-
ported detecting an abdominal bruit in 41% of patients with
renovascular hypertension due to atherosclerotic renal artery
disease and in 57% of patients with renovascular hyperten-
sion due to fibrous dysplasia. Hunt et al. reported abdominal
bruits with diastolic components in 25 (36%) of 69 patients
with atherosclerotic renal artery disease and in 76 (74%) of
104 patients with fibrous renovascular disease (235). Eipper
et al. found that 25 of 47 patients with fibrous renovascular
lesions had systolic/diastolic bruits in the abdomen while such
bruits were present in only 5 of 40 patients with atherosclerotic
renovascular disease (185). Moser and Caldwell and the Reno-
vascular Study Cooperative Group, although emphasizing the
importance of abdominal bruits, were less impressed with the
significance of the diastolic component (236).

Systolic bruits are frequently heard in the abdomen and it
is often difficult to determine whether the systolic bruit is ema-
nating from the renal artery, other intraabdominal arteries, or
the aorta. In contrast to the importance of a systolic/diastolic
bruit in patients with fibrous renal artery disease, systolic epi-
gastric bruits, without a diastolic component, are of marginal
clinical utility.

In the absence of an arteriovenous fistula, a diastolic com-
ponent to an arterial bruit signifies stenosis of approximately
70% or more (237,238). A diastolic component to the arterial
bruit, although highly suggestive of hemodynamic renal artery
disease, may also reflect hemodynamically significant stenosis
of other visceral arteries, particularly the celiac access or the
superior mesenteric artery. Fibrous renal artery disease may af-
fect these vessels, as well as the renal arteries, and occasionally
the carotid arteries. The importance of a bruit in the back or
flank is probably overstated and when present in these loca-
tions is almost certainly audible in the epigastrium or upper
abdominal quadrants (214).

Severe hypertensive retinopathy (Keith-Wagener-Barker
grades III and IV), detected on examination of the optic fundi, is
a strong clue to renovascular hypertension (199,206). Davis et
al. 199 reported that 41 (48%) of 85 hypertensive patients with
retinal hemorrhages and exudates with or without papilledema
had stenotic lesions on renal arteriograms and 26 (31%) had a
strong likelihood of renovascular hypertension, which was de-
fined by the presence of lateralizing differential renal function
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or renal venous renin activity. Nearly 25% of these patients
with severe hypertensive retinopathy turned out to have proven
renovascular hypertension. In the Cooperative Study of Reno-
vascular Hypertension (209), the prevalence of Keith-Wagener-
Barker retinopathy of grades III and IV was twice as high
among those having renovascular hypertension compared to
those with primary or essential hypertension. The presence of
malignant hypertension (diastolic BP greater than 140 mm Hg
and papilledema) suggests renovascular disease, particularly
when accelerated hypertension and accelerated retinopathy oc-
cur in a white patient with well-documented hypertension of
less than 2 years, and is a strong indication for renal angiogra-
phy.

In the absence of hemorrhages, exudates, and papilledema
(Keith-Wagener-Barker grades III and IV), severe retinal arteri-
olar constriction with minimal or no retinal arteriolar sclerosis
suggests recent onset of severe hypertension, and is a clue to
the presence of renovascular hypertension. This funduscopic
observation has been called arteriospastic angiopathy. Hunt
et al. observed these changes in 15 (20%) of 81 patients with
atherosclerotic renovascular disease and in 60 (45%) of 133
patients with fibrous renal artery disease (235).

Moderate to severe hypertension in patients with evidence
of atherosclerotic disease of the aorta and peripheral arteries,
particularly in patients older than 50 years, implies atheroscle-
rotic renovascular disease as a possible cause of the hyperten-
sion. This is especially true for patients with abdominal aortic
aneurysms or occlusive disease in the distribution of the aorto-
iliac-femoral popliteal system (2,3,34,239). In one prospective
study of 100 patients presenting with signs of peripheral vas-
cular disease, bilateral renal artery stenosis was present in 24,
of whom 7 had complete occlusion on one side (34). Others
reported as much as a 50% incidence of at least 50% stenosis
in one renal artery in patients with peripheral vascular dis-
ease, with or without hypertension (28,239). Some of these
patients were normotensive and many had essential hyperten-
sion. Thus, although these atherosclerotic renal artery lesions
may not be instrumental in the pathogenesis of hypertension,
the existence of these stenoses may threaten long-term renal
function.

Laboratory Tests, Radiologic Examinations,
and Diagnostic Maneuvers

Laboratory Tests

Urinalysis is of little benefit in evaluating renal artery steno-
sis and renovascular hypertension. Mild-to-moderate protein-
uria is common and probably reflects the severity of the hyper-
tension or associated nephrosclerosis (133). Nephrotic range
or heavy proteinuria has been described in association with
renal artery stenosis and renovascular hypertension, usually
in the setting of accelerated or malignant hypertension (prior
to availability of effective antihypertensive drugs) (240). Sev-
eral authors reported nephrotic-range proteinuria due to renal
artery stenosis wherein the urinary protein excretion normal-
ized after renal revascularization or nephrectomy (241–244).
In these uncommon situations, excessive production of an-
giotensin II may be responsible for promoting high levels of
protein excretion (245,246). Focal segmental glomerulosclero-
sis (FSGS) with heavy proteinuria has been described in as-
sociation with renal artery stenosis (247,248). In a series of
24 patients with biopsy-proven FSGS who were over 50 years
old, 8 had renovascular disease (249). These eight patients had
typical glomerular lesions with focal segmental tuft collapse
and synechiae. All patients had heavy proteinuria and devel-
oped a further decline in renal function at follow-up. The au-

thors proposed that FSGS may be an unrecognized complica-
tion of renovascular disease in elderly patients and may con-
tribute to irreversible changes in the kidneys. Nephrotic-range
proteinuria can occur in adults with diabetic renal disease and
atherosclerotic renal artery stenosis, wherein the proteinuria
is likely due to the diabetic glomerular disease, rather than to
main renal artery stenosis.

Unexplained azotemia in elderly patients with generalized
atherosclerosis and minimal proteinuria suggests vascular oc-
clusive disease of the kidneys, including bilateral renal artery
stenosis, stenosis of an artery to a solitary kidney, or a com-
bination of renal artery stenosis and nephrosclerosis. Uncon-
trolled BP itself may contribute to renal insufficiency, partic-
ularly if there is an underlying baseline impairment in GFR
(233,239,250–252). In the Cooperative Study of Renovascu-
lar Hypertension, 15% of patients with atheromatous renal
artery disease had an elevated serum creatinine concentration,
compared with 11% of patients with essential hypertension;
only 2% of patients with fibrous renal artery disease had an
elevated serum creatinine concentration (209).

Hypokalemia (serum potassium level less than 3.4 mEq/L)
is a marker of hemodynamically significant renal artery steno-
sis, reflecting stimulation of the renin-angiotensin system with
secondary aldosteronism. Although the concomitant use of
diuretics to treat the hypertension may confound the interpreta-
tion of hypokalemia in patients with renovascular disease, hy-
pokalemia in a patient (not receiving a diuretic) with severe hy-
pertension is highly suggestive of renovascular hypertension. In
the Cooperative Study of Renovascular Hypertension, a serum
potassium concentration of less than 3.4 mEq/L was observed
in 16% of patients with renovascular hypertension cured by
surgery, in contrast to 8% of patients with essential hyperten-
sion (133,209).

A significant discrepancy in kidney size in hypertensive
adults, and particularly the observation of an atrophic kid-
ney, strongly indicate renal artery stenosis as the basis for the
smaller kidney. Not infrequently, the small kidney is the cause
of the hypertension, which may be relieved by renal revascular-
ization or nephrectomy (88). A number of currently available
renal imaging techniques, including ultrasonography, scintig-
raphy, radiography of the kidneys, ureters, and bladder (KUB),
intravenous pyelography, and computed tomography, all allow
for easy detection of a unilateral small kidney. This observa-
tion, in conjunction with additional clinical clues suggesting
renovascular hypertension, may be sufficient reason to pro-
ceed quickly to renal angiography to confirm that renal artery
stenosis is the cause of the smaller kidney. Significant renal
artery stenosis involving the artery to the contralateral kidney
is observed frequently (30% to 50% of the time) in the setting
of high-grade stenosis or total arterial occlusion of the artery
supplying the atrophic kidney (88,89).

Plasma Renin Activity

Although unilateral hypersecretion of renin is an expected
finding in hemodynamically significant renal artery stenosis
when renovascular hypertension is eventually proved (247),
baseline plasma renin activity (PRA) is elevated in only ap-
proximately 50% of patients with renovascular hypertension
(213,229,253). Tabulation of the number of patients whose
hypertension was cured or improved by surgical renal revas-
cularization indicates that probably no more than 50% of
patients with renovascular hypertension have elevated PRA
(205,212,213,254-259).

There are several reasons for the relatively low specificity
and sensitivity of peripheral PRA in the diagnosis of renovas-
cular hypertension. Most high-renin hypertension is not ren-
ovascular in origin; increased renin substrate can be due to
estrogen intake, pregnancy, cortisol excess, intrarenal ischemia
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TA B L E 5 2 - 9

SENSITIVITY AND SPECIFICITY OF THE CAPTOPRIL PLASMA RENIN ACTIVITY
TEST

No. of patients No. of patients with Sensitivity Specificity
Investigators studied renal artery stenosis (%) (%)

Muller, et al. (269) 152 49 100 95
Derkx, et al. (271) 179 89 93 84
Frederickson, et al. (117) 100 29 100 80
Gosse, et al. (272) 114 11 73 84
Hansen, et al. (273) 47 11 91 89
Postma, et al. (274) 149 44 38 93
Svetkey, et al. (275) 66 11 73 72
Thibonnier, et al. (276) 65 14 40 100
Elliott, et al. (277) 100 59 76 58

(From: Nally JV Jr, Olin JW, Lammert GK. Advances in noninvasive screening for renovascular disease.
Cleve Clin J Med 1994;61:328, with permission.)

(parenchymal disease), or accelerated or malignant hyperten-
sion, and the 15% to 20% of patients with primary (essen-
tial) hypertension and high renin levels constitute the majority
of high-renin hypertensives. Renin secretion fluctuates widely
(260), and is also influenced by sodium intake and posture
(261), a variety of antihypertensive drugs, age (262), sex, and
race (263). The utility of peripheral PRA is reportedly en-
hanced when measured in the morning with the patient in the
seated position and when indexed against urinary sodium ex-
cretion; when measured under these exacting circumstances, a
high peripheral PRA is found in 75% to 80% of patients with
proven renovascular hypertension (122,264). Other investiga-
tors, measuring peripheral PRA under similar circumstances,
failed to demonstrate significantly increased sensitivity of the
peripheral PRA in predicting renovascular hypertension, even
under controlled circumstances (122,265,266). Complicating
the interpretation of peripheral plasma renin values is the long
list of coexisting medical conditions and drugs that either stim-
ulate or inhibit renin release. A very low PRA (e.g., less than
0.3 ng/mL/hour) indexed against a normal urinary sodium ex-
cretion in the absence of drugs known to suppress renin argues
strongly against renovascular hypertension (267–269).

Captopril Provocation Test, Captopril
Plasma Renin Activity

The predictive value of the peripheral PRA can be increased
by measuring the rise in PRA 1 hour after the oral adminis-
tration of 50 mg of captopril (a rapidly acting ACE inhibitor)
(118,229,253,269,270). Case and Laragh (270) first showed
that the reactive rise of renin following the administration of
captopril is greater in patients with renovascular hypertension
than in those with essential hypertension. The criteria that this
group recommended (269) for distinguishing patients with ren-
ovascular hypertension (i.e., criteria for a positive captopril test
result) are: (a) a stimulated PRA of 12 ng/mL/hour; (b) an ab-
solute increase in PRA of 10 ng/mL/hour; and (c) an increase
in PRA of 150% or more if the baseline PRA is more than
3 ng/mL/hour, or a percent increase in PRA of 400% if the base-
line PRA is less than 3 ng/mL/hour. These investigators empha-
sized that all three of these criteria should be satisfied and that
blood samples should be drawn with the patient seated (not
supine). It is important to realize that the renin assay to which
these results relate was that used in Laragh and Sealey’s labora-
tory. Other renin assays may provide very different values for
cut off points as described in Frederickson et al. (117). A sim-

pler criterion of a post-captopril PRA (PRA >5.7 ng/mL/hour)
yields a test without any loss of sensitivity (117,118). In a se-
ries of more than 200 patients, the sensitivity and specificity
of this test were better than 95% (269). Other groups, how-
ever, reported lower levels of sensitivity, in part using differ-
ent criteria; the sensitivity and specificity of the captopril PRA
test from nine separate series are summarized in Table 52-9
(117,186,269,271–277). The general utility of this test is fur-
ther limited by: (a) the need to discontinue antihypertensive
medications that can affect the PRA (e.g., beta-blockers and
diuretics), (b) the need to standardize the procedure, (c) the
variable sensitivity, and (d) the somewhat decreased predic-
tive value when compared to captopril renography (102,201).
When applied prospectively, the accuracy of renin-based mea-
surements for predicting the outcomes of renal revasculariza-
tion is limited to between 35 to 60% sensitivity and specificity
(278).

In interpreting the captopril test, the poststenotic kidney is
likely to have excess stores of renin and thereby could be con-
sidered to be primed to demonstrate a reactive rise of renin
following administration of captopril, particularly with a con-
comitant fall in arterial pressure (270). This possible mecha-
nism, however, may not be the major cause for the enhanced
response to ACE inhibition, since equivalent reductions of BP
produced by other agents, such as clonidine, do not elevate
PRA excessively in patients with functionally significant uni-
lateral renal artery stenosis (279,280). More likely, a positive
captopril provocation test signifies the same intrarenal hemo-
dynamic changes as a positive ACE inhibitor renogram, that
is, a fall in GFR in the poststenotic kidney. This GFR decline
will reduce NaCl delivery to the macula densa and stimulate
renin secretion preferentially in a functionally stenotic kidney.
A decrease in BP 1 hour after captopril administration may be
expeceted to be greater for patients with renovascular hyper-
tension than for patients with essential hypertension, and this
assumption is supported by the observation in one study that
patients with renovascular disease demonstrated an average
decrease in BP of 18 mm Hg, whereas patients with essential
hypertension had a decrease in BP of 7 mm Hg (202,275,281).
However, considerable overlap exists in the decrease in BP in
patients with renovascular versus essential hypertension that
limits the utility of this observation as a reliable screening test
for renovascular hypertension. A dramatic decrease in BP af-
ter captopril administration, however, may predict a good BP
response to renal revascularization or angioplasty (281). The
captopril-stimulated PRA test becomes less reliable in patients
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with renal insufficiency, and it does not discriminate between
patients with unilateral versus those with bilateral renal artery
stenosis (269,271).

Three prospective studies showed that the BP of hyper-
tensive subjects with renal artery stenosis during established
monotherapy with ACE inhibitors correlates quite closely with
the BP after reconstructive surgery (129,282), nephrectomy
(129,282), or percutaneous transluminal angioplasty (PTRA)
(283). The overall correlation coefficient in these three trials for
BP during ACE inhibitor monotherapy and BP after interven-
tion is 0.64 (229). Therefore, some insight into the effectiveness
of a planned intervention to correct renal artery stenosis for
reduction in BP can be obtained from the BP achieved during
ACE inhibitor therapy.

Saralasin Infusion Test

Before captopril administration became popular to enhance
the sensitivity of the peripheral PRA in the diagnosis of ren-
ovascular hypertension, the BP response to the angiotensin II
antagonist saralasin was advocated both as a screening test for
presumed renovascular hypertension and to identify patients
who might be candidates for renal angiography (270,284,285).
Saralasin, an angiotensin II analog, competitively binds to an-
giotensin II vascular receptors and inhibits the pressor effect of
angiotensin II. In addition, saralasin has weak agonist (vaso-
constrictor) properties. If renal artery stenosis is instrumental
in causing the hypertension, angiotensin II levels are presum-
ably high, and an infusion of saralasin should markedly lower
the diastolic BP. When angiotensin II levels are low, saralasin
either has a minimal response in reducing the BP or, via its ag-
onist properties, could produce a pressor effect. This construct
would then allow for differentiation between angiotensin II-
dependent and angiotensin II-independent hypertension. Initial
enthusiasm for this test waned because its performance requires
careful adherence to an infusion protocol and discontinuation
of antihypertensive medications other than diuretics 1 week be-
fore testing. Although mild volume depletion may augment the
discriminatory potential of the test (285), several sizable series
indicated a sensitivity of only 50% to 60% and a specificity
of about 85% (205,286,287). For these reasons, the saralasin
infusion test is not recommended as a screening procedure for
renovascular hypertension (213,288).

Differential Renal Vein Renin Determinations

For almost 30 years, determination of the renal vein renin ra-
tio (ipsilateral renal vein renin to contralateral renal vein renin)
was used to assess the functional significance of renal vascu-
lar stenoses. The rationale of obtaining renal vein renin ra-
tios is derived from the pathophysiology of classic two-kidney
Goldblatt hypertension, wherein renal hypotension distal to
the renal artery stenosis generates hypersecretion of renin by
the affected kidney. Characteristics of renin-dependent unilat-
eral renovascular hypertension are (a) increased renin secre-
tion from the affected side and (b) suppression of contralateral
renin release (122,259,268,289–293). Blood is sampled from
each renal vein and from the inferior vena cava, and the plasma
renin levels from the two renal veins are compared to each other
and to the corresponding level in the inferior vena cava (below
the level of the renal veins), which has been shown to be the
same as the renin level in the main renal artery. Vaughan et al.
(122,293) added a third criterion suggesting renin-dependent
unilateral renovascular hypertension based on their analysis
of renal vein and renal arterial renin relationships in patients
with hypertension. These workers calculated that the mean re-
nal venous renin is about 25% higher than the arterial renin,
indicating that the hypoperfused kidney is truly overproduc-
ing renin (122,290,293). They derived a specific formula to
estimate renin production from the two kidneys. Most centers

simply employ a renal vein renin ratio of at least 1.5 to 2.0 (ip-
silateral to contralateral) with suppression of renin production
(i.e., renin from contralateral kidney is equal to or below the
plasma renin level from the inferior vena cava below the renal
arteries) as the criterion for “lateralizing” renal renin secretion
and as a predictor of a beneficial surgical outcome for relief of
hypertension.

Since the report of Helmer and Judson in 1960 (294),
wherein a renal vein renin ratio of 2.0 or higher was used
as a predictor of surgical cure of renovascular hypertension,
the renal vein renin ratio has been widely accepted as a crite-
rion to diagnose hemodynamically significant unilateral renal
artery stenosis. In 1976, Marks et al. reviewed 21 previously
published series encompassing 468 patients with unilateral ren-
ovascular disease who had been subjected to a broad spectrum
of renin-stimulating maneuvers (e.g., sodium depletion, upright
posture) (132). They concluded that a lateralizing renal vein
renin ratio predicted surgical cure or substantial improvement
in the BP in 93% of patients. Fifty-seven percent of patients
with a nonlateralizing renal vein renin ratio (less than 1.5 ip-
silateral to contralateral) also benefited from surgery (132). In
another review of 58 studies, a ratio of 1.5 or more (ischemic
kidney to contralateral kidney) as the diagnostic criterion pre-
dicting renovascular hypertension had a sensitivity of 80% and
a specificity of 62% (295). Remarkably low renin levels sam-
pled from the renal veins (less than 1 ng/mL/hour), particularly
if equally low bilaterally, militate against renovascular hyper-
tension (267,269,296).

The high predictive value of a lateralizing renal vein renin
ratio as well as the high false-negative rate (i.e., nonlateraliz-
ing renal vein renin ratio) have been observed in many sub-
sequent studies. An analysis of 10 reports between 1976 and
1986 (147) including 282 patients with renovascular disease
subjected to various renin-stimulating maneuvers indicated an
average false-positive rate of only 14% but an impressively high
false-negative rate of 67%. Some of the false-negative results
may be attributed to technical errors; nevertheless, the high
false-negative rate of renal vein renin determination is a con-
sistent finding from many centers. Possible explanations for this
high false-negative rate include technical difficulties in placing
the catheters far enough distally in the renal vein or failure to
use two catheters so samples can be drawn simultaneously from
the renal veins (297); renal vein sampling while the patient is
taking antihypertensive drugs (298); branch lesions of the renal
arteries or bilateral renal artery stenoses, which are notorious
for minimizing differences in renal venous PRA between the
two kidneys (268,299); dilution errors, or substances interfer-
ing with the assays; and non–renin-mediated renovascular hy-
pertension (e.g., hypoplastic kidney, atrophic pyelonephritis)
(88).

Several stimulatory maneuvers have been designed to in-
crease the sensitivity of differential renal vein renin determina-
tions (209,300). These include sodium depletion (low-sodium
diet and/or diuretic presampling) (131,209,259,300,301), up-
right posture (tilt) (290,302–304), and a variety of pharmaco-
logic agents. Saralasin (270,285), acute administration of cap-
topril (270,276,285,305–307), intravenous hydralazine (308),
and bolus furosemide (298,309) have been utilized. Aurell
(303) and Michelakis (304) and their respective colleagues
demonstrated a reduced incidence of false-negative renal vein
renin results with upright posture stimulation wherein the dis-
parity in renal vein renin secretion from the two sides was
exaggerated by tilting during the collection of renal venous
blood. Captopril administration, which results in a reactive
rise in renin in renovascular hypertension, potentiates the dis-
parity in the renin secretion from the two kidneys, reducing the
false-negative rate of renal vein renin determination. The mech-
anism of augmented renin secretion with bolus furosemide at
the time of renal venous sampling is not clear, but may be due to
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inhibition of the macula densa NaCl reabsorption, intrarenal
vasodilation, and prostaglandin secretion all of which can po-
tentiate renin release. Assuming that the kidney ipsilateral to
the stenosis is primed to release large amounts of renin, these
stimulatory maneuvers should theoretically increase the renal
vein renin value from the ipsilateral kidney more than from
the contralateral kidney, thereby reducing false-negative renal
vein renin results. In addition to augmenting the renal vein
renin differential, captopril administration also obviates the
need to discontinue previous antihypertensive drugs in prepa-
ration for renal vein renin sampling, except, possibly, diuret-
ics (306,307). This maneuver is particularly pertinent, because
stopping all antihypertensive medications in preparation for
renal vein renin sampling may be hazardous in patients with
presumed renovascular hypertension, who often have signifi-
cant and dangerous elevations in the BP.

In patients with stenoses of both renal arteries, the pattern of
renal vein renin levels often shows the same degree of asymme-
try as in patients with unilateral stenosis, and the renin values
usually lateralize to the kidney demonstrating the greater de-
gree of stenosis on the arteriogram (268). The most marked
asymmetry is seen in patients who have complete occlusion
of one renal artery, wherein renal vein renin levels from the
side of the occluded artery may represent low flow through
the kidney rather than hypersecretion of renin. Contralateral
suppression of renin secretion may occur even in the presence
of severe stenosis of the contralateral kidney. This asymmetry
is less pronounced in the presence of azotemia. Although less
valuable in patients with bilateral renal artery stenosis, deter-
mination of renal vein renin levels may be useful for identifying
which kidney is the “most ischemic,” which can be useful in
planning which kidney to subject to intervention (268).

Taken together, the data regarding renal vein renin deter-
minations indicate that the renal vein renin ratio has a strong
positive predictive value in forecasting a beneficial interven-
tional outcome. On the other hand, many patients (at least
50%) demonstrating a nonlateralizing renal vein renin ratio
have marked improvement or cure of their hypertension fol-
lowing intervention for the renal artery stenosis. This fact, and
the ready availability of captopril scintigraphy, and the com-
mon practice of PTRA or renal artery stenting done at the time
of diagnostic renal angiography, have led to a decline in the use
of renal vein renin tests.

Intravenous Pyelography

The rapid-sequence (hypertensive) intravenous pyelogram
(IVP) has historically been used as a test for renovascular hy-
pertension. In 1964, Maxwell et al. described the radiographic
features suggesting renal artery stenosis (310). In the 1960s
and 1970s, the hypertensive IVP was the standard screening
test for renal artery stenosis and renovascular hypertension,
and its initial popularity was attributed to its simplicity and
safety, as demonstrated in the renovascular cooperative study
(209,310,311). Abnormalities in the IVP suggesting renovas-
cular disease are (a) a difference in renal lengths of 1.5 cm
or more (the left kidney is normally 0.5 cm longer than the
right); (b) delayed appearance of contrast medium in the in-
trarenal collecting system on the early sequence films; and (c)
prolonged concentration of contrast medium, that is, persistent
nephrogram, on late sequence films. Of these features, the de-
layed appearance of contrast medium on early sequence films
was the most discriminating between essential and renovas-
cular hypertension in the Cooperative Study of Renovascular
Hypertension (209,311). In this study, 78% of patients who
had at least 50% stenosis of one renal artery had one or more
abnormalities on the IVP, compared with 11.4% of patients
with essential hypertension. The more severe the renal artery
stenosis, the greater likelihood that the IVP was abnormal. In

patients with a totally occluded renal artery, 96% of pyelo-
grams appeared abnormal, readily demonstrating a nonfunc-
tioning kidney ipsilateral to the totally occluded renal artery.
Although 78% of patients with significant renal artery stenosis
had an abnormal IVP, there was a 17% false-negative and an
11% false-positive rate in surgically proved unilateral renovas-
cular hypertension (311).

Reanalysis of the same data by Thornbury et al. derived
a false-negative rate of 22% and a false-positive rate of 13%
(312). Havey et al., in a review of 20 studies, reported a sen-
sitivity of 74.5% and a specificity of 86.2% for IVP in detect-
ing renovascular hypertension (313). The IVP is insensitive in
detecting bilateral or branch stenosis (187,200,253,313). The
suboptimal sensitivity and specificity, sizable dye load, and ra-
diation dosage have all contributed to the current unpopularity
of the hypertensive IVP as a routine screening procedure for
renal artery stenosis and renovascular hypertension.

Renal Scans

Isotope renograms or renal scans have been available for many
years and are helpful in selecting hypertensive patients for renal
angiography (209,314,315). However, routine renal scanning
never gained widespread acceptance because of the high in-
cidence of false-negative results (315,316). The most widely
used isotopes have been iodohippurate sodium (hippuran)
and diethylenetriamine pentaacetic acid (DTPA). Iodohippu-
rate sodium gives an approximation of the renal flow rate,
while DTPA gives an approximation of the GFR. The value of
radionuclide imaging of the kidneys is that it is a noninvasive
and relatively simple method of assessing renal ischemia. In
addition, computer-assisted qualitative and quantitative mea-
surements of renal function (renal blood flow and GFR) can be
performed (317). Radionuclide renal scanning has comparable
sensitivity to the rapid-sequence IVP in diagnosing renovas-
cular hypertension, but lower specificity; false-positive rates
approximating 25% have been reported (209,212). In select-
ing patients for renal angiography, radionuclide renal scanning
has a marginal advantage over the rapid-sequence IVP in that
it obviates the need for contrast medium, and entails less ra-
diation exposure. A renal scan can also be utilized to estimate
the contribution of one kidney to overall renal function prior
to a planned nephrectomy. The IVP on the other hand provides
much more information about the anatomy of the kidneys and
urinary tract, which in selected situations is useful in evaluating
hypertensive patients.

Captopril Renography

The sensitivity and specificity of the routine renal radionu-
clide scan have been improved by combining scintigraphy with
the administration of captopril (captopril renography, capto-
pril scintigraphy). The rationale for this maneuver is that the
GFR of the ischemic kidney ipsilateral to the renal artery steno-
sis is dependent on the effects of angiotensin II on the ef-
ferent glomerular arterioles; captopril reduces the angiotensin
II-mediated constriction of the efferent arteriole, thus lower-
ing glomerular pressure (229,318). The resulting decrease in
glomerular filtration of the hypoperfused kidney is demon-
strated by renal handling of radioactive tracers with the char-
acteristic observation of a decreased uptake of DTPA (reflect-
ing the GFR) with a delayed time to peak and slowed, or
absent, washout (226,319–322). Simultaneously, inhibition of
the pressor effects of excess circulating angiotensin II might
improve the function of the contralateral (nonischemic) kid-
ney, thereby exaggerating the asymmetry in renal function be-
tween the two kidneys (143,323–326). Studies of the effects
of diuretic administration have shown that the characteristic
captopril-induced changes are little affected by furosemide,
but are abolished by mannitol (229). This indicates that the
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TA B L E 5 2 - 1 0

SENSITIVITY, SPECIFICITY, AND PREDICTIVE VALUE OF CAPTOPRIL RENOGRAPHY

No. of No. of patients Radionuclide Sensitivity Specificity Predicted blood
Investigators patients with RAS used (%) (%) pressure response

Geyskes, et al. (328) 34 15 OIH 80 100 Yes: 12/15
Sfakianakis, et al. (319) 31 16 OIH 67 100 —

Tc-DTPA 48 — —
Erbslöh-Möller, et al. (329) 40 28 OIH 96 95 Yes: 10/11
Svetkey, et al. (275) 61 11 Tc-DTPA 74 44 —

OIH 71 41 —
Setaro, et al. (330) 90 44 Tc-DTPA 91 94 Yes: 15/18
Mann, et al. (331) 55 35 Tc-DTPA 94 95 —

OIH 83 85 —
Fommei, et al. (332) 472 259 Tc-DTPA 83 91 —

Tc-MAC3 83 100 —
Dondi (333) 102 54 Tc-MAC3 90 92 Yes
Elliott, et al. (242) 100 59 Tc-pentetate 92 80 Yes: 51/53

RAS, renal artery stenosis; OIH, iodine-131-orthoiodohippurate; Tc-DTPA, technetium 99m-diethylenetriaminepentaacetic acid; Tc-Mag3,
technetium 99m-mercaptoacetyltriglycine.
(From: Nally JV Jr, Olin JW, Lammert GK. Advances in noninvasive screening for renovascular disease. Cleve Clin J Med 1994;61:328, with
permission.)

captopril-induced reduction in renal clearance of the tracer is
due to accumulation in the proximal nephron because of a re-
duced GFR leading to a reduced tubular fluid flow that can be
reversed by mannitol (118).

Although protocols for performing captopril renography
are complex, and diagnostic criteria are not well standard-
ized (327), the accuracy of captopril renography is clearly an
improvement over routine renal scans. As indicated in Table
52-10, the accuracy of captopril renography is quite accept-
able, with a sensitivity of approximately 90% to 93% (range
48% to 94%) and a specificity of approximately 93% to 98%
(range 41% to 100%) (186,275,277,319,328–333). Unlike
the captopril PRA test, captopril renography can be conve-
niently done without discontinuing antihypertensive medica-
tions (330,331), with the exception of ACE inhibitors. Ad-
ministration of furosemide during the procedure may improve
sensitivity without compromising specificity (118,329,334). In
performing captopril renography, a baseline renal scan is ob-
tained. Subsequently, a second renal scan is obtained, usually
on another day and after oral administration of captopril (25 to
50 mg), and the two scans are compared. Typical renographic
time-activity curves with technetium 99m-DTPA at baseline
and after captopril stimulation are depicted in Figure 52-13.
Alternatively, a renal scan after oral administration of captopril
can be performed initially, and if the initial scan is abnormal, a
repeat renal scan without captopril is performed subsequently
to ascertain if there are discrepancies in renal function observed
after captopril administration disappear or if they persist in the
absence of captopril provocation. The former scenario suggests
hemodynamically significant unilateral renal artery stenosis,
whereas the latter does not (325,327,330,331,335).

The isotopic label most widely used in captopril renogra-
phy is DTPA, although some authors claim that iodohippu-
rate sodium can be as sensitive (329,336). More recently, tech-
netium 99m-mercaptopacetyltriglycine (99 mTc-MAG3) has
been utilized as the labeling isotope to provide images supe-
rior to those made with hippurate, with less radiation dosage
and better resolution than provided by DTPA (333,337,338).
Nearly always, captopril is the converting enzyme inhibitor
employed because of its rapid onset of action, but enalapril or
intravenous enalaprilat have also been used (336).

FIGURE 52-13. Renogram of a patient with unilateral left renal
artery stenosis. A: Technetium 99m-diethylenetriamine pentaacetic
acid (99mTc-DTPA)-timed activity curves during baseline. B: 99mTc-
DTPA-timed activity curves following captopril administration. (From:
Nally JV Jr, Olin JW, Lammert GK. Advances in noninvasive screen-
ing for renovascular disease. Cleve Clin J Med 1994;61:328, with
permission.)
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Diagnostic criteria in interpreting the captopril scintigram
are based on a comparison of either (a) affected versus con-
tralateral kidney (for asymmetry of uptake or excretion), or
(b) pre– versus post–captopril administration scintigram (for
captopril-induced changes) (253). Specific quantitative diag-
nostic criteria to distinguish essential from renovascular hy-
pertension have not been firmly established; some investigators
prefer the use of qualitative criteria (335).

Asymmetry of uptake or excretion or both may occur when
uptake is measured between 1.5 and 2.5 minutes after injec-
tion. Asymmetric uptake has been defined as an uptake of less
than 40% by the affected kidney and more than 60% of the
total renal uptake by the contralateral kidney. A lesser degree
of asymmetry occurs frequently and is not diagnostically help-
ful (330,331). The more severe the stenosis, the more reduced
the uptake of the isotope (339). When stenosis is less severe,
delayed excretion may be the only renographic abnormality.
When stenosis approaches total occlusion, renal function is
dramatically reduced, and renal function as assessed isotopi-
cally may cease (331).

Renal insufficiency reduces the sensitivity of captopril
renography, and the dose of orthoiodohippurate that can be
administered, as an index of effective renal plasma flow, is lim-
ited by the cumulative radiation exposure associated with renal
insufficiency. MAG3, because of its enhanced tubular secretion
and lesser duration of radioactive exposure compared to or-
thoiodohippurate (338), probably has some advantages with
better resolution than does DTPA. Patients with severe bilateral
renal artery stenosis or renal artery stenosis of a solitary kid-
ney are at risk of developing a transient but significant decline
in renal function with captopril administration during this test
(335), but this concern has not been a major clinical problem.
Some studies indicate that captopril renography can discrimi-
nate between renovascular and renal parenchymal disease. In
a study of 20 azotemic patients, all had abnormal baseline hip-
puran scans (329). However, a captopril-induced change in the
scan predicted the presence of renal artery stenosis with a good
BP response to intervention after renal artery angioplasty with
a sensitivity and specificity >90%.

Taken together, experience with captopril renography to
date is a major advance in diagnostic maneuvers designed to
predict renal artery stenosis and renovascular hypertension
(340). A positive finding by captopril renography strongly sug-
gests the anatomic presence of renal artery stenosis and is an
indication for renal angiography. A positive finding further in-
dicates that renal artery stenosis is physiologically significant
and instrumental in producing hypertension, thereby provid-
ing an indication for intervention (e.g., angioplasty, surgery) in
an attempt to cure the hypertension. Whether captopril renog-
raphy is a reliable probe for predicting progressive renal in-
sufficiency due to renal artery stenosis is undetermined at this
time.

Renal Arterial Pressure Gradient

One might assume that the more severe the renal artery steno-
sis, the greater the fall in arterial flow and pressure across the
area of stenosis (105). The more severe the stenosis, the more
likely that this lesion is generating the hypertension. Stewart
et al. (341) confirmed this notion in humans by measuring the
gradient across the stenotic lesion at surgery. Subsequent ex-
perience with this approach in the 1960s demonstrated that
the preoperative measurement of a pressure gradient across a
stenosis of the renal artery is associated with catheter-induced
artifacts in the pressure distal to the lesion and the hazard of
dissecting or perforating a highly stenotic artery. Even when
measurements are made under direct vision on the operating
table, the gradient varies considerably, depending on the state
of the renal parenchymal vascular bed (342). If the intrarenal

vascular bed is dilated by drugs or anesthetic agents, the gra-
dient will be high; if the renal vascular bed is constricted,
the pressure gradient across the renal artery stenosis will be
low. Therefore, renal arterial pressure gradient measurements
were rarely used to influence decision making regarding inter-
vention.

The pressure gradient across a stenosis is proportional to
the resistance of the stenosis, but inversely proportional to
the downstream resistance in the renal microvessels. A suc-
cessful outcome following an intervention requires that the
stenosis be high grade (i.e., high stenosis resistance) and that
the renal microvessels be compliant, reactive and not irre-
versibly fibrosed and remodeled (i.e., low intrarenal resistance).
Accordingly, the degree of pressure gradient across a steno-
sis should be a useful predictor of functional severity of the
stenosis and the degree of preservation of normal microvas-
cular function within the affected kidney and should predict
a good outcome after intervention. These assumptions have
been validated in a recent treatment trial (343), using a group
of patients with positive clinical criteria of renovascular dis-
ease and positive color-coded Doppler velicometry studies. All
patients were investigated by angiography, and patients with
renal artery stenosis >70% and transluminal pressure gradient
>30 mm Hg were selected for PTRA and stenting. This selec-
tion procedure yielded a population that had favorable results
from the intervention, suggesting that a combination of care-
ful measurements of the degree of stenosis and preintervention
trans-stenotic pressure gradient may be useful in selecting pa-
tients likely to benefit from intervention to correct renal artery
stenosis.

In comparison, in a series of 231 patients with advanced
atherosclerotic renal artery disease, mean serum creatinine con-
centration of 2.6 mg/dL, and a pre-intervention average pres-
sure gradient of 109 mm Hg, which fell to 12 mm Hg after en-
dovascular intervention, no relationship was apparent between
severity of BP, number of antihypertensive medications, renal
function and the gradients measured (344). Although many
interventional angiographers obtain renal artery pressure gra-
dients before and after PTRA or PTRA/stenting to predict the
response to these interventional maneuvers, the relationship of
the pressure gradient before and after endovascular interven-
tion to later effects on BP and renal function is unclear.

Renal Biopsy

Vertes et al. (168–171) once advocated bilateral renal biopsy
to predict the curability of hypertension in patients with renal
arterial stenosis, the rationale being that if either kidney had
severe arteriolar sclerosis, hypertension would probably not
be relieved by surgery to repair the stenotic renal artery. Al-
though, as previously discussed (see Pathophysiology of Ren-
ovascular Hypertension), there is substantial rationale for this
maneuver, there are less invasive and much safer surrogates
(duration of hypertension, duration of severe hypertension, re-
nal insufficiency) to suggest bilateral renal parenchymal dis-
ease (i.e., nephrosclerosis) or unilateral renal artery stenosis
with small-vessel disease in the contralateral kidney. Bilateral
percutaneous renal biopsy and biopsy of the kidney ipsilateral
to the renal artery stenosis, searching for significant arterio-
lar nephrosclerosis, are relatively formidable procedures such
that this approach is virtually never employed today. There are
more than enough clinical clues, laboratory suggestions, and
noninvasive diagnostic maneuvers suggesting cure of hyperten-
sion following renal revascularization that renal biopsy to pre-
dict outcome of surgery or angioplasty is not recommended.
Further, the observation of vascular changes in the renal
parenchyma does not necessarily confer a poor outcome from
surgical treatment of unilateral renal vascular disease (345).
The role of renal biopsy in guiding renal revascularization
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for improvement or preservation of renal function however
is under continuing investigation (250).

Imaging of the Renal Vasculature

Several angiographic and nonangiographic imaging procedures
are currently employed for the anatomic diagnosis of renal
artery stenosis. The techniques, methodology, advantages, dis-
advantages, and complications of conventional renal arteriog-
raphy, intravenous digital subtraction arteriography (IV-DSA),
intraarterial digital subtraction angiography (IA-DSA), com-
puted tomographic angiography, and magnetic resonance an-
giography (MRA) are detailed in Chapters 12–14.

Conventional Renal Arteriography

Although the need for conventional renal arteriograms for di-
agnosis of renal artery stenosis has decreased since the advent of
IA-DSA, conventional arteriography gives the maximum infor-
mation about vascular architecture, the intrarenal vasculature
(e.g., segmental arterial branches), and collateral blood vessels
(346). Selective renal arteriography is generally performed if
there is no significant orificial stenosis and when the angiog-
rapher is searching for branch arterial lesions or better defini-
tion of main renal artery lesions viewed with abdominal aor-
tography. If significant stenosis is present at the orifice of the
renal artery, selective renal arteriography probably should be
avoided because the catheter is advanced into the proximal re-
nal artery and there is a risk of dissecting or occluding the artery
or generating atheroemboli to the renal vascular bed. Renal an-
giography is generally performed when DSA is not available or
when the DSA technique provides suboptimal images.

Digital Subtraction Angiography

DSA is a major advance in the radiologic evaluation of renal
artery disease. IA-DSA has several advantages over conven-
tional angiography: (a) there is significant time savings for the
angiographer because the images can be recalled immediately
on the monitor, and there is no need for the development of film
before proceeding to the next injection of contrast medium; (b)
only selected images are eventually recorded on film, resulting
in significant cost savings; (c) digitalized images allow for com-
puter processing such as enhancement of vessel edges, measure-
ment of vessel diameters, and optimization of picture contrast
and intensity; (d) IA-DSA requires less than half of the amount
of contrast material needed for conventional angiography, and
often no more than 50 mL (346).

There are two disadvantages to DSA: motion artifact and
inferior spatial resolution on a digitally subtracted image com-
pared to a conventional film. This latter disadvantage not infre-
quently results in suboptimal delineation of small distal arterial
branches in the renal parenchyma and lessens the ability to de-
tect the intrarenal changes of vasculitis and nephrosclerosis.
The development of newer DSA equipment that uses smaller
pixel sizes is quickly eliminating this disadvantage.

IV-DSA has been extensively used in the diagnosis of reno-
vascular disease (347,348).

Renal IV-DSA is performed by injecting contrast material
via a catheter placed in the antecubital vein or in the right
atrium. During the imaging, the patient must remain mo-
tionless to avoid motion artifacts, a not insignificant disad-
vantage of IV-DSA. Although IV-DSA was quite popular in
the early to mid-1980s because of its convenience as a sim-
ple outpatient procedure, its relatively low cost, and the fact
that it made femoral artery cannulation with its attendant
risks of atheroemboli unnecessary, recent experience suggests
that its sensitivity is not be as high as originally proposed.
In experienced hands, there is approximately 80% agreement
between IV-DSA and either conventional arteriography or

IA-DSA (347,349,350). Disadvantages of IV-DSA include
opacification by the contrast bolus of all arteries within the
field of view, resulting in considerable overlapping of mesen-
teric and renal arteries; a relatively long time gap between the
injection of contrast material into the venous system and its
arrival in the abdominal aorta; and artifact from patient mo-
tion, respiration, and bowel peristalsis. IV-DSA images are of
poor quality in patients with impaired cardiac output, and the
relatively large volume of contrast material required poses a
relative contraindication in patients with renal insufficiency.
Nevertheless, IV-DSA is a useful screening procedure for reno-
vascular disease or as a follow-up procedure to surgical revas-
cularization or balloon angioplasty. In addition, limited excre-
tory urography can be performed concomitantly by obtaining
a plain film of the abdomen with renal laminography after the
injection of contrast material for IV-DSA.

Magnetic Resonance Angiography (MRA)

MRA (see Chapters 13 and 14) is entirely noninvasive and less
operator-dependent than duplex ultrasound scanning. Several
series examined the performance of MRA of the renal arter-
ies with conventional angiographic confirmation, and demon-
strated sensitivity and specificity rates for MRA of 80% to
90% (351–355). MRA exaggerates the severity of renal artery
stenosis, particularly the distal half of the main renal artery,
and its ability to detect branch stenosis is not clear. Tech-
nical improvements in MRA including gadolinium enhanced
MRA (breath-hold MRA with perimagnetic contrast material
[gadopentetate dimeglumine]), improve the ability to visual-
ize some accessory renal arteries, but certainly not as clearly
as conventional angiography or IA-DSA (356,357). The detec-
tion of hemodynamically significant renal artery lesions may
be enhanced by using phase-contrast MRA (358). Although
more expensive than duplex ultrasound scanning, MRA is in-
creasingly reported to provide results as good as or better than
duplex Doppler ultrasonography. Whereas most studies of the
accuracy of MRA have been conducted retrospectively by radi-
ologists, and have given very good results, a recent prospective
trial evaluated MRA and CT angiography compared with IA-
DSA in patients studied consecutively (359). This study yielded
reduced values for both sensitivity and specificity (in. 70%)
for both MRA and CT angiography in the detection of renal
artery stenosis lesions that were deemed to be significant by
angiography. MRA is contraindicated for patients with claus-
trophobia or metallic implants such as cardiac pacemakers,
cranial aneurysm clips, cochlear implants, and older types of
Starr-Edwards heart valves.

Carbon Dioxide Angiography

Carbon dioxide (CO2) is currently being utilized not only for
diagnostic imaging of the renal artery but also to guide percuta-
neous interventional vascular procedures. The use of CO2 an-
giography was pioneered by Hawkins (360), and the potential
for CO2 to serve as a clinically useful arterial contrast agent has
advanced over the past 15 years (310,361,362). In experienced
centers, DSA using CO2 as an intravascular contrast agent has
proved to be both safe and clinically useful in the evaluation
of patients with renovascular disease. In a dog study in which
5 to 10 times the maximum quantity of CO2 normally used
was injected directly into the renal artery, only minor reduc-
tions in blood flow, and no morphologic changes in the kidneys
or vascular endothelium were detailed subsequently (363). In
most centers, CO2 angiography is not available, and research
is continuing utilizing CO2 for diagnostic arterial and venous
imaging and as a guide to percutaneous vascular interventional
procedures in selected centers.
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Duplex Ultrasound Scanning

Duplex ultrasound scanning of the renal arteries is a nonin-
vasive screening test for the detection of the anatomic pres-
ence of renal artery stenosis. It combines direct visualization
of the renal arteries (B-mode imaging) with measurement of
various hemodynamic factors in the main renal arteries and
within the kidney (Doppler), thus providing both an anatomic
and a functional assessment of renal arterial disease. Duplex
scanning also allows measurement of kidney size at the same
time. Unlike other noninvasive tests, duplex scanning is not af-
fected by medications, the level of renal function, or whether
the disease is unilateral, bilateral, or affecting a solitary func-
tioning kidney (47,48,51,364–368). As indicated earlier in this
chapter, increasing experience with duplex ultrasound scan-
ning demonstrates an overall sensitivity and specificity when
compared with renal arteriography of 98%, with a positive
predictive value of 0.99 and a negative predictive value of 0.97
(51). Olin et al. (51) prospectively studied 102 consecutive pa-
tients by both duplex ultrasound scanning of the renal arteries
and renal arteriography. All patients in the study had difficult-
to-control hypertension, unexplained azotemia, or associated
peripheral vascular disease, giving them a high pretest likeli-
hood of renovascular disease. Sixty-two of 63 arteries showing
stenosis of less than 60% by arteriography were correctly iden-
tified by duplex ultrasound scanning. Thirty-one of 32 arteries
with 60% to 79% stenosis on arteriography were identified as
having 60% to 99% stenosis on duplex ultrasound; 67 of 69
arteries with 80% to 99% stenosis on arteriography were iden-
tified as having 60% to 99% stenosis on ultrasound. Twenty-
two of 23 arteries with total occlusion on arteriography were
correctly identified by duplex ultrasound (Table 52-11) (51).

Of the arteries with an end-diastolic velocity of 150 cm/
second or more, 81% (38/47) had 80% to 99% stenosis, while
only 19% (9/47) had 60% to 79% stenosis by arteriography.
At the present time, most centers experienced in the duplex ul-
trasound scanning technique are able to discriminate between
renal arterial stenoses of less than 60% or of 60% or more
by ultrasound. Gradations of stenosis by duplex ultrasound
scanning are generally reported as 0% to 59% stenosis, 60%
to 99% stenosis, and total occlusion. The ability to discrimi-
nate by duplex ultrasound renal arterial lesions causing 60% to
79% stenosis from those causing 80% or more stenosis (most
likely the degree of stenosis that is hemodynamically signifi-
cant) is approaching with advances in duplex ultrasound tech-
nology.

Radermacher et al. have validated the renal resistive in-
dex (RI) obtained by Doppler velicometry over the intrarenal
vessels as a predictor of future renal outcomes in patients

with renal transplant nephropathy (369), chronic renal in-
sufficiency (370), and renal artery stenosis (371). The RI is
calculated as: (1 – [end diastolic velocity] maximal systolic
velocity) ×100. Of 138 patients with renal artery stenosis
subject to angioplasty or surgery, the RI scanning procedure
was technically successful in 131 patients. The results demon-
strated that a RI of >80% reliably identifies patients with renal
artery stenosis in whom intervention will not improve renal
function, BP, or kidney survival. The index effectively quanti-
tates the microvascular resistance within the kidneys, which is
emerging as a critical factor in determining outcome in these
patients.

The availability of high-quality duplex ultrasound scanning
has dramatically altered the approach to renal artery stenosis
in several centers. When the history and physical examination
suggest renal artery stenosis, duplex ultrasound scanning may
well be the procedure of choice for detecting the anatomic pres-
ence of renal artery disease. When duplex ultrasound scanning
indicates 0% to 59% stenosis, hemodynamically significant re-
nal artery stenosis is highly unlikely. However, the technique
is technically demanding and has a steep learning curve. Each
vascular laboratory needs to correlate the results obtained from
duplex ultrasound of the renal arteries with arteriography to
ensure a reasonable degree of internal correlation. It is impor-
tant to examine the renal artery from the anterior, lateral decu-
bitus, and at times, posterior approaches so that all segments of
the renal artery can be visualized and adequate Doppler sam-
ples obtained. Accessory renal arteries are difficult to identify
and remain a limitation of the test (51,368). After detecting
renal artery stenosis by duplex ultrasound, an angiographic
imaging procedure in concert with a maneuver designed to de-
tect the physiologic significance of the renal artery stenosis (e.g.,
captopril renography, renal vein renin determination) is recom-
mended.

Spiral Computed Tomography Scanning

Spiral (helical) CT scanning with intravenous contrast injection
(CT angiography) combines the diagnostic accuracy of formal
arteriography with the low-risk of intravenous digital subtrac-
tion angiography. In several reports, the spiral CT scan had a
sensitivity and specificity for renal artery stenosis ranging from
87% to 98% (sensitivity) and 94% to 98% specificity, respec-
tively (372–374).

In summary, the ideal approach to the choice of appropri-
ate workup in this patient population is to select in advance
the specific questions to be answered: (a) is significant renal
artery stenosis present? (b) is it bilateral or unilateral? (c) is it
associated with and suspected of causing hypertension? (d) is

TA B L E 5 2 - 1 1

COMPARISON OF DUPLEX ULTRASONOGRAPHY WITH ARTERIOGRAPHY IN
102 CONSECUTIVE PATIENTSa

Percent stenosis by arteriography

0–59 60–79 80–99 100
Percent stenosis by
ultrasonography Total

0–59 62 0 1 1 64
60–99 1 31 67 0 99
100 0 1 1 22 24

Total 63 32 69 23 187

aNumbers refer to arteries visualized (N = 187). The sensitivity was 98%, specificity 98%, positive
predictive value 99%, and negative predictive value 97%.
(From: Olin JW, Piedmonte MR, Young JR, et al. The utility of duplex ultrasound scanning of the renal
arteries for diagnosing significant renal artery stenosis. Ann Intern Med 1995;122:833, with permission.)
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it associated with and suspected of causing renal insufficiency?
and (e) are we seeking information about the likely outcomes of
revascularization? Answers to these questions help in selecting
the most useful test in each individual circumstance. Generally,
conventional renal angiography is reserved as a prelude to re-
nal revascularization, for example, PTRA, PTRA/stenting or
surgical renal revascularization.

ISCHEMIC RENAL DISEASE
(ISCHEMIC NEPHROPATHY)

Ischemic renal disease and ischemic nephropathy are terms
that imply gradual loss of renal function caused by vascu-
lar occlusion. Although interrelationships between main renal
artery stenosis, arteriolar nephrosclerosis, hypertension, and
renal insufficiency have, historically, been appreciated, the no-
tion that main renal artery stenosis might threaten renal func-
tion, possibly independent of BP control, is relatively recent.
The frequency of atherosclerotic renovascular disease, and in
particular the appearance of atherosclerotic renal artery dis-
ease in patients with atherosclerosis in other vascular beds and
the suggestion that atherosclerotic renal artery stenosis might
be responsible for advanced renal failure, particularly in pa-
tients older than 50 years (34,239,251,375), and reports of
patients coming off dialysis following renal revascularization
(233,250,376–38) have contributed to current interest in is-
chemic nephropathy and enthusiasm for renal revasculariza-
tion (surgical or endovascular) for preservation or restoration
of renal function. Regardless of whether or not renovascular
hypertension is likely, the anatomic presence of atherosclerotic
renal artery disease as a threat to renal function has become
a more pressing concern than that of atherosclerotic renovas-
cular hypertension (28,30,34,381,382). Accordingly, in some
centers, trends in surgical revascularization for renal artery dis-
ease have shifted from the issue of renovascular hypertension
to the issue of preservation of renal function (383).

Ischemic renal disease or ischemic nephropathy may be de-
fined as a clinically significant reduction in GFR due to hemody-
namically significant obstruction to renal blood flow, or renal
failure due to renal artery occlusive disease. The following case
histories are examples of this clinical syndrome.

Case 1

A 62-year-old white woman presented in 1977 with the re-
cent appearance of hypertension and a BP of 170/115 mm
Hg. Three years previously, she had been found to have poly-
cythemia vera, and an IVP at that time appeared normal. She
had been followed closely until 1977 by her local internist and
was always normotensive until the hypertension suddenly ap-
peared. A rapid- sequence IVP demonstrated a reduction in the
size of the left kidney from 14.0 to 11.5 cm. Further evalua-
tion demonstrated a serum creatinine level of 2.6 mg/dL and
an asymptomatic left carotid bruit. Renal arteriography dis-
closed a left kidney 11.5 cm in height and 100% stenosis of
the left renal artery; the right kidney measured 14.5 cm in
height and there was 95% stenosis of the right renal artery
(Fig. 52-14). Renal vein renin determinations lateralized
strongly to the smaller (left) kidney. The BP was well controlled
with propranolol and a diuretic. Right aortorenal reimplanta-
tion was undertaken solely to preserve renal function. Post-
operatively, the serum creatinine level fell to 1.5 mg/dL and
remained at this level for the next 12 years. The BP remained
controlled postoperatively with propranolol, 40 mg daily, and
a small dose of chlorthalidone. The patient died in 1989 of

FIGURE 52-14. Case 1: Aortogram of a 62-year-old woman, demon-
strating total occlusion of the left renal artery supplying an atrophic
left kidney and high-grade ostial stenosis of the proximal right renal
artery from atherosclerosis.

complications of polycythemia vera, with a serum creatinine
of 1.5 mg/dL.

Case 2

A 67-year-old white woman, known to have a single (left) kid-
ney and a serum creatinine level of 1.0 mg/dL, was in her usual
state of good health until October 1988, when she observed a
marked diminution in urine volume after 4 to 5 days of nausea,
vomiting, diarrhea, and diminished food and fluid intake, all
of which were attributed to viral gastroenteritis. The gastroin-
testinal symptoms subsided, but oliguria persisted. She sought
medical attention and was observed to be severely azotemic.
Over the next several days, oligoanuria developed, and acute
hemodialysis was initiated. Over the next 6 weeks, there was
no increase in urine volume, and regular hemodialysis was re-
quired. The patient’s nephrologist presumed that she had sus-
tained an episode of severe acute tubular necrosis, but when
renal function failed to improve after 6 weeks of hemodial-
ysis, open renal biopsy was performed. The biopsy specimen
was surprisingly unremarkable, revealing only mild intersti-
tial fibrosis, intact tubular basement membranes, absence of
glomerular sclerosis, and retracted glomeruli consistent with
ischemia (Fig. 52-15). There was no evidence of active glomeru-
lar proliferation or crescents, and no evidence of vasculitis. Six
months later a renal arteriogram demonstrated tight left renal
artery stenosis beginning just beyond the takeoff of the renal
artery and extending to the first major bifurcation, with ev-
idence of collateral circulation. The patient was referred for
further evaluation in June 1989, at which time laminography
indicated the left kidney to be 10.5 cm in height, with surpris-
ingly good function demonstrated by DTPA isotope renal scan-
ning. Left renal revascularization (bench repair and autotrans-
plantation) was performed. During the first 4 postoperative
weeks, the serum creatinine level gradually fell from the range
of 12 to 16 mg/dL to 3 mg/dL, and the urine volumes increased
to 1,500 to 2,000 mL/day. There have been no subsequent



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-52 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:26

Chapter 52: Renal Artery Stenosis, Renal Vascular Hypertension, and Ischemic Nephropathy 1297

FIGURE 52-15. Case 2: Left renal biopsy
specimen obtained after 6 weeks of
hemodialysis from a 67-year-old woman
who had been anuric. The biopsy specimen
shows hypoperfused retracted glomeruli
consistent with ischemia. There is no evi-
dence of active glomerular proliferation or
glomerular sclerosis. Note the intact tubular
basement membranes, and negligible inter-
stitial inflammation. Left renal revascular-
ization resulted in recovery of renal function
and discontinuance of dialysis.

dialysis treatments. The serum creatinine level 10 years post-
operatively was 2.3 mg/dL.

Discussion

These two patients represent two ends of the spectrum of is-
chemic nephropathy. In the first patient, surgical revascular-
ization of the right kidney was done solely to improve mod-
erately severe renal insufficiency and preserve long-term renal
function, ignoring the prediction that left renal revasculariza-
tion would cure the hypertension. In the second patient, renal
revascularization removed a patient from lifelong dialysis.

The observation of improved renal function after renal
revascularization is not new. In 1962, Morris et al. (384) re-
ported on eight azotemic patients with bilateral renal artery
stenosis who experienced improvement in renal function fol-
lowing surgical renal revascularization. However, the major
indication for operation in this report was the presence of se-
vere associated hypertension—the concept of undertaking re-
nal revascularization primarily to stabilize or improve renal
function had not yet arisen. Additional reports in the 1960s
and 1970s (133,385) described improvement in renal function
in patients undergoing renal revascularization for presumed
renovascular hypertension. Although the beneficial effect of
surgery on renal function in these reports was in part due to
improvement in BP control, the possibility that improved re-
nal perfusion pressure promoted increased GFR was also en-
tertained. Case 1 reflects an approach taken by Novick et al.
(250), wherein 51 patients with significant renal artery steno-
sis and hypertension underwent surgery primarily to preserve
or salvage renal function. In all patients, the BP was well con-
trolled preoperatively with antihypertensive drug therapy, and
hypertension was not considered an indication for surgery. In
24 of these 51 patients, progressive deterioration in kidney
function, despite adequate BP control, was observed during
the 6 months prior to surgery (250). Shortly thereafter, Ying
et al. (233) described eight patients with bilateral atheroscle-
rotic renal artery disease or unilateral arterial stenosis in a
solitary functioning kidney, in whom antihypertensive drug
therapy substantially worsened preexisting renal insufficiency
despite enhanced BP control; surgical renal revascularization
produced improvement or stabilization of renal function in
these patients. These investigators concluded that refractory

hypertension with renal insufficiency is a common problem
and suggested that renal revascularization is warranted, partic-
ularly if renal function deteriorates with medical management.

The reports of Novick (1983) (250) and Ying (1984) (233)
et al. in conjunction with the advent of PTRA fueled enthusi-
asm for detecting and correcting main renal artery stenosis to
preserve renal function. Reports of the role of PTRA in improv-
ing renal function in patients with atherosclerotic renal artery
disease were encouraging, and a number of centers reported im-
provement or stabilization in renal function following surgical
renal revascularization or balloon angioplasty in patients with
ischemic renal disease. More recently, atherosclerotic renal
artery disease has been claimed to contribute to the end-stage
renal disease population (251,375–378,380,386,387). Case 2
is representative of this type of patient.

Despite these rewarding anecdotes, most patients who
progress to end-stage renal failure in conjunction with main
renal artery stenosis have irreversible ischemic parenchymal
damage (Fig. 52-16) that precludes recovery of renal function
even if main renal arterial blood flow is restored. Many of these
patients have associated atheroembolic renal disease (388), se-
vere small-vessel disease (nephrosclerosis), or both, and many
patients have secondary focal segmental glomerulosclerosis or
global glomerulosclerosis (Fig. 52-17). These pathologic alter-
ations in the renal parenchyma limit the effectiveness of sur-
gical renal revascularization, PTRA, or stenting of the main
renal artery in improving renal function (389). The studies of
Radermacher utilizing measurement of renal resistance index
(RI) demonstrated that a RI >80% predicted an unfavorable
effect of renal artery stenting on post stent creatinine clear-
ance, whereas a pre-stent RI <80% was associated with an
improved creatinine clearance post renal artery stenting (369).
In contrast to the voluminous literature devoted to predicting
which patients might gain improvement in BP control following
renal revascularization, a clear understanding is lacking about
the pathogenesis of ischemic nephropathy on the basis of large-
vessel occlusive disease and of which diagnostic tests might pre-
dict improvement in renal function following renal revascular-
ization. The relative contributions of main renal artery stenosis,
arteriolar nephrosclerosis, glomerular collapse, and interstitial
fibrosis—all associated with main renal artery stenosis—await
further definition. The renal RI studies of Radermacher (369)
and the study of Cheung (390) in patients with total renal artery
occlusion of one renal artery and varying degrees of stenosis
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FIGURE 52-16. Pathologic specimen of a kidney from beyond a
main renal artery occlusion demonstrating glomerular sclerosis, tubu-
lar atrophy, and interstitial fibrosis. The magnitude of glomerular
and interstitial scarring is consistent with irreversible loss of kidney
viability.

in the contralateral renal artery emphasize the importance of
renal parenchymal damage as a major contributor to the over-
all impairment in GFR (i.e., renal function) in patients with
main renal artery stenosis. Further, paradigms applied to acute
renal ischemic injury may have limited applicability to chronic
vascular injury.

Glomerulosclerosis

Atheroembolism

Nephroscierosis

Atheroscierosis

FIGURE 52-17. Schematic representation of ischemic nephropathy.
Patients with atherosclerotic artery stenosis often have coexisting renal
parenchymal disease with varying degrees of nephrosclerosis (small-
vessel disease), atheroembolic disease, or glomerulosclerosis.

FIGURE 52-18. Theoretical scheme wherein renal artery stenosis leads
to end-stage renal disease. Central to this model is the notion that vas-
cular compromise produces intermediate events that injure the kid-
ney. How these events promote “reversible” to “irreversible” tissue
damage awaits further clarification. (Adapted from: Textor SC. Patho-
physiology of renal failure in renovascular disease. Am J Kidney Dis
1994;24:642, with permission.)

The pathophysiology of ischemic nephropathy is incom-
pletely understood. Presumably, a sufficiently severe vascular
lesion reduces renal perfusion pressure below a “critical perfu-
sion pressure” when the kidney is perfused at these reduced ar-
terial pressures, a series of changes develop, some irreversible,
eventuating in end-stage renal disease (Fig. 52-18). Textor pro-
poses a sequence of events for chronic ischemic renal injury
wherein repetitive episodes of renal hypoperfusion might pro-
duce irreversible renal parenchymal damage beyond a stenotic
main renal arterial lesion (Fig. 52-19). Data to support the role
of each of these steps have been obtained from models of acute
ischemic renal failure (see Chapter 39), although their role in
chronic renovascular disease is not yet established (109,111).
Renal fibrosis induced by ischemia evolves with intrarenal is-
chemia increasing the generation of angiotensin II that is fibro-
genic, owing to interaction with endothelin-1 and TGF-beta
(391).

FIGURE 52-19. Proposed sequence of events by which repetitive
episodes of renal hypoperfusion might produce irreversible renal
parenchymal injury beyond a stenotic arterial lesion. Data to support
the role of each step were obtained from models of acute ischemic re-
nal failure, although their role in chronic renovascular disease is not
yet established. (Adapted from: Textor SC. Pathophysiology of renal
failure in renovascular disease. Am J Kidney Dis 1994;24:642, with
permission.)
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The pathologic changes in the kidney beyond an arterial
occlusion include glomerular collapse with loss of tuft vol-
ume, tubular atrophy, and interstitial fibrosis. The fibrosis of
Bowman’s capsule can obstruct the origin of the proximal
tubule, leading to atubular glomeruli and tubular atrophy,
while fibrosis around tubules themselves likely impairs their
function and viability. Loss of tubular structures, interstitial
inflammation, and glomerulosclerosis are consistent with irre-
versible loss of kidney viability (109,392–395). Typical changes
of arteriolar nephrosclerosis coexist (Fig. 52-16) (396,397).
Experimental studies using progressive renal arterial occlu-
sion in a swine model indicate a complex interaction between
atherosclerosis and renal arterial disease in activating fibro-
genic pathways of the kidney, potentiating the renal scarring
(398,399).

Clinical Presentation

The clinical presentation of patients likely to develop progres-
sive renal failure from atherosclerotic ischemic nephropathy
is that of an older (more than 50 years) patient demonstrat-
ing progressive azotemia in conjunction with antihypertensive
drug therapy, history of cigarette smoking, known renal artery
disease, refractory hypertension, and generalized atherosclero-
sis obliterans (233,250,251). Men or women over the age of
50 who smoke and have unexplained azotemia with mild-to-
moderate proteinuria, hypertension (usually), and a bland uri-
nary sediment with few casts or cells are frequently found to
have atherosclerotic renal artery disease. Clinically, ischemic
renal disease is present in patients with high-grade (greater
than 75%) arterial stenosis involving both kidneys or more
than 75% arterial stenosis to a solitary kidney. The threat to
overall kidney function in patients with high-grade (greater
than 75%) unilateral renal artery stenosis in the setting of
azotemia, wherein renal functional impairment is most likely
due to a combination of nephrosclerosis and unilateral main
renal artery stenosis, is less clear (250). Accordingly, an ag-

gressive interventive approach with either surgical or endovas-
cular renal revascularization appears to be most appropriate
for patients with high-grade bilateral renal artery stenosis or
high-grade renal artery stenosis to a solitary functioning kid-
ney. Clinical clues to bilateral renovascular disease include (a)
generalized atherosclerosis obliterans, (b) presumed renovascu-
lar hypertension, (c) a unilateral small kidney, (d) unexplained
azotemia, (e) deterioration in renal function with BP reduction,
particularly with ACE inhibitor therapy (225,251,400), and (f)
recurrent episodes of flash pulmonary edema (216–218).

Preserving Renal Function

In considering patients as candidates for revascularization (sur-
gical or endovascular) to preserve renal function, some deter-
mination should be made of the potential for salvable renal
function. Total occlusion of the renal artery usually eventu-
ates in irreversible ischemic damage of the involved kidney;
however, in some patients with gradual arterial occlusion, the
viability of the kidney can be maintained through the devel-
opment of collateral arterial supply (401–404). Clinical clues
suggesting renal function preservation include (a) kidney height
more than 9 cm (by IVP or renal laminography); (b) evidence
of function of the involved kidney, on either intravenous uro-
gram or isotope renography; (c) angiographic filling of the dis-
tal renal arterial tree by collateral circulation in patients with
total renal arterial occlusion proximally (Fig. 52-20); and (d) a
specimen obtained by intraoperative renal biopsy demonstrat-
ing well-preserved glomeruli with minimal arteriolar sclerosis
(see Case 2) (Fig. 52-15) (89,250,403–407). When these cri-
teria are present, restoration of normal renal arterial flow can
result in recovery of renal function.

As has been emphasized, the coexistence of arteriolar
nephrosclerosis, secondary glomerulosclerosis, and in many
patients atheroembolic renal disease, in conjunction with main
renal artery atherosclerotic renal artery stenosis, makes predic-
tions difficult as to which patients will show improvement in

A B

FIGURE 52-20. A: Abdominal aortograms reveal complete occlusion of the left main renal artery,
(B) with filling of the distal renal artery branches from the collateral blood supply seen on a delayed
film. The observation of collateral circulation when the main renal artery is totally occluded proximally
suggests viable renal parenchyma.
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renal function following surgical or endovascular renal revas-
cularization. Data from the Mayo Clinic of 304 patients who
underwent surgical renal revascularization (408) and 44 pa-
tients who underwent PTRA389 indicated that approximately
27% improved renal function (serum creatinine decreased
more than or equal to 1 mg/dL), 53% had no change in re-
nal function (change in serum creatinine less than 1 mg/dL),
and 20% experienced worsened renal function (serum crea-
tinine increased more than 1 mg/dL). Many of the patients
who had worsening of renal function developed rapid dete-
rioration in renal function within 1 year of the interventive
procedure. Similar observations have been reported by Sandy
et al. (409).

In general, surgical or endovascular renal revascularization
to preserve renal function in patients with atherosclerotic re-
nal artery stenosis is most likely to be useful in patients who
have not yet demonstrated severe and permanent impairment
of overall renal function. In a study from the Cleveland Clinic
(410) baseline renal function predicted the outcome of sur-
gical revascularization in older adult patients; a preoperative
serum creatinine level of less than 3 mg/dL correlated with
a stable or improved postoperative serum creatinine level. In
contrast, patients with moderately severe azotemia (serum cre-
atinine greater than 3.0 to 3.5 mg/dL) are likely to have se-
vere renal parenchymal disease (Fig. 52-16), which renders
improvement in renal function following surgical or endovas-
cular revascularization unlikely (389,411,412). The study of
Radermacher (369) using the renal RI measurement prior to
endovascular renal revascularization is consistent with these
observations. For patients over age 65, in whom serum cre-
atinine concentrations are between 2 and 3 mg/dL indicating
severe renal functional impairment, desired benefits on renal
function from renal revascularization maneuvers are also fre-
quently disappointing (413,414). Exceptions to these obser-
vations are patients with total main renal artery occlusion in
whom renal viability is maintained via collateral circulation. In
situations of uncertain renal viability, an intraoperative renal
biopsy may be helpful. On occasion, we have used the findings
by intraoperative kidney biopsy to help guide subsequent de-
cision making regarding surgical revascularization for the goal
of improving kidney function (250). Several groups reported
their results in such patients, confirming that when criteria in-
dicative of renal function preservation are present, successful
revascularization can in fact lead to reversal of renal failure
(89,250,404–406,415–422).

In addition to the absolute level of renal function as mea-
sured by serum creatinine as a criterion for renal function
preservation, the rate of decline in overall renal function was
recently suggested as an important determinant of outcome
following renal revascularization in atherosclerotic ischemic
renal disease. This was particularly true in dialysis-dependent
patients for whom dialysis is presumed to be required for
ischemic nephropathy (380,423). Dean et al. and Hansen
et al. (380,423) suggested that predictors of recovery of renal
function in dialysis-dependent patients with atherosclerotic re-
nal artery stenosis are (a) bilateral (vs. unilateral) renal artery
stenosis; (b) a rapid rate of deterioration in estimated GFR
during the 6 months preceding surgical revascularization; and
(c) less severe nephrosclerosis angiographically. Postoperative
recovery of renal function was not associated with the sever-
ity of renal artery stenosis, preoperative length, or extent of
extrarenal atherosclerosis. Other groups suggest that patients
presumed to have end-stage renal disease from ischemic
nephropathy may be removed from dialysis when there is
chronic bilateral total renal arterial occlusion or total occlu-
sion of the artery to a solitary kidney. In these patients, fortu-
itously, the viability of one or both kidneys has been maintained
through collateral vascular supply (see Case 2) (376,421). Un-
fortunately this clinical presentation is rare, and a less favorable

outcome of total arterial occlusion on renal viability is far more
common.

End-Stage Renal Disease

The frequency with which main renal artery stenosis causes
end-stage renal disease (ESRD) is unclear. Mailloux et al. (378)
and Appel et al. (386) suggested that ESRD may be a relatively
common consequence of atherosclerotic renal artery stenosis.
Appel et al. reported that renovascular disease accounts for
11% of all ESRD patients more than 50 years of age, and
20% of ESRD cases among whites older than 50 years. These
figures were rough estimates, however, and there have been
no prospective studies carefully addressing the relationship be-
tween renal artery disease and ESRD. More likely, the incidence
of renovascular disease as a cause of ESRD is much lower as
supported by the United States Renal Data System 1997 Annual
Data Report (424). In this report, renal artery stenosis or occlu-
sion was listed as the primary disease in only 1.7% of all ESRD
incident patients (N = 305,876) for the years 1991 to 1995.
Fatica et al. reported an annualized percentage growth of ESRD
attributable to atherosclerotic renal artery disease (ASO/RAD-
ESRD) to 12.4% (vs. 8.4% for diabetes mellitus and 5.4% for
all-cause ESRD) from 1991 to 1997 (USRDS database), and
that the percentage of incident patients with ASO/RAD-ESRD
increased from 1.4% to 2.1% over this time period (425).

Documentation of atherosclerotic renovascular disease in
patients on dialysis is often plagued with coexisting comor-
bid conditions that in conjunction with the requirement for
dialysis, predict a poor long-term survival (378,386,426). In
these patients, at the initiation of dialysis, the most frequently
occurring associated comorbid conditions were documented
preexisting cardiac disease, peripheral vascular disease, hyper-
tension, cerebrovascular disease and transient ischemic attack,
and congestive heart failure. Patients with atherosclerotic ren-
ovascular disease had these risk factors at a significantly in-
creased frequency (378) compared to patients on dialysis with
renal diagnoses other than ischemic renal disease. Novick et
al. described the survival of 25 patients with end-stage renal
failure and coexisting atherosclerotic renovascular disease in
whom it was presumed that the renal failure was due to main
renal artery occlusion (426). Eight of these 25 patients under-
went surgical revascularization. At the time of analysis, 6 of
the 8 patients were alive (mean survival time 58.2 months) and
2 patients had died (mean survival time 96 months); of the
17 “chronic dialysis” patients who did not undergo surgi-
cal revascularization, 3 were alive (mean survival time 29.5
months) and 13 were dead (mean survival time 8.7 months) at
the time of analysis.

In view of the increasing median patient age and associated
comorbid cardiovascular risk factors that impact poorly on
dialysis survival (427–431), one might consider detection and
correction of atherosclerotic renal artery stenosis in patients
requiring dialysis for the goals of discontinuance of dialysis
as well as improved long-term survival. This suggestion war-
rants close scrutiny, however, because the precise etiology of
the ESRD in these reports was frequently unclear, the assump-
tion that coexisting renal artery stenosis produced the renal
insufficiency was not proved, and in most cases, irreversible
parenchymal damage was present at the time of dialysis, pre-
cluding removal of these patients from dialysis following surgi-
cal or endovascular renal revascularization. Most patients with
ESRD and atherosclerotic renal artery stenosis without total ar-
terial occlusion are not appropriate candidates for revascular-
ization to restore function. In such patients, main renal arterial
blood flow is preserved at a reduced level, but the supplied
renal parenchyma is without function. The renal parenchy-
mal involvement is, in most situations, severely diseased with
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varying degrees of nephrosclerosis (170,171,395,432) or
atheroembolic disease (388) in conjunction with severe intersti-
tial fibrosis, tubular atrophy, and glomerular sclerosis. A more
encouraging view has been reported by Hansen et al. who have
performed surgical renal revascularization in 222 patients; 27
of these patients (12%) who had been dialysis-dependent were
removed from dialysis (433).

Hemodynamic Probes

Hemodynamic probes may be helpful in confirming the func-
tional significance of large-vessel occlusive disease. Clearly,
such probes need to be designed and tested prospectively, to
help identify patients at highest risk for loss of renal function
prior to the development of moderate to severe azotemia (i.e.,
serum creatinine greater than 3 to 4 mg/dL) presumably con-
sequent to main renal artery stenosis. In the 1980s, Textor and
associates (224,434) described a test involving an intravenous
infusion of sodium nitroprusside that was designed to define
the hemodynamic limits posed by vascular disease on over-
all renal function in patients with main renal artery stenosis.
Sixteen hypertensive patients underwent a graded reduction in
BP with sodium nitroprusside. Eight patients with high-grade
(greater than 70%) unilateral renal artery stenosis tolerated BP
reduction (205/103 to 146/84 mm Hg) without a change in ei-
ther renal plasma flow or GFR. Eight patients with high-grade
bilateral renal arterial stenosis had similar BP reduction, but
renal plasma flow fell (152 to 66 mL/minute) and GFR de-
clined (38 to 16 mL/minute). Four patients with high-grade bi-
lateral renal artery stenosis who initially experienced a decline
in renal plasma flow and GFR were studied after unilateral re-
nal revascularization; a reduction in BP with nitroprusside no
longer reduced total renal blood flow or GFR (Fig. 52-21). Six
of these 16 patients had been receiving captopril prior to re-
ferral, and 5 of these 6 patients developed severe acute renal
failure while on captopril therapy. The data from these stud-
ies suggest that renal hemodynamic and functional evaluation
during graded BP reduction with sodium nitroprusside pro-
vides a means of identifying a pathophysiologic limit on perfu-
sion pressure required for renal function in patients with severe
renal artery stenosis in whom the entire renal mass is threat-
ened by renal artery occlusion. Despite these appealing obser-
vations, the invasive nature of this test and the time necessary
to perform it have limited its clinical application in this patient
population.

Another hemodynamic probe that might be predictive of
loss of renal function is the simple observation of worsening
renal function following BP reduction with any type of antihy-
pertensive agent with or without the concomitant use of ACE
inhibitor drugs (225,233,239,251,400). Deterioration in renal
function with BP reduction, particularly with ACE inhibitor
drugs or angiotensin receptor blocking agents, is not only an
important clue to the presence of bilateral renovascular dis-
ease but also a marker for the hemodynamic significance of the
lesion. Acute renal failure with converting enzyme inhibitor
therapy may also be seen without main renal artery stenosis
and may indicate intrarenal vascular disease (i.e., nephroscle-
rosis) or occasionally, other types of renal parenchymal damage
(435). Whether or not captopril renography, widely employed
as a means of detecting renal artery stenosis and predicting that
renal artery stenosis is the cause of hypertension, can be utilized
to predict which patients are at risk for losing renal function
has not been tested. Serial captopril renography could theo-
retically become a sensitive, noninvasive means of following
patients with high-grade renal artery stenosis over time, with
recommendations regarding the timing of interventive therapy
determined by changes in the captopril renogram in a given
patient. This conjecture requires further study.

If a fixed increase in intrarenal microvascular resistance is
critical for making ischemic nephropathy or renovascular hy-
pertension irreversible, then how can this be assessed? Two
strategies have been proposed, both depending on the demon-
stration of preserved diastolic blood flow into the kidneys as an
index of microvascular function. The first strategy is the use of
duplex Doppler velicometry estimates of the resistance index
(RI) of the two kidneys. Resistance index can be quantitated
by a skilled technician from the profile of blood flow velocities
over time in the vessels within the kidneys. The index is cal-
culated from the ratio of maximal systolic to diastolic blood
flow velocity (see section on ultrasound testing for details). Us-
ing a cutoff RI of 80%, Radermacher et al. (371) investigated
130 patients with renal artery stenosis (RAS) prior to percu-
taneous transluminal angioplasty and stenting. The odds ratio
for worsening of renal function or failure to reduce BP at fol-
low up after 1 year was in excess of 100 for those with an
RI >80%. The second strategy is the use of small, pediatric in-
traarterial catheters to measure the pressure gradient across a
stenosis of the main renal artery >70%. The gradient is directly
proportional to the resistance offered by the renal vasculature
downstream. For example, the reductio ad absurdum would be
that even a very tight stenosis of 95% would have no gradient

FIGURE 52-21. Blood pressure, renal plasma flow, and
GFR in patients with bilateral renal artery stenosis under-
going nitroprusside (NP) infusion before and after renal
revascularization. BP, blood pressure; ERPF, effective re-
nal plasma flow. (From: Pohl MA, Novick AC. Natural
history of atherosclerotic and fibrous renal artery disease:
clinical implications. Am J Kidney Dis 1985;5:A120, with
permission.)
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if a ligature were placed downstream to provide infinite re-
sistance, whereas even a modest stenosis would have a large
gradient if the arterioles were widely patent and there was a
brisk blood flow run off. The use of the gradient to select pa-
tients with preserved diastolic flow implies that the stenosis
itself is hemodynamically sufficiently significant to reduce re-
nal perfusion pressure and trigger autoregulatory vasodilata-
tion of downstream renal resistance vessels. Ramos et al. (343)
selected a group of patients with >70% stenosis of a main re-
nal vessel due to atherosclerosis and >30 mm Hg maximum
pressure gradient across the stenosis. One year after PTRA and
stenting, this group experienced either a significant fall in BP if
renal function was not impaired, or a significant improvement
in renal function if it was initially impaired.

Both of these tests, that is, estimates of renal RI and mea-
surement of pressure gradients, need to be validated by other
investigators in prospective studies. The advantage of the RI is
that it is entirely noninvasive, but it requires practice and skill.
The advantage of the assessment of the stenosis and pressure
gradient is that it can be done at the time of arteriography, but it
also requires skill and practice and may increase the morbidity
of the arteriography procedure.

Ischemic renal disease or ischemic nephropathy is an im-
portant clinical problem, particularly in older patients with
generalized atherosclerosis obliterans. Noninvasive diagnostic
maneuvers to screen for the anatomic presence of renal artery
stenosis, particularly renal duplex ultrasonography, have made
it possible to readily identify these patients. However, the im-
portance of ischemic nephropathy as a major contributor to
progressive renal insufficiency and ESRD remains to be rigor-
ously determined. In some patients, severe renal artery stenosis
poses a threat to renal function, and in others it does not. As
detailed in this chapter, renal artery stenosis and renovascu-
lar hypertension are not synonymous. Similarly, renal artery
stenosis and renal insufficiency are not synonymous.

Several factors must be considered in evaluating the renal
functional benefit of intervention to relieve arterial obstruction.
These include the severity and extent of renal artery obstruc-
tion, the level of renal function, the renal histopathologic infor-
mation, the relative contribution of renal parenchymal damage
and main renal artery stenosis to the renal insufficiency, the
role of competing risks and high mortality from other cardio-
vascular diseases, and the merits of medical management of
frequently associated hypertension versus renal revasculariza-
tion in such patients (414,436–438). Although intervention to
restore normal renal arterial blood flow may be indicated in
selected patients to prevent deterioration of renal function that
may culminate in the need for dialysis therapy, and although
there is an occasional dialysis-dependent patient in whom renal
revascularization might remove from dialysis, a large, prospec-
tive, randomized controlled study of patients assigned to
receive medical (nonsurgical) therapy or to undergo renal
revascularization (surgical or endovascular) is needed to test
the hypothesis that atherosclerotic renal artery disease is a
correctable cause of progressive renal failure. Several small,
prospective, randomized studies of either endovascular or sur-
gical renal revascularization showed no difference in either
survival or renal functional outcomes as compared to medical
management alone (439,440). A large multicenter study com-
paring optimal medical management plus stenting to optimal
medical management alone is currently in progress (441).

A number of unresolved issues relative to ischemic
nephropathy remain: Can we be certain that atherosclerotic re-
nal artery disease is indeed a progressive disorder in a specific
individual? For which patients does progression pose a hazard
greater than the risks of vascular intervention? What is the op-
timal time to intervene to preserve renal function in patients
with progressive azotemia? That is, is there a “window of op-
portunity in which one should intervene? And, at what point is

it too early or too late to intervene? In patients with controlled
hypertension and mild degrees of renal insufficiency, is an ag-
gressive approach for preservation of renal function justified?
How often does atherosclerotic renal artery disease cause end-
stage renal failure? What is occurring in the renal parenchyma
distal to the stenosis, metabolically and structurally? Although
the information reviewed herein suggests that interventive ther-
apy might favorably affect the natural course of atherosclerotic
renal artery disease and prevent or stabilize ischemic nephropa-
thy, much more information needs to be accumulated and an-
alyzed about this subject.

TREATMENT OF RENOVASCULAR
HYPERTENSION AND ISCHEMIC

NEPHROPATHY

There are currently four therapeutic options available for pa-
tients with presumed renovascular hypertension or renal in-
sufficiency, or both, resulting from renal artery disease. These
are (a) medical management, (b) surgical revascularization,
(c) PTRA, and (d) renal artery stents. Several factors must
be weighed in determining whether medical or interventive
management is more appropriate for a given patient. These
include the causal relationship of renovascular disease to hy-
pertension, that is, the likelihood that intervention will cure
or markedly ameliorate the hypertension; the severity of the
hypertension; the adequacy of BP control with medical anti-
hypertensive therapy; the specific type of renal artery disease
(fibrous or atherosclerotic); the natural history of untreated
renovascular disease with regard for the risk of losing renal
function; the general medical condition of the patient; and the
known efficacy and risks of medical antihypertensive therapy,
surgical revascularization, PTRA, and stents in various clinical
subgroups.

The best method of treating patients with presumed ren-
ovascular hypertension remains an elusive goal. What consti-
tutes appropriate management—medical, surgical revascular-
ization, endovascular revascularization—is a matter of ongoing
debate. Each therapeutic modality has its advocates, advan-
tages, and disadvantages. In addition, factors influencing ther-
apeutic decision making in patients with renal artery stenosis
include the expertise and experience in performing surgical re-
nal revascularization or endovascular revascularization (PTRA
and stent placement) in an individual medical center. The goals
of treatment are to cure or markedly improve the BP, to prevent
target organ complications, to reverse or prevent impairment
of renal function, and occasionally, to alleviate flash pulmonary
edema. The anatomic presence of renal artery stenosis is not
necessarily a mandate for intervention.

Surgical Treatment

Surgical treatment of presumed renovascular hypertension in-
cludes unilateral nephrectomy, partial nephrectomy (segmen-
tal hypoplasia, branch renal artery stenosis), endarterectomy,
in situ aortorenal bypass procedures, alternative bypass proce-
dures, atherectomy, and extracorporeal microvascular recon-
struction and autotransplantation for branch renal artery dis-
ease. A detailed discussion of the surgical techniques involved,
and results and complications of each of these procedures, is
beyond the scope of this chapter.

The indications for primary nephrectomy are limited, and a
procedure to preserve renal function as a secondary goal in pa-
tients with presumed renovascular hypertension is preferable.
Nephrectomy is generally employed to relieve hypertension in
the setting of a small (less than 8- to 9-cm pole-to-pole length
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by laminography) hyperreninemic kidney or because of a con-
genitally hypoplastic kidney, atrophic pyelonephritis, surgically
uncorrectable renovascular disease, occlusion after attempted
surgical or endovascular revascularization, or a nonfunctioning
kidney consequent to renal trauma (88,179,180,182,442,443).
Partial nephrectomy can be attempted to cure hypertension
if there is stenosis of one of multiple distal renal arteries or
branches, or to excise a hypoplastic segment (Ask-Upmark kid-
ney). Partial nephrectomy has variable results in improving BP,
in part because ischemic zones may remain in nonexcised renal
tissue (92,444. Laparoscopic nephrectomy reduces postopera-
tive complications compared to an open major surgical proce-
dure and certainly reduces postoperative recuperation time.

Endarterectomy was the first revascularization procedure
described as an alternative to nephrectomy (445). Several
techniques of endarterectomy (aortorenal endarterectomy,
transaortic endarterectomy, and aortic endarterectomy by tran-
section of aorta) have variable popularity, depending on the
experience and preference of the vascular surgeon (446–448).
Currently, however, there are several revascularization proce-
dures, most of which employ aortorenal bypass using a saphe-
nous vein or hypogastric artery (446,449–451). The choice of
revascularization procedure is influenced by the position and
anatomic characteristics of the lesion as well as by the available
surgical expertise. Lesions involving the proximal or middle
third of the renal artery can generally be revascularized satis-
factorily by conventional in situ procedures. Lesions involving
the distal third of the renal artery or its branches are opti-
mally treated by ex vivo reconstructive procedures using mi-
crosurgical techniques (452–455). Polytetrafluoroethylene aor-
torenal bypass grafts have been successfully employed by some
surgeons, usually when an autogenous graft is not available
(456–458).

In older patients, severe atherosclerosis of the abdominal
aorta may render an aortorenal bypass or endarterectomy tech-
nically difficult and potentially hazardous to perform. In such
cases, some surgeons prefer alternative surgical approaches
that allow renal revascularization to be safely and effectively
accomplished while avoiding surgery on a badly diseased aorta.
Splenorenal bypass for left renal revascularization (459,460)
and hepatorenal bypass for right renal revascularization (461)
have been effective alternative bypass techniques. The absence
of occlusive disease involving the origin of the celiac artery is
an important prerequisite for either splenorenal or hepatorenal
bypass surgery. A recent study indicates the presence of signif-
icant celiac artery stenosis in 50% of patients with atheroscle-
rotic renal artery stenosis (462). This information mandates the
importance of preoperative lateral aortography in evaluating
the celiac artery origin in patients who are being considered for
hepatorenal or splenorenal bypass (Fig. 52-22).

Iliorenal bypass is occasionally used for revascularization
in patients with severe aortic atherosclerosis, providing there
is acceptable blood flow through the diseased aorta and no
significant iliac disease (463,464). Mesenterorenal bypass is
occasionally used in patients with a severely diseased aorta in
whom a bypass to the kidney from the celiac or iliac arteries is
not possible. Ideally, when this procedure is considered, an en-
larged superior mesenteric artery, if present, may be employed
for arterial bypass to either kidney. When the superior mesen-
teric artery is sufficiently enlarged to allow for mesenterorenal
bypass, there is generally no compromise of intestinal blood
flow (464,465).

Use of the supraceliac or lower thoracic aorta for renal
revascularization is a new surgical alternative in patients with
significant atherosclerosis of the abdominal aorta and its major
visceral branches (466–468). The supraceliac aorta is often rel-
atively disease-free in these patients and can be used to achieve
renal vascular reconstruction with an interposition saphenous
vein graft. Simultaneous aortic replacement and renal revas-

FIGURE 52-22. Lateral aortogram demonstrating a patent celiac
artery, a prerequisite for employing hepatorenal or splenorenal bypass
procedures.

cularization may be recommended for patients with a fixed
indication for aortic replacement such as a significant abdom-
inal aortic aneurysm or symptomatic aortoiliac occlusive dis-
ease in conjunction with renal artery occlusive disease (469).
Several centers reported an increased operative mortality rate
with simultaneous aortic replacement and renal revasculariza-
tion (469–471).

Reports from several centers indicated that the techniques
described above for surgical renal vascular reconstruction
can be safely performed with a high technical success rate
(383,469,472). The choice of surgical technique depends, to a
large degree, on the experience and preference of the surgeon.
Patients with fibrous dysplasia are generally healthy, without
comorbid risk factors for major visceral vascular surgery; op-
erative morbidity and mortality rates following revasculariza-
tion in this patient group have been minimal (383,472). On
the other hand, operative mortality rates of 2.1% (383), 3.1%
(472), 3.4% (473), 5.5% (469), and 6.1% (474) have been
reported following surgical revascularization in patients with
atherosclerotic renal artery disease. An increased risk of oper-
ative mortality has been observed with bilateral simultaneous
renal revascularization (475) or when renal revascularization is
performed in conjunction with another major vascular surgery
such as aortic replacement (469,471).

Most studies have indicated a high technical success rate for
surgical vascular reconstruction, with postoperative thrombo-
sis or stenosis rates of less than 10% (383,455,474). In ana-
lyzing the results of surgical revascularization for renovascular
hypertension and in comparing these results to medical man-
agement, most studies considered patients as surgically cured
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TA B L E 5 2 - 1 2

RESULTS OF SURGICAL SERIES FOR TREATMENT OF RENOVASCULAR
HYPERTENSION

Type of renal arterial disease No. of Cured Improved Failed
(reference numbers) patients (%) (%) (%)

Fibromuscular dysplasia (40,431,
460–463,465,466,467,520)

663 59 30 11

Atheroma (focal) (460,463,465,468,575) 382 41 46 13
Atheroma (diffuse) (460,464,468,575) 435 24 45 36

(From: Pickering TG, Laragh JH, Sos TA. Renovascular hypertension. In: Schrier RW, Gottschalk CW,
eds. Diseases of the Kidney. Boston: Little, Brown, 1993:1451, with permission.)

if the BP was 140/90 mm Hg or less postoperatively. Patients
were considered improved if they showed either a reduction
in diastolic pressure of 10 to 15 mm Hg or more or became
normotensive with medication. Failures of surgical revascular-
ization generally were viewed as those patients who did not
qualify for either of the aforementioned criteria for “cured” or
“improved.”

The results of surgical treatment for presumed renovascular
hypertension vary according to the underlying nature of the
renal artery disease (Table 52-12) (64,209,228,383,451,472,
476–484,485–487). For patients with fibrous renal artery dis-
ease, 50% to 60% are cured, 30% to 40% are improved, and
the failure rate is approximately 10%. For example, the Co-
operative Study of Renovascular Hypertension, a study of 502
patients who underwent 577 surgical procedures in various
centers in the United States published in 1975, reported a fa-
vorable BP response in 80% of patients with unilateral fibrous
dysplasia, with an operative mortality of 3.4% (209,476). In
patients undergoing revascularization for atherosclerotic ren-
ovascular disease, the failure rate is somewhat higher, fewer
patients are cured, and fewer improve postoperatively. For ex-
ample, in the Cooperative Study of Renovascular Hyperten-
sion, a favorable BP response was observed in 63% of patients
with unilateral atherosclerotic stenosis and in 56% of patients
with bilateral atherosclerotic stenosis (209,476). The operative
mortality rate was 9.3% for atherosclerotic renovascular dis-
ease. In the patients with atherosclerotic renal artery disease,
the presence of coronary disease or preoperative renal insuf-
ficiency (defined by a serum creatinine concentration greater
than 1.4 mg/dL) raised the mortality rate to about 23%. Con-
current extrarenal surgery was associated with mortality in the
range of 16% to 25% (209,476).

Clearly, fewer patients with atherosclerotic renal artery
stenosis are cured of their hypertension in comparison to pa-
tients with fibrous dysplasia (Table 52-12). The presumed ren-
ovascular hypertension in patients with atherosclerotic renal
artery disease either is superimposed on existing essential hy-
pertension or is entirely due to primary (essential) hypertension
with coexisting anatomic atherosclerotic renal artery stenosis.
On the other hand, a recent study by van Bockel et al. demon-
strates excellent long-term results following renal revascular-
ization for atherosclerotic renal artery stenosis; with a mean
follow-up of 8.9 years, postoperative hypertension was cured
or improved in 83 (79%) of 105 patients (455).

The benefits of surgical treatment should also be assessed by
long-term follow-up of BP control, renal function, and patient
survival. In over 300 revascularization procedures performed
during a 10-year period at the Cleveland Clinic, the opera-
tive mortality rate was 2.1% in patients with atherosclerotic
disease and 0% in patients with fibrous dysplasia. Long-term
cure or improvement in BP was observed in 72.4% of patients,

but cured in only 35.7% with atherosclerotic renal artery dis-
ease. Hypertension was cured in 93% of patients with fibrous
dysplasia. Renal function was preserved or improved in 89%
of patients who underwent surgery primarily for improving
renal function (383,488). Starr et al. report that during a 20-
year follow-up period, the actuarial patient survival rate was
93% at 5 years, 80% at 10 years, and 70% at 20 years (489).
Seventy-four percent of these patients remained normotensive
at 15 years. Even in elderly patients who are generally consid-
ered to be at increased operative risk, surgical revasculariza-
tion can be successfully accomplished in those properly selected
(383,488,490). These results are consistent with an earlier re-
port from the Mayo Clinic (64) indicating the value of op-
erative treatment in properly selected patients with presumed
renovascular hypertension. The surgical benefits are inversely
proportional to the duration of hypertension, and for patients
with atherosclerotic renal artery disease in particular, long-term
patient survival appears to be somewhat better for surgically
treated patients than for medically treated patients (64).

Taken together, with proper patient selection, that is, high
likelihood that the hypertension is renovascular in origin, and
in experienced surgical centers, excellent long-term benefits rel-
ative to BP control can be achieved from surgical renal revas-
cularization. Further, surgical morbidity has been consider-
ably reduced over the past 30 years with negligible mortality
(18,383,479,491–493).

The past 30 years have witnessed more centers perform-
ing surgical renal revascularization for the goal of preserving
renal function (i.e., to correct or prevent ischemic nephropa-
thy) in patients with high-grade atherosclerotic arterial occlu-
sive disease affecting both kidneys or a solitary kidney. These
are generally older patients with diffuse atherosclerosis, ostial
renal artery lesions, and varying degrees of renal functional
impairment. In 1983, Novick et al. (250) described improved
renal function in 34 of 51 (67%) patients in whom BP was
controlled medically preoperatively. The indication for surgery
in this study was solely to improve or preserve renal function.
Renal function improved most dramatically in patients with
chronic bilateral total renal arterial occlusion.

In analyzing their data over a 10-year period, Novick et al.
reported that indications for surgical renal revascularization
fell substantially (41% to 26%) when the goal of surgery was
for relief of hypertension alone, and increased substantially
(14% to 36%) when the goal of surgery was only to preserve
renal function, when this 10-year period was divided into two
time segments (1975 to 1980 vs. 1981 to 1984) (378). Stud-
ies from several centers (Table 52-13) indicate improvement or
stabilization of renal function postoperatively in 75% to 89%
of patients (216,239,383,473,474,494–496). A more contem-
porary series of surgical renal revascularization in 96 pa-
tients operated on between 1990 and 2001 describes long-term
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TA B L E 5 2 - 1 3

RESULTS OF SURGICAL SERIES FOR TREATMENT OF ISCHEMIC NEPHROPATHY

Surgical outcome, n (%)

Improved Stable Worsea Death
Investigators, No. of
year patients

Luft, et al., 1983 (494) 12 8 (67) 2 (17) 2 (17) 2 (17)
Jamieson, et al., 1984 (495) 23 15 (65) 0 (0) 8 (35) 4 (17)
Novick, et al., 1987 (383) 153 93 (61) 50 (33) 10 (6) 5 (3)
Hansen, et al., 1989 (496) 25 12 (48) 11 (44) 2 (8) 2 (8)
Messina, et al., 1992 (216) 17 12 (71) 2 (12) 3 (18) 1 (6)
Bredenberg, et al., 1992 (473) 25 9 (36) 12 (48) 4 (16) NA
Libertino, et al., 1992 (474) 97 45 (46) 31 (32) 21 (22) 6 (6)
Total 352 194 (55) 108 (31) 50 (14) 20 (6)

NA, not available.
a Includes all deaths.
(Adapted from: Rimmer JM, Gennari FJ. Atherosclerotic renovascular disease and progressive renal
failure. Ann Intern Med 1993;118:712, with permission.)

clinical success in the preservation of renal function in 70%
of patients, with prediction of long-term success being the ini-
tial postoperative response in renal function and bilateral renal
artery repair (497). Considering the potential risks of progres-
sive occlusive disease and renal failure (ischemic nephropathy)
that have been associated with medical management in simi-
lar patients, these results demonstrate a favorable influence of
surgical revascularization on the natural history of untreated
atherosclerotic renal artery disease.

Before recommending surgical revascularization for pa-
tients with atherosclerotic renal artery disease, one must ap-
preciate that these patients are at high risk because of age and
frequently associated coronary, cerebrovascular, or peripheral
vascular disease (37,437,438,469). Their aortas are often laden
with extensive atherosclerotic plaque, making angiographic in-
vestigation hazardous. Technical difficulties and complications
of angiographic investigation in these patients include contrast
medium-induced acute renal failure and atheroembolic renal
disease. Spontaneous atheroembolic renal disease or atheroem-
bolic renal disease associated with angiography or PTRA is
not uncommon in this patient population (388,498). It is well
known that coronary heart disease is often the determining fac-
tor affecting early and late mortality after elective surgical re-
construction of the abdominal aorta for an aneurysm or for oc-
clusive peripheral artery disease (499–501). Surgical morbidity
and mortality in patients with atherosclerotic renal artery dis-
ease can be minimized by selective screening and correcting sig-
nificant coexisting coronary and cerebrovascular disease before
undertaking elective surgical renal revascularization, either for
the goal of improving BP or for ischemic nephropathy in pa-
tients with atherosclerotic renal artery disease (383,501,502).

Percutaneous Transluminal Renal
Angioplasty (PTRA)

Since the introduction of percutaneous transluminal renal an-
gioplasty (PTRA) by Dotter and Judkins in 1964 (503) and the
subsequent development of a modified technique by Gruntzig
et al. in 1978 (483), considerable interest has ensued in the ap-
plication of this procedure to patients with renal artery stenosis.
PTRA has the advantages of avoiding general anesthesia, the
ability to be repeated, and a shorter duration of hospitaliza-
tion. Many reports have reviewed the role of PTRA in patients
with renal artery disease, and some have suggested that PTRA
should be the initial treatment of choice for all patients with

renal artery stenosis, atherosclerotic or fibrous, whether the
indication for intervention is for presumed renovascular hy-
pertension or ischemic nephropathy or both. The technique of
PTRA, efficacy in the treatment of renovascular hypertension
due to fibrous dysplasia or atherosclerotic renal artery disease,
experience in transplant renal artery stenosis, and complica-
tions of PTRA are reviewed in Chapter 14.

In many instances, it is difficult to interpret and compare in-
formation from various published series, owing to differences
in methodology and reporting of data. Many studies employed
different patient selection criteria in terms of the degree of
stenosis necessary for treatment. They used different definitions
of BP response to treatment and variable post-PTRA follow-
up intervals to categorize BP response to PTRA. Many reports
did not provide pre- and post-PTRA renal function data. The
distinction between technical success rates (e.g., residual steno-
sis, reduction of pressure gradient before versus after PTRA)
and clinical success (improvement in BP, improvement in serum
creatinine) following PTRA is not always clear. Few studies
provided follow-up angiographic results on all patients treated
with PTRA, and long-term results regarding BP control and
renal function are often lacking. Results in specific patient sub-
groups such as those with ostial versus those with nonostial
atherosclerotic lesions have not always been reported. For these
reasons, including the lack of prospective randomized com-
parative data, it is difficult to compare the efficacy of PTRA
with that of surgical vascular reconstruction for renal artery
disease.

In general, data on technically successful dilation in patients
with atherosclerotic renal artery disease have been excellent
(70% to 90%) for nonostial plaques located exclusively within
the renal artery (Fig. 52-23) (39,40,485). On the other hand,
ostial lesions have responded poorly to PTRA, with an average
technical success rate of 30% to 50% (39,485,504). A higher
incidence of recurrent renal artery stenosis after PTRA is ob-
served in patients with ostial lesions than in those with nonos-
tial lesions (74% vs. 55%) (504). An earlier study by Cicuto
et al. emphasized that PTRA provides less effective treatment
for ostial atherosclerotic lesions than for nonostial atheroscle-
rotic lesions (505).

Canzanello et al. reported a large experience with PTRA
in the management of 100 consecutive patients with pre-
sumed renovascular hypertension due to high-grade (greater
than 75%) atherosclerotic renal artery stenosis (40). Technical
success was determined from an immediate post-PTRA arte-
riogram, and clinical success was determined from the BP re-
sponse at a mean follow-up of 35 months. In the overall group
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FIGURE 52-23. A: Intraarterial digital subtraction aortogram show-
ing severe proximal right renal artery stenosis and moderately severe
narrowing of the left renal artery due to atherosclerosis. B: Balloon an-
gioplasty of the right renal artery was successfully performed, with re-
duction in the pressure gradient across the stenotic lesion from 150 mm
Hg before to 10 mm Hg after the procedure. Repeat aortogram 2 years
later demonstrated patency of the right renal artery.

of 100 patients, the technical success rate of PTRA was 73%
(nonostial 72%, ostial 62%), and the clinical success rate (BP
cured or improved) was 43% (nonostial 53%, ostial 25%).
Post-PTRA angiographic studies indicated that restenosis was
the main cause of failure in patients with ostial lesions.

Ramsay and Waller (506) summarized the results of PTRA
as treatment for renovascular hypertension in 10 large studies
published from 1981 to 1987 (Table 52-14) (39,485,507–514).
PTRA was technically unsuccessful in 84 (12%) of 691 pa-

tients. Excluding technical failures and patients lost to follow-
up, BP response data were available for 391 patients with
atheromatous renal artery stenosis and 175 patients with fi-
brous renal artery disease. These aggregate data indicated post-
PTRA cure, improvement, and failure rates of 50%, 42%, and
9%, respectively, in patients with fibrous disease; the aggre-
gate post-PTRA cure, improvement, and failure rates in pa-
tients with atheromatous renal artery lesions were 19%, 52%,
and 30%, respectively. The pooled analysis of these 10 studies
supports the notion that the outcome of PTRA depends on the
type of renal artery disease treated. In all studies, cure rates
were higher for fibromuscular disease than for atherosclerotic
disease. In patients in whom angioplasty was technically suc-
cessful, the overall cure rate for fibrous renal artery disease
was 50%. Accordingly, for fibrous renal artery disease, many
centers view PTRA as the treatment of choice when interven-
tion is pursued for presumed renovascular hypertension. For
atheromatous disease, the cure rate after technically successful
angioplasty was only 19%.

Brawn and Ramsay indicated that in completely unselected
patients, atherosclerotic lesions were associated with a very
high rate of technical failure, as high as 60% (515). The true
cure rate might, therefore, be substantially lower than 19%
for atheromatous renal artery disease. A more current review
from the Mayo Clinic described the technical results and clin-
ical outcome following renal artery angioplasty in 320 pa-
tients (389). The investigators observed significant reductions
in mean arterial pressure and in antihypertensive medications
after PTRA. The percentage of patients who benefited after
renal artery angioplasty was 70% for patients with atheroscle-
rotic renal artery disease (8.4% cured) and 63% for patients
with fibrous renal artery disease (22% cured). No significant
overall change in serum creatinine level was noted after the pro-
cedure in any group. The authors concluded that PTRA rarely
leads to a “cure” of hypertension, but provides effective con-
trol of BP and decreases the medication requirements in selected
patients.

Three prospective comparisons of PTRA versus medical
therapy for hypertensive patients with atherosclerotic renal
artery stenosis failed to demonstrate substantial benefits in BP
control following PTRA (46,439,516). Webster randomized
55 patients to either PTRA or medical management; there was
no benefit of PTRA in patients with unilateral renal artery
stenosis in comparison to the medically treated patients. A
modest benefit on BP was observed in patients with bilateral re-
nal artery stenosis, particularly a reduction in systolic BP (439).
In the DRASTIC study, van Jaarsveld randomly assigned 106
hypertensive patients with atherosclerotic renal artery disease
to medical antihypertensive drug therapy versus PTRA. Ac-
cording to intention to treat analysis, at 12 months there were
no significant differences between the PTRA and drug therapy
groups in systolic and diastolic BPs, daily drug doses, or re-
nal function (46). The results of this study were confounded
by about 40% of patients initially allocated to medical treat-
ment who eventually received PTRA. The Plouin study was
particularly notable for randomizing patients who, by clinical
criteria, had a high likelihood of substantial improvement in
BP following renal artery intervention (516). Taken together,
these studies indicate that renal angioplasty is no more effective
for control of BP than antihypertensive drug therapy alone in
patients with atherosclerotic renal artery stenosis.

The limited benefit of PTRA on BP in these studies was
probably not attributable to restenosis. Restenosis did occur in
about half of the patients who underwent PTRA, but there was
no difference in BP control or renal function between patients
who had restenosis and in those who did not (46,516). Cur-
rently available potent antihypertensive drugs, not available in
the early days of PTRA, might have contributed to the neg-
ative results of these randomized trials. The tendency toward
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TA B L E 5 2 - 1 4

SUMMARY OF OUTCOMES AFTER ANGIOPLASTY IN 10 PUBLISHED SERIES OF HYPERTENSIVE PATIENTS
ACCORDING TO TYPE OF RENAL ARTERY DISEASE (ATHEROMATOUS OR FIBROMUSCULAR RENAL ARTERY
STENOSIS)a

Atheromatous renal artery stenosis Fibromuscular renal artery stenosis

Blood pressure response Blood pressure response

Cured Improved Failure Cured Improved Failure

Technically Technically
successful successful

Investigators angioplasty angioplasty

Martin, et al. (513) 13 2 (15) 4 (31) 7 (54) 8 5 (63) 1 (13) 2 (25)
Colapinto, et al. (510) 44 8 (18) 29 (66) 7 (16) 9 4 (44) 5 (56) 0 (0)
Geyskes, et al. (511) 44 4 (9) 19 (43) 21 (48) 21 10 (48) 10 (48) 1 (5)
Sos, et al. (39) 34 7 (21) 10 (29) 17 (50) 27 16 (59) 9 (33) 2 (7)
Tegtmeyer, et al. (485) 61 15 (25) 46 (75) 0 (0) 27 10 (37) 17 (63) 0 (0)
Miller, et al. (512) 34 5 (15) 15 (44) 14 (41) 13 11 (85) 2 (15) 0 (0)
Martin, et al. (513) 60 9 (15) 30 (50) 21 (35) 20 5 (25) 12 (60) 3 (15)
Kaplan-Pavlohcic, et al. (514) 48 11 (23) 21 (44) 16 (33) 21 10 (48) 8 (38) 3 (14)
Kuhlmann, et al. (507) 31 9 (29) 15 (48) 7 (23) 22 11 (50) 7 (32) 4 (18)
Bell, et al. (508) 22 3 (14) 13 (59) 6 (27) 7 5 (71) 2 (29) 0 (0)
Totals 391 73 (19) 202 (52) 116 (30) 175 87 (50) 73 (42) 15 (9)
Range (%) 9–29 29–75 0–54 25–8 13–63 0–25

aResults are numbers (percentages) of patients.
(From: Martin EC, Mattern RF, Baer L, et al. Renal angioplasty for hypertension: predictive factors for long-term success. AJR Am J Roentgenol
1981;137:921, with permission.)

improvement in systolic BP compared to medical therapy alone
in patients undergoing PTRA in the Webster study raises
the question of which BP level (systolic or diastolic) should
be treated, or treated preferentially, in hypertensive patients
with atherosclerotic renal artery stenosis. Consistent with this
thought are the observations of Burket et al. (35) who ob-
served significant improvement in systolic BP among patients
with highest baseline systolic BP treated with renal artery an-
gioplasty and stent placement.

There are relatively few published reports on the results of
PTRA undertaken primarily for preservation of renal function
in patients with atherosclerotic renal artery disease. Donovan
and coauthors reported stabilization or improvement of re-
nal function in 11 of 17 patients, most of whom had nonos-
tial lesions (517). Pickering et al. and Sos et al. reported im-
provement or stabilization of renal function in 45 (82%) of
55 patients who underwent PTRA for atherosclerotic reno-
vascular hypertension and azotemia (518,519). The outcome
of angioplasty in ischemic renal disease is summarized in

Table 52-15 (494,508,517,518). Paulsen et al. described their
results with 227 PTRA procedures of 223 stenoses in 135 pa-
tients performed between 1982 and 1993 at a single center;
improved renal function was achieved in 23% of patients, sta-
bilization in 56%, and failure in 21%. Stabilized or improved
renal function was higher when baseline serum creatinine was
less than or equal to 250 μmol/L than when it was greater than
250 μmol/L (520).

The potential benefits of angioplasty must be assessed in
comparison to the risks. Complications of transluminal an-
gioplasty of the renal arteries are listed in Table 52-16. The
most common complications have been hematoma (4% of pa-
tients) and transient worsening of renal function from contrast
media (518). With angioplasty done in conjunction with IA-
DSA, the dye load is reduced and contrast medium-induced
acute renal failure is observed less frequently. Dissection of the
intima of the renal artery occurs in 5% of patients, and usu-
ally resolves spontaneously, although it may require emergency
surgery (508).

TA B L E 5 2 - 1 5

ISCHEMIC RENAL DISEASE: OUTCOME OF ANGIOPLASTY

Angioplasty outcome, N (%)

Improved Stable Worsea Death
No. of

Investigators, year patients

Luft, et al., 1983 (494) 12 3 (25) 5 (42) 4 (33) 0 (0)
Pickering, et al., 1986 (518) 55 26 (47) 19 (35) 10 (18) NA
Bell, et al., 1987 (508) 20 7 (35) 10 (50) 3 (15) 0 (0)
O’Donovan, et al., 1992 (517) 17 9 (53) 2 (12) 6 (35) 5 (29)
Total 104 45 (43) 36 (35) 23 (22) 5 (5)

NA, not available.
a Includes all deaths.
(Modified from: Rimmer JM, Gennari FJ. Atherosclerotic renovascular disease and progressive renal
failure. Ann Intern Med 1993;118:712, with permission.)
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COMPLICATIONS OF TRANSLUMINAL ANGIOPLASTY
OF THE RENAL ARTERY OR RENAL ARTERY
STENTING

Contrast medium-induced acute renal failure (mild or severe)
Atheroembolic renal failure
Rupture of the renal artery
Dissection of the renal artery
Thrombotic occlusion of the renal artery
Occlusion of a branch renal artery
Balloon malfunction (may lead to inability to remove balloon)
Balloon rupture
Puncture site hematoma, hemorrhage, or vessel tear
Median nerve compression (axillary approach)
Renal artery spasm
Mortality (<1%)

The most worrisome complication of angioplasty of the re-
nal arteries is that of cholesterol emboli. Cholesterol emboli are
seen mainly in patients with diffuse atheroma and may be the
cause of deterioration in renal function, with or without con-
trast medium-induced acute renal failure. The mortality rate
related to angioplasty of the renal arteries is exceedingly low.
In the series of Pickering et al., in 55 high-risk patients, the
mortality rate was 0% (518); in the series of Canzanello et al.,
the mortality rate was 2% (40). In the Mayo Clinic report of
320 patients, the 30-day all-cause mortality rate was 2.2%;
all deaths occurred in patients with atherosclerotic renal artery
disease (389).

The published data on PTRA in patients with renal artery
stenosis due to fibrous dysplasia are excellent and in general,
equivalent to those obtained with surgical revascularization.
Therefore, PTRA appears to be the treatment of choice, par-
ticularly for medial fibroplasia. However, as many as 30% of
patients with medial fibroplasia or perimedial fibroplasia have
disease in the distal main renal artery, often extending into re-
nal artery branches, which increases the technical difficulty of
PTRA and may render this procedure technically difficult or
hazardous to perform. Some focal fibrodysplastic lesions that
are confined to one or two accessible branches may be man-
aged successfully with PTRA. However, surgical renal revas-
cularization is probably the primary interventive treatment for
most patients with branch renal artery disease.

In patients with nonostial atherosclerotic renal artery le-
sions, the technical and clinical success rates of PTRA have been
excellent and comparable to those for surgical revasculariza-
tion in patients with nonostial lesions. Unfortunately, nonos-
tial lesions comprise only 15% to 25% of all atherosclerotic
renal artery lesions. For the more commonly encountered ostial
atherosclerotic lesions, the efficacy of PTRA is less favorable,
and as indicated previously, restenosis rates are substantial.
Whether patients with ostial atherosclerotic disease should un-
dergo attempted PTRA versus surgical revascularization versus
renal artery stenting has been a matter of local expertise and
preference. Currently, most patients with ostial atherosclerotic
lesions that undergo endovascular intervention will undergo
primary renal artery stenting (PTRA plus stent) as opposed to
PTRA alone.

Controlled trials comparing PTRA versus surgical revas-
cularization are sparse. Weibull and co-workers reported the
results of a recent single-center randomized prospective study
comparing PTRA with surgical revascularization as treatment
for unilateral ostial atherosclerotic renal artery stenosis in
58 patients with severe hypertension (521). Detailed clinical
and angiographic follow-up data were available on all patients

FIGURE 52-24. Palmaz stent, expanded.

in this study. PTRA was technically successful in 24 (83%)
of 29 patients. Primary renal artery patency was achieved in
18 of these patients after 2 years, and 5 additional patients with
recurrent stenosis underwent successful repeat PTRA. There
was no difference in follow-up BP response between patients
treated with PTRA and those treated with surgery. This report
suggested a better outlook for PTRA in patients with ostial
atherosclerotic renal artery lesions than has been the experi-
ence from other centers.

Renal Artery Stents

Much of the current work in the area of renal angioplasty is
focused on catheter-delivered expandable metallic stents that
mechanically hold open the vascular lumen. Metallic stents for
intravascular use were first proposed by Dotter in 1969, em-
ploying simple stainless-steel coils (522). Subsequently, many
other stent devices have been created, with variable success.
Currently, there are three basic categories of stent designs:
shape-memory alloy stents, balloon-expanded stents, and self-
expanding stents. The Palmaz stent (Fig. 52-24) is a balloon-
expandable stent developed in the 1980s by Julio Palmaz (523).
This stent was initially approved for use in the United States by
the Food and Drug Administration (FDA), specifically for the
iliac and coronary arteries. Trials on use of the Palmaz stent in
renal arteries have been in progress for the past decade (524).

The basic concept of stents (Palmaz stent, Strecker stent,
Wallstent) is similar. They are composed of metallic wires or
struts that can be collapsed and affixed to a catheter for the
purpose of insertion. In most models, the unexpanded stent is
mounted on the uninflated balloon of an angioplasty catheter.
The stent mounted on the balloon is then positioned across the
lesion, and the balloon is inflated. This maneuver expands and
deploys the stent. The balloon is then deflated and removed,
with the expanded stent left in place (Fig. 52-25). Over the next
several weeks, endothelialization occurs, and the stent struts
become covered with intima (525,526).

The rationale for renal artery stent placement relates to the
generally poor technical results of balloon angioplasty (PTRA),
particularly for ostial atherosclerotic lesions, with significant
residual stenosis and high short-term restenosis rates charac-
teristic of balloon angioplasty of orificial atherosclerotic renal
artery lesions. Ostial renal artery stenoses consist of two en-
tities: (a) aortic plaque encroaching on the renal artery ori-
fice, and (b) disease of renal artery origin. Balloon angioplasty
works by “controlled trauma.” The atheroma is fractured lon-
gitudinally and circumferentially. Soon after deflation of the
balloon, the atheroma recoils, and stenosis recurs. Stents are
useful in preventing this recoil (527).
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A

B

FIGURE 52-25. A: Intraarterial digital subtraction aortogram (before
angioplasty) showing bilateral orificial renal artery stenosis, more se-
vere on the left, due to atherosclerosis. B: Balloon angioplasty of the
left renal artery was performed but significant stenosis remained. A
Palmaz stent restored luminal caliber to normal.

Current clinical trials on the placement of stents in renal
arteries are focused on lesions where the technical results of
balloon angioplasty alone are unsatisfactory; that is, there is
a significant residual stenosis commonly occurring in orificial
lesions or significant postangioplasty dissection. Renal artery
stents are therefore best suited when there are ostial stenoses,
restenosis following PTRA, and complications of PTRA. Accu-
mulating data suggest that use of stents for ostial stenoses has a
higher initial technical success rate, a greatly improved imme-
diate patency rate, and lower restenosis rate in comparison to
balloon angioplasty alone (528–532). Most angiographers now
consider the accumulating information sufficiently impressive
to justify primary placement of stents for ostial or nonostial
disease regardless of the results of angioplasty (38,533).

Several other factors affect the decision to utilize balloon an-
gioplasty or primary renal artery stent placement as treatment

for ostial atherosclerotic disease. Balloon angioplasty does not
usually affect subsequent surgical renal artery revasculariza-
tion, but a stent in the ostial location prevents the performance
of aortorenal endarterectomy, a procedure that is popular in
some centers. A proximally placed renal artery stent will not
usually interfere with most surgical bypass procedures, unless
the stent extends near the branching of the main renal artery.
Placement of stents in the distal main renal artery will severely
limit the options for subsequent surgical reconstruction.

The complications of stent placement are the same as those
of PTRA (Table 52-16), most importantly atheroembolic renal
disease and contrast medium-induced acute renal failure. Addi-
tional problems with stent placement include malpositioning,
migration, embolization of the stent, and difficulty removing
the balloon from the stent (534).

Results of stent placement in the renal arteries are currently
being generated and are encouraging. Data presented in 1994
by Rees et al. in the United States Multicenter Trial reported on
304 stents placed in 296 renal arteries in 263 patients (535).
The technical success rate was 95%, with 80% of the lesions
in the ostial location and 98% of the lesions atherosclerotic. At
6-month follow-up, 64% of patients had improvement or cure
of hypertension. In 123 patients with renal insufficiency (serum
creatinine greater than 1.5 mg/dL), renal function improved
in 34%, remained stable in 39%, and deteriorated in 27%.
Angiographic follow-up at 6 months was performed in 150
patients, unfortunately showing restenosis in 32.7%.

Olin et al. and Bacharach et al. deployed renal artery stents
for ostial atherosclerotic renal artery stenosis in approximately
120 patients (490,536). The mean clinical follow-up period
was 13.8 months, with a maximum follow-up of 36.5 months.
The 6-month patency rate by angiography and duplex ultra-
sonography was 95%, with a 12-month patency rate of 82%.
When restenosis was identified by routine duplex ultrasound
surveillance studies, the patients underwent repeat arteriogra-
phy and the stent was reexpanded if significant stenosis was
present. The primary assisted patency rate was 100%. The BP
was improved in approximately 85% of patients. Renal func-
tion improved in 35% of patients, remained stable in 35%,
and worsened in 30% of patients. Complications included nine
pseudoaneurysms, four episodes of acute tubular necrosis, and
three episodes of clinically significant atheromatous emboliza-
tion. Additional results reported by Dorros et al. in a multi-
center Palmaz stent renal revascularization registry describe a
4-year follow up of more than 1000 stented patients (537).

A recent study selected 105 patients for intervention on the
basis of clinical criteria, positive Doppler flow studies, a trans-
stenotic pressure gradient of >30 mm Hg with >70% renal
artery narrowing at arteriography (343). At a mean follow-up
of 1 year, systolic and diastolic BP were reduced significantly
(p <0.0001) in those with normal or mildly reduced renal func-
tion (GFR >50 mL/min). In patients with an initial reduction
in GFR, the calculated GFR increased significantly (p <0.007)
from 33 ± 10 to 54 ± 24 (mean ± SD) mL/minute. The
authors concluded that in patients with atherosclerotic RAS
fulfilling these strict criteria for severity, there may be a favor-
able BP response following angioplasty and stenting in those
with normal renal function prior to stenting and a favorable
renal function response in those with impaired renal function
prior to stenting.

A review of renal artery stenting in 10 studies is presented
in Table 52-17 (538). This report did not offer comparisons
of stenting with angioplasty or with surgery. Overall, stents
were placed in 416 renal arteries in 379 patients, mean age
64 years. Of the stenoses, 97% were atheromatous with 80%
being ostial lesions. Technical success was reported in 96% to
100% of procedures. Restenosis (greater than or equal to 50%
narrowing), evaluated in 312 of 416 (75%) arteries, generally
between 6 and 12 months, was 16% overall. Hypertension was
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RENAL ARTERY STENTING—BASELINE CLINICAL DATA IN 10 STENT STUDIES

No. of patients/ Age Male Atheromatous Ostial Bilateral
Investigator, year no. of arteries (range ) (%) (%) (%) (%)

Rees, et al., 1991 (524) 28/28 66 (48–80) 46 100 100 21
Hennequin, et al., 1994 (611) 21/21 55 (27–74) 52 71 33 24
Raynaud, et al., 1994 (612) 18/18 58 (31–77) 56 83 22 44
Dorros, et al., 1995 (613) 76/92 67 (37–84) 53 100 100 21
van de Ven, et al., 1995 (614) 24/28 66 (45–81) 54 100 100 87
Rundback, et al., 1996 (615) 20/24 70 (57–84) 45 100 92 20
Henry, et al., 1996 (616) 59/64 65 (27–84) 66 93 53 12
Blum, et al., 1997 (617) 68/74 60 (31–80) 65 100 100 18
Boisclair, et al., 1997 (618) 33/35 63 (37–77) 42 100 54 45
Harden, et al., 1997 (619) 32/32 67 (49–79) 100 75 78
Total (all 10 studies) 379/416 64 (27–84) 97 56 80 31

(Adapted from: Isles CG, Robertson S, Hill D. Management of renovascular disease: a review of renal artery stenting in 10 studies. QJM 1999;92:159,
with permission.)

cured by stenting (diastolic BP less than or equal to 90 mm Hg
without drugs) in 34 of 379 (9%) patients overall and in 34 of
207 (16%) patients whose renal function was normal initially.
Renal function, as judged by serum creatinine concentration
improved in 26%, stabilized in 48%, and deteriorated in 26%
of patients whose renal function was impaired initially (serum
creatinine greater than 133 μmol/L).

Similar results were reported by Leertouwer and associates
in a meta-analysis of 14 studies dealing with renal artery stent
placement involving 678 patients (532). This report also com-
pared, by meta-analysis, PTRA (10 articles, 644 patients) with
the stent meta-analysis. Studies published well into 1998 were
selected. Most articles reviewed described a decrease in sys-
tolic and diastolic pressure after stent placement. Because of
large variation in definitions for “cure” and “improvement”
of hypertension, PTRA and stents could not be critically com-
pared regarding their effect on BP. The renal arterial stent meta-

analysis indicated an overall improvement in renal function in
30% of patients, stabilization in 38%, and worsening renal
function in 32%. The restenosis rate at a follow-up of 6 to
29 months was 17% after renal artery stenting versus 26%
following PTRA. The cure rate for hypertension was higher
and the improvement rate for renal function was better after
stent placement than after PTRA (20% vs. 10%, and 30% vs.
38%, respectively; p <0.001).

Taken together, current reports are encouraging with re-
gard to immediate and intermediate results of renal artery stent
placement. Longer follow-up is needed to test the patency of
stents in comparison with surgical revascularization and to
compare long-term effects on BP, renal function, and patient
survival with surgical revascularization and/or medical man-
agement alone. Burket et al. have emphasized the improve-
ment in systolic BP, but not diastolic BP, after renal artery
stenting (35). Dorros et al., in a follow-up of Palmaz stent

TA B L E 5 2 - 1 7 B

TECHNICAL ASPECTS IN 10 STENT STUDIESa

Stents Restenosis Averageb time
Inclusion evaluated (% stents to evaluation

Investigator, year stenosis (%) (% total stents) evaluated) (months)

Indications for stent

Rec Dis Res Pri

Rees, et al., 1991 (524) ≥40 71 0 29 0 18 (64) 7 (39) 8
Hennequin, et al., 1994 (611) ≥70 38 0 62 0 20 (95) 4 (20) 29
Raynaud, et al., 1994 (612) ≥60 66 11 6 17 18 (100) 2 (11) 11
Dorros, et al., 1995 (613) ≥70 0 0 0 100 56 (61) 14 (25) 7
van de Ven, et al., 1995 (614) ≥50 58 0 0 42 23 (82) 3 (13) 6c

Rundback, et al., 1996 (615) ≥60 83 0 17 0 16 (67) 3 (19) 6
Henry, et al., 1996 (616) ≥70 66 3 31 0 54 (84) 5 (9) 14
Blum, et al., 1997 (617) ≥50 85 1 14 0 74 (100) 8 (11) 24
Boisclair, et al., 1997 (618) ≥60 83 0 17 0 9 (23) 0 (0) 8
Harden, et al., 1997 (619) ≥50 94 6 0 0 24 (75) 3 (13) 6a

Total (all 10 studies) ≥50 in 9 studies 58 2 15 25 312 (75) 49 (16) 6–12 in 7 studies

Rec, elastic recoil; Dis, dissection; Res, restenosis; Pri, primary procedure.
aPalmaz stent used in all studies except Hennequin and Raynaud (Wallstent).
bFollow-ups are means exceptc medians.
(Adapted from: Isles CG, Robertson S, Hill D. Management of renovascular disease: a review of renal artery stenting in ten studies. QJM
1999;92:159, with permission.)
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revascularization as treatment for atherosclerotic renal artery
stenosis, found that 38 patients indicated a 3-year cumulative
probability of survival which worsens with increasing base-
line serum creatinine concentrations and extent (bilateral vs.
unilateral renal artery stenosis) of atherosclerotic disease. In
this report, the survival probability at 3 years was only 46 ±
15% for patients with bilateral atherosclerotic renal artery dis-
ease and baseline serum creatinine concentrations equal to or
greater than 2.0 mg/dL. Kennedy et al. reported similar results
in a series of 230 patients (539).

Restenosis of stents tends to be secondary to intimal hyper-
plasia and located at or just beyond the end of the stent (525).
Active research is ongoing to improve on current stent design
and possibly the use of covered, biodegradable, and chemically
impregnated stents. Based on current experience, renal artery
stent placement is recommended for endovascular revascular-
ization of atherosclerotic ostial lesions, either as an adjunct to
PTRA or as a primary procedure.

Renal Artery Disease in Children

The most common cause of renal artery disease in children
is fibrous dysplasia. Other lesions in this age group include
arterial aneurysm, arteriovenous malformation, Takayasu’s ar-
teritis, neurofibromatosis, thromboembolic disease, and renal
trauma (540). Bilateral or branch renal artery stenosis, par-
ticularly in fibrous dysplasia, is not infrequently present, nor
is extrarenal vascular disease. As reviewed earlier, many renal
artery lesions in children, such as intimal and perimedial fi-
broplasia, cause progressive vascular obstruction. Accordingly,
treatment is directed not only at relief of hypertension but also
at preserving renal function.

Although PTRA is effective in some children, angioplasty is
often not technically feasible because of the small size of the
diseased vessels, involvement of renal artery branches, or the
presence of multiple lesions, aneurysmal disease, or perivascu-
lar scarring in cases of arteritis. Medical antihypertensive ther-
apy is generally not recommended as the definitive treatment
in young children with renovascular hypertension because it
would be lifelong and there is a risk of losing renal function
from progressive renal arterial disease. Accordingly, surgical
revascularization is probably the best option.

The results of surgical revascularization in children have im-
proved, owing to the development of microvascular techniques
and a better appreciation of specific operative approaches most
likely to be effective in this group (541). Aortorenal bypass
grafting with an autogenous hypogastric artery is the usual
revascularization technique. Saphenous vein grafts are gener-
ally avoided in the small child, in whom postoperative aneurys-
mal graft expansion may occur. When aortorenal bypass is not
possible because of peripheral renal artery disease or aortic hy-
poplasia, renal autotransplantation is the treatment of choice.
Extracorporeal microvascular arterial reconstruction with au-
totransplantation is recommended for children with branch re-
nal artery disease (245,542).

MEDICAL MANAGEMENT

The issue of medical versus surgical treatment of presumed
renovascular hypertension has generated intense interest and
discussion for many years. The advent of balloon angioplasty
and renal artery stents has amplified this discussion. To date,
no truly randomized study has addressed the benefits and risks
of medical versus surgical versus angioplasty therapy. Until re-
cently, few reports assessed the natural history of renal artery
stenosis without surgical intervention. The search for the pres-
ence of renal artery stenosis and assessing its likelihood in

causing hypertension implies an intent to intervene by either
surgical or endovascular renal revascularization. The major
concerns with medical management (antihypertensive drug
treatment) of these patients are the progression of renal artery
stenosis, the hemodynamic effects of BP reduction on renal
function, and the diminished likelihood of success of renal
revascularization in curing the hypertension the longer one
waits to intervene.

There is little question that the more severe the hyperten-
sion, the greater the likelihood that it is renovascular in ori-
gin. Further, in general, younger patients with fibrous renal
artery disease respond well to intervention with either surgery
or angioplasty. However, the results of renal revascularization
in patients with atherosclerotic renal artery disease are less
favorable, as many of them are older and almost certainly
have coexisting primary or essential hypertension (46,131,
187,232,439,516,543,544).

Several scenarios should be considered in the care of patients
with renal artery stenosis and hypertension: (a) true renovas-
cular hypertension, in which atherosclerotic or fibrous renal
artery disease is the sole cause of the hypertension; (b) pure es-
sential hypertension, in which atherosclerotic or fibrous renal
artery disease is present but does not contribute to the hyperten-
sion at all; (c) essential hypertension with superimposed renal
artery stenosis producing a renovascular contribution to the
underlying essential hypertension; and (d) the hypertension of
renal parenchymal disease, that is, chronic renal insufficiency
(see Chapter 51), with superimposed renal artery stenosis con-
tributing to the hypertension. Accordingly, the medical man-
agement of patients with presumed renovascular hypertension
and renovascular disease is really an effort to control the BP.
Despite the uncertainty in knowing whether a patient with hy-
pertension and coexisting renal artery stenosis has renovascu-
lar hypertension, the goals of medical therapy in such patients
similar to those with hypertension in general. They are to con-
trol the BP, minimize target organ damage, prolong life, avoid
adverse drug side effects, and maintain renal function.

In 1974, Hunt et al. reported results comparing medical ver-
sus surgical treatment in 214 patients followed prospectively
for 7 to 14 years (235). This was not a randomized study be-
cause of 100 patients selected for surgical therapy, 82 had failed
to respond to 3 months of medical treatment. During the subse-
quent 7 to 14 years, 16% of the surgically treated and 40% of
the medically treated patients with atherosclerotic renal artery
disease died. Fifty-one of the 84 surviving patients treated sur-
gically were normotensive without medication at latest follow-
up. Satisfactory BP control (diastolic BP less than 100 mm Hg)
was maintained for 7 years or longer in 52 of 98 patients man-
aged medically. Most late deaths were caused by cardiac or
cerebral events or uremia. Survival rates for a younger group
of patients with fibromuscular disease undergoing surgical or
medical therapy were 92% and 83%, respectively.

Dean et al. reported on 41 patients with atherosclerotic re-
nal arterial disease and presumed renovascular hypertension
who were treated medically (545). Progression of the renal ar-
terial stenosis to total occlusion was observed in 4 (12%) of
31 patients who underwent serial angiographic studies. Seven-
teen patients (41%) had deterioration of renal function or loss
of renal size that led to surgery. Despite deterioration, most
patients had acceptable BP control. Sheps et al. reviewed their
experience with medical management in 54 patients for an
average follow-up of 20 months (546). The effectiveness of
medical therapy was emphasized by excellent control of BP in
32 (65%) of 49 surviving patients. Funduscopic changes im-
proved in half the patients. Despite BP control, additional
cardiovascular complications developed in 12 patients with
atherosclerotic disease, and 5 patients died. Three patients had
progressive deterioration in renal function despite good BP
control.
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Shapiro et al. reported on 72 medically treated patients
(543). Compared with a surgical subgroup at the same institu-
tion, the medically treated patients were older and had more ev-
idence of significant target organ involvement, indicating that
they were at greater long-term risk. In a follow-up period of
1 to 6 years, 29 (40%) of the 72 nonsurgical patients had died.
Similarly, Dustan et al. studied 32 medically managed patients
(547). Coronary and cerebrovascular disease were common in
these patients, and although 12 (37%) apparently achieved nor-
mal BPs over 5 years of follow-up, 10 (31%) had died at the
end of the follow-up period.

Altogether, the aforementioned reports suggest that the most
dependable treatment for presumed renovascular hyperten-
sion, particularly when the likelihood of renovascular hyper-
tension is high, is to relieve the ischemia by means of surgery. In
this context, conceptually, indications for intervention on the
renal artery stenosis should be similar and applied equally to
either surgical or endovascular renal revascularization. Assess-
ment of operative risk for postoperative morbidity and mortal-
ity is standard medical practice for patients being considered
for surgical renal revascularization. Similar comorbid risk fac-
tor assessment (advanced age, increased serum creatinine, i.e.,
>2 mg/dL, history of congestive heart failure or myocardial
infarction) has been emphasized in predicting morbidity and
subsequent cardiovascular mortality post–renal artery stenting
(438,537,539).

Although hypertension in patients with true renovascular
hypertension is more severe than in most patients with pri-
mary or essential hypertension (131,148,546,548,549), reno-
vascular hypertension does, indeed, respond to standard an-
tihypertensive drug therapy. The degree of hypertension and
the response to drug therapy are highly variable in patients
with presumed renovascular hypertension, and one should not
assume that every patient with renal artery stenosis and coex-
isting hypertension will need surgical revascularization, angio-
plasty, or nephrectomy to control their BP. This is particularly
true now with the availability of a number of potent antihy-
pertensive agents with a variety of pharmacologic properties
that, when used appropriately and in proper combinations,
can successfully control the BP. In addition, medical antihy-
pertensive therapy is necessary to optimize BP control before
planned surgery or angioplasty and for patients whose BP is
not normalized by surgery or angioplasty.

The main indications for antihypertensive drug therapy
(medical management) of presumed renovascular hypertension
include advanced age, poor surgical risk, atherosclerotic le-
sions, situations wherein renal revascularization or angioplasty
is not feasible owing to technical difficulties of these treat-
ment modalities, irreversible atrophy of the kidney distal to
the stenosis, doubtful significance of the renal artery steno-
sis lesion by angiographic criteria, hypertension of long dura-
tion (suggesting concomitant essential hypertension or arteri-
olar nephrosclerosis or both), and patients who simply choose
medical management (131,232,544,546,548,549). Before the
early 1970s, pharmacologic therapy for presumed renovascular
hypertension was empirical and quite similar to that of essen-
tial hypertension. The degree of hypertension and response to
drug therapy are, not unexpectedly, highly variable for patients
with renal artery stenosis, and one should not assume that ev-
ery patient with renal artery stenosis will respond readily to
antihypertensive treatment or to treatment with only one or
two drugs. Neither can the physician assume that patients with
hypertension and renal artery stenosis will necessarily need
surgery, angioplasty, stenting, or nephrectomy to control the
BP, even when clinical clues predicting that such intervention
will cure or markedly improve the hypertension are present.

Patients undergoing medical treatment of presumed reno-
vascular hypertension must be closely monitored for contin-
uing or worsening hypertension, intolerable drug side effects,

progressive atrophy of the kidney distal to the stenosis, and
the development of azotemia or worsening azotemia. Surgical
therapy, angioplasty, or renal artery stenting for presumed ren-
ovascular hypertension should, therefore, be strongly consid-
ered for patients whose hypertension is refractory to medical
management, younger patients with fibrous renal artery dis-
ease, patients of any age who are good surgical risks, and when
progressive arterial stenosis poses a threat to renal function.

Responses to Medical Treatment

There is considerable successful experience in the medical treat-
ment of hypertension associated with renovascular disease
(550). The first substantial series of patients with presumed
renovascular hypertension, treated medically, was reported by
Dustan et al. in 1963 (547). These investigators used a thi-
azide diuretic and either hydralazine or guanethidine or both in
32 patients followed for 1 to 6 years. Treatment successfully
controlled the hypertension in 13 (41%) and failed in 9 (28%);
10 (31%) of the patients died during follow-up.

Results of antihypertensive drug therapy during the late
1960s and the 1970s yielded somewhat better results, that is,
controlled or much improved BPs (543,551–555). Dramatic
improvements in the medical treatment of presumed reno-
vascular hypertension evolved with the development of beta-
adrenergic blocking agents (beta-blockers) and subsequently
with the use of ACE inhibitors and angiotensin receptor block-
ers (128,129,228,261,555–564 565,566). These classes of an-
tihypertensive agents are particularly effective because they in-
terfere with specific steps in the renin-angiotensin-aldosterone
system, which plays a pivotal role in the pathogenesis of hy-
pertension.

As depicted in Figures 52-8 and 52-11, the pathophysi-
ology of classic two-kidney Goldblatt hypertension produces
hypoperfusion of the stenotic kidney, activating the renin-
angiotensin-aldosterone axis and producing a vasoconstrictor
type of hypertension. Beta-adrenergic blockade, by suppress-
ing renin release (261,561,562,564,567), blunts the genera-
tion of angiotensin I and subsequently, angiotensin II, the pri-
mary vasoconstrictor substance operative in the early stages
of classic 2K-1C Goldblatt hypertension. In addition, beta-
blockers also lower BP by reducing cardiac output, suppressing
the central nervous system, reducing peripheral vascular re-
sistance, resetting the baroreceptor levels, and preventing the
pressor response to catecholamines with exercise and stress
(548,563,564,568).

Angiotensin-Converting Enzyme Inhibitors
and Beta-Adrenergic Blockers

As shown in Figure 52-8, ACE inhibitors interfere with the con-
version of angiotensin I to angiotensin II, again reducing the
concentration of this potent endogenous vasoconstrictor. Im-
proved responses to medical management with beta-blockers
and ACE inhibitors are not surprising, at least in the early
stages of renovascular hypertension, because these two classes
of antihypertensive agents directly affect the renin-angiotensin
system. Although experience with the angiotensin II receptor
blockers is limited in this patient population, one would antic-
ipate them to be effective in controlling BP in the early stages
of renovascular hypertension when the elevated arterial pres-
sure is driven by angiotensin II. Interference with the genera-
tion of angiotensin is not, however, the entire explanation for
the BP-lowering effect of ACE inhibitors; they also potentiate
bradykinin, and some ACE inhibitors are associated with in-
creased levels of vasodilatory prostaglandins (565).
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REPORTED RESPONSES TO MEDICAL THERAPY FOR RENOVASCULAR HYPERTENSION

Results (%)

Controlled or
much improved Intermediate Failure DeathsInvestigators, year N Follow-up Agentsa

Dustan, et al., 1963 (547) 32 1–6 yr Hydralazine,
guanethidine

41 31 28 31

Peart, 1967 (551) 42 0–8 yr — 45 36 19 —
Shapiro, et al., 1969 (543) 72 34 mo — — — — 40
Kjellbo, et al., 1970 (552) 165 0.5–10 yr — 46 30 24 30
Owen, 1973 (553) 83 5 yr — 35 34 31 34
Buhler, et al., 1973 (556) 11 1–180 days Propranolol 45 27 18 —
Hunt and Strong, 1976 (554) 114 1–8 yr Methyldopa 81 19 3 —

59 7–14 yr 46 — 39 —
Streeten and Anderson, 1979 (555) 4 6 mo Propranolol 9 3 8 —

No propranolol 9 8 3 —
Struder, et al., 1981 (557) 2 6 mo Captopril 9 38 0 —
Atkinson, et al., 1982 (129) 15 6 wks Captopril 62 23 15 —
Hollifield, et al., 1982 (558) 53 2–3 yr Captopril 68 20 17 —
Case, et al., 1982 (559) 21 28 ± 3 mo Captopril 90 10 0 —
Hollenberg, 1983 (570) 269 0.3–2 yr Captopril 77 18 0.37 —

a In most patients, a thiazide diuretic was also used.
(Adapted from: Hollenberg NK. Treatment of renovascular hypertension: surgery, angioplasty, and medical therapy with converting enzyme
inhibitors. Am J Kidney Dis 1987;10[Suppl 1]:52, with permission.)

Despite the physiologic rationale for the use of beta-
blockers, ACE inhibitors, and angiotensin II receptor blockers
in patients with presumed angiotensin II-dependent hyperten-
sion, widespread experience indicates that medical antihyper-
tensive therapy even with these agents becomes more difficult
if hypertension has lasted longer than 3 to 5 years (particu-
larly for patients with atherosclerotic renal artery disease), if a
patient has coexisting chronic renal insufficiency with concomi-
tant extracellular fluid volume expansion, or if there is a major
element of essential hypertension or arteriolar nephrosclero-
sis or both. Treatment with a beta-blocker or an ACE in-
hibitor alone (or in combination) is often ineffective in con-
trolling the BP in these circumstances. The same observations
are true for patients with bilateral atherosclerotic renal artery
stenosis.

As reviewed earlier in this chapter, the pathophysiology of
2K-1C hypertension indicates that the high pressure initially
generated by the stenotic kidney is transmitted to the contralat-
eral kidney via the contralateral patent renal artery, produc-
ing substantial small-vessel disease or augmenting preexisting
small-vessel disease (i.e., arteriolar nephrosclerosis). Therefore,
over time, and especially in the presence of uncontrolled BPs,
the 2K-1C hypertension escalates to an analog of one-kidney
hypertension, wherein the pathophysiologic features are simi-
lar to those of chronic renal failure associated with extracellular
fluid volume expansion (reviewed in Chapter 51) (128). Vol-
ume control is necessary for such patients, usually with dietary
salt restriction and diuretics, and it has been well documented
that the effectiveness of beta-blockers and ACE inhibitors is
markedly augmented when they are used in conjunction with
diuretics (556,557,559). Thus, in contrast to the choice of
antihypertensive drugs in initiating therapy for patients with es-
sential hypertension, wherein the pathogenesis and pathophys-
iology are multifactorial and poorly understood, the patho-
physiology of renovascular hypertension allows for a more
mechanism-oriented approach to drug selection and focused
treatment interfering with elements of the renin-angiotensin
system (569).

Reports of the effectiveness of captopril in patients with
renovascular hypertension are especially encouraging, particu-
larly because some of these patients were resistant to alternative
medical regimens that included beta-blockers (550,559,570).
In a series of 269 patients, the efficacy of captopril was un-
equivocal, even though 40% of the patients were azotemic
and 51% (136/269) had either a solitary kidney or advanced
bilateral renal arterial disease (570). Captopril was ineffec-
tive in only 5% of patients, and more than 80% of the
patients achieved marked improvement or goal BP. Like cap-
topril, enalapril has also been shown to be useful in the med-
ical management of patients with renovascular hypertension
(571). Reported responses to medical therapy in patients with
presumed renovascular hypertension are summarized in Table
52-18 (129,543,547,551–559,570).

Although certain pharmacologic differences exist between
captopril and enalapril, both drugs exert equal antihyper-
tensive effects in patients with renovascular hypertension.
Franklin and Smith compared the results of enalapril plus
hydrochlorothiazide therapy with standard triple therapy in
75 patients with presumed renovascular hypertension (571).
Blood pressure control was better in the enalapril group. Poor
response to therapy occurred in patients with bilateral renal
artery stenosis or impaired renal function. Renal function de-
teriorated (increase in serum creatinine level of 0.3 mg/dL or
more from pretreatment value) in 10 (20%) of the 49 enalapril-
treated patients compared to 1 (3%) of 39 patients receiving
triple therapy (571). In the enalapril-treated patients demon-
strating an increase in serum creatinine, this increase occurred
during the first 2 to 3 weeks of therapy, after which point the
level plateaued without any evidence of progressively worsen-
ing renal function. No occurrence of acute oliguric renal failure
was observed in any of the patients receiving enalapril-plus-
hydrochlorothiazide therapy, even among the 18 patients with
bilateral renal artery stenosis.

The pharmacodynamic and pharmacokinetic properties of
beta-blockers (564,565,567) and ACE inhibitors (183) are de-
tailed in standard pharmacology reviews. Propranolol is the
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prototype of a number of beta-adrenergic blocking agents
(556,572). Regardless of the etiology of the hypertension, the
initial antihypertensive effects of propranolol and ACE in-
hibitors (573) relate to the preexisting level of the plasma renin
activity considered in relation to the urinary sodium excretion.
The antihypertensive action of propranolol and other beta-
blockers affects both the vasoconstrictor and the volume com-
ponents of hypertension because inhibition of renin secretion
also retards aldosterone secretion, thus preventing sodium and
water retention. The beta-blockers are particularly effective in
combination with a diuretic and occasionally with a vasodilat-
ing agent such as hydralazine. The available beta-blockers have
different effects on renal function (564,567,573). There is lit-
tle evidence to suggest that administration of beta-blockers in
patients with preexisting renal disease or renal artery stenosis
results in a deterioration of renal function, or carries the risk
of irreversible renal failure.

ACE inhibitors are excreted mainly by the kidneys. Be-
cause many of their side effects are dose-dependent, the dosage
should be reduced in patients with impaired renal function. Im-
portant adverse effects with captopril include skin rash, dysgeu-
sia, and neutropenia. Undesirable reactions to ACE inhibitors
as a class are cough, the prevalence of which varies from 45% to
16% (183); functional renal insufficiency; and hyperkalemia.
Angioedema is a rare, but potentially serious complication of
ACE inhibitors. Cough and angioedema are most likely at-
tributable to decreased degradation of bradykinin (565).

Angiotensin II Receptor Blockers

Because of the potential of interfering more specifically with the
actions of angiotensin II at the receptor level (574), angiotensin
II receptor blockers are now widely used in the treatment of
hypertension. Of historical interest, the first angiotensin II re-
ceptor blocker, saralasin, was used in the early 1970s, mainly
to explore the effects of inhibition of the renin-angiotensin-
aldosterone system (575). Although widely used in clinical in-
vestigation, its complex peptide structure and quick hydrolysis
after oral administration made it impractical as an antihyper-
tensive drug (270). Several nonpeptide molecules that interfere
with angiotensin II receptors and lower BP have now been syn-
thesized (576). The first blocker of this type to become available
for clinical use was losartan. Currently, many other angiotensin
II receptor blockers are now available. There is hope that since
these agents interfere farther down the renin-angiotensin sys-
tem cascade than do the ACE inhibitors (Fig. 52-8), they may
not cause some of the troublesome side effects associated with
ACE inhibition (e.g., cough and angioedema). Whether these
agents will be as effective as currently available ACE inhibitors
in patients with presumed renovascular hypertension remains
to be determined. At present, there is no unequivocal infor-
mation as to whether the angiotensin receptor blockers differ
significantly from the available ACE inhibitors in causing hy-
perkalemia, mild reduction in GFRs (577), or frank acute renal
failure, but at least one report suggests they have less adverse
effects on renal function (578).

Calcium Antagonists

Calcium antagonists have been found to be quite effective in
patients with presumed renovascular hypertension (579,580).
Their antihypertensive effect is primarily due to direct arterio-
lar vasodilatation. The calcium antagonists are a chemically,
pharmacologically, and therapeutically heterogeneous group
of agents. Their clinical effects are related to blocking the L
class of voltage-gated calcium channels in a variety of tissues.
In general, the calcium antagonists act by selective inhibition

of calcium influx through the cell membrane. This interference
appears to interact with selective blockade of the slow channels
for transmembrane calcium influx. Because calcium ions play
an important role in the contractile process of smooth muscle,
calcium antagonists, by preventing this influx, produce arteri-
olar relaxation (581,582).

The precise mechanisms of action of the calcium antago-
nists are under active investigation, but the effects of calcium
antagonists on the elements of the renin-angiotensin system are
complex. In general, an increase in intracellular calcium pro-
duces an increase in hormone release and synthesis, and block-
age of calcium entry might be expected to blunt this response.
However, calcium antagonists stimulate the synthesis and re-
lease of renin in juxtaglomerular cells (583,584). Therefore, the
antihypertensive effect of calcium antagonists in renovascular
hypertension is probably not due to decreasing renin release,
but is more likely secondary to direct peripheral arteriolar va-
sodilation.

One potential benefit of calcium antagonists in the treat-
ment of hypertensive patients with renovascular disease is
their favorable effect on renal function in comparison to ACE
inhibitors (585–587). Although there have been occasional
reports of calcium antagonists adversely affecting renal func-
tion, particularly in patients with renal insufficiency (588), cal-
cium antagonists are generally safe in patients with renal artery
stenosis. In patients with bilateral renal artery stenosis, calcium
antagonists lower BP effectively without causing as much de-
terioration of GFR as ACE inhibitors (585–587).

Calcium antagonists have had a major impact on the treat-
ment of all types of hypertension and of ischemic heart dis-
ease. Their well-documented effectiveness in lowering BP has
resulted in their widespread use (258,585–587). The pharma-
codynamic, pharmacokinetic, cardiac, and hemodynamic ef-
fects of calcium antagonists are detailed in a number of re-
views (258,579,581,582,589,590). Three categories of calcium
antagonists are clinically available: dihydropyridines (e.g.,
nifedipine, felodipine, amlodipine), benzothiazepines (e.g., dil-
tiazem), and phenylalkylamines (e.g., verapamil). All three cat-
egories are useful in hypertensive patients with or without re-
nal artery stenosis and in the presence of a wide variety of
concomitant conditions, including ischemic heart disease, pe-
ripheral vascular disease, diabetes mellitus, and chronic renal
disease.

Nifedipine, a dihydropyridine calcium antagonist, has lit-
tle suppressive effect on myocardial tissue, having its major
effects in blocking vasoconstriction in large to medium-sized
arteries. Verapamil is less directly vasodilatory than the dihydr-
opyridines. Verapamil depresses sinoatrial and atrioventricu-
lar nodal activity and should be used with caution in patients
with heart block. Diltiazem, with properties closely related
to those of verapamil, has a more variable and evidently
dose-dependent effect on heart rate (579,581,582,589,590).
Whether the three classes of clinically available calcium antag-
onists have differing BP-lowering capabilities or different side-
effect profiles in patients with renal artery stenosis has not been
determined.

A detailed discussion of the many additional types of an-
tihypertensive agents (e.g., diuretics, alpha1-agonists, alpha-
blockers, peripheral neurogenic inhibitors, and the vasodilators
hydralazine and minoxidil) is beyond the scope of this chapter.
In general, the use of these agents in the medical management of
patients with renovascular disease and presumed renovascular
hypertension follows the usual guidelines for these agents when
used for essential hypertension. However, when renovascular
hypertension is suspected, the first step should be to use either
a beta-blocker, ACE inhibitor, angiotensin II receptor blocker,
or calcium antagonist. The combination of an ACE inhibitor
and a calcium antagonist is extremely effective. The conjoint
use of an ACE inhibitor and a beta-blocker is also effective.
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Caution must be exercised in using a beta-blocker in combina-
tion with verapamil or diltiazem, especially in patients prone
to bradycardia or with any electrocardiographic evidence of
heart block, because the conjoint use of these two drug classes
might dangerously slow the heart rate or precipitate congestive
heart failure.

The next drug to be added would ideally be a diuretic agent,
especially in conjunction with an ACE inhibitor, beta-blocker,
or angiotensin II receptor blocker. Clonidine is also effective,
often as a third drug in patients with severe hypertension in
association with renovascular disease. Clonidine administra-
tion may produce an acute reduction in BP in patients with
renovascular hypertension; the reduction in BP occurs without
a significant change in plasma renin activity, but is associated
with a decrease in plasma norepinephrine levels (591). Cloni-
dine is especially effective in lowering the systolic BP in older
adult hypertensive patients.

Complications and Liabilities of Medical
Management of Renovascular Hypertension

and Renovascular Disease

The side effects of the many antihypertensive drugs used in
treating renovascular hypertension are well known and beyond
the scope of this chapter. However, several untoward metabolic
or physiologic effects of medical antihypertensive therapy are
of particular interest in managing patients with renovascu-
lar disease including, but not limited to, hypokalemia, hyper-
kalemia, acute renal failure, reduced renal perfusion pressure,
flash pulmonary edema, and ischemic shrinkage of the kidney
distal to the stenosis.

In two-kidney Goldblatt hypertension, aldosterone levels in-
crease as a consequence of activation of the renin-angiotensin
system. Secondary aldosteronism ensues, and hypokalemia is
a cardinal feature of true renovascular hypertension. Diuret-
ics may further activate the renin-angiotensin-aldosterone cas-
cade and increase sodium delivery to the site of aldosterone
action in the nephron, and produce severe hypokalemia. The
clinical syndrome of hyporeninemic hypoaldosteronism is not
uncommon in older adult diabetic patients, many of whom
have renovascular disease and underlying essential hyperten-
sion (not true renovascular hypertension); these patients may
develop hyperkalemia, which can be aggravated to dangerous
levels with the use of ACE inhibitors and beta-blockers, both
of which increase the serum potassium concentration.

Acute renal failure in conjunction with ACE inhibition
in patients with bilateral renal artery stenosis or high-grade
stenosis of an artery to a solitary kidney is well described
(225,228,230,434,435,592–596). This drawback is often the
limiting factor in drug treatment of patients with presumed
renovascular hypertension. Acute deterioration in renal func-
tion in patients undergoing medical treatment for presumed
renovascular hypertension is frequently the clinical observa-
tion that prompts the physician to discontinue medical ther-
apy and consider angioplasty or surgical revascularization in
suitable candidates. This phenomenon has been observed in up
to 23% of patients with high-grade renal artery stenosis who
take ACE inhibitors (597). Fortunately, renal function usually
recovers when the ACE inhibitor is discontinued (435,594–
596). Although clear evidence of permanent structural damage
in the kidney distal to the stenosis in such situations is lacking
in humans, renal artery thrombosis has been described (597–
600). Whether shrinkage of the kidney distal to the stenosis in
patients treated with ACE inhibitors for a long time is due to
ACE inhibition per se or to progressive arterial stenosis (or to
both) is unclear, but progressive renal atrophy is an indication

to abandon medical management and proceed with angioplasty
or surgery if technically feasible.

Calcium antagonists appear to induce less impairment of
renal function in patients with renovascular hypertension than
do ACE inhibitors (585,586). In two studies comparing the
effects of captopril and nifedipine, both agents demonstrated
excellent antihypertensive efficacy (585,586). Nifedipine, how-
ever, produced a smaller decrement in the GFR than did cap-
topril in patients with unilateral, bilateral, or solitary kidney
renal artery stenosis. Dihydropyridine calcium antagonists may
better maintain renal blood flow and glomerular filtration be-
cause of their preferential afferent arteriolar vasodilatory effect
(579).

Any type of antihypertensive therapy that effectively lowers
the BP may decrease renal blood flow and glomerular filtra-
tion if the BP is lowered below a “critical” renal perfusion
pressure (224,233). Diuretic-induced extracellular fluid vol-
ume contraction would potentiate this untoward effect of re-
duced perfusion pressure on renal function.

Flash pulmonary edema has been discussed as a clinical clue
to unilateral or bilateral renal artery stenosis (216,217), or in
association with uncontrolled BP. Episodes of acute pulmonary
edema in the absence of obvious overt cardiac disease in pa-
tients with a reasonable left ventricular ejection fraction are
being observed more frequently in the older adult population
with disseminated vascular disease involving the renal arteries.
These episodes occur more frequently in patients with bilat-
eral renal artery stenosis or high-grade stenosis of an artery to
a solitary kidney than in patients with unilateral renal artery
stenosis (218). This clinical syndrome complicates the medical
management of patients with renal artery stenosis and may be
the critical factor prompting an intervention procedure on the
renal artery (218,536).

Some authors have suggested that atherosclerotic RAS is
associated with increased cardiovascular events and decreased
survival in comparison to patients without RAS (36–38). Ed-
wards et al. conducted a prospective, multicenter cohort study
of cardiovascular disease risk factors, morbidity, and mortal-
ity among Americans older than 65 years (36). Renovascular
disease was associated with an increase in the risk of adverse
coronary events in this study population. The increment in
risk was not dependent on the effects of associated atheroscle-
rotic risk factors, other prevalent cardiovascular disease, or
increased BP. Whether these authors’ findings relate specifi-
cally to the anatomic presence of atherosclerotic RAS versus
other comorbid cardiovascular risk factors associated with gen-
eralized atherosclerosis merits continued examination. Such re-
ports could, however, fuel enthusiasm for renal revasculariza-
tion to prevent adverse coronary outcomes.

An explosive increase in endovascular renal revasculariza-
tion procedures over the past decade has been emphasized re-
cently by Murphy et al. (601). Whether or not this explosion
in endovascular intervention is due to a substantial increase in
renovascular hypertension, increased concern that systolic hy-
pertension in an increasingly aging population may be helped
by renal artery stenting, that more patients are developing end-
stage renal disease (ESRD) as a consequence of atherosclerotic
renal artery disease (ASO-RAD), concerns about chronic kid-
ney disease (CKD) (elevated serum creatinine concentrations)
as promoting cardiac disease and adversely affecting patient
survival, or other considerations, is unclear. What is clear, how-
ever, is that despite the widespread occurrence of ASO-RAD,
there is no consensus on the best treatment approach.

The discussion of medical management has focused on
a pathophysiologic approach to the drug treatment of renal
artery stenosis and presumed renovascular hypertension. Re-
gardless of the pharmacologic regimen employed to control BP
in such patients, long-term adherence to therapy remains a ma-
jor problem, as it does for patients with essential hypertension.
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Failure to control BP leaves such patients at risk for the cardio-
vascular complications of stroke, congestive heart failure, and
progressive renal insufficiency.

Which drugs to use and the choice of medical or surgical
treatment or angioplasty or stent placement must be considered
carefully for each individual. In general, medical management
is preferred for older patients, especially those with serious car-
diovascular risk factors for surgery. Older patients with tight
ostial renal artery atherosclerosis in conjunction with severe
aortoiliac disease are at high risk during angiography, angio-
plasty, renal artery stent placement, and surgery, and probably
should be managed medically if at all possible. Balloon an-
gioplasty or surgical renal revascularization is preferred for
patients with fibrous renal artery disease and for younger pa-
tients with atherosclerosis, particularly if they have acceptable
surgical risk factors.

For all patients managed medically, meticulous follow-up
is required to ensure that the systolic BP remains less than
140 mm Hg and the diastolic pressure less than 90 mm Hg. Op-
timal medical management of such patients, particularly those
with atherosclerotic renal artery disease, demands modifica-
tion of cardiovascular risk factors such as smoking and serum
lipid levels. Whether current or future antihyperlipidemic drugs
(e.g., hepatic hydroxymethylglutaryl coenzyme A reductase in-
hibitors) will have a meaningful impact on atherosclerotic renal
artery stenosis (602,603) remains to be determined, but their
benefits in promoting regression of atherosclerosis in other vas-
cular beds are promising (604–609).
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CHAPTER 53 ■ HYPERTENSION AND
PREGNANCY
VERENA A. BRINER, MELISSA A. CADNAPAPHORNCHAI, AND ROBERT W. SCHRIER

In the Western world, hypertension, preeclampsia, and eclamp-
sia are the most common causes of morbidity and mortality
in the mother (1,2) and child (3). This chapter presents an
overview of

■ Physiologic changes in renal hemodynamics, blood pressure,
and water metabolism in normal pregnancy

■ Hypertensive disorders in pregnancy
■ Pathophysiologic mechanisms in pregnancy-induced hyper-

tension and preeclampsia and eclampsia
■ Management of hypertensive disorders in pregnancy

PHYSIOLOGIC CHANGES IN
SYSTEMIC AND RENAL

HEMODYNAMICS AND WATER
METABOLISM IN NORMAL

PREGNANCY

Changes in Systemic Hemodynamics

Normal pregnancy is characterized by decreased systemic vas-
cular resistance with decreased mean arterial pressure and in-
creased cardiac output. In pregnant women, alterations in sys-
temic hemodynamics are detectable by 6 weeks of gestation
(4,5) (Figs. 53-1, 53-2). A decrease in peripheral vascular resis-
tance occurs prior to blood volume expansion, thus supporting
the conclusion that arterial vasodilation is the primary event
and both the increase in cardiac output and volume expansion
are secondary events (6) (Fig. 53-3). There are several media-
tors that may cause the early peripheral vasodilation in preg-
nancy. The plasma concentration of the vasodilating prostacy-
clin (PGI2) and urinary excretion of its major metabolites are
increased in pregnancy (7,8). Several hormones known to relax
vascular smooth muscle such as estrogens, progesterone, and
prolactin are increased in pregnancy; however, their adminis-
tration does not cause hypotension. The mature placenta may
act as an arteriovenous fistula. However, early in pregnancy
when the vascular resistance falls and reaches the nadir, blood
flow in the placenta and uterus is still rather small. Another
vasodilating substance, is nitric oxide (NO). NO is a potent
relaxant of vascular smooth muscle cells and also stimulates
vasodilation in the presence of vasoconstricting peptides (9).
In pregnant rats, plasma levels of NO (10,11) and plasma lev-
els and urinary excretion of the second messenger of NO, cyclic
guanosine monophosphate (cGMP), are increased (12–14). Up-
regulation of endothelial NO synthase in the resistance vessel
has been documented in animal pregnancies (15). The phys-
iologic decrease in blood pressure in pregnant spontaneously
hypertensive rats has been shown to depend completely on NO
release (16). The production of cGMP may result from stimu-

lation of guanylate cyclase by NO but also by cytokines such
as tumor necrosis factor-α (TNF-α).

Changes in Renal Hemodynamics

There are considerable alterations in renal hemodynamics dur-
ing pregnancy. Some of these reflect cardiovascular changes
such as peripheral vasodilation and an increase in cardiac out-
put (4,5). An increase in fluid volumes and endocrine changes
also occur. Renal blood flow (RBF) increases progressively until
it peaks in the second trimester at about 180% of the precon-
ception value (4,5,17–19). In parallel, glomerular filtration rate
(GFR) rises beginning 4 weeks after conception (Fig. 53-1).
Creatinine clearance is enhanced by about 50% in the first
trimester and remains elevated until the last month of gesta-
tion (20,21). There is little change in creatinine production
during pregnancy; therefore, changes in creatinine clearance re-
sult in a fall in plasma levels of creatinine on average to about
0.45 mg/dL as compared to 0.67 mg/dL in nonpregnant con-
trols (22). Studies in rats suggest that the pregnancy-associated
increase in GFR is due solely to renal vasodilation, with paral-
lel relaxation of afferent and efferent arteriolar resistance lead-
ing to increased renal plasma flow (RPF) without change in
glomerular blood pressure (23). The potent vasodilator respon-
sible for the rise in GFR by 30% to 50% during pregnancy is
not yet known. However, a major contribution to the increase
in GFR may derive from enhanced NO production during preg-
nancy (24). Studies in rats demonstrate a reversal of glomerular
hyperfiltration and renal vasodilation in pregnant rats during
chronic inhibition of NO synthase (11).

After delivery, GFR returns to the pregestation range (18).
Neither volume expansion, high-protein diet, nor unilateral
nephrectomy has been shown to enhance GFR to the same
level as occurs with pregnancy. Due to a lesser increase in GFR
as compared to RBF, filtration fraction falls in early pregnancy.
However, RBF decreases in the last weeks of gestation, and
filtration fraction may rise. In pregnant rats with glomeru-
lonephritis and superimposed pregnancy, GFR also increases
(25). Pregnancy-induced changes in RBF and GFR also occur
in women with hypertrophied single kidneys or transplant re-
cipients (26,27) but may be attenuated in women with under-
lying renal insufficiency. In a study by Cunningham et al. only
50% of women with moderate and none of the women with
severe chronic renal disease demonstrated any increase in GFR
during pregnancy (28).

Urinary protein excretion may be increased in normal preg-
nancy to the upper limit of 300 mg/24 hours (29). The majority
of normal pregnant women, however, will have a protein ex-
cretion of less than 150 mg/24 hours. Albumin excretion in
nonpregnant women is less than 40 mg/24 hours. A rise in
the ratio of urinary albumin to creatinine may demonstrate
impaired glomerular permeability (30). This ratio method is
accurate and avoids 24-hour urine collections.
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FIGURE 53-1. Physiologic hemodynamic and biochemical changes
induced by pregnancy beginning at the nonpregnant (NP) state and
through 40 weeks of pregnancy. In pregnant women, glomerular fil-
tration rate (GFR) rises before blood volume expansion occurs. Incre-
ments and decrements of the various parameters are shown in percent-
age terms with reference to nonpregnant state. GFR, glomerular filtra-
tion rate; Palb, plasma albumin; Pcreat, plasma creatinine; PNa, plasma
sodium; Posm, plasma osmolality; Ppr, plasma protein; Purea, plasma
urea. (From: Davison JM. Renal hemodynamics and volume home-
ostasis in pregnancy. Scand J Clin Lab Invest 1984;169(Suppl):15, with
permission.)

Changes in Sodium and Water Homeostasis

Volume expansion is extraordinary during pregnancy and re-
sults in a total body water increase by 6 to 8 L (31). The mean
plasma volume in pregnancy increases progressively from con-
ception to term by almost 50% (32) (Fig. 53-1). The mecha-
nism controlling volume expansion is poorly understood, but
sodium retention is an important factor. An increase in GFR
augments the filtered load of fluid and electrolytes; therefore,
changes in tubular function are required to prevent urinary
loss of these substances in the glomerular filtrate (33). The fil-
tered sodium load increases from 20,000 to 30,000 mmol/day;
however, due to increased sodium reabsorption in the proximal
and distal renal tubules, sodium depletion is prevented. In fact,
sodium retention during pregnancy totals nearly 1,000 mEq
(32). This sodium retention may be induced or enhanced by es-
trogens, deoxycorticosterone, and aldosterone (33). It has been
suggested that the increased aldosterone production in preg-
nancy exceeds the physiologic requirements. In nonpregnant
humans, the continued administration of mineralocorticoids
causes sodium retention of about 400 mEq of sodium; however,
despite continuation of the hormone administration, no fur-
ther sodium retention occurs. An adaptive mechanism known
as mineralocorticoid escape thus prevents excessive sodium re-
tention. Although basal plasma concentrations of aldosterone
are high in pregnancy, changes in sodium intake, administra-
tion of diuretics, and changes in postural position lead to a sim-
ilar pattern of changes in aldosterone production and plasma
levels as occurs in normal nonpregnant humans (34). Thus, de-
spite high levels of plasma aldosterone, adaptive mechanisms
to various stimuli are qualitatively preserved in pregnancy.

Plasma osmolality decreases at 1 month after conception
and plateaus at 10 to 12 weeks of pregnancy to levels about

FIGURE 53-2. Physiologic hemodynamic alterations induced by preg-
nancy in women beginning at the midfollicular (M-F) phase of the
menstrual cycle and through 36 weeks’ pregnancy. Decreased mean
arterial pressure (MAP), systemic vascular resistance (SVR), increased
cardiac output (CO), blood volume (BV ), plasma renin activity (PRA),
inulin clearance (Cin), and paraaminohippurate clearance (CPAH) are
detectable by 6 weeks of gestation. ∗p <0.05, ∗∗p <0.001, +p <0.0001.
(From: Chapman AB, et al. Temporal relationships between hormonal
and hemodynamic changes in early human pregnancy. Kidney Int
1998;54:2056, with permission.)

10 mOsm/kg below normal (35). Normally, a decrease of os-
molality of this degree would cause inhibition of arginine vaso-
pressin (AVP) secretion and a water diuresis. However, studies
suggest that plasma AVP concentrations are either normal or
increased in pregnancy as compared to nonpregnant controls
(15,36). Furthermore, metabolic clearance of AVP in rats is
increased in mid- to late pregnancy (37), coinciding with in-
creased trophoblastic mass and hence increased levels of pla-
cental and plasma vasopressinase. Although once thought to
be an in vitro phenomenon, abnormally high circulating va-
sopressinase activity can produce diabetes insipidus in human
pregnancy (38).

Previous reports suggested that the threshold for vaso-
pressin secretion and thirst is decreased in normal pregnancy
and corresponds to the decrease in osmolality (39) (Fig. 53-4).
Thus, gravidas maintain their new plasma osmolality, and nei-
ther fluid loading nor fluid restriction alters this “reset” os-
molality. More recent results, however, suggest that pregnancy
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FIGURE 53-3. Early hemodynamic and humoral profile for pregnant
baboons. A significant rise in cardiac output, plasma renin activity, and
plasma aldosterone concentration occurs at 4 to 6 weeks of pregnancy
and parallels a decrease in pulmonary and systemic vascular resistance.
(From: Phippard AF, et al. Circulation adaptation to pregnancy: serial
studies of hemodynamics, blood volume, renin and aldosterone in the
baboon. J Hypertens 1986;4:773, with permission.)

is associated with increased expression of collecting duct aqua-
porin-2 water channels (36). As described in the “shuttle hy-
pothesis” (40), circulating vasopressin binds to its V2 receptor
on the basolateral membrane of the principal cell of the renal
collecting duct. This initiates cyclic adenosine monophosphate-
mediated and protein kinase-mediated translocation of AQP2
water channels from cytosolic storage vesicles to the apical
membrane, thus allowing reabsorption of water to occur. Up-
regulation of AQP2 water channels is evident in the first
trimester of rat pregnancy and persists throughout pregnancy
in association with hypoosmolality (36). Thus vasopressin re-

lease and AQP2 mediated with retention can explain the hy-
poosmolality of pregnancy.

Injection of estrogen or progesterone has failed to reduce
plasma osmolality in nonpregnant rats (41). Although chronic
NO synthase inhibition in pregnant rats returns systemic and
renal hemodynamics to nonpregnant levels, hypoosmolality is
maintained due to increased thirst (11). Alternatively, prolactin
injection into rats (42) and human chorionic gonadotropin in-
jection into nonpregnant women (but not men) may reduce
the osmotic threshold (43). Although prolactin production is
enhanced during lactation, serum osmolality increases after de-
livery in lactating mothers, suggesting little contribution to the
reset osmolality of this hormone during pregnancy. In molar
pregnancies, plasma osmolality and the threshold level for the
release of vasopressin is reduced as long as human chorionic
gonadotropin is increased (43). As noted previously, plasma
osmolality may also be affected by changes in the metabolism
of vasopressin (37,38).

Hormonal Changes in Pregnancy

Plasma concentrations of a number of hormones change sub-
stantially during pregnancy. Some of these hormones have ef-
fects on the kidney and the blood vessels to modulate hemody-
namics. No individual hormone, however, is known to cause
hemodynamic changes as large as those seen during pregnancy.
In this section, we will discuss some of the hormones with rising
blood concentrations during pregnancy that may contribute to
the complex and diverse changes in salt and water homeostasis
and hemodynamics associated with gestation.

Renin-Angiotensin-Aldosterone System

The renin-angiotensin-aldosterone (RAA) system has direct ef-
fects on vascular tone, and by causing sodium retention, may
also increase plasma volume. The RAA system is stimulated in
pregnancy, and most likely this is secondary to the peripheral
arterial vasodilation (Fig. 53-3). Plasma renin concentration,
renin substrate, and angiotensin II are increased throughout
pregnancy, reaching peak levels close to term (44). In spite
of increased angiotensin II levels, blood pressure declines dur-
ing pregnancy. Vascular insensitivity to angiotensin II during
normal pregnancy is maximal in the second trimester (45)
(Fig. 53-5). Part of this loss of the vascular effect of angiotensin
II may be the result of a decrease in angiotensin II receptors (46).
In studies of pregnant baboons, the blood volume expansion
occurs after stimulation of the RAA axis (6) (Fig. 53-3). If the
blood volume expansion were primary, rather than secondary
to the arterial vasodilation, suppression, not stimulation, of
the RAA system would be expected. Basal renin substrate and
plasma renin are both enhanced during pregnancy; these ef-
fects cannot be demonstrated in nonpregnant patients treated
with progesterone and estrogens (47). Renin is produced in
uteroplacental tissue (48), and that renin is indistinguishable
from that found in the kidney. A role of uteroplacental renin
in modulating uterine blood flow has been suggested (49). The
administration of saralasin, an angiotensin II antagonist, or
captopril, an angiotensin converting enzyme (ACE) inhibitor,
attenuates uterine blood flow (50,51). The regulation of the
RAA system in normal pregnancy, although it is activated, re-
mains under similar control mechanisms as in the nonpregnant
state, with activation and suppression occurring with sodium
depletion and sodium loading, respectively (52).

As noted earlier, in normal pregnancy, vascular tone and
blood pressure are resistant to an average dose of angiotensin II
infusion (53) (Fig. 53-5). This angiotensin II refractoriness may
be the result of mechanisms involving several intracellular path-
ways in vascular smooth muscle. The increase in prostacyclin
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FIGURE 53-4. Relationship between plasma
osmolality (POSM) and plasma vasopressin
(PAVP) during a 2-hour infusion of 5% saline in
first trimester pregnant women (open circles)
and 6 to 8 weeks’ postpartum. The arrow in-
dicates the thirst threshold, which is reduced
during pregnancy. (From: Davison JM, et al.
Altered osmotic threshold for vasopressin se-
cretion and thirst in human pregnancies. Am J
Physiol 1984;246:F105, with permission.)

concentrations during pregnancy stimulates adenylate cyclase
to produce cyclic adenosine monophosphate (cAMP). An in-
crease in cAMP attenuates the intracellular signaling of pres-
sor hormones in vascular smooth muscle and inhibits vaso-
constriction. The administration of a low dose of aspirin to
block the production of the vasoconstricting prostaglandin
thromboxane A2 enhances the effects of prostacyclin and thus
lessens angiotensin II-induced rise in blood pressure (54). In
contrast, a dose of aspirin that also blocks prostacyclin produc-
tion enhances the pressor effects of angiotensin II (54). Another
cyclic nucleotide, cGMP, has effects similar to cAMP in smooth
muscle. Plasma levels and urinary excretion of cGMP have
been reported to be elevated or unchanged during pregnancy
(12–14,55). There are also data to support the view that NO,
a major stimulator of cGMP production, participates signif-
icantly in vasodilation in pregnancy. The peripheral arterial

FIGURE 53-5. Angiotensin II response in 192 primigravidas. Closed
circles demonstrate reduced sensitivity to angiotensin II and require-
ment of a greater dose to enhance diastolic blood pressure by 20 mm
Hg compared with nonpregnant controls. Open circles demonstrate
rising sensitivity to angiotensin II in women who develop pregnancy-
induced hypertension. (From: Gant NF, et al. A study of angiotensin
II pressor response throughout primigravid pregnancy. J Clin Invest
1973;52:2682, with permission.)

vasodilation during pregnancy stimulates the RAA system in a
compensatory manner and thus explains why blood levels of
renin, angiotensin, and aldosterone are elevated despite volume
expansion during normal pregnancy. The rise in plasma aldos-
terone may counterbalance the increased amount of urinary
sodium reaching the distal tubules as a result of the profound
rise in GFR during pregnancy (56). Aldosterone thus may pre-
vent excessive sodium loss and volume depletion during preg-
nancy. In addition to the RAA system, progesterone has also
been shown to enhance aldosterone excretion (57). In nonpreg-
nant humans, the administration of mineralocorticoids induces
sodium retention with resultant water retention and a weight
gain of about 2 to 3 kg. Continuation of the mineralocorti-
coid treatment does not cause any further sodium and water
retention. This phenomenon is called the “mineralocorticoid
escape” mechanism. As noted earlier, in spite of the increased
basal concentration of aldosterone in pregnancy, there is a rise
in plasma aldosterone levels in response to sodium restriction
(58). These observations suggest a new set point in the RAA
system during pregnancy. Plasma levels of the potent mineralo-
corticoid deoxycorticosterone also increase in pregnancy (59).
It is suggested that this increment results mainly from the hy-
droxylation of progesterone (60).

Progesterone, Estriol, and Prolactin

Plasma progesterone, estriol, and prolactin concentrations
markedly increase during pregnancy (61). The effects of pro-
gesterone are not restricted to the uteroplacental tissue. Proges-
terone and prolactin may both contribute to the rise in GFR
during pregnancy (42,62). Independent of pregnancy, proges-
terone causes a natriuresis by a mechanism that in part is in-
dependent of the inhibition of aldosterone-induced sodium re-
tention (63). Estrogen replacement therapy has been shown to
promote vasodilation by decreasing plasma concentrations of
renin (64), ACE (65), and endothelin-1 (66) and by increas-
ing the ratio of NO to endothelin-1 (67). Vascular tone is
most reduced during pregnancy when the concentrations of
estrogen and progesterone are the highest (68). There is ev-
idence that estrogens modulate NO during pregnancy. Preg-
nancy and estradiol administration cause an increase in the
activity of calcium-dependent NO synthase in uterine artery
and also in other tissues such as the kidney in guinea pigs (69).
It has recently been suggested that estrogen mediates this effect
via a mitogen-activated protein (MAP) kinase mechanism (70).
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Calcium-independent NO synthase is not altered by pregnancy
or female sex hormones. Progesterone does not significantly in-
crease NO synthase (71). NO is therefore a vasodilator that has
the potential to decrease vascular resistance, modulate renal
hemodynamics (72), and antagonize vasoconstrictor-mediated
smooth muscle cell contraction (73) in pregnancy.

Relaxin

There are several lines of evidence implicating the peptide hor-
mone relaxin in the regulation of the altered renal hemody-
namics and water metabolism in pregnancy (74). Relaxin is
composed of two peptide chains that are connected by two in-
terchain disulfide bonds, resembling the structure of insulin.
Production of relaxin occurs in the corpus luteum of the ovary,
the placenta, and the endometrium under the stimulation of
human chorionic gonadotropin. Blood levels of relaxin rise
in the first trimester of pregnancy (75), coincident with the
pregnancy-associated rise in GFR and RPF. Circulating re-
laxin concentrations are also increased in the luteal phase of
the menstrual cycle, when there is a transient 20% increase
in GFR and RPF (76). Chronic administration of relaxin to
nonpregnant rats results in elevations in GFR and RPF simi-
lar to the pregnant state (77); these effects appear to be me-
diated via NO. Moreover, relaxin administration in animals
attenuates the renal vasoconstrictor response to angiotensin II
infusion (77). Relaxin administration also increases water in-
take, reduces plasma osmolality, and alters the threshold for
vasopressin release in rats (77,78). There seems to be an es-
sential role of gelatinase in the relaxin-mediated renal effects
of pregnancy and it is involved in the endothelial ETB–NO
pathway (79).

Endothelin 1

Endothelin-1 (ET-1) is an endothelium-derived peptide which
acts as a potent vasoconstrictor through direct effects and via
stimulation of the RAA and the sympathetic nervous system
(reviewed in reference 80). ET-1 has complex effects on vascu-
lar tone. Although endothelin induces vasoconstriction in vas-
cular smooth muscle cells via activation of ETA receptors, acti-
vation of endothelial ETB receptors is associated with transient
hypotension and increased NO synthesis (81). Several stud-
ies have suggested a role for ET-1 in the regulation of blood
pressure, renal and spiral artery hemodynamics in pregnancy.
Urinary ET-1 excretion has been shown to be elevated in preg-
nancy (82). ETB receptor antagonism produced a significant
decrease in both GFR and RPF in pregnant rats (83). The mag-
nitude of decline was greater in pregnant as compared to non-
pregnant rats, suggesting a role for ETB receptor activation in
the maintenance of pregnancy-associated GFR and RPF eleva-
tions. Moreover, concomitant NO inhibition did not further
decrease renal hemodynamics, implicating NO as a mediator
of ET-1 action.

Adrenomedullin

Adrenomedullin is a 52-amino acid peptide that produces na-
triuresis and blood pressure reduction. Its concentration rises
as pregnancy proceeds (84). Although adrenomedullin levels
did not differ in preeclamptic patients, levels in the amniotic
fluid and blood of the umbilical vein were several fold higher
in eclampsia than in controls (85).

Pregnancy and Changes in Glucose Tolerance

Physiologic changes of the metabolic environment initially fa-
vor maternal fat deposition, and later fetal growth. By the
eighth week of pregnancy, the fasting blood glucose level falls
and reaches its nadir around the twelfth week. Postprandial
blood glucose level rises to peak at around 30 weeks of ges-

tation. Fasting insulin level rises during pregnancy as does
glucose-stimulated insulin secretion. Insulin sensitivity is re-
duced by about 50% during normal pregnancy while insulin
requirement rises about threefold. This metabolic change is
most prominent in the second and third trimester and resem-
bles changes comparable to that in noninsulin-dependent di-
abetes mellitus. Insulin resistance in pregnancy appears to re-
solve immediately after delivery (86). Sex hormone binding
globulin (SHBG) is a glycoprotein synthesized by the liver and
binds circulating estrogens. Insulin inhibits the production of
SHBG and therefore has been shown to be a marker of hyper-
insulinemia and insulin resistance (87). Compared with con-
trols, women who develops preeclampsia had significantly re-
duced first trimester SHBG levels (88). In addition, for every
100 nmol/L increase in SHBG there was a 31% reduction of
the risk of preeclampsia (p <0.01). The independent associa-
tion between SHBG levels and preeclampsia was seen in lean
women, suggesting that in obesity SHBG is only one of the
several contributing factors.

Insulin resistance leads to a variety of biochemical abnor-
malities. The capacity of the pancreatic β cells is important
for compensation of impaired insulin sensitivity. About 5%
of pregnancies are complicated by an abnormal glucose toler-
ance test and less than 5% of these develop gestational diabetes
mellitus (89). Gestational diabetes is a harbinger of subsequent
noninsulin-dependent type II diabetes mellitus (90), and type
II is associated with a high rate of essential hypertension (91).
Furthermore, it has been shown that pregnancy-induced hy-
pertension and preeclampsia are more common in the presence
of gestational diabetes (92). Even within the normal range, the
level of plasma glucose elevation 1 hour following an oral glu-
cose challenge is correlated with risk of preeclampsia (92). Hy-
perleptinemia has been suggested to play a role in insulin resis-
tance. In pregnant women, leptin is synthesized in and secreted
from placental trophoblasts into the maternal circulation at a
considerable amount, with increases of 100% to 200% over
prepregnancy values. Patients with preeclampsia exhibit serum
leptin levels which are significantly higher than those of normal
pregnant controls (93). Increased serum leptin concentration
may be a marker of placental hypoxia in severe preeclamp-
sia (94). TNF-α is another marker for insulin resistance (95)
and circulating TNF-α levels correlate with microvascular
permeability in preeclampsia (96). If evidence accumulates
that pregnancy-induced hypertension and preeclampsia are at
least partially mediated by insulin resistance, there may be
a possibility to intervene with agents that enhance insulin
sensitivity.

HYPERTENSIVE DISORDERS IN
PREGNANCY

To understand gestational hypertension, it is important to
know the physiologic changes in hemodynamics and blood
pressure that occur during normal pregnancy. Soon after con-
ception and during the first trimester of pregnancy, blood pres-
sure decreases significantly despite increased plasma concentra-
tions of angiotensin II. Decrements in diastolic blood pressure
are in the range of 10 mm Hg (97). Women who are hyper-
tensive before conception may demonstrate an even greater de-
crease in blood pressure (98). Subsequently in the second and
third trimesters, blood pressure rises to reach near pregesta-
tion values at term (99). Thus, the definition of normal range
of blood pressure differs in the pregnant from the nonpregnant
state. The World Health Organization (100) classified hyper-
tensive disorders of pregnancy in 1987 in a detailed manner,
while the American College of Obstetricians and Gynecolo-
gists (101) and the National High Blood Pressure Education
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Program Working Group (102) classified them in a more prac-
tical fashion and defined only four categories:

1. Chronic hypertension
2. Transient hypertension was changed to gestational hyper-

tension in 2000 (102)
3. Preeclampsia and eclampsia
4. Preeclampsia and eclampsia superimposed on chronic hy-

pertension

It is important to differentiate between these four disorders
because prognosis and treatment vary. Despite the different
classification of hypertensive disorders in pregnancy, hyperten-
sive levels of blood pressure and increase in blood pressure
thought to be critical for the development of preeclampsia are
similar, namely systolic blood pressure ≥140 mm Hg and di-
astolic blood pressure ≥90 mm Hg, a rise in systolic blood
pressure by ≥30 mm Hg or diastolic by ≥15 mm Hg. Early
in pregnancy, blood pressure declines, with average values of
103 ± 11 mm Hg systolic and 56 ± 10 mm Hg diastolic in
the first trimester (103); thus, before 20 weeks of gestation, a
significant rise in blood pressure may still remain below des-
ignated preeclamptic levels and yet cause preeclampsia, espe-
cially when the increase in blood pressure occurs rapidly. A
significant rise in blood pressure, especially in primiparas, is a
suspicious sign of preeclampsia, and hospitalization should be
considered. Although it may be difficult to make the diagno-
sis, overdiagnosing rather than underdiagnosing preeclampsia
is preferred because the development of preeclampsia may be
rapid and fulminant.

It may be very difficult to distinguish clinically between es-
sential hypertension, secondary hypertension due to kidney dis-
ease, and pregnancy-induced hypertension or preeclampsia and
combinations of these disorders. Preexisting hypertension may
be suggested by microvascular changes in the retina. Preex-
isting renal disease may be suggested in women demonstrating
reduced kidney size or proteinuria occurring without hyperten-
sion or occurring very early in pregnancy. However, glomerular
diseases may occur in more than 20% of primipara pregnan-
cies presenting with hypertension (104). Acceleration of renal
diseases typically occurs during pregnancy in active lupus ery-
thematosus. Pregnancy-associated changes in the thymus (105)
and B-cell lymphopoiesis (106) may modulate autoantibody
production and contribute to the flares observed in pregnant
lupus patients.

Chronic Hypertension

Women with chronic hypertension have elevated blood pres-
sures (≥140/90 mm Hg) prior to pregnancy. Hypertension is
usually well tolerated when diastolic blood pressure remains
less than 100 mm Hg (102). In general, antihypertensive ther-
apy should be continued during pregnancy. When hyperten-
sion is diagnosed during pregnancy and persists for more than
42 days after delivery, it is also termed chronic hypertension
(102). Some drugs may have side effects that may require a
change in medication during pregnancy. There may exist an
underlying secondary cause for the hypertension such as re-
nal parenchymal or renal vascular disease, hypercorticism, or
hyperaldosteronism; however, the presence of primary essen-
tial hypertension is not unusual. Patients with preexisting hy-
pertension demonstrate a decrease in blood pressure early in
pregnancy to a similar or even greater degree than normoten-
sive women (107). In the third trimester, blood pressure rises
to levels approximating the nonpregnant state. If uric acid and
antithrombin III levels (108) are normal in this state, it is likely
that the patient still has chronic hypertension; thus weekly re-
examination is indicated. Chronic hypertension is associated
with adverse pregnancy outcome, regardless of superimposed

preeclampsia. It predisposes to preeclampsia by about a fivefold
risk and small-for-gestational age babies by about a twofold
risk (109,110). The risk for perinatal death also increases (111).
Furthermore, women with chronic hypertension and protein-
uria greater than 300 mg/24 hours before 26 weeks of gesta-
tion have a threefold increased risk of preterm delivery and
small-for-gestational age babies as compared to women with
chronic hypertension and no proteinuria (112). Chronically hy-
pertensive African American women are more likely to develop
preeclampsia (ca. 32%) than white women (ca. 15%)(113).

If blood pressure rises further in the third trimester and
proteinuria and edema develop, it is suggestive of superim-
posed preeclampsia. The mechanism of inducing superim-
posed preeclampsia in women with chronic hypertension is not
well known. Hypertension-induced vascular lesions and sub-
sequent impairment of hemodynamics in the spiral arteries of
the decidua and reduction of the perfusion of the uterus may
result.

Gestational Hypertension

There are some women who demonstrate a mild to moderate
rise in blood pressure to the hypertensive range in the third
trimester, but without developing edema or proteinuria. This
form of hypertension does not carry the perinatal and maternal
morbidity of preeclampsia and does not progress to preeclamp-
sia. Blood pressure normalizes within the first few days post-
partum. Gestational hypertension has a high rate of recurrence
in subsequent pregnancies (114,115), and it is believed that
women of this group may develop essential hypertension later
in life (116).

Preeclampsia and Eclampsia—Clinical Aspects

The syndrome of preeclampsia/eclampsia was recognized more
than 100 years ago, when convulsions that occurred late in
pregnancy and disappeared after delivery were reported. Later
it was recognized that proteinuria and increased blood pres-
sure frequently antedated these seizures associated with preg-
nancy (117). Circadian blood pressure measurements revealed
a changing pattern in eclampsia demonstrating the highest pres-
sure at midnight (118). Thus, it was suggested to classify this
syndrome on arbitrary grounds of blood pressure levels and
on the presence of proteinuria. It was hoped that these clini-
cal criteria would allow recognition early in pregnancy of the
group of women prone to subsequently develop preeclampsia
and pregnancy-induced convulsion. However, although dra-
matically increased blood pressures may occur in women who
progress to have convulsions, evaluation of blood pressure is
only one component of the pathophysiology of eclampsia. For
example, as many as 20% of pregnant women with eclampsia
have blood pressure levels below 140/90 mm Hg just prior to
the onset of convulsions (119,120), and up to 40% have little
or no proteinuria (121). In 201 pregnant women, the blood
pressure was measured within 1 hour of the onset of convul-
sion, and the mean diastolic pressure was 97 ± 14.6 mm Hg
(119,122).

The diagnosis of preeclampsia is now based on criteria sug-
gested by Chesley (123) and the National High Blood Pressure
Education Program Working Group (102). These include: (1)
proteinuria of ≥300 mg/day and often in the nephrotic range
(124) associated with puffy edema; and (2) a rise in blood
pressure of at least 15 mm Hg diastolic, 30 mm Hg systolic,
or an increased mean blood pressure level of 20 mm Hg as
compared to the levels before 20 weeks of pregnancy. In the
absence of previous blood pressure measurements, blood pres-
sure ≥140/90 mm Hg after 20 weeks of gestation is considered
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sufficient to fulfill the blood pressure criteria of preeclamp-
sia (102). More recently, Redman and Jeffries (125) suggested
that in addition to this rise in blood pressure, the diastolic
blood pressure level first has to be less than 90 mm Hg. With
this selection criterion, patients with chronic or essential hyper-
tension could be excluded from those with real preeclampsia.
A modest amount of edema develops very frequently in preg-
nancy; however, some women destined to develop preeclampsia
may rapidly gain several kilograms before developing the crit-
ical stigmata of preeclampsia (126). Although nephrotic pro-
teinuria in preeclampsia is associated with more severe lesions
in the biopsy specimen, nephrotic proteinuria does not corre-
late with the severity of clinical findings when compared to
preeclamptic women with proteinuria less than 3 g/day (104).
Although the clinical features of preeclampsia and eclampsia
are similar to the characteristics of malignant hypertension,
there is usually no papilledema or retinal hemorrhages and no
malignant nephrosclerosis in eclampsia. Thus, eclampsia is not
pregnancy-induced malignant hypertension. The blood pres-
sure level does not correlate as well with perinatal mortality
as does the elevated uric acid concentration (127) and activa-
tion of the coagulation cascade (128). Thus, classification of
preeclampsia on blood pressure alone may overemphasize the
importance of hypertension in the pathophysiology and result
in mismanagement of those women with preeclampsia with-
out hypertension. There are no strict values and parameters
for detecting women at risk of developing preeclampsia and
eclampsia. There are, however, some rules of thumb that may
be helpful. Patients with a significant rise in blood pressure, oc-
currence of proteinuria, or nausea and abdominal pain (129)
or having headaches and feeling ill during the second trimester
should be considered as developing preeclampsia. Patients with
blood pressure ≥140/90 mm Hg and the new occurrence of
proteinuria of 1+ or greater require hospitalization (1120).

Preeclamptic women may demonstrate abnormal left ven-
tricular function (130), and visual disturbances such as blurred
vision, scotomata, amaurosis, and cortical blindness also may
occur (131). Pregnant women are at increased risk of throm-
boembolic accidents due to changes in the fibrinolytic ac-
tivity and coagulation factors (132). All cases of perinatal
death associated with preeclampsia/eclampsia have abnormal
intravascular coagulation abnormalities suggesting activation
of the coagulation cascade (128). Mild thrombocytopenia is
the most commonly found hematologic disturbance associated
with preeclampsia (133), and it often antedates the clinical dis-
ease (134). Bone marrow studies in women with preeclamp-
sia show that increased peripheral consumption and platelet
turnover cause the decreased number of circulating platelets
(133). Platelets from humans with essential hypertension (135)
or women with preeclampsia show an exaggerated calcium
response to vasopressin (136). The activation and impaired
calcium response of platelets antedate the increased vascular
sensitivity of preeclampsia. In contrast to the vasopressin re-
sponse, adenosine diphosphate-induced and serotonin-induced
calcium rise in platelets is reduced in preeclampsia (137). A de-
crease of platelets below 100 × 109/L is an ominous sign (138)
(Table 53-1) and is a cause for hospitalization.

Activation of the coagulation cascade and vasospasm are
consistent early findings in preeclampsia and may cause
reduced organ perfusion. Furthermore, fibrin thrombi are
demonstrated in glomerulus (139), cerebral (140) and hepatic
(141) capillaries of women suffering from eclampsia, and these
thrombi may contribute to the impairment of microcirculation
in the presence of enhanced vasoconstriction (142). Depending
on the severity of occlusion of capillary lumens, renal, cere-
bral, or hepatic manifestations of eclampsia may dominate. At
autopsy, severe cases of preeclampsia/eclampsia demonstrate
features of disseminated intravascular coagulation (DIC). An
increased level of fibrin degradation products (143) in vivo is

TA B L E 5 3 - 1

OMINOUS SIGNS OF PREECLAMPSIA

Blood pressure ≥160 mm Hg systolic, ≥90 mm Hg diastolic
Proteinuria (occurrence for the first time) ≥2 g/24 hr
Serum creatinine (normal before pregnancy) ≥1.2 mg/dL
Platelet count ≤100,000/μL
Microangiopathic hemolytic anemia (haptoglobin ↓,

schistocytes)
Liver enzymes ↑
Headache
Cerebral disturbances
Visual disturbances
Pulmonary edema
Epigastric pain

(From: National High Blood Pressure Education Program Working
Group Report on High Blood Pressure in Pregnancy. Am J Obstet
Gynecol 1990;163:1691, with permission.)

another sign of this coagulation disorder. By using sensitive
assays, activation of the coagulation cascade can be demon-
strated weeks to months before the clinical symptoms occur
(144). A coagulation index based on the platelet count, factor
VIII concentration, and serum fibrinolytic degradation prod-
ucts has been shown to correlate with the signs and symp-
toms of preeclampsia and also with perinatal death (128).
Thrombocytopenia can occur weeks before clinical symptoms
of preeclampsia and eclampsia are present (138) and even when
there is no liver involvement (145). Spasm of the retinal arteri-
oles is another prominent feature in patients with preeclampsia
(146). The severity of spasm of retinal arteries correlates with
the severity of glomerular lesions seen in kidney biopsies (146)
(Fig. 53-6) and also with the occurrence of preeclampsia. De-
spite the capillary obstructions, intravascular coagulation is not
necessarily the primary event that induces preeclampsia; how-
ever, DIC may be a major factor contributing to the impairment
of organ perfusion and function.

FIGURE 53-6. Funduscopic evaluation of retinal blood vessels demon-
strates correlation of severity of spasm of retinal vessels and severity
of preeclampsia-associated glomerular endotheliosis in kidney biop-
sies. Severe retinal arteriolar spasm was only seen in women with
preeclampsia (closed circles) but not in hypertensive vascular disease
(open circles). (From: Pollak VE, Nettles JB. The kidney in toxemia
of pregnancy: a clinical and pathologic study based on renal biopsies.
Medicine 1960;39:469, with permission.)
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Genetic Factors Predisposing to the Development of
Preeclampsia and Eclampsia

Genetic factors may predispose to the development of
preeclampsia and eclampsia. Epidemiologic data suggest a fa-
milial tendency to preeclampsia (147). An analysis of the family
history of patients with eclampsia demonstrated a fivefold in-
creased risk in first-degree relatives and a twofold increased
risk in second-degree relatives as compared to the general
population (148). Chesley (149) suggests the existence of an
autosomal-recessive gene defect that predisposes to preeclamp-
sia. Studies of 26 Icelandic and 18 Australian families with a
high rate of miscarriages, specifically 22 cases of eclampsia and
116 cases of preeclampsia, suggest that a dominant gene defect
with low penetrance may be involved (150,151). A genome-
wide scan of 72 Icelandic families, including 186 women with
preeclampsia or eclampsia, suggests a maternal susceptibility
locus for preeclampsia on chromosome 2p13 (152). In con-
trast, no linkage is found with angiotensinogen or endothelial
NO synthase genes. Retrospective analysis of the records of 14
primigravidas giving birth to babies with trisomy 13 all demon-
strated severe preeclampsia (153). In contrast, the first preg-
nancy was normal when the baby had trisomy 18 or trisomy
21. This may suggest a role for chromosome 13 in preeclamp-
sia.

Incidence of Preeclampsia and Eclampsia

The incidence of eclampsia is quite similar in Western coun-
tries. In Great Britain, it is 4.9 per 10,000 pregnancies but may
occur in up to 10% of primigravidas (119). In the United States,
the incidence of eclampsia is 4.3 per 10,000 pregnancies (154).
Analysis of regional incidences suggests that there has been a
decline in incidence since introducing antihypertensive treat-
ment. However, since then, no significant further decrease in
incidence of eclampsia has occurred in the past 20 to 30 years
(119,155,156). Douglas and Redman (119), Corkill (155), and
Hibbard and Rosen (157) suggest that classic eclampsia pre-
senting with high blood pressure and proteinuria may be pre-
vented by screening and antenatal control. However, atypical
presentation of eclampsia still has an unchanged incidence. In
this regard, it is important to note that one-third of women have
only mild or no hypertension before the onset of eclampsia,
and therefore the diagnosis and treatment may be delayed. The
incidence of preeclampsia is highest in primigravidas (156), es-
pecially in primigravidas older than 40 years (158) or younger
than 20 years (98). Twin pregnancy increases the risk about
five times (159). Women with preexisting hypertension (121);
microangiopathy, such as diabetic angiopathy; moderate renal
insufficiency due to pregestational renal disease (160); and pa-
tients who have had preeclampsia with proteinuria are at risk
to develop preeclampsia (161) (Table 53-2).

Two-thirds of cases of eclampsia develop in women with
the first pregnancy. In a multicenter study in Great Britain,
383 pregnancies were complicated by eclampsia, and 18%
of cases were multiparous women with no previous history
of preeclampsia (119). Eclampsia has not only been docu-
mented to occur antepartum but also during labor and up
to 3 weeks’ postpartum (162–164). In the British multicen-
ter analysis (119), 38% of women had antepartum eclampsia,
18% intrapartum eclampsia, and 44% postpartum eclampsia.
Preterm and antenatal eclampsia appear to be more dangerous
to mother and child (119). Women with antepartum eclampsia
are reported to have a higher incidence of abruptio placentae
and hemolysis, elevated liver enzyme levels and a low platelet
count (HELLP) syndrome (microangiopathic hemolytic ane-
mia, elevated liver enzymes, and low platelets) as compared to
those with postpartum eclampsia (165). Multiparous women
who have preeclampsia will usually demonstrate a predisposing

TA B L E 5 3 - 2

RISK FACTORS FOR DEVELOPING PREECLAMPSIA

Family history of preeclampsia, hypertension (159)
Diabetes mellitus, insulin resistance
Renal disease
Nulliparity (159)
Uric acid level ↑ (146)
β2-microglobulin ↑ (381)
Platelet count ↓ (131)
Antithrombin III ↓ (105)
Blood pressure ↑ (99)
Plasma fibronectin ↑ (269)
Proteinuria new or ↑ (99)
Urinary calcium excretion ↓ (384)
Urinary 6-keto-prostaglandin F1α ↓ (302)
Angiotensin II sensitivity test abnormal (47)
Rollover test abnormal (47,175)
Retroaortic left renal vein (370)

factor and will develop preeclampsia in about 70% of subse-
quent pregnancies (147). Patients with preeclampsia early in
pregnancy very likely have underlying renal disease (165) or
hydatidiform mole (166). Hydatidiform moles increase the risk
of preeclampsia by about 10 times.

In patients with preeclampsia and eclampsia, total plasma
volume is decreased as compared to pregnant women with nor-
mal pregnancies (167). There is a significant relationship be-
tween plasma volume at 38 weeks of gestation and birth weight
of the neonate (32). Atrial natriuretic peptide (ANP) concentra-
tions are increased in pregnancy-induced hypertension and may
reflect a compensatory mechanism to attenuate blood pressure
(168). There is good correlation of ANP levels and severity of
hypertension and eclampsia. In this setting, ANP secretion is
probably not stimulated by increased atrial pressure but rather
by a different mechanism. Animal studies suggest that ANP
is involved in the regulation of placental blood flow. Pregnant
rats with hypertension may normalize impaired placental blood
flow by increasing ANP concentrations (169). Hemoconcen-
tration is a common finding in women with preeclampsia and
eclampsia. Although fluid administration seems logical in such
a situation, a state of increased afterload due to volume expan-
sion may facilitate the development of pulmonary edema.

Preeclampsia usually becomes symptomatic after 20 weeks
of gestation. In women who develop preeclampsia, blood pres-
sure may rise early in the second trimester, although it may
still be within the normal range. A characteristic finding in
preeclampsia is the lability of blood pressure. In parallel to
this lability, vascular resistance to the vasoconstricting effect
of angiotensin II is lost by 14 to 16 weeks (45). The required
dose of angiotensin II to increase diastolic blood pressure by
20 mm Hg decreases significantly (Fig. 53-5). Repetitive tests in
preeclampsia-prone women will demonstrate that the increased
sensitivity to angiotensin II-induced vasoconstriction antedates
clinical symptoms and increases progressively (45). Wallukat et
al. report that serum from a study of 25 preeclamptic patients
contained stimulatory autoantibodies against the angiotensin-
II type I receptor (170); it is believed that these autoantibodies
may participate in the hypertension observed in preeclampsia.
Despite the good correlation between changes in sensitivity to
angiotensin II and the development of preeclampsia, the test is
not practical as a screening method in large populations. The
response of women with preeclampsia to other vasopressor
hormones such as norepinephrine (171) or vasopressin (172)
is less consistent. The rollover test, another test to screen for
high-risk pregnant women, was introduced by Gant et al (173).
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In this test, the pregnant woman is stabilized in the lateral po-
sition and her blood pressure recorded; thereafter, she is turned
to the supine position, and the diastolic blood pressure is im-
mediately measured. The test is considered positive when there
is an increase of 20 mm Hg in the supine position. Women
with a positive test have a twofold to fourfold increase in their
rate of preeclampsia. A later evaluation of this test, however,
demonstrated less optimistic predictive results (174).

Eclampsia

When preeclampsia progresses, nonspecific signs may occur
such as hyperreflexia, restlessness, headaches (approximately
50%), epigastric pain (approximately 20%), and visual distur-
bances (approximately 20%) (119). However, whenever con-
vulsions occur, the symptom complex is termed eclampsia.
Some patients may have only minor systemic organ dysfunc-
tion and still demonstrate convulsions, while others are severely
ill with progressive renal failure, microangiopathic hemolysis,
and DIC without convulsions. Thus, some preeclamptic pa-
tients are equally or even more ill than some patients with overt
eclampsia. Despite the improvement in treating eclampsia, ma-
ternal complications are high with a 1% to 2% mortality rate.
More than one-third of eclamptic women have at least one
major complication (119) (Table 53-3). Fetal outcome in the
British multicenter eclampsia study demonstrated that 29% of
411 fetuses were small for their gestational age and there were
7.3% deaths. More recent data suggest that a convulsion is just
one symptom of a broad range of signs that are the result of
widespread endothelial cell damage (175). Therefore, the initial
site of symptoms depends on the site of endothelial damage. On
the other hand, the seizures of eclampsia may occur without
other signs of preeclampsia but may still result from the same
underlying endothelial injury mechanism.

Postmortem studies in women who have died from eclamp-
sia have confirmed that eclampsia is a systemic disease. Fibrin
deposition, petechial or gross hemorrhages, thrombosis, and
fibrinoid necrosis were shown in blood vessels in several or-
gans such as the brain, kidney, and liver (140). Reduced organ
perfusion was the predominant anomaly. Evidence of vasocon-
striction has been observed on funduscopic examination by
demonstrating segmental narrowing and spasms of retinal arte-
rioles (146). When using sensitive computed tomographic (CT)

TA B L E 5 3 - 3

MAJOR MATERNAL COMPLICATIONS IN 382 CASES
OF ECLAMPSIA

Complication No. of patients

Death 7 (1.8%)
Persistent vegetative state 1 (<1%)
Cardiac arrest 6 (1.6%)
Cerebrovascular accident 7 (1.8%)
Adult respiratory distress syndrome 7 (1.8%)
Required ventilation 87 (23%)
Pulmonary embolism 5 (1.3%)
HELLP syndrome 27 (7%)
Disseminated intravascular

coagulopathy (without HELLP)
33 (9%)

Renal failure 24 (6%)
Septicemia 2 (<1%)

HELLP, microangiopathic hemolytic anemia, elevated liver enzymes,
and low platelets.
(From: Douglas KA, Redman CW. Eclampsia in the United Kingdom.
Br Med J 1994;309:1395, with permission.)

scanning equipment, nearly 50% of women with eclampsia
demonstrate in vivo abnormal cerebral results (176) and some
degree of edema (177). Eclampsia is a life-threatening compli-
cation of pregnancy, and urgent delivery is demanded. Even
so, mortality is high in these patients (178). At necropsy, more
than 50% of patients have cerebral hemorrhages as the lethal
event (178). Although eclampsia is a disease of primigravidas,
those who die tend to be older and multiparous (178). Placental
abruption may occur in the setting of eclampsia and cause fetal
death and contribute to the high mortality of the mother (179).
Since the introduction of antihypertensive medications to lower
blood pressure and magnesium sulfate to control convulsions,
the frequency of developing overt eclampsia has decreased and
is a rather rare complication in industrialized countries (180).

Renal Findings in Preeclampsia and Eclampsia

The majority of women with preeclampsia and eclampsia have
mild to moderate impairment of kidney function as com-
pared to normal pregnant women. As the creatinine clear-
ance decreases, the rise in serum creatinine levels may still
be less than 1 mg/dL, thus within the normal range for non-
pregnant women. Characteristic changes in renal morphol-
ogy occur in preeclampsia and eclampsia. The capillary wall
in the glomerulus is thickened as a result of characteristic
changes of glomerular endothelial swelling, termed endothe-
liosis (181,182). Glomerular endotheliosis has been observed
in all primiparous women with preeclampsia (104). Narrowing
of the glomerular capillaries frequently causes obliteration of
the lumen. Deposits may be demonstrated in the mesangium
that are consistent with fibrinogen. Deposition of immunoglob-
ulin, most frequently IgM, in preeclamptic women (183) may
reflect another underlying renal disease (104). In preeclamp-
sia, the glomeruli are enlarged, and in severe cases, Bowman’s
capsule may be distended. Herniation of an enlarged glomeru-
lus into the proximal tubule may occur in some cases (146).
Glomerular epithelial cells may be enlarged with vacuolization
and may contain hyaline deposits (184). There is, however, no
glomerular crescent formation. Subendothelial depositions of
fibrin and fibrinoid may be present and particularly prominent
on electron microscopic examination (182,185). The glomeru-
lar basement membrane seems thickened and has a double
contour (184). Electron microscopic examination has iden-
tified deposition of fibrils beneath the endothelial cells. The
glomerular histology does not resemble findings of malignant
hypertension but rather resembles the findings of hemolytic–
uremic syndrome and DIC (186). Depending on the time point
of performing a biopsy, the renal lesions may differ greatly. The
subendothelial depositions resolve soon after delivery. Postde-
livery, foam cells may be present in the glomerulus (184); it has
been suggested that these are due to resolution of fibrinoid de-
position. The changes in the basement membrane resolve after
delivery, but this may take several weeks to months (187).

Gaber and Spargo (188) demonstrate focal glomerular scle-
rosis and suggest these findings are the result of an underly-
ing renal disease, while Kincaid-Smith and Fairley (117) fa-
vor the idea that these renal changes are due to preeclampsia
and eclampsia. Fisher et al. (104) observe that 74% of preg-
nant women with nephrosclerosis on renal biopsy later became
hypertensive. Peyser and associates (189) show that 10 of 13
preeclamptic women with nephrosclerotic lesions became hy-
pertensive within 2 to 7 years. Fisher et al. (104) report that on
the basis of clinical findings the diagnosis of preeclampsia was
made correctly in 54% of 176 pregnant women; however, the
diagnosis was greater than 80% in primiparous women using
the histology of renal biopsy as the “gold standard.” Nochy
et al. (183) biopsied 114 pregnant women after delivery and
found that those women with clinical signs of preeclampsia
also showed classic endotheliosis on renal biopsy. In addition,
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patients with isolated pregnancy-induced hypertension, hype-
ruricemia, and no proteinuria also demonstrated the typical
glomerular lesions of preeclampsia. The preeclamptic lesions
could be superimposed in patients with preexisting nephropa-
thy. Rarely, preeclampsia may cause acute tubular and corti-
cal necrosis. Autopsy of seven infants born to mothers with
preeclampsia or eclampsia demonstrated no lesions in the kid-
ney (146).

After delivery, clinical pathology and laboratory abnormal-
ities return to normal within days to weeks. However, organ
function in some patients with preeclampsia and eclampsia may
not recover immediately or recover incompletely due to severe
tissue injury initiated during preeclamptic state. Proteinuria
greatly resolves within 3 months (190). In most patients, non-
specific cerebral disorders resolve within weeks after delivery.
In two patients suffering from eclampsia, Fredriksson and asso-
ciates (191) demonstrated disseminated cerebral microvascular
occlusion by CT and magnetic resonance imaging. These le-
sions disappeared completely without residua. In women with-
out underlying disease, the long-term prognosis is excellent.
The recurrence of the preeclampsia/eclampsia syndrome in sub-
sequent pregnancies is 10 to 20 times less as compared to the
risk for the first pregnancy (192). The remote prognosis of
preeclampsia is a matter of debate. The discrepancy may in
part be the result of different definitions of preeclampsia. Some
cases of transient hypertension may have been misdiagnosed as
preeclampsia. Some authors believe that in primiparous women
the remote prognosis is identical to that of women with normal
pregnancy (104,114,193). When the diagnosis was made on
clinical and laboratory findings and confirmed by renal biopsy,
the rate of later development of hypertension was identical to
the expected rate of the overall population (104). In a more
recent cohort study of 626, 272 births in Norway found that
in preeclampsia a 1.2 fold higher long- term risk of all cause of
death and eightfold risk of cardiovascular causes in preeclamp-
tic women with a child of low birth weight (194). In contrast,
a follow-up in 206 women who suffered from preeclampsia
as a primigravida showed no increased incidence in hyperten-
sion more than 30 years later (114). Women who suffered from
eclampsia with convulsions during the first pregnancy as long
ago as 40 years did not demonstrate a different mortality rate
in the follow-up period. In contrast, 64 women who developed
eclampsia during the second or subsequent pregnancies more
often had hypertension later in life and demonstrated an in-
creased mortality rate as compared to controls without this
complication (114) (Fig. 53-7). The best correlation of the oc-
currence of hypertension as a late complication of preeclampsia
and eclampsia was seen with systolic blood pressure in the early
phase of pregnancy (195). However, this higher systolic blood
pressure during early pregnancy may have reflected an early
sign of essential hypertension.

Microangiopathic Hemolytic Anemia, Elevated Liver
Enzymes, and Low Platelets (HELLP Syndrome)

Hemolysis with red blood cell fragmentation, abnormal liver
function, and thrombocytopenia have long been recognized
as complications in preeclamptic women with hypertension
(138,196), but these symptoms may occur in a great number
of pregnant women without a rise in blood pressure (197).
In 1982, Weinstein (190) described 29 women with these
symptoms in association with preeclampsia or eclampsia and
termed the disease the HELLP syndrome. The acronym HELLP
stands for microangiopathic hemolytic anemia, elevated liver
enzymes, and low platelets. While extremely high liver enzyme
levels and thrombocytopenia of less than 100 × 109/L are
usually demonstrated, these findings are not pathognomonic
for the HELLP syndrome. These parameters may also be al-
tered in patients with preeclampsia and eclampsia. The ratio

FIGURE 53-7. Survival of patients who had eclampsia as primigravi-
das (solid line) as compared to survival of women who had eclampsia as
multigravidas (dotted line). Mortality of primigravidas was not differ-
ent than matched controls. (From: Chesley LC, Annitto JE, Cosgrove
RA. The remote prognosis of eclamptic women. Am J Obstet Gynecol
1976;124:446, with permission.)

of preeclampsia to HELLP syndrome is 1.2:1.0 when mild
cases are included. Some authors consider the HELLP syn-
drome an early form of preeclampsia, while others believe it
to be mild DIC that was misdiagnosed. Weinstein’s clotting
studies in these women were normal by measuring prothrom-
bin time, partial thromboplastin time, and serum fibrinogen.
Others suggest that hemolysis and low platelet counts reflect a
low grade of intravascular coagulation, which is not detected
by these insensitive tests (198). HELLP cases have been re-
ported with the full signs of DIC (199). The syndrome may
also develop during conservative management of patients with
documented preeclampsia (190). The most reliable parameters
to recognize microangiopathic hemolysis are schistocytes on
peripheral smear, low plasma haptoglobin levels, reticulocyto-
sis, and an increase in indirect plasma bilirubin (200). Serum
concentration of total lactate dehydrogenase (LDH) is less fre-
quently enhanced, while isoenzyme analysis has been shown to
detect a rise in LDH4 and LDH5 early in the development of
the syndrome. Liver enzymes and bilirubin are increased as well
as serum uric acid levels. There are other liver diseases unique
to pregnancy that may increase liver enzymes but are not as-
sociated with the HELLP syndrome, preeclampsia, or eclamp-
sia (201). Classic hepatic lesions associated with the HELLP
syndrome are periportal and/or focal parenchymal necrosis in
which fibrin-like material can be seen.

Most common symptoms of the HELLP syndrome are nau-
sea, headaches, right upper quadrant tenderness, or epigastric
or right hypochondrial pain, which may easily be misdiagnosed
as dyspepsia, gastroenteritis, hiatal hernia, viral hepatitis, or
cholecystitis. None of these symptoms and signs is diagnos-
tic for the HELLP syndrome. Regardless of the blood pres-
sure, the patient requires hospitalization. Most often prompt
delivery is indicated (102,141), although conservative manage-
ment has been successful (197). In the absence of evidence of
DIC, steroids may be given to accelerate fetal lung maturation;
however, maternal and fetal conditions should be assessed con-
tinuously. Maternal mortality ranges between 1% and 20%,
and fetal mortality is as high as 50% (190,197,198,200,202).
Mothers are at risk for abruptio placentae, pulmonary edema,
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acute renal failure, and subcapsular liver hematomas, which
may detach and eventually tear the capsule of the liver with
liver rupture and intraabdominal bleeding (203). Hepatic fail-
ure may be caused by microemboli in the hepatic vascula-
ture, leading to ischemia and tissue damage. Vasospasm caus-
ing endothelial injury may predispose to platelet aggregation
and thrombocytopenia in the same manner as described for
preeclampsia (198). The fetus may suffer perinatal distress and
asphyxia; overall, however, neonatal survival is primarily de-
pendent upon gestational age and birth weight at the time of
delivery (204). The majority of these women have evidence of
preeclampsia before delivery. Sibai (205) followed 59 women
with the HELLP syndrome through 80 subsequent pregnancies.
Only two patients (3.4%) had recurrence. In an analysis of this
study, the syndrome developed in 62 of 206 (30%) cases a few
hours to 6 days after parturition, and the remainder (70%)
occurred before delivery (205).

PATHOPHYSIOLOGIC
MECHANISMS IN

PREGNANCY-INDUCED
HYPERTENSION AND

PREECLAMPSIA

The Role of Trophoblast and Spiral Arteries
in the Development of Preeclampsia and

Eclampsia

There is considerable evidence that preeclampsia/eclampsia is
the result of impaired trophoblastic invasion and perfusion

of the uterus. In normal pregnancies, trophoblastic invasion
causes morphologic and functional changes in the spiral arter-
ies but not the arcuate and radial arteries of the uterus (206).
Invasive trophoblasts alter their adhesion molecule expression
from epithelial to those of endothelial cells, a process of remod-
eling called “pseudovasculogenesis” (207). Yet little is known
about the mechanism that promotes and controls this inva-
sion of maternal tissue. A variety of cells such as natural killer
(NK) cells, lymphocytes and macrophages are involved in the
production of mediators in the decidua. Insulinlike growth fac-
tor, fibroblast and placental growth factor, vascular endothelial
growth factor (VEGF), and cytokines such as TNF-α, trans-
forming growth factor-β (TGF-β), epidermal growth factor,
interleukin-1 (IL-1) and -6, tissue metalloproteinase inhibitors
have been implicated in this process. During normal pregnancy,
the spiral vessels increase their caliber markedly, lose muscular
and elastic layers, and become low-resistance vessels that open
into the intervillous space (207a). This process is completed by
about 20 weeks of gestation (208). The changes extend through
the decidua into the inner third of the myometrium (Fig. 53-8).
Spiral arteries of women with preeclampsia do not demon-
strate these structural changes (209), and trophoblast invasion
is limited to the superficial decidua. Studies of trophoblast tis-
sues show that cell differentiation and invasion in preeclamptic
pregnancies are interrupted (210) and expression of adhesion
molecules is abnormal (211). In addition, the lumens of many
vessels are occluded by changes called acute atherosis and char-
acterized by the presence of large foam cells, fibrinoid necrosis
in the media of the vessel wall, and narrowed segments of the
spiral arteries due to a lack of the physiologic adaptation (Fig.
53-8). Reduced spiral artery development and acute atherosis
attenuate trophoblastic perfusion (212). Injection of 22Na into
the intervillous space is removed more slowly in women with
preeclampsia than in women with normal pregnancy (213).

FIGURE 53-8. Acute decidual atherosis. A: Decidual tissue with normal blood vessel. Absence of inner
elastic lamina and smooth muscle. B,C: Decidual arteriopathy. Acute atherosis characterized by thickening
of the vessel wall. Accumulation of foamy macrophages (double arrows). C: Fibrin depositions (F) in the
intima and sparse lymphocytic infiltrates (arrows) are observed. L, lumen of decidual vessel. (Hematoxylin
and eosin ×350.) (Photographs courtesy of Dominique Gaeng, Pathology, University Hospitals, Bern,
Switzerland.)
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Women giving birth to small-for-gestational age babies have
also demonstrated impaired trophoblast invasion (214). Vas-
cular lesions in placentas derived from eclamptic patients are
similar to vascular rejection in transplant grafts (215,216).

Other conditions that reduce trophoblast perfusion and
predispose to preeclampsia independent of parity include in-
creased placental mass as seen in twin pregnancies (159), tro-
phoblastic tumors, hydatidiform moles (217), preexisting dia-
betes mellitus, collagen vascular diseases, and antecedent hy-
pertension (206,209,218). Even without preeclampsia, diabetic
women demonstrate atherosis in spiral arteries (206). This vas-
culopathy may lead to vascular thrombosis and vessel rupture
with subsequent placental infarction, abruptio placentae, and
retroplacental hemorrhage. The occurrence of preeclampsia in
abdominal and molar pregnancies indicates that neither uter-
ine nor fetal factors are required for the development of this
syndrome. Experimental reduction of uterine perfusion by lig-
ation of the abdominal aorta below the renal arteries causes the
clinical picture of glomerular endotheliosis and preeclampsia
in monkeys (219) and other mammals (220,221). In humans,
those medical conditions that increase the risk of preeclamp-
sia are all associated with microvascular diseases and thus the
potential to reduce placental perfusion.

A number of other mediators such as hepatocyte growth
factor (HGF), TGF-β, epidermal growth factor, and IL-1 have
been shown to regulate trophoblast invasion. Thus, HGF
knockout mice are lethal to the embryo due to abnormal pla-
cental development (222). The vascular endothelial growth fac-
tor (VEGF) plays a role in promoting angiogenesis. Its activity
is modulated by the soluble fms-like tyrosine kinase 1 (sFlt 1),
expressed on vascular endothelial cells. The sFlt 1 is a natu-
rally occurring blocker of VEGF in patients with preeclamp-
sia. The administration of sFlt 1 to rats has been shown to
induce changes with albuminuria, hypertension and glomeru-
lar endotheliosis (223). In preeclamptic women sFlt 1 level in-
creases as early as 13 weeks, several weeks before the onset
of symptoms (preeclampsia 4382 pg/mL; control 1643 pg/mL
p <0.001)(224). In contrast, the level of VEGF decreases before
the onset of symptoms (225). Furthermore, VEGF knockout
mice also demonstrate glomerular endotheliosis and protein-
uria (226). However, sFlt 1 may play a critical role in some
patients but does not induce alteration of clotting, suggesting
additional factors contributing to the full picture of preeclamp-
sia. Disturbance of the balanced interplay of these mediators
may therefore impair trophoblast invasion. Under experimen-
tal conditions, fibrin deposition is initiated by injecting an ex-
tract from placental tissue into experimental animals; this re-
sults in fibrin deposition with hepatic lesions similar to those
observed in eclampsia (227).

It is suggested that as a consequence of reduced utero-
placental blood flow, aberrant expression of genes occurs
that may contribute to the pathophysiology of preeclampsia
(228). In this context, it is interesting to note that preeclamp-
sia/eclampsia is associated with a significant increase in embolic
trophoblastic fragments in the venous circulation (229). These
data further demonstrate the significance of trophoblasts in the
induction of pregnancy-induced hypertension and preeclamp-
sia and eclampsia.

Immunologic Factors Predisposing to
Preeclampsia and Eclampsia

There is evidence that the maternal immune response may
be changed from cellular responses toward humoral immu-
nity (230). There is clinical evidence that in pregnancy cell-
mediated immunity is weakened and humoral immunity is
strengthened. The majority of women with rheumatoid arthri-
tis, a cell-mediated disease, show remission of their symptoms

during pregnancy (231), while systemic lupus erythematosus,
a disease resulting from excessive autoantibody production,
may flare during gestation (232). The lack of human leukocyte
antigens (HLA) on the syncytiotrophoblast and the presence
of only the nonclassic HLA-G antigen on the cytotrophoblast
cells preclude the fetal trophoblasts from playing a major part
in currently recognized types of allogeneic immune reactions
(233,234). The trophoblast produces a factor that inhibits T-
cell proliferation and that may be a paracrine mechanism that
contributes to fetal survival (235). Cytotoxicity, mediated by
nonspecific NK cells, seems to be dampened by inhibition by the
TH1 helper cells, which produce cytokines such as interleukin-
2 (IL-2) and interferon-γ (IFN-γ ). In normal pregnancy, IL-2
levels are increased (236). On the other hand, activation of NK
cells is enhanced in women with preeclampsia (237). In mice,
the activation of these cells has been shown to result in fetal
resorption (238).

Dudley et al. (238) further suggest that the regulation
of cytokine production changes during normal pregnancy
by a mechanism not resulting from specific fetal antigens.
Nonspecific complement-mediated damage to the trophoblast
may be inhibited by membrane-bound complement regula-
tory proteins, which protect the trophoblast from maternal
complement-mediated damage arising from classic or alternate
pathways and also systemic complement activation in response
to microbial infections (239). However, pregnancy is not an im-
munodeficient state. Viral infections are not more common in
pregnancy and are not more likely to become generalized as oc-
curs in immunodeficient patients. The reason why falciparum
malaria is more severe during the first pregnancy is not known
(240) and why the resistance to the intracellular pathogens Lis-
teria monocytogenes and Toxoplasma gondii is lowered is not
known (241). Even more interesting is that women receiving
malaria chemoprophylaxis during their first pregnancy have
similar clinical course and prevalence of malaria infection of
the placenta during the second pregnancy as do women not
having received antimalaria medication during the first preg-
nancy (242). Current data do not suggest that pregnancy af-
fects the course of human immunodeficiency virus infection in
women (243). Immunologic tolerance between two genetically
dissimilar tissues, maternal and fetal, is required for successful
pregnancy. The current concept suggests that fetal trophoblast
is not susceptible to attack by maternal T cells but suggests that
other aspects of the immune system may be modulated during
pregnancy as part of the maternal adaptations necessary for
successful development of the fetus.

The thymus changes dramatically during pregnancy (105).
In the cortex, the thymocytes die, and the medulla enlarges.
Medullary epithelial cells become rearranged and proliferate
to form the medullary epithelial rings. Estradiol is the most ef-
fective of the sex steroids at depleting immature CD4+ CD8+
thymocytes. Under experimental conditions, antithymocyte an-
tibodies prevented implantation of the conceptus (244). Thus,
cell death in the cortex may shut down the production of clones
reactive with fetal antigens. However, the thymus is not neces-
sary for a successful pregnancy (245). In addition to T cells,
B cells are also affected by pregnancy. Estradiol pellets im-
planted in male or female mice demonstrated selective depres-
sion of B-cell precursors, and progesterone potentiated this ef-
fect (106,246).

That the etiology of preeclampsia/eclampsia has an im-
munologic component derives from the idea that normal mech-
anisms to protect fetoplacental tissue from rejection may be
impaired (247). The following indirect evidence supports this
hypothesis: (a) The risk to develop preeclampsia/eclampsia in-
creases with a new partner, and (b) contraceptive methods that
prevented exposure to sperm and seminal fluid prior to preg-
nancy enhance the risk of preeclampsia/eclampsia by 2.4-fold
(248). Moreover, the risk of preeclampsia is reduced in the
second pregnancy with the same partner but not with a new
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partner (249,250). The risk of preeclampsia in women whose
partner had already a child with another women with eclamp-
sia is twice as high as the risk with no family history of any side
effect (251). However, the protective effects of previous preg-
nancy against preeclampsia is transient. When the inter birth
interval was 10 years or more, the risk approximated that of
nulliparous women (252). As suggested by Rebiller et al. (253),
pregnancy-induced hypertension may be a problem not only
of primi gravidity but also of primipaternity. The incidence
of pregnancy-induced hypertension was 11.9% among primi-
gravidas, 4.7% among same-paternity multigravidas, and 24%
among new-paternity multigravidas. Furthermore, the overall
incidence of pregnancy-induced hypertension of 11.9% de-
creased in their cohort to 3.3% in primigravidas who had more
than 12 months of sexual contact with the same partner before
conception. In pregnancies with artificial donor insemination,
the incidence of preeclampsia/eclampsia is elevated twofold
for primigravidas and ninefold for multigravidas (254). Five
out of 10 women treated for infertility with oocyte implanta-
tion developed preeclampsia (255). In contrast, regular inocu-
lation of the female genital tract with allogenic spermatozoa
bearing histocompatibility antigens of the male reduces the
incidence of subsequent preeclampsia (256). Thus, it is sug-
gested that the dose of antigen presented by the trophoblast
overwhelms the immune system of the mother, or factors re-
sponsible for placental immunoprotection may be produced
in insufficient levels to produce an immunologic blockade to
the fetal antigens. Recently it has been suggested that primi-
paternity in some cases may be a relevant risk factor rather
than primiparity. In women with no history of preeclampsia a
new father increased the risk of preeclampsia by 30% (257).
In some patients with preeclampsia a new father was asso-
ciated with a non-significant decrease in risk. First pregnancy
may induce tolerance to the paternal antigen during the second
pregnancy. Data from the Medical Birth Registry of Norway
including more than 1.8 million births demonstrated that the
risk of preeclampsia in the subsequent pregnancy was related
to the time that had passed since the prior pregnancy ending
with preeclampsia and not the change of the partner (258).
The resulting vascular changes pathognomonic of preeclamp-
sia caused a disruption of the balance between vasodilating and
vasoconstricting mediators, thus resulting in impaired hemody-
namics and hypoperfusion of the fetoplacental unit. Some me-
diator(s) are produced and released from the trophoblast and
seem to cause activation or damage to the vascular endothe-
lium in the circulation of the mother. Inhibin A and activin A are
released from the preeclamptic placenta with subsequent rise
in its blood level. In 71 patients of 1,496 nulliparous women
preeclampsia developed. Still, the potential of this marker for
identifying pre-symptomatic women at risk of developing the
disease is less clear (259). During the first exposure to paternal
antigens, the mother acquires protection for subsequent preg-
nancies. The role of the decidial NK cells are considered the en-
dometrial memory of paternal antibodies. In experimental an-
imals undergoing spontaneous fetal resorption, immunization
with allogeneic lymphocytes leads to enhanced fetoplacental
survival and growth (260). Maternal immunity may also affect
human pregnancy, since it has been shown that women with
recurrent spontaneous abortion can deliver a healthy baby fol-
lowing immunization with paternal white blood cells (230).

T cells induce many of their effects by secretion of cy-
tokines. Cytokines such as granulocyte–macrophage colony-
stimulating factor (GMCSF) can enhance fetal growth, and
cytokines such as TNF-α and IFN-γ can impair pregnancy
(260). However, TNF-α and IFN-γ may also be required in the
invasion of the trophoblast and development of the fetopla-
cental unit. Placentas from abortion-prone pregnancies induce
predominantly TNF-α, IFN-γ , and IL-2 (230). These cytokines
may be important for the remodeling of the uterus. Uteropla-

cental TNF-α production increases during gestation (261) but
may be neutralized by a soluble TNF-α receptor produced by
the trophoblast (262). Wegmann and associates (230) suggest
that a decrease in the ratio of TNF-α to TNF-β receptor may
initiate contraction and labor. The second pregnancy with the
same partner would be less likely to stimulate the same im-
munologic processes because long-lived blocking immunopro-
tective factors were formed during the first pregnancy. Suffi-
cient evidence therefore exists that some cases of preeclampsia
may be the result of inadequate immunoprotection of the feto-
placental unit.

Endothelial Dysfunction Prior To and During
Preeclampsia and Eclampsia

Serum of preeclamptic women is cytotoxic. Moreover, there
are several clinical and laboratory findings suggesting maternal
endothelial dysfunction as an important component in the de-
velopment of preeclampsia and eclampsia. The pathologic find-
ings in tissue histology of women with preeclampsia/eclampsia
are not the changes of blood vessel disruption typically occur-
ring in patients with markedly elevated blood pressure. Rather,
the most common findings are subendothelial necrosis and
hemorrhages resembling ischemic injuries similar to patients
with hypovolemic shock (201). As already discussed, the typi-
cal renal changes are swelling of glomerular endothelial cells,
or glomeruloendotheliosis (263). No other form of hyperten-
sion demonstrates similar histologic findings except hemolytic–
uremic syndrome, which preferentially presents with glomeru-
lar endothelial changes and fibrin thrombi (264). The increased
rate of disappearance of Evans blue dye in preeclampsia is com-
patible with loss of endothelial cell integrity (265). In vitro
studies also support the notion of endothelial damage as an im-
portant factor in the development of preeclampsia/eclampsia.
Biochemical indicators of endothelial cell activation and in-
jury are enhanced in the blood of women with preeclamp-
sia/eclampsia. Serum from preeclamptic women added to the
culture medium of human umbilical vein endothelial cells (HU-
VEC) enhanced 51Cr release, an index of endothelial cell acti-
vation (266). In contrast, however, 51Cr release induced with
serum derived from the same women shortly after delivery was
not different from controls (Fig. 53-9). When similar amounts

FIGURE 53-9. Cytotoxicity of serum derived from preeclamptic
women (hatched bars) is enhanced compared to serum derived from
healthy pregnant women (open bars) and causes increased 51Cr re-
lease from prelabeled human endothelial cells. After delivery, 51Cr
release normalized and was not different from that in women with
normal pregnancy. (From: Rodgers GM, Taylor RN, Roberts JM. Pre-
eclampsia is associated with a serum factor cytotoxic to human en-
dothelial cells. Am J Obstet Gynecol 1988;159:908, with permission.)
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of serum from women with preeclampsia and normal preg-
nancy were added to HUVEC, 51Cr release with the preeclamp-
tic serum was not prevented, thus suggesting a toxic mediator
in the serum rather than a deficiency of some factor(s) triggering
this injury of endothelial cells. Recent studies suggest that the
factor of preeclamptic serum that increases endothelial cell per-
meability acts by protein kinase C activation (267). Preeclamp-
sia has histologic findings in common with hemolytic–uremic
syndrome and thrombotic thrombocytopenic purpura, syn-
dromes in which impairment of endothelial function has been
suggested. The findings of unusually large von Willebrand mul-
timers (268), cellular fibronectin (269) and thrombomodulin
blood levels (270) in women with preeclampsia/eclampsia pro-
vide further biochemical evidence for disturbed endothelial cell
function. An increase in endothelium-derived fibronectin levels
predicted the development of gestation-induced hypertension
6 to 13 weeks before clinical abnormalities were obvious. On
the other hand, women with transient hypertension had plasma
fibronectin concentrations indistinguishable from those of nor-
mal controls (271) (Fig. 53-10).

Maternal Serum Markers of Preeclampsia
and Eclampsia

Blood levels of a variety of substances have been shown to
change during pregnancy and in preeclampsia and eclampsia.
However, it is less clear whether these changes are the cause or
solely the result of preeclampsia and eclampsia.

The fibronectins are a family of glycoproteins. In a longitu-
dinal study, elevated fibronectin levels were measured at 2 to
3 months’ gestation in women who develop preeclampsia
(272). Adhesion molecules are receptors that modulate in-
flammatory responses and may be important in the placental
bed during trophoblast invasion. Although intercellular
adhesion molecule (ICAM) and vascular cell adhesion
molecule (VCAM) are expressed in the deciduus (273)
there seems no use of soluble forms of these molecules for
prediction of subsequent preeclampsia (274). Endothelial
dysfunction has been demonstrated in 10 of 43 women who
eventually developed preeclampsia (275). Flow mediated
dilation of the brachial artery was 3.58% versus 8.59%
(p <0.0001). There was also a strong correlation between
asymmetric dimethylarginine, the endogenous inhibitor of en-
dothelial NO synthase. Still, it is not clear whether endothelial
dysfunction is the cause or the consequence of preeclampsia.

FIGURE 53-10. Prospective analysis of plasma levels of endothelium-
derived fibronectin was performed throughout pregnancy. Average
concentrations were determined for each trimester in the same group of
patients. Fibronectin levels from women developing preeclampsia (PE)
later in pregnancy were higher than in women with normal pregnancy
(NL) or transient hypertension (tHT) during the second trimester. cFN,
concentration of fibronectin. (From: Taylor RN, et al. High plasma cel-
lular fibronectin levels correlate with biochemical and clinical features
of pre-eclampsia but cannot be attributed to hypertension alone. Am J
Obstet Gynecol 1991;165:895, with permission.)

Peroxidation Products During Preeclampsia
and Eclampsia

In preeclamptic women, increased blood levels of lipid perox-
idation products have been demonstrated and may contribute
to the disorder by disruption of membrane lipids, inhibiting
prostacyclin and NO production and stimulating endothelin
synthesis (276–278) and platelet aggregation (279). Free rad-
icals are produced during normal physiologic processes; how-
ever, their release is exaggerated during ischemia (280). These
free radical species may induce endothelial cell toxicity and
facilitate coagulation by oxidative conversion of unsaturated
fatty acids to lipid peroxides (281). During normal pregnancy,
free radical production is enhanced, and in preeclampsia, this
process is even more exaggerated (282). High levels of oxy-
gen free radicals correlated well with increased blood pres-
sure levels (283). Superoxide anions scavenge NO and thus
contribute to the removal of this very important vasodilator
in the regulation of blood flow and hemodynamics (277). In-
creased endothelial NO synthase with decreased superoxide
dismutase and increased nitrotyrosine immunostaining in the
vasculature of women with preeclampsia is consistent with in-
creased peroxynitrite formation (284). Free radicals may also
be derived from activated monocytes, which have been demon-
strated in the circulation of hypertensive pregnant women
(285). Thromboxane synthesis in platelets is not affected by
lipid peroxides. Lipofuscin, which derives from lipid perox-
ide, has been found more frequently in term placentas than
in those less than 32 weeks of gestation. This finding suggests
that peroxidation activity increases with gestation. When un-
controlled peroxidation occurs, membrane damage may be ini-
tiated. Under experimental conditions, elevation of circulating
lipid peroxides or deprivation of vitamin E, an antioxidant,
can reproduce the signs of endothelial cell dysfunction simi-
lar to those seen in preeclampsia and clinical signs and symp-
toms of typical preeclampsia (286). Reduced vitamin E levels
have been observed in preeclamptic women (287). It is not
known if the imbalance between lipid peroxides and vitamin
E is a primary or secondary phenomenon; nevertheless, it may
contribute to the impairment of endothelial cell function in
preeclampsia.

Vasoactive Mediators in Preeclampsia and
Eclampsia

The production and secretion of endothelin, a potent pep-
tide hormone that may lead to sustained vasoconstriction, is
stimulated in endothelial cells exposed to injuries, such as is-
chemia (286). The production of endothelin is also enhanced in
preeclampsia and pregnancy-induced hypertension (288,290),
and endothelin receptor sites are enhanced in the placenta of
preeclamptic women (291). The production of another vaso-
constrictor, platelet-derived growth factor (PDGF), is enhanced
in the supernatant of human umbilical vein endothelial cells
(HUVEC) incubated with medium supplemented with serum
of preeclamptic women (292). In addition to the effect on
vascular tone, PDGF is also mitogenic. Serum of preeclamp-
tic women is selectively mitogenic for fibroblasts but not en-
dothelial cells (293,294). Endothelium-dependent relaxation
is impaired in arteries of women with preeclampsia as com-
pared to arteries from normotensive pregnant women, while
endothelium-independent vasodilation as assessed by sodium
nitroprusside is not altered (295). Animal experiments suggest
a major role of NO in the regulation of the physiologic de-
crease in blood pressure (16). Perfusion of rabbit arteries with
serum from preeclamptic women but not from normal pregnant
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women increased the sensitivity of the vessel to angiotensin II
and norepinephrine (296). As described previously, preeclamp-
tic women have been shown to produce stimulatory autoan-
tibodies against the angiotensin-ATI receptor (170). These
autoantibodies may participate in the angiotensin II–induced
exaggerated vasoconstriction in preeclampsia and contribute
to impaired placental blood flow and infarction.

Prostaglandins in Preeclampsia and Eclampsia

Platelet activation (297) occurs in preeclampsia and enhances
thromboxane release, which favors platelet aggregation, espe-
cially in the presence of factor VIII antigen (267), and stimu-
lates uterine contraction (298). Platelet aggregation is followed
by the release of thromboxane A2 (TXA2), serotonin, adeno-
sine triphosphate (ATP), and adenosine diphosphate (ADP); the
latter three of these are mediators that induce endothelium-
dependent vasodilation. In the absence of the endothelium,
paradoxical vasoconstriction and platelet aggregation occur
(299). In the plasma and placenta of preeclamptic women,
TXA2 concentrations (212) are increased. Inhibition of the
prostacyclin production (300) may be caused by endothelial
cell injury and may antedate clinically overt disease (132). A
multicenter prospective study has shown that reduced prosta-
cyclin I2 (PGI2) production but not TXA2 production occurs
many months before the clinical onset of preeclampsia (302).
Deficiency of PGI2 results in an early increase in the vaso-
constrictor to vasodilator ratio (TXA2/PGI2). Fitzgerald et al.
(302) demonstrated reduced excretion of endothelium-derived
prostacyclin metabolite, 6-keto-PGE1α, in pregnancy-induced
hypertension. Furthermore, serial measurements of urinary
6-keto-PGE1α could be used to predict the development of
pregnancy-induced hypertension. In addition to the reduction
in vasodilating prostaglandins, the synthesis of the vasocon-
strictor TXA2 is enhanced in pregnancy-induced hypertension
(302) (Fig. 53-11). As discussed, the major sources of TXA2
are activated or aggregated platelets.

Intravascular Coagulation in Preeclampsia
and Eclampsia

Although the DIC associated with preeclampsia can rarely
be demonstrated by measuring prothrombin time and par-
tial thromboplastin time (199), more sensitive tests demon-
strate abnormal results in a high percentage of preeclamptic
women. For example, reduced concentrations of antithrom-
bin III (108,132), an indicator of activation of coagulation,
are a useful and sensitive indicator to differentiate preeclamp-
sia from other causes of hypertension (108). Endothelial cells
can attenuate the coagulation property by the ectoenzymes that
rapidly metabolize platelet-derived ATP and ADP to adenosine,
a strong inhibitor of platelet aggregation, and by endothelium-
derived NO, which inhibits platelet adhesion. Fibrinolysis is
stimulated by the release of plasminogen activator, which con-
verts plasminogen to plasmin and thereafter splits fibrin into
soluble degradation products. In normal pregnancy, fibrinoly-
sis property is decreased, and in preeclampsia, this decrease is
obvious much earlier (303). TNF-α has been shown to pro-
mote procoagulatory conditions (304), adhesion molecules,
and secretion of other cytokines (305), which may perpetuate
this process. To balance the coagulation process, endothelial
cells may also release a plasminogen activator inhibitor (306).
Changes in blood viscosity may contribute to the attenuation of
the microvascular circulation in preeclampsia (307). In 50% of

FIGURE 53-11. Effect of 60 mg/day of aspirin on prostaglandin ex-
cretion in pregnant women at risk for pregnancy-induced hyperten-
sion. A: Urinary excretion of 6-keto-prostaglandin F1α (right) and its
metabolite 2,3-dinor-6-keto-prostaglandin F1α (left) did not change
significantly in aspirin-treated and nontreated (not shown) women. B:
Urinary excretion of the major thromboxane A2 metabolite 2,3-dinor-
thromboxane B2, which largely derives from platelets, was reduced by
80% in women at risk for pregnancy-induced hypertension (left) and
by 59% of mainly kidney-derived thromboxane B2 excretion (right).
(From: Benigni A, et al. Effect of low-dose aspirin on fetal and ma-
ternal generation of thromboxane by platelets in women at risk for
pregnancy-induced hypertension. N Engl J Med 1989;321:357, with
permission.)

women with preeclampsia and also in 15.4% of women with
normal pregnancy, antiendothelial antibodies have been iso-
lated, which have shown increased staining of renal cortical
arterioles (308). The functional significance of this finding is
not known yet. The rapid disappearance of cytotoxicity after
delivery suggests a short half-life of the cytotoxic mediator(s)
and makes it unlikely that antiendothelial antibodies induce
endothelial injury because immunoglobulins have a half-life of
days to weeks. The long duration of impaired organ function
in some patients with preeclampsia and eclampsia compared to
the short time of pathologic effects induced in vitro by serum
derived from preeclamptic women may reflect severity of tissue
injury initiated during the preeclamptic state.

Thrombocytopenia may be present in the newborn of a
preeclamptic mother (309,310). This finding may suggest that
a toxic, humoral factor is transferred transplacentally to the fe-
tus. Clinically, the thrombocytopenia is generally no problem
to the newborn (202). There seems, however, to be an asso-
ciation between the severity of hypertensive disorders in the
mother and the thrombocytopenia in the newborn (311).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-53 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 12:29

Chapter 53: Hypertension and Pregnancy 1341

Conclusion

Preeclampsia is the result of very early events in pregnancy
when angiogenesis is impaired. Narrowed spiral arteries and
subsequent placental ischemia may be important in trigger-
ing the production of mediators that enter the maternal cir-
culation to induce endothelial cell injury early in the devel-
opment of preeclampsia and eclampsia. Many of the patho-
physiologic changes of preeclampsia can be explained by de-
rangement of endothelial cell function. Under physiologic con-
ditions, endothelial cells produce substances to regulate tone
of vascular smooth muscle cells to maintain adequate organ
perfusion; endothelium-derived mediators inhibit coagulation;
the endothelium produces growth factors, expresses adhesion
molecules to capture blood cells such as leukocytes, produces
extracellular matrix, and controls fluid and electrolyte trans-
fer into the interstitial space (312). When endothelial cells are
activated or injured, they may lose their normal responses and
diminish the production of vasodilators and thus increase the
sensitivity to normally circulating vasoconstrictors. In addi-
tion, endothelial cells may also demonstrate new activities such
as synthesis of vasoconstrictor hormones, mitogens, and pro-
duction of procoagulants to activate the coagulation cascade.
Increased sensitivity to vasoconstrictor hormones, vasospasm,
proteinuria, edema, activation of the coagulation cascade, and
production of microthrombi may all be explained by endothe-
lial dysfunction (Fig. 53-12). These processes impair maternal
organ and placental perfusion. Placental perfusion is further
impaired and the production of “trophotoxin(s)” sustained. A
vicious cycle is thus established that often may be broken only
by delivery of the fetus.

FIGURE 53-12. Endothelial damage attenuates vasodilation, enhances
vasoconstriction, and promotes coagulation, which leads to the events
characteristic for preeclampsia and eclampsia. ET, endothelin; NO, ni-
tric oxide; PDGF, platelet-derived growth factor; PGE, prostaglandin
E; PGI2, prostacyclin; TxA2, thromboxane A2.

MANAGEMENT OF
HYPERTENSIVE DISORDERS IN

PREGNANCY

Although in most cases of pregnancy-induced hypertension the
rise in blood pressure is transient, there is good reason to treat
hypertension. Hypertension of the mother increases morbid-
ity and mortality in both mother and child (110). In 24,000
women, increased perinatal mortality and increased risk of
small-for-gestational age babies were demonstrated when the
blood pressure of the mother increased to 125/75 mm Hg prior
to the 32nd week of gestation and greater than 125/85 mm Hg
thereafter (313). When mean arterial blood pressure was ≥90
mm Hg in the second trimester, there was greater risk of still-
birth, fetal growth retardation, and preeclampsia (111).

Treatment of Hypertension

The American College of Obstetricians and Gynecologists rec-
ommends treatment for acute hypertension with diastolic levels
of ≥100 mm Hg (102). A lower threshold of diastolic blood
pressure, namely ≥90 mm Hg, is believed by other experts to
require therapy because many women may have diastolic blood
pressure below 90 mm Hg during the second trimester and still
develop symptoms of hypertension. In addition to the absolute
level, the increase in blood pressure should also be considered
important in the development of preeclampsia. Thus, diastolic
blood pressure exceeding 75 mm Hg in the second trimester
or 85 mm Hg in the third trimester may require surveillance at
weekly intervals and may need treatment. Treating women with
chronic or pregnancy-induced hypertension must take into ac-
count that antihypertensive drugs may have teratogenic effects,
impair placental and uterine blood flow, or affect fetal devel-
opment and organ function. Several groups also demonstrated
that treating mild hypertension does not prevent the develop-
ment of superimposed preeclampsia (314,315). In contrast, ev-
idence strongly suggests that treating severe hypertension with
antihypertensive medications may reduce the perinatal death
rate and might prevent preeclampsia (316–318). Excessive re-
duction in blood pressure, however, has the risk of impairing
maternal organ and fetal–placental perfusion and should there-
fore be avoided when antihypertensive medication is initiated.
Blood pressure monitoring at weekly intervals is required when
blood pressure is ≥130/80 mm Hg. Continuation of antihyper-
tensive treatment after conception improves fetal growth and
lowers perinatal mortality (167).

Diuretics

The use of diuretics in pregnancy is controversial. In contrast
to women with normal pregnancy (319), preeclamptic women
demonstrate contracted plasma volume (167). In addition, sys-
temic vascular resistance is increased, and cardiac output may
be normal or reduced (320). In a setting of reduced intravas-
cular volume, as is seen in preeclampsia, it seems rather in-
appropriate to diminish plasma volume further with diuretic
therapy. However, Collins et al. (321) conclude from the data
of nine randomized trials, including more than 10,000 women,
that preeclampsia could be prevented by therapy with diuret-
ics. The incidence of stillbirths was reduced, and no increase
in perinatal mortality was observed. Diuretics do not appear
to affect fetal growth (322). Thus, if treatment of hypertension
with diuretics has been initiated prior to pregnancy, this ther-
apy probably does not require cessation if the patient becomes
pregnant.
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Agents Affecting the Adrenergic System

Central-acting adrenergic agonists, such as methyldopa and
clonidine, have been most widely used and studied in pregnancy
(323). Methyldopa given to pregnant women with essential
hypertension has been demonstrated to reduce the number of
midterm spontaneous abortions (324). No significant adverse
maternal or fetal effects have been reported with methyldopa
treatment (325). Children with intrauterine fetal exposure to
methyldopa were followed for up to 7 years and did not show
any adverse mental or physical effects (326). However, it has to
be taken into account that methyldopa may cause somnolence.
Methyldopa still remains the drug of choice for treating hyper-
tension in pregnant women as recommended by the National
Institutes of Health (NIH) working group (102).

Intrauterine growth retardation (327) and neonatal brady-
cardia have been reported with β-adrenergic antagonists (328).
Attenuation of fetal growth seems to occur when the β-
adrenergic antagonist propranolol is used for longer periods.
By using oxprenolol, however, there was no difference in peri-
natal mortality in women with preeclampsia as compared to
normotensive controls (329). In a prospective, randomized
double-blind study of 120 women with preeclampsia, prema-
ture labor occurred in no patient treated with atenolol but in
five women on placebo (330). Labetalol, a combined α- and
β-adrenergic antagonist with more β-adrenergic antagonistic
activity, has been found useful in treating both hypertension
throughout pregnancy and an acute rise in blood pressure
without affecting uteroplacental blood flow (315,331,332).
The National High Blood Pressure Education Program Work-
ing Group has not recommended β-adrenergic antagonists as
drugs of first choice in the treatment of hypertension during
pregnancy, although they may be acceptable and safe agents
for treating preexisting hypertension during pregnancy (102).
Beta-adrenergic antagonists also cause less somnolence than
methyldopa. They should however, whenever possible, be con-
fined to short-term administration before the delivery. Pregnant
patients with hypertension due to pheochromocytoma are at
high risk of death. Immediate treatment with an α- and β-
adrenergic blocker is warranted, and tumorectomy should be
performed whenever possible during pregnancy (333).

Vasodilators

The vasodilator hydralazine is frequently used to treat hyper-
tension in pregnancy. The drug seems quite safe; however, it
may cause reflex tachycardia and a rise in cardiac output.
Moreover, even used alone it may not be effective enough.
Beta-adrenergic blockers prevent tachycardia and are efficient
in reducing blood pressure when given in combination with va-
sodilators. In patients with essential hypertension, hydralazine
may also be given with methyldopa during pregnancy. Hy-
dralazine has been reported to induce neonatal thrombocytope-
nia (334). Vasodilators, like other smooth muscle relaxants,
cause cessation of labor in a significant number of patients.
Magnesium sulfate also suppresses myometrial and myocar-
dial contractility.

Calcium Channel Blockers

Nifedipine has been used without major side effects in women
with acute hypertension in pregnancy (335). Calcium chan-
nel blockers, however, may cause cessation of uterine contrac-
tion. When hypertensive ewes were treated with nicardipine,
fetal acidemia was frequent, and 5 of 15 fetuses died within
1 hour after drug administration (336). Calcium channel block-
ers have teratogenic effects in rat studies when given in a phar-
macologic dose 30 times the maximum recommended human
dose. The drug is not recommended as first-line medication

throughout pregnancy; however, it may be used for short-term
treatment during pregnancy (337).

Angiotensin-Converting Enzyme (ACE) Inhibitors and
Angiotensin II Receptor (A II) Blockers

ACE inhibit the conversion of angiotensin I to angiotensin II
and decrease bradykinin degradation. ACE inhibitors are ef-
fective in reducing blood pressure during pregnancy; however,
in 22 women with essential hypertension, there were two mis-
carriages, and in four patients with preeclampsia, there were
two stillbirths (338). Acute renal failure has been reported in
neonates of women treated with ACE inhibitors (339). Ad-
ditional reported fetal and neonatal complications of ACE
inhibitor use in late pregnancy include oligohydramnios, in-
trauterine growth retardation, premature labor, bony malfor-
mations, limb contracture, persistent patent ductus arterio-
sus, prolonged hypotension, and neonatal death (340,341).
Although retrospective studies of ACE inhibitor use at con-
ception or during early pregnancy were not associated with
adverse perinatal outcomes (342), ACE inhibitors should not
be prescribed in pregnancy. There are limited reports of side
effects of angiotensin II receptor blockers inducing fetal toxic-
ity. Oligohydramnion, incomplete skull formation and oliguria
occurred (343,344).

Treatment of Preeclampsia and Eclampsia

The preeclampsia/eclampsia syndrome is characterized by a
phase of no or little clinical symptoms while biochemical mark-
ers in the maternal blood may already suggest alteration of en-
dothelium function. However, it is not easy to predict the time
point of the development of preeclampsia and eclampsia in
these women. Bed rest has been recommended to prevent pro-
gression of the syndrome, but the beneficial effects have been
questioned (345). Proteinuric preeclampsia requires hospital-
ization. Early delivery is often mandatory to remove the site
of production of mediators that stimulate the progression of
symptoms of preeclampsia and eclampsia. Conservative ther-
apy (without delivery) of severe preeclampsia occurring in the
second trimester may lead to a perinatal mortality of greater
than 80% and a high rate of maternal morbidity (346). In-
terruption of the pregnancy therefore may be recommended
in these settings (102). In contrast, isolated mild hypertension
without other complicating factors can be followed on an am-
bulatory basis (347).

Antihypertensive Medication for Preeclampsia and
Eclampsia

In hypertensive patients suffering from preeclampsia or eclamp-
sia and especially in patients demonstrating intracerebral hem-
orrhage, blood pressure should be reduced rapidly. In this sit-
uation, blood pressure control is best by intravenous admin-
istration of drugs such as the vasodilator hydralazine (348).
When there is no response, other drugs are necessary such as
the α- and β-adrenergic blocker labetalol (348). Sublingual ad-
ministration of the calcium channel blocker nifedipine has also
been used successfully (349). Women with eclampsia receiv-
ing magnesium sulfate may have a precipitous fall in blood
pressure. An interaction between nifedipine and magnesium
sulfate has been reported to produce profound maternal mus-
cle weakness. Treatment with intravenous sodium nitroprus-
side, another very potent vasodilator, may cause accumulation
of cyanide (350) and should therefore be avoided, although
a case report did not confirm this fear of intoxication (351).
Reduction in systemic blood pressure may also affect uterine
hemodynamics and lower uterine, placental, and subsequently
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fetal blood flow. It is not known if there is sufficient autoregu-
lation of the uteroplacental vasculature to maintain sufficient
perfusion. A number of antihypertensive agents are excreted in
breast milk (352). Severe sustained hypertension postpartum
requires treatment, and therefore breast-feeding is not recom-
mended.

In the preeclampsia/eclampsia state with reduced intravas-
cular volume, treatment with diuretics should be avoided un-
less signs and symptoms of pulmonary edema are present. Some
observations indicate that volume expansion may improve pe-
ripheral vascular resistance and decrease blood pressure (353);
however, pulmonary and cerebral edema may develop with this
treatment. The significance of serotonin in the pathophysio-
logic events of preeclampsia is supported by the beneficial ef-
fect of receptor blockade with ketanserin. Attenuation of both
blood pressure and platelet aggregation in preeclampsia has
occurred with this medication (354).

Anticoagulation

The discovery of DIC, fibrin deposition, and thrombosis in
preeclampsia and eclampsia suggests the possible treatment of
these women with heparin (355). However, such a treatment
may be deleterious in the presence of petechiae or overt bleed-
ing and should therefore be omitted.

Anticonvulsant Therapy

Eclampsia by definition is associated with convulsions. Neither
blood pressure level nor proteinuria is a good indicator of im-
pending seizures. Chua and Redman (356) therefore suggest
restricting anticonvulsant treatment to patients demonstrating
overt convulsions. Magnesium sulfate has been used to prevent
convulsions in women with peripartum hypertension and has
been demonstrated to be superior to phenytoin as a prophy-
laxis against eclampsia (357). Evidence from the Magpie Trial
has demonstrated in 10 out of 110 women a very important
role of magnesium sulfate in preventing as well as control-
ling eclampsia (358). Although it is not an anticonvulsant or
antihypertensive drug, magnesium sulfate inhibits calcium up-
take in vascular smooth muscle cells, thereby lowering plasma
endothelin-1 levels (359). Magnesium sulfate may also block
the constrictor effect of endothelin, angiotensin II, and neu-
ropeptide Y (360) and increase the production of cyclic guano-
sine monophosphate (cGMP), the second messenger of several
vasodilators (361). Thus, attenuation or reversal of vasocon-
striction (362) and improvement of cerebral perfusion may oc-
cur. Magnesium sulfate does reduce seizures in women with
preeclampsia, however, does not improve electroencephalo-
graphic pathology (363) and overall mortality and morbidity
(364). Therefore, its use in eclampsia is still somewhat a matter
of debate. Other common anticonvulsants such as diazepam or
distraneurin have been effective in treating eclampsia (365).

Epidural Anesthesia

In spite of antihypertensive medication and bed rest, there are
still preeclamptic patients who are not responsive to this treat-
ment. Lumbar epidural anesthesia blocks the abdominal sym-
pathetic nerves and improves hypertension during preeclamptic
labor. In preeclampsia, long-term epidural anesthesia for more
than 3 weeks has been shown to improve the preeclamptic con-
dition, with decreased blood pressure and increased platelet
count and serum protein level (366). In addition, infants in the
epidural group had a higher body weight of 2,240 ± 310 g
compared to 1,590 ± 380 g in the control group treated with
antihypertensives and bed rest.

Timing of Delivery

The therapy of eclampsia includes supportive care for the
mother and the fetus and the need for a prompt decision re-
garding the time and mode of delivery. Delivery is always the
best therapy for the mother with preeclampsia and eclampsia;
however, this may not be the case for the baby. When the gesta-
tional age is between 25 and 30 weeks, fetal survival is a serious
consideration. Thus, the delivery may be postponed in women
with mild signs of preeclampsia and a premature fetus. Clini-
cal and laboratory monitoring, however, are required in these
cases. Deterioration in maternal condition with organ dysfunc-
tion (e.g., brain, kidney, liver) or fetal deterioration should be
an indication for delivery. If maternal and fetal well-being re-
main stable, pregnancy should be continued, and spontaneous
labor may be possible. Epidural anesthesia for cesarean section
is a safe technique (367). With epidural anesthesia, peripheral
vasodilation may cause a severe fall in blood pressure and di-
minished uteroplacental perfusion. This complication can be
prevented with means such as volume expansion as used in non-
pregnant patients with epidural anesthesia. General anesthesia
is recommended when there is high risk of epidural hematoma
with epidural anesthesia in patients with severe coagulation al-
terations (190,368,369). The risk of aspiration of gastric con-
tents during intubation, however, is increased. Glucocorticoids
may hasten fetal lung maturation; however, they have no effect
on maternal outcome.

Prevention of Preeclampsia and Eclampsia

Since the mechanisms underlying preeclampsia are not well
understood, prevention of this disorder focuses on intensive
screening for women with high risk or early signs of preeclamp-
sia and eclampsia. Taking into account that in experimental
conditions impaired uterine blood flow may induce preeclamp-
sia, there was great hope that ultrasound measurements of
changes in placental and uterine circulation may predict the
development of early preeclampsia (370,371). However the re-
sults of uterine arterial waveform by ultrasound and the risk
of hypertension and eclampsia are conflicting. There are also
many biochemical maternal serum parameters such as hyper-
uricemia, thrombocytopenia, increased liver enzymes, low lev-
els of antithrombin III, and increases in β2-microglobulin and
fibronectin, that may be prodromal signs of preeclampsia; how-
ever, their absence does not exclude the syndrome (Table 53-2).
Preeclampsia may progress rapidly to severe disease within
days to weeks. Antenatal visits in primiparous women should
be performed every 2 weeks (372), and when clinical or bio-
chemical signs or symptoms of preeclampsia occur, hospital-
ization for more intensive monitoring or delivery can then be
performed. While preeclampsia cannot be prevented, with this
strategy the risk of severe maternal and fetal morbidity can be
diminished.

A good indicator for monitoring the occurrence of
preeclampsia is serum uric acid concentration (373). Normal
pregnancy induces a 25% decrease in plasma uric acid concen-
tration early in pregnancy (374). In the third trimester, uric acid
levels may rise close to the normal range in healthy women but
also in women with hypertensive disease without preeclamp-
sia (146) (Fig. 53-13). In contrast, in preeclampsia, serum uric
acid levels are consistently increased in the first trimester and
subsequently continue to rise. Furthermore, there was a sta-
tistically significant correlation of the serum uric acid level
with perinatal prognosis (373) and the severity of glomeru-
lar changes of preeclampsia and eclampsia (146) (Fig. 53-13).
The mechanism of the hyperuricemia remains obscure. Renal
insufficiency cannot be the responsible factor because many
patients have no or little increase in serum creatinine levels.
Plasma β2-microglobulin levels also parallel the rise in uric
acid concentrations in preeclampsia (375).
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FIGURE 53-13. The diagram shows the distribution of
serum uric acid in pregnant women. Left three columns:
Uric acid levels do not differ in hypertensive compared to
normotensive pregnant women, while preeclamptic patients
demonstrate great increase in uric acid concentration. Right
three columns: Severity score of glomerular histology rang-
ing from mild (1+) to severe (3+) correlates with serum lev-
els of uric acid. (From: Pollak VE, Nettles JB. The kidney in
toxemia of pregnancy: a clinical and pathologic study based
on renal biopsies. Medicine 1960;39:469, with permission.)

If endothelial cell injury were the cause of hypertension, pro-
teinuria, and preeclampsia and eclampsia, one would expect
that evidence of such injury would antedate these clinical dis-
orders. As mentioned earlier, this is the case. Preventive means,
therefore, need to start early in pregnancy, perhaps around
12 to 14 weeks of gestation. Screening tests to detect women
who very likely will develop preeclampsia should be accurate,
noninvasive, easy to perform, and inexpensive. So far the most
reliable clinical test is the angiotensin II infusion test. However,
it is not suitable as a routine method. A rise in blood pressure,
proteinuria, or facial edema and rapid weight gain may be an
early sign of the development of preeclampsia; however, these
are not pathognomonic features of preeclampsia. Nevertheless,
they are of concern for closer monitoring of the patient. Since
preeclampsia and eclampsia are high-risk states for maternal
and fetal morbidity, overdiagnosis of impending preeclamp-
sia is preferable to underdiagnosis. If the condition is stable,
weekly observations may be appropriate (102); however, if the
disease progresses, more frequent visits are necessary, and hos-
pitalization should be considered.

Antiplatelet Drugs

Activation and aggregation of platelets have been shown to oc-
cur in preeclampsia. The significance of platelets in preeclamp-
sia has further been suggested by the finding of reduced num-
bers in this state (376). As discussed earlier, there is evi-
dence that preeclampsia and eclampsia are associated with
an imbalance in the ratio of vasoconstricting to vasodilating
prostaglandins. Thus, it was believed that inhibition of the syn-
thesis of vasoconstricting prostaglandins, for example, throm-
boxane, might shift the ratio toward the more physiologic
range. Initial studies using platelet inhibitors such as aspirin or
dipyridamole for prevention of preeclampsia showed promis-
ing results, including decreased incidence of proteinuric hyper-
tension, preterm birth, infants small-for-gestational age, and
perinatal death (377–379). However, a multicenter prospec-
tive study of women at risk for preeclampsia showed no benefit
(380) However, women demonstrating a reduction in flow in
the uterine artery measured by doppler may benefit of aspirin
(381). Caritis et al. reported a significant decrease in urinary
prostacyclin excretion and no change in urinary thromboxane
excretion in 134 preeclamptic women as compared with 139

matched normotensive controls (382). This study suggests that
prostacyclin deficiency, rather than increased thromboxane
production, may contribute to the development of preeclamp-
sia and thus may provide an explanation for the lack of efficacy
of aspirin therapy in most of these patients.

Antioxidants

Oxidative stress has been implicated in the pathogenesis of
preeclampsia. As noted previously, oxygen free radicals have
been demonstrated to be increased in preeclampsia. Ascorbic
acid is a scavenger of superoxide radicals and thus might po-
tentially help preserve NO. Alphatocopherol and ascorbic acid
also decrease low-density lipoprotein (LDL) oxidation. There-
fore, it was suggested that antioxidant therapy with vitamins
C and E could be beneficial in the prevention of preeclampsia.
A double-blinded, randomized, placebo-controlled trial of vi-
tamins C and E supplementation in 238 women at increased
risk of preeclampsia demonstrated a decrease in the incidence
of preeclampsia in the treated group (383). However, no dif-
ferences in perinatal outcome were found. Further studies with
large numbers of patients are needed before antioxidant supple-
mentation can be recommended for prevention of preeclamp-
sia. Other supplement of the nutrients such as calcium in 4,589
primiparae did not confirm earlier findings of a lower incidence
of preeclampsia compared to controls (384).
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nekrosen bei akuten erworbenen hämolytischen anämie. Schweiz Med
Wochenschr 1951;85:905.

187. Kincaid-Smith P. Participation of intravascular coagulation in the patho-
genesis of glomerular and vascular lesions. Kidney Int 1975;7:242.

188. Gaber LW, Spargo BH. Pregnancy-induced nephropathy: the significance
of focal segmental glomerulosclerosis. Am J Kidney Dis 1987;317:9.

189. Peyser MR, et al. Late follow-up in women with nephrosclerosis diagnosed
at pregnancy. Am J Obstet Gynecol 1978;132:480.

190. Weinstein L. Syndrome of hemolysis, elevated liver enzymes and low
platelet count. Of severe consequences of hypertension in pregnancy. Am
J Obstet Gynecol 1982;142:159.

191. Fredriksson K, et al. Repeated cranial computed tomography and magnetic
resonance imaging scan in two cases of eclampsia. Stroke 1989;20:547.

192. Chesley LC, Cooper DW. Genetics of hypertension in pregnancy: possible
single gene control of pre-eclampsia and eclampsia in the descendants of
eclamptic women. Br J Obstet Gynecol 1986;93:898.

193. Irgens HU, et al. Long term mortality of mothers and fathers after per-
eclampsia: Population based cohort study. BMJ 2001;323:1213.

194. Bryans OI Jr. The remote prognosis in toxemia of pregnancy. Clin Obstet
Gynecol 1966;9:973.

195. Svensson A, Ahdersch B, Hansson L. Prediction of later hypertension fol-
lowing a hypertensive pregnancy. J Hypertens 1983;1:94.

196. Pritchard JA, et al. Intravascular hemolysis, thrombocytopenia and other
hematologic abnormalities associated with severe toxemia of pregnancy.
N Engl J Med 1954;250:89.

197. MacKenna J, Dover NL, Browne RG. Pre-eclampsia associated with
hemolysis, elevated liver enzymes and low platelets: an obstetric emer-
gency? Obstet Gynecol 1983;62:751.

198. Greer IA, Cameron AD, Walker JJ. HELLP syndrome: pathologic entity
or technical inadequacy? Am J Obstet Gynecol 1985;152:113.

199. Van Dam PA, Renier M, Beakelandt M. Disseminated intravascular coag-
ulation and the syndrome of hemolysis, elevated liver enzymes, and low
platelets in severe preeclampsia. Obstet Gynecol 1989;73:97.

200. Poldre PA. Haptoglobin helps diagnose the HELLP syndrome. Am J Obstet
Gynecol 1987;157:1267.

201. Schorr-Lesnick B, et al. Liver diseases unique to pregnancy. Am J Gas-
troenterol 1991;86:659.

202. Weinstein L. Preeclampsia/eclampsia with hemolysis, elevated liver en-
zymes, and thrombocytopenia. Obstet Gynecol 1985;66:657.

203. McKay DG. Hematologic evidence of DIC in eclampsia. Obstet Gynecol
Surv 1972;27:399.

204. Magann EF, et al. Neonatal salvage by weeks gestation in pregnancies
complicated by HELLP syndrome. J Soc Gynecol Invest 1994;1:206.

205. Sibai BM. The HELLP syndrome (hemolysis, elevated liver enzymes, and
low platelets): much ado about nothing? Am J Obstet Gynecol 1990;162:
311.

206. Robertson WB, et al. The placental bed biopsy: review from three Euro-
pean centers. Am J Obstet Gynecol 1986;155:401.

207. Zhou Y, et al. Preeclampsia is associated with failure of human cytotro-
phoblasts to mimic a vascular adhesion phenotype. One cause of defective
endovascular invasion in this syndrom? J Clin Invest 1997;99:2152.

207a. Brosens I, Robertson WB, Dixon HG. The physiological response of
the vessels of the placental bed to normal pregnancy. J Pathol Bacteriol
1967;93:569.

208. Pijnenborg R, et al. Review article: trophoblast invasion and the estab-
lishment of haemochorial placentation in man and laboratory animals.
Placenta 1981;2:71.

209. Sheppard BL, Bonnar J. An ultrastructural study of uteroplacental spiral
arteries in hypertensive and normotensive pregnancy and fetal growth
retardation. Br J Obstet Gynecol 1981;88:695.

210. Damsky C, Sutherland A, Fisher S. Extracellular matrix: adhesive interac-
tion in early mammalian embryogenesis, implantation and placentation.
FASEB J 1994;7:1320.

211. Zhou Y, et al. Pre-eclampsia is associated with abnormal expression of
adhesion molecules by invasive cytotrophoblasts. J Clin Invest 1993;91:
950.

212. Lunell NO, et al. Uteroplacental blood flow in pregnancy induced hyper-
tension. Scand J Clin Lab Invest 1984;169(Suppl):28.

213. Browne JC, Veall N. The maternal placental blood flow in normotensive
and hypertensive women. J Obstet Gynaecol Br Empire 1953;60:141.

214. Gerretsen G, Huisjes HJ, Elema JD. Morphological changes of the spiral
arteries in the placental bed in relation to pre-eclampsia and fetal growth
retardation. Br J Obstet Gynecol 1981;88:876.

215. Laberrere CA. Acute atherosis: a histopathological hallmark of immune
aggression? Placenta 1988;9:95.

216. Zeek PM, Assali NS. Vascular changes in the decidua associated with
eclamptogenic toxemia. Am J Clin Pathol 1950;20:1099.

217. Page EW. The relation between hydatid moles, relative ischemia of the
gravid uterus, and placental origin of eclampsia. Am J Obstet Gynecol
1939;37:291.

218. Kitzmiller JL, Watt N, Driscoll SG. Decidual arteriopathy in hyperten-
sion and diabetes in pregnancy: immunofluorescent studies. Am J Obstet
Gynecol 1981;141:773.

219. Combs A, et al. Experimental preeclampsia produced by chronic con-
striction of the lower aorta: validation with longitudinal blood pres-
sure measurements in conscious rhesus monkey. Am J Obstet Gynecol
1993;169:215.

220. Abitbol MM. Hemodynamic studies in experimental toxemia of the dog.
Obstet Gynecol 1977;50:293.

221. Berger M, Cavanagh D. Toxemia of pregnancy: the hypertensive ef-
fect of acute experimental placental ischemia. Am J Obstet Gynecol
1963;87:293.

222. Uehara Y, et al. Placental defect and embryonic lethality in mice lacking
hepatocyte growth factor/scatter factor. Nature 1995;373:702.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-53 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 12:29

1348 Section VIII: Hypertension

223. Maynard SE, et al. Excess placental soluble fms-like tyrosine kinase 1 (sFlt
1) may contribute to endothelial dysfunction, hypertension and protenuria
in preeclampsia. J Clin Invest 2003;111:649.

224. Levine RJ, et al. Circulating angiogenic factors and the risk of preeclamp-
sia. N Engl J Med 2004;350:672.

225. Thadhani R, et al. First trimester placental growth factor and soluble fms-
like tyrosine kinase 1 and risk for preeclampsia. J Clin Endocrinol Metab
2004;89:770.

226. Eremina V, et al. Glomerular-specific alterations of VEGF-A expres-
sion lead to distinct congenital and acquired renal disease. J Clin Invest
2003;111:707.

227. Vassalli P, Morris RH, McCluskey RT. The pathogenic role of fibrin de-
position in the glomerular lesions of toxemia of pregnancy. J Exp Med
1963;118:467.

228. Graham CH, et al. Role of oxygen in the regulation of trophoblast gene
expression and invasion. Placenta 2000;21:443.)

229. Jaammeri KE, Koivuniemi AP, Carpen EO. Occurrence of trophoblasts in
the blood of toxaemic patients. Gynaecologia 1965;160:315.

230. Wegmann TG, et al. Bidirectional cytokine interactions in the maternal-
fetal relationship: is successful pregnancy a TH2 phenomenon? Immunol
Today 1993;14:353.

231. DaSilva JA, Spector TD. The role of pregnancy in the course and etiology
of rheumatoid arthritis. Clin Rheumatol 1992;11:189.

232. Varner W. Autoimmune disorders and pregnancy. Semin Perinatol
1991;15:238.

233. Billington WD. The normal fetomaternal immune relationship. Clin Ob-
stet Gynecol 1992;6:417.

234. Kovats S, et al. A class I antigen, HLA-G, expressed in human trophoblasts.
Science 1990;248:220.

235. Silver RK, et al. Soluble factors produced by isolated first-trimester chori-
onic villi directly inhibit proliferation of T cells. Am J Obstet Gynecol
1990;163:1914.

236. Favier R. Presence of elevated serum interleukin-2 levels in pregnant
women. N Engl J Med 1990;322:270.

237. Varga P, et al. Natural lymphocyte cytotoxicity of women with different
symptoms of toxemia. Eur J Obstet Gynecol Reprod Biol 1991;39:133.

238. Dudley DJ, et al. Adaptive immune responses during murine pregnancy:
pregnancy-induced regulation of lymphokine production by activated T
lymphocytes. Am J Obstet Gynecol 1993;168:155.

239. Holmes CH, Asimpson KL. Complement and pregnancy: new insights into
the immunobiology of the fetomaternal relationship. Clin Obstet Gynecol
1992;6:439.

240. Bruce-Chwatt LJ. Malaria and pregnancy. Br Med J 1983;286:1457.
241. Luft BJ, Remington JS. Effect of pregnancy on augmentation of natural

killer cell activity by Corynebacterium parvum and Toxoplasma gondii. J
Immunol 1984;132:2375.

242. Greenwood AM, et al. Can malaria chemoprophylaxis be restricted to first
pregnancies? Transact R Soc Tropical Med Hygiene 1994;88:681.

243. Brettle RP. Pregnancy and its effect on HIV/AIDS. Clin Obstet Gynecol
1992;6:125.

244. Kirby DR. Inhibition of egg implantation and induction of abortion in
mice by heterologous immune serum. Nature 1967;216:1220.

245. Croy BA, Chapeau G. Evaluation of the pregnancy immunotrophism hy-
pothesis by assessment of the reproductive performance of young adult
mice of genotype scid/scid.bg/bg. J Reprod Fertil 1990;88:231.

246. Medina KL, Kincade PW. Pregnancy-related steroids are potential negative
regulators of B lymphopoiesis. Proc Natl Acad Sci USA 1994;91:5382.

247. Beer AE, Need JA. Immunological aspects of pre-eclampsia–eclampsia.
Birth Defects 1985;21:131.

248. Klonoff-Cohen HS, et al. An epidemiologic study of contraception and
preeclampsia. JAMA 1989;262:3143.

249. Campbell D, MacGillvray I, Carr-Hill P. Pre-eclampsia in second preg-
nancy. Br J Gynaecol 1985;92:131.

250. Need J. Preeclampsia in pregnancy by different fathers. Br Med J 1975;1:
548.

251. Esplin MS, et al. Paternal and maternal components of the predisposition
to preeclampsia. N Engl J Med 2001;344:867.

252. Skjaerven R, et al. The interval between pregnancies and the risk of
preeclmapsia. N Engl J Med 2002;346:33.

253. Robillard PY, et al. Association of pregnancy-induced hypertension with
duration of sexual cohabitation before conception. Lancet 1994;344:973.

254. Need J, Bell B, Meffin E. Preeclampsia in pregnancy from donor insemi-
nation. J Reprod Immunol 1983;5:329.

255. Serhal P, Craft I. Immune basis for preeclampsia: evidence from oocyte
recipients. Lancet 1987;1:744.

256. Marti JJ, Herman U. Immunogenosis: a new etiologic concept of “essen-
tial” EPH gestosis, with special reference of the primigravid patient. Am
J Obstet Gynecol 1977;128:483.

257. Trogstad L, et al. Changing paternity and time since last pregnancy; the
impact on eclampsia risk. Int J Epidemiol 2001;30:1317.

258. Skjaerven RS, Wilcox AJ, Lie RT. The interval between pregnancies and
the risk of preeclampsia. N Engl J Med 2002;346:33.

259. Muttukrishna S, et al. Serum inhibin A and activin A are elevated prior to
the onset of preeclampsia. Hum Reprod 2000;15:1640.

260. Chaouat G, et al. Control of fetal survival in CBAxDBA2 mice by lym-
phokine therapy. J Reprod Fertil 1990;89:447.

261. Chen HL, et al. Tumor necrosis factor alpha mRNA and protein are
present in human placental and uterine cells at early and late stages of
gestation. Am J Pathol 1991;139:327.

262. Austgulen R, et al. Expression of receptors for tumor necrosis factor in
human placenta at term. Acta Obstet Gynecol Scand 1992;71:417.

263. McCartney CP. Pathological anatomy of acute hypertension of pregnancy.
Circulation 1964;30(Suppl II):37.

264. Moake JL. Haemolytic—uremic syndrome: basic science. Lancet 1994;
343:393.

265. Campbell DM, Campbell AJ. Evans blue disappearance rate in normal
and preeclamptic pregnancy. Clin Exp Hypertens 1983;2:163.

266. Rodgers GM, Taylor RN, Roberts JM. Preeclampsia is associated with a
serum factor cytotoxic to human endothelial cells. Am J Obstet Gynecol
1988;159:908.

267. Haller H, et al. Endothelial-cell permeability and protein kinase C in pre-
eclampsia. Lancet 1998;351:945.

268. Scholtes MC, Gerretsen G, Haak HL. The factor VIII ratio in normal
and pathologic pregnancy. Eur J Obstet Gynecol Reprod Biol 1983;16:
89.

269. Lockwood CJ, Peters JH. Increased plasma levels of ED1+ cellular fi-
bronectin precede the clinical signs of preeclampsia. Am J Obstet Gynecol
1990;162:358.

270. Boffa MC, et al. Predictive value of plasma thrombomodulin in preeclamp-
sia and gestational hypertension. Thromb Haemost 1998;79:1092

271. Taylor RN, et al. High plasma cellular fibronectin levels correlate with
biochemical and clinical features of preeclampsia but cannot be attributed
to hypertension alone. Am J Obstet Gynecol 1991;165:895.

272. Chavarria ME, et al. Maternal plasma cellular fibronectin concentrations
in normal and preeclamptic pregnancies: a longitudinal study for early
prediction of preeclampsia. Am J Obstet Gynecol 2002;187:595.

273. Burrows TD, King A, Loke YW. Expression of adhesion molecules by
endovascular trophoblast and decidual endothelial cells: implications for
vascular invasion during implantation. Placenta 1994;15:21.

274. Airoldi L, et al. Soluble intercellular adhesion molecule-1 serum pro-
fil in physiologic and ppreeclamptic pregnancy. Am J Reprod Immunoll
1998;39:183.

275. Savvidou MD, et al. Endothelial dysfunction and raised plasma concen-
tration of asymmetric dimethylargininge in pregnant women who subse-
quently develop pre-eclampsia. Lancet 2003;361:1511

276. Hubel CA, et al. Lipid peroxidation in pregnancy: new perspectives on
preeclampsia. Am J Obstet Gynecol 1989;161:1025.

277. Gryglewski RJ, Palmer RM, Moncada S. Superoxide anions is involved in
the breakdown of endothelium derived vascular relaxing factor. Nature
1986;320:454.

278. Lorentzen B, et al. Sera from preeclamptic women increase the content of
triglycerides and reduce the release of prostacyclin in cultured endothelial
cells. Thromb Res 1991;63:363.

279. Moncada S, et al. A lipid peroxide inhibits the enzyme in blood vessel mi-
crosomes that generates from prostaglandin endoperoxides the substance
(prostaglandin X) which prevents platelet aggregation. Prostaglandins
1976;12:715.

280. Kloner RA, Przyklenk K, Whittaker P. Deleterious effects of oxygen rad-
icals in ischemia/reperfusion: resolved and unresolved issues. Circulation
1989;80:1115.

281. Barrowcliffe TW, Gutteridge JM, Dormandy TL. The effect of fatty-acid
auto-oxidation products on blood coagulation. Thromb Diath Haemorrh
1975;33:271.

282. Wickens D, et al. Free radical oxidation (peroxidation) products in plasma
in normal and abnormal pregnancy. Ann Clin Biochem 1981;18:158.

283. Wickens D, et al. Lipid peroxide levels and lipid content of serum lipopro-
tein fractions of pregnant subjects with or without preeclampsia. Clin
Chim Acta 1981;115:155.

284. Roggensack AM, Zhang Y, Davidge ST. Evidence for peroxynitrite for-
mation in the vasculature of women with preeclampsia. Hypertension
1999;33:83.

285. Berge LN, Ostensen M, Revhaug A. Phagocytic activity in pre-eclampsia.
Acta Obstet Gynecol Scand 1988;67:499.

286. Stamler FW. Fatal eclamptic disease of pregnant rats fed an anti-vitamin
E stress diet. Am J Pathol 1959;35:1207.

287. Wang Y, et al. The imbalance between thromboxane and prostacyclin in
pre-eclampsia is associated with an imbalance between lipid peroxides and
vitamin E in maternal blood. Am J Obstet Gynecol 1991;165:1695.

288. Rakugi H, et al. Evidence for endothelin-1 release from resistance ves-
sels of rats in response to hypoxia. Biochem Biophys Res Commun
1990;169:973.

289. Kamoi K, et al. Plasma endothelin-1 levels in patients with pregnancy-
induced hypertension. N Engl J Med 1990;323:1486.

290. Taylor RN, et al. Women with preeclampsia have higher plasma endothelin
levels than women with normal pregnancies. J Clin Endocrinol Metab
1990;71:1675.

291. Schiff E, et al. Endothelin-1 receptors on the human placenta and fetal
membranes: evidence for different binding properties in preeclampsias.
Gynecol Endocrinol 1993;7:67.

292. Taylor RN, et al. Preeclamptic sera stimulate increased platelet-derived
growth factor mRNA and protein expression by cultured human endothe-
lial cells. Am J Reprod Immunol 1991;25:105.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-53 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 12:29

Chapter 53: Hypertension and Pregnancy 1349

293. Musci TJ, et al. Mitogenic activity is increased in the sera of preeclamptic
women before delivery. Am J Obstet Gynecol 1988;159:1446.

294. Taylor RN, Heilbron DC, Roberts JM. Growth factor activity in the blood
of women destined to develop preeclampsia is elevated from early preg-
nancy. Am J Obstet Gynecol 1990;63:1839.

295. McCarthy AL, et al. Abnormal endothelial cell function of resistance arter-
ies from women with preeclampsia. Am J Obstet Gynecol 1993;168:1323.

296. Tulenko T, et al. The in vitro effect on arterial wall function of serum
from patients with pregnancy-induced hypertension. Am J Obstet Gynecol
1987;156:817.

297. Socol ML, et al. Platelet activation in preeclampsia. Am J Obstet Gynecol
1985;151:494.

298. Wilhelmsson L, Wikland M, Wiqvist N. PGH2, TxA2 and PGI2
have potent and differentiated actions on human uterine contractility.
Prostaglandins 1981;21:277.

299. Vanhoutte PM. Endothelium and control of vascular function. Hyperten-
sion 1989;13:658.

300. Dadak C, et al. Reduced umbilical artery prostacyclin formation in com-
plicated pregnancies. Am J Obstet Gynecol 1982;144:792.

301. Mills JL, et al. Prostacyclin and thromboxane changes predating clinical
onset of preeclampsia. JAMA 1999;282:356.

302. Fitzgerald DJ, et al. Decreased prostacyclin biosynthesis preceding the
clinical manifestation of pregnancy-induced hypertension. Circulation
1987;75:956.

303. Condie RG, Ogston D. Sequential studies on components of the haemo-
static mechanism in pregnancy with particular reference to the develop-
ment of preeclampsia. Br J Obstet Gynecol 1976;83:938.

304. van der Poll T, et al. Activation of coagulation after administration
of tumor necrosis factor to normal subjects. N Engl J Med 1990;332:
1622.

305. Estrada C, et al. Nitric oxide mediates tumor necrosis factor-alpha cyto-
toxicity in endothelial cells. Biochem Biophys Res Comm 1992;186:475.

306. deBoer K, et al. Placental-type plasminogen activator inhibitor in
preeclampsia. Am J Obstet Gynecol 1988;158:518.

307. Zondervan HA, et al. Maternal whole blood viscosity in pregnancy hy-
pertension. Gynecol Obstet Invest 1988;25:83.

308. Rappaport VJ, et al. Anti-vascular endothelial cell antibodies in severe
preeclampsia. Am J Obstet Gynecol 1990;162:138.

309. Blereau RP. HELLP syndrome without hypertension. South Med J
1987;80:1068.

310. Pritchard JA, et al. How often does maternal preeclampsia–eclampsia in-
cite thrombocytopenia in the fetus? Obstet Gynecol 1987;70:334.

311. Brazy JE, Grimm JK, Little VA. Neonatal manifestation of severe mater-
nal hypertension occurring before the 36th week of pregnancy. J Pediatr
1982;100:265.
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CHAPTER 54 ■ PATHOGENESIS AND
TREATMENT OF HYPERTENSION IN THE
DIABETIC PATIENT
RAYMOND O. ESTACIO AND ROBERT W. SCHRIER

INTRODUCTION

The prevalence of diagnosed diabetes in the United States con-
tinues to rise and has increased from 4.9% in 1990 (1) to
7.3% in 2000 (2). There were approximately 15 million U.S.
adults aged 18 years or older who had a diagnosis of diabetes
(6.3 million men and 8.7 million women) (2). In the United
States, the prevalence of diabetes, specifically type 2, in African
Americans, Native Americans, Asian Americans, and Hispanic
Americans is two- to sixfold greater than white non-Hispanic
American diabetic patients (3,4). Worldwide diabetes is ex-
pected to rise from 171 million in 2000 to an estimated
366 million by 2030 (5). This is alarming because diabetes
places a tremendous burden on the current tenuous medical
economy and, more importantly, its effects on human suffering.
Epidemiologic data exist to suggest that the vascular complica-
tions associated with diabetes mellitus are substantially aggra-
vated in the presence of hypertension which occurs in both type
1 and type 2 diabetes. Mortality among diabetic subjects is in-
creased as much as fivefold when hypertension is present (6,7).
Risks for cardiovascular disease (8–12), renal disease (13–17),
retinopathy (18–20), and neuropathy (21) are also significantly
increased when hypertension is found in association with dia-
betes.

One of the major differences between type 1 and type 2
diabetes is the onset of hypertension. The prevalence of hyper-
tension in type 1 diabetes is similar to that of the general popu-
lation until the onset of diabetic nephropathy (22). In compar-
ison, nearly 50% of type 2 diabetic patients have hypertension
at the time of diagnosis of their diabetes (23). Along with hyper-
tension, type 2 diabetic patients often present with other potent
risk factors for vascular disease, specifically obesity, hyperin-
sulinemia and abnormal lipid profiles which place them at a
higher risk for cardiovascular disease. To compound the prob-
lem, the diagnosis of type 2 diabetes is often delayed resulting
in prolonged exposure to these risk factors before any interven-
tion is implemented (24). Thus it is paramount to identify these
patients and aggressively treat them with interventions proven
to decrease the morbidity and mortality. Recently, there have
been a considerable number of prospective interventional stud-
ies demonstrating the effectiveness of treating hypertension in
diabetes.

The purpose of this chapter is to review some of the poten-
tial pathogenic mechanisms by which hypertension develops in
type 1 and type 2 diabetes and to provide an overview of recent
clinical trials in order to guide the treatment of hypertension
in diabetes.

Pathogenesis of Hypertension in Diabetes

Although not all diabetic patients will develop overt nephropa-
thy leading to end-stage renal disease (ESRD), most patients

who develop overt nephropathy and all patients who develop
ESRD will have hypertension. In fact, the prevalence of hyper-
tension increases with albuminuria stage. In type 1 diabetic pa-
tients, the prevalence of hypertension was 42%, 52%, and 79%
in patients with normo-, micro- and overt albuminuria, respec-
tively. The corresponding prevalences in type 2 diabetic patients
were from 71%, 90%, and 93%, respectively (25). It is believed
that there are several factors that contribute to the pathogene-
sis of hypertension in the diabetic patient. These include (a) ge-
netic predisposition, (b) sodium retention, (c) metabolic factors
such as insulin resistance that contribute to the genesis of hy-
perinsulinemia, and (d) accentuated neurohumoral responses.
(Table 54-1).

Genetic Predisposition

It appears that genetics plays a significant role in the devel-
opment of hypertension in both type 1 and type 2 diabetes.
The notion of genetic susceptibility is supported by the differ-
ence of prevalence rates of hypertension in certain racial and
ethnic groups such as in African Americans (63%) versus non-
Hispanic whites (38%) and Hispanic whites (34%) (26), espe-
cially in type 2 diabetes. As mentioned earlier, the prevalence
of hypertension increases in type 1 diabetes with increasing al-
buminuria stage. Thus it is not surprising to observe that the
genetic susceptibility to hypertension in type 1 diabetes ap-
pears to be related to the progression of diabetic nephropathy
(27–29). In a case-control study, Fagerudd et al., assessed the
prevalence of hypertension among parents of type 1 diabetic
patients with and without diabetic nephropathy. Arterial hyper-
tension was present in 57% of parents of patients with diabetic
nephropathy compared with 41% of parents of patients with-
out diabetic nephropathy (p = 0.034) (29). In addition, the
cumulative incidence of hypertension was higher among par-
ents of patients with diabetic nephropathy, with a shift toward
younger age at onset of hypertension in this group (29). The
authors concluded that familial predisposition to essential hy-
pertension increases the risk of diabetic nephropathy and may
also contribute to the development of systemic hypertension in
patients with type 1 diabetes and diabetic nephropathy. Other
genetic associations that may increase the risk for the develop-
ment of hypertension include increases in sodium-lithium (30–
32) and sodium-hydrogen counter-transport (33) and insulin
resistance (34–36).

Sodium Homeostasis

Diabetic patients are noted to have an increase in total body
sodium which contributes to the development of hypertension.
It appears that both hyperglycemia and hyperinsulinemia can
independently contribute to this process. Sodium (Na+) reten-
tion occurs as a characteristic alteration in both type 1 and
type 2 diabetes, Weidmann et al. demonstrated that exchange-
able total body Na+ on average was increased by 10% when
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TA B L E 5 4 - 1

FACTORS INFLUENCING THE DEVELOPMENT OF
HYPERTENSION IN DIABETES

Factors

Genetic African American race
Predisposition Na+/Li+ Transport
Insulin resistance

Electrolyte
abnormalities

Increased vascular smooth muscle calcium
Increased sodium retention
Sodium/hydrogen cotransport
Decreased magnesium

Neurohumoral Renin-angiotensin-aldosterone system
Plasma catecholamines
Increased pressor response to

norepinephrine
Decreased β-receptor response

compared to healthy controls and hypertensive patients with-
out diabetes (Fig. 54-1) (37). This abnormality which develops
in the uncomplicated stage (no nephropathy) of both type 1 and
type 2 diabetes differentiates diabetic from nondiabetic essen-
tial hypertensive subjects. This is further supported by Roland
et al. who demonstrated a reduction of Na+ excretion in dia-
betic patients versus nondiabetic patients when presented with
a sodium load (38). Roland theorized this was secondary to en-
hance tubular absorption rather than impaired filtration as the
glomerular filtration rate of the diabetic patients were higher
than the nondiabetic patients.

Enhanced sodium reabsorption appears to occur by a num-
ber of mechanisms in diabetic patients. Hyperglycemia has
been noted to increase total body sodium by enhancing the
glucose–Na+ cotransporter in the kidney (39). Na+ retention is
maintained as long as the hyperglycemia is not severe enough
to induce an osmotic diuresis. DeFronzo et al. demonstrated
that the administration of insulin in nondiabetic subjects re-
sulted in a reduction in tubular Na+ excretion in the absence
of changes in the filtered load of glucose, glomerular filtration
rate, renal blood flow, and plasma aldosterone concentration
(40). DeFronzo suggested that insulin’s effect was due to en-
hancement of Na+ reabsorption in the diluting segment of the
distal nephron. The mechanisms involve may include stimula-
tion of the renal tubular Na+-K+ ATPase, Na+-H+ antiporter

FIGURE 54-1. Comparison of exchangeable sodium after a sodium
load in healthy nondiabetic patients, nondiabetic patients with essen-
tial hypertension, and diabetic patients without and with hypertension.
∗P<0.05. (From: Herman WH, Prior DE, Yassine MD, et al. Nephropa-
thy in NIDDM is associated with cellular markers for hypertension.
Diabetes Care 1993;16:815.)

and amplifying the action of aldosterone on Na+ and K+ trans-
port (39).

It is clear once diabetic nephropathy occurs in either type
1 or type 2 diabetes, that one of the major mechanisms of hy-
pertension is sodium retention. In subjects who were studied
as inpatients receiving unrestricted sodium intake and in stable
metabolic control, O’Hare et al. demonstrated that total ex-
changeable Na+ was higher in diabetic patients with nephropa-
thy than diabetic patients without nephropathy (41). Further-
more, the value for exchangeable Na+ correlated with blood
pressure only in diabetic patients with nephropathy (r = 0.61,
p <0.01). Thus, once diabetic nephropathy develops, hyperten-
sion becomes a consequence and a cause of further progression
of renal disease in the diabetic patient (42,43).

Ion Transport Homeostasis

Electrolyte abnormalities associated with hypertension appear
to involve not only alterations in ion transport of sodium but
also in transport of calcium and magnesium. But what is not
clear is whether the alterations occur prior to or a result of the
milieu associated with the presence of diabetes and hyperten-
sion. One of the most studied disturbances in electrolyte ab-
normalities deal with sodium transport homeostasis. Sodium
(Na+)/lithium (Li+) countertransport activity has been demon-
strated to be strongly associated with the development of hy-
pertension in the nondiabetic populations (44–47). Increased
activity of Na+/Li+ CT strongly correlates with the develop-
ment of hypertension in certain families (30–32).

In type 1 diabetic patients, Krolewski et al. demonstrated
an association between the development of diabetic nephropa-
thy and a predisposition to hypertension in subjects with an
elevated maximal velocity of Na+/Li+ countertransport (30).
In a review by Van Norren et al, Na+/Li+ countertransport ac-
tivity was significantly higher in type 1 diabetic patients with-
out nephropathy than in healthy control subjects (48). This
prompted the authors to postulate that the etiology of the as-
sociation is not clear but might be due to the association of
Na+/Li+ countertransport activity with hypertension and hy-
perlipidemia, which are disorders frequently detected in dia-
betic patients.

In type 2 diabetes, it appears that insulin resistance may
be associated with increased Na+/Li+ countertransport activity
(49). Pinkney et al. measured Na+/Li+ countertransport activ-
ity in type 2 diabetic patients without nephropathy and found
no correlation with fasting insulin levels (r = 0.074, p = 0.28),
but did demonstrate a correlation between decreased insulin
sensitivity and increased Na+/Li+ countertransport activity
(r = −0.37, p = 0.036). Similar findings have been demon-
strated by other investigators (50,51). Although the explana-
tion for this association between increased Na+/Li+ counter-
transport activity and insulin resistance is not clear, it may
be a marker or predictor for the development of hypertension
and possibly diabetic nephropathy in insulin resistant, type 2
diabetes.

Another ion transport abnormality that has been studied is
the sodium-hydrogen (Na+/H+) antiporter activity. Increased
Na+/H+ antiporter activity has been shown to be increased in
erythrocytes, leukocytes, and platelets from patients with es-
sential hypertension and in lymphocytes and vascular smooth
muscle cells from spontaneously hypertensive rat (52–54). In
animal studies, induction of diabetes and increased blood glu-
cose levels resulted in an increase in Na+/H+ antiporter activity
which was then reversed with glycemic control (55). The mech-
anism by which this occurs appears to be via a glucose-induced
protein kinase C–dependent mechanisms (56,57). The Na+/H+

antiporter has been shown to play a key role in the regula-
tion of intracellular pH, cell volume, growth, differentiation,
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and contractility (58–61). Additionally, increased Na+/H+ an-
tiporter activity may explain the relationship between intra-
cellular Ca2+ metabolism in essential hypertension leading to
enhanced vascular contractility (62).

As noted above, accumulation of intracellular Ca2+ has been
implicated as major facilitator of hypertension in both diabetic
and nondiabetic subjects. Acute intracellular calcium overload
of vascular smooth muscle cells increases contractility leading
to a rise in peripheral resistance resulting in essential hyper-
tension (63). Results from diabetic animal models and from
human subjects with diabetes reveal that intracellular calcium
levels are increased in most tissues through various mechanisms
and may play an essential role in the pathophysiology of dia-
betic complications (64).

Renin-Angiotensin-Aldosterone System

The renin-angiotensin-aldosterone system (RAAS) in diabetes
has been examined by several investigators and has been im-
plicated as a major contributor in the pathophysiology of the
diabetic vascular complications. However, the role of RAAS in
the pathogenesis of hypertension in the diabetic patient is not
conclusive. In most studies, plasma renin activity (PRA) has
not been found to be increased in hypertensive diabetic sub-
jects (65,66). However, the “normal” PRA in an environment
of elevated total body sodium and increased blood pressure,
both known to suppress PRA, may infer inadequate suppres-
sion of RAAS in diabetic hypertension. Recent studies suggest
that this may be the case (67,68). Price et al. compared the
PRA response to the upright position on a low-salt diet and
on a high-salt diet in hypertensive diabetic patients compared
to healthy controls and hypertensive patients without diabetes.
On the high-salt (200 mmol) diet, healthy subjects showed the
expected PRA suppression (0.3 ± 0.1), but in patients with
type 2 diabetes the PRA was less suppressed (1.2 ± 0.3 ng
AI/mL/hour; p = 0.003) (68). The mechanism for this rela-
tive stimulation of the RAAS system has not been elucidated
in the diabetic patient. Recently, Miller demonstrated that in
healthy type 1 diabetic patients without complications dur-
ing hyperglycemic conditions without glycosuria, mean arterial
pressure (MAP), renal vascular resistance (RVR) and filtration
fraction (FF) were significantly higher compared with the eu-
glycemic phase (69). After the administration of losartan, an
angiotensin II type 1 receptor blocker, a significant renal and pe-
ripheral vascular depressor effect was noted, with decreases in
MAP, RVR, and FF in the hyperglycemic phase. During the eu-
glycemic phase the responses to losartan were minimal. Miller
suggested that moderate hyperglycemia, at least of a short du-
ration, results in the activation of the circulating, and possibly
the intrarenal, RAAS with resultant increases in blood pressure
(69).

Additionally, a number of investigators have demonstrated
that the diabetic vasculature is more sensitive to the pressor ef-
fects of angiotensin II (37,70). Weidmann et al. demonstrated
that a lower infusion rate of angiotensin II was required in both
normotensive and hypertensive type 2 diabetic patients to in-
crease diastolic blood pressure by 20 mm Hg than in control
subjects (37). The authors suggest that the increased sensitiv-
ity may be a reflection of disturbance in the RAAS feedback
system. Drury et al. demonstrated a similar finding in type 1
diabetes (70).

Insulin Resistance and Hyperinsulinemia:
Influence on Hypertension

There have been a number of studies demonstrating a clear
relationship between insulin resistance, hyperinsulinemia and
hypertension (71–74). Most recently, Ferrannini et al. demon-

strated in 333 nondiabetic, normotensive, and nonobese pa-
tients that both decreased insulin sensitivity and increased fast-
ing plasma insulin levels were independently associated with in-
creases in blood pressure (73). The authors demonstrated that
systolic blood pressure was 1.7 mm Hg and diastolic blood
pressure was 2.3 mm Hg higher for each 10-unit increase
in insulin resistance (i.e., a 10 μmol/min−1/kg−1 decrement
in the M value). Insulin resistance/hyperinsulinemia appears
to contribute to the development of hypertension in several
ways.

As already mentioned, insulin plays a role in Na+ home-
ostasis by affecting the Na+ transport systems and promoting
Na+ retention. Although insulin is considered to have direct
vasodilatory effects in normotensive and nondiabetic subjects
(75,76), possibly by inducing nitric oxide release (77), a num-
ber of studies have demonstrated that this response is blunted
in obese (78), hypertensive (79,80) and diabetic subjects (81).
In addition to the vasodilatory effects, insulin is also known
to stimulate the sympathetic nervous system. Rowe et al. have
demonstrated that the administration of insulin with subse-
quent stimulation of carbohydrate metabolism leads to the ac-
tivation of the sympathetic nervous system and an increase in
circulating norepinephrine levels (82), findings corroborated
by other investigators (83–86). Thus, these studies suggest that
insulin can affect the cardiovascular system by direct vasodila-
tory actions on the peripheral vasculature and an indirect ef-
fect on the sympathetic nervous system. These results suggest
that an imbalance between these insulin effects favoring sym-
pathetic stimulation may play a role in the pathogenesis of
hypertension in diabetic patients. The mechanism by which in-
sulin mediates its vasoactive effects through the sympathetic
nervous system appears to be through beta-adrenergic recep-
tors (87,88). Gros et al. demonstrated that insulin enhance-
ment of vascular beta-adrenergic responsiveness resulting in
vasodilation in normotensive animals is blunted in hypertensive
animals (88).

Pathogenesis of Vascular Complications: Role
of Hypertension and Diabetes

As we have already noted, the combination of hypertension
and diabetes is associated with an increase in vascular compli-
cations. This next section will discuss the possible mechanisms
by which this combination contributes to the pathogenesis of
micro- and macrovascular diabetic complications. Although
the mechanisms by which diabetes and hypertension cause vas-
cular complications have not been completely defined, alter-
ations in hemostasis and vascular endothelium function and
structure appear to be involved (Table 54-2).

Hemostasis

Coagulation Abnormalities. Diabetes causes an imbalance be-
tween coagulation and fibrinolysis in favor of the procoagulant
state. Specifically, diabetes is associated with an increase of pro-
coagulant factors and impairment of fibrinolysis. Fibrinolysis is
induced by plasmin which is mediated plasminogen activators.
Plasminogen activator inhibitor-1 (PAI-1) produced by the liver
and endothelial cells neutralizes the activity of the plasmino-
gen activators leading to a decrease in fibrinolytic activity and
a propensity for thrombosis (89). In this regard, PAI-1 levels
have been noted to be elevated in both type 1 and type 2 dia-
betes (90,91) and in hypertension (92,93). The increased PAI-1
levels appear to be related not only to hyperinsulinemia but
also to occur in conjunction with hyperglycemia and increased
triglyceride levels (94). Other procoagulant factors that have
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TA B L E 5 4 - 2

FACTORS INFLUENCING THE PATHOGENESIS OF VASCULAR COMPLICATIONS
IN PATIENTS WITH HYPERTENSION IN DIABETES

Diabetes Hypertension

Hemostasis Coagulation abnormalities
Abnormal platelet aggregation

and adhesion

Abnormal platelet aggregation
and adhesion

Abnormal
Vascular
Endothelial
Function and

structure

Hypertrophy
Impaired endothelium-mediated

vasodilation

Hypertrophy
Impaired endothelium-mediated

vasodilation
Leukocyte adherence

been noted to be increased in diabetes include endothelium-
derived von Willebrand factor, factors VII and VIII, fibrinogen
and thrombin-antithrombin complexes (95).

Platelet Abnormalities. Platelet adhesion and aggregation are
enhanced in diabetic patients, further contributing to a proco-
agulant milieu in the diabetic individual (96). Increased platelet
aggregation appears to be mediated by the high intracellu-
lar calcium and low magnesium reported to be present in
diabetic and hypertensive subjects (96). Other abnormalities
demonstrated in platelet function include an increase in the re-
lease of thromboglobulin and platelet factor 4, decreased lev-
els of platelet-derived growth factor and serotonin, decreased
platelet survival, increased platelet generation of vasoconstric-
tor prostanoids, reduced platelet generation of prostacyclin
and other vasodilator prostanoids, and increased glycosylation
of platelet proteins (97). Nitric oxide produced by platelets
and endothelial tissue is decreased in diabetic and hypertensive
states and thereby lead to an increase in platelet aggregation
and adhesion to endothelial cells (98).

Vascular Endothelium Function and Structure. Both diabetes
and hypertension have a number of functional and structural
abnormalities in the vascular endothelium, which can precip-
itate the development of diabetic vascular complications. In
the hyperglycemic state, protein kinase C can be activated
and stimulate prostanoids, endothelin and angiotensin con-
verting enzyme which can result in decreasing vascular relax-
ation (98,99). Hyperglycemia also increases endothelial cell
collagen IV and fibronectin synthesis; increased activity of en-
zymes involved in collagen synthesis also may result in base-
ment membrane thickening (100). Diabetes, specifically type 2
diabetes, is associated with lipid abnormalities which include
higher triglyceride and very-low-density lipoproteins (VLDL)
levels, lower high-density lipoprotein (HDL) levels, and in-
creased levels of small dense low-density lipoprotein (LDL)
particles (101). These specific lipid abnormalities have been
associated with an increased risk for the development of vas-
cular complications in the diabetic patient. Hyperinsulinemia
may also mediate, through insulin-like growth factor-1 (IGF-
1), their atherogenic effects on both vascular endothelial cells
and vascular smooth muscle cells (VSMC) by increasing mi-
togenic signaling pathways and thymidine incorporation into
DNA (96).

Panza et al. have demonstrated by strain-gauge plethysmog-
raphy that nondiabetic patients with essential hypertension
have impaired endothelium- mediated vasodilation (102). The
primary mechanism by which hypertension affects endothelial
function is by the elevation of shear stress resulting in struc-

tural changes which alter endothelial cell metabolism and even
endothelial cell detachment (103). Hypertension also increases
the accumulation of macrophages in the subendothelial space
(104).

Treatment of Hypertension in Diabetes

It is clear that the combination of hypertension and diabetes
increase the risk of micro- and macrovascular complications,
and that blood pressure control as demonstrated in several tri-
als can reduce the development and/or progression of these
complications. A number of issues regarding blood pressure
therapy need to be considered in the care of the diabetic pa-
tient: (a) when to start antihypertensive therapy, (b) the target
of blood pressure level, and (c) the primary antihypertensive to
be utilized. As opposed to glycemic control where increases
in blood glucose levels can result in acute life-threatening
complications such as diabetic ketoacidosis in type 1 diabetic
patients or nonketotic hyperosmolar coma in type 2 diabetic
patients, the deleterious effects of elevated blood pressure are
often insidious. Currently, the consensus groups such as the
Joint National Committee (JNC-7) on Prevention, Detection,
Evaluation and Treatment of High Blood Pressure (104) and the
American Diabetes Association (105) recommend that blood
pressure control in diabetic patients be at or below 130/80 mm
Hg with the use of an angiotensin converting enzyme inhibitor
or an angiotensin receptor blocker as the initial antihyperten-
sive agent.

Diabetic Nephropathy

Diabetic nephropathy is one of the leading causes of ESRD in
the United States and occurs in approximately 30% to 35% of
both type 1 and type 2 diabetic patients (106). In addition, dia-
betic nephropathy not only leads to ESRD but is also one of the
strongest predictors of cardiovascular morbidity and mortality
(107).

Normotensive Diabetic Patients with
Normoalbuminuria

Data are sparse with regard to the treatment of normotensive
diabetic patients with normal albuminuria levels. Three stud-
ies in type 1 diabetic patients with normal albuminuria levels
and normotensive blood pressures have been published (107–
108). Tuominen et al. evaluated the effects of lisinopril versus
placebo on exercise-induced albuminuria, which is considered
a predictor of microalbuminuria, in normotensive normoalbu-
minuric type 1 diabetic patients (108). A total of 26 patients
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with normoalbuminuria and an average blood pressure of ap-
proximately 118/81 mm Hg were randomized to lisinopril
or placebo and followed over 2 years. Those randomized to
lisinopril demonstrated a 40% decrease in exercise-induced
urinary albumin excretion (UAE) rates in the first year (p =
0.059) and 66% decreased after the second year (p <0.01),
whereas exercise-induced UAE rates remained unchanged in
the control group. Analyses of the systolic blood pressures (sBP)
and diastolic blood pressures (dBP), however revealed signifi-
cantly lower blood pressures in the lisinopril group at 2 years,
13 mm Hg (p = 0.03) and 9 mm Hg lower (p = 0.052),
respectively. The authors concluded that lisinopril treatment
reduces the exercise-induced UAE rate in normotensive nor-
moalbuminuric type 1 diabetic patients and may have a pro-
tective effect against the development of microalbuminuria. Al-
though not considered normotensive in the current guidelines,
a multicenter study in Europe of type 1 diabetic patients with
blood pressures <155/90 mm Hg were randomized to receive
an angiotensin converting enzyme inhibitor (ACE-I), lisino-
pril, or placebo over a follow-up of 2 years (108). Although
no difference was observed between those patients random-
ized to lisinopril versus placebo with regard to progression to
microalbuminuria, those randomized to lisinopril had an over-
all lower urinary albumin excretion (UAE) rate (17.3%, p =
0.05) when adjusted for blood pressure and baseline UAE level.
More recently, Kvetny et al. performed a randomized trial in
normoalbuminuric type 1 diabetic patients with blood pres-
sure <140/90 mm Hg and a mean blood pressure of about
90 mm Hg. Eighty-nine patients were randomized to perindo-
pril versus placebo. After 36 months, the albumin/creatinine
ratio (ACR) in the placebo group increased significantly to a
value of 1.7 ± 1.1 mg/mmol (p = 0.007) versus the perindopril
group whose ACR remained stable at 0.6 ± 0.2 mg/mmol. Al-
though the group randomized to perindopril had lower mean
blood pressures during the study, the difference was not statis-
tically significant.

In type 2 diabetic patients, similar findings as in the type 1
diabetic studies were demonstrated by Ravid et al. (109). Ran-
domization of patients with normoalbuminuria and a mean
blood pressure <107 mm Hg to enalapril revealed a decrease
in albumin excretion of 1.9 mg/24 hours at 2 years which was
followed by a gradual increase of 4.2 mg/24 hours at 6 years.
Whereas, those randomized to placebo had a larger increase
in albumin excretion at 6 years (15.7 mg/24 hours, p = 0.001
for enalapril compared with placebo). The investigators also
demonstrated lower incidence of microalbuminuria, absolute
risk reduction of 12.5% (95% confidence interval [CI], 2% to
23%; p = 0.042), and a slower decline in creatinine clearance
in the enalapril group (p = 0.040). Mean blood pressures in
the treatment group were somewhat lower than those in the
placebo group; this difference reached statistical significance
during the fifth year of the study. Additionally, in the enalapril
group, a significant correlation was found between the decrease
in creatinine clearance and mean blood pressure (r = 0.41;
p = 0.05), mean total plasma cholesterol level (r = 0.42, p =
0.046), and mean UAE (r = 0.42, p = 0.044). Therefore, it is
difficult to discern whether the statistical benefit observed in
the study was from the effect of the angiotensin converting en-
zyme inhibitor (ACE-I) and/or the effects associated with the
decrease in blood pressure.

The results of the normotensive Appropriate Blood Pressure
Control in Diabetes (ABCD) study evaluated the effects of in-
tensive blood pressure control versus moderate blood pressure
control with either enalapril or nisoldipine as the initial anti-
hypertensive medication in 480 normotensive type 2 diabetic
patients followed over a 5-year period (110). In a subanalysis
of patients with normoalbuminuria at baseline, intensive blood
pressure control (mean of 128/75 mm Hg) versus moderate

blood pressure control (mean of 137/81 mm Hg) resulted in a
lower incidence of microalbuminuria independent of the use of
an ACE-I or a calcium channel blocker (CCB). As a follow-up
to the ABCD study, the Appropriate Blood Pressure Control
in Diabetes Part 2 with Valsartan (ABCD-2V) study, 129 type
2 diabetic patients with a blood pressure <140/80 to 90 mm
Hg without overt albuminuria were randomized to either in-
tensive BP control (diastolic BP goal 75 mm Hg) utilizing an
angiotensin II receptor blocker (ARB), Valsartan, versus mod-
erate BP control (diastolic BP 80 to 90 mm Hg with placebo)
(Estacio et al., presented at American Society of Hypertension,
New York, 2004). The primary end point evaluated was the
change in creatinine clearance, proportion of patients with dou-
bling of serum creatinine and the change in UAE from baseline.
The majority of the patients, >70%, had normoalbuminuria
(<20 μg/min). The mean entrance BP was 126 ± 8.8/84 ±
2.4 mm Hg with a follow-up period of 1.9 ± 1.0 years. Dur-
ing the follow-up period, the mean BP was 118 ± 10.9/75 ±
5.7 for the intensive versus 124 ± 10.9/80 ± 6.5 mm Hg for
the moderate BP groups, p <0.001. The study demonstrated
that intensive blood pressure control led to a significant benefit
in lowering UAE adjusting for baseline age, gender, race, dura-
tion of diabetes, hemoglobin A1cHbAc, and albuminuria status
revealed a significant beneficial treatment effect (p = 0.007).
The study suggests that even a lower blood pressure then
130/80 mm Hg with an ARB improved UAE in the early stages
of nephropathy.

The data from these interventional studies suggest that treat-
ment of blood pressure below the level of 130/80 mm Hg
or even lower, as seen in the ABCD-2V study, may be bene-
ficial with regard to progression to microalbuminuria. Does
the type of antihypertensive medication matter? Although the
EUCLID Study was not statistically significant for those with
type 1 diabetic patients with normoalbuminuria, the 2-year
follow-up period may have been inadequate to observe a dif-
ference. In the studies by Tuominen (108), Kvetny (110), and
Ravid (111), an ACE-I was used against a placebo but, as
noted above, statistically lower mean blood pressures were ob-
tained in those patients randomized to the ACE-I. In the ABCD
trial, intensive blood pressure control with either a dihydropy-
ridine CCB or an ACE-I led to less progression to microal-
buminuria (112). Although performed in hypertensive type 2
diabetic patients, the Bergamo Nephrologic Diabetes Compli-
cations Trial (BENEDICT) was designed to assess whether
ACE-I and nondihydropyridine CCB, alone or in combina-
tion, would prevent microalbuminuria in subjects with nor-
mal UAE. Over 1,000 subjects were randomly assigned to
receive at least 3 years of treatment with trandolapril (at a
dose of 2 mg/day) plus verapamil (sustained-release formula-
tion, 180 mg/day), trandolapril alone (2 mg/day), verapamil
alone (sustained-release formulation, 240 mg/day), or placebo
with a target blood pressure was 120/80 mm Hg. The study re-
vealed that the use of trandolapril plus verapamil (5.6%, p =
0.01) or trandolapril alone (6%, p = 0.01) but not verapamil
alone 11.9%, p = 0.54) decreased the incidence of microal-
buminuria when compared to placebo. The data, while lim-
ited, suggest that the level at which the diagnosis of “hyperten-
sion” is made in diabetic patients may need to be redefined and
that utilization of an agent that blocks RAAS would be most
beneficial.

Patients with Microalbuminuria

Microalbuminuria may represent the “reversible” stage of di-
abetic nephropathy in which interventions can prevent the
progression to overt nephropathy and inevitable renal failure.
Thus, interventions at this stage may be crucial in preventing
the progression to overt albuminuria.
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In a type 1 diabetic study of six patients, Christensen et al.
demonstrated the beneficial effect of treating patients with mi-
croalbuminuria with antihypertensive therapy utilizing a beta-
blocker over a 5-year follow-up period (111). Subsequent stud-
ies in both type 1 and type 2 diabetes confirmed the effects
of blood pressure control with various antihypertensive med-
ications as monotherapy or in combination on slowing the
progression to overt albuminuria (112–117). Angiotensin con-
verting enzyme inhibitors consistently demonstrated beneficial
effects with regard to retarding the progression of microal-
buminuria when compared to placebo (118–124). As in the
normotensive studies already cited, however, it is difficult to
discern whether the blood pressure reduction, the specific prop-
erties of angiotensin converting enzyme inhibitors, or both re-
sult in the beneficial effects. Comparison studies evaluating the
effects of angiotensin converting enzyme inhibitors with other
antihypertensive medications on incipient diabetic nephropa-
thy are few and are of short duration. A number of studies
comparing the effects of CCBs with angiotensin converting en-
zyme inhibitors in patients with microalbuminuria have been
performed but also are limited in size and study duration.
When comparing “short-acting” CCBs to angiotensin con-
verting inhibitors, angiotensin converting enzyme inhibitors
demonstrated a clear advantage. In contrast, results of studies
comparing angiotensin converting enzyme inhibitors to longer-
acting formulations of CCBS are less clear (113,114). Similar
findings were reported from the hypertensive ABCD study in
which no difference was demonstrated between a long-acting
CCB, nisoldipine, versus an angiotensin converting enzyme in-
hibitor, enalapril, with regard to the progression from microal-
buminuria to overt albuminuria (115).

In a study of 590 hypertensive patients with type 2 diabetes
and microalbuminuria, patients were randomized to receive
irbesartan, at a dose of either placebo, 150 mg daily or 300 mg
daily, and were followed for 2 years (116). The primary out-
come was the time to the onset of diabetic nephropathy, de-
fined by persistent albuminuria in overnight specimens, with
a UAE rate that was greater than 200 μg/minute and at least
30% higher than the baseline level. Of the patients studied,
5.2% in the group that received 300 mg daily and 9.7% in
the group that received 150 mg daily reached the primary end
point, as compared with 14.9% in the placebo group (14.9%)
(hazard ratios, 0.30 [p <0.001] and 0.61 [p = 0.081 for the
two irbesartan groups, respectively]). The average blood pres-
sure during the course of the study was slightly lower in the
actively treated group, 144/83 mm Hg in the placebo group,
143/83 mm Hg in the 150 mg group, and 141/83 mm Hg in
the 300 mg group (p = 0.004 for the comparison of systolic
blood pressure between the placebo group and the combined
irbesartan groups). In the Microalbuminuria Reduction with
VALsartan (MARVAL) Study (117), valsartan was compared
to amlodipine in patients with microalbuminuria. Although
the follow-up period was only 24 weeks, the patients random-
ized to valsartan demonstrated a benefit with regard to lower-
ing of UAE to 56% (95% CI 49.6–63.0) of baseline values as
compared to 92% (95% CI 81.7–103.7) of baseline with am-
lodipine; there was a significant difference between the groups
(p <0.001). Additionally, more patients regressed to normoal-
buminuria with valsartan (29.9% vs. 14.5%; p = 0.001). Over
the study period, BP reductions were similar between the two
treatments (systolic/diastolic 11.2/6.6 mm Hg for valsartan,
11.6/6.5 mm Hg for amlodipine) and at no time point was
there a between-group significant difference in BP values in ei-
ther the hypertensive or the normotensive subgroup. Similar to
trials with angiotensin converting enzyme inhibitors, ARBs at
least compared to placebo demonstrated a benefit with regard
to preventing or slowing the progression to overt nephropa-
thy. Although the MARVAL study suggests that ARBs may
be more efficacious than a dihydropyridine calcium channel

blocker (CCB), more studies would be needed with a longer
follow-up period when comparing to another agent.

Patients with Overt Nephropathy (Albuminuria)

In the study by Parving et al., antihypertensive treatment with
metoprolol, hydralazine and furosemide or hydrochlorothi-
azide in type 1 diabetic patients with overt nephropathy led
to an improvement in the rate of decline of the glomerular
filtration rate over an 8-year period (118). During the study
the mean treatment blood pressure was 129/84 mm Hg ver-
sus the pretreatment blood pressure of 143/96 mm Hg. Ad-
ditionally, the investigators demonstrated a decrease in UAE
of nearly 50% with treatment. Similar results were demon-
strated with the use of a beta-blocker alone or in combina-
tion with hydralazine or furosemide (119). In 1993, Lewis et
al. in a landmark study demonstrated the beneficial effects of
an angiotensin converting enzyme inhibitor, captopril, versus
placebo in decreasing the doubling of serum creatinine and
the progression to death or ESRD in a group of type 1 di-
abetic patients with overt nephropathy and serum creatinine
≤2.5 mg/dL at baseline (120). These results confirmed earlier
smaller reports demonstrating the beneficial effects of ACE-I
versus placebo (121,122).

In type 2 diabetic patients with overt nephropathy, 2 studies
utilizing ARBs, losartan (123) and irbesartan (124), demon-
strated findings similar to those of Lewis’s landmark study in
type 1 diabetes. Both studies demonstrated that including an
ARB in the antihypertensive regimen led to a decrease risk in
the doubling of serum creatinine and progression to ESRD. In a
study performed by Barnett et al., the use of an ARB, telmisar-
tan, versus an ACE-I, enalapril, resulted in similar effects with
regard to change in glomerular filtration rate and UAE over a
5-year follow-up period (125).

Studies comparing other antihypertensive medications with
angiotensin converting enzyme inhibitors (ACE-I’s)with regard
to their effects on overt diabetic nephropathy have been con-
flicting (138–143). In a recent meta-regression analysis per-
formed by Kasiske et al., including over 100 studies and nearly
2,500 patients, the effects of ACE-Is on diabetic nephropathy
were compared to those of other antihypertensive medications
(126). Whereas reductions in proteinuria from other antihyper-
tensive agents could be entirely explained by changes in blood
pressure, ACE-I’s demonstrated an independent decrease pro-
teinuria after adjusting for blood pressure, treatment duration,
and the type of diabetes or stage of nephropathy, as well as
study design (p <0.0001). Similar findings were demonstrated
by Gansevoort et al. (127) and Weidmann et al. (128) in their
meta-analyses comparing the effects of ACE-I’s with other an-
tihypertensive medications.

Two studies demonstrated no difference in the effects of
an ACE-I with either a beta-blocker (129,130) and or a CCB
(127) in hypertensive type 2 diabetic populations. In the United
Kingdom Prospective Diabetic Study (UKPDS), no difference
was demonstrated between the use of a beta-blocker, atenolol,
with an ACE-I, captopril, with regard to urinary albumin con-
centrations (147). A slight difference in UAE was noted with
tight blood pressure control (mean 144/82 mm Hg) versus less
tight control (mean 154/87 mm Hg) at 6 years (p = 0.0085) but
was not seen at 9 years (p = 0.33) (148). In addition, there was
no difference in the occurrence of diabetic nephropathy in the
UKPDS between the atenolol and captopril treated groups. In
the hypertensive ABCD study, although treatment blood pres-
sure for both the intensive (mean 132/78 mm Hg) and moderate
(138/86 mm Hg) groups were lower than the UKPDS, no sta-
tistical difference was seen in treatment groups followed over
5 years on renal function as measured by creatinine clearance
and UAE (127). ABCD Trial investigators also did not observe
a difference with regard to the use of an ACE-I, enalapril, versus
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a CCB, nisoldipine, as the initial antihypertensive medication
with regard to the renal outcomes. During the study, there
was a steady decline in creatinine clearance of 5–6 mL/minute/
1.73 m2/year in those patients who had diabetic nephropathy
(UAE >300 mg/day) at baseline. These results for the overt
albuminuria group were however limited by the relatively few
patients with overt nephropathy at baseline.

Cardiovascular Disease

There have been a number of antihypertensive trials within
the past few years confirming the advantage of BP control in
diabetic populations with regard to cardiovascular events. As
Haffner et al. demonstrated in a 7-year longitudinal study of
type 2 diabetic subjects, the risk of developing a myocardial
infarction for diabetic patients without a previous history of
myocardial infarction is similar to that of nondiabetic patients
with a previous myocardial infarction (131).

Two studies evaluating the treatment of isolated systolic hy-
pertension in elderly diabetic patients with either diuretic ther-
apy (132) or a long-acting CCA (133) demonstrated unequivo-
cal advantage with active therapy than placebo with respect to
cardiac disease. In both studies there were similar advantages
with regard to overall cardiovascular disease and cardiovascu-
lar mortality in 5- and 2-year follow-up periods, respectively.
In the UKPDS, tight blood pressure control demonstrated a
clear advantage when compared to less tight control with re-
gard to death related to diabetes and strokes (148). The result
was independent of the use of captopril or atenolol although
the lack of difference between the antihypertensive medications
may have been due to inadequate dosing of captopril (147).

In the substudy of the Hypertension Optimal Treatment
(HOT) study, 1,500 diabetic patients were randomized to three
levels of diastolic blood pressure control (≤90 mm Hg vs.
≤85 mm Hg vs. ≤80 mm Hg) with felodipine (long-acting
CCA) as the initial antihypertensive medication (134). Those
randomized to ≤80 mm Hg when compared to <90 mm Hg
demonstrated an advantage with regard to the cardiovascular
mortality and total cardiovascular events. The investigators es-
timated that the ideal blood pressure was 138.5/82.6 mm Hg
and found no evidence consistent with a J-curve. During the
study, additional antihypertensive medications were added to
achieve the blood pressure goals with 45% of patients in the
≤80 mm Hg group being on an ACE-I versus 35% in the
≤90 mm Hg group. Beta-blockers and diuretics were also uti-
lized during the study, but as with the ACE-I, a statistical com-
parison with regard to the use of the specific antihypertensive
medications was not reported across the treatment arms.

In the Heart Outcomes Prevention Evaluation (HOPE)
study, subgroup analyses were performed on the 3577 diabetic
patients enrolled in the study (81 type 1 and 3,496 type 2 di-
abetic patients) who were followed for nearly 5 years. Low-
dose ramipril was compared to placebo as “add on” therapy
to evaluate the effects on combined cardiovascular (myocardial
infarction, strokes, and cardiovascular death) events (124). The
study was stopped 6 months early after 4.5 years of follow-up
by the Data Safety Monitoring Board because of a significant
advantage of ramipril with regard to the primary outcome.
During the study, there was a minor but statistically significant
difference in the blood pressures between the ramipril group
and placebo which the investigators postulated was too small
to account for the difference seen between ramipril and placebo
treatment arms.

In addition to the UKPDS, three additional trials have
compared the effects of an ACE-I versus a CCB (135,136) or
beta-blocker (137). In the ABCD Trial, the use of the ACE-
I demonstrated an advantage with regard to the incidence of
myocardial infarctions when compared to the CCB nisoldip-
ine (153). The difference was independent of blood pressure,

smoking, total cholesterol, beta-blocker and past cardiovascu-
lar events. The investigators stressed that the study could not
determine whether it was the beneficial cardiovascular effect
of the ACE-I or a deleterious effect of the CCB or a combina-
tion of both. In another study, a similar result was obtained
when a post hoc analysis revealed that fosinopril was asso-
ciated with fewer cardiovascular events than amlodipine in a
2.8-year follow-up period (154). In the Captopril Prevention
Project, the use of captopril was associated with less myocardial
infarctions and total cardiovascular events in diabetic patients
when compared to atenolol over a 5-year follow-up period
(155). This result contrasts with the UKPDS findings which did
not demonstrate a difference between the two antihypertensive
medications (147). As stated earlier, the lack of difference seen
in the UKPDS may be a result of the inadequate dosing of cap-
topril during the study (25–50 mg twice a day [bid] rather than
three times a day [tid]).

The Antihypertensive and Lipid-Lowering Treatment to Pre-
vent Heart Attack Trial, or ALLHAT, was a study designed to
determine whether treatment with a CCB, amlodipine, or ACE-
I inhibitor, lisinopril, lowers the incidence of coronary heart
disease (CHD) or other cardiovascular disease (CVD) events
versus treatment with a diuretic, chlorthalidone (138). Ini-
tially the study also included doxazosin, alpha-blocker, but this
arm was discontinued early because increased risk heart fail-
ure admissions (139). The main results compared the three re-
maining antihypertensive medications which also included over
11,000 type 2 diabetic patients with a mean follow-up period of
4.9 years. The primary outcome, fatal CHD or nonfatal my-
ocardial infarction (MI), occurred in 2,956 participants, with
no difference between treatments. In the diabetic population,
amlodipine was associated with higher incidence of heart fail-
ure when compared with chlorthalidone (Risk Ratio [RR] 1.45,
95% CI 1.23–1.64). When comparing lisinopril to chlorthali-
done in the diabetic patients, lisinopril was associated with
a higher rate of combined CVD (CHD, stroke, angina, heart
failure and peripheral artery disease) (RR 1.08, 95% CI 1.00–
1.17) and, surprisingly, a higher incidence of heart failure
(RR 1.22, 95% CI 1.05–1.42). The results of the ALLHAT
study, in light of previously published studies, were surpris-
ing and some cited the difference in blood pressures, especially
in the lisinopril group, as a specific factor contributing to the
findings.

In the Losartan Intervention for Endpoint reduction in hy-
pertension study (LIFE) substudy with diabetic patients, 1,195
patients with diabetes, hypertension, and signs of left ventricu-
lar hypertrophy (LVH) on electrocardiograms, a losartan-based
versus a atenolol-based treatment was compared with follow-
up period of least 4 years (mean 4.7 ± 1.1 years) (140). The
study compared the effects of the drugs on the primary compos-
ite end point of cardiovascular morbidity and mortality (car-
diovascular death, stroke, or MI). Both arms had similar blood
pressures, 146/79 mm Hg in losartan patients and 148/79 mm
Hg (19/11) in atenolol patients. The results revealed that losar-
tan was associated with a lower risk in the primary endpoint
(RR 0.76; 95% CI 0.58–0.98; p = 0.031), cardiovascular death
(RR 0.63, 95% CI 0.42–0.95; p = 0.028) and all-cause mor-
tality (RR 0.61, 95% CI 0.45-0.84, p = 0.002).

Summary

Hypertension unfortunately is a frequent partner with diabetes.
The prediabetic and diabetic state, especially in type 2 dia-
betes, lends itself to the development of hypertension. Once
hypertension is present, there are numerous mechanisms by
which both diabetes and high blood pressure contribute to the
development of the vascular complications. Fortunately, it ap-
pears that blood pressure control can stall or even prevent the
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development or progression of these complications, especially
cardiovascular and renal disease. Review of the literature re-
veals that aggressive and early blood pressure control may
be the key to antihypertensive therapy. In this regard, blood
pressure therapy prior to the development of overt diabetic
nephropathy or even microalbuminuria may be the most opti-
mal strategy with regard to preventing ESRD. Although further
studies are needed, results from studies evaluating the antihy-
pertensive treatment of normotensive diabetic patients suggest
that it may be even beneficial to treat normoalbuminuric pa-
tients with “normotensive” blood pressures below the current
recommendations of 130/80 mm Hg. The ALLHAT study, al-
though, demonstrated that a benefit with diuretic therapy with
regard to cardiovascular outcomes, specifically heart failure,
and inhibition of the RAAS with an ACE-I or ARB may have
the added benefit of renal protection. Although we did not dis-
cuss the effects of combination antihypertensive therapy, it is
clear that a majority of patients with diabetes, especially in the
presence of even a mildly elevate UAE, will require at least two
or even three antihypertensive medications. In the UKPDS, a
study in which the target blood pressure were well above the
current consensus guidelines of <130/80 mm Hg, 69% of pa-
tients required two antihypertensive medications and 29% of
patients required more than two such medications (148).
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CHAPTER 55 ■ HYPERTENSION
ASSOCIATED WITH ENDOCRINE
DISORDERS
MYRON H. WEINBERGER

The frequency of secondary forms of hypertension in an unse-
lected population of patients is unknown because the applica-
tion of the requisite highly sensitive and specific screening and
diagnostic tests in such individuals is expensive and not always
risk-free. Moreover, no comprehensive surveys of unselected
hypertensives have been performed using screening or diagnos-
tic tests sensitive enough to establish the presence of the most
common forms of potentially curable hypertension and thus to
provide accurate estimates of the prevalence of these disorders.
However, there are several clues that are helpful in identifying
patients in whom the likelihood of a secondary form of hyper-
tension is enhanced and in whom screening efforts are more
likely to be productive. When the blood pressure elevation is
noted at a young age, a secondary cause should be considered
because primary (“essential”) hypertension typically manifests
in the fifth decade of life and later. A sudden onset of hyper-
tension in an individual previously known to be normotensive
or one in whom minimal antihypertensive therapy has previ-
ously been effective and who then becomes difficult to control
despite probable compliance with treatment may be further
clues to the presence of an identifiable form of hypertension.
Severe hypertension and drug-resistant hypertension are also
reasons to consider further evaluation. In addition, the various
causes of secondary hypertension have specific findings that,
when present, should trigger further assessment. This chapter
considers the most common endocrine forms of secondary hy-
pertension from the perspectives of relative frequency, patho-
physiology, screening tests to establish their presence, diagnos-
tic techniques to separate subtypes, and therapeutic approaches
based on current information.

PRIMARY ALDOSTERONISM

Prevalence and Pathophysiology

Primary aldosteronism is probably the most recently recog-
nized endogenous secondary form of hypertension, having been
described initially in the mid-1950s. Based on the experience
of several large referral centers, primary aldosteronism is sec-
ond only to renal vascular hypertension in its prevalence as an
identifiable and thus potentially curable form of hypertension
(1,2).

Two recent studies in large groups of Italian (3) and Aus-
tralian (4) hypertensive patients indicate a prevalence exceed-
ing 9%. Several adrenal abnormalities capable of producing
the syndrome of hyperaldosteronism have been identified and
will be differentiated subsequently. To date, there have been no
demographic or geographic bases for excluding the diagnoses.
In brief, this group of disorders is characterized by anomalous,

and generally autonomous, hypersecretion of aldosterone or
other mineralocorticoids by the adrenal gland, leading to en-
hanced renal reabsorption of sodium in exchange for potas-
sium and hydrogen ions. The enhanced sodium reabsorption
produces extracellular fluid volume expansion and thus raises
blood pressure. Despite continued excessive production of min-
eralocorticoids, the kidney ultimately “escapes” from contin-
ued and excessive sodium reabsorption (and volume expan-
sion) by a combination of increases in perfusion pressure, renal
blood flow, glomerular filtration, and the actions of natriuretic
factors. Several studies have now identified increased levels of
natriuretic peptide, presumably from the atrium, but also re-
portedly of adrenal origin, in patients with primary aldostero-
nism (5). These findings confirm a role for this peptide in the
“escape” phenomenon. Although the sample sizes of the stud-
ies have been small, a suggestion has been made that patients
with primary aldosteronism due to unilateral adenoma have
higher plasma levels of natriuretic peptide than do those with
bilateral (hyperplastic) adrenal disease.

Because of the mineralocorticoid-induced exchange of
sodium for potassium and hydrogen ions, hypokalemia and
metabolic alkalosis are commonly, but not invariably observed.
Intracellular potassium depletion is typical and may produce
carbohydrate intolerance, electrocardiographic abnormalities
suggestive of left ventricular hypertrophy as well as arrhyth-
mias, muscle weakness, and polyuria. Magnesium loss is also
observed in primary aldosteronism, although not often eval-
uated, and contributes to muscle symptoms and arrhythmias.
Renal cysts are commonly found in patients with primary al-
dosteronism as well as proteinuria. A recent report of renal
nephrocalcinosis in a patient with primary aldosteronism sug-
gests that the increased urinary calcium excretion and reduced
citrate excretion may be related to stone formation (6). Pro-
teinuria may reflect the glomerular hyperfiltration commonly
seen in patients with primary aldosteronism. Accompanying
the alkalosis, a decreased ionized calcium level is usually found,
contributing to the muscle weakness and cramps and account-
ing for the occasional occurrence of tetany and a positive
Chvostek’s sign.

The blood pressure elevation in patients with primary al-
dosteronism is usually moderate or severe, and some studies
have suggested that this syndrome is a common cause of ma-
lignant hypertension. While the hypertension is usually respon-
sive to diuretic therapy and volume depletion, it is difficult to
avoid worsening of the alkalosis, hypokalemia, hypomagne-
semia, and decreased ionized calcium when diuretics are used,
despite the use of potassium-sparing agents. The consideration
of medical therapy will be discussed later. While several cases of
primary aldosteronism during pregnancy have been observed,
a recent report of the development of severe postpartum hyper-
tension developing in two women confirms the masking effects
of pregnancy, presumably attributable to the antialdosterone
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action of progesterone, on the clinical manifestations of this
disorder (7).

Screening Tests

Measurement of serum potassium levels has traditionally been
advocated as the most effective single screening test for pri-
mary aldosteronism. However, critical evaluation of the ob-
servations of several centers reporting studies in substantial
numbers of patients with primary aldosteronism and with es-
sential hypertension indicate that this may not be a very sen-
sitive or specific screening test (1,2). One large study has re-
cently reported normal plasma potassium levels in all patients
with primary aldosteronism (3). Clues that would indicate a
workup of a hypertensive patient for primary aldosteronism
when the serum or plasma potassium levels are normal would
be severe or refractory hypertension; onset of hypertension at
a young age; or sudden increase in blood pressure in a previ-
ously normotensive or easily controlled hypertensive patient.
At least 20% of patients with surgical confirmation of primary
aldosteronism have been found to have serum (as opposed to
plasma) levels of potassium that are within the normal range.
Hemolysis of blood during venipuncture, which appears to be
more common in patients with primary aldosteronism as is in-
creased bruisability, may artifactually increase the potassium
concentration. While the normal range for plasma potassium
concentration may be as low as 3.5 mmol/L in some labora-
tories, serum potassium values rarely are below 4.0 mmol/L
in normal subjects. Moreover, the majority of hypertensives
manifesting hypokalemia have secondary aldosteronism from
diuretic administration, the presence of renal vascular hyper-
tension or other “high-renin” states leading to excessive stim-
ulation of aldosterone production. Finally, when hypokalemia
is found, repeat measurements, often after withdrawal of di-
uretics, and collection of 24-hour urine samples for measure-
ment of sodium and potassium excretion have been advocated.
This cumbersome and expensive series of screening maneuvers
can be simplified by measuring plasma renin activity because
in all cases of uncomplicated primary aldosteronism periph-
eral levels of renin are markedly suppressed by the elevated
pressure, increased sodium balance, and expanded extracellu-
lar fluid volume associated with this syndrome. Thus the obser-
vation of “normal” or “elevated” plasma renin levels can ef-
fectively exclude primary aldosteronism when renal function is
normal.

However, the finding of “low” or suppressed renin levels
alone is not diagnostic of primary aldosteronism because as
many as 40% of patients with “essential” hypertension may
manifest suppressed plasma renin levels (e.g., the “low-renin
essential hypertensive” subgroup). In addition, a variety of an-
tihypertensive medications are known to influence renin lev-
els. Most of these agents will raise renin, but antisympathetic
drugs, acting centrally or peripherally, and β-adrenergic block-
ing agents can suppress plasma renin levels. Thus screening
measurements of plasma renin activity should only be con-
ducted when patients can safely be withdrawn from agents
that are known to suppress renin release. Many of these, par-
ticularly the β-blocking drugs, have little or no effect on blood
pressure in patients with primary aldosteronism.

We have found that the most sensitive and specific screen-
ing test for primary aldosteronism is the measurement of both
plasma renin activity and plasma aldosterone concentration in
peripheral venous blood obtained in ambulatory patients in
whom agents that are known to suppress renin release have
been withdrawn (8). Because renin is normally the primary
stimulus to aldosterone production and in primary aldostero-
nism this relationship is essentially abolished, the sensitivity

of these measurements can be enhanced by expressing them
as a ratio of aldosterone to renin (disregarding the units of
measurement) with the lowest value for the latter being 0.7 in
our hands. Although absolute values vary depending on the
laboratory, in general, a ratio of 30 or more is a clear indica-
tion of primary aldosteronism and usually suggests a unilat-
eral adenoma. A ratio between 15 and 30 is suggestive, and
usually includes most patients with primary aldosteronism due
to bilateral adrenal hyperplasia. In our hands, this measure-
ment completely separates patients with primary aldosteronism
from those with all forms of essential hypertension and, the-
oretically, can even be conducted in patients receiving anti-
hypertensive medications that would be expected to stimulate
renin release, such as diuretics, angiotensin-converting enzyme
(ACE) inhibitors, calcium channel entry blockers, and other va-
sodilators. Because a few patients with primary aldosteronism
appear to be exquisitely sensitive to angiotensin II, the finding
of a normal aldosterone-to-renin ratio while receiving ACE in-
hibitors may require repeat sampling after withdrawal of the
agents. However, like β-blockers, ACE inhibitors are usually
not effective in reducing blood pressure in patients with un-
complicated primary aldosteronism. In our hands, this ratio
is not only useful as a sensitive and specific screening test but
also serves to differentiate the two most common forms of the
syndrome (8). Two recent large studies confirm the utility of
this screening test by estimating the prevalence of primary al-
dosteronism as 9% to 15% among “essential” hypertensive
subjects (3,4).

Diagnosis

Traditionally, the diagnosis of primary aldosteronism has de-
pended on the demonstration of excessive aldosterone produc-
tion plus suppression of the normal stimulus, angiotensin II
(renin). This has required the application of suppressive ma-
neuvers to demonstrate hyperaldosteronism. These have in-
cluded several days of a high-salt diet, often augmented by
administration of intramuscular mineralocorticoids, such as
deoxycorticosterone acetate (DOCA) to ensure sodium reten-
tion and volume expansion or the rapid intravenous admin-
istration of normal (0.9%) saline for the same purpose (1).
Excessive aldosterone production is then based on measure-
ment of one of several aldosterone metabolites in a 24-hour
urine collection or, in the case of the saline infusion test, mea-
surement of plasma aldosterone concentration (1). To complete
the diagnostic approach it has been necessary to document sup-
pressed renin levels, which traditionally has required a stimula-
tory maneuver such as several days of a low-sodium diet, often
augmented with diuretic administration, or the use of intra-
venous or rapid diuretic-induced sodium and volume depletion
to demonstrate the failure of the renin system to respond nor-
mally (1). Thus the diagnosis of primary aldosteronism requires
not only evidence of excessive or inappropriate aldosterone
production, but also its autonomy from the primary stimulus,
renin.

Our recent observations, confirmed by several other groups,
indicate that the diagnosis can be made simply by measure-
ment of plasma renin and aldosterone levels in peripheral blood
in an ambulant patient not receiving drugs known to inter-
fere with the renin-angiotensin-aldosterone axis previously de-
scribed (8). Not only is this approach easier to accomplish, it is
also less expensive because it can be performed on an outpatient
basis and is not subject to the inaccuracy that may accompany
incomplete collection of urine or errors induced by alterations
in aldosterone metabolism, since any one of the 13 metabo-
lites found in urine may be normal or abnormal in specific
patients (1,2). Finally, hypokalemia itself, common in primary



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-55 Schrier-2611G GRBT133-Schrier-v4.cls July 26, 2006 18:37

Chapter 55: Hypertension Associated with Endocrine Disorders 1363

aldosteronism, may alter the secretion and thus the urinary
excretion of aldosterone, yielding false-negative results. After
establishing the diagnosis of primary aldosteronism, the differ-
entiation of several subtypes with important implications for
treatment must be pursued.

Differentiation of Subtypes

The most common form of primary aldosteronism, accounting
for 60% to 65% of cases in most series, is due to a unilat-
eral adrenal adenoma. This form is most amenable to surgi-
cal intervention with a high rate of normalization of elevated
blood pressure reported by most investigators. The adeno-
mas are often small, frequently less than 1 cm in diameter,
and thus localization techniques based on anatomy alone may
not be effective. A recent report (9) of a group of 20 subjects
with primary aldosteronism who were evaluated with magnetic
resonance indicated a sensitivity of 60% with this technique,
which is inadequate for use as a sole localizing procedure. In
addition, several patients with apparent unilateral aldostero-
nism responsive to unilateral adrenalectomy have been found
to have macro- and micronodular hyperplasia on microscopic
examination. Yet long-lasting cure of hypertension has been
produced by unilateral adrenalectomy (1). For these reasons,
the use of adrenal venography, which may have substantial
morbidity, computed tomography, magnetic resonance imag-
ing, and isotopic scanning using a radioactive steroid precur-
sor have been disappointing procedures, all fraught with unac-
ceptably high rates of false-positive and false-negative results
(1,10). The use of biochemical techniques or those based on
the pathophysiology of primary aldosteronism have been of
greater value in separating unilateral and bilateral forms of this
syndrome.

Typically hyperaldosteronism resulting from a unilateral
adrenal abnormality is modulated by adrenocorticotropic hor-
mone (ACTH) but not by angiotensin II (11). Thus measure-
ment of plasma aldosterone under conditions when the renin
system would be relatively quiescent, such as early morning re-
cumbency and again after activation of this system by upright
posture for several hours, at noon, has been used to separate
unilateral and bilateral forms (12). The rationale is that plasma
levels in unilateral hyperaldosteronism would be expected to be
higher early in the morning when the effect of ACTH is greater
and to be relatively unresponsive to the increase in angiotensin
II associated with assumption of the upright posture, produc-
ing lower values when plasma is sampled at noon. In contrast,
normal subjects and those with bilateral forms of hyperaldos-
teronism would be more likely to have higher plasma aldos-
terone levels at noon compared to early morning levels. While
this test has some usefulness, false-negative and false-positive
results have been reported by several groups, including ours
(10). This appears to be due to the fact that some of the ade-
nomas have been reported to be angiotensin II responsive, ac-
counting for the rise in plasma aldosterone levels with upright
posture, and some patients with aldosteronism due to adrenal
hyperplasia have demonstrated no increase or even a fall in
plasma aldosterone levels when the noon value is compared
to that obtained earlier during recumbency. Some investiga-
tors have advocated pharmacologic testing with a short-acting
ACE inhibitor, captopril, based on the same pathophysiologic
rationale. Again, false-positive and false-negative results have
reduced the accuracy of this test.

Another biochemical measurement that has been helpful in
the hands of some investigators has been the measurement of
18-hydroxycorticosterone in plasma or 18-oxocortisol in urine
(13). Both of these steroids have been reported to be higher in
patients with adenomas than in those with adrenal hyperplasia

in studies of small groups of patients from two laboratories.
While encouraging, more extensive observations by a variety
of investigators will be required to provide confirmation of
these promising preliminary findings.

Adrenal venous blood sampling for the measurement of
steroids is the most sensitive and specific way of separating
unilateral and bilateral forms of this disorder (1,10). Neverthe-
less, while this technique is one that has been used for a long
time, it has often been inconclusive or misleading. The reasons
for previous failure have been both technical and physiolog-
ical. Often the right adrenal vein cannot be located. In other
situations, the adrenal venous drainage is multiple, or adrenal
effluent may be diluted by blood from other sources such as the
phrenic vein or left renal vein. In addition, steroid secretion is
episodic, influenced by ACTH and perhaps other factors, thus
potentially introducing another source of error. We have at-
tempted to reduce these limitations by sampling adrenal venous
blood during continuous infusion of ACTH and by measuring
both aldosterone and cortisol in blood from the adrenals and
the inferior vena cava (1,10). By expressing the observations as
a ratio of aldosterone-to-cortisol, we can then correct for dilu-
tion of adrenal venous blood, minimize errors resulting from
episodic secretion of steroids and, if one adrenal is not able
to be sampled, infer the location of a unilateral lesion to that
gland if the contralateral adrenal has an aldosterone-cortisol
ratio that is lower than that in the inferior vena cava because
extraadrenal sources of aldosterone have not been reported ex-
cept in cases of metastatic malignancy (1). We have found that
this technique has the highest accuracy (91%) in separating
unilateral from bilateral disease (1,10), as recently confirmed
by other investigators. We are most comfortable in making
therapeutic recommendations when the adrenal venous data
are corroborated by one of the anatomic or physiologic obser-
vations. An added benefit of localization, beyond determining
whether a patient with primary aldosteronism is best treated
with medication or with unilateral adrenalectomy, is the op-
tion of utilizing the less morbid dorsal (flank) or laparascopic
approach in the latter case.

Molecular genetics has improved our recognition and un-
derstanding of a rare form of hyperaldosteronism which is re-
mediable with dexamethasone (14). While several familial cases
indicated a genetic basis for this syndrome, only with the ability
to identify the aldosterone synthase gene and its mutations were
the mysteries of this disorder elucidated. The most frequently
encountered mutation of this type causes ACTH-responsive
aldosterone production, accounting for the ability of gluco-
corticoid administration to provide persistent reduction in al-
dosterone production, relief of the syndrome of hyperaldos-
teronism, and a reduction in blood pressure with continued
administration. However, long-term treatment with glucocor-
ticoid may not be desirable in such patients. Evidence indicates
that they can be treated with potassium-sparing diuretic com-
binations in most cases (15). An Australian group has recently
reported another form of familial hyperaldosteronism not re-
sponsive to glucocorticoid administration (16). These families
have revealed both adenomatous and bilateral forms of hyper-
aldosteronism, and future studies may elucidate the etiology of
this interesting observation.

Two cases have been reported of primary aldosteronism
resulting from bilateral solitary adrenal adenomas (1) which
obviously produced confounding localization observations.
When unilateral adrenalectomy with only transient improve-
ment in the syndrome prompted reevaluation and exploration
of the remaining adrenal the situation was clarified. Adrenal
cortical carcinoma has been a rare cause of primary aldostero-
nism, but the malignant nature of the disease and the pres-
ence of excessive production of ketosteroids have usually been
clues.
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Treatment

When the evidence indicates that the patient has a unilateral
source of hyperaldosteronism, adrenalectomy is almost uni-
formly effective in eliminating the hyperaldosteronism and its
biochemical consequences and leads to normalization of blood
pressure with no, or minimal amounts of, antihypertensive
medication in over 70% of most reported cases (1). In some
series, the normalization of blood pressure without medication
has been reported to occur in a higher proportion of patients.
The discrepancy between reports appears to be related to both
the duration of disease before diagnosis and the duration of
follow-up after surgery. While some patients demonstrate a
reduction in blood pressure immediately after surgery, in oth-
ers months may be required before the nadir in blood pres-
sure is seen. In these latter patients, continued antihypertensive
therapy may be required with trial withdrawal or reduction in
doses after several months have elapsed. Extensive experience
with the laparoscopic technique for adrenalectomy has now
been described in the literature. However, some caveats are
indicated. In one case, it took 4.5 hours to accomplish this
procedure. Another report indicates recurrence of malignant
adrenal tumor 6 months after removal of what was thought
to have been a benign adrenal adenoma causing primary
aldosteronism (17).

In bilateral disease, medical therapy is preferred. The aldos-
terone antagonist spironolactone is the most effective agent;
however, doses as high as 800 mg per day may be required.
Moreover, the side effects of spironolactone (e.g., painful gy-
necomastia) often lead to withdrawal of the agent. Eplerenone,
a new mineralocoticoid receptor blocker, has not been ex-
tensively evaluated in primary aldsoteronism. Alternatively,
potassium-sparing diuretics such as triamterene or amiloride
combined with hydrochlorothiazide may be used with careful
attention to the need for additional potassium and magnesium
replacement (15). Calcium channel entry blockers have been re-
ported to be effective in primary aldosteronism, but long-term
experience in such patients is quite limited. There are scattered
reports of the efficacy of ACE inhibitors, but these are largely
anecdotal and unconfirmed.

For glucocorticoid-remediable hyperaldosteronism, gluco-
corticoids or potassium-sparing diuretics have been reported
to be effective. There are few additional data regarding thera-
peutic responses to other agents in this rare disorder.

PHEOCHROMOCYTOMA

Prevalence and Pathophysiology

While pheochromocytoma is acknowledged to be less frequent
than primary aldosteronism, its presence was often unsus-
pected and manifested by catastrophic outcomes during anes-
thesia and surgical procedures in the era before the availability
of biochemical tests. In the past 30 years, it has become much
easier to identify patients with this disorder, and the diagnosis
is being considered in increasing numbers of hypertensive sub-
jects. Unfortunately, because of the protean nature of the symp-
toms associated with pheochromocytoma, many more patients
with hypertension not due to pheochromocytoma are evaluated
for it in proportion to the few who are actually found to har-
bor tumors producing excessive catecholamines. In short, the
symptoms and the diagnosis of pheochromocytoma are directly
related to overproduction of catecholamines and thus must be
differentiated from syndromes in which such overproduction
results from physiologic or pharmacologic sources, frequently
described as pseudopheochromocytoma (18).

The overwhelming majority (over 85% in most large series)
of cases of pheochromocytoma result from adrenal medullary
tumors. Extraadrenal pheochromocytomas are usually located
below the diaphragm, typically in the periaortic area, and
are more commonly malignant than the adrenal tumors, al-
though malignancy can also be found in the latter. Cases of
pheochromocytoma or paraganglioma have been reported in
the urinary bladder, the heart, the brain, and the carotid body.
Pheochromocytoma is included in several syndromes featuring
multiple endocrine neoplasms (MEN type IIa) including thy-
roid and parathyroid tumors, MEN type IIb with ganglioneu-
romas, the von Hippel-Lindau syndrome (retinal angiomato-
sis, cerebellar hemangioblastoma), and other neuroectodermal
abnormalities such as neurofibromas or “café-au-lait” skin
lesions.

The symptoms of pheochromocytoma are generally nonspe-
cific and may include headache, diaphoresis, pallor, tachycar-
dia, anxiety or tremulousness, nausea, weakness, chest pain,
dyspnea, fever, weight loss, and a variety of other systemic
complaints. Sustained elevation of blood pressure is the most
frequent finding, with about one-third of patients exhibiting
episodic or paroxysmal hypertension and even normal blood
pressure being observed in 10% to 15% of the subjects (19).
A recent review from Italy of 284 patients with pheochromo-
cytoma indicates paroxysmal hypertension in 67%, hyperten-
sive crises in 59%, and normal blood pressure in 21% of the
cases (20). Recent observations suggest that nocturnal hyper-
tension can be found in those with apparent normotension
during the daytime hours (21). Severe hypertension is com-
mon, and orthostatic hypotension has been reported to occur.
Grade III or IV hypertensive retinopathy is observed in over
50% of patients with pheochromocytoma, presumably owing
to the intense vasoconstriction that is the result of excessive cat-
echolamine production. Raynaud’s phenomenon and tremor
are other findings observed in some patients. Rarely, an ab-
dominal pheochromocytoma can be felt on deep palpation of
the abdomen. However, the risk of precipitating a hypertensive
crisis by manipulation of the tumor is reason not to be overly
vigorous in such examination.

The majority of signs, symptoms, and findings associated
with pheochromocytoma can be attributed to the effects of
increased catecholamine production and the resultant stimula-
tion of α- and β-adrenergic receptors. It is easy to understand
why excessive release of catecholamines can raise blood pres-
sure by inducing both vasoconstriction and an increase in car-
diac output. Paroxysmal hypertension is also understandable
given the variety of stimuli of catecholamine release, with an
exaggerated response occurring in pheochromocytoma cases.
Thus the episodic occurrence of headache, pallor, tremulous-
ness, anxiety, and cardiovascular symptoms (e.g., tachycardia,
arrhythmias, dyspnea, chest pain) can also be explained by the
episodic release of catecholamines and the accompanying in-
crease in blood pressure. It is more difficult to understand the
reason for occasional reports of orthostatic hypotension or nor-
motension (22) in these patients. Some have suggested that the
intense vasoconstriction and elevated blood pressure induced
by release of catecholamines can suppress baroreceptor reflex
behavior. In addition, the vasoconstriction is also associated
with a relatively contracted intravascular volume. Thus when
the tumor is quiescent and vasorelaxation occurs, the gravita-
tional effect of upright posture may not be adequately com-
pensated for by the suppressed baroreceptor response and may
be aggravated by the relative volume depletion. An additional
explanation has been the vasodilatory effects of some cate-
cholamines such as dopamine, which may be produced in pref-
erential excess by some tumors. Finally, a variety of vasodila-
tory compounds have been identified that could be released in
increased amounts to counter the catecholamine-induced vaso-
constriction in an attempt to maintain pressure homeostasis,
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and thus could have a hypotensive effect when catecholamine
release is abruptly diminished.

Pheochromocytoma has been identified in patients in whom
it was not previously suspected when a paradoxical rise in
blood pressure was observed following administration of a
β-adrenergic blocking agent. This could even occur, theoret-
ically, when β-blocker eyedrops are used because of the sys-
temic absorption of these agents. The paradoxical rise in pres-
sure occurs because of blockade of the β2-receptor, typically
associated with peripheral vascular vasodilation, leaving the
vascular α-receptors, which are constrictor, unopposed.

Metabolic abnormalities are often seen in patients with
pheochromocytoma. These include hyperglycemia and glu-
cose intolerance as well as lipid abnormalities presumably re-
lated to the effects of catecholamines on glucose production
(glycogenolysis) and/or uptake and α-adrenergic stimulation
of triglyceride synthesis. Hypokalemia may occur because of
catecholamine-induced shifts of potassium into skeletal muscle
with β2-receptor stimulation.

While unrecognized pheochromocytoma can be fatal, a high
index of suspicion and the use of sensitive diagnostic tests pro-
vide a reasonable way of detecting most patients. One situ-
ation in which an unrecognized pheochromocytoma can be
particularly catastrophic is in the pregnant patient (23). In this
situation, high maternal and fetal mortality rates have been
reported. Thus when hypertension or labile blood pressure is
observed in pregnancy, it is important to rule out the presence
of a pheochromocytoma. In patients in whom this has been
recognized, surgical removal of the tumor has permitted the
safe progression of the pregnancy to successful delivery.

A variety of factors, activities, and agents have been re-
ported to trigger a paroxysm of blood pressure elevation or
symptoms of pheochromocytoma in some patients. Such activ-
ities as defecation, sexual intercourse, bending over, Valsalva
maneuver, coughing, sneezing, cigarette smoking, intake of red
wine or hard cheeses (both of which contain tyramine), shav-
ing, and a variety of invasive and surgical procedures have been
incriminated. These and other normal stimuli of catecholamine
production can trigger excessive release by a tumor and thus
cause symptoms.

The presence of a pheochromocytoma can be mimicked by
a variety of circumstances, frequently referred to as “pseu-
dopheochromocytoma” (18). These events feature either ex-
cessive catecholamine production, excessive stimulation of
adrenergic receptors, or both. Use of sympathomimetic agents
(nasal sprays, cold remedies, diet aids, ephedrine and its con-
geners, amphetamines, and “street” drugs) or administration
of drugs containing sympathomimetic substances, including
agents such as imipramine and amitriptyline, to individuals re-
ceiving monoamine oxidase inhibitors, can produce symptoms
suggestive of increased catecholamine production. Individu-
als undergoing addictive substance withdrawal also manifest
evidence of a hyperadrenergic state. Further, abrupt or acute
withdrawal from centrally acting α-adrenergic agonists such as
clonidine, guanabenz, and guanfacine, particularly when used
at higher doses, may precipitate a rebound hyperadrenergic
response. Such exogenous causes of a hyperadrenergic state
should be considered in the individual who presents with acute
and/or severe symptoms suggestive of pheochromocytoma.

Screening Tests

The establishment of a diagnosis of pheochromocytoma re-
quires a high index of suspicion because the symptoms and
findings are not highly specific. The search for this disorder be-
gins with studies to establish biochemical evidence of increased
production of catecholamines. Before the advent of sensitive
and specific screening and diagnostic tests, a variety of pharma-

cologic approaches were used, involving intravenous admin-
istration of substances known to stimulate catecholamine re-
lease (histamine, glucagon) or to block catecholamine-induced
α-adrenergic stimulation (phentolamine). The stimulatory tests
were fraught with catastrophic responses, including sudden
death, in some patients with pheochromocytoma as well as
false-positive responses in individuals in whom a tumor could
not be found. The phentolamine test was also notoriously in-
accurate, and thus these pharmacologic tests have been aban-
doned by most experts. The availability of sensitive and spe-
cific measurements of catecholamines and their metabolites in
urine and in plasma has provided a safer, convenient, and rea-
sonably accurate way to screen for the presence of a pheochro-
mocytoma. However, these tests have also been fraught with
inaccuracy for several reasons.

Plasma values for catecholamines can be in the normal range
if the tumor releases catecholamines intermittently or can be
elevated in patients without a pheochromocytoma for various
reasons. The latter is not a major problem because additional
screening or diagnostic tests can separate the false-positive re-
sponders from those harboring a tumor. A recent report of 35
patients with pheochromocytoma associated with von Hippel-
Lindau disease or MEN-II indicates that plasma metanephrine
and normetanephrine values had a sensitivity of 97% for the
identification of tumors (24).

Urine studies are more frequently chosen to screen for
pheochromocytoma. These can be influenced by several fac-
tors. The most obvious is the failure of the patient to collect a
complete 24-hour sample. Some investigators have advocated
“spot” urine samples, which may be influenced negatively by
episodic secretion of catecholamines. Another source of error
may be the choice of a specific metabolite for measurement that
is not the major product of enzymatic action in a given patient.
Thus it frequently becomes necessary to measure total cate-
cholamines, norepinephrine, metanephrine, normetanephrine,
vanillylmandelic acid, and/or homovanillic acid to be certain
that the patient does not have a pheochromocytoma. The
conventional techniques for screening for pheochromocytoma,
therefore, may not be very useful. In addition, most antihyper-
tensive drugs elevate catecholamines and thus may be a source
of false-positive results. Exceptions to this are the centrally act-
ing α-adrenergic agonists (clonidine, guanabenz, guanfacine)
and reserpine when taken chronically.

We have developed a simple screening test that avoids many
of these problems and has yielded a very high (over 98%) ac-
curacy rate (25). We ask patients to collect the urine during
the sleep period, discarding urine before retiring, saving any
sample voided during the sleep period, and including the first
sample upon arising. We then measure norepinephrine excre-
tion in the sample by a specific radioenzymatic technique and
express the results in units per hour, given the duration of the
sleep period. This obviates the problems caused by incomplete
24-hour urine collection. In addition, since the period of sleep is
a time of basal catecholamine release for normal subjects and
hypertensives without pheochromocytoma, it becomes easier
to identify even slight elevations in basal catecholamine pro-
duction, which are invariably found in patients with pheochro-
mocytoma. In our experience over the last 20 years with this
approach, we have found the lowest value for a patient with
pheochromocytoma to be seven times higher than the high-
est value for normal or essential hypertensive patients (25).
These observations have recently been confirmed by other in-
vestigators, indicating that it has broad applicability. If elevated
values are observed in hypertensives receiving antihypertensive
medications, the study can be repeated after withdrawal of the
offending drug(s). Obviously the finding of elevated values in
a patient ingesting one of the agents known to suppress cate-
cholamine release would presumably indicate a positive screen-
ing result.
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Diagnosis

Some investigators have advocated the use of plasma cate-
cholamines as a screening test with the response of plasma
catecholamines to oral administration of 0.3 mg of clonidine
used as a diagnostic test. In untreated essential hypertensives
with elevated plasma catecholamines, this dose of clonidine
should reduce plasma levels by 50% after 3 hours. Many in-
vestigators have found this to be neither a sensitive nor a spe-
cific procedure and thus have abandoned its use (26,27). After
documentation of an abnormal “sleep” urinary norepinephrine
value or elevated 24-hour urine values for catecholamines or
their metabolites, the next step is localization of the tumor.
This is necessary for several reasons, including decisions re-
garding the therapeutic approach, which will be discussed sub-
sequently. Fortunately, the majority of the tumors are located in
the adrenal and are relatively large, usually greater than 2 cm
in diameter. Thus computerized tomographic (CT) scanning
will usually reveal the site of the tumor (28). The large Ital-
ian study (20) indicates a sensitivity of 99% for intraadrenal
and 91% for extraadrenal tumors while the MIBG isotopic
scan had a slightly lower (88.5%) sensitivity. Since hemorrhagic
necrosis and subsequent calcification of parts of the tumor are
not uncommon, they can sometimes be seen on a plain ab-
dominal radiograph. The recent development of an isotopic
product, labeled metaiodobenzylguanidine (MIBG), has pro-
vided another approach to localization of pheochromocytoma
that is often useful when a lesion in the adrenal cannot be
identified by computerized tomography or when extraadrenal
or metastatic pheochromocytoma is suspected. Much less ex-
perience has been obtained with magnetic resonance imaging
(MRI) and positron emission tomography (PET) scanning tech-
niques. A recent study of 29 patients with pheochromocytoma
compared the MIBG scan to the PET scan using fluorodeoxy-
D-glucose and found the latter much more accurate (88% vs.
56%) (29). Rarely is it necessary to perform adrenal venogra-
phy for the purpose of visualizing pheochromocytoma or, more
commonly, to obtain venous blood samples for catecholamine
content. The latter procedure may be required when other lo-
calizing techniques are not fruitful or when ectopic, multiple,
or malignant pheochromocytoma is suspected.

Treatment

The preferred treatment of pheochromocytoma is surgical re-
moval of the tumor (see below). Rarely, surgical intervention
cannot be performed because of debility, relative or absolute
contraindications, the presence of metastatic malignancy, or
patient refusal. In such instances, treatment with effective doses
of peripheral α-adrenergic blocking agents (vide infra) or mety-
rosine (Demser) can be useful. Recently several new, nonsurgi-
cal approaches to treatment have been reported. 131-I-MIBG
has been used as radiotherapy in some cases of malignant tu-
mors or tumors in areas not amenable to surgery (usually in
the head and neck areas) alone (30) or in combination with
chemotherapy (31).

The proper preparation of the patient for surgery is manda-
tory and must consider a variety of factors. First, the lesion
must be localized so that the surgeon can minimize excessive
exploration and manipulation of the tumor. Fortunately, the
large size of most tumors makes it possible to identify them
prior to surgery and thus permits the surgeon to go directly to
the site and concentrate on ligation of the major blood supply
of the tumor to reduce the amount of catecholamines intro-
duced into the circulation. Another important requirement is
for a period of 7 to 10 days of effective α-adrenergic blockade
prior to surgery. This is not necessary for blood pressure or

arrhythmia control during the surgical procedure because in-
travenous administration of α- and β-adrenergic antagonists,
respectively, can be used for that purpose, but rather to per-
mit the contracted intravascular volume induced by the in-
tense catecholamine-related vasoconstriction to expand before
surgery is undertaken. Without such expansion of volume, the
removal of a pheochromocytoma is associated with immediate
vasodilation, which in the presence of a contracted extracel-
lular fluid volume can produce rapid and irreversible shock
and a state generally unresponsive to pressor agents. Effective
α-adrenergic blockade can be assumed when the dose is titrated
to a level at which the patient demonstrates a mild decrease in
blood pressure on assumption of upright posture. Phenoxy-
benzamine (Dibenzyline), which chelates the α-receptor, may
require a longer period of time to achieve effective doses than
the use of the quinazoline class of α-blockers (prazosin, tera-
zosin, and doxazosin). The doses of these agents required for
effective α-blockade in pheochromocytoma are quite variable,
ranging from 10 to 120 mg per day for phenoxybenzamine
and as high as 40 mg per day for the quinazoline group. Beta-
adrenergic blocking agents may also be required to decrease
the tachycardia and arrhythmias during the preparatory phase.
During the operative period, intravenous α-blockers (phento-
lamine) and short-acting parenteral β-blockers can be used.
Several recent reports of successful removal of pheochromo-
cytomas by the laparoscopic approach, occasionally utilizing
laparoscopic ultrasound for localization, have been published
(32,33). One such report described partial adrenal-sparing bi-
lateral adrenalectomy (33).

Follow-up

Because multiple and malignant pheochromocytomas occur in
about 10% of patients, it is prudent to evaluate catecholamine
excretion periodically after removal of the tumor. If the pa-
tient becomes normotensive following surgery, assessment of
urinary catecholamines at 6- to 12-month intervals is appro-
priate. Since familial pheochromocytoma is not uncommon,
screening of family members with urinary catecholamine mea-
surements is often pursued, and particular scrutiny should be
given to any hypertensive family members.

CUSHING’S SYNDROME

Prevalence and Pathophysiology

Endogenous hypercortisolism is another endocrine form of hy-
pertension that is potentially curable. The most frequent cause
of this syndrome is exogenous steroid ingestion, but the signs
and symptoms are the same for both. The typical observa-
tions are of truncal obesity with thin extremities because of
the increased fat deposition in the abdomen and muscle wast-
ing associated with the catabolic effects of glucocorticoids,
increased cervical and dorsal fat pads manifesting as supra-
clavicular fullness and the “Dowager” or “buffalo” hump, in-
creased facial fat distribution (“moon facies”), and increased
capillary fragility often resulting in bruising of the skin, pe-
techiae, and violaceous striae on the abdomen, inner thighs,
and arms. The mechanisms responsible for the development of
hypertension are not clear (34). There is some evidence that the
renin-angiotensin system may play a role because glucocorti-
coids appear to increase the concentration of angiotensinogen,
the renin substrate. In addition, high concentrations of gluco-
corticoids are capable of occupying the mineralocorticoid re-
ceptor of the kidney and inducing sodium and water retention
and thus increasing extracellular fluid volume. Recent studies
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indicate that cortisol-induced hypertension is associated with
sodium retention and volume expansion, but this is not believed
to be the primary mechanism for the increase in blood pressure
since it is not prevented by administration of the mineralo-
corticoid receptor antagonist, spironolactone (35). Additional
observations indicate no increase in sympathetic nervous sys-
tem activity but do suggest a suppression of nitric oxide activ-
ity (35). Carbohydrate intolerance and diabetes are frequently
found in Cushing’s syndrome and appear to be due to insulin
resistance. Inappropriate elevation of leptin has been reported
in Cushing’s syndrome and may contribute to the abnormali-
ties in glucose and lipid metabolism (36). Glucocorticoids also
can inhibit osteoblastic activity and lead to osteoporosis and
vertebral fractures.

The symptom complex can arise from either primarily pitu-
itary or adrenal abnormalities. In about two-thirds of the cases,
excessive ACTH production occurs due to a microadenoma of
the pituitary, leading to sustained and excessive stimulation of
the adrenals. In some patients, ectopic production of ACTH
may stem from a carcinoma, often in the lung. Cushing’s syn-
drome may also be a feature of the multiple endocrine ade-
nomatosis (MEA, MEN) syndrome. Roughly 20% to 25% of
patients with Cushing’s syndrome are found to have a primary
adrenal abnormality, typically an adenoma but also including
adrenal carcinoma.

Screening Tests

The diagnosis of Cushing’s syndrome requires a modestly high
index of suspicion and demonstration of elevated or inap-
propriate glucocorticoid production. Since cortisol typically
has an ACTH-driven diurnal rhythm, being higher in the
morning than in the afternoon or evening, measurement of
plasma cortisol in the morning and evening has been used
as a screening technique. However, the sensitivity and speci-
ficity of this approach have been relatively poor because many
factors can raise cortisol levels, including anxiety, venipunc-
ture itself, estrogen administration, and others. Another long-
used approach was to collect urine for the measurement of the
major metabolites of cortisol, 17-hydroxycorticosteroids and
17-ketosteroids. However, these measurements can also be in-
fluenced by a variety of factors and are often elevated in simple
obesity, a condition that mimics Cushing’s syndrome because it
is often associated with hypertension and carbohydrate intol-
erance. A single-dose dexamethasone suppression test can also
be used as a screening procedure. Dexamethasone, 1 mg, is
given orally at 11 pm, and plasma cortisol is measured at 8 am
the following morning. In normal individuals, plasma cortisol
levels should be less than 5 μg/dL. The measurement of urinary
excretion of free cortisol in a 24-hour sample appears to be the
screening test with the highest sensitivity. A value greater than
100 μg/24 hours can be considered to be abnormal.

Diagnosis and Localization

After finding elevated urinary free cortisol excretion, the next
step is to differentiate pituitary, adrenal, and ectopic etiolo-
gies. Plasma ACTH levels can separate primary adrenal dis-
ease from the other two sources. Typically, dexamethasone sup-
pression tests can also separate pituitary and adrenal sources.
There are two such tests. The first requires administration
of 0.5 mg of dexamethasone every 6 hours for 2 days with
collection of 24-hour urine samples for urinary free corti-
sol and 17-hydroxycorticosteroid excretion before and on the
last day of dexamethasone. Plasma cortisol can also be mea-
sured on the morning following the last dose and should be
less than 5 μg/dL. Urinary free cortisol should be less than

20 μg/24 hours, and 17 hydroxysteroid excretion less than
4 μg/24 hours. The high-dose dexamethasone test is then per-
formed to separate pituitary and adrenal etiologies. Dexam-
ethasone is given as 2 mg every 6 hours for eight doses, and a
24-hour urine collection is obtained on the second day. The ma-
jority of patients with pituitary Cushing’s evidence have at least
a 50% reduction from the pre-dexamethasone values, while in
adrenal Cushing’s, minimal change is seen in the overwhelm-
ing majority of patients. With ectopic ACTH syndromes, the
suppression is less consistent, and steroid production is quite
variable. Usually, marked wasting and elevated 17-ketosteroid
excretion are seen in these patients.

Pituitary tumors are frequently detected by CT scan or mag-
netic resonance imaging (MRI). Adrenal tumors are also often
visible on CT scan because they are usually larger than 1.5 to
2.0 cm in diameter. Occasionally, when the CT scan is not use-
ful, iodocholesterol isotopic scanning may be helpful.

Treatment

When a pituitary adenoma is detected, surgical removal is usu-
ally curative, particularly when a microadenoma is found. In
addition, such a lesion can usually be removed without requir-
ing total hypophysectomy with its attendant hypopituitarism.
Occasionally, irradiation of the pituitary is required if surgical
removal is not feasible or yields incomplete results with a re-
currence of Cushing’s syndrome. When the lesion is localized
in the adrenal, surgical removal is almost invariably curative
except in the instance of adrenal carcinoma with metastases.
Cushing’s syndrome due to ectopic ACTH production is the
least amenable to treatment because of the aggressive nature of
the underlying malignancy, which has usually produced metas-
tases by the time the metabolic abnormalities of Cushing’s syn-
drome become manifest. A few reports of adrenalectomy by
laparoscopic technique have now been reported for Cushing’s
syndrome (37).

HYPERTENSION ASSOCIATED
WITH THYROID DISORDERS

Prevalence and Pathophysiology

Hypertension is encountered in both hyperthyroidism and hy-
pothyroidism, although the mechanisms and manifestations
appear to be different. In hypothyroidism, the major hemody-
namic abnormality is an increase in peripheral vascular resis-
tance, and cardiac output is usually reduced (38). This is often
manifest as a primary elevation of diastolic pressure, although
systolic elevation can also be seen. The increase in resistance is
most likely the result of increased sympathetic nervous system
activity or increased β-adrenergic responsiveness (39). Thyroid
replacement therapy typically restores blood pressure to nor-
mal unless excessive doses are given. Since hypothyroidism may
occur more frequently in older patients who often are more
likely to have hypertension than younger individuals, residual
blood pressure elevation may be seen despite adequate thyroid
replacement therapy.

In hyperthyroidism, the dominant hemodynamic abnormal-
ity is an increase in cardiac output, and peripheral resistance
may be normal (38). Thus a primary increase in systolic blood
pressure is typically seen in hyperthyroidism. The mechanism
most commonly invoked for the increase in cardiac output in
hyperthyroidism is also related to the increased activity of the
sympathetic nervous system (38). In this case, it appears to
be related to increased β-adrenergic activity or responsiveness,
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particularly of cardiac β-receptors. Again, as with hypothy-
roidism, adequate treatment of the hyperthyroidism is usually
associated with normalization of the elevated blood pressure
except in those with background essential hypertension. It is
unusual for hypertension to be the only presenting symptom
of thyroid disease, but it can occur. This is particularly likely
in older individuals in whom the symptoms of hypothyroidism
may be subtle or masked by nonspecific complaints more fre-
quently voiced by older patients such as constipation, coldness
of the extremities, and the like. In older subjects, the “apa-
thetic” form of hyperthyroidism is also more frequent, and
thus hypertension may be the primary manifestation.

Screening Tests

Typically, measurements of circulating thyroxine (T4) levels in
plasma can establish the diagnosis of hyperthyroidism and,
with thyroid-stimulating hormone (TSH) levels, of hypothy-
roidism. In some rare circumstances, T4 levels may be normal
in hyperthyroid individuals in whom the predominant produc-
tion of triiodothyronine (T3) may be excessive. Estrogen ad-
ministration can be associated with increased plasma hormone
binding proteins, and thus free hormone levels or assays that
assess the unbound protein fraction (“uptake” assays) will pro-
vide a correct assessment of hormonal status. Since TSH is the
dominant stimulus for thyroid hormone production it can be
expected to be elevated in hypothyroidism in an attempt to in-
crease thyroid hormone output from a diseased gland. TSH will
be decreased in hyperthyroidism when the disorder is due to
autonomous overproduction of thyroid hormone by the gland
itself. Occasionally, hyperthyroidism is a disorder of excessive
production of TSH, in which case both TSH and thyroid hor-
mone levels will be elevated.

Diagnosis

The diagnosis of thyroid disorders after the abnormality is iden-
tified by the screening tests outlined above is based on deter-
mining the cause of the excessive or deficient thyroid hormone
production. This is often simplified by the combination of T4
(or T3) and TSH measurements. When both are elevated, a
pituitary or hypothalamic lesion is implied as the cause of hy-
perthyroidism. When hypothyroidism is accompanied by ele-
vated TSH levels, primary thyroid deficiency is the usual cause.
When hyperthyroidism occurs with low TSH levels, the lesion
is usually in the thyroid itself, and an isotopic scan will reveal
if it is due to diffuse overactivity or localized to one area of
the thyroid, as with an adenoma or carcinoma, or to discrete
multinodular lesions.

Treatment

The treatment of hypothyroidism is generally thyroid replace-
ment therapy. In patients in myxedema coma, exquisite sen-
sitivity to thyroid hormone is often encountered, and thus
treatment is begun with very small doses, increased as tol-
erated based on the patient’s cardiovascular and central ner-
vous system responses. For most hypothyroid patients without
myxedema, a small replacement dose of T3 (0.1 mg per day)
is initiated, with measurement of T4 and TSH levels being per-
formed after a period of 4 to 6 weeks. If abnormal, incremental
increases or decreases in dose can be made. In some patients
who are older and thus have decreased clearance of thyroid
hormone, or those with cardiac disease or arrhythmias, a lower
starting dose can be used.

In hyperthyroidism, several therapeutic options are avail-
able. Surgical removal of part or the entire gland is indicated
only when malignancy is suspected, the patient is pregnant, or
other treatment approaches have failed. Administration of ra-
dioactive iodine has become the preferred treatment for many
patients. Both recurrent hyperthyroidism and hypothyroidism
may occur with this approach. Continuing (lifelong) follow-
up is necessary. Another option is for the use of antithyroid
drugs such as methimazole and propylthiouracil, which in-
hibit thyroid hormone synthesis. After successful suppression
of thyroid hormone production based on monitoring of thy-
roid function tests for a period of 4 to 6 months, it may
be possible to taper the dose of antithyroid medication and,
in some cases, withdraw it completely. In a substantial num-
ber of patients, recurrent hyperthyroidism may occur, but in
others a state of normal thyroid function may be observed.
Obviously, periodic monitoring of thyroid status will be re-
quired for these individuals as well. Often the initial clue to
the recurrence of hyperthyroidism will be an increase in sys-
tolic blood pressure if this was observed before treatment was
begun.

SUMMARY

Hypertension is often a manifestation of an underlying en-
docrinologic disorder. The initial medical contact for such a
patient may be any of a variety of physicians with variable
experience with such problems. A high index of suspicion cou-
pled with an understanding of the pathophysiology, signs, and
symptoms of the most frequent endocrine forms of hyperten-
sion as well as current information about effective screening
tests for these disorders will enhance their identification. Defini-
tive diagnostic tests and appropriate treatment will usually pro-
vide a means to relieve the hypertension and its sequelae in such
individuals.
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CHAPTER 56 ■ MALIGNANT
HYPERTENSION AND OTHER
HYPERTENSIVE CRISES
CHARLES R. NOLAN AND STUART L. LINAS

THE CLINICAL SPECTRUM OF
SEVERE HYPERTENSION

The vast majority of hypertensive patients are asymptomatic
for many years until complications due to atherosclerosis, cere-
brovascular disease, or congestive heart failure develop. In a
minority of patients this “benign” course is punctuated by a
hypertensive crisis.

A hypertensive crisis is defined as the turning point in the
course of an illness at which acute management of the ele-
vated blood pressure plays a decisive role in the eventual out-
come. The haste with which the elevated blood pressure must
be controlled varies with each crisis. However, the crucial role
of hypertension in the disease process must be identified and
a plan for management of the blood pressure successfully im-
plemented if the outcome is to be optimal. The absolute level
of blood pressure is not the most important factor in deter-
mining the existence of a hypertensive crisis. In children, preg-
nant women, and other previously normotensive individuals in
whom moderate hypertension develops suddenly, a hyperten-
sive crisis can occur at a diastolic blood pressure normally well
tolerated by adults with chronic hypertension. Furthermore, in
adults with only mild to moderate hypertension, a crisis can
occur when there is concomitant acute end-organ dysfunction
involving the heart or brain. It has been estimated that of the
50 to 60 million hypertensive patients in the United States, ap-
proximately 1% will experience a hypertensive crisis during
their lifetime (1). Moreover, the incidence of hypertensive cri-
sis appears to be increasing over time. In the period from 1983
to 1992, the number of hospital admissions with malignant
hypertension or accelerated hypertension as the primary diag-
nosis doubled, from approximately 16,000 to 32,000 (2). It
has been postulated that this trend of increasing incidence of
hypertensive crises may be explained at least in part by medical
economics. Since a significant portion of the population lacks
health insurance, the lack of a consistent health care provider
may lead to inadequate treatment of patients with essential hy-
pertension thereby increasing the number of patients at risk
for development of a hypertensive crisis (3). The spectrum of
hypertensive crises and other categories of severe hypertension
are outlined in Table 56-1.

Malignant hypertension is a clinical syndrome character-
ized by marked elevation of blood pressure with widespread
acute arteriolar injury. Funduscopy reveals hypertensive
neuroretinopathy with striate (flame-shaped) hemorrhages,
cotton-wool (soft) exudates, and often papilledema. Regardless
of the degree of blood pressure elevation, malignant hyperten-
sion cannot be diagnosed in the absence of hypertensive neu-
roretinopathy (4). Some authors have defined malignant hyper-
tension based on the presence of papilledema and have used the
term accelerated hypertension when hemorrhages and cotton-

wool spots occur in the absence of papilledema (5). However,
it is now accepted that the prognosis is the same in hyperten-
sive patients with striate hemorrhages and cotton-wool spots
whether or not papilledema is present (6,7). In this regard,
the World Health Organization has recommended that accel-
erated hypertension and malignant hypertension be regarded
as synonymous terms for the same disease (4). Hypertensive
neuroretinopathy is thus an extremely important clinical find-
ing that indicates the presence of a widespread hypertension-
induced arteriolitis which may involve the central nervous sys-
tem, heart, and kidneys. In patients with untreated malignant
hypertension, there is a rapid and relentless progression to end-
stage renal disease (ESRD) or death in less than 1 year. Mortal-
ity can result from hypertensive encephalopathy, intracerebral
hemorrhage, congestive heart failure, and/or complications of
uremia.

Hypertensive encephalopathy is a medical emergency in
which cerebral malfunction is attributed to the severe eleva-
tion of blood pressure. It is one of the most serious com-
plications of malignant hypertension. However, hypertensive
encephalopathy can also occur in the absence of malignant hy-
pertension (neuroretinopathy). Hypertensive encephalopathy
can develop in the setting of severe hypertension of any cause,
especially when acute blood pressure elevation occurs in previ-
ously normotensive individuals with eclampsia, acute glomeru-
lonephritis, pheochromocytoma, or drug withdrawal hyper-
tension. Clinical features include severe headache, blurred
vision or blindness, nausea, vomiting, and mental confusion. If
aggressive treatment is not initiated, stupor, convulsions, and
death can ensue within hours. The sine qua non of hypertensive
encephalopathy is the prompt and dramatic clinical response
to antihypertensive therapy.

On occasion, hypertension that is not in the malignant phase
(hypertensive neuroretinopathy is absent) may still qualify as
a hypertensive crisis when acute end-organ dysfunction oc-
curs in the presence of even moderate hypertension. The term
benign hypertension with acute complications includes hyper-
tension complicating acute pulmonary edema (acute diastolic
dysfunction), acute myocardial infarction or unstable angina,
acute aortic dissection, active bleeding, or central nervous sys-
tem catastrophe (hypertensive encephalopathy, intracerebral or
subarachnoid hemorrhage, or severe head trauma). In each
case, control of the blood pressure is the cornerstone of suc-
cessful therapy.

Catecholamine excess states such as pheochromocytoma
crisis; monoamine oxidase inhibitor–tyramine interactions; use
of sympathomimetic drugs (cocaine, amphetamines, phencycli-
dine, or high-dose phenylpropanolamine); and abrupt with-
drawal of antihypertensive medications (clonidine, methyl-
dopa, or guanabenz), can produce life-threatening hypertensive
crises. The clinical presentation usually includes marked el-
evation of blood pressure with headache, diaphoresis, and
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TA B L E 5 6 - 1

THE CLINICAL SYNDROMES OF SEVERE
HYPERTENSION

Hypertensive crises
Malignant hypertension (hypertensive neuroretinopathy

present)
Hypertensive encephalopathy
Benign hypertension with acute complications (acute organ

system dysfunction but no hypertensive
neuroretinopathy)
Acute hypertensive heart failure (acute diastolic

dysfunction with pulmonary edema)
Atherosclerotic coronary vascular disease

Acute myocardial infarction
Unstable angina

Acute aortic dissection
Active bleeding including postoperative bleeding
Central nervous system catastrophe

Hypertensive encephalopathy
Intracerebral hemorrhage
Subarachnoid hemorrhage
Severe head trauma

Catecholamine excess states
Pheochromocytoma crisis
Monoamine oxidase inhibitor-tyramine interactions
Antihypertensive drug withdrawal syndromes
Phenylpropanolamine overdose

Preeclampsia and eclampsia
Poorly controlled hypertension in a patient requiring

emergency surgery
Severe postoperative hypertension
Scleroderma renal crisis
Miscellaneous hypertensive crises

Severe hypertension complicating extensive burn injury
High-dose cyclosporine in children after bone marrow

transplantation
Autonomic hyperreflexia in quadriplegic patients
Severe hypertension with acute rejection or transplant

renal artery stenosis in renal allograft recipients
Hypoglycemia in patients receiving β-adrenergic

receptor blockers

Benign hypertension with chronic stable complications
(chronic end-organ dysfunction but no hypertensive
neuroretinopathy)
Chronic renal insufficiency due to primary renal

parenchymal disease
Chronic congestive heart failure with diastolic dysfunction
Atherosclerotic coronary vascular disease
Stable angina
Previous myocardial infarction
Chronic cerebrovascular disease

Transient ischemic attacks
Prior cerebrovascular accident

Severe uncomplicated hypertension (severe hypertension
without hypertensive neuroretinopathy or end-organ
dysfunction)

tachycardia. With the severe acute elevation of blood pres-
sure a number of complications can occur, including hy-
pertensive encephalopathy, intracerebral hemorrhage, and
pulmonary edema due to acute left ventricular diastolic dys-
function. Thus, catecholamine-related hypertensive crises re-
quire prompt recognition and control of blood pressure to avert
disaster.

Preeclampsia is a hypertensive disorder unique to pregnancy
that usually presents after the 20th week of gestation with pro-
teinuria, edema, and hypertension. Eclamptic seizures may en-
sue and without treatment may result in death. It is believed
that eclampsia may be a subtype of hypertensive encephalopa-
thy (8). Hypertensive disorders of pregnancy and their man-
agement are discussed in Chapter 53.

Poorly controlled hypertension in a patient requiring emer-
gency surgery is a hypertensive crisis because of the increased
cardiovascular risk that accompanies inadequate preoperative
blood pressure control. Surgical manipulation of the carotid ar-
teries or open-heart surgery (especially coronary artery bypass)
is occasionally followed by severe hypertension in the imme-
diate postoperative period. Severe postoperative hypertension
represents a crisis requiring immediate blood pressure control
because it can cause hypertensive encephalopathy or intracere-
bral hemorrhage, or jeopardize the integrity of vascular suture
lines and thereby lead to postoperative hemorrhage.

In patients with progressive systemic sclerosis, scleroderma
renal crisis can occur with sudden onset of hypertension that
may enter the malignant phase. There is a rapid progression to
ESRD within days to weeks unless the vicious cycle of hyperten-
sion, renal ischemia, and activation of the renin-angiotensin–
aldosterone axis is interrupted.

Severe acute hypertension can also occur in patients with
extensive burns or children receiving high-dose cyclosporine
for allogeneic bone marrow transplantation. In quadriplegic
patients, hypertensive crises may develop due to autonomic
hyperreflexia resulting from stimulation of nerves below the
level of the spinal cord injury. Hypertensive crises due to au-
tonomic hyperreflexia can also develop in Guillain-Barré syn-
drome. Hypertensive crises may also complicate acute rejection
or transplant renal artery stenosis in patients with renal allo-
grafts. In each of these conditions, a sudden increase in blood
pressure may cause acute pulmonary edema, hypertensive en-
cephalopathy, cerebrovascular accident, and/or death.

On the other hand, severe hypertension or the presence of
hypertensive complications does not always imply the exis-
tence of a hypertensive crisis requiring immediate control of the
blood pressure. Patients with benign hypertension (no hyper-
tensive neuroretinopathy) and chronic stable end-organ dys-
function do not require emergent reduction of blood pressure,
although a long-term lack of adequate blood pressure control
often results in further deterioration of end-organ function.
The term benign hypertension with chronic stable complica-
tions includes hypertension occurring in the setting of primary
renal parenchymal disease with chronic kidney disease, chronic
congestive heart failure, atherosclerotic coronary vascular dis-
ease (stable angina pectoris or prior myocardial infarction),
or chronic cerebral vascular disease (prior transient ischemic
attacks or cerebrovascular accident).

It is important to emphasize that the finding of severe hy-
pertension does not always imply that a hypertensive crisis is
present. In patients with severe hypertension that is not ac-
companied by acute end-organ dysfunction or evidence of ma-
lignant hypertension (hypertensive neuroretinopathy) eventual
complications due to stroke, myocardial infarction, or conges-
tive heart failure occur over a time frame of months to years
rather than hours to days. Although long-term control of blood
pressure can prevent these complications, a hypertensive crisis
cannot be diagnosed, as there is no evidence that acute reduc-
tion of blood pressure results in any improvement in short-term
or long-term prognosis. Severe uncomplicated hypertension is
defined by a diastolic blood pressure higher than 115 mm Hg
without evidence of malignant hypertension (no hypertensive
neuroretinopathy) or signs of acute end-organ dysfunction. Al-
though this is not a true hypertensive crisis as defined earlier,
it is the most common presentation of severe hypertension. Se-
vere uncomplicated hypertension is usually found in patients
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with chronic essential hypertension who are undiagnosed, un-
dertreated, or not adherant with medical therapy. It is most
often discovered incidentally in an otherwise asymptomatic
patient. There is no evidence of hypertensive encephalopathy
or other acute end-organ dysfunction. The fundi do not show
striate hemorrhages, cotton-wool spots, or papilledema. Since
the potential complications of severe uncomplicated hyperten-
sion develop with a time frame of months to years, the once
common practice of abrupt reduction of blood pressure with
oral antihypertensive agents prior to discharge from the acute
care setting is no longer accepted as the standard of care (9–11).
Instead, the goal of treatment should be the gradual reduction
of blood pressure to normotensive levels over a few days in con-
junction with frequent outpatient follow-up visits to modify the
antihypertensive regimen and reinforce the importance of life-
long adherence with medical therapy. In the past this entity has
been termed urgent hypertension. Use of the more descriptive
term severe uncomplicated hypertension is preferable because
there is no need for urgent reduction of blood pressure as would
be required in patients with true hypertensive crises.

MALIGNANT HYPERTENSION

Historical Perspective

In 1914, Volhard and Fahr (12) introduced the descriptive
terms benign and malignant, aimed at separating renal arte-
riosclerosis into two distinct types. The type without renal
failure was called benign nephrosclerosis and was character-
ized pathologically by arteriosclerosis of the kidney. The type
with renal failure was called malignant nephrosclerosis and
was characterized by necrotizing arteriolitis with inflammatory
changes in the glomeruli in addition to the arteriosclerosis seen
in the benign form (13). Volhard later abandoned the concept
of inflammatory changes and substituted prolonged ischemia
secondary to vascular spasm as the cause of the renal lesion in
the malignant type (14).

The prognostic importance of eyeground changes in hyper-
tensive patients has long been recognized. Albuminuric retini-
tis was the term used by Liebreich in 1859 (15) to describe the
retinal changes in some patients with advanced Bright’s disease
that were characterized by papilledema, ill-defined white exu-
dates, a macular star, and linear hemorrhages. Volhard noted
that the appearance of albuminuric retinitis was often the first

sign heralding a transition from the benign to the malignant
type of nephrosclerosis (12,14).

In 1928, Keith et al. (16) coined the term malignant hyper-
tension to describe a clinical syndrome characterized by severe
hypertension with arteriolopathy manifested by papilledema,
hemorrhages, and exudates (grade IV retinopathy). Virtually
all of their patients died within 1 year of various combinations
of brain, heart, and kidney failure. Interesting to note, at the
time of presentation with severe hypertension and grade IV
retinopathy, the majority of these patients had normal or only
mildly impaired renal function.

By 1935, the concept had emerged that the clinical syn-
drome of malignant hypertension was not due to a single etiol-
ogy but to a variety of different etiologies. Derow and Altschule
(17) pointed out that malignant hypertension occurred in asso-
ciation with essential hypertension as well as secondary forms
of hypertension such as chronic glomeulonephritis, chronic
pyelonephritis, Cushing’s syndrome, pheochromocytoma, re-
nal artery stenosis, and polyarteritis nodosa.

Over the ensuing decades it was recognized that regard-
less of the underlying etiology of malignant hypertension, the
relentless progression of the disease could be slowed or even
reversed by reduction of blood pressure with any one of a num-
ber of treatments including sympathectomy (18,19), pyrogens
(20), rice diet (21), excision of a unilaterally diseased kidney,
adrenal resection in Cushing’s syndrome (22), excision of a
pheochromocytoma (23), and a variety of drugs that lower
arterial pressure (24).

Untreated Prognosis and Natural History

A review of the survival statistics in the era before effec-
tive antihypertensive drugs became available reveals the rea-
son why this disorder was called “malignant” hyperten-
sion. Keith et al. (5,16) described 81 patients with grade
III or grade IV retinopathy in whom initial renal involve-
ment was mild. Even in the absence of significant nephropa-
thy, the short-term prognosis was grave. Their classic mor-
tality curve is shown in Figure 56-1. They reported 1-year
death rates in hypertensive patients catagorized on the ba-
sis of initial funduscopic findings. In group I (mild arte-
riolar narrowing or sclerosis of retinal vessels), the 1-year
death rate was 10%; in group II (moderate sclerosis with in-
creased light reflex and arteriovenous compression or local-
ized arteriolar narrowing), 12%; in group III (retinal hemor-
rhages and exudates), 35%; and in group IV (hemorrhages and

FIGURE 56-1. Survival curves based on the Keith and
Wagener grade of hypertensive retinopathy. (From:
Keith NM, Wagener HP, Barker NW. Some different
types of essential hypertension: their course and prog-
nosis. Am J Med Sci 1939;197:332, with permission.)
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exudates plus papilledema), 80% 1-year mortality. Many other
series of untreated hypertensive patients with severe retinopa-
thy confirmed this dismal prognosis (25–29). The reported
causes of death in untreated patients with malignant hyperten-
sion were similar in most series. Uremia was the most common
cause of death, followed by congestive heart failure and cere-
brovascular accident. Ellis (28) outlined four different clinical
courses in patients with severe hypertension and hypertensive
neuroretinopathy. In the cerebral type, patients died due to
intracerebral hemorrhage or hypertensive encephalopathy. In
the cardiac type, severe congestive heart failure with attacks of
acute pulmonary edema dominated the clinical picture. With
the renal type, death was the result of terminal uremia. In the
combined type, patients died with manifestations of both con-
gestive heart failure and uremia. Each type showed evidence
of widespread vasculopathy and had a rapidly fatal course.
In these series, the most important prognostic factor in un-
treated patients with malignant hypertension was the level of
renal function at the time of diagnosis (25,26). Thus, the ma-
jority of untreated patients with malignant hypertension can
be expected to die from uremia within 1 year. Congestive heart
failure is often present. Some patients succumb earlier due to
hypertensive encephalopathy or intracerebral hemorrhage at a
time when renal involvement may not be pronounced.

Etiologies of Malignant Hypertension

Hypertension of virtually any etiology can enter a malignant
phase (Table 56-2). Thus, malignant hypertension is not a single
disease entity but rather a syndrome in which hypertension can
be either primary (essential) or secondary to one of any number
of different etiologies (17). Moreover, in the individual patient
with malignant hypertension, on clinical grounds it is often
difficult to distinguish whether the underlying hypertension is
primary or secondary.

Malignant hypertension usually develops in patients with
preexisting, poorly controlled, or undiagnosed hypertension.
However, occasional patients have been described who experi-

TA B L E 5 6 - 2

ETIOLOGIES OF MALIGNANT HYPERTENSION

Primary (essential) malignant hypertensiona

Secondary malignant hypertension
Chronic kidney disease

Chronic glomerulonephritisa

Chronic pyelonephritisa

Analgesic nephropathya

Immunoglobulin A nephropathya

Acute glomerulonephritis
Radiation nephritis
Ask-Upmark kidney

Renovascular hypertensiona

Oral contraceptives
Renal cholesterol embolization
Scleroderma renal crisis
Antiphospholipid (anticardiolipin) antibody syndrome
Chronic lead poisoning
Endocrine hypertension
Pheochromocytoma
Aldosterone-producing adenoma
Cushing’s syndrome
Congenital adrenal hyperplasia

aMost common underlying etiologies.

ence an abrupt onset of so-called de novo malignant hyperten-
sion without a preceding phase of benign hypertension (27,29).
The presence of de novo malignant hypertension almost always
indicates an underlying secondary cause of hypertension (27).

Primary (Essential) Malignant Hypertension

In the era prior to the introduction of antihypertensive drugs,
malignant hypertension evolved from underlying essential hy-
pertension in more than 50% of patients (27,30). However,
more recent series found a lower incidence of primary malig-
nant hypertension, most likely reflecting prevention of malig-
nant hypertension through effective control of blood pressure
among patients with essential hypertension (31,32). In a series
of patients collected between 1979 and 1985, primary malig-
nant hypertension was found in only 20% (32). This observa-
tion may not apply to black patients, because among blacks,
essential hypertension continues to represent the most common
underlying etiology of malignant hypertension (33–35). Essen-
tial hypertension appears to be a rare cause of malignant hyper-
tension in children. Secondary causes of hypertension such as
chronic pyelonephritis, chronic glomerulonephritis, and reno-
vascular hypertension are much more common in this younger
age group (36).

Secondary Malignant Hypertension

The most common secondary cause of malignant hyperten-
sion is primary renal parenchymal disease. Chronic glomeru-
lonephritis was reported to underlie the development of ma-
lignant hypertension in up to 20% of patients (30,32). Unless
a history of an acute nephritic episode or long-standing hema-
turia or proteinuria is available, the underlying glomeru-
lonephritis may be apparent only if a renal biopsy is per-
formed (32). Recently, immunoglobulin A (IgA) nephropathy
was reported as a frequent cause of malignant hypertension
in series from Spain and Australia (32,37,38). In one series of
66 patients with IgA nephropathy, malignant hypertension de-
veloped in 10% (38).

Chronic pyelonephritis was reported as a cause of malignant
hypertension in 9% to 16% of patients in recent series (31,32).
In children, chronic atrophic pyelonephritis is the most fre-
quent cause of malignant hypertension (39,40). Children with
reflux nephropathy causing chronic atrophic pyelonephritis of-
ten present with either hypertensive encephalopathy or malig-
nant hypertension (40).

In Australia, malignant hypertension complicates up to 7%
of cases of analgesic nephropathy (41). Transient malignant
hypertension responsive to volume expansion, an entity that
is rare with other causes of malignant hypertension, can occur
in the setting of analgesic nephropathy (41). It has been sug-
gested that the salt-wasting state caused by tubulomedullary
dysfunction contributes to the pathogenesis of malignant hy-
pertension by causing severe volume depletion with activation
of the renin-angiotensin axis (42).

Malignant hypertension is both an early and a late com-
plication of radiation nephritis (25,44). In a series of patients
with seminoma treated by radiotherapy to the posterior lymph
nodes, acute radiation nephritis occurred in 13 patients with a
latent period of 6 to 12 months. This was characterized by hy-
pertension, anemia, albuminuria, and renal insufficiency. Hy-
pertensive neuroretinopathy (striate hemorrhages, cotton-wool
spots, and papilledema), indicating the development of malig-
nant hypertension, occurred in five of these patients, three of
whom died as a consequence of congestive heart failure, hy-
pertensive encephalopathy, and uremia (44). In some patients,
malignant hypertension developed as a late complication of ra-
diotherapy with a latent period of 1.5 to 11.0 years, despite the
absence of a history of prior acute radiation nephritis (44).

Congenital unilateral renal hypoplasia (Ask-Upmark kid-
ney) is a rare cause of malignant hypertension in children and
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adolescents. This entity is characterized by unilateral renal hy-
poplasia with an enlarged and deformed renal pelvis that has
one or more recesses that end blindly near the surface of the
kidney. There is debate as to whether this represents a distinct
clinicopathologic entity (43), or is simply the result of chronic
pyelonephritis in a congenitally hypoplastic kidney (45).

Renovascular hypertension due to either fibromuscular
dysplasia or atherosclerotic renal artery stenosis is a well-
recognized cause of malignant hypertension. Its frequency,
however, varies in different series. Some series in adult patients
reported only a 3% to 4% incidence of underlying renovas-
cular hypertension (25,27). A 10% incidence of renal artery
stenosis was reported among children with severe hyperten-
sion (40). In contrast to these series, others found a very high
incidence of underlying renovascular disease among patients
with malignant hypertension (46). In a series of 123 patients
with malignant hypertension, renovascular hypertension was
found in 43% of white patients and 7% of black patients. The
prevalence of renovascular hypertension was the same when
the group with hemorrhages and exudates without papilledema
was analyzed separately from the group with papilledema (46).

Although hypertension is usually mild to moderate in pa-
tients with polyarteritis nodosa, malignant hypertension has
been reported (47). In polyarteritis, even in normotensive in-
dividuals, lesions indistinguishable from primary malignant
nephrosclerosis may be seen in the interlobular arteries (pro-
liferative endarteritis) and afferent arterioles (fibrinoid necro-
sis). However, the finding of healed and active lesions in larger
medium-sized muscular arteries of the kidney (arcuate and
larger arteries), mesentery, lungs, pancreas, and adrenals is un-
usual in primary malignant hypertension and suggests the di-
agnosis of polyarteritis nodosa (30).

In women of childbearing age, oral contraceptives may
cause malignant hypertension (48–49). Some of the reported
patients were normotensive prior to the initiation of oral con-
traceptives, although several patients had gestational hyper-
tension during a prior pregnancy. In the absence of underlying
renal disease, discontinuation of oral contraceptives is asso-
ciated with an excellent long-term prognosis (49). However,
a more recent series of women of childbearing age with ma-
lignant hypertension suggests that oral contraceptive use was
not a common underlying etiology; instead a past history of
pregnancy-induced hypertension was the most important risk
factor (50).

Severe hypertension, which can enter the malignant phase, is
a frequent complication of atheroembolic renal disease (choles-
terol embolization) (51–54). In patients with severe aortic
atherosclerotic disease undergoing aortic angiography, cardiac
catheterization, or vascular surgery, evidence of cholesterol em-
bolization may develop immediately after the procedure, with
lower extremity livedo reticularis and purple toes, abdominal
pain, eosinophilia, eosinophiluria, hypocomplementemia, and
acute renal failure. Severe benign or malignant hypertension
may develop acutely. Alternatively, the patient may present
with malignant hypertension weeks to months after the in-
citing procedure, at a time when clinical signs of cholesterol
embolization have entirely resolved.

Scleroderma renal crisis is the most acute and life-threa-
tening manifestation of progressive systemic sclerosis. It is char-
acterized by severe hypertension (sometimes malignant) with
rapidly progressive renal failure (55,56). In one large series,
scleroderma renal crisis occurred in 7% of white patients and
21% of black patients with progressive systemic sclerosis (57).
The renal histology in scleroderma renal crisis is often virtually
indistinguishable from that of primary malignant nephroscle-
rosis (58). However, in progressive systemic sclerosis, involve-
ment of the renal vasculature, with proliferative endarteritis
involving the interlobular arteries and fibrinoid necrosis of the
afferent arterioles, may be a primary event that precedes either

hypertension or renal insufficiency (58). The renal ischemia
that results from these lesions causes hypertension through
activation of the renin–angiotensin system, leading to a vi-
cious cycle of severe hypertension and renal ischemic injury.
Scleroderma renal crisis was once a uniformly fatal complica-
tion of progressive systemic sclerosis. With the introduction of
angiotensin-converting inhibitors as treatment, outcomes have
improved significantly, though 39% to 50% of patients with
scleroderma renal crisis continue to have poor outcomes, in-
cluding permanent dialysis and death (56).

Patients with antiphospholipid (anticardiolipin) antibody
syndrome, either primary or secondary to systemic lupus ery-
thematosus, can develop malignant hypertension with renal
insufficiency due to thrombotic microangiopathy even in the
absence of overt lupus nephritis (59).

Malignant hypertension rarely complicates the course of im-
munoglobulin G (IgG) myeloma. Although the pathogenesis is
not known, hyperviscosity has been implicated (60). Malignant
hypertension may also develop in patients with immunotactoid
glomerulopathy (Nolan, unpublished observation).

Patients with chronic lead poisoning can develop severe
hypertension and the neuroretinopathy typical of malignant
hypertension (17).

A number of endocrine disorders occasionally lead to sec-
ondary malignant hypertension. Malignant hypertension is a
rare complication of pheochromocytoma (61). Although ma-
lignant hypertension secondary to aldosterone-producing ade-
noma is rare, occasional cases have been described (62). How-
ever, a diagnosis of primary hyperaldosteronism must be made
with caution in patients with a history of malignant hyper-
tension. Following successful treatment of malignant hyper-
tension, plasma renin activity (PRA) rapidly returns to nor-
mal, whereas aldosterone secretion may remain elevated for
up to a year. This observation has been attributed to persistent
adrenal hyperplasia due to long-standing hyperreninemia
with disordered feedback control (tertiary hyperaldosteronism)
(63). During this period, hypokalemia, metabolic alkalosis,
and hyperaldosteronism may persist, despite suppressed PRA,
thereby mimicking primary hyperaldosteronism. These pa-
tients with tertiary hyperaldosteronism were found to have
bilateral nodular adrenal hyperplasia at surgery (64,65). Al-
though adrenalectomy alleviates hypokalemia in this setting,
there is no improvement in blood pressure (64,65).

Cushing’s syndrome with bilateral adrenal hyperplasia is
most often associated with benign hypertension, although oc-
casional cases of malignant hypertension have been reported
(25,66). Congenital adrenal hyperplasia in patients with 11
β-hydroxylase deficiency (67) or 17 α-hydroxylase deficiency
(68) can cause malignant hypertension.

Epidemiology of Malignant Hypertension

Incidence

Although malignant hypertension is often a complication of
preexisting hypertension, the risk of its development in hy-
pertensive patients is difficult to estimate. In early series the
incidence of malignant hypertension among hypertensive pa-
tients was 1% to 7% (25,69). In the era of effective antihy-
pertensive therapy for benign hypertension, the incidence of
malignant hypertension appears to have declined to some ex-
tent. A review of death certificates in New York City between
1958 and 1974 revealed that the overall mortality due to ma-
lignant hypertension had declined by 78% from 2.25 deaths to
0.48 deaths/100,000 population/year (70). Although some of
the decreased mortality was probably due to successful treat-
ment of patients with malignant hypertension with antihy-
pertensive drugs and dialysis, the authors speculated that the
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overall incidence of malignant hypertension had declined to less
than 1% due to successful treatment of benign hypertension.
However, despite recent advances in the treatment of essential
hypertension, malignant hypertension is clearly not a disease
that has vanished. In the United States, during the period from
1983 to 1992, the number of hospital admissions with malig-
nant hypertension or accelerated hypertension as the primary
diagnosis (International Classifcation of Diseases, ICD-9 Code
401.0) doubled from approximately 16,000 to 32,000. More-
over, the number of admissions in which one of these conditions
was listed as a diagnosis tripled from approximately 23,000 to
75,000 (2). Reported experience in a multiracial population
in England indicates that malignant hypertension is still com-
mon with a small proportion of hypertensive patients present-
ing with malignant hypertension each year (71). The incidence
rate of malignant hypertension for the entire population was
approximately one to two cases/100,000/year. Moreover, the
incidence rate was not changed over the 24-year period from
1970 to 1993. Thus, despite the plethora of drugs available
for the treatment of hypertension, failure to identify or ade-
quately treat hypertension remains problematic and malignant
hypertension undoubtedly will remain a clinical challenge for
the foreseeable future (72,73).

Age

Malignant hypertension occurs more frequently in younger
subjects. The mean age of patients with malignant hyperten-
sion ranges from 40 to 50 years, with 57% of patients between
30 and 50 years old (27). No difference has been found in
the age at onset in men compared to women or whites com-
pared to blacks (25–27,29,74). Pickering (45) suggests that the
age dependency of malignant hypertension could be related to
the increased frequency of secondary, more severe forms of
hypertension in the young. Alternatively, it is possible that hy-
pertension in patients destined to enter the malignant phase
may be more rapidly progressive from the onset, so that the
disease would be expected to occur predominantly in younger
patients. Malignant hypertension is a rare development in pa-
tients beyond the age of 65 (27). The declining incidence of
malignant hypertension in patients with essential hypertension
relative to age is in marked contrast to the overall incidence of
benign hypertension, which reaches a peak in the eighth decade
(27). Patients over age 60 with malignant hypertension usually
have underlying renovascular hypertension or primary renal
parenchymal disease (75).

Gender

In most series of patients with malignant hypertension, males
predominate over females by as much as 2 to 1 (25,26,29,30,
69,74).

Race

Blacks have an increased incidence of essential hypertension
compared to whites. Moreover, several studies demonstrate
that blacks with essential hypertension also have an increased
risk of developing malignant hypertension. In a population in
which 31% of all hypertensive patients were black, 46% of
200 patients with malignant hypertension were found to be
black (29). In a study of 135 pairs of black and white hy-
pertensive patients matched for age and gender, 4.4% of the
black patients had retinopathy consistent with malignant hy-
pertension, whereas only 0.74% of the white patients had these
funduscopic findings (76). The increased frequency of malig-
nant hypertension among blacks may be due to the fact that
they presented later in the course of essential hypertension, that
antihypertensive therapy in blacks was inadequate to prevent
the development of malignant hypertension, or that essential

hypertension may be a more aggressive and likely to enter the
malignant phase in blacks than whites (77).

Preceding Duration of Benign Hypertension

Although there are occasional case reports in which the malig-
nant phase appears to begin de novo, the majority of patients
show evidence of a variable period of preceding benign hy-
pertension before the onset of malignant hypertension. Among
77 patients with malignant hypertension, the documented du-
ration of benign hypertension was 0 to 6 months in 4%,
6 months to 1 year in 10%, 1 to 2 years in 12%, 2 to 4 years
in 23%, 4 to 6 years in 16%, 6 to 8 years in 17%, and 8 to
10 years in 4%. Only 14% had benign hypertension for more
than 10 years prior to the onset of the malignant phase (25).

Smoking and Alcohol as Risk Factors

The risk of malignant hypertension is higher among hyperten-
sive patients who smoke (78–80). In one series, 82% of the pa-
tients with malignant hypertension were smokers versus 50%
of inpatients and 43% of outpatients with benign hyperten-
sion and 52% of normotensive control subjects (80). The rela-
tive risk for developing malignant hypertension was five times
higher in hypertensive patients who smoked. Among patients
with malignant hypertension, at initial presentation, renal in-
sufficiency was also more common among smokers. The mean
serum creatinine concentration for nonsmokers was 1.2 mg/dL,
compared to 2.5 mg/dL for smokers. Moreover, of the 18 pa-
tients with a serum creatinine value over 2.8 mg/dL, 17 were
smokers and one was a former smoker (80).

In contrast to the findings with regard to smoking risk,
no significant difference has been found for the prevalence or
quantity of alcohol consumption in groups of patients with
benign or malignant hypertension (79).

Clinical Features of Malignant Hypertension

The clinical features of untreated malignant hypertension as
outlined by Volhard and Fahr in 1914 (12) are still valid to-
day: (a) elevation of diastolic blood pressure, usually fixed and
severe; (b) funduscopic changes of hypertensive neuroretinopa-
thy with striate hemorrhages, cotton-wool spots, and pa-
pilledema; (c) renal insufficiency; (d) rapid progression to a
fatal outcome, usually due to uremia if inadequately treated;
and (e) renal histology demonstrating malignant nephrosclero-
sis with fibrinoid necrosis of afferent arterioles and proliferative
endarteritis of interlobular arteries.

Unless hypertensive neuroretinopathy is present, malignant
hypertension cannot be diagnosed regardless of the height of
the arterial blood pressure (4). However, the other clinical fea-
tures need not be present initially to substantiate a diagnosis
of malignant hypertension. There is no critical level of blood
pressure that defines the presence of malignant hypertension.
An acute increase in blood pressure in previously normotensive
individuals can precipitate the malignant phase at a diastolic
blood pressure as low as 100 to 110 mm Hg. Conversely, very
high diastolic blood pressures may persist for many years in
patients with essential hypertension without the development
of malignant hypertension (81).

With untreated malignant hypertension, severe renal impair-
ment inevitably occurs, although there may be minimal renal
involvement at the time of presentation. In this regard, in pa-
tients dying early in the course of malignant hypertension due
to cerebrovascular accident or congestive heart failure, histo-
logic features of malignant neuphrosclerosis may be absent.

Some authors have distinguished accelerated hypertension
(hemorrhages and cotton-wool spots) from malignant hyper-
tension (hemorrhages, cotton-wool spots, and papilledema).
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However, since the finding of striate hemorrhages and cotton-
wool spots has the same prognostic significance whether or
not papilledema is present (6,7), it has been recommended that
accelerated hypertension and malignant hypertension be re-
garded as synonymous terms for a clinical syndrome in which
there is widespread hypertension-induced acute arteriolar in-
jury. The World Health Organization has recommended that
the term malignant hypertension be used to describe this disease
process (4). Use of the term accelerated hypertension should
probably be abandoned because it is now commonly used to
describe patients who have increasingly severe or resistant hy-
pertension independent of the funduscopic findings that char-
acterize true accelerated or malignant hypertension.

Presenting Symptoms

The most common presenting complaints in patients with ma-
lignant hypertension are headache, blurred vision, and weight
loss (25–27). Less common presenting symptoms include dysp-
nea, fatigue, malaise, gastrointestinal complaints (nausea, vom-
iting, epigastric pain), polyuria, nocturia, and gross hematuria
(26,27). In many series, the onset of symptoms was noted to
be remarkably sudden, such that it could often be dated pre-
cisely (26,27,29). In contrast, an “asymptomatic” presenta-
tion of malignant hypertension is not uncommon, especially in
young black males who deny any prior symptoms when they
present in the end-stage of the hypertensive process with florid
failure of the brain, heart, and kidneys.

Headache is the most frequent presenting complaint in pa-
tients with malignant hypertension. Unfortunately, headache
is a nonspecific finding that also occurs frequently in patients
with benign hypertension. Nonetheless, when patients with se-
vere hypertension experience headaches of recent onset or the
intensification of an existing headache pattern, malignant hy-
pertension should be excluded (25).

In one large series, visual symptoms were present at initial
diagnosis in 76% of patients and visual problems eventually
developed in 90% (26). The most common complaints were

blurred vision and decreased visual acuity. Sudden blindness
occurred in 14% of patients. Scotoma, diplopia, and hemi-
anopsia were also reported.

Weight loss is a very common symptom early in the course
of malignant hypertension, and often occurs before the onset
of anorexia or uremia (25,29,81). In many patients, at least a
portion of the weight loss can be attributed to volume deple-
tion resulting from a spontaneous natriuresis with the onset of
malignant hypertension (42,82,83).

Level of Blood Pressure

There is apparently no absolute level of blood pressure above
which malignant hypertension invariably occurs. In most se-
ries of patients with malignant hypertension, the average dias-
tolic blood pressure is higher than 120 to 130 mm Hg (26,27).
However, two series found considerable overlap of blood pres-
sure levels in patients with benign and malignant hypertension
(25,84) (Fig. 56-2).

Funduscopic Manifestations

Examination of the ocular fundus is of great importance in
the assessment of patients with severe hypertension, especially
with regard to prognosis (84–88). The description by Keith et
al. (16) of the prognosis of hypertensive patients based on a
grading system for hypertensive retinopathy was the landmark
study in this field. They graded retinal findings in untreated
hypertensive patients as follows: grade I—mild narrowing or
sclerosis of arterioles; grade II—moderate sclerosis with an in-
creased light reflex and arteriovenous compression; grade III—
retinal hemorrhages and exudates; and grade IV—the findings
in grade III plus papilledema. The presence of papilledema was
associated with the worst prognosis and became synonymous
with the term malignant hypertension. In subsequent years, the
term accelerated hypertension was adopted to describe patients
with grade III retinopathy (89).

The clinical utility of the Keith and Wagener classification,
although widely accepted, has been questioned (6,57,87). It

FIGURE 56-2. Systolic and diastolic
blood pressures in patients with ma-
lignant hypertension compared with
age- and gender-matched patients with
severe benign hypertension. (From:
Kincaid-Smith P. Malignant hyperten-
sion: mechanisms and management.
Pharmacol Ther 1980;9:245, with per-
mission.)
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is extremely difficult to quantitate arteriolar narrowing (87).
Moreover, there is observer bias such that patients with mild
hypertension and questionable narrowing are inevitably placed
in this group (87). Thus, the finding of grade I changes is of
limited usefulness. There is also great interobserver variability
with regard to the definition of arteriovenous crossing changes
(90). Another objection to the Keith and Wagener classification
is that it does not clearly distinguish between the retinal changes
of benign and malignant hypertension (45). For example, the
clinical significance of a large, ill-defined white exudate (cotton-
wool spot) appearing in the fundus of a young man with severe
hypertension is quite different from the clinical significance of
a sharply defined, glistening, hard exudate in a 60-year-old
patient with moderate hypertension. In the first example, the
cotton-wool spot and the clinical circumstances suggest the on-
set of malignant hypertension. In the older patient, the retinal
picture is consistent with retinal arteriosclerosis characteristic
of benign hypertension (45). The therapeutic and prognostic
implications of these two types of exudate are clearly different,
although both would be assigned to grade III in the Keith and
Wagener classification.

A number of authorities have recommended abandonment
of the Keith and Wagener classification in favor of the hyper-
tensive retinopathy classification initially proposed by Fishberg
and Oppenheimer (86). This classification draws a distinction
between retinal arteriosclerosis with arteriosclerotic retinopa-
thy, which is characteristic of benign hypertension, and hyper-
tensive neuroretinopathy, which defines the presence of ma-
lignant hypertension (Table 56-3). In essence, two different
types of retinal disease occur in patients with hypertension: one
that reflects changes induced by arteriolar narrowing (retinal
arteriosclerosis); and one that represents acute retinal vascu-
lar injury induced by severe hypertension (hypertensive neu-
roretinopathy).

Retinal arteriosclerosis with or without arteriosclerotic
retinopathy is seen in patients with long-standing benign hy-
pertension from either primary or secondary causes. Retinal ar-
teriosclerosis (arteriolosclerosis) is characterized histologically
by the accumulation of hyaline material in arterioles. In the
early stages, the material is deposited in the intima beneath the
endothelium, while in older lesions deposits extend into the
media and ultimately involve the entire vessel wall. Fundus-

TA B L E 5 6 - 3

RETINAL CHANGES IN HYPERTENSION

Retinal arteriosclerosis and arteriosclerotic retinopathy
Arteriolar narrowing (diffuse)
Focal arteriolar narrowing
Arteriovenous crossing changes
Broadening of the light reflex
Copper or silver wiring
Perivasculitis
Solitary round hemorrhages
Hard exudates
Central or branch venous occlusion

Hypertensive neuroretinopathy
Generalized arteriolar narrowing
Striate (flame-shaped) hemorrhagesa

Cotton-wool spots (soft exudates)a

Bilateral papilledemaa

Macular star

aFeatures that distinguish hypertensive neuroretinopathy
(characteristic of malignant hypertension) from retinal arteriosclerosis
(characteristic of benign hypertension).

copic changes reflecting retinal arteriosclerosis include irregu-
larity of the lumen and focal narrowing, arteriovenous crossing
changes, broadening of the light reflex, copper or silver wiring,
perivasculitis (parallel white lines around blood column), and
generalized arteriolar narrowing. Arteriosclerotic retinopathy,
which results from this arteriosclerotic process, is manifested
by the presence of hemorrhages and hard exudates. The hem-
orrhages are usually solitary, round or oval, and confined to the
periphery of the fundus. They are caused by venous or arterial
occlusion (87). Hard exudates may appear as multiple small
white dots that give a powdery appearance to the retina, or
they may appear as large glistening spots that are sharply de-
fined from the adjacent retina. Arteriosclerotic retinopathy can
also cause localized areas of retinal edema and hemorrhage
due to occlusion of small branch veins. However, the princi-
pal findings of hypertensive neuroretinopathy, namely, striate
hemorrhages, cotton-wool spots, and papilledema, are absent
(Table 56-3).

The finding of retinal arteriosclerosis in hypertensive pa-
tients usually does not imply a poor prognosis. Even patients
with severe arteriosclerotic retinopathy may live for many
years before the development of morbid events due to coro-
nary artery disease, congestive heart failure, or cerebrovascular
accident. Furthermore, the presence of retinal arteriosclerosis
in patients with essential hypertension is typically not associ-
ated with significant renal impairment. This observation is in
sharp contrast to patients with hypertensive neuroretinopathy
in whom renal impairment, if not already present, is imminent
without treatment.

Furthermore, the finding of retinal arteriosclerosis in hy-
pertensive patients is of no prognostic significance with regard
to the risks of coronary atherosclerosis and cerebrovascular
disease (85,87,88). As the arteries visualized with the ophthal-
moscope are technically arterioles with a diameter less than
0.1 mm (87), hyaline arteriolosclerosis of the retinal vessels is
a process that is entirely different from the atherosclerotic pro-
cess that can affect larger muscular arteries. Thus, the finding
of retinal arteriosclerotic changes is not predictive of the pres-
ence or absence of atherosclerotic disease of the coronary or
cerebral vessels or other major arterial branches of the aorta
(85). The prognostic significance of retinal changes in benign
hypertension has also been questioned on the basis of the ob-
servation that normotensive control subjects between the ages
of 40 and 60 have a high incidence of retinal arteriosclerosis,
presumably reflecting age-related vascular changes (91).

In a study designed to assess the usefulness of ophthal-
moscopy in mild to moderate hypertension, 25 patients with
untreated essential hypertension were evaluated with direct
ophthalmoscopy, assessment of fundus photographs, ambula-
tory blood pressure monitoring, estimation of left ventricular
mass by electrocardiography and two-dimensional echocardio-
graphy, and measurement of urinary microalbumin excretion.
No statistical relation was found between either clinic or am-
bulatory blood pressure readings and the severity of retinal
arteriosclerosis as defined by the presence of arteriolar nar-
rowing or arteriovenous crossing changes. Moreover, there was
no independent relationship between retinal changes and age,
measures of left ventricular mass, creatinine clearance, or uri-
nary microalbumin excretion. Thus, the finding of retinal arte-
riosclerosis has little clinical utility in the evaluation of patients
with mild to moderate hypertension (90).

The lack of clinical significance of retinal arteriosclerosis
in hypertensive patients contrasts markedly with the impor-
tance and prognostic significance of the finding of hyperten-
sive neuroretinopathy. The appearance of striate hemorrhages
and cotton-wool spots with or without papilledema closely
parallels the development of severe arteriolar damage (fibri-
noid necrosis and proliferative endarteritis) in the circulation
of other organs including the brain and kidneys. Hypertensive
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FIGURE 56-3. Striate hemorrhages (arrows) in the fundus of a 48-
year-old white female with secondary malignant hypertension due to
underlying immunoglobulin A nephropathy.

neuroretinopathy is the clinical sine qua non of malignant hy-
pertension and therefore signifies a far more ominous prognosis
than does the finding of retinal arteriosclerosis in benign hy-
pertension.

The appearance of small striate hemorrhages is often the first
sign that malignant hypertension has developed. These hem-
orrhages are linear or flame-shaped and are most commonly
observed in a radial arrangement around the optic disc (85,87)
(Fig. 56-3). They arise from superficial capillaries in the nerve
fiber bundles, which have high intravascular pressure because
they are perfused directly by arterioles (85). The hemorrhages
extend along nerve fibers parallel to the retinal surface. They
often have a frayed distal border due to extravasation between
nerve fiber bundles. Even when widespread, hemorrhages are
rarely seen lateral to the macula in hypertensive neuroretinopa-
thy. Striate hemorrhages often occur adjacent to cotton-wool
spots (Fig. 56-4) and most likely arise from capillary micro-
aneurysms at the margins of the spots. Since hemoglobin ab-

FIGURE 56-4. Cotton-wool spots (arrows) in the fundus of a 48-year-
old white female with secondary malignant hypertension due to under-
lying immunoglobulin A nephropathy. Striate hemorrhages are also
seen adjacent to some of the cotton-wool spots.

FIGURE 56-5. Papilledema in the fundus of an 18-year-old African
American male with primary malignant hypertension. Cotton-wool
spots are also apparent. This asymptomatic patient was incidentally
noted to have severe hypertension during a routine dental examination.

sorbs fluorescein, hemorrhages appear black with fluorescein
angiography (85). Striate hemorrhages can usually be distin-
guished from the hemorrhages seen in retinal arteriosclerosis,
which are solitary, round, and confined to the periphery of the
fundus (87).

Cotton-wool spots are the most characteristic feature of ma-
lignant hypertension and are the result of ischemic infarction
of nerve fiber bundles caused by arteriolar occlusion. They
usually surround the optic disc and most commonly occur
within three disc diameters of the optic disc (Figs. 56-4–56-6).
Cotton-wool spots begin as grayish-white discoloration of the
retina, but within 24 hours they become shiny white with fluffy
margins. Red dots may be seen in the bed of the exudate
(microaneurysms). Cotton-wool spots are not specific for

FIGURE 56-6. Full-blown hypertensive neuroretinopathy in fundus of
a 30-year-old man with malignant hypertension demonstrating linear
(striate) hemorrhages, cotton-wool spots, papilledema, and a star figure
at the macula. (Photograph courtesy of Daniel J. Mayer, MD.)
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hypertensive neuroretinopathy and can also be seen with di-
abetic retinopathy, retinal emboli, and central and branch reti-
nal vein occlusion. However, differentiation of these disorders
from malignant hypertension is usually not difficult.

Papilledema can occur in patients with hypertensive neu-
roretinopathy, but it is not invariably present. In malignant
hypertension, papilledema is usually accompanied by striate
hemorrhages and cotton-wool spots (Figs. 56-5 and 56-6).
When papilledema occurs alone, the possibility of a primary
intracranial process such as a tumor or cerebrovascular acci-
dent should be considered (45). However, lone bilateral pa-
pilledema has recently been described as a variant of hyperten-
sive neuroretinopathy (92). Once intracerebral pathology has
been excluded, these patients require aggressive treatment just
as those with hypertensive neuroretinopathy accompanied by
striate hemorrhages and cotton-wool spots.

A star figure at the macula represents hard exudates ar-
ranged in a radial fashion from the central fovea (Fig. 56-6).
Although a star figure can occasionally be seen in arterioscle-
rotic retinopathy, it usually develops in conjunction with the
florid retinal changes in malignant hypertension. In hyperten-
sive neuroretinopathy the exudates form lines or sheets around
the macula rather than the discrete dots around the macula that
occur in arteriosclerotic retinopathy (45).

Hypertensive neuroretinopathy almost always precedes
clinically apparent damage in other end organs but there are oc-
casional reports of malignant nephrosclerosis appearing before
the onset of hypertensive neuroretinopathy (93). It should also
be noted that the findings of striate hemorrhages, cotton-wool
spots, and papilledema are not specific for malignant hyper-
tension. Funduscopic findings that are indistinguishable from
those of hypertensive neuroretinopathy can occur with severe
anemia, subacute bacterial endocarditis, systemic lupus ery-
thematosus, polyarteritis, temporal arteritis, and scleroderma
(45). In these disorders the retinopathy may develop even in
the absence of hypertension. Central retinal vein occlusion can
also mimic hypertensive neuroretinopathy but is usually unilat-
eral, whereas hypertensive neuroretinopathy is almost always
bilateral.

Severe hypertension can also affect the choroidal as well
as the retinal circulation. Hypertensive choroidopathy can oc-
cur with malignant hypertension and is manifested by lesions
known as acute Elschnig’s spots, which are white areas of reti-
nal pigment epithelial necrosis with overlying localized serous
detachments of the retina (94) (Fig. 56-7). The serous retinal
detachments may vary from one-third to six disc diameters.
Fluorescein angiography reveals staining of the damaged pig-
ment epithelium and leakage into the subretinal space (94).
Although most patients with this hypertensive choroidopathy
also have typical changes of hypertensive neuroretinopathy
with striate hemorrhages and cotton-wool spots, if the ele-
vation of blood pressure is relatively sudden, the changes of
hypertensive choroidopathy may predominate (94).

As stated earlier, papilledema should not be regarded as
an essential requirement for the diagnosis of malignant hy-
pertension. By life table analysis, the 10-year survival rate for
hypertensive patients was 46% in patients with hemorrhages
and exudates and 48% when papilledema was also present (7).
The lack of association between papilledema and the length of
survival was confirmed using the Cox’s proportional hazards
model, which revealed associations between survival and age,
smoking habit, initial serum creatinine concentration, and the
level of blood pressure control achieved with therapy. No as-
sociation was found with papilledema. When other covariates
were controlled simultaneously, no association was found be-
tween the presence of papilledema and survival (Fig. 56-8). The
failure of recent studies to find the previously reported differ-
ence in survival between grade III and grade IV retinopathy (5)
may be due to the fact that the earlier study involved untreated

FIGURE 56-7. Hypertensive choroidopathy in malignant hyperten-
sion demonstrating focal serous detachment of the sensory retina with
a whitish lesion at the level of the retinal pigment epithelium (acute
Elschnig’s spot). (From: de Venecia G, Jampol LM. The eye in accel-
erated hypertension: II. Localized serous detachments of the retina in
patients. Arch Ophthalmol 1984;102:68, c© 1984, American Medical
Association, with permission.)

patients. Papilledema may be associated with a worse prog-
nosis only when the hypertension is untreated or ineffectively
treated (7).

There is no evidence to indicate that the apparent sever-
ity of hypertensive neuroretinopathy is predictive of a more
severe hypertensive vasculopathy or more advanced end-organ

FIGURE 56-8. Relation between papilledema and survival in 139 hy-
pertensive patients with bilateral retinal hemorrhages and exudates
after controlling for age, gender, smoking habit, initial serum creati-
nine concentration, and initial and achieved blood pressure by mul-
tivariate analysis. Failure of papilledema to influence prognosis was
confirmed by likelihood ratio test (X = 0.89, 1 df, p = 0.34). (From:
McGregor E, et al. Retinal changes in malignant hypertension. Br Med
J 1986;292:233, with permission.)
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destruction. Papilledema is not always present even when there
is severe malignant nephrosclerosis presenting as oliguric acute
renal failure. In four series with a total of 25 patients present-
ing with malignant hypertension and acute renal failure, only
14 patients had papilledema. The other 11 patients had hem-
orrhages and cotton-wool spots but no papilledema (95–98).
This lack of a difference in prognosis for patients with hyper-
tensive neuroretinopathy whether or not it is accompanied by
papilledema may be explained by the fact that cotton-wool
spots and papilledema share a similar pathogenesis (vide infra)
(99,100).

The diagnosis of malignant hypertension may be made in the
setting of severe hypertension when only a single cotton-wool
spot is observed. The approach to the treatment of hyperten-
sion in this setting should be just as aggressive as in patients
with full-blown hypertensive neuroretinopathy with extensive
striate hemorrhages, cotton-wool spots, and papilledema. Since
the funduscopic findings in patients with malignant hyperten-
sion may sometimes be difficult to visualize, the evaluation
of patients with severe hypertension should include a care-
ful ophthalmologic examination after pupillary dilation with
1% tropicamide (101). Because the presence of even subtle
hypertensive neuroretinopathy has important therapeutic and
prognostic implications, if the retina cannot be adequately vi-
sualized, formal ophthalmologic evaluation with indirect oph-
thalmoscopy should be considered. Furthermore, retinal pho-
tographs provide permanent objective documentation of the
presence of malignant hypertension.

Renal Manifestations

Malignant hypertension is a progressive systemic vasculopa-
thy in which renal involvement is a secondary and relatively
late development. Patients with malignant hypertension may
present with a spectrum of renal involvement ranging from
minimal albuminuria with normal renal function to ESRD in-
distinguishable from that seen in patients with primary renal
parenchymal disease (25,27,74).

The first sign of renal involvement in malignant hyperten-
sion is often the abrupt appearance of proteinuria. About 20%
of patients also have painless gross hematuria, while 50% have
microhematuria (27). Pickering (45) regards the appearance of
blood or more than a trace of protein in the urine of patients
with essential hypertension to be an indication of the onset of
malignant nephrosclerosis, as significant proteinuria and hema-
turia are rare in benign nephrosclerosis (27). However, recent
reports suggest that nephrotic-range proteinuria can occasion-
ally develop with severe benign nephrosclerosis (102,103).

Quantitation of 24-hour protein excretion in patients with
malignant hypertension has revealed less than 2 g in one-third,
between 2 and 4 g in one-third, and more than 4 g in one-
third of patients (26). The level of protein excretion is of little
value in the differentiation of primary (essential) malignant
hypertension from malignant hypertension due to secondary
causes (25,74).

Hematuria is a very important clinical finding in patients
with essential hypertension. In the absence of primary renal
parenchymal disease or a urologic source, the onset of hema-
turia is virtually diagnostic of malignant nephrosclerosis (45).
In one series, hematuria was found in 100% of patients with
malignant hypertension (74). However, the absence of hema-
turia does not exclude the diagnosis. Of interest is the fact that
red blood cell casts were observed in patients with malignant
hypertension who had no evidence of glomerulonephritis at
renal biopsy (97).

Pyuria has been demonstrated in 75% of patients with ma-
lignant hypertension. However, the presence of pyuria does not
differentiate between primary and secondary malignant hyper-
tension (26).

Renal size is variable and depends on the duration of prior
benign hypertension. In patients with primary (essential) ma-
lignant hypertension, the size of the kidneys may be normal
to only slightly reduced. In fact, there may be little reduction
in renal size even when patients develop terminal renal failure
(25).

The clinical spectrum of renal involvement in malignant hy-
pertension is variable. Four clinical renal syndromes have been
described. Progressive subacute deterioration of renal function
leading to ESRD occurs in some patients. In patients presenting
with malignant hypertension and initially normal renal func-
tion, in the absence of adequate treatment, it is common to
observe deterioration of renal function with progression to
ESRD over a period of weeks to months. The second clinical
renal syndrome observed in malignant hypertension is tran-
sient deterioration of renal function following the initial con-
trol of blood pressure. This well-described entity occurs in
patients presenting with mild to moderate renal impairment.
In the third clinical renal syndrome, patients with malignant
hypertension present with established renal failure. The close
similarity between the terminal stage of primary malignant
nephrosclerosis and chronic nephritis with superimposed ma-
lignant hypertension has long been recognized. In this regard,
it may not be possible to ascertain whether a patient present-
ing with severe hypertension, hypertensive neuroretinopathy,
and renal failure has primary or secondary malignant hyper-
tension (45). While a history of an acute nephritic episode or
long-standing proteinuria or hematuria may suggest underly-
ing primary renal parenchymal disease, the distinction between
primary malignant nephrosclerosis and chronic nephritis often
requires a renal biopsy (45,104). In the fourth clinical renal
syndrome, patients with malignant hypertension present with
oliguric acute renal failure. Cases of malignant hypertension
have been described that were characterized by diastolic blood
pressure higher than 130 mm Hg; advanced hypertensive neu-
roretinopathy; marked weight loss; and with an active urine
sediment with proteinuria, hematuria, and red blood cell casts
(97,98). Renal size was normal. There was often evidence of
microangiopathic hemolytic anemia. Although the initial blood
urea nitrogen (BUN) concentration was less than 60 mg/dL, in
each case oliguric renal failure occurred and necessitated the
initiation of dialysis within a few days of hospitalization. De-
spite dialytic therapy, the blood pressure was extremely diffi-
cult to control and each patient died. Renal histology revealed
malignant nephrosclerosis with fibrinoid necrosis and prolif-
erative endarteritis. The glomeruli were normal except for is-
chemic changes. Multifocal tubular necrosis was present and
presumed to be secondary to ischemia. In most of these pa-
tients, the diagnosis of malignant hypertension was delayed be-
cause the patients were initially considered to have rapidly pro-
gressive glomerulonephritis or systemic vasculitis, which was
treated with high-dose steroids. The diagnosis of malignant hy-
pertension was not suspected until autopsy revealed malignant
nephrosclerosis.

Neurologic Manifestations

Clarke and Murphy (105) detail the neurologic findings among
190 patients with malignant hypertension. Central nervous sys-
tem involvement was present at some time during the course
in 42% of patients. Of the 65 patients for whom a cause of
death could be ascertained, 33 had a fatal neurologic event.
Of the total deaths, 20% were due to a neurologic cause.
Intracerebral hemorrhage occurred in 23 patients. Episodes
of focal brain ischemia, presumed due to cerebral thrombo-
sis, occurred in 35 patients. Generalized seizures occurred in
11 patients and focal seizures in 8. Bell’s palsy occurred in seven
patients. Primary subarachnoid hemorrhage occurred in 4 pa-
tients. The incidence of headache was comparable in patients
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with and those without neurologic complications. Thus, the
presence of headache did not necessarily imply central nervous
system involvement. In this series, hypertensive encephalopa-
thy was found in only 1% of patients; however, other series
reported a higher incidence (106). The clinical presentation,
pathophysiology, and treatment of hypertensive encephalopa-
thy are discussed in detail later in this chapter under Hyperten-
sive Encephalopathy.

The cerebrospinal fluid (CSF) findings in patients with ma-
lignant hypertension are variable. Even among patients with
papilledema, CSF pressure was greater than 200 mm of wa-
ter in only 65% (26,105). In contrast, Pickering (107) found
that patients with malignant hypertension had higher CSF pres-
sures than did patients with benign hypertension and that there
was a direct correlation between the level of blood pressure
and the CSF pressure. Blood-stained or xanthochromic fluid
was found only in patients with intracerebral or subarach-
noid hemorrhage (105). Protein concentration was higher than
60 mg/dL in 69% of patients (range, 11 to 307 mg/dL). No
pleocytosis was reported. Although Clarke and Murphy (105)
report no complications from lumbar puncture, others report
a 12% incidence of complications including severe headache,
sudden blindness, coma, and death due to cerebellar herniation
(26).

Gastrointestinal Manifestations

The most common gastrointestinal manifestations of malignant
hypertension are nonspecific symptoms including nausea, vom-
iting, and epigastric pain. However, acute pancreatitis has been
reported as a rare complication. In a series of 42 patients with
malignant hypertension, severe acute pancreatitis that could
not be attributed to gallstones or alcohol abuse developed in
seven patients (108). All of the patients were black and were
on maintenance hemodialysis for renal failure caused by ma-
lignant nephrosclerosis. The blood pressure remained poorly
controlled while the patients were on dialysis. In another series
reporting on the frequency of pancreatitis in a dialysis popula-
tion, the majority of patients were found to have hypertensive
nephrosclerosis as the cause of ESRD (109). It has been pro-
posed that acute pancreatitis occurs with increased frequency
in patients with malignant hypertension because of the use of
hemodialysis. Although dialysis prevents death from uremia,
if the blood pressure remains poorly controlled, hypertensive
vasculopathy persists in other organs such as the pancreas. In
this setting, the use of heparin for dialysis might lead to this
complication by causing hemorrhage in inflamed pancreatic
tissue (108).

Patients with malignant hypertension can present with
an acute abdomen (110). Abdominal exploration revealed
necrotic bowel with involvement of the distal ileum and ascend-
ing colon. Pathologic examination revealed fibrinoid necro-
sis and thrombotic occlusion of the small arteries of the
bowel wall. Moreover, malignant hypertension may increase
the risk of subsequent development of mesenteric ischemia in
patients on chronic hemodialysis (111). Gastrointestinal hem-
orrhage can occur in patients with malignant hypertension
due to hypertension-induced necrotizing mesenteric arterioli-
tis (112).

Hematologic Manifestations

A variety of hematologic findings have been observed in
patients with malignant hypertension. Elevation of the ery-
throcyte sedimentation rate has been reported (25). The
hemoglobin concentration at the time of presentation may cor-
relate with the etiology of the malignant phase. A hemoglobin
concentration higher than 12.5 g/dL is more often associated
with primary malignant hypertension, while a lower value

is more often associated with chronic glomerulonephritis or
pyelonephritis (25,26).

There are numerous reports of microangiopathic hemolytic
anemia in association with malignant hypertension. In one se-
ries of 24 patients with malignant hypertension, 16 were found
to have evidence of microangiopathic hemolysis (113). Other
significant abnormalities reported with malignant hypertension
include thrombocytopenia, increased fibrin degradation prod-
ucts, increased factor VIII levels, increased fibrinogen, and in-
creased urokinase sensitivity consistent with decreased fibri-
nolysis (114).

Cardiac Manifestations

Congestive heart failure can be a presenting feature of malig-
nant hypertension. Moreover, heart failure, alone or in combi-
nation with uremia, was a common cause of death prior to the
advent of effective antihypertensive drugs (26,27). Heart fail-
ure in patients with malignant hypertension is predominantly
left-sided with pulmonary congestion resulting in orthopnea,
paroxysmal nocturnal dyspnea, cardiac asthma, and recurrent
episodes of acute pulmonary edema. Peripheral venous con-
gestion with dependent edema or hepatic congestion may be
minimal or absent even when death results from congestive
heart failure. The management of acute pulmonary edema in
patients with malignant hypertension is discussed later in this
chapter under Acute Hypertensive Heart Failure.

Angina and acute myocardial infarction, though common
with long-standing benign hypertension, are uncommon with
malignant hypertension (25). Aortic dissection is also rare in
patients with malignant hypertension (25).

Abnormalities of the Renin-Angiotensin-Aldosterone
Axis

Evidence of activation of the renin-angiotensin-aldosterone
axis is present in many, but not all, patients with malignant
hypertension (63,115). Among 53 patients with malignant hy-
pertension not secondary to renal artery stenosis, 55% had
increased plasma renin activity (PRA) (116). Among 25 pa-
tients with malignant hypertension secondary to renal artery
stenosis, PRA was consistently elevated (116).

Aldosterone secretion rate has been studied in patients with
malignant hypertension (65). There was a marked increase in
secretion rate in seven of eight patients with malignant hy-
pertension (papilledema present), and in five of eight patients
with accelerated hypertension (retinal hemorrhages without
papilledema). The aldosterone secretion rate in these patients
was often higher than that seen in patients with aldosterone-
producing adenoma. Postmortem examination of the adrenal
glands in seven patients with malignant hypertension revealed
bilateral areas of focal nodular hyperplasia, especially in the
zona glomerulosa (65). The renin-angiotensin axis was eval-
uated in a series of patients with malignant hypertension; the
underlying disease was essential hypertension in 33 cases and
chronic glomerulonephritis in 26 cases (117). Plasma renin ac-
tivity was significantly higher in the group with essential hy-
pertension than in the group with underlying chronic glomeru-
lonephritis and angiotensin receptor blocker therapy induced
a significant reduction of blood pressure only in the former
group. These finding suggest that the renin-aldosterone system
(RAS) plays a significant role in elevating blood pressure in pri-
mary malignant hypertension but may be less important in the
pathogenesis of secondary malignant hypertension related to
glomerulonephritis.

Of interest, in patients with malignant hypertension and
elevated PRA and aldosterone secretion rate, there was often
a transient period during therapy in which PRA returned to
normal yet aldosterone secretion rate remained elevated. This
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FIGURE 56-9. Fibrinoid necrosis in
a large arteriole (arrow). Intimal
onionskin formation is also present.
(Trichrome stain.) (Photograph cour-
tesy of Steve Guggenheim, MD.)

dissociation often persisted for months. The authors postulate
that, with prolonged hyperreninemia, hyperplasia of the zona
glomerulosa occurs. While renin levels quickly return to nor-
mal with therapy, persistent hyperplasia of the zona glomeru-
losa and a delay in resetting feedback control mechanisms lead
to over secretion of aldosterone despite normal PRA (tertiary
hyperaldosteronism) (63).

Electrolyte Abnormalities

Hypokalemic metabolic alkalosis was found in up to 50% of
patients with malignant hypertension, presumably reflecting
a state of hyperreninemia and secondary hyperaldosteronism
(65). After effective therapy, aldosterone hypersecretion can
persist long after volume depletion is corrected and renin levels
have returned to normal. Thus, the findings of hypokalemia, in-
creased urinary potassium losses, and aldosterone hypersecre-
tion with suppressed PRA may mimic the findings of primary
hyperaldosteronism (63).

Hyponatremia is not uncommon in patients with malig-
nant hypertension, particularly when sodium restriction is in-
stituted. Patients with malignant hypertension due to renal
artery stenosis occasionally present with the striking hypona-
tremic hypertensive syndrome (118–120). The characteristic
features of this syndrome include severe hypertension, hyper-
tensive neuroretinopathy, polyuria, polydipsia, weight loss, and
salt craving. Biochemical changes include hyponatremia, hy-
pokalemia, and low total exchangeable sodium and potassium,
with markedly elevated PRA, angiotensin II, aldosterone, and
arginine vasopressin (AVP) levels. This syndrome may result
from a vicious cycle of volume depletion with further activation
of the renin–angiotensin axis as a result of a pressure-induced
natriuresis from the contralateral kidney (119).

Pathologic Findings

Renal Pathology

With malignant nephrosclerosis, small pinpoint petechial hem-
orrhages may be present on the cortical surface, giving the kid-
ney a peculiar flea-bitten appearance. The renal size varies de-

pending on the duration of preexisting benign hypertension
or the presence of underlying primary renal parenchymal dis-
ease. When terminal renal failure occurs in patients with pri-
mary malignant hypertension, the kidneys may be normal in
size (81). However, when secondary malignant hypertension
is superimposed on primary renal disease, the kidneys may be
small.

Fibrinoid necrosis of the afferent arterioles has traditionally
been regarded as the hallmark of malignant nephrosclerosis
(25,26) (Fig. 56-9). The characteristic finding is the deposition
in the arteriolar wall of a granular material that appears bright
pink with hematoxylin and eosin stain. On trichrome stain-
ing, this granular material is deep red. This fibrinoid material
is usually found in the media, but it may also be present in
the intima. Histochemical and immunofluorescent techniques
have identified this material as fibrin. Within the media, muscle
fibers cannot be identified and cell nuclei are lost or fragmented.
Whole or fragmented erythrocytes may be extravasated into the
arteriolar wall. The hemorrhages that occur may account for
the petechiae observed on the cortical surface. The arteriolar
lumen may be reduced in size as a result of wall thickening and
intraluminal fibrin thrombi. Infrequently, polymorphonuclear
leukocytes and monocytes may infiltrate the arterioles, giving
the appearance of necrotizing arteriolitis.

The interlobular arteries reveal characteristic lesions vari-
ously referred to as proliferative endarteritis, productive endar-
teritis, endarteritis fibrosa, or the onionskin lesion. The typical
finding is intimal thickening that causes moderate to severe
luminal narrowing. In severely affected vessels, the luminal di-
ameter may be reduced to the size of a single red blood cell.
Occasionally, there is complete obliteration of the lumen by a
fibrin thrombus.

Traditionally, three patterns of intimal thickening in ma-
lignant nephrosclerosis have been described (121). The onion-
skin pattern consists of pale layers of elongated, concentrically
arranged, myointimal cells. Delicate connective tissue fibrils
give rise to a lamellated appearance (Fig. 56-10). The me-
dia often appears as an attenuated layer stretched around the
expanded intima. Mucinous intimal thickening consists of a
scarcely cellular lesion containing a lucent, faintly basophilic-
staining amorphous material (Fig. 56-11). In fibrous intimal
thickening, there are hyaline deposits, reduplicated bands of
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FIGURE 56-10. Onionskin lesion consisting of pale layers of elon-
gated, concentrically arranged myointimal cells and delicate connective
tissue fibrils that produce a lamellated appearance. The media is atten-
uated and stretched around the thickened intima. (Hematoxylin and
eosin stain ×350.) (From: Sinclair RA, Antonovych TT, Mostofi FK.
Renal proliferative arteriopathies and associated glomerular changes:
a light and electron microscopic study. Hum Pathol 1976;7:565, with
permission.)

elastica, and coarse layers of pale connective tissue with the
staining properties of collagen (Fig. 56-12). In rare cases,
fibrinoid necrosis may also be apparent in the interlobular ar-
teries (121).

The renal histology in blacks with malignant hypertension
may be somewhat different (34,35). Although fibrinoid necro-
sis of the afferent arterioles is not found, there is instead a
marked degree of arteriolar hyalinization. In addition, there is
a prominent and characteristic finding in the larger arterioles

FIGURE 56-11. Mucinous intimal thickening. The lesion is sparsely
cellular and consists mainly of a lucent, faintly basophilic-staining
amorphous material. There are small foci of fibrinoid necrosis (ar-
rows) deep within the intima. (Hematoxylin and eosin stain ×350.)
(From: Sinclair RA, Antonovych TT, Mostofi FK. Renal proliferative
arteriopathies and associated glomerular changes: a light and electron
microscopic study. Hum Pathol 1976;7:565, with permission.)

FIGURE 56-12. Fibrous intimal thickening. The lesion consists of a
thick layer of connective tissue, which stains for collagen and elastin.
(Hematoxylin and eosin stain ×300.) (From: Sinclair RA, Antonovych
TT, Mostofi FK. Renal proliferative arteriopathies and associated
glomerular changes: a light and electron microscopic study. Hum
Pathol 1976;7:565, with permission.)

and interlobular arteries known as musculomucoid intimal hy-
perplasia (34,35,122) (Fig. 56-13). The arterial walls are thick-
ened due to the presence of hyperplastic smooth muscle cells. A
small amount of myxoid material, which stains light blue with
hematoxylin and eosin, is observed between the cells. With
periodic acid-Schiff staining this material resembles basement
membrane. Staining for acid mucopolysaccharide suggests
the presence of chondroitin sulfate and possibly hyaluronic
acid.

By electron microscopy, in each of the above-mentioned
types of intimal thickening, the most abundant cellular element
is a modified smooth muscle cell called a myointimal cell. In
these cells there are smooth musclelike ultrastructural features
including cytoplasmic myofilaments and abundant rough endo-
plasmic reticulum (121,123). In the pure onionskin variant, the
intercellular space is occupied by multiple strands of nonperi-
odic fibrils with the ultrastructural features of basement mem-
brane (121). In the mucinous variant, broad electron-lucent
zones with scattered finely granular material are found in the
intercellular space (123). With the fibrous variant, numerous
bundles of collagen, recognizable by characteristic banding, are
dispersed between the myointimal cells (123).

There are no characteristic changes in the arcuate and larger
renal arteries in malignant hypertension. However, fibrous
thickening and elastic reduplication may be found if longstand-
ing benign hypertension is also present.

In large autopsy series from the pretreatment era, focal and
segmental fibrinoid necrosis was the typical glomerular finding
(30,124,125). Glomerular lesions often occurred in continuity
with a necrotic afferent arteriole. Glomerular crescent forma-
tion and segmental proliferation in areas of necrosis were also
found. Rupture of these necrotic capillaries gave rise to hemor-
rhage into the glomerular or tubular space, accounting for some
of the petechiae seen grossly. The occurrence of this necrotiz-
ing glomerulonephritis led Volhard and Fahr (12) to propose
that malignant nephrosclerosis was due to arteriosclerosis with
superimposed exogenous nephritis. However, even in cases of
terminal uremia, the percentage of involved glomeruli was typ-
ically only 5% to 30% (30,124,125). Thus, the focal and seg-
mental nature of the glomerular lesion in primary malignant
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FIGURE 56-13. Musculomucoid intimal hy-
perplasia of an interlobular artery. The arte-
rial walls are thickened by hyperplastic smooth
muscle cells. A small amount of myxoid ma-
terial is seen between the smooth muscle cells.
(Hematoxylin and eosin stain ×170.) (From:
Pitcock JA, et al. Malignant hypertension in
blacks: malignant intrarenal arterial disease
as observed by light and electron microscopy.
Hum Pathol 1976;7:333, with permission.)

hypertension can be used to distinguish this entity from chronic
glomerulonephritis with superimposed malignant nephroscle-
rosis, in which glomerular involvement is diffuse and global
(124).

The focal and segmental necrotizing lesions that were origi-
nally described in autopsy cases of untreated malignant hyper-
tension are now rarely seen in tissue obtained at renal biopsy in
treated patients (35,126). This observation might be due to the
sampling error inherent in closed renal biopsy. Alternatively,
these lesions may resolve rapidly with initiation of antihyper-
tensive therapy, and may thus not be apparent if renal biopsy
is performed following adequate control of blood pressure.

In patients who have received antihypertensive therapy,
as well as blacks with treated or untreated malignant hyper-
tension, the most characteristic glomerular lesion in malig-
nant nephrosclerosis is accelerated glomerular obsolescence
secondary to the intense ischemia produced by the oblitera-
tive arterial lesions (35,126). The earliest glomerular changes
consist of thickening and wrinkling of the basement membrane
(35,126) (Fig. 56-14). Later, there is shrinkage of the tuft such
that it does not fill Bowman’s space. There is laminar redu-
plication of Bowman’s capsule around the shrunken glomeru-
lus (121). The end stage is the obsolescent glomerulus, which
is an avascular, wrinkled glomerular tuft surrounded by a

FIGURE 56-14. The earliest ischemic glomeru-
lar change in malignant hypertension consists
of some basement membrane wrinkling, par-
ticularly in areas adjacent to the mesangium,
with a slight increase in mesangial matrix. (Pe-
riodic acid–silver methenamine stain ×250.)
(From: Pitcock JA, et al. Malignant hyperten-
sion in blacks: malignant intrarenal arterial
disease as observed by light and electron mi-
croscopy. Hum Pathol 1976; 7:333, with per-
mission.)
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FIGURE 56-15. Glomerular obsolescence in ma-
lignant hypertension. The collapsed, avascu-
lar glomerular tuft consists predominantly of
markedly convoluted basement membranes. The
sclerosed tuft is partially enclosed within a col-
lar of hyaline material filling Bowman’s space.
(Periodic acid–silver methenamine stain ×485.)
(From: Sinclair RA, Antonovych TT, Mostofi FK.
Renal proliferative arteriopathies and associated
glomerular changes: a light and electron micro-
scopic study. Hum Pathol 1976;7:565, with per-
mission.)

collagenous scar that fills Bowman’s space (Fig. 56-15). Fo-
cal segmental glomerulosclerosis may occur in primary malig-
nant hypertension either as the result of glomerular hyperfil-
tration or fibrinoid necrosis, and may contribute to renal dys-
function. In an autopsy series of 38 black South Africans with
primary malignant hypertension, mucoid intimal hyperplasia
was present in all sections while fibrinoid necrosis was seen in
76%. Glomerulosclerosis was present in 38 cases, and was ax-
ially distributed in 18%, segmental in 58% and global in 24%
of sections. Cases with segmental sclerosis tended to have the
highest proteinuria, while those with glomerulosclerosis had
the highest serum creatinine levels (127).

By electron microscopy, the lamina densa of the glomeru-
lar capillary basement membrane is thickened and wrinkled
(126) (Fig. 56-16). Eventually, the entire basement membrane
becomes thickened. These glomerular changes are not spe-
cific for malignant nephrosclerosis as they also can occur
in scleroderma renal crisis, hemolytic–uremic syndrome, and
even severe benign nephrosclerosis. However, the glomerular
changes in malignant nephrosclerosis differ from the simple
ischemic obsolescence observed in benign hypertension. In ad-
dition to the wrinkled basement membrane observed in benign
nephrosclerosis, there is constriction of the glomerular vascu-
lar bed in malignant nephrosclerosis due to the deposition of a

FIGURE 56-16. Accelerated glomerular obsoles-
cence in malignant hypertension. The glomeru-
lar capillaries show striking basement membrane
wrinkling (arrow) and some reduplication of the
inner basement membrane. (Uranyl acetate and
lead citrate ×4,250.) (From: Jones DB. Arterial
and glomerular lesions associated with severe hy-
pertension: light and electron microscopic stud-
ies. Lab Invest 1974;31:303, with permission.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-56 Schrier-2611G GRBT133-Schrier-v3.cls August 26, 2006 10:20

1386 Section VIII: Hypertension

FIGURE 56-17. Accelerated glomerular obso-
lescence in malignant hypertension. The outer
basement membrane (O) is thickened and
wrinkled. There is a reduplicated inner base-
ment membrane (I) with the capillary lumen
still patent. (Uranyl acetate and lead citrate
stain ×4,250.) (From: Jones DB. Arterial and
glomerular lesions associated with severe hy-
pertension: light and electron microscopic stud-
ies. Lab Invest 1974;31:303, with permission.)

new subendothelial layer of basement membrane material in-
side the original basement membrane (126) (Fig. 56-17). The
new capillary lumen formed by this process is smaller, resulting
in decreased blood volume in the ischemic glomerulus.

In malignant nephrosclerosis, the tubules may be atrophied
and focally destroyed in areas supplied by severely narrowed
arteries. Occasional tubules may be dilated and filled with
eosinophilic cast material (30,125). In the interstitium in these
areas, there may be a fine reticular fibrosis and chronic inflam-
matory cells. In malignant hypertension, as in primary renal
parenchymal diseases, renal insufficiency appears to correlate
best with the degree of tubular atrophy (35).

Immunofluorescence microscopy in patients with malignant
nephrosclerosis has demonstrated deposition of gamma glob-
ulin, fibrinogen, albumin, and sometimes complement compo-
nents in the walls of arterioles demonstrating fibrinoid necrosis
by light microscopy (128). Some of the glomeruli, especially
those with focal necrosis, may contain gamma globulin, albu-
min, and complement. Fibrinogen may be found diffusely along
capillary basement membranes. Fibrinogen may also be found
in the intima of interlobular arteries that by light microscopy
show cellular or mucinous thickening (125).

Striking juxtaglomerular hyperplasia has been reported in
patients with malignant hypertension (126,129,130). This ul-
trastructural finding is consistent with the hyperreninemic state
often noted clinically (129).

Effective antihypertensive therapy may alter the pathology
of malignant nephrosclerosis (130–132). Within days, there
may be resolution of fibrinoid necrosis, which leaves behind
residual hyaline deposits in the arteriolar wall. In contrast to
benign nephrosclerosis in which arteriolar hyaline change is
often subendothelial, in treated malignant hypertension the
hyaline material may be present throughout the entire vessel
wall. Fibrosis of the arterioles with collagen replacement of
the arteriolar muscle and elastica may also occur. Within sev-
eral weeks after initiation of therapy, the glomerular segmental
fibrinoid necrosis may also resolve, leaving behind an area of
hyaline deposition that can mimic focal segmental glomeru-
losclerosis (FSGS). Furthermore, with treatment, in the intima
of the interlobular arteries there may be an evolution from

cellular hyperplasia to a more fibrous form of intimal thick-
ening. A newly formed internal elastic lamina often separates
this new collagen from the narrowed lumen. Heptinstall has
postulated that the cellular lesion is an early finding imply-
ing active disease, whereas the acellular fibrotic lesion is a
later process often reflecting a response to treatment (125).
These modifications in the interlobular arteries that occur fol-
lowing treatment may not be accompanied by any increase in
the caliber of the lumen. Severely narrowed interlobular ar-
teries often do not improve and the renal parenchyma dis-
tal to these arteries undergoes severe ischemic atrophy and
scarring (131). However, the nephrons supplied by interlob-
ular arteries of normal caliber may undergo substantial hyper-
trophy following treatment of malignant hypertension. These
histologic changes may explain the improvement in renal func-
tion that sometimes occurs in some patients following institu-
tion of antihypertensive therapy with resolution of malignant
hypertension.

In summary, although fibrinoid necrosis was the hallmark
of malignant nephrosclerosis in untreated patients at autopsy, it
is now rarely observed. In treated patients with malignant hy-
pertension or blacks with untreated malignant hypertension,
closed renal biopsy most often reveals marked intimal hyper-
plasia of the interlobular arteries in association with acceler-
ated glomerular obsolescence (34,35,126).

Renal Pathology in Secondary Malignant Hypertension

A variety of primary renal parenchymal diseases can cause sec-
ondary malignant hypertension. Although it is often impossi-
ble to differentiate primary (essential) malignant hypertension
from secondary malignant hypertension by clinical criteria, this
distinction can usually be made by renal biopsy.

Malignant hypertension can develop during the course of
chronic glomerulonephritis. When glomerulonephritis causes
malignant hypertension, there is usually evidence of diffuse
glomerular disease in addition to the vascular lesions seen in
malignant nephrosclerosis. In contrast to the focal and seg-
mental glomerular lesions seen in primary malignant hyper-
tension, in secondary malignant hypertension due to chronic
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glomerulonephritis, diffuse and global changes usually involve
more than 90% of glomeruli (125,133).

Chronic pyelonephritis can also cause secondary malignant
hypertension. The pyelonephritic process can be unilateral or
bilateral. There is coarse irregular scarring of the kidney(s),
as well as difference in the size and shape of the two kidneys
(25). The cortex is affected in a patchy fashion with alternating
areas of scarred and normal-appearing tissue. Histologically,
alternating areas of sharply demarcated normal and scarred
parenchyma are observed (30). In scarred areas, there are di-
lated, colloid-filled tubules, crowded hyalinized glomeruli, and
periglomerular fibrosis. In the interstitium there is severe fi-
brosis with a chronic inflammatory infiltrate. Vascular lesions
indistinguishable from malignant nephrosclerosis may be seen
in scarred areas, even in normotensive subjects with chronic
pyelonephritis. However, with superimposed malignant hyper-
tension, vascular lesions of malignant hypertension are found
in unscarred areas of the kidney (30,134). Moreover, in uni-
lateral pyelonephritis with superimposed malignant hyperten-
sion, histologic findings of malignant nephrosclerosis occur in
the contralateral kidney (30).

In the microscopic form of polyarteritis nodosa (PAN), fi-
brinoid necrosis of the afferent arterioles and proliferative en-
darteritis of the interlobular arteries can occur in the absence of
malignant hypertension. However, malignant nephrosclerosis
and PAN can usually be differentiated histologically. In PAN,
there is usually diffuse glomerular involvement as well as an
active cellular infiltrate in the necrotic vascular and glomerular
lesions. In addition, there are often healed and active necro-
tizing lesions typical of PAN in larger medium-sized muscular
arteries of the kidney, mesentery, pancreas, and adrenals. In-
volvement of vessels of this size in primary malignant hyper-
tension is rarely observed (30).

In scleroderma renal crisis, changes in the renal vessels
may be virtually identical to primary malignant hypertension
(58). The characteristic extrarenal manifestations of progres-
sive systemic sclerosis must be used to differentiate these two
entities.

Distribution of Vascular Lesions

Malignant hypertension is a diffuse hypertension-induced vas-
culopathy and in its terminal stages, widespread arterial and
arteriolar lesions are found in a variety of organs (25,135).
These vascular changes are similar to those seen in the kidney,
namely, proliferative endarteritis of small arteries and fibrinoid
necrosis of arterioles. The vascular beds of the pancreas, gas-
trointestinal tract, and liver are most frequently involved (136).
Similar vascular lesions have also been observed in the retina
(137), brain (137), myocardium (136), prostate (25), and skele-
tal muscle (135). The pathologic changes in the various organs
and tissues are secondary to ischemia caused by these obliter-
ative vascular changes.

Ophthalmic Pathology

In patients with malignant hypertension, thickening and
hyalinization of the walls of the arterioles and capillaries of
the retina and choroid are invariably present (137). Fibrinoid
necrosis may also be found in some patients. Fibrin thrombi
may be present in arterioles. Microaneurysms at or near the
occluded segments of capillaries also occur. Small ischemic in-
farcts of the retina (cytoid bodies), corresponding to the cotton-
wool spots seen clinically, are present in most patients (137).
These infarcts are located in the nerve fiber and ganglion cell
layers of the retina in the vicinity of vascular lesions. The arte-
rioles supplying the optic nerve are thickened and hyalinized to
varying degrees and fibrinoid necrosis may be present (137).

Cardiac Pathology

Left ventricular hypertrophy with normal chamber size is the
predominant finding in most patients with malignant hyper-
tension (25,26). Significant coronary atherosclerosis is a rare
finding in these patients (25,26).

Pulmonary Pathology

In the era before effective antihypertensive therapy, uremic
edema of the lung was frequently found in fatal cases of ma-
lignant hypertension (138). Gross examination of the lungs
revealed widespread gelatinous consolidation that was most
intense in the perihilar region.

Adrenal Pathology

Fibrinoid necrosis of the small arterioles of the adrenal glands
is observed in up to 50% of fatal cases of malignant hyperten-
sion (25). The adrenals are often enlarged with multiple macro-
scopic nodules. This adrenal hyperplasia reflects sustained
activation of the renin-angiotensin-aldosterone axis (65).

Gastrointestinal Pathology

Significant involvement of the mesenteric arterioles is a frequent
finding in patients with malignant hypertension (136). In addi-
tion, among 100 patients with malignant hypertension, 60%
had proliferative endarteritis of the pancreatic arterioles (139).
Pancreatic lesions including infarcts associated with arterial
thrombosis, focal parenchymal necrosis, and foci of atrophy
and fibrosis are frequently found.

Pathophysiology

On the basis of the clinical presentation, natural history, and
renal pathology, it can be concluded that benign and malignant
hypertension are distinct clinicopathologic entities rather than
a spectrum of the same disease. However, the mechanisms that
initiate the transition from benign to malignant hypertension
are not entirely clear. The primary function of the microcircu-
lation is to ensure that the cardiac output is distributed to a
variety of tissues that vary widely in metabolic requirements.
The arterioles control the blood flow to the capillary network
through the process of autoregulation. Thus, it is not surpris-
ing that the arterioles are the major target of the acute vascular
damage in malignant hypertension. However, the central ques-
tion is whether severe hypertension alone is sufficient to cause
the vascular injury characteristic of malignant hypertension, or
whether additional cofactors are required.

Role of Increased Blood Pressure Per Se (the Pressure
Hypothesis)

According to the pressure hypothesis, the development of fib-
rinoid necrosis and proliferative endarteritis is a direct conse-
quence of the mechanical stress placed on vessel walls by severe
hypertension (45,104,125,140,141). Several lines of evidence
support the hypothesis that severe hypertension is the funda-
mental pathogenic process in malignant hypertension. In this
regard, although there are numerous diverse etiologies of ma-
lignant hypertension, the process is reversible given adequate
blood pressure control (22). Moreover, the transition from be-
nign to malignant hypertension is usually accompanied by a
dramatic rise in blood pressure (45). In addition, the occur-
rence of fibrinoid necrosis tends to correlate with the height of
the arterial pressure (125).

Another finding supporting the crucial role of severe hyper-
tension in the development of the vascular lesions of malig-
nant hypertension is the absence of these lesions in vascular
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beds protected from the elevated blood pressure. In the two-
kidney, two-clip model of malignant hypertension in the dog,
vascular necrosis occurs in mesenteric arterioles and other ves-
sels exposed to the high pressure, but not in renal arterioles
protected from the high perfusion pressure (142). Likewise, in
rats with two-kidney, one-clip malignant hypertension, vascu-
lar necrotic lesions develop in the nonclipped kidney and the
systemic circulation but not in the clipped kidney (143). One re-
port described patients with unilateral renal artery stenosis and
malignant hypertension in whom arteriolar necrosis occurred
in the contralateral kidney but not in the stenotic kidney (144).

A number of experimental models of malignant hyperten-
sion lend support to the pressure hypothesis. Brief overdisten-
tion of the arteriolar system by forceful injection of saline solu-
tion into the aorta results in a sudden increase in mean arterial
pressure of 80 to 90 mm Hg accompanied by the development
of fibrinoid necrosis in the interlobular arteries and afferent ar-
terioles of the kidney (145). Fibrinoid necrosis does not develop
if the kidney is protected from the sudden rise in pressure.

In studies that utilize windows in the skull and abdominal
wall to view the microcirculation in rats with one-kidney, one-
clip malignant hypertension, cerebral and mesenteric arterioles
develop focal constrictions and dilations giving rise to a string
of beads or sausage-string pattern (146). Intravenous injection
of trypan blue results in patchy leakage of dye in dilated regions
but not in constricted regions. The dilated regions are the sites
of fibrinoid necrosis (147).

The sausage-string pattern develops rapidly in mesenteric
arterioles in the rat when the blood pressure is increased acutely
with angiotensin or norepinephrine. When colloidal carbon
particles are injected, carbon deposits in the walls of dilated
segments but not constricted segments, thereby suggesting that
the abnormal vascular pattern is the direct result of the ele-
vated blood pressure and that the dilated segments represent
the earliest sites of vascular damage as manifested by increased
permeability to plasma proteins (148).

The extent of carbon deposition is related to the height of
the arterial pressure rather than to the type of pressor substance
infused (angiotensin, norepinephrine, or renal extract) (147).
If the increase in blood pressure is prevented by the administra-
tion of hydralazine, the sausage-string pattern fails to develop
and carbon is not deposited in the vascular walls. Thus, the
abnormal permeability in dilated segments appears to be the
result of hypertension-induced structural damage to the vessel
wall. These studies do not support the concept of a direct vas-
culotoxic effect of angiotensin or norepinephrine independent
of a pressor effect.

These sausage-string lesions have been evaluated using elec-
tron microscopy (148). In dilated segments, breaks in the en-
dothelium are observed as a result of disruption of intracellular
junctions or destruction of the cell body. These lesions give rise
to gaps in the endothelium that are permeable to intravenously
injected colloidal carbon particles. Amorphous deposits con-
sisting of plasma, carbon particles, and fibrinlike material de-
posit in the media. The vascular lesions do not appear to be
caused simply by a direct vasculotoxic effect of angiotensin
because identical results have been reported with deoxycorti-
costerone acetate (DOCA)-salt hypertension, a model in which
angiotensin levels are suppressed (149).

Based on these experiments, it has been concluded that the
mechanical stress of severe hypertension is the principal cause
of fibrinoid necrosis in malignant hypertension. Moreover, all
of the vascular changes can be attributed to the indirect pres-
sor effect of the infused substances rather than to any direct
effect of these substances on vascular permeability. The fol-
lowing mechanism for the development of fibrinoid necrosis
has been proposed (147,148,150). With mild to moderate el-
evations in blood pressure, the initial hemodynamic response
is arterial and arteriolar vasoconstriction. This autoregulatory

process maintains tissue perfusion at a relatively constant level
and prevents the elevated pressure from being transmitted to
the smaller, more distal vessels. With increasingly severe hy-
pertension, however, autoregulation eventually fails such that
hypertension is transmitted to more distal vessels. The resulting
rise in downstream perfusion pressure damages the arterioles
and capillaries. Because smooth muscle may not be uniformly
distributed along arterioles, when the arterial pressure is suf-
ficiently increased by whatever means, local areas of the ar-
terial wall are unable to withstand the mechanical stress and
become forcibly dilated (sausage-string pattern). By the law of
Laplace, as the radius increases in dilated segments, wall ten-
sion increases proportionately. As a consequence, the endothe-
lium becomes stretched, damaged, and abnormally permeable.
Disruption of the vascular endothelium then allows extrava-
sation of plasma proteins and fibrinogen into the vessel wall,
compressing and destroying smooth muscle. Local fibrinogen
deposition occurs, producing fibrinoid necrosis and oblitera-
tion of the vascular lumen.

The Vasculotoxic Hypothesis

The major criticism of the pressure hypothesis is that there is
substantial overlap between the levels of blood pressure ob-
served in patients with benign hypertension and those with
malignant hypertension (25,84). Moreover, occasional patients
tolerate severe diastolic hypertension for long periods without
developing malignant hypertension (81). The abrupt change
from an asymptomatic patient with severe hypertension to a
critically ill patient with a multisystem disease suggests that
factors in addition to blood pressure may contribute to the tran-
sition from benign to malignant hypertension (41). According
to the vasculotoxic theory, severe hypertension is necessary but
not sufficient to cause malignant hypertension.

The vasculotoxic theory proposes that humoral factors in-
teract with the hypertension-induced hemodynamic stress to
cause the vascular damage observed in malignant hypertension.
Based on his classic dog model of renovascular hypertension,
Goldblatt (142) believed that renal failure was a necessary co-
factor for the development of malignant hypertension. He pro-
posed that a vasculotoxic factor accumulated in severe renal
disease. However, it has subsequently been demonstrated in
both humans and experimental animals that malignant hyper-
tension can develop in the absence of uremia and even before
the vascular lesions of malignant nephrosclerosis develop in the
kidney (16,28).

It has been suggested that vascular permeability factors such
as renin, angiotensin, catecholamines, and vasopressin may
cause vascular damage independent of their pressor effects.
For example, administration of rat kidney extracts to nephrec-
tomized rats produces a lethal syndrome characterized by large
pleural effusions, ascites, edema of the pancreas, and the arteri-
olar fibrinoid necrosis characteristic of malignant hypertension
(152). To explain these findings, the presence of a vascular per-
meability factor of renal origin has been postulated.

There is convincing evidence that angiotensin II does have
a direct effect on the vascular endothelium to increase perme-
ability (153). The injection of 100 pg of angiotensin II into a
segment of rabbit abdominal aorta isolated between two lig-
atures causes a diffuse increase in permeability of the aortic
endothelium as evidenced by extravasation of intravenously
injected Evans blue dye. Areas of the aorta not exposed to
angiotensin II do not show any increase in permeability. Injec-
tions of Ringer’s solution (vehicle) produce no blue staining of
the aortic endothelium. Evaluation of the areas exposed to an-
giotensin II by electron microscopy reveals rounding and short-
ening of the endothelial cells with widening of spaces between
endothelial cells.
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Studies of dermal capillary permeability in response to va-
soactive agents have confirmed the fact that there appears to
be a direct effect of angiotensin II on vascular endothelium
(153). When norepinephrine or angiotensin I is injected into
the dermis, there is no extravasation of Evans blue dye. How-
ever, when angiotensin II is injected in low concentrations,
there is severe capillary leak. The increased permeability can
be prevented by simultaneous administration of angiotensin II
receptor antagonists but not by antihistamines. Angiotensin
II appears to increase vascular permeability independent of
any pressor effect by causing contraction of endothelial cells
(153).

Role of the Renin-Angiotensin Axis

In patients with malignant hypertension there is often evidence
of activation of the renin-angiotensin system (65,115). At the
time of presentation, some but not all patients have increased
PRA (63). Hyperplasia of the juxtaglomerular apparatus is of-
ten present. The adrenal glands frequently reveal hyperplasia
and nodularity of the zona glomerulosa (65).

In patients with malignant hypertension, activation of the
renin-angiotensin system may be primary or secondary. For
example, activation of the renin-angiotensin system could be a
critical step in the transition from benign to malignant hyper-
tension through either direct (vasculotoxic) or indirect (hemo-
dynamic) effects on the vasculature. Conversely, hyperrenine-
mia may be a secondary phenomenon occurring in response
to renal ischemia caused by the arteriolar lesions of malignant
hypertension. These two processes are not mutually exclusive.
In fact, both may occur simultaneously, resulting in a vicious
cycle of hypertension-induced vascular damage causing renal
ischemia, which leads to enhanced renin release that may ex-
acerbate the hypertension.

In a two-kidney, one-clip model of renovascular hyperten-
sion in the rat, there is onset of malignant hypertension after
3 to 5 weeks (154). The sequence of events following the ap-
plication of a sufficiently small clip to one renal artery has
been well characterized. Initially there is evidence of activa-
tion of the renin-angiotensin system with a resulting increase
in blood pressure. When the systolic blood pressure surpasses
a critical level of 180 to 190 mm Hg, spontaneous natriure-
sis and diuresis occur. Water intake increases, but weight loss
and hyponatremia ensue. Eventually, renal function deterio-
rates, and the histologic findings of malignant nephrosclerosis
become apparent in the contralateral kidney. The rats even-
tually die due to renal failure, heart failure, or cerebral hem-
orrhage. In this model of malignant hypertension, it is appar-
ent that a vicious cycle develops following activation of the
renin-angiotensin system. Renal ischemia results in activation
of the renin-angiotensin system with the development of hy-
pertension. The sudden, severe hypertension causes natriuresis,
diuresis, and volume depletion. Volume depletion further stim-
ulates the renin-angiotensin system. As the gain on this cycle
increases, hypertension-induced vascular damage or the direct
vasculotoxic effect of angiotensin induces vascular damage and
deterioration of renal function. Volume depletion is pivotal in
the pathogenesis of malignant hypertension in this model. Rats
with malignant hypertension, given a choice of deionized wa-
ter or normal saline, exhibit compulsive saline drinking (155).
During the first 24 hours of saline drinking, there is a marked
decrease in blood pressure and an increase in body weight.
Moreover, there is correction of the abnormal levels of hemat-
ocrit, serum sodium, renin, and angiotensin II. With continued
saline drinking for 2 to 7 days, the blood pressure increases to
the previous high levels, but signs of malignant hypertension do
not recur. If saline is withdrawn at this time, within 2 days the
cycle of volume depletion, activation of the renin-angiotensin
system, and malignant hypertension recurs. Thus, the patho-

genesis of malignant hypertension in this model appears to be
critically dependent on spontaneous natriuresis, volume deple-
tion, and activation of the renin-angiotensin system.

The unclipped kidney is clearly the source of the spon-
taneous natriuresis and diuresis in the two-kidney, one-clip
model. In the one-kidney, one-clip rat model, there is no phase
of renal salt loss (156). Likewise, in rats with two-kidney, two-
clip hypertension, the phase of salt loss does not occur. How-
ever, if one clip is removed, there is an immediate onset of a
salt-losing state associated with development of the syndrome
of malignant hypertension with fibrinoid necrosis in the un-
clipped kidney.

In the stroke-prone spontaneously hypertensive rat (SHR-
SP) model of malignant hypertension, life-long treatment with
an antihypertensive dose of the converting enzyme inhibitor
ramipril completely prevents the renal arteriolar neointimal
proliferation and sclerosis, fibrinoid necrosis, glomerulopathy
and tubular-interstitial fibrosis observed in placebo-treated an-
imals (157). The nephroprotective effect of ramipril was associ-
ated with a dose-dependent inhibition of plasma and renal tis-
sue angiotensin-converting enzyme activities. Although there
was some subtle evidence of nephroprotection with a lower
non-antihypertensive dose of ramipril, prevention of hyperten-
sion with high-dose ramipril was also required to completely
prevent the development of malignant nephrosclerosis in the
SHR-SP model.

Over the last decade, polymorphisms in the genes regulat-
ing the RAS system have been identified. These include the 287
base pair sequence deletion (D) insertion (I) polymorphism of
the angiotensin-converting enzyme (ACE) gene and the me-
thionine (M) to threonine (T) point mutation polymorphism
in the angiotensinogen gene (AGT). Genotypes with respect to
ACE I/D and AGT M/T loci were evaluated in a series of 42
patients with malignant hypertension, 42 patients with nonma-
lignant hypertension and 85 normotensive controls (158). The
frequency of the DD genotype was significantly increased in pa-
tients with malignant hypertension (43%) compared with pa-
tients with nonmalignant hypertension (14%) and normoten-
sive control subjects (18%). The frequency distribution of AGT
M/T genotype did not differ between groups. These data sug-
gest that ACE gene polymorphism is a significant risk factor
for initiation of malignant hypertension.

Whereas activation of the renin-angiotensin system may be
crucial in the development of the malignant phase in some ex-
perimental models and some patients with malignant hyperten-
sion, the clinical and pathologic features of malignant hyper-
tension sometimes occurs in the absence of activation of the sys-
temic renin-angiotensin system (63). For example, widespread
necrotizing arteriolar disease occurs with hypertension caused
by bilateral nephrectomy in experimental animals. On the other
hand, there is emerging evidence from transgenic animals of
activation of a local paracrine renin-angiotensin system in the
pathogenesis of the vascular injury in malignant hypertension.
Animal models provide pathological, pharmacologic, and ge-
netic evidence supporting the hypothesis that intrarenal gener-
ation of AII and exposure of the microcirculation to elevated
blood pressure cooperate in causing tissue damage in malignant
hypetension (159).

Elevated levels of angiotensin II in malignant hypertension
may contribute to renal injury by mediating renal inflammation
independent of any blood pressure effect. In a solvent-treated
two-kidney/one-clip rat model of malignant hypertension, low-
dose angiotensin receptor blockade with valsartan does not
prevent an increase in blood pressure but prevents the devel-
opment of lethal malignant hypertension (160). In nonclipped
kidneys of solvent-treated renovascular hypertensive rats, there
was a prominent interstitial infiltrate of macrophages and
increased expression of monocyte chemoattractant protein-
1. These changes were completely prevented by low-dose
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valsartan. These finding suggest that reduction of AII-induced
inflammation in the kidney may contribute to the protective
effects of valsartan in this model of malignant hypertension.

In summary, neither hypersecretion of renin nor the pres-
ence of kidneys appears to be required for the development of
malignant hypertension. On the other hand, a high concentra-
tion of angiotensin II can be an aggravating factor or in some
circumstances, can actually trigger the onset of malignant hy-
pertension. Moreover, activation of the renin-angiotensin sys-
tem by renal ischemia may contribute to the vicious cycle of
severe hypertension and renal injury observed in malignant hy-
pertension.

Role of Volume Depletion

In several experimental models, spontaneous natriuresis ap-
pears to be the initiating event in the transition from benign to
malignant hypertension (154,155,161,162). In patients with
malignant hypertension, an abrupt onset of weight loss early
in the course of the disease has been reported (16,25,27). In
the series of Kincaid-Smith et al. (25), the onset of malignant
hypertension often appeared suddenly. Despite minor increases
in blood pressure, the patients became suddenly ill with weak-
ness, wasting, and profound weight loss. The rapidity of the
weight loss could only be explained by natriuresis-induced
volume depletion and may be the human counterpart of the
rat two-kidney, one-clip model of malignant hypertension in
which spontaneous natriuresis is the inciting event (154,155).
In patients with analgesic nephropathy, volume depletion of-
ten accompanies malignant hypertension, whereas restoration
of normal volume status leads to lowering of blood pressure
and resolution of malignant hypertension (42).

In summary, it appears that volume depletion due to spon-
taneous natriuresis is often associated with the transition from
the benign to the malignant phase of hypertension in both ex-
perimental and human malignant hypertension. The mecha-
nism of the spontaneous salt wasting is not known. In the
isolated, perfused kidney, an acute increase in arterial perfu-
sion pressure results in increased urine flow rate and sodium
excretion. Because glomerular filtration rate and renal blood
flow remain unchanged, the natriuresis has been attributed to
inhibition of tubular sodium resorption by elevated blood pres-
sure.

Role of Localized Intravascular Coagulation

Evidence of microangiopathic hemolytic anemia and disorders
of coagulation and fibrinolysis has been reported in experi-
mental models of malignant hypertension (163). This anemia
is characterized by red cell fragmentation and hemoglobinuria
with iron deposition in the renal tubules.

Localized intravascular coagulation has been proposed to
play an important role in the pathogenesis of malignant hy-
pertension. Severe hypertension, perhaps augmented by vas-
culotoxic factors, injures arteriolar walls. This injury leads
to increased endothelial permeability to fibrinogen and other
plasma proteins. The clotting cascade is activated by tis-
sue thromboplastin and fibrin that is deposited in the vessel
wall and lumen. Platelets are deposited, and microangiopathic
hemolytic anemia is produced by fragmentation of red cells as
they traverse intravascular fibrin strands. The lysis of platelets
and red cells produces adenine diphosphate and thromboplas-
tin, which aggravate intravascular coagulation and produce
a vicious cycle of hemolysis and fibrin deposition. Tissue is-
chemia is produced by a combination of intravascular fibrin de-
position and arteriolar wall thickening that constrict the vessel
lumen.

In this scheme, intravascular coagulation is the consequence
of hypertension-induced vascular injury. It has also been pos-
tulated that the coagulation abnormalities may be the primary

event that incites the development of malignant hypertension
(114). This theory is based on the observation that renal vascu-
lar lesions identical to those in primary malignant nephroscle-
rosis can occur with idiopathic postpartum renal failure and
the hemolytic–uremic syndrome. In these disorders, abnormal-
ities of coagulation and fibrinoid necrosis often precede the
development of hypertension (164).

To investigate the hypothesis that abnormalities of throm-
bogenesis and endothelial damage/dysfunction are greater in
malignant hypertension compared with uncomplicated non-
malignant essential hypertension, Lip et al. measured markers
of endothelial function (von Willebrand factor), platelet acti-
vation (soluble P-selectin) and fibrinogen in 18 consecutive pa-
tients with malignant hypertension, 50 patients with untreated
essential hypertension and 34 healthy controls (165). Mean
plasma fibrinogen and von Willebrand factor levels were high-
est in patients with malignant hypertension, intermediate in
the nonmalignant hypertension group and lowest in the nor-
motensive controls. Soluble P-selectin levels were higher in both
hypertensive groups than in normotensive controls. These data
suggest that endothelial damage (elevated von Willebrand fac-
tor) and platelet activation may be involved in the pathogenesis
of malignant hypertenson.

Role of Prostacyclin

Abnormal prostacyclin (prostaglandin I2 [PGI2]) metabolism
has been postulated to play a role in the pathogenesis of malig-
nant hypertension in cigarette smokers and women taking oral
contraceptives (50). Enhanced PGI2 synthesis by vessel walls
may be a protective mechanism that limits the vascular injury
caused by hypertension (167). For example, PGI2 may limit
the extent of thrombus formation at sites of endothelial injury.
Both oral contraceptives (166) and cigarette smoking (168) are
associated with lower concentrations of 6-keto-prostaglandin
F1α, a stable metabolite of PGI2. Impaired vessel wall synthesis
of PGI2 may thus predispose to the development of malignant
hypertension (50). Moreover, absence of the protective effect
of PGI2 could amplify the vascular endothelial injury caused
by severe hypertension.

Role of Intracellular Calcium

Increased availability of free calcium in vascular smooth muscle
may be important in the pathogenesis of hypertension. More-
over, it has been suggested that an excess of cytosolic calcium
may be a crucial step in the development of malignant hyper-
tension and that this deleterious calcium overload may be ac-
tivated or inhibited independent of the arterial blood pressure
(169). Dahl salt-sensitive rats on a high-salt diet develop fulmi-
nant hypertension with a necrotizing vasculitis in the kidney.
However, treatment with nifedipine, which inhibits calcium in-
flux via activated membrane calcium channels, prevents the
rise in blood pressure and the occurrence of necrotizing vascu-
lar lesions. A similar protective effect has been described with
nisoldipine and nitrendipine but not with captopril (169).

The stroke-prone spontaneously hypertensive rat is another
experimental model of malignant hypertension that mimics the
renal and vascular changes seen in primary malignant hyper-
tension in humans (170). In salt-loaded stroke-prone sponta-
neously hypertensive rats, treatment with either nimodipine or
parathyroidectomy dramatically reduces vascular injury and
mortality despite an insignificant effect on the level of blood
pressure. Since hypertension-induced vascular injury can be
prevented by manipulation of calcium influx into cells, it has
been postulated that vascular injury in malignant hyperten-
sion is mediated by intracellular calcium overload in vascular
smooth muscle cells (169).
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Role of Dietary Potassium

In Dahl salt-sensitive rats on a high-salt diet, supplementa-
tion of dietary potassium intake can prevent the hypertension-
induced intimal thickening of the interlobular arteries without
a concomitant reduction in blood pressure (171). In addition,
in the stroke-prone spontaneously hypertensive rat model of
malignant hypertension, a high-potassium diet prevented the
intimal thickening of mesenteric and cerebral arteries, inde-
pendent of an effect on blood pressure (172).

It has been suggested that the low-potassium diet character-
istically consumed by African Americans in the southern United
States may exacerbate the hypertension-induced endothelial in-
jury in the interlobular arteries, leading to the development
of pronounced musculomucoid intimal hyperplasia (malignant
nephrosclerosis) (173). Low dietary potassium intake may, at
least in part, explain the high frequency of ESRD due to hyper-
tension among African Americans.

Role of the Kallikrein-Kinin System

In addition to enhanced activity of vasopressor hormones, de-
creased activity of vasodilator hormone systems may be in-
volved in the pathogenesis of malignant hypertension. Kinins
are potent vasodilators that exert a marked influence on re-
nal salt and water excretion. Plasma levels of kininogen are
markedly decreased in patients with malignant hypertension
compared with either patients with benign hypertension or nor-
motensive control subjects (174). Urinary kallikrein excretion
is also significantly decreased in patients with malignant hyper-
tension, particularly those with primary (essential) malignant
hypertension (175). Decreased urinary kallikrein could be in-
dicative of depressed activity of the renal kallikrein-kinin sys-
tem, which may be a risk factor for development of malignant
hypertension in individuals with essential hypertension.

Role of Endothelium-Derived Relaxing Factors and
Endothelin

Hypertension is associated with various functional changes of
the vascular endothelium including decreased formation of ni-
tric oxide, the endothelium-derived relaxing factor (EDRF),
and increased release of contracting factors such as endothe-
lin. This dysfunction of the hypertensive endothelial organ may
contribute to the elevation of peripheral resistance and the de-
velopment of hypertensive complications in the cerebral, coro-
nary, or renal circulation (176,177).

Plasma immunoreactive endothelin-1 (ET-1) levels have
been measured in various rat models of hypertension (178).
Endothelin-1 levels are not increased in the prehypertensive
and benign hypertension phases in spontaneously hyperten-
sive rats compared to normotensive Wistar-Kyoto rats. In con-
trast, treatment of spontaneously hypertensive rats (SHR) with
DOCA and salt results in the development of malignant hy-
pertension with renal insufficiency and increased plasma ET-1
levels. However, ET-1 levels do not increase in Wistar-Kyoto
rats treated with DOCA-salt. In the DOCA-salt-treated SHR
model of malignant hypertension, treatment with combined en-
dothelin type A/type B receptor antagonists not only reduced
blood pressure but also prevented mesangial hypercellularity,
glomerular sclerotic changes, and tubulo-interstitial damage
(179). Reduction of blood pressure with hydralazine alone was
less effective in preventing DOCA–salt-induced renal structural
injury in this model.

The ability of endothelin receptor blockade to prevent or to
treat established cerebral and renal injury has recently been
investigated in the salt-loaded, SHR-stroke prone model of
malignant hypertension using an endothelin receptor subtype-
A antagonist (180). Initiation of endothelin receptor blocker
treatment at the start of salt loading prolonged survival and

completely prevented the development of cerebral edema and
reduced blood pressure and proteinuria in a dose-dependent
fashion. However, delaying treatment until after the onset of
cerebral edema failed to prolong survival. These data suggest
that in the SHR-stroke prone model the endothelin A recep-
tor participates actively in the development of increased blood
pressure and initiation of target-organ damage but has a min-
imal role in the pathogenesis of established malignant hyper-
tension and the progression of target-organ damage.

Role of Oxidate Stress

Oxidative stress has been implicated in the pathogenesis of
hypertension. In the stroke-prone spontaneously hyperten-
sive (SP-SHR) rat model of malignant hypertension treatment
with the superoxide dismutase mimetic, tempol prevented the
progression of hypertension (181). Tempol reduced the me-
dia:lumen ratio compared to controls. Moreover vascular su-
peroxide anion levels were lower and plasma total antioxidant
levels were higher in the tempol-treated group. These data sug-
gest that oxidative stress may play an important role in the
vascular damage associated with malignant hypertension in the
SP-SHR.

Development of Fibrinoid Necrosis and Proliferative
Endarteritis

In experimental models of malignant hypertension, vascular
damage from either the mechanical stress of hypertension or
vasculotoxic hormones leads to endothelial injury that is man-
ifested by the sausage-string pattern and accompanied by seep-
age of plasma proteins including fibrinogen into the vessel wall.
Contact of plasma constituents with smooth muscle cells ac-
tivates the coagulation cascade, and fibrin is deposited in the
wall. Fibrin deposits cause necrosis of smooth muscle cells and
the development of fibrinoid necrosis.

Proliferative endarteritis occurs when the vascular smooth
muscle cells undergo a phenotypic change from the normal
contractile phenotype to the proliferative–secretory phenotype
that was predominant during embryologic development. It
has been proposed that the sudden severe elevation of blood
pressure produces forced vasodilation of the interlobular ar-
teries with denudation of the vascular endothelium, resulting
in the attachment of platelets at the sites of endothelial in-
jury with synthesis and release of platelet-derived growth fac-
tor (PDGF) (182,183). PDGF stimulates chemotaxis of medial
smooth muscle cells to the intima, where they proliferate and
secrete mucopolysaccharide and later collagen and other ex-
tracellular matrix components, resulting in the lesions charac-
teristic of proliferative endarteritis or musculomucoid intimal
hyperplasia.

Summary of Pathophysiology

Based on the foregoing discussion, it is clear that the exact
pathophysiologic mechanism underlying the transition from
benign to malignant hypertension is not fully understood.
Undoubtedly, a marked increase in blood pressure is pivotal.
Severe hypertension is the common element in malignant hy-
pertension in humans and in each of the animal models of ma-
lignant hypertension. Moreover, reduction of the blood pres-
sure leads to a resolution of the malignant phase regardless
of the underlying etiology. Thus, a significant elevation of the
blood pressure is necessary for the development and progres-
sion of malignant hypertension. The major issue is whether the
mechanical stress of severe hypertension alone is sufficient to
cause the transition from benign to malignant hypertension.
Because there is considerable overlap in the levels of blood
pressure seen in patients with benign and those with malignant
hypertension, it is likely that severe hypertension alone is not
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sufficient to cause the malignant hypertension in all patients
and that additional factor(s) probably participate. These co-
factors are not necessarily the same in every case. For example,
activation of the renin-angiotensin axis may be important in
some patients but not in others. In some patients, perhaps cat-
echolamines, or activation of the clotting cascade interact with
hemodynamic stress to induce malignant hypertension.

The vicious cycle of malignant hypertension is best demon-
strated in the kidneys but applies equally well to the vascular
beds of the pancreas, gastrointestinal tract, retina, and brain
(Fig. 56-18). In this scheme, severe hypertension is central. Hy-
pertension may be either essential or secondary to any one
of a variety of disorders. The interaction between the level of
blood pressure and the adaptive capacity of the vasculature
may be important. Chronic hypertension results in thicken-
ing and remodeling of arterial walls, which may be an adap-
tive mechanism to prevent vascular damage from mechanical
stress (184). However, when the blood pressure rises to a level
or at a rate that is excessive, these adaptive mechanisms may

be overwhelmed, resulting in vascular damage. As a result of
the mechanical stress of increased transmural pressure, focal
segments of the vascular system become dilated, producing
the sausage-string pattern. Other hormonal factors may act
synergistically with hypertension to damage the arterial vas-
culature. For example, spontaneous natriuresis at some crit-
ical level of blood pressure may result in volume depletion
with activation of the renin-angiotensin, vasopressin, or cat-
echolamine systems, which further elevates blood pressure. In
addition, these hormones may be directly vasculotoxic. Fib-
rinogen and other plasma proteins may permeate the damaged
vascular wall and activate the intrinsic clotting system, causing
deposition of fibrin in the vessel wall and lumen, leading to
fibrinoid necrosis. The onset of localized intravascular coagu-
lation may cause a cycle in which red blood cells and platelets
are disrupted on intravascular strands, with release of adenine
diphosphate and thromboplastin with further activation of the
clotting cascade. Platelet adherence to damaged endothelium
with release of PDGF leads to myointimal proliferation in the

FIGURE 56-18. Pathophysiology of malig-
nant hypertension. AII, angiotensin II; EDRF,
endothelium-derived relaxing factor; PDGF,
platelet-derived growth factor; LV, left ventric-
ular.
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interlobular arteries, which results in proliferative endarteritis.
The wall thickening and luminal narrowing in the interlobular
arteries and afferent arterioles result in glomerular ischemia,
accelerated glomerular obsolescence, and renal insufficiency.
Renal ischemia may lead to increased activation of the renin-
angiotensin system, which may cause further increases in blood
pressure, vascular damage, and pressure-induced natriuresis,
such that a vicious cycle of hypertension, vascular damage,
and renal insufficiency develops.

Other factors, although less certain, may also be impor-
tant in the development of malignant hypertension. Low di-
etary potassium may predispose to hypertensive arterial injury
in black patients with severe hypertension. Abnormalities in
membrane sodium transport and cytosolic calcium may medi-
ate hypertension-induced vascular injury. Cigarette smoking or
oral contraceptives may decrease prostacyclin production and
inhibit repair of hypertensive vascular damage. Abnormalities
in the kallikrein-kinin system may also be important in some
cases.

Unfortunately, the chain of pathogenetic processes leading
to fibrinoid necrosis and neointimal proliferation have not yet
been well studied at the molecular level to accurately assess
the role of cytokines and growth factors in the development
of these vascular lesions in the systemic and renal vasculature
(185).

Pathophysiology of Hypertensive Neuroretinopathy

Retinal arteriolar vasculopathy in malignant hypertension
leads to obliteration or rupture of vessels, resulting in striate
hemorrhages, cotton-wool spots, and papilledema. Hyperten-
sive neuroretinopathy is not simply the result of renal failure as
hypertensive neuroretinopathy can clearly occur in malignant
hypertension prior to the onset of clinically significant renal dis-
ease (86). It also appears that hypertensive neuroretinopathy
often occurs in the absence of increased intracranial pressure
(86).

The retinal circulation is under autoregulatory control and
does not have a sympathetic nerve supply. As the systemic blood
pressure increases, if autoregulation is intact, the retinal arte-
rioles constrict to keep the retinal blood flow constant. The
appearance of hypertensive neuroretinopathy implies that au-
toregulation has failed (85).

Striate hemorrhages result from bleeding from superficial
capillaries in the nerve fiber bundles near the optic disc. These
capillaries originate from arterioles, so that when autoregula-
tion fails, the high systemic pressure is transmitted directly to
the capillaries. This leads to breaks in the continuity of the
capillary endothelium with subsequent hemorrhage (85).

Cotton-wool spots result from ischemic infarction of nerve
fiber bundles due to arteriolar occlusion (85). Fluorescein an-
giography demonstrates that cotton-wool spots are areas of
retinal nonperfusion (186). Embolization of pig retina with
glass beads produces immediate intracellular edema followed
by accumulation of mitochondria and other subcellular or-
ganelles in the ischemic nerve fibers (187). It has been postu-
lated that the normal axoplasmic flow of subcellular organelles
is disrupted by ischemia such that accumulation of organelles
in ischemic nerve fiber bundles results in a visible white patch
(100). Cotton-wool spots tend to distribute around the optic
disc because the nerve fiber bundles are most dense in this re-
gion.

The pathogenesis of papilledema in malignant hypertension
has been controversial. Pickering (107) maintained that pa-
pilledema results from increased intracranial pressure. How-
ever, intracranial pressure is not always increased in malignant
hypertension (86). Papilledema has been produced in rhesus
monkeys by occlusion of the long posterior ciliary artery, which
supplies the optic disc (188). Thus papilledema, like cotton-

wool spots, most likely results from ischemia of nerve fibers in
the optic disc (99,189).

Treatment

Malignant hypertension must be treated expeditiously in order
to prevent complications such as hypertensive encephalopa-
thy, intracerebral hemorrhage, acute pulmonary edema, and
renal failure. The hypertensive patient with hypertensive neu-
roretinopathy (hemorrhages, cotton-wool spots with or with-
out papilledema) should be hospitalized for intensive medical
therapy. Initiation of appropriate therapy should not be de-
layed pending extensive laboratory and roentgenographic ex-
aminations aimed at defining a potential underlying etiology.
The workup for secondary causes should be deferred until the
blood pressure has been controlled and the patient stabilized.

The traditional approach to patients with malignant hyper-
tension has been the initiation of therapy with rapid-acting
parenteral hypotensive agents such as sodium nitroprusside,
trimethaphan, and diazoxide (190). In Table 56-4 are listed the
settings in which the use of parenteral antihypertensive agents
is recommended for the initial management of malignant hy-
pertension. In general, parenteral therapy should be utilized
in patients who have evidence of acute end-organ damage or
who are unable to tolerate oral medications. The management
of patients with acute hypertensive heart failure, hypertensive
encephalopathy, or intracerebral hemorrhage is discussed later
in separate sections on each of these topics.

The drug of choice for the management of patients
with malignant hypertension requiring parenteral therapy is
sodium nitroprusside (191). Preliminary studies suggest that
the dopamine receptor (DA1 selective) agonist fenoldopam may
also be useful for parenteral treatment of malignant hyperten-
sion (3,192). Trimethaphan is an alternative, but a number of
significant adverse effects limit its usefulness. Diazoxide, em-
ployed in mini-bolus fashion, may be advantageous in selected
patients for whom monitoring in an intensive care unit is not
available. Mini-bolus injections of labetalol have also been used
for the treatment of malignant hypertension (191).

There are no absolute guidelines for the blood pressure goal
during parenteral therapy. The theoretic risks of rapid reduc-
tion of blood pressure are discussed later in the section on the
controversy over gradual versus rapid reduction of blood pres-
sure. As a general rule, it is safe to initially reduce the mean
arterial pressure by 20% or to a level of 160 to 170 mm Hg
systolic and 100 to 110 mm Hg diastolic (193). During the
reduction of blood pressure with parenteral antihypertensives,
the patient should be monitored closely for evidence of cerebral
or myocardial hypoperfusion. The use of a short-acting agent

TA B L E 5 6 - 4

INDICATIONS FOR PARENTERAL THERAPY IN
MALIGNANT HYPERTENSION

Patients unable to tolerate oral therapy due to intractable
vomiting

Hypertensive encephalopathy
Rapidly failing vision
Intracerebral hemorrhage
Acute pulmonary edema
Acute myocardial infarction
Rapid deterioration of renal function
Acute pancreatitis
Gastrointestinal hemorrhage
Acute abdomen secondary to mesenteric vasculitis
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such as sodium nitroprusside or fenoldopam has obvious ad-
vantages because the blood pressure can be stabilized quickly
at a higher level if complications develop during rapid blood
pressure reduction. If there is no evidence of vital organ hypo-
perfusion following this initial reduction of blood pressure, the
diastolic blood pressure can gradually be lowered to 90 mm Hg
over a period of 12 to 36 hours.

Oral antihypertensive agents should be initiated as soon as
possible so that the duration of parenteral therapy can be min-
imized. However, a common error in the management of pa-
tients with malignant hypertension is the abrupt discontinua-
tion of parenteral therapy immediately after oral therapy has
been initiated. With this approach, severe rebound hyperten-
sion often develops before the oral antihypertensive regimen
becomes effective. Ideally, oral antihypertensives should be ini-
tiated as soon as the patient has been stabilized and is able
to tolerate medications by mouth. The nitroprusside infusion
should be continued until the oral agents have taken effect and
have been titrated to an effective dose. The nitroprusside or
fenoldopam infusion can then be weaned as the oral regimen
is gradually increased.

Although other agents may be effective in the long-term
management of patients with malignant hypertension, the cor-
nerstone of initial oral therapy should be an arteriolar vasodila-
tor such as hydralazine, sustained-release nifedipine, or minox-
idil. Vasodilators may reflexively activate the adrenergic system
and cause tachycardia with an increase in cardiac output, which
may blunt the hypotensive response. Therefore, treatment with
β-adrenergic blockers is usually also required. Direct-acting
vasodilators also cause renal salt and water retention, fluid
overload, and the development of pseudotolerance to the hy-
potensive effect of the drug. Thus, although diuretics may not
be required for the initial management of patients with malig-
nant hypertension (vide infra), they are usually required as a
part of the long-term maintenance antihypertensive regimen.
The regimen that follows has proved to be generally effective
in the conversion from parenteral to oral therapy. After the
blood pressure has been controlled with sodium nitroprusside
and while the infusion is continued, hydralazine (50 mg) and
propranolol (40 mg) are administered orally. As the oral agents
become effective and the blood pressure declines, the nitroprus-
side infusion is tapered. Brief interruption of the infusion can be
used to assess the hypotensive response to oral agents. If after
6 to 8 hours the diastolic blood pressure remains higher than
100 mm Hg, a second dose of hydralazine (100 mg) should be
given. The propranolol dose is increased as needed to main-
tain adequate β-blockade (heart rate, 60 to 80 beats/minute).
The usual dose of propranolol is 80 to 120 mg administered
twice daily, but larger doses occasionally may be required. If
the blood pressure is not controlled with hydralazine at a dose
of 100 mg twice daily, minoxidil should be substituted for hy-
dralazine. The starting dose of minoxidil (2.5 mg) is increased
by 2.5 to 5.0 mg every 6 to 8 hours until the blood pressure is
adequately controlled. The usual effective dose is 5 to 10 mg
twice daily. Treatment with a beta-blocker is recommended as
for hydralazine. As the blood pressure is brought under control
with oral agents, the sodium nitroprusside infusion is gradually
weaned. When the convalescing patient is mobilized, upright
blood pressure should be carefully monitored to avoid signif-
icant orthostatic hypotension. A diuretic, usually furosemide
at a starting dose of 40 mg twice daily, is added to either the
hydralazine or the minoxidil regimen when it becomes evident
that salt and water retention is beginning to occur.

Volume Status and the Role of Diuretics

It has traditionally been taught that patients with malignant
hypertension require potent parenteral diuretic therapy dur-
ing the initial phase of treatment with parenteral vasodilators

(190). However, there is now evidence suggesting that routine
parenteral diuretic therapy during the acute phase of treatment
for malignant hypertension may actually be deleterious (41).
Overdiuresis may result in deterioration of renal function due
to superimposed prerenal azotemia. Moreover, volume deple-
tion may activate the renin-angiotensin axis and other pressor
hormone systems.

Even patients with malignant hypertension and pulmonary
edema may not have an increase in total body salt and wa-
ter content. Pulmonary congestion in this setting may result
from an increase in left ventricular filling pressure due to a
decrease in the compliance of the left ventricle (diastolic dys-
function) rather than an increase in left ventricular volume
per se. With severe hypertension, the ventricle may become
noncompliant due to the excessive workload imposed by the
elevated systemic vascular resistance. As a result, left ven-
tricular end-diastolic pressure (LVEDP) increases dramatically
even though left ventricular end-diastolic volume may be near
normal. With vasodilator therapy, the systemic vascular resis-
tance decreases, left ventricular compliance improves, LVEDP
decreases, and left ventricular end-diastolic volume may ac-
tually increase (194). Despite the increase in left ventricular
end-diastolic volume, pulmonary congestion improves because
of the reduction in pulmonary capillary pressure. Thus, even
in patients with malignant hypertension complicated by pul-
monary edema, afterload reduction rather than vigorous di-
uretic therapy should be the mainstay of initial therapy.

Some patients with malignant hypertension may actually
benefit from a cautious trial of volume expansion. Intravas-
cular volume depletion in patients with malignant hyperten-
sion should be considered in patients with exquisite sensitiv-
ity to vasodilator therapy manifest by a precipitous drop in
blood pressure at relatively low infusion rates. Patients with
malignant hypertension due to analgesic nephropathy are par-
ticularly prone to be severely volume-depleted at presentation
due to the presence of chronic interstitial damage with a salt-
wasting nephropathy (41,42).

In summary, the need for diuretic therapy during the ini-
tial phase of treatment for malignant hypertension depends
on an assessment of volume status. Unless obvious fluid over-
load is present, diuretics should not be given initially. Although
vasodilator therapy will eventually result in salt and water re-
tention by the kidney, an increase in total-body sodium content
cannot occur unless the patient is given sodium. Thus, in the ini-
tial phase of treatment, patients should be placed on a no-added
salt diet with close monitoring of intravenous fluid administra-
tion. Nonetheless, during subsequent long-term treatment with
oral vasodilators, the use of diuretics is usually mandatory in
order to prevent fluid retention and maintain adequate blood
pressure control.

Management of Malignant Hypertension Complicated
by Renal Insufficiency

All patients with malignant hypertension should receive aggres-
sive antihypertensive therapy to prevent further renal damage,
regardless of the degree of renal impairment. Control of blood
pressure in patients with malignant hypertension and renal in-
sufficiency occasionally precipitates oliguric acute renal fail-
ure, especially when the initial glomerular filtration rate is less
than 20 mL/minute. However, this is not a contraindication to
aggressive antihypertensive therapy aimed at normalization of
the blood pressure. Control of hypertension protects other vital
organs such as the brain and heart whose function cannot be
replaced. Moreover, with tight blood pressure control, even pa-
tients who appear to have ESRD due to malignant nephroscle-
rosis have recovered renal function (95,97,195–205).

In patients in whom aggressive control of hypertension pre-
cipitates the need for dialysis, dialysis is utilized to control



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-56 Schrier-2611G GRBT133-Schrier-v3.cls August 26, 2006 10:20

Chapter 56: Malignant Hypertension and Other Hypertensive Crises 1395

serum chemistry values, treat uremia, and correct fluid over-
load. However, since dialysis alone rarely results in adequate
control of blood pressure in patients with malignant hy-
pertension, concomitant antihypertensive drug therapy is al-
most always required. A regimen with minoxidil and propra-
nolol has proved to be particularly efficacious in this setting
(95,96,200,203,206,207).

Role of Nephrectomy

In the past, the use of bilateral nephrectomy to control se-
vere hypertension in patients with malignant hypertension and
azotemia was advocated (208–210). In many patients with ma-
lignant hypertension and uremia accompanied by encephalopa-
thy, bilateral nephrectomy was lifesaving. In 1972, Lazarus and
associates (209) proposed a role for urgent bilateral nephrec-
tomy in patients with malignant hypertension who had life-
threatening complications such as cerebrovascular accident,
rapidly progressive congestive heart failure, or encephalopa-
thy. The authors suggested that nephrectomy might be of value
if performed early, even before the development of ESRD. Pa-
tients with serum creatinine levels as low as 7.0 mg/dL were
sometimes nephrectomized.

However, following the introduction of minoxidil, the role
of nephrectomy in the management of malignant hyperten-
sion with azotemia was questioned (211). Eleven patients with
malignant hypertension who had been refractory to maximal
doses of conventional antihypertensive agents were reported.
Seven of these patients had advanced renal failure and were
candidates for nephrectomy to control blood pressure. Insti-
tution of a regimen of minoxidil combined with diuretics or
dialysis to control fluid retention and propranolol to control
reflex tachycardia resulted in blood pressure reduction to nor-
motensive levels in all patients with remarkably few side ef-
fects (207). Even in patients with renal failure requiring dial-
ysis, hypertension can usually be controlled with minoxidil
(202,206,207,211). Given the proven efficacy of minoxidil, bi-
lateral nephrectomy is rarely, if ever, indicated to control re-
fractory hypertension. Nephrectomy should clearly be a last
resort as delayed recovery of renal function is possible in many
cases.

In summary, the long-term management of patients with
ESRD secondary to malignant hypertension should include
vigorous antihypertensive therapy with the goal of sustained
normotension. Dramatic recovery of renal function may occa-
sionally occur. Even if renal function fails to recover, adequate
control of blood pressure is essential to prevent other poten-
tially fatal complications of malignant hypertension such as
hypertensive encephalopathy, intracerebral hemorrhage, con-
gestive heart failure, and hemorrhagic pancreatitis.

Initial Oral Therapy

While many patients with malignant hypertension require
prompt treatment with parenteral antihypertensive agents,
some patients may not yet have evidence of cerebral or car-
diac complications, or rapidly deteriorating renal function and
therefore do not require instantaneous control of the blood
pressure (41,190,212,213). These patients may be safely man-
aged with an intensive oral regimen designed to bring the blood
pressure under control over a period of 12 to 24 hours.

In patients with malignant hypertension, a multidrug oral
regimen is often required to achieve adequate blood pressure
control. The most useful combinations include a diuretic, a
β-adrenergic blocker, and an arteriolar vasodilator. Minoxi-
dil appears to be particularly well suited for the initial man-
agement of malignant hypertension that requires prompt but
not immediate blood pressure reduction (212,214–216). Alpert
and Bauer (216) describe the use of a triple regimen of
furosemide, propranolol, and minoxidil in nine patients with

a diastolic blood pressure higher than 120 mm Hg. Seven of
these patients had malignant hypertension. Furosemide (40 mg)
and propranolol (40 mg) were given initially by mouth. Two
hours later, if the diastolic pressure was higher than 120 mm
Hg, a loading dose of minoxidil (20 mg) was administered. If
the diastolic pressure was still over 100 mm Hg 4 hours after
the loading dose, a booster dose of minoxidil was given. The
amount of the booster dose was estimated based on the magni-
tude of the response to the loading dose. Maintenance therapy
with minoxidil was begun with one-half the sum of the loading
and booster doses given twice daily, with adjustment of beta-
blocker and diuretic doses as necessary for control of heart rate
and fluid balance. Following the booster dose of minoxidil, a
sustained decrease in blood pressure was seen in all patients.
No overshoot hypotension or other adverse effects were en-
countered. During long-term therapy, the physicians were able
to substitute hydralazine for minoxidil in five patients. How-
ever, the remaining four patients required chronic minoxidil
therapy for adequate blood pressure control (212,216).

Initial oral therapy with sustained-release nifedipine re-
cently was shown to be effective in the management of ma-
lignant hypertension in black patients who did not require
parenteral therapy for hypertensive encephalopathy or acute
pulmonary edema (213). No precipitous decreases in blood
pressure or neurologic complications were encountered. How-
ever, despite adequate control of blood pressure during the first
24 hours with sustained-released nifedipine, all patients even-
tually required one or more additional drugs for long-term
blood pressure control. Although treatment with sublingual
or oral nifedipine capsules has also been recommended for the
initial management of malignant hypertension (217,218), the
sustained-release nifedipine preparation is preferable because
there appears to be less risk of overshoot hypotension (213).

The angiotensin-converting enzyme inhibitors have also
been reported to be effective in the treatment of malignant
hypertension. However, angiotensin-converting enzyme in-
hibitors can produce profound hypotension in volume-depleted
patients, so they should be used with caution during the initial
phase of treatment. Moreover, they may not always be effective
in the acute management of malignant hypertension (219).

Oral loading regimens with clonidine have been advocated
in severe uncomplicated (urgent) hypertension (220). How-
ever, there is limited information on the use of oral clonidine
loading in the initial management of malignant hypertension.
Clonidine loading can cause significant sedation, which may
interfere with the assessment of potential neurologic complica-
tions during acute blood pressure reduction. Moreover, com-
mon side effects such as sedation and dry mouth can have a
negative impact on compliance in patients treated with cloni-
dine for the long term. Thus, oral clonidine loading regimens
are not indicated for the initial management of malignant
hypertension.

Long-Term Management

After the immediate crisis has resolved and the blood pressure
has been brought under control with parenteral therapy, oral
therapy, or both, lifelong surveillance of the blood pressure is
essential. Close follow-up and aggressive treatment are manda-
tory because noncompliance or inadequate therapy may have
devastating consequences. If blood pressure control becomes
inadequate, malignant hypertension may recur even after years
of successful antihypertensive therapy. In a study of the quality
of care provided to patients with a history of malignant hyper-
tension who subsequently died, only 27% of patients had an
average treated diastolic blood pressure of less than 110 mm
Hg (221). Thus, meticulous long-term treatment of hyperten-
sion is imperative in patients with a history of malignant hy-
pertension. Triple therapy with a diuretic, a beta-blocker, and
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FIGURE 56-19. Survival in patients with malignant hypertension.
Treated patients received ganglionic blocking agents. Untreated pa-
tients are historical controls from the pretreatment era. (From: Har-
ington M, Kincaid-Smith P, McMichael J. Results of treatment in ma-
lignant hypertension: a seven-year experience in 94 cases. Br Med J
1959;2:969, with permission.)

a vasodilator is often required to achieve satisfactory blood
pressure control.

Response to Therapy

In the absence of adequate blood pressure control, malignant
hypertension has a uniformly poor prognosis. Without treat-
ment, the 1-year mortality rate approaches 80% to 90%, and
uremia is the most common cause of death (25,26). However,
since the introduction of potent antihypertensive agents, stud-
ies have shown that with control of blood pressure, dialysis-free
survival can be substantially prolonged (130) (Fig. 56-19).

In a more recent series of treated patients collected between
1979 and 1985, the 1-year and 5-year survival rates were 94%
and 75%, respectively. The rates for renal survival, defined
as patients surviving with native renal function, were 66% at
1 year and 51% at 5 years (32). In another series collected be-
tween 1980 and 1989, the 5-year survival was 74% (221). Me-
dian survival time was found to be significantly shorter in black
patients compared to white or Asian patients (221). The poorer
prognosis for black patients could be explained by their late
presentation with severe hypertension and the higher preva-
lence of renal impairment at presentation. The improved pa-
tient survival in recent years has been attributed to a decrease
in uremic deaths due to not only the availability of dialysis
but also the prevention of ESRD because of adequate blood
pressure control (28,29). Nonetheless, malignant hypertension
remains a disease with a poor overall prognosis associated with
a substantial risk of progression to death or chronic renal fail-
ure (221).

Prognostic Importance of Renal Function at the Time
of Diagnosis

Numerous series have documented the prognostic significance
of the level of renal function at the time of the initial presen-
tation with malignant hypertension. In the early studies of the

FIGURE 56-20. Survival in treated patients with malignant hyperten-
sion according to the level of renal function at the time of initial presen-
tation. (From: Harington M, Kincaid-Smith P, McMichael J. Results
of treatment in malignant hypertension: a seven-year experience in 94
cases. Br Med J 1959;2:969, with permission.)

response of malignant hypertension to antihypertensive ther-
apy, those patients with an initial blood urea level higher than
60 mg/dL (BUN greater than 30 mg/dL) had a 13% 1-year sur-
vival rate, compared with a 73% 1-year survival rate among
those with an initial blood urea less than 60 mg/dL (130)
(Fig. 56-20). Thus, with antihypertensive therapy, renal func-
tion tended to remain normal in patients with good renal func-
tion at presentation. In contrast, despite blood pressure con-
trol, renal function often deteriorated in patients with renal
insufficiency at presentation. It was concluded that hypoten-
sive therapy did not halt the progression of established renal
insufficiency, and that a good long-term prognosis could be
anticipated only in patients with nonuremic malignant hyper-
tension.

Based on the experience between 1950 and 1965, most pub-
lished series concluded that aggressive treatment of malignant
hypertension in patients with renal insufficiency often resulted
in worsening of renal function and sometimes even precipitated
ESRD. As recently as the mid-1960s, it was routinely stated
that azotemic patients with malignant hypertension should be
managed conservatively, and that if the BUN was higher than
60 mg/dL, no antihypertensive therapy should be undertaken
(222). Woods and Blythe were the first to report that treat-
ment of hypertension prolonged survival in patients with ma-
lignant hypertension and severe renal insufficiency (223,224).
Subsequent studies demonstrated that aggressive antihyperten-
sive therapy could result in substantial improvement in renal
function (225,226). The crucial factor in determining the risk
of progression to ESRD appeared to be the adequacy of long-
term blood pressure control.

There may be two distinct groups of patients with malignant
hypertension and renal insufficiency (225). In one group, malig-
nant hypertension is secondary to underlying renal parenchy-
mal disease. Renal biopsy reveals evidence of primary glomeru-
lonephritis with superimposed vascular changes of malignant
nephrosclerosis. In this group, initial control of blood pres-
sure may result in a temporary stabilization of renal function.
However, despite adequate blood pressure control, eventually
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the underlying renal disease slowly progresses to end-stage. In
the other group, primary (essential) malignant hypertension is
present and renal biopsy reveals only malignant nephrosclero-
sis with ischemic glomeruli. In these patients, intensive antihy-
pertensive therapy may result in an improvement in renal func-
tion, especially if initial renal impairment is mild to moderate.
Even in patients with severe renal impairment, recovery of re-
nal function sometimes occurs during sustained normotension.
However, many months of therapy may be required before re-
covery of renal function is apparent, presumably reflecting the
time required for resolution of the vascular lesions (205).

Recently, the observation has been made that the combined
length of the two kidneys at presentation (combined renal
length) as determined by ultrasonography is predictive of the
chance for recovery of renal function in patients with malig-
nant hypertension and severe renal failure (227). The mean
combined renal length was 20.2 cm in the group that recov-
ered renal function and 14.2 cm in the group with persistent
renal failure despite strict blood pressure control.

Despite the prognostic significance of the initial level of re-
nal function in patients with malignant hypertension (32), a
number of recent reports describe dramatic recovery of re-
nal function in patients with presumed ESRD due to malig-
nant nephrosclerosis, even after maintenance hemodialysis for
months to years. Recovery of renal function in these cases has
been attributed to strict control of blood pressure. These re-
ports challenged the notion that established renal failure in
malignant hypertension is irreversible (95,96,195–205). In the
majority of these reports, recovery of renal function was associ-
ated with the use of the potent peripheral vasodilator minoxidil
in combination with a β-adrenergic blocking drug and dialysis.
Often patients who had refractory hypertension or disabling
side effects while taking maximal doses of conventional anti-
hypertensive agents eventually became normotensive with min-
imal side effects after the initiation of this regimen (206,207).
Recovery of renal function with strict control of blood pressure
has been reported up to 26 months after the initiation of main-
tenance hemodialysis (96). In most of the reports describing the
recovery of renal function after prolonged maintenance dialy-
sis, the initial clinical presentation was that of oliguric acute
renal failure (200). In the largest reported series, 12 out of
54 patients with primary malignant hypertension requiring
dialysis recovered sufficient renal function to allow withdrawal
of dialysis (228). Substantially delayed recovery of renal func-
tion following initiation of dialysis for malignant nephroscle-
rosis is thus a distinct possibility and should be considered in
such patients before long-term strategies such as renal trans-
plantation are contemplated (205). In the modern treatment era
it appears that the severity of malignant hypertension and the
magnitude of renal impairment at presentation do not always
predict outcome (229). Instead, the best predictor of long-term
renal function seems to be the adequacy of the blood pressure
control obtained during follow-up.

In patients with malignant hypertension who progressed to
ESRD and were treated with long-term dialysis, the survival
rates at 1, 5, and 8 years were 87%, 82%, and 50%, respec-
tively. This was not different from age-matched controls with
other causes of renal failure admitted to the same dialysis unit
(230). One study found that the chance of recovery of renal
function was better for patients with primary malignant hyper-
tension treated with continuous ambulatory peritoneal dialysis
compared with conventional hemodialysis (231).

Mechanism of Recovery of Renal Function

The mechanism of recovery after prolonged renal failure in
malignant hypertension is uncertain. Extensive tubular damage
resembling acute tubular necrosis has been reported in patients
with oliguric acute renal failure (97,200). This tubular damage

is thought to result from ischemia caused by the obliterative
vascular lesions of malignant nephrosclerosis. In this regard,
it has been postulated that the mechanism of recovery is the
resolution of tubular necrosis (200). However, it is not clear
why the need for dialysis often persists well beyond the usual
time frame for resolution of ischemia-induced acute tubular
necrosis.

Kincaid-Smith postulated that the initial loss of renal func-
tion results from glomerular ischemia due to narrowing of the
interlobular arteries by proliferative endarteritis (41). Although
endarteritis may be arrested by adequate blood pressure con-
trol, narrowing of the arterioles may persist. Therefore, im-
provement in renal function may not result from the resolu-
tion of arteriolar lesions, but rather from hyperfiltration by the
remaining nephrons supplied by patent interlobular arteries.
Regardless of the mechanism, it is clear that recovery of renal
function is critically dependent on sustained normalization of
blood pressure.

Reversal of Hypertensive Neuroretinopathy

The funduscopic changes associated with hypertensive neu-
roretinopathy are reversible with control of blood pressure
(85,232). Striate hemorrhages cease to form as soon as the
blood pressure is controlled. Clearance of existing hemorrhages
takes 2 to 8 weeks. Cotton-wool spots may continue to form
for several days after the blood pressure is controlled. The cel-
lular (axonal) debris that comprises the cotton-wool spots is
cleared away within 2 to 12 weeks. Hard exudates clear more
slowly. A macular star may require more than a year to resolve
completely. Papilledema often continues to increase during the
first few days of treatment. However, in the majority of pa-
tients, it resolves slowly over several weeks. In contrast, the
changes reflecting retinal arteriolosclerosis such as arteriolar
narrowing, arteriovenous crossing defects, and changes in the
light reflexes usually persist despite adequate blood pressure
control (232).

Evaluation for Secondary Causes

The various secondary causes of malignant hypertension were
discussed previously in the section on etiologies of malignant
hypertension. Whereas less than 5% of patients with benign
hypertension have an underlying secondary cause of hyperten-
sion, malignant hypertension may be associated with a sec-
ondary cause in up to 50% of patients. For example, among
patients with benign hypertension, the incidence of renovascu-
lar hypertension was less than 0.5% (233). In contrast, there
is a substantial incidence of renovascular hypertension (43%
in whites, 7% in blacks) among patients with malignant hy-
pertension (46). Thus, after malignant hypertension has been
treated successfully, the possibility of underlying renovascu-
lar hypertension should be investigated. Noninvasive screening
tests such as rapid sequence intravenous pyelography and ra-
dionuclide renal scans are of little value because of the high fre-
quency of false-positive and false-negative results (233). Renal
arteriography is the procedure of choice to exclude the pos-
sibility of anatomic renal artery stenosis. The diagnosis and
treatment of renovascular hypertension is discussed in detail in
Chapter 52.

Pheochromocytoma is a rare cause of malignant hyperten-
sion. However, given the likelihood of surgical cure or amelio-
ration of hypertension, pheochromocytoma should be consid-
ered if symptoms consistent with catecholamine excess persist
following control of blood pressure. The approach to the diag-
nosis of pheochromocytoma is discussed in Chapter 55.

Primary hyperaldosteronism due to an adrenal aldosterone-
producing adenoma is an extremely rare cause of malignant
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hypertension. However, the biochemical abnormalities in pa-
tients with treated malignant hypertension may mimic those of
primary hyperaldosteronism. Long after the malignant phase
has resolved, hypokalemia with inappropriate urinary potas-
sium wasting, increased aldosterone secretion, and suppressed
PRA may persist. This phenomenon may represent a form of
tertiary hyperaldosteronism (63). With sustained treatment of
hypertension, this hyperaldosteronism eventually resolves. Be-
cause primary hyperaldosteronism is an unusual cause of ma-
lignant hypertension, an evaluation for primary hyperaldos-
teronism should not be undertaken unless these abnormalities
persist for more than a year after malignant hypertension has
resolved.

The role of renal biopsy in the diagnosis of possible un-
derlying primary renal parenchymal disease in patients with
malignant hypertension is controversial. In patients present-
ing with malignant hypertension and renal failure, it may not
be possible on clinical grounds to distinguish primary malig-
nant hypertension from chronic glomerulonephritis or chronic
interstitial nephritis with superimposed malignant nephroscle-
rosis. A renal biopsy may be required to make this distinction.
When the kidneys appear small by ultrasonography, a biopsy
is not indicated because it is unlikely that the results of the
biopsy will alter therapy. In contrast, when the kidneys are
normal in size, a renal biopsy may provide useful information.
If primary malignant nephrosclerosis with ischemic but viable
glomeruli is found, then intensive antihypertensive therapy may
be associated with the eventual recovery of renal function, even
after months of maintenance dialysis. Conversely, the finding
of chronic glomerulonephritis or chronic interstitial nephritis
with superimposed malignant nephrosclerosis suggests a less
favorable long-term outcome.

Malignant hypertension can mimic acute glomerulonephri-
tis or vasculitis. Patients can present with severe hypertension
and oliguric acute renal failure with a nephritic urinary sedi-
ment (97). In this setting, diagnostic renal biopsy is essential
since acute glomerulonephritis or vasculitis may require specific
therapy in addition to antihypertensive treatment.

Since uremia and severe hypertension predispose to serious
hemorrhagic complications after renal biopsy, it is prudent to
manage the patient with dialysis and blood pressure control
for 1 to 3 weeks prior to performance of a percutaneous re-
nal biopsy. Unfortunately, this delay in obtaining tissue may
make the diagnosis of malignant nephrosclerosis more difficult
because the lesions of fibrinoid necrosis may heal rapidly with
the institution of antihypertensive treatment, leaving a residual
hyaline or fibrous scar (130,132). Moreover, given the sampling
error inherent in closed renal biopsy, the patchy lesions of ma-
lignant nephrosclerosis might be missed. Thus, the diagnosis
of malignant nephrosclerosis is often made on the basis of the
findings of accelerated glomerular obsolescence and marked
intimal hyperplasia of the arterioles (126).

Unilateral renal disease from atrophic pyelonephritis occa-
sionally causes malignant hypertension in both children and
adults (22,39,40). However, the experience with unilateral
nephrectomy for hypertension control has been disappointing
(234). In children, cure of malignant hypertension has been re-
ported after partial nephrectomy of a scarred segment if high
renin values are documented on segmental renal vein catheter-
ization (235,236).

Benign Versus Malignant Hypertension

Since the original description by Volhard and Fahr (12), two
forms of essential hypertension have been recognized, benign
and malignant. It is worth emphasizing that these two forms of
hypertension should be conceptualized as distinct clinical and
pathologic entities. In benign hypertension there is usually a

long asymptomatic phase, with death resulting from compli-
cations of cerebrovascular disease, atherosclerotic disease, or
congestive heart failure, rather than renal disease (29). In be-
nign essential hypertension (i.e., without underlying primary
renal disease or superimposition of malignant hypertension),
ESRD seldom occurs (81,93,125,237,238). In contrast, ma-
lignant hypertension left untreated, uniformly progresses to
ESRD.

There is much controversy in the field of hypertension re-
garding the frequency with which benign hypertension (be-
nign arteriolar nephrosclerosis), in the absence of occult pri-
mary renal disease or superimposed malignant hypertension,
causes ESRD. Recent reviews suggest that the number of
patients reaching ESRD attributable to benign nephroscle-
rosis might have been significantly overestimated (239,240).
Goldring and Chasis (93) extensively evaluated renal function
in a large group of patients with essential hypertension in the
pre-antihypertensive treatment era. Most patients with long-
standing essential hypertension had anatomic lesions in kidneys
consistent with hyaline arteriolar nephrosclerosis. Moreover,
the majority had demonstrable renal abnormalities including
abnormal urinalysis with hyaline and granular casts, low-grade
proteinuria (less than 1 g/day), decreased tubular maximum
for para-aminohippurate, decreased renal blood flow, normal
to slightly decreased glomerular filtration rate, and increased
filtration fraction. However, they found that ESRD rarely oc-
curred in patients with benign hypertension. Among 150 hy-
pertensive patients with ESRD, only one was found to have be-
nign nephrosclerosis as the sole underlying etiology (93). These
authors concluded that in patients with benign hypertension,
functional failure occurred earlier in the heart and brain than
in the kidney and that death from renal failure without super-
imposed malignant hypertension was a rare event.

In contrast to these early reports, which were based prin-
cipally on renal histologic findings at autopsy, in more recent
series, “hypertensive nephrosclerosis” is listed as a common
cause of ESRD, especially among African American patients.
For example, blacks have a four- to eightfold elevation in
the risk of hypertension-induced ESRD compared to whites
(241,242). The studies suggest that much of the excess risk of
ESRD among blacks can be explained by an extraordinarily
high rate of renal failure from hypertensive nephrosclerosis.
On a national scale, an estimated 29% of blacks with ESRD
have hypertension as the primary cause (241). However, in
these recent studies, classification of the causes of ESRD was
based on clinical rather than histologic evidence. Furthermore,
in these studies it was not clear whether the term hypertensive
nephrosclerosis refers to benign or malignant nephrosclerosis.
In the few available studies detailing the pathologic findings
in blacks with ESRD due to hypertension, the characteristic
findings have been those of malignant nephrosclerosis, namely,
musculomucoid intimal hyperplasia of the interlobular arteries
and accelerated glomerular obsolescence (35,173). Moreover,
there appears to be a racial bias with regard to the diagnosis of
hypertensive nephrosclerosis. In a recent survey, nephrologists
were asked to review identical case histories of patients with
ESRD in which only the race of the patient was randomly as-
signed as either black or white. It was found that black patients
were twice as likely as white patients to be labeled as having
ESRD secondary to hypertensive nephrosclerosis (243).

The relationship between essential hypertension and ESRD
remains circumstantial despite the fact that these syndromes
have long been associated in the medical literature (240).
Nephrologists credit essential hypertension as the cause of
ESRD in 25% of patients initiating Medicare-supported renal
replacement therapy. Surprisingly, the widely held notion that
benign hypertension with benign nephrosclerosis is a common
cause of ESRD is difficult to support (81,239,240,244). In con-
trast to the large body of literature relating mild to moderate
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benign hypertension to excessive cardiovascular morbidity,
there is a dearth of information available regarding the cor-
responding risk of significant renal disease (244). In available
studies, serum creatinine levels infrequently increase in patients
with long-standing mild to moderate hypertension. An analy-
sis of the data from three recent large clinical trials in patients
with essential hypertension revealed that advanced renal fail-
ure developed in less than 1% of 10,000 patients during the
4 to 6 years of follow-up (89,245–247). Moreover, a very low
incidence of clinically significant deterioration of renal function
was also noted in the Hypertension Detection and Follow-up
Program (248). Another study of untreated patients with mild
to moderate essential hypertension found only minor declines
in glomerular filtration rate (1.6%/year) and renal blood flow
(2.1%/year), which did not differ from the renal function de-
cline associated with aging in normotensive individuals (249).
Even severe untreated hypertension (diastolic blood pressure,
120 to 150 mm Hg), in the absence of a malignant hypertension
(hypertensive neuroretinopathy), caused only a minor decre-
ment in glomerular filtration rate (1.7%/year) (249). Thus, hy-
pertensive nephrosclerosis is commonly reported to Medicare
as the cause of ESRD despite the fact that the risk of pro-
gressive renal dysfunction in clinical studies of patients with
essential hypertension appears to be very low. This paradox
could possibly be explained by the fact that the number of
patients with essential hypertension is so large that even the
small percentage at risk constitutes a relatively large number of
patients who eventually develop ESRD. Long-term follow-up
data from the Multiple Risk Factor Intervention Trial (MRFIT),
in which over 322,000 men were screened for possible entry,
support this hypothesis (250). A direct correlation was found
between the initial blood pressure and the risk of development
of ESRD from any cause at 16-year follow-up. Nonetheless,
the age-adjusted rate of ERSD in this group was only 0.34% at
16 years.

Patients classified as having hypertensive ESRD typically
present with advanced disease, making the processes that initi-
ated the renal disease difficult to discern. It has been proposed
that many patients classified as having hypertensive nephroscle-
rosis actually have intrinsic renal parenchymal disease (often
IgA nephropathy), unrecognized renal artery stenosis with is-
chemic nephropathy, unrecognized episodes of malignant hy-
pertension, or primary renal microvascular disease (239,240).
At least among white patients with hypertension and renal im-
pairment, if renal artery stenosis and malignant hypertension
have been excluded, the most likely diagnosis is underlying pri-
mary renal parenchymal disease rather than benign nephroscle-
rosis (81,251).

In contrast to these studies, a provocative study found that
mild to moderate benign hypertension did cause renal insuf-
ficiency that progressed despite adequate blood pressure con-
trol (252). However, since renal biopsies were not performed,
the data do not exclude the possibility of occult primary re-
nal parenchymal disease in patients demonstrating progressive
renal insufficiency (253).

In summary, while it is clear that malignant hypertension is
a frequent cause of ESRD, especially among blacks, there re-
mains considerable controversy regarding the commonly held
belief that benign hypertension per se commonly causes ESRD.
The critical issue that has yet to be resolved is why blacks con-
stitute a disproportionately high percentage of patients with
ESRD in the United States (241). Epidemiologic studies suggest
that essential hypertension occurs more frequently in blacks
and is associated with more severe cardiovascular end-organ
damage for any given level of blood pressure (254). In an-
giographic studies of patients with mild to moderate essential
hypertension and normal renal function, blacks tended to have
more severe angiographic evidence of nephrosclerosis than
did whites (255). Tobian postulates that the low-potassium

diet characteristically consumed by blacks in the United States
(30 mmol/day versus 65 mmol/day in the general population)
accelerates the intimal thickening of the renal vasculature that
occurs due to hypertensive damage. He proposes that this might
account for the increased risk of progressive renal insufficiency
due to hypertension among blacks (173).

There are several other plausible explanations for the high
frequency with which hypertensive nephrosclerosis is reported
as a cause of ESRD in the black population. Since most of
the available data are based on clinical diagnoses, there may
be a tendency on the part of physicians to identify hyperten-
sion as the cause of ESRD given the known high prevalence of
hypertension in blacks, even when a primary renal parenchy-
mal disease cannot be excluded on clinical grounds (244). An-
other possibility is that blacks with essential hypertension tend
to develop more severe benign nephrosclerosis, which, unlike
benign nephrosclerosis in whites, more often results in pro-
gressive renal insufficiency and ESRD (240). Results from the
African American Study of Kidney Disease (AASK) Trial indi-
cate that benign nephrosclerosis can be accurately diagnosed
in black patients with hypertension and renal insufficiency. A
renal biopsy was performed in 39 nondiabetic black patients
with chronic renal failure who did not have marked proteinuria
(urine protein to creatinine ratio less than 2.0). Only changes
compatible with benign nephrosclerosis were seen in 38 pa-
tients. The remaining patient most likely had primary focal
segmental glomerulosclerosis (256). It is possible that genetic
factors may increase the susceptibility of blacks to renal dam-
age induced by benign hypertension. Animal studies in which
genetically different but histocompatible kidneys were exposed
to the same blood pressure in an individual host have clearly
demonstrated that some kidneys are more sensitive than oth-
ers to hypertension-induced renal damage (257). Finally, it is
possible that recurrent bouts of unrecognized or inadequately
treated malignant hypertension are an underestimated cause
of the high incidence of ESRD in minority populations. In
this regard, a recent study of 100 patients admitted to an
inner-city hospital with a diagnosis of hypertensive emergency
showed that two-thirds had malignant hypertension based on
funduscopic findings (258). These patients were predominantly
young, male, black, or Hispanic individuals of lower socioeco-
nomic status. At least 93% of these patients had been previ-
ously diagnosed as hypertensive, and at least 83% were aware
of their diagnosis of hypertension. At least 87% were known to
have received prior pharmacologic treatment for hypertension.
However, no source of regular health care could be documented
in 60% of patients. More than 50% were noted to have stopped
their antihypertensive medications more than 30 days prior to
admission and only 24% had taken any medication on the day
of admission. If the overrepresentation of young blacks with
ESRD is due to undiagnosed or inadequately treated malignant
hypertension, this would have tremendous public health impli-
cations given that because malignant hypertension is clearly
preventable, and even significant renal dysfunction is poten-
tially reversible with tight control of blood pressure.

HYPERTENSIVE
ENCEPHALOPATHY

Most of the deleterious effects of hypertension on the brain
are the result of long-standing mild to moderate elevations of
blood pressure, including atherothrombotic infarction, lacunar
infarction, and intracerebral hemorrhage. Occasionally, severe
acute hypertension can produce dramatic and life-threatening
cerebral complications. Hypertensive encephalopathy is an
acute cerebral syndrome that develops in association with a
sudden, sustained elevation of blood pressure (106). It can
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occur with malignant hypertension or severe hypertension that
is not accompanied by hypertensive neuroretinopathy. Hyper-
tensive encephalopathy is a medical emergency that demands
prompt diagnosis and rapid control of blood pressure to pre-
vent irreversible brain damage or death. The clinical sine qua
non of hypertensive encephalopathy is the prompt resolution of
symptoms when the blood pressure is brought under control.

Clinical Presentation

The diagnosis of hypertensive encephalopathy is usually made
on clinical grounds. The appearance of cerebral symptoms usu-
ally follows the sudden onset of hypertension in previously
normotensive individuals or an abrupt increase in blood pres-
sure in patients with chronic hypertension. The abrupt blood
pressure elevation usually occurs 12 to 48 hours before the
onset of symptoms, although this is often difficult to docu-
ment. Symptoms may appear at lower levels of blood pres-
sure in previously normotensive individuals compared to those
with chronic hypertension. For example, in children with acute
glomerulonephritis or pregnant women with eclampsia, hyper-
tensive encephalopathy may occur when the blood pressure
is no higher than 160/100 mm Hg (259). However, the syn-
drome rarely occurs in chronically hypertensive individuals at
pressures less than 200/120 mm Hg and may not occur until
the blood pressure is more than 250/150 mm Hg.

The initial symptom of hypertensive encephalopathy is usu-
ally a severe, generalized headache that increases steadily in
severity (260). Unfortunately, headache is a nonspecific symp-
tom, and even among patients with malignant hypertension,
it does not necessarily imply central nervous system damage
(105). Weakness, nausea, and vomiting (sometimes projectile)
are often present. Neck stiffness is an occasional finding. Loss
of vision is another common feature. Visual loss may be caused
by the retinal edema and hemorrhages that accompany hyper-
tensive neuroretinopathy or as the result of cortical (occipital)
blindness (261). Denial of visual loss or loss of vision in the
presence of a normal light reflex suggests cortical blindness.

Altered mental status is a prominent clinical feature of hy-
pertensive encephalopathy. Apathy, somnolence, and confusion
are the initial manifestations that usually appear several hours
to days after the onset of headache. If treatment is not insti-
tuted, coma and death can occur. Recurrent seizures are com-
mon, and they can be either focal or generalized.

There are numerous reports of transient focal neurologic
disturbances in patients with hypertensive encephalopathy in-
cluding fleeting paresthesias and numbness in the extremities,
transient paralysis, and aphasia (106,261). Thus, the presence
of focal neurologic deficit in a patient with severe hyperten-
sion does not necessarily exclude the diagnosis of hypertensive
encephalopathy.

Hypertensive neuroretinopathy (striate hemorrhages,
cotton-wool spots, and papilledema) is present when hyper-
tensive encephalopathy occurs in patients with malignant
hypertension. However, it may be absent when hyper-
tensive encephalopathy develops in the setting of acute
glomerulonephritis, eclampsia, monoamine oxidase inhibitor–
tyramine interactions, antihypertensive drug withdrawal
syndromes, or pheochromocytoma (259,261,262).

Many authors have cautioned that lumbar puncture should
be avoided in patients with suspected hypertensive en-
cephalopathy because of the risk of cerebellar herniation
(26,263). When performed, lumbar puncture has revealed el-
evated CSF pressure in most patients ranging from 230 to
560 mm of water (137,261). CSF protein concentration is usu-
ally moderately elevated (48 to 90 mg/dL) but may be nor-
mal. The cell count is usually normal (137,261), but neu-

trophilic pleocytosis has also been reported in hypertensive
encephalopathy (264).

Computerized tomography and magnetic resonance imag-
ing (MRI) reveal characteristic findings in hypertensive en-
cephalopathy (260,263,265,266). Abnormalities on imaging
include areas of low white-matter attenuation on computer-
ized tomography scans and T1-weighted hypointense and T2-
weighted hyperintense areas on MRI (267,268). These changes
probably represent cerebral edema with increased water in the
white matter. The most common location of the white-matter
abnormalities on neuroimaging is the posterior regions of the
cerebral hemispheres. The multifocal abnormalities include
both hemispheres and tend to be symmetric (266). Commonly
involved areas in descending order of frequency include the
occipital lobes, the posterior parietal lobes, and the posterior
temporal lobes. The pons, the thalamus, and the cerebellum are
occasionally involved. The term reversible posterior leukoen-
cephalopathy syndrome has been coined to describe patients
with these typical radiographic findings and a reversible syn-
drome of headache, altered mental status, seizures, and loss of
vision (266). A reversible hypertensive brainstem encephalopa-
thy with predominant involvement of the brainstem and rela-
tive sparing of supratentorial regions has also been reported
(269).

Etiologies

Although hypertensive encephalopathy can complicate ma-
lignant hypertension, not all patients with hypertensive en-
cephalopathy have malignant hypertension. In fact, it most
commonly occurs in previously normotensive individuals who
experience sudden, severe hypertension (Table 56-5). The re-
ported causes of hypertensive encephalopathy include acute
glomerulonephritis (260,261,269), eclampsia (270, 271), ren-
ovascular hypertension (259), postcoronary artery bypass hy-
pertension (272), clonidine withdrawal (273), monoamine ox-
idase inhibitor–tyramine interactions (274), pheochromocy-
toma (275), phencyclidine (PCP) poisoning (276), licorice in-
gestion (277), phenylpropanolamine overdose (278,279), acute
renal artery occlusion (261), acute lead poisoning (261), im-
munosuppressive therapy with cyclosporine or tacrolimus for
kidney, liver, or bone marrow transplantation (266,280,281),

TA B L E 5 6 - 5

ETIOLOGIES OF HYPERTENSIVE ENCEPHALOPATHY

Malignant hypertension of any etiology
Acute glomerulonephritis
Eclampsia
Renovascular hypertension
Postcoronary artery bypass hypertension
Abrupt withdrawal of antihypertensive therapy
Monoamine oxidase inhibitor-tyramine interactions
Pheochromocytoma
Phencyclidine (PCP) poisoning
Phenylpropanolamine overdose
Recombinant erythropoietin therapy in dialysis patients
Scorpion envenomation, especially in children
Cocaine hydrochloride or alkaloidal (crack) cocaine
Acute renal artery occlusion
Acute lead poisoning in children
Cyclosporine-induced or tacrolimus-induced hypertension
Transplant renal artery stenosis or acute rejection
Femoral lengthening procedures
Acute or chronic spinal cord injuries
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chemotherapy for acute leukemia in children (282), transplant
renal artery stenosis or acute rejection (283,284), and femoral
lengthening procedures in children (285). The preeclampsia–
eclampsia syndrome has been hypothesized to reflect a sub-
type of hypertensive encephalopathy accompanied by im-
paired cerebral autoregulation and endothelial dysfunction
(8,262,266,270, 271). The clinical and radiographic findings
in patients with cyclosporine-induced neurotoxicity have been
found to be identical to those seen in hypertensive encephalopa-
thy (281). The only major factor found to be associated with
the neurotoxic effect of cyclosporine in all patients was hyper-
tension. Subcortical edema, affecting the posterior regions of
the brain, tends to resolve following reduction in blood pres-
sure, with or without concomitant reduction in cyclosporine
dose. Hypertensive encephalopathy may also occur in patients
with acute or chronic spinal cord injuries if there is autonomic
hyperreflexia due to bowel or bladder distention (286,287).
Acute elevation of blood pressure during recombinant human
erythropoietin therapy occasionally results in hypertensive en-
cephalopathy and seizures (288). This complication is unre-
lated to the extent or rate of increase in hematocrit, but is as-
sociated with a rapid increase in blood pressure and may occur
in previously normotensive patients. Scorpion envenomization
results in stimulation of the autonomic nervous system and
adrenals and in children can lead to severe hypertension and
a clinical picture consistent with hypertensive encephalopa-
thy (289). Cocaine use can also induce a sudden increase in
blood pressure accompanied by hypertensive encephalopathy
(290).

Pathogenesis

The breakthrough theory of autoregulation originally pro-
posed by Lassen and Angoli (291) is the generally accepted
view of the pathogenesis of hypertensive encephalopathy
(Fig. 56-21). Under normal circumstances, there is autoreg-
ulation of the cerebral microcirculation such that over a wide
range of perfusion pressures, cerebral blood flow remains con-

FIGURE 56-21. The breakthrough theory of hypertensive en-
cephalopathy.

stant. It has been proposed that in the setting of a sudden,
severe increase in blood pressure, autoregulatory vasoconstric-
tion fails, and there is forced vasodilation. The dilation is
initially segmental (sausage-string pattern), but eventually be-
comes diffuse. The endothelium in the dilated segments be-
comes abnormally permeable, and there is extravasation of
plasma components with the development of cerebral edema.
This theory may explain the clinical observation that hyper-
tensive encephalopathy develops at a much lower blood pres-
sure in previously normotensive individuals than it does in
those with chronic hypertension. With long-standing hyper-
tension, structural changes and remodeling of the cerebral ar-
terioles may lead to a shift in the autoregulatory curve such
that much higher perfusion pressures can be tolerated before
forced vasodilation and breakthrough of autoregulation occur
(292,293).

Strandgaard and co-workers (294) report studies on the reg-
ulation of cerebral blood flow in baboons with acute hyper-
tension. Cerebral blood flow was measured using the xenon
washout technique as the blood pressure was gradually in-
creased during angiotensin II infusion. Cerebral blood flow
remained constant up to a mean arterial pressure of 120 to
139 mm Hg by virtue of an increase in cerebrovascular resis-
tance (intact autoregulation). However, at this level of mean
arterial pressure, cerebrovascular resistance reached a maxi-
mum. At higher mean arterial pressures, cerebral blood flow
increased significantly as cerebrovascular resistance decreased,
consistent with a breakthrough of autoregulation. There was
no evidence of spasm or decreased cerebral blood flow (over-
regulation) in response to severe hypertension.

Hypertensive-induced damage to the blood-brain barrier
develops within minutes of a sudden, marked increase in blood
pressure (296). The injury is most likely due to overstretching of
vessels rather than from spasm and ischemia, as hypoxic injury
to the blood-brain barrier would require several hours to de-
velop (295). In a rat model of hypertensive encephalopathy due
to one-kidney, one-clip renovascular hypertension, the sausage-
string pattern develops in pial vessels in response to severe hy-
pertension. Injection of colloidal carbon particles demonstrates
that there is increased vascular permeability in the dilated seg-
ments (148).

Structural damage to the blood-brain barrier may not be re-
quired for the formation of cerebral edema in response to sud-
den hypertension. Cerebral arterioles and capillaries become
abnormally permeable to protein-bound dyes within seconds
after induction of severe hypertension (297). Pinocytotic vessels
transport these large molecular markers through the structural
components of the blood-brain barrier during periods of acute
hypertension. The passage of protein molecules by pinocytosis
may result in the extravascular accumulation of protein-rich
fluid (cerebral edema).

Treatment

The treatment of choice for hypertensive encephalopathy is
prompt reduction of blood pressure. When the diagnosis of hy-
pertensive encephalopathy seems likely, antihypertensive ther-
apy should be initiated prior to obtaining the results of time-
consuming laboratory and radiologic examinations. The goal
of therapy, especially in the previously normotensive patient
with acute hypertension, should be the reduction of blood
pressure to normal or near-normal levels as quickly as possi-
ble (259). Although cerebral blood flow could theoretically be
jeopardized by failure of autoregulation during rapid reduc-
tion of blood pressure in patients with chronic hypertension
(292,293), clinical experience has shown that the prompt re-
duction of blood pressure with the avoidance of frank hypoten-
sion is beneficial in patients with hypertensive encephalopathy
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(259). Of the conditions in the differential diagnosis of hyper-
tension with acute cerebral dysfunction, only cerebral infarc-
tion might be adversely affected by the abrupt reduction of
blood pressure (298). Pharmacologic agents that have a rapid
onset and short duration of action such as sodium nitroprus-
side or possibly fenoldopam should be utilized so that the blood
pressure can be carefully titrated with close monitoring of the
patient’s neurologic status. The clinical sine qua non of hyper-
tensive encephalopathy is a prompt clinical response to blood
pressure reduction. Conversely, when antihypertensive therapy
is associated with the development of new or progressive neu-
rologic deficits, other diagnoses should be considered, and the
blood pressure should be stabilized at a higher level.

In women with eclampsia, convulsions and other neuro-
logic manifestations occur and are indistinguishable from those
observed in nonpregnant individuals with hypertensive en-
cephalopathy, except that in eclampsia they occur at a lower
level of blood pressure (271). Eclampsia is associated with ex-
treme risk to both the mother and the fetus. Although delivery
of the fetus is the definitive cure in most cases, rapid control
of the blood pressure and encephalopathic manifestations is
essential before the induction of labor or performance of a
cesarean section (262,270).

ACUTE HYPERTENSIVE HEART
FAILURE

Both malignant hypertension and severe benign hyperten-
sion can be complicated by acute pulmonary edema. Acute
fulminant pulmonary edema was a frequent cause of death
among patients with malignant hypertension in the pre-
antihypertensive treatment era (25,30). However, with the ad-
vent of effective antihypertensive therapy, the prognosis for
hypertensive patients with left ventricular failure has improved
dramatically.

Traditionally, congestive heart failure has been equated with
systolic dysfunction in which there is an inability of the myofi-
brils to shorten against a load such that the left ventricle loses
its ability to eject blood into the high-pressure aorta. The end
result is a dilated, poorly contractile left ventricle with a low
ejection fraction and a reduced cardiac output. However, in
recent years, there has been increasing recognition that hyper-
tension very frequently causes abnormalities in the diastolic
function of the left ventricle that result in symptoms of conges-
tive heart failure despite the presence of a normal ejection frac-
tion and normal cardiac output (299–302). Diastolic dysfunc-
tion implies that the ventricle cannot fill normally at low filling
pressures. Ventricular filling is slow, delayed, or incomplete
unless the atrial pressure increases (299,301). A compensatory
increase in filling pressure occurs and is sufficient to maintain
normal systolic function but at the expense of pulmonary and
systemic venous congestion. Thus, signs and symptoms of pul-
monary or systemic venous congestion are not always the result
of systolic dysfunction; instead, they may result from isolated
abnormalities of the diastolic properties of the left ventricle.
The treatment of hypertension-associated heart failure varies
depending on whether the diastolic dysfunction manifests as
chronic congestive heart failure or a hypertensive crisis with
acute pulmonary edema.

Hypertensive patients with chronic congestive heart failure
manifested by dyspnea and symptoms of pulmonary and sys-
temic venous congestion are not infrequently found to have
isolated diastolic dysfunction as defined by echocardiographic
or radionuclide evaluation of diastolic filling (300,302,303).
Thus, in patients with hypertension, left ventricular hypertro-
phy, and evidence of congestive heart failure, the possibility of
hypertensive cardiomyopathy with chronic diastolic dysfunc-

tion should be considered. The left ventricular hypertrophy
that develops in response to chronic systemic hypertension may
cause abnormal myocardial relaxation and increased left ven-
tricular chamber stiffness, which lead to the impairment in di-
astolic filling that characterizes diastolic dysfunction. In clinical
practice the presence of dyspnea, pulmonary rales, and radio-
graphic evidence of pulmonary venous congestion, despite a
normal ejection fraction, should suggest the possibility of di-
astolic dysfunction (299). Traditional treatment for congestive
heart failure with digitalis and arterial vasodilators may be
deleterious in patients with isolated diastolic dysfunction due
to hypertensive heart disease (303). This type of chronic di-
astolic dysfunction in hypertensive patients is best managed
with beta-blockers, calcium channel blockers, or both. These
drugs decrease heart rate and improve the balance between
myocardial oxygen supply and demand and thus may improve
myocardial relaxation and overall diastolic function. Classes
of drugs that are associated with regression of left ventricular
hypertrophy such as angiotensin-converting enzyme inhibitors,
nondihydropyridine calcium channel blockers, beta-blockers,
and centrally acting α-adrenergic agonists may result in an im-
provement in diastolic function as the hypertrophy regresses
(304). Diuretics and salt restriction may be used to treat con-
gestive symptoms but care should be taken to avoid exces-
sive preload reduction that may compromise systolic function
(299). Venodilation and preload reduction with nitrates may
also improve symptoms of pulmonary congestion (299).

Isolated diastolic dysfunction is also the pathophysiologic
process that underlies the development of acute pulmonary
edema in patients with either malignant hypertension or severe
benign hypertension. However, in the setting of acute hyper-
tensive heart failure, the proximate cause of the left ventricular
diastolic dysfunction is the markedly increased workload im-
posed on the heart by a pronounced increase in systemic vas-
cular resistance (194,305). Hypertension complicated by acute
pulmonary edema represents a crisis requiring immediate con-
trol of blood pressure with potent peripheral vasodilators, such
as sodium nitroprusside, in order to quickly reduce the high
systemic vascular resistance that underlies this disorder.

The hemodynamic derangements in acute hypertensive
heart failure were characterized in a study comparing five pa-
tients with severe long-standing essential hypertension com-
plicated by acute pulmonary edema with a control group of
five patients of similar age who had long-standing hyperten-
sion of similar severity but who had no history of congestive
heart failure (194,305). The subjects in both groups had elec-
trocardiographic evidence of left ventricular hypertrophy and
chest radiographic evidence of cardiomegaly with left ventric-
ular prominence. However, pulmonary venous engorgement
was evident only in the group with heart failure. The hemo-
dynamic findings in the two groups of severely hypertensive
patients are displayed in Figure 56-22. The mean arterial pres-
sure, heart rate, cardiac index, and stroke work index were the
same in both groups. The left ventricular end-diastolic volume
was similarly elevated in both groups. In fact, the only hemody-
namic difference between the two groups was a significant el-
evation of left ventricular filling pressure (pulmonary capillary
wedge pressure) in the patients with acute hypertensive heart
failure. Thus in this small series of patients with acute hyper-
tensive heart failure, systolic function was normal as evidenced
by the normal resting cardiac index. The finding of elevated
left ventricular end-diastolic pressure (LVEDP) despite normal
ejection fractions and cardiac indices implies the presence of
isolated diastolic dysfunction. The increase in LVEDP was not
the result of volume overload because the left ventricular end-
diastolic volume was the same in both groups (Fig. 56-22).
The increase in left ventricular filling pressure despite a similar
end-diastolic volume can only be explained on the basis of a de-
crease in left ventricular compliance in the patients with acute
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FIGURE 56-22. Pretreatment hemodynamics in patients with acute
hypertensive heart failure (HHF) and those with severe hypertension
but without heart failure (NF). CI, cardiac index; HR, heart rate;
LVEDV, left ventricular end-diastolic volume; LVFP, left ventricular
filling pressure; MAP, mean arterial pressure; SWI, stroke work in-
dex. The MAP, HR, SWI, and LVEDV were the same in both groups.
The only difference between the groups was a significant elevation of
LVFP in the patients with HHF. These findings suggest a decrease in
left ventricular compliance in the patients with HHF, as the LVFP was
significantly increased even though the LVEDV was the same as in pa-
tients without heart failure. (From: Cohn JN, Rodriguera E, Guiha
NH. Hypertensive heart disease. In: Onesti O, Kim KE, Moyer JH,
eds. Hypertension: mechanisms and management. New York: Grune
& Stratton, 1973, with permission.)

hypertensive heart failure (194,305). The importance of de-
creased left ventricular compliance in the pathogenesis of acute
hypertensive heart failure was confirmed by the hemodynamic
responses to vasodilator therapy (194,305). Sodium nitroprus-
side infusion resulted in prompt relief of congestive symptoms
in the patients with acute hypertensive heart failure with a dra-
matic decrease in LVEDP from a mean of 43 to 18 mm Hg.
The decrease in left ventricular filling pressure was not due to
venodilation and decreased venous return because the left ven-
tricular end-diastolic volume actually increased during sodium
nitroprusside infusion. Thus the benefit of sodium nitroprus-
side therapy was mediated through a decrease in systemic vas-
cular resistance, which led to improvement in left ventricular
compliance. The signs and symptoms of pulmonary conges-
tion improved because there was a reduction in LVEDP. This
reduction in wedge pressure occurred despite an increase in
left ventricular volume because of simultaneous improvement
in ventricular compliance.

A schematic representation of the changes in the left ven-
tricular end-diastolic pressure–volume relationship in patients
with acute hypertensive heart failure treated with sodium nitro-
prusside is displayed in Figure 56-23. The diastolic pressure–
volume relationship is considered to be an index of left ven-
tricular compliance. In acute hypertensive heart failure, the
pressure–volume curve is shifted up and to the left, reflecting a
decrease in compliance such that a higher LVEDP is required
to achieve any given level of left ventricular end-diastolic vol-
ume. Normal systolic function is maintained but at the expense
of a very high wedge pressure that results in acute pulmonary
edema. Treatment with sodium nitroprusside causes a reduc-
tion in the high systemic vascular resistance. The concomitant
decrease in impedance to left ventricular ejection results in an

FIGURE 56-23. Schematic representation of the left ventricular end-
diastolic pressure–volume relationship in a patient with acute hyper-
tensive heart failure (AHHF) treated with sodium nitroprusside. In
AHHF, the pressure–volume curve is shifted up and to the left, reflect-
ing a decrease in left ventricular (LV) compliance. A higher than normal
left ventricular end-diastolic pressure (LVEDP) is required to achieve
any level of left ventricular end-diastolic volume (LVEDV). Normal LV
systolic function is maintained but at the expense of a very high wedge
pressure, which results in acute pulmonary edema. Treatment with
sodium nitroprusside causes a reduction in the high systemic vascular
resistance with a concomitant decrease in impedance to LV ejection. As
a result, LV compliance improves. Pulmonary edema resolves due to
a reduction in LVEDP despite the fact that LVEDV actually increases
during sodium nitroprusside infusion.

improvement in compliance such that a lower filling pressure
is required to maintain systolic function. Symptoms of pul-
monary edema resolve as a result of the reduction in LVEDP
despite the fact that the left ventricular end-diastolic volume
actually increases during sodium nitroprusside infusion.

Compliance is only one index of diastolic performance. Aor-
tic cross-clamp experiments in a canine model have been used
to study the effects of acute increases in systemic vascular re-
sistance (afterload) on other indices of left ventricular diastolic
function (306). During acute cross-clamping, the isovolumic
relaxation rate and early diastolic filling rate are inversely pro-
portional to the left ventricular systolic pressure. Thus, an acute
increase in systolic load results in instantaneous changes in left
ventricular diastolic function. The authors postulate that in
patients with severe hypertension complicated by acute pul-
monary edema, an acute increase in left ventricular systolic
load due to increased systemic vascular resistance may lead to
abnormal myocardial relaxation and diastolic filling, resulting
in an elevation of left ventricular filling pressure and pulmonary
congestion.

It is not clear why heart failure does not develop in some
patients with long-standing severe hypertension, while it devel-
ops as a relatively early complication of hypertension in other
patients. The rate of rise of blood pressure may be important.
Sudden worsening of preexisting hypertension, as occurs in pa-
tients with malignant hypertension superimposed on chronic
essential hypertension, may precipitate heart failure. Moreover,
acute hypertension in previously normotensive patients, as oc-
curs in the setting of preeclampsia or acute glomerulonephritis,
may cause left ventricular failure even though the blood pres-
sure is only modestly elevated. In contrast, more severe hyper-
tension, which develops gradually, may be tolerated for years
without cardiac decompensation.

It is possible that with longstanding hypertension, the de-
velopment of left ventricular hypertrophy may be a compen-
satory mechanism that serves to decrease left ventricular wall
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stress in the face of the increased impedance to left ventricu-
lar ejection (194). However, when the onset of hypertension is
abrupt or there is a sudden worsening of chronic hypertension,
compensatory mechanisms may not be fully developed. Under
these circumstances, precipitous left ventricular diastolic dys-
function with pulmonary and systemic venous congestion may
occur (194).

In summary, available evidence suggests that acute hy-
pertensive heart failure results from a primary increase in
systemic vascular resistance, which causes an increase in aor-
tic impedance or resistance to left ventricular ejection. Sys-
tolic dysfunction (low cardiac output) does not occur because
there is an increase in left ventricular wall tension that is
sufficient to overcome the impedance to ejection. However,
acute pulmonary edema develops because abnormalities of di-
astolic function such as delayed myocardial relaxation, de-
creased early diastolic filling, and reduced left ventricular com-
pliance result in an increase in LVEDP that is transmitted to
the pulmonary capillaries, resulting in transudation of fluid
into alveoli (194,306).

These pathophysiologic mechanisms have important ther-
apeutic implications in the treatment of hypertensive patients
with acute pulmonary edema. Since the proximate cause of
the impaired diastolic performance in acute hypertensive heart
failure is the contraction load imposed on the ventricle by
the increase in systemic vascular resistance, potent peripheral
vasodilators are clearly the treatment of choice (194,305).
However, it is important to distinguish patients in whom acute
pulmonary edema is secondary to severe hypertension (acute
diastolic dysfunction) from those in whom hypertension is a
reflex response to acute respiratory distress during an exacer-
bation of heart failure due to chronic systolic dysfunction. A
history of chronic hypertension, diastolic blood pressure over
120 to 130 mm Hg, funduscopic changes of hypertensive neu-
roretinopathy, and most important, failure of the hypertension
to respond rapidly to the administration of oxygen, potent di-
uretics, and morphine are findings that should suggest that se-
vere hypertension may be the proximate cause of acute pul-
monary edema. Furthermore, even in patients with suspected
reflex hypertension, if hypertension persists after institution of
therapy with preload reducing agents, treatment with a par-
enteral antihypertensive agent is indicated.

Sodium nitroprusside is the preferred drug for the manage-
ment of acute hypertensive heart failure because it reduces both
preload and afterload. There is no absolute blood pressure goal.
The dose of sodium nitroprusside should be increased until
signs and symptoms of pulmonary congestion subside or the
arterial pressure falls to hypotensive levels. However, it is rarely
necessary to lower the blood pressure to hypotensive levels
since a reduction to levels still within the hypertensive range is
usually associated with a dramatic improvement in symptoms.
Although hemodynamic monitoring is not always required, it is
essential in patients in whom concomitant myocardial ischemia
or compromised cardiac output is suspected. Recent evidence
suggests that nitric oxide (NO) donors such as sodium nitro-
prusside and nitroglycerin may directly modulate diastolic re-
laxation in patients with a hypertrophied myocardium (307).
Intracoronary infusion of nitroglycerin or sodium nitroprus-
side was found to cause a marked fall in LVEDP with only a
slight change in left ventricular peak systolic pressure (after-
load), which is consistent with a direct beneficial effect of NO
donors on diastolic function.

After the acute episode of hypertension with acute pul-
monary edema has resolved, oral therapy can be substituted
as the sodium nitroprusside infusion is weaned. Unfortunately,
guidelines for long-term antihypertensive treatment in patients
with a history of acute hypertensive heart failure are not well
defined. Despite the fact that direct-acting vasodilators may
sustain or even promote left ventricular hypertrophy, in some

patients with severe or resistant hypertension, adequate blood
pressure control may require use of hydralazine or minoxidil
in conjunction with beta-blockers to control reflex tachycar-
dia and use of diuretics to prevent reflex salt and water re-
tention. Nonetheless, as in the treatment of hypertensive pa-
tients with chronic symptoms of congestive heart failure due
to diastolic dysfunction, agents such as beta-blockers and cal-
cium channel blockers, which not only decrease blood pres-
sure but also improve diastolic function, may represent the
most logical first-line therapy. Moreover, control of blood pres-
sure with beta-blockers, calcium channel blockers, convert-
ing enzyme inhibitors, or central α-adrenergic agonists may
lead to a regression of left ventricular hypertrophy (304).
However, it has not been demonstrated that regression of left
ventricular hypertrophy leads to a long-term improvement in
diastolic function, congestive symptoms, or prognosis. Fur-
thermore, it is conceivable that regression of left ventricu-
lar hypertrophy might predispose to subsequent episodes of
acute hypertensive heart failure if severe hypertension suddenly
recurs.

HYPERTENSION COMPLICATING
CEREBROVASCULAR ACCIDENT

The importance of hypertension as a risk factor for cerebrovas-
cular accident is well established. The Framingham Study
shows that regardless of gender or age, hypertension is as-
sociated with an increased incidence of ischemic and hemor-
rhagic stroke (308). Several prospective, randomized clinical
trials demonstrate that long-term antihypertensive drug ther-
apy results in a significant reduction in morbidity and mortality
from cerebrovascular accident (309). Despite the proven ben-
efits of blood pressure control in the prevention of stroke, the
role of treatment of hypertension in the acute phase of stroke
remains controversial. Whether antihypertensive therapy is
indicated depends not only on the magnitude of the blood pres-
sure elevation, but also on the type of cerebrovascular accident.
It should be emphasized that the management of hyperten-
sion accompanying cerebral infarction is different from that
for hypertension complicating either intracerebral hemorrhage
or subarachnoid hemorrhage.

Cerebral Infarction

In the cerebral circulation, the sites of predilection for
atherosclerosis are the bifurcations of the common carotid ar-
teries, the carotid siphons, the origins of the vertebral and
basilar arteries, the circle of Willis, and the proximal parts
of the cerebral arteries (310). Cerebral infarction can result
from partial or complete occlusion of an artery by a plaque
or embolization of atherothrombotic debris from a plaque.
The atherothromboembolic infarcts produced by one of these
mechanisms typically involve the cerebral or cerebellar cortex
or the pons (310). In contrast, hypertension-induced lipohyali-
nosis of the small penetrating cerebral end arteries is the prin-
cipal cause of the small, deep lacunar infarcts that occur in
the basal ganglia, pons, thalamus, cerebellum, and deep hemi-
spheric white matter (310).

Hypertension is common in the setting of acute cerebral in-
farction. In a series of 334 consecutive patients admitted for
acute stroke, the blood pressure was elevated in 84% of the
patients on the day of admission. Even without specific an-
tihypertensive treatment, the blood pressure decreased spon-
taneously by an average of 20 mm Hg systolic and 10 mm
Hg diastolic in the 10 days following the acute event (311).
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This early elevation in blood pressure most likely represents a
physiologic response to brain ischemia. Decreases in blood
pressure accompany recovery of brain function.

Because of the known benefits of antihypertensive therapy
with regard to stroke prevention, it has been assumed that re-
duction in blood pressure would benefit patients with acute
cerebral infarction. Unfortunately, because treatment of hyper-
tension in this setting has never been evaluated in a prospective,
randomized trial, there are no good data to guide management.
Moreover, there is no evidence to suggest that rapid reduction
of blood pressure is beneficial. In fact, several cases have been
reported in which worsening of the patient’s neurologic status
was apparently precipitated by emergency treatment of hyper-
tension (312,313). The rationale for not treating hypertension
in acute ischemic strokes is based on concerns regarding im-
pairment in autoregulation of cerebral blood flow in this setting
(313–315). In normal individuals, cerebral blood flow is main-
tained constant at mean arterial pressures ranging between
60 and 120 mm Hg. However, in patients with chronic hy-
pertension as well as older adult patients, the curve is shifted
such that the lower limit of autoregulation occurs at a higher
mean arterial pressure. Furthermore, there is evidence that lo-
cal autoregulation of cerebral blood flow is disturbed in the
so-called ischemic penumbra that surrounds an area of acute
infarction (314). Without intact autoregulation, the regional
blood flow becomes critically dependent on the perfusion pres-
sure. Thus, to some extent, the presence of hypertension may
be beneficial in the setting of acute cerebral infarction, whereas
reduction of blood pressure may cause a regional decrease in
blood flow with extension of the infarct.

Because there is no evidence that mild to moderate hyper-
tension has a deleterious effect on the outcome of cerebral in-
farction during the acute stage, it is probably wise to allow the
blood pressure to seek its own level during the first few days
to weeks after the event. In most cases, the hypertension tends
to resolve spontaneously over the first week without specific
therapy (311). On the other hand, if hypertension persists for
more than 3 weeks in a patient with a completed stroke, grad-
ual reduction of blood pressure into the normal range can be
accomplished safely (316). The goal of long-term antihyperten-
sive treatment in hypertensive stroke survivors is the prevention
of stroke recurrence. The benefits of antihypertensive therapy
in secondary stroke prevention are uncertain, but large clinical
trials are in progress that should provide helpful guidelines for
clinical practice.

Although benign neglect of mild to moderate hypertension is
prudent in the setting of acute cerebral infarction, there may be
certain indications for active treatment of hypertension. When
the diastolic blood pressure is sustained more than 130 mm
Hg, many authorities recommend cautious reduction of the
systolic blood pressure to 160 to 170 mm Hg and diastolic to
100 to 110 mm Hg with a short-acting parenteral agent such
as sodium nitroprusside (293,313,317–319). Stroke accompa-
nied by other hypertensive crises such as acute myocardial is-
chemia or left ventricular dysfunction with acute pulmonary
edema is also an indication for cautious blood pressure reduc-
tion (313,318). Stroke due to carotid occlusion caused by aortic
dissection mandates aggressive blood pressure reduction to pre-
vent propagation of the dissection (313,318). In some patients
with severe hypertension, it may be impossible to distinguish
between hypertensive encephalopathy and cerebral infarction
on clinical grounds. Since rapid lowering of the blood pressure
may be lifesaving in the patient with hypertensive encephalopa-
thy, a cautious diagnostic trial of blood pressure reduction
with a short-acting parenteral antihypertensive agent, such
as sodium nitroprusside, may be indicated (318). In patients
who have suffered a stroke and require anticoagulation ther-
apy, moderate control of severe hypertension into the 160 to
170 mm Hg systolic and 100 to 110 mm Hg diastolic range may

also be prudent. In the severely hypertensive patient with pro-
gressing stroke in whom continued deterioration is believed to
be secondary to concomitant cerebral edema, cautious blood
pressure reduction may be warranted. Appropriate manage-
ment of such patients may require continuous intracranial as
well as intraarterial pressure monitoring so that cerebral per-
fusion pressure can be optimized (318).

In a recent study, sodium nitroprusside, given at a dose that
reduced mean arterial pressure by 10 mm Hg, significantly in-
hibited platelet aggregation and adhesion molecule expression
and improved regional cerebral blood flow in patients with
acute ischemic stroke (320). These findings were attributed to
beneficial effects of nitric oxide on platelet function and local
vasodilation in the area of the ischemic penumbra.

In the setting of acute cerebral infarction, hypertension
tends to be very labile and exquisitely sensitive to hypotensive
therapy. Even modest doses of oral antihypertensive agents may
cause profound and devastating overshoot hypotension (312).
Antihypertensive treatment, when indicated, should be initi-
ated with extreme caution using small doses of short-acting
agents such as sodium nitroprusside. Use of oral or sublingual
nifedipine may be associated with overshoot hypotension re-
sulting in extension of the infarct and is contraindicated for
the treatment of hypertension accompanying acute cerebral
infarction. Oral clonidine loading is also contraindicated be-
cause it may induce overshoot hypotension or lead to seda-
tion, which will interfere with assessment of mental status.
It had been proposed that there the calcium channel blocker
nimodipine, which is a cerebral vasodilator, might theoreti-
cally minimize arterial spasm and therefore improve cerebral is-
chemia. However, a large controlled clinical trial demonstrated
no improvement in outcome in patients with thrombotic
stroke treated with nimodipine when compared to placebo
treatment (321).

Intracerebral Hemorrhage

Hypertension is a major risk factor for intracerebral hemor-
rhage. The small-diameter, penetrating cerebral end arteries
are especially vulnerable to the deleterious effects of hyperten-
sion because they arise directly from the main arterial trunks
(310). The most common sites of hypertension-associated hem-
orrhage include the basal ganglia, pons, thalamus, cerebellum,
and deep hemispheric white matter (322). Lacunar infarcts
arise from the same vessels and are similarly distributed.

Hypertensive hemorrhage most often occurs in patients
older than 50 years of age. Intracerebral hemorrhage character-
istically begins abruptly with headache and vomiting followed
by steadily increasing focal neurologic deficits and alteration
of consciousness (322). More than 90% of hemorrhages rup-
ture through brain parenchyma into the ventricles, producing
a bloody CSF (322). Patients presenting with acute intracere-
bral hemorrhage invariably have elevated blood pressure. In
fact, the finding of a normal or low blood pressure makes
the diagnosis of intracerebral hemorrhage unlikely (322). In
contrast to cerebral infarction, the blood pressure does not
tend to decrease spontaneously during the first week after
the event (311). Once the hemorrhage has occurred, the pa-
tient’s condition worsens steadily over a period of minutes to
days until either the neurologic deficit stabilizes, or the patient
dies (322). When death occurs, it is most often due to her-
niation caused by the expanding hematoma and surrounding
edema.

Small hemorrhages, which may be clinically indistinguish-
able from cerebral infarction, probably require no specific ther-
apy (310). The issue of treatment of hypertension in the set-
ting of a large (greater than 3 cm) intracerebral hemorrhage
is controversial. There is almost always a rise in intracranial
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pressure accompanied by a reflex increase in systemic blood
pressure (311). Because cerebral perfusion pressure is a func-
tion of the difference between systemic arterial pressure and
intracranial pressure, reduction of blood pressure may compro-
mise cerebral perfusion. Furthermore, the hematoma impairs
the local autoregulatory response in the surrounding area of
marginal ischemia (313). Because there is no good evidence
that persistent hypertension promotes further bleeding, some
authorities strongly advise against treating hypertension in pa-
tients with intracerebral hemorrhage (1,312,315). On the other
hand, cerebral vasogenic edema may develop as a consequence
of an abrupt, severe increase in blood pressure (310), and treat-
ment of hypertension may be beneficial by virtue of a reduction
in cerebral edema and intracranial pressure. Thus, in deciding
to treat hypertension, a precarious balance must be struck be-
tween prevention of cerebral edema on the one hand, and dele-
terious reduction of cerebral blood flow on the other. In a study
of eight patients with intracerebral hemorrhage treated with
trimethaphan, cerebral blood flow measurements revealed that
the cerebral autoregulation curve was intact but shifted such
that the lower limit of autoregulation was at 80% of the initial
level of blood pressure (323). Thus, a 20% decrease in mean
arterial pressure should be considered the maximal reduction
of blood pressure during the acute stage. Active treatment of
the blood pressure should only be undertaken in the intensive
care environment where intracranial pressure and intraarterial
pressure can be closely monitored (310,324).

The drug of choice for the management of hypertension
in the setting of intracerebral hemorrhage is a matter of de-
bate. Sodium nitroprusside has traditionally been regarded as
the best agent because its brief duration of action allows for
rapid titration with avoidance of the catastrophic consequence
of sustained overshoot hypotension (1,319). However, concern
has been expressed that because sodium nitroprusside causes
an increase in venous capacitance as well as cerebral arterial va-
sodilation, the resulting increase in cerebral blood volume may
cause a further elevation of intracranial pressure (325–327).
Other cerebral vasodilators such as intravenous nitroglycerin,
hydralazine, or calcium channel blockers also can cause poten-
tially deleterious elevations of intracranial pressure in patients
with compromised intracranial compliance due to intracranial
disease (327). Because labetalol and urapidil (a postsynaptic α-
receptor blocker) may not alter intracranial pressure, they have
been recommended for treatment of hypertension in patients
undergoing neurosurgery (327). Unfortunately, these agents
have the potential to cause overshoot hypotension, which may
be difficult to quickly reverse. Thus, despite the theoretic risk
of elevation of intracranial pressure, sodium nitroprusside re-
mains the treatment of choice when severe hypertension must
be treated in the patient with intracerebral hemorrhage because
its brief duration of action allows for cautious, graded blood
pressure reduction, which can be quickly reversed if the pa-
tient’s neurologic status deteriorates or a further increase in
intracranial pressure occurs. Of interest, some patients with
cerebral infarction or hemorrhage have extreme elevations of
catecholamine levels that may render hypertension refractory
to sodium nitroprusside in the absence of concomitant beta-
blocker therapy (328).

Cerebellar hemorrhage represents a neurosurgical emer-
gency requiring prompt diagnosis and treatment (329). Typ-
ically, patients complain of the sudden onset of dizziness, nau-
sea, vomiting, headache, and difficulty walking. Truncal ataxia,
nystagmus, and ipsilateral sixth nerve paresis may be present
(329). If the process continues unchecked, brainstem com-
pression or herniation produces progressive stupor and coma.
The untreated mortality is extremely high. The diagnosis can
usually be confirmed by computerized tomography. Treatment
consists of emergency suboccipital craniotomy with evacuation
of the hematoma (329).

Subarachnoid Hemorrhage

Subarachnoid hemorrhage (SAH) accounts for less than 10%
of all cerebrovascular accidents. Rupture of a congenital
aneurysm is the most common cause. Rupture is heralded by
the sudden onset of a profound headache and is often followed
by brief syncope. If the mass of the hemorrhage is large, patients
rapidly become comatose. As the hemorrhage diffuses through-
out the subarachnoid space, the patient may awaken and
experience headache, nausea, vomiting, and seizures. Within
24 hours, nuchal rigidity and other meningeal signs develop.
Initially, neurologic findings are nonfocal. Computerized to-
mography can be used to confirm the diagnosis.

Recurrent hemorrhage is a potential complication associ-
ated with a high mortality. Whether treatment of hypertension
after SAH reduces the risk of recurrent bleeding or improves
prognosis is uncertain. In the setting of elevated intracranial
pressure or cerebral arterial vasospasm, hypertension may ac-
tually be protective because it helps to maintain cerebral per-
fusion pressure. Thus, reduction of the blood pressure could
conceivably result in aggravation of cerebral vasospasm and
ischemia.

Early surgical repair of the aneurysm has reduced the in-
cidence of rebleeding in patients with SAH. In fact, delayed
cerebral ischemia due to cerebral arterial vasospasm has been
found to be the most important cause of morbidity and mor-
tality in patients who survive the initial hemorrhage (330,331).
Vasospasm, which is probably caused by the irritating effects
of blood in the subarachnoid space closely opposed to the large
arteries, usually develops 4 to 12 days after the acute hemor-
rhage. Symptoms include a gradual deterioration of the level
of consciousness, accompanied by focal neurologic deficits.

Surgical clipping of the aneurysm is usually undertaken
as soon as possible to prevent rebleeding (331,332). There
is conflicting evidence as to whether or not postoperative
treatment with intravascular volume expansion, in conjunc-
tion with deliberate induction of arterial hypertension using
dopamine or dobutamine, may be an effective means of re-
versing the ischemic neurologic deficits caused by cerebral va-
sospasm (333,334).

Nimodipine, a 1,4-dihydropyridine calcium channel
blocker, has been approved for the prevention and treatment
of delayed cerebral ischemia caused by subarachnoid hem-
orrhage from ruptured congenital aneurysms. Nimodipine is
highly lipid-soluble and readily crosses the blood-brain barrier
(335). It dilates cerebral blood vessels at concentrations lower
than those required for dilation of the peripheral vasculature
(335). Thus, it may dilate intracerebral vessels at doses that do
not result in a significant reduction in mean arterial pressure.
Furthermore, inhibition of calcium uptake by neurons may
also protect against ischemic injury at the cellular level, inde-
pendent of an effect on cerebral blood flow (335). Nimodipine
has been shown, in randomized, placebo-controlled trials,
to reduce the severity of neurologic deficits resulting from
vasospasm in patients who have had a recent subarachnoid
hemorrhage (336,337). The recommended dosage is 60 mg
orally every 4 hours for 21 consecutive days beginning within
96 hours of the subarachnoid hemorrhage. The liquid content
of the capsules can be given through a nasogastric tube
in unconscious patients. The optimal timing of surgery in
nimodipine-treated patients has not yet been defined.

Hypertension Complicating Severe Head
Trauma

Systemic hypertension can contribute to the increase in in-
tracranial pressure that often accompanies traumatic head
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injury (338). In patients with severe head injury, the de-
gree of intracranial hypertension correlates with mortality. If
the intracranial pressure is less than 20 mm Hg, mortality
is about 20%. However, if the intracranial pressure exceeds
40 mm Hg, mortality is more than 80% (339). The primary
danger of intracranial hypertension is a compromise of cere-
bral blood flow with secondary ischemic injury. Severe, un-
controlled intracranial hypertension can result in rapid brain
death due to global cerebral ischemia. The minimum cerebral
perfusion pressure (mean arterial pressure minus intracranial
pressure) necessary to prevent secondary cerebral ischemia is
50 mm Hg (338).

A major goal of treatment in the patient with a head injury
is to maintain intracranial pressure at levels less than 30 mm
Hg. However, effective treatment requires measurement of in-
tracranial pressure with a device such as a ventricular catheter,
subarachnoid bolt, or epidural transducer. Major treatments
for reducing elevated intracranial pressure include hyperventi-
lation, osmotic diuretics, removal of CSF, corticosteroids, high-
dose barbiturates, and control of arterial blood pressure (338).
Autoregulation of cerebral blood flow is impaired in patients
with severe head injury such that changes in mean arterial pres-
sure will cause parallel changes in intracranial pressure through
alterations in cerebral blood volume. Moreover, severe hyper-
tension may cause a breakthrough of cerebral autoregulation,
leading to cerebral edema in a manner analogous to hyperten-
sive encephalopathy. On the other hand, some increase in blood
pressure may be beneficial with regard to maintenance of cere-
bral perfusion pressure in the patient with increased intracra-
nial pressure. Therefore, rational treatment of hypertension in
the setting of severe head trauma requires continuous monitor-
ing of mean arterial pressure, intracranial pressure, pulmonary
capillary wedge pressure, and cardiac output. Frequent neu-
rologic examinations must be performed to assess response to
therapy. The choice of antihypertensive agent is also important.
Vasodilators, when used alone, tend to be relatively ineffective
so the patient should also be pretreated with β-adrenergic re-
ceptor blockers. Vasodilators such as sodium nitroprusside and
intravenous nitroglycerin are the treatments of choice (338).
If an increase in intracranial pressure accompanied by com-
promise of cerebral perfusion pressure occurs with vasodilator
therapy, intravenous labetalol may be a suitable alternative.
Diuretics should be avoided because a decrease in intravascu-
lar volume reduces cardiac output and increases sympathetic
tone.

HYPERTENSION COMPLICATING
ACUTE MYOCARDIAL

INFARCTION

Transient systemic hypertension is a frequent occurrence dur-
ing the early stages of acute myocardial infarction, even among
previously normotensive patients. This postinfarction hyper-
tension has been attributed to a hyperadrenergic state resulting
from release of catecholamines from infarcted myocardium or
to an increase in sympathetic tone in response to stress, pain, or
anxiety. Serial measurements of plasma epinephrine and nore-
pinephrine in patients with acute myocardial infarction have
revealed a significant direct correlation between plasma cate-
cholamine levels and systolic blood pressure (340). A cardio-
genic hypertensive chemoreflex has been described. Injection of
serotonin into the left atrium or branches of the proximal left
coronary artery in dogs produces an intense pressor response
that is dependent on vagal afferent impulses to the central ner-
vous system and is blocked by the α-adrenergic blocking agent
phentolamine. By histologic examination, a small structure re-
sembling a chemoreceptor has been identified. This chemore-

ceptor receives its blood supply from the left coronary artery
(341). It has been postulated that in the setting of acute myocar-
dial infarction, platelet deposition in stenosed vessels results in
the release of serotonin with activation of this chemoreceptor.
The chemoreceptor reflex results in increased sympathetic tone
and systemic hypertension (340).

In most patients, hypertension is a transient finding early in
the course of acute myocardial infarction that resolves with-
out specific therapy other than pain control and sedation. The
short-term changes in blood pressure in untreated patients with
acute myocardial infarction have been well characterized (342).
During the first hour of hospitalization the mean systolic blood
pressure averages 150 ± 30.7 mm Hg, and systolic pressure of
at least 160 mm Hg is present in 30% of patients. The mean di-
astolic blood pressure averages 92 ± 18.7, and diastolic pres-
sure of at least 100 mm Hg is present in 42% of patients.
Overall, 45% of patients have a blood pressure of at least
140/90 mm Hg and 32% have a blood pressure of a least
160/100 mm Hg during the first hour of hospitalization. How-
ever, during the subsequent 6 hours, the blood pressure spon-
taneously normalizes in the majority of patients. By the sixth
hour of hospitalization systolic pressure falls to 130 ± 24 mm
Hg, and diastolic pressure decreases to 81 ± 15.5 mm Hg.
Among the patients with an initial blood pressure of at least
140/90 mm Hg, only 25% are still hypertensive by 6 hours.
Patients with an initial blood pressure of at least 160/100 mm
Hg demonstrate a similar decrease in blood pressure, such that
it remains above this level at 6 hours in only 20%. No differ-
ence was found in the clinical course of the patients with and
those without hypertension (342). Based on this study it was
concluded that in early, uncomplicated acute myocardial in-
farction, no specific therapy of hypertension is indicated other
than attention to relief of pain and adequate sedation (342).

In contrast, a number of studies indicate that hypertension
in the setting of acute myocardial infarction signifies a less fa-
vorable prognosis. In a study of 143 patients with acute my-
ocardial infarction, high systolic blood pressure on admission
indicated a worse prognosis for 2-year survival (343). In an-
other study of 106 patients with acute myocardial infarction
who had systolic blood pressure of at least 170 mm Hg that
persisted for at least 30 minutes, the blood pressure fell sponta-
neously to less than 150 mm Hg within 72 hours in all patients
(344). No antihypertensive therapy was employed. The control
group consisted of 106 patients with acute myocardial infarc-
tion who had a systolic pressure of 120 to 150 mm Hg and a
diastolic pressure of 100 mm Hg or lower. Mean peak aspartate
aminotransferase (AST) levels were significantly higher in the
systolic hypertension group than in the normotensive group.
The duration of systolic blood pressure of at least 170 mm Hg
before return to normotension correlated with the mean peak
AST level and presumably infarct size. The overall mortality,
incidence of major arrhythmias, and incidence of cardiac fail-
ure were higher in the hypertensive group.

Postinfarction hypertension may be the most important risk
factor for cardiac rupture (345). Although the incidence of
chronic hypertension prior to acute myocardial infarction was
similar in patients with and those without rupture, 40% of
the patients with cardiac rupture had postinfarction hyperten-
sion (diastolic pressure ≥90 mm Hg) compared with 15% of
patients without cardiac rupture.

A major objective of therapy in acute myocardial infarc-
tion is to minimize myocardial infarct size. The extent of
ischemic damage is dependent on the balance between my-
ocardial oxygen supply and demand. In experimental models,
factors that increase myocardial oxygen demand increased in-
farct size. Conversely, infarct size was minimized by reducing
myocardial oxygen consumption (346). Heart rate, wall ten-
sion, and myocardial contractility are the major determinants
of myocardial oxygen consumption.
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Treatment with β-adrenergic receptor blockers leads to a
reduction in myocardial oxygen demand through a reduction
in heart rate, systemic vascular resistance, and myocardial con-
tractility. In addition, beta-blockers counter the excess produc-
tion of catecholamines commonly seen in patients with acute
myocardial infarction. They also have antiarrhythmic proper-
ties. When given intravenously within the first few hours af-
ter the acute event, beta-blockers can reduce both infarct size
and early in-hospital mortality (347,348). Intravenous beta-
blocker therapy should be considered in all patients with acute
myocardial infarction unless contraindications such as severe
bradycardia, heart block, systemic hypotension, severe left ven-
tricular systolic dysfunction, and reactive airways disease are
present (347). The presence of mild to moderate left ventricular
systolic dysfunction should not necessarily be considered a con-
traindication to acute or chronic treatment with beta-blockers.
Several of the larger trials did include high-risk patients with
a history of compensated heart failure or with acute signs sug-
gesting mild left ventricular dysfunction. These trials indicated
that beta-blocker treatment was well tolerated by patients with
left ventricular dysfunction, both in the acute phase of myocar-
dial infarction and during long-term treatment (349). Long-
term trials showed a marked (43% to 47%) reduction in the
likelihood of sudden death among patients with left ventricular
dysfunction treated with beta-blockers (349).

In patients with acute myocardial infarction who have rela-
tive contraindications to β-blockade such as evidence of severe
left ventricular dysfunction, obstructive airways disease, and
bradycardia, dose titration with intravenous esmolol may be a
safe alternative (350). Moreover, the ability to tolerate esmolol
infusion is a good predictor of subsequent outcome with oral
beta-blocker therapy (350).

Secondary prevention trials showed that chronic beta-
blocker treatment after myocardial infarction reduces both
nonfatal reinfarction rate and long-term mortality (347,351).
Impressive effects on morbidity and mortality have been ob-
tained with propranolol, timolol, and metoprolol, whereas
beta-blockers with intrinsic sympathomimetic activity are less
effective (347). Recent studies also suggest that treatment with
converting enzyme inhibitors, started within 24 hours of the
onset of acute myocardial infarction, may be beneficial in pa-
tients with a history of hypertension in that they decrease the
risk of severe congestive heart failure and reduce 1-year mor-
tality rate (352).

During the first few days after an acute myocardial infarc-
tion, the systemic arterial pressure is the most important de-
terminant of LVEDP (353). Accordingly, it has been proposed
that in the setting of postinfarction hypertension, reduction
of the blood pressure with arteriolar vasodilators might pre-
vent extension of ischemia by reducing LVEDP, wall tension,
and myocardial oxygen demand. Studies of vasodilator ther-
apy with intravenous nitroglycerin, sodium nitroprusside, or
trimethaphan in patients with hypertension complicating acute
myocardial infarction demonstrate improved cardiac perfor-
mance with decreased LVEDP and stable or increased cardiac
output, findings that should be associated with a reduction in
myocardial oxygen demand (354,355). Moreover, intravenous
nitroglycerin has been shown to cause reversal of the restric-
tive left ventricular diastolic filling pattern on pulsed-wave
Doppler in patients with acute anterior wall myocardial in-
farction (356).

In the setting of acute myocardial infarction, patients with
a blood pressure higher than 160/100 mm Hg that lasts longer
than 1 hour and is unresponsive to intravenous beta-blocker
therapy should be considered candidates for treatment with
parenteral vasodilators to decrease systemic vascular resis-
tance, afterload, and myocardial oxygen demand. Because sys-
temic hemodynamics can change rapidly in the setting of acute
myocardial infarction, the use of agents with a short duration of

action is recommended. Intravenous nitroglycerin and sodium
nitroprusside are preferred in this setting. Nitroglycerin has
theoretic advantages as a vasodilator in the setting of acute
myocardial infarction because it dilates intercoronary collat-
erals and improves blood flow to the ischemic myocardium
(357–359). Diazoxide and hydralazine are contraindicated be-
cause their use may result in reflex activation of the adrenergic
system, resulting in increases in heart rate, cardiac output, and
myocardial oxygen demand.

Acute reduction of blood pressure in patients with acute
myocardial infarction necessitates careful monitoring of filling
pressure and cardiac output. Definition of an arbitrary blood
pressure goal is impossible. The blood pressure should be grad-
ually reduced over a period of 10 to 15 minutes with frequent
checks of systemic hemodynamics. The goal of therapy should
be the reduction of system vascular resistance such that LVEDP
is reduced to the range of 15 to 18 mm Hg without reflex
tachycardia or compromise of cardiac output (360). The blood
pressure may be reduced to normotensive levels as long as car-
diac output remains stable or increases, the heart rate does
not increase, and there is no evidence of increased myocardial
ischemia (pain or increased ischemic changes on electrocar-
diogram). Vasodilator therapy can usually be weaned within
24 hours as the hypertension resolves.

Despite the fact that afterload reduction can improve my-
ocardial performance and decrease myocardial oxygen de-
mands, it should be undertaken with great caution. Myocar-
dial blood flow is critically dependent on coronary perfusion
pressure, and overshoot hypotension can worsen ischemia and
extend the infarct. Afterload reduction should be restricted to
patients with increased LVEDP (wedge pressure ≥15 mm Hg)
(360). The use of vasodilator therapy in patients with a nor-
mal or reduced filling pressure can cause a decrease in cardiac
output and reflex tachycardia, which can worsen myocardial
ischemia (360).

Aortic Dissection

Acute aortic dissection is a hypertensive crisis requiring imme-
diate antihypertensive therapy aimed at halting the progression
of the dissecting hematoma. Patients with acute aortic dissec-
tion should be stabilized with intensive antihypertensive ther-
apy to prevent life-threatening complications.

A small intimal tear usually initiates aortic dissection. In
60% to 65% of patients, the intimal tear arises in the ascend-
ing aorta within a few centimeters of the aortic valve. In 30% to
35%, it begins in the descending thoracic aorta just distal to the
origin of the left subclavian artery, while in 5% to 10% the dis-
section originates in the transverse aortic arch (361). The most
clinically useful classification of aortic dissection is based on
the presence or absence of involvement of the ascending aorta
regardless of the site of the original intimal tear (362,363) (Fig.
56-24). Proximal dissections include all dissections that involve
the ascending aorta, including those that begin in the descend-
ing aorta and propagate retrograde into the ascending aorta.
Distal dissections involve only the descending aorta. In gen-
eral, the type of dissection, proximal or distal, defines whether
management should be accomplished with drug therapy plus
surgery or intensive medical therapy alone.

Degenerative changes in the aortic media underlie most
cases of aortic dissection. This medial degeneration is believed
to be the result of chronic stress on the aortic wall. Chronic
hypertension is the most important risk factor for the devel-
opment of aortic dissection (364). Typical patients with aor-
tic dissection are 60- to 80-year-old men with a long history
of essential hypertension. Less common factors predisposing
to aortic dissection include Marfan’s syndrome, Ehlers-Danlos
syndrome, bicuspid aortic valve, coarctation of the aorta, and
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FIGURE 56-24. Classification of aortic dissection based on the pres-
ence or absence of involvement of the ascending aorta. The dissection
is defined as proximal if there is involvement of the ascending aorta.
The primary intimal tear in proximal dissection may arise in the as-
cending aorta (1), transverse aortic arch (2), or descending aorta (3).
In distal dissections, the process is confined to the descending aorta;
the ascending aorta is not involved. The primary intimal tear occurs
most commonly just distal to the origin of the left subclavian artery.
Proximal dissections account for approximately 67% and distal dissec-
tions 43% of all acute aortic dissections. (Adapted from: Wheat MW
Jr. Acute dissecting aneurysms of the aorta: diagnosis and treatment,
1979. Am Heart J 1980;99:373.)

pregnancy (365). Patients with Marfan’s syndrome and aor-
tic dissection often have a family history of dissection. There
may also be an association between Marfan’s syndrome and
dissection that occurs in the third trimester of pregnancy.

Following the initial intimal tear, a column of blood driven
by the force of arterial pressure enters the aortic wall and de-
stroys the media while stripping the intima for a variable dis-
tance along the length of the aorta. The extent of propagation
of the dissecting hematoma is determined by several mechan-
ical factors, including the systolic blood pressure, velocity of
shearing forces, turbulence of blood flow, and the steepness
of the pulse wave (contractility) (361). Experimental evidence
suggests that the two most important factors are the blood pres-
sure and the steepness of the pulse wave (366,367). Without
treatment, acute aortic dissection is almost always fatal. In a
review of survival in untreated patients, one-fourth died within
24 hours, one-half died within 1 month, and more than 90%
died within 1 year. The three major complications of aortic
dissection are rupture of the aorta, occlusion of major arterial
branches arising from the aorta, and acute aortic insufficiency
(361). The most frequent mechanism of death is through-and-
through rupture of the weakened aortic adventitia (361). The
most common site of rupture is the ascending aorta. Because
the parietal pericardium is attached to the aorta just proximal
to the origin of the innominate artery, rupture of any portion
of the ascending aorta leads to hemopericardium and pericar-
dial tamponade. Rupture of the aortic arch causes hemorrhage
into the mediastinum. Rupture of the descending thoracic aorta
leads to hemorrhage into the left pleural space. Retroperitoneal
hemorrhage results from rupture of the abdominal aorta.

The clinical features of acute aortic dissection have been
extensively reviewed (363,365,368). Men predominate over
women by a ratio of 3:1. The peak incidence is in the sixth
and seventh decades. The pain is usually cataclysmic in onset
and maximal at its inception in contrast to the crescendo na-
ture of pain seen with acute myocardial infarction. The pain is
often described as tearing, ripping, or stabbing. Another char-
acteristic of the pain is its tendency to migrate from the point
of origin along the path followed by the dissecting hematoma.

The location of the pain is suggestive of the site of origin. Pain
felt maximally in the anterior thorax is more frequently due
to proximal dissection, whereas pain felt maximally in the in-
terscapular area is more common in distal dissections. Vasova-
gal symptoms such as diaphoresis, apprehension, nausea, and
vomiting are common. Less common presenting symptoms in-
clude syncope (usually due to cardiac tamponade) and acute
pulmonary edema (secondary to acute aortic insufficiency). In
proximal dissections, stroke or altered consciousness can occur
due to extension of the dissection into the carotid arteries with
diminished carotid blood flow. Occlusion of coronary ostia can
lead to acute myocardial infarction. Horner’s syndrome can oc-
cur if there is compression of the superior cervical sympathetic
ganglion. Vocal cord paralysis accompanies compression of the
left recurrent laryngeal nerve. Involvement of the descending
aorta can lead to mesenteric ischemia, renal insufficiency, lower
extremity ischemia or pulse deficits, and focal neurologic ab-
normalities due to spinal artery occlusion with spinal cord is-
chemia. Occlusion of renal artery ostia may be signaled by the
development of severe hypertension due to renin release from
the ischemic kidney (363).

Although the majority of patients with aortic dissection
have evidence of long-standing hypertension, the blood pres-
sure can fall such that hypertension is absent at the time of
presentation. In one study, at presentation, 56% of patients
with distal dissections were hypertensive compared with 9%
of patients with proximal dissections (364). True hypoten-
sion, which is more common with proximal dissections, is
attributable to rupture of the dissected aorta with cardiac
tamponade or hemorrhage into the pleural space or retroperi-
toneum (364). Pseudohypotension can be caused by compro-
mise of flow through either or both subclavian arteries (364).
Significant variation in blood pressure between the two arms
is not uncommon.

Acute aortic insufficiency can develop with proximal dis-
section due to dilation of the aortic root or widening of the
annulus by the dissecting hematoma so that the valve leaflets
fail to oppose during diastole (363). In contrast to the finding
in primary aortic valve disease, the murmur of aortic insuffi-
ciency is most commonly heard along the right sternal border.
Moreover, the murmur may be quite short due to rapid ventric-
ular filling with early equilibration of aortic and left ventricular
diastolic pressures.

Although the chest roentgenogram may show widening of
the mediastinum, this sign is present in only 40% to 50% of pa-
tients (361). The mediastinum bulges to the right with involve-
ment of the ascending aorta and to the left with involvement of
the descending thoracic aorta. At the aortic knob, more than
1 cm of separation of intimal calcification from the adventitial
border, the so-called calcium sign, is highly suggestive but not
diagnostic of aortic dissection (363). A left pleural effusion due
to hemothorax can also occur.

In the past decade there has been a dramatic shift away
from invasive diagnosis of aortic dissection with aortography
to the use of noninvasive diagnostic modalities such as trans-
esophageal echocardiography (TEE) or MRI (368). Imaging
modalities are used to confirm the diagnosis and identify the
presence or absence of involvement of the ascending aorta
thereby defining the dissection as proximal or distal. Addi-
tional diagnostic information available from these studies in-
cludes the extent of the dissection and the sites of entry and
reentry, presence of thrombus in the false lumen, presence of
aortic insufficiency or pericardial effusion, and involvement of
the coronary arteries or other arterial trunks. These data are
crucial in deciding between medical and surgical therapy and
for planning surgical intervention.

TEE has rapidly become the preferred imaging technique
for evaluation of suspected aortic dissection (369). Although it
requires esophageal intubation, TEE can easily be performed in
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the emergency room to provide an accurate diagnosis within
minutes. In a study designed to assess the comparative diag-
nostic value of TEE and retrograde aortography, TEE actually
had better sensitivity (98% vs. 88%) and negative predictive
value (97% vs. 85%) than did aortography (370). The superior
sensitivity of TEE was due to the ability to identify noncom-
municating dissection (dissection without an apparent intimal
tear). However, angiography was more accurate in assessing
the site of entry of the dissection (97% vs. 78%). There were
no significant differences between the techniques with regard
to assessing secondary tears, aortic regurgitation, coronary dis-
section, or extension of the dissection. Biplane and multiplane
TEE are widely used since they permit visualization of the as-
cending aorta in multiple imaging planes (371). Thus, either
TEE or aortography is adequate to diagnose aortic dissection
and plan surgical intervention.

MRI also provides an accurate noninvasive technique for
evaluating the thoracic aorta in patients with suspected dis-
section (372). The main disadvantages are that it is difficult to
closely monitor the patient during prolonged scanning and that
MRI is not readily available on an emergency basis at many in-
stitutions. However, MRI may be quite useful for long-term
follow-up of patients with aortic dissection.

Treatment of Acute Aortic Dissection

Intensive medical therapy should be instituted immediately in
patients with suspected acute dissection, preferably even be-
fore definitive diagnostic procedures are undertaken. The ini-
tial therapeutic goal is the elimination of pain (which correlates
with a halting of the dissection process) and reduction of sys-
tolic blood pressure to the 100 to 120 mm Hg range or the
lowest level compatible with maintenance of adequate renal,
cardiac, and cerebral perfusion. Even in the absence of hyper-
tension, therapy should be instituted. Antihypertensive therapy
should be designed not only to lower blood pressure but also to
decrease the steepness of the pulse wave. The most commonly
used treatment regimen consists of an intravenous β-adrenergic
blocking drug such as propranolol, metoprolol, or esmolol in
combination with sodium nitroprusside (363,364,373). Beta-
blockade should be initiated prior to nitroprusside in order to
prevent an adrenergic-mediated reflex increase in cardiac con-
tractility that could further propagate the dissection. After an
initial test dose of 0.5 mg, propranolol is administered in 1-mg
increments over 5 minutes until there is adequate β-blockade
as evidenced by a pulse rate of approximately 60 beats/minute
(365). However, the total dose should not exceed 0.15 mg/kg.
Subsequent propranolol doses should be given every 4 to
6 hours to maintain β-blockade (374). Pretreatment with in-
travenous esmolol or metoprolol is also acceptable (374). In
patients with bronchospasm, metoprolol can be administered
in loading doses of 1 mg every 5 minutes followed by 5- to
15-mg maintenance doses every 4 to 6 hours as necessary. Af-
ter pretreatment with beta-blocker, sodium nitroprusside is ad-
ministered to lower the systolic blood pressure into the 100- to
120-mm Hg range.

Trimethaphan has been considered by some to be the
preferred drug for the treatment of acute aortic dissection
(361,375). In animal models, doses of propranolol much larger
than those necessary to produce bradycardia are required to
prevent the reflex increase in contractility associated with the
use of sodium nitroprusside (375). In contrast, trimethaphan is
not associated with reflex increases in heart rate or contractil-
ity because it blocks the adrenergic system. Unfortunately, the
prolonged use of trimethaphan is limited by its sympathoplegic
side effects as well as the rapid development of tachyphylaxis
(363).

Labetalol, by virtue of its combined α1- and β-blocking
properties, may be useful in the management of acute dissec-
tion. However, its long duration of hypotensive action may not
be desirable in critically ill patients with acute aortic dissection
who may require urgent surgical intervention. Selective arterio-
lar vasodilators such as diazoxide, hydralazine, and minoxidil,
which activate the adrenergic system, are contraindicated in
acute aortic dissection.

After the blood pressure is controlled and the patient is pain-
free, TEE or angiography should be performed. When one is
deciding between medical and surgical therapy, the most impor-
tant diagnostic finding is involvement of the ascending aorta.
Collective results from long-term follow-up studies indicate
that surgical therapy is superior to medical therapy alone in pa-
tients with proximal dissections (361,376). Operative mortal-
ity for proximal dissections at experienced centers varies from
7% to 20%, which is well below the more than 50% mortality
with medical therapy alone. Conversely, in patients with distal
dissections, intensive drug therapy leads to an 80% survival
rate compared with only 50% in surgically treated patients
(361).

Surgical therapy is advantageous in patients with proximal
dissection because progression of the dissecting hematoma can
result in devastating consequences including neurologic com-
promise, acute aortic insufficiency, and aortic rupture with
cardiac tamponade. Surgical therapy involves excision of the
intimal tear, obliteration of proximal entry into the false lu-
men, and reconstitution of the aorta with interposition of a
synthetic vascular graft (377). In patients with aortic insuffi-
ciency, restoration of aortic valve competence can be accom-
plished by resuspension of the native aortic valve or by aortic
valve replacement.

There are a number of explanations for the advantage of
medical therapy over surgical therapy for acute distal dissec-
tion. These patients are generally at greater surgical risk be-
cause they are older and have a higher incidence of advanced
atherosclerosis and coexistent cardiopulmonary disease (365,
377). A major complication of surgery for distal dissections is
spinal cord ischemia and resultant paralysis. Moreover, the risk
of life-threatening complications such as cardiac tamponade,
aortic insufficiency, and cerebrovascular accident is less than
that with proximal dissections. Although medical therapy is
generally the treatment of choice in distal dissections, there are
situations in which surgery is required. These include inabil-
ity to control blood pressure, inability to control pain (which
implies continued propagation), compromise or occlusion of
a major branch of the aorta, or the development of a saccu-
lar aortic aneurysm during long-term medical therapy. There is
also general agreement that acute distal dissection in patients
with Marfan’s syndrome should be managed surgically (363).

Long-Term Medical Management of Aortic
Dissection

After diagnosis by TEE or aortography, patients with un-
complicated distal dissection should be continued on propra-
nolol and nitroprusside or trimethaphan infusions. A transition
to oral antihypertensive therapy should be initiated after the
blood pressure has stabilized and clinical evidence of progres-
sion or complications of dissection have subsided. Survivors
of surgical intervention should also receive long-term medical
therapy. The preferred antihypertensive agents for the long-
term management of patients with aortic dissection are those
that have a negative inotropic effect such as beta-blockers with-
out intrinsic sympathomimetic activity, verapamil, diltiazem,
labetalol, methyldopa, and reserpine. Vasodilators such as pra-
zosin, hydralazine, and minoxidil, which cause a reflex increase
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in sympathetic tone, should be avoided. Nifedipine and isradip-
ine can cause a reflex increase in heart rate and cardiac output
and should probably be avoided or used only in combination
with a beta-blocker (374). Converting enzyme inhibitors may
also be useful for long-term medical management of aortic dis-
section (374). The objective of therapy should be to maintain
the systolic blood pressure below 130 mm Hg. Even patients
without hypertension should be given β-adrenergic blocking
drugs postoperatively if at all possible (363).

Reoperation may be required for late complications includ-
ing progressive aortic insufficiency, localized saccular aneurysm
formation, and recurrent dissection (363). The 10-year actuar-
ial survival rate of patients who leave the hospital is approx-
imately 60% (376). In a long-term study of surgically treated
survivors of aortic dissection, 29% of all late deaths were due
to the development and eventual rupture of a localized saccu-
lar aneurysm (378). Thus, close lifelong monitoring of treated
survivors of aortic dissection is required. It may be useful to per-
form a baseline thoracic MRI prior to discharge with follow-up
examinations at 6 months and 1 year. Subsequent follow-up
studies are usually performed every 1 to 2 years.

HYPERTENSIVE CRISES IN THE
PATIENT REQUIRING SURGERY

Poorly Controlled Hypertension in the Patient
Requiring Surgery

In the preoperative setting, the goals of blood pressure manage-
ment include: (a) assessment of the perioperative risks of acute
or chronic hypertension; (b) modification of the risk to min-
imize perioperative cardiac complications; and (c) sometimes
the substitution of alternative antihypertensive agents for the
patient’s chronic oral antihypertensives during the periopera-
tive period (379). Hypertension in the preoperative patient is a
common problem. In a series of 1,000 patients over the age of
40 presenting for surgery, 28% were hypertensive (380). How-
ever, studies of perioperative cardiac risk have demonstrated
that mild to moderate hypertension is not an independent risk
factor for the development of postoperative myocardial in-
farction, pulmonary edema, ventricular tachycardia, or cardiac
death (380,381). On the other hand, one study that evaluated
intraoperative systemic hemodynamics in patients with either
preoperative normotension, adequately treated hypertension,
or inadequately treated hypertension demonstrated the benefits
of preoperative control of blood pressure (382). During anes-
thesia, cardiac output decreased by 30% in all three groups.
Normotensives and adequately treated hypertensives had only
minor changes in systemic vascular resistance resulting in mod-
est decreases in mean arterial pressure of 23% and 33%, re-
spectively. In contrast, the inadequately treated hypertensives
experienced, on average, a 27% decrease in systemic vascular
resistance which, coupled with the declines in cardiac output,
resulted in reduction of mean arterial pressure by 45% during
anesthesia. Electrocardiographic changes consistent with my-
ocardial ischemia were commonly observed in the latter group.
Hypertensive patients can develop wide swings in blood pres-
sure intraoperatively, which increase the risk of postoperative
cardiac and renal complications (383). Thus, while mild to
moderate hypertension with diastolic blood pressure under 110
mm Hg may not be an independent risk factor for adverse car-
diac outcomes, it may predispose to the development of intra-
operative hypotension or hypertension which in turn increases
the risk of postoperative complications (379).

Poor control of preoperative hypertension, with a diastolic
blood pressure higher than 110 mm Hg, is a relative contraindi-

cation to elective surgery. In patients with a diastolic blood
pressure higher than 110 mm Hg, perioperative morbidity and
mortality are increased due to a high incidence of intraoper-
ative hypotension accompanied by myocardial ischemia and
postoperative acute renal failure (384).

However, it should be noted that these data were collected
in patients hospitalized for preoperative evaluation in which
multiple blood pressure readings were available to document
persistently poor preoperative blood pressure control. It is not
clear whether these criteria should be applied to patients pre-
senting for outpatient surgery who are found to have a diastolic
blood pressure over 110 mm Hg. The finding of elevated blood
pressure in this circumstance may not necessarily be reflective
of long-term inadequate blood pressure control. In this setting,
if there is no history of long-standing inadequate blood pres-
sure control and if the blood pressure responds satisfactorily to
sedation, sublingual nifedipine, or mini-bolus labetalol, it may
be possible to proceed with elective outpatient surgery (385).

Malignant hypertension clearly represents an excessive sur-
gical risk, and all but lifesaving emergency surgery should be
deferred until the blood pressure can be controlled and organ
function stabilized (385).

Some authorities believe that mild to moderate, uncom-
plicated, preoperative hypertension (diastolic blood pressure
≤110 mm Hg) does not significantly increase the risk of surgery
and is therefore not a reason to postpone elective surgery
(384,386,387). However, patients with mild to moderate hy-
pertension and a preexisting complication such as ischemic
heart disease, cerebrovascular disease, congestive heart fail-
ure, or chronic renal insufficiency represent a subgroup with
a significantly increased perioperative risk (384). In these pa-
tients, adequate preoperative control of blood pressure is im-
perative (388). Even though the blood pressure in patients with
severe or complicated hypertension can usually be controlled
within hours using aggressive parenteral therapy, such precipi-
tous control of hypertension carries the risk of significant com-
plications such as hypovolemia, electrolyte abnormalities, and
marked intraoperative and postoperative blood pressure labil-
ity. These risks predispose to myocardial ischemia, cerebrovas-
cular accidents, and acute renal failure (386). In these high-risk
groups, if possible, elective surgery should be postponed and
blood pressure brought under control for a few weeks before
surgery (386). Ideally, sustained adequate preoperative blood
pressure control should be the aim in all hypertensive patients
(386,388).

In patients with adequately treated hypertension, antihy-
pertensive and antianginal medications should be continued
up to and including the morning of surgery. Such treatment
decreases intraoperative blood pressure lability and protects
against the hypertensive response associated with endotracheal
intubation and other noxious stimuli during surgery (388,389).
Oral administration of blood pressure medications with a small
amount of water (15 to 20 mL) a few hours before surgery
does not increase the risk of gastric aspiration during anesthe-
sia induction (386). Since hypovolemia increases the risk of
intraoperative hypotension and postoperative acute renal fail-
ure, diuretics should be withheld for 1 to 2 days preoperatively
except in patients with overt heart failure or fluid overload.
Adequate potassium supplementation should be provided to
correct hypokalemia well in advance of surgery. Drugs such as
clonidine, which carry the potential for withdrawal reactions
or hypertensive rebound during the postoperative period, may
be electively tapered and replaced with other medications over
1 to 2 weeks preoperatively. Alternatively, the clonidine trans-
dermal therapeutic system has been recommended for the peri-
operative management of patients receiving long-term centrally
acting α2-agonist therapy (390).

Theoretically, β-adrenergic blockers could cause hemody-
namic instability in the setting of surgical stress, blood loss,
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and the myocardial depression caused by anesthetics. However,
studies have shown that elective withdrawal of beta-blockers
preoperatively not only is unnecessary but also may be dele-
terious in patients with underlying coronary artery disease.
Continuation of beta-blockers until a few hours before gen-
eral anesthesia does not appear to impair hemodynamic func-
tion (391). Furthermore, patients pretreated with beta-blockers
have less hypertension, tachycardia, myocardial ischemia, and
dysrhythmias during endotracheal intubation than do patients
who do not receive beta-blockers (392).

The use of converting enzyme inhibitors in the preoperative
management of the hypertensive patient is controversial (393).
The current consensus is that patients receiving chronic therapy
with a converting enzyme inhibitor should continue the drug up
until surgery and then restart therapy as soon as possible post-
operatively. However, given the physiologic role of the renin-
angiotensin system in patients subjected to a hypovolemic in-
sult intraoperatively, concern has been raised regarding the risk
of intraoperative hemodynamic instability in patients undergo-
ing extensive surgical procedures involving large amounts of
blood loss or fluid shifts (394). In contrast, there are data that
suggest that converting enzyme inhibitors may be beneficial in
patients undergoing coronary artery bypass surgery. Compar-
ison of systemic hemodynamics and renal function in patients
pretreated with either captopril or placebo showed that renal
plasma flow, glomerular filtration rate, and urinary sodium ex-
cretion were higher in patients treated with captopril (395).

The choice of anesthetic technique in the hypertensive pa-
tient should be individualized (386,389). For peripheral proce-
dures, regional nerve block involves minimal physiologic stress
and may be the procedure of choice. Although spinal anes-
thesia for lower extremity and certain abdominal procedures
minimizes myocardial depression and is not associated with
sympathetic discharge during endotracheal intubation, the con-
comitant sympathetic blockade is not quickly reversible and
may lead to cardiovascular collapse in high-risk hypertensive
patients (386). For general anesthesia, most of the commonly
used anesthetics are acceptable for use in the hypertensive pa-
tient. However, drugs such as ketamine that provoke hyper-
tensive responses should be avoided. During anesthesia there
are often wide and rapid fluctuations in blood pressure that re-
quire close monitoring, often by the direct intraarterial method
(386). Continuous electrocardiographic monitoring is essen-
tial to monitor for evidence of myocardial ischemia. Accurate
measurement of urine output is a helpful indirect measure of
the adequacy of renal perfusion. Patients with severe hyper-
tension undergoing upper abdominal or thoracic surgery may
require central venous pressure monitoring as a guide to fluid
replacement. Monitoring of cardiac output and wedge pressure
should be considered in patients with a history of left ventricu-
lar failure or ischemic heart disease or those undergoing major
thoracic or cardiovascular procedures (386).

The hypertensive surge during endotracheal intubation can
be managed with infusion of sodium nitroprusside, esmolol,
or minibolus labetalol (389,396,397). In complicated patients
with a history of cardiovascular disease or congestive heart fail-
ure, intraoperative and postoperative hypertension should be
managed with short-acting agents such as sodium nitroprus-
side or possibly fenoldopam until the preoperative oral antihy-
pertensive regimen can be resumed (3). Given the benefits of
intravenous nitroglycerin with regard to coronary vasospasm
and the collateral circulation, it may be a useful agent for
the management of perioperative hypertension in patients with
coronary artery disease undergoing either noncardiac surgery
or coronary artery bypass surgery (398). In postoperative pa-
tients, trimethaphan is contraindicated because of the risk of
bowel and bladder atony.

In uncomplicated patients, intermittent intravenous la-
betalol injections may be useful in the management of mild

to moderate postoperative hypertension (399,400). However,
tachycardia and paradoxical hypertension may occur in the
setting of volume depletion in patients with chronic hyperten-
sion. Therefore, physiologic tachycardia in response to vol-
ume depletion should always be excluded prior to parenteral
administration of any beta-blocker. Parenteral agents such as
furosemide, beta-blockers, and hydralazine, or oral antihyper-
tensive agents given by nasogastric tube have also been recom-
mended for the management of uncomplicated postoperative
hypertension until oral therapy can be resumed. Newer agents
such as nicardipine and fenoldopam may offer potential advan-
tages over older agents in the treatment of perioperative hyper-
tension (401). However, the cost–benefit ratio of these newer
agents must also be considered. Despite the fact that periopera-
tive hypertension is aggressively treated, there are no long-term,
large-scale study data indicating that aggressive treatment af-
fects long-term patient outcome (401).

Many patients with long-standing severe hypertension re-
quire much smaller doses of antihypertensive medications in
the early postoperative course. Thus, the preoperative regimen
should not be automatically restarted. Routine measurements
of supine and standing blood pressure should be utilized as a
guide to dosage adjustments during the postoperative recovery
period. In most instances, the requirement for antihypertensive
medications will gradually increase over a few days to weeks
to eventually equal the preoperative regimen.

Postcoronary Bypass Hypertension

Paroxysmal hypertension in the immediate postoperative pe-
riod is a frequent and serious complication of cardiac surgery.
It is the most common complication of coronary artery bypass
surgery, occurring in 30% to 50% of patients (401). Postbypass
hypertension is mediated by increases in systemic vascular re-
sistance. The heightened systemic vascular resistance increases
cardiac work and myocardial oxygen demand. The accompa-
nying increase in LVEDP impairs subendocardial perfusion and
can cause myocardial ischemia in patients with limited coro-
nary reserve. The acute increase in afterload can also impair
cardiac performance and precipitate acute pulmonary edema.
In addition, hypertension increases the incidence and severity of
postoperative bleeding in recently heparinized patients. There-
fore, postbypass hypertension should be diagnosed and rapidly
treated.

There are numerous precipitating factors for hypertension
in the postoperative setting including emergence from anes-
thesia, tracheal or nasopharyngeal irritation from the endotra-
cheal tube, pain, hypothermia with shivering, ventilator asyn-
chrony, hypoxemia, hypercarbia, myocardial ischemia, and
withdrawal phenomena resulting from preoperative discontin-
uation of antihypertensive medications (401). Hypervolemia,
though often cited as a mechanism of postoperative hyperten-
sion, is a rare cause of hypertension in this setting except in
patients with renal failure (401). Marked sympathetic overre-
action to hypovolemia is a common, often unrecognized, cause
of severe postoperative hypertension and impaired tissue per-
fusion (403,404).

Hypertension after myocardial revascularization occurs as
often in previously normotensive patients as in those with
chronic hypertension (405). The increase in blood pressure
usually occurs during the first 4 hours after surgery and tends
to resolve 6 to 12 hours postoperatively. The hypertension,
which results from a rise in systemic vascular resistance with-
out a change in cardiac output, may be related to an increase
in sympathetic tone due to activation of pressor reflexes from
the heart, great vessels, or coronary arteries (401,405).

The initial management of postbypass hypertension should
include attempts to ameliorate the reversible causes of
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hypertension previously mentioned. Hypertension resulting
from pain and anxiety should be managed with analgesics or
sedatives. Hypothermia should be treated with warming blan-
kets; intravenous fluids should be preheated to 37◦C. Patients
with paradoxical hypertension in response to volume deple-
tion are exquisitely sensitive to vasodilator therapy and may
develop precipitous hypotension even with low-dose infusions
of sodium nitroprusside or nitroglycerin. Hypertension in this
setting should be treated using careful volume expansion with
crystalloid or transfusion as required (403). If these general
measures fail to control the blood pressure, further therapy
should be guided by measurement of systemic hemodynam-
ics. Parenterally administered vasodilators are the treatment
of choice for postbypass hypertension. Sodium nitroprusside
or intravenous nitroglycerin can be utilized to provide con-
trolled reduction in the systemic vascular resistance and blood
pressure. Intravenous nitroglycerin is as effective for hyperten-
sion in this setting as is sodium nitroprusside (398). Nitroglyc-
erin may be the preferred drug because it dilates intercoronary
collaterals and causes less intrapulmonary shunting than does
sodium nitroprusside. Moreover, sustained infusion of even
low-dose sodium nitroprusside may result in cyanide toxic-
ity, which should be considered in the differential diagnosis in
postcoronary bypass graft patients who develop unexplained
neurologic, cardiac, or pulmonary complications (406). Recent
studies suggest that fenoldopam may be useful for the man-
agement of hypertension following bypass surgery (407,408).
Postbypass hypertension is usually transient and resolves over
6 to 12 hours, after which the vasodilator can be weaned. The
hypertension does not usually recur after the initial episode in
the immediate postoperative period (405).

An intravenous beta-blocker is occasionally recommended
for control of hypertension in patients with tachycardia prior
to surgery. However, beta-blockers are generally not indicated
in the setting of postbypass hypertension because the hyperten-
sion is usually secondary to increased systemic vascular resis-
tance rather than to increased cardiac output (402,405). More-
over, the tachycardia may be a physiologic response to volume
depletion. Beta-blocker therapy may be detrimental as these
agents compromise cardiac output and increase systemic vas-
cular resistance. In this regard, labetalol has been shown to
cause a significant reduction in cardiac index in patients with
hypertension following bypass surgery (409).

Postcarotid Endarterectomy Hypertension

Hypertension in the immediate postoperative period is ex-
tremely common after carotid endarterectomy. In one large
series, 58% of patients had postcarotid endarterectomy hy-
pertension as defined by an increase in systolic blood pres-
sure of more than 35 mm Hg or systolic blood pressure re-
quiring treatment with sodium nitroprusside (410). A history
of hypertension, especially with poor control of hypertension
preoperatively, dramatically increases the risk of postoperative
hypertension (411,412). Severe postoperative hypertension fol-
lowing carotid endarterectomy is associated with an increased
incidence of stroke with focal neurologic deficits, intracerebral
hemorrhage, and increased postoperative mortality (411–414).

The mechanism of postcarotid endarterectomy hyperten-
sion is poorly understood. The incidence of hypertension is
the same whether or not the carotid sinus nerves are preserved
(411). A mechanism for the development of postoperative hem-
orrhage due to hypertension has been proposed (413). In pa-
tients with high-grade carotid artery stenosis, the distal cere-
bral bed has been protected from systemic hypertension by the
stenosis. Following removal of the obstructing lesion, a rela-
tive increase in perfusion pressure occurs in the previously pro-
tected arteriocapillary bed. Especially in the setting of postop-

erative hypertension, cerebral autoregulation may fail such that
there is overperfusion and rupture resulting in hemorrhagic in-
farction.

Because poor preoperative blood pressure control increases
the risk of postoperative hypertension, strict blood pressure
control is mandatory prior to elective carotid endarterectomy.
Furthermore, intraarterial blood pressure should be monitored
intraoperatively and in the immediate postoperative period.
Ideally, the patient should be awake and extubated prior to
reaching the recovery room so that serial neurologic examina-
tions can be used to assess the development of focal deficits.
When the systolic blood pressure exceeds 200 mm Hg, an intra-
venous infusion of sodium nitroprusside should be initiated to
maintain systolic blood pressure between 160 and 200 mm Hg
(411). The use of a short-acting parenteral agent is imperative
to avoid overshoot hypotension and cerebral hypoperfusion.

Hypertensive Crises After Repair of Aortic
Coarctation

During the first week after repair of coarctation of the aorta, se-
vere systemic hypertension frequently develops (415). This so-
called paradoxical hypertension usually resolves spontaneously
if the repair has been satisfactory. There are two distinct phases
to the paradoxical hypertensive response: an acute rise in sys-
tolic blood pressure on the first postoperative day and a later
rise in the diastolic pressure during the second through fourth
postoperative days (415,416). The immediate postoperative in-
crease in systolic blood pressure lasts 8 to 12 hours and is
similar in mechanism to the postmyocardial revascularization
hypertension previously described. The second phase of hyper-
tension, which is accompanied by abdominal pain and signs of
an acute abdomen, causes considerable morbidity and mortal-
ity due to the development of mesenteric endarteritis (417).

After repair of coarctation, the decline in blood pressure in
the upper body results in baroreceptor activation. The release
of the sympathetic axis from tonic baroreceptor inhibition re-
sults in “vasomotor storm” with markedly increased heart rate
and blood pressure. The renin-angiotensin axis may also be ac-
tivated by the increase in sympathetic tone, and angiotensin-
mediated vasoconstriction may account for part of the pressor
response (415). The mesenteric vessels that had been exposed
to the low pressure distal to the coarctation are suddenly ex-
posed to severe hypertension. This may cause endarteritis and
vascular necrosis with intestinal ischemia and infarction.

Prophylactic oral propranolol, at a dosage of 1.5 mg/kg/day
in divided doses for 2 weeks before surgery, can prevent para-
doxical postcoarctectomy hypertension (415). Sodium nitro-
prusside and parenteral beta-blockers have also been used suc-
cessfully to treat postcoarctectomy hypertension. The goal of
therapy should be to maintain systolic blood pressure in the
range of 120 to 150 mm Hg. As soon as possible, oral propra-
nolol should be instituted as the sodium nitroprusside infusion
is weaned (418).

Hypertension Complicating Postoperative
Bleeding

Hypertension in the postoperative period can result in severe
and intractable bleeding from vascular suture lines. Hyperten-
sion can also aggravate bleeding in the setting of severe epis-
taxis, and tracheal, gastrointestinal, or urinary tract hemor-
rhage. Retroperitoneal hemorrhage after closed renal biopsy
can be exacerbated by hypertension. In each situation, con-
trol of the blood pressure is required for normal hemostasis.
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Sodium nitroprusside should be utilized for immediate and pre-
cise control of the blood pressure.

CATECHOLAMINE-RELATED
HYPERTENSIVE CRISES

Hypertensive Crises with Pheochromocytoma

The diagnosis and treatment of pheochromocytoma are dis-
cussed in detail in Chapter 55. The comments here are restricted
to treatment of hypertensive crises in patients with pheochro-
mocytoma, with emphasis on the perioperative management
of hypertension. In the majority of patients, pheochromocy-
toma causes sustained hypertension that occasionally enters
the malignant phase. In roughly 30% of patients, paroxys-
mal hypertension is present. Paroxysms usually occur sponta-
neously and consist of severe hypertension, headache, profuse
diaphoresis, pallor of the face, coldness of the hands and feet,
palpitations, and abdominal discomfort. Marked elevation of
blood pressure can lead to intracerebral hemorrhage, hyperten-
sive encephalopathy, or acute pulmonary edema (419). Prompt
reduction of blood pressure is mandatory to prevent these
life-threatening complications. Although the nonselective α-
adrenergic receptor blocker phentolamine is often cited as the
treatment of choice for pheochromocytoma-related hyperten-
sive crises, sodium nitroprusside is equally effective (420,421).
Phentolamine is given in 5- to 10-mg intravenous boluses ev-
ery 5 minutes as necessary to control blood pressure. Given
its short duration of action, a continuous infusion of phento-
lamine can also be utilized. After the blood pressure has been
controlled with sodium nitroprusside or phentolamine, intra-
venous β-adrenergic receptor blockers such as esmolol and pro-
pranolol can be used to control tachycardia or arrhythmias.
After resolution of the hypertensive crisis, oral antihyperten-
sive agents should be instituted as the parenteral agents are
weaned.

Skillful preoperative management of blood pressure and
volume status is clearly a prerequisite to successful surgical in-
tervention (420–422). Usually, the nonselective α-blocker phe-
noxybenzamine is administered for 1 to 2 weeks prior to elec-
tive surgery. The initial dose of 10 mg twice daily is increased
every other day until normotension, accompanied by moderate
(15 mm Hg) asymptomatic orthostatic hypertension, has been
attained and paroxysms are well controlled (421,422). The last
dose of phenoxybenzamine is usually administered at 10 pm on
the evening before surgery. After adequate α-blockade has been
achieved, oral beta-blocker therapy can be initiated if needed to
control tachycardia. Oral or intravenous beta-blockers should
never be administered before adequate α-adrenergic blockade
has been achieved. Administration of a beta-blocker to patients
with catecholamine-secreting tumors can lead to severe hyper-
tension with acute pulmonary edema as the result of intense
α-adrenergic-mediated vasoconstriction that is no longer op-
posed by β-adrenergic vasodilatory stimuli. Prazosin, a selec-
tive α1-antagonist, has been used for preoperative management
of hypertension (423). However, hypertensive crises responsive
to low-dose phenoxybenzamine have been observed in patients
receiving apparently adequate α-blockade with prazosin (424).
Labetalol has also been advocated for the preoperative man-
agement of hypertension in patients with pheochromocytoma
(425). However, hypertensive crises precipitated by the use of
labetalol have been reported (426). The paradoxical increase
in blood pressure is due to the fact that labetalol exhibits more
potent β-blockade that α-blockade.

Careful attention to volume status is imperative in the pre-
operative period (421,422). Alleviation of the chronic state of

catecholamine-induced vasoconstriction by α-blockade results
in increases in both arterial and venous capacitance. Preopera-
tive volume expansion guided by measurements of central ve-
nous pressure or pulmonary capillary wedge pressure has been
advocated to reduce the severity of intraoperative hypotension
(422). However, other authors maintain that a high-salt diet
or infusions of crystalloid are usually not necessary in the ma-
jority of patients during the preoperative period because treat-
ment with α-adrenergic blockade for 1 to 2 weeks alleviates
the chronic state of vasoconstriction and allows for sponta-
neous restoration of normal plasma volume (420). Moreover,
caution has been advised if intravenous fluids are administered
during the preoperative period because pulmonary edema can
occur if an underlying catecholamine-induced cardiomyopathy
is present (420).

Cardiac status should be evaluated carefully in the
preoperative period. Approximately 25% of patients with
catecholamine-secreting tumors have some degree of cardiomy-
opathy with biventricular dysfunction caused either by a di-
rect toxic effect of catecholamines on the myocardium or in-
directly by chronic hypertension (420). This catecholamine-
induced cardiomyopathy is associated with an increased risk of
sudden death from arrhythmias, as well as increased surgical
risk. Thus, preoperative evaluation should include echocardio-
graphy to assess ventricular function. The cardiomyopathy is
usually reversible with adequate preoperative chronic adrener-
gic blockade. Surgical intervention should generally be deferred
until serial echocardiograms confirm that ventricular function
has improved in response to treatment with adrenergic block-
ing drugs.

During surgery, rapid and wide fluctuation in blood pressure
should be anticipated (421). Adequate premedication should be
used to minimize the risk of sympathetic activation during en-
dotracheal intubation and induction of anesthesia. Diazepam
and short-acting barbiturates are the agents of choice for pre-
medication (421). Droperidol, phenothiazines, and morphine
are contraindicated because they can cause catecholamine re-
lease. Atropine should be avoided because its vagolytic effect
results in tachycardia in the setting of high-circulating cate-
cholamine levels.

Careful intraoperative monitoring of intraarterial blood
pressure, cardiac output, pulmonary capillary wedge pres-
sure, and systemic vascular resistance is required to manage
rapid swings in blood pressure (421). Despite adequate pre-
operative α-blockade with phenoxybenzamine, severe hyper-
tension can occur during intubation or intraoperatively due
to catecholamine release during tumor manipulation. Though
intermittent bolus phentolamine has been advocated in this
setting, prolonged α-blockade may predispose to significant
hypotension following tumor devascularization (421). There-
fore, sodium nitroprusside, with its immediate onset and short
duration of action, is the agent of choice for controlling acute
hypertension during pheochromocytoma surgery (421). Infu-
sions of esmolol, propranolol, or lidocaine can be used for
short-term control of arrhythmias (420,421).

At the opposite end of the spectrum, severe intraoperative
hypotension can occur. Hypotension or even frank shock can
supervene following isolation of tumor venous drainage from
the circulation, with a resultant abrupt decrease in circulat-
ing catecholamine levels. This hypotension is caused by a pre-
cipitous reduction in vascular tone, which can be aggravated
further by operative blood loss, downregulation of adrenergic
receptors in response to chronic increases in catecholamines,
α-adrenergic blockade, or impaired heart rate response result-
ing from β-adrenergic blocking drugs (421). Volume expan-
sion with crystalloid, colloid, or blood as needed is the rec-
ommended treatment for intraoperative hypotension. Volume
repletion should be guided by measurements of pulmonary
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capillary wedge pressure and cardiac output. Pressors should
only be employed when hypotension is unresponsive to ad-
equate volume repletion (421). The risk of hypotension due
to hypovolemia extends into the postoperative period during
which close monitoring of volume status is essential. In the
postoperative period, required volume replacement not uncom-
monly exceeds measured fluid losses (421).

Hypertensive Crises Secondary to Withdrawal
of Antihypertensive Therapy

Abrupt discontinuation of high doses of centrally acting anti-
hypertensive agents such as clonidine (273,427), methyldopa
(428), and guanabenz (427,429) can produce a withdrawal
syndrome characterized by sympathetic overactivity (430).
Symptoms consisting of headache, nausea, restlessness, agita-
tion, insomnia, and tremor usually begin 12 to 72 hours after
discontinuation of the drug. Occasionally, this withdrawal syn-
drome is accompanied by a rapid increase in blood pressure to
above pretreatment levels (overshoot hypertension) (431). The
abrupt rise in blood pressure can precipitate a hypertensive
crisis with hypertensive encephalopathy or acute pulmonary
edema.

The symptoms that develop following cessation of centrally
acting α-receptor agonists are suggestive of sympathetic over-
activity. It has been postulated that the syndrome may be re-
lated to excessive circulating catecholamine levels (430). Be-
cause the antihypertensive action of central α-agonists is due
to a reduction in catecholamine release from nerve terminals,
abrupt discontinuation may provoke a sudden catecholamine
surge. Increased plasma and urine catecholamine levels have
been found after abrupt discontinuation of high-dose cloni-
dine (273). The renin-angiotensin system may also be involved
in withdrawal phenomenon. As clonidine and methyldopa sup-
press plasma renin activity (PRA), it is possible that a rebound
increase in PRA and angiotensin II could mediate the hyperten-
sive overshoot following drug withdrawal (432).

In general, withdrawal symptoms or rebound hypertension
occur only after cessation of large doses of drugs. Withdrawal
symptoms rarely appear after discontinuation of clonidine in
doses less than 1.2 mg/day (433). The average dose of gua-
nabenz in the reported cases of withdrawal syndrome was
48 mg/day (429). However, the withdrawal syndrome can
occasionally be precipitated by cessation of lower doses of
drugs. This is especially apt to occur in patients with underly-
ing renal insufficiency or renovascular hypertension (432). Pa-
tients treated with beta-blockers may be predisposed to develop
severe hypertension during withdrawal of centrally acting
α-agonists (434). Beta-adrenergic receptor blockade inhibits
the vasodilatory effect of β2-receptors on the peripheral vascu-
lature, leaving vasoconstrictor α1-receptors unopposed.

Treatment of antihypertensive drug withdrawal syndromes
should be individualized. In patients with generalized symp-
toms of sympathetic overactivity but without excessive blood
pressure elevation, reinstitution of the previously adminis-
tered drug is usually all that is required (430). However, if
the withdrawal syndrome is associated with severe hyperten-
sion, hypertensive encephalopathy, or acute pulmonary edema,
rapid control of blood pressure with parenteral antihyper-
tensive agents is imperative. Sodium nitroprusside or phen-
tolamine should be used for the management of these hy-
pertensive crises. After the blood pressure is controlled with
parenteral agents, oral clonidine, guanabenz, or methyldopa
should be restarted. The offending drug should then be grad-
ually withdrawn with close monitoring for withdrawal symp-
toms and rebound hypertension. Another oral antihypertensive

regimen, preferably without a beta-blocker, should be initiated
simultaneously.

Hypertensive Crises Secondary to Monoamine
Oxidase Inhibitor Interactions

Severe paroxysmal hypertension complicated by intracerebral
or subarachnoid hemorrhage, hypertensive encephalopathy,
or acute pulmonary edema can occur in patients receiving
monoamine oxidase (MAO) inhibitors after ingestion of cer-
tain foods or drugs (274,435). The three major MAO in-
hibitors available in the United States are the antidepressant
drugs tranylcypromine (Parnate), phenelzine (Nardil), and iso-
carboxazid (Marplan).

Although catechol O-methyltransferase is important in the
metabolism of circulating catecholamines, MAO is required for
the degradation of intracellular amines including epinephrine,
norepinephrine, and dopamine (436). Since MAO normally
limits intracellular amine accumulation, MAO inhibitors cause
an increase in the quantity of amines within storage gran-
ules. The amino acid tyramine releases these stores of cate-
cholamines from nerve endings, causing a profound pressor re-
sponse. Certain foods contain substantial amounts of tyramine
including natural or aged cheeses, Chianti wines, champagne,
imported beers, pickled herring, chicken liver, yeast, soy sauce,
fermented sausage, coffee, avocado, banana, chocolate, over-
ripe or spoiled food, and aged fish or meat (salami, pepperoni,
and bologna) (435,437). As a result of hepatic and intestinal
MAO-inhibition, tyramine escapes oxidative degradation and
causes release of norepinephrine from nerve endings. Sympa-
thomimetic amines in nonprescription cold remedies such a
phenylpropanolamine can also provoke neurotransmitter re-
lease. A hyperadrenergic state resembling pheochromocytoma
then ensues.

In a large series of patients treated with MAO inhibitors,
symptoms typically began within 10 minutes to 2 hours af-
ter ingestion of the offending food or drug. Symptoms include
sudden onset of severe pounding headache, palpitations, throb-
bing vessels in the neck, flushing or pallor, profuse diaphore-
sis, nausea, vomiting, and extreme prostration. Abrupt onset
of marked hypertension is a characteristic finding. The mean
increase in blood pressure is 55 mm Hg systolic and 30 mm
Hg diastolic. Complications include intracerebral hemorrhage,
subarachnoid hemorrhage, hypertensive encephalopathy, and
acute pulmonary edema. The duration of the attacks varies
from 10 minutes to 6 hours (435).

Either sodium nitroprusside or phentolamine can be used to
manage this type of hypertensive crisis. Because most patients
are normotensive prior to the onset of the hypertensive crisis,
the goal of treatment should be the normalization of blood
pressure. Intravenous beta-blockers may also be required for
control of heart rate and tachyarrhythmias. Because hyperten-
sive crisis with MAO inhibitor–tyramine interactions is usually
self-limited, the nitroprusside or phentolamine infusion can be
weaned without institution of an oral antihypertensive agent.

Hypertensive Crises Due to Nonprescription
Sympathomimetic Amines

Phenylpropanolamine, phenylephrine, ephedrine, and pseu-
doephedrine are sympathomimetic amines available in a
wide variety of over-the-counter drug preparations that are
marketed as nasal decongestants, appetite suppressants, or
stimulants. However, toxic effects can result from overdose
(278,279,438). Moreover, there may be substantial abuse
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potential for use as amphetamine substitutes (279). A recent
study in healthy, normotensive subjects found that 150 mg of
phenylpropanolamine (the amount contained in a double dose
of an over-the-counter appetite suppressant) substantially ele-
vated blood pressure (439). Review of adverse drug effect case
reports suggests that overdose of phenylpropanolamine can
cause a significant increase in blood pressure that can be com-
plicated by severe headache, hypertensive encephalopathy, in-
tracerebral hemorrhage, seizures, and even death (278). Given
the majority of serious adverse events, the FDA has recently
banned the use of phenylpropanolamine in over-the-counter
medications (440). In patients who present with hypertensive
encephalopathy of unknown origin, the possibility of recent
ingestion of over-the-counter sympathomimetic amines should
be investigated. Hypertensive crises secondary to sympath-
omimetic amines should be treated with a rapid-acting agent
such as sodium nitroprusside or phentolamine. This is gener-
ally the only treatment required because these drugs are rapidly
eliminated and the duration of the toxic reaction is usually less
than 6 hours (279).

AUTONOMIC HYPERREFLEXIA
FOLLOWING SPINAL CORD

INJURY

Autonomic hyperreflexia (or autonomic dysreflexia) is an acute
medical emergency that occurs in quadriplegics and paraplegics
whose spinal cord lesion lies above the greater splanchnic out-
flow from the thoracolumbar preganglionic sympathetic neu-
rons (lesions at T-6 or above) (287,441–444). This potentially
life-threatening syndrome results from interruption of normal
feedback mechanisms in the sympathetic pathway (441). At-
tacks of autonomic hyperreflexia usually begin at 4 to 6 months
after the injury and can recur episodically for the rest of the pa-
tient’s life (444). Autonomic hyperreflexia develops in 50% to
80% of patients with spinal cord injury (287,444). Hyperten-
sive crises, presumably due to autonomic hyperreflexia, have
also been reported in patients with Guillain-Barré syndrome
(445). Noxious stimuli arising below the level of the injury,
most commonly due to distention of the bladder or bowel,
trigger a response mediated by the sympathetic nervous sys-
tem (442). Afferent impulses from nerves below the level of
the cord lesion cause excess stimulation of preganglionic sym-
pathetic neurons. The result is reflex sympathetic outflow via
the splanchnic nerves with profound vasoconstriction in the
visceral arteries of the splanchnic bed leading to a sudden in-
crease in blood pressure. The elevated blood pressure stimu-
lates baroreceptors in the carotids and aortic arch and signals
are sent to the vasomotor center in the brainstem. Parasympa-
thetic efferent impulses from the brainstem via the tenth cranial
nerve cause bradycardia, which may be transient. However, in
patients with spinal cord lesions above the major splanchnic
sympathetic outflow, descending inhibitory feedback is blocked
so that reflex vasoconstriction of the peripheral and splanch-
nic vasculature continues unabated. The end-result is a sudden
increase in blood pressure, often reaching systolic pressures
over 250 mm Hg. It is important to note that the normal rest-
ing systolic blood pressure in patients with spinal cord injury
is often 80 to 90 mm Hg, and a systolic blood pressure of
130 mm Hg may be a sign of autonomic hyperreflexia. The
most common symptom during a paroxysm of autonomic hy-
perreflexia is severe headache, but the sudden increase in blood
pressure may trigger a hypertensive crisis with seizures, corti-
cal blindness, hypertensive encephalopathy, intracerebral hem-
orrhage, or acute hypertensive heart failure. Additional symp-
toms and signs include feelings of doom, facial flushing, nasal
congestion, diaphoresis and piloerection above the level of the

cord lesion, and cool clammy skin below the level of injury.
Bradycardia is present in only 50% of cases. Educating patients
about dysreflexia is an important part of the initial rehabilita-
tion from spinal cord injury. Most patients can recognize the
occurrence of their specific pattern of signs and symptoms of
dysreflexia.

Autonomic hyperreflexia can be triggered by any noxious
stimulus in the dermatomes, muscles, or viscera supplied by
nerves below the level of the cord injury. Stimuli related to
distention of a hollow viscus are particularly effective in elicit-
ing this response (441–444). Bladder distention and fecal im-
paction are the most frequent inciting stimuli (286). Urinary
tract instrumentation, gynecologic instrumentation, or labor
and delivery may also provoke an attack. Spinal cord injury
patients undergoing abdominal or bladder surgery are also at
high risk. In addition, a variety of medical problems including
pressure sores, occult fractures, deep venous thrombosis, and
heterotopic ossification may cause symptoms of dysreflexia.
Patients at risk should be cautioned about the use of over-
the-counter sympathomimetic medications, such as deconges-
tants and appetite suppressants, which may also provoke an
attack.

Autonomic hyperreflexia is best managed by prevention.
If routine bowel or bladder care (bladder catheterization or
bowel programs) trigger an attack, local anesthesia with Xylo-
caine lubricant may be used. Individuals with frequently occur-
ring symptoms may benefit from prophylactic treatment with
nifedipine or phenoxybenzamine. Drug regimens should only
be implemented after a thorough search for potentially under-
lying correctable causes. Management of hypertensive crises
due to autonomic hyperreflexia requires prompt recognition
with correction of precipitating causes. Failure to recognize au-
tonomic hyperreflexia or misdiagnosis can lead to substantial
morbidity. Any spinal cord injury patient presenting with an
emergency or strange symptoms should be suspected of having
autonomic dysreflexia until proven otherwise (443,444). The
severe hypertension must be treated expeditiously to avoid such
complications as retinal hemorrhage, seizures, hypertensive en-
cephalopathy, or intracerebral hemorrhage. During an acute
episode, the patient should be brought to a sitting position
with legs dangling to take advantage of the natural orthosta-
sis that occurs with spinal cord injury. The bladder should be
checked for distention by immediate catheterization. If blad-
der distention is not found, rectal examination should be per-
formed to exclude fecal impaction. If these measures fail, med-
ication to blunt the sympathetic response should be adminis-
tered. Transdermal nitroglycerin may break the hypertensive
reflex and this agent can be removed when the blood pressure
normalizes. Oral clonidine or nifedipine may also be useful
alternatives. Once the autonomic reflex is broken, long-term
antihypertensive drug therapy is seldom needed. Occasionally,
development of a hypertensive crisis with encephalopathy or
seizures may necessitate treatment with parenteral antihyper-
tensive agents such as diazoxide, trimethaphan, nitroprusside,
or fenoldopam. Nitroprusside is particularly useful for man-
agement of intraoperative hypertension in patients with spinal
cord injury.

MISCELLANEOUS HYPERTENSIVE
CRISES

Hypertensive crises have been reported in a wide variety of
clinical settings. Patients with extensive second- or third-degree
burns may develop hypertensive crises 3 to 4 days after hos-
pitalization (446). Hypertensive crises have been reported as
idiosyncratic reactions to a number of drugs including am-
photericin B (447), lithium (intoxication) (448), amitriptyline
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(449), and metrizamide (450). Severe hypertension with hyper-
tensive encephalopathy has been reported to occur in a dose-
related fashion in children treated with high-dose cyclosporine
for allogenic bone marrow transplantation (280,281). Hyper-
tensive crises can also complicate the use of illicit drugs in-
cluding cocaine hydrochloride or alkaloidal (crack) cocaine
(451,452), and phencyclidine hydrochloride (PCP) (276).

In each of these conditions sudden elevation of blood pres-
sure in previously normotensive individuals can cause hyper-
tensive encephalopathy, intracerebral hemorrhage, or acute
pulmonary edema. Sodium nitroprusside is the treatment of
choice for the management of hypertension in these diverse
settings.

Hypertensive crises have been reported in patients with
insulin-induced hypoglycemia who are concomitantly treated
with beta-blockers (453). It has been postulated that
epinephrine release induced by hypoglycemia, in the presence
of vascular β2-receptor blockade by propranolol, causes severe
hypertensive reactions due to unopposed α1-receptor-mediated
vasoconstriction.

Hypertensive crises may develop in renal allograft recipi-
ents due to acute rejection, high-dose glucocorticoid treatment,
or transplant renal artery stenosis (283,284,454). Refractory
hypertension complicated by hypertensive encephalopathy can
also occur in patients with chronic allograft rejection who have
returned to dialysis. This complication tends to develop during
tapering of immunosuppressive therapy and may be caused by
superimposed acute allograft rejection. Allograft nephrectomy
may be indicated for the long-term control of blood pressure
in this setting.

THE CONTROVERSY OVER
GRADUAL VERSUS RAPID
REDUCTION OF BLOOD

PRESSURE

Over the last several years, some authors have cautioned
against rapid lowering of blood pressure in patients with hy-
pertensive crises and have recommended a more gradual re-
duction of blood pressure (319,455–457). The case for grad-
ual reduction of blood pressure is based largely on the finding
of altered autoregulation of cerebral blood flow in hyperten-
sive patients and scattered case reports of serious neurologic
sequelae resulting from overly aggressive reduction of blood
pressure in patients with severe hypertension or hypertensive
crises (294,458–464).

In both hypertensive and normotensive individuals, cere-
bral blood flow is maintained constant, at approximately
50 mL/minute/100 g of brain tissue, over a wide range of perfu-
sion pressures, by virtue of various intrinsic and neurohumoral
autoregulatory mechanisms. The lower limit of cerebral blood
flow autoregulation is the blood pressure below which autoreg-
ulatory vasodilation becomes maximal and cerebral blood flow
decreases. In normotensive subjects, the lower limit of autoreg-
ulation is a mean arterial pressure of 60 to 70 mm Hg. In
chronically hypertensive patients, the lower limit of autoregu-
lation is shifted so that autoregulation fails and cerebral blood
flow decreases at a higher blood pressure than in normoten-
sive individuals (292,293). This effect may be the result of
hypertension-induced changes in the cerebral arterioles. In an-
imal models, chronic hypertension causes hypertrophy of the
walls of cerebral vessels with a reduction in internal diameter.
Moreover, during chronic hypertension, cerebral arterioles un-
dergo structural remodeling, which results in a smaller external
diameter and encroachment on the vascular lumen (184).

On the one hand, these structural changes are protective
in that the thickened cerebral arterioles are able to maintain
constant cerebral blood flow at a higher perfusion pressure
than would be tolerated by normotensive individuals. In this re-
gard, in chronically hypertensive individuals, the mean arterial
pressure at which autoregulatory vasoconstriction gives way
to pressure-induced forced vasodilation and hyperperfusion,
that is, the upper limit of cerebral blood flow autoregulation,
is shifted to a higher level compared to the upper limit in nor-
motensive individuals (see discussion of breakthrough theory in
the above section on hypertensive encephalopathy) (292,293).
However, as a consequence of these structural changes, the
arterioles are not able to dilate fully at low mean arterial pres-
sures, which could predispose hypertensive patients to cerebral
ischemia if the blood pressure is lowered excessively.

Fortunately, with long-term control of blood pressure these
changes in cerebral arterioles appear to be at least partially
reversible given the observation that patients with previously
severe but adequately treated hypertension have a lower limit
of autoregulation, which is shifted toward the range for nor-
motensive subjects (465) (Table 56-6).

The upward shift in the autoregulatory curve in patients
with chronic hypertension is one of the major arguments put
forward by those who favor gradual reduction of blood pres-
sure in patients with hypertensive crises (319,456). However,
the clinical importance and therapeutic implications of this
shift in the autoregulatory curve may have been overempha-
sized. The demonstration of hypertensive adaptation of cere-
bral autoregulation should not be interpreted to mean that
acute reduction of blood pressure in hypertensive crises is

TA B L E 5 6 - 6

AUTOREGULATION OF CEREBRAL BLOOD FLOW DURING TRIMETHAPHAN-INDUCED HYPOTENSIONa

MAP (mmHg) Percent of resting MAP %

Group Resting level Autoregulation Tolerated MAP Autoregulation Tolerated

Uncontrolled severe hypertensives (N = 13) 145 ± 17 113 ± 17b,c 65 ± 10b 79 ± 10 45 ± 6
Controlled hypertensives (N = 9) 116 ± 18 96 ± 17 53 ± 18 72 ± 29 46 ± 16
Normotensives (N = 10) 98 ± 10 73 ± 9 43 ± 8 74 ± 12 45 ± 12

MAP, mean arterial pressure.
aValues given as mean ± SD.
bp <0.01 for difference between normotensives and uncontrolled hypertensives.
cp <0.01 for difference between controlled and uncontrolled hypertensives.
(Adapted from: Gifford RW Jr. Effect of reducing elevated blood pressure on cerebral circulation. Hypertension 1983;5[Suppl III]:III-17, with
permission.)
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unwise (293). In the various hypertensive crises in which rapid
reduction of blood pressure is indicated (vide supra), the proven
benefits of acute reduction of blood pressure (i.e., decreased
risk of intracerebral hemorrhage, hypertensive encephalopathy,
or acute pulmonary edema) clearly outweigh the theoretic risk
of blood pressure reduction (i.e., possible cerebral ischemia).

In practice, moderate, controlled reduction of blood pres-
sure in hypertensive crises rarely causes cerebral ischemia
(293). This clinical observation may be explained by the
fact that even though the autoregulatory curve is shifted to-
ward a higher blood pressure in chronically hypertensive pa-
tients, there is still a considerable difference between the pre-
senting blood pressure and the lower limit of autoregulation
(Table 56-6). Strandgaard (465) has studied the autoregu-
lation of cerebral blood flow during controlled hypotension
produced with trimethaphan and a 25-degree head-up tilt in
13 patients with untreated or ineffectively treated hyperten-
sion. At least eight of these patients had grade III or grade IV
changes on funduscopy consistent with the diagnosis of ma-
lignant hypertension. The control groups included 9 patients
who had been severely hypertensive in the past but whose blood
pressure was effectively controlled at the time of the study, and
10 normotensive subjects. Baseline mean arterial pressures in
the three groups were 145 ± 17, 116 ± 18, and 98 ± 10 mm
Hg, respectively (Table 56-6). The lower limit of mean arterial
pressure at which autoregulation of cerebral blood flow failed
was 113 ± 17 mm Hg in uncontrolled hypertensives, 96 ±
17 mm Hg in controlled hypertensives, and 73 ± 9 mm Hg in
normotensive individuals. Although the absolute level at which
autoregulation failed differed substantially in the three groups,
the percentage reduction of mean arterial pressure at which au-
toregulation failed was similar. The mean arterial pressure at
the lower limit of autoregulation was 79% ± 10% of the rest-
ing mean arterial pressure in the uncontrolled hypertensives,
72% ± 29% in the controlled hypertensive group, and 74%
± 12% in the normotensive group. Thus, a reduction in mean
arterial pressure of approximately 20% to 25% from the base-
line level was required in each group to reach the lower limit
of autoregulation. Therefore, even in uncontrolled hyperten-
sive patients, there was a considerable safety margin before the
limit of autoregulation was reached. Another important obser-
vation from this study was that symptoms of cerebral hypop-
erfusion did not occur until the blood pressure was reduced
substantially below the lower limit of autoregulation (465).
Studies have shown that with normal cerebral blood flow, oxy-
gen extraction is not maximal because oxygen saturation in
the jugular venous blood at rest is normally 60% to 70%.
Thus, even when the mean arterial pressure is reduced below
the lower limit of autoregulation, cerebral metabolism can be
maintained and ischemia prevented by increasing oxygen ex-
traction from the blood (293). The lowest tolerated blood pres-
sure, which was defined as the level at which mild symptoms of
brain hypoperfusion were encountered (yawning, nausea, and
hyperventilation with hypocapnia), was 65 ± 10 mm Hg in
patients with uncontrolled hypertension, 53 ± 18 mm Hg in
patients with controlled hypertension, and 43 ± 8 mm Hg in
normotensive subjects. These values were 45% ± 6%, 46%
± 16%, and 45% ± 12% of the resting baseline mean arterial
pressures, respectively. Thus, symptoms of cerebral hypoperfu-
sion did not occur until the mean arterial pressure was reduced
by an average of 55% from the resting level (Table 56-6).

In summary, with regard to the shift in cerebral autoregula-
tion in chronically hypertensive patients, there is a therapeutic
threshold above which the blood pressure can be reduced safely
in patients with hypertensive crises who require immediate con-
trol of hypertension. Strandgaard concludes that the upward
shift in cerebral autoregulation should not be taken as a warn-
ing against aggressive antihypertensive therapy in hypertensive
crises. It merely implies that the initial treatment should be

aimed at partial reduction but not complete normalization of
blood pressure (465,466).

The second argument used to support the recommendation
for gradual reduction of blood pressure is based on case re-
ports of the occurrence of acute neurologic sequelae during
rapid blood pressure reduction in the treatment of severe hy-
pertension or hypertensive crises (394,458–464).

Franklin reviews 19 reported cases of neurologic complica-
tions following aggressive antihypertensive therapy (193). The
average age of the patients was 36 years. All had evidence of
severe antecedent hypertension with an average mean arterial
pressure of 188 ± 19 mm Hg. Malignant hypertension, based
on the finding of hypertensive neuroretinopathy, was present in
79% and hypertensive encephalopathy was present in 53% of
these patients. Aggressive antihypertensive treatment resulted
in a reduction of mean arterial pressure to 84 ± 18 mm Hg.
This represented a 56% decrease from the baseline blood pres-
sure level, a level clearly below the predicted autoregulatory
range for hypertensive patients. The time course of blood pres-
sure reduction was within minutes in 26% and over hours in
74% of patients. However, the most critical factor in the devel-
opment of neurologic sequelae was the long duration of drug-
induced overshoot hypotension, which varied from a period of
hours to days. Neurologic complications consisted of perma-
nent blindness in 47%, coma in 32%, pyramidal tract signs
in 32%, residual neurologic deficits after therapy in 58%, and
death in three patients. The majority of these patients (80%)
had received a large intravenous bolus of diazoxide. Three pa-
tients received no parenteral agents but had sustained hypoten-
sion induced with multiple oral agents. Franklin concludes that
rather than the rapidity with which blood pressure was re-
duced, the duration of excessive hypotension was the factor
that correlated best with the development of neurologic com-
plications.

In summary, the data suggest that in the treatment of pa-
tients with hypertensive crises who require prompt control of
blood pressure, potent parenteral agents can be used safely if
excessive lowering of blood pressure is avoided. The studies of
Strandgaard suggest that autoregulation of cerebral blood flow
can be maintained in hypertensive patients as long as the mean
arterial pressure is not reduced below 120 mm Hg (465,466).
This value is two standard deviations above the average mean
arterial pressure at which patients in the reported series devel-
oped neurologic sequelae.

In general, an initial blood pressure reduction to 160 to
170 mm Hg systolic and 100 to 110 mm Hg diastolic or to a
mean arterial pressure of 120 to 130 mm Hg can be safely ac-
complished in patients who require immediate control of blood
pressure in the setting of hypertensive crises (193). Alterna-
tively, the initial antihypertensive therapy can be individual-
ized based on the pretreatment level of blood pressure. In the
individual patient, reduction of the mean arterial pressure by
20% should be the initial therapeutic goal. At this level, the
blood pressure should still be above the predicted autoregula-
tory lower limit. Once this goal is obtained, the patient should
be carefully evaluated for evidence of cerebral hypoperfusion.
Further reduction of blood pressure can then be undertaken if
necessary in a controlled fashion based on the overall status of
the patient. In previously normotensive individuals in whom
acute hypertensive crises develop, such as patients with acute
glomerulonephritis complicated by hypertensive encephalopa-
thy, eclampsia, and autonomic hyperreflexia, the autoregula-
tory curve may not yet be shifted and the initial goal of therapy
will often be normalization of the blood pressure.

The use of potent parenteral agents with a rapid onset and
short duration of action, such as sodium nitroprusside, has
obvious advantages. If overshoot hypotension or neurologic
sequelae develop, they can be quickly reversed by allowing the
blood pressure to stabilize at a higher level. Agents with a long
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duration of action all have an inherent disadvantage in that ex-
cessive reduction of blood pressure cannot be easily reversed.
Thus, diazoxide, labetalol, minoxidil, hydralazine, convert-
ing enzyme inhibitors, calcium channel blockers, and central
α-agonists should be used with extreme caution in patients re-
quiring rapid blood pressure reduction in order to avoid pro-
longed overshoot hypotension.

Although in the great majority of hypertensive patients, cau-
tious blood pressure reduction can be undertaken without a
significant risk of causing cerebral hypoperfusion, it should be
noted that there is one clinical setting in which there is a sig-
nificant risk of causing cerebral ischemia even with moderate
blood pressure reduction. In patients with acute cerebral in-
farction, because of failure of autoregulation in the surround-
ing marginally ischemic zone, even moderate blood pressure
reduction can be detrimental. Therefore, in acute cerebral in-
farction, the aforementioned considerations regarding the gen-
eral safety of acute blood pressure reduction do not apply. The
management of hypertension complicating acute cerebral in-
farction has been outlined in the section entitled Hypertension
Complicating Cerebrovascular Accident.

PHARMACOLOGY OF DRUGS
USEFUL IN THE TREATMENT OF

HYPERTENSIVE CRISES

Sodium Nitroprusside

In 1929, intravenous administration of the color indicator
sodium nitroprusside was reported to lower blood pressure
(467). Nonetheless, concern that the hypotensive action of the
drug was related to the release of cyanide led to a delay in
the introduction of the drug. In 1955, intravenous infusion
of sodium nitroprusside was shown to be a safe and effec-
tive method for achieving short-term blood pressure control
(468). However, it was not until 1974 that sodium nitroprus-
side (Nipride) was approved for clinical use. Over the last
25 years, it has remained the drug of choice for the management
of virtually all hypertensive crises. Sodium nitroprusside is use-
ful for the management of hypertensive crises due to malignant
hypertension, pheochromocytoma, and other catecholamine-
related hypertensive crises, hypertensive encephalopathy, acute
pulmonary edema, intracerebral hemorrhage, aortic dissection
(in combination with propranolol), and perioperative hyper-
tension (360,469).

Mechanism of Action

Sodium nitroprusside is a potent intravenous hypotensive agent
with an immediate onset and brief duration of action. The site
of action is the vascular smooth muscle. It has no direct effect
on the myocardium, although it may indirectly affect cardiac
performance through alterations in systemic hemodynamics.
In therapeutic doses it has no effect on duodenal or uterine
smooth muscle (468). It has no direct central nervous system
effect. Sodium nitroprusside causes vasodilation of both ar-
teriolar resistance vessels and venous capacitance vessels. Its
hypotensive action is the result of a decrease in systemic vas-
cular resistance. Venodilation results in a decrease in venous
return; hence preload is reduced. The combined decrease in
preload and afterload reduces left ventricular wall tension and
myocardial oxygen demand.

The net effect of sodium nitroprusside on cardiac output
and heart rate depends on the intrinsic state of the myocardium
(436,469). In the absence of congestive heart failure, venodi-
lation and preload reduction can result in a small decrease in
cardiac output with a reflex increase in sympathetic tone and

heart rate (470–472). In contrast, in patients with left ven-
tricular dysfunction and elevated left ventricular end-diastolic
volume or pressure, sodium nitroprusside causes an increase in
stroke volume and cardiac output as the result of a reduction
in afterload and impedance to left ventricular ejection. There
is usually a reduction in heart rate as the result of improved
cardiac performance (470–472).

The cellular mechanism of action of nitroprusside has been
well defined (473,474). Nitroprusside is an iron coordination
complex with five cyanide moieties and a nitroso group. The
action of sodium nitroprusside, as well as that of other nitro-
gen oxide-containing vasodilators, is mediated by a reaction
with cysteine to form nitrosocysteine and other short-acting S-
nitrosothiols. Nitrosocysteine, a potent activator of guanylate
cyclase, causes cyclic guanosine monophosphate accumulation
and relaxation of vascular smooth muscle (473,474).

Pharmacokinetics

The hypotensive effect of sodium nitroprusside appears within
seconds and is immediately reversible when the infusion is
stopped. It is rapidly metabolized, with a reported half-life of 3
to 4 minutes. Cyanide is formed, as a short-lived intermediate
product, by direct combination of sodium nitroprusside with
sulfhydryl groups in red cells and tissues (468). The cyanide
groups are rapidly converted to thiocyanate by the liver in a re-
action in which thiosulfate acts as a sulfur donor. Thiocyanate
is excreted unchanged by the kidney with a half-life of 1 week
in patients with normal renal function (469).

Dosage and Administration

The contents of a 50-mg sodium nitroprusside vial should be
dissolved in 2 mL of dextrose in water. No other diluent should
be used. The stock solution is diluted in 250 mL of dextrose in
water to yield a concentration of 200 μg/mL. The container is
immediately wrapped in aluminum foil to prevent decomposi-
tion on exposure to light. A small portion of the tubing can be
left uncovered to observe the solution for color changes dur-
ing administration. The freshly prepared solution has a faint
brownish tint. The nitroprusside molecule reacts with a wide
variety of organic and inorganic substances to yield highly col-
ored reaction products. Therefore, the infusion fluid should not
be used as a vehicle for the delivery of other drugs. If a color
change occurs, the solution should be replaced. Regardless, the
solution should be changed every 24 hours.

In patients who are not taking other antihypertensive
agents, the average effective dose is 3.0 μg/kg/minute (range,
0.5 to 10.0 μg/kg/minute). The initial infusion rate should be
0.5 μg/kg/minute. The flow rate should be increased in incre-
ments of 1 μg/kg/minute every 2 to 3 minutes until the de-
sired hypotensive response is obtained. The solution should be
administered by infusion pump or microdrip regulator to al-
low for precise measurement of flow rate. The blood pressure
should be monitored every 30 to 60 seconds during the initial
titration and every 15 minutes thereafter. To avoid excessive ac-
cumulation of thiocyanate and the risk of cyanide toxicity, the
infusion rate should not be increased above 10 μg/kg/minute.
Sodium nitroprusside failures are extremely rare, and tachy-
phylaxis does not occur. Concomitant oral antihypertensive
agents should be initiated as soon as possible and the sodium
nitroprusside infusion weaned as it becomes effective.

Adequate facilities, equipment, and personnel must be avail-
able for close monitoring of blood pressure during sodium
nitroprusside administration. Auscultatory or oscillometric
pressure is usually adequate, so that intraarterial pressure mon-
itoring is not routinely required (469). However, in hyperten-
sive patients with acute myocardial infarction or acute pul-
monary edema, hemodynamic monitoring may be required for
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assessment of left ventricular filling pressure and cardiac output
(469).

Adverse Effects

Nitroprusside is the most effective parenteral agent for the man-
agement of hypertensive crises. When properly administered in
an intensive care unit setting, it is very safe and clinically sig-
nificant adverse reactions are uncommon. Overshoot hypoten-
sion can result from accidental bolus infusion, faulty infusion
equipment, or failure to frequently monitor the blood pressure.
However, the hypotensive action is evanescent and hypotension
can be reversed easily by slowing or discontinuing the infusion.

The most frequent side effects include anorexia, nausea,
vomiting, abdominal cramps, diaphoresis, headache, appre-
hension, restlessness, and palpitations. Most of these adverse
reactions result from rapid blood pressure reduction per se and
they usually disappear if the infusion is slowed.

Thiocyanate accumulation and toxicity can occur when a
high-dose or prolonged infusion is required, especially in the
setting of renal insufficiency. When these factors are present,
thiocyanate levels should be monitored and the infusion re-
duced or discontinued if the plasma level exceeds 10 mg/dL.
Thiocyanate toxicity is rare in patients with normal renal func-
tion requiring less than 3 μg/kg/minute for less than 72 hours.
Symptoms of thiocyanate toxicity include fatigue, anorexia,
weakness, tinnitus, blurred vision, and disorientation, which
may progress to frank organic psychosis with hallucinations.
Seizures have also been reported. Treatment consists of discon-
tinuing the infusion. Thiocyanate is also efficiently removed by
both peritoneal dialysis and hemodialysis (469).

Cyanide poisoning is a very rare complication of sodium
nitroprusside use. Since hepatic clearance of cyanide may be
deficient in patients with severe liver disease (360) and in rare
conditions such as Leber’s optic atrophy or tobacco ambly-
opia (475), the use of sodium nitroprusside is contraindicated
in these settings. Most of the reported deaths from cyanide
poisoning occurred when very high doses of nitroprusside
(20 μg/kg/minute) were required for the control of refrac-
tory hypertension or in normotensive patients in whom very
large doses were used to induce deliberate surgical hypoten-
sion (476,477). The cyanide ion combines with cytochrome
c and inhibits aerobic metabolism so that lactic acidosis re-
sults. Cyanide toxicity most often occurs within the first 6 to
8 hours of therapy. Cyanide toxicity should be considered if
there appears to be increased tolerance to the drug. Tachy-
phylaxis and an increased anion gap metabolic acidosis are the
most reliable early signs of cyanide toxicity. Other signs include
the smell of bitter almonds on the breath, anxiety, headache,
stiffness of the lower jaw, dyspnea, and widely dilated pupils.
Coma, seizures, and death may follow. Occult cyanide toxicity
has been reported in patients who are treated with prolonged
low-dose infusion of sodium nitroprusside following cardiac
surgery (406). Treatment of cyanide toxicity consists of amyl
nitrite inhalation, and sodium nitrite, thiosulfate, and hydrox-
ocobalamin infusions (360,478).

The safe use of sodium nitroprusside during pregnancy has
not been established. In animals, nitroprusside readily crosses
the placenta. In a study of eight normotensive gravid ewes, five
required high doses of nitroprusside (mean, 25 μg/kg/minute)
to reduce blood pressure by 20% for 1 hour (479). Among
these five animals, a marked accumulation of maternal cyanide
occurred. Fetal blood levels of cyanide were even higher and all
of these fetuses died. However, in the other three ewes, hypoten-
sion was achieved with low doses of sodium nitroprusside (less
than 1 μg/kg/minute). In this group, all of the fetuses survived
and umbilical cord blood cyanide levels were low.

When sodium nitroprusside was used to achieve normoten-
sion for 50 minutes in ewes with norepinephrine-induced hy-

pertension, the mean infusion rate required to control blood
pressure was only 2.3 μg/kg/minute, and no fetal or maternal
deaths occurred (480). Neither maternal nor fetal blood sam-
ples contained more than 50 μg/L of cyanide (toxic levels in
humans, 5,000 μg/L).

There are some reports on the safe use of sodium nitroprus-
side for hypertensive crises in pregnant women (481–483). It
has been recommended that the use of sodium nitroprusside for
hypertensive crises during pregnancy be restricted to patients
who are unresponsive to intravenous hydralazine or diazox-
ide (484). When nitroprusside is required, it should only be
used briefly to manage the acute crisis, and delivery should be
performed as quickly as possible.

In summary, sodium nitroprusside has several characteris-
tics that make it nearly the ideal drug for the short-term man-
agement of hypertensive crises. These include rapid onset of ac-
tion, immediate reversibility, specific effects on resistance and
capacitance vessels with no direct effect on the myocardium
or central nervous system, lack of tachyphylaxis, and high po-
tency. It is also a very safe drug when used appropriately. It
is the most useful and consistently effective drug available for
parenteral use in the treatment of hypertensive crises.

Fenoldopam

Fenoldopam is a selective dopamine receptor (DA1) agonist.
Recent studies have shown that intravenous fenoldopam, when
used in the setting of hypertensive crises or perioperative hyper-
tension, can safely lower blood pressure while maintaining or
improving renal function (3,485). Fenoldopam, a benazepine
derivative of dopamine was initially developed as an oral agent
for the treatment of hypertension, renal insufficiency, and con-
gestive heart failure. However, it was eventually withdrawn
from development because of poor oral bioavailability. When
subsequent studies demonstrated that intravenous fenoldopam
exhibited a short-half life and predictable pharmacokinetics
and dose-response characteristics, it was subsequently eval-
uated as a potential alternative to sodium nitroprusside for
parenteral treatment of hypertension. Intravenous fenoldopam
mesylate (Corlopam) was approved by the Food and Drug Ad-
ministration in 1997 for use in hypertension when oral therapy
is not feasible or possible and for use in patients with severe
hypertension, with or without target-organ damage (3).

Pharmacology and Pharmacokinetics

Fenoldopam selectively binds to DA1 receptors and functions
as a dopamine agonist. It does not bind to DA2 receptors or
β-adrenergic receptors. Fenoldopam is also an α-adrenergic re-
ceptor antagonist with greater activity at α2 than α1 recep-
tors. However, this activity is observed only at higher concen-
trations than those required for activation of DA1 receptors
and it is unlikely that α-adrenoreceptor antagonism contributes
to the hemodynamic and renal effects of therapeutic doses of
fenoldopam. Peripheral DA1 receptors are located postsynapti-
cally in the systemic and renal vasculature, and at various sites
in the nephron and gastrointestinal tract. These receptors medi-
ate systemic, renal, and mesenteric vasodilation. Fenoldopam
exerts its hypotensive effect by decreasing systemic vascular re-
sistance. Unlike sodium nitroprusside, it also increases renal
blood flow and causes a natriuresis and diuresis. It is six times
as potent as dopamine in causing renal vasodilation. In patients
with severe hypertension, intravenous infusion of fenoldopam
significantly increases renal blood flow, and decreases renal vas-
cular resistance with a significant increase in creatinine clear-
ance, urine flow rate, and sodium excretion (486). Because of
its selective receptor binding characteristics, fenoldopam ex-
hibits minimal adrenergic effects. Although DA1receptors are
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present in the central nervous system (CNS), fenoldopam does
not have any direct CNS effect because it does not cross the
blood-brain barrier. Fenoldopam is metabolized in the liver to
a variety of nontoxic methyl, sulfate, and glucuronide metabo-
lites. There are two principal inactive metabolites, 7- and
8-methoxy-fenoldopam, that are eliminated by the kidney
(80%) and in the feces (20%). Less than 1% is excreted un-
changed in the urine; therefore dosage adjustment is not re-
quired in the setting of renal insufficiency. Moreover, pharma-
cokinetic parameters do not appear to be significantly altered
in the setting of hepatic insufficiency (486). Fenoldopam is not
metabolized by the cytochrome P 450 system and has no major
drug-drug interactions although concomitant acetaminophen
administration may increase fenoldopam levels by 30% to
70%. Following intravenous administration, the onset of ac-
tion is within 10 minutes, and the half-life is 9.8 minutes. There
is no evidence of rebound hypertension after stopping the in-
fusion. The volume of distribution is 0.6 L/kg.

Dosage and Administration

Fenoldopam is available in 5-mL ampules at a concentration
of 10 mg/mL. Following dilution, the solution, which is light
stable, can be used for up to 24 hours. For the treatment
of severe hypertension or hypertensive crises, fenoldopam is
administered by continuous infusion with an initial dose of
0.1 μg/kg/minute. The infusion may be increased in increments
of 0.1 μg/kg/minute every 20 minutes until the target blood
pressure is achieved. The maximum recommended dosage is
1.7μg/kg/minute. The average infusion rate required is 0.25 to
0.5 μg/kg/minute. Mean plasma fenoldopam levels after a
2-hour infusion at 0.5 μg/kg/minute is between 13 to 50 ng/mL.
When the desired response has been achieved, fenoldopam in-
fusion may be discontinued gradually or abruptly, as rebound
elevation of blood pressure has not been observed. Oral an-
tihypertensive medications may be started as the fenoldopam
infusion is weaned.

Adverse Effects

Adverse events attributed to fenoldopam in the treatment of
hypertensive emergencies and urgencies were generally mild,
occurred within the first 24 hours, and were related to the va-
sodilatory action of the drug (486). Headache was reported
in 11% to 36% of patients, flushing in 7% to 11%, nau-
sea in 20%, and dizziness in 10%. Asymptomatic ST-segment
abnormalities occurred in 6% to 33% of patients. The etiol-
ogy of these nonspecific ST- and T-wave abnormalities, which
are similar to those seen with the use of other vasodilators,
is unknown. They appear to be a benign phenomenon re-
lated to blood pressure lowering with alterations in myocar-
dial repolarization rather than an indication of subclinical
myocardial ischemia (486). Less frequently reported adverse
events included palpitations, transient hypotension, asthenia,
and sinus bradycardia. Fenoldopam, unlike sodium nitroprus-
side produced a reversible, dose-related increase in intraocu-
lar pressure and should be used with caution in patients with
glaucoma. In comparative trials, the adverse event profiles of
fenoldopam and sodium nitroprusside were generally similar,
although fenoldopam may be associated with a lower incidence
of transient hypotension than sodium nitroprusside.

Use for Treatment of Hypertensive Crises

Fenoldopam has been compared mostly with sodium nitro-
prusside in patients with acute severe hypertension (either se-
vere uncomplicated hypertension or true hypertensive crises)
(485,487,488). Treatment with fenoldopam or sodium nitro-
prusside reduced mean diastolic blood pressure to a similar
extent and to goal levels in most patients (486). The time to

achievement of goal blood pressure was similar to that with
sodium nitroprusside. There was no evidence of rebound hy-
pertension following cessation of either drug. There was no
evidence of tolerance to the antihypertensive effect of either
drug during maintenance infusion. In patients with hyperten-
sion following noncardiac surgery or coronary artery bypass
grafting, fenoldopam and sodium nitroprusside were equally
efficacious in lowering blood pressure (489,490).

The efficacy, safety and cost of sodium nitroprusside ver-
sus fenoldopam has been compared in a retrospective analysis
of consecutive patients with hypertensive crises admitted to a
level-1 trauma center and treated with nitroprusside (N = 21)
or fenoldopam (N = 22) (488). Neither the mean pretreatment
mean arterial pressure (nitroprusside 168 ± 19; fenoldopam
163 ± 9; p = 0.45), time to reach MAP goal (3.6, range 0.4 to
30 hours vs. 4.0, range 1 to 22 hours; p = 0.5), nor the dura-
tion of infusion (18, range 0.7 to 113 hours vs. 18, range 3 to
74 hours; p =0.45) differed between the treatment groups.
Time to imitation of oral antihypertensive therapy was sim-
ilar between nitroprusside (4.5, range 0.5 to 22 hours) and
fenoldopam (6.5, range 1 to 100 hours) treated patients, p =
0.45. Change in creatinine clearance and the incidence of tachy-
cardia did not differ between the two groups. No symptoms
of cyanide toxicity were detected in nitroprusside-treated pa-
tients. Cost of therapy was less with nitroprusside (2.66, range
$1.68 to $3.48) than with fenoldopam (567, range $199 to
$6,675 dollars). Thus, treatment of hypertensive crises with
fenoldopam appears to result in patient outcomes equal to
those with nitroprusside but at substantially higher cost.

Additional studies are needed to compare fenoldopam and
sodium nitroprusside in the treatment of true hypertensive
crises. Because fenoldopam preferentially dilates the renal vas-
culature, it has theoretical advantages in the treatment of pa-
tients with severe hypertension associated with renal impair-
ment. Moreover, fenoldopam is not associated with the risk of
toxicity from thiocyanate accumulation or cyanide. It is possi-
ble that it may also offer advantages in patients in whom cross
clamping of the aorta above the level of the renal arteries is
required.

Diazoxide

Diazoxide (Hyperstat) is structurally related to the thiazide di-
uretics, but its pharmacologic effect is a direct relaxation of
smooth muscle (arteriolar, uterine, and gastrointestinal). The
major role of diazoxide is in the treatment of malignant hyper-
tension or hypertensive encephalopathy in situations in which
administration of sodium nitroprusside is not feasible. It is also
useful in the management of acute obstetric hypertensive emer-
gencies refractory to hydralazine (491–494).

Diazoxide lowers blood pressure by relaxing arteriolar
smooth muscle and reducing systemic vascular resistance. It
has no effect on venous capacitance vessels. Although it has no
direct cardiac effect, it does produce reflex sympathetic activa-
tion. Heart rate increases and the cardiac output may double
(470). In patients with preexisting atherosclerotic disease, dia-
zoxide may cause myocardial ischemia as a result of the increase
in myocardial oxygen demand (495). Moreover, given the re-
flex increase in heart rate and contractility, use of diazoxide is
contraindicated in patients with aortic dissection.

Diazoxide, like other arterial vasodilators, causes avid re-
nal salt and water retention (496). With prolonged use, fluid
retention can cause pseudotolerance. This has led to the rec-
ommendation that loop diuretics be given concomitantly with
diazoxide. However, routine use of diuretics at the initiation of
diazoxide therapy is not recommended. Because patients with
malignant hypertension may be volume-depleted, the com-
bined use of furosemide and diazoxide can lead to overshoot
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hypotension. Unless there is obvious fluid overload, diuretic
use should be avoided.

Following a bolus injection of 50 mg of diazoxide, a hy-
potensive response begins within 1 minute and reaches a peak
within 5 minutes. The bolus dose can then be titrated to as
high as 300 mg depending on the blood pressure response.
Thereafter, the duration of the hypotensive effect ranges from
4 to 20 hours. This rapid onset and long duration of action
may be an advantage. Continuous infusion is not required and
once the desired blood pressure has been achieved, continuous
blood pressure monitoring is not required. The long half-life
results from extensive protein binding of the drug. Approxi-
mately 50% of the drug is eliminated unchanged by the kidney,
while the other 50% undergoes hepatic metabolism. The hy-
potensive response to diazoxide is increased in uremia because
the drug is displaced from plasma protein-binding sites. Thus,
in uremic patients the dose of diazoxide should be reduced
(497).

Diazoxide activates ATP-sensitive K+ channels, which hy-
perpolarizes smooth muscle cells and leads to vasodilation
(498). It has a generalized effect on smooth muscle, as my-
ometrium and gastrointestinal smooth muscle are also affected.

Although administration of a single large bolus infusion has
been recommended in the past, it is now known that diazoxide
is effective in more than 90% of patients when it is administered
as a series of small injections rather than a single large bolus
injection (499,500). In the past, diazoxide was administered as
a 300-mg bolus over 15 seconds, given the belief that a large
bolus was necessary to saturate plasma protein-binding sites
so that a sufficient quantity of free drug would be available to
interact with vascular smooth muscle (496). The sustained hy-
potensive effect was thought to be caused by irreversible bind-
ing to vascular receptors. Unfortunately, this large bolus injec-
tion technique was often associated with a significant risk of
severe, sustained overshoot hypotension (457,458,463). Since
the total plasma diazoxide concentration can be directly cor-
related with its hypotensive action independent of the rate of
administration, use of the large (300 mg) single bolus injection
technique is no longer recommended (499,500).

Through the use of multiple small injections of diazoxide,
the blood pressure can be more carefully titrated. In the mini-
bolus technique, 50 to 100 mg is rapidly injected over 15 to
30 seconds every 10 to 15 minutes until the desired hypoten-
sive response is obtained. The hypotensive action lasts 4 to
20 hours. Repeated small bolus injections of 50 to 100 mg every
4 to 6 hours can then be utilized to maintain the hypotensive
response. Most patients respond after total doses of 150 to
450 mg, although some require 600 mg or more (499,500).
Slow continuous infusion of diazoxide at 15 mg/minute for
20 to 30 minutes (5 mg/kg total dose) also can be safe and
effective treatment for severe hypertension (491). The diazox-
ide solution is very alkaline (pH 11.6), and extravasation can
cause severe local pain and cellulitis.

Although myocardial infarction, angina, arrhythmias, elec-
trocardiographic abnormalities, strokes, seizures, and coma
have all been reported with diazoxide use, most of these adverse
events occurred in patients with precipitous hypotension in-
duced by the rapid administration of a 300-mg bolus, especially
in patients with underlying cardiovascular and cerebrovascu-
lar disease. Precipitous hypotension is more likely to occur in
patients who are volume-depleted due to prior diuretic admin-
istration or who are receiving other antihypertensive agents.
Diazoxide is contraindicated in patients with acute myocardial
infarction or aortic dissection (501). Because diazoxide can pre-
cipitate cerebral ischemia, it is contraindicated in patients with
cerebrovascular disease or intracerebral hemorrhage (190).

Diazoxide causes hyperglycemia by inhibiting insulin re-
lease from pancreatic islet cells (502). The hyperglycemia is

usually mild and rarely requires therapy but the blood glucose
concentration should be closely monitored in patients with re-
nal insufficiency or type II diabetes mellitus. Failure to recog-
nize and treat hyperglycemia can lead to diabetic ketoacidosis
and nonketotic hyperosmolar coma (503).

The use of diazoxide to treat pregnancy-related hyperten-
sive crises is controversial, but has been recommended as an
alternative to hydralazine (504,505). Since diazoxide relaxes
uterine smooth muscle, uterine hypotonia and cessation of la-
bor can occur. However, this effect can be overcome with oxy-
tocin. The drug crosses the placenta and can cause neonatal
hyperglycemia and hyperbilirubinemia (506). Overshoot hy-
potension, which may compromise uteroplacental blood flow
and result in fetal bradycardia, is usually reversible with fluid
administration (491).

Trimethaphan

Trimethaphan camsylate (Arfonad) is a potent parenteral gan-
glionic blocking agent that is utilized infrequently now that
other parenteral agents with fewer side effects have become
available. However, some authors consider it to be the drug
of choice for the management of acute aortic dissection (376).
Moreover, it has been used for the management of hypertensive
encephalopathy, subarachnoid hemorrhage, and hypertension
complicated by acute pulmonary edema. It is also useful in the
management of autonomic hyperreflexia in patients with spinal
cord injuries.

The antihypertensive effect of trimethaphan is produced by
ganglionic blockade. It blocks both sympathetic and parasym-
pathetic autonomic ganglionic transmission by occupying
postsynaptic receptor sites, thereby preventing binding of
acetylcholine liberated from presynaptic terminals (436). The
sympathetic blockade causes dilation of arteriolar resistance
vessels. In addition, there is venodilation so that venous re-
turn and preload are reduced. Unlike nitroprusside and other
peripheral vasodilators that can cause reflex sympathetic stim-
ulation, trimethaphan blocks sympathetic reflexes so that pe-
ripheral vasodilation is not accompanied by a reflex increase
in inotropy or chronotropy. Therefore, trimethaphan does not
cause an increase in cardiac output in patients with normal left
ventricular function, because preload is reduced and sympa-
thetic reflexes are blocked.

The onset of action of trimethaphan occurs within minutes.
After the infusion is stopped, the duration of the hypotensive
effect is 5 to 15 minutes. The metabolic fate of trimethaphan
is unclear. The relatively brief duration of action is believed to
be due to destruction of trimethaphan by cholinesterase (507).

Tachyphylaxis often develops after 24 to 48 hours so that
the dose may have to be increased to maintain the hypotensive
response. In addition, pseudotolerance can be caused by renal
salt and water retention. In this circumstance, responsiveness
can be reestablished with parenteral diuretic administration.

Most of the side effects of trimethaphan are those expected
of parasympathetic blockade. Blurred vision results from paral-
ysis of accommodation and mydriasis. The use of trimethaphan
is contraindicated in patients with glaucoma. Paralytic ileus
results from decreased tone and mobility of the gastrointesti-
nal tract. Thus, it should not be used for the postoperative
management of hypertension. Urinary retention occurs with
use of trimethaphan for more than 48 hours. Despite bladder
distention, patients experience no urge to void. Thus, a blad-
der catheter is required in most patients. Ganglionic block-
ade results in inactivation of pupillary reflexes. This can cause
confusion in the evaluation of comatose patients with hy-
pertensive encephalopathy, head injury, or intracerebral hem-
orrhage. Since hypoventilation and respiratory arrests were
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associated with the curare-like action at the neuromuscu-
lar junction, trimethaphan is contraindicated in patients with
respiratory insufficiency (508). Use of trimethaphan during
pregnancy can lead to meconium ileus in the newborn (509).

Intravenous Nitroglycerin

Intravenous nitroglycerin is particularly useful for the man-
agement of hypertension complicating acute myocardial
infarction and hypertension occurring after coronary artery by-
pass. Nitroglycerin causes relaxation of vascular smooth mus-
cle. The predominant effect at lower doses is venodilation. At
higher doses, both venous and arterial dilation occur in a dose-
dependent fashion (510). As with nitroprusside, the effects of
intravenous nitroglycerin on stroke volume and cardiac output
vary, depending on the presence or absence of left ventricular
dysfunction. In patients without heart failure, the reduction in
preload usually predominates and stroke volume falls. In con-
trast, in patients with left ventricular systolic dysfunction, the
decrease in afterload results in a decrease in the impedance to
left ventricular ejection such that stroke volume is maintained
despite a reduction in preload.

For the treatment of hypertension complicating acute my-
ocardial infarction or postcardiac bypass hypertension, nitro-
glycerin may have an advantage over sodium nitroprusside
(358). In a study of 10 patients with acute myocardial infarc-
tion treated with nitroprusside at a rate that lowered the mean
arterial pressure by 25 mm Hg, all of the patients showed an in-
crease in ST segment elevation by precordial mapping, suggest-
ing a worsening of regional myocardial ischemia (511). In five
patients, subsequent use of sublingual nitroglycerin reduced
mean arterial pressure by 14 mm Hg. However, there was a
concomitant decrease in ST segment elevation, suggesting an
improvement in regional ischemia.

Nitroglycerin and nitroprusside have different effects on re-
gional myocardial blood flow (357,359). Although both drugs
dilate coronary vessels, nitroglycerin has a predominant effect
on large coronary conductance arteries, including intercoro-
nary collaterals, and relatively little effect on small resistance
arterioles. This phenomenon is explained by the fact that coro-
nary resistance vessels less than 100 microns in diameter can-
not convert nitrates to nitric oxide such that there is preferen-
tial dilation of the larger epicardial collateral vessels (512). In
contrast, sodium nitroprusside predominantly dilates the re-
sistance vessels and has less effect on intercoronary collater-
als. In the setting of regional myocardial ischemia, resistance
vessels in the ischemic region are already maximally dilated.
Thus, sodium nitroprusside may dilate resistance vessels in
nonischemic areas and shunt blood away from ischemic ar-
eas (coronary steal). Nitroglycerin, by predominantly dilating
conductance vessels, improves blood flow to the ischemic re-
gion. Given the potentially deleterious effect of nitroprusside
on regional myocardial blood flow, it has been recommended
that intravenous nitroglycerin be used in preference to nitro-
prusside for the treatment of hypertension with left ventricu-
lar dysfunction in association with acute myocardial infarction
(358).

Nitrates produce vasodilation through the formation of ni-
tric oxide (endothelium-derived relaxing factor), which acti-
vates guanylate cyclase (513). There appears to be tight cou-
pling between the cyclic guanosine monophosphate (cGMP)
production and smooth muscle relaxation. A cGMP-dependent
protein kinase is stimulated, resulting in alterations in the phos-
phorylation of various proteins in smooth muscle. Dephospho-
rylation of the light chain of myosin leads to smooth muscle
relaxation (514).

Intravenous nitroglycerin has a rapid onset and brief dura-
tion of action with a half-life of 1 to 4 minutes. It is metab-
olized in the liver by a glutathione-dependent organic nitrate
reductase. Intravenous nitroglycerin is supplied in 10-mL bot-
tles containing 50 mg, which should be diluted in 5% dextrose
in water or 0.9% sodium chloride. Usually one bottle is di-
luted in a 250 mL volume to yield a final concentration of
200 μg/mL. Nitroglycerin interacts with many types of plastic.
Thus, the drug should be diluted only in glass parenteral so-
lution bottles. Special infusion sets that have been developed
absorb fewer nitroglycerins than standard polyvinyl chloride
tubing. The initial infusion rate should not exceed 5 μg/minute.
The dose is titrated in 5 μg/minute increments every 3 to 5 min-
utes until the desired hypotensive response is achieved. There
is no standard optimal dose of nitroglycerin. There tends to be
great variability in response from patient to patient. Blood pres-
sure should be monitored every 30 seconds during the titration
phase and every 15 minutes thereafter. As with nitroprusside,
close monitoring in an intensive care unit setting is required.
In the setting of acute myocardial infarction, monitoring of
cardiac output and left ventricular filling pressure is essential.

Intravenous nitroglycerin has also been recommended for
the management of the potentially dangerous posttreatment
hypertensive response that inevitably follows electroconvulsive
therapy (515).

Labetalol

Intravenous labetalol may be of value in a variety of hyper-
tensive crises including malignant hypertension (192), hyper-
tensive encephalopathy (192,516), aortic dissection (517), and
hypertensive crises during pregnancy (517).

Labetalol has selective α1- and nonselective β-blocking
properties (518,519). The ratio of β- to α-blocking potency
is 7:1 for intravenous labetalol. The acute antihypertensive ef-
fect after intravenous administration appears to be caused by
a decrease in systemic vascular resistance without an appre-
ciable change in cardiac output (519). However, when used in
the treatment of hypertension following open heart surgery, la-
betalol causes a significant reduction in cardiac output (409).
The β-blocking effect offsets the baroreceptor-mediated sym-
pathetic response to hypotension. Thus, heart rate remains un-
changed or decreases slightly.

After intravenous injection, the full antihypertensive effect
occurs within 5 to 10 minutes, and the blood pressure gradually
rises to pretreatment levels over 16 to 18 hours. The duration
of action, defined as the time from the last injection until the
diastolic blood pressure rises 10 mm Hg above the nadir pres-
sure, ranges from 2.0 to 6.5 hours (192). The major route of
elimination is via glycuronide conjugation in the liver. Thus,
the labetalol dose must be decreased in patients with liver dys-
function but need not be modified in patients with renal failure.

Labetalol is supplied in 20-mL ampules containing 100 mg
of drug. It is usually administered by repeated mini-bolus in-
jections through an intravenous line. The initial dose is 20 mg
(4 mL) injected slowly over a 2-minute period. The maximum
hypotensive response usually occurs within 5 minutes of the
injection. If the desired hypotensive response is not obtained
after 10 minutes, a 40-mg bolus is administered over 2 minutes.
Additional injections of 40 to 80 mg can be given at 10-minute
intervals until the desired hypotensive response is obtained or
the maximum total dose of 300 mg has been given.

Labetalol can also be given by continuous infusion. The con-
tents of two ampules (200 mg, 40 mL) are added to 160 mL
of diluent to yield a volume of 200 mL with a final concentra-
tion of 1 mg/mL. The infusion is begun at 2 mg/minute. The
infusion is continued until the desired response is obtained and
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then discontinued. Again, the maximum total dose of 300 mg
should not be exceeded.

After the blood pressure is controlled with either the mini-
bolus or the continuous infusion technique, oral therapy can
be initiated with labetalol as soon as the supine diastolic
pressure increases by 10 mm Hg above the minimum obtained
with parenteral therapy. The initial oral dose is 200 mg. There-
after the oral dose is titrated beginning at 200 mg twice daily
and increased to 600 mg twice daily as required. The addi-
tion of a diuretic often enhances the long-term blood pressure
response.

As with other parenteral antihypertensive agents, intra-
venous labetalol can cause precipitous hypotension, which can
result in cerebral ischemia. Exaggerated hypotensive responses
are usually reported when the initial injection is large (1.5 to
2.0 mg/kg); however, overshoot hypotension can also develop
with either the mini-bolus or the continuous infusion tech-
nique. Chronically hypertensive patients sometimes develop
paradoxical hypertension in response to volume depletion
(403,404). In this setting treatment with labetalol can cause
sustained overshoot hypotension. Before labetalol is used to
treat a patient with hypertension and tachycardia, the possibil-
ity of physiologic tachycardia due to volume depletion should
be considered.

Other side effects of labetalol are related to its nonselective
β-blocking properties. It should be avoided in patients with
severe sinus bradycardia, heart block greater than first degree,
bronchial asthma, or congestive heart failure.

Oral labetalol has been used safely for pregnancies com-
plicated by pregnancy-induced hypertension (520). However,
intravenous labetalol should be used with caution because it
has been associated with evidence of neonatal β-adrenergic
blockade such as hypoglycemia, bradycardia, and hypotension
(521).

Labetalol can cause a significant reduction in cardiac in-
dex when used in the setting of hypertension after open-heart
surgery (409). The hypotensive action of the drug in this set-
ting appears to result from a decrease in cardiac output rather
than from a decrease in systemic vascular resistance. Thus, la-
betalol should be avoided after open-heart surgery, a setting
in which nitroglycerin or sodium nitroprusside is preferred for
management of hypertension.

Although there are reports of preoperative management of
pheochromocytoma with labetalol (425,522), β-blockade can
result in exacerbation of hypertension if α-blockade is incom-
plete. In this regard, there have been reports of paradoxical
hypertension when labetalol was used to treat pheochromo-
cytoma (426,523). Therefore, routine use of labetalol for the
preoperative management of pheochromocytoma is not recom-
mended.

Although intravenous labetalol has been recommended as
an effective agent for the treatment of severe acute hyperten-
sion in patients with chronic renal failure (524), life-threatening
hyperkalemia has been reported in patients with renal failure
that received intravenous labetalol for the treatment of hyper-
tensive crises (525,526). Beta-adrenergic stimulation is known
to shift potassium into cells and β-agonists have been pro-
posed as acute therapy for hyperkalemia in dialysis patients.
Conversely, hyperkalemia may be caused by nonselective beta-
blockers through inhibition of Na-K-ATPase with decreased
cellular uptake of potassium, independent of effects on insulin
or aldosterone (527). Thus, labetalol and other nonselective
beta-blockers should probably be avoided for the acute man-
agement of postoperative hypertension and other hypertensive
crises in patients with renal failure.

In summary, although intravenous labetalol has been used
to treat a variety of hypertensive crises, its long duration of ac-
tion and beta-blocking properties are potential disadvantages.
For this reason, sodium nitroprusside usually represents a more

logical choice for the acute management of patients with hy-
pertensive crises requiring parenteral therapy.

Phentolamine

Phentolamine is useful in the management of catecholamine-
related hypertensive crises including pheochromocytoma,
MAO inhibitor–tyramine interactions, and clonidine, methyl-
dopa, or guanabenz withdrawal reactions. It is not consistently
effective in other hypertensive crises. In fact, phentolamine has
largely been replaced by sodium nitroprusside in the manage-
ment of catecholamine-related hypertensive crises.

Phentolamine is a nonselective α-adrenergic blocking agent
that competitively inhibits the effect of norepinephrine on vas-
cular smooth muscle α1-receptors. It does not have β-blocking
activity and therefore does not block the cardiac effects asso-
ciated with β1-receptor activation by catecholamines. Phento-
lamine produces dilation of both arteriolar resistance vessels
and venous capacitance vessels (436,528).

The intravenous injection of 1 to 5 mg produces a hypoten-
sive effect within 2 to 3 minutes; however, the duration of ac-
tion may be only 15 to 30 minutes, so that frequent dosing is
required to control blood pressure. Phentolamine is supplied in
ampules containing 5 mg. The initial dose should be 1 mg. Sub-
sequent boluses of 1 to 5 mg are administered up to a total dose
of 20 to 30 mg or until the blood pressure is controlled. After
the desired blood pressure is achieved, intermittent injections
are given as necessary to maintain the response.

Side effects due to phentolamine are common. Tachycardia
and arrhythmias can occur due to β-adrenergic cardiac stimuli
that are not blocked by phentolamine. Gastrointestinal side ef-
fects include abdominal pain, nausea, vomiting, and diarrhea.
Exacerbation of peptic ulcer disease can occur, so phentolamine
should be used with caution in patients with a history of gas-
tritis or peptic ulcer disease (436).

Hydralazine

In the past, parenteral hydralazine was often used for the treat-
ment of hypertensive crises. Most obstetricians still consider
hydralazine to be the drug of choice for the management of hy-
pertensive crises during pregnancy (484). However, aside from
its use during pregnancy, hydralazine has largely been replaced
by other agents in the treatment of hypertensive crises.

The hypotensive response to either intramuscular or intra-
venous hydralazine is unpredictable. The onset of action occurs
10 to 30 minutes after a parenteral dose. The duration of ac-
tion is 3 to 9 hours. The dose and frequency of administration
needed to control the blood pressure are highly variable (472).
Profound and sustained hypotension can occur with an intra-
venous dose as low as 10 mg. Hydralazine is a direct-acting
arteriolar vasodilator. It causes reflex activation of the adrener-
gic nervous system (472). Because venous capacitance vessels
are not affected, venous return is maintained. In association
with activation of the adrenergic system, there are increases in
heart rate and stroke volume (472). Hydralazine is contraindi-
cated in the treatment of aortic dissection because the increase
in myocardial contractility can result in propagation of the dis-
section. It is also contraindicated in patients with ischemic heart
disease because the increased myocardial oxygen demand can
precipitate angina or myocardial infarction.

Parenteral hydralazine is still used in acute hypertensive
crises of pregnancy. In the majority of patients, hydralazine
reduces the blood pressure to acceptable levels and is well tol-
erated by both mother and fetus, despite reflex activation of
the adrenergic system (484). Dosing guidelines for the use of
parenteral hydralazine during pregnancy are well established
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(529). Because maternal hypertension helps to maintain placen-
tal perfusion, there is concern that aggressive treatment aimed
at normalization of blood pressure might further compromise
placental perfusion to the detriment of the fetus. Therefore,
hydralazine treatment is usually instituted only if the diastolic
blood pressure is more than 110 mm Hg and the goal of ther-
apy is a diastolic pressure in the 90 to 100 mm Hg range. After
an initial intravenous dose of 5 mg, additional 5- to 10-mg
doses are administered every 15 to 20 minutes until the de-
sired response is obtained. Because preeclampsia is associated
with intravascular volume depletion, it is important to initiate
therapy with a low dose to avoid overshoot hypotension. Intra-
muscular injection of hydralazine is unsatisfactory because the
onset of action and magnitude of response are unpredictable.

Calcium Channel Blockers

Intravenous nicardipine has been reported to be effective in
the acute treatment of severe hypertension in both adults and
children (530–532). It may be useful in the management of
postoperative hypertension in both cardiac and noncardiac pa-
tients (532). Intravenous nicardipine is also effective in prevent-
ing circulatory responses to laryngoscopy and tracheal intuba-
tion in hypertensive patients (533). Safe use of nicardipine in
preeclamptic patients has also been reported (534).

Nicardipine is a dihydropyridine calcium channel blocker
that inhibits the transmembrane influx of calcium into vascu-
lar smooth muscle, resulting in vasodilation with a decrease
in systemic vascular resistance. The effect on heart rate is de-
pendent on the intrinsic state of the myocardium. In patients
with intact systolic function, reflex increases in heart rate may
occur in response to blood pressure reduction. In patients with
impaired left ventricular function, cardiac output may increase
in response to afterload reduction.

Compared to other parenteral medications available for the
treatment of hypertensive crises, the pharmacokinetic proper-
ties of nicardipine (as well as other calcium channel blockers)
are unfavorable. The currently available dihydropyridine cal-
cium channel blockers have very long half-lives. The β–half-life
of nicardipine is 40 minutes, whereas its γ –half-life is approxi-
mately 13 hours. Because about 14% of the drug is eliminated
during the γ -phase, the hypotensive effect is prolonged. Dis-
continuation of the infusion is followed by a 50% reduction
in the hypotensive action within 30 minutes but a gradually
decreasing antihypertensive effect may last for about 50 hours.
Thus, nicardipine may not be the best choice for true hyperten-
sive crises in which moment-to-moment titration of the blood
pressure is the desired therapeutic goal.

In the past, nimodipine had been recommended for the treat-
ment of patients undergoing cardiac valve replacement to de-
crease the incidence of postoperative neurologic sequelae by
increasing cerebral blood flow and protecting against anoxic
brain-cell damage. However, a recent placebo controlled trial
of oral nimodipine following cardiac valve replacement was
terminated prematurely because of a lack of evidence of ben-
efit of nimodipine and an unexpected increase in the death
rate of patients treated with nimodipine compared to placebo
(535). The higher mortality rate was attributed to an increase
risk of major bleeding in patients treated with nimodipine. Ex-
cess bleeding in patients treated with calcium channel blocker
may be explained by the combination of vasodilation and the
antiplatelet action of calcium antagonists.

The clinical use of nifedipine for severe uncomplicated
hypertension and hypertensive crises has been reviewed
(218,536,537). Nifedipine produces a prompt fall in systemic
arterial pressure after a single oral dose. The antihypertensive
effect results from arteriolar vasodilation with a decrease in
systemic vascular resistance. Nifedipine produces a prompt re-

duction in systolic, diastolic, and mean arterial pressures of
about 25% below the baseline value in most patients (537).

Nifedipine is usually administered as a 10-mg sublingual,
buccal, or oral dose. The onset of action occurs 5 to 10 minutes
after sublingual or buccal administration of the liquid drug,
which has been squeezed or aspirated with a needle and sy-
ringe from the capsule. With oral administration of the intact
capsule, the onset of action occurs at 15 to 20 minutes. A re-
cent study showed that absorption of nifedipine from the oral
mucosa is negligible and that most absorption occurs in the
stomach (538). The rapid onset of action when the liquid is
administered by the sublingual route is explained by the ab-
sorption of swallowed liquid from the stomach. The lag in
onset of action when the intact capsule is swallowed is due
to the time required for dissolution of the capsule. The most
reliable method of administration of the drug may be to bite
and swallow the capsule (538). The peak effect occurs in 20 to
30 minutes. The duration of action is 4 to 6 hours regardless
of the route of administration (218,538).

The major acute side effects of nifedipine include a burning
sensation in the face and legs, facial flushing, headache, and pal-
pitations. Overshoot hypotension has been observed, especially
in hypovolemic patients or patients pretreated with diuretics
(539,540). Exaggerated hypotension can cause myocardial is-
chemia in patients with underlying coronary atherosclerosis
(539,541).

Sublingual or oral nifedipine may be useful in the manage-
ment of patients with malignant hypertension who do not have
an absolute indication for parenteral antihypertensive therapy.
Extended-release nifedipine may also be useful in this setting
(213). However, in patients with hypertensive crises requiring
careful titration of the hypotensive response, the prolonged du-
ration of action and the potential risk of overshoot hypotension
with nifedipine are major disadvantages. Sodium nitroprusside
is clearly preferable for the management of true hypertensive
crises. The role of nifedipine in the acute treatment of severe un-
complicated hypertension in the emergency room setting prior
to discharge is discussed in the section entitled Severe Uncom-
plicated Hypertension.

Minoxidil

Minoxidil is a potent antihypertensive agent that is available
only for oral use. In combination with a potent diuretic and
a beta-blocker, it is very useful in the control of hypertension
refractory to conventional antihypertensive regimens. The ef-
ficacy of a triple-drug regimen with minoxidil in the manage-
ment of the patient with malignant hypertension and azotemia
has already been discussed. Minoxidil is often employed for
the long-term control of blood pressure in patients with ma-
lignant hypertension after initial control of the blood pressure
with parenteral medications. Furthermore, in patients with ma-
lignant hypertension not requiring immediate blood pressure
reduction, an oral triple-drug regimen consisting of minoxi-
dil, a beta-blocker, and a loop diuretic can effectively control
the blood pressure over a period of hours to days and thereby
eliminate the need for parenteral antihypertensive therapy (see
Treatment subsection under Malignant Hypertension earlier in
this chapter).

Minoxidil is a direct-acting arteriolar vasodilator. Its anti-
hypertensive effect results from a decrease in systemic vascular
resistance (542). It has no effect on venous capacitance ves-
sels. The hypotensive response to minoxidil is accompanied by
a baroreceptor-mediated reflex increase in sympathetic tone,
which results in an increase in heart rate, contractility, and
cardiac output. Unopposed, the cardiac output may increase
threefold to fourfold and attenuate the fall in blood pres-
sure (542,543). The resulting increase in myocardial oxygen
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demand may precipitate ischemia in patients with limited coro-
nary reserve. For this reason minoxidil is usually given con-
comitantly with a β-adrenergic blocking drug.

As with other peripheral vasodilators, minoxidil induces
profound renal salt and water retention (542). This fluid reten-
tion is probably related to the hypotensive effect of the drug.
A similar antinatriuresis occurs with both hydralazine and di-
azoxide. Minoxidil causes more fluid retention because it is
a more potent arteriolar vasodilator. Several factors enhance
renal salt and water retention (543). Decreased peritubular
capillary pressure is a potent stimulus for salt and water reab-
sorption in the proximal tubule. Increased adrenergic tone also
enhances proximal tubular salt and water reabsorption. Like
other vasodilators, minoxidil increases renin release, which
leads to increased aldosterone production and enhanced dis-
tal tubular sodium reabsorption (543). Pseudotachyphylaxis to
the original hypotensive effect of minoxidil can occur if either
β-blockade or diuretic therapy is inadequate.

The serum half-life of minoxidil is 4.5 hours; however, the
duration of action is longer than the half-life would predict
(543). After oral administration, the antihypertensive effect
begins within 30 to 60 minutes, reaches a maximum in 2 to
4 hours, and slowly abates over the next 12 to 18 hours. The
prolonged hypotensive effect is probably due to persistent bind-
ing of minoxidil at the site of action in vascular smooth muscle.
About 15% of the parent compound is excreted in the urine,
while the remainder is metabolized in the liver by glucuronide
conjugation (543).

Although the serum half-life is 4 hours, the persistent hy-
potensive effect allows for a twice-daily dosing schedule. Prior
to the initiation of minoxidil, all other antihypertensives except
diuretics and beta-blockers should be discontinued. Minoxidil
is started at a dose of 2.5 mg twice daily and increased in
5-mg/day increments every 2 to 3 days until the desired re-
sponse is obtained. The usual effective dose is 10 to 40 mg/day.
The doses of loop diuretic and beta-blocker are titrated to
maintain dry weight and prevent tachycardia, respectively.

When more rapid control of arterial pressure is required,
incremental changes in minoxidil dosage can be made every
6 hours. The initial 2.5-mg dose is doubled every 6 hours up
to a maximum dose of 20 mg, or until the desired response is
obtained. The effective dose should then be administered every
12 hours and the dose of diuretic and beta-blocker titrated as
necessary (543).

The dose of beta-blocker required to prevent reflex tachy-
cardia in patients treated with minoxidil is often in excess of
the usual β-blocking dose. This is because the sympathetic ner-
vous system is activated by minoxidil and beta-blockers com-
pete with catecholamines for receptor binding (543). The start-
ing dose of beta-blocker should be propranolol at 160 mg/day
or an equivalent. The dose is then titrated to maintain resting
heart rate at 70 to 80 beats/minute.

In general, thiazide diuretics are not potent enough to
counteract minoxidil-induced antinatriuresis, especially if re-
nal insufficiency is present. The starting dose of furosemide
is 40 mg twice daily. However, a dose of 300 to 400 mg/day
may be required to prevent fluid retention and maintain dry
weight.

The most common side effects of minoxidil are related to its
pharmacologic properties. Fluid retention can lead to weight
gain, edema, anasarca, congestive heart failure, and pericar-
dial effusion. With inadequate β-blockade, reflex sympathetic
stimulation can lead to angina or myocardial infarction in pa-
tients with underlying coronary disease. Electrocardiographic
changes following the initiation of minoxidil have been re-
ported. In more than 90% of patients flattening or inversion of
T waves develops (543). Although often marked, these changes
do not necessarily indicate myocardial ischemia, and they usu-
ally resolve with continued therapy (542,543).

Pericardial effusion has been reported with minoxidil treat-
ment; however, progression to cardiac tamponade is rare. The
cause of the effusion is unknown, but it occurs most commonly
in patients with renal failure, collagen vascular diseases, or in-
adequate diuretic therapy. A hemodynamically insignificant ef-
fusion is not necessarily a reason to discontinue minoxidil, but
the patient should be treated aggressively with diuretics and
followed closely for signs of tamponade (542,543). Patients on
dialysis should have a trial of intensive daily dialysis to achieve
and maintain dry weight.

Reversible hypertrichosis of the face, back, and arms occurs
in almost all patients taking minoxidil and is the most frequent
reason for discontinuation of the drug, especially among female
patients. Calcium thioglycolate depilatory agents and shaving
are used to control this cosmetic side effect.

Triple therapy with minoxidil, a beta-blocker, and a loop
diuretic is often dramatically effective in the long-term man-
agement of malignant hypertension, even when conventional
antihypertensive regimens are unsuccessful or produce intoler-
able side effects (202,206,207,544).

Angiotensin Converting Enzyme Inhibitors

Captopril has been used successfully in the treatment of hyper-
tensive crises. Both oral and sublingual routes of administration
have been described (545,546). Angiotensin converting enzyme
inhibitors are clearly the treatment of choice for scleroderma
renal crisis (55).

Unfortunately, first-dose hypotension has been reported as
a significant risk in the treatment of hypertensive crises with
converting enzyme inhibitors. Hypotension is most likely to
occur in patients with high levels of angiotensin II, underlying
renovascular hypertension, or intravascular volume depletion
resulting from spontaneous natriuresis in malignant hyperten-
sion or from prior diuretic treatment. In addition, the use of
converting enzyme inhibitors in the initial management of pa-
tients with renal insufficiency can lead to confusion if the renal
dysfunction persists or worsens. Use of converting enzyme in-
hibitors is contraindicated in pregnancy because they can cause
acute renal failure in the neonate (547).

Although malignant hypertension is often characterized by
high PRA, this is not invariably the case. Therefore, con-
verting enzyme inhibitors may not be effective in all patients
with malignant hypertension. Moreover, whereas angiotensin-
converting enzyme inhibitors may be useful in the long-term
management of patients with malignant hypertension, capto-
pril has not been shown to be superior to other antihypertensive
agents in preventing the recurrence of malignant hypertension
(219).

Thus, although angiotensin-converting enzyme inhibitors
may be useful in the long-term management of hypertension
in patients with a history of malignant hypertension or other
hypertensive crises, converting enzyme inhibitors are not usu-
ally recommended for the initial management of hypertensive
crises except in patients with scleroderma renal crisis.

Methyldopa

In the past, parenteral methyldopa was often recommended
for the treatment of hypertensive crises. However, it has sev-
eral disadvantages including a delayed onset of action, unpre-
dictable hypotensive effect, and central nervous system seda-
tion. More rapidly acting and predictable parenteral agents
such as sodium nitroprusside and diazoxide have largely
replaced methyldopa.

Reserpine

Intramuscular reserpine in a dose of 1 to 5 mg was widely used
in the past for the treatment of hypertension complicating acute
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pulmonary edema, pheochromocytoma, toxemia of pregnancy,
and aortic dissection (548). However, with the advent of more
reliable agents with fewer side effects, the use of reserpine for
the management of hypertensive crises can no longer be rec-
ommended (2190).

Clonidine

Oral clonidine loading has been recommended for the man-
agement of severe hypertension that is not accompanied by
evidence of end-organ dysfunction (220). However, oral cloni-
dine loading is not recommended for the management of the
true hypertensive crises outlined in Table 56-1. Thus, if hy-
pertension is accompanied by hypertensive neuroretinopathy
(malignant hypertension), hypertensive encephalopathy, con-
gestive heart failure, acute myocardial infarction, aortic dis-
section, or central nervous system catastrophe, oral clonidine
loading is not recommended (220). In patients with hyperten-
sive encephalopathy or another central nervous system catas-
trophe, clonidine can cause sedation, which would interfere
with the assessment of mental status. Moreover, the relatively
long duration of action represents a disadvantage in the treat-
ment of hypertensive crises requiring moment-to-moment titra-
tion of blood pressure. The oral clonidine loading regimen was
described specifically for the management of severe hyperten-
sion that is not associated with end-organ dysfunction, an en-
tity known as urgent hypertension or severe uncomplicated
hypertension (220). There has been an unfortunate tendency
to utilize this type of regimen for the treatment of true hyper-
tensive crises in which potent parenteral medications described
earlier are clearly indicated. Use of oral clonidine loading in the
outpatient setting for the management of severe uncomplicated
hypertension is discussed in the next section.

SEVERE UNCOMPLICATED
HYPERTENSION

The benefits of acute reduction of blood pressure in the setting
of true hypertensive crises are obvious. Fortunately, hyperten-
sive crises are relatively rare events that never affect the vast
majority of hypertensive patients. Another type of presenta-
tion that is more common than true hypertensive crisis is the
patient who presents with severe hypertension (diastolic blood
pressure greater than 115 mm Hg) in the absence of the hy-
pertensive neuroretinopathy or other acute end-organ damage
that would signify a true crisis. This entity, which is known
as severe uncomplicated hypertension, is very common in the
emergency department setting. In a recent study of severe un-
complicated hypertension treated in an emergency room, 60%
of the patients were entirely asymptomatic and had presented
for prescription refills or routine blood pressure checks, or were
found to have elevated blood pressure during routine exami-
nations. The other 40% presented with nonspecific symptoms
such as headache, dizziness, and weakness in the absence of
evidence of acute end-organ dysfunction (549).

In the past, this entity has been referred to as urgent hy-
pertension, reflecting the widely accepted notion that acute
reduction of blood pressure, over a few hours prior to dis-
charge from the emergency room, was essential to minimize
the risk of short-term complications from the severe hyperten-
sion (220,550). Commonly used treatment regimens include
oral clonidine loading, or sublingual nifedipine given to acutely
reduce the blood pressure prior to initiation of a maintenance
antihypertensive regimen (220,549,550).

In recent years, however, the urgency of treatment in patients
with severe uncomplicated hypertension has been questioned
(9,11,551). While it is clear that in comparison to patients with
mild or moderate hypertension, patients with severe uncom-

plicated hypertension are at increased long-term risk of car-
diovascular complications (552), they are generally not in any
immediate danger of an untoward event (10). The argument
supporting the acute reduction of blood pressure is based on
the following assumptions: (a) It is important to reduce blood
pressure immediately to avoid complications; (b) oral antihy-
pertensive loading prior to initiation of maintenance therapy
produces improved immediate and long-term blood pressure
control; and (c) there are no adverse consequences of this form
of treatment (9). Two studies provided some useful information
regarding the need to reduce blood pressure immediately with
the aim of preventing hypertensive complications. In the Veter-
ans Administration Cooperative Study of patients with severe
hypertension (552), there were 70 untreated patients who had
no evidence of malignant hypertension or significant end-organ
dysfunction despite the presence of diastolic blood pressures
averaging 121 mm Hg. Among these patients, 27 experienced
morbid events at an average of 11 ± 8 months into follow-up.
The earliest morbid event occurred after 2 months. Likewise, a
similar study in Baltimore showed that among 42 untreated pa-
tients with severe but uncomplicated hypertension, 19 patients
experienced morbid events (congestive heart failure, onset of
malignant hypertension, cerebrovascular accident, or evidence
of declining renal function) at a mean of 12 ± 7 months into
follow-up. The earliest morbid event occurred at 2 months
(553). These data suggest that patients who have severe but
uncomplicated hypertension need not be exposed to the risk
of “urgent” blood pressure reduction in the emergency room
setting because hypertensive complications tend to occur over
a matter of months to years rather than hours to days.

Another study addressed the question of whether antihyper-
tensive loading prior to the initiation of maintenance therapy
improves or hastens blood pressure control (11). Sixty-four
asymptomatic patients with severe hypertension were random-
ized to treatment with hourly doses of clonidine followed by
clonidine and thiazide diuretic maintenance therapy, or an ini-
tial dose of clonidine followed by hourly placebo and then
subsequent maintenance therapy, or initiation of maintenance
therapy without prior antihypertensive loading. There was no
difference between the first two groups with regard to the time
required to achieve acceptable blood pressure control during
loading therapy. Furthermore, there were no differences be-
tween the three groups with regard to adequacy of blood pres-
sure control at 24 hours or 1 week. The authors conclude that
sustained blood pressure control resulted solely from mainte-
nance therapy and that the time to adequate control and even-
tual level of blood pressure were independent of the administra-
tion of an initial loading dose. They suggest that the common
practice of acute oral antihypertensive loading to treat severe,
asymptomatic hypertension should be reconsidered (11). In this
regard, a recent study of 32 patients with severe uncomplicated
hypertension found that a significant decrease in blood pressure
frequently occurred in the emergency department even before
pharmacologic intervention was initiated. The mean arterial
pressure decreased by 6% without treatment within 1 hour af-
ter the initial blood pressure reading (554). The authors suggest
that given a short period of observation, many patients with
severe uncomplicated hypertension will experience a decrease
in blood pressure to mildly or moderately hypertensive levels,
which would clearly make acute blood pressure reduction with
an antihypertensive loading regimen unnecessary.

Although generally safe, the oral antihypertensive loading
regimens occasionally cause significant adverse effects. Sub-
lingual nifedipine can produce severe headache and profound
overshoot hypotension (540). The marked blood pressure re-
duction can exacerbate underlying ischemic heart disease, re-
sulting in angina or myocardial infarction (539,541). It has
even been suggested that a moratorium be placed on the use of
sublingual nifedipine for the treatment of severe uncomplicated
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hypertension (555). Loading doses of clonidine cause sedation
in 60% of patients and some of these patients are difficult to
awaken and require assistance in returning home (549). Fur-
thermore, the recommended conversion from the oral loading
dose to a twice-daily dose of clonidine (220) may represent spe-
cial problems in the treatment of patients with severe uncompli-
cated hypertension. Clonidine produces a number of common
side effects including dry mouth, drowsiness, and constipation,
which may interfere with long-term compliance with medical
therapy. The risk of hypertensive rebound on abrupt discontin-
uation of clonidine (427) should also be considered since many
patients with this form of hypertension are noncompliant with
medical therapy (11).

While the acute reduction of blood pressure in patients with
severe uncomplicated hypertension with sublingual nifedipine
or oral clonidine loading regimens has become the de facto
standard of care in the acute care setting, this practice is of-
ten an emotional response on the part of the treating physician
to the dramatic elevation of blood pressure (10). This aggres-
sive approach may also be motivated by fear of medicolegal
repercussions in the unlikely event that an untoward hyper-
tensive complication occurs shortly after the emergency room
visit (10). Although observing and documenting the dramatic
fall in blood pressure prior to discharge is a satisfying thera-
peutic maneuver, there is no scientific basis for this approach
and it is unclear if even the small but definite risks of acute
blood pressure reduction are justified. There is, at present, no
literature to support the notion of an absolute level of blood
pressure above which the acute reduction of blood pressure
is mandatory before the patient can be discharged from the
acute care setting. For asymptomatic patients with severe un-
complicated hypertension, acute reduction of blood pressure in
the emergency room is often counterproductive because it can
produce untoward symptoms that render the patient less likely
to comply with long-term drug therapy. Because the available
data suggest that the risks to the patient are not immediate,
therapeutic intervention should focus on tailoring an effective,
well-tolerated maintenance antihypertensive regimen with em-
phasis on patient education to enhance long-term compliance
(11). Therefore, oral antihypertensive loading in this setting
is of little value. If the patient has simply run out of medica-
tions, reinstitution of the previous regimen should suffice. If
the patient is thought to be compliant with an existing drug
regimen, a sensible change in therapy such as an increase in
a suboptimal dosage of an existing drug or the addition of a
drug of another class is appropriate. Addition of a low dose of
a thiazide diuretic as a second-step agent to existing monother-
apy with converting enzyme inhibitor, calcium channel blocker,
beta-blocker, or central α2-agonist is often efficacious (390).
Another essential goal of the intervention should be to arrange
for suitable outpatient follow-up within a few days. Gradual
reduction of blood pressure to normotensive levels over the
next few days to a week should be accomplished in conjunc-
tion with frequent outpatient follow-up visits to modify drug
regimens and reinforce the importance of lifelong compliance
with therapy. Though less dramatic than acute reduction of
blood pressure in the emergency room, this type of approach
to the treatment of this chronic disease is more likely to pre-
vent long-term hypertensive complications as well as recurrent
episodes of severe uncomplicated hypertension.

Finally, an important entity that can masquerade as severe
uncomplicated hypertension deserves special mention. Pseu-
dohypertension is a condition in which indirect measurement
of arterial pressure using a cuff sphygmomanometer is artifi-
cially high in comparison to direct intraarterial pressure mea-
surements (556). Failure to recognize pseudohypertension can
result in unwarranted and sometimes frankly dangerous treat-
ment. Pseudohypertension can result from Mönckeberg’s me-
dial calcification, advanced atherosclerosis with widespread

calcification of intimal plaques, or azotemic arteriopathy
(metastatic vascular calcification in patients with ESRD) (556).
In these entities, stiffening of the arterial wall may prevent
its collapse by externally applied pressure, resulting in artifi-
cially high indirect blood pressure readings affecting both sys-
tolic and diastolic measurements. Pseudohypertension should
be suspected in the patient with severe hypertension in the
absence of significant target-organ damage. The presence of
a positive Osler’s maneuver, in which the radial or brachial
artery remains clearly palpable despite being made pulseless
by proximal inflation of a cuff above systolic blood pressure, is
an important physical examination finding that should suggest
the diagnosis (557). Roentgenograms of the extremities will
often reveal calcified vessels (556). However, the diagnosis can
only be made definitively by direct measurement of intraarte-
rial pressure. If unrecognized, pseudohypertension may result
in unwarranted treatment. Patients with pseudohypertension
are often older adults and therefore may have critical limita-
tion of blood flow to the brain or heart such that inappropri-
ate blood pressure reduction may precipitate life-threatening
ischemic events (556).
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154. Möhring J, et al. Studies on the pathogenesis of the malignant course of
renal hypertension in rats. Kidney Int 1975;8:S-174.
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CHAPTER 57 ■ MECHANISMS OF TISSUE
INJURY AND REPAIR IN RENAL DISEASES
STEPHAN SEGERER, MATTHIAS KRETZLER, FRANK STRUTZ, AND DETLEF SCHLÖNDORFF

INTRODUCTION

In order to consider “the mechanisms of tissue injury and re-
pair” for “glomerular, interstitial and vascular renal diseases,”
the general stage has to be set. This will involve a brief de-
scription of inflammation as well as factors contributing either
to repair, with resolution and maintenance of overall function,
or to persistent tissue injury with progressive fibrosis, and loss
of function. The overall goal of the inflammatory process is
to eliminate the original insult, to clear up the battlefield by
removing cell and matrix debris, and to repair the lost tissue
components. Ideally this results in a reconstitution of the orig-
inal tissue architecture and function.

Complete healing requires maintanance of the tissue mi-
croarchiteture. It can only be achieved when the extracellu-
lar matrix (ECM)—predominantly the basement membranes—
remain intact, as a scaffold on which the tissue can regenerate.
Once this scaffold is severely damaged or lost, the original ar-
chitecture can not be reestablished, and the damaged tissue will
be replaced by fibrous scar tissue. This involves the interaction
of infiltrating leukocytes and perhaps bone marrow–derived fi-
brocytes, activation of fibroblasts and epithelial-mesenchymal
transition. The latter can occur when epithelial cells have lost
their basement membrane, allowing them to migrate out be-
yond their normal environment and boundaries. Eventually it
will result in a local distortion of the parenchymal architec-
ture and a loss of function, setting the stage for a progressive
process.

A GENERAL SCHEME OF TISSUE
INJURY AND REPAIR

Cell Injury

Differentiated cell function depends on a specific functional
and anatomical environment. Cells can adapt to stress within
certain limits (1). If the adaptive capacity of the cell is exceeded,
injury becomes irreversible and cell death occurs. Cell death
follows two major patterns, with some overlap (i.e., necrosis
and apoptosis).

Necrosis is characterized by cellular swelling, protein
denaturation, organellar swelling and breakdown with re-
lease of proinflammatory products, which result in inflamma-
tion.

Apoptosis in contrast is a controlled and programmed form
of cell death and removal, with intracellular organized break-
down of proteins, RNA and DNA, and rapid uptake of residual
particles (apoptotic bodies) by phagocytic cells. The uptake
of apoptotic particles initiates an anti-inflammatory program,
since apoptosis does generally not result in inflammation (1).

In the kidney the general type of cellular stress and injury
are of the same types as in other organs. However, because
of the intricate anatomical and functional arrangements of the
kidney, these injury responses may result in nephron segment
specific responses, that may spread from the original site to in-
volve “downstream” injury. The causes of injury involved in
renal diseases are based on immunologic reactions (immune
complexes [ICs] or immune cells), oxygen deprivation (local
hypoxia as well as ischemia), chemical agents (ranging from
drugs to endogenous substances in high concentrations, e.g.,
glucose), and genetic defects. The cellular responses to stress
are dependent on the type, the severity and duration of injury
(2). The systems that are generally most vulnerable to injury are
membrane organization, adenosine triphosphate (ATP) gener-
ation, maintenance of calcium homeostasis, protein synthesis,
and the integrity of the genetic apparatus (1,3,4).

Repair Involves Inflammation
in the Postembryonic State

Irrespective of the initial insult to the tissue, an inflammatory
response will ensue (5–8). Only in the embryo can loss of tissue
be repaired without inflammation, scarring, or fibrosis (5,6).
After birth repair is always associated with an inflammatory
process, irrespective of the eventual outcome, such as healing,
or limited or progressive fibrosis. Overall, inflammation fol-
lows a rather uniform scenario involving the local release or
generation of soluble factors, an increase in local vascular per-
meability, activation of endothelial cells, and the emigration of
leukocytes (9). The term leukocyte is used here in a generic way,
referring to all types of circulating inflammatory cells. Inflam-
mation is closely related to tissue repair with regeneration of
parenchymal cells and filling of tissue defects with fibrous tis-
sue, that is, scar formation. The inflammatory response there-
fore represents a two-edged sword: beneficial in terms of the
repair process to injury; detrimental when proceeding in an un-
controlled manner, leading to progressive fibrosis with loss of
function.

Soluble Mediators Are Involved in
Inflammation and Tissue Repair

The major classes of soluble mediators generated at sites of
renal tissue injury and involved in leukocyte migration, ac-
tivation and tissue repair include the cytokines (especially
the chemokines and growth factors), as well as lipid media-
tors, such as prostaglandins (PGs), leukotrienes (LTs), lipoxins
(LXs), and platelet activating factor (PAF). The previous edi-
tion of this chapter includes an excellent review of the subject
in the context of the kidney.
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Cytokines

Cytokines are a large group of polypeptide molecules, predom-
inantly generated and released by leukocytes, but also in a more
restricted manner by other cells (9–11). Cytokine production
requires cell stimulation and is tightly regulated. Specific cy-
tokines in turn will activate synthesis of other cytokines by
the same cell (autocrine), by adjacent cells (paracrine), or even
by distant cells (endocrine). Thus they act in a network fash-
ion. Cytokines also include growth factors such as vascular
endothelial growth factor (VEGF), platelet derived growth fac-
tor (PDGF), fibroblast growth factor (FGF), epidermal growth
factor (EGF), connective tissue growth factor (CTGF), tumor
growth factor-β (TGF-β), and insulin-like growth factor 1
(IGF-1). The effects of the various cytokines on leukocytes,
fibroblasts, endothelial, epithelial and vascular smooth mus-
cle cells, is generally termed pleiotropic, that is, it can vary
depending on the cell type and the general context. Thus de-
pending on their state of “preconditioning” by other mediators
or cytokines, by extracellular-matrix components, or by neigh-
boring cells the response can be very different.

The major groups of cytokines (excluding general growth
factors) are:

Cytokines involved in regulating growth, differentia-
tion, and activation, for example, IL-2 for lymphocytes and
macrophage colony stimulating factor (M-CSF) for mono-
cytes

Cytokines involved in a direct response to tissue injury
as part of innate immunity (e.g., TNF, IL-1)

Cytokines that activate inflammatory cells, that is, mono-
cyte/macrophages (e.g., interferon-γ [IFN-γ ], interleukin-12
[IL-12])

Cytokines that stimulate the growth and development
of the various hematopoetic cell lines (e.g., M-CSF, gran-
ulocyte macrophage colony stimulating factor (GM-CSF),
interleukin-3 [IL-3])

Chemotactic cytokines, the chemokines (Table 57-1)

Obviously considerable overlap exists between these groups
and their function. The complexity and pleiotropic aspects of
cytokine action are probably best illustrated by the TGF-β
members, namely, TGF-β1, 2, and 3. They may require pre-
activation, release from matrix, can be pro- and antiprolifer-
ative, pro-apoptotic, cause epithelial-mesenchymal transition
(EMT), act in a profibrotic manner by stimulating the forma-
tion of matrix components and inhibiting metalloproteinases,
or can even act in an anti-inflammatory and antifibrotic man-
ner (12,13). Thus the effects of TGF-β will vary depending
on the specific isoform, and the local anatomical and cytokine
context. Furthermore, studies of TGF-β by messenger RNA
(mRNA) determination, immunohistology, or enzyme-linked
immunosorbent assay (ELISA) may not at all reflect its actual
activity. Therefore the common notion of TGF-β as the major
profibrotic cytokine is a vast oversimplification (12–14). We
will discuss the cytokines in further detail in the context of the
specific renal diseases.

TA B L E 5 7 - 1

CHEMOKINE RECEPTOR, CHEMOKINE LIGANDS, AND THE CORRESPONDING
CHEMOKINE RECEPTOR EXPRESSING CELL TYPES

Chemokine
receptor Chemokine ligands Chemokine receptor-positive cells

CCR1 CCL3, CCL5, CCL7, CCL8,
CCL13, CCL14, CCL15,
CCL23

Monocytes, dendritic cells (immature),
T cells, neutrophils, mesangial cells,
NK cells

CCR2 CCL2, CCL7, CCL8, CCL13 Monocytes, dendritic cells (immature),
basophiles, NK cells, B and T cells

CCR3 CCL5, CCL7, CCL8, CCL11,
CCL13–CCL15

T cells, NK cells, fibroblasts

CCR4 CCL17, CCL22 Eosinophiles, basophiles, T cells (TH2),
dendritic cells, NK cells

CCR5 CCL3, CCL4, CCL5, CCL8,
CCL11, CCL13, CCL14

Monocytes, dendritic cells (immature),
T cells (TH1), basophiles, B cells

CCR6 CCL20 T cells, B cells, dendritic cells (immature)
CCR7 CCL19, CCL21 Dendritic cells (mature), T cells, B cells
CCR8 CCL1, CCL16 Dendritic cells (mature), T cells, B cells,

thymocytes
CCR9 CCL25 T cells, thymocytes
CCR10 CCL27, CCL28 T cells, thymocytes
CXCR1 CXCL5, CXCL6, CXCL8 Neutrophiles, monocytes, astrocytes,

endothelial cells
CXCR2 CXCL1, CXCL2, CXCL3,

CXCL5, CXCL7, CXCL8
Neutrophiles, monocytes, eosinophils,

endothelial cells
CXCR3 CXCL9, CXCL10, CXCL11 T cells (TH1), B cells, NK cells
CXCR4 CXCL12 T cells, dendritic cells, monocytes, B

cells, neutrophils, platelets, astrocytes,
thymocytes, endothelial cells

CXCR5 CXCL13 T cells, B cells, astrocytes
CXCR6 CXCL16 T cells
CX3CR1 CX3CL1 T cells, monocytes, NK cells, neurones,

microglia
XCR1 XCL1, XCL2 T cells, NK cells
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Chemokines

Chemokines are members of a large family of chemotactic
cytokines, which play pivotal roles during the recruitment
of subpopulations of inflammatory cells (15–19). In addition
to cell positioning (e.g., during inflammation, lymphopoiesis
and, immunregulation), chemokines can activate effector func-
tions of leukocytes (including fibrotic processes), influence
hematopoiesis and the release of stem-cells from the bone mar-
row, modulate angiogenesis, and even play roles during car-
cinogenesis and metastasis (18,20,21). Over 40 chemokines
and 19 corresponding chemokine receptors have been de-
scribed to date (15,22). Chemokines are subclassified into
four groups (CC, CXC, CX3C, and C chemokines), accord-
ing to a shared structural motif of conserved cysteine residues.
The CC and CXC chemokines represent the vast majority of
chemokines. CX3CL1/Fraktalkine combines the functions of a
chemokine and an adhesion molecule. It can be directly teth-
ered to the cell membrane via a transmembrane segment (a long
mucin stalk), and it can induce chemotaxis and leukocyte arrest
on endothelial cells. Furthermore it can be released by proteases
and become a soluble chemokine (23). Chemokine functions
are mediated through seven transmembrane spanning serpen-
tine Gi/Go-protein coupled receptors, which are sensitive to
pertussis toxin (Table 57-1). The specificities can overlap as
some chemokines bind to multiple receptors, and some recep-
tors can bind multiple chemokines.

Upon appropriate stimulation, essentially all cell types ap-
pear capable of expressing chemokines (24). The production
occurs in a cell- and stimulus-specific manner. Various sub-
stances that is cytokines, ICs, growth factors, serum pro-
teins, and even chemokines themselves are capable of inducing
chemokine expression. A common denominator for the stim-
ulation may be the generation of reactive oxygen species, and
subsequent activation of transcription factors, such as NF-κB
(25). In general, proinflammatory cytokines such as TNF, IL-
1β, IFN-γ , and LPS, especially in combination, rapidly (within
hours) induce CCL2/MCP-1, CXCL8/IL-8, and CXCL10/IP–
10, whereas the induction of CCL5/RANTES is usually slower
(12 to 48 hours). ICs induce upregulation of CCL2/MCP-
1, CCL5/RANTES, CXCL8/IL–8, and CXCL10/IP-10 expres-
sion. Growth factors such as PDGF and bFGF can induce
CCL2/MCP-1 and CCL5/RANTES expression. This may relate
to the macrophage influx seen during proliferative responses in
tissue repair, regeneration, and remodeling (14–21).

The role of two chemokine binding proteins DARC and
D6 during inflammation is still under investigaion (26–28).
Both proteins bind multiple chemokines but do not signal. It is
possible that these proteins are involved in the transendothe-
lial transport, positioning, and presentation of chemokines on
vascular and lymphatic vessels and even angiogenesis. There-
fore these proteins might be doorkeepers for the migration
of inflammatory cells both into, as well as out of specific
tissues. Furthermore, Duffy antigen/receptor for chemokines
(DARC) on erythrocytes may serve as a sink or even reservoir
of chemokines in the circulation.

Lipid Mediators

The lipid mediators, the eicosanoids prostaglandins (PGs), LTs,
and LXs, and the phopholipid derivative PAF play considerable
roles in inflammation.

Prostaglandins (PGs) belong to the oldest known class of
lipid mediators of inflammation. With the molecular charac-
terization of two forms of cyclooxygenases (i.e., COX1 and
COX2) and the cloning of multiple prostaglandin receptors,
with different signaling cascades and functional effects, the role

of postaglandins in physiology and pathophysiology has under-
gone a renaissance (Fig. 57-1 [29,30]). The stimuli for the ac-
tivation of phospholipases and subsequent eicosanoid produc-
tion include mechanical or hypoxic cell stress, proinflammatory
cytokines and growth factors and vasoactive peptides (e.g., an-
giotensin II, etc.). The type of prostaglandin generated depends
predominantely on the cell type. While cycloxygenases will gen-
erate the intermediate endoperoxides irrespective of cell type,
the subsequent conversion to the specific prostaglandins (e.g.,
prostacyclin, PGI2, thromboxane, PGE2, PGF2α, or PGD2)
depends on the cell-specific expression of isomerases and syn-
thetases (29,30).

The leukotrienes (LTs) are also generated from arachi-
donic acid. The leukocyte-restricted 5-lipoxygenase generates
leukotriene A4 (LTA4) which can be converted to LTB4 by the
LTA4-hydrolase or to the cysteinyl leukotrienes LTC4, LTD4,
and LTE4 (30). LTs and PGs act through a variety of G-protein
coupled receptors that are also expressed in a cell-specific man-
ner. Although the chemotactic activity of LTB4 was known for
a long time, new roles for LTB4 and PGD2 in T cell trafficking
have been identified recently (31). This depends on the expres-
sion of the LTB4 receptor BLT and the PGD2 receptor DP-2
on specific T-cell subsets. DP-2 is present on a small fraction
of CD8-positive T cells producing IL-4 and IL-13. This may
be of special interest for progressive tissue injury, as IL-13 pro-
duction favors fibrosis, at least in liver and lung (32,33). LTB4
converts rolling of specific T cell subsets to firm adhesion on en-
dothelial cells, an effect mediated by BLT-1 receptor activation
of integrins (30,34).

The generation of the LIPOXINS (LXs), which are also
arachidonate derivatives, involves the interaction of neu-
trophils and platelets (35). The neutrophil 5-lipoxygenase gen-
erates LTA4, which can be converted by adjacent platelets via
12-lipoxygenase to lipoxin A4 (LXA4) and B4 (LXB4). LXA4
causes vasodilation and antagonizes the vasoconstrictor effect
of the cysteinyl-leukotriene LTC4. Furthermore, it decreases
chemotaxis and adhesion of neutrophils while enhancing that
of monocytes. It has been suggested that the lipoxins are the
natural brake for actions of leukotrienes thereby limiting the
local inflammatory process (35).

Platelet activating factor (PAF) is another but less cell-type
specific lipid mediator of inflammation (36). PAF received its
name from the original observation that it aggregated and de-
granulated platelets. Chemically it is an ether-phospholipid,
that is, 1-alkyl, 2-acetyl glycerophosphocholine. It is gener-
ated from membrane phosphocholine lipids with an ether bond
in position one, by the action of phospholipase A2 (releasing
arachidonic acid at the same time), followed by acetylation
in position 2. PAF is inactivated by acetylhydrolases assur-
ing a tightly regulated system. PAF is a very potent vasoactive
agent, activator of leukocyte adhesion, including selectin ac-
tivation, chemotaxis, leukocyte degranulation, and oxidative
burst. PAF may also be part of local amplification loops as it
can in turn stimulate the synthesis of cytokines, chemokines,
and eicosanoids by the infiltrating leukocytes (36). Thus there
is an intricate connection between the lipid and peptide medi-
ators of inflammation.

Complement

The complement cascade is composed of a large number of ef-
fector and regulatory proteins (37). The activation of the com-
plement cascade can be mediated through the classical, the al-
ternative, and the lectin pathway. The progression down the
cascade involves the proteolytic cleavage and subsequent acti-
vation of complement components (37). C5b plays a role in the
activation of downstream complement events, while C5a acts
as a potent chemoattractant for monocytes and neutrophils,
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FIGURE 57-1. Schematic scheme of the synthesis of lipid mediators. Cell activation by various stimuli
(e.g., trauma, cytokines, etc.) triggers the translocation of cytosolic phospholipase A2 (PLA2) to the
nuclear membrane as well as to the endoplasmatic reticulum (ER), leading to the release of arachidonic
acid. 5-Lipoxygenase (5-LO) leads to the production of leukotrienes (LTs, right, 5-LO activating protein:
FLAP, LTA4 hydrolase: LTA4H). COX lead to the production of 4PGH2 which is converted to PGD2 via
PGD synthase. (Modified from: Luster AD, Tager AM T-cell trafficking in asthma: lipid mediators grease
the way. Nat Rev Immunol 2004;4:711.)

increases vascular permeability, upregulates adhesion mole-
cules, and propagates contraction of smooth muscle cells (38).
The classical pathway is initiated when immunoglobulins (e.g.,
immunoglobulin G 1–3 [IgG1–3] or immunoglobulin M [IgM])
bind their respective antigen leading to the formation of the
C3 convertase (C4b2b). A C3 convertase can also be formed
through the alternative pathway by fragments of C3 and fac-
tor B (C3bBb). Basement membrane fragments or bacterial cell
wall components can activate the alternative pathway (37,39).
The third pathway, the lectin pathway, is triggered by distinct
carbohydrates and involves the mannose-binding lectin and the
MBL-associated serine protease (37,39). All three pathways
converge upon the generation of C3 convertase, which cleaves
C3 into C3a and C3b. C3b promotes the first step in the ac-
tivation of the terminal complement complex, as it associates
with either the classical or alternative C3 convertase to gener-
ate a C5 convertase. C5 convertase cleaves C5 into C5a and
C5b, which directs formation of the membrane-attack complex

composed of C6, C7, C8, and C9. C5a is a ligand for a seven-
transmembrane-segment G protein coupled receptor, which is
abundantly expressed by neutrophils, mast cells, basophils, en-
dothelial cells, and monocyte/macrophages (39).

NO and Vasoactive Substances

Nitric oxide (NO) is generated by three isoforms of NO syn-
thase, the neuronal nNOS, the inducible iNOS, and the con-
stitutive endothelial eNOS (40). The latter is predominantly
present on endothelial cells and can be activated by shear stress,
bradykinin, and thrombin. The iNOS is expressed on endothe-
lial smooth muscle cells and on macrophages. It can be induced
by inflammatory mediators such as IL-1, TNF, IFN-γ , and
endotoxin. NO’s role in inflammation includes vasodilatation,
antagonizing platelet activation, reducing leukocyte recruit-
ment, decreasing proinflammatory cytokine and chemokine
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production, and acting as a microbicidal agent (40). With lack
of appropriate co-factors the NO synthetase can, however, be-
come a major source of reactive oxygen species and as such
turn into a perpetuator of tissue injury (40).

Finally it should be briefly noted that the renin-angiotensin
system also has an immune modulator activity that appears to
be independent of its vasoactive properties (41). This “inflam-
matory” aspect of angiotensin may also play a role in progres-
sive disease processes (24).

Vascular Changes Set the Stage
for Leukocyte Extravasation

Acute inflammation is short in duration (hours, a few days) and
is initially characterized by a predominant influx of neutrophils
followed by monocytes/macrophages (42–44). The extravasa-
tion of leukocytes occurs through the specialized endothelia of
postcapillary venules (Fig. 57-2). Only in the special cases of
the pulmonary alveolar and renal glomerular microcirculation
can leukocytes also leave the bloodstream through capillaries.
The reasons for this restriction to these special microvascular
anatomic sites most likely involve the high velocity of blood
flow with high shear stress forces in other vascular beds, as
well as differences in the expression of adhesion molecules on
the various endothelia. Of note is the absolute prerequisite that

both the leukocytes and the endothelial cells be activated in or-
der for their normally brief encounters to be of consequence
and result in leukocyte adhesion and extravasation (Fig. 57-2).

During acute inflammation arteriolar vasodilatation leads
to an expansion of the capillary bed, which together with an
increase in vascular permeability results in extravasation of
fluid into the extracellular space. The blood viscosity increases
and the blood flow slows, ultimately resulting in stasis. Leak-
iness of the microvasculature is mediated through endothelial
cell contraction (by histamines, bradykinin, LTs resulting in
gaps in venules), endothelial cell retraction (mediated by cy-
tokines, e.g., TNF, IL-1 which results in reorganization of the
cytoskeleton), and endothelial cell injury (45,46).

Leukocyte Extravasation

Vascular dilatation, increased permeability and slowing of flow
allows the margination of leukocytes. This is followed by a
cascade of events involving rolling, activation, firm adhesion
and transmigration of leukocytes on the activated endothelium
(Fig. 57-2 [34,42–47]). After extravasation leukocytes follow
various chemotactic gradients, mostly in a haptotactic, that is,
matrix bound manner, toward the site of tissue injury. Leuko-
cyte extravasation is mediated through the interaction of ad-
hesion molecules with their respective counter-receptors, in

FIGURE 57-2. Extravasation cascade of inflammatory cells.
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concert with activation by lipid mediators, chemokines, and
cytokines, which can activate integrins and regulate the ex-
pression of adhesion molecules.

Selectins and Their Ligands Establish
the Initial Contact Between Leukocytes

and Endothelial Cells

The decrease in shear stress forces allows the low-affinity con-
tact between the first class of adhesion molecules, the selectins,
and their carbohydrate ligands (see Table 57-2). Selectins are

expressed on leukocytes and endothelial cells (34,48–50). At
present three members of the selectin family are known. Their
adhesive character is determined by amino-terminal lectin do-
mains. Following the lectin domain is an epidermal growth
factor (EGF) domain, a variable number of complement reg-
ulatory domain sequences, and a single transmembrane se-
quence with a cytoplasmic tail. The number of complement
regulatory domains varies on the different selectins. The ex-
act function of the complement regulatory elements remains
unknown, but altering them results in different binding char-
acteristics. On leukocytes the L-selectin is concentrated on cell
projections allowing the early contact with their counterparts
on the endothelial surface. Leukocyte L-selectin is expressed

TA B L E 5 7 - 2

ADHESION MOLECULES, THE CORRESPONDING LIGANDS AND THE MAJOR FUNCTION IN CELL
RECRUITMENT

Adhesion molecule Ligand Function

Selectins
l-Selectin (CD62L, on

leukocytes)
MadCAM-1 (mucosal addressin cell adhesion

molecule, HEVs of Peyer plaques)
CD34 (endothelium)
GlyCAM-1 (endothelium)
Podocalyxin
Mannose receptor

Rolling of neutrophils and monocytes

P Selectin (CD62P, on
platelets and endothelium)

PSGL-1
Sialyl Lewis X modified proteins

Rolling of neutrophils, monocytes, and
lymphocytes

E-Selectin (CD62E on
endothelium)

Sialyl Lewis X modified proteins (on leukocytes) Rolling and adhesion of neutrophils,
monocytes, and T cells

Integrins
VLA-4 (α4β1) VCAM-1

Fibronectin (CS-1)
Adhesion of monocytes, lymphocytes,

and eosinophils
LFA-1 (CD11a/CD18) ICAM-1

ICAM-2
ICAM-3

Adhesion and arrest of monocytes,
lymphocytes, and neutrophils

MAC-1 (CD11b/CD18) ICAM-1
C3bi
Fibrinogen
Factor X

CD11c/CD18 (p150,95) Fibrinogen
ICAM-1

CD11d/CD18 Unknown
α4β7 MadCAM-1

VCAM-1

Adhesion molecules of the immunoglobulin superfamily
ICAM-1 (on endothelium,

mesangial cells, epithelial
cells, and leukocytes)

CD11a/CD18,
CD11b/CD18
CD11c/CD18
CD43
Fibrinogen
Hyaluronic acid

ICAM-2 (on endothelium,
leukocytes)

CD11a/CD18
DC-SIGN (CD209)

ICAM-3 (leukocytes) DC-SIGN (CD209)
VCAM-1 (parietal epithelial

cells, endothelium,
epithelial cells, mesangial
cells)

VLA-4

PECAM-1 (CD31, on
leukocytes, endothelium)

PECAM-1 (CD31)
α5β3
CD38

Others
CD44 Hyaluronic acid Rolling
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constitutively, while E-selectin surface expression on endothe-
lial cells requires de novo synthesis after prestimulation by in-
flammatory mediators. P-selectin is stored in platelets, and in
Weibel-Palade bodies in endothelial cells, and is rapidly dis-
tributed to the surface upon stimulation. With continued stim-
ulation P-selectin can be present constantly on the endothelium
in areas of chronic inflammation.

Similarly to the expression of selectins, their counter-
part glycoproteins are also regulated. The regulation involves
mostly alterations in the “sticky” sugar coating. In the case of
the L-selectin ligand CD34 on endothelial cells, the proper dec-
oration of the protein backbone with the Sialyl-Lewis carbo-
hydrates has to occur by stimulation of the respective enzymes,
for example, fucosyl- and sialyl-transferases. Even the major P-
selectin glycoprotein ligand-1 (PSGL-1), which is constitutively
present on neutrophils and T-cells, may require some change
in its carbohydrate decoration to allow for optimal interac-
tions with P-selectin. So already the initial adhesion contact
allows for a fine tuning by combining constitutive and regu-
lated expression with rapid surface transfer of the molecules,
and modification of their sugar moieties (34,48–50).

The tethering of leukocytes on the endothelium, termed
rolling, by itself would be inconsequential, as the binding forces
between the selectins and their ligands are too weak, and
will only result in short lasting leukocyte-endothelial contact
without firm adhesion. Only if the endothelial cell presents
leukocyte-activating molecules (e.g., chemokines, LTB4 or
PAF) on its surface for the respective receptor on the pass-
ing leukocytes, will this brief encounter be converted to firm
adhesion of the leukocyte (42–44,46).

Integrins and Their Counterparts of the
Immunoglobulin Superfamily Mediate Firm

Leukocyte-Endothelial Adhesion

Before the next crucial step, that is, firm adhesion can occur, the
involved adhesion molecules, the integrins on the leukocytes
need to be activated to a status of high affinity. Integrins are a
family of cell surface molecules that are involved in attachment
of cells to their extracellular matrix and also in cell–cell binding
(9,46). They are heterodimetric receptors consisting of paired
α- and β-chains (Table 57-2). The β-chain determines the type
of integrin. Different types of leukocytes can express essentially
two types of β2-integrins. The β2 (CD18) can be paired with
either αL (CD11a) or αM (CD11b), resulting in CD11a/CD18
(or LFA-1) or CD11b/CD18 (or Mac-1), respectively. In ad-
dition, many leukocyte types express the β1 integrin α4β1 or
very late antigen 4 (VLA-4). Under basal conditions the inte-
grins on leukocytes are in a low-affinity binding state. Upon
activation by inflammatory mediators the strength of their in-
teraction with endothelial ligands is enhanced by conforma-
tional changes and by increasing their density on the binding
surface, via clustering at the site of leukocyte-endothelial con-
tact. The activation of the different types of leukocytes occurs
predominantly by soluble mediators of inflammation, which
may, however, be presented in a membrane-bound form by
the endothelial cell surface. Most of the respective receptors
on leukocytes belong to the serpentine, seven transmembrane
spanning, G protein-coupled receptors (9,46). The predomi-
nant class of mediators include the chemokines, LTB4, PAF,
complement C5a, and formylated peptides of bacterial origin
(e.g., FMLP). The endogenous mediators such as chemokines,
LTB4, and PAF are locally produced by the cells of the in-
jured tissue—be they parenchymal or endothelial—and reach
the vascular endothelial luminal surface either by transcytosis
or by diffusion (9,46). On the endothelial surface they present
themselves to the rolling leukocytes bound to proteoglycans,

which serve as lampposts for presentation to the specific leuko-
cyte receptors. Different types of leukocytes are activated by
different types of chemokines and also use different molecules
for rolling and firm adhesion. Not only are the integrins regu-
lated, but also the endothelial integrin counterparts, members
of the immunoglobulin family ICAM-1, VCAM-1, PECAM can
be modified by cytokines (9,46).

Leukocyte-Endothelial Transmigration

Firm adhesion is followed by diapedesis of leukocytes at the
specialized endothelial-endothelial junctions, a step involving
yet another group of adhesion molecules (9,46). During the
transmigration of leukocytes the adherens junctions of adjacent
endothelial cells have to disorganize temporarily to allow the
squeezing through of the leukocytes (42–45,47,51,52). Within
minutes, however, the junctions are reformed and during the
whole process a tight seal seems to form between the endothe-
lial cells and the transmigrating leukocytes as demonstrated
by the maintenance of electrical resistance during the entire
process. In contrast to the heterophilic interactions between
integrins and VCAM, ICAM, and PECAM during leuko-
cyte adhesion to the endothelium, the molecules involved
during transmigration engage in homophilic interactions.
Thus PECAM-1/CD31 and CD99 on endothelial cells engage
PECAM-1 and CD99, respectively on leukocytes. Blocking
PECAM-1 in vitro or in vivo will inhibit diapedesis. CD99,
a highly glycosylated protein seems to be involved in the ho-
mophilic interactions required for the transmigration process
at a step distal to PECAM-1. Blockage of CD99 will also de-
crease leukocyte transmigration and blocking both PECAM-
1 and CD99 results in additive inhibition (52). Furthermore,
components of the endothelial-endothelial junctions, such as
junctional adhesion molecules (JAMs) and cadherins are in-
volved in the leukocyte transmigration (45,51). While it is gen-
erally accepted that the predominant site of leukocyte emigra-
tion is between endothelial cells, there is also some evidence
that under certain conditions leukocytes can actually migrate
through endothelial cell bodies. In the case of fenestrated en-
dothelia, as present in the glomerulus and in vasa recta in the
kidney, the possibility of leukocytes migrating across these fen-
estrae exists, though we are not aware of any evidence in favor
or against this possibility.

Leukocyte Migration Through the
Extracellular Matrix (ECM)

Once the leukocyte has transmigrated the endothelial layer,
which is a matter of seconds or minutes, it will get arrested on
the underlying basement membrane. The molecules and mech-
anisms involved in the crossing of basement membranes by
leukocytes are much less understood, but may also involve in-
teraction of adhesion molecules such as integrins on leukocytes
with ligands consisting of matrix components (53,54). In ad-
dition, local activation of matrix metalloproteinases (MMPs)
may allow the leukocyte to “eat” its way across the basement
membrane. Similar considerations apply to the subsequent mi-
gration of leukocytes through the ECM toward the site of tis-
sue injury. Subgroups of inflammatory cells use different (but
at times overlapping) combinations of mediators that may be
generated at different times (53–55). The type of recruited cell
therefore not only depends on the type and the site of injury, but
also on the duration of the process. Neutrophils predominate
early (within the first 24 hours) and are replaced by mono-
cytes/macrophages which may be explained by the pattern of
chemotactic factors and adhesion molecules generated with
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a different time points. The short-lived neutrophils undergo
apoptosis within 2 days after exiting the bloodstream, whereas
monocytes persist for long periods.

Having left the bloodstream, leukocytes follow gradients of
chemotactic substances toward the site of tissue injury. During
the migration through the extracellular space the chemokines
may be matrix bound (a process termed haptotaxis) or exist as
a diffusible gradient (chemotaxis) (15–19). Having reached the
site of injury, leukocytes frequently engage in an amplification
loop, that is, they release further mediators such as cytokines,
chemokines, reactive oxygen species (ROS), NO, and lipid me-
diators (53–55).

Leukocyte Activation at the Site
of Tissue Injury

Once at the site of tissue injury the leukocytes will start the re-
pair process by ingesting, and processing the inciting agents, be
they infectious, immune complexes (ICs), or remnants of cells
and matrix. Phagocytosis and release of degradative enzymes
are early events after recruitment of leukocytes to the site of in-
jury (53–55) (Fig. 57-3). Phagocytosis involves recognition and
attachment (facilitated by opsonins), engulfement, and degra-
dation of the ingested material. The most important opsonins
are IgG, complement split products (C3b), and carbohydrate
binding lectins (collectins). Activation of leukocytes further in-
volves receptors for chemokines and cytokines, receptors for
pathogen-associated molecular patterns (i.e., toll-like recep-
tors), and scavenger receptors (53–55). Activated leukocytes
will generate an oxidative burst, degranulate and discharge

lysosomal enzymes, release and activate various enzymes such
as phospholipases and MMPs. The released enzymes include
elastase, collagenases, cathepsin, and other proteases, which
can degrade ECM components as well as generate vasoactive or
pro-inflammarory peptides from precursors (e.g. components
of the complement, kinin, or coagulation systems). The action
of the proteases on the matrix will help in removing damaged
matrix and thus clear the way for the repair process. If, how-
ever, this process becomes extensive, it could also remove the
extracellular scaffold itself, for example, the basement mem-
brane that is required to reestablish the original tissue archi-
tecture. This could create gaps allowing epithelial cells to mi-
grate out of their normal cellular organisation and open up the
possibility for epithelial-mesenchymal transition (EMT), which
could contribute to fibrosis and loss of functional units (56).

In this context the special roles of infiltrating macrophages
has to be considered. The activated macrophage can exist in
multiple forms, depending on the surrounding milieu, interact-
ing cells, and on its mode of activation (7,54,57,58). It can
develop into a major source of growth factors (e.g., PDGF,
FGF, TGF-β) that are required for tissue regeneration. Some
of these, for example, VEGF, PDGF are angiogenic and favor
neovascularization, others may favor matrix deposition. Upon
exposure to IL-4 and especially IL-13 macrophages can de-
velop into a profibrotic phenotype, that, at least in lung and
liver, may be TGF-β independent (32,33). Alternatively, the
macrophage may evolve to generate a cytokine profile favoring
a T helper type 2 (TH2) immune response (leading to a humoral
response) or develop into dendritic cells (7,54,57). Specific cir-
culating monocyte-like precursor cells, also termed fibrocytes,
may not only become a source of profibrotic cytokines such as
TGF-β, but may actually become themselves a major source of
matrix components for example collagen I (59–61).

Inflammatory Mediators

Vasodilation:
Prostaglandins, NO

Increased vascular permeability:
Vasoactive amines (histamine, serotonin)
C3a, C5a
Bradykinin
Leukotrienes C4, D4, E4
PAF

Chemotaxiss, Leukocyte adhesion:
Chemokines
C5a
Leukotriene B4
Bacterial products

Inciting Insult
Immune complexes, hypoxia/ischemia
bacterial/viral products, physical injury

metabolites, toxins, etc.

Endothelial Effects
Adhesion molecules

PGI
Chemokines

IL-1, IL-6
PDGF

Procoagulant activity
Anticoagulant activity

Fibroblast Effects
Proliferation

Collagen synthesis
Collagenase

Protease
PGE synthesis

Tissue Damage:
Neutrophil/macrophage

lysosomal enzymes
Oxygen metabolites

NO

Leukocyte Effects
Cytokines (IL-1, IL-6)

Chemokines

IL-1
TNF

Cell Activation
(parenchymal, endothelial,

leukocytes)

Inflammatory cell
recruitment and activation

FIGURE 57-3. Scematic scheme of cellular activation, resulting in tissue damage.
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In general, the myofibroblast has been considered as the
major collagen-producing cell in fibrosis. In this scheme the
myofibroblasts arise from activation (predominantly by TGF-
β of macrophage or parenchymal origin) of interstitial fibrob-
lasts or by transition of parenchymal epithelia to cells with
mesenchymal characteristics (56). This epithelial-mesenchymal
transition could result in the emigration from the organized
epithelial layer into the interstitial space, provided the base-
ment membrane loses its integrity. There they become myofi-
broblasts and a major source of excess collagen and hence
fibrosis. Lately evidence for a different origin of excess col-
lagen formation has been generated in models of pulmonary
and liver fibrosis (59–61). Here the collagen-producing cells
were of bone marrow origin and probably represent so-called
“fibrocytes.” These fibrocytes had been identified earlier as a
unique cell population, that circulates in low number in the
peripheral blood (61). They express the chemokine receptors
CXCR4 and CCR7, and migrate in response to the correspond-
ing chemokines CXCL12/SDF-1 and CCL21/SLC (59). Poten-
tially the latter chemokines, generated at the site of tissue injury
by the infiltrating macrophages, could attract the fibrocytes and
involve them in the fibrotic process. Whether this mechanism is
universal or specific to some forms of lung and liver injury re-
mains to be evaluated. Reevaluation of the potential source of
myofibroblasts, that is, local parenchymal versus bone marrow,
in progressive fibrosis obviously might also have considerable
therapeutic implications.

TGF-β1 or -2, either released and activated by the macro-
phage themselves, or released from its binding to ECM by pro-
teases, can cause epithelial-mesenchymal transition; fibroblast
activation; generation of matrix components and inhibition of
their breakdown by MMPs (11–14); local immunsuppression;
apoptosis, etc. TGF-β3 may have opposite effects, but in the
adult tissue is only present in low amounts (5). The uptake
of apoptotic bodies is a major function of macrophages in the
repair of tissue injury (62–64). It represents a very important
function, since nonremoval of apoptotic bodies will result in
the generation of proinflammatory components and thus ex-
acerbate inflammation. By contrast, the normal uptake and
removal of apoptotic cells by macrophages alters their phe-
notype to an immuno-inhibitory, antiinflammatory one, which
will produce less CXCL8/IL-8 and other chemokines, less TNF
and IL-1β, and secrete more NO, TGF-β, and PGE2. The latter
will further inhibit local chemokine and cytokine generation in
an auto- and paracrine manner. Furthermore, upon uptake of
apoptotic cells macrophages will suppress local T-cell prolifera-
tion, interrupting a vicious cycle of mutual stimulation (62–64).
In this context it should be pointed out that once macrophages
and T cells have reached the site of tissue injury, they engage in
a dialogue. Initially the macrophage activates the lymphocyte,
which in turn release proinflammatory mediators (7,54,57).
The uptake of the apoptotic bodies will interrupt this vicious
cycle as outlined above.

Because of the functional plasticity and the multiple and
dynamic phenotypes of the macrophage, it has been questioned
recently if indentification of the various macrophage activation
states can be achieved. Defining macrophage subsets by surface
or functional phenotype during an inflammatory episode might
be akin to defining chameleons by their color display at a given
moment (57).

Role of Heparan Sulfate Proteoglycans
(HSPG) in Inflammatory Cell Recruitment

HSPGs play multiple roles in the process of leukocyte adhe-
sion, and in endothelial and extracellular matrix transmigra-
tion (65,66). Proteoglycans consist of a core protein of varying

size (molecular weight [MW] = 11,000 to 220,000) to which
one or more (up to 100) sulfated carbohydrate glycosamino-
glycans (GAGs) are attached. Proteoglycans are named accord-
ing to the principal repeating disaccharides (e.g., heparan sul-
fate, chondroitin sulfate), which are heavily negatively charged
and bind to other matrix and cell membrane components. The
HSPGs are extremely versatile and diverse as their side chains
can be enzymatically modified by N-deacetylases, N- and O-
sulfotransferases, and epimerases. This occurs in a cell-specific
manner and can be modified by inflammatory mediators. Pro-
teins that can bind to HSPGs include chemokines, growth fac-
tors, adhesion molecules such as selectins, integrins, PECAM,
enzymes, enzyme inhibitors and ECM proteins (fibronectin,
collagens, laminin, fibrillin, thrombospondin, vitronectin). The
functional consequences of the binding of the ligand to the
HSPGs are: (a) immobilization resulting in a high local con-
centration of the ligand; (b) conformational changes of both
the HSPG and the ligand with functional consequences; (c)
oligomerization of the ligands, which, in the case of cytokines
and chemokines, allows dimerization and thus receptor signal-
ing; and (d) storage and protection from degradation of the
ligands.

During inflammation the surface binding of for example
chemokines to HSPGs on endothelial cells and ECM allows for
the establishment of a gradient for the leukocytes to follow. En-
dothelial and leukocyte surface HSPGs are directly involved in
cell–cell interaction via for example selectins and β2 integrins.
Activated endothelial cells and leukocytes exert heparanase ac-
tivity, which facilitates leukocyte transmigration by degrading
HSPGs (e.g., the ECM). Furthermore, the haparanase may re-
lease bound chemokines and growth factors (e.g., TGF-β, EGF,
FGF, PDGF, VEGF).

The HSPGs syndecan-1, -3, and -4 and glypican are differ-
entially expressed on different endothelial cells. In the kidney
only syndecan-1 and 4 have been identified (66). Beta glycans
contain heparan sulfate and chondroitin sulfate chains. They
bind TGF-β and are present in the interstitial space and on
micro-vascular endothelium. CD44, the cell-surface receptor
for hyaluronic acid, is expressed on restricted endothelial cells
and on mesangial cells. Hyaluronic acid (HA) is a polysaccha-
ride of the GAG family and is found in the ECM of many
tissues. HA exists in a glycosylated and nonglycosylated form,
and in numerous isoforms. Both CD44 and HA play roles in
inflammation, including cell proliferation.

Outcome of Tissue Injury,
Inflammation, and Repair

As long as the inflammatory response is short-lived and the in-
jury locally limited with minimal disruption of the underlying
tissue architecture, the repair process will restore almost nor-
mal histology and function. Obviously this requires that no new
insults occur, that production of pro-inflammatory mediators
ceases, or that their action becomes neutralized, and that leuko-
cytes accumulated at the site of tissue injury disappear by either
undergoing apoptosis locally or by leaving the site via blood or
lymphatic vessels (reverse migration) (42–44,55,62). Further-
more, the extracellular matrix scaffold has to be remodeled to
its original form and the parenchymal cells have to replace the
lost ones in the original pattern. Unfortunately this scenario is
the exception rather than the rule. Under most conditions there
is enough disruption of the original intricate tissue structure,
so that repair can only occur in an incomplete manner, that
is with scar-fibrosis formation. As the tissue structure based
on the ECM scaffold and the specific cell-cell organization is
lost, it will be replaced by an amorphous fibrous tissue. The
fibrotic process involves a similar set of players as the initial
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inflammation, that is, leukocytes, mediators of inflammation
including cytokines, chemokines, etc. However, these now ful-
fill different functions, for example, the leukocytes inducing
EMT and fibroblast formation with deposition of excess extra-
cellular fibrous matrix. As capillary blood supply may also be
lost due to tissue injury, the area of repair may become chroni-
cally hypoxic and thus susceptible to progressive inflammation,
unless adequate neovascularization occurs. Thus, in tissues
with high oxygen demands such as the kidney, scar formation
and fibrosis may predispose to smoldering hypoxic-ischemic
damage resulting in chronic inflammation and progressive fi-
brosis with loss of function (67). In this process the persistence
of macrophages and lymphocytes play a major role through
the production of proinflammatory, profibrotic cytokines (see
above). Under many circumstances, including progressive re-
nal diseases, it remains unclear what causes the local retention,
proliferation, and activation of macrophages and lymphocytes.
Factors that could contribute are cytokines and other media-
tors released by “stressed” parenchymal-epithelial or even en-
dothelial cells. The stress may include chronic hypoxia (see
above [68]), “overwork” by the remaining parenchymal cells
with generation of metabolic mediators, including ROS. Dur-
ing these processes hidden antigens could be “unmasked” or
neo-antigens generated resulting in de novo local autoimmune
processes with progressive inflammation, fibrosis, and loss of
function.

Tissue Injury and Repair in the Kidney

Anatomical and Functional Specificities

The Glomerular and Peritubular Vasculature is Arranged in
Sequence. Essentially the renal microvasculature is organized
in two capillary beds in sequence, that is, the glomerular cap-
illary convolute and the peritubular capillary network. This
sequential organization allows for an exquisite balance of the
glomerular filtration with the tubular re-absorption, that is,
the maintenance of glomerular tubular balance. The downside
of this physiologically extremely dynamic adaptive and fine-
tuned system is its vulnerability to upstream interference with
blood flow, that is, a decrease in preglomerular or glomerular
blood flow will inevitably jeopardize the downstream peritubu-
lar blood flow. This is especially pertinent as there is essentially
no collateral blood supply for the postglomerular microcircu-
lation. Thus any acute or chronic glomerular injury, with a
decrease in glomerular blood flow, will be associated with an
obligatory reduction in peritubular blood flow which, depend-
ing on the degree of hypoxia, will entail tubulointerstitial injury
and tissue remodeling.

Another consequence of these sequential capillary beds
is that there are two potential sites for leukocyte extrava-
sation during inflammatory renal disease, the glomerulus or
the tubulointerstitium. However, as the peritubular circula-
tion is downstream of the glomerular circulation, inflamma-
tion, or at least some mediators involved, may spill over during
glomerular inflammation from the glomerular vascular convo-
lute into the peritubular microcirculation and thus contribute
to the frequently observed intersititial inflammatory reaction
in glomerulonephritis.

Glomerular and Tubular Functions Are Organized in Sequence.
The downstream position of the tubulus in respect to the the
glomerulus does not only apply to the blood flow but also
to the ultrafiltrate. While this is part of the elegant homeo-
static system of kidney function in health, in disease it may
become another avenue for spreading a primarily glomerular
disease to the tubulointerstitial compartment. Due to the in-
creased glomerular capillary permeablility and loss of permse-

lectivity in glomerular diseases, the tubular epithelial cells will
be exposed to an abnormal ultrafiltrate, and thereby to a va-
riety of potentially noxious substances, which may in turn set
off tubular epithelial injury with secondary peritubular inflam-
mation. Thus the dual downstream position of the tubuloin-
terstitium, that is, in terms of blood and utlrafiltration flow,
which in health ensures an exquisite functional tuning of the
glomerular-tubular balance, may become the Achilles tendon
in disease with secondary injury to the tubulointerstitium in
primary glomerular processes.

Obviously the reverse would not be true, as primary insults
to the tubulointerstitium would not reach the glomerulus. In-
deed in most forms of primary tubulointerstitial renal diseases
the glomerular architecture is preserved until far advanced in-
terstitial fibrosis occurs. Thus the concept of the nephron as
a functional unit may not only apply to renal physiology, but
also to the pathophysiology of renal disease. The glomerulus
itself should also be regarded as a functional unit with each
individual constituent, that is, endothothelial, mesangial, and
epithelial cells and their extracellular matrix representing an
integral part of normal function. Damage to one will influence
the other in part through direct cell–cell connections (e.g., gap
junctions), soluble mediators such as chemokines, cytokines,
growth factors, changes in matrix and basement membrane
composition.

The Glomerulus as the Site of the Primary Insult

Glomerular Injury in Human Kidney Diseases. From a patho-
genetic standpoint human glomerular diseases can be broadly
divided into those

1. Without glomerular inflammation or deposition of im-
munoglobulins (e.g., minimal change disease, idiopathic fo-
cal, and segmental glomerulosclerosis [FSGS]).

2. With deposition of immunoglobulins, but without relevant
glomerular inflammation, most likely due to the localization
of the immunoglobulins (e.g., membranous nephropathy)

3. With deposition of immunoglobulins leading to increased
cellularity (proliferative glomerulonephritities, e.g., lupus
nephritis, IgA nephropathy, anti-GBM, postinfectious GN)

4. With severe glomerular injury and inflammation, but with-
out deposition of immunoglobulins (e.g., pauci immune
glomerulonephritis).

This is of course an oversimplification, as some glomerular
lesions are not included in this system (e.g. diabetes or amyloi-
dosis), but it helps to separate broad glomerular disease entities
(69). The podocyte seems to be the major target in the first and
second group, which therefore will be described below (69).
This will be followed by diseases of the third group, in which
ICs lead to activation of intrinsic renal cells (via Fc receptors
and complement products) resulting in inflammatory cell re-
cruitment. For space reasons we will not describe the injury
process in pauci-immune crescentic GN, diabetic nephropathy,
and renal involvement in paraproteinemia. For these entities
please refer to Chapters 60, 73, and 75 in this book.

Podocytes in Injury. Glomerular podocytes are highly special-
ized cells covering the outer aspect of the GBM with inter-
digitating foot processes. Foot processes intervene with slit
diaphragms, a crucial element for the selective glomerular per-
meability. Injury to podocytes leads to proteinuria, a hallmark
of most glomerular diseases. Recent studies implicate a loss of
podocytes as a driving force of progressive glomerular disease
(70). Podocytes can be lost via apoptosis or detachment from
the GBM, and can be recovered in urine of mouse and human
(70,71).
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Damage to the Glomerular Filtration Barrier Results in Protein-
uria. Podocytes maintain the large filtration surface through
the slit membranes and are responsible for 40% of the hy-
draulic resistance of the glomerular filtration barrier. During
proteinuric diseases, the ultrafiltration coefficient (Kf) and thus
the GFR are often lowered (for a detailed review see Deen et al.
[72]). Proteinuria may be caused by defects of the podocytes,
the GBM, the endothelial cells, and/or by alterations of the
negatively charged proteins present on all three components of
the glomerular filtration barrier. However, it is still a matter of
debate whether the size selectivity of the glomerular filtration
barrier is disturbed in proteinuria and whether the glomeru-
lar filtration barrier interacts with proteins by virtue of charge
characteristics or its gel filtration properties (73).

Our understanding of the function and failure of the filtra-
tion barrier has been greatly improved by studies showing the
essential role of slit diaphragm molecules, including ZO-1 (74),
nephrin (75), CD2AP (76), FAT (77), Neph1 (77), Densin (78),
and P-cadherin (79) in human or murine hereditary glomeru-
lar diseases. This was first shown for nephrin in the congen-
ital nephrotic syndrome of the Finnish type (75), followed
by the identification of mutations in the gene for podocin in
autosomal-recessive (80) and alpha-actinin-4 in a autosomal-
dominant FSGS (81). Several studies could also demonstrate
the regulation of these molecules in acquired glomerular dis-
eases (82). The molecular interaction and intrinsic signaling
properties of the various molecules involved have been re-
viewed recently (83).

Glomerular Basement Membrane Alteration in Proteinuria.
During glomerulogenesis, the GBM is generated by glomerular
endothelial and epithelial cells as two separate layers and fused
together to produce the mature GBM. The podocyte continues
to add and assemble matrix molecules to the GBM, maintain-
ing a hydrated meshwork consisting of collagen IV, laminin,
entactin, agrin, and perlecan (84). The flexibility and dynamic
of mature GBM requires a constant turnover. To achieve this,
podocytes not only produce GBM components, but also secrete
matrix-modifying enzymes (85,86).

The relevance of the GBM composition for podocyte archi-
tecture is exemplified by foot process fusion and proteinuria
in the laminin beta 2-chain–deficient mouse (87). Alpha 5-,
beta 2-, and gamma 1-laminin chains are assembled to form
the GBM-specific heterotrimeric laminin 11 (88). The lack of a
single laminin monomer is sufficient to cause severe disruption
in the filtration barrier, leading to a nephrotic phenotype.

Specific matrix receptors anchor the podocyte foot processes
by binding to their ligands in the GBM (88,89). Initial studies
concentrated on a specific integrin heterodimer, consisting of
alpha3-/beta 1-integrins, found at the “sole” of podocyte foot
processes facing the GBM (90,91). Alpha3-/beta 1-integrins
have been described to bind to collagen IV alpha 3-, 4-, and 5-
chains, fibronectin, laminin, and entactin/nidogen, in the GBM
(92). A series of experimental and genetic studies indicate an
involvement of integrin-mediated podocyte matrix interaction
in failure of the filtration barrier (89,90,93). Genetic evidence
for the requirement of alpha 3-integrins for an intact filtra-
tion barrier was generated with the alpha 3-integrin knockout
mouse, exhibiting an immature GBM and foot process efface-
ment at birth (94). These findings led to the hypothesis that
changes in podocyte integrins could result in proteinuria by
interfering with the dynamic of foot process anchoring in the
GBM. Integrin signaling via focal adhesion kinase (FAK) und
integrin linked kinase (ILK) has also been shown to be activated
in podocyte damage, in vitro and in vivo (95–97).

The expression of a second matrix receptor in podocytes,
the dystroglycan complex, is negatively correlated with pro-
teinuria in animal models (98) and in minimal-change disease
in humans (99). Both integrins and dystroglycans are coupled

via adapter molecules to the podocyte cytoskeleton. A series
of studies have shown an association of altered GBM, loss of
slit membranes, and proteinuria with rearranged cytoskeletal
proteins. Systematic ultrastructural and immunohistochemical
analysis detected a rearrangement of cytoskeletal proteins (F-
actin and alpha-actinin) in response to foot process effacement
in anti-GBM antibody-induced Masugi nephritis (100) and in
puromycin nephrosis (PAN) in rats (101).

Cytoskeletal Alterations in Podocyte Damage. The integrity of
the foot process is crucial for establishing stability between the
cell–cell and the cell–matrix contact of podocytes. Foot process
effacement, also referred to as process simplification, retrac-
tion, or fusion, is initiated at the cytoskeleton of the podocyte
and results in the alteration of the cell–cell contacts at the slit
diaphragm and in a mobilization of the cell matrix contacts
(102,103). It is accompanied by an increase in microfilament
density forming a mat of intercrossing stress fibers at the sole
of the foot process (104,105). Podocyte damage models, by
polycations such as protamine sulfate or the cytotoxic antibi-
otic puromycin, cause foot process effacement and proteinuria
in rats in vivo (103,106) and allow the study of cytoskeletal
responses in podocyte damage in vitro (79). Kerjaschki et al.
blocked actin dynamics via calcium depletion, low tempera-
ture, or cytochalasin B and reduced proteinuria by 50% in the
protamine sulfate perfused kidney (105). In contrast, interfer-
ence with microtubular function with colchicine or vinblastine
did not alter foot process dynamics (105).

Alpha-actinin-4 is widely expressed in podocyte foot pro-
cesses, colocalizing with actin stress fibers (107) and is in-
creased in podocyte damage in vivo (100,108). Mutations of
ACTN4, encoding alpha-actinin-4, were found to cause a late-
onset autosomal-dominant focal segmental glomerulosclerosis
in humans (81). Initial functional experiments are consistent
with an increased F-actin bundling by mutant alpha-actinin-
4. Smoyer et al. evaluated the regulation of hsp27, a chap-
erone protecting cytoskeletal integrity in oxidative stress in
podocyte failure (109). After puromycin-induced nephrosis,
an increase of both total hsp27 and phosphorylated hsp27
was found (110). Hsp27 was shown to regulate the morpho-
logic and actin cytoskeletal response of cultured podocytes to
puromycin-induced injury (111).

Cytokines and Chemokines in Podocyte Damage. Podocytes
may be the target of systemically produced cytokines and
chemokines or might be the source of inflammatory mediators.
As the development of nephrotic syndrome is associated with
allergic reactions in some cases, TH2-inflammatory mediators
may play a central role in podocyte failure (112). Podocytes
from patients with minimal change nephropathy and undiffer-
entiated rat podocytes express the TH-2 cytokine receptors for
IL4 (IL-4R) and IL-13 (IL-13R2) (113). The respective ligands
(IL-4 and IL-13) decrease transepithelial electrical resistance in
vitro (113,114). Both cytokines also activate basolateral proton
secretion, secretion of the lysosomal proteinase procathepsin
L and induce the redistribution of the small GTPases, Rab5b
and Rab7, in vitro. IL-4 decreases podocyte survival, changes
the pattern of the tight junction protein ZO-1 (115), and in-
hibits the release of the glomerular endothelial survival factor
VEGF (116,117). However, conclusive in vivo evidence of a
pathogenic role of this pathway is still lacking.

In a subpopulation of patients with primary FSGS massive
proteinuria can already reappear hours after renal transplan-
tation. A soluble factor seems to mediate the filtration barrier
failure, as plasmapheresis can effectively lower proteinuria and
plasma from these patients is able to induce proteinuria in rats.
Using an in vitro assay of glomerular permeability, studies are
under way to uncover the molecular identity of the so far elu-
sive “proteinuria factor” (117).
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The expression of functional active chemokine receptors
CCR4, CCR8, CCR9, CCR10, CXCR1, CXCR3, CXCR4,
and CXCR5 has been described in human differentiated
podocytes in vitro. Ligands of these chemokine receptors in-
creased intracellular calcium and stimulated the generation
of superoxide anion in podocytes, making podocytes a tar-
get for chemokine induced inflammatory response (118). The
significance of these findings obtained in cell culture for the
in vivo situation remains to be established, as so far there is
only scanty evidence for the expression of these chemokine
receptors on podocytes in situ in the kidney. Concerning
the chemokine ligands, expression of CXCL8/IL-8, a ligand
for the CXCR1/CXCR2 receptor, might represent an au-
tocrine activation of podocytes (118). CXCL8/IL-8 has been
incriminated in minimal change nephropathy and complement-
mediated glomerular injury (119). A neutralizing antibody
against CXCL8/IL-8 prevented podocyte foot process retrac-
tion and proteinuria in an acute immune complex-mediated
glomerulonephritis, supporting a role for CXCL8/IL-8 for the
development of proteinuria (120).

A chemokine-based mesangium-podocyte cross-talk has
been detected with CCR7 expression on mesangial cells and
CCL21/SLC production by podocytes (121). Activation of
the mesangial receptor resulted in migration, proliferation,
and inhibition of Fas/CD95-mediated apoptosis of mesangial
cells. Besides CXCL8/IL-8 and CCL21/SLC, undifferentiated
rat podocytes have been shown to release CCL2/MCP-1, fur-
ther supporting the notion of the inflammatory potential of
activated podocytes (122).

Generation of Reactive Oxygen Species as a Key Mechanism
for Podocyte Injury. Reactive oxygen species (ROS) appear to
mediate damage to podocytes induced by toxins, antibodies,
complement factors, and mechanical stress. The reactive oxy-
gen product hydrogen peroxide (H2O2) acts either directly or
serves as a source of hypochloride. It is formed in the presence
of chloride and myeloperoxidase, an enzyme secreted by poly-
morphonuclear leukocytes (123). The glomerular toxicity of
H2O2 has been directly demonstrated in studies of intraarte-
rial infusion of H2O2, which caused derangements in glomeru-
lar permselectivity without structural or hemodynamic changes
of the glomerulus. H2O2-induced proteinuria was inhibited by
pretreatment with catalase or deferroxamine, suggesting that
iron-dependent metabolites of hydrogen peroxide mediate the
effects of H2O2 (124). In more physiologic experimental setings
overproduction of ROS has been detected in several glomeru-
lar diseases, including puromycin nephrosis (125), Heyman
nephritis, a model of membranous nephropathy (126), and the
Mpv 17 (–/–) mouse, a model for steroid-resistant focal seg-
mental sclerosis (127). In these glomerular diseases, pretreat-
ment of animals with ROS scavengers prevented foot process
effacement and proteinuria (125,127). In puromycin nephrosis,
phosphatidylcholine bound superoxide dismutase decreased
proteinuria to the control level, improved podocyte density,
and stabilized alpha 3-integrin expression (128). In biopsies of
patients with membranous nephropathy, Grone et al. demon-
strated oxidatively modified proteins in podocytes, mesangial
cells, and basal membranes (129). In addition, an increase in
glomerular xanthine oxidase activity due to a conversion of
xanthine dehydrogenase to the oxidase form has been shown
to be responsible for ROS production (130). Podocytes seem
to be not only the target but also to be the source of ROS. In
Heymann nephritis in rats sublytic complement C5b-9 attack
complex on podocytes can cause upregulation and membrane
translocation of the NADPH oxidoreductase enzyme complex.
ROS are produced locally, reach the GBM matrix, initiate lipid
peroxidation, and result in subsequent degradation of GBM
collagen IV, leading to proteinuria (131).

Podocyte depletion is a crucial hallmark of glomeruloscle-
rosis, considered a central problem in the progression of re-
nal diseases (132). Experimentally sequential administration
of PAN reduces glomerular podocyte numbers, most likely via
apoptosis. The segment of the glomerulus lacking podocytes
then develops glomerulosclerosis (70).

Recently, the molecular pathogenesis of membranous
nephropathy could be defined for a group of patients with
perinatal membranous GN (MGN). This study for the first
time elegantly demonstrated, that the principle of the Hey-
man nephritis model can indeed be applied to human mem-
branous nephritis. In Heyman’s nephritis injection of antibod-
ies directed against megalin, which is found on the sole of the
rat podocyte foot process, causes the typical histologic picture
of MGN (133). In humans, however, megalin is not expressed
in podocytes and the antigen of MGN remained elusive. A
case of perinatal MGN allowed the identification of neutral en-
dopeptidase (NEP) as the podocyte antigen for immuncomplex
formation. In a series of studies, the generation of anti-NEP an-
tibodies was demonstrated in NEP deficient mothers, after im-
munization against the placental expressed fetal antigen. The
transplacental transmission of maternal anti-NEP1 antibodies
caused the typical histological and clinical picture of MGN,
with subepithelial deposition along the GBM and nephrotic
range proteinuria in the newborn. With the disappearance of
the maternal antibodies after birth, all patients identified under-
went spontaneous remission of proteinuria (134,135). These
findings are a proof of principle, that MGN can be initiated
by antibodies against renal antigens in humans. However, in
adult-onset MGN no NEP-1 antibodies could be detected in
these studies, so that antigens responsible for most cases of
human MGN still remain to be determined.

From Podocyte Damage to Progressive Nephron Loss

Classic Focal-Segmental Glomerulosclerosis (FSGS). A se-
quence of glomerular alterations was established in models
with glomerular hypertension and hyperfiltration, from which
a working hypothesis for podocyte damage and loss was de-
rived. Alterations of the filtration barrier consist of podocyte
cell hypertrophy, foot process effacement, cell body attenu-
ation, pseudocyst formation, cytoplasmic overload with re-
absorption droplets, and, finally, detachment from the GBM
(136,137). Cell-body attenuation and pseudocyst formation
may result directly from mechanical overextension (138). Af-
ter podocyte loss from a capillary loop, compensatory hyper-
trophy of the remaining cells results in further acceleration of
podocyte damage. If podocyte loss per glomerulus reaches a
threshold, progression to segmental or global glomeruloscle-
rosis follows (70).

Collapsing FSGS. In HIV-infected patients, a distinctly dif-
ferent kind of glomerulopathy is found with proliferation of
dedifferentiated podocytes and collapse of the glomerular tuft,
termed collapsing glomerulosclerosis (139). The dedifferenti-
ated podocytes have lost the foot process architecture including
most components of the cytoskeleton, the expression of several
podocyte-specific proteins including WT-1, and synaptopodin
(140,141). Podocyte proliferation can obstruct the entire Bow-
man’s space and this is paralleled by a collapse of the glomerular
tuft, resulting in a “collapsing” glomerulosclerosis.

The glomerular damage can progress to loss of the respec-
tive nephron by damage to the glomerulus itself and the down-
stream tubular system (see below).

In summary, podocytes are, as a consequence of their highly
specialized function, the most vulnerable element of the filtra-
tion barrier. They can be injured by a wide variety of mecha-
nisms, ranging from genetic defects to soluble mediators (some
of them as yet to be determined), ICs, mechanical stretch, or



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-57 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:30

1450 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

complement activation. Oxidative stress appears to be a com-
mon denominator for many types of podocyte damage. Inter-
ference with any of the three essential functional elements of
the podocyte (slit diaphragm, the podocyte cytoskeleton, and
the cell-matrix interaction), results in proteinuria, a key pro-
gression factor of tubulo-interstitial damage in animal models
and human disease.

Glomerular Injury Due to Deposition of Immunoglobulins

The Thy 1.1 Nephropathy as a Model of Glomerular Injury
and Repair. One of the most commonly studied rodent models
of glomerular injury and repair is the Thy 1.1 nephropathy in
rats. Only in rats is the Thy 1.1 antigen restricted to mesan-
gial cells. Therefore the injection of an antibody against this
antigen results in rats in complement mediated mesangial cell
lysis. The mesangiolytic phase of anti-Thy 1.1 nephropathy is
complement dependent, and therefore complement depletion
prevents the injury process. Consistently, the blockade of the
complement inhibitor CRRY increased the severity of glomeru-
lar injury. The subsequent repair process involves a phase with
increased mesangial cell numbers (“proliferative GN”). The
hypercellularity is due to proliferation of mesangial cells, the
recruitment of bone marrow derived mesangial cell precursors,
and inflammatory cell influx. As long as the scaffolding, that is
the basement membrane, is preserved this results in complete
healing, without loss of function or glomerular scarring. In-
creased cell numbers are cleared in part via an increased rate
of apoptosis.

Platelet derived growth factors have received a lot of atten-
tion in the Thy 1.1 model. The PDGF family consists of dimers
of PDGF-A chain and-B chain (forming PDGF AA, AB, and
BB). PDGF-A binds to PDGFRα chain, while PDGF-B binds
both PDGFRα and PDGFRβ chains (forming the receptor
dimers). Two additional chains PDGF-C and PDGF-D (forming
PDGF CC and PDGF DD) have recently been described. PDGF-
B is essential for the development of the glomerulus as both
PDGF-B and PDGFRβ deficient mice do not form glomerular
tufts as they lack mesangial cells and die perinatally (142,143).
PDGFRβ is constitutively expressed by mesangial cells, and
activation through PDGF BB leads to cell proliferation and in-
creased production of extracellular matrix, both in vitro and in
vivo (144). Antagonizing PDGF BB in the Thy 1.1 model using
various approaches reduced mesangial cell accumulation and
matrix expansion. Furthermore PDGF seems to be involved
in the recruitment of bone marrow progenitor cells into the
glomerulus during Thy 1.1 nephropathy (145–147).

During Thy 1.1 nephropathy vascular endothelial growth
factor VEGF is expressed by glomerular epithelial cells, mesan-
gial cells, and infiltrating leukocytes. Treatment with VEGF sig-
nificantly enhanced endothelial cell proliferation and capillary
repair by increasing endothelial cell proliferation and the num-
ber of glomerular capillaries (148). Using morphologic meth-
ods, a role for capillary growth (nonsprouting angiogenesis)
has been suggested to be important in the recovery phase (149).

Induction of various chemokines (e.g., CCL2/MCP-1) has
been described, which correlates with the recruitment of
macrophages during Thy 1.1 nephropathy. Treatment with
chemokine blocking agents reduced the macrophage influx.

During the Thy 1.1 nephropathy a co-activation of the
arachidonic acid cyclooxygenase pathway synthesis of
prostaglandins (PG) and thromboxane (mainly TXA2) and of
lipoxygenase pathways toward synthesis of hydroxyeicosate-
traenoic acids (HETEs) and leukotrienes (LTs) has been demon-
strated. Blockade of TXA2 lead to increased production of
prostaglandins with beneficial effects, the blockade of TXB2
prevented the fall in GFR (150).

An increased rate of apoptosis clears the increased cell num-
ber and finally results in resolution of the injury process (151).

In summary the “one-shot” Thy 1.1 injection into rats is a
good model of glomerular injury with full repair. Accordingly
the predictions outlined in the general part are fulfilled in this
model: with complement mediated cell lysis, generation of the
various mediators, activation and proliferation of mesangial
cells, activation of adhesion molecules, monocyte influx, ma-
trix remodelling and cellular repopulation (due to space lim-
itations only some of which have been described above, for
further details refer to (151–153)). Unfortunately, the Thy 1.1
model does not reflect any particular human disease, perhaps
with the exception of mesangiolysis that can sometimes be seen
during thrombotic microangiopathy. The healing phase of Thy
1.1 injury with mesangial expansion, though self-limited in the
model, may serve to some extent as a model of mesangial pro-
liferative diseases, such as IgA nephropathy.

General Mechanisms of Immune-Injury to Glomeruli in Hu-
mans. The etiologic agents in human glomerulonephritis are
mainly unknown with a few exceptions (e.g., beta streptococci
in poststreptococcal GN, or hepatitis C virus in cryoglobuline-
mic membranoproliferative glomerulonephritis). In the most
common forms of human glomerular diseases the primary in-
sult to glomeruli is the deposition of ICs (either formed in situ
or deposited from the circulation). Antigens for in situ binding
of immunoglobulins can be intrinsic glomerular proteins (e.g.
anti-GBM), or antigens planted in the glomerulus. Self (e.g.,
DNA-nucleosome complexes in systemic lupus), and non-self
antigens might become localized to glomeruli through charge
affinity, passive trapping, or local precipitation (as it is likely
in hepatitis C associated cryoglobulinemia).

Immune complexes (Ics) can be found in the mesangium
(as in IgA nephropathy, lupus nephritis, and postinfectious
GN), along the glomerular basement membrane (as in anti-
GBM disease), in the subendothelium (in systemic lupus ery-
thematodes [SLE], membranoproliferative glomerulonephritis
[MPGN]), and in the subepithelial area (as in membranous
nephropathy, and postinfectious GN) (154,155). The response
to injury depends on the site of IC deposition, for example,
mesangial deposits mainly lead to mesangial cell proliferation,
and subendothelial deposits predominantly result in inflamma-
tory cell recruitment. Only when circulating inflammatory cells
can be activated through the contact with immunoglobulins, or
with soluble products released by intrinsic renal cells, a strong
inflammatory response can result. This is the case in suben-
dothelial, mesangial, or membrane deposits. ICs on the outer
surface of the glomerular basement membrane (as in membra-
nous nephropathy) do not seem to provoke glomerular inflam-
mation. It is generally thought that circulating cells do not get in
contact with the site of subepithelial immunoglobulin and com-
plement deposition. Besides the site of deposition the response
depends on the properties of the deposited immunoglobulins
with more severe injury caused by complement-fixing IgG sub-
types (e.g., IgG1 and IgG3). Additionally, the in situ formation
with complement activation may cause more severe injury as
compared to trapped ICs.

Glomerular Injury Mediated by ICs. ICs can initiate multi-
ple inflammatory pathways in intrinsic renal cells (e.g., the re-
lease of cytokines, growth factors, chemokines, prostaglandins
etc.), leading to inflammatory cell recruitment. Disease mod-
els, which have been used most extensively for studies on im-
mune mediated glomerular injury (IC-GN) are rodent models
of nephrotoxic nephritis (NTN), repeated injections of foreign
antigens (e.g., horse appoferritin injection into mice) and lupus-
prone mouse strains (e.g., NZBXNZW-F1, MRL-Faslpr). These
models mimic IC-GN in humans to some extent and allow de-
tailed studies on the response to injury.
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The Role of Complement in IC-GN. Complement activation
is a main factor mediating tissue injury after IC deposition
(37). The activation of complement can lead to activation of
intrinsic glomerular cells (endothelial cells, mesangial cells and
podocytes) through formation of sublytic doses of the C5-9
membrane attack complex. Additionally, it can be involved in
leukocyte recruitment through the release of chemotactic C5a
and C3a. Sublytic quantities of C5b-9 result in cell activation
with production of oxidants, chemokines, proteases, and up-
regulation of adhesion molecules (which might be more impor-
tant for cell recruitment than C5a/C3a) (156).

NTN was significantly ameliorated in mice transgenic for
the complement inhibitor CRRY (a rodent homolog of the hu-
man complement receptor 1) as well as in mice deficient in
the complement components C3 and C4. Treatment of MRL-
Faslpr mice with recombinant CRRY reduced glomerular in-
jury and proteinuria (157). Although glomerular injury was
reduced by complement inhibition, circulating IC levels were
markedly higher in complement-inhibited animals, indicating
a role of complement in immune complex handling. A mon-
oclonal antibody against C5 ameliorated glomerulonephritis
and prolonged survival in lupus mice (NZB/W-F1) (158). De-
position of complement C3 has long been used as a diagnostic
marker in renal biopsies in human glomerular diseases (e.g.,
lupus nephritis, MPGN, and postinfectious GN).

It should be mentioned that it becomes increasingly appar-
ent that the deposition of ICs or complement are not suf-
ficient to cause injury when animals are deficient in down-
stream pathways. For example, deficiency in IL-12 protected
from glomerular injury in a lupus nephritis model although the
amount of deposited ICs was the same as in wild-type animals
(159). Similar results have been obtained in mice deficient in
CCL2/MCP-1, CCR2, IFN-γ , and Fc receptors (160).

The Role of Cytokines in IC-GN. In the general part some
of the most important cytokines, chemokines and growth fac-
tors involved in renal inflammation have been introduced. A
comprehensive review of the existing literature goes beyond
the scope of this chapter, but some aspects should be discussed
herein. The most widely studied cytokines are proinflamma-
tory substances (IFN-γ , IL-1, TNF-α, IL-6), anti-inflammatory
cytokines (IL-4, IL-10, IL-13) and growth factors (e.g., PDGF,
see under The Thy 1.1 Nephropathy as a Model of Glomerular
Injury and Repair).

In response to ICs mesangial cells in culture produce a va-
riety of proinflammatory cytokines including IL-1, IL-6, and
TNF-α. These mediators can activate glomerular cells in an au-
tocrine (e.g., mesangial cells), as well as a paracrine way (e.g.,
endothelial cells produce IL-6 in response to IL-1 and TNF-α).
Gene profiling by oligonucleotide microarrays in NTN demon-
strated an early induction of IL-1 and IL-6, TNF-α was in-
creased during the entire disease process (161).

Type I interferons (IFN), consisting of IFN-α and -β, have
antiviral activity, whereas the Type II interferon (IFN-γ ), has
a multitude of immunoregulatory functions (162). The pro-
duction of IFN-γ by T cells can be triggered via T cell re-
ceptor activation. IFN-γ activates macrophages, and increases
macrophage cytotoxicity by increasing oxidative burst and the
production of other oxidants such as nitric oxide (162). IFN-γ
is a key cytokine that controls antibody production. It plays
a key role in lupus models (MRL/lpr mice, NZB × NZW
mice) which has been demonstrated by increased expression
during the disease course, exacerbation through the treatment
with IFN-γ , and amelioration of disease by the inactivation of
IFN-γ (163,164). Studies of IFN-γ deficient mice demonstrated
that this cytokine is necessary for autoantibody production in
MRL/lpr mice. IFN-γ +/− MRL/lpr mice are protected from
glomerulonephritis despite intact autoantibody production
and IC deposition (165). By transfer of IFN-γ +/+ monocyte/

macrophages into IFN-γ /− mice it could be demonstrated that
IFN-γ production by infiltrating macrophages is responsible
for adhesion molecule up-regulation, macrophage accumula-
tion, and renal inflammation, in the absence of autoantibody
deposits (163).

In an anti-GBM model induced by the immunization with
alpha3-alpha5(IV)NC1 heterodimers IFN-γ −/− mice devel-
oped a more severe form of glomerular injury as compared
to the wild-type counterparts. This implies that depending on
the context of the immune response IFN-γ has different effects
(166).

Using the lupus model of MRL-Faslpr in mice deficient in
type I IFN receptor, type II receptor, or both, demonstrated
an amelioration of the disease in IFN II receptor deficient ani-
mals, but an unexpected worsening in IFN I receptor deficient
animals. Double knockouts demonstrated a phenotype inter-
mediate between wild-type and IFN RII deficient mice (167).
In renal biopsies from patients with lupus nephritis IFN-γ ex-
pression correlated with the activity index (168). Therefore
IFN-γ seems to play a key role in IC mediated diseases, both
mediating antibody production as well as local inflammation.

Besides resident cells TNF-α is released by infiltrating mono-
cytes/macrophages in response to ICs. TNF-α can reduce
glomerular blood flow and filtration rate, and propagates for-
mation of capillary thrombi and recruitment of inflamma-
tory cells (169). The expression can be amplified by IL-1.
Bioactivity of TNF might be regulated through soluble TNF-
binding proteins (e.g., TNF receptor released by proteolytic
cleavage). Administration of soluble TNF receptors to rats
with NTN reduced glomerular injury and prevented crescent
formation.

IL-1β is a pluripotent, proinflammatory cytokine that or-
chestrates inflammatory cells, augments T-cell responses, in-
creases expression of vascular adhesion molecules, and induces
proinflammatory cytokines, and chemokines (170). The result-
ing inflammatory reaction is dependent on the balance be-
tween IL-1 and the IL-1 receptor antagonist (171,172). Treat-
ment with anti IL-1β antibodies decreased proteinuria in NTN.
Bone marrow tranplantation from IL-1β knockout animals
into wild-type mice clearly demonstrated that leukocyte- and
not renal cell–derived IL-1β was involved in the induction of
TNF and in glomerular injury. Absence of IL-1RI on leuko-
cytes had no beneficial effect, whereas the absence of renal cell
IL-1RI decreased glomerular TNF expression and glomerular
injury (173).

It is thought that the inflammatory response after activa-
tion of intrinsic glomerular cells is switched off via the induc-
tion of antiinflammatory cytokines (e.g., IL-4, IL-10, IL-13).
Treatment with IL-4 reduced albuminuria, and macrophage
recruitment in NTN. The expression of IL-4 messenger RNA
(mRNA) progressively increased during NTN in rats (172).
Consistently, NTN induced in IL-4 deficient mice lead to in-
creased macrophage recruitment and decreased renal func-
tion as compared to wild-type animals (174). The beneficial
effect of IL-4 might be mediated in part by a downregula-
tion of proinflammatory mediators by macrophages. Similar
to the situation described for IL-4, the treatment with IL-10
was of significant benefit in NTN and genetic deficiency of IL-
10 increased disease severity of NTN. IL-10 immunoreactivity
was also significantly increased in renal biopsies from patients
with IgA nephropathy. Treatment with FK506 of lupus mice
(NZBXNZW-F1) resulted in a suppression of proinflamma-
tory IL-2, IFN-γ , while the anti-inflammatory IL-4 and IL-10
cytokines were not changed significantly. Beneficial effects were
demonstrated by increased survival, decreased IC deposits, and
decreased proteinuria (175).

These are just some recent examples of how the roles of
cytokines (pro vs. anti-inflammatory) and their sources (intrisic
cells vs. infiltrating cells) become increasingly apparent through
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the use of genetically engineered mice (for further details on
cytokines in glomerular injury see (171,176–181)).

The Role of Chemokines and Chemokine Receptors in IC-
GN. The role of chemokines and chemokine receptors in re-
nal disease has extensively been reviewed (24,182–184). Im-
munoglobulins or ICs can stimulate chemokine production by
intrinsic glomerular cells via Fc receptors. Chemokine release
by intrinsic glomerular cells is an important early event in
the recruitment of inflammatory cells to the glomerular tuft
(24). In mouse models of lupus nephritis the induction of
chemokines appears earlier in the time course than the inflam-
matory cell recruitment, and in reversible models the reduction
of inflammatory cells follows downregulation of chemokine ex-
pression (185). A variety of chemokines (e.g., CCL2/MCP-1,
CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES, CCL7/MCP-
3, CCL22/MDC, CXCL1/MIP-2, CXCL4/PF4, CCL21/TCA3,
CX3CL1/fractalkine, CXCL10/IP-10) are upregulated in
nephritic glomeruli, both in rodents (e.g., NTN, appoferritin
induced IC-GN), as well as in human glomerulonephritis (e.g.,
lupus nephritis) (24,186). Deficiency in either CCL2/MCP-1
or the corresponding receptor CCR2 ameliorates renal injury
and proteinuria in the MRL-Faslpr lupus model, although the
amount of glomerular ICs is not different to wild-type mice
(160). A large number of studies illustrate a potential bene-
fit of chemokine blockade (e.g., blockade of CCL2/MCP-1,
CCL22/MDC (186) or growth-related oncogene protein-alpha
(GRO-α) reduced the glomerular macrophage accumulation),
although some studies also demonstrated negative results (im-
plying regulatory roles during some disease phases) (187). In
human lupus nephritis the accumulation of macrophages in
glomeruli is associated with CCL2/MCP-1 expression in this
compartment and with an increased excretion of CCL2/MCP-
1 in the urine. Furthermore, a CCL2/MCP-1 polymorphism
predisposes to the development of SLE and these patients are
at higher risk of developing lupus nephritis (188).

The Role of Prostaglandins in IC-GN. Proinflammatory cy-
tokines (e.g., IL-1β, TNF-α) and even IC can induce the release
of PGs (e.g., PGE2) by mesangial cells. Induction of COX-2
as well as PLA2 has been demonstrated in vitro. In various
models (e.g., NZB/W lupus, NTN) a protective effect of PGE1
and PGI2 (probably due to the vasodilatory, and antiplatelet
effects as well as suppressive effects on cyto- and chemokine
generation) has been suggested. The expression of adhesion
molecules is also influenced by prostaglandins. For example, in-
traglomerular expression of ICAM-1 was suppressed by PGI2
in NTN in rats, which resulted in decreased macrophage re-
cruitment. Furthermore, PGI2 is involved in ECM turnover
through the regulation of metalloproteinases like MMP-9 and
MMP-2 (by mesangial cells). On the other hand TXA2 with
its pro-aggregatory, vasoconstrictive and chemotactic actions
is thought to have a negative impact. TXA2 was significantly
increased in glomeruli isolated from NTN mice and it retards
the clearance of aggregated proteins in nephritic glomeruli via
a decreased uptake by mesangial cells.

Cyclooxygenase (COX) exists in two isoforms, COX-1
and COX-2, with specific functions in different segments
of the nephron (189). COX-2 deficient mice develop fatal
nephropathy, which implies that COX-2 plays an important
role during nephrogenesis (190). An increased production of
prostaglandins and thromboxane has been demonstrated in
human glomerulonephritis (e.g., lupus nephritis). Upregulation
of COX-2 was found in human glomeruli during active lupus
nephritis, as compared to normal controls. The expression was
localized mainly to glomerular macrophages and to a lesser ex-
tent to mesangial cells. In contrast the expression of COX-1
did not change during lupus nephritis.

In summary, expression of cyclooxygenase (particularly
COX-2) is induced during glomerular injury and a com-
plex interaction between the prostaglandin system and other
pathways like the chemokines, angiotensin and the adhesion
molecules exists during glomerular inflammation (reviewed in
[24,191,192]).

The Role of Leukotrines and Lipoxins in IC-GN. Both
leukotrienes (LTs) and lipoxins (LXs) are lipoxygenase prod-
ucts of arachidonic acid. While LTs are proinflammatory, LXs
antagonize many leukotriene effects, attenuate neutrophil re-
cruitment, and might promote resolution of inflammation.
Mesangial cells proliferate and contract in response to LT
C4 and LT D4 (193,194). Intrarenal infusion of LT B4 into
rats with NTN lead to increased polymorphonuclear cell re-
cruitment and decreased GFR (195). Treatment of rats with
NTN with an LT B4 receptor antagonist reduced protein-
uria, glomerular monocytes/macrophage accumulation, and
the number of crescents (196). A 5-lipoxygenase inhibitor given
to rats with NTN also resulted in a significant reduction in pro-
teinuria (197).

The lipoxin LX A4 inhibits both PDGF and LT D4 stimu-
lated proliferation of mesangial cells (193). LXs are produced
in large amounts during NTN. A decreased production of LXs
(LX A4) was found during NTN in p-selectin deficient mice,
resulting in an increased recruitment of inflammatory cells. It
has been proposed that lipoxins might be important during the
resolution phase of glomerular inflammation.

The Role of PAF in IC-GN. PAF is produced in large amounts
by cytokine activated mesangial cells. Exposure of mesangial
cells to PAF resulted in the expression of TGF-β, leading to an
induction of fibronectin and type IV collagen expression (198).
In the lupus model of NZB/W mice urinary PAF excretion cor-
related with proteinuria and a PAF receptor antagonist delayed
the onset of proteinuria and prolonged survival (199). In NTN
in rats, treatment with PAF antagonists also reduced urinary
protein excretion, but did not result in a histopathological im-
provement. Thus PAF may be part of the proinflammatory me-
diators in IC-GN.

The Role of Adhesion Molecules in IC-GN. P-selectin is
present on platelets and endothelial cells. It is not expressed
by normal glomerular endothelium, but is upregulated dur-
ing glomerular inflammation (in animal models and humans)
(200). Blockade of P-selectin during NTN in mice reduced
glomerular neutrophil influx (201). Administration of a P-
and L-selectin antagonist (fucoidan F7) on the other hand did
not change the number of glomerular leukocytes (7). The ge-
netic deficiency in P-selectin resulted in an increased number
of glomerular neutrophils (likely due to decreased lipoxin ex-
pression) indicating the complexity of the system. E-selectin al-
though not expressed by normal glomerular endothelium has
been described to be upregulated in humans with acute GN,
lupus nephritis and IgA nephropathy. Little is known about
the corresponding mucin ligands. ICAM-1 is only weakly ex-
pressed in the normal glomerulus (by endothelial and mesan-
gial cells), but is induced during NTN as well as in human IgA
nephropathy and human proliferative lupus nephritis. ICAM-1
blockade (or blockade of the counterreceptor LFA-1) reduced
macrophage accumulation in NTN in rats (7). It is important
to note that ICAM-1 can also be expressed in the absence of
a glomerular infiltrate, for example, during minimal change
and membranous disease. Thus expression of the adhesion
molecule alone is insufficient for glomerular leukocyte recruit-
ment, as to be expected.

VCAM-1 expression has not been detected on normal hu-
man glomerular endothelium, but has been shown to be present
in glomeruli from MRL-Faslpr mice. In rats with NTN the
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blockade of VCAM-1 or the ligand VLA-4 had no beneficial
effect. Further studies are clearly needed to define the role of
the different combinations of adhesion molecules and soluble
mediators in the different renal compartments.

HSPGs are expressed on both endothelial cells as well as
in the ECM and modulate inflammatory cell behaviour. Dur-
ing human lupus nephritis a decreased staining of glomeru-
lar GBM heparan sulfate correlated with Ig deposits and al-
buminuria, indicating a role in proteinuria (e.g., via decrease
in sulfate-related anionic sites). The significance of the HSPG
for chemokine and cytokine binding and presentation was dis-
cussed above in the general introduction. Inflammatory cells
release elastase and heparanase which might mediate the de-
crease in heparan sulfate staining in glomeruli with prolifer-
ative GN (66). Urinary excretion of GAGs and heparan sul-
fate was found to be increased in patients with lupus nephritis
(202). The exploration of the GAG system in GN is currently
under investigation (for details see [66]).

The Role of Inflammatory Cells in IC-GN. As described above,
recruitment of inflammatory cells depends on the interplay be-
tween induction and activation of adhesion molecules by proin-
flammatory cytokines and chemotactic factors. Neutrophils
and macrophages are the predominant intraglomerular cell
types in human glomerulonephritis. Neutrophil recruitment is
thought to be an early and short lived (days) event, for example,
in postinfectious GN (203). The appearance of macrophages
follows closely and in an overlapping manner but persists un-
less remission ensues. Having reached the site of IC deposition,
neutrophils and macrophages ingest ICs, and undergo a respi-
ratory burst. Furthermore, activated neutrophils release serine
proteases, such as elastase and cathepsin G, which by degrad-
ing the extracellular scaffold of the glomerular tuft, may lead
to irreversible injury. Consistent with this scheme elastase in-
hibitors suppressed glomerular injury in NTN.

Monocytes/macrophages are a prominent feature in the
glomerular tuft of lupus nephritis and MPGN (particularly
in association with cryoglobulins). An association between
glomerular macrophages and chemokine expression (e.g.,
CCL2/MCP-1) has been described in mouse and human.
Macrophages can be both targets as well as the source for
chemokines (leading to secondary waves of cell recruitment).
Using bone marrow transplantation experiments it could be
demonstrated that cytokines that activate macrophages come
from different sources, for example, TNF-α is mainly pro-
duced by intrinsic renal cells, whereas IFN-γ is produced by
intrinsic as well as infiltrating cells. The increase in number
of macrophages in glomeruli results from recruitment, and to
some extent also local proliferation (also demonstrated in hu-
man biopsies). In NTN macrophages mediate glomerular in-
jury while depletion of macrophages (e.g., by radiation, by
antisera), reduces injury, and results in decreased proteinuria.
Macrophage effector mechanisms involved in glomerular in-
jury are the production of oxygen radicals, PAF, coagulation
products, and nitric oxide (204). Macrophages release vari-
ous cytokines which lead to mesangial cell proliferation, for
example, PDGF, FGF-2, and IL-1 (205). Still little is known
about the macrophage phenotype during different phases of
glomerular diseases. It is important to recall that the major
goal of macrophages during glomerular inflammation is the
removal of injurious products such as ICs. Interference with
macrophage infiltration during an early phase of disease in-
duction may therefore also have an untoward downside.

In summary, during recent years the various pathways in-
volved in IC-GN have been described in further detail. Many of
the injury processes mentioned in the general part of this chap-
ter have been demonstrated in models of glomerular injury.
Intrinsic glomerular cells (mesangial cells, endothelial cells),
and/or their adjacent basement membrane or matrix are the

primary site of the immune-deposits (Fig. 57-4). The depo-
sition of ICs in glomeruli results in intrinsic glomerular cell
activation (e.g., via Fc receptors and complement). The cells
proliferate, and produce inflammatory mediators and extra-
cellular matrix. Additionally, ICs might contain antigens or
nucleic acids (RNA, DNA) from infectious particles, which
could activate intrinsic renal cells via pattern recognition re-
ceptors (e.g., the toll-like receptors, TLRs) (155). Secondary
injury results from free radicals, soluble mediators, and pro-
teases released by recruited inflammatory cells (mainly neu-
trophils and macrophages). The soluble factors, for example,
cytokines, growth factors, chemokines, eicosanoids, comple-
ment components further propagate the recruitment of inflam-
matory cells. They are filtered into the ultrafiltrate because of
loss of permselectivity and thereby reach tubular cells; they
also leave the glomerulus via the bloodstream to reach the per-
itubular vessels. Thus the inflammatory mediators generated in
the glomerulus would activate podocytes and tubular epithe-
lial cells via the ultrafiltrate and the peritubular circulation via
the bloodstream thereby propagating tubulo-interstitial injury
during a primary glomerular inflammation.

The Tubulointerstitium During Primary Insult
and Progressive Disease

Significance of Fibrosis. Chronic progressive renal disease is
characterized by the triad of glomerulosclerosis, tubular at-
rophy, and tubulointerstitial fibrosis. Fibrosis is the eventual
consequence of persistent inflammation. The involvement of
the tubulointerstitium may be at least as important as that of
the glomeruli for the progression and hence prognosis of any
renal disease. This may not be too surprising in view of the
interconnection between glomeruli and tubules (see Introduc-
tion) and the fact that tubules and interstitium occupy more
than 90% of kidney volume (206).

The exact mechanisms whereby increasing fibrosis leads to
deterioration of renal function remain to be clarified. A num-
ber of theories exist, including the proposals that loss of post-
glomerular capillaries (207), formation of nonfiltering atubular
glomeruli (208), and tubular atrophy (209) contribute to the
loss of renal function. A morphometric analysis by Bohle et al.
of biopsies from patients with a variable degree of impaired
renal function demonstrated a robust correlation between re-
duced number and area of postglomerular capillaries and the
rise in the serum creatinine (210). Recently Kang et al. con-
firmed a loss of microvasculature in progressive renal disease
(207). This loss may be due to sclerosis of glomeruli with loss
of downstream circulation, a lack of nutrients and growth fac-
tors, such as VEGF, and a predominance of factors such as
thrombospondin-1 that promote endothelial cell apoptosis.

A second mechanism by which fibrosis may result in de-
creased renal function is the formation of atubular glomeruli.
In 1939, Oliver described some glomeruli without attached
tubules in patients with glomerulopathies, leading him to coin
the term atubular glomeruli (211). Since no ultrafiltration can
occur in atubular glomeruli, overall filtration rate is reduced
(212). Marcussen and co-workers expanded this observation
to document that atubular glomeruli are characterized by a
reduced number of glomerular capillaries and a smaller size
than their normal counterparts (212). The number of atubu-
lar glomeruli was lowest in diabetic nephropathy (8.8%) and
highest in chronic pyelonephritis (50%) and renal artery steno-
sis (52%) (213–215). All studies on atubular glomeruli con-
curred that there was a good correlation between the number
of glomeruli deprived of tubular connection and the degree of
interstitial fibrosis.

Atrophic tubules may be the result of decreased ultrafil-
trate containing various nutrients, hypoxia, and tubular toxic-
ity by abnormal constituents of the ultrafiltrate such as free iron
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FIGURE 57-4. Hypothetical scheme of progressive renal diseases (Modified from: Segerer S, Nelson PJ,
Schlondorff D. Chemokines, chemokine receptors, and renal disease: from basic science to pathophysio-
logic and therapeutic studies. J Am Soc Nephrol 2000;11:152.)

(released from transferrin–iron complexes) or even proteinuria
itself (216–219). Apoptosis was shown to contribute directly to
the decline in renal function in polycystic kidney disease (220),
in a transgenic mouse model of interstitial fibrosis (221) as well
as in a mouse model of chronic toxic nephropathy (222).

Renal Fibrogenesis. The development of tubulointerstitial fi-
brosis follows the general scheme outlined in the introduction
to tissue injury and repair (see under A General Scheme of
Tissue injury and Repair). It involves the generation of solu-
ble mediators at the site of tissue injury, the extravasation of
leukocytes across the endothelium, and subsequent secretion
of various mediators by infiltrating leukocytes and tubulointer-
stitial cells, which results in the activation of profibrotic cells.
The latter may then, through local disturbance in anatomi-
cal, hemodynamic and metabolic balances, initiate a vicious
cycle of cell stress leading to generation of proinflammatory
and profibrotic mediators, leukocyte infiltration and eventually
fibrosis.

Induction and Development of the Inflammatory Response.
Essentially all forms of interstitial fibrosis are associated with
an inflammatory infiltrate. What are the factors involved in
the formation of this interstitial infiltrate in tubulointerstitial
and glomerular diseases? While a small number of interstitial
macrophages may originate from in situ proliferation of resi-
dent interstitial macrophages, most of these cells migrate from
the circulation through the postcapillary venules and peritubu-
lar capillaries into the interstitial space following gradients
of chemoattractant and chemokinetic molecules as described

above. All types of renal cells can generate such soluble medi-
ators, and especially chemokines, when appropriately stressed
(24). In tubulointerstitial fibrosis, stimuli for tubular cells in-
clude: hypoxia, ischemia, infectious agents, exogenous (e.g.,
antibiotics, xenobiotics) and endogenous toxins (e.g. altered
lipids, high glucose, paraproteins) or genetic factors, for exam-
ple, in cystic renal diseases. In glomerular diseases, the loss of
permselectivity exposes tubular cells to proteins normally not
filtered, such as complement components, proinflammatory cy-
tokines, and albumin in high concentrations. All of the above
have been shown to induce chemokine production by tubular
epithelial cells (24). The significance of proteinuria for pro-
gressive tubulointerstitial fibrosis derives from clinical studies
showing that patients with a higher degree of proteinuria have
a more rapid decline in renal function (223). Table 57-3 gives
an overview of the factors involved. The majority of these has
been discussed in the general introduction and in more detail
elsewhere (224).

Recently, Johnson et al. suggested that uric acid may also
play an important role in the promotion of interstitial infiltrates
and progression of disease (225). Uric acid may be proinflam-
matory due to stimulation of synthesis of CCL2/MCP-1 in vas-
cular smooth muscle cells (226) and of IL-1β, IL-6, and TNF-α
in mononuclear cells (227). In the remnant kidney model, rats
with experimentally induced hyperuricemia had higher scores
of glomerulosclerosis and interstitial fibrosis compared to the
normouricemic remnant kidney controls (207).

The potential role of the tubular epithelial cell in the forma-
tion of secondary interstitial inflammation is reviewed in de-
tail elsewhere (224). In addition to epithelial cells, involvement
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TA B L E 5 7 - 3

FACTORS INVOLVED IN THE FORMATION OF
TUBULOINTERSTITIAL INFILTRATES

Proteinuria
Immune deposits
Chemokines
Cytokines
Calcium phosphate
Metabolic acidosis
Uric acid
Lipids
Hypoxia
Reactive oxygen species

of the endothelium has to be considered in mediating the
interstitial infiltrate since all infiltrating cells have to trans-
migrate this barrier (see under Leukocyte-Endothelial Trans-
migration). However, knowledge about endothelial changes
during the early phase of fibrogenesis is surprisingly limited.
In acute renal failure de Greef et al. recently observed that en-
dothelial cells of the vasa recta displayed de novo expression of
the co-stimulatory molecule B7-1 starting 2 hours after reper-
fusion. Blocking this molecule by neutralizing antibodies com-
pletely prevented reperfusion injury (228). Similar observations
have been made with other adhesion molecules. It remains to
be established how these findings relate to renal fibrogenesis in
chronic kidney disease.

The Inflammatory Infiltrate. This phase is characterized
mainly by the influx of mononuclear cells. In almost all forms
of primary or secondary glomerular disease, interstitial infil-
trates have been described (229). Infiltrating mononuclear cells
are composed of monocytes/macrophages and lymphocytes,
particularly T-lymphocytes (230). The degree of interstitial
infiltrate correlates with renal function in several forms of
immune-mediated renal disease, including lupus nephritis and
membranous glomerulonephritis (231). The number of tissue
CD4-positive T cells in particular displays a close correla-
tion with renal function (230) as does the number of CD3
T cells bearing the chemokine receptors CCR5 and CXCR3
(232,233).

While a role for macrophages in tissue damage, including
renal diseases, has been established, a correlation of CD14 pos-
itive monocytes/macrophages with histological damage is less
clear (234). Of interest are observations by Kondo et al. show-
ing a good correlation between the number of infiltrating mast
cells and the degree of interstitial fibrosis, pointing to the mast
cell as a potentially underestimated player in progressive fibro-
sis (235).

Profibrotic Cytokines. The phase of inflammatory matrix syn-
thesis is characterized by the stimulation of fibroblasts by cy-
tokines from infiltrating inflammatory cells as well as from
resident renal cells. Table 57-4 gives an overview over the most
important profibrotic cytokines, which will be discussed briefly
(see Cytokines).

One of the most relevant cytokines from a clinical point of
view is angiotensin II. A wealth of data supports a beneficial
role of blocking the renin-angiotensin system in the progres-
sion of experimental and human renal disease (summarized
in [206]). Mice deficient in angiotensin II or its type I recep-
tor develop less severe interstitial scarring compared to wild-
type mice in the unilateral ureteral obstruction (UUO) model
(236) and anti-GBM disease (237). Pharmacologic blockade
of the angiotensin system decreased TGF-β levels in patients

TA B L E 5 7 - 4

PROFIBROTIC FACTORS INVOLVED
IN RENAL FIBROGENESIS

Angiotensin II
TGF-β1
CTGF
PDGF
FGF-2
EGF
ET-1
Mast cell tryptase

with chronic allograft nephropathy and diabetes mellitus, thus
preserving renal function (238,239). Angiotensin II can in-
duce TGF-β synthesis in tubular epithelial cells and fibroblasts.
However, at least some of the effects of angiotensin II are in-
dependent of TGF-β1 as was recently demonstrated by Ma
et al. in mice lacking integrin beta6, which is required for acti-
vation of latent TGF-β (240). It induces hypertrophy in tubular
epithelial cells, which is at least in part dependent on connec-
tive tissue growth factor (CTGF) expression (241). Angiotensin
II can induce tubular hypertrophy and collagen expression
in vitro in interstitial fibroblasts (242) and tubular epithelial
cells (243).

TGF-β is currently viewed as the key cytokine in renal fi-
brogenesis though not all effects in renal fibrogenesis can be
tracked to TGF-β (see under Cytokines about the pleotrophic
effects of the TGF-β). In vitro it mediates chemotaxis for fi-
broblasts, transition of fibroblasts to myofibroblasts, and the
synthesis of extracellular matrix proteins such as fibronectin
and collagen type I. However TGF-β also has major functions
in immune regulation and induction of apoptosis. Deficiency
of TGF-β by genetic manipulation leads to a severe form of
autoimmune-like wasting disease. Therefore TGF-β’s role has
to be viewed in the special circumstances and cannot simply be
considered as universally profibrotic.

Evidence for the particular role of TGF-β in renal disease
comes from studies using TGF-β transgenic mice, which de-
velop glomerulosclerosis and interstitial fibrosis (244). Three
isoforms have been described in humans and at least two have
profibrotic effects on cultured rat tubular cells and fibroblats
(245). Increased expression of TGF-β1 is documented in nu-
merous models of renal, pulmonary, and hepatic fibrosis (246–
252). TGF-β1 is predominantly produced by infiltrating in-
flammatory mononuclear cells and to some extent also by
resident renal cells (see under Cytokines about difficulties in
evaluating TGF-β by immunohistology). In vitro, TGF-β1
formation can be induced by angiotensin II, ET-1, glucose,
insulin-like growth factor-1 (IGF-1), atrial natriuretic factor,
PAF, thromboxane, and certain drugs such as cyclosporine A
(206). In addition, autoinduction of TGF-β1 may occur. Se-
creted TGF-β requires extracellular activation to release the
active 25 kD dimer (253). This activation is mainly performed
by thrombospondin-1, though other mechanisms may play a
role as well (254). Thus, upregulation of thrombospondin-1
expression is required in addition to increased TGF-β1 se-
cretion. Active TGF-β binds to the type II receptor, which
subsequently activates the type I receptor. The receptor com-
plex then activates cytoplasmic proteins of the SMAD fam-
ily by phosphorylation (255). Most cells express the TGF-β
receptors indicating that receptor availability is not rate-
limiting. However, even the active form of TGF-β1 may be
modified by binding to extracellular matrix or to individ-
ual matrix molecules including the proteoglycans decorin and
biglycan. Schaefer et al. found significantly increased intersti-
tial matrix deposition in mice deficient in decorin expression
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(256). These findings were extended, when the effects of
decorin (and biglycan) were shown to be mediated by induction
of fibrillin-1 expression (257).

Effects of TGF-β can also be mediated indirectly by a down-
stream mediator, that is, CTGF (258). CTGF was originally
isolated from endothelial cells. Its expression is upregulated in
human interstitial fibrosis, and it may mediate TGF-β induced
collagen synthesis (258,259). Furthermore, increased expres-
sion has been described in models of diabetic nephropathy and
UUO (260,261). Both cytokines may have synergistic effects.
In a model of skin fibrosis only combined injections of CTGF
and TGF-β1 resulted in persistent scarring (262). The receptor
and signaling events induced by CTGF are still unclear and fur-
ther studies are necessary to define the role of CTGF in renal
fibrogenesis.

Very recently, IL-13 has attracted attention as a chemotactic
and growth factor for fibroblasts that also promotes collagen
type I synthesis (263–265). In models of liver and lung fibrosis
the effects of IL-13 were largely independent of TGFβ (33). It
remains to be seen, whether this effect of IL-13 also applies to
fibrosis in the kidney.

The role of EGF in renal fibrogenesis is still controversial.
Whereas Chevalier and co-workers described an attenuation of
renal fibrosis in the UUO model after administration of EGF
(266), a study by Terzi et al. using transgenic mice expressing
a dominant negative form of the EGF receptor came to the op-
posite conclusion—that EGF was a strong profibrotic cytokine
(267). The latter assumption is also supported by some in vitro
data (268).

Endothelin-1 (ET-1) may also have a role in renal fibrosis.
Three different isoforms and two types of receptors have been
described. Type A receptors are expressed mainly on vascu-
lar smooth muscle cells and type B receptors on endothelial
cells. Besides its induction of TGF-β1, ET-1 may directly stim-
ulate matrix synthesis and decrease collagenase activity. Trans-
genic mice overexpressing human ET-1 did not have hyperten-
sion, but displayed severe interstitial fibrosis and tubular cysts
(269). Furthermore, addition of ET-1 type A receptor blockers
decreased the severity of tubulointerstitial fibrosis in models
of chronic transplant nephropathy (270) and lupus nephritis
(271).

Fibroblast Proliferation and Activation. Once inflammatory
cells have infiltrated the tubulointerstitial space, one begins to
see activation and proliferation of fibroblasts. While a number
of studies in human glomerular disease describe a good corre-
lation between the number of α-smooth muscle positive inter-
stitial cells and renal function, these studies probably do not
sample the universe of the entire fibroblast participation (272).
Fibroblast activation is uneven and the pool of fibroblasts en-
gaged in fibrogenesis is heterogenous in relation to their cellular
characteristics and biochemical synthetic profiles (273,274).
Immunohistochemical profiles in normal human kidney sug-
gest that a subpopulation of interstitial fibroblasts may consti-
tutively express α-smooth muscle actin, as well as the PDGF
receptor α-chain (275). For most fibroblasts, activation is re-
quired in order to express α-smooth muscle actin, which is nor-
mally confined to vascular smooth muscle cells, hence the name
myofibroblasts. It is currently unclear if the increase in number
of α-smooth muscle actin-positive cells is the result of prolif-
eration of smooth muscle cells or of fibroblasts, constitutively
expressing this protein; or of de novo expression by formerly
non-expressing cells. Furthermore, for perhaps the majority of
fibroblasts, activation is not associated with de novo expression
of α-smooth muscle actin (274). The degree of change in phe-
notype in the transition from fibroblast to myofibroblast may
be underappreciated since expression of α-smooth muscle actin
is not the only biochemical change to occur (276). For example,
Rodemann and Muller demonstrated that fibroblasts from fi-

brotic kidneys expressed a number of proteins not detectable in
their counterparts derived from normal kidneys (277). Even so-
called myofibroblasts may exhibit a higher degree of variabil-
ity and complexity due to different levels of α-smooth muscle
actin expression (278). These studies support the notion that fi-
broblasts from kidneys with interstitial fibrosis may differ from
fibroblasts from normal kidneys. Thus the origin and even the
significance of myofibroblasts for excess collagen production,
and for interstitial fibrosis remain to be fully clarified.

Based on a classic paper by Cohnheim in 1867 (279) it had
been thought that fibroblasts derived from migrating leuko-
cytes. However in 1970 Ross performed a study in rats which
indicated that tissue fibroblasts were probably of local origin
(280). Recently, the concept of bone marrow derived cells pop-
ulating the renal interstitium has returned (281). Abe et al.
demonstrated that collagen-producing fibrocytes can be de-
rived from a CD14 positive enriched cell population within the
blood, confirming Cohnheim’s postulate from over 130 years
ago (61). A number of studies have confirmed the existence
of bone marrow–derived fibrocytic cells within the interstitium
(282) and the transition of bone marrow cells to tubular epithe-
lium (283). In fibrosing models of lung disease, recent studies
have emphasized the role of circulating cells of hematopoietic
origin as the major source of collagen production in pulmonary
fibroblasts (59,60,284). These cells were attracted to the lung
in response to the chemokine CXCL12/SDF-1. At present, it is
unclear if these findings apply to other organs as well.

Evidence using genetically tagged fibroblasts and tubular
epithelial cells indicates that fibroblasts derived from bone mar-
row comprise about 12% of the resident interstitial popula-
tion in normal murine kidneys (281). During interstitial dis-
ease this percentage did not change compared to an increase
up to 36% of cells producing extracellular matrix that were
derived from tubular epithelial cells by EMT. Though many
studies demonstrated the possible contribution of EMT to re-
nal fibrogenesis, fibroblasts may still be the predominant cells
producing extracellular matrix in the diseased kidney. Fibrob-
lasts become activated by cytokines, mostly derived from in-
filtrating macrophages. One of the major mitogens for fibrob-
lasts is PDGF. It is secreted mainly by macrophages (285) and
exists in at least four isoforms (286). Application of recombi-
nant PDGF-BB to rats resulted in the influx of macrophages
and the formation of myofibroblasts (287). Furthermore, in-
creased expression of the PDGF receptor B subunit has been de-
scribed in human kidney disease (288). Recently, a novel form
of PDGF that is PDGF-C was found in glomerular and intersti-
tial scars in several rat models (289). In human renal biopsies
Eitner et al. described upregulated expression of PDGF-C in
podocytes and interstitial cells (290). Hudkins et al. injected
it into mice to further analyze the functions of PDGF-B, -C,
and –D (286). Mice overexpressing PDGF-D after injection of
adenovirus constructs showed a severe mesangial proliferation,
but only mild changes within the tubulointerstitium and over-
expression of the other PDGF isoforms resulted in even more
discrete interstitial changes. Final conclusions on the role of the
PDGF isoforms in renal fibrosis will require further studies.

Another important mitogen for renal fibroblasts is bFGF-2.
Due to different translation start sites, five different isoforms of
bFGF or FGF-2 can be distinguished of which only the 18 kD
isoform gets secreted. The effects of bFGF are mediated by
four different high affinity receptors. Additionally, various hep-
aran sulfate proteoglycans serve as low-affinity receptors. The
particular significance of bFGF for fibrogenesis is underlined
by a seminal paper by Whitby and Ferguson who examined
the differences between fetal (scarless) and neonatal (scarring)
wound healing (see introduction) and found no bFGF in fetal
wounds, whereas the cytokine was abundantly present in heal-
ing after birth (291). Infusion of rats with high doses of bFGF
results in glomerulosclerosis and interstitial fibrosis (292).
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In vitro bFGF induced proliferation of primary cortical fibrob-
lasts and promotes the expression of α-smooth muscle actin,
but had only marginal effects on the synthesis of extracellular
matrix proteins (293). In vivo many of the above cytokines may
be involved in a concerted action during tissue repair and fibro-
sis, so that most likely no single profibrotic “master-cytokine”
exists.

Epithelial-Mesenchymal Transition (EMT). EMT was first
demonstrated in a murine model of anti-tubular basement
membrane disease by cloning of a specific fibroblast marker,
named fibroblast specific protein-1 (FSP-1), a member of the
S100 family (294). Its expression is constitutive in tissue fi-
broblasts under physiologic conditions (294) and its promoter
contains a cis-acting element (FTS-1) highly specific for fi-
broblasts (295,296). In mouse models of chronic progressive
renal disease FSP-1 expression was robustly upregulated in
the tubulointerstitium. The initial staining pattern followed
the distribution of collagen-producing cells in a rabbit model
of anti-GBM disease (297). In addition, de novo expression
of the fibroblast-specific protein could be detected in tubular
epithelial cells suggesting their transition to a mesenchymal
phenotype (298). This phenomenon had been described in a
number of organs (reviewed in 299). Moreover, EMT plays a
central role in embryogenesis, tumor formation, and in the
diseased kidney which replicates the renal developmental pro-
grams (300). Ng and co-workers described the de novo expres-
sion of α-smooth muscle actin in tubular epithelial cells start-
ing at day 21 after 5/6 nephrectomy (301). Tubular epithelial
cells lost their apical-basal polarity and seemed to migrate into
the interstitium, as demonstrated by electron microscopy (Fig.
57-5). Of particular interest, and consistent with the general
principles of tissue repair outlined initially, loss of epithelial
characteristics occurred exclusively in areas where the base-
ment membrane was disrupted.

                     Tubular epithelial cell
                    Activation of

−RhoA/ROCK
−ILK

Activated 
fibroblast

Mononuclear
infiltrating cells

EMT

Disruption of tubular

basement membrane

−EFG
−TGF-β1
−FGF-2

FIGURE 57-5. Hypothetical scheme of EMT in renal fibrogenesis.
Stimulation of tubular epithelial cells by cytokines such as EGF, FGF-2,
and TGF-β1, secreted mainly by infiltrating mononuclear cells, results
in a partial loss of epithelial and de novo expression of mesenchymal
proteins (transitional cell). If there is complete disruption of the tubu-
lar basement membrane, complete transition to an activated fibroblast
ensues with synthesis of extracellular matrix proteins. (Modified from:
Strutz F, Neilson EG. New insights into mechanisms of fibrosis in im-
mune renal injury. Springer Semin Immunopathol 2003;24:459.)

What causes the plasticity of EMT? Various cytokines can
induce the expression of FSP-1 in tubular epithelial cells in
vitro. These include TGF-β and epidermal growth factor (EGF)
(268,302). The group of Strutz described the effects of FGF-2
on four aspects of EMT: expression of epithelial and/or mes-
enchymal cell markers, cell motility, secretion of MMPs and
matrix synthesis in two murine epithelial cell lines. FGF-2 had
similar effects as EGF, but its main effect was the potentia-
tion of the induction of EMT by TGF-β1 (303). Only TGF-β1
induced matrix synthesis, whereas all cytokines resulted in ex-
pression of mesenchymal markers, cell motility and MMP-2
and -9 secretion. In vivo, the stimulation by cytokines is prob-
ably not sufficient to induce EMT, and changes in extracellular
matrix may also be required (304). For example, disrupting the
tubular epithelial membrane by inhibition of collagen type IV
assembly with soluble α1NC1-domains resulted in EMT con-
version (304). Conversely, the tubular basement membrane did
have a stabilizing function on the epithelial phenotype. These
in vitro studies confirmed the aforementioned in vivo study
by Ng et al. that complete transition to a mesenchymal cell
can only be observed when the tubular basement membrane
is disrupted (301). This concept is further corroborated by a
study of Yang et al. in the UUO model of progressive fibrosis,
where experimentally decreasing the activity of MMP-9 led to
less degradation of type IV collagen and basement membrane,
associated with less staining for α-smooth muscle actin in tubu-
lar epithelial cells, interpreted as less EMT (305). Changes in
the basement membrane occur in progressive kidney disease,
particularly in diabetic nephropathy (306). Such changes in
the structure and the composition of the basement membrane
could also promote EMT (300).

The signal transduction mechanisms of EMT point to-
ward activation of integrin-linked kinase (307) and of the
RhoA/Rho-associated coiled-coil kinase (ROCK) (308) path-
ways as important factors resulting eventually in the loss of the
adhesion molecule E-cadherin. E-cadherin is important for the
maintenance of the epithelial-epithelial adhesion and epithe-
lial phenotype in the context of an organized tubular structure
(300). Figure 57-4 illustrates the mechanisms involved in EMT
schematically.

Postinflammatory Repair and Progression. The phase of
postinflammatory matrix synthesis distinguishes tissue fibro-
genesis from typical wound healing where resolution is ex-
pected. In this phase, the primary inflammatory process, be
it in the glomerulus, the interstitium, or the vasculature, has
subsided, yet interstitial inflammation may persist in a few ar-
eas. Several hypotheses about smoldering fibrosis have been
entertained: First, stimulation by the remaining interstitial in-
filtrate is strong enough to result in continuous fibroblast ac-
tivation. Second, autocrine loops in activated fibroblast may
result in autonomous stimulation of these cells. Roles for IL-
1, FGF-2 and TGF-β1 have been postulated in this context
(293,309). A third mechanism postulates the interaction be-
tween secreted PDGF, TGF-β and tubular epithelial cells and fi-
broblasts (310–312). However, the existence of autocrine loops
has only been described in vitro and their existence in vivo re-
mains to be determined. Furthermore these schemes imply a
persistent stimulation of one cell type or another, which in turn
indicates continued cell stress and injury as the basis for the
fibrosis.

In addition to persistent proteinuria another stimulus could
be the aforementioned reductions in number of interstitial cap-
illaries leading to hypoxia, which in turn may induce matrix
formation (313). Hypoxia is a potent regulator of a number of
genes, to a large extent mediated by the transcription factor:
hypoxia induced factor 1 (HIF 1). The most prominent HIF-1
induced gene in the kidney is erythropoietin (314). In a model
of progressive renal failure the expression of HIF-1α correlated
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closely with the number of peritublar capillaries (315). More-
over, Manotham et al. showed that the number of capillaries
was reduced 4 and 7 days after induction of the remnant kidney
model (316). This reduction was subsequently followed by the
development of interstitial fibrosis. Similar findings were ob-
tained in a rat model of progressive glomerular disease (317).
Synthesis and secretion of ET-1 and TGF-β1 in proximal tubu-
lar epithelial cells could be stimulated by hypoxia (318,319).
Moreover, hypoxia induced the synthesis of collagen type I but
not of type IV in tubular epithelial cells (319). Hypoxia may
also promote apoptosis of tubular epithelial cells through an
upregulation of HIF-1 and Bax (320). Finally, hypoxia may in-
duce EMT in cultured tubular epithelial cells (321). Hypoxia
may also induce the formation of proinflammatory mediators,
including eicosanoids, PAF, cytokines, and chemokines via gen-
eration of free radicals by any of the cell type stressed. All of
the above factors could contribute to a persistent inflammatory
infiltrate, either by influx or persistence of leukocytes, their acti-
vation perpetuating the vicious cycle of inflammation, fibrosis,
hypoxia, and loss of functional nephrons.

Reversibility of Fibrosis. A central question in renal fibroge-
nesis concerns the potential reversibility of fibrotic lesions. In
order to achieve this, the imbalance between matrix synthe-
sis and degradation would have to be corrected. Until very
recently, fibrotic lesions were thought to be irreversible. How-
ever, work by Fogo et al. demonstrated potential reversibility of
mild focal segmental glomerulosclerosis in an animal study by
treatment with an angiotensin receptor blocker (322). Similar
results were obtained by Boffa et al. in a model of nitric ox-
ide deficient hypertensive rats (323), by Adamczak et al. in the
5/6th nephrectomy model (324) and by Koo et al. in a model
of reversible UUO (325).

In recent studies the role of bone morphogenetic protein
(BMP)-7 in renal fibrosis was studied. Generation of BMP-7-
deficient mice demonstrated changes of bone formation, lens
development, and surprisingly also severe impairment of re-
nal development resulting in death from renal failure a few
days after birth (326,327). Morphologically, kidneys were hy-
poplastic and displayed dilated collecting ducts separated by
stromal cells and extracellular matrix (326). BMP-7 expres-
sion begins at day 11.5 of mouse development in the ureteric
bud as well as in the condensing mesenchyme, where it acts
as an important cell survival factor (328). BMP-7 expression,
unlike other morphogens, persists postnatally, particularly in
distal and medullary collecting tubules where it may function as
a cellular differentiation factor (329). BMP-7 effects are medi-
ated via Alk 3 and Alk 6 receptors. Therapeutically, BMP-7 was
first tested in acute renal failure. Vukicevic and co-workers were
able to demonstrate that administration of BMP-7 (formerly
known as OP-1 [“osteogenic protein]) reduced the severity of
acute renal failure (330). Hruska and co-workers administered
BMP-7 to animals with UUO demonstrating a delay of the loss
of renal function by 5 days (331). Interestingly, in that study
BMP-7 was more effective than the ACE-inhibitor enalapril.
Similarly, a positive effect on renal fibrogenesis by BMP-7 was
demonstrated in a model of Alport’s disease. However, ther-
apy was initiated at an early time point in that study. In order
to resemble the clinical situation more closely, BMP-7 applica-
tion was delayed in nephrotoxic serum nephritis. This delayed
treatment not only prevented progression, but even resulted in
regression of fibrotic changes and tubular atrophy (332). Zeis-
berg et al. demonstrated that BMP-7 counteracted the effects
of TGF-β1, particularly on EMT of tubular epithelial cells. In
vivo, placebo treated animals displayed expression of FSP-1,
and a simultaneous downregulation of E-cadherin in tubular
epithelial cells, indicating EMT. These changes were prevented
in BMP-7 treated mice. Similar results were recently obtained
by Wang et al. in a model of diabetic nephropathy (329). Con-

versely, Ikeda et al. applied BMP-7 to rats undergoing protein
overload proteinuria and found only modest effects on the dis-
ease course, possibly due to the fact that tubular atrophy and
EMT are not prominent features in that model (333). At the
present stage, BMP-7 represents one of the most exciting strate-
gies to prevent progression and possibly even reverse fibrosis.

What is the situation in humans regarding reversibility of
fibrotic lesions? Fioretto et al. demonstrated that regression of
early diabetic sclerotic changes is possible in principle (334).
Type 1 diabetics who underwent pancreas transplantation with
some degree of renal involvement at that point were observed
for a period of 10 years. Renal biopsies were taken at 0, 5, and
10 years after pancreas transplantation. Whereas after 5 years
there was a tendency for deterioration of sclerotic changes in
the glomeruli, a definite reduction of mesangial matrix score
was noted 10 years after the normalization of glucose levels.
Although this study was performed in only a small number of
patients with early diabetic changes and the tubulointerstitial
space was not evaluated, it demonstrates two things: First, early
sclerotic changes are potentially reversible even in humans and
second, regression of sclerotic changes may require a very long
time period, at least in diabetes. Reversibility of fibrotic lesions
has also been described in other organs, particularly liver (335)
and heart (336). Thus, the former paradigm of irreversibility
of fibrotic lesions may not be true. However, the majority of
studies showing reversibility have been performed in mild fi-
brotic lesions, where the underlying architectural scaffolding
was intact and thus full restoration still a possibility. It remains
to be seen if severe and long-lasting fibrosis with distortion of
basic nephron architecture is truely reversible or if there may
be a point of no return. Finally, not all fibrotic processes may
be equal, so that the degree of reversibility may also depend on
the underlying disease.

ACKNOWLEDGMENTS

S. Segerer is supported by a grant of the Else Körner-Fresenius
Stiftung, Bad Homburg an der Höhe. Figures were designed by
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CHAPTER 58 ■ ACUTE POSTSTREPTOCCAL
GLOMERULONEPHRITIS AND OTHER
BACTERIAL INFECTION-RELATED
GLOMERULONEPHRITIS
SIDNEY KOBRIN AND MICHAEL P. MADAIO

Acute glomerulonephritis is characterized by the sudden ap-
pearance of hematuria, proteinuria, and red blood cell casts.
The differential diagnosis of this syndrome is listed in Table
58-1(1). The initial diagnostic approach includes clinical eval-
uation and serologic determinations. Pathologic evaluation
is very useful in confirming the diagnosis and defining the
extent of inflammation and fibrosis. This chapter will con-
sider glomerulonephritis associated with bacterial infections.
Glomerular disease that accompanies infection with other
organisms is covered in subsequent chapters. Acute post-
streptococcal glomerulonephritis is the prototype, and it is dis-
tinguished from the other causes of acute glomerulonephritis
by its typical serologic, histologic, and chronological features.
A link between streptococci and acute glomerulonephritis can
be traced to epidemics of scarlet fever in the 18th century
(reviewed in [2]). During the earlier part of the 20th century,
it was recognized that infection with β-hemolytic streptococci
could lead to glomerulonephritis (2–5). Since this discovery, the
clinical, serologic, and histologic features of the disease have
been carefully documented, and there has been considerable
progress in identifying the pathogenic mechanisms that partic-
ipate in this disease. These features will be the focus of the initial
discussion; consideration of other bacterial infections that may
lead to acute glomerulonephritis will follow.

ACUTE POSTSTREPTOCOCCAL
GLOMERULONEPHRITIS (APSGN)

Epidemiology and Incidence

APSGN may occur sporadically or in epidemic form. Although
the sporadic form is more common, information obtained
about the disease through analysis of epidemics has been par-
ticularly revealing (6–24). It affects children more than adults,
with the peak age incidence from 2 to 6 years (Table 58-2). Ap-
proximately 5% of cases are found among children younger
than 2 years, and 5 to 10% of patients with the disease are
older than 40. Spread among family members is common,
and nephritogenic streptococci have also been isolated from
household pets with scabies (25). Males more often have clin-
ical evidence of nephritis, although females are more likely
to have subclinical disease (14,26). Patients with subclinical
nephritis outnumber those of overt nephritis by a ratio ranging
from 4:1 to 10:1 (2). This is consistent with pathologic review
of biopsy specimens (nonepidemic form), where evidence of
healed disease is greater than anticipated from the clinical di-
agnosis (27). In more temperate zones, APSGN occurs more
commonly in winter months, and most often after pharyngitis,

whereas in the tropics, skin infection (i.e., impetigo) during the
summer is usually the initiating event (28). Cyclical outbreaks
of epidemic forms have been reported by Rodriguez-Iturbe and
others, although the reason for these cycles has not been fully
explained (20,29,30).

APSGN follows infection with only certain groups of strep-
tococci, and these strains are designated nephritogenic. Group
A streptococci are responsible for the vast majority of cases,
and among them certain types predominate (2). Occasion-
ally non–group A streptococci have been linked to glomeru-
lonephritis (31,32). “Nephritogenic” group A streptococci
have been characterized serologically by their cell wall pro-
teins, termed M and T proteins, and the known nephritogenic
strains include the M types: 1, 2, 3, 4, 12, 18, 25, 49, 55, 57,
59, 60, and 61 (2,33–39). The risk of nephritis following in-
fection with nephritogenic strains depends on the location of
infection. For example, with type-49 streptococci, the risk of
nephritis is five times greater with skin infections than with
pharyngitis (28). Nephritis following pyoderma with types 47,
55, 57, and 60 is also common (2,14). Many cases have also
been associated with strains that do not have an M or a T type
designation. Nevertheless, the identification of nephritogenic
strains suggests that factors unique to these strains are responsi-
ble for nephritis (see below). However, it should be emphasized
that host factors are also important, because only a minority
(approximately 10%) of patients infected with nephritogenic
strains develop overt disease. ASPGN has been reported fol-
lowing renal transplantation, although these patients are at no
greater risk for the disease (40).

Pathology

Most commonly there is diffuse glomerulonephritis, although
the severity of involvement usually varies among glomeruli and
within segments of individual glomeruli (40–44). On light mi-
croscopy, there is cellular infiltration and glomerular cellular
proliferation (45) (Fig. 58-1). The predominant cell types de-
pend on the timing of the biopsy. Within the first 2 weeks
of disease, neutrophils, eosinophils, lymphocytes, and mono-
cytes are present in the capillary lumen and in the mesangium,
and endothelial and mesangial cell proliferation is prominent
(2,35,46). CD4 T cells usually exceed CD8 cells early on,
whereas later CD8 cells predominate. Periglomerular accu-
mulation of T cells may also be observed (47). Occlusion of
capillary lumen is not unusual, and mesangial expansion is
typical (44). Intracapillary fibrin thrombi and deposits and/or
necrosis are observed in some cases. This pattern character-
izes the so-called exudative phase. During this period, inter-
mittent thickening of capillary walls, corresponding to large
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TA B L E 5 8 - 1

MAJOR CAUSES OF ACUTE NEPHRITIS

Low serum complement levela Normal serum complement level

Systemic diseases Systemic diseases

Systemic lupus erythematosus
(focal ∼75%, diffuse ∼90%)a

Cryoglobulinemia (∼85%)
Subacute bacterial endocarditis

(∼90%)
“Shunt” nephritis (∼90%)

Polyarteritis nodosa
Wegener’s granulomatosis
Hypersensitivity vasculitis
Henoch-Schönlein purpura
Goodpasture’s syndrome
Visceral abscess

Renal diseases Renal diseases

Acute poststreptococcal
glomerulonephritis (∼90%)

Membranoproliferative
glomerulonephritis
Type I (∼50%–80%)b

Type II (∼80%–90%)

IgG-IgA nephropathy
Idiopathic RPGN (rapidly progressive

glomerulonephritis)
Anti-GBM disease
Pauci-immunec (no immune deposits)

Immune-deposit disease

Normal serum complement levels indicate that production of complement components is keeping up with
consumption; it does not exclude participation of complement in the inflammatory process. Repeat
measurements useful (2–3 × 1 week apart). Consistently normal serum levels are useful in narrowing the
diagnostic possibilities.
aPercentages indicate the approximate frequencies of depressed C3 or hemolytic complement levels during
the course of disease.
bMost common pathologic findings associated with hepatitis C infection.
cPauci-immune indicates lack of significant glomerular deposition of immunoglobulin by direct
immunofluorescence. Many patients have circulating ANCA.
(Reprinted with permission from: Madaio MP, Harrington JT. The diagnosis of glomerular diseases: acute
glomerulonephritis and the nephrotic syndrome. Arch Intern Med 2001;161.)

subepithelial immune deposits, are often observed (i.e., by
trichrome staining). Focal capsular adhesions or segmental
crescents are relatively common. Abundant crescent formation
is unusual, although it is occasionally observed in more se-
vere situations (2,48). Over 4 to 6 weeks, polymorphonuclear
neutrophils (PMNs) are no longer present, and hypercellular-
ity with mononuclear cells (mesangial cells and/or infiltrating
monocytes) predominates. During this latter phase, capillary
lumens are usually patent. Glomerular hypercellularity usually
slowly resolves, although mesangial hypercellularity may per-
sist for months. Extraglomerular abnormalities are usually not
as prominent during either phase, however interstitial edema,
tubular necrosis, scattered mononuclear interstitial infiltrates,
and/or mild arteriolitis has been observed (49). Severe vasculitis
has been reported but is unusual (50–52).

By immunofluorescence microscopy, deposits of im-
munoglobulin G (IgG) and C3 are distributed in a diffuse gran-
ular pattern within the mesangium and capillary walls (25,44,
53–55). C3 is invariably present, whereas the quantity of IgG
depends on the timing of the biopsy, and it is not uncommon to
see only C3 deposits very early or late in disease. IgM is often
present early in disease but may also be observed in smaller

TA B L E 5 8 - 2

GENERAL CHARACTERISTICS OF APSGN

Age: Children > adults (5% <2 yr; 5%–10% >40 yr)
Sex: Male > Female

Clinical manifestations: subclinical 4–10 × >overt nephritis
Site of infection: pharynx (temperate zones), skin (tropics)

amounts later on. Significant amounts of IgA suggest an alter-
native diagnosis (e.g., IgA nephropathy or Henoch-Schönlein
purpura). C1q and C4 are not usually detected; however, prop-
erdin and terminal complement components (C5b-9) are often
present and distributed in a granular pattern. Fibrin deposits
are occasionally detected in more severe cases. Different pat-
terns of immune deposition have been observed, however they
are likely related to the timing of renal biopsy. Early in the
disease (the first few weeks), the fine granular appearance of
immune deposits often gives a “starry-sky-like” appearance;
this pattern is associated with glomerular hypercellularity (53–
55). With resolution of the disease (i.e., 4–6 weeks after on-
set), the immune deposits take on a more mesangial pattern,
prior to disappearing. C3 may be present in the absence of de-
tectable Ig, either very early in the disease (less than 2 weeks)
or with disease resolution (i.e., with resolution of the IgG de-
posits). In about one-fourth of cases, the deposits are large,
and they aggregate in a “rope” of “garland-like” pattern, and
this pattern may be associated with persistent mesangial hy-
percellularity on light microscopy. When these type deposits
are present, they may last for months, and they may be asso-
ciated with persistence of heavy proteinuria and development
glomerulosclerosis (53–56). By contrast, transition to a more
mesangial pattern (IF) is usually associated with clinical and
pathologic resolution. Occasionally immune deposits in small
vessels occur in the setting of vasculitis.

Dome-shaped subepithelial electron-dense deposits that re-
semble camel “humps” are the most characteristic feature on
electron microscopy (46). These humps contain Ig, are most
abundant within the first month, and are frequently observed
near epithelial slit pores (10,42,54,57). They have been asso-
ciated with heavy proteinuria, and they usually resolve within
4 to 8 weeks. In later stages of the disease, they may be ab-
sent; however, remnant electron-lucent areas are occasionally
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FIGURE 58-1. Pathology of poststreptococcal glomerulonephritis. A: Endocapillary proliferation with
increased number of messangial cells and glomerular infiltration with neutrophils (PMN). Biopsy speci-
men taken 10 days after the beginning of symptoms. (Hematoxylin & eosin ×500.) B: Intraglomerular
cells reactive with OKM1 monoclonal antibody (arrows) in a biopsy specimen obtained 14 days after
the initial symptoms. Monocytes and neutrophils are recognized by the antibody, and reactivity with
antihuman lactoferrin (which identifies PMN) in serial sections was use to define glomerular moncyte in-
filtration. C: Glomerular capillary loop with polymorphonuclear leukocytes in the lumen. Electron-dense
deposits are present in subepithelial (“humps”) (∗) and subendothelial (�) locations. (×12,000). D: C3
deposits (+1) in the glomerular basement membranes and mesangium. (FITC-labeled antihuman ×500.)
E: Glomerular deposition of the membrane attack complex of complement in a biopsy specimen obtained
16 days after onset identified with monoclonal poly-C9 antibody, which recognizes a neoantingen on
C9. Pattern and localization of deposits is similar to the one found for C3 and C5. (B and E reproduced
with permission from: Parra G, et al. Cell populations and membrane attack complex in glomeruli of pa-
tients with poststreptococcal glomerulonephritis: identification using monoclonal antibodies by indirect
immunofluorescence. Clin Immunol Immunopathol 1984;33:324.)
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observed and provide diagnostic clues (58). Subendothelial,
mesangial, and intramembranous deposits (along with smaller
subepithelial deposits) are often present in variable amounts,
and they usually persist after resolution of subepithelial de-
posits (humps) (58). Patients with large subendothelial de-
posits, without mesangial deposits, were found to have more
proteinuria and edema (59). Large intramembranous deposits
are associated with the garland-like pattern of immune de-
posits on immunofluorescence described previously (54). The
basement membrane itself is usually of normal diameter, al-
though thickening has occasionally been observed (49). Cel-
lular infiltration and proliferation depends upon timing of the
biopsy, as described above in the description of light micro-
scopic changes.

Pathophysiology

The association with streptococcal infections has largely
stimulated investigation of the pathogenesis of this disease.
However, since only certain strains of streptococci are “nephri-
togenic,” leading to the notion that there are unique proper-
ties of these strains. Furthermore, not all individuals infected
with nephritogenic streptococci (i.e., as detected during epi-
demics of nephritis) develop disease, suggesting that host fac-
tors are also important for disease expression. Based on these
observations, a number of theories pertaining to pathogene-
sis have emerged. For disease expression, the susceptible host
must both be infected with a nephritogenic strain and mount
a pathogenic immune response. With regard to the former, re-
cent analysis of nephritogenic streptococci and their products
has provided novel insights, although differences of opinion
pertaining to the precise sequence of events leading to im-
mune deposit formation and inflammation persist. Three major
pathogenic theories have emerged, and they will be considered
briefly.

A popular theory that originated in the 1960s invokes de-
position of streptococcal antigens within glomeruli (60,61).
Accordingly, nephritogenic streptococci produce proteins with
unique antigenic determinants that, in addition to eliciting a
potent antibody response, have a particular affinity for sites
within the normal glomerulus. Following release into circula-
tion, streptococcal protein fragments encounter ligands within
glomeruli and lodge there, affixed to sites for which they have
intrinsic affinity. Once glomerular-bound, they activate com-
plement directly by attracting properdin, leading to stimula-
tion of the alternate complement pathway. At the same time,
the glomerular-bound streptococcal proteins serve as planted
antigens for immune complex formation with circulating anti-
streptococcal antibodies. Immune complex formation leads to
additional complement fixation that, in turn, leads to the re-
cruitment of additional inflammatory mediators and cells. As
importantly, the glomerular bound antibodies engage Fc recep-
tor on circulating cells, which further enhances cellular infiltra-
tion, including mononuclear cells.

In support of this hypothesis, a number of candidate pro-
teins have been identified that meet most of these criteria. A rel-
atively small complex of intracellular anionic proteins, termed
endostreptosins, have been isolated from nephritogenic strep-
tococci by Lange, Treser, Yoshizawa and co-workers (36,61–
64). Antibodies specific for these proteins react with glomeruli
of patients with nephritis (presumably containing this antigen),
and elevated antibody titers are present in patients with ac-
tive disease. Administration of endostreptosin to rats resulted
in glomerular localization of antigen for the first four days
after injection, and this was followed by deposition of IgG
and complement (65). This particular antigen complex is not
unique to nephritogenic streptococci, however, and elevated
antibody titers have been found in patients with streptococ-

cal infections that do not develop nephritis, raising questions
about its pathogenic relevance. Nevertheless, this is not sur-
prising since both a nephritigenic antigen and a pathogenic
immune response are necessary for disease expression. Treser
et al. provide further insights (66). They isolated a potentially
relevant antigen from this complex, termed PA-Ag (for pre-
absorbing antigen), with a molecular weight of 43,000 and
pI of 4.7. Antibodies to PA-Ag were present in 30 of 31 pa-
tients with APSGN, whereas they were only detected in 1 of
36 individuals with uncomplicated group A streptococcal up-
per respiratory infections. Particularly noteworthy, PA-Ag, and
not other streptococcal components were detected in glomeruli
of patients with APSGN. Furthermore, PA-Ag was capable of
activating the alternate complement pathway, suggesting that
it is involved in the pathogenesis of this disease. In a series
of elegant studies, Oda, Yoshizawa, and co-workers recently
extended these observations (67,68). They isolated an anti-
gen termed nephritis associated plasmin receptor (NAPlr) that
binds to plasmin and extends its proteolytic activity. Both plas-
min and the receptor (NAPlr) were present in biopsy specimens
of ASPGN patients but not in other disease samples. This lead
the investigators to postulate that when released into the cir-
culation from nephritogenic strains, NAPlr binds to glomeruli.
Thereafter it engages circulating plasmin, which, in turn, ini-
tiates nephritis by activating metalloproteinases and recruiting
cells, and then by serving as a planted antigen for subsequent
immune complex formation.

Zabriski and co-workers have also identified disease related
protein (or set of proteins) (69,70). They described an ex-
tracellular, 46 kD protein, termed nephritis strain-associated
protein (NKAP), isolated from strains derived from patients
with APSGN, the secreted protein was not usually produced
by other strains. Anti-NKAP antibodies were identified both in
sera and 18 of 21 renal biopsies of APSGN patients (71). Al-
though NKAP was initially thought to be streptokinase, subse-
quent evidence has proved that this is not the case (37,71,72).
Peake and co-workers isolated a protein with similar proper-
ties that was capable of both activating complement and bind-
ing to normal human glomeruli (73). Poon-King et al. identi-
fied yet another closely related protein (with similar properties
as NKAP (74), initially termed nephritis plasmin binding pro-
tein (NPBP). Subsequently, sequence analysis of NPBP demon-
strated sequence homology with streptococcal pyrogenic exo-
toxin B precursor (SPEB, previously termed zymogen). Since
plasmin is capable of binding to glomerular-bound NPBP, this
could account for activation of the complement cascade and
initiation of inflammation, observed prior to the deposition of
IgG early in disease. In support of this conclusion, sera from
ASPGN patients has been observed to have anti-SPEB anti-
bodies, and the SPEB antigen was demonstrated in glomerular
lesions (75).

There has been support for other nephritogenic proteins,
and there may not be a single species. Vogt et al. identified
a cationic proteinase produced by nephritogenic streptococci,
related to an erythrogenic toxin (76). Serum antibodies to this
protein are present in many patients with APSGN but not
other forms of nephritis. Bergy and Stinson described a sol-
uble heparin-inhabitable basement membrane binding protein
derived from a nephritogenic strain that also bound to tissue
sections (77), and Glurich et al. identified streptococcal-derived
proteins that bind to rabbit kidney in vitro and in vivo (78).
Streptokinase has also been implicated by its capacity to in-
duce nephritis in normal mice (78–80). Of potential clinical
relevance, streptokinase activated complement directly within
the kidney prior to antibody deposition, in a manner analo-
gous to previous observations of glomerular complement ac-
tivity patients in the early stages of APSGN. Although these
and other proteins have not been as extensively studied as
those described previously, it is likely that different proteins are
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involved in different patients, with host factors contributing to
disease expression.

Another hypothesis, initially raised by McIntosh and co-
workers, invokes alteration of normal IgG by streptococcal
enzymes as the initial event. This has two effects. The altered
IgG is recognized as a “foreign” antigen and elicits an anti-
body response. It also acquires affinity for glomeruli (e.g., it
becomes more cationic) and deposits therein (81). Once de-
posited, this altered and relatively cationic IgG serves as a fixed
or “planted”’ glomerular antigen for the subsequent binding
of anti-IgG. In support of this hypothesis, Fc receptors are
present on streptococci (82,83). Furthermore, neuraminidase-
producing streptococci are capable of desialation of Ig (mak-
ing it more cationic) (84,85). Therefore streptococci have the
capacity to engage IgG and render it pathogenic. Further-
more, elevated levels of both serum rheumatoid factor, neu-
raminidase activity, and free sialic acid are often present in
patients with acute poststreptococcal GN, and anti-Ig antibod-
ies have been eluted from the kidney of a patient with this
disease (84,85).

Although neuraminades may effect neutrophil activity lo-
cally (86), neuraminadase-producing streptococci are not
unique to patients with acute poststreptococcal glomeru-
lonephritis, and rheumatoid factor activity is present in many
individuals with streptococcal infection who do not develop
glomerulonephritis.

The possibility of antigenic mimicry, between nephritogenic
streptococci and normal glomerular antigens, has also been
considered (reviewed in [36]). This hypothesis invokes the pro-
duction of antibodies against streptococcal membrane proteins
that share structural determinants with glomerular antigens.
Early reports demonstrated that soluble glycoprotein derived
from nephritogenic strains of streptococci induced nephritis
in animals, and disease could be transferred to normal ani-
mals using antiserum from the diseased animals (87-89). Sub-
sequently, antibodies against streptococcal cell membranes, de-
rived from nephritis patients, were observed to cross-react with
glomeruli (36). Furthermore, homologies between M proteins
derived from nephritogenic strains and basement membrane
antigens are consistent with this notion (90). Antibodies pro-
duced against a tetrapeptide (Ile-Arg-Leu-Arg) derived from
the M-1 protein of a nephritogenic strain were found to cross-
react with normal glomerular antigens in vitro (91,92). How-
ever, although the tetrapeptide shares homology with the cy-
toskeletal filament protein, vimentin, the pathogenic relevance
of this cross-reaction is unclear (91). Similarly, antibodies to
other extracellular antigens, including laminin, heparin sulfate,
and type IV collagen have been detected in serum from patients
with APSGN (93–95). It is tempting to speculate that different
antibody-antigen interactions are responsible for glomerular
deposits at different sites within glomeruli.

Other factors may also contribute to disease susceptibility.
Outbreaks among families were first noted by Wells (96). This
was confirmed by Dodge et al. and later by Rodriguez-Iturbe
and co-workers; they observed that the familial incidence of
disease during epidemics was higher that the attack rate in the
population at large (26,41). Unfortunately genetic studies have
thus far failed to support linkage (as opposed to rheumatic fever
where genetic linkage has been found [97]). T cells, mono-
cytes, platelets and endogenous glomerular cells (along with
cytokines and chemokines produced by these cells) have been
detected within APSGN lesions. They participate in the local
inflammatory response, and along with upregulation of adhe-
sion molecules (47,54,98–100), they influence the severity of
disease. Additionally, streptococcal cell wall proteins and exo-
toxins may serve as superantigens to engage larger populations
of T and B cells in the process.. The contribution of both infec-
tious and host factors likely influence the specific characteristics
and severity of disease. The reader is referred to Chapter 57

for a more general discussion of the role of these individual
participants in glomerulonephritis.

Clinical Manifestations

Although not diagnostic, the symptoms of the disease are quite
characteristic. However most patients present with only a few
of the features of the acute nephritic syndrome (101). Typical
presentations include edema, gross hematuria, and back pain,
although the actual incidence of symptoms varies somewhat
among reports (Table 58-3) (9,10,12–14,20,23,25,41,102).
Anasarca is more common among young children (2). Occa-
sionally, patients with gross hematuria will complain of dy-
suria. Transient oliguria is present in approximately one-half
of the patients, but anuria is rare (2). Hypertension is found
in 60% to 80% of patients at initial presentation, although
hypertensive encephalopathy is unusual. Nevertheless, if un-
treated it may be associated with seizures (2,10). In others,
encephalopathy may occur in the absence of significant hy-
pertension, and this may be due to cerebral vasculitis (103).
Some patients present with signs and symptoms of conges-
tive heart failure; however, the coexistence of rheumatic fever
is rare (14). Hypertension and heart failure are mostly due
to sodium retention, and the renin-angiotensin system is typi-
cally suppressed (2). Decreased glomerular filtration rate may
also contribute to sodium retention (14). Rapidly progressive
glomerulonephritis with acute renal failure is unusual but has
been well documented. (104). Hypertension and heart failure
usually resolve after diuresis. Generalized symptoms, including
anorexia, malaise, nausea, and vomiting are common at initial
presentation, whereas arthralgias and skin rashes are uncom-
mon. When the latter symptoms are observed, other causes of
glomerulonephritis should also be considered (i.e., lupus, vas-
culitis). Backache in the lumbar region has been attributed to
intrarenal edema with stretching of the renal capsule.

Children are more frequently affected than adults, although
the disease can occur at any age, and it may be overlooked in
the elderly (2,14,20,26,30). During epidemics, most infected
with nephritogenic strains develop only subclinical evidence of
nephritis (i.e., abnormal urinalysis; see above) (26,28,41,105),

TA B L E 5 8 - 3

CLINICAL AND LABORATORY MANIFESTATIONS OF
APSGN

Clinical
Edema 85%
Gross hematuria 30%
Back pain 5%
Oliguria (transient) 50%
Hypertension 60%–80%
Nephrotic syndrome 5%

Laboratory
Urinalysis: proteinuria, hematuria, casts 100%
Nephrotic range proteinuria 10%
Serum creatinine ≥2 mg/dL 25%
Streptococcal antibody profile (streptozyme)

in patients with pharyngitis >95%
in patients with skin infections 80%
false positive rate 5%
Early Abic Rx prevents antibody response

C3, C4, and/or CH50 depressed in >90%
Hypergammaglobulinemia 90%
Cryoglobulinemia 75%
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indicating that the disease may go unrecognized. Nephrotic
syndrome occurs in 5% to 10% of children, but it is more fre-
quently observed in adults (20%) (2). It may occur either at
initial presentation or later in the course, with improvement of
glomerular filtration rate (GFR). Rapidly progressive glomeru-
lonephritis with acute renal failure occurs in fewer than 2% of
children, and it is slightly more common in adults. In children,
the clinical symptoms of acute glomerulonephritis usually re-
solve within 1 to 2 weeks; in adults, resolution may be more
prolonged, and there is a higher incidence of progressive renal
disease (see below).

The latent period between streptococcal infection and
nephritis depends on the site of infection. Following pharyn-
gitis, it is usually 1 to 3 weeks, whereas after skin infection,
it is more prolonged at 3 to 6 weeks (14). Shorter latent peri-
ods of days (i.e., hematuria following upper respiratory infec-
tion) suggest an alternative diagnosis (i.e., IgA nephropathy).
The preceding infection may be accompanied by severe symp-
toms (i.e., fever, pharyngitis), or be relatively asymptomatic. In
many cases, it is not possible to identify an antecedent infec-
tion with certainty. Regional lymphadenopathy may be present,
even after other symptoms and signs of the primary infection
have resolved, and their presence should provide clues to the
diagnosis. Typically the acute nephritic syndrome lasts 4 to
7 days, however it may be more prolonged in adults, especially
in those presenting with rapidly progressive glomerulonephri-
tis (RPGN) and crescentic glomerulonephritis (23). Coinci-
dent rheumatic fever is unusual (106), as is coincident arthritis
(107), however glomerulonephritis may be associated with in-
fections at other sites. Recurrent episodes are uncommon, how-
ever repeated bouts of hematuria may occur during the initial
episode. Although de novo disease involving transplanted kid-
neys is usual, it may be associated with deterioration of graft
function (108). Extrarenal manifestations are uncommon but
include arthritis and choroiditis (109).

Laboratory Findings and Diagnosis

The urinalysis is always abnormal (see Table 58-3). Hema-
turia and proteinuria are invariably present, and casts are com-
mon. Red blood cell casts are frequently detected in a freshly
voided specimen, and dysmorphic red blood cells indicative of
glomerular hematuria are usually detected by phase-contrast
microscopy. Renal tubular cells and casts, granular and/or pig-
mented casts, and white blood cells are also commonly found.
White blood cell casts are occasionally observed in patients
with severe exudative glomerulonephritis. Proteinuria is char-
acteristic; however, nephrotic syndrome occurs in only 5% of
patients at initial presentation (43,110). Occasionally in pa-
tients with severe disease at onset, there may be a transient
increase in proteinuria to the nephrotic range with improve-
ment in the glomerular filtration rate associated as the disease
resolves.

The GFR is reduced and the serum creatinine is usually el-
evated, but the serum creatinine may remain within the upper
limits of the normal laboratory range. Approximately 25% of
patients have a serum creatinine greater than 2 mg/dL (2). The
GFR, when measured, is almost always depressed in the initial
stages of the disease, and it returns toward normal with disease
resolution. Anemia may be present during the acute illness and
early recovery period (111).

Throat cultures are frequently positive in affected individ-
uals with pharyngitis. In the first 2 weeks of active nephritis
the C3 and CH50 levels are significantly depressed in more
than 90% of patients (2,101,112–114). The C4 and C2 levels
are usually normal or only mildly decreased; marked depres-
sion suggests another diagnosis. Properdin levels are decreased
in over 50% of patients and reflect activation of the alternate

pathway of complement activation (115). Elevation of plasma
levels of C5b–9 levels reflect the contribution of the membrane
attack complex to pathogenesis (116). In most cases, the serum
complement levels return to normal by 4 weeks; however, occa-
sionally, it may take as long as 3 months (117). In patients with
insidious and/or prolonged symptoms prior to visiting their
physician, complement levels may have returned to normal at
the time of initial presentation. The level of reduction of com-
plement levels does not have prognostic significance. Persistent
hypocomplementemia, however, is unusual and suggests an-
other diagnosis (114). C3 nephritic factor may be present in low
amounts, but marked and/or persistent elevations are more typ-
ical of membranoproliferative glomerulonephritis (101). Hy-
pergammaglobulinemia is present in 90% of the patients, and
polyclonal cryoglobulinemia (containing both IgG and IgM)
is present in 75% of individuals with overt nephritis (2,118).
Rheumatoid factor activity is found in about a third of patients
early in the course of disease (2).

Antibodies to extracellular products of streptococci, as mea-
sured in the streptozyme test, are positive in more than 95%
of patients with pharyngitis and 80% of patients with skin in-
fections (2,14,39,119). These include anti-streptolysin (ASO),
anti-hyaluronidase (AHase), anti-streptokinase (ASKase), anti-
nicotinamide-adenine dinucleotidase (anti-NAD), and anti-
DNAse B antibodies. The ASO, anti-DNAse B, anti-NAD, and
AHase are more commonly positive after pharyngeal infec-
tions, whereas anti-DNAase B and AHase are more often pos-
itive following skin infections (120–122). Overall, these tests
are relatively specific for streptococcal infections, with a 5%
false-positive rate. However, since the incidence of streptococ-
cal infections in the general population is relatively high (espe-
cially in young children), they may be elevated in patients with
unrelated streptococcal infection and glomerulonephritis. Anti-
bodies to nephritogenic streptococcal antigens may prove to be
of diagnostic significance, but they require further evaluation
(2,119) (123). Overall, antibody titers are generally elevated
at 1 week, peak at 1 month, and fall toward their preinfec-
tion level after many months (124,125). An increasing anti-
body titer is indicative of recent infection. Antibodies against
M proteins are type-specific and confer strain-specific immu-
nity (38). They are detectable at 4 weeks following infection
and persist for years, however the antibody levels (to M pro-
teins) are unrelated to the severity of disease. Early treatment
with antibiotic therapy often prevents the antibody response to
both extracellular products and M proteins. Negative results
in a patient who previously received antibiotics, therefore, do
not exclude the diagnosis.

Natural History and Prognosis

In general, the overall prognosis is very good, as less than
0.5% die of the initial disease and, fewer than 2% of pa-
tients die or develop end-stage renal disease (6,8,11,15–
17,20,21,24,43,126,127). Both the natural history of this par-
ticular disease and management of its complications contribute
to the excellent outcome. Children have a better prognosis
than adults, and patients older than 40 years with rapidly pro-
gressive renal failure and crescentic glomerulonephritis have
a worse prognosis (11,20,30). Patients with RPGN associated
with post-streptococcal disease have a better prognosis than
other forms of RPGN; recovery after short-term dialysis de-
pendence is not atypical, although renal function may not re-
turn completely to normal. There appears to be no difference
in outcome with either epidemic or sporadic forms, although
conclusions regarding prognosis are largely derived from well-
documented epidemics in children. By contrast, opinion for less
favorable outcomes come from smaller series of sporadic cases
in adults (2). Persistent urinary and histologic abnormalities are
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common in both adults and children and may persist for years
(11,19,128). The persistence of proteinuria at 3 and 10 years is
approximately 15% and 2%, respectively (128). In most large
series of well-documented cases, these abnormalities eventually
resolve, and the incidence of chronic renal failure is low.

Patients with prolonged nephrotic syndrome or persistence
of heavy proteinuria have a worse prognosis, and this is of-
ten associated with an evolution to a “garland”-like pattern of
immune deposits with disease progression (21,53–55). In one
series of adults with APSGN, a larger percentage of patients de-
veloped persistent hypertension and/or end-stage renal disease
years after the initial episode of acute of acute glomerulonephri-
tis (43,129). It was unclear, however, whether progressive renal
failure was due to nephrosclerosis associated with poorly con-
trolled hypertension or progressive glomerular scarring. As pre-
viously discussed, most studies of patients with APSGN have
not confirmed this pessimistic outlook, and it is likely that se-
lection of patients for follow-up influenced the results in the
one series (2). Nevertheless, the results are consistent with the
notion that a small group of patients with residual damage may
develop progressive renal insufficiency.

Treatment and Prevention

The therapy for patients with acute post-streptococcal
glomerulonephritis is symptomatic and dependent on the clin-
ical severity of the illness. The major aims of therapy of acute
nephritis are control of blood pressure and treatment of volume
overload. During the acute phase of the disease, salt and water
should be restricted. If significant edema and/or hypertension
develop, diuretics should be administered. Furosemide usually
provides a prompt diuresis, with reduction of blood pressure.
For hypertension uncontrolled by diuretics, vasodilators (i.e.,
calcium channel blockers or angiotensin converting enzyme
[ACE] inhibitors) are usually effective. Intravenous agents may
be required for management of rare cases of either severe or
malignant hypertension. The serum potassium should be mon-
itored and treated appropriately. Dialysis may be necessary to
treat uremia. Restriction of physical activity is appropriate dur-
ing the first few days of the illness but is unnecessary once the
patient feels well. The most acute phase of the illness usually re-
solves within a week, and most patients undergo spontaneous
diuresis after that interval.

Steroids, immunosuppressive agents, and/or plasmaphere-
sis are generally not indicated. In patients with rapidly pro-
gressive renal failure, however, a renal biopsy may be indi-
cated. If crescents are present in over 30% of glomeruli, we
recommend treatment with a short course of intravenous pulse
steroid therapy (500 mg to 1 g per 1.73 M2 of intravenous Solu-
Medrol [Upjohn] daily, for 3 to 5 successive days). Although
there are no controlled trials of this therapy in patients with
acute poststreptococcal glomerulonephritis, it has been bene-
ficial in patients with rapidly progressive glomerulonephritis
associated with other diseases (see Chapter 60). We do not rec-
ommend more prolonged treatment with steroids or other im-
munosuppressive therapy. Long term antihypertensive therapy
in patients with hypertension and chronic renal insufficiency is
essential to prevent the development of renal failure, and an-
giotensin converting enzyme inhibitors are the drugs of choice
for this purpose.

Specific therapy for streptococcal infections is an essential
part of the therapeutic regimen. This includes treatment of both
the patient (if infected) and any infected family member or close
personal contact. Throat cultures should be performed on all
these individuals, and treatment with penicillin (oral penicillin
G 250 mg four times a day [qid] for 7 to 10 days) or ery-
thromycin (250 mg qid for 7 to 10 days) in patients allergic
to penicillin, is indicated to prevent both the development of

nephritis in carriers and the spread of nephritogenic strains to
others. Whether or not early treatment of infected patients pre-
vents nephritis is not known. For patients with skin infections,
attention to personal hygiene is also essential. In epidemics,
empirical prophylactic treatment of patients at risk, including
close contacts and family members is recommended (130).

BACTERIAL ENDOCARDITIS

Epidemiologic Patterns

The precise incidence of glomerulonephritis in patients with
bacterial endocarditis is unclear because prospective analysis
of renal tissue in a large cohort of patients has never been
conducted. Investigations to define the incidence of this com-
plication have the typical limitations of retrospective stud-
ies or/and lacked histologic confirmation (131,132). Autopsy
studies are difficult to interpret, as the presence of azotemia in
patients with endocarditis may be associated with higher mor-
tality rates, thereby overestimating the incidence of glomeru-
lonephritis. Conversely effective antibiotic therapy may under-
estimate the frequency of this problem. Rates derived from
renal biopsy studies often exaggerate the severity and under-
estimate the prevalence of glomerulonephritis, because biopsy
is usually performed in patients with the most significant renal
dysfunction. By contrast, studies that depend solely on urinaly-
sis for diagnosis overestimate the prevalence of disease, because
hematuria and leukocyturia may be due to either tubulointer-
stitial nephritis or embolic disease. Furthermore, advances in
early, more effective therapies, and changes in the most com-
mon causative organisms have led to changes in the incidence
of glomerulonephritis over recent years.

Despite these limitations, two trends have emerged. The
overall incidence of glomerulonephritis associated with Strep-
tococcus viridans–induced endocarditis has declined in the an-
tibiotic era. Coincident with this decline has been the rise
in glomerulonephritis associated with acute bacterial endo-
carditis, particularly involving Staphylococcus aureus. While
S. viridans and S. aureus remain the most common causes of
glomerulonephritis associated with subacute and acute endo-
carditis, respectively, isolated reports of other organisms such
as Gram-positive and Gram-negative bacteria, Coxiella bur-
netti, and fungi have also been linked to glomerulonephri-
tis associated with endocarditis. Several new associations be-
tween bacterial endocarditis and glomerulonephritis have been
reported in recent years, including endocarditis due to Bar-
tonella henselae, Brucellosis, and Actinobacillus (131,132). A
heightened index of suspicion as well as better culture tech-
niques to identify fastidious organisms may explain the emer-
gence of these associations. The evolutionary trend regarding
S. viridans and S. aureus is briefly reviewed below.

In the preantibiotic era, glomerulonephritis was docu-
mented in as many as 82% of patients dying from subacute bac-
terial endocarditis (SBE) (133–136). Following the availability
of antibiotics, the prevalence of postmortem documentation
of glomerulonephritis in patients dying from subacute bacte-
rial endocarditis decreased precipitously to 25% (132–136).
Early studies also suggested that glomerulonephritis occurred
less frequently in patients with acute bacterial endocarditis; es-
timates of glomerulonephritis in the antibiotic era ranged from
36% of patients with fatal acute bacterial endocarditis to 82%
of patients with fatal subacute bacterial endocarditis (133). It
was assumed that the higher incidence of glomerulonephritis
in subacute disease was due to differences in the virulence of
the causative organisms. Investigators reasoned that infection
with less virulent organisms led to a more indolent and pro-
longed course, resulting in a greater antibody response that
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lead to a higher incidence of immunologically mediated events
(129,132,137–139). More recent studies, however, indicated
that acute endocarditis is responsible for a greater proportion
of endocarditis-associated glomerulonephritis than what was
originally reported, suggesting that either strain or host depen-
dent factors were also operative. In this regard an autopsy se-
ries reported by Neugarten et al. found that S. aureus caused a
disproportionate frequency of glomerulonephritis due to acute
bacterial endocarditis (132).

Several factors may account for the changing epidemiologic
pattern. S. viridans–associated subacute bacterial endocarditis
has become much less common, due to both the declining oc-
currence of rheumatic fever in the United States as well as the
successful implementation of prophylactic antibiotic regimens
in patients with known valvular lesions. In addition, earlier
recognition of endocarditis, with institution of more effective
antibiotic and/or surgical therapy has led to a shorter duration
of infection and associated complications (136).

Coincident with this decline, there has been an increase in
acute endocarditis in intravenous drug abusers. This is often
due to S. aureus bacteremia leading to infection of normal heart
valves, and clinical evidence of glomerulonephritis has been
found in 40% to 78% of patients with S. aureus acute bacte-
rial endocarditis (132,140,141). Particularly noteworthy, the
mean duration of clinical illness prior to the onset of glomeru-
lonephritis is less than 10 days, and many patients are treated
with antibiotics during the prodromal period. This suggests
that either intrinsic properties related to the causative organ-
ism, the immune response or both, predispose these individuals
to this form of glomerulonephritis.

Pathologic Features

Although, like ASPGN, many features have been reported, a
few typical patterns are more common. In general, the pathol-
ogy can be divided into subacute and acute forms. Glomeru-
lar changes occurring with subacute endocarditis (e.g., due to
S. viridans) are usually less severe. The lesions are typically fo-
cal and segmental, with increased cellularity in the mesangial
and endothelial portions of the tuft (133,142). Polymorphonu-
clear cells (PMN) and macrophage infiltration contribute to the
hypercellularity, along with endogenous cell proliferation. The
capillary walls are thin and single contoured. By contrast, pa-
tients with the more acute form of the disease (e.g., due to
S. aureus) typically have more severe disease with diffuse
proliferative glomerulonephritis. The hypercellularity involves
mesangial and endothelial cells along with infiltration of
neutrophils and monocytes (131). Double contours of cap-
illary walls may be present to varying degrees. Epithelial
and fibroepithelial crescents, both partial and circumferential,
may also be seen (132,143). Rarely, features more typical of
membranoproliferative glomerulonephritis have been reported
(132,144,145).

The interstitium is often edematous and infiltrated by
mononuclear leukocytes (131,132,136,146). These changes
may be either immune-mediated or related to infection. Al-
ternatively, interstitial disease due to antibiotics (i.e., hyper-
sensitivity) may complicate the situation (131,147). One or all
of these features may be present in an individual patient, and
the precise cause(s) may be difficult to reconcile. Histologic
evidence of renal embolization has been reported in 30% to
60% of patients with fatal bacterial endocarditis and should
be considered in patients with unexplained renal failure, al-
though (148) clinical manifestations of renal embolization are
infrequent (132).

By direct immunofluorescence, granular mesangial and
subendothelial capillary wall deposits of IgG and/or IgM, and
complement (C3 predominantly, C1q less frequently) are ob-
served in all glomeruli in patients with either focal or diffuse

glomerulonephritis (131,146,149). Extraglomerular deposits
are infrequent. By electron microscopy, subendothelial and
mesangial deposits are usually present, although the quantity
of deposits varies (146,149). By contrast, patients with acute
S. aureus endocarditis often have subepithelial and intramem-
branous deposits 4 (149).

Clinical Features

The clinical manifestations depend on the duration and severity
of disease. Microscopic hematuria, pyuria, and proteinuria are
the most frequently detected abnormalities in patients with fo-
cal glomerulonephritis, however, these features may be absent
despite histologic evidence of active disease (132,146). Less
commonly, heavy proteinuria, hypertension, and renal dysfunc-
tion develop, and advanced renal failure leading to uremia may
result. This latter scenario is more prevalent when bacteriologic
cure is not achieved (132,146,150–152).

Microscopic hematuria and proteinuria are always present
in patients with diffuse glomerulonephritis, and the nephrotic
syndrome is not uncommon (i.e., ∼15%) (132). Gross hema-
turia may be observed in patients with diffuse glomerulonephri-
tis, although its appearance should raise suspicion of other
conditions, such as either renal infarction or drug-induced in-
terstitial nephritis (153). Pyuria occurs in approximately two-
thirds of patients, and 15% to 30% of them have positive
urine cultures (154,155). Unlike other forms of postinfectious
glomerulonephritis, hypertension occurs infrequently (perhaps
due to cardiac involvement) (132,156). Reduced GFR is vari-
able, although it may occasionally be the presenting manifes-
tation (148).

In the preantibiotic era, uremia contributed to the death of
5% to 10% of patients. With the advent of antibiotic therapy,
mortality has fallen to less than 5% (156). With successful
therapy, GFR typically is at its nadir prior to or shortly after the
commencement of antibiotic therapy, and it usually improves
with eradication of the infection (132). However, patients with
advanced renal dysfunction at presentation, may have further
deterioration of the GFR, requiring dialysis. The mortality rate
is high in this population, and this is most likely related to the
combination of severe infection and uremia.

Laboratory Findings

Although there are no pathognomonic findings, many serologic
abnormalities are often present in patients with bacterial endo-
carditis. Rheumatoid factor is variable (i.e., detected in 10%
to 70% of patients, depending on the series), however corre-
lation between rheumatoid factor activity and the presence of
glomerulonephritis is uncertain (157,158). Although the levels
vary considerably, circulating immune complexes are found in
90% of patients with endocarditis, and high levels have been
associated with a more indolent course, right sided lesions,
and less virulent organisms (132,159–162). While mixed cryo-
globulins are present in the serum of up to 95% of patients
with endocarditis, there is no correlation between the levels
of the cryoglobulins and the presence of glomerulonephritis
(141,160). Recently, high titers of antineutrophil cytoplasmic
antibody (ANCA) were found in a few patients with bacte-
rial endocarditis-associated vasculitis and glomerulonephritis
(163–165). Thus, endocarditis should be excluded in ANCA-
positive patients, where either infection is suspected or mani-
festations of vasculitis are atypical.

Hypocomplementemia (depressed C3, C4 levels) is a fre-
quent, but not invariable or specific, indicator of glomeru-
lonephritis during the course of bacterial endocarditis (140,
150,151,156,160,161). In patients with acute bacterial endo-
carditis with diffuse glomerulonephritis, the serum comple-
ment levels were depressed in 68%. By contrast, hypocom-
plementemia has been documented more frequently in patients
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with diffuse glomerulonephritis associated with subacute bac-
terial endocarditis (∼90%), whereas 60% of those with focal
glomerulonephritis had reduced levels (132). Typically C4 and
C1q levels are significantly depressed, invoking activation of
the classic pathway (140,161). Nevertheless, there have also
been reports of primarily alternative pathway activation, par-
ticularly in patients with S. aureus endocarditis and glomeru-
lonephritis (132). Based on these observations, it was suggested
that S. aureus bacterial wall antigens may be capable of direct
activation of the alternative complement pathway, as described
previously for nephritogenic streptococci. In this manner di-
rect activation of complement by S. aureus (localized within
glomeruli) may lead to glomerulonephritis soon after the on-
set of clinical endocarditis, without significant glomerular IgG
deposition (132,166). Normalization of complement lev-
els usually occurs with bacteriologic cure and resolution
of glomerulonephritis. By contrast, persistent hypocomple-
mentemia suggests failure to control infection, which in turn
may lead to progressive renal failure (167). Therefore, in pa-
tients who initially manifest hypocomplementemia, serial com-
plement determinations may serve as a guide to the activity of
glomerulonephritis (132,167).

Differential Diagnosis

In addition to glomerulonephritis, several other renal abnor-
malities can occur in patients with endocarditis. These consid-
erations are especially important in patients with deteriorat-
ing renal function. Embolization of valvular vegetations to the
kidney can result in infarction, producing the gross pathologic
appearance of “flea-bitten” kidneys (168). The clinical pre-
sentation is gross hematuria, sometimes associated with flank
pain. Septic emboli may lead to renal abscesses, and endocardi-
tis should always be considered in patients with multiple renal
abscesses. Alternatively, septicemia, with or without hypoten-
sion, can result in acute tubular necrosis. Thus in patients with
endocarditis and acute renal failure, distinguishing glomeru-
lonephritis from other causes may be difficult. Nevertheless,
the presence of heavy proteinuria, red blood cell casts, and
dysmorphic red blood cells suggests glomerulonephritis. Alter-
natively, temporal relationship of therapy, the presence of fever,
rash and eosinophilia, or eosinophiluria in a patient with sterile
pyuria should raise the possibility of hypersensitivity intersti-
tial nephritis. Occasionally, renal biopsy is necessary to distin-
guish glomerulonephritis and acute hypersensitivity interstitial
nephritis.

Treatment and Outcome

Eradication of infection with antibiotic and valve replacement
(when appropriate) remain the mainstays of therapy. With con-
trol of infection, the urinary abnormalities and mild to mod-
erate degrees of renal insufficiency usually resolve (167). Pro-
teinuria and microscopic hematuria can persist for months and
rarely for years after bacteriologic cure. The outcome of pa-
tients with severe renal dysfunction is variable, ranging from
continued improvement over weeks to months in some, to per-
sistent and progressive renal failure requiring dialysis in others,
despite bacteriologic cure. Patients with a high proportion of
glomerular crescents in renal biopsy specimens are more likely
to have irreversible disease or progressive renal insufficiency
(132,167).

The role of immunosuppressive therapy in patients with
progressive renal insufficiency, despite optimal antibiotic and
surgical treatment, remains controversial. Anecdotal case re-
ports suggested that plasmapharesis, corticosteroids and cyto-
toxic agents, alone or in combination, may be useful in this sit-
uation (143,159,169–173). However, in addition to the usual
adverse effects of these agents, this therapy poses the risk of
exacerbating the underlying infectious process. Therefore,

these agents should only be considered under very specific cir-
cumstances. In our opinion, there should be clinical and labo-
ratory evidence of bacteriologic cure, and histologic evidence
of acute glomerulonephritis with the absence of overwhelming,
severe chronic changes.

Conlon et al recently evaluated the risk of developing re-
nal failure in 204 consecutive episodes of bacterial endocardi-
tis (174). One third developed an elevated serum creatinine
(≥2 mg/dL), and there was a fivefold increase in mortality
in this subgroup. Factors associated with an increased risk
of acute renal failure included: increased age, hypertension,
thrombocytopenia, S. aureus infection, and prosthetic valve in-
volvement. Although renal biopsies were not performed in the
majority of patients in this retrospective analysis (i.e., the cause
of renal failure was not determined), it is likely that glomeru-
lonephritis leading to renal failure contributed to their poor
outcome.

Shunt Nephritis

Epidemiologic Patterns

Surgically implanted ventriculoatrial, ventriculojugular, and
ventriculovenal caval shunts have been commonly used to
treat hydrocephalus (175). Overall, infection occurs in 6% to
27% of patients with these ventriculovascular shunts (175).
The most common organism isolated is Staphylococcus epider-
midis, accounting for 75% of infections (131,176). Other or-
ganisms that have been isolated include S. aureus, diphtheroids,
Listeria monocytogenes, Peptococcus species, Serratia species,
Bacillus subtilis, Corynebacterium bovis, Gemella morbillo-
rum, Propionibacterium acnes, and a variety of fungi (177–
186). It has been estimated that glomerulonephritis occurs in
1% to 4% of patients with infected shunts (177). In recent
years, ventriculovascular shunts have been virtually abandoned
and replaced by ventriculoperitoneal shunts. The latter devices
are more resistant to colonization and infection, and associated
glomerulonephritis is rare (187,188). The majority of cases of
shunt nephritis have been reported in children, but rare cases
have been documented in adults (175,179,184).

Clinical Manifestations

Symptoms of glomerulonephritis may develop within weeks
to years after the shunt placement. Fever is present in nearly
all patients with nephritis (175). Arthralgias, malaise, and
weight loss are common and suggest infection (142,175). Clin-
ical examination may reveal the presence of purpura, lym-
phadenopathy, and hepatosplenomegaly, and anemia is often
present (131,142). Hematuria is universal, with gross hema-
turia present in half of the reported cases, and the nephrotic
syndrome develops in 30% of patients (175). At initial pre-
sentation one-half of the patients have mild to moderate renal
dysfunction, one-fourth have normal renal function, while the
remainder have severe renal insufficiency (131,175). Hyperten-
sion is uncommon.

Laboratory Findings

Nondiagnostic abnormalities are characteristic. Hyperglobu-
linemia, cryoglobulinemia (associated with elevated rheuma-
toid factor titers), and raised plasma immune complex lev-
els are usually present, suggesting an immunologic basis for
this disorder (175,179,182). Hypocomplementemia, with re-
duced levels of both C3 and C4, is usually present with shunt
nephritis, whereas patients with uncomplicated shunt infec-
tion usually have normal complement levels (189). The serum
complement levels normalize with successful treatment of the
underlying infection and resolution of the glomerulonephritis,
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and therefore serial determinations of serum complement may
be a useful monitor of the activity of glomerulonephritis. Per-
sistently depressed levels suggest either inadequate therapy or
another cause of glomerulonephritis (190).

Blood and cerebrospinal fluid cultures are often positive.
However, sometimes the organisms are difficult to grow, and
identification of bacteria may be possible only by culture of
material from the removed shunt.

Pathologic Features

The glomerular lesions are similar to membranoproliferative
glomerulonephritis type I, with endocapillary proliferation,
double-contoured capillary walls, and lobular accentuation. A
few crescents are occasionally observed (142,149,175). Rarely,
diffuse proliferative changes similar to post-infectious glomeru-
lonephritis may be present (191). Granular IgM, IgG, and C3
deposits are usually observed by immunofluorescence, and bac-
terial antigens have been detected within these deposits. Elec-
tron microscopy typically demonstrates subendothelial and
mesangial electron dense deposits.

Treatment and Outcome

Because antibiotic therapy alone is usually unsuccessful, treat-
ment should include prompt removal of the infected shunt.
Full recovery of renal function has been reported in two-
thirds of patients after successful eradication of infection
(176,178,189,192). The remaining third, however, demon-
strate persistent azotemia and urinary abnormalities (131,175).
Rarely, progression to end-stage renal disease has been reported
(175). Immunosuppressive therapy has not been reported to be
successful in these patients (181).

Visceral Sepsis-Associated Glomerulonephritis

Epidemiologic Patterns

Subacute or chronic infections including intrathoracic and
intraabdominal abscesses, osteomyelitis, dental and maxil-
lary sinus abscesses, septic abortions, and aortofemoral by-
pass graft infections have all been associated with glomeru-
lonephritis (193–196). Glomerulonephritis has also been re-
ported coincident with tuberculosis, pneumococcal pneumo-
nia, Campylobacter (Helicobacter) jejuni enteritis, Salmonella
-Schistosoma mansoni infections, and typhoid fever (193–
196).

Clinical Manifestations

Many affected patients have signs and symptoms consequent
to the underlying infectious process. They are often severely
ill with high fever and weight loss. The interval between the
onset of infection and diagnosis of glomerulonephritis varies
from 2 weeks to 3 years (193). Rarely, patients present with
glomerulonephritis as the initial manifestation of their illness.
Common extrarenal manifestations include purpura (usually
lower extremities) and arthralgias in approximately one-third
of patients, and these phenomena are usually related to circu-
lating cryoglobulins (193,197). Renal manifestations include
hematuria, proteinuria, and acute renal failure. Similar to the
situation described for glomerulonephritis associated with en-
docarditis, other causes of impaired renal dysfunction may be
present in these patients. However, the presence of proteinuria
and hematuria, especially dysmorphic red blood cells and red
blood cell casts, usually distinguishes glomerulonephritis from
other causes of acute renal failure. Approximately 50% of pa-
tients are oliguric and hypertensive (193,197).

Laboratory Findings

Blood cultures are frequently negative, and this has been at-
tributed to the antecedent administration of antibiotics in many
cases. Mixed cryoglobulins are usually present at the time of
diagnosis and disappear with eradication of the underlying in-
fection (193,197). The serum C3, C4, and CH50 levels are typ-
ically normal, unless there is an associated endovasculitis; C3
nephritic factor has occasionally been identified (1,142,198).
Circulating immune complexes may be present in some pa-
tients. Rheumatoid factor is usually absent (198).

Pathologic Features

Proliferative glomerulonephritis is typical. However, a diverse
group of lesions have been reported. These include mesangial
proliferative glomerulonephritis, membranoproliferative glo-
merulonephritis, and diffuse proliferative glomerulonephritis;
on occasion crescents are present (142,194,198). Immune de-
posits consisting primarily of C3 are the most consistent feature
on immunofluorescence studies, although IgG and IgM may
also be observed in mesangial, subendothelial, or subepithelial
locations. While electron microscopic studies have not been
commonly reported, electron-dense deposits in the mesangium
as well as the occasional presence of subepithelial humps have
been observed (131).

Treatment and Outcome

Complete remission of glomerulonephritis is usually achievable
with early and complete eradication of the underlying infection
(194,196,198). However, delayed and unsuccessful treatment
may result in irreversible loss of renal function (198).

Methicillin-Resistant Staphylococcus-
Associated-Glomerulonephritis

In 1995, Koyama et al. described 10 cases of glomeru-
lonephritis following methicillin-resistant Staphylococcus au-
reus (MRSA) infection (199). Subsequently, several case series
and reports have confirmed this association. MRSA-associated
glomerulonephritis differs from staphylococcal endocarditis in-
duced glomerulonephritis and staphylococcus associated shunt
nephritis (200,201) in that serum complement levels are usually
normal (albeit the lower limits of normal); there is polyclonal
elevation of serum IgA and IgG levels; and IgA is often present
within glomerular deposits along with IgG and C3 (202).

In a review of 26 patients with MRSA associated glomeru-
lonephritis, Kobayashi et al. reported that the glomeru-
lonephritis presented an average of 5.4 weeks following the
onset of severe MRSA related infection. Approximately 50%
of these infections were associated with pleural or abdominal
abscesses. The renal presentation was usually that of either
RPGN and/or the nephrotic syndrome (200). Thirty percent
of patients had leukocytoclastic vasculitis and thrombocytosis
was seen in 77%. Renal pathology showed a variety of types of
mesangial and/or endocapillary proliferative glomerulonephri-
tis with varying degrees of crescent formation. Immunofluores-
cence revealed glomerular deposits of IgA, IgG, and C3. There
were electron-dense deposits in the glomerular basement mem-
brane, mesangium and capillary walls. S. aureus antigens and
staphylococcal enterotoxins were not demonstrable.

MRSA-associated glomerulonephritis appears to improve
in the majority of cases where antibiotic therapy successfully
eradicates the MRSA infection (203). However, some patients
do not respond to antibiotic therapy and progress to end-stage
renal disease (204). In two cases, corticosteroids were adminis-
tered following apparent successful treatment of the underlying
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MRSA infection (203). In these patients, relapse of the infec-
tion occurred, and they later died from sepsis. Therefore, great
caution should be exercised before initiating immunosuppres-
sive therapy. In cases refractory to antibiotic therapy, hemo-
perfusion with polymyxin B–immobilized fiber may be a useful
therapy to reduce proteinuria (205).

Recently, isolated case reports have described MRSA infec-
tions associated with amyloid A renal amyloidosis, Henoch-
Schönlein purpura, IgA nephropathy, and an IgA-dominant
acute glomerulonephritis complicating diabetic nephropathy
(206–208). These findings underscore the importance of renal
biopsy in distinguishing the underlying cause of disease.

Syphilitic Glomerulopathy

Epidemiologic Patterns

Nephrotic syndrome is more common with congenital syphilis
(up to 8% of patients) than in secondary forms (<1%) (206–
208). Since the advent of mass screening and treatment cam-
paigns, these forms of syphilis are now seen less commonly in
developed countries.

Pathologic Features

The most common lesion identified on light microscopy resem-
bles membranous nephropathy (209). In some patients, mild
mesangial and endothelial cell proliferation, associated with
mesangial deposits of IgG and IgM, may also be present (142).
Electron microscopy usually consists of variable thickening
of the basement membrane with subepithelial and occasional
subendothelial dense deposits. Rarely, the histology resembles
lesions associated with APSGN. Treponemal antigen and an-
titreponemal antibody have been identified within glomeruli of
affected patients, which supports their role in the pathogenesis
of nephritis (210).

Clinical Manifestations

Affected children with congenital syphilis usually present at
the ages of 1 to 4 months with edema and hypertension
(209,211,212). Rash and hepatosplenomegaly are common,
and the typical radiologic findings associated with congenital
syphilis are usually present. Adults most often present with
features of the nephrotic syndrome during active secondary
syphilis (212). Rarely, acute glomerulonephritis is the princi-
pal manifestation of renal involvement.

Laboratory Findings

Positive results on serologic testing for syphilis in the appropri-
ate clinical setting, in association with renal histologic findings,
support the diagnosis. Serum complement levels (C3 and C4)
are depressed in congenital syphilis, but they are usually normal
in adults with secondary syphilis and nephropathy (142). Cir-
culating immune complexes are frequently present during the
active stage of syphilitic nephropathy and disappear following
successful treatment.

Treatment

Penicillin is the treatment of choice (142). For congenital
syphilis, aqueous crystalline penicillin G, 50,000 units/kg/day,
is given intravenously in divided doses for 10 days, or peni-
cillin G procaine, 50,000 units/kg/day, is given intramuscularly
for 10 days. For secondary syphilis, penicillin benzathine, 2.4
million units, is given intramuscularly (one dose) or penicillin
G procaine, 600,000 units/day, is given intramuscularly for

8 days. Proteinuria subsides within 6 weeks of successful ther-
apy in most patients.
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CHAPTER 59 ■ VIRAL GLOMERULAR
DISEASES
PAUL L. KIMMEL AND JACK MOORE, JR.

There are few citations regarding renal disease associated
with viral illness in the classic renal texts of the 1970s.
Wilson and Dixon (1) outlined renal diseases associated
with hepatitis B virus (HBV) (polyarteritis nodosa [PAN],
membranous nephropathy [MN], and membranoproliferative
[mesangiocapillary] glomerulonephritis [MPGN]), measles,
oncornavirus, Coxsackie B virus, dengue, mumps, varicella,
and Epstein-Barr virus infections in humans and animals. The
pathogenic link between these viral infections and renal disease,
however, often had not been directly established.

An association between HBV and human renal disease was
noted in the 1970s, shortly after the characterization of the
Australia or hepatitis-associated antigen (HAA) in 1964 (2),
and the later identification of the virus. A serum sickness-
like disease, associated with HBV infection, characterized by
arthritis, proteinuria and hematuria, renal insufficiency, and
hypocomplementemia (3,4), was presumptively identified as an
immune complex-mediated disease. Immune complex mecha-
nisms, immunodeficiency, and the chronicity of viral infections
were thought to be the most important factors in mediating
the pathogenesis of renal disease (5). Lack of proper reagents
to document the presence of viral antigens in renal tissue and
lack of epidemiologic and pathologic screening studies in ap-
propriate populations to link viral infections to glomerular dis-
ease were impediments to establishing direct diagnostic associ-
ations (5). These latter authors (5) posed the question of how
much renal disease was intimately related to the viral infections
themselves and suggested that the host response, in particular
interferon (IFN) production, might exacerbate nephropathy.
Since that time, IFNs have been recognized as not only a com-
ponent of the host response to viral infection but also a possible
treatment for viral illnesses.

In a symposium published in 1990, human renal diseases
were directly linked with HBV, human immunodeficiency virus
(HIV), hantavirus, yellow fever, mumps, and BK papovavirus
infections (6) (Table 59-1). Measles virus and varicella were
indirectly associated with the pathogenesis of human renal dis-
ease (6). Although its contribution to renal interstitial disease
was recognized, the role of cytomegalovirus (CMV) infection
in the pathogenesis of glomerular disease, and in particular
immunoglobulin A (IgA) nephropathy, was unclear (7). Of
note, the virus associated with non-A, non-B hepatitis had not
been isolated; therefore, there were no reports of hepatitis C
virus (HCV)–associated renal disease. By 1990, the pathogenic
mechanisms putatively involved in the development of immune
complex renal disease associated with viral infection had been
elaborated and partially delineated. In his paper on this sub-
ject, Glassock (8) outlined several etiologic possibilities for the
pathogenesis of renal diseases associated with viral illnesses, as
summarized in Table 59-2.

Pathways by which viruses may cause immunologic renal
disease can be broadly classified into circulating and in situ
mechanisms. The former mechanisms may involve circulating
viral antigens, either deposited in the kidney alone or, classi-

cally, bound to antiviral antibodies. Alternatively, circulating
endogenous antigens, induced by viral changes in membrane
proteins, may be shed into the circulation and induce a host
antibody response. Such processes may account for the failure
to detect viral antigens in renal tissue of patients with clinically
diagnosed viral-associated renal diseases.

The role of in situ pathogenic mechanisms of immune
complex-mediated nephropathy, originally outlined in models
of lupus nephritis and MN (9), has been considered for renal
diseases related to viral illnesses. In situ processes may be crit-
ical in the pathogenesis of renal diseases previously thought to
be unassociated with viral infections (10–14). Mechanisms of
nephropathogenesis may include viral gene expression in renal
tissue or viral antigen binding to renal cells, which induces a
secondary host humoral-mediated or cell-mediated immune re-
sponse. These may include the synthesis of new host proteins,
such as cytokines and chemokines (13,15–22) which may ini-
tiate or amplify local immune responses.

In clinical settings, it is often difficult to prove a pathogenic
relationship between the renal disease and the postulated
causative infectious agent in glomerulonephritides associated
with viral illnesses. Clinical criteria to establish causality in-
clude the demonstration of improvement in renal disease si-
multaneously with clearance of the suspected antigen or the
recurrence of glomerulonephritis after antigenic rechallenge or
reinfection with a particular virus. Detection of specific im-
mune complexes in the circulation supports an association, but
to establish a diagnostic causal linkage with glomerulonephri-
tis, viral antigens and host antibodies must be identified in the
mesangium or glomerular capillaries in higher concentration
than in the circulation (8,12,13).

Our expertise as diagnosticians has certainly advanced com-
pared to our relatively limited capability only three decades
ago. Better understanding of the etiology and pathogenesis
of renal disease depends on precise identification of clinical
syndromes and infective agents, improved serologic diagno-
sis (which requires knowledge of viral structure and immune
response), epidemiologic characterization of infected popula-
tions (which is dependent on proper screening studies), and
ultimately, rigorous virologic and molecular analysis of patho-
logic tissue (Table 59-3). Understanding these factors is critical
to permit the development of rational and effective treatments.
Current technology permits us to move beyond the association
of viral illnesses solely with immune complex mechanisms.

The present armamentarium of tools used to address diag-
nostic issues is vast, and includes classic histochemical meth-
ods as well as molecular biologic approaches. Microdissection
and the polymerase chain reaction (PCR) can be used to detect
and amplify viral nucleic acid sequences in tissue (23–25). In
situ hybridization techniques and in situ PCR technology are
used to localize viral sequences in pathologic tissue (26–28),
and the development of transgenic animal models has added
a wealth of information to the study of renal diseases (28–31)
(Table 59-4).
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TA B L E 5 9 - 1

VIRAL INFECTIONS MEDIATING RENAL DISEASE

Hepatitis B virus
Hepatitis C virus
Human immunodeficiency virus
Cytomegalovirus
Hantavirus
BK papovavirus
JC virus
Yellow fever
Mumps
Measles
Varicella
Others

The expression of renal disease associated with viral infec-
tion is likely to be affected by the host response (Table 59-5).
Factors that may modulate expression of renal disease include
the patient’s age, gender, genetic background, and immunologic
responsiveness (including the extent and duration of humoral
as compared to cell-mediated responses). A humoral response
resulting in the development of cryoprecipitable immune reac-
tants, a characteristic of the response to viral infections (32–
36), may have late sequelae that seem unrelated to the original
viral illness. Socioeconomic status and access to care may also
ultimately modify organ responses to viral infections. An im-
portant question to be considered is whether a virus of interest
infects renal cells. The expression of viral proteins or abnormal
host proteins in the kidney may result in the development of
renal disease through various pathways. Viral proteins may en-
gender cell death through necrosis or apoptosis, or may cause
cell dysfunction (13,16,17,37,38–41). Alternatively, such pro-
teins might increase the propensity to develop circulating or in
situ immune-mediated pathogenic mechanisms or might lead
to increased matrix synthesis and/or decreased matrix degra-
dation (13,16,18,19). Selected viral or host proteins could in-

TA B L E 5 9 - 2

PATHOGENESIS OF IMMUNE COMPLEX
NEPHROPATHY IN VIRAL DISEASES

Circulating immune complex disease involving viral antigens
and host antiviral antibody

Circulating immune complex disease involving endogenous
antigens released by viral-induced injury to cells and
host-autoantibody

In situ immune complex disease involving viral antigen
binding to glomerular structures and host antiviral antibody
or cell-mediated immunity

Autoimmune reactions to host glomerular structures induced
by viruses (e.g., induction of self-reactive T or B cells,
release of sequestered antigen, “molecular-mimicry,” or
activation of idiotype–antiidiotype networks involving
“peptidic self”)

Virus induced activation of cytokines and/or cell adhesion
molecules

Direct cytopathogenic effect of virus on glomerular cells

(From: Glassock RJ. Immune complex-induced glomerular injury in
viral diseases: an overview. Kidney Int 1991;40(Suppl 35):S-5, with
permission.)

TA B L E 5 9 - 3

STEPS INVOLVED IN ELUCIDATING PATHOGENIC
MECHANISMS OF VIRAL-INDUCED NEPHROPATHY

1. Identification of clinical syndromes and infective agents
2. Serologic diagnosis—dependent on knowledge of viral

structure and immune response
3. Epidemiologic characterization of infected populations by

proper screening studies
4. Virologic, immunologic, and molecular analysis of

pathologic tissues

duce the synthesis of cytokines, chemokines, growth factors, or
adhesion molecules, which may result in the development or
worsening of nephropathy (11,13,16–22). Finally, some renal
diseases seen in patients with viral infections may be related to
treatment.

Cryoglobulins, which are part of the spectrum of the host
response to viral infection, are immunoglobulins that precipi-
tate in the cold (32–34,36,42–44). Cryoglobulins are classified,
according to Brouet et al. (33), into three types. Type I cryo-
globulinemia is characterized by a monoclonal immunoglobu-
lin, usually IgM, and is usually associated with either myeloma
or Waldenström’s macroglobulinemia. Mixed cryoglobuline-
mia (types II and III) is defined by the presence of cryopre-
cipitable circulating immune complexes of at least two dif-
ferent immunoglobulin classes. One of the immunoglobulins
must be polyclonal. Type II cryoglobulinemia usually consists
of a monoclonal IgM-κ with rheumatoid factor activity, and
a polyclonal IgG. Type III cryoglobulinemia consists of more
than one polyclonal immunoglobulin, of which one, usually
IgM, has rheumatoid factor activity. Both forms of mixed cryo-
globulinemia have been associated with a variety of illnesses
eliciting an immune response (e.g., viral, bacterial, parasitic,
spirochetal, and fungal infections and lymphoproliferative dis-
orders) (32). Until a little more than a decade ago, many cases
were termed “essential” since no underlying cause could be
identified. Since the availability of serologic testing to diagnose
HCV infection, many cases are now thought to be the result of
HCV infection (45–47). The syndrome of mixed cryoglobuline-
mia includes weakness, palpable purpura (a physical finding
suggestive of vasculitis), Raynaud’s phenomenon, leg ulcers,
arthritis, peripheral neuropathy, and liver function test abnor-
malities. Renal disease associated with cryoglobulinemia has
long been recognized (48) and occurs in approximately half the
cases of cryoglobulinemia (49–51). MPGN is the classic expres-
sion of cryoglobulinemia-associated renal disease (52), charac-
terized by glomerular endocapillary proliferation, intraluminal
thrombi, double-contoured thickening of the glomerular base-
ment membrane, small- and medium-sized vessel vasculitis, and
glomerular and interstitial mononuclear cell infiltration.

The pathophysiology of renal disease associated with mixed
cryoglobulinemia remains incompletely delineated, since no
correlation has been found between the quantity of cryoglob-
ulins in serum and the presence and severity of renal disease.
It has been postulated that the renal lesions could result from

TA B L E 5 9 - 4

VIRUS HUNTING IN THE KIDNEY

Microdissection and the polymerase chain reaction (PCR)
In situ hybridization/PCR techniques
Transgenic animal models
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TA B L E 5 9 - 5

INFLAMMATORY VIRAL RENAL DISEASE

Host factors
Age
Gender
Genetic background
Immune status
Socioeconomic status
Access to care

Immunologic factors
Classic immune complex disease
Host antiviral antibody reactive with viral antigens
Host antibody reactive with circulating endogenous

antigens induced by viral changes in host membrane
proteins shed into the circulation

In situ mechanisms of nephropathogenesis
Viral gene expression in renal tissue
Abnormal host protein expression in renal tissue
Viral antigen binding to renal cells with subsequent host

antibody- or cell-mediated immune response
Host chemokine and cytokine expression

the interaction of antibodies either with circulating antigens de-
posited in the kidney or with renal structural antigens. Support
for the latter hypothesis includes the observation that solubi-
lized mixed cryoglobulins from patients with cryoglobulinemia
and renal disease resulted in the development of MPGN when
injected into mice. The IgM monoclonal component of these
cryoglobulins was found to be deposited in glomeruli, suggest-
ing in situ immune complex formation. Subsequently, a candi-
date antigen in kidney tissue was identified as alpha-enolase, a
glycolytic enzyme present on renal tubular cell membranes that
functions to catalyze the dehydration of 2-phosphoglycerate to
phosphoenolpyruvate (53). Subsequent studies will be neces-
sary to elucidate more completely the role of the interaction
between cryoglobulins and structural antigens in the kidney in
the pathophysiology of renal disease associated with cryoglob-
ulinemia.

Current diagnostic and investigative technologies will allow
us to use renal diseases caused by viruses as models to answer
questions about and elucidate pathogenic mechanisms regard-
ing nephropathies associated with viral infections, as well as
disorders not previously linked with viral infections. Such tools
will ultimately allow us to understand the complex and prob-
ably multiple reasons that some viruses are nephropathogenic
while others are not.

HEPATITIS B VIRUS–ASSOCIATED
GLOMERULONEPHRITIS

Glomerular disease resulting from HBV infection has been said
to be the prototype of viral-induced glomerular injury (3).
Much of the information known about injury associated with
HCV infection and human immunodeficiency virus (HIV) in-
fection has resulted directly from the information gleaned from
the study of HBV infection.

HBV infection is one of the most common infectious dis-
orders in the world. It has been estimated that the incidence
of infection is greater than 50 million persons per year and
that the prevalence may exceed 1 billion persons (54). Infec-
tion results in transient and minor illness in most persons, who
become free of virus after a period of several weeks. A mi-
nority of patients develop chronic sequelae of HBV infection,

including chronic hepatitis, cirrhosis, and hepatocellular car-
cinoma. A few patients develop complications related to the
presence of circulating HBV-associated antigens in the circu-
lation and the antibody response(s) that they evoke. The cir-
culating immune complexes give rise to a variety of disorders
reminiscent of those seen with serum sickness, including sev-
eral different forms of glomerulonephritis, as well as a number
of vasculitic disorders. Other patients may develop complica-
tions from the deposition of HBV-associated antigens in tissues,
leading to antibody binding and injury from immune mecha-
nisms. Either circulating or deposited antigens may evoke a
wide array of responses independent of classically defined im-
mune mechanisms. The heterogeneity of responses associated
with HBV infection is not consistent with a simplistic view of
the mechanism of injury. Unfortunately, investigators have fo-
cused largely on descriptive studies. There are few studies that
delineate pathogenesis and even fewer that address the issue of
treatment strategies for HBV-related renal disorders.

The HBV is a DNA virus of the hepadnavirus family, and
infection is restricted to humans and nonhuman primates. It is
depicted schematically in Figure 59-1 (55). The complete virus
is known as the Dane particle, a 42-nm spherical structure
consisting of an envelope of viral-encoded proteins and lipid
components derived from the host. The envelope contains the
hepatitis B surface antigen (HBsAg), against which neutralizing
antibody (HBsAb) is directed. The inner core of the virion con-
tains the hepatitis core antigen (HBcAg), viral DNA, and the
DNA polymerase protein. The virus also produces 22-nm di-
morphic spherical and filamentous particles that are composed
of envelope proteins only. Since these particles do not contain
the HBV genome, they are noninfectious. They are the most
abundant forms of virus particles in the circulation, and are
present in the circulation in concentrations several logs greater
than intact viruses. The genome of HBV is semicircular, par-
tially double-stranded DNA approximately 3,200 base pairs in
length. HBV is classified into seven genotypes (A to G) based
upon differences in the complete nucleotide sequence. The clin-
ical significance of the genotypes is not yet clearly delineated
(56).

FIGURE 59-1. Schematic depiction of hepatitis B virus. The Dane par-
ticle consists of an envelope, inner core, and circular, double-stranded
DNA. Several of the viral proteins may be found in the circulation
of infected patients. Antibodies directed against all the depicted viral
antigens may be found in the patient’s circulation at different stages of
the infection. HBcAg, hepatitis B virus core antigen; HBeAg, hepati-
tis B virus e antigen; HBsAg, hepatitis B virus surface antigen; HBV,
hepatitis B virus; viral DNA, double-stranded HBV DNA.
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Patients infected with HBV express three antigenic proteins
to which antibodies may be formed: HBcA, giving rise to anti-
HBcAg (HBcAb); hepatitis B e antigen (HBeAg), against which
anti-HBeAg is formed (HBeAb); and HBsAg, which evokes
generation of anti-HBsAg (HBsAb). If the patient is immuno-
competent, generation of antigen-specific antibody results in
clearance of the antigen and resolution of infection. Circulating
antibody becomes a marker of previous infection. If infection is
prolonged, so that antigenemia is chronic, immune complexes
may form and be detected in the circulation. The pathogenic-
ity of the immune complexes depends in part on their size and
electrical charge and the physicochemical factors that result in
lattice formation (57).

The molecular biology and immunology of the HBV have
been extensively reviewed (56–59). There are four open read-
ing frames that encode the envelope, core/pre-core, polymerase,
and X proteins. Envelope proteins include the large (L), mid-
dle (M), and small (S) envelope proteins. The M and S en-
velope proteins are found in all forms of viral and subviral
particles. The L envelope protein is found predominantly in
complete virions. Proteins encoded by the core/pre-core read-
ing frames include a precore polypeptide which is posttransla-
tionally modified into a soluble protein, HBeAg. Further trans-
lation produces the core protein (HBcAg). The open reading
frame encoding the polymerase overlaps with the core, enve-
lope, and X reading frames. The polymerase protein consists
of a protein primer, a spacer, a reverse transcriptase/DNA poly-
merase, and an RNAase H domain. The X protein, which is not
essential for viral replication, is a transcriptional transactiva-
tor of many promoters including HBV and cellular oncogenes.
The HBx protein has been implicated in hepatocarcinogenesis.

The HBsAg has a molecular weight of 3.5 to 4.4 million dal-
tons, with its antigenic determinants expressed on peptides that
are considerably smaller (22,000 to 49,000 daltons) (60). The
inner core of HBV contains HBcAg, which consists of multiple
copies of a 22-kd molecular weight protein (p22). HBcAg is not
found in the circulation. HBeAg is a 15-kd protein that can be
released from the core antigen by treatment with proteolytic
enzymes. The HBeAg can circulate in a variety of forms: as a
30-kd dimer bound to albumin or as a hexamer bound to
specific immunoglobulin G (IgG) antibodies (anti-HBeAb).
HBeAg-IgG is a large complex, with a molecular weight of
240,000 to 540,000 daltons and a cationic isoelectric point.
There is substantial evidence implicating the albumin-bound
“small” HBeAg and IgG-associated “large” HBeAg in the
pathogenesis of glomerular disease. The presence of any form
of the HBeAg in the circulation correlates with the presence
of the intact virus in the circulation and is indicative of in-
fectivity. The presence of HBeAb connotes viral clearance and
subsequent immunity.

The prevalence of chronic HBV infection, particularly as
assessed by chronic HBsAg antigenemia, varies widely accord-
ing to geographic area. It varies from 0.1% to 2.0% in low-
prevalence areas (United States and Canada, Western Europe,
Australia and New Zealand), to 3% to 5% in intermediate-
prevalence areas (Mediterranean countries, Japan, Central
Asia, Middle East, and Latin and South America), to 10% to
20% in high-prevalence areas (southeast Asia, China, and sub-
Saharan Africa (54,61).

The etiology of the infection also varies according to the
area of study. In adults, the transmission of infection is often
horizontal and is frequently accompanied by an episode of clin-
ically apparent infection. Since blood transfusions in developed
countries are an increasingly uncommon cause of HBV infec-
tion, infection in adults often results from the communal use
of needles among intravenous drug users or as a sexually trans-
mitted disease. Conversely, HBV infection in children is more
often transmitted in a vertical pattern, passing from mother to
child. It has usually been thought that such children are asymp-

tomatic and have no history of overt hepatitis (62). Bhimma
et al. examined the HBV status and measured proteinuria in
family members and household contacts of index children with
HBV-associated MN. These investigators found that 37% of
the subjects were HBV carriers, and 27% had abnormal pro-
teinuria. The prevalence of proteinuria was much higher than
in community-based control subjects, although it was not de-
pendent upon carriage of HBV (63).

There are several defined renal clinicopathologic disorders
associated with HBV infection, including a number of different
forms of glomerular disease and a variety of serum sickness-
like and vasculitic illnesses. Although these disorders are not
uncommon, they do not occur or are not detected with a fre-
quency commensurate with the prevalence of HBV infection
in the population. Therefore, they probably do not result from
HBV infection alone, but from a combination of the infection
and the immunologic responses of the host.

HBV infection has been thought to result in glomerular dis-
ease through immune complex mechanisms since the early de-
scriptions of HBV-associated renal disease. At least one of these
mechanisms involves deposition of an antigen in renal tissue,
followed by binding of a strategically placed antibody, which
results in complement fixation and immunologic injury. Al-
ternatively, circulating immune complexes composed of HBV
antigens and antibodies may deposit in glomeruli and result in
nephropathy. Current concepts regarding the pathogenesis of
HBV-associated nephropathy, however, are considerably more
complex. While it is clear that HBV results in renal damage
through circulating immune complex mechanisms in certain
instances, there are other pathogenic pathways that remain in-
completely understood. In addition to immune complex de-
position, other potential pathways include a direct cytopathic
effect induced by the virus, viral-induced specific effector mech-
anisms (specific T cell or antibody) which damage the kidney,
or renal injury mediated through viral-induced cytokines or
other mediators (64). While we have long been aware of the
association between HBV infection and renal disease, our un-
derstanding of the pathophysiology of this relationship is still
inadequate.

Several glomerular diseases have been associated with HBV
infection. In most reports, MN has been the most frequent
pathologic lesion encountered in patients with HBV infection
and renal disease. MPGN has been noted less frequently, as
has IgA nephropathy. Two other disorders with renal manifes-
tations are closely associated with HBV: PAN and cryoglobu-
linemia.

Hepatitis B Virus and Membranous
Nephropathy, Membranoproliferative

Glomerulonephritis, and Immunoglobulin
A Nephropathy

MN was the first renal disorder to be associated with HBV.
Combes and co-workers (65) reported a 53-year-old man who
presented with nephrotic syndrome 18 months after receiv-
ing a blood transfusion. Four months after the transfusion, he
developed jaundice, and circulating Australia antigen was de-
tected. Nearly 2 years later, this man was found to have protein-
uria and underwent renal biopsy. The biopsy revealed diffusely
thickened glomerular capillary basement membranes and
mesangial hypercellularity, with ultrastructural changes typical
of MN. The authors demonstrated staining for the Australia
antigen with indirect immunofluorescence using guinea pig
antibody reactive against commercially obtained Australia
antigen and rabbit anti-guinea pig antibody. They concluded
that these findings were highly suggestive that the renal dis-
ease was caused by deposition of Australia antigen-containing
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immune complexes in the kidney, although they were not able
to elute such complexes from renal tissue.

Subsequently Kneiser et al. (66) reported three patients with
chronic HBV infection, each of whom had a different form
of glomerulopathy (i.e., MPGN, focal glomerulosclerosis, and
MN). HBsAg was detected in each patient’s renal tissue by indi-
rect immunofluorescence using rabbit anti-HBsAg and guinea
pig anti-rabbit globulin. The authors emphasized the similar-
ities between the morphologic findings in their patients and
those in the studies of circulating immune complex induction
of glomerulonephritis performed by Oldstone and Dixon (67).
That HBV MN was a circulating immune complex disease was
supported by the studies of Kohler et al. (68), who reported a
42-year-old man with chronic active hepatitis and MN. HB-
sAg was detected by indirect immunofluorescence in glomeru-
lar capillary walls. The patient’s serum contained 10 mg/dL
of cryoprecipitate composed of antibody directed against HB-
sAg as well as the HBsAg. The demonstration of HBsAg in
renal tissue, as well as the detection of circulating immune
complexes containing both antigen and its antibody, was con-
vincing evidence of the pathogenic role of circulating immune
complexes in HBV MN. The concept that circulating immune
complexes, consisting of the HBsAg and its antibody, could lo-
calize in glomeruli and result in disease became a well-accepted
paradigm.

Subsequently, however, Couser and Salant (9) proposed that
immune complexes could be formed in situ, offering a mech-
anism for immune complex injuries that did not require them
to be in the circulation. Simultaneously, the complexity of the
structure of the HBV became more apparent (9). It seemed
obvious that at least some of the components of the HBV, be-
cause of their size or charge, would not be able to traverse
the glomerular capillary basement membrane to localize in the
subepithelial space. It was more likely, and consistent with the
hypothesis of in situ immune complex formation, that an al-
ternative potential mechanism of HBV-associated glomerular
injury was the deposition of HBV-associated antigen in the
glomerular capillary, followed by antibody deposition. A sec-
ond mechanism might involve the formation of new antigens
from renal tissue damaged by HBV. These alternative hypothe-
ses for the pathogenesis of HBV-associated glomerular disease
served to address two areas of concern. First, the subepithe-
lial location of immune deposits thought to be HBV antigens
and accompanying antibodies in renal biopsy material seemed
improbable because the deposits were too large. Second, circu-
lating immune complexes could not be found in the majority
of specimens (69–71).

The clinical manifestations of HBV-associated MN have
been reported in several large, older series (72–75). In most re-
ports, the diagnosis of HBV-associated MN was based on one
or more of the following criteria: persistent HBV-associated
antigenemia, absence of evidence of other causes of glomeru-
lonephritis, and detection of at least one HBV antigen in renal
tissue. The majority of patients reported were seropositive for
at least one HBV-associated antigen, usually HBsAg. Inclusion
of patients without other glomerular diseases was determined
on clinical grounds.

The detection of HBV-associated antigens in renal tis-
sue was more problematic. Many cases reported as HBV-
associated MN did not have any HBV-associated antigen de-
tected in renal tissue, and few investigators reported elution
of immune complexes or HBV antigen-specific antibody from
renal tissue. Thus, the clinical criterion used to define HBV-
associated nephropathies in many early clinical studies was, in
fact, simply the occurrence of renal abnormalities in a patient
with HBV infection. For example, Lai et al. (72) reported 25 pa-
tients with MN from a cohort of 74 patients with HBsAg anti-
genemia and a variety of different forms of glomerulonephri-
tis, of which MN was the most common (35%). All biopsies

revealed the ultrastructural changes typical of MN. The inves-
tigators attempted to detect HBsAg, HBcAg, and HBeAg using
immunoperoxidase techniques with polyclonal monospecific
rabbit antihuman antisera on paraffin sections of renal tissue,
or with indirect immunofluorescence with the same antisera on
frozen sections of renal tissue. They were only able to detect
renal tissue HBcAg in three patients, HBsAg in two patients,
and both renal tissue HBcAg and HBsAg in two patients. Given
the inability of the investigators to detect HBV-associated anti-
gens in renal tissue, this study could be interpreted as simply a
description of patients with HBV-associated antigenemia with
incidental MN. Other studies were similar. Lee and others (74)
reported 87 patients with chronic HBsAg antigenemia who had
glomerular disease. Twenty-nine patients had MPGN, and 18
had MN. These 47 patients were said to have HBV-associated
glomerulonephritis. However, the authors could not detect HB-
sAg in the six biopsy samples tested and did not test for other
HBV-associated antigens.

Moreover, while HBV-associated antigens were absent from
the tissue of many of the HBsAg-positive patients thought
to have HBV-associated renal disease, HBsAg was reported
in glomerular deposits in patients seronegative for HBsAg,
leading to further confusion about the importance that HBV-
associated antigens might play in the pathogenesis of glomeru-
lar injury (75,76).

In virtually all reports in which HBsAg was detected in
renal tissue, it was detected by indirect immunofluorescence.
This technique involved raising antibody to the HBsAg or
other HBV-associated antigens in rabbits and layering the im-
munoglobulin on the renal tissue of interest. Then, anti-rabbit
antibody was used to detect whether binding of the anti-HBV
antibody by renal tissue had occurred. The specificity of stain-
ing in this technique should be confirmed by using anti-rabbit
antisera as a control. However, so few studies of putative HBV
MN had detectable renal tissue HBV-associated antigens deter-
mined by rigorous criteria that Magiore and co-workers (77)
questioned the specificity of staining for HBV-associated anti-
gens in renal tissue. These investigators systematically exam-
ined the problem of antibody specificity and determined that
endogenous immunoglobulin M (IgM) antibody in glomerular
tissue had antiimmunoglobulin activity that resulted in false-
positive staining for HBsAg. They demonstrated improved
specificity with the use of fluoresceinated F(ab′)2 probes pre-
pared from commercial rabbit antisera. They performed stud-
ies that clearly demonstrated that methods that did not use
F(ab′) probes to detect HBV-associated antigens in renal tis-
sue resulted in false-positive staining for these antigens. Thus,
much of the clinical literature, including reports of patient ma-
terial identified as HBV-associated glomerulonephritis, which
had been published prior to the Magiore report, was of limited
heuristic value.

Subsequently, Hiroshi et al. (78) devised a method of de-
tecting HBV antigens in renal tissue that abrogated the prob-
lem of false-positive staining. At the same time, these authors
demonstrated that the principal HBV antigen involved in HBV
MN was the HBeAg, rather than the HBsAg. They immu-
nized BALB/c mice with plasma containing HBeAg and high
titers of HBsAg. Spleen cells were harvested and fused with
mouse myeloma cells. Subsequently, clones yielding anti-HBe
were grown in ascitic mice, and the resultant gamma globu-
lin fraction was precipitated with acid. This monoclonal an-
tibody was digested with pepsin to obtain F(ab′)2 fragments,
which were then conjugated with fluorescein isothiocyanate
and used to stain tissue. These monoclonal antibody fragments
were shown to be quite specific by blocking and inhibition stud-
ies. Immune deposits in the glomeruli of 10 of 16 patients with
MN, seropositive for HBsAg, were positive for HBeAg. None
of the deposits was positive for HBsAg or HBcAg. Moreover, of
the 10 patients with glomerular deposits of HBeAg, nine were
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seropositive for HBeAg, and the one that was not had circulat-
ing anti-HBeAb. These studies confirmed that previous stud-
ies using conventional immunofluorescence were flawed. They
also demonstrated that HBeAg, not HBsAg, was the principal
antigen associated with HBV MN.

HBeAg had previously been found to be a part of the HBV
capsid and to exist in both small and large forms (79). Subse-
quently, its participation in the pathogenesis of HBV-associated
renal disease was reported by Takekoshi et al. (80). These in-
vestigators studied two children seropositive for both HBsAg
and HBeAg who developed nephrotic syndrome, in both of
whom renal biopsy revealed MN. The authors detected two
forms of HBeAg in the serum: a small form, and a larger
form bound to IgG. They also detected HBeAg in the same
pattern as IgG in renal tissue, which did not stain for other
HBV antigens. Through an elegant series of blocking and inhi-
bition studies, the authors ensured the specificity of the detec-
tion of HBeAg. This reemphasized the importance of HBeAg in
the pathogenesis of HBV-associated MN. These investigators
also helped to delineate the relationship between the nature
of the HBV-associated antigen and the propensity to develop
glomerular disease. They noted that the molecular weight of
HBeAg, even if bound to IgG, was substantially less than that of
HBsAg and concluded that HBeAg, because of its size, was far
more likely to localize in the subepithelial space than the very
large HBsAg.

Subsequently, Lai and co-workers (81) studied 21 patients
with adult-onset HBV MN. These patients had persistent
HBsAg antigenemia and proteinuria greater than 1 g/day. The
diagnosis of HBV-associated glomerulonephritis was restricted
to only those patients with glomerular capillary deposition of
a HBV antigen detected by F(ab) monoclonal antibody frag-
ments. None of the patients had a history of hepatitis, although
there was either historical or serologic evidence of HBV infec-
tion in some relative in the majority of their families. There
were 17 males and 4 females, with a mean age of 30 years
(range, 15 to 53 years). Twelve had nephrotic syndrome, 7
had asymptomatic proteinuria, and 2 had chronic renal failure.
The duration of symptoms ranged from 1 to 36 months. Mean
protein excretion was 4.1 g/day (range, 1.0 to 12.5 g/day).
One-fourth of the patients had some impairment of renal
function, while one-third were hypertensive at the time of
presentation. All biopsy specimens revealed electron micro-
scopic subepithelial electron-dense deposits, although virus-
like particles were seen in only one specimen. The investiga-
tors searched for HBV-associated antigens with indirect and
direct immunofluorescence using F(ab′)2 fragments of murine
monoclonal and polyclonal antibodies and immunoperoxidase
techniques. Sixteen of the patients had granular deposits of
HBeAg detected in capillary walls. The other five patients had
an HBV-associated antigen in biopsy tissue, although the speci-
ficity of the polyclonal antibody resulted in some crossreactivity
between HBcAg and HBeAg. Polyclonal antibodies had previ-
ously been shown to be less specific than monoclonal antibodies
when used to detect HBV-associated antigens in kidney tissue
(82). This was the first study to describe patients with HBV-
associated MN in which diagnostic criteria restricted entry to
only those patients with specifically detected HBV-associated
antigen(s) in the appropriate anatomic location in renal
tissue.

Using these more restrictive diagnostic criteria, Lai and
co-workers (83) subsequently reported a large series of pa-
tients with HBV-associated glomerular disease. They studied
100 consecutive patients who presented from 1985 to 1992
with primary glomerulonephritis who were HBsAg seroposi-
tive. Thirty-nine patients had at least one HBV-associated anti-
gen in renal tissue as detected by monoclonal antibodies. Of
these 39, HBsAg was detected in renal tissue in 21, HBcAg in
2, and HBeAg in 27. The glomerular pathologic descriptions

TA B L E 5 9 - 6

HEPATITIS B VIRUS-ASSOCIATED
GLOMERULOPATHIES: TISSUE IMMUNOREACTANT
DIAGNOSES

Tissue immunoreactant Pathology

HBeAg MN; mixed lesions
HBsAg IgA nephropathy; MN; mixed

lesions
HBcAb MN; IgA nephropathya

aTwo patients only.

were heterogeneous and are depicted in Table 59-6. Of the 21
patients with glomerular HBsAg, MPGN with immunofluores-
cent features characteristic of IgA nephropathy was the most
common lesion, with MN a distant second. Several patients
had combination lesions, such as MN and IgA nephropathy,
or MN and MPGN. There were two patients with glomeru-
lar HBcAg: 1 with MN and 1 with IgA nephropathy. Twenty-
seven patients had glomerular HBeAg, of whom 15 had MN,
1 had IgA nephropathy, and 2 had MPGN. The remainder had
combinations of lesions, such as MN–IgA nephropathy and
MN–MPGN.

This study is notable for several reasons. First, it is the
largest description of patients with HBV-associated glomeru-
lonephritis in which the essential diagnostic criterion is detec-
tion of HBV-associated antigens in glomerular tissue by the use
of monoclonal antibodies. Second, it clearly demonstrates that
HBV-associated glomerulonephritis has diverse morphologic
presentations, although three lesions appear to be most com-
mon. They include MN, MPGN, and IgA nephropathy. The
previously widely accepted concept that most HBV-associated
glomerulonephritis is MN has been changed because it is now
clear that HBsAg is most commonly associated with mesangial
proliferative lesions, while HBeAg is most commonly detected
in cases of MN. Third, the study underscores the relative in-
frequency with which the HBcAg is associated with glomeru-
lopathy. Finally, the study demonstrates that combination le-
sions, such as MN–IgA nephropathy or MN–MPGN, are not
uncommon.

Lai and co-workers extended these observations using
molecular biologic techniques to corroborate their findings
with monoclonal antibodies. They used in situ hybridization
and PCR techniques to probe for HBV DNA and RNA in re-
nal biopsy tissue from 40 chronic HBV carriers with a variety
of morphologic presentations, including MN, MPGN, and IgA
nephropathy. They found HBV DNA to be located mainly in
the cytoplasm of proximal tubular cells rather than glomeruli.
HBcAg RNA was found in the nuclei and cytoplasm of both
glomerular and tubular cells in 56%, 20%, and 36% of renal
biopsies showing MN, MPGN, and IgA nephropathy, respec-
tively. These findings, in which viral transcripts were found in
renal cells, support even more strongly an etiologic role for
HBV in the pathogenesis of renal disease (84). Similar data
were provided by He et al. in a study of children (85).

The availability and use of monoclonal antibodies and
molecular techniques to detect HBV-associated antigens in re-
nal tissue has allowed investigators to be more confident that
the glomerulonephritis seen in patients with HBV is really
HBV-associated glomerulonephritis. Moreover, it has allowed
investigators to define clinical populations more precisely. This
led to the ability to observe not only the natural history of HBV-
associated glomerulonephritis but also, in certain instances, pa-
tients’ responses to therapy. Multiple studies in the era before
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precise definition of HBV-associated glomerulonephritis was
possible suggested that the nephrotic syndrome usually remit-
ted in 30% to 60% of patients, while the remainder had a more
indolent course. Lai and co-workers (72) had previously noted
that, in a study of 69 patients with HBV-associated glomeru-
lar disease, 14% had progressive renal failure, although none
reached end-stage renal disease (ESRD).

In one large clinical study with follow-up that defined pa-
tients with HBV MN more precisely, Lin (86) studied 34 chil-
dren (25 boys, 9 girls) with HBV-associated MN, in whom
F(ab′) fragments of monoclonal antibodies were used to de-
tect HBeAg in the glomeruli from 30 (88%). All but 4 children
had nephrotic syndrome, and all were seropositive for HBsAg;
all but 2 were seropositive for HBeAg. Many patients were
hypocomplementemic during the first 6 months of their re-
nal illness, although serum complement concentrations became
normal in most after several months, independent of whether
the renal disease remitted. Serum levels of circulating IgM and
HBsAg immune complexes were elevated initially but returned
to values not different from those of seropositive controls with-
out renal disease on remission of proteinuria. Four patients pro-
gressed morphologically, with the MN lesion having changed
from stage I or II to stage III. One child had impaired renal
function. Ito and others (87), in an earlier report in which serial
renal biopsies of 6 children with HBeAg-associated MN were
described, noted regression of the pathologic features of MN
and regression of proteinuria in 2 patients who seroconverted
from HBeAg-positive to HBeAb-positive. Second biopsies con-
firmed the absence of HBeAg in patients in whose kidney it
had previously been detected, as well as resolution of deposits
in glomerular basement membranes. The suggestion that sero-
conversion from antigen positivity could result in resolution
of glomerular disease had previously been made by Knecht
and Chisari (88), who reported a patient who was seroposi-
tive for HBsAg and had HBV-associated MPGN. The patient’s
nephrotic syndrome resolved in conjunction with loss of HB-
sAg seropositivity.

There are no large-scale follow-up studies in adults in whom
HBV MN has been properly defined. At present it appears that
HBV-associated renal disease has a varied natural history, al-
though so few precisely defined patients have been longitudi-
nally studied that generalizations about natural history are of
limited value. Progression to ESRD does, however, appear to
be uncommon, at least as is reflected in the literature. Serocon-
version from HBV antigen positivity may be associated with a
more favorable renal prognosis, although there are limited data
to support a more definitive statement about seroconversion.

Treatment

The treatment of HBV MN has been the subject of largely anec-
dotal reports because there are virtually no adequately designed
prospective controlled trials. In parallel with the enthusiasm af-
forded corticosteroids (CS) in the treatment of idiopathic MN,
some patients with HBV infection have been treated with CS
in attempts to induce remission of their renal disease, usually
the nephrotic syndrome. In the previously mentioned study by
Lin (86), 32 patients were treated with CS. One had an early
response, while 11 had persistent nephrotic syndrome. Thir-
teen patients responded but had frequent relapses. Four pa-
tients sustained complete remission months after completion
of the CS regimen, without clearing HBsAg or HBeAg from the
circulation.

Following this study, Lin (89) extended his observations in
this same cohort and demonstrated that treatment with CS
might be harmful. He harvested macrophages, B cells, and
T cells from some of these patients and performed Southern
blot hybridization using EcoRI digestion of an HBV-plasmid

clone, pTWL1 (90). In one patient who had not received CS,
HBV DNA was found in macrophages, T cells, and B cells. Six
months later, the HBV DNA was no longer detectable. In a pa-
tient who had received CS, cellular HBV DNA was detectable
3 years later. Moreover, dexamethasone was able to stimulate
production of both HBsAg and HBeAg from peripheral blood
mononuclear cells. Lai et al. (91) had observed a similar effect
of CS therapy to enhance viral replication in a study of eight pa-
tients with HBV-associated MN. HBV DNA was determined
in serum by dot blot hybridization using an oligonucleotide
probe (92). Five of the six patients treated with CS and studied
by this technique had an increase in serum HBV DNA, which
decreased when CS therapy was discontinued. No favorable
effect of CS was noted on any renal parameter when compared
to control patients treated with diuretics alone.

The unsatisfactory results of treatment with CS prompted a
search for more effective regimens. Scullard et al. (93) reported
the disappearance of HBcAg, HBeAg, and HBsAg from the sera
and livers of patients treated with IFN and the antiviral agent
adenine arabinoside. This prompted a few reports of treatment
of patients with HBV-associated glomerular disease with IFN.
Garcia and co-workers (94) treated two patients, one adult and
one child, both of whom had MN associated with seropositiv-
ity for HBsAg, with leukocyte IFN. The adult was treated for
4 weeks, with a rapid fall in DNA polymerase activity, loss
of HBsAg and HBeAg, development of HBeAb, and resolu-
tion of nephrotic syndrome. However, despite the continued
absence of HBV antigens, the adult patient’s nephrotic syn-
drome recrudesced 7 months after the IFN was stopped. The
child had a relapsing course, accompanied by a fall in DNA
polymerase activity but no change in his HBV antigen status.
After several courses of IFN, the child’s nephrotic syndrome
remitted, although he remained seropositive. This experience
prompted Lisker-Melman and co-workers (95) to prospectively
administer recombinant human IFN to five patients seroposi-
tive for HBsAg, HBeAg, HBV DNA, and DNA polymerase who
had MN (four patients) or MPGN (one patient). Patients were
treated with 5 million units of IFN subcutaneously daily for
4 months. Serum levels of HBV DNA and DNA polymerase
activity decreased in all five patients, and four became nega-
tive for both these markers as well as for HBeAg; three of the
four became seropositive for HBeAb. Urine protein levels fell
from a mean of 7.9 g/day to 2.5, 2.8, and 1.0 g/day 4, 8, and
12 months after therapy, respectively. Unfortunately, side ef-
fects, although transient, were extremely common.

Jonas et al. (96) reported their experience with a 7-year-
old child who they treated with IFN. Although the girl had
resolution of her nephrotic syndrome, she had seroconverted
from HBeAg to HBeAb a short time before receiving the IFN.
Therefore, the response may have been unrelated to the treat-
ment. Esteban and co-workers (97) treated a 9-year-old boy
with HBV MN with adenine arabinoside for 6 weeks. This was
associated with a prompt fall in urinary protein excretion, con-
version of HBeAg to HBeAb, and disappearance of HBV DNA
from serum. The patient was entirely well after 11 months of
follow-up.

Lin (98) reported his experience with the treatment of HBV-
associated MN in children with recombinant IFN. In this
prospective, controlled, open-labeled trial, 40 children who
had HBV-associated MN diagnosed by strict criteria were ran-
domly assigned to receive either subcutaneous recombinant
IFN or supportive therapy alone. All patients had undergone a
2-month trial of CS and had not responded and all had heavy
proteinuria. All patients had normal serum creatinine concen-
trations, and none was hypertensive. Group 1 patients received
5 million units of IFN subcutaneously three times weekly for
1 year. Group 2 patients received only supportive therapy. The
mean age of the patients was 6.2 and 6.8 years, and the mean
protein excretion was 4.1 and 4.0 g/24 hours in groups 1 and 2,
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respectively. All patients were seropositive for both HBeAg and
HBsAg at the start of the trial.

Two months after IFN therapy was begun, heavy protein-
uria disappeared in 16 of 20 (80%) patients in group 1, while
4 patients (20%) had only light proteinuria. By the end of the
third month, all 20 patients in this treatment group were free
of proteinuria. At both 1 and 2 years after the start of the
trial, no patients had relapsed with proteinuria. Conversely,
after 2 months of supportive therapy, 12 of 20 (60%) patients
in group 2 continued to have heavy proteinuria, while 8 of
20 (40%) continued to have light proteinuria, which increased
during upper respiratory infections. By the end of the third
month, 50% of the patients continued with heavy proteinuria,
and 50% had light proteinuria, which increased concomitant
with respiratory infections. By the end of the first year of the
trial, 6 of 20 (30%) patients in group 2 persisted with heavy
proteinuria, 12 of 20 (60%) had light proteinuria with frequent
relapses, while only 2 of 20 (10%) were free of proteinuria. By
the end of the second year, 3 of 20 (15%) and 10 of 20 (50%)
patients in group 2 had heavy and periodically relapsing light
proteinuria, respectively. Only 7 of 20 (35%) patients were free
of proteinuria.

Even more striking was the effect of treatment with IFN
on the rate of HBV-associated antigen seroconversion. After
2 years, 11 of 20 patients in group 1 had HBeAg and HBsAg
seroconversion. Five of 20 were HBeAb-positive, while 4 of
20 persisted with both HBsAg and HBeAg. Conversely, in the
group 2 patients, all patients remained seropositive for both
HBsAg and HBeAg after 2 years. No patient in either group
developed renal dysfunction over the time course of the study.

The side effects of IFN were significant. All patients de-
veloped flulike symptoms and fever. Fever generally remitted
after 3 weeks of therapy. There was no leukopenia. Late side
effects included anxiety, depression, and suicidal ideation, the
latter two symptoms affecting nearly 20% of the patients. All
adverse psychiatric effects disappeared with reduction in the
dose of IFN. No hematologic, infectious, or autoimmune com-
plications were noted.

Lin (98) interpreted these results cautiously and suggested
that children with HBV-associated MN with heavy protein-
uria persistent for more than 2 months should be considered
for therapy with IFN. Not only did such therapy appear to ex-
ert an extremely salutary effect on the duration of proteinuria,
but it also was associated with a significant rate of serocon-
version from HBV-associated antigenemia. It is possible that
proteinuria would eventually resolve in untreated patients, as
that trend was apparent in the untreated group. Nonetheless,
the persistence of HBV-associated antigenemia in this group
for at least 2 years may represent a marker of impaired im-
munoregulation and may be a risk factor for progressive renal
dysfunction.

Information about treating adults with HBV infection and
renal disease with IFN is more limited. Conjeevaram et al. (99)
reported the results of a 4-month trial of IFN in 15 patients
with HBV MN and MPGN. Eight patients had a long-term
serologic response, with loss of HBeAg and HBV DNA. Seven
of the eight responding patients showed gradual but marked
improvement in proteinuria. The seven nonresponding patients
had continued evidence of active liver and renal disease. Chung
et al. (100) reported the results of therapy with IFN in eight
adults with a variety of different forms of HBV-associated GN.
One of the eight was only treated for 2 months because of
side effects. The response of serologic markers of HBV infec-
tion to IFN was variable, while proteinuria diminished in only
two patients. The results of these two relatively small cohorts
of patients suggested that prolonged IFN therapy represented
a promising, albeit not entirely proven, therapeutic option for
patients with HBV-associated MN. Its cost, however, given the
dose and length of treatment that appear to be necessary, may

be prohibitive. Side effects and risks associated with such ther-
apy may exceed its benefits.

Recently there have been reports about the use of the agent
lamivudine in the treatment of HBV-associated MN. Lamivu-
dine is a cytosine analog which, after triphosphorylation, is in-
corporated into the viral DNA by hepatitis B virus polymerase,
resulting in DNA chain termination. Connor et al. reported on
a six-year-old male with HBV-associated MN with nephritic
syndrome who was treated with oral lamivudine. After two
months of treatment, his nephritic syndrome had resolved, and
all immunologic markers of HBV infection had disappeared.
He was treated for a total of 12 months, and after nearly a
year of observation, remained completely well (101). Filler
et al. reported a 15-year-old Vietnamese female with HBV-
associated MN who received lamivudine for a total of slightly
over 13 months. After two months of treatment, the nephrotic
syndrome and markers of viral infection disappeared, but ul-
timately she sustained a relapse of both her MN and evidence
of active viral infection (102). Although such reports are pre-
liminary, it is intriguing that the toxicity of lamivudine appears
to be remarkably less than that of INF. The oral agent is rel-
atively well tolerated, and undoubtedly will be incorporated
into future clinical trials, Moreover, a number of other promis-
ing new antiviral agents, including adefovir, dipivoxil, emtric-
itabine (FTC), entecavir, beta-L-thymidine, and clevudine are
being evaluated in clinical trials of treatment of chronic HBV
infection. To our knowledge, none of these agents has yet been
tested in a trial of patients with HBV-associated MN.

At present the appropriate therapy for patients with HBV
MN, particularly in adults, remains unknown. CS generally
should not be used because they promote viral replication. Clin-
ical experience with the use of antiviral agents in conjunction
with IFN is so limited that firm recommendations regarding
the use of these agents in HBV-associated glomerular diseases
are not possible. At present, there are still no data from well-
designed, controlled trials regarding the use of newer antiviral
or immunosuppressant therapies in patients with renal disease
associated with HBV infection. There continues to be a need
for properly designed, long-term, prospective trials of patients
adequately stratified for clinical, immunologic, virologic, and
histologic variables to determine whether antiviral agents in
conjunction with immunomodulators are efficacious in these
disorders.

Another issue that needs to be examined is the true inci-
dence and prevalence of HBV-associated glomerular disease.
Multiple studies have been performed in the Far East, an area
in which HBV infection is endemic, with a carrier rate in the
general population of nearly 15%. There are no data of which
we are aware regarding the incidence and prevalence of HBV-
associated renal disease in areas of the world where HBV in-
fection is not endemic. Properly designed epidemiologic studies
would permit assessment of the scope of the problem and as-
sist in the development of well-designed natural history and
intervention trials.

We must also determine whether the use of molecular bi-
ologic tools such as in situ DNA hybridization and PCR will
actually improve our ability to understand the pathophysiol-
ogy of HBV-associated renal disease. For example, Lin (103)
studied 14 children with biopsy-proven HBV MN, diagnosed
according to strict criteria, of whom eight had follow-up biop-
sies. He used in situ DNA hybridization and determined that
seven of eight patients demonstrated HBV DNA in glomeru-
lar and tubular cells within 6 months of onset of disease. In
contrast, only three of 14 patients had HBV DNA in tubu-
lar epithelia, and none in glomeruli, when samples were taken
more than 6 months after the onset of the illness. Finally, he
found that patients with progressive disease continued to have
detectable HBV DNA in the kidney, while those with nonpro-
gressive disease no longer had detectable HBV DNA.
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PCR technology allows detection of attamole quantities of
nucleic acid in renal tissue and has been used to advance hy-
potheses about the progression of renal disease (104). Clearly,
further advances in our understanding of HBV-associated
glomerular disease will require innovative thought to generate
hypotheses that are testable using the techniques of molecular
biology.

Finally, it may be essential to examine more carefully the
role of preventive strategies that may be capable of reducing
not only the rate of infection with HBV, but also the incidence
of HBV-associated MN. Lee et al demonstrated that mass im-
munization against HBV reduced the HBV carriage rate in chil-
dren from about 10% to 0.9% (105). Sun et al. (106) reported
that the incidence rate of HBV-associated MN was remarkably
reduced in children after mass immunization against HBV was
begun in China in 1992. In their retrospective study, the in-
vestigators found only 6 cases of HBV-associated MN in 231
vaccinated children (2.6%), compared to 40 cases in 381 un-
vaccinated children (10.5%). Unfortunately, vaccination did
not eradicate the occurrence of HBV-MN in some children,
who had serologic evidence of either incomplete vaccination
or vaccine failure. Finally, government health officials in Dur-
ban, South Africa reported that vaccination against HBV re-
duced incidence rates of HBV-associated MN in children from
0.33 per 105population to 0.03 per 105 population within a
decade (107). These data, obtained from areas endemic for
HBV infection, underscore the possibility that wide spread im-
munization policies may represent a real opportunity to reduce
the rate of HBV infection and its associated diseases.

HEPATITIS B VIRUS AND
POLYARTERITIS NODOSA

Classic PAN is a form of vasculitis in which small- to medium-
sized vessels are affected (50). A similar form of vasculitis can
affect smaller vessels, including arterioles and capillaries, in
which case the term microscopic polyangitis is used (108). PAN
is a classic multisystem disease that affects a number of differ-
ent organ systems. In its untreated state, PAN carries a high
mortality. Fortunately, CS and cyclophosphamide have been
shown to be effective, and complete remission is common in
patients in whom the disorder is diagnosed early. The diagnosis
of PAN is made using 10 objective criteria, one of which in-
cludes a tissue diagnosis (50,108–110). These criteria are listed
in Table 59-7.

TA B L E 5 9 - 7

CRITERIA FOR THE DIAGNOSIS OF POLYARTERITIS
NODOSAa

Livedo reticularis
Testicular pain and/or tenderness
Myalgias or muscle weakness
Mono- or polyneuropathy
Diastolic blood pressure >90 mm Hg
Elevated blood urea nitrogen and/or creatinine
Hepatitis B virus in sera (antigen or antibody)
Arteriographic abnormality

Biopsy of small or medium artery with polymorphonuclear
neutrophil leukocytes

aThree of 10 criteria should be present for diagnosis.
(Modified from: Conn DL. Polyarteritis. In: Klippel JH, Dieppe PA,
eds. Rheumatology. St. Louis: Mosby, 1994, with permission.)

Although the pathogenesis of PAN remains unclear, a small
proportion of cases appear to be causally linked to HBV in-
fection. The mechanism that is best supported in the liter-
ature is one in which disease results from circulating im-
mune complexes that contain an HBV-associated antigen and
complement-activating immunoglobulin. These immune com-
plexes deposit in vascular tissue and result in destructive in-
flammation. It is not yet clear why certain vessels appear to
be affected more than others, nor why only a minority of pa-
tients with circulating immune complexes develop injury. The
paradigm of the pathogenic role of HBV-associated immune
complexes in PAN is that of serum sickness, in which there is
sustained, usually foreign, antigenemia, which evokes host an-
tibody formation. Subsequently, circulating immune complexes
form, deposit in target tissues, and activate the complement cas-
cade. There are substantial data to support this paradigm, both
in laboratory animals (111), as well as in humans. Lawley and
co-workers (112) reported their experience with 12 patients
who had received prolonged courses of intravenous horse an-
tithymocyte globulin for bone marrow failure. Eleven patients
developed circulating immune complexes concomitant with the
development of clinical signs and symptoms of serum sickness,
although no mention was made of renal abnormalities. Both
C4 and C3 levels fell precipitously as immune complexes ap-
peared in sera. Biopsy of skin lesions in five patients revealed
immune deposits in the blood vessels of three patients.

The circulating immune complex mechanism has tradition-
ally been proposed to explain the relationship between HBV
infection and PAN. The first association between hepatitis and
vasculitis was noted by Paull (113), who reported four army of-
ficers who developed hepatitis and fatal vasculitis after yellow
fever immunization. The link between HBV infection and PAN
was first suggested by Gocke and others (114), who detected
immune complexes by immunofluorescence in inflamed vessel
walls in a patient with vasculitis. The immune complexes were
shown to consist of the Australia antigen, IgG, and C3. This
finding was taken as evidence that Australia antigen-containing
immune complexes could be pathogenic.

Subsequently, Alpert et al. (115) reported 18 patients with
acute viral hepatitis who had arthritis, arthralgias, or urticaria.
None, however, had renal disease. Nine patients were exten-
sively evaluated and found to have depressed concentrations of
both total hemolytic complement (CH50) and C4. Serum com-
plement concentrations were lowest when hepatitis-associated
antigen titers were at a maximum level. Moreover, joint and
skin symptoms correlated with depressed levels of complement.
Wands et al. (116) later extended the observations of this group
of investigators and found that the circulating immune com-
plexes in cryoprecipitates from six patients with arthritis and
acute viral hepatitis contained HBsAg, IgG, and IgM. The IgG
subtypes were complement fixing. HBsAg and anti-HBs were
concentrated several fold higher in the cryoprecipitates than
in serum. The immune complexes were able to activate com-
plement in patients with active arthritis, whereas cryoprecip-
itates from patients with uncomplicated acute hepatitis were
unable to activate complement. These investigators concluded
that the presence of complement-activating immune complexes
were pathogenic in the arthritis of HBV infection.

Trepo et al. (117) investigated the circulating immune com-
plexes found in the sera of 55 patients with histologically
proven PAN, of whom 23 had active disease. Few clinical de-
tails were reported, nor was there information about renal
involvement. They found HBsAg seropositivity in 30 of
55 patients (54.5%) and HBsAb in 13 of 45 (28%). Five of
45 patients (11%) had both. The Trepo group detected a va-
riety of different particles, including the 42-nm Dane particle
and 20-nm spherical and filamentous particles associated with
HBsAg, in HBsAg-positive sera by electron microscopic exam-
ination. No particles were detected in sera containing HBsAb.
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These investigators demonstrated the presence of coexistent
HBsAg and HBsAb in the sera of 4 of 23 (17.3%) patients
with active vasculitis and could not demonstrate such find-
ings in patients with quiescent vasculitis or liver disease alone.
They were concerned that they could not demonstrate HB-
sAg/HBsAb immune complexes in a higher proportion of cases
of active vasculitis and speculated that their immune complex
detection methods were not sufficiently sensitive.

The concept that immune complexes were pathogenic in
PAN was supported by the work of Michalak (118), who re-
ported an autopsy series of seven cases of PAN in HBsAg-
seropositive subjects. Six of the seven had glomerulonephritis,
although no clinical details were given. Michalak was able to
detect HBsAg, IgG, and C1q in vascular lesions and, on elution
of these complexes from vascular tissue, found that the com-
plexes contained HBsAg and immunoglobulin fragments when
they were dissociated with sodium thiocyanate and ammonium
sulfate. He also noted that the amount of HBsAg immune com-
plexes was largest in the vascular lesions with the greatest de-
gree of acute inflammation and absent from healed vascular
lesions. He interpreted these findings as supporting a role for
HBsAg-containing immune complexes in the pathogenesis of
PAN.

Gupta and Kohler (119) investigated the nature of circu-
lating immune complexes in sera obtained from five patients
with arteritis and three patients with venulitis, all of whom
were thought to have vasculitis associated with HBV infec-
tion (119). Using a variety of techniques to dissociate the im-
mune complexes, they determined that the immune complexes
in both cohorts of patients contained several different antigen
moieties of HBsAg, ranging in molecular weight from 23 to
97 kd. The antigen components in the immune complexes were
identical in all patients; however, the antibody composition of
the complexes differed among patients. This led the authors
to conclude that while the antigenic components in different
patients with HBV-associated PAN were the same, individual
patients’ antibody responses were different and might deter-
mine the degree of injury to vessel walls and expression of
disease.

In 1976 Sergent and co-workers (120) reported nine pa-
tients with systemic vasculitis and HBsAg antigenemia. The
patients ranged from 26 to 63 years of age; all were white.
All were seropositive for HBsAg, including three patients who
were thought to have been infected through blood transfusions
and three through venereal transmission. In all cases, the vas-
culitis followed either exposure to the hepatitis virus or overt
hepatitis. No test was performed to determine whether any pa-
tient had circulating immune complexes, although in the two
patients in whom complement concentrations were measured,
the complement was depressed in one. Although this report
is rich in clinical detail, it is of limited use in advancing our
understanding of the causal relationship, if any, between HBV
infection and PAN.

Adu and others (121) reported a large series of patients with
polyarteritis in the first study to provide detailed information
about renal involvement in a large cohort. The majority of
the 43 patients studied, however, had microscopic polyangiitis
rather than classic PAN. No information about HBV status
was provided.

McMahon et al. (122) provided compelling evidence of the
strong relationship between HBV infection and PAN in their
report of 13 patients with PAN and HBV infection. All patients
were Yupik Eskimos from an area of Alaska hyperendemic for
HBV infection. All patients were seropositive for both HBsAg
and HBeAg at diagnosis, and in eight patients clinical and/or
serologic evidence indicated that the PAN had followed recent
HBV infection. In the 10 patients in whom components of the
complement system were measured, 4 had depressed levels of
C3 or C4, while such levels were normal in the remaining 6.

Our understanding of the pathogenesis of certain forms of
systemic vasculitis, including Wegener’s granulomatosis, PAN,
and the form of rapidly progressive glomerulonephritis known
as pauci-immune glomerulonephritis, has increased with the
discovery of antineutrophil cytoplasmic antibodies (ANCA)
(50,123). There are two forms of ANCA, both of which
can be detected by indirect immunofluorescence of polymor-
phonuclear leukocytes fixed in absolute alcohol, as well as
by enzyme-linked immunosorbent assay (ELISA). Cytoplasmic
ANCA (c-ANCA) is directed against proteinase 3, a constituent
of primary granules. Perinuclear ANCA (p-ANCA) is directed
against myeloperoxidase. The spectrum of renal disorders as-
sociated with ANCA has been extensively reviewed (50,124).
There was little information as to whether ANCA participated
in the pathogenesis of HBV-associated PAN (125,126) until the
studies of Guillevin et al. (127), who studied 28 patients with
HBV-associated PAN, in whom they tested sera for the presence
of ANCA. Sera from 11 men and women with biopsy-proven,
active PAN, all of whom had either HBsAg or HBeAg in sera or
tissue, were tested for ANCA by indirect immunofluorescence
and ELISA. Three of 28 (10.7%) were positive for ANCA by
immunofluorescence, while 2 of 18 (11.1%) were positive by
ELISA; these latter 2 were determined to have ANCA directed
against myeloperoxidase. The authors concluded that ANCA
is uncommon in HBV-associated PAN.

There are very few reports of treatment of HBV-associated
PAN (128,129). While CS and cyclophosphamide have long
been considered the most effective form of therapy for idio-
pathic PAN, the use of CS in HBV-associated PAN has been
considered ill-advised because of the known deleterious effect
of CS on the ability to resolve HBV infection. There is an
absence of well-designed and powered randomized controlled
therapeutic trials.

Nonetheless, a prospective study using sequential therapy
with CS, the antiviral agent vidarabine, and plasma exchange
shows promising results. Guillevin (130) chose to use CS to
control severe life-threatening aspects of PAN, followed by vi-
darabine to induce HBeAg/HBeAb seroconversion, with con-
comitant plasma exchange to remove immune complexes. He
initially studied 33 patients with HBV-associated PAN, all of
whom had histopathologic or arteriographic evidence of ac-
tive vasculitis, were seropositive for HBsAg and HBeAg, had
no detectable HBV-associated antibodies, and had evidence of
active replication of HBV as measured by HBV DNA or DNA
polymerase activity in sera. Seventeen men and 16 women with
a mean age of 50.9 ± 17.5 years were studied. Two patients
had glomerulonephritis, and six had renal insufficiency. Seven
patients had renal artery microaneurysms, and nine had renal
infarction detected angiographically. No renal biopsies were
performed. Remission was defined as stabilization or improve-
ment of clinical symptoms and normalization of laboratory
abnormalities while on therapy. Control of disease was defined
as improvement in the patient’s overall condition, absence of
new or improvement of existing symptoms, and normalization
of the erythrocyte sedimentation rate. Complete recovery was
considered to have occurred when the criteria defined for con-
trol of disease were met and maintained for at least 18 months
after discontinuation of all treatment. Clearance of HBV anti-
genemia was not a treatment-dependent outcome.

On entry into the study, all patients were initially treated
with 1 mg per kg per day of prednisone for 1 week; pred-
nisone was rapidly withdrawn over the second week. Imme-
diately thereafter, vidarabine was administered by continuous
intravenous infusion at a dosage of 15 mg per kg per day for
the first week and 7.5 mg/kg/day for the next 2 weeks. Plasma
exchange was initiated at entry into the study and was per-
formed three times each week for the first 2 weeks, followed
by 14 exchanges over the ensuing 3 weeks, while the patients
continued therapy with vidarabine. Following completion of
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vidarabine therapy, plasma exchanges were performed three
times weekly for 3 weeks and then twice weekly for 2 weeks.
Exchanges could then be performed once or twice weekly there-
after, depending on the clinical situation. IFN, given at a dose
of 3 million units thrice weekly, could be administered to those
patients who did not develop HBeAb or who could not tolerate
vidarabine.

No side effects of CS therapy were noted. Three patients
developed transient thrombocytopenia during vidarabine ther-
apy. IFN was given to four patients. The mean number of
plasma exchanges performed was 23 (range, 6 to 34). No seri-
ous complications of therapy were noted.

Six months after entry into the study, 26 patients (78%)
were controlled, while 4 (12.1%) and 3 (9.1%) were either
uncontrolled or dead, respectively. After 5 years of observa-
tion, 1 patient remained in remission, while 24 (72.7%) had
made a complete recovery. Eight patients (24.2%) had died.
Only 1 patient died of renal causes. Seroconversion to HBsAb
and HBeAb occurred in 15 (45.4%) and 6 patients (18.1%),
respectively. Most patients who seroconverted did so after the
first several months following the end of therapy.

Subsequently, Guillevin et al. (131) reported the results of
their nonrandomized prospective trial of IFN and plasma ex-
change in HBV-associated PAN. Their cumulative clinical ex-
perience included 41 patients, many of whom were included in
the earlier study (130). Thirty-five patients were treated with vi-
darabine, while six were treated with INF. All patients received
plasma exchange therapy. More than half of the patients no
longer expressed serologic evidence of HBV replication after
therapy. Thirty-three of 41 patients (80.5%) were considered
cured, while 8 patients died during the study period. None of
these deaths were attributed to the treatment protocol. Only
one-third of the patients had clinical renal disease, and few
details are available to permit determination of the effect of
treatment on renal parameters.

Case reports have also documented a salutary effect of treat-
ment of vasculitis associated with HBV infection with lamivu-
dine, but details regarding renal parameters are incomplete
(132–136). Guillevin and his colleagues reported on the use
of lamivudine combined with short-course CS and plasma
exchange in the treatment of HBV-associated PAN (137).
In a multicenter, prospective, observational trial, 10 patients
(8 men, 2 women) with previously untreated HBV-related PAN
were treated with prednisone (1 mg/kg/day) for 1 week, which
was then tapered and withdrawn within 1 week. Then, lamivu-
dine (100 mg/day) was started for a maximum of 6 months.
Plasma exchanges were performed on a tapering schedule un-
til HBeAg to HBeAb seroconversion was obtained or until
2–3 months of clinical recovery was sustained. The pri-
mary trial endpoint was clinical recovery from HBV-PAN at
6 months. The secondary end point was loss of detectable
serum HBeAg and HBV DNA, and HBeAg to HBeAb sero-
conversion at 9 months. One death, from catheter–related sep-
sis, occurred. By six months, all nine survivors had achieved
clinical recovery and by nine months, six of nine had se-
roconverted. The investigators concluded that a strategy of
short-term steroid therapy followed by lamivudine and plasma
exchanges not only led to recovery from HBV-PAN, but also
because of its oral administration and good safety profile,
lamivudine should be considered the antiviral agent of choice to
treat HBV-related PAN. Unfortunately, as in previous reports,
few details are available regarding kidney disease in these pa-
tients, and it is difficult to assess the effects of the treatment on
kidney outcomes (137).

Nonetheless, the results of these studies are quite encourag-
ing and offer promise that more effective and less complicated
therapeutic regimens for HBV-associated PAN may be devel-
oped. The response of patients to plasma exchange certainly
suggests that circulating immune complexes are involved in

the pathogenesis of the disease. Often, however, whether im-
mune complexes were measured is not reported. Moreover, the
response to plasma exchange should not be used as conclu-
sive evidence that immune complexes are the sole mechanism
underlying the pathogenesis of the disease (138,139). Plasma
exchange may exert salutary effects on disease through a va-
riety of mechanisms in addition to removing complexes from
sera. For example, the effects, if any, of plasma exchange on im-
munomodulators such as cytokines have not been extensively
evaluated.

Therefore, although there is an extensive literature that re-
lates PAN to HBV infection, our understanding of this disor-
der remains rather limited. The same sophisticated diagnostic
maneuvers that are being used in other forms of renal disease
associated with viral infections should be applied to a cohort of
patients with this disorder. The field requires implementation
of well-designed and powered randomized controlled thera-
peutic trials of antiviral therapies, immunosuppressants, and
plasma exchange in patients in whom virologic and immune
parameters, as well as side effects, are carefully delineated.
Inclusion of patients with clinically important kidney disease
in such studies may permit inferences regarding the specific
effects of treatment on renal outcomes. It seems likely that
safe and effective therapy will depend on the outcome of such
studies.

HEPATITIS B VIRUS AND
CRYOGLOBULINEMIA

Although an association between cryoglobulinemia and acute
and chronic liver diseases had been noted (140), cryoglobuline-
mia was first associated with HBV infection by two groups in
1976 (141) and 1977 (142,143). Two-thirds of patients with
essential mixed cryoglobulinemia had abnormal liver function
tests, and the majority had circulating antibodies reactive with
HBsAg. Almost three-fourths of patients had detectable HBsAg
or anti-HBsAb in the cryoprecipitates (142). Approximately
half the patients had glomerulonephritis (143). Renal histo-
logic data and the relationship of renal disease to the anti-
body status and composition of the cryoprecipitate were not
presented in these studies. The generalizability of these find-
ings, furthermore, has been disputed (144,145). Speculation
centered on whether differences between populations (146),
consequences of hepatic dysfunction, or other etiologic agents
might be confounding factors that would explain the disparate
findings (147). It has even been conjectured that HBV infection
in patients with essential mixed cryoglobulinemia might have
been a result of transfusions received as therapy for symptoms
of the cryoglobulinemia (148). Rarely has the renal disease
been fully delineated in studies of patients with cryoglobuline-
mia in the setting of HBV infection (i.e., shown to be defini-
tively related to the HBV infection), or the components of the
cryoprecipitate shown to be reactive with HBV antigens.

Contemporary studies should focus on the incidence and
prevalence of the complication in HBV-infected patients who
have not been exposed to HCV. Recently, for example, Ferri
et al. reported on 231 patients with mixed cryoglobulinemia.
Using sophisticated serologic and virologic assessment, the in-
vestigators found that HBV infection was likely to be causative
in only four patients in the entire cohort, whereas evidence of
hepatitis C infection was evident in more than 92% of patients
(149).

Reports of patients with cryoglobulinemia often do not dis-
tinguish between essential and secondary forms of the disease,
and treatment trials of therapy in patients with hepatic dis-
ease often do not distinguish patients with cryoglobulinemia
and/or renal disease for separate analysis (150,151). Various
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regimens have been used to treat such patients, with therapy
most often directed at the underlying viral illness. There are no
adequate trials limited specifically to patients with HBV infec-
tion and cryoglobulinemia that have been prospective, well de-
signed, and properly controlled. In addition, many patients are
often infected with other viruses, potentially confounding an-
alytic strategies. Although immunosuppressive therapies con-
sisting of CS, cytotoxic drugs, and plasmapheresis have been
employed to treat essential mixed cryoglobulinemia (150,151),
recommendations for the use of such therapy in patients with
HBV infection, cryoglobulinemia, and glomerulonephritis can-
not be easily made. There is a need for properly designed and
conducted clinical trials including surveillance of virologic out-
come in addition to renal parameters, with stratification of clin-
ical, immunologic, and histologic variables to determine which
therapies may be effective in this disorder. In individual cases,
the possible benefits of a specific therapy must be balanced by
any conceivable risks, including exacerbation of viral replica-
tion. Plasma exchange is likely to be the least harmful therapy,
but its efficacy is unknown in this specific population of pa-
tients (152).

HEPATITIS C VIRUS–ASSOCIATED
GLOMERULONEPHRITIS

The identification of a syndrome of non-A, non-B hepatitis was
dependent on serologic identification of hepatitis A virus (153)
and HBV (154). HCV, cloned in 1989 (155), has been recog-
nized as the major cause of non-A, non-B hepatitis (156,157).
HCV is a single-stranded RNA virus (158,159) in the Flaviviri-
dae family. It is a 50- to 65-nm particle, composed of a lipid en-
velope, several glycoproteins, and single-stranded RNA in the
nucleus. The recombinant immunoblot assay (RIBA) is directed
against the C 22 antigen. Alternatively, second or third gener-
ation immunoassays (EIAII or EIAIII) that detect a number of
different capsular and core antigens are available. HCV infec-
tion is characterized by persistent, prolonged viremia in the face
of an ongoing immune response, which promotes the develop-
ment of immune complex disorders. Resolution of viremia is
uncommon, but patients may note few or no clinical symptoms.
Infection is transmitted through transfusion of blood products,
intravenous drug use, and sexual and maternal–infant routes.
Infection with HCV may culminate in chronic active hepatitis,
cirrhosis, or hepatocellular carcinoma.

Studies using the first-generation EIA documented that a
clinically significant proportion of patients with ESRD treated
with hemodialysis in Europe and the United States had been
exposed to HCV. Subsequent studies confirmed a 10% to 40%
prevalence of HCV infection, depending on the center, and sug-
gested the prevalence of infection may be even higher if second-
generation assays or the detection of HCV RNA are used as
the gold standard (160–162). The prevalence of HCV infec-
tion in patients treated for ESRD with hemodialysis outside
the United States may be greater. The incidence and preva-
lence of HCV infection in dialysis patients is stable or declining
(162,163) and the latest data suggest a prevalence of about 8-
10% (163,164). Curiously, one report suggested the viral bur-
den may be higher in males undergoing hemodialysis compared
with females undergoing hemodialysis (165). The reasons for
this difference are unknown but may include behavioral and
risk factors that differ between the sexes or differences related
to sex hormones. The mechanisms involved in transmission in
dialysis units are unknown, but transfusion-related or dialysis-
related processes may be involved, since a relatively lower pro-
portion of patients on continuous ambulatory peritoneal dial-
ysis may be infected (160,163,166). These findings are impor-
tant because of uncertainty whether HCV infection in ESRD

settings is solely treatment-related or whether HCV seroposi-
tivity represents an association with or is the cause of the renal
disease. In a study assessing the prevalence of exposure to HCV
infection in patients with chronic renal insufficiency, 7.9% of
patients with renal disease in a Spanish cohort were infected
with HCV, compared with a significantly lower proportion of
patients (1.03%) who were healthy blood donors (167). There
was also a higher prevalence of HCV seropositivity in patients
with chronic glomerulonephritis compared with patients with
other renal diseases. The high prevalence of HCV seropositivity
in patients with renal disease, and more specifically, glomeru-
lonephritis, suggests the infection might be a causal factor in the
pathogenesis of nephropathy. Alternatively, patients with renal
disease may acquire infection because of altered immune func-
tion related to renal insufficiency (168–170) or other factors,
such as the use of intravenous drugs, that could be associated
with both conditions (167).

There is a high prevalence of circulating, cryoprecipitable
HCV RNA and/or antibodies in patients with mixed cryoglob-
ulinemia (46,163,171–178). A study based in research cen-
ters in France demonstrated 56% of HCV-infected patients
had mixed cryoglobulinemia (179). Interestingly, serologic and
PCR analyses for HCV antibodies and RNA showed the PCR to
be a much more sensitive test (175). In some patients, it is possi-
ble that the immune response comprises antibodies not detected
by currently employed immunoassays. Misiani et al. (180),
however, showed the vast majority of patients with cryoglob-
ulinemia had HCV antibodies detected. In an autopsy study,
a relatively large proportion of patients with HCV infection
had various glomerular diseases (57.4%), although almost one-
fourth had minimal abnormalities (181). Renal disease severely
affected prognosis, increasing mortality risk. Ferri et al demon-
strated that HCV RNA could be detected in the sera of 86%
of patients with cryoglobulinemia (172). These findings were
soon corroborated by Agnello el al. (175). A recent review by
Ferri et al. (149) showed HCV infection in 92% of cases, while
HBV infection was present in only 1.8% of cases with mixed
cryoglobulinemia.

Beddhu et al described 17 patients with renal disease and
cryoglobulinemia. Eleven of the patients were seropositive for
HCV, and three additional patients had clinical abnormalities
consistent with a connective tissue disorder. Only three pa-
tients had no demonstrable systemic illness. Eleven patients,
some HCV negative, had MPGN on renal biopsy. Patients pre-
sented with a wide array of renal findings, including nephritic
syndrome, inflammatory urinary sediments, renal failure, and
hypertension (182). Differences in epidemiologic factors and
viral strains in the studies may, in part, explain discrepancies
in the proportion of patients with cryoglobulinemia and HCV
infection detected in different investigations. Recent work has
expanded our understanding of the pathogenesis and clinical
consequences of the syndrome (45,183).

Several studies have also demonstrated an association of
HCV infection and MPGN (180–196), independent of cryo-
globulinemia. Evidence suggesting the viral infection is directly
linked to glomerulonephritis comes from the work of Johnson
et al. (191), who demonstrated antibody directed against HCV
peptides and HCV RNA, determined by immunoblot and PCR
respectively, in the cryoprecipitates of all eight patients they
studied with MPGN and HCV infection.

The overwhelming majority of the patients studied by the
Johnson group had microscopic hematuria, edema, renal insuf-
ficiency, hypertension, and normochromic normocytic anemia
(191). Half had hepatomegaly. All patients had hypoalbumine-
mia, abnormally elevated serum aminotransferase concentra-
tions, diminished total hemolytic complement levels, and in-
creased rheumatoid factor activity. Most patients had low lev-
els of C3 and C4. All patients had proteinuria; the majority
had more than 3.5 g/day. Urinalysis revealed red blood cell
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casts in over one-third of patients. Approximately two-thirds
of patients had cryoglobulinemia and circulating immune com-
plexes. Most patients had circulating IgG reactive with non-
structural HCV antigens, and all had antibodies to HCVc, the
nucleocapsid core antigen. Anti-HCVc and anti-c33-c (a non-
structural protein) IgG antibodies were present in the cryo-
precipitates of all three patients studied. Serum and cryopre-
cipitates also contained IgM antibodies reactive with HCVc
antigen (191,192). Typically the renal disease is indolent (197).

Renal biopsies in all eight patients showed MPGN, with
a lobular increase in glomerular cellularity, and interstitial
mononuclear infiltration. Immunofluorescence demonstrated
glomerular capillary IgM, IgG, and C3. IgA and C1q were
present in the minority of cases. Electron microscopy demon-
strated interposition of mesangial cells with subendothelial,
mesangial, and rare intramembranous deposits. Immunotac-
toid structures were present in several patients. Of note, HCV
antigens and anti-HCV immunoglobulins were not identified
in renal tissue in a characteristic anatomic distribution in this
study. Therefore, although the evidence linking the renal dis-
ease to the virus is circumstantially strong, direct causal asso-
ciation between HCV antigens and the occurrence of MPGN
remains to be demonstrated (198). Further work by Johnson’s
group (192) demonstrated that patients with HCV infection ex-
hibit a spectrum of clinical renal syndromes, including asymp-
tomatic urinary abnormalities, such as hematuria and protein-
uria, variable levels of renal insufficiency, and the nephrotic
syndrome (199) (Table 59-8). A spectrum of histologic changes,
including MPGN, MN (200–204), vasculitis, and prolifera-
tive glomerulonephritis (163,192) have been noted in HCV-
infected patients with renal disease. The majority of patients
were white and male. More than half of the patients had
cryoglobulinemia, often with characteristic symptoms. The
majority had abnormal transaminase levels and hypoalbumine-
mia, as well as longstanding HCV infection, but only approx-
imately 20% had physical signs of hepatic disease. Hypocom-
plementemia (CH50, C4) and the presence of rheumatoid
factors may be noted in most patients. Low C3 levels were
noted in almost half of the patients (199). Renal disease may be
present, however, in the absence of clinical signs and symptoms
of the HCV infection or cryoglobulinemia. Rapidly progressive
glomerulonephritis (205), IgA nephropathy (206), and throm-
botic microangiopathic diseases (207) have also been reported
in HCV-infected patients (208,209) but the etiologic relation-
ships are less clear in these cases. The spectrum of disease has
also been reported in Japan (210,211).

A proliferative glomerulopathy with pathologic features
similar to MPGN has been noted in HCV-infected patients after
liver (189) and renal (192,212,213) transplantation. The rela-
tionship of this lesion to chronic transplant allograft nephropa-
thy remains unclear (214). Cosio et al. measured serum an-
tibodies to HCV in patients with native kidney disease and
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Hepatitis C virus-associated immune complex disease
Membranoproliferative glomerulonephritis

With cryoglobulinemia
Without cryoglobulinemia

Vasculitis
Proliferative glomerulonephritis
Membranous glomerulopathy
Transplant nephropathy?

compared the results to those found in patients with acute
and chronic transplant allograft nephropathy. Native renal dis-
eases included focal segmental sclerosis, diabetic nephropathy,
MN, and MPGN. HCV serologies were negative in all patients
with native renal disease without a history of intravenous drug
abuse. Of the patients with acute and chronic transplant allo-
graft nephropathy, 29% and 33%, respectively, had detectable
HCV antibodies. The authors concluded that there was an as-
sociation between HCV infection and certain forms of allograft
nephropathy (215).

Cruzado and co-workers studied six HCV-infected renal
allograft recipients with proteinuria and hematuria. All had
circulating immune complexes and cryoglobulins. In all six
patients, the cryoglobulins were type II IgG polyclonal–IgMk
monoclonal. Renal tissue demonstrated features of a prolifer-
ative lesion, in which IgM was deposited diffusely. HCV RNA
was found in higher concentrations than in serum, leading the
authors to conclude that the infection might be the etiology
of the glomerular lesions (216). Conversely, Morales et al. re-
ported 15 patients with HCV infection who developed de novo
allograft MN 2 years after transplantation. There was a 10-
fold higher incidence in the development of MN in allografts
of HCV-positive patients than in HCV-negative patients. In the
majority of patients, renal function declined until dialysis had
to be instituted (217).

Kendrick and others studied 197 liver transplant recipients,
of whom 91 were HCV-infected. The other 106 were unin-
fected with HCV. Four of 10 HCV-infected patients who de-
veloped proteinuria had MPGN on renal biopsy, while none of
seven HCV-uninfected patients with proteinuria had MPGN.
Several patients received treatment with INF, which appeared
to stabilize proteinuria, but did not reverse the renal dysfunc-
tion (218).

Pathology

MPGN type I is the most common pathologic lesion identified
in clinicopathologic studies of patients with HCV infection and
renal disease (187–199,219,220). Increased glomerular cellu-
larity and double-contoured glomerular basement membranes
are hallmarks of the disease. Mesangial proliferation and scle-
rosis may be seen. Mesangial and glomerular capillary deposi-
tion of IgM, IgG, and C3 are often present. Subendothelial de-
posits are seen on electron microscopic examination in MPGN
type I, but occasionally mesangial and subepithelial electron-
dense deposits may also be noted. Ultrastructural features of
cryoglobulins, including granular, fibrillar, and immunotac-
toid structures may be seen within the subendothelial space.
Glomerular findings are often accompanied by tubulointersti-
tial inflammation and fibrosis. Small- and medium-sized renal
vasculitis may be present. More rarely, subepithelial electron-
dense deposits (characterizing MPGN type III) are present. Vi-
ral genome or gene products have not usually been identified
in glomeruli in studies. In one study of a patient with diffuse
proliferative glomerulonephritis, however, viruslike particles,
similar to those seen in sera of patients with non-A, non-B
hepatitis, were found in the mesangium (201). Microtubular
inclusions in endothelial cells were noted as well. Since the
HIV status of this patient was not reported, the significance of
these ultrastructural findings is unclear.

Johnson et al. (192) and others (200–204) have also noted
several patients with MN in the presence of HCV infection.
A causal relationship between the viral infection and the renal
disease has not been established, but the renal disease is a possi-
ble consequence of a secondary immune response (40,41,198).
Such patients have typical pathologic findings, and no evi-
dence of hypocomplementemia, rheumatoid factor activity, or
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cryoglobulinemia (194,199). HCV infection has also been as-
sociated with fibrillary glomerulonephritis and immunotactoid
glomerulopathy (191,192,220–222). The clinical presentation
is indistinguishable from other forms of glomerulonephritis.
Renal biopsy is required for diagnosis.

Pathogenesis

Glomerular deposition of circulating immune complexes likely
plays a role in the pathogenesis of the renal diseases associ-
ated with HCV infection (1,8–12). Immune-mediated renal
disease may be facilitated because of the persistent viremia
and ongoing antibody response seen in HCV-infected patients.
Glomerulonephritis associated with HCV-induced cryoglob-
ulinemia has been linked to IgM kappa rheumatoid factors
(195,223). Specific immunochemical or physicochemical char-
acteristics may be associated with nephropathogenicity. The
generation of idiotypic antibodies may be important in the de-
velopment of renal disease because of physicochemical char-
acteristics (1,9–12) or directly through immune dysregulation
(1,8,12,13), or it may only reflect the immune dysregulation
noted in a chronic viral illness (8,12,13). HCV proteins (224)
and genetic material (201) have been demonstrated in tissue of
patients with MN associated with HCV infection and cryoglob-
ulinemic membranoproliferative glomerulonephritis (225). A
study demonstrated the presence of HCV RNA in renal biop-
sies in patients with HCV infection, and none in the absence of
HCV infection (226). Interestingly, in situ hybridization local-
ized HCV RNA to tubular epithelial cells and tubulointerstitial
blood vessels. Few studies have assessed molecular evidence for
virologic involvement in the pathogenesis of glomerular disease
(198). The small study sizes, difficulty in localization of nucleic
acid in distinct or specific compartments in diseases linked to
HCV infection (226), and lack of definitive evaluations in large
control populations, render determination of a pathogenic link
from these studies problematic.

Treatment

IFN-α has been used for the treatment of “essential” mixed
cryoglobulinemia (227–229), HCV infection (230,231), and
cryoglobulinemia associated with HCV infection (232–235).
Treatment may result in suppression of viremia and improve-
ment in parameters of hepatic disease, but disease markers of-
ten recur in patients after discontinuation of therapy. In uncon-
trolled studies, Johnson et al. (199) treated 17 patients with
MPGN with and without cryoglobulinemia with IFN-α. Pa-
tients had decreased urinary protein excretion and normaliza-
tion of liver function test abnormalities during treatment with
IFN-α of up to 6 months’ duration. There was no significant
change, however, in renal function noted in this study. Loss
of circulating HCV RNA during therapy may be a favorable
prognostic sign. Viremia and signs of renal disease, however, of-
ten recurred after cessation of therapy. Several other studies of
HCV-infected patients with MPGN (236,237) show improve-
ment in parameters of renal disease, perhaps in association with
use of higher doses of INF (236). Relapses may have been less
frequent when higher doses of INF were used (163,164). In
a Japanese study, glucocorticoid therapy was associated with
improvement in renal function parameters, while there was no
effect of therapy with INF-α (210). Steroid therapy, however,
was associated with an increase in circulating titers of HCV
RNA.

Side effects of therapy with IFN-α include a flulike syn-
drome in the majority of patients, but the occurrence of ery-
thema multiforme and worsening neuropathy often necessitates

discontinuation of treatment. It is unclear whether progressive
renal insufficiency, which may occur during therapy, represents
a side effect of treatment (238–243) or progression of the un-
derlying nephropathy. Because of the unknown natural history
of HCV-related renal disease, the heterogeneous long-term re-
sponse to treatment, the lack of prognostic determinants, and
the often transitory nature of improvement in renal and hepatic
disease markers, this costly therapy must be considered on an
individual basis, the risks and benefits being carefully weighed
for each patient.

The sustained response of HCV infection to therapy with
INF has been disappointing, leading to the development of reg-
imens including the addition of ribavirin to INF (163) and the
use of pegylated INF therapy (163). Three randomized con-
trolled trials demonstrated the superiority of pegylated INF
compared with therapy with INF (163,244–246). Trials have
also used the combination of ribavirin and pegylated INF, com-
pared with pegylated INF alone and combinations using INF in
HCV-infected patients (163,247–249). Therapy with ribavirin
has been associated with a dose-related occurrence of hemoly-
sis, and the drug is cleared by the kidneys. Combination therapy
may also result in infectious and autoimmune complications,
as well as rarely being associated with nephrotoxicity (163).
These regimens have often not been well studied in patients
with coexisting renal disease, in part because of their exclusion
in clinical trials (163).

Classically, therapy for cryoglobulinemic renal disease has
included oral and intravenous CS, with or without plasma-
pheresis, and supplemental immunosuppression with cyto-
toxic drugs, such as cyclophosphamide (49,50,151,192,250).
Nafomostat mesilate, an inhibitor of complement serine pro-
teases, has been used to treat patients with immune complex-
mediated glomerulonephritis, including essential mixed
cryoglobulinemia, with a resultant decrease in proteinuria
(251). INF has been used in treatment of HCV-associated
renal diseases, cryoglobulinemia, and vasculitis, but it has
shortcomings (163,164,235,238–243,252–258). Casato and
co-workers reported a response rate of 62% in patients with
cryoglobulinemia treated with INF, but the relapse rate was
high. Only 10% of patients experienced a long-term remis-
sion (259). INF has also been associated with the appear-
ance or worsening of nephropathy in treated patients (238–
243,260–264). Addition of ribavirin has been considered for
patients with HCV-associated cryoglobulinemia and vasculi-
tis (44,265–269). Rossi et al. (270) treated three patients with
cryoglobulinemia and glomerulonephritis in the setting of HCV
infection with ribavirin 15 mg/kg/day, adjusted according to the
level of hemoglobin, and added IFN-α2b after 4 weeks. Treat-
ment with ribivarin for four weeks was not associated with
clinical change in renal parameters. Level of urinary protein ex-
cretion decreased and creatinine clearance increased, and either
normalized or approached normal levels in all three patients.
Similar cases were described by Misiani et al. (271), Garini
et al. (272), Loustad-Ratti et al. (273), and Sabry et al. (274).
Rituximab has recently been suggested as an additional treat-
ment for HCV-associated cryoglobulinemia (275–277). Ro-
catello et al. (277) treated six patients with HCV infection and
type-II mixed cryoglobulinemia with rituximab, with improve-
ment in levels of cryocrit and urinary protein excretion. Alric
et al. (278) reported on 25 patients with nephrotic syndrome
due to HCV-associated membranoproliferative glomeru-
lonephritis and HCV infection. All patients initially received
therapy with CS. They tested the effects of standard or pegy-
lated interferon alfa and ribavirin in 18 patients compared with
therapy with prednisone, furosemide and plasmapheresis alone
in 7 patients with cryoglobulinemia and MPGN or mesan-
gial proliferative glomerulonephritis associated with HCV in-
fection in a nonrandomized study. In the group treated with
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antivirals, 12 patients were responders and 6 did not respond.
Urinary protein excretion decreased in “responder” patients
treated with antiviral therapy, but there was no decrease in
level of serum creatinine concentration in any of the groups.
These patients also had a reduction in cryoglobulin levels com-
pared with pretreatment values.

Infliximab has also been used to treat refractory vasculi-
tis in patients with HCV infection and mixed cryoglobu-
linemia (279). D’Amico has suggested antiviral therapy us-
ing pegylated interferon and ribavirin for 48 weeks, adding
steroids and cyclophosphamide in the face of severe symp-
toms, and plasmapheresis as necessary (163), but such treat-
ment has not been validated in well-controlled randomized
trials.

End-Stage Renal Disease

Relatively few studies have assessed the use of INF in ESRD
patients infected with HCV (163). The sustained virologic re-
sponse in HCV infected patients treated with dialysis has been
about 40%, which is higher than that obtained in patients in
clinical trials in the absence of renal disease (163). This re-
sponse, however, has been associated with high rates of serious
adverse events, dose modification, and early withdrawal from
studies (163). It is possible such findings relate to the dimin-
ished clearance of INF in ESRD patients (163). The recom-
mendation of a workshop held in 2002 was that therapy with
INF in ESRD dialysis patients is controversial, and should be
reserved for patients with severe liver disease, minimal comor-
bidity, and a reasonable prognosis, especially if renal transplan-
tation is being considered (163), and others have endorsed sim-
ilar strategies (280). Ribavirin is relatively contraindicated in
ESRD patients treated with dialysis because of the occurrence
of hemolytic anemia, but dosage adjustment schemes and use
of erythropoietin have been attempted to facilitate treatment
in patients with renal disease(163,269,281–285).

Interferon is generally contraindicated in patients who have
had renal transplantation, because of the possible increased
risk of graft rejection (163), but some studies have evaluated
outcomes in such patients (212,286,287).

Long-term survival for HCV-infected ESRD patients is
shortened compared with uninfected patients (163,288,289).
Recipients of donor hepatitis C virus infected kidneys have
worsened survival, although the mechanisms underlying the
finding are unknown and may relate in part to selection biases
(163,290). Type of immunosuppression may affect outcomes
(163,291).

Conclusions

Relatively few well-designed and controlled trials have been
available to guide clinical practice in treating patients with
HCV infection and renal disease. The long-term effects of
steroid and immunosuppressive treatment on the viral infec-
tion, which may be associated with increased viremia (199),
may be a critical factor in determining the treatment options in
patients with severe, acute illness. There is a need for properly
designed and conducted clinical trials of combination therapy
with immunosuppressants, plasmapheresis, and antiviral med-
ications such as ribavirin (292,293) and immunologic thera-
pies such as rituximab (275–277), including surveillance of
virologic outcome in addition to renal parameters, with strat-
ification of clinical, immunologic, and histologic variables to
determine which therapies and drug doses may be effective in
patients with various HCV-associated renal diseases. Care-

fully controlled studies of treatment of patients with HCV
infection and acute and chronic kidney disease, evaluating
outcomes such as viremia, viral burden, renal functional pa-
rameters, and morbidity and mortality, may clarify which
patients may respond to a specific therapy with the fewest
complications.

HUMAN IMMUNODEFICIENCY
VIRUS–ASSOCIATED RENAL

DISEASES

Since the beginning of the epidemic, a spectrum of renal dis-
eases has been associated with acquired immunodeficiency
syndrome (AIDS) and HIV infection (17,294–299). Several
well-defined clinicopathologic disorders have been reported in
patients with HIV infection, including a number of different
forms of glomerular diseases and a variety of immune complex
and vasculitic illnesses (17,294–299). These disorders do not
occur or are not detected with a frequency commensurate with
the prevalence of HIV infection, affecting at most 10% of the
population at risk, in the era before highly active antiretroviral
drug therapy (HAART) (294,298–300). Therefore, the renal
diseases probably do not result from HIV infection alone, but
from a combination of the infection and the immunologic re-
sponses of the host (17,295,298–301). Renal complications af-
fect specific subsets of the HIV-infected population, primarily
male African American patients in the United States (294–305),
suggesting that a host response or genetic component may be
associated with the incidence of the disease (294–305). Factors
linked to socioeconomic status may also be related to disease
pathogenesis (305).

The common renal syndromes in HIV-infected patients in-
clude asymptomatic urinary abnormalities, acute renal fail-
ure, chronic renal insufficiency, and nephrotic range protein-
uria associated with focal glomerulosclerosis, the classic HIV-
associated nephropathy (HIVAN) (294–300,302,303,306),
and various proliferative glomerulonephritides, which may be
termed HIV-associated immune complex disease (HIVICD)
(294,295,297–299,302,303,307–320) (Table 59-9). Over the
past decade it has become clear that there are four syn-
dromes of chronic renal disease intimately associated with
HIV infection. These are HIVAN, HIVICD, including HIV-
associated IgA nephropathy, and HIV-associated thrombotic
microangiopathy (17,295,298,299). Other renal diseases in
HIV-infected patients, including cryoglobulinemia and vas-
culitis, may be related to host responses to the infection, or
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infections complicating the immunodeficiency state. Addition-
ally, treatment effects may be associated with adverse renal
outcomes (298–321).

CLASSIC HUMAN
IMMUNODEFICIENCY
VIRUS–ASSOCIATED

NEPHROPATHY

Epidemiology and Clinical Features

Classic HIVAN is the most commonly reported chronic renal
disease associated with HIV infection (17,294–300,322,323).
This may be due in part to its association with the nephrotic
syndrome and the reluctance of performing biopsies in patients
with HIV infection and mild urinary abnormalities. The disease
disproportionately affects men of African heritage (294,296–
300,302,305,322,323), which may also account for the relative
frequency of HIVAN reported in biopsy series from Europe
and the United States. Clinical highlights of the disease are
nephrotic range proteinuria and renal insufficiency. In most re-
ports, hypertension and edema are relatively uncommon. This
may be a consequence of the stage of disease or the presence of
malnutrition in patients. The kidneys are large and echogenic
on ultrasonic examination (294,296,297,302,303,322,323).

Pathology

HIVAN has been termed a “pan nephropathy” because of
characteristic involvement of the glomeruli, tubules, and in-
terstitium (324). Glomerular capillary wall collapse of varying
severity is often noted (296–299,324,325). Mesangial hyper-
plasia and other abnormalities may be an early stage of the
nephropathy (294), or this histologic variant may differentially
involve children. Glomerular visceral epithelial cells are char-
acteristically abnormal, exhibiting hyperplasia, hypertrophy,
and vacuolation. Varying degrees of segmental or diffuse and
global increased mesangial matrix are seen, as well as obsoles-
cent glomeruli (17). Tubular cells show marked degenerative
changes, flattening, simplification, brush-border abnormalities,
and necrosis. Microcystic tubular dilation and hypertrophy are
common. The interstitium shows immune cell infiltration of
mononuclear cells, primarily macrophages and T-lymphocytes
(17,325,326). Interestingly, T-lymphocytes are more prevalent
than B-lymphocytes (326). Interstitial fibrosis and edema of the
interstitium are common. Results of immunofluorescent eval-
uations are variable and nondiagnostic. Electron microscopy
shows glomerular epithelial cell foot process effacement, wrin-
kling, and abnormalities of glomerular basement membrane
structure (294,325). Tubular reticular structures are common,
but not pathognomonic. They are found in glomerular and
peritubular capillary endothelial cells and are probably a con-
comitant of the action of IFN-α.

Although the individual features of HIV focal glomeru-
losclerosis are not specific, the concomitant findings of
glomerular collapse, glomerular and tubular epithelial cell ab-
normalities, increased mesangial matrix, renal tubular atrophy
or microcystic dilation, and interstitial immune cell infiltration,
in combination with tubular reticular structures are virtually
diagnostic of classic HIVAN (17,299,324,325). The clinico-
pathologic characteristics of HIVAN have been compared to
those of the collapsing variant of focal segmental glomeru-
losclerosis in the absence of HIV infection and found to be
similar (327). Although it can be suspected on clinical grounds,

the diagnosis of HIVAN cannot be made reliably in the absence
of a biopsy, since other diseases such as diabetic nephropathy
and HIV-associated immune complex renal disease can have
similar presentations and features.

Pathogenesis

Although early in the epidemic, HIVAN was thought by some
to be an epiphenomenon, or a complication secondary to in-
travenous drug use in patients, several lines of evidence sug-
gest the renal disease is intimately related to infection with
HIV (17,294,295,299,322,323). The development of classic
HIVAN in the infant children of mothers with HIV infec-
tion (328) and the development of renal disease reminiscent
of HIVAN in transgenic murine models (29,296,329–332) and
in primates infected with simian immunodeficiency virus (SIV)
(333–335) underscore the pathogenic relationship between the
virus and the renal disease. Expression of HIV proteins within
renal tissue appears to be a prerequisite for the development of
renal disease (16,17,29,295,296,299,322,323,329,330). HIV
proteins may affect renal cell biologic responses in diverse ways
(299). HIV peptides are toxic to many cell types (16,17). Apop-
tosis of renal cells secondary to exposure to HIV peptides or
as a result of their expression within renal tissue is a probable
cause of renal disease and a matter of current research interest
(16,17,295,296,299,322,323,329,330,336,337).

Abnormal proliferation and dedifferentiation of podocytes
may be related to HIV infection of renal tissue and the expres-
sion of Nef (299,338) on signal transduction pathways (338)
and cyclin biology (338,339). Stat3 and MAPK1,2 phospho-
rylation were increased in podocytes from kidneys of patients
with HIVAN, compared to those of uninfected patients with
focal segmental glomerulosclerosis (FGS) and other renal dis-
eases, as well as kidneys from HIV-infected patients in the ab-
sence of renal disease, implicating these pathways in HIVAN
pathogenesis, however other mediators are involved (338). Ka-
jiyama et al. showed, in HIV-1 transgenic mice, that Nef is not
necessary for induction of renal disease, but may rather poten-
tiate nephropathy dependent on the expression of other HIV-1
gene products (340). Dickie et al. showed, in transgenic mice
with mutations in either or both nef and vpr accessory genes,
that proteinuria and FGS developed only in animals carrying
the vpr gene. In animals encoding Tat and Vpr, Vpr protein
was localized by immunostaining in glomerular and tubular ep-
ithelium. Breeding experiments produced mice with increased
severity of nephropathy without increase of Vpr expression,
leading the authors to conclude multiple genes must contribute
to the development of renal disease in HIV-1 transgenic mice
(341).

Inhibition of cyclin-dependent kinase improved urinary and
histopathologic parameters of nephropathy in HIV-1 trans-
genic mice (342,343). Dysregulation of podocyte biology may
be an important mediator of the development of HIVAN, and
abnormal expression of glomerular epithelial cell proteins is
associated with the disease (16,299,322–345). Podocan ex-
pression was increased in podocytes of HIV-1 transgenic mice
compared with controls (346). Increased expression of trans-
forming growth factor-β, perhaps as a result of viral infection,
is also a possible mediator of nephropathy (347–350). Interest-
ingly, expression of transforming growth factor beta has been
linked to apoptosis of podocytes (350).

We compared tissue levels of transforming growth factor-
β and chemokines from biopsies of patients with HIV-
associated nephropathy, HIV-associated glomerulonephritis
and idiopathic focal glomerulosclerosis without HIV infec-
tion (299,351). Transforming growth factor-beta, monocyte
chemoattractant protein-1 (MCP-1) and RANTES levels were
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increased in renal glomerular and interstitial tissue from pa-
tients with HIV infection, regardless of the type or presence
of renal disease, suggesting chemokine expression might be a
nonspecific response. Renal chemokine expression could act to
interfere with local HIV infection by engaging renal chemokine
receptors. These data are also consistent with renal deposition
of circulating chemokines. In contrast, proteins associated with
antigen presentation and response to infection, such as MHC-
Class II proteins, interferon-α, and interferon-γ receptor pro-
tein were specifically increased in glomerular and interstitial
tissue of biopsies of patients with HIV-associated nephropa-
thy, compared with uninfected control tissue with and without
renal disease, or renal diseases in the setting of HIV infection.
The findings suggest genetic susceptibility, host responses, and
a immunologically activated microenvironment may be critical
to disease pathogenesis. High levels of tissue interferon-α are
consistent with the pathologic feature of tubuloreticular inclu-
sions (299). The pathogenesis of HIVAN is probably a con-
comitant of relationships between renal cellular infection and
immune cell infiltration, effects on renal and infiltrating cel-
lular cytokine, growth factor, and chemokine responses, and
host factors. In addition, clinical and animal studies suggest an
important role for genetic susceptibility in association with the
development of nephropathy (301,352). Socioeconomic status,
including access to antiretroviral medications may also be an
important determinant of outcome (298,299,353).

Many of these processes depend on the presence of pro-
ductive infection of renal cells by HIV. We showed that
HIV DNA was present in renal tissue of patients with and
without nephropathy (23). Detection of HIV RNA in re-
nal tissue of patients with HIVAN has recently been con-
firmed (322–356). Renal cells can be infected by HIV in
vivo (16,295,296,354,355,357). Tubular and glomerular ep-
ithelial cells can be infected by HIV in vitro (337,358), but
in some studies mesangial cells could not (359). Infection of
the glomerular epithelial cell and subsequent podocyte in-
jury may be critical to the pathogenesis of HIVAN (16,299,
322,323,330,344). The infiltration of immune cells in renal
tissue may be associated with progressive nephropathogene-
sis (326). Preliminary evidence suggests chemokine receptors
are not present on renal cells from biopsy tissue (360–362),
although they may be expressed in pathologic states in in-
flammatory cells in renal tissue (360), and may be detected
by molecular techniques in vitro (337). Differential expression
of chemokine receptors in renal tissue in different HIV-infected
populations could be associated with different patterns of sus-
ceptibility to renal disease. The role of expression of CD4 and
coreceptors for HIV infection in renal cells must be further
investigated.

Prognosis and Treatment

Treatment studies have sharpened our understanding of the
pathogenesis of HIV-associated diseases. In the era before
widespread availability of antiretroviral therapy, HIVAN was
characterized as a disease with an extremely rapid progression
to its end stage (294,363,364). Several anecdotal studies sug-
gested antiretroviral therapy improved the course of HIVAN
(reviewed in [16,363,364]). Four therapeutic approaches have
been used in patients with HIVAN. Limited data suggested cy-
closporine ameliorated the course of the renal disease (363),
but few patients have been assessed with this therapy. In ad-
dition, concern has been raised regarding the risk/benefit ratio
of immunosuppression in patients with HIV infection. Several
of these reports are difficult to evaluate since treated patients
were not always evaluated with renal biopsies. Individual case
reports (17,363–367) have suggested glucocorticoids may be
effective in slowing the progression of HIVAN. A case series

of patients with HIV infection and renal disease, treated with
steroids, showed impressive diminution in urinary protein ex-
cretion and improvement in renal function (368). These studies,
unfortunately, were not performed in a randomized controlled
manner. In addition, there was a relatively high frequency of
side effects such as psychosis, gastrointestinal bleeding, and
infections (368). Finally, since survival analyses were not con-
ducted in this series, the long-term effects of such treatments
were poorly understood. More recently, Eustace et al. (369)
found a salutary effect of treatment of patients with HIVAN
with CS. Almost a quarter of patients maintained sufficient re-
nal function to remain independent of need for renal replace-
ment therapy for up to a year, in contradistinction to previous
findings. Patients treated with CS, however, had longer hos-
pital stays. Concurrent therapy with antiretroviral drugs and
drugs which inhibit the renin-angiotensin system, as a result of
advances in therapeutics, may have influenced outcomes in this
uncontrolled study.

The angiotensin-converting enzyme (ACE) inhibitors, cap-
topril and fosinopril, have been used in patients with HIVAN
both to decrease urinary protein excretion and to halt pro-
gression of disease. Therapy with captopril increased length of
time before death or start of dialysis in a case-control study
(17,363,364). Nine patients with HIVAN were treated with
captopril. Their course was compared to age, race, gender, CD4
count, and serum creatinine concentration versus matched con-
trol patients untreated with ACE inhibitors. All patients in both
groups had HIVAN evaluated on renal biopsy. Renal survival
was longer in patients treated with captopril. In another study,
HIV-infected patients with proteinuria were treated with fos-
inopril (370). Patients who refused fosinopril treatment had
an increase in serum creatinine concentration compared with
those treated with fosinopril. These studies suggest a therapeu-
tic effect of ACE inhibitors in patients with HIVAN. Neither of
these studies was randomized or placebo-controlled. Wei et al.
recently reported long-term results in the patients treated with
fosiniopril, suggesting excellent outcomes (371). Twenty-eight
patients were treated with fosinopril, compared to 16 in an un-
treated comparison group, in this nonrandomized, non–time-
controlled study. Mean renal survival was 479.5 days in treated
patients compared with 146.5 days in the comparison group.
All patients untreated with ACE inhibition went on to ESRD,
compared with one patient in the fosinopril group during a
more than five year observation period. The authors however
could not show an independent effect of treatment with an-
tiretroviral drugs in this small uncontrolled study. Once again,
the influence of change in clinical practice, especially regarding
the use of antiretroviral drugs and HAART must be considered
as potential confounding factors.

These findings were corroborated in studies of Bird et
al. (372), who showed administration of captopril to HIV-
transgenic mice that exhibited characteristics of HIVAN was
associated with improvement of several renal functional pa-
rameters, such as urinary protein excretion, azotemia, and his-
tologic abnormalities, despite the expression of HIV genes. A
likely mechanism underlying the action of these drugs is the
decrease in the expression of transforming growth factor beta
afforded by ACE inhibitors (347,363,364,372).

Studies of treatment with antiretroviral drugs before the
HAART era were inconclusive, because of small size and lack
of definitive controls (298,299), but often showed beneficial
effects on the nephropathy, as well as morbidity and mortality
(298,299,322,323,354,373). Recent uncontrolled studies have
suggested improved outcomes in patients with HIV infection
and renal disease treated with HAART (374–376). Interpreta-
tion of the findings is often difficult because biopsies are often
not performed in all patients reported. In patients treated with
captopril, use of antiretrovirals was independently associated
with improved renal survival (364).
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A case report detailed improvement in the nephrotic syn-
drome in a child treated with HAART (377). Two cases of
patients with HIVAN complicating early stages of infection
demonstrate treating patients with HIV-associated nephropa-
thy with HAART may cause resolution of both functional and
pathologic abnormalities (354,378), although productive in-
fection of kidney tissue may continue (354). Recent work in
an uncontrolled observational cohort of patients with HIV in-
fection and renal disease who underwent renal biopsy suggests
treatment with antiretroviral drugs was associated with im-
proved outcomes in patients with HIVAN (353). Such data
also bolster evidence for the causal relationship between viral
infection and nephropathy.

ACE inhibitors represent a safe, possibly effective long-term
therapy for patients with HIVAN. Because there is evidence that
treatment with both HAART and ACE inhibitors is associated
with improved outcomes in patients with HIVAN, the field re-
quires implementation of well-designed and powered random-
ized controlled therapeutic trials of antiviral therapies and ACE
inhibitors in patients stratified for age, gender, and histologic
parameters, in whom virologic and immune parameters, as well
as side effects, are carefully delineated. In some patients treated
with both ACE inhibitors and HAART, in whom the disease
progresses, consideration may be given to the use of CS. The
role of treatment with CS, however, is unclear and awaits the
performance of controlled clinical trials to determine its utility
and safety. The development of renal disease in a patient with
HIV infection may be an indication for HAART, regardless of
stage of the viral illness, unless it is specifically contraindicated
(298,299,322). Because not all renal disease in HIV infected
patients is HIVAN, consideration should be given to perform-
ing a renal biopsy if the diagnosis is unclear (298,299,353).

Initial reports indicated survival of HIV infected patients
with ESRD treated with dialysis was poor (299,379). While
the initial growth of HIV infection in the U.S. ESRD program
was quite high, recently the incidence has stabilized at 1.25%
to 1.5% (298,299,380). The prevalence of HIV infected pa-
tients in the ESRD program has increased dramatically, from
0.45% in 1995 to 0.83% in 2000, in part because of the im-
proved survival of patients with HIV infection (380–382). It is
possible that trends in both incidence and prevalence of ESRD
since 1996 have been affected by the availability of HAART in
the US (299,380). HIV infection in the ESRD program is more
common in men (380). Outcomes for patients treated with peri-
toneal and hemodialysis have been equivalent (383,384). In
contrast, very few HIV-infected children have been treated for
ESRD, and only 50% are male (385). Survival of children was
better than for HIV-infected adults with ESRD (385). Girls
with HIV infection and ESRD have better survival than boys
(385).

Recent studies have concentrated on treatment of HIV
infected patients with ESRD with renal transplantation
(298,299,386,387–390). Consideration for such experimen-
tal treatment currently requires patients to be treated with
HAART and have undetectable viral loads (298,299).

HUMAN IMMUNODEFICIENCY
VIRUS–ASSOCIATED

GLOMERULONEPHRITIS

Less common than classic HIVAN, HIVICD (13,298,299,312,
317) comprises proliferative glomerulonephritis, renal insuffi-
ciency, and proteinuria. Circulating immune complexes com-
posed of immunoglobulins, characteristically IgG or IgA, reac-
tive with specific HIV antigens such as p24, gp41, and gp120
are present, and identical complexes may be eluted in higher
titer from renal tissue. HIV peptides may also be demon-

strated intracellularly in eluted glomerular tissue by laser-
enhanced microscopy (317). Three main types of clinically
distinguishable HIV-associated immune complex renal disease
may be delineated: HIV-associated immune glomerulonephri-
tis, a mixed sclerotic–immune complex nephropathy (319), and
HIV-associated IgA nephropathy (17,23,295,298,299,312).
Mesangial hyperplasia may also be a glomerulopathy associ-
ated with HIV infection (294,328,365,391), but it is most often
considered a part of the spectrum of FGS. A “lupus-like” ap-
pearance to the glomerulonephritis has also been noted in a
subset of cases (319,392)

HUMAN IMMUNODEFICIENCY
VIRUS IMMUNE

COMPLEX–MEDIATED RENAL
DISEASE

Circulating immune complexes, often identifiable as HIV-
related, are common in HIV-infected patients at all stages of
the disease (393–398). MPGN, diffuse proliferative glomeru-
lonephritis, immunotactoid glomerulopathy, and MN have
been reported in patients with HIV infection (202,294,297,
302,303,307–309,317–319,325,399–407). In several studies
of HIV-infected patients with nephrotic range proteinuria,
more than one-fourth had glomerulonephritis as opposed to
HIV-associated focal glomerulosclerosis (13,23,353,408).

Epidemiology

Of 28 patients with HIV infection and nephrotic range pro-
teinuria who underwent evaluation in our series (23), 28.6%
had a form of proliferative glomerulonephritis; 87.5% of the
latter were African American. In subsequent studies, 40%
of patients with HIV infection and renal disease who under-
went renal biopsy had findings consistent with an immune-
mediated glomerular disease (13). Excluding patients with IgA
nephropathy, 30% of patients with renal abnormalities and
HIV infection evaluated by renal biopsy had a type of prolifera-
tive glomerulonephritis. Nochy and co-workers (319) describe
a population of European, Caribbean, and African patients
with HIV infection and renal disease evaluated in Paris. Ap-
proximately 37% of patients had immune complex glomeru-
lonephritis. Twenty-one percent of black patients had immune
complex renal disease. Interestingly, only one black patient in
that series had immune complex glomerulonephritis alone; the
remainder had mixed focal glomerulosclerosis and immune
complex nephropathy. Approximately half of the white pa-
tients had immune complex glomerulonephritis, commonly
with a variable tubulointerstitial nephritis. The majority of
these patients were homosexual. Only one of the white patients,
an intravenous drug user, had the “mixed” nephropathy. Three
other European studies from the United Kingdom and Italy em-
phasize a high proportion of patients with nephrotic syndrome
in the setting of HIV infection have glomerulonephritis (400–
402). A study from Thailand of HIV infected patients with re-
nal disease reported a diverse set of glomerulonephridites, but
no cases of classic HIVAN (407). While in general, patients of
African heritage are more likely to have HIVAN, European and
Asian populations more often appear to have glomerulonephri-
tis. HIVICD did occur in patients of African heritage in the Eu-
ropean studies (319,400,401). In the large Italian study (402),
although there were a variety of glomerulonephritides delin-
eated, no patient of Italian heritage had HIVAN. In a recent
U.S. multicenter study in which 89 patients with HIV infection
and renal disease underwent renal biopsy, 14.6% had immune
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complex glomerulonephritis, 9% had MN, 5.6% had MPGN,
and 1.1% had IgA nephropathy and MCD (353).

Clinical Features

All patients we studied with HIVICD were African Americans
with renal failure and proteinuria (13,317). Three had pro-
liferative glomerulonephritis, crescentic and sclerotic changes,
marked renal insufficiency, and nephrotic proteinuria. One had
a clinical constellation consistent with postinfectious glomeru-
lonephritis, with mild renal insufficiency. Most patients were
homosexual, but one patient was thought to have acquired HIV
infection through heterosexual transmission. Clinical stage of
HIV infection was not related to the occurrence of disease
(317,319). The patients with HIVICD usually had mild hy-
pertension, in contrast to those with HIVAN. All patients had
proteinuria, often in the nephrotic range. Hematuria was not
an invariable finding. Red blood cell and granular casts were
variably present on urinalysis. Renal insufficiency and hypo-
complementemia to a variable degree were encountered. All
patients in our series had circulating immune complexes com-
posed of immunoglobulins reactive with HIV proteins, which,
in most cases, were eluted from renal tissue in higher titers
than in the plasma. Circulating immune complexes were iso-
lated in all four patients, composed of IgA-p24, IgG-gp120,
and IgG-p24. Identical complexes were eluted from renal tis-
sue in the first three cases; only p24 and complement were
eluted from the fourth. Eluted antibodies reacted with the
HIV antigens isolated from the circulating immune complexes.
We were not able to demonstrate cryoprecipitation in any
case.

Renal Pathology

Nochy and co-workers (319) describe several subtypes of HIV-
associated immune complex glomerulonephritis. These include
a diffuse exudative endocapillary proliferative form termed
“postinfectious;” a second type that resembles lupus nephri-
tis with diffuse endocapillary proliferative changes, wire loops,
hyaline thrombi in capillary lumina, and mesangial, intracap-
illary, and subepithelial deposits of immunoglobulin, C3, and
C1q; and a “mixed” type with features of both focal glomeru-
losclerosis and immune complex nephropathy. Two of the pa-
tients in our series might be considered of the mixed type (317).
We found a spectrum of pathologic changes, including vari-
able degrees of mesangial expansion, segmental increase of
mesangial cells and matrix, and segmental or diffuse prolif-
eration of glomerular tufts. Increased cellularity with lobular
transformation, segmental condensation or simplification of
the glomerular tuft, and segmental or global proliferative and
sclerosing changes were seen. Visceral epithelial cells were of-
ten prominent, and fibrocellular crescents were often present.
Microcystic tubular dilation and atrophy and interstitial fi-
brosis or edema were often noted. Biopsies were character-
ized by interstitial infiltration with mononuclear cells, primar-
ily macrophages and lymphocytes, and occasionally plasma
cells, polymorphonuclear leukocytes, and eosinophils. Occa-
sionally, infiltrating cells disrupted the tubular basement mem-
brane. The proportion of interstitial macrophages was higher
in tissue from patients with classic HIVAN compared with tis-
sue from patients with HIVICD. On the other hand, interstitial
tissue from biopsies of patients with HIVICD had a higher per-
centage of B cells compared with HIVAN tissue (326). Such
findings are consistent with different populations of infiltrat-
ing immune cells causing different histologic types of disease or
different tissue chemokine profiles in different nephropathies

caused by the same virus, which attract different cell types to
the site of injury.

Immunofluorescence microscopy demonstrated intramem-
branous and mesangial deposits of immunoglobulins and com-
plement (317). Electron microscopy usually reveals suben-
dothelial, intramembranous, and mesangial electron-dense
deposits. Electron-dense deposits are found within mesan-
gial cells, and glomerular capillaries occasionally exhibit both
subepithelial and subendothelial deposits. Foot processes of
visceral epithelial cells are approximated. Tubular reticular
structures can be detected in endothelial cells.

Diagnosis

Renal biopsy is important in determining the histologic di-
agnosis in patients with HIV infection and renal disease, in-
cluding those who present with nephrotic range proteinuria
(13,23,317,353), and is the only definitive way to diagnose
HIVICD. Several of the patients in our series were thought to
have HIVAN before biopsy. Renal biopsy must show histo-
logic evidence of glomerular inflammation, with immunoflu-
orescent microscopy confirming deposition of immunoglobu-
lin and complement and electron microscopy demonstrating
mesangial or capillary deposits. More precise diagnosis may
be achieved by identifying HIV protein–immunoglobulin com-
plexes in glomerular capillaries or the mesangium in higher
titer than in the circulation, although such studies are often
primarily research techniques. The role of specific therapeutic
interventions could be evaluated in controlled trials in HIV-
infected patients with renal disease with defined clinical and
histologic parameters.

An interesting subgroup is comprised of patients coinfected
with HCV and HIV who have renal disease (35,186,409–
411). The majority of reported cases were intravenous drug
users who had glomerulonephritis, typically MPGN, rather
than HIVAN. MN and immunotactoid and fibrillary glomeru-
lonephritis have also been reported (35,202,405). HCV RNA
was detected in renal tissue in half of the patients evaluated in
the study by Stokes et al. (409). Etiologic relationships between
the immune complexes, the inciting antigen, and the renal dis-
ease have not often been reported. Renal biopsy is necessary to
make a clinical diagnosis.

Prognosis and Treatment

Prognosis depends, in part, on renal functional status and his-
tologic findings. All patients we evaluated with findings of
“mixed” disease progressed to ESRD. Another patient with
mild urinary abnormalities and well-preserved renal function
had relatively stable renal function for almost 2 years while
the viral illness progressed. Antiretroviral therapy had been
instituted in some patients with HIVICD without obvious ef-
fect. Its role in the treatment of HIV-related glomerulonephri-
tis must be studied rigorously. One patient with advanced re-
nal insufficiency and nephrotic range proteinuria treated with
steroids had transient improvement in renal function of sev-
eral months’ duration but later progressed to ESRD (317).
Patients in other studies have had variable outcomes, but
follow-up has usually not been extensive. Patients with
glomerulonephritis and HCV and HIV infection appear to
have a variable, but worse outcome than patients with HCV-
associated glomerulonephritis (353,409,410). In a recent U.S.
multicenter observational study, patients with renal diseases
other than HIVAN had a longer course until the development
of ESRD (731 ± 642 compared with 254 ± 331 days) and had
better overall survival (353). No differential effect of treatment
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with antiretroviral drugs was noted in the group of patients
without HIVAN.

HUMAN IMMUNODEFICIENCY
VIRUS-ASSOCIATED

IMMUNOGLOBULIN A
NEPHROPATHY

IgA nephropathy has been described in several patients with
HIV infection. IgA antibodies directed against HIV antigens
are part of the early response to HIV infection (412–416). Cir-
culating antigen–antibody complexes containing IgA are often
present in HIV-infected patients. Rather than being the chance
association of two unrelated diseases, it appears that the re-
nal disease is intimately associated with the viral infection.
In HIV-associated IgA nephropathy, we detected idiotypic IgA
immunoglobulins directed against anti-HIV antigen–antibody
complexes, which were identical to those found in renal tissue
(312). Immunochemical analysis revealed circulating, idiotypic
IgA antibodies, bound to IgG-gp41 and IgM-p24 complexes
(312). Identical immune complexes were eluted from biopsied
tissue, in higher concentration than the circulating immune
complex. In addition, HIV gene sequences were amplified by
PCR from renal tissue. These data are similar to findings in
IgA nephropathy in non-HIV-infected populations (417), sug-
gesting immune mediation and a genetic predisposition to a
particular pathologic outcome.

Epidemiology and Clinical Features

Almost all patients with HIV IgA nephropathy reported are
white or Hispanic (310–316). Hsieh and others reported a
black patient with HIV infection and crescentic IgA nephropa-
thy (320). Two Southeast Asian patients with HIV infection and
IgA nephropathy have been reported (407). Most patients are
homosexual men, although the disease has also been reported
in boys. Patients have hematuria and proteinuria, sometimes
in the nephrotic range. Red cell casts are usually noted. Re-
nal insufficiency is common but is often stable and can im-
prove. Serum IgA levels are increased, but this is a common
finding in HIV-infected patients in the absence of renal dis-
ease. Occasional patients have hypertension. Katz et al. (311)
evaluated three white homosexual men and a Hispanic boy
with HIV infection and IgA nephropathy. All patients had cir-
culating immune complexes composed of immunoglobulins,
including IgA reactive with various HIV antigens and IgA
rheumatoid factors (311). We demonstrated the presence of
circulating immune complexes composed of idiotypic IgA an-
tibodies directed against IgG or IgM antibodies reactive with
HIV peptides in two patients (312). The IgA antiimmunoglob-
ulin response in both patients was specific both for types of im-
munoglobulin and for immunoglobulin reactive with specific
HIV antigens. The anti-HIV antigen response was also both vi-
ral peptide-specific and patient-specific. Cryoprecipitation was
demonstrated in one case.

The low reported prevalence of IgA nephropathy in HIV-
infected patients may be related to a true low incidence of the
disease (312,418), perhaps related to host and genetic back-
ground in infected patients (312,417–419). Alternatively, the
low prevalence may reflect the reluctance to perform renal biop-
sies in patients with urinary abnormalities and mild renal insuf-
ficiency, in the absence of perceived effective treatment, and in
the presence of a disease that is thought to be more linked to sur-
vival than the nephropathy (312). A study from France, how-
ever, suggests almost 8% of postmortem cases show mesangial

deposition of IgA (420). In a recent U.S. multicenter study in
which 89 patients with HIV infection and renal disease under-
went renal biopsy, only 1.1% had IgA nephropathy (353).

Renal Pathology

Light microscopy usually shows diffuse or segmental increase
in mesangial matrix, with segmental proliferative changes.
Rarely, thrombi are seen in glomerular capillaries, and areas
of segmental sclerosis may be noted. Occasionally fibrocellular
crescents are seen (311,312,316,320). IgA is the predominant
immunoglobulin in the mesangium and in glomerular capil-
lary walls, along with C3, IgM, and less often IgG. Electron
microscopy shows increased mesangial matrix with mesan-
gial and peripheral (intramembranous, subepithelial) electron-
dense deposits. Tubular reticular structures may be noted in
glomerular endothelial cells. Nuclear bodies may be seen in
interstitial cells (311).

Prognosis and Treatment

Jindal et al. (316) used steroid therapy in a patient with renal
insufficiency and IgA nephropathy before the HIV infection
was diagnosed. The level of serum creatinine decreased, sug-
gesting a beneficial clinical response may have been related to
this treatment. Most patients, however, have had mild, nonpro-
gressive renal insufficiency, and there are few data regarding
treatment. The effects of CS and antiretroviral therapy on the
natural history of the disease are unknown. A patient with HIV
infection treated with didanosine, and IgA nephropathy with
urinary protein excretion of 12 g/day was given captopril. Over
3.5 months, urinary protein excretion decreased to 0.5 g/day,
associated with an increase of circulating levels of serum pro-
tein and albumin (421). Prospective, controlled studies are nec-
essary to evaluate the role of inhibition of the renin-angiotensin
system and the use of HAART in HIV infected patients with
IgA nephropathy.

HUMAN IMMUNODEFICIENCY
VIRUS–ASSOCIATED

THROMBOTIC
MICROANGIOPATHIES

Both thrombotic thrombocytopenic purpura (TTP) and
hemolytic–uremic syndrome (HUS) have been reported in pa-
tients with HIV infection (422–431). A French study suggests
the thrombotic microangiopathies are a common cause for
acute renal failure in HIV-infected patients (423). Evidence
suggests the disease can be caused in animal models by retro-
viral infection (431,432), and that the virus might mediate
dysfunction of endothelial cells (431,433–437). The diseases
manifest their common presentations, but because of the pro-
tean manifestations of HIV infection, may prove difficult to
diagnose. Abnormalities of the peripheral blood smear remain
the criterion for making the diagnosis (422). Although a va-
riety of different therapeutic approaches have been employed
(298,299,431,438), plasmapheresis remains the safest and per-
haps the most effective treatment for HIV-infected patients
with TTP. The potential therapeutic role of antiretroviral ther-
apy in such cases, while attractive on theoretical grounds, has
not been tested adequately in well-designed clinical studies
(439,440). Few studies exist on the treatment of HUS in the set-
ting of HIV infection. Randomized controlled trials of therapy
in patients with HIV infection and the thrombotic microan-
giopathies have been lacking (298,299,431).
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RENAL DISEASE RELATED
TO TREATMENT

The host response to ongoing viremia may include continued
antibody synthesis, cell-mediated immune responses, and cellu-
lar antiviral responses. Therapy with IFN-α has been associated
with a variety of renal disorders. We studied an HIV-infected
patient treated with IFN-α who developed MPGN. An IFN-α-
immunoglobulin immune complex was identified in the circu-
lation and in higher titer in renal eluates, demonstrating that
glomerulonephritis in HIV-infected patients may be secondary
to a host response to treatment (239). Distinguishing the pro-
gression of disease from iatrogenic effects may be an important
clinical dilemma in patients treated with this immunomodula-
tor who develop increased renal insufficiency. The extent of
renal disease related to therapy with IFN-α in patients with
HIV, HBV, or HCV infection, however, is unknown.

The newer antiretroviral drugs, especially the protease in-
hibitors, in particular indinavir (321,363,441,442) and to
a lesser extent, ritonavir (363,443) may cause reversible
nephropathy by several mechanisms (299,321,441,444–446).
It is important to distinguish such effects from the progres-
sion of the underlying renal disease. Rhabdomyolysis may be
an increasingly common cause of acute renal failure as pa-
tients with lipodystrophy induced by antiretroviral therapy are
treated with statins (299,447–450). Adefovir, cidofovir, aba-
cavir and tenofovir have all been associated with the develop-
ment of tubular injury (299,451–455).

RENAL DISEASE INDIRECTLY
ASSOCIATED WITH VIRAL

INFECTION

Glomerular diseases may occur in HIV-infected patients that
are unrelated to the viral infection, are related to coinfections,
or reflect the immune dysregulation seen in HIV infection
(13,16,17,294,297,456,457). A patient with glomerulonephri-
tis and HIV infection exhibited characteristics of poststrepto-
coccal glomerulonephritis (456). The biopsy, however, showed
tubular reticular structures, which are a hallmark of HIV-
associated renal diseases. Therefore, this patient may have had
two different glomerular diseases, or the electron microscopic
findings may have been nonspecific. The slow resolution of
the renal disease in this case may reflect the disordered im-
munoregulation seen in HIV-infected patients, compared with
immunologically normal hosts who develop glomerulonephri-
tis after streptococcal infections. We evaluated a white man
with nephrotic syndrome in the presence of HIV and HBV in-
fection. The renal biopsy was suggestive of MN secondary to
HBV infection, rather than an HIV-associated glomerulopa-
thy (399). The association of these two diseases was confirmed
when the proteinuria remitted concurrently with the clearance
of HBeAg from the patient’s circulation (458). There are a
paucity of well-described cases of lupus nephritis in the setting
of HIV infection (392,459). It is possible that the disordered
immunoregulation associated with the viral infection mediates
altered renal outcomes in such patients.

CRYOGLOBULINEMIA AND
VASCULITIS

Occasionally patients with vasculitis and/or cryoglobulinemia
in the presence of HIV infection have been reported (460–466),
although the extent of renal involvement in such patients is of-

ten unclear. A report outlined 16 HIV-infected patients with
large vessel disease (467). Another study of HCV-infected pa-
tients linked the presence of cryoglobulinemia to vasculitis and
coexisting HIV infection (179). Coinfection with HBV and
HCV make the pathogenesis of this disorder difficult to as-
sess, in light of the abnormal immunoregulation present in HIV
infection, in the absence of rigorous, precise identification of
tissue-deposited immunoreactants (468).

Antibodies reactive with HIV p24 have occasionally been
noted in patients with autoimmune diseases (469). Sera from
several patients with essential cryoglobulinemia reacted with
human T-cell lymphotrophic virus type I proteins, and re-
verse transcriptase activity was found in several patients as
well (469). None of the sera reacted with HIV-1 peptides. The
significance of these findings is unclear, but it is possible that
these antibodies may only be cross-reactive with the retrovi-
ral proteins or be directed against endogenous proteins, coded
by retroviral-like sequences in the human genome or sharing
homology with retroviral proteins (469–471). Vasculitis and
cryoglobulinemia, however, appear to be relatively rare com-
pared with the prevalence of HIV infection. It is also frequently
difficult, in the absence of intensive immunologic analysis, to
assess whether the cryoglobulinemia is associated with HIV or
other coexistent infections. Renal vasculitis has not been an
important clinical finding in such patients. In a patient with
HIV and HBV infection, cryoglobulinemia and proliferative
glomerulonephritis were evaluated. Two circulating immune
complexes were detected in this patient. One was composed of
an IgG–HIV p24 complex, the other a cryoprecipitable IgA–
IgG complex. Interestingly, the HIV peptide complex was not
implicated in the pathogenesis of the nephropathy (13). This
case illustrates the importance of a careful immunochemical
evaluation in establishing a precise diagnosis of the renal dis-
ease in HIV-infected patients.

MECHANISTIC POSSIBILITIES IN
THE PATHOGENESIS OF HUMAN

IMMUNODEFICIENCY
VIRUS-ASSOCIATED IMMUNE

COMPLEX DISEASE

The pathogenesis of HIVICD is largely unknown; however, in
our studies, the overwhelming majority of HIV-infected pa-
tients with renal disease show the presence of HIV genome in
the kidney (13,23,317). Cohen et al. (472) also demonstrated
proviral HIV DNA in tubular and glomerular epithelial cells
in biopsies and autopsy tissue from HIV-infected patients with
immune complex glomerulonephritis using in vitro DNA hy-
bridization techniques. They also found such renal tissue mark-
ers in patients with AIDS without clinically obvious renal dis-
ease. However, they were unable to demonstrate the presence
of either HIV core or envelope protein antigens in glomerular
deposits in their patients with immune complex glomeru-
lonephritis. Interestingly, we also demonstrated the presence
of HIV genome in autopsy tissue of patients without the pres-
ence of renal lesions (13). Such findings suggest the presence
of HIV genomic material in the kidney is not alone sufficient
to induce nephropathy. Triggering and facilitating mechanisms
seem likely, therefore, to be associated with mechanisms that
cause nephropathy. Understanding the pathogenesis of such re-
nal disease and the nature of such mechanisms might lead to
preventive or ameliorative strategies.

The role of cellular incorporation of HIV genome prod-
ucts in the development of renal disease, contrasted with circu-
lating immune mechanisms, is unknown. The development of
glomerulonephritis may be dependent on the renal parenchy-
mal incorporation of HIV antigens, although renal cellular HIV
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infection may not be a sufficient condition for disease expres-
sion. Evidence suggests HIV may infect renal tissue, specif-
ically glomerular epithelial cells (322,323,337,354–356,472)
and mesangial cells in vitro (357,473). The tubular epithelium
may also be a target for infection (337,358). Tubular cells can
be infected by HIV in vitro (358).

It is possible that renal cellular viral infection itself, by the
expression of viral antigens or alteration of renal cellular pro-
teins, might lead to subsequent attachment of circulating anti-
HIV antibodies or complexes to an implanted or transformed
antigen. Alternatively, such findings may be the result of depo-
sition of circulating immune complexes in renal tissue, which
subsequently initiate an inflammatory response. Analysis of
pathologic tissue cannot differentiate definitively between these
two pathogenic mechanisms. The pathogenic significance of a
positive PCR remains to be established.

Similarly, the role of genetic and host responses may be cru-
cial in determining renal pathologic outcomes. It is of interest
that a substantial proportion of the polyclonal immunoglob-
ulin response in HIV-infected patients is composed of IgA,
and that IgA-containing immune complexes are prevalent in
patients with HIV infection and AIDS (412–416). These im-
mune responses may partially explain the prevalence of IgA
nephropathy seen in HIV-infected patients. It is possible that
certain specific immune responses, perhaps related to specific
modes of antigen presentation, or specific circulating immune
complexes are more likely to provoke an ongoing renal inflam-
matory response. Finally, the role of concurrent or intercur-
rent viral infection in affecting renal responses remains to be
determined.

Since HIVICD is characterized by a dense interstitial infil-
trate (13,23,312,317,325,326) that aids in the identification
of its HIV-associated nature, immune cell infiltration in re-
nal tissue may be important in its pathogenesis. Because dif-
ferent cell populations characterize different nephropathies,
the immune cell population may also have an important ef-
fect on histologic outcome. Alternatively, different pathogenic
processes may elicit different infiltrating cells. Cytokines and
growth factors, which are products of immune cells, may also
enhance nephropathogenicity. IFNs are expressed in response
to viral infections (474). Treatment with IFNs has been associ-
ated with reversible nephropathy, including interstitial nephri-
tis and glomerulonephritis (239,240–243,475–478). Several
cytokines and growth factors can modulate the growth and
function of mesangial cells in culture, including platelet-derived
growth factor, epidermal growth factor, interleukin-1 (IL-1),
tumor necrosis factor, and transforming growth factor-β
(21,479–488). A role for cytokines and growth factors in the
activation of latent HIV-1 virus has also been suggested (489–
495). In addition, HIV-1 proteins may have cytotoxic or other
effects on renal cells that could enhance nephropathogenicity.
The HIV protein gp120 is cytotoxic, causing death of astro-
cytes in human brain cultures in vitro and inducing cellular
IFN-α and IFN-γ , tumor necrosis factor-α, IgG, IL-1, and IL-
6 production (496–498). The HIV-1 trans-activator protein
Tat has variable stimulatory or inhibitory effects on cell pro-
liferation (499–502). gp120 and gp120-anti-gp120 antigen–
antibody complexes are immunomodulatory (498,503,504).
Therefore, HIV peptides and antibodies directed against them
may modulate renal cellular function, leading to susceptibility
to immune complex renal disease.

CYTOMEGALOVIRUS (CMV)
INFECTION AND

GLOMERULONEPHRITIS

CMV infection has been associated with transplant glomeru-
lopathy and chronic allograft nephropathy (505–511) and

acute rejection (511,512), although this notion is still a con-
troversial area of research and vigorously disputed (513–
518). The lesion may be associated with vascular rejection
(512,513,515,519). A case report demonstrated the presence
of immunotactoid glomerulopathy with renal failure in a re-
nal transplant patient who simultaneously had CMV viremia
(520). The glomerular lesion and renal dysfunction resolved
concurrently with successful treatment of the CMV infection,
circumstantially suggesting an association between the viral
disease and the glomerulopathy.

Controversy also exists regarding whether CMV infection
is intimately associated with glomerulonephritis in general and
specifically with IgA nephropathy (417,521,522). A report im-
plicated CMV infection in the development of recurrence of
glomerulonephritis in a patient with preexisting MPGN (522)
by virtue of improvement after treatment with ganciclovir.
No evidence of CMV renal infection, however, was reported.
Detwiler et al. reported a necrotizing, crescentic glomeru-
lonephritis in a patient who received a renal transplant (523).
Interestingly, although there was little evidence of immune-
complex mediated mechanistic processes, CMV was detected
in renal tissue by immunochemistry and in situ hybridization
techniques. In this case, ganciclovir therapy also ameliorated
signs of renal disease.

CMV can infect and replicate in human mesangial cells
(524), and CMV infection in mice is associated with glomeru-
lonephritis (525). In animal models, IgA nephropathy may re-
sult from various viral infections (417). Ozawa and Stewart
(526) described a patient with hematuria and proteinuria,
with normal renal function, who died of gastrointestinal hem-
orrhage while being treated with CS. Autopsy revealed fo-
cal proliferative mesangial hypercellularity. IgG, IgA, C3, and
C4, as well as CMV antigens, localized by guinea pig anti-
CMV antiserum, were present in a granular pattern within the
mesangium (526). IgG antibody reactive with CMV was de-
tected in renal eluates in lower titer than in the circulation.
The authors interpreted these findings as consistent with a
CMV immune-mediated glomerulonephritis. Gregory and co-
workers (7) consistently detected CMV antigens in tissue from
patients with IgA nephropathy using indirect immunofluores-
cence techniques, employing polyclonal antihuman CMV an-
tibodies (7). Waldo and others (527) suggested these results
may have been nonspecific, and other investigators have been
unable to confirm the positive results (528,529). Ortmanns
et al. described a patient with IgA nephropathy who was treated
with immunosuppressive drugs who subsequently developed
CMV infection (530). Renal function improved after immuno-
suppression was discontinued and therapy with ganciclovir
initiated. After discontinuation of ganciclovir, renal function
worsened. Renal function improved after reinstitution of ganci-
clovir. The authors interpreted these findings as evidence for an
important role of CMV in the pathogenesis of IgA nephropa-
thy, but it is also possible that two distinct renal pathogenic
mechanistic processes occurred simultaneously. Lai et al. (531),
using monoclonal antibodies directed against CMV antigens
in indirect immunofluorescence studies, were unable to detect
CMV peptides in tissue from patients with IgA nephropathy.
They suggested the conflicting findings might be based on dif-
ferential antibody specificity and the positive findings were
artifactual.

Studies have investigated whether the CMV genome may
be found in renal tissue of patients with IgA nephropathy.
Okamura and co-workers (532) and Kanahara co-workers
(533) were unable to detect CMV DNA in renal tissue from
patients with IgA nephropathy. Smith et al. (534) were also
unable to confirm the presence of CMV antigens in a large pro-
portion of renal tissue from patients with IgA nephropathy us-
ing immunochemical techniques. Similarly, they were unable to
localize CMV DNA in such tissue using in situ DNA hybridiza-
tion. Bene et al. (535), using monoclonal antibodies directed
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against CMV antigens, were unable to detect CMV peptides
and, using PCR technology, were able to detect CMV genome
in only 1 of 14 samples of renal tissue from patients with IgA
nephropathy. The authors concluded that CMV infection was
not associated with IgA nephropathy. Telenti and co-workers
(536) failed to show CMV DNA in renal tissue from 10 patients
with IgA nephropathy.

Muller et al. (537,538), however, detected CMV DNA by
PCR in renal tissue from 74% of 19 biopsies of patients with
IgA nephropathy. Immunohistochemical examination of tis-
sue for CMV antigens was positive in only 2 of 17 evalua-
tions. CMV antigens were detected in a mesangial distribu-
tion. The CMV genome, however, was also detected in 4 of 18
(22%) samples of frozen tissue from normal kidneys, although
the difference between the proportions of positive detections
was statistically significantly different in the two groups. CMV
genome was not amplified from samples of kidneys from pa-
tients with focal glomerulosclerosis (537). In addition, detec-
tion of the CMV genome was less common (only 1 of 17, or
6%) in paraffin-embedded sections in contrast to frozen mate-
rial. However, only a few specimens were assessed in tandem
using the two preparations from individual patients. These re-
sults are in accordance with the notion that CMV infection is
associated with the pathogenesis of IgA nephropathy but do not
establish a causal relationship. Alternatively, the host immune
response to CMV infection may culminate in the development
of IgA nephropathy in selected patients.

Kadereit et al. (539) showed, in an early study, that CMV
genome could be detected in 40% of renal biopsies of patients
who had circulating antibodies directed against CMV, indicat-
ing prior exposure to the virus. However, 30% of seronegative
patients also had a positive PCR evaluation in renal tissue,
suggesting the technique is more sensitive than serologic as-
sessments. A seronegative control without kidney disease also
had a positive PCR determination. All negative genomic con-
trols had negative PCR evaluations. There was no correlation
of a positive PCR result with type of nephropathy. Such data
suggest the finding of a positive CMV PCR may be relatively
common in renal tissue of patients with and without renal dis-
ease, reflecting the high prevalence of CMV infection. Park
et al. (540), however, used the PCR technique to amplify CMV
DNA from renal tissue from patients with IgA nephropathy and
tissue from both patients with other glomerulonephritides and
normal renal tissue as controls. These investigators were able to
amplify CMV gene products from 60% of paraffin-embedded
renal biopsy tissue from patients with IgA nephropathy, but
CMV DNA was also detected in 71% of control tissue from
patients with other forms of glomerulonephritis. They were un-
able to demonstrate CMV antigen, however, by immunologic
techniques in renal tissue from patients with IgA nephropathy.
These results suggest that the presence of CMV genome in re-
nal tissue from patients with IgA nephropathy is not specific
and that renal cellular infection with CMV may be associated
with glomerulonephritis. This association may not, however,
be one of cause and effect.

PCR results are likely to be more sensitive (13,23,24) but
also are dependent on the primers and probes used and the
technique employed (541) and are subject to contamination.
In addition, material may be present during PCR that may in-
hibit the reaction, leading to false-negative results. Therefore,
in addition to scrupulous technique, it is important that positive
and negative controls, from the same laboratory, be simultane-
ously assessed in this type of study to allow valid conclusions
to be drawn from the data. Geographic variations, considering
the genetic predispositions to development of IgA nephropathy
and differences in rates of endemic viral infections and strain
differences worldwide, should also be considered when analyz-
ing such results. Ultimately, the demonstration of specific viral
peptides and antiviral antibodies in characteristic anatomic lo-

cations will be necessary to validate a causal association be-
tween CMV infection and glomerulonephritis.

HANTAVIRUS INFECTION AND
THE KIDNEY

The hantaviruses are a group of single-stranded RNA viruses of
the Bunyaviridae family (542). Although hantavirus is endemic
in Korea and other parts of Asia, cases have been noted in West-
ern Europe, and exposure to hantavirus infection has been doc-
umented in inner city populations in the United States (543).
Since a greater proportion of patients in Baltimore, Maryland
with renal disease and hypertension had antibodies to han-
tavirus compared with control groups of patients seen in an
emergency setting and in a sexually transmitted disease clinic,
some have speculated on an association between exposure to
hantavirus and the pathogenesis of chronic renal disease in the
United States (543). Such preliminary results were confirmed
in a study of biopsy-proved cases of acute and chronic renal
disease (544). Three percent of patients with congenital renal
disease had serologic evidence of exposure to hantavirus, while
more than one-fourth of a group of patients with various acute
and chronic renal diseases had antibodies against hantavirus.
Patients with tubulointerstitial nephritis, necrotizing glomeru-
lonephritis, and IgA nephropathy were most likely to have had
antibodies directed against hantavirus. The pathogenic mech-
anisms underlying these associations remain to be clarified.
Studies suggest chronic alterations in kidney function, includ-
ing glomerular filtration, glomerular permeability and tubular
function may occur after viral infection (545–548).

Hantavirus infections have been associated with acute renal
failure, including nephropathia epidemica, associated with Pu-
umala virus infection, and the more severe hemorrhagic fever
with renal syndrome, in those infected with Hantaan virus.
Infection with the Seoul virus has been associated with a less
severe form of hemorrhagic fever with renal syndrome (549).
Characteristic clinical signs of hemorrhagic fever with renal
syndrome include fever, hemorrhagic manifestations, and re-
nal failure. The disease is divided into five phases: febrile, hy-
potensive, oliguric, diuretic, and convalescent. In many cases,
renal function returns to normal, but often over a period of
months. The renal disease is often characterized by tubular,
rather than glomerular disorders. Pathologic findings of hemor-
rhage in medullary interstitium, inflammatory cell infiltration,
and glomerular epithelial cell and basement membrane abnor-
malities are encountered. Tubular lesions such as sloughing and
necrosis of epithelial cells are common, but glomerular abnor-
malities are not. The pathogenic contributions of vasodilation,
microcirculatory abnormalities, platelet dysfunction, and dis-
seminated intravascular coagulation to the pathologic findings
are unclear. Immune complex-mediated mechanisms have been
thought to be important because they may be detected in the
circulation and glomeruli (542,549). Complement activation
has been noted concurrently with high levels of immune com-
plex detection and peak vascular injury. Treatment of the renal
disease consists of supportive measures and appropriate renal
replacement therapy. Several reviews have considered this area
(550,551), while the number of case reports and series describ-
ing specific aspects of the disease has burgeoned.

In a large series of patients from Finland with nephropathia
epidemica diagnosed serologically, tubular and interstitial ab-
normalities were most common, although in 20 of 53 patients
who had glomeruli for analysis, abnormalities such as mesan-
gial hypercellularity were noted (552). Half these glomeruli had
negative immunofluorescent evaluations. In the other half, a va-
riety of immunoreactants, including complement, were noted in
a granular mesangial distribution, with patterns ranging from
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focal and segmental to diffuse and global. In one case, the diag-
nosis of IgA nephropathy was made. Although rare case reports
of glomerulonephritis in patients with hantavirus infection ex-
ist (546,553,554), it is not clear whether the glomerulonephri-
tis was directly related to the viral infection or represented the
occurrence of two distinct diseases.

EPSTEIN-BARR VIRUS INFECTION

Rare cases of renal disease have been reported in patients with
Epstein-Barr virus (EBV) infection (555–567). Several cases
of immune complex renal disease with glomerular ultrastruc-
tural abnormalities have been reported in association with
EBV infection (555–557,559,560,562,563) including a case of
IgA nephropathy (558) and diverse types of glomerular ab-
normalities (555,565). Causal links cannot as yet be conclu-
sively established between the glomerulonephritis and the viral
illness, however, using strict criteria (8,10,13). The majority
of cases of acute renal failure in the setting of EBV infection
have been either due to rhabdomyolysis or interstitial nephritis
(563–568), although a case of renal lymphoma associated with
EBV infection has been reported (569). An elegant study sug-
gests EBV infection is characteristic of renal tissue of patients
with chronic interstitial nephritis (570). The role of EBV infec-
tion in modifying outcomes in renal transplantation is unclear
(511,571,572).

POLYOMAVIRUS INFECTIONS

JC and BK viruses are double-stranded DNA viruses of the
Polyomavirus family that have been associated with intersti-
tial renal disease in renal transplant patients (573,574). BK
virus, which has a seroprevalence of 60% to 80% in differ-
ent populations, has a high degree of homology with simian
virus 40 (SV40), as does JC virus. The role of BK virus in
mediating renal disease in the absence of immunosuppression
or preexisting nephropathy is unclear (575,576). One early
study attempted to implicate BK-associated immune complexes
with various immune-complex glomerular diseases (576). A re-
cent study suggested BK virus infects glomerular epithelial cells
in transplant patients (577). Renal tissue shows renal tubular
abnormalities and interstitial infiltration (578). Treatment in-
volves curtailing immunosuppression, but this may lead to re-
jection. Better transplant kidney function was associated with
less virus detected in a study involving the use of protocol trans-
plant biopsies (578). Quantitative PCR may allow more precise
diagnosis of BK virus allograft nephropathy (579). Recently pa-
tients with BK nephropathy have been treated with cidofovir
(580), although the drug can exhibit nephrotoxicity.

Recent preliminary data suggest SV40, a simian Poly-
omavirus, can be detected more commonly from cells of urine
of patients with renal disease, compared to those of normal
controls (581). A role for SV40 in the pathogenesis of focal
glomerulosclerosis was suggested. Further work has tested such
hypotheses (582). Such data, although associative, provide a
basis for investigation of the role of SV40 in the initiation or
mediation of renal disease.

PARVOVIRUS INFECTIONS

Parvovirus B19 is a single-stranded DNA virus that is a mem-
ber of the Parvoviridae family. It is the only virus of this fam-
ily to infect humans. Its seroprevalence ranges between 40%
and 60% in adults in developed countries. It has been as-
sociated with glomerulonephritis in patients with diagnoses
such as sickle cell disease (583,584) and vasculitis (585,586),

as well as a variety of other glomerulonephridites (35,587–
593) including Henoch-Schönlein purpura (594,595). Mesan-
gioproliferative glomerulonephritis, mesangiocapillary prolif-
erative glomerulonephritis, and acute endocapillary prolifera-
tive glomerulonephritis have all been reported associated with
parvovirus infection. Patients may have hypocomplementemia
(590,591). Histologic studies have linked the presence of viral
protein (590,592) and genome (588,592,594) to the renal dis-
ease with varying assessments of control tissue, but causality
has not been definitively proved.

Viral DNA was detected in a higher proportion of tissue
from patients with focal glomerulosclerosis compared with
tissue from patients with other glomerular diseases or nor-
mal tissue (596). Viral DNA, however, was not detected by
in situ hybridization. Parvovirus B19 has since been linked to
the presence of collapsing glomerulopathy by several investi-
gators (35,597–600). Moudgil et al. showed parvovirus B19
DNA could be detected in renal tissue from patients with col-
lapsing glomerulopathy with higher frequency (78.3%) than
from tissue from patients with HIV-associated nephropathy or
focal glomerulosclerosis (599). Viral genome was detected in
glomerular epithelial cells and tubular cells, suggesting a pos-
sible pathogenic pathway for the development of the disease.
The investigators speculated host factors could be critical in
determining disease expression.

Finally, parvovirus infection has been associated with ane-
mia and renal dysfunction in patients who received kidney
transplants (507,598,601–603). Murer et al. reported four
cases of thrombotic microangiopathy in renal allografts asso-
ciated with parvovirus infection (604). The role of this virus
in mediating the initiation and progression of various forms of
chronic renal diseases deserves further study.

CONCLUSION

Renal disease occurs in patients with HBV, HCV, and HIV
and other viral infections, and is often immune complex me-
diated. Viral-associated glomerulonephritis comprises a spec-
trum of proliferative glomerulonephritis to MN, likely reflect-
ing differential deposition of antibody and antigen–antibody
complexes, in situ immune mechanisms, and variation in host
responses and genetic background. The role of the associa-
tion of viral infection in the pathogenesis of focal segmen-
tal glomerulosclerosis is under active investigation. Infection
of glomerular epithelial cells by particular viruses may con-
tribute to the pathogenesis of focal segmental glomerulosclero-
sis. Differences in expression of renal disease may vary with the
nephropathogenicity of specific viral peptides and the physico-
chemical characteristics of the associated immune complexes,
the anatomic location of their deposition, and systemic and lo-
cal clearance rates. Diagnosis and therefore the true prevalence
of viral-related glomerulonephritis will depend on the speci-
ficity and sensitivity of the tests employed in the diagnosis. The
demonstration of both viral antigens and host antibody in the
mesangium and in glomerular capillaries and the isolation of
identical viral immune complexes from distinct renal anatomic
areas, in higher titers than the circulation, remain the gold stan-
dard for diagnostic purposes. Immunochemical and molecular
biologic evaluations will prove increasingly important for our
understanding the pathogenesis of viral and nonviral renal dis-
eases in animal models and in human tissue.

References

1. Wilson CB, Dixon FJ. The renal response to immunological injury. In:
Brenner BM, Rector FC, eds. The kidney, 2nd ed. Philadelphia: Saunders,
1981:1237.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

1502 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

2. Blumberg BS, Alter HJ, Vinich S. A “new” antigen in leukemia serum.
JAMA 1964;191:101.

3. Kohler PF. Clinical immune complex disease: manifestations in systemic
lupus erythematosus and hepatitis B virus infection. Medicine 1973;52:419.

4. Ozawa T, et al. Acute immune complex disease associated with hepatitis.
Etiopathogenic and immunopathologic studies of the renal lesion. Arch
Pathol Lab Med 1976;100:484.

5. Ronco P, Verroust P, Morel-Maroger L. Viruses and glomerulonephritis.
Nephron 1982;31:97.

6. Vas SI. Primary and secondary role of viruses in chronic renal failure. Kidney
Int 1991;40(Suppl 35):S-2.

7. Gregory MC, Hammond ME, Brewer ED. Renal deposition of cytomegal-
ovirus antigen in immunoglobulin-A nephropathy. Lancet 1988;1:11.

8. Glassock RJ. Immune complex-induced glomerular injury in viral diseases:
an overview. Kidney Int 1991;40(Suppl 35):S-5.

9. Couser WG, Salant DJ. In situ immune complex formation and glomerular
injury. Kidney Int 1980;17:1.

10. Couser WG. Mechanisms of glomerular injury in immune-complex disease.
Kidney Int 1985;28:569.

11. Couser WG. Mediation of immune glomerular injury. J Am Soc Nephrol
1990;1:13.

12. Wilson CB. The renal response to immunologic injury. In: Brenner BM,
Rector FC, eds. The kidney, 4th ed. Philadelphia: Saunders, 1991.

13. Kimmel PL, Phillips TM. Immune complex glomerulonephritis associated
with HIV infection. In: Kimmel PL, Berns JS, eds. Renal and urologic aspects
of HIV infection. New York: Churchill Livingstone, 1995:77.

14. Quigg RJ. Complement and autoimmune glomerular diseases. Curr Dir
Autoimmun 2004;7:165.

15. Segerer S, Nelson PJ, Schlondorff D. Chemokines, chemokine receptors,
and renal disease: from basic science to pathophysiologic and therapeutic
studies. J Am Soc Nephrol 2000;11:152.

16. Kimmel PL. HIV-associated nephropathy: virologic issues related to renal
sclerosis. Nephrol Dial Transplant 2003;18(Suppl 6):vi59.

17. Kimmel PL. Clinical and immunopathogenic aspects of HIV-associated re-
nal diseases. In: Nielson EG, Couser W, eds. Immunologic renal disease,
2nd ed. New York: Lippincott, 2001:1203.

18. Strutz F, Neilson EG. New insights into mechanisms of fibrosis in immune
renal injury. Springer Semin Immunopathol 2003;24:459.

19. Yokoyama H, Wada T, Furuichi K. Chemokines in renal fibrosis. Contrib
Nephrol 2003;139:66.

20. Segerer S, Alpers CE. Chemokines and chemokine receptors in renal pathol-
ogy. Curr Opin Nephrol Hypertens 2003;12:243.

21. Anders HJ, Vielhauer V, Schlondorff D. Chemokines and chemokine recep-
tors are involved in the resolution or progression of renal disease. Kidney
Int 2003;63:401.

22. Segerer S. The role of chemokines and chemokine receptors in progressive
renal disease. Am J Kidney Dis 2003;41(3 Suppl 1):S15.

23. Kimmel PL, et al. Viral DNA in micro-dissected renal biopsies of HIV-
infected patients with nephrotic syndrome. Kidney Int 1993;43:1347.

24. Cohen CD, Kretzler M. Gene expression analysis in microdissected renal
tissue. Current challenges and strategies. Nephron 2002;92:522.

25. Alcorta DA, et al. Future molecular approaches to the diagnosis and treat-
ment of glomerular disease. Semin Nephrol 2000;20:20.

26. Embretson J, et al. Massive covert infection of helper T lymphocytes and
macrophages by HIV during incubation of AIDS. Nature 1993;362:359.

27. Barnes JL, Milani S. In situ hybridization in the study of the kidney and
renal diseases. Semin Nephrol 1995;15:9.

28. Grandaliano G, Chodhury GG, Abboud HE. Transgenic animal models as
a tool in the diagnosis of kidney diseases. Semin Nephrol 1995;15:43.

29. Kopp JB, et al. Progressive glomerulosclerosis and enhanced renal accumu-
lation of basement membrane components in mice transgenic for human im-
munodeficiency virus type 1 genes. Proc Natl Acad Sci USA 1992;89:1577.

30. Hanafusa N, et al. Contribution of genetically engineered animals to the
analyses of complement in the pathogenesis of nephritis. Nephrol Dial
Transplant 2002;17(Suppl 9):34.

31. Kopp JB. Gene expression in kidney using transgenic approaches. Exp
Nephrol 1997;5:157.

32. Clinicopathological Conference. A 57-year-old woman with recurrent skin
lesions, arthritis and renal dysfunction. Case 11-1989. N Engl J Med 1989;
320:718.

33. Brouet JC, et al. Biologic and clinical significance of cryoglobulins. Am J
Med 1974;57:775.

34. Dispenzieri A, Gorevic PD. Cryoglobulinemia. Hematol Oncol Clin North
Am 1999;13:1315.

35. di Belgiojoso GB, Ferrario F, Landrianni N. Virus-related glomerular dis-
eases: Histological and clinical aspects. J Nephrol 2002;15:469.

36. Ferri C, Zignego AL, Pileri SA. Cryoglobulins. J Clin Pathol 2002;55:4.
37. Hilleman MR. Strategies and mechanisms for host and pathogen survival

in acute and persistent viral infections. Proc Natl Acad Sci USA 2004;
101(Suppl 2):14560.

38. Dlamini Z, Mbita Z, Zungu M. Genealogy, expression and molecular mech-
anisms in apotosis. Pharmacol Ther 2004;101:1.

39. Lisowaska K, Witkowski JM. Viral strategies in modulation of NF-kappa
B activity. Arch Immunol Ther Exp 2003;51:367.

40. Irusta PM, Chen YB, Hardwick JM. Viral modulators of cell death provide
new links to old pathways. Curr Opin Cell Biol 2003;15:700.

41. Clemens MJ. Interferons and apotosis. J Interferon Cytokine Res 2003;
23:277.

42. Cacoub P, et al. Cryoglobulinemia vasculitis. Curr Opin Rheumatol 2002;
14:29.

43. Dammacco F, et al. The cryoglobulins: An overview. Eur J Clin Invest 2001;
31:628.

44. Ramos-Casals M, et al. Mixed cryoglobulinemia: new concepts. Lupus
2000;9:83.

45. Ferri C, et al. HCV-related cryoglobulinemic vasculitis: An update on its
etiopathogenesis and therapeutic strategies. Clin Exp Rheumatol 2003;
21(6 Suppl 32):S78.

46. Schott P, Hartmann H, Ramadori G. Hepatitis C virus-associated mixed
cryoglobulinemia. Clinical manifestations, histopathological changes,
mechanisms of cryoprecipitation and options of treatment. Histol
Histopathol 2001;16:1275.

47. Trendelenburg M, Schifferli JA. Cryoglobulins in chronic hepatitis C virus
infection. Clin Exp Immunol 2003;133:153.

48. Meltzer M, et al. Cryoglobulinemia—a clinical and laboratory study. II.
Cryoglobulins with rheumatoid factor activity. Am J Med 1966;40:837.

49. Gorevic PD, et al. Mixed cryoglobulinemia: clinical aspects and long-term
follow-up of 40 patients. Am J Med 1980;69:287.

50. Jennette JC, Falk RJ. Small vessel vasculitis. N Engl J Med 1997;337:1512.
51. Beddhu S, Bastacky S, Johnson J. The clinical and morphologic spectrum

of renal cryoglobulinemia. Medicine 2002;81:398.
52. D’Amico G, et al. Renal involvement in essential mixed cryoglobulinemia.

Kidney Int 1989;35:1004.
53. Migliorini P, et al. Mechanisms of renal damage in mixed cryoglobulinemic

nephritis. Nephrol Dial Transplant 2001;16(Suppl 6):58.
54. Levy M, Chen N. Worldwide perspective of hepatitis B-associated glomeru-

lonephritis in the 80s. Kidney Int 1991;40(Suppl 35):S24.
55. Sherker AH, Robinson WS. Hepatitis B and Hepatitis D. In: Hoeprich PD,

Colin Hordan M, Ronald AR, eds. Infectiousdiseases, 5th ed. Philadelphia:
Lippincott, 1994:801.

56. Scaglioni P, Melegari M, Wands J. Recent advances in the molecular biology
of hepatitis B virus. Baillieres Clin Gastroenterol 1996;10:207.

57. Mannik M, Agodoa LY, David KA. Rearrangement of immune complexes
in glomeruli leads to persistence and development of electron-dense de-
posits. J Exp Med 1983;157:1516.

58. Tiollais P, Pourcel C, Dejean A. The hepatitis B virus. Nature 1985;317:489.
59. Seeger C, Mason WS. Hepatitis B virus biology. Microbiol Mol Biol Rev

2000;64:51.
60. Takekoshi Y, et al. Immunopathogenetic mechanisms of hepatitis B virus-

related glomerulopathy. Kidney Int 1991;40(Suppl 35):S34.
61. Maynard J, Hepatitis B. Global importance and need for control. Vaccine

1990;8(Suppl):S18.
62. Lai KN, Lai FM. Clinical features and the natural course of hepatitis B

virus-related glomerulopathy in adults. Kidney Int 1991;40(Suppl 35):S40.
63. Bhimma R, et al. HBV and proteinuria in relatives and contacts of chil-

dren with hepatitis B virus-associated membranous nephropathy. Kidney
Int 1999;55:2440.

64. Bhimma, R, Coovadia HM. Hepatitis B virus-associated nephropathy. Am
J Nephrol 2004;24:198.

65. Combes B, et al. Glomerulonephritis with deposition of Australia-
antigen antibody complexes in glomerular basement membrane. Lancet
1971;ii:234.

66. Kneiser MR, et al. Pathogenesis of renal disease associated with viral hep-
atitis. Arch Pathol 1974;97:193.

67. Oldstone MD, Dixon FJ. Pathogenesis of chronic disease associated
with persistent lymphocytic choriomeningitis viral infection. J Exp Med
1969;119:483.

68. Kohler PF, et al. Chronic membranous glomerulonephritis caused by hepati-
tis B antigen—antibody immune complexes. Ann Intern Med 1974;81:443.

69. Austin HA, et al. Membranous nephropathy (NIH conference). Ann Intern
Med 1992;116:672.

70. Kerjaschki D. Molecular pathogenesis of membranous nephropathy. Kid-
ney Int 1992;41:1090.

71. Johnson RJ, Couser WG. Hepatitis B infection and renal disease: clin-
ical, immunopathogenetic and therapeutic considerations. Kidney Int
1990;37:663.

72. Lai KN, et al. The clinico-pathologic features of hepatitis B virus-associated
glomerulonephritis. Q J Med 1987;240:323.

73. Venkataseshan VS, et al. Hepatitis-B-associated glomerulonephritis: pathol-
ogy, pathogenesis, and clinical course. Medicine 1990;69:200.

74. Lee HS, et al. A renal biopsy study of hepatitis B virus-associated nephropa-
thy in Korea. Kidney Int 1988;34:537.

75. Nagy J, et al. The role of hepatitis B surface antigen in the pathogenesis of
glomerulopathies. Clin Nephrol 1979;12:109.

76. Brzosko WJ, et al. Glomerulonephritis associated with hepatitis B surface
antigen immune complexes in children. Lancet 1974;2:477.

77. Magiore W, et al. HBsAg glomerular deposits in glomerulonephritis: fact
or artifact? Kidney Int 1981;19:579.

78. Hiroshi H, et al. Deposition of hepatitis E antigen in membranous glomeru-
lonephritis: identification by F (ab′)2 fragments of monoclonal antibody.
Kidney Int 1984;26:338.

79. Takahashi K, et al. Demonstration of hepatitis E antigen in the core of Dane
particles. J Immunol 1979;122:275.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

Chapter 59: Viral Glomerular Diseases 1503

80. Takekoshi Y, et al. Free “small” and IgG-associated “large” hepatitis E
antigen in the serum and glomerular capillary walls of two patients with
membranous glomerulonephritis. N Engl J Med 1979;300:814.

81. Lai KN, et al. Membranous nephropathy related to hepatitis B virus in
adults. N Engl J Med 1991;324:1457.

82. Lai KN, Lai FM, Tam JS. Comparison of polyclonal and monoclonal an-
tibodies in determination of glomerular deposits of hepatitis B virus anti-
gens in hepatitis B virus-associated glomerulonephritides. Am J Clin Pathol
1989;92:159.

83. Lai FM, et al. Primary glomerulonephritis with detectable glomerular hep-
atitis B virus antigens. Am J Surg Pathol 1994;18:175.

84. Lai KN, et al. Detection of hepatitis B virus DNA and RNA in kidneys of
HBV-related glomerulonephritis. Kidney Int 1996;50:1965.

85. He XY, et al. In situ hybridization of hepatitis B DNA in hepatitis B-
associated glomerulonephritis. Pediatr Nephrol 1998;12:117.

86. Lin CY. Hepatitis B virus-associated membranous nephropathy: clinical
features, immunological profiles, and outcome. Nephron 1990;57:37.

87. Ito H, et al. Hepatitis B e antigen-mediated membranous glomerulonephri-
tis: correlation of ultrastructural changes with HBeAg in the serum and
glomeruli. Lab Invest 1981;44:214.

88. Knecht GL, Chisari FV. Reversibility of hepatitis B virus induced glomeru-
lonephritis and chronic active hepatitis after spontaneous clearance of
serum hepatitis B surface antigen. Gastroenterology 1978;75:1152.

89. Lin CY. Clinical features and natural course of HBV-related glomerulopathy
in children. Kidney Int 1991;40(Suppl 35):S46.

90. Lo SJ. Characterization of restriction endonuclease maps of hepatitis viral
DNAs. Biochem Biophys Res Commun 1985;129:797.

91. Lai KN, et al. The therapeutic dilemma of the usage of corticosteroid in
patients with membranous nephropathy and persistent hepatitis B virus
surface antigenemia. Nephron 1990;54:12.

92. Lin HJ, Wu PC, Lai CL. An oligonucleotide probe for the detection of
hepatitis B virus DNA in serum. J Virol Methods 1987;15:139.

93. Scullard GH, Pollard RB, Smith JL. Antiviral treatment of chronic
hepatitis B infection. I. Changes in viral markers with interferon combined
with adenine arabinoside. J Infect Dis 1981;143:772.

94. Garcia G, et al. Preliminary observation of hepatitis B-associated mem-
branous glomerulonephritis treated with leukocyte interferon. Hepatology
1985;5:317.

95. Lisker-Melman M, et al. Glomerulonephritis caused by chronic hepatitis B
virus infection: treatment with recombinant human alpha-interferon. Ann
Intern Med 1989;111:479.

96. Jonas MM, Ragin L, Silva MO. Membranous glomerulonephritis and
chronic persistent hepatitis B in a child: treatment with recombinant in-
terferon alfa. J Pediatr 1991;119:818.

97. Esteban R, et al. Hepatitis B-associated membranous glomerulonephritis
treated with adenine arabinoside monophosphate. Hepatology 1986;6:762.

98. Lin CY. Treatment of hepatitis B virus-associated membranous nephropa-
thy with recombinant alpha-interferon. Kidney Int 1995;47:225.

99. Conjeevaram HS, et al. Long-term outcome of hepatitis B virus-related
glomerulonephritis after therapy with interferon-alfa. Gastroenterology
1995;109:540.

100. Chung DR, et al. Treatment of hepatitis B virus-associated glomeru-
lonephritis with recombinant human alpha interferon. Am J Nephrol 1997;
17:112.

101. Connor FL, et al. HBV associated nephrotic syndrome: resolution with oral
lamivudine. Arch Dis Child 2003;88:446.

102. Filler G, et al. Another case of HBV associated membranous glomeru-
lonephritis resolving on lamivudine. Arch Dis Child 2003;88:460.

103. Lin CY. Hepatitis B virus deoxyribonucleic acid in kidney cells probably
leading to viral pathogenesis among hepatitis B virus associated membra-
nous nephropathy patients. Nephron 1993;63:58.

104. Carome MA, et al. Human glomeruli express TIMP-1 mRNA and TIMP-2
protein and mRNA. Am J Physiol 1993;264:F923.

105. Lee C, Ko Y. Hepatitis B vaccination and hepatocellular carcinoma in
Taiwan. Pediatrics 1997;99:351.

106. Sun L, et al. Effect of hepatitis B vaccine immunization on HBV associated
nephritis in children. Zhonghua Er Ke Za Zhi 2003;41:666.

107. The People of South Africa. Population Census, 1996. Statistics South
Africa 1998;4.

108. Jennette JC, Thomas B, Falk RJ. Microscopic polyangitis (microscopic pol-
yarteritis). Semin Diagn Pathol 2001;18:3.

109. Jennette JC, et al. Nomenclature of systemic vasculitides. Proposal of an
international conference. Arthritis Rheum 1994;37:187.

110. Conn DL. Polyarteritis. In: Klippel JH, Dieppe PA, eds. Rheumatology. St.
Louis: Mosby, 1994.

111. Dixon FJ, Feldman JD, Vazquez JJ. Experimental glomerulonephritis: the
pathogenesis of a laboratory model resembling the spectrum of human
glomerulonephritis. J Exp Med 1961;113:899.

112. Lawley TJ, et al. A prospective clinical and immunologic analysis of patients
with serum sickness. N Engl J Med 1984;311:1407.

113. Paull R. Periarteritis nodosa (panarteritis nodosa) with report of four
proven cases. Cal Med 1947;67:309.

114. Gocke DJ, Hsu K, Morgan C. Association between polyarteritis and
Australia antigen. Lancet 1970;ii:1149.

115. Alpert E, Isselbacher KJ, Schur PH. The pathogenesis of arthritis associated
with viral hepatitis. N Engl J Med 1971;285:185.

116. Wands JR, et al. The pathogenesis of arthritis associated with acute
hepatitis-B surface antigen-positive hepatitis. J Clin Invest 1975;55:930.

117. Trepo CG, et al. The role of circulating hepatitis B antigen/antibody immune
complexes in the pathogenesis of vascular and hepatic manifestations in
polyarteritis nodosa. J Clin Pathol 1974;27:863.

118. Michalak T. Immune complexes of hepatitis B surface antigen in the patho-
genesis of periarteritis nodosa. Am J Pathol 1978;90:619.

119. Gupta RC, Kohler PF. Identification of HBsAg determinants in im-
mune complexes from hepatitis B virus-associated vasculitis. J Immunol
1984;132:1223.

120. Sergent JS, et al. Vasculitis with hepatitis B antigenemia. Medicine 1976;
55:1.

121. Adu D, et al. Polyarteritis and the kidney. Q J Med 1987;62:221.
122. McMahon BJ, et al. Hepatitis B-associated polyarteritis nodosa in Alaskan

Eskimos: clinical and epidemiologic features and long-term follow-up. Hep-
atology 1989;9:97.

123. Savage CO, et al. Prospective study of radioimmunoassay for antibodies
against neutrophil cytoplasm in diagnosis of systemic vasculitis. Lancet
1987;i:1389.

124. Jennette JC, Falk RJ. Antineutrophil cytoplasmic autoantibodies and asso-
ciated diseases: a review. Am J Kidney Dis 1990;15:517.

125. Harper L, Savage CO. Pathogenesis of ANCA-associated systemic vasculi-
tis. J Pathol 2000;190:349.

126. Kallenberg GC, Tervaert JW. What is new with anti-neutrophil cytoplas-
mic antibodies: diagnostic, pathogenetic and therapeutic implications. Curr
Opin Nephrol Hypertens 1999;8:307.

127. Guillevin L, et al. Antineutrophil cytoplasmic antibodies in systemic pol-
yarteritis nodosa with and without hepatitis B virus infection and Churg-
Strauss syndrome—62 patients. J Rheumatol 1993;20:1345.

128. Han SH. Extraheaptic manifestrations of chronic hepatitis B. Clin Liver
Dis 2004;8:403.

129. Guillevin L. Treatment of classic polyarteritis nodosa in 1999. Nephrol Dial
Transplant 1999;14:2077.

130. Guillevin L. Treatment of polyarteritis nodosa related to hepatitis B virus
with short term steroid therapy associated with antiviral agents and plasma
exchanges. A prospective trial in 33 patients. J Rheumatol 1993;20:289.

131. Guillevin L, et al. Polyarteritis nodosa related to hepatitis B virus: a
prospective study with long-term observation of 41 patients. Medicine
1995;74:238.

132. Gupta S, Piraka C, Jaffe M. Lamivudine in the treatment of polyarteritis
nodosa associated with acute hepatitis B. N Engl J Med 2001;344:1645.

133. Sawabe T, et al. Remission of hepatitis B virus-related vasculitis with
lamivudine. Ann Intern Med 2004;140:672.

134. Lau CF, et al. Hepatitis B associated fulminant polyarteritis nodosa: success-
ful treatment with pulse cyclophosphamide, prednisolone and lamivudine.
Eur J Gastroenterol Hepatol 2002;14:563.

135. Bedani PL, et al. HBV-related cutaneous periarteritis nodosa in a patient
16 years after renal transplantation: efficacy of lamivudine. J Nephrol
2001;14:428.

136. Erhardt A, et al. Successful treatment of hepatitis B virus associated pol-
yarteritis nodosa with a combination of prednisolone, alpha-interferon and
lamivudine. J Hepatol 2000;33:677.

137. Guillevin L, et al. Short-term corticosteroids then lamivudine and plasma
exchanges to treat hepatitis B virus-related polyarteritis nodosa. Arthritis
Rheum 2004;15;51:482.

138. Deeren DH, et al. Treatment of hepatitis B virus-related polyarteritis no-
dosa: two case reports and a review of the literature. Clin Rheumatol
2004;23:172.

139. Deleaval P, et al. Life-threatening complications of hepatitis B virus-related
polyarteritis nodosa developing despite interferon-alpha2b therapy: suc-
cessful treatment with a combination of interferon, lamivudine, plasma
exchanges and steroids. Clin Rheumatol 2001;20:290.

140. Florin-Christensen A, Roux ME, Arana RM. Cryoglobulins in acute and
chronic liver diseases. Clin Exp Immunol 1974;16:599.

141. McIntosh RM, Koss MN, Gocke DJ. The nature and incidence of cryopro-
teins in hepatitis B antigen positive patients. Q J Med 1976;177:23.

142. Levo Y, et al. Association between hepatitis B virus and essential mixed
cryoglobulinemia. N Engl J Med 1977;296:1501.

143. Levo Y, et al. Mixed cryoglobulinemia—an immune complex disease often
associated with hepatitis B virus. Trans Assoc Am Phys 1977;90:167.

144. Dienstag JL, Wands JR, Isselbacher KJ. Hepatitis B and essential mixed
cryoglobulinemia. N Engl J Med 1977;297:946.

145. Galli M, et al. Hepatitis B virus and essential mixed cryoglobulinemia.
Lancet 1980;1:1093.

146. Clinicopathological Conference. A 57-year-old man with hepatic cirrhosis,
cryoglobulinemia and impaired renal function. Case 51-1990. N Engl J
Med 1990;323:1756.

147. Galli M, et al. Cryoglobulinaemia and serological markers of hepatitis
viruses. Lancet 1991;338:104.

148. Baker AL. Cryoglobulinemia and hepatotrophic viruses. Hepatology
1993;18:698.

149. Ferri C, et al. Mixed cryoglobulinemia: demographic, clinical, and sero-
logic features and survival in 231 patients. Semin Arthritis Rheum 2004;33:
355.

150. Perez GO, Pardo V, Fletcher MA. Renal involvement in essential mixed
cryoglobulinemia. Am J Kidney Dis 1987;10:276.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

1504 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

151. Frankel AH, et al. Type II essential mixed cryoglobulinaemia: presentation,
treatment and outcome in 13 patients. Q J Med 1992;82:101.

152. Ferri C, et al. Treatment of renal involvement in mixed cryoglobulinemia
with prolonged plasma exchange. Nephron 1986;43:246.

153. Feinstone SM, Kapikian AZ, Purcell RH. Hepatitis A: detection by immune
electron microscopy of a virus-like antigen associated with acute illness.
Science 1973;182:1026.

154. Feinstone SM, et al. Transfusion-associated hepatitis not due to viral hep-
atitis type A or B. N Engl J Med 1975;292:767.

155. Choo QL, et al. Isolation of a cDNA clone derived from a blood-borne
non-A, non-B viral hepatitis genome. Science 1989;244:359.

156. Aach RD, et al. Hepatitis C virus infection in post-transfusion hepati-
tis: an analysis with first and second-generation assays. N Engl J Med
1991;325:1325.

157. Alter HJ, et al. Detection of antibody to hepatitis C virus in prospectively
followed transfusion recipients with acute and chronic non-A, non-B hep-
atitis. N Engl J Med 1989;321:1494.

158. Houghton M, et al. Molecular biology of the hepatitis C viruses: implica-
tions for diagnosis, development and control of viral disease. Hepatology
1991;14:381.

159. Stehman-Breen C, Johnson RJ. Hepatitis C virus-associated glomeru-
lonephritis. Adv Intern Med 1998;43:79.

160. Roth D. Hepatitis C virus: the nephrologist’s perspective. Am J Kidney Dis
1995;25:3.

161. Pereira BJ, Levey AS. Hepatitis C virus infection in dialysis and renal trans-
plantation. Kidney Int 1997;51:981.

162. Murthy BV, Pereira BJ. A 1990s perspective of hepatitis C, human im-
munodeficiency virus and tuberculosis infections in hemodialysis patients.
Semin Nephrol 1997;17:346.

163. Meyers CM, et al. Hepatitis C and renal disease: an update. Am J Kidney
Dis 2003;42:631–657.

164. Diego JM, Roth D. Treatment of hepatitis C infection in patients with renal
disease. Curr Opin Nephrol Hypertens 1998;7:557.

165. DuBois DB. Quantitation of hepatitis C viral RNA in sera of hemodial-
ysis patients: gender-related differences in viral load. Am J Kidney Dis
1994;24:795.

166. Natov SN, Periera BJ. Hepatitis C in dialysis patients. Adv Renal Replace
Ther 1996;3:275.

167. Garcia-Valdecasas J, et al. Epidemiology of renal disease in patients with
hepatitis C virus infection. J Am Soc Nephrol 1994;5:186.

168. Dobbelstein H. Immune system in uremia. Nephron 1979;17:409.
169. Kay NE, Raij LR. Immune abnormalities in renal failure and hemodialysis.

Blood Purification 1986;4:120.
170. Haag-Weber M, Horl WH. Uremia and infection: mechanism of impaired

cellular host defense. Nephron 1993;63:125.
171. Ferri C, et al. Antibodies against hepatitis C virus in mixed cryoglobuline-

mia patients. Infection 1991;19:417.
172. Ferri C, et al. Association between hepatitis C virus and mixed cryoglobu-

linemia. Clin Exp Rheumatol 1991;9:621.
173. Ferri C, et al. Hepatitis C virus antibodies in mixed cryoglobulinemia. Clin

Exp Rheumatol 1991;9:95.
174. Pechere-Bertschi A, et al. Hepatitis C: a possible etiology for cryoglobuli-

naemia Type II. Clin Exp Immunol 1992;89:419.
175. Agnello V, Chung RT, Kaplan LM. A role for hepatitis C virus infection in

Type II cryoglobulinemia. N Engl J Med 1992;327:1490.
176. Marcellin P, et al. Cryoglobulinemia with vasculitis associated with hepati-

tis C virus infection. Gastroenterology 1993;104:272.
177. Levey JM, et al. Mixed cryoglobulinemia in chronic hepatitis C infection.

Medicine 1994;73:53.
178. Cacoub P, et al. Mixed cryoglobulinemia and hepatitis C virus. Am J Med

1994;96:124.
179. Cacoub P, et al. Extrahepatic manifestations associated with hepatitis C

virus infection. A prospective multicenter study of 321 patients. Medicine
2000;79:47.

180. Misiani R, et al. Hepatitis C virus infection in patients with essential mixed
cryoglobulinemia. Ann Intern Med 1992;117:573.

181. Arase Y, et al. Glomerulonephritis in autopsy cases with hepatitis C virus
infection. Intern Med 1998;37:836.

182. Beddhu S, Bastacky S, Johnson J. The clinical and morphologic spectrum
of renal cryoglobulinemia. Medicine 2002;81:398.

183. Agnello V, De Rosa FG. Extrahepatic disease manifestations of HCV in-
fection: Some current issues. J Hepatol 2004;40:341.

184. Pascual M, et al. Hepatitis C virus in patients with cryoglobulinemia Type
II. J Infect Dis 1990;162:669.

185. Horikoshi S, et al. Diffuse proliferative glomerulonephritis with hepatitis C
virus-like particles in paramesangial dense deposits in a patient with chronic
hepatitis C virus. Nephron 1993;64:462.

186. Gonzalo A, et al. Membranoproliferative glomerulonephritis and hepatitis
C virus infection. Nephron 1993;63:475.

187. Doutrelpont JM, et al. Hepatitis C infection and membranoproliferative
glomerulonephritis. Lancet 1993;341:317.

188. Harle JR, et al. Membranoproliferative glomerulonephritis and hepatitis C
infection. Lancet 1993;341:904.

189. Bursten DM, Rodby RA. Membranoproliferative glomerulonephritis as-
sociated with hepatitis C virus infection. J Am Soc Nephrol 1993;4:
1288.

190. Pasquariello A, et al. Cryoglobulinemic membranoproliferative glomeru-
lonephritis and hepatitis C virus infection. Am J Nephrol 1993;13:300.

191. Johnson RJ, et al. Membranoproliferative glomerulonephritis associated
with hepatitis C virus infection. N Engl J Med 1993;328:465.

192. Johnson RJ, et al. Renal manifestations of hepatitis C virus infection. Kidney
Int 1994;46:1255.

193. Fornasieri A, D’Amico G. Type II mixed cryoglobulinemia, hepatitis C
virus infection and glomerulonephritis. Nephrol Dial Transplant 1996;
11[Suppl 4]:25.

194. Stehman-Breen C, et al. Hepatitis C virus-associated glomerulonephritis.
Curr Opin Nephrol Hypertens 1995;4:287.

195. D’Amico G, Fornasieri A. Cryoglobulinemic glomerulonephritis: a mem-
branoproliferative glomerulonephritis induced by hepatitis C virus. Am J
Kidney Dis 1995;25:361.

196. Sinico RA, Fornasieri A, D’Amico G. Renal manifestations associated with
hepatitis C virus. Ann Intern Med 2000;151:41.

197. Tarantino A, et al. Long-term predictors of survival in essential mixed cryo-
globulinemic glomerulonephritis. Kidney Int 1995;47:618.

198. Hoch B, Juknevicius I, Liapis H. Glomerular injury associated with
hepatitis C infection: a correlation with blood and tissue HCV-PCR. Semin
Diagn Pathol 2002;19:175.

199. Johnson RJ, et al. Hepatitis C virus-associated glomerulonephritis. Effect
of α-interferon therapy. Kidney Int 1994;46:1700.

200. Rollino C, et al. Hepatitis C virus infection and membranous glomeru-
lonephritis. Nephron 1991;59:319.

201. Davida R, et al. Membranous glomerulonephritis in association with hep-
atitis C virus infection. Am J Kidney Dis 1993;22:452.

202. Gonzalo A, et al. Membranous nephropathy associated with hepatitis
C virus infection and human immunodeficiency virus disease. Nephron
1994;67:248.

203. Romas E, et al. Membranous glomerulonephritis associated with hepatitis
C virus infection in an adolescent. Pathology 1994;26:399.

204. Uchiyama-Tanaka Y, et al. Membranous glomerulonephritis associated
with hepatitis C virus infection: case report and literature review. Clin
Nephrol 2004;61:144.

205. Usulan C, et al. Rapidly progressive glomerulonephritis associated with
hepatitis C virus infection. Clin Nephrol 1998;49:129.

206. Gonzalo A, et al. IgA nephropathy associated with hepatitis C virus infec-
tion. Nephron 1995;69:354.

207. Hertzenberg AM, et al. Thrombotic microangiopathy associated with cryo-
globulinemic membranoproliferative glomerulonephritis. Am J Kidney Dis
1998;31:521.

208. Pouteil-Noble C, et al. Glomerular disease associated with hepatitis C virus
infection in native kidneys. Nephrol Dial Transplant 2000;15(Suppl 8):S28.

209. Fabrizi F, et al. Hepatitis C virus infection and acute or chronic glomeru-
lonephritis: an epidemiological and clinical appraisal. Nephrol Dial Trans-
plant 1998;13:1991.

210. Komatsuda A, et al. Clinicopathological analysis and therapy in hepatitis
C virus-associated nephropathy. Intern Med 1996;35:529.

211. Yamabe H, et al. Hepatitis C virus infection and membranoproliferative
glomerulonephritis in Japan. J Am Soc Nephrol 1995;6:220.

212. Morales JM. Hepatitis C virus infection and renal disease after renal trans-
plantation. Transplant Proc 2004;36:760.

213. Cruzado JM, et al. Hepatitis C virus infection and de novo glomerular
lesions in renal allografts. Am J Transplant 2001;1:171.

214. Habib R, Broyer M. Clinical significance of allograft glomerulopathy. Kid-
ney Int 1993;44:S95.

215. Cosio FG, et al. Prevalence of hepatitis C in patients with idiopathic
glomerulopathies in native and transplant kidneys. Am J Kidney Dis
1996;28:752.

216. Cruzado JM, et al. Hepatitis C virus-associated membranoproliferative
glomerulonephritis in renal allografts. J Am Soc Nephrol 1996;7:2469.

217. Morales JM, et al. Membranous glomerulonephritis associated with
hepatitis C virus infection in renal transplant patients. Transplantation
1997;63:1634.

218. Kendrick EA, et al. Renal disease in hepatitis C-positive liver transplant
recipients. Transplantation 1997:63:1287.

219. Donnadio JV Jr, Holley KE. Membranoproliferative glomerulonephritis.
Semin Nephrol 1982;2:214.

220. Rennke HG. Secondary membranoproliferative glomerulonephritis. Kidney
Int 1995;47:643.

221. Coroneos E, Truong L, Olivero J. Fibrillary glomerulonephritis associated
with hepatitis C viral infection. Am J Kidney Dis 1997;29:132.

222. Markowitz GS, et al. Hepatitis C viral infection is associated with fibrillary
glomerulonephritis and immunotactoid glomerulopathy. J Am Soc Nephrol
1998;9:2244.

223. D’Amico G, Fornasieri A. Type II mixed cryoglobulinemia, hepatitis
C infection, and glomerulonephritis. Nephrol Dial Transplant 1996;
11(Suppl 4):25.

224. Okada K, et al. Detection of hepatitis C virus core protein in the glomeruli of
patients with membranous glomerulonephritis. Clin Nephrol 1996;45:71.

225. Sansonno D, et al. Hepatitis C virus-related proteins in kidney tissue from
hepatitis C virus infected patients with cryoglobulinemic membranoprolif-
erative glomerulonephritis. Hepatology 1997;25:1237.

226. Rodriguez-Inigo E, et al. Hepatitis C virus RNA in kidney biopsies from
infected patients with renal diseases. J Viral Hepatitis 2000;7:23.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

Chapter 59: Viral Glomerular Diseases 1505

227. Bonomo L, et al. Treatment of idiopathic mixed cryoglobulinemia with
alpha interferon. Am J Med 1987;83:554.

228. Ferri C, et al. Alpha interferon in the treatment of mixed cryoglobulinemia
patients. Eur J Cancer 1991;27:S81.

229. Ferri C, et al. Interferon-α in mixed cryoglobulinemia patients. A random-
ized, crossover-controlled trial. Blood 1993;81:1132.

230. Davis GL, et al. Treatment of chronic hepatitis C with recombinant inter-
feron alfa. N Engl J Med 1989;321:1501.

231. DiBisceglie AM, Hoofnagle JH. Recombinant interferon alfa therapy for
chronic hepatitis C. N Engl J Med 1989;321:1506.

232. Knox TA, Kaplan MM, Berkman EM. Mixed cryoglobulinemia responsive
to interferon-α. Am J Med 1991;91:554.

233. Durand JM, et al. Effect of interferon-α2b on cryoglobulinemia related to
hepatitis C virus infection. J Infect Dis 1992;165:778.

234. Taillan B, et al. Low dose interferon-α for mixed cryoglobulinemia associ-
ated with hepatitis C virus. Am J Med 1991;93:476.

235. Misiani R, et al. Interferon alpha-2a therapy in cryoglobulinemia associated
with hepatitis C virus. N Engl J Med 1994;330:751.

236. Sarac E, Bastacky S, Johnson JP. Response to high dose INF-α after failure
of standard therapy in MPGN associated with hepatitis C virus infection.
Am J Kidney Dis 1997;30:113.

237. Yamabe H, et al. Membranoproliferative glomerulonephritis associated
with hepatitis C virus infection responsive to interferon-α. Am J Kidney
Dis 1995;25:67.

238. Roy V, Newland AC. Raynaud’s phenomenon and cryoglobulinemia as-
sociated with the use of recombinant interferon alpha. Lancet 1988;1:
944.

239. Kimmel PL, Abraham AA, Phillips TM. Membranoproliferative glomeru-
lonephritis in a patient treated with interferon alpha for HIV infection. Am
J Kidney Dis 1994;24:858.

240. Averbusch SD, et al. Acute interstitial nephritis with the nephrotic syn-
drome following recombinant leukocyte a interferon therapy for mycosis
fungoides. N Engl J Med 1984;310:32.

241. Lederer E, Truong L. Unusual glomerular lesion in a patient receiving long-
term interferon alpha. Am J Kidney Dis 1992;20:516.

242. Phillips TM. Interferon-alpha induces renal dysfunction and injury. Curr
Opin Nephrol Dial 1996;5:380.

243. Endo M, et al. Appearance of nephrotic syndrome following interferon-α
therapy in a patient with hepatitis B virus and hepatitis C virus coinfection.
Am J Nephrol 1998;18:439.

244. Heathcote EJ, et al. Peginterferon alfa-2a in patients with chronic hepatitis
C and cirrhosis. N Engl J Med 2000;343:1673.

245. Zeuzem S, et al. Peginterferon alfa-2a in patients with chronic hepatitis C.
N Engl J Med 2000;343:1666.

246. Lindsay KL, et al. A randomized, double-blind trial comparing pegylated
interferon alfa-2b to interferon alfa-2b as initial treatment for chronic hep-
atitis C. Hepatology 2001;34:395.

247. Shepherd J, et al. Pegylated interferon alpha-2a and –2b in combination
with ribavirin in the treatment of chronic hepatitis C: a systematic review
and economic evaluation. Health Technol Assess 2004;8:1.

248. Manns MP, et al. Peginterferon alfa-2b plus ribavirin compared with in-
terferon alfa-2b plus ribavirin for initial treatment of chronic hepatitis C:
a randomised trial. Lancet 2001;358:958.

249. Fried MW, et al. Peginterferon alfa-2a plus ribavirin for chronic hepatitis
C virus infection. N Engl J Med 2002;347:975.

250. Geltner D. Therapeutic approaches in mixed cryoglobulinemia. Springer
Semin Immunopathol 1988;10:119.

251. Miyata T, et al. Effectiveness of nafomostat mesilate on glomerulonephritis
in immune-complex diseases. Lancet 1993;341:1353.

252. Guillevin L, Lhote F, Gherardi R. The spectrum and treatment of virus-
associated vasculitides. Curr Opin Rheumatol 1997;9:3.

253. Daghestani L, Pomeroy C. Renal manifestations of hepatitis C infection.
Am J Med 1999;106:347.

254. Gross WL. New concepts in treatment protocols for severe systemic vas-
culitis. Curr Opin Rheumatol 1999;11:41.

255. Gilli P, et al. Effect of human leukocyte alpha interferon on cryoglobuli-
naemic membranoproliferative glomerulonephritis associated with hepati-
tis C virus infection. Nephrol Dial Transplant 1996;11:526.

256. Polzien F, et al. Interferon-alpha treatment of hepatitis C virus-associated
mixed cryoglobulinemia. J Hepatol 1997;27:63.

257. Cresta P, et al. Response to interferon alpha treatment and disappear-
ance of cryoglobulinaemia in patients infected by hepatitis C virus. Gut
1999;45:122.

258. Dammacco F, et al. Natural interferon alpha versus its combination with
6-methyl-prednisolone in the therapy of type II mixed cryoglobulinemia: a
long-term, randomized controlled study. Blood 1994;84:3336.

259. Casato M, et al. Predictors of long-term response to high-dose interferon
therapy in type II cryoglobulinemia associated with hepatitis C virus infec-
tion. Blood 1997;90:3865.

260. Gordon AC, Adgar JD, Finch RG. Acute exacerbation of vasculitis dur-
ing interferon-alpha therapy for hepatitis C-associated cryoglobulinemia.
J Infect 1998;36:229.

261. Ohta S, et al. Exacerbation of glomerulonephritis in subjects with chronic
hepatitis C virus infection after interferon therapy. Am J Kidney Dis
1999;33:1040.

262. Suzuki T, et al. Progressive renal failure and blindness due to retinal hem-

orrhage after interferon therapy for hepatitis C virus-associated membra-
noproliferative glomerulonephritis. Intern Med 2001;40:708.

263. Dizer U, et al. Minimal change disease in a patient receiving IFN-alpha
therapy for chronic hepatitis C virus infection. J Interferon Cytokine Res
2003;23:51.

264. Gordon A, et al. Combination pegylated interferon and ribavirin ther-
apy precipitating acute renal failure and exacerbating IgA nephropathy.
Nephrol Dial Transplant 2004;19:2155.

265. Jefferson JA, Johnson RJ. Treatment of hepatitis C-associated glomerular
disease. Semin Nephrol 2000;20:286.

266. Zuckerman E, et al. Treatment of refractory, symptomatic, hepatitis C
virus related mixed cryoglobulinemia with ribavirin and interferon-alpha.
J Rheumatol 2000;27:2172.

267. Calleja JL, et al. Sustained response to interferon-alpha or to interferon-
alpha plus ribavirin in hepatitis C virus-associated symptomatic mixed
cryoglobulinaemia. Aliment Pharmacol Ther 1999;13:1179.

268. Cacoub P, et al. Interferon-alpha and ribavirin treatment in patients with
hepatitis C virus-related systemic vasculitis. Arthritis Rheum 2002;46:
3317.

269. Bruchfield A, et al. Interferon and ribavirin treatment in patients with hep-
atitis C-associated renal disease and renal insufficiency. Nephrol Dial Trans-
plant 2003;18:1573.

270. Rossi P, et al. Hepatitis C virus-associated cryoglobulinemic glomeru-
lonephritis: long-term remission after antiretroviral therapy. Kidney Int
2003;63:2236.

271. Misiani R, et al. Successful treatment of HCV-associated cryoglobuline-
mic glomerulonephritis with a combination of interferon-α and ribavirin.
Nephrol Dial Transplant 1999;14;1558.

272. Garini G, et al. Interferon-α in combination with ribavirin as initial treat-
ment for hepatitis C virus-associated cryoglobulinemic membranoprolifer-
ative glomerulonephritis. Am J Kidney Dis 2001;38:1.

273. Loustad-Ratti V, et al. Interferon alpha and ribavirin for membra-
noproliferative glomerulonephritis and hepatitis C infection. Am J Med
2002;113:516.

274. Sabry AA, et al. Effect of combination therapy (ribavirin and interferon) in
HCV-related glomerulopathy. Nephrol Dial Transplant 2002;17:1924.

275. Sansonno D, et al. Treatment of mixed cryoglobulinemia resistant
to interferon-alpha with an anti-CD 20 monoclonal antibody. Blood
2003;101:3818.

276. Lamprecht P, et al. Rituximab induces remission in refractory HCV asso-
ciated cryoglobulinaemic vasculitis. Ann Rheum Dis 2003;62:1230.

277. Roccatelllo D, et al. Long-term effects of anti-CD 20 monoclonal antibody
treatment of cryoglobulinaemic glomerulonephritis. Nephrol Dial Trans-
plant 2004;19:3054.

278. Alric L, et al. Influence of antiviral therapy in hepatitis C virus-associated
cryoglobulinemic MPGN. Am J Kidney Dis 2004;43:617.

279. Chandresis MO, et al. Infliximab in the treatment of refractory vasculitis
secondary to hepatitis C-associated mixed cryoglobulinemia. Rhematology
2002;41:1126.

280. Poordad FF, Fabrizi F, Martin P. Hepatitis C infection associated with renal
disease and chronic renal failure. Semin Liver Dis 2004;24(Suppl 2):69.

281. Maeda Y, et al. Dosage adjustment of ribavirin based on renal function in
Japanese patients with chronic hepatitis C. Ther Drug Monit 2004;26:9.

282. Tan AC, et al. Safety of interferon and ribavirin therapy in haemodialysis
patients with chronic hepatitis C: results of a pilot study. Nephrol Dial
Transplant 2001;16:193.

283. Kamar N, et al. Ribavirin pharmacokinetics in renal and liver transplant
patients: evidence that it depends on renal function. Am J Kidney Dis
2004;43:140.

284. Tang S, et al. Successful treatment of hepatitis C after kidney transplanta-
tion with combined interferon alpha-2b and ribavirin. J Hepatol 2003;39:
875.

285. Kamar N, et al. Long-term ribavirin therapy in hepatitis C virus-positive
renal transplant patients: effects on renal function and liver histology. Am
J Kidney Dis 2003;42:184.

286. Shu KH, et al. Ultralow-dose alpha interferon plus ribavirin for the treat-
ment of active hepatitis C in renal transplant recipients. Transplantation
2004;77:1894.

287. Chan SE, Schwartz JM, Rosen HR. Treatment of hepatitis C in solid organ
transplantation. Drugs 2004;64:489.

288. Mathurin P, et al. Impact of hepatitis B and C virus on kidney transplan-
tation outcome. Hepatology 1999;29:257.

289. Batty DS Jr, et al. Hepatitis C virus seropositivity at the time of renal trans-
plantation in the United States: associated factors and patient survival. Am
J Transplant 2001;1:179.

290. Bucci JR, et al. Donor hepatitis C seropositivity: clinical correlates and effect
on early graft and patient survival in adult cadaveric kidney transplantation.
J Am Soc Nephrol 2002;13:2974.

291. Abbott KC, et al. Hepatitis C and renal transplantation in the era of modern
immunosuppression. J Am Soc Nephrol 2003;14:2908.

292. Lunel F, Cacoub P. Treatment of autoimmune and extrahepatic manifesta-
tions of hepatitis C virus infection. J Hepatol 1999;31(Suppl 1):210.

293. Pol S, et al. Treatment of chronic hepatitis C in special groups. J Hepatol
1999;31(Suppl 1):205.

294. Bourgoignie JJ. Renal complications of human immunodeficiency virus
type I. Kidney Int 1990;37:1571.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

1506 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

295. Kimmel PL. The nephropathies of HIV infection: pathogenesis and treat-
ment. Curr Opin Nephrol Hypertens 2000;9:117.

296. Klotman PE. HIV-associated nephropathy. Kidney Int 1999;56:1161.
297. D’Agati V, Appel GB. HIV infection and the kidney. J Am Soc Nephrol

1997;8:138.
298. Weiner NJ, Goodman JW, Kimmel PL. The HIV-associated renal diseases:

current insight into pathogenesis and treatment. Kidney Int 2003;63:1618.
299. Kimmel PL, Barisoni L, Kopp JB. Pathogenesis and treatment of HIV-

associated renal diseases: lessons from clinical and animal studies, molec-
ular pathogenic correlations and genetic investigations. Ann Intern Med
2003;139:214.

300. Kopp JB, Winkler C. HIV-associated nephropathy in African-Americans.
Kidney Int Suppl 2003;S43.

301. Freedman BI, et al. Familial clustering of end stage renal disease in blacks
with HIV-associated nephropathy. Am J Kidney Dis 1999;34:254.

302. Glassock RJ, et al. HIV infection and the kidney. Ann Intern Med
1990;112:35.

303. Seney FD Jr, Burns DK, Silva FG. AIDS and the kidney. Am J Kidney Dis
1990;16:1.

304. Bourgoignie JJ, et al. Race, a co-factor in HIV-1 associated nephropathy.
Transplant Proc 1989;21:3899.

305. Cantor ES, Kimmel PL, Bosch JP. Effect of race on the expression of AIDS
associated nephropathy. Arch Intern Med 1991;151:125.

306. Rao TK, et al. Associated focal and segmental glomerulosclerosis in the
acquired immunodeficiency syndrome. N Engl J Med 1984;310:669.

307. Gardenswartz MH, et al. Renal disease in patients with AIDS: a clinico-
pathologic study. Clin Nephrol 1984;21:197.

308. Vaziri ND, et al. Spectrum of renal abnormalities in acquired immunodefi-
ciency syndrome. J Natl Med Assoc 1985;77:369.

309. Kenneth KK, Factor SM. Membranoproliferative glomerulonephritis and
plexogenic pulmonary arteriopathy in a homosexual man with acquired
immunodeficiency syndrome. Hum Pathol 1987;18:1293.

310. Kenouch S, et al. Mesangial IgA deposits in two patients with AIDS-related
complex. Nephron 1990;54:338.

311. Katz A, et al. IgA nephritis in HIV-positive patients: a new HIV-associated
nephropathy? Clin Nephrol 1992;38:61.

312. Kimmel PL, et al. Idiotypic IgA nephropathy in patients with HIV infection.
N Engl J Med 1992;327:702.

313. Schoeneman MJ, et al. IgA nephritis in a child with human immunodefi-
ciency virus: a unique form of human immunodeficiency virus-associated
nephropathy? Pediatr Nephrol 1992;6:46.

314. Kenouch S, et al. Mesangial IgA deposits in two patients with AIDS related
complex. Nephron 1990;54:338.

315. Trachtman H, et al. IgA nephropathy in a child with human immunodefi-
ciency virus type 1 infection. Pediatr Nephrol 1991;5:724.

316. Jindal KK, et al. Crescentic IgA nephropathy as a manifestation of human
immunodeficiency virus infection. Am J Nephrol 1991;11:147.

317. Kimmel PL, et al. HIV-associated immune mediated renal disease. Kidney
Int 1993;44:1022.

318. Butcher-Ortiz C. The spectrum of kidney diseases in patients with human
immunodeficiency. Curr Opin Nephrol Hypertens 1993;2:355.

319. Nochy D, et al. Renal disease associated with HIV infection: a multicen-
tric study of 60 patients from Paris hospitals. Nephrol Dial Transplant
1993;8:11.

320. Hsieh WS, et al. Crescentic IgA nephropathy and acute renal failure in
an HIV-positive patient with enteric Salmonella infection. Nephrol Dial
Transplant 1996;11:2320.

321. Daugas E, Rougier JP, Hills GS. HAART-related nephropathies in HIV-
infected patients. Kidney Int 2005;67:393.

322. Herman ES, Klotman PE. HIV-associated nephropathy: epidemiology,
pathogenesis and treatment. Semin Nephrol 2003;23:200.

323. Ross MJ, Klotman PE. Recent progress in HIV-associated nephropathy.
J Am Soc Nephrol 2002;13:2997.

324. Cohen AH, Nast CC. HIV-associated nephropathy. A unique combined
glomerular, tubular and interstitial lesion. Mod Pathol 1988;1:87.

325. D’Agati V, Appel GB. Renal pathology of human immunodeficiency virus
infection. Semin Nephrol 1998;18:378.

326. Bodi I, Abraham AA, Kimmel PL. Macrophages in HIV-associated kidney
diseases. Am J Kidney Dis 1994;24:762.

327. Laurinavicius A, Horowitz S, Rennke HG. Collapsing glomerulopathy
in HIV and non-HIV patients: a clinicopathological study. Kidney Int
1999;56:2203.

328. Strauss J, et al. Renal disease in children with the acquired immunodefi-
ciency syndrome. N Engl J Med 1989;321:625.

329. Bruggeman LA, et al. Nephropathy in human immunodeficiency virus-
1 transgenic mice is due to renal transgene expression. J Clin Invest
1997;100:84.

330. Barisoni L, et al. HIV-1 induces renal epithelial dedifferentiation in a trans-
genic model of HIV-associated nephropathy. Kidney Int 2000;58:173.

331. Reid W, et al. An HIV-1 transgenic rat that develops HIV-related pathology
and immunologic dysfunction. Proc Natl Acad Sci USA 2001;98:9271.

332. Ray PE, et al. A novel HIV-1 transgenic rat model of childhood HIV-1-
associated nephropathy. Kidney Int 2003;63:2242.

333. Alpers CE, et al. Focal segmental glomerulosclerosis in primates in-
fected with a simian immunodeficiency virus. AIDS Res Hum Retrovirus
1997;13:413.

334. Gattone VH 2nd, et al. SIV-associated nephropathy in rhesus macaques
infected with lymphocyte-tropic SIVmac239. AIDS Res Hum Retrovirus
1998;14:1163.

335. Stephens EB, et al. Simian-human immunodeficiency virus-associated
nephropathy in macaques. AIDS Res Hum Retroviruses 2000;16:1295.

336. Bodi I, Abraham AA, Kimmel PL. Apoptosis in human immunodeficiency
virus-associated nephropathy. Am J Kidney Dis 1995;26:286.

337. Conaldi PG, et al. HIV-1 kills renal tubular epithelial cells in vitro by trigger-
ing an apoptotic pathway involving caspase action and Fas upregulation.
J Clin Invest 1998;102:2041.

338. He JC, et al. Nef stimulated proliferation of glomerular podocytes through
activation of Src-dependent Stat3 and MAPK1,2 pathways. J Clin Invest
2004;114:643.

339. Sunamoto M, et al. Critical role for Nef in HIV-1-induced podocyte dedif-
ferentiation. Kidney Int 2003;64:1695.

340. Kajiyama W, et al. Glomerulosclerosis and viral gene expression in HIV-
transgenic mice: role of nef. Kidney Int 2000;58:1148.

341. Dickie P, et al. Focal glomerulosclerosis in proviral and c-fms trans-
genic mice links Vpr expression to HIV-associated nephropathy. Virology
2004;322:69.

342. Nelson PJ, et al. Amelioration of nephropathy in mice expressing HIV-1
genes by the cyclin-dependent kinase inhibitor flavopiridol. J Antimicrob
Chemother 2003;51:921.

343. Gherardi D, et al. Reversal of collapsing glomerulopathy in mice with
the cyclin-dependent kinase inhibitor CYC202. J Am Soc Nephrol
2004;15:1212.

344. Barisoni L, et al. The dysregulated podocyte phenotype: a novel concept in
the pathogenesis of collapsing idiopathic focal segmental glomerulosclerosis
and HIV-associated nephropathy. J Am Soc Nephrol 1999;10:51.

345. Yang Y, Gubler MC, Beaufils H. Dysregulation of podocyte phenotype
in idiopathic collapsing glomerulopathy and HIV-associated nephropathy.
Nephron 2002;91:416.

346. Ross MD, et al. Podocan, a novel small leucine-rich repeat protein ex-
pressed in the sclerotic glomerular lesion of experimental HIV-associated
nephropathy. J Biol Chem 2003;278:33248.

347. Bodi I, et al. Renal TGF-beta in HIV-associated kidney diseases. Kidney Int
1997;51:1568.

348. Yamamoto T, et al. Increased levels of transforming growth factor-beta in
HIV-associated nephropathy. Kidney Int 1999;55:579.

349. Shukla RR, Kumar A, Kimmel PL. Transforming growth factor-b increases
the expression of HIV-1 gene in transfected human mesangial cells. Kidney
Int 1993;44:1022.

350. Schiffer M, et al. Apoptosis in podocytes induced by TGF-beta and Smad-7.
J Clin Invest 2001;108:807.

351. Kimmel PL, et al. Upregulation of MHC class II, interferon-alpha and
interferon-gamma receptor protein expression in HIV-associated nephropa-
thy. Nephrol Dial Transplant 2003;18:285.

352. Gharavi AG, et al. Mapping a locus for susceptibility to HIV-1-
associated nephropathy to mouse chromosome 3. Proc Natl Acad Sci USA
2004;101:2488.

353. Szczech LA, et al. The clinical epidemiology and course of the spectrum of
renal diseases associated with HIV infection. Kidney Int 2004;66:1145.

354. Winston JA, et al. Nephropathy and establishment of a renal reservoir of
HIV type 1 during primary infection. N Engl J Med 2001;344:1979.

355. Marras D, et al. Replication and compartmentalization of HIV-1 in kid-
ney epithelium of patients with HIV-associated nephropathy. Nat Med
2002;8:522.

356. Bruggeman LA, et al. Renal epithelium is a previously unrecognized site of
HIV-1 infection. J Am Soc Nephrol 2000;11:2079.

357. Green DF, Resnick L, Bourgoignie JJ. HIV infects glomerular endothelial
and mesangial, but not epithelial cells in vitro. Kidney Int 1992;41:956.

358. Ray PE, et al. Infection of primary renal epithelial cells with HIV-1 from
children with HIV-associated nephropathy. Kidney Int 1998;53:1217.

359. Alpers CE, McClure J, Bursten SL. Human mesangial cells are resistant to
productive infection by multiple strains of human immunodeficiency virus
types 1 and 2. Am J Kidney Dis 1992;19:126.

360. Eitner F, et al. Chemokine receptor CCR5 and CXCR4 expression and
HIV-1 detection in HIV-associated kidney disease. J Am Soc Nephrol
2000;11:856.

361. Segerer S, et al. Expression of the C-C chemokine receptor 5 in human
kidney diseases. Kidney Int 1999;56:52.

362. Eitner F, et al. Chemokine receptor (CCR5) expression in human kidneys
and in the HIV-infected macaque. Kidney Int 1998;54:1945.

363. Kimmel PL, Bosch JP, Vassalotti JA. Treatment of human immunodeficiency
virus-associated nephropathy. Semin Nephrol 1998;18:446.

364. Kimmel PL, Mishkin GJ, Umana WO. Captopril and renal survival in pa-
tients with HIV associated nephropathy. Am J Kidney Dis 1996;28:202.

365. Appel RG, Neill J. A steroid-responsive nephrotic syndrome in a pa-
tient with human immunodeficiency virus infection. Ann Intern Med
1990;113:892.

366. Briggs WA, et al. Clinicopathologic correlates of prednisone treatment of
human immunodeficiency virus-associated nephropathy. Am J Kidney Dis
1996;28:618.

367. Watterson MK, Detwiler RK, Bolin JP. Clinical response to prolonged cor-
ticosteroids in a patient with human immunodeficiency virus-associated
nephropathy. Am J Kidney Dis 1997;29:624.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

Chapter 59: Viral Glomerular Diseases 1507

368. Smith MC, et al. Prednisone improves renal function and proteinuria
in human immunodeficiency virus-associated nephropathy. Am J Med
1996;101:41.

369. Eustace JA, et al. Cohort study of the treatment of severe HIV-associated
nephropathy with corticosteroids. Kidney Int 2000;58:1253.

370. Burns GC, et al. Effect of angiotensin-converting enzyme inhibition in HIV-
associated nephropathy. J Am Soc Nephrol 1998;8:1140.

371. Wei A, et al. Long-term renal survival in HIV-associated nephropathy with
angiotensin-converting enzyme inhibition. Kidney Int 2003;64:1462.

372. Bird JE, et al. Captopril prevents nephropathy in HIV-transgenic mice.
J Am Soc Nephrol 1998: 9:1441.

373. Burns GC, Klotman PE. Treatment of HIV-associated nephropathy. Semin
Nephrol 2000;20:293.

374. Szczech LA, et al, Protease inhibitors are associated with a slowed progres-
sion of HIV-related renal diseases. Clin Nephrol 2002;57:336.

375. Cosgrove CJ, Abu-Alfa AK, Perazella MA. Observations on HIV-associated
renal disease in the era of highly active antiretroviral therapy. Am J Med
Sci 2002;323:102.

376. Kirchner JT. Resolution of renal failure after initiation of HAART: 3 cases
and a discussion of the literature. AIDS Read 2002;12:103.

377. Viani RM, et al. Resolution of HIV-associated nephrotic syndrome with
highly active antiretroviral therapy delivered by gastrostomy tube. Pedi-
atrics 1999;104:1394.

378. Wali RK, et al. HIV-1-associated nephropathy and response to highly-active
antiretroviral therapy. Lancet 1998;352:783.

379. Rao TK, Friedman EA, Nicastri AD. The types of renal disease in the ac-
quired immunodeficiency syndrome. N Engl J Med 1987;316:1062.

380. Eggers PW, Kimmel PL. Is there an epidemic of HIV infection in the US
ESRD program? J Am Soc Nephrol 2004;15:2477.

381. Ahuja TS, Grady J, Khan S. Changing trends in the survival of dialysis
patients with human immunodeficiency virus in the United States. J Am
Soc Nephrol 2002;13:1889.

382. Ahuja TS, O’Brien WA. Special issues in the management of patients with
ESRD and HIV infection. Am J Kidney Dis 2003;41:279.

383. Kimmel PL, et al. Continuous ambulatory peritoneal dialysis and survival of
HIV infected patients with end-stage renal disease. Kidney Int 1993;44:373.

384. Ahuja TS, et al. Is dialysis modality a factor in survival of patients with
ESRD and HIV-associated nephropathy? Am J Kidney Dis 2003;41:1060.

385. Ahuja TS, et al. HIV-associated nephropathy and end-stage renal disease in
children in the United States. Pediatr Nephrol 2004;19:808.

386. Gow PJ, Pillay D, Mutimer D. Solid organ transplantation in patients with
HIV infection. Transplantation 2001;72:1777.

387. Roland ME, Stock PG. Review of solid-organ transplantation in HIV-
infected patients. Transplantation 2003;75:425.

388. Abbott KC, et al. Human immunodeficiency virus infection and kidney
transplantation in the era of highly active antiretroviral therapy and modern
immunosuppression. J Am Soc Nephrol 2004;15:1633.

389. Sayegh SE, et al. Solid organ transplantation in HIV-infected recipients.
Pediatr Transplant 2004;8:214.

390. Pelletier SJ, et al. Review of transplantation in HIV patients during the
HAART era. Clin Transpl 2004;18:63.

391. Bourgoignie JJ, et al. The clinical spectrum of renal disease associated with
human immunodeficiency virus. Am J Kidney Dis 1988;12:131.

392. Tabechian D, et al. Lupus-like nephritis in an HIV-positive patient: report
of a case and review of the literature. Clin Nephrol 2003;60:187.

393. McDougal SJ, et al. Immune complexes in the acquired immunodeficiency
syndrome: relationship to disease manifestation, risk group, and immuno-
logic defect. J Clin Immunol 1985;5:130.

394. Morrow WJ, et al. Circulating immune complexes in patients with the
acquired immunodeficiency syndrome contain the AIDS-associated retro-
virus. Clin Immunol Immunopathol 1986;40:515.

395. McDougal JS, et al. Antibody response to human immunodeficiency virus
in homosexual men. J Clin Invest 1987;80:316.

396. Nishanian P, et al. A simple method for improved assay demonstrates that
HIV p24 antigen is present as immune complexes in most sera from HIV-
infected individuals. J Infect Dis 1990;162:21.

397. McHugh TM, et al. Relation of circulating levels of human immunodefi-
ciency virus antigen, antibody to p24, and HIV-containing immune com-
plexes in HIV-infected patients. J Infect Dis 1988;158:1088.

398. Portera M, et al. Free and antibody-complexed antigen and antibody profile
in apparently healthy HIV seropositive individuals and in AIDS patients.
J Med Virol 1990;30:30.

399. Guerra IL, et al. Nephrotic syndrome associated with chronic persis-
tent hepatitis B in an HIV antibody positive patient. Am J Kidney Dis
1987;10:385.

400. Connolly JO, Weston CE, Hendry BM. HIV-associated renal disease in
London hospitals. Q J Med 1995;88:627.

401. Williams DI, et al. Presentation, pathology and outcome of HIV associ-
ated renal disease in a specialist centre for HIV/AIDS. Sex Transm Infect
1998;74:179.

402. Casanova S, et al. Pattern of glomerular involvement in human immun-
odeficiency virus-infected patients: an Italian study. Am J Kidney Dis
1995;26:446.

403. Martin JL, Thomas D, Colindres RE. Immunotactoid glomerulopathy in
an HIV-positive African-American man. Am J Kidney Dis 2003;42:E6.

404. Chidambaram M, et al. Type I membranoproliferative glomerulonephritis

in an HIV-infected individual without hepatitis C coinfection. Clin Nephrol
2002;57:154.

405. Haas M, et al. Fibrillary/immunotactoid glomerulonephritis in HIV-positive
patients; A report of three cases. Nephrol Dial Transplant 2000;15:1679.

406. Rivera M, et al. The heterogeniety of glomerulonephritis associated with
HIV. Nephrol Dial Transplant 1999;14:244.

407. Praditpornsilpa K, Napathorn S, Yenrudi S, et al. Renal pathology and HIV
infection in Thailand. Am J Kidney Dis 1999;33:282.

408. Winston JA, Klotman ME, Klotman PE. HIV-associated nephropathy is
a late, not early, manifestation of HIV-1 infection. Kidney Int 1999;55:
1036.

409. Stokes MB, et al. Immune complex glomerulonephritis in patients co-
infected with HIV and hepatitis C virus. Am J Kidney Dis 1997;29:514.

410. Cheng JT, et al. Hepatitis C virus-associated glomerular disease in pa-
tients with human immunodeficiency virus coinfection. J Am Soc Nephrol
1999;10:1566.

411. Morales E, et al. Hepatitis C virus-associated cryoglobulinemic membra-
noproliferative glomerulonephritis in patients infected by HIV. Nephrol
Dial Transplant 1997;12:1980.

412. Fling J, et al. The relationship of serum IgA concentration to human im-
munodeficiency virus infection: a cross-sectional study of HIV-positive in-
dividuals detected by screening in the United States Air Force. J Allergy Clin
Immunol 1988;82:965.

413. Procaccia S, et al. IgM, IgG and IgA rheumatoid factors and circulating
immune complexes in patients with AIDS and AIDS related complex with
serological abnormalities. Clin Exp Immunol 1987;67:236.

414. Jackson S, Dawson LM, Kotler DP. IgA1 is the major immunoglobulin com-
ponent of immune complexes in the acquired immunodeficiency syndrome.
Clin Immunol 1988;8:64.

415. Jackson S, et al. Occurrence of polymeric IgA1 rheumatoid factor in the
acquired immunodeficiency syndrome. Clin Immunol 1988;8:390.

416. Lightfoote MM, et al. Circulating IgA immune complexes in AIDS. Im-
munol Invest 1985;14:341.

417. Emancipator SN. Immunoregulatory factors in the pathogenesis of IgA
nephropathy. Kidney Int 1990;38:388.

418. Bourgoignie JJ, Pardo V. HIV-associated nephropathies. N Engl J Med
1993;327:729.

419. Jennettte JC, Wall SD, Wilkman AS. Low incidence of IgA nephropathy in
blacks. Kidney Int 1985;28:944.

420. Beaufils H, et al. HIV-associated IgA nephropathy—a post mortem study.
Nephrol Dial Transplant 1995;10:35.

421. Gorriz JL, et al. IgA nephropathy associated with human immunodeficiency
virus infection: antiproteinuric effect of captopril. Nephrol Dial Transplant
1997;12:2796.

422. Berns JS. Hemolytic uremic syndrome and thrombotic thrombocytopenic
purpura associated with HIV infection. In: Kimmel PL, Berns JS, Stein JH,
eds. Renal and urologic aspects of HIV infection. New York: Churchill
Livingstone, 1995:111.

423. Peraldi MN, et al. Acute renal failure in the course of HIV infection: a
single-institution retrospective study of ninety-two patients and sixty renal
biopsies. Nephrol Dial Transplant 1999;14:1578.

424. Sutor GC, Scmidt RE, Albrecht H. Thrombotic microangiopathies and HIV
infection: report of two typical cases, features of HUS and TTP, and review
of the literature. Infection 1999;27:12.

425. de man AM, Smulders YM, Roozendaal KJ, et al. HIV-related thrombotic
thrombocytopenic purpura: report of two cases and review of the literature.
Neth J Med 1997;51:103.

426. Gadallah MF, et al. Disparate prognosis of thrombotic microangiopathy
in HIV-infected patients with and without AIDS. Am J Nephrol 1996;16:
446.

427. Jokela J, Flynn T, Henry K. Thrombotic thrombocytopenic purpura in a hu-
man immunodeficiency virus-seropositive homosexual man. Am J Hematol
1987;25:341.

428. Ucar A, et al. Thrombotic microangiopathy and retroviral infections: A 13
year experience. Am J Hematol 1994;45:304.

429. Badesha PS, Saklayen MG. Hemolytic uremic syndrome as a presenting
form of HIV infection. Nephron 1996;72:472.

430. Charasse C, et al. Thrombotic thrombocytopenic purpura with the acquired
immunodeficiency syndrome: a pathologically documented report. Am J
Kidney Dis 1991;17:80.

431. Alpers CE. Light at the end of the TUNEL: HIV-associated thrombotic
microangiopathy. Kidney Int 2003;63:385.

432. Eitner F, et al. Thrombotic microangiopathy in the HIV-2 infected macaque.
Am J Pathol 1999;155:649.

433. Mitra D, et al. Thrombotic thrombocytopenic purpura and sporadic
hemolytic uremic syndrome plasmas induce apoptosis in restricted lineages
of human microvascular endothelial cells. Blood 1997;89:1224.

434. Mitra D, et al. Role of caspases 1 and 3 and Bcl-2-related molecules in
endothelial cell apoptosis associated with thrombotic microangiopathies.
Am J Hematol 1998;59:279.

435. Del Arco A, et al. Thrombotic thrombocytopenic purpura associated with
human immunodeficiency virus infection: Demonstration of p24 antigen in
endothelial cells. Clin Infect Dis 1993;17:360.

436. Lafrenie RM, et al. HIV-1-tat modulates the function of monocytes and
alters their interactions with microvessel endothelial cells. J Immunol
1996;156:1638.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

1508 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

437. Sahud MA, et al. Von Willebrand factor-cleaving protease in a patient
with human immunodeficiency syndrome-associated thrombotic thrombo-
cytopenic purpura. Br J Haematol 2002;116:909.

438. Bottieau E, Colebunders R, Bosmans JL. Favourable outcome of haemolytic
uraemic syndrome in an HIV-infected patient treated only with prednisone.
J Infect 2000;41:108.

439. Salem G, Terebelo H, Raman S. Human immunodeficiency virus associated
with thrombotic thrombocytopenic purpura: successful treatment with zi-
dovudine. South Med J 1991;84:493.

440. Gruszecki AC, et al. Management of a patient with HIV infection-induced
anemia and thrombocytopenia who presented with thrombotic thrombo-
cytopenic purpura. Am J Hematol 2002;69:228.

441. Kopp JB, et al. Crystalluria and urinary tract abnormalities associated with
indinavir. Ann Intern Med 1997;127:119.

442. Jaradat M, et al. Acute tubulointerstitial nephritis attributable to indinavir
therapy. Am J Kidney Dis 2000;35:E16.

443. Benveniste O, et al. Two episodes of acute renal failure, rhadomyolysis, and
severe hepatitis in an AIDS patient successively treated with ritonavir and
indinavir. Clin Infect Dis 1999;28:1180.

444. Olyaei AJ, deMattos AM, Bennet WM. Renal toxicity of protease in-
hibitors. Curr Opin Nephrol Hypertens 2000;9:473.

445. Izzedine H, Launay-Vacher V, Deray G. Antiretroviral drugs and the kid-
ney: Dosage adjustment and renal tolerance. Curr Pharm Des 2004;10:
4071.

446. Izzedine H, et al. Antiretroviral and immunosuppressive drug-drug inter-
actions: An update. Kidney Int 2004;66:532.

447. Joshi MK, Liu HH. Acute rhabdomyolyis and renal failure in HIV-infected
patients: risk factors, presentation and pathophysiology. AIDS Patient Care
STDS 2000;14:541.

448. Hare CB, et al. Simvastatin-nelfinavir interaction implicated in rhabdomy-
olysis and death. Clin Infect Dis 2002;35:e111.

449. Cheng CH, et al. Rhabdomyolysis due to probable interaction between
simvastatin and ritonavir. Am J Health Syst Pharm 2002;59:728.

450. Mastroianni CM, et al. Rhabdomyolysis after cerivastatin-gemfibrozil ther-
apy in an HIV-infected patient with protease inhibitor-related hyperlipi-
demia. AIDS 2001;15:820.

451. Verhelst D, et al. Fanconi syndrome and renal failure induced by tenofovir.
Am J Kidney Dis 2002;40:1331.

452. Rifkin BS, Perazella MA. Tenofovir-associated nephrotoxicity: Fanconi syn-
drome and renal failure. Am J Med Sci 2004;117:282.

453. James CW, et al. Tenofovir-related nephrotoxicity: Case report and review
of the literature. Pharmacotherapy 2004;24:415.

454. Coca S, Perazella MA. Rapid communication: acute renal failure associated
with tenofovir: evidence of drug-induced nephrotoxicity. Am J Med Sci
2002;324:342.

455. Perazalla MA. Acute renal failure in HIV-infected patients: a brief review
of common causes. Am J Med Sci 2000;319:385.

456. Korbet SM, Schwartz MM. Human immunodeficiency virus infection and
nephrotic syndrome. Am J Kidney Dis 1992;20:97.

457. Enriquez R, et al. Postinfectious diffuse proliferative glomerulonephritis
and acute renal failure in an HIV patient. Clin Nephrol 2004;61:278.

458. Schectman JM, Kimmel PL. Remission of hepatitis B-associated membra-
nous glomerulonephritis in human immunodeficiency virus infection. Am
J Kidney Dis 1991;17:716.

459. Chang BJ, et al. Renal manifestations of concurrent systemic lupus erythe-
matosus and HIV infection. Am J Kidney Dis 1999;33:441.

460. Taillan B, et al. Cryoglobulinemia related to hepatitis C virus infection
in patients with the human immunodeficiency virus infection. Clin Exp
Rheumatol 1993;11:350.

461. Stricker RB, et al. Mononeuritis multiplex associated with cryoglobuline-
mia in HIV infection. Neurology 1992;42:2103.

462. Gherardi R, et al. The spectrum of vasculitis in human immunodeficiency
virus-infected patients. Arthritis Rheum 1993;36:1164.

463. Font C, et al. Polyarteritis nodosa in human immunodeficiency virus in-
fection: report of four cases and review of the literature. Br J Rheumatol
1996;35:796.

464. Chertow GM, et al. Renal vasculitis with HIV seropositivity: potential
manifestation of cytomegalovirus infection. Am J Kidney Dis 1997;30:
428.

465. Guillevin L. Virus-induced systemic vasculitides: new therapeutic ap-
proaches. Clin Dev Immunol 2004;11:227.

466. Chetty R. Vasculitides associated with HIV infection. J Clin Pathol
2001;54:275.

467. Chetty R, Batitang S, Nair R. Large artery vasculopathy in HIV-positive
patients: another vasculitic enigma. Hum Pathol 2000;31:374.

468. Gisselbrecht M, et al. HIV-related vasculitis: clinical presentation of a ther-
apeutic approach to 8 cases. Ann Med Interne 1998;149:398.

469. Perl A, et al. Antibodies to retroviral proteins and reverse transcrip-
tase activity in patients with essential cryoglobulinemia. Arthritis Rheum
1991;34:1313.

470. Shih A, Misra R, Rush MG. Detection of multiple, novel reverse transcrip-
tase coding sequences in human nucleic acids: relation to primate retro-
viruses. J Virol 1989;63:64.

471. Query CC, Keene JD. A human autoimmune protein associated with U1
RNA contains a region of homology that is cross-reactive with retroviral
p30 r gag antigen. Cell 1987;51:211.

472. Cohen AH, et al. Demonstration of human immunodeficiency virus in renal
epithelium in HIV-associated nephropathy. Mod Pathol 1989;2:125.

473. Shukla RR, Kumar A, Kimmel PL. Transforming growth factor-β increases
the expression of HIV-1 gene in transfected human mesangial cells. Kidney
Int 1993;44:1022.

474. Schattner A. Interferons and autoimmunity. Am J Med Sci 1988;295:532.
475. Nassar GM, et al. Reversible renal failure in a patient with the hypere-

osinophilia syndrome during therapy with alpha interferon. Am J Kidney
Dis 1998;31:121.

476. Gotsman I, et al. Beta-interferon-induced nephrotic syndrome in a patient
with multiple sclerosis. Clin Nephrol 2000;54.

477. Nakao K, et al. Minimal change nephrotic syndrome developing during
postoperative interferon-beta therapy for malignant melanoma. Nephron
2002;90:498.

478. Tola MR, et al. Recurrent nephrotic syndrome in a patient with multiple
sclerosis treated with interferon beta-1a. J Neurol 2003;250:768.

479. Kujubu DA, Fine LG. Polypeptide growth factors and renal disease. Am J
Kidney Dis 1989;14:61.

480. Wardle EN. Cytokine growth factors and glomerulonephritis. Nephron
1991;57:257.

481. Border WA, Ruoslahti E. TGF-β in disease: the dark side of tissue repair.
J Clin Invest 1992;90:1.

482. Sharma K, Ziyadeh F. The transforming growth factor-β (TGF-β) system
and the kidney. Semin Nephrol 1993;13:116.

483. Floege J, et al. PDGF-D and renal disease: yet another of those growth
factors? J Am Soc Nephrol 2003;14:2690.

484. Cooper ME, Thomas MC. Interactions between growth factors in the kid-
ney: implications for progressive renal injury. Kidney Int 2003;63:1584.

485. Iwano M, Neilson EG. Mechanisms of tubulointerstitial fibrosis. Curr Opin
Nephrol Hypertens 2004;13:279.

486. Tamaki K, Okuda S. Role of TGF-beta in the progression of renal fibrosis.
Contrib Nephrol 2003;139:44.

487. Hugo C. The thrombospondin 1-TGF-beta axis in fibrotic renal disease.
Nephrol Dial Transplant 2003;18:1241.

488. Schnaper HW, et al. TGF-beta signal transduction and mesangial cell fibro-
sis. Am J Physiol Renal Physiol 2003;284:F243.

489. Greene WC. Molecular biology of HIV type I infection. N Engl J Med
1991;324:308.

490. Bednarik DP, Folks TM. Mechanism of HIV-1 latency. AIDS 1992;6:3.
491. Breen EC. Pro- and antinflammatory cytokines in human immunodeficiency

virus infection and acquired immunodeficiency syndrome. Pharmacol Ther
2002;95:295.

492. Gougeon ML, et al. HIV, cytokines and programmed cell death. A subtle
interplay. Ann NY Acad Sci 2000;926:30.

493. DeVico AL, Gallo RC. Control of HIV-1 infection by soluble factors of the
immune response. Nat Rev Microbiol 2004;2:401.

494. Kedzierska K, Crowe SM. Cytokines and HIV-1: interactions and clinical
implications. Antivir Chem Chemother 2001;12:133.

495. Poli G. Cytokines and the human immunodeficiency virus: from bench to
bedside. Eur J Clin Invest 1999: 29:723.

496. Pullium L, et al. HIV-1 envelope gp 120 alters astrocytes in human brain
cultures. AIDS Res Hum Retrovirus 1993;9:439.

497. Capobianchi MR, et al. Coordinate induction of interferon α and γ by
recombinant HIV-1 glycoprotein 120. AIDS Res Hum Retrovirus 1993;9:
957.

498. Becker Y. HIV-1 induced AIDS is an allergy and the allergen is the shed
gp120 – a review, hypothesis and implications. Virus Genes 2004;28:319.

499. Ensoli B, et al. Tat protein of HIV-1 stimulates growth of cells derived from
Kaposi sarcoma lesions of AIDS patients. Nature 1990;345:84.

500. Viscidi RR, et al. Inhibition of antigen-induced lymphocyte proliferation
by Tat protein from HIV-1. Science 1989;246:1606.

501. Gatignol A, Jeang KT. Tat as a transcriptional activator and a potential
therapeutic target for HIV-1. Adv Pharmacol 2000;48:209.

502. Watson K, Edwards RJ. HIV-1-trans-activating (Tat) protein: both a target
and a tool in therapeutic approaches. Biochem Pharmacol 1999;58:1521.

503. Pantaleo G, Graziosi C, Fauci AS. New concepts in the pathogenesis of HIV
infection. N Engl J Med 1993;328:327.

504. Banda NK. Cross-linking CD4 by HIV gp120 primes T cells for activation-
induced apoptosis. J Exp Med 1992;176:1099.

505. Richardson WP. Glomerulopathy associated with cytomegalovirus viremia
in renal allografts. N Engl J Med 1980;305:57.

506. Lopez-Rocafort L, Brennan DC. Current review of cytomegalovirus in renal
transplantation. Minerva Urol Nefrol 2001;53:145.

507. Cainelli F, Vento S. Infections and solid organ transplant rejection: a cause
and effect relationship? Lancet Infect Dis 2002;2:539.

508. Soderberg-Naucler C, Emery VC. Viral infections and their impact on
chronic allograft dysfunction. Transplantation 2001;71(Suppl 11):SS24.

509. Griffiths PD. Cytomegalovirus therapy: current constraints and future op-
portunities. Curr Opin Infect Dis 2002;14:765.

510. Sola R, et al. Significance of cytomegalovirus infection in renal transplan-
tation. Transplant Proc 2003;35:1753.

511. Aiello FB, et al. Acute rejection and graft survival in renal transplanted
patients. Mod Pathol 2004;17:189.

512. Sageda S, et al. The impact of cytomegalovirus infection and disease on
rejection episodes in renal allograft recipients. Am J Transplant 2002;2:
850.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

Chapter 59: Viral Glomerular Diseases 1509

513. Herrera GA. Cytomegalovirus glomerulopathy: a controversial lesion. Kid-
ney Int 1986;29:725.

514. Battegay EJ, et al. Cytomegalovirus and the kidney. Clin Nephrol 1988;30:
239.

515. Boyce NW, et al. Cytomegalovirus infection complicating renal transplan-
tation and its relationship to acute transplant glomerulopathy. Transplan-
tation 1988;45:707.

516. Birk PE, Chavers BM. Does cytomegalovirus cause glomerular injury in
renal allograft recipients? J Am Soc Nephrol 1997;8:1801.

517. Helantera I, et al. The impact of cytomegalovirus infections and acute rejec-
tion episodes on the development of vascular changes in 6-month protocol
biopsy specimens of cadaveric kidney allograft recipients. Transplantation
2003;75:1858.

518. Kashyap R, et al. The clinical significance of cytomegaloviral inclusions in
the allograft kidney. Transplantation 1999;67:98.

519. Sissons JG, Sinclair JH, Borysiewicz LK. Pathogenesis of human cy-
tomegalovirus disease and the kidney. Kidney Int 1991;40:S8.

520. Rao KV, et al. De novo immunotactoid glomerulopathy of the renal al-
lograft: possible association with cytomegalovirus infection. Am J Kidney
Dis 1994;24:97.

521. Galla JH. IgA nephropathy. Kidney Int 1995;47:377.
522. Andresdottir MB, et al. Type I membranoproliferative glomerulonephritis

in a renal allograft: a recurrence induced by a cytomegalovirus infection?
Am J Kidney Dis 2000;35:E6.

523. Detwiler RK, et al. Cytomegalovirus-induced necrotizing and crescen-
tic glomerulonephritis in a renal transplant patient. Am J Kidney Dis
1998;32:820.

524. Heiren MH, van der Woude FJ, Balfour HH Jr. Cytomegalovirus repli-
cates efficiently in human kidney mesangial cells. Proc Natl Acad Sci USA
1988;85:1642.

525. Wehner RW, Smith RD. Progressive cytomegalovirus glomerulonephritis.
An experimental model. Am J Pathol 1983;112:313.

526. Ozawa T, Stewart JA. Immune complex glomerulonephritis associated with
cytomegalovirus infection. Am J Clin Pathol 1979;72:103.

527. Waldo FB, et al. Non-specific mesangial staining with antibodies against
cytomegalovirus in immunoglobulin-A nephropathy. Lancet 1989;1:129.

528. Sato M, et al. Cytomegalovirus and IgA nephropathy. Lancet 1988;2:1251.
529. Dueymes M, et al. Mesangial staining with cytomegalovirus antibodies in

IgA nephropathy. Lancet 1988;1:619.
530. Ortmanns A, et al. Remission of IgA nephropathy following treatment of

cytomegalovirus infection with ganciclovir. Clin Nephrol 1998;49:379.
531. Lai FM, Tam JS, Lai KN. Cytomegalovirus antigens in IgA nephropathy:

facts or artefact? Nephron 1990;55:87.
532. Okamura M, et al. Failure to detect cytomegalovirus-DNA in IgA

nephropathy by in-situ hybridization. Lancet 1989;1:265.
533. Kanahara K, et al. In situ hybridization analysis of cytomegalovirus and

adenovirus DNA in immunoglobulin A nephropathy. Nephron 1992;62:
166.

534. Smith SM, Wheeher C, Hoy W. Viral antigens in IgA nephropathy. Clin
Nephrol 1991;36:152.

535. Bene MC, Tang J, Faure GC. Absence of CMV DNA in kidneys in IgA
nephropathy. Lancet 1990;336:868.

536. Telenti A, Donadio JV, Smith TF. Failure to detect cytomegalovirus DNA
in IgA nephropathy by polymerase chain reaction. J Am Soc Nephrol
1990;1:841.

537. Muller GA, et al. Detection of human cytomegalovirus-DNA in IgA
nephropathy. Nephron 1991;57:383.

538. Muller GA, et al. Human cytomegalovirus in immunoglobulin A nephropa-
thy: detection by polymerase chain reaction. Nephron 1993;59:389.

539. Kadereit S, et al. Polymerase chain reaction detection of cytomegalovirus
genome in renal biopsies. Kidney Int 1992;42:1012.

540. Park JS, et al. Cytomegalovirus is not specifically associated with im-
munoglobulin A nephropathy. J Am Soc Nephrol 1994;4:1623.

541. Rodriguez ER, et al. Human immunodeficiency virus in cardiac myocytes
and dendritic cells individually microdissected from right ventricular en-
domyocardial biopsy tissue: detection by multiplex, nested, polymerase
chain reaction. Am J Cardiol 1991;68:1511.

542. Cosgriff TM, Lewis RM. Mechanisms of disease in hemorrhagic fever with
renal syndrome. Kidney Int 1991;40(Suppl 35):S72.

543. Glass GE, et al. Infection with a ratborne hantavirus in U.S. residents
is consistently associated with hypertensive renal disease. J Infect Dis
1993;167:614.

544. Patnaik M, Velosa JA, Peter JB. Hantavirus-specific IgG, IgM, and IgA in
acute and chronic renal disease versus congenital renal disease in the United
States. Am J Kidney Dis 1999;33:734.

545. Ala-Houla I, et al. Increased glomerular permeability in patients with
nephropathia epidemica caused by Puumala hantavirus. Nephrol Dial
Transplant 2002;17:246.

546. Mustonen J, et al. Mesangiocapillary glomerulonephritis caused by Pu-
umala hantavirus infection. Nephron 2001;89:402.

547. Makela S, et al. Renal function and blood pressure five years after Puumala
virus-induced nephropathy. Kidney Int 2000;58:1711.

548. George J, et al. Hantavirus seropositivity in Israeli patients with renal fail-
ure. Viral Immunol 1998;11:103.

549. Cosgriff TM. Hemorrhagic fever with renal syndrome. Ann Intern Med
1989;110:313.

550. Peters CJ, Simpson GL, Levy H. Spectrum of hantavirus infection: hem-
orrhagic fever with renal syndrome and hantavirus pulmonary syndrome.
Ann Rev Med 1999;50:531.

551. Settergren B, et al. Pathogenetic and clinical aspects of the renal involvement
in hemorrhagic fever with renal syndrome. Renal Fail 1997;19:1.

552. Mustonen J, et al. Renal biopsy findings and clinicopathologic correlations
in nephropathia epidemica. Clin Nephrol 1994;41:121.

553. Grcevska L, et al. Differential pathohistological presentations of acute renal
involvement in Hantaan virus infection: report of two cases. Clin Nephrol
1991;34:197.

554. van Ypersele de Strihou C, Mery JP. Hantavirus-related acute interstitial
nephritis in Western Europe. Expansion of a world-wide zoonosis. Q J
Med 1989;73:941.

555. Mayer HB, et al. Epstein-Barr virus-induced infectious mononucleosis com-
plicated by acute renal failure. Clin Infect Dis 1996;22:1009.

556. Wallace M, Leet G, Rothwell P. Immune complex-mediated glomeru-
lonephritis with infectious mononucleosis. Aust NZ J Med 1974;4:192.

557. Andres GA, et al. Immune deposit nephritis in infectious mononucleosis.
Int Arch Allergy Appl Immunol 1976;54:136.

558. Woodroffe AJ, et al. Nephritis in infectious mononucleosis. Q J Med
1974;43:451.

559. Kano K, et al. Glomerulonephritis in a patient with chronic active Epstein-
Barr virus infection. Pediatr Nephrol 2005;20:89.

560. Andresdottir MB, et al. Primary Epstein-Barr virus infection and recurrent
type 1 membranoproliferative glomerulonephritis after renal transplanta-
tion. Nephrol Dial Transplant 2000;15:1235.

561. Iwama H, et al. Epstein-Barr virus detection in kidney biopsy specimens
correlates with glomerular mesangial injury. Am J Kidney Dis 1998;32:785.

562. Lande MB, et al. Immune complex disease associated with Epstein-Barr
virus infectious mononucleosis. Pediatr Nephrol 1998;12:651.

563. Joh K, et al. Epstein-Barr virus genome-positive tubulointerstitial nephritis
associated with immune complex-mediated glomerulonephritis in chronic
active EB virus infection. Virchows Arch 1998;432:567.

564. Verma N, et al. Acute interstitial nephritis secondary to infectious mononu-
cleosis. Clin Nephrol 2002;58:151.

565. Okada H, et al. An atypical pattern of Epstein-Barr virus infection in a case
with tubulointerstitial nephritis. Nephron 2002;92:440.

566. Cataudella JA, Young ID, Iliescu EA. Epstein-Barr virus-associated acute
interstitial nephritis: infection or immunologic phenomenon. Nephron
2002;92:437.

567. Stratta P, et al. Primary Epstein-Barr virus infection associated with re-
nal flare-up of HCV-related cryoglobulinemia. Nephrol Dial Transplant
2000;15:1874.

568. Tsai JD, et al. Epstein-Barr virus-associated acute renal failure: diagnosis,
treatment and follow-up. Pediatr Nephrol 2003;18:667.

569. Merchant SH, et al. Epstein-Barr virus-associated intravascular large T-
cell lymphoma presenting as acute renal failure in a patient with acquired
immunodeficiency syndrome. Hum Pathol 2003;950.

570. Becker JL, et al. Epstein-Barr virus infection of renal proximal tubule cells:
possible role in chronic interstitial nephritis. J Clin Invest 1999;104:1673.

571. Arias LF, et al. Epstein-Barr virus latency in kidney specimens from trans-
plant recipients. Nephrol Dial Transplant 2003;18:2638.

572. Babel N, et al. Association between Epstein-Barr virus infection and late
acute transplant rejection in long-term transplant patients. Transplantation
2001;27:736.

573. Nickeleit V, et al. Testing for Polyomavirus type BK DNA in plasma to
identify renal allograft recipients with viral nephropathy. N Engl J Med
2000;342:1309.

574. Randhawa PS, Demetris AJ. Nephropathy due to Polyomavirus type BK.
N Engl J Med 2000;342:1361.

575. Nickeleit V, et al. BK-virus nephropathy in renal transplants-tubular necro-
sis, MHC-class II expression and rejection in a puzzling game. Nephrol Dial
Transplant 2000;15:324.

576. Donini U, et al. BK papovavirus immune complexes in glomerulonephritis.
Proc Eur Dial Transplant Assoc 1980;17:637.

577. Celik B, Randhawa PS. Glomerular changes in BK virus nephropathy. Hum
Pathol 2004;35:367.

578. Buehrig CK, et al. Influence of surveillance renal allograft biopsy on diag-
nosis and prognosis of polyomavirus-associated nephropathy. Kidney Int
2003;64:665.

579. Randhawa PS, et al. Quantitation of viral DNA in renal allograft tissue
from patients with BK virus nephropathy. Transplantation 2002;74:485.

580. Kadambi PV, et al. Treatment of refractory BK virus-associated nephropa-
thy with cidofovir. Am J Transplant 2003;3:186.

581. Li RM, et al. Molecular identification of SV40 infection in human sub-
jects and possible association with kidney disease. Am J Kidney Dis
2000;13:2320.

582. Galdenzi, et al. Is the simian virus SV40 associated with idiopathic focal
segmental glomerulosclerosis in humans? J Nephrol 2003;16:350.

583. Wierenga KJ, et al. Glomerulonephritis after human parvovirus infection
in homozygous sickle-cell disease. Lancet 1995;346:475.

584. Tolaymat A, et al. Parvovirus glomerulonephritis in a patient with sickle
cell disease. Pediatr Nephrol 1999;13:340.

585. Finkel TH, et al. Chronic parvovirus B19 infection and systemic necro-
tising vasculitis: opportunistic infection or aetiological agent? Lancet
1994;343:1255.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-59 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:44

1510 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

586. Chakravarty K, Merry P. Systemic vasculitis and atypical infections: report
of two cases. Postgrad Med J 1999;75:544.

587. Ohtomo Y, et al. Nephrotic syndrome associated with human parvovirus
B19 infection. Pediatr Nephrol 2003;18:280.

588. Iwafuchi Y, et al. Acute endocapillary proliferative glomerulonephritis as-
sociated with human parvovirus B19 infection. Clin Nephrol 2002;57:
246.

589. Mori Y, et al. Association of parvovirus B19 infection with acute glomeru-
lonephritis in healthy adults: case report and review of the literature. Clin
Nephrol 2002;57:69.

590. Takeda S, et al. Renal involvement induced by human parvovirus B19 in-
fection. Nephron 2001;89:280.

591. Komatsuda A, et al. Endocapillary proliferative glomerulonephritis in a
patient with parvovirus B19 infection. Am J Kidney Dis 2000;36:851.

592. Nakazawa T, et al. Acute glomerulonephritis after human parvovirus B19
infection. Am J Kidney Dis 2000;35:E31.

593. Scmid ML, McWhinney PH, Will EJ. Parvovirus B19 and glomerulonephri-
tis in a healthy adult. Ann Intern Med 2000;132:682.

594. Cioc AM, et al. Parvovirus B19 associated adult Henoch Schonlein purpura.
J Cutan Pathol 2002;29:602.

595. Diaz F, Collazos J. Glomerulonephritis and Henoch-Schoenlein purpura
associated with acute parvovirus B19 infection. Clin Nephrol 2000;53:237.

596. Tanawattanacharoen S, et al. Parvovirus B19 DNA in kidney tissue
of patients with focal segmental glomerulosclerosis. Am J Kidney Dis
2000;35:1166.

597. Coventry S, Shoemaker LR. Collapsing glomerulopathy in a 16 year old girl
with pulmonary tuberculosis: the role of systemic inflammatory mediators.
Pediatr Dev Pathol 2004;7:166.

598. Schwimmer JA, et al. Collapsing glomerulopathy. Semin Nephrol 2003;23:
209.

599. Moudgil A, et al. Association of parvovirus B19 infection with idiopathic
collapsing glomerulopathy. Kidney Int 2001;59:2126.

600. Avila-Casado MC, et al. Familial collapsing glomerulopathy: clinical,
pathological and immunogenetic features. Kidney Int 2003;63:233.

601. Moudgil A, et al. Parvovirus B19 infection-related complications in renal
transplant recipients: Treatment with intravenous immunoglobulin. Trans-
plantation 1997;64:1847.

602. Liefeldt L, et al. Eradication of parvovirus B19 infection after renal trans-
plantation requires reduction of immunosuppression and high-dose im-
munoglobulin therapy. Nephrol Dial Transplant 2002;17:1840.

603. Cavallo R, et al. B19 virus infection in renal transplant recipients. J Clin
Virol 2003;26:361.

604. Murer L, et al. Thrombotic microangiopathy associated with parvovirus
B19 infection after renal transplantation. J Am Soc Nephrol 2000;11:1132.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-60 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:48

CHAPTER 60 ■ RAPIDLY PROGRESSIVE
GLOMERULONEPHRITIS
PETER G. KERR, DAVID J. NIKOLIC-PATERSON, AND ROBERT C. ATKINS

Rapidly progressive glomerulonephritis (RPGN) is one of the
most calamitous of nephrologic conditions, and patients can
progress from normal renal function to end-stage renal failure
within weeks. RPGN is a syndrome and consists clinically of
sudden and relentless deterioration in renal function associ-
ated with the pathologic finding on renal biopsy of extensive
crescent formation involving most glomeruli.

Many types of glomerulonephritis can exhibit crescent for-
mation and sometimes renal failure. These types are listed in
Table 60-1 and include both primary glomerular disease and
systemic disease with a glomerular component. Consequently,
the definition of RPGN has been difficult, and the terminology
has varied over the years, incorporating either the clinical or
pathologic components, or both.

Crescents were first described by Langhans (1) over 100
years ago (Fig. 60-1). Volhard and Fahr (2) used the term extra-
capillary glomerulonephritis in 1914 because of the glomerular
crescents surrounding the capillary tuft, and Lohlein (3) called
this type of glomerulonephritis a stormy course because of the
renal failure that led to death. Ellis (4) coined the phrase rapidly
progressive type 1, but the disease has also since been referred
to as malignant (5), acute necrotizing (6), acute anuric (7),
proliferative, with crescents (8), and nonstreptococcal rapidly
progressive glomerulonephritis (9). The most commonly used
synonym for RPGN today is idiopathic crescentic glomeru-
lonephritis (10).

Therefore, in this chapter, RPGN is used to describe this rel-
atively rare syndrome, consisting clinically of an acute glomeru-
lonephritis, with a rapid and progressive deterioration in renal
function, and pathologically of extensive crescent formation
involving most of the glomeruli in the absence of another type
of primary glomerulonephritis or systemic disease. In spite of
these restrictions, RPGN is still a heterogeneous entity and can
be divided further on immunopathogenetic criteria into sub-
groups with different prognoses and responses to treatment.
RPGN is traditionally divided into three entities: antiglomeru-
lar basement membrane disease (anti-GBM, so-called Good-
pasture’s syndrome), immune GN, and the previously named
pauci-immune group that we now know to be varieties of vas-
culitis, usually antineutrophil cytoplasmic antibody (ANCA)
positive.

PATHOLOGY

Crescents

The pathognomonic feature of RPGN is the presence of cres-
cents in Bowman’s space (Figs. 60-2 and 60-3). A glomerular
crescent may be defined as an aggregation of cells, at least two
layers deep, in Bowman’s space that may encroach on and de-
stroy the capillary tuft. There is no agreement on the extent
of crescent formation required for the diagnosis of RPGN to

be made. Studies vary from 20% of glomeruli involved (11) to
more than 80% (12). Neild et al. (13), in an extensive review
of the Guy’s Hospital experience, introduced the concept of
the importance of the degree of the glomerular circumferential
involvement. They defined the pathologic criteria for RPGN as
greater than 60% of circumferential involvement of more than
60% of glomeruli. In general, those patients with the most
rapid progression and most severe renal failure have a greater
number of glomerular crescents (12,14).

Crescents are composed of cells and fibrous connective tis-
sue. During the acute phase, crescents are predominantly cel-
lular (Fig. 60-3), whereas chronicity is typified by progressive
fibrosis and eventually sclerosis of the crescent (Fig. 60-4).
Early crescents are composed of large, pale-staining, elongated
cells with occasional mitoses evident (Figs. 60-2 and 60-3). It
was traditionally held that these cells were derived from pro-
liferated epithelial cells, and the term epithelial crescent was
used (9,10,15). However, studies using monoclonal antibod-
ies as specific markers have shown that the major identifiable
cell type in crescents is of macrophage origin (16). Consis-
tent with these data, tissue culture studies of glomeruli isolated
from patients with RPGN produced predominant outgrowths
of macrophages (17–19) (Fig. 60-5). A cellular crescent also fre-
quently contains erythrocytes, polymorphonuclear leukocytes,
and deposits of fibrin (Fig. 60-3). Over time, progression from a
cellular to a sclerosed, fibrous crescent is seen as acute infiltrat-
ing leukocytes and epithelial cells are lost through apoptosis
or migration out of the crescent and are replaced by myofi-
broblasts and fibroblasts, which secrete matrix and contribute
to fibrosis and eventual sclerosis of the crescent (see Pathogen-
esis, below). RPGN frequently is a nonuniform process, and
various degrees and stages of crescent formation may be seen
in different glomeruli from the same biopsy.

Glomerular Tuft

Most patients also have glomerular tuft involvement, which
may consist of focal and segmental necrosis of glomerular cap-
illaries, fibrin deposition, cellular infiltration, and cellular pro-
liferation (Fig. 60-3). In cases of extensive crescent formation,
the glomerular tuft can be almost completely compressed and
ischemic changes may be evident. In less severely damaged
glomeruli, there may be proliferation of resident kidney cells
(endothelial and mesangial cells) and accumulation of leuko-
cytes (macrophages, polymorphs, and lymphocytes). Multinu-
cleated giant cells also have been found (20). Cells in the tuft
may proliferate, become activated, release proinflammatory cy-
tokines, and mediate thrombosis, tissue damage, and fibrosis
(see Pathogenesis below) (Fig. 60-6).

The advent of monoclonal antibodies (21) enabled specific
identification of individual antigens on both leukocytes and in-
trinsic glomerular cells (22–26), making it possible to assess
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TA B L E 6 0 - 1

TYPES OF GLOMERULONEPHRITIS THAT CAN BE
ASSOCIATED WITH RAPID DETERIORATION IN
RENAL FUNCTION AND GLOMERULAR CRESCENT
FORMATION

Primary Renal Diseases
RPGN—anti-GBM without lung involvement
RPGN—immune complex deposition
RPGN—without immune deposits (>80% ANCA positive)
Membranoproliferative glomerulonephritis
Membranous nephropathy
Immunoglobulin A disease
Hereditary nephritis

Systemic Diseases
Goodpasture’s syndrome
Postinfectious
Poststreptococcal (Chapter 58)
Endocarditis (Chapter 58)
Shunt nephritis (Chapter 58)
Abscess (Chapter 58)
Henoch-Schönlein disease (Chapter 61)
Lupus nephritis (Chapter 65)
Polyarteritis (Chapter 68)
Wegener’s granulomatosis (Chapter 68)
Cryoglobulinemia (Chapter 69)
Scleroderma (Chapter 66)
Relapsing polychondritis
Malignancy
Malignant hypertension (Chapter 56)

ANCA, antineutrophil cytoplasmic antibody; anti-GBM,
antiglomerular basement membrane disease; RPGN, rapidly
progressive glomerulonephritis.

the number of individual glomerular cell types and infiltrat-
ing leukocytes in situ. Glomeruli from patients with RPGN
have increased numbers of macrophages and polymorphonu-
clear leukocytes (27–34). Intraglomerular T cells have been
demonstrated in glomeruli of patients with crescentic glomeru-
lonephritis (29–34). Such T cells are functionally active, as

demonstrated by their association with activated monocytes
and fibrin, the other components of cell-mediated immunity
(35), and their expression of receptors for interleukin-2 (IL-
2R), denoting immune activation (3,32).

Interstitial Infiltrate

In most renal biopsies of patients with RPGN, there is a promi-
nent interstitial inflammatory cell infiltrate (10). It usually
is widespread throughout the interstitium but often is most
marked surrounding Bowman’s capsule (Figs. 60-2 through 60-
4). The interstitial changes in RPGN may well relate more to
the outcome of the disease than do the glomerular changes (28).
It has been shown that there is a highly significant correlation
between the degree of interstitial mononuclear cell infiltration
and impairment of renal function, whereas there is minimal cor-
relation between glomerular cell numbers and renal function
(28). All these findings suggest that the interstitial mononu-
clear cell infiltrate is a very important component of the renal
response to glomerular injury (36,37).

The composition of the interstitial leukocytic infiltrate in
RPGN has been evaluated (28,29). Hooke et al. (28) compared
the interstitial cell infiltrate in 14 patients with RPGN with
84 other types of glomerulonephritis. This study found that
the interstitial leukocyte numbers were greater in the RPGN
group of patients, that the T lymphocyte was the major cell in-
volved (64%), and that the CD4+/CD8+ ratio was 1.0, which
was the same as in other glomerulonephritides and in normal
biopsies. The other interstitial mononuclear cells were mono-
cytes (22%), B cells (10%), and granulocytes (2%). A typical
interstitial leukocytic infiltrate stained by the monoclonal anti-
body PHM1, which recognizes a cell membrane antigen that is
present on all human leukocytes (38), is shown in Figure 60-7.
A further study demonstrated IL-2R expression by a high pro-
portion of the interstitial mononuclear cells in RPGN, indi-
cating an activated phenotype (3). Stachura et al. (29) pub-
lished similar interstitial findings in 16 patients with RPGN.
They found that the mononuclear interstitial infiltrate consisted
mainly of T lymphocytes (80%) and monocytes (19%) and very
small numbers of B cells and natural killer cells. Most of the T
lymphocytes, both in the interstitium as well as in glomeruli,
were of the helper (CD4+) phenotype in normal patients as

FIGURE 60-1. Reproduction of drawings
from Langhans’s paper, published over 100
years ago, which first described crescents
in Bowman’s space and inferred an epithe-
lial cell origin. (From: Langhans,T. Uber
die vernaderungen der glomeruli bei der
nephritis nebst einigen Bemerkungen uber
die Entshehung der Fibrinzylinder. Arch
Pathol Physiol Klin Med1879;76:85.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-60 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:48

Chapter 60: Rapidly Progressive Glomerulonephritis 1513

FIGURE 60-2. A small cellular cres-
cent (C) surrounding a glomerular tuft
(GT) from a 67-year-old patient with
rapidly progressive glomerulonephri-
tis. The glomerulus shows some mesan-
gial and endothelial cell prolifera-
tion. There is a pronounced interstitial
cellular infiltrate (I). (Silver-Masson
trichrome, magnification ×400.)

well as in patients with RPGN. These studies clearly support a
role for cellular immunity in RPGN.

Immune Deposits

The nature of the immune deposits (immunoglobulin and
complement) in crescentic glomerulonephritis, as detected by
immunofluorescence or an immunoperoxidase technique, de-
pends on the underlying type of glomerulonephritis. The three
patterns are (a) linear GBM deposition of immunoglobu-
lins (anti-GBM antibody), with or without complement (C3);
(Fig. 60-8A); (b) granular deposition of immunoglobulin and
complement along capillary loops and mesangium, suggesting

an immune complex disease (Fig. 60-8B); and (c) no or very
scanty immunoglobulin or complement deposition—so-called
pauci-immune RPGN (Fig. 60-8C). The proportion of cases
in each individual group varies markedly from one series to
another (12,13,39–45). In very general terms, however, ap-
proximately 30% of cases of RPGN account for each cate-
gory of immunopathogenesis, although more recent studies in-
dicate higher numbers of the pauci-immune group. In addition,
there seems to be a great geographic variation. In the United
States and Australia, anti-GBM disease is relatively common,
whereas in Europe it is uncommon. In a series of 195 biopsies
from patients from various disease areas and containing more
than 50% crescents, 11% of the patients had anti-GBM dis-
ease, 29% had immune complex glomerulonephritis, and 60%

FIGURE 60-3. An extensive cellular
crescent (C) from the same biopsy
as that shown in Figures 60-2 and
60-7B. There is virtual obliteration
of the glomerular tuft (GT). There
are large areas of fibrin deposition
(F) in the crescent. A mitotic figure
can be seen in the crescent (arrow).
An interstitial mononuclear cell in-
filtrate (I) surrounds the glomerulus.
(Silver-Masson trichrome, magnifica-
tion ×400.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-60 Schrier-2611G GRBT133-Schrier-v4.cls August 8, 2006 11:48

1514 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

FIGURE 60-4. A glomerulus showing
a fibrocellular crescent (C) surround-
ing the glomerular tuft (GT) from a pa-
tient with rapidly progressive glomeru-
lonephritis, 90% crescent formation,
and no immunoglobulin deposition. In-
terstitial infiltration with mononuclear
cells is present (I). The patient is the
same as in Figure 60-6. (Silver-Masson
trichrome, magnification ×400.)

had pauci-immune glomerulonephritis (46). Fibrin/fibrinogen
deposition usually is detected in both the crescent and the cap-
illary tuft.

Electron microscopy confirms the presence or absence of
mesangial or capillary loop immune deposits in immune com-
plex crescentic glomerulonephritis. Collapse of the capillary
wall and necrosis of glomerular cells in the tuft frequently are
seen (9,15,47–49), and ruptures in the capillary loops are com-
mon and may be important in crescent formation (50). Electron
microscopy also commonly demonstrates macrophages, epithe-
lioid cells, and epithelial cells in the crescent (47,50), although
this technique is not well suited to the determination of the
relative proportion of each of these cell types in the crescent.
Fibrin normally is seen between the cells of the crescent and,

as the crescent evolves, basement membrane material and col-
lagen fibers also may be seen. The electron micrograph shown
in Figure 60-9 illustrates many of these features in a crescent
from a patient with RPGN.

PATHOGENESIS

Our current understanding of the immunopathogenesis of this
disease has come largely from examination of glomerular im-
mune deposition and immune cell participation in patients
and the study of experimentally induced RPGN in animals.
More recent studies also have indicated that progressive tubu-
lointerstitial injury is a prominent feature of RPGN (51,52).

FIGURE 60-5. Phase-contrast pho-
tomicrograph of an isolated glomerulus
(G) in tissue culture from a patient with
rapidly progressive glomerulonephritis
and 100% crescent formation. A large
population of macrophages (Ma) is seen
in the crescent (C) and egressing into
the culture. Mesangial cells (ME) also
are present in the culture outgrowth.
(Magnification ×150.)
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FIGURE 60-6. A rat glomerulus demonstrating hypercellularity from
an animal with induced anti-glomerular basement membrane nephri-
tis. Double immunostaining demonstrated that numerous glomerular
macrophages (arrows; ED-1 positive [brown]) were proliferating (pro-
liferating cell nuclear antigen positive [blue/black]) and contributing
to the glomerular hypercellularity. (Periodic acid-Schiff, magnification
×400.) (See Color Plate.)

The histologic pattern and clinical course of the entity of
RPGN resulting from several underlying immunopathogenetic
mechanisms is discussed. However, it is likely that these mecha-
nisms can coexist and perhaps may be variations in a spectrum
of disease (40,46,53,54).

Glomerular Deposition of Anti–Glomerular
Basement Membrane Antibody

The pattern of immunoglobulin deposition in the glomerulus
separates this condition from the immune complex group (see
above discussion). In approximately one-fifth of all patients
with RPGN, linear deposition of immunoglobulin (predomi-
nantly immunoglobulin G [IgG]) along the GBM is detected.
In these patients, anti-GBM antibody also usually is detected in
the circulation, particularly if a sensitive and specific radioim-
munoassay is used to detect the antibody (55). In some pa-
tients, this antibody also reacts with the pulmonary basement
membrane and results in pulmonary hemorrhage (56), thus
producing Goodpasture’s syndrome. The anti-GBM antibody
also can cross-react with renal tubular basement membrane,
and this has been linked to a more severe interstitial compo-
nent (57). The “Goodpasture antigen” has now been identi-
fied in the noncollagenous globular domain, termed NC1, of
type IV collagen. More specifically, more than 90% of patients
have antibodies to the α3 (IV) chains of the type IV collagen
(58,59). The molecular organization of the autoantigen in the
native alpha3alpha4alpha5(IV) collagen network of the GBM
has recently been described (60).

Rapidly progressive glomerulonephritis caused by anti-
GBM antibody can be induced in animals, notably in sheep,
by the repeated injection of particulate heterologous (e.g., rab-
bit) or homologous (i.e., sheep) GBM in complete Freund’s
adjuvant, causing Steblay’s nephritis (61). If serum from sheep

FIGURE 60-7. A cryostat section of a biopsy from the patient with
rapidly progressive glomerulonephritis in Figure 60-4. Leukocytes are
identified by the monoclonal antibody PHM1 (91) and a four-layer
peroxidase anti-peroxidase technique giving black staining. The total
infiltrating leukocyte population is identified by PHM1 as it recognizes
a leukocyte common antigen. Large numbers of interstitial leukocytes
(l) can be seen, particularly surrounding the glomerulus (GT). There
also are mononuclear leukocytes identified in the glomerular tuft (GT).
Many cells in the crescent (C) also are stained. (Magnification ×125;
courtesy of Dr. D. Hooke.)

with anti-GBM glomerulonephritis (induced by rabbit GBM)
is injected intravenously into rabbits, then the anti-GBM anti-
body fixes to the rabbit GBM, inducing proteinuria (heterol-
ogous phase of nephrotoxic nephritis). With the development
5 to 6 days later of a rabbit antibody response to the sheep
antibody on the rabbit GBM, a rapidly progressive crescen-
tic glomerulonephritis develops (autologous phase of nephro-
toxic nephritis) (62). This type of passive transfer of anti-GBM
serum can be used to induce a rat model of accelerated anti-
GBM nephritis with resultant disease that closely mimics hu-
man Goodpasture’s syndrome, complete with pulmonary hem-
orrhage (63,64).

Evidence that human anti-GBM antibodies are pathogenic
comes from studies in which anti-GBM antibodies, eluted
from human kidneys, induced acute glomerulonephritis upon
transfer into monkeys (65). Using mice that have been ge-
netically modified to only produce human immunoglobulins
(XenoMouse II), Meyers et al. (66) demonstrated that immu-
nization with α3(IV)NC1 collagen leads to the production of
human anti-GBM autoantibodies that, when transferred to
a normal XenoMouse, induced proteinuria and proliferative
glomerulonephritis. However, while these studies provide clear
evidence that anti-GBM antibodies are pathogenic, there is also
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A-C

FIGURE 60-8. Immunofluorescence micrographs of renal biopsies from three different patients with
rapidly progressive glomerulonephritis (RPGN) demonstrate the three underlying immunopathogenetic
mechanisms. The crescents (C) are identified. A: Linear pattern of immunoglobulin G (IgG) deposition
along the glomerular basement membrane of a patient with anti–glomerular basement membrane RPGN.
B: Granular fluorescence of IgG along the capillary loops of the same patient with RPGN as in Figures
60-2 and 60-3, due to immune complex deposition. C: No definite immunoglobulin deposition is seen
in the capillary tuft, but some deposits of C3 are evident on the visceral layer of Bowman’s capsule in a
patient with idiopathic or no-immune-deposit RPGN.

a critical role for cell-mediated immunity in disease pathogen-
esis (see below).

Glomerular Immune Complex Deposition

A granular deposition of immunoglobulin and complement
along the capillary loops and in the mesangium is seen in ap-
proximately one-third of patients with RPGN. This pattern
strongly suggests an immune complex pathogenesis, although
circulating immune complexes are not commonly detected in

these patients. The actual antigens involved are not known.
The possibility of a viral etiology has been suggested by the
demonstration of type IV nuclear bodies in the kidneys of some
patients with crescentic glomerulonephritis (67). RPGN due to
deposition of immune complexes can be induced in animals, es-
pecially the rabbit, by the daily intravenous injection of bovine
serum albumin (BSA) in a dose according to the animal’s an-
tibody response to the BSA (chronic serum sickness). Immune
complexes of BSA–anti-BSA can be detected in large amounts
in the circulation and deposit in the glomerular capillary loops
and mesangium (68). RPGN of this type may, in some cases,

FIGURE 60-9. Transmission electron
micrograph of part of a glomerulus
from a renal biopsy of a 12-year-old
boy with rapidly progressive glomeru-
lonephritis, illustrating an early cres-
cent (C) adjacent to the urinary space in
which a macrophage (M) can be seen.
Bowman’s capsule (BC) surrounds the
glomerulus. Some capillary loops (L)
remain patent, but there are areas of
marked endocapillary cell proliferation
(P), one of which is adjacent to the early
crescent. (Magnification ×3,000; cour-
tesy of Prof. E. F. Glasgow.)
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simply represent the severe end of the spectrum of common
forms of glomerulonephritis (e.g., crescentic immunoglobulin
A [IgA] nephropathy).

Minimal or Absent Glomerular
Immune Deposits

In many patients with RPGN, significant immune deposits are
not detected in the glomeruli (11). Hence, it has been difficult
to incriminate humoral immune mechanisms in these patients.
However, over 80% of these patients have circulating ANCA
(43,46,68,69) and it appears that these patients have renal vas-
culitis, with or without systemic clinical manifestations (70)
(see below).

Anti-neutrophil cytoplasmic antibodies (ANCA), first de-
scribed by Davies et al. in 1982 (71) are a marker for “idio-
pathic” glomerulonephritis when it occurs with no evidence
of extrarenal disease and in glomerulonephritis associated
with systemic necrotizing arteritides, including microscopic
polyangiitis and Wegener’s granulomatosis (43,46,72–76).

Anti-neutrophil cytoplasmic antibodies have been detected
in approximately 80% of patients with pauci-immune cres-
centic glomerulonephritis in one center (43,46,73). Jayne et
al. (77) found that the sera of 28% of 889 consecutive pa-
tients with suspected RPGN were positive for ANCA. Ter-
vaert et al. (78) reviewed 35 consecutive patients with cres-
centic glomerulonephritis without glomerular immunoglobulin
deposition and concluded that both vasculitis-associated and
idiopathic crescentic glomerulonephritis were specifically asso-
ciated with ANCAs to myeloid lysosomal enzymes. Thus, it
appears likely that idiopathic crescentic RPGN without
glomerular immune deposits is part of the spectrum of the
vasculitides. Although there are obviously ANCAs to various
antigens (46,77,78), it may be that c-ANCA (cytoplasmic stain-
ing to a serine proteinase) occurs predominantly in Wegener’s
granulomatosis and p-ANCA (with perinuclear staining pre-
dominantly to myeloperoxidase) is found in patients with so-
called microscopic polyarteritis (or polyangiitis) with crescentic
glomerulonephritis but little or no systemic disease (79). Both
of these conditions predominantly involve small-caliber arter-
ies/arterioles. True polyarteritis nodosa is a disease of medium-
sized arteries not commonly associated with glomerulonephri-
tis, and is more commonly ANCA-negative.

The potential role of ANCAs in disease pathogenesis has
been a controversial subject. However, recent studies in ani-
mal models have provided convincing evidence that ANCA are
indeed pathogenic (80). Immunization of rats with myeloper-
oxidase (MPO) induces autoantibodies to rat and human MPO
that aggravate renal injury induced by anti-GBM antibodies or
by renal artery perfusion with a neutrophil lysosomal extract
and hydrogen peroxide (81,82). Definitive experimental evi-
dence that ANCAs are pathogenic has come from a recent study
in which MPO gene deficient mice were immunized with mouse
MPO. Purified anti-MPO IgG was transferred into immunode-
ficient (Rag2–/–) or normal mice, resulting in focal necrotizing
and crescentic glomerulonephritis with a paucity of glomerular
Ig deposition (83).

Immunoglobulin Receptors

Receptors for the Fc portion of immunoglobulin G (FcRγ ) play
an important role in the pathogenesis of experimental anti-
GBM glomerulonephritis. There are both activating and in-
hibitory Fc receptors for IgG. Human and mouse share two ac-
tivating Fc receptors (Fcγ RI, Fcγ RIIIa) and a single inhibitor
receptor Fcγ RIIb (84). The two activating Fcγ receptors re-

quire a common FcRγ chain for their cell-surface assembly
and signaling functions. Thus, mice deficient for FcRγ chain
lack functional Fcγ I and Fcγ RIIIa receptors and these mice
are completely protected from fatal, acute anti-GBM glomeru-
lonephritis (85). Subsequent studies have confirmed that dele-
tion of both FcRγ I and III gives protection from crescentic
anti-GBM glomerulonephritis, but there is debate as to the rel-
ative contribution of FcRγ I versus FcRγ III (86,87). In addition
to FcR promoting renal injury, it has been shown that the in-
hibitory FcRγ IIB is protective. Deletion of FcRγ IIB makes mice
susceptible to the spontaneous autoimmune glomerulonephri-
tis depending on the background strain (88). Furthermore, im-
munization of FcRγ IIB deficient mice with collagen type IV
leads to Goodpasture’s syndrome with linear deposition of IgG
along the glomerular and tubular basement membranes, mas-
sive pulmonary hemorrhage with neutrophil and macrophage
infiltration and crescentic glomerulonephritis (89).

Cell-Mediated Immunity—T Cells

Prominent T-cell and macrophage accumulation and activation
in glomeruli, crescents, and the tubulointerstitium are striking
features in RPGN suggesting that cellular immunity plays a
central role in the pathogenesis of these diseases. Indeed, the
immunopathologic features of RPGN show marked similari-
ties to delayed-type hypersensitivity (DTH) reactions, which
include local accumulation of T cells and macrophages, multi-
nucleated giant cell formation, and fibrin deposition – even in
the absence of immunoglobulin deposition (3,11,16,20,28,29,
31,34,57,90–94).

The role of T cells in RPGN was first suggested by stud-
ies performed in 1970 (95) in which lymphocytes from pa-
tients with RPGN showed in vitro delayed-type hypersensitiv-
ity (DTH) responses in the presence of GBM. More recently,
it has been shown that the Goodpasture antigen is expressed
in normal human thymus. In Goodpasture’s disease, limiting
dilution analysis identified increased frequencies of CD4+ T
cells reactive with alpha3(IV)NC1 in patients with acute dis-
ease, which reduced during the recovery phase. Indeed, this loss
of autoreactive CD4+ T cells may explain why recurrences of
this disease are infrequent (96).

Detailed time course studies in a rat model of anti-GBM
glomerulonephritis that shares many features of human RPGN
has shown that immune-activated T cells are exclusively
localized to the areas of histologic damage, appearing to
play a role in Bowman’s capsular rupture, glomerular cres-
cent fibrosis, tubulointerstitial fibrosis, and pulmonary fibrosis
(63,64,97,98). Quantitative analysis showed that the number
of interstitial T cells, particularly activated T cells, correlates
significantly with the severity of proteinuria and renal impair-
ment (63), suggestive of a pathogenic role for T cells in the
mediation of the disease.

There is now strong evidence that T cells play a key role in
the pathogenesis of crescentic glomerulonephritis. Bhan et al.
(99) demonstrated that transfer of sensitized T cells into rats
with planted heterologous anti-GBM globulin results in prolif-
erative glomerulonephritis. Bolton et al. (100) induced a similar
glomerular injury in chickens after transfer of T cells sensitized
to GBM. Rennke et al (101) induced a granulomatous nephritis
with glomerular crescent formation in the rat with sensitized
T cells. These examples of glomerular injury occurred in the
absence of antibody deposition.

Antibody-based depletion of either CD8+ or CD4+ T
cells with monoclonal antibodies resulted in prevention of
macrophage accumulation, proteinuria and crescent formation
in different rat models of passive anti-GBM glomerulonephri-
tis (102,103). While T cell depletion is a useful experimental
tool, it has little clinical applicability. Therefore, efforts have
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been made to block T cell activation in order to prevent or
suppress the renal cellular immune response. The induction of
autoantibody formation and crescentic glomerulonephritis in
Wistar-Kyoto (WKY) rats immunized with rat GBM can be
prevented by administration of CTLA4-Ig which blocks the
CD28-CD80 and CD28-CD86 co-stimulation interactions in-
volved in T cell activation (104,105). Furthermore, blockade of
only the CD28-CD80 interaction substantially prevented T cell
and macrophage infiltration, proteinuria, glomerular lesions
and renal failure without affecting production and glomerular
deposition of anti-GBM antibodies, demonstrating that T cell
activation is essential for disease development in this model
(105).

Blockade of another T cell co-stimulation interaction,
CD40-CD154, can also prevent the induction of autoimmune
anti-GBM glomerulonephritis in WKY rats. Delaying the anti-
CD154 antibody treatment to 1 week after GBM immunization
still provided moderate protection, but delaying treatment for
two weeks had no significant effect upon disease development
(106).

The most direct demonstration of T cell dependent RPGN
comes from studies in which CD4+ antigen-specific T cell lines
were derived from WKY rats after immunization with a re-
combinant form of the glomerular basement membrane (GBM)
antigen, Col4α3NC1. Adoptive transfer of these CD4+ T cells
to normal rats induced severe proteinuria with glomerular cres-
cent formation in 5 of 11 animals in the complete absence of
antibody or C3 deposition (107). Furthermore, immunization
of WKY rats with a single peptide from Col4αa3NC1 has been
shown to induce severe anti-GBM glomerulonephritis featuring
nearly 100% of glomeruli with crescentic lesions or tuft necro-
sis in the complete absence of glomerular antibody deposition
(108).

The mechanisms by which T cells coordinate the immune
response in RPGN have been investigated. In the current
paradigm of helper T-cell function, the role of a dominant
type 1 helper T-cell (Th1) response in RPGN has been pos-
tulated, and the evidence for this was reviewed by Holdsworth
et al. (109). While severe renal injury can be induced by pas-
sive transfer of anti-GBM antibodies to sensitized C57BL/6J
(Th1-biased) and BALB/c (Th2-biased) mice, glomerular leuko-
cyte infiltration and crescent formation was only seen in the
Th1-biased strain (110). Augmentation of the Th1 response
by the administration of interleukin (IL)-12, or via IL-4 gene
knockout, enhanced crescent formation in anti-GBM glomeru-
lonephritis in C57BL/6J mice (111,112), whereas antagonism
of the Th1 response through IL-12 blockade (111) or IL-4 plus
IL-10 administration diminished crescent formation (113). The
situation is less clearly defined in larger rodents and in hu-
mans. Anti-Th1 therapy with IL-10 was studied in an acceler-
ated model of anti-GBM disease in Sprague-Dawley rats (114).
Administration of IL-10 after priming, but before disease ini-
tiation, failed to prevent crescent formation or renal injury
despite inhibiting a skin DTH response to the same antigen
(114). The systemic humoral immune response was enhanced
by treatment, and this may have contributed to renal injury
and crescent formation.

Immunohistochemical evaluation of human biopsy spec-
imens from patients with RPGN supports a role for cell-
mediated immunity, although the Th1/Th2 orientation of T
cells promoting the response has been difficult to identify. Pe-
ripheral T cells specifically reactive with potentially nephrito-
genic GBM antigens have been identified, but not classified as
either Th1 or Th2 (115,116). The immunoglobulin subclasses
of potentially pathogenic antibodies produced by patients with
RPGN have been studied to look for Th1 (IgG3) or Th2 (IgG4)
bias, but no clear consensus has emerged (117,118). Identifica-
tion of regulatory CD25+ T cells that can suppress the T cell
response to the Goodpasture antigen in human anti-GBM dis-

ease raises the possibility that T cell may also play an important
immunoregulatory role in RPGN (119).

Cell-Mediated Immunity—Macrophages

After the original discovery that large numbers of macrophages
could be identified in glomerular cultures from patients with
RPGN (120), immunohistochemistry-based studies showed the
macrophage to be the major cell type found in crescentic
glomeruli in biopsy tissue obtained from patients with this dis-
ease (16,17,92,121). Analysis of these biopsies also revealed
marked accumulation of macrophages in areas of tubuloint-
erstitial damage (28,122). Activation of the renal macrophage
infiltrate has been demonstrated by macrophage production of
cytokines such as IL-1, tumor necrosis factor-α (TNF-α) and
macrophage migration inhibitory factor (MIF) (123–126), gene
transcription of inducible nitric oxide (iNOS) (127) and ma-
trix metalloproteinase-12 (MMP-12) (128), and expression of
activation antigens MRP8/14 and CD86 (129,130).

Despite the fact that most studies examining the role of
macrophages in RPGN have focused on mediation of renal in-
jury, it is important to remember that macrophages are highly
heterogeneous cells and can perform many different functions.
Macrophages can efficiently process and present antigens to
T cells and modulate the nature (Th1/Th2) of the immune re-
sponse through their profile of cytokine secretion. Upon acti-
vation, macrophages have the potential to cause tissue damage
by the secretion a wide array of pro-inflammatory cytokines
(i.e., IL-1, TNF-α, MIF), oxidants (i.e., reactive oxygen species,
nitric oxide), proteases (i.e., MMP-12, elastase), growth
factors (platelet-derived growth factor [PDGF]), fibroblast
growth factor-2 (FGF-2), and transforming growth factor-β1
[(TGF-β1]) and expression of procoagulant activity. Indeed,
macrophages can be activated to produce these mediators via T
cell-derived cytokines (i.e., IL-1, TNF-α, interferon-γ [IFN-γ ])
or via T cell-independent mechanisms (i.e., immune complexes,
complement, cytokines produced by intrinsic renal cells, endo-
toxin). The potentially beneficial aspect to renal macrophage
infiltration is the removal of microorganisms via the innate im-
mune response and promoting tissue repair through the pro-
duction of antiinflammatory molecules, phagocytosis of apop-
totic cells, removal of immune complexes and fibrin, matrix
remodelling and enhancing vascularization.

Depletion strategies have been used to examine the
pathogenic role of macrophages in experimental RPGN. Meth-
ods such as X-irradiation (131), antimacrophage serum (132),
and nitrogen mustard treatment (133) have been used to induce
systemic monocyte/macrophage depletion in animal models of
anti-GBM glomerulonephritis, resulting in a significant reduc-
tion of kidney macrophage infiltration and abrogation of renal
injury.

Direct evidence of macrophage-mediated renal injury has
come from adoptive transfer studies. Early studies in a rabbit
model of anti-GBM disease showed that transferred peritoneal
macrophages can be recruited into the glomeruli of animals in
which anti-GBM antibody is deposited, resulting in mild pro-
teinuria in some animals (133). In recent studies, we have used
adoptive transfer in the rat to demonstrate that macrophages
recruited to the glomerulus directly induce moderate protein-
uria and mesangial cell proliferation in acute anti-GBM disease
(134). Activation of bone marrow-derived macrophages with
IFN-γ prior to transfer augmented macrophage-mediated renal
injury in rat anti-GBM disease, whereas treatment with glu-
cocorticoids prevented macrophage activation and inhibited
renal injury (135). Furthermore, macrophage-mediated renal
injury in this model was shown to be dependent upon signal-
ing through the c-Jun amino terminal kinase (JNK) pathway,
with in vitro studies identifying a role for JNK signaling in
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macrophage production of TNF-α, monocyte chemoattractant
protein-1 (MCP-1), and nitric oxide (136).

An alternative to systemic monocyte/macrophage depletion
is to prevent circulating monocytes from entering the kidney.
Two chemotactic factors which are relatively specific for mono-
cytes, MCP-1 and osteopontin (OPN), have been extensively
studied in RPGN. Increased renal MCP-1 production is asso-
ciated with glomerular and interstitial macrophage accumula-
tion in human RPGN (137,138). Similarly, the induction of
tubular OPN expression is tightly associated with interstitial
macrophage accumulation (139,140). Antibody-based neutral-
ization of MCP-1 inhibits glomerular macrophage accumula-
tion and the induction of proteinuria and glomerular lesions in
anti-GBM glomerulonephritis (141–143). In contrast, Tesch et
al. (144) found that glomerular macrophage accumulation was
unaffected in anti-GBM glomerulonephritis in MCP-1 gene de-
ficient mice, but that interstitial macrophage accumulation and
tubular damage were attenuated. Antibody-based blockade of
OPN has also been shown to prevent glomerular and interstitial
macrophage accumulation in rat anti-GBM glomerulonephri-
tis with a consequent reduction in proteinuria and histologic
damage (145). A role for macrophages in mediating progres-
sive renal injury in RPGN has come from studies in which
administration of neutralizing antibodies to MCP-1 or OPN in
established anti-GBM disease were shown to suppress disease
progression (143,145).

Adhesion Molecules

Adhesion molecules play a critical role in facilitating leukocyte
attachment to the endothelium and their subsequent migra-
tion into sites of inflammation (146). Studies of human RPGN
have identified upregulation of intracellular adhesion molecule-
1 (ICAM-1; CD54) and vascular adhesion molecule-1 (VCAM-
1; CD106) in endothelium, mesangial cells and tubules which
is associated with T cell and macrophage accumulation (147–
149).

Upregulation of selectin expression in the glomerular en-
dothelium is a very early event following the deposition of
anti-GBM antibodies in rat RPGN. Antibody-based blocking
studies have shown a pathogenic role for P-selectin in the early,
transient glomerular neutrophil accumulation and induction
of proteinuria following administration of anti-GBM antibod-
ies to experimental animals (150). Endothelial ICAM-1 ex-
pression is also upregulated rapidly following administration
of anti-GBM antisera in rats, with co-localization of leuko-
cyte function associated antigen one (LFA-1) and ICAM-1 at
sites of monocyte adhesion to activated endothelium in the
glomerulus and interstitium identified using immuno-electron
microscopy (151,152). Up-regulation of tubular ICAM-1 ex-
pression during development of this disease model is asso-
ciated with macrophage accumulation and tubular necrosis
(152) (see Fig. 60-10). The pathological role of the ICAM-
1/LFA-1 interaction was demonstrated by the ability of neu-
tralizing anti-ICAM-1 plus anti-LFA-1 antibodies to abrogate
leukocyte infiltration, proteinuria and histologic damage in
rat anti-GBM glomerulonephritis (153,154). Consistent with
these findings, ICAM-1 gene deficient mice are largely protected
from the induction of anti-GBM glomerulonephritis, with re-
duced macrophage accumulation, proteinuria, and histological
damage (155). In contrast, anti-VCAM-1 antibody treatment
had no effect upon the development of anti-GBM glomeru-
lonephritis in WKY rats. However, blockade of the VCAM-1
ligand, very late activation antigen-4 (VLA-4; CD29/49d) in
this model protects against proteinuria and crescent formation
without affecting glomerular macrophage recruitment (156).
Furthermore, commencing anti-VLA-4 antibody treatment in

FIGURE 60-10. In situ hybridization demonstrating intercellular ad-
hesion molecule-1 (ICAM-1) messenger RNA (mRNA) expression in a
crescent from a rat with anti–glomerular basement membrane nephri-
tis (arrows). The ICAM-1 mRNA has been depicted using in situ hy-
bridization histochemistry. (Magnification ×400.) (See Color Plate.)

established disease was shown to attenuate disease progression
(157).

Cytokines

Interleukin-1 is a classic proinflammatory cytokine. Renal
production of IL-1 activity was first described in cultured
glomeruli from patients with RPGN (123). Subsequent studies
have identified IL-1 gene and protein expression in infiltrating
macrophages as well as intrinsic renal cells in human and exper-
imental RPGN (124,158,159). Blockade of IL-1 activity in the
acute, neutrophil-mediated phase of rat anti-GBM glomeru-
lonephritis has produced variable results (160–164). However,
longer periods of IL-1 blockade have been shown to suppress
disease. Treatment with the IL-1 receptor antagonist (IL-1ra)
during the first 14 days of rat anti-GBM glomerulonephritis
suppressed glomerular macrophage accumulation and protein-
uria, and prevented glomerular crescent formation and a loss
of renal function (160). This effect was attributed to preventing
upregulation of leukocyte adhesion molecules ICAM-1, OPN,
and CD44 (165–167). Furthermore, delaying IL-1ra treatment
until crescentic disease was already established was shown to
halt disease progression and return renal function to normal
(168), demonstrating the therapeutic potential for IL-1 block-
ade in RPGN.

Tumour necrosis factor-α (TNF-α) is another classic proin-
flammatory cytokine that plays an important role in RPGN.
Upregulation of TNF-α has been described in human RPGN
(124,125,158), and administration of a neutralizing anti-TNF-
α antibody was shown to reduce renal injury in acute anti-
GBM disease in the rat (161,163,164,169). In longer-term
studies, administration of a soluble TNF receptor in rat anti-
GBM glomerulonephritis produced a 55% to 70% inhibition
in macrophage accumulation, 34% reduction in proteinuria,
prevented a loss of renal function and abrogated glomerular
crescent formation (170). Furthermore, delayed administration
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of a soluble TNF-α receptor in established anti-GBM disease
in WKY rats significantly reduced albuminuria and glomerular
inflammation, including the prevalence of crescent formation.
(171). The success of these studies in experimental RPGN has
led to clinical trials in vasculitis (see Experimental Approaches
to Treatment, below).

One of the earliest described cytokines is macrophage mi-
gration inhibitory factor (MIF) which plays a key role in the
DTH reaction (172). MIF has proinflammatory actions as well
as being a counter-regulatory of glucocorticoids (172). Blood
lymphocytes from patients with RPGN produce MIF activ-
ity in vitro in the presence of GBM (95). More recently, an
in situ hybridization and immunohistochemistry study identi-
fied increased MIF expression in human RPGN. The promi-
nent T cell and macrophage infiltrates in human crescentic
glomerulonephritis were largely restricted to areas of MIF
upregulation and contributed to glomerular hypercellularity,
glomerular focal and segmental lesions, crescent formation,
tubulitis and granulomatous lesions (126). In addition, in-
creased urinary MIF excretion has been identified in patients
with crescentic glomerulonephritis and was found to corre-
late with renal dysfunction, histological damage and leukocytic
infiltration (173).

Production of MIF-like bioactivity has been described in rat
anti-GBM disease (174). More recently, increased MIF messen-
ger RNA (mRNA) and protein expression has been quantified
and localized in rat crescentic anti-GBM glomerulonephritis
(175). Anti-MIF antibody treatment in this model attenu-
ated leukocyte infiltration, reduced proteinuria, prevented re-
nal dysfunction, reduced proteinuria, and markedly reduced
histological damage, including glomerular crescent formation
(176). Furthermore, delayed anti-MIF treatment was able to
partially reverse established crescentic disease (177), demon-
strating the therapeutic potential of this strategy. Using a dif-
ferent approach to demonstrate the pathologic effects of MIF,
Sasaki et al. (178) induced transgenic overexpression of MIF in
mouse podocytes that resulted in glomerulosclerosis and renal
failure.

Signaling Pathways

An alternative approach to blocking individual cytokines or
growth factors that mediate renal inflammation or fibrosis is
to target common intracellular signalling pathways by which
these factors exert their actions. Engagement of a wide range of
cell surface receptors (i.e., IL-1 and TNF-α receptors, Toll-like
receptors [TLR], T cell receptor, CD40) can lead to activation
of the nuclear factor-kappaB (NF-κB) signaling pathway, re-
sulting in inflammation, immune regulation, survival, and cell
proliferation responses (179). Activation of the NF-κB path-
way has been demonstrated in human and experimental RPGN
(180–182). Efforts to block NF-κB signaling have suffered from
a lack of specific reagents. However, gene therapy of rat anti-
GBM disease using a specific NF-κB decoy, substantially in-
hibited proteinuria and histologic damage in association with
a significant reduction in leukocytic infiltration, renal expres-
sion of cytokines, and leukocyte adhesion molecules (183). Fur-
ther evidence that NF-κB signaling may promote renal injury
comes from a study in which administration of unmethylated
CpG oligonucleotides (common in bacteria and viruses but not
in mammalian cells), that bind to and activate TLR9, caused
increased macrophage accumulation, worse proteinuria, and
more severe histologic lesions in a mouse model of immune-
complex glomerulonephritis (184).

Cellular stresses (i.e., reactive oxidative species, nitric ox-
ide, ultraviolet [UV] light, and osmotic stress) and cytokines
and growth factors (i.e., IL-1, TNF-α, angiotensin II, TGF-β1)
all induce signaling through the p38 and c-Jun NH2-terminal

kinase (JNK) mitogen-activated protein kinase (MAPK) path-
ways (185). A marked increase in p38 MAPK activity has been
described in human RPGN, although the individual cell types
involved in p38 MAPK signaling is controversial (186,187).
Stambe et al. (190,191) identified p38 MAPK activation in
infiltrating macrophages as well as many intrinsic renal cells
including podocytes and tubular epithelial cells, and found a
significant correlation between the number of cells with phos-
phorylation (activation) of p38 MAPK and the degree of renal
dysfunction and histologic damage. Administration of small
molecule inhibitors of p38 MAPK have been shown to in-
hibit the development of renal injury in rat models of anti-
GBM glomerulonephritis (189,190). Specifically, upregulation
of P-selectin gene expression and the transient glomerular neu-
trophil influx that follows the deposition of anti-GBM anti-
bodies was shown to be dependent upon p38 MAPK signaling
(190).

Increased signaling through the JNK pathway has also
been described in rat crescentic anti-GBM glomerulonephritis
(181,191). In vitro studies suggest that blocking JNK signaling
may be beneficial in RPGN, but no specific blocking studies in
disease models have yet been reported.

Glucocorticoids are a mainstay treatment of RPGN. One
of the beneficial effects of glucocorticoids may derive from
their ability to inhibit signaling through the NF-κB and JNK
signaling pathways (181,192,193). Furthermore, JNK can in-
hibit glucocorticoid receptor-mediated transcriptional activa-
tion by directly phosphorylating the glucocorticoid receptor
(194). Thus, development of specific pharmacologic inhibitors
of NF-κB and JNK signaling pathways may provide more ef-
fective treatment with fewer side effects than with current glu-
cocorticoid therapy.

Bone morphogenic protein-7 (BMP7), a member of the
TGF-β1 superfamily, can block TGF-β1-induced fibrosis (195).
Administration of recombinant human BMP7 protein in a
mouse model of anti-GBM glomerulonephritis beginning one
week after disease induction prevented disease progression and
delaying BMP7 treatment until week 3, after disease induction
was still able to substantially protect the animals from end-
stage renal disease and reverse disease pathology (196). Thus,
antagonism of TGF-β1-induced cell signaling is another ap-
proach with therapeutic potential in RPGN.

THE MECHANISM OF
CRESCENT FORMATION

The composition of cellular crescents and the mechanisms by
which these arise has been an issue of debate for many years.
Despite this, however, there is general agreement that cellu-
lar crescents can undergo fibrous organization by progressing
through a fibrocellular stage to become a fibrous crescent (197).
Cellular crescents can resolve as seen in cases of poststrepto-
coccal crescentic glomerulonephritis and flares of crescentic IgA
nephropathy. The key issue as to whether cellular crescents can
resolve or progress may center on whether Bowman’s capsule
remains intact or becomes ruptured.

Epithelial Cells in Crescent Formation

The initial histologic studies describing crescent formation
were done over 100 years ago by Langhans (1), and his sketches
are reproduced in Figure 60-1. Since then, the cellular crescent
traditionally has been considered to be composed of prolif-
erated epithelial cells. This belief has been based primarily
on light and ultrastructural studies of cells of the crescents
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(8,9,15,198). Analysis of crescents by immunohistochemistry
has identified monocyte/macrophages and epithelial cells as the
predominant cell types involved, with fibroblasts present with
the development of fibrous organization. However, the relative
proportion of macrophages to epithelial cells varies widely in
the different studies reported (16,50,199,200). Although this
variation may simply reflect the highly heterogenous nature
of crescents within individual biopsies and the heterogenous
nature of the patient groups exhibiting glomerular crescent
formation, there may also be an important mechanistic rea-
son. A study by Boucher et al. (92) found that cellular cres-
cents contained 55% to 95% epithelial cells and 15% to 35%
mononuclear leukocytes when Bowman’s capsule remained in-
tact, whereas macrophages and T cells were the dominant pop-
ulation in crescents when Bowman’s capsule was ruptured.
Thus, the integrity of Bowman’s capsule may have a profound
influence on crescent composition and progression to fibrous
organization—a factor not examined in most human studies.

Recent studies in mouse anti-GBM glomerulonephritis have
identified early cellular crescents containing epithelial cells
which lack any detectable infiltration of F4/80+ macrophages,
indicating an epithelial origin of the early cellular crescents
(201,202). The presence of F4/80+ macrophages was only
seen in crescents at a later stage when Bowman’s capsule be-
came ruptured enabling migration into Bowman’s space of the
prominent periglomerular F4/80+ macrophage infiltrate. In
this model, podocyte bridges between the glomerular tuft and
Bowman’s capsule have been proposed as the first step in the
process of crescent formation (202). The use of genetic markers
demonstrated that many of the epithelial cells seen in these cres-
cents were of podocyte origin that had dedifferentiated and lost
their characteristic podocyte markers upon detachment from
the GBM (203). While this is an appealing hypothesis, a note of
caution is warranted in that glomerular macrophages are phe-
notypically heterogeneous and, in particular, mouse glomerular
macrophages do not express the F4/80 antigen (204). Further-
more, macrophages in early cellular crescents have been iden-
tified in mouse anti-GBM glomerulonephritis using alternative
markers (110,204).

Mononuclear Cells in Crescent Formation

The first direct demonstration that mononuclear phagocytes
are involved in crescent formation came from studies in which
large numbers of highly motile cells which phagocytosed la-
tex and yeast particles, and had ultrastructural characteris-
tics of macrophages, were observed in the outgrowth from
cultured glomeruli that had been isolated from patients with
RPGN (120). These macrophage outgrowths were predomi-
nantly from crescents, with much smaller macrophage out-
growths detected in other types of non-crescentic glomeru-
lonephritis (18).

To identify the cell types present in glomerular crescents in
patients with RPGN, we developed specific monoclonal anti-
bodies to human epithelial cells and to macrophages and mono-
cytes (23,38,205). To assess the cell types present in the dif-
ferent stages of the evolution of the crescent, 12 patients with
RPGN, 9 with cellular, and 3 with sclerosed crescents, were ex-
amined (16). Cellular crescents consisted of 35% macrophages,
12% polymorphonuclear leukocytes, and 10% epithelial cells.
Sclerosed crescents contained few macrophages (5%) but sim-
ilar proportions of polymorphonuclear leukocytes (11%) and
epithelial cells (12%). Many of the crescent cells were unla-
beled, but they were probably fibroblasts because of their mor-
phologic appearance and the expression of surface fibronectin.
Figure 60-11 demonstrates the complementary staining of ep-
ithelial cells and macrophages in the glomerular tuft as well as
the crescent in the renal biopsy of a patient with RPGN. The

presence of large numbers of macrophages in crescents was
confirmed by the unique study of Schiffer and Michael (206).
Crescentic glomerulonephritis developed in two human female
kidney grafts that had been transplanted into male recipients.
As demonstrated by the presence of Y-body positivity, 35%
of cells in the crescents were infiltrating leukocytes from the
recipient.

The accumulation of macrophages within crescents is
thought to be part of a DTH-like reaction. The compo-
nents of the DTH reaction (T-cell infiltration and activation,
macrophage accumulation, procoagulant activity and fibrin de-
position), as well as local production of MIF, have all been doc-
umented in RPGN (3,16,31,32,90,95,96,120,126). The pres-
ence of humoral immune reactants, such as immunoglobulin
and complement, are not necessary for crescent formation (11).
The presence of DTH reactants has also been characterized in
ANCA-associated RPGN (94).

Animal studies provide strong support for a pivotal role of
macrophages in crescent formation. In early studies, Kondo
et al. (207) performed a morphologic evaluation of a rabbit
model of anti-GBM glomerulonephritis in which large num-
bers of clear cells in the crescent and glomerular tuft, with the
features of monocytes, were described. Further morphologic
support came from studies on serial renal biopsies of animals
developing crescentic nephritis (208). The initial event of cres-
cent formation was shown to be the deposition of fibrin within
Bowman’s space. This was followed by an influx of mononu-
clear cells into Bowman’s space, where they phagocytosed fib-
rin. Epithelioid and giant cell transformation then occurred.
These morphologic observations suggest that crescent forma-
tion is a result of the transformation of infiltrating macrophages
(Fig. 60-12). In Figure 60-13, a scanning electron micrograph
of an isolated glomerulus in tissue culture from a rabbit with
nephrotoxic nephritis, with illustrated macrophages in the
crescent.

In experimental RPGN induced by either anti-GBM anti-
bodies (209) or immune complexes (68), enzyme histochem-
istry has demonstrated that most crescentic cells have an en-
zymatic profile consistent with a macrophage origin. Cattell
and Arlidge (210) using irradiation to induce leukocyte deple-
tion, also suggested that the crescents originate from circulat-
ing leukocytes. Furthermore, in an ultrastructural analysis of
crescent formation in both rats and rabbits with nephrotoxic
nephritis, Clarke et al. (211) concluded that the crescent cells
evolve predominantly from circulating macrophages.

As discussed earlier, a variety of strategies have been used
to inhibit T cell and macrophage accumulation activation and
thus prevent renal injury in experimental models of RPGN
(see Pathogenesis). In particular, delaying treatments that tar-
get T cell co-activation molecules (CD28-CD80/86 interac-
tion), cytokines (IL-1, TNF-α, or MIF), adhesion molecules
(VLA-4) or chemokines (OPN and MCP-1) until crescentic dis-
ease is already established has been successful in suppressing
further crescent formation and disease progression (104,143,
145,157,168,171,177).

Parietal epithelial cells may be important in attracting ma-
crophages into Bowman’s space via the secretion of chemotac-
tic molecules and expression of leukocyte adhesion molecules
(Fig. 60-10). Parietal epithelial cells are induced to express,
or upregulate, a variety of molecules involved in glomeru-
lar macrophage and T cell accumulation, including chemo-
tactic molecules (MCP-1, OPN, MIF) and leukocyte adhe-
sion molecules (ICAM-1, VCAM-1, CD44) (143,156,165,175,
212,213). A common feature of these chemotactic and adhe-
sion molecules is that they can be induced by the cytokine IL-1.
Indeed, one of the reasons for the success of IL-1 blockade in
established crescentic anti-GBM disease is the suppression of
glomerular expression of ICAM-1, OPN, and CD44 by intrin-
sic glomerular cells (165–168).
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A

B

FIGURE 60-11. Serial cryostat sections from the
renal biopsy of a patient with rapidly progres-
sive glomerulonephritis, with immunohistochemi-
cal labeling of monoclonal antibodies by the four-
layer peroxidase antiperoxidase technique (23).
In both A and B, the glomerular tuft (GT) has
been compressed into the left half of Bowman’s
space by the crescent (C), which occupies the
right half. A: The epithelial cells of the glomeru-
lus (GT) are stained using the antiglomerular
epithelial cell marker PHM5. This labels all
the epithelial cells in the compressed glomeru-
lar tuft (GT), but virtually none of the cells
of the crescent (C). B: Macrophages (Ma) are
stained using monoclonal antibody FMC32 rec-
ognizing monocyte/macrophages. Over 90% of
the cells in the crescent are stained together with
many macrophages (Ma) in the interstitium (I)
surrounding the glomerulus. (Hematoxylin and
eosin, magnification ×250.)

Local proliferation is another mechanism of macrophage ac-
cumulation during crescent formation within Bowman’s space
(Fig. 60-14). In rat anti-GBM glomerulonephritis, greater than
50% of glomeruli develop crescent formation by day 21 with
macrophages accounting for 50% to 80% of total crescent cells
(214). A striking finding was that over half of the macrophages
within crescents were proliferating on the basis of PCNA ex-
pression, bromodeoxyuridine incorporation and the presence
of macrophage mitotic figures, which was a higher level of
macrophage proliferation than that present in the glomerular
tuft (214). Marked macrophage proliferation within crescents
has been confirmed in studies of human RPGN (93). Further-
more, expression of macrophage colony-stimulating factor (M-
CSF) within crescents suggests that local M-CSF production
drives the local macrophage proliferation within Bowman’s
space (122).

Yet another mechanism by which macrophages and T cell
may enter Bowman’s capsule during crescent formation is
through ruptures in Bowman’s capsule. Boucher et al. (92)
demonstrated that epithelial cells were present in greater num-
bers than macrophages in cellular crescents when Bowman’s
capsule was intact, but that this pattern was reversed with
rupture of Bowman’s capsule. Periglomerular infiltration of
macrophages and T cells is a prominent feature in both human
(31,92,215,216) and experimental crescentic glomerulonephri-
tis (63,97,101). Indeed, it may be case that the periglomeru-
lar infiltrate may actually mediate rupture of Bowman’s cap-
sule. In a study of rat anti-GBM glomerulonephritis, 25% to
52% of glomerular cross-sections exhibiting Bowman’s cap-
sule rupture had no evidence of crescent formation, whereas
focal periglomerular accumulation of immune activated (IL-
2R+) CD4+ T-cells and macrophages were invariably present
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FIGURE 60-12. Transmission electron
micrograph depicting a glomerulus
from a rabbit with nephrotoxic nephri-
tis at day 10 of the disease (i.e., the
stage of early crescent formation). Bow-
man’s space (BS), bounded on one side
by Bowman’s capsule (BC) and a pari-
etal epithelial cell (Pe), contains a num-
ber of exudative macrophages (Ma) and
a polymorphonuclear leukocyte (Pm).
A macrophage that has undergone gi-
ant cell (Gc) transformation can be
seen. (Magnification ×4,800; courtesy
of Prof. E. F. Glasgow.)

at the site of Bowman’s capsule rupture (97). Disruption of
Bowman’s capsule facilitated the entry of periglomerular fi-
broblasts, macrophages and activated (IL-2R+) T-cells into
Bowman’s space and the development of glomerular fibrosis
(97).

Deposition of Fibrin in Crescent Formation

The experiments of Vassalli and McCluskey (217) provided the
first evidence that the presence of fibrin in Bowman’s space is
an important stimulus for crescent formation. A causal link be-
tween fibrin deposition and macrophage migration into Bow-
man’s space was provided by studies in which defibrination
of animals with ancrod prevented crescent formation in rab-
bit anti-GBM glomerulonephritis, despite the inflammatory re-

action and macrophage accumulation in the glomerular tuft
being unaltered (218). This finding is in accord with the ob-
servation in humans that fibrin is most commonly found in
freshly formed crescents and tends to disappear as the cres-
cents become sclerotic (45). In addition, we demonstrated that
macrophages in the crescent in human RPGN have tissue fac-
tor expressed on their surface, as recognized by a specific mon-
oclonal antibody, and that these macrophages are associated
with fibrin deposition (90). Fibrin deposition is also present in
crescents in ANCA-associated RPGN (94).

The importance of fibrin deposition in the progression of
rabbit crescentic anti-GBM disease has been demonstrated by
Zoja et al. (219). Recombinant plasminogen activator, which
causes lysis of fibrin clots by activating plasminogen to plasmin,
reduced glomerular fibrin deposition and crescent formation
together with prevention of renal failure. Consistent with this

FIGURE 60-13. Scanning electron micrograph of
a nephrotoxic glomerulus in tissue culture. The
glomerulus itself is covered by a cellular crescent
(Cr) from which macrophages (Ma) are emerging.
(Courtesy of Prof. E. F. Glasgow.)
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FIGURE 60-14. A rat glomerulus demonstrating an extensive crescent
from an animal with anti-glomerular basement membrane nephritis.
Macrophages are demonstrated using the ED-1 monoclonal antibody
(brown), and the proliferating cell nuclear antigen antibody (blue) has
been used to demonstrate proliferating cells. Proliferating macrophages
are indicated by arrowheads and mononuclear giant cells by the
asterisk. (Periodic acid-Schiff, magnification ×400.) (See Color Plate.)

finding, mice deficient for the fibrinogen gene develop a less se-
vere anti-GBM glomerulonephritis compared to wild-type mice
with a significant reduction in glomerular crescent formation
(220).

Macrophages have been shown to be responsible for the
glomerular fibrin deposition and express augmented procoag-
ulant activity in rabbit anti-GBM disease (221). Furthermore,
blockade of tissue factor, using either neutralizing antibodies or
recombinant tissue factor pathway inhibitor, have been shown
to inhibit renal injury in rabbit anti-GBM glomerulonephritis
(222). In addition, an important role for thrombin in mediating
fibrin deposition and consequent renal injury and glomerular
crescent formation has been demonstrated in a mouse model
of anti-GBM glomerulonephritis using hirudin as a selective
thrombin antagonist and mice deficient in protease-activated
receptor (PAR)-1—a cellular receptor for thrombin (223).

Fibroblasts in Crescent Formation

Cellular crescents can undergo a process of fibrous organiza-
tion which involves a fibrocellular stage characterized by the
presence of fibroblasts and collagen deposition within Bow-
man’s space followed by a fibrous stage in which progressive
collagen deposition within Bowman’s space and a loss of cells
leads to scar formation (197). At this stage, the glomerular tuft
is often substantially compressed with capillary obliteration.

The entry of fibroblasts into Bowman’s space is generally
accepted as the key event in determining fibrous organiza-
tion of cellular crescents. There are at least four possible ori-

gins of the fibroblasts that accumulate in fibrocellular cres-
cents. First, the major source of these cells is probably from
the periglomerular area. As discussed above (see Mononuclear
Cells in Crescent Formation), rupture of Bowman’s capsule is
an important determinant of crescent composition. Fibroblast
accumulation and upregulation of collagen mRNA levels in
the periglomerular area is a very early event in experimental
anti-GBM glomerulonephritis (224), and a number of studies
have suggested that periglomerular fibroblasts enter Bowman’s
space via ruptures in Bowman’s capsule to induce fibrous orga-
nization of cellular crescents (97,225,226). Second, glomeru-
lar mesangial cells can differentiate into α-smooth muscle actin
(SMA)—expressing motile cells with a myofibroblast-like phe-
notype (227). These mesangial-derived SMA+ myofibroblasts
could easily migrate into Bowman’s space and promote fibro-
sis. Third, epithelial-mesenchymal transdifferentiation of pari-
etal epithelial cells into SMA+ myofibroblasts has been de-
scribed in crescents using immunohistochemistry and electron
microscopy in rat anti-GBM glomerulonephritis (228). Fourth,
a circulating fibrocyte population has been described which has
been shown to migrate into sites of tissue damage and promote
tissue fibrosis (229,230). Such a cell type has the potential to
contribute to the development of fibrocellular crescents, but no
studies to date have provided evidence to support this possibil-
ity. Irrespective of the origin of the SMA+ myofibroblast-like
cells that enter cellular crescents, the high level of cell prolif-
eration evident in this population is likely to make an impor-
tant contribution to the ongoing accumulation of these cells
(214,228). The production of growth factors such as PDGF,
FGF-2, and TGF-β1 within crescents is likely to promote myofi-
broblast proliferation and matrix deposition (228,231,232).

CLINICAL FEATURES

Rapidly progressive glomerulonephritis is an uncommon dis-
ease, comprising approximately 2% of all cases of glomeru-
lonephritis, although the reported incidence varies from 1.5%
to 5% (12,42,57,233). In population terms, a German study
reported a calculated annual incidence of RPGN of 0.7 per
100,000 population (234). A recent French report noted an in-
creasing incidence of crescentic nephritis, with incidence rates
for the 60 to 79 year age group increasing from 5 per million
prior to 1985 to 27 per million since 1996 (235). Similarly, a
Chinese report of over 10,000 renal biopsies noted an increase
from 0.5% of all biopsies to 2.2% when comparing the 1980’s
to the 1990’s (233). The disease is predominantly seen in the
third to sixth decade, with a reported median age ranging from
39 to 58 years (9–13,236,237). Occurrence in childhood is very
rare (235,238–240). Patients with RPGN associated with anti-
GBM antibody or endocapillary cell proliferation tend to be
younger than those with ANCA-positive RPGN (14). In con-
trast, severe crescentic glomerulonephritis of poststreptococcal
etiology is most frequent in children (10,238) whereas cres-
centic disease in the elderly is not infrequently associated with
systemic vasculitis, particularly with microscopic polyangiitis
(10,241–243). Men are more commonly affected than women
(2:1) (10–14) and this ratio is higher in patients with anti-
GBM disease. There is a genetic predisposition to RPGN in that
there is a susceptibility to anti-GBM antibody synthesis in pa-
tients who are human leukocyte antigen (HLA)-DR2 (244,245)
The resultant glomerulonephritis is reported to be more severe
when it is associated with HLA-B7 (244).

Despite the varying underlying immunopathogenetic mech-
anisms of RPGN, the clinical features are remarkably similar
in all three subgroups (Table 60-2). It is not possible to reliably
predict on clinical grounds which immunopathologic group the
patient belongs to (anti-GBM, immune, or ANCA positive).
Indeed, the signs and symptoms depend more on the stage of
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TA B L E 6 0 - 2

CLINICAL FEATURES OF RAPIDLY PROGRESSIVE
GLOMERULONEPHRITIS

Median age: fifth and sixth decades
Sex: M/F = 2:1
Prodromal illness: common (upper

respiratory infection, “flulike” illness,
fever)

Presenting features: Percent of patients:
Nonspecific symptoms of malaise,

lethargy
>90

Symptoms of renal failure 60
Oliguria >60
Edema 60–70
Macroscopic hematuria 20–30
Nephrotic syndrome 10–30
Acute nephritic syndrome 10–20
Hypertension 10–20

the disease at presentation. Usually, the onset is insidious, and
patients present with nonspecific symptoms for several weeks
(7,9,12,79,236,237,243,246–250).

These symptoms include malaise, lethargy, weakness,
anorexia, and nausea. At presentation, many have symptoms of
renal failure. Most patients with advanced disease are oliguric,
and some are anuric. Occasionally, the onset is very acute, with
features of an acute nephritic syndrome, and advanced renal
failure develops over a few days. Macroscopic hematuria is not
uncommon, and microscopic hematuria is invariable. Edema
is seen in most patients, and the nephrotic syndrome is seen in
10% to 45% (9,12,237,251). Hypertension may be present in
up to 60% (251), but is mild when not due to sodium and water
retention (14). In approximately 50% of patients, an upper res-
piratory or influenza-like illness precedes the other symptoms;
however, only rarely has a specific viral etiology been estab-
lished. Aronson and Phillips (252) found evidence of infection
with coxsackie virus B5 in six patients with acute oliguric renal
failure, and an outbreak of influenza A2 has been associated
with RPGN with anti-GBM antibody (253). A greater than ex-
pected association with exposure to hydrocarbon solvents also
has been reported, especially for anti-GBM disease (254) and
other researchers have noticed an increased association with
myocardial infarction (11), malignancy (11,255), and mem-
branous glomerulonephritis.

By contrast, patients with crescentic glomerulonephritis as-
sociated with vasculitis may have prominent systemic symp-
toms, such as recurring fever, purpuric skin rash, arthri-
tis/arthralgia, mucosal ulceration, and respiratory symptoms,
including dyspnea and hemoptysis (79,256). Similarly, patients
with crescentic glomerulonephritis associated with systemic
illnesses such as scleroderma, systemic lupus erythematosus
(SLE), endocarditis, cryoglobulinemia, or Schönlein-Henoch
syndrome may have the systemic features of these diseases.

Frank hemoptysis suggests Goodpasture’s syndrome (glo-
merulonephritis and pulmonary hemorrhage associated with
anti-GBM antibody), but this also can be a prominent feature
of systemic vasculitis (56). Goodpasture’s syndrome is the com-
bination of hematuria, hemoptysis, and (acute) renal failure,
but is not specific for anti-GBM disease and is relatively com-
mon in the vasculitides, especially Wegener’s granulomatosis
(234). Indeed, in one study of patients with pulmonary-renal
syndrome, 54% had ANCA disease, 7% had ANCA and anti-
GBM antibodies, and only 6% had anti-GBM alone (257).
Thus, presenting symptoms may be relatively nonspecific and
variable and, apart from a rapid deterioration in renal func-
tion, provide little to alert the clinician to the seriousness of
this relatively rare disease.

LABORATORY FINDINGS

The laboratory findings are summarized in Table 60-3.

Nondiscriminatory Findings

Microscopic hematuria is invariable, the red cells being dys-
morphic, indicating a glomerular lesion (258). Red cell, gran-
ular, and leukocyte casts are frequent, although the urinary
sediment correlates poorly with the severity of disease.

Proteinuria is always present, although in the nephrotic
range in only 10% to 45% (9,12,237,251). More severe dis-
ease is less likely to be associated with heavy proteinuria, which
simply reflects the low glomerular filtration rate. Fibrin degra-
dation products may be elevated in both the serum and the
urine (259–261).

Most patients have elevated serum creatinine and blood
urea nitrogen levels at presentation and often are in severe
renal failure, with a serum creatinine elevated to more than
5.0 mg/dL and a creatinine clearance that is less than 10% of
normal. The degree of renal failure at presentation depends
on the chronicity and severity of the renal lesion. However,

TA B L E 6 0 - 3

LABORATORY FEATURES OF RAPIDLY PROGRESSIVE GLOMERULONEPHRITIS

Urine: Microscopic hematuria (dysmorphic): 100% of patients
Casts (red cell, granular, leukocyte): common
Proteinuria: 100% (>3 g/24 hr: 10%–30%)

Renal function: Impaired: 100%
Creatinine clearance <20 mL/min: (30%)

Normal renal size
Normocytic normochromic anemia
Erythrocyte sedimentation rate: moderate rise (<100 mm first hour)
Circulating antiglomerular basement membrane antibody (30%)
Circulating immune complexes (10%–15%)
Serum complement components: normal
Anti-DNA antibody: negative
Antistreptolysin 0 titer: no rise
Antineutrophil cytoplasmic antibody (80% if absent glomerular immune deposits)
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TA B L E 6 0 - 4

PROGNOSIS OF RAPIDLY PROGRESSIVE GLOMERULONEPHRITIS ACCORDING TO URINE OUTPUT
AT PRESENTATION

Percentage of patients with renal function at 12 months

No. of patients All patients (%) Nonoliguric (%) Oliguric (%)

Whitworth, 1976 (12) 60 72 87 53
Morrin, 1978 (14) 29 31 59 20
Neild, 1983 (13) 19 52 100 10
Heilman, 1987 (199) 24 40 78 22
Weighted mean 54 81 34

as discussed in the following section, most untreated patients
progress to end-stage renal failure within several weeks or
months.

A normochromic normocytic anemia frequently is observed
and often is more profound than expected from the degree
of renal failure. In patients with lung hemorrhage, especially
those with anti-GBM disease, anemia may be severe, and these
two factors contribute to poor tissue oxygenation. Lung hem-
orrhage frequently is associated with an increased diffusing
capacity for carbon monoxide (262). The erythrocyte sedimen-
tation rate usually is elevated; however, if it is very high (>100
mm in the first hour), an underlying systemic disease such as
vasculitis should be suspected.

Findings Specific to Rapidly Progressive
Glomerulonephritis

Serum complement levels typically are not depressed (9,44,
263). Circulating immune complexes are present in 20% to
30% of patients with immune deposits in glomeruli, suggest-
ing an immune complex etiology for their disease (264,265).
However, circulating immune complexes also have been de-
scribed in sera of patients with no glomerular immune deposits
(3,266,267) and probably are of little clinical value. The pres-
ence of ANCA suggests the vasculitic group (43,46,69,268). In
the group of patients with RPGN who have linear deposition
of antibody along the GBM, circulating anti-GBM antibody
usually is detected (269–271), particularly if a specific and sen-
sitive radioimmunoassay is used (55,272,273). About a quar-
ter of patients with anti-GBM antibodies also have detectable
ANCA antibodies (274).

Findings Related to an Underlying Condition

The presence of circulating cryoglobulin has been reported in
some patients (266,272,275), particularly in association with
hepatitis C (276). Anti-DNA antibodies usually are not found
outside of those patients with SLE. Hypocomplementemia may
be seen in the crescentic glomerulonephritis of both poststrep-
tococcal glomerulonephritis and SLE.

NATURAL HISTORY

As mentioned previously, most patients have severe renal fail-
ure at the time of presentation, reflecting extensive glomerular
damage. Thus prognosis already is predetermined, at least in
part, by the degree of irreversible renal damage.

In several reported series of patients with RPGN (9,44,251,
277), the authors have attempted to determine prognostic fac-
tors and the effect of treatment. These series are not strictly
comparable because there are variations in the criteria for
diagnosis—the underlying immunopathogenetic processes, the
extent of crescent formation (>30% crescents, >50% cres-
cents, or >80% crescents), and the inclusion or exclusion of
clinically suspected microscopic vasculitis or Goodpasture’s
syndrome. Moreover, a valid life table analysis of persistence
of renal function and survival of patients rarely has been un-
dertaken. However, a synthesis of these reports indicates that
approximately 20% of patients present with permanent end-
stage renal failure. Approximately 50% progress to end-stage
renal failure by 1 year, and 75% by 2 years, although these
results are better in ANCA disease, with up to 90% of pa-
tients in remission at 1 year (278) (Table 60-4). A variety of
patterns of deterioration or improvement in renal function are
seen. Some patients show spontaneous rapid improvement in
renal function soon after presentation. In a few patients, this
improvement is sustained, and in others it is temporary, with
the patients drifting into renal failure within months. Other
patients show progressive decline in renal function after pre-
sentation, whereas others maintain stable renal function. These
variable patterns of outcome probably reflect a number of fac-
tors, including the persistence or loss of the causative factors,
the degree of initial renal damage, the severity of the scarring
process that subsequently evolves (e.g., fibrosis of crescents and
interstitial fibrosis), and the development or absence of vascular
damage and hypertension. These patterns also may be altered
by the various therapeutic measures used in this disease.

Urine Output at Presentation

It has become evident that the presence of oliguria at presenta-
tion of RPGN is associated with a significantly poorer outcome
than is seen in patients who have maintained good urine output.
Table 60-4 summarizes the results from four series of patients
with RPGN (12–14,277) and the persistence of renal function
at 12 months, in patients who presented with or without olig-
uria, is listed. Although there is a wide variation, each series
shows a significant difference in survival between oliguric and
nonoliguric patients. Temporary or sustained recovery of renal
function was seen in only 34% of patients who were oliguric at
presentation. On the other hand, 81% of nonoliguric patients
were alive at 12 months with adequate renal function.

Patients who are anuric at presentation are less likely to re-
cover renal function. The poor outcome associated with oligoa-
nuria reflects the degree of crescent formation, as in 80% of
oligoanuric patients, more than 80% of the glomeruli are in-
volved (13,239,279).
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TA B L E 6 0 - 5

IMPROVEMENT IN RENAL FUNCTION FOLLOWING RAPIDLY PROGRESSIVE
GLOMERULONEPHRITIS ACCORDING TO THE EXTENT OF CRESCENT
FORMATION

100% 90–99% 80–89% 70–79% 60–69%

Number of patients (total 200) 66 43 36 35 20
Number of patients with

improvement in renal
function

10 14 18 20 11

Percentage 15% 32% 50% 56% 55%

(Adapted from Neild GH, et al. Rapidly progressive glomerulonephritis with extensive glomerular crescent
formation. Q J Med 1983;207:395, with permission.)

Extent of Crescent Formation

Several studies have shown a positive correlation between the
percentage of glomeruli affected by crescent formation and
the severity of initial and subsequent renal failure (11–14,90,
236,243,273,280).

In two studies, all patients with crescents in 100% of the
glomeruli progressed rapidly to end-stage renal failure (14,
239), whereas other authors have reported the recovery of renal
function in less than 10% of such patients (281,282). Habib
(239,283) found a similar incidence of end-stage renal failure
in patients with more than 80% crescents. Morrin et al. (14)
found that 39% of patients with more than 80% crescents
showed some recovery of renal function, compared with 90%
of patients with less than 60% crescents. Neild et al. (13) re-
viewed 11 published series of RPGN, totaling 200 patients, and
confirmed the findings that the more extensive the crescent for-
mation, the less there is a chance of recovery of renal function
(Table 60-5).

The development of crescents in other forms of primary glo-
merulonephritis (e.g., membranoproliferative glomeruloneph-
ritis) and in glomerulonephritis of a systemic disease also is
associated with a poor outcome. However, in the setting of IgA
nephropathy with synpharyngitic hematuria, crescents may not
be indicative of a poor prognosis (284).

Changes in the Glomerular Tuft

Endocapillary cell proliferation (glomerular hypercellularity)
has been reported as a good prognostic feature compared with
normocellularity of the glomerular tuft (13,14,27,237). Morrin
et al. (14) reported recovery of renal function in only 30%
of patients with RPGN who had normal glomerular tuft cel-
lularity, compared with 50% of patients with hypercellular
glomerular tufts.

Glomerular tuft necrosis is thought to be a poor prognos-
tic feature (14,237,285). This notion is supported by the ob-
servation that in the microscopic form of polyarteritis, where
segmental or diffuse tuft necrosis is very prominent, severe re-
nal failure may be present with minimal crescent formation.
Global glomerular sclerosis and breaks in Bowman’s capsule
also are poor prognostic features (286).

Interstitial Fibrosis and Tubular Atrophy

It has been reported that the extent of interstitial fibrosis cor-
relates with the severity of initial and ultimate renal dysfunc-
tion (237,240,286). Striker et al. (237) found that if interstitial

fibrosis involved more than 30% of the biopsy tissue, then re-
covery of renal function was unusual, and the patients often
were anuric at presentation.

Immunopathogenesis and Outcome

The group of patients with ANCA-positive RPGN seems to
have the best prognosis (11), although this has not been the
experience of all authors (12). Granular immune deposits also
have been reported as indicative of a better prognosis (14).
On the other hand, other authors reported a poor prognosis
for patients with granular immune deposits (12). This con-
flict of findings may reflect the inclusion, in some series, of
patients with poststreptococcal crescentic glomerulonephritis.
The group with RPGN associated with anti-GBM antibody
has the worst prognosis (13,14,20,234). The reason for this
occurrence is not clear. The chronicity of the immune insult
may explain the worse prognosis. Urine protein excretion, de-
gree of interstitial cellular infiltration, and age show a weak
correlation with outcome (277). A summary of the factors de-
termining the outcome of RPGN is outlined in Table 60-6.

TREATMENT

Many therapeutic regimens have been used in the treatment
of RPGN, and the relative benefits of these regimens are very
much in dispute. Because of the rarity of RPGN, there have
been very few controlled trials comparing either one treatment
regimen with another or with no treatment. Many studies have
simply assessed outcome compared with historical controls.
This is not a valid comparison, particularly given the advances
made in the minimization of progression of renal disease with
less specific therapy, such as control of hypertension, use of
angiotensin-converting enzyme inhibitors, diet, and the more
successful management of renal failure, including temporary
dialysis. In addition, many of the therapies used to treat RPGN
have the potential to induce serious complications, including
sepsis, hemorrhage, sterility, and malignancy.

Few controlled trials have been performed and therapy has
been largely empirical. Further evaluation of the various ther-
apies should, therefore, continue. It also must be said that sev-
eral authors have noted spectacular recovery from RPGN in
an appreciable number of patients given immunosuppressive
and anticoagulant agents, in whom the expected recovery rate
would be nil (e.g., advanced renal failure with 100% crescents).
These observations coupled with our understanding of the im-
munopathogenesis of RPGN have been sufficient evidence for
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TA B L E 6 0 - 6

FACTORS DETERMINING THE OUTCOME OF RAPIDLY PROGRESSIVE
GLOMERULONEPHRITIS

Factors Poorer prognosis Better prognosis

Urine output at presentation Oliguric Nonoliguric
Extent of crescent formation >80% 50–80%
The glomerulus Fibrinoid necrosis Endocapillary cell

proliferation
Glomerular immune deposits Linear deposition

(antiglomerular basement
membrane)

Granular deposition
(immune complex) or no
immune reactants

Interstitium Interstitial fibrosis and
tubular atrophy

many renal physicians routinely to use this therapy for such
patients.

Corticosteroids

Because of their antiinflammatory properties, corticosteroids
are frequently used in the treatment of RPGN. There are very
few published data on the use of corticosteroids alone in experi-
mental crescentic glomerulonephritis. However, several reports
have demonstrated marked improvement in renal function
with intravenous methylprednisolone (287–289). Holdsworth
and Bellomo (290) and Tipping and Holdsworth (291) have
shown that glomerular injury induced by macrophages in rab-
bits can be reduced substantially by corticosteroids, whereas
injury induced by polymorphonuclear leukocytes is unaffected.
As discussed earlier, both polymorphonuclear leukocytes and
macrophages are thought to be injurious in crescentic glomeru-
lonephritis. More recent data suggest that corticosteroids in-
hibit the activation of NF-κB, an important transcription
protein in the immune response, resulting in inhibition of in-
flammatory cytokine production (292).

There is no evidence that oral steroids alone are of benefit
in nonvasculitic RPGN (7,243,281,293). Their use is usually
in conjunction with immunosuppressive agents. The lack of
benefit from steroids alone is strikingly different from their of-
ten dramatic effect in necrotizing (ANCA positive) crescentic
glomerulonephritis associated with vasculitis (263,294,295).
In the latter condition, corticosteroids alone offer a remission
rate similar to that obtained with other therapy (see below),
but a threefold higher relapse rate (296). However, several re-
ports indicate that high-dose intravenous “pulse” methylpred-
nisolone therapy, given daily or on alternate days for three to six
doses, can lead to dramatic and sustained improvement in re-
nal function in nonvasculitic RPGN (11,280,296–302). Bolton
et al. (297,303) found this benefit only in patients with RPGN
that was not caused by anti-GBM antibody. All these investi-
gators have commented on the low incidence of side effects of
intravenous pulse steroid therapy. There is some evidence that
intravenous methylprednisolone has a distinct effect of decreas-
ing superoxide production by neutrophils from patients with
ANCA-positive crescentic glomerulonephritis (304).

Cytotoxic Agents

Immunosuppression with either azathioprine or cyclophos-
phamide (or occasionally chlorambucil) is commonly used in
the treatment of crescentic glomerulonephritis, again usually

in combination with steroids and, more recently, plasma ex-
change.

There appears to be little or no evidence to support the
use of either cyclophosphamide or azathioprine as single treat-
ments. Several authors have reported substantial benefit from
the combination of cyclophosphamide with anticoagulation,
steroids, and antiplatelet drugs, whereas others have been un-
able to demonstrate benefit (282,285,305,306). There are very
few controlled data to support the use of cyclophosphamide (or
azathioprine) in RPGN, although most clinicians believe they
are necessary components of the treatment. The use of intra-
venous cyclophosphamide in the treatment of RPGN has only
rarely been reported (307,308) and has not demonstrated any
advantage over daily oral dosing, unlike its use in lupus nephri-
tis. In the vasculitic subgroup, intravenous cyclophosphamide,
given as a monthly pulse dose, was as effective as a daily oral
dose and had fewer side effects in one study (309), but another
retrospective study of patients specifically with Wegener’s gran-
ulomatosus with renal involvement suggested a worse outcome
with monthly intravenous pulses of cyclophosphamide (310).
Given the paucity of data, it is difficult to make recommenda-
tions regarding oral versus IV-pulse cyclophosphamide use in
RPGN.

Anticoagulants

For a number of years, it has been appreciated that glomerular
fibrin deposition is prominent in crescentic glomerulonephritis,
in the glomerular tuft, and especially in Bowman’s space and the
crescent (10,242,264). The role of the coagulation process in
development of the crescent in experimental glomerulonephri-
tis has already been discussed. Several studies in experimental
glomerulonephritis have shown that anticoagulation with hep-
arin, before the onset of the glomerular injury, can reduce the
formation of crescents and severity of renal failure, although
enormous doses of heparin were required (311–313). Some
authors have failed to demonstrate a significant benefit of this
approach (314,315). Anticoagulation with warfarin also has
been shown to reduce, to a smaller degree, crescent formation
(217,316). It has been suggested that the pathogenetic mecha-
nisms occurring locally in the glomerulus are capable of pro-
ducing local coagulation, overriding the effects of circulating
anticoagulants. This occurrence could possibly result from a
failure of heparin, a highly charged molecule, to penetrate the
mesangium and Bowman’s space. Another explanation for the
relative ineffectiveness of heparin is that the fibrin deposition
results from thrombin-independent mechanisms, as discussed
previously.
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Anticoagulation with heparin for human RPGN was first re-
ported by Kincaid-Smith et al. in 1968 (317). The subsequent
use of heparin in this disease usually has been in combination
with one or more other drugs, including steroids, immuno-
suppressives, and antiplatelet agents (49,285,305,318–320). It
therefore has been difficult to determine the relative benefit of
the anticoagulation, and even now there is still no clear-cut
evidence that use of these agents is beneficial.

Antiplatelet Age

Platelets are potential mediators of glomerular injury, partic-
ularly through the release of vasoactive amines. However, lit-
tle direct evidence exists that they are involved in crescentic
glomerulonephritis, although a role in the coagulation pro-
cess in the glomerulus has not been excluded (318,321,322).
Antiplatelet agents, such as dipyridamole and sulfinpyrazone,
have been used in the disease as part of a “cocktail,” with no
proven benefit.

Plasma Exchange

Since the demonstration of the definite benefit of plasma ex-
change for patients with Goodpasture’s syndrome (75,323–
326), the technique has been used widely in a variety of types
of glomerulonephritis, including RPGN (241,267,268,279,
327–332), usually in conjunction with immunosuppression, al-
though not always with success (333). Glockner et al. (334) re-
ported in 1988 a randomized study of plasma exchange in 26
patients with RPGN, also given steroids and immunosuppres-
sion, and were unable to demonstrate a difference in outcome
of renal function after 8 weeks. Another randomized study
from the Canadian Apheresis Study Group failed to demon-
strate any additional benefit of plasma exchange over pred-
nisolone and azathioprine out to 12 months in 32 patients
with idiopathic crescentic nephritis (335). In the latter study,
there may have been a benefit of plasma exchange in dialysis-
dependent patients, but numbers were too small. On the other
hand, several prominent groups have reported on the addi-
tional benefits of plasma exchange in severe ANCA-positive
crescentic nephritis (336,337). The best results appear to be
in those who were dialysis dependent at presentation but still
were not dramatically better than those obtained with steroids
and cyclophosphamide without plasma exchange (337). A re-
analysis of two French studies designed to assess the value of
plasma exchange in systemic vasculitis demonstrated no addi-
tional benefit of plasma exchange in those patients with renal
involvement (338). A more recent randomized study compared
six treatments of either plasma exchange or immunoadsorp-
tion in a total of 44 patients with RPGN (339). All patients
also received corticosteroids and cyclophosphamide. There was
no difference in outcome with these two treatment modalities.
However, in the study, 6 of 6 dialysis-dependent anti-GBM pa-
tients remained on dialysis, whereas 7 of 10 non–anti-GBM
patients who were initially dialysis dependent improved to
become dialysis independent (339). Earlier data from the Ham-
mersmith group had suggested that unless pulmonary hemor-
rhage was present, treatment of patients with anti-GBM dis-
ease and a serum creatinine over 600 μmol/L (6.8 mg/dL) with
plasma exchange was futile (337). This then creates a paradox-
ical situation: Plasma exchange is of most value in anti-GBM
disease when the creatinine is less than 600 μmol/L, but in
vasculitis and probably immune-RPGN, the best results with
plasma exchange appear to be in those who are dialysis de-
pendent at presentation. The reason for this difference is not
clear.

Experimental Approaches to Treatment

The most commonly used alternative agent is mycophenolate
mofetil. This agent is gathering favor as an alternative to cy-
clophosphamide, especially in the maintenance phase of man-
agement. In Class IV lupus nephritis (see Chapter 65), my-
cophenolate is gaining a defined role based on several trials
of its use either as induction (340) or maintenance therapy
(341). However, in vasculitis, there are as yet anecdotal reports
only. As an example, one report detailed 14 patients with We-
gener’s granulomatosis who had all received induction therapy
with cyclophosphamide and glucocorticoids and then received
mycophenolate as maintenance therapy with excellent results
(342). Another approach, particularly applied in vasculitis is
the use of anti-TNF-alpha therapies. The soluble p75 TNF re-
ceptor etanercept has been used with some success in vasculi-
tis, although there have been reports of a high relapse rate.
Curiously, there are also reports of etanercept induced vasculi-
tis, including RPGN (343). Infliximab, a humanized anti-TNF
chimeric antibody, has also been used with success to treat dif-
ficult cases of ANCA positive vasculitis with a reported relapse
rate of 20%. There was some concern over a high rate of in-
fection with encapsulated organisms (344). Other agents that
remain at an early phase of development include leflunomide,
interleukin-1 receptor antagonist, and the antibodies Mabthera
and CAMPATH II.

Renal Transplantation

Successful transplantation is possible in patients with RPGN
(234,345). The disease can recur in the allograft (236,345,346),
but at least for anti-GBM disease, this is unusual if transplan-
tation is delayed until the circulating anti-GBM antibody has
disappeared. The transplantation of a normal kidney into a
patient with Alport’s syndrome potentially incites an antibody
response to the normal glomerular basement membrane. Al-
though linear IgG may be seen in the glomeruli of as many as
30% of these transplants, crescents are not common and the
course is most often benign (347). Recurrent ANCA-positive
vasculitis is reported to occur in approximately 20% of cases
in the setting of a positive ANCA titer at the time of transplan-
tation (348). De novo RPGN occurring in a renal transplant
also has been described (349).

Factors To Be Considered in the Treatment of
Rapidly Progressive Glomerulonephritis

The simple diagnosis of RPGN alone is not sufficient to deter-
mine the type of treatment. Several other factors are likely to
be relevant to the potential benefit, or not, of treatment.

1. The acute or chronic nature of the glomerular lesion is sig-
nificant. The presence of acute cellular crescents with exten-
sive fibrin deposition is more indicative of a likely positive
response to immunosuppression than disease in which cres-
cents are undergoing fibrosis and in which glomerulosclero-
sis and interstitial fibrosis are prominent.

2. The presence of segmental glomerular capillary loop necro-
sis should raise the possibility of an underlying vasculitis
and thus a greater chance of a response to immunosup-
pression. Similarly, the presence of systemic symptoms other
than those of renal failure should suggest the possibility of
vasculitis.

3. Immunosuppression, anticoagulation, and the use of plasma
exchange all have the potential for inducing severe and oc-
casionally fatal side effects (350–352). It could be argued
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that the patient particularly at risk from these side effects
(e.g., the elderly, infected, or patients with peptic ulceration)
is better treated by aggressive control of hypertension and
renal failure rather than by immunosuppression. If immuno-
suppression is to be successful, early diagnosis of RPGN is
essential before irreparable damage has occurred. Early di-
agnosis depends on urinalysis and assessment of renal func-
tion in any patient presenting to a general practitioner with
persistent nonspecific symptoms (353).

The authors’ approach to the treatment of RPGN is to
treat all patients, unless renal biopsy shows an end-stage kid-
ney, with a trial of immunosuppression, consisting of corticos-
teroids and cyclophosphamide, without anticoagulation. Pulse
methylprednisolone is given intravenously (1 g) on each of
3 successive days. This is followed by oral prednisolone at
a dosage of 60 mg/day for 4 to 6 weeks, which is then re-
duced gradually to a maintenance dose of 10 to 15 mg/day
and sustained for 6 months to 1 year, depending on the clini-
cal progress. Oral cyclophosphamide is used at 2 to 3 mg/kg
of body weight, usually for 3 to 6 months. Monthly pulses of
cyclophosphamide are used routinely in lupus nephritis and oc-
casionally in ANCA-positive vasculitis. Anticoagulation with
heparin is not used routinely, nor is dipyridamole or other an-
tiplatelet agents. Plasma exchange is always used for anti-GBM
disease, typically as 3- to 4-L exchanges every other day for
six exchanges. Short-term plasma exchange also may be con-
sidered in other forms of severe RPGN in patients who are
refractory or become dialysis dependent, especially in ANCA-
positive forms of the disease.

Failure of response to these measures leads to an early
rather than late cessation of therapy to minimize complications.
Maintenance dialysis remains the alternative for those patients
who are not treated or are not responding to treatment.
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CHAPTER 61 ■ IMMUNOGLOBULIN A
NEPHROPATHY AND HENOCH-SCHÖNLEIN
PURPURA
RANDALL JAMES FAULL AND ANTHONY R. CLARKSON

Immunoglobulin A (IgA) nephropathy is the most common
form of primary glomerulonephritis, and is a major contrib-
utor to the worldwide burden of end-stage renal failure. It is
characterized pathologically by proliferation of the glomerular
mesangium and mesangial deposition of IgA molecules, and
clinically by wide variations in its presentation and prognosis.
Its recognition as a distinct disease in its own right dates to
the first description of the typical mesangial IgA immunoflu-
orescence by Berger in 1968 (1). Despite considerable effort,
elucidation of its etiology as well as satisfactory treatments
have both remained largely elusive.

Henoch-Schönlein purpura (HSP) is a small vessel vasculitis
that exhibits identical renal histopathologic appearances to IgA
nephropathy, but with additional systemic features that readily
identify it as a syndrome in its own right. It will be discussed
in more detail at the end of this chapter.

IgA NEPHROPATHY

Incidence and Prognosis

The reported incidence and prevalence of IgA nephropathy
varies widely, and is dependent to an important degree on varia-
tions in renal biopsy policies between different countries. Stud-
ies from Europe have estimated the incidence to be 15 to 40 new
cases per million population per year. The incidence is higher in
Japan, where routine screening for urinary abnormalities is per-
formed in all school-aged children. Prevalence rates, expressed
as a percentage of renal biopsy diagnoses, are reported to be
20% to 40% in Asia, Australia, Finland and Southern Europe,
but as low as 2% to 10% in the United States. While the local
enthusiasm for detecting asymptomatic urinary abnormalities
and then biopsying those individuals undoubtedly contributes
greatly to these variations, there also appear to be important
differences in susceptibility across different ethnic groups (2–
4). For example, it is less common in African Americans, black
South Africans, and New Zealand Polynesians than in Cau-
casians of European origin. Subclinical disease without urinary
abnormalities may also be much more common than these fig-
ures indicate. For example, a recent study of renal allografts
in Japan revealed mesangial IgA deposition in 16% (82 out
of 510), and 19 of those had mesangial proliferation (5). Two
separate studies have found IgA mesangial deposition in 2%
and 4.8% of unselected autopsy series (6,7).

Uncertainties about true incidence and different approaches
to individuals with asymptomatic urinary abnormalities also
affect estimations of prognosis. Centers that trouble to diag-
nose milder cases will naturally observe a more benign disease
course. Undoubtedly the majority of sufferers of IgA nephropa-
thy do have a benign disease that does not lead to progressive

renal dysfunction, and in some all signs of disease resolve with
time. However, the significant majority have persistent urinary
abnormalities (microscopic hematuria +/− proteinuria), and
20% to 40% will eventually progress to end-stage renal failure
(8–11). The combination of relative frequency of the disease
and a high proportion with poor prognosis means that IgA
nephropathy is a major contributor to the number of individ-
uals who require end-stage renal failure replacement therapy.
For example, according to the Australian and New Zealand
dialysis and transplant registry, 7.0% of patients diagnosed
with end-stage renal failure in 2002 had biopsy proven IgA
nephropathy (12). For some, the renal demise will be relatively
rapid (months to several years), because of more aggressive dis-
ease and/or late presentation, whereas others can take decades
from first presentation. It will be clear in the later discussion
about treatment that estimating an individual’s prognosis is
crucial when considering active intervention.

Clinical Presentation

The variability of presentations and subsequent course is a fea-
ture of IgA nephropathy, and a list of the wide range of initial
manifestations is shown in Table 61-1. There is an approxi-
mately 3:1 male preponderance.

Macroscopic Hematuria

The most characteristic and, at least to the patient, most dra-
matic presentation of IgA nephropathy is with episodic macro-
scopic hematuria in a young adult. Approximately one-third
of diagnoses of IgA nephropathy occur as a result of such a
presentation. There is a highly characteristic close temporal
relationship between its onset and an upper respiratory tract
infection, especially pharyngitis or tonsillitis, the hematuria co-
inciding with or occurring within 1 to 2 days of the sore throat.
This has led to wide use of the term “synpharyngitic hema-
turia,” and the timing differentiates it from the 2 to 3 week
gap between infection and macroscopic hematuria in postin-
fectious glomerulonephritis. Less frequently, such hematuria
also accompanies infections of other mucosal surfaces (e.g.,
gastroenteritis and urinary tract infections). The hematuria is
painless but often associated with systemic symptoms such as
fever, malaise, fatigue, diffuse muscle aches, and abdominal
and dull loin pain. It is usually short-lived, lasting 1 to 5 days,
and its disappearance coincides with resolution of the systemic
symptoms. Occasionally there is associated transient acute re-
nal impairment.

Differentiation from other causes of macroscopic hematuria
is important, because frequent and unnecessary radiographic
and urologic investigations may ensue if the true cause is not
recognized. Of paramount importance is examination of the
centrifuged urinary sediment, which displays dysmorphic red
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TA B L E 6 1 - 1

PATTERNS OF CLINICAL PRESENTATION OF
IgA NEPHROPATHY

Common
Synpharyngitic macroscopic hematuria +/− loin pain
Microscopic hematuria, usually with proteinuria
Hypertension
Chronic renal failure
Henoch-Schönlein purpura

Uncommon
Malignant hypertension
Acute nephritic syndrome
Acute renal failure
Nephrotic syndrome

blood cells (of glomerular origin), plus granular and red cell
casts. Under these circumstances, renal biopsy is the appro-
priate first diagnostic procedure. The urinary abnormalities
of microscopic hematuria +/− proteinuria persist in between
episodes of macroscopic hematuria.

Macroscopic hematuria due to IgA nephropathy occurs far
more frequently in children and young adults than in middle-
aged or elderly patients, in whom such a symptom should raise
the suspicion of urinary tract malignancy or stones. Almost
universally the episodes stop by the age of 40 or younger, even
though mucosal infections still occur and the underlying disease
process continues. The reason for resolution of these episodes
with age is unclear.

Asymptomatic Hematuria and Proteinuria

At least another third of diagnoses of IgA nephropathy are
made following investigation of incidentally discovered micro-
scopic hematuria, usually accompanied by proteinuria. This
can occur at any age, and is typical in the older patient. Again,
local attitudes to screening and investigating asymptomatic uri-
nary abnormalities dictate the frequency of such presentations.
A common source of such referrals is medical examinations
performed for work or life insurance purposes.

Proteinuria and Nephrotic Syndrome

Proteinuria in the absence of hematuria is distinctly uncom-
mon in IgA nephropathy. Nephrotic-range proteinuria is also
uncommon, but can occur in the presence of either very active
acute disease or advanced disease with considerable scarring.
At times, both IgA nephropathy and minimal change disease
occur together, which may simply be chance association of two
relatively common disorders. It is important to recognize this
possibility, as the nephrotic syndrome should be treated as for
minimal change disease in isolation, with a similar expectation
of response (13).

Hypertension and Malignant Hypertension

An important (and in our experience, increasing) proportion
of patients with IgA nephropathy are detected during investi-
gation of newly diagnosed hypertension, and it is one of the
major causes of secondary hypertension in young adults. The
more widespread use of blood pressure screening programs
than urine screening programs may account for this increase.
The more dramatic presentation of malignant hypertension is
also well recognized, and the renal biopsy findings will often
include evidence of severe and long-standing glomerular dis-
ease.

Acute Renal Failure

Acute renal failure is an uncommon feature of de novo IgA
nephropathy. As described above, it may occur during episodes
of macroscopic hematuria, possibly as a result of tubular ob-
struction by red blood cells. Such episodes resolve without spe-
cific therapy apart from occasional resort to temporary dialysis
(14). Rapidly progressive renal failure can also occur as a result
of acute necrotizing, crescentic glomerular injury. It is impor-
tant to recognize this severe manifestation of the disease, as it
is perhaps the strongest indication for aggressive therapeutic
intervention.

Chronic Renal Failure

The precise proportion of patients with IgA nephropathy
who have chronic, established renal failure at presentation is
clouded by the fact that many who come to our attention late
in the course of renal disease do not have a renal biopsy per-
formed. Undoubtedly many of those with end or near-end-
stage renal failure with small kidneys had unrecognized IgA
nephropathy for years or decades. The lack of a reliable pe-
ripheral diagnostic marker of IgA nephropathy is an obvious
deficit. We have on several occasions made a presumptive, ret-
rospective diagnosis in renal transplant recipients with a failing
graft where a transplant biopsy showed recurrent IgA neph-
ropathy.

Disease Associations

The literature is replete with descriptions of associations of
diseases with IgA nephropathy, although it is likely that many
of these are chance associations. Some of the important and
more established associations are shown in Table 61-2.

Deposition of IgA in the mesangium is relatively common
and long-recognised in chronic liver disease, particularly alco-
holic cirrhosis (15–17), although more overt renal disease is less
common. Impaired clearance of IgA by the damaged liver cells
is thought to account for this observation. In contrast, despite
high levels of circulating IgA in IgA paraproteinemias, there
have only been very occasional reported associations with IgA
nephropathy (18,19). Likewise, there is a polyclonal increase
in IgA levels in human immunodeficiency virus/acquired im-
mune deficiency syndrome (AIDS), but no clear increase in the
incidence of IgA nephropathy in association (20). These ob-
servations support the current view of the pathogenesis of IgA
nephropathy, that it is alterations in the structure of the IgA
molecule rather than the serum levels that lead to disease (see
below).

Clinical Course

The clinical course of IgA nephropathy may be very clear at
the time of diagnosis, in that those presenting late in the course
of the disease may already have established renal impairment

TA B L E 6 1 - 2

DISEASE ASSOCIATIONS WITH IgA NEPHROPATHY

Henoch-Schönlein purpura
Liver disease (alcoholic)
Inflammatory bowel disease
Celiac disease
Dermatitis herpetiformis
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or even end-stage renal failure. Others usually follow one of
several patterns of disease behavior, although precise estimates
of the frequency of each pattern is not possible due to wide vari-
ations in screening and diagnosis approaches (discussed above).
The patterns are: resolution of mild disease, ongoing mild dis-
ease without progressive renal failure, slowly progressive renal
failure, and rapidly progressive renal failure. Hypertension is a
frequent association, and is invariable and often severe in those
with progressive disease. It is reasonable to assume that there
is a large body of individuals with benign, asymptomatic dis-
ease with good prognosis who are never recognised. Pooling of
data from a number of clinical studies has given useful infor-
mation about the natural history of the disease and predicting
its prognosis (8–11).

An important minority, perhaps 15% of those diagnosed,
will have mild disease at presentation (i.e., normal renal func-
tion, minimal proteinuria and hematuria) and with time un-
dergo spontaneous resolution of all signs of the problem. As-
sociated disappearance of mesangial IgA is suggested by a study
of repeated biopsies (21). Approximately 50% of patients di-
agnosed with IgA nephropathy have persistent but benign dis-
ease. Typical is a pattern of ongoing low-grade microscopic
hematuria, low levels of or absent proteinuria, normal renal
function, and normotension or mild, easily controlled hyper-
tension. Such individuals should be monitored regularly, but
longish intervals are reasonable as significant changes in their
disease status will be measured in years or even decades. Both
of these groups of patients do not require specific treatment for
the IgA nephropathy—the challenge is predicting at the time of
diagnosis those who will have benign disease.

Most of the remaining patients will have slowly progres-
sive renal impairment, over years to decades, eventually lead-
ing to end-stage renal failure if lifespan permits. A more ma-
lignant course, measured in months, to severe renal failure is
uncommon but well recognized. Frank crescentic disease on di-
agnostic renal biopsy predicts a rapidly progressive course. Spe-
cific and nonspecific (e.g., control of hypertension) treatment
needs to target individuals with or at high risk of progressive
disease.

Clinical and histologic features can be used to generate
meaningful prognostic information (8–11,22,23). Hyperten-
sion, persistent proteinuria of >1g per 24 hours, and impaired
renal function at time of diagnosis, are consistent and strong
clinical predictors of poor renal survival. Histologicly, glomeru-
lar sclerosis, tubular atrophy, interstitial fibrosis, and hyperten-
sive vascular changes all correlate with poor outcome. Episodic
macroscopic hematuria, initially thought to be a poor prognos-
tic sign (24), is now considered more likely to indicate a benign
prognosis. The lead-time bias following early and more likely
diagnosis because of the dramatic clinical presentation proba-
bly accounts for this skewing to milder disease. Individuals with
persistent normal blood pressure and proteinuria of <0.2 g
per 24 hours have a negligible risk of progression (10). How-
ever, presentation with isolated microscopic hematuria may not
be a reliable sign of good long term outcome. A study in Hong
Kong patients found that 44% of 72 patients presenting with
microscopic hematuria and minimal proteinuria (<0.4g per
24 hours) developed proteinuria >1gm per 24 hours, hyper-
tension, or renal impairment over 7 years (25). In 14% the
hematuria resolved.

Diagnosis and Laboratory Features

While clinical suspicion based on presenting features (e.g., syn-
pharyngitic hematuria) will often lead to the correct diagno-
sis of IgA nephropathy, a renal biopsy is an absolute require-
ment for confirmation. No other investigation has been proven
to reliably distinguish IgA nephropathy from other renal dis-

eases. This is frustrating because it means that a renal biopsy
still is required for diagnosis—a procedure often judged un-
necessary in a person with just microscopic hematuria. In the
latter situation, glomerular-type hematuria usually is due ei-
ther to mild IgA nephropathy or to thin basement membrane
nephropathy.

Most accounts describe an elevation of serum IgA concen-
trations in up to 50% of cases, which has no diagnostic power
(14). Neither, despite the original claims (26), has the detec-
tion of elevated plasma IgA–fibronectin complexes (27). An el-
evated serum IgA/C3 ratio in combination with elevated serum
IgA level improves the diagnostic accuracy, but cannot supplant
the histopathology (28).

Pathology

The histopathologic diagnosis of IgA nephropathy is usu-
ally clear and straightforward, with little opportunity to con-
sider a differential diagnosis. The key is the immunohisto-
chemical identification of IgA deposition in the glomerular
mesangium. It is an excellent example of the strength of clinico-
pathologic correlation and of the power of the combination
of light microscopy, immunohistochemistry, and electron mi-
croscopy. Histologic classifications have been proposed but are
not widely used, and, apart from in advanced disease with sig-
nificant scarring, have limited prognostic value (29–31). The
histologic features are illustrated in Figure 61-1.

Light Microscopy

The light microscopic hallmark of IgA nephropathy is focal or
diffuse expansion of mesangial regions with cells and matrix.
In their mildest forms, the mesangial changes may be quite
focal as well as segmental. Appreciable numbers of glomerular
tufts may appear to be normal and, even in those affected,
the mesangial cells and matrix changes may be quite marginal.
Classically, however, the disease is diffuse, although the tuft
changes may be segmental or global in distribution. As a result
of mesangial proliferation, the tuft stalk expands and becomes
accentuated, often markedly so, an appearance described as
arborization.

Capillary loops usually are patent, with a normal config-
uration of capillary walls. However, in more florid disease,
mesangial proliferative activity results in the matrix extend-
ing peripherally and circumferentially in the capillary walls,
resulting in double-contouring or “tram-line” effect, usually
with lumen narrowing.

In active disease, there may be tuft necrosis associated with
an exudate of fibrin and infiltration of neutrophils, some of
which may show karyorrhexis. This occurrence is associated
with crescent formation.

In long-standing disease, areas of segmental tuft collapse
and sclerosis, sometimes with overlying hyalinosis, are seen,
which usually are associated with broad synechiae. In progres-
sive disease, the end result is total glomerular obsolescence and
sclerosis. The presence in one biopsy of all the lesions described
is not infrequent.

Proportional to the degree of glomerular damage, there may
be tubulointerstitial disease. When active glomerular disease is
present, there often is interstitial edema associated with mild
to moderate infiltrate of mononuclear cells and scattered neu-
trophils. Secondary tubular damage also may be evident. In-
terstitial scarring and tubular atrophy are features of advanced
disease and correlate best with long-term outcome. Hyperten-
sive changes complicate advanced cases, and related vascular
lesions become evident.
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FIGURE 61-1. A: Glomerulus showing mesangial hypercellularity and increased mesangial matrix.
(Hematoxylin and eosin stain, magnification, ×200.) B: Glomerulus, with brightly fluorescing mesan-
gial deposits of IgA. (Fluorescinated anti-human IgA, magnification 200x). C: Electron micrograph of
glomerular mesangium showing multiple mesangial electron dense deposits typical of IgA nephropathy.
(Magnification ×3,000.) D: Glomerulus showing an acute lesion with segmental fibrinoid change and
karryorhectic debris. (Hematoxylin and eosin, magnification ×200.) (continued)

Immunohistochemistry

Mesangial expansion is not specific to IgA nephropathy, and
can be seen in other glomerular diseases including diabetic
nephropathy and focal segmental glomerulosclerosis. A defini-
tive diagnosis can be made only with the aid of immunofluores-
cent or immunoperoxidase techniques applied to renal tissue.
Granular deposition of IgA and usually C3 is present predom-
inantly in the mesangium, even in apparently normal or min-
imally affected glomeruli. In addition, there may be variable
deposits of immunoglobulin G (IgG), immunoglobulin M
(IgM), or both, frequently fluorescing with lesser intensity. C1q
and C4 are found rarely.

Capillary loop fluorescence for IgA is observed most com-
monly when active disease is present. Such cases also may
show mesangial and capillary wall fibrinogen; the latter also
is present in crescents. IgM also is present in areas of sclerosis.
Walls of small and medium-sized blood vessels may contain

abundant granular C3, particularly if the patient is hyperten-
sive.

Electron Microscopy

There is a varying degree of expansion and proliferation of
both mesangial cells and matrix, and electron-dense deposits
of differing sizes and amounts are present in the matrix. Not
infrequently, the deposits are particularly evident in perime-
sangial regions or even localized to this site. Corresponding to
the segmental nature of the disease process, the distribution
and amount of deposits may be quite patchy. Some mesangial
sites may be distinctly free of deposits, yet others in the same
glomerulus may be packed with them. The deposits usually are
solid and homogeneous.

Nephrotic syndrome with the clinical and pathologic fea-
tures of minimal-change disease also has been noted in patients
with IgA nephropathy (13). Occasionally, glomerular basement
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FIGURE 61-1. (Continued) E: Glomerulus showing an acute lesion
with segmental crescent. (Hematoxylin and eosin, magnification ×200.)
F: Sclerosing glomerulus with mesangial proliferation. (Hematoxylin
and eosin, magnification ×200.) G: Low-power view of advanced IgA
nephropathy, showing tubular dropout, interstitial fibrosis and chronic
inflammatory interstitial infiltrate. (Hematoxylin and eosin, magnifica-
tion ×40.) All photographs courtesy of Dr. James Nolan.

membranes are uniformly thin and this observation probably
signifies the presence together of two common conditions, IgA
nephropathy and thin basement membrane nephropathy. How-
ever, one study of IgA nephropathy biopsies (32) describes 40%
with thin glomerular basement membranes, so perhaps mesan-
gial IgA deposits interfere in some way with normal glomerular
basement membrane synthesis. This association, however, does
not have any obvious prognostic implications.

Pathogenesis

The cause (or causes) of IgA nephropathy has been frustrat-
ingly elusive. Its frequent recurrence following renal transplan-
tation (33–36), and documented resolution of IgA mesangial
deposits in renal allografts (37,38), point to problems in the
host’s IgA immune system rather than the kidney itself. While
it is accepted that the initiating event in the renal disease is
the mesangial deposition of IgA, there is considerable variabil-
ity in the subsequent events. These range from little or no re-
nal disease, through continued deposition of IgA but minimal
glomerular inflammation without renal impairment, to contin-
ued deposition and progressive renal failure. With the possible
exception of capillary loop IgA deposition, which may indicate
a poor prognosis, the extent and site of deposition bears no re-
lationship with prognosis. This heterogeneity suggests that IgA
nephropathy is more than just a simple disease caused by a sin-
gle, defined abnormality.

Immunobiology of Immunoglobulin A

A working knowledge of the immunobiology of IgA is impor-
tant to understand the pathogenesis of IgA nephropathy (39–
41). IgA is the major immunoglobulin in mucosal secretions
but is present in relatively low concentrations in serum. Its
predominant function is in mucosal defense, where polymeric
IgA binds and neutralizes microbes and toxins.

Two subclasses exist in humans, IgA1 and IgA2, both of
which occur in monomeric (mIgA) and polymeric (pIgA) forms.
IgA1 appears very late in the evolutionary chain, being present
only in chimpanzees, orangutans, and humans. Plasma cells
in the gastrointestinal tract and respiratory tract produce both
IgA1 and IgA2 that is found in mucosal secretions at these sites.
In the bone marrow, lymph nodes, and spleen, the plasma cells
predominantly produce IgA1 that is expressed in the serum.
The IgA that is found in the serum is 90% monomeric, whereas
that found in mucosal secretions is virtually all polymeric. IgA1
accounts for 90% of serum IgA, whereas IgA2 comprises 60%
of IgA in secretions (Table 61-3). Polymeric IgA (which is usu-
ally a dimer) contains a bridging or joining polypeptide—the
J chain—that is linked to the heavy chain during the forma-
tion of the multimers within the plasma cell. IgM also exists as
polymers linked by J chains.

IgA1 possesses an 18 amino acid hinge region situated be-
tween the CHI and CH2 domains of the heavy chain. This is
absent in IgA2, and is the main structural difference between
the two subclasses. The hinge region consists of an unusual re-
peating sequence of proline, serine, and threonine residues, and
carries multiple O-linked carbohydrate side chains connected
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TA B L E 6 1 - 3

PROPERTIES OF NORMAL HUMAN IgA

Serum Mucosal

Concentration Low High
Size Mostly monomeric Mostly polymeric
Subclass Mostly IgA1 (90%) IgA1 (40%) and

IgA2 (60%)
Source Bone marrow Mucosal plasma

cells

to the serines and threonines. The grouping of O-linked sugars
in the IgA1 molecule increases its size significantly and con-
fers to it a highly negative charge because of sialylation of
the sugars. Such O-linked sugars are uncommon on circulating
proteins. The glycosylation pattern varies, so that an array of
different IgA1 O-glycoforms is found in the serum at any time.

Plasma cells that produce IgA are mainly located at mu-
cosal immune sites, and the IgA is rapidly transported across
the adjacent epithelial cells into the external secretions. Very lit-
tle gets into the blood. Secretion of the multimeric IgA across
the mucosa depends on the acquisition of secretory component
(SC), which is a portion of the polymeric immunoglobulin re-
ceptor expressed at the basolateral surface of epithelial cells.
Secretory IgA (sIgA) is more stable at these sites than serum
IgA, which is readily degraded. The IgA found in the serum
is predominantly produced in the bone marrow. Regulation of
IgA production is broadly under T lymphocyte control. It is of
interest that, in contrast to IgG, interleukin 10 and transform-
ing growth factor-β both stimulate B lymphocyte production
of IgA (42).

The liver has an important role in the clearance of IgA
and IgA-containing immune complexes. IgA-binding receptors
present in the liver are the hepatocyte asialoglycoprotein recep-
tor and the Fcα receptor CD89 on Kupffer cells (43–45). The
asialoglycoprotein receptor recognizes the terminal galactose
and galactosamine carbohydrate residues of the IgA molecule
(46). Macrophages and neutrophils also express CD89 and are
able to remove and catabolize IgA. Expression of CD89 by
these cells is decreased in patients with IgA nephropathy, which
potentially compromises this clearance pathway (47).

Animal Models of IgA Nephropathy

Many animal models of IgA nephropathy have been devel-
oped, but they have added little to the understanding of the
human disease. In mice, the deposition in mesangia of im-
munoglobulins, and specifically IgA and IgG, occurs naturally
in many breeds, so that results of experimentally induced dis-
eases must be interpreted against this background. More im-
portant, perhaps, is the understanding that IgA1 as a protective
immunoglobulin appears very late in the evolutionary chain,
with only humanoids possessing this subclass of IgA. In other
animals the IgA is structurally more like human IgA2 and does
not have the hinge region characteristic of IgA1. It is likely,
therefore, that if abnormally glycosylated IgA1 plays a signifi-
cant role in the pathogenesis of the human diseases (see below),
then most animal models do not represent what occurs in hu-
mans.

Production of IgA in IgA Nephropathy

Much circumstantial evidence points to the probability that
there exists a defect in mucosal immunity in IgA nephropa-
thy. The most easily recognizable and dramatic symptom of
macroscopic hematuria coincides with infections of mucosal

surfaces. It is likely that the site of the immune response is
important, not the antigen. Increased IgA antibodies against a
variety of antigens have been described, but none is ubiquitous,
and the finding of such antigens in the glomerular deposits has
not been established. IgA nephropathy also occurs in associa-
tion with diseases with known mucosal defects such as celiac
disease (48).

Approximately one-third to one-half of patients with IgA
nephropathy have elevated serum levels of IgA, and this el-
evation is restricted to IgA1 (49,50). In patients with IgA
nephropathy, there is increased production of IgA in response
to viral and bacterial vaccines and tetanus toxoid, compared
with control subjects without IgA nephropathy (50–52). Over-
production (overresponse) of these and recall antigens is re-
stricted to the IgA1 subclass.

Elevated serum IgA by itself is insufficient to cause the
disease (18–20). A key appears to be the increased levels of
specifically polymeric IgA (51), including pIgA against mucosal
antigens (52,53). This macromolecular IgA, which is normally
predominantly found in mucosal secretions, is likely to be more
prone to trapping within the glomerular mesangium.

It is not, however, a simple case of elevated mucosal produc-
tion of polymeric IgA1 which then spills over into the systemic
circulation. Both mucosal IgA plasma cells and polymeric IgA
levels are normal or even decreased, whereas bone marrow
IgA plasma cells numbers are increased in IgA nephropathy
(54–57). This points to a defect leading to relative overpro-
duction of polymeric IgA1 in systemic sites such as the bone
marrow.

Clearance of IgA in IgA Nephropathy

The liver clearance of IgA is reduced in IgA nephropathy, al-
though there is no clear evidence for a specific liver cell defect
(58,59). It is also known that liver disease, where IgA clearance
is impaired, is associated with mesangial IgA deposition, but
not necessarily clinical disease (15–17). The overproduction of
pathogenic polymeric IgA1 may either overwhelm the normal
clearance mechanisms, or be of a form that resists the normal
clearance pathways.

Mesangial Deposition of Abnormally Glycosylated IgA

The mesangial IgA found in IgA nephropathy is not necessarily
fixed. It is known that it clears when disease remission occurs
or when such kidneys are inadvertently transplanted into indi-
viduals without IgA nephropathy.

A consistent finding, though, is that it is IgA1 that is de-
posited in the mesangium in clinical disease (60–62). Several
studies have found that the mesangial IgA1 in IgA nephropa-
thy is abnormally glycosylated, and that the same abnor-
mal IgA is increased in the serum in patients with disease
(63–67). The difference between the IgA1 molecule in healthy
people and patients with IgA nephropathy resides in the O-
glycosylation of residues in the hinge region. A normal vari-
ant exists with terminal N-acetylgalactosamine or sialylated
N-acetylgalactosamine and reduced galactosylation and sialy-
lation, but this is rare in normal serum. It is uniquely more
common in IgA nephropathy patients (68,69). The altered O-
galactosylation in IgA nephropathy may result from a B-cell–
restricted downregulation of β1-3 galactosyltransferase activ-
ity (70), which limits the addition of d-galactose to GalNAc,
rather than any aberration of the nucleotide sequence of the
IgA1 hinge region, which is similar in structure and sequence
to the hinge region found in healthy people (71,72).

These variant IgA1 molecules are more likely to self-
aggregate, and form antigen-antibody complexes with IgG an-
tibodies directed against IgA1 hinge epitopes (68,73). IgA1
from patients with IgA nephropathy persists longer in the circu-
lation than that from normal controls when injected into mice
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(74). Liver clearance is reduced, perhaps because the polyclonal
IgA1 is unable to pass through endothelial fenestrae in the liver
to reach the hepatocytes (75). The net effect of this structural
alteration is to increase serum levels of polyclonal IgA1 that is
more prone to mesangial deposition and/or is more resistant to
clearance from the mesangium.

It remains unclear whether there is a specific receptor on
mesangial cells for IgA1. Indeed, the possibility exists that there
is no necessity for a specific IgA receptor on mesangial cells be-
cause the altered molecule may bind nonspecifically to mesan-
gial structures. However, it appears most likely that mesangial
cells express at least one receptor that differs from the known
IgA receptors (CD89, asialoglycoprotein receptor, polymeric
immunoglobulin receptor (76)). Candidates include the trans-
ferring receptor (CD71), an asialoglycoprotein receptor, an Fc
α/μ receptor, and a novel Fcα receptor (77–81). Irrespective
of the presence or otherwise of a specific receptor, mesangial
cells are capable of endocytosis and catabolism of IgA and are
therefore likely to contribute actively to its clearance (79, 82).

Events After Mesangial Deposition of IgA

There is no doubt that the IgA1 deposited in the mesangium
incites an inflammatory reaction, at least in those patients with
clinical disease, and the classic mediators of inflammation such
as complement, cytokines, leucocytes, platelets, and coagula-
tion/fibrinolysis are involved. The mechanisms of crescentic
disease are similar to those in other crescentic glomerular dis-
eases. Acute lesions, although visually impressive, often are
self-limiting. Much more important in the long term is the de-
velopment of increased mesangial matrix, glomerulosclerosis,
interstitial scarring, and hypertensive vascular disease.

Polymeric, but not monomeric, IgA molecules initiate an in-
flammatory glomerulonephritis in a rat model of acute nephri-
tis (83,84). Interactions with IgA complexes and mesangial cells
induces a proinflammatory and prosclerotic response, includ-
ing mesangial cell proliferation and production of cytokines
(e.g., interleukin-6, platelet-derived growth factor [PDGF],
and transforming growth factor [TGF]-β) and matrix proteins
(85–88). The altered glycosylation structure of the variant IgA1
molecules deposited in the mesangium may also specifically pre-
dispose to the pathogenic mesangial responses that follow (89).

The mechanisms of the subsequent inflammation and scar-
ring in the glomerulus and interstitium in IgA nephropathy are
probably not significantly different from other inflammatory
glomerular diseases. Resolution or progression of the disease
process may depend on the presence or otherwise of critical
glomerular podocyte damage (90,91).

Genetics of IgA Nephropathy

The genetic makeup of the individual may dictate the initiation,
progression, or resolution of IgA nephropathy. In support of
a genetic predisposition are the apparent racial differences in
prevalence of IgA nephropathy, and instances of occurrence in
first-degree relatives (with many others having similar immune
abnormalities in vitro) (92–94). On the other hand, more than
90% of cases of IgA nephropathy occur sporadically. Results
of genetic studies, however, in general have been disappointing
and associations reported are inconsistent. Associations have
been described with DR4 (95,96) and, also on chromosome 6,
with complement genes (C4A and C4B null phenotypes (93),
and with the immunoglobulin “switch region” on chromosome
14 (97). A disease susceptibility gene has been localized to a
region on chromosome 6 (98). Polymorphisms of genes encod-
ing cytokines (TNF-α, interferon-γ , interleukin-4) have also
been associated with development or progression of disease
(99–101).

Progression of disease has also been associated with a
deletion polymorphism of the angiotensin-converting enzyme

(ACE) that increases serum and tissue ACE levels (94). How-
ever, further studies have not supported the proposal that this
polymorphism in isolation is a significant factor in disease pro-
gression (102,103).

Summary of Pathogenesis

Current opinion about the pathogenesis of IgA nephropathy
centers around the presence of excess serum levels of abnor-
mally glycosylated immunoglobulin A molecules. These aggre-
gate into polymeric IgA, which is less efficiently cleared by the
liver and is prone to trapping in the glomerular mesangium.
Evidence points to the bone marrow as the source of the abnor-
mal IgA molecules rather than the mucosa. Ill-defined genetic
influences may predispose individuals to development of this
disease.

Treatment

There is no known cure for IgA nephropathy despite studies
of many possible treatments. Current options mainly aim to
control disease progression, and in general these do not differ
significantly from recommended strategies for other progres-
sive renal diseases. Establishing efficacy of a specific treatment
for a disease such as IgA nephropathy is difficult where the ma-
jority of sufferers have a benign course, predicting those with
unfavorable outcome is often difficult, and the time course of
progression may be measured in decades. For the same reasons,
it is difficult to establish a satisfactory risk versus benefit profile
for proposed interventions such as immunosuppressive ther-
apy. Relevant to this is the observation that IgA nephropathy
frequently recurs in renal transplants despite the use of corti-
costeroids, azathioprine, mycophenolate mofetil, cyclosporine,
and tacrolimus. For these reasons, treatments frequently have
been used only in those with a known poor prognosis, that is,
those patients who already have consistent proteinuria, hyper-
tension, and impairment of renal function. A disappointingly
small number of randomized controlled trials have been con-
ducted of treatment of this common and important condition
(104).

“Good prognosis” disease (i.e., minimal or no proteinuria,
normal blood pressure, normal renal function, little or no scar-
ring on renal biopsy) requires no more than regular observa-
tion. Hypertension commonly develops with time and should
be managed aggressively (aim for <135/85 mm Hg).

The dramatic presenting symptom of synpharyngitic hema-
turia has prompted popularization of tonsillectomy as a treat-
ment option, particularly in Japan and some parts of Eu-
rope. Results from studies have been conflicting (105–107),
and prospective randomized studies are needed before it can
be recommended. Supportive therapy, including analgesia as
required, is all that is required for acute episodes of macro-
scopic hematuria, as well as any clinically indicated search for
an alternative cause (e.g., urinary tract infection, renal calculi,
malignancy).

An early controlled trial of phenytoin, which reduces serum
IgA levels, failed to show any benefit (108). There is also no
benefit in other methods to reduce antigen or antibody load,
such as dietary restrictions or prophylactic antibiotics.

An array of studies, of varying quality, have examined com-
binations of immunosuppressive agents for treatment of IgA
nephropathy. Results to this point have not been sufficiently
clearcut to routinely recommend such an approach, except per-
haps in the relatively uncommon cases of crescentic, rapidly
progressive disease or in cases with nephrotic syndrome due to
concurrent minimal change disease. In the latter the proteinuria
typically responds to standard treatment for isolated minimal
change disease.
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In a randomized trial, corticosteroids alone (intravenous
methylprednisolone 1g per day for 3 consecutive days at be-
ginning of months 1, 3, and 5, plus oral prednisolone 0.5
mg per/kg alternate days for 6 months) in IgA nephropathy
patients with significant but subnephrotic proteinuria (1.0 to
3.5 g per day) reduced proteinuria by approximately 50%
and reduced the risk of a 50% increase in serum creatinine
by 50% at 5 years (109). Three other small trials of corti-
costeroids alone showed a reduction in proteinuria and some
improvement in histologic parameters, but without effect on
renal function (110–112). A small trial of 2 years of corticos-
teroids plus azathioprine in children with early disease mod-
estly reduced proteinuria but had no effect on renal function
(113). A more recent randomized, prospective trial of pred-
nisolone and cytotoxic agents (oral cyclophosphamide and
then azathioprine) in patients with progressive IgA nephropa-
thy and controlled hypertension showed a significant preser-
vation of renal function compared to controls out to 5 years.
Proteinuria was also reduced (114). Corticosteroids +/− cy-
totoxic agents may be cautiously recommended in poor prog-
nosis disease (heavy proteinuria, early but progressive renal
impairment), taking into account the risk of important side
effects.

Other immunosuppressive drugs such as cyclosporine (115)
and mycophenolate (116) also have been used, but the high
incidence of recurrence in renal transplants casts doubt on their
efficacy.

The risk/benefit equation shifts toward aggressive treatment
in the setting of rapidly progressive, crescentic IgA nephropa-
thy, where there is likely to be a rapid decline to end-stage
renal failure without intervention. The treatment that is usu-
ally used (plasmapheresis, prednisolone, cyclophosphamide) is
similar to that for other forms of rapidly progressive, crescen-
tic renal disease. There is a lack of good quality, randomized
trials. Small studies show an early response to treatment but a
disappointing longer term outlook (117,118).

An alternative approach adopted with some enthusiasm in
parts of the world has been the use of fish oil/omega-3 fatty
acids for treatment, particularly of progressive IgA nephropa-
thy (119). In the largest controlled study, it slowed progression
into renal failure in poor prognosis treated patients compared
with controls (120), and this effect has been long-lasting (121).
A later study showed no benefit of high doses of fish oil over
low doses (122). This study has been criticized because of the
relatively rapid progression of disease in the control group, and
other studies have not shown such benefit (104,123,124,125).
There remains insufficient evidence to routinely recommend
this approach.

There do not appear to be substantive differences in the
mechanisms of progressive renal impairment in established IgA
nephropathy compared to other glomerular diseases, and so it
is not at all surprising to find that similar approaches to delay-
ing disease progression have been studied and used extensively
in this condition. It has long been established that control of
hypertension is crucial to delaying progression of renal impair-
ment in glomerular diseases. More recently, seminal studies,
first in diabetic nephropathy and then in other renal condi-
tions, have shown important and specific advantages of blood
pressure control with angiotensin-converting enzyme (ACE) in-
hibitors (126). Comparable advantages exist with angiotensin
II receptor (AIIR) blockers, and the most recent evidence sug-
gests that there is a synergistic advantage in using both. Exper-
imental evidence indicates that such agents reduce glomeru-
lar capillary hypertension, decrease proteinuria, and protect
against hyperfiltration injury. An established aim of strategies
to delay progression is now the targeting of proteinuria in ad-
dition to hypertension, and trial evidence supports the notion
that incremental reductions in proteinuria are associated with
improvements in renal prognosis.

Few studies to date have specifically examined the role
of ACE inhibitors or AIIR antagonists in progressive IgA
nephropathy, and much of the evidence favoring their use in
this condition is based on studies of other proteinuric glomeru-
lar diseases (e.g., diabetic nephropathy) (127). Some studies
have shown a reduction in proteinuria with ACE inhibition
without improvement in renal function (128,129), although 2
more recent studies found that it delayed progression as well
(130,131). AIIR blockers cause comparable proteinuria reduc-
tion in IgA nephropathy (132). The combination of both ACE
inhibitor and AIIR blocker synergistically reduces proteinuria
in IgA nephropathy, and there is now evidence that this confers
additional benefit in delaying progression of renal impairment
(133–135). Despite the relative paucity of specific data, block-
ade of the renin-angiotensin system is recommended where
there is significant proteinuria (>1 g per 24 hours).

Transplantation for IgA Nephropathy

Although kidney transplantation should be offered to all pa-
tients with IgA nephropathy provided there is no other con-
traindication, they should be made aware of the possibility of
disease recurrence, the risk of which is approximately 45%
(33,34). Those who already have lost a graft because of recur-
rent disease may be at high risk for repeated graft loss, but
experience is too limited for this to be an absolute contraindi-
cation to repeat transplantation (35,36). Despite the risk of
recurrence, the prognosis of transplants for this group is com-
parable with that of patients with other causes of end-stage
renal failure.

Recurrent disease has been considered to be mild and usu-
ally of little clinical significance (136,137). However, other
studies challenge this concept (33,35). In one of these, 17 of
29 grafts had recurrent IgA deposits and 5 of those 17 affected
had clinical and histologic evidence of recurrent IgA disease,
with failing grafts (33). In our series of 81 grafts in 76 patients,
the mean time from transplantation to the onset of clinical dis-
ease (microhematuria) was 4.8 years (36). In those with more
severe recurrent disease causing graft loss, the mean time from
transplantation to graft loss was 4.6 years. It is suggested that
graft loss due to recurrent IgA nephropathy is underreported,
and unless immunofluorescence studies are performed on trans-
plant biopsies and nephrectomies, losses will be attributed to
chronic rejection or transplant glomerulopathy rather than re-
current disease.

HENOCH-SCHÖNLEIN PURPURA

The almost identical renal immunopathologic features of
Henoch-Schönlein purpura (HSP) and IgA nephropathy ques-
tions the separate identity of these conditions. Historically,
HSP is a much older disease than IgA nephropathy, as it is a
clinical syndrome readily recognized because of the overt pur-
puric rash, arthritis, gut manifestations, and glomerulonephri-
tis. Whereas Schönlein (138) in 1837 associated the purpura
and arthritis, and Henoch in 1874 (139) recognized the gas-
trointestinal and renal manifestations, the first clinical descrip-
tion of the disease was probably by Heberden in 1806 (140).
Until the 1970s, most accounts of HSP were descriptive but,
once again, the advent of immunofluorescence technology al-
lowed exploration of possible immunopathogenetic mecha-
nisms. As with IgA nephropathy, positive IgA immunofluores-
cence occurs in the glomerular mesangium, skin (especially in
purpuric lesions) (141), and other organs.

Although the clinical features, incidence, and age of onset
tend to vary, the many similarities of these two conditions sug-
gest that they may represent a spectrum of the same systemic
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disease (142,143). HSP is most prevalent in the first decade
of life, and much more common in children than in adults. In
children it is frequently a transient disease without long-term
consequences. The prevalence of glomerular disease in patients
with HSP, especially in children, varies from 20% to 100%
(144), depending on how carefully evidence for it is sought.
When glomerular disease occurs in HSP, frank nephritic or
nephrotic syndrome, or acute renal failure due to crescentic
disease, are more common than in IgA nephropathy. The nat-
ural history of HSP is less well defined than IgA nephropathy,
and is confounded by the fact that many patients have elements
of the syndrome without clinical glomerulonephritis. Complete
recovery occurs in 94% and 89% of children and adults, re-
spectively, and the renal disease may be more likely to be severe
and progressive in adults than in children (145). Progression to
end-stage renal failure is well described, and like IgA nephropa-
thy, can occur relatively rapidly or over decades. The nonrenal
features of the syndrome are transient although recurrent in
approximately one-third of patients. The renal disease resolves
in most but persists in an important minority.

The characteristic purpuric rash, joint, and gastrointestinal
involvement usually make the syndrome of HSP clearly iden-
tifiable in children and adults. It commonly occurs soon after
an upper respiratory tract infection. In one series, the rela-
tive frequency of the major symptoms in children was purpura
(100%); arthritis (82%); abdominal pain (63%); renal disease
(40%); and gastrointestinal bleeding (33%) (146). The rash
is distributed symmetrically over the arms and legs. Pain in
multiple large joints (typically knees and ankles) without frank
arthritis or permanent damage is typical, and the abdominal
pain may be severe, disabling, and accompanied by visible rec-
tal bleeding. Although these symptoms may cause much acute
morbidity, recovery is usual. Renal involvement usually is ap-
parent within 4 weeks of diagnosis, although it can develop
much later. As with IgA nephropathy, intermittent macroscopic
hematuria or persisting microscopic hematuria are the most
common findings. Likewise, more severe cases have significant
proteinuria, nephrotic syndrome, hypertension, and renal im-
pairment, and synpharyngitic hematuria is typical.

In patients with HSP, most clinical features are a reflection
of a systemic leukocytoclastic vasculitis, characteristically af-
fecting the skin, gastrointestinal tract, and joints. It is a dis-
ease of the small blood vessels, particularly the postcapillary
venules, and is probably the result of immune complex depo-
sition, with activation of complement and consequent leuko-
taxis. Neutrophils attracted to the site frequently undergo kary-
orrhexis. There is variable endothelial cell proliferation, mural
fibrin, and, in severe cases, fibrinoid necrosis. These changes are
more common in the glomerulus in HSP than in IgA nephropa-
thy. In severe cases, there may be cutaneous infarction with ul-
cer formation. Deposits of C3, frequently associated with IgA
and IgM, may be found in blood vessel walls. Electron-dense
deposits and fibrin have been demonstrated in early lesions.

Studies of HSP are much more limited than IgA nephropa-
thy, but similar aberrations exist in the control of IgA pro-
duction. As with IgA nephropathy, the IgA in the mesangial
deposits of HSP is of the IgA1 subclass, and there are circu-
lating IgA1-containing immune complexes or immune aggre-
gates (147–149). The circulating IgA1 immune complexes are
larger in HSP than IgA nephropathy, and levels of plasma IgE
are increased (142). HSP has been associated with hypersensi-
tivity reactions (150). Like IgA nephropathy, abnormally gly-
cosylated IgA is more abundant in individuals with HSP and
glomerulonephritis (151).

Most patients with the acute syndrome neither require nor
receive specific therapy. Corticosteroids may speed resolution
of the arthritis and abdominal pain, but do not appear to pre-
vent recurrent disease (146). Specific treatment of the renal
disease should be considered only in patients with marked

proteinuria and/or impaired renal function during the acute
episode. Aggressive corticosteroid therapy may be beneficial
in patients with crescentic nephritis (152). Limited data from
uncontrolled studies support a role for plasmapheresis in ag-
gressive acute disease (153). There is no specific controlled data
for treatment of non-acute, progressive HSP renal disease, but
the similarities to IgA nephropathy suggest that an identical
approach is reasonable. Renal transplantation is a valid option
should end-stage renal failure result, although recurrence of
HSP nephritis in the graft is not uncommon (154). Most recur-
rences are subclinical, but it leads to graft loss in approximately
10%.
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CHAPTER 62 ■
MEMBRANOPROLIFERATIVE
GLOMERULONEPHRITIS
GIOVANNI BARBIANO DI BELGIOJOSO AND FRANCO FERRARIO

The term membranoproliferative glomerulonephritis (MPGN),
or mesangiocapillary glomerulonephritis (GN), refers to the
histopathologic entity characterized by (a) intense glomerular
hypercellularity, accompanied by increase of mesangial matrix
(1–4); (b) thickening of the peripheral capillary walls by suben-
dothelial deposits (type I) or dense intramembranous deposits
(type II) (5); and (c) mesangial interposition into the capil-
lary walls with apparent splitting of the glomerular basement
membrane (GBM) (1,2,6–9). The designation MPGN is used
by most authors throughout the world, but mesangiocapillary
glomerulonephritis is an equally acceptable term (10) that em-
phasizes the importance of peripheral capillary wall thicken-
ing and interposition of mesangial cellular and fibrillary ma-
terial. Other descriptive names have been used over the years:
hypocomplementemic chronic glomerulonephritis (6,11–13),
chronic lobular glomerulonephritis (7,14), and mixed mem-
branous and proliferative glomerulonephritis (15). As already
mentioned, on the basis of capillary wall lesions, all authors
have subtyped MPGN into types I, and II; some also include a
type III. Type II, or dense intramembranous deposit disease, his-
torically included in the MPGN group, is considered by several
authors to be a separate disease entity because of its peculiar
ultrastructural aspect and pathogenetic mechanisms (16–21).

Membranoproliferative glomerulonephritis designates a
morphologic pattern that occurs, in most cases, in the absence
of underlying diseases (idiopathic MPGN). It can be observed
in association with a variety of systemic, neoplastic and in-
fectious disorders; the secondary forms of MPGN are listed
in Table 62-1. Therefore, MPGN is a term that indicates a
morphologic pattern that must be integrated into an etiologic
context whenever possible, and underlying systemic conditions
must be excluded.

Epidemiologic data indicate that MPGN is a rare disease
(4% to 5% among the histologically proven primary glomeru-
lonephritides) and that its incidence has decreased in the devel-
oped countries of the world since the early 1980s (22–30). In
fact, from epidemiologic studies of primary glomerulonephri-
tis in France, Italy, and Spain, among adult and pediatric, ru-
ral and urban populations, the incidence of type I MPGN fell
from 18% to 20% in early 1970s to approximately 12% in
1980, to 6% to 8% in 1990 and still lower since the mid-
1990s. Similar reduction was noted in Japan (31). Frequency
of MPGN, as reported by the Italian Registry of renal biopsy
was, during the years 1996 to 2000, 6.2% for males and 8.0%
for females (32). Jungers et al. found that in the Paris area,
the annual incidence of type I MPGN among 1,003 cases of
primary glomerulonephritis, for the 1987 to 1991 period, was
5.8% (33). The decrease of annual incidence of MPGN was
confirmed by Simon et al. (34) after a 27-year follow-up in a
study carried out from January 1976 to December 2002 in a
region located in western France.

The relative frequency of type I MPGN as a cause of unex-
plained adult nephrotic syndrome in a large series of primary
glomerulonephritis studied in Chicago (35) declined from the
1976 to 1979 period to the 1995 to 1997 period (6% to 2%).
By contrast, the incidence of type II MPGN has remained un-
changed. In still developing countries MPGN has not decreased
in frequency (36,37). Other etiologic factors in MPGN such as
age, sex, mode of presentation, also have not changed during
the periods studied (25). The reductions in incidence in indus-
trialized countries have multiple explanations. Improved hy-
gienic and environmental factors in the past few decades have
been postulated, with a decline of bacterial infections due to
greater use of antibacterials. It has also been suggested that
many cases of apparently idiopathic MPGN were due to hep-
atitis C virus (HCV) infections, with or without cryoglobuline-
mia that had been misdiagnosed. More careful screening for
HCV led to a decline in HCV infection in the general popula-
tion and subsequently in MPGN (38). Overall, a more precise
diagnosis of underlying disease also may have contributed to
the decline of “idiopathic” MPGN. The reduction in the fre-
quency of MPGN also may depend partly on the overall in-
crease in the age of biopsy population from the earlier to the
later periods of study, because MPGN has a relative higher fre-
quency in younger patients (35). The classical hypothesis that
elevated incidence of bacterial infections in developing coun-
tries correlates with higher frequency of MPGN as well as other
proliferative glomerulopathies has been recently questioned by
Johnson et al. (39), following the striking finding of the lack
of evidence for such active infections in cases of MPGN in
Peru (36). The authors suggest that MPGN might result from
an aberrant immune response to an innocuous antigen rather
than a strong immune response to a virulent infective agent.
Therefore an imbalance of immune system, induced by hygiene
and other environmental factors, may underlie the pathogene-
sis of MPGN as well as other glomerular diseases. According
to these authors, the type of immune response, as revealed by
Th1/Th2 balance, may be more relevant in determining the
variant of glomerulonephritis and in particular MPGN rather
than the presence of specific antigen (39,40). This idea will be
developed later in this chapter.

Membranoproliferative glomerulonephritis still presents
many challenging issues for investigators, and the following
items are still debated: (a) the relationships between immune
complexes and mesangial interposition or complement abnor-
malities in the development of the lesion; (b) the precise nature
of the dense deposit in type II MPGN and their connection
with complement activation; (c) the nosologic definition and
pathogenesis of type III MPGN; (d) the role HCV infection
in noncryoglobulinemic MPGN and the involvement of HCV
antigen in mediating the immune complex glomerular lesion;
(e) the nature of spontaneous clinical remissions which occur
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TA B L E 6 2 - 1

MEMBRANOPROLIFERATIVE ASSOCIATED
DISORDERS

Systemic immune disorders
Systemic lupus erythematosus
Sjögren’s syndrome
Hereditary complement and immunoglobulin deficiencies
Rheumatoid arthritis
Autoimmune tyroiditis

Neoplastic diseases
Light-chain disease and plasma cell dyscrasia
Leukemia and lymphomas
Nephroblastoma
Melanoma

Infectious diseases
Bacterial

Subacute endocarditis
Visceral abscesses and infected shunts

Viral
Hepatitis C virus, with or without cryoglobulinemia
Hepatitis B virus
Human immunodeficiency virus
Cocksackie, EBV

Other
Malaria, schistosomiasis, candida

Chronic liver disease
Chronic active hepatitis
Liver cirrhosis
α1-antitrypsin deficiency

Miscellaneous
Partial lipodystrophy
Sarcoidosis
Sickle cell disease
Portosystemic shunt
Transplant glomerulopathy

in all types of MPGN independent of therapy; and (f) the lack
of proven effective therapy.

PATHOLOGY

Membranoproliferative glomerulonephritis is a histologically
distinct entity characterized by intense glomerular hypercel-
lularity mainly due to mesangial proliferation involving both
cells and matrix and thickening of peripheral capillary wall
with “double contour” appearance (2,7,9,21,41–43). Since the
early 1980s, several forms or variant of so called MPGN have
been described. Two major morphologic categories have been
identified referred by the majority of authors as type I and type
II (2,8,9,16–18,43–54).

Type I is characterized by the presence of numerous
glomerular subendothelial deposits, marked involvement of the
mesangium and extension of the mesangium into the glomeru-
lar capillary walls. In type II, homogeneous dense deposits in
many renal basement membranes (glomerular, tubular, and ar-
teriolar) are typical. At the glomerular level the dense deposits
are clearly intramembranous, and very rarely the mesangium
extended into the capillary walls with “double contour” ap-
pearance. In the past, type II was considered a MPGN be-
cause its morphological alterations on light microscopy were
extremely similar to those of type I MPGN (5,18,55–57). In
spite of many morphologic and clinical similarities, in particu-

lar with regards to the presence in both diseases of hypocomple-
mentemia, there are sufficient differences from histologic and
immunologic points of view to suggest that type II form is a
separate and distinct entity and should not be considered a sub-
type of MPGN (20,48,58,59). Further variations or types of the
membranoproliferative pattern have been noted by a number of
investigators. A type with many of the features of MPGN type I,
but with the added presence of numerous electron-dense de-
posits on the subepithelial side of the glomerular capillary base-
ment membranes, was designated “type III” by Burkholder et
al. (15). In this pattern, some glomerular capillaries were indis-
tinguishable from those type I MPGN, whereas other segments
of the glomerular tuft showed changes similar to those as clas-
sic membranous glomerulonephritis. Although this terminol-
ogy did not find much favor, the issue is now complicated by
the use of the term “type III” to designate a form of MPGN de-
scribed by two other groups of workers (15,60,61). This form
is characterized by the simultaneous presence of subendothelial
and subepithelial deposits associated with lamination and dis-
ruption of the lamina densa of the GBM at electron microscopy
(62–65). However, many reports (47–48) and recent personal
data from a multicenter study of Italian Group of Renal Im-
munopathology, based on retrospective clinicohistologic analy-
sis of 368 cases of idiopathic MPGN, suggest that these features
are insufficient to warrant a separate entity, because epimem-
branous deposits are found in 20% of both types of MPGN and
their number vary in repeat biopsies (66). Moreover the com-
plement abnormalities, immunohistologic features, and clinical
presentation and course of type III MPGN are similar to those
in type I, and thus these two forms should be considered vari-
ants of the same disease rather than separate entities (64,66).
Finally, there is some doubt over whether MPGN in all its sub-
types should be considered a homogeneous and distinct his-
tologic entity. The list of various forms of diseases associated
with a membranoproliferative pattern is constantly growing.
In fact, these patterns (especially type I) can occur as an idio-
pathic (primary), apparently isolated disease or can be associ-
ated with or stem from a wide variety of well-defined disease
states, such as bacterial endocarditis, sickle cell disease, hep-
atitis B or C infection, cryoglobulinemia, and systemic lupus
erythematosus (SLE). Although the etiologic and pathogenetic
mechanisms might not be identical in all patients, most au-
thors believe that MPGN is likely a result of chronic antigen-
emia. Moreover in a primary, apparently isolated (idiopathic)
MPGN, several morphologic variants have been described be-
cause of heterogeneous intensity and distribution of the main
basic histologic lesions; these possibly are the expression of
different morphogenetic/pathogenetic mechanisms (66–69).

Type I Membranoproliferative
Glomerulonephritis (Subendothelial Deposits)

Light Microscopy

By light microscopy, the most common form is the “clas-
sic” pattern characterized by widespread and massive mesan-
gial proliferation and mesangial matrix expansion (1,2,4,7–
9,21,41,44–50,70–72) (Fig. 62-1). The hypercellularity is usu-
ally global involving all portions of each glomerular tuft to
approximately the same degree. Mesangial expansion is due to
cellular proliferation, matrix growth, and to the presence of im-
munodeposits. Sometimes the increase in cells in the mesangial
regions and the amount of mesangial matrix creates a much
larger mesangial or centrilobular area, with the lobules assum-
ing a club shape (lobular pattern) (Fig. 62-2).

There is marked diffuse thickening of the glomerular cap-
illary walls; the thickening can be more prominent in some
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FIGURE 62-1. Type I membranoproliferative glomerulonephritis,
classical pattern: widespread and massive mesangial proliferation,
mesangial matrix expansion, and diffuse glomerular basement mem-
brane thickening with “double-contour” appearance. (Trichrome,
magnification, ×250.)

glomeruli and in some capillary loops than in others. Periodic
acid-Schiff (PAS) and silver methenamine stains show that the
thickened glomerular capillary walls often have two basement
membranes with a clear or nonargyrophilic region between
them. This double contour is sometimes termed tram-tracking,
splitting, or duplication of the GBM (Fig. 62-3). In some capil-
laries, the replication of basement membranes is very complex,
resulting in multiple laminations. The double contour is created
by the outward migration of mesangial cells along the inside
of the capillary walls. Because mesangial cells produce base-
ment membrane-like material, the cytoplasm of these cells is
covered on the outside by the original basement membrane
and on the inside by the newly formed “membrane.” Both
the membranes stain positively with silver and so give rise to
the double-contour appearance. Capillary lumina usually are
narrowed as a result of mesangial expansion, endothelial cell
proliferation, and accumulation of subendothelial deposits. Us-
ing trichrome staining, large subendothelial deposits sometimes
may be identified, although they are better demonstrated us-
ing immunofluorescence and electron microscopy. Mesangial
deposits are rare and usually small. In type I MPGN, in addi-

FIGURE 62-2. Type I membranoproliferative glomerulonephritis, lob-
ular pattern: marked mesangial proliferation with mesangial matrix ex-
pansion and pronounced lobulation of the glomerular tuft. (Trichrome,
magnification ×250.)

FIGURE 62-3. Type I membranoproliferative glomerulonephritis,
note diffuse glomerular basement membrane thickening with clear
“double-contour” appearance. (Silver stain, magnification ×400.)

tion to subendothelial deposits, many authors have described
morphologic evidence of subepithelial deposits resembling to
“humps” (2,3,41,43,47,48,66,69,72). In some cases mesangial
matrix expansion and sclerosis is particularly evident giving a
pattern of nodular glomerulosclerosis (Fig. 62-4).

Personal experience and the descriptions of other investiga-
tors (66,73–76) suggest that a true “nodular” pattern should
be distinguished from lobular form of classical pattern. The
lesions are mainly characterized by massive centrolobular scle-
rosis, always associated with microaneurysmal dilatation of
glomerular capillaries, probably due to a mesangiolytic process
with disruption of anchoring points at which peripheral cap-
illary loop basement membrane attaches to mesangial stalks
(Fig. 62-5). This process could be similar to that described
in other nephropathies with nodular lesions as in diabetic
glomerulosclerosis and light chain deposition disease (77–82).
The morphogenetic mechanism of nodule formation with con-
centric enlargement of the mesangial matrix, strictly associ-
ated with microaneurysmal dilatation, suggests that the nodu-
lar pattern is not the late sclerotic stage of classical form but a
different morphologic variant of type I MPGN, probably asso-
ciated with more severe mesangial damage with consequent
mesangiolysis or more severe vascular damage (66). More-
over, a morphologic transformation from classical to nodular

FIGURE 62-4. Type I membranoproliferative glomerulonephritis,
nodular pattern: marked mesangial matrix expansion and sclero-
sis with large acellular nodule formation. (Trichrome, magnification
×250.)
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FIGURE 62-5. Type I membranoproliferative glomerulonephritis,
nodular pattern: nodules of glomerulosclerosis associated with mi-
croaneurysmatic dilatation of glomerular basement membrane. (Silver
stain, magnification ×400.)

pattern has been described only rarely in studies using serial
biopsies (66,68,83,84). Monga et al. suggested the possibil-
ity of double or superimposed glomerulopathies, such as de-
scribing diabetic nodular glomerulosclerosis associated with
MPGN (85).

Although a moderate infiltration of neutrophils and mono-
cytes is often present in the classical form of type I MPGN,
the infiltration of inflammatory cells, mainly monocytes, is
marked in approximately 20% of cases (4,86-89) (Fig. 62-6).
Immunohistochemical methods, using specific antibody against
monocyte-macrophages (CD68) confirm the prevalence of
these cells in the glomerular tuft (Fig. 62-7). In this morpho-
logic form, there is a marked and clearly visible “double con-
tour” aspect of the thickened basement membrane, mainly due
to the subendothelial interposition of the infiltrating inflam-
matory cells rather than to mesangial interposition (Fig. 62-8).
This variant of “exudative” glomerulonephritis closely resem-
bles the morphologic pattern of secondary forms of diffuse lu-
pus nephritis, of cryoglobulinemic nephritis and some nephri-
tis associated with other infectious diseases (88–94). Although
subepithelial deposits are common in these cases the chronic
clinical course, with persistent hypocomplementemia, and the
immunohistologic feature of diffuse subendothelial deposition

FIGURE 62-6. Type I membranoproliferative glomerulonephritis, ex-
udative pattern: marked endocapillary hypercellularity mainly due to
intracapillary infiltration of inflammatory cells. (Trichrome, magnifi-
cation ×250.)

FIGURE 62-7. Type I membranoproliferative glomerulonephritis,
exudative pattern: intraglomerular accumulation of monocyte-
macrophages. (CD68, immunoperoxidase, magnification ×250.)

of C3, sharply differentiate this type of glomerulonephritis
from the acute postinfectious nephritides, and characterize this
morphologic entity as a variant of idiopathic MPGN (95,96).

Many reports of focal and segmental forms confirm
the heterogeneity of morphologic lesions in type I MPGN
(41,65,68,71,84,97,98)(Fig. 62-9). In these cases, only some
glomeruli show lesions whereas others do not, and membra-
noproliferative alterations frequently are restricted to a seg-
ment of the glomerular tuft. The question of whether the fo-
cal form is a stage of less marked damage during the natu-
ral course of the disease, or is a separate entity, and thus an
expression of less aggressive disease, is still open to debate.
Some studies on repeat biopsies have demonstrated morpho-
logic transformation from the focal to diffuse pattern and vice
versa. Taguchi and Bohle (83) have described sequential biop-
sies from 33 patients with MPGN (types I and II). Twenty-
four of 25 patients with diffuse forms of MPGN maintained
that pattern on subsequent biopsies, whereas 4 of 6 patients
with a focal MPGN pattern showed signs of a diffuse form on
second biopsy. Two patients who had no histologic findings
of MPGN on initial biopsy (one had focal MPGN and other
had mild mesangial proliferative glomerulonephritis with small
crescents) later showed evidence of a diffuse form of MPGN

FIGURE 62-8. Type I membranoproliferative glomerulonephritis, ex-
udative pattern: clearly visible “double contour” aspect of thickened
glomerular basement membrane with subendothelial interposition of
infiltrating inflammatory cells. (Trichrome, magnification ×1,000.)
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FIGURE 62-9. Type I membranoproliferative glomerulonephritis, fo-
cal segmental pattern: mesangial proliferation, mesangial matrix ex-
pansion, and glomerular basement membrane thickening are restricted
to segmental part of the tuft. (Trichrome, magnification ×250.)

on subsequent biopsy. Our experience that the subendothelial
deposits of C3 detected by immunofluorescence often are dif-
fuse in each glomerulus supports the hypothesis that focal and
segmental form could be stages of less marked damage during
the natural course of the classical pattern (66–84).

Crescents also may be present in approximately 15% of
patients with MPGN (8,48,99–103). These crescents may
be small and segmental, or larger and circumferential, af-
fecting most of the glomeruli (Fig. 62-10). These crescen-
tic forms present some morphologica features that are to-
tally different from necrotizing-extracapillary lesions typical
of anti-neutrophil cytoplasmic antibody (ANCA)–associated
renal vasculitis (104). The membranoproliferative crescentic
patterns has minimal intraglomerular leukocyte infiltration,
usually which is massive in vasculitis, and vascular cell adhe-
sion molecule-1 is completely negative in the glomerular tuft in
MPGN. Moreover, almost all cells in the crescent are positive
for cytokeratins (Fig. 62-11) and their positivity for prolifer-
ating cell nuclear antigen suggests widespread proliferation of
the parietal epithelial cells of Bowman’s capsule (Fig. 62-12).
Necrotizing glomerular lesions usually are not detected by light
microscopy, whereas intraglomerular proliferation always is

FIGURE 62-10. Type I membranoproliferative glomerulonephritis,
extracapillary pattern: circumferential cellular crescent totally fill-
ing the Bowman’s space, leading to compression of glomerular tuft.
(Trichrome, magnification ×250.)

FIGURE 62-11. Type I membranoproliferative glomerulonephritis,
extracapillary pattern: crescent formation strongly positive for a cy-
tokeratins. (Cytokeratin, immunoperoxidase, magnification ×250.)

present. In addition, immunofluorescence demonstrates fib-
rinogen positivity only in the crescents. All these features sug-
gest that membranoproliferative crescentic nephritis is based
on a different pathogenetic/morphogenetic mechanism than
necrotizing-crescentic forms typical of primary renal vasculi-
tis (104), in which necrosis of the glomerular tufts induces a
marked inflammatory reaction with massive accumulation of
monocytes and macrophages.

Our experience in a reevaluation of 41 cases of “idiopathic”
crescentic glomerulonephritis, (104) and some previous ultra-
structural studies (105–107), suggest that in crescentic forms of
MPGN, the pathogenetic mechanism is segmental disruption
of the GBM with escape of cells and fibrin through these gaps
and subsequent epithelial cell proliferation and formation of
circumferential crescents in an intact Bowman’s capsule, lead-
ing to compression of glomerular tuft. The poor response of
these patients to the same therapeutic regimen that improves
necrotizing crescentic vasculitis lends support to this hypothe-
sis (99,102,104).

Tubulointerstitial Lesions

Only since the mid-1990s has research on renal diseases con-
centrated on the presence and prognostic value of tubuloin-
terstitial lesions in primary or secondary glomerulonephritis
(108). Recent studies have demonstrated that the degree of

FIGURE 62-12. Type I membranoproliferative glomerulonephritis,
extracapillary pattern: most crescent cells are positive for proliferative
cell nuclear antigen. (Immunoperoxidase, magnification ×250.)
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FIGURE 62-13. Type I membranoproliferative glomerulonephritis,
immunofluorescence demonstrates diffuse and intense mesangial and
parietal deposits. (Anti-C3, magnification ×250.)

tubulointerstitial lesions rather than glomerular changes deter-
mines renal outcome (107–112). The same correlation between
the severity of interstitial changes and renal function also has
been described in type I MPGN (113–117); it is becoming an ac-
cepted hypothesis that some factors produced during glomeru-
lar inflammatory process may induce reactive changes in the
tubular cells, favor the passage of macromolecules into the in-
terstitium, and finally trigger a T-cell-mediated immune reac-
tion that can progress as an independent phenomenon. This T-
lymphocytes and monocytes interstitial infiltration, which can
be found early in the course of this disease, can stimulate pro-
liferation of fibroblasts with resultant fibrosis and consequent
impairment of renal function (108–112,118).

Immunofluorescence Findings

Immunofluorescence staining shows some variability in com-
position and distribution of deposits, confirming the hetero-
geneity of the pathogenetic mechanisms in patients with type I
MPGN (2,41,46,71,119–124). There is almost always granu-
lar staining for C3 with two major patterns of deposition: one
pattern is characterized by diffuse and regular deposits along
the internal side of GBM associated with mesangial deposits
(Fig. 62-13); the other pattern consists of deposits along the
GBM outlining a lobulated tuft, but none in the mesangial
stalk (Fig. 62-14). The latter pattern is associated mainly with

FIGURE 62-14. Type I membranoproliferative glomerulonephritis,
immunofluorescence shows granular staining of the capillary wall with
peripheral lobular accentuation. (Anti-C3, magnification ×250.)

FIGURE 62-15. Type I membranoproliferative glomerulonephritis,
electron micrograph of a part of a glomerulus shows subendothelial
electron-dense deposits, double contour appearance of the glomeru-
lar basement membrane and some inflammatory cells. (Magnification
×3,600; courtesy of Dr. E. Schiaffino, Department of Pathology, San
Carlo Hospital, Milan.)

lobular or nodular lesions seen by light microscopy (71,125).
Early components of complement activation (C4 and C1q) are
present in approximately 50% of cases, whereas properdin is
almost always present (9,46,119,121,124). In two-thirds of
cases, glomerular structures stain positive for immunoglobu-
lins (Immunoglobulin G [IgG] and immunoglobulin M [IgM])
in a manner similar to that for C3, although usually with less
intensity (9,46,121,123). IgA usually is absent; when present, it
is extremely important to determine if it is the predominant an-
tiserum so that an MPGN secondary to IgA nephritis (Berger’s
disease, liver diseases) can be diagnosed (126,127). Rarely, C3
deposits are present in Bowman’s capsule and the tubular base-
ment membrane (128).

Electron Microscopy Findings

Electron microscopy in type I MPGN helps clarify light mi-
croscopy observations, showing increased mesangial cells and
matrix, widespread subendothelial electron-dense deposits,
and thickened basement membranes with the double-contour
appearance (2,9,21,41,43,45,46,129–131) (Fig. 62-15). Usu-
ally, a diffuse increase in the number of mesangial cells is
accompanied by a proportional increase in the amount of
mesangial matrix, but in some cases (focal forms), the de-
gree of mesangial proliferation varies between glomeruli, being
different even in individual segments of a given glomerulus.
Mesangial deposits usually are scarce and rarely abundant.
The double-contoured GBM lesion consists of a normal na-
tive basement membrane with a new basement membrane-
like material formed beneath the endothelium. This thickened
capillary wall also is composed of interposed mesangial cells
and electron-dense immunodeposits. The deposits, usually de-
scribed as “subendothelial,” range from small and segmental
to large and diffuse (Fig. 62-16).

In more exudative forms, the double contour aspect of the
thickened basement membrane is due mainly to the suben-
dothelial interposition of infiltrating inflammatory cells rather
than to mesangial interposition (23–66). This variant of MPGN
closely resembles the morphologic pattern of the secondary
forms of cryoglobulinemic glomerulonephritis (93,132,133).
To distinguish the two forms it is important to perform ul-
trastructural studies at high magnification to exclude the de-
posits that have the typical structure seen in cryoglobuline-
mia (93,132,133). In approximately 30% of cases, glomerular
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FIGURE 62-16. Type I membranoproliferative glomerulonephritis,
electron micrograph of a capillary wall shows thickened glomerular
basement membrane (GBM), subendothelial electron-dense deposits
and double-contour appearance of GBM. (Magnification ×6,000;
courtesy of Dr. E. Schiaffino, Department of Pathology, San Carlo Hos-
pital, Milan.)

subepithelial deposits quite similar to the “humps” typi-
cal of acute postinfectious glomerulonephritis are present
(2,71,130,131). Subepithelial deposits can be small and iso-
lated or diffuse and abundant emphasizing that a clear separa-
tion between type I and type III of MPGN is problematic. The
endothelial cells may be increased and swelling and the foot
processes of visceral epithelial cells may be diffusely effaced.

Type II Membranoproliferative
Glomerulonephritis (Dense-Deposit Disease)

In 1963, Berger and Galle (5) described a particular base-
ment membrane lesion characterized by dense intramembra-
nous deposits, mainly apparent on electron microscopy, in
some patients with a membranoproliferative pattern of dis-
ease. Since the first description, this pattern of nephritis
has been considered by many researches to be a variant of
MPGN because in many cases it presents histologically with
intense mesangial proliferation, frequent lobular accentuation
of the tuft, and glomerular capillary wall thickening (16–
20,44,50,56,57,59,134–139). Moreover, types I and II MPGN
show clinical similarities, in particular the presence in both dis-
eases of hypocomplementemia. However, many authors have
stressed the morphologic differences on light, immunofluores-
cent, and electron microscopy between types I and II MPGN,
suggesting that the latter form should clearly be designated as
a separate disease entity (18,20,51,57,58,135,136).

Light Microscopy

The characteristic lesion of type II MPGN is thickened GBM
due to irregular intramembranous deposits that are ribbon-like,
brightly eosinophilic, and sometimes refractile (Figs. 62-17
and 62-18). They are intensely PAS positive and appear
fuchsinophilic with trichrome stain. The glomerular intramem-
branous deposits vary greatly in size and number, and it is this
feature that determines the extent of the glomerular capillary
wall thickening. Although some authors believe that dense de-
posit disease can be diagnosed by light microscopy, in some
cases electron microscopy may be needed to establish the pres-
ence of deposits with certainty. In some biopsies, PAS- and
trichrome-positive mesangial deposits are evident, although it

FIGURE 62-17. Type II membranoproliferative glomerulonephritis,
with diffuse dense intramembranous deposits. Similar deposits are
present in the basal lamina of Bowman’s capsule. (Thricrome, mag-
nification ×250.)

is often difficult to be sure that these represent bona fide mesan-
gial deposits. Electron microscopy often reveals mesangial de-
posits that cannot be identified by light microscopy. Deposits
also are noted in the basal lamina of Bowman’s capsule and
the basement membranes of both proximal and distal tubules;
the extent of this extraglomerular involvement is quite variable
(140–142). Discrete glomerular subepithelial electron-dense
deposits similar to the subepithelial humps noted in classi-
cal acute postinfectious (poststreptococcal) glomerulonephri-
tis may be seen in dense deposit disease (16,41,47). Rarely,
spikes of GBM-like material (as seen in membranous glomeru-
lonephritis) may be noted around the subepithelial humps.
Electron dense deposits may be occasionally identified in same
arterioles (16,143).

In addition to characteristic and variable capillary wall le-
sions, the glomeruli show, as in type I MPGN, a great range of
mesangial involvement, from minimal to diffuse, proliferative
lesions and a diffuse crescentic pattern (21,41,51–53,135,140).
Recent International Collaborative Study Group on Dense
Deposit Disease (DDD) organized by Renal Pathology Soci-
ety, confirmed the variability of morphologic lesions in the
largest collected series of DDD to date (unpublished data).
Five patterns emerged from the review of 71 cases: classical
DDD (MPGN features) 25%; focal proliferative DDD 45%;

FIGURE 62-18. Type II membranoproliferative glomerulonephritis,
showing overt dense intramembranous deposits. (Trichrome, magni-
fication ×1,000.)
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FIGURE 62-19. Type II membranoproliferative glomerulonephritis,
with minimal mesangial proliferation and segmental thickening of the
capillary walls. (Trichrome, magnification ×250.)

crescentic DDD 40%; acute proliferative and exudative DDD
13%; and atypical DDD (interrupted and markedly thick dense
deposits) 3%. There were differences between the American
and European Centers. Only one case of crescentic DDD and
no cases of atypical DDD were seen in the European Cen-
ters. Crescentic DDD accounted for 35% of North American
cases.

An inconsistent degree of mesangial proliferation may be
seen with a picture of quite normal glomeruli but with some
glomerular capillary wall thickening (Fig. 62-19). Other re-
nal biopsies show a more pronounced glomerular tuft hyper-
cellularity with a diffuse proliferative glomerulonephritis (Fig.
62-20). Leukocytes may be more common when the lesions are
diffuse than when they are focal and segmental. Glomeruli may
show areas of marked endothelial swelling that cause narrow-
ing of the capillary lumina. The mesangium may display differ-
ing degrees of matrix proliferation (mesangial sclerosis), and, at
the end of the spectrum, there are sclerotic nodules with an ac-
centuated lobular pattern (so-called lobular glomerulonephri-
tis). We have never seen a “true” nodular pattern in our cases
of type II MPGN. Crescents may be present in a large or small
numbers and with diffuse and circumferential extracapillary
proliferation (51,135) (Fig. 62-21). By contrast, we have never
seen focal and segmental necrotizing lesion occasionally noted

FIGURE 62-20. Type II membranoproliferative glomerulonephritis,
showing pronounced glomerular tuft hypercellularity with a diffuse
proliferative pattern. (Trichrome, magnification ×250.)

FIGURE 62-21. Type II membranoproliferative glomerulonephritis,
the circumferential cellular crescent completely fills the Bowman’s
space. (Trichrome, magnification ×250.)

by Siblay and Kim (135). There may be interstitial inflamma-
tion, mostly caused by chronic inflammatory cells. Foam cells
are sometimes present, indicative of the nephrotic syndrome.
Interstitial fibrosis appears as renal failure develops. As in all
other forms of glomerulonephritis, the tubulo-interstitial lesion
may play a crucial role in the progression of the disease.

Immunofluorescence Findings

The characteristic immunohistologic finding in type II MPGN
is intense staining for C3 along the glomerular capillary walls
and in the glomerular mesangial regions (16,17,19,21,41,44,
51,52,119,135–137,139). The immunohistologic pattern has
been variously described as linear, pseudolinear, ribbonlike,
granular, or nodular. Moreover, the intensity on distribution
of deposits varies considerably. The most common finding is
C3 along the capillary walls in a double-contour linear config-
uration giving a “railroad track” appearance and ring-shaped
mesangial linear deposition (19,119,135) (Fig. 62-22). Granu-
lar staining, distinct from the linear deposits and the mesangial
rings, are also frequently found in the mesangium. C3 also is
frequently present in Bowman’s capsule and along tubular base-
ment membranes (119,141,142) (Fig. 62-22). The early com-
ponents of complement (C4 and C1q) are noted rarely (144).
Deposition of immunoglobulins is rare and tends to be focal,

FIGURE 62-22. Type II membranoproliferative glomerulonephritis,
immunofluorescence shows linear staining of the peripheral capillary
wall, Bowman’s capsule and tubular basement membranes. Note bright
granules in mesangium. (Anti-C3, magnification ×250.)
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segmental, and less intense than that of complement compo-
nents (19,119).

Many studies using various staining methods showed ma-
jor differences in the pattern and composition of the deposits
between dense deposit disease and type I MPGN, providing
valuable information for making the histologic diagnosis and
understanding the morphogenesis of type II MPGN. Some
investigators demonstrated that dense deposits stain brightly
with thioflavine-T (18,145). Muda et al. (54) in an ultra-
structural histochemical investigations, demonstrated that the
dense deposits have a higher affinity for osmium than the
lamina densa of normal basement membranes, and that
the electron density is strictly osmium dependent, suggesting
the presence of a lipid component. Nevins (146) and Galle
and Mahieu (57) suggested that the dense deposit basement
membrane changes are characterized by the accumulation of
a glycoprotein membrane material that contains large amount
of sialic acid. Further studies are warranted to determine the
exact chemical composition of the dense deposit material.

Electron Microscopy Findings

There is generally good agreement that confirmation of the di-
agnosis of dense deposit disease requires electron microscopy
examination (5,16–18,41,44,57). The characteristic lesion is a
basement membrane thickening due to the presence of electron-
dense material within the lamina densa (Fig. 62-23). Distri-
bution can be segmental, discontinuous, or diffuse. The elec-
tron dense deposits do not show a particular substructure and
are different from the fine granular deposits that characterize
the various forms of immunocomplex glomerulonephritis, and
therefore they can be clearly differentiated from the deposits
seen in type I MPGN.

Similar electron-dense material usually is present in the
mesangial area. These deposits may be well circumscribed and
correspond to the mesangial rings made on immunofluores-
cence. Electron-dense deposits usually are noted along the basal
lamina of Bowman’s capsule, along the tubular basement mem-
branes and in capillaries, arterioles and small arteries (16,136).
More frequently than in type I MPGN, humplike subepithe-
lial deposits are noted (16,44,136,143). Other changes seen
on electron microscopy include mesangial proliferation and
mesangial matrix expansion, with great variability in intensity
and diffusion of these lesions.

FIGURE 62-23. Type II membranoproliferative glomerulonephritis,
electron micrograph of a part of a glomerulus shows the thickened
capillary basement membranes; a homogeneous electron-dense mate-
rial replaces the lamina densa with a diffuse distribution. (Magnifica-
tion ×2,800; courtesy of Dr. E. Schiaffino, Department of Pathology,
San Carlo Hospital, Milan).

The presence of dense-deposits in other organ system (e.g.,
brain, heart, lung, liver, adrenal glands, or pancreas) has
not been reported. Eye fundus lesions, described by Duvall-
Young et al. (147) and others (148), are described later in this
chapter.

Type III Membranoproliferative
Glomerulonephritis

Burkholder et al. (15) discussed a type of MPGN they termed
mixed membranous and proliferative glomerulonephritis. This
pattern had some of the features of typical type I MPGN, such
as thickening of the glomerular capillary walls, double con-
tours, mesangial interposition, and subendothelial deposits. In
addition, however, there were silver-positive spikes along the
GBM and trichrome-positive subepithelial humps such as seen
in stage II membranous glomerulonephritis. Ultrastructural
studies confirmed the presence of glomerular electron-dense de-
posits, and immunofluorescent staining showed a heavy granu-
lar pattern along the glomerular capillary walls and mesangium
for C3 and sometimes for IgG and IgM. The clinical features
were similar to those of type I MPGN and DDD; the serum C3
level was depressed in two of five patients.

Anders et al. (62) and Strife et al. (63), using mainly elec-
tron microscopy, characterized another variant that they also
designated type III MPGN. The lamina densa was disrupted of-
ten with thickening and expansion of the basement membrane
and layering by a silver-negative basement membrane mate-
rial. There were glomerular subendothelial and subepithelial
deposits that were contiguous or connect through the lamina
densa of GBM (3,62,63,129). The controversy over whether
type III should be recognized as an established and distinct
clinico-pathologic entity or a simple variant of type I MPGN
remains open. Jackson et al. (64) concluded that “despite some
differences, type I and III should be considered variants of the
same disease, rather than separate diseases.”

ASSOCIATION WITH OTHER
DISORDERS: DIFFERENTIAL

DIAGNOSIS

Morphologic lesions referred to as MPGN have been described
in numerous forms with recognizable etiologic agents or as oc-
curring in association with other diseases. Usually the clinical
features and specific laboratory findings allow the clinician and
pathologist to propose a precise differential diagnosis. More-
over, many forms of MPGN associated with systemic diseases
show peculiar histologic, immunohistologic and ultrastructural
features that allow a clear morphologic differentiation from the
“idiopathic” form.

Mixed Cryoglobulinemia (MC)

Cryoglobulinemia is a pathologic condition in which the blood
contains immunoglobulins that precipitate reversibly at cold
temperatures. According to the widely used classification, there
are three types of cryoglobulinemia (93,149). In type I cryo-
globulinemia, the cryoprecipitable immunoglobulin is a single
monoclonal immunoglobulin, usually a myeloma protein or a
macroglobulin (Waldenström’s macroglobulinemia). In type II
MC, a monoclonal immunoglobulin (usually an IgM) is bound
to a polyclonal IgG and acts as an anti-IgG rheumatoid factor,
whereas in type III, the anti-IgG rheumatoid factor is a poly-
clonal immunoglobulin. Both types of MC are frequently
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associated with a single monoclonal immunoglobulin, usually
a myelomatous protein. Although the glomerular lesions are
variable and nonspecific in the few cases of type III MC, a
particularly well-characterized pattern of glomerular involve-
ment called “cryoglobulinemia glomerulonephritis” has been
described in type II MC, in which the monoclonal rheumatoid
factor usually is an IgM-k (93,94,150– 154).

The glomerular pattern of cryoglobulinemic glomeru-
lonephritis is characterized by massive endocapillary hypercel-
lularity due to an infiltration of leukocytes, mainly monocytes
(4,104,154,155). Immunohistochemical analysis with mono-
clonal antibodies confirms this massive accumulation of mono-
cytes, which is more impressive than in idiopathic MPGN
(88).

Another typical morphologic feature is the frequent and
sometimes massive presence of amorphous, eosinophilic, PAS-
positive deposits totally filling the capillary lumina with aspect
of “intraluminal thrombi” (93,94,152,153,156,157). Thicken-
ing of GBM, with a double-contoured appearance, is more dif-
fuse and evident than in SLE and idiopathic MPGN, and is due
mainly to peripheral interposition of monocytes (93,94,155).
In spite of the intense intracapillary proliferation and exuda-
tion, extracapillary proliferation is an uncommon finding. In
at least one-third of patients with MC, vasculitis of small and
medium-sized arteries is found (94,151,152,158).

Immunohistologic features follow a predictable pattern, and
the pattern of deposition or the identity of the prevailing im-
munoreactants is particularly important in the differential di-
agnosis (152,158–160). The pattern is characterized by large
deposits in capillary lumina as intraluminal thrombi and diffuse
granular staining of peripheral capillary walls (subendothelial
deposits). IgM and IgG are the prevailing immunoreactants,
suggesting that the deposits are locally trapped or precipitated
cryoglobulins.

Electron-dense deposits can be found in the capillary walls
and lumina (thrombi). Sometimes they are amorphous, im-
mune complex–like deposits, but often they show a typi-
cal and peculiar fibrillar or crystalloid structure, identical to
that seen in the in vitro cryoprecipitate of the same patients
(93,152,155,156,158,161–164). Ultrastructural examination
confirms the massive infiltration of monocytes in the capil-
lary lumina and in the double contour of thickened GBM
(4,154,164).

Systemic Lupus Erythematosus (SLE)

Renal morphologic features similar to those of idiopathic
MPGN, with marked and homogeneous mesangial prolifer-
ation and diffuse double-contoured appearance of thickened
capillary walls, are uncommon in SLE. According to new SLE
nephritis International Society of Nephrology/Renal Pathol-
ogy Society (ISN/RPS) classification, the differential diagnosis
should be posed with class IV global diffuse lupus nephritis
(90). Class IV-G is characterized by diffuse and global endo-
capillary, mesangial, and frequent extracapillary proliferation
(165).

Many active lesions, usually absent in type I MPGN, may
be present in class IV-G: widespread wire-loops, capillary loop
necrosis, karyorrhexis, and hematoxylin bodies (167–169).

The immunohistologic pattern in class IV-G lupus glomeru-
lonephritis is characterized by massive parietal deposits mim-
icking the wire-loop seen at light microscopy (170). IgG is
found in all patients and IgM in approximately 60% of cases,
whereas IgA is rare. (170,171). Of the complement compo-
nents, C3 is the most frequent, followed by C1q which usually
stains very intensively. The intense positivity for C1q in SLE
nephritis is an important feature in the differential diagnosis
with regard to other forms of MPGN (172). Finally, ultrastruc-

tural evidence of deposits simultaneously located in the mesan-
gial, subendothelial, intramembranous, and subepithelial sites
is considered suggestive for SLE-associated glomerulonephritis
(89,166,173,174).

Light-Chain Disease

The appearance of glomerular lesions occurring in light-chain
disease may be variable but the most common feature is char-
acterized by massive mesangial nodules similar to those seen
in the nodular form of type I MPGN (80, 81,175–178). The
staining characteristics of the glomerular nodules, however,
are different in the two diseases: those in light-chain disease
are more PAS positive, and negative on silver stain. More-
over, the constant presence in light-chain disease of tubu-
lar basement membrane, vascular, and interstitial deposits
frequently is sufficient to trigger the suspicion that the un-
derlying cause of the nephropathy is systemic deposition of
immunoglobulin fragments. Immunofluorescence allows a fur-
ther differentiation, with a strong staining for K light chains
in glomeruli, tubular basement membrane, vessels and inter-
stitium (175,176,179,180). Finally, electron microscopy shows
typical fine granular deposits of extremely electron-dense mate-
rial distributed through mesangial area and along GBM (181–
183).

Light-chain nephropathy occasionally may resemble type
II MPGN, although the electron-dense deposits of light chain
nephropathy tend to be more coarsely granular and suben-
dothelial in location, and do not stain for C3 by immunofluo-
rescence.

Liver Disease

A pattern of membranoproliferative glomerulonephritis in
liver disease has been described by many authors (127,184).
The morphologic picture often is indistinguishable from the
glomerular lesions of classical type I MPGN. The prevalent
and intense positivity for IgA in the mesangium and capillary
walls is the most important characteristic finding.

CLINICAL MANIFESTATIONS
OF IDIOPATHIC

MEMBRANOPROLIFERATIVE
GLOMERULONEPHRITIS

Since the mid-1960s, the clinical and laboratory features of
MPGN have been described in a number of clinical studies
and reviews (1,2,6–8,10,11,15,16,44,67,71,185). Idiopathic
MPGN affects children and adolescents more frequently than
adults, and rarely occurs before 5 years of age and after the
sixth decade (17,186). Type II MPGN is more frequent at
younger ages. Sex predominance varies in single reports, but
in the cumulative experience, both sexes are equally affected.
The disease is more common among whites than among black
and Asian populations. Familial cases of both type I and type
II have been reported, which argues in favor of genetic factors
being involved in their origin (187,188). Tissue typing studies
showed that the extended haplotype on chromosome 6q, hu-
man leukocyte antigen (HLA)-B8, DR3, SC01, GL02, is found
in 13% of patients with MPGN types I and III and in 1% of con-
trol haplotypes (189). However, this haplotype is not specific
for MPGN and also is associated with SLE, gluten-sensitive en-
teropathy, and type I diabetes mellitus. Type II MPGN is much
less common than type I. In series with consecutive patients
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of both types, type II usually represents 10% to 20% of total
cases and type I most of the rest; approximately 5% of cases
have type III.

In type I MPGN, the clinical presentation is nephrotic syn-
drome for 60% or more of cases, usually accompanied by mi-
croscopic hematuria. Acute nephritic syndrome may be the pre-
senting feature in 15% to 20% of cases, recurrent macroscopic
hematuria occasionally is seen. The remainder present with
asymptomatic microscopic hematuria or proteinuria. These
clinical types and symptoms often overlap. Two children with
few urinary abnormalities and hypocomplentemia were de-
scribed with typical type I MPGN at renal biopsy; the clinical
picture remained unchanged for many years (190). The onset
of disease can be preceded, especially in children, by an infec-
tious episode in the upper respiratory tract, more commonly in
type II. Hypertension increases in frequency during the course
of disease, even before the onset of a reduction in glomeru-
lar filtration rate (GFR). On initial diagnosis, hypertension is
present in 30% of cases, and renal insufficiency in 20%. Renal
symptoms at presentation may be accompanied in approxi-
mately 25% of cases by fatigue, weight loss, pallor, lack of
appetite. A moderate degree of anemia (hemoglobin between
8 and 10 g/dL), which is out of proportion of the degree of re-
nal function impairment, is present in 25% to 40% of cases. It
may be caused by increased hemolysis, related to complement
activation on red blood cells surface.

The presenting syndrome in type II MPGN is similar to that
in type I, but acute nephritic syndrome or recurrent macro-
scopic hematuria are more common. Some authors (50) report
a reversal of acute nephritic episodes in type II MPGN, most
often occurring during the onset of disease, but this observation
has not been confirmed by others (9). More recently, ocular al-
terations have been demonstrated in type II MPGN. Autopsy
studies have shown dense deposit material using PAS staining
of the wall of choroidal blood vessels and Bruch’s membrane
(147). These patients had been diagnosed with dense deposit
disease by renal biopsy 2 years earlier. These deposits were con-
firmed by electron microscopy, and were similar to those seen
in renal tissue, they were localized in the basement membrane
of the ciliary epithelium, the capillaries and along the inner
collagenous layer of Bruch’s membrane. The high frequency of
eye abnormalities has been confirmed by several clinical studies
with fundal examination by ophthalmoscopy and fluorescein
angiography. The ophthalmoscopically examined lesion resem-
bles basal laminar drusen and worsens in extension and num-
ber with the duration of disease (191, 192). Michielsen et al.
(193) found diffuse retinal pigment alterations in 11 out of 12
patients with type II MPGN and 4 of these patients also had
disciform macular detachment and choroidal neovasculariza-
tion. Subretinal neovascularization is therefore a complication
of dense deposit disease (194). Type I MPGN is not associated
with fundus lesions.

The clinical presentation and course of type III MPGN are
similar to those of the other types, except that the patients tend
to be older, the disease has more insidious onset, complement
abnormalities are different from type I (62,195), the outcome
may be more serious, and clinical and laboratory manifesta-
tions less responsive to steroids.

LABORATORY FINDINGS

Membranoproliferative glomerulonephritis exhibits a distinc-
tive laboratory feature that is unique among the primary
glomerular diseases. This is the frequent finding of an abnor-
mal serum complement profile. The abnormality in type I con-
sists of a reduction of serum C3 in 60% to 70% of cases, and,
more rarely, of C4 at time of diagnosis; hypocomplementemia is
more pronounced during follow-up, but normalizes with time

in some patients. Nevertheless, normal values throughout an
entire course of observation can be seen. C3 is more frequently
(60% to 70% of cases) and severely reduced in type II than
type I, but the differences are less pronounced than formerly
believed. Adults and children have similar complement profiles.
Most patients with type III MPGN exhibit a depression of C3,
but C4 is almost always normal (64). The C3 nephritic fac-
tor of amplification loop (NFa), an IgG autoantibody to a C3
convertase (C3b,Bb), isolated from sera of patients with type
II disease, is found in 80% of cases in this form and was ini-
tially believed to be characteristic of type II MPGN. However,
it can also be found in few patients with type I disease. This
factor is a conformational autoantibody that binds to C3b,Bb,
the C3 convertase of alternate pathway that normally cleaves
C3 into C3a and C3b. Binding of this autoantibody protects
C3b,Bb from enzymatic inactivation and stabilizes the conver-
tase, thereby allowing continued C3 breakdown and increasing
C3 consumption.

It therefore is responsible for the persistent depression of C3.
Thus, membrane-bound C3/C5 convertase does not form, and
activation of the terminal pathway does not occur. C3NFa is
more common in children with type II MPGN than in adults,
is a fast activator, with a molecular weight of 240 kd. An-
other autoantibody against the terminal complement compo-
nents in patients with type I MPGN has been observed (196–
199). This terminal nephritic factor (NFt), an autoantibody
against C3b,Bb,P, is a slow activator of the terminal compo-
nents C5b,6,7,8, providing a binding site for C3b. It is found
in type I (approximately 20% of cases), rarely in type II, and
in approximately 70% of type III (199). NFt is properdin de-
pendent and has a molecular weight of 980 kd and its presence
in sera is associated with reduced concentrations of C3 and
terminal complex C5b,6,7,8,9. Finally, a nephritogenic factor
(NFc), which causes C4 activation, is found in sera of 15%
of patients with type I MPGN. This autoantibody affects clas-
sical pathway C3 convertase, stabilizes C4b,2a and increases
the classical pathway activation in the presence of circulating
immune complexes (200). In about half of patients with type I
MPGN the terminal C5b-9 complement complex (TCC) levels
were found to accumulate in plasma and urine. TCC was also
found in glomerular deposits. Increased TCC was associated
with acute phase hypocomplementemia, with a lower response
to steroids and poor long-term prognosis (201). Vitronectin
and clusterin, which are both regulatory proteins for TCC, are
also involved (202) and play a role in reducing the formation
of TCC in glomerular tissue.

Circulating immune complexes are found in both types I
and II MPGN, more frequently in type I (60% to 70% of cases)
than type II (30% to 40%) (203). Serial measurements of circu-
lating immune complexes have shown that the complexes are
found intermittently, transiently, with wide variations over time
(204).

In routine laboratory investigations, patients with MPGN
show the aforementioned anemia, which is of the nor-
mochromic normocytic type. When present, all laboratory fea-
tures of nephrotic syndrome, (e.g., hypoalbuminemia, lipid ab-
normalities) are detectable. Obviously, the urinalysis reveals
various degrees of glomerular nonselective proteinuria on elec-
trophoretic examination and dysmorphic erythrocytes and red
cell casts in the urinary sediment.

Other laboratory investigations in all patients with a histo-
logical diagnosis of MPGN must be geared toward a complete
search for the underlying disease. This procedure is mandatory
before a patient is categorized as affected by a primary or id-
iopathic MPGN because of the frequent association of MPGN
with systemic disease, including a chronic bacterial or viral in-
fection. These investigations include testing for antinuclear and
anti-DNA antibodies, cryoglobulins, serum and urine protein
immunoelectrophoresis or immunofixation for paraproteins,
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ANCA, serology for hepatitis B and C, hepatic enzymes,
and screening studies for malignancies, especially in older pa-
tients. Moreover, blood cultures for a possible bacterial in-
fection should be performed. Screening for HCV antibody
or HCV RNA by polymerase chain reaction is important. If
an MC related to HCV accompanies a MPGN, C4 will be
severely depressed, unlike the primary form of MPGN, in
which C3 is often decreased to a greater extent than C4. The
relation between HCV and MPGN is discussed later in this
chapter.

PATHOGENESIS

The pathogenesis of all types of MPGN remains incompletely
understood. Type I MPGN has many features that suggest
an immune complex-mediated disorder. In favor of this hy-
pothesis is the frequent detection of circulating immune com-
plexes (203,204), the subendothelial presence of immunoglob-
ulins and complement components in glomeruli by direct
immunofluorescence (2,9,16,17,44,48,119), the evidence in
serum of activation of the classical complement pathway
(6,205–207), the analogy with experimental models induced
by immune complexes, and the similarity between MPGN and
human diseases caused by immune deposits such as chronic
bacteremic or viremic states and SLE, whose antigen is well
known (208,209). In type I MPGN, unlike type III or II, the
constant presence of subendothelial deposits during hypocom-
plementemic accords with the hypothesis of nephritis arising
from immune complexes deposition. Deposition of circulating
immune complexes is the predominant nephritogenic agent in
type I MPGN, with evidence for classical pathway activation,
even though other nephritic factors may be present in some
patients. In a few severely hypocomplementemia patients with
type I disease, paramesangial deposits were observed that cor-
related with the hypocomplementemia, which is in agreement
with the presence in serum of native convertase in excess and
of circulating nephritic factors (210,211).

However, because many patients with circulating immune
complexes do not acquire MPGN, additional factors, such as
type of antigen, type and charge on the antibody, size of the
complexes, their ability to dissociate and reassociate, and local
glomerular factors must play a role. In addition, mechanisms of
immune complexes clearance can be defective. Other glomeru-
lar complexes are formed in situ, depending on the antigenic
stimulus and antibody response.

Moreover, in type I MPGN, besides the classical pathway
of complement activation (low C4, C2, C1q, B, C3), terminal
(low C3, C5, C8, C9) and alternate pathway activation (low
C3) also sometimes are observed. Therefore three patterns of
complement activation are seen in type I MPGN. In fact, in
type I MPGN, besides the classical immune complex mecha-
nism, both NFa and NFt are involved. In some cases, the C1
bypass, which reacts with C1, properdin and factor B, also is
found.

Complement abnormalities may be relevant to disease’s
pathogenesis, because frequent defects of complement compo-
nents in type I MPGN are observed. These primary defects
include inherited partial deficiencies of C3, C3 factor B, C6,
and C7, and structural abnormalities in C3 and C7 (212–216).
A membranoproliferative glomerulonephritis was described in
a 10-year-old female patient with an inherited C4 deficiency.
Focal MPGN was observed at renal biopsy with electron-dense
deposits in paramesangium and subepithelial regions and iso-
lated C3 deposits along GBM and mesangial areas (217). Such
deficiencies, related to a defect in a structural or regulatory
gene, could play a permissive role by interfering with the clear-
ance and solubilization of antigen–antibody complexes after a

viral or bacterial infection, leading to increased glomerular de-
position and development of MPGN. For example, in Finnish
Landrace lambs (218), which are C3 deficient, type I MPGN
develops, with a predominant C3 glomerular deposition as an
early lesion and subsequent deposition of immunoglobulins
and development of a more generalized immune complex dis-
ease. A mixture of different types of MPGN can be observed
in the same family. Berry et al. (219) described two siblings,
a brother who had type III disease and a sister with type I;
in a second family, two brothers had type I disease. In con-
clusion, even though the complement profile in type I MPGN
may sometimes indicate the presence of a nephritic factor, cir-
culating immune complexes appear to be basic to pathogenesis
(210).

The mechanisms of capillary wall injury can be divided
into two phases. A first “active” phase, the more proximal
layers of the glomerular capillary walls are involved directly,
by complement cytolytic activity and by accumulation and in-
filtration of inflammatory cells, in particular neutrophils and
monocytes (220). Such cells in MPGN show an increased ex-
pression of some surface adhesion molecules, which interfere
with intercellular adhesion molecule-1, which is expressed in
endothelial and mesangial cells. The second injury phase, re-
sults in expansion of mesangial matrix and duplication of base-
ment membrane. During the second phase tissue repair with
thickening of the peripheral capillary wall, the characteristic
double-contoured basement membrane and expansion of the
mesangium are the prevailing features (220).

Type II MPGN is a unique lesion with no experimen-
tal analog and many factors differentiate the disease from
the other histologic variants of MPGN (26,51), including the
presence of peculiar and specific intramembranous deposits,
the absence of immunoglobulins in glomerular deposits, the
more frequent and persistent reduction of C3, the evidence of
NFa in serum, the occasional association of partial lipodys-
trophy, and the recurrence of the disease in a transplanted
kidney (16,17,44,56,137,221,222). Type II MPGN is consid-
ered to be associated with the alternative pathway of comple-
ment activation, with the amplification loop mechanism being
operative.

Factor H deficiency and dysfunction have been described
in type II MPGN (210). Factor H, a β1-globulin located on
the gene cluster on chromosome 1, is a regulatory protein of
complement activation. It inhibits C3/C5 convertase activation
of C3 by cleaving Bb from C3,Bb. Factor H dysfunction leads
to accumulation of alternative pathway convertase C3b,Bb and
C3 consumption. Factor H also serves as a cofactor for the C3b-
cleaving enzyme, factor I. Homozygous factor H deficiency was
associated with type II or type I MPGN (223). In the same se-
ries other patients with homozygous or heterozygous factor H
deficiency presented with typical or atypical hemolytic-uremic
syndrome (223). This report confirms that glomerular lesions
in MPGN are secondary to uncontrolled C3 alternative path-
way activation.

Partial lipodystrophy is a rare disease, characterized by a
symmetric loss of facial fat and of the disappearance, in some
cases, of fat from the arms and upper part of trunk. These pa-
tients have hypocomplementemia, circulating serum Nfa and
activation of the alternative pathway of complement, and a
type II MPGN develops in some of them. In this disease,
hypocomplementemia precedes the onset of nephritis. This sug-
gests that additional factors also may be involved, such as cir-
culating immune complexes. NFa also is involved in damage
to adipocytes; adipocytes produce a protein (adipsin) that is
identical to factor D of alternative pathway of complement ac-
tivation. The pattern of damage is related to the amount of
factor D produced by the adipocyte (186). More rarely, types
I and III are associated with partial lipodystrophy.
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Whether type II MPGN has the same genetic predisposition
as type I is uncertain. Power et al (188) described the incidence
of C3 nephritic factor, partial lipodystrophy and type II MPGN
in members of two generations of a single family. This suggests
that the pathogeneses of these conditions may be linked and
that genetically determined factors may, in some circumstances,
contribute to disease susceptibility.

Biochemical analysis of membranes containing dense de-
posits in type II MPGN showed an accumulation of a biochem-
ically modified glycoprotein membrane substance that had
increased sialic acid and decreased cysteine (57). GBM con-
taining dense material lose its endothelial antigens (57), and
has decreased antigenic binding sites. It has been reported (146)
that dense deposits had a selective reactivity for certain lectins,
indicating the presence of an appreciable amount of internally
linked N-acetylglucosamine. The Cincinnati group (224) iden-
tified the mesangial deposits in type II MPGN as paramesangial
(granules at the base of the capillary tuft) and, more impor-
tantly, demonstrated that their presence correlates closely with
hypocomplementemia. Such deposits more likely result from
circulating convertase stabilized by the NFa. More recently the
same investigators (225) observed that paramesangial deposits,
present only during hypocomplementemia, in type II MPGN
are composed only of C3c, which can be formed from a cir-
culating complement breakdown product, induced by NF. The
C3c deposits are devoid of properdin, while C5 is present in
only small amounts. These observations suggest that NF has a
role in the pathogenesis of type II MPGN, the C3 level having
a possible prognostic significance.

The pathogenesis of type III MPGN is uncertain. The gen-
eral absence of IgG and C4 from the glomerular deposits and
the aforementioned changes in the complement profile, to-
gether with the lack of classical pathway of activation, tends
to rule out an origin from circulating immune complexes. Type
III MPGN is a consequence of the formation of the NFt au-
toantibody, a slow acting, properdin-dependent antibody at
the terminal pathway. Late terminal components are activated
to a greater extent than in other types (197,198). Hypocomple-
mentemia is therefore due to circulating nephritic factor which
stabilizes the convertase, C3b, Bb, P. Hypocomplementemia
was found to be correlated with the presence of subendothe-
lial and subepithelial deposits, but if the patient becomes nor-
mocomplementemic during the course of disease, the deposits
slowly disappear. The first deposits to disappear are suben-
dothelial, followed by paramesangial deposits. Much later, the
“type III lesions” (i.e., association of subendothelial deposits
and interruptions of lamina densa) also disappear (211). In type
III subendothelial deposits are present only in half of the cases
in hypocomplementemic patients and are absent in normocom-
plementemic patients. This could depend on a less complete re-
arrangement of the deposited material than in type I, because of
the absence of IgG (62). Paramesangial subepithelial deposits
are a hallmark of type III MPGN, they are correlated with ele-
vated circulating levels of the convertase C3b. These deposits,
in type III MPGN, differ from those in type II in that they can
persist for up to a year after NFt has disappeared and hypocom-
plementemia resolved (210,211). Remission of type III MPGN,
eventually induced by steroids, is coincident with normocom-
plementemia and absence of type III lesion and deposits. On the
other hand type III lesion can be absent at the onset of disease,
when severe hypocomplementemia is observed; the histologic
lesions can develop later in the course of disease.

In conclusion, abnormal circulating levels of the convertase,
stabilized by the nephritic factors, are closely associated with
glomerular deposits and therefore are nephritogenic (211). The
elimination of nephritic factors, and consequent normalization
of serum C3 level, is the primary goal of the therapy of types
II and III MPGN.

Hepatitis C Virus and Membranoproliferative
Glomerulonephritis

Various studies have demonstrated an association between
HCV infection and MPGN. Occult chronic infection with HCV
in apparent primary MPGN is thought to be more common
than previously detected (38,226–228). Two-thirds of HCV-
related MPGN cases had cryoglobulinemia and circulating im-
mune complexes. The MPGN was type I and type III. The real
prevalence of noncryoglobulinemic MPGN, compared with the
more frequent cryo-mediated GNMP, is still debated. Patients
with MC and MPGN have HCV antibodies of the IgG type that
stimulate the production of cryoprecipitable IgM-k anti IgG.
The production of glomerular lesions is related to cryoglob-
ulin formation. The hypothesis that HCV antigen-containing
immune complexes without IgM-k also can be responsible for
noncryoglobulinemic MPGN is controversial. Some patients
apparently without systemic manifestations exhibit symptoms
of cryoglobulinemia later in the course of disease.

The explanation for the finding of noncryoglobulinemic
MPGN associated with HCV infection, at least in some ge-
ographic areas such as the United States and northern Japan,
is that the production of cryoglobulins might not reach a level
detectable by standard laboratory technique. In addition, pa-
tients could produce antibodies of the “rheumatoid factor”
type but that could be without the ability to induce immune
complexes precipitable by cold. Finally, these patients can have
an immune complex–mediated MPGN without detectable cir-
culating cryoglobulins (220,229) although the cryoglobulins
may be detected after a few months of disease.

Nevertheless, the prevalence of HCV antibody in patients
with apparent “idiopathic” MPGN in many series is low, and
comparable to the prevalence in the general population (230–
238). In conclusion, HCV infection induces glomerular dam-
age mainly through endogenous production of cryoprecipitable
IgM-k anti-IgG antibody. Nevertheless, the induction of an im-
mune complex mediated GN without IgM-k is a possible event
(238–240).

Cellular Immune Function

Cellular immune function in patients with idiopathic MPGN
has been investigated with inconclusive results (241,242).
Prominent cell-mediated immunity and related immune re-
sponse have been recently studied in single glomerular diseases.
Human immune response leading to different patterns of injury
can be directed by two specific subsets of T helper cells, which
involve cell-mediated effector mechanisms and promote anti-
body production and antibody mediated effector mechanisms.
Th1 or Th2 predominance of nephritogenic immune response is
relevant for the single histopathologic patterns and outcomes
of glomerular diseases. Evidence that Th1 predominant im-
mune response is associated with MPGN has been reported
a few years ago (243). Th1 or Th2 predominance can also be
evaluated by IgG subtypes involvement or cytokine production
(40). Elevated serum IgG3 values in patients with MPGN, in
parallel with IgG3 glomerular deposits, are in agreement with a
prevalent Th1 pattern in MPGN (244). Moreover, in the same
patients, high levels of serum cytokines IL-2 and IL2-R also
suggest that Th1 pattern has an important role in the patho-
genetic mechanism of MPGN (244). Accordingly, the princi-
pal function of CD4+ cells expressing Th1 phenotype is the
complement-fixing antibody, while IgG3 subclasses are strong
initiators of complement activation. As already mentioned, pre-
vailing Th1/Th2 balance directs the nephritogenic immune re-
sponse and may be driven by hygiene and other environmental
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factors (hygiene hypothesis) (39). This could explain the diver-
gent prevalence of MPGN in different geographic areas world-
wide and changes in epidemiology according to improved so-
cioeconomic status.

Role of Platelets

Evidence of platelet involvement in the pathogenesis of MPGN
has been found in experimental and clinical studies (245).
Platelets may participate in the glomerular damage in models
of experimental MPGN, together with other mediators (246).
Selective platelet consumption and reduced survival have been
detected in most patients with MPGN. Platelets contain a po-
tent mitogenic factor, platelet-derived growth factor (PDGF),
that recruits and mitogenically stimulates mesenchymal cells
(247). Platelet-derived growth factor and the platelet-specific
protein factor-4 have chemotactic activity for neutrophils and
monocytes (248). Activated platelets also release transforming
growth factor-β, which plays a predominant role in the evo-
lution of glomerular lesions to sclerosis by stimulating matrix
protein deposition and inhibiting their reabsorption. George et
al. (249) found selective platelet consumption in patients with
different types of glomerulonephritis, including MPGN. Dona-
dio et al (250) provided evidence for decreased platelet survival
in 70% of patients with MPGN, with a favorable effect of an-
tiplatelet agents (dipyridamole and aspirin). Whether platelet
activation and consumption can cause direct endothelial dam-
age through tissue deposition or release of mitogenic proteins is
unknown. The true role and importance of platelet activation
in initiation and progression of injury remain unknown.

NATURAL HISTORY
AND PROGNOSIS

The clinical course of MPGN appears to be comparable for all
types of MPGN, and variations in the clinical severity of the dis-
ease can occur with prolonged remissions, either spontaneous
or after various forms of treatment (186,251,252). Clinical re-
missions also were correlated with a regression of the histologic
lesions (248,253,254). Episodes of acute deterioration of renal
function or rapid variations of proteinuria can occur without
any obvious triggering events. Moreover, the disease can re-
main stable for years, despite persistent proteinuria. Clinical
remissions have been reported in 7% to 10% of patients in
older series and persistent proteinuria in 30% to 40% of cases.
Chronic renal insufficiency in 10% to 15%, and uremia with
need for replacement therapy is observed in 40% to 45%. The
mean renal survival rate is approximately 50% at 10 years
(47,131,251,255). Droz et al. (251) reported a survival rate at
10 years of 60% for “pure” MPGN, and of 36% for the lobular
form. Pediatric series have a better prognosis (256,257).

Type II MPGN does not show a different clinical course,
even though clinical remissions are uncommon (16,48) and
loss of renal function is somewhat faster than for type I. The
mortality rate is 50% at 10 years from diagnosis for children
(16) and at 8 years for a series of children and adults (48).
More prolonged courses are reported by others (50). Children
with type II MPGN had a slightly better prognosis in some
studies, but longer follow-up series did not show any differ-
ence in outcome from that of the adult population (48,258).
In four long-term follow-up studies, similar patient survival or
renal failure rates were found for all the morphologic groups
of MPGN (2,44,47,50). A comparison between clinical course
in type I and type III MPGN was performed recently by the
Cincinnati group (195). Twenty-one children with types I and
25 with type III MPGN, with similar clinical characteristics at

onset and both treated with alternate day steroids, were fol-
lowed for a period of at least 5 years. Patients with type I
disease had a lower initial mean GFR. The frequency of com-
plications of therapy did not differ between the two groups.
Ninety percent of patients with type I and less than 50% of
those with type III disease normalized their serum C3 levels
after 1 year; this difference was statistically significant. After
3 years, 95% of patients with type I and 67% of those with
type III had normalized their complement level. A disease re-
lapse at 3 years occurred in six patients of type III and in none
of the patients with type I disease. At last follow-up, a slight
improvement in mean GFR was observed for the patients with
type I disease, whereas a 25% decrease in mean GFR was seen
in patients with type III. Residual urinary abnormalities were
significantly more frequent in patients with type III than type I
MPGN.

Two large, multicenter series of type I MPGN, 220 patients
in a German study (113) and in an Italian study (66,259), re-
ported similar data for clinical courses after a mean follow-up
of 83 months from the apparent onset: 30% to 40% of patients
maintained normal renal function with persistent urinary ab-
normalities, 25% to 30% had chronic renal insufficiency, and
25% had end-stage renal disease with replacement therapy. In
the German study, there was a high mortality rate (23%). The
calculated actuarial renal survival rates at 10 years from re-
nal biopsy were 64% for the German and 60% for the Italian
population. The Italian study also showed no difference in re-
nal survival compared with 28 patients with type II MPGN. In
both series, there was a mixed cohort of treated and untreated
patients.

Clinicopathologic Correlations

Many clinical and histological studies have tried to identify
clinical or histologic parameters that were correlated with a
worse prognosis (2,47,48,50,255,256). Factors at onset of dis-
ease that adversely influenced the progression to end-stage re-
nal disease were hypertension, early impaired renal function,
and the nephrotic syndrome; among the histologic parame-
ters, epithelial crescents and interstitial damage indicated a
poor prognosis (113). Other reports did not indicate persis-
tent nephrotic syndrome as a poor prognostic sign (113,251).
There is more agreement about renal impairment at presen-
tation, with most patients with early azotemia progressing to
advanced renal failure (2,9,49,113,255,256). Hypertension is
also a commonly reported bad prognostic index (9,113,252),
and many investigators have found that epithelial crescents in
more than 40% of glomeruli was associated with an adverse
outcome (47,48,260,261). Macroscopic hematuria was found
by some authors to have a bad prognosis (2,262), but this was
not confirmed by others (255). Serum complement levels, pres-
ence of C3 nephritic factor, or detection of circulating immune
complexes had no influence on prognosis (2,56,204–207,262–
265). In the Italian study multivariate analysis showed that
reduced GFR, severe proteinuria, and hypertension at pre-
sentation were significant independent risk factors. The Ger-
man study did not report nephrotic syndrome as an adverse
factor but gave similar results for the other clinical parame-
ters (113). Among the histologic data, surprisingly, glomeru-
lar sclerosis was not significantly correlated with prognosis in
either study, whereas interstitial infiltration and fibrosis were
indicators of adverse outcome in both series. Interstitial dam-
age also is related to a worse prognosis in other glomeru-
lar diseases, such as focal glomerulosclerosis (266), membra-
nous nephropathy (267), and IgA nephropathy (268,269). This
observation points to the role of a cell-mediated mechanism
of interstitial damage, possibly responsible for the progres-
sion of disease (118,270). Whether this interstitial damage is
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dependent on concomitant glomerular involvement is contro-
versial (66, 117). Arteriolar hyalinosis correlated with a worse
prognosis in the Italian study, but was not evaluated in the Ger-
man report. Moreover, in the two studies, renal survival was
compared in subgroups with glomerular changes of different
severity. In both series, the subgroup with epithelial crescents
had poor survival rates; in the Italian study, the nodular vari-
ant had a significantly worse prognosis. Although the nodular
pattern is considered a distinct entity by some (271), it was not
considered as a separate subgroup in the German study (113).

Pregnancy

During pregnancy, proteinuria can increase because of the
hemodynamic features of pregnancy. When the patient is in
renal failure, spontaneous abortion in early pregnancy is more
frequent (272). Rapid deterioration of renal function has been
described in patients with MPGN and renal insufficiency who
became pregnant. The renal function that can be adversely in-
fluenced by pregnancy has been estimated at approximately
50 mL/minute GFR or less (273).The morphologic counter-
parts of such deterioration is fibrinoid thrombi in the capillary
lumina and crescent formation, with subsequent focal sclerosis
(274). Fairley (275) observed the deterioration of renal func-
tion in a patient with MPGN whose repeat biopsy had shown
crescents. Preexisting hypertension is a factor that predisposes
to a higher risk of preeclampsia. The outcome for the fetus in
preexisting hypertension is worse, with a fetal loss rate of 25%
(276). Overall, pregnant women with MPGN have a higher risk
of development of nephrotic syndrome and a higher incidence
of preterm and small-for-gestational-age infants, especially if
they are hypertensive (277).

Membranoproliferative Glomerulonephritis
in Renal Allografts

The reported incidence of recurrent MPGN in renal allografts
varies in different series (222,278,279). It depends on the renal
transplant biopsy policy and on accurate morphologic diagno-
sis of the primary renal disease. Recurrence of type I MPGN
occurs with a frequency, that varies 18% to 30% (222,280)
and the rate of graft loss due to recurrence is higher than 50%.
The true frequency of type I recurrence may be difficult to es-
tablish because of its similarity of its clinical and histologic
features to those of chronic allograft glomerulopathy (281). A
primary cytomegalovirus infection can induce an apparent re-
currence of type I MPGN (282). If patients with type I MPGN
have had a rapid deterioration in native kidney function, a sim-
ilar pattern is more likely to occur in their transplant allograft.
Type II MPGN recurs in the renal allograft with a frequency of
80% to 90% (48,278,279). Dense deposits are easy to recog-
nize and are the earliest histologic marker. Other morphologic
changes, such as mesangial hypercellularity and matrix inter-
position come later (16, 283, 284). In some patients, recurrence
is limited to the presence of deposits in the mesangium without
GBM abnormalities, whereas in one-quarter the presence of
diffuse crescents causes loss of graft (285). Serum complement
levels or presence of C3 nephritic factor are not reported to be
predictors or markers of dense deposit disease recurrence (286),
but some authors do not agree with this observation (287).
Renal failure in transplanted patients is much more often the
consequence of rejection, rather than secondary to recurrence
(283).

Late in the course of successful transplantation, the appear-
ance of heavy proteinuria, decline of renal function, hyperten-
sion, and abnormal urinary sediment can be attributed to a dis-

tinct glomerular disease, called glomerular transplant disease
or allograft glomerulopathy, rather than to the recurrence of
primary MPGN (288,289). This condition has many histologic
features similar to those of idiopathic MPGN, but mesangial
changes are less conspicuous and consist of rarefaction fol-
lowed by sclerosis, with little cell proliferation (208).

De novo type I MPGN has been observed only rarely in
transplanted patients, and type II has never been reported
(290,291). Elimination of MPGN as the primary disease ob-
viously is necessary to establish the diagnosis of de novo
MPGN.

TREATMENT

The efficacy of therapeutic regimens in MPGN is difficult to as-
sess because of the small number of patients in short-term, con-
trolled clinical trials reported in the literature; the larger trials
have been uncontrolled. Moreover, spontaneous fluctuations of
disease activity in natural history of patients with MPGN and
the morphologic heterogeneity of the disease make the analysis
of therapeutic results more difficult. There is no proven suc-
cessful treatment for MPGN but examination of single drugs
or groups of drugs represents a simple way to assess their effi-
cacy in therapeutic approach to MPGN.

Corticosteroids

Long-term, uncontrolled studies of corticosteroids therapy
were performed in children with types I, II, and III diseases
by the Cincinnati group (263), using an alternate-day regimen
(2.0 to 2.5 mg/kg). The dose was slowly reduced to 1.5 mg/kg at
2 years and to 0.8 to 1.0 mg/kg at 4 years, always administered
every other day. The authors’ latest results (258) indicate an im-
provement in renal function and glomerular morphology with
prolonged renal survival and reduced severity of proteinuria.
In the absence of a control untreated group, survival was com-
pared with previously reported series of untreated children (2).
The beneficial effect of alternate-day steroids was more evident
after 3 years of treatment and only if prednisone was started
within 12 months from clinical onset. A prospective, multi-
center, randomized trial was carried out by the International
Study of Kidney Disease in Children (ISKDC) (292). Patients
were children affected with type I MPGN, with a GFR of a
least 70 mL/minute/1.73 m2 and a persistent proteinuria over
40 mg/hour/m2. Eighty children were randomized to receive
prednisone 40 mg/m2 every other day or placebo for a mean
of 41 months, with termination of treatment for occurrence of
renal failure. All three types of MPGN were included. Thirty-
three percent of the treated patients had a treatment failure
(30% increase in serum creatinine) and the same event occurred
in 58% in the placebo group. At 130 months, 61% of patients
under steroids had a stable renal function, whereas the rate
of preserved renal function among those taking placebo was
12%. Nevertheless, in the treated group the interval between
apparent onset of disease and study entry was only 8.9 ±
1.3 months, as opposed to 18.1 ± 3.9 months in the con-
trol group. The researchers concluded that long-term treatment
with prednisone appears to improve the outcome of children
with MPGN (292,293). Ford et al. (294) conducted another
uncontrolled study in 19 children with type I MPGN, tailoring
the dose of steroids based on renal function and proteinuria
of single subjects. Treatment was usually started within 1 year
of diagnosis. The highest dose was intravenous pulses methyl-
prednisolone, 30 mg/kg for three doses, followed by oral pred-
nisone 2 mg/kg/day. The lowest dosage was prednisone 20 mg
every other day. The mean follow-up was 6.5 years, and the
total duration of treatment was 38 ± 3 months. Repeat renal
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biopsies, performed after approximately 3 years, showed a re-
duced histologic activity in most patients. Forty-two percent of
the treated patients had a complete remission, with protein-free
urines. No patient had uremia. The mean creatinine clearance
rose from 78 to 126 mL/minute during the course of treatment.
This study suggests that in children with type I MPGN, aggres-
sive and early steroid treatment, with a dosage tailored to sever-
ity of disease, may be of some benefit. Nevertheless, no control
group was included and patients’ outcomes had been favored
by a better control of hypertension and the use of angiotensin-
converting enzyme inhibitors (ACEI). A recent comparison of
the long-term effects of an alternate-day prednisone regimen
in types I and III MPGN in children, gave clear evidence of
a significant difference with respect to changes in urinalysis,
serum creatinine, and C3 levels (195). The outcome of patients
with type I MPGN patients treated with prednisone was in
general good, whereas similarly treated patients with type III
showed reduced renal function, slower rise of serum C3 levels,
and more persistent urinary abnormalities. They also experi-
enced more disease relapses. These data confirm the clinical
differences between types I and III MPGN.

In adults, steroids trials are very limited. Results have been
reviewed by Donadio and Offord (295), who concluded that
available information does not support a favorable effect of
glucocorticoids. Nevertheless, in many studies treatment was
started too late in the course of disease. The early use of
methylprednisolone pulse therapy in patients with nephrotic
syndrome or severe proliferative lesions, followed by oral
alternate-day prednisone, can improve the prognosis and pre-
sumably exert an “antiinflammatory” effect over glomerular
lesions (296).

Alkylating Agents

The use of alkylating drugs had been poorly investigated un-
til comparatively recently in MPGN because of unfavorable
results obtained by these agents in combination with others
such as warfarin, heparin, or dipyridamole (252,297). More
recently, uncontrolled trials were conducted using oral cy-
clophosphamide in combination with methylprednisolone in
pulses, followed by oral prednisone. Faedda et al. (298) treated
19 patients between 9 and 65 years of age with various types of
MPGN with this aggressive regimen, and obtained a complete
remission in 15 of 19 patients and a partial remission in 3 of
19 patients. Four patients progressed to uremia and some of
the responders had a relapse. The survival rate, after a mean
follow-up of 7.4 years, was 79%. The rate of remission was
higher than that reported for untreated “historical” series, but
the overall survival rate did not differ greatly from that ob-
served in children treated with steroids alone.

Anticoagulants and Antithrombotics

Available data involve patients with type I MPGN. Dipyri-
damole and warfarin were used in one study, in a randomized,
crossover, prospective trial that enrolled 22 patients; only 13
of whom completed both a control and a treatment year (299).
The treated group showed a better preserved renal function,
but the rate of complications was high, with significant hemor-
rhagic problems in 37% of treated patients. A combination of
aspirin 975 mg/day and dipyridamole 325 mg/day was studied
in 40 patients who were treated for 1 year in a well-designed
randomized trial. In the treated group, GFR, measured by the
iothalamate method, was better preserved and platelet survival
time was normalized. After an average extended follow-up pe-
riod of 4 years, treated patients had a lower percentage of ad-
vanced renal failure than the placebo group. There was no

change in proteinuria, hematuria, or complement profile; 15%
of patients had to discontinue the trial because of bleeding com-
plications. Dipyridamole combined with steroids proved to be
useful in children with type I MPGN (300).

More recently (301), a nonblinded multicentric prospec-
tive controlled trial randomly assigned 18 adult patients either
to aspirin (500 mg/day) plus dipyridamole (75 mg/day) or to
placebo for a period of 36 months. Fifteen patients had type I
and 3 had type II MPGN. All patients had impaired renal func-
tion and nephrotic proteinuria. Treated patients had a greater
drop in proteinuria, and a partial remission was observed in
7 of 10 patients in the aspirin-dipyridamole group and in 2 of
8 in the placebo group. The treatment time and follow-up pe-
riod were too short to observe the postrandomization effect on
renal function. Donadio and Offord (295) stressed that these
studies (aspirin plus dipyridamole) followed the course of dis-
ease from introduction of therapy and not from the diagnosis.
The follow-up period was too brief to offer any conclusion on
the long-term effect of this therapy on the natural history of
MPGN.

Other Therapeutic Approaches

A few uncontrolled trials have been reported the use of cy-
closporine in various types of primary glomerular disease
(302,303). Cyclosporine affects proteinuria, whose reduction
is related to a reversible lowering of GFR. It may act through its
suppression of T-cell activity. This drug, used at the dosage of
4 mg/kg/day for 3 to 6 months, because of its potential nephro-
toxicity and aggravation of hypertension, should be carefully
employed in MPGN.

Levin presented successful treatment of a patient with
MPGN and severe nephrotic syndrome using mycophenolate
mofetil (304). A beneficial effect on proteinuria was reported
for other anecdotal cases (305,306).

Jones et al. (307) recently treated five adult MPGN pa-
tients with mycophenolate plus oral steroids and compared
outcome measures with six control untreated patients. A
significant reduction in proteinuria was observed during an
18-month follow-up. No significant difference between the two
groups was found for creatinine clearance, but a decrease was
present in the control group, though without reaching a statis-
tical significance.

In conclusion, preliminary data indicated that mycopheno-
late, a well-tolerated but expensive drug, in cases of MPGN
has a favorable effect in reducing proteinuria and in stabilizing
renal function.

Angiotensin-converting enzyme inhibitors could be used for
their effect in reducing proteinuria and in preserving renal func-
tion (308). Experimental and clinical data indicate that an-
giotensin II receptor antagonists (AIIRA) added to ACEI have
an additional protective effect (309,310). As in other glomeru-
lar diseases, combined therapy have an additive efficacy in re-
ducing proteinuria and slowing the progression of renal decline
(311). A low-protein diet can also play a role in lowering pro-
teinuria and possibly slowing the rate of progression of renal
disease.

Conclusions

In conclusion, from available data we can recommend three
main lines of treatment in idiopathic MPGN, depending on
clinical presentation:

1. Children with preserved renal function and nephrotic pro-
teinuria should be given a long-term, alternate-day corticos-
teroid treatment with careful monitoring of blood pressure.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-62 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:34

Chapter 62: Membranoproliferative Glomerulonephritis 1563

A period of 6 to 12 months of such therapy has been sug-
gested (312), rather than the longer time of treatment rec-
ommended previously.

2. Adults with proteinuria and reduced GFR, could be treated
with a combination of aspirin and dipyridamole, with atten-
tion to potential hemorrhagic complications. Patients with
low proteinuria and normal renal function do not need any
treatment, except diet and ACEI and/or AIIRA.

3. In patients with rapidly progressive renal failure or a recent
sharp reduction in renal function, aggressive treatment with
methylprednisolone pulse therapy followed by oral pred-
nisone plus oral cyclophosphamide is an appropriate ther-
apeutic approach, especially if crescents are present on his-
tologic investigation, indicating more severe disease.
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noproliferatives de l’adulte: Remission spontanée durable chez 13 malades
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Néprologie 1990;11:171.

274. Becker GJ, Fairley KF, Whitworth JA. Pregnancy exacerbates glomerular
disease. Am J Kidney Dis 1985;6:266.

275. Fairley KF. Hypertension and renal disease in pregnancy. In: Zurukzoglu
W, Papadimitriou M, Pyrpasopoulos M, et al., eds. Proceedings of the VIII
International Congress Nephrology, Athens. Basel: Karger; 1981:440.

276. Cameron JS, Hicks J. Pregnancy in patients with pre-existing glomerular
disease. Contrib Nephrol 1984;37:149.

277. Hayslett JP. Interaction of renal disease and pregnancy. Kidney Int
1984;25:579.

278. Cameron JS, Turner DR. Recurrent glomerulonephritis in allografted kid-
neys. Clin Nephrol 1977;7:47.

279. Curtis JJ, et al. Renal transplantation for patients with type I and
type II membranoproliferative glomerulonephritis: serial complement and
nephritic factor measurements and the problem of recurrence of disease.
Am J Med 1979;66:216.
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CHAPTER 63 ■ MEMBRANOUS
NEPHROPATHY
MITCHELL ROSNER AND WARREN KLINE BOLTON

Membranous nephropathy (MN), also know as membranous
glomerulonephritis, represents the most common cause of the
nephrotic syndrome in elderly adults, representing up to 30%
of all cases in patients over age 50 (1–4). It is recognized by
its characteristic pathological findings of diffuse subepithelial
immune deposits without glomerular hypercellularity (5–7). It
occurs most commonly in isolation (idiopathic MN, 80%), but
may be a feature of an underlying disease (secondary MN,
20%), most often either autoimmune, infectious or malignant
(8–10). The pathogenesis of MN is likely autoimmune in na-
ture based upon animal models where the disease can be repro-
duced with antibodies that react to antigens expressed on the
glomerular epithelial cell (GEC) (11–15). Interestingly, a recent
case of congenital MN in humans has also been determined to
be secondary to a passively transmitted maternal antibody that
reacted to an endogenous antigen on the GEC (16). In animal
models, immune complex deposition leads to complement ac-
tivation and subsequent injury to the GEC and the glomerular
basement membrane with the resulting expression of protein-
uria and depressed glomerular filtration rate (17–21). Its course
is variable with spontaneous remissions and relapses and leads
to end-stage renal disease (ESRD) in up to 30% to 40% of
patients over an extended period of time (22–24). Despite this
good prognosis, the high incidence of MN makes it the second
or third most common primary glomerular disease to progress
to ESRD (25). Additional morbidity and mortality from the
nephrotic syndrome accrues from accelerated vascular disease,
hyperlipidemia, and the occurrence of thromboembolic events
(26). Despite numerous clinical trials, therapeutic approaches
remain controversial and the subject of much debate.

EPIDEMIOLOGY

Idiopathic (or primary) MN is the cause of nephrotic syndrome
in approximately 25% of adults (1,27). It is a disease that
affects patients most commonly around the fourth and fifth
decade (median age approximately 40) but can present at any
age (28,29). In patients older than age 60, MN can be seen in
up to 35% of biopsy specimens (4). Secondary MN (either re-
lated to autoimmune disease, infections, malignancy, or drugs)
is seen more commonly at the extremes of young and old age.
In younger patients, especially in Asia, hepatitis B infection is a
much more common etiology (30,31). In older patients, related
malignancies are more commonly seen and may be responsible
for up to 20% to 30% of all cases in patients older than age
60 years of age (32,33). MN is more common in men than in
women (2 or 3:1) (34).

Determining the true incidence and prevalence of MN is dif-
ficult. In Victoria, Australia over a 2-year period, the incidence
of MN identified by renal biopsy was 13.27 cases per million
person-years (35). A larger study from the United Kingdom
gave an annual incidence of 11 cases per million population per
year (36). While the majority of patients (80%) present with

signs and symptoms of the nephrotic syndrome, up to 20% to
25% of patients may be detected as having asymptomatic pro-
teinuria from urinalysis as part of a medical examination (37).
Since most physicians do not routinely screen for proteinuria
and the onset of the disease is insidious, these numbers are likely
an underestimate. Furthermore, many of these patients never
develop the nephrotic syndrome and would go unbiopsied and
undetected.

The United States Renal Data Service records MN as the
cause of 0.6% of all of the ESRD population (25). This number
has remained constant over the past decade.

Geographic variations in the prevalence of MN have been
reported and may, in part, be related to differences in the rate
of secondary MN due to infectious diseases such as hepatitis B
and malaria (38).

SECONDARY MEMBRANOUS
NEPHROPATHY

In over 75% of MN cases, no etiological agents can be de-
termined. However, certain underlying conditions have been
reported to be associated with the development of MN and
account for up to 25% of cases (Table 63-1) (37). In many
of these cases, the causal link is tenuous and consists only of
isolated case reports making causation speculative. In other
cases, the condition has been described so frequently as being
associated with MN that causation is more definitive. The best
evidence comes from conditions in which treatment of the un-
derlying process (infection, malignancy, autoimmune disease)
or removal of an offending agent or drug is associated with res-
olution of the nephropathy. Furthermore, in some cases (such
as hepatitis B infection and malignancy) an associated antigen
can be localized to the glomerular site of injury further sub-
stantiating causality (30,39–41).

In most cases, the lesion of secondary MN appears patho-
logically identical to the idiopathic form. The notable excep-
tion to this is MN associated with underlying systemic lupus
erythematosus in which subendothelial and mesangial immune
deposits as well as mesangial hypercellularity are seen (42,43).

Autoimmune Conditions

Various rheumatologic disorders have been described in asso-
ciation with MN (Table 63-1). Systemic lupus erythematosus
(SLE) is the most common rheumatologic disease associated
with MN (43–48). About 15% to 25% of patients with lu-
pus nephritis are classified with a class V (membranous) World
Health Organization (WHO) lesion with predominately subep-
ithelial deposits (49,50). Clinically, the presentation is that of
the nephrotic syndrome and is indistinguishable from idio-
pathic MN. The majority of these patients are young fe-
males and in a substantial number the onset of the nephrotic
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TA B L E 6 3 - 1

AUTOIMMUNE DISEASES ASSOCIATED WITH
MEMBRANOUS NEPHROPATHY

Systemic lupus erythematosus (43–56)
Rheumatoid arthritis (57,58)
Mixed connective tissue disease (101)
Dermatomyositis (102)
Ankylosing spondylitis (103,104)
Systemic sclerosis (105)
Myasthenia gravis (79)
Bullous pemphigoid (106)
Autoimmune thyroid disease (75,76)
Sjögren’s syndrome (107,108)
Temporal arteritis (109)
Crohn’s disease (77)

(Adapted from: Short C, Mallick NP. Membranous nephropathy. In:
Schrier RW, ed. Diseases of the kidney. 7th ed. Philadelphia:
Lippincott Williams and Wilkins; 2001:1743.)

syndrome predates the development of other signs of SLE
(51,52). Thus, there should be a high degree of suspicion for
SLE in any young female who presents with the nephrotic syn-
drome and MN on renal biopsy. Up to 25% to 50% of patients
have negative anti-nuclear antibody levels, and often the anti-
body, if present, is of low avidity (51,52). Complement levels
are usually normal. Morphologically, the lesion in class V lu-
pus nephritis can look identical to that of idiopathic MN, but
more often there are distinguishing features on renal biopsy
(43). Light microscopy can reveal mesangial hypercellularity
and expansion. Immunofluorescence reveals a more varied im-
munoglobulin response with the presence of immunoglobu-
lin A (IgA), immunoglobulin G (IgG), and immunoglobulin
M (IgM) as well as C1q deposition. Electron microscopy can
reveal typical tubuloreticular inclusions in glomerular endothe-
lial cells. Otherwise, the clinical course of lupus MN mirrors
that of the idiopathic form with an excellent long-term prog-
nosis in excess of 85% renal survival at 10 years (53–56).

When patients with rheumatoid arthritis develop MN, it
is usually in the setting of treatment with agents such as
gold, penicillamine, bucillamine, or nonsteroidal antiinflam-
matory agents (57–68). Recently, cyclo-oxygenase-2 (COX-2)
inhibitors have also been associated with a lesion of MN in
conjunction with acute interstitial nephritis (69). In these cases,
proteinuria develops soon after exposure to the drug and re-
solves slowly over a period of months after withdrawal of the
offending agent. The pathologic lesion is identical to idiopathic
MN.

The association of MN with other autoimmune disorders
is less definitive. The immune response that leads to immune
complex formation in MN has been linked to the human leuko-
cyte antigen (HLA) class II antigen DR3 (70–71). There is a
threefold or greater increase in the relative risk for MN is pa-
tients with HLA-DR3 (70–72). HLA-DR3 has also been as-
sociated with several other autoimmune conditions such as
Sjögren’s syndrome, dermatitis herpetiformis, and Grave’s dis-
ease (36). Interestingly, many of the patients with rheumatoid
arthritis who develop MN in the setting of drug therapy are
also HLA-DR3 positive (60–62). Thus, the association of MN
with these disorders may simply reflect this common HLA
association.

Many other miscellaneous conditions that have an autoim-
mune basis have been associated with MN. These include di-
verse diseases such as Grave’s disease, sarcoidosis, Crohn’s dis-
ease, myasthenia gravis and multiple sclerosis (73–80).

TA B L E 6 3 - 2

INFECTIOUS DISEASES ASSOCIATED WITH
MEMBRANOUS NEPHROPATHY

Hepatitis B (81–84)
Hepatitis C (96–98)
Human immunodeficiency virus (114)
Malaria (115)
Schistosomiasis (116)
Filariasis (117)
Syphilis (110–113)
Enterococcal endocarditis (118)
Hydatid disease (119,120)
Leprosy (121)

(Adapted from: Short C, Mallick NP. Membranous nephropathy. In:
Schrier RW, ed. Diseases of the kidney. 7th ed. Philadelphia:
Lippincott Williams and Wilkins; 2001:1743.)

Infectious Diseases

Numerous infectious diseases have been associated with the
development of MN (Table 63-2). In all cases, these represent
chronic infections with long-standing and persistent antigene-
mia. The etiological role of these infectious diseases is strength-
ened when the nephrotic syndrome resolves with treatment of
the infection.

The association of MN with hepatitis B viral (HBV) chronic
infection is particularly strong having been first described by
Combes et al. in 1971 (81). HBV infection may account for
up to 30%–40% of cases on MN in Asia (but less than 1%
of MN in the United States) and is particularly prevalent in
childhood cases of MN throughout the world (accounting for
80% of cases in Asia, and 20% of cases in the United States)
(30,31,38,82). Patients present with the nephrotic syndrome
and have a history of viral hepatitis with laboratory evidence
of chronic active or persistent hepatitis. Serologically, these pa-
tients are usually positive for HB surface antigen (HBsAg) and
in 60% to 80% of patients, HBeAg as well (30,83–84). In con-
trast to idiopathic MN, C3 and C4 levels are mildly depressed
and immune deposits can be found in the mesangium and
subendothelial regions of the glomeruli (30). The pathogenesis
of HBV-associated MN is unknown. However, HBsAg, HBcAg
and HBeAg have been localized by immunofluorescence to the
glomerular capillary wall in patients with HBV-associated MN
supporting a possible role for these antigens in leading to im-
mune complex formation in the glomerulus (39–41). HBeAg
seems to have a particularly strong predilection to localize to
the capillary wall (41). It is also possible that autoantibodies
could be induced secondary to chronic liver disease and that the
findings of viral antigens in capillary walls may reflect passive
trapping in damaged glomerular tissue (85). Adults with HBV
associated MN generally have a good prognosis (30). How-
ever, up to 10% of untreated patients may require dialysis.
Children have a better prognosis with the majority undergo-
ing spontaneous remission within 5 years (30). Remission is
often associated with clearance of HBeAg (30). Treatment of
HBV infection with either alpha-interferon or lamivudine has
been associated with remission of the nephrotic syndrome in a
number of cases (86–91).

Hepatitis C viral (HCV) infection has been associated with
mixed cryoglobulinemia and the development of membra-
noproliferative glomerulonephritis (MPGN) (92–95). How-
ever, HCV has also been associated with MN (96–98). These
patients are anti-HCV IgG and HCV RNA positive. Core
antigen, which is strongly cationic, has been localized to the
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glomerular capillary wall in two patients with MN associated
with HCV (99). Unlike HCV-associated MPGN, cryoglobulin
is undetectable and complement levels are normal. Combina-
tion alpha-interferon and ribavirin therapy has led to signifi-
cant reduction in proteinuria and improved renal function in
several patients (100).

Syphilis has rarely been associated with the development of
MN (110–113). This association is strengthened both by the
demonstration of treponemal antigens in the glomeruli of pa-
tients with MN and the resolution of the nephrotic syndrome
with treatment of the infection (110–112). Human immunod-
eficiency viral (HIV) infection has also been rarely described in
association with MN (114).

Malignancy

In patients older than age 60, up to 20% of patients with MN
may have an occult or diagnosed malignancy (Table 63-3) (85).
The majority of these cancers are carcinomas of the gastroin-
testinal tract, lung or breast. The incidence of carcinoma in pa-
tients diagnosed with MN is 10-fold higher than that expected
for an age-matched normal population (32,33,122–125). In up
to 70% of patients, the malignancy may be occult at the time of
diagnosis of the nephrotic syndrome and thus careful follow-
up of elderly patients with MN is warranted (125). Anecdotal
evidence supports the view that the majority of these cancers
manifest within 2 years after the diagnosis of MN (33,125).
There are rare reports of resolution of the nephrotic syndrome
after tumor resection or chemotherapy (126–128). Whether
these represent evidence of true causation or simply sponta-
neous remission of MN is unknown. Supporting a direct role
in the causation of MN is the finding of tumor-related antigens,
including carcinoembryonic antigen, in glomerular deposits in
several patients (129–132). Whether this may simply represent
passive trapping of antigen to a damaged glomerulus rather
than a direct role in pathogenesis is not known. A recent case
of MN in association with an adrenal ganglioneuroma demon-
strated the presence of an antibody from the patient’s serum
that reacted against the tumor as well as the glomerular base-
ment membrane (127). Resection of the tumor was associated
with disappearance of this antibody from the serum along with
clinical remission of the nephrotic syndrome. The pathological

TA B L E 6 3 - 3

MALIGNANCIES ASSOCIATED WITH MEMBRANOUS
NEPHROPATHY

Carcinomas Noncarcinomas

Lung (135,136) Hodgkin’s lymphoma (143)
Esophageal (137) Non-Hodgkin’s lymphoma (144)
Colon (129,130) Leukemia (145)
Breast (138) Mesothelioma (146)
Stomach (131,134) Melanoma (147,148)
Renal (139) Wilm’s tumor (149)
Ovary (140) Hepatic adenoma (150)
Prostate (141) Angiolymphatic hyperplasia (151)
Oropharynx (142) Schwannoma (152)

Neuroblastoma (153)
Adrenal ganglioneuroma (127)
Associated with graft-versus-host

disease after stem cell
transplant (154)

(Adapted from: Short C, Mallick NP. Membranous nephropathy. In:
Schrier RW, ed. Diseases of the kidney, 7th ed. Philadelphia:
Lippincott Williams & Wilkins; 2001:1743.)

TA B L E 6 3 - 4

DRUGS/TOXINS ASSOCIATED WITH
MEMBRANOUS NEPHROPATHY

Gold (59,60,156)
Penicillamine (157–159)
Bucillamine (61)
Mercury compounds (160)
Captopril (161–163)
Probenicid (164)
Trimethadione (165)
Non-steroidal anti-inflammatory drugs (65–68)
Cyclooxygenase-2 inhibitors (69)
Clopidogrel (166)
Lithium (167)
Formaldehyde (168)
Hydrocarbons (169)

(Adapted from: Short C, Mallick NP. Membranous nephropathy. In:
Schrier RW, ed. Diseases of the kidney, 7th ed. Philadelphia:
Lippincott Williams & Wilkins; 2001:1743.)

lesion was identical to that of idiopathic MN. There are no
data on the response of malignancy associated MN to steroids
or immunosuppressive therapy (33). Unfortunately, malignant
disease is often advanced in patients with MN with a 75%
mortality 12 months after the diagnosis of MN (33,122,133).

Drugs

Drug-associated MN can develop at any age and typically de-
velops soon after exposure to the offending agent (Table 63-4)
(155). The most commonly implicated drugs are gold, peni-
cillamine, and NSAIDs (68,156–159). Mercury compounds
have also been implicated (160). In these cases, removal of
the offending drug usually leads to resolution of the nephrotic
syndrome over a prolonged period of months to even years.
Once again, caution should be exercised in attributing causa-
tion based upon isolated case reports alone.

Miscellaneous Conditions

MN has also been associated with diabetes mellitus, with or
without associated diabetic nephropathy (170,171). Other di-
verse diseases that have been described in association with MN
are listed in Table 63-5. Whether these are merely fortuitous
associations or true causation is a matter of speculation, espe-
cially given the rarity of these reports.

Renal Allograft Membranous Nephropathy

While MN can recur in the renal allograft, a more common oc-
currence is the appearance of de novo membranous nephropa-
thy (185–191). Prevalence rates for de novo MN in renal trans-
plant recipients vary from 0.4% to 9.2% (185–191). In renal
transplant patients who develop the nephrotic syndrome,
de novo MN is the diagnosis in up to 30% and is the second
most common cause of the nephrotic syndrome in renal trans-
plant recipients, behind chronic allograft nephropathy (185–
191). In the majority of cases, no secondary cause has been
identified, although hepatitis B, C, and HIV infection have been
identified in some patients (190,192). The pathogenesis is un-
known but may relate to chronic production of low-avidity
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TA B L E 6 3 - 5

MISCELLANEOUS CONDITIONS ASSOCIATED WITH
MEMBRANOUS NEPHROPATHY

Diabetes mellitus (170,171)
Sarcoidosis (73,74)
Sickle cell disease (172)
Polycystic kidney disease (173)
Alpha1-antitrypsin deficiency (174)
Weber-Christian disease (175)
Primary biliary cirrhosis (176,177)
Systemic mastocytosis (178)
Guillain-Barré syndrome (179,180)
Urticarial vasculitis (181)
Hemolytic-uremic syndrome (182)
Dermatitis herpetiformis (183)
Myelodysplasia (184)

(Adapted from: Short C, Mallick NP. Membranous nephropathy. In:
Schrier RW, ed. Diseases of the kidney, 7th ed. Philadelphia:
Lippincott Williams & Wilkins; 2001:1743.)

antibodies to histocompatibility antigens. While recurrent MN
usually develops in the allograft within the first 6–12 months
post-transplant, de novo disease usually occurs 2 or more years
after transplantation (193–195). The majority of patients de-
velop nephrotic-range proteinuria. Graft outcome in de novo
disease is variable, with some patients progressing to graft fail-
ure (usually in the setting of heavy proteinuria and preexisting
graft dysfunction), and others maintaining stable graft func-
tion (196,197). Overall, the bulk of data reveals no increased
risk in graft failure in patients with de novo MN. Alteration
of immunosuppression or additional cytotoxic therapy has not
demonstrated any benefit and treatment should focus on reduc-
tion of proteinuria, control of blood pressure, and management
of complications such as hyperlipidemia and venous thrombo-
sis (198–200).

PATHOLOGY

It is essential that all histologic techniques be utilized in exam-
ining the renal tissue of patients with the nephrotic syndrome.
While MN derives its name by the characteristic global thick-
ening of the basement membrane on light microscopy, early in
the course of the disease glomeruli may appear normal and the
diagnosis can only be made with electron microscopy and/or
immunofluorescence (201–203). Conceptually, it is useful to
think of membranous nephropathy as beginning with the de-
position of immune complexes in the subepithelial region of
the glomerular basement membrane followed by the response
of the basement membrane and glomerular epithelial cell to
this deposition. Subsequent histologic changes are due to this
response.

Light Microscopy

Light microscopy, with either hematoxylin and eosin (H&E)
or periodic acid-Schiff (PAS) staining, reveals diffuse and uni-
form thickening of the glomerular basement membrane (Fig.
63-1). The basement membrane takes on the appearance of a
thick eosinophilic loop (Fig. 63-2). These stains, however, do
not distinguish the etiology of the basement membrane thick-
ening (i.e., thickening due to deposition of immune complexes
or increased basement membrane matrix production). These

FIGURE 63-1. Hematoxylin and eosin stain (×250) of a glomeru-
lus from a patient with idiopathic MN. There is diffuse thickening
of the basement membrane without associated hypercellularity of the
glomerular tuft. Inflammatory infiltrates are not seen and the capillary
loops are widely patent. (Courtesy of Dr. Helen Cathro.)

changes are best seen with silver methenamine, which binds
to basement membrane matrix but not to immune complexes
(Fig. 63-3). With this staining technique, characteristic ultra-
structural changes in the basement membrane have been de-
scribed by Ehrenreich and Churg (Table 63-6) (5). These stages
represent a morphological but not necessarily a pathophysio-
logical continuum (204). The initial stage is the formation of
subepithelial immune complexes which is followed by the syn-
thesis of new basement membrane that ultimately surrounds
the complexes and is followed by the eventual digestion and
disappearance of the immune complexes. On light microscopy
with silver staining these changes can appear as a spectrum
ranging from projections of the basement membrane (“spikes”)
(Fig. 63-3) corresponding to new basement membrane ma-
trix synthesized by the GEC, to a chainlike appearance where
the basement membrane completely incorporates the immune
complexes (5). Later stages result in areas of lucency within
the basement membrane that represent resolving immune com-
plexes. These morphologic stages have not been correlated with

FIGURE 63-2. Periodic acid-Schiff stain of a glomerulus from a patient
with idiopathic MN (×250). The basement membrane surrounding the
capillary loops is diffusely thickened giving the appearance of “wire
loops.” (Courtesy of Dr. Helen Cathro.)
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FIGURE 63-3. Jones silver stain (×250) of a glomerulus from a pa-
tient with idiopathic MN demonstrating “spikes” corresponding to
newly synthesized basement membrane surrounding immune com-
plexes. (Courtesy of Dr. Edward Klatt.)

clinical findings and do not predict the degree of proteinuria,
changes in renal function, responses to therapy or prognosis
(204).

Other compartments of the glomerulus usually appear nor-
mal. There is usually no evidence of mesangial cell proliferation
or expansion, except in the setting of SLE (205). There is also
no evidence of inflammatory cell infiltrates which may relate
to the fact that subepithelial immune complexes are unable to
transmit chemotactic signals to effector cells in the circulation
(as opposed to subendothelial deposits). In some cases, concur-
rent focal and segmental glomerulosclerosis can be seen and if
present portends a worse prognosis (206,207).

Over time, the interstitial compartment develops fibrotic
changes along with tubular atrophy. It is thought that these
changes may reflect chronic, toxic effects of proteinuria on
tubule cells (208–210). These tubulointerstitial changes cor-
relate best with changes in renal function and offer important
prognostic information (208–212).

Immunofluorescence Microscopy

Immunofluorescence (IF) microscopy reveals fine granular de-
posits of IgG and often complement components that follow

TA B L E 6 3 - 6

PATHOLOGICAL STAGING OF MEMBRANOUS
NEPHROPATHY

Stage Electron microscopy

I Subepithelial electron-dense deposits
II Subepithelial electron-dense deposits with

intervening basement membrane (“spikes”)
III Incorporation of subepithelial electron-dense

deposits into the basement membrane
IV Reabsorption of deposits with loss of electron-dense

deposits and development of lucent area in the
basement membrane

Remodeling of basement membrane and loss of
electron-dense deposits

(From: Ehreneich T, Churg J. Pathology of membranous nephropathy.
Pathol Annu 1968;3:145.)

FIGURE 63-4. Immunofluorescence staining (anti-IgG) of a glomeru-
lus from a patient with idiopathic MN (×250). Diffuse granular stain-
ing along the basement membrane is evident and corresponds to the
deposition of immune complexes. Mesangial areas are free of immune
deposits.

the glomerular basement membrane and spares the mesangium
(Fig. 63-4) (213). The predominant immunoglobulin is always
IgG (often IgG4 subclass) with minimal staining for IgA and
IgM (214,215). The presence of strong staining for other im-
munoglobulins and C1q is suggestive of MN due to SLE or
other secondary causes (216). In approximately 50% of cases,
staining for C3 is seen and tends to be a marker for active
and more severe disease (217,218). If performed, staining for
the membrane attack complex (C5b-9) is usually positive and
likely reflects the important role of this complex in mediating
injury to the GEC (217–219).

Electron Microscopy

As noted above, Ehrenreich and Churg described a morpho-
logic continuum of evolutionary stages of MN by electron mi-
croscopy (5). Four stages (I through IV) are described rang-
ing from early changes (stage I) to advanced and late changes
(stage IV) (Table 63-6). These stages serve as a useful descriptive
tool but have not been correlated with clinical features of MN
(211).

The hallmark of MN is the finding of electron-dense de-
posits corresponding to immune complexes (Fig. 63-5). These
deposits are located along the glomerular basement membrane
in a subepithelial location adjacent to the GEC (220). Electron-
dense deposits are not found in the mesangium except in the
case of SLE (221). In stage I lesions, the deposits tend to be small
and finely granular and there is no response of the basement
membrane. However, there is evidence of GEC injury as foot
cell processes are effaced. Progressive changes to the glomeru-
lar basement membrane then ensue. The basement membrane
begins to project between the immune deposits (stage II) form-
ing the characteristic spikes seen on silver staining. Eventually
these outgrowths of new basement membrane matrix material
begin to coalesce and completely surround the immune deposits
(stage III). Over time, the immune deposits undergo dissolution
leaving electron lucent areas in the basement membrane (stage
IV). At this stage, the glomerular basement membrane is thick-
ened and considerably disrupted. While it is generally believed
that these stages develop in a continuum, there are no studies
of follow-up biopsies in single patients over time.

The changes to the glomerular basement membrane seen
on light or electron microscopy do not relate to the degree of
proteinuria or to renal function (211). While it is believed that



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-63 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:35

Chapter 63: Membranous Nephropathy 1573

FIGURE 63-5. Electron micrograph of a glomerulus from a patient
with idiopathic MN revealing characteristic electron-dense subepithe-
lial deposits (×5000). In this micrograph, basement membrane can be
seen to encircle the deposits forming the spikes seen on Jones silver
staining (stages II and III). (Courtesy of Dr. Helen Cathro.)

patients with earlier stage lesions may have a better progno-
sis, it has been demonstrated that patients can go into clinical
remission at any morphological stage (204). Renal function
and prognosis is more dependent on the extent of interstitial
damage.

PATHOGENESIS

Various lines of evidence support the idea that MN represents
an autoimmune disorder. There is an association with other
autoimmune diseases and a strong association with HLA-DR3
(70-72). There is characteristic deposition of immune com-
plexes in the glomerular basement membrane and a strikingly
similarity of the human lesion to the rat lesion of Heymann
nephritis mediated by antibodies to the GEC (11–15). The re-
cent finding of a human case of antenatal MN induced by ma-
ternally transmitted antibodies also supports an autoimmune
etiology (16).

The majority of experimental work on the pathogenesis of
MN has been performed in rats utilizing the Heymann nephri-
tis model (11–15). In this model, a crude preparation of tubular
brush-border extract (Fx1α) is injected into allogeneic animals.
The injected animals then develop pathogenic antibody-antigen
complexes that are localized to the subepithelial space and a
lesion identical to MN develops (11–15). How immune com-
plexes localize to their unique position in the subepithelial re-
gion has been the object of much speculation (222–226). First,
intact circulating immune complexes could become trapped
as a preformed entity in the subepithelial space. Alternatively,
these immune complexes could dissociate and then reform af-
ter traversing the basement membrane. Finally, immune com-
plexes could form in situ in the subepithelial space with circu-
lating antibodies reacting to intrinsic glomerular antigens or to
extrinsic antigens (either endogenous or exogenous) that be-
come planted in the subepithelial space. Further work on the
Heymann nephritis model supports the model that circulat-
ing antibodies react with either intrinsic glomerular epithelial

cell antigens or to planted extrinsic antigens (227). An acceler-
ated form of this nephritis can be induced by the injection of
preformed antibody into rats (passive Heymann’s nephritis),
suggesting that subepithelial immune deposits can be formed
without the formation of circulating immune complexes (228–
230). The antigen responsible for the development of the im-
mune complex in the rat model has been determined to be a
large glycoprotein (megalin or gp330) complexed to a smaller
receptor associated protein (RAP) which is expressed in the
clathrin-coated pits of the glomerular epithelial cell foot pro-
cesses (231–235). Once antibody binds this antigen complex,
the complex is patched in the clathrin-coated pits, capped and
extruded from the cell membrane (227,236). The complexes
then lie in the subepithelial region where they persist as the
electron-dense deposits seen on electron microscopy. Although
megalin has been found in human proximal tubules, it has not
been detected in human glomeruli or in immune deposits in pa-
tients with MN, thus limiting the applicability of the Heymann
nephritis model (237). However, a recent case of antenatal MN
in humans has been described in which maternal antibodies to
neutral endopeptidase (NEP) were passively transferred to the
infant (16). These antibodies reacted against NEP antigen on
the glomerular epithelial cell with the formation of subepithe-
lial immune complexes and the development of the nephrotic
syndrome. The mother had no apparent renal abnormalities
since she was deficient in NEP and had previously been sen-
sitized to this antigen from a prior miscarriage (238). Thus,
one mechanism of subepithelial immune complex formation in
MN is the reaction of circulating antibody with antigens ex-
pressed on the GEC. Whether exogenous antigens (especially
small cationic proteins) can localize to the subepithelial region
and also elicit immune complex formation is still unknown.

In the rat model, once immune complexes form in the subep-
ithelial space, complement activation occurs and is necessary to
produce proteinuria (239–243). Complement activation leads
to the cleavage of C5 with the formation of C5a and C5b. Given
the absence of inflammatory cells in MN, it seems plausible that
the chemotactic factor C5a is filtered in the urine and does not
move backwards across the basement membrane to attract in-
flammatory cells. C5b then combines with other complement
components to form the membrane attack complex (C5b-C9)
which inserts into the membrane of the GEC (244–248). The
complex is endocytosed into the GEC and then extruded into
the urinary space where it can be identified in the urine (249–
254). The GEC is resistant to the lytic effects of the C5b-C9
complex but instead undergoes metabolic activation with the
resulting production of proteases (matrix metalloprotease 9),
prostaglandin metabolites, oxidants, growth factors, and cy-
tokines (255–258). A protein that is upregulated in response
to GEC activation is cytochrome b558, an integral component
of the NAPDH oxidoreductase complex that leads to the for-
mation of toxic reactiveoxygen species that damage the base-
ment membrane (259). Transforming growth factors are also
produced by the GEC and lead to formation of new basement
membrane matrix components such as type I and IV colla-
gen (260). Finally, the podocyte slit diaphragm, an important
barrier to proteinuria, is altered by the activation of comple-
ment (261). Nephrin, a major and essential component of the
slit diaphragm, is linked to the actin cytoskeleton of the GEC
via adapter molecules that include CD2AP and podocin (262–
264). In passive Heymann nephritis, activation of complement
led to alteration in the distribution of nephrin and in its asso-
ciation with actin, thus disrupting the slit diaphragms (261).
This dissociation of nephrin from actin was not seen if comple-
ment was depleted. Thus the consequences of injury induced
by C5b-9 are multifaceted and ultimately lead to the clinical
expression of proteinuria and altered renal function.

Antigens on the surface of the GEC may have important
enzymatic roles and antibodies to these proteins may lead to
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important alterations in function that may have pathogenic sig-
nificance (238). For instance, NEP is a metallopeptidase that is
responsible for the cleavage and inactivation of vasoactive me-
diators such as bradykinin and endothelin (265). Neutralizing
antibodies to this antigen would result in higher local concen-
trations of these vasoactive mediators that could alter glomeru-
lar hemodynamics and capillary wall permeability. Whether
these mechanisms are operative in the pathogenesis of MN re-
mains speculative.

CLINICAL FEATURES

The onset of clinical disease is usually insidious with the ma-
jority of patients (70% to 80%) presenting with peripheral
edema and the nephrotic syndrome (266). In 20% of cases,
non-nephrotic range proteinuria is found and usually these pa-
tients are identified through an abnormal urinalysis that is per-
formed for an unrelated reason such as an insurance examina-
tion (267). Secondary causes of MN may present with a more
abrupt onset (268). The proteinuria tends to be nonselective
and averages 5 to 10 g/day (although this can vary widely de-
pending upon salt and protein intake and medications that the
patient may be taking). Microscopic hematuria occurs in up
to 50%, but macroscopic hematuria is rare. Hypertension may
be seen in up to 30% of patients but is usually mild. Renal
function at the time of presentation is usually well preserved
and when impaired often reflects prerenal factors, such as over
zealous diuretic use, more than intrinsic renal disease. Protein-
uria is usually present for an extended period of time (months
to years) before renal impairment develops (269–271).

Thromboembolic complications, such as deep vein throm-
bosis, pulmonary embolism, and especially renal vein throm-
bosis, can be the presenting feature in some patients (272, 273).
These complications are more common in patients with heavy,
persistent proteinuria and serum albumin concentrations be-
low 2.5 g/dL (274,275). These patients tend to have hyper-
fibrinogenemia with increases in procoagulant factors (factors
V and VIII), along with decreases in anticoagulant factors
(such as antithrombin III) (276,277). High levels of lipoprotein
(a) in MN patients may serve as an inhibitor of plasminogen
and thus inhibit thrombolysis (278). Renal vein thrombosis
(RVT) is especially common in MN, developing in anywhere
from 5 to 50% of cases (279–281). MN is the most common
associated condition seen in patients with RVT. Patients may
be asymptomatic or present with flank pain, hematuria, or de-
terioration in renal function (279–281). Alternatively, patients
may present with embolic complications such as pulmonary
emboli (279–281). The diagnosis can be made with noninva-
sive imaging studies such as Doppler ultrasonography, spiral
computerized tomography, or magnetic resonance angiogra-
phy. Venous angiography is the gold standard and is reserved
for diagnostic dilemmas.

Uncommonly, patients with MN may present with or de-
velop a superimposed rapidly progressive glomerulonephritis
usually in the presence of anti–glomerular basement membrane
antibodies (282–286). Renal biopsy will demonstrate typical
crescents as well as subepithelial immune deposits.

LABORATORY FINDINGS

Laboratory findings in patients with MN generally reflect the
ongoing proteinuria and nephrotic syndrome. Thus, hypoal-
buminemia, hyperlipidemia and lipiduria are common findings
(287). A typical lipid profile will reveal increased levels of to-
tal cholesterol, low-density lipoproteins (LDL), and very-low-
density lipoproteins (VLDL) (288). High-density lipoprotein
levels are either normal or low (288). The elevation in LDL

is thought to be secondary to hepatic overproduction and is
stimulated by the low serum albumin level and reduced on-
cotic pressure (289). Lipoprotein (a) levels are also elevated
(290,291).

Studies should be performed to exclude secondary causes
of MN and include: anti-nuclear antibody, C3 and C4 lev-
els, hepatitis B and C profiles, and age-appropriate cancer
screening (mammography, prostate-specific antigen, chest ra-
diography, colonoscopy, and careful thyroid examination). In
those patients over age 60, an underlying malignancy should
always be suspected. Syphilis serologies may also be useful
in selected patients. Since the differential diagnosis of MN
includes other causes of the nephrotic syndrome such as mini-
mal change disease, focal glomerulosclerosis, membranoprolif-
erative glomerulonephritis, diabetic glomerulosclerosis, mono-
clonal immunoglobulin deposition diseases, and amyloid; other
useful laboratory tests include assessment of HIV status and
serum and urine protein electrophoresis. Renal biopsy is es-
sential for the correct diagnosis and biopsy material must be
analyzed by all histologic techniques. Unlike the diagnosis of
other renal diseases, sample size is not a problem in making the
pathologic diagnosis of MN. The diagnosis can be made on a
single glomerulus with typical subepithelial immune deposits.

Given the importance of the membrane attack complex
(C5b-C9) in the pathogenesis of MN, there has been much
interest in measuring the levels of this complex in the urine
of patients with MN (250–254,292,293). In experimental an-
imals, the appearance of C5b-9 in the urine closely parallels
the level of disease activity and the formation of new immune
deposits (250). In one human study, C5b-9 levels in the urine
were elevated in 12 of 17 patients with progressive disease and
in only 2 of 18 patients with stable disease (254). This assay is
not widely available and further studies are still needed before
this assay can be routinely used in the diagnosis and treatment
of MN.

NATURAL HISTORY
AND PROGNOSIS

The clinical course of MN is quite varied and complex (37).
Various natural history studies have been performed and de-
scribe several possible outcomes (9,10,23,24,124,125,294–
297). These include: (a) complete and lasting remission of the
nephrotic syndrome with stable renal function; (b) complete
remission of the nephrotic syndrome punctuated by one or
more relapses but with stable renal function; (c) a partial re-
mission of the nephrotic syndrome (generally defined as greater
than a 50% reduction in proteinuria and proteinuria ≤3.5
g/day) with either stable or slowly deteriorating renal func-
tion; (d) persistence of nonnephrotic range proteinuria with or
without progressive deterioration in renal function; (e) persis-
tence of nephrotic range proteinuria with slowly progressive
deterioration of renal function; or (f) persistence of nephrotic
range proteinuria with development of superimposed acute or
rapidly progressive renal failure (37). The approximate preva-
lence of these outcomes in untreated patients has been deter-
mined from several natural history studies and from placebo
arms of intervention studies (9,10,23,24,124,125,294–297).
Spontaneous complete remissions are seen in approximately
25% to 30% of patients within 3 to 5 years after presenta-
tion. Another 20% to 25% of patients will have partial re-
missions with persistent proteinuria ≤3.5 grams per day and
stable renal function. However, of these patients who undergo
remissions, nephrotic-range proteinuria may recur in 15% to
30% of patients. Thus, nearly 50% of patients will have per-
sistent nephrotic syndrome. These latter patients are at much
higher risk of developing progressive renal dysfunction (298).
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In fact, 25% to 40% of these patients will develop end-stage
renal disease (ESRD) or death within 5 years. This number
rises to 50% or more after 10 years of persistent proteinuria.
Progression to ESRD is uncommon (<1%) in patients who
experience at least one complete remission and in those with
persistent non-nephrotic-range proteinuria (299). One caveat
to these natural history studies is that many of these patients
did not receive aggressive anti-proteinuric therapies such as
angiotensin-converting enzyme inhibitors (ACE-inhibitors) or
angiotensin receptor blockers (ARBs). Furthermore, lipid ab-
normalities were not aggressively treated with statin drugs.
Whether the natural history would be altered by these ther-
apies is not known.

Several prognostic factors have been identified that
when present are associated with an unfavorable course
(9,10,23,24,124,125,294–303). These include: advanced age,
male sex, reduced renal function at presentation or within
5 years of presentation, nephrotic range proteinuria (espe-
cially if persistent), excretion of increased quantities of low-
molecular-weight proteins (signifying tubular abnormalities),
hypertension, persistent hyperlipidemia, persistently elevated
urinary C5b-C9 excretion, chronic tubulointerstitial fibrosis
or focal sclerosis on renal biopsy, and the presence of HLA-
B18 DRw3, or BfF1 DR5. The factors that seem to be most
important in predicting both a spontaneous remission and its
durability are persistent, low-grade (subnephrotic) proteinuria
and female gender (9,10,23,24,124,125,294–302).

The natural history of MN makes treatment decisions dif-
ficult. Since only a subset of patients will progress to renal
failure and this progression occurs over an extended period
of time, therapy (especially with potentially toxic immunosup-
pressants) must be tailored to those patients at greatest risk for
a poor outcome. Thus, efforts to identify these patients are crit-
ically important. In this regard, several of the prognostic fea-
tures listed above have greater predictive ability than others.
The most important prognostic variables have proven to be:
age, male sex, level of renal function, and degree of proteinuria
(9,10,23,24,124,125,294–303). The likelihood of progression
to renal failure in those patients with an elevated serum creati-
nine level may be as high as 70% as compared to less than 20%
in patients with normal renal function (298,304). Proteinuria is
excess of 3.5 grams per day is associated with a two- to three-
fold increased risk of progressive disease and has often been
used as criteria to initiate therapy. If the proteinuria is mas-
sive (>8 g/day) and persistent (lasting >6 months) the risk for
progression is especially high (84%) (298,304). Cattran et al.
have developed a predictive model using data from 184 patients
with MN from the Metro Toronto Glomerulonephritis Reg-
istry (305,306). This model had 85% accuracy in predicting
which patients will subsequently develop renal insufficiency.
The model has also been validated in a total of 179 patients
from Italy and Finland (306). The model calculates a probabil-
ity of progression from knowledge of the highest level of per-
sistent (≥6 months) proteinuria, the creatinine clearance at the
beginning of this period and the slope of the creatinine clear-
ance during the observation period. Based upon calculations
from this model, if immunosuppressive agents were restricted
to only those patients at high risk for progressive disease, then
of the 363 patients analyzed, only 100 patients would receive
potentially toxic therapy (305). This model has not been ap-
plied prospectively and thus cannot be widely recommended at
this time.

THERAPY

The goal of therapy for patients with MN is the prevention of
renal failure as well as the reduction of proteinuria and mini-
mization of the complications associated with MN. These aims

must be weighed against the risk of therapy, especially given the
variable natural history of the disease. Multiple controlled tri-
als have investigated numerous therapeutic approaches to pa-
tients with MN. Despite the wealth of trials, therapy for MN re-
mains controversial with proponents advocating a spectrum of
therapy ranging from aggressive immunosuppressive therapy
to no disease-specific therapy. In part, these divergent opinions
are due to difficulty in interpreting the trial data. Many trials
enroll small numbers of patients with limited periods of follow-
up. Given a slowly progressive disease with spontaneous re-
missions and relapses, long-term studies with comparable con-
trol groups are needed to adequately evaluate interventions. In
many studies, many of the variables that determine prognosis
are not controlled. Thus, the risk of progression in the control
and intervention groups may be quite different. Finally, in many
older studies, non-disease-specific therapies such as antihyper-
tensive therapy with ACE-inhibitors or ARBs, lipid-lowering
therapy, and dietary manipulations are not incorporated
into the treatment regimen. Despite these limitations, several
options for the treatment of MN exist.

Non-Disease-Specific Therapy

These nonimmunosuppressive therapies should be imple-
mented in all patients with MN and include strategies to lower
proteinuria, decrease the rate of disease progression, and pre-
vent complications of the nephrotic syndrome, especially hy-
perlipidemia (307). Numerous studies have documented the
role of ACE-inhibitors and ARBs in reducing proteinuria and
the rate of renal disease progression in both diabetic and non-
diabetic nephropathy (308–312). These drugs reduce intra-
glomerular pressure, improve glomerular barrier size selectiv-
ity, and have antiinflammatory properties (309,310,313). The
benefit of ACE-inhibitors seems to be greatest in those patients
with the greatest degree of proteinuria (308–312). Few stud-
ies specifically comment on the use of ACE-inhibitors in pa-
tients with MN. In one small study of 14 patients with MN,
enalapril decreased proteinuria from 7.1 to 5.0 g/day (314).
This was accompanied by an improvement in glomerular mem-
brane size-selectivity as determined by dextran sieving coeffi-
cients. Given that the goal of therapy is to reduce proteinuria
to non-nephrotic ranges or ideally to less than 500 mg per day,
it is unlikely that ACE-inhibitors alone will be able to achieve
this goal in nephrotic patients. Furthermore, the goal blood
pressure in proteinuric patients should be 125/75 mm Hg, a
difficult goal on a single antihypertensive medication. Recent
evidence supports that combination therapy with both ACE-
inhibitors and ARBs may affect more complete blockade of
the renin–angiotensin–aldosterone system (315). Several trials
have shown a synergistic reduction of proteinuria using this
combination. In one trial, including 28 patients with MN, this
translated into slower progression of nephropathy (316). One
small study also investigated the addition of the aldosterone
antagonist spironolactone to ACE-inhibitor therapy in 11 pa-
tients with MN. In this trial, blood pressure fell with the ad-
dition of spironolactone but urine protein excretion remained
unchanged (317). In all cases, a low-sodium diet (100 mEq/day)
should be instituted to maximize the antiproteinuric effects of
these medications.

Nonsteroidal antiinflammatory agents also have been
shown to have antiproteinuric effects (318–320). Their role
in the treatment of MN is controversial. In one study where
indomethacin was added to ramipril therapy, there was no ad-
ditional reduction in proteinuria (321). However, there was
a higher risk of side effects including hyperkalemia and a re-
versible rise in serum creatinine. These agents are not routinely
recommended.

Patients with MN and the nephrotic syndrome typically
have elevated cholesterol levels, with 66% of patients having
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total cholesterol levels greater than 300 mg/dL, and 70% of
patients with low-density lipoprotein (LDL) levels greater than
160 mg/dL (288,322). This translates into an increased risk for
cardiovascular events (288,322). In a prospective cohort study
of 142 nephrotic patients the relative risk for myocardial in-
farction versus controls was 5.5 and for cardiac death it was
2.8 (323). Furthermore, in patients reaching ESRD, the leading
cause of mortality is cardiovascular disease (25). Finally, hyper-
lipidemia has also been associated with an increased risk for
declining GFR, and a meta-analysis has concluded that lipid
reduction may have a role in reducing the rate of progression
of renal disease (324–328). Treatment of hyperlipidemia rests
on treatment of the underlying nephrotic syndrome, dietary
modification, and antihyperlipidemic medications (329–332).
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitors can lower LDL and total cholesterol levels by up
to 50% in nephrotic patients and are the cornerstone of anti-
hyperlipidemic therapy (329–332). Other agents include: eze-
timibe, fibric acid derivatives, and bile acid sequestrants (329–
334). While target goals for LDL have not been set for patients
with the nephrotic syndrome, it seems reasonable to place these
patients in the group at high risk for cardiovascular events with
a goal LDL of less than 100 mg/dL (335).

Patients with MN are clearly at higher risk for venous
thromboembolism (279–281). Whether to initiate prophylac-
tic anticoagulation with warfarin at time of diagnosis of MN
or to postpone treatment until a thrombotic event occurs re-
mains controversial. Some clinicians recommend prophylac-
tic anticoagulation in patients with serum albumin levels less
than 2 g/dL and nephrotic range proteinuria, believing that
the risk of thromboembolism in this group is greater than any
risk of bleeding events (336). However, no prospective trial
has examined this question. In those patients who do develop
a thrombotic event, anticoagulation with warfarin to a goal in-
ternational normalized ratio (INR) of 2 to 3 should be initiated
(279–281). There are no data on the use of antiplatelet agents
in this setting.

Corticosteroids

Two early controlled trials in the United Kingdom reported a
small but statistically insignificant benefit in patients with MN
treated with corticosteroids (336,337). However, these study
were small (15 patients in one study and 19 in the other), used
low doses of corticosteroid (20 to 30 mg/day) and had short-
term follow-up. In 1979, the Collaborative Study of the Adult
Idiopathic Nephrotic Syndrome was performed (338). In this
prospective, randomized, placebo-controlled trial, 72 patients
with the nephrotic syndrome due to MN were randomized to
either an 8- week course of high-dose alternate-day prednisone
(125 mg) followed by a tapering dose or a placebo. In the
prednisone-treated group there were an increased number of
remissions of the nephrotic syndrome. Over time, there were
also an increased number of relapses in this group, so that
at the end of 2 years, the prevalence of both complete and
partial remissions were identical in the two groups. The major
difference between the groups was in the level of renal function.
After 6 months of therapy, the serum creatinine had doubled in
only 2 of 34 steroid-treated patients, as compared to 11 of the
38 patients who received placebo. This study has been widely
criticized since the risk and rate of progression of the control
group was much higher than previous studies had reported for
an untreated cohort of MN patients. Thus, the risk for disease
progression was likely different in the two groups.

Subsequently, two other trials have examined the role of cor-
ticosteroids in the treatment of MN. In 1990, the MRC study
evaluated 103 patients with MN using a similar protocol to
the U.S. Collaborative Study (339). Patients were followed for
a mean of 4 years and during this time there were no significant

differences in either urinary protein excretion or rate of renal
loss between the treatment and control groups. The Toronto
Glomerulonephritis Study Group examined 158 patients with
MN (340). Patients received either a 6-month course of pred-
nisone (45 mg /m2 of body-surface area) or placebo and were
followed for a mean of 48 months. The proportion of patients
with complete remission of proteinuria was similar in the two
groups, as was the annual change in creatinine clearance. Pro-
gression to ESRD was identical in the two groups. A multi-
variate analysis adjusting for factors that may be related to the
risk of disease progression failed to show any effect of pred-
nisone on the outcome. One important difference between the
U.S. Collaborative Study and the Toronto Study was that pa-
tients in the Toronto study had a longer median duration of
disease prior to treatment (15 to 17 months vs. 6 months in
the U.S. Collaborative Study) and more advanced glomerular
changes (stage III to stage IV) on biopsy. Whether corticos-
teroid therapy is beneficial in patients with early lesions and a
short duration of disease is not known. A meta-analysis of trials
using corticosteroids for MN could find no evidence of bene-
fit (341–342). Overall, the balance of evidence does not sup-
port the utility of corticosteroid therapy alone in either leading
to remission of the nephrotic syndrome or in improving renal
survival.

Cytotoxic Therapy

Initial trials of cytotoxic agents with or without corticosteroids
generally involved small numbers of patients with short follow-
up. In 1971, the MRC investigated the role of prednisone plus
azathioprine in 14 patients with MN with no statistically sig-
nificant effect of therapy on the rate of disease progression,
although there was a trend toward lower serum creatinine in
the treated group (337). A study from the Canadian Medi-
cal Association also found no benefit from azathioprine ther-
apy (343). A more promising approach has been the use of
either cyclophosphamide or chlorambucil. In 1975, Lagrue et
al. studied the effects of a 1-year course of azathioprine (11
patients), chlorambucil (16 patients), or no treatment (14 pa-
tients) (344). There was no effect of azathioprine with 25%
of patients in both the azathioprine-treated and control groups
achieving a remission. However, 81% of patients treated with
chlorambucil achieved either a partial or complete remission.
Several subsequent studies utilized cyclophosphamide (often in
addition to warfarin and dipyridamole) and found that active
treatment tended to diminish proteinuria while having no ef-
fect on renal function (346–349). The interpretation of these
studies is hampered by the small numbers of patients studied,
the short duration of follow-up and lack of appropriate control
groups.

The most effective regimen utilizing cytotoxic agents has
been reported by Ponticelli et al. (350). This complex proto-
col involves three doses of intravenous methylprednisolone (1.0
gram daily), followed by oral prednisone (0.4 to 0.5 mg/kg/day)
for a month. This regimen is then alternated monthly with
oral chlorambucil (0.2 mg/kg/day) for a month. The entire
treatment protocol lasts 6 months. The first report of this
protocol was published in 1984 (349). Sixty-seven patients
were randomized to either treatment with methylprednisolone
plus chlorambucil or to placebo. After a mean follow-up of
31.4 months, 23 of 32 treated patients were in complete (12
patients) or partial remission as compared with 9 of 30 con-
trol patients. Renal function remained stable in the treated pa-
tients whereas there was progressive deterioration in the con-
trol group. Five years later, a larger cohort of patients that
had received this protocol for an average of 5 years was re-
ported (350). Plasma creatinine increased by 50% or more in
19 (49%) control patients but in only 4 (10%) treated patients.
In the control group, only 9 patients (23%) achieved remission
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of the nephrotic syndrome versus 67% of the treated patients.
Follow-up of this protocol has now been extended out to
10 years with 40% of the control patients reaching an end-
point of either death or dialysis as compared with 8% of
the treated patients (351). When patients with MN were
treated with either methylprednisolone versus methylpred-
nisolone plus chlorambucil it was clear that the beneficial ef-
fects of this regimen were related to the alkylating agent (352).

There have been concerns over the use of chlorambucil given
its potential toxicity (leukopenia and risk of infectious com-
plications). Furthermore, most clinicians in the United States
have had little experience with this drug. Ponticelli et al com-
pared oral chlorambucil and cyclophosphamide in a head–
to-head trial utilizing the same 6-month protocol as prior
studies (353). Cyclophosphamide was dosed orally at a daily
dose of 2.5 mg/kg. In this study, 36 of 44 (82%) patients on
chlorambucil achieved a complete or partial remission versus
40 of 43 (93%) patients assigned to cyclophosphamide. Re-
lapses occurred in 30.5% of the chlorambucil-treated patients
and in 25% of cyclophosphamide-treated patients over 6 to
30 months of follow-up. Renal function remained stable in
both groups. Importantly, herpes zoster infections were more
common (9%) in patients treated with chlorambucil. A simi-
lar study from Williams et al. also compared chlorambucil and
cyclophosphamide as given by the Ponticelli protocol (354).
After a mean follow-up of 32 months, the cyclophosphamide
group had better renal function, with ESRD occurring in only
1 of 17 patients as compared to 5 of 15 patients treated with
chlorambucil. Infectious complications were less common in
the cyclophosphamide group (354). Several other studies have
confirmed the benefit of oral cyclophosphamide in protocols
similar to that of Ponticelli et al. (355,356). Interestingly, two
controlled studies have not shown a benefit of monthly intra-
venous pulse cyclophosphamide therapy (357,358).

A regimen of corticosteroids and cytotoxic agents has been
studied in patients with progressive renal insufficiency. Bruns
et al. studied in 11 patients with MN and rising serum cre-
atinines and showed a decline in serum creatinine as well as
proteinuria with a regimen of one year of cyclophosphamide
100 mg orally a day along with daily prednisone (359). Branten
et al. treated 39 patients with a 1-year course of oral cyclophos-
phamide with corticosteroids and demonstrated a 38% median
reduction of proteinuria (360). Jindal et al. treated 9 patients
with MN with a mean baseline creatinine of 2.6 mg/dL with
oral cyclophosphamide and corticosteroids (355). At the end
of the treatment period there was a fall in mean creatinine to
2.2 mg/dL and proteinuria fell from 11.1 to 2.2 g/day. How-
ever, after treatment there was a progressive rise in creatinine
levels to 2.9 mg/dL after 83 months.

In those patients who do suffer a relapse after a course of
cytotoxic therapy, a second course of cytotoxic agents has been
shown to be beneficial in reduction of proteinuria and in ex-
tending dialysis-free survival (361–363). However, these stud-
ies are small, uncontrolled, and subject patients to the risks of
cumulative cytotoxic therapy.

Two meta-analyses of cytotoxic therapy for MN have
shown that cytotoxic therapy leads to a more frequent remis-
sion of the nephrotic syndrome (342,364). However, a conclu-
sion regarding the effects of therapy on renal function could
not be drawn given the lack of large, prospective trials with
long-term follow-up.

Mycophenolate Mofetil

Mycophenolate mofetil (MMF), an inhibitor of purine biosyn-
thesis in activated lymphocytes, has also been studied in the
treatment of resistant MN. Many of the published reports de-
scribing the efficacy of this agent are uncontrolled case reports
subject to reporting bias. Choi et al. studied 17 patients with

MN that were either resistant or intolerant to therapy with
corticosteroids or cytotoxic agents. There was a significant re-
duction in proteinuria with two patients achieving a complete
remission and 8 achieving a partial remission (365). Renal func-
tion remained stable in the treated patients. Miller et al. studied
16 patients with MN at high risk of progression with baseline
proteinuria over 9 g/day (366). All patients had failed corticos-
teroid therapy, six patients had failed cytotoxic therapy, and
five patients had failed cyclosporine. Patients were treated for
a mean of 8 months with MMF with a target dose of 2 g/day.
There was no change in mean proteinuria during the study and
only six patients had a partial response. There was no change in
serum creatinine during the study. At this time, the experience
with MMF is too limited to draw any firm conclusions.

Cyclosporine

Cyclosporine has been studied in several randomized prospec-
tive clinical trials in patients with MN (367–373). Generally,
the patients who have been studied are those that have mod-
erate or high degrees of risk for progressive disease and had
often failed other therapies such as cytotoxic agents.

Patients that had failed an 8-week course of corticos-
teroid therapy and had persistent nephrotic-range proteinuria
were randomized to either cyclosporine (CSA) (28 patients)
or placebo (23 patients) (371). Cyclosporine trough levels
were maintained between 125 and 225 ng/mL (average dose
3.7 mg/kg/day) for a total of 6 months of therapy. Patients also
received prednisone therapy, up to a maximum of 15 mg/day.
Therapy was well tolerated with no patients discontinuing ther-
apy. At the end of 6 months of therapy, 75% of the CSA-treated
patients versus 22% of the control group had a remission in
proteinuria. After 1 year, remission rates fell to 48% in the
CSA-treated group and 13% of the placebo group. The over-
all rate of the change in renal function between the two groups
was identical. Another trial from China randomized 30 patients
to either CSA (initial dose of 5 mg/kg/day which was tapered
after 3 months to 2 mg/kg/day and continued for a total of
15 months) or captopril (373). At the end of 15 months, 11 of
15 patients in the CSA-treated group were in either complete
or partial remission as compared to 2 of 15 patients treated
with captopril alone. In both trials there was a high rate of re-
lapse (up to 50%) with longer follow-up after CSA withdrawal.
Despite this, there remained a larger fraction of patients in re-
mission after CSA treatment than with placebo.

Rostoker et al. performed an open-label study in patients
with MN at high risk for progression (369). These patients
had shown a progressive rise in serum creatinine before the
initiation of therapy. Fifteen patients were treated with CSA to
maintain a 12-hour trough level between 100 and 250 ng/mL.
Four of the 15 patients showed no response to therapy and
the drug was discontinued after 4 months. In the remaining 11
patients, CSA was continued for 6 months, followed by taper-
ing over 6 months. In this group, four patients had a complete
remission and seven had a partial remission. Nine patients dis-
continued CSA, and 33% had a relapse of their proteinuria
that responded to reintroduction of the drug.

Another open-label study in patients at high-risk for pro-
gressive disease studied 41 patients with a mean urine protein
excretion of 10.9 g/day (375). Patients received a mean CSA
dose of 3.3 mg/kg/day for 1 year. At the end of therapy, 14 pa-
tients had entered a complete remission with a mean decrease in
proteinuria of 6 g/day. In those patients who entered a complete
remission, the mean treatment time before a response was seen
was 225 days. There was only a small rise in serum creatinine
(0.3 mg/dL) during the trial.

Only one randomized controlled trial has been performed
in patients at high risk for progressive renal disease (372). En-
try criteria for this trial included an absolute fall in creatinine
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clearance of 8 mL/minute or greater over a 4- to 12-month
observation period. Furthermore, patients had persistent
nephrotic-range proteinuria. Seventeen patients were selected
for randomization to either CSA alone (trough level of 110 to
170 ng/mL) or placebo. Proteinuria fell in the treatment group
by an average of 4.5 g/day as compared to a rise in protein-
uria of 0.7 g/day in the placebo group. Most importantly, CSA
therapy improved the average change in the slope of creati-
nine clearance versus time (from –2.4 mL/min/month prior
to therapy to –0.7 mL/min/month with therapy). There was
no change in the rate of decline in renal function in the placebo
group. Importantly, the effects of CSA on improved renal func-
tion were maintained for up to 2 years after the medication was
stopped.

In these trials, CSA therapy has been associated with tran-
sient increases in serum creatinine, hypertension, and gingival
hyperplasia (368-375). Infectious complications were not seen
and overall the medication has been well tolerated. The major
drawback has been a relapse rate as high as 50% within 2 years
of drug withdrawal (368–376). This may be minimized by ex-
tended therapy but further trials are needed. The mechanism by
which CSA may decrease proteinuria and preserve renal func-
tion is unclear. The drug may act to decrease T cell–derived
cytokine production as well as directly altering glomerular per-
meability to proteins through an unknown mechanism (376).

Alternative Therapies

Several alternative therapies have been studied in patients with
MN. These are generally small, uncontrolled trials with short
follow-up but have provided interesting results and point the
direction for future therapies.

Intravenous immunoglobulin has been given in repeated
doses to patients with severe MN (377,378). In these cases,
both proteinuria and renal function has shown improvement.
There are no reports of the long-term outcome of these patients.

Pentoxifylline, a phosphodiesterase inhibitor, was given to
10 patients with MN for 6 months and significantly reduced
proteinuria from 11 to 1.8 g/day (379). Renal function re-
mained stable in these patients. Pentoxifylline is an inhibitor
of tumor necrosis factor-alpha (TNF-α) and plasma and uri-
nary levels of TNF-α significantly fell in the treated patients
(380). Whether pentoxifylline may serve as a useful adjunct to
cytotoxic or CSA therapy has not been studied.

Based upon the experimental data demonstrating the im-
portance of B cell activation and immunoglobulin production
in the pathogenesis of MN, a monoclonal antibody that targets
the B cell surface antigen CD20 has been employed in the treat-
ment of patients with MN (381–383). Eight patients with MN
and persistent nephrotic-range proteinuria were treated with
four weekly infusions of the anti-CD20 monoclonal antibody
rituximab. Two patients entered complete remission and three
patients had a partial remission. In all patients, there was a sub-
stantial fall in urinary protein excretion with the mean protein
excretion falling from 8.6 to 3.0 g/day at 1 year of follow-up.
Renal function remained stable in all patients. The drug was
well tolerated with no major adverse events during the trial.
This therapy, which may specifically target autoreactive B cell
clones, holds great promise for a disease-specific therapy that
may have minimal long-term side effects. Obviously, larger ran-
domized controlled trials with extended periods of follow-up
are needed.

Future therapies are being developed that target the immune
system. Eculizumab is a humanized C5 complement inhibitor
that prevents the cleavage of C5 into its proinflammatory com-
ponents (385). It has undergone phase II testing in patients with
membranous nephropathy and 12 months of therapy with the
agent resulted in an increased remission rate (386). Future clin-
ical trials with this agent are anticipated.

Other targets for therapy include the induction of immune
tolerance, modulation of inflammatory mediators (such as anti-
TNF-α therapy with infliximab), blockade of co-stimulation
(with anti-CD40L or CTLA4-Ig) or blockade of mechanism
that lead to progressive glomerular scarring and tubulointer-
stitial injury (384).

Treatment Recommendations

In recent years the treatment of autoimmune diseases has un-
dergone a revolution and new therapies that specifically tar-
get the molecular pathways involved in inflammation and im-
munologic regulation have become available (385). In MN,
where immune complex localization to the subepithelial region
of the glomerulus leads to complement activation and subse-
quent damage to the glomerular basement membrane and ep-
ithelial cell, therapies that intervene in the various steps in the
process could be envisioned. Such therapies are being devel-
oped but have not been subject to human trials. Thus, current
treatment of MN relies on nonspecific antiproteinuric strategies
as well as global immunosuppression. Most clinicians reserve
treatment with cytotoxic agents to those patients at greatest
risk for progressive renal disease. Thus, patients with persistent
high-grade proteinuria and/or worsening renal function should
receive steroids and cytotoxic therapy. In those patients who
do not respond to therapy or who are intolerant these drugs,
cyclosporine and MMF are additional options. In the future,
therapies that directly target the pathogenic mechanisms in-
volved in glomerular injury will hopefully be available.
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CHAPTER 64 ■ NEPHROTIC SYNDROME:
MINIMAL CHANGE NEPHROPATHY, FOCAL
SEGMENTAL GLOMERULOSCLEROSIS, AND
COLLAPSING GLOMERULOPATHY
H. WILLIAM SCHNAPER, ALAN M. ROBSON, AND JEFFREY B. KOPP

The term nephrotic syndrome refers to a classic tetrad of
proteinuria, hypoproteinemia, edema, and hyperlipidemia. Al-
though a relationship among these findings was recognized as
early as the 15th century, the term nephrosis first achieved
widespread acceptance in the early part of the 20th century,
when Volhard and Fahr employed it as one of the major divi-
sions of bilateral kidney disease (1). Later developments, no-
tably the advent of percutaneous renal biopsy, facilitated fur-
ther delineation of the many forms of kidney disease that result
in the nephrotic syndrome (2,3). We have divided these dis-
eases into three general categories, as shown in Table 64-1: (a)
primary nephrotic syndrome, in which the process that initi-
ates proteinuria is not immediately apparent from histopatho-
logic evaluation; (b) inflammatory glomerular lesions; and (c)
glomerulopathy secondary to other diseases that affect the kid-
ney. Regardless of the underlying cause, all of these diseases
share a common denominator in that each involves proteinuria
of sufficient severity to produce hypoproteinemia. Typically,
when the serum albumin concentration falls below a critical
level of approximately 2 g/dL, the other clinical features of the
nephrotic syndrome appear.

An analysis of the diseases underlying nephrosis is com-
plicated because studies have used varied definitions; differ-
ent methods of acquiring patient populations; and groupings
that reflect clinical, functional, or histologic criteria. Clearly,
the relative frequency of different causes of nephrosis varies
with age and has changed over time. The data in Table 64-1
were developed more than 25 years ago and indicated that
approximately 80% of children with renal disease had pri-
mary nephrotic syndrome, as opposed to only 25% of adults.
Chronic glomerulonephritis was responsible for about half of
the cases of nephrotic syndrome in adults but only 10% to
15% of childhood cases. These glomerulonephritides may re-
sult from a systemic disease, such as systemic lupus erythe-
matosus, or they may be idiopathic, such as in membranous
nephropathy. The remaining cases of nephrotic syndrome were
associated with diseases such as diabetes mellitus and amyloi-
dosis. They accounted for up to 20% of adult cases but a very
small percentage of childhood cases. This general pattern of
causes for nephrotic syndrome is still observed in most indus-
trial countries; additional causes are more likely to be seen in
developing nations (4–8).

This chapter focuses on the group of diseases subsumed
under the category of primary nephrotic syndrome. We employ
this term to describe the clinical picture of nephrotic syndrome
that occurs in the absence of evidence for glomerulonephritis
or systemic disease that would be sufficient to account for
massive proteinuria. Primary nephrotic syndrome includes
patients who have been described as having minimal change
nephropathy (MCN), also called lipoid nephrosis, “nil”

disease, idiopathic nephrotic syndrome of childhood, minimal
change nephrotic syndrome (MCNS), or steroid-sensitive or
steroid-responsive nephrotic syndrome. We have chosen to use
MCN as the preferred term for this entity. We will reserve the
alternate term, MCNS, for the clinical presentation in which
MCN has caused the nephrotic syndrome. Nephrosis is not
always present, particularly in adult patients (9,10). Although
most pathologists require at least the presence of nephrotic-
range proteinuria prior to treatment to make the diagnosis of
MCN, occasional patients may lack edema, hypoalbuminemia,
or hypercholesterolemia but have renal histology and ultra-
structure that are otherwise typical. Furthermore, describing
the lesion as a nephropathy offers a descriptor that is in parallel
with the other forms of primary nephrotic syndrome, in that
it is based upon the defined histopathology rather than a po-
tentially variable clinical picture. Some patients with primary
nephrotic syndrome have only a small amount of immunoglob-
ulin M (IgM) deposited in the glomeruli, which usually is
believed to be insignificant; some biopsy specimens reveal mild
mesangial hypercellularity. These patients are considered to
represent variants of MCN. A larger group of patients have
significant extracellular matrix accumulation or glomerular
capillary collapse. These patients are defined as having focal
segmental glomerulosclerosis (FSGS), also called focal sclerosis
and hyalinosis; and collapsing glomerulopathy, respectively. A
spectrum of pathologic findings may be observed. Moreover,
some patients, regardless of the underlying pathology, respond
to treatment with corticosteroids; others with an apparently
identical histologic lesion are resistant to steroid therapy.

Examination of the incidence of these diseases illustrates
both the age-dependence of diagnoses and the changing nature
of the underlying lesion. A large series of adults in Chicago
is depicted in Table 64-2, in which was evaluated the renal
biopsies of 1,000 consecutive patients who presented with the
nephrotic syndrome. At this referral center, the relative inci-
dence of different causes of nephrosis is changing, with signif-
icantly more FSGS and less MCN (10). Although this study
could reflect some degree of referral bias, it is likely that these
numbers approximate the general distribution of histologic di-
agnoses in nephrotic patients. The data for children shown in
this table describe all children 0.5 to 19 years of age in the
province of Ontario who were diagnosed as having nephrotic
syndrome. In this group, the incidence of FSGS also is increas-
ing. Consistent with the data shown in Table 64-1, the overall
proportion of patients with primary nephrotic syndrome in
children is greater than 90% (11) compared with 50% in the
adult study. The increasing incidence of FSGS (more than dou-
bled in both children and adults) is considered further in the
section on Focal Segmental Glomerulosclerosis and Collapsing
Glomerulopathy, later in this chapter.
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TA B L E 6 4 - 1

TYPES OF KIDNEY DISEASE CAUSING THE NEPHROTIC SYNDROME IN
PEDIATRIC AND ADULT PATIENTS

Relative incidence

Children Adults

Primary nephrotic syndrome 79 24
Nephrotic syndrome associated with a glomerulopathy

Chronic glomerulonephritis and systemic inflammatory disease 13 52
Secondary glomerulopathy 8 24

(Data derived from: International Study of Kidney Disease in Children. A controlled therapeutic trial of
cyclophosphamide plus prednisone vs. prednisone alone in children with focal segmental glomerulonephritis.
Pediatr Res 1980;14:1006; and Glassock RJ. The nephrotic syndrome. Hosp Pract 1979;14:105.)

In addition to the clinical observation that inflammation
does not underlie the proteinuria of primary nephrotic syn-
drome, advances in our understanding of these disorders sug-
gest that the origin of all these diseases resides in the specialized
visceral epithelial cell of the glomerular filter—the podocyte.
This cell contributes to the final barrier that determines the
nature of the glomerular filtrate, and podocyte lesions ap-
pear to play a critical role in progressive forms of primary
nephrotic syndrome. In Table 64-3 is shown a taxonomy of
the primary podocyte diseases, grouped according to histologic
characteristics. An analysis of the pathology, physiology, and
genetics of these diseases, and insight derived from examin-
ing acquired causes of each lesion, was utilized in this cate-
gorization. Patients who show few or no glomerular abnor-
malities by use of light microscopy include those with classical
MCN and its histologic variants, and patients with Finnish-
type congenital nephrotic syndrome. A second group has dif-
fuse mesangial sclerosis and represents mostly young children
with congenital forms of nephrosis, frequently resulting from
a single gene mutation. The third category, FSGS, represents
an entity the incidence of which is rising rapidly throughout
the world. We have chosen to define a fourth group: patients
with collapsing glomerulopathy. Although this diagnosis pre-
viously has been thought to be a part of FSGS, the histo-

logic appearance and clinical course strongly suggest that it
represents a distinct lesion. Further details regarding the def-
inition of the categories in this table will be provided in this
chapter.

It is important to note that the nephrotic syndrome has
many physiologic consequences that are not limited to the clas-
sic tetrad of proteinuria, hypoalbuminemia, edema, and hyper-
lipidemia. These include abnormalities of electrolyte balance,
coagulation, hormonal function, and immunity. This chapter
reviews the mechanisms underlying these manifestations of
nephrosis, our understanding of the pathogenesis of different
forms of primary nephrotic syndrome, and the clinical features
and management of patients with this entity.

PATHOPHYSIOLOGY OF THE
NEPHROTIC SYNDROME

Virtually every abnormality observed in primary nephrotic syn-
drome can be traced directly or indirectly to the urinary loss of
protein. Thus, the mechanisms responsible for this proteinuria
have systemic consequences that are manifested in the clinical
signs and symptoms of nephrosis.

TA B L E 6 4 - 2

CHANGING ETIOLOGIES OF NEPHROTIC SYNDROME

Percentage of total sample

Childrena Adultsb

Diagnosis 1985–1993 1993–2002 1976–1979 1995–1997

Minimal change nephropathy 81c 65c 23 15
Diffuse mesangial hypercellularity 3 7 — —
Focal segmental glomerulosclerosis 11 25 15 35
Membranous nephropathy 1 2 36 33
Membranoproliferative glomerulonephritis 1 0 6 2
Chronic glomerulonephritis — — 5 <1
IgA Nephropathy — — 3 9
Amyloid Nephropathy 0 0 7 4
Other 3 1 7 2

aData from: Ontario (Filler G, Young E, Geier P, et al. Is there really an increase in nonminimal change nephrotic syndrome in children? Am J Kidney
Dis 2003;42:1107).
bData from: Chicago (Haas M, Meehan SM, Karrison TG, et al. Changing etiologies of unexplained adult nephrotic syndrome: a comparison of renal
biopsy findings from 1976–1979 and 1995–1997. Am J Kidney Dis 1997;30:621).
cIncludes children with steroid-sensitive nephrotic syndrome and presumed minimal change nephropathy.
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TA B L E 6 4 - 3

CLASSIFICATION OF PRIMARY PODOCYTE DISEASES

Genetic (Mendelian
Pathology inheritance) Acquired Medication-induced

Minimal change
histology

• Congenital NS, Finnish type
NPHS1
NPHS1 + NPHS2

• MCN
• MCN variants

Mesangial hypercellularity
IgM nephropathy
Glomerular tip lesion
C1q nephropathy

• MCN, association
Hodgkin disease
Infection (see Table 64-5)

• Nonsteroidal
anti-inflammatory agents

• Gold
• Penicillamine
• Lithium
• Interferon-α and -β

Diffuse mesangial
sclerosis (DMS)
histology

• Congenital presentation
LAMB2 (Pierson

syndrome)
• Childhood presentation

WT1 (Denys-Drash
syndrome, isolated
DMS)

• Isolated DMS

Focal segmental
glomerulosclero-
sis
(FSGS)

• Congenital presentation
ITGB4

• Infancy/childhood
presentation

NPHS2
NPHS1 + NPHS2
WT1 (Denys-Drash

syndrome, Frasier
syndrome)

PAX2 (renal-coloboma
syndrome with
oligomeganephronia)

mtDNA (MELAS
syndrome)

COQ2
• Adult presentation

ACTN4
CD2AP
TRPC6
mtDNA (MELAS

syndrome)

• Idiopathic FSGS
Columbia classification

1. Not otherwise specified
2. Perihilar variant
3. Cellular variant
4. Tip lesion variant
5. Collapsing FSGS

• C1q nephropathy
• Postadaptive FSGS

Follows an adaptive response
consisting of glomerular
hyperperfusion and hypertrophy

(a) Reduced nephron mass: renal
dysplasia, oligomeganephronia,
surgical renal mass reduction,
reflux nephropathy, chronic
interstitial nephritis

(b) Initially normal nephron mass:
obesity, increased muscle mass,
sickle cell anemia, cyanotic
congenital heart disease,
hypertension∗

• Cyclosporine, tacrolimus
• Interferon-α
• Lithium
• Pamidronate

Collapsing
glomerulopathy

• Action myoclonus-renal
failure syndrome

• Idiopathic collapsing glomerulopathy
• C1q nephropathy
• Collapsing glomerulopathy associated

with infection
HIV-1
parvovirus B19∗

Loa loa filariasis
Visceral leishmaniasis

• Collapsing glomerulopathy, other
associations

Adult Still disease∗

Allograft vascular diseases∗

Multiple myeloma∗

• Interferon-α
• Pamidronate

ACTN4, α-actinin-4; CD2AP, CD2 associated protein; COQ2, coenzyme Q synthetase 2; FSGS, focal segmental glomerulosclerosis; ITGB4, integrin
β4; LAMB2, laminin β2; NPHS1, nephrin; NPHS2, podocin; MCN, minimal change nephropathy; mtDNA, mitochondrial DNA; TRPC6, transient
receptor patontial cation channel 6; WT1, Wilms tumor 1.
A classification scheme for the MCN/FSGS/collapsing glomerulopathy spectrum is presented. The forms of FSGS that are assigned to the acquired and
medication-induced categories may have genetic risk components that have not been well-defined at present. The Columbia classification divides
idiopathic FSGS into five variants; in the present classification system the fifth variant, collapsing FSGS, has been termed idiopathic collapsing
glomerulopathy. In recognition that there may be distinct forms of glomerular tip lesion with divergent prognoses, this entity has been divided into
two forms, glomerular tip lesion MCN variant and glomerular tip lesion FSGS variant (these forms may have distinct clinical outcomes but similar
pathologic appearance). The diagnosis of postadaptive FSGS requires the exclusion of specific glomerular disease, for example, immune-mediated
glomerulonephritis and diabetic nephropathy (which may manifest focal and segmental scarring but are not considered FSGS). Possible associations of
idiopathic FSGS and collapsing glomerulopathy with other disease states have been treated somewhat conservatively, so that associations based on
isolated case reports and controversial associations are excluded or designated with an asterisk. C1q nephropathy can present as MCN, FSGS, and
collapsing glomerulopathy, as well as other forms of glomerulopathy.
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FIGURE 64-1. The glomerular filtration
barrier. The distribution of glomerular
polyanion in the glomerular basement mem-
brane and on the endothelial and epithelial
cell layers is shown. LRE, lamina rara ex-
terna; LD, lamina densa; LRI, lamina rara
interna; GBM, glomerular basement mem-
brane.

Mechanisms for Proteinuria

The renal factors contributing to albumin homeostasis include
both glomerular filtration and tubular reabsorption. In its sim-
plest form, the glomerulus functions as a means to promote
fluid and solute flux from the blood vessel to the urinary
space, from where most constituents of the filtrate are then
reabsorbed. This model acquires significant complexity as so-
lute particles approach the size limits that are characteristic of
the glomerular filter. Further, recent progress in understanding
tubular handling of protein has demonstrated that the reab-
sorptive component also has a significant impact on albumin
homeostasis.

Renal Handling of Macromolecules

The glomerular barrier to filtration consists of three layers:
fenestrated endothelial cells, the trilaminar glomerular base-
ment membrane (GBM), and the epithelial cell layer (Fig. 64-1).
The epithelium does not constitute a continuous layer; rather,
the interdigitating extensions from adjacent epithelial cells or
podocytes are separated by spaces readily apparent on elec-
tron microscopy. The GBM has been considered a major bar-
rier to filtration (12). Experimental evidence supports a hypo-
thetical construct in which the GBM is a thixotropic gel (one
containing spicules that retard the passage of macromolecules
through it) (13). Diffusion through this gel plays a significant
role in restricting protein passage (14). Thus, the filtration of
protein is restricted in the same manner that regulates protein
movement during gel electrophoresis, where small molecules
most easily penetrate (15). At the same time, other studies sup-
port a model in which macromolecules encounter a porous
structure that limits the passage of larger molecules by steric
hindrance (16). Glomerular filtration is possible because the
interdigitations of the podocytes are separated by a small por-
tion of the urinary space. These spaces are partly occluded by
the epithelial slit diaphragm (Fig. 64-1), which has rectangu-
lar pores (17) that likely constitute the limiting barrier struc-
ture causing steric hindrance (18). The barrier itself is com-
posed primarily of nephrin, a cell–cell adhesion molecule that
interdigitates between adjacent cell processes (19), and is sup-
ported by accessory molecules including CD2-associated pro-
tein (CD2AP), FAT, Neph1, and P-cadherin (20). The result
is a latticework of proteins with openings of approximately
4 × 14 nm (21). Therefore, both the GBM and the slit di-
aphragm contribute to steric influences on macromolecular
filtration.

The porous component is demonstrated by permselectivity
curves that plot the renal clearance of macromolecules, rela-
tive to the glomerular filtration rate (GFR), against molecular
radius, describing a sigmoid shape (Fig. 64-2) between approxi-
mately 2 and 5 nm (20 and 50Å) (22). Therefore, some restric-
tion in filtration of dextrans occurs with molecules of about

FIGURE 64-2. Permselectivity curves for patients with severe pro-
liferative glomerulonephritis and for those with nephrotic syndrome
secondary either to the minimal change nephropathy (MCN) or to
glomerulonephritis. Normal values are depicted by the shaded area.
The arrow indicates the molecular size of albumin. The fractional clear-
ance of larger macromolecules is increased in severe glomerulonephri-
tis. In minimal change nephrotic syndrome, the fractional clearance
of smaller molecules is decreased. Patients with nephrotic syndrome
secondary to glomerulonephritis show a hybrid curve. (Data modified
from: Robson AM, Cole BR. Pathologic and functional correlations in
the glomerulopathies. In: Cummings NB, Michael AF, Wilson CB, eds.
Immune Mechanisms in Renal Disease. New York: Plenum; 1982:109,
with permission.)
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FIGURE 64-3. Clearance of neutral dextran (D), negatively charged dextran sulfate (DS), and positively
charged diethylaminoethyl (DEAE) dextran of varying molecular size in normal rats and in those made
albuminuric by treatment with nephrotoxic serum (NSN). In normal animals, clearance of negatively
charged dextrans is retarded, and that of cationic dextrans is enhanced, demonstrating charge selectivity by
the glomerular filter. In NSN, charge discrimination is lost. (Reprinted from: Bohrer MP, Baylis C, Humes
HD, et al. Permselectivity of the glomerular capillary wall: facilitated filtration of circulating polycations.
J Clin Invest 1978;61:72; by copyright permission of the American Society for Clinical Investigation.)

a 2-nm radius; restriction increases with increasing molecular
size and approaches 100% for molecules of a radius of 5 nm
(23). In addition to size, the ability of macromolecules to cross
the glomerular barrier is affected by molecular configuration,
shape, deformability, and flexibility (24). Permselectivity also
is modified by glomerular hemodynamic factors, although the
mechanism for this effect remains a subject of some controversy
(15).

Initially, it was believed that macromolecule handling could
be accounted for by an isoporous model for glomerular filtra-
tion, one in which steric hindrance of glomerular passage of
macromolecules results from the presence of uniform pores in
the barrier, each with a radius of approximately 5 nm. The size
of these pores may be increased in models of increased perme-
ability of the GBM (25). However, it has become apparent that
a heteroporous model may be more appropriate (26). In this
model, there are two pathways: one subject to classic steric hin-
drance, and a “shunt” pathway unaffected by size selectivity.
As demonstrated by clearance of very large dextrans, glomeru-
lar filtration of macromolecules through this second pathway
is enhanced in most forms of nephrosis and exacerbated by
colloid volume expansion (27), and is ameliorated in humans
by antihypertensive therapy (28), pressor doses of angiotensin
II (in contrast to the effect in rats) (29), or indomethacin (30).
Therefore, there appears to be a hemodynamic component to
activation of this mechanism for proteinuria. The impact of
this shunt is most noticeable for large molecules (greater than
6 nm); its effect on albumin clearance remains to be determined.

Steric hindrance is not sufficient to account for all aspects
of permselectivity. Although proteins are handled in a manner
similar to that for inert macromolecules (31), protein clear-
ances tend to be less than those of dextrans of comparable size
(24). Part of this difference is explained by the relatively rigid
structure of the proteins. However, albumin, which has an ef-
fective molecular radius of 3.6 nm, is cleared by the normal
kidney considerably less than are the equivalent-sized dextran
molecules. Albumin carries a negative electrostatic charge, and
its clearance is only slightly less than that of similarly sized
dextran carrying a negative charge (32). This apparent charge
selectivity has been attributed to negatively charged sialogly-
coproteins in the glomerular filter (33), which are present at
regularly spaced intervals in the laminae rarae of the base-
ment membrane (34), at the endothelial fenestrae (35), and
lining the epithelial podocytes (36). Collectively, these con-

stitute the glomerular polyanion (Fig. 64-1). The presence of
such negative-charge sites was proposed to be responsible for
both the facilitated transport of polycations (37) and the re-
stricted transport of polyanions (38) relative to that of neu-
tral molecules of comparable size (Fig. 64-3). These effects are
most apparent in the size range that is affected by some degree
of steric hindrance. Thus the determinants of glomerular per-
meability for a given particle are steric hindrance, glomerular
hemodynamics, and electrostatic charge.

Tubular Handling of Protein. Renal protein metabolism also
is affected significantly by tubular function. The glomerular fil-
trate normally contains a small amount of protein. A proximal
tubular system has sufficient capacity that, under physiologic
conditions, little intact protein from the filtrate is present in
the urine. For example, filtered albumin is subject to lysosomal
degradation in the proximal tubule, with fragments appear-
ing in both the plasma and the urine (39). However, studies
of rat kidneys, isolated but perfused in situ with radiolabeled
albumin, indicate that some albumin is reabsorbed intact (40).
One mechanism of tubular protein reabsorption is demon-
strated by its absence in Dent disease, a defect in chloride trans-
port resulting from a mutation in the gene for a renal-specific,
voltage-gated chloride channel, CLC-5, leading to hypercal-
ciuric nephrolithiasis (41). Proteinuria in this disease results
from disruption of both receptor-mediated and fluid-phase en-
docytosis (42). Patients with Dent disease have characteristic
urinary losses of retinol-binding protein (RBP) and albumin
(43). The failure of protein reabsorption in this lesion has per-
mitted an estimate that the glomerular filtrate contains 22 to
32 mg/L of albumin, or roughly 3 to 6 g per day in the normal
human adult, virtually all of which is reabsorbed under normal
conditions. This represents greater than 4% of the total plasma
albumin (44).

This saturable mechanism for albumin reabsorption is me-
diated by two proteins that are associated with clathrin-coated
pits in the proximal tubular cell (45). Megalin is a 600-kDa,
transmembrane protein and a member of the low-density
lipoprotein-receptor family. It co-localizes in cultured opossum
kidney (OK) cells with exogenous albumin and with cubilin, a
460-kDa protein that does not have a transmembrane domain.
Ligands for cubilin in the glomerular filtrate include not only
albumin but also immunoglobulin light chain and apoA-I. Me-
galin binds to the vitamin-binding proteins, RBP and vitamin
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D-binding protein, hormones, enzymes and β2- and α1-micro-
globulin, as well as albumin (46,47). As will be discussed in
the section to follow on Consequences of Proteinuria, the loss
of many of these proteins has clinical significance in nephrotic
syndrome. Another albumin “rescue” pathway that appears to
facilitate reabsorption of intact albumin has been attributed to
the FcRn immunoglobulin receptor (48).

Altered Permselectivity in Nephrosis

Permselectivity patterns obtained in patients with MCNS
(49,50) (Fig. 64-2) or animal models of selective albuminuria
(Fig. 64-3) (38) show a relative decrease in macromolecular
clearance even in the presence of marked proteinuria. In con-
trast, patients with glomerulonephritis show increased macro-
molecular clearances (Fig. 64-2), presumably due to structural
damage to the GBM, which may be visible in renal biopsy
material from patients in these disease states; this concept is
supported by work in animals (51). Thus the mechanisms for
proteinuria in both MCN and FSGS appear to be distinct from
those in glomerulonephritis. In the former, proteinuria is rela-
tively selective for albumin and occurs even though clearance
of macromolecules comparable in size to albumin is decreased.
In the latter, permselectivity of macromolecules that are 2.5 nm
(25 Å) or larger is increased, resulting in poorly selective pro-
teinuria. Patients with glomerulonephritis and proteinuria that
is sufficiently severe to cause the nephrotic syndrome may show
a pattern of permselectivity (Fig. 64-2) that is a hybrid be-
tween those found in MCNS and those found in uncomplicated
glomerulonephritis (49). In these patients, as in MCNS, clear-
ance of smaller molecules is relatively decreased. However, in
contrast to the situation in MCNS, the relative clearance of
larger molecules is increased. Similar hybrid curves have been
described in diabetic glomerulosclerosis (52).

Therefore, nephrotic proteinuria does not result from a sim-
ple defect in glomerular filter steric hindrance. Several theories
have been advanced to account for albumin loss. A promi-
nent one is a decrease in glomerular electrostatic charge se-
lectivity. Renal biopsy material from patients with nephrotic
syndrome shows decreased staining for glomerular polyanion
(53–56). Indeed, studies in MCNS patients suggested that al-
buminuria results from a reduction of fixed negative charge
by approximately 50% (57). Rats with nephrotic syndrome
induced by puromycin aminonucleoside (PAN), which causes
predominant albuminuria, show decreased staining by cationic
dyes (58) and decreased sialic acid content (59). Animals with
puromycin nucleoside (PAN)-induced nephrotic syndrome (60)
as well as those with acute heterologous nephrotoxic serum
nephritis (32) show increased clearance of negatively charged
dextrans, with permselectivity curves approximating those of
neutral dextrans. Further, intravenous infusion of various poly-
cations into animals results in loss of staining for glomeru-
lar polyanion, increased porosity of the glomerular filter, and
heavy proteinuria (61–63). Unilateral renal artery infusion of
the polycation protamine sulfate causes ipsilateral albuminuria
and depletion of glomerular polyanion (63). Finally, studies in
patients suggest that neutralization of vascular anionic charges
may be systemic in nature (64,65) rather than confined to the
kidney. This could result from effects of a protease present in
the circulation such as hemopexin (66,67). However, sieving
curves generated in rats by glomerular localization of neutral
or negatively charged polysaccharides were unable to demon-
strate charge selectivity of the glomerular filter (68), suggesting
that technical factors or differences in experimental approach
could significantly affect the validity of experiments demon-
strating charge selectivity. In these studies, bovine serum al-
bumin (BSA) “uptake” was extremely high relative to other
markers. Another study found a role for negative charge in

modulating renal protein handling in rats infused with neutral
or anionic horseradish peroxidase. These results suggested that
proteins may be more affected than polysaccharides by charge,
but in this model charge selectivity was lost after inhibiting
tubular protein uptake with lysine or ammonium chloride, sug-
gesting the conclusion that charge selectivity does not reside in
the glomerulus (69).

In mice, the plasma elimination rate of albumin (effective
molecular radius of 36 Å) was comparable to that of much
larger Ficoll molecules (≥65 Å). When the animals were treated
with PAN, albumin clearance increased through an unknown
renal mechanism (70). Although charge selectivity could ex-
plain these findings, any mechanism that is involved could have
affected either the glomerulus or the tubule. A study in anal-
buminemic rats treated with PAN showed no effect on renal
size selectivity with treatment. There also was no change in the
characteristics of urinary protein excretion (71). Previously, it
has been assumed that greatly increased delivery of albumin
to the proximal tubule saturated transport mechanisms or that
the other proteins lost in the urine were bound to albumin, in
either case causing loss of the nonalbumin proteins. However,
the pattern of proteinuria observed in this study was similar to
the findings in the CLC-5-null mouse, where low-molecular-
weight proteinuria occurs, and suggests that at least some pro-
tein losses in nephrosis result from specific tubular mechanisms.
These data support a significant role for derangement of tubu-
lar protein handling in nephrotic syndrome.

Several investigators have suggested that impairment of the
rescue pathway and other tubular mechanisms are a significant
cause of nephrotic proteinuria (15,72). However, several lines
of evidence suggest that this is not the case. Patients with Dent
disease, and the CLC-5-null mouse, have “nephrotic-range”
proteinuria but do not have nephrosis. The salvage of some
of the 4% of the plasma albumin that is filtered per day (44)
is likely to contribute positively to homeostasis, but a signif-
icant portion of albumin rescued by the tubule is degraded
(39). Assuming that half of the albumin is reclaimed intact,
it is unlikely that losing 2% of plasma albumin per day will
have a major effect on plasma albumin concentration. Finally,
Deen and Lazzara (73) modeled the sieving coefficient for al-
bumin. They performed a mass-transfer analysis to determine
whether the sieving coefficient could be similar to, rather than
greatly less than, that for neutral Ficoll of the same size. The
higher value, which would have been required in the models
supported by adherents of a causal role for tubular protein-
uria, would generate tubular albumin concentrations located
1 mm distal to the glomerulus that are 20-fold higher than
has been measured by rat micropuncture studies. The authors
concluded that the glomerulus was the primary restricting site
for albuminuria (73). Although the possibility of charge se-
lectivity was considered, it could not be tested by this analy-
sis. Therefore, the mechanism of nephrotic proteinuria remains
uncertain.

Even if glomerular charge neutralization does not cause pro-
teinuria, it could account for other aspects of nephrosis. Elec-
tron micrographs of renal tissue obtained after protamine sul-
fate infusion sufficient to deplete glomerular polyanion show
podocyte alterations identical to those seen in nephrotic syn-
drome (74). Perfusion of the kidney with heparin (which is
negatively charged) after infusion of polycation results in re-
establishment of the normal podocyte structure (74). Further-
more, chemical removal of the sialic acid coating also causes
foot-process fusion/effacement (75). These findings support
the notion that repelling electrostatic effects of the negatively
charged cellular coating may contribute to the normal sepa-
ration between adjacent podocyte foot processes. An alterna-
tive view holds that albuminuria itself may cause foot-process
fusion (76).
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Alteration of podocyte architecture also may account for
the generally decreased fractional clearance of smaller macro-
molecules in nephrotic syndrome cited previously. It has been
suggested that simplification of the foot process makes the
glomerular pore less complex, thereby allowing for increased
clearance of some long, narrow, rigid molecules. However,
most plasma proteins are prolate ellipsoids (stubby cigar-
shaped) and show decreased clearance (77). The effective pore
radius was reported to be decreased in both MCNS and FSGS
(78). In this study, the ratio of total pore area to pore length
was reduced by more than 50%. Further support for decreased
pore area is found in studies indicating decreased filtration slit
frequency (likely secondary to foot-process fusion) (79) or de-
creased pore number (80). These findings would account for
decreased macromolecular clearance but not enhanced albu-
min clearance.

An alternative to charge neutralization as an explanation of
proteinuria is suggested by the data indicating that permselec-
tivity patterns show enhanced clearance of larger neutral dex-
trans in FSGS (80). Studies by Yoshioka and colleagues (81)
suggest that there is enhanced clearance of albumin by less-
affected glomeruli, implicating hemodynamic factors related
to hyperfiltration in remnant nephrons (82). This could be ac-
counted for by the heteroporous model, in which a different
class of pores greater than 60Å in radius is increasingly utilized.
This shunt pathway is active in angiotensin II-stimulated pro-
teinuria (83) and Heymann nephritis (84). Further, the hemo-
dynamic implications of proposing a role for the shunt pathway
are supported by the salient effect of angiotensin converting en-
zyme inhibition on glomerular size selectivity in disease (85).
However, since patients with MCN do not necessarily have in-
creased utilization of the shunt pathway (80), it is not clear
that shunting represents a mechanism of proteinuria common
to all causes of the nephrotic syndrome, or is the major cause
of nephrotic albuminuria.

A third hypothesis regarding the stimulus for proteinuria
could account for changes in both charge and steric hin-
drance in the glomerular filtration barrier. Small anions such
as Cl− are freely filtered by the glomerulus, whereas negatively
charged molecules such as albumin that are large enough to
interact with the filtration barrier (but pass through) are af-
fected by electrostatic hindrance. Modest increases in slit di-
aphragm pore size, perhaps mediated by alterations in cy-
toskeletal function (86), may be sufficient to both decrease
steric hindrance of, and reduce electrostatic interference with,
albumin transit, even before considering the amplifying effects
of barrier charge neutralization or increased shunt pathway
utilization.

Consequences of Proteinuria

It is generally accepted that the central feature of the nephrotic
syndrome, irrespective of its underlying renal cause, is hy-
poalbuminemia resulting from urinary loss. There is increased
fractional catabolism of albumin in nephrotic syndrome (87),
mostly within the renal tubule after increased filtration of
plasma proteins (88). Rates of hepatic synthesis of albumin
are increased (89), but this increase is inadequate to compen-
sate for urinary losses (90). Although gastrointestinal losses
are possible through transudation of albumin across the bowel
wall in nephrosis, these are not likely to contribute significantly
to decreased plasma albumin concentrations.

Nonetheless, urinary losses cannot be considered an isolated
phenomenon. It is apparent that a special relationship exists
among protein synthetic capability, urinary loss of protein, and
plasma protein concentrations. For example, patients undergo-
ing chronic peritoneal dialysis lose “nephrotic range” amounts
of protein, yet they usually have close to normal serum albumin
concentrations (91). In nephrosis, the rate of hepatic albumin
synthesis is related to dietary protein intake. However, increas-
ing protein intake leads to glomerular hyperfiltration (92,93)
and enhanced loss of protein in the urine, resulting in lower
serum albumin concentrations in patients on high-protein diets
(94). The increase in dietary intake appears to stimulate selec-
tive hepatic expression of messenger ribonucleic acid (mRNA)
for albumin, indicating that the stimulus is specific for albumin
production and not generalized to other proteins as well (95).
The dietary stimulus can be dissociated from potential effects
of alterations in plasma oncotic pressure (96). Although spe-
cific plasma amino acid content is unchanged, nitrogen balance
is rendered more positive by angiotensin-converting enzyme
(ACE) inhibition (97), which decreases hyperfiltration and thus
the amount of protein lost in the urine. Indeed, enalapril de-
creases UAlbuminV (absolute albumin excretion) and fractional
catabolism of albumin in normal or nephrotic rats on high-
protein diets (98,99).

Edema Formation

One of the major consequences of hypoalbuminemia is edema
formation. The major forces that maintain vascular volume are
believed to be those described by Starling (100), namely, the al-
gebraic sum of hydrostatic and oncotic pressures acting at the
level of the peripheral capillary beds (Fig. 64-4). Hydrostatic
pressure is the dominant force at the arteriolar end of the cap-
illary, where it is generated by arterial blood pressure. Pressure

FIGURE 64-4. The forces that govern the movement
of fluid across the peripheral capillary wall in healthy
persons and in patients with primary nephrotic syn-
drome. The shaded area represents the lumina of the
capillaries. The size and direction of the arrows are in
proportion to the magnitude and direction of the force
described by that arrow. In MCNS, hypoalbuminemia
causes a marked reduction in oncotic pressure. This in-
creases the driving force for fluid out of the arteriolar
end of the capillary and decreases the forces available
for return of fluid at the venous end. The result is the
development of increased amounts of fluid in the inter-
stitial space and the beginning of edema formation. See
text for more details. (From: Robson AM. Edema and
edema forming states. In: Klahr S, ed. The kidney and
body fluids in health and disease. New York: Plenum;
1984:119, with permission.)
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is lower in the capillaries (40 to 45 mm Hg) than in the arterial
system, but it is markedly higher than tissue pressure, which
ranges from 2 to 5 mm Hg. Hydrostatic pressure is opposed by
plasma oncotic pressure (the osmotic pressure generated by col-
loidal solute), which is 25 to 30 mm Hg in healthy individuals.
The resulting net force (10 to 15 mm Hg) drives an ultrafiltrate
of blood from the capillaries into the interstitial fluid space.
By the venous end of the capillary, hydrostatic pressure has
been further dissipated (Fig. 64-4) and is exceeded by oncotic
pressure, so that there is a net force for return of fluid into the
capillaries. In health, the loss of fluid at the arteriolar end of the
capillaries slightly exceeds the amount resorbed at the venous
end. The difference is returned to the circulation through the
lymphatic system (101).

Albumin, because of its abundance and its relatively small
molecular size, is the plasma protein primarily responsible for
the generation of oncotic pressure (102). A decrease in plasma
albumin concentration thus results in a decrease in oncotic
pressure, so that the net driving force for loss of fluid at the
arteriolar end of the capillary bed is increased and that for re-
turn of fluid at the venous end is reduced. Consequently, fluid
accumulates in the interstitial space, initiating edema forma-
tion. This accumulation occurs first where tissue pressure is
lowest, for example, in the eyelids or in the scrotum; it also ap-
pears in the most dependent parts of the body because venous
hydrostatic pressure is highest at these sites and is transmitted
to the venous end of the capillaries.

In this traditional model of nephrotic edema formation, of-
ten referred to as “underfilling” (103), the translocation of fluid
from the vascular to the interstitial fluid space as edema forms
should decrease blood volume. The physiologic responses pre-
cipitated by such a reduction would then be important fac-
tors in producing the massive amounts of edema often seen in
nephrotic syndrome. These changes include the release of an-
tidiuretic hormone (ADH), the release of renin with increased
production of angiotensin II, and decreases in renal blood flow
and GFR (104–106). All these changes favor renal retention
and positive balances of both sodium and water unless intakes
are decreased. Indeed, patients may exhibit increased thirst,
which is probably stimulated both by angiotensin II (107) and
by the decrease in blood volume monitored through barorecep-
tors and volume receptors. Retained sodium and water do not
remain in the vascular space. Because of the hypoalbuminemia,
they add to the edema.

In practice, the pathophysiology of edema formation in
nephrotic syndrome is more complex than this traditional con-
cept. Animal studies have documented that hypoproteinemia
alone does not result in edema (108). Humans with congen-
ital analbuminemia do not develop nephrosis-like edema and
have a normal plasma volume even in the virtual absence of
serum albumin (109). Furthermore, if the traditional theory is
correct, patients in relapse of nephrotic syndrome should have
decreased blood volumes and values should return to normal
during remission from the disease. Although reduced values
for blood volume have been reported (110), normal or even
increased levels have been documented, too (111,112). A sur-
vey of the literature (113) found that only 38% of patients with
nephrosis had measurements indicating blood volumes reduced
by 10% or more from normal; 48% had normal values and
14% had increased values. Furthermore, patients with care-
fully documented MCNS studied during relapse and again dur-
ing remission did not show a consistent increase in blood vol-
umes with remission; indeed, in most, the values did not change
(113,114). Therefore, in contrast to the “underfilling” model,
others have proposed an “overflow” hypothesis, in which the
vascular tree is filled to excess, with increased hydrostatic pres-
sure leading to fluid extravasation. Remarkably, nail-bed mi-
cropuncture measurements in nephrotic patients did not sup-
port the notion that capillary overfilling occurs, but capillary

leak appeared more important than underfilling in differenti-
ating nephrotic from normal subjects (115).

There are several possible explanations for these conflict-
ing models, each of which appears valid in some cases. One
is that the reported patients had varying underlying causes of
their nephrotic syndrome, in some cases involving significantly
decreased renal function. Nephrotic syndrome secondary to
glomerulonephritis usually is associated with a normal or ex-
panded blood volume (116). A second potential confounding
factor is that some patients were receiving treatment when stud-
ied. In addition to specific treatments, albumin infusion might
enhance volume, and diuretic therapy may reduce both blood
and interstitial fluid volume in nephrotic subjects (117). A third
issue is that measurements of blood volume are difficult to in-
terpret because of methodologic problems. Labeled red cells
may not circulate ideally in volume-depleted states, so that pe-
ripheral hematocrit may not reflect total body hematocrit; la-
beled albumin may have an increased volume of distribution
in nephrotic syndrome, especially if vascular integrity to albu-
min is decreased (118). Thus both methods could be subject
to errors (116). Indeed, if the suggestion that nephrotic syn-
drome results from a generalized loss of negative-charge sites
(65) is correct, loss of such charge sites in capillary beds could
cause increased losses of albumin into edema fluid (119). This
occurrence not only would alter the apparent volume of distri-
bution for albumin, but also might increase net extravascular
oncotic pressure at the level of the capillaries. Support for this
hypothesis is found in the observation that large changes in
extracellular fluid volume cause little change in plasma volume
in nephrotic patients (120).

An attractive explanation for variations in reported blood
volume is that the patients were studied in different phases of
their disease process. Blood volume could be reduced during the
pathogenesis of the nephrotic state, particularly in MCNS, but
return to normal as anasarca develops. Therefore, the decrease
in plasma volume after experimental depletion of serum pro-
teins can be prevented by massive expansion of the extracellu-
lar fluid with saline solution (121). Nephrotic subjects progress
through a sodium-retaining phase but eventually enter into a
new steady state in which they no longer accumulate edema
and once again demonstrate the ability to excrete a sodium load
(106). With this new steady state, sodium and water retention
may be so marked and edema accumulation so massive that
tissue hydrostatic pressure is increased and blood volume is re-
turned to normal. This may explain reports in which nephrotic
subjects could be separated into those with high and those with
low urine sodium concentrations (114). The high-volume state,
whether from massive fluid intake or decreased renal function,
represents the overflow pathogenesis of nephrotic edema. It
is likely that both underfilling and overflow occur, perhaps at
different times in the same patient.

Hormonal mechanisms. Regardless of whether underfilling or
overflow is paramount, a third model suggests that hormonal
mechanisms are of primary importance. Although we have
emphasized a primary role for hypoalbuminemia in oliguria
and sodium retention, patients with MCNS often undergo a
marked, remission-induced diuresis beginning as soon as uri-
nary albumin concentrations start to decrease and before nor-
malization of serum albumin. Initial studies of the pathophysi-
ology of nephrosis suggested that fluid redistribution results in
aldosterone-mediated sodium retention designed to replenish
vascular volume (122,123). Accordingly, aldosterone activity
was thought to be more important in the genesis of fluid re-
tention than either serum albumin or colloid osmotic pressure
(114). Consistent with this notion, patients with nephrotic syn-
drome show an increase in distal renal tubular sodium reab-
sorption (106,124). Increased tubular sensitivity to aldosterone
may further enhance edema formation (125).
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Renin–angiotensin–aldosterone system. Inconsistencies in re-
ported plasma renin activity (PRA) results could be due to
clinical factors similar to those that confound interpretation
of blood volume measurement. These include different stages
of both disease process and sodium balance as well as vari-
ations in therapeutic regimen. For example, immunofluores-
cence staining of renin-producing cells in renal biopsy material
from nephrotic patients revealed increased numbers of these
cells in hypoalbuminemic states. However, the increase corre-
lated with a number of variables, most notably the presence of
vascular disease (126). In an attempt to standardize some of
these variables, renin–sodium profiles were performed on pa-
tients with nephrotic syndrome. Two groups of patients were
identified. In keeping with traditional concepts, the classic form
was typically seen in patients with MCNS, in whom high levels
of PRA and aldosterone activity were associated with vasocon-
striction and hypoalbuminemia; values were further stimulated
rather than suppressed by salt loading and decreased sponta-
neously before the occurrence of steroid-induced diuresis. In
the hypervolemic, overfilling, form, seen typically with chronic
glomerulonephritis and renal insufficiency, low renin activity
was associated with sodium retention and increased normally
with sodium depletion (116). Other studies correlated PRA
with plasma volume, serum albumin concentration (127), or
the state of sodium balance (113). Natriuresis in MCNS was
associated with an increase in PRA and presumably a decrease
in plasma volume (113), whereas that induced by water immer-
sion, presumably mediated by an increase in blood volume, was
associated with a measured decrease in PRA (128). Therefore,
PRA appears to correlate better with plasma volume than with
rate of urinary sodium excretion.

Difficulties in confirming a definitive role for the renin–
angiotensin system in the genesis of nephrotic edema are similar
to those in explaining edema formation in cirrhosis (129). A
multiplicity of interacting factors may be responsible in both
of these disease states. Therefore, plasma renin levels could
be controlled tightly by a variety of feedback mechanisms so
that subtle changes, too small to be detected by current lab-
oratory methods, are all that occur to maintain the altered
homeostasis.

Other Hormonal Regulators of Fluid and Electrolyte Balance.
In addition to renin, other factors affecting volume status may
include abnormal vascular tone (130) and altered levels of cat-
echolamines (131).

Antidiuretic hormone secretion. Nephrotic patients with
MCN may show decreased solute-free water excretion, al-
though the capacity to generate solute-free water remains in-
tact (105). Increased ADH secretion may reflect a physiological
response to decreased intravascular volume (110). In contrast,
maximal urine osmolarity may be decreased in experimental rat
nephrosis due to decreased renal tubular expression of aqua-
porin (132,133).

Prostaglandin metabolism. Elevated levels of prostaglandin E2
(PGE2) were found in the serum of patients with nephrotic syn-
drome, the majority of whom had MCN (134). The highest
values were observed when the patients had clinically appar-
ent edema. Urinary PGE2 levels were increased in patients with
idiopathic nephrotic syndrome who had a low urine sodium
concentration as well as elevated plasma renin–aldosterone
activity (135). The observation that the administration of in-
domethacin to nephrotic patients results in an increase in body
weight and decrease in GFR suggests that prostaglandins may
play a role in either maintenance of GFR or amelioration of
edema in nephrotic syndrome. Indomethacin also decreased
proteinuria and PRA (135). Response to indomethacin is de-
pendent on concurrent sodium intake. When the agent was

given to nephrotic patients on sodium-restricted diets, it re-
sulted in a decrease in GFR; a similar drug regimen for patients
with more liberal sodium intake did not affect renal hemody-
namics (136).

Atrial natriuretic peptide. Because atrial natriuretic peptide
(ANP) causes renal vasodilation, an increase in GFR, and in-
creased sodium excretion (137), it has been suggested that ab-
normal metabolism of this hormone could mediate sodium re-
tention in nephrosis. The acute increase of plasma volume fol-
lowing albumin infusion in nephrotic children is accompanied
by a fivefold increase in ANP levels (138). However, this may
simply reflect a change from low plasma volume status before
the infusion is begun in patients who likely have MCNS. Plasma
concentrations of ANP were determined to be low in nephrotic
patients compared to patients who had acute glomerulonephri-
tis, and ANP levels correlated well with the degree of edema in
nephritis but not in nephrosis (139). Therefore, regulation of
ANP appeared to be appropriate for presumed volume status.
In rats with adriamycin-induced nephrotic syndrome, changes
in GFR after infusion of ANP were similar to those in control
animals, indicating that nephrosis does not alter glomerular fil-
tration by changing ANP sensitivity (140). In a similar model,
no change was detected in ANP receptor density in nephrotic
kidneys (141). Nephrotic patients respond physiologically to
ANP infusion (142), although the mechanism by which this
occurs may be different from that in normal subjects (143).
It has been proposed that ANP mediates the diuretic response
to head-out immersion in nephrosis (144), but the effect of
ANP infusion, unlike that of immersion, is blocked by enalapril
(145).

Physical and Anatomic Factors Affecting Glomerular Filtration
Rate. Taken together, these findings suggest that, although se-
cretion of ANF may in part mediate diuresis, physical factors
are of greatest importance in the fluid retention of nephro-
sis, with abnormalities of ANF representing appropriate re-
sponses for the patient’s physiology (146). These physical fac-
tors may include a significant intrarenal component. Children
with MCNS have decreases in both GFR and filtration fraction
(104,147,148). Decreased GFR could be due to a decrease in
the ultrafiltration coefficient (Kf), causing a reduction in single-
nephron GFR (146), and has been suggested to result from ef-
facement of the glomerular epithelial cell foot processes (149).
Alternatively, the decreased GFR could be a consequence of
raised intratubular hydrostatic pressure in the proximal tubule
secondary to the presence of filtered albumin, an increase in
resistance to tubular flow (150), or decreased proximal reab-
sorption of tubular fluid as a result of a reduction in peritubu-
lar capillary oncotic pressure (146). There also may be a local
role for the renin–angiotensin system, as saralasin infusion in
experimental unilateral PAN-induced nephrotic syndrome re-
sulted in an increase in single-nephron GFR in the experimen-
tal, but not the control, kidney (146). In another animal model
of nephrotic syndrome, that of nephrotoxic serum nephritis,
the Kf was reduced, but compensatory mechanisms maintained
renal blood flow and whole-kidney and single-nephron GFR.
These responses appeared to be intrarenal in origin and caused
an increase in glomerular capillary pressure (151).

Another factor affecting GFR is plasma albumin concen-
tration. Hypoalbuminemia has been postulated to decrease
glomerular plasma flow, thereby decreasing GFR. However,
lower albumin also decreases plasma oncotic pressure, which
should increase GFR. Löwenborg and Berg report that GFR
and filtration fraction vary directly with serum albumin but
inversely with mean arterial blood pressure in children with
MCNS (152). This finding supports a role for altered Kf in re-
lapse, consistent with foot-process effacement. Kf is determined
by the total filtration slit length, as shown by mathematical
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modeling of experimental data (153). Some studies suggest that
there is a weak correlation between the amount of proteinuria
and the extent of foot-process effacement, but these studies in-
cluded patients in relapse and in remission with MCN (154)
and with multiple nephrotic diseases (155). A recent study of
23 MCN patients in relapse showed no correlation between
proteinuria and foot-process effacement (r = 0.25, p = 0.25)
(156). The authors make the important point that assessment
of the quantitative relationship between podocyte foot-process
effacement and proteinuria should exclude patients in remis-
sion, as these patients have normal podocyte morphology (and
therefore do not address the hypothesis that the degree of
effacement correlates with proteinuria). Foot-process efface-
ment reverses when patients undergo spontaneous remission
or glucocorticoid-induced remission.

Other Physiologic Changes in Fluid and
Electrolyte Metabolism

A curious phenomenon in primary nephrotic syndrome, per-
haps related to decreased filtration fraction, is the occurrence of
reversible or permanent renal failure unexplained by the under-
lying disease process. This has been reported in association with
both MCN (157–159) and FSGS (130). In some patients, renal
failure was associated with the use of nonsteroidal antiinflam-
matory drug (NSAID) therapy (160,161). These episodes occur
in the absence of renal vein thrombosis (vide infra) or other sys-
temic symptoms. Because fractional excretion of sodium is low
in these patients (162), it is likely that the marked decrease in
GFR occurs for hemodynamic reasons (163) rather than be-
cause of acute tubular necrosis or vasomotor nephropathy. In
a study of 15 patients with MCNS and renal failure, GFR mea-
sured by inulin clearance was decreased out of proportion to
clearance of para-aminohippurate (PAH), with filtration frac-
tion reduced to between 3% and 9% (164). Improvement of
renal function occurred in association with diuretic therapy
either with or without albumin infusion. In patients who im-
proved with pharmacologic diuresis, the serum creatinine level
again rose on return to an edematous state. The authors postu-
late that glomerular hemodynamics was altered by the presence
of intrarenal edema, which occurred when peripheral edema
developed.

Other circulatory abnormalities have been observed in pa-
tients with nephrotic syndrome. The occurrence of hypov-
olemic shock and hypotension has been related to a variety of
medical procedures (165). However, hypotension may occur
spontaneously. These episodes usually are seen in patients dur-
ing relapse who have an intercurrent illness causing fluid loss,
such as emesis or diarrhea. The patients usually show marked

responsiveness to small amounts of intravenous saline that are
insufficient to replenish all fluid losses, suggesting a failure in
maintenance of vascular tone. Recovery usually occurs if this
complication is identified early and treated promptly. Seque-
lae may include acute tubular necrosis, renal vein thrombosis
(RVT), or death.

Hyperlipidemia

Lipemic serum has long been recognized as a cardinal feature of
the nephrotic syndrome (166). Abnormalities in postprandial
lipid metabolism were described more than 40 years ago (167).
Biochemical evaluation has shown that all lipid components
of the plasma are increased, with cholesterol increasing more
rapidly than phospholipid. Thus, as acute severity of the dis-
ease worsens, the ratio of cholesterol to phospholipid increases
(168). Triglycerides are relatively normal at the initiation of re-
lapse but increase as the disease continues (169); lactescence oc-
curs when the plasma triglyceride content exceeds 400 mg/dL.
Hyperlipidemia may persist well into remission (170), suggest-
ing a residual effect of nephrosis on lipoprotein transport (171).

Depending on the classification employed, the most com-
mon patterns of hyperlipoproteinemia seen in nephrosis are
types II and IV (172) or types IIa, IIb, and V (173). Low-
density lipoproteins (LDLs) and very low-density lipoproteins
(VLDLs) show the greatest increase in concentration. Values
for high-density lipoprotein (HDL) cholesterol have been re-
ported to be elevated (174,175), normal (176,177), or de-
creased (169,178,179). This variation may relate to the age
of the patients studied, the underlying cause of the nephrotic
syndrome, patient treatment, and whether renal insufficiency
is present. Studies of lipoprotein cholesterol have produced
conflicting results (169,174–179). The ratio of cholesterol to
phospholipid or to triglyceride in various lipoproteins is al-
tered, indicating abnormalities in quality as well as quantity of
lipoproteins.

Several events may contribute to these abnormalities. Lipid
metabolism is normally accomplished through a series of com-
plex steps (Fig. 64-5). Through the action of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG CoA) reductase, meval-
onate is produced from acetate in the liver. This in turn is
used to make cholesterol, which is incorporated into lipopro-
teins. The greater the triglyceride content of the lipoprotein,
the less dense it is. Dietary fat absorbed from the intestine is
formed into chylomicrons by being surrounded with a coat of
apolipoprotein that is critical for transport of the hydrophobic
lipid. The triglyceride content of the chylomicron is reduced in
the periphery (mainly by the action of lipoprotein lipase [LPL]),
and the resulting particle containing apolipoprotein (apo) B-48

FIGURE 64-5. Normal pathways of lipid
metabolism. apo-CII, Apolipoprotein C-II;
Apo-E R, chylomicron remnant (apo E) recep-
tor; B-100 R, apolipoprotein B-100 (LDL) re-
ceptor; HDL, high-density lipoprotein; IDL,
intermediate-density lipoprotein; HMG CoA
reductase, 3-hydroxy-3-methylglutaryl coen-
zyme A reductase; LCAT, lecithin-cholesterol
acyltransferase; LDL, low-density lipopro-
tein; LPL, lipoprotein lipase; VLDL, very-
low-density lipoprotein. Figure composed
with the assistance of Nader Rifai.
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and apo E binds to the hepatocyte via a chylomicron remnant
receptor. VLDL is synthesized in the liver and metabolized in
the periphery through the action of LPL to intermediate-density
lipoprotein (IDL), and then to LDL. LDL is bound to apo B-
100, which is then taken up by the hepatocyte LDL receptor
(180,181). This brings additional cholesterol back to the liver,
suppressing HMG CoA reductase activity and decreasing new
cholesterol synthesis. The liver also produces HDL, which par-
ticipates as a transport protein in catabolism of lower-density
moieties, being regenerated by lecithin-cholesterol acyltrans-
ferase (LCAT). HDL also carries apo C-II, which activates LPL.
Abnormalities at any step of metabolism from lipid uptake to
the enterohepatic secretion of bile could result in the hyper-
lipidemia of nephrosis. Likely contributing factors include in-
creased hepatic synthesis of lipoprotein; abnormal transport of
lipid through the metabolic pathway; and abnormal catabolism
secondary to decreased enzyme activity.

Lipoprotein Synthesis. It is clear that hepatic synthesis of
lipoproteins is increased in nephrotic patients (168,182–185).
The signal for this event appears to be related to hypoalbu-
minemia because daily infusion of albumin into nephrotic pa-
tients, sufficient to raise serum levels, also decreases serum
lipid, triglyceride, and cholesterol levels (186). Increasing the
plasma oncotic pressure in nephrotic patients or animals, by
infusion of dextrans, decreases hepatic lipoprotein synthesis
(167,187). Additional laboratory studies suggest that the reg-
ulatory signal could be viscosity rather than oncotic pressure
(186,188,189). Cholesterol biosynthesis also has been investi-
gated (190,191). These studies show increased incorporation
of 14C from labeled mevalonate into cholesterol by the liver in
experimental nephrosis. Although this result is consistent with
the interpretation that rates of hepatic cholesterol synthesis are
increased in nephrosis, artifactual changes due to the addition
of exogenous substrate (mevalonate) could not be ruled out in
these experiments.

Lipid Transport. Several aspects of lipid transport may be im-
paired in nephrosis. The major cholesterol-transporting protein
associated with the LDLs in the plasma is apo B-100 (192).
This also has been implicated as a significant apolipoprotein
in atherogenesis. A recent study of nephrotic patients found
that elevated serum concentrations of cholesterol, triglycerides,
and phospholipids resulted mostly from changes in apo B-100-
containing lipoproteins. The size of the apo B-100 pool in pa-
tients was two to three times that found in healthy subjects or in
patients in remission. Fractional catabolism was decreased only
slightly, suggesting that the major problem was overproduc-
tion rather than decreased breakdown (193). Hepatic uptake
of LDLs may be decreased (194) if the structural composition
of LDLs in the circulating pool is abnormal, or if systemic neu-
tralization of membrane negative charge leads to less efficient
uptake of the largely cationic liposomes (195); this would ex-
acerbate hypercholesterolemia by decreasing negative feedback
affecting hepatic synthesis. Alternatively, decreased hepatic up-
take of LDLs could result from, rather than cause, hepatic over-
production of cholesterol (192).

Metabolism of Lipids. At least one report indicates that
while LDL synthesis may be increased in nephrosis, VLDL
catabolism is decreased (185). Another study demonstrates
that apolipoprotein E-rich IDL from nephrotic patients, but
not from normal controls, inhibits sterol synthesis and choles-
terol esterification (196). This finding suggests that cellular apo
E metabolism may be deranged in nephrosis. Consistent with
this finding, genetic variations in the expression of apo E alle-
les may influence the degree of lipid abnormality in nephrotic
patients (197).

Interest regarding catabolism of lipids in nephrosis has fo-
cused on two enzymes: LPL, which facilitates the breakdown
of ester bonds in glycerides, and LCAT, which catalyzes the
reaction of lecithin and cholesterol to form lysolecithin and
cholesterol ester (198). In nephrotic children, elevated serum
lipid levels correlate with decreased postheparin LPL activity
(199). In another study of nephrotic patients, most of whom
had MCNS, hepatic LPL activity was normal, but serum and
adipose tissue LPL activities were decreased in association with
elevated plasma triglycerides (174). Decreased hepatic (200)
and adipose tissue (199) LPL activity in experimental rat mod-
els of nephrosis may contribute to altered lipoprotein levels in
these animals. LCAT activity also is decreased in experimental
nephrosis (201), with levels appearing to correlate with serum
albumin concentration (202).

Activity of these enzymes may be affected both directly and
indirectly by urinary protein loss. Albumin binds to free fatty
acids (FFAs); decreases in serum albumin concentration lead
to FFA accumulation, thereby inhibiting LPL activity (203).
LPL activity also may be inhibited by cholesterol (202). LCAT
activity is inhibited by the accumulation of triglyceride and
cholesterol esters (204), suggesting that abnormal LCAT activ-
ity could be a result, rather than a cause, of nephrotic hyperlipi-
demia. However, lysolecithin, a reaction product that binds to
albumin, inhibits LCAT activity in vitro; this feedback mech-
anism is blocked by addition of physiologic levels of albumin
(204,205). Therefore, urinary loss of albumin may lead to in-
hibition of lipolytic enzyme function.

Albumin loss does not account entirely, however, for the
elevated lipid levels. Although infusion of albumin decreased
serum lipid levels in an acute animal model of nephrotic syn-
drome, normalization occurred only after simultaneous infu-
sion of heparin. This suggests the need for an additional factor
that aids in clearing lipid from the plasma (206). In further
experiments with this model, nephrectomy resulted in greater
improvement of the hyperlipidemia than did albumin infusions
alone (207), indicating that the factor may be lost in the urine.
Further support for loss of a specific regulatory molecule in the
urine is provided by the observation that alteration of dietary
protein intake markedly modulates the hepatic albumin syn-
thetic rate but does not alter the hepatic synthesis of lipopro-
teins (208). In this study, lipoprotein synthesis correlated di-
rectly with the urinary clearance of albumin, suggesting that
albumin, or another substance lost in parallel with albumin,
was needed to suppress lipoprotein synthesis. Experiments with
analbuminemic rats indicate that albumin itself is not likely to
be the critical molecule (209). It has been suggested that the
lost factor is LCAT (168). HDL, which plays an essential role
in catabolism of VLDL, also may be lost in the nephrotic urine
(210,211). Conversely, other studies indicate that HDL excre-
tion is low (187), especially in MCNS (212). Apo C-II also may
be lost in the urine (192,213).

Clinical Significance. Regardless of the cause, the clinical sig-
nificance of the lipid abnormalities in nephrosis must be consid-
ered. Hyperlipidemia has been associated with cardiovascular
disease in otherwise healthy young adults, but studies eval-
uating such a correlation in nephrotic patients produced con-
flicting results. Premature coronary atherosclerosis (214) and a
high incidence of myocardial infarction and other cardiovascu-
lar diseases (215,216) have been documented in nephrotic sub-
jects, as well as a higher incidence of hypertension in nephrotic
men than in control subjects (217). In this respect, the obser-
vation that macrophage morphology and function are altered
by the hyperlipidemia of nephrosis (218) could relate to the de-
velopment of atheromatous plaques. In addition, plasma levels
of lipoprotein(a), a strong risk factor in cardiovascular dis-
ease, are increased (219). In contrast, other studies have not
confirmed a predisposition to atherosclerosis in patients with
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nephrosis (220,221). These discrepant results may reflect lim-
itations of population base or selection bias (174,212). In the
studies that did not demonstrate an increased risk, it is unclear
whether stratification of the patients into cohorts according
to the degree of lipid abnormality would have shown an in-
creased risk in patients with the highest consistent elevations
in lipoprotein levels. Age, underlying diagnosis, disease course,
and incidence of other complicating factors such as hyperten-
sion also may be important. Another significant consideration
is the possible ameliorating effect of HDL on hyperlipidemia
(220–223). In several studies (174,212), HDL levels were nor-
mal or increased in MCNS. This could have a protective effect
and decrease the likelihood of cardiovascular complications.
Further study of larger groups of nephrotic patients would al-
low differentiation among patients with other cardiac risk fac-
tors in addition to the potential hazard of elevated serum lipid
levels.

A second risk involves the role of lipids in causing or enhanc-
ing the progression of the renal disease itself. Rats with PAN
nephrosis fed high-cholesterol diets develop mesangial foam
cells and mesangial proliferative changes (224). The relation-
ship of systemic hypertension and hyperlipidemia to atheroscle-
rosis parallels the relationship of intraglomerular hypertension
and high lipid levels to focal sclerosis (224). Effective therapy
of hyperlipidemia ameliorates single-nephron hyperfiltration
(225) and retards progression of renal failure in obese Zucker
rats (226) and in nephrotic rats with reduced renal mass (227).
In obese Zucker rats, a relative decrease in polyunsaturated
fatty acids (PUFAs), rather than high cholesterol levels, may
be the most important lipid-related factor in progression of
renal disease, since dietary supplementation with n-6 PUFA
(sunflower oil) or n-3 PUFA (fish oil) slowed progression of re-
nal disease but only fish oil decreased serum cholesterol levels
(225).

In view of these considerations, and the fact that treatments
for nephrosis such as steroids and diuretics may exacerbate hy-
perlipidemia, clinicians have invested increasing effort in con-
trolling the lipid abnormalities of nephrosis (228). Traditional
dietary therapy is of marginal value, and may actually worsen
the hyperlipidemia (229). Cholestyramine may, by increasing
secretion of cholesterol into the bile, predispose toward the de-
velopment of cholesterol gallstones (192). Nicotinic acid has
significant side effects and has not been studied extensively.
Probucol may cause concomitant loss of HDLs (229). However,
it has been shown experimentally to reverse lipid-mediated
vasoconstriction (230), and to be effective in treating patients
who were 5 to 20 years old (231). Two other classes of drugs
found to be effective in treating nephrotic hyperlipidemia are
fibric acids and HMG CoA reductase inhibitors. Gemfibrozil, a
fibric acid, caused a 51% reduction in serum triglyceride levels
but only a 15% decrease in cholesterol when given at a dose of
600 mg twice a day to adult nephrotic patients; a 26% reduc-
tion in apo B was achieved (232). Lovastatin, an inhibitor of
HMG CoA reductase, caused a 27% to 29% reduction in total
cholesterol, LDL cholesterol, and apo B at a dose of 20 mg twice
daily in adult patients with nephrosis due to MCNS or other
diseases (193). In patients with nephrotic-range proteinuria,
doses up to 40 mg twice daily caused similar decreases regard-
less of whether the patients were on corticosteroid therapy. A
slight increase was noted in serum HDL concentrations (233).
Kinetic studies showed that lovastatin enhances the catabolism
of VLDL triglycerides and lowers LDL cholesterol by decreas-
ing input rates for LDLs (234), most likely through inhibi-
tion of LDL–apo B synthesis from VLDL (235). Atorvastatin
also is effective in nephrotic hyperlipidemia (236). In children,
HMG CoA reductase inhibitors may be effective, but some clin-
icians have urged caution regarding their use in the very young
child, raising the possibility that inhibiting cholesterol synthe-
sis might impair neural myelination. This concern needs to be

weighed against the more immediate issues of cardiovascular
complications and renal disease progression.

Disorders of Hemostasis

The association between nephrotic syndrome and intravascu-
lar coagulation has been known for more than a century, but it
was not until 1948 that the concept of a thrombotic diathesis
in nephrotic patients was proposed (237). In a review of 3,377
children with nephrotic syndrome, the incidence of throm-
boembolic complications was 1.8% (238). The prevalence of
such complications in adult nephrotic subjects is much higher
and averaged 26% in eight series of patients (239). Thrombo-
sis may occur at any stage during the course of the nephrotic
syndrome, but it is most frequent in the early months.

Extent of Clinical Involvement. Deep vein thrombosis of the
leg is the most common thrombotic complication in the
nephrotic adult and was responsible for one third of the throm-
boembolic complications in the largest published series of
nephrotic children (238). Other reported sites of venous throm-
boses include the subclavian, axillary, external jugular, portal,
splenic, hepatic, and mesenteric veins as well as the superficial
cerebral cortical sinus, where thrombosis has been observed
in both children and adults and may be fatal (240,241). Arte-
rial thrombosis occurs less frequently and is seen primarily in
children. Thrombosis of the aorta and of the mesenteric, axil-
lary, femoral, ophthalmic, carotid, cerebral, renal, pulmonary,
and coronary arteries has been reported, as has intracardiac
thrombosis (240,241). The pulmonary (242) and femoral ar-
teries are particularly susceptible, the former potentially result-
ing in infarction (243) and the latter usually as a complication
of attempted blood sampling from the femoral vein. Although
recanalization of the artery does occur, a relatively high pro-
portion of patients with arterial thrombi die (242).

The lesion that has attracted the most attention, however,
is RVT or renal vein thrombosis. It is most often seen with
membranous glomerulopathy (244), to the extent that at one
time there was some controversy about whether RVT was the
cause, rather than a complication, of the glomerular lesion. The
reported frequency of RVT in patients with membranous dis-
ease has ranged from 4% to 51%, depending on the methods
used to establish the diagnosis and to select the patient popu-
lation for study (245). The mean prevalence is 12%. There is a
high incidence of RVT in mesangiocapillary glomerulonephri-
tis and the nephritis of systemic lupus erythematosus, and renal
vein thrombosis can complicate numerous other renal diseases
(240). It is relatively uncommon in nephrotic children except in
those with congenital nephrotic syndrome of the Finnish type
(246).

The thrombosis may involve only the renal venous system
or it may extend into the inferior vena cava. Therefore it is
not surprising that pulmonary emboli develop in about 40%
of adult patients with RVT, although pulmonary emboli occur
rarely in children. Death from pulmonary emboli is uncommon
(238,240).

Diagnosis of acute RVT is suggested by flank pain, costover-
tebral angle tenderness, gross hematuria, increased proteinuria,
and acute reduction in renal function; intravenous pyelogra-
phy may show ureteral notching or pelvocaliceal irregularities
(245). Ultrasonography may demonstrate only a large kidney
or may visualize the thrombus if it extends into the renal vein or
inferior vena cava. However, Doppler ultrasound analysis of-
ten shows decreased venous blood flow. A more chronic form
of RVT may be asymptomatic and may be identifiable only
by venography (245,247). The mode of presentation of other
thromboses depends on their site. Diagnosis can be difficult and
the existence of arterial thrombosis may not be realized until
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FIGURE 64-6. Interactions among circulating
participants in the coagulation cascade. The in-
trinsic pathway begins in the upper left; the
contact system of factor XII, prekallikrein, and
high-molecular-weight kininogen (HMWK)
that initiates the intrinsic cascade is shown in
condensed form. The extrinsic pathway begins
in the upper right. The action of factor VIIa
on the activation of factor IX has blurred the
distinction between these two limbs of the cas-
cade. The common pathway begins with ac-
tivation of factor X and results in thrombin
activity and fibrin crosslinking. Coagulation is
counteracted by the fibrinolytic pathway, in-
cluding plasminogen activators and plasmino-
gen/plasmin. In addition, there are several an-
ticoagulant pathways, most notably inhibition
of factors Va and VIIIa by the inhibitory cofac-
tors protein S and activated protein C (aPC).
Alpha-2-macroglobulin, which binds to and in-
hibits most of the enzymes in this system, is
not shown here for the purpose of simplicity.
The relationship between heparan sulfate pro-
teoglycans (HSPGs) and plasminogen activator
activity shown in the lower right should be re-
garded as hypothetical for human pathophys-
iology. Thick solid lines with arrows indicate
reactions; thin solid lines with triangular ar-
rows denote catalytic effects; joining lines show
cofactors in catalysis. Broken lines with fork-
tailed arrows represent inhibitory actions. α1
AP, α1-antiplasmin; ATIII, antithrombin III;
C4bBP, complement factor 4b-binding pro-
tein; PAIs, plasminogen activator inhibitors;
TM, thrombomodulin; tPA, tissue-type plas-
minogen activator; uPA, urokinase plasmino-
gen activator. PAI-1 and PAI-3 bind to aPC;
this interaction may cause mutual inhibition of
the action of these proteins. (Figure composed
with the assistance of G.A. Soff.)

autopsy. Ultrasonography and angiography are the preferred
studies.

Regulators of Coagulation. The blood coagulation pathway
represents a complex series of events that regulate the dynamic
balance between the ability of the blood to remain fluid and its
tendency to assume a gelled state in the presence of altered flow
conditions or exposure to nonendothelial surfaces. Contribut-
ing to hemostatic balance are several opposing systems that
contribute to a cascade through which a series of enzymes reg-
ulates fibrin polymerization (Fig. 64-6). Coagulation is initiated
by activation of prekallikrein to kallikrein (intrinsic pathway),
or by exposure to nonendothelial tissues (extrinsic pathway).
These pathways meet in the activation of factor IX, initiat-
ing a common pathway in which a central role is played by
thrombin (factor IIa). This enzyme stimulates activation of fib-
rinogen to fibrin and aggregation of platelets. It also activates
factors V, VIII, and XIII. Factor XIIIa triggers crosslinking of
fibrin monomer into a stable polymer. Two systems oppose
clot formation and stability. Protein C is processed to acti-
vated protein C (aPC) by thrombin complexed with throm-
bomodulin. With free protein S as a cofactor, aPC inactivates

factors Va and VIIIa. The other system that opposes coagu-
lation is the fibrinolytic pathway, in which plasminogen acti-
vators convert plasminogen to plasmin, which degrades fibrin
polymer. Several proteins inhibit these pathways: Antithrom-
bin III and α2-macroglobulin inhibit thrombin; α1-antiplasmin
and α2-macroglobulin inhibit plasmin; and the plasminogen
activator inhibitors (PAIs) inhibit plasminogen activators and
aPC. Activated protein C, in turn, opposes PAI effects. Many of
the components of these pathways are altered in nephrosis. In
addition, physical conditions of the nephrotic syndrome, such
as venous stasis, hemoconcentration, increased blood viscosity,
and possibly the administration of steroids, may also contribute
to enhanced blood clotting. These nephrotic effects on coagula-
tion pathways, which are listed in Table 64-4 and discussed in
detail elsewhere (240,247,248), are considered here briefly.

Platelet Aggregation. Platelets may play a role in the genesis of
the coagulopathy of nephrotic syndrome. Thrombocytosis is
commonly found, especially early in the disease course (249),
and platelets show markers of activation (250). Platelet aggre-
gability is increased and platelet degranulation has been de-
scribed (251). In addition, plasma levels of the platelet release
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TA B L E 6 4 - 4

COAGULATION SYSTEM ABNORMALITIES IN THE
NEPHROTIC SYNDROME

Increased platelet aggregation
Thrombocytosis
β-Thromboglobulin
Platelet factor 4
Increased procoagulant activity
Physical factors
Hemoconcentration
Hyperviscosity
Increased factor production

Intrinsic pathway—factors VII and IX (variably)
Extrinsic pathway—factor VII (variably)
Common pathway

Fibrinogen
Factors V and VIII
Factors X and II (variably)

Urinary loss of anticoagulants
Antithrombin III
Free protein S

Increased inhibitors of anticoagulation
α2-Macroglobulin
C4b-binding protein

Increased plasminogen

substance β-thromboglobulin are increased (249,252). Levels
of platelet factor 4 are normal (253) or increased (249). In
contrast, platelet calcium ion release and ATP secretion have
been found to be decreased in nephrosis (254). The authors of
that report suggest that platelets may become desensitized to
platelet activating factor (PAF) because of exposure to consis-
tently high ambient concentrations.

Platelet hyperaggregability correlates with the degree of pro-
teinuria and with plasma cholesterol levels. It can be reversed
by the addition of urine protein (253). These findings sug-
gest that the urinary loss of albumin (255) or of some factor
that normally inhibits platelet aggregation is responsible for
the changes seen in nephrotic syndrome. Alternatively, hyper-
lipidemia could result in the changes, as platelet aggregation
is increased in patients with type II hyperlipoproteinemia to a
degree that is comparable to that seen in nephrotic syndrome
(256). Altered platelet function could be a response to hypoal-
buminemia, because the conversion of arachidonic acid into
metabolites that aggregate platelets is known to be regulated
by albumin (257,258). Thus platelets show greater production
of thromboxane B2 and malondialdehyde in nephrotic plasma
than in normal plasma when challenged with arachidonic acid.
Addition of albumin to the nephrotic plasma corrects this ab-
normality (259). Finally, it is possible that alterations in platelet
membranes could be responsible for increased platelet activity.
Platelet membranes contain a sialoglycoprotein with a pK of
1.8 to 2.2 (260). This may be important in preventing sponta-
neous platelet aggregation or platelet interaction with the vessel
wall (261). Because systemic negative-charge sites may be re-
duced during relapses of nephrotic syndrome (65), the same
mechanism responsible for the reduction of negative-charge
sites in the GBM could enhance platelet aggregation.

Coagulation Factors. Evidence that various functions of blood
coagulation are activated in nephrosis is provided by increased
concentration of the d-dimer of fibrinogen (262). Elevated lev-
els of this breakdown product of crosslinked fibrin indicate
that both the coagulation and fibrinolytic pathways are concur-

rently activated. Plasma fibrinogen is consistently elevated in
nephrotic syndrome due to increased hepatic synthesis. Chro-
matography demonstrates both increased polymerization and
increased proteolytic derivatives of fibrinogen or fibrin. These
changes reverse as patients with nephrotic syndrome enter re-
mission (263). This evidence for increased intravascular fibrin
formation is supported by the finding of increased plasma levels
of fibrinopeptide A, at least in FSGS (263).

The concentration in nephrotic patients of coagulation fac-
tors that initiate fibrin formation likely reflects the balance
between the increased hepatic synthesis of these proteins, trig-
gered as part of a nonspecific response to hypoproteinemia
as described previously for lipoproteins, and urinary losses.
Therefore, lower molecular-size proteins (approximately less
than 70 kDa) may be lost in the urine, whereas higher
molecular-size proteins (greater than 300 kDa) are likely to
be increased in the plasma. For example, most studies agree
that levels of factors V and VIII are increased in the plasma,
whereas those of factors IX, XI, and XII are decreased (264)
despite the possibility that production may still be increased.
The magnitude of the increase in concentration of factors V
and VIII, for example, correlates with the degree of reduc-
tion in serum albumin and the likely resulting increased hep-
atic synthesis of these factors, stimulated by hypoalbuminemia
(265). Plasma levels of factors II, VII, X, and XIII are often
found to be increased (266–268). There is no direct evidence
that any of these changes are responsible for the hypercoag-
ulable state. Indeed, the alterations in blood levels of these
factors are often inconsistent and of minor degree. Therefore,
these abnormalities may be of more biochemical than clini-
cal interest. Most of the changes in concentration of these zy-
mogen factors reverse with clinical remission of the nephrotic
syndrome.

Inhibitors of Coagulation. The most well-studied biologic an-
tagonist of coagulation, antithrombin III, is decreased in the
plasma of nephrotic patients (269–273). This is presumed to
be due to urinary loss of antithrombin III, which has a rela-
tively low molecular weight. Indeed, plasma antithrombin III
levels in nephrotic syndrome correlate well with those of serum
albumin and inversely with the renal clearance of antithrombin
III. Because hereditary antithrombin III deficiency is associated
with frequent thrombosis, it was hypothesized that the low
plasma antithrombin III levels were insufficient to inactivate
procoagulant factors and were the major cause for the hyperco-
agulable state and the development of thrombosis in nephrotic
syndrome (271). However, only patients with plasma albumin
levels below 2 g/dL show significant reductions in plasma an-
tithrombin III levels (274), whereas hypercoagulability may be
present in patients with albumin levels exceeding this value.
Further, normal plasma levels of antithrombin III were found
in nephrotic subjects who had loss of antithrombin III in the
urine and who had thromboembolic complications (275). In-
deed, decreases in antithrombin III levels may be compensated
for by increased plasma levels of α2-macroglobulin (268), lead-
ing to increased total antithrombin activity (263).

A complex effect of nephrosis has been noted on the antico-
agulation pathway by which protein C is activated by thrombin
and thrombomodulin to aPC. Activated protein C and protein S
combine to inhibit factor VIIIa (decreasing activation of factor
X) and factor Va (decreasing activation of factor XI). Protein
S exists in circulation in two forms: free and bound to C4b
binding protein. Only the free protein S can serve as a cofac-
tor with protein C to inactivate factors Va and VIIIa (276). In
nephrotic syndrome, although small amounts of protein C are
lost in the urine, serum concentrations are normal (277,278),
indicating that hepatic synthesis is able to compensate. In con-
trast, although plasma levels of C4b binding protein–protein S
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complex are usually normal to elevated, free levels are markedly
decreased (279). This finding is consistent with the molecu-
lar sizes of the complex (640 kDa) and the free protein S (69
kDa). Acquired dysfunction of this system is a common cause of
thrombotic diathesis (276,280). Indeed, intractable deep vein
thrombosis in an unusual nephrotic child with decreases in both
protein S and C4b-binding protein concentrations (281) sup-
ports the notion that abnormalities of this system are clinically
significant.

Fibrinolysis. Alterations in the concentrations of several of the
components of the fibrinolytic system have been documented
(282). Decreased fibrinolytic activity has been associated with
hypertriglyceridemia (283). Of the individual components of
the fibrinolytic system, decreased concentrations of plasmino-
gen have been found (270,284); levels of tissue-type plasmino-
gen activator (262) and PAI-1 (285) are elevated. Varying lev-
els of α2-antiplasmin have been reported (262,263), possibly
depending on whether thrombosis has occurred. Of the ser-
ine protease inhibitors that modulate both the fibrinolytic and
thrombin systems, levels of α2-macroglobulin are increased and
those of α1-antitrypsin are decreased (268). Again, this proba-
bly reflects the effect of urinary loss on plasma concentrations.
It also is possible that local vascular conditions affect fibrinoly-
sis. Infusion of a variety of polyanions causes an immediate lo-
cal increase in release of plasminogen activator and PAI activity
in the sow ear. The PAI activity immediately returns to normal
but the increase in plasminogen activator activity is sustained
(286), suggesting that negative charges in the vascular tree are
important for inducing the plasminogen activator pathway. If
nephrosis is associated with a generalized reduction of fixed
negative charge sites in the vascular space (65), it is likely that
decreased negative charges could have an impact on induction
of fibrinolysis. Coupled with increased α2-antiplasmin concen-
trations, decreased tissue-type plasminogen activator activity
would significantly impair fibrin degradation. However, the in-
crease in circulating d-dimer cited previously indicates that at
least some fibrinolysis occurs in nephrosis. It also is possible
that fibrin polymerization is impaired in nephrotic patients. In
one study of a broad spectrum of adults with nephrosis, most
had prolonged thrombin times. Half of the patients showed de-
creased ability to polymerize fibrin monomer. There was no cor-
relation of this finding with prothrombin time, partial throm-
boplastin time, fibrin degradation products, antithrombin III
concentration, or platelet count (287).

Environmental Factors Affecting Coagulation. Physical fac-
tors such as increased blood viscosity also may contribute to
the generation of thromboembolic complications (288). Both
children and adults with MCNS and well-preserved renal func-
tion may have marked hemoconcentration with elevated hema-
tocrit and hemoglobin concentrations. Such changes are asso-
ciated with disproportionate increases in viscosity and could
be aggravated by the therapeutic use of diuretics, especially
if these cause further hemoconcentration. In addition, when
plasma fibrinogen levels increase, especially to values as high
as 1 g/dL as can be seen in nephrotic syndrome, they cause
increased erythrocyte aggregation and marked increases in
plasma viscosity (289). A role for physical factors is supported
by the high incidence of renal vein thrombosis, as hemocon-
centration of the blood and the effect of urinary inhibitor
loss will be most pronounced in the radicles of the renal
vein (290).

Steroid administration increases the concentrations of sev-
eral clotting factors and modifies coagulation mechanisms
(240). Moreover, a high incidence of thromboses was recorded
after these drugs were first used to treat nephrotic syndrome
(291). Both arterial and venous thromboses, however, have

been found in nephrotic subjects not receiving steroids. Further-
more, a hypercoagulable state is present in untreated MCNS
patients, and levels of the coagulation factors do not change
after steroid treatment is implemented (263).

Except for the protein S data, the potential relationship be-
tween various biochemical findings and the clinical importance
of thrombus formation remains largely theoretical. For exam-
ple, the biochemical abnormalities in children may be more se-
vere than those in adults with the nephrotic syndrome, whereas
the incidence of thromboembolic phenomena is worse in adults
(292). This may reflect the fact that MCN is more common in
children, whereas membranous nephropathy (see Chapter 63)
is more common in adults. Therefore, the underlying nature
of the disease may be important in determining the occurrence
of intravascular coagulation. Finally, it is important to con-
sider the physiologic conditions within the circulatory tree.
For example, one study suggested that although platelet ag-
gregation is increased in nephrosis, fibrin conversion inhibits
platelet interaction with the vessel wall extracellular matrix,
actually decreasing the likelihood of platelet participation in
thrombus formation. In this system, the data suggest that in-
creased fibrin formation, but not increased platelet aggrega-
tion, contributes to the hypercoagulability of the nephrotic
syndrome (293). In support of a primary role for the coag-
ulation cascade, nephrotic patients show biochemical evidence
for endothelial injury (294). The effects of negative-charge sites
must also be considered. Like plasminogen activator activity,
antithrombin III is active in association with vascular wall hep-
aran sulfate proteoglycans. If MCNS involves a generalized de-
crease in negative-charge sites, antithrombin III activity may be
impaired.

Infections

It has long been known that patients with MCNS have in-
creased susceptibility to infection. This increase may be related
to the prolonged presence of gross edema or ascites, which is
composed of fluids that represent ideal culture media for bacte-
rial growth. Infection risk may be potentiated by therapy with
steroids or immunosuppressive drugs, although the high inci-
dence of infections was noted in the era before these drugs
were available. Humoral responses to bacteria may be defec-
tive. Plasma concentrations of IgG are markedly reduced dur-
ing relapse (295), and the ability of MCN patients to generate
specific antibodies is impaired (296) between as well as during
relapses. Although the role of these abnormalities in predispos-
ing nephrotic subjects to infections remains to be elucidated,
it may be significant that boys with MCN respond poorly to
hepatitis B vaccine (297). This same population has a higher
incidence of chronic hepatitis B surface antigenemia than that
found in a control population (298). Another factor that could
contribute to a high rate of infections in patients with nephrosis
is a decreased serum level of alternative complement pathway
factor B. Absence of this factor has been linked to defective op-
sonization of Escherichia coli in nephrotic patients (299) and to
defective neutrophil function (300). Serum levels of hemolytic
factor D also are decreased in patients during relapse and re-
turn to normal with remission (301). Levels of both of these
factors correlate strongly with serum albumin concentration,
suggesting that decreased serum levels result from urinary loss.
These concerns have led to recommendations that both pedi-
atric and adult patients with nephrosis should receive pneu-
mococcal vaccine (302,303). In addition, the use of penicillin
prophylaxis may be required in children younger than 2 years
of age, or in older patients who have low antibody titers or re-
current pneumococcal infection (304). Immune system abnor-
malities more specifically associated with MCN are unlikely to
result entirely from albuminuria, since they are specific for that
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disease; these will be considered in the section on MCN later
in this chapter.

Consequences of Loss of Other Proteins

Numerous proteins in addition to albumin are lost in the urine.
In most instances, these proteins are of a similar or smaller
size than albumin. Such losses could alter function in the en-
docrine system or in metabolic pathways. Therefore, loss of
insulin-like growth factors could contribute to poor growth in
some nephrotic children (305). The urinary loss of thyroxin-
binding globulin (TBG) correlates well with total urinary pro-
tein excretion (306). In addition to TBG, losses of thyroxine
(T4) and triiodothyronine (T3) in nephrotic urine are associ-
ated with decreased serum levels of T3 and TBG. Most of the
patients studied were clinically euthyroid and their serum lev-
els of free T4 and thyroid-stimulating hormone (TSH) did not
differ from those in normal control subjects (307). In addition,
their values for T3 uptake were normal. Another study doc-
umented urinary losses, but normal serum concentrations of
TBG (308). The patients had low or low-normal T4 levels. Such
differences in findings could relate to the underlying cause for
nephrotic syndrome, whether it is associated with selective or
nonselective proteinuria and whether it is accompanied by ure-
mia. Children with MCNS have serum T4 or free T4 levels that
are marginally low (309). They have been interpreted as having
mild thyroid failure based on increased baseline TSH levels and
their response to thyrotropin-releasing hormone (310). In pa-
tients who have congenital nephrotic syndrome, nephrectomy
to eliminate proteinuria is associated with normalization of
thyroid status, indicating that these abnormalities result from
massive proteinuria rather than an intrinsic glandular defect
(311).

Total serum calcium is markedly reduced, primarily be-
cause of hypoalbuminemia and the consequent decrease in
protein-bound calcium. Serum ionized calcium levels may be
reduced as well (312,313), even in nephrotic subjects with nor-
mal renal function; this may result in symptomatic hypocal-
cemia. At least some of the reduction in ionized calcium is
the consequence of loss of 25-hydroxyvitamin D (25-[OH]-D)
in nephrotic urine (314,315); other metabolites of vitamin D
may be lost, as well (316). Low plasma levels of 25-(OH)-D,
1,25(OH)2-D, and 24,25-(OH)2-D have been reported in pa-
tients with nephrotic syndrome (314), and intestinal absorption
of calcium is reduced (312); serum parathyroid hormone levels
are increased (313). From these observations, it has been pos-
tulated (317) that urinary loss of vitamin D complex results in
decreased absorption of intestinal calcium, skeletal resistance
to parathyroid hormone, and reduced serum calcium levels.
In turn, these changes cause increased parathyroid hormone
(PTH) production and could result in defective bone mineral-
ization. Although it has not been proved that the changes de-
scribed cause significant bone disease (318), ongoing steroid
therapy may increase the likelihood of clinically significant
problems (319,320). In 60 children and adolescents with re-
lapsing nephrotic syndrome, bone mineral density (BMD) was
decreased but whole-body bone mineral content was higher
because of an increase in the body-metabolic index (321). In
patients with unremitting proteinuria and low 25-OH-D lev-
els, supplementation with oral calcium and 25-OH-D should
be considered (322).

Carbohydrate metabolism also may be deranged. Of 38
adult nephrotic patients who had not received any drugs, in-
cluding glucocorticoids, for at least 2 months, 14 had oral glu-
cose tolerance test results that were similar to those found in
diabetic patients (323). Affected patients had increased insulin
secretion that was thought to be secondary to increased growth
hormone levels. The initiating event for these changes was not
determined. There was no correlation of these findings with ei-

ther serum albumin levels or renal histopathology. This obser-
vation raises the question of whether nephrotic hyperlipidemia
could contribute to the development of noninsulin-dependent
(type 2) diabetes mellitus.

Alterations in trace metal metabolism may be due to uri-
nary losses of either the metals or their carrier proteins. De-
creased serum levels of both iron and copper, associated with
a low serum iron-binding capacity and low erythrocyte copper
content, have been documented in nephrotic syndrome (324).
Serum levels of copper, but not iron, were improved by oral
administration of the metal. Urinary iron and copper concen-
trations correlated with protein excretion. The intravenous in-
fusion of albumin led to increased albuminuria and increased
metal excretion. In each case, the abnormalities appeared to
be related to urinary protein loss. Nephrotic children may de-
velop anemia secondary to urinary loss of transferrin and iron
(325,326). Serum zinc levels are low in nephrotic syndrome,
but urinary excretion of zinc is not elevated. Zinc binds to
albumin so that serum zinc levels change with alterations in
albumin levels, regardless of the etiology of the nephrotic syn-
drome. However, decreased zinc content in the hair of these
patients suggests that other aspects of zinc metabolism also
may be deranged (327).

Many drugs are protein-bound in the plasma. Hypoalbu-
minemia decreases the number of drug-binding sites and could
result in increased toxicity of drugs that normally are bound to
protein. For example, digoxin is 25% bound to proteins in the
plasma, digitoxin is 90% bound, hydrochlorothiazide is 60%
bound, and furosemide is 96% bound; hydralazine, prazosin,
and diazoxide are all approximately 90% bound, whereas the
binding of barbiturates varies from 5% to 80% depending on
molecular structure (328).

General Approach to the Treatment
of Nephrotic Syndrome

Based on the consequences of proteinuria described in the pre-
ceding text, symptomatic treatment regimens have been de-
veloped for the care of all nephrotic patients, even beyond
those classified as having a form of primary nephrotic syn-
drome. These treatments, which are aimed at the physiology
of nephrosis rather than the etiology of the disease, have im-
plications beyond the reduction of nephrotic proteinuria and
edema.

Diuretics and Fluid Management

Many patients with nephrotic syndrome respond to the acute
use of diuretics with increased urinary losses of sodium and
water. Although diuretics may be effective, there are limited
indications for their use in the acute treatment of nephrotic
subjects, especially children. The degree of diuresis and natri-
uresis they induce is small compared to that observed when the
patient responds to treatment directed at the underlying cause.
Furthermore, it is possible that diuretic use, by depleting in-
travascular as well as interstitial fluid volume, may contribute
to the development of shock seen in some patients with MCNS
(165).

Nonetheless, oral or parenteral diuretics are effective and
often are indicated in the management of persistent edema.
Parenteral furosemide is more effective than orally adminis-
tered drug. Treatment may be initiated at 1 mg/kg (up to
40 mg) with judicious increases up to three to four times the
usual dose (329) in an effort to elicit a response. Diuretic ther-
apy may be less effective in patients with primary nephrotic
syndrome than in most other patients, in part because of a
combination of factors resulting in a physiologically decreased
ability to excrete sodium. This is especially true of the loop
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diuretics such as furosemide, which also may be inhibited by
its binding to albumin present in the tubular lumen (330). Al-
though spironolactone interferes with distal nephron sodium
reabsorption and thus is a theoretically useful diuretic, in prac-
tice its delayed onset of action and relatively weak potency limit
its usefulness to being a potentiating agent with loop diuretics.
Metolazone, a thiazide-like drug that impedes both proximal
and late distal nephron sodium absorption (331), is a singu-
larly effective oral diuretic in patients with sodium retention
secondary to nephrotic syndrome. There is a possibility that
diuretic therapy will deplete the intravascular volume with-
out significantly reducing the tissue edema. Therefore, diuretics
should be administered with care and withheld in patients for
whom a rapid response to steroids is anticipated.

If the patient has anasarca, if respiratory embarrassment re-
sults from ascites or pleural effusion, if scrotal or vulval edema
is sufficiently severe to threaten tissue breakdown (332), or
if peritonitis is present, then more aggressive therapy is war-
ranted to decrease the amount of edema. A useful regimen
consists of oral spironolactone, 1 mg/kg per day, and daily in-
travenous infusions of albumin, 0.5 g/kg initially and increas-
ing, if well tolerated, to 1 g/kg per day. The albumin infusion
should be preceded by the intravenous infusion of furosemide,
0.5 mg/kg. A repeated dose of diuretic is given toward the end
of the albumin infusion. Blood pressure should be monitored
throughout the albumin infusion to help avoid complications
from rapid mobilization of edema fluid into the circulation, al-
though the regimen usually is free from significant side effects
when used in children and young adults. Recent observations
suggest that the administration of albumin may result in more
severe glomerular epithelial changes, raise the oncotic pressure
of the tissue space, delay the response to corticosteroid ther-
apy, and induce more frequent relapses after remission (333).
In view of the potential for complications of albumin infu-
sion (334), this treatment should be reserved for the specific
indications of respiratory embarrassment, tissue breakdown,
or the need to elicit urine output to confirm the diagnosis of
nephrosis.

Management of the acute phase of nephrotic syndrome
should include dietary sodium restriction. During relapse, di-
etary sodium intake optimally should be reduced to about 0.5 g
per/day, which is approximately equivalent to a 1-g salt diet or
about 20 mEq of sodium per day. Such severe dietary restriction
is difficult to accomplish even in a carefully controlled hospital
setting. It is important to emphasize that severe restriction of
sodium intake will not result in weight loss when nephrotic
patients are in the sodium-retaining phase of their disease.
In such patients, the normal extrarenal losses of sodium may
amount to less than 10 mEq per/day. Therefore, severe dietary
sodium restriction is intended to prevent further accumulation
of edema. Use of a salt substitute may facilitate compliance
with the sodium-restricted diet, but in patients with renal in-
sufficiency it must be limited because these preparations consist
of potassium and ammonium salts.

At home, most patients can rarely manage dietary restriction
below that of a no-added-salt diet. This provides a sodium
intake of 40 to 60 mEq per/day depending on the patient’s size.
Even in remission, it should be employed not only to lessen the
risk of edema formation if the patient has a relapse, but also to
reduce side effects from steroid administration.

Although there is some debate regarding fluid management,
we believe that fluid intake also should be restricted, at least ini-
tially. If intake equals insensible fluid losses plus urine output,
the patient’s weight will remain stable without further accu-
mulation of edema. To accomplish loss of weight, fluid intake
must be reduced below this level. Some nephrotic patients ex-
perience intense thirst. If sodium intake is limited and fluid
intake is great, the patient can become hyponatremic and will
remain edematous.

Anecdotal experience suggests that bed rest may potentiate
a diuresis, perhaps by redistributing fluid from the peripheral
tissues to the vascular space, thereby increasing renal blood
flow. Bed rest also may accelerate a response to steroids and,
when practical, should be advised for patients with anasarca.
Other therapies that may facilitate a diuresis in some patients
by mobilizing tissue fluid include local pressure using surgical
elastic stockings or immersion up to the neck in warm water
(128). After remission is induced, a high-protein diet may in-
crease the rate at which plasma protein concentration returns
to normal (335).

Dietary Treatment

As already indicated, dietary sodium and water restriction is
important in the management of the acute phase of nephrotic
syndrome. Long-term reduction of dietary sodium intake in
combination with diuretics can be most effective in controlling
edema in patients resistant to steroids and other pharmacologic
agents.

Other dietary manipulations have received attention. High-
protein diets can be beneficial in special groups of patients such
as those with congenital nephrotic syndrome (336). The con-
cept of increasing dietary protein in all nephrotic subjects has
not proved to be beneficial. Although albumin synthesis in-
creases with such diets, urinary protein excretion increases too,
possibly due to an angiotensin II-induced increase in glomeru-
lar permeability. Therefore, it has been proposed that inhibitors
of ACE should be used in conjunction with the high protein in-
take (94).

Conversely, low-protein diets will decrease albuminuria and
increase albumin mass (337). This reflects conservation of es-
sential amino acids in response to proteinuria (338). The use
of soy-based, low-protein, low-fat diets rich in polyunsatu-
rated fats and supplemented with essential amino acids or keto
analogs results in decreases in urinary protein excretion and
in serum total and LDL cholesterol levels (339–341). Supple-
menting diets with fish oils containing omega ω-3 fatty acids
has not proved beneficial (342). Concerns about such dietary
manipulations include their cost, the lack of patient acceptance,
and whether strict adherence might result in specific nutritional
deficiencies (337,343). Reducing dietary fat intake in hyper-
lipidemic but otherwise healthy children to the levels recom-
mended by the National Cholesterol Education Program is safe
and does not affect the children’s growth or development (344).
The safety of more stringent restrictions in children with renal
disease remains to be determined.

Lowering dietary fat intake has a limited effect on reducing
serum lipids in the nephrotic patient. Therefore, attention has
focused on whether there is a role for lipid-lowering drugs in
managing hyperlipidemia in these patients (see following para-
graph). The efficacy of oligoantigenic diets or those that elimi-
nate specific antigens has been tested in nephrotic subjects (see
section on Atopy and Minimal Change Nephropathy). This ap-
proach is based on the possibility that some cases of nephrotic
syndrome may be the consequence of food allergies, especially
to milk and dairy products.

Lipid-Lowering Drugs

Long-term administration of HMG CoA reductase inhibitors
in nephrotic patients will induce reductions of serum triglyc-
erides as well as serum total and LDL cholesterol levels; HDL
cholesterol values are maintained (192,236,345,346). Long-
term benefits from this therapy have yet to be proved, although
anecdotal experience suggests that it may help to reduce pro-
teinuria and maintain GFR (347), as observed in experimental
animals (see section on Hyperlipidemia).
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Other Medical Therapy

Anticoagulation has been employed as indicated in patients
with intravascular thromboses. Some clinicians utilize small
doses of aspirin in an effort to prevent repeated thromboem-
bolic episodes (348), but there are no studies confirming the
efficacy of this approach.

Although hypocalcemia is common in relapses of nephrotic
syndrome, it is likely that most patients in relapse of brief du-
ration do not require routine treatment with calcium or with
vitamin D or one of its metabolites (349). Supplementation
with oral calcium (1 g per day) and 25-OH-vitamin D (25 μg
per day) maintains normal bone status in steroid-dependent
nephrotic patients (322). Vitamin D treatment may be more
routinely necessary in patients who are steroid-resistant (350)
(see section on Consequences of Loss of Other Proteins pre-
viously in this chapter). Similarly, patients who develop other
deficiencies secondary to renal losses, such as iron-deficiency
anemia, will require appropriate treatment.

Medical Treatment to Reduce Proteinuria. In patients who
prove to be unresponsive to therapy directed at the underly-
ing cause of proteinuria, efforts have been employed to de-
crease protein loss by employing drugs that appear to be di-
rected against the physiology of glomerular proteinuria. The
intent behind this treatment is to facilitate general medical man-
agement by decreasing proteinuria, increasing serum albumin,
and thereby lessening edema formation. Thus, indomethacin is
effective in ameliorating intractable nephrosis (351). Because
of the association of nonsteroidal agents with renal failure in
some nephrotic patients as described in the section on Com-
plications, more recently clinicians have emphasized the use
of ACE inhibition (97,352). Each of these treatments appears
to reduce glomerular capillary hydraulic pressure, by different
mechanisms. ACE inhibitors act by decreasing post-glomerular
arteriolar resistance, whereas nonsteroidal drugs enhance pre-
glomerular capillary resistance (353). Consistent with these
mechanisms, Garini and colleagues (354) compared the effects
of indomethacin, captopril and the calcium-channel blocker,
nifedipine, on the changes in renal hemodynamics and pro-
teinuria induced by a high-protein mean. The increases in GFR
and renal blood flow were not blocked by captopril or nifedip-
ine, but were blocked by indomethacin. The increase in protein
excretion was blocked by indomethacin and captopril but not
by nifedipine (354). Indeed, dihydropyridine calcium channel
blockers do not decrease proteinuria (355) and may even in-
crease it. Therefore, the effects on hemodynamics were dif-
ferent and the effect on proteinuria could be distinguished
from both systemic effects on blood pressure and effects
on GFR and RBF. In patients with membranous nephropa-
thy, ACE inhibition may have a size-selective effect (356), de-
creasing the fractional clearance of larger (>60 Å) molecules,
suggesting an effect on the shunt pathway of macromolecu-
lar clearance. Such studies have supported efforts by clinicians
to utilize ACE inhibitors to decrease proteinuria not only for
symptomatic management but also in an effort to delay or
prevent the progression of chronic kidney disease. The effi-
cacy of this treatment will be considered further in the section
on FSGS.

It is possible that at least a part of the antiproteinuric ef-
fect of ACE inhibition is not mediated by the glomerulus. An-
giotensin blockade enhances megalin expression and albumin
reabsorption (357).

Nephrectomy. Unilateral nephrectomy has proved beneficial
in some infants presenting with nephrotic syndrome in the first
year of life (358), and bilateral nephrectomy may be a useful
part of the aggressive approach required in patients with con-

genital nephrotic syndrome if they are to survive to an age when
transplantation is feasible (359,360) (see section on Nephrotic
Syndrome in the First Year of Life in the Clinical Variants of
FSGS, later in this chapter). Bilateral embolization of renal ar-
teries can be an important therapeutic option in carefully se-
lected patients with nephrotic syndrome who appear destined
to progress to end-stage renal failure (361).

MINIMAL CHANGE
NEPHROPATHY

Although MCN is often thought of as a pediatric disease, it
is one of the most common causes of nephrotic syndrome
in adults as well. It is now the third most common cause of
nephrosis in adults (10) and remains the most common cause
of nephrotic syndrome in children younger than 16 years of age.
Indeed, it is the second most common primary renal parenchy-
mal disease in that age group. Two to seven new cases oc-
cur annually per 100,000 children (362), and the prevalence
is about 15 cases per 100,000 children. Although most chil-
dren with MCN achieve permanent remission of symptoms
by the time they reach puberty, some cases persist into adult-
hood (363). Furthermore, new cases have been reported in the
eighth decade of life (364). However, the relative incidence of
MCN as the etiology of nephrotic syndrome decreases with age
in both children and adults (10,364–366). Although it is not
clear that adult-onset disease represents the same entity as that
found in childhood, or that all patients with the clinical pic-
ture of MCNS have an identical disease, the clinical course and
outcome of pediatric and adult cases appear to be sufficiently
similar (364) to consider all cases together.

Minimal change disease can appear in the first year of life,
but it is more common later, with a peak incidence at 2 years
of age. Most pediatric surveys report that it occurs twice as
often in boys as in girls, whereas it has an equal sex incidence
in adults (367). Although no precipitating cause may be appar-
ent in many children, it is not unusual for the development of
edema and proteinuria to be preceded by an upper respiratory
tract infection, an allergic reaction to an insect sting or other
immunogenic stimuli, or the use of certain drugs (367–394)
(Table 64-5). In both adult and pediatric patients, malignan-
cies, especially Hodgkin disease, have been associated with the
development of MCNS (see section on Nephrotic Syndrome
and Malignancies).

Clinical Findings

Edema formation may begin within a few days of the incit-
ing event. Facial edema usually is noted first, with few other
indications of an ongoing disease process. This can be con-
fused with allergic symptoms, especially if associated with
an upper respiratory tract infection. Edema usually increases
gradually. It becomes detectable in the adult only when sev-
eral liters of fluid have accumulated; by the time medical ad-
vice is sought, the patient typically has pitting edema involv-
ing the sacrum and the lower extremities. When anasarca is
present, periorbital edema can be so severe that the eyelids
are swollen shut, scrotal or vulval edema may be marked,
and there may be significant abdominal distension. Respira-
tory embarrassment may occur from accumulation of either
pleural or ascitic fluid, although the infrequency of dyspnea
or orthopnea in the setting of massive fluid retention is strik-
ing. This reflects the absence of increased pulmonary capil-
lary wedge pressure needed to generate pulmonary edema.
Headaches and irritability are common accompanying com-
plaints of edema. The patient may note vague symptoms such
as malaise, easy fatigability, irritability, and depression. Rarely,
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TA B L E 6 4 - 5

DRUGS AND OTHER FACTORS REPORTED TO HAVE
PRECIPITATED MINIMAL CHANGE NEPHROPATHY
(MCN)

Drugs
Gold (368)
Penicillamine (369)
Ampicillin (370)
Mercury-containing compounds (371)
Nonsteroidal antiinflammatory agents (372–375)
Trimethadione, paramethadione (376)

Atopy
Pollen (377)
Food allergy (378,379)
House dust (380)
Contact dermatitis (poison ivy and oak) (381)
Bee (382) or wasp (395) stings

Tumors
Lymphoma (384,385)
Others (383)

Infections
Various viral infections (386)
Schistosomiasis (387)
Ehrlichiosis (388)

Stimuli-associated with immune activation or inflammation
Guillain-Barré syndrome (389)
Still disease (390)
Immunizations (391,396)
Dermatitis herpetiformis (393)
Epidermolysis bullosa (394)
Thyroiditis (397,398)
Sclerosing cholangitis (399)

the development of cellulitis, peritonitis, or pneumonia may be
the first indication of an underlying nephrotic syndrome. The
pallor resulting from edema can be misinterpreted as indicating
anemia.

On physical examination, dependent edema is the most
prominent finding. The retina has a characteristic “wet” ap-
pearance. Subungual edema may reverse the usual color pat-
tern on the fingernails—the normally white lunulae may be
pink and the rest of the nail bed white. Horizontal white lines
that may be seen on both the fingernails and the toenails are
referred to as Muehrcke bands. Inguinal and umbilical hernias
may be present, especially if the patient has had severe ascites
for a prolonged period. The elasticity of the cartilage in the ear
appears to be decreased.

Blood pressure in patients with MCN usually is normal,
but elevated systolic pressure has been recorded in 21% and
elevated diastolic pressure in 14% of the children evaluated by
the International Study of Kidney Disease in Children (ISKDC)
(400). Hypertension is seen more commonly in adult patients
with MCN (401).

Growth failure occasionally may be found in children, most
often in those who have had multiple relapses of MCNS requir-
ing frequent courses of steroids (321). Evidence for infection,
especially peritonitis, cellulitis, or pneumonia, should be sought
as part of the physical examination. These infections may be
associated with septicemia and shock.

In MCNS, the chest radiograph usually shows a small or
normal-sized heart; pleural effusions may be present, as may
pneumonic infiltrates. The presence of an increased heart size

and congestive changes in the hilar regions suggests that the
nephrotic syndrome is secondary to glomerulonephritis.

Laboratory Findings

Urinalysis. Clinicians who first characterized the nephrotic
syndrome noted that the urine often foams excessively when
voided and that it coagulates when heated. These findings result
from marked proteinuria, now indicated by a dipstick reading
of 3+. Other edema-forming, hypoalbuminemic states, such
as malnutrition, milk protein sensitivity, and protein-losing en-
teropathy, can mimic nephrotic syndrome but do not manifest
significant proteinuria. The amount of protein in the urine of
nephrotic patients can range from less than 1 to more than
25 g per/day. The value for adult patients usually is between
3.5 and 16 g per/day; that for children typically is lower than
this amount, even when allowances are made for body size
(402), and averages about 50 mg/kg of body weight per/day
(403). Because urine protein is a function of plasma, and thus
of filtrate, protein concentration (404), children with MCNS,
who may have serum albumin levels of 1 g/dL or less, may oc-
casionally have amounts of urinary protein as low as 100 to
200 mg per/day. This finding in patients with low plasma albu-
min concentrations also reflects removal of much of the protein
from the glomerular filtrate as it traverses the proximal convo-
luted tubule (405) (see previous section on Tubular Handling
of Protein in Mechanisms for Proteinuria). As a consequence
of proteinuria, the urine specific gravity in nephrosis usually is
high, often exceeding 1.035. Exceptions include patients who
are not in an edema-accumulating state (see section on Conse-
quences of Proteinuria, earlier in this chapter) and the patient
with nephrotic syndrome and renal failure or tubular dysfunc-
tion, in whom lower (but not isosthenuric) values of urine spe-
cific gravity are found. Physiologic responses of the kidney to
the nephrotic state may cause further urine concentration.

The spectrum of excreted proteins depends on the renal
disease responsible for the nephrotic syndrome. In primary
nephrotic syndrome, most of the urine protein is albumin; in
other diseases, such as glomerulonephritis, both albumin and
globulins are lost in increased amounts. This occurrence has
led to determination of “protein selectivity” being proposed
as a noninvasive method to separate MCNS from other causes
of nephrotic syndrome (406). By comparing clearance of albu-
min to that of larger molecules such as IgG or transferrin, a
curve can be generated, indicating whether the protein loss is
selective and restricted to small molecules, or nonselective, con-
sisting of both large and small molecules. Patients with MCNS
tend to show more selective proteinuria, whereas those with
nephrotic syndrome from other causes have nonselective pro-
teinuria. Unfortunately, this generalization is limited by consid-
erable overlap in results from patients in different diagnostic
categories, so that clinical determination of protein selectivity
has limited value for individual patients. This limitation may
reflect factors other than molecular size that also affect en-
try of proteins into the glomerular filtrate, and differences in
tubular function, which modify reabsorption of filtered pro-
tein (407). A refined electrophoretic technique has been used
to indicate protein selectivity and to predict outcome. Patients
with primarily albumin and transferrin in urine as determined
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) proved to be steroid-sensitive, whereas patients
who were steroid-resistant also excreted considerable amounts
of IgG, lysozyme, and other larger molecules (408). Some of
these larger molecules could be derived from tubular cells, re-
flecting tubulointerstitial injury rather than glomerular filtra-
tion, or from activation of the shunt pathway for filtration
of macromolecules discussed earlier in this chapter. In anal-
buminemic rats with PAN nephrosis, fractional clearances of
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various macromolecules are similar to those in normoalbu-
minemic rats. The absence of competition for albumin implied
by this finding suggests that urinary loss of these proteins in
nephrotic patients does not result from “overload” of tubular
reabsorption by filtered albumin (71).

The urine sediment from nephrotic subjects often contains
oval fat bodies. Lipiduria is better diagnosed, however, using a
microscope equipped with polarized light to demonstrate dou-
bly refractile fat bodies (“Maltese crosses”) in degenerative
fatty vacuoles in the cytoplasm of desquamated renal epithelial
cells or free in the urine as neutral fat droplets. Frequently,
urine with large amounts of protein also contains hyaline
casts.

Other urinary findings vary with the cause of the disease.
Up to one third of patients with MCN may have microscopic
hematuria. Gross hematuria may be seen in patients with un-
complicated MCN but is extremely rare (409). By contrast, it
is more common in patients with prominent mesangial prolif-
eration. Hematuria is more likely to be seen with FSGS than
MCN (410). In patients with nephrotic syndrome secondary to
glomerulonephritis, the urine shows more abnormalities, with
cellular elements and granular, cellular, and mixed hyaline casts
being present. However, patients with MCN cannot always be
differentiated from those with glomerulonephritis on the basis
of urine sediment abnormalities alone.

Blood Studies. Hypoproteinemia is common to all nephrotic
patients and is caused, primarily, by hypoalbuminemia. Total
serum protein is characteristically reduced to between 4.5 and
5.5 g/dL; serum albumin concentrations usually fall to below
2 g/dL, and, in children, may be less than 1 g/dL (363). Al-
though serum albumin concentrations are usually decreased,
those of total globulins are remarkably well preserved in MCN
despite massive proteinuria. Typically, serum α1-globulin con-
centrations are normal or slightly decreased, whereas levels of
serum α2- and β-globulins are increased. Although the concen-
tration of γ -globulin determined by electrophoresis is normal
or reduced, the levels of individual components vary. In MCN
(295,386), serum IgG levels average approximately 20% of
normal, whereas IgA levels are less severely reduced; IgM and
possibly IgE levels are increased. The changes in serum IgG
and IgA concentrations are less pronounced in patients with
nephrotic syndrome of other causes; IgM and IgE are typically
normal in these subjects (295,386).

Hyperlipidemia is one of the findings that define the
nephrotic syndrome. Serum total cholesterol level is usually
elevated, especially when the serum albumin level has fallen
to 2 g/dL or less (167,295,386). Values average 400 mg/dL,
but levels in excess of 1,000 mg/dL have been recorded. Other
changes in plasma lipids are summarized in the section on Con-
sequences of Proteinuria.

Most often, serum electrolyte concentrations are within the
normal range even when anasarca is present, indicating pro-
portionate retention of sodium and water. Factitiously low
serum sodium concentrations (∼130 mEq/L) may be measured
with marked hyperlipidemia. This pseudohyponatremia results
from the nonaqueous, nonsodium-containing component of
the serum or plasma (lipid) being increased. It does not require
treatment, because the sodium concentration in the aqueous
phase of blood is normal, as is plasma osmolality. This ar-
tifact is not observed when sodium levels are determined by
techniques that measure sodium activity with ion-specific elec-
trodes or after sample ultracentrifugation. Low serum sodium
may be an accurate finding in the case of excess free water in-
gestion relative to dietary sodium intake (411), compounded
by potential effects of elevated plasma vasopressin (412). This
problem may be exacerbated by diuretic therapy. A decreased
anion gap is associated with decreased total serum protein or
albumin levels. This finding is common to all hypoalbumine-

mic states and does not directly reflect either renal dysfunction
or altered serum lipid levels (413). Serum calcium may be low,
mainly as a result of the hypoalbuminemia. Normally, 40% of
total serum calcium is bound to protein. A decrease in serum
albumin concentration of 1 g/dL results in a decrease in total
serum calcium of 0.8 mg/dL. In contrast, 1 g of globulin binds
only 0.16 mg of calcium. In some cases, the hypocalcemia may
be out of proportion to the hypoalbuminemia and is caused by
a reduction of ionized calcium levels (414) by as much as 5% to
20%, possibly because of urinary loss of 25-OH-D (see section
on Consequences of Proteinuria). Acute symptoms of hypocal-
cemia rarely occur. Total and ionized calcium levels return to
normal with remission. Serum phosphorus is normal unless the
nephrotic syndrome is associated with renal insufficiency.

Blood urea nitrogen (BUN) and serum creatinine values
are usually close to normal in MCN, but may be mildly ele-
vated if decreased intravascular volume from nephrosis causes
prerenal azotemia. The BUN may be elevated because of ei-
ther increased intrarenal urea circulation or increased protein
catabolism if the patient has received steroids. Glomerular fil-
tration rate measured by inulin clearance is reduced to an av-
erage of 80% of normal (147); occasionally values are reduced
to 20% to 30% of normal. This may represent decreased re-
nal perfusion secondary to hypovolemia. Reduced GFR at the
onset of MCN is reversible and does not imply an unfavorable
outcome (104). The presence or absence of azotemia therefore
cannot be used as a reliable indicator in the differential diag-
nosis of the nephrotic syndrome.

Hemoglobin levels and hematocrit values may be normal
or even increased if there is hemoconcentration secondary to
loss of fluid into the peripheral tissues. This factor may help
to differentiate azotemic patients with MCN from those who
have severe renal insufficiency from parenchymal disease, in
whom anemia is more typical. However, as noted previously,
iron deficiency may cause nephrotic patients with normal renal
function to become anemic.

Measured concentrations of serum complement and its com-
ponents are generally considered to be normal in MCN. Al-
though urinary losses cause decreases in low-molecular-weight
complement components, serum concentrations of the compo-
nents measured to detect activation of the complement cascade
are unchanged (415). Thus, reduced levels of the third compo-
nent of complement (β-1-C globulin; C3) or C4 indicate that
a glomerulonephritis underlies the nephrotic syndrome; con-
versely, such changes do not occur invariably with glomeru-
lonephritis. Circulating immune complexes may be elevated
in MCN or in FSGS (416,417). Plasma renin activity may be
increased in some patients who manifest physiologic changes
consistent with decreased intravascular volume.

Histopathology

Minimal Change Nephropathy

The morphologic classification of nephrotic syndrome in child-
hood derives from classic papers by Churg and colleagues (418)
and White and colleagues (419). The term minimal change
nephrotic syndrome was used to describe the pathologic ap-
pearance on light microscopy of biopsies from nephrotic pa-
tients in which there are no definitive changes from normal
in glomeruli (Fig. 64-7). Here, we have chosen to use the term
minimal change nephropathy because some adult patients have
been reported with proteinuria but no nephrosis (9,10) and
in order to describe a histologic and functional entity in par-
allel to FSGS. The degree of change from normal histology
that is considered significant remains the subject of some con-
troversy. The spectrum of these changes is classified in Table
64-3 at the beginning of this chapter. Other terms that have
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FIGURE 64-7. Findings on renal biopsies from three children with the clinical features of minimal change
nephropathy. A: Light microscopy of a patient with MCN. Portions of two glomeruli are shown. Cellularity
is normal and the capillary loops are patent. Tubular and interstitial structures are normal in appearance.
(Magnification for all light microscopy ×350.) B: Electron microscopy from the same patient. The en-
dothelial cells (En) lining the capillary loop show a normal fenestrated structure; the glomerular basement
membrane (GBM) is uniform in thickness and structure. The epithelial cell (Ep) layer shows characteristic
fusion of the epithelial foot processes, with the podocytes being in continuous contact with the GBM.
Proteinaceous material and a nucleated cell are present in the capillary lumen (CAP). C: Light microscopy
in a patient with mesangial hypercellularity. The tubular and glomerular capillary structures are normal,
but an increased number of nuclei are present in the mesangial areas of the glomeruli. Immunofluorescent
microscopy was negative for immunoglobulins and C3. The patient behaved clinically as one with MCNS.
(Histology courtesy of Dr. John M. Kissane.)
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been used to describe this general entity include nil disease and
steroid-sensitive nephrotic syndrome. Changes in the proximal
tubule cells reflect increased reabsorption of protein. Tubular
cells may contain apparent vacuoles that are doubly refrac-
tile and are similar to the fine lipid droplets seen in oval fat
bodies in the urine. This pathologic abnormality generated the
term lipoid nephrosis, in which there is no tubular atrophy
and the renal interstitium is normal. Older patients may show
some globally fibrosed glomeruli with associated nephron loss.
This finding is rare in children and should not involve more
than 5% to 10% of glomeruli, even in elderly patients (3).
Staining for glomerular polyanion with Alcian blue, colloidal
iron, or ruthenium red may be reduced in the glomerular tufts.
No immunoglobulin or complement deposition is observed by
immunofluorescence. Electron microscopy (Fig. 64-7) reveals
only glomerular epithelial cell foot-process effacement (see next
paragraph) (420). Recent advances may permit this finding to
be visualized by high-resolution light microscopy (421). The
diffuse effacement of the podocytes that often contain protein-
reabsorptive droplets typically results in the appearance of an
almost continuous layer of cytoplasm on the urinary side of the
GBM. Epithelial cells may appear detached in segments, pro-
ducing denuded areas of the GBM. The GBM itself, however,
appears normal. There are no electron-dense deposits adjacent
to the GBM (422). Historically, 65% to 85% of children with
primary nephrotic syndrome have this lesion (423), compared
to a prevalence of about 30% of primary nephrotic syndrome
and 15% of all nephrosis in adults (10).

Podocyte Foot Process Effacement

Podocyte foot process effacement is due to retraction, widen-
ing, and shortening of foot processes and is not due to fusion, as
reviewed recently (424). With complete effacement, the GBM
is covered by thin, sheetlike processes of podocyte cytoplasm,
with gaps between the processes of adjacent cells (where pro-
tein filtration presumably occurs). Foot-process effacement is
associated with a reduction in GFR, which is caused mainly
by a reduction in the ultrafiltration coefficient Kf (see section
on Physiologic and Anatomic Factors Affecting GFR in Con-
sequences of Proteinuria, earlier in this chapter).

Podocyte effacement is accompanied by striking morpho-
logic changes in the cellular cytoskeleton. The continuous layer
of podocyte cytoplasm that overlies the GBM shows an increase
in microfilaments and the appearance of a dense cytoskele-
tal band located within the basal portion of the podocyte,
adjacent to the GBM. The cytoskeletal band has regions of
high density at regular intervals. En face views demonstrate
that the filaments are distributed radially from these central
densities, suggesting that they may function to distribute me-
chanical strain and thereby prevent glomerular capillary ex-
pansion (425). Endlich et al. exposed cultured podocytes to
biaxial cyclic stress, in order to model stress that might be ex-
perienced by podocytes in glomerulomegaly (426). Transverse
stress fibers disappeared and were replaced by radial stress
fibers connected to a single actin-rich center. The stress fibers
were composed of myosin II, α-actinin, and synaptopodin.
These findings differ in important ways from podocytes in vivo,
where the actin-rich center is absent and actin is confined to
the foot processes. Nevertheless, the results do suggest that
podocyte response to stress consistently involves formation of
radial cytoskeletal structures.

It appears likely that podocyte foot process effacement arises
by different mechanisms in different settings. Certain podocyte
injury models (protamine infusion, reactive oxygen species in-
fusion, PAN administration) are associated with redistribution
of α-dystroglycan from the basal surface of the podocyte, a
process that occurs within as little as 15 minutes (427). MCN
but not FSGS is associated with loss of podocyte dystroglycan

expression (428). Kojima and Kerjaschki (429) have suggested
that polycations compete with GBM laminin for binding to
its receptor, dystroglycan; free dystroglycan is then internal-
ized into podocyte endosomes. This process is dependent upon
cellular ATP and participation of the actin cytoskeleton.

Related but distinct mechanisms may explain foot process
effacement in FSGS, particularly postadaptive FSGS. Shirato
(424) and Kriz et al. (430) have proposed that the podocyte
supports the essential but contradictory functions of structural
stability and leakiness (hydraulic conductivity). Cytoskeletal
hypertrophy represents cellular adaptation to increased stress.
The source of stress might be glomerular enlargement, in-
creased glomerular PGC (associated with the overload state)
or increased GBM distensibility (due to GBM damage). John-
son has pointed out that the transmembrane oncotic pres-
sure gradient influences the net filtration pressure (PUF) and
thereby might also contribute to net hydraulic stress (431).
PUF is the difference between transmembrane hydraulic pres-
sure and the transmembrane oncotic pressure gradient. In the
setting of nephrotic-range proteinuria, plasma albumin is re-
duced, which reduces the transmembrane oncotic pressure gra-
dient across the capillary wall and thereby increases PUF. In the
face of mechanical or hydraulic stress, the capillary wall has
three defenses: the mesangial cell, the podocyte, and the GBM.
The mesangial cell may undergo proliferation and hypertro-
phy. Little is known about how the GBM responds to stress.
The podocyte cannot proliferate and adapts by elaborating a
more complex cytoskeleton to defend the structural integrity
of the capillary wall. This occurs, however, at the cost of a
reduction in total slit diaphragm width, podocyte effacement,
and reduced Kf.

Variations in Histopathology

Immunoglobulin Deposition. Some patients with all the clini-
cal features of MCN may have minor morphologic differences
from those already described. A common variation is the pres-
ence of IgM in the glomerular mesangium. An early report
(432) suggested that this variant represents a separate entity,
which was termed mesangial IgM nephropathy. All of the pa-
tients, whose ages ranged from 1.5 to 59 years, showed a slight
increase in mesangial matrix, and in addition to the IgM de-
posits, some had C3 and rare IgA deposition. Dense mesangial
deposits were noted by electron microscopy in 9 of the 12 sub-
jects. Subsequent observations did not support this as being a
separate entity. In one study, 40% of 149 consecutive patients
with the clinical picture of primary nephrotic syndrome were
found on biopsy to have mesangial IgM deposits. Of these, 20
had mostly or entirely IgM without complement. They could
not be differentiated clinically from other MCN patients (433).
Because the presence of mesangial IgM deposit in patients with
clinical MCN does not appear to affect either the patient’s re-
sponse to treatment or the disease outcome (434), it is now
believed that this finding has little significance.

Mesangial IgM deposits in apparent MCN may, in some
cases, be associated with immune complexes (435). Because
deposits are often found in patients who undergo biopsy after
receiving a trial of corticosteroid therapy, it is of interest that
experimental models of immune complex metabolism suggest
that steroid administration may prolong the systemic half-life
of larger complexes and increase and sustain their appearance
in the mesangium (436). The presence in the glomeruli of im-
munoglobulins in addition to IgM usually indicates a diagnosis
of a disease other than MCN (437). One group of patients with
a clinical diagnosis of MCN showed some glomerular prolifer-
ation associated with immunoglobulin deposits, primarily IgG,
in the glomeruli. This lesion was more often observed in African
American children (119), whereas a racial predilection may not
be present in adults (438). Although the patients described in
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this report responded to treatment with steroids initially, their
subsequent course was one of frequent relapses or the develop-
ment of resistance to treatment.

Mesangial Proliferation. Some patients with otherwise typi-
cal MCN have increased numbers of mesangial cells in the
glomeruli. One study that correlated glomerular morphome-
try with the patient’s clinical course found increased numbers
of mesangial nuclei and smaller nuclear size in patients who
had frequent relapses. The authors proposed that this indi-
cated mesangial cell activation. They cautioned, however, that
disease duration could play a role in the development of this
finding, because the frequently relapsing patients had a 4-year
course compared to 1.4 years in the population with infrequent
relapses (439). Mesangial hypercellularity may be associated
with a decreased response to steroid therapy (134,440,441),
frequent relapse (441), steroid dependency (442), or a poorer
prognosis (442–444). The ISKDC found that approximately
2.5% of children with nephrotic syndrome had mesangial hy-
percellularity (445).

Mechanisms of mesangial proliferation. Based on the finding
of identical immunohistochemistry in patients with or with-
out mesangial proliferation, it has been argued that mesan-
gial IgM deposition does not appear to play a role in the in-
duction of the mesangial cell response (440). Intrinsic kidney
cells and cells migrating into the kidney as part of the inflam-
matory response, release factors that regulate mesangial cell
proliferation. Mesangial cells produce platelet-derived growth
factor (PDGF), a stimulant of mesangial and endothelial cell
growth and wound healing (446); prostacyclin and thrombox-
ane, produced by a variety of cells, are stimulatory cofactors for
mesangial cell proliferation (447). In addition, two autocrine
growth mechanisms have been defined. The first involves in-
terleukin (IL)-1. Mesangial cells in culture secrete a mesangial
cell growth factor with characteristics identical to those of IL-1
(448). Indeed, these cells express messenger RNA (mRNA) for
IL-1 in vivo (449). The second autocrine system involves IL-6.
Mesangial cell-derived IL-6 stimulates mesangial cell growth in
vitro (450). Moreover, mice transgenic for the human IL-6 gene
show marked mesangial proliferation (451). In human disease,
urinary excretion of IL-6 and mesangial staining of biopsy ma-
terial for IL-6 were associated with mesangial proliferation by
some (452), but not all (453) authors. Because mesangial pro-
liferative changes are associated with steroid resistance, it is
noteworthy that IL-6-induced cell activation is not inhibited
by steroids (454). Finally, negative regulation of mesangial cell
growth may be provided by the GBM itself, as proliferation of
mesangial cells is decreased by heparan sulfate (455).

Tip Lesion. A group of patients has been described as hav-
ing steroid-responsive nephrotic syndrome with intercapillary
foam cells adherent to Bowman’s capsule in a tuft near the tubu-
lar origin (the glomerular tip lesion). Although this adhesion
is irreversible, the patients appear to have a good prognosis
closer to that of MCN than that of steroid-resistant nephrotic
syndrome (9,456). Tip lesion is considered more extensively in
the section on Selected Clinical Variants of FSGS.

C1q Nephropathy. Biopsies from some nephrotic patients
show mesangial deposits of the complement component, C1q,
despite the presence of normal serum complement levels and the
absence of complement-activating diseases such as systemic lu-
pus erythematosus. Accompanying pathologic findings can be
protean (457), including FSGS (458), crescentic glomerulopa-
thy (459), or minimal changes (460). Patients may present with
congenital nephrotic syndrome (461), steroid-sensitive disease
(460), or steroid resistance (462). It is not certain whether C1q
deposits represent a distinct entity or an incidental finding.

Disease Processes and Other Findings Associated
with MCN

Several clinical findings have been associated with MCN, in-
cluding specific malignancies, atopy, various HLA haplotypes,
and abnormalities in immune function. These associations,
which could elucidate issues of both causality and treatment,
will be considered here.

Malignancy. Several glomerulopathies, notably membranous
glomerulopathy, have been associated with neoplasia. A sig-
nificant number of patients with cancer-related nephrotic
syndrome, however, have MCN (Table 64-6). The relation-
ship between MCN and lymphomatous disorders, particularly
Hodgkin disease, is especially striking (383). In a survey of
the literature, 33 of 134 patients with cancer-related nephrotic
syndrome had MCN, as determined by biopsy (385). Of the pa-
tients with MCN, 26 had Hodgkin disease and an additional
two had non-Hodgkin lymphoma. In another review (384),
36 of 44 patients who had Hodgkin disease and the nephrotic
syndrome had MCN and only two had membranous glomeru-
lonephritis. There was a much higher incidence of nephritic dis-
eases in patients with other types of neoplasia. Nonlymphoma-
tous tumors that have been associated rarely with MCN include
renal oncocytoma (463), embryonal cell tumors (385), pancre-
atic carcinoma (464), nephroblastoma (465), Waldenström’s
macroglobulinemia (466), bronchogenic carcinoma (467), and
cecal adenocarcinoma (468).

TA B L E 6 4 - 6

NEPHROTIC SYNDROME IN PATIENTS WITH MALIGNANCY

Renal histologya

Minimal Membranous Membranoproliferative
Type of malignancy change disease nephropathy glomerulonephritis

Hodgkin lymphoma 26 4 0
Non-Hodgkin lymphoma 2 2 1
Leukemia 1 4 1
Multiple myeloma 0 0 1
Carcinoma 3 33 4
Benign or embryonal tumors 1 1 0

aOnly cases with defined renal pathology and without amyloidosis are shown.
(Data from: Eagen JW, Lewis EJ. Glomerulopathies of neoplasia. Kidney Int 1977;11:297.)
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Evidence suggests that in these cases the tumor may be di-
rectly involved in the pathogenesis of the MCN. MCN can be
the initial presenting sign of a lymphomatous disorder (469)
and may precede clinical evidence of lymphoma by several
years (470). With appropriate and successful antineoplastic
therapy, either medical or surgical, the proteinuria in tumor-
related MCN resolves, renal function remains normal, and
the nephrotic syndrome remits (385,463,467,470). The rela-
tionship between relapse of the tumor and of the nephrotic
syndrome (471,472) also strongly suggests an etiologic role
for the tumor in the pathogenesis of MCN in these patients.
These observations indicate the importance of considering a
malignancy as an underlying cause in any adult (471–474)
and, rarely, in pediatric (475) patients who present with appar-
ent primary nephrotic syndrome. If Hodgkin lymphoma is the
cause, it is essential to treat the neoplasm rather than the renal
disease.

Atopy and MCN. A relationship between allergy and MCN
has long been suspected. Anecdotal reports suggest that ex-
posure to allergens may precipitate the nephrotic syndrome
(377,379,475,476); rhinorrhea and allergic skin reactivity fre-
quently precede relapses (477), and a high prevalence of allergic
symptoms has been observed in nephrotic patients. Highly al-
lergic patients who had a pathologic diagnosis of MCN based
on renal biopsy experienced a decrease in urinary protein ex-
cretion when placed on an elemental diet and did not require
treatment with corticosteroids. Challenge with milk led to a
decrease in serum C3 and increased protein excretion, strongly
suggesting that hypersensitivity was causally linked to protein-
uria (378). A human basophil degranulation test was positive
in 16 of 28 adults with MCN and 14 of 18 with FSGS; in con-
trast, only 5 of 29 patients with glomerulonephritis and 1 of 11
healthy donors showed a positive response (478). In addition,
atopy and MCN were associated with increased frequency of
expression of human leukocyte antigen (HLA)-B12 and -DRw7
(478–480).

Although values ranged widely, mean serum IgE levels were
significantly elevated in patients with MCN compared to those
with other renal problems (481); elevated levels also are asso-
ciated with frequent relapse in children (482). In one study, the
majority of adult MCN patients had serum IgE levels more than
two standard deviations above the normal mean; of these, more
than 70% had associated allergic symptoms (483). Other in-
vestigators have made similar observations, but sought to draw
a distinction between primary allergic disease and the elevated
IgE levels found in nephrotic syndrome. They suggest that be-
cause IgE deposition in the glomerulus is rare (484), elevated
serum IgE levels could represent not the causal factor in MCN
but rather evidence of more generalized derangement in the im-
mune system (485). This concept is supported by a finding that
increased serum IgE may persist even with remission. If this
view is correct, it could explain why attempts to treat MCN in
atopic patients with inhaled disodium cromoglycate (486) or
an orally administered analog (477) were unsuccessful.

These apparently conflicting observations may be re-
solved by study of specific antigens. Therefore, a majority of
adult nephrotic patients studied by Meadow et al., and La-
grue,Laurent, et al. had detectable elevations of specific IgE
titers, with the most common sensitizing agent being house dust
or dust mites. After remission induced by institution of specific
desensitization and sodium cromolyn, several of these patients
had a relapse on re-exposure to the allergen (477,487,488).

Immunogenetics. There may be a familial incidence of MCN.
A survey from Europe, which excluded patients with the con-
genital nephrotic syndrome (489), found that 63 of 1,877
nephrotic children had affected family members. This preva-
lence of 3.35% was higher than that predicted from the fre-

quency with which MCN occurs in the general population.
Siblings were most often affected. The similarity of pathologic
findings and clinical course for affected members within a fam-
ily was striking (490), although in at least one report siblings
showed differences in these features (491). Familial nephrotic
syndrome in children has been divided into two broad cate-
gories: (a) patients with an infantile onset and a poor prognosis
regardless of renal morphology and (b) patients with a juvenile
onset and a generally good response to conventional therapy,
provided MCN is found by renal biopsy.

An indication of a possible genetic predisposition for devel-
opment of MCN is the reported association of MCN, and in
some cases atopy (480,508), with certain histocompatibility-
complex antigens. The most commonly cited are HLA-B8 (480
493,495,508), and -DRw7 (494,496). Not all studies have con-
firmed these associations. Indeed, a variety of HLA antigens
have been associated with MCN (479,480,492–500,505,507)
(Table 64-7) and negative associations have been reported, too.
HLA-B8 was found frequently in families with more than one
member having childhood nephrosis (509). In one study the
combined occurrence of B8 with DR3 and DR7 produced a
relative risk of 21.5 (500). In another study DR7 was linked to
steroid-sensitive disease and DR3 to steroid-resistant disease
(498). In French and German patients, specific DQB1 alleles
have been associated with MCNS, most strongly in steroid-
dependent or frequently relapsing patients (501). German stud-
ies also suggested that patients with HLA-DR7/-DR3 together
are less steroid-sensitive (504) and those with HLA-DR7 are
less likely to respond permanently to alkylating agent treatment
of frequent relapse (506).

MCN was associated with HLA-DQB1*0601, -DRB1*01
and -DRB1*07011 in Egyptian children (507,510,511) and -
DQA*0201 in German children (505,507,510). Studies from
Japan linked steroid-sensitive MCN in adult patients to
HLA-DRw8 and -DQw3 (497) and to specific DQB1 alleles
(502,503). Different results obtained in Singaporean (512) or
Bengali (513) children are likely due in part to racial or geo-
graphic differences. The observation that two extended HLA
haplotypes (HLA-A1, -B8, -DR3, -DRw52, SCO1; and HLA-
B44, -DR7, -DRw53, FC31) occurred with higher than ex-
pected frequency in children with steroid-sensitive, frequently
relapsing MCN provides the strongest evidence to date for an
immunogenetic predisposition to the disease (499).

The association between HLA type and MCN has been
made primarily in children, with some studies being unable to
make similar correlations in adult patients. This finding sug-
gests that MCN in adult and pediatric patients could represent
different diseases that share common pathologic and clinical
features. For example, HLA-DR7, which has been linked to
MCN (Table 64-7), was observed in only 18% of adult Eu-
ropean MCN patients, a frequency not different from that of
control subjects. If the data were analyzed according to age at
onset of the nephrotic syndrome, 45% of patients in whom on-
set was before the age of 15 years were HLA-DR7, whereas the
equivalent incidence in adult-onset patients was only 7% (514).
It remains unclear whether these associations represent linkage
disequilibrium with another gene or reflect potential underly-
ing immune influences on the development and response of
MCN.

Disordered Immunity in MCN. It has long been recognized
that immunogenic stimuli may precipitate presentation or re-
lapse of MCN. In addition to the frequent association with
atopy discussed previously, episodes may follow upper res-
piratory tract infections, bee stings, or diseases linked with
abnormal immune responses. The relationship of immuno-
genic events to onset of disease and the finding of disordered
immune responses in these patients led Shalhoub (515) to
propose a unifying hypothesis relating MCN to the immune
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TA B L E 6 4 - 7

RELATIONSHIP BETWEEN MINIMAL CHANGE NEPHROPATHY AND HUMAN LEUKOCYTE ANTIGEN (HLA) TYPE

Country No. of HLA Relative
Author (ref.) Year of origin patients association risk Children Comments

Thomson,
et al. (480)

1976 England 71 B12 6.3 Yes Relative risk with B12
and atopy—13

Trompeter,
et al. (492)

1980 England 116 B12 3.1 Yes Could not confirm
atopy data

O’Regan,
et al. (493)

1980 Ireland 54 B8 3.5 Yes —

B18 3.16
Alfiler, et al. (494) 1980 Australia 42 DRw7 5.9 Yes MCN confirmed by

biopsy; decreased
DR2

Noss, et al. (495) 1981 Germany 45 B8 2.81 Yes
deMouzon-

Cambon, et al.
(479)

1981 France 54 DRw7 4.4 Yes Related to atopy;
decreased DR2

Nunez-Roldan,
et al. (496)

1982 Spain 50 DRw7 4.5 Yes Decreased DR2

Kobayashi,
et al. (497)

1985 Japan 40 DRw8 3.74 No Studied adult subjects

DQw3 1.11
Cambon-Thomsen,

et al. (498)
1986 France 72 DR7 6.9 Yes Steroid-sensitive

27 DR3 3.0 Yes Steroid-resistant
Lagueruela,

et al. (499)
1990 United States 32 A1, B8, DR3,

DRw52, SCO1,
and/or B44,
DR7, DRw53,
FC31

— Yes Steroid-sensitive,
frequently relapsing

Ruder, et al. (500) 1990 Germany 91 B8, DR3, DR7 21.5 Yes Steroid-sensitive
Konrad (501) 1994 France, 161 DQR1∗07 6.2 Yes RR = 16.5 with both

Germany DQB1∗0201 7.8 DRB1∗0301 and
DQA∗0201, ∗0301,

∗0302
4.1 DRB1∗07

Abe (502) 1995 Japan 24 DQB1∗0302 6.2 Yes DQA1∗0103 decreased
Kobayashi (503) 1995 Japan 30 DQB1∗0301,

∗0601
8.6 Yes —

Bouissou (504) 1995 Germany 152 DR3/DR7 5.6 Yes Less steroid-sensitive;
France 199 7.7 Decreased association

with DR2. DR6, DQ1
Haeffner,

et al. (505)
1997 Germany 167 DQB1∗0601 38.9 Yes DQA1∗0102 and

DQB1∗0602
decreased

DQA1∗0201 3.8
DQB1∗0201 8.5

Konrad (506) 1997 Germany 54 DR7 — — Poor response to
alkylating agents

Bakr and
El-Chenawy
(507)

1998 Egypt 121 DRB1∗01 23.4 Yes —

MCN, minimal change nephropathy.

system. He cited four points: (a) evidence for abnormal hu-
moral immune responsiveness; (b) marked sensitivity of the
disease process to treatment with corticosteroids or immuno-
suppressive agents; (c) remission of MCN upon infection with
measles, an inhibitor of cell-mediated immunity; and (d) the as-
sociation of MCN with Hodgkin disease. In view of the lack of
significant morphologic evidence of renal damage, Shalhoub
suggested that MCN represents the renal manifestation of a

systemic immunologic abnormality, perhaps a T-lymphocyte
disorder, rather than a primary renal parenchymal disorder.
Although subsequent investigation has not yet demonstrated
a causal immunologic event, numerous abnormalities in both
humoral and cellular immune responses (516) have been noted
in nephrotic patients (295,296,299–301,416,417,517–520)
(Table 64-8). These may, in time, provide a pathogenetic mech-
anism.
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TA B L E 6 4 - 8

IMMUNOLOGIC ABNORMALITIES IN MINIMAL
CHANGE NEPHROPATHY

Defective opsonization
Decreased factor B (299,300)
Decreased factor D (301)

Decreased neutrophil chemiluminescence (300)
Abnormal reticuloendothelial function (518)
Circulating immune complexes (416,417,519,520)
Abnormal immunoglobulin production

Altered serum immunoglobulin concentrations
(295,521–524)

Decreased specific antibody reactivity (296,525,526)
Decreased synthesis stimulated in vitro (527,528)
Increased spontaneous in vitro synthesis (521,528)
Alterations in cell-surface markers (527,529–532)

Altered cellular immunity
Cytotoxicity to renal tubular epithelium (533)
Proliferation in response to glomerular basement membrane

(534)
Decreased delayed-type hypersensitivity (535–537)
Decreased experimental local graft-versus-host disease (538)
Decreased induced lymphocyte blast transformation

(517,539)
Increased inducible suppressor cell activity (540)

Humoral immune abnormalities
Serum toxicity to lymphocytes (541)
Inhibition of rosette formation by serum (518,542,543)
Altered antibody-dependent cellular cytotoxicity (544)
Increased interleukin (IL) production (545)
Decreased IL production (546,547)

Suppressor lymphokines (548–550)
Monocyte migration inhibitory factor (534,551)
Vascular permeability factor (552,553)
Soluble immune-response suppressor (554,555)
Tumor necrosis factor (556)

Lymphocyte activation
Increased secretion of β2-microglobulin (557)
Soluble IL-2 receptor production (558–561)
Increased production of IL-2, IL-4, and IFN-γ (562) IL-13

(563)

IFN, interferon; IL, interleukin.

Immunoglobulin synthesis. Clinical and in vitro assays show
impaired immunoglobulin synthesis in MCN. Serum IgG lev-
els are decreased significantly in children with MCNS, whereas
IgM levels are markedly increased (295,522–524). These values
return toward normal with remission, although the IgM lev-
els may remain elevated. Not all studies have found an equal
tendency toward normalization with remission, nor is this ab-
normality confined to MCN in all cases (564,565). Although
nephrotic proteinuria may be associated with urinary loss of
IgG (566), such losses are insufficient to explain the very low
serum IgG levels often found in MCN (521). This pattern of
increased IgM and decreased IgG levels in the serum also is
associated with some other immune-deficient states, most no-
tably X-linked immunodeficiency disease (521).

Depression of specific antibody titers, such as those to the
common streptococcal antigens endostreptosin, streptolysin O,
and streptozyme, was observed in children and adults with idio-
pathic nephrotic syndrome (526). Levels were low during active
disease, remained low for up to 20 years afterward, and were
not changed by steroid therapy. Patients who were nephrotic
from chronic glomerulonephritis, systemic lupus erythemato-
sus, membranous nephropathy, diabetes mellitus, or amyloido-

sis did not have depressed titers. These data suggest a chronic,
specific impairment of response in patients with MCN. Inabil-
ity to generate (296) or to maintain (525) specific titers against
pneumococcal polysaccharide has been described in MCN, but
not all studies confirmed this observation (567). Thus depres-
sion of specific antibody titers may be restricted to certain pa-
tients or certain antigens.

Several groups evaluated the in vitro secretion of im-
munoglobulins by lymphocytes activated with lectins. Consis-
tent with the decrease in serum IgG levels, pokeweed mitogen-
stimulated synthesis of IgG by patient lymphocytes was
decreased in MCN patients during the active stage of dis-
ease, returning toward normal with remission (521,523,527).
Unstimulated secretion of immunoglobulin may be increased
(521,528), suggesting spontaneous activation of lymphocytes
in MCN. Studies of IgA and IgM synthesis by lymphocytes ob-
tained from patients with nephrotic syndrome of other causes
produced more variable results (568). Decreased immunoglob-
ulin production in vitro or in vivo could result from either ab-
normalities of lymphocytes or the presence of inhibitory agents
systemically or on the cell surface. Evidence suggests that both
mechanisms may be present in MCN.

Studies of lymphocyte surface marker expression. These stud-
ies were employed to determine whether the immunoglobulin
abnormalities in MCN reflect some form of immune cell dys-
function. Cells infiltrating the renal interstitium are predomi-
nantly T lymphocytes (569). The ratio of helper cells to sup-
pressor cells in the glomerulus can be similar to that found in
lymphocytes in the peripheral circulation (569) but may vary
from one patient to another (570). Circulating lymphocyte sub-
sets in MCN were initially reported to show no significant
alterations in helper–suppressor cell ratios (571). Studies of
B-cell and T-cell subpopulations also produced conflicting data,
regardless of whether patients with MCN or FSGS were stud-
ied (527,529,532,535,572). A potential increase in the num-
ber of cells co-expressing B-cell and T-cell surface markers has
been reported, comparable to findings in X-linked immunod-
eficiency (531). However, in most studies of lymphocyte sub-
populations in primary nephrotic syndrome, there are few sig-
nificant changes. The meaning of the differences that were
found remains to be determined. In general, studies showing
alterations in lymphocyte subpopulations may be useful in sug-
gesting the possible presence of immune derangement, but in-
ferences of a potential role for these changes in disease patho-
genesis should be made with caution unless corroborated by
accompanying functional analysis. Some progress in this direc-
tion is provided by reports of two-color flow cytometry indi-
cating that the counts for circulating activated total T cells
and suppressor or suppressor/inducer T cells are increased,
whereas those for activated helper T cells are decreased, dur-
ing relapse (530,573). Another study found that populations
of activated suppressor-inducer cells and suppressor-effector
cells are increased in patients whose nephrosis was sensitive to
steroid treatment, accompanied by decreased memory T cells
and decreased lymphocyte proliferation in response to tetanus
toxoid. Lymphocytes of steroid-resistant patients also had in-
creased suppressor-inducer cells, but decreased suppressor-
effector cells and increased memory T cells, with increased re-
sponses to tetanus toxoid (574).

Cellular immunity. In studies of delayed-type hypersensitivity
to common antigens, MCN patients in relapse had de-
creased skin reactivity to purified protein derivative of tuber-
culin (PPD), Candida, live varicella vaccine, streptokinase–
streptodornase, and topical dinitrochlorobenzene (535–537).
Reactivity returns when the patient enters remission (537). In
addition, the lymphocytes of patients with MCN manifest de-
creased local graft-versus-host activity when injected into rats,
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a finding that can be normalized by preincubation of the cells
with thymic humoral factor (575). These observations may not
be restricted to MCN (576).

In vitro studies also showed abnormal cellular responses in
nephrotic patients. Lymphocytes from MCN patients, but not
from normal control subjects or patients who were nephrotic
secondary to proliferative glomerulonephritis, were toxic to
cultured renal tubular epithelial cells (533). Lymphocytes from
some patients also proliferated on exposure to GBM (534). It
is not clear from these reports whether the findings represent a
primary process or the result of immunologic sensitization after
renal damage. Blast transformation of patient lymphocytes was
decreased in the presence of control or nephrotic serum (539),
returning to normal after entry of the patient into remission
(535). Other results showed that MCN is associated with in-
creased concanavalin A-activated suppressor cell activity. This
finding demonstrates at least the potential for exaggerated sup-
pressor lymphocyte responses and is not consistently found in
other renal diseases (540,577).

Evidence for abnormal lymphokine activity. Serum from adult
nephrotic patients inhibits leukocyte migration in the presence
of renal antigens (551), and serum monocyte migration in-
hibitory factor activity present during relapse of MCN disap-
pears with remission of the disease (534). Furthermore, serum
from most patients with MCN as well as some with diffuse
proliferative glomerulonephritis is lymphocytotoxic, whereas
serum from patients with acute tubular necrosis or urologic
disease is not (541). These findings suggest that an immune
inhibitory agent, or a series of such agents, is present in the
circulation of patients with primary nephrotic syndrome. Sera
from nephrotic patients may inhibit the ability of cells to form
rosettes (542,543), although this is not specific for MCN, and
patient sera do not support in vitro antibody-dependent cell-
mediated cytotoxicity (ADCC) assays (544). Decreased splenic
uptake of radiolabeled complexes was correlated with deficient
Fc receptor function in nephrotic patients and could be due to
the presence of an inhibitory protein that attaches to cell sur-
faces (518). Finally, multiple studies demonstrate a suppressive
effect of patient sera on blastogenesis by normal lymphocytes
(548,578–580). The specificity of this phenomenon for MCN
varies from one study to another. Efforts to attribute suppres-
sive activity in nephrotic sera to a lymphokine should attempt
to exclude the possibility that the observed effects are caused
by nonspecific toxicity to immune responses, resulting from the
biochemical abnormalities that occur in nephrotic syndrome.
For example, the suppressive activity in plasma from nephrotic
children segregates in the lipid-rich fraction (581). It could
thus be derived from constituents of LDLs and VLDLs that
are present in increased concentrations in nephrotic plasma
and suppress in vitro cellular immune responses (582,583).
However, this finding also is consistent with migration of an
immunosuppressive agent with the lipid-rich fraction. Alterna-
tively, oxidized LDL could itself affect lymphocyte function.
In either case, it is noteworthy that a patient with refrac-
tory nephrotic syndrome entered remission after LDL apheresis
(584).

Several studies that partially characterized the suppressive
activity suggested the production of a suppressor lymphokine.
A heat-stable substance, present in the serum of nephrotic
patients, inhibits lymphocyte proliferation. It binds to lym-
phocytes in the assay system and is not removed by washing
(549). One study found a heat-stable inhibitory substance in the
plasma of 51 (76%) of 67 children with MCN and six of nine
children with FSGS (550). Only one sample from seven patients
with membranous glomerulonephritis or 31 healthy adults and
children showed similar activity. The factor was toxic to normal
lymphocytes and was between 100 and 300 kDa. The presence
of tumor necrosis factor (556), IL-4 (563,585), and IL-13 (565)

in the serum of some patients may be related to suppressive ac-
tivity.

Urine and serum samples from children and adults with
steroid-sensitive nephrotic syndrome, but not other causes for
proteinuria, contain the lymphokine soluble immune response
suppressor (SIRS) (554). This factor, which inhibits antibody
production (586) and delayed-type hypersensitivity responses
(587), is secreted by patient lymphocytes without a require-
ment for exogenous stimulating agents. SIRS production thus
could account for the suppression of immune responses seen
in nephrotic patients. Suppressive activity disappears from the
urine after initiation of corticosteroid therapy but before uri-
nary protein loss decreases significantly. Patient serum activates
normal lymphocytes to produce SIRS by a steroid-sensitive pro-
cess (555), and a regulatory mechanism has been proposed by
which CD4+ T lymphocytes from patients in relapse secrete a
protein that activates CD8+ T cells to produce SIRS (588). Al-
though the parallel between the sensitivity of SIRS production
to steroids and steroid responsiveness of nephrotic proteinuria
in patients who produce SIRS is striking, there is no evidence
to indicate that SIRS itself causes nephrotic proteinuria. It is,
however, a clear marker for steroid-sensitive mechanisms of
proteinuria. The means by which SIRS acts on immune re-
sponses is not known. Although this issue remains intriguing,
little recent progress has been made in this area.

Circulating immune complexes. A variety of glomerular dis-
eases have been associated with soluble circulating immune
complexes. The circulating complexes reflect immunoglobulins
found in the kidney; patients with MCN had little or no IgG or
IgA complexes but did have marked variation with regard to
circulating IgM complexes (589). Although circulating immune
complexes have been documented in some patients with MCN
or FSGS (520), not all studies have confirmed this observation
(519) and the relationship of this finding to mesangial immune
complexes remains uncertain. A possible reason for varied re-
sults is the use of different assay systems (416). In screening
studies that employed liquid-phase and solid-phase C1q bind-
ing and Raji cell assays, at least one assay was positive in serum
from 11 of 14 adults with MCN, 13 of 27 patients with FSGS,
and 26 of 55 patients with membranous nephropathy. Pred-
nisone treatment did not affect the prevalence of circulating
immune complexes in this study (590). In another report, 17
of 18 MCN patients had IgG immune complexes that did not
bind to Clq; in seven of nine patients assessed longitudinally,
immune complexes disappeared within 6 weeks of entry into
remission (417). This temporal relationship and the absence
of glomerular IgG in patients with MCN suggest that circulat-
ing immune complexes could be a result rather than a cause
of the disease. Although they may not cause the disease, some
circulating immune complexes could account for the appar-
ently nonspecific presence of IgM in the mesangium of some
patients. In support of this is the finding that large, neutral, or
anionic complexes show focal to diffuse mesangial localization
(591,592). Complexes containing IgM tend to be large. In con-
trast, low-avidity, polycationic, and small immune complexes
tend to deposit in capillary or mesangiocapillary distribution.

Other findings related to immunity. Further evidence of a po-
tential role for the immune system in MCN is the possible rela-
tionship between this disease and allergic phenomena, already
discussed, as well as the unique association between MCN
and tumors of immune cell origin. Impaired lymphocyte blast
transformation was found in the presence of plasma from pa-
tients with MCN and Hodgkin’s disease (473,593); in vitro re-
sponses improved significantly after antitumor therapy (594).
The strong association of lymphoid tumor, abnormal cellular
immune responses, and MCN supports a role for deranged im-
munity. The nature of this derangement is unclear. Despite the
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clinical evidence of suppressed immune responses, the underly-
ing abnormality paradoxically may be general immune system
activation. In support of such an event, production of a number
of specific cytokines and their regulators may be elevated. In-
creased IL-2 mRNA expression in patient lymphocytes (595),
increased IL-8 production in steroid-resistant patients (596),
and increased occurrence of one polymorphism of IL-1 receptor
antagonist (597) have been reported. Circulating soluble IL-2
receptor concentrations are increased in MCN (558–561). Pro-
duction of gamma interferon (IFN-γ ) may also be increased in
nephrotic children. Further, although various responses of stim-
ulated patient lymphocytes are decreased, unstimulated cells
from patients show, for example, increased immunoglobulin
production relative to that of unstimulated control cells. Taken
together, these findings suggest that in MCN, the immune sys-
tem is generally activated, whereas the induction of responses
to specific stimuli is impaired (516).

Relationship of the immunologic abnormalities to disease
pathogenesis. Despite all of these studies, Shalhoub’s hypoth-
esis has not yet been proved. There is strong support, however,
for the concept that cellular immunity may be a mediator of
proteinuria. Monocytes or macrophages are important in the
pathogenesis of some forms of glomerulonephritis (598) and in
the genesis of proteinuria (599,600). These studies imply a role
for mononuclear cells but do not explain how they may act.
One possibility is through release of the lymphokine, vascu-
lar permeability factor (VPF), which is produced by activated
lymphocytes from some nephrotic patients and which, when
injected intradermally, causes increased permeability of ves-
sels to macromolecules (601). This protein, usually referred to
by its function as an endothelial cell stimulant called vascular
endothelial cell growth factor (VEGF) (553), was detected in
supernatants of unstimulated cultures of patients’ cells but not
those of normal controls (602). A VEGF-like serine protease
in patient serum decreased staining for polyanion when used
to treat histologic sections of normal glomerular tissue (603).
However, the effect of VEGF does not appear to be specific
for permeability of albumin, making it an unlikely cause of se-
lective proteinuria. VEGF activates endothelial cells in numer-
ous ways; by causing the cells to “round up” it disrupts tight
cell–cell adhesions, promoting permeability of an endothelial
monolayer (604). It also promotes the formation of endothe-
lial fenestrae (605). However, since the glomerular capillary
endothelium is not the final barrier to glomerular permeability,
it is not clear how increased fenestration would cause albu-
minuria in primary nephrotic syndrome. Furthermore, a sim-
ilar substance was described in IgA nephropathy, even in the
absence of nephrotic syndrome (606), indicating that VEGF
activity could be secondary to renal disease rather than a cause
of proteinuria. VEGF production could be enhanced by IL-12
(607) or IL-15 (608). Substances produced by T-cell hybrido-
mas derived from the lymphocytes of nephrotic patients (609)
or found in culture media conditioned by mononuclear cells
from nephrotic children (610), may prove to represent one or
more selective permeability factors. One such factor could be
IL-8, which is produced by lymphocytes from patients with
steroid-responsive nephrosis (611) and increases renal clear-
ance of protein in an ex vivo model (612). However, varied
circulating levels have been reported in disease (596,613). IL-
2 (562) and TNFα (614) production by patient lymphocytes
normalized after the patients entered remission. A single case
report describes remission of steroid-resistant disease after in-
fliximab anti-TNFα therapy (615).

Despite the absence of proof for Shalhoub’s hypothesis,
the indirect evidence of an immunogenic basis for many cases
of MCN remains compelling. Onset is often preceded by an
immunogenic stimulus. Measles, which induces remission, in-
hibits lymphokine production but not proliferation by lym-

phocytes (616). Studies of MCN induced by nonsteroidal anti-
inflammatory drugs (617) or cimetidine (618) indicated that
these cases of disease may be associated with abnormal T-
cell function. The relationship of disease to altered immunity
is particularly striking with regard to suppressor cell activity.
A good therapeutic response to cyclophosphamide was asso-
ciated with decreased suppressor cell activity after treatment
(619), although others were unable to confirm this finding
(620). Furthermore, as described previously, cellular and hu-
moral immune responses are suppressed in MCN. Thus it is in-
triguing that recombinant leukocyte interferon A, an agent that
induces production of SIRS, caused nephrotic syndrome with
minimal glomerular changes in a patient with T-lymphocyte
malignancy (621) and that the antihelminthic agent levamisole,
which inhibits SIRS activity (586), has been used successfully
to treat MCN (622,623). Despite evidence suggesting that cy-
tokines may be involved in promoting vascular permeability
(624), the data regarding lymphokines do not address their
role as a pathogenic agent in nephrosis and are equally consis-
tent with the interpretation that production of these substances
is an epiphenomenon of the derangement that causes albumin-
uria. In addition, the existence of differences between studies
or even within a patient group in a given study suggest that
multiple etiologies may exist for MCN, only one (or several)
of which may be immunologic. Furthermore, the pathogenesis
of proteinuria remains unclear. Given the importance of the
epithelial slit diaphragm in the integrity of the glomerular fil-
ter, the podocyte is likely the target cell. However, the way in
which the podocyte is affected is unknown. Considerable work
remains to be done in this area.

Treatment of Minimal Change Nephropathy

Indications for Renal Biopsy

Although most older children and adults will undergo renal
biopsy prior to starting treatment, the indications for and ben-
efits of this procedure in patients with primary nephrotic syn-
drome remain somewhat controversial (625). Children 1 to
9 years old with all the features of MCNS and no atypical fea-
tures Table 64-9 may be given a therapeutic trial of steroids
without prior histologic confirmation of the diagnosis. Induc-
tion of a complete remission by steroids in such patients is con-
sidered to be adequate confirmation of the diagnosis of MCN
(423), although other benign conditions may occasionally ap-
pear to respond to steroid therapy (626). A histologic diagno-
sis by renal biopsy is recommended in all patients who present
with nephrotic syndrome in the first year of life or after the
age of 9 years. Risk–benefit analysis at one point suggested
that biopsy may not be diagnostically superior to a therapeutic
trial of steroids, even in adults (627), but the increasing inci-
dence of FSGS in nephrotic adults has led most clinicians to
perform a biopsy at the time of presentation. All patients who
are steroid-resistant (see Table 64-10 for some commonly used
descriptors of nephrotic patients and their responses) should
undergo biopsy, although the timing of this decision remains
uncertain. Although steroid resistance in children usually is
defined by 8 weeks of nonresponse, many clinicians recognize
that most children who respond do so by 4 weeks. Therefore,
it may be appropriate to perform a biopsy after 4 weeks or
less, since those who have not responded by then are more
likely to have a different disease that might require an alter-
native treatment. Other pediatric patients who may require a
biopsy include those who have frequent relapses, or who are
candidates for therapy with immunosuppressive drugs. Some
experts have suggested that any steroid-dependent pediatric pa-
tients who continue to be steroid-sensitive are, statistically, so
likely to have MCN (400,445) that biopsy is not indicated.
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TA B L E 6 4 - 9

FEATURES SUGGESTING THAT NEPHROTIC
SYNDROME IS CAUSED BY A DISEASE OTHER THAN
MINIMAL CHANGE NEPHROPATHY (MCN)

History
Onset: before 1 year or after 9 years of agea

History: skin rashes, joint pains, “nephritis,” or hematuriaa

Family history: family member with Alport’s syndrome or
development of end-stage renal diseasea

Physical examination
General: clinical features of collagen vascular disease
Blood pressure: marked elevation or evidence of vascular

changes in fundia

Skin: purpuraa

Subcutaneous tissue: lipodystrophy

Laboratory findings
Urine: dilute urine sediment containing more than 10 red

blood cells per high-power field; cylindruriaa ;
nonselective proteinuriaa

Renal function: markedly decreaseda

Chest X-ray: enlarged heart, vascular engorgement,
pulmonary edema

Serology: decreased C3 or C4, antinuclear antibody or
anti-DNA positive

Serum cholesterol: only mild increasea

Plasma protein: only mild decrease in albumina markedly
decreased or increased globulin

aAlthough these features are unusual for MCN, their presence does
not exclude the lesion.

Alternatively, response to steroids may itself be a more im-
portant determinant of disease process and outcome than is
histopathology (628).

A renal biopsy may be technically difficult to perform in the
patient with anasarca; surrounding fluid allows the kidney to
be balloted by the biopsy needle. In such subjects, it is prefer-
able to delay the attempted biopsy until after a spontaneous or
drug-induced diuresis has occurred and most of the ascites has
resolved.

Treatment of Minimal Change Disease

The optimal treatment for MCN is based on corticosteroids
but continues to evolve. It is noteworthy that in the era before
current drugs were available, 25% of children with idiopathic
nephrotic syndrome underwent a spontaneous remission (629).
Even today, a careful history will often suggest that prior to the
presenting episode, the nephrotic patient has had one or more
periods of edema that resolved without treatment. The asso-
ciation between MCN and both allergy and malignancy was
reviewed earlier in this chapter. An occasional patient with fre-
quently relapsing MCN may enter long-term remission only
when a dietary allergen is withdrawn (379) or an underlying
malignancy is identified and treated (472,475). Therefore, the
possibility that either of these conditions is responsible for the
patient’s symptoms should be considered before any drug ther-
apy is instituted.

Prior to 1940, the mortality rate for nephrotic syndrome
was 40%; the major cause of death was infection (630). After
the introduction of antibiotics, mortality was reduced by more
than 50%. The development of corticosteroids has further re-
duced mortality to between 3% and 7% (409,419,630). The
major benefits of steroids, however, may well be the faster in-

TA B L E 6 4 - 1 0

SOME DEFINITIONS USED TO DESCRIBE PATIENTS
WITH PRIMARY NEPHROTIC SYNDROME

Nephrotic-range proteinuria
Pediatric: Urine protein: creatinine ratio >2
Adult: 24-hour protein excretion >3.5 g

Relapse
Proteinuria (>1+ on dipstick or >4 mg/hr/m2 surface area)

for at least 1 week

Complete remission (CR)
Pediatric: Protein-free urine (<1+ on dipstick or

<4 mg/hr/m2 surface area) for at least 3 days
Or, Urine protein: creatinine ratio <0.2
Adult: 24-hour protein excretion <0.3 g

Partial remission (PR)
Pediatric: ≥50% fall from baseline and/or <2.0 (or <0.3)

and/or loss of edema and/or serum albumin >2.5 mg/dL
Adult: PR 50%: 50% fall from baseline and <3.5 g/day

Or, PR2: ≤2.0 g/1.73m2

Limited response (LR)
Pediatric and Adult: Fall to ≤50% baseline but not PR

Steroid-sensitive nephrotic syndrome (SSNS)
Response to prednisone (60 mg/m2 surface area/day) within

8 weeks of starting treatmenta

Steroid-resistant nephrotic syndrome (SRNS)
Pediatric: No response to prednisone (60 mg/m2 surface

area/day) within 8 weeks of starting treatment (ISKDC)a

Adult: No change or increased proteinuria compared to
baseline

Frequent relapsing nephrotic syndrome
Initially responsive to prednisone: At least two relapses in a

subsequent 6-month period or five relapses in 18 months

Steroid-dependent nephrotic syndrome
Initially responsive to prednisone
Either two consecutive relapses during period of steroid

taper, or two consecutive relapses, each occurring within
2 weeks of ending a course of corticosteroid therapy

ISKDC, International Study of Kidney Disease in Children.
aSome studies define steroid-sensitive patients as those responding
within 4 weeks of starting treatment. Those responding between 5 and
8 weeks are referred to as late responders.

duction of a remission and reduction of morbidity, although
this has never been subjected to a controlled trial. In the older
adult nephrotic patient, the risk of undesirable steroid side
effects could outweigh the benefits of these drugs (631). De-
spite these caveats, adrenocorticosteroids remain the therapeu-
tic agent of choice for MCN in patients of all ages.

Corticosteroid Therapy. As stated in the preceding text, ces-
sation of urinary protein excretion in response to the oral ad-
ministration of prednisone is virtually diagnostic of this entity
in children (632). The standard dosage regimen for inducing a
remission is 2 mg/kg of body weight per day or 60 mg/m2 of
body surface area per day (maximum of 80 mg per day) (633).
Although the initial ISKDC studies used the same daily dose
but divided it into three equal parts, we prefer the alternative
approach of giving the entire daily amount in a single dose.
The Cochrane group has reported that the single daily dose is
as effective as a more complex dosing schedule (634). Further-
more, short-term side effects such as hunger and hypomania
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are more manageable with use of the single daily dose. In ad-
dition, a single dose is more convenient to administer, with a
greater likelihood of compliance. The daily dose is rounded up
to the nearest multiple of 20 mg. Because nephrotic patients
may be anergic, a chest radiograph should be obtained to rule
out the possibility of subclinical pulmonary tuberculosis before
prednisone therapy is begun. Typically, patients respond with
a diuresis (114) followed by resolution of proteinuria. In most
instances, response can be considered to have occurred if the
patient has had protein-free urine for at least 3 days (Table 64-
10). There are as yet no universally agreed-upon definitions for
complete remission (CR) or partial remission (PR). Neverthe-
less, those presented in Table 64-10 represent a starting point
for discussion. Among children, CR is commonly defined as the
absence of proteinuria on dipstick or alternatively of random
(or first-void) urine protein/creatinine ratio of <0.2. Among
adults, where 24-hour urine collections remain the standard
for definition, CR is commonly defined as <0.3 g per/day (al-
though the upper limits of normal protein excretion at various
clinical laboratories may be 150–250 mg per/day). The defi-
nitions of PR are much more problematic. Cattran et al. have
argued for a 50% decrease in proteinuria from baseline and
becoming subnephrotic (634a).

This definition has the merit of capturing the benefit of a
substantial reduction in proteinuria, for example from 10 to
3 g per/day, and has been recently shown to correlate with
long-term preservation of kidney function. Others have used a
more restrictive definition of PR, for example, proteinuria <2g
per/day. There may be some utility to capturing lesser degrees
of benefit (e.g., limited response (LR),defined as a 50% fall in
proteinuria that does not reach subnephrotic levels) but such a
benefit has not been tested in longitudinal studies. In children,
CR may occur within 1 week of starting treatment, and is seen
within 2 weeks of treatment in 75% of responders and by 4
weeks in more than 90% (Fig. 64-8).

According to the definitions derived by the ISKDC and oth-
ers (Table 64-10), patients who do not respond after 4 weeks of
glucocorticoid therapy considered to be steroid-resistant. How-
ever, response may be delayed for up to 8 weeks or more in a
small percentage of patients, so that approximately 95% of pa-
tients with MCNS eventually will prove to be steroid-sensitive.
Serum albumin levels may not return to normal for up to 3
months (114), and serum lipid abnormalities may persist for
protracted periods (170).

FIGURE 64-8. The cumulative rate of response to treatment with pred-
nisone of children with primary nephrotic syndrome. Only steroid-
sensitive patients are included in this analysis. The majority of
patients respond in the second or third week of treatment. A small
percentage, however, may take 7 or 8 weeks to respond. (Data derived
from: International Study of Kidney Disease in Children. The primary
nephrotic syndrome in children: identification of patients with mini-
mal change nephrotic syndrome from initial response to prednisone.
J Pediatr 1981;98:561, with permission.)

The persistence of some proteinuria does not necessarily in-
dicate steroid resistance. Postural proteinuria may persist in a
minority of patients and, in others, contraction of blood vol-
ume consequent to a brisk diuresis may result in renin-mediated
proteinuria (635). In either case, the degree of proteinuria is
modest, typically registering 1+ to 2+ on dipstick and be-
ing <1 g per/day. This should not be misinterpreted as partial
responsiveness and should not be used to justify continuing
steroid therapy in high doses. Alternatively, failure to respond
to steroids may indicate the presence of an occult infection
(633).

Studies in children have demonstrated that, for the initial
episode only, a prolonged period of treatment with a full dose
of daily corticosteroids decreases the incidence or frequency of
subsequent relapses. After 6 weeks of daily treatment (rather
than the standard 4 weeks of daily treatment) with prednisone,
60 mg/m2, the patient is switched to 40 mg/m2 on alternate
days (636). Although some controlled studies may disagree
(637), meta-analysis by the Cochrane Group has determined
that initial treatment with high-dose daily and then prolonged
alternate-day oral prednisone decreases the likelihood of re-
lapse over the first 12 to 24 months, and suggests that long-term
continuation of alternate-day steroids has increasing benefit for
up to 7 months (634). Most groups continue prednisone (total
of daily and alternate day) for about 3 months and then discon-
tinue the drug. For subsequent relapses, the steroids are tapered
beginning with a switch to alternate-day therapy only a few
days after the response to treatment. The dose is then reduced
in stepwise fashion during the next 4 to 8 weeks. Longer taper-
ing periods may decrease the likelihood of subsequent relapses
(636,638,639). For example, in a relapsed patient treated ini-
tially with prednisone, 60 mg per day, the dose is reduced to
40 mg daily after response (3 days of protein-free urine) for
2 weeks, then to 40 mg on alternate days. At 2-week intervals
the doses are reduced by 50%, with the final dose of 5 mg on
alternate days being given for 3 weeks. It should be noted that
this regimen is a matter of preference. The only regimen that
has been established by a controlled trial as efficacious is the
prolonged course for children of daily and then alternate-day
steroids in the initial episode. It is of interest that although
prolonged treatment of the first episode seems to consolidate
remission in children, those children who respond most rapidly
to the initial course of corticosteroids tend to have longer re-
missions (640). This relationship was not observed in adults
(641).

The presence of IgM deposits does not have an effect on
response to steroids (642). Although initial observations sug-
gested that patients with mesangial hypercellularity respond to
treatment in a manner similar to that seen with MCN (643),
subsequent studies indicated that a considerable proportion of
these patients may be steroid-resistant (441,644). Conversely,
evaluation of large groups of children indicated that persistence
of proteinuria is only weakly predictive of mesangial hypercel-
lularity on biopsy (168,445).

Because bacterial peritonitis is a relatively common oc-
currence in patients with MCN (see Complications of MCN
later in this chapter), many clinicians support immunization
with pneumococcal polysaccharide vaccines. Concern regard-
ing possible poor response to immunogens in nephrotic pa-
tients, and the potential for an immunogenic stimulus to trig-
ger a relapse, has made the issue of childhood immunization in
nephrotic patients somewhat controversial. A survey of North
American pediatric nephrologists indicated that most modified
their approach to immunization but that there was little evi-
dence upon which to base a standard approach (645). However,
a recent British study suggests that administration of meningo-
coccal C conjugate vaccine may increase the likelihood of re-
lapse (396). Current recommendations on vaccination in chil-
dren and adults and use of immunoglobulins (646) support the
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use of polyvalent pneumococcal vaccine (302,303) and (in the
case of children) Haemophilus influenzae type B vaccine. Live
virus vaccines should not be given to immunocompromised
patients.

Frequent Relapse. Although earlier reports suggested that as
high as 50% of steroid-sensitive children do not have a re-
lapse after the initial episode of nephrotic syndrome, subse-
quent observations indicate that this figure approximates only
25% (362). The difference could be due to an altering pattern of
disease but also may reflect the types of patients being referred
to reporting centers. Another 25% to 30% of children have
infrequent relapses and usually respond well to further courses
of steroids, as already described. The remaining patients have
either frequently relapsing or steroid-dependent nephrotic syn-
drome (Table 64-10). Several attempts have been made to cor-
relate pathology with response to steroids or with the pattern
of relapses (647). Frequency of relapse showed no correlation
with histopathology in a study by the ISKDC (648), but early
relapse after the initial episode was predictive of more frequent
relapses subsequently.

Attempts to control frequent relapses with steroids may re-
sult in their protracted use and possible steroid toxicity. In an
effort to minimize these side effects, alternative regimens have
been proposed using smaller doses of steroids to treat relapses.
Unfortunately the lower response and higher relapse rates as-
sociated with most of these approaches usually result in higher
cumulative doses of steroids and may not be justified (638).
One study suggested that for some frequently relapsing pa-
tients, maintenance on daily rather than alternate-day steroids
during the tapering regimen can result in a less frequent relapse
rate and an equal or lesser cumulative steroid dose (649).

Corticotropin (adrenocorticotropic hormone, ACTH) stim-
ulation tests suggest that prolonged postprednisone adrenocor-
tical suppression may predispose to frequent relapses. A nor-
mal response to ACTH predicted a remission for 6 months or
longer; a subnormal response was associated with remissions
of less than 6 months (650). Early relapse in children with poor
adrenal function can be prevented with low-dose maintenance
hydrocortisone administration (651).

Nitrogen mustard was found to prolong the duration of re-
mission in patients with MCN (652), but less toxic alternatives
such as cyclophosphamide and related drugs are now used in
frequently relapsing and steroid-dependent nephrotic patients,
especially in those with marked steroid side effects (653). Ide-
ally, cyclophosphamide should not be used until a patient has
been followed for 2 to 3 years to document a frequently relaps-
ing course. Although some centers prefer histologic confirma-
tion of MCN before the drug is used, steroid responsiveness
may eliminate the need to obtain a biopsy specimen in chil-
dren, since the disease remains overwhelmingly likely to be
MCN (654).

The original cyclophosphamide regimen used doses of
5 mg/kg per day, but it was associated with a high incidence
of leukopenia, hair loss, and cystitis (655). Most centers ob-
tain satisfactory results with a dosage of 2 mg per kg per day
for children (1.5 mg/kg/d for adults) given for no more than
90 consecutive days; others reported equally good results with
2.5 mg per kg per day for 8 weeks (655–658). At 2 mg/kg per
day, a course of cyclophosphamide limited to 8 weeks is fol-
lowed by a higher relapse rate (659). Most centers utilize cyclo-
phosphamide in conjunction with steroids (657). The induction
of a remission with steroids before therapy with cyclophos-
phamide is instituted, permits a liberal fluid intake to induce
a high urine flow rate during treatment with the immunosup-
pressive agent, thereby reducing the risk of cystitis. The steroid
taper is accomplished more rapidly, over a 6-week period.

Approximately 65% of frequently relapsing patients remain
in remission for at least 5 years after a course of cyclophos-

phamide (657,660,661). Response to cyclophosphamide may
be predictable from the patterns of relapse after steroids. Of pa-
tients who have a relapse immediately after tapering of steroids,
two-thirds also have a relapse quickly after cyclophosphamide
treatment. Conversely, frequently relapsing patients who can
maintain remission for more than 14 days after steroid ther-
apy is discontinued have longer remissions and fewer relapses
after cyclophosphamide treatment (659).

It is rare to see acute side effects with the current cyclophos-
phamide regimens, although white blood cell counts should
be monitored at least weekly, especially early in the course of
therapy. The frequency of cystitis, alopecia, and leukopenia
has been reduced markedly by institution of smaller daily and
cumulative doses of the drug, and is further minimized by en-
couraging fluid intake and frequent voiding for 4 hours after
administration. The gonadal toxicity of cyclophosphamide also
appears to be cumulative-dose related; testicular and ovarian
toxicity is uncommon if the total dose is less than 200 mg/kg
(639,662,663). However, such doses do decrease sperm counts
(664), and some men experience gonadal toxicity even at low
doses (665). Higher doses lead to more significant testicular
dysfunction (666). In children, the drug is usually given well be-
fore puberty to minimize the risk of gonadal toxicity, although
it has been suggested that prepubertal males are more sensi-
tive than pubertal males (667). Injection of slowly absorbed
testosterone may protect against iatrogenic azoospermia (668).
Female patients treated with a mean total dose of 439 mg/kg
at an average age of 8.7 years were followed for a mean of
12.3 years. All had normal pubertal development and regu-
lar menstrual patterns. Hormonal studies did not show obvi-
ous ovarian or pituitary–gonadal dysfunction, and two patients
gave birth to normal children (666). There are no data avail-
able to convincingly demonstrate a protective effect of ovarian
suppression with oral contraceptives during alkylating agent
therapy (669). Concern has been expressed about the poten-
tial for cyclophosphamide to induce malignancies. It remains
uncertain whether this is a major risk of therapeutic regimens
currently used in nephrotic syndrome, although leukemia oc-
curred in at least one child treated for nephrotic syndrome
with prednisone and cyclophosphamide (670). Furthermore,
the use of cyclophosphamide may be associated with findings
of increased sister chromatid exchange (671) and long-lasting
immunosuppressive effects (517).

Anecdotal experience in patients who are refractory to con-
ventional therapies suggests that adding six monthly intra-
venous injections of cyclophosphamide, 0.5 g/m2 of body sur-
face area per injection, to the oral steroid regimen may result
in prolonged remission of the nephrotic syndrome even after
discontinuation of the steroids (672). This bolus therapy has
potential advantages related to facilitated compliance and the
availability of newer agents to counter drug toxicity.

An alternative alkylating agent, chlorambucil, shares many
of the side effects seen with cyclophosphamide but does not in-
duce cystitis. Unlike cyclophosphamide, however, it may pro-
duce seizures in some patients (673) and induces electroen-
cephalographic changes in the absence of seizures in others
(674). Malignancies have developed in at least three nephrotic
children treated with this drug (650,675,676). However, the
overall incidence of serious complications with chlorambucil
is low, especially when it is used in a dosage of 0.1 to 0.2
mg/kg per day for an 8-week course. It may produce a more
stable remission than cyclophosphamide does (677,678) and
be effective in some steroid-dependent and cyclophosphamide-
resistant children with nephrotic syndrome (679). A meta-
analysis found that both cyclophosphamide and chlorambucil
are effective in frequently relapsing patients and was unable to
discern a difference between the two treatments (680).

Cyclosporine and other calcineurin inhibitors can be ben-
eficial in the management of patients with frequent relapses,
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especially those who do not achieve a long-term remission with
an alkylating agent. The usual dose of cyclosporine, 150 mg/m2

per day (7 mg/kg per day), is effective in inducing and sustain-
ing remissions in these patients. An analysis of 129 children
from nine studies showed complete remission in 84.5% (681).
With cessation of the cyclosporine, however, there is a high rate
of relapse, the subsequent relapses possibly being more diffi-
cult to control than those prior to cyclosporine treatment. Al-
though some reports have indicated that cyclosporine is a safe,
steroid-sparing agent for treating steroid-dependent nephrotic
syndrome (682), others suggest that prolonged use can be as-
sociated with nephrotoxicity (683,684). An alternative and
successful approach to management is the long-term use of
low-dose cyclosporine combined with low-dose, alternate-day
prednisone. Because of the potential for toxicity, serum crea-
tinine should be monitored periodically in patients receiving
cyclosporine.

Levamisole, an antihelminthic drug and immunopotentiat-
ing agent, can be used to treat children with MCN, especially
those who have frequent relapses (623,685). The usual dose is
2.5 mg/kg of body weight given by mouth on alternate days.
The drug may be valuable as a steroid-sparing agent. In a con-
trolled trial, 14 of 31 patients taking levamisole were able to
discontinue steroids and remain in remission for the 112 days
of the trial, compared to only four of the 30 control subjects
taking placebo (622). When the drug was added to the regi-
men of patients after a steroid-induced remission, the relapse
rate fell from 5.2 episodes to less than 0.7 episodes per year
during a 2-year period of treatment. The beneficial effect ap-
peared to last beyond completion of the course of levamisole
(686). Side effects of levamisole include a decreased neutrophil
count or transient granulocytopenia in two-thirds of patients.
More severe complications such as skin rash, a flu-like illness,
vomiting, thrombopenia, and neurologic symptoms (insomnia,
hyperactivity, and seizures) have been reported (687).

Mycophenolate mofetil has been reported to successfully
treat frequently relapsing minimal change disease in adults
(688,689) and children (690,691). No results of extensive con-
trolled trials are yet available.

The use of intravenous immunoglobulin as an adjunct to
steroids has not resulted in any clinically important extension
of the period of remission in patients with frequent relapses
(692).

Steroid-Dependent Patients. The management of these patients
is similar in many respects to that of frequently relapsing pa-
tients. A minority of these individuals can be controlled with
long-term, low-dose oral prednisone. Unfortunately the dose
of prednisone required to maintain a remission is usually suf-
ficiently high to result in unacceptable side effects. Therefore,
alternative approaches to management are required.

Methylprednisolone pulses have not been shown to be ben-
eficial in this population of patients (693). Some patients re-
spond to cyclophosphamide and, as is the case with frequent
relapses, the likelihood of a prolonged remission is increased if
the course of drug is extended to 12 weeks (694).

The results of using cyclosporine in steroid-dependent pa-
tients are similar to those in the frequently relapsing group.
Some clinicians advocate a course of alkylating agents before
resorting to cyclosporine (695). Remissions can be maintained
for 2 years or longer, especially if the cyclosporine is given
continuously. However, 40% of these patients also require low-
dose, alternate-day steroids to stay in remission. Unfortunately,
long-term remission after discontinuing the cyclosporine is rel-
atively rare (696). Treated patients show an average 20% de-
cline in GFR after 3 months of therapy, but GFR stabilizes
during subsequent therapy and has the potential to return to-
ward normal with discontinuation of the drug (697). Nonethe-

less, toxicity may be chronic (698). A controlled multicenter
study evaluating both pediatric and adult patients with either
frequently relapsing or steroid-dependent nephrotic syndrome
documented that cyclosporine and cyclophosphamide have a
similar degree of efficacy but that more patients given cy-
clophosphamide have stable remissions (699). One study has
suggested that cyclosporine given concomitantly with cytotoxic
agents may diminish the efficacy of the latter treatment (700).

For most clinicians, when a steroid-dependent or frequently
relapsing patient shows signs of steroid toxicity, the next drug
to be used is cyclophosphamide, given for 12 weeks. If frequent
relapses recur, cyclosporine in the lowest possible dose would
be the next therapy utilized (701). Levamisole is reserved for
patients who continue to have relapses. Mycophenolate also
has been effective in steroid-dependent disease (690,691).

A significant number of patients who are steroid-dependent
are resistant to all alternative forms of treatment and must
be controlled symptomatically on a chronic basis with dietary
sodium restriction and diuretics. Oral furosemide or metola-
zone, used alone or in combination, or in conjunction with
spironolactone, is usually effective. Most patients learn to in-
dividualize their dosage. Unless there is evidence for progressive
loss of renal function, this regimen probably is preferable to at-
tempting control of the nephrotic syndrome with longer-term
steroid therapy because of the significant complication rate of
this latter approach. However, progressive interstitial nephri-
tis has occurred in nephrotic patients chronically treated with
diuretics, especially furosemide (702).

Treatment of Adult Patients with MCN. Most of the recom-
mendations made for pediatric patients are equally applicable
to their adult counterparts because there are remarkable sim-
ilarities of MCN in the different age groups. In general, the
response rates to steroids in adult and pediatric patients with
MCN are comparable (657,703). However, the prevalence of
relapses has not been documented systematically in adults. Dif-
ferences between pediatric and adult patients with MCN may
include a less rapid response to corticosteroids in adults (704)
and a more effective response in adults to cyclophosphamide
used alone (705,706); however, these differences may reflect
technical or experimental design issues. For example, adults
generally receive a lower dose of steroids on a per-weight ba-
sis.

Adult patients may be somewhat more prone to steroid com-
plications (707), particularly in the skeleton. This has resulted
in a philosophical debate about how aggressive one should
be in the use of these drugs as well as immunosuppressants
when treating nephrotic syndrome. However, given (a) the pos-
sibility of irreversible glomerular lesions from prolonged heavy
proteinuria, (b) undesirable and potentially harmful effects of
hyperlipidemia and protein deficiencies, and (c) the potential
reduction of side effects from glucocorticoids and cytotoxic
alkylating agents if the course of drugs is brief and the dosage
not excessive (708), most internists employ aggressive therapy
in treating patients with MCN.

Treatment of Steroid-Resistant MCN

Approximately 5% of children with MCN are unresponsive to
a standard steroid regimen. Before considering a patient to be
steroid-resistant, infection or occult malignancy must be ruled
out. A small but significant percentage of those who initially
are steroid-responsive will become steroid-resistant after one
or more subsequent relapses. This development is an indication
for renal biopsy and often denotes the presence of FSGS.

Alternative steroid regimens have been attempted to im-
prove response to therapy. High-dose boluses of intra-
venous methylprednisolone induced remission in five of eight
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corticosteroid-resistant children (693). In another experience,
methylprednisolone pulses reduced proteinuria but did not re-
sult in remission (709). One major problem in this group of
patients is the development of severe side effects from pro-
tracted use of steroids. Therefore, regimens combining drugs
in an attempt to reduce the amount of steroid administered, or
alternative drugs to steroids, have been tried.

Occasionally a patient with biopsy-confirmed MCN who
does not respond to oral steroid therapy will respond to an
equivalent dose of the drug given as methylprednisolone by
intramuscular injection. In several patients we have found
that a tapered course of parenteral, sustained-release, methyl-
prednisolone in combination with prolonged chlorambucil (3
months at a dose sufficient to decrease the peripheral white
blood count to <5,000/mm3) either induced remission or de-
creased proteinuria sufficiently that the patient was edema-free
with little or no additional diuretic therapy. The effects appear
to be long-lasting. This treatment must be employed cautiously
after full consideration of its potential long-term side effects
such as risk of neoplasm. It is not clear whether this improved
response to injected steroids relates to the patient’s compli-
ance, to poor absorption of oral drugs, or to the metabolism of
steroids by the liver. The routine measurement of prednisolone
kinetics (710), however, does not appear to help in the man-
agement of children with MCN.

Cyclosporine therapy in steroid-resistant MCN has had dis-
appointing results. In a summary of nine studies, only 12 of 60
(20%) children had complete remission and many had a re-
lapse with cessation of therapy. Cyclosporine in association
with prednisone is more effective in inducing remission than is
cyclosporine alone (653), and some steroid-resistant patients
became steroid-sensitive after a course of cyclosporine. Po-
tential nephrotoxicity is of concern in any patient receiving
cyclosporine for protracted periods. Tacrolimus has been re-
ported anecdotally to be effective (711).

Therapy with nonsteroidal antiinflammatory drugs also has
produced variable results in patients with MCN (712). Some
patients with frequently relapsing or steroid-resistant MCNS
who were treated with one of these drugs demonstrated a re-
duction in proteinuria, but all remained nephrotic and a high
percentage had no response (713). Thus, drugs such as in-
domethacin and meclofenamate may at best represent a use-
ful adjunct in selected patients who are receiving symptomatic
treatment only. One potential explanation for the disappoint-
ing results is that patients selected for this therapy typically are
unresponsive to all standard forms of treatment and may rep-
resent a recalcitrant population (713). NSAID should be used
cautiously because of association with renal failure in nephrotic
patients (see section on Consequences of Proteinuria).

Steroid-resistant patients who do not respond to alternative
therapies often have to be maintained on a regimen of sodium
and fluid restriction combined with judicious use of diuret-
ics. Balancing the desire to minimize tissue edema against the
importance of avoiding intravascular volume depletion is a rig-
orous challenge for the clinician (see section on Symptomatic
Treatment of Nephrotic Syndrome).

Outcomes

Although late relapses of MCN have been reported (714,715),
the majority of children with MCN enter permanent remis-
sion either before or at puberty. Their long-term prognosis is
good, with at least 70% entering adult life without renal or
urinary abnormalities. This finding contrasts with the much
less favorable outcome if the nephrotic syndrome is associated
with glomerulonephritis (716). A minority of pediatric patients
who are initially steroid-responsive eventually progress to re-

nal failure. Most are found to have FSGS (443,717), although
this lesion is not always present (718).

There have been many attempts to predict the long-term
course either from renal histology or from patterns of response
to treatment with steroids. For example, in one study of chil-
dren, the presence of mesangial hypercellularity and immune
complexes in the glomeruli was associated with an increased
relapse rate (441). In contrast, the ISKDC (648) was unable
to correlate frequency of relapse with (a) the histopathologic
subgroups of MCN, (b) clinical or laboratory characteristics
present at the time of diagnosis, (c) the timing of initial re-
sponse, or (d) the interval between the initial response and
the first relapse. Frequent relapses in the first 6 months, how-
ever, were highly predictive of frequent relapses subsequently.
In contrast, children who present with minimal edema and are
steroid-sensitive follow an extremely favorable clinical course
(719).

Adult patients with MCN also have a good prognosis; in one
series, more than 90% survived for 10 years or more without
development of end-stage renal disease (ESRD) (720,721).

Complications

The most common complications observed in patients with
nephrotic syndrome are secondary to therapy. Steroid-induced
side effects are well known and include the typical changes
in facies, obesity, hirsutism, striae, and pseudotumor cerebri.
Acutely, patients receiving large doses of corticosteroids may
complain of difficulty sleeping or abdominal distress from high
gastric acidity. Hypertension can occur but is seen less of-
ten in patients adhering to a sodium-restricted diet. Although
growth retardation may be seen in children, especially if they
receive high doses of steroids for protracted periods (722),
the incidence of significantly decreased height in prepubertal
children is relatively low, even with repeated courses of cor-
ticosteroid therapy (723), particularly when the prednisone
is given on alternate days (724). Catch-up growth often oc-
curs when steroid therapy is discontinued (725). Patients with
steroid-responsive nephrotic syndrome who had received re-
peated courses of high-dose steroids during childhood and who
had completed growth had a mean height equivalent to the
40th percentile (726); total corticosteroid dose, however, cor-
related only weakly with the height scores. In another study,
patients were slightly but significantly shorter than their peers.
More importantly, they had a higher BMI than controls (321).
Corticosteroid-induced cataracts were found in a high per-
centage of children (727), although visual acuity was not im-
paired. The complications of cytotoxic drugs were discussed
previously.

Peritonitis is a particularly important complication of
nephrotic syndrome in children (728). Patients who have one
such episode are at increased risk for subsequent episodes. Peri-
tonitis typically occurs during relapses of the disease associated
with gross edema and ascites. Clinical evidence of peritoneal
irritation usually is present even in patients receiving steroids.
The most common infecting agent remains Streptococcus pneu-
moniae, which is found in approximately half of the affected
patients (728); Escherichia coli is cultured in an additional
25%; a variety of other organisms, including Haemophilus in-
fluenzae, may be found in a small percentage of patients, and
the peritoneal fluid may be culture-negative in some patients.
Interestingly, this complication is far less common in adults;
the basis for this disparity is not known.

Infections were responsible for the majority of deaths in
nephrotic patients in the preantibiotic era. Although infections
occur with much less frequency now, they continue to have
serious implications. For example, in a report on long-term
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outcomes of treatment from the ISKDC in which 389 chil-
dren with MCNS were followed for 5 to 15 years, 6 of the 10
deaths were due to infections. Other causes of death included
one episode of dural sinus thrombosis and one incident of car-
diorespiratory failure following infusion of salt-poor albumin.
One child died in chronic renal failure after development of
FSGS not seen in initial biopsy specimens, and one death was
from uncertain causes. Five initially nonresponsive patients and
four patients manifesting early relapse died. The number of fa-
talities among nonresponders was particularly striking; 20%
of all initial nonresponders in the study died (729). Nonrenal
causes of death not mentioned in this study but that may be
encountered include other thromboembolic phenomena, hem-
orrhagic pancreatitis (403), and hypovolemic shock.

Nonfatal complications of MCNS include azotemia, hypo-
volemic shock, thrombosis, anemia, and effects of decreased
vitamin D levels. These were discussed in the section on Con-
sequences of Proteinuria.

FSGS AND COLLAPSING
GLOMERULOPATHY

Focal segmental glomerulosclerosis (FSGS) is a common cause
of nephrotic syndrome in children and adults. Synonyms for
this lesion include focal and segmental glomerulosclerosis
with hyalinosis, focal sclerosing glomerulonephritis, and focal
sclerosing glomerulopathy. Some patients, particularly adults,
may present with subnephrotic proteinuria or may lack other
features of nephrotic syndrome. This is particularly true of
postadaptive FSGS, as compared with idiopathic FSGS.

FSGS should be distinguished from the finding of occa-
sional globally sclerosed (obsolescent) glomeruli, a benign pat-
tern that is seen in the United States in up to 1% to 3% of
glomeruli until age 40 to 55 years and then rises steadily, reach-
ing 30% in individuals 80 years of age (730,731). Howie makes
the point that FSGS “cannot be defined in a sensible, useful,
unambiguous way” (456). The problem is that there are at
least three meanings to the term and that definitions must in-
clude both pathologic description and clinical information: (a)
idiopathic nephrotic syndrome with segmental glomeruloscle-
rosis (which in this chapter will be termed idiopathic FSGS),
(b) FSGS arising as a consequence of structural and function
adaptation to various conditions, all of which are characterized
by glomerular hypertrophy and hyperfiltration (which in this
chapter will be termed postadaptive FSGS), and (c) segmen-
tal glomerulosclerosis arising in the setting of other glomeru-
lar diseases, such as proliferative glomerulonephritis, membra-
nous nephropathy, and diabetic nephropathy (which are not
dealt with in this chapter, out of the belief that they should
not be considered part of the spectrum of primary podocyte
diseases).

A related histologic entity has been termed collapsing fo-
cal segmental glomerulosclerosis or collapsing glomerulopathy
(as suggested by Detwiler et al (732). We have chosen the latter
term because we believe that the histology, biology, and etiology
of collapsing glomerulopathy are sufficiently distinct to merit
a separate classification. Moreover, the glomerular lesions may
be global rather than segmental and the defining lesions are
podocyte hyperplasia and capillary collapse rather than scle-
rosis, all of which make the use of the term FSGS inappro-
priate. Nonetheless, the nephrology and pathology literature
continues to most commonly include collapsing glomerulopa-
thy within FSGS, and, therefore, in this chapter will follow that
convention when necessary.

Another disorder is diffuse mesangial sclerosis (DMS), an
uncommon syndrome generally restricted to the pediatric pop-
ulation. Many cases of DMS are associated with genetic mu-

tations in podocyte genes, placing this syndrome within the
spectrum of podocyte diseases.

Presentation and Epidemiology

The clinical presentation of FSGS is highly variable. Nephrotic
range proteinuria is seen in approximately 90% of children and
70% of adults (733), although this fraction of non-nephroptic
patients in a particular practice will clearly depend upon the
inclination of the nephrologist to perform a renal biopsy in
the setting of subnephrotic proteinuria. Common associated
features include microscopic hematuria (55% children, 45%
adults) and renal insufficiency (20% children, 30% adults)
(733).

FSGS is now the leading cause of primary nephrotic syn-
drome among adults, as shown by review of renal biopsy
archives from Chicago (10), Springfield, Massachusetts (734),
and New York (365). Therefore, it has replaced membranous
nephropathy as the leading cause of adult nephrotic syndrome
in the United States, with a relative incidence of 30% to 40%
among patients undergoing renal biopsy.

A similar pattern has been seen among children. In Houston,
FSGS was present in 35% of renal biopsies in children with pri-
mary nephrotic syndrome prior to 1990, rising to 47% (and the
leading diagnosis) among biopsies performed after 1990 (735).
In India, the prevalence of FSGS on kidney biopsy rose from
20% to 47% during the 1990s (736). In South Africa, over
the period from 1970 to 1995, FSGS as a cause of nephrotic
syndrome rose from 2% to 20% among Indian children and
from 5% to 28% among black children (737). Among chil-
dren in Ontario (with a largely Caucasian population), who
represent a closed population evaluated by single pathology
center, FSGS now represents 18% of the renal biopsies per-
formed for nephrotic syndrome. This is a 2.5-fold increase in
incidence, from 0.37 cases/100,000 during 1985 to 1993 to
0.94 from 1993 to 2002 (11). Furthermore, FSGS remains a
leading cause of ESRD in children ages 0 to 19 (738). Over the
period from 1999 to 2002, 4,859 children progressed to ESRD;
in 1,262 children the cause was glomerulonephritis, of which
592 cases were FSGS (representing 47% of glomerulonephri-
tis ESRD and 12% of all ESRD in children). By comparison,
other major ESRD categories included “other cause” (includ-
ing chiefly congenital renal and urologic abnormalities), 1,262
children and “missing or unknown cause,” 670 children.

To date, there has not been a population-based study of
FSGS incidence in the United States and there is no national
registry for glomerular disease. Therefore, the increased rela-
tive incidence of FSGS could represent a decline in other diag-
nostic entities or an absolute increase in FSGS incidence (other
possibilities, such as a change in biopsy practice or diagnos-
tic classification, seem unlikely to account for more than a
small fraction of the changes). However, as a proxy for incident
FSGS trends, Kitiyakara and colleagues examined the incidence
of FSGS ESRD (excluding AIDS nephropathy) and found a
steady increase over the last two decades (739,740). This was
not unique to FSGS (e.g., there was a similar increase in the
category, “other glomerular disease”) but it contrasts with a
more modest increase in membranous nephropathy ESRD and
a drop in ESRD due to glomerular disease, “histologically not
examined.” Thus, it appears to be likely that there has been a
true increase in incident FSGS cases in recent years. The reasons
behind these trends are not understood.

Worldwide, there is considerable heterogeneity in the rel-
ative incidence of FSGS compared to other causes of adult
nephrotic syndrome, ranging from 10% to 45% (Fig. 64-9).
Factors contributing to this variability likely include popu-
lation genetic differences, renal biopsy practices, and envi-
ronmental factors including HIV-1 infection. There are also
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FIGURE 64-9. Relative incidence of FSGS as a cause of adult nephrotic
syndrome. The fraction of adult nephrotic syndrome attributed to
FSGS (which probably includes collapsing glomerulopathy in most or
all series) is presented in select countries.

striking racial differences in the incidence of FSGS ESRD. In the
United States, blacks are at approximately fourfold increased
risk for FSGS ESRD compared to whites, Hispanics (who may
be of any race), and Native Americans (Fig. 64-10). Presumably
genetic factors contribute to this risk. Progress is being made in
identifying loci that contribute to the increased risk for ESRD
among African Americans (741) and in FSGS in particular (dis-
cussed in subsequent text). Differences in FSGS ESRD can be
resolved, at least in theory, into differences in FSGS incidence
and differences in the progression of FSGS to ESRD. The FSGS
incidence data, relative to other nephrotic diseases, that were
cited previously from various U.S. cities suggest that blacks are
at a higher risk for FSGS than are other racial groups. With
regard to progression to ESRD, studies of adults (742) and
children (743,744) have suggested that blacks are more likely
to progress to ESRD than are those of other races, by a factor of
approximately two- to fourfold. The reasons for these ethnic
disparities remain to be elucidated; genetic differences likely
contribute but environmental factors such as access to medi-
cal care, differences in the types of FSGS, and the presence of
comorbid conditions could play a role. Interestingly, there also
is a racial difference in the age of onset of FSGS ESRD (Fig.
64-11). In blacks, the incidence peaks in the early 50s, whereas
in whites incidence peaks two decades later (when there is a
second peak among blacks).

FIGURE 64-11. Incidence of FSGS ESRD by age and race in the
United States. The incidence of ESRD (cases/million population/year)
attributed to FSGS is presented by age and race; data from the USRDS.
(Reprinted from: Kitiyakara C, Kopp JB, Eggers P, et al. Trends in the
epidemiology of focal segmental glomerulosclerosis. Semin Nephrol
2003;23:172, with permission.)

Histopathology

Fahr, writing in 1925, first noted that patients with lipoid
nephrosis who progress to renal failure showed focal glomeru-
lar damage (745). In 1957, Rich examined autopsy tissues
from 20 children with nephrotic syndrome and otherwise typ-
ical lipoid nephrosis and described progressive sclerosis of
glomeruli, affecting first the juxtamedullary glomeruli. Hep-
tinstall, in the 1966 edition of his renal pathology textbook,
confirmed that some patients with lipoid nephrosis had hyalin-
ization of the glomerular tuft, particularly affecting the jux-
tamedullary glomeruli (746). McGovern (747) and Hayslett
et al. (748) showed that in some patients whose initial renal
biopsy was consistent with MCN, a later renal biopsy showed
FSGS. In 1970, two reports demonstrated that FSGS was the
second most common cause of nephrotic syndrome in children
(418,419). Thus, by 1970, it was clear that FSGS was a distinct
and common glomerular disease.

Classically, the pathologic abnormalities affect only some
glomeruli (focal), with only part of the glomerular tuft in-
volved (segmental). There may be accumulation of acellular
hyaline subendothelial deposits within glomerular capillaries;
these represent the insudation of plasma protein below an in-
jured endothelium. Tubular atrophy and interstitial inflamma-
tory infiltrates are common (418). The first glomeruli affected
are those located near the medulla. As a consequence, an early
or superficial renal biopsy may miss the lesion. Furthermore,
evaluation of sclerosis on the basis of one section or a few

FIGURE 64-10. Racial differences (cases/million popula-
tion/year) in FSGS ESRD in the United States. The annual
incidence of ESRD attributed to FSGS for the years 1995
to 2000 are shown.
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sections, as is typical of routine pathologic analysis, will signif-
icantly underestimate the fraction of glomeruli that are affected
(749,750).

Immunofluorescent microscopy may demonstrate IgM and
C3 deposits in a granular pattern, particularly within affected
sclerotic segments (751). Unaffected glomerular areas also may
reveal IgM and C3 in a mesangial distribution. Electron mi-
croscopy shows epithelial cell foot-process effacement that in
patients with heavy proteinuria is diffuse and involves areas
of the glomeruli that do not demonstrate sclerosis. Mesangial
hypercellularity is present variably. In a patient with otherwise
normal glomeruli, the presence of glomerular hypertrophy, fo-
cal interstitial fibrosis or tubular atrophy may reflect FSGS that
is not present in the glomeruli that are sampled in the renal
biopsy (752).

The incidence of FSGS in a subsequent biopsy when the
original biopsy shows MCN has varied from less than 10% to
more than 40% in individual studies (702), which may reflect
whether each report presents a primary or referral population.

Histopathologic Variants: FSGS and
Collapsing Glomerulopathy

It is now clear that the spectrum of primary podocyte diseases
(MCN, DMS, FSGS, and collapsing glomerulopathy) repre-
sent several histopathologic patterns, each including multiple
disease entities. The relationships among these entities remain
enigmatic; we present one schema (Table 64-3). We have ex-
cluded other disorders that might otherwise be placed in the
MCN/FSGS spectrum, such as idiopathic nodular sclerosis,
which has been proposed to have a vascular etiology (753).
Others have presented parallel but distinct approaches (754–
756).

The existing classification schemes for the primary podocyte
diseases, including the one presented here, rely upon a mixture
of morphologic, immunologic, genetic, and historical criteria
in ways that are not ideally integrated. Importantly, the pres-
ence of a risk factor for a diagnostic entity in a particular case
under investigation will not always mean that that particular
factor has been responsible. Therefore, although obese patients
are at increased risk to develop postadaptive FSGS, they remain
at some risk for other FSGS variants. Likewise many patients
with FSGS have hypertension, and distinguishing hypertension-
associated FSGS from other variants can be problematic. As
a practical matter, information about genetic history and the
presence of relevant comorbid conditions may not be available
to the pathologist at the time of diagnosis. All of these com-
ments point out the limitations of relying upon clinical factors
in determining pathologic diagnosis or, conversely, determin-
ing disease based solely on histopathology. This issue may be
successfully addressed by new molecular diagnostic techniques,
which may improve the accuracy of clinical diagnosis and may
generate more useful classification schemes in the future. Im-
munostaining to evaluate protein expression is one approach.
For example, dystroglycan, a podocyte membrane protein con-
tributing to cellular adhesion to the GBM, is reduced in MCN
but not in FSGS (428). Another approach is quantitative anal-
ysis of RNA extracted from microdissected glomeruli. Kretzler
and colleagues showed that the ratio of podocin/synaptopodin
mRNA distinguished MCN from FSGS and predicted steroid-
responsiveness in cases where the distinction of MCN from
FSGS was uncertain (757).

Columbia Classification

D’Agati and colleagues have proposed a working classifica-
tion (the Columbia classification) for idiopathic FSGS, which
comprises five categories: collapsing variant, tip lesion, cellu-
lar lesion, perihilar variant, plus a final category for those cases

that do not have the diagnostic criteria for the other categories,
not otherwise specified (NOS), corresponding to classic FSGS.
(Table 64-11, Fig. 64-12) (754).

Evaluation of the renal biopsy requires immunologic and
ultrastructural studies to exclude other disease entities. The
Columbia classification of FSGS variants is based solely on
semiquantitative analysis of morphology by light microscopy.
There is no minimum glomerular number required to make
a diagnosis, but obviously diagnostic accuracy will increase
with larger sample size. A single glomerulus with the defining
characteristic findings is sufficient, as long as the other criteria
are met. This classification scheme was not specifically designed
to serve clinical or research purposes, but rather to address both
needs.

The collapsing variant of idiopathic FSGS is defined by the
presence of at least one glomerulus with segmental or global
collapse and with podocyte hypertrophy or hyperplasia. Thus
podocyte changes alone are insufficient to make the diagno-
sis (such findings would indicate cellular FSGS). This entity
is termed idiopathic collapsing glomerulopathy in Table 64-3.
HIV-associated collapsing glomerulopathy has an identical his-
tologic appearance, so that the appearance of classic or other
forms of FSGS in a patient with HIV-1 infection is sufficiently
unusual to raise the issue of coincidental idiopathic FSGS. Both
idiopathic collapsing FSGS and HIV-associated FSGS are fre-
quently associated with tubulointerstitial injury and fibrosis
that is out of proportion to the extent of glomerular involve-
ment.

The glomerular tip variant of idiopathic FSGS is defined by
the presence of at least one glomerulus with segmental scar in-
volving the glomerular tuft adjacent to the proximal tubule.
The collapsing variant must be excluded (it would take prece-
dence over the diagnosis of the tip variant). Most tip vari-
ants have increased cellularity as well as the required sclerosis.
Mesangial hypercellularity may be present. Perihilar sclerosis
cannot be present but other peripheral (non-tip, non-hilar) le-
sions containing IgM and C3 may be present within the tip le-
sion. Heavy proteinuria and extensive foot-process effacement
is typically present.

The cellular variant of idiopathic FSGS has had a compli-
cated history. Grishman and Churg described the ultrastruc-
ture of 16 patients with FSGS and found that 5 patients had
podocyte abnormalities, including cellular degeneration and
detachment, together with glomerular capillary collapse; 3
of these patients exhibited rapid clinical deterioration (758).
Schwartz and Lewis coined the term cellular lesion of FSGS.
The original cellular definition included segmental or global
hypercellularity (representing proliferation and/or infiltration,
or hypercellularity within Bowman’s space overlying segmen-
tal scar, or capillary collapse) (759). Thus, many of these
cases meet the Columbia criteria for collapsing variant. In the
Columbia framework, diagnosis of cellular variant requires the
presence of endocapillary proliferation (segmental or global)
in at least one glomerulus; these cells include endothelial cells,
macrophages, and foam cells. Podocyte hypertrophy and hy-
perplasia may be present. Mesangial hypercellularity may also
be present but is uncommon. Consequently, the focus of the
Columbia definition of cellular variant has shifted away from
podocytes to endocapillary cells, although abnormalities of
both cellular compartments may be present. A tubulopathy is
present that may be disproportionate to the extent of glomeru-
lar involvement. This may include a focal microcystic dilation
and tubular epithelial cells manifesting acute injury (including
focal acute tubular necrosis), regeneration, and chronic injury
(cellular atrophy and thickening of the tubular basement mem-
brane). Tip variant and collapsing variant must be excluded
(these diagnoses would take precedence over cellular variant).

The Columbia classification makes the perihilar variant
a formal diagnostic entity. This variant is diagnosed when
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TA B L E 6 4 - 1 1

COLUMBIA CLASSIFICATION OF THE MORPHOLOGIC VARIANTS OF FSGS

Variant Positive criteria Negative criteria

FSGS, Not otherwise specified • At least one glomerulus with segmental
increase in matrix obliterating the capillary
lumina

• There may be segmental GBM collapse
without podocyte hyperplasia

Exclude other defined variants below

Perihilar variant • At least one glomerulus with perihilar
hyalinosis, with or without hyalinosis

• Perihilar sclerosis and hyalinosis involving
>50% of segmentally sclerotic glomeruli

Exclude cellular, tip, and collapsing variants

Cellular variant • At least one glomerulus with segmental
endocapillary hypercellularity occluding
lumina, with or without foam cells and
karyorrhexis

Exclude tip and collapsing variants

Tip variant • At least one segmental lesion involving the
tip domain (outer 25% of the tuft next to
the origin of the proximal tubule)

• The tubular pole must be identified in the
defining lesion

• The lesion must have either an adhesion or
confluence of podocytes with parietal or
tubular cells at the tubular lumen or neck

• The tip lesion may be sclerosing or cellular

Exclude collapsing variant
Exclude if any glomeruli show perihilar

sclerosis

Collapsing variant • At least one glomerulus with segmental or
global collapse and podocyte hypertrophy
or hyperplasia

No exclusions

FSGS, focal segmental glomerulosclerosis; GBM, glomerular basement membrane.
(Adapted from: D’Agati V. Pathologic classification of focal segmental glomerulosclerosis. Semin Nephrol 2003;23:117; and D’Agati V, et al.
Pathologic classification of focal segmental glomerulosclerosis: a working proposal. Am J Kidney Dis 2004;43:368.) The flow of diagnostic
decision-making begins at the bottom, as the pathologist diagnoses or excludes collapsing variant, then tip variant, then cellular variant, then perihilar
variant, and, finally, FSGS, not otherwise specified (NOS).

perihilar hyalinosis is present in one or more glomeruli and
perihilar sclerosis and/or hyalinosis is present in at least 50%
of segmentally sclerotic glomeruli. Hyalinosis represents the
accumulation of glassy, homogeneous, eosinophilic material
within the capillary wall and is believed to consist of plasma
proteins. In the remnant rat model, hyalinosis appears first
as the accumulation of PAS-positive and electron-dense ma-
terial beneath damaged glomerular capillary endothelial cells,
with later expansion and encroachment on the capillary lumen
(760). Glomerulomegaly is common. The perihilar variant is
commonly associated with what we describe as postadaptive
FSGS (defined in subsequent text). Cellular variant, tip vari-
ant, and collapsing variants must be excluded (these diagnoses
would take precedence over perihilar variant).

The most common variant of FSGS (NOS) may include fea-
tures of any of the prior variants, but lacks sufficient criteria to
make a more specific diagnosis. The term classic FSGS would
include FSGS NOS.

The Columbia classification represents a very important
step forward in the process of developing a robust, consistent,
and clinically useful diagnostic classification system for FSGS.
By laying out consensus diagnostic criteria for FSGS for the
first time, D’Agati and colleagues have framed the issues that
the field will address in the coming years. As the authors recog-
nize, this is a working proposal that will almost certainly un-
dergo revision. The next iteration might usefully address some
of the following issues, and may well make use of use molecular
markers to refine the classification system.

First, the relationship between the cellular variant and
collapsing FSGS (collapsing glomerulopathy) remains contro-

versial. Schwartz and colleagues note that in their terminol-
ogy, the cellular lesion includes collapsing FSGS, whereas the
Columbia classification includes cellular lesion and collapsing
FSGS as distinct entities. (761). No patient series has yet been
published that describes the clinical characteristics and out-
come of patients with the cellular lesion, as defined by the
Columbia classification, and so this syndrome is not yet well-
characterized.

Second, and related to the previous issue, the importance
of different forms of podocyte injury has become apparent as
we have developed new understanding of the biologic processes
underlying FSGS (podocyte depletion) and collapsing glomeru-
lopathy (podocyte proliferation). Morphologically, podocyte
proliferation is characteristic of the collapsing variant, but must
be coupled with capillary loop collapse for the diagnosis to be
made. When capillary loop collapse is absent and podocyte
changes are coupled with endothelial cell proliferation, the di-
agnosis of cellular lesion is made. Thus, when podocyte hyper-
plasia is present, the diagnosis depends upon whether capillary
collapse or endocapillary proliferation is present (762). The bi-
ologic rationale for this distinction is not immediately clear, as
we do not understand the mechanisms responsible for glomeru-
lar collapse. If further studies indicate that the podocyte phe-
notype is similar in collapsing FSGS and those cases of cellular
variant FSGS with podocyte hyperplasia, and that response to
therapy and prognosis are also similar, it is probably more log-
ical to combine these categories.

Third, the stability of classification when serial biopsies
are performed needs to be defined. The few studies avail-
able suggest that patients may change diagnostic categories on
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FIGURE 64-12. Variants of FSGS:
the Columbia classification. This
classification was developed for di-
agnostic purposes and involves the
stepwise consideration of collapsing
variant (coll), tip lesion (tip), cel-
lular variant (cell), perihilar vari-
ant (perih) and FSGS not otherwise
specified (NOS). (Figure reproduced
from: D’Agati V, Fogo AB, Bruijn JA,
et al. Pathologic classification of fo-
cal segmental glomerulosclerosis: a
working proposal, Am J Kidney Dis
2004;368:43, with permission.)

subsequent biopsies (discussed in subsequent text). Future stud-
ies involving serial renal biopsies of FSGS patients would be an
essential starting point. Careful consideration must be given as
to whether these events represent disease evolution (category
change) or disease progression (progressive scarring), and what
the implication for the classification system might be.

Fourth, inter-rater reliability needs to be rigorously eval-
uated by practicing pathologists to ensure that the existing
diagnostic framework yields reproducible results. Finally, the
ability of diagnostic categories to make predictions as to etiol-
ogy and prognosis, based solely on morphology and indepen-
dent of clinical history, must be tested both retrospectively and
prospectively on patient cohorts drawn from diverse ethnic and
racial populations. Despite these considerations, the Columbia
classification remains an excellent starting point, providing a
common set of diagnostic criteria with which the field can ad-
vance.

Postadaptive FSGS

We propose the term postadaptive FSGS to include those
forms of FSGS that are believed to arise as a consequence
of structural adaptation (glomerular hypertrophy) and func-
tional adaptation (glomerular hyperperfusion and hyperfiltra-
tion) to either reduced nephron mass or particular disease states
(obesity, sickle cell anemia, cyanotic congenital heart disease,
and others). The term secondary FSGS has also been used
to describe this form of FSGS, although the term sometimes

has been extended to HIV-associated nephropathy, to drug-
associated FSGS, and to segmental scarring arising in prolifer-
ative glomerulonephritis; these varied uses have diminished the
utility of the term.

The diagnosis of postadaptive FSGS remains a challenge.
Ideally, the diagnosis would be made on pathologic grounds
alone. The problem with relying upon clinical factors in reach-
ing a diagnosis is that patients with obesity, hypertension, and
other disorders might present with either idiopathic FSGS or
postadaptive FSGS. As these entities may have different re-
sponses to therapy, particularly immunosuppressive therapy,
the distinction becomes important. Three approaches are avail-
able at present.

First, postadaptive FSGS may manifest less foot-process ef-
facement than idiopathic FSGS. Chiang et al. studied renal
biopsies obtained from 30 children and found that the extent of
foot process effacement was similar in MCN (63% ± 21%),
FSGS (70% ± 25%), and MCN that subsequently evolved
into FSGS (56% ± 23%) (763). The large standard devia-
tion suggests that many patients in all three disease categories
had <50% effacement. Furthermore, the extent of foot-process
effacement did not correlate with proteinuria, although only
15 patients were included in the analysis. D’Agati and col-
leagues defined obesity-associated glomerulopathy as glomeru-
lomegaly in the setting of BMI >30 kg/m2, with or with-
out FSGS (764). They found that obesity-associated glomeru-
lomegaly cases had a mean foot-process effacement 40% (range
10% to 100%), whereas idiopathic FSGS patients had mean
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foot-process effacement 75%, range 30% to 100%). Impor-
tantly, although there were significant differences in the group
means for the extent of podocyte foot-process effacement in
idiopathic FSGS versus postadaptive FSGS, there was much
overlap, so the utility of particular diagnostic criteria (such
as podocyte foot process effacement >50% in the former and
<50% in the latter) is limited (765).

Second, the initial lesion in postadaptive FSGS is prefer-
entially localized to the hilum. Rat models of FSGS that are
characterized by increased transcapillary hydraulic pressure are
associated with predominant or exclusive perihilar sclerosis.
This is probably explained by the observation that the first
capillary branches of the afferent arteriole are the largest, and
thus by Laplace’s law these branches would have the highest
wall tension and be the most susceptible to podocyte injury
(766,767). The problems in clinical use are that correctly iden-
tifying the location of the sclerosis, even with multiple sections,
and the number of glomeruli available for study is limited.
(It remains to be determined whether the perihilar variant of
idiopathic FSGS also arises as a consequence of glomerular
overload from an unrecognized risk factor or biologic process.
In this context, it would be interesting to see a detailed anal-
ysis of the clinical and physiological characteristics of these
patients.)

Third, glomerulomegaly can be demonstrated by direct mea-
surement of glomerular size. D’Agati has proposed defining
glomerulomegaly as 1.5-fold increase in glomerular diameter
over control (comparable to a 2.5-fold increase in glomeru-
lar area and 3.4-fold increase in glomerular volume, assuming
that the glomerulus is a sphere) (765). D’Agati and colleagues
have also defined glomerulomegaly as average glomerular di-
ameter >180 μm, based on study of four biopsy levels and the
measurement limited to glomeruli in which hilus was identified
(764). In normal controls, glomerular diameter averaged 168
μm (range 138 to 186 um), and in obese subjects with glomeru-
lomegaly, glomerular diameter averaged 226 μm (range 172 to
300 μm).

Therefore, presently available methods to identify
postadaptive FSGS include determining the fraction of
glomeruli with perihilar sclerosis and measuring glomerular
size. Needed are prospective studies evaluating each of these

approaches, and defining the receiver-operating characteristic
(ROC) curves for the diagnostic thresholds. Even with these
data, a major limitation remains the requirement for sufficient
numbers of intact glomeruli. An important research goal will
be to identify molecular markers that reflect the glomerular
adaptation; these might include proteins that are upregulated
by podocytes or mesangial cells in response to mechanical
stress.

Diffuse Mesangial Sclerosis and Related Disorders

Diffuse mesangial sclerosis represents a small fraction of pe-
diatric renal biopsies (0.9% in India [768]) and all-age renal
biopsies (0.45% in the United States [753]). In the pediatric
population, many cases are associated with WT1 and LAMB2
mutations, as discussed elsewhere in this chapter. Some cases
seen in children and adults are idiopathic. Unidentified ge-
netic mutations may contribute. Two adult cases have been
reported in association with multiple myeloma (769). One note
of diagnostic caution is that it may be difficult to exclude ad-
vanced FSGS in renal biopsies lacking glomeruli with segmental
sclerosis.

Disease Mechanisms of FSGS and
Collapsing Glomerulopathy

Animal Models

A number of animal models have been used to delineate the
mechanisms of FSGS and collapsing glomerulopathy, as has
been reviewed recently (770). These models have been cru-
cial for elucidating mechanisms, particularly for postadaptive
FSGS, HIV-associated collapsing glomerulopathy and, most re-
cently, for genetic causes of FSGS. In particular, they have led
the field to highlight the central role of podocytes in FSGS and
collapsing glomerulopathy. A significant gap is the absence of
generally accepted animal models for MCN, idiopathic classic
FSGS, or recurrent FSGS after renal transplantation.

Available animal models include experimentally induced
disease (Table 64-12) (771–783), spontaneous genetic models

TA B L E 6 4 - 1 2

ANIMAL MODELS OF FOCAL SEGMENTAL GLOMERULOSCLEROSIS
(FSGS): INDUCED

Model Species Comment Reference

Remnant nephron, excision Rat Hyperfiltration (771)
Remnant nephron, infarction Rat Hyperfiltration (773)
Remnant nephron, ligation and

cautery
Mouse Hyperfiltration (774)

Aging plus uninephrectomy Rat (775)
Aging plus uninephrectomy Mouse (776)
Doxorubicin (Adriamycin) Rat (777)
Doxorubicin (Adriamycin) Mouse Less consistent than rat (778)
Bromethylamine-induced papillary

necrosis
Rat Probable hyperfiltration

associated with nephron loss
(779)

Cyclosporine (chronic) Rat Probable hyperfiltration
associated with nephron loss

(780)

FGF-2 (chronic) Rat (781)
Puromycin aminonucleoside,

single dose
Rat (782)

Puromycin aminonucleoside,
multiple dose

Rat Glomerular hypertrophy (783)
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TA B L E 6 4 - 1 3

ANIMAL MODELS OF FOCAL SEGMENTED GLOMERULOSCLEROSIS (FSGS):
SPONTANEOUS GENETIC MODELS

Model Comment Reference

Spontaneously hypertensive rat (SHR) Hypertensive (824)
Dahl salt-sensitive rat Hypertensive (784)
Fawn-hooded hypertensive rat Hypertensive, perihilar scar (766)
Sabra hypertensive rat Hypertensive (785)
Munich-Wistar-Frömter rat Normotensive (786)
Spontaneously hypercholesterolemic rat (SHC) Hyperlipidemic (787)
Imai rat Hyperlipidemic (788)
Obese, fa/fa Zucker rat Hyperlipidemic,

nonhypertensive
(789)

Buffalo MNA rat Normotensive, recurs after
renal transplant

(790,791)

FSGS/Kist mouse or Nga mouse (792)
APA strain, Syrian hamsters (793)

(Table 64-13) (766,784–793), null mutation animals (Ta-
ble 64-14) (794–804), and transgenic animals (Table 64-15)
(798,805–823). Each model has particular strengths and limi-
tations and reflects a certain portion of the spectrum of human
podocyte disease. The interested reader is referred to the pro-
vided references; here we will consider the pathogenesis of
FSGS and collapsing glomerulopathy by considering the struc-
tural and functional processes involved, rather than a detailed
review of particular molecular pathways.

A critical aspect of these models is disordered podocyte
function. Direct injury to the podocyte underlies many of the
animal models of glomerulosclerosis, including toxic injury
(adriamycin, PAN), proliferation (FGF-2 administration), vi-
ral gene expression (HIV-1 accessory genes, SV40 T antigen)
and gene (NPHS2, CD2AP, ACTN4) deletion or modifica-
tion. Podocyte stress likely contributes in models of postadap-
tive FSGS associated with nephron loss (remnant nephron,
aging plus uninephrectomy, bromo-ethylamine-induced pap-
illary necrosis). The genetic rat models demonstrate the

importance of systemic and glomerular hypertension and hy-
perlipidemia, although the restriction of these traits to particu-
lar strains suggests that particular genetic loci are required for
the full interaction of the hypertension and lipids with renal
injury.

Glomerular Adaptation: Glomerular Overload
and Glomerulomegaly

Reduction in nephron mass is a well-established model of
postadaptive FSGS in experimental animal models (Table 64-
12). In 1952, Platt and colleagues noted in rats subjected to
5/6 nephrectomy, creatinine clearance fell to a lesser degree
than the reduction in renal mass would predict (825). Sub-
sequently, Morrison and Howard reported similar findings
using inulin clearance and went on to suggest that hyperfil-
tration might play a role in glomerulomegaly, podocyte hy-
pertrophy, and the subsequent appearance of glomerulosclero-
sis (771,826). In 1981, in a highly influential study, Hostetter

TA B L E 6 4 - 1 4

ANIMAL MODELS OF FOCAL SEGMENTAL GLOMERULOSCLEROSIS (FSGS): NULL
MUTATIONS AND KNOCK-IN MUTATIONS

Gene class Gene Histology Reference

Podocyte slit
diaphragm and
cytoskeletal genes

CD2AP Diffuse global
glomerulosclerosis
(homozygotes)

FGGS (heterozygotes)

(794,795)

NPHS2 Mesangial sclerosis (796)
ACTN4 Podocyte injury, foot

process effacement
(797,798)

WT1 mutant
knock-in

Mesangial sclerosis (799)

WT1 mutant knock-in
(R394W)

Mesangial sclerosis (800)

Other MPV17 Mesangiolysis, focal
global glomerulosclerosis

(801)

BCL2 Oligomeganephronia (802)
LCAT Mesangial proliferation

and sclerosis
(803)

Rrm2b Collapsing glomerulopathy (804)
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et al. demonstrated that the remnant nephron model is charac-
terized by increased single nephron SNGFR, due to increased
transcapillary hydraulic pressure (772). The glomerular over-
load (or glomerular hyperfiltration) hypothesis states that some
feature of adaptation to reduced renal mass, including possi-
bly hyperperfusion, hyperfiltration, glomerulomegaly, and/or
podocyte mechanical stretch, underlies some forms of FSGS
and accounts for the progressive nature of chronic kidney dis-
ease in general.

In human subjects, removal of one kidney (e.g., with donor
nephrectomy) is not associated with increased risk of renal
disease after long-term follow-up. There is a poorly defined
boundary of minimal renal mass, below which patients are at
risk for progressive renal disease. It is quite possible that the
boundary differs among patients, based on various factors in-
cluding nephron endowment. Novick et al. studied 14 patients
who had a solitary kidney and then underwent partial nephrec-
tomy for cancer, with 25% to 75% of the solitary kidney hav-
ing been removed (827). Five patients subsequently developed
proteinuria, including three with biopsy-proven FSGS (828).

The Barker hypothesis proposes that prenatal programming
influences fetal development in ways that influence adult sus-
ceptibility to diseases, including hypertension, coronary heart
disease, and type 2 diabetes (829). The Brenner corollary of
this hypothesis proposes that a reduced number of nephrons at
birth predisposes to hypertension and progressive renal disease
during adult life (830). Low birth weight may be a predictor of
low nephron number, although studies in various human pop-
ulations have come to discrepant findings (831,832). Studies
support a relationship between low birth weight and essential
hypertension (833), and between low birth weight and end-
stage renal disease (odds ratio 1.4 for birth weight <2.5 kg
compared to birth weight 3 to 3.5 kg) (834), but no data have
been published that relate to birth weight to FSGS risk.

Glomerulomegaly. Human glomeruli increase in size during
childhood, with mean diameters increasing from 112 μm at
birth to 167 μm at age 15, as assessed in an autopsy study
where maximal glomerular diameter was measured (835). In
normal kidney donors ages 24 to 53, mean glomerular area
was not correlated with age or sex (836). When assessed by
microdissection, mean glomerular diameter remains stable un-
til about age 40 to 50, after which there is a modest decline
(837). The mechanism of age-associated decline in glomerular
diameter is unknown, but could be due to an increasing frac-
tion of obsolescent glomeruli. By contrast, children with FSGS
have increased glomerular size and there is no correlation with
age (838).

Glomerulomegaly is a hallmark of adaptation to reduced
nephron mass. Glomerular enlargement may arise as a con-
sequence of widening of the glomerular capillaries, increas-
ing glomerular capillary length, or some combination of both.
Experimental rat models suggest that both mechanisms occur
with adaptation to reduced renal mass, at different ages. In
young rats there are large increases in capillary length and only
small increases in capillary diameter (839,840). In older rats,
the major change is increased capillary diameter (841,842). In
children undergoing uninephrectomy for postadaptive FSGS
in the setting of reflux nephropathy, the nephrectomized kid-
ney shows glomerulomegaly without increased capillary diam-
eter (843). In adults with FSGS, glomerulomegaly is associ-
ated primarily with an increase in capillary diameter (844).
Kidneys showing greater numbers of sclerotic glomeruli (more
advanced disease), however, showed greater capillary length-
ening, whereas there was no relationship between extent of
sclerosis and capillary diameter. In conclusion, (a) the results
in rats and humans show similar age-dependent patterns, with
capillary lengthening predominantly in the young individual
and capillary lumen increase predominating in the mature in-

dividual and (b) the results in adults with FSGS suggests that
the increase in capillary lumen diameter may occur early (as a
consequence of unknown mechanisms) and capillary lengthen-
ing may later occur in response to reduced functional nephron
mass.

Glomerulomegaly is also present in experimental and clin-
ical settings characterized by glomerular overload (defined as
an increase in glomerular blood flow or glomerular filtration
or both). These settings include obesity, sickle cell anemia, and
cyanotic congenital heart disease. Thus in obese patients with
glomerular disease and proteinuria, mean glomerular diameter
has been reported as 226 μm (range 172 to 300 μm), compared
to a mean of 168 μm (range 138 to 186 μm) in age-matched
normal subjects (764), and 256 μm (range 192 to 280 μm)
(845).

Glomerular Overload: Hyperperfusion and Hyperfiltration.
Glomerular hyperperfusion and hyperfiltration are present at
the single nephron level in animal models of reduced nephron
mass. Under normal circumstances in the rat, the pressure gra-
dient across the glomerular capillary wall (PGC) is approxi-
mately 50 mm Hg and SNGFR is approximately 30 nl/min;
in the remnant nephron model PGC exceeds 60 mm Hg and
SNGFR exceeds 60 nl/min (772). Furthermore, glomerular hy-
perfiltration is present at the whole kidney level early in the
disease course in experimental models of postadaptive FSGS
and most, if not all, human forms of postadaptive FSGS.

Conversely, there are several experimental settings where
glomerular hyperperfusion, glomerular hyperfiltration,
glomerulomegaly, and FSGS are less closely correlated.
Yoshida et al. compared two rat models, both with 1/3 left
nephrectomy: in one group the right kidney was removed
and in the other group the right ureter was diverted into the
peritoneum (846). SNGFR and PGC increased to an equivalent
degree in both models, but glomerulomegaly and glomeru-
losclerosis were blunted (although present) in the urinary
diversion group. Thus, remnant nephrons in the left kidney
acted differently in the presence of a filtering but nonexcreting
right kidney. It remains unclear by what mechanism the
remnant nephrons apparently sense total body functioning
nephron mass; perhaps a circulating molecular product of
glomerular cells contributes. In any case, although this exper-
iment suggests caution in assuming that hyperfiltration will
necessarily lead to glomerulomegaly and FSGS, the urinary
diversion model has uncertain relevance to clinical situations
involving glomerular adaptation.

Furthermore, glomerular hyperperfusion and hyperfiltra-
tion are clearly not essential for the development of all forms
of FSGS. In rats with PAN nephrosis and rats with adriamycin
nephrosis, average PGC values remain normal despite the sub-
sequent appearance of sclerosis (847). In the former model,
increased single nephron GFR was uniformly absent and in the
latter model, although some glomeruli exhibit increased GFR,
these glomeruli did not have elevated PGC and did not sub-
sequently develop sclerosis, at least within the time-frame of
the study. Consequently, hyperperfusion and hyperfiltration ap-
pear to characterize most if not all postadaptive FSGS models,
but are absent from FSGS models that involve direct podocyte
injury (presumably models of idiopathic FSGS).

In obese human subjects, absolute GFR (without correction
for body size) has been reported to be increased by 25% to 60%
(848–850), and this is partially returned to normal values by
weight loss (850). Obese subjects have both increased GFR and
increased filtration fraction, whereas even in nonobese subjects
there is a positive correlation between BMI and filtration frac-
tion (but not GFR) (851). Others have not found an increase in
absolute GFR, despite similar levels of BMI, although the rea-
sons for the discrepant findings are not apparent (852). The in-
creased GFR is more striking in central compared to peripheral
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obesity (853). The mechanisms of obesity-related glomerular
hyperfiltration are unknown but may include protein intake,
various features of the metabolic syndrome (discussed in sub-
sequent text) and possibly particular adipokines.

Most but not all studies suggest that early in the course of
children with sickle cell anemia, GFR and renal plasma flow are
increased (854–856). Limited data available in children with
cyanotic congenital heart disease suggest that glomerular fil-
tration may be slightly impaired (857) or normal (858). In the
latter study, GFR was normal and renal plasma flow was de-
creased, indicating an increased filtration fraction. The authors
proposed that increased blood viscosity associated with poly-
cythemia increases renal vascular resistance and intraglomeru-
lar blood pressure.

There is at least one clinical situation in which the link
between glomerulomegaly and glomerular overload is absent.
Fogo et al. studied 42 pediatric MCN patients, of whom 10
subsequently experienced renal functional decline and a repeat
renal biopsy showed FSGS (859). In those patients who later
developed FSGS, glomerular area was on average 76% larger
(which would correspond to a 1.3-fold increased diameter, as-
suming the glomerulus was spherical). Although the data on
creatinine clearances were not provided, there is no reason to
suspect hyperfiltration, and these patients had no obvious clin-
ical features that would suggest reduced renal mass. It remains
uncertain what processes might account for glomerulomegaly
in this setting.

Podocyte Depletion Hypothesis

The podocyte depletion hypothesis proposes that an absolute
or relative reduction in podocyte number is a critical pro-
cess in FSGS of all types. Furthermore, as podocytes undergo
dedifferentiation and loss of matrix adhesiveness in collapsing
glomerulopathy, a loss of functional podocytes may contribute.
Finally, it now appears that podocyte depletion also is present
in other glomerular diseases, including diabetic nephropathy
(860) and primary glomerulonephritis (861), and may promote
sclerosis in these settings.

Podocytes are postmitotic cells in normal human kidney. In
a study of 164 kidneys, podocyte mitoses were found in one
kidney (the diagnosis was given as FSGS) and binucleate cells
were found in four kidneys (FSGS, lupus nephritis, and IgA
nephropathy) (862). In a seminal study, Fries et al. noted that
in rats subjected to 3/4 nephrectomy plus adriamycin, the rem-
nant nephrons undergo compensatory hypertrophy, more than
doubling tuft volume (863). As part of this process, endothelial
cells and mesangial cells proliferate but podocytes do not. As
podocyte volume density declines, each podocyte must cover
a larger capillary surface area. Areas of podocyte detachment
were present, particularly in areas of segmental sclerosis. Ex-
tending these studies to human renal biopsies, Bhathena found
that the unit distance of GBM covered by podocytes increased
in oligomeganephronia, unilateral renal agenesis with FSGS
(but not unilateral renal agenesis without FSGS), uninephrec-
tomy with FSGS (but not uninephrectomy without FSGS), and
renal transplantation with late (nonrecurrent) FSGS (but not
without FSGS) (864). Thus, podocyte hypertrophy character-
izes human forms of postadaptive FSGS. Podocyte depletion is
also characteristic of idiopathic FSGS. Reduced podocyte num-
bers are present in children with FSGS compared to those with
MCN (838).

Evolution of Segmental Sclerosis: The Misdirected
Filtration Hypothesis

Kriz and Lemley, and Kriz et al. have proposed an intrigu-
ing model of misdirected glomerular filtration to explain the
propensity for segmental sclerotic scars of FSGS to expand, to

progress to global sclerosis, and to be associated with tubu-
lar damage and interstitial inflammation (767,865–867). This
model was developed from intensive study of rat models of
FSGS, including the hypertensive Fawn hooded rat and the
normotensive Milan rat, with more limited studies of human
FSGS.

The process begins when one or more podocytes undergo
apoptosis or necrosis, or loses adhesion and is released into
Bowman’s space. Naked GBM tends to lie in apposition to the
parietal cells lining Bowman’s capsule, perhaps due to the bal-
looning of the glomerular capillary in response to the loss of
mechanical restraint consequent to podocyte loss or perhaps
due to a response on the part of the parietal cells to contact
the GBM. This manifests as tuft adhesion (synechia). Tuft ad-
hesion involves a loosening of contacts between parietal cells,
allowing glomerular ultrafiltrate to penetrate between parietal
cells. A loop of glomerular capillary also penetrates between
parietal cells, leading to an expanding paraglomerular space
located beneath the parietal cells or extending between lay-
ers of Bowman’s capsule. These capillary loops remain per-
fused, at least for a time, and this allows continued delivery
of glomerular filtrate into the paraglomerular space. This fil-
trate, having passed through an abnormal capillary wall lack-
ing podocytes, is likely enriched in growth factors, chemokines,
and other inflammatory mediators. These mediators promote
the recruitment and activation of fibroblasts and leukocytes,
both within the paraglomerular space and in the surrounding
interstitium.

Once the paraglomerular space has formed, there are several
possible outcomes. First, the process may stabilize and a seg-
mental scar may remain. Second, the enlarging paraglomerular
space may engulf additional capillary loops, thereby compro-
mising podocyte integrity in those loops and eventually lead-
ing to global sclerosis. Third, and overlapping with the pre-
ceding outcomes, the paraglomerular space may expand and
encircle the proximal tubule. This has the potential of sepa-
rating the tubule from peritubular capillary, leading to tubu-
lar atrophy and the development of an atubular glomerulus.
This model has considerable power to explain the pathology
of FSGS. It remains to be determined which forms of hu-
man idiopathic FSGS, postadaptive FSGS, genetic FSGS, and
medication-associated FSGS follow this model.

Cellular Injury and Response

A consensus has emerged that podocyte injury plays a cen-
tral role in the pathogenesis of FSGS. This notion is supported
by animal models and genetic mutations in human FSGS (all
mutations identified to date are in genes that are exclusively
expressed in the podocyte or that play critical roles in the
podocyte). Pavenstadt et al. (868) provide a superb compre-
hensive review of podocyte cell biology.

In vivo, podocyte abnormalities are most prominent in cel-
lular FSGS and collapsing glomerulopathy, where podocyte
dedifferentiation and proliferation are characteristic, but
podocyte abnormalities are seen in FSGS as well (428,869–
883) (Table 64-16).

Podocyte proliferation and associated dedifferentiation are
likely the critical biologic process in the pathogenesis of collaps-
ing glomerulopathy. This striking distinction between podocyte
depletion without proliferation in FSGS and podocyte hyper-
plasia in collapsing glomerulopathy provides the rationale for
separating these diagnostic categories.

Contribution of Other Glomerular and Nonresident Cells.
Mesangial cell injury and response is an important compo-
nent of progressive glomerular injury in FSGS. There is ex-
tensive literature on the role of mesangial cells in elaborat-
ing extracellular matrix. It remains unclear by what pathways
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podocyte injury stimulates mesangial cell activation. One possi-
bility, relevant to postadaptive FSGS, is that glomerulomegaly
may lead to mechanical stretch being imposed on mesangial
cells (reviewed in [884]). Cultured mesangial cells respond to
stretch with an increase in expression of collagens, fibronectin,
laminin, transforming growth factor (TGF)-β1, connective tis-
sue growth factor (CTGF), macrophage chemotactic protein
(MCP)-1, and intercellular adhesion molecule (ICAM)-1, the
latter two capable of promoting leukocyte immigration and at-
tachment (885–890). The role of mesangial cell proliferation
in progressive scarring is less certain; it could simply be an
index of mesangial cell activation. The mechanisms stimulat-
ing mesangial proliferation are discussed in the section on the
histopathology of MCN.

Endothelial cell injury and response are also important
components of progressive glomerular injury. In the remnant
nephron model, the glomerular capillary endothelial cell mani-
fests the first structural changes (760) and the first upregulation
in mRNAs for extracellular matrix genes (fibronectin, laminin-
β1) and TGF-β1, occurring 24 days after ablation (891). In
this model, there is an early and rapid increase in endothelial
cell number and total capillary surface per glomerulus in par-
allel with glomerular hypertrophy; enalapril therapy partially
reverses these established changes (892).

Lymphocytes, particularly CD8+ T cells, and mono-
cyte/macrophages may be present in human glomeruli affected
by FSGS (893,894). The latter may be recognized within capil-
lary loops as lipid-laden foam cells. In the rat remnant nephron
model, bone marrow suppression via X-irradiation is associ-
ated with a transient reduction in glomerular macrophage num-
bers and mesangial matrix scores, suggesting that macrophages
might contribute to glomerular matrix expansion (895). Con-
versely, blockade of chemokine (C-C motif) receptor (CCR)-
1 (the major receptor for macrophage inflammatory protein
[MIP]-1 alpha and Regulated on Activation, Normal T cell
Expressed and Secreted [RANTES]) in murine adriamycin
nephropathy reduced interstitial fibrosis but had no effect on
proteinuria or glomerulosclerosis (896). Therefore, the patho-
physiologic role of infiltrating glomerular leukocytes in FSGS
remains to be established. The potential role of infiltrating
tubulointerstitial leukocytes in the progression of chronic renal
disease is considered elsewhere in this text.

Cytokines and Other Mediators

Although many mediators have been implicated in glomeru-
losclerosis and progressive kidney disease, there is a paucity of
data directly defining a role for these mediators on FSGS. Ex-
perimental data indicate that these mediators could play a role
in regulating the balance between extracellular matrix (ECM)
synthesis and degradation in the glomerulus. The most promi-

FIGURE 64-13. The renin-angiotensin system and in-
teraction with profibrotic cytokines. In addition to
the role of renin-angiotensin-aldosterone system in
regulating extracellular fluid volume and potassium
homeostasis, it has been become clear that this sys-
tem also influences vascular remodeling and tissue
fibrosis. These vascular and profibrotic effects are
mediated by at least five effector molecules (shown
within boxes), which are present in the plasma and
also produced locally in tissues. Aldo, aldosterone;
Ang, angiotensinogen; ET-1, endothelin-1; TGF-β1,
transforming growth factor-β1; CTGF, connective
tissue growth factor; PAI-1, plasminogen activator
inhibitor-1.

nent of these mediators is TGF-β (897), which both directly
(898) and indirectly, through induction of the cytokine CTGF
(899) and generation of reactive oxygen species (900), stim-
ulates mesangial and additional cell types to produce colla-
gens, laminin and other ECM proteins. There are two parallel
systems regulating ECM degradation (901). The balance be-
tween the matrix metalloproteinases and the tissue inhibitors
of matalloproteinases (TIMPs), has been implicated in animal
models of progressive kidney disease (902,903). The plasmin
system enhances glomerular ECM turnover (904), and is inhib-
ited by the plasminogen activator inhibitor, PAI-1 (905). Bio-
logic roles for these molecules in regulating cellular functions
beyond matrix turnover also have been proposed.

Cytokine mediators play a role in proliferative changes in
the glomerulus, although the data have been limited to ef-
fects on mesangial cells. Interestingly, despite the significance
of podocyte proliferation in collapsing glomerulopathy, no
data are available to convincingly link a particular mediator
with this proliferation. Basic fibroblast growth factor (bFGF,
FGF-2) has been linked with multiple podocyte abnormal-
ities, including proliferation, in experimental membranous
nephropathy (906). Another important aspect of glomeru-
losclerosis is the possible loss of a continuous podocyte support
structure for the glomerular capillaries. Cytokines have equally
important and complex roles in podocyte apoptosis and phe-
notypic changes, as shown for TGF-β1 (907) and endothelin-1
(ET-1) (908).

Other systems play a significant part in glomerulosclero-
sis. An important one is the multiple potential roles of the
renin-angiotensin-aldosterone system (RAAS). Spironolactone
decreases fibrosis in some animal models. Aldosterone stimu-
lates expression of TGF-β and PAI-1, and fibrotic changes me-
diated through the generation of reactive oxygen species (909).
A role for the RAAS is supported by the strong data demon-
strating that angiotensin converting enzyme inhibition and an-
giotensin receptor blockade ameliorate progressive glomeru-
losclerosis and renal fibrosis in multiple diseases. These data
support a role for the RAAS in altering glomerular cell phe-
notypes (e.g., angiotensin II stimulates mesangial cell TGF-β
production [910]), as well as in hemodynamic mechanisms
that relate to glomerular perfusion and filtration. Further, it
is not clear whether the RAAS stimulates glomerular hypertro-
phy through its effects on hemodynamics or via direct, growth
factorlike effects on resident cells. Other systems regulating
hemodynamics that also may have direct effects upon cellular
fibrogenic activity include those representing the balance be-
tween nitric oxide and ET-1 (911), or those involving arachi-
donic acid metabolites (912). Leptin also has multiple effects
relevant to glomerulosclerosis (913).

Recent studies demonstrated an interaction between puta-
tively hemodynamic and sclerogenic mediators (Fig. 64-13).
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FIGURE 64-14. Proposed pathogenetic schema for FSGS and collapsing glomerulopathy. Both lesions
begin with podocyte injury, resulting from a mutated gene, glomerular hyperperfusion (postadaptive) or
an unidentified stimulus. Depending upon the nature of the injury, this may lead to podocyte dysregulation
and proliferation, causing collapsing glomerulopathy; or relative podocyte depletion in the case of FSGS
(note that podocyte depletion can be absolute, resulting from either decreased numbers of podocytes,
or relative, when there are a fixed number of podocytes but a larger glomerular capillary surface area).
In either FSGS or collapsing glomerulopathy, the result is a decrease in the integrity of the glomerular
filtration barrier and proteinuria. Misdirected glomerular filtrate, exposure of the podocyte to excess
protein, and cellular stretch/stress lead to glomerular cellular activation, changes in glomerular perfusion,
and extracellular matrix accumulation. Thus, podocyte injury evolves into distinct glomerular diseases by
various mechanisms, some of which are pathway-specific and others are common.

Angiotensin activation leads to the activation of the type I
angiotensin receptor, which leads directly or indirectly to the
production of aldosterone, ET-1, PAI-1, and TGF-β, with sub-
sequent production of CTGF and reactive oxygen species,
and extracellular matrix accumulation. This one system can
thus contribute to glomerular hypertension/hyperfiltration,
sodium retention, glomerular hypertrophy, podocyte dys-
function/apoptosis, and fibrosis—all of the manifestations
of FSGS.

Based on the data presented in this section, a pathogenetic
schema for FSGS and collapsing glomerulopathy can be pro-
posed (Fig. 64-14). Both lesions begin with podocyte injury,
resulting from a mutated gene, adaptive glomerular hyperper-
fusion, or an unidentified stimulus. Depending upon the nature
of the injury, this may lead to podocyte dysregulation and pro-
liferation, causing collapsing glomerulopathy, or podocyte de-
pletion in the case of FSGS. Podocyte depletion may be absolute
or relative, in the latter case when glomerulomegaly increases
capillary surface area. It is noteworthy that, despite significant
differences in disease etiology and course for FSGS and col-
lapsing glomerulopathy, both manifest decreased integrity of
the glomerular filtration barrier and proteinuria. Misdirected
glomerular filtrate, exposure of the podocyte to excess protein,
and cellular stretch/stress lead to glomerular cellular activation,
changes in perfusion, and extracellular matrix accumulation.
Therefore, distinct pathways may utilize similar mechanisms

that result in distinct diseases, with the critical difference being
the presence or absence of podocyte proliferation.

Selected Clinical Variants of FSGS and
Collapsing Glomerulopathy

Glomerular Tip Lesion: A Diagnostic Cluster

The glomerular tip lesion has been a controversial subject since
its description by Howie in 1986 (914). In the intervening years,
as Howie has recently pointed out, the term glomerular tip
lesion has been used in three senses, which are given distinct
names here (915,916). Estimates of the incidence of glomerular
tip lesion vary enormously by definition and population: 13%
of FSGS patients in Chicago (761) and 66% of patients with
segmental lesions (cellular or sclerosis) in Britain (915).

First, the glomerular tip lesion MCN variant (term intro-
duced here but with a definition that follows Howie’s original
description) is situated at the portion of the glomerular tuft lo-
cated adjacent to the origin of the proximal convoluted tubule
and consists of a localized collection of vacuolated podocytes
and intracapillary foam cells. In some cases the podocytes rest
in apposition to tubular epithelial cells. The lesion may con-
sist partly or predominantly of sclerosis. Importantly, other
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glomerular lesions must be absent, including mesangial hyper-
cellularity and sclerosis located elsewhere in the glomerulus.
IgM and C3 may be present within the tip lesion. Both affected
and unaffected glomeruli typically show diffuse foot-process
effacement.

Second, a glomerular tip lesion FSGS variant has been rec-
ognized and made part of the Columbia classification. There
are several differences from the preceding entity: mesangial
hypercellularity may be present and peripheral scars (non-tip,
non-hilar) can be present in other glomeruli. D’Agati and col-
leagues identified 49 cases (0.46% of their biopsy archive).
There were 45 adults and 2 children. Cellular lesions (81%
average per biopsy) were more typical than scarring lesions
(19%). Twelve cases had glomerular tip lesion only, 18 had pe-
ripheral lesions, and 17 had associated indeterminate lesions
(i.e., in some glomeruli the tip and the hilum could not be
identified.) Focal mild mesangial hypercellularity was present
in 45%; no cases exhibited diffuse mesangial hyperplasia. At
presentation, the clinical features of glomerular tip lesion were
more like those of MCN than other idiopathic FSGS: Caucasian
race 77% and 59% versus 52% (p = NS), mean age 48 and 48
versus 33 (p< 0.001 overall) and nephrotic syndrome in 89%
and 97% versus 54% (p <0.001 overall). Among those with
the glomerular tip lesion, 59% of patients entered CR with
steroids, in some cases supplemented with other therapies, and
14% of patients entered PR. Therefore, the response to ther-
apy is much better than classic FSGS and worse than MCN.
Patients with glomerular tip lesion alone versus those with pe-
ripheral and/or indeterminate lesions had similar likelihood of
CR versus PR versus nonresponse (p = 0.88), but this may
be due to small numbers in this two-by-three group analysis.
Importantly, those with other glomerular lesions had higher
initial serum creatinine and higher likelihood of nonresponse
(p <0.02). The authors conclude that the glomerular tip lesion
occupies an intermediate location along the MCN/FSGS spec-
trum and that the presence of sclerosis in a non-tip location
confers a worse prognosis. These data can be interpreted to
argue for distinguishing between a glomerular tip lesion MCN
variant (lacking non-tip sclerosis) and a glomerular tip lesion
FSGS variant (allowing peripheral and indeterminant scars but
not perihilar scars), as these forms appear to have distinct out-
comes.

Another study of the outcome of glomerular tip lesion pub-
lished by Howie and colleagues came to generally similar con-
clusions (915). Two biopsy series of adult nephrotic syndrome
comprised 108 patients, with biopsies showing segmental le-
sions and lacking a non-FSGS diagnosis (e.g., classic MCN,
collapsing glomerulopathy, or other glomerular disease). Seg-
mental cellular or scarring lesions at first or only biopsy were
divided into two categories: tip lesions (confined to the tubu-
lar pole) and multiple lesions (at least one non-tip lesion, a
lesion extending from the tubular pole to the hilum, and le-
sions at various sites). After 10 years, renal survival was 84%
in those with tip lesions and 45% in those with multiple lesions
(p < 0.001 by Cox proportional hazards analysis). The statis-
tical significance of the beneficial effect of tip lesion was lost
in multivariable analysis, when other variables (number of seg-
mental lesions, extent of global sclerosis, and chronic tubular
damage) were included in the model. No other factor showed
an independent association with outcome; instead, all these
variables showed correlation with each other. Therefore, the
presence of a tip lesion conferred a favorable diagnosis when
it was narrowly defined (no other segmental lesions). Forty pa-
tients underwent repeat biopsies, generally for declining renal
function, but also in some cases when proteinuria recurred in
an allograft. Tip lesions were frequently (perhaps always, given
the uncertainty of localizing all lesions) the initial segmental le-
sions. With progressive loss of renal function, lesions at other
glomerular locations appeared. These data are important, as

they suggest that in some cases tip lesion can evolve into clas-
sic FSGS. Like the preceding paper, these data can be read as
supporting a glomerular tip lesion MCN variant and glomeru-
lar tip FSGS variant, although it is unclear whether the two can
be reliably distinguished at initial biopsy.

These findings support a third category, various nondiag-
nostic glomerular tip changes (Howie’s suggested term), which
have been described in other proteinuric conditions, includ-
ing membranous nephropathy (present in 64% of cases) (917),
IgM variant of MCN (918), postinfectious glomerulonephri-
tis (919), and diabetic nephropathy (920). Experimentally,
glomerular tip lesions develop in rats with crescentic glomeru-
lonephritis; Howie showed that the initial change involves pro-
lapse of injured podocytes into the tubule, followed by localiza-
tion of macrophages to the adjacent capillary tuft and adhesion
of the tuft to Bowman’s capsule (921). The predisposition to
injury of the podocytes at the glomerular tip remains unex-
plained. Haas has argued that the tip lesion is a response to
prolonged heavy proteinuria and does represent a specific dis-
ease entity. In autopsy cases of severe, untreated MCN from
patients who died before 1950, Haas and colleagues identified
tip lesions in 5 of 8 cases (922). Among those with tip lesion,
the average number of affected glomeruli was 1.8% (range
0.3% to 4.4%); there was no predilection for juxtamedullary
glomeruli (unlike FSGS lesions). Thus there is a consen-
sus that proteinuric states are commonly associated with tip
changes.

In conclusion, a consensus probably exists that there is a
glomerular tip lesion MCN variant and a glomerular tip lesion
FSGS variant, with the former having a distinctly better prog-
nosis but both exhibiting some degree of steroid-sensitivity.
Some glomerular tip MCN variants progress over time to
glomerular tip FSGS variants or classic FSGS. Important ques-
tions, however, remain to be resolved. Is it clinically useful to
identify a glomerular tip lesion MCN variant rather than iden-
tify this morphology as a consequence of heavy proteinuria;
in other words, is the prognosis affected, independent of the
degree of proteinuria? This question remains open, as there is
no published case series that compares the outcome of typical
MCN patients with the glomerular tip lesion to MCN patients
lacking this feature. Can we distinguish glomerular tip FSGS
variants that will progress to classic FSGS? Finally, what molec-
ular diagnostic markers might help us to differentiate between
forms of tip lesion, to improve our understanding, classifica-
tion, and prognostication of these disorders?

FSGS, Cellular Variant

As noted in the preceding text, the cellular variant of FSGS
was first described by Schwartz and colleagues to include seg-
mental or global endocapillary proliferation, hypercellularity
in Bowman’s space, or podocytes manifesting a reactive phe-
notype. Clinically, these patients were more likely than were
those with only segmental scars (90% versus 49%) to have
nephrotic range proteinuria. Compared to patients with clas-
sic FSGS, patients with cellular lesion FSGS were more likely
to be black (70% versus 49%), to have a higher likelihood of
proteinuria >10 g per/day (44% versus 11%), and to have a
higher likelihood of progression to ESRD (40% versus 18%)
(761,923). Steroid sensitivity (remission defined as CR or PR)
was similar in cellular FSGS and classic FSGS (53% versus
52%). The fraction of glomeruli involved was an important
predictor: >20% glomerular involvement involved defined a
group that was almost exclusively black (94%), had heavier
proteinuria (67% with >10 g per/day), and were less respon-
sive to treatment (23% remission), compared to those with a
lesser degree of glomerular involvement.

It appears that most or all of these patients would be clas-
sified as collapsing glomerulopathy (collapsing FSGS in the
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Columbia classification). There are as yet no published data
on the clinical characteristics or outcomes of patients with the
cellular lesion as defined in the Columbia classification.

Postadaptive FSGS

As detailed earlier in this chapter, data as disparate as the rem-
nant kidney model of glomerulosclerosis and epidemiologic ev-
idence for a relationship among low nephron number, hyper-
tension, and progressive renal scarring support the notion that
increased workload per nephron can lead to glomeruloscle-
rosis. Some clinical criteria have been developed for identify-
ing postadaptive FSGS (Table 64-17). Here, we consider two
clinical circumstances in which this can occur: reduction of
nephron number or increased workload with a fixed number
of nephrons.

Postadaptive FSGS with Reduced Nephron Mass. There
are characteristic features of FSGS associated with reduced
nephron mass. First, glomerular enlargement is common in
this setting. Bhathena studied patients with FSGS appearing
more than 2 years after renal transplantation, in association
with chronic allograft nephropathy and interstitial nephritis
(925). These patients had larger glomeruli compared to those
without FSGS or those with recurrent FSGS, diagnosed within
2 years of transplantation. Subsequently Bhathena showed that
glomeruli are larger in unilateral renal agenesis and following
uninephrectomy when FSGS is present compared to patients
with the same disorders when FSGS is lacking (926). Second,
the segmental scars are preferentially located adjacent to the
vascular hilum. In the rat nephrectomy model, the sclerosis
preferentially affects the vascular pole (927). When colloidal
carbon is injected immediately after nephrectomy, it is found
preferentially within perihilar sclerotic lesions 4 months later
(928). These findings suggest that some feature of this glomeru-
lar zone, possibly related to hemodynamic stress, leads to in-

creased uptake (presumably by mesangial cells) long before
the appearance of sclerotic lesions. Third, podocyte effacement
is modest, typically involving <50% of the interface between
podocyte and GBM, as discussed previously. There is consider-
able variability, however, so that this characteristic may be of
limited value in clinical diagnosis. Fourth, hypoalbuminemia
and edema are uncommon despite nephrotic range proteinuria
(924).

Postadaptive FSGS Associated with Obesity. Obesity is asso-
ciated with increased renal blood flow, glomerular filtration
rate, and microalbuminuria, features that it shares with dia-
betes mellitus. The mechanisms for these renal abnormalities
are not well understood (recently reviewed [929]). Contribut-
ing factors may include increased renal venous pressure, hy-
perlipidemia, and increased production of vasoactive and fi-
brogenic substances by adipocytes, including angiotensin II,
insulin, leptin, and TGF-β1. Dogs fed a high-fat diet to pro-
duce a 60% increase in body weight manifested an increased
blood pressure, plasma renin activity, and GFR, together with
increased mesangial matrix and TGF-β expression (glomerular
size was unchanged) (930). Obese, pre-diabetic monkeys man-
ifest hyperinsulinemia and glomerulomegaly, suggesting that
some feature of the insulin-resistant state may contribute to
glomerular hypertrophy (931). Leptin is of particular interest,
as it acts on cultured glomerular endothelial cells to stimulate
proliferation and production of TGF-β1 and collagen I, and it
stimulates expression of TGF-β type II receptor and collagen
I by mesangial cells (913). Furthermore, leptin also stimulates
production of angiotensin II. Therefore, leptin may initiate a
pro-fibrogenic circuit within the glomerulus.

D’Agati and colleagues reviewed their experience with
obesity-related glomerular disease, including 14 patients with
glomerulomegaly alone and 57 patients with glomerulomegaly
plus FSGS (764). The combined prevalence of these disorders

TA B L E 6 4 - 1 7

CLINICAL RECOGNITION OF POSTADAPTIVE FOCAL SEGMENTAL GLOMERULOSCLEROSIS (FSGS)

Feature Utility Limitations

High-risk clinical setting:
(a) Reduced nephron mass: renal dysplasia, ureteral reflux
(b) Initially normal renal mass: sickle cell anemia, cyanotic

congenital heart disease

++ The life-time incidence of postadaptive FSGS in these
uncommon or rare conditions is probably relatively
high, although precise incidence values are not
available

Moderate-or low-risk clinical setting: obesity, hypertension + These are common clinical conditions, where the
lifetime incidence of postadaptive FSGS is probably
low; idiopathic FSGS may also occur in these
individuals

Nephrotic proteinuria without edema or hypoalbuminemia + This pattern is more common in postadaptive FSGS but
also occurs in idiopathic FSGS (924)

Perihilar FSGS variant: At least one glomerular showing
perihilar hyalinosis and perihilar hyalinosis and/or
sclerosis involving >50% glomeruli

++ Sensitivity and specificity remain to be determined

Glomerulomegaly (average glomerular diameter >185 μm) +++ Requires a sufficient number of glomeruli (probably
5–10), multiple levels (possibly 4), and measurement
of glomeruli cut at or near hilus (764)

Podocyte foot-process effacement + There are significant group differences between
idiopathic FSGS and postadaptive FSGS, but there is
considerable overlap between the groups, so this has
limited utility in a particular case (764)

When confronted with a renal biopsy that shows FSGS, no history suggesting a genetic cause of FSGS (onset in childhood, family history of FSGS,
extrarenal manifestations) and no use of FSGS-associated medication, the pathologist and clinician must weigh the likelihood of idiopathic FSGS
versus postadaptive FSGS. Multiple features must be considered in making this distinction.
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rose from 0.2% of all renal biopsies during the period from
1986 to 1990 to 2% during the period from 1996 to 2000;
53% had BMI >40 kg/m2 (morbid obesity) and 47% had BMI
30 to 40 kg/m2. Therefore morbid obesity is not required for
the diagnosis. Compared to patients with idiopathic FSGS, pa-
tients with obesity-associated glomerulopathy had lower levels
of proteinuria (nephrotic-range proteinuria in 48% compared
to 66%), less foot-process effacement, and a more indolent
course (progression to ESRD 4% versus 42%). By contrast,
Praga et al. found that the outcome in obesity-related disease
was almost as poor as that of idiopathic FSGS (845). Over
an 82-month observation period, 8 of 15 patients maintained
stable renal function and 7 of 15 patients demonstrated pro-
gressive loss of GFR, with five reaching ESRD. Proteinuria was
in the nephrotic range at presentation or on follow-up in 80%
of patients. The level of proteinuria correlated with BMI (R
= 0.45, p <0.05). Despite heavy proteinuria, >10 g per day
in three patients, edema and hypoalbuminemia were uniformly
absent. With the epidemic of obesity spreading to adolescents in
the United States, particularly in minority populations, obesity-
associated FSGS is appearing in that age range also (932).

Recently, glomerular hypertrophy and FSGS also have been
reported in patients with increased BMI associated with in-
creased muscle mass but without increased body fat, suggest-
ing that adiposity is not required (933). Important questions
remain. We do not know whether glomerulomegaly is a pre-
cursor lesion to FSGS, although that appears likely; we do not
know whether there is a threshold BMI for the appearance of
glomerulomegaly and FSGS; and we do not understand the
molecular signals by which increased fat mass or BMI lead to
glomerular hyperfiltration.

Hypertension and FSGS

Hypertension is the attributed cause of approximately 15%
of incident ESRD cases in Europe and approximately 30% of
incident ESRD cases in the United States (discussed in depth
in Chapter 51). Few of these patients, however, undergo re-
nal biopsy and there remains doubt about the nature of the
role of hypertension in initiating renal injury. It is undisputed
that malignant hypertension can lead to ESRD; it is more con-
troversial whether benign nephrosclerosis leads to ESRD. This
controversy has been the subject of several thoughtful reviews
in recent years (934–936). Hypertensive nephrosclerosis (be-
nign nephrosclerosis) is defined by the presence of arteriolar
changes consisting of hyaline arteriosclerosis and myointimal
hypertrophy that particularly affect the afferent arteriole and
small arterioles lacking an internal elastic lamina. The initial
glomerular morphologic changes include thickening and wrin-
kling of the GBM, following by contraction of the capillary
tuft toward the vascular pole. As the tuft contracts, fibrotic
material accumulates within Bowman’s space. The glomerulus
ultimately shrinks to a hyalinized mass at the vascular pole.
In contrast to FSGS, glomerular tufts showing global glomeru-
losclerosis in hypertensive nephrosclerosis are not enlarged, but
rather are shrunken (937).

In recent biopsy series a substantial fraction of patients with
a diagnosis of hypertensive nephrosclerosis manifested segmen-
tally sclerosed glomeruli. In a study from Brazil of 90 hyper-
tensive patients with renal insufficiency and subnephrotic pro-
teinuria, 19% were found to have segmental sclerosis, most
of whom also had vascular features of hypertensive injury
(938). In a study from Japan, 33% of patients with hyper-
tensive nephrosclerosis had segmental sclerotic lesions; these
patients had significantly higher serum creatinine values (939).
Patients who experienced progressive loss of renal function dur-
ing follow-up had larger glomeruli, but the authors did not state
whether those with segmental sclerosis had larger glomeruli. In
a study from Tennessee, Fogo and colleagues found segmental

sclerosis in 34% of patients with hypertensive nephrosclerosis
(940). The authors excluded idiopathic FSGS on the following
grounds: lack of nephrotic range proteinuria, lack of extensive
foot-process effacement, and glomerulosclerosis in proportion
to vascular lesions. Segmental sclerosis was associated with
global sclerosis and was more common in blacks than in whites.
Importantly, the authors found that the extent of vascular in-
jury did not correlate with the extent of global and segmental
glomerulosclerosis, and statistical modeling failed to identify a
link between blood pressure and the severity of the glomerular
lesions. The authors concluded that a simple causal pathway,
whereby hypertension causes vascular sclerosis which in turn
causes glomerulosclerosis, is not supported by their data.

Kincaid-Smith noted that the original description of hyper-
tensive nephrosclerosis, made 50 years ago, did not include seg-
mental sclerosis. She makes the provocative proposal that many
cases that are clinically diagnosed as hypertensive nephroscle-
rosis without renal biopsy, or pathologically diagnosed as
hypertension-associated FSGS, may in fact be postadaptive
FSGS due to obesity and associated conditions, including in-
sulin resistance associated with the metabolic syndrome and
hyperuricemia (936). This hypothesis is testable, with closer at-
tention to clinical factors (obesity, proteinuria, uric acid levels,
and levels of insulin and other endocrine factors) and patho-
logic variables (glomerular size, podocyte number, and extent
of foot-process effacement) in patients with FSGS arising in
the setting of hypertension. In conclusion, it remains uncertain
whether hypertension causes a form of postadaptive FSGS, or
whether hypertensive vascular changes coexist with segmental
sclerosis lesions, which arise as a consequence of obesity and
other clinical factors associated with hypertension.

C1q Nephropathy

C1q nephropathy was first described by Jennette and Hipp
at Chapel Hill as the presence of mesangial C1q staining,
either dominant or co-dominant with IgG, IgM, and/or C3
and the lack of serologic or clinical findings of lupus (462).
The immune deposits were predominantly mesangial, although
occasionally the deposits extended into glomerular capillary
loops. In this series of 15 patients (2% of renal biopsies, age
range 14–27 years), the glomerular histology ranged from nor-
mal to mesangial proliferation to focal or diffuse proliferative
glomerulonephritis.

Two subsequent series have suggested that the disease prob-
ably fits best in the MCN/FSGS/collapsing glomerulopathy
spectrum. Iskandar et al. at Winston-Salem reported on 15
children with prominent mesangial C1q staining and histol-
ogy consistent with MCN (8 cases) and FSGS (7 cases) (941).
Markowitz et al. in New York described 19 patients (9 children,
10 adults), representing 0.2% of all renal biopsies (458). His-
tologies ran the gamut of podocyte diseases, including MCN
(2 patients), FSGS (2 patients with the cellular variant, 9 pa-
tients with the NOS variant), and collapsing glomerulopathy
(6 patients). Mesangial hypercellularity was seen in one MCN
case and 10 of the other cases.

In the series from Chapel Hill, North Carolina; Winston-
Salem, North Carolina; and New York, blacks were generally
over-represented (60%, 27%, and 74%, respectively) com-
pared to their presence in the local populations. Nephrotic-
range proteinuria was common (71%, 80%, and 79%, respec-
tively), although many patients (particularly adults) did not
have nephrotic syndrome. Response to therapy is variable but
has improved in the most recent series, with CR or PR seen
in 0% (0/9 patients treated) at Chapel Hill, 44% (4/9 patients
treated) at Winston-Salem, and 57% in New York (7/13 with
available data; 2 additional patients progressed to ESRD dur-
ing follow-up), respectively. In the New York series, CR or
PR occurred in 2/2 patients with MCN, 4/11 with FSGS, and



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-64 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:38

1634 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

1/6 with collapsing glomerulopathy, mirroring the steroid re-
sponses typical of other forms of these diseases. Other reports
have also suggested that some patients with C1q nephropathy
remit spontaneously or with therapy, but some of these pa-
tients had atypical features, such as prominent subendothelial
or subepithelial deposits (457,942).

C1q and other members of the newly recognized C1q/TNF
superfamily share a structurally similar globular domain (943).
C1q, a portion of the tripartite C1 molecule, functions as major
link between innate and acquired immunity, as it binds a range
of ligands via the globular domain and promotes apoptosis and
phagocytosis of cells and cellular debris (944–946). Human ge-
netic C1q deficiency is associated with lupus, presumably by
impairing apoptotic cell clearance and thereby exposing the im-
mune system to nuclear and cytoplasmic antigens. Interestingly,
the classical swine fever virus may provide an animal model of
C1q nephropathy. Pigs experimentally infected with classical
swine fever virus develop immune complex glomerulonephritis
characterized by viral infection of glomerular endothelial cells
and podocytes, macrophage infiltration, and deposition of IgG,
IgM, and C1q in mesangial, subendothelial, and subepithelial
locations (947).

Therefore, by histology and clinical course, C1q nephropa-
thy would appear to fit into the spectrum of MCN/FSGS/
collapsing glomerulopathy, as D’Agati and colleagues have pro-
posed (458). The pathogenesis remains poorly understood, and
specifically it is unclear how to link C1q mesangial deposits
with podocyte injury.

Idiopathic Collapsing Glomerulopathy

HIV-associated nephropathy was the first recognized form of
collapsing glomerulopathy, and this topic is covered in Chapter
59. Idiopathic collapsing glomerulopathy was first described in
Ohio (948), with subsequent reports from elsewhere within the
United States and Europe (732,949–952). A retrospective re-
view of the renal biopsy archive at Columbia University found
the first case to have been seen in 1979, with a rapid increase
to causing approximately 25% of idiopathic FSGS by the early
1990s (949). This epidemiologic pattern strongly suggests a
new environmental agent, possibly a virus or toxin, although
little progress has been reported in identifying what that agent
might be. De novo collapsing glomerulopathy also has been
described following renal transplantation (953,954). Recent
reviews are available (955,956).

Idiopathic collapsing glomerulopathy presents clinically as
the sudden onset of heavy proteinuria, although some patients
have subnephrotic proteinuria. Progression to ESRD may be
rapid but this in not invariably the case. Some patients report a
viral-like prodrome occurring prior to presentation, with symp-
toms that may include fever, cough, and diarrhea.

Collapsing glomerulopathy occurs in several distinct clinical
settings. It has been associated with systemic diseases, partic-
ularly adult Still’s disease (957,958). Parvovirus B19 infection
has the been linked with collapsing glomerulopathy (959), al-
though controversy remains about the strength and specificity
of the association (960). Most recently SV40 infection has been
linked to both collapsing glomerulopathy and other forms of
FSGS; these data await replication (961).

The mechanism of podocyte proliferation remains largely
unexplained. Hattori et al. studied patients with cellular le-
sion, although it is likely that many or all of these had col-
lapsing glomerulopathy (962). They noted that glomerular ex-
pression of smooth muscle α-actin (a marker for activated
mesangial cells, exhibiting a myofibroblastic phenotype) was
much greater in cellular FSGS compared to those with classic
FSGS. Expression of collagen III was similar. Therefore, intense
mesangial activation is part of the process and may account for
the propensity to rapid progression.

Medication-associated FSGS and Collapsing
Glomerulopathy

A number of medications have been associated with FSGS
and collapsing glomerulopathy, as shown in Table 64-3. Cy-
closporine is associated with FSGS in renal transplant pa-
tients and nonrenal organ transplant patients. In renal trans-
plant recipients, cyclosporine contributes to the pathogenesis
of chronic allograft nephropathy, but the role of other factors
makes the specific role of these agents difficult to determine.
The appearance of FSGS in nonrenal organ transplant recipi-
ents and its link to cyclosporine (963–965) makes the relation-
ship more compelling. Tacrolimus likely has a very similar risk
but fewer data are available. Cyclosporine induces FSGS fol-
lowing chronic administration to rats (966). The mechanism
of glomerular toxicity may include increased matrix synthesis
by glomerular cells (966) and glomerular ischemia. The 5-year
risk for chronic renal failure in nonrenal organ transplantation
ranges from 7% to 21% (967). The use of a calcineurin in-
hibitor was significantly associated with increased risk, but the
degree of relative risk was modest (1.25), probably due to the
study design (only use on initial hospitalization was available)
and the fact that 98% of patients used these agents.

Lithium has been associated with FSGS (968–970). Chronic
exposure to lithium causes tubulointerstitial injury in rats
(971), which would be evidence in favor of a postadaptive
mechanism. Conversely, some patients have extensive foot-
process effacement (969), and nephrotic syndrome may resolve
with cessation of therapy (972). These findings suggest the al-
ternate possibility of a direct toxicity to glomerular cells.

Interferon-α has been associated with both FSGS (973–978)
and collapsing glomerulopathy (979). Pamidronate has been
associated with collapsing glomerulopathy (956,980). Very lit-
tle is known about mechanism of renal injury with these med-
ications.

Medications associated with idiopathic collapsing glomeru-
lopathy include pamidronate (981) and interferon-α (979). The
mechanism is unknown.

Nephrotic Syndrome in the First Year of Life

Nephrotic syndrome may occur in the first year of life and can
result from MCN. Much more often, however, it is due to con-
genital nephrotic syndrome, especially that associated with in-
fantile microcystic disease (982–984). This lesion is most com-
monly found in Finland and in people of Finnish ancestry, but
it has been documented as well in many other ethnic groups
throughout Europe and North America. The disease is inher-
ited as an autosomal-recessive trait. Affected infants typically
have a large placenta (983), with the placental–fetal weight
ratio ranging from 0.25 to 0.43, compared to a normal ratio
of 0.14. They often are born prematurely, may show signs of
perinatal asphyxia, and have a high perinatal mortality rate.
Indeed, the incidence of early death from congenital nephrotic
syndrome may be higher than that reported, as edema and
failure to thrive may not become apparent for several weeks
or months, even though proteinuria is present from birth. The
natural course in infancy is usually one of progressive deteriora-
tion, with hypoalbuminemia, edema, and wasting dominating
the clinical picture and being more significant than decreasing
renal function. In the past, half of the patients died before the
age of 6 months and few survived past 2 years. However, ag-
gressive management has dramatically improved the outlook
(336).

The majority of patients with this disease have abnormal ex-
pression of the gene for nephrin, a putative cell–cell adhesion
molecule that is expressed only by the glomerular podocytes
(985). The gene is located on chromosome 19q13.1 (986). His-
tologic changes of congenital nephrotic syndrome can be subtle
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in the newborn. They may include dilated cortical tubules (the
origin of the term microcystic), mesangial hypercellularity, and
glomerulosclerosis, none of which are pathognomonic for con-
genital nephrotic syndrome of the Finnish type. A significant
reduction in the number of negative-charge sites in the GBM
has been reported (56). Prenatal diagnosis has been obtained
by finding increased α-fetoprotein levels in the amniotic fluid.
However, levels may be high in amniotic fluid from pregnan-
cies with heterozygous (carrier) phenotype (987). Studies of
patients and their families suggest that direct analysis of the
fetal nephrin gene can be used for prenatal diagnosis in many
patients (988).

Other idiopathic types of congenital nephrotic syndrome
have been described. These are less well defined and probably
represent a heterogeneous group of diseases, most of which
do not appear to be inherited (985). They are distinguished
from the Finnish type by the combination of clinical charac-
teristics and histologic picture. Most have a poor prognosis,
but the clinical course is often more protracted. Attempts have
been made to classify these lesions according to the dominant
pathologic findings. According to this approach, the presence
of microcystic disease has been used to diagnose the Finnish
type of congenital nephrotic syndrome. In the absence of mi-
crocystic tubules, the disease has been classified on the basis
of the most prominent glomerular lesion, for example, mesan-
gial proliferation, DMS, FSGS, or global glomerular sclero-
sis. Without such changes, the patient is diagnosed as having
MCNS. A study that summarized the problems of this classifi-
cation system emphasized that microcystic tubules are neither
specific nor diagnostic for the Finnish lesion and may be ac-
quired as a consequence of severe proteinuria in the immature
kidney (989).

In many cases DMS is the dominant pathologic picture.
Prognosis is poor, irrespective of whether the onset of disease
is congenital or infantile. Congenital glomerulosclerosis char-
acterized by hyalinized glomeruli in otherwise normal kidneys
also has been found in infants developing nephrotic syndrome
and renal failure early in life. Although such lesions could be
the consequence of intrauterine infections (990), the develop-
ment of DMS more frequently reflects a genetically determined
metabolic or structural abnormality. It is found in a variety of
syndromes associated with the gene for the WT-1 transcription
factor (see discussion of WT1 and Denys-Drash and Frasier
syndromes in the next section). Other entities that have been
associated with the nephrotic syndrome in the first year of life
(246,465,989,991–999) are summarized in Table 64-18.

Age at presentation is an important factor in outcome. In
one study, 97% of 177 patients died or subsequently required
care for ESRD if they presented with nephrotic syndrome in the
first 3 months of life (1000). In contrast, death or end-stage dis-
ease occurred in only 31% of patients with onset of nephrotic
syndrome between the ages of 3 and 12 months. In an effort
to identify children with the most severe, progressive disease,
the ratio of urinary heparan sulfate to chondroitin sulfate was
measured in 37 patients and 17 healthy controls. Patients with
Finnish-type disease, DMS, and focal sclerosis had elevated ra-
tios, whereas children with MCNS had results similar to those
of normal subjects (1001).

However, it is advisable to determine the nature of the le-
sion by tissue diagnosis as early as possible after the initial
presentation, since early intervention is optimal. Congenital
nephrotic syndrome is associated with profound malnutrition,
dehydration, hypercoagulability, and hypothyroidism. All of
these problems are amenable to medical therapy. Patients may
be stabilized with daily or even more frequent albumin infu-
sions, enteral hyperalimentation, anticoagulants, and thyroid
replacement. In some cases, uninephrectomy or even bilateral
nephrectomy is required to overcome the effects of severe pro-
tein loss. It is our practice to begin with albumin infusions and

TA B L E 6 4 - 1 8

CAUSES OF THE NEPHROTIC SYNDROME IN THE
FIRST YEAR OF LIFE

Relatively common
Congenital nephrotic syndrome of the Finnish (inherited)

type
Other congenital nephrotic syndromes

Less common
Diffuse mesangial sclerosis
Focal segmental glomerulosclerosis, congenital

glomerulosclerosis, and hyalinosis
Minimal change nephrotic syndrome (MCNS)
Acquired immunodeficiency syndrome

Rare
Cytomegalic inclusion disease (277)
Hemolytic–uremic syndrome (278)
Mercury intoxication (279)
Nail–patella syndrome (280)
Pseudohermaphroditism (281,282)
Renal vein thrombosis (283)
Syphilis (284,285)
Toxoplasmosis (286)
Wilms tumor (50,287)
XY Gonadal dysgenesis (287)

progress to uninephrectomy in the hope that the child will be
permitted to grow for as much as a year before entering into
ESRD care.

Kidney transplantation for children with congenital
nephrotic syndrome usually is effective with the nephrotic syn-
drome rarely recurring in the recipient. The major exception
is the child with Finnish-type congenital nephrotic syndrome.
Because such children are born without full-length nephrin,
they may recognize intact nephrin in the transplanted kidney
as foreign, developing anti-nephrin antibodies. This problem is
treated most effectively with a combination of plasmapheresis
and alkylating agents (987).

Genetics of FSGS and Collapsing
Glomerulopathy

A major advance in the last decade has been the recognition
of loci responsible for FSGS with Mendelian inheritance (Table
64-19). Molecular diagnosis of mutations, particularly podocin
(NPHS2) and WT1, has now become an important part of
the evaluation of pediatric FSGS. Genotyping for NPHS1 and
NPHS2 is commercially available and is rapidly becoming a
routine part of clinical practice.

As shown in Tables 64-3 and 64-19, the age at presenta-
tion and renal histology help identify the most likely genetic
causes:

■ Congenital nephrotic syndrome: NPHS1 homozygous mu-
tations or NPHS1 + NPHS2 compound heterozygous mu-
tations

■ DMS, congenital presentation: LAMB2
■ DMS, congenital presentation: WT1
■ FSGS, congenital presentation: ITGB4
■ FSGS, infancy/childhood presentation: NPHS2, NPHS1 +

NPHS2, WT1, PAX2, mtDNA, COQ2
■ FSGS, adult presentation: ACTN4, CD2AP, TRPC6,

mtDNA

Collapsing glomerulopathy rarely presents with familial in-
heritance (1002–1004). A single genetic syndrome has been
reported, action-myoclonus-renal failure syndrome, in which
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renal failure occurred in 12 patients from 8 families of diverse
European ethnic background; the gene responsible has not been
identified (1005).

NPHS2

In 2000, Antignac and colleagues identified NPHS2, encoding
podocin, by positional cloning in the evaluation of 14 of 16
families with autosomal recessive steroid-resistant nephrotic
syndrome (1006). Subsequently, NPHS2 mutations have been
identified in steroid-resistant nephrotic syndrome and FSGS
from patients from a wide variety of racial and ethnic back-
grounds (1007–1021). Homozygous or compound heterozy-
gous mutations have been found in 35% of familial autosomal
recessive FSGS and 8% of sporadic FSGS (1022,1023). To date,
all patients have presented by age 25 and most patients present
before age 10.

NPHS2 is a highly polymorphic gene. In Figure 64-15 is
shown the location of 58 NPHS2 sequence variants within the
exon structure, including mutations (defined as variants as-
sociated with renal disease either in homozygosity or in com-
pound heterozygosity, which involves two distinct NPHS2 mu-
tations on different alleles) and sequence variants (nucleotide
variants, which are present in healthy individuals and do
not meet the criteria for mutations). Podocin is a transmem-
brane protein, restricted to the podocyte that contributes to
the maintenance of a normal slit diaphragm. Podocin is lo-
cated within lipid rafts and interacts with other molecules that
constitute the slit diaphragm complex, including nephrin and
CD2AP (1024,1025). Further, podocin facilitates the signal-
ing of nephrin and CD2AP via phosphatidylinositol and AKT
(1026,1027). NPHS2 mutants are either retained within the
endoplasmic reticulum or delivered to the plasma membrane
but fail to associate with lipid rafts (1028). NPHS2 mutants
that are retained within the endoplasmic reticulum are asso-
ciated with earlier onset of FSGS compared to those that are
targeted to the plasma membrane (1029).

In patients with NPHS2 mutations, FSGS can recur follow-
ing renal transplantation, but the risk appears to be lower than
in patients with idiopathic FSGS. Hildebrandt reported recur-
rence in 7 of 20 (35%) patients without NPHS2 mutations and
2 of 24 (8%) patients with NPHS2 mutations (1021). In an up-
date of an earlier publication that reported a surprisingly high

54321 6 7 8Exons
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FIGURE 64-15. NPHS2 (podocin)
gene structure and variants. The
eight exons of podocin are shown
schematically, without portraying
relative size. Mutations within the
coding region (defined as vari-
ants which are associated with
FSGS, when present in homozygos-
ity or compound heterozygosity) are
shown above the structure. Vari-
ants not associated with FSGS are
shown below. Missense mutations
are shown by the change in amino
acid at the given position, with X
denoting a premature stop codon.
Insertions, deletions and splice site
variants are also shown.

rate of recurrence (1030), Ghiggeri and colleagues reported
that 5 of 65 (8%) of subjects with homozygous or compound
heterozygous mutations had recurrence (1022).

The NPHS2 R229Q variant is a common polymorphism,
occurring in approximately 7% of European-derived popula-
tions and approximately 3% of African-derived populations
(1014,1031). The pathologic significance of this variant re-
mains unclear. FSGS has been associated with homozygous
R229Q mutation in only one individual (1021); if this com-
mon polymorphism were sufficient to induce FSGS, one would
expect more cases to have been identified. Tsukaguchi et al.
(1014) found that 11 of 91 African Americans with idio-
pathic FSGS were R229Q heterozygotes, of whom two were
compound heterozygotes with A248V. The prevalence of sim-
ple R229Q heterozygous was not statistically different from
the control population. Conversely, two infants with congeni-
tal FSGS were found to have tri-allelic mutations (compound
NPHS1 heterozygotes with the NPHS2 R229Q mutation), sug-
gesting that the R229Q variant may modify the typical NPHS1
presentation (1013). This finding of gene interaction between
NPHS1 and NPHS2 has recently been challenged (1032). Fi-
nally, the R229Q variant may be associated with microalbu-
minuria in the Brazilian population (relative risk 2.8-fold, p
<0.01) (1031). Therefore, it may be that the R229Q variant
acts in concert with other genetic and environmental factors
to compromise glomerular function but the hypothesis will re-
quire further testing.

WT1

Mutations in WT1, the gene encoding the Wilms tumor sup-
pressor gene 1, cause four syndromes: WAGR (Wilms tumor,
aniridia, genitourinary malformations, retardation), Beckwith-
Wiedemann syndrome, Denys-Drash syndrome, and Frasier
syndrome (1033). The rates of Wilms tumor among these syn-
dromes are widely divergent, ranging from <5% in Beckwith-
Wiedemann syndrome to >90% in Denys-Drash syndrome.
Patients have a single mutant WT1 allele; in XX female pa-
tients with heterozygous WT1 mutations, Wilms tumors fre-
quently have mutations in both alleles, suggesting that loss of
heterozygosity has occurred. The WT1 protein is a transcrip-
tional regulator of genes important in renal development, in-
cluding amphiregulin (1034) and PAX2, and genes important
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FIGURE 64-16. WT1 gene structure, mRNA structure, and mutations associated with kidney disease.
The WT1 gene contains 10 exons (shaded boxes). At least 24 distinct mRNAs are generated, of which 4
predominate (bottom): these either do or do not contain the 17 amino acids encoded by exon 5, based
on alternate splicing, and do or do not contain the three amino acids lysine-threonine-serine (KTS), based
on the use of alternate splice acceptor sites located within intron 9. mRNAs lacking KTS generate more
potent transcriptional activators. The Denys-Drash syndrome is associated with mutations in exons 3 and
4 (associated with normal kidneys) and in exons 7, 8, and 9 (especially the hotspot R394W/Q/L mutation;
all are associated with DMS). Isolated diffuse mesangial sclerosis is also associated with mutations in exons
8 and 9. Frasier syndrome is associated with mutations in intron 9 at position +4 or +5, which disrupt
the second splice acceptor site and lead to an excess of mRNAs that do not encode KTS (KTS-).

in maintaining the differentiated podocyte phenotype, includ-
ing p21Cip1, nephrin (NPHS1), and podocalyxin (1035). As
shown in Figure 64-16, the WT1 gene is composed of 10 ex-
ons, with the last 5 exons encoding the 4 C2H2 fingers com-
prising the zinc finger domain responsible for transcriptional
regulation.

As depicted in Figure 64-16, the WT1 gene undergoes a
complex pattern of alternate splicing, producing at least 24 dis-
tinct mRNAs. Four mRNAs predominate: these do or do not
contain the 17 amino acids encoded by exon 5, based on alter-
nate splicing, and do or do not contain the three amino acids
lysine-threonine-serine (KTS) located between zinc fingers 3
and 4, based on the use of alternate splice acceptor sites located
within intron 9. mRNAs that do not encode KTS (KTS-) gener-
ate more potent transcriptional activators (1036). In cells from
normal individuals, the +KTS/-KTS ratio ranges from 1.5 to 2;
in cells from Frasier syndrome patients with intron 9 splice-site
mutations, the ratio falls below 1, which would increase tran-
scriptional activity (1037). By contrast, Denys-Drash syndrome
is associated with point mutations and premature stop codon
mutations, particularly involving zinc fingers 2 and 3. Many
of the involved mutations disrupt the zinc finger structures,
suggesting that the mutant protein might act in a dominant
negative fashion to suppress or alter activation of target genes
(although this has not been formally demonstrated) (1038).

The Denys-Drash syndrome is a triad composed of
nephropathy (DMS or FSGS), male pseudohermaphroditism,
and Wilms tumor, although many patients lack the full triad
and some may have isolated DMS. Most patients have a 46,
XY karyotype but a 46, XX karyotype can occur. Patients
present commonly with ambiguous genitalia at birth, although

up to 40% are phenotypically female and may present with
primary amenorrhea. Rare patients are phenotypically male.
Nephropathy typically presents in infancy or early childhood,
occasionally at birth. The renal biopsy shows focal or DMS,
or less commonly, FSGS. Patients typically progress rapidly to
ESRD, often within months and almost always by age 10. Mu-
tations in WT1 are found in 90% of patients with Denys-Drash
syndrome (1039–1043). The locations of the mutations are
either in the N-terminal domain (exons 1-3, often in patients
lacking nephropathy) or the exons 7-9, disrupting the zinc fin-
ger domains (especially at R394). Podocyte proliferation has
also been reported, with the development of pseudocrescents
and shrunken glomeruli (881). The authors did not specifically
describe capillary collapse, but these findings suggest that the
Denys-Drash phenotype may occasionally extend to collapsing
glomerulopathy. Slowly progressive FSGS has been reported
with a F392L mutation (1044).

The Frasier syndrome is a triad composed of nephropa-
thy, male pseudohermaphroditism, and gonadoblastoma, al-
though many patients lack the full triad. Patients are most
often phenotypically female. Wilms tumors are not seen. Mu-
tations in the intron 9 splice donor site are uniformly present
(1037,1039,1045,1046). The mutations are usually de novo,
but in one case, maternal inheritance has been described
(1047). Onset of proteinuria is typically between 2 and 18 years
of age, with ESRD reached between 8 and 20 years. FSGS is
most common and occasionally DMS is present. In one case,
a patient with Wilms tumor was shown to have MCN with
mild segmental hypercellularity (1048). FSGS was not demon-
strated in a sample that included more than 100 glomeruli;
nevertheless the patient progressed to ESRD.
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WT1 mutations have not been identified in sporadic FSGS
or collapsing glomerulopathy, but this genomic region may
harbor susceptibility loci. Denamur et al. found only 1 of
37 children with steroid-resistant nephrotic syndrome (SRNS)
or FSGS to have a WT1 intron 9 mutation, and this child
had other manifestations including genitourinary abnormali-
ties (1049). Orloff et al. studied 218 African American FSGS
patients, mostly with adult-onset kidney disease, and found
no pathogenic mutations (1050). They studied two candidate
genes WT1 and WIT1,which lie in close proximity on chromo-
some 11, by genotyping subjects for seven SNPs in WT1 and
one SNP in WIT1. Three SNPs were associated with idiopathic
FSGS or collapsing glomerulopathy (but not HIV-associated
collapsing glomerulopathy): two SNPs in the WT1 gene (OR
1.7) and OR 1.9) and one SNP in WT1 (OR 1.8). One SNP
within a WT1 intron was associated with HIV-associated col-
lapsing glomerulopathy (OR 4.3). Extending these analyses
to haplotypes (particular allelic combinations at multiple loci
along a chromosomal segment), they observed that a haplo-
type comprising one WIT1 SNP and four WT1 SNPs was as-
sociated with HIV-associated collapsing glomerulopathy, but
not idiopathic FSGS or collapsing glomerulopathy. These data
suggest that genetic variation within WT1, WIT1, or nearby
genes, may contribute to susceptibility to both idiopathic
and HIV-associated glomerular diseases in African Americans,
but that the contributions of particular genetic variants are
complex.

ACTN4

Pollak and colleagues identified ACTN4 mutations in three
families with FSGS showing autosomal dominant inheritance
(1051). The mutations (K228E, T232I, R235P, recently renum-
bered as K256E, T260E, S263P) were in exon 8 (out of 21
exons). Affected individuals showed a range of phenotypes,
from microalbuminuria and subnephrotic proteinuria (includ-
ing elderly individuals) to ESRD. Penetrance was incomplete,
as some patients with mutations lack proteinuria. Importantly,
in the cases identified to date, proteinuria does not develop until
adulthood. The α-actinins are actin-binding and cross-linking
proteins; α-actinin-4 is expressed in many tissues. Podocytes
express α-actinin-4 in abundant amounts and the mutant α-
actinin-4 variants were initially shown to bind actin more
tightly than does the wild-type protein. Mutant proteins also
have an increased propensity to form aggregates, which Pol-
lak and colleagues suggest could explain the apparent increase
in actin binding, and the mutant molecules have a greatly de-
creased half-life (798). Two models are proposed: the mutant
protein is unavailable for cytoskeletal interactions or alterna-
tively aggregates are cytotoxic.

ACTN4 null mice develop glomerular disease, consisting
of foot-process effacement and GBM duplication, but in con-
trast to humans, two abnormal genes are required (797). In-
terestingly, heterozygous transgenic mice expressing the mouse
homolog of the human K256E ACTN4 mutation develop pro-
teinuria and FSGS (805). Nephrin mRNA and protein expres-
sion, but not synaptopodin protein expression, were reduced
in mouse podocytes in vivo, suggesting that cytoskeletal al-
terations affect the podocyte transcriptional program. By con-
trast, homozygous knock-in mice bearing ACTN4 K228E man-
ifested proteinuria and podocyte abnormalities but did not
develop FSGS (798). These discrepancies between the two
mouse models may indicate the limitations of this model sys-
tem, perhaps due to the short life of the rodents, to model a
disease that takes decades to develop in humans.

CD2AP

CD2-associated protein (CD2AP) was first identified as an
adaptor protein that interacts with the cytoplasmic tail of

CD2. Surprisingly, homozygous CD2AP null mutation mice
develop diffuse global glomerulosclerosis (794) and heterozy-
gotes develop FSGS (795). Subsequently it was demonstrated
that CD2AP is expressed in podocytes, co-localized with
F-actin in lamellipodia of cultured podocytes (1052) and to
the slit diaphragm in vivo (1053). CD2AP interacts with
F-actin (1054) and nephrin (1027,1055). CD2AP interacts
with phosphatidylinositol 3-kinase, stimulating the AKT sig-
naling pathway and suppressing apoptosis (1056). In a study
of 45 African Americans with FSGS and collapsing glomeru-
lopathy, 6 CD2AP variants were identified. One variant, af-
fecting the splice effector site in exon 7, changes amino acid
coding (P243S) and generates a truncated protein (795). Two
unrelated FSGS patients had the P234S variant; one patient
lacked a family history of kidney disease and the other pa-
tient had two family member with kidney disease of uncertain
cause. Family studies of these individuals have not been per-
formed, and so it remains unclear whether the variant is truly
pathogenic.

TRPC6

Winn et al. recently reported that a missense mutation (P112G)
in TRCP6 (a member of the transient receptor potential chan-
nel protein family) was responsible for autosomal dominant
FSGS in a New Zealand family of British origin (1057). Af-
fected individuals presented in the third or fourth decades of life
with heavy proteinuria and 60% progressed to ESRD. TRPC
proteins are nonselective cation channels, which increase cal-
cium flux in response to diacylglycerol. TRCP6 is expressed
in the glomerular cells, probably including the podocyte, and
the P112G mutant protein exhibits increased activity (1057).
TRCP6 participates in VEGF receptor signaling (1058). Thus,
it is possible that increased signaling via the VEGF or other
receptors induces podocyte injury.

Mitochondrial Proteins: Mutations in Mitochondrial
and Nuclear Genomes

The mitochondrial genome consists of a circular DNA
molecule, approximately 16 kb in length. Mitochondrial DNA
(mtDNA) encodes 13 essential subunits of the respiratory
chain, 22 transfer RNA (tRNA) molecules, and 2 ribosomal
RNA molecules. Cellular DNA replication is accompanied by
mtDNA replication. mtDNA has a high rate of mutation when
compared to nuclear DNA. Somatic cells possess 10 to 1,000
copies of mtDNA, whereas the oocyte has ∼100,000 copies.
When an mtDNA mutant arises or is inherited from a precur-
sor cell, it exists in pool of mtDNA that includes wild type
and mutant; this variety is termed heteroplasmy, and at least
theoretically can range from near 0% to near 100%.

The MELAS syndrome involves children who present with
mitochondrial encephalopathy, lactic acidosis, and strokelike
episodes. In 1990, Goto et al. identified an mtDNA mutation
in 26 of 31 MELAS patients; this mutation is located at po-
sition 3243 of mtDNA (A3243G) and involves mitochondrial
tRNALeu (1059). MELAS has been associated with FSGS in
both children and adults, with at least 14 reports describing
patients with FSGS (1060–1074). Of a total of 30 patients
with FSGS described in these reports, 17 children had typi-
cal MELAS syndrome and FSGS and 13 pediatric and adult
patients presented in an atypical fashion, either with isolated
FSGS or with deafness or type 2 diabetes or both. Importantly,
the extrarenal manifestations may become apparent only after
renal disease has appeared, with a lag time in some cases of
many years. The diagnosis requires evaluation of mtDNA by
re-sequencing or by other molecular techniques. Due to het-
eroplasmy, leukocyte DNA may or may not show the muta-
tion, and it may be important to test urinary cells or kidney
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tissue. Of the 30 patients with FSGS, all but 2 patients have had
the A3243G mutation; single patients have been described with
other tRNA mutations: tRNAIle A269G (1063) and tRNATyr

A5843G (1064).
The mechanism of glomerular injury is not well understood,

but giant (and presumably abnormal) mitochondria are present
in podocytes and tubular epithelial cells (1072). Some patients
have isolated tubulointerstitial nephritis, raising the possibility
that in some cases FSGS could arise as a postadaptive response
to nephron loss.

Recently, a mutation in the nuclear gene encoding the en-
zyme coenzyme Q synethase 2 (COQ2) has been indentified
as cause of at least some cases of autosomal recessive infantile
encephalopathy and nephropathy syndrome, where the renal
histology typically shows FSGS (1074a). COQ2 is an essential
enzyme in the synthesis of COQ10, also known as ubiquinone.
COQ10 plays an important role in electron transport within
the mitochondrion, and also serves as an antioxidant. Children
with the syndrome present as infants or in some cases as young
children; they may also manifest with cerebellar ataxia, sen-
sorineural deafness, and myopathy involving skeletal muscle
and heart. Other mutations in COQ10 synthetic enzymes may
well exist and will likely present as phenocopies, with similar
syndromic features.

Oligomeganephronia

Oligomeganephronia is characterized by bilateral renal hy-
poplasia without dysplasia or urinary tract abnormalities.
Pathologic findings include diminished nephron number and
glomerulomegaly, leading ultimately to postadaptive FSGS. Re-
nal function is typically impaired from birth, rises as an ab-
solute value during development, reaches a plateau in early
childhood, and begins to decrease in middle or late child-
hood. By contrast, children and adults who present with a
single kidney most commonly have renal aplasia rather than
renal agenesis; the distinction lies in the fact that a small kid-
ney is present at birth and subsequently undergoes regression
(1075). This is a common finding, affecting 1:1,300 newborns,
and does not appear to be associated with oligomeganephronia
or FSGS.

Oligomeganephronia occurs in the setting of several con-
genital syndromes. The renal-coloboma syndrome is due to
mutations in PAX2, one of a family of homeobox genes, encod-
ing paired-box-containing transcription factors (1076). These
children may present with syndromic oligomeganephronia, ac-
companied by ocular defects, or isolated oligomeganephro-

nia (1077,1078). The acro-renal ocular syndrome may include
various urinary tract abnormalities including renal hypoplasia
(1079); some cases overlap with syndromes associated with
SALL4 mutations (1080). Patients with branchio-oto-renal
syndrome present with mixed hearing loss, bilateral branchial
cleft fistulas, and bilateral renal dysplasia; the gene responsible
is unknown. The bilateral renal agenesis or dysplasia syndrome
may be familial, with dominant inheritance (1081). The locus
has not been identified.

FSGS Susceptibility Genes

The mutations listed in Table 64-19 have been associated with
FSGS that is inherited in typical Mendelian fashion, and addi-
tional genes are likely to be identified in the years ahead. As
noted in the preceding text, there are striking racial discrep-
ancies in the incidence of FSGS that may be due to genetic
variation, but the loci responsible are not well understood. It is
likely that there is a subtle interplay between genetic suscepti-
bility factors (genes, nephron number), environmental factors
(viruses, toxins), and risk factors (obesity, hypertension, di-
etary protein) that determines risk for both idiopathic FSGS
and postadaptive FSGS. Therefore, FSGS likely fits the pat-
tern of a complex genetic disease, like hypertension, type 2
diabetes, and asthma, in which multiple genes are believed to
interact with each other and with environmental factors. The
search for susceptibility genes is challenging and requires con-
vincing evidence of association. The probability of false posi-
tive identification is high, given the many genes and the many
polymorphisms that can be tested. A convincing case that a
polymorphism (or better, a haplotype covering most or all of
a gene) is relevant, requires significant associations that are
reproduced in multiple studies, ideally in geographically (and
possibly racially) diverse populations.

The ACE gene is highly polymorphic, but most published
renal disease association studies have focused on a single poly-
morphism: the intron 16 Alu element insertion/deletion poly-
morphism. This variant has not been shown to alter gene
expression, but could conceivably be in linkage disequilib-
rium with pathogenic mutations. In Table 64-20 are presented
the results of eight studies including a total of 324 patients
(1082,1083) and other references. Although the results are not
consistent in all populations, some evidence suggests that the
D allele is weakly associated with FSGS in Asian populations
and stronger evidence indicates that the D allele (or perhaps
the DD genotype) may increase the risk for progressive loss of
renal function.

TA B L E 6 4 - 2 0

ASSOCIATION STUDIES OF ACE INSERTION/DELETION GENOTYPES AND FOCAL SEGMENTAL
GLOMERULOSCLEROSIS (FSGS) AND FSGS PROGRESSION RISK

Country, year FSGS cases (N) Disease association Progression association Reference

Germany, 1997 17 No association No association (1084)
Korea, 1997 30 DD DD (1083)
Israel, 1998 47 No association ID, DD (1085)
Croatia, 2000 39 No association DD (1086)
USA, 2002 47 No association DD (744)
Japan, 2001 43 DD, ID No association (1082)
Germany, 2003 71 No association ID, DD (1087)
Turkey, 2004 30 No association DD (1088)

Eight published studies were identified that correlated the prevalence of the insertion/deletion ACE genotypes (II, DD, or ID) in FSGS cases and
controls or progression risk (variously assessed as glomerular filtration rate [GFR] decline slope or end stage renal disease [ESRD] incidence).
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Treatment of FSGS and Collapsing
Glomerulopathy

The goal of treatment of all podocyte diseases is to reduce pro-
teinuria to normal (ideally) or alternatively to the lowest level
possible. There is increasing evidence that the level of protein-
uria predicts long term outcome. The definitions of response
are presented in Table 64-10.

Treatment of Children

Approaches to pediatric FSGS show considerable heterogene-
ity. In 1997, Vehaskari surveyed 181 members of the American
Society of Pediatric Nephrology to learn their therapeutic prac-
tices (1089). Daily glucocorticoid therapy lasting more than
3 months was used often or sometimes by 50% of respondents
(which the author found surprising, as there are no trials of
this approach in children). Intravenous glucocorticoids were
used often or sometimes by 52% of respondents. Oral cyto-
toxic therapy (cyclophosphamide or chlorambucil) were used
often or sometimes by 85% of respondents. The combination
of intravenous glucocorticoids plus oral cytotoxic therapy (the
Tune-Mendoza protocol and variants) was used often or some-
times by 44% of respondents. Cyclosporine was used often or
sometimes by 74% of respondents. ACE inhibitors were used
often or sometimes by 92% of respondents.

Glucocorticoids. Because younger children undergo a thera-
peutic trial of corticosteroid prior to biopsy, they may be con-
sidered by the standard ISKDC nomenclature to be steroid
resistant by the time they are diagnosed as having FSGS. How-

ever, most pediatricians do not wait for 8 to 12 weeks of nonre-
sponse before performing a biopsy, and the ISKDC standard is
sufficiently narrow that it does not preclude the possibility that
patients will respond to some form of glucocorticoid therapy.
Of those patients who are found to have FSGS, about 15% will
respond to conventional oral steroid therapy and have a high
likelihood of retaining kidney function long term. The remain-
ing 85% of patients are steroid-resistant and are at substantial
risk to progress to ESRD (1090).

More commonly, however, a more aggressive regimen is nec-
essary for steroids to be effective. In the Tune-Mendoza treat-
ment regimen (Table 64-21), patients receive high-dose, intra-
venous boluses of methylprednisolone (1093) with or with-
out an accompanying alkylating agent (1091). On this regi-
men, more than half of patients developed stable remission
and the majority had normal renal function several years later
(1094,1095). However, treatment is accompanied by signifi-
cant steroid toxicity, including neoplasm (1095) and serious
infection (1096). The frequent administration of high-dose, in-
travenous medications also is labor-intensive. Nonetheless, this
protocol continues to be used by a significant number of pedi-
atric nephrologists (1097).

Calcineurin Inhibitors. As an alternative to prolonged gluco-
corticoid therapy, cyclosporine has been the subject of sev-
eral randomized trials in pediatric SRNS. The New York-New
Jersey Pediatric Nephrology study group randomized 25 pa-
tients to cyclosporine (3 mg/kg, to achieve a trough level of
300 to 500 ng/mL) or placebo treatment for 6 months (1098).
Proteinuria decreased by 71% in the cyclosporine group and
was unchanged in the placebo group, although the CR and

TA B L E 6 4 - 2 1

COMPARISON OF STEROID DOSES FOR STEROID-RESISTANT NEPHROTIC SYNDROME OR FSGS

Child, (28 kg, Adult (80 kg,
128 cm = 1 m2) 180 cm = 2 m2)
Total prednisone Total prednisone

Protocol Ref. Age group Duration equivalent (g) equivalent (g)

Tune-Mendoza
MP 30 mg/kg IV three times weekly W1–2
MP 30 mg/kg IV weekly W3–10
MP 30 mg/kg IV every 2W W11–18
MP 30 mg/kg IV every 4W W19–50
MP 30 mg/kg IV every 8W W51–82

(1091) Children 82 weeks 43.9 NA

Waldo
MP 20 mg/kg IV three times weekly W1–2
MP 20 mg/kg IV weekly W3–10
MP 20 mg/kg IV every 2W W11–26
MP 20 mg/kg IV every 4W W27–78

(1092) Children 78 weeks 24.0 NA

Commonly-used adult regimen
Prednisone 1 mg/kg orally, W1–16
Prednisone 0.5 mg/kg orally, W17–24
Prednisone taper off, W26–32

(1148) Adults 32 weeks NA 12.6

NIH FSGS Dexamethasone
25 mg/m2, 4 pulses orally every 4 W Unpub. Adults 32 weeks (5.0)

No pediatric
patients treated

10.0

MP, methylprednisolone; W, weeks. In the Tune-Mendoza and Waldo protocols, MP doses are capped at 1 g/dose. The conversion to
prednisone-equivalent doses assumes 100% bioavailability and that the equipotent antiinflammatory doses are as follows: hydrocortisone 1,
prednisone 4, methylprednisolone 5, and dexamethasone 25. Importantly, the Tune-Mendoza protocol also involves intermittent cyclophosphamide
therapy.
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PR responses are not provided. In one uncontrolled pediatric
study, very high-dose cyclosporine was used to counteract
the hyperlipidemia of unresponsive nephrotic patients (1099).
In a smaller, double-blind controlled study, significant reduc-
tion in urinary protein was accomplished in patients receiv-
ing cyclosporine treatment (1100). Large, prospective studies
have shown that cyclosporine may be at least as effective as
high-dose methylprednisolone in treating FSGS (1101,1102).
Tacrolimus has been used in a small number of steroid-resistant
nephrotic patients including some with FSGS. The drug helped
to control the level of urinary protein loss in some of these pa-
tients (1103). Given the positive results with cyclosporine and
the potential benefits of tacrolimus data, calcineurin inhibitors
are used frequently by the clinician treating steroid-resistant
FSGS in children.

Cytotoxic Therapy. The response of children with FSGS to
treatment with cytotoxic drugs has been extensively studied.
A review of nine series involving children (702) revealed that
23% of 247 children with FSGS were steroid-responsive; 70 of
the patients were treated with cytotoxic drugs, and 21 (30%) of
the 70 responded; at the time of their last examination, 19.5%
of the 247 children were in remission. It was not possible to
determine how many of these children had FSGS documented
when they presented with nephrotic syndrome and how many
were found to have this lesion only when they became steroid-
resistant after having previous episodes of steroid-responsive
nephrotic syndrome. Although chlorambucil (1104) and intra-
venous boluses of cyclophosphamide (12) have been reported
to be effective, these agents have not been evaluated in a larger,
prospective controlled trial.

Treatment of Adults

There is a wide range of therapeutic approaches to adults with
FSGS and collapsing glomerulopathy. (For simplicity, the fol-
lowing discussion will use the term FSGS for both conditions,
as most references have not distinguished between the two
disorders.)

Glucorticoids. Glucocorticoids are widely accepted as initial
therapy for adult FSGS and collapsing glomerulopathy, al-
though there is considerable controversy as to dose and du-
ration of therapy and no randomized controlled trials have
been carried out. The mechanism of action is unclear. Pos-
sible mechanisms include immunosuppression, activation of
podocyte anti-oxidant enzymes (1105), and stabilization of the
podocyte cytoskeleton (1106).

In Table 64-22 are summarized nine studies of glucocor-
ticoid therapy for adult FSGS that have been reported in the
last 20 years. Two studies included patients who received ad-
ditional immunosuppressive therapy: 10% of patients in the
Chicago study and 41% of patients in the Toronto study re-
ceived such therapy; studies with more than 50% of patients
treated with nonglucocorticoid therapy were excluded from
this summary. Eight reports provide attained CR and PR rates,
with relapse rates provided in four studies; the North Carolina
study provided only sustained CR rates at follow-up. Two stud-
ies were prospective, uncontrolled trials and seven studies were
retrospective analyses. Entry criteria included nephrotic-range
proteinuria in five studies. Exclusion criteria included collaps-
ing glomerulopathy in the North Carolina study, postadaptive
FSGS, variously defined, in all but the Toronto study, and im-
paired GFR in the Italian study (patients with serum creatinine
levels of >3 mg/dL). Although most patients in these studies
likely had idiopathic FSGS, diagnostic standards for postadap-
tive FSGS have differed, so it is quite possible that some pa-
tients had postadaptive FSGS. The mean or median duration of
high-dose daily glucocorticoid therapy (generally prednisolone

or prednisone 1 mg/kg/day) was 2 to 4 months, and the du-
ration of total therapy was a mean or median 3 to 9 months.
Two studies used pulse therapy, either as initiation or as sole
treatment.

Does glucocorticoid therapy increase the likelihood of re-
mission? Spontaneous remission is rare, occurring with con-
servative treatment in 4% (two patient with CR) (1090) and
6% (two patients with PR) (1108). As shown in Table 64-22,
with treatment, CR rates ranged from 0% to 44% and com-
bined remission rates (CR plus PR) ranged from 33% to 59%
(with data on PR lacking from two studies). None of the stud-
ies were randomized, but three studies described the outcome
in a comparison group that did not receive immunosuppres-
sive treatment. Rydel et al. reported that remission rates were
higher with treatment (CR 33%, PR 17%) than with conser-
vative treatment (CR 0%, PR 7%) (1108). Conversely, Stiles
et al. noted that remission rates were similar in patients receiv-
ing either prednisone (0% CR, 42% PR) or conservative ther-
apy including ACE inhibitors (0%, 60% PR) (1111). Frances-
chini et al. found that CR rates at 18 months of observation
were similar with prednisone (11%) and conservative therapy
(11%), but did not provide PR rates; it appears that CR is un-
common with ACE inhibitor and angiotensin receptor blocker
(ARB) therapy (1110). One consideration is that aggressive use
of ACE inhibitors for proteinuric patients is a relatively recent
phenomenon, becoming more common after the publication of
the landmark captopril trial in diabetic nephropathy in 1993
(1112). This might explain the lower response rate in the con-
servative treatment group observed by Rydel and colleagues
(patients diagnosed 1975 to 1993), compared to Stiles and col-
leagues (patients diagnosed from 1992 to 1999).

Does a longer total duration of glucocorticoid therapy im-
prove the chance of remission (combined CR plus PR) or CR?
Two intrastudy comparisons argue for this hypothesis and
two argue against this hypothesis. In the Italian study, pa-
tients treated longer than 16 weeks were also more likely to
reach CR than those treated less than 16 weeks (61% versus
15%, relative risk 4.0, p <0.01). Multivariate analysis indi-
cated that only duration of glucocorticoid therapy (and not
other clinical or histologic variables) predicted CR. These au-
thors found that most responders entered remission after 6
months of therapy, although this observation derives from all
treated patients (adults and children, glucocorticoids and other
immunosuppressive therapy). In the Lucknow study, patients
treated for more than 16 weeks were more likely to remit than
those treated for less than 16 weeks (p <0.01); the relative risk
of remission was similar in nephrotic and non-nephrotic pa-
tients (1.6 and 1.5, respectively), although treatment duration
was not significantly different between remitters and nonremit-
ters in either group studied alone. Conversely, in the Chicago
study, duration of daily prednisone therapy was similar in re-
mitting patients and in nonremitting patients (5.7 versus 5.5
months). In the Toronto study, the median duration of daily
prednisone was similar for those patients in CR at follow-up
and those not in CR (5 months compared to 6 months). Fur-
thermore, the median time to CR was 4 months, with a range
of 0.5 to 6 months, which the authors interpreted to mean that
therapy beyond 6 months is unlikely to add to the response
rate.

Does a longer duration of high-dose daily therapy improve
the chance of remission? Only one (retrospective) study ad-
dresses this hypothesis. In the Chicago study, duration of daily
prednisone at a dose of ≥60 mg per day was greater in remit-
ting patients than in nonremitting patients (mean 2.7 months
versus mean 1.5 months, p <0.01, and median 3 months versus
median 1 month).

How do the high-response rate studies differ from the
low-response rate studies? The studies can be arbitrarily di-
chotomized into four high-response studies (CR ≥25%) and
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four low-response studies (CR <25%). The North Carolina
study is excluded because it did not provide attained response
rates and provided sustained response rates at follow-up. The
high-response studies (Chicago, Toronto, Italy, and Lucknow)
showed CR rates of 25% to 44% and combined response rates
of 50% to 59% (PR data were not provided in the Toronto
study). The low-response studies (New Delhi, New Zealand,
Washington DC, and Bethesda) showed attained CR rates of
0% to 21% and combined response rates of 33% to 42%.
(The Lucknow study would have been classified as a high-
response study (31% CR) if the analysis excluded lost patients,
as the authors proposed). A qualitative interstudy compari-
son of the high-response studies with the low-response studies
follows:

■ Similar prevalence of African Americans in high-response
studies (0, 0, 0, 63%) and low response studies (0, 0, 50,
83%)

■ Similar mean duration of high dose daily glucocorticoid ther-
apy (approximately 1 mg/kg) in high-response studies (8, 8,
12, 12 weeks) compared to low-response studies (7, 10, 16
weeks; not applicable in the Bethesda study)

■ Similar minimum duration of high dose daily glucocorti-
coid therapy (approximately 1 mg/kg), specified in only three
studies: high-response studies (8 weeks in the Chicago study)
versus low-response studies (6 weeks in the New Zealand
study, 8 weeks in the New Delhi study)

■ Similar use of daily glucocorticoid therapy (as opposed to
alternate day or intermittent pulse therapy) in high response
studies (3 of 3 studies, excluding the Italian study which
used both) and low response studies (3 of 4 studies; the
Washington DC study used alternate day therapy in 17%
and the Bethesda study using pulse therapy in 100%)

■ Similar mean/median total duration of glucocorticoid ther-
apy in high-response studies (3, 5, 5.5, 5 months) compared
to low-response studies (4, 6 months; not applicable in the
Bethesda study and no data from the New Zealand study)

■ Similar total prednisone equivalent doses in high-response
studies, when data were provided (5.6, 6.4, 6.4 g) compared
to low-response studies (8.4, 8.6 g)

■ More use of other immunosuppressive therapy in high re-
sponse studies (2 of 4 studies) than in the low-response stud-
ies (0 of 4 studies)

Although these interstudy comparisons are qualitative in
nature, because of the limitations of varying study design and
study reporting, they do not suggest any compelling hypothe-
ses to explain the difference between high-response and low-
response studies.

Relapses were common, occurring in 38% to 67% of re-
mitting patients. Often, patients who experienced relapse were
brought back into remission with additional glucocorticoid
therapy or other treatment. Surprisingly, remission status at last
follow-up was generally higher with greater length of observa-
tion (duration from presentation or from initiation of therapy),
ranging from 11% (CR only, mean 18 months observation)
through 21% (CR plus PR, mean 20 months observation) to
46% (CR plus PR, mean 79 months observation) and 44%
(CR only, 155 months).

Do children respond better than adults to therapy, including
with glucocorticoids? In the only study that compared children
and adults, Cattran et al. suggested that CR rates were similar
in children (47%) and adults (44%) (1090).

Can clinicians identify patients who are most likely to re-
spond to glucocorticoid therapy? Shiiki et al. studied the like-
lihood of response to any immunosuppressive therapy in 35
adults with idiopathic FSGS, of whom 66% experienced a CR
or PR, and found the following were significant predictors of
nonresponse on multivariate logistic regression analysis: larger
mean glomerular diameter (OR 2.93, CI 1.07–7.92, p = 0.04)

and more severe tubulointerstitial changes (OR 8.86, CI 1.06–
43.9, p = 0.04) (1113). By contrast, other investigators study-
ing 30 adult FSGS patients (1108) and 81 adult FSGS patients
(1114) could not identify any clinical or histologic features that
predicted response to therapy on multivariate analysis.

What is the toxicity of a prolonged course of glucocorti-
coid therapy in adults? There are few published data on the
toxicity of daily prednisone when used for FSGS. The Toronto
study, with mean observation time of 155 months, reported
four deaths (two patients who received only glucocorticoids,
one patient who had received glucocorticoids and cyclophos-
phamide, and one patient who received neither). The Washing-
ton, DC study, with a mean observation time of 18 months, re-
ported that 41% of patients experienced severe adverse events
(diabetes mellitus, hypertension exacerbation, cellulitis, and se-
vere myopathy). In the Lucknow study, 16% of patients expe-
rienced significant adverse events (diabetes mellitus, infections,
Cushingoid facies, and dyspepsia).

Is alternative day glucocorticoid therapy an effective op-
tion, with the prospect of less toxicity? This regimen is widely
used, particularly for patients who are at increased risk of ad-
verse events, but the published data supporting this regimen are
sparse. In 1977, Bolton et al. reported on the treatment of 81
adult patients with nephrotic syndrome, including 10 patients
with FSGS, using prednisone 60 to 120 mg on alternate days for
up to 10 years (1115). In the FSGS group, CR or PR (defined
as a >50% decrease and <3 g/day) occurred in 3 (30%). In
the entire patient group, the regimen was well tolerated, being
associated with one adverse event per 12 patient-years of ther-
apy. These adverse events included Cushingoid facies (10%),
cataracts (6%), bone disease (5%), psychosis (1%), cytopenia
(7%), infection (2%), and stroke (2%). Nagai et al. reported
a case series of 17 patients older than age 60 with FSGS; 82%
were nephrotic. Nine patients received 100 mg prednisone on
alternate days, with two patients also receiving oral cyclophos-
phamide (1116). Five patients entered remission (4 CR, 1 PR),
all of whom received prednisone only. A control group of 8
patients did not receive treatment and experienced only 1 PR.
Two patients died during follow-up (of pancreatic cancer and
stroke); other adverse events were not described. These lim-
ited data do support further studies of alternate-day therapy.
Some patients in the North Carolina study received alternate-
day prednisone, but there no data were presented comparing
daily and alternate day therapy (1110).

If the high response-rate studies suggest that total therapy
duration in excess of 4 months is desirable, does intermittent
pulse therapy for an extended duration offer similar efficacy
with an acceptable safety profile? The Bethesda study was a
small open-label study of oral pulse dexamethasone (25 mg/m2,
given on each of the first 4 days of each 4 week cycle), admin-
istered over 32 weeks to 14 patients (1117). A distinguishing
feature of the inclusion criteria was nephrotic proteinuria de-
spite aggressive ACE inhibitor or ARB therapy, which might
be expected to reduce the PR rate compared to studies that
added these agents as part of the regimen. The efficacy out-
comes would place this study in the low-response category: CR
response rate (7%) and combined CR and PR response rates
(36%). A low rate of adverse events was observed, limited to
bone loss exceeding 3% in one patient (7%) and no hyperten-
sion, diabetes mellitus, avascular necrosis, glaucoma, cataract,
or adrenal suppression.

Calcineurin Inhibitors and Cytotoxic Therapy. The literature
on glucocorticoids is extensive due to the number of stud-
ies available and the controversies involved. By contrast, cal-
cineurin inhibitors, and cyclosporine in particular, are gener-
ally accepted as standard therapy, although these agents do
have significant limitations. Cyclosporine has been used to treat
FSGS for approximately 20 years, as reviewed recently (1118).
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Six studies have suggested combined CR and PR rates of
30% to 80%, CR rates of 0% to 25%, and relapse rates of 43%
to 100% (699,1119–1123). Two of these trials were prospec-
tive trials. Ponticelli et al. studied 28 adult patients and 19
pediatric patients with FSGS; of those receiving cyclosporine
57% experienced CR or PR and 40% of these remained in
remission after 2 years (1124). In the highest quality study,
Cattran et al. studied 49 adult FSGS patients with steroid re-
sistance, defined as nephrotic proteinuria despite ≥8 weeks of
glucocorticoid therapy (1123). Patients were randomized to
cyclosporine or placebo, together with low-dose prednisone
(0.15 mg/kg/day). At the end of the study, CR occurred in
12% of the treatment arm and 0% of the control arm, whereas
PR (defined as a 50% decrease in proteinuria, becoming sub-
nephrotic, and a preserved GFR) occurred in 57% of the treat-
ment arm and 4% of the control arm. At 78 weeks and again
at 104 weeks of follow-up, 50% of those with CR and PR
had experienced relapse. Cyclosporine also significantly re-
duced the chance of doubling serum creatinine over a 2-year
period. Taken together, these six studies show a consistent ef-
fect of cyclosporine to reduce proteinuria in patients with FSGS
(and possibly collapsing glomerulopathy, although this diagno-
sis was not standard when these trials were carried out).

Current recommendations are typically to initiate cy-
closporine therapy at a dose of 3.5 mg/kg per day in a divided
dose, with dose adjustment to achieve trough levels of 125 to
225 ng/mL (some nephrologists might aim for the slightly lower
level, perhaps 100 to 150 ng/mL) (1125). Prednisone is not gen-
erally added, unless a patient is already receiving it. Given the
high relapse rate, many nephrologists opt to extend therapy
to 1 or 2 years, or in some cases for a longer duration. A note
of caution about pursuing prolonged cyclosporine therapy was
raised by Meyrier and colleagues, who noted that histologic in-
jury progressed in some patients, including some patients who
remained in CR (1126). Risk factors for histologic progression
included cyclosporine dose >5.5 mg per day, renal insufficiency
prior to initiating cyclosporine therapy, and a high percentage
of glomeruli with FSGS on initial renal biopsy. It seems prudent
to taper cyclosporine over several months when a patient has
been in CR or PR, rather than abrupt cessation of therapy, but
there are no published data that support this recommendation.

There are limited data addressing the use of tacrolimus in
FSGS. Three studies involving a total 29 patients have been
published: one study in children (711) and two studies in adults
(1103,1127). There is no reason to predict that tacrolimus
would be superior to cyclosporine in terms of nephrotoxicity,
and the response rates appear to be similar to those seen with
cyclosporine. The toxicity profile differs between cyclosporine
and tacrolimus and this may influence the selection medication
for a particular patient.

The mechanisms by which cyclosporine and tacrolimus re-
duce proteinuria, in primary podocyte diseases and in other
glomerular diseases, are unknown. The immunosuppressive
action of these agents may contribute, but there is no evi-
dence that this is the case. Sharma et al. demonstrated that
cyclosporine antagonizes the permeability enhancing proper-
ties of FSGS permeability factor on isolated rat glomeruli, sug-
gesting that cyclosporine may have direct effects on glomerular
cells (1128,1129).

Cytotoxic therapy, including cyclophosphamide and chlo-
rambucil, plays a very limited role in adults with steroid-re-
sistant FSGS and collapsing glomerulopathy. Korbet et al.
reviewed the literature and found that among 105 steroid-
resistant patients, cytotoxic therapy was associated with CR
in 11% and PR in 11% (1130). By contrast, the responses
were better among 33 steroid-responsive patients (CR 52%,
PR 24%), suggesting that in the patient with steroid-dependent
or frequently relapsing FSGS, these agents may be a reasonable
choice.

Mycophenolate Mofetil. Cyclosporine has demonstrated but
limited efficacy in treatment of FSGS, and has the drawbacks of
exacerbating hypertension and potential nephrotoxicity with
prolonged therapy. Mycophenolate mofetil (MMF) is an ap-
pealing alternative therapy. Choi et al. in Baltimore reported re-
sults with MMF used in clinical practice in 18 adults with FSGS
(at least one of these patients had collapsing glomerulopathy)
(1131). CR was defined as a urine protein/creatinine ratio of
<0.3; PR was defined as a ≥50% fall in the urine protein/
creatinine ratio. MMF was administered for a mean of
8 months (range 4 to 22 months) to 9 nephrotic patients, 7 of
whom also received glucocorticoids. At the end of treatment,
1 patient was in CR, 3 in PR, and 5 did not respond (response
rate 44%). At follow-up, 2 patients were in CR (MMF contin-
ued and 8 months after MMF withdrawal, respectively) and 1
patient was in PR (12 months after MMF withdrawal), for a
sustained response rate of 33%.

Cattran et al. reported the results of a prospective, multicen-
ter uncontrolled study of patients with glucocorticoid-resistant
FSGS in Toronto, Baltimore, and New York (1132); 18 patients
participated, of whom only 22% were African American. Ther-
apy consisted of 6 months of MMF (dosage 1.5 g/day, actual
duration 3 to 18 months, as two patients were noncompli-
ant) combined with prednisone (0.25 mg/kg/day, tapered to a
maximum of 10 mg/day over 6 weeks). Inclusion criteria in-
cluded nephrotic range proteinuria and creatinine clearance
≥30 mL/minute/1.73 m2. Outcomes included 0 CR; 6 PR (de-
fined as 50% fall, becoming subnephrotic, and stable GFR),
33%; 2 patients with proteinuria response (defined as 50% fall
in proteinuria), 11%; and 10 patients with no response, 56%.
Among the 6 PR, further follow-up included 1 CR on MMF
plus cyclosporine, 1 continued PR on MMF, 2 sustained PR
off MMF (duration of observation off therapy approximately
10 months) and 2 relapses off MMF. Therefore, the sustained
PR off-therapy was 12% (2/16 patients, with 2 patients con-
tinuing therapy). These results are less favorable than those
from the initial single-center report. Further studies are needed
to examine efficacy, in particular, sustained remission rates, in
additional populations.

Effect of Immunosuppressive Therapy on Renal Survival. Does
immunosuppressive therapy (glucocorticoids alone or gluco-
corticoids combined with other therapy) increase the likeli-
hood of renal survival? There are no randomized controlled
studies that address this question, and, therefore, the possi-
bility of treatment selection bias limits the utility of the four
nonrandomized studies that are available. Alexopoulos et al.,
in a study from Greece, found improved survival in treated
nephrotic patients compared with untreated nephrotic patients,
with 5-year renal survival of 86% versus 65% (p <0.03 by
Kaplan Meier survival analysis (1133). Four retrospective stud-
ies were identified that provided outcome analysis for im-
munosuppressive treatment and control groups, with separate
identification of nephrotic and non-nephrotic patients (Table
64-23). A pooled analysis of these studies shows that im-
munosuppressive therapy is associated with relative risk of
ESRD of 0.52 (CI 0.32–0.84, p = 0.02) in nephrotic patients
and 0.45 (CI 0.11–1.84, p = NS) in non-nephrotic patients.
Therefore, the treatment-effect size is similar in nephrotic and
non-nephrotic patients, but only in nephrotic patients is the
treatment effect statistically significant. The Greek study is
an outlier in two respects: use of other immunosuppressive
therapy (70% of patients, compared with 10% in the other
three studies combined) and the effect size (no ESRD observed
with treatment of nephrotic patients). If the Greek study is
omitted from analysis, the relative risk of ESRD with treat-
ment in the remaining three studies is 0.59 (CI 0.36–0.97),
which remains statistically significant (p = 0.02) and clinically
significant.
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Without randomized trials, the problem of treatment se-
lection bias is a major concern and greatly limits the impact of
these findings. In this regard, the authors of the North Carolina
study carried out proportional hazards analysis and found that
when other controlling for relevant clinical factors (age, sex,
race, smoking status, use of ACE inhibitors or ARB, entry
serum creatinine level, and entry proteinuria), immunosuppres-
sive therapy had no effect on renal survival (1110).

Other Therapies. Several other therapeutic approaches have
been tried for therapy-resistant FSGS patients. In an uncon-
trolled pilot study, the nonsteroidal anti-inflammatory agent
meclofenamate reduced urinary protein loss by 40% without
decreasing GFR in more than half of the 30 steroid-resistant
nephrotic adults studied, 16 of whom had FSGS (1134). The
antioxidant vitamin E, 200 IU twice daily, was studied in an
open-label study involving 11 therapy-resistant pediatric FSGS
patients and was associated with a fall in the mean protein/
creatinine ratio from 9.7 to 4.1 (p <0.005) (1135). The an-
tifibrotic agent pirfenidone was also studied in an open-label
trial involving 20 adult FSGS patients and was found to slow
progressive loss of GFR by 35% (p <0.03) without affecting
proteinuria (1136).

Although plasmapheresis has been used to treat recurrent
FSGS in patients undergoing transplantation (see Transplanta-
tion section, later in this chapter), there is no evidence to sup-
port routine use of this treatment in FSGS occurring in native
kidneys (1137).

Conservative Therapy. All patients, whether they are receiving
immunosuppressive therapy or not, should adhere to a conser-
vative regimen if they have proteinuria (best evidence for this
recommendation if proteinuria >1 g/day) or impaired GFR.
Blood pressure should be controlled to <130/80 mm Hg as
recommended by the Joint National Committee VII (1138).
ACE inhibitors and ARB reduce proteinuria and slow progres-
sion in both diabetic and nondiabetic nephropathies, and the
COOPERATE study demonstrated that the combination was
superior to either agent alone in slowing progression a com-
bined endpoint of creatinine doubling or ESRD (1139).

Although certain ACE inhibitor trials have included FSGS
among multiple diagnoses (1140), few studies have provided
data on substantial numbers of idiopathic FSGS patients (re-
viewed in [1141]). Stiles et al. retrospectively compared the
results in 22 nephrotic adults with idiopathic FSGS, of whom
10 received prednisone at a dose of approximately 1 mg/kg
per day for a mean of 4 months (range 1 to 6 months) plus
ACE inhibitors and 10 received ACE inhibitors alone (1111).
Outcomes were similar, with no CR, and PR occurring in 5
patients and 6 patients, respectively. Proteinuria fell by 33%
with glucocorticoids and 65% with ACE inhibitors. The pa-
tient population at the Walter Reed Army Medical Center was
predominantly young and male and disproportionately (86%)
African American. The authors concluded that while the study
was too small for definitive conclusions, conservative therapy
was not inferior to glucocorticoids in this population. In a small
controlled trial, losartan reduced proteinuria from 3.6 to 1.9 g
per day in 13 FSGS patients, whereas a control group experi-
enced an increase in proteinuria (1142). Conversely, a retro-
spective study of 42 African American patients treated with
ACE inhibitors, glucocorticoids, both, or neither, was unable
to demonstrate a protective effect of ACE inhibitors in delaying
progression to ESRD compared to 6 untreated patients (1143).

ACE inhibitors and ARB have a major role to play in
postadaptive FSGS. Praga et al. showed that captopril ther-
apy over 12 months reduced proteinuria to greater extent in
postadaptive FSGS (associated with reduced nephron mass
and reflux nephropathy) compared to idiopathic FSGS (1144).
Next Praga and colleagues studied 17 patients with obesity-

associated proteinuria (>1 g/day); renal histology obtained
from 5 patients documented FSGS in only 2 patients (1145).
Captopril therapy in 8 patients lowered proteinuria by 79%
(mean 3.4 g/day falling to 0.7 g/day); interestingly, weight loss
in 9 patients (mean BMI falling from 37 kg/m2 to 33 kg/m2)
was associated with a similar fall in proteinuria, by 86% (mean
2.9 g/day falling to 0.4 g/day). Unfortunately, Praga and col-
leagues subsequently reported that the proteinuria reduction
induced by ACE inhibitors is lost after 12 months (845). Still,
early treatment with ACE inhibitors appeared to preserve re-
nal function in obesity-associated FSGS, although appropriate
controls are lacking.

Current Therapeutic Recommendations. Some experts pro-
pose that nephrotic adults with idiopathic FSGS who have pre-
served renal function and lack prominent contraindications,
receive 4 to 6 months of daily therapy with glucocorticoids
beginning with prednisone at a dose of 1 mg/kg per day (max-
imum 80 mg) (1141,1146,1147). Many experts would recom-
mend a dose reduction after 3 to 4 months, particularly for
those who have not shown a significant reduction in urine pro-
tein. Those who fail 4 to 6 months of daily glucocorticoid ther-
apy are then labeled steroid-resistant and progress to other
therapies.

The Nephrology and Hypertension Medical Knowledge
Self-Assessment Program expresses reluctance to endorse this
aggressive approach in the absence of a controlled trial demon-
strating efficacy and safety (1148). Instead, this text recom-
mends, for adults with FSGS and serum creatinine <2.5 mg/dL
and <20% interstitial fibrosis area on renal biopsy, a trial of
daily prednisone at a dose of 1 mg/kg of ideal body weight
(to a maximum dose of 80 mg/day), until CR or 8 weeks have
been reached. In the case of a CR, the recommendation is to
prescribe an ∼20-week tapering schedule of prednisone on al-
ternate days, tapering at a rate of 20 mg every month. If there is
no CR, the recommendation is to reduce the dose to 0.5 mg/kg
until a CR or PR or another 8 weeks have been reached. If there
is a CR or PR, the recommendation is to prescribe an ∼20-week
tapering schedule of alternate day prednisone, which would re-
quire tapering at a rate of 10 mg every other month. If there
is no response, the recommendation, is a slow taper involving
∼40 weeks of alternative-day prednisone while adjunctive ther-
apy (ACE inhibitors or ARB are initiated). Therefore, patients
with steroid-resistance would receive 16 weeks of daily pred-
nisone and up to 40 weeks of alternate daily prednisone, for a
total dose in an 80-kg person of 7.7 g. Further options during
prolonged taper would include cyclosporine for 1 year or oral
cyclophosphamide or chlorambucil for 8 to 12 weeks. A newer
option that was not included would be mycophenolate mofetil.

Hildebrandt and colleagues noted that that pediatric pa-
tients with homozygous or compound heterozygous NPHS2
mutations appear refractory to glucocorticoids (defined as
6 weeks of therapy) and have only limited responsiveness to cy-
closporine (1021). By contrast, NPHS2 homozygous and com-
pound heterozygous mutations were absent from 124 children
with steroid-sensitive nephrotic syndrome. Although these data
are not representative of all racial and ethnic groups, it would
appear at the present time that immunosuppressive treatment
is of limited benefit in children with NPHS2 homozygous and
compound heterozygous mutations.

We have few data about the adult patients with ACTN4,
CD2AP, TRPC6, and mtDNA mutations, but it would seem
prudent to withhold or limit the duration of immunosuppres-
sive therapy, particularly glucocorticoids. Similarly, FSGS or
collapsing glomerulopathy associated with medication is prob-
ably best managed by withdrawing the implicated medication
and instituting conservative therapy.

It should be noted that there are significant parallels but
some differences between the approach to pediatric and adult
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patients. In particular, the majority of nephrotic children (those
age 1 to 9 years) will have received an empirical trial of corti-
costeroids for 4 to 8 weeks before biopsy, and already been
defined as being steroid resistant, albeit by ISKDC criteria
rather than by response to the longer course used in adults.
This may be appropriate given the relatively aggressive course
of classical FSGS often observed in young children. There are
many areas of uncertainty where there are no published data
to determine the balance between the risks and benefits of
immunosuppressive therapy, including the following patient
populations:

■ Patients with subnephrotic proteinuria at presentation, es-
pecially those with proteinuria <2 g per/day; most experts
would not use immunosuppressive therapy

■ Patients who become subnephrotic with therapy with ACE
inhibitors, ARB, or the combination, coupled with sodium
restriction and blood pressure control to <130/80 mm Hg,
particularly those proteinuria falls to <2 g per/day

■ Patients with postadaptive FSGS, with the diagnosis estab-
lished by compatible history and glomerulomegaly on renal
biopsy

■ Patients with idiopathic FSGS who are at significantly in-
creased risk of toxicity associated with glucocorticoid ther-
apy, including with those with obesity (particularly BMI >35
kg/m2), diabetes mellitus or a pre-diabetic state, severe os-
teoporosis, prominent peptic ulcer diathesis, or advanced
age

Novel Therapies. New approaches to therapy may supplement
existing medication in one of several ways: (a) agents that in-
duce a durable CR with less toxicity than glucocorticoids and
cyclosporine, (b) agents that reduce proteinuria to a greater ex-
tent than ACE inhibitors and ARBs, and (c) agents that slow
progressive renal scarring in patients who have proven refrac-
tory to remittive therapy. In Table 64-24 is provided a nonex-
haustive list of 21 agents, including small molecules, peptides,
and other biologics, which have shown promise in animal mod-
els of glomerulosclerosis, including but not exclusively FSGS,
either reducing proteinuria or retarding progression of fibrosis
or both (1149–1167). For some agents, further animal test-
ing is required to define efficacy. For other agents, human tri-
als in one or more forms of podocyte disease are probably
warranted.

Clinical Course and Outcome

FSGS and collapsing glomerulopathy have the worst prognosis
of the common primary nephrotic diseases. Ten-year event rates
for reaching a combined endpoint of ESRD or death are as fol-
lows: for children, USA study, 21% (410) and Toronto study,
32% (1090), and for adults, Toronto study, ∼28% (1090),
New Zealand study, 38% (1166), Hong Kong study, 40%
(1167), and Chicago study, 43% (ESRD only) for nephrotic
patients (compared with 8% for nonnephrotic patients) (1108)
(Table 64-25).

It has been known for some time that FSGS patients who
enter a CR, even if they experience a relapse, have an excellent
chance of renal survival. Recently, Cattran et al. showed that
patients who experience a PR (defined as a 50% fall in pro-
teinuria and a fall to <3.5 g/day) have a significantly improved
renal survival (Fig. 64-17). These data provide justification for
considering the combined response rate (CR plus PR) as well
as CR alone in weighing the relative costs and benefits of par-
ticular therapeutic approaches.

What clinical factors predict long-term prognosis for re-
nal survival? The conflicting data on the impact of treatment
on outcome have been reviewed in the preceding text. In

FIGURE 64-17. Long-term renal survival in FSGS by remission status.
The fraction of patients with renal function is shown in nephrotic FSGS
patients who enter CR (defined as <0.3 g/day) or PR50% (defined as
a 50% fall in proteinuria and falling to <3.5 g/day), and those who
never reach either remission (NR). (Adapted from: Troyanov S, Wall
CA, Miller JA, et al. Focal and segmental glomerulosclerosis: definition
and relevance of a partial remission. J Am Soc Nephrol 2005;16:1061,
with permission.)

Table 64-26 are summarized the findings of 10 studies that have
sought clinical and histologic variables that predict long-term
renal function. The variables that consistently appear as signifi-
cant predictors include baseline serum creatinine, baseline pro-
teinuria, and tubulointerstitial damage/fibrosis score. The role
of black race has been controversial. Ingulli and Tejani found
that among children, progression to ESRD occurred in 78% of
blacks and 33% of whites, despite similar baseline serum cre-
atinine and proteinuria values (743). Conversely, Korbet and
colleagues have found that in adults the progression rates are
similar among blacks (64%) and whites (55%) (1108). They
did find that blacks were more likely to be nephrotic at presen-
tation (88% versus 55%). Earlier in the chapter, data were re-
viewed from nonrandomized controlled studies that treatment
may improve renal survival. Thus, patients who enter CR have
an excellent outcome, with few developing ESRD on follow-up
(1090,1102).

Recurrent FSGS After Renal Transplantation

FSGS recurs following renal transplantation with a frequency
that ranges from 15% to 50% depending upon the population,
with the average figure cited typically being approximately
25%. When a prior allograft has manifested recurrent FSGS,
the risk of recurrence rises to 70% to 80%. Recurrence is her-
alded by the sudden appearance of heavy proteinuria, often
within the first week after transplantation. Renal biopsy ob-
tained within the first few weeks of recurrence uniformly shows
extensive foot process effacement without other changes. Sub-
sequent biopsies commonly demonstrate FSGS. Most recurrent
FSGS appears within the first 6 months following renal trans-
plantation, as shown in the graphic depiction of data abstracted
from 13 reports (1173–1186), and unpublished data kindly
provided by Dr. Alok Kalia (Fig. 64-18). FSGS that appears
more than 12 months after renal transplantation is typically
not considered recurrent FSGS; alternative diagnoses include
de novo FSGS and FSGS appearing as a manifestation of pro-
gressive chronic allograft nephropathy.

In patients with low-level proteinuria originating from their
native kidneys, screening for recurrent FSGS may be done via
urine dipstick testing performed by the patient (or parents).
For those with significant proteinuria from their native kid-
neys, it is advisable to obtain monthly urine protein/creatinine
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TA B L E 6 4 - 2 4

NOVEL THERAPIES FOR PROGRESSIVE GLOMERULOSCLEROSIS

Molecular target
Class Agent or pathway Animal model Ref. Proteinuria Matrix Human use

Small
molecules

Bosentan ETA, ETB receptor
antagonist

Ren-2 transgenic
rats

(1149) Reduced Reduced Approved

Darusentan ETA receptor
antagonist

Puromycin (rat) (908) Reduced Reduced IND

Thiazolidine-
diones

PPAR-gamma
agonist

Remnant nephron
(rat)

(1150) Approved

Eplerenone Mineralocorticoid
receptor

Uninephrectomy
plus NaCl (rat)

(1151) Reduced ND Approved

Isotretinoin Retinoid acid
receptor

Thy-1 nephritis
(rat)

(1152) Reduced Reduced Approved

Gefitinib EGF-receptor
tyrosine kinase
inhibitor

l-NAME induced
hypertension
(rat)

(1153) Reduced Approved

Pirfenidone TGF-β expression?
TNF signaling?

Remnant nephron,
KIST mouse

(1154) Reduced Reduced IND

Tranilast TGF-β antagonist Remnant nephron (1155) Reduced Reduced IND
AVE 7688 ACE and NEP

inhibitor
Remnant nephron (1156) Reduced Reduced Pre-clinical

CDK inhibitors Cell cycle HIV-transgenic
mouse

(1157) Pre-clinical

Fasudil Rho-kinase
inhibitor

Dahl rat (1158) Reduced Reduced Pre-clinical

Prolyl
hydroxylase
inhibitors

Collagen
cross-linking

Chronic allograft
nephropathy
(mouse)

(1159) ND Reduced Pre-clinical

BX471 CCR1 antagonist Adriamycin (896) No effect Reduced Pre-clinical

Peptides IFN-γ Fibroblasts Remnant nephron (1160) Reduced Reduced Approved
Bone

morphogenetic
protein 7

Possible TGF-β
antagonist

COL4A3 null
mutation mouse

(1161) Reduced Reduced IND

Hepatocyte
growth factor

Possible TGF-β
antagonist

ICGN mouse (1162) ND Reduced Pre-clinical

Relaxin Not defined Remnant nephron
(rat)

(1163) ND Reduced Pre-clinical

Decorin
(proteoglycan)

Binds TGF-β Thy-1 nephritis (1164) ND ND Pre-clinical

Monoclonal
Ab and
others

Etanercept,
Infliximab

Binds TNF-α ND ND ND ND Approved

Anti-TGF-β Binds TGF-β Puromycin (1165) ND Reduced IND
Sulodexide

(GAG)
Unknown ND ND ND ND IND

Approved denotes approved by the FDA for a nonrenal indication. IND denotes under study for any indication under the Investigational New Drug
process of the FDA. CCR1, chemokine receptor; CDK, cyclin-dependent kinase; ET, endothelin; GAG, glycosaminoglycan; l-NAME,
NG-nitro-l-arginine methyl-ester; ND, no data.

ratios during the first 12 months, and particularly for the first
6 months following renal transplantation. In either case, a sig-
nificant worsening of proteinuria is an indication for immediate
renal biopsy to establish the diagnosis. Response to therapy ap-
pears substantially greater if initiated within 2 to 4 weeks of
clinical recurrence.

Pretransplantation risk factors for recurrent FSGS include
the following: rapid progression of initial disease, typically de-
fined as <3 years from diagnosis to ESRD; age of onset of FSGS
between 6 and 15 years; mesangial hyperplasia; white race and
recurrent FSGS in a prior renal transplant (1187). The risk of
recurrence for individuals with FSGS associated with podocin
mutations is controversial. Although an initial report suggested

a higher rate of recurrence (1188), there is now a consensus that
the risk of recurrent FSGS in individuals with NPHS2 muta-
tions is lower than in other patients with FSGS, ranging from
0% (1006) to 8% (1015,1021).

Older studies suggested that living donor transplants may
be associated with a higher rate of FSGS recurrence, but recent
data suggest that living donor transplants still retain an over-
all advantage in outcomes for the FSGS patient with ESRD.
A review of data from the U.S. Renal Data System (USRDS)
found a higher rate of allograft loss due to FSGS recurrence
with living donor allografts (19% of graft loss due to recur-
rence) compared to cadaveric allografts (8% of graft loss due
to recurrence), but overall allograft survival remained higher
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TA B L E 6 4 - 2 5

LONG-TERM OUTCOMES IN FOCAL SEGMENTAL GLOMERULOSCLEROSIS (FSGS)

Average Persistent
observation Complete renal Non-renal Lost to

Location, year Population (yr) remission abnormalities CKD ESRD death follow-up Reference

North Carolina,
1976

16 children
17 adults

7 (children)
3.8 (adults)

56%
0%

24%
0%

19%
76%

0%
24%

(6%)
0%

0% (1168)

London, 1978 12 children
28 adults

9.5 10% 18% 20% 50% 2% 0% (720)

Montreal 1981 25 children 7.4 24% 40% 4% 20% 12% 0% (1169)
USA, 1985 75 children 4.8 11% 37% 23% 21% 0% 8% (410)
Hong Kong,

1991
2 children
30 adults

6.8 9% ND ND 16% ND ND (1167)

Chicago, 1995 81 adults 5.1 ND ND ND 17% ND ND (1108)
Toronto, 1998 38 children

55 adults
11 42%

22%
13%
24%

11%
13%

34%
42%

0%
(4%)

0% (1090)

Christchurch,
New Zealand,
2000

165 adults 6.9 29% 8% 16% 44% (1166)

All reports that included at least 30 patients and provided group outcomes after average duration of >4 years are presented in chronologic order.
Most patients appear to have had idiopathic FSGS but some reports included a limited number of post-adaptive FSGS or focal global
glomerulosclerosis. Children are variously defined as individuals <15–18 yr at the time of initial presentation, depending upon reference. When data
are presented for children and adults separately, the data for children are presented first. Chronic kidney disease (CKD) is defined as impaired GFR.
The percentage of patients experiencing non-renal deaths is shown in parentheses when these patients are also included in another category. Empty
cells indicate that no data were provided from the report.

for living donor allografts (1189). Recipient factors that con-
tribute to increased FSGS recurrence risk include prior recur-
rence, younger age and white race (1189). Also, there was an
increased FSGS recurrence risk with black donor kidney and
white recipient.

Posttransplantation risk factors for recurrent FSGS remain
controversial; the studies are difficult to interpret in that none
are controlled and many rely upon historical controls. Some
observers have suggested that recurrence has increased in the
recent years and this has been linked to particular lymphocyte
depletional therapies. Raafat et al. found that recurrence was
greater in patients who receive antilymphocyte serum (53%
compared to those who did not (11%) (1178). The Miami
group suggests that recurrence rose from 38% to 83% after
the introduction of daclizumab (1190).

FSGS Permeability Factor

The rapid recurrence of FSGS following renal transplantation
appears to be due to a circulating molecule. Molecular iden-
tification has been elusive and the activity has been referred
to by various names; we will use the term FSGS permeability
factor (FPF). A critical advance was the development by Savin
and colleagues of an in vitro assay, which relies on the albumin
permeability of isolated rat glomeruli as reflected by volume
changes induced by an oncotic gradient (1191). There is a cor-
relation between the level of FPF and the likelihood of recur-
rent FSGS following renal transplantation (1184,1192). FPF is
unique to FSGS, being absent from patients with membranous
nephropathy and with ESRD due to other causes. Dantal and
colleagues developed a variation on Savin’s assay. In contrast
to the findings of Savin and colleagues, they reported that al-
though FPF levels were higher in FSGS patients with ESRD
compared to patients with other causes of ESRD, FPF levels
did not predict recurrence of FSGS (1193). The reasons for the
discrepant findings might include subtle differences in assay
conditions and differences in patient populations. Resolving
these discrepancies may not be possible until the molecular

identity of FPF is established. In summary the FPF assay has
important limitations: it is laborious; it lacks high specificity,
sensitivity, and precision; and it has not been validated by all
centers that work with it. Therefore, the assay must be viewed
as a research tool, with limited clinical utility to supplement
clinical indicators of risk for recurrence FSGS.

FPF is a protein, as shown by sensitivity to proteolytic en-
zymes and heat (1194). Immunoadsorption of patient plasma
using a protein A column reduces proteinuria in recurrent
FSGS, which is a characteristic of immunoglobulin, but plasma
fractionation to remove immunoglobulin does not remove FPF

FIGURE 64-18. Timing of FSGS recurrence following renal transplant,
correlated with age. Data on the timing of recurrent FSGS and patient
age at renal transplantation were available for 101 patients, including
55 children <18 years of age and 46 adults. There was no relation-
ship between age and time to FSGS recurrence (R = 0.01). In 63 cases
(62%) recurrent FSGS was diagnosed within one week of renal trans-
plantation.
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TA B L E 6 4 - 2 6

CLINICAL AND HISTOLOGIC PREDICTORS OF RENAL SURVIVAL IN FOCAL SEGMENTAL
GLOMERULOSCLEROSIS (FSGS)

Baseline
Analytic clinical Histologic

Location, year N Population approach variables variables Reference

London, 1978 40 Children, adults Univariate
analysis

• Proteinuria None tested (720)

Rochester,
Minnesota,
1983

64 Children, adults Univariate
analysis

• Proteinuria
• Serum creatinine

• Tubulointerstitial
damage (only
severe)

(1170)

Tübingen,
Germany, 1990

250 Adults Multivariate
analysis

• Proteinuria • Tubulointerstitial
damage (fibrosis,
atrophy)

(1171)

New York, 1991 57 Children Multivariate
analysis

• Serum creatinine
• Serum cholesterol

None tested (743)

Hong Kong, 1991 32 Children, adults Multivariate
analysis

• Serum creatinine None tested (1167)

Chicago, 1995 81 Adults Multivariate
analysis

• Serum creatinine
• Proteinuria (only

when those
entering
remission were
excluded)

None predictive (1108)

Columbus, Ohio,
1996

49 Adults Multivariate
analysis

• Serum C3 (high
normal levels are
protective)

• Combined
glomerular, tubular,
interstitial, and
vascular score

(1172)

Christchurch, New
Zealand, 1999

111 Children, adults Multivariate
analysis

• Serum creatinine • Interstitial fibrosis (1166)

Thessaloniki,
Greece, 2000

33 Adult Multivariate
analysis

• Serum creatinine
(only nephrotic
patients)

• Age

• Mesangial sclerosis
(only non-nephrotic
patients)

• Interstitial infiltrates
(only non-nephrotic
patients)

(1133)

Jackson,
Mississippi,
2000

42 Adults Multivariate
analysis

• Serum creatinine • Interstitial fibrosis
• Global

glomerulosclerosis

(1143)

Each study shown tested either clinical variables alone or both clinical and histologic variables, using either univariate analysis or multivariate analysis
(in the latter case only variables that contributed to the model are shown).

activity (1195). Savin and colleagues have used sequential col-
umn chromatography to generate plasma fractions that have
increased activity (10,000-fold purification) but these fractions
remain complex, with multiple proteins and glycoproteins of
<30 kDa (1196,1197). Some of these glycoproteins are ab-
sent from normal plasma and from sera following therapeutic
plasma exchange. Ghiggheri and colleagues have taken a sim-
ilar approach and identified a number of proteins (albumin
isoforms, vitronectin, fibrinogen gamma chain, fibulin, and
mannan-binding lectin-associated serine protease), but have
not demonstrated activity in vivo (1198). Partially purified frac-
tions are able to induce proteinuria in rats (1199,1200).

There also may be plasma factors that antagonize FPF activ-
ity, and it remains possible that recurrent FSGS is due to a defi-
ciency of such a molecular inhibitor. Thus normal serum blocks
the activity in the rat glomerulus assay (1201). Ghiggerhi
and colleagues confirmed these findings, and reported that in-
hibitory proteins include the apo allelic variants E2 and E4
and apo J (1202). Nephrotic urine but not normal urine con-
tains inhibitory activity (1203). Pharmacologic inhibitors of
FPF activity in vitro include cyclosporine, indomethacin, cAMP

analogs, 12-HETE, and serine protease inhibitors (1129,1204–
1206).

Therapy of Recurrent FSGS

The recurrence of nephrotic syndrome after renal transplan-
tation is particularly refractory to treatment, and none of the
available therapies can be recommend without serious qualifi-
cations. Plasma exchange (using either plasma or albumin as
replacement solution) or immunoabsorption (using columns
bearing ligands such as protein A, which bind immunoglobu-
lins) have been used with limited success. A single course of
plasma exchange or immunoabsorption is associated with re-
sponse rates (CR and PR) of approximately 58% (Table 64-27)
(1173,1175–1177,1186,1207,1208). The number of plasma
exchange treatments has varied greatly among different cen-
ters, and has not been subjected to careful studies. Davenport
reviewed the literature and identified 44 recurrent FSGS cases,
using a (liberal) definition of response as a 50% fall in pro-
teinuria in 32 patients (73%) (1209). He concluded that op-
timal apheresis dose was nine treatments, which he proposed
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TA B L E 6 4 - 2 7

PLASMA EXCHANGE AND IMMUNOADSORPTION THERAPY FOR RECURRENT FOCAL SEGMENTAL
GLOMERULOSCLEROSIS (FSGS)

Complete Partial Prolonged
Report Location Modality N Age (y) response response response

Dantal, 1991 (1173) France PE 9 A 4 1 1 PR
Artero, 1994 (1186) Italy PE 9 P, A 3 3 3CR/2PR
Dantal, 1994 (1195) France Adsorption 8 A 2 4 1 CR
Dantal, 1998 (1174) France Adsorption 4 A 2 2 0
Andresdottir, 1999 (1175) The Netherlands PE 7 A 5 0 3 CR
Greenstein, 2000 (1176) New York PE 6 P 5 0 ND
Matalon, 2001 (1177) New York PE 13 A 1 1 ND
Shariatmadar, 2002 (1207) Miami PE 11 A 5 2 ND

Total 67 27 (40%) 13 (19%) 10 CR (27%)
3 PR (8%)

This table summarizes the studies that used plasma exchange or plasma absorption to treat recurrent FSGS, in studies that treated more than three
patients. CR is defined as proteinuria <0.5 g/day and PR is defined as a fall in proteinuria to <2 g/day. PE, plasma exchange. Long-term outcome was
at ≥1 year following recurrence. Chronic therapy includes that for patients who had subsequent repeat course of PE or who required intermittent,
maintenance PE.

be delivered as three daily treatments followed by six treat-
ments delivered on alternate days. Unfortunately, most pa-
tients relapse. In some patients, particularly children, a main-
tenance schedule of plasma modulating therapy may sustain a
remission.

The limitations of this approach have led to the empiric
use of cyclophosphamide, with or without plasma exchange,
in four trials of pediatric patients (Table 64-28) (1181,1183,
1184,1210). The long-term outcome appears to be markedly
better than those studies using only plasma exchange or im-
munoadsorption. This approach has not been reported in
adults. Clearly randomized trials are needed before firm con-
clusions can be reached about either approach.

High-dose cyclosporine has been used in two pediatric
trials. Salomon et al. administered intravenous cyclosporine,
dose adjusted to achieve trough levels of 250 to 350 ng/mL,
and achieved CR in 14 of 17 (82%) of consecutive patients
with recurrent FSGS (1211). Plasma exchange was also used in
4 patients. Sustained remission was noted in 11 of 17 (65%)
of patients. Raafat et al. administered oral cyclosporine, with
the dose increased until proteinuria resolved or nephrotoxi-
city (rising serum creatinine) was noted (1212). They found
that 13 of 16 (81%) of patients entered remission, either CR
(11 patients) or PR (2 patients). Cyclosporine doses ranged
from 6 to 25 mg/kg per day and cyclosporine trough levels

ranged from 200 to 1000 ng/mL. Remission was sustained in
all patients with CR, with conversion to tacrolimus in some
patients. Toxicity included hirsutism and gingival hypertro-
phy in all patients. Although these are intriguing data, more
experience is needed, especially in view of the potential tox-
icity of such high cyclosporine doses; whether adults would
tolerate this approach without unacceptable adverse events is
unclear.

Prophylactic Therapy to Prevent Recurrent FSGS

Toma and colleagues assigned FSGS ESRD patients to undergo
plasma exchange prior to or immediately after renal transplan-
tation (1213). Recurrent FSGS was seen in 4 of 19 treated
patients and 9 of 19 in untreated patients. Ohta et al. re-
ported data from 21 patients and compared patients undergo-
ing prophylactic plasma exchange (transplantations from 1991
to publication) with historical controls (transplantation prior
to 1991) (1214). Recurrence was seen in 5 of 15 versus 4 of 6
patients. Neither study had sufficient power for a definitive re-
sult, and a prospective, adequately powered trial remains to be
done. If prophylactic plasma exchange is effective, the mech-
anism of benefit remains somewhat puzzling. Evidence sug-
gests that the permeability factor returns following plasma ex-
change; therefore, any benefit from transient reduction would

TA B L E 6 4 - 2 8

CYCLOPHOSPHAMIDE, WITH OR WITHOUT PLASMA EXCHANGE, FOR RECURRENT FOCAL SEGMENTAL
GLOMERULOSCLEROSIS (FSGS)

Complete Partial No Long term Graft
Report Population Treatment N response response response response preservation

Cochat, 1993
(1181)

Children PE + CTX 3 mo 3 3 0 0 3 CR
(1 retreatment)

3

Kershaw, 1994
(1183)

Children CTX 2–3 mo 3 3 0 0 3 CR (1 relapse) 3

Dall’Amico, 1999
(1184)

Children PE + CTX 2 mo 11 9 0 2 7 CR 7

Cheong, 2000
(1210)

Children PE + CTX 3 mo 6 3 3 0 2 CR 5

Total 23 18 (78%) 3 (13%) 2 (9%) 15 CR (60%) 18 (78%)
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suggest that the factor is particularly injurious in the immediate
peritransplantation period.

CONCLUSIONS

From the discussion in this chapter, several conclusions can
be drawn regarding the group of diseases under considera-
tion. First, the nephrotic syndrome represents a complex of
symptoms resulting from urinary protein loss rather than a
disease entity characterized by specific pathology. The abnor-
malities found include not only the hypoalbuminemia, edema,
and hyperlipidemia classically associated with nephrotic syn-
drome, but also derangements of hemostasis, metabolism, and
endocrine function. All of these findings can be attributed to the
characteristics and effects of nephrotic proteinuria. Second, we
have defined a group of diseases in which the common attribute
is that the lesion appears to initiate with the podocyte. In MCN,
the restrictive component of the glomerular filtration barrier
fails, yet podocyte effacement decreases the area of the GBM
that is open to the urinary space, decreasing effective filtration
surface area. In FSGS genetic, morphologic and functional data
all suggest that podocyte abnormality initiates the disease. Like
MCN, there is massive proteinuria, but in contrast to the more
benign condition, there is disruption of podocyte architec-
ture. FSGS is accompanied by podocyte injury and depletion,
whereas collapsing glomerulopathy manifests podocyte prolif-
eration and capillary collapse. In both cases, these changes are
accompanied by the extracellular matrix accumulation that is a
hallmark of this disease. Multiple cell types may serve as effec-
tor cells for fibrosis, but the common denominator of podocyte
involvement suggests that a more appropriate appellation for
these diseases might be podocytopathies (1215).

A third conclusion relates to the observation that these
conditions are characterized by heterogeneity of therapeutic
response and prognosis. Although certain subgroups may be
associated more often with specific patterns of response to
treatment and outcome, such categorizations are not absolute.
Most of the patients with MCN and some of those with FSGS
are steroid-sensitive. The remaining patients with MCN and
a larger proportion of those with FSGS are steroid-resistant.
Of particular distinction is the group of patients who have col-
lapsing glomerulopathy. Few of these patients respond to treat-
ment, and the nature of their lesion is so distinctive that we have
chosen to consider them as belonging to an entirely separate
subgroup of primary nephrotic syndrome. It should be clear
that all of the patients having a poor prognosis with regard to
long-term renal function are steroid resistant. Moreover, a few
patients with MCN, and more with FSGS, particularly those
with postadaptive FSGS, may not have nephrotic syndrome.
These findings suggest heterogeneity of pathogenetic mecha-
nisms, even within a given histopathologic subgroup.

In view of the differences among MCN, FSGS, and collaps-
ing glomerulopathy, the assumption previously held by many
clinicians that patients may move from one disorder to another
should be revisited. Collapsing glomerulopathy, the rapidly
progressing lesion, appears quite distinct. There are many fea-
tures that also differentiate MCN from FSGS. These include
(a) differences in permselectivity curves, where patients with
FSGS demonstrate greater utilization of the shunt pathway
(78); (b) association of FSGS with podocyte gene mutations,
whereas mutations have not yet been defined for classical MCN
(as opposed to congenital nephrotic syndrome); and (c) more
clearly defined and more likely irreversible podocyte abnormal-
ities in FSGS. In particular, as technical capability for detecting
subtle mutations or polymorphisms in podocyte-specific genes
improves, it is likely that mutations will be associated with
FSGS with increasing frequency (1019). Therefore, although
both MCN and FSGS initiate with a podocyte lesion, the ab-

normalities in FSGS appear more profound, either leading to
or reflecting the pathogenetic mechanism(s) of FSGS. Given
these differences, it is likely that many, perhaps a great major-
ity, of observations of progression from MCN to FSGS have
represented sampling error or early lesion on biopsy.

An unanswered question is the basis for the presently surg-
ing incidence of FSGS. Clearly, there is a still-unknown risk fac-
tor for progressive renal disease. Hypertension, increasing obe-
sity and perhaps environmental factors may contribute. This
interpretation suggests a model in which FSGS is, finally, an
idiopathic form of progressive renal disease.
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CHAPTER 65 ■ RENAL INVOLVEMENT IN
SYSTEMIC LUPUS ERYTHEMATOSUS
STERLING G. WEST, GREGORY A. ACHENBACH, AND CHARLES L. EDELSTEIN

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease of unknown etiology, characterized by the involvement
of multiple organ systems. Glomerulonephritis is a frequent
and important complication of SLE, and the presence and ex-
tent of kidney involvement greatly influence the long-term out-
come of this disease. Systemic lupus erythematosus is caused
by the production of autoantibodies, and a hallmark of the
disease is the presence of serum antibodies directed to nuclear
constituents (i.e., antinuclear antibodies, ANAs). The clinical
presentation and course of SLE are extremely variable. For
example, some patients have spontaneous remissions, others
may have mild skin and joint involvement that respond favor-
ably to conservative measures, and a few die from progressive
multisystem disease unresponsive to high-dose corticosteroids
and cytotoxic drugs. Variability is also a feature of renal in-
volvement in SLE, and the evaluation, treatment, and prognosis
for each patient need to be individualized. In this chapter, we
review current ideas regarding the immunopathogenesis and
pathology of glomerulonephritis in SLE. We also describe lu-
pus nephritis in terms of clinical and laboratory findings and
current approaches to therapy.

Criteria for the classification of SLE (Table 65-1) have been
established by the American College of Rheumatology (ACR)
to facilitate the uniform reporting of SLE cases (1). A patient
is said to have SLE if four of the 11 criteria shown in Table
65-1 are satisfied. Although not designed for diagnosis, these
criteria have helped physicians recognize and diagnose this dis-
ease. It is emphasized, however, that these criteria occasionally
lack sensitivity for diagnosing early or mild cases of SLE, and
occasional patients may fulfill four criteria and still not have
SLE.

The preceding criteria emphasize that patients with lupus
nephritis usually demonstrate nonrenal manifestations of SLE.
The physician must be aware of these other nonrenal problems
because they can be serious and can greatly complicate the eval-
uation and management of the disease. The reader is referred
to several general reviews of the clinical manifestations of SLE
(2–4).

Women of childbearing age are primarily affected, although
SLE can occur at nearly any age. In cases that begin between
ages 15 and 40 years, more than 90% of the patients are fe-
male (5). The female-to-male ratio is closer to 2:1 for disease
that develops during childhood and after the age of 65. Epi-
demiologic studies have shown that the incidence of disease in-
creases in women of childbearing age and then decreases after
menopause, whereas the incidence for men is more evenly dis-
tributed and may continue to rise through the seventh decade.
Together, these data strongly suggest that sex hormones in-
fluence the probability of developing or expressing SLE, and
studies in animal models of lupus have supported a potential
role for estrogens enhancing and androgens protecting against
expression of disease (6). It should be emphasized that although
men develop SLE less frequently than do women, their illness,
including extent of renal involvement, may be severe (7).

The overall prevalence rate of SLE in the continental United
States has been reported to range between 15 and 50 cases per
100,000 persons, and overall incidence has been estimated to
be 1.8 to 7.6 cases per 100,000 persons per year (5). These
rates can vary greatly depending on the risk of the population
being studied. The chance that a white woman in the United
States will develop SLE in her lifetime is approximately one
in 700. The incidence is three to four times greater for black
women, who are also more likely to demonstrate severe renal
involvement and have higher disease-related mortality rates (5).
Certain Asian populations, North American Indian tribes, and
Hispanic individuals also may have a greater predisposition to-
ward SLE compared to individuals of mixed-European descent.
These racial differences are consistent with the known impor-
tance of genetic factors in disease development (discussed in
the following section), but also partly may result from envi-
ronmental influences.

PATHOGENESIS

Overview

Similar to other autoimmune diseases, the development of SLE
is a complicated and multistep process (8). Major events be-
lieved to be important in the immunopathogenesis of SLE are
shown in Figure 65-1. Considerable evidence indicates that the
development and progression of SLE have a strong genetic ba-
sis and that these genetic contributions may operate at sev-
eral different levels. The T-cell driving force in SLE involves
CD4+ T cells, which interact with autoreactive B cells to cause
immunoglobulin G (IgG) autoantibody production and var-
ious disease manifestations. IgG autoantibody production is
the central immunologic problem in SLE. These autoantibod-
ies may mediate pathology, for example, by binding directly
to their cell-surface target or by forming immune complexes,
although the mechanism by which many autoantibodies are
associated with particular disease manifestations in SLE is un-
known. The heterogeneity in clinical manifestations among
SLE patients is likely related to differences in the types and
amounts of autoantibodies produced.

Studies using several murine models have contributed
greatly to the elucidation of SLE pathogenesis (6,9–11). The
most well-characterized lupus-prone models are New Zealand
hybrid, MRL, and BXSB mice. The New Zealand murine model
was first described more than 40 years ago, and usually involves
crosses or recombinant strains of New Zealand black (NZB)
and New Zealand white (NZW) mice. MRL-lpr/lpr (currently
referred to as MRL-Faslpr) mice, which are homozygous for
the lymphoproliferation (lpr) mutation in the gene encoding
Fas, demonstrate an accelerated form of disease compared to
non-lpr litter mates (10). BXSB mice most frequently studied
carry the Yaa accelerating gene encoded on the Y chromosome

1673



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-65 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:16

1674 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

TA B L E 6 5 - 1

THE 1982 REVISED CRITERIA FOR CLASSIFICATION OF SYSTEMIC LUPUS ERYTHEMATOSUS (SLE)a

Criterion Definition

Malar rash Fixed erythema, flat or raised over the malar eminences, tending to spare the nasolabial folds
Discoid rash Erythematous raised patches with adherent keratotic scaling and follicular plugging; atrophic

scarring may occur in older lesions
Photosensitivity Skin rash a result of unusual reaction to sunlight, by patient history or physician observation
Oral ulcers Oral or nasopharyngeal ulceration, usually painless, observed at physical examination
Arthritis Nonerosive arthritis, involving two or more peripheral joints, characterized by tenderness,

swelling, or effusion
Serositis Pleuritis: convincing history of pleuritic pain or rub heard by a physician or evidence of

pleural effusion
Pericarditis documented by electrocardiography or rub or evidence of pericardial effusion

Renal disorder Persistent proteinuria greater than 0.5 g/day or >3+ if quantitation not performed
OR
Cellular casts (red blood cell, hemoglobin, granular, tubular or mixed)

Neurologic disorder Seizures in the absence of offending drugs or known metabolic derangements (e.g., uremia,
ketoacidosis, or electrolyte imbalance)

OR
Psychosis in the absence of offending drugs or known metabolic derangements (e.g., uremia,

ketoacidosis, or electrolyte imbalance)
Hematologic disorder Hemolytic anemia with reticulocytosis

OR
Leukopenia: WBCs, <4,000/μL total on two or more occasions
OR
Lymphopenia: <1,500/μL on two or more occasions
OR
Thrombocytopenia: <100,000/μL in the absence of offending drugs

Immunologic disorder Positive LE cell preparationb

Anti-DNA: antibody to DNA in abnormal titer
OR
Anti-Sm: presence of antibody to Sm nuclear antigen
OR
False-positive serologic test for syphilis known to be positive for at least 6 months and

confirmed by TPI or FTA-ABS
Antinuclear antibody An abnormal titer of ANA by immunofluorescence or an equivalent assay at any point in time

and in the absence of drugs known to be associated with “drug-induced lupus” syndrome

LE, lupus erythematosis; TPI, Treponema pallidum immobilization test; FTA-ABS, fluorescent treponemal antibody absorption test; ANA, antinuclear
antibody.
aFor the purpose of identifying patients in clinical studies, a person shall be said to have SLE if any four or more of the 11 criteria are present, serially
or simultaneously, during any interval of observation. Taken from Tan et al. (1).
b The Diagnostic and Therapeutic Criteria Committee of the American College of Rheumatology (ACR) has suggested that this criterion be replaced
with a positive test for antiphospholipid antibodies (elevated serum level of anticardiolipin antibodies or positive test for lupus anticoagulant using a
standard method).
(From: Tan EM, et al. The 1982 revised criteria for the classification of systemic lupus erythematosus. Arthritis Rheum 1982;25:1271, with
permission; and Rus V, Hochberg MC. The epidemiology of systemic lupus erythematosus. In: Wallace DJ, Hahn BH, eds. Dubois’ Lupus
Erythematosus, 6th ed. Philadelphia: Lippincott Williams & Wilkins; 2002.)

(11). All of these murine lupus models develop a lupus-
like immune-complex-mediated glomerulonephritis associated
with high levels of IgG autoantibodies to nuclear antigens, in-
cluding double stranded DNA (dsDNA).

The animal models of lupus have provided systems for dis-
secting genetic contributions to disease, understanding the im-
munopathogenesis of autoimmunity, and characterizing the
pathogenic events in lupus nephritis. The ability to study many
related offspring with similar disease manifestations after di-
rected breeding of autoimmune and nonautoimmune strains
is a great advantage compared to genetic studies of the hu-
man disease, in which many multiplex families with hetero-
geneous disease manifestations must be studied (12). Stud-
ies of these animal models, in contrast to patients, also offer
the opportunity to control environmental exposures. In addi-
tion, spontaneous animal models permit the characterization of

immunologic changes before, during, and after disease devel-
opment. Therefore, one can attempt to distinguish the early
immunologic abnormalities that are central to disease develop-
ment from later defects that are secondary to disease. Studies
involving these animal models that emphasize certain princi-
ples are discussed in the following sections.

Genetic Contributions

Evidence for a strong genetic predisposition in SLE has come
from genetic epidemiology studies that determine: (a) disease
prevalence within families in which there is an affected individ-
ual, when compared with the prevalence in the general popula-
tion; and (b) disease prevalence in identical versus nonidentical
twins (12,13). The increased risk for a sibling of an SLE patient
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FIGURE 65-1. Genetic and immunologic events in the pathogenesis
of systemic lupus erythematosus. shape MHC, major histocompatibil-
ity complex. (From: Kotzin BL. Systemic lupus erythematosus. Cell
1996;85:303, with permission).

to develop the same disease is estimated to be 15- to 20-fold
greater than for the general population (12–14). Recent studies
also have suggested concordance rates for identical twins of
∼24% compared with ∼2% for dizygotic twins (15). These re-
sults strongly support the importance of genetic contributions
to disease development, but the twin data also suggest a role
for other factors and/or stochastic processes in disease expres-
sion. Serologic studies indicate that identical twins discordant
for disease expression may still demonstrate similar autoan-
tibody profiles, supporting the hypothesis that certain genetic
contributions operate at the level of autoantibody production.

Systemic lupus erythematosus, like other autoimmune dis-
eases, is a complex genetic trait, which by definition is not inher-
ited in a simple Mendelian way (12–14). Multiple genes, includ-
ing major histocompatibility complex (MHC) and non-MHC
genes, determine susceptibility to SLE, and no particular gene
is necessary or sufficient for disease expression. The low pene-
trance of each contributing gene, that is, the small increase in
probability of disease expression given a particular disease al-
lele, is the main reason why diseases such as SLE are so complex
genetically. Furthermore, as exemplified by the concordance
rates in identical twins, overt autoimmune disease frequently
does not occur even in the presence of a full complement of
susceptibility alleles. Genetic complexity in SLE is also deter-
mined by genetic heterogeneity, in which the same phenotype
(e.g., anti-dsDNA autoantibody production or lupus nephritis)
is the result of a different set of genes in different individuals.

Many genetic studies in human SLE have focused on
genes that affect immune responses, particularly those encoded
within the MHC. Associations of disease with particular MHC
class II alleles have been demonstrated in studies of total pop-
ulations of SLE patients (i.e., inclusion of patients is based
solely by meeting classification criteria) (14,16,17). However,
these associations generally have been weak and consistent only
within a given ethnic group. For example, in some populations,
associations with HLA-DR2 and/or HLA-DR3 have been ob-
served, but increased relative risks for disease development gen-
erally have been less than five (16,17). Furthermore, it has been
suggested that the association with DR3 may be related to a
null allele of complement C4A (C4A∗QO), which is inherited
on some extended MHC haplotypes in linkage disequilibrium
with HLA-DR3 (14) or a particular allele of the gene encoding
tumor necrosis factor-α (TNF-α) frequently linked with DR2
(14,18). In contrast to these weak associations with disease
susceptibility in general, MHC class II genes exert a decisive
influence on the production of specific types of autoantibodies
in SLE (16,17). The antibody response to several autoantigens,
including dsDNA, in SLE has been associated with particular
MHC class II (HLA-DQ) alleles or combinations of these al-
leles. Overall, the data suggest that the contribution of MHC
class II molecules in SLE is predominantly at the level of specific
autoantibody production, perhaps reflecting the presentation
of specific autoantigens.

Inherited deficiencies of classic pathway complement com-
ponents, some of which are encoded within the MHC, have a
significant effect on susceptibility to SLE and lupuslike disease
(14,19). For example, most individuals with genetically deter-
mined complete deficiencies of complement C1q, C1r/C1s, or
C4 (both C4A and C4B) develop a syndrome resembling SLE.
C2 deficiency has been associated with a more than 40-fold
increased risk of developing SLE. These complete deficiencies
of complement components are, however, rare and account for
only a very small percentage of SLE patients. In contrast, C4A
deficiency may be present in as many as 13% to 15% of SLE pa-
tients (versus 1% of the general population) and studies have
suggested a 15- to 20-fold increased risk of developing SLE.
Furthermore, heterozygous C4A deficiency (one C4A∗QO al-
lele) is present in 35% to 60% of SLE patients compared to
13% to 20% of controls (relative risk for developing SLE is ap-
proximately two to three), although the interpretation of these
data is more difficult because of the linkage disequilibrium of
C4A with other possible predisposing MHC genes.

The association of complement deficiency states and SLE is
likely to be etiologic, but the mechanism for this influence is un-
known. Some investigators have postulated defects in the clear-
ance of infectious particles, immune complexes, or apoptotic
cells as leading to enhanced autoantibody production (20).
Complement deficiencies also could affect B-cell function and
the tolerance process. Alternatively, complement gene defects
may exemplify genetic defects that operate distal to autoan-
tibody production by allowing enhanced formation or depo-
sition of immune complexes in various organs. It is empha-
sized that, although complement deficiencies can predispose to
the development of SLE, complement activation is important
for the pathogenic effects of autoantibodies and immune com-
plexes in this disease. In SLE patients with certain types of com-
plement deficiencies, clinical manifestations may be altered. In
addition, inhibition of complement activation has been shown
to suppress lupus nephritis in animal models (21), and thera-
peutic trials with blocking monoclonal antibodies to C5 are in
progress in human SLE.

Patients with lupus nephritis have autoantibodies to the
complement classical pathway protein C1q. It is not known
whether these anti-C1q antibodies can cause lupus nephritis.
Trouw et al. (22) developed a murine mAb, JL-1, that recog-
nizes the tail domain of C1q. JL-1 administered alone in normal
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control mice resulted in glomerular deposition of C1qand anti-
C1q antibodies without inducing glomerular damage. Combi-
nation of JL-1 with a subnephritogenic dose of C1q-fixing anti-
glomerular basement membrane (anti-GBM) antibodies caused
renal damage manifested by decreased renal function and in-
creased albuminuria. The glomerular injury was not seen when
a non-C1q-fixing anti-GBM preparation was used. Therefore,
anti-C1q autoantibodies deposit in glomeruli together with
C1q but induce overt renal disease only in the context of
glomerular immune complex disease. This study demonstrates,
for the first time, a causal link between anti-C1q antibodies and
lupus nephritis (22).

Associations also have been demonstrated between SLE and
alleles of the genes encoding cell-surface receptors for IgG
(i.e., Fcγ receptors) (23,24). For example, investigators have
demonstrated an association between SLE and alleles of the
gene encoding Fcγ RIIA (CD32), expressed on monocytes–
macrophages and neutrophils (23). Alleles of this gene differ
substantially in the ability to bind human IgG2, and studies
found a decrease in the prevalence of the high affinity bind-
ing allele in SLE, particularly in patients with lupus nephritis.
Thus, possibly similar to complement deficiencies, the genetic
contribution of this Fcγ receptor deficiency may reflect a rela-
tively late event in the pathophysiologic scheme of SLE-related
immune-complex damage in lupus nephritis. Consistent with
this hypothesis, other studies have noted the under representa-
tion of a high-binding Fcγ RIIIA allele (expressed on NK cells
and monocytes) in patients with SLE, especially with lupus
nephritis (24). The Fcγ receptor molecules and related path-
ways appear to be extremely important in immune-complex-
mediated glomerulonephritis and the generation of lupuslike
disease. In studies of the (NZB × NZW)F1 murine model,
knockout of Fcγ RIII function had no apparent effect on the
deposition of immune complexes in glomeruli but nearly com-
pletely prevented the development of severe glomerular dam-
age (25). In contrast, knockout of the gene encoding Fcγ RIIb,
which negatively regulates B-cell activation, results in lupuslike
renal disease in normal mice (26).

Association studies have also focused on other immunolog-
ically relevant genes in the pathogenesis of SLE. In addition to
classical complement component deficiencies, alleles of man-
nan binding protein have been associated with susceptibility to
SLE and infection in the setting of SLE (27). Studies of genetic
polymorphisms that affect expression of certain cytokines such
as TNF-α, IL-10, and IL-6 have also been suggested to be as-
sociated with disease (28–30), although further confirmation
of these effects are needed. In contrast, most mouse and hu-
man studies have not found a major role for polymorphisms in
either the T-cell receptor (TCR) gene complex or immunoglob-
ulin (Ig) gene complex. This is consistent with a large amount
of evidence that abnormalities in these lymphocyte receptors
are not required for expression of disease (8). A number of
different Ig genes can be utilized to encode pathogenic autoan-
tibodies in lupus, and multiple different TCR variable regions
appear to be sufficient for disease development.

The development of techniques to map the position of dis-
ease susceptibility loci in genome-wide screens without regard
to candidate genes has been a significant advance in genetic
analysis in the last few years (12,13). Genetic mapping stud-
ies, including genome-wide scans, have been reported in SLE
as well as murine models of these diseases (14,31–33). Unfor-
tunately, the susceptibility genes underlying most mapped loci
have not been identified to date. Except for the lpr mutation
of the gene encoding Fas and gld mutation in the Fas ligand
gene, none of the approximately 15 to 20 non-MHC suscepti-
bility loci mapped in murine models of lupus have been identi-
fied with any certainty to date. In addition, although multiple
loci have been suggested in mapping studies in human SLE, no
non-MHC genes have yet been identified. In a recent follow-

up study of a directed linkage study in SLE (34), transmission
disequilibrium testing was used to implicate the gene encoding
poly-ADP-ribose polymerase (PARP or ADPRT) on distal hu-
man chromosome 1 (35), but other investigator groups have
not been able to confirm this observation (36).

A possible step forward in understanding genetic contri-
butions in lupus relates to the identification of lpr and gld in
murine studies as mutations in the genes encoding Fas and Fas
ligand, respectively. These genes are involved in programmed
cell death (apoptosis); the traits resulting from these mutations
have been described extensively (10). Homozygosity for these
mutations results in the acceleration of lupuslike autoimmunity
as well as a massive accumulation of CD4– CD8– (double-
negative) T cells. Although the mechanism by which muta-
tions in Fas lead to accelerated autoimmunity is unknown, the
strongest hypothesis is that self-reactive T and B cells arise
when they fail to undergo apoptosis normally (8). Studies have
shown that both T and B cells must carry the lpr mutation for
maximal autoantibody production to occur (37,38). The evi-
dence indicates that Fas is not critically important in central
(intrathymic) tolerance during T-cell development (8,39,40).
Instead, studies support the contention that peripheral T-cell
tolerance mechanisms are primarily affected by the lpr muta-
tion (40). In a similar manner, studies also suggest that central
B-cell tolerance may be relatively independent of Fas (41,42),
and surface expression of Fas on B cells may be most important
in preventing inappropriate CD4+ T-cell-dependent expansion
of autoreactive B cells in the periphery (43). Fas mutations
have been identified in a few children with lymphoprolifera-
tive syndromes and evidence of autoimmunity (44). However,
it is important to emphasize that there is really no counterpart
to the lpr or gld phenotype in human SLE, and recent stud-
ies have not found defects of these genes in SLE patients. Still,
there is a belief that other genes involved in apoptosis or re-
lated cell-signaling pathways may be involved in the genetic
susceptibility and pathogenesis of the human disease.

In animal models, many single gene knockout and trans-
genic manipulations have resulted in systemic autoimmune syn-
dromes with lupuslike autoantibody production and immune-
complex renal disease (14,20,26,31). Targeted perturbations of
genes involved in apoptosis, T- or B-cell signaling, B-cell activa-
tion, cell cycle processes, as well as genes encoding complement
components, Fc receptors, and cytokine or cytokine receptor
expression have been reported to cause the development of lu-
puslike disease. In many studies, the background of the strain
in which the knockout is placed can greatly alter the expression
of disease (20,26). Although single gene models of lupus have
pointed to particular genes and mechanistic pathways for study
in human disease, as discussed, genetic contributions to human
SLE are generally complex and determined by the combination
of multiple susceptibility genes (14,31,32).

Overall, there is great optimism that a number of non-MHC
alleles that contribute to SLE will be defined in the next few
years. Multiple abnormalities of both B- and T-cell phenotype
and function have been described in SLE and murine models
of lupus. However, many of these defects probably reflect sec-
ondary events in the disease process, and it is unclear which of
these lymphocyte abnormalities are primary checkpoints in the
pathogenesis of disease. The genes that predispose to autoim-
munity are likely related to primary events in pathogenesis;
therefore, their identification will almost certainly provide im-
portant insight into the development of autoimmunity and the
cause of autoimmune disease.

Environmental Triggers and Influences

In the proposed model of pathogenesis (Fig. 65-1), environ-
mental factors interact with susceptibility genes to result in
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autoimmune disease; however, the existence and importance
of any particular environmental trigger in SLE has yet to be
defined. Geographic clustering has not been documented in
SLE, and a number of postulated chemical exposures or di-
etary effects have not been confirmed to be associated with
SLE when careful epidemiologic studies were performed. The
possible viral etiology of SLE has been vigorously investigated.
One recent study has shown that children with SLE have a
higher prevalence of Epstein-Barr virus (EBV) infection com-
pared to control groups (45). Although the studies are harder
to perform in adults (because of the higher frequency of EBV
in the general adult population), preliminary studies suggest a
similar conclusion. The basis for these interesting findings in
terms of which condition is predisposing to the other has yet
to be clarified.

Environmental influences on the expression of disease man-
ifestations are clearly seen in SLE. These include the exac-
erbation of skin rash (or even systemic symptoms) after sun
exposure, exacerbations of disease after viral or bacterial in-
fections, and changes in disease activity after administration of
exogenous hormones. Several important pieces of evidence also
support the contention that estrogens increase the risk of de-
veloping SLE and/or exacerbate disease. Epidemiologic studies
have documented an increased frequency of disease in post-
menopausal women taking estrogen supplementation (46) and
in women taking birth control pills (47,48). These studies are
consistent with the known increased expression of disease in
women of childbearing age (5) and studies in certain animal
models showing that estrogens enhance disease expression (6).
There is also evidence from animal models that androgens may
have a suppressive effect on disease course. Perhaps related,
treatment of patients with dehydroepiandrosterone (DHEA),
an abundant adrenal steroid with slight androgenic activity,
has been shown in at least one controlled study to be mildly
effective in patients with mild to moderate disease activity (49).

A large number of drugs have been associated with the pro-
duction of ANA and development of a lupuslike syndrome (50)
(see discussion later in this chapter). Drug-induced lupus, how-
ever, is not the induction of lupus in individuals predisposed to
develop SLE. Compared to SLE, drug-induced lupus occurs in
older patients (related to the age of patients using the offending
medication) and the sex ratio is close to unity. Drug-induced
lupus in general also differs from idiopathic SLE in that it tends
to cause predominantly joint and pleural–pericardial involve-
ment, and the development of lupus nephritis is very unusual.
The disease remits with time when the offending drug is discon-
tinued. The mechanism for how drugs, such as procainamide
and hydralazine, induce lupuslike disease remains poorly
understood.

T Cells and T-Cell Cytokines

Studies showing the association of autoantibody production
with particular class II MHC genes, the requirement for class
II MHC molecules in murine models of lupus, as well as the
characteristics of IgG autoantibodies in SLE strongly suggest
that CD4+ T cells are critically involved in the pathogenesis
of this SLE (8). Moreover, treatment of murine models with
monoclonal anti-CD4 antibodies can ameliorate the disease,
documenting an important role for CD4+ T cells in the dis-
ease process (8,51–53). The specificities of the CD4+ T cells
involved in SLE induction have not been fully defined. The
nature of T-cell help in lupus may differ from conventional re-
sponses to foreign antigens because of the unusual structure
of the target autoantigens, and the T-cell specificities may not
necessarily match the antigens that are stimulating and driv-
ing B cells. There is no evidence, for example, that T cells
specific for DNA are involved in the anti-DNA antibody re-

sponse in spontaneous murine lupus. Most lupus antigens ex-
ist as a component of large complexes (such as nucleosomes
or spliceosomes), containing multiple protein as well as nu-
cleic acid molecules. These complexes may be more capable of
cross-linking Ig receptors on B cells, making the specific B cells
more susceptible to T-cell help. Proteins within these complexes
may also be internalized, processed, and presented for T-cell
recognition. In recent studies, pathogenic T cells recognizing
peptides derived from histones (the major protein component
of chromatin) have been identified in both murine and human
lupus (54,55), and these T cells were capable of helping B cells
produce anti-DNA antibodies.

Current theories to explain the development of autoreactive
T cells in SLE are based on the mechanisms of T-cell tolerance
that operate in normal individuals. For example, it is conceiv-
able that there is a generalized failure of negative selection in
the thymus. However, studies in lupus mice have repeatedly
shown that high-affinity responses to self-antigens are toler-
ized normally in the thymus (8,39,40,56,57). Similar to other
autoimmune diseases, lupus more likely involves a failure of pe-
ripheral tolerance mechanisms, including a failure to maintain
T-cell ignorance, a failure to induce anergy after exposure to
self-antigens in the periphery, or a failure of normal regulatory
(suppressor T-cell) mechanisms. To date, there is little infor-
mation to pinpoint a particular defect, and research on these
questions remains an extremely active area of investigation.

Any self-antigen needs to be processed and presented with
MHC molecules to allow for negative selection in the thymus.
Cryptic determinants are not presented adequately, and cells
capable of recognizing these peptides escape central tolerance
and are part of the normal peripheral T-cell repertoire (58).
Immunization of normal mice with cryptic peptides of nuclear
antigens has been shown to result in lupuslike autoantibody
production that can spread to other determinants on the same
molecule and spread to other nuclear antigens (intramolecular
and intermolecular determinant spreading) (59–62). The abil-
ity to stimulate T cells that are reactive with cryptic epitopes
through molecular mimicry has been suggested as a possible
initiating event in the pathogenesis of SLE.

Numerous quantitative, phenotypic, and functional abnor-
malities of T cells in SLE and murine models of lupus have been
documented (63). Studies have suggested that T-cell signaling
through the TCR and CD3 is defective, associated with defi-
cient TCR ζ -chain expression, protein kinase A activity, and
downstream activation steps (64,65). Other work has docu-
mented abnormally increased expression and release of cos-
timulatory molecules, such as CD40 ligand (CD40L; CD156),
in SLE patients versus controls, which could allow for increased
T-cell activation and T-cell dependent activation of B cells
(66–68). Additional T-cell–related abnormalities reported in
SLE include T-cell lymphopenia, alterations in CD4+ T-cell
numbers and certain CD4+ T-cell subsets, increased numbers
of activated CD4+ T cells, increased numbers of CD4– CD8–
(double-negative T cells) and aberrant T-cell help from this sub-
set, defective T helper cell activity, aberrant helper activity from
CD8+ T cells, defective T-cell suppressor activity, deficient in
vitro IL-2 production and response to IL-2, and abnormal in
vitro production of other cytokines (63). It remains unclear
which of these defects are important events in disease patho-
genesis and which are just secondary abnormalities induced by
the markedly abnormal immune state of lupus.

Although more sharply defined in mice compared to hu-
mans, it is clear that T cells after activation may evolve into two
major subsets of T helper cells, distinguished by the cytokines
that they produce. Type 1 helper T (Th1) cells mainly synthesize
interleukin-2 (IL-2) and interferon-γ (IFN-γ ), as well as other
proinflammatory cytokines such as lymphotoxin and tumor
necrosis factor (TNF). Type 2 helper T (Th2) cells are distin-
guished primarily by their secretion of IL-4, IL-5, IL-10, and



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-65 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:16

1678 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

IL-13. Th1 cells appear to be critically important in autoim-
mune diseases such as multiple sclerosis and type 1 diabetes
(69). Th2-type responses may be relatively more important
in SLE compared to these organ-specific diseases. However,
in spontaneous murine models of lupus, the IgG isotypes in-
volved in pathogenicity suggest the additional influence of Th1-
type cytokines and especially the importance of interferon-γ
(IFN-γ ) (70,71). It is important to note the critical involve-
ment of IFN-γ in the pathogenesis of disease in murine models
of lupus (71), and evidence supports a role for this cytokine in
human SLE (72) as well as its potential as a therapeutic target
(71). The mechanism for the influence of IFN-γ in SLE has not
been defined.

T-Cell Co-stimulation and T-Cell–B-Cell
Interactions

Autoreactive T cells, like T cells specific for foreign antigens,
must receive several signals to be activated. One signal is
antigen-specific and provided by engagement of the T-cell re-
ceptor for antigen (TCR). Costimulatory molecules and their
interactions provide additional signals. Two of the most impor-
tant costimulatory interactions involve CD28 and CD40 ligand
on the T cell, which bind to B7 (B7-1 CD80 and B7-2 CD86)
and CD40, respectively, on antigen-presenting cells and B cells.
The interaction of CD40 ligand with CD40 is clearly bidirec-
tional in that it provides signals important for both T- and B-cell
activation (73). Studies in human SLE have suggested that cell-
surface CD40 ligand expression may be aberrantly increased
(66,67) and that soluble CD40 ligand levels may be increased
with resultant excessive B-cell activation (68). In murine models
of lupus, blocking of the CD40 ligand–CD40 interaction or the
CD28–B7 interaction suppresses disease activity (73,74), and
currently these therapies are being developed to treat human
SLE patients. Blocking both these costimulatory interactions
in combination is one of the most potent treatment strategies
in murine lupus at present (75).

B Cells

Generalized polyclonal B-cell hyperactivity and activation are
frequently present in SLE (76), and some patients demonstrate
markedly increased serum immunoglobulin levels, probably re-
flecting this process. However, the majority of available data
also indicate that pathogenic autoantibody production in SLE
is selective for only certain self-antigens and driven by self-
antigen at the B-cell level. In SLE and lupus mice, for example,
a subset of B cells producing IgG anti-DNA antibodies are clon-
ally expanded and their Ig genes are modified by somatic mu-
tation (77–79). This IgG autoantibody production appears to
mimic a normal T-cell–dependent response to foreign antigen
and involves similar mechanisms of somatic mutation, affinity
maturation, and IgM to IgG class switching. Studies by several
groups have indicated that anti-DNA autoantibodies in lupus
preferentially utilize a subset of immunoglobulin heavy- and
light-chain variable region gene segments (77–79). In addition,
the generation of high affinity anti-DNA antibodies through
immunoglobulin gene rearrangement and somatic mutation in-
volves the accumulation of basic arginine residues in the im-
munoglobulin regions that bind antigen (complementarity de-
termining regions), suggesting selection by anionic antigens,
perhaps DNA itself.

B cells capable of secreting pathogenic autoantibodies char-
acteristic of SLE are present and can develop from the nor-
mal B-cell repertoire (8). The transfer of alloreactive CD4+

T cells and generation of chronic graft-versus-host disease

causes pathogenic lupuslike autoantibody production in nor-
mal recipient animals (80,81). Other studies have shown that
immunization of normal animals to certain peptides derived
from nuclear antigens can result in spreading autoantibody re-
sponses to other determinants on the same molecule and to
other molecules in the same nuclear complex (e.g., anti-Sm to
anti-U1RNP and anti-Ro/SS-A to anti-La/SS-B) and can lead
to lupuslike disease (59–62). This epitope spreading shows the
presence of self-reactive B cells in these normal mice. Therefore,
defects in central B-cell tolerance do not appear to be necessary
to allow for pathogenic autoantibody production (8). Similar
to regulation of autoreactive T cells, studies suggest that reg-
ulation of B cells in peripheral lymphoid tissues may be most
important for the prevention of B-cell autoimmunity. Evidence
also suggests that one of the genetically determined immune
defects in SLE may cause generalized B-cell dysfunction and
disrupt the peripheral B-cell tolerance process (26,38,76).

B cells are more important in the development of SLE than
just as a source of autoantibodies (82). Studies in murine lupus
have indicated that disease-related CD4+ T-cell activation is
dependent on the presence of B cells (82). Studies also have
demonstrated an important role for B cells in epitope spreading
(59), probably related to the effectiveness of antigen-specific
B cells to present additional determinants after binding and
internalizing antigenic complexes.

Autoantibodies

Among autoantibodies produced in SLE, those directed against
components of the cell nucleus are the most characteristic and
are found in more than 95% of patients (2,83–85). These antin-
uclear antibodies can be directed to DNA, RNA, as well as mul-
tiple different proteins contained in protein–nucleic acid com-
plexes (Table 65-2). Cytoplasmic proteins associated with RNA
also can be targets of autoantibodies in SLE (86). In general,
these nuclear and cytoplasmic molecules are involved in criti-
cally important cell functions, including storage of genetic ma-
terial, cell division, regulation of gene expression, RNA tran-
scription, and RNA processing. The third major group of au-
toantigens in SLE is cell surface molecules (e.g., those on the
surface of red blood cells, platelets, or lymphocytes). In gen-
eral, the only well-studied autoantibody specificities relevant
to renal involvement are antibodies to double-stranded DNA
(dsDNA). In a subset of SLE patients with renal involvement,
antiphospholipid antibodies may contribute to renal pathol-
ogy by causing thrombosis and a thrombotic microangiopathy
(discussed in more detail later in this chapter).

Antibodies to Double-Stranded DNA and Their Role in
the Pathogenesis of Lupus Glomerulonephritis

Anti-dsDNA antibodies (87–89), especially when present in
high levels in serum, are found essentially only in SLE patients.
The titer of these antibodies fluctuate with disease activity, in-
cluding systemic disease activity, but appear to correlate best
with expression of glomerulonephritis in SLE. In some patients,
serial measurements are useful in predicting disease flares, and
quantitation of anti-dsDNA antibody activity in serum may be
useful in the management of individual patients with SLE. It
is clear, however, that some patients with active nephritis lack
detectable serum anti-dsDNA activity, whereas other patients
demonstrate persistently high levels without clinical evidence
of nephritis. Some of these discrepancies may reflect problems
with the assays used to measure anti-dsDNA activity, and stud-
ies have demonstrated that anti-dsDNA antibodies vary greatly
in their pathogenic potential. In contrast to anti-dsDNA anti-
bodies, antibodies to single-stranded DNA (ssDNA) have little
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TA B L E 6 5 - 2

EXAMPLES OF AUTOANTIBODIES IN SYSTEMIC
LYPUS ERYTHEMATOSUS (SLE) AND THEIR CLINICAL
ASSOCIATIONS

Target Clinical associations

sDNA High diagnostic specificity for SLE
Correlation with disease activity

(especially nephritis)
sDNA Low diagnostic specificity
Histones SLE and drug-induced lupus
Sm (snRNP proteins

B, B′, D, E)
High diagnostic specificity for SLE

No correlation with disease
activity

U1 RNP Sm (snRNP
proteins A, C, 70
kDa)

MCTD or other overlap syndrome
(when not accompanied by
anti-Sm)

SS-A/Ro (60-kDa and
50-kDa proteins)

Neonatal lupus (with anti-SS-B/La)
Photosensitivity and subacute
cutaneous LE

SS-B/La (48-kDa
protein)

Associated with Sjögren’s syndrome
Neonatal lupus (with anti-SS-A/Ro)

Ku High diagnostic specificity for SLE
PCNA/cyclin High diagnostic specificity for SLE
Ribosomal P High diagnostic specificity for SLE

Cytoplasmic staining
Psychiatric disease

Phospholipids
(β2-glycoprotein 1)

Lupus anticoagulant
Thrombosis
Recurrent abortions/fetal wasting
Focal neurologic deficits
Thrombocytopenia
Livido reticularis

Cell surface antigens
Platelets Thrombocytopenia
Red blood cells Hemolytic anemia
Lymphocytes Lymphopenia
Neuronal cells Diffuse neurologic deficits

SnRNP, small nuclear ribonucleoprotein; MCTD, mixed connective
tissue disease.
(From: Kotzin BL, O’Dell JR. Systemic lupus erythematosus. In: Frank
MM, et al., eds. Samter’s Immunologic Diseases, 5th ed. Boston:
Little, Brown; 1994, with permission.)

diagnostic specificity and correlate poorly with renal disease
activity.

IgG antibodies directed to dsDNA appear to play a promi-
nent role in lupus nephritis (2,87–89). The evidence for this in-
cludes: (a) detection of anti-dsDNA antibodies in the glomeruli
of patients and animals with active disease; (b) studies showing
enrichment of IgG anti-dsDNA antibodies in glomerular tissues
relative to serum and other organs; (c) longitudinal studies in
a subset of SLE patients demonstrating that high levels of cir-
culating anti-dsDNA antibodies frequently precede, or coin-
cide with, active glomerulonephritis; and (d) demonstration in
animals that injection of certain monoclonal IgG anti-dsDNA
antibodies or expression of genes that encode pathogenic IgG
anti-dsDNA activity, can lead to glomerular pathology.

Anti-DNA antibodies do not appear to mediate renal dam-
age in SLE through the deposition of circulating immune com-
plexes. Even in patients with active glomerulonephritis or an-
imal models with actively increasing amounts of anti-DNA
antibodies in the glomerulus, DNA–anti-DNA complexes have
been difficult to demonstrate in the circulation (87,90). Two al-
ternative theories have been proposed to explain the pathogenic

mechanisms of these antibodies. In the first, anti-DNA–DNA
complexes are proposed to form in the glomerulus (in situ com-
plex formation) rather than being deposited from the blood
(91). Evidence supports a model in which DNA first binds to
the glomerulus and is then recognized and bound by anti-DNA
antibodies (92–94). Recent studies suggest that the negatively
charged DNA may be binding to the glomerular basement
membrane through positively charged histones, and that the
target of autoantibodies is a DNA–histone–Type IV collagen
complex within the glomerular basement membrane (94–97).
It is of interest that increased amounts of circulating DNA have
been detected in the blood of patients with SLE, which appears
to be in the form of nucleosomes and therefore mostly com-
posed of DNA and histones (98,99). The circulating nuclear
material thus could become the planted renal target for a subset
of pathogenic anti-DNA antibodies. This model also opens the
possibility that selected antihistone, antichromatin, or other
antinuclear specificities also could be pathogenic with mech-
anisms of damage similar to anti-DNA antibodies. There is
evidence also that qualitative differences in anti-dsDNA an-
tibodies are critically important in determining potential
pathogenicity, and these differences may operate at the level
of in situ complex formation. Other properties that have been
proposed to affect pathogenicity include charge (cationic anti-
bodies appear to be more pathogenic), avidity for DNA, idio-
types carried by the autoantibody, and the epitopes on DNA
being recognized (87,88). Finally, in the planted antigen model,
the release of antigen (i.e., DNA or nucleosomes) may be an ad-
ditional variable in determining pathogenicity in lupus nephri-
tis. This variable may explain studies in mice showing that
“pathogenic” anti-dsDNA antibodies (either administered or
induced) are not sufficient for the induction of severe renal dis-
ease (100,101). Analogous situations in human lupus nephritis
also seem likely.

In an alternative model, the subset of pathogenic anti-DNA
antibodies has been hypothesized to cross-react with glomeru-
lar antigens that are not DNA in origin. Thus, the potential
to cross-react would be the determinant of pathogenicity. This
model is supported by data showing that anti-DNA antibodies
do contain other specificities and can bind to different glomeru-
lar structures (87,88,102–104). The model is also supported by
data from other disease systems in which antibodies to intra-
cellular antigens have been associated with glomerulonephritis,
through cross-reactivity with glomerular antigens.

It should be emphasized that the correlation of anti-dsDNA
autoantibody levels with activity of lupus nephritis is a general
one. For example, numerous studies have shown that glomeru-
lonephritis in SLE can occur in the absence of detectable anti-
DNA antibodies (87,88). Although these cases may represent
a failure of the sensitivity of currently available techniques to
measure anti-DNA antibodies, it also suggests that autoanti-
bodies directed to non-DNA antigens may participate in lupus
renal damage in some cases. In most spontaneous murine mod-
els of lupus nephritis, antibodies to a self-retroviral envelope
glycoprotein (gp70), and gp70-anti-gp70 immune complexes,
are important in the development of severe nephritis (105). As
discussed in the preceding paragraphs, there is reason to be-
lieve that a subset of antibodies directed to non-DNA antigens
of chromatin also may be pathogenic. The relative contribution
of autoantibody systems in addition to anti-DNA antibodies in
lupus nephritis needs to be clarified.

Complement Activation and Fcγ Receptors
in Renal Damage

The activation of complement components through the
classical pathway appears to be critically involved in the
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pathogenesis of immune complex-mediated glomerular dam-
age in lupus. Direct damage as well as recruitment of inflam-
matory cells are likely to be involved. Thus, IgG anti-DNA
antibodies that are complement-fixing are most likely to be
pathogenic (88). Studies in murine lupus nephritis have shown
dramatic suppression of renal disease after injection of block-
ing monoclonal antibodies specific for complement factor C5
(21). Inhibition of complement activation in a similar fashion
has been proposed as a possible therapy for patients with lu-
pus nephritis, and studies are in progress to test this idea. In
addition to the role of complement, murine studies have shown
that effector cells bearing Fcγ receptors for IgG (Fcγ receptors),
particularly Fcγ RIII, are necessary for immune complexes to
mediate the full extent of damage in lupus nephritis (25).

CLINICAL–PATHOLOGIC
CORRELATION IN
LUPUS NEPHRITIS

Almost all patients with SLE demonstrate abnormalities on
renal biopsy, especially if immunofluorescence and electron
microscopy analyses are performed. Approximately half of all
patients have clinically significant renal involvement at time of
diagnosis. Importantly, lupus nephritis demonstrates remark-
able variability in its pathologic appearance, clinical presen-
tation, and course. Morphologic differences can be appar-
ent among biopsies from different patients as well as among
glomeruli in the same biopsy.

In order to confidently classify lupus glomerulonephritis,
the renal biopsy should contain a minimum of 10 glomeruli for
light microscopic analysis (106). Immunofluorescence is neces-
sary for complete analysis and should include staining for IgG,
IgA, and IgM isotypes, kappa and lambda light chains, and
complement components C3 and C1q. Glomerular immune de-
posits in lupus nephritis should always contain dominant poly-
clonal IgG as well as C3 and usually C1q with lesser amounts
of IgM and IgA (i.e., full house pattern). Immunofluores-
cence patterns not containing IgG should suggest an alternative
diagnosis.

Each of the histologic types of lupus nephritis represents a
nonspecific response to immune complex deposition. The one
pathologic finding that is relatively specific for lupus is the pres-
ence of tubuloreticular structures in the glomerular endothelial
cells seen on electron microscopy. These structures are com-
posed of ribonucleoprotein and membrane and their synthesis
is stimulated by alpha interferon (107).

World Health Organization
Pathologic Classification

The World Health Organization (WHO) pathologic classifica-
tion system for lupus nephritis was formulated in 1974 and
modified in 1982 and 1995 (Table 65–3) (108,109). This his-
tologic scheme addresses only glomerular lesions and in general
correlates with clinical severity and prognosis in patients with
lupus nephritis (110–115). However, it has been emphasized
that knowledge of the WHO histologic type of renal disease
may add little clinically useful information over and above that
already known from clinical laboratory studies (urinalysis, pro-
tein excretion, and especially renal function studies) (113–117).
When interpreting histologic findings, one must keep in mind
that the renal biopsy is only a reflection of what is going on
in the kidney at the time it is done and that changes from one
pathologic stage to another over time are well documented in
patients with lupus nephritis (110–112,118–121). In patients

TA B L E 6 5 - 3

MODIFIED WORLD HEALTH ORGANIZATION (WHO)
MORPHOLOGIC CLASSIFICATION OF LUPUS
NEPHRITISa

CLASS I Normal glomeruli
a. Nil (by all techniques)
b. Normal by light microscopy, but

deposits by electron or
immunofluorescence microscopy

CLASS II
(12%–25%)

Pure mesangial alterations (mesangiopathy)
a. Mesangial widening and/or mild

hypercellularity (+)
b. Moderate hypercellularity (++)

CLASS III
(16%–22%)

Focal segmental glomerulonephritis
(associated with mild or moderate
mesangial alterations)
a. With “active” necrotizing lesions
b. With “active” and sclerosing lesions
c. With sclerosing lesions

CLASS IV
(37%–46%)

Diffuse glomerulonephritis (severe
mesangial, endocapillary or
mesangiocapillary proliferation and/or
extensive subendothelial deposits)
a. Without segmental lesions
b. With “active” necrotizing lesions
c. With “active” and sclerosing lesions
d. With sclerosing lesions

CLASS V
(11%–21%)

Diffuse membranous glomerulonephritis
a. Pure membranous glomerulonephritis
b. Associated with lesions of class II
c. Associated with lesions of class III
d. Associated with lesions of class IV

CLASS VI Advanced sclerosing glomerulonephritis
(3%–4%)

aPercentages under each WHO class represent frequency of biopsy
results in various genes of systemic lupus erythematosus (SLE) patients
in which biopsies were systematically performed (105–111,114–117).

who undergo biopsy a second time, up to 40% may have under-
gone a change to another histologic class. This consideration
is particularly true if patients are biopsied early in the course
of their lupus and before therapy.

Renal biopsies showing normal glomeruli by light mi-
croscopy are designated WHO Class I. These are subdivided
into completely normal by all techniques and those that have
deposits demonstrated by immunofluorescence and/or elec-
tron microscopy. Mesangial nephritis (WHO Class II) (Figs.
65-2 and 65-3) is characterized by immune deposits in the
mesangium that are best seen by immunofluorescence and elec-
tron microscopy. Light microscopy reveals mesangial hyper-
cellularity and/or increased/expanded matrix. Deposits in the
capillary loops are not apparent or minimal in this class of
disease. Patients with mesangial nephritis usually demonstrate
little clinical evidence of renal involvement, with normal or
near normal urinalysis and renal function, and rarely require
any treatment for their renal disease. It should be emphasized
that mesangial changes represent a common denominator in
lupus nephritis, and other lesions described subsequently are
superimposed on these abnormalities.
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FIGURE 65-2. Histologic characteristics of mesangial glomerulonephropathy (World Health Organiza-
tion Class II) in a patient with systemic lupus erythematosus. A: A normal glomerulus for comparison. Note
the number and distribution of mesangial cells (arrows). (Hematoxylin and eosin, magnification ×200.)
B: An early mesangial nephropathy displaying a subtle increase of mesangial cells (arrows). Compare with
the normal glomerulus in A. (Hematoxylin and eosin, magnification ×200.) C: Another glomerulus from
the same patient as in B but with a segmental accentuation of mesangial cells (arrows). This would be
classified as a World Health Organization Class IIb lesion. (Hematoxylin and eosin, magnification ×200.)
D: The mesangial matrix is accentuated by immunofluorescent deposits of IgG. This is an immunofluo-
rescence analysis of the biopsy material shown in B. (Anti-IgG, magnification ×200.) (See Color Plate.)

Focal segmental (proliferative) glomerulonephritis (WHO
Class III) (Fig. 65-4) is characterized histologically by hypercel-
lularity owing to increases in mesangial, endocapillary, and/or
infiltrating cells. These changes result in encroachment of the
glomerular capillary space. Active inflammatory lesions are
present. Lesions involve less than 50% of the glomeruli and
are usually apparent in a segmental pattern (i.e., involve less
than 50% of the glomerular tuft). Some investigators consider
segmental glomerular necrosis to be the defining feature of
WHO Class II lesions. Consequently, this class of lupus nephri-
tis is further subdivided into those with active necrotizing le-
sions, combined active and sclerosing lesions, and primarily
sclerosing lesions. Patients with this pattern frequently demon-
strate proteinuria and hematuria, but severe (nephrotic range)
proteinuria or progressive loss of renal function is less com-
mon. However, focal proliferative nephritis should be viewed
as on a continuum with diffuse proliferative glomerulonephri-
tis because the lesions are qualitatively similar (Figs. 65-5 and
65-6) and may progress to the more severe category with
time.

Diffuse proliferative glomerulonephritis (DPGN) (WHO
Class IV) is seen in about 35% to 45% of lupus patients
with clinical renal disease and in most SLE patients who
progress to renal failure (108–113,119–121). Diffuse prolif-
erative glomerulonephritis is characterized by involvement of
more than 50% of the glomeruli, with generalized hypercellu-
larity of mesangial and endothelial cells. Inflammation with in-

flammatory cellular infiltrates, cellular destruction with nuclear
fragmentation, and areas of fibrinoid necrosis are common in
severe disease (Fig. 65-5). These changes ultimately may lead to
obliteration of the capillary loops and sclerosis. Subendothelial
deposits within the capillary loops and the resultant thicken-
ing of the membrane contour can result in “wire loop” lesions
(Figs. 65-5 and 65-6A). Hyaline thrombi from massive aggre-
gates of intraluminal immune complex deposits also may be
present. Regions of basement membrane thickening are usually
present. Crescents also may be seen in a subset of patients with
progressive glomerulonephritis (Chapter 60). A subset of pa-
tients may demonstrate histologic abnormalities characteristic
of true membranoproliferative (mesangiocapillary) glomeru-
lonephritis (Chapter 62). Similar to Class III, WHO Class IV is
further subdivided based on the presence of active, sclerosing,
or mixed types of glomerular injury. Immunofluorescence mi-
croscopy demonstrates extensive deposition of immunoglob-
ulin and complement in the mesangium and capillary loops,
and electron microscopy frequently shows immune complex
deposits in both subendothelial and subepithelial distributions
(Figs. 65-5 and 65-6). Clinically, patients almost always have
proteinuria and hematuria and not infrequently have decreases
in renal function. Hypertension is common. Rarely, patients
with no clinical evidence of renal disease have been biopsied
and found to have focal or even diffuse proliferative glomeru-
lonephritis (122), but progression does not occur without the
development of urinalysis abnormalities.
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FIGURE 65-3. Electron microscopic analy-
sis of mesangial glomerulonephropathy in a
patient with systemic lupus erythematosus.
Multiple electron-dense deposits are evident
in the mesangium of a WHO Class IIb le-
sion. (Magnification ×9,000.) Light micro-
scopic and immunofluorescence analyses of
mesangial glomerulonephropathy are shown in
Figure 65-2.

Membranous nephropathy (WHO Class V) (Figs. 65-7 and
65-8) is characterized histologically by diffuse thickening of
the basement membrane (108–112,123–125) (Chapter 63).
Glomeruli usually have normal cellularity. Lesions are further
subdivided based on the presence of mesangial hypercellular-
ity (Class II) and overlaps with focal proliferative (Class III)

and diffuse proliferative (Class IV) lupus nephritis. Subep-
ithelial deposits containing immunoglobulin and complement
are apparent along the basement membrane on electron mi-
croscopy and immunofluorescence microscopy (Figs. 65-7 and
65-8). Immune deposits are also seen in the mesangium help-
ing to separate it from idiopathic membranous nephropathy.

A B

FIGURE 65-4. Histologic characteristics of focal proliferative glomerulonephritis (World Health Orga-
nization Class III) in a patient with systemic lupus erythematosus. A: Approximately one-half of this
glomerular tuft is involved by mesangial proliferation (arrows), which at medium power is discernible as
a segmental lesion. (Hematoxylin and eosin, magnification ×200.) B: Another glomerulus from the same
patient. Here there is a mild global increase of mesangial cells and a segmental lesion with a suggestion of
early tuft necrosis (arrows). (Hematoxylin and eosin, magnification ×200.) Less than half of the glomeruli
in this biopsy demonstrated segmental lesions. (See Color Plate.)
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FIGURE 65-5. Histologic characteristics of diffuse proliferative glomerulonephritis (World Health Or-
ganization Class IV) in a patient with systemic lupus erythematosus. This plate also shows examples of
the abnormalities used in the scoring of the activity index (Table 65-4). A: The majority of glomeruli
in this case were involved by a global proliferation of mesangial cells and varying indicators of acute
activity. (Trichrome, magnification ×200.) B: This trichrome stain accentuates the intracapillary thrombi
present in the same biopsy as A. C: Subendothelial deposits are seen within the capillary loop (arrows).
The resultant thickening of the membrane contour is the source of the descriptive term “wire loop.”
(Trichrome, magnification ×800.) D: Multiple neutrophils are apparent within the mesangium and cap-
illary lumens (arrows). (Hematoxylin and eosin, magnification ×400.) E: Hematoxylin bodies (arrows)
are not often seen in biopsy material. They are the result of altered nuclear DNA and are considered
pathognomonic of lupus nephritis. Notice also the neutrophilic infiltrates and cellular proliferation, both
features of an active lesion. (Hematoxylin and eosin, magnification ×400.) F: Extensive glomerular depo-
sition of immunoglobulin demonstrated by immunofluorescent staining for IgG. Compare the distribution
and intensity of staining with the immunofluorescence analysis of mesangial nephropathy shown in Figure
65-2D. (From: Kotzin BL, O’Dell JR. Systemic lupus erythematosus. In: Frank MM, et al, eds. Samter’s
Immunologic Diseases, 5th ed. Boston: Little, Brown; 1994, with permission.) (See Color Plate.)

Clinically, patients who have pure membranous disease fre-
quently have extensive proteinuria but only minimal hematuria
or functional renal abnormalities. Complement levels and titers
of anti-dsDNA antibodies are frequently normal and do not
correlate with the activity of this type of nephropathy. A sub-
set of patients, estimated at 10% to 30%, slowly progresses to

chronic renal failure within a 10-year period. The natural his-
tory of this form of membranous disease is somewhat unclear
because nearly all patients with severe clinical manifestations
are treated. Membranous disease also can be observed as a tran-
sition stage after treatment for proliferative glomerulonephritis
(121,126).
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A

FIGURE 65-6. Electron microscopic analysis of diffuse proliferative glomerulonephritis (World Health
Organization Class IV) in a patient with systemic lupus erythematosus. A: In this electron microscopic
view of a wire-loop lesion, prominent electron-dense deposits (arrows) partially fill the subendothelial
space. Dense deposits are also seen throughout the mesangium, which is characteristic of lupus nephritis.
(Magnification ×9,000.) (continued)

Advanced sclerosing glomerulonephritis (WHO Class VI)
was introduced when the WHO classification was first mod-
ified. This lesion is the result of progressive Class III, IV, or
V glomerulonephritis. The use of numerous subdivisions has
made the modified WHO classification system cumbersome
and not widely accepted by all pathologists.

In 2003, an international group of renal pathologists,
nephrologists, and rheumatologists developed an expanded
classification system shown in Table 65-4 (127). This revised
classification preserves the six WHO classes of lupus nephri-
tis but introduces and defines important differences between
Class III and IV lesions that are clinically relevant. In ad-
dition, activity and chronicity lesions are further described.
This classification builds on the widely accepted WHO clas-
sification, attempts to eliminate the ambiguity about the def-
initions of classes III and IV lupus nephritis and includes
segmental glomerulonephritis with 50% or greater glomeru-
lar involvement. A new subdivision of class IV as segmental
or global has been included based on evidence that global
involvement may have a different prognosis compared to
segmental. This classification system is based on glomerular
pathology, but the group strongly recommended separate doc-
umentation on the extent and severity of tubulointerstitial

and vascular lesions, which can clearly affect renal progno-
sis. Whether this system is accepted by pathologists, improves
uniformity of reporting between centers, and reflects clini-
cal outcomes better than the previous classifications is under
investigation.

Lupus can also involve the renal tubules, kidney intersti-
tium, and blood vessels (108–112,128–130). Areas of lympho-
cytic interstitial infiltration may be apparent, and immunoflu-
orescence may demonstrate antibodies bound to renal tubular
cells (128,129). However, this almost always occurs in con-
junction with glomerular involvement, and, in general, renal
outcome is determined by the severity of the glomerular lesion.
Interstitial features of the chronicity index (described subse-
quently) appear to be closely related to glomerular damage and
glomerular dropout rather than secondary to chronic intersti-
tial inflammation; these features of irreversible damage predict
a poor outcome. The role of mononuclear cell infiltrates in
the pathogenesis of lupus nephritis remains poorly understood.
Vascular involvement in renal biopsies from patients with SLE
can vary considerably, being related to hypertension, hyperlipi-
demia, a small-vessel vasculopathy or small-vessel thrombosis
associated with antiphospholipid antibodies, or rarely vasculi-
tis (130,131).
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FIGURE 65-6. (Continued) B: Suben-
dothelial deposits in a moderately active
Class IV lesion, which show the con-
centric and swirling laminations dubbed
“fingerprinting.” Although not pathog-
nomonic, they are commonly associated
with lupus. (Magnification ×39,000.)
C: Tubuloreticular structures within
subendothelial cells (arrows). (Magni-
fication ×62,000.) (Courtesy of Dr.
William Hammond, Denver, CO.) Light
microscopic and immunofluorescence
analyses of diffuse proliferative glomeru-
lonephritis are shown in Figure 65-5.
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A B
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FIGURE 65-7. Histologic characteristics of membranous nephropathy (World Health Organization Class
V) in a patient with systemic lupus erythematosus. A: Normal glomerulus for comparison. Notice the thin,
delicate profile of the basement membranes. (Periodic acid–Schiff, magnification ×400.) B: Membranous
nephropathy with thickened basement membranes. (Periodic acid–Schiff, magnification ×400.) Compare
with the normal glomerulus in A. C: The thickened, rigid-appearing basement membranes of advanced
membranous nephropathy are obvious even at medium power. (Periodic acid–Schiff, magnification ×200.)
Lymphocytes are seen in the interstitium, and there is a hint of tubular dropout, an indicator that this is
a chronic lesion. D: Immunofluorescence study of the same patient illustrated in C. The membranes are
highlighted by fluorescent deposits of IgG. (Anti-IgG, magnification ×200.) (See Color Plate.)

Pathologic Indices of Activity and Chronicity

A semiquantitative histologic scoring system for lupus nephri-
tis has been developed in an effort to more accurately pre-
dict renal outcome and to help determine which patients are
most likely to benefit from aggressive therapy (7,119,132,133).
In this system, a chronicity index measures four histologic
components of chronic irreversible renal damage, and an
activity index measures six histologic components of activity
of lupus nephritis (Table 65-5, Figs. 65-5,65-6,65-9). In the
last several years, these systems have come into major use,
and a number of studies have reported on their predictive
associations and usefulness. Most, but not all, studies have
found that a higher chronicity index is associated with greater
risk for progression to renal failure (7,113,114,117,132–144).
For example, Austin and coworkers (133) showed that none
of 29 patients with lupus nephritis and a low chronicity in-
dex (defined as scores of 0 to 1) progressed to renal failure
over a 5-year period. In contrast, 40% of the patients with
scores greater than 3 progressed to renal failure. Based on its
apparent validity as a prognostic indicator as well as the fact
that the presence of chronic damage identifies disease with
destructive potential, several investigators have recommended
the use of the chronicity index as a guide to the aggressive-
ness of therapy. In particular, treatment with agents such as
cyclophosphamide was predicted to be most beneficial for pa-

tients with intermediate chronicity index scores (7,133). In
contrast to the chronicity index, the validity of the activ-
ity index as a predictor of renal outcome is less clear; ap-
proximately half of these studies have shown that a higher
score correlates with increased risk of renal failure (7,117,132–
144). This may relate to the caveat that active lesions are
amenable to therapy, whereas chronic lesions represent irre-
versible destruction. It seems likely that increased activity in-
dex scores identify patients most likely to respond to aggressive
treatment.

Some studies have not been able to confirm the usefulness
of the chronicity index for prognosis and management of pa-
tients with lupus nephritis (140–143). Most of the preced-
ing studies validating this scoring system were performed in
specialized academic centers with pathologists educated and
skilled in the use of this histologic grading system. There
is limited information on treatment and prognosis of lupus
nephritis in primary care facilities. At least one study of re-
nal pathologists from a nonreferral setting has suggested that
problems with interreader reliability could explain some of
the conflicting reports regarding the usefulness of the chronic-
ity index scoring system (145). Importantly, small differences
in chronicity index scoring could result in major differences
in risk group assignment, and such differences in scoring
could prevent the chronicity index from being a guide to
therapy.
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FIGURE 65-8. Ultrastructure of membranous nephropa-
thy (World Health Organization Class V) in a patient
with systemic lupus erythematosus, displaying numerous
dark deposits along the outer aspect of the glomerular
basement membrane. Basement membrane material has
been formed and is insinuating itself between the deposits,
forming so-called spikes (single arrows). The spikes will
coalesce and envelop the deposits (double arrows), even-
tually incorporating the deposits into the membrane itself,
where it will then be absorbed. (Magnification ×9,000.)
Light microscopic and immunofluorescence analyses of
membranous nephropathy are shown in Figure 65-7.

CLINICAL AND LABORATORY
ABNORMALITIES IN LUPUS

NEPHRITIS

Clinical Features

The development of lupus nephritis greatly influences long-
term outcome in patients with SLE and is the most frequent
reason for patients to be treated with high-dose corticosteroids
and cytotoxic medications. At time of diagnosis, 50% of pa-
tients have an abnormal urinalysis with or without an ele-
vated serum creatinine. Over the course of the disease, nearly
75% of all SLE patients demonstrate evidence of renal in-
volvement, with urinalysis abnormalities (proteinuria (80%),
hematuria (40%), or casts) or functional impairment with de-
creased glomerular filtration rate (GFR), as measured by cre-
atinine clearance. Although clinically significant nephritis can
occur at any time in the course of SLE, it usually occurs in
the first few years (<3 years) of disease, rarely develops af-
ter 5 years, and can be the presenting feature of disease in
5% of patients (110,146–150). However, urinalysis screening
at regular intervals is mandatory, since the onset of nephritis
is frequently asymptomatic. Examination of an early morn-
ing, second voided urine is recommended to ensure a concen-
trated acidic urine specimen, which is the best condition to
find urinary casts. Patients can also present with foamy urine
(proteinuria), nocturia (tubular dysfunction), nephrotic syn-

drome, or nephritic syndrome with hypertension, depending
on the extent of immune deposits and inflammation within
the glomerulus. Rarely patients can present with macroscopic
hematuria, rapidly progressive glomerulonephritis (doubling
of creatinine within 3 months), or acute renal failure. Re-
nal tubular acidosis is unusual and usually does not require
therapy.

Individual studies have indicated that renal disease is more
frequent and severe in childhood onset than adult onset SLE
patients (149). In adults, young age at onset (<33 years
old), male sex and nonwhite race or socioeconomic status are
risk factors for developing early and more severe nephritis
(5,7,144,147,150). Alternatively, patients with onset after age
50 usually have milder disease, including nephritis, although
some patients can develop renal damage (151). Except for hy-
pertension, no nonrenal clinical manifestation of SLE is rea-
sonably reliable in predicting the likelihood of developing lu-
pus nephritis or predicting the severity of renal involvement
and renal outcome (152). As discussed in the preceding section,
variability and unpredictability are major features of the course
of SLE.

Hypertension is common in patients with lupus nephritis
and may be important in the progression of renal damage in
patients with severe disease (153). Several studies have sug-
gested that it predicts a poor renal outcome (143,154,155).
Hypertension also plays a significant role in the increased in-
cidence of coronary artery disease seen in the SLE population.
Control of hypertension is critically important for a successful
outcome in lupus nephritis.
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TA B L E 6 5 - 4

INTERNATIONAL SOCIETY OF NEPHROLOGY/RENAL PATHOLOGY CLASSIFICATION
OF LUPUS NEPHRITIS (2003)

CLASS I MINIMAL MESANGIAL LUPUS NEPHRITIS
Normal glomeruli by light microscopy, but mesangial immune deposits by immunofluorescence

CLASS II MESANGIAL PROLIFERATIVE LUPUS NEPHRITIS
Purely mesangial hypercellularity of any degree or mesangial matrix expansion by light microscopy,

with mesangial immune deposits
A few isolated subepithelial or subendothelial deposits may be visible by immunofluorescence or

electron microscopy, but not by light microscopy

CLASS III FOCAL LUPUS NEPHRITISa

Active or inactive focal, segmental or global endo- or extracapillary glomerulonephritis involving
<50% of all glomeruli, typically with focal subendothelial immune deposits, with or without
mesangial alterations

Class III (A) Active lesions: focal proliferative lupus nephritis
Class III (A/C) Active and chronic lesions: focal proliferative and sclerosing lupus nephritis
Class III (C) Chronic inactive lesions with glomerular scars: focal sclerosing lupus nephritis

CLASS IV DIFFUSE LUPUS NEPHRITISb

Active or inactive diffuse, segmental or global endo- or extracapillary glomerulonephritis involving
≥50% of all glomeruli, typically with diffuse subendothelial immune deposits, with or without
mesangial alterations.

This class is divided into diffuse segmental (IV-S) lupus nephritis when ≥50% of the involved
glomeruli have segmental lesions, and diffuse global (IV-G) lupus nephritis when ≥50% of the
involved glomeruli have global lesions. Segmental is defined as a glomerular lesion that involves less
than half of the glomerular tuft. This class includes cases with diffuse wire loop deposits but with
little or no glomerular proliferation.

Class IV-S (A) Active lesions: diffuse segmental proliferative lupus nephritis
Class IV-G (A) Active lesions: diffuse global proliferative lupus nephritis
Class IV-S (A/C) Active and chronic lesions: diffuse segmental proliferative and sclerosing lupus nephritis
Class IV-G (A/C) Active and chronic lesions: diffuse global proliferative and sclerosing lupus nephritis
Class IV-S (C) Chronic inactive lesions with scars: diffuse segmental sclerosing lupus nephritis
Class IV-G (C) Chronic inactive lesions with scars: diffuse global sclerosing lupus nephritis

CLASS V MEMBRANOUS LUPUS NEPHRITIS
Global or segmental subepithelial immune deposits or their morphologic sequelae by light microscopy

and by immunofluorescence or electron microscopy, with or without mesangial alterations
Lupus nephritis may occur in combination with class III or IV in which case both will be diagnosed
Class V lupus nephritis may show advanced sclerosis

CLASS VI ADVANCED SCLEROTIC LUPUS NEPHRITIS
≥ 90% of glomeruli globally sclerosed without residual activity

Indicate and grade (mild, moderate, severe) tubular atrophy, interstitial inflammation and fibrosis, severity of arteriosclerosis or other vascular lesions.
a Indicate the proportion of glomeruli that are active and with sclerotic lesions.
bIndicate the proportion of glomeruli with fibrinoid necrosis and/or cellular crescents.

Pregnancy is not an infrequent occurrence in SLE pa-
tients and can be a difficult management problem (156,157).
Pregnancy in the setting of active disease, especially active or
progressive renal disease, can result in severe problems and a
bad outcome for both the mother and baby. Among women
with lupus nephritis, the incidence of preeclampsia can be as
high as 66%. It may be difficult to distinguish preeclampsia
from an exacerbation of lupus nephritis, although the presence
of an active urinary sediment, elevated anti-dsDNA antibody
levels, and hypocomplementemia favor lupus nephritis (158).
Patients with active lupus nephritis have up to a 52% risk of
fetal loss during pregnancy (159). Furthermore, disease flares
and exacerbations of glomerulonephritis may occur, particu-
larly in the third trimester and immediate postpartum period,
even in patients who have been clinically quiescent (160). No-
tably, these flares can also occur following elective termination
of pregnancy. Therefore, women with lupus nephritis should

be encouraged to delay pregnancy until their disease is treated
and inactive for at least 6 months (156).

Autoantibodies

As reviewed in the preceding text, antinuclear antibodies
(ANAs) are the hallmark of autoantibody production in SLE,
and more than 98% of SLE patients with nephritis demon-
strate a positive ANA test (83–85). Antinuclear antibodies are
detected in most laboratories by an indirect immunofluores-
cence assay with human tumor cells (usually HEP-2 cells) as
the substrate fixed to the slide. These cells allow the greatest
sensitivity and best definition of binding patterns. A variety of
immunofluorescent staining patterns (e.g., peripheral or rim,
diffuse, speckled, or nucleolar) can be observed on ANA test-
ing. However, because of the development of tests that measure
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TA B L E 6 5 - 5

PATHOLOGIC INDICES OF ACTIVITY AND
CHRONICITY IN LUPUS NEPHRITIS

Chronicity indexa Activity indexb

Glomerular sclerosis Cellular proliferation
Fibrous crescents Fibrinoid necrosis, karyorrhexis
Tubular atrophy Cellular crescents
Interstitial fibrosis Hyaline thrombi, wire loop lesions

Leukocyte infiltration in glomerulus
Mononuclear-cell infiltration in

interstitium

aTo obtain a chronicity score, each parameter is graded 0 to 3
depending on severity of involvement, and the grades are added.
Glomerular sclerosis and fibrous crescents are graded as follows: 0,
absent; 1+, <25% of glomeruli involved; 2+, 25% to 50% of
glomeruli involved; 3+, >75% of glomeruli involved. Tubular atrophy
and interstitial fibrosis are graded as follows: 0, absent; 1+, mild; 2+,
moderate; 3+, severe. The maximum chronicity score is 12.
bTo obtain an activity score, each parameter is graded 0 to 3
depending on severity of involvement, and the individual grades are
added. Fibrinoid necrosis and cellular crescents have been given a
“weighting” factor of 2. The maximum activity score is 24.

specific ANA specificities, these patterns have less clinical sig-
nificance today. Although elevated serum levels of ANA are
very sensitive for the diagnosis of SLE, it is emphasized that
this test is not at all specific for SLE or other connective tis-
sue diseases. In a study of 15 international laboratories, nearly
one-third of healthy individuals were found to have a positive
ANA test at a serum dilution of 1:40 (161). The frequency

of a positive ANA in healthy individuals was 5% at a serum
dilution of 1:160 and 3% at 1:320. The sensitivity for the di-
agnosis of SLE at a 1:40 serum dilution was 97% compared
to 87% at 1:320 (161). The specificity for SLE was only 68%
at a titer of 1:40 but was 95% at 1:320. These results indicate
that a low dilution (1:40) is most valuable for excluding the di-
agnosis of SLE, whereas titers higher than 1:160 have the best
positive-likelihood ratio for the diagnosis of SLE.

If the screening ANA test is determined to be positive, many
clinical laboratories will offer a panel to detect various specific
ANAs, including antibodies to dsDNA, Sm, U1 RNP, SS-A/Ro,
and SS-B/La (Table 65-2). A number of different techniques
are used to detect and quantitate anti-DNA antibodies, includ-
ing immunoprecipitation, radioimmunoassay (RIA), enzyme-
linked immunoabsorbent assay (ELISA), and immunofluores-
cence staining. Using the hemoflagellate Crithidia luciliae,
which has a kinetoplast containing only dsDNA, an indirect
immunofluorescence assay has also been developed to specif-
ically detect antibodies to dsDNA. Although ELISA and
Crithidia techniques can be made specific and sensitive for anti-
bodies that bind dsDNA, these assays may not best measure the
subset of potentially pathogenic anti-dsDNA antibodies that
correlate with lupus nephritis (88); for example, these assays
may be capable of detecting lower avidity anti-dsDNA antibod-
ies compared to other detection techniques (e.g., a modified
Farr assay) that rely on precipitation of antibodies bound to
DNA. Some studies have suggested that anti-DNA antibodies
with high avidity have greater pathogenic potential (88).

Antiribosomal P is a highly specific lupus autoantibody that
reacts with the 60S ribosomal subunit located in the cell’s cyto-
plasm. Antiribosomal P antibodies are detected in about 15%
of lupus patients and correlate with disease activity, particu-
larly lupus cerebritis, and, more recently, nephritis. Reichlin

BA
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FIGURE 65-9. Examples of histologic features utilized in the chronicity index. A: An obsolescent glomeru-
lus is surrounded by small strophic tubules. (Hematoxylin and eosin, magnification ×200.) B: The
residuum of a glomerulus is barely visible in this example of a fibrous crescent. (Trichrome, magnifi-
cation ×200.) C: A shrunken glomerular tuft is displaced by a fibrous crescent. D: Simplified, dilated
tubules in a fibrotic stroma. (Hematoxylin and eosin, magnification ×200.) (See Color Plate.)
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and Wolfson-Reichlin reported that the occurrence of both an-
tiribosomal P and anti-ds DNA antibodies together were more
associated with lupus nephritis than was the presence of either
one alone (162). Interestingly, antiribosomal P antibodies can
cross-react with DNA and are capable of penetrating live cells
resulting in suppression of protein synthesis (163).

Serial monitoring of specific ANA in SLE should probably
be limited to anti-dsDNA as there is no evidence that changes
in the levels of other ANAs correlate with renal disease activity.
Monitoring of anti-DNA antibody levels appears to be of most
value in a subset of patients with lupus nephritis. They occur
more frequently and in higher titers in patients with Class III
or IV proliferative nephritis than with Class V (membranous)
glomerulonephritis. Changes, particularly an increase in titer
of anti-dsDNA antibodies, are more valuable than the abso-
lute height of the antibody level (164.) Importantly, some pa-
tients with high titers of anti-dsDNA antibodies never develop
nephritis, whereas severe nephritis can occasionally occur in
patients with low titers of these antibodies. However, in gen-
eral, patients with rising titers should be followed more closely
for disease exacerbation.

The value of antichromatin/nucleosome and anti-C1q an-
tibodies for assessing lupus nephritis activity and predicting
flares is being actively investigated. Chromatin is the native
histone-DNA complex organized into a repeating series of nu-
cleosome in the nucleus of eukaryotic cells. Nucleosomes (chro-
matin) from apoptotic cells are autoantigens in SLE patients.
Immune complexes composed of antichromatin antibodies and
chromatin can bind to the glomerular basement membrane.
Antichromatin antibodies have been reported to be associated
with lupus nephritis with a sensitivity of up to 81% (165).
Patients with antichromatin antibodies have a twofold higher
prevalence of lupus nephritis and higher disease activity scores
than patients without these antibodies. Similarly, anti-C1q an-
tibodies are present in 30% to 45% of patients with SLE. These
antibodies are strongly associated with lupus nephritis, and ris-
ing titers appear to predict renal flares (166). In addition, these
antibodies appear to predispose patients to more severe forms
of proliferative lupus nephritis. The binding of anti-C1q to C1q
on immune complexes may facilitate immune complex depo-
sition and/or amplify pathogenic complement activation once
the immune complex has deposited or formed in the glomerulus
(167).

Complement

Complement is consumed primarily via the classical pathway
during active immune complex deposition disease; therefore,
patients with active SLE characteristically have decreased levels
of C3, C4, and total hemolytic complement. Low complement
levels are associated with active disease, especially when active
lupus nephritis is present. However, hypocomplementemia may
be present in SLE patients with active cutaneous disease and
other types of clinical activity and occasional patients who do
not have clinical activity. Therefore, the presence of hypocom-
plementemia should alert the clinician to the possibility of ac-
tive organ involvement but should not by itself dictate therapy.
As discussed, a subset of SLE patients demonstrates hereditary
deficiencies of complement components. The presence of nor-
mal levels of C3 and undetectable hemolytic complement activ-
ity (e.g., CH50) levels should alert the clinician to the possibility
of a hereditary complete complement component deficiency. In
these situations, assays for the individual complement compo-
nents should be performed. Studies have suggested distinguish-
ing clinical and laboratory characteristics, including less renal
disease, in SLE patients with complete complement deficien-
cies. Serial monitoring of complement levels is discussed in the
section on management.

SLE is a disease characterized by complement activation
when active. Consequently, measurement of complement split
products, complement receptors (CR1 on erythrocytes), and
the complement membrane attack complex (C5b-9) is presently
being studied for monitoring disease activity. Of these, mea-
surement of C4d on erythrocytes (E-C4d) holds the most
promise. The complement split product, C4d, has the ca-
pacity to attach covalently to cell surface components and
persist longer than soluble split products in plasma. Recent
studies have demonstrated that abnormally high E-C4d levels
have a diagnostic sensitivity and specificity of 70% to 80%
(168). In addition, the levels fluctuate over time and correlate
with disease activity. Due to the short half-life of reticulocytes
(2 days) compared to erythrocytes (120 days), measurement
of reticulocyte-bound C4d may be an even better measure of
current and ongoing disease activity. The value of measuring
membrane-bound C4d levels to monitor lupus nephritis is cur-
rently being evaluated.

Tests Monitoring Renal Involvement

Routine laboratory tests used to diagnose and monitor the ex-
tent of glomerulonephritis in patients with SLE are similar to
those used for other renal diseases (Chapters 10 and 11). Fre-
quent urinalyses with microscopic examination, serum crea-
tinines, and 24-hour creatinine clearance and urinary protein
excretion studies usually are necessary in SLE patients with
renal involvement. Scrupulous monitoring for changes in kid-
ney function is critical in the management of patients with
lupus nephritis. Similar to other types of glomerular disease,
advanced lupus nephritis may also be associated with exces-
sive tubular creatinine secretion, owing to tubular dysfunction
(169,170); therefore, both the creatinine clearance and serum
level of creatinine may overestimate true GFR in these patients.
The insidious and persistent loss of GFR in lupus patients is
an important marker of poor outcome and is closely related
to the presence of chronic destructive lesions seen histologi-
cally (7,114,117,134,135,143,144,154). In contrast, acute de-
creases in kidney function often indicate the presence of newly
active and potentially treatable disease.

As discussed, severe glomerulonephritis in SLE is unusual
in the absence of proteinuria, and nephrotic-range proteinuria
may occur in up to 25% of patients (147,148). Reduction in
proteinuria is an important measure of favorable response to
treatment in lupus nephritis. Studies have shown that initially
severe proteinuria and persistent proteinuria (>1 g/24 hours)
after treatment place patients at high risk for the development
of progressive disease (143,171). Decreases in kidney function
in the absence of proteinuria should alert the clinician to drug-
related effects, especially when nonsteroidal antiinflammatory
drugs (NSAIDs) or ACE inhibitors are being taken. Patients
with SLE are at higher risk for developing decreasing renal
function with these medications (Chapter 44).

RENAL INVOLVEMENT
IN CLINICAL SYNDROMES

CLOSELY RELATED TO SYSTEMIC
LUPUS ERYTHEMATOSUS

Overlap Syndromes and Mixed Connective
Tissue Disease

Patients with features of SLE or even those classified as SLE
by the ACR criteria may demonstrate manifestations of other
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rheumatic diseases, including systemic sclerosis, polymyositis–
dermatomyositis, rheumatoid arthritis, and Sjögren’s syn-
drome. One type of overlap syndrome, referred to as mixed
connective tissue disease (MCTD), has distinguishing clinical
and serologic characteristics (172). This disease is partially de-
fined by the presence of specific autoantibodies to U1 RNP
in the absence of antibodies to Sm and the relative absence
of other types of ANA. Features of SLE, systemic sclerosis,
polymyositis/dermatomyositis, and, less commonly, a destruc-
tive arthropathy resembling rheumatoid arthritis characterize
these patients clinically. Especially early in the disease process,
patients tend to resemble each other with common features
that include Raynaud’s phenomena, puffy or edematous hands,
arthritis involving the small joints of the hands, and serositis.
Sclerodactyly and esophageal dysfunction also may be present.
As the syndrome evolves, one type of disease process may pre-
dominate. In up to one-third of cases, patients develop a disease
in which features of systemic sclerosis predominate. Severe lu-
puslike glomerulonephritis is much less common in MCTD as
compared with SLE.

Drug-Induced Lupus

A large number of drugs have been associated with the produc-
tion of ANA and development of a lupuslike syndrome (50).
Most of the cases have been associated with hydralazine or
procainamide. Drug-induced lupus in general differs from id-
iopathic lupus in that it tends to cause predominantly joint
and pleural–pericardial involvement. Lupus nephritis and cen-
tral nervous system manifestations are very unusual in drug-
induced lupus. The disease remits when the offending drug
is discontinued, but the time to remission may be prolonged
(months), and manifestations may require a period of treat-
ment with NSAIDs or steroids. Drug-induced disease is asso-
ciated with positive ANA tests, and antihistone antibodies are
present in almost all patients (50). Other autoantibodies fre-
quently seen in SLE (e.g., anti-dsDNA and anti-Sm) usually
are absent. Recently, minocycline has been added to the list
of drugs causing a lupuslike syndrome. In addition to arthritis
and a positive ANA, minocycline-induced lupus is frequently
associated with hepatitis, a positive pANCA without myeloper-
oxidase specificity, and negative antihistone antibodies.

Antiphospholipid Antibodies and the
Antiphospholipid Antibody Syndrome

Antiphospholipid antibodies are associated with an increase
in thrombotic events resulting in a variety of clinical prob-
lems, including recurrent venous and arterial thrombosis, re-
peated spontaneous miscarriages, and focal neurologic findings
secondary to cerebrovascular occlusion (173,174). Less com-
mon features associated with these autoantibodies are livedo
reticularis, thrombocytopenia, verrucous thickening of cardiac
valves, and Coombs-positive hemolysis. Antiphospholipid au-
toantibodies are present in more than 30% of patients with
SLE, and complications are seen in a significant subset of these
patients. Kidney involvement related to the presence of these
antibodies may contribute to progressive renal damage in pa-
tients with lupus nephritis (130,131,174). The antiphospho-
lipid antibody syndrome (APS) with complications can occur in
patients without SLE or a related autoimmune disease (e.g. pri-
mary APS), and these autoantibodies are an important health
problem in the general population. Prospective studies have
found lupus anticoagulants in 8.5% to 14% of patients who
presented with venous thromboembolism for the first time (up
to 35,000 of the 250,000 cases per year) (175).

Kidney involvement related to the presence of antiphos-
pholipid antibodies can occur in 25% of patients with pri-
mary APS (176,177). This renal involvement is characterized
by noninflammatory occlusion of renal blood vessels that can
range from the main renal artery and vein to a thrombotic
microangiopathy affecting the glomerular capillaries (178).
Histopathologic evaluation shows the vessels to have a reactive
intimal mucoid thickening, medial hyperplasia, and thrombo-
sis. The clinical presentation depends on the size of blood vessel
involved.

Patients with SLE and antiphospholipid antibodies can de-
velop any of the renal complications seen in primary APS (179).
An isolated thrombotic microangiopathy causing significant
renal dysfunction occurs in up to 10% of SLE patients with
these antibodies. In addition, up to one-third of biopsies in
lupus patients with renal abnormalities due to lupus nephri-
tis have glomerular capillary thrombi. Lupus nephritis patients
with these microthrombi were significantly more likely to have
antiphospholipid antibodies (particularly lupus anticoagulant)
and to have a history of previous thrombotic episodes. It is
important to note that patients with lupus nephritis, glomeru-
lar vessel thrombi, and antiphosholipid antibodies were more
likely to have an elevated serum creatinine, hypertension, inter-
stitial fibrosis on renal biopsy, and the eventual development
of chronic renal failure (180).

Antiphospholipid antibodies are usually detected as an-
tibodies to cardiolipin in ELISA or as the “lupus antico-
agulant” (173,174,181). Lupus anticoagulants interfere with
phospholipid-dependent coagulation tests without inhibiting
the activity of specific coagulation factors. The name is mislead-
ing in that it is not at all specific for SLE, and, paradoxically,
it is clinically associated with venous and arterial thrombosis
rather than bleeding problems. These antibodies are usually
detected initially by finding an elevated partial thromboplastin
test (PTT), and the abnormal PTT is not corrected by mixing
the patient’s plasma with normal plasma, implicating a circu-
lating inhibitor. Antiphospholipid antibodies inhibit in vitro
coagulation tests at the level of activation of prothrombin to
thrombin (i.e., inhibit the prothrombin activator complex), de-
pendent on the amount of phospholipid in the assay. Dilution
of the phospholipid (which increases the inhibiting activity of
these antibodies) or adding excess phospholipid (which satu-
rates the antibodies) are methods used to specifically screen
for this type of lupus anticoagulant. One example is the Russel
viper venom test. It is emphasized that inhibition of coagulation
by these antibodies is an in vitro phenomenon, because throm-
bosis and not bleeding represent their clinical consequences.

The mechanism for the recurrent thrombotic events ob-
served in these patients is not well understood but likely in-
volves autoantibody-mediated alterations in anticoagulant ac-
tivity (181). Studies have shown that the antiphospholipid
antibodies detected in the various assays are mostly directed
to β 2-glycoprotein I (usually with bound phospholipid),
and newer assays that specifically detect autoantibodies to β
2-glycoprotein I may increase the accuracy of predicting which
patients will suffer complications from these antibodies (i.e.,
thrombosis) (181). Several studies have suggested that these
antibodies may promote thrombosis by inhibiting activation of
the protein C/protein S system, which is involved in inactivation
of clotting factors Va and VIIIa. Alternatively, it has been sug-
gested that antiphospholipid antibodies promote thrombosis
by interacting with platelet phospholipid and inducing platelet
aggregation. Finally, complement activation by these antibod-
ies may contribute to the propensity to clot.

Prophylaxis in patients who demonstrate antiphospholipid
antibodies but no prior clotting episodes may include an-
tiplatelet agents. Treatment and prevention of recurrent throm-
bosis usually requires full anticoagulation with heparin (and
subsequent warfarin), antiplatelet agents, or both, depending
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on the severity of the episode. Although high-dose corticos-
teroids can be shown to decrease antiphospholipid antibodies,
the effect is frequently lost as the drug is tapered. Therefore,
corticosteroid treatment is usually not a reasonable long-term
therapeutic approach to prevent or treat thrombotic compli-
cations in these patients. In patients with lupus nephritis and
glomerular capillary microthrombi due to these antibodies, an-
ticoagulation may be an important addition to standard im-
munosuppressive therapy.

MANAGEMENT

Overview

The management of lupus nephritis is complicated by extreme
variability in clinical presentation, course of disease, and re-
sponse to therapy. Treatment must be tailored to the individ-
ual patient. The goal of therapy is to suppress disease while
minimizing the cumulative toxicity of treatment, especially that
resulting from high-dose corticosteroids. In addition, appropri-
ate treatment of complicating problems, such as hypertension,
hyperlipidemia, osteopenia, as well as pneumococcal prophy-
laxis, is crucial for a successful outcome in the treatment of
SLE and lupus nephritis.

Outcome in SLE has been steadily improving over the last
30 years. In patients with lupus nephritis, 5- and 10-year re-
nal survival rates have been reported as high as ∼90% and
∼80%, respectively (154). Substantially worse renal outcomes
have been reported in centers with a high proportion of black
patients (150). Some studies have emphasized the bimodal pat-
tern of mortality in SLE and lupus nephritis, with those dy-
ing early in their disease from active lupus, whereas coronary
artery disease is the major cause of death after years of dis-
ease and treatment (5,182,183). A large fraction of the deaths
now occur secondary to large-vessel atherosclerotic disease or
infection. Factors playing roles in the coronary disease include
corticosteroid therapy, hypertension, hyperlipidemia, coagula-
tion abnormalities, obesity, and possible vasculopathy from in-
flammation and immune injury (5,184). Aggressive treatment,
especially with corticosteroids, has clearly contributed to the
increased number of infectious deaths. Physicians also have
become aware that infection can mimic manifestations of the
disease as well as result in disease flares. The possibility of in-
fection should always be considered in the management of SLE,
and infection must be excluded prior to institution of corticos-
teroids or cytotoxic drugs.

Many aspects of the management of lupus nephritis are con-
troversial, including the clinical value of renal biopsy, the use of
certain serologic correlates of renal disease activity, and choice
of therapeutic agents.

Use of the Renal Biopsy
to Guide Management

Studies have suggested that the WHO histologic classifica-
tion of lupus nephritis (Table 65-3) generally correlates with
the clinical severity of renal disease and prognosis (108–114).
However, knowledge of the histologic subtype appears to add
little to the treatment plan beyond the information already
known from the urinalysis, 24-hour protein excretion values,
and studies of renal function (113–117). Furthermore, use of
the histologic classification alone cannot reliably predict pro-
gression to renal failure and thus identify patients who should
be treated more aggressively. In contrast, as discussed, the ex-
tent of chronic damage on renal biopsy (Table 65-5) may pro-
vide important prognostic information and help in treatment

considerations (7,113,114,117,132–139,144). This incremen-
tal information from a biopsy may be most valuable for patients
who do not demonstrate a persistent decrease in renal function
(7,114). It has been suggested that patients with no evidence of
chronic damage may do well with corticosteroid therapy alone.
In contrast, those who demonstrate a limited degree of sclerosis
and fibrosis may benefit most from cytotoxic drugs in addition
to corticosteroids to reduce the risk of renal failure. Additional
studies are required to verify these predictions.

We believe that initial treatment can be started without the
need of a renal biopsy in many patients with renal disease.
Immediate histologic information may be helpful for those pa-
tients with factors associated with an adverse prognosis, such
as decreased renal function, hypertension, or black race. His-
tologic information may be most useful in those patients with
evidence of continuing renal disease activity despite treatment
with high doses of corticosteroids. At such a time of therapeutic
decision making, a renal biopsy may be particularly valuable
in identifying patients with nephritis of destructive potential
(increased chronicity index), who have an increased chance of
progression to renal failure and may most benefit from the ad-
dition of cytotoxic drugs. The renal biopsy also is useful to
determine the extent of irreversible versus active disease, par-
ticularly in those patients who have lost renal function slowly
(over months to years) or for whom the duration of loss is
unknown. Renal biopsy may be useful for patients with SLE
who have another possible cause of renal disease and for pa-
tients with glomerulonephritis of unknown etiology in whom
the diagnosis of SLE is being considered.

Monitoring Serum Levels of Anti-dsDNA
Antibodies and Complement

As discussed, most patients with active proliferative glomeru-
lonephritis have elevated serum levels of antibodies to dsDNA
and decreased serum complement levels. At the time therapy is
initiated, however, the levels of these markers do not have prog-
nostic significance (114,117). These tests may aid in predicting
disease flares in some patients in clinical remission (185,186).
Clearly, the chance of exacerbation is less in patients who nor-
malize anti-dsDNA and complement levels with therapy, and
progression of renal disease is more likely to occur in patients
with persistent serologic abnormalities, especially decreased
complement levels (144,187,188). The clinical usefulness of
this information is, however, limited because: (a) these sero-
logic results are frequently redundant to what is known clin-
ically, and (b) a significant percentage of patients with abnor-
mal tests do not have an exacerbation of lupus nephritis during
extended follow-up periods. There is no evidence, at present,
to suggest that therapy for lupus nephritis should be directed
at normalizing the anti-dsDNA or complement levels. If there
is a lack of correlation between serum anti-dsDNA or com-
plement levels and clinical or routine laboratory evidence of
nephritis, we recommend that parameters of glomerular filtra-
tion and permeability (i.e., serum creatinine, creatinine clear-
ance, urinary sediment, and 24-hour levels of proteinuria) be
used as the most important indicators of response. Increasing
anti-dsDNA antibody titers or decreasing complement levels
in an otherwise stable patient, however, should prompt closer
follow-up.

Drug Therapy

Not all patients with lupus nephritis need to be treated aggres-
sively with corticosteroids and/or cytotoxic drugs. Initial ther-
apy should be tailored to the clinical severity of glomerular
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involvement. For example, patients with low levels of protein-
uria (<1 g/24 hours), minimal urinary sediment abnormalities,
and normal stable renal function may not need aggressive ther-
apy directed at the kidney involvement. Close monitoring is
critical, especially early in the disease course. Not infrequently,
treatment in these patients may need to be directed at extrarenal
manifestations. At the other end of the spectrum are patients
with late-stage lupus nephropathy who have gradually pro-
gressed to chronic renal insufficiency (serum creatinine >3 to
4 mg/dL) with renal biopsy showing extensive irreversible
chronic damage and little activity. These patients should not
be candidates for immunosuppressive therapy, as these drugs
have little effect on the progression to end-stage renal fail-
ure but do increase the likelihood of infection. Systemic lu-
pus erythematosus patients who have slowly progressed to
end-stage renal failure frequently demonstrate a marked de-
crease in serologic abnormalities, and clinical evidence of ex-
trarenal disease is usually minimal. Dialysis and renal trans-
plantation for these patients are discussed elsewhere in this
chapter.

The first line of therapy for previously untreated patients
with active lupus nephritis and severe clinical manifestations
(i.e., decreasing renal function and/or high-grade proteinuria)
is high doses of corticosteroids. An attempt should be made to
control disease activity quickly. The initial dosage of the most
commonly used drug, prednisone, should be approximately
1 mg/kg per day (∼60 to 80 mg/day) in three divided doses. It
may take several weeks to achieve control of active nephritis.
The rate at which the steroid dose can be decreased is depen-
dent on the response to therapy. An initial taper should include
changing a divided dose to a one-dose-per-day (am) schedule.
After the serum creatinine has returned to normal and pro-
teinuria has decreased to low levels, initial reductions can be
relatively large (e.g., ∼10 mg every 2 weeks) to a dosage of
40 mg per/day. As the daily dose decreases, reductions should
be at progressively smaller increments. The goal is to achieve
the lowest daily dose that maintains adequate control of re-
nal disease activity. Occasional patients can be tapered to an
alternate-day schedule as a maintenance regimen. In those in-
stances in which a 6- to 8-week course of high-dose prednisone
has not restored serum creatinine levels to normal or the pro-
teinuria continues at greater than 1 g per/day, a renal biopsy
can be performed to determine whether glomerular sclerosis,
fibrous crescents, and irreversible tubulointerstitial changes are
present. If these poor prognostic indicators are observed, espe-
cially with evidence of continued activity, the addition of cyto-
toxic drugs or other immunosuppressive modalities should be
considered.

The toxicity of continuous high-dose corticosteroid therapy
is cumulative and severe (189). Perhaps most serious in SLE pa-
tients is the associated immune suppression and increased sus-
ceptibility to severe infections. Endocrine and metabolic prob-
lems are numerous, and include truncal obesity, moon facies,
acne, hirsutism, menstrual irregularities, and impotence. Pa-
tients may also demonstrate a catabolic state with negative
nitrogen balance, hyperglycemia, and hyperlipidemia, which
may contribute to the increased mortality from coronary artery
disease in long-term treated SLE patients. Steroid-induced os-
teopenia can result in an increased incidence of bone frac-
tures, and high-risk patients should be evaluated for the need
for early prophylaxis. Fluid and electrolyte abnormalities sec-
ondary to corticosteroids include sodium and water reten-
tion and rarely hypokalemia. These alterations can result in
or exacerbate hypertension. Corticosteroid therapy, especially
high doses, has been associated with psychological problems
ranging from anxiety and insomnia to frank psychosis. Pa-
tients are also at risk for the development of a proximal my-
opathy, avascular necrosis, and ophthalmologic complications
such as glaucoma and cataracts. Less common complications

include pancreatitis, peptic ulcer disease, and pseudotumor
cerebri.

Although shown to be associated with less toxicity than
daily administration, alternate-day steroid therapy is usually
not successful in suppressing severe disease activity. Some pa-
tients, however, can be tapered to alternate-day therapy as
a maintenance regimen. It was originally believed that pulse
intravenous corticosteroid therapy (e.g., 1 g of methylpred-
nisolone per day for 3 days) might obviate the need for con-
tinuous high-dose daily treatment. This does not appear to
be true in the majority of cases. Furthermore, the addition of
pulse steroids may add significantly to certain steroid toxicities
such as increased susceptibility to infection and avascular bone
necrosis. Complications such as sudden death rarely have been
associated with these large boluses of drug. Although pulse
corticosteroid therapy may improve efficacy when added to
maintenance oral prednisone in a small subgroup of patients,
its long-term benefit in most patients appears to be minimal.
At this time, despite its relatively widespread use, alternate-day
steroid therapy cannot be recommended as a routine therapy
in patients with lupus nephritis. Controlled trials have demon-
strated that monthly pulse methylprednisolone is not as ef-
fective as intermittent cyclophosphamide in preserving renal
function (190,191).

The use of cytotoxic drugs in the treatment of lupus nephri-
tis should be reserved for the subgroup of patients with
severe, refractory disease. These include: (a) patients with ev-
idence of active and severe glomerulonephritis (see preced-
ing discussion) despite treatment with high-dose prednisone,
(b) patients who have responded to corticosteroids but who
require an unacceptably high dose to maintain a response, and
(c) patients with unacceptable side effects from corticosteroids.
In addition, as discussed, evidence of chronic damage on the
renal biopsy or other indicators of a poor prognosis may sug-
gest the need for early introduction of cytotoxic drug therapy.
The most commonly studied cytotoxic drugs have been oral
azathioprine, oral cyclophosphamide, and intermittent intra-
venous cyclophosphamide. These drugs are given in associ-
ation with a dose of prednisone (usually 0.5 mg/kg/day) re-
quired to control extrarenal manifestations. Cytotoxic drugs,
especially cyclophosphamide in combination with prednisone,
have been shown to prevent progression to renal failure more
effectively than prednisone alone (7,190–199). However, be-
cause of potentially severe toxicity, proportional improve-
ments in mortality have been more difficult to demonstrate
(196). It is recommended that intravenous cyclophosphamide
be given under the supervision of a physician experienced in its
use.

Azathioprine is rapidly converted to 6-mercaptopurine af-
ter absorption. It should be initiated at 1.0 to 1.25 mg/kg/day.
Maximal clinical benefit may not be observed for weeks to
months. If the clinical response is unsatisfactory, the dosage can
be slowly increased to a maximal level of 3.0 mg/kg/day. The
most serious toxicity during therapy is bone marrow suppres-
sion, primarily leukopenia; therefore, complete blood counts
must be followed regularly during treatment. Gastrointestinal
intolerance is common, but giving the dose at bedtime can de-
crease this. Some patients develop elevated liver enzymes early
in therapy, which usually resolves during continued treatment.
The major long-term risk of azathioprine use is the potential for
developing a malignancy, especially lymphoma. This risk ap-
pears to be extremely low, and lower than that with cyclophos-
phamide. The risk also appears to be less in patients with SLE
than in patients who have undergone renal transplantation.
Azathioprine appears to be less toxic than cyclophosphamide.
It has not been associated with hemorrhagic cystitis and has a
much lower incidence of premature ovarian failure compared
with cyclophosphamide. At this time, azathioprine might be
recommended for a patient who wishes to preserve ovarian



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-65 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:16

1694 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

function; however, available data also suggest that cyclophos-
phamide is more potent in suppressing lupus renal disease ac-
tivity compared with azathioprine (195). Cyclophosphamide,
therefore, should be preferentially considered for patients with
continued deterioration of renal function and those at high risk
for progression to renal failure.

Recent studies have indicated that when given correctly,
intermittent intravenous cyclophosphamide has a lower inci-
dence of hemorrhagic cystitis compared with daily oral cy-
clophosphamide (195,196). Furthermore, recent experience in-
dicates that improvement may be more rapid after intravenous
boluses compared with daily oral administration. There is
little evidence for additional toxicities with intravenous cy-
clophosphamide not encountered during oral administration.
Therefore, the intravenous regimen is recommended in patients
for whom cyclophosphamide is being considered. In current
protocols, the initial dosage of cyclophosphamide is 0.5 to
0.75 g/m2 of body surface area given intravenously over ap-
proximately 60 minutes. The lower dose should be employed in
patients whose creatinine clearance is less than 33 mL/minute.
The dose can be gradually increased to 1.0 g/m2, but the leuko-
cyte nadir should be no lower than 2,000 cells/mm3 (>1,500
neutrophils/mm3). Following the initial pulse, five additional
doses are given at monthly intervals, and additional infusions
usually are given at 3-month intervals (190,191). Each cy-
clophosphamide infusion must be accompanied by vigorous
hydration (3 L/m2 with half normal saline in 5% dextrose)
over the subsequent 24-hour period to prevent hemorrhagic
cystitis. The cyclophosphamide metabolite acrolein appears to
be the major irritant responsible for damage to the bladder
wall. Studies have suggested that the concomitant use of mesna
(2-mercaptoethane sulfonate) likely reduces the risk of bladder
complications of cyclophosphamide therapy, and in many cen-
ters, this drug is given during the cyclophosphamide infusion
and early postinfusion period. Prophylaxis for nausea and vom-
iting frequently include dexamethasone and serotonin receptor
antagonists, such as granisetron or ondansetron.

The most serious toxicity related to cyclophosphamide ther-
apy is leukopenia, which can further predispose patients to
serious infections. Even in the absence of leukopenia, an in-
creased incidence of bacterial infections and especially herpes
zoster has been reported (191,195,196). Ovarian or testicular
damage is also a relatively common problem with long-term
therapy; this problem correlates with age and cumulative dose
(200). A long-term risk of cyclophosphamide may relate to the
induction of malignancy, including acute leukemia and non-
Hodgkin lymphoma, but the risk in SLE patients appears to be
low.

It is currently unclear how long to continue any regimen
of cytotoxic drugs in the treatment of lupus nephritis. Short
courses of cyclophosphamide (<6 months) have been associ-
ated with frequent relapses and the need for repeat induction
therapy (190,191). Some protocols have recommended con-
tinuing treatment for 1 year of remission and no longer than
4 years of total treatment duration (190). The cytotoxic drugs
then should be slowly tapered. Replacement of maintenance
therapy with less toxic regimens such as azathioprine or my-
cophenolate mofetil has been considered because of the poten-
tial toxicity of prolonged cyclophosphamide therapy. It remains
unclear whether these approaches to reduce toxicity will be
successful at maintaining remission and preventing long-term
progression.

Limitations of the intravenous high-dose cyclophosphamide
regimens include (192): (a) no effect on survival rates; (b) no
differences in outcome compared to oral cytotoxics; (c) risk
of severe infections; (d) no high relapse rate. Thus the Euro-
Lupus Nephritis Trial has studied low-dose cyclophosphamide
followed by azathioprine. Specifically, intravenous pulses of

500 mg cyclophosphamide weekly or fortnightly for a few
months followed by oral azathioprine maintenance therapy
was compared to high-dose intravenous cyclophosphamide. In
the Euro-Lupus Nephritis Trial, after a median follow-up of
73 months, there was no significant greater cumulative proba-
bility of end-stage renal disease (ESRD) or doubling of serum
creatinine in the low-dose versus high-dose regimens (193).

High-dose corticosteroids are the mainstay of drug therapy
in a pregnant patient who demonstrates severe exacerbations of
lupus nephritis. Azathioprine also appears to be an acceptable
adjunct, if necessary, based on the experience in female patients
receiving renal transplants. Cyclophosphamide and other cy-
totoxic drugs should not be used in pregnant patients.

Newer Therapies

A variety of experimental therapies have been utilized in SLE,
especially in patients with severe lupus nephritis. Studies have
shown that plasmapheresis does not have long-term benefit in
the treatment of lupus nephritis (201), and it cannot be rec-
ommended as a routine adjunct to drug treatment. Therapies
utilized in the setting of transplantation, such as cyclosporin
A, tacrolimus (FK506), and total lymphoid irradiation, have
been reported in the treatment of lupus nephritis as alternatives
to cyclophosphamide therapy with at least anecdotal efficacy
(202–209); however, none has been shown to be an acceptable
alternative to the therapies described. Animal studies and anec-
dotal case series initially suggested that mycophenolate mofetil
might be efficacious in lupus nephritis (205,210). A follow-up
controlled study in patients with relatively mild DPGN showed
that initial remission rates with this drug and prednisolone
were comparable to responses with oral cyclophosphamide
and prednisolone (followed by azathioprine and prednisolone)
(206). The 1-year follow-up reported, which is early in the
course of treated lupus nephritis, and study design does not
allow conclusions regarding whether mycophenolate mofetil
will be able to prevent progression to renal failure similar
to cyclophosphamide, especially in patients with more severe
disease.

Mycophenolate mofetil has recently been studied as main-
tenance therapy. Fifty-nine patients with lupus nephritis (12 in
World Health Organization class III, 46 in class IV, and 1 in
class Vb) received induction therapy consisting of four-to-seven
monthly boluses of high-dose intravenous cyclophosphamide
(0.5 to 1.0 g/m2 body surface area) plus corticosteroids. The
patients were then randomly assigned to one of three mainte-
nance therapies: quarterly intravenous injections of cyclophos-
phamide, oral azathioprine (1 to 3 mg/kg body weight/day)
or oral mycophenolate mofetil (500 to 3,000 mg/day) for 1 to
3 years. Five patients died (four in the cyclophosphamide group
and one in the mycophenolate mofetil group) and chronic renal
failure developed in five (three in the cyclophosphamide group
and one each in the azathioprine and mycophenolate mofetil
groups). The 72-month event-free survival rate for the com-
posite end point of death or chronic renal failure was higher
in the mycophenolate mofetil and azathioprine groups than in
the cyclophosphamide group (p = 0.05 and p = 0.009, re-
spectively). The rate of relapse-free survival was higher in the
mycophenolate mofetil group than in the cyclophosphamide
group (p = 0.02). The incidence of hospitalization, amenor-
rhea, infections, nausea, and vomiting was significantly lower
in the mycophenolate mofetil and azathioprine groups than in
the cyclophosphamide group. No statistically significant dif-
ferences were found between the mycophenolate mofetil and
azathioprine groups (207). A study comparing mycophenolate
mofetil and azathioprine for maintenance therapy is underway
(192).
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Mycophenolate mofetil has recently been studied as induc-
tion and maintenance therapy (208). Sixty-four Chinese pa-
tients with biopsy proven diffuse proliferative lupus nephritis
were studied with a median follow-up of 63 months. Thirty-
three patients were randomized to receive mycophenolate
mofetil and 31 were randomized to receive high-dose oral Cy-
toxan (2.5 mg/kg/day) followed by azathioprine. Both regimens
were equally effective in induction-maintenance therapy. The
mycophenolate mofetil group had fewer infections.

A 24-week randomized, open-label, noninferiority trial
comparing oral mycophenolate mofetil (initial dose, 1000 mg/
day, increased to 3000 mg/day) with monthly intravenous cy-
clophosphamide (0.5 g per square meter of body-surface area,
increased to 1.0 g per square meter) as induction therapy for
active lupus nephritis, has recently been completed (211). The
primary end point was complete remission at 24 weeks (nor-
malization of abnormal renal measurements and maintenance
of baseline normal measurements). A secondary end point was
partial remission at 24 weeks. Of 140 patients recruited, 71
were randomly assigned to receive mycophenolate mofetil and
69 were randomly assigned to receive cyclophosphamide. In
this 24-week trial, mycophenolate mofetil was more effective
than intravenous cyclophosphamide in inducing remission of
lupus nephritis and had a more favorable safety profile.

Recent work has suggested that very-high-dose (immunoab-
lative) cyclophosphamide, with or without bone marrow trans-
plantation, may provide long-term benefit for patients with
very severe disease, and trials are in progress to test this idea
(212). Trayner et al. reported 15 patients with persistently ac-
tive SLE after intravenous cyclophosphamide (CYC) therapy
who underwent immunoablation and autologous hematopoi-
etic stem cell transplantation (HSCT) (213). Seven of the pa-
tients were critically ill. There were no deaths. After a median
follow-up of 36 months, all patients had a gradual, but marked,
improvement. The SLE Disease Activity Index decreased to less
than 6 in 12 patients. Serology normalized and marked im-
provements in end-organ function occurred in all subjects. Ten
patients were able to discontinue immunosuppressive medica-
tions after 1 year.

Immunoablative doses of cyclophosphamide without HSCT
have been studied in lupus nephritis (214). Fourteen patients
with refractory SLE were treated. There were no deaths or
fungal infections. In nine patients with lupus nephritis there
was marked improvement in proteinuria.

There is also great excitement about several new biologic in-
hibitors being developed for therapy of patients with SLE. For
example, inhibitors of the CD40-CD40 ligand interaction with
monoclonal antibodies to CD40 ligand (73) and the CD28-
B7 interaction with CTLA4-Ig (74), especially in combination
(75), have demonstrated potent suppression of lupus nephritis
in murine models (see previous discussion of pathogenesis). In a
clinical study, a short course of BG9588 (anti-CD40 ligand an-
tibody) improved serology in patients with proliferative lupus
nephritis. However, the study was discontinued prematurely
because of thromboembolic events (215). Based on studies in
murine lupus, clinical trials are also being started with biologic
agents that inhibit the production or signaling of interferon-γ
(71) and the activation of complement C5 (21).

PROGNOSIS

Clinical Remission and Renal Flares

Clinical remission is defined by some investigators as an inac-
tive urine sediment, a creatinine level of less than or equal to≤
1.4 mg/dL, and protein excretion of less than 330 mg per/day.

Patients who achieved a remission had a greater than 90% re-
nal survival at 5 and 10 years compared to 46% and 31% of
patients who did not achieve remission (216). In addition, over-
all patient survival was much improved at 10 years in those in
renal remission (95% versus 60%).

Relapse of lupus nephritis after initial immunosuppression
occurs in 27% to 66% of patients (217–219). In patients re-
ceiving maintenance immunosuppression the rate of relapse
is decreased to 20% to 25%. Renal flares have been classi-
fied as nephritic or proteinuric (nephrotic). Nephritic flares are
subgrouped into mild, moderate, or severe. A mild/moderate
nephritic flare is characterized by active urinary sediment
(>10 RBCs/HPF or cellular casts), an increase in proteinuria
(<2 g/day for mild, >2 g/day for moderate, and stable serum
creatinine level). Severe nephritic flares are accompanied by
active urine sediment, increased proteinuria, and a creatinine
level of greater than 30% over baseline. Most nephritic flares
are associated with low C3 and elevated anti-dsDNA antibod-
ies. Nephrotic (or proteinuric) flares are characterized by only
an increase in proteinuria (>2g/day) (220).

Risk factors for patients likely to have flares of lupus nephri-
tis have been identified (217–219). Demographically, young
age, male sex, and nonwhite race are significant risk factors
for relapse. Disease activity factors include severe SLE, a high
activity score, rising anti-dsDNA antibodies, and arterial hy-
pertension. A delay (>5 months) in initiating treatment and
difficulty or failure to achieve a complete remission of lupus
nephritis are also significant risk factors for future renal re-
lapses.

Patients who develop a flare of their lupus nephritis need
to be treated aggressively to preserve renal function (221). Pa-
tients who relapse frequently take up to three times longer to
remit compared to their initial episode of nephritis. Up to 35%
fail to remit or progress to end-stage renal disease in spite of
reinstitution of immunosuppressive therapy. Nephritic flares
with a rapid increase in creatinine (doubling or >2 mg/dL) as-
sociated with a high activity score and/or chronicity index at
baseline biopsy are especially likely to progress to ESRD (218).

Rituximab is an anti-CD20 monoclonal antibody that de-
pletes B cells. It is used to treat Hodgkin lymphoma. In a
prospective observational study of 8 patients with idiopathic
membranous nephropathy, rituximab treatment resulted in a
significant decrease in proteinuria. (222). In an open-label
trial, 10 patients with active proliferative lupus nephritis were
treated with rituximab (223). Rituximab was well tolerated
and resulted in B-cell depletion for 1 to 7 months. Five patients
had a complete remission (normal serum creatinine level, inac-
tive urine sediment, 24-hour urine protein <500 mg). Three
patients had a partial remission (50% improvement in re-
nal parameters). Therefore, there is preliminary evidence sup-
porting the safety and efficacy of rituximab as monotherapy
in proliferative lupus nephritis. Randomized controlled stud-
ies are needed comparing rituximab with cyclophosphamide
and mycophenolate mofetil for induction and maintenance
therapy.

LJP 394 selectively eliminates pathogenic autoantibody-
producing B cells, sparing the non-autoimmune B-cell compart-
ment. LJP 394 selectively decreases anti-dsDNA antibodies.
In a randomized, double-blind placebo-controlled study, 230
patients were studied (224). In the intent-to-treat population,
the time to institution of high-dose steroid and/or cyclophos-
phamide therapy was significantly prolonged and the number
of treatments was significantly lower than placebo. In 189 pa-
tients with high-affinity antibodies to LJP 394, the time to re-
nal flare was significantly longer compared to placebo, and the
number of renal flares and treatments with high-dose steroid
and/or cyclophosphamide therapy was significantly lower com-
pared to placebo. A multinational, prospective, randomized
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study is ongoing in SLE patients with a history of renal disease
and high-affinity antibodies at baseline.

End-Stage Renal Disease and Transplantation
in Lupus Nephritis

Approximately 20% to 30% of patients with severe lu-
pus nephritis progress to ESRD over a 10-year follow-up
period (7,113,114,117,132–144,146,150,154,155,190,194–
196,198,225). Lupus nephritis accounts for up to 3% of cases
of end-stage renal failure requiring dialysis or transplantation.
In a subset of patients, active lupus early in the dialysis period
may require treatment with corticosteroids and/or other im-
munosuppressive medications. The use of these medications is
associated with increased morbidity, especially infectious com-
plications. For unclear reasons, SLE patients with progressive
renal failure and those on dialysis frequently demonstrate a
decrease in nonrenal clinical manifestations of active SLE as
well as a decrease in serologic markers of active disease (226–
231), although some patients fail to improve (232). In SLE
patients with absent or minimal disease activity, clinical course
and survival on dialysis (hemodialysis or continuous ambula-
tory peritoneal dialysis [CAPD]) compare favorably to other
patient groups (230). However, SLE patients with antiphos-
pholipid antibodies have an increased incidence of recurrent
thrombosis in arteriovenous grafts, which may be lessened with
warfarin therapy, and patients receiving CAPD have increased
infectious complications if on immunosuppressive medications
(233,234).

Although controversial, it has been recommended that pa-
tients with SLE should wait 6 to 12 months while on dialysis
prior to transplantation. With time, SLE patients appear to
be excellent candidates for transplantation. Recurrence of ac-
tive lupus nephritis in the transplant occurs in 10% to 30%
of patients (226–236). It is important to note that recurrence
contributed to graft loss in less than half of these patients.
However, in contrast to earlier studies (226–232), more recent
follow-up studies have suggested that renal allograft survival
in SLE patients is lower compared to most other patient groups
(237,238). This is particularly true in patients with antiphos-
pholipid antibodies who may lose their allograft due to renal
thrombosis if not adequately anticoagulated (239–241).
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CHAPTER 66 ■ RENAL DISORDERS
ASSOCIATED WITH SYSTEMIC
SCLEROSIS, RHEUMATOID ARTHRITIS,
SJÖGREN’S SYNDROME, AND
POLYMYOSITIS-DERMATOMYOSITIS
ROBERT W. JANSON AND WILLIAM P. AREND

SYSTEMIC SCLEROSIS

Systemic sclerosis (SSc) is a relatively rare disorder of connec-
tive tissue, the clinical hallmark of which is fibrotic skin indura-
tion (scleroderma). This manifestation in some patients is no
less dramatic than that described by Osler (1), who wrote that
“to be ’beaten down and marred and wasted’ until one is liter-
ally a mummy, encased in an ever-shrinking, slowly contracting
skin of steel, is a fate not pictured in any tragedy, ancient or
modern.” Although such skin involvement is a cruel form of
morbidity, visceral involvement of this systemic disease equally
influences morbidity and frequently determines mortality. Or-
gan systems other than the skin—including the gastrointesti-
nal tract, kidneys, lung, and heart—may be affected by char-
acteristic and widespread fibrotic, inflammatory, and vascular
changes. The etiology of this pathologic process remains elusive
(2).

Renal involvement remains one of the most feared compli-
cations in SSc. Scleroderma renal crisis (SRC), once a uniformly
fatal process and the leading cause of death in SSc, is now a
form of renal failure that can be treated successfully in a sub-
stantial proportion of patients in whom it develops. However,
prevention of permanent renal failure rests on early recognition
of SRC and prompt, aggressive treatment with angiotensin-
converting enzyme (ACE) inhibitors. It is beyond the scope of
this chapter to give a detailed account of all the manifesta-
tions of SSc or an in-depth examination of its pathogenesis;
therefore, the following is an overview with focus on renal in-
volvement. Readers are encouraged to refer to recent texts and
reviews for a broader discourse on this disorder (2–4).

Classification

Scleroderma occurs in localized and systemic forms. In the for-
mer, involvement is isolated to the skin and subcutaneous tissue
and can be classified as morphea or linear scleroderma. In the
systemic form (systemic sclerosis), visceral involvement occurs
in addition to skin induration. Further classification of systemic
sclerosis divides this entity into two relatively distinct clinical
variants: systemic sclerosis with limited scleroderma (lSSc) and
systemic sclerosis with diffuse scleroderma (dSSc), based on
extent of skin involvement (5). Although significant overlap
exists, type and frequency of various clinical manifestations
differ between these variants to the extent that they behave
as two distinct clinical entities. Therefore, the pattern of ex-

tradermal involvement, in addition to characteristic serologic
findings, can be of diagnostic utility to help distinguish lSSc
from dSSc. An overview of these characteristics is outlined in
Table 66-1.

Limited systemic sclerosis has replaced the acronymic term
CREST syndrome, which remains a useful reminder of this
variant’s typical features of subcutaneous calcinosis, Raynaud’s
phenomenon, esophageal hypomotility, sclerodactyly (skin in-
duration limited to the digits), and telangiectasias. Raynaud’s
phenomenon and telangiectasias often precede by years the
skin involvement, which is limited to the distal extremities and
face. Visceral involvement occurs late in the course of lSSc
and differs from dSSc by the rarity of renal and myocardial
involvement. A leading cause of late mortality in lSSc is pul-
monary hypertension occurring in the relative absence of in-
terstitial lung disease. Such isolated pulmonary hypertension,
which develops rarely in dSSc, affects 8% to 16% of patients
with lSSc (6,7). The immunologic marker for lSSc is the anticen-
tromere antibody, which is detected in 20% to 40% of affected
individuals (8).

In diffuse systemic sclerosis, more widespread skin indura-
tion develops within months to a few years of disease onset, by
definition involving the trunk and/or extremities proximal to
the elbows and knees (5). Typically, Raynaud’s phenomenon
develops concomitantly with distal skin signs of edema and
early induration. A more notable contrast to lSSc is early vis-
ceral involvement of the gastrointestinal tract, kidneys, heart,
and lungs in dSSc. Anti-Scl-70 antibodies are relatively specific
for dSSc and are detectable in 20% to 40% of those with this
variant (8,9). The antigen to which this antibody is directed
has been identified as topoisomerase I, a DNA gyrase (10).
More recently, anti-RNA polymerase antibodies, particularly
anti-RNA polymerase III, have been found to be relatively spe-
cific and somewhat more sensitive serologic markers for dSSc,
and are detectable in approximately 20% of individuals with
dSSc (11). Regarding prognosis, it has been generally accepted
that dSSc is associated with a higher mortality rate than limited
disease, with 10-year survival rates on the order of 55% and
70% in dSSc and lSSc, respectively (12,13). The major causes of
death in dSSc are pulmonary, cardiac, and renal involvement,
whereas pulmonary hypertension is the leading cause of death
in lSSc. Recent studies have suggested that the two variants
may now have nearly equal survival rates, which likely reflects
decreasing mortality of SRC in dSSc as a result of earlier and
more effective treatments (14–16). Poor prognosis is often as-
sociated with diffuse skin involvement, late age of onset of dis-
ease, African American descent, lung vital capacity of less than
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TA B L E 6 6 - 1

SYSTEMIC SCLEROSIS (SSC) SUBSETS

Organ system/manifestation dSSc lSSc

Skin Trunk and/or proximal extremity induration Distal extremity induration (may include face)
Calcinosis
Telangiectasias

Raynaud’s phenomenon Onset within 1 year of skin involvement Frequently precedes skin involvement by years
Pulmonary Early development of pulmonary fibrosis

(>50%)
Late development of isolated pulmonary

hypertension (10% to 20%); pulmonary
fibrosis (<40%)

Renal Scleroderma renal crisis (10% to 20%) Rare involvement
Gastrointestinal Involvement of esophagus, small intestine,

colon
Involvement usually limited to the esophagus

Cardiac Primary involvement of the myocardium/
microvasculature

Secondary involvement owing to pulmonary
hypertension

Musculoskeletal Joint contractures; arthralgias/arthritis;
tendon friction rubs; myositis

Acral joint contractures; arthralgias/arthritis
less common; myositis

Nail-fold capillaries Dilation and dropout Dilation without dropout

Serologic studies
Antinuclear antibody >90% >90%
Anti-topoisomerase 20% to 40% <15%
Anticentromere <5% 20% to 40%
Anti-RNA polymerase III 20% 6%

10-Year survival 55% 70%

55% predicted, and significant renal, cardiac, gastrointestinal,
or pulmonary disease (8).

Discussion of classification must not exclude those patients
with normal skin who have typical internal organ changes, and
vascular, and serologic features of SSc. Sine scleroderma is the
term used to refer to this uncommon presentation (3). It should
also be noted that systemic sclerosis may occasionally occur in
overlap with features of other autoimmune rheumatic disorders
such as rheumatoid arthritis, systemic lupus erythematosus,
polymyositis-dermatomyositis, and Sjögren’s syndrome.

Epidemiology

Systemic sclerosis is a rare disorder that has a worldwide dis-
tribution affecting all racial groups. Epidemiologic studies of
SSc have likely underestimated its true incidence and preva-
lence because many such studies have been based on referral
center data. The published incidences range from 1 to 19 cases
per million, with an estimated prevalence of about 250 cases
per million (16). Peak age of onset occurs in the fourth and
fifth decades, with women being affected more commonly than
men at a ratio of approximately 4:1. Although SSc affects all
races, certain racial groups, such as African Americans, ap-
pear to have a higher incidence compared to whites (16). Dis-
ease occurs without identifiable environmental exposures in
the majority of patients. However, certain environmental and
occupational factors are associated with development of SSc
and SSc-like disorders. These include exposure to silica dust
and various organic compounds such as vinyl chloride, epoxy
resins, and organic solvents (8). It should be noted that there
has yet to be shown a convincing link between SSc and silicone
breast implants (17–19).

Genetic predispositions and familial clustering have been
well described in other rheumatic diseases such as rheumatoid
arthritis and systemic lupus erythematosus; however, genetic
associations have been weak and familial clustering rare in SSc.

Relatively weak human leukocyte antigen (HLA) associations
have been demonstrated in SSc, and findings have varied among
ethnic groups, geographic regions, and investigating centers.
Reported associations have included certain HLA-DR2, HLA-
DR3, and HLA-DR5 haplotypes in addition to the C4 null
alleles C4AQ0 and C4BQ0 (20,21). These HLA associations
may be more related to the presence of particular autoantigens
than to the disease (20). Environmental factors may play a more
prominent role in the pathogenesis of this disease because there
are only scarce reports of SSc occurring in familial clusters
(22) and concordance in monozygotic twins is an infrequent
observation (16).

Pathogenesis

One of the striking observations in SSc is the similarity of
pathologic lesions in the various affected organs, that is the
ubiquitous presence of vasculopathy and fibrosis. Although the
inciting event triggering such systemic injury is unknown, a
working hypothesis has been proposed that attempts to inte-
grate the pathogenic abnormalities affecting the immune sys-
tem, microvasculature, and connective tissue (2,23).

Immune System

Because of the observation that 95% of patients with SSc
have detectable antinuclear antibodies (ANAs) using the widely
used Hep-2 cell line as the detection substrate (24), SSc has
long been viewed as an autoimmune disorder. Supporting this
view is the observation that SSc occurs in overlap with other
ANA-associated autoimmune disorders such as polymyositis,
systemic lupus erythematosus, and Sjögren’s syndrome. As dis-
cussed, relatively specific autoantibodies (anticentromere, anti-
Scl-70, and anti-RNA polymerase III) are present in SSc, more
strongly suggesting a role for the immune system in patho-
genesis. However, these autoantibodies have not been shown
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to be pathogenic per se, at least not in the usual sense of im-
mune complex-mediated tissue injury (25). Although circulat-
ing immune complexes have been detected in SSc (26), and
immunofluorescence studies have demonstrated vascular de-
position of immunoglobulins and complement components,
the characteristic inflammatory sequelae expected as the re-
sult of immune-complex deposition are absent by histologic
examination. Thus, convincing evidence is lacking for immune
complex-mediated vascular injury in SSc.

The potential role of cellular immunity in the pathogene-
sis of SSc was first suggested by the observation of perivas-
cular dermal mononuclear cell infiltrates in the early edema-
tous phase of skin involvement (27). The extent of these der-
mal infiltrates has been shown to correlate with the severity
of subsequent skin induration. Phenotypic examinations have
shown activated CD4-positive T cells to be the predominant
cell type (23,28). Elevated levels of interleukin-2 (IL-2) and its
soluble receptor (sIL-2R) have been demonstrated in SSc sera
and correlate with disease severity and patient survival, sup-
porting the concept of a T-cell contribution to tissue injury in
SSc (29). Perhaps the strongest evidence that cell-mediated im-
mune injury is of pathogenic importance in SSc comes from
reports of SSc-like manifestations occurring in chronic graft-
versus-host disease (GVHD). Features of this disease include
Raynaud’s phenomenon, dermal sclerosis (particularly in the
digits), positive ANA test, and vascular changes similar to
those seen in SSc (30,31). A similar syndrome in mice with
chronic GVHD is dependent on the presence of immunocom-
petent donor T cells reactive to incompatible recipient H-2 lo-
cus antigens (32). The finding that a T-cell response to cel-
lular antigens can induce a syndrome similar to SSc, com-
bined with the knowledge that major histocompatability com-
plex (MHC) antigens can be expressed on activated endothe-
lial cells, has obvious implications regarding the potential role
for cell-mediated immunity in the pathogenesis of SSc. Fur-
thermore, recent research suggests that microchimerism, the
persistence of circulating fetal immune cells in previously preg-
nant women, could possibly, when activated by a second event,
induce a GVHD-like response contributing to the development
of SSc (2,23,33).

Endothelial Cell and Vasculature

The nearly universal manifestation of Raynaud’s phenomenon
in SSc and the finding of abnormal nail-fold capillaries in
greater than 85% of patients, both usually developing early in
the course of disease and often before the onset of dermal scle-
rosis, emphasize the importance of vasculopathy in SSc (34).
The three most apparent manifestations of widespread vascular
abnormalities in SSc are: (a) vasomotor instability leading to
transient ischemia not only of the digits but also of the viscera,
(b) structural abnormalities of small vessels characterized by
endothelial cell damage and obliterative intimal proliferation,
and (c) intravascular abnormalities such as enhanced coagu-
lability and platelet activation. Development of this systemic
vasculopathy, with its resultant tissue ischemia, may be the
most important pathogenic mechanism of visceral organ dam-
age in SSc, with scleroderma renal crisis being one of its more
dramatic consequences.

Vasoreactivity is enhanced in SSc. Easily provoked by cold
exposure, vasospasm of structurally abnormal vessels results
in transient tissue hypoperfusion, with Raynaud’s phenomenon
being the most familiar clinical consequence. The enhanced va-
soreactivity is likely multifactorial in nature, as suggested by
the variety of vasopressors that have been proposed as me-
diators of this phenomenon, including serotonin (35), cate-
cholamines (36), prostaglandins (37), thromboxane A2 (38),
and angiotensin (39). In addition, serum levels of endothelin,
an endothelium-derived peptide and the most potent vasocon-

strictor yet discovered, have been shown to be elevated in indi-
viduals with primary Raynaud’s phenomenon and SSc (40,41).
Kahaleh (41) demonstrated that endothelin is mitogenic for fi-
broblasts and stimulates collagen synthesis, thereby invoking
a potential link between vascular and connective tissue abnor-
malities in SSc.

Morphologic studies in SSc have revealed evidence of en-
dothelial cell (EC) injury and altered EC function. Additional
observations include EC swelling and retraction with loss of
intercellular junctions, ECs in various stages of cell death or
apoptosis, and basement membrane abnormalities (34). The
first in vivo evidence to support EC injury in SSc was the find-
ing of elevated plasma levels of EC-specific von Willebrand’s
factor (42), a phenomenon seen in other disorders associated
with underlying EC damage such as vasculitis (43). Interest in
EC “activation” has led to the finding of increased expres-
sion of intercellular adhesion molecule-1 (ICAM-1), among
other integrins, in the skin of individuals with recent onset SSc
(44), suggesting a homing mechanism for pathogenic lympho-
cytes. Other investigators have demonstrated that serum levels
of soluble ICAM-1 (s-ICAM-1), E-selectin, and P-selectin are
increased in patients with SSc compared to controls and cor-
relate both with their in situ activity and with clinical disease
activity (45,46). Therefore, s-ICAM-1 and other selectins may
be useful markers of EC activation.

Damaged and activated endothelial cells are potentially ca-
pable of stimulating intimal proliferation directly by elabora-
tion of EC-derived growth factors and indirectly by triggering
platelet activation and degranulation (34). This process results
in the characteristic obliterative intimal lesion of SSc. Com-
pounding the effect of the vascular structural changes is that
of intravascular coagulation abnormalities. Histologically, this
is indicated by the formation of luminal thrombi in affected
vessels. Clinically, this is manifested by the development of mi-
croangiopathic hemolytic anemia and supported by the find-
ings of increased fibrinogen turnover (47), increased circulating
platelet aggregates, and elevated levels of ß-thromboglobulin
(48).

Although EC injury and activation appear to be of pri-
mary importance in the development of vascular abnormalities
in SSc, the mechanisms by which such injury occurs are not
clear. As discussed previously, immune complex injury seems
unlikely. Antibodies directed against EC have been detected
by several investigators but have not been shown to be di-
rectly cytotoxic (49). However, a potential role for antibody-
mediated damage has been implied by the observation that
SSc sera are capable of mediating antibody-dependent cellular
cytotoxicity against EC, although sera from only about 20%
of patients exhibit this property (49,50). Cytokine-mediated
EC injury may be a contributing factor based on the findings
that transforming growth factor-β (TGF-β) and tumor necrosis
factor-α (TNF-α) can inhibit endothelial cell growth in vitro
(2). Nonimmune mechanisms of EC damage have also been
described. Over the last decade, contradictory reports have
appeared regarding evidence for a nonimmunoglobulin serum
factor in SSc that is cytotoxic to EC (49). One group of in-
vestigators partially purified a low-molecular-weight (≤5 kDa)
cytotoxic factor from SSc sera, which led to elevated plasma
levels of von Willebrand’s factor, capillary dilation, and arte-
rial/arteriolar intimal hyperplasia when serially injected into
rabbits (51).

Fibroblast

Perhaps the most characteristic feature of SSc is that of
widespread fibrosis, the result of faulty regulation of colla-
gen synthesis leading to excessive accumulation of types I and
III collagen and other extracellular matrix components in the
skin and visceral organs (52). LeRoy was the first of several
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investigators to show that cultured dermal fibroblasts from SSc
patients synthesized two to fourfold more collagen than con-
trol fibroblasts, and that this ability persisted for several cell
passages before declining toward control levels (53). Evidence
has accumulated to indicate that this increased collagen pro-
duction by SSc fibroblasts occurs as a result of enhanced mes-
senger RNA (mRNA) transcription (54), the probable result
of cytokine stimulation. The potential ability for mast cell–
elaborated products, such as heparin, to stimulate fibroblast
collagen production in SSc has been reviewed (55). Of poten-
tial fibroblast stimulatory cytokines, TGF-β has been found to
be the most potent inducer of collagen synthesis, likely because
of its ability to upregulate the transcription of collagen mRNA
(56). Recently, it has been shown that cultured scleroderma
fibroblasts possess increased levels of membrane TGF-β recep-
tors (57). Unfortunately, the finding of elevated TGF-β receptor
levels in patients with SSc has not been universally reproduced
(58). Transforming growth factor-β can also induce endothe-
lial cell production of endothelin, the most potent vasocon-
strictor known (59). Other soluble mediators—including the
interleukins 1, 2, 4 (a profibrotic cytokine), 6, 8, and 17 (en-
hances the proliferation of fibroblasts), TNF-α, platelet-derived
growth factor (PDGF), and fibronectin—may play a role in the
pathogenesis of SSc (2,34).

A working hypothesis has been proposed in an attempt to
unify the pathogenic abnormalities in SSc discussed in the pre-
ceding paragraphs (2,23). An unidentified inciting event may
trigger both EC injury and immune system activation, with the
latter potentiating and/or perpetuating EC damage. A cytokine
cascade, the result of immune cell activation and platelet de-
granulation triggered by EC damage, then provokes systemic
fibroblast activation and proliferation, the end result being fi-
brosis. Whether the associated autoantibodies are pathogenic
or merely an epiphenomenon remains unclear.

Renal Involvement

Historical Perspective

Descriptions of cutaneous manifestations compatible with
those of systemic sclerosis were noted in writings as early as
those of Hippocrates (460–370 bc) and Galen (131–201 ad)
(60). The earliest convincing description of a patient with SSc
appeared in a 1753 monograph written by Carlo Curzio (61).
In 1847, Gintrac (62) coined the descriptive term sclérodermie,
which soon thereafter became the widely accepted term of ref-
erence. The earliest description of renal involvement in SSc is
attributed to Auspitz (63), who in 1863 described a 29-year-
old locksmith with tightness and hyperpigmentation of the skin
who succumbed to “Bright’s disease.” Later in that century, in
the first edition of his renowned medical text, Osler (64) men-
tioned that patients with scleroderma “are apt to succumb to
pulmonary complaints or to nephritis.” Although other au-
thors subsequently acknowledged the visceral manifestations
of SSc, it was not until well into this century that more detailed
attention was given to renal disease in SSc. Moore and Sheehan
(65) provided the first detailed clinical and pathologic descrip-
tion of renal involvement in three patients with SSc who devel-
oped acute hypertension and died 6 to 8 weeks later of renal
failure. The concept that a direct relationship exists between
SSc and renal disease became widely accepted subsequent to
this convincing report.

Frequency and Type of Renal Involvement

Review of the literature makes it clear that clinically significant
renal disease develops much less commonly in SSc than do the
renal pathologic abnormalities. Multiple autopsy studies in SSc

have demonstrated the frequency of typical renal histopatho-
logic lesions to be in the range of 50% to 80%; these studies
have been previously reviewed (66,67). In an attempt to bet-
ter estimate this frequency and understand the natural history
of scleroderma renal disease, Kovalchik and colleagues (68)
performed renal biopsies in nine normotensive SSc patients in
whom there was no evidence for renal disease. Six of the nine
biopsies demonstrated presence of vascular changes, and mild
nonspecific glomerular lesions were seen in all nine. Despite the
frequency of these findings, only one of these patients eventu-
ally developed SRC.

In SSc, clinical renal disease ranges from less severe renal ab-
normalities including hypertension, proteinuria, and azotemia
(serum creatinine >1.2 mg/dL) unrelated to SRC, to overt
life-threatening SRC. Cannon et al. (69) found that 45% to
60% of 210 patients with SSc had hypertension, proteinuria,
or azotemia unrelated to SRC. Common causes of these ab-
normalities in patients with SSc include prerenal effects from
congestive heart failure, diarrhea or dehydration from scle-
roderma gastrointestinal involvement, volume depletion from
infection, and drug reactions resulting from the use of diuret-
ics, d-penicillamine, cyclosporine, or nonsteroidal antiinflam-
matory drugs (NSAIDs) (70). Despite classic renal pathologic
changes occurring in a large number of patients, chronic pro-
gressive renal insufficiency is rare outside of the setting of SRC.
Because hypertension, proteinuria, and azotemia can all re-
sult from causes other than SSc, their use as specific indicators
likely overestimates true SSc-related renal disease. However,
the diagnosis of SRC always should be considered in the setting
of these renal abnormalities, particularly if they are abrupt in
onset.

The frequency of SRC in a University of Pittsburgh cohort
of 1,118 SSc patients followed between 1972 and 1990 was
10%; the frequency in dSSc was 10-fold higher than in lSSc
(19% and 2%, respectively) (71). There is much less risk of SRC
in lSSc, particularly if the patient is anticentromere antibody
positive. Langevitz et al. (72) reported SRC developing in only
7 (3%) of 243 SSc patients (5% frequency in dSSc) followed
prospectively between 1979 and 1989, leading to the sugges-
tion that the incidence of SRC may be declining. This observa-
tion may be due to earlier diagnosis and treatment with ACE
inhibitors.

Several cases of pauci-immune crescentic glomerulonephri-
tis associated with myeloperoxidase-specific anti-neutrophil
cytoplasmic antibodies (MPO-ANCA) have also been re-
ported in patients with SSc (73–76). Although this entity was
originally thought to be a complication of treatment with
d-penicillamine, occurrence in the absence of d-penicillamine
has been reported (75,76). In contrast to SRC, patients with
this disorder are typically normotensive with nephrotic range
proteinuria and renal insufficiency, and do not have microan-
giopathic hemolytic anemia or thrombocytopenia. Treatment
regimens for microscopic polyangiitis with corticosteroids and
immunosuppressive agents may be beneficial.

Scleroderma Renal Crisis

Clinical Features. Renal crisis in SSc is a distinct clinical syn-
drome of abrupt onset representing a medical emergency, which
inexorably results in renal failure and death if left untreated.
The best predictor of the development of SRC is rapid progres-
sion of cutaneous involvement in patients with dSSc (77). The
highest risk occurs early in the course of disease, with greater
than 70% of cases developing within 4 years of disease onset
(70,77). Investigation of multiple other clinical parameters has
identified as other apparent risk factors diffuse skin involve-
ment, anemia, pericardial effusions, congestive heart failure,
the presence of anti-RNA polymerase III antibodies, and use of
high-dose corticosteroids (prednisone, ≥30 mg/day) especially
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TA B L E 6 6 - 2

CLINICAL FACTORS AND SCLERODERMA RENAL
CRISIS (SRC)

Factors predictive of SRC Factors not predictive of SRC

Diffuse cutaneous
Involvement

Early disease: within
4 years of disease onset

Rapidly progressive skin
induration

Cardiac involvement
Congestive heart failure
Pericardial effusion

New anemia
Possibly high-dose

corticosteroids
(normotensive SRC)

Anti-RNA polymerase III
antibodies

Baseline renal function
Urinalysis abnormalities
Baseline blood pressure
Plasma renin activity
Renal pathologic abnormalities
Anti-topoisomerase antibodies

(in diffuse systemic sclerosis)

in normotensive patients (70,77–79) (Table 66-2). Case reports
of rapidly progressive SSc with SRC associated with a malig-
nancy (breast, ovarian, lung, and renal cell carcinoma) suggest
that screening for occult malignancy should be considered in
this population and that SSc patients with malignancies should
be monitored closely for renal, cardiac, and pulmonary com-
plications (80).

The syndrome of SRC is classically characterized by the pre-
cipitous onset of severe hypertension, rapidly progressive re-
nal failure, microangiopathic hemolytic anemia, consumptive
thrombocytopenia (rarely <50,000 platelets/mm3), and hyper-
reninemia. Although symptoms may be absent at the onset of
SRC, most patients experience fatigue, headache, visual dis-
turbances, encephalopathy, or seizures, all of which may be
secondary to marked hypertension. Hypertensive funduscopic
changes are frequently noted and may include hemorrhages,
exudates, and papilledema. Signs and symptoms of left ven-
tricular failure are not infrequent at presentation or shortly af-
ter onset of SRC. Pulmonary hemorrhage, which is not usually
seen in SSc, can be a rare life-threatening complication (78,81).

The diagnosis of SRC is easily made when typical mani-
festations develop in a patient with known or obvious SSc.
Diagnosis of normotensive SRC, which accounts for approx-
imately 10% of presentations (78), depends on identification
of other clinical features of SRC such as new-onset azotemia
and microangiopathic hemolytic anemia. Renal crisis may oc-
casionally develop in the setting of minimal signs of SSc or
in the absence of skin involvement, termed sine scleroderma.
In such cases, making an early and correct diagnosis hinges
on recognition of noncutaneous manifestations of SSc such as
the presence of Raynaud’s phenomenon, tendon friction rubs,
carpal tunnel syndrome, nail-fold capillary abnormalities, and
supporting serologic findings such as antitopoisomerase (anti-
Scl-70) and anti-RNA polymerase III antibodies (70,82).

Hypertension in the absence of SRC has a frequency in SSc
similar to the prevalence of essential hypertension in the gen-
eral adult population, in the range of 15% to 20% (69,77).
Hypertension may or may not be present before SRC onset,
and its presence does not appear to predict development of
SRC or overall survival (77,83). A number of cases of SRC
occurring in the absence of concomitant hypertension have
been reported, beginning with two of the original three pa-
tients described by Moore and Sheehan (65). Helfrich et al.
(78) at the University of Pittsburgh reported that of 131 pa-

tients with SRC, 15 (11%) had normal blood pressure during
the complication. Compared with hypertensive SRC patients,
these patients demonstrated a higher frequency of microan-
giopathic hemolytic anemia, thrombocytopenia, and previous
corticosteroid exposure along with a poorer 12-month survival
rate.

Laboratory Features. Azotemia and the hematologic manifes-
tations of SRC have been mentioned previously. The serum
creatinine concentration tends to rise rapidly and may con-
tinue to rise for several days, even after effective control of the
hypertension. Proteinuria occurs frequently in SRC, but is not
usually greater than 2.5 g per/24 hours. The finding of protein-
uria on urinalysis is definitely not specific for SRC; mild degrees
of proteinuria may be present in 20% to 36% of SSc patients in
whom SRC is absent (69,71). Proteinuria has not been found to
be a helpful predictor of SRC development, although its pres-
ence has been suggested to be a marker for higher mortality
(77). Urinalysis may also reveal the presence of microscopic
hematuria or granular casts; RBC casts are an unusual finding
and would suggest a scleroderma-overlap syndrome. Abnor-
malities of the renin–angiotensin system are described in the
following.

Course and Prognosis. As mentioned, untreated SRC is a uni-
formly fatal disorder. Uremia, hypertensive complications, and
congestive heart failure can lead to death within 7 to 10 days.
Prior to the last decade and antecedent to use of ACE inhibitors,
the average survival after SRC onset was 1 to 3 months (84),
despite availability of antihypertensive agents and hemodialy-
sis. The first indication that disrupting the renin–angiotensin
system was of therapeutic importance in SRC came when
it was shown that bilateral nephrectomy improved mortal-
ity (84,85). LeRoy and Fleischman (85) showed that survival
beyond 6 months was only 10% in those without nephrec-
tomy, compared to 43% in those who had undergone the
procedure.

A revolution in treatment of SRC began with the first re-
port of captopril therapy reversing SRC (86). Subsequently, it
was confirmed that ACE inhibition was the most effective ther-
apy for SRC. Steen and colleagues (87) reviewed outcomes in
108 patients with SSc before and after availability of ACE in-
hibitors. The cumulative 1-year survival rate in 55 patients re-
ceiving ACE inhibition therapy was 76% compared to 15%
in 53 patients not treated. Moreover, of 20 ACE inhibitor-
treated patients requiring dialysis and surviving for 3 or more
months, 11 (55%) were eventually able to discontinue dialy-
sis; none of 15 patients who were not treated with an ACE
inhibitor were able to do so. Subsequently, Steen and Medsger
(88) reported the outcomes of 145 patients with SRC treated
with ACE inhibitors: 61% of patients with SRC had good out-
comes (55 patients received no dialysis, and 34 patients re-
ceived temporary dialysis) and 39% of patients had bad out-
comes (permanent dialysis or early death). The 34 patients who
received temporary dialysis continued taking ACE inhibitors,
and dialysis was discontinued after 2 to 18 months. The
5-year cumulative survival rate was 90% in the no dialysis and
temporary dialysis groups, similar to their cohort of patients
with SSc without renal crisis. Patients who had SRC requir-
ing permanent dialysis had a 5-year cumulative survival rate of
only 40%.

It seems clear that treatment with ACE inhibitors has ren-
dered SRC a much less ominous manifestation of SSc. The use
of ACE inhibitors, combined with the observation that SRC
may be declining in frequency, appears to account for the re-
cent observation that renal disease has been superseded by car-
diopulmonary complications as the leading cause of death in
SSc (14,72,89).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-66 Schrier-2611G GRBT133-Schrier-v5.cls August 26, 2006 11:38

Chapter 66: Renal Disorders 1705

Pathophysiology of Renal Involvement

Renal Circulation

Both functional and structural vascular abnormalities con-
tribute to impaired renal cortical perfusion in SSc, setting the
stage for the development of clinical renal disease. Urai et al.
(90) were the first to demonstrate reduced renal plasma flow
in SSc. Their study of 25 SSc patients without evidence of re-
nal disease revealed reduced p-aminohippurate clearances in
23 (92%). In a supporting study, Cannon et al. (69) demon-
strated normal to slightly diminished renal cortical perfusion
using a xenon-133 washout technique in patients with markers
of renal involvement in the absence of renal failure. In contrast,
extreme to absent renal cortical perfusion was noted in those
patients with SRC. This dramatic observation was corrobo-
rated by Woolfson et al. (91), who showed almost complete
loss of renal perfusion and parenchymal uptake in three SRC
patients studied by dynamic renal scintigraphy. Unfortunately,
these techniques have not been successful in predicting the de-
velopment of SRC.

The angiographic appearance of the scleroderma kidney
demonstrates well the underlying structural abnormalities
of the renal vasculature. Lester and Koehler (92) first reported
the striking angiographic findings of irregular narrowing
of the interlobular and arcuate arteries with prolonged contrast
transit time. Winograd et al. (93) described abnormal cortical
lucencies of the nephrogram in two SSc patients having under-
gone arteriography. This “spotted nephrogram” is suggestive
of focal cortical necrosis and appears to be relatively specific
for SSc, particularly when seen in the absence of large vessel
abnormalities (69,94).

Vasospasm may contribute to renal hypoperfusion in SSc.
In a study of renal perfusion, Cannon et al. (69) found that
induction of Raynaud’s phenomenon by cold exposure resulted
in an acute reduction in cortical perfusion. In addition, they
showed that intrarenal infusion of a vasodilator resulted in
increased blood flow. Vasospasm leading to decreased renal
perfusion could result in the release of renin. These and other
investigators have observed a higher frequency of SRC during
the cold months of the year, suggesting that vasospasm may
play an initiating role in SRC (84); others have not found as
strong an association (77).

Renin–Angiotensin System

Plasma renin activity (PRA) acutely and rapidly rises to values
2 to 100 times that of normal during SRC (84). However, in the
absence of renal involvement, PRA is frequently normal, and
levels do not appear to predict development of SRC. Traub et al.
(84) reported that baseline PRA determinations were normal in
all 13 SRC patients who happened to have had PRA measured
from 1 week to 1 year prior to SRC onset. Other investigators
have confirmed this observation (95). Supporting the concept
of a Raynaud’s-like renal vasoconstriction, Kovalchik et al. (68)
observed significant PRA elevations with cold pressor testing
in four of their patients with SSc, with evidence of vasculopa-
thy on renal biopsy, but not in those without such histologic
changes. As discussed, all of the subjects in this study lacked
clinical evidence of renal disease.

Considering the preceding observations, it is reasonable
to conclude that in the setting of SRC, both structural and
functional renal vascular abnormalities lead to hypoperfusion
of the juxtaglomerular apparatus, stimulating renin secretion.
With marked elevation of PRA, excessive angiotensin II is
formed, exacerbating systemic and renal vasoconstriction. A
self-perpetuating cycle is initiated with the resultant systemic
hypertension and worsened renal cortical ischemia. The bene-

ficial therapeutic effects of ACE inhibition support the impor-
tance of this mechanism in the pathophysiology of SRC.

Histopathology

Gross Appearance

The gross appearance of the scleroderma kidney varies depend-
ing on the relative chronicity and severity of disease. In patients
with acute SRC, the kidneys are generally normal in size with
a smooth to finely granular surface. In florid cases of SRC with
associated renal failure, the renal cortex may display areas of
hemorrhagic or yellow-gray infarction. The kidneys become
shrunken in size and may exhibit coarsely granular surfaces in
patients who have survived SRC but have been left with chronic
renal disease. These gross changes are not specific for the scle-
roderma kidney because they also are seen in other forms of
chronic renal failure, such as malignant nephrosclerosis (66).

Microscopic Appearance

Arteries. The small interlobular and arcuate arteries, measur-
ing 150 to 500 μm in outer diameter, exhibit the character-
istic lesions of scleroderma renal involvement (69). Intimal
edema is the earliest abnormality seen. This is followed by cel-
lular intimal proliferation with associated deposition of mucoid
ground substance composed primarily of mucopolysaccharide
and, to a lesser extent, glycoproteins. The cellular component
of this process arises from proliferation of myointimal cells,
which ultrastructurally can resemble either smooth muscle cells
or fibroblasts (66). The myointimal cells often arrange them-
selves in a concentrically whorled or “onionskin” configura-
tion (Fig. 66-1). As a consequence, the vascular lumen becomes
markedly narrowed. Endothelial cells lining the lumen are typ-
ically swollen, and in some areas may have sloughed. The inter-
nal elastic lamina is intact. The media becomes thinned, often
to one or two cell layers. Typically, no significant inflamma-
tory cell infiltrates (lymphocytes or other mononuclear cells)
are present. Mild adventitial and periadventitial fibrosis may
be seen, a finding reported to be relatively specific for SSc and
rarely noted in malignant hypertension not associated with SSc.
The nonfibrotic arterial abnormalities described are much less
specific because they are difficult to distinguish from those seen

FIGURE 66-1. Photomicrograph of the kidney from a patient with sys-
temic sclerosis with diffuse scleroderma and scleroderma renal crisis.
The small muscular artery demonstrates intimal edema and concentric
proliferation of myointimal cells with complete occlusion of the lumen
(hematoxylin and eosin, magnification ×300). (Courtesy of William S.
Hammond.)
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in association with essential hypertension. In contrast to essen-
tial hypertension, where development of these renal vascular
changes appears to be dependent on the level of blood pressure
elevation, the lesions in SSc appear to precede or occur in the
complete absence of hypertension (68,96).

With more chronic renal involvement, mucoid edematous
intimal proliferation of the arteries is replaced by a dense, con-
centric, intimal fibroelastosis that continues to narrow the lu-
men. Moderate concentric reduplication of the internal elastic
lamina usually can be demonstrated. In contrast to acute le-
sions, the media in chronic SSc renal disease lacks a stretched
appearance and may appear mildly sclerotic. The adventitia is
unremarkable and no inflammatory infiltration is present in the
vessel wall (66).

Arterioles. Arterioles (external diameter of 50 to 150 μm)
rarely display mucoid intimal proliferation. Rather, subintimal
and, to a lesser degree, intramural fibrinoid necrosis affects
vessels of this size, but vasculitis is rarely seen. This process,
frequently extending to the hilus of the glomerulus, severely
narrows the arteriolar lumen, which also may be occluded
by intraluminal fibrin thrombi. These changes are indistin-
guishable from those found in malignant hypertension (66)
(Fig. 66-2).

Glomeruli and Interstitium. Acutely the histologic character-
istics of glomeruli in SSc renal disease range from normal to
showing areas of infarction and necrosis. Juxtaglomerular ap-
paratus hyperplasia is seen, nonspecific to SSc, and consis-
tent with the hyperreninemia found in SRC. Chronically the
glomeruli exhibit progressive glomerulosclerosis, a finding in
common with malignant hypertension and hemolytic–uremic
syndrome. Basement membrane wrinkling and thickening are
noted, which in the past have improperly been referred to
as “wire looping,” a term now reserved for the glomerular
capillary wall thickening caused by subendothelial deposits in
active lupus nephritis (66). The renal tubular epithelial cells
may be flattened and may exhibit hyaline droplet degenera-
tion. The latter finding preferentially affects certain nephrons
and not others, suggesting a greater degree of protein leakage
from the more severely affected glomeruli. The interstitium may
show varying degrees of fibrosis and mild chronic inflamma-
tory infiltrates consisting primarily of lymphocytes and plasma
cells.

FIGURE 66-2. Photomicrograph of the kidney from the same patient
as in Figure 66-1. The glomerular afferent arteriole demonstrates fibri-
noid necrosis (hematoxylin and eosin, magnification ×300). (Courtesy
of William S. Hammond.)

Immunofluorescence and Elution Studies. Studies utilizing im-
munofluorescence microscopy in SSc have described nonspe-
cific focal deposits of immunoglobulins (primarily IgM), com-
plement components (C1q, C3, and C4), and fibrinogen in the
intima and lumina of small renal arteries and arterioles (66).
Glomerular staining is more inconsistent and less intense for
these components compared to vascular staining. Elution of im-
munoglobulin (primarily IgG) and antinuclear antibodies from
kidneys of SSc patients has been reported (97–99). Although
these findings have been interpreted as providing evidence for
immune complex injury in the pathogenesis of SSc renal vascu-
lopathy, this interpretation is now viewed with less certainty.
Electron-dense deposits suggesting immune-complex deposi-
tion have not been demonstrated on electron microscopic ex-
amination of vessels and glomeruli in SSc (66). In addition,
immunofluorescence staining in the early stages of malignant
nephrosclerosis is quite similar to that seen in SSc, suggesting
that this finding is nonspecific and the likely result of disrup-
tion of vascular integrity with increased vascular permeability
(66,96).

Management of Renal Crisis

For reasons previously discussed, ACE inhibition is the most
important intervention in the management of SRC treatment.
Short-acting ACE inhibitors that can be easily titrated, such
as captopril, should be started immediately on SRC diagno-
sis. Later, longer-acting agents may be substituted without loss
of efficacy. The dose of the ACE inhibitor should be increased
every 6 to 12 hours as needed to reduce the systolic blood pres-
sure by about 10 to 20 mm Hg per day to achieve a normal
blood pressure (about 120/70 mm Hg) within 48 to 72 hours
(70). Although this control may be achieved with maximum
ACE inhibition alone, other antihypertensives (calcium chan-
nel blockers, hydralazine, minoxidil) may be necessary while
continuing the ACE inhibitor if this treatment does not nor-
malize the blood pressure within 48 hours. Nitroprusside and
lobetolol are not usually required as they may lead to arterial
vasodilation with arterial underfilling resulting in further renal
hypoperfusion (100). Excessive falls in blood pressure should
be avoided and volume status should be monitored to maximize
renal perfusion. For this reason, diuretic therapy is contraindi-
cated. In the case of normotensive SRC, it is advised that the
highest possible dose of ACE inhibitor be used that avoids hy-
potension. Other treatments such as corticosteroids, immuno-
suppressives, anticoagulation, and plasmapheresis have no role
in the therapy of SRC. The use of angiotensin II receptor block-
ers (ARBs), such as losartan, or the combination of an ACE in-
hibitor with an ARB has not been extensively studied in SRC.
Caskey et al. (101) reported the failure of losartan to control
blood pressure in one patient with SRC. Although both ACE
inhibitors and ARBs diminish the effects of angiotensin II, only
ACE inhibitors increase levels of the potent renal vasodilator,
bradykinin (102). Despite normalization of the blood pressure
with ACE inhibition, the serum creatinine concentration may
continue to rise for 7 to 10 days prior to returning toward nor-
mal. This rise in creatinine level usually is not attributable to
ACE inhibitor therapy, which should be continued (70,72).

Factors associated with early death or dialysis in patients
with SRC treated with ACE inhibitors include male sex, older
age, congestive heart failure, inability to control blood pressure
within 72 hours, and a pretreatment serum creatinine level of
greater than 3 mg/dL (70). Renal replacement therapy, when
needed, may take the form of either hemodialysis or contin-
uous ambulatory peritoneal dialysis (CAPD). Although these
interventions are successful in many patients with SSc, com-
plications may occur more frequently than in end-stage renal
failure patients without SSc. With hemodialysis, there may be
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difficulty fashioning and maintaining adequate vascular access
and problems with hemodynamic instability. With CAPD, al-
tered peritoneal permeability, caused by sclerosis, and dimin-
ished peritoneal blood flow, caused by underlying vasculopathy
and vasospasm, may decrease effectiveness of this intervention
(103). It should be reiterated that continuing ACE inhibition
to avoid any hyperreninemia during renal replacement therapy
appears to be of therapeutic importance. Steen and cowork-
ers (87) described that by continuing ACE inhibitor therapy,
patients surviving more than 3 months have a 55% chance of
becoming independent of dialysis.

Renal transplantation should be considered in those patients
with SRC who remain dependent on dialysis for greater than
18 to 24 months and in whom there are no disease-related con-
traindications such as significant pulmonary, cardiac, or intesti-
nal involvement. Richardson (104) reported the first successful
case of renal transplantation for SRC-induced renal failure in
1973. Subsequently, small numbers of other cases have been re-
ported (105–107). Tsakiris et al. (106) reported graft survival
greater than 50% at 1 year and 44% at 3 years in 28 patients
with SSc who underwent renal transplantation between 1977
and 1993. Recently, Chang and Spiera (107) reported on 86 SSc
renal transplant recipients who were monitored by the United
Network for Organ Sharing (UNOS) Scientific Registry from
1987 through 1997. This study showed graft survival rates of
62%, 57%, and 47% at 1, 3, and 5 years, respectively. Unfortu-
nately, data regarding characteristics of the patient population,
length of time to graft failure, the cause of graft failure, and
the immunosuppressive therapy regimen were lacking from this
registry. In comparison, graft survival rates in patients with sys-
temic lupus erythematosus (SLE) from the UNOS registry were
82%, 73%, and 62% at 1, 3, and 5 years, respectively (107).
Similarly, Bleyer et al. (108), using the UNOS registry from
1987 through 1996, showed decreased patient and graft sur-
vival (84% and 72%, respectively) at 3 years in scleroderma
patients in comparison to a reference condition, immunoglob-
ulin A (IgA) nephropathy. The survival rate of patients with
SSc on hemodialysis is approximately 35% to 40% at 3 to
5 years (88,106).

There have been several reports of a possible recurrence
of SSc in renal allografts; however, the histologic changes
suggesting recurrence are not easily differentiated from those
found with chronic graft rejection or malignant hypertension
in renal disease (103,105,107). In addition, the glomerular
and vascular histologic abnormalities seen in cyclosporine-
induced nephrotoxicity can appear similar to those seen in the
scleroderma kidney (109). This observation and the known
cyclosporine-related adverse effects of vasoconstriction and en-
dothelial injury notwithstanding, it remains unclear whether
cyclosporine increases the risk of recurrence of SSc in the al-
lograft and whether SSc renal transplant recipients are more
vulnerable to cyclosporine toxicity (110).

Conclusion

Systemic sclerosis is a disorder of unclear etiology that can
vary widely in its severity. To date, no therapy, when tested
in a prospective controlled fashion, has been shown to halt
or reverse the vasculopathy or fibrotic process. The long-term
hope is that further understanding of the pathophysiology of
SSc will lead to a therapy that will arrest these processes. Cur-
rent treatment is limited to those agents that may alleviate spe-
cific clinical manifestations (e.g., calcium channel blockers for
Raynaud’s phenomenon and potent antacids or proton-pump
inhibitors for gastroesophageal reflux symptoms). Of such in-
terventions, only the use of ACE inhibition for SRC has made
a significant difference in the long-term outcome of this disor-
der. Although no study has been performed to address whether

“prophylactic” use of ACE inhibitors prevents SRC, it is rec-
ommended that even mild hypertension in a patient with SSc be
treated with an ACE inhibitor, particularly if SRC risk factors
are present. Diuretics should be avoided in the routine manage-
ment of hypertension in patients with SSc because hypovolemia
could potentially precipitate the onset of SRC.

RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is a chronic inflammatory disease
of unknown etiology, characterized primarily by symmetric
polyarthritis. Rheumatoid arthritis is also a systemic disease
with extraarticular manifestations in up to 40% of patients,
including constitutional symptoms, serositis, vasculitis, ocular
involvement, rheumatoid nodules, pulmonary lesions, and car-
diac disease (111). Rheumatoid arthritis is the most common
of the inflammatory rheumatic diseases, with a prevalence of
1% and more than 3 million cases in the United States alone.
This disease is more common in women by a ratio of 2.5:1 and
can occur at any age, although the peak onset is in the fourth
and fifth decades (112).

Renal involvement is generally considered to be quite rare,
although RA is often characterized by the presence of rheuma-
toid factors and circulating immune complexes (113). Clini-
cally, renal disease attributable to RA itself usually is mild and
not a major problem in clinical management. However, stud-
ies showed that measurement of serum creatinine concentra-
tions might underestimate renal impairment in patients with
RA, possibly because of the decreased muscle mass of these pa-
tients (114,115). Furthermore, population-based studies have
shown that patients with RA have an increased mortality rel-
ative to age-matched controls and that a significant propor-
tion of this increased mortality can be attributed to renal dis-
ease (116,117). These studies suggest that a combination of
insults to the kidneys over time in rheumatoid patients may
contribute to renal compromise and make the kidneys more
susceptible to subsequent diseases such as infection, hyperten-
sion, or atherosclerosis (116–119).

Two broad categories of renal disorders can be distinguished
in RA: lesions caused by the disease itself and lesions occurring
as a result of side effects of therapeutic agents. In Table 66-3 are
listed the types of renal lesions that have been described in RA.
It is often difficult to distinguish between disease-associated
and drug-associated renal lesions because patients with RA are
frequently treated with multiple drugs for many years. Many
studies in the literature suffer from a failure to make this dis-
tinction. In addition, many studies from the 1940s and 1950s
included a significant number of patients with other connective
tissue diseases such as SLE in their series of patients with RA,
thereby further confusing the definition of RA-associated renal

TA B L E 6 6 - 3

RENAL INVOLVEMENT IN RHEUMATOID
ARTHRITIS (RA)

Renal disorders related to RA
Amyloidosis
Glomerular lesions
Vascular lesions
Tubulointerstitial lesions

Renal disorders related to drug therapy
Nonsteroidal antiinflammatory drugs
Analgesics
Gold/penicillamine
Cyclosporine
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disease. Nevertheless, substantial literature exists describing re-
nal lesions in RA.

Renal Disorders Related to
Rheumatoid Arthritis

Amyloidosis

Amyloidosis is a syndrome characterized by deposition of an
insoluble proteinaceous material in the extracellular matrix of
multiple organs. These deposits have a unique fibrillar ultra-
structure characterized by a rigid, nonbranching filament of
about 100 Å in diameter. Amyloidosis is generally classified
according to the type of fibril deposited in tissue, being either
secondary amyloidosis (AA amyloidosis) or primary amyloi-
dosis associated with plasma cell dyscrasias (AL amyloido-
sis). Rheumatoid arthritis is one of a number of chronic in-
flammatory or neoplastic diseases that may eventually lead to
secondary amyloidosis (AA amyloidosis). The initial manifes-
tation of renal involvement in amyloidosis is proteinuria; it
progresses at a variable rate and most patients eventually de-
velop the nephrotic syndrome and/or uremia (Chapter 75).

The frequency with which amyloidosis is found at post-
mortem examination of patients with RA varies widely from
10% to 60%, although most authors report a prevalence of
10% to 20% (117,120–124). The reported frequency of amy-
loidosis is considerably lower in living patients. Using a Congo
red stain on liver biopsies, Unger et al. (124) found amyloido-
sis in six of 56 patients with RA, all of whom had proteinuria.
Fearnley and Lackner (122) surveyed 183 patients with RA,
of whom 24 had persistent proteinuria. Eight of these patients
were found to have amyloidosis, giving an overall prevalence of
eight of 183, or 4%. Arapakis and Tribe (120) performed rec-
tal biopsies on 115 patients with RA in search of amyloidosis;
six patients were positive, only three of these patients had pro-
teinuria. A recent study from Finland reported the prevalence
of amyloidosis to be 5.8% in 1,666 patients with RA who died
during 1989 (125). In this study, more than 90% of the cases of
amyloidosis were diagnosed during life. Thus, although more
frequent at autopsy, clinically significant amyloid renal disease
may occur in only 3% to 6% of living patients with RA.

Amyloidosis is seen with increasing frequency in patients
with long-standing RA (>10 years’ duration) and is also more
common in patients who are positive for rheumatoid factor
(RF) and who have significant joint destruction (126). This ob-
servation implies that if arthritis is kept under good control, the
frequency of secondary amyloidosis can be reduced. Parkins
and Bywaters (127) described two patients in whom protein-
uria and clinical renal disease improved when their arthritis
went into remission, but renal disease recurred when the RA
relapsed. Recently, Elkayam et al. (128) reported resolution of
proteinuria and stabilization of amyloid deposits by serial 123I-
labeled serum amyloid P scintigraphy in a woman with rheuma-
toid arthritis of 10 years’ duration and proteinuria (900 mg per
24 hours) treated with infliximab. Wright and Calkins (129), in
a series of patients (1967 to 1979) in which management of RA
was presumably more aggressive and more successful, reported
a lower frequency of amyloidosis at autopsy (3.6%) than in ear-
lier studies. These data are consistent with the hypothesis that
aggressive management of active joint inflammation may de-
crease the frequency and severity of AA amyloidosis in patients
with RA.

The clinical course of AA amyloidosis in patients with RA
is usually one of progressive renal failure, as there are no sat-
isfactory treatments aside from aggressive treatment of the un-
derlying disorder. Cardiac involvement and serum creatinine
level greater than 2.0 mg/dL at presentation appear to be poor

prognostic factors (130). Patients with amyloidosis generally
do poorly on dialysis, and recurrence of amyloid deposits has
been reported in transplanted kidneys (131). However, because
there are other causes of proteinuria in RA, the diagnosis of
amyloidosis as a cause of clinical renal disease should be made
only with biopsy confirmation and after other conditions have
been excluded.

Glomerular Lesions

The existence of a glomerular lesion specific for RA has been
debated for a number of years. Early studies reported nonspe-
cific glomerulitis on kidney biopsy or autopsy and decreased
renal function in 20% to 60% of patients with rheumatoid
arthritis (132–139). However, a number of these patients may
have had SLE, casting doubt on the conclusions of these studies.
Subsequent studies have demonstrated either membranous or
mesangial nephritis in some patients with RA (140–150). Mem-
branous glomerulonephritis is almost always secondary to drug
therapy with gold or penicillamine. A few cases of membranous
glomerulonephritis occurring independent of drugs have been
reported that present with mild proteinuria (140–143). Mesan-
gial glomerulonephritis is common on renal biopsies from
patients with RA (142–150). This lesion is characterized by
increased mesangial matrix and/or hypercellularity and mesan-
gial deposits of IgM, IgA, and C3 (146–150). Korpela et al.
(147,150) have shown that 5% to 8% of patients with RA
have histologic features of IgA nephropathy. However, whether
this prevalence of IgA nephropathy is greater than that in the
normal population is not clear.

Despite the findings of glomerulitis on renal biopsy, the clini-
cal consequences of these lesions are minor. The most frequent
manifestations of glomerulitis in RA are microscopic hema-
turia and low-grade proteinuria. Follow-up of these patients
has shown a benign course, with progression to renal insuffi-
ciency and/or increasing of proteinuria occurring only rarely
(145,146,148,149).

Proliferative glomerulonephritis is a rare cause of renal dis-
ease in RA. Davis et al. (151) reviewed the records of 5,232
patients with the diagnosis of RA who were hospitalized over a
22-year period. Proliferative glomerulonephritis was diagnosed
in only four patients, most of whom met the criteria for SLE or
mixed connective tissue disease. However, a well-documented
case of proliferative glomerulonephritis in RA in the absence
of any other disorder was reported (151). Although this pa-
tient was on gold therapy at the time of the renal biopsy, pro-
teinuria and hematuria both preceded initiation of gold ther-
apy. The renal biopsy showed mesangial hypercellularity along
with proliferative changes in the glomeruli, and electron mi-
croscopy revealed subendothelial deposits. The authors raised
the question as to why a proliferative glomerulonephritis is not
seen more often in RA, because circulating immune complexes
frequently are present in this disease. Weisman and Zvaifler
(152) speculated that reduced complement-fixing ability of the
immune complexes in RA might explain the paucity of renal
lesions. However, the reason why immune complex nephritis
is not seen more often in RA remains unclear (153).

Necrotizing glomerulonephritis complicating RA appears
to be an uncommon entity. There are several reported cases
of necrotizing glomerulonephritis occurring in RA associated
with concurrent systemic vasculitis (154–156) and additional
cases occurring in the absence of systemic vasculitis (156–159).
Of interest, the majority of the renal biopsies from these cases
revealed a pauci-immune necrotizing glomerulonephritis. Fur-
thermore, the patients in the more recent case reports were
perinuclear-ANCA (p-ANCA) positive (156,159). Although
rare, p-ANCA positive pauci-immune necrotizing glomeru-
lonephritis should be considered in all patients with RA and
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acute renal insufficiency with proteinuria and/or microscopic
hematuria.

In summary, early studies describing a rheumatoid glomeru-
lopathy are clouded by the inclusion of patients with diseases
other than RA and by the inclusion of patients taking a variety
of potentially nephrotoxic drugs. It appears that proliferative
and necrotizing glomerulonephritis are extremely rare in RA,
occurring only in isolated cases. A mild form of mesangial or
membranous glomerulopathy does appear to occur in RA in-
dependent of drug therapy. Functionally, this disease is usually
mild, presents with microscopic hematuria and low-grade pro-
teinuria, and follows a benign course.

Vascular Lesions

Systemic vasculitis is the most feared of all the complications
of RA and is associated with an appreciable morbidity and
mortality. Schmid et al. (160) described 34 patients with RA
and arteritis in whom extraarticular disease was present. The
most common clinical symptoms were peripheral neuritis in 16
patients, episcleritis and pericarditis in five patients, and hy-
pertension in four patients. Eight patients in their series were
found to have proteinuria (24%), and this occurred in 43% of
patients with extraarticular manifestations of RA summarized
from the literature. No mention was made, however, of im-
paired renal function in any patient. Scott et al. (161) reviewed
50 cases of systemic rheumatoid vasculitis; 12 (24%) of their
cases had clinical features of renal disease. Four patients had
amyloidosis, two had chronic renal failure of undetermined
cause, and six developed proteinuria or hematuria when typ-
ical lesions of cutaneous vasculitis appeared. Renal function
was not impaired in these six patients.

There are, however, a few reports in which patients with
RA developed a polyarteritis-like clinical syndrome with re-
nal vessel involvement. A case report described a patient with
rheumatoid vasculitis who presented with abdominal pain and
had intrarenal aneurysms on arteriography (162). Ball (163)
reported five cases of rheumatoid arthritis with diffuse vasculi-
tis. Only one of the five patients had clinical renal involvement
during life, but all had microscopic evidence of renal artery
vasculitis.

Tubulointerstitial Lesions

Tubulointerstitial disease of the kidneys is common in RA.
However, the primary cause of these changes is Sjögren’s syn-
drome, which is seen as a secondary manifestation in up to
35% of RA patients. The renal lesions of Sjögren’s syndrome
are discussed elsewhere in this chapter. Another major cause
of tubulointerstitial disease in RA is the use of NSAIDs. Al-
though interstitial nephritis may occur with any of these agents,
it appears to be most frequently associated with fenoprofen.
Investigators examining renal changes in biopsy or autopsy
specimens described some degree of interstitial fibrosis in 20%
to 46% of rheumatoid patients (164,165). However, none of
these studies excluded patients taking NSAIDs or patients with
Sjögren’s syndrome. It is, therefore, unclear as to whether RA
itself causes a tubulointerstitial lesion distinct from that asso-
ciated with medications or Sjögren’s syndrome.

Renal Disorders Related to Drug Therapy

Nonsteroidal Antiinflammatory Drugs and Salicylates

Nonsteroidal antiinflammatory drugs (NSAIDs) are widely
used in the treatment of RA. The antiinflammatory proper-
ties of these drugs result, in part, from their ability to inhibit
cyclooxygenase, one of the major enzymes involved in the syn-
thesis of prostaglandins. Inhibition of renal prostaglandin syn-

thesis by NSAIDs may result in reduced glomerular blood flow
and elevation of serum creatinine levels (166,167) (discussed
in more detail in Chapter 44). In addition to this reversible
rise in serum creatinine, NSAIDs also can cause an intersti-
tial nephritis. Interstitial nephritis has also been shown to be
reversible when the drugs are discontinued (Chapter 44). Al-
though all NSAIDs and salicylates (168) can induce a rise in
serum creatinine and/or an interstitial nephritis, there is some
evidence that sulindac may result in a less severe decrease in
renal blood flow than may occur with other NSAIDs (169–
171). However, this point is controversial and may depend on
the duration of therapy and severity of any underlying renal or
liver disease (172). All NSAIDs should be regarded as potential
inducers of renal dysfunction. The selective cyclooxygenase-2
inhibitors have the same risk for adverse effects on renal func-
tion, as do other NSAIDs (167). As mentioned, the use of
NSAIDs has made analysis of renal lesions in RA more difficult
to interpret. Practically, when a patient with RA presents with
evidence of decreased renal function or interstitial changes, dis-
continuation of NSAIDs should be one of the first steps before
further diagnostic or therapeutic maneuvers are undertaken.

Analgesic Nephropathy

Analgesic nephropathy is characterized by a combination of
papillary necrosis and interstitial nephritis (Chapter 44). This
type of injury is most widely attributed to phenacetin but may
also be seen with NSAIDs (173,174). Rare cases of papillary
necrosis have been reported in association with ibuprofen,
phenylbutazone, fenoprofen, naproxen, and mefenamic acid,
as well as with several combinations of NSAIDs. The risk of
rheumatoid patients developing analgesic nephropathy appears
to be lower than would be expected on the basis of their reg-
ular consumption of NSAIDs (116). This observation may be
due to less frequent use of analgesic combinations or to closer
physician monitoring. However, the frequency of subclinical
renal disorders in patients with RA should raise the possibility
that chronic NSAID therapy may cause some additional degree
of renal damage.

Renal Lesions Associated with Gold Therapy

Gold salts have been advocated for the treatment of many dis-
eases including pulmonary tuberculosis. In the belief that tu-
berculosis and RA had a common infectious etiology, Forestier
in 1935 first described the use of gold salts in the treatment of
RA (175). He noted improvement in 70% to 80% of more than
500 cases, a finding that has been confirmed in multiple studies
since that time. With the availability of newer effective thera-
pies, gold treatment is used less often in selected patients with
RA, psoriatic arthritis, or juvenile chronic arthritis. It is referred
to as a “disease-modifying antirheumatic drug,” or DMARD,
because some studies have shown healing of bone erosions af-
ter its use (176). The clinical effects of weekly gold injections
do not develop until after 3 to 6 months of therapy, and the
patient must receive maintenance monthly injections for years.
Recent studies have shown that relatively few patients are able
to remain on gold therapy for the long term, however, owing to
the cumulative incidence of side effects, including nephropathy,
bone marrow suppression, rash, and stomatitis. An oral form
of gold (auranofin) introduced in the early 1980s has a lower
incidence of serious toxicity than parenteral gold but is less
effective (177,178).

Clinically, the hallmark of renal toxicity from gold is pro-
teinuria, occurring in 3% to 10% of RA patients receiving
gold injections (177,179–183). Although microscopic hema-
turia can accompany proteinuria, isolated hematuria or the
appearance of cellular casts is rare and should prompt an inves-
tigation into other causes of renal disease. Nephrotic syndrome
develops in up to one-third of patients with gold-induced
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proteinuria (116). The onset of proteinuria is most common
4 to 6 months after the initiation of gold therapy (total dose
1,000 to 1,500 mg at 50 mg/week), although it may occur
at any time during therapy. Furthermore, the severity of pro-
teinuria is not proportional to the dose of gold received. The
frequency of proteinuria in patients receiving oral gold (au-
ranofin) appears to be very similar to the frequency in those
patients receiving injectable gold (177).

Hall et al. have extensively studied the natural history of
gold nephropathy (184–187); the proteinuria resolves gradu-
ally with discontinuation of gold. Proteinuria resolved com-
pletely by 21 months in all 21 patients studied, with the mean
time to resolution of proteinuria being 11 months (185). In
those patients who developed the nephrotic syndrome, treat-
ment with a high-protein diet and diuretics was sufficient to
control symptoms; steroids were not required. No changes in
creatinine clearance were observed in any patient during or
after the resolution of proteinuria. Despite these reports, high-
dose glucocorticoid therapy (prednisone 60 mg daily) may be
beneficial in gold-induced nephrotic syndrome. Hall and Tighe
(187) examined the outcome of nephropathy when gold was
continued after the onset of proteinuria. Follow-up of these
patients indicated an identical pattern of resolution of renal
disease even when discontinuation of gold was delayed for up
to 11 months after the onset of proteinuria. Indeed, a number of
reports suggest that the continuation of gold after proteinuria
develops does not necessarily lead to progressive proteinuria
and renal deterioration. Klinkhoff and Teufel (188) success-
fully reinstituted parenteral gold therapy at a lower dose in
five of eight patients with gold-induced proteinuria once their
proteinuria had resolved (4 to 12 months). However, because
nephrotic syndrome and renal failure can occur, it is recom-
mended that gold therapy be discontinued if progressive pro-
teinuria develops because a number of alternative DMARDs
that are not nephrotoxic are now available for the treatment
of RA.

The renal histology associated with gold-induced protein-
uria and the nephrotic syndrome is membranous glomerulopa-
thy. Light microscopy shows basement membrane thickening,
and electron microscopy shows subepithelial deposits (189–
191). When proteinuria is of short duration, the only changes
noted are subepithelial deposits on electron microscopy. Base-
ment membrane thickening can be detected on light microscopy
with long-standing disease. Light and electron microscopy re-
vealed no correlation between the site or degree of deposition
of gold particles in the kidney and the presence of proteinuria.
These observations suggest that gold nephropathy is an im-
mune complex disease, although the inciting antigen remains
unknown.

Wooley et al. (192) have offered a potential explanation
for the finding of proteinuria in only some patients with RA
receiving gold. They found that 14 of 15 episodes of gold-
induced proteinuria occurred in patients who possessed the
HLA antigens B8 and DR3. The relative risk of proteinuria
during gold therapy was increased 32 times in patients with the
DR3 antigen. An increased frequency of an extended haplotype
containing a specific DQA1 allele (as well as DR3 and DR5)
has been found in patients with gold nephropathy (193).

In summary, it appears that gold-induced glomerulopathy
is mediated by immune complexes and is more prevalent in
those patients with a specific genetic background that predis-
poses them to the development of autoantibodies. The asso-
ciation of gold-induced nephropathy with the B8/DR3 haplo-
type may also help to explain the predilection of patients with
gold nephropathy to develop renal disease when treated subse-
quently with penicillamine because penicillamine nephrotoxi-
city is associated with the same haplotype (see the following
section). However, the risk of developing gold nephropathy in
patients with the B8/DR3 or DQA extended haplotype does

not merit HLA typing in rheumatoid patients before institut-
ing gold therapy.

Renal Lesions Associated with Methotrexate
and Other DMARD Therapy

Methotrexate is a folic acid antagonist that has become the
major DMARD used in the treatment of RA over the last two
decades. Although high-dose methotrexate used in the treat-
ment of neoplasia has been associated with renal failure, renal
failure associated with the low doses of methotrexate (5 to
25 mg/week) used to treat RA is extremely rare. It was shown,
however, in 13 patients with RA that doses of 15 mg/week of
methotrexate reduced glomerular filtration rate (GFR) by an
average of 10% (194). Renal impairment can increase the risk
of side effects of low-dose weekly methotrexate therapy, par-
ticularly respiratory and hematologic toxicities (195). Bressolle
et al. (196,197) have shown in patients with RA that
methotrexate clearance decreases with decreasing GFR. These
authors suggest a 50% dose reduction of methotrexate in pa-
tients with a GFR of less than 45 mL/minute (197). Methotrex-
ate therapy should be avoided in patients with severe renal
dysfunction. Renal function should be monitored periodically
in patients taking the drug, particularly in those patients with
preexisting renal insufficiency, because methotrexate is primar-
ily excreted unchanged in the urine. Other commonly used
DMARDs such as antimalarials, azathioprine, leflunomide,
sulfasalazine, and the newer biologic agents etanercept and in-
fliximab appear to have little or no renal toxicity (198).

Renal Lesions Associated with Penicillamine Therapy

Penicillamine was introduced into clinical medicine in the
1950s for the treatment of Wilson’s disease (199). Within a
few years it had been tried in RA, and it became accepted as
a disease-modifying drug in the 1970s. However, the use of
penicillamine has declined because of the recent addition of a
number of other less toxic DMARDs to treat RA. It is a slow-
acting drug with responses generally not observed until after
3 to 6 months of therapy (200–202).

Clinically and histologically, penicillamine-induced nephro-
pathy is similar to gold nephropathy. The initial clinical mani-
festation is hematuria or proteinuria, occurring in 5% to 30%
of patients receiving penicillamine. Nephrotic syndrome occurs
in one-third to two-thirds of patients who develop proteinuria
(186,200–204). The onset of proteinuria is usually within the
first 12 months of therapy (average, 8 months), but it may
occur at any time. Initial studies using high doses of penicil-
lamine (>1,000 mg/day) indicated a rapid onset of proteinuria
with a higher frequency of this complication (200,201,203).
With newer treatment regimens starting therapy at lower doses,
toxicity has decreased but proteinuria has been reported at
doses as low as 125 mg per day. Penicillamine-induced pro-
teinuria resolves spontaneously after the discontinuation of
penicillamine, with a mean time to resolution being 8 months
(range, 1 to 21 months) (184,186). No patients demonstrated
changes in creatinine clearance owing to penicillamine, and
no patients required steroid therapy. Continuation of penicil-
lamine after the onset of proteinuria has been shown to have
a benign outcome, similar to gold (187). Several investigators
have advocated that penicillamine can be continued in patients
with proteinuria if renal function is closely monitored. How-
ever, as with gold therapy, this usage rarely seems justified
in light of other agents presently available for the treatment
of RA.

Histologically, penicillamine-induced renal lesions appear
similar to those of gold-induced nephropathy. In the studies by
Hall et al. (184,185), 29 of 33 patients with proteinuria sec-
ondary to penicillamine had membranous glomerulonephritis,
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2 of 33 had minimal change nephropathy, and 2 of 33 patients
had only mesangial changes. Studies by Dische et al. (205)
showed glomerular capillary wall thickening and increased
mesangial matrix, with electron microscopy revealing subep-
ithelial deposits, similar to gold-induced nephropathy or idio-
pathic membranous glomerulonephritis. The possible genetic
predisposition to membranous glomerulopathy seen with gold
therapy is also present with penicillamine (192). Penicillamine-
induced rapidly progressive MPO-ANCA-positive crescentic
glomerulonephritis that requires aggressive immunosuppres-
sive therapy is a rare occurrence (74,206).

Cyclosporine

Cyclosporine is an immunosuppressive agent that primarily
affects T cells and has been used for a number of years in
transplantation medicine to prevent allograft rejection (207).
A number of studies have shown that cyclosporine may be
beneficial in refractory RA (208–211). It has also been used
to treat other rheumatic diseases such as refractory psori-
atic arthritis and polymyositis-dermatomyositis. However, cy-
closporine should be reserved for those patients who have not
responded to more conventional therapy owing to its poten-
tial renal and hypertensive toxicities. The major factor pre-
venting more widespread trials of cyclosporine in RA has been
nephrotoxicity, which has been reported to occur in 30% to
70% of patients receiving this drug (207,212–214). The mech-
anism of cyclosporine nephrotoxicity is not clear but appears
to be primarily vascular, resulting in decreased GFR, decreased
creatinine clearance, increased serum creatinine, hypertension,
and hyperkalemia (207,215). The severity and frequency with
which nephrotoxicity occurs are directly related to the dose
of cyclosporine administered. Gordon et al. (216) reported
that in renal transplantation patients, nephrotoxicity corre-
lated best with trough serum levels of cyclosporine. Patients
displaying cyclosporine nephrotoxicity showed trough serum
levels of greater than 200 ng/mL; 96% of patients who devel-
oped impaired renal function owing to cyclosporine had trough
serum levels greater than or equal to 250 ng/mL.

Treatment regimens employing cyclosporine at 2.5 to
10.0 mg/kg per day have been investigated in RA. Berg et al.
(212) showed that patients receiving 5 mg/kg per day had a
mean increase in serum creatinine of 19.7% and a decrease in
creatinine clearance of 22%. Patients receiving 10 mg/kg per
day had a mean increase in serum creatinine of 59.5%. Of
note is that patients taking NSAIDs with cyclosporine demon-
strated increased serum creatinine levels of only 16.6%. Re-
nal dysfunction usually occurred within 2 to 3 weeks after the
initiation of cyclosporine therapy and remained stable during
the full course of treatment. After discontinuation of therapy,
serum creatinine levels improved but remained slightly higher
than baseline for up to 12 weeks. Boers et al. (217) demon-
strated that renal function remained stable for up to 2 years
after discontinuation of the drug; no improvement was noted
in those patients who had developed renal impairment, but no
further deterioration occurred. In a study by the International
Kidney Biopsy Registry, cyclosporine nephropathy was rare in
patients who did not take a daily dose in excess of 5 mg/kg per
day (218,219). Renal biopsies of RA patients on cyclosporine
have shown only minimal changes (tubular atrophy and inter-
stitial fibrosis) (219,220).

In summary, cyclosporine is still an experimental drug in
refractory RA. If prescribed, it should be used at a low ini-
tial dosage (2.5 to 3.5 mg/kg), and the maximum dose should
not exceed 5 mg/kg per day (218,221–223). The maximum
dose of the oral cyclosporine preparation Neoral should not
exceed 4 mg/kg per day (223). Plasma creatinine levels should
be closely monitored throughout the course of therapy. Cy-
closporine dosage should be decreased if serum creatinine lev-

els increase by greater than 30% above baseline. Concurrent
use of NSAIDs should be discouraged because this may exacer-
bate nephrotoxicity. Cyclosporine should be used with extreme
caution in older patients with RA or in patients with preexist-
ing hypertension or renal disease. Adjustment of cyclosporine
dosage based on serum creatinine levels is mandatory to min-
imize renal toxicity. The need to monitor trough plasma cy-
closporine levels at these doses is controversial.

Renal Disease in Juvenile Chronic Arthritis

Juvenile chronic arthritis (JCA), also called juvenile rheuma-
toid arthritis (JRA), is defined as an inflammatory arthropathy
occurring in individuals less than 16 years old. JCA can be di-
vided into three types: (a) polyarticular (five or more joints),
which resembles adult RA; (b) oligoarticular (four or fewer
joints), which primarily affects young females and is associ-
ated with antinuclear antibodies and chronic iritis; and (c) sys-
temic onset disease (Still’s disease), characterized by arthritis,
fever, rheumatoid rash, leukocytosis, splenomegaly, and serosi-
tis. Clinically significant renal disease in children with any of
the forms of JCA is rare, although as in adults, proteinuria,
hematuria, and amyloidosis have been reported. Studies in chil-
dren have the same problems as studies in adults with RA; fre-
quently the effects of drug therapy cannot be separated from
the spontaneous variations of the disease itself.

Anttila (224) studied 165 children with JCA treated in
Finland between 1967 and 1970. Proteinuria was observed in
42.5% of the children on at least one occasion during the 3-
year period. Persistent proteinuria, however, occurred in only
2.4% of the total patient population. None of the children de-
veloped the nephrotic syndrome, although on renal biopsy two
patients were found to have amyloidosis as a cause of protein-
uria. Hematuria was found in 38 patients with JCA (23%).
Seven of these children had two or more episodes of hema-
turia, whereas 31 had only one episode. Of the seven patients
with JCA with more than one episode of hematuria, amyloido-
sis was present in two patients and coagulopathy in one, with
four patients receiving treatment with gold. Repeated episodes
of pyuria occurred in 10 children, or 6% of the patients with
JCA. Creatinine clearance was diminished in 5.6% of the group
who exhibited only joint symptoms and in 18.5% of the group
who demonstrated extraarticular manifestations of JCA. Crea-
tinine clearance was more often depressed in patients receiving
salicylate therapy.

Renal biopsies were performed on 57 of the 165 patients
with JCA, and autopsy specimens were obtained from three
patients (224). Amyloidosis was observed in one biopsy and
one autopsy specimen. Except for proteinuria, hematuria, and
pyuria, amyloidosis had not caused major impairment of renal
function. Glomerular changes were observed in 28% of the
cases. In 13 cases it was described as a “local glomerulitis,”
which would now be described as mesangial changes. Twelve of
these 13 patients with JCA had proteinuria and/or hematuria.
Other renal biopsy changes included mild basement membrane
thickening in 4 patients and interstitial changes in 8 patients.
No vascular abnormalities were noted in any biopsy. Over-
all, approximately 40% of JCA patients in this study had an
abnormal kidney biopsy, although renal function was not sig-
nificantly compromised in any patient.

Amyloidosis in JCA is the subject of many reports (225–
231). Of 1,272 patients with JCA, Schnitzer and Ansell (226)
observed 51 who had developed amyloidosis, a cumulative in-
cidence of 4%. A large amount of geographic variation in the
incidence of amyloidosis in JCA has been reported. In North
America, the frequency is estimated to be as low as 0.1%,
compared to 0.25% in France, 3% in Germany, and up to
10% in Poland (225,227). Because of the poor prognosis of
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amyloidosis associated with JCA, Schnitzer and Ansell initi-
ated therapy with chlorambucil in selected patients in 1967.
An 8-year survival rate of 80% was reported for those patients
given chlorambucil, as compared to 55% to 60% for those pa-
tients receiving intermittent or no chlorambucil therapy. Sev-
eral studies since that time have indicated that chlorambucil
can improve survival and decrease renal disease in a signifi-
cant percentage of these patients (225,229–231). In a study by
Deschénes et al. (225), 8 patients with JCA and systemic amy-
loidosis were treated with chlorambucil. After a mean 10-year
follow-up period, one patient had died from renal disease, two
had persistent nephrotic syndrome, and five were free of pro-
teinuria or renal disease. It is of interest that the three patients
who did poorly all had persistent activity of their arthritis, sug-
gesting, as has been the experience in adult RA, that control
of joint inflammation in JCA can improve renal amyloidosis.
A retrospective study of 79 JCA patients with amyloidosis re-
vealed a 10-year survival rate of 80% in those patients treated
with chlorambucil compared to 23.5% in patients not treated
with chlorambucil (229). In this study, the cause of death was
renal failure in 82% and infection in 12% of patients. Seri-
ous side effects of chlorambucil therapy include leukopenia,
thrombocytopenia, acute leukemia, and infections.

In 1985, Stapleton et al. (232) described 2 patients with
JCA who had hematuria, hypercalciuria, and urolithiasis. They
subsequently studied 38 children with JCA and found in-
creased urinary calcium-creatinine ratios in 12 (32%). Six of
the 12 patients with hypercalciuria had hematuria, compared
to three of the 26-normocalciuric patients. Detailed studies
of calcium metabolism in four of the hypercalciuric patients
showed normal serum calcium levels, normal parathyroid func-
tion, and no evidence of acidosis or vitamin D abnormalities.
The authors speculated that the hypercalciuria in JCA might
result from immobilization and bone demineralization rather
than renal calcium wasting. In an earlier paper, Lorenz and
Schneider (233) reported kidney stone formation in six of 89
German children with JCA. Taken together, these reports sug-
gest that hypercalciuria should be considered in the evaluation
of children with JCA and that such children may be at risk for
developing urolithiasis.

In conclusion, clinically significant renal disease in JCA is
uncommon. Reports of frequent proteinuria, hematuria, and
mesangial nephropathy are clouded by the inclusion of patients
taking a variety of potentially nephrotoxic drugs. Although
a few cases of crescentic glomerulonephritis in patients with
JCA have been reported, a direct association has not been es-
tablished (234,235). Renal amyloidosis can occur in JCA in
frequencies ranging from as low as 0.1% in North America to
3% to 10% in Europe. There is some evidence that aggressive
control of the inflammatory arthritis in patients with amyloi-
dosis can improve outcome. Finally, children with JCA may
become hypercalciuric and be at risk for the development of
renal stones.

SJÖGREN’S SYNDROME

Sjögren’s syndrome is a chronic systemic autoimmune disease
characterized by the infiltration of lymphocytes into multiple
organs, primarily the exocrine glands (236,237). The salivary
and lacrimal glands are most frequently involved, resulting in
the clinical symptoms of dry eyes (keratoconjunctivitis sicca)
and dry mouth (xerostomia). The presence of these two symp-
toms together is known as the sicca complex. Although dry eyes
and dry mouth are the major features of Sjögren’s syndrome, in
up to one-fourth of patients other organs also may be affected
by the systemic autoimmune process including the lungs, gas-
trointestinal tract, pancreas, liver, central nervous system, and
kidneys. Histologically, the salivary glands are infiltrated with

CD4+ T cells and B cells with the salivary epithelial cells ex-
pressing high levels of HLA-DR. This and other findings have
led to the hypothesis that Sjögren’s syndrome may be triggered
by an immune response to foreign antigens or altered self-
antigens in the exocrine glands (237). Rarely, the lymphoid
infiltrates may distort the normal architecture of the organ or
of lymph nodes, resulting in a syndrome known as pseudolym-
phoma (238). When this occurs, the distinction between be-
nign and malignant tissue lesions can be difficult. Patients with
Sjögren’s syndrome have a 44-fold higher risk for the develop-
ment of non-Hodgkin B-cell lymphomas in comparison to age-
and sex-matched control subjects.

In addition to the local cellular immune response, Sjögren’s
syndrome is characterized by the presence of autoantibodies to
tissue-specific antigens (salivary duct antibodies) and to non–
tissue-specific antigens, represented by ANA and RF. Antibod-
ies to two nuclear antigens, SS-A and SS-B, are particularly
characteristic of this disease, although they also may be found
in other autoimmune diseases, including SLE. Patients with
Sjögren’s syndrome frequently develop hypergammaglobuline-
mia and mild anemia indicative of a generalized inflammatory
state (237).

Sjögren’s syndrome can be broadly divided into two cat-
egories. Primary Sjögren’s syndrome is diagnosed when the
symptom complex exists in the absence of another autoimmune
disease. Secondary Sjögren’s syndrome can occur in primary
biliary cirrhosis or in conjunction with another autoimmune
disease such as RA, SLE, or scleroderma. Sjögren’s syndrome
has been reported to occur in up to 35% of patients with RA
and is frequently seen in patients with SLE, mixed connective
tissue disease, or SSc. In these diseases, the presence of Sjögren’s
syndrome is considered to be an additional feature of the un-
derlying autoimmune disease process.

Renal Abnormalities in Sjögren’s Syndrome

The renal abnormalities in Sjögren’s syndrome arise as a result
of either lymphocytic infiltration into the renal parenchyma or
immune-complex deposition in the glomeruli (Table 66-4). The
renal abnormalities owing to secondary Sjögren’s syndrome are
often minor in comparison to the renal abnormalities caused
by the primary rheumatic disease such as SLE or SSc. For this
reason, the following discussion will focus on the renal ab-
normalities seen in primary Sjögren’s syndrome. There is no
evidence, however, that the renal abnormalities caused by pri-
mary Sjögren’s syndrome differ in any way from those of sec-
ondary Sjögren’s syndrome. It must also be noted that many
patients with Sjögren’s syndrome are taking medications such
as NSAIDs that may further contribute to renal pathology.

Tubular Dysfunction

Histologic studies of the kidneys in patients with Sjögren’s
syndrome have demonstrated mild to moderate interstitial
infiltration of lymphocytes, with varying degrees of tubular

TA B L E 6 6 - 4

RENAL ABNORMALITIES IN SJÖGREN’S SYNDROME

Tubulointerstitial disease
Hyposthenuria
Renal tubular acidosis
Fanconi’s syndrome
Interstitial nephritis

Glomerulonephritis
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atrophy and interstitial fibrosis (239). Immunofluorescence
studies of the infiltrating cells have indicated that they are
CD4+ T and B cells, a pattern identical to that seen in the
exocrine glands (240,241). This type of cellular infiltration is
different from that seen in many other forms of interstitial
nephritis in which cytotoxic T cells are the predominant cell
type (240). This finding has led several authors to postulate
that the pathogenesis of renal disease in Sjögren’s syndrome
is similar to that seen in the salivary glands and arises as a
direct result of lymphocytic infiltration into the renal intersti-
tium. The frequency with which lymphocytic infiltrates occur
in the kidney in Sjögren’s syndrome has not been extensively
examined. Tu et al. (239) studied nine patients with Sjögren’s
syndrome and found interstitial changes in six patients. There
are numerous other small series of patients with Sjögren’s
syndrome and abnormal findings on renal biopsy. Although
the presence of interstitial infiltrates appears to be common,
the exact frequency cannot be determined from the present
literature.

Clinically, renal dysfunction in Sjögren’s syndrome is usually
mild and subclinical. The most frequently reported functional
abnormalities are hyposthenuria, renal tubular acidosis (RTA),
Fanconi’s syndrome, and interstitial nephritis.

Hyposthenuria. In 1962, a patient with Sjögren’s syndrome
who had nephrogenic diabetes insipidus was reported. De-
tailed studies on eight additional patients demonstrated that
four demonstrated a persistently impaired ability to concen-
trate urine with water deprivation (242). This defect was not
associated with proteinuria or other clinically apparent renal
abnormalities. In 1965, Shearn and Tu (243) reported a case of
a young woman whose presenting manifestation of Sjögren’s
syndrome was vasopressin-resistant nephrogenic diabetes in-
sipidus. Her polydipsia and polyuria antedated the symptoms
of dryness of the eyes and mouth by 10 years. Although hy-
posthenuria may exist as an isolated abnormality in Sjögren’s
syndrome, in many of the reported cases it has been asso-
ciated with other tubular abnormalities including RTA and
aminoaciduria.

Renal Tubular Acidosis. Distal RTA (type I) has been reported
to occur in up to 20% to 25% of patients with Sjögren’s
syndrome (244), and proximal RTA (type II) can also occur
(although less frequently). Shearn and Tu (245) used an acid-
loading test to detect latent RTA in 10 patients with Sjögren’s
syndrome who lacked overt abnormalities of acid–base bal-
ance. They found impairment of acid excretion in three of the
10 patients studied. Many of these patients also demonstrated
a defect in renal concentrating ability. Urinary acidification was
impaired in six of 12 patients with Sjögren’s syndrome studied
by Talal et al. (246). The RTA was clinically evident in three pa-
tients, subclinical in two, and associated with glomerulonephri-
tis in one patient. Creatinine clearance was not altered in those
patients with RTA. Distal tubular acidosis can be associated
with hypocitraturia, renal stones, nephrocalcinosis, and rare
cases of osteomalacia. Hypokalemic paralysis and respiratory
arrest owing to distal RTA in patients with Sjögren’s syndrome
have been reported (247–249).

Two studies have examined Sjögren’s syndrome patients for
the presence of renal tubular acidification defects by ammo-
nium chloride loading (250,251). Shiozawa et al. (250) showed
that six of 17 patients with Sjögren’s syndrome had abnormal
urine acidification, and a higher incidence of abnormal concen-
trating ability, although this defect was not clinically evident.
In this study, the presence of RTA and abnormal concentrat-
ing ability did not necessarily correlate with one another, sug-
gesting that Sjögren’s syndrome may affect tubular function at
multiple functional and anatomic sites.

Hypergammaglobulinemia, which is common in Sjögren’s
syndrome, has also been associated with RTA (252–255). It is
unlikely, however, that the development of RTA in Sjögren’s
syndrome is simply due to the associated hypergammaglobu-
linemia. Tubular dysfunction can occur in the absence of hy-
pergammaglobulinemia, and tubular dysfunction is frequently
not present despite significant degrees of hypergammaglobu-
linemia (254,256).

Other Tubular Defects. Fanconi’s syndrome (aminoaciduria,
glycosuria, and phosphaturia) has been reported in several pa-
tients with Sjögren’s syndrome (257), although it appears to be
uncommon. In Shiozawa’s study (250), six of 17 patients with
Sjögren’s syndrome showed decreased tubular reabsorption of
phosphate.

Interstitial Nephritis. Although infiltration of the interstitium
with lymphocytes is common in Sjögren’s syndrome, severe in-
terstitial nephritis resulting in impaired creatinine clearance is
relatively rare. Gentric et al. (258) reported five patients with
primary Sjögren’s syndrome who developed severe interstitial
nephritis with decreased creatinine clearance, proteinuria, and
hematuria. Two patients eventually required chronic hemodial-
ysis, but three patients improved after taking corticosteroids.
Other cases of this unusual complication of Sjögren’s syndrome
have recently been summarized (259,260).

Glomerulonephritis

Glomerulonephritis is rare in patients with primary Sjögren’s
syndrome, with only scattered cases reported in the litera-
ture (261–264). The histologic types of glomerulonephritis are
usually membranoproliferative, mesangial, or membranous.
These patients may present with heavy proteinuria, active uri-
nary sediment, or renal insufficiency. Renal biopsy specimens
in patients with Sjögren’s-associated glomerulonephritis have
shown glomerular deposits of immunoglobulins and C3 on im-
munofluorescence studies (262,263). It is hypothesized that the
pathogenesis is most likely due to deposition of immune com-
plexes formed by cryoprecipitable monoclonal IgM RF along
with polyclonal IgG and IgA (263). Cryoglobulinemia, asso-
ciated with hypocomplementemia, is often found in these pa-
tients. There may be a correlation between glomerulonephritis
and the development of lymphoma (263). Treatment of the
glomerulonephritis with corticosteroids and cytotoxic drugs
has been reported to be successful in some patients (261,263).
Rare cases of ANCA-positive crescentic glomerulonephritis in
patients with primary Sjögren’s syndrome have been reported
(265).

In summary, some form of renal involvement can occur in
30% to 50% of patients with Sjögren’s syndrome. Inability
to concentrate the urine, RTA, and other tubular dysfunctions
can be demonstrated frequently with stress testing. However,
clinically significant tubular dysfunction appears to be unusual
in Sjögren’s syndrome and severe interstitial nephritis resulting
in renal insufficiency is rare. Glomerulonephritis is distinctly
unusual. Drug-induced renal abnormalities always should be
considered in these patients (see section on Rheumatoid Arthri-
tis), because many patients with Sjögren’s syndrome are treated
with NSAIDs and other drugs.

POLYMYOSITIS-
DERMATOMYOSITIS

The inflammatory myopathies are a heterogeneous group of
diseases in which the muscles are diffusely damaged by an en-
domysial and occasional perivascular infiltration of inflamma-
tory cells, which are predominantly lymphocytes (266). The



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-66 Schrier-2611G GRBT133-Schrier-v5.cls August 26, 2006 11:38

1714 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

clinical syndrome associated with these pathologic changes
is termed polymyositis. Although this syndrome is frequently
pleomorphic in presentation, the cardinal feature in essentially
all patients (98%) is muscle weakness. When the syndrome oc-
curs in association with characteristic skin lesions it is termed
dermatomyositis.

Five clinical or laboratory abnormalities are present in most
patients with polymyositis and dermatomyositis and thus are
used to define or diagnose the disease (267). The first criterion
is symmetric proximal muscle weakness, which is the initial
manifestation in up to 69% of patients and is present overall
in 98% at some time during the course of the disease. The sec-
ond criterion is abnormal myopathic electromyographic find-
ings, present in 90% of patients. The third criterion is elevated
serum muscle enzymes (creatine kinase, aldolase), found in
95% of patients with myositis. The fourth criterion is the mus-
cle biopsy, which should show evidence of necrosis of type 1
and 2 muscle fibers, areas of degeneration and regeneration
of fibers, phagocytosis, and an interstitial or perivascular in-
flammatory process. The fifth criterion consists of the char-
acteristic skin changes seen in dermatomyositis. These skin
lesions include: an erythematous, scaly rash over the face, neck,
and shawl area, as well as the extensor surfaces of the knees,
elbows, and medial malleoli; a heliotrope rash (a periorbital
violaceous discoloration, often with associated edema); and
Gottron’s papules (scaly erythematous flat plaques over the
dorsum of the metacarpophalangeal and proximal interpha-
langeal joints).

Although a number of different classification schemes of
polymyositis-dermatomyositis have been suggested, the scheme
proposed by Bohan and Peter and Bohan et al. (267,268) is the
most widely used (Table 66-5).

Organ systems other than skin and muscle may be in-
volved in patients with polymyositis or dermatomyositis (266).
This is true even when those patients with overlap syndrome
(Group V) are excluded. The more common organ systems
involved include the joints, with up to 35% of patients ex-
periencing arthralgias. Synovitis can occur but is uncommon.
Gastrointestinal manifestations are also common, with in-
volvement of both the proximal and distal esophagus in adults
and abdominal crisis secondary to vasculitis sometimes seen in
children (266–268). Pulmonary involvement may be found in
up to 50% of patients with polymyositis or dermatomyositis,
with interstitial lung disease being the most common abnor-
mality (269). Rare cardiac manifestations include electrocar-
diographic abnormalities and cardiomyopathy.

Renal Disease

Involvement of the kidneys in polymyositis-dermatomyositis
is distinctly uncommon and in fact is not mentioned in some
reviews or chapters on polymyositis-dermatomyositis in stan-
dard textbooks. Early references to renal disease with dermato-

TA B L E 6 6 - 5

CLASSIFICATION OF
POLYMYOSITIS/DERMATOMYOSITIS

Group I Primary idiopathic polymyositis
Group II Primary idiopathic dermatomyositis
Group III Dermatomyositis or polymyositis associated with

malignancy
Group IV Childhood dermatomyositis or polymyositis

often associated with vasculitis
Group V Dermatomyositis or polymyositis associated with

another connective tissue disease

myositis have included patients who would now be classified as
having mixed connective tissue disease, including SLE or sclero-
derma in association with myositis (270,271). Dyck et al. (272)
identified five patients with primary idiopathic polymyositis
who developed proteinuria associated with urinary sediment
abnormalities. Renal biopsies from these patients showed a fo-
cal mesangial proliferative glomerulonephritis with deposits of
both immunoglobulin and complement. After treatment of the
polymyositis with corticosteroids, the proteinuria and urinary
sediment changes disappeared as the muscle disease improved.
These authors speculated that immune complexes might be im-
plicated in the etiology of this renal disease, although results
of serum complement studies and serum cryoglobulins were
normal in all patients except one. Other rare cases of mesan-
gial and membranous glomerulonephritis have been reported
in patients with polymyositis and dermatomyositis (273–276).

Membranous glomerulopathy is reported in up to 10% of
all malignancies (277). A case report by Rose (278) describes
a 58-year-old woman who presented with the nephrotic syn-
drome with renal biopsy features of membranous glomerulopa-
thy who subsequently developed dermatomyositis and shortly
thereafter an oat cell tumor in her lung. The relationship
between these three conditions is unclear, although some in-
teresting speculations are possible. Membranous nephropa-
thy is thought to be an immune complex disease, which
in this case may have resulted from the deposition of immune
complexes induced by the tumor. Similarly, dermatomyositis is
known to exhibit both humoral and cell-mediated abnormali-
ties. Therefore, membranous glomerulonephritis may be seen in
conjunction with polymyositis-dermatomyositis because both
disorders may be associated with an underlying neoplasm
(Group III).

Myoglobinemia and myoglobinuria may be present in up to
50% of patients with dermatomyositis and polymyositis (279).
The degree of myoglobinuria is usually mild except in acute,
severe disease. Myoglobinuric acute renal failure has been re-
ported in a few cases of polymyositis (280–283).

Childhood dermatomyositis (Group IV) is frequently associ-
ated with vasculitis involving the muscles and gastrointestinal
tract. Bitnum et al. (284) studied 13 children with dermato-
myositis and performed percutaneous renal biopsy in six of
these children because of proteinuria. All six of the biopsies
were abnormal, showing mild to moderate cellular prolifer-
ation of the glomerular tuft. The glomerular basement mem-
brane also was thickened in two patients. The authors were un-
sure of the implications of their findings but did note that none
of the patients developed signs of clinical renal failure. Others
investigators have also described diffuse glomerular changes in
patients with juvenile dermatomyositis (285). As in the study
by Bitnum et al. (284), these authors also found that renal func-
tion was maintained, although proteinuria was present in the
children.

In summary, renal involvement in polymyositis-dermato-
myositis is distinctly uncommon. It may occur in the setting
of another connective tissue disease (Group V) in which the re-
nal lesion is found to be that of either SSc or SLE. Membranous
glomerulonephritis may occur in association with malignancy
(Group III). In acute fulminant myositis, tubular dysfunction
or acute renal failure may be associated with myoglobinemia
and myoglobinuria. This usually responds to treatment of the
myositis and progression to chronic renal failure is rare.
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CHAPTER 67 ■ THROMBOTIC
THROMBOCYTOPENIC PURPURA,
HEMOLYTIC-UREMIC SYNDROME, AND
ACUTE CORTICAL NECROSIS
PIERO RUGGENENTI, MICHELE CERUTI, AND GIUSEPPE REMUZZI

HISTORICAL PERSPECTIVE
AND DEFINITIONS

Thrombotic thrombocytopenia purpura (TTP) and hemolytic-
uremic syndrome (HUS) have been considered to be indis-
tinguishable or separate entities. No pathologic feature is
specific to one of the two entities, but they actually have differ-
ent clinical manifestations. Several research studies have been
performed in attempt to discover new parameters or method-
ological approaches for the distinction of the two entities.
Hemolytic-uremic syndrome has been defined as the conse-
quence of some infections due to an Escherichia coli strain.
Conditions in which cerebral symptoms predominated were
thought to be more specific for TTP, but HUS has been de-
scribed with the same pathologic features. Familial forms of
both entities have been discovered and studied. Thrombotic
thrombocytopenia purpura or HUS has been found in non-
hereditary subjects as adverse effects of some drugs. Posttrans-
plantation forms have been found in subjects with different
underlying pathologies.

Recently, a new paradigm of distinction has been proposed
according to the plasma activity of a von Willebrand factor
protease. The decrease of this parameter may be associated
with the diagnosis of TTP, but a significant number of patients
with clinical features of HUS has been found with the same
laboratory finding.

Thus, there are forms that, regardless of the underlying eti-
ology, cannot be definitively assigned to TTP or to HUS. Conse-
quently, it may be better to use the broader term of thrombotic
microangiopathy (TMA). This form defines lesions, common
to both TTP and HUS, characterized by vessel wall thickening
(mainly arterioles or capillaries), with endothelial cell swelling
and/or detachment from the basement membrane with accumu-
lation of fluffy material in subendothelial space, intraluminal
platelet thrombosis, and partial or complete obstruction of the
vessel lumina. Thrombotic microangiopathy was introduced
in 1952 by Summers to replace thrombotic thrombopenic pur-
pura and revived in 1979 by E. Rossi. It provides a natural
link between the two syndromes and is still the best term to
encompass all of the lesions just described.

A classification into subgroups may be performed according
to laboratory and genetic findings with no aim to overlap old
classifications that distinguished TTP and HUS according to
clinical features. The new classification attempts to distinguish
TMA subgroups according to genomics and molecular biologic
findings.

The term thrombotic thrombocytopenic purpura (TTP)
was first introduced in 1925 by Moschcowitz (1), who
described a 16-year-old female patient with a fulminant

febrile attack, hemolytic anemia, bleeding, renal failure, and
neurologic involvement. Pathologic changes were character-
ized by widespread hyaline thrombosis of small vessels. In
Moschcowitz’s view, thrombi were constituted by agglutinated
hyalinized erythrocytes. The disease was believed to be caused
by a powerful “toxin that has both agglutinative and hemolytic
properties” (1). Since then and up to 1980 almost 500 cases
of TTP have been reported in the literature, and several cri-
teria have been proposed for the diagnosis (2–4). The term
TTP should be used when two of the three major criteria
(thrombocytopenia, microangiopathic anemia, and neurologic
involvement) are associated with two minor criteria (fever, re-
nal changes, and presence of thrombi in the circulation) (5).
The term hemolytic-uremic syndrome (HUS) is most commonly
used when renal changes result in severe renal insufficiency.
Hemolytic-uremic syndrome is more frequent in children and
TTP in adults, but this is not a general rule (1,3,6–8). The same
patients may be classified as having TTP or HUS during dif-
ferent episodes of disease exacerbation (9–11). There are also
cases with severe renal failure that have been classified as TTP,
and cases of HUS often have neurologic symptoms (12,13).

Idiopathic TTP has been separated from secondary TTP (5).
TTP may occur in pregnancy or may complicate the postpartum
period (14,15). Cases of TTP have been discovered in associa-
tion with neoplastic disorders such as lymphoma (16), Sjögren’s
syndrome (17), rheumatoid arthritis (18), polyarteritis (19),
and systemic lupus erythematosus (SLE) (20,21). Thrombotic
thrombocytopenic purpura has been recognized in patients
with endocarditis (22) or after treatment with sulfonamide
(23,24), iodine (25), oral contraceptives (26), and some poi-
sons (27).

The disease is more common in women, with a female to
male ratio of 3:2 (3). Although the peak incidence occurs in
the third decade of life, cases of TTP have been described in
patients ranging from 1 to 90 years (2,28). Recurrent episodes
of TTP are not exceptions, but relapses cannot be predicted
by any clinical or hematologic feature (29–31). Based on cases
of TTP occurring in siblings, a genetic predisposition has been
suggested, and some reports indicate that there is a possibility
that an autosomal recessive trait underlies TTP (32–34).

However, there are forms that, regardless of the underlying
etiology, cannot be surely assigned to TTP or to HUS. In such
cases, it may be better to use the broader term of TMA. As al-
ready noted, TMA defines histopathologic lesions common to
both TTP and HUS. These histopathologic changes are almost
invariably accompanied by thrombocytopenia and hemolytic
anemia. Thrombocytopenia derives from platelet consumption
in the microcirculation. The reason of hemolytic anemia is
not as clear, but it may be a consequence of the mechanical
fragmentation of erythrocytes during flow through partially
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FIGURE 67-1. Marked endothelial and myointimal cell proliferation with occlusion of the lumen of an
interlobular artery in a case of thrombotic thrombocytopenic purpura (trichrome, ×375).

occluded microvessels. Peripheral smear shows fragmented red
blood cells with the typical aspect of burr or helmet cells. Eleva-
tions in lactate dehydrogenase (LDH) and low or undetectable
haptoglobin levels are markers of hemolysis (2). Reticulocyte
count is almost invariably elevated. Coomb’s test is negative.
Prothrombin time, partial thromboplastin time (PTT), factor V,
factor VIII, and fibrinogen are normal in most cases. In some
patients, high levels of fibrin degradation products and pro-
longed thrombin time have been observed

PATHOLOGY

Thrombotic Thrombocytopenic Purpura

The typical pathologic changes of TTP are the thrombi that
occlude capillaries and arterioles in many organs and tissues
(35,36). These thrombi are constituted by fibrin and platelets,
and their distribution is widespread. They are most com-
monly detected in kidneys, pancreas, heart, adrenals, and brain
(35,37,38). Compared to HUS, pathologic changes of TTP are
more extensively distributed, probably reflecting the more sys-
temic nature of the disease.

Other types of lesions have been described in TTP; the
subendothelial accumulation of hyaline material has led to
the term prethrombotic lesions (35), and frequently microa-
neurysms (36) or glomeruloid structures (10) are found. Alto-
gether thrombi, prethrombotic changes, aneurysmal dilation of
vessels, and glomeruloid structures have been considered typ-
ical of TTP, but recent studies cast doubt on the specificity of
these lesions (38,39). Recently, it has been observed that gin-
gival biopsies and bone marrow clot sections have the highest
percentage of positivity for microthrombi (39,40).

Fibrin has been detected in the thrombi by immunofluo-
rescence (41–43). Although the presence of platelets in the
thrombi has been shown by electron microscopy (41), staining
with antiplatelet sera is often negative (41,42,44). C3, C1q,
and immunoglobulin deposits have been occasionally detected
(42,45). In the kidney, fibrin–platelet thrombi are more fre-
quent in arterioles than in glomerular capillaries (46). Reflect-
ing the more chronic and relapsing character of the disease,
proliferation of endothelial and myointimal cells (Fig. 67-1) is
more pronounced in TTP than in HUS (47).

Hemolytic Uremic Syndrome

The kidneys are the main target organs involved in HUS. Patho-
logic changes originally described by Gasser et al. (48) in chil-
dren with HUS were consistent with a picture of cortical necro-
sis. Since then, lesions of HUS have been described in more
detail (49–53), and a term that successfully defines the char-
acteristic pathologic changes of HUS is thrombotic microan-
giopathy (54). The classic lesion is characterized by thickening
of the capillary walls secondary to the presence of a fluffy mate-
rial in the subendothelial space (53,55,56). These changes, plus
occasional thrombi, lead to occlusion of the glomerular capil-
lary lumen. In the vessels from the tissue section, fragmented
red blood cells or cells at different degrees of hemolysis may be
detected (Fig.67-2). In the acute phase, arteriolar and capillary
thrombi are more common, whereas the subendothelial fluff is
the dominant lesion seen days or weeks after the acute attack.
A widening and fibrillar appearance of the mesangium coexists
with the glomerular capillary wall alterations (54,57). The vas-
cular lesions may be differently distributed (55,58,59), and the
percentage of affected glomeruli may influence the prognosis
(59).
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FIGURE 67-2. A: Electron micrograph showing fragmented red blood cells (arrows) and red cells at
different stages of hemolysis (asterisks) in a small renal vein from a patient with hemolytic uremic syndrome
(×5,000). B: High magnification of inset of Figure 67-2A showing red blood cells at different stages of
hemolysis (arrow) and the presence of “ghosts” of red blood cells (asterisks) in a small renal vein from a
patient with hemolytic-uremic syndrome (×12,000). (Both micrographs courtesy of Dr. C. L. Pirani and
Dr. V. D’Agati.)

The finding of pure thrombotic microangiopathic lesions
derives mainly from studies in children, especially children
younger than the age of 2 years. However, in older children
and adults, the histologic pattern is usually more complex and
is characterized by a prevalence of arterial involvement with
necrosis and thrombosis of interlobular arteries associated with
ischemic changes in glomeruli.

Three patterns of renal lesions can be found in HUS—one
with prevalent glomerular lesions of the microangiopathic type,
one with predominant arterial involvement, and a third with si-
multaneous glomerular and arterial involvement. Other tenta-
tive classifications for HUS have been proposed (59). Recently,
Thoenes and John (60) proposed the term endotheliotropic
hemolytic nephroangiopathy. In the opinion of the authors,
this term, in addition to including the main clinical features
of the disease, also emphasizes the decisive pathogenetic role
of endothelial damage. To emphasize the pathogenetic role of
vascular changes in HUS, Bohle et al. (61) used the definition
primary malignant nephrosclerosis.

A detailed analysis of renal changes in younger children in-
cludes swelling of glomerular endothelial cells leading to nar-
rowing or complete occlusion of glomerular capillary lumens
(Fig.67-3). Glomerular capillary walls are thickened, and often
the endothelial cells are separated from the glomerular base-
ment membrane (GBM). A fluffy material accumulates in the
subendothelial space, giving a double-contoured appearance
to the glomerular capillary walls (Fig.67-4). Together with the
swelling of the endothelial cells, the widening of the suben-
dothelial space contributes to the occlusion of the glomeru-
lar lumen. Thrombi having the characteristic staining for
fibrin are occasionally seen. Mesangial matrix has a fibrillar
appearance without any sign of mesangial hypercellularity.

Occasionally red blood cells and platelets are seen in the
glomerular capillary lumens. Not all glomeruli are equally af-
fected. In some cases damage is more severe, whereas in oth-
ers less-pronounced changes (see Fig 67-4) are found. Arterial
involvement is extremely variable, but some widening of the
subendothelial space containing fluffy material is observed.

In older children and in adults, the major changes are re-
stricted to the arteries (59,62). Interlobular arteries are often
occluded by thrombosis, necrosis, or intimal edema or prolif-
eration (62) (Figs. 67-5 and 67-6). In the more chronic phases,
fibroplasia of small arteries and arteriosclerotic changes are
seen. In some cases glomeruloid structures of the small arteries
are observed, probably as a result of endothelial and myoin-
timal proliferation of small arteries adjacent to the glomeruli
(47). Glomerular lesions are ischemic, as shown by the thicken-
ing and wrinkling of the glomerular capillary walls, by atrophy
of the glomerular tufts, and by thickening of Bowman’s capsule
(Fig.67-7). In a small number of patients a histologic pattern of
cortical or tubular necrosis is detected (59). Not infrequently,
however, the pattern of glomerular involvement coexists in the
same patient with significant arterial damage (58,59).

Immunofluorescence shows fibrinogen almost invariably
present in the glomeruli, along the glomerular capillary walls,
and in the thrombi and vessel lumina (63). Granular deposits of
C3 and immunoglobulin M (IgM) are also found in glomeruli
and vessels (64,65). Ultrastructural injury to glomerular en-
dothelial cells is pronounced. Endothelial cells are swollen and
are often detached from the underlying GBM (Fig. 67-8). Be-
neath, the endothelium is an electron-lucent fluffy material that
may be associated with a thin, newly formed GBM (Fig. 67-9).
The composition of this fluffy material is not known, but it
has been suggested that it might consist of fibrinogen–fibrin
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FIGURE 67-3. Swelling of glomerular endothelial cells
and occlusion of almost all capillary lumens packed
with red blood cells (arrows) in a case of hemolytic-
uremic syndrome. (Trichrome, ×250.)

breakdown products as well as fibronectin (47). Glomeru-
lar capillary lumens are markedly narrowed by the combina-
tion of endothelial and subendothelial changes. Foam cells can
be detected within the glomeruli, generally in the late stages
of the disease, and contain lipid droplets and myelin figures.
Glomerular mesangium may be the site of fibrin deposits, but

the most common lesion is edema of the mesangial matrix,
leading to marked reticulation and even complete dissolution,
called “mesangiolysis” (66). Endothelial damage predominates
in arteries and arterioles, which demonstrate detachment of
endothelium, swelling of endothelial cells, and subendothelial
fluffy deposits.

FIGURE 67-4. Double tracks (arrows) in some areas of glomerular capillary walls of a patient with
hemolytic-uremic syndrome. (Trichrome, ×375.)
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FIGURE 67-5. Thrombotic and necrotic
changes in a small artery from an adult patient
with hemolytic-uremic syndrome. (Trichrome,
×375.)

PATHOGENETIC MECHANISMS

The Central Role of Endothelial Damage

Toxins, immune reactants, and drugs may cause endothelial
damage, which, in turn, may result in decreased prostacyclin
bioavailability, increased shear stress, and oxidative stress that
contribute to amplify the damage in a vicious circle resulting
in microvascular thrombosis.

FIGURE 67-6. Occlusion of an interlobular artery with intimal
swelling and myointimal proliferation in a case of adult hemolytic-
uremic syndrome. (Trichrome, ×375.)

Toxins

Shigatoxin. In 1978, Koster et al. (67) found an association be-
tween Shigella dysenteriae type 1, severe colitis, and children
with HUS, which is now reported quite frequently in India
(68,69) where HUS is epidemic). Further studies (70) found
that E. coli can produce exotoxins related to the 70-kDa pro-
tein encoded in S. dysenteriae DNA. In 1983, Riley et al. (71)
reported the association of E. coli (serotype O157:H7) infec-
tion and two outbreaks of hemorrhagic colitis, and a paper
in The Lancet described verotoxin-producing E. coli (VTEC)

FIGURE 67-7. Ischemic glomerular lesions characterized by thick-
ening and wrinkling of glomerular capillary walls and atrophy of
glomerular tuft in a case of adult hemolytic-uremic syndrome. (Silver,
×250.)
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FIGURE 67-8. Detachment of endothelial cell from the underlying
glomerular basement membrane in a case of hemolytic-uremic syn-
drome. A red blood cell is in close contact with the glomerular base-
ment membrane. Electron-lucent “fluffy” material and a few strands of
fibrin (arrows) are present in subendothelial space (×7,000). (Courtesy
of Dr. C. L. Pirani and Dr. V. D’Agati.)

infection (72) in 11 of 15 cases of sporadic HUS. From now
on, only the term Shigatoxin (or Stx) should be used to name
exotoxins produced both S. dysenteriae and by E. coli, and
the other terms such as Shiga-like toxin, verotoxin, or VTEC
should be abandoned (73).

Humans may be infected from contaminated milk, meat,
and fecally contaminated water, or from contact with infected
animals, humans, or the excreta of either (74–76). Rowe et al.
(77) found that undercooked meat and foods are not neces-
sarily implicated in the transmission of the disease, which is
more likely to occur in patients who have been exposed to a
family member with diarrhea in the 7 days before the onset of
symptoms than in healthy controls. This suggested a person-
to-person transmission of Stx-producing E. coli that is also a
plausible explanation for most cases of sporadic HUS (78–81).
It can be estimated that in North America and western Eu-
rope about 90% of children with HUS have some evidence
of Stx infection, with the serotype O157:H7 in 70% of cases
(82–85). O157:H7 serotype is not common in Argentinian
cases of Stx-induced diarrhea (but without hemorrhagic col-
itis) complicated or not by HUS (86). This would suggest that
Stx of serotypes other than O157:H7 is mostly associated with
nonbloody diarrhea.

Following ingestion, E. coli and S. dysenteriae localize
on the colonic mucosa, invade epithelial cells, multiply, and
cause cell death. (The action of such organisms normally
gives diarrhea), but only strains that produce Stx’s damage
the vasculature of the mucosa so as to cause hemorrhagic
colitis (87). Shigatoxins are picked up by polarized gastroin-

*

*

FIGURE 67-9. Electron-lucent “fluffy” material (arrow) with some
electron-dense deposits (asterisks) is located between the cytoplasm
of an endothelial cell and the glomerular basement membrane in a
segment of glomerular capillary from a patient with hemolytic-uremic
syndrome (×12,000). (Courtesy of Dr. C. L. Pirani and Dr. V. D’Agati.)

testinal cells via transcellular pathways and translocate into
the circulation, probably facilitated by the transmigration of
polymorphonuclear cells (PMNs), which increase paracellular
permeability (88,89).

Although it has been shown in vitro that Stx can bind to hu-
man erythrocytes, platelets, and activated monocytes, recent
studies have underpinned a role for PMN in Stx carriage in
blood, since Stx rapidly and completely binds to PMN when
incubated with human blood (90). Consistently, circulating
PMN-bound Stx has been detected in blood of Stx-HUS pa-
tients (91). Moreover, PMN Stx receptor has a 100-fold lower
affinity to the ligand than the high-affinity receptor expressed
on glomerular endothelial cells, thereby facilitating the inter-
cellular transition. Actually, in vitro and in co-cultures, PMN
loaded with Stx transfer the ligand to glomerular endothelial
cells so that at the end of the incubation Stx molecules were
found on glomerular endothelial cells but no longer on PMN
(90).

The human disease is caused by two distinct exotoxins—
Stx-1 and Stx-2—almost identical to the toxin produced by
S. dysenteriae type 1 (92). Stx DNA is incorporated into the
genoma of a restricted number of some E. coli O:H serotypes,
which can produce Stx-1 alone or Stx-2, or both. Both Stx-1
and Stx-2 are 70-kDa AB5 holotoxins comprising a single A
subunit of 32 kDa and a five 7.7-kDa A subunit. Interestingly,
a new AB5 toxin comprising a single 35-kDa A subunit and
a pentamer of 13-kDa B subunits have been recently isolated
from a highly virulent E. coli strain (O113:H21) responsible for
an outbreak of HUS, which may represent the prototype of a
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new class of toxins, accounting for HUS associated with strains
of E. coli that do not produce Stx’s (93). Despite their similar
sequences, Stx-1 and Stx-2 cause different degrees and types
of tissue damage as documented by the higher pathogenicity
of strains of E. coli that produce only Stx-2 than of those that
produce Stx-2 alone (94–96). In a recent study in children who
became infected by Stx-E. coli, E. coli strains producing Stx-
2 were most commonly associated with HUS, whereas most
strains isolated from children with diarrhea alone or remaining
asymptomatic only produced Stx-1 (97). This is also true in
mice and baboons (98).

Stx-1 and Stx-2 bind to different epitopes on the Gb3
molecules and they also differ in binding affinity and kinetics
(99). Surface plasmon resonance analysis showed that Stx-1
easily binds to and detaches from Gb3, in contrast to Stx-2,
which binds slowly but also dissociates very slowly, thus leav-
ing time enough for the cell’s incorporation (99).

After binding to endothelial cell receptors, the toxin is inter-
nalized in the cytosol by endocytosis (100) within 2 hours (101)
and inhibits protein synthesis within 30 minutes (Fig. 67-10).
The number of high-affinity receptors is a major determinant
of susceptibility of cells to Stx (102). Therefore, cell viability
and protein synthesis of endothelial cells of the kidney were re-
duced by 50% upon exposure to 1 pM Stx, unlike endothelial
cells of umbilical vein that were viable up to greater than 1 nM
exposure to the toxin. These findings are consistent with basal
levels of Stx receptors 50 times higher in renal endothelium
than in the umbilical cord endothelium (103). During internal-
ization, the alpha subunit of the toxin dissociates from the beta
subunits. Approximately 10% of the alpha subunit protein is
removed in a trypsinlike process, resulting in a maximally ac-

tive 27-kDa subunit enzyme. It is well established that this frag-
ment is a direct inhibitor of protein synthesis and is responsible
for the cytotoxic action of the toxin. Stx selectively inactivates
60S ribosomal subunits by removing one nucleotide in the 28S
ribosomal RNA in a nucleotide-specific manner (104).

For many years it was assumed that the only relevant
biologic activity of Stx was the block of protein synthesis
and destruction of endothelial cells. Recently, however, it has
been shown that treatment of endothelial cells with sublethal
doses of Stx, exerting minimal influence on protein synthe-
sis, leads to increased mRNA levels and protein expression of
chemokines, such as interleukin (IL)-8 and monocyte chemoat-
tractant protein-1 (MCP-1) and cell adhesion molecules, a pro-
cess preceded by NF-kB activation (105). Analysis of genome
wide expression pattern of human endothelial cells stimulated
with sublethal doses of Stx evidenced 25 and 24 genes upreg-
ulated by Stx-1 and Stx-2, respectively, mostly encoding for
chemokines and cytokines, cell adhesion molecules, including
P-selectin and intercellular adhesion molecule 1 (ICAM-1), and
transcription factors (EGR-1, NFkB2, and NFkBIA) (106).

Adhesion molecules seem to play a critical role in medi-
ating binding of inflammatory cells to endothelium. This is
supported by adhesion experiments under flow showing that
Stx-2 treatment enhanced the number of leukocytes adhering
and migrating across a monolayer of human endothelial cells
(107). Moreover, preventing IL-8 and MCP-1 overexpression
by adenovirus-mediated NF-kB blocking, inhibited adhesion
and transmigration of leukocytes (105).

Therefore, it can be inferred that Stx, by altering endothe-
lial cell adhesion properties and metabolism, favor leukocyte-
dependent inflammation and induce loss of thromboresistance
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FIGURE 67-10. Binding and mechanism of
action of Shiga-like toxin. The B subunits of
Shiga toxin molecules attach to galactose (gal)
disaccharides of globotriaosylceramide (Gb3)
receptors on the membrane of monocytes,
polymorphonuclear cells, platelets, glomeru-
lar endothelial cells, and tubular epithelial
cells. The toxin is internalized via retrograde
transport through the Golgi complex. Then
the A and B subunits dissociate, and the A sub-
unit is translocated to the cytosol. The A sub-
unit blocks peptide chain elongation by elim-
inating one adenine from the 28S ribosomal
RNA.
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in endothelial cells, leading to microvascular thrombosis. Ev-
idence for such sequence of events has been obtained in ex-
periments of whole blood flowing on human microvascular
endothelial cells, pre-exposed to Stx-1, at high shear stress
(108). In these circumstances early platelet activation and ad-
hesion occurs, followed by formation of organized endothe-
lial P-selectin and platelet-endothelial cell adhesion molecule
(PECAM)-1-dependent thrombi. This offers a likely patho-
physiologic pathway for microvascular thrombosis in HUS.
This report may also be taken as a demonstration of a link be-
tween bacteria and their products and arterial thrombosis, as
suggested by the evidence of in vivo coagulation disturbances,
that is, increase of prothrombin fragment 1+2, found in chil-
dren who developed HUS upon infection with E. coli O157:H7
(109–111). Although early studies suggested that fibrinolysis
is augmented in Stx-HUS, more recent work revealed the pres-
ence of higher than normal levels of plasminogen-activator in-
hibitor type 1, indicating that fibrinolysis is substantially in-
hibited (111).

Endotoxins. Endotoxemia is often associated with HUS (112),
which would suggest that endothelial cell damage is the result
of the toxic effect of Stx, added to that of endotoxin (113).
Lipopolysaccharide (LPS, endotoxin) may combine with Stx
to amplify its cytotoxic potential. Such a synergism was dose-
dependent on umbilical vein and renal endothelial cells in cul-
ture and was maximal after preincubation of cells with endo-
toxin (114). A similar synergism has also been demonstrated
between Stx and tumor necrosis factor-α (TNF-α) (113). This
increase occurs mainly via TNF receptor 55 upon protein ki-
nase C activation (115). Of interest to understanding the patho-
genesis of renal lesions in HUS are findings that Stx induces
TNF-α biosynthesis in the kidney, but not in other organs or
tissues (116).

TNF-α, IL-1 and IL-6 have been demonstrated to upreg-
ulate the expression of globotriaosylceramide on renal en-
dothelial cells and increase the binding of Stx-1 (108,117).
According to recent studies, Stx-1 may induce the endothe-
lial cells to secrete unusually large multimers of von Wille-
brand factor and enhance the expression of vitronectin (αvβ3
integrin) receptors, P-selectin, and PECAM-1 on cell surfaces
(108). Moreover, in another study (118) Stx-1 was shown to
bind to and activate platelets through globotriaosylceramide
or globotriaosylceramide-like receptors.

Yamada et al. (119) documented that endotoxin requires the
presence of granulocytes to damage endothelial cells in culture.
Because the damage could be reduced by suppressing granu-
locyte adhesiveness or by oxygen free-radical scavengers, the
authors concluded that cytotoxic activity of endotoxin could
be due in part to its capability of promoting granulocyte ad-
hesion to endothelium and stimulating granulocyte production
of toxic oxygen radicals. Moreover, neutrophils from children
with diarrhea-associated HUS have an enhanced capacity to
adhere to endothelial cells and cause injury (120).

Meyrick (121), using both in vitro and in vivo models,
showed that endotoxin can cause a direct injury to pulmonary
endothelium and that this damage is enhanced by activated
complement and granulocytes by their interaction with the al-
tered endothelium. In more recent years data became avail-
able indicating that similar to cytokines such as TNF and IL-1,
endotoxin induces a dramatic increase in endothelial cell ad-
hesiveness for leukocytes by stimulating the expression of en-
dothelial cell adhesion molecules. Specifically, endotoxin acts
directly upon endothelium in vitro to induce the expression
of E-selectin, ICAM-1, and P-selectin (122–124). Munro et al.
(125) showed that endotoxin injection into baboon skin re-
sulted in the de novo endothelial expression of E-selectin,
which was associated with concurrent extensive adhesion and
extravasation of neutrophils. In another model in which en-

dotoxin was administered by intravenous injection to rats,
Coughlan et al. (124) documented a rapid onset of neutrope-
nia in association with induction of P-selectin expression on
microvascular endothelial cells in kidney, liver, and lung. Treat-
ment with an antibody to P-selectin blocked neutropenia and
neutrophil accumulation in tissues.

Neuraminidase

Neuraminidase, produced by some bacteria and viruses, also
can damage vascular endothelium. Klein et al. found that
neuraminidase, by removing sialic acids from the cell mem-
branes exposes the Thomsen-Friedenreich receptor present on
glomeruli, red cells, and platelets (127). The formation of an
anti-Thomsen-Friedenreich IgM antibody would promote ag-
glutination of red cells and platelets.

Immune Reactants

Antibodies (128–132) and immune complexes (133–135) can
induce endothelial injury and trigger massive sequestration of
platelets and polymorphonuclear leukocytes in the microvas-
culature (131), as in acute allograft rejection in humans (132).
It is likely that circulating antibodies or immune complexes or
both play a pathogenetic role in the development of throm-
botic microangiopathies in the course of connective tissue
disorders, such as SLE (20,21), Sjögren’s syndrome (17),
rheumatoid arthritis (18), polyarteritis (19), the most frequent
association being with SLE, although the percentage incidence
varies in the different reports (136,137).

Occasional patients with TTP have cytotoxic antibody to
cultured endothelial cells in vitro (138,139). This cytotoxic-
ity is complement dependent and related to the IgG fraction
of immunoglobulins. That autoimmune-mediated endothelial
damage may be the cause of microvascular injury is supported
by the findings of Leung et al. (140), who described the consis-
tent presence of cytotoxic anti-endothelial cell antibodies in the
serum of patients in the acute phase of TMA. The same authors
found that sera from 13 of 14 children with acute HUS con-
tained complement-fixing IgG and IgM antibodies that specif-
ically injured cultured human umbilical vein endothelial cells.
The endothelial cell antigen was lost after treatment of the cells
with gamma interferon. In contrast, only 3 of 5 adult patients
with acute, nonrelapsing TTP had lytic anti-endothelial anti-
bodies, and only one of these recognized an antigen lost upon
treatment with gamma interferon. None of 32 control sera con-
tained lytic anti-endothelial cells antibodies. These data suggest
that, at least in some children, HUS may involve a disorder of
immunoregulation so that a unique class of anti-endothelial
cell antibodies is detectable in such patients. The possibility of
an antibody mediated injury to endothelial cells is supported
by the findings of Platt et al. (141) who recently showed that
exposing cultured porcine endothelium to human serum as a
source of natural antibodies and complement caused cleavage
and release of endothelial cell proteoglycans that preceded irre-
versible cell injury. These in vitro findings might be interpreted
to indicate that the loss of endothelial cell proteoglycan is crit-
ical to the pathogenesis of vascular damage and that stimuli
other than endotoxins can also induce endothelial injury.

Experimental endothelial damage can also be induced by
immune complexes. A model of endothelial damage probably
due to immune-complex deposition has been described in rab-
bits treated with BSA, which classically induces acute serum
sickness (133,134). In this model, endothelial damage is prob-
ably mediated by basophil and platelet activation. These cells
release vasoactive amines responsible for increasing vascular
permeability and facilitating the further localization of immune
complexes at the level of endothelial injury. In these animals
there is extensive endothelial destruction and exfoliation with
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fibrin deposits in the glomerular capillaries and mesangium
(133).

Hyperacute renal allograft rejection and acute serum sick-
ness are examples of immunologically mediated endothelial
damage. Hyperacute rejection of the kidney is mediated by
secondary injury following antigen–cytotoxic antibody reac-
tion at the interface of the recipient’s blood and the donor’s
endothelium (129,130). The earliest event after fixation of an-
tibodies and complement to the endothelium is believed to be
massive sequestration of platelets and, to a lesser extent, of
polymorphonuclear leukocytes in the microvasculature of the
graft (131,132). Widespread microthrombosis with concomi-
tant vasoconstriction is a crucial event leading to vascular oc-
clusion and ischemia (142). The endothelial injury has been
observed in several experimental models, such as hyperacute
cardiac allograft rejection and skin allograft rejection; informa-
tion obtained from rejection of these organs has greatly helped
in our understanding of the mechanisms and targets of renal
rejection. Dvorak et al. (143), in a model of skin allograft rejec-
tion, found diffuse microvascular damage preceding infarction
of skin allograft. Vascular damage associated with hypertro-
phy, necrosis, and sloughing of endothelial cells was the major
cause of skin graft rejection. Forbes et al. (144), studying car-
diac allograft rejection in the rat, observed extensive endothe-
lial injury that was complement dependent and associated with
platelet aggregation.

Drugs

About 200 cases of TMA have been described in the course of
neoplastic diseases and appear to depend on the use of some
anticancer drugs, such as mitomycin, vinblastine, cisplatin,
bleomycin, cytosine arabinoside, and daunorubicin (145–151).
Cancer-associated TMA has been reported in 4% to 15% of
patients given mitomycin. Most patients develop TMA af-
ter cumulative doses that exceed 60 mg (151). Mytomycin
added to cultured endothelial cells of human umbilical cord
vein inhibits prostacyclin production and cell proliferation in a
dose-dependent manner (152). Perfusion of the renal artery in
vivo also induces structural abnormalities reminiscent of HUS,
which include endothelial injury followed by platelet deposi-
tion, subendothelial expansion, and obliteration of arterioles
and capillaries (153). Immunotherapeutic drugs, namely cy-
closporine, tacrolimus, OKT3, interferon, and quinidine, have
been frequently reported to induce non–Stx-HUS (126).

Thrombotic microangiopathy has been described in
women using an estrogen-containing birth control pill
(154,155,156,157), but the incidence, prevalence, and strength
of this association are not known. Possible predisposing fac-
tors other than birth control pills, such as “flu-like illness”
(154,158), pregnancy (157), or severe hypertension (159–161),
were recognized in most reports. Hence, some cases defined as
“birth control pill–associated HUS” were actually forms of fa-
milial (162–164) or recurrent (165) HUS. In turn, evidence
that the prevalence of women who use the birth control pill
and developed HUS or TTP is comparable with the prevalence
of age-matched women who use the birth control pill in the
general population (166) strongly argues against a direct cause
and effect relationship between birth control pill and TMA.

The platelet anti-aggregating agent ticlopidine has been as-
sociated to the development of TTP with an estimated incidence
of 1 case per 1,600 to 5,000 (167–170). The first occurrence of
TTP in association with ticlopidine was clearly recognized only
7 years after the approval of the drug (167–170). Thrombocy-
topenic purpura developed within 2 weeks after the initiation
of treatment in 15% of reported cases and within one month
in 80% of cases. The overall mortality rate for ticlopidine-
associated cases of TTP has been estimated as 33%. Fifty-seven
percent of the reported cases were treated with plasma ex-

change (167,170). Although a comparison is faulted by the use
of a retrospective analysis, it should be noted that among the
patients who received plasmapheresis the mortality rate was
18%, whereas it was 58% among those who did not.

A new antiplatelet agent, clopidogrel, whose mechanism of
action and indications are similar to those of ticlopidine, was
very recently associated with 11 cases of TTP (171); 10 of them
developed TTP within 2 weeks of the beginning of treatment
with the drug. All were treated with plasma exchange; one
died and all the other recovered, although for two cases 20
exchanges or more were required before recovery.

Quinine was recently described to induce TMA character-
ized by predominant renal impairment. Despite the dramatic
presenting symptoms and severe renal failure, the outcome is
usually good if cessation of quinidine and institution of plasma
exchange are provided early enough (73).

Recently, the use of antimotility agents has been described
to be associated with an increased risk of HUS following E.
coli infection (74,172). A very recent report described a case of
TTP associated with treatment with zoledronic acid in which
an immune-mediated reaction was suspected (173). The clini-
cal course of a patient who presented a TTP pattern after be-
ing started on simvastatin, a HMG-CoA inhibitor, is described
(174).

The Role of Platelet Activation

Damaged endothelial cells may favor platelet activation and
aggregation at the site of endothelial injury. Therefore, “ex-
hausted platelets” from patients with acute HUS contain less
βbeta-thromboglobulin and serotonin and poorly aggregate in
vitro (175–177). Elevated plasma levels of platelet derived pro-
teins, beta-thromboglobulin, and platelet factor 4, and low
platelet–plasma serotonin ratios in children with acute HUS
(176,178), further indicate that intravascular platelet activa-
tion is a prominent pathophysiologic feature that may con-
tribute to the genesis of the thrombocytopenia.

Platelet activating factor (PAF), a lipid mediator of inflam-
mation released from injured endothelial cells, platelets, and
leukocytes that in vitro induces platelet and neutrophil adhe-
sion on the endothelial cell surface (179), is excreted in in-
creased amounts in the urine of children during the acute phase
of HUS (180). However, although PAF promotes platelet acti-
vation and impairs renal function, whether PAF release from
renal vascular endothelial cells has a role in the pathogenesis of
the disease or is rather a specific marker of endothelial injury
has not been established to date.

Specific platelet activators have also been identified in TTP.
Lian et al. (181) found that plasmas from 3 patients with acute
TTP induce in vitro clumping of platelets from both normal
subjects or from the same patients during remission. The
platelet clumping substance was not adenosine diphosphate
(ADP) or collagen and its activity was not inhibited by an-
tiplatelet agents. The same authors identified a 37-kDa protein
(p37) with platelet agglutinating activity that was independent
from ADP release, energy metabolism, and the cyclooxygenase
pathway. In turn, p37 was completely inhibited by IgG from
healthy human adults or from TTP patients after recovery,
likely through the formation of a p37-IgG complex (182).
p37 activity is likely mediated by a specific and concentration-
dependent binding to a 97-kDa platelet membrane protein. Be-
cause this protein was identified by anti-glycoprotein IV (GPIV)
antibodies on either platelet or endothelial cell membranes,
Lian hypothesized that p37-GPIV binding on endothelial cells
may cause endothelial injury and mediate platelet–endothelial
cell interaction. Also a of 59-kDa protein purified from plasma
of some patients with acute TTP was found to cause the
aggregation of platelets from healthy subjects. Its activity was
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calcium dependent, required energy metabolism and fibrino-
gen, and was inhibited by prostacyclin, normal plasma, and
monoclonal antibodies against the GPIIb/IIa complex, but not
by heparin and aspirin. Further studies are needed to better
characterize these proteins and their role in the pathogenesis
of TTP.

The Role of Deficient ADAMTS13 Activity

The relationship between unusually large (UL) von Willebrand
factor (vWF) multimers and thrombotic microangiopathies re-
mained elusive until the recent demonstration of the presence
in human plasma of a vWF-cleaving protease (183,184), which
was first partially characterized in 1996, and then identified in
2001 and shown to be a member of the so-called ADAMTS (a
disintegrin and metalloprotease with thrombospondin type 1
domains family of protease) (184). This metalloprotease was
shown to cleave vWF physiologically at the peptide bond be-
tween amino acid residues 842Thr and 843Met in the A2 do-
main of the subunit (183). ADAMTS13 is expressed by the
homonymous gene restricted on chromosome 9q34. Mutations
in this gene lead to an inactive enzyme as it was demonstrated
in available data (185).

Two primary mechanisms for deficiency of the ADAMTS13
activity have been identified, namely a constitutive deficiency
and the presence of a circulating acquired inhibitory anti-
body. Whereas patients affected by Upshaw-Schulman syn-
drome (186), which is synonymous with hereditary TTP (117),
and by recurrent and familial HUS (183) have a severe de-
ficiency of ADAMTS13 caused by heterozygous or homozy-
gous ADAMTS13 gene defect, the role of antibody-mediated
ADAMTS13 deficiency in the pathogenesis of sporadic TTP
continues to be a disputed topic of discussion (184). IgG anti-
bodies inhibiting the metalloprotease has been found in 48% to
80% of patients with acquired idiopathic TTP (117,187); these
data are controversial. Moreover, a decrease in ADAMTS13
antibody titers has not been demonstrated consistently during
plasma exchange procedures, which are the most effective ther-
apeutic techniques (117,183,184).

The discovery of deficient ADAMTS13 activity in TTP has
been rapidly integrated into the prevailing model of the patho-
physiology of vWF-mediated thrombotic microangiopathies.
According to this model, congenital or autoimmune dysfunc-
tion of ADAMTS13 prevents the normal proteolysis of large
vWF multimers as they are secreted from injured endothelial
cells. This ultimately causes the development of circulating
UlvWFs multimers. Such material does not normally circulate
but is stored in endothelial Weibel-Palade bodies, and its
presence in the peripheral blood reflects endothelial cell injury.
In conditions of high shear stress, ULvWF multimers are
capable of supporting platelet aggregation more efficiently
than normal multimers, by means of glycoprotein Ib receptors
on platelet membrane (117). This condition would predispose
patients to microvascular thrombosis at sites of endothelial cell
injury. However, direct proof of this has never been provided.

Results of analysis of the relationship between vWF multi-
meric pattern and ADAMTS13 activity in TTP and HUS pa-
tients may offer alternative opportunities. On one hand, UL
multimers in 2 patients with recurrent TTP have been found
with normal ADAMTS13 activity. On the other hand, many
patients with either TTP or HUS, with complete or severe de-
ficiency of the ADAMTS13 activity, did not have UL multi-
mers in their circulation. In addition, patients with deficiency
of ADAMTS13 activity showed increased vWF fragmentation
during the acute phase, as indirectly documented by a lower
high molecular weight–low molecular weight (HMW–LMW)
multimer ratio, rather than in remission. The same results were
reported by Veyradier et al., who found no correlation be-

tween ADAMTS13 activity levels and ULvWF multimers in
their large series. It was also found that the normal 189-, 176-,
and 140-kDa (187) fragments were present in the blood of all
patients with deficient ADAMTS13 activity, and the percent-
age of the native intact vWF subunit was even lower than in
healthy subjects, at least in the acute phase. These results in-
dicate that besides ADAMTS13, other proteases are present in
the blood of patients with TMA that cleave vWF to the nor-
mal fragments and support the possibility that deficiency of the
ADAMTS13 activity is not the only determinant of vWF abnor-
malities in these diseases. Consistent with the present findings,
many studies have documented that in sporadic (190), recur-
rent (189–191), and familial (189) TMA, and in the acute phase
of HUS resistant to plasma therapy (192), rather than the pres-
ence of ULvWF multimers, there is a loss of such multimers and
an increase of LMW forms that indicate enhanced proteolytic
fragmentation of the molecule.

In two large clinical studies (189,193), deficiency of
ADAMTS13 activity was found in patients with diagnosis of
TTP but not in those with HUS. These data seemed to indi-
cate that the presence or absence of this activity could be used
to classify patients as having TTP or HUS (183). Neverthe-
less, severe deficiency of ADAMTS13 activity was found in
patients with disorders of thrombocytopenia other than TTP
and HUS, including idiopathic thrombocytopenia (one case),
SLE (two cases), and disseminated intravascular coagulation
(three cases) (188,194). It is important however to recall that
microvascular platelet thrombi in disseminated intravascular
coagulation are vWF negative and fibrinogen positive, the op-
posite of thrombi in TTP patients (195). In addition, deficient
ADAMTS13 activity is not the only determinant of the presence
of ultralarge ULvWF multimers in some phases of the clinical
disease of these patients (183).

It may be concluded that low values of ADAMTS13 ac-
tivity may not be specific for TTP, at least in recurrent and
familial forms. However, there is evidence of a link between
ADAMTS13 and vWF, and this may be studied using the
broader term of TMA (thrombotic microangiopathies), clas-
sifying patients in ADAMTS13-associated TMA, as well as in
Stx-TMA or HF-dependent TMA (see the following text).

No ADAMTS13 inhibitor was found in patients with famil-
ial TTP, despite a complete deficiency of activity of the protease.
However, the method used in this study would not detect the
presence of antibodies that do not inhibit ADAMTS13 activ-
ity but do enhance the clearance of the protease in vivo, so
that the prevalence of antibodies might have been underesti-
mated in this study. However, in the available asymptomatic
parents of the patients described in the preceding text, levels of
ADAMTS13 activity were consistent with carriership (approx-
imately 50% activity), indicating that the ADAMTS13 defect
was inherited. These results support the view that the deficiency
of ADAMTS13 activity in thrombotic microangiopathies may
be acquired as a result of an autoimmune mechanism or may
be inherited (183).

The Role of Uncontrolled
Complement Activation

Genetically determined defects in some components of the com-
plement system such as the factor H 1 (HF1) and the membrane
cofactor protein (MCP) may result in uncontrolled comple-
ment activation, secondary endothelial damage, and eventual
microvascular thrombosis.

Defective Factor H Bioavailability

HF1 consists of 20 homologous units, named short consen-
sus repeats (SCRs). Human glomerular endothelial cells and
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FIGURE 67-11. Factor H mutations associated with HUS. The figure shows the structure of human factor
H with the 20 short consensus repeats. The locations of the N-terminal regulatory domain responsible for
cofactor activity and the binding sites for C3b and polyanions (heparin) are indicated. The majority of the
mutations found in patients with HUS clusters in the C-terminus of factor H that is important for binding
to polyanions and to surface bound C3b and for the control of C3b deposition on cell membranes and
extracellular matrix.

kidney glomerular basement membrane are rich in polyanionic
molecules so that HF1 deposited on their surface would pro-
vide an efficient shield against complement attack (196,197).
Fifty different HF1 mutations have been found to date in 80 pa-
tients who had familial (36 patients) and sporadic (44 patients)
forms of non-Stx-HUS (198–201) (Fig. 67-11). Alterations in
other genes encoding for complement regulatory proteins could
theoretically be involved in determining predisposition to spo-
radic non-Stx-HUS. Alternatively, these forms could be caused
by an acquired autoimmune HF1 defect similar to what has
been observed in some patients with TTP in whom the acute
episode is triggered by antibodies against ADAMTS13 (202).
HF1 mutations are heterozygous in most HUS patients, who
are commonly presenting normal HF1 plasma levels, in oppo-
sition to patients with type II membranoproliferative glomeru-
lonephritis who carry homozygous HF1 mutations causing
severely reduced HF1 levels (200). In a recent study (203), it
has been proposed that HF1-related complement regulatory
defects could be detected in serum with an ex vivo hemolytic
assay, which may point out a more severe lysis of sheep ery-
throcytes with serum of patients with HF1 mutation than with
serum from patients with normal HF1 activity. This, if con-
firmed, could represent a useful tool to select HUS patients
who deserve studies of HF1 and other complement regulatory
proteins.

Membrane Cofactor Protein Abnormalities

A heterozygous mutation has been recently found in MCP, a
widely expressed transmembrane glycoprotein that regulates
complement activation, in two patients with familial history of
HUS. The mutation determines a 3-amino acid change at posi-
tion 233–235 followed by a premature stop-codon that causes
loss of MCP transmembrane domain and results in severely re-
duced MCP cell-surface expression (204). Membrane cofactor
protein could be the second putative candidate gene for TMA
associated with genetic defects; it is highly expressed in the kid-
ney and plays a main role in regulating glomerular C3 activa-
tion. Reduced expression of MCP upon complement-activating
stimuli may fail to restrict complement deposition on glomeru-
lar endothelial cells, leading to microvascular cell damage and
tissue injury (204).

Pathophysiology of the
Damaged Endothelium

Decreased Prostacyclin Bioavailability

In both TTP and HUS, damaged vessels form less than
normal prostacyclin (PGI2) and serum binding capacity for
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PGI2 is reduced (205–209). Although the former are indi-
rect measurements, data of reduced urinary excretion of the
renal metabolite of PGI2, 6-Keto PGF1-alpha (that normal-
izes in remission) (210) strongly support that, in vivo, chil-
dren with acute HUS form less PGI2 than normal. PGI2, an
inhibitor of platelet aggregation (211), is the major prod-
uct of arachidonic acid formed by vascular endothelium in
physiologic states, which inhibits platelet–platelet interaction,
thereby limiting thrombus formation at the site of endothelial
injury.

Shear Stress

A major factor to explain perpetuation of endothelial cell dys-
function in HUS is fluid shear stress. Shear stress changes, the
force produced by flowing blood upon endothelial cell surface,
have a profound influence on the pathophysiology of vascu-
lar endothelium and act as a determinant of vWF handling
by enhancing the susceptibility of vWF to proteolytic cleavage
(212). Specifically, a recent study found a shear-rate depen-
dent loss of the largest multimers when normal plasma was
perfused through long capillary tubings achieving shear rates
normally encountered in the circulation. As the large multimers
decreased, an increase in the smaller multimers was detected,
including 200 and 350-kDa bands. These bands are the dimers
of the 140-kDa and of the 176-kDa fragments (212). One can
speculate that increased shear forces in damaged microvessels
account for abnormal vWF fragmentation observed during the
acute phase of TMA and serve to amplify and propagate mi-
crovascular lesions.

Oxidative Stress

There are recent data that increased flow rate in vitro caused
a consistent release of nitric oxide (NO), a potent vasoactive
derivative of l-arginine, from vascular endothelial cells (213)
and upregulated NO synthase mRNA (214). Since, as docu-
mented by animal experiments, NO is a potent mediator of
vascular damage (215), it derives that shear-stress mediated
overproduction of endothelial NO can act as a major toxic fac-
tor for microvascular endothelium. Furthermore, convincing
evidence is available that most of the toxic effects of neutrophil-
derived oxygen radicals on vascular endothelium are mediated
by the interaction of NO with O2

− to form peroxynitrite, which
is further transformed into HO•, the most potent and toxic
oxygen-derived product radical so far known (216). It is con-
ceivable that in HUS, NO released by endothelial cells upon the
initial insult, serves to amplify endothelial damage via its direct
cytotoxic potential as well as by interacting with leukocyte-
derived oxygen radicals.

THE KEY SYNDROMES

TMA may be considered an idiopathic genetic or disimmune
disease, or a secondary microangiopathic complication of
systemic infectious or neoplastic diseases, according to the
pathogenic mechanisms that have been discussed in the pre-
ceding text. In an attempt to sort out these topics, TMA may
be divided according to key syndromes: TMA associated with
infectious diseases or exogen infection-related toxins; TMA
associated with or secondary to genetic defects; TMA asso-
ciated with autoantibodies, suggesting an autoimmune disor-
der; TMA associated with pregnancy; TMA associated with
transplant; and forms of TMA secondary to systemic diseases,
such as cancer, malignant hypertension, HIV and dysimmune
systemic diseases, such as scleroderma, SLE, and antiphospho-

TA B L E 6 7 - 1

A SUGGESTED CLASSIFICATION OF THROMBOTIC
MICROANGIOPATHIES (TMA) BASED ON THE
UNDERLYING PATHOGENETIC MECHANISMS

TMA associated with infectious diseases
Stx-associated HUS
Neuraminidase-associated HUS
HIV infection-associated TMA

TMA associated with ADAMTS 13 abnormalities
TMA associated with genetically determined ADAMTS 13

abnormalities
TMA associated with immune-mediated ADAMTS 13

abnormalities

TMA associated with abnormalities of the complement system
HUS associated with genetically determined factor H

deficiency
HUS associated with immune-mediated factor H deficiency
HUS associated with membrane cofactor protein (MCP)

abnormalities

TMA associated with pregnancy
Pregnancy associated TTP
The Hemolysis, Elevated Liver enzymes and Low Platelet

count (HELLP) syndrome
Postpartum HUS

TMA associated with transplanation
De novo HUS
Recurrent HUS

TMA associated with metastatic cancer, chemotherapy,
or radiotherapy

TMA associated with systemic diseases (scleroderma, systemic
lupus erythematosus, vasculitis, malignant hypertension)

Idiopathic TMA
Post-TMA chronic nephropathy

lipid syndrome; lastly, if no clear triggering condition could be
found, then idiopathic TMA. Post-HUS chronic nephropathy
is the common sequela of any form of TMA resulting in chronic
kidney damage after resolution of the acute microangiopathic
episode (Table 67-1).

TMA Associated with Infectious Diseases

Associations between TMA and Coxsackie A (217), Cox-
sackie B (218), other unspecified viruses (219), microtatobiotes
(9), Mycoplasma pneumoniae (220), Legionella pneumophila
(221), and with recent vaccinations (222,223) have been de-
scribed, and fatal simultaneous occurrence of TTP in a hus-
band and wife (224) and in siblings (225) argue further for
an infectious etiology in some cases. Neame hypothesized that
viruses may cause the syndrome by producing platelet aggre-
gation, endothelial cell damage, or the production of immune
complexes (14). Circulating immune complexes are probably
involved in the pathogenesis of TTP associated with bacterial
endocarditis (226). TMA may complicate human immunode-
ficiency virus (HIV) type 1 infection as well as acquired im-
munodeficiency syndrome (AIDS) related complex (227–229).
Elevated platelet-associated levels of IgG and IgM and of the
third and fourth complements component suggest an immune-
mediated pathogenesis of the syndrome (229). Among the dif-
ferent forms associated with infectious diseases, Stx-associated
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HUS and neuraminidase-associated HUS deserve particular
attention.

Stx-associated HUS

Epidemiology and Clinical Features. Typical (epidemic) HUS is
also referred as D+HUS, since it is associated with prodromal
diarrhea. D+HUS is mainly a disease of childhood (but no age
group is exempt), with a slight prevalence in females among
older children. Caucasians are more commonly affected with
peak incidence in Britain, America, and India. It is now clear
that Stx is associated with illnesses that include asymptomatic
infection, diarrhea, hemorrhagic colitis, and HUS. Stx infection
from O26, O111, O113, O121, O145, and O157 serotypes
was recognized in 30 of 40 patients from Ontario and Quebec
with classical HUS (230).

Gastrointestinal symptoms usually precede full manifesta-
tion of the disease and may be followed by a symptom-free
period. Hemorrhagic colitis presents with abdominal cramps
and watery diarrhea followed by a discharge resembling lower
gastrointestinal bleeding. Barium enema reveals filling defects
(pseudotumors) that are also features of HUS with bloody
diarrhea. In some instances Stx-associated colitis may mimic
surgical emergencies including appendicitis (231), acute ul-
cerative colitis with megacolon (232), and intestinal intussus-
ception (233), which may occasionally call for unnecessary
laparotomy that increases mortality. However, some individ-
uals may well require a hemicolectomy for bowel infarction
or perforation (234). These cases carry the worst prognosis.
Shigellosis-associated HUS also has a high mortality rate (about
30%) and may be associated with systemic intravascular co-
agulation, acute cortical necrosis, and renal death (235,236).
Gastrointestinal losses may cause hypovolemia, and, in com-
bination with hemoglobinemia, hyperbilirubinemia, and hy-
peruricemia, may favor acute renal failure. Renal symptoms
include macro- or micronematuria, proteinuria (occasionally
nephrotic), oligoanuria, or polyuria. Oligoanuria, fluid reten-
tion, and hypertension may precipitate congestive heart fail-
ure. Prolonged oligoanuria and/or persistent hypertension are
markers of more severe disease that often lead to residual re-
nal impairment. Some patients with D+HUS have leukocyte
counts of greater than 20,000 units and this is considered a
predictor of poor outcome, especially in male patients (237).
The yearly incidence of the disease (according to an epidemio-
logic survey in the United Kingdom) was of about 1/100,000,
with a peak in children of 1 to 2 years of age (3.3/100.000/year)
and between April and October (238). Diarrhea was bloody in
71.6% of cases. Stx infection was demonstrated in 62% of
cases; 62% of children needed dialysis and 5% died during
the acute phase of the disease. Hyponatremia was associated
with an increased risk of seizures. At 1 year no patient was on
chronic dialysis. All the available data indicate that patients
with D+HUS tends to recover within 2 or 3 weeks without se-
quelae. Mortality today approaches about 6% of cases (239).
However, at 10-year follow-up only 60% of patients have a
normal glomerular filtration rate (GFR), whereas the rest have
a GFR less than 80 mL/minute per 1.73 sqm (240). In a French
series, 15 to 25 years after an episode of classical childhood
HUS, only 10 of 25 patients had no renal abnormalities. Of
the remaining 15 patients, four had reached end-stage renal
failure, four had chronic renal failure, and eight had residual
proteinuria or hypertension. All of these patients with resid-
ual renal disease had either patched cortical necrosis (11) or
TMA involving at least 50% of the glomeruli at the time of
disease presentation (241). Somnolence, confusion, and occa-
sionally seizures and coma may be the consequence of uremia
or hyponatremia and, in some cases, of TMA of the brain, occa-
sionally with infarctions or hemorrhages (242). The neurologic

symptoms usually subside with the remission of the disease, but
sequelae including developmental retardation, learning and be-
havioral problems, focal motor deficits, and convulsions may
persist for years (243).

Prognosis and Treatment. A recent meta-analysis of 49 pub-
lished studies (3,476 patients, mean follow-up of 4.4 years)
describing long-term prognosis of patients who survived an
episode of Stx-HUS, reported death or permanent end-stage
renal disease (ESRD) in 12% of patients and GFR of less than
80mL/minute per 1.73 m2 in 25% (244). Correction of fluid
and electrolyte abnormalities and dialysis played a major role
in better short-term outcomes of children with HUS.

There is no clear consensus on whether antibiotics should
be administered to treat Stx-E. coli infection. There are data
indicating that exposure of E. coli O157:H7 to sulfamethoxa-
zole/trimethoprim in vitro increases toxin production, whereas
ciprofloxacin may reduce it (245). In a prospective cohort study
of 71 children who had E. coli O157:H7 associated diarrhea,
Wong et al. showed that antibiotic treatment was significantly
associated with an increased incidence of HUS (246). The co-
hort comprised children infected with E. coli O157:H7, 9 of
whom were treated with antibiotics. HUS developed in 10, 5 of
9 (56%) of those were treated with antibiotics and 5 of 62 (8%)
of those were not treated. It was postulated that antibiotic-
induced injury to the bacterial membrane might favor the acute
release of large amounts of toxins. Conversely, a recent meta-
analysis on 26 reports failed to show a higher risk of HUS asso-
ciated with antibiotic treatment (247). Of note, in the study by
Wong et al., no patient had bacteremia. Although bacteremia
is very common in Stx-HUS precipitated by Shigella dysente-
riae type 1, in which patients eventually progress to death if
antibiotics are not started early enough, it is only rarely found
in Stx-HUS caused by E. coli O157:H7 infection. A recent re-
port of an adult patient with E. coli O157:H7-induced HUS
with bacteremia and urinary tract infection showed that early
antibiotic therapy rapidly resolved hematologic and renal ab-
normalities (248). Consequently, it may be suggested that in
patients with Stx-E. coli gastrointestinal infection antibiotics
should be avoided unless the patient presents with severe sys-
temic bacteremia.

In occasional cases, enterohemorrhagic colitis progresses to
severe ischemic bowel disease and perforation, which may re-
quire colectomy. Specific therapies, including corticosteroids,
heparin, streptokinase, antiplatelet agents, and prostacyclin,
were found of no benefit in cases of typical HUS of childhood
(249,250). Only three prospective studies are available on the
use of heparin. In one study (251) heparin was used in 10 of 30
severe cases of childhood HUS and appeared to worsen the out-
come of the disease. Loirat et al. (252) failed to find differences
in duration of hemolysis, thrombocytopenia, and oliguria, as
well as differences in renal pathology and long-term renal func-
tion in 15 children with HUS given heparin and urokinase as
compared to 18 controls who only had symptomatic treatment.
Of note, in four patients antithrombotic therapy was associated
with severe hemorrhages and was discontinued. Similarly, Van
Damme-Lombaerts (253) did not find differences in duration of
disease, outcome, and renal pathology in 58 children with HUS
randomly given heparin plus dipyridamole or supportive ther-
apy alone. Streptokinase and urokinase have definitely been
associated with more hemorrhages and should no longer be
used. Infusion of vitamin E (alpha-tocopherol, which prevents
lipid peroxidation) was encouraging in uncontrolled studies.
In 16 children with HUS, 14 of whom were oliguric and 11
required dialysis, oral vitamin E at the dose of 1g/m2 per day
for at least 1 week was associated with a good clinical course
(254). All patients survived, with normal renal function in all
but one 3 months later. These results appear better than those
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of a comparable group of children given heparin, streptokinase,
or antiplatelet agents, but, in the absence of larger controlled
studies, the role of vitamin E remains elusive. A double-blind
controlled study by Sheth et al. (255) found that intravenous
infusion of gamma-globulins had no long-term benefits in 20
children with HUS. Therefore, the risk of anaphylaxis and in-
fection (256) provides support against their use as first choice
therapy for HUS. A study with SYNSORB-Pk, a synthetic ma-
terial composed of particles of silicon linked to globotriaosyl-
ceramide, given orally failed to find any effect of SYNSORB
over placebo (257).

Since 1980 some patients were given plasma infusion or
plasma exchange with fresh frozen plasma (258,259). Pub-
lished literature on pediatric cases with classic HUS given
plasma manipulation is sparse. Sheth et al. (260) found that
duration of anemia and thrombocytopenia and incidence of
residual renal or neurologic abnormalities were comparable
in 12 children given fresh-frozen plasma and in 31 historical
controls. Ogborn et al. (261) compared retrospectively the out-
comes of 18 children with typical HUS treated with hemodial-
ysis and plasma infusion to that of 18 children treated with
hemodialysis alone. Severity of the disease, length of hospital
stay, duration of renal dysfunction, and disease-related com-
plications were comparable. At discharge the prevalence of hy-
pertension was higher in the plasma group than in the con-
trol. In a controlled study of plasma infusion in 32 children
with severe HUS (262) the study group was given 30 mL/kg
of plasma at admission and then 10 mL/kg per day until the
platelet count exceeded 150,000. The average number of infu-
sion days was 9.7. The control group had supportive therapy
alone. No significant benefit of plasma could be demonstrated
in the acute phase at 24 months follow-up. Renal biopsies taken
one month after the onset of the disease showed comparable
lesions at light microscopy. Ultrastructural studies of renal tis-
sue, however, revealed arteriolar damage in 5 of 7 control pa-
tients, whereas none of the plasma-treated patients had such
lesions. The French study by Loirat et al. (263) showed com-
parable blood pressure, serum creatinine, and proteinuria at
1 year follow-up in 39 children treated with plasma infusion
(10 mL/kg/day for 7 days) and in 40 controls. However, re-
nal biopsy studies revealed extensive cortical necrosis in 7 of
27 control patients, whereas no cases of cortical necrosis were
found in the 27 patients who were given plasma. Therefore,
despite plasma infusion in these preliminary studies appearing
to ameliorate renal sequelae in children with HUS, none of the
studies performed so far could demonstrate significant differ-
ences in major clinical end points, and none had the appro-
priate sample size to demonstrate differences, if one existed.
Side effects of plasma treatment in children can be relevant
and include risk of infection and fluid overload. The latter can
be avoided by plasma exchange. Due to the benign course of
typical HUS, risks and costs of specific treatments outweigh
the potential benefits. Until new strategies become available
for clinical practice, it appears that for the moment careful
supportive management is still the most appropriate form of
treatment.

Neuraminidase-Associated HUS

This is a rare but potentially fatal complication of pneumo-
nia or, less frequently, meningitis caused by Streptococcus
pneumoniae. The clinical picture is usually severe with res-
piratory distress, anuria, neurologic involvement, and coma
(264). The outcome is strongly dependent on the effective-
ness of antibiotic therapy. In theory, plasma infusion or
exchange is contraindicated, since adult plasma contains an-
tibodies against the Thomsen-Friedenreich antigen that may
accelerate agglutination and hemolysis (265). Therefore, pa-
tients should be treated only with antibiotics and washed

red cells. In some cases, however, plasma therapy, occasion-
ally in combination with steroids, has been associated with
recovery.

TMA Associated with Genetic or
Immune-Mediated ADAMTS 13

Abnormalities

Differential diagnosis between TMA associated with genetic or
immune-mediated ADAMTS 13 abnormalities is important to
predict disease outcome and to guide specific treatments. Dis-
ease related to genetic defects may affect different members of
the same family and tend to recur more times in the same indi-
vidual (familial and recurrent TMA). Immune-mediated disease
does not cluster in families, may unmask an underlying autoim-
mune disease or follow the exposure to certain drugs and may
have a chronic, relentless course that parallels the continuous
production of the anti-ADAMTS 13 autoantibody. The ratio-
nale of treatment is also different, replacement of the defective
activity being the key component of treatment of genetic dis-
ease and inhibition of the autoantibody production being the
main target of treatment in immune-mediated disease. Moni-
toring the severity of ADAMTS 13 deficiency and the levels of
the autoantibodies is also important in following the patient
response to treatment.

TMA Associated with Genetically Determined
ADAMTS 13 Abnormalities

A recent large series of patients showed a 91% specificity of
the ADAMTS13 defect in distinguishing between TTP and
HUS (187), leading Veyradier et al. to conclude that “vWF-
cleaving protease deficiency specifically concerns a subgroup
of TMA corresponding to the TTP entity” and to formulate
the paradigm that “a single laboratory test may enable physi-
cians to distinguish TTP from HUS,” according to ADAMTS13
activity. However, a few recent studies have challenged this
paradigm, showing that patients with a diagnosis of HUS may
have complete ADAMTS13 deficiency (183), albeit less fre-
quently (187). Actually, in a recent study, most patients with a
clinical diagnosis of recurrent or familial TTP had complete or
severe deficiency of the ADAMTS13 activity during the acute
phase of the disease, and in a subgroup the defect persisted
at remission. Complete deficiency of ADAMTS13 activity was
also found in plasma samples from 5 of 9 patients with recur-
rent and familial HUS during the acute phase and in 5 patients
during remission. These results have been confirmed by eval-
uating the cleavage of recombinant vWF A1-A2-A3 domains,
which overcomes possible artefacts of the collagen-binding as-
say due to the presence of endogenous undegraded vWF in
test samples (202,274,275). In the series of the same authors
each of two studied families had one patient with TTP and one
with HUS who completely lacked ADAMTS13 activity (183).
Because the patients within each family inherited the same ge-
netic defect, these data can be taken to indicate that deficiency
of ADAMTS13 may lead to either the TTP or the HUS phe-
notype. At variance with the series of Veyradier et al. showing
91% specificity of the ADAMTS13 defect in distinguishing be-
tween TTP and HUS, in the study previously described, a 44%
specificity was found, thus challenging the quoted paradigm
put forward by Veyradier and indicating that the protease de-
fect cannot be narrowed to specific subtypes of TMAs. Differ-
ences in patient population, including only familial and recur-
rent TTP and HUS in one series (183), and mostly sporadic
cases in the other one (187), may account for discrepancies in
results.
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TMA Associated with Immune-Mediated
ADAMTS13 Abnormalities

IgG autoantibodies have been shown to react with different
antigenic regions of the ADAMTS13 molecule in patients with
acute TTP, suggesting an autoimmune pathogenesis for acute
TTP (184,187,193,202). Further evidence of the pathogenetic
role of this autoantibody is that it usually disappears from the
circulation when remission is achieved by effective treatment
and this occurs in parallel with the normalization of plasma
vWF-cleaving protease activity. Of note, autoantibodies against
ADAMTS13 have also been observed in patients developing
TTP during treatment with antiplatelet drugs such as ticlopi-
dine and clopidogrel (276).

Clinical Features

The syndrome manifests in most cases with the features of
TTP. The clinical presentation is dominated in most patients
by hemorrhages and neurologic symptoms (2,3). In more than
90% of cases purpura is the initial manifestation, which may or
may not be associated with retinal hemorrhage, epistaxis, gin-
gival bleeding, hematuria, gastrointestinal hemorrhage, men-
orrhagia, and hemoptysis (2,3,45,277). More rare symptoms
are malaise, fatigue, pallor, abdominal pain, arthralgia, myal-
gia, and jaundice (2,3,278). Although fever is not frequently
seen at onset, it is almost always present during the illness
(2,3,40,45,277). Anemia is severe, with average values between
7 and 9 g/dL of hemoglobin (2,4,279). Transient and fluctu-
ating neurologic manifestations are present in almost all pa-
tients (8). These include confusion, headache, paresis, apha-
sia, dysarthria, visual problems, and coma. Angiographic and
electroencephalographic studies have not been performed ex-
tensively but do not appear to offer major diagnostic contri-
butions. Ocular involvement is frequent, retinal and choroid
hemorrhages being the most common manifestations (280).

Laboratory findings show microangiopathic hemolytic
anemia in almost all patients (Table 67-1). A detailed analysis
(5) of all the reported series of patients with TTP revealed
that hemoglobin levels are less than 10 g/dL in 99% of
patients and less than 6.5 g/dL in 38%. Reticulocyte counts
are elevated and in 35% of patients are greater than 20% of
circulating red blood cells. Serum levels of lactate dehydroge-
nase (LDH) are frequently correlated with the course of the
disease (2,281). Leukocytosis is relatively frequent, but the
white blood cell counts rarely exceed 20,000/mm3 (3). The
platelet count is generally low (2,4,40,45,277) and only rarely
exceeds 60,000/mm3. Platelet survival studies have shown
reduced platelet survival, suggesting peripheral destruction
or consumption (218,283). The complement system has not
been studied extensively, but in most instances appears to
be normal (14,284,285). Positive lupus erythematosus (LE)
cell preparations and antinuclear antibody factors have been
reported in a few cases (2,3,286).

Renal involvement is common, with proteinuria and micro-
hematuria the most constant findings (2,40,198,279). Renal
function is depressed in 40% to 80% of patients, although se-
vere renal insufficiency is rare (2,4,40,277). Heart involvement
is infrequent, although congestive heart failure and conduc-
tion disturbances have occasionally been reported (287,288).
In rare instances, lungs may contain some alveolar and inter-
stitial infiltrates (289). Abdominal pain has been reported in
10% to 30% of cases (2,3,286) and has been interpreted as
secondary to the involvement of small vessels of the gastroin-
testinal tract (290,291). Pancreatitis has also been described
(292).

Prognosis and Treatment

Historical Perspective. Amorosi and Ultmann (3) reported
only 10% survival in 1964, but Ridolfi and Bell (277) docu-

mented a 46% survival between 1964 and 1980, that increased
up to 90% in two large series published in 1991 (293,294).
Factors that have improved survival in TTP include intensive
care units and recent technical advances in the care of critically
ill patients, but it seems unlikely that an eightfold increase in
survival is merely the result of improved supportive care or
statistical artefact.

Some authorities believe that antiplatelet agents have im-
proved the prognosis of TTP. Dextran 70 was apparently used
successfully (295), and subsequent reports described remissions
following aspirin—alone or in combination with dipyridamole,
sulfinpyrazone, and ticlopidine (296). However, cases in which
the disease progressed while the patients were on antiplatelet
agents as well as the increasing number of patients experienc-
ing HUS onset with ticlopidine and clopidogrel (126) clearly
challenge the significance of the previously described obser-
vations (296). Moreover, the 108 patients reported by Bell et
al. (294) who never received antiplatelet agents had the same
survival rate (90%) as the 102 patients of Rock et al. (293),
all of whom had aspirin (325 mg per day) and dipyridamole
(400 mg per day) plus steroids and plasma manipulation. All
these observations seriously question the value of antiplatelet
agents in the treatment of TTP.

Findings of reduced PGI2 activity have stimulated research
on the possible use of PGI2 infusion as a substitutive ther-
apy (297). PGI2 (usually as epoprostenol) was given to several
patients with TTP with conflicting results (298–302). Because
only a limited number of patients have been treated, there is
not enough information to draw conclusions about the possible
effectiveness of PGI2.

The Role of Plasma Therapy. The most effective form of treat-
ment is plasma exchange or infusion. Exchange transfusion
was first attempted in 1956 by Wile and Sturgeon in a 10-
month-old infant but attracted greater attention only in 1976
when Bukowski et al. reported a 50% survival in 16 patients
treated with this procedure (286). Thereafter many reports de-
scribed favorable results with exchange transfusion and plasma
exchange. The overall response rate to plasma exchange pro-
cedures that was 76% in 1981 (303), is 90% in the most recent
series with fresh-frozen plasma as replacement therapy (293).
A recent randomized trial of plasma exchange versus plasma
infusion documented an apparent superiority of exchange over
infusion (293). However, the total volume of plasma infused
was three times more during exchange than during infusion
alone (21.5 ± 7.8 L versus 6.7 ± 3.3 L), which suggested that
exchange appeared more effective because more plasma was
infused. Alternatively, plasma exchange may be more effective
because toxic substances are removed from the circulation. The
case of a patient with chronic relapsing TTP (304) who received
many courses of plasma exchange or infusion during different
relapsing episodes documented that infusion rather than re-
moval of plasma is the effective maneuver (305).

Patients who properly respond to plasma therapy usually
have a good prognosis if the patient survives the acute episode.
Recent data have indicated that infusion of cryosupernatant
of plasma (i.e., plasma devoid of vWF multimers, fibrinogen,
and fibronectin, which remain in the cryoprecipitate) induced
prompt remission in a small series of patients who either did
not respond or did not respond adequately to repeated plasma
exchanges with fresh-frozen plasma (306). Patients who do not
respond to plasma therapy usually have a very poor progno-
sis, but occasional responses to splenectomy (4,220,295,307)
or vincristine (308) have been reported. A 79% response has
been reported in 19 patients who had a relapse after with-
drawal of plasma therapy (309). However, the results of de-
layed splenectomy are possibly biased by patient selection
and normally evade the early mortality of TTP. Bell et al.
(294) reported a pronounced deterioration in clinical status
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TA B L E 6 7 - 2

A SUGGESTED ALGORITHM TO GUIDE TREATMENT OF TMA ASSOCIATED WITH DEFECTIVE
ADAMTS 13 ACTIVITY

Form Treatmenta Comment

Genetically determined Plasma exchange or infusion To replace defective activity, the exchange procedure
allowing more plasma supply without risk of fluid
overload

Immune mediated Plasma exchange To remove the autoantibody and replace the
inactivated protease

Steroids/immunosuppressive agents (?) To aspecifically inhibit the production of the
autoantibody

Rituximab (?) To specifically inhibit CD20 lymphocyte clones
possibly involved in the production of the
autoantibody

Splenectomy (?) Rescue therapy of unproven benefit for refractory
and life-threatening forms

aRegardless of the underlying etiology, plasma exchange is first therapy in any severe case with neurologic signs or acute renal failure
(?) Unproven efficacy.

accompanied by a decrease in hematocrit and platelet count
and an increase in serum LDH levels in six patients undergoing
splenectomy because of refractoriness to corticosteroids and
plasma exchange; four patients became comatose and one died
suddenly. The five patients who survived progressively recov-
ered after the reinstitution of plasma exchange. Splenectomy
was not further considered by these authors to treat TTP refrac-
tory to plasma therapy. A recent study showed a higher mortal-
ity rate and longer disease duration in 13 patients undergoing
splenectomy to treat their first episode of TTP as compared to
39 patients continuing on plasma therapy (310). Despite that
this study is far from conclusive due to its retrospective design,
the role of splenectomy remains most debated until new data
becomes available.

A New Rationale for Established Treatments. Better under-
standing of the pathogenetic mechanisms may help explain the
heterogeneous responses to treatment of apparently similar dis-
eases. Patients with genetically determined ADAMTS 13 defi-
ciency, such as the case with chronic relapsing TTP described
in the preceding text (304), may benefit from both plasma in-
fusion or exchange, since both procedures may replace the
defective activity, the exchange procedure offering the possi-
bility of supplying larger amounts of plasma without the risk
of fluid overload (Table 67-2). Those with immune-mediated
deficiency definitely benefit the most from the exchange pro-
cedure that, in addition to supplying an extra amount of pro-
tease that may saturate the autoantibody activity, may also
remove the autoantibody from the circulation. Therefore, fu-
ture trials of plasma therapy should consider separately ge-
netic from immune-mediated forms. The same considerations
apply to the use of steroids (3,294), vincristine (311–313), im-
munoglobulins (314–317), immunosuppressants, and splenec-
tomy (4,220,294,295,307,310). In particular steroids have
been extensively used in the past to cure patients with the so
called idiopathic TTP, with inconsistent results. Indeed, in im-
mune forms these treatments may aim at inhibiting the produc-
tion of the autoantibody and, combined with plasma exchange,
may result in an effective clearance of the autoantibody from
the circulation. However, they are not effective for treatment
for genetic forms. Trials considering the two forms together
invariably diluted the potential benefits of steroids or immuno-
suppressive therapy in subjects with immune-mediated disease.
This may explain the inconclusive results of previous studies in

TTP. Novel studies should likely focus on the role of steroids as
first-line therapy, and on vincristine, high-dose immunoglobu-
lins, or other immunosuppressants as second-line therapy, with
splenectomy considered as rescue therapy for those patients
with refractory disease and life-threatening thrombocytopenia
or neurologic involvement (Table 67-2).

TMA Associated with Genetic or
Immune-Mediated Abnormalities of the

Complement System

TMA associated with abnormalities of the complement system
usually manifests with the clinical features of HUS.

HUS Associated with Genetically Determined
Factor H Deficiency

In 35 cases of familial TMA belonging to 10 families, identified
through the Italian Registry of Recurrent and Familial TMA,
decreased serum level of the third component of complement
(C3) was associated with an increased risk of the disease (266).
This was initially attributed to an inherited defect in C3 syn-
thesis (267), but much more convincing data are now available
that low C3 in HUS derives from either lack (268–270) or al-
tered function (271) of factor H, a regulatory component of
the alternative pathway of the complement system (272,273),
which protects host tissues (126). Compelling molecular evi-
dence is available that genetic alterations in factor H are in-
volved in both autosomal dominant and recessive HUS.

Familial forms have been reported to occur in children and
adults (33,163,318,319–325). Both are uncommon and share a
poor prognosis. A hereditary autosomal recessive form, which
may present as the relapsing variant, is most common in chil-
dren (163,319). In adults the inheritance of HUS appears of
autosomal dominant model (321) and male predominance has
been found in a few kindreds (320). Malignant hypertension
is a frequent complication of the syndrome, and the prognosis
is extremely poor. Irreversible renal failure has been reported
in five members of two families with autosomal dominant
HUS (324). The syndrome was triggered by a virus-like disease
and was complicated, despite good control of arterial blood
pressure, by severe retinopathy with exudates and hemor-
rhages. In two cases, severe lung involvement with hemoptysis,
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respiratory failure, and x-ray findings of diffuse shadows were
reported and improved following bilateral nephrectomy (324).

Plasma infusion or exchange has been used in patients with
HUS and factor H1 (HF1) mutations, with the rationale to pro-
vide normal plasma HF1 activity to correct the genetic defi-
ciency (126). In one study patients died or developed ESRD
(326). In very recent studies, patients remained chronically ill
or required infusion of plasma at weekly intervals in order
to raise protein HF1 plasma levels enough to maintain remis-
sion (327). Only one case of total sustained remission in a
patient with acute HUS and HF1 mutation after plasma ex-
change has been described by Stratton and Warwicker (328).
After 3 months of weekly plasma exchange in conjunction with
intravenous immunoglobulins, the patient had normal renal
function and hemodialysis was not needed. At one year after
stopping plasma therapy, the patient did not have any relapse
and remained dialysis independent.

Graft failure occurs in 30% to 100% of kidney transplants,
according to different surveys (126). Given the fact that HF1
is a plasma protein mainly of liver origin, indirect evidence is
available that a kidney transplantation does not correct the
HF1 genetic defect (204). Simultaneous kidney and liver trans-
plantation has been recently performed in two young chil-
dren with non-Stx HUS and HF1 mutations, with the objec-
tive of correcting the genetic defect and preventing disease
recurrences. However, for reasons that possibly involve an in-
creased liver susceptibility to immune or ischemic injury related
to uncontrolled complement activation, both cases (329,330)
treated with this procedure were complicated by premature
irreversible liver failure. In the first case (329), the child de-
veloped hepatic encephalopathy and coma that recovered with
a second, uneventful, liver transplantation. The second case
(330) was complicated by a fatal, primary nonfunction of the
liver graft. Graft hypoperfusion, due to a sudden drop of arte-
rial blood pressure soon after reperfusion, triggered severe is-
chemia/reperfusion damage and complement deposition in the
liver, conceivably as the result of defective HF1 complement
regulatory potential. Thus, combined kidney and liver trans-
plantation should not be performed unless the patient with
HF1-dependent HUS is at imminent risk of life-threatening
complications (126).

HUS Associated with Immune-Mediated
Factor H Deficiency

An autoimmune mechanism involving regulatory proteins of
the complement alternative pathway, that is, factor H (HF)
and membrane co-factor protein (CD46), was first studied in
familial and recurrent HUS (see subsequent text), and then it
was surveyed in sporadic forms in which it was demonstrated
in several studies (126,331). In a recent French study, Dragon-
Durey et al. investigated the presence of HF autoantibodies by
enzyme-linked immunosorbent assay (ELISA) using coated pu-
rified human HF in a series of 48 children who presented with
atypical HUS (331). IgG antibodies reacting with HF were de-
tected in the plasma of three children who presented with recur-
rent HUS. The HF plasma activity was found to be decreased,
whereas plasma HF antigenic levels and HF gene analysis were
normal (332). This report supports the possible occurrence of
sporadic HUS as an autoimmune disease through the develop-
ment of anti-HF antibodies.

HUS Associated with Membrane Cofactor
Protein (MCP) Abnormalities

HUS may also occur in patients with a genetic abnormality of
the membrane cofactor protein (MCP). The disease manifests
with fever, hemolytic anemia, and thrombocytopenia (333),
and the outcome is usually poor (126). Plasma infusion or ex-

change still remains a valid therapy that may have some effect.
Unlike cases associated with congenital abnormalities of HF1
in which the microangiopathic process invariably recurs after
kidney transplantation, it is tempting to speculate that forms
associated with MCP abnormalities can be corrected by trans-
planting a normal kidney. Four successful kidney transplan-
tations have been performed to date in such patients with no
disease recurrence (334). Because MCP is a membrane-bound
protein highly expressed in the kidney, a kidney graft would
reasonably correct local MCP dysfunction. The graft, which is
physiologically bearing wild-type MCP, highly expressed in the
kidney, should conceivably be protected from the recurrence of
a microangiopathic process (204,333).

TMA Associated with Pregnancy

Pregnancy-associated TTP may be distinguished from
preeclampsia, the hemolysis elevated liver enzymes and low
platelet (HELLP) syndrome (usually near term), and postpar-
tum HUS (usually within 3 months after delivery).

Pregnancy-associated TTP

TTP develops during the antepartum period in 89% of cases,
usually within 24 weeks. Measurement of plasma antithrom-
bin III (AT III) activity has been suggested as a useful tool to
differentiate TTP and preeclampsia. Before gestational week
28 and when AT III plasma activity is normal, TTP is most
likely (73). After week 34 of gestation, preeclampsia is most
likely. In pregnant patients with TTP, despite limited experi-
ence, available series show that the maternal mortality rate has
fallen from 68% to almost zero with the institution of plasma
therapy (335). Plasma therapy could be continued until term
and/or complete remission of the disease. Delivery can be con-
sidered as “rescue” after failure of plasma therapy (73).

The HELLP Syndrome

The HELLP syndrome (an acronym for hemolysis, elevate liver
enzymes and low platelet count) is simply a form of severe
preeclampsia in which in addition to hypertension and renal
dysfunction, there is evidence of microangiopathic hemolysis
and liver involvement. It arises in the antepartum period in
70% of cases. Symptoms can arise within 24 to 48 hours post-
partum, occasionally after an uncomplicated pregnancy (335).
Diagnosis is based on: (a) hemolysis (defined as fragmented
erythrocytes in the circulation and lactic dehydrogenase ≥600
U/L), (b) elevated liver enzymes (serum glutamicoxaloacetic
transaminase >70 U/L), and (c) low platelets (platelet count
<103/mm3) (191). Overt disseminated intravascular coagu-
lation (DIC) is reported in 25% of cases. Intrahepatic hem-
orrhage, subcapsular liver hematoma, and liver rupture are
rare, life-threatening complications. The maternal and perina-
tal mortality rates range from 0% to 24% and from 7.7% to
60%, respectively (73). In the HELLP syndrome, termination
of pregnancy is the only definitive therapy, but by no means the
treatment of choice. Hydralazine or dihydralazine are the first
choice drugs to control pregnancy-induced hypertension, and
magnesium sulfate is the first choice to prevent and treat con-
vulsions. Both peritoneal dialysis and hemodialysis have been
used to treat acute renal failure. Platelet transfusions are needed
for clinical bleeding or severe thrombocytopenia (platelet count
<20.000/μL). In approximately 5% of patients with HELLP
syndrome, symptoms and laboratory abnormalities do not im-
prove after delivery. There are cases with central nervous sys-
tem abnormalities, associated with renal and cardiopulmonary
dysfunction and activation of coagulation. Uncontrolled stud-
ies suggest that plasma exchange may help recovery in patients
with persistent evidence of disease 72 hours or more after
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delivery. However, plasma therapy is ineffective during preg-
nancy and may increase fetal and maternal risk when used to
delay delivery. Preliminary evidence suggests that, postpartum,
corticosteroids may speed up disease recovery, and, antepar-
tum, may postpone delivery of pre-viable fetuses and reduce
the mother’s need for blood products (73).

Between 28 and 34 weeks of gestation, because the differ-
ential diagnosis between the HELLP syndrome and TTP is am-
biguous, the optimal treatment is controversial. If there is no
evidence of fetal distress and plasma AT III activity is normal,
a course of plasma therapy can be reasonably attempted before
inducing delivery (336).

Postpartum HUS

Postpartum HUS is a rare event that manifests within 3 months
after delivery. When it ensues early postpartum it can be consid-
ered a late manifestation of severe preeclampsia or the HELLP
syndrome and may recover spontaneously or with plasma ther-
apy. On the contrary, the relationship with pregnancy is un-
certain for cases that ensue in the later postpartum period.
In most of these cases renal failure and neurologic symptoms
are severe and are associated with severe hypertension (318).
The mortality rate has ranged from 50% to 60% in the var-
ious reports (337,338). Patients who survive the acute phase
of the disease have residual renal dysfunction and hypertension
(337,339,340). The best management of patients with postpar-
tum HUS is a supportive treatment (i.e., dialysis if necessary
and careful fluid management). A 53% survival in heparin-
treated patients versus 17% survival in untreated patients was
found in a retrospective analysis of uncontrolled studies in
post-partum HUS (341). However, because of severe hyper-
tension and thrombocytopenia, heparin and antiplatelet agents
enhance the risk of intracranial hemorrhage in these patients.
Isolated reports of successful therapy of postpartum HUS with
plasma infusion or exchange are available, but data are not as
convincing as for TTP.

TMA Associated with Transplantation

Transplantation-associated HUS usually ensues with the clin-
ical features of HUS. The disease may occur de novo or may
recur in the transplanted kidney in subjects who progressed to
ESRD because of HUS. The underlying etiology and the out-
come may differ substantially. De novo HUS may complicate
a toxic or immune-mediated damage to the kidney (such as in
subjects on immunosuppressive therapy with cyclosporin A or
tacrolimus, or with vascular rejection of the kidney graft) and
may recover with the resolution of the underlying disease. Re-
current HUS almost invariably affects subjects with a genetic
predisposition and results in irreversible graft failure regardless
of treatment.

De novo HUS

De novo HUS may occur in patients receiving renal transplants
and other organs, as a consequence of the use of calcineurin
inhibitors (CsA and tacrolimus) or due to humoral (C4b pos-
itive) rejection (126,342). Since the first description of throm-
bocytopenia, hemolytic anemia, and renal failure in a patient
treated with CsA for preventing graft-versus-host disease af-
ter allogenic bone marrow transplantation (343), several cases
of HUS have been reported in patients given CsA to prevent
bone marrow (343,344), liver, heart, and kidney graft rejection
(345). It is known that cyclosporine at pharmacologic doses in-
duces a potent vasoconstrictory effect that may result in kidney
hypoperfusion and ischemia. Enhanced release of endothelin

and other mediators might then amplify endothelial damage
and sustain the microangiopathic process (346). In addition,
HUS has been described to occur in approximately 1% of renal
transplantation patients receiving tacrolimus (342). Recently,
Hochstetler et al. (347) reported the onset of thrombotic mi-
croangiopathy in 4.1% of 512 patients receiving a cadaveric
renal transplant, usually in the first posttransplantation month.
There were 5 deaths (24%) and 7 transplant nephrectomies
(33%), resulting in an overall graft loss of 57%. These values
exceeded the 6-month posttransplantation mortality rate (4%)
and graft loss (12%) experienced by renal allograft recipients
without TMA. Evidence of cytomegalovirus (CMV) infection
during their acute TMA was found in 42% of the patients and,
in combination with CsA therapy, might have favored the onset
of the disease.

Removal or treatment of the underlying cause of renal dam-
age is the key component of treatment. In most cases associ-
ated with calcineurin inhibitor therapy, early withdrawal of
cyclosporine or tacrolimus may result in full recovery. Plasma
therapy is usually recommended, in particular in those cases
in which there is not prompt recovery with treatment with-
drawal. Replacing calcineurin inhibitors with other inhibitors
of IL-2 activity that are free of direct nephrotoxicity such as
rapamycin and specific monoclonal antibodies against IL-2 re-
ceptors (346), may help disease recovery without increasing
the risk of graft rejection. Noteworthy, two cases successfully
treated with intravenous IgG infusion and without CsA dis-
continuation, have been recently reported (347). The outcome
of de novo HUS associated with vascular rejection is most of-
ten severe and closely reflects the outcome of the underlying
disease. Lymphocytolytic therapy and plasma exchange may
help limiting the disease, but graft failure is the most common
outcome.

Recurrent HUS

HUS may recur in 0% to 25% of renal grafts (348). How-
ever, the risk of recurrence, which is minimal in cadaveric kid-
ney grafts (349,350), may approximate 50% in living related
kidney transplants (351). Comparable rates of recurrence are
reported among patients with or without CsA therapy (351).
Miller et al. (348) found HUS to recur in 12 of 18 patients with
non-Stx-HUS and only in 1 of 6 with Stx-HUS, usually within
the first 2 months posttransplantation. Ten of the grafts had
severe vascular lesions and 9 were irreversibly lost. Life-time
analysis showed significantly poorer graft survival for HUS pa-
tients compared to overall renal transplantation population,
but surprisingly this was not associated with an increased risk
of graft loss due to disease recurrence. These data were con-
firmed by Gagnadoux et al. (350) who found that 1- and 5-year
graft survival was 66% and 37% in 25 HUS children versus
80% and 69%, respectively, in all other pediatric recipients.
These authors concluded that although recurrence of disease
is a relatively uncommon cause of graft loss in HUS patients,
actually only the minority with atypical non-Stx HUS would
be at risk (348), as compared to chronic vascular rejection.
For unknown reasons, it is remarkably more frequent in HUS
patients as compared to the general transplantation popula-
tion. One should also consider that some of the graft losses
attributed to HUS in the literature are likely the consequence
of allograft rejection. Actually, difficulties in differentiating re-
current HUS from antibody-mediated acute vascular rejection
may account for the different rates of HUS recurrences reported
in the various series.

A genetic predisposition to develop HUS after exposure
to Stx has been proven in a small proportion of patients
with Stx-HUS. There is concern whether this predisposition
may favor recurrence of disease in such patients after kidney
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transplantation. However, because patients who received a kid-
ney transplant because of ESRD secondary to Stx-associated
HUS are relatively few, numbers of series are too small to def-
initely establish the role of genetic predisposition in posttrans-
plantation recurrence (346). Neurologic and other extrarenal
manifestations are relatively uncommon in posttransplantation
HUS. However, central nervous system involvement has been
described in both adults and children and has presented with
spontaneous cerebral hemorrhage (352,353).

Some of the therapies effective in other forms of HUS
have been empirically tried in recurrent posttransplantation
HUS, but only a minority of patients recovered renal function,
whereas most of them lost their graft suddenly.

Plasma infusion or exchange is the first used treatment ap-
proach in this setting but there is still no definite evidence
of effectiveness. Adding plasma infusion/exchange might limit
the microangiopathic process in cases sustained by plasma
abnormalities (such as defective factor H activity) that can
be corrected by normal plasma (346). Whether this may ap-
ply to other familial/recurrent forms is reasonable, but not
proven.

Other treatments, such as immunoperfusion, that is, per-
fusion of autologous plasma over filters containing staphylo-
coccal protein A, have been attempted, but there is no rea-
son to believe that this procedure may offer any advantage as
compared to plasma exchange. Finally, high-dose intravenous
immunoglobulin infusion has been reported to be effective in
some cases associated with CMV infection. It is possible, but
not proven, that this treatment was effective by limiting viral
replication (346). Combined liver and kidney transplantations
have been performed in children with factor H associated HUS
with the rationale to replace the defective activity with the fac-
tor H produced by the transplanted liver (354,355).

However, this procedure is not recommended due to the
unacceptably high risk of premature and irreversible failure of
the liver graft (see TMA associated with genetic or immune-
mediated defects of the complement system).

TMA Associated with Cancer

Cancer-associated HUS complicates almost 6% of cases of
metastatic carcinoma (356). Gastric cancer alone accounts
for about half such cases. These patients have an extremely
poor prognosis and most of them die within weeks. A form
of TMA resembling HUS has also been described in cancer
patients given the anticancer drug mitomycin. Platinum- and
bleomycin-containing chemotherapeutic combinations may
also trigger HUS. The risk of developing HUS following
mitomycin-C therapy is 2% to 10% (357). Manifestations of
the disease are dose related, so that cumulative doses higher
than 60 mg are almost invariably associated with the disease.
The case fatality rate of mitomycin HUS is 60% to 70%, and
the median time to death is about 4 weeks. Deaths occurring
within the first few months is usually related to complications
of the syndrome, including renal failure and pulmonary edema,
or sepsis. Patients surviving the acute phase of the syndrome,
may have remission of the microangiopathic process but re-
main on chronic dialysis.

Specific therapy is minimally effective. Blood transfusions
often exacerbate the disease and may trigger pulmonary edema
(358). Perfusion of autologous plasma over filters containing
staphylococcal protein A, which binds the Fc portion of im-
munoglobulin G, has been attempted to remove circulating im-
mune complexes with encouraging results (359). HUS may also
be a complication of radiation nephritis. It usually occurs late
after radiotherapy and is invariably associated with irreversible
kidney failure.

TMA Associated with Systemic Diseases,
Including HIV Infection

TMA may complicate SLE, scleroderma (sclerodermic crisis),
malignant hypertension or vasculitis. Clinical features and out-
comes strongly depend on the underlying disease. Seventy per-
cent of patients may require dialysis during the acute phase of
the disease (360). The mortality rate from neurologic complica-
tions is high during the acute phase of the disease, and residual
kidney dysfunction is frequent, with death or ESRD an almost
invariably outcome of scleroderma or malignant hypertension.
Older age is also associated with an increased mortality.

HIV infection-associated HUS was firstly reported in 1984
in a homosexual man (227). Since then, TMA diagnosed as
either TTP or HUS is part of the complications of AIDS and
accounts for up to 30% of hospitalized cases of TMA at least
in some institutions (229). Stx infection (361) and cocaine
abuse (362) are possible triggers. The clinical course is poor
and depends heavily on the severity of the underlying disease.
Management is the same as recommended for non-AIDS cases.
However, steroids, vincristine, and immunoglobulins may in-
crease the risk of opportunistic infection in already immuno-
suppressed patients and should be given with caution. Plasma
exchange or infusion is likely the only feasible therapy for
AIDS-associated TMA. In one series of seven patients with
HIV-associated TMA the short-term response rate to plasma
exchange (86%) was comparable to the response rate (80%)
reported in the pooled literature of non-HIV cases (363). How-
ever, none of these patients survived more than 2 years after
remission was achieved. Due to sporadic reports of remission
of the syndrome after treatment with the antiretroviral agent
zidovudine (364) and of recurrence of the disease after its with-
drawal (365), it has been suggested that zidovudine may play a
role in the management of HIV-related TMA. However, cases
of TMA ensuing during zidovudine therapy make this possi-
bility very unlikely (366).

Idiopathic TMA

Idiopathic forms of TMA encompass all thrombotic microan-
giopathies with an unclear etiologic pattern. It mainly consists
of “non-Stx-HUS” forms in which no clear link was found
with any genetic or immune-based mechanism. In opposition
to genetic and familial forms, sporadic TMA appears in pa-
tients with no history of TMA in their family. Sporadic TMA
manifests at all ages, but is more frequent in adults. Accord-
ing to a recent U.S. study, the incidence of sporadic TMA in
children is approximately two cases/year/1,000,000 total pop-
ulation (204).

The disease manifests without prodromal diarrhea in chil-
dren of all ages and in adults, and accounts for approximately
5% to 10% of all cases (238). Typically there is no evidence of
Stx infection and the mortality rate may be high (260). Plasma
therapy is the treatment of choice, but whether it effectively
helps renal function recovery is unknown.

Post-HUS Chronic Nephropathy

Chronic sequelae may complicate any form of TMA, including
Stx-associated HUS. Hypertension, proteinuria, and worsening
renal function are the typical features and relentless progres-
sion to ESRD may occur over years or decades. Careful blood
pressure control and renin–angiotensin system blockade may
be particularly beneficial in the long term for those patients
with chronic renal disease after an acute episode of HUS. A
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recent study (367) in 45 children with renal sequelae of HUS
followed for 9 to 11 years documented that early restriction of
proteins and use of ACE inhibitors may have a beneficial effect
on long-term renal outcome, as documented by a positive slope
of 1/Serum Cr values over time in treated patients. In another
study, 8- 15-year treatment with ACE-inhibitors after severe
Stx-HUS normalized blood pressure, reduced proteinuria and
improved GFR (368). Finally, kidney transplantation should be
considered as an effective and safe treatment for those children
with Stx-HUS who progress to ESRD. The recurrence rates ac-
tually range from 0% to 10% and graft survival at 10 years
is even better than in control transplanted children with other
disease (369–371).

In occasional patients, severe vascular changes in the kid-
ney may sustain refractory hypertension and microangiopathic
hemolysis even after recovery from the acute phase of the dis-
ease. In those patients with extensive microvascular thrombosis
at renal biopsy, refractory hypertension, and signs of hyper-
tensive encephalopathy when conventional therapies including
plasma manipulation are not enough to control the disease
(i.e., persistent severe thrombocytopenia and hemolytic ane-
mia), bilateral nephrectomy has been performed with excellent
follow-up in some patients (192). When the genetic studies ex-
clude a congenital predisposition to the disease, these patients
may eventually benefit with a kidney transplant.

ACUTE CORTICAL NECROSIS

Acute cortical necrosis represents a rare cause of acute renal
failure (ARF), occurring in about 2% of patients (372). The
term acute cortical necrosis defines a condition of destruction
of the renal cortex except for a thin tissue rim under the cap-
sule and usually a thicker layer under the corticomedullary
junction. This phenomenon reflects a disturbed blood flow to
interlobular and afferent arterioles, whereas the arcuate arter-
ies, which supply blood to the juxtamedullary nephrons, are
usually spared. The lack of necrosis in subcapsular nephrons is
due to the presence of anastomoses with extrarenal vessels that
allow minimal perfusion to superficial nephrons, just enough
to prevent necrotic changes. In 50% to 70% of the series
considered, acute cortical necrosis is a complication of preg-
nancy (especially in multiparous women older than 30 years
of age). Abruptio placentae is the most common prior com-
plication of the ARF (372,373). Preexisting toxemia seems to
be an important predisposing factor (66,374,375), but there is
no general agreement on this issue (372). Intrauterine death,
hemorrhage from placenta previa, septic abortion, postpartum
hemorrhage, and, occasionally hyperemesis, are other condi-
tions that may be complicated by acute cortical necrosis (372,
376–379).

Recently, Donohoe (380) followed pregnant women
throughout the two decades from 1961 to 1980. Comparing
the incidence of acute cortical necrosis during these periods,
he found that in the second group (1971–1980) abruptio pla-
centae occurred almost three times less often than in the first
group. Acute renal failure and acute cortical necrosis also de-
creased further in these 10 years (1971–1980), proving that not
only a better management of pregnancy but also a prompter
and more appropriate approach may prevent the occurrence
of necrotic changes in the cortex. In contrast, a recent expe-
rience (337) has indicated that cases of cortical necrosis as-
sociated with pregnancy are increasing despite an overall re-
duction in the number of patients suffering from ARF after
pregnancy.

Bacterial and postoperative shock, pancreatitis, dissecting
aneurysms, gastrointestinal hemorrhage, trauma, burns, phos-
phorus and diethylene glycol poisoning, snake venom bites,

and sometimes TTP and HUS are other conditions that can be
complicated by acute cortical necrosis (373,381–392). In chil-
dren, cases of cortical necrosis have been reported, most fre-
quently after protracted vomiting and diarrhea with marked
dehydration. Moreover, as in adults, the disease has been seen
concomitantly with infections such as peritonitis, septicemia,
pharyngitis, transfusion reactions, and phosphorus poisoning
(391,393–397).

The generalized Shwartzman reaction (GSR) is an exper-
imental model of bilateral cortical necrosis of the kidneys
induced in rabbits by two intravenous doses, spaced 18 to
24 hours apart, of endotoxin from gram-negative bacteria
(398).

The earliest histologic lesion in the GSR is the deposition of
a homogeneous, eosinophilic material with the staining proper-
ties of fibrinoid within the lumen of the glomerular capillaries
of the kidneys (399). Similar material is deposited in the ves-
sels in other visceral organs in association with necrotizing and
hemorrhagic lesions (398,399).

There is experimental evidence that in pregnant animals
(rabbits and rats) (400,401) or in animals pretreated with cor-
ticosteroids (398), sympathomimetics (alpha-agonists) (402),
or synthetic acid polymers (403), the GSR can be triggered
by a single dose of endotoxin, whereas two spaced endotoxin
injections are required in nonpregnant or untreated animals.
Although recent studies have emphasized the role of endothe-
lial injury that follows the exposure of endothelium to en-
dotoxin, direct and definitive evidence of this mechanism is
still lacking. Raij et al. (404), in a model of unilateral corti-
cal necrosis in rabbits, showed that after an in situ perfusion
of one kidney with endotoxin followed by a systemic injec-
tion of endotoxin 24 hours later, the GSR was confined to
that kidney. Therefore, it appears that endotoxin might have
a specific local effect on the vascular endothelium that is suf-
ficient as an initial event that predisposes to cortical necro-
sis. In agreement with this view is the finding of Arhelger et
al. (405) that in rats after an injection of nephrotoxic serum,
which is known to induce immediate endothelial injury, a sin-
gle dose of endotoxin was sufficient to elicit the GSR. Hoyer
et al. (406) extended this experiment by infusing nephrotoxic
serum into the left renal artery of pregnant rats and obtained
a Shwartzman reaction restricted to the left kidney. More re-
cently, Campos et al. (407) demonstrated that vascular prosta-
cyclin (PGI2) infusion prior to endotoxin significantly inhibited
the GSR in pregnant rats. Although the lesions of the GSR were
not completely abolished, the extent and severity of the his-
tologic changes were significantly less than in PGI2-untreated
animals.

PGI2 might exert its protective effect against the GSR by
inhibiting platelet aggregation, regulating polymorphonuclear
leukocyte adherence to endothelial cells, and influencing the
participation of leukocytes in the GSR. The relevance of PGI2
in antagonizing the occurrence of the GSR is strengthened by
the observation that bradykinin, which increases the synthesis
of renal prostaglandins (408), prevents the GSR elicited by a
single injection of endotoxin in pregnant rats and cortisone-
sensitized rabbits (409). The protective effect of bradykinin on
the GSR seems to be mediated by prostaglandins, since it is
abolished after administration of aspirin.

Pathogenesis

The pathogenesis of cortical necrosis still remains a mystery.
The two major theories proposed to date only partially explain
the disease. According to Sheehan and Moore (373), who stud-
ied specimens from patients who died after abruptio placen-
tae, vasospasm is the primary event causing cortical necrosis.
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Alternatively, it has been suggested that acute vascular injury
followed by activation of coagulation and thrombosis plays
a key role in the development of cortical necrosis (403,410).
Both these theories do not convincingly account for the fact that
after the initial “trigger” a cascade of events takes place leading
to a necrotic process localized at the renal cortex.

Sheehan and Davis (411) observed that prolonged exper-
imental clamping of the renal pedicle can produce cortical
necrosis. The same lesion was obtained in experimental ani-
mals by the infusion of a large amount of vasoactive substances
such as epinephrine and oxytocin (412–414). However, no con-
vincing evidence is available so far to support the idea that va-
sospasm is the key event in acute cortical necrosis in humans
(380).

Experimental Shwartzman reaction produced in pregnant
rabbits after a single injection of bacterial toxin supports the
theory that vascular injury is the major etiologic event in cor-
tical necrosis (415). The Shwartzman reaction produces DIC.
The crucial role of the latter in the development of cortical
necrosis is documented by the fact that heparin reduces the inci-
dence of cortical necrosis in the model of GSR of nonpregnant
rabbits (416). However, the main difference between experi-
mental Shwartzman reaction and cortical necrosis in humans
is that in animals the necrotic process involves also the renal
medulla and organs other than the kidney. Probably in hu-
mans selective damage of the cortical vasculature predisposes
to the subsequent development of localized damage as soon
as a “trigger event,” for example, abruptio placentae, occurs.
In this context, recent experimental data are particularly rel-
evant. Unilateral Shwartzman phenomenon confined to a sin-
gle kidney has been produced by local perfusion of low-dose
endotoxin before systemic injection of endotoxin (404). Cor-
tical necrosis in experimental animals has also been obtained
using liquid or diethylene glycol (383,417). The mechanisms
by which these toxic agents lead to cortical necrosis are far
from being understood, but these agents are known to cause
endothelial damage.

Another intriguing issue is the significance of glomerular fib-
rin thrombi. Early reports have focused on the possible crucial
role of glomerular thrombosis in the pathogenesis of the disease
(376,418). However, a detailed analysis of the most represen-
tative series reported in the literature revealed that glomeru-
lar fibrin thrombi are relatively rare in cortical necrosis. Only
occasionally have extensive intraglomerular thrombi been doc-
umented (372,378). Altogether, the available data do not sup-
port the idea that cortical necrosis is the consequence of a me-
chanical blockage of glomeruli by fibrin thrombi. Moreover,
in the two largest series (378,419) reported so far of patients
affected by DIC with glomerular fibrin thrombi, the majority
of which had bacterial sepsis, cortical necrosis was found in
only four of the 63 cases studied.

Finally, it has been suggested that cortical necrosis might
be a consequence of immunologic mechanisms. Most evidence
in support of this hypothesis comes from the observation that
pathologic findings similar to cortical necrosis have been found
in hyperacute rejection of renal allografts (420). Cortical necro-
sis in these cases presumably results from direct immunologic
injury to transplanted cortical vessels by preformed antibod-
ies. This event occurs in completely denervated allografts, and,
therefore, vascular endothelial damage rather than vasospasm
may be the primary event in the overall pathogenesis of at least
some forms of this dramatic disease.

Clinical Features

The most typical clinical sign of acute cortical necrosis is sud-
den oliguria, the amount of urine ranging from 0 to 100 mL

per day (421). Sometimes this is preceded by gross hematuria.
Lumbar pain, if present, constitutes a rather nonspecific symp-
tom and may be associated with fever and leukocytosis. Urine
contains protein, red blood cells, white blood cells, epithelial
cells, and various types of casts. Hypertension may occur, but
generally the blood pressure is only slightly elevated. A picture
of acute renal failure with hyperazotemia, metabolic acidosis,
and hyperkalemia emerges from laboratory data. LDH and glu-
tamic oxaloacetic transaminases in serum are elevated during
the first days of the disease (417). DIC is frequent, especially
in obstetric patients. Fibrinogen and platelet counts fall very
low, prothrombin time is prolonged, and fibrinogen degrada-
tion products (FDPs) in serum are often elevated (380).

Acute cortical necrosis must be suspected when oliguria or
anuria tends to persist for a long period. Renal biopsy provides
the definitive diagnosis. However, the patient’s clinical condi-
tion may not always permit the performance of a biopsy, and in
some cases the diagnosis may be missed because, especially in
the incomplete form of disease, the specimen does not allow for
detection of the typical changes. Radiologic techniques are very
useful in the evaluation of the diagnosis of acute cortical necro-
sis (372,422,423). Renal echography may exclude obstruction.
Selective arteriography may provide information about the ex-
tent of lesions, permitting a distinction between the complete
and incomplete forms. The most typical radiologic sign of acute
cortical necrosis is the renal cortical calcification, which, how-
ever, is uncommon and does not occur in the early phases of
the disease (417).

Hemodynamic studies with krypton or xenon washout tech-
niques indicate reduced renal blood flow; however, these tech-
niques, except in cases of complete acute cortical necrosis, may
not differentiate between patients with incomplete acute corti-
cal necrosis and those with acute tubular necrosis (372).

Pathology

In 1953 Sheehan and Moore (373) described in detail the
pathologic changes characteristic of cortical necrosis. In mas-
sive or complete cortical necrosis, almost the whole cortex is
affected by necrosis except the corticomedullary junction and
a thin rim of cortical tissue under the capsule. On gross ex-
amination, the kidneys are enlarged and weigh 200 to 300 g.
The cortex has a yellowish-white appearance, but congested
areas are detected in the periphery. Moreover, the columns
of Bertin are necrosed. The main renal arteries—the lobar
and the arciform—are generally spared. Microscopic exami-
nation shows pathologic changes appearing 48 to 72 hours
after the initial injury. Glomeruli and tubules show extensive
necrotic changes, whereas the afferent arterioles are occluded
by thrombi extending to the interlobular arteries. At the periph-
ery of the necrosis, large-scale infiltration of polymorphonu-
clear leukocytes fully develops after 3 to 4 days.

In addition to the pattern of complete cortical necrosis,
Sheehan and Moore (373) described other forms of acute cor-
tical necrosis characterized by more limited necrotic changes,
the so-called incomplete acute cortical necrosis. The latter in-
cludes the focal form, in which the necrotic lesion can reach
a diameter ranging from 3.0 to 0.5 mm, and the patchy form,
with much larger necrotic areas. The authors described an ad-
ditional variant of acute cortical necrosis called confluent fo-
cal cortical necrosis, which differs from the forms previously
described in the following aspects: (a) The focal lesions are
so numerous that they merge with one another, (b) the typical
changes are present in tubules and glomeruli but not in the arte-
rioles and arteries and appear at different stages in the course of
the disease, and (c) the pattern is not associated with abruptio
placentae.
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Histologically, the lesions of incomplete cortical necrosis are
essentially the same as those in the complete form. The edge
of the necrotic area forms a sharp border with normal renal
tissue. In the late phases of the disease, kidneys are reduced in
size, interstitial fibrosis occurs in the injured areas, and scle-
rotic substitutions occur in glomeruli and in vessels. Calcium
deposits detected by Kossa stain can be found in glomeruli or
in arteries.

Obviously the organ most often affected by acute cortical
necrosis is the kidney; however, though to a lesser extent and
more mildly, other organs are sometimes injured too, such as
the adrenals, spleen, liver, large intestine, and particularly the
pituitary gland sinusoids (372,424–426).

Prognosis and Treatment

The course of acute cortical necrosis is characterized by death
during the first days of the disease unless dialysis treatment
is undertaken. Death was almost unavoidable in the past be-
fore dialysis and better management of acute renal failure
(372,386). In one of the largest series, reported by Kleinknecht
et al. (372), 21 of 38 patients died. However, almost all these
patients were seen before dialysis was available for the treat-
ment of acute renal failure. The most typical clinical course,
especially in the obstetric forms, is characterized by prolonged
oliguria requiring dialysis. After a period of 1 to 3 months,
renal function may partially recover, so that patients become
dialysis independent. Urine output progressively increases, and
renal function may improve over a period of 1 to 2 years,
to a final plateau of 20 to 25 mL/minute (380,417). Hyper-
trophy of the juxtamedullary nephrons has been suggested
as a factor contributing to the partial restoration of renal
function (380).

A large percentage of patients require chronic dialysis, and
these patients are probably those with the most severe and
diffuse form of acute cortical necrosis. In this context two
opposite possibilities must be mentioned: (a) the late return
to dialysis a number of years after the occurrence of corti-
cal necrosis; and (b) the late resumption of a degree of re-
nal function sufficient to maintain patients off dialysis (380).
Many patients have received renal transplants, and the prog-
nosis of such patients has greatly improved during the last few
years (417).

No specific therapeutic approaches are available for acute
cortical necrosis. All the supportive maneuvers commonly em-
ployed in ARF are performed. Substitutive treatment must be
started as early as possible, and daily dialytic therapy may
be necessary considering the high catabolic rate often present
in these patients. In experimental models of cortical necro-
sis, many measures favorably affect pathologic changes. These
include employment of anticoagulants, general anesthesia,
β-blocker agents, mannitol-induced diuresis, and the use of
nitrogen mustards to induce leukopenia (416,427–430). How-
ever, none of these measures has been employed with unequiv-
ocal beneficial effects in humans.
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CHAPTER 68 ■ VASCULITIC DISEASES
OF THE KIDNEY
PATRICK H. NACHMAN, J. CHARLES JENNETTE, AND RONALD J. FALK

The last decade has witnessed an explosion of knowledge in
the field of vasculitis. The advent of antineutrophil cytoplasmic
antibodies (ANCA) has led to new approaches in the clinical
diagnosis of the vasculitides. There has been a reclassification
of vasculitis, and modern tools of molecular immunology are
shedding light on the pathogenesis of these disorders. Treat-
ment strategies are slowly changing, no longer aimed only at
improving patient and renal survival, but also at decreasing the
short- and long-term toxicity of current therapies. This chapter
focuses on the many facts of small-, medium-, and large-vessel
vasculitis.

DIAGNOSTIC CLASSIFICATION
AND PATHOLOGY OF

VASCULITIDES

Vasculitis can affect any vessels in the body and thus can cause
various clinical signs and symptoms. Most of these manifesta-
tions are indicative of vessel involvement in a particular organ
rather than a specific pathologic category of disease. Therefore,
vasculitis cannot be accurately diagnosed on the basis of clini-
cal features alone. Serologic and other laboratory data can be
very helpful in narrowing the differential diagnosis or provid-
ing additional support to a presumptive diagnosis, but data are
rarely definitive. As with all tissues, vessels have a limited num-
ber of nonspecific patterns of response to injury. For example,
many different inflammatory stimuli cause histologically indis-
tinguishable acute and chronic inflammation with and without
necrotizing or granulomatous features. To further complicate
pathologic evaluation, vasculitic lesions evolve through vari-
ous stages of active (Fig. 68-1) and sclerosing injury (Fig. 68-2).
Specific categories of vasculitis have a particular predilection
for involvement of certain types of vessels, although there is so
much overlap that type of vessel involvement alone does not
provide adequate categorization (Table 68-1, Fig. 68-3). There-
fore, vasculitis cannot be diagnosed accurately on the basis of
pathologic features alone, especially if these are evaluated only
by routine light microscopy. The best current approach to a
specific diagnosis is to combine clinical, laboratory, and his-
tologic data to identify distinctive clinicopathologic categories
of vasculitis. Vasculitis categorization schemes will certainly
be improved in the future; however, current systems provide
valuable guidance for prognostication and for determining the
most effective management strategy.

There are a number of approaches to the diagnostic cate-
gorization of vasculitis. The system that we use in this chapter
is the so-called Chapel Hill Nomenclature System, which was
agreed on by an international group of clinicians and patholo-
gists with a special interest in vasculitis (Table 68-2) (1).

Knowledge of the historical evolution of vasculitis catego-
rization is helpful to understand the current diagnostic criteria
for the classification of vasculitides. The following discussion
of diagnostic classification includes a brief review of the his-

torical events in the recognition of each category. The discus-
sion is divided into sections dealing with large-vessel vasculi-
tis, medium-sized vessel vasculitis, and small-vessel vasculitis
(Tables 68-1, 68-2, Fig. 68-3). Large-vessel vasculitides were
first recognized because of the reduced pulses and ischemic
manifestations caused by chronic narrowing of major arter-
ies. Medium-sized vessel vasculitides were first recognized be-
cause of the pseudoaneurysms caused by necrotizing lesions
of medium-sized arteries, and small-vessel vasculitides were
first recognized because of the glomerulonephritis and purpura
caused by involvement of glomerular capillaries and dermal
venules, respectively. Most of the discussion focuses on small-
vessel vasculitides because these cause a higher frequency of
renal disease.

Large-Vessel Vasculitis: Takayasu’s Arteritis
and Giant Cell Arteritis

Large-vessel vasculitis affects the aorta and its major branches,
such as the arteries to the extremities and to the head and neck
(1,2). During the acute phase of disease, large-vessel vasculitis
is characterized pathologically by chronic granulomatous in-
flammation that often contains giant cells in the inflammatory
infiltrates during the active phase of disease. The chronic phase
is characterized by extensive vascular sclerosis with little or no
active inflammation. Inflammatory and sclerotic thickening of
the aorta and the arteries causes narrowing of lumina, which in
turn causes ischemia and the resultant clinical manifestations.
Involvement of the renal artery may cause renovascular hyper-
tension. The two major categories of large-vessel vasculitis are
Takayasu’s arteritis and giant cell arteritis.

In 1856, William Savory described patients with diminished
peripheral pulses who probably had Takayasu’s arteritis involv-
ing the major arteries to the extremities (3). However, this cat-
egory of vasculitis is named for Mikito Takayasu, a Japanese
ophthalmologist who reported the ocular ischemic effects of
this chronic granulomatous arteritis in 1908 (4). Takayasu’s ar-
teritis, which also includes “aortic arch syndrome” and “pulse-
less disease,” most often involves the aorta and its major
branches, although the pulmonary arteries may be affected
(2,5–7). Takayasu’s arteritis is most common in Asia, although
it occurs worldwide. It rarely occurs in patients older than
40 years and is usually diagnosed during the second decade
of life. Clinically, it often presents with reduced pulses, vascu-
lar bruits, claudication, and renovascular hypertension.

Giant cell arteritis rarely occurs in patients younger than
50 years and is most common in patients of northern European
ethnicity (8,9). Like Takayasu’s arteritis, giant cell arteritis af-
fects the aorta and its major branches; however, it has a much
greater predilection for the extracranial branches of the carotid
artery. Frequent clinical manifestations include headache, jaw
claudication, blindness, deafness, tongue dysfunction, extrem-
ity claudication, and reduced peripheral pulses. Pathologic
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FIGURE 68-1. Acute necrotizing arteritis affecting a renal interlobar
artery in a patient with Kawasaki’s disease. There is (arrow) transmural
inflammation and necrosis. (Hematoxylin and eosin stain, magnifica-
tion ×125.)

involvement of the renal artery is common in giant cell arteri-
tis, but symptomatic renovascular hypertension is rare. This is
in contradistinction to Takayasu’s arteritis, which often causes
renovascular hypertension.

Giant cell arteritis has also been called “temporal arteritis,”
partly because one of the earliest descriptions of this type of
vasculitis in 1890 by Hutchinson emphasized temporal artery
involvement (10). However, the term “giant cell arteritis” is
more appropriate than “temporal arteritis” because a) not all
patients with giant cell arteritis have temporal artery involve-
ment and b) vasculitides other than giant cell arteritis can
cause temporal artery inflammation, such as polyarteritis no-
dosa, Wegener’s granulomatosis, and microscopic polyangiitis
(MPA) (1). If a patient with clinical manifestations of temporal
artery inflammation is found by temporal artery biopsy to have
a necrotizing rather than a granulomatous arteritis, the dif-
ferential diagnosis should include polyarteritis nodosa, MPA,
Wegener’s granulomatosis, and other forms of necrotizing vas-
culitis. The frequent association of polymyalgia rheumatica
with giant cell arteritis is a useful diagnostic aid, although not
all patients with giant cell arteritis have polymyalgia rheumat-
ica and not all patients with polymyalgia rheumatica have giant
cell arteritis.

Takayasu’s arteritis and giant cell arteritis cannot be accu-
rately distinguished on the basis of pathologic evaluation of
involved arteries. Polymyalgia rheumatica and involvement of
branches of the carotid artery are more in favor of giant cell
arteritis, and preferential involvement of the aorta and arter-
ies to the extremities is slightly in favor of Takayasu’s arteritis.
However, the best diagnostic discriminator is age. If a patient

FIGURE 68-2. Chronic scarring in an arcuate artery from a patient
with polyarteritis nodosa. The muscularis is completely destroyed (ar-
rows), indicating that the sclerosis is secondary to a necrotizing arteritis
rather than severe arteriosclerosis. (Hematoxylin and eosin stain, mag-
nification ×75.)

with clinical or pathologic features of chronic granulomatous
arteritis is older than 50 years, a diagnosis of giant cell arteri-
tis is warranted, whereas a diagnosis of Takayasu’s arteritis is
warranted if the patient is younger than 50 years (1). The pres-
ence of renovascular hypertension in a child or a young adult
is suggestive of Takayasu’s arteritis. In a patient older than
50 years, renal artery involvement by a chronic sclerosing pro-
cess is more likely secondary to atherosclerosis than to giant
cell arteritis, and Takayasu’s arteritis is essentially ruled out by
the age of the patient.

Medium-Sized Vessel Vasculitis: Polyarteritis
Nodosa and Kawasaki’s Disease

The medium-sized vessel vasculitides are necrotizing arteritides
that have a predilection for arteries that lead to major viscera
and their initial branches. In the kidneys, the major targets
are the interlobar and arcuate arteries, with less frequent in-
volvement of the main renal artery and interlobular arteries
(Fig. 68-3). The two major categories of medium-sized ves-
sel vasculitis are polyarteritis nodosa and Kawasaki’s disease.
Pathologically, both are characterized in the acute phase by
necrotizing arteritis with transmural inflammation that initially
includes neutrophils and foci of fibrinoid necrosis (Fig. 68-1).
The acute necrotizing inflammation often erodes completely
through the artery wall and into the adjacent perivascular tis-
sue, thereby forming a pseudoaneurysm (Fig. 68-4). Secondary



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-68 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:43

1750 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

TA B L E 6 8 - 1

MAJOR DIAGNOSTIC CATEGORIES OF VASCULITIS

Large-vessel vasculitis (chronic granulomatous arteritis)
Giant cell arteritis
Takayasu’s arteritis
Medium-sized vessel vasculitis (necrotizing arteritis)
Polyarteritis nodosa
Kawasaki disease
Small-vessel vasculitis (necrotizing polyangiitis)
Pauciimmune small-vessel vasculitis (usually antineutrophil

cytoplasmic antibody (ANCA) positive)
Microscopic polyangiitis
Wegener’s granulomatosis
Churg-Strauss syndrome
Drug-induced ANCA vasculitis
Immune complex small-vessel vasculitis
Henoch-Schönlein purpura
Cryoglobulinemic vasculitis
Lupus vasculitis
Rheumatoid vasculitis
Goodpasture’s syndrome
Serum sickness vasculitis
Hypocomplementemic urticarial vasculitis
Drug-induced immune complex vasculitis
Infection-induced immune complex vasculitis
Behçet’s disease
Paraneoplastic small-vessel vasculitis
Lymphoproliferative neoplasm-induced vasculitis
Carcinoma-induced vasculitis
Myeloproliferative neoplasm-induced vasculitis
Inflammatory bowel disease vasculitis

complications of the arteritis include thrombosis, infarction,
and hemorrhage. In only a few days, the lesions evolve
from an acute neutrophil-rich inflammation to a “chronic”
inflammation with predominantly mononuclear leukocytes.
Sites of thrombosis and necrosis develop progressive scarring
(Fig. 68-2). By definition, medium-sized vessel vasculitides do
not cause glomerulonephritis, although they can cause hema-
turia, proteinuria (usually less than 2 g per 24 hours), and renal
insufficiency as a result of renal infarction. Pseudoaneurysms
near the renal surface may rupture and cause severe, even fatal,
retroperitoneal and intraperitoneal hemorrhage.

The meaning of the diagnostic term “polyarteritis nodosa”
has evolved over the past century, and substantial confusion
continues over how best to use it (11). The problem and the
solution that we propose is best understood in historical con-
text. Systemic necrotizing arteritis was first clearly described
by Kussmaul and Maier in the mid-1800s (12). They reported
a patient with widespread visceral nodules caused by acute in-
flammation of arteries and called the process “periarteritis no-
dosa.” Ferrari introduced the term “polyarteritis nodosa” (13),
which is more appropriate because the inflammation is trans-
mural rather than perivascular. For approximately 50 years,
essentially all patients with any pattern of necrotizing arteri-
tis were included in the polyarteritis nodosa category. During
the early to mid-1900’s, astute investigators recognized that
many patients with necrotizing arteritis had distinctive distri-
butions of vascular inflammation or characteristic pathologic
processes that warranted their separation from patients with ar-
teritis alone. For example, Kawasaki’s disease, Wegener’s gran-
ulomatosis, Churg-Strauss syndrome, and MPA were initially
included in the category of polyarteritis nodosa but now are
recognized as distinct entities (1). The removal of these vas-
culitides from the polyarteritis nodosa category is justified not
only on the basis of different patterns and distributions of ves-

sel involvement, but also because they have different natural
histories, prognoses, and treatment requirements.

The reduction of polyarteritis nodosa to a more homoge-
neous and clinically useful category of vasculitis began when
Arnaout, among others, recognized that some patients with
necrotizing arteritis had lesions that could be seen only by mi-
croscopic examination (14). In about 1950, Zeek et al. (15,16)
and Godman and Churg (17) carried out careful evaluations of
patients with arteritis and concluded that polyarteritis nodosa
should be separated from the “microscopic” form of vasculitis
that was characterized by involvement of not only small arteries
but also venules and capillaries. As discussed later in the section
on small-vessel vasculitis, Godman and Churg also concluded
that polyarteritis nodosa was distinct not only from MPA but
also from Wegener’s granulomatosis and Churg-Strauss syn-
drome, and that MPA, Wegener’s granulomatosis, and Churg-
Strauss syndrome were related to one another.

The diagnostic approach that we advocate defines pol-
yarteritis nodosa as necrotizing inflammation of medium-sized
or small arteries without glomerulonephritis or vasculitis in ar-
terioles, capillaries, or venules (Table 68-2.) (1). This allows
the separation of polyarteritis nodosa from other types of vas-
culitis, such as Wegener’s granulomatosis, MPA, and Churg-
Strauss syndrome, which have necrotizing arteritis as a compo-
nent of a systemic polyangiitis that affects capillaries, venules,
and arteries. By using this approach, the presence of glomeru-
lonephritis rules out a diagnosis of polyarteritis nodosa and
indicates the presence of some type of small-vessel vasculitis.
In Table 68-3 are compared some of the features of polyarteritis
nodosa and MPA. Note that glomerular capillaritis (glomeru-
lonephritis) or pulmonary alveolar capillaritis with pulmonary
hemorrhage rule out a diagnosis of polyarteritis nodosa and
raise the possibility of MPA. Peripheral neuropathy is not a
discriminator, because involvement of small epineural arteries
in peripheral nerves may occur with polyarteritis nodosa or
MPA. As we discuss in more detail later, testing for ANCA
is useful for distinguishing between polyarteritis nodosa and
the ANCA-associated small-vessel vasculitides (11,18–21). In
a patient with necrotizing arteritis, a positive ANCA result
decreases the likelihood of polyarteritis nodosa and increases
the likelihood of MPA, Wegener’s granulomatosis, or Churg-
Strauss syndrome, i.e.; increases the likelihood that the pa-
tient has or will develop necrotizing inflammation of vessels
other than arteries, such as pulmonary alveolar capillaritis or
glomerular capillaritis (glomerulonephritis).

Necrotizing arteritis that is pathologically indistinguishable
from the necrotizing arteritis of polyarteritis nodosa can
occur in patients with Kawasaki’s disease (Figs. 68-1, 68-3).
Kawasaki’s disease is an acute febrile illness of childhood that
is characterized by the mucocutaneous lymph node syndrome,
which includes nonsuppurative lymphadenopathy, polymor-
phous erythematous rash, erythema of the oropharyngeal
mucosa, erythema of the palms and soles, conjunctivitis, and
indurative edema and desquamation of the extremities (22–
25). A major cause for morbidity and mortality in patients with
Kawasaki’s disease is the development of a necrotizing arteritis
(24–27). This arteritis has a predilection for coronary arteries
but can occur anywhere, including the kidney (Figs. 68-1,
68-3). Symptomatic renal involvement is rare in Kawasaki’s
disease.

The treatment of Kawasaki’s disease is different from the
treatment of polyarteritis nodosa. Kawasaki’s disease usually
is treated with aspirin and intravenous γ -globulin therapy
(28–31), whereas polyarteritis nodosa usually is treated with
high-dose corticosteroids and cyclophosphamide. Therefore,
differentiation between the arteritis of Kawasaki’s disease and
that of polyarteritis nodosa is very important. The presence
or absence of the mucocutaneous lymph node syndrome is an
effective diagnostic discriminator between Kawasaki’s disease
and polyarteritis nodosa.
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FIGURE 68-3. Predominant vascular involvement by large-vessel vasculitides, medium-sized vessel vas-
culitides, and small-vessel vasculitides as indicated by the positions and heights of the solid triangles. The
algorithm suggests clinical and pathologic features that discriminate among different diagnostic categories
of vasculitis. yo, years old; MCLN, mucocutaneous lymph node syndrome; IF, immunofluorescence mi-
croscopy; ANCA, antineutrophil cytoplasmic autoantibodies; Im Cx, immune complex; SLE, systemic
lupus erythematosus; H-S, Henoch-Schönlein. (From: Jennette JC, Falk RJ. Renal involvement in systemic
vasculitis. In: Greenberg A, Cheung AK, Coffman TM, et al, eds. National Kidney Foundation Nephrology
Primer. 2nd ed. San Diego, CA: Academic Press; 1998:200, with permission.)

Small-Vessel Vasculitis: Microscopic
Polyangiitis, Wegener’s Granulomatosis,

and Churg-Strauss Syndrome

Small-vessel vasculitides are characterized by necrotizing in-
flammation of multiple types of vessels. Arteries, veins, ar-

terioles, venules, and capillaries may be affected; however,
venules and capillaries are the most frequent targets (11). An
understanding of the small-vessel vasculitides is important for
nephrologists because these diseases often involve the kid-
neys and frequently cause glomerulonephritis (11,32). All of
the small-vessel vasculitides listed in Table 68-1 can involve
the kidneys. As mentioned earlier in the discussion about the
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TA B L E 6 8 - 2

NAMES AND DEFINITIONS OF VASCULITIS ADOPTED BY THE CHAPEL HILL CONSENSUS CONFERENCE ON THE
NOMENCLATURE OF SYSTEMIC VASCULITIS

Large-vessel vasculitisa

Giant cell arteritis
Granulomatous arteritis of the aorta and its major branches, with a predilection for the

extracranial branches of the carotid artery. Often involves the temporal artery. Usually
occurs in patients older than 50 years and often is associated with polymyalgia
rheumatica.

Takayasu’s arteritis Granulomatous inflammation of the aorta and its major branches. Usually occurs in
patients younger than 50 years.

Medium-sized vessel vasculitisa

Polyarteritis nodosa Necrotizing inflammation of medium-sized or small arteries without glomerulonephritis or
vasculitis in arterioles, capillaries, or venules.

Kawasaki’s disease Arteritis involving large, medium-sized, and small arteries, and associated with
mucocutaneous lymph node syndrome. Coronary arteries are often involved. Aorta and
veins may be involved. Usually occurs in children.

Small-vessel vasculitisa

Wegener’s granulomatosisb Granulomatous inflammation involving the respiratory tract, and necrotizing vasculitis
affecting small-to medium-sized vessels, for example, capillaries, venules, arterioles, and
arteries. Necrotizing glomerulonephritis is common.

Churg-Strauss syndromeb Eosinophil-rich and granulomatous inflammation involving respiratory tract and
necrotizing vasculitis affecting small-to medium-sized vessels, and associated with asthma
and blood eosinophilia.

Microscopic polyangiitisb Necrotizing vasculitis with few or no immune deposits affecting small vessels, for example,
capillaries, venules, or arterioles. Necrotizing arteritis involving small- and medium-sized
arteries may be present. Necrotizing glomerulonephritis is very common. Pulmonary
capillarities often occurs.

Henoch-Schönlein purpura Vasculitis with IgA-dominant immune deposits affecting small vessels, for example,
capillaries, venules, or arterioles. Typically involves skin, gut, and glomeruli and is
associated with arthralgias or arthritis.

Cryoglobulinemic vasculitis Vasculitis with cryoglobulin immune deposits affecting small vessels, for example,
capillaries, venules, or arterioles, and associated with cryoglobulins in serum. Skin and
glomeruli are often involved.

Cutaneous leukocytoclastic
angiitis

Isolated cutaneous leukocytoclastic angiitis without systemic vasculitis or
glomerulonephritis.

a“Large artery” refers to the aorta and the largest branches directed toward major body regions (e.g., to the extremities and the head and neck);
“medium-sized artery” refers to the main visceral arteries (e.g., renal, hepatic, coronary, and mesenteric arteries); and “small artery” refers to the distal
arterial radicals that connect with arterioles. Note large and medium-sized vessel vasculitides do not involve vessels other than arteries.
bStrongly associated with ANCA.
(From: Jennette JC, Falk RJ, Andrassy K, et al. Nomenclature of systemic vasculitides. Proposal of an international consensus conference. Arthritis
Rheum 1994;37:187, with permission.)

evolution of the definition of polyarteritis nodosa, small-vessel
vasculitides with arterial involvement once were subsumed in
the polyarteritis nodosa category. Zeek et al. (15,16) and God-
man and Churg (17) were among the first to recognize that
vasculitides that involve capillaries and venules in addition to
arteries have clinical and pathologic features that are clearly
distinct from those of polyarteritis nodosa.

The two major categories of small-vessel vasculitis in-
clude the “pauciimmune small vessel vasculitides” and the
“immune complex–mediated small vessel vasculitides” (Table
68-1) (11). Immune complex–mediated vasculitides, such as
Henoch-Schönlein purpura (HSP), cryoglobulinemic vasculitis,
lupus vasculitis, and antiglomerular basement membrane (anti-
GBM) vasculitis, have extensive localization of immunoglob-
ulin and complement in vessel walls as a consequence of
deposition of circulating immune complexes or in situ immune-
complex formation between circulating antibodies and planted
or constitutive antigens. The pauciimmune small-vessel vasculi-
tides have little or no vascular wall localization of immunoglob-
ulins (11,33–35). The pauciimmune small-vessel vasculitides
often have necrotizing and crescentic glomerulonephritis as
a component of the systemic necrotizing vasculitis. A patho-
logically identical pauciimmune necrotizing and crescentic

glomerulonephritis also occurs as a renal limited process,
which has sometimes been referred to as “idiopathic cres-
centic glomerulonephritis” or “renal vasculitis” (11,34–38).
Pauciimmune crescentic glomerulonephritis, which usually is
a component of systemic pauciimmune small-vessel vasculi-
tis, is the most common type of crescentic glomerulonephritis
(Table 68-4).

The three major categories of systemic pauciimmune small-
vessel vasculitis are MPA, Wegener’s granulomatosis, and
Churg-Strauss syndrome (CSS) (17,34,39). Table 68-2 and
Figure 68-3 provide an approach for differentiating these three
vasculitides and for distinguishing them from other types of
vasculitis (11). MPA, Wegener’s granulomatosis, and Churg-
Strauss syndrome share a histologically identical necrotizing
vasculitis that can affect arteries (Fig. 68-5), arterioles (Fig.
68-6), venules (Fig. 68-7), and capillaries, especially glomeru-
lar capillaries (Fig. 68-8). At all of these sites, the acute lesion
is characterized by segmental necrosis with mural and perivas-
cular fibrinoid material, sometimes accompanied by thrombo-
sis in the vascular lumen. The initial inflammatory infiltrate
has conspicuous neutrophils, often undergoing leukocytocla-
sia (Fig. 68-7), but this usually transforms into a predomi-
nantly mononuclear leukocyte infiltrate within a few days. The
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FIGURE 68-4. Acute necrotizing arteritis affecting a renal interlo-
bar artery in a patient with Kawasaki’s disease. The necrotizing in-
flammation (arrows) has eroded into the perivascular tissue to pro-
duce a pseudoaneurysm. (Hematoxylin and eosin stain, magnification
×350.)

TA B L E 6 8 - 3

CLINICAL DIFFERENCES BETWEEN POLYARTERITIS
NODOSA AND MICROSCOPIC POLYANGIITIS

Polyarteritis Microscopic
Clinical feature nodosa polyangiitis

Rapidly progressive nephritis No Very common
Pulmonary hemorrhage No Yes
Peripheral neuropathy Yes Yes
Microaneurysms by

angiography
Yes Rare

Renovascular hypertension Occasional No
Positive hepatitis B serology Uncommon No
Positive antineutrophil

cytoplasmic antibodies
serology results

Rare Frequent

Relapses Rare Frequent

(From: Guillevin L, Lhote F, Amouroux J, et al. Antineutrophil
cytoplasmic antibodies, abnormal angiograms and pathological
findings in polyarteritis nodosa and Churg-Strauss syndrome:
Indications for the classification of vasculitides of the polyarteritis
nodosa group. Br J Rheumatol 1996;35:958, with permission.)

glomerular lesion of pauciimmune ANCA-associated glomeru-
lonephritis begins with segmental fibrinoid necrosis (Fig. 68-8)
that quickly leads to crescent formation (Fig. 68-9). At the time
of renal biopsy, approximately 90% of patients with pauci-
immune crescentic glomerulonephritis have some degree of
glomerular necrosis and crescent formation, although this may
involve fewer than 50% of glomeruli (34,40). Arteritis, arteri-
olitis, and medullary angiitis are seen in less than 20% of renal
biopsy specimens. Medullary angiitis can be severe enough to
cause focal papillary necrosis.

In addition to the renal vasculitic lesions illustrated in
Figures 68-5–68-9, patients with all three systemic pauciim-
mune small-vessel vasculitides share histologically identical in-
flammatory vascular lesions in other tissues, such as pulmonary

TA B L E 6 8 - 4

FREQUENCY OF IMMUNOPATHOLOGIC CATEGORIES OF CRESCENTIC
GLOMERULONEPHRITIS IN MORE THAN 3,000 CONSECUTIVE
NONTRANSPLANT RENAL BIOPSIES EVALUATED BY IMMUNOFLUORESCENCE
MICROSCOPY IN THE UNIVERSITY OF NORTH CAROLINA
NEPHROPATHOLOGY LABORATORY

Any crescents >50% crescents Arteritis in
(N = 540) (N = 195) biopsy (N = 37)

Immunohistology
Pauciimune (<2 positive

immunoglobulin)
51% (277/540) 61% (118/195)a 84% (31/37)

Immune complex (≤2 positive
immunoglobulin)

44% (238/540) 29% (56/195) 14% (5/37)c

Antiglomerular basement
membrane

5% (25/540)b 11% (21/195) 3% (1/37)d

a70 of 77 patients tested for antineutrophilic cytoplasmic antibodies (ANCA. were positive (91%)
(44 p-ANCA and 26 c-ANCA).
b3 of 19 patients tested for ANCA were positive (16%) (2 p-ANCA and 1 c-ANCA).
c4 patients had lupus and 1 poststreptococcal glomerulonephritis.
dThis patient also had a p-ANCA (myeloperoxidase-ANCA).
(From: Jennette JC, Falk RJ. The pathology of vasculitis involving the kidney. Am J Kidney Dis 1991;24:130,
with permission.)
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FIGURE 68-5. Necrotizing arteritis affecting an interlobular artery in
a patient with microscopic polyangiitis. Note the extension of fibrinoid
material into perivascular interstitium (straight arrows). Also note the
necrotizing arteriolitis (curved arrow). (Masson trichrome, magnifica-
tion ×350.)

hemorrhagic alveolar capillaritis, dermal leukocytoclastic
venulitis, and necrotizing inflammation of arteries in many tis-
sues, including but not limited to peripheral nerves, skeletal
muscle, gut, liver, pancreas, and skin. The diagnostic distinc-
tions among the three diseases are not based on the pathologic
or clinical features of vasculitis per se, but on the presence
or absence of accompanying features, specifically granuloma-
tous inflammation, asthma, and blood eosinophilia (1;11). As
detailed in Table 68-2 and diagrammed in Figure 68-3, a diag-
nosis of MPA is warranted if a patient has systemic pauciim-
mune small-vessel vasculitis with no evidence for necrotizing
granulomatous inflammation or asthma. A diagnosis of We-
gener’s granulomatosis is warranted if a patient has systemic
pauciimmune small-vessel vasculitis with necrotizing granulo-
matous inflammation, usually in the upper or lower respira-
tory tract, and no asthma. A diagnosis of CSS is warranted if a
patient has systemic pauciimmune small-vessel vasculitis with
asthma and blood eosinophilia. Reaching these diagnostic con-
clusions does not necessarily require pathologic documentation
of the lesions if reasonable clinical surrogates are identified. For
example, in a patient with a renal biopsy that demonstrates
pauciimmune necrotizing and crescentic glomerulonephritis,
radiographic demonstration of cavitary lung nodules (in the
absence of infection) or lytic bone lesions in the nasal septum
are reasonable evidence for necrotizing granulomatous inflam-
mation and thus warrant a diagnosis of Wegener’s granulo-
matosis.

FIGURE 68-6. Necrotizing arteriolitis (arrow) affecting an arteriole in
the renal cortex of a patient with microscopic polyangiitis. Note the
fibrinoid material in the vessel wall and adjacent interstitium, and the
focal perivascular leukocytoclasia. (Masson trichrome stain, magnifi-
cation ×350.)

Serologic testing for ANCA is useful for making the diag-
nosis of pauciimmune small-vessel vasculitis or renal-limited
pauciimmune crescentic glomerulonephritis. As discussed in
more detail elsewhere in this chapter, the major types of ANCA
are those that have specificity for proteinase 3 (PR3-ANCA)
and for myeloperoxidase (MPO-ANCA) (18–21,41). In an in-
direct immunofluorescence microscopy assay, PR3-ANCA usu-
ally causes cytoplasmic staining of neutrophils (c-ANCA. and
MPO-ANCA usually causes perinuclear staining (p-ANCA).

The clinical differential diagnosis of ANCA-associated
pauciimmune small-vessel vasculitis also includes immune-
complex small-vessel vasculitis. In Table 68-5 is demonstrated a
great deal of overlap in organ system involvement among differ-
ent types of pauciimmune small-vessel vasculitis and immune-
complex small-vessel vasculitis. Upper or lower respiratory
tract involvement has the greatest discriminatory value be-
cause respiratory tract involvement is common with pauciim-
mune small-vessel vasculitis and rare with immune-complex
small-vessel vasculitis. In Table 68-6 and Figure 68-3 are de-
tailed a number of observations that can be used to con-
clusively differentiate among MPA, Wegener’s granulomato-
sis, CSS, cryoglobulinemic vasculitis, and HSP (11). Direct
immunofluorescence microscopy of vessels in biopsy speci-
mens, such as glomerular capillaries or dermal venules, is
useful because this demonstrates immunoglobulin A (IgA)-
dominant vascular immunoglobulin deposits in HSP, IgG and
IgM deposits in cryoglobulinemic vasculitis, and little or no
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FIGURE 68-7. Leukocytoclastic medullary angiitis affecting the per-
itubular vasa recta in a patient with Wegener’s granulomatosis. (Hema-
toxylin and eosin stain, magnification ×350.)

immunoglobulin in pauciimmune small-vessel vasculitis. Sero-
logic testing also helps to focus the differential diagnosis, for
example, testing for ANCA, anti-GBM, cryoglobulins, hepati-
tis C or B, antinuclear antibodies (ANA), and complement com-
ponent levels.

In summary, the precise and accurate diagnosis of differ-
ent categories of vasculitis, including small-vessel vasculitis,
requires the knowledgeable integration of clinical, laboratory,
and pathologic data.

EPIDEMIOLOGY OF SYSTEMIC
VASCULITIS

In the past, the incidence of systemic vasculitis was difficult
to determine, largely because of an inconsistent classification
strategy. The advent of the Chapel Hill Nomenclature System
allowed for a more precise estimation of incidence and preva-
lence. The incidence of giant cell arteritis varies from 15 to 30
per 100,000 in individuals older than 50 years. There is an in-
creased incidence with age and a female-to-male ratio of 2:1
(42). Giant cell arteritis is more common in Caucasians and is
uncommon in African Americans. Takayasu’s arteritis has been
described worldwide, but the disease is much more prevalent in
Japan, where there are approximately 150 new cases per year.
In Olmstead County, Minnesota, the incidence is 2.6 cases per
million per year.

FIGURE 68-8. Segmental fibrinoid necrosis (arrows) in a glomerulus
from a patient with microscopic polyangiitis. (Hematoxylin and eosin
stain, magnification ×350.)

The incidence of the small-vessel vasculitides associated
with ANCA (Wegener’s granulomatosis, MPA, and CSS) ap-
pears to be on the order of 20 cases per million (42,43). In
contrast, polyarteritis nodosa has become a rare disease. It is
possible that the perceived increase in the incidence of MPA is a
consequence of the development and widespread use of ANCA
testing. Nonetheless, the incidence of MPA appeared to be more
common in the 1990’s than in the 1980’s (19.8 versus 7 cases
per million). Two interesting studies reported a much higher
incidence of ANCA-associated vasculitis. One study reported
a much higher incidence in Alaskan Indians, in which all cases
were associated with hepatitis B (43). The other report from
Kuwait after the Gulf War found an increased incidence of 16
cases per million of polyarteritis nodosa and 24 cases per mil-
lion of MPA (44). The incidence of Wegener’s granulomatosis
was 0.7 per million per year from 1980 to 1986, increasing to
2.8 million per year from 1987 to 1989. In the 1990s, the preva-
lence of Wegener’s granulomatosis was closer to 10.6 cases per
million in the United Kingdom. The annual incidence of (CSS)
is on the order of 4 cases per million (45). A recent study es-
timated the prevalence of polyarteritis nodosa (PAN), MPA,
Wegener’s granulomatosis and CSS in a large multiethnic sub-
urb of Paris based on a three-source capture-recapture method.
During the calendar year 2000, the prevalences per 1,000,000
adults were estimated to be 30 for PAN, 25 for MPA, 24 for
Wegener’s granulomatosis, and 11 for CSS. The overall preva-
lence was 2.0 times higher for subjects of European ancestry
than for non-Europeans (P = 0.01) (46).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-68 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:43

1756 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

FIGURE 68-9. Cellular crescent in a glomerulus from a patient with
microscopic polyangiitis. (Hematoxylin and eosin stain, magnification
×350.)

SMALL-VESSEL VASCULITIDES
ASSOCIATED WITH ANCA

Demographics

ANCA-associated small-vessel vasculitis affects men and
women equally. All ages are susceptible to disease, although
the mean age of our population is 55 years. Almost 90% of our

population is Caucasian, and 10% is African American. There
appears to be a seasonal variation of the onset of disease, most
commonly occurring in the late fall and early spring (47). It is
possible but not proven that in northern latitudes, Wegener’s
granulomatosis predominates, whereas MPA is more common
in southern climes.

Clinical Features

Renal Disease

The renal manifestations of small-vessel vasculitis are several.
Many, if not most, patients present with rapidly progressive
glomerulonephritis with hematuria, proteinuria, and a rising
serum creatinine over the course of days to weeks. This clin-
ical presentation is associated with the pathologic findings of
glomerular necrosis and crescent formation. Invariably, inter-
stitial inflammation results in interstitial fibrosis. At the other
end of the spectrum are patients who present with much milder
disease marked by isolated hematuria and low-grade protein-
uria. On biopsy, these patients have focal areas of necrosis that
result in areas of focal glomerulosclerosis.

Persistent microscopic hematuria can be the harbinger of
different renal outcomes. In some patients, persistent hema-
turia correlates with focal inflammation in the kidney that with
additional inflammatory stimuli (e.g., infection and environ-
mental exposure. transforms into an aggressive acute nephri-
tis. The acute nephritic presentation is usually associated with
renal insufficiency, hypertension, and, on biopsy, with diffuse
glomerular necrosis and crescent formation. In contrast, some
patients with persistent microscopic hematuria without pro-
teinuria have a clinically indolent disease that in the absence of
a renal biopsy is ascribed to IgA nephropathy or thin basement
membrane disease. Frequently, a renal biopsy is delayed un-
til azotemia or significant proteinuria develops. By then, the
biopsy reveals a picture of chronic glomerulonephritis with
widespread glomerular sclerosis and only focal necrosis. Un-
fortunately, in such cases, the persistent microscopic hematuria
was a reflection of unrecognized, unchecked glomerular inflam-
mation. The treatment of such patients must be evaluated on
a case-by-case basis depending on the degree of scarring and
renal insufficiency, as the risks of aggressive antiinflammatory
and immunosuppressive treatment may outweigh the potential
benefits.

Proteinuria in ANCA glomerulonephritis is usually due
to glomerular sclerosis or severe necrotizing and crescentic
glomerulonephritis. In most cases of acute nephritis or rapidly
progressive glomerulonephritis, the amount of proteinuria is on

TA B L E 6 8 - 5

COMPARISON OF APPROXIMATE FREQUENCY OF MANIFESTATIONS OF MICROSCOPIC POLYANGIITIS WITH
SEVERAL OTHER FORMS OF SMALL VESSEL VASCULITIS

Microscopic Wegener’s Churg-Strauss Cryoglobulin
polyangiitis granulomatosis syndrome Henoch-Schönlein vasculitis

Cutaneous 40% 40% 60% 90% 90%
Renal 90% 80% 45% 50% 55%
Pulmonary 50% 90% 70% <5% <5%
Ear, nose, and throat 35% 90% 50% <5% <5%
Musculoskeletal 60% 60% 50% 75% 70%
Neurologic 30% 50% 70% 10% 40%
Gastrointestinal 50% 50% 50% 60% 30%

(From: Jennette JC, Falk RJ. Small vessel vasculitis. N Engl J Med 1997;337:1512, with permission.)
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TA B L E 6 8 - 6

FEATURES THAT ALLOW DIFFERENTIATION OF MICROSCOPIC POLYANGIITIS FROM SEVERAL OTHER FORMS
OF SMALL-VESSEL VASCULITIS

Henoch-Schönlein Cryoglobuline Microscopic Wegener’s Churg-Strauss
purpura vasculitis polyangiitis granulomatosis syndrome

Small-vessel vasculitis signs
and symptomsa

+ + + + +

IgA-dominant immune
deposits

+ 0 0 0 0

Cryoglobulins in blood
and vessels

0 + 0 0 0

ANCA in blood 0 0 + + +
Necrotizing granulomas 0 0 0 + +
Asthma and eosinophilia 0 0 0 0 +
aAll of these small-vessel vasculitides can manifest any or all of the shared features of small-vessel vasculitides, such as purpura, nephritis, abdominal
pain, peripheral neuropathy, myalgias and arthralgias. Each is distinguished by the presence and just as importantly the absence of certain specific
features.
(From: Jennette JC, Falk R. Small vessel vasculitis. N Engl J Med 1997;337:1512, with permission.)

the order of 500 to 3,000 mg per 24 hours. The mean 24-hour
urine protein excretion of our entire population at presenta-
tion is only 800 mg per 24 hours. Certainly there are cases of
nephrotic-range proteinuria typically associated with diffuse
glomerulosclerosis.

Acute interstitial nephritis is an unusual expression of small-
vessel vasculitis. These patients generally present with pyuria
and white blood cell casts without evidence of hematuria
or proteinuria. In these cases, the glomeruli are completely
spared, and inflamed vasa rectae are accountable for the clinical
findings.

There are many examples of patients in whom ANCA-
associated small-vessel vasculitis coexists with other forms of
glomerular injury, the most common of these being anti-GBM
disease. Typically these patients with both ANCA and anti-
GBM have vasculitis affecting vascular beds other than the
kidney and the lung. Their clinical course is more consistent
with an ANCA glomerulonephritis than with anti-GBM dis-
ease. However, a recent retrospective analysis of patients with
both ANCA and anti-GBM suggests that these patients have
more severe renal disease and a poorer prognosis than patients
with ANCA alone (48). It is unclear whether patients with
both antibodies and severe renal failure share the poor renal
prognosis of dialysis-dependent patients with anti-GBM dis-
ease alone. Indeed, some patients may respond to treatment
with a dialysis-free interval of months to years.

Similarly, there are patients with ANCA-associated small-
vessel vasculitis and immune complex forms of glomeru-
lonephritis (e.g., membranous glomerulopathy or IgA
nephropathy). Typically, the renal biopsy reveals areas of cres-
cent transformation or glomerular necrosis. The clinical find-
ing of a sudden decrease in renal function and worsening of
the hematuria herald this pathologic event. ANCA glomeru-
lonephritis may occur in patients with scleroderma, in whom
the renal dysfunction is not attributable to a thrombotic mi-
croangiopathy, but to ANCA-induced necrosis and crescent
formation.

As noted previously in this chapter, vessels larger than cap-
illaries and venules are targets of inflammation. Small arteries,
including the renal artery, can be injured. The most common
clinical consequence of this process is renal infarction resulting
in flank pain and renal insufficiency. Persistent disease of the
renal artery causes stenosis and poststenotic dilation, with the
clinical presentation of renovascular hypertension. Renal ar-

teriography is necessary to delineate the degree of renal artery
disease. Angioplasty or surgical correction of the stenotic vessel
is frequently curative.

Skin Disease

Because the most commonly affected vessels of ANCA-
associated small-vessel vasculitis are capillaries and postcap-
illary venules, the typical skin lesion is palpable purpura.
Lesions tend to occur in “crops,” primarily on the lower
extremities. With time, the lesions flatten and either disap-
pear or leave small hyperpigmented areas. In addition to this
classic dermal presentation, there are several other cutaneous
lesions, including petechiae, ecchymosis, ulceration, nodules,
and plaquelike lesions, livido reticularis, and urticaria. Sev-
eral cases of urticarial vasculitis have been observed in the
absence of hypocomplementemia and immune-complex depo-
sition. In unusual circumstances, vasculitic lesions give rise
to erythema nodosum or pyoderma gangrenosum–like lesions.
Biopsy of the affected area reveals a leukocytoclastic angiitis.
However, in the case of nodular lesions, a simple punch biopsy
may not provide sufficiently deep material to sample an in-
volved vessel of larger caliber. A deep “excisional” biopsy is
necessary.

The differential diagnosis of renal dermal vasculitic syn-
dromes is important. In addition to the ANCA-associated
small-vessel vasculitides, SLE, cryoglobulinemia, and HSP
cause cutaneous vasculitides and renal disease. Each of these
conditions is associated with a different natural history and
treatment approach. For instance, many patients with HSP re-
quire only supportive care. If the renal dermal vasculitic syn-
drome is a consequence of ANCA-associated small-vessel vas-
culitis or lupus, immunosuppressive therapy is warranted. In
addition, cutaneous vasculitis is frequently the consequence
of a drug reaction. There are numerous classes of drugs that
cause leukocytoclastic lesions, the most common being propyl-
thiouracil, minocycline, phenytoin, and penicillamine.

Pulmonary Disease

The pulmonary consequences of ANCA-associated small ves-
sel vasculitis are numerous and involve not only the lung
parenchyma, but also the respiratory tract from the subglottis
to the alveolar sacs. Several clinical presentations are common.
Patients with MPA typically present with pulmonary infiltrates
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that are frequently initially ascribed to an infectious process.
Generally, these patients describe hemoptysis, although many
patients have no overt evidence of pulmonary bleeding. In some
cases, the infiltrates wax and wane spontaneously. Infiltrates
may coalesce, resulting in dyspnea and hypoxemia. The most
alarming consequence of pulmonary capillaritis is the devel-
opment of massive pulmonary hemorrhage. In our series, the
occurrence of pulmonary hemorrhage was the most powerful
predictor of death (49). As is discussed later, the prompt in-
stitution of plasmapheresis substantially decreased the mortal-
ity rate when compared with conventional immunosuppressive
treatments.

Necrotizing granulomatous inflammation is a hallmark of
Wegener’s granulomatosis. Focal necrotizing lesions progress
to confluent areas of necrosis that when surrounded by palisad-
ing histocytes, are called “geographic necrosis” (50). Nodu-
lar lesions are of varying size, from those that can only
be seen by spiral computed tomography (CT) to those that
occupy a complete lobe of the lung. In general, the larger
lesions tend to cavitate. The differential diagnosis must in-
clude aspergillus or tuberculous infection, as well as other op-
portunistic infections. Determining whether the nodular and
cavitary lesions are due to granulomatous infection or are a
consequence of an opportunistic infection can present a diffi-
cult diagnostic dilemma. These two processes may coexist at
times.

Similarly, recurrent alveolar hemorrhage in immunosup-
pressed patients may be attributable to infection. Alveolar
lavage is useful in determining an infectious cause of alveo-
lar hemorrhage rather than as a consequence of small-vessel
vasculitis alone. Bronchioalveolar lavage should be performed,
carefully considering the possible deterioration in oxygena-
tion immediately after the procedure. Careful attention to the
protection of airway patency for modern ventilatory support
is mandatory. Transbronchial biopsy of the lung in patients
with these diseases often results in non-diagnostic results. Open
lung biopsy or procedures play a role in the diagnosis of these
diseases.

In addition to the characteristic pulmonary nodules of
Wegener’s granulomatosis, endobronchial lesions, similar to
those found in the subglottic region and trachea, can cause
airway obstruction and may result in areas of collapsed lung.
The lesions are usually quite sensitive to systemic glucocorti-
costeroid treatment (51).

CSS is characterized by the presence of asthma and
eosinophilia in the circulation and within tissues. The pul-
monary infiltrates tend to result in diffuse alveolar involve-
ment but nodules and cavitations also occur. Eosinophilic
pneumonia of other causes can be indistinguishable from the
pulmonary presentation of CSS. Therefore, it is important to
verify that a small-vessel vasculitis exists before determining
that the patient has CSS (52).

Patients with subglottic masses or stenosis present with stri-
dor or a sense of breathlessness. Results of flow–volume loop
study results are abnormal. These lesions necessitate emer-
gent attention to avoid life-threatening critical airway narrow-
ing. Direct laryngoscopy with fiberoptic instrumentation al-
lows visualization of the lesion. Glucocorticoid treatment is
usually effective, but surgical intervention may be necessary.
Areas of tracheal and bronchial granulomatous lesions can
occur throughout the respiratory tree and result in bronchial
obstruction.

The long-term consequences of intermittent pulmonary
capillaritis result in pulmonary fibrosis. In some individuals,
the diagnosis of idiopathic pulmonary fibrosis prompts con-
sideration of ANCA-associated small-vessel vasculitis. Sim-
ilarly, some patients with bronchiolitis obliterans with or-
ganizing pneumonia have had an underlying small-vessel
vasculitis.

Upper Respiratory Tract Disease

Vasculitis frequently affects the areas of the ear, nose, and
throat. By far the most common localization occurs in the nose,
especially in patients with Wegener’s granulomatosis. Other
areas of involvement include the nasopharynx, the paranasal
sinuses, and within the larynx. With respect to the nose, per-
sistent or repetitive episodes of rhinosinusitis are one of the
first symptoms. Small ulcerations lead to a nasal discharge that
becomes hemorrhagic. Once these lesions become inflamed,
a thick purulent material oozes from bloody crusts cover-
ing much larger areas of ulceration and granulation tissue.
Histologic evaluation of these tissues most commonly reveals
nonspecific acute and chronic inflammation. With a good sam-
ple, one may find areas of fibrinoid necrosis or granuloma-
tous inflammation. Focal areas of ischemia and infarction
occur. Repetitive bouts of inflammation eventually lead to sep-
tal perforations, the loss of turbinates, and may result in a
loss of support of the nasal bridge (saddle nose deformity of
Wegener’s granulomatosis). Even with treatment, the nasal mu-
cosa becomes atrophic and crusty. The crusts cause epistaxis
when patients sneeze or blow their nose. Staphylococcus au-
reus superinfections may be the root cause of these ulcerations
and an important factor in their development. Topical treat-
ment with antibacterial ointments or systemic treatment with
antibiotics decreases nasal symptoms and limits the number of
relapses (53).

Sinusitis typically occurs with bloody nasal or postnasal
discharge. Computed tomography may reveal bony erosions
caused by granulomatous lesions typical of Wegener’s gran-
ulomatosis. Necrotizing capillaritis associated with MPA or
CSS frequently causes necrotizing lesions in the sinuses as well
but do not lead to bony erosions. Granulomatous inflamma-
tion that blocks the eustachian tubes leads to serous otitis
media. Bacterial superinfections lead to infectious otitis me-
dia. Ventilating tubes placed in the tympanic membrane may
lessen the problem. Facial nerve paralysis may occur as a re-
sult of entrapment of the nerve by granulomatous inflamma-
tion anywhere along the course of the nerve. Large granulo-
matous pseudotumors invade the orbit and may lead to loss of
an eye.

Gastrointestinal Tract Disease

The gastrointestinal tract represents one of the least well-
studied areas of involvement of small-vessel vasculitis. In our
experience, at least one-third of patients with active necrotizing
glomerulonephritis have abdominal complaints, either on pre-
sentation or at some point during the course of disease. One of
the more common areas of vasculitic involvement is the gastric
mucosa, causing non-healing gastric or peptic ulcers. It is some-
times difficult to determine whether these ulcers are the conse-
quence of vascular inflammation or glucocorticoid treatment.
Endoscopic biopsy can provide a diagnosis, yet a presumptive
diagnosis is made by a favorable response to glucocorticoid
therapy. Similarly, pancreatitis, small bowel infarction, and ul-
cers throughout the gastrointestinal tract lead to abdominal
pain. The most catastrophic of all abdominal vasculitic disease
is transmural infarction of the bowel, leading to viscus perfora-
tion and polymicrobial sepsis. Prompt diagnosis and treatment
is mandatory.

Autoimmune hepatitis and sclerosing cholangitis occur with
p-ANCA that is not specific for MPO. The liver is usually not
involved with necrotizing vasculitis.

Patients with small-vessel vasculitis may have medium-sized
artery involvement as well. Aneurysmal dilation and fibrinoid
necrosis of mesenteric or renal arteries results in infarction of
the affected organ. If a mesenteric artery is involved, infarctions
cause substantial abdominal pain or an ischemic colitis. These
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patients require mesenteric arteriography to identify the areas
of arteritic involvement.

Neurologic Disease

Mononeuritis multiplex, or a pattern of multiple mononeu-
ropathies, is caused by nerve impairment in anatomically sep-
arate regions. Most commonly, these areas of peripheral nerve
ischemia are found in areas in the midthigh or mid upper arm,
in watershed zones of poor vascular perfusion. Lesions of pe-
ripheral neuropathy occur abruptly and are very painful. The
pain is described as a deep ache that is difficult to localize.
Symptoms of the cutaneous distribution of the nerve occur
several days after the onset of weakness and are described as
a burning pain. Nerve biopsy should be performed in indi-
viduals with neuropathy as the major manifestation of vas-
culitis. A negative sural nerve biopsy result does not rule out
the diagnosis. Repetitive biopsy of the nerve is almost useless.
In a series of 200 patients with vasculitis and a neuropathy,
only 27% had a vasculitis demonstrated in a muscular spec-
imen only, 35% in a nerve only, and 27% in the nerve and
the muscle (54). Many patients develop distal peripheral sen-
sory neuropathies. Whether these symptoms are a consequence
of vasculitis, pharmaceutical treatment, or malnutrition is not
clear.

The central nervous system is an uncommon locus for vas-
culitis disease. Vasculitis involving the central nervous system
usually results in a headache (55), without which the diagnosis
is unlikely. Rarely, seizures are the presenting manifestation of
central nervous system vasculitis. In Wegener’s granulomato-
sis, meningeal disease can occur. Magnetic resonance imaging
(MRI. with gadolinium infusion may reveal enhancing lesions
in many separate foci. Most commonly, however, small-vessel
vasculitis affects vessels that are too small to produce a posi-
tive magnetic resonance imaging (MRI) scan. Cerebral angiog-
raphy may reveal abnormalities in less than half of patients. If
the patient has systemic hypertension, cerebrovascular disease
from atherosclerosis, or renal insufficiency resulting in uremia,
it may not be possible to ascertain the precise cause of cen-
tral nervous system symptoms. Treatment with antihyperten-
sive agents and dialysis can exclude or decrease the possibility
that hypertension and uremia are the cause of the symptoms.
Many patients with ANCA-associated small-vessel vasculitis
are older adults, and vasculitis may be impossible to differen-
tiate from atherosclerosis in that population.

Other Organ System Diseases

Any organ system or capillary bed may be inflamed by small
vessel vasculitis, resulting in numerous other clinical manifes-
tations. Ocular manifestations of disease include iritis, uveitis,
and peripheral keratitis. These lesions result in a red eye and
are observed using a slit lamp by a qualified ophthalmologist.

Cardiac vasculitic disease results in subendocardial is-
chemia. The lesions can be difficult to see by using coronary
arteriogram. Whether patients have coronary vascular disease
as a consequence of atherosclerotic disease or of vasculitis is
difficult to determine. In our population, 5% of patients had
myocardial infarction at the time of their generalized disease
process. Pericarditis is much less common in patients with
ANCA-associated small-vessel vasculitis than in those with lu-
pus vasculitis. A pericardial friction rub should raise the specter
of a separate disease process.

In more than 90% of our patients, constitutional features
are hallmarks of disease. Fatigue represents a ubiquitous find-
ing that persists even after all of the other specific manifes-
tations of vasculitis appear to be in remission. In addition,
fever, myalgias, and arthralgias are common. Arthralgias are
frequently migratory in which joint pain occurs in one joint,

only to resolve and appear in another joint at another time.
Frank arthritis with synovial thickening occurs in at least 10%
of patients.

LABORATORY FINDINGS

Abnormal laboratory findings in patients with small vessel vas-
culitis include normochromic and normocytic anemia, mild to
marked leukocytosis, and mild thrombocytosis. Eosinophilia
is uncommon in patients with Wegener’s granulomatosis and
MPA but is required for the diagnosis of CSS. Several markers
of inflammation such as the C-reactive protein and the ery-
throcyte sedimentation rate are elevated, especially at times of
disease exacerbation. Rheumatoid factor levels are positive in
some individuals.

In the differential diagnosis of ANCA-associated small-
vessel vasculitis, a number of other vasculitic syndromes can be
excluded by serologic tests. These include tests for lupus, in-
cluding ANA, anti–double-stranded DNA (dsDNA. antibod-
ies, serum complement levels, and cryoglobulins. Rarely, a
patient may have an overlap syndrome of SLE and ANCA-
associated small-vessel vasculitis, with positive ANA, anti-
dsDNA, and usually anti-MPO antibodies. Unlike with pol-
yarteritis nodosa, screening for infectious diseases usually
yields negative results, including assays for hepatitis B and hep-
atitis C. Anti-GBM antibodies should be measured at least once
in the differential diagnosis of crescentic glomerulonephritis.
Tests for circulating immune complexes are not reliable.

The laboratory findings in patients with CSS include
eosinophilia in all patients. The degree of eosinophilia may
reach 50% of the total leukocyte count. Elevated serum IgE
levels and IgA containing immune complexes are found in some
patients (56).

ANCA Serologic Studies

Since Richard Davies reported eight patients with antibodies
to neutrophils associated with necrotizing glomerulonephritis
(57), substantial advances have been made in the serologic anal-
ysis of ANCA. ANCA reacts not only to neutrophils, but also
to monocytes. Effective ANCA testing must use both indirect
immunofluorescent microscopy in conjunction with antigen-
specific tests using highly purified MPO and PR3 antigens (18–
21,41,58). Indirect immunofluorescent microscopy has eluci-
dated two different ANCA patterns. On ethanol-fixed human
neutrophils, cytoplasmic ANCA (c-ANCA) result in diffuse im-
munofluorescent staining of the cytoplasm. In contrast, perinu-
clear ANCA (p-ANCA) stain the periphery of the nucleus using
ethanol-fixed cells but have a cytoplasmic pattern when us-
ing formalin-fixed leukocytes. Most c-ANCA react with PR3,
a serine proteinase found within the primary granule of neu-
trophils and monocytes. This serine proteinase has substantial
homology with elastase and cathepsin G. Some c-ANCA (less
than 10%) react with bacterial/permeability increasing protein.
This pattern of reactivity is found mainly in patients with cystic
fibrosis and inflammatory bowel disease (59).

p-ANCA react with MPO in more than 90% of cases. The
MPO is a member of a multichain peroxidase family that also
includes thyroperoxidase, eosinophil peroxidase, and lactoper-
oxidase. Many if not most of the p-ANCA found in diseases
other than pauciimmune necrotizing glomerulonephritis and
vasculitis do not react with MPO, such as in ulcerative colitis,
primary sclerosing cholangitis, and Felty’s syndrome. The most
confusing situation occurs in patients with lupus erythemato-
sus. In these patients, p-ANCA are usually attributable to ANA,
although in some rare cases, antilactoferrin and antielastase
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TA B L E 6 8 - 7

APPROXIMATE FREQUENCY OF ANTINEUTROPHIL CYTOPLASMIC ANTIBODIES
(ANCAS) WITH SPECIFICITY FOR PROTEINASE 3 (PR3-ANCA, C-ANCA) OR
MYELOPEROXIDASE (MPO-ANCA, P-ANCA) IN PATIENTS WITH ACTIVE
UNTREATED MICROSCOPIC POLYANGIITIS, WEGENER’S GRANULOMATOSIS,
AND CHURG-STRAUSS SYNDROME

Microscopic Wegener’s Churg-Strauss Renal-limited
polyangiitis granulomatosis syndrome vasculitisa

PR3-ANCA c-ANCA 40% 75% 10% 20%
MPO-ANCA p-ANCA 50% 20% 60% 70%
Negative ANCA 10% 5% 30% 10%

aRenal-limited vasculitis refers to pauciimmune necrotizing and crescentic glomerulonephritis with no
apparent extrarenal vasculitis.

antibodies are found. Patients with lupus may have a false-
positive anti-MPO test result by enzyme-linked immunosor-
bent assay (ELISA) (60).

The antigen specificity of circulating ANCA is not diag-
nostic for a particular clinicopathologic variant of ANCA-
associated small vessel vasculitis, although there are differences
in the relative frequency of PR3-ANCA and MPO-ANCA in
different types of pauciimmune small-vessel vasculitis (Table
68-7). For example, most patients with Wegener’s granulo-
matosis have PR3-ANCA (c-ANCA), whereas most patients
with renal-limited pauciimmune crescentic glomerulonephritis
have MPO-ANCA (p-ANCA).

A positive ANCA result in a patient with strong clinical
evidence for crescentic glomerulonephritis or another manifes-
tation of small-vessel vasculitis, such as purpura or pulmonary
hemorrhage, has a high positive predictive value. A positive
ANCA result in a patient with weak evidence for crescentic
glomerulonephritis or small-vessel vasculitis, such as isolated
hematuria and proteinuria with normal renal function, has a
much lower positive predictive value (Table 68-8). However,
in a patient with weak clinical evidence for crescentic glomeru-
lonephritis or small-vessel vasculitis, a positive result increases
the likelihood to a level that requires expeditious additional
diagnostic evaluation, possibly including a renal biopsy, to
confirm or refute the presence of a pauciimmune small-vessel
vasculitis or crescentic glomerulonephritis. A negative ANCA
result is more effective at ruling out pauciimmune crescentic
glomerulonephritis in a patient with weak clinical evidence of

small-vessel vasculitis than in a patient with strong clinical ev-
idence for small-vessel vasculitis (Table 68-8).

The ANCA result is typically negative in patients with
polyarteritis nodosa, Takayasu’s arteritis, or giant cell arteri-
tis. There are individuals who have an overlapping disease
with vasculitic involvement not only of large vessels, but also
of small arteries. These patients have either PR3- or MPO-
ANCA.

PATHOGENESIS

There has been an explosion of knowledge pertaining to
the pathogenesis of ANCA small-vessel vasculitis and pauci-
immune necrotizing glomerulonephritis, but much still re-
mains to be discovered. While Wegener’s granulomatosis,
microscopic polyangiitis, and CSS share the hallmark of
pauciimmune necrotizing small-vessel vasculitis, each presents
phenotypic differences. It is still unclear what causes the gran-
ulomatous lesions of Wegener’s granulomatosis or stimulates
the eosinophilia and asthma in CSS. Furthermore, the severity
of disease varies from one patient to another. To date, the host
factors that produce minimal disease in some patients and se-
vere disease in others remain unknown. More intriguing is the
observation that while vasculitis affects many capillary beds
(e.g., kidney, skin, or lung) in some patients, it is limited to one
organ in others. In many instances, the disease processes are fo-
cal. For example, only a segment of a capillary bed is affected,

TA B L E 6 8 - 8

PREDICTIVE VALUE OF COMBINED INDIRECT FLUORESCENT ANTIBODY (IFA) AND ENZYME IMMUNOASSAY
(EFA) ANTINEUTROPHIL CYTOPLASMIC ANTIBODY TESTING FOR PAUCIIMMUNE CRESCENTIC
GLOMERULONEPHRITIS

Prevalence Positive predictive value Negative predictive value
Adult with pretest likelihood post-test likelihood post-test unlikelihood

RPGN 47% 95% 85%
Hematuria, Proteinuria, (creatinine >3 mg/dL) 21% 84% 95%
Hematuria, Proteinuria, (creatinine 1.5–3 mg/dL) 7% 60% 99%
Hematuria, Proteinuria, (creatinine <1.5 mg/dL) 2% 29% 100%

Data derived from an analysis of 2,315 patients, with ANCA assay sensitivity 81% and specificity 96%.
(From: Lim LC, Taylor JG III, Schmitz JL, et al. Diagnostic usefulness of antineutrophil cytoplasmic autoantibody serology. Comparative evaluation of
commercial indirect fluorescent antibody (IFA) kits and enzyme immunoassay (EIA) kits. Am J Clin Pathol 1999;111(3):363, with permission.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-68 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:43

Chapter 68: Vasculitic Diseases of the Kidney 1761

leaving an adjacent segment spared. This is exemplified by the
observation that a segmental necrotizing lesion in a glomerulus
may sit adjacent to an ostensibly normal glomerular segment.

A number of clinical and basic science observations suggest
that ANCA play a pivotal role in the pathogenesis of pauciim-
mune vasculitis and glomerulonephritis (11,61–63). ANCA are
found in 85% to 90% of patients with pauciimmune glomeru-
lonephritis and small-vessel vasculitis. There is an absence of
evidence for more clearly delineated pathogenetic mechanisms,
such as immune-complex disease or direct antibody attack–
mediated disease. ANCA titers tend to correlate with disease
activity in most but not all patients, yet the most convincing
human data come from patients who develop a drug-induced
ANCA-vasculitis. In some cases, cessation of the offending
agent is associated with remission of small-vessel vasculitis and
diminution of ANCA titers. Finally, there is a clear description
of trans-placental transfer of MPO-ANCA from a mother with
active MPA during pregnancy resulting in a pulmonary-renal
vasculitic syndrome in the newborn infant (64,65).

ANCA more than likely participate in the pathogenesis of
vasculitis by activation of primed leukocytes and monocytes in
the circulation and increasing their adherence or leukocytes ad-
herent to the vascular endothelium. A number of laboratories
have confirmed that ANCA induce neutrophil and monocyte
activation using various methods. These include analysis of
respiratory burst and degranulation and measurement of sev-
eral chemokines and cytokines (66–69). How these antibodies
bind to cognate antigens is likely a consequence of a number
of factors. It is possible that there is a genetic increase in the
expression of PR3 on the surface of neutrophils and monocytes
(70,71). Another possibility stems from the observations that
in patients with ANCA vasculitis, neutrophils and monocytes
have substantially increased expression of genes for MPO and
PR3. In fact, the expression of RNA from these cells was cor-
related with disease activity. Interestingly, while the MPO and
PR3 genes are on different chromosomes, message from both
of these genes was coordinately increased, suggesting a similar,
but unrecognized, transcription factor that may be regulating
the production of many granular constituents (72).

Once antigen is available for antibody binding, neutrophils
and monocytes are then activated by two coordinated and sep-
arate signal transduction pathways. In the past, controversy
abounded as to whether ANCA activation of neutrophils and
monocytes occurred by the Fc receptor alone or whether there
was F(ab′)2 stimulation (73). Human neutrophils constitutively
express receptors for IgG, including FcRIIa and FcRIIIb. The
former is a widely expressed receptor, whereas the latter is a
low-affinity receptor with expression that is restricted to neu-
trophils and eosinophils (74). Engagement of the Fc receptor
results in a number of neutrophil-activation events, including
respiratory burst, degranulation, phagocytosis, cytokine pro-
duction, and upregulation of adhesion molecules. Fc receptors
are thus likewise engaged in the activation of neutrophils and
monocytes by ANCA (75,76). Polymorphisms of the Fc re-
ceptors could play an important role in the development of
ANCA vasculitis. Whereas the FcRIIa single nucleotide poly-
morphisms do not appear to be important (77,78), some evi-
dence suggests that the FcRIIIb polymorphism may influence
disease severity (79,80). In addition to Fc receptor–induced
activation, there are substantial data that the F(ab′)2 portion
of the antibody molecule also plays a role in leukocyte activa-
tion. ANCA F(ab′)2 not only induce oxygen radical production
(73), but also induce the transcription of cytokine genes in nor-
mal human neutrophils and monocytes. Whereas some genes
are upregulated by both whole ANCA immunoglobulin and
ANCA F(ab′)2, other genes are upregulated by only one or the
other (81). It is most likely that F(ab′)2 portions of ANCA are
capable of low-level neutrophil and monocyte activation (73).
The Fc portion of the molecule almost certainly causes leuko-
cyte activation once the F(ab′)2 portion of the immunoglobulin

has interacted with the antigen, either on the cell surface or in
the microenvironment (75). Recently, the signal transduction
pathways of F(ab′)2 and Fc receptor activation have been nicely
elucidated. Both of these possible activation pathways appear
to activate a specific p21ras (Kristen-ras) through separate but
coordinated pathways (82). This is an important observation
in that it may provide a focus for a therapeutic target.

As described in several studies, once neutrophils and mono-
cytes are activated by ANCA, they interact with endothe-
lial cells causing damage to the endothelium (83–86). It has
been thought that it is possible that endothelial cells expressed
ANCA antigens, especially PR3, but this observation has been
excluded by a number of investigators. What has emerged,
however, is the possibility that, in addition to direct damage of
the endothelium by the respiratory burst properties of leuko-
cytes, ANCA antigens released from neutrophils and mono-
cytes enter endothelial cells and cause endothelial cell damage.
For example, PR3 released into the microenvironment enters
endothelium, resulting in IL-8 production (87) and chemoat-
tractant protein-1. PR3 is also capable of inducing apoptotic
events from both proteolytic and non-proteolytic mechanisms
(88,89). The internalization of PR3 into endothelial cells is re-
ceptor mediated (90–92).

Similarly, MPO has been shown to be internalized into en-
dothelial cells by an energy-dependent process (93), and to
transcytose intact endothelium to localize within the extracel-
lular matrix. There, in the presence of the substrates H2O2 and
NO2-, MPO catalyzes nitration of tyrosine residues on extra-
cellular matrix proteins (94), resulting in the fragmentation of
extracellular matrix protein (95).

There have been a number of in vitro models of ANCA
neutrophil and endothelial cell interaction using flow models
and intravital microscopy. With treatment using tumor necro-
sis factor (TNF), endothelial cells capture neutrophils from the
circulation. With the addition of ANCA over these rolling neu-
trophils, a more substantial adhesion of leukocytes to endothe-
lial cells and transmigration of leukocytes occur. This occurs
through a conformational change on CD11b that reveals an
activation epitope (86).

The Role of T Cells

It has long been known that there are circulating T cells in pa-
tients with ANCA small-vessel vasculitis that have a Th1-type
cytokine profile (96–101). Within tissues, Th-1 cytokine pro-
files have also been reported, especially in T cells from gran-
ulomatous tissue of patients with Wegener’s granulomatosis
(102). Very little is known, however, about T cells and ANCA
vasculitis since it has been difficult to demonstrate that circu-
lating T cells derived from affected patients are activated by the
ANCA target antigens. There is mounting evidence implicat-
ing T cells in the pathogenesis of ANCA glomerulonephritis.
T cells and monocytes are the predominant cell types in in-
flammatory vascular and perivascular lymphoid infiltrates in
ANCA glomerulonephritis (103). The predominance of IgG1
and IgG4 subclasses of ANCA denotes the effects of T-cell help
and IL-4 on isotype switching (104). Furthermore, in patients
with ANCA glomerulonephritis, the concentrations of soluble
IL-2 receptor, which is a marker of T-cell activation, correlate
well with disease activity (105).

In vitro analyses of peripheral blood T-cell proliferation
in response to MPO and PR3 yielded conflicting results. Re-
cent studies have shown little or no difference in T-cell reactiv-
ity to PR3 between patients with ANCA-disease and controls
(106,107). In the largest study looking at T-cell proliferative
responses in 45 patients at various stages of disease (with and
without treatment), PR3 responses were seen at all stages of
disease activity, and to a lesser degree in healthy controls (108).
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Interestingly, T cells from only two patients with PR3-ANCA,
and none of the controls, proliferated in response to MPO.

Analysis of the profile of cytokine secretion by T cells de-
rived from tissue with granulomatous inflammation (nasal mu-
cosa or bronchiolar lavage fluid. as well as from peripheral
blood T cells revealed a T-helper 1 (TH1) pattern of cytokines
(99,101). This is corroborated by the finding that T cells from
patients with Wegener’s granulomatosis have a decreased ex-
pression of CD28 as compared to healthy controls (102). CD28
costimulation promotes the production of TH2 cytokines (109).
Conversely, a recent study looking at the cytokine profile of T
cells from patients with ANCA disease in complete remission
and receiving no immunosuppressants revealed a Th2 cytokine
profile with elevated production of IL-6 and IL-10 and low pro-
duction of interferon gamma (IFN-γ ) (110). These differences
in the detected cytokine profiles could be due to the state of
disease activity.

Antiendothelial Cell Antibodies

Antiendothelial cell antibodies (AECA) have been recognized
for some time in several autoimmune diseases. AECA are
more common in vasculitides associated with SLE, rheuma-
toid arthritis, systemic sclerosis, and antiphospholipid-induced
vasculopathy (111,112). These antibodies recognize endothe-
lial cell antigens expressed on large arterial vessel endothelial
cells (Takayasu’s arteritis) and on microvascular cells from both
the arterial and the venous system. The precise nature of the
target antigen has still not been elucidated. However, it is rea-
sonable to presume that planted antigens complex with AECA
resulting in in situ immune complex formation. Such antigens
include DNA or DNA-histone complexes in SLE (113). Once
AECA react with the surface of the endothelium, they likely
induce a pathogenetic event by fixing complement.

When endothelial cells are cultured from a variety of tis-
sues, including those from the human kidney, liver, lung, and
nasal carriage, there is increased binding of AECA to unstim-
ulated cells and cytokine-treated lung endothelial cells when
compared to human umbilical vein endothelial cells or liver si-
nusoidal cells (114). These observations provide a newer con-
cept: that AECA are specific for certain endothelial cells in
target organ and may recruit leukocytes to their site of en-
gagement.

Role of Staphylococcus aureus
and Superantigens

Clinical studies reveal that 60% to 70% of patients with
Wegener’s granulomatosis have a chronic nasal carriage of
S. aureus (53) that is associated with an eightfold increased
rate of relapse (115). Importantly, in a placebo-controlled ran-
domized trial, patients with nasal carriage of S. aureus treated
with trimethoprim-sulfamethoxazole had a significantly lower
rate of relapse of the nasal or upper respiratory tract disease.
S. aureus superantigens are most likely implicated in dis-
ease activity. For instance, patients with superantigen-positive
S. aureus strains are more likely to have a relapse of disease than
carriers of superantigen-negative strains (116). The staphylo-
coccal acid phosphatase appears to bind to the endothelium as
a consequence of its cationic nature and is recognized by the
sera of patients with Wegener’s granulomatosis (116). In addi-
tion, Brown-Norway rats immunized with staphylococcal acid
phosphatase and then perfused with this same protein devel-
oped severe crescentic glomerulonephritis (117).

Environmental Factors (Including Infections)

The first report of ANCA was an association in eight pa-
tients with necrotizing glomerulonephritis and arbovirus in-
fection with the Ross River virus (55). Several animal models
suggest an association of arteritis and infection. For instance,
parvovirus B19 is associated with a vasculopathy not only in
humans, but also in the Aleutian mink (118). These animals
develop a chronic parvovirus illness that results in immune
complex–mediated vasculitis. There are several animal models
of infection-mediated vasculitis in which there may be direct
invasion of the vascular wall.

Environmental factors, particularly exposure to silica dust
and other silica-containing compounds, may increase the risk
of developing a number of different autoimmune diseases in-
cluding scleroderma, rheumatoid arthritis, systemic sclerosis,
SLE, and vasculitis (119). The early data were derived from
studies that primarily evaluated cohorts of workers in occu-
pations with high exposure to silica dust. This type of study
is not ideal for assessing rare outcomes, such as autoimmune
diseases. Case-control studies of specific autoimmune disorders
have offered more insight into diseases potentially associated
with silica dust exposure. Previous case-control studies have
shown an association between ANCA-associated diseases and
exposure to silica dust or other silica-containing compounds
(120–122) with odds ratios ranging from 4.4 to 14.0. More
recently, a case-control study reported an association between
primary systemic vasculitis and farming activities and expo-
sure to occupational solvents (the association with exposure
to silica could not be ascertained (123). In a study involv-
ing 129 patients with ANCA-vasculitis with glomerulonephri-
tis and 109 matched controls, only prolonged silica exposure
(>23 years) was statistically significantly more common among
patients than controls. There was no difference between the
two groups in exposure to silica of shorter duration (124). In
contrast, exposure to silica dust was not associated with the
development of lupus nephritis, which is in contrast to reports
from occupational cohorts (122,125,126).

Many drugs can induce vasculitis. In fact, 10% to 20% of
cutaneous reactions to drug exposure are vasculitic in nature.
A list of the most frequently implicated drugs includes anticon-
vulsants, antibiotics, penicillamine, hydralazine, nonsteroidal
antiinflammatory drugs, and propylthiouracil (127). One of
the drugs most commonly related to the development of anti-
MPO–induced disease is propylthiouracil (127).

Animal Models

There are now excellent animal models of ANCA-induced
small-vessel vasculitis. The most direct evidence of the
pathogenic role of anti-MPO antibodies stems from a model
of transfer of either splenocytes or anti-MPO antibodies into
Rag 2−/− mice (128). In this model, MPO knockout mice
(MPO−/−) were immunized with purified mouse MPO, and
developed mouse anti-mouse -MPO antibodies. When spleno-
cytes from these mice were transferred into Rag2−/− mice,
which lack functioning T and B cells, these animals developed
a systemic necrotizing vasculitis and severe necrotizing and
crescentic glomerulonephritis. When anti-MPO antibodies de-
rived from immunized MPO knockout mice were transferred
into Rag 2-/- mice, a pauciimmune necrotizing and crescen-
tic glomerulonephritis was induced. This disease process oc-
curred without antigen-driven T cells. Several follow-up studies
have now been performed using this mouse model. In partic-
ular, the disease process was aggravated by the administration
of lipopolysaccharide (LPS) into recipient mice by increasing
the percentage of glomeruli involved with necrotizing and
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FIGURE 68-10. Schematic of a mecha-
nism for the development of autoimmu-
nity (theory of autoantigen complemen-
tarity) as a consequence of an immune
response to a protein whose amino acid
sequence is complementary to a self pro-
tein.

crescentic glomerulonephritis when anti-MPO antibodies were
transferred into these mice (129). The role of neutrophils in this
response was highlighted by the abrogation of disease when
the neutrophils of anti-MPO recipient mice were depleted by
a selective anti-neutrophil monoclonal antibody (NIMP-R14)
(130).

The pathogenic role of anti-MPO antibodies is also docu-
mented in a second animal model (131). In this model, rats
immunized with human MPO developed anti-rat-MPO anti-
bodies. These animals then developed a necrotizing and cres-
centic glomerulonephritis, as well as pulmonary capillaritis.
Microscopy of superior mesenteric vessels demonstrated that
when a chemokine was applied to the vessel, the anti-MPO an-
tibodies induced adherence and margination of leukocytes to
the vessel wall. These two animal models document that anti-
MPO antibodies are capable of causing a necrotizing and cres-
centic glomerulonephritis and a widespread systemic vasculitis,
and also demonstrate that cytokines and chemokines exacer-
bate the injury in a manner that mimics the in vitro studies
of ANCA-induced leukocyte activation. A model of anti-PR3-
induced vascular injury was developed in which a perivascular
infiltrate was observed around cutaneous vessels in the set-
ting of anti-PR3 antibodies and cytokine exposure (62,132). In
summary, these animal studies document that both anti-MPO
and proteinase-3 antibodies are capable of causing disease.

Theory of Autoantigen Complementarity

For all autoimmune diseases, the critical question is, is the most
proximate cause of the formation of the autoantibody or the
abnormal T cell clone. There have been a number of theories
that may provide a basis for the alteration of self antigens, the
most plausible of which is known as the theory of molecular
mimicry (133–135). This theory suggests that there is an im-
mune response directed against a microbial antigen that mimics
the amino acid sequence or structure of a self protein. To date,
it has been difficult to demonstrate this theory in human au-
toimmune disease. A serendipitous finding in ANCA vasculitis
has spawned a theory of autoantigen complementarity. While

the details of this theory and the proof that it may pertain to
ANCA vasculitis is beyond the scope of this chapter, a brief de-
scription of this observation is germane for the understanding
of ANCA vasculitis (136,137) (Fig. 68-10).

It has been known for decades that proteins transcribed and
translated from the sense strand of DNA bind to proteins that
are transcribed and translated from the anti-sense strand of
DNA. Some patients with PR3 ANCA harbored antibodies to
an antigen complementary to the middle portion of PR3. These
anti-complementary PR3 antibodies formed an anti-idiotypic
pair with PR3-ANCA. Moreover, cloned complementary PR3
proteins bind to PR3 and function as a serine proteinase in-
hibitor. What is the source of the complementary PR3 antigen?
Preliminary data suggest that these proteins are found on a
variety of microbes, some of which have been associated with
ANCA vasculitis and also found in the genome of some patients
with both PR3- and MPO-ANCA (137). These studies need to
be confirmed and expanded to understand what the source
of the complementary PR3 antigen is in any given person,
and just as importantly, whether these complementary proteins
are capable of inducing disease. If these observations remain
true, they may provide a promising avenue for the detection of
the proximate cause of the autoimmune response in any given
person.

TREATMENT

The treatment of ANCA-associated small-vessel vasculitis and
glomerulonephritis rests primarily on the use of induction
methylprednisolone, high-dose corticosteroids, and cyclophos-
phamide. Considering the importance of the serum creatinine
concentration at the time treatment is initiated as a determinant
of long-term renal outcome (49), pulse methylprednisolone
(7 mg/kg per day for 3 days) is used to curb the active in-
flammation as soon as possible. This is followed by instituting
prednisone at a daily dosage of 1 mg/kg per day (not to ex-
ceed 80 mg per day for the first month of therapy) Corticos-
teroids are then tapered over the second month to an alternate-
day dosing schedule and subsequently decreased every week by
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10 to 20 mg per day until they are eventually discontinued by
the end of the fourth to fifth month. The rate of decrease in
corticosteroid dosing should be tailored based on an assess-
ment of each patient’s disease activity.

The beneficial role of cyclophosphamide in the treatment of
acute ANCA-associated small-vessel vasculitis is evidenced by
the substantial improvement in the rate of remission (56% to
85%) and a threefold decrease in the risk of relapse is associ-
ated with the use of this drug (138). Cyclophosphamide may
be administered as a daily oral regimen or as monthly intra-
venous pulses. When the intravenous route is used, it is usually
started at a dose of 0.5 g/m2 of body surface area, which is sub-
sequently increased to a maximal dosage of 1 g/m2. This dose is
adjusted to maintain the 2-week leukocyte nadir at more than
3,000/mm3. When the daily oral regimen is used, cyclophos-
phamide is given at a daily dosage of 1.5 to 2 mg/kg (139). To
prevent severe leukopenia, careful attention to the leukocyte
count must be maintained throughout this therapy. Cyclophos-
phamide is usually continued for a total of 6 to 12 months,
depending on the patient’s response to treatment. Whether one
form of cyclophosphamide therapy is superior to the other is a
subject of continued investigation. In general, the intravenous
regimen allows for a 2 to 3 times smaller total dose of cy-
clophosphamide than the oral regimen. In prospective and ret-
rospective analyses, intravenous therapy was associated with
a significant decrease in the rate of clinically significant neu-
tropenia and other complications. A regimen of daily oral cy-
clophosphamide may be associated with a decreased risk of
relapse (140). However, in a meta-analysis of three random-
ized controlled trials comparing pulse versus oral continuous
cyclophosphamide, pulse cyclophosphamide attained a statis-
tically higher rate of remission, and lower rates of leucopenia
and infections. Pulse cyclophosphamide was associated with
a higher rate of relapse which was not statistically significant
(141). The final outcomes of patients (death or end stage renal
disease [ESRD]) were no different in the two groups despite the
lower rate of relapse in the oral cyclophosphamide group (141).

Patients presenting with pulmonary hemorrhage also bene-
fit from the institution of plasmapheresis in a regimen similar to
that used for patients with Goodpasture’s disease. Although no
controlled data are available, early and aggressive institution of
plasmapheresis has in our experience substantially diminished
the mortality rate associated with massive pulmonary hemor-
rhage (142). Plasmapheresis is typically performed daily until
the pulmonary hemorrhage ceases and then every other day
for a total of seven to ten treatments. Plasma is replaced with a
solution of 5% albumin, but two units of fresh-frozen plasma
are administered at the end of the treatment to replace clotting
factors and minimize the risk of persistent or renewed bleed-
ing. On the basis of several relatively small studies, plasma-
pheresis does not seem to be of added benefit over the use of
corticosteroids and cyclophosphamide in patients without pul-
monary hemorrhage (143–145) or severe renal involvement.
In a randomized trial of plasma exchange versus methylpred-
nisolone as additional therapy in patients with severe ANCA
glomerulonephritis (creatinine >500 μmol/L or dialysis), the
of use plasma exchange was associated with a significant im-
provement in the recovery of renal function and dialysis-free
survival (146).

Once remission is attained, an alternative maintenance reg-
imen consists of switching cyclophosphamide to oral azathio-
prine at the end of 3 months. Azathioprine is then continued
for 12 to 24 months. This regimen offers the advantage of a
limited use of cyclophosphamide and results in similar rates
of remission and relapse as the cyclophosphamide-only–based
therapies (147).

Patients suffering primarily from mild ANCA-associated
small-vessel vasculitis without renal involvement may bene-

fit from the use of methotrexate in lieu of cyclophosphamide.
In an uncontrolled study, methotrexate afforded rates of re-
mission comparable to those published for cyclophosphamide
(148). An open-label study suggests that methotrexate could
be used for maintenance therapy after the induction of re-
mission with cyclophosphamide and corticosteroids (149), but
may be associated with a relatively high rate of relapse. In
a randomized controlled trial of induction therapy among
patients with “early” ANCA-associated vasculitis comparing
weekly methotrexate (15 mg/week escalating to a maximum
of 20 to 25 mg/week by 12 weeks) to daily oral cyclophos-
phamide (2 mg/kg/day to a maximum of 150 mg/day), the
rate of remission at 6 months was comparable among the
two treatment groups (89.8% for methotrexate vs. 93.5% for
cyclophosphamide, p = 0.041). However, the onset of remis-
sion in methotrexate-treated patients with relatively extensive
disease or pulmonary involvement was delayed. Methotrex-
ate was associated with a significantly higher rate of relapse
than cyclophosphamide (69.5% vs. 46.5%), and 45% of re-
lapses occurred while patients were receiving methotrexate
(150). Importantly, patients enrolled in this trial did not have
organ- or life-threatening manifestations, or significant renal
involvement. The dose of methotrexate must be reduced in
patients whose creatinine clearance is less than 80 ml/min,
and its use is contraindicated when creatinine clearances are
less than 10 ml/min. Most experience of methotrexate in We-
gener’s granulomatosis has involved patients with no renal in-
volvement or with glomerulonephritis and near-normal renal
function.

With the use of an alkylating agent, the rate of remission is
on the order of 70% to 85%. Patients who require dialysis at
the time of diagnosis have a decreased probability of recovering
sufficient renal function to discontinue dialysis (about 50%).
Patients that do recover sufficient renal function, do so within
the first 3 months of treatment. For that reason, and in the ab-
sence of active extrarenal vasculitis, immunosuppression may
be stopped after 3 months if no signs of renal recovery have
occurred.

Relapse of ANCA-associated small-vessel vasculitis occurs
in about 30% of patients (138). In our experience, 80% of
relapses occur in the first 18 months after immunosuppressive
therapy is discontinued. Other authors did not detect such a
clustering of relapses in the early months after discontinuing
therapy (151). Recurrent disease may resemble clinically the
initial presentation but is sometimes associated with new organ
involvement.

The risk of relapse is not uniform among patients with
ANCA-associated vasculitis. Multivariate analysis of 258 pa-
tients with the disease who were treated and attained remission
showed that presence of PR3-ANCA antibody and involvement
of the lungs and upper respiratory tract were independent risk
factors for relapse. Of the patients who presented none of these
risk factors, 26% relapsed in a median of 62 months (median
among those who relapsed was 20 months). In contrast, 47%
of the patients who presented with a single risk factor expe-
rienced a risk for relapse (95% CI 1.1-3.9, p = 0.038). Of
patients presenting with all three risk factors, 73% relapsed
in a median of 17 months (median among those who relapsed
was 15 months), corresponding to a 3.7-times increased risk of
relapse (95% CI 1.4-9.7, p = 0.007) compared to those with
no risk factors (152).

Whether ANCA titers are predictive of a relapse is a matter
of controversy. To determine the occurrence of a relapse, serial
measurements of ANCA titers should be interpreted only in
the context of the clinical history and physical and laboratory
examination of the patient. Recurrent glomerulonephritis is
usually indicated by the recurrence or worsening of hematuria
with an increase in serum creatinine. An increase in proteinuria
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alone or the gradual increase in serum creatinine without hema-
turia may be the result of progressive chronic scarring, rather
than recurrent active inflammation. Repeated renal biopsy is
sometimes indicated to best differentiate between recurrent dis-
ease and progressive scarring and to avoid unnecessary im-
munosuppression in the latter case.

Whether ANCA titers are clinically useful in ascertaining the
occurrence of relapse or of predicting its occurrence in the fu-
ture remains a subject of investigation. Although ANCA titers
correlate with disease activity when a group of patients are
considered, the ANCA titer may not correlate in an individual
patient. Some patients maintain a high titer level despite clini-
cal remission, whereas others exhibit clinical evidence of active
vasculitis in the absence of a rise in titer. ANCA titers are best
used in serial measurements and interpreted in consideration
with each patient’s pattern.

Several studies have addressed whether ANCA could reli-
ably predict the future occurrence of a relapse (153). Although
a rise in ANCA titer tends to predict recurrent disease, the re-
lapse may not occur for several months. In a study by Cohen
Tervaert et al., one-third of patients with a rise in titer did not
experience clinical signs of relapse even after 18 months (154).
In this context, and considering the toxicities of immunosup-
pression, the prophylactic use of high-dose corticosteroids or
cyclophosphamide to prevent relapse would needlessly expose
many patients to their toxic side effects. If alternative, less-toxic
therapies are shown to be effective in the treatment of ANCA
vasculitis, the risk–benefit ratio may make such a preemptive or
prophylactic approach more appealing. To date, the evidence
does not support the use of preemptive immunosuppressive

therapy to prevent a relapse in patients with an increase in
ANCA titer.

Relapsing ANCA-associated vasculitis responds to im-
munosuppression with corticosteroids and cytotoxic agents
with a similar response rate as the initial disease. The deci-
sion regarding the repeated use of pulse methylprednisolone
can be based on the total amount of corticosteroid that has
been administered to the patient over the course of the disease,
as well as the severity of the relapse. Patients with a history
of relapsing disease pose a particular challenge because they
are particularly subject to the cumulative toxic effects of cyto-
toxic agents and corticosteroids. Some may require the use of
long-term “maintenance” immunosuppressive therapy with ei-
ther low-dose prednisone or azathioprine. Although the use
of trimethoprim-sulfamethoxazole or cotrimoxazole is ben-
eficial in the prevention of relapses involving the nose and
upper respiratory tract, no benefit is seen in disease affect-
ing the kidneys or other organ systems (52). The concomi-
tant use of trimethoprim-sulfamethoxazole and methotrexate
is contraindicated because it may result in severe bone marrow
toxicity.

In an effort to limit the exposure to cytotoxic agents, a num-
ber of immunomodulatory drugs and antibodies are being eval-
uated for the treatment of patients with recurrent vasculitis.
The various studies can conceptually be divided into two cat-
egories: studies aimed at treating patients who are resistant to
conventional treatment with cyclophosphamide and corticos-
teroids, and studies aimed at the prevention of relapse. Table
68-9 summarizes various “novel” therapies that have been or
are being evaluated. The efficacy of any such agents is currently

TA B L E 6 8 - 9

A SUMMARY OF VARIOUS “NOVEL” THERAPIES THAT HAVE BEEN OR ARE BEING EVALUATED IN THE
TREATMENT OF ANCA-ASSOCIATED SMALL-VESSEL VASCULITIS AND GLOMERULONEPHRITIS

Therapy Possible role References

Plasmapheresis Adjunctive therapy in patients with
pulmonary hemorrhage or advanced renal
disease

Gaskin 2001(266); Frasca 1992,
1993(267,268); Pusey 1991(145);
Zauner 2002(269); Klemmer
2003(142); Cole 1992(144)

Intravenous Immunoglobulin Adjunctive therapy in patients with persistent
disease on standard therapy

Jayne et al. (155)

Methotrexate Alternative to cyclophosphamide in patients
with ‘early disease’ and without significant
renal or pulmonary disease.

Sneller 1995(148); Langford
2000(270); DeGroot 2005(150)

Prevention of relapse? Isaacs 1996(161), Booth 2002(167),
Stegeman 1997(271)

Azathioprine Prevention of relapse? Jayne 2003(147)
Mycophenolate mofetil Prevention of relapse? Nowack 1999(170); Langford

2004(272)
Leflunomide Prevention of relapse? Metzler 2004(273).
Rituximab Adjunctive therapy for cyclophosphamide-

resistant or relapsing patients?
Specks 2001(274), Keogh 2005(156);

Eriksson 2005(157)
Infliximab Adjunctive therapy for cyclophosphamide-

resistant or relapsing patients?
Lamprecht 2002(164); Bartolucci

2002(165); Booth 2004(166);
D’Haens 1999(275)

Alemtuzumab Adjunctive therapy for
cyclophosphamide-resistant or relapsing
patients?

Kirk 2003(160)

Etanercept Shown NOT to be efficacious in the
prevention of relapse

WGET(276)

Trimethoprim-sulfamethoxazole Prevention of relapses that affect the upper
respiratory tract.

DeRemee 1985(277),
Reinhold-Keller 1996(278);
Stegeman 1996(53)
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not established, and they should not be considered as first-line
therapies.

Potential Adjunctive Treatment for Patients
with Resistant Disease or Contraindications

to Conventional Therapy

Several agents have been evaluated as adjunctive therapy for
patients with resistant forms of ANCA vasculitis. Adjunctive
therapy with intravenous immunoglobulin (IVIg) (single course
of a total of 2 gm/kg) was evaluated in a randomized controlled
trial in patients with persistently active ANCA vasculitis despite
conventional therapy. Patients treated with IVIg experienced a
more rapid decline in disease activity (as measured by a 50%
reduction in Birmingham Vasculitis Activity Score [BVAS]) and
C-reactive protein at 1 and 3 months, but there was no signif-
icant difference between the two groups after 3 months with
respect to disease activity or frequency of relapse (155).

Rituximab, a chimeric monoclonal antibody directed
against the CD20 antigen, effectively depletes B lymphocytes,
but not plasma cells. Preliminary evidence indicates that ritux-
imab may have a role in the management of ANCA-associated
vasculitis that is resistant to or relapsing after standard therapy
based on small, uncontrolled case series (156–158). In these
studies, the use of rituximab (375mg/m2 IV weekly × 4 or
500 mg IV weekly × 4 fixed doses) in conjunction with cor-
ticosteroids, resulted in remission in the majority of patients
and was generally well tolerated. In contrast, in a fourth open
label study of 8 patients with severe, refractory Wegener’s gran-
ulomatosis, the addition of rituximab (375mg/m2 every four
weeks × 4 doses) to cyclophosphamide, mycophenolate mofetil
or methotrexate was associated with limited benefit (159). The
use of rituximab as induction therapy is currently compared
to cyclophosphamide in an ongoing multicenter, randomized
controlled trial.

Alemtuzumab (Campath-1H) is a humanized monoclonal
IgG1 antibody directed against the CD52 antigen expressed
on the surface of peripheral blood lymphocytes, monocytes
and macrophages (160). Treatment with alemtuzumab results
in complement-mediated lysis, antibody-dependent cellular cy-
totoxicity and induction of apoptosis of target cells and re-
sults in depletion of T cells and B cells (161). Alemtuzumab
has been used to treat a select group of patients with refrac-
tory or relapsing autoimmune diseases, including 70 patients
with ANCA-associated vasculitis (162). These patients received
at least one course of 135 mg intravenous alemtuzumab over
5 days. Remission was achieved by 83% of surviving patients.
Unfortunately, this treatment regimen was associated with high
rates of serious infections and death (18% at 1 year) and a 43%
rate of relapse.

Similarly, the chimeric monoclonal antibody directed
against TNF-α (163) Infliximab was been evaluated in four
open-label uncontrolled trials of small numbers of patients
(164–167). In these studies, the treatment regimen included
infliximab plus corticosteroids, and either cyclophosphamide
or other immunosuppressive agents. In the largest of these
trials, which included 32 patients with acute or resistant dis-
ease, infliximab was associated with a remission rate of 88%
and a relapse rate of 20% (166). These promising results are
mitigated, however, by an elevated rate of serious infectious
complications.

The immunosuppressant, 15-Deoxyspergualin, used in
Japan for the treatment of steroid-resistant renal transplant
rejection, was also evaluated for the treatment of refractory
Wegener’s granulomatosis in a small uncontrolled trial (168).

Potential Agents for the Prevention of Relapse

Preliminary small-scale pilot studies suggest that mycopheno-
late mofetil may have a role in the treatment of mild or moder-
ate ANCA-associated small-vessel vasculitis (169) or as “main-
tenance” therapy to prevent relapse (170). Currently there are
not sufficient data to support its use in the treatment of life- or
organ-threatening disease or as a first-line drug. The efficacy
and safety of the TNF receptor–Fc fusion protein etanercept
(171) in the treatment of patients with ANCA-associated vas-
culitis was compared in a controlled trial to that of the tradi-
tional regimen of daily oral cyclophosphamide or methotrex-
ate and corticosteroids. Although the rate of remission was
comparable in the two treatment groups, patients treated with
etanercept had a higher rate of solid tumors (172).

RENAL TRANSPLANTATION

Renal transplantation has been recognized as an option of re-
nal replacement therapy in patients with ANCA-associated
Wegener’s granulomatosis, MPA, or necrotizing crescentic
glomerulonephritis. Successful renal transplantation in patients
with ANCA-associated small-vessel vasculitis has been re-
ported in patients who were in full remission and with negative
ANCA test results, in patients with positive ANCA test results
(173–175), and even in patients with evidence of active vas-
culitis at the time of transplantation (176). Recurrent disease
after transplantation has also been described as occurring as
early as a few days posttransplantation (177) and as late as
several years posttransplantation (178). Just as with the initial
ANCA-associated small-vessel vasculitis, reported recurrences
after transplantation involve a spectrum of various organs and
are not limited to the transplanted kidney (179).

Based on a pooled analysis (180), ANCA-associated small-
vessel vasculitis recurs in about 19% of all patients, with an
average time from transplantation to relapse of 31 months.
The presence of ANCA at transplantation does not appear
to increase the rate of relapse posttransplantation. Therapy
with cyclosporine does not appear to have a significant protec-
tive effect on recurrent ANCA-associated small-vessel vasculitis
over that afforded by other immunosuppressant regimens (cor-
ticosteroids and azathioprine). The evaluation of the role of
mycophenolate mofetil in the treatment of ANCA-associated
vasculitis is in its infancy, and it remains to be seen whether
this drug will reduce the incidence of recurrent disease post-
transplantation. Patients with Wegener’s granulomatosis had a
relative risk of relapse of 2.75 when compared with patients
with MPA or necrotizing crescentic glomerulonephritis alone.
Conversely, ANCA pattern (c-ANCA or p-ANCA) or antigen
specificity (PR3 or MPO) was not associated with differences
in relapse rate posttransplantation.

A review of the reports of recurrent ANCA-associated small-
vessel vasculitis posttransplantation reveal a good response to
cyclophosphamide in the treatment of relapsing disease, al-
though recurrent disease can lead to graft loss and even patient
death (181).

In summary, renal transplantation is a beneficial option
in the management of patients with ANCA-associated small-
vessel vasculitis and end-stage renal disease. Although the pres-
ence of circulating ANCA is not a sufficient contraindication
to transplantation, it is current practice not to perform trans-
plantation in patients with active vasculitis, but to delay surgery
until the disease is in remission. No data are currently available
about the need to wait a certain period of time after remission
is attained and before proceeding to transplantation.
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POLYARTERITIS NODOSA

Clinical Features

Patients with polyarteritis nodosa typically have constitutional
symptoms, including fever and weight loss. The presence of
mononeuritis multiplex, myalgias, and arthralgias, as well as
nodular skin lesions in half of patients, characterize the disease.
Vasculitis of the coronary arteries may lead to cardiac symp-
toms. The renal disease seen in polyarteritis nodosa is primarily
related to vasculitis of the renal arteries resulting in renovas-
cular hypertension and/or renal parenchymal infarction. Pa-
tients with polyarteritis nodosa do not have evidence of small-
vessel vasculitis, glomerulonephritis, or pulmonary capillaritis.
In fact, the lung is rarely injured in polyarteritis nodosa, in con-
trast to the frequency of pulmonary disease in patients with
Wegener’s syndrome, MPA, or CSS (182). Although not distin-
guishing features, gastrointestinal complaints and peripheral
neuropathy are more common among patients with polyarteri-
tis nodosa than patients with MPA (182). The prognosis of
polyarteritis is really a reflection of the involvement of kid-
neys, heart, central nervous system, or gastrointestinal tract
(183,184).

Pathogenesis

The etiology of polyarteritis nodosa remains unclear, and most
cases of polyarteritis nodosa are probably idiopathic. An asso-
ciation between polyarteritis nodosa and hepatitis B infection
is evident by the fact that patients with hepatitis B antigenemia
are at greater risk of developing polyarteritis nodosa. How-
ever, the incidence of polyarteritis nodosa among these patients
varies in different populations worldwide (185–187). A role
for hepatitis B antigenemia in the pathogenesis of polyarteritis
nodosa is further suggested by reports of vasculitis after hepati-
tis B vaccination (188). Furthermore, treatment with antiviral
agents and plasma exchange has led to resolution of the vas-
culitis in patients whose serology converts from being positive
for the HBe or HBs antigens to the corresponding antibodies
(189,190).

Polyarteritis nodosa has been associated with a number of
cancers, especially hairy cell leukemia (191–194). Treatment
of hairy cell leukemia with interferon-alpha (INF-α) may be
associated with resolution of polyarteritis nodosa (195). As
opposed to patients with small-vessel vasculitis, patients with
polyarteritis nodosa are ANCA-negative (182).

Renal Manifestations

Both polyarteritis nodosa and Kawasaki’s disease are medium-
sized vessel vasculitides that affect the kidney. These arteri-
tides result in necrotizing lesions in the major renal arteries
and aneurysm formation with thrombosis and renal infarction.
The aneurysms are not true aneurysms but pseudoaneurysms.
The arteritis of Kawasaki’s disease most commonly involves the
coronary arteries, but in at least 25% of patients the lesions
also involve the kidney. Kawasaki’s disease is distinguished
from polyarteritis nodosa by the pathognomonic sine qua non
feature of mucocutaneous lymph node syndrome. Renal arte-
rial involvement by polyarteritis nodosa, including interlobar
and arcuate arteries, results in renal ischemia, infarction, and
hemorrhage. One of the most painful and catastrophic conse-
quence of this disease is rupture of an arterial pseudoaneurysm
that causes retroperitoneal and sometimes intraperitoneal
hemorrhage.

Treatment

The treatment of classic polyarteritis nodosa has been based
on the use of high-dose corticosteroids with the addition, in
moderate to severe or organ-threatening cases, of cyclophos-
phamide. Unfortunately, most studies pertinent to the treat-
ment of polyarteritis nodosa antedate the 1994 Chapel Hill
consensus conference, which classified MPA among the small-
vessel vasculitides separate from classic polyarteritis nodosa.
Consequently, most of the older studies and reports include a
substantial number of patients who would now be diagnosed
with MPA and not classic polyarteritis nodosa. As a result of
the consensus conference, the incidence of classic polyarteri-
tis nodosa involving medium-sized vessels alone and without
evidence for glomerulonephritis is very low and is not readily
amenable to large-scale evaluation of various therapies. The
problem is compounded by the relatively recent recognition of
the association of polyarteritis nodosa with hepatitis B virus
(HBV) infection in a subset of patients with polyarteritis no-
dosa that varies from 10% to 50%, depending on the popula-
tion studied.

In the absence of HBV infection, the mainstay of treatment
of classic polyarteritis nodosa continues to rest on the use of
high doses of corticosteroids. Typically, prednisone is initiated
at a dosage of 1 mg/kg per day for the first month. Over
the course of the second month, the dosage is tapered to an
alternate-day regimen so that the patient is receiving 1 mg/kg
every other day by the end of the second month. It is subse-
quently tapered slowly by 5 mg per day weekly as tolerated. The
addition of an alkylating agent such as cyclophosphamide in
the treatment of polyarteritis nodosa is not as well established
as in the treatment of MPA or Wegener’s granulomatosis, al-
though some studies report improved patient survival when im-
munosuppressive drugs were added (196). In another study, the
addition of cyclophosphamide to corticosteroids and plasma
exchange led to decreased relapse in the cyclophosphamide-
treated group, but no improvement in the 10-year survival rate
(197). The beneficial effects of cyclophosphamide were also
demonstrated when this drug was added to the corticosteroid
regimen of patients who failed to respond to corticosteroids
alone (198). No randomized study exists to critically assess the
value of a daily oral regimen of cyclophosphamide compared
with pulse cyclophosphamide in the outcome of patients with
classic polyarteritis nodosa. Plasma exchange does not seem to
improve the outcome, decrease relapse, or improve long-term
survival of patients with polyarteritis nodosa not associated
with HBV (199).

In current practice, cyclophosphamide should be reserved
for patients with severe or organ-threatening disease, patients
with disease that fails to respond to treatment with corticos-
teroids alone, patients who require unacceptably high doses of
corticosteroids, or patients who are intolerant to corticosteroid
side effects (200). Although azathioprine has been used in the
treatment of classic polyarteritis nodosa, this agent is better re-
served for maintenance therapy or as a steroid-sparing agent.
The successful use of infliximab in PAN resistant to “conven-
tional therapy” has been reported in a small number of cases
(201,202).

In the setting of HBV-associated polyarteritis nodosa, treat-
ment with immunosuppression consisting of corticosteroids
with or without cyclophosphamide is thought to be deleteri-
ous because it facilitates viral replication, delays the develop-
ment of protective anti–hepatitis B antibodies, and may lead
to an aggravation of hepatic involvement (203). For this rea-
son, it has been advocated that only a short course of corti-
costeroids (1 mg/kg per day) be used for 1 week, followed by
a rapid taper over the following week. The prompt institution
of antiviral therapy may ameliorate the vascular inflammation.
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Treatment with plasma exchange has been advocated to clear
circulating immune complexes thought to be important in the
pathogenesis of this disease (204), although no controlled trial
has critically assessed the need for plasmapheresis. The antivi-
ral agents used have included vidarabine, INF-α-2b, or more
recently combination therapy of INF-α-2b in addition to
lamivudine (205) or famciclovir (190). No large-scale trials of
antiviral therapy are available to critically assess the efficacy
of these combinations in patients with HBV-related polyarteri-
tis nodosa. Current work in the treatment of chronic HBV
is focusing on the use of INF-α-2b, modified purine analogs
such as famciclovir or l-stereoisomers of pyrimidine deriva-
tives such as lamivudine (206). In an uncontrolled study, the
combination of a short course of corticosteroids followed by a
6-month course of lamivudine and scheduled plasma exchange
(until hepatitis B antigen or anti-HBe antibody seroconversion)
resulted in a clinical remission of the vasculitis (207). In a re-
cent retrospective analysis of 115 patients with HBV-associated
polyarteritis nodosa (according to the Chapel Hill nomencla-
ture) followed by the French Vasculitis Study Group between
1972 and 2002, the overall remission rate was 80.9% with a
subsequent overall 9.7% relapse rate (208). The rates of re-
lapse or death were not significantly different among patients
treated with antiviral agents (vidarabine, INF-α, or lamivu-
dine) (n = 80) when compared to patients treated with corticos-
teroids alone, or with cyclophosphamide, or plasma exchanges
(n = 35) (5% vs. 14.3% relapse; and 30% vs. 48.6% death,
respectively). However, the use of antiviral agents has led to
a significantly higher rate of seroconversions from HBeAg to
anti-HBeAb (49.4% vs. 14.7%; p <0.001). Such seroconver-
sion was associated with a clinical remission and absence of
relapse.

Outcome

Most studies examining patient outcome and predictors of pa-
tient survival in polyarteritis nodosa antedate the Chapel Hill
consensus conference of 1994. These studies are based on co-
horts of patients that include those with MPA, CSS, and hep-
atitis B–associated classic polyarteritis nodosa. Earlier studies
report a 5-year survival rate of approximately 55% in patients
primarily treated with corticosteroids alone (209). The addi-
tion of cyclophosphamide or immunosuppressive therapy to
glucocorticoids seems to have improved the 5-year survival
rate to about 80%. Patients with bowel infarction, serious
gastrointestinal bleeding, or renal insufficiency had particu-
larly poor prognosis. In a more recent prospective study in-
cluding 342 patients, of whom 119 had classic polyarteri-
tis nodosa without HBV (89 patients with HBV, 52 patients
with MPA, 82 patients with CSS) (183), proteinuria of 10 g
per day, renal insufficiency, and gastrointestinal tract in-
volvement were the major prognostic markers for a worse
outcome.

BEHÇET’S DISEASE

Behçet’s disease is a systemic vasculitic syndrome classically
characterized by a triad of recurrent oral ulcerations, genital ul-
cerations, and ocular lesions usually consisting of uveitis, iritis,
or retinal vasculitis. Behçet’s disease can present with protean
manifestations with multiple organ involvement, either con-
comitantly or consecutively. Other organ system involvement
includes the skin, musculoskeletal system with arthralgias and
myalgias, central nervous system, and lungs, and gastrointesti-
nal, cardiac, and genitourinary systems. Vascular involvement
may affect large blood vessels, capillaries, venules, and veins.
The diagnosis of Behçet’s disease is based on an established set

of criteria (210). The criteria include the presence of oral ul-
cerations, and two or more of the following: recurrent genital
ulcerations, eye lesions, skin lesions, and positive pathergy test
results. The latter test represents a nonspecific skin hyperreac-
tivity induced by intradermal needle prick (211).

Epidemiology

Although Behçet’s disease has been reported worldwide, the
highest incidence of disease appears to be in Japan, the Mid-
dle East, and around the Mediterranean basin. The incidence
ranges from 1 to 2 per 10,000 in Japan and Saudi Arabia to
as low as 0.3 per 100,000 in Northern Europe. The peak age
of onset is within the third decade, and there is a male prepon-
derance in most published case series. Men are also reported
to have more severe disease than women.

Pathogenesis

The etiology of Behçet’s disease remains unknown. Associa-
tions with infectious agents such as herpes simplex virus I,
Streptococcus sanguis, parvovirus B19, and Mycobacterium
tuberculosis have been hypothesized and evaluated to various
degrees. However, no direct link has been convincingly estab-
lished. Human leukocyte antigen (HLA) typing reveals a close
association between Behçet’s disease and HLA-B51 (especially
the allelic variants HLA-B*5101) (212) and HLA-B*5108 and
HLA-B*57 among Caucasians (213). Other studies point to
an association with a microsatellite located between the HLA-
B locus and the TNF gene rather than an association with the
HLA-B*51 gene itself (214). Therefore, the TNF promoter al-
lele TNF-1031 was found to be independently associated with
susceptibility to Behçet’s disease among Caucasians (213). The
presence of antibodies to a number of autoantigens such as
alpha-tropomyosin (215) has been described. The role of such
autoantibodies in the pathogenesis of the disease is unclear.
Similarly, T cells are likely involved in the pathogenesis of
Behçet’s disease as evidenced by an increase in γ δT cells (216),
a predominance of Th1 cell phenotype (217) and autoreactive
T cells (218).

Renal Involvement

Renal involvement in Behçet’s disease appears to be more fre-
quent than previously recognized. The spectrum of involve-
ment ranges from subtle urinary abnormalities to end-stage re-
nal disease and can conceptually be divided into five categories:
(i) glomerulonephritis, (ii) amyloidosis, (iii) renal vascular in-
volvement, (iv) interstitial nephritis, and (v) other problems,
such as complications of drug therapy or genitourinary system
abnormalities (219). The nephrotic syndrome and renal failure
occurring in the setting of Behçet’s disease can be associated
with the presence of AA amyloidosis more typically found in
patients with long-standing disease (220). Based on an exten-
sive review of the published case reports (totaling 159 patients),
amyloidosis was the most commonly reported lesion (43%
of cases), whereas glomerulonephritis accounted for 32% of
cases (219). Although an early study reported the presence of
hematuria, proteinuria, or both in about one-third of patients
(221), a recent extensive retrospective review of more than
4200 cases identified such urinary abnormalities in about 11%
of patients tested and documented glomerulonephritis in only 7
(0.16%) patients (222). The pathologic lesions associated with
Behçet’s disease include focal and diffuse proliferative glomeru-
lonephritis, membranoproliferative glomerulonephritis, focal
segmental necrotizing glomerulonephritis with crescents, and
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minimal change disease. In Benekli’s review, predominant IgA
deposits are reported in 11 of 40 cases of glomerulonephritis
associated with Behçet’s disease. The report of several cases of
focal segmental necrotizing and crescentic glomerulonephritis
(223,224) in the absence of immune complex deposition raises
the question of an association with ANCA. The presence of
such autoantibodies has been reported in rare cases (225), but
not in systematic screening of patients with Behçet’s disease
(226).

Treatment

A number of immunomodulatory and immunosuppressant
agents are used in the treatment of Behçet’s disease. These in-
clude corticosteroids, calcineurin inhibitor, azathioprine, and
interferon-alpha (227,228). More recently the use of agents
that block the TNF pathway has also been reported (229). Be-
cause of the rarity of glomerular involvement in Behçet’s dis-
ease, no definitive data for treatment are available. The use
of corticosteroids has been reported with variable outcomes.
In cases of Behçet’s disease with severe vasculitic disease or
glomerulonephritis, the use of corticosteroids and immunosup-
pressive therapy with azathioprine or cyclophosphamide may
be justified.

TAKAYASU’S ARTERITIS AND
TEMPORAL (GIANT CELL)

ARTERITIS

Aortitis is a common feature of Takayasu’s and giant cell arteri-
tis but is also associated with other vasculitides such as syphilis,
tuberculosis, mycosis, Behçet’s disease, and Kawasaki’s disease.
The most commonly involved vessels are the subclavian arteries
in more than 90% of patients. Diagnostic differentiation be-
tween Takayasu’s and giant cell arteritis is largely based on age,
with patients younger than 40 years having Takayasu’s arteri-
tis and those older than 50 having giant cell arteritis. Aortic
aneurysm rupture represents a morbid complication of giant
cell arteritis. Aortitis may result in ischemic symptoms or in-
farction of the area supplied by the involved vessel. Asymp-
tomatic aortitis may be a more common phenomenon than
previously thought (230).

Laboratory Findings

Laboratory findings in large-vessel vasculitis include a mild
anemia, elevated levels of C-reactive protein, elevated ery-
throcyte sedimentation rate, and a generalized elevation in
γ -globulin levels. Other serologic study results, including those
from tests for lupus and infections, are typically negative.
Patients typically present with only mild proteinuria and hema-
turia. The most common presentation is associated with hyper-
tension and renal insufficiency, whereas renal failure is uncom-
mon.

Pathogenesis

The pathogenesis of giant cell and Takayasu’s arteritis is not
known. However, there are several tantalizing clues that infec-
tious agents may play a role in these diseases. In animals, there
is evidence that gamma herpes virus 68 causes arteritis in mice
lacking the interferon-γ receptor. In humans, an association
exists between giant cell arteritis and parvovirus B19 infection
(231). However a recent study using polymerase chain reaction

(PCR) and immunohistochemistry techniques on 147 temporal
artery biopsies found no evidence of parvovirus B19 DNA in
the arteries of patients with giant cell arteritis (232). A cyclic
occurrence of disease, with a peak incidence occurring every
5 to 7 years, suggests an infectious cycle. Certain genetic factors
are associated with the development of giant cell arteritis. This
form of vasculitis is more common in individuals of Northern
European descent living in Europe or the United States (233),
and there is clustering of cases among families (234). The devel-
opment of giant cell arteritis also correlates with the expression
of HLA-DR4, which is also found in high frequency among pa-
tients with polymyalgia rheumatica (235).

Giant cell arteritis may be a consequence of either or both
the humoral and cellular immune responses. The clinical and
experimental findings suggest that a cell-mediated process is
most likely (236). Most inflammatory cells that invade the
vessel walls are CD4-positive T cells. Elevated levels of IL-6
correlate with the severity of the disease and decrease quite
rapidly when glucocorticoids are administered (237). Levels
of several other cytokines and chemokines are similarly ele-
vated. It is hypothesized that activated monocytes infiltrate the
adventitia of large vessel walls via the vasa vasorum and be-
come macrophages that then produce interferon-γ and recruit
additional leukocytes, including macrophages. Unfortunately,
the antigen responsible for these interactions has yet to be
elucidated.

Renal Involvement

Renal involvement in Takayasu’s arteritis and giant cell arteri-
tis is usually a consequence of inflammation and scarring of
the aorta adjacent to the orifice of the renal artery, leading to
stenosis of the renal artery and ischemic renal failure. One of
the most common clinical presentations of this phenomenon is
renovascular hypertension affecting more than 50% of patients
with Takayasu’s arteritis (238). In Japan, Takayasu’s arteritis
is an important cause of hypertension in adolescents.

Glomerular lesions and necrosis occurs in patients with
large-vessel vasculitis, but this may be an overlap of a small-
vessel vasculitis. Several cases of glomerulonephritis in the set-
ting of Takayasu’s arteritis have been reported in the literature.
The renal pathology in these cases varies from case to case,
including focal segmental sclerosis (239), mesangial prolifera-
tion (240), membranoproliferative lesions (241), and crescentic
lesions (242).

Treatment

The cornerstone of treatment of giant cell arteritis is based on
the use of high-dose corticosteroids. Several guidelines or rec-
ommendations have been published. Typically, prednisone is
started at 1 to 1.5 mg/kg per day, until the erythrocyte sedi-
mentation rate is normal and the patient is asymptomatic. Ini-
tial treatment on an alternate-day basis is ineffective in the
treatment of giant cell arteritis. When compared with patients
receiving daily corticosteroids, only 30% (versus 85%) of pa-
tients treated with an alternate-day dosing enter an early re-
mission, and 75% (versus 15%) experience a flare of disease
activity (243). Intravenous pulses of methylprednisolone (1 g
per day for 3 to 5 days) is recommended for patients with severe
visual loss, because this treatment seems to prevent additional
visual loss or fellow-eye involvement after initiation of corticos-
teroids (244). The initiation of corticosteroids within 2 weeks
before a temporal artery biopsy does not change the charac-
teristic pathologic findings (245,246). A delay in treatment to
obtain a temporal artery biopsy is therefore not warranted.
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Once a clinical remission is attained, a subsequent slow ta-
per of corticosteroids is undertaken by decreasing the dose by
10% every 2 weeks to a dose of 10 mg per day, then by 1 mg
per day. Other similar tapering protocols have been suggested,
but no critical assessment of these recommendations is avail-
able. A switch to an alternate-day regimen may be similarly
efficacious and perhaps less toxic (247). Symptoms usually re-
solve within 2 to 3 days and the erythrocyte sedimentation rate
usually normalizes within 4 to 6 weeks. Most patients with gi-
ant cell arteritis require 2 years of corticosteroids, and a few
remain on a low-dose regimen indefinitely. Patients who con-
tinue to require “maintenance” dosages of more than 15 mg
per day may be considered “steroid resistant.”

The high rate of complications attributable to the prolonged
duration of corticosteroid therapy and the age distribution
of patients with giant cell arteritis has led to an interest
in identifying steroid-sparing alternative drugs. Dapsone,
azathioprine, cyclosporine, antimalarials, cyclophosphamide,
or gold have not been found to reduce corticosteroid toxicity
and still maintain therapeutic effectiveness (248). The reported
beneficial effect on the rate of relapse of adding methotrexate
to corticosteroids (249), was not confirmed by a multicenter,
placebo-controlled trial (250). A retrospective study suggests
that the concomitant use of low-dose aspirin decreases the
rate of visual loss and cerebrovascular events in patients with
giant cell arteritis (251). Information on the use of TNF-
alpha-blocking agents in the treatment of giant cell arteritis is
currently limited to very small case series (252–254).

The treatment of Takayasu’s arteritis is similarly based on
high-dose corticosteroids. In a National Institutes of Health
study, treatment was initiated at 1 mg/kg (up to 60 mg per day)
for 1 to 3 months, followed by a slow taper to an alternate-
day regimen over the following 4 to 8 weeks, and a subsequent
slow taper over the following 6 to 12 months. This regimen
is associated with a remission rate of 60% and an estimated
median time to remission of 22 months (238).

Unfortunately, relapses occur in as much as 45% of patients,
leading to multiple or prolonged courses of corticosteroids.
Up to 40% of patients require the addition of cytotoxic drugs
such as cyclophosphamide or methotrexate. In an open-label
study of 18 patients with persistent or refractory Takayasu’s
arteritis despite treatment with corticosteroids alone, the use
of methotrexate was associated with an 81% remission rate
(255). Fifty percent of patients achieved a corticosteroid-free
remission on methotrexate, and half of these patients remained
in remission after methotrexate was withdrawn. About 20%
of patients did not attain remission despite corticosteroids and
methotrexate. The successful use of infliximab has been re-
ported in several case reports of patients with active Takayasu
arteritis despite conventional therapy with corticosteroids and
cyclophosphamide (256) or methotrexate (257). The use of
anti-TNF therapy was assessed in a pilot, open-label trial in-
volving a total of 15 patients with active, relapsing Takayasu’s
arteritis. Seven patients were initially treated with etanercept
and eight with infliximab. The use of anti-TNF agents led to
remission in 10 of the 15 patients that was sustained for 1 to
3.3 years without glucocorticoid therapy. Four patients
achieved partial remission, with a >50% reduction in the glu-
cocorticoid requirement. Two relapses occurred during periods
when etanercept was interrupted, but remission was reestab-
lished upon reinstitution of therapy (258).

The optimal treatment of patients with Takayasu’s arteri-
tis is further complicated by the results of biopsies of affected
vessels obtained at the time of bypass surgery. These data re-
vealed evidence of persistent vascular inflammation even in
the absence of clinical signs or symptoms of active disease
and in the setting of a normal erythrocyte sedimentation rate
(238,259,260).

The diagnosis and treatment of hypertension represents a
very important aspect of the care of patients with Takayasu’s
arteritis because congestive heart failure, ischemic or hemor-
rhagic stroke, and renal failure account for most of the deaths
from this disease (261). The diagnosis of hypertension may
be missed if it is based on measurement of blood pressure in
the upper extremities alone, because of the high incidence of
subclavian artery stenoses, which may be bilateral. In some
cases, lesions in the thoracic or abdominal aorta or the iliac or
femoral arteries may give misleading normal blood pressures
in the lower extremities as well. It is thus recommended that ar-
teriographic studies be performed with pressure transducers so
that aortic pressures can be compared with extremity pressures,
and to identify the extremity where blood pressure monitoring
is most reliable and reflective of true blood pressure (261).

THERAPEUTIC CONSIDERATIONS
COMMON TO ALL VASCULITIC

SYNDROMES

As the mainstay of therapy of severe vasculitis remains based
on corticosteroids and alkylating agents, it is associated with
short- and long-term complications. The most prominent side
effects of this form of therapy are infection, ovarian failure (es-
pecially with a prolonged course of cyclophosphamide), bone
disease, and cataract formation. In addition, the prolonged use
of cyclophosphamide is associated with a 15% risk of develop-
ing a transitional cell carcinoma of the bladder over the course
of 5 to 10 years (214). Whether the use of monthly pulse intra-
venous cyclophosphamide (which is associated with a smaller
incidence cumulative dose and a lower incidence of hemor-
rhagic cystitis) can reduce the rate of bladder cancer is not yet
ascertained.

The institution of attentive supportive care is crucial in mini-
mizing the short- and long-term complications. Compulsive at-
tention must be paid to the early detection and aggressive treat-
ment of infections, because they remain an important cause
of morbidity and death (262). Whenever possible, the use of
trimethoprim-sulfamethoxazole for the prevention of Pneumo-
cystis carinii pneumonia should be considered.

Whenever corticosteroids are used, measures must be taken
to minimize the development of osteoporosis (263). Specific
recommendations include calcium (1.2 g per day) and vitamin
D supplementation, and, in selected patients with established
osteoporosis, calcitonin nasal spray or alendronate for patients
in whom the drug is not contraindicated (e.g., azotemia or
esophagitis). Rigorous control of blood pressure with sodium
restriction and antihypertensive therapy is essential to mini-
mize the additive effect of hypertension in loss of renal function
after active nephritis. Current research directions include the
preservation of gonadal function by hormonal manipulation
during cytotoxic therapy. In a small study, the use of testos-
terone during cyclophosphamide treatment appeared to pre-
vent azoospermia (264). The gonadotropin-releasing hormone
agonist leuprolide appears to be effective in the prevention of
cyclophosphamide-induced ovarian failure based on a small
prospective uncontrolled trial of patients with lupus nephritis
(265).
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CHAPTER 69 ■ MIXED CRYOGLOBULINEMIA
GIUSEPPE D’AMICO

The term “cryoglobulinemia” describes a group of proteins
with the common property of precipitating from cooled serum
(1–5). On the basis of immunochemical studies, Brouet et al.
(6) identified three types of cryoglobulins.

In type I, the cryoprecipitated immunoglobulin is a single
monoclonal immunoglobulin. Types II and III cryoglobuline-
mias are both mixed types with at least two immunoglobulins;
in both types, polyclonal immunoglobulin G (IgG) is bound to
another immunoglobulin, which is an antiglobulin, acting as
an anti-IgG rheumatoid factor (RF). The important difference
between these two types of mixed cryoglobulins (MCs) is that
in type II the antiglobulin component, which usually is of the
IgM class, is monoclonal, whereas in type III it is polyclonal.
Both components of MCs, IgG and IgM RF, are necessary for
precipitation in the cold, whereas the individual components
do not have this property.

The majority of MCs, defined as “secondary mixed cryo-
globulins,” have been detected in patients with connective
tissue disorders, lymphoproliferative disorders, noninfectious
hepatobiliary diseases, or immunologically mediated glomeru-
lar diseases.

Until the end of the 1980s, the cause of approximately 30%
of both type II and type III mixed cryoglobulinemias was not
clear; this subset of cryoglobulinemias was called “essential”
(7). Over the past 10 years, anti-hepatitis C virus (HCV) anti-
bodies and HCV RNA (a marker of active viremia) have been
detected in the great majority (up to 90%) of patients with
“essential” mixed cryoglobulinemia of both types (8–17). Pos-
itivity for HCV RNA was even greater in the cryoprecipitate
(11,13,16).

The clinical syndrome of mixed cryoglobulinemia (MC) was
first described by Meltzer et al. in 1966 (7). It was characterized
by purpura, weakness, arthralgias, and, in several patients, pro-
liferative glomerulonephritis (GN). Many subsequent reports
further defined this syndrome, confirming that renal involve-
ment is particularly frequent in MC (18–37). Kidney involve-
ment ranges from 8% to 58% in large series of patients and
is more frequent in women and in type II MC. The incidence
of MC nephritis varies in different geographic areas, probably
reflecting a different distribution of hepatitis C. The disease
seems to be more frequent in some Mediterranean countries
such as France, Spain, and, particularly, Italy, whereas it is
very rare in northern Europe and in North America. Although
the glomerular lesions are variable and nonspecific in the few
cases of type III MC with renal involvement, in type II MC
in which IgMk is the monoclonal component, a particularly
well-characterized pattern of glomerular disease has been de-
scribed (24,26,27,31,38,39), that Mazzucco et al. (39) termed
“cryoglobulinemic glomerulonephritis.”

RENAL HISTOLOGY

Light Microscopy Findings

Glomeruli

Cryoglobulinemic glomerulonephritis is a membranoprolifer-
ative, exudative GN. It is different from the idiopathic type of
membranoproliferative GN as well as from the diffuse prolif-
erative GN of systemic lupus by having the following features:

1. Endocapillary hypercellularity mainly due to a frequently
massive infiltration of monocytes and sometimes T lym-
phocytes (38–44) (Fig 69-1). Some of the infiltrating mono-
cytes express anti-tissue factor procoagulant activity and are
therefore activated cells (44).

2. Large, amorphous, eosinophilic, periodic acid-Schiff (PAS)–
positive, Congo red-negative deposits lying against the inner
side of glomerular capillary wall and filling the capillary lu-
men, the so-called intraluminal thrombi, seen in about one-
third of all patients and especially in those with more acute
renal disease and more massive proliferation and exudation
(26,27,31,43,45,46) (Fig. 69-2).

3. Thickening of the glomerular basement membrane, with a
“double contour” appearance, which is more diffuse and ev-
ident than in lupus nephritis and idiopathic membranopro-
liferative GN (Fig. 69-3). As seen by electron microscopy,
the double contour is mainly due to the peripheral inter-
position of monocytes, whereas mesangial matrix and cell
interposition are less evident than in lupus nephritis and in
idiopathic membranoproliferative GN (37,39,43,47,48).

Not all patients with type II MC have these characteristic
glomerular lesions. In about 10% of patients only a mild seg-
mental mesangial proliferation, without significant monocytes
infiltration, is found. In another 10% of patients the glomeru-
lar pattern is that of a lobular GN, with mesangial expansion
and centrolobular sclerosis. With the exception of this small
group of patients, glomerular segmental and global sclerosis is
rather mild and inconstant even many years after the onset of
renal disease (26,31,43).

Interstitium and Vessels

Monocytes and T lymphocytes accumulate in the interstitium
in the acute stages (44). Interstitial fibrosis, however, is not a
prominent finding, even in late biopsy specimens.

An acute vasculitis of small and medium-sized arteries is
present in at least one-third of patients who are biopsied
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FIGURE 69-1. Cryoglobulinemic glomeru-
lonephritis. Note the marked infiltration of the
glomerular tuft with mononuclear cells. Light
microscopy. (Masson trichrome, magnification
×320.)

FIGURE 69-2. Numerous hyaline thrombi (∗)
occluding many capillary lumina. Note their
different tinctorial affinity. Light microscopy.
(Masson trichrome, magnification ×750.)

FIGURE 69-3. Glomerular capillary walls
with “double-contour” appearance. Light mi-
croscopy. (Jones silver methenamine, magnifi-
cation ×750.)
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FIGURE 69-4. Severe necrotizing arteritis in-
volving an interlobular artery. Light mi-
croscopy. (Masson trichrome, magnification
×320.)

during the acute stage of the renal disease, and in a larger per-
centage of postmortem specimens (31,47). It can be found even
in the absence of obvious glomerular damage. The acute vas-
culitis is characterized by fibrinoid necrosis of the arteriolar
wall, with infiltration of monocytes around the wall (Fig. 69-
4). Even when the fibrinoid necrosis of the arterial wall is se-
vere, the lesions of segmental necrosis of the capillary loops,
with crescentic extracapillary proliferation (now considered
the equivalent of vasculitic damage of the glomerular capillar-
ies), is absent, suggesting that the vasculitic damage is limited
to arterial vessels of larger size.

Electron Microscopic Findings

Electron-dense deposits can be found in the capillary lumen,
usually in a subendothelial position but sometimes also filling
the capillary lumen. They are sometimes amorphous immune
complex-like deposits, but often they have a peculiar fibrillar
or crystalloid structure (24,26,27,31,49,50), which is identical
to that seen in the in vitro cryoprecipitate in the same patients,
consisting of cylinders that are 100 or 1000 nm long and hav-
ing a hollow axis (Fig. 69-5). In cross-sections they look like
annular bodies with a light center, a dense ring, and lighter pe-
ripheral protein coat. The crystalloid deposits, when present,
are often surrounded by areas of amorphous, weakly osmio-
philic and translucent material, attributed to degradation of
the deposits. Both types of deposits are infrequently seen in
mesangial area, and subepithelial deposits are quite unusual.
Circulating aggregates or structured material can sometimes be
found in peritubular capillaries and arterioles. Ultrastructural
examination confirms that monocytes in the capillary lumina
are responsible mainly for the intracapillary proliferation, and
increase in mesangial matrix can also be found. Monocytes
very often appear to be in close contact with subendothelial
and intraluminal amorphous or crystalloid deposits. In fact,
these cells appear to be filled with large amorphous protein
droplets with different osmiophilia, which are probably prod-
ucts of phagocytosis (phagolysosomes) (38,40,50). These in-
tracellular protein droplets do not have a crystalloid structure,
suggesting that the cryoglobulins lose their structure during

phagocytosis. When a large number of these monocytes with
giant protein droplets accumulate in the capillary lumen with
the amorphous or crystalloid deposits, they contribute to the
complete occlusion of the lumen. Monocytes can frequently be
found interspersed with the subendothelial deposits, between
the glomerular basement membrane and the endothelial cells
or the newly formed basement membrane-like material in those
areas in which capillary walls are double-contoured.

Immunohistologic Features

Three patterns of glomerular deposition can be seen by im-
munofluorescence (30,31,45,51,52).

1. Intensive, massive staining of huge deposits that fill the cap-
illary lumen (intraluminal thrombi), usually associated with
faint, irregular, segmental parietal staining of some periph-
eral loops, in a subendothelial position (Fig. 69-6).

2. The same pattern of faint, irregular, segmental parietal stain-
ing of some peripheral loops, in a subendothelial position,
but without any intraluminal staining.

3. Intense granular diffuse staining of peripheral loops, with a
subendothelial pattern (Fig. 69-7).

IgM and IgG are the prevailing immunoreactants in type
II MC, suggesting that they are locally trapped or precipi-
tated cryoglobulins. This identity was confirmed by the demon-
stration (53) that the immune deposits have antiglobulin ac-
tivity similar to that of the serum cryo-IgM. More recently,
using monoclonal antibodies against cross-reactive idiotypes
present on rheumatoid factors, we identified the same idio-
type of the circulating monoclonal rheumatoid factors in re-
nal biopsy specimens from patients with MC-GN (54). C3 is
present very frequently in the parietal deposits, with a distri-
bution similar to that of immunoglobulins, although with a
lower intensity. Intraluminal thrombi only occasionally show
positive fluorescence for complement components. Deposits of
earlier complement components (C1 and C4) and fibrinogen
are also found in the parietal deposits in about 30% of cases.
Vascular deposits of IgM, IgG, C3, and fibrinogen are detected
in about one-third of cases.
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A

B

FIGURE 69-5. A: Crystalloid structure of
deposits in the glomerulus. B: Identical struc-
ture in the in vitro cryoprecipitate of the same
patient. The deposits consist of straight or
slightly curved paired cylinders (✯) and an-
nular structures (→).

CLINICAL MANIFESTATION

Clinical Features at Presentation

In most patients, type II MC is diagnosed between the fifth and
the sixth decades of life, but in many patients some symptoms
of the disease may first appear some 10 to 20 years before a
correct diagnosis is made. Renal involvement usually manifests
many years after the first symptoms develop. In some cases,
however, renal and extrarenal manifestations appear concomi-
tantly. More rarely, renal disease may be the first presenting
manifestation.

The most frequent presenting renal syndrome is isolated
proteinuria with microscopic hematuria, sometimes associated
with signs of moderate chronic renal insufficiency. An acute
nephritic syndrome characterized by severe proteinuria, micro-

scopic or macroscopic hematuria, arterial hypertension, and
a sudden rise in serum creatinine is the first renal manifesta-
tion in about 20% to 30% of patients and may be compli-
cated by oliguria in some 5% of cases. In another 20% of pa-
tients, renal involvement presents with a nephrotic syndrome
(26,27,30,34,37).

Arterial hypertension is observed in more than 80% of pa-
tients at the time of onset of renal disease (31,34,37). Ex-
trarenal symptoms and signs are usually observed at presen-
tation (Table 69-1).

Natural History and Prognosis

The severity of the disease may be remarkably variable. Ex-
trarenal symptoms may show a fluctuating course with alter-
nations of quiescence and exacerbation. Most patients have
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FIGURE 69-6. Large thrombi in many capil-
lary lumina and scanty deposits along glomeru-
lar basement membranes. The antiserum stains
only the periphery of the thrombi. Immunofluo-
rescence study. (Anti-IgM serum, magnification
×450.)

recurrent, nonpruritic, palpable purpura or petechiae, usually
affecting the lower extremities. Joints involved in MC include
the hands, knees, ankles, and elbows, often in a migratory fash-
ion. Fever is a relatively frequent manifestation of MC. About
one-fourth of patients in whom infection can be excluded may
present with prolonged episodes of fever. Liver involvement is
frequent and can have serious consequences, but very often,
despite the concomitant HCV infection, liver function abnor-
malities are mild and rarely symptomatic. Abnormal liver func-
tion tests were detected in about 25% of cases in two large
series (27,34) of patients with renal involvement, in higher
percentages of patients in other series of nonselected patients
(25,35,36). Eighty to 100% of patients tested with antibodies
or polymerase chain reaction have been found to be positive
for HCV (8,9,11–15). An association with hepatitis B surface
antigen has been reported in the past by some investigators
(55,56), but this association was not confirmed. It is possible

FIGURE 69-7. Diffuse granular deposits irregularly distributed on pe-
ripheral capillary loops. Immunofluorescence study. (Anti-IgM serum,
magnification ×320.)

that some HBV-positive patients were also HCV positive. His-
tology shows a chronic hepatitis with a striking mononuclear
cell infiltrate (56). In rare cases patients with MC may develop
severe intestinal vasculitis with consequent ischemia, which can
pose problems of differential diagnosis. Lung involvement is
frequent in MC, probably as a consequence of immune com-
plex deposition. Tests that are considered to be indicative of
small airways disease frequently demonstrate abnormalities
in MC (35). Several patients can show attack of spasmodic
asthma, pleurisy, and hemoptysis with roentgenographic or
histologic abnormalities (35,57). An acute respiratory distress
syndrome requiring mechanical ventilation may rarely occur
(58). Peripheral neuropathy was considered to be a rare com-
plication of MC in the past, but when electromyography was
routinely made, an abnormal peripheral nerve conductivity was
found in 68% to 82% of patients (59,60). Lymphadenopathy,
thrombocytopenia, Sjögren syndrome, Raynaud phenomenon,
retinal vasculitis, and central nervous system involvement are
rarely observed (32,34,61,62).

Kidney involvement in MC often heralds an ominous prog-
nosis, although renal disease may have a variable course. Some
10% to 15% of patients may attain complete or partial re-
mission of renal symptoms even though some of them pre-
sented with an acute nephritic syndrome (23,29). In another
30% of patients the renal disease follows an indolent course
and does not progress to end-stage renal failure despite the
persistence of urinary abnormalities and even some degree of
renal dysfunction. In about 20% of patients, several episodes
of an acute nephritic syndrome can occur, sometimes associ-
ated with flare-ups of the systemic signs of the disease. These
episodes may be treated with high-dose corticosteroids and/or
plasmapheresis but sometimes may spontaneously reverse and
reappear; a moderate degree of renal insufficiency is rather fre-
quent, usually long after the onset of the disease. However, the
development of terminal renal failure is relatively rare. In the
large series of patients with MC nephritis studied in Milan,
Tarantino et al (29) reported that after a mean follow-up of
131 months only 15 of 105 patients required regular dialysis.
However, in the meantime, 42 patients died because of ex-
trarenal complications. Cardiovascular complications, infec-
tions, liver failure, and neoplasia were the most important
causes of death (Table 69-2). Cardiovascular and cerebrovas-
cular accidents were particularly frequent in patients with
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TA B L E 6 9 - 1

EXTRARENAL SIGNS AND SYMPTOMS IN 116 PATIENTS WITH ESSENTIAL
MIXED CRYOGLOBULINEMIA NEPHRITIS

Purpura 88% Raynaud’s phenomenon 35%

Hepatomegaly 88% Nervous system involvement 31%
Arthralgias 78% Abdominal pain 27%
Weakness 67% Thrombocytopenia 26%
Fever 56% Increase in liver enzymes 25%
Anemia 53% Weight loss 23%
Splenomegaly 50% Pleurisy 23%

(From: Tarantino A, et al. Prognostic factors in essential mixed cryoglobulinemia nephropathy. In Ponticelli
C, Minetti L, D’Amico G, eds. Antiglobulins, Cryoglobulins and Glomerulonephritis. Dordrecht: M.
Nijhoff; 1986:219.)

arterial hypertension, which occurs early in MC and is often
severe and difficult to control. In that study, the 10-year proba-
bility of being alive without dialysis was 49%. Older patients,
those with purpura, splenomegaly, high serum cryocrit, low
serum C3 levels, and high serum creatinine were more likely to
die or to reach end-stage renal failure. An even higher mortality
rate in patients with MC nephritis has been reported by others.
Death was reported in 18 of 22 patients by Gorevic et al. (20)
in 12 of 15 patients by Cordonnier et al. (22), and in 8 of 12
patients by Frankel et al. (27).

In summary, two groups of patients with MC nephritis can
be identified: (a) those with multisystemic involvement includ-
ing renal disease who have a tumultuous course and may die be-
fore end-stage renal failure develops, and (b) those with fewer
signs of systemic vasculitis who generally have a benign course

TA B L E 6 9 - 2

CAUSES OF DEATH IN 42 PATIENTS WITH MIXED
CRYOGLOBULINEMIA NEPHRITIS

Cause of death No. of patients

Cardiovascular accidents 12
Cerebral hemorrhage 4
Heart failure 3
Intestinal infarction 2
Myocardial infarction 2
Pulmonary embolism 1

Infections 9
Sepsis 5
Tuberculosis 1
Meningitis 1
Pneumonia 1
Peritonitis 1

Liver failure 8
Neoplasia 4

Chronic lymphatic 1
Leukemia 1
Non-Hodgkin’s lymphoma 1
Laryngeal cancer 1

Acute respiratory distress 1
Unknown 8

(Data from: Tarantino A, et al. Long-term predictors of survival in
essential mixed cryoglobulinemic nephritis. Kidney Int
1995;47:618.)

without developing renal failure. Whether these differences are
correlated to the nature of immunoglobulins involved in the
phenomenon of cryoprecipitation or to the physicochemical
characteristics and other properties of cryoglobulins remains
to be ascertained.

Laboratory Data

As already discussed, cryoglobulins in type II MC are composed
of two immunoglobulins, one of which is monoclonal and acts
as an antiglobulin against polyclonal IgG. The monoclonal im-
munoglobulin is usually an IgM but can also be an IgG or IgA
(18,63–66). Characterization of the cryoglobulins in patients
with renal disease shows the exclusive monoclonal nature of
antiglobulin IgM, which is nearly always an IgM-k (26,27,31).
On the contrary, in rheumatologic surveys, patients with poly-
clonal IgM (type III cryoglobulinemia) outnumber those with
monoclonal IgM. Serum titers of IgM rheumatoid factor (RF)
activity are usually elevated and there are high serum levels
of immune complex material as assessed by the C1q-binding
assay (69–71).

The cryocrit value may vary considerably from 2% to 80%
in different patients and can fluctuate over time in single pa-
tients. Also characteristic, although not invariable, is the pat-
tern of complement activation in serum, with selective deple-
tion of early components of the classic pathway and normal
factor B levels (70). The serum pattern of complement is rather
specific for MC. C1q, C4, and CH50 are usually low; C3
may be slightly low or normal; and the late components (C5-
C9) C3PA and C1NH tend to be higher than in normal con-
trols. The C3 breakdown product C3d is sometimes increased
(26,70–72). These complement component abnormalities have
been attributed to complement hyposynthesis (70,73), but it is
also possible that the consumption of the early serum comple-
ment components with the characteristic sparing of C3 might
be attributed to the C4-binding protein that controls the mech-
anism of the classic pathway C3 convertase (71,74). A retarded
clearance of IgG coated autologous erythrocytes, indicative of
abnormal Fc receptor function, is specific for patients with MC
and renal involvement or motor neuropathy (75).

A peculiar hematologic finding of all types of cryoglob-
ulinemias is represented by pseudoleukocytosis and/or pseu-
dothrombocytosis, with an abnormal histogram as determined
by a Coulter Counter (76,77). These abnormalities, which dis-
appear if the blood sample is warmed at 37◦C, can alert the
clinician to the possible diagnosis of MC. Therefore, partic-
ular attention should be paid to the leukocytes and platelet
counts in patients with MC (78).
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No correlation has been found between the degree of activ-
ity of MC and the values for cryocrit, IgM rheumatoid factor,
or early complement components (21,25,29,70). However, pa-
tients who have died had significantly higher cryocrit values
and lower levels of IgG than did those who have survived,
thereby suggesting a possible prognostic value of these param-
eters (79).

PATHOGENESIS

The Role of Hepatitis C Virus (HCV) Infection in
Inducing Mixed Cryoglobulinemia

The polyclonal anti-IgG immunoglobulins involved in type
III MC are derived from perturbation and magnification of
the physiologic mechanism of production of antigloblulins
concerned with immunoregulation and are antigen-driven,
whereas the monoclonal anti-IgG immunoglobulins of type II
MC may be derived from abnormal proliferation of a special
clone of B lymphocytes, probably as a consequence of lym-
phoproliferative disorder (even though only a small number
of patients with type II MC develop lymphoid malignancy)
(37,80). Obviously, the same chronic antigen stimulation that
induces the production of polyclonal RFs by B lymphocytes
might in some cases favor the growth and amplification of a
specific clone of B cells that produces a monoclonal RF. With
a panel of mouse monoclonal anti-RF idiotypes, an increased
percentage of idiotype-positive (μ +) B cells has been found in
patients with type II MC (81). Peripheral B lymphocytes from
MC patients produce larger quantities of IgM-RF than normal
B lymphocytes, both spontaneously and after in vitro stimula-
tion with pokeweed mitogen (82). Moreover, Agnello’s group
in the United States found the same cross-idiotype (WA) in the
monoclonal IgM of type II essential MC and of type II MC
secondary to malignancies of the immune system (83). It has
been suspected that some antigen, possibly the same antigen
that triggers the production of RFs, is bound to the polyclonal
IgG of the MC of type II or III, so that the IgM RFs acts as
anti-immune complex antibody. The recent demonstration of
a very high rate of positivity of anti-hepatitis C virus (HCV)
antibodies and of HCV RNA in the sera of patients with all
type of mixed cryoglobulinemia suggests a direct role of such
chronic infection in their pathogenesis.

Because it has been found recently that peripheral blood
mononuclear leukocytes, and, especially B lymphocytes, can
be the site for extrahepatic viral replication of HCV (84–86),
particularly when there is chronic infection (84), we have pos-
tulated (32,80,87) that in a subgroup of patients with chronic
infection direct active viral replication in B lymphocytes in-
duces type III MC by triggering the activation of clones of
B cells to hyperproduce polyclonal IgM RF. We have further
postulated,that some additional, as yet uncharacterized, events
might induce, in a small subgroup of this population of patients
with polyclonal B cell activation due to viral infection, the shift
to the abnormal proliferation of a clone of B cells producing a
monoclonal IgM rheumatoid factor (type II MC).

The Role of HCV Infection for the Pathogenesis of
Cryoglobulinemic Glomerulonephritis (and Other

Types of Membranoproliferative Glomerulonephritis?)

It is now accepted that the large majority of patients with type II
mixed cryoglobulinemia and membranoproliferative glomeru-
lonephritis (MPGN) have an active HCV infection; however,
in almost 10% of our large group of patients with cryoglob-
ulinemic GN, we found constant and protracted negativity of
all signs of HCV infection (80).

The role of the virus in inducing renal lesions is still a matter
of controversy. It is still debated whether HCV antigens are di-
rectly involved in mediating the immune complex glomerular
lesions, independent of the concomitant existence of a cryo-
globulinemia (as HBV antigens do in chronic hepatitis B in-
fection), or whether the renal lesion is mediated by the virus
through induction of the lymphoproliferative disorder, which
activates the B-cell clones that produce monoclonal IgM, and
is present only when a type II mixed cryoglobulinemia is also
present. Data from the United States (88,89) and from Japan
(90) show that, although type II MC and MPGN usually coex-
ist in patients with HCV infection, the same type of glomeru-
lonephritis can be found even in the absence of cryoglobulins.
On the contrary, no cases of idiopathic MPGN concomitant
with HCV infection, in the absence of type II MC, were found
in another report from the United States (91), in Italy (32), in
France (92), in Spain (93), in Turkey (94), and in Hong Kong
(95).

In an experimental mouse model recently developed by For-
nasieri et al. (96), an MPGN very similar to human cryo-
globulinemic GN could be induced by intravenous injection
of 37◦C solubilized cryoglobulins from patients with this renal
disease and HCV infection; IgMk isolated from such cryoglob-
ulins, and certainly not containing any viral antigenic compo-
nent, when injected separately could deposit in the glomerulus,
suggesting a specific affinity of IgMk RF components of the
cryoglobulins for some glomerular structure, as has been
demonstrated for light chain disease (97). These investigators
demonstrated also that the same purified IgMk binds to cellular
fibronectin, a known constituent of mesangial matrix (98).

On the basis of this preliminary evidence, we hypothesize
that cryoglobulinemic GN might be initiated by the binding,
either in situ or in circulation, of IgG antibodies-HCV com-
plexes to IgMk RF, the nephrotoxicity being due to the partic-
ular affinity of the IgMk RF for the glomerular matrix.

Treatment

Antiviral Therapy of Hepatitis C Viral Infection with Associ-
ated Mixed Cryoglobulinemia. It is probable that eradication
of the viral infection can affect production of new cryoglobu-
lins, and thus also systemic and renal damage.

In 1987, before the viral cause of essential MC had been
proved, Bonomo et al. (99) had already reported a remarkable
improvement of clinical signs in seven cryoglobulinemic pa-
tients treated with interferon alfa (IFNα), used for its potential
antiproliferative and immunoregulatory effects.

After the viral etiopathogenesis of MC was demonstrated,
the same antiviral drug, interferon-α, was used extensively.
However, only three controlled trials in patients with HCV
infection and associated MC have been reported in the litera-
ture (100–102). All of them showed a significant improvement
of systemic signs, mainly purpura, with a reduction of cryo-
globulins and transaminases. However, although eradication
of viremia was obtained in only a fraction of patients, a re-
currence of viremia and a rebound of the clinical signs, and
of cryocrit, was reported by all these investigators. With the
exception of the study of Misiani et al. (101), no clear renal
involvement was present in the treated patients.

More extensive information (103–124) has been accumu-
lated in these last years on the effect of interferon-α, adminis-
tered alone or in association with another antiviral agent, rib-
avirin, in reducing the viremia and the liver damage in patients
with HCV infection, and in controlling the systemic symptoms
of MC in the subgroup of patients with associated cryoglobu-
linemia.

The most effective standard treatment is the combination of
pegylated IFNα and ribavirin (125). In the pegylated form of
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interferon, the interferon-a molecule is linked to a polyethylene
glycol molecule to ensure sustained interferon concentrations
after single weekly injection (126–133).

Pegylated interferon-α potently inhibits the replication of
HCV and has immunomodulatory properties that probably ac-
celerate the clearance of infected cells. Ribavirin exerts a weak
and transient early antiviral effect and acts primarily by pre-
venting relapses during and after therapy in patients who have
had an initial response. Ribavirin’s mechanisms of action are
unknown.

The main end-point of therapy is a “sustained virologic re-
sponse,” defined by an undetectable HCV RNA level in the
patient’s blood 24 weeks after the end of treatment. In most
patients in whom a sustained virologic response is achieved,
HCV infection appears to be definitively cured. Sustained vi-
rologic response, that did not exceed 40% to 45% of patients
when the association nonpegylated IF-α-ribavirin was used,
has been increased to 55% to 60% of them. In patients with
no sustained virologic response with standard therapy, the lack
of efficaciousness can be predicted already after 3 months of
treatment. It has been found that in patients who do not have
a reduction in HCV RNA of at least 2 log10 international units
or an undetectable HCV RNA level by 12th week of treatment,
there is virtually no chance of achieving a sustained virologic
response. These patients can stop therapy at week 12. However,
not all patients who have a reduction or disappearance of the
virus at week 12 will subsequently have a sustained virologic
response (125). Two pegylated interferon molecules have been
commercialized. The recommended dose of peginterferon-α 2a
is of 180 μg/week, that of peginterferon-α 2b is 1.5 μg/kg/week.
The recommended dose of ribavirin is 1,000 to 1,200 mg/daily,
based on body weight.

It has been found that both race and viral genotype influence
the response to antiviral therapy. Blacks have been reported
to have significantly lower response rates than the white and
Asian populations. Treatment failure is more frequent among
patients infected with HCV genotype 1.

As for the control of the extrarenal clinical manifestations of
cryoglobulinemia, one study (133) suggested that improvement
in cryoglobulinemia-related symptoms can be achieved, even
without complete biochemical or virologic response.

Treatment of the Renal Complications
of Mixed Cryoglobulinemia Associated with

Hepatitis C Virus Infection

Although a sustained virologic response to the standard viral
therapy described in the preceding text can interrupt the pro-
gression of the hepatic damage, and frequently improves the
extrarenal signs of cryoglobulinemia, the results on the control
of the clinical signs of the renal complication and on its pro-
gression are still controversial. Improvement, sometimes even
protracted, of the renal disease has been reported in some anec-
dotal cases (134–137). In a more recent study in 25 consecutive
patients with mixed cryoglobulinemia and proteinuria in the
nephrotic range due to MPGN bioptically documented (138),
a significant reduction of proteinuria and cryocrit after the stan-
dard combined antiviral therapy, without modifications of the
serum creatinine, was found in the subgroup with sustained
virologic response. The reduction in cryoglobulin level was
sometimes persistent. Other clinical manifestations of cryo-
globulinemia, such as arthralgia and polyneuropathy, were not
clearly influenced by antiviral treatment.

There is now clear evidence that, when acute exacerbations
of the glomerular disease occur, especially if they are associated
with signs of acute systemic vasculitis, the antiviral therapy is
not sufficient to control the disease (17,133,138–140), and may
even exacerbate it (141–143).

According to our experience, steroids, and, in most severe
cases, also plasmapheresis and cyclophosphamide, extensively
used by us and by many others to treat “essential” MC in
the 1980s, are still necessary to control flare-ups of cryoglob-
ulinemic GN, despite the potential detrimental effect of the
immunosuppressive drugs in increasing viral titers and aggra-
vating hepatic damage.

Let us consider each of them separately.

Steroids. After the initial report by De Vecchi et al. (144), the
subsequent experience of treatment of acute flare-ups of cryo-
globulinemic GN and vasculitis has demonstrated that intra-
venous high-dose methylprednisolone (usually 1g per/day given
every 24 hours for 3 consecutive days), followed by oral pred-
nisone (0.5 mg/kg/day, rapidly tapered to 0.1 to 0.2 mg/kg/day)
for at least 6 months, allows rapid improvement of the renal
damage (serum creatinine and proteinuria) together with dra-
matic amelioration of the extrarenal symptoms.

Cyclophosphamide. This cytotoxic drug is usually in addition
to steroid treatment, at the dose of 2 to 3 mg/kg per/day, for a
minimum of 4 months, in the most severe cases of renal involve-
ment, and in particular when renal and/or systemic vasculitis
coexist. It has been accepted as a valid remedy despite the lack
of controlled trials.

Plasmapheresis. The removal of significant amounts of cry-
oproteins from the blood, thereby preventing local cryopre-
cipitation in small renal vessels and restoring reticuloendothe-
lial system functions that have been saturated by the chronic
overload of circulating cryoglobulins, has been accepted as
a useful therapy for the last 20 years. Many uncontrolled
studies have reported good results, with improvements in
serum creatinine, proteinuria, and cryocrit (7,30,145–151),
and a very transient reduction of HCV viremia (152). Al-
though in the majority of cases intensive plasma exchange
(exchanges of 3 L of plasma per week for 2 to 3 weeks)
has been performed in association with steroids and cy-
clophosphamide to block the production of new cryoglobulins

TA B L E 6 9 - 3

THERAPY OF THE ACUTE FLARE-UPS OF
CRYOGLOBULINEMIC GLOMERULONEPHRITIS
AND VASCULITIS ASSOCIATED WITH HEPATITIS C
VIRUS (HCV) INFECTION

INTERFERON-α
3 million units 3 times a week or peginterferon-α 2a

180 μg/week for 1 year (drug can be discontinued after
6 months if HCV-RNA does not disappear from the
blood), and can be associated from the beginning to
ribavirin (0.8–1.0 g/day)

STEROIDS
0.75–1.0 g/day of methylprednisolone, intravenously, for 3

consecutive days, followed by oral prednisone for 6
months (0.5 mg/kg of body weight daily, tapered over a
few weeks until small maintenance doses are achieved)

CYCLOPHOSPHAMIDE
2 mg/kg of body weight, for 3 to 4 months (especially when

signs of severe renal and systemic vasculitis are present)

PLASMAPHERESIS
Exchanges of 3 L of plasma 3 times/week, for 2 to 3 weeks

(only most severe cases of acute renal involvement)
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by the immunocomponent cells and the possible rebound,
one group of investigators from Pisa, ltaly (147,153) has
used plasmapheresis alone, repeated every few weeks for
2 to 24 months, to prevent clinical relapses.

Our current policy, derived from an extensive experience
accumulated also with the treatment of “essential” MC in
the 1980s, is to use antiviral agents (possibly a combination
of IFNα and ribavirin), associated with small doses of oral
steroids when necessary to control the systemic signs of MC.
When an acute flare-up of the renal disease is present, with
rapid deterioration of renal function and/or proteinuria in the
nephrotic range, the schema indicated in Table 69-3 is used.

There was no evidence of any worsening of the liver involve-
ment, as indicated by the level of hepatic enzymes in more than
50 patients treated with such a therapy, even though the poten-
tial increase of HCV replication in peripheral blood mononu-
clear cells, both in vitro and in vivo, after corticosteroid boluses
has been recently reported (154).
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CHAPTER 70 ■ RENAL ARTERY
THROMBOSIS, THROMBOEMBOLISM,
ANEURYSMS, ATHEROEMBOLI, AND
RENAL VEIN THROMBOSIS
FRANCISCO LLACH AND MICHAEL YUDD

This chapter focuses on vascular complications of the main
renal arteries and veins. The complex variety of vascu-
lar complications include (a) acute thrombosis of the re-
nal artery, most often arising from trauma; (b) thromboem-
bolism to the renal arterial vasculature; (c) acute dissection
of the renal artery; (d) atheroembolic disease of the kidneys;
(e) rupture of renal arterial aneurysms; and (f) acute and
chronic renal vein thrombosis. The latter condition occurs pri-
marily in patients with the nephrotic syndrome. Therefore, spe-
cial attention is paid to the hypercoagulability of the nephrotic
syndrome. In addition, other thromboembolic problems asso-
ciated with this condition are examined. Furthermore, certain
conditions, such as fibromuscular dysplasia and atherosclerotic
disease of the renal vessels, which generally cause “renovascu-
lar” hypertension, are not considered in this chapter except as
they relate to the differential diagnosis of the occlusive disor-
ders just noted.

ACUTE THROMBOSIS OF THE
RENAL ARTERY FROM TRAUMA

Acute thrombosis of the renal artery can be classified as trau-
matic and nontraumatic in origin. Blunt abdominal trauma
of the acceleration or deceleration type is the most common
cause of renal artery thrombosis (1). This occurs more often in
young people, in the setting of motor vehicle accidents and falls.
Thrombosis, lacerations with hemorrhage, and contusions may
involve the main renal artery, branch vessels, and renal veins
(2). Thrombosis is more commonly unilateral than bilateral,
and is more likely to be left-sided (3), presumably because the
left renal artery is shorter and more acutely angled to the aorta
than the right renal artery. Thrombosis of the renal artery of-
ten occurs in conjunction with injury to other intraabdominal
organs, which often obscures the diagnosis. Thrombosis may
occur in 1% to 3% of severe blunt abdominal trauma (4–6). In
a review of 250 patients who underwent surgery for traumatic
renal artery injury, thrombosis (52%) was the most common
finding, followed by avulsion (12%), and branch injury and
lacerations (3%) (7). Renal lesions were bilateral in 22%, and
injuries to other organs were present in 45% (7).

The rapid development of renal infarction with irreversible
loss of renal function is the major concern of acute thrombo-
sis. The maximal warm ischemic time tolerated by the human
kidney before the development of infarction is uncertain, but
it may be as short as 1 to 2 hours in complete occlusions (8).
Incomplete occlusions or occlusions to kidneys with previous
stenosis that have developed collateral circulation are viable
for longer periods. Early experimental animal studies of tem-

porary arterial occlusion shed light on this issue. Dogs that
had a unilateral renal artery clamped to induce complete oc-
clusion for variable hours had split renal function evaluated
4 days after the occlusion (9,10). When the ischemic clamp
time was 1 hour, 60% of those kidneys had good function
(more than two-thirds the glomerular filtration rate (GFR) of
the contralateral kidney) 4 days later; in the group with 2 hours
of clamping, this dropped to 38% of the kidneys, and after
3 hours of ischemia, none were functioning. Some of the acute
renal failure may have been ischemic acute tubular necrosis and
not infarction. Other dogs underwent partial occlusion of the
suprarenal aorta, which allowed a low mean arterial pressure
downstream, 17 to 30 mm Hg, to perfuse the kidneys. The kid-
neys tolerated 1 and 2 hours of this partial occlusion very well.
Four days after the occlusion, GFR was similar to pre-ischemia
control values in all the dogs. This suggests that in the dog,
very low perfusion pressures that are inadequate to maintain
glomerular filtration, can maintain renal viability for at least
2 hours.

There are no specific clinical or laboratory findings specific
for renal artery thrombosis. Anuria or oliguria following ab-
dominal trauma suggests the presence of bilateral thrombosis,
but these can be seen in unilateral occlusion. Abdominal and
flank pain are usually present. Hematuria may be noted, either
gross or microscopic, but may be absent in 25% of patients
(1). Elevations of creatine kinase (CK), lactate dehydrogenase
(LDH), aspartate aminotransferase (AST), and alkaline phos-
phatase may be present.

An early diagnosis is of paramount importance if surgi-
cal revascularization is contemplated. Computed tomography
with contrast is the preferred study in severe abdominal trauma
(11). The main computed tomographic (CT) findings in renal
artery thrombosis are the lack of renal parenchymal enhance-
ment and the absence of contrast excretion (Fig. 70-1). Occa-
sionally, enhancement of the peripheral renal cortex, the “cor-
tical rim sign,” may be noted, which is attributed to capsular
or collateral perfusion of the cortex (12). Other renal findings
can be subcapsular, perinephric and intrarenal hematomas, re-
nal lacerations, and extravasation of contrast media (Fig. 70-2).
Depending on the severity of the lesion, it may be advisable to
proceed to early angiography, which can provide the definitive
diagnosis. Angiography, the gold standard for occlusive renal
artery disease, can identify the severity of the lesion and the
presence or absence of collateral circulation (13). With digital
subtraction technology, angiography can be performed using
very little iodinated contrast or none at all, if carbon diox-
ide and/or gadolinium or one of its derivatives is used instead
(14). With these methods, concerns of contrast-induced renal
failure are no longer a major concern, even in patients consid-
ered to be high risk for this complication. In the critical patient
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FIGURE 70-1. Arterial phase of computed tomographic (CT) image
with contrast. Note the absence of enhancement of the right kidney
because of renal artery thrombosis, and avulsion because of trauma.
There is reflux of blood to the right kidney from the inferior vena cava
because of decreased pressure in the right renal veins. (From: Lang, EK.
Radiology of the Upper Urinary Tract. Heidelberg: Springer; 1991,
with permission.)

who is too unstable to undergo these preoperative diagnostic
studies, a bolus injection of contrast material followed by a
“one-shot” excretory urogram may be extremely valuable to
the surgeon preoperatively. A normal urogram of the kidney in
question would exclude the presence of major trauma to that
kidney. Alternatively, if the surgeon has to perform an emergent
nephrectomy to control hemorrhage, a normal urogram of the
contralateral kidney would suggest that it has good function
(15).

Early surgical revascularization has been attempted to avoid
renal infarction and irreversible loss of renal function, but the
results for renal salvage have been mixed and often disappoint-
ing (15–18). The warm ischemic time and the size of the throm-
bosed artery (e.g., main renal artery or a branch), and the extent
of occlusion (complete or partial) are major factors (15,17–
23). Most successful revascularizations were performed within
12 hours of the onset of thrombosis. Maggio and Brosman re-

ported 80% success of renal salvage when revascularization
was performed within 12 hours of trauma, 57% success for
repairs performed between 12 and 18 hours, and 0% for later
attempts (23). Clark et al. described a dismal 17% success rate
for renal salvage even though revascularization attempts were
performed early, between 3 and 18 hours after the injury (7).
Hass et al. reported surgical outcomes in 20 cases of bilateral
occlusion and 34 cases of unilateral renal arterial occlusion
(24,25). These cases were a mixture of their own cases and
data from reports in the literature. Surgical revascularization
was successful in 56% of the bilateral cases and in only 26%
of the unilateral cases.

Early revascularization is indicated in cases of bilateral re-
nal artery thromboses and of thrombosis to solitary functioning
kidneys in order to avoid severe irreversible renal failure. How-
ever, in patients with unilateral thrombosis and a functioning
contralateral kidney, surgical outcomes may not be better than
medical management alone, so the indication for surgery in
this setting is not clear. Despite the concerns regarding ischemic
time, there are scattered reports of restored renal function when
revascularization for traumatic renal artery thrombosis was
performed long after the period of injury (21,22,23,27). In
these cases renal function may have been preserved by collateral
circulation if preexisting stenosis was present or the occlusion
was incomplete.

Surgical revascularization should not consist of a thrombec-
tomy alone (25,26). The occluded segment of the renal artery
should be resected, with reinsertion in the aorta, or, alterna-
tively, with interposition of an aorto-renal graft, with either
PTFE or great saphenous vein (28). Nephrectomy may be re-
quired in emergent situations to control hemorrhage.

NONTRAUMATIC ACUTE
OCCLUSIVE DISEASES OF

THE RENAL ARTERIES

Acute occlusion of the renal artery or its branches may be due
to thrombosis from trauma or other causes, from acute em-
bolic events usually arising from the heart, or from dissecting
aneurysms. The major consequence of acute arterial occlusion
is the rapid development of renal infarction and irreversible
loss of renal function.

A B

FIGURE 70-2. Computed tomography with contrast. Arterial phase (A) and late phase (B) demonstrate
a wedge-shaped traumatic infarct localized to the posterolateral midpole of the right kidney. A large
right perirenal hematoma is present as well. (From: Lang, EK, Radiology of the Upper Urinary Tract.
Heidelberg: Springer; 1991, with permission.)
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Nontraumatic Renal Artery
Thrombosis—Causes

In Table 70-1 are listed the nontraumatic causes of renal
artery thrombosis. Damage or disruption of the arterial en-
dothelial surface initiates platelet adhesion and aggregation,
and leads to thrombus formation. The most common set-
ting for this is atherosclerotic renovascular disease. Other set-
tings include fibromuscular dysplasia (28,29), inflammation,
infection, renal artery aneurysms, and dissecting aneurysms.
Thrombosis of the main renal arteries or branches has been
described in the various vasculitides, including polyarteritis
nodosum (30,31), Takayasu arteritis (32,33) Kawasaki’s dis-
ease, and thromboangiitis obliterans. Other causes include
Behçet’s disease (34–37), syphilis (38), inflammatory diseases
such as phycomycosis (39,40), cocaine use (41–43), neurofi-
bromatosis (44), and infiltrating urothelial carcinoma of the
renal pelvis (45). Thrombosis has been attributed to strenu-
ous aerobic exercise (46) and to trauma from car seat belts
(47). Renal infarction has been observed with sickle cell anemia
(48).

Hypercoagulable states usually lead to venous thrombosis,
not to arterial thrombosis. Exceptions to this include the an-
tiphospholipid syndrome (APS) and heparin-induced throm-
bocytopenia. Severe cases of catastrophic diffuse arterial and
venous thromboses can occur in both diseases. Thrombosis in
the APS may occur in any location within the renal vascula-
ture, that is, from the renal artery trunk to the renal veins.
Renal artery thrombosis has been noted in both primary and
secondary (lupus-related) APS (49–59). In a recent report of
abdominal CT scan findings of abdominal thrombosis and is-
chemic events in patients with APS, renal infarctions of varying
sizes were found in 22 of the 42 patients (60). Factor V Leiden
mutation, which is associated with a short partial thrombo-

TA B L E 7 0 - 1

NONTRAUMATIC CAUSES OF ACUTE OCCLUSIVE
RENOVASCULAR DISEASE

1. Renal artery thrombosis
(A) following damage/disruption of endothelial surface

– atherosclerotic disease
– fibromuscular dysplasia
– renal artery aneurysms and dissecting aneurysms
– polyarteritis nodosum
– Takayasu’s arteritis
– Kawasaki’s disease
– thromboangiitis obliterans
– Behçet’s disease
– syphilis
– cocaine

(B) specific hypercoaguable states
– antiphospholipid antibody syndrome
– heparin-induced thrombocytopenia
– factor V Leiden mutation
– nephrotic syndrome (rare)

2. Renal artery thromboembolism
(A) cardiac origin

– atrial fibrillation
– endocarditis
– myocardial infarction
– congestive cardiomyopathy
– paradoxical emboli through patent septal defect

(B) aortic or renal artery source
– severe atherosclerosis/thrombosis

plastin time, has been implicated as the cause of renal artery
thrombosis in native kidneys and in renal allografts (61). Arte-
rial thrombosis has also been observed rarely in patients with
the nephrotic syndrome (62–64).

Thromboembolism of the Renal
Arteries—Causes

Emboli to the renal vasculature most commonly originate in
the heart. These emboli, depending on their size, will travel
downstream and obstruct arteries depending on their size. Car-
diac disease and dysrhythmias, in particular atrial fibrillation,
are the most common settings as an embolic source (65–67).
Mural atrial and ventricular thrombi may develop in the set-
tings of myocardial infarction or in congestive cardiomyopa-
thy. Thrombi or vegetations may form on prosthetic or diseased
heart valves and be the source of renal emboli. Before the use
of antibiotics, renal emboli often occurred as a consequence
of subacute bacterial endocarditis. Rarely, paradoxical renal
emboli may result from venous clots passing through patent
interatrial or interventricular septal defects (68). In addition to
a cardiac source, peripheral emboli may originate from clots
that develop along diseased endothelium or in aneurysms of
the suprarenal aorta or renal artery.

Iatrogenic causes of renal artery thrombosis and throm-
boemboli have increased in recent years following endovascu-
lar aortic and renovascular procedures, and with stent place-
ments by interventional radiologists and vascular surgeons.
The risk of major complications associated with renal artery
procedures is 7% to 10% according to a recent review. These
include thrombosis, dissection, rupture, and atheroembolic
showering (69,70). Morris et al. reported renal artery rupture
or occlusion from acute thrombosis in 4.2% of 308 procedures
of percutaneous transluminal angioplasty or stent dilatation of
the renal artery (71) Two German centers reported renal com-
plications following endovascular repair of thoracic and ab-
dominal aortic aneurysms using a variety of endografts in 775
patients (72,73). New renal infarctions were noted in 10% of
the cases when pre-procedure CT images were compared to
postprocedure studies. New infarcts were considered to be the
consequence of thromboembolic complications of the endovas-
cular repair. Most of these infarctions were asymptomatic, and
were small wedge-shaped findings on CT; however, one of
the studies reported a 2.6% incidence of total unilateral renal
artery occlusion following the procedure (72,73).

The downstream complications from renal angioplasty and
stenting may be diminished with the use of distal filter protec-
tion devices. Holden and Hill reported their early experience
with distal devices in 46 procedures of renal artery stent revas-
cularization for atherosclerotic renal artery stenosis (74). Sixty-
five percent of the distal protection baskets contained embolic
material, including fresh and chronic thrombi and atheroem-
boli. More experience with distal filters is needed to determine
their merit.

Pathology of Renal Infarction

Renal infarction is a fairly common autopsy finding, but an
infrequent clinical diagnosis. In a review of 14,411 autopsies,
renal infarctions of varying sizes were found in 1.4% of the
cases, and most of them were postmortem diagnoses (75). Re-
nal infarctions may occur in venous thrombosis, but they are
much more common with arterial occlusions. Depending on
the size of the occluded artery, the infarction could be a small
wedge-like lesion or encompass the entire kidney. The gross
appearance of the infarct depends on the size of the occluded
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artery, the age of the infarct, and whether infection is present.
Early on the infarct is red and pyramidal, and within hours it
becomes gray with a narrow red rim of congested parenchyma.
The necrotic area is eventually replaced by collagenous tissue.
The area shrinks, leaving behind a V-shaped scar. Infarctions
involve only the renal cortex; the medulla is usually spared
(76).

On microscopic examination, sterile infarcts have the clas-
sic picture of coagulative necrosis (76). The initial findings of
marked congestion are followed by cytoplasmic and nuclear de-
generative changes, with gradual loss of viable cytologic struc-
ture. The cytoplasm becomes homogeneous and eosinophilic,
and the nuclei undergo condensation and karyorrhexis. Sur-
rounding this necrotic area is a transitional zone of sublethal
injury with findings similar to acute tubular necrosis. This
peripheral area becomes infiltrated with polymorphonuclear
leukocytes. Eventually the central necrotic area becomes
smaller, with eventual collapse, and is replaced by a collage-
nous scar (76).

Clinical Features and Diagnosis of Acute
Occlusive Renal Arterial Disease

There are no specific signs or symptoms specific for arterial oc-
clusion (Table 70-2). Most patients with acute thrombosis or
thromboembolism to the kidney seeking medical care present
with flank and/or abdominal pain. The pain is not specific, and
may vary in intensity from a mild dull ache to excruciating pain.
Nausea and vomiting, and fever and chills, may also be present,
but fever may not develop until the second or third day after
the onset of pain. The patient may have noted anuria or olig-
uria, and gross hematuria. Anuria or severe oliguria raises the
suspicion of bilateral renal artery occlusion. However, oliguria
may be seen in unilateral occlusion with a normal contralat-
eral kidney, and it may last for several days. The decreased
renal function and oliguria have been attributed to arteriolar
spasm of the contralateral kidney. On physical examination,
blood pressure may be mildly to markedly elevated. The ab-
domen and/or flank are usually tender. Bowel sounds may be
absent, and guarding and peritoneal signs may be elicited. Con-
versely, small infarcts may be painless and asymptomatic in
many cases. Gorich et al. found 12 new small renal infarcts on
CT imaging following endovascular procedures that were con-
sidered iatrogenic thromboemboli; all 12 patients were asymp-
tomatic (73). Obviously, the size of the occluding artery and
the extent of renal ischemia play a critical role in the patients’
symptoms. Early diagnosis of acute arterial occlusion is usu-
ally missed because the initial diagnostic considerations are
typically directed toward other more common diseases such as
gastroenteritis, pancreatitis, cholecystitis, nephrolithiasis, and
pyelonephritis.

Laboratory abnormalities include an elevated LDH level,
which may rise to 2,000 IU/L in cases of large infarctions.
Serum AST and alanine aminotransferase (ALT) levels may be
increased, but usually not to the same extent as LDH. Moder-
ate elevations of alkaline phosphatase occur in 30% to 50%
of patients, and may persist for up to 10 days. The course of
changes of various serum enzymes in a patient with throm-
boembolic disease is shown in Figure 70-3. Most patients have
microscopic hematuria (77), and mild proteinuria and leuko-
cytosis are frequent. A low urinary sodium concentration, sug-
gestive of renal hypoperfusion, is occasionally noted (Fig. 70-4)
(78).

Imaging with CT with contrast, magnetic resonance angiog-
raphy (MRA), or angiography, are the best means of diag-
nosis (Figs. 70-5 and 70-6). Angiography has the added ad-
vantage in that thrombolytic agents can be infused directly to

TA B L E 7 0 - 2

CLINICAL AND LABORATORY FEATURES OF
THROMBOEMBOLIC DISEASES OF THE KIDNEY

Approximate
Feature incidencea

History and physical findings
Pain and tenderness (flank,

abdominal, chest, or back)
75%

Nausea and vomiting 50%
Gross hematuria 20%
Cardiac disease (myocardial

infarction, atrial fibrillation,
rheumatic valvular disease)

90%

Laboratory features
Leukocytosis

(11,000–32,000/μL)
95%

Microscopic hematuria (>15
erythrocytes per high-power
field)

90%

Pyuria (>10 leukocytes per
high-power field)

80%

Proteinuria (1+ to 4+) 95%
Increased enzymes (LDH,

SGOT, SGPT, alkaline
phosphatase)

95%–100%

Special diagnostic procedures Finding

Intravenous urogram Decr. or absent function;
delayed appearance

Renal ultrasonography No obstruction; rarely,
wedge-shaped mass

Isotope renal flow scan Decreased flow to all or
part of kidney

Computed tomography (with
contrast material)

Area of decreased
accentuation; cortical
rim of accentuation

aRefer to text.
LDH, lactic dehydrogenase; SGOT, glutamic-oxaloacetic
transaminase; SGPT, glutamic-pyruvic transaminase; Decr., decreased.

treat an occluded artery if it is found. Noncontrast studies will
miss the underperfused areas of the kidney. Isotopic renal flow
scans can show absent or markedly reduced perfusion defects
(Fig. 70-7). Their accuracy may be limited if acute renal fail-
ure is present. Ultrasonographic evaluation of the renal arteries
using color and power-Doppler techniques is of limited value
because the imaging of the entire renal artery is technically dif-
ficult, the procedure takes a long time, and the quality of the
studies is operator-dependent.

Therapy for Nontraumatic Acute Occlusive
Renal Arterial Disease

The overwhelming concerns of renal arterial occlusion are renal
ischemia and imminent infarction with irreversible loss of renal
function. A rapid diagnosis and initiation of therapy, usually
intraarterial thrombolysis, are critical to avert infarction and
preserve renal function. The duration of warm ischemia, the
size and extent of the vascular occlusion (e.g., bilateral versus
unilateral; main, branch, or peripheral artery; complete versus
partial occlusions) and the presence or absence of collateral
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FIGURE 70-3. Course of a 56-year-old woman with abrupt onset of anuria and right lower quadrant and
low back pain; she had atrial fibrillation and mitral stenosis owing to rheumatic heart disease. One year
earlier she had undergone a left nephrectomy for malignant hypertension. (Earlier, she had had a stroke
and blindness of the left eye owing to an embolism.) A diagnosis of thromboembolism to the renal artery
was confirmed by aortography (Fig. 70-6), and surgery was perfumed with removal of the embolus and
endarterectomy. The fractional excretion of sodium was 0.36% before surgery and increased to 7.3%
after removal of the thrombus. There was ultimate recovery from acute tubular necrosis, as indicated.
(From: Lessman, RK, et al. Renal artery embolism: clinical features and long-term follow-up in 17 cases.
Ann Intern Med 1978;89:477, with permission.)

circulation are important factors in determining whether renal
function can be preserved. The general rule is the shorter the
duration of renal ischemia, the greater the chance of preserving
renal function.

Blum et al. described 14 patients with acute embolic renal
artery occlusion who were treated with thrombolytic therapy:
intraarterial streptokinase, urokinase, or tissue-type plasmino-
gen activator (79). The estimated ischemic time from onset of
symptoms to therapy varied from 12 hours to 8 days. Recanal-

ization and adequate renal perfusion were achieved in 13 of
the 14 patients. Despite these results, renal function did not
improve in any patient with complete occlusion, but did stabi-
lize in those patients with partial occlusions. In their review of
the literature, the duration and degree of renal artery occlusion
were crucial; in 50 patients with complete occlusion of the main
renal artery and ischemic time greater than 3 hours who under-
went a successful reperfusion procedure by either thrombolysis
or surgery, evidence of irreversible renal damage as shown by

FIGURE 70-4. Serial serum levels of glutamic-
oxaloacetic transaminase (SGOT, �) glutamic-pyruvic
transaminase (SGPT, X), lactic dehydrogenase (LDH,
�), alkaline phosphatase (ALK P TASE, �) and creati-
nine (�) in a 62-year-old man with thromboembolism
to a single kidney 10 days after a myocardial infarc-
tion. Right flank and chest pain and lower abdominal
tenderness appeared on day 1. The patient also ex-
hibited an increase in serum creatinine level following
the second intravenous pyelogram (IVP). (From Less-
man, RK, et al. Renal artery embolism: clinical features
and long-term follow-up in 17 cases. Ann Intern Med
1978;89:477, with permission.)
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FIGURE 70-5. Left renal angiogram shows a wedge-shaped perfusion
defect involving the upper pole of the kidney due to a thromboem-
bolism.

repeat scintigraphic perfusion defects was noted in all. In the
small number of patients with complete occlusion of the main
artery and short ischemic time, less than 3 hours, renal func-
tion was preserved. Patients with either incomplete occlusion
of the main renal artery or with branch artery occlusions fared
better.

Recent convincing case reports refute this “critical ischemic
period” (80–83). A patient with bilateral occlusion and another
with occlusion of a solitary functioning kidney with relatively

FIGURE 70-6. Renal scan with technetium 99m-labeled dimercapto-
succinic acid (DMSA) showing evidence of segmental renal infracts of
the left kidney of a 74-year-old man who was hospitalized with abrupt
appearance of a supraventricular tachycardia. There was a progres-
sive rise in serum creatinine from a baseline value of 2.2 to 4.4 mg/dL
over 5 successive days. He was never oliguric; urinalysis showed 2+
proteinuria. His white blood cell count rose from 10,200/μL on admis-
sion to 15,400/μL after 4 days; there was no eosinophilia. The serum
alanine aminotransferase level rose from 33 to 42 U/L and lactate de-
hydrogenase, from 49 to 173 U/L. A technetium-labeled “flow” scan
disclosed markedly reduced flow bilaterally that was more marked on
the left than the right. There was a history of emboli to his feet, with
the serum creatinine level increasing from 1.2 to 2.2 mg/dL in associ-
ation with an acute myocardial infarction several years earlier. On the
basis of DMSA scan, a diagnosis of thromboembolism to the kidney
was made; the patient received anticoagulants and his serum creatinine
level gradually fell to 2.4 mg/dL.

FIGURE 70-7. Aortogram of a patient with an embolism to a soli-
tary right kidney. There is a faint lucency projecting into the lumen
of the aorta (open arrow) at the site of an embolus to the right renal
artery. The distal renal artery filled faintly (solid arrow), presumably
via collaterals. (From: Lessman, RK, et. al. Renal artery embolism:
clinical features and long-term follow-up in 17 cases. Ann Intern Med
1978;89:477, with permission.)

prolonged ischemia (20 and 36 hours, respectively), underwent
successful thrombolytic therapy and correction of severe re-
nal failure to normal function. Another report describes an
elderly patient with new-onset flank pain, anuria, severe acute
renal failure requiring dialysis, and bilateral occlusion by an-
giography with a complete lack of the left nephrogram noted
4 days after the onset of pain. Following angioplasty, renal
function returned to near-normal values over time, and re-
peated imaging studies showed normal perfusion to the whole
left kidney.

Surgical outcomes for preserving renal function in acute
nontraumatic obstructions are mixed. Lacombe showed very
good surgical results (84). Twenty patients with acute obstruc-
tion of the main renal arteries (25 kidneys at risk), 5 from acute
embolism, and 15 from acute thrombosis underwent revascu-
larization 18 hours to 68 days after the onset of occlusion. The
kidney salvage rate was 64%, but the postoperative mortality
rate was 15%. It is unclear whether some of these cases may
have been caused by thrombosis associated with atherosclerosis
with collateral circulation, which may have a better prognosis
for renal salvage than an acute occlusion without collateral cir-
culation. Other studies do not show such optimistic outcomes.
In another study, renal artery embolectomy failed to restore
renal function in 13 patients with acute renal artery embolism
(85).

In summary, an aggressive approach at revascularization
should be attempted in bilateral occlusions or occlusions to
solitary functioning kidneys, since the threat to major renal
function is great. For unilateral occlusions with normal con-
tralateral kidneys, clinical judgment is required to determine
whether to intervene with one of these. Either therapy is prob-
ably futile if prolonged complete occlusion of the renal artery
without collateral circulation persists for more than a day or
two. Conversely, intervention may be successful for shorter is-
chemic durations, and the shorter the period the better. If the
obstruction is incomplete or if collaterals are present, the kid-
ney may remain viable much longer. For unilateral occlusions,
thrombolysis may be preferable because of the lower risks com-
pared to surgery. If a unilateral segmental embolus is detected,
anticoagulation may be all that is necessary.
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Many reports describe the rapid relief of pain, which may
be very severe, during thrombolytic intervention. Severe pain,
which suggests ongoing ischemia, is probably a good indication
for thrombolytic intervention. In patients with embolic disease,
particular attention should be paid to the source of emboliza-
tion. Some patients, for example, those with atrial fibrillation,
will require long-term anticoagulation to avoid future recur-
rences of embolization to the kidneys or other vital organs.

RENAL ARTERY ANEURYSMS

Renal artery aneurysms (RAAs) are uncommon in the general
population, and are usually diagnosed serendipitously on imag-
ing studies. From large autopsy studies, the incidence of RAAs
in the general population is about 0.01% (86). In patients who
have undergone renal arteriography for any reason, not un-
commonly to evaluate renovascular hypertension, RAAs were
found in 0.3% to 1% (87,88). In one study, RAAs were diag-
nosed in 83 of 8,525 patients (0.97%) who underwent renal
arteriography (87). Sixty-one percent of the aneurysms were
right-sided, and 7% were bilateral.

Renal artery aneurysms are classified as saccular, fusiform,
dissecting, and intrarenal (88,89). Saccular aneurysms, the
most common type, comprise about 80% of RAAs. They may
be located anywhere along the vascular tree. About 90% are
extrarenal, and most are located at the first-order bifurcation
of the main renal artery. Less than 10% are within the renal
parenchyma.

Fusiform aneurysms, less common, (90–94), usually follow
areas of stenosis, and give the image of poststenotic dilation. In
fibromuscular dysplasia there may be several series of stenoses
followed by dilations, giving a “string of beads” appearance on
arteriography. Fusiform aneurysms are most commonly found
in young women who undergo renal angiography for the eval-
uation of renovascular hypertension.

Intrarenal aneurysms comprise 10% to 15% of RAAs, and
are frequently multiple. They may be congenital, posttraumatic
(e.g., following renal biopsies), or associated with polyarteritis
nodosa (91,95) (Fig. 70-8).

The histologic findings of the RAA resemble medial fibro-
muscular dysplasia. In the arterial wall, degeneration of the
internal elastic lamina with fragmentation, increased collagen,

FIGURE 70-8. Renal arteriogram shows a traumatic intrarenal
aneurysm located in the lower pole of the right kidney. (From: Lang,
EK. Radiology of the Upper Urinary Tract. Heidelberg: Springer; 1991,
with permission.)

and a lack of elastic tissue are observed. Atherosclerotic le-
sions may be the cause of the aneurysm, or more likely, may be
a secondary factor (96). Calcification of the arterial walls may
occur.

Table 70-3 shows demographic and clinical data of 277 pa-
tients who underwent surgical correction of renal aneurysms
in three recently published studies (96–98). The mean age of
the patients was around 50 years, and ranged from 13 to
78 years in one study. Women outnumbered men by 65% to
35%. Hypertension was common, present in 73% to 89%.
In other series, hypertension was found in 35% to 100% of
the patients (100). Medial fibromuscular dysplasia, present in
34% to 54%, was considered the major cause, and was the

TA B L E 7 0 - 3

DATA FROM THREE LARGE STUDIES REPORTING THEIR SURGICAL OUTCOMES
OF RENAL ARTERY ANEURYSMS IN 277 PATIENTS

Studies-Authors (ref.) English (96) Pfeiffer (98) Henke (97)

No. patients 62 94 121
No. RAAs repaired 72 107 168
Time-period of surgery (yr) 1987–2003 1980–2002 1965–2000
Mean patient age (yr) 46 51 51
Male/female (%) 70/30 61/39 60/40
Hypertension (%) 89 80 73

Pathogenesis
Fibromuscular dysplasia (%) 54 51 34
Atherosclerosis (%) 35 30 25

Outcomes
Perioperative mortality 1 (1.6%) 0 0
Perioperative morbidity (%) 12 17 ?
Hypertension improved (%) 54 22 ?
Hypertension cured (%) 21 25 ?
Long-term artery patency (%) 91 81 98
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probable reason for the female gender preference. Atheroscle-
rosis was present in 25% to 35%. A small number of cases were
due to arteritis, including polyarteritis nodosum and giant cell
arteritis, Marfan’s syndrome, dissection, mycotic aneurysms,
and trauma (96–100).

Most patients with RAAs are asymptomatic. Approximately
20% may complain of nonspecific flank or abdominal pain, and
there may be hematuria and an abdominal bruit. Complica-
tions include rupture, renovascular hypertension, thrombosis
with acute arterial occlusion and infarction, distal emboliza-
tion, and erosion into adjacent veins with the formation of
arteriovenous fistulae. The latter may lead to the development
of high-output heart failure (89,90).

Rupture of a renal artery aneurysm, a potentially catas-
trophic event, is the most serious complication. This can
present or quickly lead to hemorrhagic shock, irreversible loss
of that kidney’s function, and death. In cases of rupture, severe
flank pain is usually present and flank ecchymoses may develop
later.

It is generally accepted, though not proven in prospective
studies, that the larger the RAA, the greater the risk of rupture.
The risk of rupture of small RAAs, less than 1.5 to 2.0 cm
in diameter, appears to be low based on data from several
studies that followed the natural history of RAAs. How-
ever, RAAs of any size in the setting of pregnancy, and large
aneurysms, especially those greater than 4.0 cm in diameter,
have a greater tendency to rupture. The older literature sug-
gested that aneurysms without calcified walls may also have a
greater tendency to rupture, but this is questionable. Six stud-
ies described the natural history of small aneurysms in more
than 200 patients with small aneurysms, who were followed
conservatively without surgery for up to 17 years (86,97,101–
104). Most of these aneurysms were less than 2.0 cm. During
follow-up, none of the aneurysms ruptured, and very few of
them caused symptoms or had a considerable increase in size.
Henriksson et al. described 34 patients with RAAs who under-
went repeat angiographic studies (102). Twenty-eight of the 34
patients exhibited no change in size of the RAA on follow-up,
and 5 had slight enlargement, thrombosis, or calcification. One
patient had a worrisome dilation of the RAA and underwent
surgical repair. These studies suggest that small aneurysms, less
than 2.0 cm in diameter, are unlikely to rupture, enlarge, or
cause symptoms. It appears safe to follow them conservatively
with periodic imaging studies.

Pregnant women make up a disproportionate number of
cases of RAA rupture. In a review of 43 cases of rupture,
18 (42%) occurred in pregnant women (103). Most occurred
during the last trimester of pregnancy, but case reports de-
scribe rupture and hemorrhage occurring earlier in pregnancy
and during the postpartum period (105–108). Renal artery
rupture during pregnancy has also been described in a renal
transplant recipient (109). Many of the pregnant women who
had RAA rupture did not have hypertension before or dur-
ing their pregnancy (106,110,111). The reason for increased
rupture in pregnancy is not certain. Pathogenic considera-
tions include increased renal blood flow, particularly during
the third trimester, steroid hormone effects on the vascula-
ture, and increased intraabdominal pressure (110). The role
of pressure on the pelvic vasculature caused by the enlarged
uterus, particularly in certain positions, may be a factor (106,
111,112). Emergent nephrectomy is usually required in this
setting to control the hemorrhage. In recent years, mater-
nal mortality has decreased to 6% and fetal mortality to
25% if the pregnancy reached the third trimester (113,114).
If rupture occurred before the third trimester, fetal mortality
approaches 100%.

Renal angiography and MRA will diagnose renal artery
aneurysms. Computed tomography and radionuclide scanning
may be useful screening techniques.

Three surgical centers specializing in renovascular surgery
recently published very good surgical outcomes in a combined
number of 277 patients who underwent surgical RAA repair
(96–98). The mean size of the aneurysms was reported from
1.5 cm to 2.6 cm. Primary surgical success was around 97%,
and long-term arterial patency free of stenosis was 81% to
91%. In one center, unplanned nephrectomy had to be per-
formed in 8 of 121 surgeries (6.6%), a risk for this surgery.
Perioperative death rate was 0% to 1.6%, and morbidity was
12% to 17%. Hypertension was considered cured in 21% to
25%, and improved in another 22% to 54%. The specific
surgical procedures are detailed in the studies (96–98,115–
120). An experienced surgical team is essential for successful
outcomes.

The following points should be considered in deciding
whether or not to surgically correct RAA: the increased risk
of rupture of large aneurysms, and the low risk of small ones,
less than 1.5 cm; the increased risk of rupture in pregnancy; the
benefits of curing or improving renovascular hypertension, es-
pecially in a young person; the risk of major surgery; the risk of
a failed procedure, which frequently results in renal infarction
and irreversible loss of renal function. There are no set criteria
for surgery, but recent recommendations for surgery are the
following (91,96–98):

1. RAA diameter greater than 1.5 to 2.0 cm in a healthy, nor-
motensive person;

2. RAA greater than 1.0 cm in women of child-bearing age,
since rupture during pregnancy is increased;

3. RAAs with associated renal artery stenosis or evidence of
distal embolization.

4. RAA showing significant expansion during follow-up imag-
ing studies.

If medical management is chosen, blood pressure should be
well controlled, and periodic CT monitoring of the aneurysm
should be undertaken.

Endovascular approaches have been used to treat RAAs as
an alternative to surgery. Radiologic transcatheter placement of
stent grafts, and exclusion of the aneurysm through the place-
ment of microcoils and with Onyx, a radiopaque nonadhesive
liquid embolic agent, have been described in limited cases (121–
124). The long-term outcome of these procedures is not known.
Superselective end-branch embolic therapy may be used to oc-
clude intraparenchymal RAAs.

DISSECTING ANEURYSMS OF
THE RENAL ARTERY

Tears of the arterial intima and medial necrosis lead to dis-
section of the arterial wall. Atherosclerosis and fibromuscular
dysplasia are common predisposing factors that lead to inti-
mal tears. Iatrogenic dissection due to angiographic procedures
may be induced by trauma from guide wires, catheters, or an-
gioplasty balloons (125). Rarely, dissections occur after blunt
trauma of the abdomen or flank (126,127). Occasionally, renal
artery dissections are found as incidental findings at autopsy,
without any apparent clinical manifestations during life.

Dissecting aneurysms can cause acute or chronic occlusions
of the renal artery, with consequent renal ischemia and in-
farction and renovascular hypertension (128). They occasion-
ally can rupture and cause a retroperitoneal hemorrhage. The
discussions in the preceding text regarding acute renal artery
occlusion and renal infarction apply also to dissecting an-
eurysms. Chronic renal artery dissection most commonly man-
ifests itself as renovascular hypertension (129).

In acute dissections, new-onset hypertension or worsen-
ing hypertension and flank pain are common. Occasionally,



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-70 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:47

Chapter 70: Renal Artery Thrombosis 1795

patients may experience malignant hypertension. Headache
may occur, probably as a result of hypertension. Some patients,
especially those who develop the lesion iatrogenically from an
angiographic procedure, may show no symptoms or signs other
than hypertension.

Dissections are about three times more common in males
than females (128,129). They occur most commonly between
40 and 60 years of age, but young adults can be affected, partic-
ularly if fibromuscular dysplasia and hypertension are present.
Dissecting aneurysms are more commonly right-sided, and are
bilateral in 20% to 30% of cases (128,129).

Proteinuria may be detected, and hematuria is present in
20% to 35% of patients. Impaired renal function with serum
creatinine level greater than 1.5 mg/dL was present in 9% and
33% of patients in two series (127,128).

Renal angiography or MRA may diagnose dissection. Selec-
tive arteriography typically reveals an abrupt narrowing of the
arterial lumen (Fig. 70-9). Less often, both the true and false
lumina fill with contrast, giving the appearance of a double lu-
men separated by the intimal flap. The dissection may extend
from the main renal artery, distally to the first bifurcation and
into the branch arteries. Follow-up arteriography may show
persistent dissection, but others have described some degree
of reversibility, with gradual improvement of renal function
and improvement of hypertension (127,130). Renal function
generally is relatively well maintained. Approximately 50% of
patients in one study had lateralization of renal vein renin lev-
els, and the isotope renogram showed unilateral abnormalities
in a similar fraction (128).

The appropriate therapy depends on the severity of the
hypertension and its response to medical management. Some
patients have persistent severe renovascular hypertension re-

FIGURE 70-9. Aortogram demonstrates an intimal flap and dissec-
tion with thrombosis of the right renal kidney. Note the absence of
enhancement of the right kidney. (From: Lang, EK. Radiology of the
Upper Urinary Tract. Heidelberg: Springer; 1991, with permission.)

sistant to antihypertensive therapy. They may benefit from sur-
gical revascularization, or nephrectomy if renal infarction is
present, with improvement or complete resolution of hyperten-
sion following these procedures (131,132). In other patients,
hypertension can be controlled with medications, and these pa-
tients may become normotensive again with time. Edwards and
colleagues noted an adequate response of the hypertension to
medical therapy in the majority of patients (129).

ATHEROEMBOLIC RENAL
DISEASE

The clinical presentation of atheroembolic disease (AED), also
known as cholesterol embolic disease, differs from acute renal
ischemia and infarction produced by the larger thromboemboli
to the renal artery and medium-sized arteries. In atheroembolic
disease, tiny cholesterol-containing plaques with fibrin slough
off the aorta and large arteries and travel downstream, eventu-
ally occluding many small arteries and arterioles with diame-
ters of 150 to 200 μm (133). Local ischemia and inflammatory
reactions follow. This leads to the acute or insidious onset of
renal impairment if the renal vasculature is showered, as well
as a wide range of clinical manifestations depending on which
other organs are showered. The presentation lacks the clinical
features of a large renal infarct due to thromboemboli or acute
thrombosis described in the previous sections.

Atheroembolic disease is a disease of the elderly, who typ-
ically have evidence of diffuse atherosclerosis, and especially
smokers. Precipitating factors are invasive procedures with aor-
tic or arterial catheters, vascular surgery, and therapy with
thrombolytic agents or anticoagulants; less commonly, AED
occurs spontaneously without a precipitating event. Clinical
manifestations can be mild or severe depending on the degree
of atheroemboli. Almost any organ can be involved, but the
most common clinical manifestations involve the skin, kidneys,
gastrointestinal tract, and central nervous system. No specific
therapy is known to limit or halt the cholesterol showering and
the clinical sequelae.

Pathology

Autopsy studies show that cholesterol-containing microemboli
in the renal vasculature are fairly common. Large autopsy stud-
ies describe renal cholesterol emboli in 5% of men and 3% of
women older than 50 years of age. (134). This is far higher
than the clinically apparent disease, and it suggests that only the
more severe cases of AED have clinical manifestations, whereas
mild cases are asymptomatic. The incidence of symptomatic
cholesterol emboli involving the skin or kidneys following car-
diac catheterization was found to be 1.4% in a large prospec-
tive Japanese study (135). In autopsy studies of patients with
AED, the kidney is the most commonly involved internal or-
gan. Renal involvement was found in 75% of 173 autopsy cases
of AED (136). Cholesterol emboli were widespread, and each
autopsy averaged 3.4 organs with microemboli. In addition to
renal involvement, other common organ sites for atheroemboli
were the spleen, pancreas, and gastrointestinal tract (137).

Fragments of atheromatous plaques become embedded in
small arteries, arterioles, and sometimes in the glomerular cap-
illaries. The arcuate, interlobular, and terminal arterioles are
involved (138). Pathologic examination of the occluded ves-
sels reveals characteristic biconvex, needle-shaped clefts that
remain after the lipid is dissolved during histologic processing
(Fig. 70-10). Complete obstruction of the small arteries or ar-
terioles leads to distal areas of small infarction and necrosis;



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-70 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:47

1796 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

FIGURE 70-10. Light microscopy illustrates the needle-shaped clefts of atheroemboli in a renal arteriole.
Foreign-body giant cells (arrows) surround the cholesterol clefts.

in incomplete obstruction, distal areas exhibit ischemic
atrophy.

During the early period after atheroembolization, choles-
terol crystals may be surrounded by eosinophilic material, with
little inflammatory reaction in the surrounding interstitium.
Subsequently, there is intimal thickening, and the appearance
of macrophages, lymphocytes, and multinucleated giant cells of
the foreign body type (138). Later there may be marked intimal
thickening with concentric fibrosis. Necrosis of the arterial wall
is not present. The ischemic glomeruli may become hyalinized,
and the tubules become atrophic (139). Grossly, the kidney may
shrink and have a rough granular surface with wedge-shaped
scars. The lesions produced in experimental animals closely
parallel the pathologic features observed in humans (140,141).

Renal impairment arises from recurrent and multiple
episodes of cholesterol microembolization. The debris and
cholesterol crystals found at the site of occlusion are identi-
cal to the material found in the severe atheromatous lesions
observed in the aorta of these patients (142,143). Indeed, the
incidence of AED and the severity of aortic atherosclerosis have
been correlated (143,144). The irregular and ulcerating inter-
nal surface of the aorta is commonly covered with fibrin and
platelet thrombi. These pliable and soft thrombi can be dis-
lodged easily. The intima may be completely eroded, revealing
direct communications between an atheroma and the lumen of
the aorta.

A secondary form of focal glomerulosclerosis (FGS) has
been described in cases of AED. In a report of 24 patients with
renal biopsy evidence of AED, FGS was found in the majority
of patients (145). In the patients with nephrotic-range protein-
uria, the collapsing variant of FGS was common. The authors
speculated that glomerulosclerosis and collapse were the con-
sequences of chronic ischemia and progressive damage of the
remaining glomeruli to hyperfiltration. In addition, there are

several reports of necrotizing glomerulonephritis including an-
tineutrophil cytoplasmic antibody positive pauci-immune ex-
tracapillary glomerulonephritis associated with atheroembolic
disease (146–148).

Clinical Features

Atheroembolic renal disease is a disease of the elderly, and is
rare in patients younger than 50 years of age. The disorder is
more common in males than females, and in a U.S. series, it
is described predominantly in caucasians (137,138,149,150).
Several Japanese series have been published recently (151,148).
Evidence of aortic atherosclerosis is almost invariably present,
and symptomatic peripheral or cerebral vascular disease, coro-
nary artery disease, hypertension, and mild renal insufficiency
are common. Most patients are smokers. In three clinical stud-
ies and one large review of AED, which jointly included 350
patients with AED, the mean age was 66 years age, more
than three-fourths were male, and more than 90% were cau-
casian (137,138,149,152,153). Cigarette smoking was present
in 79% to 92% of the patients. Hypertension was present in
61% to 100%, coronary artery disease in 44% to 73%, pe-
ripheral vascular disease in 59% to 75%, and cerebrovascular
disease in 32% to 62%. Abdominal aortic aneurysms were
noted in 25% to 67%, and baseline renal insufficiency was
common, noted by a baseline serum creatinine of 1.8 mg/dL
(137,149,153). The clinical characteristics of AED are summa-
rized in Table 70-4.

Invasive angiographic procedures, vascular surgery, and
therapy with anticoagulants or thrombolytic agents have been
implicated as precipitating factors for cholesterol atheroem-
boli. Coronary, carotid, and aortic angiograms as well as
cardiovascular, aortic, and renal artery surgery have been



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-70 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:47

Chapter 70: Renal Artery Thrombosis 1797

TA B L E 7 0 - 4

CLINICAL CHARACTERISTICS OF ATHEROEMBOLIC
DISEASE AND THEIR APPROXIMATE INCIDENCEa

Age (yr) 60 and higher
(rare lower than 50)

Male (%) 75%
Caucasian race 90%
Cigarette smoking history 70%–90%

Medical and vascular disease
Hypertension 60%–90%
Peripheral vascular disease 60%–75%
Coronary artery disease 40%–75%
Abdominal aortic aneurysm 20%–45%
Diabetes mellitus 10%–35%
Hypercholesterolemia 20%–50%

aRefer to text.

complicated by AED (154–157). Thrombolysis and anticoag-
ulation with heparin and Coumadin were considered sole or
contributing factors in 14% to 37% of cases (158–165). Less
commonly, blunt abdominal trauma, intraaortic balloon place-
ment, cardiopulmonary resuscitation, and percutaneous renal
angioplasty have been implicated as causing AED. Occasion-
ally, AED occurs spontaneously without precipitating events.
Only 13% of 95 cases were spontaneous in an Italian study
(152,165).

The time from the precipitating event to clinically apparent
AED is variable, with a range of 1 day to a month or two. In a
study of 52 patients with AED and renal failure, clinical man-
ifestations, most often skin manifestations, were seen within
1 day of the precipitating event in 50% of the patients (149).
Skin lesions are the most common clinical finding in AED, and
are described in 35% to 50% of patients (149,167). Skin find-
ings include purpura, petechiae, violaceous mottling of the toes
and feet, the so-called “purple toe syndrome,” livedo retic-
ularis, gangrene, and ulcers. The lower extremities are most
commonly involved and they are frequently bilateral, although
other parts of the body may be involved. Severe scrotal and
penile necrosis due to AED has been described (166–168).

Renal involvement is frequently severe and often is the most
critical problem. The presentation of renal failure may be acute
and fulminant, or it may follow a more insidious, sometimes
stepwise course. The onset of renal failure may follow the pre-
cipitating event closely, within 1 or 2 days, or it may develop
weeks or months later. From three reports of 91 patients who
developed acute renal failure from AED, 17% to 44% had se-
vere failure that required dialysis (137,138,149). About 20% of
these patients recovered sufficient function to no longer require
dialysis, after 42 to 122 days (149). Predictors of end-stage re-
nal disease (ESRD) among 95 patients with AED were preexist-
ing chronic kidney disease and longstanding hypertension; use
of statins was independently associated with a decreased risk
of ESRD (152). Atheroemboli to transplanted renal allografts
have been described (169,170).

The gastrointestinal (GI) tract is showered with microem-
boli in 18% and 48% of cases. (171–173). Abdominal pain
and hemorrhage develop from mucosal ulcerations and small
infarcts. Diarrhea and postprandial pain may also be present.
Pancreatitis (174), and, less commonly, small bowel perfora-
tion, bowel obstruction, cholecystitis, and splenic infarcts have
been described (172).

The central nervous system may be involved, with findings
of confusion, obtundation, and focal neurologic deficits. Visual
deficits and the funduscopic finding of Hollenhorst plaques,

FIGURE 70-11. Retinal image shows two bright yellow cholesterol
plaques (Hollenhorst plaques) at two bifurcations of retinal arterioles
(arrows). This was noted in a 68-year-old man with progressive renal
insufficiency owing to atheroembolic disease following cardiac cather-
ization. (From: Goehagen M. Ophthalmology Service, Department of
Veterans Affairs Medical Center, West Los Angeles, Wadsworth Divi-
sion, with permission.)

bright copper-yellow plaques usually lodged at the bifurcations
of the retinal arterioles, may be noted (175,176) (Fig. 70-11).
Several cases of pulmonary involvement with hemoptysis and a
pulmonary-renal presentation have been described (177–179).
Patients may have nonspecific findings of weight loss, fever, and
muscle aches.

Laboratory results are often abnormal but not specific. Oc-
casionally, mild leukocytosis and eosinophilia may be present.
Reports on the incidence of eosinophilia in AED have been
varied. Eosinophilia was seen in only 14% of 37 patients in
one report, but was found transiently in 71% of 80 patients
and in 77% in another study (180–182). The erythrocyte
sedimentation rate is commonly elevated, and hypocomple-
mentemia has been observed (183). Mild proteinuria is gen-
erally present, but nephrotic-range proteinuria has also been
described (145,184,185).

Microscopic hematuria occasionally occurs, and hyaline
and granular casts may be found on urinalysis. Rarely, dys-
morphic red blood cells and red blood cell casts, findings of
a nephritic sediment, may be seen. Eosinophiluria detected by
the Hansel stain was found in 8 of 9 patients with AED, but
noted in only 2 of 37 patients in a report that used the Wright
stain (149,186). Depending upon the site of the atheroembolic
showering, increases of amylase, lipase, creatine kinase, and
liver enzymes may be present.

A high index of suspicion for AED should be present when
elderly patients, especially those with diffuse atherosclerotic
disease, develop renal failure following a vascular procedure.
On the other hand, the diagnosis of spontaneously occurring
AED may be perplexing. In these latter cases, a tissue diagno-
sis is often necessary. The safest and easiest tissue to biopsy
is the skin, which is diagnostic for AED in 90% of biopsies
(137,167,187). Renal biopsies are often diagnostic, but they
may miss the typical lesions because of the patchy distribution
of atheroemboli. Other organs that showed cholesterol emboli
were the muscle, bone marrow, prostate, stomach, and lung
(177,178,188).

At present, there is no satisfactory therapy for patients
with atheroembolic renal disease. General medical support-
ive measures and the avoidance of anticoagulants may be the
best current approach, since there is the concern that these
agents could worsen the atheroembolic showering (189–195).
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Corticosteroids, antiplatelet agents, and vasodilators have un-
proven effects. If patients require dialysis, it may be safest to
perform heparin-free dialysis.(152,191,195,196).

The vascular surgical literature describes improvement of
renal function with revascularization of the kidney when AED
is the consequence of severe atherosclerosis of the renal artery
and when renal artery stenosis is present (137,197,198). In
these cases, renal function was allowed to stabilize for a few
months following the initial episode of atheroemboli before in-
tervention, either surgical bypass or intra-arterial stent place-
ment, was performed. Surgical benefit has also been described
in AED, mainly for limb salvage (197–199). In a study of
100 patients with AED, surgery was attempted to remove the
source of the atheroemboli. Surgical outcome and long-term
prognosis, especially limb salvage, were good in the patients in
whom the infrarenal aorta or iliac artery were the source of the
atheroemboli. However, clinical outcomes were poor and mor-
tality rates were high in patients who underwent suprarenal
aortic surgery (197). In another study, 42 patients with AED
underwent bypass surgery or endarterectomy, most of them at
the level of the infrarenal aorta or more distally. They reported
good limb salvage, low operative mortality, and excellent long-
term relief of embolization (198). Surgical candidates among
this elderly population, many with comorbid conditions, must
be chosen carefully.

RENAL VEIN THROMBOSIS

Thrombosis of the renal vein was originally thought to be a
relatively uncommon vascular complication of the kidney. Al-
though the first description of thrombosis of the renal vein was
made by J. Hunter (200), Rayer in 1840 was the first to make
an association between renal vein thrombosis (RVT) and the
nephrotic syndrome (201). Much later, Abeshouse extensively
reviewed the medical literature in regard to thrombotic dis-
ease of the renal vein (202). Among the most important causes
cited were infectious suppuration, malignancy, and trauma. It
is important to note that in all of these patients reported to
have RVT, the diagnosis was made postmortem. Later, with the
development of more advanced radiographic techniques and
selective catheterization, antemortem diagnosis of RVT was
made possible, and the number of patients in the adult popu-
lation diagnosed with RVT increased. Although RVT may be

caused by trauma or tumor, it occurs most commonly in the
nephrotic patient.

Because of the early descriptions, emphasis was placed on
the presence of lumbar pain with flank tenderness, edema, and
the appearance of a lumbar mass. As a consequence, the early
reports following this description focused attention on these
symptoms, and it was generally assumed that RVT always pre-
sented suddenly with florid symptomatology. However, Harri-
son et al. in 1956 described two groups of patients with RVT
(203). The first, with complete acute thrombosis of the renal
vein, was characterized by severe lumbar or abdominal pain,
enlargement of the affected kidney, proteinuria, edema, and
deterioration of renal function. A second group had only the
nephrotic syndrome and absence of acute symptomatology.

Etiology

The incidence of RVT in the adult population is difficult to es-
tablish. A review of 29,280 necropsy studies performed in the
Mayo Clinic from 1920 to 1961 revealed 17 adults with bi-
lateral RVT, an incidence of approximately 0.6% per 1,000
necropsies (204). Among the 17 patients, only 2 had the
nephrotic syndrome; however, during the last decade, prospec-
tive studies evaluated the incidence of RVT in the nephrotic
patient and found it to be significant, although variable. In
Table 70-5 are displayed data from various prospective studies
evaluating the incidence of RVT in patients with the nephrotic
syndrome and membranous nephropathy (210–216). These
prospective studies evaluated patients undergoing routine re-
nal venograms regardless of the presence or absence of symp-
toms suggestive of RVT. It can be appreciated that the overall
incidence of RVT in both the nephrotic syndrome and mem-
branous nephropathy is significant; however, there are marked
differences, ranging from 5% to 62%. The reason for such
differences is not clear. One possibility, in light of current im-
munologic advances, is that membranous nephropathy may
include different immunologic entities and some patients may
be more prone to develop RVT than others. Another pos-
sibility is that the duration of the nephrotic syndrome and
the persistence and magnitude of the hypoalbuminemia may
have varied in these studies. It is generally agreed that the
most common underlying nephropathy associated with RVT
is membranous nephropathy. A review of all our patients with

TA B L E 7 0 - 5

PROSPECTIVE STUDIES EVALUATING THE INCIDENCE OF RENAL VEIN
THROMBOSIS (RVT) IN PATIENTS WITH NEPHROTIC SYNDROME (NS) AND
MEMBRANOUS GLOMERULOPATHY (MGN)

Patients with Incidence Patients with Incidence
RVT in NS (%) RVT in MGN (%)

Bennett (4) — — 5/10 50
Noel et al. (154) — — 5/16 31
Wagoner et al. (158) — — 14/27 52
Cameron et al. (76) — — 2/15 13
Pohl et al. (155) 1/54 2 1/20 5
Llach et al. (152) 33/151 22 20/69 29
Monteon et al. (153) 15/53 28 15/24 62
Vosnides et al. (157) 7/44 16 5/30 17
Velasquez-Forero and

Garcia-Prugue (156)
8/19 42 3/5 60

(From: Llach, F. The hypercoagulability and thrombotic complications of nephrotic syndrome. Kidney Int
1985;28:4259. Editorial review, with permission.)
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TA B L E 7 0 - 6

ETIOLOGY OF THE NEPHROTIC SYNDROME IN 151 PATIENTS

Patients with renal vein Patients without renal
Renal diagnosis thrombosis (no.) vein thrombosis (no.) Total

Membranous nephropathy 20 49 69
Membranoproliferative

glomerulonephritis
6 21 27

Lipoid nephrosis 2 8 10
Rapidly progressive

glomerulonephritis
1 1 2

Amyloidosis 1 5 6
Focal sclerosis 1 3 4
Renal sarcoidosis 1 0 1
Lupus nephritis 1 10 11
Diabetic nephropathy 0 15 15
Focal glomerulonephritis 0 3 3
Acute poststreptococcal

glomerulonephritis
0 2 2

End-stage renal disease 0 1 1
Total 33 118 151

(From: Llach F, Koffler A, Massry SG. Renal vein thrombosis and the nephrotic syndrome. Nephron
1977;19:65, with permission.)

nephrotic syndrome is shown in Table 70-6. Of 151 patients
with the nephrotic syndrome, 33 had RVT, and of these, 20
had membranous nephropathy (205). However, other causes
such as membranoproliferative glomerulonephritis, minimal
change nephrosis, and amyloidosis may be associated with
RVT. Of our 33 patients with RVT, only 4 had an acute mode of
presentation.

The concept of the relationship between RVT and the
nephrotic syndrome has changed in the last two decades. For
many years, it was thought that RVT was the cause of the
nephrotic syndrome, a belief that is no longer held. Several
lines of evidence seriously questioned this hypothesis. First,
experimentally induced RVT causes only mild proteinuria, and
renal histology by immunofluorescent findings in these cases
does not resemble that of membranous nephropathy (206,207).
Second, according to the surgical literature, RVT can occur in
the absence of the nephrotic syndrome (208,209). Moreover,
in autopsy studies of patients with RVT, nephrotic syndrome
was present antemortem in only a few patients. Third, most
patients with RVT and nephrotic syndrome who have been
subjected to renal morphologic study exhibit an identifiable
glomerulopathy, most of the time membranous nephropathy,
which is responsible for the nephrotic syndrome (210–216).
Finally, as shown recently, RVT occurs after the onset of the
nephrotic syndrome (216). Therefore, the general view today
is that the nephrotic syndrome provides a favorable milieu for
the development of RVT.

Pathophysiology

An important factor in the causation of RVT in patients with
the nephrotic syndrome is the presence of a hypercoagulable
state. Various investigators (217–231) observed profound clot-
ting factor abnormalities in patients with the nephrotic syn-
drome. There are five major functional classes of coagulation
components: (a) zymogens (factors II, V, IX, XI, and XII),
which are activated by enzymes and cofactors (factors V and
VIII) the major role of which is to accelerate the role of enzymes;
(b) fibrinogen and products from the conversion of fibrinogen

to fibrin; (c) the fibrinolytic system; (d) clotting inhibitors; and
(e) components of the platelet reaction and thrombogenesis.
Alterations in all of these coagulation components have been
observed in the nephrotic patient.

Alterations in zymogens and cofactors include a decrease in
the levels of factors IX, XI, and XII. The low levels of these pro-
teins are due most likely to urinary loss secondary to their small
molecular size rather than to impaired protein synthesis. An in-
crease in the levels of factor II and combined factors VII and
X has also been described (222–227). In general, most of these
zymogen abnormalities tend to normalize with clinical remis-
sion of the nephrotic syndrome. Most consistently, increased
levels of cofactors (factors V and VIII) have been noted in the
nephrotic syndrome (231–233). A number of studies showed a
correlation between increases in factors V and VIII and a fall in
serum albumin level (232,233). These alterations in cofactors
result from increased synthesis of these proteins by the liver;
the mitochondria of the liver cells are the final sites of produc-
tion of most of these proteins, and a decrease in plasma oncotic
pressure or a decrease in serum albumin concentration or both
may be sensed by these liver cells, which in turn respond with
an increased production of different proteins (234).

During the earlier description of the hypercoagulable state
of the nephrotic syndrome, the hypothesis was advanced that
an increase in cofactors may lead to hypercoagulability and
may explain the high incidence of thrombosis in these patients.
However, two important points must be made regarding this
hypothesis. First, all of these factors are normally present in
great excess in the circulation, with only a small amount of
any given factor being activated during thrombus formation.
Therefore, it seems unlikely that high levels of any of these
zymogens would lead to thrombosis or that reduced levels of
some coagulation factors would be a sensitive marker of the
presence of thrombosis. Second, there is no evidence suggest-
ing that the increased level of cofactors may lead to throm-
boembolic phenomena. High levels of these factors are usu-
ally present during acute inflammatory responses because they
are acute-phase reactant proteins. There is no current evidence
that these conditions are associated with an increased risk of
thrombosis.
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An elevation of plasma 131I-labeled fibrinogen levels is a
consistent and significant abnormality observed in nephrotic
patients (235–238). As demonstrated by the use of 131I-labeled
fibrinogen, the rate of fibrinogen catabolism is normal in these
patients, and the observed increase in plasma fibrinogen is due
to an increased liver synthesis that is proportional to the uri-
nary protein loss (237). In addition, there is a significant cor-
relation between fibrinogen and cholesterol levels, and both
are related inversely to the levels of serum albumin. The level
of fibrinogen in nephrotic patients may be as high as 1 g/dL
and can alter plasma viscosity considerably (232). Therefore,
increased plasma fibrinogen concentration reflects its increased
hepatic synthesis; contracted intravascular distribution may be
present, and there is a normal degradation rate of fibrinogen
in the nephrotic patient. It is possible that the high fibrinogen
levels, by significantly increasing blood viscosity, are important
in the hypercoagulable state of nephrotic syndrome.

Various tests for the determination of the products of fib-
rinogen to fibrin conversion have been developed for diagnosis
of a prethrombotic state. An increase in the plasma concen-
tration of fibrinogen degradation products (FDPs) is not com-
monly observed in nephrotic patients but has been observed in
the urine of patients with glomerulonephritis (238–241). Some
nephrotic patients have increased urinary levels of FDPs (238).
However, these findings should not be taken as definite evidence
for increased fibrinolysis in the systemic or renal vasculature,
because in patients with nonselective proteinuria, fibrinogen is
filtered at the glomerulus and may undergo proteolytic degra-
dation by protease. In this regard, gel chromatography shows
clearly that material that in the past was interpreted as FDP
is actually filtered fibrinogen that has been degraded in the
tubules (238).

Alterations in the fibrinolytic system have also been ob-
served in nephrotic patients (233). The basic reaction of the
fibrinolytic system is the conversion by plasminogen activa-
tors of β-globulin, plasminogen, to an active serum protease,
plasmin. This system is modulated by inhibitors of both plas-
minogen and plasmin. A number of clinical studies reported an
association between defective fibrinolysis and thrombosis; the
association included oral contraceptive ingestion (242), preg-
nancy (243), postoperative states (244), malignant disease
(245), obesity (246), and the nephrotic syndrome (247). The
data in regard to the fibrinolytic abnormalities in nephrotic
patients have shown in general a decrease in plasma plas-
minogen concentration (248–251) that is correlated with a low
serum albumin concentration and the magnitude of the protein-
uria (251). The clinical significance of this abnormality is not
known, and a cause–effect relationship of these abnormalities
and RVT has not been made. However, Du et al. (252) iden-
tified a plasmin inhibitor that is identical to α2-antiplasmin.
They evaluated 14 nephrotic patients with RVT together with
30 nephrotic patients without RVT. In both groups the level
of total fibrinolytic activity was normal and that of the plasma
inhibitor (α2-antiplasmin) of plasminogen activation was ele-
vated. However, the plasmin inhibitor was elevated in 13 of
14 patients with RVT and in only 12 of 30 patients with-
out RVT. The authors suggested that the increased level of
α2-antiplasmin may be a factor in determining susceptibility
to the development and persistence of RVT in nephrotic pa-
tients. Further studies are needed to confirm the importance of
these observations.

Alterations in coagulation inhibitors have been observed in
nephrotic patients. The components of the coagulation system
exist in the circulation as zymogens, and they are cleaved to
form proteolytic enzymes. Activated clotting factors are inhib-
ited by naturally occurring coagulation inhibitors (253–255).
The most important physiologically of these inhibitors is an-
tithrombin III (AT III), an α2-globulin that is the main inhibitor
of thrombin and also inhibits activated factors XII, IX, X, and

XI and plasmin (256–258). The rate of inhibition of these en-
zymes by AT III is markedly increased in the presence of hep-
arin. In patients from families with an inherited deficiency of
AT III, an increased incidence of thromboembolic complica-
tions is generally observed when AT III levels are less than
75% of normal (256).

Kauffman et al. studied AT III levels in 48 patients with pro-
teinuria and their relationship with the occurrence of throm-
boembolic phenomena (259,260). Nine patients had evidence
of thrombosis, including 4 with RVT. In 8 of these 9 patients,
the serum AT III levels were less than 70% of normal. There
was a significant correlation between AT III concentration and
urinary protein excretion. Only 6 of the 32 patients who ex-
creted less than 10 g per 24 hours showed depressed AT III
levels of less than 85%, whereas 13 of 16 patients with a uri-
nary protein loss higher than 10 g per 24 hours showed de-
pressed AT III levels. Because the molecular weight of AT III is
relatively low, excretion in the urine would be expected in pa-
tients with proteinuria. Because of similar molecular weights,
the renal clearance of AT III and albumin was compared. A
significant correlation was noted between the plasma concen-
trations of these two proteins. In addition, there was a signifi-
cant correlation between the renal clearance of AT III and the
degree of AT III deficiency. It was concluded that thrombosis
in nephrotic patients may be associated with deficiency of AT
III due to increased urinary loss and that low levels of AT III
may be insufficient to inactivate procoagulant factors, thus re-
sulting in the development of thrombosis. These results are in
apparent conflict with those of studies showing normal or in-
creased antithrombin activity in nephrotic children (261,262).
This finding may have been due to the nonspecific in vitro in-
hibition of thrombin by α2-globulin and α2-antitrypsin (two
other clotting inhibitors), and, therefore, the apparent incre-
ment in AT III activity may not have reflected a true increase in
AT III levels. In addition, AT III deficiency was generally asso-
ciated with a serum albumin concentration of less than 2 g/dL
by other investigators (259–260), whereas in the earlier stud-
ies only a few patients had severe hypoalbuminemia. Panicucci
et al. reported normal levels of AT III despite high urinary AT
III levels (263). They suggested that increased AT III synthesis
compensated for its renal loss. Later, Vaziri et al. observed a
significant decrease in AT III plasma concentration and activity
in 20 nephrotic patients compared with normal subjects (264).
In addition, substantial urinary losses of AT III were demon-
strated in the nephrotic patients. Therefore, although the rate
of synthesis and degradation of AT III and its distribution have
not been determined, it is likely that renal losses of AT III in
nephrotic patients contribute to AT III deficiency. It is possi-
ble that the danger of thromboembolic phenomena may arise
with sudden changes in the activity of the renal disease, result-
ing in abrupt renal losses of AT III while hepatic synthesis of
AT III has not yet increased. An interesting observation is the
increase in AT III levels in nephrotic children after steroid ther-
apy (263). Furthermore, of interest is the recent observation in
a healthy non-nephrotic 13-year-old girl presenting with acute
flank pain and anuria due to RVT (265). She was noted to
have a marked familial deficiency of AT III levels. Urgent sur-
gical thrombectomy and anticoagulation resulted in recovery
of renal function. Consequently, an early diagnosis of this fa-
milial condition may lead to the use of preventive measures or
acute specific therapeutic intervention at the onset of the acute
thrombosis.

Important data about the role of coagulation inhibitors in
the development of thrombosis have been reported. Protein C
and protein S have been identified as potent anticoagulants.
Protein C is a vitamin K–dependent serum protease zymogen
that is homologous with other known vitamin K–dependent
serum proteases (266–269). This protein is an anticoagulant
because it prolongs the clotting time of plasma in various
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clotting assays (270). The clinical role of protein C as an im-
portant antithrombotic regulatory molecule was demonstrated
by identifying a familial thrombotic disease that is associated
with an inherited partial deficiency of protein C (271). Con-
sequently, families with a deficiency in plasma protein C have
recurrent thrombosis. It appears that protein C levels less than
50% result in thrombosis. Although AT III appears to be a ma-
jor regulatory protein in limiting the activity of procoagulant
plasma enzymes, activated protein C may represent a major reg-
ulatory protein limiting the activity of activated procoagulant
factors (factors V and VIII). In this respect, the anticoagulant
properties of activated protein C and AT III are complementary.

The rate of inactivation of factor V by activated protein C is
stimulated by another vitamin K–dependent protein, protein S
(272). Protein S has no effect on factor V activity in the absence
of activated protein C, indicating that it is not a protease. In
protein S–deficient plasma, the anticoagulant activity of pro-
tein C is restored. It appears that the complex between protein
S and activated protein C is formed only in the presence of
phospholipids (266,267). Because protein S is required for the
expression of the anticoagulant activity of activated protein C,
it is not surprising that a deficiency of protein S predisposes to
recurrent thrombosis (272). Comp and Esmon (271) identified
six unrelated persons with severe, recurrent venous thrombosis
who were deficient in protein S, with levels between 15% and
37%. Early high protein C and S levels were observed in the
nephrotic patients (273).

Other investigators noted normal protein C levels in
nephrotic patients (271). However, it was observed that the
functional levels of protein S did not correlate with the im-
munologic levels. Further, protein S was noted in two forms in
plasma, as free and functionally active protein S and complexed
to C4b-binding protein. When compared with control subjects,
nephrotic patients had reduced functional levels of protein S,
despite having elevated levels of total protein S antigen (274).
Decreased total protein S activity was caused by significant re-
ductions in free (active) protein S levels due to selective urinary
loss of free protein S and elevation of C4b-binding protein lev-
els that favors complex formation. These authors also observed
that the specific activity of protein C (activity-antigen ratio) was
lower in nephrotic patients than in controls. The authors con-
cluded that acquired protein S deficiency occurs in nephrotic
syndrome and may be a risk factor for the development of the
thromboembolic complications.

Platelet abnormalities have also been observed in nephrotic
patients. Therefore, thrombocytosis is often present (274–276),
and an increased platelet aggregation with adenosine diphos-
phate (ADP) and collagen but not with epinephrine has been
observed (277,278). Remuzzi et al. observed that the degree
of platelet function abnormalities correlates with the degree
of hypoalbuminemia and the severity of the proteinuria (276).
The levels of β-thromboglobulin, a specific protein released by
platelets on aggregation, are significantly elevated in nephrotic
patients and return to normal with clinical remission (277).
This suggests that nephrotic patients have an increase in platelet
aggregation. However, normal β-thromboglobulin levels have
also been reported in nephrotic patients (278). One study of
nephrotic patients demonstrated that thrombotic complica-
tions occur only in patients with increased platelet aggregation
and elevated β-thromboglobulin levels (279). In addition, these
complications occurred primarily in patients with a serum al-
bumin level of less than 2 g/dL.

In summary, the hypercoagulable state of the nephrotic syn-
drome is characterized by low zymogen factors, a marked
increase in cofactors, an increase in plasma fibrinogen lev-
els, a decrease in the levels of AT III and antiplasmin activity,
thrombocytosis, increased plasma aggregation, and increased
levels of β-thromboglobulin. The high levels of fibrinogen lead-
ing to increased plasma viscosity may be an important fac-

tor in the hypercoagulable state. A convincing relationship
has been found between low AT III and thrombosis, and it is
likely that increased platelet aggregation may also be an im-
portant factor in hypercoagulability; the increased levels of
β-thromboglobulin may be a reliable marker of platelet ag-
gregation. The severity of the hypoalbuminemia, by increasing
hepatic synthesis of fibrinogen and platelet aggregation, may
play a pivotal role in the generation and maintenance of these
abnormalities.

In regard to the role of a protein S deficiency in the hyper-
coagulable state, additional studies in nephrotic patients with
thrombosis are necessary to reach any conclusion. However,
because protein S deficiency is an acquired problem, it should
be determined in patients with thromboembolic complications.

In addition to hypercoagulability, other factors may be im-
portant in the pathogenesis of RVT. Therefore, a persistent
reduction in plasma volume, an important feature in some pa-
tients with the nephrotic syndrome, especially those with mem-
branous nephropathy and normal renal function, may provide
a milieu favorable to RVT. Theoretically, a sustained reduction
in blood volume could lead to decreased renal venous flow,
thereby favoring the development of RVT. In this regard, we
have been impressed by the marked decrease in washout time
in renal venograms in patients with membranous nephropathy
who do not have RVT (235). Diuretics may enhance volume
depletion and thereby contribute to the thromboembolic phe-
nomena of the nephrotic syndrome. Recent preliminary data
presented by Cheng et al. (280) in evaluating 97 nephrotic pa-
tients, strongly suggest that intensive diuretic therapy is as-
sociated with a high incidence of RVT. Third, the nature of
the immunologic injury may also be important. One study in-
vestigating the relationship between membranous nephropathy
and RVT separated a subpopulation of patients with membra-
nous nephropathy and RVT (281). It is attractive to speculate
that such complexes may be the triggering factor in the coag-
ulation process. In one study, the presence of factor XII and
prekallikrein in subepithelial deposits was observed in 29 pa-
tients with membranous nephropathy (282). It is tempting to
relate the high incidence of RVT in membranous nephropa-
thy to activation of factor XII, a factor that is at the cross-
roads of important proteolytic pathways. Clinically, patients
with nephrotic syndrome and membranous nephropathy have
a high incidence of other thromboembolic phenomena in ad-
dition to RVT (235,236). Furthermore, greater disturbances of
hypercoagulability were noted in patients with membranous
nephropathy than in those nephrotic patients with minimal
change disease (235). An underestimated factor predisposing
to acute peripheral vascular thrombosis and even RVT may
be arterial diagnostic puncture as well as placement of central
catheters (283). Finally, the role of steroids in the pathogen-
esis of RVT has not yet been defined. Steroids can aggravate
the hypercoagulable state (284), and historically the advent of
steroid therapy coincided with an increase in thromboembolic
complications (285,286). The previously mentioned study by
Cheng et al. (280) indicated that steroid therapy was associated
with a high incidence of RVT. Therefore, these agents should
be used cautiously in the treatment of nephrotic syndrome.

In summary, the pathogenesis of RVT in patients with
nephrotic syndrome may be multifactorial. A general integrated
scheme of the pathogenetic factors leading to RVT and other
thromboembolic complications is displayed in Figure 70-12.

Clinical Manifestations: Acute Versus Chronic

The pattern and mode of clinical presentation of the nephrotic
syndrome and RVT may differ from those mentioned in the
early literature. Rayer’s description of RVT included lumbar
pain with tenderness, swelling, and the appearance of a lumbar
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FIGURE 70-12. Schematic representation of pathogenetic factors leading to renal vein thrombosis in
nephrotic syndrome.

mass (201). Subsequent reports stressed the presence of flank
pain and macroscopic hematuria in the clinical presentation
of RVT (287). However, descriptions of more cases revealed
that many patients with RVT did not have any local symptoms
and signs. The clinical spectrum of RVT varies from patient
to patient. (216) The rapidity of venous occlusion and the de-
velopment of venous collateral circulation determine the clin-
ical presentation and subsequent renal function; however, in
general, patients with RVT usually have two modes of clini-
cal presentation: acute and chronic. The chronic presentation
of RVT is observed most frequently and in general is asymp-
tomatic. Acute RVT is characterized by sudden onset and usu-
ally occurs in younger patients complaining of persistent acute
flank pain, which may be colicky at times; marked costover-
tebral angle tenderness and macroscopic hematuria are usu-
ally present. The following case is a representative example of
acute RVT:

A 25-year-old white man came to the hospital with a year-
long history of proteinuria and ankle swelling. Physical exam-
ination revealed no acute distress with normal blood pressure.
The only physical finding was ankle edema. Urinary sediment
demonstrated 3+ proteinuria. Biochemical data were consis-
tent with the presence of nephrotic syndrome and normal renal
function. Renal biopsy revealed early membranous nephropa-
thy. Lung scan and intravenous pyelogram (IVP) were within
normal limits. An inferior vena cavogram as well as a left renal
venogram were within normal limits. At the time the left renal
venogram was performed, the patient experienced acute left
flank pain that lasted 4 to 5 hours and was accompanied by
macroscopic hematuria and marked tenderness in the left cos-
tovertebral angle. The procedure was terminated and the pa-
tient was returned to the ward. A second IVP showed marked
enlargement of the left kidney with poor visualization of pelvo-
caliceal system. A selective left renal venogram obtained 1 week
later revealed complete obstruction of the main renal vein. The
creatinine clearance rate was reduced, and the patient was given
anticoagulant therapy. In 2 days, the flank pain resolved com-
pletely, and the creatinine clearance rate, after 6 months of
anticoagulant therapy, increased from 40 to 90 mL/minute.

On occasion, acute RVT may be bilateral, resulting in
marked oliguric acute renal failure and flank pain. The sever-

ity of the symptomatology and oliguria and the magnitude of
renal function deterioration depend on various factors. There-
fore, previously compromised renal function, absence of col-
lateral circulation, and a large thrombus involving both renal
veins may result in a florid clinical presentation as well as rapid
deterioration in renal function.

Other causes of acute RVT with or without the nephrotic
syndrome are trauma, ingestion of oral contraceptive agents,
dehydration (mostly in infants), and steroid administration.

RVT secondary to trauma is usually accompanied by renal
artery thrombosis. The history of the trauma, the severe acute
flank pain, and a palpable mass are usually suggestive of this
condition.

The use of oral contraceptives is implicated occasionally as a
cause of RVT. In a young female on oral contraceptives without
the nephrotic syndrome or any traumatic event, acute RVT
developed with florid clinical manifestations (288). Whether
there was a cause–effect relationship between the contraceptive
agents and the RVT was not clear.

Dehydration is clearly associated with RVT in infants (289).
In this condition thrombosis develops in the small renal veins,
predominantly the arcuate or intralobular vein. The majority
of these infants do not have nephrotic syndrome or even sig-
nificant proteinuria. This syndrome develops initially in the
clinical setting of diarrhea, vomiting, and often shock. Olig-
uria and hematuria rapidly ensue. Contributing factors are a
history of maternal diabetes, congenital heart disease, and per-
formance of angiocardiography. An enlarged palpable kidney
may be found in 60% of affected infants. The common clini-
cal presentation is a hyperosmolar hypovolemic syndrome. The
mortality of RVT in infants is high. Fortunately, the frequency
of this syndrome has diminished due to earlier therapy and
control of volume-depleting events.

Steroid administration is clearly associated with acute
and chronic RVT as well as other thrombotic complications
(284,285); however, the causative role of these agents in RVT
remains to be established. The role of steroids cannot be ap-
praised until other factors influencing thrombus formation are
understood. As mentioned earlier, Cheng et al. (280) presented
preliminary data from 97 nephrotic patients who were prospec-
tively evaluated. Of these, 44 patients had RVT as shown by
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routine renal venography. Multivariate regression analysis re-
vealed that steroid therapy was associated with a high tendency
to develop RVT (p <0.01).

Recently, acute RVT was noted with increasing frequency
in the transplanted kidney (290–292), which, unlike the na-
tive kidney, has a single drainage system. In this setting RVT
usually leads to permanent damage of the graft within hours.
Predisposing factors are the use of OKT3 and cyclosporine ther-
apy (293). The available evidence suggests that cyclosporine
may predispose to vascular thrombosis by exacerbating the
hypercoagulability (294). In fact, rupture of renal allografts,
an uncommon complication, usually is an early manifestation
of acute RVT that often is attributable to cyclosporine therapy
(293).

Finally, abdominal tumors, especially hypernephromas, are
a common cause of RVT; however, in the majority of these
patients chronic rather than acute RVT is the common clinical
presentation.

The radiologic manifestations of acute RVT are well defined
and characteristic in contrast to those of chronic RVT, which
often are minimal. Experimentally, with complete occlusion of
the renal vein, the kidney increases rapidly in size within the
first 24 hours, reaching a peak within 1 week of renal vein
occlusion (295). Thereafter, there is a progressive decrease in
renal size over the next 2 months, resulting in a small, atrophic
kidney. A progressive decrease in the caliber and length of the
renal artery follows the occlusion.

Clinically, in a patient with acute RVT, the plain film of the
abdomen and IVP initially reveal an enlarged kidney (see Fig.
70-13). In the IVP, if the obstruction is sudden and complete,
there may not be any visualization of the collecting system.
However, in most patients, because of the presence of some col-
lateral circulation, there is renal enlargement and opacification
of varying degree with some visualization of the kidney. Often
the renal pelvis can be visualized and is usually stretched, dis-
torted, and blurred (see Fig. 70-13). This may be the result of se-
vere interstitial edema and swelling of the pelvocaliceal system.
At this stage the radiographic appearance has been compared
to that observed in polycystic kidney disease, and on occasion it
has led to this mistaken diagnosis. The acute symptomatology
of RVT in association with this radiologic appearance estab-
lishes the diagnosis. Ureteral edema may progress to the point
at which the collecting system is completely obliterated; there
have been cases of complete ureteral obstruction in which dur-
ing retrograde pyelography the catheter could not be advanced
into the pelvis. A characteristic radiographic finding of RVT
is notching of the ureter, which usually occurs when collat-

eral veins in close relation to the ureters become tortuous as
they dilate to form an alternative drainage route. Originally the
notching of the ureters was interpreted as representative of mu-
cosal edema; however, more detailed radiographic studies have
shown indentation of the ureters by the collateral venous cir-
culation (296,297). Notching of the ureter is a very infrequent
finding in nephrotic patients with RVT and usually occurs only
in a minority of patients with chronic rather than acute RVT
(296).

Retrograde pyelography may be useful in the patient with
complete RVT who does not excrete the contrast material.
In such instances, retrograde pyelography may demonstrate a
rectangular, linear mucosal pattern with irregular renal pelvic
outlines similar to those described with the IVP.

Inferior vena cavography with selective catheterization of
the renal vein establishes the diagnosis of RVT. If the inferior
vena cava is patent and free of filling defects, and if a good
stream of unopacified renal blood is demonstrated to wash out
contrast material from the vena cava, a diagnosis of RVT is
unlikely. The Valsalva maneuver is useful during vena cavog-
raphy; by increasing the intraabdominal pressure the transit of
contrast agent and blood from the inferior vena cava is slowed,
the proximal part of the main renal vein may be opacified, and
the patency of the lumen or even the outline of the thrombus
may be demonstrated. On occasion, a lack of washout in the
area of the renal vein may be suggestive of RVT; sometimes par-
tial defects in the area of the renal vein may be demonstrated,
characteristic of renal venous thrombus extending into the in-
ferior vena cava. In the presence of complete inferior vena cava
obstruction below the renal vein it is desirable to demonstrate
the proximal extent of the thrombus, and this can be accom-
plished readily by transbrachial catheterization with passage
of the catheter into the inferior vena cava via the subclavian
vein.

Often the inferior vena cavogram is not diagnostic and se-
lective catheterization of the renal vein must be performed. A
normal renal venogram demonstrates the entire intralobular
venous system to the level of the arcuate vein. In general, use
of epinephrine for better visualization of the smaller vessels is
not necessary. However, in the presence of normal renal blood
flow all contrast material is washed out of the renal vein within
3 seconds or less, and occasionally only the main renal vein
and major branches are visualized. Therefore, in this situation
there may be uncertainty about thrombi in major or smaller
branches. The use of intrarenal arterial epinephrine by decreas-
ing blood flow enhances retrograde venous filling and allows
later visualization of the smaller intrarenal veins. An abnormal

FIGURE 70-13. Intravenous pyelogram of a patient with
acute renal vein thrombosis. Note blurring and irregular-
ities of the left pelvocaliceal system as well as marked
enlargement of the left kidney. (From: Llach, F. Renal
vein thrombosis and the nephrotic syndrome. In: Llach, F.
Renal Vein Thrombosis. Mount Kisco, NY: Futura; 1993:
155, with permission.)
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FIGURE 70-14. Left renal venography from a patient with renal vein
thrombosis. Note the arrows indicating filling defects, which reflect
accumulation of thrombotic material, surrounded by contrast mate-
rial. There is complete obstruction of the main renal vein as well as
of collateral circulation. (From: Llach, F, Papper, S, Massry, SG. The
clinical spectrum of renal vein thrombosis: acute and chronic. Am J
Med 1980;69:819, with permission.)

renal venogram usually demonstrates a thrombus within the
lumen as a filling defect surrounded by contrast material (Fig.
70-14). In the presence of partial thrombosis, extensive col-
lateral circulation can be demonstrated. Thus, the presence of
such collaterals usually reflects the chronicity of the RVT and
may explain the lack of renal functional deterioration.

Many investigators originally considered renal arteriogra-
phy preferable to renal venography for the diagnosis of RVT.
With renal arteriography important information is obtained
about the status of the renal parenchyma. In addition, the the-
oretical danger of dislodging the clot material from the renal
vein during renal venography and precipitating a pulmonary
embolism is avoided. However, this complication did not occur
following renal venography in several extensive radiographic
series of patients with RVT (297,298). Renal arteriography
may be useful in patients being evaluated for RVT associated
with renal trauma or tumor because of the common involve-
ment of the renal artery phase. Deviation and stretching of the
interlobular arteries are usually observed in these conditions.
In the nephrographic phase, the medullary pyramids are more
densely opacified than the cortex, and instead of presenting the
usual triangular appearance, they appear to bulge and some-
times are even ovoid in appearance.

Renal ultrasonography may be a useful potential diagnostic
procedure for the diagnosis of RVT (297). The sonographic
diagnosis of RVT is based on direct visualization of thrombi
within the renal vein and inferior vena cava, demonstration of
renal vein dilation proximal to the point of occlusion, loss of
normal renal structure, and an increase in renal size during the

acute phase. These ultrasonography findings, however, usually
have to be confirmed with other diagnostic procedures.

Preliminary information on the use of combined ultrasonic
scanning and Doppler ultrasonography for the diagnosis of
RVT has been advanced. This is a noninvasive technique that
essentially measures the renal venous flow velocity. Although
the results of this approach are not definite in RVT, some studies
suggest that Doppler ultrasonography may be helpful in the
diagnosis of RVT in the transplanted kidney (297).

Computed tomography is the procedure of choice for the
noninvasive evaluation of acute RVT. Lower attenuation den-
sity shows a thrombus and may be identified within the renal
vein and inferior vena cava, or the venous diameter may be
enlarged owing to obstruction. In general, intravenous infu-
sion of contrast material, together with computed tomogra-
phy, may help to visualize the thrombus. In the near future it is
likely that noninvasive diagnosis of RVT may be possible using
either ultrasonography or computed tomography, or both, to-
gether with clinical findings. The radiographic findings include
enlargement and distention of the affected renal vein, with vi-
sualization of the clots within the vein and sometimes extension
into the inferior vena cava (297). Persistent parenchymal opaci-
fication with kidney enlargement is usually observed. Capsular
venous collaterals, thickening of Gerota’s fascia, and pericap-
sular “whiskering” are often observed.

Preliminary observations of isolated cases suggest that mag-
netic resonance imaging (MRI) may be, in the future, the diag-
nostic procedure of choice in the noninvasive diagnosis of RVT.
Because MRI produces high-contrast images between flowing
blood, vascular walls, and surrounding tissues, vascular pa-
tency may be best determined by this technique. A major poten-
tial advantage in using this method is the avoidance of contrast
material.

Clinical Course and Treatment

The experience to date on the course, prognosis, and treat-
ment of RVT in nephrotic patients is limited. In 1963 Kowal
et al. reviewed 65 patients with RVT (296). Only 14 of these
patients were alive after 2 years of follow-up. Unfortunately,
clinical data and literature references were given only for the
14 surviving patients. Ten of these patients had acute RVT.
Recurrent thromboembolic phenomena were cited as the most
common cause of death. Later, Rosenmann et al. followed 11
of 15 nephrotic patients with RVT over a period of 24 to
115 months (287). Only 4 of these patients had symptoms sug-
gestive of acute RVT. The incidence of thromboembolic phe-
nomena was high and the phenomena were fatal in 7 patients.
One or more episodes of pulmonary embolism occurred in 7
patients, and 4 had evidence of repeated episodes of thrombo-
sis involving the renal venous system. Three patients received
anticoagulant therapy and had no new episodes of pulmonary
emboli. These data suggest that the prognosis for nephrotic pa-
tients with RVT may be poor and is determined by the presence
or absence of recurrent thrombotic complications.

In 1970 Richet and Meyrier reviewed 112 cases of RVT
reported in the literature. Of the 112 patients, 72 had died,
constituting a 64% mortality rate (299). Earlier, McCarthy
et al. estimated the average survival period after the onset of
RVT to be 9 months (204). These data, however, may not be
representative of the present prognosis of this entity. First, most
of the earlier data about the course and prognosis of RVT were
obtained from autopsy studies. Therefore, the mortality may
have been overestimated. Second, renal insufficiency secondary
to RVT was a common cause of death in these patients. Dial-
ysis therapy has, of course, reduced the rate of uremic death
considerably. Third, the new diagnostic techniques and bet-
ter understanding of this entity together with better use of
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TA B L E 7 0 - 7

FOLLOW-UP DATE ON NEPHROTIC PATIENTS WITH ACUTE AND CHRONIC RENAL VEIN THROMBOSIS (RVT)

Urine protein Creatinine clearance Serum albumin Serum cholesterol No. of patients
Patients (g/24 hr) (mL/min) (g/dL) (g/dL) undergoing dialysis

29 with chronic RVT 5.9 ± 3.9a 71 ± 25a 2.4 ± 0.7a 370 ± 110a 4
(4.8 ± 2.3) (65 ± 29) (2.9 ± 0.7) (360 ± 88)

4 with acute RVT 5.2 ± 1.2a 76 ± 19a 2.1 ± 0.2a 347 ± 19a 0
(5.0 ± 1.2) (98 ± 8)b (2.3 ± 0.2) (332 ± 26)

a Initial laboratory data (mean ± SD). Data obtained after anticoagulant therapy are shown in parentheses.
bp <0.05.

anticoagulant therapy have contributed to better management
of these patients. Nevertheless, a serious complication in pa-
tients with RVT is still thromboembolic phenomena, most often
pulmonary embolism.

Lavelle et al. recently reevaluated 27 nephrotic patients with
RVT, 10 of whom had acute lumbar pain and acute renal fail-
ure (300). Eleven patients died within the first 6 months. Sur-
vivors were followed for 6 months to 19 years. Nephrotic syn-
drome improved or even disappeared in 12 patients, and renal
function did not worsen throughout the follow-up period. The
main prognostic factors were initial renal function and type
of nephropathy; that is, patients with membranous nephropa-
thy had significantly better renal function and lower mortality
than did patients with other nephropathies. Initial renal insuf-
ficiency was significantly associated with a poor prognosis. In
fact, 6 of the 8 patients with acute renal failure died; hemor-
rhagic complications were the major cause of death in these
patients.

Renal function may dramatically improve in patients with
acute RVT treated with anticoagulant therapy. In Table 70-7
are shown the follow-up data on patients with acute RVT
who had significant improvement in renal function with an-
ticoagulant therapy during the follow-up period, and it is rec-
ommended that these patients be maintained on long-term
anticoagulant therapy (205,210,216,217,220,221,239,251).
Convincing evidence has been gathered suggesting that antico-
agulant therapy reduces the incidence of new thromboembolic
episodes and often reverses the deterioration of renal function
that occurs with acute RVT (220,301). Patients treated with an-
ticoagulant therapy may have recanalization of the renal vein,
and in some instances a total dissolution of the clot may occur
(301). Heparin is the initial therapy of choice. In patients with
a large RVT and pulmonary embolism, the clearance rate of
heparin is increased, and these patients may need higher doses
of heparin in the early stages of therapy. Although the dosage
of heparin varies from patient to patient, the aim is to maintain
the clotting time of two to two and one-half times normal. In
general, because of fewer complications, continued infusion of
heparin is preferable to intermittent intravenous administra-
tion. Warfarin therapy is instituted once the patient has been
treated with heparin for 5 to 7 days and the partial throm-
boplastin time is within the desired range. Warfarin is started
orally with small loading doses. Common clinical problems
with warfarin therapy are the drug interactions related to the
kinetics of warfarin such as drug absorption, protein binding,
metabolism, and excretion. These drug interactions are very
common and may play an important role in the enhancement of
or decrease in the anticoagulant effect of heparin. It should also
be remembered that drugs such as aspirin and indomethacin
can increase the risk of bleeding in these patients owing to the
effect on the gastrointestinal mucosa and platelet aggregation.
From all these observations it is obvious that individualization

of warfarin therapy is essential, and the clinical status, patient
sensitivity, metabolism, and possible drug interactions must all
be taken into consideration. Once oral anticoagulant therapy is
established, the prothrombin time should be kept at about one
and one-half to two times normal. The recommended duration
of anticoagulant therapy in these patients is difficult to estab-
lish. The severity of the hypoalbuminuria is a good indicator of
the magnitude of the hypercoagulability. Thus, the nephrotic
patient should probably be treated with anticoagulants as long
as the serum albumin level is below 2.5 g/L. Relapses with new
episodes of acute RVT have been observed after cessation of
anticoagulant therapy (251). It is our belief that in general these
patients should be on anticoagulation therapy as long as they
have the nephrotic syndrome with significant hypoalbumine-
mia.

Early resolution of the acute RVT has been reported using
either streptokinase or urokinase, both systemically or with se-
lective infusion (302–304). However, it appears that selective
infusion of these agents is also successful in RVT of the trans-
planted kidney (305,306).

Surgical treatment for RVT is rarely used today because
the role of thrombectomy in the treatment of RVT has not
been established as beneficial. Although marked improvement
in renal function is occasionally observed after thrombectomy,
the majority of these patients do not improve with surgery. This
modality of therapy may be theoretically useful in patients with
acute bilateral RVT who are not otherwise expected to survive
the acute episode, especially when recurrent pulmonary emboli
occur despite anticoagulation therapy.

Thromboembolic Complications Other than
Renal Vein Thrombosis

The high cumulative risks of thromboembolic complications
in the nephrotic patient have been recognized in the last three
decades (217,220,251,305). These complications have been
observed previously in the pulmonary arteries (307); axillary
and subclavian veins (308); and femoral, coronary, and mesen-
teric arteries (309–310). However, the most common observa-
tion may be deep vein thrombosis of the extremities. A sum-
mary of thromboembolic complications studies is shown in
Table 70-8. Therefore, Andrassy et al. studied 84 nephrotic
patients and observed 37 episodes of thromboembolic compli-
cations in 30 patients during a period of 3 years (310). There
were 23 episodes of deep vein thrombosis, an incidence of 44%,
among the highest number encountered in medical patients.
Kanfer et al. observed arterial and venous thrombosis in 5 of
8 children and in 10 of 29 adult nephrotic patients during a
period of 7 years (231). Although lower (27%), this is still a
significant incidence. Four other investigators observed a 17%
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TA B L E 7 0 - 8

SUMMARY OF PUBLISHED STUDIES EVALUATION THROMBOEMBOLIC COMPLICATIONS IN THE NEPHROTIC
SYNDROME

Total no
No. of No. with of other
patients thrombosisa episodesa

Venous Arterial

Renal Pulmonary DVT Heart Brain Peripheral

Andrassy et al. (256) 84 30 (38) 6 7 23 3 1 3 37 (44)
Kauffman et al. (206) 48 9 (19) 4 4 3 — — 1 8 (17)
Kanfer et al. (178) 45 13 (29) 3 3 6 — 2 1 12 (27)
Pohl et al. (155) 59 5(10) 1 2 3 — — — 5 (8.5)
Kuhlmann (226) 17 4 (23) 1 2 1 — — — 3 (17)
Velasquez-Forero et al. (156) 19 8 (42) 8 1 2 — — — 3 (16)
Llach et al. (159) 151 41 (26) 33 18 3 2 2 1 26 (17)
Kendall et al. (179) 35 4 (23) 1 3 — 1 1 1 6 (17)

aNumbers in parentheses represent percentages.
DVT, deep vein thrombosis.

incidence of mostly deep venous thrombosis (210,213,214). In
our prospective studies (216), 26 episodes of thromboembolic
complications other than RVT were noted in 151 nephrotic
patients (17%). Noteworthy is the finding that Pohl et al. re-
ported only 1 patient with RVT of 54, but they observed 5
episodes of thrombosis, an 8.5% incidence, which is still high
(212); as shown in Table 70-6 the incidence of thromboembolic
complications ranges from 8.5% to 44%. Peripheral venous
thrombosis and pulmonary embolism were the most frequent
complications, but arterial thrombosis also occurred.

In our prospective study, ventilation-perfusion lung scan-
ning was performed in 94 nephrotic patients, 24 with and
70 without RVT (220). Asymptomatic perfusion defects in the
presence of normal-appearing chest X-ray films were observed
in 12 patients, 5 with and 7 without RVT. Because pulmonary
angiography was not done in these patients, a definitive inter-
pretation of this defect is not possible. However, these data
suggest a significant incidence of pulmonary embolism in the
nephrotic patients. Similar observations noted (19%) of 37
nephrotic patients with abnormal ventilation-perfusion lung
scans and only 1 with RVT (304).

Clearly, there is a significant incidence of thromboembolic
phenomena other than RVT in nephrotic patients, but the mor-
bidity and mortality of these complications are not well defined
and prospective longitudinal studies must be done to elucidate
both the magnitude of this problem and the use of appropri-
ate prophylaxis and therapy in the patient with a high risk of
thrombosis.
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due to Behçet’s disease. Abdom Imag 1996;21:166.

37. Akpolat T, Akkoyunlu M, Akpolat I, et al. Renal Behcet’s disease: a cumu-
lative analysis. Semin Arthritis Rheum 2002;31:317.

38. Price RK, Skelton R. Hypertension due to syphilitic occlusion of the main
renal arteries. Br Heart J 1948;10:29.

39. Sane SY, Deshmukh SS. Total renal infarct and peri-renal abscess caused
by phycomycosis (a case report). J Postgrad Med 1998;34:448.

40. Vesa J, Bielsa O, Arango O, et al. Massive renal infarction due to mucormy-
cosis in an AIDS patient. Infection 1992;20:234.

41. Heng MC, Haberfeld G. Thrombotic phenomena associated with intra-
venous cocaine. J Am Acad Dermatol 1987;16:462.

42. Goodman PE, Rennie WP. Renal infarction secondary to nasal insufflation
of cocaine. Am J Emerg Med 1995;13:421.

43. Kramer RK, Turner RC. Renal infarction associated with cocaine use and
latest protein C deficiency. South Med J 1993;86:1436.

44. Lam J, Henriquez R, Cruzat C. Pheochromocytoma and von Reckling-
hausen neurofibromatosis: postpartum crisis and renal artery thrombosis.
Rev Med Child 1998;126:1367.

45. Hitti IF, Celmer EJ, Rapuano J. Hemorrhagic infarction of the kidney: an
uncommon presentation of infiltrating urothelial carcinoma of the renal
pelvis. Urol Int 1986;41:212.

46. Montgomery JH, Moinuddin M, Buchignani JS, et al. Renal infarction after
aerobics. Clin Nucl Med 1984;9:664.

47. Coulshed SJ, Caterson RJ, Mahony JF. Traumatic infarct at the lower pole
of a renal transplant secondary to seat belt compression. Nephrol Dial
Transplant 1995;10:1464.

48. Granfortuna J, Zamkoff K, Urrutia E. Acute renal infarction in sickle cell
disease. Am J Hematol 1986;23:59.

49. Sa H, Freitas L, Mota A, et al. Primary antiphospholipid syndrome pre-
sented by total infarction of right kidney with nephrotic syndrome. Clin
Nephrol 1999;52:56.

50. Klein O, Bernheim J, Strahilevitz J, et al. Renal colic in a patient with
anti-phospholipid antibodies and factor V Leiden mutation. Nephrol Dial
Transplant 1999;14:2502.

51. Karassa FB, Avdikou K, Pappas P, et al. Late renal transplant arterial throm-
bosis in a patient with systemic lupus erythematosus and antiphospholipid
syndrome. Nephrol Dial Transplant 1999;14:472.

52. Remondino GI, Mysler E, Pissano MN, et al. A reversible bilateral renal
artery stenosis in association with antiphospholipid syndrome (case report).
Lupus 2000;9:65.

53. Ostuni PA, Lazzarin P, Pengo V, et al. Renal artery thrombosis and hyper-
tension in a 13 year old girl with antiphospholipid syndrome. Ann Rheum
Dis 1990;49:184.

54. Pous JM, Boudet R, Lacrois P, et al. Renal infarction and thrombosis of
the infrarenal aorta in a 35 year old man with primary antiphospholipid
syndrome. Am J Kidney Dis 1996;27:712.

55. Sonpal GM, Sharma A, Miller A. Primary antiphospholipid antibody syn-
drome, renal infarction and hypertension. J Rheumatol 1993;7:1221.

56. Hernandez D, Dominguez ML, Diaz F, et al. Renal infarction in a severely
hypertensive patient with lupus erythematosus and antiphospholipid anti-
bodies. Nephron 1996;72:298.

57. Kleinknecht D, Bobric G, Meyer O, et al. Recurrent thrombosis and re-
nal vascular disease in patients with a lupus anticoagulant. Nephrol Dial
Transplant 1989;4:854.

58. Arnold MH, Schreiber L. Splenic and renal infarction in systemic lupus ery-
thematosus: association with anti-cardiolipid antibodies. Clin Rheumatol
1988;7:406.

59. Dasgupta B, Almond MK, Tanqeray A. Polyarteritis nodosa and the an-
tiphospholipid syndrome. Br J Rheumatol 1997;36:121.

60. Kaushik SM, Federle MP, Schur PH, et al. Abdominal thrombotic and
ischemic manifestations of the antiphospholipid antibody syndrome: CT
findings in 42 patients. Radiology 2001;218(3):768.

61. Guirguis N, Budisavljevic MN, Self S, et al. Acute renal artery and vein
thrombosis after renal transplant, associated with a short partial throm-
boplastin time and factor V Leiden mutation. Ann Clin Lab Sci 2000;30:
75.

62. Nakamura M, Ohnishi T, Okamoto S, et al. Abdominal aortic thrombosis
in a patient with nephrotic syndrome. Am J Nephrol 1998;18:64.

63. Temes Montes XL, Almaraz Jimenez MA, Lorenzo Aguiar MD, et al. Re-
nal artery thrombosis occurring in an adult with the idiopathic nephrotic
syndrome: results of local treatment with streptokinase. Clin Nephrol
1979;12:90.

64. Pochet JM, Bobrie G, Basile C, et al. Renal arterial thrombosis complicating
nephrotic syndrome. Presse Med 1988;17:2139.

65. Morris D, Kisly A, Stoyka CG, et al. Spontaneous bilateral renal
artery occlusion associated with chronic atrial fibrillation. Clin Nephrol
1993;39:257.

66. Argiris A. Splenic and renal infarctions complicating atrial fibrillation. Mt
Sinai J Med 1992;64:342.

67. Cheng KL, Tseng SS, Tarng DC. Acute renal failure caused by unilateral
renal artery thromboembolism. Nephrol Dial Transplant 2003;8:833.

68. Gill TJ, Dammin GJ. Paradoxical embolism with renal failure caused by
occlusion of the renal arteries. Am J Med 1958;25:780.

69. Isles CG, Robertson S, Hill D. Management of renovascular disease: a re-
view of renal artery stenting in 10 studies. Q J Med 1999;92:159.

70. Textor, SC. Managing renal arterial disease and hypertension. Curr Opin
Cardiol 2003;18:260.

71. Morris CS, Bonnevie GJ, Najarian KE. Nonsurgical treatment of acute
iatrogenic renal artery injuries occurring after renal artery angioplasty and
stenting. AJR Am J Roentgenol 2001;177(6):1353.

72. Bockler D, Krauss M, Mannsmann U, et al. Incidence of renal infarctions
after endovascular AAA repair. J Endovasc Ther 2003;10:1054.

73. Gorich J, Kramer S, Tomczak R, et al. Thromboembolic complications after
endovascular aortic aneurysm repair. J Endovasc Ther 2002;9:180.

74. Holden A, Hill A. Renal angioplasty and stenting with distal protection
of the main renal artery in ischemic nephropathy: early experience. J Vasc
Surg 2003;38:962.

75. Hoxie HJ, Coggin CB. Renal infarction: statistical study of 255 cases and
detailed report of an unusual case. Arch Intern Med 1940;65:587.

76. Jennette JC, Olson JL, Schwartz MM, et al. eds. Heptinstall’s Pathology of
the Kidney. 5th ed. New York: Lippincott Williams & Wilkins; 1998.

77. Abuelo JG. Diagnosing vascular causes of renal failure. Ann Intern Med
1995;123:601.

78. Blakely P, Cosby RL, McDonald BR. Nephritic urinary sediment in embolic
renal infarction. Clin Nephrol 1994;42:401.

79. Blum U, Billmann P, Krause T, et al. Effect of local low-dose thromboly-
sis on clinical outcome in acute embolic renal artery occlusion. Radiology
1993;189:549.

80. Mesnard L, Delahousse M, Raynaud A, Delayed angioplasty after renal
thrombosis. Am J Kidney Dis 2003;41:E9.

81. Pilmore HL, Walker RJ, Solomon C, et al. Acute bilateral renal artery
occlusion: successful revascularization with streptokinase. Am J Nephrol
1995;15:90.

82. Skinner RE, Hefty T, Long TD, et al. Recovery of function in a solitary
kidney after intra-arterial thrombolytic therapy. J Urol 1989;141:108.

83. Marron B, Ubeda I, Gallego J, et al. Functional renal recovery after spon-
taneous renal embolization in a sole kidney. Nephrol Dial Transplant
1997;12:2417.

84. Lacombe M. Acute nontraumatic obstructions of the renal artery. J Car-
diovasc Surg 1992;33:163.

85. Ouriel K, Andrus CH, Ricotta JJ, et al. Acute renal artery occlusion: when
is revascularization justified? J Vasc Surg 1987;5:348.

86. Tham G, Ekelund L, Herrlin K, et al. Renal artery aneurysms: natural
history and prognosis. Ann Surg 1983;197:348.

87. Silver PR, Budin JA. Unusual manifestations of renal artery aneurysms.
Urol Radiol 1990;12:80.

88. Cummings KB, Lecky JW, Kaufman JJ. Renal artery aneurysms and hyper-
tension. J Urol 1973;109:144.

89. Erdsman G. Angionephrography and suprarenal angiography. Acta Radiol
(Stockholm) 1957;155:104.

90. Poutasse EF. Renal artery aneurysms. J Urol 1975;113:443.
91. Cinat M, Yoon P, Wilson SE. Management of renal artery aneurysms. Semin

Vasc Surg 1996;9:236.
92. Kincaid OW, Davis GD, Hallermann FJ, et al. Fibromuscular dysplasia of

the renal arteries: Arteriographic features, classification and observations
on natural history of the disease. AJR Am J Roentgenol 1968: 104:271.

93. Barth RA. Fibromuscular dysplasia with clotted renal artery aneurysm.
Pediatr Radiol 1993;23:296.

94. Stinchcombe SJ, Manhire AR, Bishop MC, et al. Renal arterial fibromus-
cular dysplasia: acute renal failure in 3 patients with angiographic evidence
of medial fibroplasia. Br J Radiol 1992;65:81.

95. Smith JN, Hinman F Jr. Intrarenal arterial aneurysms. J Urol 1967;97:990.
96. English W, Pearce J, Craven T, et al. Surgical management of renal artery

aneurysms. J Vasc Surg 2004;40:53.
97. Henke P, Cardneau J, Welling T, et al. Renal artery aneurysms: a 35-

year clinical experience with 252 aneurysms in 168 patients. Ann Surg
2001;234:454.

98. Pfeiffer T, Lutz R, Grabitz K, et al. Reconstruction for renal artery
aneurysm: operative techniques and long-term results. J Vasc Surg
2003;37(2):293.

99. Sicard GA, Reilly JM, Picus DD, et al. Alternatives in renal revasculariza-
tion. Curr Probl Surg 1995;32:571.

100. Henke P, Stanley J. Renal artery aneurysms: diagnosis, management and
outcomes. Minerva Chir 2003;58:305.

101. Hubert JP Jr, Pairolera PC, Kazmier FJ. Solitary renal artery aneurysm.
Surgery 1980;88:557.

102. Henriksson C, Lukes P, Nilson A. Angiographically discovered nonoper-
ated renal artery aneurysms. Scand J Urol Nephrol 1984;18:59.

103. Martin RS, Meacitam PW, Ditesheim JA. Renal artery aneurysm: selec-
tive treatment for hypertension and prevention of rupture. J Vasc Surg
1989;9:26.

104. Hageman JH, Smith RF, Szilagyi E, et al. Aneurysms of the renal artery:
problems of prognosis and surgical management. Surgery 1978;84:563.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-70 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:47

1808 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

105. Hidai H, Kindshita Y, Murayama T. Rupture of renal artery aneurysm. Eur
Urol 1985;11:249.

106. Cohen JR, Shamash FS. Ruptured renal artery aneurysms during pregnancy.
J Vasc Surg 1978;16:51.

107. Schoon I, Seeman T, Niemand D, et al. Rupture of renal arterial aneurysm
in pregnancy: case report. Acta Chir Scand 1988;154:593.

108. Smith JA, Cacleish DG. Postpartum rupture of a renal artery aneurysm to
a solitary kidney. Aust N Z J Surg 1985;55:299.

109. Richardson AJ, Liddington M, Jaskowski A, et al. Pregnancy in a renal
transplant recipient complicated by rupture of a transplant renal artery
aneurysm. Br J Surg 1990;77:228.

110. Rijbroek A, Dikh AV, Roex JM. Rupture of renal artery aneurysm during
pregnancy. Eur J Vasc Surg 1994;8:375.

111. Love WK, Robinette MA, Vernon CP. Renal artery aneurysm rupture in
pregnancy. J Urol 1981;126:809.

112. Milsom I, Forssman L. Factors influencing aortocaval compression in late
pregnancy. Am J Obstet Gynecol 1984;148:764.

113. Yang JC, Hye RJ. Ruptured renal artery aneurysm during pregnancy. Ann
Vasc Surg 1996;10:370.

114. Ortenberg J, Novick AC, Straffon RA, et al. Surgical treatment of renal
artery aneurysms. Br J Urol 1983: 55:341.

115. Soussou ID, Starr DS, Lawrie GM, et al. Renal artery aneurysm: long term
relief of renovascular hypertension by in situ operative correction. Arch
Surg 1979;114:1410.

116. Youkey JR, Collins GJ, Orecchia PM, et al. Saccular renal artery aneurysm
as a cause of hypertension. Surgery 1985;97:498.

117. Bulbul MA, Farrow GA. Renal artery aneurysms. Urology 1992;40:124.
118. Hupp T, Allenberg JR, Post K, et al. Renal artery aneurysms: surgical indi-

cations and results. Eur J Vasc Surg 1992;6:477.
119. Lumsden AB, Salam RA, Walton KG. Renal artery aneurysm: a report of

28 cases. Cardiovasc Surg 1996;4:185.
120. Dzsinich C, Gloviczki P, McKusick MA, et al. Surgical management of renal

artery aneurysm. Cardiovasc Surg 1993;1(3):243.
121. Klein GE, Brien LE, Raith J, et al. Endovascular treatment of renal

aneurysms with conventional nondetachable microcoils and Guglielmi de-
tachable coils. Br J Urol 1997;79:852.

122. Lupattelli T, Abubacker Z, Morgan R, et al. Embolization of a renal artery
aneurysm using ethylene vinyl alcohol copolymer (Onyx). J Endovasc Ther
2003;10:366.

123. Bui BT, Oliva VL, Leclerc G. Renal artery aneurysm: treatment with per-
cutaneous placement of a stent-graft. Radiology 1995;195:181.

124. Vinuela F, Murayama Y, Tateshima S. Embolization of arteriovenous mal-
formations with Onyx: clinicopathological experience in 23 patients. Neu-
rosurgery 2001;48:984.

125. Smith B, Holcomb GW, Richie R. Renal artery dissection. Ann Surg
1984;200:134.

126. Gewertz BL, Stanley FC, Fry WJ. Renal artery dissection. Arch Surg
1977;122:409

127. Alamir A, Middendorf DF, Baker P, et al. Renal artery dissection causing
renal infarction in otherwise healthy men. Am J Kidney Dis 1997;30:851.

128. Sicard GA, Reilly JM, Picus DD. Alterations in renal revascularization. Curr
Probl Surg 1995;32:569.

129. Edwards BS, Stanson AW, Holley KE. Isolated renal artery dissection:
presentation, evaluation, management and pathology. Mayo Clin Proc
1982;57:564.

130. Slavis S, Hodge EE, Novic AC, et al. Surgical treatment for isolated dissec-
tion of the renal artery. J Urol 1990;144:233.

131. Esayag-Tendler B, Yamase H, Ramsey G, et al. Accelerated hypertension
with encephalopathy due to an isolated dissection of a renal artery branch
vessel. Am J Kidney Dis 1994;23:869.

132. Reilly LM, Cummingham CG, Maggisano R, et al. The role of arte-
rial reconstruction in spontaneous renal artery dissection. J Vasc Surg
1991;14:468.

133. Eliot RS, Kanjuh VI, Edwards JE. Atheromatous embolism. Circulation
1964;30:611.

134. Handler FP. Clinical and pathologic significance of atheromatous emboliza-
tion with emphasis on the aetiology of renal hypertension. Am J Med
1956;20:366.

135. Fukimoto Y, Tsutsui H, Tsduchihashi M, et al. The incidence of risk factors
of cholesterol embolization syndrome, a complication of cardiac catheteri-
zation: a prospective study. J Am Coll Cardiol 2003;42:211.

136. Chomette G, Auriol M, Trambaloc P, et al. Cholesterol emboli: anatom-
ical locations and clinical manifestations. Ann Med Interne (Paris)
1980;131:17.

137. Vidt DG. Cholesterol emboli: a common cause of renal failure. Ann Rev
Med 1997;48:375.

138. Fine MJ, Kapoor W, Falanga V. Cholesterol crystal embolization: a review
of 221 cases in the English literature. Angiology 1987;38:769.

139. Kashgarian M. Acute tubular necrosis and ischemic renal injury. In: Jennette
JC, Olson JL, Schwartz MM, et al., eds. Heptinstall’s Pathology of the
Kidney. 5th ed. New York: Lippincott Williams & Wilkins; 1998:884.

140. Gore I, Collins DP. Spontaneous atheromatous embolization: review of the
literature and report of 16 additional cases. Am J Clin Pathol 1960;33:
416.

141. Otken LB Jr. Experimental production of atheromatous embolization. Arth
Pathol 1959;68:685.

142. Snyder HE, Shapiro JL. Correlative study of atheromatous embolism in
human beings and experimental animals. Surgery 1961;49:195.

143. Flory CM. Arterial occlusions produced by emboli from eroded aortic
atheromatous plaques. Am J Pathol 1945;21:549.

144. Sayre GP, Campbell DC. Multiple peripheral emboli in atherosclerosis of
the aorta. Arch Intern Med 1959;103:799.

145. Greenberg A, Bastacky SI, Iqbal A. Focal segmental glomerulosclerosis as-
sociated with nephrotic syndrome in cholesterol atheroembolism: clinico-
pathological correlations. Am J Kidney Dis 1997;29:334.

146. Aviles B, Ubeda I, Blanco J, et al. Pauci-immune extracapillary glomeru-
lonephritis and atheromatous embolization. Am J Kidney Dis 2002;40:847.

147. Kaplan-Pavlovcic S, Vizjak A, Vene N, et al. Antineutrophil cytoplas-
mic autoantibodies in atheroembolic disease. Nephrol Dial Transplant
1998;13:985.

148. Maeshima E, Yamada Y, Mune M, et al. A case of cholesterol embolism with
ANCA treated with corticosteroid and cyclophosphamide. Ann Rheum Dis
2001;60:726.

149. Thadhani RI, Camargo CA, Xavier RJ, et al. Atheroembolic renal failure
after invasive procedures. Medicine 1995;74:350.

150. Saklayen MG. Atheroembolic renal disease: preferential occurrence in
whites only. Am J Nephrol 1989;9:87.

151. Hara S, Asada Y, Fujimoto S, et al. Atheroembolic renal disease: clinical
findings of 11 cases. J Atheroscler Thromb 2002;9:288.

152. Scolari F, Ravani P, Pola A, et al. Predictors of renal and patient outcomes
in atheroembolic renal disease: a prospective study. J Am Soc Nephrol
2003;14:1584.

153. Belenfant X, Meyrier A, Jacjuot C. Supportive treatment improves sur-
vival in multivisceral cholesterol crystal embolism. Am J Kidney Dis
1999;33:840.

154. Mashiah A, Pasik S, Hurwitz N. Massive atheromatous emboli to both
kidneys: a fatal complication following aortic surgery. J Cardiovasc Surg
1988;29:60.

155. Dahlberg PJ, Frecentese DR, Cogbill TH. Cholesterol embolism: experience
with 22 histologically proven cases. Surgery 1989;105:737.

156. Hertzer NR. Peripheral atheromatous embolization following blunt
trauma. Surgery 1977;82:244.

157. Gupta BK, Spinowitz BS, Charytan C, et al. Cholesterol crystal emboliza-
tion: associated renal failure after therapy with recombinant tissue-type
plasminogen activator. Am J Kidney Dis 1993;21:659.

158. Rudnigk MR, Berns JS, Cohen RM, et al. Nephrotoxic risks of renal angiog-
raphy: contrast media-associated nephrotoxicity and atheroembolism—a
critical review. Am J Kidney Dis 1994;24:713.

159. Wong FK, Chan SK, Ing TS, et al. Acute renal failure after streptokinase
therapy in a patient with acute myocardial infarction. Am J Kidney Dis
1995;26:508.

160. Larry JA, Falkenhain ME, Mazzafer EL. Acute renal failure in an elderly
man taking warfarin. Hosp Pract 1996;52:119.

161. Schwartz MW, McDonald G. Cholesterol embolization syndrome. Occur-
rence after intravenous streptokinase therapy for myocardial infarction.
JAMA 1987;258:1934.

162. Queen M, Blem HJ, Moe GW. Development of cholesterol embolization af-
ter intravenous streptokinase for acute myocardial infarction. Am J Cardiol
1990;65:1042.

163. Hyman B, Landas S, Ashman R, et al. Warfarin-related purple toes syn-
drome and cholesterol micro-embolization. Am J Med 1987;82:1233.

164. Tilley WS, Harston WE, Siami G. Renal failure due to cholesterol emboli
following PTCA. Am Heart J 1985;110:1301.

165. Scolari F, Bracchi M, Valzorio B, et al. Cholesterol atheromatous embolism:
an increasingly recognized cause of acute renal failure. Nephrol Dial Trans-
plant 1996;11:1607.

166. Frock J, Bierman M, Hammeke M, et al. Atheroembolic renal disease: ex-
perience with 22 patients. Neb Med J 1994;79:317.

167. Falanga V, Fine MJ, Kapoor WN. The cutaneous manifestations of choles-
terol crystal embolization. Arch Dermatol 1986;122:1194.

168. Quintart C, Treille S, Lefebvre P, et al. Penile necrosis following cholesterol
embolism. Br J Urol 1997;80:347.

169. Aujla ND, Greenberg A, Banner BF, et al. Atheroembolic involvement of
renal allografts. Am J Kidney Dis 1989;13:329.

170. Singh I, Killen PD, Leichtman AB. Cholesterol emboli presenting as
acute allograft dysfunction after renal transplantation. J Am Soc Nephrol
1995;6:165.

171. Jiminez-Heffernan JA, Martinez-Garcia M, Burgos E. Small bowel perfo-
ration due to cholesterol atheromatous embolism. Dig Dis Sci 1995;40:
481.

172. Mollenaar W, Lamers CB. Cholesterol crystal embolization and the diges-
tive system. Scand J Gastroenterol 1991;188:69.

173. Socindki MA, Frankel JP, Morow PL, et al. Painless diarrhea secondary to
intestinal ischemia. Diagnosis of atheromatous emboli by jejunal biopsy.
Dig Dis Sci 1984;51:674.

174. Probstein JG, Joshi RA, Blumenthan HT. Atheromatous embolism: an eti-
ology of acute pancreatitis. Arch Surg 1957;75:566.

175. David MJ, Klintworth GK, Friedbert SG, et al. Fatal atheromatous cerebral
embolism associated with bright plaques in retinal arterioles: report of a
case. Neurology 1963;13:708.

176. Hollenhorst RW. Significance of bright plaques in the retinal arterioles.
Trans Am Ophthalmol Soc 1961;59:252.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-70 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:47

Chapter 70: Renal Artery Thrombosis 1809

177. Sabatine MS, Oelberg DA, Mark EJ, et al. Pulmonary cholesterol crystal
embolization. Chest 1997;112:1687.

178. Vacher CH, Pache X, Dussol B, et al. Pulmonary renal syndrome responding
to corticosteroids: consider cholesterol embolization. Nephrol Dial Trans-
plant 1997;12:1977.

179. Stanton RC. Case records of the Massachusetts General Hospital. N Engl
J Med 1996;334:973.

180. Kasinath BS, Lewis EJ. Eosinophils as a clue to the diagnosis of atheroem-
bolic renal disease. Arch Intern Med 1987;147:1384.

181. Kasinath BS, Corwin HL, Bidani AK, et al. Eosinophilia in the diagnosis of
atheroembolic renal disease. Am J Med 1987;7:173.

182. Levine J, Rennke HG, Idelson BA. Profound persistent eosinophilia in
a patient with spontaneous renal atheroembolic disease. Am J Nephrol
1992;12:377.

183. Cosio F, Zager R, Sharma H. Atheroembolic renal disease causes hypocom-
plementemia. Lancet 1985;2:118.

184. Williams HH, Wall BM, Cooke CR. Reversible nephrotic range proteinuria
and renal failure in atheroembolic renal disease. Am J Med Sci 1990;299:
58.

185. Haqqie SS, Urizar RE, Singh J. Nephrotic-range proteinuria in renal
atheroembolic disease: Report of four cases. Am J Kidney Dis 1996;28:
493.

186. Wilson DM, Salazer TL, Farkooh ME. Eosinophiluria in atheroembolic
renal disease. Am J Med 1991;91:186.

187. McGowan JA, Greenberg A. Cholesterol atheroembolic renal disease. Am
J Nephrol 1986;6:135.

188. Knechtges TC, Defever VA. Cholesterol emboli in transurethral curettings:
report of 4 cases. J Urol 1975;114:102.

189. Scoble JE, O’Donnell PJ. Renal atheroembolic disease: the Cinderella of
nephrology? Nephrol Dial Transplant 1996;11:1516.

190. Scoble JE. Is Nihilism in the treatment of atheroembolic disease at an end?
Am J Kidney Dis 1999;33:975.

191. Belenfant X, Meyrier A, Jacquot C. Supportive treatment improves survival
in multivisceral cholesterol embolism. Am J Kidney Dis 1999;33:840.

192. Bruns FJ, Segel DP, Adler S. Control of cholesterol embolization by discon-
tinuation of anticoagulant therapy. Am J Med 1978;275:105.

193. Rosansky SJ. Multiple cholesterol emboli syndrome. South Med J
1982;75:677.

194. Drost H, Buis B, Haan D. Cholesterol embolism as a complication of left
heart catheterization: report of seven cases. Br Heart J 1984;52:339.

195. Smyth JS, Scoble JE. Atheroembolism. Current treatment options. Cardio-
vasc Med 2002;4:255.

196. Siemons L, Van Den Heuvel P, Parizel G, et al. Peritoneal dialysis in acute
renal failure due to cholesterol embolization: two cases of recovery of renal
function and extended survival. Clin Nephrol 1987;28:205.

197. Keen RR, McCarthy WJ, Shireman PK, et al. Surgical management of
atheroembolization. J Vasc Surg 1995;21:773.

198. Baumann DS, McGraw D, Rubin BG, et al. An institutional experience with
arterial atheroembolism. Ann Vasc Surg 1994;8:258.

199. Ballesteros AL, Bromsoms J, Valles M, et al. Vasculitis look-alikes: variants
of renal atheroembolic disease. Nephrol Dial Transplant 1999;14:430.

200. Hunter J. Guide to the Hunterian Collection, Part 1: pathological Series in
the Hunterian Museum. Specimen p. 389. A Case of Renal Vein Thrombosis
(Lady Beauchamp). Edinburgh: Livingstone, 1966:267.

201. Rayer PR. O Traite des Maladies des Reins et des Alterations de la Secretions
urinaire, Vol 2. Paris: JB Bailiere, 1840:590.

202. Abeshouse BS. Thrombosis and thrombophlebitis of the renal veins. Urol
Cutaneous Rev 1945;49:661.

203. Harrison CV, Milne MD, Steiner RE. Clinical aspects of renal vein throm-
bosis. Q J Med 1956;25:285.

204. McCarthy LJ, Titus JL, Daugherty GW. Bilateral renal vein thrombosis and
the nephrotic syndrome in adults. Ann Intern Med 1963;58:837.

205. Llach F, Koffler A, Massry SG. Renal vein thrombosis and the nephrotic
syndrome. Nephron 1977;19:65.

206. Cornog JL, et al. Immunofluorescent and ultrastructural study of the re-
nal lesions observed in human renal view thrombosis and the nephrotic
syndrome. Lab Invest 1968;18:689.

207. Fisher ER, Sharkey D, Pardo V, et al. Experimental renal constriction. Its
relation to renal lesions observed in human renal vein thrombosis and the
nephrotic syndrome. Lab Invest 1968;18:689.

208. Deodhar KP, Bhalerao RA, Kelkar MD, et al. Inferior vena cava obstruc-
tion. J Postgrad Med 1969;25:64.

209. Jackson BT, Thomas ML. Post-thrombotic inferior vena cava obstruction:
A review of 24 patients. Br Med J 1970;1:18.

210. Monteon F, et al. Nephrotic syndrome with renal vein thrombosis
treated with thrombectomy and anticoagulants (abstract). 8th International
Congress Nephrology, Athens; 1981:82.

211. Noel LH, Zanetti M, Droz D, et al. Long-term prognosis of idiopathic
membranous glomerulonephritis: study of 116 untreated patients. Am J
Med 1979;66:82.

212. Pohl MA, MacLaurin JP, Alfidi RJ. Renal vein thrombosis and the nephrotic
syndrome (abstract). 10th Annual Meeting of the American Society of
Nephrologists, Washington, DC; 1977:20A.

213. Velazquez-Forero F, Garcia Prugue N, Ruiz-Morales N. Idiopathic
nephrotic syndrome of the adult with asymptomatic thrombosis of the renal
vein. Am J Nephrol 1988;8:457.

214. Vosnides GR, et al. Renal vein thrombosis in patients with nephrotic syn-
drome (abstract). IX International Congress of Nephrol. Los Angeles: June,
1984:138A.

215. Wagoner RD, et al. Renal vein thrombosis in idiopathic membranes,
glomerulopathy, and the nephrotic syndrome: Incidence and significance.
Kidney Int 1983;23:368.

216. Llach F, Papper S, Massry SG. The clinical spectrum of renal vein throm-
bosis: acute and chronic. Am J Med 1980;69:819.

217. Llach R. Nephrotic syndrome: hypercoagulability, renal vein thrombosis,
and other thromboembolic complications. In: Brenner B, Stein J, eds. Con-
temporary Issues in Nephrology. vol. 9. New York: Churchill-Livingston;
1982:121.

218. Gatewood OM, et al. Renal vein thrombosis in patients with nephrotic
syndrome: CT diagnosis. Radiology 1986;159:117.

219. Hruby MA, Honig GR, Shapiro E. Immunoquantitation of Hageman factor
in the urine and plasma of children with nephrotic syndrome. J Lab Clin
Med 1980;96:501.

220. Llach F, Koffler A, Finck E, et al. On the incidence of renal vein thrombosis
in the nephrotic syndrome. Arch Intern Med 1977;137:33.

221. Llach F, Arieff AI, Massry SG. Renal vein thrombosis and nephrotic syn-
drome: a prospective study of 36 adult patients. Ann Intern Med 1975;
83:8.

222. Trew P, Biava CG, Jacobs RP, et al. Renal vein thrombosis in membranous
glomerulopathy: incidence and association. Medicine 1978;57:69.

223. Green D, Arruda J, Honig G, et al. Urinary loss of clotting factor due to
hereditary membranous nephropathy. Am J Clin Pathol 1976;65:376.

224. Berger J, Yneva H. Hageman factor deposition in membranous nephropa-
thy. Transplant Proc 1982;3:472.

225. Handley DA, Lawrence JR. Factor IX deficiency in the nephrotic syndrome
Lancet 1967;1:1079.

226. Honig GR, Lindley A. Deficiency of Hageman factor (factor XII) in patients
with nephrotic syndrome. J Pediatr 1971;78:633.

227. Lange LG III, Carvalho A, Baqdasarian A, et al. Activation of Hageman
factor in the nephrotic syndrome. Am J Med 1974;56:565.

228. Natelson EA, Lynch EC, Hettig RA, et al. Acquired factor IX deficiency in
the nephrotic syndrome. Ann Intern Med 1970;73:373.

229. Saito K, et al. Urinary excretion of Hageman factor (factor XII) and presence
of non-functional Hageman factor in the nephrotic syndrome. Am J Med
1981;70:53.

230. van Royen EA, de Boer JE, Wilmink JM, et al. Acquired factor XII deficiency
in a patient with nephrotic syndrome. Acta Med Scand 1979;205:535.

231. Kanfer A, Kleinknecht D, Broyer M, et al. Coagulation studies in 45
cases of nephrotic syndrome without uremia. Thromb Diathes Haemorrh
1970;24:562.

232. Kendall AG, Lohmann RE, Dossetor JB. Nephrotic syndrome: a hyperco-
agulable state. Arch Intern Med 1971;127:1021.

233. Thompson C, et al. Changes in blood coagulation and fibrinolysis in the
nephrotic syndrome. Q J Med 1974;43:399.

234. Earley LE, et al. Nephrotic syndrome. Calif Med 1971;115:12.
235. Llach F. Renal vein thrombosis and the nephrotic syndrome. In: Llach, F,

ed. Renal Vein Thrombosis. Mount Kisco, NY: Futura; 1983:155.
236. Andrassy K, Ritz E, Bommer J. Hypercoagulability in the nephrotic syn-

drome. Klin Wochenschr 1980;58:1029.
237. Takeda Y, Chen A. Fibrinogen metabolism and distribution in patients with

the nephrotic syndrome. J Lab Clin Med 1967;70:678.
238. Clarkson A, McDonald MK, Petrie JJ, et al. Serum and urinary fib-

rinogen/fibrin degradation products in glomerulonephritis. Br Med J
1971;3:447.

239. Cade R, Spooner G, Juncos L, et al. Chronic renal vein thrombosis. Am J
Med 1977;63:387.

240. Hall C, Pejhan N, Terry JM, et al. Urinary fibrin/fibrinogen degradation
products in nephrotic syndrome. Br Med J 1975;1:419.

241. Wu KK, Hoak JC. Urinary plasminogen and chronic glomerulonephritis.
Am J Clin Pathol 1973;60:915.

242. Astedt B, Issacson S, Milsson IM. Thrombosis and oral contraceptives:
possible predisposition. Br Med J 1973;4:631.

243. Bonnar J, McNichol GP, Douglas AS. Fibrinolytic enzyme system and preg-
nancy. Br Med J 1969;3:387.

244. Ygge J. Changes in blood coagulation and fibrinolysis during the post-
operative period. Am J Surg 1970;119:225.

245. Rennie J, Ogston D. Fibrinolytic activity in malignant disease. J Clin Pathol
1975;28:872.

246. Almer LO, Janzon L. Low vascular fibrinolytic activity in obesity. Thromb
Res 1975;6:171.

247. Edward N, Young DP, Macleod M. Fibrinolytic activity in plasma and urine
in chronic renal disease. J Clin Pathol 1961;17:365.

248. Hedner U, Nilsson IM. Antithrombin III in a clinical material. Thromb Res
1973;3:631.

249. Scheinman JI, Stiehm ER. Fibrinolytic studies on the nephrotic syndrome.
Pediatr Res 1971;5:206.

250. Lau SO, Tkachuck JY, Haseqawa DK, et al. Plasminogen and antithrom-
bin III deficiencies in the childhood nephrotic syndrome associated with
plasminogenuria and antithrombinuria. J Pediatr 1980;96:390.

251. Llach F. The hypercoagulability and thrombotic complications of nephrotic
syndrome. Kidney Int 1985;28:429.

252. Du XH, et al. Nephrotic syndrome with renal vein thrombosis: pathogenetic



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-70 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:47

1810 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

importance of a plasmin inhibitor (abstract). IXth International Congress
on Nephrology. Los Angeles: June, 1984:84A.

253. Egebert O. Inherited antithrombin deficiency causing thrombophilia.
Thromb Haemostas 1974;13:516.

254. Godal HC, Rygh M, Laake K. Progressive inactivation of purified factor
VIII by heparin and antithrombin III. Thromb Res 1974;5:773.

255. Marciniak E, Farley CH, Desimone PA. Familial thrombosis due to an-
tithrombin III deficiency. Blood 1974;43:219.

256. Rosenberg JS, McKeena P, Rosenberg RD. The inhibition of human factor
IXa by human antithrombin heparin cofactor. J Biol Chem 1975;250:8883.

257. Rosenberg RD. Actions and interactions of antithrombin and heparin. N
Engl J Med 1975;292:146.

258. Yin ET, Wessler S, Stroll PJ. Identity of plasma-activated factor X inhibitor
with antithrombin III and heparin cofactor. J Biol Chem 1971;246:3712.

259. Kauffman RH, Veltkamp JJ, Van Tilrurgh NH, et al. Acquired antithrom-
bin III deficiency and thrombosis in the nephrotic syndrome. Am J Med
1978;65:607.

260. Kauffman RH, De Graeff J, Brutel G, et al. Unilateral renal vein thrombosis
and nephrotic syndrome. Am J Med 1976;60:1048.

261. Thaler E, Blazar E, Kopsa H, et al. Acquired antithrombin III deficiency in
patients with glomerular proteinuria. Hemostasis 1978;7:257.

262. Ellis D. Recurrent renal vein thrombosis and renal failure associated with
antithrombin-III deficiency. Pediatr Nephrol 1992;6:131.

263. Panicucci R, Sagripanti P, Vispi M, et al. Comprehensive study of haemosta-
sis in nephrotic syndrome. Nephron 1983;33:9.

264. Vaziri ND, Paule P, Toohey J, et al. Acquired deficiency and urinary
excretion of antithrombin III in nephrotic syndrome. Arch Intern Med
1984;144:1802.

265. Stenflo J. A new vitamin K-dependent protein: purification from bovine
plasma and preliminary characterization. J Biol Chem 1976;251:355.

266. Kisiel W, Canfield W, Ericsson L, et al. Anticoagulation properties of
bovine plasma protein C following activation by thrombin. Biochemistry
1977;16:5824.

267. Griffin JH, et al. Deficiency of protein C in congenital thrombotic disease.
J Clin Invest 1981;68:1370.

268. Walker FJ, Fay PJ. Regulation of blood coagulation by the protein C system.
FASEB J 1992;6(8):2561.

269. Walker FJ. Regulation of activated protein C by a new protein. J Biol Chem
1980;255:5521.

270. Wardle EN, Memom IS, Ratogi SP. Study of proteins and fibrinolysis in
patients with glomerulonephritis. Br Med J 1970;2:260.

271. Comp P, Esmon CT. Recurrent venous thromboembolism in patients with
a partial deficiency of protein S. N Engl J Med 1984;311:1525.

272. Cosio FG. Plasma concentrations of the natural anticoagulants protein C
and protein S in patients with proteinuria. J Lab Clin Med 1985;106:218.

273. Sorenson PJ, Knudsen F, Nielsen AH, et al. Protein C activity in renal
disease. Thromb Res 1985;38:243.

274. Vigano-D’Angelo S, Kaufman C, et al. Protein S deficiency occurs in the
nephrotic syndrome. Am Int Med 1987;107:42.

275. Bang N. Enhanced platelet function in glomerular renal disease. J Lab Clin
Med 1973;81:651.

276. Remuzzi G, Mecca G, Marchest D, et al. Platelet hyperaggregability and
the nephrotic syndrome. Thromb Res 1979;16:345.

277. Alder AJ, Lundin AP, Feinroth AP, et al. B-thromboglobulin levels in the
nephrotic syndrome. Am J Med 1980;69:551.

278. Andrassy K, Depperman D, Walter E, et al. Is beta thromboglobulin a
useful indicator of thrombosis in nephrotic syndrome? Thromb Haemost
1979;42:486.

279. Kuhlmann U, Stevens J, Rhyner K, et al. Platelet aggregation and B-
thromboglobulin levels in nephrotic patients with and without thrombosis.
Clin Nephrol 1981;15:229.

280. Cheng HF, Liu YG, Pan JS, et al. A prospective study of renal vein thrombo-
sis (abstract). XIth International Congress on Nephrology. Tokyo, Japan:
1990:6A.

281. Ooi BS, Ooi YM, Pollak VE. Circulating immune complexes in renal vein
thrombosis. 11th Annual Meeting of the American Society of Nephrology.
New Orleans: 1978:24A.

282. Lohman RC, Kendall AG, Dosettor JB, et al. The fibrinolytic system in the
nephrotic syndrome. Clin Res 1969;17:333.

283. Harms K, Speer CP. Thrombosis: an underestimated complication of central
catheters. Suldarain vein and renal vein thrombosis after Silastic catheters.
Monatsschr Kinderheilkd 1993;141:21.

284. Mukherjee AP, Tog BH, Chan GL. Vascular complications in nephrotic
syndrome: relationship to steroid therapy and accelerated thromboplastin
generation. Br Med J 1970;4:273.

285. Luetscher JA, Deming QB. Treatment of nephrotics with cortisone. J Clin
Invest 1950;29:1576.

286. Cosgriff SW, Diefenbach AF, Vogt W Jr. Hypercoagulability of the blood
associated with ACTH and cortisone therapy. Am J Med 1950;9:752.

287. Rosenmann E, Pollak VE, Pirani CL. Renal vein thrombosis in the
adult: a clinical and pathological study based on renal biopsies. Medicine
1968;47:269.

288. Slick GL, Schnetzler DE, Koloyanides GJ. Hypertension, renal vein throm-
bosis and renal failure occurring in a patient on an oral contraceptive agent.
Clin Nephrol 1975;3:70.

289. Arneil GC. Renal venous thrombosis. Clin Nephrol 1973;1:119.
290. Hay CR, McEvoy P. Main graft vessels thromboses due to conventional

dose OKT3 in renal transplantation. Lancet 1992;339:1612.
291. Hollenbeck M. Doppler sonography and renal graft vessel thromboses after

OKT3 treatment. Lancet 1992;340:619.
292. Richardson AJ, Martin J. Spontaneous rupture of renal allografts: the

importance of renal vein thrombosis in the cyclosporin era. Br J Surg
1990;77:558.

293. Brown Z. Increased factor VIII as an index of vascular injury in cyclosporin
nephrotoxicity. Transplantation 1986;42:150.

294. Brown Z, Neild GH. Cyclosporin inhibits prostaglandin production by
cultured human endothelial cells. Transplant Proc 1987;19:1170.

295. Koehler PR, Bowles WT, McAlister WH. Renal arteriography in experi-
mental renal vein occlusion. Radiology 1966;86:851.

296. Kowal J, Figur A, Hitzig WM. Renal vein thrombosis and the nephrotic
syndrome with complete remission. J Mt Sinai Hosp 1963;30:47.

297. Scanlon GT. Radiographic changes in renal vein thrombosis. Radiology
1963;80:208.

298. MacLennan AC, Baxter BM, Harden P, et al. Renal transplant vein occlu-
sions: an early diagnostic sign? Clin Radiol 1995;50:251.

299. Richet G, Meyrier A, eds. Liposclerose retroperitoneal. Thrombose
des veines renales. Deux syndromes retroperitoneaux. Paris: Masson;
1970.

300. Lavelle M. The prognosis of renal vein thrombosis: a reevaluation of 27
cases. Nephrol Dial Transplant 1988;3:247.

301. Briefel GR, Manis T, Gordon DH, et al. Recurrent renal vein thrombosis
consequent to membranous nephropathy. Clin Nephrol 1978;10:32.

302. Vogelsanc RL, Brown M. Acute renal vein thrombosis: successful treatment
with intraarterial urokinase. Radiology 1988;169:681.

303. Kennedy JS. Simultaneous renal arterial and venous thrombosis associated
with idiopathic nephrotic syndrome: treatment with intra-arterial uroki-
nase. Am J Med 1991;90:124.

304. Monte XL, Groo J. Renal arterial thrombosis occurring in an adult with id-
iopathic nephrotic syndrome: Results of local treatment with streptokinase.
Clin Nephrol 1979;12:90.

305. Chiu AS, Ladsberg DN. Successful treatment of acute renal vein thrombosis
with selective streptokinase infusion. Transplant Proc 1991;23:2297.

306. Schwieger J, Reiss R, Cohen JL, et al. Acute renal allograft dysfunction
in the setting of deep venous thrombosis: a case of successful urokinase
thrombolysis and a review of the literature. Am J Kidney Dis 1993;22:
345.

307. Gootman M, Groo J, Mensch A. Pulmonary artery thrombosis. Pediatrics
1964;34:861.

308. Coon WW, Willis PW. Thrombosis of axillary and subclavian vein. Arch
Surg 1967;94:622.

309. Berlyne GM, Mallick NP. Ischemic heart as a complication of nephrotic
syndrome. Lancet 1969;2:392.

310. Andrassy K, Ritz R. Biochemie und klinische bedeutung von urokinase.
Dtsch Med Wochenschr 1978;24:1015.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-71 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:49

CHAPTER 71 ■ THE LONG-TERM
OUTCOME OF GLOMERULAR DISEASES
CHIRAG R. PARIKH, ERIC GIBNEY, AND JOSHUA M. THURMAN

At first sight, the task of describing the outcome of a partic-
ular disease seems to be a simple one; in fact, nothing could
be further from the truth. First, we have the problem of defini-
tion, that is, what the “disease” under consideration may be.
Without getting into a deep philosophical discussion of what
the word disease signifies, at a practical level, a number of dif-
ficulties arise. Next, the very idea of a disease in its own right
is an abstraction: As many clinicians emphasize, there are no
“diseases”—only diseased patients—so in essence, we are de-
scribing the behavior and fate of groups of patients. But how
are they to be defined for inclusion in a study?

Immediately new problems arise because there are no hard
boundaries for the disease we are dealing with in the glomeru-
lus. Various clinical presentations can be defined but in real life
they have fluid boundaries; there are histologic appearances
both on optical and immunofluorescence microscopy, between
which there is no one-to-one correspondence; and finally, there
are proved or (more usually) probable precipitating events, or-
ganisms, or multisystem diseases that affect other organs.

To cite an example, when we consider the outcome of acute
glomerulonephritis, we meet accounts in the literature of pa-
tients with the clinical presentation of acute glomerulonephri-
tis, many or all of whom did not have a renal biopsy; we
have other accounts of patients with a similar presentation,
but in whom a streptococcal etiology was established by cul-
tures or antibody titers, with or without biopsies; and we have
accounts of patients with streptococcal glomerulonephritis,
some of whom had mesangioproliferative glomerulonephritis
(MPGN) as shown by biopsy, or severe crescents.

Inevitably, there will be discrepancies in the conclusions
drawn about the outcomes from these similar, but not iden-
tical, groups. A further difficulty arises because almost cer-
tainly some of the histologic appearances of the diseased
glomerulus—for example, membranous nephropathy—are no
more single diseases than the broad clinical features they
present. We must think of these as appearances—patterns of
glomerular injury—rather than diseases.

There may be several different pathogenic routes into a sin-
gle histologic appearance, and each of these may have a differ-
ent outcome. If we cannot distinguish or are ignorant of these
subgroups, then a different mix of the subgroups inevitably
leads to different descriptions of outcome. The second major
problem is more obvious but equally neglected when we look at
follow-up data from diverse sources: This is the question of pa-
tient selection (Fig. 71-1). The only unassailable data are those
that derive from a population survey in which techniques that
will select all the patients with a particular condition are ap-
plied, and all those patients are followed without fallout for a
given period. Such studies do not exist in the study of glomeru-
lar diseases. Many of the conditions we discuss in this chapter
such as IgA-associated glomerulopathy, minimal change dis-
ease, and membranous nephropathy exist in the population
without ever being detected. The more diligently the popula-
tion is examined, and the more frequently the urine is tested,

the more such “patients” (who are, in fact, symptomless indi-
viduals) will be detected. The second stage of selection is when
these patients are discovered; just how much are they studied
or referred for investigation? Many patients with proteinuria
or hematuria discovered on routine examination for insurance
purposes may not be followed.

Specialist centers also will attract (because of their skills
in management) patients who present with considerable prob-
lems, and it is often from such centers that descriptions of out-
comes are published. It is usual for these first studies to present
an overly pessimistic outlook for the prognosis of disease, and
subsequent recognition of milder, more indolent, forms may
restore the balance, with an apparent decrease in gravity in
the view of the condition. Thus, the best outlook probably ap-
proximates more closely the true description of outcome for
the general worldwide population.

Even if a patient is referred, a crucial question is whether to
perform a renal biopsy. Because the criteria for many of the con-
ditions discussed in this chapter depend on the availability of
renal biopsy data, this point is crucial. It is often impossible to
know exactly what the criteria for renal biopsy in a health care
facility at a particular time may have been, because the authors
do not tell us. Usually most adult patients with a nephrotic syn-
drome, or profuse proteinuria, undergo renal biopsy. The pol-
icy for biopsy in patients having isolated minor (0.5 to 1.5 g per
24 hours) proteinuria, isolated hematuria, or hematuria with
minor proteinuria is particularly variable, among health care
facilities and in different countries, sometimes depending on
non-medical factors such as the local availability of skills and
funding structures for medical investigations. The presence or
absence of routine screening of populations, for example, mil-
itary inductees, will depend on other factors, such as whether
military service is obligatory.

Even when a population of patients, however gathered, is
available for study, fallout begins as patients are lost to follow-
up. Diligent work will often lead, even 10 to 40 years later,
to more than 90% of “lost” patients being recovered, but very
often the data available may be limited to those who are entirely
healthy or who are dead. Built into any system of follow-up,
however, is the inevitable fact that some patients enter the study
early and some later, so the length of follow-up may vary from
1 to 2 years or to several decades. How do we best handle these
incomplete data in order to extract the best information?

First, it is clear that in the end all diseases result in one of
two states: Either the patient is dead or cured (Fig. 71-2). The
proportion of patients who follow each of these two courses
can vary from 1:99 to 99:1. Equally, the time required for the
progression of this disease may vary; in practice, most glomeru-
lar diseases have run their course within 15 to 20 years of
apparent onset, with the possible exception of IgA-associated
nephropathies, which appear to have a slower evolution. This
statement brings up yet another difficulty: When did the dis-
ease really start? What we have on record is the earliest point
at which it reached clinical attention or, in retrospect, when the
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FIGURE 71-1. The various levels of patient selection that confuse de-
scriptions of diseases and their outcome.

patient had symptoms (e.g., frothy urine or edema). In the case
of symptomless hematuria and proteinuria, this point may be
years or even decades from the true onset.

The next question is to describe outcome. A technique that
is much used in this area and that appears throughout this
chapter is that of the actuarial life table, usually presented in
graphic form as a survival curve. It is worth discussing here the
strengths and limitations of this technique, which is described
in detail by Peto et al. (1). The table was developed by actuaries
to provide estimates of survival of populations, for example,
at different ages, mainly for insurance purposes. It was first
applied in medicine to studies of cancer data and was used in
renal disease in the mid-1960s to analyze transplant survival
of kidney graft. Finally, in the early 1970s it was introduced to
the study of glomerular and other chronic diseases, and it has
become popular as its advantages have been recognized.

Life tables were originally designed to be applied to large
populations—thousands or tens of thousands—whereas in
medical practice, they are rarely used for the analysis of more
than a few hundred persons, especially for relatively rare dis-
eases, such as those affecting the glomeruli; many series involve
less than 100 individuals. The importance of this is that as
with any statistical estimate, the potential error of the estimate
achieved will increase sharply when small numbers are under

FIGURE 71-2. A generalized diagram to describe the outcome of a
glomerular disease. Vertically, the proportion of patients in a given
state is shown: dead (either incidentally or as a result of the glomerular
disease), with continued proteinuria, or in remission. The time (t) at
which the final state of all patients being in remission or dead will be
reached will depend on the aggression of the disease; and the propor-
tion dead or in remission, on its severity. If a cross-section of patients
is studied at time A or B, a proportion of patients will still have active
disease, with or without impairment of renal function, as represented
in the bar graphs (right). Diagrams such as these can be used to sum-
marize the outcome of glomerular diseases, the curves being calculated
by the best estimate obtained from life table analysis of the necessarily
incomplete data (see text).

consideration. In general terms, all data on glomerular diseases
deal only with small (or very small) numbers of patients.

The life table technique produces an estimate often referred
to as the Kaplan-Meier (2) estimate of what the behavior of the
population at risk might be if all patients had been followed
for the full period under analysis. As already noted, this is al-
most never the case, except for very short follow-up periods.
The lines in a figure may be drawn in a bold fashion, but it is
the possible error—usually expressed as the standard error for
each point on the life table—that is crucial. For example, an es-
timated population survival of 60% at 10 years may have 95%
confidence limits of 20% to 90%, so the estimate is almost use-
less for purposes of comparison; in fact, the only valid method
of comparison between two life tables is to compare the whole
curve with the contrasted one—that is, assuming that the two
populations are comparable (1), which is almost never the case
except in carefully randomized prospective controlled studies.

With all these reservations in mind, we can examine how a
life table is constructed. There are several ways to do this in
detail, and a number of computer programs are available. For
any period under study, first the number of patients “at risk” of
having the event in question is calculated. The event can be any
event of interest—loss of proteinuria, absence of hypertension,
entry into end-stage renal disease (ESRD), or death, for exam-
ple. The number of patients at risk throughout the interval in
question clearly is related to the number being followed at the
start of the follow-up period but will be less than this latter
number because some patients will be lost to follow-up during
the interval.

The calculation of a standard error of any point on the curve
is possible using the following formula:

Cumulative survival rate

√
1 − Cumulative survival rate

Number at risk

And two life table curves can be compared for the statistical
difference between them by statistics discussed originally by
Kaplan and Meier (2) and more recently by Peto et al. (1) and
Breslow (3). In essence, this procedure is a χ2 test, weighted by
the distribution of the data in the life table.

Obviously it is possible, by drawing up a life table for ter-
minal renal failure and another for loss of proteinuria, to gen-
erate a diagram of the type shown in Figure 71-2 for any given
glomerular condition or group of patients. Programs are avail-
able to construct life tables on microprocessors from raw data
of dates of entry and the date of event or most recent follow-
up—whatever the reason for exiting from the follow-up may
be. If one wishes purely to examine the rate of entry into ure-
mia, rather than true survival, then death from unrelated causes
can be treated as “lost to follow-up” for the purposes of anal-
ysis. This may seem bizarre, but a similar problem arises in the
analysis of transplantation data when immunologic graft loss
is being examined and a patient dies of another cause with a
functioning graft.

This raises the difficult problem of deaths attributed to
causes other than renal failure in any study. Clearly in the
end, all the patients in the study will be dead, including those
who are in remission. In addition, the numbers of those dying
within a decade or two of causes other than uremia will in-
crease sharply if the mean age of the population under study
is older than 60 years. Ideally, any life table analysis should
include the expected life table for the population at risk, as-
suming no renal diseases were present. In Western countries,
at the age of 35 years, at least 95% of patients will survive
15 years; therefore, in the case of most glomerular diseases
that affect predominantly a young population, the effect of
neglecting expected mortality is trivial. However, only 85%
of 60-year-olds will survive a decade, the average survival time
being 18 years for women and 20 years for men; at 65 years old,
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the corresponding values are 12 and 16 years. Consequently,
for some diseases, such as membranous nephropathy and vas-
culitis, some account of age of presentation must be taken.

It is not always clear what should be considered “other”
causes of death and what role secondary hypertension may
play, both as a direct cause of death and as a cause of accelerated
fall-off in renal function. Similarly, vascular disease would be
considered by some as a possible complication of a persisting
nephrotic syndrome. How should deaths from complications
of therapy be treated for statistical purposes? Clearly, they are
the result of the disease, but this statistical treatment may not
be appropriate to some observers.

Therefore, the technique of life tables allows us to make
a description of the general average outcome of a glomerular
disease or its appearances, but of course this is not what the
patient wants to know. He or she wishes to know what his or
her individual outcome will be, and from the data on popula-
tion, the physician can make only the most general statements
of risk. The possible evolution of the disease in individual pa-
tients can be made more precise by attempting to assess the pre-
dictive value of various individual characteristics. At a clinical
level, such observations as the presence or absence of hema-
turia in a patient with proteinuria, the degree and persistence
of proteinuria, and the presence or absence of hypertension
or reduced renal function can be examined; and on histology,
various glomerular and tubulointerstitial or vascular features
can be assessed for their effect on prognosis. The crude way
to do this is simply to examine the outcomes of patients with
a certain feature and compare that with outcomes of patients
without the same feature (univariate analysis), but this pro-
cess ignores possible interactions, either purely statistical or
causative, which may relate to certain features. This evalua-
tion requires simultaneous multivariate analysis, for which a
number of methods are available.

Perhaps the best technique for this type of analysis is the
Cox method of proportional hazards (4). This technique has
been applied surprisingly little to the study of glomerular dis-
ease (5–9), perhaps because the number of patients under study
is so small that the technique may not be appropriate, but per-
haps also because of ignorance of the technique. Analysis by
the Cox method can be calculated only by the use of a com-
puter program and is included in the widely available statis-
tical software packages on the internet. A discussion on the
use of the Cox model and related statistics in renal data can
be found in the article by Beukhof et al. (5). It is often for-
gotten that when applying this type of technique, predictive
variables are analyzed sequentially, so events that may be use-
ful or convenient in the clinical sphere become nonsignificant
statistically after the analysis shows they are secondarily depen-
dent on some stronger variable. Therefore, in many analyses,
only proteinuria and interstitial fibrosis emerge as independent
determinants of outcome.

Obviously, the monitoring of proteinuria and indices of re-
nal function, such as plasma creatinine and the glomerular fil-
tration rate (GFR), followed sequentially, is among some of the
most powerful tools available that allow prediction of disease
course in individual patients. For example, it has become ap-
parent that functional progression rarely, if ever, occurs in pro-
teinuric renal disease if the excretion of protein falls to within
normal limits even for a short while (10), although hypertensive
damage is possible subsequently. Furthermore, the persistence
of profuse proteinuria within or near the nephrotic range in pa-
tients with structurally disordered glomeruli (e.g., other than
minimal change) is a clear indicator of a poorer prognosis in
most patients with this phenomenon (Fig. 71-3), and in mem-
branous nephropathy is a continuous variable—the greater the
protein loss, the poorer the prognosis (see later discussion).

The behavior of the plasma creatinine concentration (Pcreat)
also has been the subject of much study. Mitch et al. reminded

us 15 years ago (11) that GFR varies as 1/Pcreat and several ar-
ticles (11,12) have emphasized that the plot of 1/Pcreat against
time may be relatively linear, the slope being characteristic for
each patient. The linearity of such plots has been greatly ex-
aggerated, and the r value for correlation plots, even with the
best fit, rarely if ever exceeds 0.70 (13).

Study of glomerular diseases confirms this point, and al-
though membranous nephropathy shows relatively linear plots
(14), study of data from the Medical Research Council (MRC)
trial in the United Kingdom (15) showed that only 18 of
41 nephrotic membranous patients with a decline in re-
nal function showed substantially linear fall-off in reciprocal
creatinine plots. Similarly, Fellin et al. (16) found few patients
with IgA nephropathy, whose decline in renal function could
be described in a single slope of 1/Pcreat. MPGN often shows a
markedly nonlinear pattern (17) with sudden falloffs in renal
function that are not associated with hypertension, even after
periods of relatively stable function lasting several years. In ad-
dition, the predictive value of the Pcreat for the GFR has been
overemphasized; changes occur with changes in diet and mus-
cle mass, and, conversely, a constant plasma creatinine may
conceal a fall-off in GFR. The use and misuse of reciprocal and
other functions of Pcreat have been reviewed by Walser (18),
Hunsicker (19), and Levey (20).

One interesting observation (14,15) is that for the main
groups of progressive, proteinuric glomerular diseases (mem-
branous nephropathy, focal segmental glomerular sclerosis
[FSGS], and MPGN), progressive disease usually reveals itself
by a detectable fall-off in GFR and a rise in plasma creati-
nine concentration within only 3 or so years of onset. Together
with the observations on the presence and persistence of pro-
teinuria mentioned previously, this information allows a better
individual prognosis to be given quite early in the course of
the disease. However, this is not the case for IgA nephropathy,
which generally evolves much more slowly.

In this chapter, for reasons of brevity, we deal mainly with
recently published observations on the outcomes of glomerular
disease, published in 1980 or later. For a more detailed consid-
eration of the literature before 1980, the reader is referred to
an earlier treatment of the subject (21). Given that an etiologic
classification is still beyond our grasp, this chapter is organized
in a conventional fashion around the usual histologic classifi-
cation of glomerular disease (22), with the many limitations of
this approach acknowledged herein.

THE OVERALL PROGNOSIS OF
THE NEPHROTIC SYNDROME

Unlike symptomless patients with hematuria or proteinuria,
patients who have the nephrotic syndrome are likely to be
referred for medical attention and very likely to have a renal
biopsy as part of the investigation of their condition. It is still
common to perform a biopsy on all adult patients with onset
of a nephrotic syndrome, and older data exist for unselected
series of children with nephrotic syndrome who had a biopsy;
however, it is now no longer common practice to perform a
biopsy on all nephrotic children, especially those between the
ages of 1 and 5 years.

The outcome of nephrotic syndrome generally depends on
four sets of circumstances: complications of the nephrotic syn-
drome, the effects of proteinuria itself, the influence of un-
derlying histopathology, and the response to treatment (23).
Furthermore, there is expanding interest in identifying urinary
biomarkers, which may predict progression of nephrotic syn-
drome. Some, including fractional excretion of immunoglob-
ulin G (IgG), urinary N-acetyl-beta-glucosaminidase, urinary



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-71 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:49

1814 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

A

B

FIGURE 71-3. The important relationship between the out-
come and the quantity of proteinuria is further examined by
correlating plasma creatinine concentration during follow-up
with the quantity of proteinuria at presentation. In various
forms of glomerular diseases, the relationship between initial
proteinuria and rate of change in the 1/Pcreat holds. (From:
Williams PS, Fass G, Bone JM. Renal pathology and protein-
uria determine progression in untreated mild/moderate chronic
renal failure. Q J Med 1988;67:343, with permission.)

beta-2 microglobulin, and urinary retinol-binding protein are
promising as prognostic indicators (24–27).

Complications of the Nephrotic State

Now only few nephrotic children or adults die as a result of
complications of the nephrotic state (28,29). In the study of
Wass et al. (30), only one-third of adults with nephrotic syn-
drome remained nephrotic 4 years later. The remainder had
either progressed to renal failure with diminution of protein-
uria and disappearance of edema or had gone into remission
either spontaneously or as a result of treatment. Today an even
smaller proportion of children with nephrotic syndrome have
a persistent course. Most children have minimal change le-
sions, and these children will either have a remission within
3 years spontaneously (two-thirds) or have earlier remissions
secondary to treatment with corticosteroids or cytotoxic agents
(95%) (see later discussion). According to the data reviewed by

Trompeter et al. (31), after 15 to 20 years, only 3% of an uns-
elected cohort of children with biopsy-proven minimal change
nephrotic syndrome still had active disease.

Similarly, in a study of 89 adults with onset of minimal
change nephrotic syndrome after the age of 15 years (32), at
follow-up after 2 to 24 years, 59 (80%) of 74 surviving pa-
tients were in complete remission, and only 5 had persisting
nephrotic syndrome. Therefore, in contrast to past experience,
neither of these groups is exposed to possible risks of compli-
cations for prolonged periods. However, the few adults and
children who have severe and persistent proteinuria are at high
risk for complications. Many of these individuals, especially
nephrotic children and young adults, have lesions of FSGS that
are resistant to treatment with corticosteroids and cytotoxic
drugs; others have membranous nephropathy or MPGN. In
these unfortunate individuals, a full nephrotic syndrome may
progress to chronic kidney disease (CKD) or renal replacement
therapy. Even nephrectomy or renal infarction has been occa-
sionally required (33).
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FIGURE 71-4. In chronic nondiabetic, proteinuric nephropathies,
decline of glomerular filtration rate (GFR) and predicted time to end-
stage renal disease (ESRD) are highly dependent on baseline urine
protein/creatinine ratio. Data are from 98 patients with various
glomerular diseases. Mean ( ± SE) Rate of Decline in the Glomeru-
lar Filtration per Patient per Month (Panel A) and Mean Predicted
Time to End-Stage Renal Disease (Panel B). Asterisks indicate a signif-
icant difference (p <0.05) from a baseline urinary protein/creatinine
ratio above 4. The I bars in Panel B are ranges. (From: Remuzzi G,
Bertani T. Pathophysiology of progressive nephropathies. N Engl J
Med 1998;339:1448–1456, with permission.)

Infections

Although their importance is still evident, in the past, infec-
tions (34) played an even more important role in determining
the outcome for the nephrotic patient. For example, the data
of Arneil (35) from the Sick Children’s Hospital in Glasgow,
Scotland, suggest that during the preantibiotic era, more than
half of nephrotic children were dead by 5 years after onset,
most infections occurring within the first 2 years. There are
no data from this period from a single source dealing with
adult-onset nephrotic patients, but perusal of accounts in the
literature of the 1920s and 1930s (36) suggests that the clinical
picture was similar, although (as today) primary pneumococcal

peritonitis is mostly confined to children and adolescents. This
is because they have yet to develop specific antibody against
pneumococcal polysaccharides and are dependent on nonspe-
cific immunity resting on the activity of the alternative pathway
of complement, which is much reduced in nephrotic patients
because of protein losses into the urine (29).

Hyperlipidemia

The ubiquitous hyperlipidemia of the nephrotic syndrome
(34,37,38) is usually manifest with elevated triglycerides, low-
density lipoproteins (LDLs), and total cholesterol, often with
low high-density lipoprotein (HDL) values (39). Any attempt to
understand the clinical consequences of hyperlipidemia in rela-
tion to accelerated vascular disease must take into account the
various other cardiovascular risk factors present in nephrotic
patients. For example, most patients with persistent nephrotic
syndrome also have hypertension, which may be a stronger
risk factor for myocardial and other vascular diseases than hy-
perlipidemia (40). Analysis of 100 nephrotic adults demon-
strated that most had one or more risks for cardiovascular
disease, including hypertension, left ventricular hypertrophy
(LVH), smoking, and others (41). Furthermore, nephrotic dis-
eases with circulating immune complexes may carry their own
specific risks, as shown experimentally (42,43) and in humans
with systemic lupus who demonstrate premature atherosclero-
sis (44–46). Although studies have varied in their conclusions
(30), a commonly cited study by Ordonez et al. found an ele-
vated risk for myocardial infarction and cardiovascular death
in nephrotic adults (47).

Given the information on the deleterious effects of hyper-
lipidemia in the general population, an exhaustive multivariate
analysis implicating the hyperlipidemia of nephrotic syndrome
as an independent risk factor for cardiovascular events is un-
likely to be performed. On balance, it seems reasonable to as-
sume that the hyperlipidemia of persistent nephrotic syndromes
probably leads to an increased risk of atherosclerosis.

Thrombosis

Thrombosis is the third major risk besides infection and vas-
cular disease (30,34,48,49). This prothrombotic state prob-
ably arises from platelet hyperaggregability, itself the result
of platelet–von Willebrand factor interactions and possibly
increased availability of arachidonic acid to form aggregant
prostaglandins. High fibrinogen levels are also important (49).
Major alterations in fluid-phase coagulation proteins are al-
most confined to severe nephrotic syndromes, with a serum
albumin concentration of less than 2 g/dL. Unlike the risk of
vascular disease, thrombosis may strike within only a few days
or weeks of onset and although rare may attack most tragically
those with the most reversible of nephrotic syndromes, because
their urinary protein loss is great and their hypoalbuminemia
and alterations in other proteins such as von Willebrand factor
profound.

Prevention of Complications of the
Nephrotic State

To what extent any of these risks can be minimized is con-
troversial. Prophylactic treatment of children with a severe
active nephrotic syndrome using penicillin seems sensible,
and prompt treatment of cellulitis or septicemia is almost al-
ways successful. With the introduction of HMG- CoA re-
ductase inhibitors (statins), which are effective in reversing
nephrotic hyperlipidemia (50,51), therapy seems reasonable
in those with persistent nephrotic syndromes or in those who
are clinically likely to remain nephrotic despite treatment
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(i.e., MPGN). The question of prophylaxis against thrombo-
sis with anticoagulants in patients with active severe nephrotic
syndromes remains contentious (48). Especially for idiopathic
membranous nephropathy, expert opinion and decision analy-
ses have supported the use of prophylactic warfarin in high-risk
patients with serum albumin level less than 2 g/dL (52). How-
ever, controlled studies are not available for warfarin, or for
antiplatelet agents, which may have less toxicity but similarly
unestablished efficacy.

Proteinuria as a Factor in Progression

The second major area of risk in the nephrotic syndrome is the
proteinuria itself (53–55). It is well known that progression into
renal failure in the absence of proteinuria almost never occurs
in glomerular disease (56), although exceptions occur (57–59).
One such exception is when secondary hypertension appears
after apparent “healing” of the original disease. Conversely,
progression is almost always accompanied by urinary protein
more than 2 g per 24 hours or elevated urine protein/creatinine
ratio, and usually within the nephrotic range (Figs. 71-3, 71-4).
The prognosis for patients with varying glomerular lesions is
worse when a nephrotic syndrome is present, as demonstrated
in Figure 71-3 and confirmed by Williams et al. (60) and Hunt
et al. (61). In FSGS (62,63), membranous nephropathy (64–
66), and MPGN (67), the prognosis is markedly worse for
nephrotic patients compared with patients who were never
nephrotic. Furthermore, if one plots proteinuria against rate of
progression of renal disease (60,66), one finds that the greater
the proteinuria, the more rapid the decline in renal function.

Two interpretations of these data are possible (53,68): Ei-
ther profuse continuing proteinuria is a marker for more severe
and eventually more serious disease, or profuse persisting pro-
teinuria is damaging and leads to acceleration of the original
disease process or to secondary renal damage (69). It has been
established that proteinuria leads directly to the production of
chemotactic factors (70) and a damaging interstitial infiltrate
(68). Transit of protein across the glomerulus may be dam-
aging as well. The accumulating experimental evidence for a

direct role of proteinuria in initiating tubulointerstitial injury
and progressive nephropathy is reviewed elsewhere (71).

There is much current interest in these hypotheses, given
that it has proved possible to reduce the protein loss in patients
with glomerular diseases using various agents—angiotensin-
converting enzyme (ACE) inhibitors or angiotensin II re-
ceptor blockers (ARBs), nonsteroidal antiinflammatory drugs
(NSAIDs), cyclosporine, and dipyridamole—and following
low-protein diets (53,72). For ACE inhibitors and ARBs, evi-
dence in treatment of type 1 and type 2 diabetes with nephropa-
thy suggests that reduction in proteinuria slows the decline in
glomerular filtration rate (GFR) independent of blood-pressure
lowering effects (73–76). This is perhaps the strongest evidence
that proteinuria in and of itself may be injurious. An exception
to the general rule that proteinuria dominates prognosis may
be lupus nephritis (77–79), in which the outcome of this dis-
ease is more affected by treatment than are all the previously
mentioned progressive glomerular diseases.

Renal Histopathology

The third factor that determines prognosis for the nephrotic
patient is the histologic appearance of renal biopsy specimens,
which despite many reservations remains the best guide to the
nature and prognosis of the syndrome, although this has been
challenged (68,80,81). The general prognosis association with
the various aspects of the histopathologic appearances was re-
viewed in detail elsewhere (82). However, a number of general
points can be made.

The first point is to examine the differing underlying his-
tologic appearances, especially because they are different at
various ages and in different parts of the world. In Figure 71-5
data are shown from a series of more than 600 adult-onset
nephrotic patients seen at Guy’s Hospital in London between
1965 and 1984. The data for the childhood-onset cases are in
Figures 71-5 and 71-6 and are from the International Study of
Kidney Disease in Childhood (ISKDC) on more than 500 uns-
elected nephrotic children and 200 childhood-onset patients
seen at Guy’s Hospital before 1970, during which time all

FIGURE 71-5. The underlying histopatho-
logic appearances from a series of 607
nephrotic patients with onset after the age
of 15 years, studied at Guy’s Hospital from
1963 to 1984. The childhood data are de-
rived from 521 patients studied by the Inter-
national Study of Kidney Disease in Child-
hood and 200 patients studied at Guy’s Hos-
pital before 1970, during which time all child-
hood nephrotic patients underwent biopsy.
The curves have been smoothed to simplify
the diagram, but the adult data are shown
in Table 71-2, and the childhood data are
shown in more detail in Figure 71-6. (From:
Cameron JS, Glassock RJ. The natural history
and outcome of the nephrotic syndrome. In:
Cameron JS, Glassock RJ, eds. The Nephrotic
Syndrome. New York: Marcel Dekker; 1987,
with permission.)
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FIGURE 71-6. The underlying histopathology in more than 500 unse-
lected nephrotic children studied by the International Study of Kidney
Disease in Childhood, 1965–1976. MC, minimal changes; FSGS, focal
segmental glomerulosclerosis; MPGN, mesangioproliferative glomeru-
lonephritis. (From: Barnett HL, et al. Minimal change nephrotic syn-
drome. In: Edelmann CM, ed. Pediatric Kidney Disease. Boston: Little,
Brown and Company; 1978:195, with permission.)

children who presented with a nephrotic syndrome underwent
biopsy. The main categories shown account for almost 99% of
all nephrotic patients, and a few others are discussed in sub-
sequent text. The increase in the proportion of patients with
membranous nephropathy with increasing age at onset is obvi-
ous. Although amyloidosis is rare before the age of 40, primary
amyloid is a relatively common cause of a nephrotic syndrome
in older adults. Lupus has the usual age distribution (ages 15 to
50 years) with or without a nephrotic syndrome. Focal segmen-
tal sclerosis is present at all ages, from neonates until old age,
although the proportion of patients with minimal change le-
sions declines steadily from the age of 3 to the age of 20 years,
but thereafter remains rather constant.

These classic descriptions on the occurrence of various
histopathologic syndromes have been challenged in recent
years by a growing literature suggesting that FSGS is more
prevalent clinically and in large biopsy series. Although ini-
tially confined to reports in U.S. adults (83,84), similar data
have emerged for nephrotic children in Canada, the United
States, and India, and for adults in Peru, Korea, and other re-
gions (85–90). Thus, the current literature strongly suggests a
worldwide increase in the frequency of FSGS in both adults
and children.

A number of factors distort the incidence of various dis-
eases. First, there is a tendency not to refer older patients
for biopsy. Second, the proportion of diabetic patients seen
with a nephrotic syndrome depends on the referral and biopsy
policy in diabetic patients with proteinuria, with or without
edema. In general, many centers have avoided biopsy in dia-
betic nephrotic patients with retinopathy and have performed
a biopsy only when there is some indication that the condition
is unlikely to be diabetic nephropathy. For example, the pres-
ence of significant hematuria, or the absence of retinopathy,
may be an indication for a biopsy. However, the proportion of
all nephrotic patients with diabetic nephropathy, even where
all nephrotic patients have undergone biopsy, does not exceed
10% in any published series. The coincidence or association of
diabetes and membranous nephropathy (91) or other forms of
glomerular pathology needs emphasis, and many centers are
performing biopsies more often in diabetic nephrotic patients.

Although these data apply to developed Western communi-
ties, there are many variations within the much higher incidence
of nephrotic syndrome found in the Tropics (92). Although
poorly documented for developing countries, the admission
data analyzed by Kibukamusoke (93) suggest that nephrotic
syndrome may represent a much more common admission di-
agnosis than in Western nations. In the absence of firm data
on incidence, it is difficult to judge whether minimal change
disease is actually rare in the Tropics or merely submerged in
a much larger number of other forms of histopathology. For
example, in Malaysia (94), there may be a higher incidence
of minimal change disease or very minor proliferative histol-
ogy in adults. These patients are sensitive to corticosteroids
in terms of decreasing urinary protein excretion and represent
40% to 50% of all nephrotic adults. Minor variations in in-
cidence almost certainly occur throughout the Western world.
For example, higher proportions of nephrotic adult patients
from the United States have membranous nephropathy com-
pared with counterparts from Europe. In the Interhospitals
Study (95) of the nephrotic syndrome, 72 of 154 nephrotic
patients had membranous nephropathy, whereas in U.K. data
(Fig. 71-5), the proportion of adult-onset cases with this ap-
pearance remained constant at about 20% to 25%. Membra-
nous nephropathy, unrelated to carriage of hepatitis B virus,
also seems to be common in Greece (96) and the Balkans.
MPGN is relatively uncommon in Japan, but in Iran, it ac-
counts for 64% of nephrotic patients (97). Thus, it is difficult
to make general assumptions regarding incidence of various
diseases, given regional variations and changing frequencies of
primary diseases such as FSGS.

When one is considering the histopathology of diseases
that underlie a nephrotic syndrome, the general prognosis of
the group of patients with any given histopathologic pattern
may be estimated, but it remains the individual prognosis that
is of primary concern to physician and patient. Within gen-
eral statements, such as that 90% of adult type I MPGN pa-
tients with a nephrotic syndrome will be in renal failure before
10 years, or that up to 60% of adult-onset nephrotic patients
with membranous nephropathy will have renal failure eventu-
ally, the prognosis and rate of progression of the individual are
submerged.

Effects of Treatment

The fourth and final influence on prognosis is again an obvious
one: the effect of specific treatment in resolving the nephrotic
syndrome or at least diminishing the proteinuria to the point
at which edema no longer forms. The treatment of nephrotic
children and adults has been discussed extensively elsewhere
in these volumes, but a few additional points are worth mak-
ing here. Clearly, the response of the various histologic types
of glomerulonephritis underlying the clinical presentations of
glomerular disease differs. For example, 90% of nephrotic
patients with minimal change lesions, and 45% to 65% of
those with FSGS (98,99) will respond to treatment with cor-
ticosteroids, cytotoxic agents, or cyclosporine by complete or
partial remission of proteinuria. As noted previously, progres-
sion into renal insufficiency is almost unknown for any patient
whose proteinuria remits completely (56), and thus these pa-
tients have almost universally a good prognosis for long-term
renal function. Therefore, response to early treatment is a pow-
erful indicator of good prognosis. For example, it has been
known for many years that the outlook for adult nephrotic
patients who respond to corticosteroids is much superior to
those who do not respond to corticosteroids (100), irrespec-
tive of renal biopsy appearances (Fig. 71-7). By the 1970s, this
distinction was so clear to pediatric nephrologists that since
then, it has been almost universal practice to treat all but a few
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FIGURE 71-7. The long-term outcome of adult pa-
tients with a nephrotic syndrome who never un-
derwent a biopsy and who were treated with pred-
nisone. Those who responded to this treatment with
loss of proteinuria during the initial treatment fared
much better than those who did not, with respect
to the outlook for renal function. (From: Idelson
BA, et al. Prognosis in steroid-treated idiopathic
nephrotic syndrome in adults. Arch Intern Med
1977;137:891, with permission.)

childhood-onset nephrotic syndrome patients with corticos-
teroids and to perform a biopsy at about 4 weeks in those
whose proteinuria fails to remit by this time.

It has been argued (79–81) that such a policy has merit also
for patients with adult-onset nephrotic syndrome, even though
the proportion of adult nephrotic patients who respond to a
brief course of steroids is much lower in adults than in chil-
dren. Such a suggestion involves balancing the relative risks
of a continuing nephrotic syndrome against the risks of renal
biopsy itself and of the corticosteroid treatment to be given.
Given such data as the lack of effectiveness of steroids in mem-
branous nephropathy (101), the often protracted duration of
steroid therapy required for many patients with FSGS (102),
and the general safety of real-time renal biopsies using auto-
mated needles (103), it seems increasingly difficult to rational-
ize an empiric course of steroids in nephrotic adults. Further-
more, Nolasco (32) and Korbet et al. (104) analyzed the rates
of response to corticosteroids in patients with adult-onset min-
imal change nephrotic syndrome treated with corticosteroids
(Fig. 71-10). The response rate for adults in these series was
slower and less frequently complete than that for children in
the ISKDC study. Therefore, a policy of performing a renal
biopsy in all adult-onset nephrotic syndrome patients without
obvious diabetic nephropathy is preferred.

PROGNOSIS OF INDIVIDUAL
HISTOLOGIC GROUPS

Minimal Change Lesions

Most patients who undergo biopsy and show minimal change
lesions have a full nephrotic syndrome, but there are many
symptomless patients with isolated proteinuria—especially
adolescents and young adults (105,106), who may show ap-
pearances consistent with a diagnosis of minimal change lesions
in their renal biopsy specimens (Chapter 64). However, these
patients may not undergo biopsy unless the urinary protein loss
is more than 2 g per 24 hours or edema appears, because of
the excellent prognosis for this group (105,106) and because
the changes in their renal biopsy specimens are usually benign.
Therefore, this discussion is confined to patients with a mini-
mal change lesion in the setting of a nephrotic syndrome. The

outcome of minimal change disease as observed today is very
much modified from its “natural” history, both by control of
infections (discussed already) and by the successful use of im-
munosuppressive agents to eliminate proteinuria.

Childhood-Onset Minimal Change
Nephrotic Syndrome

History Without Treatment: Causes of Death. As Figure 71-6
demonstrates, the minimal change lesion is most commonly
found in childhood-onset nephrotic syndrome patients but also
accounts for 20% to 25% of adult nephrotic patients of all
ages. As discussed already (34,82), until the era of diuretics and
antibiotics, death from sepsis and occasionally from thrombo-
sis was common in patients with nephrotic syndrome. Now
death from complications is rare, although Trompeter (31) and
the ISKDC (107) demonstrated that a low rate of mortality
from complications persists. In Trompeter’s study of 183 unse-
lected children with a nephrotic syndrome and biopsy-proven
minimal change lesions, there were 11 deaths during the subse-
quent 15 to 22 years, 7 of which were related to the nephrotic
syndrome or its treatment (e.g., infections, septicemia, and hy-
povolemia). The only death from 1982 to 1990 in this group
was of one boy, who had brain infarction from sagittal sinus
thrombosis during a relapse. Of 10 children who died of the
389 children studied by the ISKDC (107) for 7 to 15 years, 6
died of infection, 1 died of dural sinus thrombosis, 1 died of
circulatory overload precipitated by intravenous albumin infu-
sion, and 1 died in chronic renal failure; the cause of death in
the final child was undetermined. Notably, all the deaths oc-
curred in the early part of the study (i.e., before 1972). Krensky
et al. (108) and Gorensek et al. (109) confirmed the contin-
ued importance of peritonitis as a complication of childhood
nephrotic syndrome. In these two series, three children died of
their sepsis.

Much attention has been directed to the relapsing pattern
of patients with minimal change nephrotic syndrome. It has
sometimes been said that this pattern is the result of “forc-
ing” patients into remission with corticosteroids, whose dis-
ease would otherwise have persisted. This pattern of behav-
ior was recorded, however, well before the introduction of
corticosteroids; indeed, one of the first accounts of a patient
with childhood nephrotic syndrome, in Paris (1833 to 1834),
described two children whose urine became completely free
of albumin between relapses (110). The relapses themselves
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FIGURE 71-8. The stability of response of nephrotic children who
have multiple relapses (Frequent Relapsing Nephrotic Syndrome
[FRNS]) or have become steroid-dependent (Steroid Dependent
Nephrotic Syndrome [SDNS]) (see text for definitions) treated with
mustardlike agents (cyclophosphamide or chlorambucil). Those who
have multiple relapses have a much superior response in the long
term, compared with those who were steroid-dependent before treat-
ment with cytotoxics. (From: Arbeitsgemeinschaft für pödiatrische
nephrologie. Effect of cytotoxic drugs in frequently relapsing nephrotic
syndrome with and without steroid dependence. N Engl J Med
1982;306:451, with permission.)

also may remit spontaneously (111). There is little doubt from
the data of Arneil (35) and Schwartz (112) that the natural
evolution of childhood nephrotic syndrome progresses slowly
toward remission; from Arneil’s data, one can calculate a
spontaneous remission rate of about 65% at 3 years from
onset (35).

History with Treatment. Today, this long-term natural evolu-
tion is modified by early treatment with corticosteroids. From
the data of the ISKDC (113), 93% of nephrotic children will
go into remission within 6 to 8 weeks on a dosage of pred-
nisone of 60 mg/m2 per 24 hours (Fig. 71-8). Thirty-six percent
will never experience a relapse, 18% will have infrequent re-
lapses, but 39% will experience multiple relapses, either with
a period without treatment and free of proteinuria between
relapses (“frequent relapser”) or relapsing immediately when
prednisone is withdrawn or even during modest doses of the
drug (corticosteroid-dependent).

What the exact influence of the initial treatment on sub-
sequent outcome may be has been debated. Early claims
were made that more prolonged initial treatment resulted in
fewer subsequent relapses (114). The German Arbeitsgemein-
schaft für Pödiatrische Nephrologie (APN) (115) examined the
ISKDC regimen of treatment for 8 weeks contrasted with treat-
ment for a shorter period, the period of treatment being de-
termined by how rapidly complete remission appeared. Sus-
tained remission was significantly less frequent (19%), with
the shorter course over the following 14 months of follow-
up, compared with 39% for the standard protocol; when an
even longer course (12 weeks of treatment) was given (116),
the results were even more impressive: 64% had sustained re-
mission. Choonara et al. (117) compared stability of remission
in a group of relapsing children treated for similar lengths of
time but with lower dosages (30 mg per 24 hours) with those
given the “standard” ISKDC dosage of 60 mg/m2; duration of
remission was similar in the two groups. The French Club for

Pediatric Nephrology reexamined the suggestion of Lange et al.
(114) but found that stability of remission was no more after
1 year of alternate-day treatment than after 16 weeks (118).

Multiple Relapsing Nephrotic Syndrome. Much attention has
been paid to the optimum management of frequently relapsing
or corticosteroid-dependent patients (Chapter 64). Although
cytotoxic agents such as cyclophosphamide and chlorambucil
may induce a remission in such children (119–121), recent re-
ports in small numbers of patients cast some doubt on the uni-
form effectiveness of cyclophosphamide in steroid-dependent
nephrotic syndrome (122,123). Other corticosteroid-based
therapy includes carefully titrated alternate-day prednisone
(124) or lower dose prednisone (125) on an intermittent or
continuous basis for a longer duration. This tendency has been
strengthened by the observations of Garin et al. (126) and
the German APN (127); the patients who need the relief from
steroid dosage the most, that is, the steroid-dependent patients,
achieve the least benefit from cytotoxics in terms of duration
of remission (Fig. 71-8). The optimum duration of the course
of cyclophosphamide has not been determined precisely. Initial
data suggested that a course of only 2 weeks was without effect,
and that 6 or 8 weeks at 3 mg/kg per 24 hours would achieve
as much as longer courses (119). This view was challenged
by the APN (115), who showed more stable remission when
12 weeks of treatment was used, but yet again a Japanese study
found no difference (128). Schulman et al. (129) noted no dif-
ference in the proportion of prolonged remissions in those with
or without IgM deposits or global sclerosis. Of note, a recent
report found that children with a history of intrauterine growth
retardation (IUGR) and minimal change disease were far more
likely to become steroid-dependent or frequent relapsers, per-
haps indicating a subgroup eligible for heightened monitoring
and a low threshold for conversion to cytotoxic agents (130).

In the last two decades, cyclosporine has been used exten-
sively in children with minimal change nephrotic syndrome
(131), on the reasonable assumption that the inhibition of ac-
tivated T cells achieved by this drug could be useful. Accumu-
lated data (121,131–134) have produced a consensus that the
drug has a useful place in the management of relapsing patients
but makes only a small difference in the longer term evolution
of the condition. Remission can usually be induced in steroid-
dependent or frequently relapsing patients, but relapse is the
norm when the dosage of the drug is stopped or tapered dur-
ing the first year of treatment. However, cyclosporine may be
useful in permitting a reduction in dosage or cessation of cor-
ticosteroids, although its use may substitute the side effects of
cyclosporine and cyclosporine dependency for corticosteroid
dependency and side effects. This is particularly important in
permitting normal stature. There is, however, some evidence
that longer courses of cyclosporine therapy may induce pro-
longed remission (135), as cytotoxic drugs may achieve, but
at a much lower level of frequency; in most series, even after
long-term (more than 1 year) treatment, withdrawal leads to
relapse (136). Chronic cyclosporine therapy confers a signifi-
cant risk of nephrotoxicity. As seen from one study, progres-
sive nephrotoxicity in children on long-term cyclosporine can
be minimized if patients are kept volume expanded and low
doses are used with close monitoring of levels (137).

As in adults, the antiproliferative agent mycophenolate
mofetil (MMF) has garnered interest as a treatment for
children with steroid-dependent minimal change disease. Al-
though numbers of patients are small, this agent has shown
the ability to substantially reduce relapses (138). Another
agent, the antihelminthic agent levamisole, is known to have
immunomodulatory effects. Very few randomized or controlled
studies are available in which levamisole has been used alone
or in combination treatment in minimal change disease in chil-
dren (139–141). It has been used mainly to prevent relapses
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FIGURE 71-9. The duration of relapsing
course in relation to age at onset in mini-
mal change nephrotic children initially treated
with corticosteroids. (From: Trompeter RS,
et al. Long-term outcome for children with
minimal change nephrotic syndrome: a long
term follow-up. Kidney Int 1978;29:1215,
with permission.)

after remission has been obtained with the use of prednisone.
But the main problem once again is occurrence of relapse
once the drug has been stopped. In a recent study from India
(140), alternate-day levamisole therapy in steroid-dependent
nephrotic syndrome reduced the relapse rate from a mean of
3 per year to 0.9 per year. Because of unavailability controlled
or new large-scale studies, the exact place of levamisole and
MMF in therapy of minimal change disease is unclear.

Relapses in the Longer Term. Although the tendency to relapse
is prolonged, in most patients with minimal change nephrotic
syndromes, it is not indefinite, and it is striking how few child-
hood patients are referred to adult clinics because they are still
relapsing. Siegel et al. (142,143) studied 60 nephrotic children
responsive to corticosteroids for a mean of 14.5 years, with
particular emphasis on the subset of 20 relapsers who received
cyclophosphamide treatment. Those so treated had all gone
into remission, whereas just more than half (52%) of those
treated with corticosteroids alone were still having relapses.

In Trompeter’s long-term study of 183 children (31), only
10 children with a duration of disease from 15.0 to 20.5 years
were still having relapses. By this time, they were 17 to
27 years old. Lewis et al. (144), from Manchester, England, fol-
lowed 63 children with steroid-sensitive nephrotic syndromes
for 10 to 21 years and again noted a tendency for relapses to
become less frequent 4 years after diagnosis, and the percent-
age of patients relapsing fell steadily with time (Fig. 71-9). Only
two children died: one from sagittal sinus thrombosis and one
from septicemia. Niali (145) reported a patient who had re-
lapses repeatedly between the ages of 4 and 53 years, at which
point he died of tuberculosis.

Another observation of practical value is how long remis-
sion must elapse before a further relapse becomes unlikely.
These data are influenced by the use of cytotoxic agents, but
from other published data (145), it appears that it is rare for
a relapse to occur after more than 2 years in remission and
almost unknown after 7 years of remission. Nevertheless, re-
ports of relapses occurring 10 to 25 years later have been pub-
lished (146–149). These very late relapses are almost always
responsive to treatment with corticosteroids, but an acquired
resistance to treatment has been described (149).

It would be useful to be able to predict at the outset which
children will have relapses frequently, but no features of the

initial nephrotic syndrome appear to distinguish frequent re-
lapsers with any certainty from those who will have no relapses
or infrequent relapses. However, in the study of Trompeter
et al. (31), there was a striking relation between persis-
tent relapsing disease and the patient’s age (Fig. 71-9).
All children with persisting disease had onset before the
age of 6 years, and the younger the child at onset, the
more likely he or she was to have a prolonged relaps-
ing course. Data from the ISKDC show that the pattern
of frequent relapses is usually established soon after an at-
tack, with two relapses within 6 months or three within
1 year being the pattern in most patients; these data are useful
in deciding which therapy to use before long-term corticos-
teroids are used. In a recent retrospective study of nearly 400
children, long-term outlook was excellent if there was response
in the first 8 weeks and remission was maintained for the next
6 months. These patients had very few relapses. A relapse in the
first 6 months predicted further relapses in the next 3 years. Of
the children who failed to achieve remission, 21% progressed
to renal failure. Therefore, aggressive therapy may be required
in slow responders (150).

Stature and Bone Characteristics in Children with Minimal
Change Nephrotic Syndrome. The terminal height attained by
children with prolonged periods of relapse and consequent pro-
longed treatment with corticosteroids is of particular interest.
Trompeter’s data (31) show that the height of 10 children who
had relapses for 20 to 25 years was within 2 standard deviations
(SDs) of expected, although most values were on the lower side
of the mean. Similarly, Manchester data (151) showed a mean
height in the 40th percentile in 80 patients, most of whom were
relapsers, after 5 to 24 years; the height in only six patients was
more than 2 SDs below the mean. In both studies, hyperten-
sion was absent and all patients had normal renal function. The
results of the study of Berns et al. (143), from Yale, were not
so encouraging; the mean height of those treated with corticos-
teroids alone was –0.93 ± 0.3 SD, and those who had received
cyclophosphamide, –0.84 ± 0.4 SD, after a mean follow-up
of 14.5 years. Padilla and Brem (152) studied growth velocity
before and after treatment with cyclophosphamide. They found
a doubling of growth velocity from 4.3 ± 1.3 to 8.7 ±
2.5 cm per year. The negative effects of corticosteroids on
stature and growth velocity have been partially ameliorated
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in a one-year pilot study using growth hormone in steroid-
dependent children (153).

Focus has shifted in recent years to bone densitometry and
markers of bone turnover. Mixed reports on bone-mineral den-
sity exist (154,155), but a recent, carefully controlled (and
somewhat surprising) study suggests that bone mineral density
is not affected by long-term glucocorticoids when controlling
for factors such as age, sex, Tanner stage, and body mass index
(BMI) (156). To date, there is no clear evidence that markers
of bone turnover, such as urinary deoxypyridinoline and N-
telopeptide, are clearly affected by corticosteroids in childhood
nephrotic syndrome (155,157).

Evolution to Chronic Renal Failure in
Corticosteroid-Sensitive Minimal Change

Nephrotic Syndrome

It is very rare for a nephrotic patient with a minimal change
lesion in biopsy tissue and demonstrated responsiveness to
prednisone, with complete loss of proteinuria, to go into re-
nal failure subsequently. Only a handful of such patients has
been recorded in the literature (158–163). These exceptional
patients are of great interest in influencing our ideas on the re-
lationship between minimal change disease and focal segmental
sclerosis (see the following discussion).

However, the experience of Tejani (161) is at variance with
this general conclusion. Thirty-three of 48 children who had
multiple relapses showed segmental sclerosis (164), IgM (165),
or both in specimens taken at a second biopsy; in the remaining
9 children, minimal changes were still present, and third biop-
sies showed similar changes in 6. The reasons for this markedly
poorer prognosis for frequently relapsing children, so much at
variance with all other reports, is not clear, although the eth-
nic origins of this group of patients is different from the ori-
gins reported in most other published series (predominantly
American Hispanic and black), and black adults frequently
show progressive focal segmental lesions (166) (see later dis-
cussion).

Still rare but slightly more frequent is the patient who ap-
pears to have minimal changes on an initial biopsy sample but
fails to respond to corticosteroids or cyclophosphamide (121).
Often, these patients have a rather prominent mesangium in
their biopsy specimens and sometimes mesangial deposits of
IgM (see the following discussion). Material obtained at subse-
quent biopsies may show obvious lesions of focal and segmen-
tal glomerulosclerosis, and the question arises as to whether
these lesions may have already been present in the kidney but
not in the plane of the biopsy section or the entire biopsy spec-
imen on the first occasion. Either way, the initial resistance to
treatment with both agents is an important indicator of an ad-
verse prognosis for renal function, and it exceeds in value the
details of the histologic appearances in renal biopsy material.

Minimal Change Nephrotic Syndrome in Adults

Natural History Unmodified by Treatment. As with the child-
hood data, the bulk of information available represents the
modified history of the condition after treatment including
corticosteroids, cytotoxic agents, and cyclosporine. Data from
untreated adult patients with minimal change syndrome are
available from the preantibiotic era but are dominated by
deaths from infections (34); data are also from the control cases
from two controlled trials, that of the MRC in Great Britain
(167) and that of the Interhospitals Study (168). Both series
suggest that after 3 years, about two-thirds of patients with
adult-onset disease will have gone into spontaneous remission,
whereas one-third will still have proteinuria; there were no
deaths among 28 untreated patients in the two trials.

FIGURE 71-10. Rate of response (judged by loss of proteinuria) of
patients with adult-onset minimal change nephrotic syndrome treated
with corticosteroids, cyclophosphamide, or both, compared with data
in children taken from the International Study of Kidney Disease in
Childhood. Data from 89 adults in the Guy’s Hospital series (32) are
shown.

History Modified by Treatment. It is often forgotten that at
all ages, minimal change disease accounts for one-fourth of
adult nephrotic syndromes, but far fewer data are available
from adults than from children with minimal change disease
(32,104,121,168–170). The literature up to 1980 was reviewed
by Coggins (168) and Broyer et al. (121), and Nolasco re-
viewed long-term follow-up of 89 adults with minimal change
nephrotic syndrome (32). These cases, together with those sum-
marized by Coggins (168), 40 cases of Korbet (104), 33 from
Fujimoto et al. (169), 51 from Mak et al. (170), and 46 from
Huang (171) form the bulk of the data.

Patients with adult-onset minimal change nephrotic syn-
drome responded more slowly and more incompletely than
children to corticosteroids in all series (32,104,169,171)
(Fig. 71-10). Therapy as long as 15 weeks may be required
to achieve remission. This might reflect the lower dosage of
prednisone normally in use on a body weight or surface area
basis, when compared with pediatric use. However, the same
effect was seen with cyclophosphamide, and here the dosage
was identical (3 mg/kg per 24 hours for 8 weeks). In addi-
tion, a lower percentage of adult patients achieved a complete
response after corticosteroid treatment. Fourteen (24%) of No-
lasco’s 58 patients whose proteinuria resolved completely never
had a relapse, 32 (56%) had relapse on a single occasion or
infrequently, and only 12 (21%) were frequent relapsers or
steroid-dependent—a much lower proportion than that in chil-
dren. The same gradient of a less frequent relapsing course with
age was seen in patients with adult-onset minimal change syn-
drome, so after the age of 60, relapses were rare. Some authors
also have seen this (32), in contrast to Zech et al. (172), who
observed no relapses in this age group. As in children, a first
relapse was uncommon after 2 years of remission and never
occurred more than 8 years later.

In Nolasco’s study, stability of remission after treatment
with cyclophosphamide (36 patients) was superior to that
found in children, with 60% of patients still in remission at
10 to 15 years. Only patients older than 55 years died, and
only 5 of 15 deaths noted were related to the nephrotic syn-
drome, most in the period before 1975. At last follow-up,
which was 1 to 24 years after onset, only 13 of 89 patients still
had active disease and only 6 were still manifesting nephrotic
syndrome, as were only 3 of 51 of Mak’s series (170). As in
children, cyclosporine has been used in frequently relapsing
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and steroid-dependent adults (132,135,173), and has also been
used successfully in combination with steroids as primary ther-
apy (174).

Primary Resistance to Treatment, Histologic Changes,
and Acquired Resistance to Treatment in Minimal

Change Nephrotic Syndrome

As mentioned already, resistance to treatment with prednisone
and cyclophosphamide is usually an ominous sign in patients
with minimal change disease demonstrated by biopsy. It is easy
to forget that the diagnosis of minimal change disease is a di-
agnosis of exclusion made with varying certainty according
to whether the juxtamedullary glomeruli (most frequently and
earliest affected by FSGS) are included in the biopsy mate-
rial, and whether immunofluorescence or electron microscopy
is available to distinguish a very early membranous pattern.
Therefore, some of these patients have histologic changes, other
than minimal changes, which have not been detected as such.
However, within the scope of what is usually regarded as min-
imal changes are focal global sclerosis of glomeruli, sometimes
accompanied by tubular atrophy and varying mild degrees of
mesangial matrix expansion and hypercellularity. The former
appears to have no effect on prognosis when present in chil-
dren with a nephrotic syndrome (175). In adults, with increas-
ing age, more and more global obsolescence of glomeruli is
seen (176), together with tubulointerstitial damage and vessel
changes that are probably the origin of these appearances. The
interpretation of “minimal changes” in adults must take into
account these alterations that occur with age.

Some initially resistant patients, however, fail to respond to
corticosteroids in conventional doses or have only a diminu-
tion of continuing proteinuria but then respond promptly to
cyclophosphamide. They probably represent a rather resistant
group of patients who require more treatment, but are at one
end of the responsive spectrum and have a good prognosis
according to the ISKDC data (175); 23 of 31 initial nonre-
sponders to prednisone (no loss of abnormal proteinuria by
8 weeks) lost their abnormal proteinuria eventually. In data
from the Hopital des Enfants Malades (121,177), 46 (56%) of
83 children with nonresponsive nephrotic syndrome eventually
lost their abnormal proteinuria.

The presence of mesangial expansion, proliferation, or both
is a more controversial topic. In childhood nephrotic syndrome,
there seems to be little doubt that as the mesangial volume in-
creases (as judged by its area in fixed material in histologic
preparations), a higher proportion of patients with hematuria,
hypertension, initial resistance to corticosteroid treatment, and
ultimate entry into renal insufficiency is seen (159,175,178–
182). The presence or absence of IgM or minor mesangial de-
posits on electron microscopy does not, however, seem to alter
the prognosis (178–181). Because fixation techniques affect the
mesangial area, and there are no absolute criteria for normal-
ity, different observers may classify the same biopsy sample in
different ways. However, a remarkable unanimity on the sig-
nificance of mesangial expansion for prognosis has emerged,
as outlined already. What is much less clear is what pathogenic
significance the mesangial expansion, proliferation, or deposits
may have. Some patients with only mesangial expansion in ini-
tial biopsy specimens, and no segmental lesions, will show seg-
mental sclerosis on subsequent specimens. This type of obser-
vation leads many observers (113,121,159,182) to treat this
group of patients as a variant of the minimal change–FSGS
group, and the whole as a spectrum of presentations of a single
disease. The older German American name, “lipoid nephrosis,”
is perhaps preferable for this group, because the name used by
the Parisians (113,121,145) (idiopathic nephrotic syndrome)

could equally apply to other forms of primary glomerular
disease.

Late unresponsiveness to corticosteroid treatment in relaps-
ing patients is another less common pattern of behavior in pa-
tients with minimal changes. In the ISKDC data (175), 43 of
311 initial responders acquired some degree of resistance to
corticosteroid treatment during follow-up. Because only these
troublesome patients usually have late biopsies, and, in many,
focal segmental sclerosing lesions were found (180), it was sup-
posed at first that this evolution was confined to resistant pa-
tients. Since then, it has become apparent that the biopsy ma-
terial may remain normal in appearance in resistant patients
(179) and show sclerosing lesions in responding relapsers.

The value of the presence of IgM in predicting outcome is
controversial, mainly because different authors have asked dif-
ferent questions. There seems little doubt that within the group
of patients with minimal changes on optical microscopy, the
presence of IgM makes no difference to short- or long-term out-
look (121,183,184). Mesangial proliferative glomerulonephri-
tis with mesangial IgM deposition is dealt with in the following
discussion.

Focal Segmental Glomerulosclerosis (FSGS)

The appearances of focal and segmental sclerosis are nonspe-
cific (185–188), just as global glomerular sclerosis is nonspe-
cific. Particularly in adults, this type of lesion can be found
in a number of clinical and pathologic settings, such as in the
presence of a reduced number of nephrons, hypertension and
aging, human immunodeficiency virus (HIV) positivity, and/or
intravenous drug abuse, as well as superimposed on almost any
form of progressive glomerular disease. It has been suggested
that the study of the details of the lesion may allow a consistent
distinction between these different types of FSGS (189). Here,
we exclusively discuss “primary” FSGS found as an isolated
phenomenon in patients with proteinuria, usually of consid-
erable dimensions and frequently accompanied by a nephrotic
syndrome.

The relationship of this lesion to minimal changes has been
much debated, and the controversy is reviewed elsewhere in de-
tail (82,185) (Chapter 64). In short, it is not likely that we will
be able to decide whether FSGS and minimal changes represent
different aspects of what is pathogenically the same lesion or
two distinct diseases unless and until we understand the patho-
genesis of either; at the moment, despite much speculation and
experimentation, this remains unknown, although a humoral
factor that is possibly identical in the two appearances seems
to be involved in the induction of proteinuria in both. How-
ever, data from patients with recurrent disease who underwent
transplantation (190), the occasional entry of patients with a
completely responsive minimal change lesion into renal failure
already mentioned, the more frequent appearance of focal seg-
mental lesions in patients with mesangial expansion, and the
occasional response of even the most severe forms of FSGS to
intense immunosuppression all support the thesis that FSGS
and minimal changes represent aspects of the same or similar
disease (121,159,185,187).

It has became obvious that the FSGS lesion is much more
common in black nephrotic patients than in white patients in
the United States, accounting for up to one-half of black adult
nephrotic patients (166) and one-third of children (191), com-
pared with 25% of adult whites and 10% of white children.
In many of these patients, the FSGS is of what has been called
the “collapsing” variety (186,187,192,193). Although it has
become usual to include collapsing glomerulopathy as a vari-
ety of FSGS, it is in fact a diffuse disease in almost all instances
and perhaps deserves its own category.
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TA B L E 7 1 - 1

INITIAL RESPONSIVENESS OF NEPHROTIC CHILDREN WITH FOCAL SEGMENTAL GLOMERULOSCLEROSIS TO
CORTICOSTEROID TREATMENT

No. responded with
Author Year Reference no. Number treated loss of proteinuria Percentage

Siegel et al. 1974 (180) 22 16 73
Newman et al. 1976 (596) 15 9 60
Gubler et al. 1978 (236) 85 21 25
Tarshish et al. 1983 (150) 16 5 31
Mongeau et al. 1981 (218) 31 6 19
Arbus et al. 1982 (195) 51 19 37
Schärer et al. 1982 (627) 51 10 20
South West Pediatric Nephrology

Study Group
1985 (203) 56 16 16

Trompeter (Guy’s) 1987 (194) 62 10 16
Total 389 112 29

Clinical Picture

Short-Term Behavior with Treatment. Complicating the un-
derstanding of corticosteroid responsiveness in children is the
reality that steroid-sensitive patients with FSGS may never re-
ceive a biopsy. Therefore, case series of FSGS in children may
represent a relatively steroid-resistant group. A proportion of
children with FSGS with a full nephrotic syndrome respond to
treatment with the conventional 6 to 8 weeks of prednisolone,
similar to those with minimal change (Table 71-1). In the pub-
lished literature on 332 children, 96 (29%) responded with
complete loss of proteinuria (194); many of these patients sub-
sequently had a relapsing course, just as in the minimal change
nephrotic syndrome, but some became corticosteroid-resistant
later (195). In more recent series, which tend to include either
higher doses or longer courses of steroids, the rate of complete
remission has been higher (196), with reported completer re-
mission rates as high as 65% (197). However, a substantial
price of toxicity (growth retardation, cataracts) may be paid
(197).

Whether adults can achieve high rates of sustained remission
is debated in the literature (198). For example, of 39 nephrotic
patients reported by Beaufils (62), 6 went into remission, but
2.5 to 10.0 years later, and only 3 of 26 treated with corti-
costeroids alone and 1 each treated with indomethacin and
chlorambucil went into remission. In the series of Cameron
(63), only 2 patients responded with loss of abnormal pro-
teinuria, of 18 adults treated with corticosteroids alone. In an
analysis of the literature (199), 17% of adult nephrotic patients
with FSGS were found to have lost abnormal proteinuria com-
pletely. However, with evolution in steroid dose and duration
of therapy, these pessimistic outcomes may need to be revised.
Even in groups with high proportions of African Americans
and nephrotic-range proteinuria, complete response rates ex-
ceeded 30%, and between 50% and 70% of patients achieved
complete or partial response (196,200,201).

Almost all studies on nephrotic patients with FSGS support
the idea that the prognosis of patients with complete resolution
of proteinuria in response to corticosteroids is much better than
the prognosis for those who do not show this initial response
(Table 71-2). In contrast, however, Tejani et al. (202) and the
South West Pediatric Nephrology Study Group (203) reported
that the outcome in terms of renal failure was no different in
those who responded initially and those who did not, so the
prognosis even for those who respond must remain guarded.
Both of these latter series contained, in contrast to the rest of

the literature, a high proportion of black and Hispanic chil-
dren. Ingulli and Tejani (191) demonstrated that as in black
adults (166), FSGS is more common in black or Hispanic chil-
dren with a nephrotic syndrome (57 of 177), and that 78% of
this group evolved to renal failure compared with only 33%
(4 of 12) of white children. However, only 30% of white chil-
dren respond to initial treatment with corticosteroids, so the
difference may not be as large as these authors suggest.

Therefore, the response to an initial treatment with corti-
costeroids may be a valuable indicator of likely prognosis. It
also follows that the overall survival of a group of nephrotic
patients with FSGS may depend on the proportion of steroid-
responsive patients within the population under study. Finally,
the data support the advisability of giving all nephrotic patients
with FSGS a trial of prednisone for a minimum of 3 months;
patients should not be considered steroid-resistant until a
6-month trial has been completed (200). Ponticelli et al. (201)
pointed out that it may take much longer for proteinuria to
resolve than with patients with minimal change disease, which
highlights the difficulty of defining “corticosteroid resistance.”

It is less clear whether it is worth giving cyclophosphamide
thereafter to those who do not respond. The ISKDC, performed

TA B L E 7 1 - 2

LONG-TERM OUTCOME IN NEPHROTIC PATIENTS
WITH FSGS IN RELATION TO INITIAL
RESPONSIVENESS TO CORTICOSTEROIDSa

Respondersb Nonresponders Total

All 49 (20%) 196 (80%) 245
In CRF 3 (10%) 49 (53%) 52 (45%)
“Death”c 2 55 57

FSGS, focal segmental glomerulosclerosis; CRF, chronic renal failure.
aSummary of literature on adults and children 1969–1978 and
personal cases.
bResponse equals complete loss of proteinuria, usually within 8 weeks.
cDeath equals dead, dialyzed, or transplanted; mean follow-up, 6.4
years.
(Reprinted from: Cameron JS. The problem of focal segmental
glomerulosclerosis. In: Kincaid-Smith P, D’Apice AJF, Atkins RC, eds.
Progress in Glomerulonephritis. New York: Wiley; 1979:209 with
permission.)
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FIGURE 71-11. Survival of nephrotic children or adults
with either minimal change (•) or focal segmental glomeru-
lar sclerosis (▲). (From: Cameron JS, Glassock RJ. The
natural history and outcome of the nephrotic syndrome.
In: Cameron JS, Glassock RJ, eds. The Nephrotic Syn-
drome. New York: Marcel Dekker Inc; 1987; unpub-
lished data are from the Guy’s Hospital series [32], with
permission.)

in the 1970s, reported in 1996 that addition of cyclophos-
phamide to alternate-day prednisone in children resistant to
8 weeks corticosteroid therapy provided no additional bene-
fit (204). Tune et al. used alkylating agents in 78% of children
with FSGS and achieved a remission rate of 70% (197). Others
have described high remission rate followed by a disappoint-
ingly high relapse rate (205), as well as low initial response rate
(206). Conclusions from these scattered series are difficult to
draw in children. For adult-onset patients, there is a lack of any
randomized trials or even long-term prospective studies using
cytotoxic agents (207). Ponticelli et al. provide some informa-
tion (201). In 65 patients receiving cytotoxic agents as first-line
therapy, 40% achieved a response (the majority partial remis-
sions), and 6 of 11 patients with steroid-resistance achieved
partial or complete remission. As for chlorambucil, Mendoza
et al. (208) reported favorable results in white children treated
with an intensive regimen of methylprednisolone and chloram-
bucil, but this was not confirmed in a mainly black population
(205). Therefore, for both children and adults with FSGS, there
is marginal evidence for benefit of cytotoxic agents after a 12- to
16-week course of steroids (207).

Cyclosporine has been used extensively in children
(121,209,210) and adults (132,209) with FSGS, usually in as-
sociation with corticosteroids. A higher response rate than with
either corticosteroids alone or cyclophosphamide has been re-
ported, although a reduction in urinary protein loss (see previ-
ous discussion) has often been used as a criterion for success,
and this may be a purely hemodynamic event. In an analysis of
the literature, 29 (27%) of 109 corticosteroid-resistant adults
and 11 (25%) of 44 corticosteroid-resistant children showed
complete remission (132). This benefit was confirmed by Ponti-
celli et al. (209): 13 of 22 treated patients attained remission of
the nephrotic syndrome after 1 year of cyclosporine treatments,
compared with 3 of 19 control subjects. A recent randomized
controlled trial in adults supports these conclusions (211). De-
spite high relapse rates, a substantial lowering of the risk of ac-
tive disease remained at 4 years. The French Society of Pediatric
Nephrology noted remission in 42% of 65 steroid-resistant
children treated with cyclosporine (210), whereas Lieberman
and Tejani noted a remission rate of 66% (212). The addi-
tion of chlorambucil to a cyclosporine-containing regimen has
not appeared helpful (213). In summary, there is a case for cy-
closporine rather than cyclophosphamide as second-line ther-
apy in corticosteroid-resistant patients with FSGS.

The possibility that mycophenolate mofetil (MMF) may
have a future in the treatment of FSGS deserves mention. In
a study of 46 patients with primary glomerular disease treated
with MMF, 18 patients with FSGS experienced a decline in
urinary protein excretion without a change in renal function
(214). Smaller studies have also demonstrated activity against
the disease (215).

Long-Term Outcome with Treatment. In adults, as with other
histologic appearances, the prognosis is better for patients with
FSGS if urinary protein excretion remains below the nephrotic
range (62,216). Few if any patients with subnephrotic pro-
teinuria progress to renal failure within a decade. There are
only scant data on children with FSGS who are not nephrotic,
perhaps because this is a rather rare finding. In the series of
Yoshikawa (217), there was no difference in outcome with de-
gree of proteinuria.

The actuarially calculated 10-year survival rates for renal
function in all patients with FSGS have been reported as 38%
± 12% for adults (62) and as 45% ± 21% by Trompeter (un-
published data, 1978) for children. In Figure 71-11 is shown
the survival curves for nephrotic adults and children with ei-
ther minimal change disease or FSGS in Guy Hospital. The two
curves of 60 adults and 62 children with FSGS are not statisti-
cally different. Mongeau et al. (218,219) also emphasized the
better prognosis of the children in their series with FSGS, with
an overall renal survival rate of 56% at 20 years, suggesting
the difference resides with the type of patient referred to some
centers. Much higher rates of ultimate remission have been
reported in intensively treated adults by Ponticelli et al. (201),
but it must be remembered that in this series, only patients with
normal or near-normal renal function were included. Recently,
Chun et al. reported a 10-year renal survival of 67% in a co-
hort of patients mostly treated with corticosteroids; ESRD was
uncommon in those who achieved either a compete or partial
remission (98).

“Malignant” Focal Segmental Glomerulosclerosis. Brown et
al. (220) and Saint-Hillier et al. (216) drew attention to a
group of patients whose condition has been called malignant
FSGS. These patients demonstrated complete resistance to cor-
ticosteroids and conventional cytotoxic therapy. Furthermore,
they usually had torrential urinary protein loss, with frequent
hypovolemic episodes, and were almost always younger than
25 years. These patients had a relentless course to renal fail-
ure within only 1 to 4 years from onset of the nephrotic syn-
drome, maintaining the proteinuria into terminal renal failure
and even on to dialysis, so bilateral nephrectomy or renal in-
farction may be needed (33). Recurrence of equally torrential
urinary protein loss in patients with transplanted kidneys may
be immediate, with later appearance of typical lesions of FSGS
in the allograft and graft failure (163,190). The term malignant
FSGS has been used also to describe the severe form of FSGS
associated in black patients with glomerular “collapse” and
very rapid entry into renal failure (186,192,193). When com-
pared with age-matched controls with classic FSGS, patients
with the collapsing variant exhibited more rapid progression
with a time-course of only 13 months to end-stage renal failure
compared with 62.5 months (221).
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FIGURE 71-12. Data on nephrotic children and adults showing focal segmental glomerular sclerosis in
their renal biopsy specimen, seen at Guy’s Hospital during a 20-year period. Survival curves (A) and status
at most recent follow-up (B) are shown for 22 patients in whom the site of the lesion could be localized
to the glomerular “tip,” 63 patients in whom the lesion was perihilar, and 65 patients in whom on the
sections available no statement as to localization could be made. Patients with both tip and perihilar lesions
were counted as perihilar. There is no difference in outcome between the groups. (From: Chaudhury N,
Cameron JS, unpublished data, with permission.)

There is also a problem of recurrent FSGS in patients who
have received a renal allograft (222–224). This has been at-
tributed to the presence of a circulating factor that was iden-
tified using an in vitro assay measuring the permeability of
rat glomeruli. It has been suggested that prophylactic use of
plasmapheresis prior to transplantation may reduce early re-
currence by 50% (225). Treatment of established recurrent
FSGS with plasmapheresis may also be beneficial; predictors
of success may include early therapy (226).

Histologic Pattern and Pathologic Markers
in Relation to Outcome

Almost all biopsy tissue from patients with FSGS shows some
degree of tubular atrophy, so there is not much use in de-
termining prognosis within the group. Severe tubular atro-
phy is usually not a good prognostic sign. However, as in
almost all other forms of progressive glomerulopathy, inter-
stitial fibrosis emerges from multistep analysis as the major
histologic determinant of outcome (227). The clinical corre-
late of this severe tubular disease is the finding of glycosuria,
aminoaciduria (228), and excessive losses of β2-microglobulin
in the urine (229), which may be a clinical indicator of the pres-
ence of FSGS. Another important new marker of poor prog-
nosis and poor response to therapy is an elevated fractional
excretion of IgG, which is thought to represent a more se-
vere alteration in permselectivity of the glomerular filtration
barrier (230).

The lesions of FSGS have a characteristic distribution, of-
ten affecting either the perihilar area, known as classic FSGS,
or the pole of the glomerulus opposite the hilus—named the
glomerular tip lesion (231–235). Ito et al. (232) found that
almost all those children with perihilar lesions progressed to
renal failure, whereas those with “tip” lesions adjacent to the
exit of the tubule from Bowman’s capsule did well. These inter-
esting observations were not confirmed by others (233). Guy’s
Hospital data show no difference in the rather gloomy long-

term outcome of pediatric and adult patients, whatever the
site of the lesion (Fig. 71-12). This area of study remains con-
troversial, as described by Chun et al. (98), who presented a
series of 87 adults with nephrotic syndrome and biopsy-proven
FSGS. Patients with classic, cellular/collapsing, and tip lesions
had similar prognosis and response to steroid therapy regard-
less of the lesion. Even those with collapsing lesions responded
to steroids in 64% of cases; 80% of the collapsing patients
who responded were free of ESRD at 10 years. It has also been
suggested, with more general agreement, that mesangial promi-
nence is an adverse finding (182,236,237), but again, there are
data that do not agree with this conclusion (220). Finally, pre-
cocious and prominent afferent arteriolar hyalinosis has been
noted in patients with a poor outcome for renal function (220),
an observation that has been confirmed (238).

Membranous Nephropathy

Membranous nephropathy is a well-documented histologic ap-
pearance, presenting in general with proteinuria and affecting
principally middle-aged and older adult men (Chapter 63).
The short-term (less than 5-year) outcome of membranous
nephropathy was extensively documented in adults during the
late 1960s and 1970s; the data are reviewed elsewhere (185).
In its idiopathic form, membranous nephropathy is a relatively
indolent disease in most patients, with few patients entering
remission or progressing to renal failure within 5 years of ap-
parent onset; although in contrast to this statement, several
observers reported 40% to 50% of patients dead or in renal
failure within 5 to 6 years. Others noted a relatively benign
outcome within the first 5 years, with the results in other series
falling somewhere between the two extremes.

All of these older data have several handicaps. First, pa-
tients with idiopathic membranous nephropathy often were
not separated from those with identifiable precipitating factors,
some of which (e.g., drugs) might improve the overall prognosis
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and some (e.g., malignancies) might make it worse. Second, a
variable proportion had been treated for varying times with a
number of agents believed to affect the outcome of the con-
dition. Third, patients with only mild proteinuria were often
mixed with those showing a full nephrotic syndrome. Fourth,
the numbers in most of these series were small. Finally, the ef-
fects of late referral of patients with progressive disease were
not considered.

Outlook in Untreated Patients

Over the past two decades, data that avoid some of these crit-
icisms have become available on groups of patients. Noel et
al. (239) described the outcome of a group of patients with
idiopathic membranous nephropathy, none of whom had re-
ceived treatment that was believed to be specific. The actuarial
survival rate at 10 years was estimated at 75%. Forty-eight
percent of the patients were women (now known to do better,
as discussed later) and only 78% had a nephrotic syndrome,
which again is an indicator of poor prognosis. Donadio et al.
(240) followed 140 patients (47 women, 83% nephrotic) for
up to 15 years, 89 of whom had received no treatment. They
made the valuable comparison between the expected survival
of this middle-aged and older adult population of patients with
that expected for the population as a whole: There was no dif-
ference for the whole population of patients (75% at 10 years)
and no difference whether treatment was given or not. The
Bergamo group (241) reviewed another large untreated group
of 100 patients, of whom 63 were nephrotic, 32 were women,
and none had been treated. The 8-year survival rate for renal
function was 73% ± 7%, and 42% were in remission and only
30% were still nephrotic. The relatively good outlook reported
in these articles contrasted with the control, untreated group
in the Interhospitals Study of the nephrotic syndrome reported
from the United States in 1979 (95), in which 11 (29%) of 38
untreated patients reached a renal failure endpoint (plasma cre-
atinine concentration of more than 4 mg/dL) within 48 months
of entry.

Davison et al. performed a three-center retrospective anal-
ysis of 62 untreated patients with idiopathic adult-onset mem-
branous nephropathy, all of whom were nephrotic (242). Of 62
untreated idiopathic nephrotic patients followed for a mean of
4.5 years, only 32 (50%) showed a deterioration in renal func-
tion. The rate of change of plasma creatinine concentration was
only approximately linear for each patient, but the slopes of the
data vary greatly from patient to patient. Three patients went
into renal failure within 2 years of onset of a nephrotic syn-
drome, as previously described by Coggins (168) in untreated
patients, and by the end of 5 years, only 9 (14%) had started
dialysis. Data on untreated patients are available from four
further prospective controlled trials in nephrotic patients, from
Italy (243,244), Canada (245), and the United Kingdom (164).
A total of 190 control patients were entered into these trials
using roughly the same criteria (data from the Canadian trial
are included here only for those patients with a nephrotic syn-
drome). After a follow-up averaging just less than 5 years, 18
patients (11%) had actually started dialysis, and at least 9 more
patients (6%) had plasma creatinine concentrations of more
than 400 μmol/L (data not available in the report by Ponticelli
et al. (243).

Other series of untreated patients have also been studied
and reported from individual units: Donadio (240), 89 pa-
tients; Honkanen et al. (246), 19 patients; Kida et al. (247),
45 patients; Murphy et al. (248), 79 patients; and a large col-
lected series (249). Although not all the patients in these studies
had a nephrotic syndrome, these series in general confirmed the
apparently better prognosis—at least during the first decade—
found in recent studies of untreated membranous nephropathy.

FIGURE 71-13. The course of membranous nephropathy, summarized
from J.S. Cameron’s data and the literature up to 1978. The evolution
is relatively slow, and remissions and entry to uremia may occur more
than 15 years after onset, although some patients evolve much more
rapidly. ESRD, end-stage renal disease.

Estimated 10-year renal survival rates were 77% (249), 81%
(248), 64% (240), 82% (246), and 92% (247). Figure 71-13
has thus been modified from that in previous editions of this
book, in light of these more recent data, to show that more
than 40% of patients with adult-onset membranous nephropa-
thy will go into remission and only about 10% enter into renal
failure or die within 10 years. Although some 10- to 15-year
data are available (250–252) from long-term studies of patients
studied earlier, which suggest a 50% renal failure/mortality
rate at this time, little 20-year outcome is available. An ex-
ception is a recent national report on Japanese patients with
idiopathic membranous nephropathy (253); the 20-year sur-
vival was 60.5%, despite excellent renal survival at 10 years
(90%) and 15 years (81%). It is thus likely that only 40% of all
patients with membranous nephropathy eventually experience
renal failure, even if a nephrotic syndrome is present to begin
with.

Relapses

Another change in the evaluation of the outcome in membra-
nous nephropathy has been the realization that relapses and
a relapsing course are not that rare. For example, of the 141
patients who went into remission in the controlled trials just
cited (95,164,243,245)—either spontaneously or in apparent
response to treatment—46 subsequently had relapse; of these,
only 8 were among 39 untreated patients, perhaps suggesting
a higher relapse rate in patients with corticosteroid-induced
remissions. Passerini et al. (56) examined the prognostic impli-
cations of complete remission of proteinuria after treatment,
even if it returns. In 33 patients followed for a median of
8 years, none showed an abnormal plasma creatinine concen-
tration, although half had a relapse, 9 with a full nephrotic
syndrome. Using Kaplan-Meier statistics, they estimated that
two-thirds of those who go into remission will have a further
relapse of proteinuria before 10 years have gone by.

Problems for Trials of Treatment of
Membranous Nephropathy

The realization that the prognosis for membranous nephropa-
thy with regard to renal function is better than formerly sup-
posed presents formidable problems in the design and conduct
of therapeutic trials. First, the rather good survival and sponta-
neous tendency toward remission make it difficult to show im-
provement in terms of renal or patient survival, at least within
the usual length of trials in practice. Therefore, trial endpoints
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FIGURE 71-14. In a study of 38 patients with
membranous nephropathy, nephrotic syndrome,
and normal renal function (sCr, 0.99 ± 0.20
mg/dL), probability of complete or partial remis-
sion was highly dependent on urinary IgG excre-
tion values less than 110 mg/g uCr versus 110 mg/g
uCr or greater. (From: Bazzi C et al. Urinary excre-
tion of IgG and alpha(1)-microglobulin predicts
clinical course better than extent of proteinuria
in membranous nephropathy. Am J Kidney Dis
2001;38:240, with permission.)

must depend on levels of renal function and urinary protein ex-
cretion. Second, any trial that randomizes patients at apparent
onset will result in the control group including three or four
of every 10 patients who will have a remission spontaneously
within 5 years and thus can only have side effects without ben-
efit from the treatment. Thus, it may be preferable to treat
patients with nonspecific therapy (ACE-inhibition, hyperlipi-
demic therapies, blood pressure control) for 6 months prior to
cytotoxic therapy or enrollment in a clinical trial.

Predictors of Poor Prognosis

Possible interventions and trials in membranous nephropathy
are discussed in detail in Chapter 63. In this discussion, we
consider which criteria might allow us to predict entry to renal
failure at or near onset in idiopathic membranous nephropathy
(252).

Clinically, several features seem to carry a poorer progno-
sis in univariate analysis: male sex (242,254–256), increas-
ing age (242), urinary protein loss in excess of the nephrotic
range (66,239,242,255), reduced renal function (239,242,249,
256,257), and raised blood pressure (240,249,255). Of these,
persistent proteinuria is probably the strongest predictor of
renal failure in multivariate analysis; initial creatinine clear-
ance and decline in creatinine clearance have also been demon-
strated as independent predictors (66). Kobayashi et al. (257)
considered in detail the prognosis of non-nephrotic patients
with membranous nephropathy. Of 123 patients with mem-
branous nephropathy and subnephrotic proteinuria, includ-
ing 18 of their own patients, only 13 (10%) had gone into
renal failure over a mean follow-up of 4 years, even though
40 had later developed a full nephrotic syndrome. Twenty-five
(22%) were in complete remission. In a recent update compar-
ing Canadian data to those of other populations in Italy and
Finland, a predictive model has been outlined and validated
(258). The most important factor determining long-term out-
come in patients with membranous nephropathy was found to
be the highest level of proteinuria sustained over 6 months.
The model was able to predict patients at high risk of progres-
sion with an accuracy of more than 85%, despite differences at
baseline.

Genetically, in white populations a strong association be-
tween membranous nephropathy and the whole major histo-
compatibility complex haplotype HLA-A1, B8, DR3, and each
of its component genes has been described, whereas in Japanese
populations, the association is with HLA-DR2 (Chapter 63).
Despite some earlier data that suggested correlations between
outcome and major histocompatibility complex type among
white populations (259), the largest study to date, that of the

British MRC trial (164), failed to reveal any associations be-
tween either HLA or Bf allotypes and outcome in more than
100 patients with nephrotic syndrome and idiopathic membra-
nous nephropathy.

Urinary markers have also been explored as predictors of
eventual renal failure in idiopathic membranous nephropathy.
In a prospective study, urinary excretion of beta-2 microglobu-
lin and IgG were found to have sensitivities of 88% and speci-
ficities of 88% and 91%, respectively, for the development of
eventual renal failure in a group of patients with nephrotic syn-
drome and serum creatinine (SCr) less than 1.5 mg/dL. When
the two tests were combined, specificity reached 97% (260).
Similarly, excretion of N-acetyl-beta-glucosaminidase was also
found to be superior to total protein excretion in predicting
prognosis and response to treatment, as was IgG and beta-2
microglobulin (24, 25, 261). These studies bring optimism to
the idea that prognostic information as well as selection of pa-
tients for treatment may be possible with noninvasive urinary
studies (Fig. 71-14).

Patients with milder (class I and II) glomerular disease
(239,249,251) as determined by histopathologic evaluation
have been suggested to do better than those with class III and IV
lesions, but several other groups failed to find any correlation
(242,250,256). Bohle et al. (262) and others (250) noted that
interstitial lesions best predicted a poor outcome, and more
recently Wehrmann et al. (249) performed a multivariate anal-
ysis confirming that tubulointerstitial lesions predict a poor
outcome better than any other criterion; Ponticelli et al. (244)
came to the same conclusion. In addition, if phenotype of the
interstitial infiltrate is determined, the numbers of both mono-
cytes and helper T cells in the interstitium predict the GFR after
5 years of follow-up (263).

Some patients show focal sclerosing lesions (264), which
may have some value in predicting outcome. Vascular lesions
have also predicted outcome in a univariate analysis with long-
term follow-up (250). Finally a few patients with membranous
nephropathy develop crescentic nephritis (265–267), with or
without circulating antiglomerular basement membrane (anti-
GBM) antibody. A poorer prognosis is experienced by these
unfortunate patients, but luckily they are rare.

As in most glomerular diseases, in membranous nephropa-
thy, once renal function begins to fall, it usually continues to
decline at a varying rate over the following years until ESRD is
reached (242). However, one or two circumstances may lead to
acute reversible declines in renal function; these include renal
venous thrombosis, the appearance of a spontaneous or drug-
induced acute interstitial nephritis, and the formation of new
crescents, as just discussed. In the course of the tri-hospital
study (242), it became apparent that some patients with
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membranous nephropathy might show a reversible decline in
function without any of these circumstances being present; in
the MRC trial (164), six patients showed remarkable slowing in
renal function loss and one showed reversal of decline without
any identifiable event or intervention such as control of hyper-
tension, treatment with immunosuppressive agents, or use of
low-protein diets. This obviously needs to be considered when
evaluating the data of serial renal function studies in relation
to late treatment interventions.

Treatment History

The treatment of membranous nephropathy is discussed in
detail in Chapter 63; therefore, only salient aspects are dis-
cussed here. Whether major differences in the outcome of adult
nephrotic patients with idiopathic membranous nephropathy
emerge from treatment with cytotoxic agents and corticos-
teroids remains contentious (101,268–272).

Membranous Nephropathy in Children. In white children,
membranous nephropathy is rare, accounting for only 1% of
nephrotic syndromes in childhood in the unselected data of the
ISKDC. However, in some areas of the world, particularly in
Asia and Poland, membranous nephropathy in association with
hepatitis B virus carriage accounts for 5% to 15% of nephrotic
syndromes in childhood (92,271,273).

Therefore, 40% of children have some associated disease,
principally infections (273), contrasting with only about 20%
to 25% of adults (274,275). Because patients with such forms
of membranous nephropathy usually do well, it is not surpris-
ing that the overall prognosis for children with membranous
nephropathy is good; however, even in children with the ap-
parently idiopathic form, the outlook is much better than it is
in adults, with less than 10% going into renal failure. Such an
evolution is almost unknown with onset before the age of 10
and rare with onset before the age of 20 (274). One interest-
ing observation is that children with membranous nephropathy
never, and adolescents very rarely, develop renal venous throm-
bosis.

Membranous Nephropathy in Adults. About one-third of
adult patients with membranous nephropathy reach end-stage
renal failure. What can be done to alter this outcome? Based on
a critical review of the literature, high-dose oral steroids should
not be used as sole therapy because they are ineffective in either
producing a sustained remission of the nephrotic syndrome or
preserving renal function (101,272). The use of azathioprine is
not associated with any significant benefits and is therefore not
justified. The alkylating agents cyclophosphamide and chlo-
rambucil are efficacious in the management of membranous
nephropathy (272,276,277). Because of their long-term toxi-
cities, use of these drugs should be reserved for patients with
a moderate-to-high likelihood of progression to ESRD (severe
proteinuria and renal insufficiency). Alkylating agents should
always be used with steroids. Cyclosporine has a growing role
in the treatment of membranous nephropathy; some have sug-
gested that it may be more effective than cytotoxic agents in
patients at highest risk of progression, that is, those with renal
failure and/or greater than 8 g of protein per/day (207,278).
Other agents, such as MMF and rituximab, will be discussed
in Chapter 63; long-term results for these agents are not yet
available (279–282). Based on the decision model by Sarasin
and Schifferli (52), prophylactic anticoagulation is suggested to
be beneficial in membranous nephropathy patients with persis-
tent nephrotic syndrome and albumin levels of less than 2g/dL.
However, no randomized controlled trial has been done to
study the effect of anticoagulation in these patients.

PROGNOSIS OF DISEASES
ASSOCIATED WITH

GLOMERULONEPHRITIS

IgA-Associated Nephropathy
(Berger’s Disease)

Despite almost 40 years of research, we still do not know
whether the IgA present in the mesangium plays any role in
glomerular injury or what the significance of the raised serum
IgA concentrations, the IgA-containing immune complexes, or
IgA autoantibodies in the serum may be (283). In addition, it
must be noted that classifying patients with glomerular disease
by the presence or absence of predominant IgA on immuno-
histology cuts across both clinical presentation and conven-
tional histologic classifications, as outlined already here and
elsewhere in this book. There is great variability in disease
progression for patients who are given the diagnosis of IgA
nephropathy. On the one hand, this variability of outcomes
raises doubts regarding the current definition and diagnosis of
IgA nephropathy. On the other hand, such diverse outcomes
also emphasize the need to identify those patients with a worse
prognosis whenever possible.

Because IgA-associated nephropathy commonly presents
without symptoms through abnormal findings on urine tests,
there is considerable possibility for variation in any population
of patients under study, for example, depending on whether
systematic urine testing of schoolchildren has been performed,
as in some Japanese reports, or testing of the urine in all army
recruits, as in Singapore. Furthermore, the local criteria for per-
forming a renal biopsy becomes critical; if it is policy simply
to watch patients with isolated hematuria, then a group with
a generally favorable prognosis will be excluded. If in contrast
all such patients undergo a biopsy, then the group of patients
with isolated symptomless hematuria and isolated mesangial
IgA will be included and “improve” the prognosis of that par-
ticular series.

The prognosis of IgA nephropathy has been examined in
considerable detail, perhaps because of the large number of
cases available worldwide (72). A series of conferences (held in
Milan in 1983) was devoted to the subject of IgA nephropathy
(284), and other useful reviews have been published (72,285–
289) including two meta-analyses (287,289). The reader is also
referred to Chapter 61 of this book.

IgA Nephropathy in Adults

All reports describing IgA-associated disease suggest a condi-
tion of indolent evolution toward healing or renal damage,
although an aggressive course associated with extensive cres-
cents may be seen in a few patients (290,291). In general, the
entry into renal dysfunction and finally failure is slower in IgA
nephropathy than in any of the other diseases discussed in this
chapter (289,292), occurring over a time scale of 30 years or
more (Table 71-3), in contrast to the 5 to 15 years that is more
usual in other glomerulopathies. This may reflect earlier diag-
nosis in patients with macroscopic hematuria, but many pa-
tients with the slowest evolution into renal failure present with
symptomless urinary abnormalities on casual urine testing.

The long-term outcome of several large series of adult pa-
tients with IgA nephropathy has been described (286,293–297)
and the literature summarized (287,289). Schena (289) high-
lighted the differing proportions of patients with hypertension,
already elevated plasma creatinine concentrations, macro-
scopic hematuria, and profuse proteinuria noted in differing
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parts of the world such as Europe, North America, East Asia,
and Australia, which are bound to influence final data on
follow-up (see later discussion). He also drew attention to the
fact that in the reports from North America, follow-up was no-
tably shorter than that elsewhere in the world, which again will
affect reported outcomes. Various studies have reported renal
survival rates between 57% to 94% after 10 years (287). Stud-
ies from the United States have reported worse renal outcomes
than those in Europe and Asia, perhaps due to the inclusion of
a more severely ill patient population (287). At least 25%—
and maybe 50%—of adult patients with IgA nephropathy will
end up in renal failure; the proportion of the remainder that
may develop renal insufficiency as well in their third, fourth,
or fifth decades is unknown.

IgA nephropathy has been examined in great detail for
factors that may predict prognosis for groups of patients
(294,298–302) and for individuals (303) using univariate and
multivariate (72,303,304) techniques. Clinically, proteinuria
(especially if profuse), hypertension, and a raised plasma cre-
atinine concentration were determinants of a poorer progno-
sis in most studies. Male sex is a risk factor for a poor prog-
nosis in several studies in which it has been examined (287).
Macroscopic hematuria has given discordant results: Bennett
and Kincaid-Smith (292) pointed to a poorer prognosis in pa-
tients with macroscopic hematuria, a conclusion reinforced in
a later paper from this group (305), whereas all other studies,
including those of D’Amico (286) and Beukhof (303), showed
that macroscopic hematuria is a favorable sign. In multivariate
analyses (298,303), proteinuria was the single most powerful
clinical predictor of a poor outcome and the only independent
clinical variable.

Pathologically, interstitial scarring is the most powerful pre-
dictor (298,303), along with number of crescents (306), vascu-
lar hyaline lesions (307), the number of obsolescent glomeruli
and the degree of glomerular segmental sclerosis (308), and
proliferation. Several groups (309–312) counted and deter-
mined the phenotype of the cells infiltrating the interstitium
in IgA nephropathy and related these findings to prognosis.
It has also been observed that only the rather small numbers
of interstitial B cells correlated with rapid entry to renal fail-
ure (309), an interesting finding in view of the general B-cell
overactivity in this condition. This area deserves further study.

Studies suggest that a polymorphism in the ACE gene may
have an impact on the progression of IgA nephropathy. The
polymorphism consists of insertion (I) or deletion (D) of a 287-
bp DNA fragment, which may be the silencer portion of the
ACE gene (313). The DD genotype of the ACE gene is found
more frequently in patients with progressive IgA nephropathy
than is the ID or II genotype. This was supported by a study
done by Pei et al., in which polymorphisms in the ACE gene

TA B L E 7 1 - 4

PROGNOSIS OF IgA-ASSOCIATED GLOMERULONEPHRITIS IN CHILDREN

Subsequent behavior 1–16 (mean, 5.6) years

No. with recurrent Nephrotic Renal
Appearance on optical microscopy N macroscopic hematuria Remission syndrome failure

Minimal changes 26 25 16 0 0
Mesangial proliferation only 3 3 1 0 0
Focal segmental proliferative glomerulonephritis
+ mesangial proliferation

41 28 14 0 0

Proliferative glomerulonephritis + crescents 21 13 2 0 8
91 69 33 0 8

(Reprinted from: Levy M, et al. Berger’s disease in children: natural history and outcome. Medicine (Baltimore) 1985;64:151, with permission.)

were important markers for predicting progression to chronic
renal failure in 168 white patients with IgA nephropathy (314).
In another study and meta-analysis by Schena et al. (315), how-
ever, the ACE gene polymorphisms did not correlate with dis-
ease progression. No relationship of the disease has been found
with the angiotensin II receptor gene (313,316,317).

There are surprisingly few data on entry into complete re-
mission for adults with IgA nephropathy. Nicholls et al. (305)
noted that only 6% of their patients had entered remission after
5 years of follow-up, and Kitajima et al. (318), in a collabora-
tive study of 1,394 adults, found only 6.5% after an average
of 36 months; Schena (289) did not address the question in
his otherwise admirable review, perhaps because so few au-
thors comment on this aspect. Consequently, we simply do not
know what proportion of adult patients will be in complete re-
mission with normal urine after, say, 20 years. One is left with
the impression that even in those with persisting normal renal
function, at least for a decade or two, urinary abnormalities
persist in the great majority.

IgA nephropathy is notably uncommon in blacks, although
it is frequent in whites and Asians. One study of long-term
outcome in black patients with IgA nephropathy found no dif-
ference from that of white patients (319).

IgA Nephropathy in Children

Although IgA nephropathy is a common form of glomerulopa-
thy in children, documentation of the longer term outlook has
not been extensive until recently. A relatively benign outlook
for children presenting with hematuria, macroscopic or micro-
scopic, was noted in the past (290,292) but did not include
histologic data or information on the presence or absence of
IgA. Levy et al. (290) described one of the larger follow-up
studies on 91 children with IgA nephropathy, and their data
are summarized in Table 71-4. Only eight children developed
renal failure (six terminal, two more modest) within the follow-
up period (mean, 13.5 years); the 10-year survival rate was
estimated to be 92% ± 2%. Most patients in this series had
macroscopic hematuria at some point in their course, 66 at
presentation, and only 7 had microscopic hematuria associ-
ated with proteinuria. Levy et al. (290) noted 800 children
previously described in the literature, with only 8 patients en-
tering renal failure 5 to 44 years after onset and another 11
showing some degree of renal insufficiency 3 to 17 years after
onset.

Data are available also from Japanese children, in whom
IgA-associated nephropathy is particularly common. The study
of Kitajima et al. (318), included in Levy’s analysis of the liter-
ature, summarized data collected from 491 Japanese children;
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only 9 developed chronic renal failure or died. Kusumoto et al.
(320) reported on 98 children with IgA nephropathy, with
renal failure occurring in only 9 and an estimated 10-year
survival rate of 94%. Most of these children presented with
proteinuria and hematuria, and only two with isolated hema-
turia. Yoshikawa et al. (321,322) reported on follow-up of 200
Japanese children with IgA-associated nephropathy. Only 2
of 83 children younger than 8 years at apparent onset went
into renal failure, but follow-up was relatively short (5.5 ±
2.8 years). A much higher proportion than in an adult series
(93 of 200) had normal urine by this time. Of 117 children
aged 9 to 15 years at onset, 8 went into renal failure after a
similar brief period. In Kusumoto’s study (320), the outlook
for renal function was significantly poorer in 86 patients with
adult-onset disease studied in parallel, so a gradient of poorer
prognosis with age at onset seems to be present.

Therefore, the overall prognosis in the medium term
seems to be generally good for children with IgA-associated
nephropathy. However, the very slow evolution of the disease
must not be forgotten. After 10 years in Levy’s study, only
one-third of patients were in complete remission with normal
urine, and the longer term fate (20 or 30 years) of such patients
has not been established. Other authors have emphasized the
poorer prognosis of their pediatric patients with IgA nephropa-
thy (323,324), probably because of referral and biopsy policies
determining that only patients with more severe disease reach
tertiary referral centers. In children, the same prognostic in-
dicators as those in adults, although less extensively studied
(323), have emerged as indicators of a poorer early prognosis;
on histology, extensive crescent formation, interstitial fibrosis,
and sclerosing glomerular lesions carry a poorer outlook. Clin-
ically, proteinuria, hypertension, and older age at onset seem
the most important variables.

Unusual Patterns of Evolution in IgA Nephropathy

A particular feature of IgA-associated nephropathy is that
although generally proteinuria has been an adverse factor in
determining prognosis, a small but widespread number of pa-
tients have been described in whom a full nephrotic syndrome,
normal renal function, and prompt response—and often a re-
lapsing course—followed corticosteroid therapy (325). These
patients, more often children than adults, almost always show
only minimal changes on optical microscopy, although some
show mesangial expansion or even FSGS. However, in the
few patients examined by electron microscopy, characteristic
electron-dense aggregates have been absent. Whether these pa-
tients represent a subset of IgA-associated nephropathy or the
coincidence of minimal change nephropathy with symptom-
less IgA deposition within the mesangium, as may occur in the
healthy population (e.g., organ donors), is not known. Many
of the patients described in the literature, even from non-Asian
countries, are ethnic Chinese.

Another unusual pattern in IgA nephropathy is recurrent at-
tacks of acute renal failure (326), first described by Talwalkar
et al. (327) in 1978. It has been proposed that the acute hema-
turia is toxic to renal tubules (292,301), and red blood cells
ingested by the tubules have been demonstrated, which is sup-
ported by a report of a hematuric patient who did not have
IgA nephropathy (328). These patients must be distinguished
from those going into acute renal insufficiency because of cres-
centic glomerulonephritis (290,292), and thus a repeated renal
biopsy is usually necessary.

Treatment of IgA Nephropathy

The reader is referred to Chapter 61 for the details of treat-
ment. The effect of treatment on the outcomes reported in
various series is difficult to determine, but recent evidence sug-
gests that treatment does affect the long-term outcome. Al-

though D’Amico noted that there have been similar results in
those studies reported before and after the widespread use of
ACE inhibitors (287), several studies have now shown a ben-
efit for patients treated with ACE inhibitors (329–332), and
all proteinuric patients should probably be treated with these
agents. Previously it was felt that patients with proteinuria of
more than 3 g per day and preserved renal function should
be treated with steroids to reduce proteinuria and stabilize re-
nal function (333,334). Pozzi et al. also recently reported the
10-year follow-up data for a cohort of patients with mild ini-
tial renal disease (plasma creatinine ≤1.5 mg/dL and urinary
protein excretion of 1 to 3.5 g per day) who were random-
ized to treatment with steroids for 6 months or supportive
treatment. In this study, treatment with steroids significantly
improved renal survival and led to a statistically significant re-
duction in the percentage of patients who doubled their plasma
creatinine (335). In patients with progressive disease, fish oil
may be tried because there is some benefit seen in some studies
(336,337). In a 6-year follow-up study of the earlier trial (338),
Donadio et al. concluded that early and prolonged treatment
with fish oil slows renal progression for high-risk patients with
IgA nephropathy. Cyclosporine has not been shown to be of
benefit.

Membranoproliferative Glomerulonephritis

Since the early 1970s it has been the practice to divide the light
microscopic appearances of membranoproliferative glomeru-
lonephritis (MPGN, also mesangiocapillary glomerulonephri-
tis) (Chapter 62) into two categories: the more common va-
riety with subendothelial immune aggregates (type I), and a
variety with extensive replacement of the lamina densa of the
capillary basement membranes and those of the tubules and
Bowman’s capsule, with a birefringent, rather continuous ma-
terial that takes stains avidly (type II). On light microscopy, not
all type I patients with MPGN show a true mesangiocapillary
pattern—that is, expansion of the mesangium with a complex
thickening of the glomerular capillary walls by mesangial cell
cytoplasm and new material. Some authors (339–342) distin-
guish a “type III” MPGN in which the immune aggregates are
found by electron microscopy not only at a subendothelial site,
but also throughout the basement membrane with subepithelial
aggregates, so that in isolation the appearances resemble those
of an advanced membranous nephropathy. Some authors re-
gard this as a later stage of type I MPGN and it is so treated in
this chapter.

One striking feature of data from Europe has been the de-
cline in the number of new patients presenting with either type
of MPGN (343,344), suggesting that some precipitating envi-
ronmental agent or agents, most probably infectious, has de-
clined in frequency. MPGN has always been unusual in adults
and children in Japan, although it is very common in other
parts of the world: In Iran, MPGN is the underlying histologic
appearance in two-thirds of adult-onset nephrotic syndromes
(345). MPGN may be seen complicating various infections and
as part of systemic disorders. Infection-related MPGN needs
to be separated from the apparently idiopathic disorder, be-
cause the outlook for infection-related MPGN, whether from
endocarditis (346), infected juguloatrial shunts (347), or deep
sepsis (347), is generally good, provided that the infection can
be controlled. The prognosis of MPGN in a setting of lupus or
Henoch-Schönlein purpura (HSP) is considered in later sections
of this chapter.

Long-Term Outcome

The survival of patients with idiopathic type I or type II MPGN
was documented in a number of series during the 1970s and a
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FIGURE 71-15. (Top) Survival and status at last follow-up
evaluation in patients with mesangioproliferative glomeru-
lonephritis (MPGN). The survival curves were calculated by
the actuarial method. None of the curves differ from each other
when tested by the log-rank method (Peto et al. [1]), although
the adult patients with type II MPGN approach significance
when compared with similar children (p = 0.08). The most
recent status is shown at top right: OK, well, normal urine,
normal renal function; PP, persistent proteinuria with or with-
out a nephrotic syndrome but with normal renal function; CRF,
glomerular filtration rate of less than 80 mL per minute/1.73
m2 and persistent proteinuria with or without a nephrotic syn-
drome; D, RDT, Tx, dead, regular dialysis treatment, or trans-
plantation. Data are presented for each of type I and II MPGN
for patients older and younger than 15 years at apparent onset.
In type I MPGN, children have a significantly better prognosis
than adults (p <0.01) compared in this fashion. Similarly, data
for types I and II together show a significant difference (p =
0.003). In the case of patients with type II alone, the differences
between children (N = 22) and adults (N = 13) were not sig-
nificant (p = 0.12). (Bottom) Survival in children and adults
with MPGN. There is no significant difference between the two
curves, although there is an excess of early deaths among the
adult patients. When the data for most recent status are ex-
amined, there is a significantly worse prognosis for adults than
children (κ2 = 7.74; p = 0.003). (From: Cameron JS, et al. Id-
iopathic mesangiocapillary glomerulonephritis: comparison of
types I and II in children and adults and long-term prognosis.
Am J Med 1983;74:175, with permission.)

few more recent sets of data. These show that in general MPGN
of either type is usually a progressive disorder in white and
Chinese (67) populations, with the estimated survival rate for
renal function at 10 years being about 60% and the 15-year
survival rate being no more than 50%. In agreement with this,
a large study from Italy (348) found an estimated 10-year sur-
vival rate of 60% to 65%. Because the patients in general
are children or young adults (67,129), the impact of nonrenal
deaths is minor compared with that of membranous nephropa-
thy, for example, and near 100% survival for at least 10 years
can be expected for the control population. Data from MPGN
type I are rather concordant, whereas those for type II show
much more varied outcomes, perhaps because of the small num-
ber of patients studied in individual series. In general, no form
of treatment appears to affect the outcome of either form of
MPGN, with the exception of a single series discussed later in
this chapter, so untreated and treated patients are not separated
in the data presented here.

Follow-up data have been reported for 104 patients (349),
both children and adults (69 type I and 35 type II) who had idio-
pathic disease. These data (Fig. 71-15) are in general agreement
with other published data, with only 7 patients showing com-
plete remission. The group of the Hospital des Enfants Malades
in Paris presented its data from children in the same year (350).
Complete remission was equally rare; this occurred in only 1
patient with type II and 4 patients with type I MPGN of 44
and 84 patients with idiopathic MPGN, respectively. Of the 44
patients with type II MPGN, 18 were either dead or in ESRD,
1 was uremic, 11 had a persisting nephrotic syndrome, and 11
had persisting proteinuria and normal renal function. Of the
84 patients with type I MPGN, 21 were dead or in ESRD treat-
ment, 9 had chronic renal failure, 18 had a persisting nephrotic
syndrome, and 32 had persisting proteinuria with normal renal
function.

In type II MPGN, only two groups noted a better prognosis.
In children Klein et al. (351) found that 5 of 18 patients were
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in remission after 11 ± 1 year of follow-up. Similarly, Strife
et al. (342) reported 17 children with type II MPGN, with only
4 showing progressive disease and 3 being nephrotic, whereas
no child presenting with subnephrotic proteinuria showed pro-
gression.

Finally, controlled trials in the United States (352,353) gave
some data on serial GFRs in adult patients with type I MPGN.
In the former trial (352), over 18 months, the control group lost
9 mL/minute and the treatment group did marginally worse,
at 14 mL/minute. In the Mayo Clinic trial (353), the control
group lost a mean of 19 mL/minute over 1 year, whereas those
treated with aspirin and dipyridamole lost only 5 mL/minute.
However, long-term follow-up results were identical in the two
groups despite continued treatment (353). The rate of fall-off
in renal function was varied, as in membranous nephropathy;
Chan et al. (67) analyzed rates of change in 1/Pcreat and noted
similarly wide variations in rates of decline in renal function.

Indicators of Prognosis

Several groups studying type I MPGN (67,349,354) were able
to identify clinical indicators of a poor prognosis using uni-
variate analysis (Table 71-5). As in most forms of progres-
sive glomerular disease, and in most other MPGN series, a
nephrotic syndrome—particularly if persistent—was a major
clinical indicator of a poor outcome, but Schmitt et al. (354)
did not confirm this observation. Hypertension was modestly
predictive of a poor outcome in both sets of data (67,349), but
there was (in sharp contrast to membranous nephropathy) no
difference in outcomes between adults and children. In one se-
ries, the presence, absence, or degree of hypocomplementemia
had no relation to outcomes in either type of MPGN, suggest-
ing that the prominent in vivo complement breakdown is an
epiphenomenon of the disease, although Swainson et al. (355)
and Klein et al. (351) reported the opposite in smaller series.
Magil et al. (57) found that men did worse than women, as in
other forms of glomerular disease, but this trend did not reach
significance.

Hardly surprising, reduced GFR or elevated plasma creati-
nine concentration (354) at presentation had an adverse effect
on outcome. Donadio et al. (352) found that onset with an
acute nephritic syndrome and macroscopic hematuria (com-

mon in children) was an adverse feature, and Bennett et al.
(356) noted a higher incidence of macroscopic hematuria in
patients with type II MPGN who did poorly. The presence of
hypertension is controversial; Schmitt et al. found it to be a
strong predictor of adverse outcome and a major direct cause
of death (354), whereas others (67) found no effect on outlook.

On histologic evaluation, crescents have been shown to in-
dicate a worse prognosis (67,344,350). Schmitt et al. (354) per-
formed a more elaborate analysis of the glomerular histology,
with five grades, the last of which included crescent formation;
patients with this last grade did worst of all. Although Bar-
biano di Belgiojoso et al. (344) noted a poorer prognosis for
those patients with more lobular forms of glomerulonephritis,
Schmitt’s data did not support this suggestion. Schmitt et al.
(354) also assessed interstitial changes carefully and found, as
in other glomerular diseases, that the degree of tubulointersti-
tial changes was strongly predictive of outcome (Fig. 71-16).

Possible Effects of Treatment

Treatment in adults and children with idiopathic MPGN is re-
served for patients with nephrotic-range proteinuria, intersti-
tial disease on biopsy, or impaired renal function—all markers
for poor prognosis.

Children. One group (357–359) has consistently stated that
their treatment results—using alternate-day, high-dose oral
prednisolone—have been significantly better than those in chil-
dren with type I MPGN managed in other centers, with a
10-year survival rate for renal function of 82% but falling to
56% after 20 years. Another group supported the idea that
this may represent an improvement in prognosis induced by
the high-dose, alternate-day corticosteroid regimen used (360).
Likewise, the ISKDC (361), which was a prospective random-
ized controlled trial using steroids, showed that 61% of the
treatment group and 12% of the placebo group had stable re-
nal function at the end of the study.

Adults. A study using aspirin and dipyridamole demonstrated
a clinically significant effect of reduction in proteinuria in the
treatment group but no change in GFR (362). The general

TA B L E 7 1 - 5

EFFECT OF FEATURES AT ONSET ON PROGNOSIS FOR RENAL FUNCTION IN TYPE I AND TYPE II
MESANGIOCAPILLARY GLOMERULONEPHRITIS

Type I Type II All

“Uremia”b vs. “Uremia” vs. “Uremia” vs.
persistent persistent persistent

“Dead”a proteinuria “Dead” proteinuria “Dead” proteinuria
vs. alive and remission vs. alive and remission vs. alive and remission

Child or adult (< or >15 yr) NSc <0.001 (0.07) NS NS 0.003
Hematuria at onset NS NS NS NS 0.003 NS
Nephrotic syndrome at onset 0.01 NS NS NS 0.02 NS
Nephrotic syndrome at any time 0.001 0.06 0.04 NS 0.0001 0.003
Blood pressure elevated at onset 0.03 NS NS NS NS NS
Glomerular filtration rate

decreased at onset
(0.07) 0.002 NS NS NS NS

a“Dead,” dead, dialysis, or transplantation.
b“Uremia,” “dead” or persistent disease with glomerular filtration rate <80 mL/minute/1.73 m2.
cNS = p >0.05 (χ2 test).
(Reprinted from: Cameron JS, et al. Idiopathic mesangiocapillary glomerulonephritis: comparison of types I and II in children and adults and
long-term prognosis. Am J Med 1983;74:175, with permission.)
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FIGURE 71-16. Probability of entering renal failure in
patients with membranoproliferative glomerulonephritis
type I, according to the degree of interstitial changes. Curve
1 is derived from 92 patients with a normal interstitium
in the initial biopsy; curve 2, from 77 patients with inter-
stitial fibrosis only; curve 3, from 32 patients with tubular
damage only; and curve 4, from 19 patients with both
tubular damage and interstitial fibrosis present. (From:
Schmitt H, et al. Long-term prognosis of membranopro-
liferative glomerulonephritis type I. Significance of clini-
cal and morphological parameters: an investigation of 220
cases. Nephron 1990;55:242, with permission.)

opinion is that no treatment reliably affects the long-term out-
look of MPGN in adults.

Postinfectious Glomerulonephritis

In patients with postinfectious glomerulonephritis, there are
particular problems with definition, as mentioned in the first
section in this chapter (see also Chapter 58). Different observers
may be writing about different types of patients, and it is es-
sential to be absolutely clear about which are and perhaps even
more important which are not the subject of study. Three main
sets of observations help to define this group of patients: the
clinical presentation (an acute nephritic syndrome), a precipi-
tating event (e.g., documented antecedent streptococcal infec-
tion), and the histopathology involving exclusively, or at least
predominantly, the endocapillary wall, and with infiltrates of
leukocytes in the early stages.

Apart from “core” patients who satisfy all three criteria
there will be other patients who variably do not. In temperate
climates, most patients with an acute nephritic syndrome do
not seem to have a renal disorder that has arisen from strepto-
coccal infections, which are now rare given better hygiene and
the absence of insect vectors. Patients with an acute nephritic
syndrome and streptococcal infection may also present with
mesangiocapillary patterns of nephritis or extensive crescent
formation. Obviously, different mixes of patients within these
groups will lead to different impressions of outcomes. Because
this chapter is organized predominantly according to appear-
ances viewed by light microscopy, this discussion is limited only
to those patients with an exudative endocapillary pattern, be-
cause the prognosis of those patients with streptococcal infec-
tion with acute nephritis who show either MPGN or extensive
crescents on biopsy specimens resembles closely that of patients
without streptococcal infection with a similar histology. Even
within the “core” group, there are two separate clusters to con-
sider: those patients associated with epidemics of disease and
those in whom disease appears to be sporadic. The prognosis
of the latter may well be not as good as it is for those observed
in an epidemic setting.

There has been some controversy regarding the frequency of
occult or evident streptococcal glomerulonephritis as a cause
of chronic renal failure, and, conversely, the frequency with

which persistent renal disease may be expected in patients with
postinfectious glomerulonephritis (363,364). Part of the prob-
lem arises from the fact that the mix of patients observed in
epidemics, mostly not in a Western urban environment, and
the sporadic disease patients seen in city center referral special-
ist units are not the same.

Few cases of acute postinfectious nephritis are reported in
industrialized countries, and most of those are not the sequel
of streptococcal infection (365,366). Conversely, an unknown
number of patients may have subclinical attacks of poststrep-
tococcal nephritis; these numbers at least equal the number of
obvious cases in the epidemic situation and may exceed them
severalfold (367–370). The urine may show little or no abnor-
mality (371) and hypertension may be the principal feature.
Unless these atypical patients are investigated very thoroughly
with serology, serial complement estimations, and renal biopsy
with electron microscopy, it may be difficult to exclude other
forms of glomerulonephritis. Occasional patients with a typical
insidious nephrotic syndrome may show typical active diffuse
endothelial nephritis in renal biopsy specimens. Some other-
wise typical acute nephritic patients may have rather profuse
proteinuria and show, rather briefly, a full nephrotic syndrome;
this certainly can occur with the biopsy appearances discussed
here, but it raises the suspicion of MPGN. An occasional pa-
tient with only acute endothelial proliferative glomerulonephri-
tis presents with anuria and acute renal failure (372).

Childhood

Many early statements of the prognosis of acute nephritis in
children are difficult to evaluate, because in almost all cases,
histology was not available and the assumption was made (of-
ten without good evidence) that acute glomerulonephritis must
necessarily be poststreptococcal. These early reports are sum-
marized by Perlman et al. (373). One report is worthy of sum-
mary here, however, because it represents an early attempt to
assess the very long-term prognosis of acute nephritic children
(374). Twenty-seven patients who had acute nephritis in child-
hood severe enough to result in hospital admission were studied
19 to 32 years later. These patients represented only 25% of
the 130 patients the author set out to trace. None of the 27
showed evidence of disease, and all urine test results and blood
pressures were normal. Only one patient had died, and that
was from tuberculosis.
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Epidemic Cases. The prognosis of epidemic-proven acute
streptococcal glomerulonephritis appears to be equally be-
nign. Perlman et al. (373) studied the children who had acute
glomerulonephritis 10 years previously in the streptococcal epi-
demic in the Red Lake Indian reservation. All children were
studied initially and were shown to have streptococcal infec-
tion. After 10 years, renal function was normal in all, and the
degree of proteinuria and hematuria did not differ from that
in control subjects. Renal biopsies were performed in 16 of the
61 children; 12 specimens were entirely normal and 4 showed
minor mesangial changes. Sanjad et al. (375) reported on 153
cases of acute glomerulonephritis from Florida. In this study,
103 patients were followed and none showed any clinical evi-
dence of progressive disease up to 10 years later. However, ten
children showed minor urinary abnormalities and all six who
underwent biopsy had some glomerular abnormality.

Potter et al. (376–378), in an important study, described
the 2- to 6-, 7- to 12-, and 12- to 17-year follow-up of a group
of patients, mostly children, with sporadic or epidemic post-
streptococcal nephritis, collected in Trinidad in 1965 and the
following years. This study involved more than 700 persons,
almost all of whom were still available in 1977 (378). Only 2
patients had died in renal failure, 19 had proteinuria, 3 had
hematuria, and 3 had both. The incidence of hypertension (16
patients) was no higher than what is expected for the Trinidad
population as a whole. The 1981 survey (377) was less com-
plete. Only 534 patients with urinary abnormalities were iden-
tified, and all had normal plasma creatinine concentrations. It
is worth noting that in the histories of the three patients who
died, it was not clear whether they died of renal failure or if so,
whether this was attributable to their nephritis.

An interesting observation of Nissenson et al. (378) was of
13 persons who had abnormal urine samples, but no symptoms
during the attack (i.e., subclinical nephritis); none showed ab-
normalities 7 to 12 years later. The other study of this type
of patient is that of Smith et al. (379), who performed biop-
sies and followed symptomless patients with acute poststrep-
tococcal nephritis and minor urinary abnormalities. After 1 to
4 years, 8 of 28 patients showed persisting urinary abnor-
malities, and 2 had hypertension. Rodriguez-Iturbe et al.
(369,380,381) summarized their experience of epidemic post-
streptococcal glomerulonephritis in Maracaibo; only 1 of 71
patients followed for 11 to 12 years went into renal failure,
but 15 (21%) still showed urinary abnormalities.

Sporadic Cases. Evidence is also available from patients with
sporadic poststreptococcal glomerulonephritis in childhood. In
an extensive study from Galveston (367,382), 60 patients were
followed for at least 3 years, an important aspect in a condi-
tion with a relatively benign prognosis. Only 1 of 60 patients
died after 2 years, and his initial biopsy specimen showed an
unstated number of epithelial crescents; another child died of
causes unrelated to renal disease at 18 months. At 3 years,
only 8 of 45 children had urinary abnormalities (367), and at
5 years, only 2 of 32 still under observation showed protein-
uria. Similarly, in the study from Lewy et al. (383) of 46 children
with sporadic poststreptococcal glomerulonephritis, only 4 pa-
tients died, all showing extensive crescent formation in their
biopsy samples. Two children still showed proteinuria after
5 years of follow-up. One of these two children had crescents
in the initial biopsy specimen. Only three patients were lost
to follow-up. Hinglais et al. (384) presented evidence from 29
children with acute nephritic syndromes; 16 of their 65 patients
had raised antistreptolysin levels, but it is impossible to deduce
which of these 16 patients were children. Of the 29 children,
25 had various forms of endocapillary glomerulonephritis, in-
cluding exudative patterns with “humps” in 16. No patient
with only endocapillary glomerulonephritis did poorly, and at
the assessment point 2 years later, all those patients with en-

docapillary glomerulonephritis with humps had normal urine
samples. Popovic-Rolovic et al. (385) followed 88 patients with
sporadic disease in Serbia for 10 to 17 years. Only hyperten-
sion (3.4%) and proteinuria (2.3%) and microscopic hema-
turia were observed. The creatinine clearance was normal in
all patients.

Evidence of persistent disease or progression was confined
to those patients showing lesions other than endocapillary le-
sions, as in the series of Mota-Hernandez et al. (386). Bald-
win et al. (387) included 37 children in their mainly adult
study. One child required dialysis after 9 weeks, and her biopsy
specimen showed extensive epithelial crescents. In six chil-
dren, GFRs were measured 3 to 10 years from onset; all were
more than 80 mL/minute except in one patient with a GFR of
77 mL/minute (uncorrected). In another series (388), 38 chil-
dren with acute poststreptococcal glomerulonephritis were first
studied between 1962 and 1970. Two patients died during the
acute illness with crescentic nephritis and 33 of the remain-
ing 36 were studied a mean of 9.4 years later (range, 6 to
13 years) (389). Two of the other three patients were known
to be alive and in good health and only one was lost to follow-
up. One patient showed persistent hypocomplementemia, and
a second biopsy in this child revealed MPGN (390). All others
showed normal blood urea and plasma creatinine concentra-
tions, and in 21, creatinine clearance rates were normal (mean,
113 mL/minute; range, 80 to 70 mL/minute per 1.73 m2).
However, nine patients showed persisting urinary abnormal-
ities: hematuria plus proteinuria in three, and isolated urinary
protein loss in six, ranging from 0.2 to 0.5 g per 24 hours.
Blood pressure was within the normal range in all patients. All
of these patients were recalled for restudy a mean of 19.4 years
(range, 14.6 to 22 years) later (349). Only one was hyperten-
sive, three patients had microscopic hematuria, and the patient
with MPGN had proteinuria. All showed normal plasma cre-
atinine concentrations.

Although GFR appears to be conserved, renal reserve may
be impaired. Cleper et al. (391) reported on 36 patients who
had recovered from an episode of poststreptococcal glomeru-
lonephritis 1 to 16 years earlier without apparent sequelae.
Basal creatinine clearance was no different from that in con-
trol patients. However, the renal reserve in response to protein
loading was significantly decreased. The magnitude of the im-
pairment in renal reserve appeared to increase with more time
since the initial episode of poststreptococcal glomerulonephri-
tis. A similar note of caution regarding the degree of recovery
was sounded by Herthelius and Berg who reported that al-
though the GFR is normal, the filtration fraction remains high,
suggesting possible glomerular hyperperfusion (392).

In summary, the accumulated evidence suggests that in epi-
demic and sporadic poststreptococcal glomerulonephritis and
other acute nephritic syndromes in childhood, a similar pat-
tern emerges. If the biopsy reveals endocapillary changes only,
whether or not “humps” are present, then healing within
5 years is the rule. The few patients who do badly almost always
show some other histologic pattern and are usually associated
with other adverse features such as the appearance of a full
nephrotic syndrome.

Adults

The evidence that progression can occur in acute poststrepto-
coccal glomerulonephritis is somewhat stronger in adults, even
in those with only an endocapillary glomerulonephritis demon-
strated by renal biopsy. In addition, other patterns of histology
such as the presence of extracapillary crescents are more com-
mon. In Jennings and Earle’s classic paper of 1961 (393), the
only patient of their 36 who died, still anuric, had extensive
crescent formation in his biopsy specimen. Thirteen other pa-
tients had clinical evidence of continuing disease at follow-up
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5 months to 4 years after onset. McCluskey and Baldwin (394)
reported on a mixed group of adults showing an acute nephritic
onset; 5 patients died and 14 showed evidence of progressive
disease. Some of their patients showed either diffuse crescen-
tic glomerulonephritis or MPGN. More recently, Baldwin et al.
and Baldwin and Schacht (364,387,395) reported their findings
in 89 adults with proven poststreptococcal nephritis, drawing
the widely quoted conclusion that “up to one-half” of patients
with this condition show evidence of progressive disease. This
conclusion deserves careful examination.

The ten patients older than 15 years at onset who died or
required dialysis had extensive crescent formation, and four of
these patients had a rapidly progressive course over 3 months
into renal failure. The other patient with crescentic glomeru-
lonephritis became uremic 6 months after a second attack of
glomerulonephritis. Of the other five who died, only two died
later, at 2 and 6 years of follow-up. Six of these ten fatal pa-
tients showed a full nephrotic syndrome at presentation. These
patients, therefore, although part of the spectrum of poststrep-
tococcal nephritis, are not typical of this condition and were
seen in a tertiary referral center.

In the remainder of the patients in this study, the evidence for
persisting disease must be considered against the large fallout
of patients. Unlike the childhood series discussed previously,
only 56 of 126 patients completed even 1 year of follow-up,
only 29 were still in contact after 5 years, and only 5 at 10
years or later. The fact that 50% of patients showed a raised
blood pressure after 8 to 10 years is made less impressive if one
remembers that the 10 patients studied at this point represent
only 7% of the whole group; the assumption cannot be made,
as discussed at the beginning of this chapter, that those patients
lost to follow-up had the same characteristics as those retained.
In most studies of relatively benign disease, as noted already,
patients with the more severe disease progressively concentrate
in the follow-up group.

However, 8 of 16 adults whose GFR was measured 3 to
15 years after their attack of glomerulonephritis showed val-
ues of less than 80 mL/minute. An inulin clearance rate of 100
mL/minute was used as the lower limit of normality. These data
are not corrected for sex, surface area, or age, and other pub-
lished figures suggest that this would not represent the mean
minus 2 SDs, and the blood pressures were not compared with
normal data for sex and age. Twenty patients still had protein-
uria at 5 years, and four at 10 years, although the description of
proteinuria as evidence of irreversible disease is not justified.
Hypertension, judged as a diastolic blood pressure of more
than 90 mm Hg, was equally common. Baldwin and Schacht
(395) presented further data on this group of patients; 125 of
176 patients in the study had a renal biopsy, and 105 were
followed for 2 years or longer. By 1975, nine patients entered
terminal renal failure within a maximum of 6 months from on-
set, whereas six others progressed to uremia from 1 to 12 years
after onset; all the patients in the latter group showed typical
acute endocapillary glomerulonephritis in their initial biopsy
specimen.

What have other authors reported? Hinglais et al. (384), in
their study of 36 adults with sporadic acute nephritis, found
25 patients with only endocapillary lesions in the renal biopsy
specimen. Seven of these showed persistent proteinuria when
restudied at 2 years. In contrast, 10 of the other 11 patients with
changes other than endocapillary glomerulonephritis (mesan-
giocapillary, extracapillary) had continuing disease. However,
GFRs were not measured in this study. Lien et al. (396) also
studied 57 patients, 52 of which were adults who had spo-
radic poststreptococcal glomerulonephritis, for a mean range
of 7 ± 4 years. All had an initial biopsy and 33 had sec-
ond biopsies. Two patients died with abnormal renal function,
and 11 showed evidence of some renal damage and four ad-
ditional patients had only hypertension. Vogl et al. (397) de-

scribed 2- to 13-year follow-up for 72 of 101 patients with
adult-onset, sporadic acute poststreptococcal nephritis in Ger-
many, Luxemburg, and Austria. Only three patients entered
ESRD, one in only 5 months after transformation into a dif-
fuse crescentic nephritis as shown by a second biopsy, as others
have described (389,398). Only two other patients had raised
plasma creatinine concentrations and continued proteinuria.
Four other patients died, however: one from accelerated hy-
pertension after only 2 months, another of sepsis, and two
others of unknown causes. Vogl et al. (397) confirmed the sug-
gestion of Hinglais et al. (384) and others that onset with a
nephrotic syndrome indicates a poorer prognosis. Similarly,
Rodriguez-Iturbe reported that of adult patients presenting
with nephrotic-range proteinuria, as many as 77% will develop
ESRD (399).

In a more recent study (400), the long-term outcomes
were reported for patients diagnosed with infection-associated
glomerulonephritis between 1979 and 1999. In this study, the
prognosis was significantly worse for patients who also had
a severe underlying disease. After a mean follow-up of more
than 7 years, 64% of those without underlying disease were
in complete remission, whereas only 14% of those with severe
underlying disease (such as cirrhosis or malignancy) achieved
complete remission.

Baldwin’s group has also emphasized that widespread vas-
cular sclerosis of arterioles may be a marker of progression
(401). On the clinical side, profuse proteinuria, anuria, the per-
sistence of low complement levels, and hypertension beyond
about 4 weeks after onset are valuable indicators of a poor
outlook, and many such patients show MPGN in their biopsy
specimens. Patients may begin with a biopsy specimen that
shows a pure endocapillary disease, which then develops into
MPGN (389) or into severe crescentic nephritis (389,397,402).
However, it must be emphasized again that pure endocapillary
glomerulonephritis can occur with anuria and that anuria does
not always indicate crescentic nephritis (403).

One practical problem in uncomplicated cases is to know
just how long one has to wait before the urine can be expected
to become free of blood, trace protein, or both, and whether
late renal biopsy should be performed. There are surprisingly
few data on this important point, but it has been known for
many years that it could take up to several years for complete
clinical “healing” to occur. Joseph and Polani (404) provided
evidence from a trial of bedrest (which showed no effect) that
more than 90% of children with sporadic poststreptococcal
nephritis will be free of hematuria by 6 months.

In summary, the prognosis of acute glomerulonephritis,
both epidemic and sporadic, postinfectious or poststreptococ-
cal, probably becomes worse with age. Recovery is almost in-
variable in the preschool child, there is some suggestion of
chronicity in older children, and the disease becomes chronic in
a significant minority of adults. With increasing age, an increas-
ing proportion of patients show diffuse extracapillary prolifer-
ation or MPGN, which accounts for an increased incidence of
precocious renal failure. It is difficult to generalize from these
controversial figures, but of 100 acute nephritic children, 1%
or less will show crescentic glomerulonephritis and go on to
early uremia; 75% will be free of proteinuria in 2 to 3 years,
and a further 20% by 5 years. Only 1% or 2%, usually older
children, will develop uremia later. Some of these will have
shown MPGN or crescentic glomerulonephritis at onset. In
adults, perhaps 5% will show persisting proteinuria, and some
of these patients will have reduced renal function and hyperten-
sion. Their fate is not known, but some may progress to uremia
within a decade or two. Thus, most of the difficulties and ap-
parent inconsistencies in the various reports of the outcome of
acute nephritic patients resolve themselves if the differences in
age, etiology, epidemiology, and type of histology seen in renal
biopsy specimens are taken into account.
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TA B L E 7 1 - 6

VARIOUS GLOMERULAR CONDITIONS THAT MAY BE
ASSOCIATED WITH EXTENSIVE CRESCENT
FORMATION

Primary crescentic glomerulonephritis
Common

Idiopathica crescentic glomerulitis, usually necrotizing
segmental

ANCA-associated vasculitis
Antiglomerular basement membrane nephritis
Membranoproliferative glomerulonephritis (I or II)

Uncommon
IgA nephropathy
Membranous nephropathy
Secondary crescentic glomerulonephritis

Common
Henoch-Schönlein purpura
Microscopic polyarteritis

Uncommon
Systemic lupus erythematosus
Behçet’s syndrome
Mixed cryoglobulinemia
Shunt nephritis
Subacute bacterial endocarditis
Neoplasia

aConsidered by some always to represent microscopic polyarteritis
(see text).

Crescentic Glomerulonephritis

The group of patients with crescentic glomerulonephritis is nei-
ther pathologically nor clinically homogeneous (Table 71-6).
Only the thesis that extensive crescent formation is a dominant
determinant of progression, overriding that of the underlying
glomerulopathy, justifies considering them together (405–407)
(Chapter 60). In practice, the outlook for patients with ex-
tensive crescent formation, whatever the underlying disease, is
so much poorer than that noted for other forms of glomeru-
lopathy (17), that this approach seems worthwhile, at least for
purposes of clinical management.

Types

Three main groups of patients may be included under the head-
ing of “crescentic glomerulonephritis.” The proportion of each
varies with the ages of the patients and geography. For ex-
ample, crescents complicating proliferative glomerulonephri-
tis form a greater proportion of cases in children (408–411)
and in the developing world (411–414). Some degree of ex-
tracapillary proliferation is relatively common in patients with
primary proliferative glomerulonephritis. This is true of postin-
fectious endocapillary nephritis, MPGN, and less commonly,
IgA nephropathy. The changes are usually minor and often
segmental. In some patients, however, a significant number of
glomeruli show multilayered crescents affecting a large pro-
portion of the glomerular circumference. In the minority of
patients who are of concern, most or all glomeruli show such
circumferential extracapillary proliferation.

Interpretation of the distorted and compressed glomerular
tuft engulfed by a crescent is always difficult and may be im-
possible, but on immunohistologic examination, granular IgG
and C3 are seen in various distributions in other patients with
endocapillary or mesangiocapillary nephritis, or lupus, and IgA

is seen in patients with crescentic IgA nephropathy (415–417)
or HSP (405,408–411).

Anti-GBM disease and vasculitis of various types are the
other two main varieties of crescentic nephritis and form most
cases in adults in developed countries (405–407). Extracapil-
lary crescent formation is present in most patients, together
with necrotizing lesions within the glomerulus. On immuno-
histology, fibrin is seen within the crescents; this is particularly
common in crescentic nephritis associated with vasculitis (see
later discussion). Linear deposits of IgG and complement, and
occasionally IgA, are seen in anti-GBM disease along the capil-
lary walls, whereas in vasculitic patients (with the exception of
those with HSP), no glomerular immune aggregates are visible.

Apart from these three main groups, the so-called “idio-
pathic crescentic glomerulonephritis” remains. In patients with
this form, there is usually a segmental necrotizing glomeruli-
tis and collapsed but otherwise normal glomerular tufts (418–
420). Many of these patients have antineutrophil cytoplasmic
antibodies (ANCA) in their plasma, directed against myeloper-
oxidase (MPO) (see later discussion). However, very few pa-
tients do not fit this description, do not have circulating ANCA,
and if untreated, do not develop vasculitis. Some authors have
never seen such cases (421,422), and certainly they are very
uncommon (423,424).

How Many Crescents Make Crescentic Nephritis?

It is impossible to draw a firm line at any point to distin-
guish what should be called “crescentic glomerulonephritis.”
For purposes of discussion, criteria of 50%, 60%, 70%, and
80% of glomeruli affected by crescents have been used by dif-
ferent authors to define crescentic glomerulonephritis. Because
the prognosis, at least of the untreated disease, may depend
on the proportion of affected glomeruli, this is not an aca-
demic point. Expressing the percentage involvement from a
total number of glomeruli of less than, say, 10 may not seem
to be a useful exercise, and reservations about the sampling
error are certainly present. However, because the extent of the
involvement in an individual glomerulus varies with the pro-
portion affected (412,425), the conclusions may be more se-
cure than at first appears. The important point made earlier
is that although the presence of extensive crescent formation
may dominate the histologic and clinical picture, justifying the
separation of the group, the glomeruli themselves may show
various changes and the patients various clinical pictures.

Clinical Presentation

Despite this heterogeneity, most patients with extensive cres-
cent formation have a characteristic presentation and clinical
course. The most common presentation is with sudden onset
of rapidly progressive renal failure, sometimes with anuria.
Other patients have a course over several months, which is
still quick enough to justify the description of “rapidly pro-
gressive glomerulonephritis” (RPGN). Of course, the apparent
onset of the disease may not be anywhere near its true begin-
nings. RPGN may also supervene in a patient with an indolent
course of nephritis, for example, with membranous nephropa-
thy, as discussed previously. Overall, the prognosis for patients
with crescentic nephritis is poorer than that for any other form
of nephropathy and relates in broad fashion in the untreated
patient to the extent and severity of the crescent formation.
Successful treatment of the two major groups (vasculitis and
anti-GBM disease) has removed this correlation. Despite this
generally poor outlook in the absence of treatment, occasion-
ally patients make remarkable recoveries, sometimes without
any specific intervention; however, few patients with crescen-
tic nephritis escape treatment. A search of the literature from
1964 to 1980 shows 115 patients with crescentic nephritis who
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TA B L E 7 1 - 7

PROGNOSIS OF UNTREATED AND TREATED PATIENTS WITH
CRESCENTIC-GLOMERULONEPHRITIS

Total no. No. not No. judged to Total no. No. judged to
of patients treated have “improved” treated have improved

328 115 13 (11.3%) 213 90 (42%)

Summary of treated and untreated patients with crescentic glomerulonephritis (>50% of glomeruli with
crescents).
World literature 1964–1980, excluding patients with (i) anti-glomerular basement membrane disease, (ii)
known or suspected vasculitis, (iii) systemic lupus erythematosus, and (iv) Henoch-Schönlein purpura.

received no specific treatment, of which thirteen (11.3%) made
a spontaneous recovery (Table 71-7).

Prognostic Features

Most authors (422,426–429) reached the conclusion that
within this severely affected group, the following clinical and
histologic features indicate a (relatively) favorable prognosis:
(a) history of prior infection, (b) presence of a urine output,
(c) lesser extent of crescent formation, (d) absent or mild tubu-
lar atrophy and interstitial fibrosis, (e) presence of glomerular
immune aggregates shown by immunohistology or electron mi-
croscopy, (f) presence of endocapillary proliferation, (g) intact
Bowman’s capsule, and (h) ANCA titers.

On histology, the correlation with the proportion of
glomeruli affected by extensive crescents has been mentioned
previously (Table 71-8). In view of the difficulty in defining
“crescents,” the change in number and extent of crescents with
time, and the small sample available, it is not surprising that the
correlation is only approximate: Even when 100% of glomeruli
are so affected, a proportion of patients may yet recover func-
tion. As usual, the extent and severity of tubulointerstitial dis-
ease correlates well with outcome, as reported for almost all
other forms of glomerulonephritis. In one series (418) using
a scoring system for severity of tubular atrophy and intersti-
tial fibrosis, of 26 patients with scores of less than 3 (of 8),
14 patients showed improvement in renal function, which was
sustained in 12. In contrast, of 13 patients with scores of 3
or higher, only 5 showed improvement and this was sustained
in only a single patient. Therefore, tubulointerstitial changes
together with the extent of crescent formation can give a very
good idea of which patients may respond to treatment and
point to those whose disease has evolved to a point at which
recovery is likely.

TA B L E 7 1 - 8

FREQUENCY OF AN OLIGOANURIC PRESENTATION
IN CRESCENTIC GLOMERULONEPHRITIS

Crescents (%) Patients with oligoanuria (%)
60–70 0
70–80 40
80–90 44
90–100 72
100 92

Excluding anti-glomerular basement membrane, polyarteritis, systemic
lupus erythematosus, and Henoch-Schönlein purpura.
(Data from: Rees AJ, Cameron JS. Crescentic nephritis. In: Cameron
JS, et al., eds. Oxford Textbook of Clinical Nephrology. London:
Oxford; 1992:418, with permission.)

Persistently high or rising titers of ANCA are often asso-
ciated with disease relapses (430,431). However, this associ-
ation may not occur in 10% to 30% or more of those with
such ANCA profiles during one or more years of follow-up,
but the use of an elevation in ANCA titer as the sole parameter
to justify immunosuppressive therapy cannot be endorsed. In
a prospective study of 100 ANCA-positive patients observed
over a 2-year period, relapse did not occur in 43% and 29% of
those with a rise in ANCA titers by immunofluorescence and
in PR3-ANCA titers by enzyme-linked immunosorbent assay
(ELISA), respectively (430,431). Thus, treating all patients who
have increases in ANCA titers would have resulted in unnec-
essary risks of toxicity in a substantial percentage of patients.
Therapy should be instituted only on the basis of unequivocal
evidence of clinical relapse, but patients with rising titers should
be followed closely for signs of clinical activity. Conversely, if
a patient was ANCA-positive during a period of active disease,
a persistently ANCA-negative status is consistent with, but not
absolutely proof of, remission. This was illustrated in a report
in which 37 of 100 patients with ANCA-associated vasculitis
suffered flares during the period of observation (430,431). Of
these, 13 were ANCA negative at the time of relapse.

Clinical Course

Postinfectious nephritis, even when crescents are present, has
a reputation of being more benign than comparable idiopathic
disease; the apparently good prognosis in poststreptococcal
nephritis is, however, the result—at least in part—of the inclu-
sion in published data of patients with relatively minor degrees
of crescent formation. In the analysis of Heaf et al. (432), only
51% of patients in the infection-related group had more than
80% of the glomeruli affected by crescents, compared with
69% of the anti-GBM group and 65% of the “idiopathic”
group. The prognosis for recovery diminishes only when the
number of glomeruli affected by occluding crescents reaches
or exceeds 60%; the literature on poststreptococcal crescentic
nephritis is particularly poor in its definitions of “extensive”
crescent formation, as we have discussed elsewhere (17). Con-
sequently, the prognosis for postinfectious nephritis with ex-
tensive crescent formation may not be as benign as supposed
in the past.

Second, oligoanuria is a factor indicating a poor prognosis.
In Table 71-8, the frequency of oligoanuria in relation to the
extent of crescent formation is shown in data taken from five
articles in the literature (406). Of 100 patients presenting with
oliguria of less than 500 mL per 24 hours, a GFR of less than
3 mL/minute, only 20 showed any recovery of renal function,
with or without treatment, which varied from series to series.
Bolton and Couser (433) reached an even more pessimistic con-
clusion from their analysis of the literature: Only 7% of oligoa-
nuric patients recovered function. Age, surprisingly, does not
play a major part in determining recovery (432).
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TA B L E 7 1 - 9

PROGNOSIS OF CRESCENTIC GLOMERULONEPHRITIS IN RELATION TO
ASSOCIATED GLOMERULAR DISEASE

Histologic diagnosis No. of patients “Improved” Death or dialysis

Postinfectious 47 23 (49%) 24 (51%)
No immune deposits/immune deposits 70 13 (19%) 57 (81%)
Antiglomerular basement membrane

disease
81 9 (11%) 72 (89%)

Vasculitis 69 4 (6%) 65 (94%)
All patients 521 124 (24%) 297 (76%)

(Reprinted from: Glassock RJ. A clinical and immunopathologic dissection of rapidly progressive
glomerulonephritis. Nephron 1978;22:253, with permission.)

The outlook for different groups of crescentic nephritis
varies, as might be expected. In Glassock’s analysis (427)
(Table 71-9) dating from the early and mid-1970s, the progno-
sis for patients with vasculitis and those with “idiopathic” im-
mune deposit–negative crescentic glomerulonephritis—many
of whom had vasculitis—was particularly poor. As shown in
the next section, this “natural” history of vasculitic crescen-
tic nephritis has been much modified for the better. Crescentic
nephritis complicating proliferative glomerulonephritis, other
than poststreptococcal nephritis, is rare in adults in devel-
oped countries, and few cases of crescentic MPGN (90) or IgA
nephropathy (417) have been described. In general, the prog-
nosis is worse than it is in patients not affected by crescents (see
previous discussion in section on MPGN and IgA nephropathy)
but the data are not extensive.

Apart from HSP, crescentic nephritis is rare in children. At
least four extensive series have been published (408–411), for a
total of 164 cases including 82 children with primary glomeru-
lonephritis (postinfectious, MPGN). Only nine (5%) had anti-
GBM nephritis, emphasizing the rarity of this form of nephritis
in childhood. Fourteen children had crescentic nephritis with-
out deposits, many (17%) had occult vasculitis, and the re-
mainder had various forms of glomerulonephritis, including
seven (4%) with crescentic IgA nephropathy; thus, this type of
crescentic nephritis, secondary to identifiable glomerulopathy,
appears relatively more common in children than in adults.
Twenty-two children (13%) had postinfectious nephritis and
17 had MPGN (six had type II MPGN). One child had a jugu-
loatrial shunt, and in 15, the crescentic nephritis could not be
further characterized. Twenty-five, the largest single group, had
HSP.

Clinicopathologic correlations were similar to those found
in adults. A total of 84 of 158 children with follow-up entered
end-stage renal failure, more than half within 1 month of on-
set and the remainder, from several months to 5 years later.
No patient in the South West Pediatric Group series (409) en-
tered into complete remission, but seven in the series from Paris
(408) and three in London (410) did. The remainder retained
proteinuria and hematuria with varying degrees of renal dys-
function. Therefore, the outlook for children with crescentic
nephritis does not differ greatly from that for adults, and even
patients with postinfectious glomerulonephritis may go into
renal failure.

At several points in this section, the effects of treatment
on the “natural” history of crescentic nephritis are mentioned
(432–434). Of course, dialysis alone without specific treat-
ment may allow time for spontaneous healing, when other-
wise an early death from uremia could be expected. Treatment
of both ANCA-related vasculitis and anti-GBM nephritis (dis-
cussed later) has had dramatic effects. What evidence is there

that treatment affects the outcome of other forms of crescentic
nephritis? The earliest data comes from Heaf et al. (432) who
undertook an extensive analysis of the effects of treatment in
all forms of crescentic nephritis, but their analysis included pa-
tients with both anti-GBM and vasculitic nephritis (Table 71-
10). The “best” results are obtained with the use of intravenous
methylprednisolone, which is relatively inexpensive, safe, and
simple to administer, or with plasma exchange, which is none
of these things. Bolton and Sturgill (435) and Couser (436) re-
viewed the use and results of intravenous methylprednisolone
and concluded that about three-fourths of treated patients with
idiopathic crescentic nephritis maintain or recover renal func-
tion (44 of 59 in Couser’s (436) analysis). Because these results
are as good as or better than those of more complicated regi-
mens including prolonged anticoagulation or plasma exchange,
this form of treatment seems preferable for all forms of cres-
centic nephritis, with the exception of anti-GBM nephritis, in
which intravenous methylprednisolone appears to have little
or no effect (435) (see later discussion).

The longer term outcome of patients with crescentic nephri-
tis has been less studied (437–439), perhaps because until re-
cently, survival of patients with severe disease was unusual.
Long-term follow-up of responders has revealed that more
than one-half have a sustained improvement in renal function,
whereas some patients slowly progress to ESRD. The series of
Bruns et al. (437) included eight patients with crescentic nephri-
tis without immune deposits (i.e., probable vasculitis) and two
patients with anti-GBM disease. However, in the remaining 13
patients, the disease was immune complex–related and its evo-
lution is of interest here. Seven patients entered chronic renal
failure after temporary recovery, two within a few months, but
five from 1 to 2 years later, and four remained in various degrees
of renal failure (Pcreat of 2 to 4 mg/dL) for 2 to 11 years. Despite
the initial clinical improvement, repeated renal biopsy usually
shows a marked increase in glomerulosclerosis, presumably re-
flecting healing of injury induced during the active stage of the
disease (440). Therefore, early therapy is essential in this dis-
order to minimize the inflammatory damage that leads to late
glomerular scarring.

Anti-GBM Nephritis

The prognosis of anti-GBM nephritis, with or without pul-
monary hemorrhage (Goodpasture’s syndrome), is now very
different from that described two or three decades ago (441)
(Chapter 60). First, many of the older descriptions were un-
knowingly contaminated by patients who had pulmonary hem-
orrhage as part of vasculitic syndromes (442). Second, as anti-
GBM antibody assays have become widely available, a group
of less severely affected patients have been described with more
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TA B L E 7 1 - 1 0

APPARENT INFLUENCE OF TREATMENT ON PROGNOSIS IN CRESCENTIC GLOMERULONEPHRITIS (ALL TYPES)

Results

Alive, Alive, Uremia +
No. of normal renal abnormal renal In uremia In dialysis dialysis +

Treatment patients function (%) function (%) (%) (%) Death (%) death

Symptomatic 82 3 7 3 42 45 = 90
Immunosuppression 144 11 15 4 22 47 = 71
Anticoagulationa 94 13 9 4 27 47 = 78
Plasma exchange 117 3 30 25 29 13 = 65
Methylprednisolone 39 20 36 7 24 12 = 43
Plasma exchange and

methylprednisolone
7 0 42 0 42 14 = 56

aRegarding these data, it must be remembered that comparable patients were not allocated to all the treatment groups and that some data are
predominantly recent (e.g., plasma exchange) and others less recent (e.g., immunosuppression alone).
Often combined with immunosuppression.
(Reprinted from: Heaf JG, Jorgensen F, Nielsen NP. Treatment and prognosis of extracapillary glomerulonephritis. Nephrons 1983;35:217, with
permission.)

indolent disease arising from anti-GBM antibody who do not
have extensive crescent formation (443). Finally, treatment has
modified the “natural” history of the condition in the last 15
years.

We realize now that anti-GBM disease may present first
with overt or occult pulmonary hemorrhage and with anemia,
and only later will renal manifestations supervene. Some pa-
tients who show linear deposits of anti-GBM antibody along
the GBM do not have clinical manifestations of renal disease.
Some patients have no lung hemorrhage, some have occult lung
hemorrhage detectable by the presence of severe anemia or a
raised Kco (pulmonary carbon monoxide transfer), whereas in
others the pulmonary hemorrhage is the dominant feature of
the disease and may be life-threatening.

At first, the prognosis for anti-GBM nephritis was worse
than that for almost any other form of nephritis, at least with
regard to renal function (Table 71-9). Some additional patients
died from pulmonary hemorrhage with relatively good renal
function. Therefore, only 18 of 136 patients reported in the
1960s and early 1970s survived. Even as recently as 1977,
Beirne et al. (426) found only 3 of 17 patients who retained
independent renal function and survived. Although occasional
dramatic recoveries have been described, even in those requir-
ing dialysis (444), they usually are related to patients without
very extensive crescent formation (3 of 13 glomeruli in the case
just cited) (444).

Plasma exchange to remove the circulating antibody, to-
gether with cyclophosphamide to prevent its resynthesis, has
changed the outlook for anti-GBM disease dramatically (Chap-
ter 60), although no controlled studies are available. It has
become evident that plasma exchange is normally effective in
protecting renal function only if the patient is treated early
enough, before oligoanuria and a requirement for dialysis has
become established (Table 71-11). Among patients already re-
quiring dialysis (445,446) very few recover renal function.
Walker et al. (447), however, reported more encouraging re-
sults: 5 (45%) of 11 oligoanuric patients in their series of 22
patients recovered renal function. Savage et al. (448), as well
as reviewing their extensive personal data from the Hammer-
smith Hospital (Table 71-11), reviewed collected data from
other units on 59 patients presenting between 1980 and 1984.
Of a total of 58 patients of 108 local and collected patients
who were oligoanuric and who received treatment with plasma
exchange and cyclophosphamide, 18 died and 51 continued

on dialysis; only 7 patients (13%) requiring dialysis recovered
function with aggressive treatment. In the series from Herody
et al. (449) in Paris, only 16 of 29 patients required dialysis,
illustrating the changed presentation of anti-GBM disease. The
more uremic patients did worse. Twenty-five of the 35 patients
of Merkel et al. (450) developed ESRD. In both series, the
combination of extensive crescents and oligoanuria predicted
a poor outcome. More severe disease and a poorer outlook are
associated also with the HLA type; those with HLA-DR2 along
with HLA-B7 doing poorly (451).

There are few longer term data on the survival of patients
with anti-GBM disease; renal survival is obviously much poorer
than patient survival, even though patients are at risk from
pulmonary hemorrhage and the effects of intensive immuno-
suppression. Turner and Rees (441) noted eight deaths (28%)
during the first year among 29 patients seen at the Hammer-
smith Hospital between 1976 and 1988. All occurred in pa-
tients with extensive crescents, an initial plasma creatinine con-
centration of more than 600 μmol/L, and pulmonary hemor-
rhage. Similarly, 8 (36%) of 22 patients in Walker’s series (447)
died within 12 months. Savage et al. (448) noted 15 deaths
(25%) within 8 weeks in their collected series of 59 British
patients seen during 1980–1984, half of which were the re-
sult of lung hemorrhage and 14 in patients requiring dialysis.
In the patients seen at the Hammersmith Hospital, 8 (16%)
of 49 patients died, all but 1 among those requiring dialysis,
and most dying from lung hemorrhage. The later mortality is
not given for either group, so 1-year figures are not available.
However, Merkel et al. (450) and Herody et al. (449) noted
only four deaths in the 64 patients in their two series, with 37
remaining alive on dialysis and 23 with recovery or retention
of some renal function. Only eight patients had a GFR within
the normal range, including one patient without clinical renal
involvement.

Therefore, an important determinant of the response to ther-
apy is early diagnosis. There is a direct correlation between the
initial plasma creatinine concentration and the percentage of
glomeruli with crescents; in particular, crescents are present
in more than 75% of glomeruli when the plasma creatinine
concentration is greater than 5 mg/dL (442 μmol/L). Avoid-
ance of maintenance dialysis is rare in patients who require
dialysis within 72 hours of presentation, particularly in those
who have crescents involving all glomeruli. In comparison,
prevention of ESRD can usually be achieved in less severe
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TA B L E 7 1 - 1 1

IMMEDIATE OUTCOME IN PATIENTS WITH ANTIGLOMERULAR BASEMENT MEMBRANE NEPHRITIS

Outcome after 8 wk

Presentation Pcreat(μmol/L) N Received full treatmenta Improved Requiring dialysis Death

Patients from British Renal units 1980–1984 (N = 59)
Normal 3 2 3 — —
<600 5 5 2 2 1
>600 7 7 — 4 3
Dialysis-dependent 44 33 — 33 11

Patients seen at the Royal Postgraduate Medical School 1974–1984 (N = 49)
Normal 4 4 3 — —
<600 15 15 13 2 —
>600 5 5 1 4 —
Dialysis-dependent 25 25 — 18 7

Treatment 5-yr survival (%) Author Year

Supportive only 13 Rose and Spencer 1957
13 Frohnert and Sheps 1964
12 Leib et al. 1979

Corticosteroids 62 MRC (U.K.) 1960
48 Frohnert and Sheps 1967
57 Sack et al. 1975
61 Cohen et al. 1980

Corticosteroids plus cytotoxics 80 Leib et al. 1979
55 Cohen et al. 1980

Corticosteroids plus cytotoxics
methylprednisolone IV and
plasma exchange in severe cases

N
53 38 Both Serra et al. 1984
34 65 Micropolyarteritis Savage et al. 1985
36 64 Both Coward et al. 1986
43 62 Micropolyarteritis Adu et al. 1987
26 80 Both Fuiano et al. 1988
54 56 Wegener’s Gaskin and Pusey 1992
49 64 Micropolyarteritis Gaskin and Pusey 1992
17 74 Wegener’s Cameron 1991
35 56 Micropolyarteritis Cameron 1991

aFull treatment, at least 8 weeks of cyclophosphamide + plasma exchange for 2 weeks.
(Reprinted from: Savage COS, et al. Antiglomerular basement membrane antibody–mediated disease in the British Isles 1980–4. Br Med J
1986;292:301, with permission.)
In the earlier series (pre-1980, e.g., Leib et al.), many patients had either no renal disease or only minor renal disease. In addition, most of these early
series included some patients with large-vessel vasculitis (polyarteritis nodosa). Thus, the data are not strictly comparable with those of more recent
series consisting almost exclusively of patients with either Wegener’s granuloma or microscopic polyarteritis, with severe (usually crescentic)
glomerulonephritis.

cases, although some do progress. From all the presented
data in the preceding text one can predict that about one-
fourth of patients with anti-GBM nephritis can be expected
to recover or maintain renal function, but only 10% of this
25% will have a normal GFR. The other 15% of the to-
tal will remain dialysis-dependent, and of these about 10%
will die within 12 months, most within the first 3 months,
often from pulmonary hemorrhage. Among those who re-
cover or maintain renal function, a proportion subsequently
develop uremia (447,452) and require dialysis or transplanta-
tion later. This “late” deterioration presumably arises through
whatever mechanisms operate in remnant kidneys, rather than
through specific immunologic attack. Return of active dis-
ease during follow-up is exceptionally rare, although it has
been described (453), which agrees with the hypothesis that
anti-GBM disease results from a single time-limited episode of

autoimmunity, the duration and severity of which can be inhib-
ited by removal and prevention of resynthesis of the causative
autoantibody.

ANCA-mediated Vasculitis

Wegener’s Granuloma, Microscopic Polyarteritis, and the
Churg-Strauss Syndrome. Wegener’s granulomatosis is a sys-
temic vasculitis of the medium and small arteries, as well as the
venules, arterioles, and occasionally large arteries. “Classic”
Wegener’s granulomatosis primarily involves the upper and
lower respiratory tracts and the kidneys. A “limited” form,
with clinical findings isolated to the upper respiratory tract
or the lungs, occurs in approximately one-fourth of cases.
Microscopic polyangiitis is a vasculitis that primarily affects
capillaries, venules, or arterioles. Involvement of small and



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-71 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:49

1842 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

medium-sized arteries may also be present. This disorder is
thought by some investigators to represent part of a clinical
spectrum that includes Wegener’s granulomatosis, since both
are associated with the presence of ANCA, with similar histo-
logic changes outside the respiratory tract (e.g., a focal necrotiz-
ing, pauci-immune glomerulonephritis), and have similar out-
comes. Although the similarities between these diseases are
generally accepted, histopathology in microscopic polyangiitis
does not include granuloma formation, and the ear, nose, and
throat are generally spared.

Until recently, there were few data on the long-term survival
of such patients because untreated survival was so miserable
(454–460). The 2-year survival rate of untreated vasculitic pa-
tients with severe nephritis was essentially zero, and there is
overwhelming evidence—albeit uncontrolled—that aggressive
treatment has modified the outlook dramatically over the last
two decades. Although Fauci et al. (457,458) were the first to
report the transformation of a 20% 2-year survival rate to a
93% survival rate at the same point in patients with vasculitis,
scrutiny of their reports shows that most of their patients had
no or only trivial renal disease.

Modern aggressive treatment of vasculitic nephritis is cen-
tered on the use of cytotoxic agents (usually cyclophos-
phamide) and corticosteroids (454,461–466). There is evidence
that this more aggressive regime improves results, decreasing
the number of patients who die of the vasculitis in the acute
phase (463). For patients with advancing or severe renal failure,
many units employ intravenous methylprednisolone, plasma
exchange, or both (461–466). Taken together, the results of
several small controlled trials (467–470) indicate that although
the addition of plasmapheresis is of no benefit in the predialysis
period, it may improve long-term survival in dialysis-dependent
patients. In contrast, there is no evidence to suggest that intra-
venous administration of cyclophosphamide during the acute
phase has any advantage (471), although intermittent intra-
venous cyclophosphamide may have benefits over long-term
azathioprine in the longer term. No trial comparing the two
has been performed, however.

Nachman et al. have recently published their experience
with treatment of 97 patients with ANCA-associated micro-
scopic vasculitis or ANCA-associated necrotizing crescentic
nephritis (472). Patients received prednisone alone or pred-
nisone with cyclophosphamide for about a year after the
pulse therapy with methylprednisone. Because this was not
a randomized controlled trial, multivariate analysis was per-
formed to assess treatment response and relapses. Overall,
75 of the 97 patients (77%) went into remission. Of the
75 responders, 32 patients (43%) remained in long-term re-
mission. Twenty-nine percent of the initial responders suf-
fered a relapse that generally occurred within 18 months
from the end of therapy. There was a significant difference
in the remission rate between corticosteroid-treated patients
and cyclophosphamide-treated patients (56% versus 89%;
p = 0.003). The cyclophosphamide-treated patients had three
times less risk of experiencing a relapse than did corticosteroid-
treated patients.

Prognostic markers for patient and renal survival were
analyzed in the same cohort of patients (473). The impor-
tant clinical markers that predicted patient death were pre-
sentation with pulmonary hemorrhage, presence of c-ANCA
(compared with p-ANCA), and treatment with steroids alone.
Conversely, serum creatinine on presentation, race (African
Americans worse than whites) and presence of arteriosclero-
sis on renal biopsy predicted renal survival.

Unlike in patients with anti-GBM nephritis, recovery of re-
nal function in patients with vasculitis and crescentic nephritis
who are already dialysis-dependent and oligoanuric is com-
mon, almost the rule (462–466,474). Death still occurs from
other complications of the vasculitis, but now the main cause

of early death is sepsis from the intense immunosuppression
in patients who are frequently older adults and often frail. In
earlier cases, reversal of mounting uremia is also usual. About
three-fourths or more of patients can be expected to survive
the early phases of the disease (462,464,474–476).

The rate for longer term patient survival using these forms
of treatment is between 50% and 80% at 5 years (463–
466,475,476), with similar figures reported for the few patients
studied for as long as 10 years. The redefinition of this group
of patients using ANCA has not altered prognosis (477,478).
Unlike patients with anti-GBM disease, rather few patients sur-
vive requiring dialysis after the acute attack. For example, of
60 patients with Wegener’s granuloma, Gaskin and Pusey (479)
noted severe renal disease in 54. Eleven patients (20%) died
during the first 2 weeks, seven among the 24 requiring dialysis,
mostly the result of pulmonary complications (hemorrhage and
infection); only 3 of the 24 continued on dialysis. There were
three additional later deaths in those who recovered function,
all the result of infection. The actuarial survival rate was esti-
mated to be 70% at 1 year and 56% at 5 years. Similarly, of
their 49 patients with microscopic polyarteritis (479), 14 ini-
tially required dialysis, 4 died without recovering function, 8
recovered function, 2 died shortly thereafter, and only 2 con-
tinued on dialysis. The patient survival rate was 78% (38 of
49) at 8 week, and renal survival was 73% (36 of 49). When
Wegener’s granuloma and microscopic polyarteritis are com-
pared, even when allowing for the extent of renal damage,
usually the patients with Wegener’s granuloma appear to do a
little better (465,479), but the difference is not striking. The
patients who die later (460,479) usually still have active but
suppressed so-called smoldering disease (479), but the mor-
tality rate has recently been reduced. An additional problem
with Wegener’s granuloma is that many patients with this con-
dition have little or no renal involvement (480,481), and not
surprisingly, the presence of renal disease is an indicator of
poorer prognosis (480,481). In some patients renal vasculitis
reactivates after prolonged remission (480), even after the pa-
tient has received a transplant (482,483). After the dramatic
improvement in prognosis during the 1970s and 1980s for
vasculitic patients, it appears that prognosis has now stabi-
lized and further improvement was not seen during the last
decade (484).

Factors that predict outcome are now obscured by the rel-
ative success of treatment. Clinically, as already mentioned,
oligoanuria does not predict failure of treatment, although
as a group, oligoanuric patients do rather worse. Histolog-
ically, the extent of crescent formation also has ceased to
be a predictor of longer term outcome in this data (465),
although it correlates with renal function at presentation
(Fig. 71-17).

Patients with vasculitis who survive the initial illness may
have a relapsing course, in which the frequency depends very
much on the intensity of the immunosuppression. Therefore,
in the series of 52 vasculitic patients seen during the 1980s,
almost all of whom were maintained on prednisolone and aza-
thioprine for 5 years or more, relapses were rare (465). ANCA
titers may be of help in diagnosing the possibility of relapse
early (485,486) and in modulating immunosuppression, be-
cause relapse is unlikely when the ANCA titer is normal. Per-
sistently high or rising titers of ANCA are often associated with
disease relapses (430,431). However, this association may not
occur in 10% to 30% or more of those with such ANCA pro-
files during one or more years of follow-up. In a prospective
study of 100 ANCA-positive patients observed over a 2-year
period, relapse did not occur in 43% and 29% of those with a
rise in ANCA titers by immunofluorescence and in PR3-ANCA
titers by ELISA, respectively (430,431). Patients with rising
titers should be followed closely for signs of clinical activity.
Conversely, if a patient was ANCA-positive during a period of
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FIGURE 71-17. Probability of survival of patients presenting with re-
nal vasculitis, 1981–1990. Guy’s Hospital data are from 1980 to 1989
(429). Wegener’s, 17 patients; microscopic polyarteritis (micro PAN),
34 patients; total, 51; mean age, 65 years; 19 requiring dialysis. Also
shown are the data of Serra et al. (419) published in 1984 on the out-
come of 53 patients presenting during the decade preceding the Guy’s
Hospital study. Overall survival has improved (p<0.05) in association
with more aggressive treatment (see text), and the major cause of death
is no longer the vasculitis itself but side effects of the more intense im-
munosuppression. Early mortality during the acute illness, although
reduced, remains the main problem.

active disease, a persistently ANCA-negative status is consis-
tent with, but not absolutely proof of, remission.

Vasculitis is rare in childhood (487), with the sole excep-
tions of the infantile Kawasaki disease, which usually spares
the kidney, and HSP, which is addressed in the next section.
Habib (488) reviewed a relatively large experience of 16 chil-
dren with Wegener’s granuloma or polyarteritis, whose clinical
picture did not differ from that in similar adults.

There are few data on the outcome of renal disease in the
Churg-Strauss syndrome, although it is now recognized that
renal involvement is more common and more severe than what
was thought in the past. Clutterbuck et al. (489) described the
outcome of 19 patients whose renal disease resembled histolog-
ically that of Wegener’s granuloma or microscopic polyarteritis.
However, the prognosis was better, with only one patient re-
quiring transplantation, five having varying degrees of chronic
renal failure, and the remainder maintaining renal function for
up to a decade. Only one patient died, of a restrictive cardiomy-
opathy.

Henoch-Schönlein Purpura Nephritis

HSP occurs more often in children than in adults, and many
cases follow an upper respiratory tract infection, suggesting
that the precipitating antigen may be infectious. In a review
from the United Kingdom, the annual incidence was about 20
per 100,000 children (peak 70 per 100,000 between the ages
of 4 and 6 years) and was little influenced by skin color or eth-
nicity (490). The prognosis of HSP without clinical nephritis
is excellent (491,492) (Chapter 61), and nephritis forms the
major cause of mortality and morbidity, apart from occasional
problems with intussusception and other gastrointestinal tract
complications (Chapter 61). Nephritis may appear with the ini-
tial attack but is particularly associated with recurrent attacks

of purpura (493) that may continue in exceptional patients
for months or even years. Even so, compared with that for
most other forms of glomerulonephritis in children or adults,
the prognosis even with nephritis remains good (494). Over-
all, after 2 years, half the children with HSP nephritis will be in
complete remission, whereas one-third show persisting urinary
abnormalities with normal renal function.

Few children (perhaps 3%) progress to renal failure immedi-
ately, and their renal biopsy specimens usually show extensive
crescent formation (409,410). No more than 19% show con-
tinued urinary abnormalities with reduced renal function. By
the time 10 years has passed (495), most of the children who
had urinary abnormalities but normal renal function at 2 years
will have gone into remission, but a proportion of those with
decreased renal function will have progressed to renal failure.

It is difficult to judge how many will eventually do so, but
Habib and Cameron (494) reported that 32 (17%) of 188 pa-
tients went into renal failure, and the total would probably be
about 20%. These data come from two highly specialized re-
ferral centers, and the proportion of children with more severe
disease is inevitably exaggerated in these figures (see the first
section of this chapter). The prognosis for unselected children
with HSP nephritis is undoubtedly better than this, but by how
much is impossible to say exactly. In the series from Kobayashi
et al. (496), only 3 (2.7%) of 123 children with nephritis died,
and 106 (86%) were in complete remission. In the study by
Koskimies et al. (491), only 1 child of 39 still showed signs of
evident nephritis and another 2 had chronic disease. Kobayashi
et al. (496) calculated a final remission rate of 91%, with a 9%
renal failure–death rate. However, although the benign nature
of the disease is usually emphasized, HSP nephritis accounts for
about 3% of children going into end-stage renal failure (497).

It would be useful to know at the outset which children
would be most likely to have a severe course, so treatment
could be concentrated on the minority who might require it.
There is some correlation between clinical onset and outcome
(Table 71-12). In general, patients with only symptomless uri-
nary abnormalities do well, whereas those with a nephrotic
syndrome, especially when combined with renal insufficiency,
do poorly (494,495,498–500). However, there are exceptions
in both directions. Another adverse feature is age at onset
(Table 71-13); there was, however, no relation with serum IgA
concentrations (497,499).

The best guide to outcome is a combination of clinical data
(Table 71-12) and biopsy data (494,501) (Table 71-14). Almost
all of those patients without diffuse glomerular proliferation
and with less than 50% of glomeruli affected by segmental le-
sions or crescents did well. However, those with more extensive
crescent formation tended to do poorly. Of children with dif-
fuse proliferative glomerulonephritis, only half of those who
had less than 50% of glomeruli affected by segmental lesions
healed clinically; the remainder showed persisting disease. In
those with more than 50% of glomeruli affected by segmen-
tal lesions, the evolution was favorable much less often, and
in those with more than 80% of glomeruli affected by cres-
cents, evolution was usually into renal failure (12 of 19 pa-
tients). It is in this group that aggressive treatment with in-
travenous methylprednisolone and plasma exchange is usually
concentrated (492). Two children in this group, however, re-
covered completely without aggressive intervention. Overall,
the greater the number of glomeruli affected by crescents, the
poorer the prognosis (409,410).

There are few data on the very-long-term outcome of chil-
dren with HSP nephritis, but recently 20-year data about (502)
patients studied in the past (493,501) was published. One im-
portant finding was that seven children who had apparently
recovered completely according to the last analysis in 1976
had deteriorated. Schaerer et al. (503) have published data
on 64 children followed for two decades. Renal survival at



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-71 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:49

1844 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

TA B L E 7 1 - 1 2

OUTCOME IN RELATION TO CLINICAL ONSET (10 YEARS FROM ONSET) IN HENOCH-SCHÖNLEIN NEPHRITIS

Outcome (no. of patients)

Recovery Minor urinary abnormalities Moderate nephropathy Renal failure Total

Hematuria only 4 0 1 0 5
Proteinuria + hematuria 31 3 3 3 40
Proteinuria + hypertension 7 0 0 1 8
NS + hematuria 8 0 0 1 9
“Nephritic-nephrotic” syndrome 11 3 5 7 26

Total 61 6 9 12 88

NS, nephrotic syndrome.
(Reprinted from: Counahan R, et al. Prognosis of Henoch-Schönlein nephritis in children. Br Med J 1977;2:11, with permission.)

10 years was 73%, with initial renal insufficiency being the
most powerful predictor of an adverse outcome.

Discussion of HSP nephritis in adults is made difficult by
several circumstances. First, a number of older articles that pur-
ported to deal with the topic do not distinguish between HSP,
other forms of vasculitis, and essential cryoglobulinemia, even
with the technology available when the data were collected
(504). Second, some articles dealt with adults and children and
it is impossible to separate the data. Third, in some reports,
patients without renal involvement cannot be separated from
those with nephritis. And finally, because of the relative rarity
of HSP nephritis in adult life, no single series is large enough
to form conclusions or do statistical analyses.

However, based on the published literature (505–518) and
data from a national survey of 47 patients with HSP nephri-
tis in the United Kingdom seen from 1976 to 1986 (519), the
clinical manifestations do not differ much from those in chil-
dren, although a history of prior drug ingestion and severe
arthralgia (80%) are more common, and abdominal signs and
symptoms less common (35%). The purpura more frequently
ulcerates in adults with HSP, particularly older adults, than in
children. The condition may be seen even in the ninth decade
of life; there is some suggestion that in younger adults, older
individuals with the childhood disease are present in decreas-
ing numbers with increasing age; then there is a “bulge” of
cases in the 50- to 70-year-old age-group, corresponding to that
for other forms of adult vasculitis. Coppo et al. (520) exam-
ined prognosis in a collaborative study of adults and children
with Henoch-Schönlein purpura, all of whom had nephritis. In

TA B L E 7 1 - 1 3

OUTCOME IN RELATION TO AGE AT ONSET IN
HENOCH-SCHÖNLEIN PURPURA NEPHRITIS

Age at onset (yr)

<6 6–11 <12

Recovery 19 38 3
Minor urinary

abnormalities
2 4 0

Moderate nephropathy 2 (12.5%) 6 (26%) 1 (50%)
Renal failure 1 9 2

Total 24 57 6

(Reprinted from: Counahan R, Cameron JS. Henoch-Schönlein
nephritis. Contrib Nephrol 1977;7:143, with permission.)

general, outcomes were similar, although slightly more adults
(15.8% of 97) than children (7% of 57) entered end-stage renal
failure. Two further series compared unselected adults and chil-
dren with Henoch-Schönlein purpura, both with and without
renal disease (521,522), noting a higher incidence of renal dis-
ease in older patients and an association of renal disease with
upper body purpura. Again, most adults (89%) and children
(94%) recovered completely.

However, the long-term prognosis may not be benign in
all patients who appear to recover from the acute nephritic
episode (523–525). A long-term retrospective study of a cohort
of 250 adults with HSP and renal involvement of sufficient
severity to require biopsy also reported that the renal outcome
of some patients is relatively poor (523). At a median follow-
up of nearly 15 years, 11% and 13% had become dialysis-
dependent or had severe renal failure (creatinine clearance of
less than 30 mL/minute), respectively. Sclerosis and fibrosis on
initial renal biopsy correlated closely with poor outcomes.

The renal histology in adults is similar to the findings in chil-
dren, and most interest has centered on whether the prognosis
in the adult differs from that in children (Table 71-15). There is
a suggestion that adults do a little worse than the selected chil-
dren seen in referral centers, but again the adults are even more
highly selected. Overall, 35 (12%) of 282 selected patients had
gone into ESRD or died of renal failure, although the duration
of follow-up differed greatly in the various studies included in
Table 71-15. Death, as might be expected in this older popu-
lation, sometimes resulted from unrelated causes (21 of 282,
7.4%). In the United Kingdom study of 43 patients (519), af-
ter 1 to 7 years of follow-up, 15 were in complete remission,
17 had urinary abnormalities (12 with normal renal function),
4 were receiving treatment for ESRD, and 7 had died (2 with
normal renal function). Some patients with HSP nephritis may
apparently heal but present with severe hypertension 10 to
20 years later (526), so blood pressure should be checked at
least once a year, indefinitely.

Systemic Lupus Erythematosus

The outlook for patients with clinically evident nephritis in a
setting of systemic lupus erythematosus is difficult to summa-
rize for several reasons (Chapter 65): First, being a multisystem
disease, extrarenal organ involvement may have a major effect
on the mortality and morbidity of patients with lupus, even
those in whom the main involvement is in the kidney (527–
530). Second, even in its “natural” untreated state, the disease
may manifest over a very wide range of activity, from a limited
indolent condition to a fulminant aggressive disorder affecting
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TA B L E 7 1 - 1 4

OUTCOME IN RELATION TO INITIAL BIOPSY APPEARANCE IN PATIENTS WITH HENOCH-SCHÖNLEIN
NEPHRITIS FOLLOWED FOR MORE THAN 1 YEAR

Recovery Minimal urinary abnormalities Persisting disease Renal failure

Nonproliferative glomerulonephritis
No crescents 1 0 0 0
Crescents <50% 17 9 1 2
Crescents >50% 0 0 1 3
Proliferative glomerulonephritis
No crescents 1 1 1 0
Crescents <50% 4 4 6 1
Crescents 50–80% 3 2 3 2
Crescents >80% 2 4 1 12

Total 28 20 13 20

(Reprinted from: Levy M, et al. Anaphylactoid purpura nephritis in childhood: natural history and immunopathology. Adv Nephrol 1976;6:182, with
permission; and from: Habib R, Broyer M, Levy M. Schönlein-Henoch purpura glomerulonephritis in children. In: Strauss J, ed. Pediatric Nephrology
4. New York: Garland; 1977:155, with permission.)

almost all major organ systems. Third, almost any pattern of
glomerulopathy may be seen in renal biopsy specimens (Chap-
ter 65). Fourth, the appearances may transform in sequential
biopsy specimens, both spontaneously and in response to treat-
ment (531–534).

The overall 10-year survival for patients with lupus is
greater than 90% (535). Patients with nephritis still have worse
survival rates than those without nephritis (88% versus 94%,
p <0.05) (535). During the last 20 to 30 years, however, the
major differences in outlook for those with different WHO
classes of nephritis (which had been evident in earlier studies
[536,537]) have disappeared (Table 71-16). This is likely be-

cause treatment has been more aggressive in those with clini-
cally or histologically more severe forms of nephritis (538,539).
Those with severe proliferative lupus nephritis (WHO class IV)
appear to have benefited from improved therapies (540,541),
and renal failure is no longer the principal cause of mortality
in this population (538,542,543). Awareness of lupus as a di-
agnosis is greater now than it was 30 years ago and relatively
specific tests for the condition are now widely available. Thus,
it is possible that some of the “improvement” in the survival
of all patients with lupus results from the inclusion of milder
forms in recent series, or due to earlier diagnosis of the disease
(544).

TA B L E 7 1 - 1 5

FOLLOW-UP IN PATIENTS WITH ADULT-ONSET HENOCH-SCHÖNLEIN PURPURA NEPHRITIS

Outcome in those with f/ua

Persisting
Male: disease
female (reduced

Ref. Author Country Period N Age (yr) ratio f/u (yr) Remitted function) ESRD/deadb

Series in which all patients had renal involvement
(507) Ballard U.S.A 1954–58 14 >20 14:0 Not stated 8 1 (1) 5/0
(512) Fillastre France 1964–71 28 >20 22:6 ?–13 8 7 (3) 2/1
(514) Kalowski Australia 1959–71 18 >16 13:5 Mean 3.7 5 9 (2) 1/3
(517) Roth U.S.A. 1968–83 9 >16 9:0 Not stated 7 2 (1) 0
(515) Lee Korea 1979–82 17 >16 9:8 Mean 3.2 10 7 (0) 0
(510) Esteve Spain Not stated 11 >16 5:6 Not stated 3 5 (0) 3
(511) Faull Australia 1975–85 27c >12 16:11 0.16–9.0 6 16 (6) 2/3
(519) Knight U.K. 1976–86 47 >20 34:13 1–7 15 17 (5) 4/7
(513) Fogazzi Italy 1967–88 16 >15 11:5 1–20 2 11 (9) 3/0

187 — 133:54 — 64 75 (27) 20/14

Series in which only some patients had renal involvement
(509) Debray France ?–1971 22 (10) >15 12:10 4 5 2 (0) 0
(508) Bar-On Israel 1959–69 21 (12) >15 12:9 0.5–6.0 4 2 2/0

Totals 209 — — 73 79 (27) 22/14

f/u, follow-up; ESRD, end-stage renal disease.
aNormal urine plus hypertension counted as continuing disease in f/u.
bDead, dead from causes other than renal failure.
c24 Patients older than 20 years.
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TA B L E 7 1 - 1 6

FIVE-YEAR ACTUARIAL SURVIVAL RATES FOR LUPUS, LUPUS NEPHRITIS, AND
WORLD HEALTH ORGANIZATION CLASS IV NEPHRITIS OVER THE LAST 40
YEARS

% 5-year survival (weighted mean of published series)

All lupus Lupus nephritis Class IV nephritis
Period (no. of papers) (no. of papers) (no. of papers)

1953–1969 49% (4) 44% (3) 17% (2)
1970–1979 82% (6) 67% (13) 55% (9)
1980–1989 86% (5) 82% (6) 80% (3)
1990–1995 92% (3) 82% (5) 82% (4)

A number of new treatment regimens offer the prospect
of improved outcomes, decreased toxicity, and possibly both
(545). Because of the small number of patients now dying or
going into ESRD, however, many of the recent studies are too
short or too small to adequately compare these newer regimens.
Clinicians now face the difficult decision of treating patients
with less well-established therapy in order to minimize the side
effects of therapy. Risk stratification and close clinical follow-
up are, therefore, as important as ever.

Causes of Death

Because it is a multisystem disease, the causes of death in lupus
are much more varied than those in other forms of primary
glomerulonephritis that are seen in young adults and that are
confined to the kidney. Sepsis, not surprisingly, emerges as one
of the major causes of death (527,530,546–548) promoted or
potentiated by immunosuppressive treatment. However, other
manifestations of extrarenal lupus may prove fatal as well
(527,530,546–548). Rather surprisingly, however, recent sur-
vival curves for renal function and for the patient are almost
identical in most series (538,548,549). A number of observers
have commented that in lupus patients, entry into chronic re-
nal failure may be preceded by long periods of clinical qui-
escence (550,551), suggesting that the mechanisms other than
continued activity of the nephritis determine the fate of the kid-
neys. A further cause of late death, even in young women with
lupus, is severe atheromatous myocardial and other vascular
diseases (44,46,527,547,548). The pathogenesis of these late
vascular lesions is not clear, but corticosteroid treatment, hy-
perlipidemia, and immune complexes may all play a part. Inter-
actions between immune complexes and hyperlipidemia have
been shown in experimental animals to accelerate atheroma
formation (42,43,552).

Predictors of Prognosis

The response to therapy and maintenance of remission are of
prognostic importance, highlighting the necessity of adequate
treatment. Korbet et al. (553) reported on the long-term experi-
ence of the Lupus Nephritis Collaborative Study Group. Defin-
ing remission as the combination of serum creatinine level of
less than or equal to 1.4 mg/dL and proteinuria of less than or
equal to 330 mg per day, these authors found a 10-year renal
survival of 94% in patients achieving remission in contrast to
only 31% in those failing to achieve remission. The importance
of remaining in remission has been underscored by the study of
Moroni et al. (554), who described the effect of renal disease
“flares” (significant increase in proteinuria or serum creatinine
level) on long-term renal function. In a group of 70 patients
followed for a median of more than 10 years, the likelihood of

adverse renal outcome (defined as doubling of serum creatinine
level) was increased nearly sevenfold in patients with a flare of
renal disease compared with those with no renal disease flares.
In patients with flares characterized by a rapid rise in serum
creatinine level, the risk of poor renal outcome increased 27-
fold. In a study of Chinese patients with WHO class IV disease
who were treated with cyclophosphamide, 38% of the patients
had renal flares with a mean follow-up of 8 years after the
last dose of cyclophosphamide (555). Significant independent
risk factors for renal flares were chronicity score, persistently
positive anti-dsDNA, and the absence of maintenance therapy
(azathioprine in this study). Furthermore, nephritic flares were
an independent risk factor for doubling of the serum creatinine
in this study. It appears clear, therefore, that the goal of therapy
must be the achievement and maintenance of remission with
stable renal function and minimal proteinuria.

Race is an obvious target for analysis, because the inci-
dence and prevalence of lupus are so much higher in blacks
and Asians than in whites (556–559). Although some studies
comparing black and white subjects have found no difference
in outcome (528,560–564), several large studies have shown
a poorer outcome for black subjects (556,565). Tejani et al.
(566) suggested that black children with an onset before pu-
berty form a particularly high-risk group. Gordon et al. (567),
examining national mortality from lupus in the United States,
again suggested a higher mortality among black women. Sim-
ilar results have been obtained from the Glomerular Disease
Collaborative Network at the University of North Carolina
as reported by Dooley et al. (568). In contrast to whites, in
whom 95% retained renal function 5 years after the diagnosis
of lupus nephritis, African Americans had a significantly worse
course, with only 58% retaining renal function at 5 years. The
difference was not attributable to age, duration of lupus, hyper-
tension, or biopsy indices of disease activity or chronicity. The
difference in outcomes in black Americans compared to white
Americans may, in part, be confounded by socioeconomic sta-
tus (561,565). Reveille et al. (569) reported black race as a
risk factor for renal disease and poorer survival and systemic
lupus erythematosus. This risk was independent of socioeco-
nomic status. Barr et al. (570), however, found that race was no
longer a significant predictor of progression when adjusted for
socioeconomic factors. This study also concluded that socioe-
conomic status, itself, is an important risk factor for disease
progression. The potential role of biologic or genetic factors
in the observed racial heterogeneity of outcomes remains to
be defined, although some genetic polymorphisms have been
suggested (571).

Clinical severity of nephritis may be a predictor of out-
come. Although many patients with initially severe disease
may have a favorable outcome, several studies have found that
a raised plasma creatinine concentration at the onset of dis-
ease is strongly associated with a poorer outcome (548,553,
556,564,572–574). The magnitude of proteinuria or the
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presence of nephrotic syndrome is more controversial. Several
reports (78,549,562) have not noted a difference in outcome in
those with nephrotic range proteinuria compared to those with
lesser degrees of proteinuria in univariate analysis. However,
Esdaile et al. (564) and Appel et al. (575) found poorer survival
in their nephrotic patients. In the data by Appel et al. (575) this
was particularly true in those whose nephrotic syndrome per-
sisted. In multivariate analysis, the degree of proteinuria has
also been shown to be a predictor of remission (553).

Indices of clinical activity of the lupus itself have been exam-
ined in a number of studies (563,564), many of which either did
not deal with lupus nephritis or did not specify how many of
the group studied had nephritis. However, there are clear cor-
relations between immunologic findings such as complement
concentrations and levels of circulating anti-dsDNA antibody,
and the severity of the clinical picture, judged in various ways
(576–579). In the analysis of Esdaile et al. (564) of a group
exclusively consisting of patients with nephritis, thrombocy-
topenia, hypocomplementemia, and an elevated DNA binding
at onset, all predicted poor outcome. Najafi et al. reported
that the presence of anti-Ro antibodies was a predictor of the
development of ESRD (574). Austin et al. (556) also found
hypocomplementemia to be predictive of a poor renal progno-
sis, together with anemia, which was also a risk factor in the
analysis by Donadio et al. (548) and in the report by Moroni et
al. (554). Using the National Institutes of Health (le Riche) in-
dex, Goulet et al. (580) found good correlation between overall
disease activity and renal outcomes. This was particularly im-
portant in patients without severe renal disease at presentation
in whom higher disease activity index nevertheless portended
an increased risk for subsequent renal insufficiency.

Age may also be a prognostic factor for patients with lu-
pus. The outcome of lupus in childhood has been the subject
of some controversy (581), with some series reporting poorer
survival rates in children than adults. Wallace et al. (78) re-
ported the outcome in 50 patients with onset before the age
of 16 years. The survival was 73% at 5 years and 58% at
10 years. Only one-third of these patients had nephritis, how-
ever, and unlike in most North American series the children
were predominantly White. Other series have shown better
survival rates for childhood lupus. In a series of 80 patients
who had the onset of lupus nephritis before the age of 20
years, the 5- and 10-year estimates of survival were 85% and
82%, respectively (581). In data from Minneapolis (533) on 70
childhood-onset cases, the 10- and 15-year survival rates were
85% and 77%. Esdaile et al. (564) performed a Cox analysis
and noted no difference in renal failure or renal death in those
older and those younger than 24 years at onset in a series of 87
patients. Austin et al. (582), however, found that age less than
24 years was a predictor of the development of renal failure.
There seems to be little difference in the survival of adults and
children or adolescents with lupus nephritis when other factors
are also considered (78,563–565,582), although some authors
(583) have interpreted the existing data as demonstrating that
young age confers a poorer prognosis. Overall it seems that the
difference in survival between children and adults, if there is
one, is not a major one.

Hypertension, at least severe hypertension, is not as com-
monly present in lupus nephritis at apparent onset as in some
other forms of glomerulopathy (e.g., 10 of 87 in Esdaile’s study
]). Hypertension was not examined as a prognostic factor in ei-
ther of two of the largest studies cited previously (78, 565), and
it was not mentioned in most follow-up studies. Esdaile et al.
(564) did not find any association between outcome and high
blood pressure itself, only with comorbid conditions. Similarly,
the Glomerular Disease Collaborative Network (568) did not
find hypertension to be an independent marker for poor renal
outcome. In contrast, the Gruppo Italiano (549), Ward and
Studenski (584), and Ginzler et al. (585) showed a markedly
poorer survival in their hypertensive subgroups. In almost all

patients, if hypertension is present at the outset or appears
later, it is usually treated vigorously. Nevertheless, unlike in
IgA nephropathy, for example, high blood pressure does not
seem to be a powerful predictor of outcome in lupus nephritis.

The number of disease criteria a patient demonstrates may
predict a worse outcome. Esdaile et al. (564) and Ginzler
et al. (565) have found that the total number of American Col-
lege of Rheumatology (ACR) criteria for the diagnosis of lupus
present at onset was a useful index of a poorer outcome. Swaak
et al. (586) noted a poorer prognosis in those with an increasing
number of clinical relapses, although this was in a population
predominantly not under heavy immunosuppression. The an-
tiphospholipid antibody syndrome (APS) has been associated
with renal artery stenosis, thrombotic microangiopathy, and
APS nephropathy, and the presence antiphospholipid antibod-
ies was associated with worse renal outcomes during long-term
follow-up (587).

Several authors have studied gender as a prognostic factor.
Male patients, of course, form only a small minority of pa-
tients with lupus, which makes comparison difficult except in
the largest series. In the series of Wallace et al. (78), in which
only 39% of patients had evident nephritis, there was a signif-
icantly worse outcome for the 63 men compared with the 546
women, and the data of Austin et al. (582) are in agreement
with this conclusion. In the study by Swaak et al. (586), 5 of
16 men and only 9 of 94 women died. The Cox analysis by
Esdaile et al. (564) suggested a higher rate of renal failure in
men, but no difference in nonrenal deaths. However, Ginzler
et al. (565), using a stepwise linear regression model, found no
difference in their large collected series. Tejani et al. (566) and
other pediatricians (588) suggested a poorer outcome for male
children, especially those with a prepubertal onset. In contrast,
Levy et al. (589) reported a higher frequency of death or end-
stage renal failure in girls. It must be recognized, however, that
the numbers are small and other confusing factors such as race
(see earlier discussion) are difficult to correct for.

Renal Biopsy Data

Pattern of Glomerular Disease

At a histologic level, a considerable body of data is available.
The WHO classification, which includes a category of scleros-
ing glomerulopathy (537,590), has been studied the most. Al-
though the overall prognosis of lupus nephritis has improved,
it is clear that the outcome varies for different classes of disease
(Fig. 71-18). Appel et al. (575) noted a better survival in those
with class II (mesangial) nephritis compared with the other his-
tologic classes. Similar results have been reported in a review by
Berden (591). In contrast, despite recent improvement, Austin
et al. (592) reported a poorer survival rate in those with class
IV nephritis, as did Nossent et al. (573) and Berden (591).

A particular problem exists with regard to patients classified
as having the WHO class III appearance—focal proliferative
glomerulonephritis. A diverse outcome has been reported for
such individuals (58,593,594), which illustrates the great vari-
ation in severity within this group. The survival of patients with
class IIIa disease (by the original WHO classification system)
resembles that for milder forms of lupus nephritis (595–597),
whereas survival of patients with more severe focal disease is
more akin to that of patients with class IV disease. In fact,
in the 10-year follow-up data from the Lupus Collaborative
Study (574), patients with class III disease were significantly
less likely to enter remission and had significantly worse re-
nal survival rates than patients with class IV disease. In the
revised WHO classification, the activity and chronicity of class
III lesions is also described (598).

Patients showing the WHO class V pattern (i.e., membra-
nous nephropathy) almost always have a more favorable course
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FIGURE 71-18. Renal survival based on histologic categorization and
subcategorization (censoring for nonrenal death). Renal survival is
shown for patients with World Health Organization (WHO) class
III (≥50%; or active and/or necrotizing lesions in 50% or more of
glomeruli), IV (in which there was inflammation in ≥80% of non-
hyalinized glomeruli), Vc (membranous glomerulonephritis superim-
posed upon class III), or Vd (membranous glomerulonephritis super-
imposed upon class IV). Survival for class III (N = 24) was significantly
worse than for class IV (N = 35) disease (P = 0.05, IV vs. III (≥50%).
Class Vc (N = 20) disease had a significantly worse renal survival than
class IV (p = 0.002). (From: Najafi CC, et al. Significance of histologic
patterns of glomerular injury upon long-term prognosis in severe lupus
glomerulonephritis. Kidney Int 2001;59:2156, with permission.)

(175,537,599–601), although renal failure occurs in a minority
(601,602). Persistent nephrotic syndrome has been reported to
be associated with a worse prognosis (564,572,575). It has re-
cently become clear that the long-term prognosis of lupus mem-
branous nephropathy varies depending on whether the patient
exhibits pure membranous (Va) or just mild mesangial prolif-
eration (Vb) versus those with coexisting proliferative disease,
either focal (Vc) or diffuse (Vd) (601,603). The 10-year sur-
vival rate fell from 72% in patients with Va or Vb disease to
48% in those with Vc lesions and only 20% in patients with
class Vd disease (603). As a consequence, in a recent revision
of the WHO classification system, the grades Vc and Vd have
been dropped (598). In this revised system, both pathologic
grades should be reported for patients with a combination of
class V disease with either class III or class IV so as to more
clearly communicate the lesion.

Individual Elements of Histology

Analyses have been performed also to assess the predictive
value of individual elements of the histologic picture. Two ob-
servations appear to show some reliability in predicting a poor
outcome. The first of these is extensive subendothelial deposits,
especially if they persist in repeated biopsy specimens (604–
607). The value of this observation may now be reduced in
most patients by aggressive treatment of such a histologic ap-
pearance. Still of value, however, are tubulointerstitial changes,
which were noted by Muehrcke et al. (608) as long ago as
1957. These changes pointed to a poor prognosis in a num-
ber of studies (564,592,609). Magil et al. (572) found that
the number of nonspecific esterase-positive cells (macrophages)
correlated with outcome, and another study (610) showed, us-
ing monoclonal antibodies to determine the phenotype of the
interstitial cells, correlations between both the numbers of in-
filtrating monocytes and T cells and subsequent GFRs. The
presence of crescents has also been related to a poorer prog-
nosis (611), as in other forms of nephritis, but very extensive
crescentic disease is relatively uncommon in lupus. Vascular le-

sions within the biopsy material (612,613) and intraglomeru-
lar capillary thrombi (614) have been associated with unfavor-
able outcomes also, although the latter observation has been
contested (595,615). In another study, the presence of intra-
glomerular leukocyte infiltration was found to be the strongest
correlate with progression to renal insufficiency (616).

Activity/Chronicity Indices. Because of dissatisfaction with
the data obtained by considering the morphologic aspects of
nephritis (which is in any case variable between and within
glomeruli in lupus nephritis, and also varies in sequential
biopsy samples (531–534)), an alternative approach has gained
support: that of assessing the histologic activity of the nephritis
on the one hand, and its apparent chronicity on the other, as
judged by the extent of sclerosis. This approach was pioneered
by Pirani and Salinas-Madrigal (617), Morel-Maroger (590),
and others in the 1960s and 1970s, but became popular af-
ter Austin et al. (592) described the calculation of activity and
chronicity indices using data from glomeruli and interstitium
(Table 71-17). This approach allowed these workers (592) to
identify clear groups at high and low risk for a poor outcome
and permitted therapeutic stratification, specifically, when and
when not to use aggressive treatment.

These data were supported by Magil et al. (572), Esdaile
et al. (564), and Nossent et al. (573), who all found a high
chronicity index to be the best predictor of subsequent renal
failure. However, several other authors found a poor or ab-
sent association of outcome with either index, or combina-
tions of them (575,595,618), although the follow-up period
in Schwartz’s study (618) was only 2 years. Nevertheless, it is
clear that chronic scarring is associated with poor prognosis.

Additional Value of Renal Biopsy Data. Several authors
(564,572,582,606,607) using different multivariate models
and different sets of data examined the additional value for
predicting outcome of the information from renal biopsy speci-
mens over that available from clinical studies. Whiting-O’Keefe
et al. (606,607) concluded that only the degree of sclerosis and
the presence or absence of subendothelial deposits seemed of
any great value. Austin et al. (592) and Magil et al. (572) sug-
gested that the WHO classification of biopsy data adds useful
information, and that the chronicity index is an even better
predictor of outcome. Esdaile et al. (564), however, found no
biopsy information that added to the clinical predictions. The

TA B L E 7 1 - 1 7

RENAL PATHOLOGY SCORING SYSTEM IN LUPUS
NEPHRITIS

Activity index Chronicity index

Glomerular abnormalities
Cellular proliferation Glomerular sclerosis
Fibrinoid necrosisa Fibrous crescents
Karyorrhexis
Cellular crescentsa

Hyaline thrombi wire loops
Leukocyte infiltration

Tubulointerstitial abnormalities
Mononuclear cell infiltration Interstitial fibrosis

Tubular atrophy

aFibrinoid necrosis and cellular crescents are weighted by a factor of
2. Maximum score of activity index is 24 and chronicity index is 12.
(Reprinted from: Austin KA III, et al. Prognostic factors in lupus
nephritis: contribution of renal histologic data. Am J Med
1983;75:382, with permission.)
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TA B L E 7 1 - 1 8

RISK FACTORS FOR PROGRESSION OF LUPUS
NEPHRITIS

Strong evidence
Response to treatment (553)
Maintenance of remission (553–555)
Race (556,565,566,568)
Plasma creatinine at onset of disease (548,553,556,564,

572–574)
Disease activity (overall disease activity [580], anemia

[548,554,556], hypocomplementemia [556,564], anti-Ro
antibodies [574])

WHO histologic classification (573,574,591,592)
Chronicity index (564,572,573,592)

Some evidence
Socioeconomic status (570)

Conflicting evidence
Proteinuria (549,553,562,564,575)
Hypertension (549,564,568,584,585)
Age (78,563–565,582,583)

value of the biopsy in directing more aggressive—and possibly
more successful—therapeutic strategies is almost impossible to
evaluate, but as most analysis of prognosis and response to ther-
apy in lupus nephritis is based upon the underlying histology,
evaluation of the biopsy is an essential part of risk stratification
and therapeutic decision making

Inapparent Renal Disease in Lupus. A number of authors
noted that patients without clinical manifestations of nephritis
have changes in their glomeruli amounting to glomerular dis-
ease. There have been few follow-up studies on such patients,
but the study of Leehey et al. (619) showed that most remain
without clinical nephritis for some years, although even severe
diffuse proliferative patterns may be observed in some patients.
Similar findings have been reported by Gonzalez-Crespo et al.
(620). However, it is equally obvious that all patients with clin-
ically evident nephritis must go through a period of absent
or occult disease before the disease becomes evident; it is not
known how many of these patients run a subclinical course for
a prolonged period.

Long-Term Outlook for Lupus Nephritis

There are some data relating to 10-year survival or longer for
patients with lupus nephritis (543,548,549,621–623). The dif-
ferences between the various forms of nephritis have decreased
and the survival is now better than 80% at 10 years (562,595).
However, recent data (543,562,595) show no further improve-
ment in outlook during the 1990s, with a persisting minority
of patients who either die or go into end-stage renal failure
within a decade. There is little information on 20-year sur-
vival, although a cohort of 60 patients treated between 1976
and 1986 (543) demonstrated about 75% survival, similar to
data found in the paper of Moroni et al. (623).

There are surprisingly few data also on the longer term sta-
tus of patients with lupus nephritis in relation to treatment:
How common is stable long-term remission after discontinu-
ing all therapy? Is there a difference between patients treated
with cyclophosphamide or azathioprine in this respect? Given
the recent evidence that mycophenolate is effective for induc-
tion or maintenance therapy (624,625), the long-term outcome
for patients treated with this agent are also important to know.
As noted previously, in an analysis of patients treated before

1986 (543) who all had a potential follow-up of more than
15 years (actual median follow-up, 15.5 years; range, 2 to 31
years) prognosis improved in the cohort studied from 1976
compared with those who entered in 1975 or earlier, but the
subsequent decade saw no further improvement (10-year sur-
vival of 57%, 81%, and 84%, respectively). After 20 years,
more than three-quarters of patients can expect to be alive with
renal function. Of living patients with renal function, 38% had
no proteinuria, but only 11% were receiving no specific treat-
ment. The report by Moroni and colleagues (623) on a smaller
group of patients is more encouraging. Of 34 patients who
had actually completed 10 years of follow-up, only 6 (17.5%)
had died, 3 were receiving end-stage treatment, 6 had elevated
plasma creatinine levels (3 with proteinuria), 6 had minor pro-
teinuria with normal function, and 15 were in complete remis-
sion; 11 patients (32%) had been off all treatment for a mean of
7.5 years. None of the patients in these two series had received
intravenous cyclophosphamide, and the medium-term (2 to
10 years) results are similar to those treated with this type of
regimen in other hands. In a more recent report that included
patients with proliferative disease who had been treated with
cyclophosphamide (574), the overall 15 year renal survival was
50% and the 15-year patient survival was 70%. Unfortunately,
greater detail regarding the long-term outlook for patients after
receiving cyclophosphamide has not been reported. In partic-
ular, data regarding the number of patients free of treatment
long term is unknown.

CONCLUSIONS

This chapter presents data suggesting that most patients with
progressive forms of glomerulonephritis reach renal failure
within 5 to 15 years after apparent clinical onset, and simi-
larly, those who enter remission will usually have done so by
the end of this time. Few patients show much more rapid evo-
lution or remission, and only a few will have persisting urinary
abnormalities with normal renal function.

These patients show “grumbling” nephritis, with protein-
uria, hematuria, or both, persisting at various levels of ap-
parently stable renal function for 20 years or more. This is
particularly common in membranous nephropathy and in IgA-
associated disease. It can also be seen in treated patients with
lupus nephritis.

One major task, along with the introduction of effective
treatments to slow or eliminate the deterioration in renal func-
tion, is to identify as early as possible those patients who have
a progressive course so treatments can be focused on this high-
risk group. Several features consistently emerge from multi-
variate analyses as predictors of a poor outcome in a broad
range of glomerular diseases: (a) the magnitude and duration
of proteinuria—although this must be interpreted in light of the
renal biopsy findings, because patients with minimal change
nephrotic syndrome may show the highest figures; (b) a raised
plasma creatinine concentration that does not return to nor-
mal on control of the nephrotic syndrome, because reversible
changes in Kf may depress the GFR temporarily; (c) tubuloin-
terstitial damage in the renal biopsy specimen—in general the
severity of glomerular changes is a much poorer indicator of
outlook, with the sole exception of extensive crescent forma-
tion; and (d) a persistently raised blood pressure—again, the
transient hypertension of some patients with minimal change
nephrotic syndrome or reversible acute nephritis makes a pe-
riod of observation necessary, and the first figures obtained on
admission to hospital relatively useless.

A number of other features (e.g., male sex and increas-
ing age) are less consistently predictive of a poor outcome.
Some authors have suggested that the amount of urinary blood
excreted by patients with hematuric illnesses predicts poor
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outcome, but others found just the opposite. Therefore, the
archetypal patient with glomerulopathy and a poor outlook
is a middle-aged or older adult man with sustained hyperten-
sion, an elevated plasma creatinine concentration, persistent
nephrotic-range proteinuria, tubulointerstitial damage in re-
nal biopsy specimens, and crescents if a proliferative glomeru-
lonephritis is present. On the contrary, a young normoten-
sive woman whose proteinuria remits or diminishes, who has
normal renal function, and whose biopsy reveals only intra-
glomerular changes is almost certain to do well.

Glomerulonephritis, although no longer the most common
single cause of end-stage renal failure, remains the most com-
mon cause in young adults. Now we need 15-, 20-, and 30-year
follow-up data on patients with glomerular diseases to answer
the many questions raised in this chapter about the fate of indi-
vidual groups. Collecting such data is tedious, without glamor,
and difficult to fund; changes in staff over the years result in
many studies never being completed. Without such data, how-
ever, we will never be able to present even a 20-year picture of
what happens to patients with glomerular disease.
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CHAPTER 72 ■ CHRONIC
TUBULOINTERSTITIAL NEPHROPATHIES
GARABED EKNOYAN AND UDAY KHOSLA

Diseases of the kidney primarily affect the glomeruli, the vas-
culature, or the remainder of the renal parenchyma, that is,
the tubules and interstitium. The chronic forms of the latter
category of diseases of the kidney are considered in this chap-
ter. Initially referred to as interstitial nephritis (1,2), the more
descriptive terms tubulointerstitial diseases (3), nephritis, or
nephropathies (4) are now used to classify this heterogeneous
group of disorders that in its primary form affects the renal
tubules and interstitium and only secondarily involves the other
structural components of the kidney.

The preferential use of the qualifier tubulointerstitial was
first proposed because structurally it is the tubules, not the
interstitium, that comprise the bulk of the normal kidney
parenchyma and sustain the brunt of the injury; and clinically,
disorders of tubular function constitute the most notable com-
ponent of the disordered pathophysiology of these diseases and
thereby differentiate them from other forms of kidney disease
resulting from glomerular or vascular lesions (3–5). In addi-
tion, increasing evidence now indicates that the tubular ep-
ithelial cells are an integral component of the pathogenesis of
these diseases, in both the processing and the presentation of
foreign antigens and in the progressive interstitial changes that
ensue (6–9). This is not to imply that glomerular lesions do not
occur or contribute to the loss of kidney function in these dis-
eases. Although the primary lesions originate in the tubules and
interstitium, many of them eventually will develop structural
and functional abnormalities of the glomeruli (3,5), whose
structural alterations are characterized by glomerulosclerosis,
whereas the functional changes are evidenced by a progressive
reduction in the glomerular filtration rate (GFR), the develop-
ment of glomerular proteinuria, and ultimately, the onset of
volume-dependent hypertension (4,10,11). Early in the course
of tubulointerstitial diseases of the kidney, with their character-
istic insidious onset and indolent course, tubular dysfunction
is almost always out of proportion to any coexistent glomeru-
lar dysfunction (3,4,11). In the later phases of tubulointersti-
tial diseases of the kidney in which the glomerular lesions are
quite advanced, it may be difficult to differentiate them from
the end-stage kidney disease of any etiology. Although diseases
of the glomeruli and vasculature are excluded, by definition,
from primary chronic tubulointerstitial nephropathies, the sec-
ondary forms of tubulointerstitial nephritis are an important
component of diseases of the glomeruli and vasculature, and
the extent and severity of concurrent tubulointerstitial changes
contribute significantly to their clinical course (12). It is the de-
velopment of the secondary form of tubulointerstitial nephritis
that attends almost all instances of progressive glomerular and
vascular diseases that determines, in large part, their outcome
(12–18).

The frequency with which primary tubulointerstitial dis-
eases affect the kidney is difficult to determine. Their im-
portance, however, can be appreciated because an estimated
20% to 40% of all patients who develop kidney failure and
become dialysis-dependent have primary tubulointerstitial dis-

ease as the cause of their kidney failure (19–21). Taken together
with the demonstrated role of secondary tubulointerstitial le-
sions in the deterioration of kidney function in those with pri-
mary glomerular or vascular disease (8,21,22), it becomes evi-
dent why it is important to evaluate and appreciate lesions of
the interstitium and tubules in chronic kidney disease of any
etiology.

The preferential use of the term tubulointerstitial should in
no way minimize the role of the interstitium, because this is
where the pathogenesis and evolution of the disease is perpetu-
ated (7,8,18), and the interstitial lesions may well account for
many of the disorders of tubular function that are characteristic
of these diseases. The renal interstitium as an important com-
ponent of kidney function has long been appreciated. The inter-
stitial solute concentration in the cortex and in the medulla is
an integral component of the regulatory mechanisms for prox-
imal reabsorption and for concentration and dilution of urine,
respectively (23,24). Furthermore, the endocrine functions of
the interstitial cells, in the release of renin and erythropoietin
in the cortex and of prostaglandins in the medulla, are essen-
tial modulators in the role of the kidney in maintaining home-
ostasis (14,23–25). Conceptually then, interstitial events could
account for the pathogenesis, progression, and clinical mani-
festations of chronic kidney diseases in general and of the tubu-
lointerstitial nephropathies in particular (Fig. 72-1). Still, the
tubular changes bear the brunt of the insult and, because they
are functionally more important, account for the clinical and
functional manifestations of any interstitial nephritis. Evalua-
tion of tubular function is extremely important because of its
predictive value of the extent of tubulointerstitial nephritis, and
as such would provide a readily available, noninvasive, clini-
cal assessment of the severity and prognosis of chronic kidney
diseases (26).

STRUCTURAL FEATURES
OF THE INTERSTITIUM

The interstitium of the kidney consists of peritubular and
perivascular spaces. The relative contribution of each of these
spaces to interstitial volume varies, reflecting in part the arbi-
trary boundaries used in assessing them. The portion of renal
tissue occupied by interstitium increases from the cortex to the
papilla. In the cortex, there is little interstitium, because the
peritubular capillaries fill most of the space between the tubules
and the cortical interstitial cells, which are scattered between
the capillaries and tubules of the cortical labyrinth and are rel-
atively inconspicuous. In the medulla, however, there is a no-
ticeable increase in interstitial space, and the interstitial cells
have characteristic structural features and an organized ar-
rangement. The ground substance of the interstitium contains
different types of fibrils and a basementlike material embedded
in a glycosaminoglycan-rich substance (27–30).

1860
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FIGURE 72-1. Schematic overview of the potential
pathways in the pathogenesis of chronic tubulointersti-
tial nephritis due to primary tubular injury or secondary
to glomerular disease.

The relative volume of the interstitium of the cortex is ap-
proximately 7%, consisting of about 3% interstitial cells and
4% extracellular space (23,31,32). The vasculature occupies
another 6%; the remainder (i.e., 85% or more) is occupied
by the tubules. The cortical interstitial space is distributed un-
evenly and has been divided into “narrow” and “wide” struc-
tural components (30,31). The tubules and peritubular capil-
laries are closely apposed at several points, sometimes to the
point of sharing a common basement membrane, or are sepa-
rated by a very narrow space, the so-called narrow interstitium,
which occupies an estimated 0.6% of cortical volume in the rat.
The narrow interstitium occupies about one-half to two-thirds
of the cortical peritubular capillary surface area. The remain-
der of the cortical interstitium consists of irregularly shaped,
clearly discernible larger areas, the so-called wide interstitium,
which occupies an estimated 3.4% of cortical volume in the
rat (30,31). Most of the cortical interstitial cells are located in
the wide interstitium. The capillary wall facing the narrow in-
terstitium is significantly more fenestrated than that facing the
wide interstitium (23,30). Evidence for a possible functional
heterogeneity of these interstitial spaces has been advanced on
the basis of studies of the interstitial albumin pool (28). The
actual significance of these findings, however, remains to be
clarified.

In the medulla, the size of the interstitium increases grad-
ually from the outer medullary stripe to the tip of the papilla
(23,30), because of the increase in the relative volume contri-
bution of both the interstitial cells and the extracellular space.
Actually, in the outer stripe of the outer medulla, the relative
volume of the interstitium is slightly less than that in the cortex
and has been estimated to be approximately 5% in the rat. It
is in the inner stripe of the outer medulla that the interstitium

begins to increase significantly in volume in increments that
gradually becomes greater toward the papillary tip (23,30–34).
The inner stripe of the outer medulla consists of the vascular
bundles and the interbundle regions, which are occupied prin-
cipally by tubules. Within the vascular bundles, the interstitial
spaces are meager, whereas in the interbundle region, the inter-
stitial spaces occupy 10% to 20% of the volume. In the inner
medulla, the differentiation into vascular bundles and inter-
bundle regions becomes gradually less obvious until the two
regions merge. This is coupled by a gradual increase in the rel-
ative volume of the interstitial space from the base of the inner
medulla to the tip of the papilla. In the rat, the increment in
interstitial space is from 10% to 15% at the base to about 30%
at the tip, and, in the rabbit, from 20% to 25% at the base to
more than 40% at the tip (35).

The cortex contains two types of interstitial cells. The more
abundant variety of interstitial cells are the type I or the fibrob-
lastic cells. These have a prominent rough endoplasmic reticu-
lum and elongated mitochondria. They appear to produce the
extracellular interstitial matrix and contribute to fibrosis in re-
sponse to chronic irritation as they evolve into myofibroblasts.
The less common type II interstitial cells are mononuclear cells
or macrophages, which have an abundant chromatin and no
endoplasmic reticulum with demonstrable phagocytic ability,
and through their autocrine function contribute to the fibroge-
nesis of tubulointerstitial nephropathy (23,30). An interstitial
infiltrate of recruited mononuclear cells is a prominent feature
of chronic interstitial nephritis, but some of the infiltrating cells
are derived from these local precursors (6,7,19).

In the outer zone of the outer medulla, the interstitial cells
are similar to those in the cortex. In the inner zone of the
outer medulla and the inner medulla, the cellular content is
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significantly altered. A unique type of cell that is present in in-
creasing numbers toward the tip of the papilla is the lipid-laden
interstitial cell. The number of cytoplasmic lipid droplets of
these cells varies from one cell to the other, and there are differ-
ences in the number of droplets among species and among indi-
viduals of the same species. A change in the number of droplets
has been suggested, but not conclusively demonstrated, to oc-
cur in relation to the intake of salt and water and the level of
blood pressure (36). These cells are also the source of the inter-
stitial glycosaminoglycans in the inner medulla (30). Another
characteristic feature of these medullary cells is their connec-
tion to each other in a characteristic arrangement, similar to
the rungs of a ladder, with a distinct close and regular trans-
verse apposition to their surrounding structures, specifically
the limbs of the loop of Henle and capillaries, but not to the
collecting duct cells (23,27). The other types of medullary cells
are the mononuclear cells or macrophages and the pericytes.
The latter are prominent in the descending vasa recta in the
outer medulla but become rare as the vascular bundles break
up in the inner medulla. The number of mononuclear cells and
macrophages increases in the inner stripe of the outer medulla
and is highest in the inner medulla (29). Proliferation and up-
regulation of resident macrophages and pericytes, in response
to injury, are an essential determinant of the extent of fibrosis
that characterizes tubulointerstitial nephritis.

The extracellular loose matrix is a hydrated gelatinous sub-
stance that consists of glycoproteins and glycosaminoglycans
(hyaluronic acid, heparan sulfate, dermatan sulfate, and chon-
droitin sulfate) that are embedded within a fibrillar reticulum,
which consists of collagen fibers (types I, III, and VI) and
unbanded microfilaments. Collagen types IV and V are the
principal components of the basement membrane lining the
vessels and tubules. Glycoprotein (fibronectin, laminin) com-
ponents of the basement membrane connect it to the interstitial
cell membranes and to the fibrillar structures of the intersti-
tial matrix (37). The relative increase in interstitial matrix of
the medulla may be important for providing support to the
delicate tubular and vascular structures in this region, and its
inflammation-mediated compositional alterations might well
account for the susceptibility of the structures in this region to
toxic reactive metabolites (38).

FUNCTIONAL SIGNIFICANCE
OF THE INTERSTITIUM

Exchange processes between the different segments of the renal
tubular and vascular components are at the core of the homeo-
static functions of the kidney. In most physiologic discussions,
the transport of ions, water, and proteins is described as though
it occurred directly from the tubule to the capillary, and the em-
phasis is on the permeability of the membranes concerned. In
fact, the reabsorbed or secreted tubular fluid has to traverse
a true interstitial space between the tubules and peritubular
capillaries. The structure, composition, and permeability char-
acteristic of the interstitial space must, of necessity, exert an
effect on any such exchange. Several studies suggest that pres-
sure and volume conditions of the interstitial space modulate
renal tubule function in response to fluid-balance disturbances.
The normal interstitial hydrostatic pressure of about 3 mm
Hg and protein concentration of about 2 g% changes with
extracellular fluid volume expansion to 5 to 10 mm Hg and
0.5 g%, respectively (39). Similarly, rapid transient changes in
the hydrostatic pressure of the interstitial spaces occur after the
intraaortic injection of albumin or saline solutions (39). There
are also measurable changes in the volume of the medullary in-
terstitial space during water diuresis and vasopressin-induced
antidiuresis (40). Homeostasis is also controlled by paracrine

mediators according to the cytoarchitectural features between
the tubules and arterioles. The site where such a structure–
function mechanism has been best elucidated is the conglom-
erate of cells at the connection between the macula densa and
the glomerular vasculature that has been considered to form
an “apparatus,” as reflected in its accepted name: the juxta-
glomerular apparatus (41).

Although the normal structural and functional correlates of
the interstitial space are poorly defined, changes in the intersti-
tial composition and structure are bound to reflect themselves
in changes of tubular function. Structural changes of the inter-
stitium, by altering equilibration or exchange, and the release
of vasoactive cytokines by the infiltrating cells, could well re-
sult in a significant alteration in the normal functions of the
renal tubule. Correlation of the structural changes of the inter-
stitium to those of kidney function may be better envisioned
when the rich but delicate capillary network of the renal micro-
circulation is taken into consideration. The periarterial loose
connective tissue that envelops the intrarenal microvasculature
in the cortex is continuous with that of the sparse peritubu-
lar interstitium (23,30,31). It is possible that changes in the
supporting interstitium could affect the blood flow to the adja-
cent tubule and thereby cause tubular dysfunction (Fig. 72-1).
Angiographic studies of the renal microcirculation reveal that
the number and volume of peritubular capillaries are markedly
compromised in the areas of interstitial inflammation and fi-
brosis (42–44). Interstitial alterations also may be reflected
in changes in glomerular capillary pressure and filtration rate
through a tubuloglomerular feedback mechanism; specifically,
as the function of the affected tubular segments becomes com-
promised secondary to interstitial disease, solute delivery to
the macula densa may be altered (24,39,45,46). On the basis
of experimental models and studies correlating morphometric
analysis of human kidney biopsy specimens to kidney function,
it has been suggested that obliteration of postglomerular capil-
laries secondary to interstitial injury and fibrosis may account
for changes in kidney function (44,47), and by extension to the
pathogenesis of progression of kidney disease to kidney failure
(48,49).

It is of special relevance, in this regard, that attempts to
correlate kidney function with histologic abnormalities of the
glomeruli have been conflicting. Whereas some studies found
a relationship (50,51), others were unable to document any
correlation (46). Conversely, several studies of abnormalities
of the tubulointerstitial tissue show a close correlation with
abnormalities of kidney function in an assortment of chronic
kidney diseases (13,22,52–56). A careful study of 70 patients
with various renal diseases, most of which were glomerular
in origin, evaluated by semiquantitative morphometric anal-
ysis of the biopsy material the changes in glomerular, tubu-
lar, vascular, and interstitial components (57). Studies of kid-
ney function, performed within 2 days of the biopsy, included
measurements of GFR, effective renal plasma flow, acidifying
ability, and maximal concentrating ability. The GFR showed
a higher correlation with interstitial and tubular damage, re-
gardless of the disease process (Fig. 72-2). Interstitial fibrosis
and cellular infiltration were also well correlated with GFR,
whereas edema was not. In contrast to these findings, there
was only a modest correlation between GFR and the glomeru-
lar injury score. As might be expected, effective renal plasma
flow showed a high correlation with the degree of vascular
disease (Fig. 72-3); it was also highly correlated with tubu-
lar and interstitial damage but not to glomerular lesions. The
urinary concentrating ability was found to be a very sensitive
indicator of the presence or absence of tubular and interstitial
abnormalities (Fig. 72-4). It was the severity of tubulointersti-
tial damage and not the primary kidney disease that seemed
to be the determinant of impairment in concentrating abil-
ity. All patients whose maximal urinary osmolality was less
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FIGURE 72-2. Relationship of inulin clearance to the severity of tubu-
lointerstitial lesions. The regression line is y = 122 − 8.8x. Symbols rep-
resent categories of kidney diseases studied: ♦, acute glomerulonephri-
tis; �, chronic glomerulonephritis; �, tubulointerstitial nephropathy;
�, nephrosclerosis; �, miscellaneous. (From: Schainuck LL, et al.
Structural-functional correlations in renal disease. Part II: the corre-
lations. Hum Pathol 1970;1:631, with permission.)

than 600 mOsmol/kg of water had moderate-to-severe tubu-
lointerstitial lesions, whereas those able to concentrate their
urine to more than 800 mOsmol/kg of water had only mini-
mal tubulointerstitial lesions. There was only a modest, albeit
significant, relationship between urinary concentrating ability
and the severity of the glomerular score. Finally, the impair-
ment in the ability to excrete titratable acid and ammonium

FIGURE 72-3. Relationship of effective renal plasma flow as mea-
sured by the clearance of p-aminohippurate (PAH) to the severity of
vascular disease. The regression line is y = 553 − 38x. Symbols repre-
sent categories of kidney diseases studied: ♦, acute glomerulonephri-
tis; �, chronic glomerulonephritis; �, tubulointerstitial nephropathy;
�, nephrosclerosis; �, miscellaneous. (From: Schainuck LL, et al.
Structural-functional correlations in renal disease. Part II: the corre-
lations. Hum Pathol 1970;1:631, with permission.)

FIGURE 72-4. Relationship of the maximum ability to concentrate
the urine (maximal osmolality) to the severity of tubulointersti-
tial lesions. The regression line is y = 975−59x. Symbols repre-
sent categories of kidney diseases studied: ♦, acute glomerulonephri-
tis; �, chronic glomerulonephritis; �, tubulointerstitial nephropathy;
�, nephrosclerosis; �, miscellaneous. (From: Schainuck LL, et al.
Structural-functional correlations in renal disease. Part II: the corre-
lations. Hum Pathol 1970;1:631, with permission.)

in response to an acid load was highly correlated with the de-
gree of interstitial and tubular lesions and to a much lesser
degree with glomerular changes (Fig. 72-5). With increased
awareness of the role of the interstitial lesion, these studies
were expanded (12,14,58–60), and the presence of interstitial
fibrosis has been documented to show a significant correlation
with the progression of kidney diseases of glomerular origin
(Fig. 72-6). Therefore, the presence of secondary tubulointer-
stitial lesions in primary glomerular diseases not only correlates
with the severity of altered kidney function at the time of biopsy
but also provides a prognostic index of the rate of progression
to end-stage kidney failure (14,15,61–64).

Glomerular Influence on
Tubulointerstitial Disease

Altered glomerular permeability with consequent proteinuria
has emerged as an important contributory factor to the de-
velopment of tubulointerstitial lesions in primary glomerular
diseases (62,64,65) (Fig. 72-1). Glomerular diseases associated
with proteinuria elicit tubulointerstitial inflammation, which
when persistent will progress to interstitial fibrosis (18,66).
Different potential pathways can account for this association,
but an abnormal glomerular filtrate appears to mediate tubu-
lar epithelial cell injury, and their consequent antigenic activa-
tion is an important step in initiating the sequence of events
that leads to fibrosis and scarring of the interstitium. Activated
epithelial cells release chemokines, such as monocyte chemo-
tactic peptide-1 (MCP-1) and osteopontin, which are capable
of attracting leukocytes (67,68) and vasoactive peptides, such
as endothelin-1, that alter vascular permeability (67–69). The
activated epithelial cells also express major histocompatibil-
ity complex (MHC)-II molecules and act as antigen-presenting
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FIGURE 72-5. Relationship between ammonium excretion in response
to an acute acid load and the severity of tubulointerstitial lesions. The
regression line is y = 90 − 7.6x. Symbols represent categories of kid-
ney diseases studied: ♦, acute glomerulonephritis; �, chronic glomeru-
lonephritis; �, tubulointerstitial nephropathy; �, nephrosclerosis; �,
miscellaneous. (From: Schainuck LL, et al. Structural-functional cor-
relations in renal disease. Part II: the correlations. Hum Pathol
1970;1:631, with permission.)

cells to the infiltrating interstitial T cells (70). Interstitial nephri-
tis has been induced by protein overload in uni-nephrectomized
rats (71). Significant cellular infiltration develops in the inter-
stitium of experimental animals within 1 week of exposure to
a protein overload consisting of 1 g of bovine serum albumin
(BSA) injected in the peritoneum daily. The initial infiltrates
consisting predominantly of macrophages are soon replaced
by T lymphocytes, and by the fourth week, tubular atrophy
and interstitial fibrosis is present. This has been attributed to
the proximal tubular epithelial cell catabolism of the filtered

FIGURE 72-6. Effect of the presence of cortical interstitial fibro-
sis noted at the time of the initial diagnostic kidney biopsy on the
long-term prognosis of patients with mesangioproliferative glomeru-
lonephritis (N = 455), membranous nephropathy (N = 334), and mem-
branoproliferative glomerulonephritis (N = 220). (From: Bohle A, et al.
The consequences of tubulointerstitial changes for renal function in
glomerulopathies: a morphometric and cytological analysis. Pathol Res
Pract 1990;186:135, with permission.)

albumin, which results in the generation of a nonpolar lipid
that is chemotactic for macrophages (72). Apart from its effect
on tubular epithelial cells, the “inflammatory filtrate” of the
injured glomerulus also can diffuse into the interstitial space
and elicit an inflammatory response in the periglomerular in-
terstitium (18,66).

In addition to the effect of altered glomerular permeabil-
ity on interstitial fibrosis, glomerular inflammation and scar-
ring can compromise postglomerular blood flow and initiate
ischemic tubular injury. Injury to the peritubular capillaries
and rarefaction of the peritubular vasculature are components
of several models of experimental tubulointerstitial nephritis
(73). An early angiogenic response followed by progressive en-
dothelial cell apoptosis and regression of peritubular capillaries
has been implicated as a potential contributory factor to tubu-
lointerstitial fibrosis (73,74). In experimental models, hypoxic
tubular epithelial cells increase expression of several proinflam-
matory molecules that promote fibrosis, such as interleukin-6
(IL-6) and tumor growth factor-β (TGF-β) (75–77). Hypoxia
also leads to the increased local production of angiotensin and
the transdifferentiation of tubular epithelial cells into migrating
fibroblastlike cells (78). As such, tubular ischemia triggers a lo-
calized inflammation and leukocyte recruitment and promotes
the deposition of extracellular matrix (67–70). The resultant
tubulointerstitial nephritis correlates with reduced renal blood
flow, fall in glomerular filtration rate, and altered nitric oxide
(NO) activity (79).

Iron loss in the tubular fluid also has been implicated in the
pathogenesis of the tubulointerstitial injury associated with pri-
mary glomerular disease. In an experimental model of glomeru-
lonephritis in rats, the induction of iron deficiency reduced
the urinary protein excretion rate and attenuated the devel-
opment of tubulointerstitial lesions and attendant deteriora-
tion of kidney function (80,81). Conceivably, iron, dissociated
from filtered transferrin at the more acid pH of the tubule fluid
or during its absorption in the proximal tubule, contributes
to the formation of free hydroxyl radicals, which account for
tubular epithelial cell injury and consequent tubulointerstitial
lesions. In type II diabetic patients, transferrinuria correlates
with interstitial injury, perhaps through a similar free-radical
mediated mechanism (82) or possibly by stimulating platelet-
derived growth factor (PDGF) (83).

These experimental studies notwithstanding, severe tubu-
lointerstitial lesions do not invariably accompany proteinuric
glomerular diseases, and the search for additional factors con-
tributory to the development of interstitial lesions deserves con-
tinuous scrutiny.

In summary, the available evidence would indicate that the
normal interstitium plays an important role in kidney func-
tion and that changes in the integrity of interstitial compo-
nents show a significant correlation to the severity and extent
of loss of function in various diseases of the kidney. As such,
tubulointerstitial nephritis can be considered the final common
pathway of all forms of chronic kidney diseases associated with
progressive loss of kidney function independent of the original
site of injury—glomeruli, vasculature, or tubules. The impor-
tance of the interstitium in the normal and diseased kidney is
now well established. The mechanisms involved in the initia-
tion and progression of interstitial fibrosis remain to be fully
elucidated.

PATHOLOGIC FEATURES OF
TUBULOINTERSTITIAL

NEPHROPATHIES

Independent of its initiating process, the principal morphologic
feature of chronic tubulointerstitial nephropathy is an increase
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in the interstitial volume, mainly because of interstitial fibrosis
and of varying degrees of infiltration with chronic inflamma-
tory cells (Fig. 72-1). Tubular atrophy and degeneration are
also common, if not invariable, findings, particularly in the
late phases of the disease (84). As interstitial widening by fibro-
sis progresses, the tubular basement membrane (TBM) thick-
ness increases as a result of deposition of type IV collagen and
laminin (85). Depending on the duration, cause, and severity of
the initiating disease process, the distribution of the lesions will
vary from focal to diffuse but is generally patchy. This inter-
stitial inflammatory reaction is a secondary feature of several
progressive kidney diseases, including those of glomerular or
vascular origin (62,86–90). There are, however, other diseases
of the kidney in which primary tubulointerstitial lesions are the
principal, and early in the course of the disease, usually the only
detectable lesion on morphologic examination of kidney tissue
(91). Changes of glomerular sclerosis, periglomerular fibrosis,
and atrophy, if not present at the onset, will ultimately occur in
primary tubulointerstitial diseases of the kidney (92). The final
picture that emerges in the end-stage form of the disease may
be indistinguishable from that of end-stage kidney disease of
any etiology. As such, progressive tubulointerstitial lesions are
a major contributory cause of progressive loss of kidney func-
tion and of all end-stage renal diseases, whether of primary or
secondary etiology.

Immunohistologic examination, using monoclonal antibod-
ies, coupled with conventional and electron microscopy in-
dicates that most of the mononuclear cells making up renal
interstitial infiltrates are T lymphocytes (93–97). Chronic in-
flammatory cell loci may be characterized by Ia antigen-positive
T cells, considered to be markers of activated lymphocytes
(86,98). The interstitial infiltrates contain varying numbers
of activated lymphocytes in the absence of tubulointerstitial
immune deposits (62), even in classic examples of immune
complex–mediated diseases such as systemic lupus erythemato-
sus (59). The extent of interstitial infiltrates shows a direct cor-
relation between the severity of tubular atrophy and interstitial
fibrosis determined semiquantitatively (86). The profile of im-
munocompetent cells suggests a major role for cell-mediated
immunity in the tubulointerstitial lesions that are mediated by
autoimmune mechanisms (99,100). Experimental studies have
shown the sequential accumulation of T cells and monocytes
after the initial immune insult, which would implicate an im-
portant role for T cells, both as inflammatory cells and in the
progression of subsequent injury (7,94,96,97). The infiltrating
lymphocytes may be of the CD4+ helper/inducer subset (78)
or the CD8+ cytotoxic/suppressor subset (76), although there
generally seems to be a selective prevalence of the former variety
(94). A more limited number of natural killer cells are a com-
ponent of the infiltrates. Lymphocytes that are peritubular and
are seen invading the tubular epithelial cells, so-called tubuli-
tis, are generally of the cytotoxic (CD8+) variety (100), with
a contributory role of the natural killer cells. Nephritogenic
CD8+ T-cell lines of distinct functional phenotypes, which are
specifically cytotoxic to tubular epithelial cells, have been iso-
lated and identified (101). The further characterization of T-cell
clones from these lesions can better define the role of the in-
filtrating cells in the pathogenesis of tubulointerstitial diseases
(Fig. 72-1). Fine-needle aspiration of the kidney can be use-
ful in the characterization of the cellular infiltrates (102) and
their sequential evolution (103). The interstitial accumulation
of monocytes involves a host of chemo-attractant cytokines
such as osteopontin (uropontin), a secreted cell-attachment gly-
coprotein whose messenger RNA expression is upregulated and
levels are increased at sites of tubular injury in proportion to
the severity of tubular damage (104,105). The expression of
other cell adhesion molecules (intercellular adhesion molecule
1 [ICAM-1], vascular cell adhesion molecule 1 [VCAM-1], E
selectin) also is increased at sites of tubular injury and may

contribute to the recruitment of mononuclear cells and in-
crease the susceptibility of renal cells to cell-mediated injury
(66–70,106,107).

In addition to the infiltrating nephritogenic lymphocytes,
macrophages and mast cells are recruited and participate in
the proteolytic and fibrotic injury of the normal parenchyma
(97,108). The resident fibroblastic (or type I) interstitial cells,
which normally produce and maintain the extracellular ma-
trix, proliferate and increase their well-developed rough endo-
plasmic reticulum in response to injury (20,109) (Fig. 72-1).
The number of fibroblasts derived in cell culture from kidney
biopsy material obtained from patients with interstitial fibro-
sis is increased by a factor of five to ten, compared with that
from cultures derived from normal kidney biopsy samples (19).
Growth kinetic studies of these cells show a significant increase
in proliferating capacity and generation time, indicating hyper-
proliferative growth (110).

The type of infiltrate can be characteristic and occasionally
diagnostic of the kidney disease. The presence of eosinophils
can be diagnostic of drug-induced acute allergic interstitial
nephritis (Chapter 48). Another cell type, the presence of which
may be of diagnostic importance, is the foam cell, with its char-
acteristic vacuolated appearance. Studies using monoclonal an-
tibodies showed these cells to be derived from macrophages
(111), which have phagocytosed lipids. Macrophage-derived
foam cells can perpetuate an inflammatory reaction by release
of cytokines that promote vascular smooth muscle cell prolifer-
ation and matrix deposition (112). Isolated foam cells are fre-
quently encountered in patients with heavy proteinuria of any
etiology (113). Their presence in large numbers in the glomeruli
and interstitium is indicative of Alport’s nephritis (114). Masses
of interstitial foam cells, interspersed with inflammatory cells,
occur in chronic forms of pyelonephritis and, when promi-
nent, form the characteristic lesion of xanthogranulomatous
interstitial nephritis (115). A closely related condition is the ap-
pearance of large mononuclear cells with abundant cytoplasm,
containing large and laminated phagolysosomes that show pro-
gressive mineralization and form the characteristic Michaelis-
Gutmann bodies seen in malakoplakia (115,116). Although
malakoplakia is commonly a lesion of the urinary bladder, it oc-
casionally involves the renal interstitium and usually occurs in
the context of chronic urinary tract infection (116,117). These
peculiar cells have also been observed in hemolytic-uremic syn-
drome (118) and in transplanted kidneys (119).

The interstitial lesions of one group of tubulointerstitial dis-
eases can be distinguished by the presence of a characteris-
tic noncaseating granulomatous pattern, which, when present,
is highly suggestive of sarcoidosis (120,121). Usually coex-
istent with extrarenal granulomata there are rare reports of
sarcoid granulomatous lesions localized to the kidney only, in
the absence of extrarenal lesions (122,123). Interstitial gran-
ulomatous reactions also occur in response to oxalate depo-
sition (124) and to infection of the kidney by mycobacteria
(125), fungus (126), or bacteria (127). Granulomatous reac-
tions to drugs, such as methicillin (121), sulfonamides (128),
and narcotics (129), have been observed in patients with acute
forms of tubulointerstitial disease. In experimental models of
anti–basement membrane nephritis, granulomatous inflamma-
tion develops around the immunologically altered TBM. In the
course of the granulomatous reaction, tissue monocytes evolve
from recruited circulating monocytes and pursue one of two
independent pathways of differentiation: (a) macrophages that
evolve distant from the tubules or (b) epithelioid cells that are
formed adjacent to the tubules. The latter form through cell
fusion and can develop into the multinucleated giant cells of
Langhans (130–133). Multinucleated giant cells also are a fea-
ture of renal involvement in multiple myeloma (134,135).

Intracellular crystals can be diagnostic of some forms of
tubulointerstitial diseases. Rhomboid-shaped crystals within
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the cell lysosomes are characteristic of cystinosis (136). Topha-
ceous deposits and birefringent deposits of sodium biurate are
seen in hyperuricemia and gout (137). Birefringence on dark-
field microscopy is observed in oxalosis (106,119,120). Gold
therapy for rheumatoid arthritis can result in characteristic
lysosomal crystalloid aggregates that can be seen by electron
microscopy (140).

The interstitial spaces may be invaded by proliferative
malignant cells in leukemias and lymphomas (141), typically
causing an increase in kidney size. Interstitial infiltration by
malignant cells can lead to increased interstitial pressure with
resultant tubular obstruction and disruption of peritubular vas-
culature. Commonly found at postmortem in patients with clin-
ically evident malignant disease, massive infiltration of the kid-
ney with renal failure may be an initial presenting feature in
some patients (141,142).

PATHOGENESIS AND
MECHANISMS OF INJURY
IN TUBULOINTERSTITIAL

NEPHRITIS

Tubulointerstitial nephropathy is an inflammatory reaction
that is perpetuated by continuous exposure to injury or a failure
to respond to the usual controlling mechanisms in the feedback
loop of the normal defensive response to injury. The demon-
stration that the infiltrating cells are antigenetically active im-
plicates a principal role of cell-mediated immune reaction in
this inappropriate response, which evolves into one progressive
parenchymal injury (96,97). The gradual increase in interstitial
spaces by infiltrating cells and fibrous tissue implicates a relent-
less fibrogenesis in replacing the regressive tubular atrophy and
degeneration caused by the parenchymal injury (143).

The immune response to the initiating injury includes recog-
nition of the insult, an integration of the response, and an ef-
fector phase, which in the kidney entails a complex integrated
operation between the tubular epithelial cells, resident inter-
stitial cells, and the recruited inflammatory cells (Fig. 72-7).
This interactive process is mediated by a host of cytokines and
autocoids released by the involved cells at various stages of
the response and of the upregulated expression of specific re-
ceptors to them by the targeted cells. More of these stimula-
tory or responsive signals have been identified, with different,
often overlapping, functions that modulate and amplify the
inflammatory reaction that accounts for the tubulointerstitial
lesions. Some of these are cell surface markers that have anti-
genic (MHC; human leukocyte antigen class II; osteonectin;
and secreted protein acidic and rich in cysteine) or adhesive
(ICAM-1, VCAM-1; integrins; osteopontin; thrombospondin;
selectins) properties. Others are cytokines that are chemoat-
tractant (monocyte chemoattractant protein-1; regulated on
activation, normal T-cell expressed and secreted; osteopon-
tin; eotaxin; fibronectin; macrophage inflammatory protein-1),
proinflammatory (IL-6, IL-8, platelet-derived growth factor
β [PDGFβ]; granulocyte monocyte colony-stimulating factor;
tumor necrosis factor α [TNFα]; Tamm-Horsfall glycopro-
tein [TH]; transforming growth factor-α [TGF-α]), vasoac-
tive (nitrous oxide [NO]; endothelin 1; angiotensin II [AII];
thromboxanes; prostaglandins; adenosine), cytotoxic (matrix
metalloproteinases-1 and -2 [MMP-1 and MMP-2]; tissue in-
hibitor of metalloproteinase-1; TNFα; reactive oxygen species
[ROS]; ferric ion), fibrogenetic (fibroblast growth factor-2; AII;
aldosterone; TGF-β; PDGF; IL-1; IL-6; TNF; and plasminogen
activator inhibitor [PAI]), growth promoting (AII, PDGF; TGF-
β; endothelin 1), or apoptotic (clusterin; Fas; bax; osteopontin)
(8,9,144–150).

FIGURE 72-7. Pathogenesis and mechanisms of injury in tubulointer-
stitial nephritis. TH, T helper cells.

The initiating insult may be a drug, an infection, a filtered
noxious protein, mechanical obstruction, ischemia, or a specific
antigen (41,66–70). The reactive process begins by antigenic
recognition, uptake, processing, and presentation by antigen-
presenting cells followed by the recruitment of T helper cells
(TH cells), which are activated and initiate the subsequent re-
cruitment of the effector mononuclear B and T lymphocytes. In
rare conditions in which the injury is induced by a specific anti-
gen, the B cells differentiate into antibody-producing plasma
cells, which result in the deposition of immunoglobulins and
immune complexes along the TBM. In more common condi-
tions, the effector mechanism is nonspecific and consists prin-
cipally of inflammatory CD4+ and cytotoxic CD8+ lympho-
cytes, and depending on the injury, fewer and variable numbers
of B cells, natural killer cells, and macrophages (96,97,145). In
acute tubulointerstitial nephritis, feedback mechanisms restore
this initial coordinated response to injury to its baseline steady
state. In chronic tubulointerstitial nephritis, either persistent
injury or perpetuation of the effector phase results in variable
rates of progressive and permanent tubulointerstitial damage.

The deposition of fibrous tissue is the first indicator of pro-
gression. An integral component of this progressive stage is
activation of interstitial fibroblasts, which undergo upregula-
tion and increased expression of new or constitutive receptors
for the fibrogenetic cytokines (TGF-β1, PDGF, TNF-α, IL-6,
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PAI), released by the tubular epithelial cells and infiltrating cells
(8,9,145–148). Infiltrating macrophages produce direct injury
(proteases, ROS) and account for triggering of several fibro-
genetic cytokines, among which TGF-β and PDGF appear to
play a dominant role (151–153).

The subsequent evolution of the fibroblasts (derived from
resident fibroblasts or the transdifferentiation into fibrob-
lasts of epithelial cells, vascular pericytes, and recruited
macrophages) into myofibroblasts, as they undergo phenotypic
changes including acquisition of smooth muscle (actin), and
mesenchymal cell markers (vimentin, desmin), parallels the in-
creased deposition of extracellular matrix (66–70, 154–157).
Fibronectin has been proposed as the first extracellular matri-
cial protein to appear, and that its chemoattractant and adhe-
sive properties then provide for the recruitment of fibroblasts
and deposition of the other extracellular proteins (158). Ex-
perimental maneuvers that diminish early mediators of fibro-
sis (macrophages, fibronectin, myofibroblast phenotype) have
been shown to attenuate interstitial fibrosis in different models
of kidney disease (153,154). The deposited extracellular ma-
trix consists principally of proteoglycans (decorin, biglycan)
and collagen types I, III, and IV (143,145,155,156). In addi-
tion to the stimulated fibrogenesis, atrophy and collapse of in-
jured tubules and contraction of the myofibroblasts have been
proposed for the apparent disproportionate amount of fibrous
tissue seen in the affected kidney (143).

Experimental evidence indicates that tubular epithelial cells
can differentiate into interstitial fibroblasts, which contribute
to the interstitial fibrosis (70,160). Hypoxia and TGF-β ini-
tiate their transdifferentiation (78,161). Inhibition of TGF-β
pathways interrupts progressive fibrosis in experimental mod-
els of obstructive nephropathy (161) and glomerulonephritis
(162) induced tubulointerstitial nephritis. Consequently, TGF-
β has emerged as a potential target in limiting the progres-
sion of fibrosis and scarring. From a therapeutic standpoint,
targeting epithelial to fibroblast differentiation and profibrotic
pathways is a promising avenue of investigation. Bone mor-
phogenic protein-7 (BMP-7), a factor expressed in tubular ep-
ithelial cells, has been shown in experimental models to inhibit
this pathogenic transdifferentiation (163–165) and TGF-β syn-
thesis (166).

In the affected kidney, myofibroblasts aggregate around the
injured tubules and the arterioles. Microvascular obliteration
(fibrosis) and constriction (myofibroblasts, vasoactive agents)
induce ischemia, alter glomerular hemodynamics, and increase
production of AII, which magnifies the fibrogenesis (144) and
perpetuates (48) the injury. Although circulating levels of AII
are not elevated, the concentration of AII within the kidney
is several-fold higher than in plasma (147) and contributes
to the proliferation of fibroblasts and their conversion into
myofibroblasts (144,167,168), and to fibrosis by the activa-
tion of PDGF and TGF-β1 (169,170). In a rat experimental
model, AII infusion has been shown to shift T-helper cell bal-
ance to a Th1 subtype, an effect that could be blocked with
angiotensin receptor blockers (144). Thus, the renoprotective
effects of angiotensin-converting enzyme (ACE) inhibitors or
angiotensin receptor blockers is not limited to their hemody-
namic effect on glomerular intracapillary pressure, but per-
haps more importantly to their demonstrated ability to fa-
vorably alter the lesions of tubulointerstitial nephritis through
an immunomodulatory as well as vascular effect. Part of the
effect of AII may be related to its action in stimulating aldos-
terone, which is an independent autacoid promulgator of the
injury process (170,171). Aldosterone has been shown to in-
crease TGF-β expression in the kidney, an effect that could be
blocked with spironolactone (167,172). Whether the cardio-
protective effect of low-dose spironolactone also can protect
the kidney in humans, as suggested from experimental evidence
(149,151,168), remains to be established.

Increased ammonia generation, due to proteinuria or the
remaining intact tubules, has also been implicated as a cause
of progressive injury (173,174). Ammonia possesses the capa-
bility to form amidated C3, which acts on C3/C5 convertase
and activates through the alternate complement pathway the
membrane attack complex C5b-9 (173–176). Administration
of bicarbonate to correct the acidosis reduces tubular ammonia
generation and has been shown to ameliorate the tubulointer-
stitial lesions in the remnant model of kidney disease.

The evidence for all of these pathogenetic mechanisms has
been marshaled from experimental laboratory models of tubu-
lointerstitial disease. Several of them have been confirmed to be
operative in humans from in situ hybridization and histochem-
ical studies of kidney biopsies. The implicated pathogenetic
mechanisms provide a basis for the therapy of tubulointerstitial
nephritis. The initial inflammatory cell infiltration is amenable
to steroid therapy. Evidence also supports the role of other
forms of cell-directed therapy with cyclosporine or cyclophos-
phamide. The renoprotective effects of ACE inhibitors and AII
blockers make them a logical agent of choice in management,
even in the absence of hypertension. Correction of acidosis to
limit activation of the alternate complement pathway initiated
injury by the membrane attack complex deserves attention. Fi-
nally, accrued evidence for determinants of extracellular matrix
biosynthesis and degradation provides a basis for the identifi-
cation of potentially effective agents in controlling interstitial
fibrosis.

FUNCTIONAL MANIFESTATIONS
OF TUBULOINTERSTITIAL

NEPHROPATHIES

The principal manifestations of interstitial lesions are those of
tubular dysfunction, which is one reason why the term tubu-
lointerstitial disease is preferred to tubulointerstitial nephritis.
Convincing evidence has been presented that there is a cor-
relation between the structural changes in the tubulointersti-
tium and tubular function, and that the magnitude of tubular
dysfunction tends to relate to the extent of tubulointerstitial
involvement (12,13,26,57). Because of the focal nature of the
lesions that occur and the segmental nature of normal tubular
function, the pattern of tubular dysfunction that results will
vary, depending on the major site of injury, whereas the extent
of damage will determine the severity of tubular dysfunction.
The hallmarks of glomerular disease, such as salt retention,
edema, hypertension, proteinuria, and hematuria, are charac-
teristically absent in the early phases of primary chronic tubu-
lointerstitial nephropathies (4,10,11,177). However, in keep-
ing with the intact nephron hypothesis, glomerular damage
ultimately will appear. As a rule, the magnitude of glomerular
function reduction seems to correlate with the magnitude of
interstitial fibrosis, whereas the enlargement of the interstitium
by cellular infiltrate appears to have less of a bearing on the
GFR in the early stages of the disease (57,178–180).

Basically, the tubulointerstitial lesions are localized either
to the cortex or to the medulla. Cortical lesions will af-
fect, in the main, the proximal tubule or the distal tubule.
Medullary lesions will affect the loop of Henle and the collect-
ing duct. The change in the normal function of each of these
affected segments then determines the manifestations of tubu-
lar dysfunction (Table 72-1). Essentially, the proximal nephron
segment reabsorbs the bulk of bicarbonate, glucose, amino
acids, phosphate, and uric acid. Changes in proximal tubular
function, therefore, result in bicarbonaturia (proximal renal
tubular acidosis), β2-microglobinuria, glucosuria (renal gluco-
suria), aminoaciduria, magnesemia, phosphaturia, and urico-
suria (48,181,182). The latter two can be valuable in suspecting
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TA B L E 7 2 - 1

PRINCIPAL SITES OF INJURY AND PATTERNS OF TUBULAR DYSFUNCTION IN
CHRONIC TUBULOINTERSTITIAL NEPHROPATHIES

Site of injury Cause Tubular dysfunction

Cortex
Proximal tubule Heavy metals ↓ Reabsorption of:

Multiple myeloma Bicarbonate
Immunologic diseases Glucose
Cystinosis Uric acid

Phosphate
Amino acids

Distal tubule Immunologic diseases ↓ Secretion of:
Granulomatous diseases Hydrogen ion
Hereditary diseases Potassium
Hypercalcemia ↓ Reabsorption of:
Urinary tract obstruction Sodium
Sickle cell hemoglobinopathy
Amyloidosis

Medulla Analgesic nephropathy Impaired ability to concentrate urine
Sickle hemoglobinopathy ↓ Reabsorption of:
Uric acid disorders Sodium
Hypercalcemia
Infection
Hereditary disorders
Granulomatous diseases

Papilla Analgesic nephropathy Impaired ability to concentrate urine
Diabetes mellitus ↓ Reabsorption of:
Infection Sodium
Urinary tract obstruction
Sickle hemoglobinopathy
Transplanted kidney

tubulointerstitial disease when the serum phosphate and urate
concentrations are noted to be lower than expected, partic-
ularly in individuals with reduced GFR and azotemia (178).
Measurements of the fractional clearance of uric acid from a
spot urine sample can also be helpful. The normal fractional
clearance of urate is about 10%; values significantly higher
than normal would suggest a defect in urate handling by the
proximal tubule. In addition, there is a linear correlation be-
tween the fractional excretion of magnesium and the extent of
tubulointerstitial fibrosis, and an increase in the fractional ex-
cretion of magnesium has been proposed as the most sensitive
index to detect an early abnormality of tubular structure and
function (26). The clinical conditions in which this has best
been characterized are patients receiving cisplatin or gentam-
icin (183,184). The distal nephron segment secretes hydrogen
and potassium and regulates the final amount of sodium chlo-
ride excreted. Lesions affecting primarily this segment, there-
fore, result in the distal form of renal tubular acidosis, hyper-
kalemia, and salt wasting (185–188). Lesions that primarily
involve the medulla and papilla disproportionately affect the
loops of Henle, the collecting ducts, and the other medullary
structures essential to attaining and maintaining medullary hy-
pertonicity. Disruption of these structures, therefore, results in
different degrees of nephrogenic diabetes insipidus and clini-
cally manifests as polyuria and nocturia (189,190).

Although this general framework is useful in localizing the
site of injury, considerable overlap may be encountered clini-
cally, with different degrees of proximal, distal, and medullary
dysfunction present. In addition, the ultimate development of
kidney failure complicates the issue further because of the
added effect of urea-induced osmotic diuresis on tubular func-
tion in the remaining nephrons. In this later stage of tubu-

lointerstitial diseases, the absence of glomerular proteinuria
and the more common occurrence of hypertension in glomeru-
lar diseases can be helpful in the differential diagnosis of
primary from secondary forms of tubulointerstitial nephritis
(4,13,178). Under any circumstance though, the diagnosis and
severity of tubulointerstitial disease can be established only by
morphologic examination of kidney tissue.

The type of insult determines the segmental location of in-
jury (Table 72-1). For example, agents secreted by the organic
pathway in the pars recta (cephalosporins) or reabsorbed in
the proximal tubule (aminoglycoside and light-chain proteins)
cause predominantly proximal tubular lesions. Conditions or
agents that cause hypersensitivity reactions (methicillin) or de-
positional disorders (amyloid and hypergammaglobulinemic
states) cause predominantly distal tubular lesions. Finally, in-
sulting agents that are affected by the urine concentrating mech-
anism (analgesics and uric acid) or medullary tonicity (sickle
cell) cause medullary injury (11).

The clinical course of tubulointerstitial diseases depends to
a great extent on the primary cause and the magnitude and per-
sistence of the insult. In general, acute exposure to a massive in-
sult results in the rapid deterioration of kidney function (191),
whereas sporadic exposure to small amounts of the same insult
results in a more indolent course, with a gradual but progressive
loss of kidney function (192). Tubulointerstitial diseases are di-
vided into acute or chronic forms on the basis of the clinical
course and accompanying pathologic lesions (Table 72-2). The
acute form is characterized by prominent interstitial edema and
focal areas of varied cellular infiltrates. If the injury is severe,
tubular damage and dilation are also present, and azotemia and
renal insufficiency are early presenting features (Chapter 48).
In the chronic form, interstitial fibrosis and tubular atrophy are
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TA B L E 7 2 - 2

MORPHOLOGIC FEATURES OF
TUBULOINTERSTITIAL NEPHRITIS

Feature Acute Chronic

Interstitiuma

Cellular
infiltrate

+ → + + + + + → + +

Edema + → + + + + ± → + +
Fibrosis ± + + → + + + +

Tubules
Epithelium Injury → necrosis Atrophy
Basement

membrane
Injury → disruption Thickened

Shape Preserved Atrophy
Dilation

Glomerulus
Structure None → MCD

Sclerosis
Periglomerular

fibrosis

Vascular
Structure Minimal Variable

Reversible Sclerosis

MCD, minimal change disease.
aThe severity of the changes is given as an estimate with + for minimal
to + + + + as severe.

present, and the cellular infiltrate is uniformly mononuclear. In
this more indolent form, loss of glomerular filtration is slow to
develop and the early manifestations of the disease are those of
tubular dysfunction that may go undetected unless specifically
elicited in the history, noted in the laboratory results, or doc-
umented by specific testing (177). Ultimately, though, kidney
failure will occur. The onset of heavy proteinuria is an ominous
sign and is indicative of the development of glomerulosclero-
sis (91,193). In contrast to glomerular disease, hypertension
is a late development and occurs after significant decrements
in filtration rate have occurred (10). In a study of 48 patients
with biopsy-proven tubulointerstitial nephritis, hypertension
was present in only half the cases (178). In the other half, the
blood pressure was normal even in the presence of kidney fail-
ure. Of the 15 patients with a creatinine clearance rate of less
than 15 mL per minute, 7 had normal blood pressure.

ETIOLOGIC FACTORS

Arbitrarily grouped together because the predominant mor-
phologic involvement is in the tubules and interstitium, pri-
mary tubulointerstitial nephropathies are caused by a motley
group of diseases of varied and diverse etiologies (Table 72-3).
The different initiating mechanisms that have been implicated
include immunologic diseases, infection, toxic and metabolic
perturbations, mechanical obstruction to urine flow, neoplasia,
and hereditary factors.

Immunologic Diseases

Evidence exists for three immunologic mechanisms of tubu-
lointerstitial injury: immune complex deposition, antibodies
directed against the TBM, and altered cell-mediated immunity
(194–196). Although the preponderance of the evidence in hu-
man tubulointerstitial nephropathy implicates a cell-mediated
immune process, the best-studied experimental model is that of

TA B L E 7 2 - 3

CONDITIONS ASSOCIATED WITH CHRONIC
TUBULOINTERSTITIAL NEPHROPATHY

Immunologic diseases
Systemic lupus erythematosus
Sjögren’s syndrome
Transplanted kidney
Cryoglobulinemia
Goodpasture’s syndrome
IgA nephropathy
Amyloidosis
Pyelonephritis

Infection
Systemic
Renal

Bacterial
Viral
Fungal
Mycobacterial

Urinary tract obstructions
Vesicoureteral reflux
Mechanical

Drugs
Analgesics
Cyclosporine
Nitrosourea
Cisplatinum
Lithium
Miscellaneous

Hematopoietic diseases
Sickle hemoglobinopathies
Multiple myeloma
Lymphoproliferative disorders
Aplastic anemia

Heavy metals
Lead
Cadmium
Miscellaneous

Vascular diseases
Nephrosclerosis
Atheroembolic disease
Radiation nephritis
Diabetes mellitus
Sickle hemoglobinopathies
Vasculitis

Metabolic disorders
Hyperuricemia/hyperuricosuria
Hypercalcemia/hypercalcuria
Hyperoxaluria
Potassium depletion
Cystinosis

Hereditary diseases
Medullary cystic disease
Hereditary nephritis
Medullary sponge kidney
Polycystic kidney disease
Familial juvenile nephronophthisis

Granulomatous diseases
Sarcoidosis
Tuberculosis
Wegener’s granulomatosis

Endemic diseases
Balkan nephropathy
Nephropathia epidemica

Idiopathic diseases
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anti-TBM nephritis (197,198). However, anti-TBM antibodies
are a rare cause of tubulointerstitial nephritis in humans, except
in association with antiglomerular basement membrane (anti-
GBM) disease (195), as is that of immune complex deposits
(197,199).

Immune Complex Deposition

The repeated injection of homologous kidney tissue in Freund’s
adjuvant into rabbits (200) and rats (201) results in tubuloin-
terstitial immune complex disease characterized by tubule cell
injury, interstitial fibrosis, and mononuclear cell infiltration,
with only minimal changes noted in the glomeruli. Immunoflu-
orescent staining reveals granular deposits of immunoglobulins
and complement along the TBM. Electron microscopy confirms
the presence of focal electron-dense deposits along the tubule.
The postulated mechanism for this model of tubulointerstitial
disease is that the circulating antibodies, which are formed in
response to the injection of homologous kidney tissue, diffuse
across the peritubular capillaries and combine in the intersti-
tium with a tubular cell antigen that diffuses out of the epithe-
lial cells, thereby forming the peritubular interstitial immune
complexes seen on microscopy. A similar lesion can be pro-
duced in rats immunized with Tamm-Horsfall protein (THP),
a surface membrane glycoprotein of the epithelial cells of the
ascending thick limb of the loop of Henle and distal tubules.
These animals develop antibodies to THP and a tubulointersti-
tial nephritis that selectively involves the thick ascending limb
(201–203). In this model, the earliest electron-dense deposits
are detected in the extracellular space between the basal in-
foldings of the cell membranes and the TBM. Later, they are
noted within the TBM. Selective mononuclear cell infiltrates
occur around the tubules at the site of the deposits. Tubuloint-
erstitial immune complex nephritis also has been produced by
passive immunization of rats with antisera to rat THP (204).
In these studies, the antibodies were noted to combine with
THP at the base of the cells lining the thick ascending limb of
the loop of Henle and to form granular immune complexes in
situ in the spaces between the basal cell surface membrane and
the TBMs. The deposits were maximal in the juxtamedullary
region and least prominent in the first portion of the ascending
limb in the inner zone of the outer medulla. Immune com-
plexes also were selectively formed, at the same sites, during
perfusion of the isolated kidneys with antisera to THP. The
deposits of immune complexes were maximal during the first
week after injection, at a time when the circulating antibody
titers were highest. As the antibody titers subsequently fell to
undetectable levels, tubular immune complexes cleared rapidly
and were virtually absent by about 4 weeks after the injection
of the anti-THP antibodies. This is in contrast to the prolonged
persistence of glomerular immune complex deposits that occurs
after the experimental injection of appropriate antiglomerular
antisera and may account for the rapid reversibility of immune
injury in tubulointerstitial nephritis when exposure to the an-
tibody is limited (204). In addition, although immunoglobulin
deposition in the glomeruli correlates with glomerular damage,
a similar association is not found between the extent of tubu-
lointerstitial deposits and interstitial inflammation and tubular
injury (194,195,205,206).

A role for THP-mediated immune complex disease has
been implicated in certain forms of human chronic kidney dis-
eases. Antibodies to THP are found in sera of patients with
vesicoureteral reflux (207) and pyelonephritis (208) and are
demonstrated in the interstitium of patients with medullary
cystic disease (209), hydronephrosis (210), diabetes (211), and
hereditary nephritis (212), as well as in the glomeruli of patients
with obstructive uropathy (213). However, immunoglobulins
are not regularly associated with THP deposits noted in the
interstitium of human kidneys (213). In addition, the frequent

occurrence of mononuclear cell infiltrates surrounding the im-
mune complex deposits may reflect a cell-mediated immune
response that accounts for the progressive nature of the kid-
ney injury in some of these clinical conditions (Fig. 72-1). In
experimental tubulointerstitial nephritis induced in guinea pigs
by immunization with homologous THP, the transfer of lym-
phocytes and spleen cells to unimmunized animals does induce
a tubulointerstitial nephritis in the recipients (214), indicating
a causative role of cell-mediated immunity. Finally, it is not
possible to attribute a primary role to antibodies, to THP, or
to that of any other cellular antigenic component, because the
immune deposits could have followed primary tubular injury
by another mechanism, with the subsequent release of THP
or other cellular antigenic components into the interstitium
and the secondary formation of autologous antibodies. Evi-
dence has been advanced that the rise of intrarenal ammonia
concentration, engendered by the adaptation to chronic kid-
ney disease, could determine attendant immune complex de-
posits (215). Because ammonia attacks the reactive thioester
bond of C3 (173), the direct reaction of ammonia with C3
forms amidated C3, which is sufficient to trigger the alterna-
tive complement pathway that activates the membrane attack
complex of complement and thereby propagates the injury and
peritubular deposition of C3 and C5b-9 (174–176), as well as
the generation of other mediators of tubulointerstitial injury
(216) (Fig. 72-1). As noted previously, in a study of rats with
surgically reduced kidney mass, dietary supplementation with
sodium bicarbonate resulted in lower tissue levels of ammonia,
less deposition of complement components, and a diminution
of tubulointerstitial damage (217). It is possible, therefore, that
it is the local activation of the complement system, rather than
THP protein, which contributes to immune complex deposi-
tion and the propagation of interstitial injury by an immune-
mediated mechanism independent of the initial etiology of the
kidney disease (218).

Primary tubulointerstitial nephritis mediated by immune
complex deposition is rare in humans (195). The condition
in which tubulointerstitial deposits are most commonly found
clinically is lupus nephritis, in which interstitial infiltrates are
detected by light microscopy in more than half of biopsy spec-
imens (219–222). The deposits may be focal or diffuse. They
are located either along or within the TBM, around the per-
itubular capillaries, or in the interstitium. They consist princi-
pally of immunoglobulin G (IgG) and C3 and often of IgM or
IgA. Evidence for immune complex–mediated injury is adduced
from the demonstration of DNA in the deposits. In general, the
tubular and interstitial changes correlate with the magnitude of
the deposits, although interstitial mononuclear cell infiltrates
can be present in the kidneys of patients who have few, if any,
tubulointerstitial immune complex deposits (220–222). More-
over, even in the presence of tubulointerstitial deposits, there is
no correlation between the prevalence of immune complex de-
posits and the severity of interstitial reaction, indicating a more
important role of a cell-mediated injury (59). Nevertheless, the
severity of the interstitial changes, independent of the patho-
genesis, correlates quite well with the degree of reduced kidney
function in lupus nephritis (59,180,223), and appraisal of the
disease activity may be possible by renal imaging with gallium-
67 (224). Prominent tubulointerstitial nephritis also can occur
in patients with systemic lupus erythematosus with only mild
glomerular involvement, and generally pursues a rapid fulmi-
nant course (225).

Tubulointerstitial immune complex deposits have been also
described in kidney allografts (226), Sjögren’s syndrome (100,
227–229), mixed cryoglobulinemia (221), crescentic glomeru-
lonephritis (220), IgA nephropathy (52), Wegener’s granulo-
matosis (230), and idiopathic tubulointerstitial nephropathy
(231). In addition, the sera from some patients with idiopathic
tubular dysfunction contain antibodies that react with distal
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tubular epithelium (232–234). However, aside from systemic
lupus erythematosus, in which antigen (DNA) has been demon-
strated in the deposits, and mixed cryoglobulinemia, in which
anti-IgG antibodies and IgG have been identified, there is no ev-
idence to support a specific antigen responsible for the immune
complex deposits. Therefore, direct proof of immune complex–
mediated injury is lacking in most of the rare clinical instances
in which immune complex deposits are noted on examination
of the kidney tissue.

Antibodies Against Tubular Basement Membrane

Evidence for anti-TBM antibody disease was first obtained
when guinea pigs were noted to develop a progressive, fa-
tal tubulointerstitial kidney disease after they were injected
with crude rabbit cortical tissue in Freund’s adjuvant (235).
Morphologic examination of the kidneys from these animals
revealed tubular cell injury, peritubular multinucleated giant
cells, interstitial fibrosis, and mononuclear cell infiltration. The
infiltrating cells consisted of monocytes, macrophages, and T
lymphocytes. Linear deposits of IgG were noted along the TBM
on immunofluorescent study (235,236). Similar lesions were
produced in guinea pigs immunized with bovine TBM (237)
and in the Brown Norway strain of rats, but not Sprague-
Dawley or Lewis rats immunized with homologous or heterolo-
gous TBM (197,238). In both species, the lesion could be repro-
duced in normal recipients by injecting them with serum from
the immunized animals (168,170). Independent of the initiating
role of anti-TBM antibodies, cell infiltrates are a prominent fea-
ture in all models studied, implicating a role for cell-mediated
immunity in the pathogenesis and modulation of the interstitial
lesions (197–199). Although the disease cannot be transmitted
by cells in all species, it can be transferred by intravenous in-
jection of lymph node and splenic cells from sensitized animals
in other species (197,198), suggesting again the central role of
cell-mediated immunity.

Evidence for anti-TBM antibodies causing tubulointerstitial
disease in humans has been advanced from patients with Good-
pasture’s syndrome associated with anti-GBM antibodies (220)
and patients with rapidly progressive glomerulonephritis who
have associated anti-TBM antibodies (20,230). In both forms,
absorption of eluates with solubilized GBM removed the anti-
TBM activity (196). A target antigen in human anti-TBM dis-
ease has been identified as a 58-kDa glycoprotein (239–241),
which in experimental models synthesizes as a high-molecular-
weight glycoprotein that is processed to smaller forms that are
secreted by proximal tubular cells into the extracellular ma-
trix, where it attaches to the TBM (199,242). This noncol-
lagenous glycoprotein constitutes about 9% of the TBM and
accounts for 90% of the tubulointerstitial antigen to which
anti-TBM antibodies are directed. Its overall composition is
similar to that of laminin and nidogen (243,244). Target anti-
gens or tubulointerstitial nephritis antigens (TIN-Ag) identi-
fied in human anti-TBM disease have been termed TIN1 and
TIN2 and shown to promote cell adhesion and to interact
with type IV collagen (245). Anti-TBM antibodies also have
been demonstrated in some cases of glomerulonephritis with-
out associated anti-GBM antibodies (246–249) , such as kidney
allografts (215,226,250), and lupus nephritis (251,252), and
detected in the serum of patients with biopsy proven tubuloin-
terstitial nephritis (253). The role of these implicated antigens
in the pathophysiology of chronic tubulointerstitial nephritis
remains to be elucidated.

Cell-Mediated Immunity

Although the presence of anti-TBM antibodies or immune com-
plex deposits is a variable feature of tubulointerstitial disease,
interstitial cell infiltration is an almost invariable essential com-
ponent of the lesion. Most of the mononuclear cells making up

the renal interstitium are T cells and are generally character-
ized by markers of activated lymphocytes (62,86,98). Hence,
the role of cell-mediated immunologic mechanisms involved
in tubulointerstitial diseases can be considered on a reason-
ably sound basis (199,254). Because both immune complex–
mediated and anti-TBM nephritis can be transferred by lymph
node and spleen cells, a cell-mediated response appears to be an
essential component of the immunopathology of all tubuloin-
terstitial nephropathies (197,199). It is evident then that even
in antibody-dependent forms of the disease, recruited intersti-
tial cells play a major role in anti-TBM and immune complex–
mediated interstitial lesions. Some rats injected with homol-
ogous kidney tissue develop interstitial mononuclear cell in-
filtrates before there is evidence of autoantibody production
(194,195). This was also noted in the early studies of nonim-
munosuppressed canine experimental kidney transplants (3).
In a study of guinea pigs sensitized to bovine γ -globulin, the
direct injection of the heterologous globulin into the renal cor-
tex resulted in a mononuclear interstitial infiltrate with focal
tubular destruction (255). This reactivity could then be trans-
ferred to unsensitized animals with lymph node cells, but not
with serum, providing direct evidence for cell-mediated tubu-
lointerstitial injury in this experimental model.

The tubular epithelial cells appear to contribute to the re-
cruitment of the mononuclear cells (65,110,256). Cytokines
and TNFs released by the activated infiltrating cells and injured
tubular epithelial cells have been implicated in the pathogenesis
and progression of tubulointerstitial lesions (7,8,16,257–259).
Moreover, the epithelial cells of the proximal tubule are one of
the few epithelial cells in the body shown to constitutively ex-
press the class II MHC molecules required to present antigens
to CD4+ T cells (6) and likely are central to the initiation and
perpetuation of the sequence of events that results in chronic
tubulointerstitial nephropathies (Figs. 72-1, 72-7).

Infection

Many organisms have been associated with acute tubulointer-
stitial nephritis, either due to their direct invasion of the kid-
ney or due to a reactive response of the kidney to a systemic
infection (Chapters 34 and 48). By contrast, the bulk of the
available evidence implicates direct bacterial infection of the
kidney, rather than a reactive response to systemic infections,
as a cause of chronic tubulointerstitial disease.

Cellular reactivity to bacterial antigens has been impli-
cated in the pathogenesis of interstitial lesions of pyelonephritis
(260). By using an indirect fluorescent method for the detec-
tion of a common enterobacterial antigen in infected tissues,
it was shown that bacterial antigen persisted in renal scars af-
ter the healing of experimental pyelonephritis (261,262). In
one clinical study, bacterial antigen was found in six of seven
kidneys of patients with “abacterial” pyelonephritis who had
not had clinical or bacteriologic evidence of infection for as
long as 19 years before the study (263). This finding, however,
could not be substantiated in other studies in which the anti-
gen could be demonstrated in kidneys from patients with acute
pyelonephritis caused by enteric organisms, but not from those
with chronic interstitial nephritis or nonspecific renal scars or
patients with pyelonephritis who were bacteriologically free of
infecting organisms (260). Experimental studies have revealed
that rats with acute enteric streptococcal pyelonephritis de-
velop cellular reactivity to bacteria, as indicated by lymphocyte
stimulation in vitro. In these animals, bacterial antigens can be
shown by immunofluorescent studies within both the infiltrat-
ing leukocytes and the interstitium. However, after eradication
of the infection, bacterial antigens were not demonstrable in
the interstitium, and, when present, were found only within
macrophages (260–262). It would seem unlikely, therefore, that
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delayed reactivity against bacterial antigens could provide a
mechanism for the perpetuation of the tubulointerstitial lesions
of pyelonephritis beyond the period when viable organisms are
present in the kidney (260–264).

Whereas the role of bacterial infection as the major de-
terminant for the development of acute pyelonephritis is un-
equivocal, the role of recurrent infection as a cause of kidney
damage remains doubtful. Progression from acute infection to
chronic “atrophic” pyelonephritis does not appear to be a re-
sult of persistent or recurrent infection itself but may be due
to chronic tubular cell injury (Figs. 72-1, 72-7), with conse-
quent altered cellular immune mechanisms (151), and usually
will develop in those with a coexistent mechanical outflow ob-
struction (207,264–266), thereby implicating an added role for
obstruction. Several studies of many women and men with sig-
nificant bacteriuria, who were followed over a decade, showed
that urinary tract infection does not lead to kidney damage,
provided the condition is not associated with obstruction and
there are no coexistent diseases, such as diabetes and hyperten-
sion (267,268). In children, however, bacteriuria does not nec-
essarily pursue the same relatively benign course as that seen in
adults (269,270). Chronic atrophic pyelonephritis, with classic
tubulointerstitial lesions, is a disease of childhood that mani-
fests itself clinically in adult life (269). Children younger than
5 to 6 years in whom urinary tract infection coexists with vesi-
coureteral reflux and in whom pyelotubular backflow develops
appear to be the individuals who are at increased risk of de-
veloping interstitial scarring, and, ultimately, tubular atrophy.
Reflux or obstruction without complicating infection can initi-
ate the injury to the tubules and interstitium (207,264). How-
ever, it is mainly children in whom infection and vesicoureteral
reflux coexist and persist despite treatment who develop renal
scars and tubulointerstitial disease (270). One study (271) with
a 2-year follow-up revealed the formation of new scars in 3 of
34 children whose infection was untreated, as compared with
only 1 of 26 children whose bacteriuria was treated. Therefore,
the role of infection is not to be discounted. Whether urinary
tract infection uncomplicated by obstruction causes sufficient
interstitial injury to result in irreversible changes and progres-
sive kidney disease is questionable (269,272–278). However,
obstruction or vesicoureteral reflux can produce renal injury by
causing either recurrent infection, by backpressure damage in
the absence of infection, or both (207). Moreover, pyelonephri-
togenic strains of Escherichia coli that are more cytotoxic to the
renal tubular epithelium because of stronger bacterial attach-
ment and hemolysin delivery have been identified and char-
acterized (90,279,280), as has a dysfunctional neutrophil re-
sponse in pyelonephritis-prone cases (281).

Experimentally, the unmanipulated urinary tract is remark-
ably resistant to retrograde challenge with an infectious inocu-
lum, whereas direct intrarenal injection of organisms causes
bacterial proliferation and elicits a local cellular reaction (273).
The initial inflammatory response to infection of the renal
parenchyma is that of a classic acute tubulointerstitial nephri-
tis characterized by edema, cellular infiltration, and tubular
damage. To determine whether this initial response results in
progressive immune-mediated injury after sterilization of the
urinary tract, efforts were made to characterize the local re-
sponse and the immunologic activity to the lymphoid cells
isolated from the experimentally infected kidney (274–276).
Within the first few days after infection, polymorphonuclear
leukocytes predominate in the interstitium and tubular lumen,
and the renal epithelial cells express class II MHC antigens
(277) and the TNF-α gene (278), indicating their ability to
act as antigen-presenting cells and to initiate the inflammatory
sequence of events implicated in the pathogenesis of tubuloint-
erstitial nephritis, such as increased excretion of TGF-β1 (282)
and IL-6 and IL-8 (283). The local release of chemoattractants
to recruit polymorphonuclear cells has been demonstrated to

contribute to the tubular damage that results (284), as has that
of free radical mediated tissue injury by the recruited leuko-
cytes (285). Within the subsequent days, the neutrophilic in-
filtrate dissipates while a dense mononuclear lymphocytic in-
filtrate develops, indicating an active cellular response evident
by the presence of B-lymphocytes and a depression of helper
T-lymphocyte activity, whereas suppressor T-cell activity is in-
creased (275). There is also evidence for the local activation
and deposition of the complement system (286) and for an in-
creased local production of IgG, IgM, and IgA by the infected
kidney (287,288). During an acute infection, an increase in
the level of circulating antibodies to THP has been reported
(208,289). The level of antibodies decreases once the active in-
fection is eradicated, and clearance studies showed the rapid
clearance of antibodies from local deposits (204). Whether
these antibodies or the local cellular infiltrates play a role in the
perpetuation of chronic kidney injury and scarring is a possi-
bility that has been proposed by some (263) but questioned by
others (260). The potential for ammonia production by urease-
producing organisms has been implicated in the propensity of
these organisms to produce renal injury (173,218).

Preexisting kidney disease or an immunocompromised host
seems to predispose to the detrimental effect of infection
(290,291). The latter is best exemplified by the unusual infec-
tions causing interstitial injury encountered in kidney allografts
(291,292), the kidneys of patients with acquired immunodefi-
ciency syndrome (AIDS) (293), and following bone marrow
transplantation (294). Of the various infections that have been
implicated to cause tubulointerstitial lesions in the transplanted
kidney the incidence of that due to polyomavirus infection
appears to have increased after the introduction of mycophe-
nolate mofetil–based antirejection therapy (295–298), and to
subside after a decrease in the dose of mycophenalate based
immunosuppression or after switching to cyclosporine-based
antirejection therapy (295,297). Actually, recipients of kidney
allograft and patients with AIDS are prone to tubulointerstitial
nephritis even in the absence of superimposed infection (299–
302).

Obstruction and Reflux

Interstitial changes are a prominent feature of the kidneys in
urinary tract obstruction of any etiology. The initial structural
changes that follow are those of tubular dilation and corti-
cal infiltration with lymphocytes. Later, a network of fibrosis
develops, extending from the capsule through the medulla of
the affected pyramids. Fibrosis gradually increases and causes
contraction and scarring (264). Proliferation of interstitial cells
also occurs after ureteral obstruction (109,146,303). Many
quantifiable pathophysiologic events occur during the first
week of unilateral ureteral obstruction, which make this an
important model for the study of the mechanisms of tubuloin-
terstitial nephritis (304,305). The whole process can occur in
the absence of infection. If infection is deliberately induced, or
develops spontaneously, a polymorphonuclear reaction occurs
and tubular casts are noted. More importantly, in the coexis-
tence of infection, the fibrosis is more extensive.

In vesicoureteral reflux, kidney damage depends on the de-
gree of incompetence of the ureterovesical valve, the magni-
tude of pressure that develops, and the length of time that the
vesicoureteral reflux persists before correction. In persons with
neurogenic bladder disorders, in which a high-pressure condi-
tion develops, vesicoureteral reflux occurs as a secondary event.
In one study, more than 90% of children and 50% of adults
with pyelonephritic scars had vesicoureteral reflux demon-
strated on voiding cystourethrograms. In 89% of adults with
scars, cystoscopic examination revealed abnormal ureteral ori-
fices, suggesting ureteral reflux (306).
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The importance of reflux of infected urine in the causation
of tubulointerstitial lesions and atrophic kidney is now well
established (264,309). Reflux, present in about 1% of new-
borns, is due to a number of congenital abnormalities such
as defects at the vesicoureteral junction or impaired peristal-
sis of the urinary outflow tract (307,308). The role of sterile
urine reflux, in doing so, although supported by experimen-
tal studies in pigs, remains to be documented in humans. A
role for extravasation of a potentially powerful autoantigen,
THP, in causing immune-mediated injury in the absence of
infection has been postulated to occur in patients with vesi-
coureteral reflux, urine outflow obstruction, or inadequately
draining transplanted kidneys (264). However, a number of
studies have failed to confirm an immediate relationship be-
tween THP deposition and subsequent inflammatory response
(309).

A proinflammatory potential of THP has been proposed on
the basis of its demonstrated ability to bind neutrophils in vitro
(310). Experimental support has been advanced for the notion
that THP contributes to the pathogenesis of tubulointerstitial
nephritis when it is increased in the interstitium after cell injury,
where it initiates an autoantibody reaction and contributes to
the infiltration of polymorphonuclear leukocytes (311). The
oxidative burst of the now-activated adherent leukocytes then
releases proteases and ROS, which contribute to the further
loss of epithelial cell integrity. The tubular rupture responsible
for extravasation of THP is related to the increased pressure in
the tubules when the intrapelvic pressure rises in the presence
of urine flow obstruction (312). Studies in 23 human neonatal
kidneys obtained at autopsy showed that the range of pressure
needed to cause pyelotubular backflow, with extravasation into
the interstitial tissue, was 22 to 87 mm Hg, with a mean of
47 mm Hg (313). Pyelovenous reflux occurs in about 50% of
cases when intrapelvic pressures of 50 to 70 mm Hg are in-
duced experimentally and in 100% when pressures of more
than 70 mm Hg are attained (313). In humans, intrapelvic
pressures of more than 70 mm Hg are attained in patients
with hydronephrosis in whom focal pyelotubular backflow can
be demonstrated radiologically (314). Vesicoureteral reflux of
a minor degree probably causes no kidney injury, but vesi-
coureteral reflux in a high-pressure situation or in the presence
of infection does appear to be associated with tubulointersti-
tial injury. Thus, whereas renal scarring as a result of intrarenal
reflux does occur, secondary to urinary outflow obstruction of
any cause, no comprehensive uniform explanation has been ad-
vanced for the renal scarring and atrophy that develop in some
but not in others.

Most of the experimental work attempting to explore the
pathogenesis of scarring due to reflux has been done on rats,
in which the unilobular pelvic anatomy is different from that
of human kidney, which is multilobular and has 8 to 12 calices
(313,315). The pig kidney used in some studies is multilobular
and therefore is considered more analogous to human anatomy
(207). About 75% of human kidneys have compound papil-
lae, which fuse to drain several papillae generally in a polar
location. The ducts of Bellini in some of the composite renal
papillae have wide-open orifices, as opposed to the narrow slit-
like orifices of the simple single papilla (316). Consequently, if
the pressure of the refluxing urine is sufficient to overcome
the pressure within the nephrons of the composite renal papil-
lae, intrarenal reflux can occur (317,318). This accounts for
the experimental and clinical observations that reflux can be
demonstrated in only some segments of the kidney and that
these are usually at a polar location. However, if the tubular
flow is high and there is a large diuresis, injury from intrarenal
reflux may be prevented (319).

Inflammatory pathways also play a role in the tubuloin-
terstitial injury of urinary tract obstruction. Of interest are
the changes of parenchymal cell infiltration that accompany

increased intrapelvic pressure. Mononuclear cell infiltration
is one of the earliest responses of the kidney to ureteral
obstruction. Fairly early following acute urinary tract ob-
struction, cortical tubule epithelial cells express MCP-1 and
RANTES, providing an impetus for the recruitment and ac-
cumulation of inflammatory cells (304,320). The infiltrating
cells are macrophages and suppressor and cytotoxic lympho-
cytes (321,322). In experimental models of urinary tract ob-
struction, an increased expression of MCP-1 and RANTES is
observed simultaneously with leukocyte and macrophage infil-
tration, with the subsequent onset of fibrosis (305). The release
of various proinflammatory and vasoactive cytokines, by the
infiltrating cells of the hydronephrotic kidney, appears to ex-
ert a significant modulating role in the tubulointerstitial injury
and hemodynamic changes seen early in the course of obstruc-
tion (321–328). With persistent obstruction, changes of chronic
tubulointerstitial nephritis occur within weeks (329), and grad-
ually fibrosis becomes prominent (304,330,331). Cultures of
the fibroblastic type of cortical interstitial cells from explants of
unilateral hydronephrotic rabbit kidneys, compared with those
from the contralateral normal kidney, grow significantly faster
and have increased prostaglandin E2 production in response to
bradykinin (332).

Also of note in reflux nephropathy are the glomerular
changes that develop in the later phases of the disease in some
patients. As a rule, the glomerular changes commonly en-
countered are ischemic in nature, consisting of sclerosis,
periglomerular fibrosis, and obsolescence, and are associ-
ated with modest proteinuria. In a few, focal and segmental
glomerulosclerosis and hyalinosis develop and are manifested
clinically by massive proteinuria and rapidly progressive kid-
ney failure. The affected glomeruli commonly contain IgM and
C3 as shown by immunofluorescent microscopy, suggesting an
immunologic mechanism (193,333–335). The nature of the
immune reaction remains unclear. Autologous (THP, brush-
border antigen) or bacterial antigen derivatives have been im-
plicated, as have hemodynamic changes that develop in the
glomeruli of remaining intact nephrons of the hydronephrotic
kidney, adapting to a reduction in renal mass by hyperfiltration
(333).

Drugs

Drugs that are the major cause of acute tubulointerstitial
disease also produce the chronic forms of tubulointerstitial
nephropathy. Patients who develop the acute form of drug-
induced tubulointerstitial nephritis generally recover fully. A
few, however, do not recover and progress to chronic tubuloin-
terstitial disease, as best exemplified by cisplatin (336,337).
Based on a retrospective review of kidney biopsies, it has been
estimated that about a third of patients with acute tubuloin-
terstitial nephritis develop either only partially reversible or
irreversible loss of kidney function (338). Most patients who
develop drug-induced chronic tubulointerstitial nephritis do so
insidiously, during or after the chronic use of one or more
drugs. The latter (in which exposure to a mixture of more
than one agent accounts for the kidney lesions) is best ex-
emplified by analgesic abuse nephropathy (339,340), whereas
cases of chronic tubulointerstitial nephritis due to chronic
use of a single drug are exemplified by prolonged exposure
to cyclosporine (340,341), cisplatin (342), nitrosourea (343),
herbal medications (344–347), lithium (348,349), methotrex-
ate (350), mesalazine (351,352), 5-aminosalicylic acid (353),
and nonsteroidal antiinflammatory drugs (354–356). The risk
of chronic tubulointerstitial nephropathy with these therapeu-
tic agents is quite small and often preventable, and the risk–
benefit ratio associated with these agents is much too small
to limit their beneficial clinical use (356). Conversely, cases
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occurring due to herbal medicines, which are of questionable
therapeutic merit, deserve closer scrutiny (357). First reported
in 1993 from Belgium, as a unique rapidly progressive, hypocel-
lular, fibrosing interstitial nephritis in young women using a
slimming regimen of Chinese herbs (356), the entity is now
recognized with increasing frequency worldwide and in asso-
ciation with various herbal medicines (356–362). The lesions
have been attributed to the content of phytotoxins—specifically
aristolochic acid—which are not only nephrotoxic but also car-
cinogenic, in that nearly half of the patients with nephropa-
thy have been subsequently diagnosed with transitional cell
carcinomas of the urinary tract (346,358,361,362). However,
aristolochic acid was not present in all herbal preparations as-
sociated with tubulointerstitial nephritis (344,346). Especially
alarming is the rapid progression to end-stage kidney failure
despite the discontinuation of herbal medications (363,364).
The exact mechanism of aristolochic acid nephropathy is un-
known. However, specific DNA adducts have been detected
in the kidney of patients with aristolochic acid nephropathy
that are not seen in other forms of chronic tubulointerstitial
nephropathy (346). Aristolochic acid has been shown to in-
hibit filtered albumin reuptake by proximal tubule epithelial
cells, even after cessation of its ingestion (359). Considered to-
gether with the fact that the nephropathy progresses even after
cessation of aristolochic acid exposure and that uroepithelial
tumors are common in these patients, it is reasonable to assume
that DNA injury and mutagenesis may be an important cause
of aristolochic acid nephropathy. Interestingly, the interstitial
fibrosis due to aristolochic acid is not inhibited by ACE inhi-
bition or angiotensin blockade, suggesting an injury pathway
independent of the renin–angiotensin system (360).

Progressive loss of kidney function associated with a char-
acteristic tubulointerstitial nephritis with cystic tubular dilata-
tion and global glomerulosclerosis has been described in pa-
tients receiving chronic lithium therapy for bipolar disorders
(349,365,366) and demonstrated experimentally (367). Ini-
tially, this was considered controversial because the kidney
biopsies were performed in individuals whose kidney func-
tion was reduced, and similar lesions were described in psy-
chiatric patients with reduced kidney function who had not
been treated with lithium (368,369). However, confirmatory
reports of loss of kidney function (365) that progresses to kid-
ney failure and is dialysis-dependent (366,370–372) leave little
doubt that lithium is nephrotoxic, particularly in those with
recurrent lithium intoxication (365). The prevalence of the in-
terstitial lesions, however, remains to be determined. Of spe-
cial interest in these cases are the characteristic cystic dilations,
which have been shown to be localized to the distal and collect-
ing tubules (370). This is particularly relevant because of the
commonly encountered nephrogenic diabetes insipidus that af-
fects as many as 20% to 70% of lithium-treated patients (369),
and the experimentally demonstrated lithium-induced down-
regulation of the vasopressin-regulated water aquaporin-2
water-channel expression in the apical plasma cells of the col-
lecting tubules (373,374). Whereas the progression of kidney
disease is dependent on the duration of therapy and cumula-
tive dose exposure (372), the prevalence of interstitial lesions
during lithium therapy remains to be determined.

The lesions of analgesic abuse deserve special considera-
tion. To a great extent, it is the appreciation of their role in the
causation of chronic interstitial nephritis that had the greatest
impact in questioning the wisdom of attributing all chronic
tubulointerstitial lesions to pyelonephritis. In the initial re-
ports from Switzerland, the lesion was described as chronic
interstitial nephritis (chronische interstitielle nephritis), with a
high incidence of papillary necrosis (375,376). Subsequent re-
ports established papillary necrosis as a prominent lesion of
analgesic-associated nephropathy (AAN) and documented the
significance and occurrence of this problem worldwide (377–

382). From the outset, it was evident that there was consid-
erable variation in the incidence of AAN in different parts of
the world (from Australia to New Zealand to Scandinavia to
England to Canada to the United States), with wide regional
differences within each country (18,339,383–389).

Because of the over use of analgesic compounds, a common
ingredient of which was phenacetin, the lesions of AAN were
initially attributed to phenacetin (379–390). Subsequent clini-
cal studies, however, questioned the role of any single agent
as the cause of kidney disease (391), and despite the with-
drawal of phenacetin, AAN remained one of the main causes
of end-stage renal disease in Australia, Switzerland, Belgium,
and Germany (384–386). The preponderance of experimen-
tal studies indicates that phenacetin, paracetamol, and aspirin
given alone are only moderately nephrotoxic, even in massive
doses. Renal lesions can be much more readily induced when
a mixture of aspirin and paracetamol or phenacetin is used,
particularly when they are combined with water deprivation
(339,392). In all experimental studies, the extent of renal in-
jury was dose-dependent, and when examined, water diuresis
protected from analgesic-induced renal injury (339,393). Ac-
tually, phenacetin itself is not toxic; it is rapidly metabolized
by the liver to paracetamol (N-acetyl-p-aminophenol), which
is then excreted by the kidneys either as the free compound
or as its conjugate. The bulk of the latter consists of the glu-
curonide and a smaller portion of the sulfate. Both paracetamol
and its conjugates attain significant (fourfold to fivefold) con-
centrations in the medulla and papilla, depending on the state
of hydration of the experiment animals studied. The toxic ef-
fect of these substances is apparently related to their intrarenal
oxidation to reactive intermediates, which in the absence of
reducing substances such as glutathione become cytotoxic by
virtue of their capacity to induce oxidation (38,393,394) and
induce tubular cell apoptosis (395). Salicylates are also sig-
nificantly (6-fold to 13-fold) concentrated in the medulla and
papilla, where they attain a sufficient level to uncouple oxida-
tive phosphorylation and reduce the ability of cells to generate
reducing substances (393–395). Thus, both agents attain suf-
ficient medullary concentration in the kidney to individually
exert a detrimental and injurious effect on cell function. Their
simultaneous presence results in an additive effect because of
the salicylate-induced decrease in reducing capability at a time
when the concentrations of the reactive oxidative byproducts of
phenacetin are increased locally. Considered in this context, it is
evident why water diuresis, by reducing the medullary tonicity
and therefore the medullary concentration of drug attained,
protects from analgesic-induced cell injury (339,393,396).
A direct role of analgesic-induced injury can be adduced from
the arrest of the progressive loss and generally improvement
of kidney function that are noted after cessation of analgesic
abuse (397,398). That it is the use of analgesics in combination
that accounts for kidney injury is evidenced from the decrease
in AAN as a cause of end-stage kidney failure in Australia and
European countries since legal restrictions were imposed on
the sale of over-the-counter analgesic mixtures (356,399), and
the epidemiologic demonstration of a direct relationship of the
prevalence of AAN to the proportion of analgesic mixtures
available for sale over the counter (400).

The intrarenal distribution of analgesics provides an expla-
nation for the medullary location of the pathologic lesions of
analgesic abuse (Fig. 72-8). The initial lesions are patchy and
consist of necrosis of the interstitial cells, thin limbs of the loops
of Henle, and vasa rectae of the papilla. The collecting ducts
are spared. The quantities of tubular and vascular basement
membrane and interstitial ground substance are increased. At
this stage, the kidneys are normal in size and there are no ab-
normalities in the renal cortex. With persistent drug exposure,
the changes extend to the outer medulla. Again, the lesions
are initially patchy, involving the interstitial cells, the loops of
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FIGURE 72-8. The course and stages of analgesic nephropathy. (From: Eknoyan G. Analgesic nephro-
toxicity and renal papillary necrosis. Semin Nephrol 1984;4:65, with permission.)

Henle, and vascular bundles. With continued drug abuse, the
severity of the inner medullary lesions increases with sclerosis
and obliteration of the capillaries, atrophy and degeneration
of the loops of Henle and collecting ducts, and the beginning
of calcification of the necrotic foci. Ultimately, the papillae be-
come entirely necrotic, with sequestration and demarcation of
the necrotic tissue. The necrotic papillae may then slough and
are excreted into the urine or remain in situ, where they atro-
phy further and become calcified. Cortical scarring, character-
ized by interstitial fibrosis, tubular atrophy, and periglomerular
fibrosis, develops over the necrotic medullary segments. The
medullary rays traversing the cortex are usually spared and be-
come hypertrophic, thereby imparting a characteristic cortical
nodularity to the now shrunken kidneys. The visualization of
these configurational changes can be extremely useful in the
diagnosis of AAN. A comparison of 60 analgesic abusers with
188 control subjects, using renal ultrasound and computed to-
mography, showed that a decrease in kidney size combined with
bumpy contours of both kidneys provided a diagnostic sensi-
tivity of 90% and a specificity of 95%. The additional finding
of evidence of renal papillary necrosis resulted in an overall
sensitivity of 72% and specificity of 97%, giving a positive
predictive value of 92% (400). Examination of kidney tissue
at this late stage of AAN reveals the classic features of cortical
tubulointerstitial nephropathy (377,391,401–403).

As might be expected from the slow progressive nature of
the lesion, the deterioration of kidney function is insidious.
Kidney injury can be detected by appropriate testing for ster-
ile pyuria, reduced concentrating ability, and a distal acidifying

defect. These may be evident at levels of mild functional insuffi-
ciency and become more pronounced and prevalent as kidney
function deteriorates. Proximal tubular function is preserved
in those with mild loss of function but can be abnormal with
more advanced kidney disease (356). In all cases, there is a re-
lationship between kidney function and the duration, intensity,
and quantity of analgesic consumed (404,405). The magnitude
of injury is related to the quantity of analgesic ingested chron-
ically over the years. In persons with significant impairment of
kidney function, the average dose ingested has been estimated
at about 10 kg over a mean period of 13 years (406). The min-
imum amount of drug consumption that results in significant
kidney damage is unknown. It has been estimated that a cumu-
lative dose of 3 kg of the index compound, or a daily ingestion
of 1 g per day over 3 years or more, is a minimum that can
result in detectable renal impairment (18). Only a minority of
persons who regularly take analgesic mixtures develop kidney
injury (405). There is also considerable variation in the sever-
ity of the renal lesions in those who do develop kidney injury.
One reason for this variable response may be adduced from the
experimental evidence for the medullary concentration of anal-
gesics and the prevention of renal injury by hydration (393).

It is possible that those who develop analgesic nephropathy
ingest lower quantities of fluid or are subjected to dehydration
due to environmental conditions. This issue has not been in-
vestigated clinically, although a role for dehydration due to the
climatic conditions has been proposed as one reason for the
geographic variability in the incidence of analgesic nephropa-
thy (339). Other factors that might contribute to dehydration,
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such as laxative and diuretic use, have also been implicated
(407,408). Differences in the content of the mixtures also could
account for the geographic variation in the incidence of AAN
(407,409). Finally, coexistent diseases, such as diabetes, sickle
cell disease, and infection, which themselves cause tubuloin-
terstitial nephritis, may predispose analgesic abusers to more
severe kidney injury (339). An association between the inges-
tion of analgesic drugs and end-stage renal disease has been
proposed on the basis of population-based case-control stud-
ies (385,386,410). The noted risk was greatest in heavy users of
acetaminophen and nonsteroidal antiinflammatory drugs. An
associated risk has also been reported with use of aspirin and
salicylates (411,412). The validity of these epidemiologic ob-
servations remains to be established from prospective studies.

Consumption of phenacetin-containing analgesics has been
associated with a significant increase (10% of abusers) of
urothelial tumors of the renal pelvis, ureters, and bladder
(37,413). The tumors occur after a latent period of decades, are
typically multiple, are poorly differentiated, and spread rapidly.
Epidemiologic and retrospective case-control studies of the role
of paracetamol association with urothelial tumors have yielded
negative results (414,415). However, paracetamol may not be
free of all such side effects (413). A recent population-based
case-control study showed that the risk of renal pelvic cancer
was increased by phenacetin-aspirin mixtures to a greater ex-
tent than by paracetamol alone (relative risk, 12.2 versus 1.3),
but the risk of renal cell carcinoma appeared to be increased to
a similar degree by phenacetin-aspirin mixtures (relative risk,
1.4) and paracetamol (relative risk, 1.5) taken in any form
(416). The presence of renal papillary necrosis in phenacetin
abusers significantly increased the relative risk for urothelial
cancer (417).

Tubulointerstitial nephritis has emerged as the most seri-
ous side effect of cyclosporine (418). Cyclosporine-mediated
vasoconstriction of the cortical microvasculature has been im-
plicated in the development of an occlusive arteriolopathy and
tubular epithelial cell injury (419–422). Although these early
lesions tend to be reversible with cessation of therapy, an
irreversible interstitial fibrosis and cellular infiltrate develop
with prolonged use of the drug, especially with higher doses
(340,341,421–425). Cyclosporine increases the expression of
renal TGF-β, which likely promotes interstitial fibrosis (426–
428). The fibrosis has been shown to be inhibited by ACE
inhibition (428) and by blocking the TGF-β pathway (427).
The irreversible nature of this tubulointerstitial nephritis and
its attendant loss of kidney function have raised serious con-
cerns regarding the long-term use of this otherwise-efficient
immunosuppressive agent (429,430), the use of which has
been proposed in the treatment of tubulointerstitial nephri-
tis (199). Chronic tubulointerstitial nephritis also occurs with
tacrolimus, although kidney function is reported to be better
preserved than with cyclosporine (431–433). Both agents exert
a stimulatory effect on endothelin-1 (ET-1) synthesis and se-
cretion in the kidney (434). The vasoconstrictor effect of ET-1
may account for the ischemic effect of these agents in initiating
kidney injury.

Hematopoietic Disorders

The renal lesion that develops in disorders of the hematopoi-
etic system is generally that of a tubulointerstitial nephropa-
thy. This is by far most common in persons with a sickle
cell hemoglobinopathy. Although more frequent in those with
sickle cell disease, tubulointerstitial lesions also are common in
those with sickle cell trait, sickle cell hemoglobin C disease, or
sickle cell thalassemia (435,436). The predisposing factors that
lead to the propensity of kidney involvement are the physico-
chemical properties of hemoglobin S that predispose its poly-

merization in an environment of low oxygen tension, hyper-
tonicity, and low pH level (437). These conditions are charac-
teristic to the renal medulla and therefore are conducive to the
intraerythrocytic polymerization of hemoglobin S and conse-
quent erythrocyte sickling that accounts for the development of
typical vascular occlusive lesions (438–442). Although some of
these lesions occur in the cortex, the lesions start and are pre-
dominantly located in the inner medulla, where they are at the
core of the focal scarring and interstitial fibrosis (436,443,444),
and account for the common occurrence of papillary necrosis in
these persons (339). The incidence of radiographically demon-
strable papillary necrosis is from 33% to 65% (436), and of in-
creased renal echogenecity on ultrasonography is 17.6% (437).
Tubular function abnormalities such as impaired concentrat-
ing ability, depressed distal potassium and hydrogen secretion,
tubular proteinuria, and decreased proximal reabsorption of
phosphate and increased secretion of creatinine are common
and detectable early in the course of the disease (445,446).

Disorders of plasma cell function also produce tubulointer-
stitial disease. Actually, the pathogenesis of kidney involvement
is of varied etiologies (186), and the renal complications of
multiple myeloma are a major contributing factor in the mor-
bidity and mortality of this neoplastic disorder (447–449). As
might be expected, it has been shown that in those who present
with kidney failure, ultimate survival depends to a great extent
on the hematologic response to chemotherapy and much less
on the coexistent kidney failure that is amenable to dialytic
therapy (450,451). Kidney involvement depends on the tumor
burden. Less than 5% of myeloma cases with a low tumor-
ous mass have kidney involvement, whereas more than 40%
of those with a high tumor mass will have reduced kidney func-
tion (452). The lesions that are directly the result of excessive
production of light chains are those caused by the precipita-
tion of the light-chain dimers in the distal tubules and result in
what has been termed myeloma cast nephropathy. The affected
tubules are surrounded by chronic inflammatory cells, intersti-
tial fibrosis, and multinucleated giant cells (134,135,447). Ad-
joining tubules show varying degrees of atrophy. The propen-
sity of light chains to lead to myeloma cast nephropathy
appears to be related to their concentration in the tubular fluid,
the tubular fluid pH level, and their structural configuration,
rather than their intrinsic physicochemical properties, as was
initially postulated (452–456). This accounts for the observa-
tion that increasing the flow rate of urine or its alkalinization
will prevent or reverse the casts in their early stages of forma-
tion. Direct tubular toxicity of light chains also may contribute
to the tubular injury (134). λ Light chains appear to be slightly
more injurious than κ light chains (453,457), whereas the larger
and heavier IgG myeloma protein is least likely to to be injuri-
ous (458). In fact, light-chain proteinuria is a highly significant
risk factor for the kidney dysfunction, especially when it is more
than 2 g per day (457,459). Binding of human κ and λ light
chains to human and rat proximal tubule epithelial cell brush-
border membrane has been demonstrated (460). Analysis of the
binding data reveals a single class of low-affinity, high-capacity
binding sites that are specific to light chains. Epithelial cell in-
jury associated with their absorption has been implicated in the
pathogenesis of tubulointerstitial nephritis (Fig. 72-1). Another
mechanism whereby plasma cell dyscrasias cause tubulointer-
stitial lesions is related to the interstitial and perivascular depo-
sition of paraproteins, either as amyloid fibrils that are derived
from λ chains or as fragments of light chains that are derived
from κ chains, and produce the so-called light-chain deposi-
tion disease (134,461). Of these various lesions, myeloma cast
nephropathy appears to be the most common, being observed
in one-third of the autopsied cases, followed by amyloid de-
position, present in 10% of cases, whereas intramembranous
light-chain deposition is relatively rare and present in less than
5% of cases (449,462,463).
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The kidney is one of the most common extranodal sites
of metastatic lymphomas (464), and it is not uncommon to
diagnose occult lymphomas by kidney biopsy that clinically
mimic chronic kidney disease (465). Infiltration of the kid-
ney is frequent in patients with acute lymphoblastic leukemia
and non-Hodgkin’s lymphomas but less common in those with
Hodgkin’s disease (134). Renal infiltrates are generally clini-
cally silent and only result in kidney failure either from vas-
cular or ureteral compression or from extensive parenchymal
infiltration (142).

Tubulointerstitial lesions are common in the acute stage of
the hemolytic syndrome and are an integral feature of those
who develop persistent kidney damage necessitating renal re-
placement therapy (398,466).

Heavy Metals

Environmental exposure to cadmium results in its accumula-
tion in the body, where it is preferentially concentrated in the
kidney, principally in the proximal tubule, in the form of a
cadmium-metallothionein complex that has a biologic half-life
of approximately 10 years (462). Because of its chronic lo-
cal toxic effect, an insidious form of chronic tubulointerstitial
nephropathy results, the principal manifestation of which is
proximal tubule dysfunction (468–470), a distinctive form of
low-molecular-weight proteinuria (471) and osteomalacia due
to calciuria, which causes nephrolithiasis in 40% of such cases
(472).

Exposure to lead, as an occupational hazard, environmental
exposure, or its ingestion in homemade brew, results in its insid-
ious accumulation in the body (139,473,474). This subclinical
accumulation of lead has been implicated in the causation of
hyperuricemia, hypertension, and kidney failure (5,475,476).
Episodes of acute gouty attacks precede the onset of reduced
kidney function, and hypertension develops early in the course
of kidney disease at a time when the serum creatinine level is
only slightly above the normal range. Focal tubulointerstitial
lesions are present in as many as half of such patients. Actu-
ally, tubulointerstitial lesions of such cases once attributed to
gouty nephropathy are now considered the consequence of lead
overload (476). The infusion of calcium disodium ethylenedi-
aminetetraacetic acid (EDTA) to mobilize body stores of lead
is a useful diagnostic tool for the detection and treatment of
this disorder (139,476–478). Environmental exposure appears
to be associated with worsening of preexisting chronic kidney
disease. In a randomized study of nondiabetic Taiwanese pa-
tients with chronic kidney disease and an elevated body lead
burden, repeated EDTA chelation resulted in improved kidney
function and a slower rate of progression over 24 months com-
pared to a placebo-treated group (479).

Rare cases of tubulointerstitial nephropathy have been
caused by exposure to silicon, copper, bismuth, barium, ura-
nium, and arsenic (480,481), and possibly organic solvents
(482). Early detection is important in all cases of heavy metal
exposure because of the potential of reversibility. Unfortu-
nately, the onset of kidney disease is insidious and often goes
undetected. Urinary enzymatic markers of tubular injury and
selective proteinuria (THP, retinal binding protein, alkaline
phosphatase) can be useful in early detection but are not readily
available (483,484).

Vascular Diseases

Tubular degeneration, interstitial fibrosis, and mononuclear
cell infiltration are part of the degenerative process that affects
the kidneys in vascular diseases that involve the intrarenal vas-
culature with any degree of severity as to result in ischemia

(67,485–488) (Figs. 72-1, 72-7). Rarely, if the insult is sudden
and massive, the lesions are those of infarction and acute de-
terioration of kidney function. More commonly, the vascular
lesions develop gradually and go undetected until renal insuf-
ficiency supervenes (49). It is this chronic form that accounts
for the tubulointerstitial lesions of arteriolar nephrosclerosis
and hypertension (10,49,89,489) that accounts for the rela-
tively high prevalence of end-stage renal disease in selected eth-
nic populations and contributes to the tubulointerstitial lesions
of patients with diabetes (486), sickle cell hemoglobinopathy
(436), vasculitis (487,488), and cyclosporine nephrotoxicity
(421,422).

The kidney injury caused by radiation, which is characteris-
tically one of tubulointerstitial nephropathy, is also ischemic in
origin because of the radiation-induced injury of the renal vas-
culature (490,491). The rash of cases that were reported from
the 1940s through the 1960s resulted from the failure to rec-
ognize the sensitivity of renal vessels to irradiation (492) and
the then-prevailing misconception that the kidney was resistant
to radiation injury (493). Recognition that the total dose and
frequency of the administered radiation are important deter-
minants of nephrotoxicity, and institution of shielding of the
kidneys during radiation exposure has resulted in a dramatic
decrease in the frequency with which radiation-induced tubu-
lointerstitial lesions are currently encountered.

Metabolic Disorders

Hyperuricemia/Hyperuricosuria

The kidneys are the major organs for the excretion of uric
acid and a primary target organ affected in disorders of urate
metabolism. The renal lesions result from crystallization of
uric acid, either in the urine outflow tract or in the kidney
parenchyma (494–496). The determinants of uric acid solubil-
ity are its concentration and the pH of the medium in which
it is dissolved (497). Consequently, the supersaturation of the
tubular fluid, as the excreted uric acid becomes concentrated
in the medulla, and the acidification of the urine in the distal
tubule will be conducive to the precipitation of uric acid. Not
unexpectedly then, the major sites of urate deposition are the
renal medulla, the collecting tubules, and the urinary tract. The
pH of uric acid is 5.4, and at the acid pH of the distal tubule
fluid, the bulk of the filtered urate will be present in its union-
ized form as uric acid, whereas at the more alkaline pH of the
blood and interstitium, it is in its ionized form as urate salts.
If deposition occurs in an acid medium, as in the tubular fluid,
birefringent uric acid crystals are formed, whereas in an alka-
line medium, as in the interstitium, amorphous urate salts are
deposited (498,499). Depending on the load of uric acid pre-
sented to the kidneys, one of three disorders results: acute uric
acid nephropathy, uric acid nephrolithiasis, or chronic urate
nephropathy. Whereas either one of the former two forms can
produce tubulointerstitial lesions, only the latter is considered
here, because uric acid nephropathy is an acute lesion and uric
acid nephrolithiasis produces its effect by obstruction.

The principal lesion of chronic hyperuricemia is the depo-
sition of microtophi of amorphous urate crystals in the inter-
stitium, with a surrounding giant-cell reaction (133,500,501).
The earlier change, however, is probably due to the precipita-
tion of birefringent uric acid crystals in the collecting tubules,
with consequent tubular obstruction, dilation, atrophy, and in-
terstitial fibrosis (498,502). Experimental evidence in support
of a role of tubular precipitation of uric acid has been ad-
vanced from studies on pigs fed a high purine diet (503). Addi-
tional support derives from the reported high incidence of uric
acid crystals in the kidneys of patients with gout and those
with Lesch-Nyhan syndrome (495,504). The proposal has,
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therefore, been made that most patients whose hyperuricemia
and gout are due to decreased uric acid excretion, rather than
overproduction, would be spared from renal injury. However,
this is not the case because kidney lesions are encountered in
these “underexcretors.” The kidney injury of these individu-
als has been attributed to hyperacidity of the urine because of
an inherent abnormality in their ability to produce ammonia
(505,506). The acidity of urine is important because uric acid
is 17 times less soluble than urate, and, therefore, it facilitates
precipitation in the distal nephron of those who are not over-
producers but have an acid urine.

The earlier notion that chronic kidney disease was com-
mon in patients with hyperuricemia (504) has been questioned
in light of prolonged follow-up studies of kidney function in
persons with hyperuricemia (505–507). Reduced kidney func-
tion could be documented only when the serum urate concen-
tration was more than 10 mg/dL in women and more than
13 mg/dL in men for prolonged periods. The deterioration
of kidney function in those with hyperuricemia of a lower
magnitude has been attributed to the higher-than-expected
occurrence of concurrent hypertension, diabetes mellitus, ab-
normal lipid metabolism, and nephrosclerosis (508,509). Re-
cent experimental evidence indicates that milder hyperuricemia
is associated with endothelial dysfunction, hypertension, and
chronic tubulointerstitial nephritis (510–514). The develop-
ment of tubulointerstitial nephritis in mild hyperuricemia is
crystal-dependent and is likely secondary to activation of the
renin–angiotensin system and altered production of nitric ox-
ide (NO), since the hypertension and kidney lesions were at-
tenuated with administration of allopurinol, ACE inhibition
and the NO-substrate, l-arginine (511,512). Clinically, hype-
ruricemia is independently associated with hypertension and
cardiovascular disease, whether its treatment affects kidney
function remains to be determined (511,513). An association
of kidney disease and hyperuricemia exists in persons with a
history of exposure to lead and consequent subclinical lead
toxicity (475,476). A series of studies from New Jersey showed
that patients with coexistent hyperuricemia and reduced kidney
function had lead overload, whereas those with hyperuricemia
and normal kidney function had normal body lead stores. The
mechanism whereby lead aggravates hyperuricemia is not clear
(515).

Hyperoxaluria

The increased production or intestinal absorption of oxalate,
with its consequent increased renal excretion, almost invari-
ably results in its precipitation as calcium oxalate in the urine
outflow tract (138,516). Microcrystallization first occurs in
the proximal tubules where oxalate secretion occurs (516–
518), but the lesions that develop are more severe in the re-
nal medulla, where the increasing concentration of the tubular
fluid and its acidification promote calcium oxalate precipita-
tion (138,139,519), and adhesion to distal nephron epithelial
cells (520), particularly in the presence of Tamm-Horsfall pro-
tein deficiency (521). The exposure of tubule epithelial cells to
calcium oxalate crystals results in the increased synthesis of os-
teopontin, MCP-1, prostaglandin E2, and AII receptors, which
are known to activate the interstitial inflammatory process and
matrix deposition (522,523). This results in atrophy of the ep-
ithelial cells lining the affected tubules, interstitial edema, and
inflammatory cell infiltration (138,139,523).

Hyperoxaluria may be primary or acquired (138). The pri-
mary form is a rare inherited disorder due to an enzymatic
abnormality in the metabolism of glyoxylic acid. The acquired
forms of hyperoxaluria are more common and result either
from the ingestion of oxalate precursors, such as ethylene gly-
col (524) and ascorbic acid (138), and exposure to methoxyflu-
rane anesthesia (525) or from its increased absorption from the

intestinal tract of persons with inflammatory bowel disease or
who have undergone small bowel resection (526–528). When
the hyperoxaluria is sudden and massive, such as after ethy-
lene glycol ingestion, acute renal failure develops. Otherwise,
as with most cases of hyperoxaluria, the overload is insidious
and chronic; as a result, interstitial fibrosis, tubular atrophy,
and dilation result in a chronic tubulointerstitial nephritis, with
progressive renal failure. The propensity to recurrent calcium
oxalate nephrolithiasis and consequent obstructive uropathy
contributes to the tubulointerstitial lesions.

Hypercalcemia/Hypercalciuria

Given the many and vital roles of calcium in normal cell func-
tion, it is evident why changes in calcium concentration, ei-
ther in the blood or in the urine, produce immediate reversible
changes in kidney function, which are followed by irreversible
structural changes if calcium derangement goes undetected or
remains untreated (529). In most instances, the severity and po-
tential reversibility of the changes that occur are related to the
degree and duration of the hypercalcemia (529,530). Several
experimental studies noted the development of acute changes
in tubular function and renal hemodynamics (531–533). A de-
fect in the urinary concentration is the most notable tubular
dysfunction (529,530,533). It is multifactorial in origin but re-
sults mainly from a direct inhibitory effect of calcium on the
reabsorption of sodium in the tubule in general, but in the loop
of Henle in particular (529,530,533), and from an altered re-
sponsiveness of the collecting duct to antidiuretic hormone due
to downregulation of aquaporin-2 water channels (534–538).
The hemodynamic changes result from an effect of calcium on
the systemic and the renal vasculature, either directly or indi-
rectly through its effect on cardiac function (530,532,539) and
renal prostaglandin and renin–angiotensin production (540).

Focal degeneration and necrosis of the tubular epithelium,
primarily in the medulla where calcium is concentrated, occur
shortly after persistent hypercalcemia and have been attributed
to increased intracellular and mitochondrial calcium content
(539–542). The subsequent calcification and destruction of the
TBM result in proliferative and infiltrative changes of the ad-
jacent interstitium, whereas the sloughing of necrotic cells re-
sults in tubular atrophy and obstruction with consequent dila-
tion and pressure injury to the proximal segments of the tubule
(539,540). Early changes in the proximal tubule also have been
noted (451,453). Deposition of calcium in the necrotic and in-
jured areas results in the characteristic nephrocalcinosis seen
on radiography or noted at autopsy (529,530,542,543). The
deposition of calcium in the glomerular capillaries and vascu-
lature probably contributes to the further progression of the in-
jury. The final lesion of focal scarified areas of tubular atrophy,
increased interstitial fibrosis, and mononuclear cell infiltration
is a classic example of chronic tubulointerstitial disease. The
propensity to kidney stone formation and therefore to obstruc-
tive nephropathy also can contribute to the tubulointerstitial
lesions.

Potassium Depletion

Various well-documented abnormalities of kidney function ac-
company the development of potassium depletion (544,545),
the hallmark of which is a vasopressin-resistant impairment
of the ability to concentrate the urine (546–548), increased
ammonia genesis (549), and a modest reduction of the GFR
(544,546). The characteristic structural change that accom-
panies potassium depletion in humans is that of vacuolation
and hypertrophy of the tubule epithelial cells due to the di-
lated cisternae of the endoplasmic reticulum and the basilar
foldings of the cells (550). The lesions are generally limited to
the proximal tubule segments, with only focal changes in the
distal segment. With potassium repletion, the functional and
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structural changes appear to be reversible (544,545). Whether
they can progress to a chronic tubulointerstitial nephropathy
and result in persistent kidney dysfunction is uncertain but
seems likely depending on the duration and extent of potas-
sium depletion (544,545,551). A familial form of hypokalemic
tubulointerstitial nephritis with progressive kidney disease has
been described (552,553). Experimental potassium depletion in
rats resulted in persistent interstitial fibrosis and scarring sev-
eral months after potassium repletion (554). In rats, the lesions
of acute potassium depletion are more extensive than those in
humans, with vacuolation and tubular hyperplasia affecting
both the proximal and the distal tubule segments (555,556).
These changes have been attributed to the susceptibility of
potassium-depleted rats to chronic pyelonephritis (551,556),
although the evidence that potassium depletion predisposes to
pyelonephritis is not well established and is controversial at
best (557). A principal cause of kidney injury may well be the
augmented ammonia genesis associated with hypokalemia (Fig.
72-1). Ammonia directly activates the alternative complement
pathway and thereby sets off an immune-mediated process of
progressive tubulointerstitial injury (218). In hypokalemic rats,
suppression of ammoniagenesis with bicarbonate supplemen-
tation ameliorated the tubulointerstitial lesions (558).

Potassium depletion has also been shown to induce the pro-
duction in the vasculature of the kidney of cytokines implicated
in interstitial fibrosis such as TGF-β, insulin-like growth factor
1, and renin (559–561). Another contributory role to fibro-
sis may be that of aldosterone in cases in which potassium
losses are due to either primary or secondary hyperaldostero-
nism. Increasing evidence for aldosterone-induced fibrogenesis
and its prevention by low-dose spironolactone has been pre-
sented recently (562,563) in various experimental models of
kidney disease including streptozotocin-induced diabetes (564)
and obstructive nephropathy (565).

Cystinosis

Cystinosis is a rare autosomal inherited disorder of amino acid
metabolism that is characterized by the deposition of cystine
crystals throughout the body (136). The early lesions of the
kidney in these persons is a “swan neck” deformity or at-
rophy of the proximal tubule segments that are adjacent to
cystine-containing interstitial cells. The structural changes co-
incide with the development of proximal tubular dysfunction
characteristic of Fanconi’s syndrome (566), which is one of
the eponyms used in describing this entity (136). Progressive
interstitial fibrosis, tubular atrophy, and interstitial inflamma-
tory reaction result in progression to end-stage renal failure
(567,568). The characteristic rhomboid-shaped crystals of cys-
tine that are generally seen in the interstitium also have been
noted in the glomerular and tubular cells (569).

Hereditary Diseases of the Kidney

Tubulointerstitial lesions are a prominent component of the
structural changes of various hereditary diseases of the kid-
ney, such as the medullary cystic disease, familial juvenile
nephronophthisis, medullary sponge kidney, and polycystic
kidney disease (570–574). The primary disorder of these con-
ditions is a tubular defect that in some patients results in the
cystic dilation of the affected segment. Several of the identified
genes disrupted in polycystic kidney disease and nephronoph-
thisis encode proteins expressed in the primary cilia of ep-
ithelial cells that project into the lumen, and cilium-generated
signaling has been implicated in the pathogenesis of cyst forma-
tion (572,573). Altered epithelial cell proliferation and associ-
ated TBM changes account for cyst formation (574–578). It is
the continuous growth of cysts and their progressive dilation

that cause pressure-induced ischemic injury of the adjacent re-
nal parenchyma (578–580). A defect in urinary concentrating
capacity is an early functional manifestation of experimental
and clinical cystic diseases of the kidney (581–583). Hyper-
tension is common in these diseases, and the vascular lesions
of nephrosclerosis may contribute further to the course of re-
nal deterioration and development of tubulointerstitial lesions
(584–589).

Tubulointerstitial lesions are also a salient feature of inher-
ited diseases of the glomerular basement membrane (590). No-
table among them are those of hereditary nephritis or Alport’s
syndrome, in which a mutation in the encoding gene localized
to the X chromosome results in a defect in the α5 chain of
type IV collagen (591–593). Of interest are the lesions that oc-
cur in the transplanted kidney of these patients who develop
antitubular and antiglomerular antibodies resulting in progres-
sive loss of kidney function (594).

Granulomatous Diseases

Interstitial granulomatous reactions are a rare but characteris-
tic hallmark of certain forms of tubulointerstitial disease (121).
The two best-known forms are sarcoidosis and tuberculosis.
Granulomatous infiltration of the renal interstitium may be
present in as many as 40% of the patients with sarcoidosis, but
it is rarely sufficiently extensive to cause detectable kidney dys-
function (5,120,122,595,596). The granulomatous reactions
may develop after subsidence of pulmonary lesions (597). The
lesions are usually responsive to steroid therapy (598,599).
However, the regression of the active granulomatous reaction
can result in interstitial fibrosis and progressive loss of kidney
function (596,600). Interstitial nephritis also has been noted in
the absence of granulomatous lesions in some patients with sar-
coidosis (596); it may be due to the hypercalcemia, glomerular
disease, and arteritis that occur in sarcoidosis (601–604).

A similar pathogenetic sequence of events occurs in tuber-
culosis of the kidney. The granulomatous reaction to the my-
cobacterial infection responds to antituberculous treatment,
but the residual fibrosis can result in tubulointerstitial disease
(125,605,606). A potential role for steroid treatment in con-
junction with antituberculous therapy for attenuation of the
interstitial lesions has been suggested (607). A contributory
factor to the interstitial lesions of renal tuberculosis is the ob-
structive nephropathy that follows ureteral and caliceal scar-
ring caused by tuberculous involvement of the genitourinary
tract (270).

Interstitial granulomatous reactions also have been noted
in xanthogranulomatous pyelonephritis (127), renal malako-
plakia (116), Wegener’s granulomatosis (608), renal candidi-
asis (126), heroin abuse (609), and hyperoxaluria after je-
junoileal bypass surgery (610), and in association with anterior
uveitis (611).

Endemic Diseases

Two endemic diseases in which tubulointerstitial lesions are a
predominant component are Balkan nephropathy and nephro-
pathia epidemica.

Endemic Balkan nephropathy is a progressive chronic tubu-
lointerstitial nephritis, the occurrence of which is limited to
a geographic area bordering the Danube River as it traverses
Romania, Bulgaria, and the former Yugoslavia (612–614). The
etiology of the disease remains unknown but has been at-
tributed to genetic factors, heavy metals, trace elements, and
infectious agents (612,615,616). Environmental industrial con-
taminants and aromatic hydrocarbons have also been impli-
cated, and the frequent association of the nephropathy with
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urothelial tumors attributed to them (617). The regions where
the disease occurs have a high ambient humidity and heavy
rainfall, and, hence, a propensity to fungal infection of food
(612,618,619). Ochratoxin A, a mycotoxin found in food, is
known to be nephrotoxic and cancerogenic (620). Foods with
a high content of ochratoxin A are shown to cluster in the
same areas where Balkan nephropathy is prominent and this
mycotoxin has been implicated as its causative agent (621).
Ochratoxin A has been shown to induce tubule epithelial cell
injury (622,623), to modulate a number of epithelial cellular
proinflammatory signals, to enhance collagen deposition (624)
and to cause vasoconstriction through an AII-dependent mech-
anism (623). Ochratoxin A has also been implicated in chronic
tubulointerstitial nephritis of unknown etiology (620,625).
The disease evolves in emigrants from endemic regions, suggest-
ing a role for inheritance or the perpetuation of injury sustained
before emigration (626). It is now evident that the disease is
clustered but may not be confined to the Balkans (615).

Nephropathia epidemica, initially thought to be restricted
to the Scandinavian countries and termed Scandinavian acute
hemorrhagic interstitial nephritis, has a more universal occur-
rence (627,628) and has therefore been more appropriately
termed by the World Health Organization (WHO) as hem-
orrhagic fever with renal syndrome (629,630). As a rule, the
disease presents as a reversible acute tubulointerstitial nephri-
tis after an initial febrile episode but can progress to a chronic
form (631,632). It is caused by a rodent-transmitted virus of
the Hantavirus genus of the Bunyaviridae family (633). Hu-
mans appear to be infected by respiratory aerosols contami-
nated by rodent excreta. Antibodies to the virus are detected in
the serum of affected individuals (628), and in that of patients
with varied forms of chronic kidney disease and IgA nephropa-
thy (634 ). Tubulointerstitial nephropathy due to other viral in-
fections has also been reported with polyomavirus (298,635),
cytomegalovirus (636,637), herpes simplex virus (291), hu-
man immunodeficiency virus (HIV) infection, and infectious
mononucleosis (638).

IDIOPATHIC

Despite extensive evaluation, in several cases of primary
chronic tubulointerstitial nephritis it is not possible to deter-
mine the cause of the lesions. A potential role of Epstein-Barr
virus (EBV) infection of proximal tubule cells has been im-
plicated as a contributory factor to the irritation and/or pro-
gression of the tubulointerstitial lesion of such cases. Using
in situ hybridization and the polymerase chain reaction, the
EBV genome could be detected exclusively in kidney tissue of
patients with idiopathic chronic tubulointerstitial nephropathy
but not in that of cases due to glomerular disease, infection, or
drug-induced tubulointerstitial nephritis (639).

Mild proteinuria and microhematuria occur in 16% of
patients with clinical and serologic evidence of infectious
mononucleosis (640). Except in rare cases of acute renal fail-
ure (641), kidney function is well preserved in these cases. In
the rare cases that have been biopsied, a monocytic interstitial
cellular infiltrate is common and can result in tubulointerstitial
lesions (638), but glomerular changes have been reported also
(642). Whether active EBV infection or activation of latently
infected proximal tubule cells may evoke the cellular immune
response that results in the tubulointerstitial lesions of some of
these cases remains to be established.

PAPILLARY NECROSIS

Renal papillary necrosis develops in various diseases that cause
chronic tubulointerstitial nephropathy in which the lesion is

more severe in the inner medulla (189). The basic lesion is one
of impairment of the vasculature and consequent focal or dif-
fuse ischemic necrosis of the distal segments of one or more of
the renal pyramids (402,643–645). In the affected papilla, the
sharp demarcation of the lesion and the coagulative necrosis
seen in the early stages of the disease closely resemble those of
infarction (646). The cellular infiltrates that characterize tubu-
lointerstitial lesions of the cortex are sparse in the medullary
lesions (84). The fact that the necrosis is anatomically lim-
ited to the papillary tips can be attributed to various features
that are unique to this site, especially those of the vasculature.
The renal papilla receives its blood supply from two sources:
the vasa recta and branches of the arteries in the adventitia
of the minor calices. The importance of the latter is evidenced
by the finding that the terminal portions of the papilla may be
viable at a time when the remainder of it is necrotic, presum-
ably because the blood supply from the minor caliceal arter-
ies remains intact when the vascular involvement is limited to
the vasa recta (647,648), and by the report of a case of renal
papillary necrosis due to caliceal arteritis (649). The vascular
bundles formed by the vasa recta in the outer medulla and the
interbundle region form distinct compartments; in the inner
medulla, a subdivision into compartments is not obvious. In
addition, the vascular bundles, which are widest in the outer
medulla, gradually decrease in size, and at the papillary tip
only single or a few communicating vessels remain (648,650).
The tapering away of the bundles is due to the gradual re-
duction of the vessels entering and leaving at different levels
of the medullary capillary plexus. Measurements of medullary
blood flow notwithstanding, it should be noted that much of
the blood flow in the vasa recta serves the countercurrent ex-
change mechanism. Nutrient blood supply is provided by small
capillary vessels that originate in each given region. The net ef-
fect is that the nutrient blood supply to the papillary tip is less
than that to the rest of the medulla, and hence its predisposi-
tion to ischemic necrosis caused by diseases of the vasculature
or induced by hemodynamic changes such as shock and nons-
teroidal anti-inflammatory drugs (651–653).

Infection is usually, but not invariably, a concomitant find-
ing of most cases of renal papillary necrosis (189,654–658).
With few exceptions, most patients with renal papillary necro-
sis ultimately develop a urinary tract infection. Some authors
considered the infection to be the cause of the renal papillary
necrosis and the suggestion has been made that renal papillary
necrosis is a form of acute pyelonephritis that is more devastat-
ing than usual because its natural course is altered by associated
disease states, specifically diabetes mellitus and obstruction of
the urinary tract (655,659,660). However, angiographic stud-
ies revealed that vascular deficiency contributes even to the
renal papillary necrosis associated with chronic pyelonephri-
tis (661), and the necrosis of acute pyelonephritis has been
attributed to compression of the thin-walled medullary vascu-
lature by the inflammatory reaction of the interstitium (655).
In addition, in considering infection as a cause of renal papil-
lary necrosis, one must consider that infection itself represents
a complication of papillary necrosis (189); that is, the infec-
tion develops after the primary underlying disease has initi-
ated local injury to the renal medulla, with foci of impaired
blood flow and poor tubular drainage. In any case, infection,
if not the cause, is a frequent and important finding in most
patients with renal papillary necrosis (189). It contributes sig-
nificantly to the symptomatology of renal papillary necrosis
because fever and chills are the presenting symptoms in two-
thirds of patients and a positive urine culture is obtained in
70% (189). However, to consider renal papillary necrosis as
an extension of severe pyelonephritis is inaccurate and sim-
plistic. In most patients with florid acute pyelonephritis, renal
papillary necrosis does not occur. To classify renal papillary
necrosis as a form of necrotizing pyelonephritis is archaic and
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FIGURE 72-9. Pathogenesis and radiologic
changes in the medullary form of renal pap-
illary necrosis. (From: Eknoyan G, et al. Re-
nal papillary necrosis: an update. Medicine
1982;61:55, with permission.)

has detracted from the recognition of renal papillary necrosis
as a distinct clinicopathologic entity that can develop in the
absence of pyelonephritis and urinary tract infection (189).

The necrotic lesion occurs in one of two forms. In the
medullary form (Fig. 72-9), also termed partial papillary necro-
sis, the inner medulla is affected but the papillary tip and for-
nices remain intact; in the papillary form, also termed total
papillary necrosis, the caliceal fornices and entire papillary tip
are necrotic (662–664) (Fig. 72-10). In the latter form, renal
papillary necrosis is characterized by necrosis, demarcation,
and sequestration of the papilla, which ultimately sloughs into
the pelvis and may be recovered in the urine. In most of these
cases, however, the necrotic papilla is not sloughed but is either
resorbed or remains in situ, where it becomes calcified or forms
the nidus of a calculus (654,665). In these patients, excretory
radiologic examination and computed tomography are diag-
nostic. Unfortunately, these changes may not be evident until
the late stages of renal papillary necrosis, when the papillae
are shrunken and sequestered (Fig. 72-8). Actually, even when
the papillae are sloughed out, excretory radiography results
can be negative (666,667). The passage of sloughed papillae is

associated with lumbar pain, which is indistinguishable from
ureteral colic of any cause and is present in about half of the
patients (189). Oliguria occurs in less than 10% of patients.
Because a definitive diagnosis of renal papillary necrosis can
be made by finding portions of necrotic papillae in the urine,
a deliberate search should be made for papillary fragments in
urine collected during or after attacks of colicky pain of all
suspected cases, by straining the urine through filter paper or a
piece of gauze (668,669). The separation and passage of pap-
illary tissue may be associated with hematuria, which is mi-
croscopic in about 40% to 45% of the patients and gross in
20% (161). The hematuria can be massive, and occasional in-
stances of exsanguinating hemorrhage requiring nephrectomy
have been reported (670,671).

The necrotic lesions of renal papillary necrosis may be lim-
ited to only a few of the papillae or involve several of them
in either one or both of the kidneys. In most patients, the le-
sions are bilateral (189,654,655,659,665,672). In patients in
whom one kidney is involved at the time of initial presentation,
renal papillary necrosis develops in the other kidney within
the ensuing 4 years (663). This is not unexpected, considering

FIGURE 72-10. Pathogenesis and radiologic
changes in the papillary form of renal papillary
necrosis. (From: Eknoyan G, et al. Renal papillary
necrosis: an update. Medicine 1982;61:55, with
permission.)
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the systemic nature of the diseases that are associated with
renal papillary necrosis. Renal papillary necrosis may be uni-
lateral in patients in whom predisposing factors, such as the
infection and obstruction, are limited to one kidney. Azotemia
may be absent even in bilateral papillary necrosis, because it
is the total number of papillae involved that ultimately de-
termines the level of renal insufficiency that develops (189).
Each human kidney has an average of eight pyramids, such
that even with bilateral renal papillary necrosis affecting one
or two papillae in each kidney, sufficient unaffected renal lob-
ules remain to maintain an adequate level of renal function.
Moreover, in instances in which several papillae in each kidney
are necrotic, the localization of the lesion to the inner medulla
results in the loss of the juxtamedullary nephrons only, whereas
the cortical nephrons, which terminate in the outer medulla, are
spared, such that even in the affected pyramids, there remain
several intact nephrons that are capable of contributing to the
maintenance of normal homeostasis (645,665,673). Inability
to concentrate the urine maximally is a more common devel-
opment than kidney failure, as might be expected from the
involvement of the inner medulla (665,673). Hence, a long-
standing history of polyuria and nocturia can be elicited from
many of these patients. With the loss of several papillae and in-
volvement of the cortex, however, kidney failure will ultimately
supervene.

The clinical course of renal papillary necrosis is variable.
In its rare acute form it may occur as a rapidly progres-
sive devastating illness that results in the death of the pa-
tient because of septicemia and kidney failure (659,660). In
its more common chronic form, it will pursue a protracted
course of months or years. These patients may remain to-
tally asymptomatic, with the diagnosis made incidentally, ei-
ther at autopsy or by excretory urography. Alternatively, it may
be symptomatic, manifesting itself principally as episodes of
nephrolithiasis or pyelonephritis (189,654,655,663,674,675).
In these conditions, fever and chills or renal colic are the pre-
senting symptoms. Of those diagnosed while living, survival is
lowest and the risk of progression to end-stage kidney failure
is greatest among diabetic patients (676).

Diabetes mellitus is the most common condition associated
with renal papillary necrosis, accounting for some 50% to
60% of the cases reported in the major series. The occurrence
of renal papillary necrosis in patients with diabetes may be
more common than is generally appreciated. In an intravenous
urographic study of 76 patients with longstanding insulin-
dependent diabetes mellitus, renal papillary necrosis was ob-
served in almost 25% of the patients (677). Obstructive uropa-
thy has been reported as the cause of renal papillary necrosis
in 15% to 40% of the major reviews. Pyelonephritis can re-
sult in papillary necrosis, and infection is present in most pa-
tients with renal papillary necrosis, but its exact prevalence
as the cause of renal papillary necrosis is difficult to deter-
mine because infection may develop secondary to obstruction
or diabetes, which remain the primary cause of renal papillary
necrosis in the United States (189). Analgesic abuse accounts
for about 15% to 20% of the cases of renal papillary necrosis
in the United States but for as many as 70% in countries in
which analgesic abuse is common (189,384,678,679), includ-
ing in children exposed to analgesics and nonsteroidal anti-
inflammatory drugs (680,681). Radiologic evidence for renal
papillary necrosis has been reported in more than half of pa-
tients with sickle cell hemoglobinopathy (436,682). The trans-
planted kidney appears to be vulnerable to developing renal
papillary necrosis, either because of allograft rejection or sec-
ondary to the usual causes of renal papillary necrosis, which
may have caused the end-stage kidney disease in the first place
(250,683–685). In addition, the vasculitis of allograft rejection
may lead to obliteration of the vessels supplying the papilla and
may result in ischemic necrosis of the papilla. Alternatively, the

renal papillary necrosis may be due to the primary disease that
caused end-stage kidney disease, such as analgesic abuse, sickle
cell disease, or diabetes mellitus.

As a rule, renal papillary necrosis is a disease of the older
age-group, with the average age of patients being 53 years.
Nearly half the cases occur in persons older than 60 years,
and more than 90% of cases in those older than 40 years
(189). Renal papillary necrosis is rare in persons younger than
40 years, except for those cases due to sickle hemoglobinopa-
thy (436). Renal papillary necrosis is much less common in
children, in whom the chronic conditions associated with re-
nal papillary necrosis are rare, but it has been reported in as-
sociation with hypoxia and hypotension associated with dehy-
dration and septicemia (680,686–692), particularly in children
but also in adults (693,694) and in recurrent dialysis-associated
hypotensive episodes (695).

Other conditions in which renal papillary necrosis has
been reported are renal vein thrombosis (674,675), cryo-
globulinemia (676,696), renal candidiasis (684), idiopathic
acute granulomatous interstitial nephritis (697), contrast dye–
induced nephropathy (698,699), Wegener’s granulomatosis
(608), necrotizing angiitis (700), hypotensive shock (701), pan-
creatitis (657), chronic alcoholism (702,703), and aplastic ane-
mia (189). Most of these have been observed in individual pa-
tients, and at least in some of them, their association with renal
papillary necrosis may have been coincidental. Actually, even
in conditions commonly associated with renal papillary necro-
sis, more than one of the causative factors of renal papillary
necrosis has been noted to be present in more than half of the
patients with renal papillary necrosis (189). Therefore, in most
cases of renal papillary necrosis, the lesion is multifactorial in
origin and the pathogenesis of renal papillary necrosis may be
considered the result of an overlap phenomenon, in which a
combination of detrimental factors are operating in concert to
cause renal papillary necrosis (Fig. 72-11). As such, although
each of the conditions alone can cause renal papillary necrosis,
the coexistence of more than one predisposing factor in any one
person significantly increases the risk for renal papillary necro-
sis. The contribution of any one of these factors to renal pap-
illary necrosis would be expected to differ among individuals

FIGURE 72-11. Spectrum of diseases that are the major causes of re-
nal papillary necrosis, illustrating the multifactorial pathogenesis of
renal papillary necrosis. Whereas each condition can, by itself, cause
renal papillary necrosis, the coexistence of two (striped areas) or three
(black areas) predisposing conditions increases the risk for renal pap-
illary necrosis. (From: Eknoyan G, et al. Renal papillary necrosis: an
update. Medicine 1982;61:55, with permission.)
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and at various periods during the course of the disease. To the
extent that the natural course of renal papillary necrosis itself
predisposes to the development of infection of necrotic foci and
obstruction by sloughed papillae, it may be difficult to assign a
primary role for any of these processes in an individual patient
(189). Furthermore, the occurrence of any of these factors—
necrosis, obstruction, or infection—may itself initiate a vicious
cycle that can lead to the other and culminate in renal papillary
necrosis. Evidence that this may well be the case can be adduced
not only from clinical studies (189) but also from experimental
models of renal papillary necrosis. For example, in the Gunn
rat with congenital hyperbilirubinemia, renal papillary necrosis
occurs spontaneously secondary to the deposition of unconju-
gated bilirubin in the renal papillae (590). The administration
of analgesics to these animals results in an acceleration of the
papillary necrotic process and can be induced at doses of anal-
gesics considerably less than those necessary to induce papillary
lesions in other strains of rats (704).
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149. Mené P. Molecular cell biology of renal diseases. J Nephrol 1999;12:140.
150. Ortiz A, Corina L, Egido J. New kids in the block: the role of Fas L and

Fas in kidney damage. J Nephrol 1999;12:150.
151. El-Nahas AM, et al. Phenotypic modulation of renal cells during experi-

mental and clinical renal scarring. Kidney Int 1996;49(Suppl 54):S23.
152. Border WA, Noble NA. TGF-beta in kidney fibrosis: a target for gene

therapy. Kidney Int 1997;51:1388.
153. Ludewig D, et al. PDGF receptor kinase blocker AG1295 attenuates in-

terstitial fibrosis in rat kidney after unilateral obstruction. Cell Tissue Res
2000;299:97.

154. Rodeman HP, et al. Fibroblasts of rabbit kidney in cultures. I. Characteris-
tics and identification of cell specific markers. Am J Physiol 1991;261:F283.

155. Hewiston TD, Becker GJ. Interstitial myofibroblasts in IgA glomeru-
lonephritis. Am J Nephrol 1995;15:111.

156. Alpers CE, et al. Human renal cortical interstitial cells and some features of
smooth muscle cells participate in tubulointerstitial and crescentic glomeru-
lar injury. J Am Soc Nephrol 1994;5:201.

157. Boukhalfa G, et al. Relationship between alpha-smooth muscle actin ex-
pression and fibrotic changes in human kidney. Exp Nephrol 1996;4:
241.

158. Gharall-Kermoni M, et al. Fibronectin is the major fibroblast chemoattrac-
tant in rabbit anti-glomerular basement membrane disease. Am J Pathol
1996;148:961.

159. Stokes MB, et al. Expression of decorin, biglycan, and collagen type I in
human renal fibrosing disease. Kidney Int 2000;57:487.

160. Harris DC. Tubulointerstitial renal diseases. Curr Opin Nephrol Hypertens
2001;10:303

161. Sato M, et al. Targeted disruption of TGF-β1/Smad3 signaling protects
against renal tubulointerstitial fibrosis induced by unilateral ureteral ob-
struction. J Clin Invest 2003;112:486.

162. Fukusawa H, et al. Treatment with anti-TGF-beta antibody ameliorates
chromic progressive nephritis by inhibiting Smad/TGF- β signaling. Kidney
Int 2004;65:63.

163. Zeisberg M, Shah AA, Kalluri R. Bone morphogenic protein-7 induces mes-
enchymal to epithelial transition in adult renal fibroblasts and facilitates
regeneration of injured kidney. J Biol Chem 2005; 280:294

164. Hruska KA. Treatment of chromic tubulointerstitial disease: a new concept.
Kidney Int 2002;61:911.

165. Klahr S, Morrissey J. Obstructive nephropathy and renal fibrosis: the role
of bone morphogenic protein-7 and hepatic growth factor. Kidney Int
2003;(Suppl 87):S105

166. Zhang XL, et al. Bone morphogenic protein-7 inhibits monocyte-stimulated
TGF-β1 generation of renal tubular epithelial cells. J Am Soc Nephrol
2005;16:79.

167. Jukneius I, et al. Effect of aldosterone on renal transforming growth factor-
beta. Am J Physiol Renal Physio 2004;286:F1059.

168. Trachtman H, et al. Prevention of renal fibrosis by spironolactone in mice
with complete unilateral ureteral occlusion. J Urol 2004;172:1590.

169. Junaid A, Hostetter TH, Rosenberg ME. Interaction of angiotensin II and
TGF-β1 in the rat remnant kidney. J Am Soc Nephrol 1997;8:1732.

170. Maric C, et al. Effects of angiotensin II on cultured rat renomedullary inter-
stitial cells are mediated by ATIA receptors. Am J Physiol 1996;271:F1020.

171. Greene EL, Kren SM, Hostetter TH. Role of aldosterone in the remnant
kidney model in the rat. J Clin Invest 1996;98:1063.

172. Juknevicius I, et al. Aldosterone causes TGFβ-1 expression (abstract). J Am
Soc Nephrol 2000;11:621A.

173. Hostetter MK, et al. Binding of C3b proceeds by a transesterification reac-
tion at the thiolester site. Nature (London) 1982;298:72.

174. Nangaku M, Pippin J, Couser WG. Complement membrane attack complex
(C5-9) mediates interstitial disease in experimental nephrotic syndrome.
J Am Soc Nephrol 1999;10:2323.

175. Hinglais N, et al. Immunohistochemical study of the C5b-9 complex of
complement in human kidneys. Kidney Int 1986;30:399.

176. Falk RJ, et al. Ultrastructural localization of the membrane attack complex
of complement in human renal tissue. Am J Kidney Dis 1987;9:121.

177. Piscator M. Early detection of tubular dysfunction. Kidney Int 1991;
34(Suppl):S15.

178. Eknoyan G, et al. Chronic tubulointerstitial nephritis: correlation between
structural and functional findings. Kidney Int 1990;38:736.

179. Mackensen S, et al. Influence of the renal cortical interstitium on the serum
creatinine concentration and creatinine clearance in different chronic scle-
rosing interstitial nephritis. Nephron 1979;24:30.

180. Mahieu P, Darderme M, Bach JF. Detection of humoral and cell-mediated
immunity of kidney basement membranes in human renal diseases. Am J
Med 1972;53:185.

181. Parrish AE, et al. Relationship between glomerular function and histology
in acute glomerulonephritis. J Lab Clin Med 1961;58:197.

182. Battle DC, Arruda JA, Kurtzman NA. Hyperkalemic distal renal tubular
acidosis associated uropathy. N Engl J Med 1981;304:373.

183. Schilsky RL, Anderson T. Hypomagnesemia and renal magnesium wasting
in patients receiving cisplatin. Ann Intern Med 1979;90:929.

184. Barr RS, Wilson HE, Mazzaferri EI. Hypomagnesemic hypocalcemia sec-
ondary to renal magnesium wasting. A possible consequence to high-dose
gentamicin therapy. Ann Intern Med 1975;82:645.

185. Kozeny GA, et al. Occurrence of renal tubular dysfunction in lupus nephri-
tis. Arch Intern Med 1987;147:891.

186. Martinez-Maldonado M, et al. Renal complications in multiple myeloma.
Pathophysiology and some aspects of clinical management. J Chronic Dis
1971;24:221.

187. Mujais S, Battle DC. Functional correlates of tubulointerstitial damage.
Semin Nephrol 1988;8:94.

188. Rodriguez-Soriano J, et al. Normokalemic pseudohypoaldosteronism is
present in children with acute pyelonephritis. Acta Paediatr 1992;81:
402.

189. Eknoyan G, et al. Renal papillary necrosis: an update. Medicine 1982;61:
55.

190. Wang LC, et al. Downregulation of AQP 1,-2 and -3 after ureteral obstruc-
tion is associated with long term urine concentration defect. Am J Physiol
Renal Physiol 2001;281:F163

191. Grunfeld JP, et al. Acute renal failure in McArdle’s disease. Report of two
cases. N Engl J Med 1972;286:1237.

192. McCarron DA, et al. Chronic tubulo-interstitial nephritis caused by recur-
rent myoglobinuria. Arch Intern Med 1980;140:1106.

193. Senekjian HO, et al. Irreversible renal failure following vesicoureteral
reflux. JAMA 1979;241:160.

194. McCluskey RT. Immunologically mediated tubulo-interstitial nephritis.
Contemp Issues Nephrol 1983;10:121.

195. McCluskey RT, Colvin RB. Immunological aspects of renal tubular and
interstitial diseases. Annu Rev Med 1978;29:191.

196. McPhaul JJ, Dixon FJ. Characterization of human antiglomerular basement
membrane antibodies eluted from glomerulonephritic kidneys. J Clin Invest
1970;49:308.

197. Wilson CB. Study of the immunopathogenesis of tubulointerstitial nephritis
using model systems. Kidney Int 1989;35:938.

198. Bannister KM, Ullich TR, Wilson CB. Induction, characterization and cell
transfer of autoimmune tubulointerstitial nephritis. Kidney Int 1987;32:
642.

199. Neilson EG. Pathogenesis and therapy of interstitial nephritis. Kidney Int
1989;35:1257.

200. Klassen J, McCluskey RT, Milgrom F. Nonglomerular renal disease pro-
duced in rabbits by immunization with homologous kidney. Am J Pathol
1971;63:333.

201. Hoyer JR. Tubulo-interstitial immune complex nephritis in rats immunized
with Tamm-Horsfall protein. Kidney Int 1980;17:284.

202. Mayrer AR, et al. Tubulo-interstitial nephritis and immunologic response
to Tamm-Horsfall protein. J Immunol 1982;128:2634.

203. Seiler MW, Hoyer JR. Ultrastructural studies of tubulointerstitial immune
complex nephritis in rats immunized with Tamm-Horsfall protein. Lab
Invest 1981;45:321.

204. Friedman J, Hoyer JR, Seiler MW. Formation and clearance of tubulointer-
stitial immune complexes in kidneys of rats immunized with heterologous
antisera to Tamm-Horsfall protein. Kidney Int 1982;21:575.

205. Makker SP. Tubular basement membrane antibody-induced interstitial
nephritis in systemic lupus erythematosus. Am J Med 1980;69:949.

206. Hall CL, et al. Passive transfer of autoimmune disease with isologous IgG,
and IgG2 and antibodies to the tubular basement membrane in strain XIII



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-72 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 20:50

1886 Section IX: Glomerular, Interstitial, and Vascular Renal Diseases

guinea pigs. Loss of self-tolerance induced by autoantibodies. J Exp Med
1977;146:1246.

207. Hodson J, et al. Reflux nephropathy. Kidney Int 1975;8:S50.
208. Hanson LA, Fasth A, Jodal U. Autoantibodies to Tamm-Horsfall protein,

a tool of diagnosing the level of urinary tract infection. Lancet 1976;1:
226.

209. Vernier RL, Resnick J. Medullary cystic disease: the possible role of Tamm-
Horsfall protein. Kidney Int 1976;9:450.

210. Barne HJ. Herniations into the renal veins with special reference to hy-
dronephrosis. J Pathol Bacteriol 1961;82:177.

211. Chakraborty J, Below AA, Solaiman D. Tamm-Hordfall protein in patients
with kidney damage and diabetes. Urol Res 2004;32:79.

212. Zager RA, Cotran RS, Hoyer JR. Pathologic localization of Tamm-Horsfall
protein in interstitial deposits in renal disease. Lab Invest 1978;38:52.

213. Resnick JS, Sisson S, Vernier RL. Tamm-Horsfall protein. Abnormal local-
ization in renal disease. Lab Invest 1978;38:550.

214. Sato K, et al. Tubulointerstitial nephritis induced by Tamm-Horsfall protein
sensitization in guinea pigs. Virchows Arch (B) 1990;58:357.

215. Klassen J, et al. Tubular lesions produced by autoantibodies to tubular base-
ment membrane in human renal allografts. Int Arch Allergy App Immunol
1973;45:675.

216. Gordon DL, et al. Amidation of C3 at the thiolester site: stimulation of
phagocytosis and chemiluminescence by a new inflammatory mediator.
J Immunol 1985;134:3339.

217. Nath KA, Hostetter MK, Hostetter TH. Pathophysiology of chronic tubulo-
interstitial disease in rats. Interaction of dietary acid load, ammonia and
complement C3. J Invest 1985;76:667.

218. Clark EC, et al. Role of ammonia in progressive interstitial nephritis. Am J
Kidney Dis 1991;17(Suppl 1):15.

219. Bittar EE, Misanik L. Renal necrotizing papillitis. Am J Med 1963;34:82.
220. Lehman DH, Wilson CB, Dixon FJ. Extraglomerular immunoglobulin de-

posits in human nephritis. Am J Med 1975;58:765.
221. Klassen J, et al. An immunologic renal tubular lesion in man. Clin Immunol

Immunopathol 1972;1:69.
222. Yeung CK, et al. Tubular dysfunction in systemic lupus erythematosus.

Nephron 1984;36:84.
223. O’Dell JR, et al. Tubulointerstitial renal disease in systemic lupus erythe-

matosus. Arch Intern Med 1985;145:1996.
224. Bakir AA, et al. Appraisal of lupus nephritis by renal imaging with gallium-

67. Am J Med 1985;79:175.
225. Case records of the Massachusetts General Hospital, Case 2-1976. N Engl

J Med 1976;294:100.
226. Andres GA, et al. Human renal transplants. I. Immunopathologic studies.

Lab Invest 1970;22:588.
227. Miller TE, Stewart E, North JDK. Immunobacteriological aspects of

pyelonephritis. Contrib Nephrol 1979;16:11.
228. Rosenberg ME, et al. Characterization of immune cells in kidneys from
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CHAPTER 73 ■ CLINICAL ASPECTS OF
DIABETIC NEPHROPATHY
YALEM WOREDEKAL AND ELI A. FRIEDMAN

Diabetic nephropathy (DN) is one of the most common dis-
abling complications of diabetes mellitus. Characteristically,
DN is associated with increased proteinuria, hypertension, and
progressive loss of renal function. DN can occur in individu-
als with either type 1 diabetes or type 2 diabetes (1,2), and if
left untreated frequently leads to progressive renal structural
damage and end-stage renal disease (ESRD). Convincing evi-
dence indicates that the rate of progression of both early and
late nephropathy in patients with type 1 diabetes, and to a
lesser extent in type 2 diabetes, can be attenuated by multiple
interventions (Table 73-1).

Despite the potential for changing the natural history of di-
abetic nephropathy with current available therapies, diabetes
has become the main cause of ESRD in Western countries. Al-
though the stages of diabetic nephropathy are well studied in
type 1 diabetic patients, recent studies have shown a similar
course of diabetic nephropathy in type 2 diabetic patients as
well (3,4,5).

STAGES OF DIABETIC
NEPHROPATHY

Diabetic nephropathy has been divided into three stages
(Fig. 73-1): Microalbuminuria (incipient nephropathy), pro-
teinuria with decreasing glomerular filtration rate (GFR),
(overt nephropathy), and ESRD. Two additional stages have
been described with type 1diabetes. These stages are glomeru-
lar hyperfiltration with enlarged kidneys and early glomerular
lesions such as mesangial expansion and basement membrane
thickening with normal urinary albumin excretion. Both these
stages are clinically silent, since estimation of GFR and kid-
ney biopsy is not routinely undertaken. Fragmentary reports
suggest that the early course of type 2 diabetes also includes
hyperfiltration. At onset of type 1 diabetes, increased GFRs up
to 140% of normal values and enlarged kidneys are present in
the large majority of individuals (6). Intensive insulin therapy
normalizes hyperglycemia and corrects glomerular hyperfiltra-
tion (7). A substantial subset of 25% to 40% of individuals
with type 1 diabetes who achieve renal levels of plasma glu-
cose during typical insulin therapy still manifest a persistently
elevated GFR (8,9), and less than half of all individuals with
type 1 diabetes ever manifest clinical nephropathy (proteinuria
or azotemia). Chaiken et al. have also found hyperfiltration in
(36%) 15 of the 42 patients whose duration of diagnosed type
2 diabetes is less than a year; hyperfiltration persists for up to
10 years in 14% to 20% of these patients without progressing
to diabetic nephropathy (3).

Stage 1: Microalbuminuric stage
(Incipient Nephropathy)

By definition, microalbuminuria is increased urinary albumin
excretion (30 to 200 mg/24 hours or 20 to 200 μg/minute)

not detected by dipstick testing, which is commonly employed
to detect proteinuria. Several methods for quantifying low con-
centration of urinary albumin are available, including radioim-
munoassay, nephelometric immunoassay, and enzyme-linked
immunosorbent assay (ELISA); a semiquantitative dipstick test
has also been introduced (Micro-Bumintest, Miles Laborato-
ries, Elkhart, IN).

In the early 1980s, studies in patients with type 1 diabetes
linked the presence of microalbuminuria to subsequent devel-
opment of overt diabetic nephropathy in a reproducible se-
quence (6,8,10).

The presence of microalbuminuria in patients with type 2
diabetes who are young and non-caucasian is more likely to
be associated with the development of renal disease (11–13),
whereas in elderly caucasians it is more closely associated to
cardiovascular disease (14,15).

The American Diabetes Association in concert with the Na-
tional Kidney Foundation recommends screening for microal-
buminuria starting at the time of diagnosis of diabetes in all
individuals with type 2 diabetes and in all persons with type
1 diabetes for longer than 5 years (16). Confounding interpre-
tation of microalbuminuria is the fact that microalbuminuria
may be produced by urinary tract infection, strenuous exer-
cise, high protein intake, acute febrile illness, and congestive
heart failure (17). (Table 73-2). Therefore, accurate assess-
ment of microalbuminuria requires that testing be postponed if
these factors are present. Considering the range and frequency
of variables that influence microalbuminuria, it is not sur-
prising that reproducibility of surveys of microalbuminuria is
poor, especially when urine collection periods are shorter than
24 hours. In fact, fluctuations in daily urinary albumin excre-
tion yield a coefficient of variation greater than 45% (18–20).
For consistency, at least three of urinary albumin tests should
be measured over the course of several months.

Approximately 10% to 20% of individuals with type 1 di-
abetes have microalbuminuria after 5 to 15 years. Estimates of
incidence rates of microalbuminuria in type 1 diabetes range
from 2.5% to 5.0% per year (21). In the Diabetes Control and
Complication Trial, conducted over 9 years in newly diagnosed
patients with type 1 diabetes who were younger than 35 years,
the incidence of microalbuminuria varied from 4.5% per year
in the control group given conventional therapy to 2.9% per
year in the intensive glycemic therapy group (22). Similarly,
the United Kingdom Prospective Diabetes Study (UKPDS 64)
in 5,097 type 2 diabetic patients followed for 10 years demon-
strated the incidence of microalbuminuria was 2% per year
from time of diagnosis of diabetes (23).

Recent studies have observed a 30% to 45% risk of pro-
gression from microalbuminuria to proteinuria over 10 years
(24), whereas about 30% of type 1 diabetic patients with mi-
croalbuminuria become normoalbuminuric as microalbumin-
uria persists in the remainder of patients (25). Adding to the
complexity of interpreting the significance of microalbumin-
uria, some normoalbuminuric, longstanding type 1 diabetic
patients have well-established lesions of diabetic nephropathy
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on biopsy. Approximately 40% of all type 1 diabetic patients
destined to progress to proteinuria are normoalbuminuric at
initial screening (26).

Without specific intervention as detailed later, once microal-
buminuria becomes constant, a progressive downhill course to-
ward clinical nephropathy is usual (10,27). Typically, albumin
excretion increases by about 25 μg/minute per/year, whereas
the GFR remains normal or elevated. The GFR begins to de-
cline, at a variable although individually constant rate, once
the amount of microalbuminuria exceeds 70 μg/minute. Blood
pressure elevation is higher in type 1 diabetic patients with mi-
croalbuminuria than in nonalbuminuric patients, although not
necessarily higher than 140/90 mm Hg. Persistent hypertension
(>140 to 160/90 mm/Hg) and microalbuminuria are present in
up to 40% of populations with type 1 diabetes. These two com-
binations herald near-term deterioration to clinical nephropa-
thy (>200 mg albumin per/24 hours) (28).

Stage 2: Clinical Nephropathy: Proteinuria
and Decreasing Glomerular Filtration Rate

Following a variable interval, usually after several years of mi-
croalbuminuria, GFR declines below normal and proteinuria
is detectable by dipstick. Proteinuria, defined as albumin ex-
cretion of greater than 200 mg/day, is universally noted in dia-
betic nephropathy (29). In the subset of diabetic patients who
develop nephropathy, proteinuria is duration-related, increas-
ing in time to a florid nephrotic syndrome with urinary protein

FIGURE 73-1. The natural history of kidney disease in diabetes be-
gins with the pathophysiologic perturbations of increased glomeru-
lar filtration rate (GFR), termed hyperfiltration, and the excretion of
small amounts of albumin, termed microalbuminuria. Thereafter, pro-
teinuria, nephrosis, azotemia, and end-stage renal disease follow in
sequence. These stages are similar in type 1 and type 2 diabetes.

TA B L E 7 3 - 2

COMMON CAUSES OF TRANSIENT INCREASE
IN PROTEINURIA

Exercise
Pregnancy
Congestive heart failure
Urinary Tract Infection

excretion exceeding 3 g/day. In about 30% to 40% of patients
with type 1 diabetes, periorbital and ankle edema, followed by
anasarca, occurs as proteinuria rises above 500 to 3,000 mg/
day. Hypertension is present in the majority of patients who
enter this stage of clinical nephropathy. A full nephrotic syn-
drome (hypoproteinemia, hyperlipidemia, massive proteinuria,
and anasarca) is seen when proteinuria rises to 4 to 40 g/day.
The proportion of proteinuric patients with type 2 diabetes
who develop a nephrotic syndrome is not well defined but is
probably about the same as in type 1 diabetes. Anasarca devel-
ops in diabetic nephrotic patients at a higher serum albumin
concentration level than in nondiabetic patients, an observa-
tion probably explained by the fact that the glycation of albu-
min leads to enhanced transcapillary permeability of glycated
albumin compared with normal albumin (30).

The diagnosis of diabetic glomerulosclerosis can be inferred
from a typical clinical course in which a diabetic patient man-
ifests a transition from microalbuminuria to nephrotic range
proteinuria that is followed by a progressive decrease in GFR.
It should be kept in mind that because diabetic patients are at
equal risk for nondiabetic renal disorders, other renal diagnosis
should be pursued, with resorting to renal biopsy, whenever the
course does not fit the usual pattern of diabetic nephropathy
(Table 73-3).

Once overt nephropathy develops there is a progressive de-
cline in GFR that can be assessed as an absolute decline in
mL/minute per year. In the absence of intensive glycemic con-
trol and blood pressure control, albumin excretion rate in-
creases at 20% to 40% per year and GFR declines at a rate of
11 mL/minute per year (31,32).

Stage 3: End-Stage Renal Disease

In a study from the Joslin Clinic published in 1985, 10 years
after the onset of proteinuria, 50% of type 1 diabetic patients
progressed to ESRD (33). In contrast, several population stud-
ies found substantial racial and ethnic differences in the inci-
dence rate of ESRD attributed to type 2 diabetes (34–37). The
highest incidence of ESRD secondary to diabetes has been re-
ported in Native Americans followed by Hispanics and African
Americans. In Native Americans of the Pima tribe in Arizona,
the cumulative incidence of ESRD after onset of clinically de-
tectable proteinuria is 40% at 10 years and 61% at 15 years
(37). By contrast, ESRD develops in only 11% of caucasians
after 10 years of proteinuria and in 17% after 15 years (34).
The incidence of diabetic ESRD is 3.6 times higher in African

TA B L E 7 3 - 3
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NEPHROPATHY IN DIABETIC PATIENTS
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Americans (35), and 6 times higher in Hispanics when com-
pared to caucasians (38). These racial and ethnic differences
in the incidence of diabetic nephropathy reflect a complex and
poorly understood interplay between genetic and environmen-
tal factors.

Therapeutic Measures in Diabetic
Nephropathy

Glycemic Control

Clinical trials of enhanced metabolic regulation of hyper-
glycemia in type 1 and type 2 diabetes have removed any doubt
about the indictment of hyperglycemia as a contributor of dia-
betic nephropathy (22,23). In the Diabetes Control and Com-
plication Trial in type 1 diabetes, a reduction in HbA1c to a
mean of 7.2% reduced the risk of developing microalbumin-
uria by 34%, as compared to convention therapy which yielded
a mean HbA1c of 9%. This benefit was maintained for up to
8 years, even once the difference in glycemic control between
the two groups disappeared (39). Similarly, the UK Prospective
Diabetes Study in type 2 diabetes reported a 34% reduction
in the risk of developing proteinuria in an intensively treated
group with a mean HbA1c of 7% as compared with a con-
ventionally treated group with a mean HbA1c of 7.9% (23).
It has been shown that both hyperfiltration and enlarged kid-
neys were reversed to normal after intensive insulin treatment
in both type 1 and type 2 diabetes (40,41). With normalization
of glycemic control seen in solitary pancreas transplantation,
Fioretto et al. found regression of mesangial expansion and
glomerular basement thickening after 10 years, but not after
5 years, following pancreas transplantation in adolescent
whites with type 1 diabetes and normal renal function (42).

Once overt proteinuria appears, it is uncertain whether
glycemic control affects the progression of diabetic nephropa-
thy. Studies have shown conflicting results as to whether im-
proved glycemic control induces a reduction in urinary albumin
excretion.

In two combined analysis of the large Steno study, better
glycemic control was associated with a fall in urinary albumin
excretion (UAE) rate and slow change in GFR (43). Similarly,
Nyberg et al. prospectively followed 18 patients with type 1 di-
abetes and diabetic nephropathy for 21 months, noting a direct
relationship between fall in GFR and HbA1c, with the greatest
fall in GFR occurring in those with the highest HbA1c (44). In
contrast, other studies have failed to demonstrate an associa-
tion between glycemic control and decrease in GFR (45,46). In
a cohort study, Viberti et al. followed 24 diabetic patients for
an average of 43 months discovering no relationship between
HbA1c and decrease in creatinine clearance (45). Similarly, in
a prospective study of 115 patients (50 with type 1 and 65 with
type 2 diabetes) no relationship between HbA1c and GFR was
noted over 7 years (46).

From the studies described in the preceding text, it is clear
that the effect of glycemic control on the progression of dia-
betic nephropathy is more significant during the earliest stage
of diabetes. However, one should be cautious about induc-
ing severe hypoglycemia when intensive glycemic control is at-
tempted in patients with greatly impaired renal function and/or
ESRD (47). Modification of some antidiabetic drug doses is re-
quired when GFR is subnormal. For example, metformin is
contraindicated in advanced renal insufficiency (serum creati-
nine level >2.5 mg/dL) because of the risk of fatal lactic aci-
dosis. In mild and stable decreased renal function, the dose of
metformin should be lowered to approximately one-third that
given to patients with normal GFRs (47). In patients treated
with insulin, progressive reduction of insulin dose may be re-

quired both after the abrupt onset of acute renal failure and
chronic renal insufficiency because of impaired degradation
of exogenous and endogenous insulin (48,49). Several stud-
ies suggest a benefit of glycemic control in patients with ESRD
(50,51). Morioka et al. have reported in a prospective study of
150 ESRD patients with diabetes that cumulative survival was
higher in those with HbA1c <7.5% than those with HbA1c
>7.5% before the start of regular hemodialysis (51).

Blood Pressure Control

Diabetes and hypertension are both common conditions asso-
ciated with high morbidity and mortality. Diabetic nephropa-
thy and hypertension occur together in 50% of diabetic pa-
tients, and result in a 7.2-fold increase in overall mortality (52).
Multiple trials show that induction of normotension in type 1
and type 2 diabetic patients with persistent microalbumin-
uria decreases albumin excretion, whereas clinically evident
nephropathy is postponed and may even be prevented.

In type 1 diabetes, microalbuminuria usually precedes a
gradual but consistent rise in blood pressure by 3 to 5 years.
In contrast in type 2 diabetes, there is no consistent pattern
to the course of elevation of blood pressure as nephropathy
progresses. Hypertension is present in 25% to 30% of type 2
diabetic patients at the onset of diabetes.

As reviewed by Parving, in those with overt diabetic nephro-
pathy, blood pressure reduction, whether with angiotensin-
converting enzyme (ACE) inhibitors or non-ACE inhibitors
reduces albuminuria,delays progression of nephropathy, and
improves survival in both type 1 and type 2 diabetic patients
(53).

Long-term follow-up studies of initially normotensive
diabetic patients with microalbuminuria showed a blood
pressure–dependent decline in GFR even when the blood pres-
sure level remained normal (54–57).

Parving et al. in a pioneer study of six hypertensive adults
with nephrotic-range proteinuria due to type 1 diabetes,
observed that treatment with metoprolol, hydralazine, and
furosemide for 28 to 36 months reduced mean blood pressure
from 162/103 to 144/95 mm Hg, resulting in a 60% reduction
in the rate of fall of GFR from 1.23 to 0.4 mL/minute/month
and also a reduction in albumin excretion by 5% to 10% per
year (58). Subsequently, using a similar antihypertensive regi-
men, blood pressure was reduced from 143/96 to 129/84 mm
Hg in ten patients with type 1 diabetes who were followed for
32 to 90 months, evincing a 75% decrease in the rate of decline
in GFR from 0.89 to 0.22 mL/minute/month (59). Schrier et al.
also showed that intensive treatment of normotensive, type 2
diabetic patients to blood pressure of approximately 125/
75 mm Hg with nisoldipine (calcium channel blocker) or
enalapril (ACE-I), retarded progression to incipient and overt
nephropathy, decreased the progression of retinopathy, and re-
duced the incidence of stroke (60).

The sixth report of the Joint National Committee on Pre-
vention, Detection, Evaluation, and Treatment of High Blood
Pressure first published the recommendation for the target level
of blood pressure in diabetes to at or below 130/85 mm Hg
(61). The American Diabetes Association adapted the recom-
mendation in 1999 (62). However, a consensus report of the
National Kidney Foundation suggests that the goal should be a
blood pressure of less than 130/80 mm Hg for nonproteinuric
and 125/70 mm Hg for those with proteinuria (63).

To achieve this degree of blood pressure reduction almost
always necessitates more than one antihypertensive drug and
a willing patient. The ideal drug combination is far from
clear, although a combination of calcium channel blocker
and ACE inhibition or angiotensin receptor blocker is usually
satisfactory.
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DO ANGIOTENSIN-CONVERTING
ENZYME INHIBITORS AND
ANGIOTENSIN II RECEPTOR

BLOCKERS HAVE ADDITIONAL
BENEFIT FOR DIABETIC

NEPHROPATHY?

Although retardation of the decline in GFR was also shown
with other antihypertensive medication, the effect on protein-
uria was most prominent with ACE inhibitors. In the early
1990s ACE-inhibitors were found to have what have been
termed renoprotective properties (64–66). Lewis et al. in a
randomized-controlled trial comparing captopril to placebo
in 207 type 1 diabetic patients with nephropathy found that
captopril-treated patients showed a significant decline in the
primary endpoints (doubling serum creatinine and the de-
velopment of ESRD) and a 50% reduction in risk of com-
bined endpoints (64). A similar effect of ACE inhibitors was
also shown by Ravid et al. in a small trial in normotensive
type 2 diabetic patients with microalbuminuria (66). Subse-
quently, many studies documented the value of ACE inhibitors
in hypertensive diabetic patients with incipient nephropathy
(IP). The MICRE-HOPE study comprised 1,140 patients with
type 2 diabetes and microalbuminuria randomized to ramipril
10 mg/day or placebo (67). Blood pressure in all patients was
kept at normal values by including addition of other medica-
tions. At 4.5 years, ramipril-treated patients had reduced my-
ocardial infarction by 22%, stroke by 33%, cardiovascular
death by 37%, and total mortality by 24%. There were slower
rises in urinary albumin excretion in ramipril-treated patients.
A recent multicenter double-blind, randomized study was de-
signed to assess whether an ACE inhibitor and dihydropyridine
calcium-channel blockers, alone or in combination, would pre-
vent microalbuminuria in patients with hypertension, type 2 di-
abetes, and normal urinary albumin excretion. A total of 1,204
patients were randomly assigned to receive at least 3 years of
treatment with trandolapril (at least 2 mg daily) plus verapamil
(180 mg sustained release per day), trandolapril alone (2 mg
per day), verapamil alone (sustained-release 240 mg per day),
or placebo. Trandolapril plus verapamil and trandolapril alone
delayed the onset of microalbuminuria by factors of 2.6 and
2.1, respectively. The effect of verapamil alone was similar to
that of placebo (68). In perspective, because of their organ
protective effect, efficacy, and relative mild side effects, ACE
inhibitors rank as first-line treatment in both type 1 and type
2 diabetes.

Angiotensin II receptor blockers (ARBs) are a relatively
new class of antihypertensive agents that inhibit the renin–
angiotensin system by selectively blocking the AT1 subtype
of angiotensin II receptors. The ARBs are effective antihy-
pertensive agents. Compared to ACE inhibitors, a similar re-
duction in blood pressure is obtained. The ARBs have an
advantage over ACE inhibitors in terms of the side-effect
profile.

Several small studies had shown a decrease in albumin-
uria in ARB-treated patients with diabetic nephropathy sim-
ilar to the effect obtained with ACE inhibitors (69,70). A com-
pelling renoprotective effect of ARBs was underscored when
three large international prospective controlled studies were
published in the same issue of The New England Journal of
Medicine (71–73). The Reduction of Endpoints in NIDDM
with the Angiotensin II Antagonist Losartan (RENAAL) con-
sisted of 1,519 type 2 diabetic patients with hypertension and
proteinuria, compared losartan (50 to 100 mg once a day) with
placebo, and was based on a composite endpoints (i.e., dou-
bling of the baseline serum creatinine, onset of ESRD, or death).

Losartan-treated patients showed reduction in risk of doubling
the serum creatinine by 25%, and the risk of ESRD by 28%.
The study showed that losartan-treated patients achieved 16%
reduction in any primary endpoint. The authors estimated that
benefits of losartan translated to a 2-year delay in the need
for dialysis or transplantation (71). The other study, irbesartan
diabetic nephropathy trial (IDNT), consisted of 1,715 hyper-
tensive patients with nephropathy due to type 2 diabetes ran-
domly assigned to treatment with irbesartan (300 mg daily),
amlodipine (10 mg daily), or placebo. The target blood pres-
sure was 135/85 mm Hg or less to all groups. Treatment with
irbesartan was associated with a risk of the primary compos-
ite endpoint (doubling of serum creatinine, the development
of ESRD, or death from any cause) that was 20% (p = 0.02)
lower than that in the placebo group and 23% lower than
that in the amlodipine group. Proteinuria was reduced on av-
erage by 33% in the irbesartan group as compared with 6% in
amlodipine group and 10% in the placebo group (72). Parving
et al. in 590 hypertensive type 2 diabetic patients with microal-
buminuria compared irbesartan in two different doses (150 mg
and 300 mg daily) to placebo while blood pressure was main-
tained in the same range (141 to 144/83 mm Hg). Both doses
of irbesartan were renoprotective when compared to placebo.
The higher dose had a greater effect (73). In all three studies the
renoprotective effect of ARBs was considered to be indepen-
dent of the effect on blood pressure. These studies (MICRO-
HOPE, INDT, and RENAAL) provide a strong rationale for use
ACE inhibitors or ARBs in patients with diabetic nephropathy.
Indeed current standards of care for proteinuric diabetic pa-
tients are based on inclusion of an ACE inhibitor or ARB.

A few studies detected a superior effect of dual blockade of
the renin–angiotensin system with ACE inhibitors and ARBs
with regard to lowering albuminuria and blood pressure in di-
abetic patients when compared to maximal dose of an ACE
inhibitor alone (74–77). A larger and longer prospective, ran-
domized controlled trial is needed before suggesting the com-
bination of ACE inhibitors and ARBs as the standard antihy-
pertensive medications for diabetic patients.

Dietary Protein Restriction

It has been known that protein restriction is effective in alle-
viating the symptoms of uremia and may delay the need for
dialysis (78). Beyond the symptomatic relief, reduced protein
intake is advocated to slow or/and prevent decline in renal
function (79–84). The mechanism of halting of such progres-
sion is suggested to be a reduction in the hyperfiltration that
occurs in the remaining nephrons after renal injury is estab-
lished (83). The value of dietary protein restriction in type 1
diabetes was suggested by Zeller et al. in a small prospective,
randomized controlled study of 35 patients with type 1 dia-
betes mellitus and clinical nephropathy. The low-protein diet
contained 0.6 g/kg/day and patients were followed for a mean
period of 34.7months. There was a fourfold decrease in the
rate of decrease of GFR in the low-protein diet group com-
pared with that in 15 controls after 3 month. Mean protein
excretion fell by 24% in the study group and rose by 22% in
controls. At the end of the study, reduction in proteinuria in the
study population was only 6%, whereas controls had a 24%
increase (79).

Further to the point, Jibani et al. found that albumin ex-
cretion rates fell when patients with microalbuminuria were
given a predominantly vegetarian diet in the absence of signif-
icant change in either blood glucose control or arterial blood
pressure (85).

The study in type 2 diabetes by Pijls et al. (86) failed to
discover favorable effect of a low protein diet, mainly because
subjects did not comply with the diet. Pecis et al. (87) compared
three diets—the usual diet with 1.4 g/kg/day protein, a low
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protein diet (0.6 g/kg/day), and a test diet in which chicken
and fish replaced red meat. They found that the chicken and
fish diet had effects on GFR similar to those of the low protein
diet. However, this was a short-term study with only 3 weeks
on each diet.

Available evidence suggests that protein restriction can slow
progression in early nephropathy, although the effect is fairly
modest. At present, we advocate prescribing a diet that avoids
protein in excess of 0.8 g/kg/day in both type 1 and type 2
diabetes once proteinuria reaches 0.5 g/day or more or a de-
creasing GFR is noted, provided that overall nutritional status
is satisfactory.

Lipid-Lowering Drugs

Hyperlipidemia is recognized as a risk factor for the develop-
ment of vascular disease, including nephropathy in both the
animal models of diabetes and human type 1 and type 2 dia-
betes (88–90). There are few prospective studies that have tried
to show the association between hyperlipidemia and the decline
of renal function in diabetic nephropathy (91–93). Krolewski
et al. (91) examined the determinants of progression to chronic
renal failure in 439 diabetic patients with retinopathy and
nephropathy in a post hoc analysis of the prospective Diabetic
Retinopathy Study. One-third of patients had a rapid loss of
renal function. Only elevated serum cholesterol level and ele-
vated diastolic blood pressure at entry were significantly asso-
ciated with a rapid loss of renal function. These correlations
remained significant in a multiple logistic regression analysis.
Similarly, Parving et al. found a significant positive correlation
in a univariate analysis between serum cholesterol level and
rate of decline in GFR in a 10-year prospective study of ACE
inhibitors in type 1 diabetic patients with nephropathy (92).

In a prospective study, Ravid et al. followed 94 normoten-
sive type 2 diabetic patients with microalbuminuria and normal
renal function. Patients were randomized to receive enalapril
or placebo and were followed for 5 years. A significant cor-
relation between baseline and mean study values of serum to-
tal cholesterol and the subsequent decline of renal function
was observed. This association persisted after stratification for
blood pressure in both groups. Initial and mean plasma to-
tal cholesterol and mean blood pressure were also significant
predictors of the subsequent increase in albuminuria (93).

A recent randomized, double-blind placebo-controlled
study by Fried et al. compared the effect of simvastatin and
diet versus diet alone on albuminuria in 39 type 1 diabetic pa-
tients with nephropathy. Although, not significant the rise in
albuminuria was slower in the simvastatin-treated group com-
pared to placebo over 2 years (94). Recently a meta-analysis on
the effect of lipid-lowering therapy on the progression of renal
disease assessed 13 prospective controlled trials, seven were ex-
clusively in diabetic patients, to examine the effects of antilipid
agents on proteinuria and renal function (95). Lipid lowering
was associated with a slower rate of the decline in renal func-
tion compared to controls (p = 0.008) to an extent equivalent
to the beneficial effect of an ACE inhibitor on preservation of
renal function. The effect on GFR did not correlate with the
type of lipid-lowering agent or the cause of renal disease. Al-
though not obtaining significance, there was a tendency for a
favorable effect of anti-lipidemic treatment on proteinuria.

In summary, to date, studies attempting to document on
association between dyslipidemia and progression of dia-
betic nephropathy are inconclusive. Large clinical studies with
longer follow-up are needed to validate lipid-lowering agents
as an additional renoprotective measure. However, as cardio-
vascular disease is the number one cause of death in diabetic
patients with nephropathy, optimizing lipid control is now a
standard of care.

Cessation of Cigarette Smoking

Cigarette smoking is a risk factor for progression of diabetic
nephropathy in both type 1 and type 2 diabetes (96–100).
Chase et al. (96) looked at the effects of cigarette smoking
on diabetic renal and retinal complication in 359 type 1 dia-
betic patients. The prevalence of increased albumin excretion
rate was 2.8 times higher in smokers than nonsmokers. Even
after corrections for glycohemoglobin level and duration of
diabetes, smoking was a significant factor in a logistic regres-
sion model for albuminuria. Significant improvement was also
seen when subjects ceased smoking (96). Chuahirun et al. also
showed that type 2 diabetic patients who smoked had a faster
decline of renal function and increased urinary albumin excre-
tion (98) than non-smokers, despite blood pressure control and
use of ACE-inhibitors. They also found that cessation of smok-
ing ameliorates the progressive renal injury caused by contin-
ued smoking (99). This is in addition to the well-established
effect of smoking on cardiovascular and pulmonary disease.
It is thus important that every patient be made aware of the
importance of quitting this habit.

Management of Comorbid Conditions

As diabetic kidney disease progresses, treating a diabetic
patient becomes increasingly difficult and involves multiple
healthcare professionals (Fig. 73-2). Diabetic patients with im-
paired renal function have a higher mortality rate than nondia-
betic patients with equivalent renal insufficiency, usually due to
cardiac disease, infection, and cerebrovascular diseases. Biesen-
bach and Zazgornik followed 20 type 2 diabetic patients with
overt proteinuria and normal GFR until the beginning of dialy-
sis or the time of death. Twelve patients required dialysis after
a mean time of 74 months. Eight patients died before start-
ing dialysis treatment. From the start of the study to the time
of starting dialysis or to the time of death, the prevalence of
cerebrovascular disease increased from 30% to 75%, cardio-
vascular disease increased from 45% to 91%, and peripheral
vascular disease from 15% to 50% (101).

Listed in Table 73-4 are the most significant comorbid con-
cerns in the management of diabetic patient with impaired renal
function.

FIGURE 73-2. Comprehensive management of comorbidity in a pa-
tient with diabetic nephropathy depends on the skills of a competent
team. Cardiac evaluation is especially important to detect the treat of
serious coronary artery disease.
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CO-MORBID CONDITIONS: DIABETIC AZOTEMIC
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Autonomic neuropathy
Cystopathy
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Peripheral polyneuropathy

Diabetic Retinopathy

Diabetic retinopathy is the leading cause of new cases of
blindness in person ages 20 to 75 years in the United States
(102). Type 1 diabetic patients with nephropathy nearly always
present with retinopathy. However, only 35% of patients
with retinopathy develop signs of nephropathy. Epidemio-
logic studies such as the Diabetes Control and Complication
Trial (DCCT) and the United Kingdom Prospective Diabetes
Study (UKPDS) have shown a strong relationship between hy-
perglycemia and development and progression of retinopathy
(22,23). In the DCCT treatment group, the reduction in the risk
of progressive retinopathy and nephropathy resulting from in-
tense insulin therapy in type 1 diabetic patients persisted for
at least 4 years, despite increasing hyperglycemia. To exam-
ine the 14-year incidence and progression of diabetic retinopa-
thy, Klein et al. conducted a study on 634 type 1 diabetic pa-
tients with diabetes diagnosed before age 30 years. The 14-year
rate of progression of retinopathy was 86%, regression of
retinopathy was 17%, progression to proliferative retinopathy
was 37%, and incidence of macular edema was 26%. Increased
risk of proliferative retinopathy and macular edema was associ-
ated with more severe baseline retinopathy, higher glycosylated
hemoglobin, and elevated diastolic blood pressure (103).

Data from the EURODIAB Controlled Trial of Lisinopril in
Insulin-Dependent Diabetes Mellitus (EUCLID) showed that
lisinopril decreased the progression of retinopathy by two or
three grades, and the progression to proliferative retinopathy
(104). Retinopathy progressed by 13.2% in 150 patients receiv-
ing lisinopril compared to 23.4% in those receiving placebo.
This reduction remained constant even when adjusted for
glycemic control. These findings suggest that ACE inhibitors
have not only renoprotective properties, but also might have a
role in preventing progression of retinopathy.

We advise that as a component of the initial evaluation
of diabetic patients with nephropathy, direct funduscopy, reti-
nal photography, and fluorescein angiography be performed
to provide a baseline facilitating interpretation of subsequent
examinations.

Cardiovascular Disease

Diabetic patients have a high prevalence of morbidity and mor-
tality secondary to cardiac causes, with up to 75% of mortality
being from cardiovascular disease (105,106). Previous studies
have shown that age-adjusted relative risk of death due to car-
diovascular event in diabetic patients is threefold higher than
in general population (105).

The Multiple Risk Factor Intervention Trial (MRFIT) (107)
occurrence of cardiovascular death at 12-year follow-up was
about three times greater in diabetic men than in their non-
diabetic controls, regardless of systolic blood pressure, age,
cholesterol, or smoking status. Systolic hypertension, elevated
cholesterol, and cigarette smoking were also independent pre-

dictors of mortality, and the presence of at least one of these risk
factors had a greater impact on increasing cardiovascular mor-
tality in patients with diabetes than in those without diabetes,
suggesting a key role for the management of cardiovascular
risk factors in these patients.

Microalbuminuria is an independent marker for increased
cardiovascular mortality in both diabetic and nondiabetic sub-
jects (108–112). The degree and rate of progression of albu-
minuria also correlates with increased cardiovascular event
(113). A recent analysis of the UKPDS demonstrated that
among 5,097 type 2 diabetic subjects followed for more than
10 years, the risk of death was greater than the risk of ESRD in
those with type 2 diabetes (114). In this study, annual rates of
progression from normal to microalbuminuria, microalbumin-
uria to macroalbuminuria, and macroalbuminuria to elevated
plasma creatinine or renal replacement therapy were all be-
tween 2% and 3% per year. The annual cardiovascular death
rates for these progressive stages of chronic kidney disease were
0.7% for subjects with no nephropathy, 2% for those with mi-
croalbuminuria, 3.5% for those with macroalbuminuria, and
12.1% for those with elevated plasma creatinine or on renal
replacement therapy.

Clearly, the preceding studies show that cardiovascular dis-
ease starts at the earliest stage of nephropathy in diabetic pa-
tients, hence great emphasis should be placed upon its primary
prevention. Use of aspirin, ACE inhibitors or ARBs, and an-
tilipid agents, as well as regular cardiac evaluation, should help
to reduce the mortality and morbidity caused by cardiovascu-
lar disease in diabetic patients. Lastly, for patients with early
nephropathy and established cardiovascular disease such as
coronary artery disease or heart failure, the additional use of
beta-adrenergic blocking agents favorably impacts the natural
history of these conditions (115). Beta-blockers improve left
ventricular ejection fraction and reduce rates of hospitaliza-
tion, sudden death, and all-cause mortality (116).

Peripheral Vascular Disease

Foot ulceration and limb amputation are the leading causes of
morbidity and mortality in diabetic patients. The incidence of
diabetic foot ulcers is up to 5% per year, with a prevalence
of up to 10% (117). The cumulative incidence of amputation
in type 1 and type 2 diabetic patients is approximately 15%
(118). In diabetic patients with ESRD, the incidence of foot
complications is higher, reaching 25% (119) and remaining a
problem after kidney or kidney and pancreas transplantation
(120). Wanner et al. reported that 16% of type 2 diabetic pa-
tients undergoing hemodialysis had a prior history of amputa-
tion, whereas 44% were found to have evidence of peripheral
vascular disease (121). Pugh et al. reported a diagnosis of pe-
ripheral neuropathy in 84% of patients with type 1 diabetes
and 60% of those with type 2 diabetes at the start of renal re-
placement therapy (122). In more than 70% of limb loss, am-
putation is preceded by an ulcer due to ill-fitting shoes, causing
repeated episodes of unnoticed trauma to the foot precipitated
by loss of protective sensation as a consequence of peripheral
neuropathy.

Although the amputation rate in diabetic persons is up to
five times higher than in nondiabetic persons, recent studies
comparing patency rates after percutaneous transluminal an-
gioplasty or bypass grafting have not shown a significant dif-
ference between the two groups. This suggests that part of the
reason for the higher amputation rate in diabetic patients might
be due to delay in initiating treatment (123,124).

Initiating a program to educate patients and family mem-
bers about potential limb disease, with frequent examination
of the feet; wearing of comfortable, nonconstricting shoes; and
frequent visits to a podiatrist for nail and callus care is a highly
effective means of preventing limb loss.
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Autonomic neuropathy

Autonomic neuropathy is a highly prevalent, yet frequently
overlooked complication of diabetes. Although involvement of
the autonomic nervous system is generally diffuse, symptoms
may be confined to a single-target organ or organ system. Com-
plications of diabetic autonomic neuropathy contribute greatly
to the morbidity, mortality, and reduced quality of life. The
clinical manifestation of autonomic neuropathy includes gas-
troparesis, postprandial hypotension, sexual dysfunction, and
unawareness of hypoglycemia.

Diabetic cystopathy (impaired bladder sensation and, in-
creased bladder capacity, sometimes accompanied by voiding
difficulties) often develops insidiously and asymptomatically.
Although common, it is frequently unrecognized and confused
with worsening of diabetic nephropathy. The prevalence of di-
abetic cystopathy is 25% in type 2 diabetics and 48% to 87%
in type 1 diabetic patients (125,126).

Cardiac autonomic neuropathy occurs in diabetic patients
and its prevalence and severity are correlated with advancing
nephropathy (127,128). Heart rate variability is useful in as-
sessing dysfunction of the autonomic nervous system in di-
abetic patients (127). Meinhold et al. assessed cardiac auto-
nomic neuropathy in 66 diabetic patients without nephropathy
(n = 24), incipient nephropathy (n = 26), and overt nephropa-
thy (n = 16), and found cardiac autonomic neuropathy was
significantly higher in those with overt nephropathy when com-
pared to those without nephropathy and incipient nephropathy
(129). QTc interval and QTc dispersion increased significantly
with increasing nephropathy. Heart rate variability analysis can
detect early subclinical alterations of the autonomic nervous
system in symptomatic diabetic patients (126). Absent heart
rate variability secondary to diabetic cardiac autonomic neu-
ropathy is a predictor of left ventricular failure and increased
mortality due to sudden cardiac death (130). Patients with di-
abetes are at an increased risk of sudden cardiac death due
to the increased prevalence of silent myocardial ischemia and
cardiac autonomic neuropathy predisposing patients to ven-
tricular tachyarrhythmias (131).

Impaired gastric emptying (gastroparesis) is a disorder of
delayed gastric emptying that is often chronic. Up to 50% of
all diabetic subjects have symptoms of gastroparesis (132,133),
which include nausea, vomiting, and early satiety. Gastropare-
sis may frustrate efforts to synchronize insulin effect with food
ingestion due to irregular gastric emptying. Diagnosis of gas-
troparesis requires identifying the proper symptom complex,
while excluding other entities (peptic ulcer disease, rheuma-
tological disease, and medication effect). The diagnosis can
be confirmed by demonstrating gastric emptying delay dur-
ing a 4-hour scintigraphic study. Treatment options are lim-
ited and rely on dietary modifications, use of available phar-
macologic agents, and occasionally surgical interventions. The
pharmacologic agents for treating gastroparesis include meto-
clopramide, erythromycin, and cisapride (only available via a
company-sponsored program). All of these drugs act as pro-
motility agents that increase the number or intensity of gastric
contractions. Cisapride has been removed from the open mar-
ket as a result of more than 200 reported cases of cardiac toxi-
city attributed to its use. Gastric pacing (134,135) and pyloric
injection of botulinum toxin (136,137) have shown promise
for patients with medically refractory gastroparesis, but awaits
further investigation. Other manifestations of autonomic neu-
ropathy of the gastrointestinal tract are obstipation and ex-
plosive night time diarrhea-often coexisting with gastroparesis
(138). Obstipation responds to a daily dose of cascara, whereas
diarrhea is treated with psyllium seed dietary supplements one
to three times a day plus loperamide in repetitive 2-mg doses
to a total dose of 16 mg daily.

Unawareness of hypoglycemia is a severe complication
for diabetic patients and alters the quality of life because it

markedly increases the anxiety of both the patients and his/her
family. It has been attributed to diabetic autonomic neuropa-
thy, probably due to inability to secrete counterregulatory hor-
mones (glucagons, epinephrine) in response to hypoglycemia
(139). In a cross-sectional survey of 178 type 1 diabetic pa-
tients over a period of 14 years, the prevalence of severe hy-
poglycemia increased by more than 50% despite more fre-
quent use of multiple injection therapy and self-measurement of
blood glucose (140). An important negative consequence of the
struggle to attain metabolic control is the frightening increase
in hypoglycemic episodes, some of which are detected late at
the point of loss of consciousness; this may be the price paid
by patients who are dutifully compliant. Hypoglycemic coma
related to an absolute or relative excess of insulin should, in
most cases, be treated at home by oral administration of carbo-
hydrate with high-glycemic index if consciousness allows it or,
if not, the injection of glucagons. In contrast, a hypoglycemic
coma due to a too-high dose of sulphonylurea requires hospi-
talization to supervise the patient and to provide a prolonged
intravenous infusion of glucose. It is mandatory that family
members of any diabetic patient at risk of developing severe
hypoglycemia receive specific education in order to promptly
apply the appropriate treatment capable of a rapid and safe
recovery from hypoglycemia.

Impairing quality of life, and present in at least one-half
of diabetic men with renal insufficiency, is erectile dysfunction
(141). Phosphodiesterase enzyme (PDE) inhibitors have rev-
olutionized the management of erectile dysfunction and oral
therapy (sildenafil, vardenafil, or tadalafil) is currently first-line
therapy (142,143). Injectable prostaglandin or surgical inser-
tion of a mechanical prosthesis can also be used for those in
whom sildenafil is not effective or contraindicated (144).

ENDING CONSERVATIVE
MANAGEMENT

Although normalizing blood pressure, tightly controlling glu-
cose, and adhering to a low-protein diet may retard develop-
ment and progression of diabetic nephropathy, many patients
still progress to ESRD, resulting in diabetes being the preemi-
nent cause of ESRD in industrialized nations.

Continuing explanation to the patient of transpiring events
as renal function deteriorates builds confidence and minimizes
panic, despair, and frantic behavior when the need for ESRD
therapy becomes pressing. As the creatinine clearance falls
to approximately 20 to 25 mL/minute, available options for
ESRD therapy should be discussed and the patient’s preference
determined. Patient support groups, especially the American
Association of Kidney Patients (AAKP), can play a vital role
in guiding the patient with new ESRD in making appropriate
choices regarding the type of therapy and location of facilities
where treatment can be obtained. Membership in the AAKP
should be encouraged as a key step in overcoming the shock,
fear, bewilderment, and sometimes panic of first learning that
one has ESRD. The AAKP’s National Office telephone number
is 1-800-749-2257.

Depending on the choice of treatment, there are specific
preparatory steps that should be initiated. For example, for
those opting for hemodialysis, construction of a vascular access
site, preferably an internal arteriovenous fistula, is of cardinal
importance, thereby avoiding the pain and discomfort of percu-
taneous femoral or jugular venous cannulation until a suitable
vascular access is available. Predialysis management includes
preserving forearm cutaneous veins by avoiding venous punc-
tures and intravenous catheters. During the pre-ESRD inter-
val, nutrition should be maintained and erythrocyte mass sus-
tained at greater than a hematocrit of 33%, as necessary,
by administration of erythropoietin and supplemental iron.
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Metabolic bone disease due to secondary hyperparathyroidism
can be minimized by use of intestinal phosphate binders along
with synthetic vitamin D. Periodic (monthly) measurements of
serum calcium and phosphate levels to exclude hypercalcemia
against vitamin D intoxication. The exciting introduction of
calcimimetic agents may greatly improve bone preservation in
renal failure (145).

Dialytic therapy or kidney transplantation should be con-
sidered before the patient loses muscle mass because of the
catabolic state induced by uremia.

Although not proven by prospective alternative-case trials,
a consensus suggests that renal replacement therapy should
begin at a higher creatinine clearance (10 to 15 mL/minute)
for diabetic patients rather than nondiabetic patients, because
most diabetic patients become symptomatic at a higher crea-
tinine clearance than do those with ESRD of other etiologies.
Anorexia, nausea, vomiting, and a reversed diurnal sleep pat-
tern (insomnia coupled with daytime somnolence) are hallmark
symptoms as uremia worsens. Indications for urgent dialysis
include pericardial friction rub, unremitting gastric or colonic
bleeding, seizures, and advancing uremic motor neuropathy
(foot drop, paraplegia, quadriplegia, respiratory paralysis).

Preemptive kidney or kidney-pancreas transplantation is ad-
vocated at higher levels of residual renal function (creatinine
clearance 15 to 20 mL/minute) based on the belief that by
avoiding the ravages of severe uremia, rehabilitation is more
likely to be successful. Even though evidence from a random-
ized, controlled trial showing a clear difference between early
and late initiation of dialysis is sketchy and debated, an early
start at a higher creatinine clearance level does ease manage-
ment of blood pressure and nutritional status, while probably
retarding the progression of uremic motor neuropathy. Previ-
ously restricted to patients with type 1 diabetes, the value of
pancreas transplantation in individuals whose ESRD is due to
type 2 diabetes is under active inquiry (146,147).

Diabetic nephropathy is the leading cause of ESRD in the
United States, Japan, and industrialized Europe. The number
of new diabetic patients accepted for renal replacement ther-
apy has been increasing steadily for the last two decades. The
United States Renal Data System (USRDS) in 2004 reported
that 154,197 of 424,802 U.S. patients receiving either dialysis
treatment or a kidney transplant in 2002, had diabetes (148).
Furthermore, during 2002, of 98,313 new cases of ESRD,
44,139 (44.7%) were listed as having diabetes (Fig. 73-3).

Survival and medical rehabilitation of diabetic patients re-
ceiving renal replacement therapy is significantly inferior to
that of other patients with other causes of ESRD (149,150).
The highly prevalent comorbid conditions affecting diabetic
patients when renal replacement therapy is initiated account
for the greater risk of death and limited rehabilitation poten-

FIGURE 73-3. The number of diabetic patients accepted for renal re-
placement therapy has been increasing steadily for the last two decades.
The United States Renal Data System (USRDS) in 2004 reported that
in 2002, of 98,313 new cases of ESRD, 44,139 (44.6%) were listed to
have diabetes.

tial in these patients. With recognition and efforts to correct the
impact of hypertension and dysmetabolism, survival of diabetic
patients with ESRD has improved yearly since the mid-1980s
(Fig. 73-4). A comprehensive team effort by both medical pro-
fessionals and their patients, stressing the importance of pre-
ventive care to reduce hypertension, normalize blood glucose
level, and correct hyperlipidemia, is rewarded by improved pa-
tient survival and rehabilitation.

OPTIONS FOR RENAL
REPLACEMENT THERAPY

Diabetic patients with ESRD have similar options as nondia-
betic patients for renal replacement therapy. Apart from de-
tection and treatment of risk factors for progression of renal
disease and monitoring the course of comorbid conditions, it
is important to explore various modalities of renal replace-
ment therapy to determine which option best suits the pa-
tient. The different types of renal replacement therapy available
for diabetic patients with ESRD include hemodialysis, peri-
toneal dialysis, kidney transplantation alone, and a combined
pancreas and kidney transplantation, which is unique to di-
abetic patients (Table 73-5). The treatment that is best for a
particular patient is determined by considering the patient’s
age, level of education, severity of comorbid conditions, so-
cial and family support, and geographic location. For exam-
ple, a patient with severe cardiomyopathy may be restricted
to continuous ambulatory peritoneal dialysis (CAPD) because
the stress of extracorporeal blood circulation in hemodialysis
might precipitate cardiac decompensation, whereas a young,
motivated, and independent patient can choose from a menu
of available modalities of treatment preferable selecting kidney
transplantation.

MAINTENANCE HEMODIALYSIS

According to the United States Renal Data System (USRDS)
2004 registry (Fig. 73-5), 75% of all diabetic patients with
ESRD are treated with hemodialysis (center or home), 7.4%
with peritoneal dialysis (CAPD) or continuous cycling peri-
toneal dialysis (CCPD), and 17% received a functioning kidney

FIGURE 73-4. Three-year mortality rates of diabetic patients with
end-stage renal disease (ESRD). Reflecting incremental improvement
in management, especially better attention to blood pressure regula-
tion and metabolic control, mortality rates of diabetic patients with
ESRD treated with hemodialysis, peritoneal dialysis, or a cadaveric
donor renal transplant have shown progressive improvement.
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TA B L E 7 3 - 5

OPTIONS FOR RENAL REPLACEMENT THERAPY FOR
DIABETIC PATIENTS WITH ESRD

Hemodialysis
In-center Hemodialysis
Home Hemodialysis
Daily (nocturnal) Hemodialysis

Peritoneal Dialysis:
CAPD
CCPD

Organ Transplantation:
Kidney Transplantation
Simultaneous Pancreas and Kidney Transplantation
Pancreas after Kidney Transplantation

transplant (148). Given that effective hemodialysis is con-
tingent on a continuous blood flow of up to 500 mL/
minute, the need to establish a vascular access is an early con-
cern in diabetic patients. Peripheral vascular calcification in
middle-sized arteries plus atherosclerosis of small vessels and
increased risk of wound infection, may pose a challenge for the
vascular surgeon attempting to construct a vascular access in
an azotemic diabetic patient. Although the preferable vascular
access is an arteriovenous fistula (AV), preexisting vascular dis-
ease limits its utility in diabetic patients, who have a primary
failure rate of 30% to 40%. A less desirable, but necessary,
alternative vascular access can be constructed using a polyte-
trafluoroethylene graft with a half-life in excess of 1 year. Once
it is established and functioning well enough to permit adequate
hemodialysis, the mean 3-year survival rate of an AV in diabetic
patients is approximately 80%, whereas arteriovenous grafts
remain viable in only 47% after 3 years (151).

Current Dialysis Outcome Quality Initiative (DOQI) guide-
lines encourage placement of AVs in more hemodialysis pa-
tients. Konner et al. were able to increase the proportion of
AV fistulae in diabetic patients by careful preoperative investi-

FIGURE 73-5. ESRD treatment modality, diabetic versus total ESRD
population. Compared with the entire group, as shown in these data
extracted from the United States Renal Data System 2004 Report, dia-
betic patient with ESRD are more likely to be treated with maintenance
hemodialysis even though their survival is best ensured by kidney trans-
plantation.

gation for selection of adequate location for initial placement
of the fistula; preference to large-diameter arteries and veins,
frequently requiring use of the elbow region; variable surgical
approaches including perforated vein fistula (PVF) and avoid-
ance of initial polytetrafluoroethylene graft (152). Using the
previously described principal the authors were able to create
primary arteriovenous access for a total of 181 diabetic and 567
nondiabetic patients during 1993 to 1998 (153). Continuous
surveillance by nephrologists and dialysis staff permitting elec-
tive revision and avoidance of thrombosis will also improve via-
bility of primary fistulae. Complication of vascular access is the
leading cause of hospitalization in diabetic patients with ESRD
undergoing hemodialysis. Hemodialysis treatment for diabetic
patients is similar to that in nondiabetic patients, except for
the interruption of dialysis because of intradialytic hypoten-
sion or painful, intractable muscle cramps. An ideal hemodial-
ysis regimen consists of thrice-weekly dialysis, each lasting 3.5
to 4.5 hours, during which extracorporeal blood flow must
be maintained at 300 to 500 mL/minute. When dialysis ses-
sions are timed precisely, it is noted that diabetic patients on
hemodialysis actually receive a lower dialysis dose than nondia-
betic patients because of interruption of dialysis due to dialysis-
induced hypotension or inadequate blood flow through the
access (154). Intradialytic hypotension in diabetes is thought
to be due to a depressed counterregulatory reflex in response
to hypotension (155). Previously hypertensive diabetics may
later develop sustained hypotension, as autonomic neuropathy
worsens and cardiac performance deteriorates. Limitation of
intradialytic weight gain, use of sodium modeling to promote
vascular refilling, use of midodrine (alpha agonist), and cooling
of dialysate can reduce dialysis-related hypotension (156).

Glycemic control in a diabetic patient on a dialysis regimen
is difficult. Insulin dosing is more complex because of unrec-
ognized gastroparesis that disconnects absorption of ingested
food from timed insulin administration, as well as reduced re-
nal insulin catabolism that results in prolonged action of ex-
ogenous insulin (157). This combination causes erratic glucose
regulation complicated by frequent episodic hypoglycemia, a
potentially serious complication. Glycemic control should re-
main a priority in the dialyzed diabetic patient, as it may re-
tard complications of microvascular disease. Survival during
the long-term management of ESRD in diabetes has been linked
to the quality of glycemic control achieved.

Defective bone matrix formation and mineralization with-
out osteoid thickness characterize aplastic bone disease, a form
of osteodystrophy affecting approximately one-third of uremic
patients. Factors for this mineralization defect have not been
determined. Diabetic patients on dialysis are predisposed to
low bone turnover, which is unrelated to aluminium exposure
(158). A prospective study of predialysis patients with a crea-
tinine clearance of less than 10 mL/minute, none of whom had
received any form of vitamin D, showed that diabetic patients
had low parathyroid hormone values and fewer bone lesions
of advanced hyperparathyroidism (16% versus 45%), whereas
low bone turnover disease was note in 56% of diabetic patients
versus 41% of nondiabetic patients (159).

Although survival of diabetic patients on dialysis has been
improving over the last decade, morbidity and mortality re-
main significantly higher than in those without diabetes. This
grim reality is mostly attributed to progression of comorbid
conditions. Cardiovascular disease, infections, and withdrawal
from dialysis are the leading cause of mortality in ESRD due
to diabetes (148).

PERITONEAL DIALYSIS

Peritoneal dialysis is the ESRD treatment modality selected for
approximately 7% of diabetic patients in the United States.
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CAPD offers the advantage of freedom from a machine,
performance at home, reduced cardiovascular stress, better
preservation of renal function, and avoidance of heparin
when compared to hemodialysis. Another postulated advan-
tage of peritoneal dialysis over hemodialysis is the avoidance
of cytokine-mediated toxic response provoked by contact of
blood with biomaterials in the extracorporeal circuit and mem-
brane used in hemodialysis (160). Disadvantages include risk
of peritonitis, high rates of technical failure, and less adequate
dialysis when residual renal function is lost.

As is true for hemodialysis, preparation of the patient for
CAPD necessitates education, repetitive explanation, and facil-
itating surgery to insert an intraperitoneal permanent catheter.
CAPD can be learned as a home regimen by motivated pa-
tients, even those with impaired vision, in as little as 10 to
15 days, although the typical patient requires about 4 weeks.
An alternative to manual cycling of dialysate is the use of a
mechanical cycling device in a regimen termed CCPD, which
can be performed during sleep.

During the course of both CAPD and CCPD, there is a con-
stant risk of peritonitis as well as a gradual decrease in peri-
toneal surface area which may ultimately prove to be insuf-
ficient for adequate dialysis. Diabetic patients with ESRD on
CAPD experience twice as many hospitalization days as non-
diabetic patients; peritonitis accounts for 30% to 50% of these
hospital days (161). Surprisingly, despite the longer duration
required for treatment of each episode of peritonitis, the overall
risk of contracting peritonitis is no greater in diabetic patients
(162).

CAPD or CCPD are specifically indicated when vascular ac-
cess sites have been exhausted for hemodialysis or in patients
with severe hemodialysis-associated hypotension or angina re-
lated to atherosclerotic heart disease. An advantage of peri-
toneal dialysis for patients with poorly compensated congestive
heart failure is its relatively slower ultrafiltration rate, coupled
with less rapid removal of solutes resulting in smaller shifts in
serum osmolality, which account for the absence of significant
hypotension in CAPD.

To achieve euglycemia when patients are continuously ex-
posed to a dialysate glucose concentration of 1500 mg/dL,
regular insulin can be added in the dialysate bags. To deter-
mine the initial intraperitoneal insulin dose for CAPD, three
times the subcutaneous dose in regular units should be divided
equally in four bags; the dose for the overnight dwell should
be reduced by 50% to avoid nocturnal hypoglycemia (163).
For cycling peritoneal dialysis, comparable glycemic control
can be achieved with less insulin (approximately 85%) used in
CAPD. This is because of reduced glucose absorption during
the shorter cycles. Alternatively, patients usually can be treated
with twice-daily subcutaneous insulin dosing. During episodes
of peritonitis, insulin requirements will vary widely.

The prevalence of malnutrition in patients on CAPD is
greater than on hemodialysis, and the problem is worsened
in diabetic patients (164,165). Diabetic patients on CAPD be-
come malnourished because of large amount of protein (8 to
10 g/day) losses in the dialysate fluid, and reduced appetite
caused by glucose infusion from dialysate, or early satiety
due to increased intraabdominal pressure and delayed gastric
emptying (166). With increasing duration of CAPD-CCPD,
protein loss in the dialysate fluid rises in diabetic patients,
probably due to inflammation of peritoneum involving small
peritoneal vessels (167). Prevention of malnutrition in these
patients requires dietary counseling, maintenance of an ade-
quate dose of dialysis, avoidance of acidemia, and aggressive
treatment of superimposed catabolic illness. For those patients
who have persistently inadequate nutritional intake, specific
treatment such as food supplement, enteral tube feeding, intra-
dialytic parenteral nutrition, and total parental nutrition can be
used.

Of the two major options in dialytic therapy for ESRD in
diabetes, the USRDS consistently reports superior survival in
those treated by hemodialysis, compared with peritoneal dialy-
sis, whether sorted by age, race, or sex (148). In contrast Vonesh
et al. (168) analyzed incident data from 398,940 U.S. medi-
care patients who initiated dialysis between 1995 and 2000
to compare survival outcome between hemodialysis and peri-
toneal dialysis patients; 11.6% used peritoneal dialysis as initial
therapy, 45% had diabetes, 52% were 65 years or older, and
55% had at least one comorbid condition. Among diabetic pa-
tients with no comorbidity, hemodialysis was associated with
a higher risk of death among younger patients (age 18 to
44 years: relative risk (RR) 95%) confidence interval (CI) 1.24
(1.07,1.44) and a lower risk of death among older patients
(>45 years: RR = 0.92 (0.85–1.00). For nondiabetic patients,
adjusted mortality rate was significantly higher on hemodial-
ysis than on peritoneal dialysis in both young and older pa-
tients (168). Similarly, when a direct comparison of equivalent-
dosed CAPD and hemodialysis was made, Keshaviah et al.
had found that the 2-year survival estimates were identical on
hemodialysis and on CAPD in older diabetic patients (169).
In a prospective cohort study of 680 incident CAPD patients
in North America, dialysis in the United States compared with
Canada was associated with a relative risk of death of 1.93
(95% confidence interval [CI], 1.14–3.28). The 2-year survival
probability was 79% in Canada and 63% in the United States
(169). This difference was not explained by race, age, gender,
diabetes, history of cardiovascular disease, or dose of dialy-
sis. The relative risk of a nonfatal cardiovascular event in the
United States compared with Canada was 1.80 (95% CI, 1.21–
2.67). The authors suggest that the higher acceptance rate for
dialysis in the United States may explain, in part, the greater
cardiovascular morbidity and the decreased survival observed.

The causes of mortality in CAPD patients are similar to
those on hemodialysis. Cardiovascular event and infection are
the two most common causes of death.

KIDNEY TRANSPLANTATION

In the 1970s, many transplant programs excluded diabetic pa-
tients with renal failure from consideration for renal trans-
plantation. Repeated reports recounted the poor prognosis of
diabetic patients on dialysis while their rehabilitation was pre-
empted by multiple comorbid conditions, leading to the conclu-
sion that diabetic patients should not be considered for renal
transplantation (170–172). In centers that did perform renal
transplantation in diabetic patients during this period, their sur-
vival exceeded that attained by dialysis. Confirmation of this
finding coupled with better management of diabetes and uremic
complications, established kidney transplantation as routine in
diabetic ESRD. In our view, renal transplantation is the treat-
ment of choice for all diabetic patients able to withstand the
stress of surgery. Not only is greater patient survival achieved
by renal transplantation, but there is a remarkable superior
level of rehabilitation over that attained by dialytic therapy.

Since 1985, the results of renal transplantation in diabetic
patients have approached parity, at least in the first 2 years,
with those achieved in nondiabetic patients (148). A fall-off
in survival of diabetic renal transplant recipients after 5 or
more years is the result of coronary, cerebral, and other ar-
terial diseases. The most recent report of patient survival in
diabetic patients indicated 93.7% 1-year and 85.5% 3-year
survival for recipients of cadaveric donor grafts, and 95.4%
1-year and 91.3% 3-year survival for those receiving living
donor transplants. The annual death rates of transplant re-
cipients are approximately one-third that of diabetic patients
remaining on dialysis (173), a finding suggesting the possibil-
ity of a selection bias for healthier dialysis patients for kidney
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transplantation, leaving a residual pool for dialysis of sicker
patients more likely to die. Nevertheless, when diabetic pa-
tients who received kidney transplants were compared to those
remaining on the transplant waiting list, patient survival was
significantly better in transplant recipients (173,174). The mor-
tality was 38% lower among transplant recipients than among
patients on the waiting list.

Forty percent of deaths in renal transplant recipients are
secondary to cardiovascular event such as myocardial infarc-
tion and stroke, and diabetes is the major risk factor for these
events (175). Koch et al. examined 105 consecutive diabetic
patients (77 type 1 and 28 type 2 diabetics) between 1989
and 1993 in the first 6 months of dialysis treatment for subse-
quent renal transplantation. Coronary angiography was per-
formed in all patients regardless of symptoms of coronary
artery disease (CAD). In 38 patients (36%) CAD was doc-
umented (single-vessel disease 17 patients; double-vessel dis-
ease 6 patients; triple-vessel disease 15 patients). Angina pec-
toris was present in 10 of 38 patients (24%) (176). Therefore,
it is warranted to evaluate diabetic kidney transplant candi-
dates for preexisting vascular disease before transplantation.
Responding to the real risk of cardiac events in the pretrans-
plantation period, we established a pretransplantation screen-
ing program starting with a thorough history and physical
examination plus an electrocardiogram, echocardiogram,
dobutamine stress test, and, if indicated, by equivocal results,
coronary angiography. A meta-analysis of noninvasive meth-
ods of assessing coronary artery disease comparing 10 reports
on dipyridamole-thallium-201 myocardial perfusion (1,994
patients) to five reports on dobutamine stress echocardiogra-
phy (446 patients) found the results equivalent (177). Reliance
on dobutamine stress echocardiography to exclude significant
CAD in ESRD patients permits kidney transplantation with a
97% probability of being free of cardiac complication or car-
diac death posttransplantation (178).

Apart from assessing the extent of cardiovascular disease
present prior to kidney transplantation, periodic, at least an-
nual, reassessment with noninvasive studies in asymptomatic
high-risk patients should be performed. The majority of trans-
plant centers ask for noninvasive testing on an annual basis in
the high-risk patients on the waiting list.

Posttransplantation Management

Immediate posttransplantation management of the diabetic re-
nal transplant recipient’s metabolic control of plasma glucose
concentration is best achieved by frequent hourly glucose mea-
surement and an intravenous infusion of insulin. Protracted
gastric atony from gastroparesis present in about one-third
of diabetic recipients may delay resumption of oral feeding.
An oral dose of a liquid suspension of metoclopramide before
meals usually enhances gastric motility and improves gastric
emptying. Constipation, sometimes obstipation, is common
following kidney transplantation; spontaneous defecation is
encouraged by early ambulation, stool softening agents, and
suspension of cascara.

Urinary retention, a manifestation of diabetic autonomic
neuropathy as a functional outflow obstruction, is a frequent
posttransplantation complication. A regimen of hourly void-
ing when awake, self-application of manual external pressure
above the pubic symphysis (Crede’s maneuver), and admin-
istration of oral bethanechol usually permit resumption of
spontaneous voiding. Rarely, repeated self-catheterization is
required for an unresponsive atonic bladder. After the initial
postsurgical period, most posttransplantation hospitalizations
are for either graft rejection or perturbations in plasma glucose
levels due to changing doses of corticosteroids. Wide swings
in glucose concentration, alternating hypoglycemia and hyper-

glycemia, are seen, particularly during administration of high-
dose steroids for allograft rejection treatment. Otherwise, care
of the diabetic renal allograft recipient is not substantially dif-
ferent from that of the nondiabetic recipient, with the key ex-
ceptions of the need to manage evident diabetic complications
as well as to protect the transplanted kidney from recurrent di-
abetic glomerulopathy. Recurrent diabetic glomerulopathy is
first manifested as glomerular basement membrane thickening
and mesangial expansion in as short a time as 2 years for recipi-
ents with type 1 diabetes (179). In type 1 diabetes, characteristic
nodular intercapillary glomerulosclerosis is regularly noted af-
ter 4 or more years in kidneys from nondiabetic donors (180).
By 5 years after renal transplantation, we observed a recurrent
nephrotic syndrome followed by progressive azotemia, and, fi-
nally, ESRD in patients who failed to maintain acceptable levels
of glucose control (181).

PANCREAS TRANSPLANTATION

Over the last decade, highly successful results have been re-
ported for combined pancreas and kidney transplantation in
diabetic patients (182–184). Combined kidney-pancreas trans-
plantation (KP) is recommended because this option is per-
ceived to carry no additional risk. However, most transplant
centers have restricted combined KP transplant to patient with
few diabetic complications and no coronary artery disease. Us-
ing the United Network for Organ Sharing database, Reddy et
al. analyzed long-term survival in 18,546 patients with type 1
diabetes and renal failure who received kidney transplants
between 1987 and 1996. Simultaneous kidney and pancreas
transplant (SKPT) and living donor kidney recipients had a sig-
nificant survival advantage over cadaveric kidney transplant
recipients (8-year survival rates 72% SKPT recipients, 72%
living donor kidney recipients, and 55% for cadaveric kid-
ney recipients) (182). The SKPT recipients had a higher mor-
tality risk relative to living donor kidney recipients through
18 months posttransplantation (hazard ratio, 2.2; p <0.001),
but had lower relative risk (hazard ratio, 0.86; p <0.02)
thereafter.

Solitary pancreas transplants, either pancreas transplant
alone (PTA) or pancreas after kidney transplants (PAKs) con-
stitute a small proportion of the total pancreas transplants in
the United States. The University of Minnesota recently re-
ported their large experience in solitary pancreas transplan-
tation (>400 PAK and >200 PTA patients). They showed
excellent patient survival and survival of the pancreas
graft approaching that of PK transplant using tacrolimus-
based immunosuppression (185). Survival of the kidney graft
did not appear to be jeopardized by subsequent pancreas
transplantation.

Repetitive hospitalizations of pancreas transplant recipients
during the first year are caused by bladder pain, hemorrhage,
and intraabdominal infection. Patients accept the tradeoff of
freedom from insulin injections and enhanced quality of life
afforded by a functioning pancreas transplant. There is ev-
idence that pancreas transplantation improves defective glu-
cose counterregulation resulting from prior episodes of hypo-
glycemia. The responses of epinephrine, glucagons, and growth
hormone have been shown to improve in response to hypo-
glycemia as well as recognition of hypoglycemia (186,187).
Pancreas transplantation also prevented progression of mild
diabetic nephropathy in patients who have received a prior re-
nal transplant (188). In addition, reversal of established lesions
of diabetic nephropathy has been shown in the native kidneys
of nonuremic type 1 diabetic patients 10 years after receiving
a PTA (42).
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Hope that a pancreas transplantation would end the siege
of diabetic complications was gleaned from the first observa-
tions of the course of diabetic neuropathy following combined
pancreas and kidney transplantation in which some patients
had stabilization and improvement in diabetic motor neuropa-
thy (189–190). Unfortunately, when pancreas transplantation
was performed in patients with extensive extrarenal disease,
there was neither cessation of further injury nor reversal of
established diabetic retinopathy, diabetic cardiomyopathy, or
peripheral vascular disease (191).

References

1. Anderson AR, Christiansen JS, Andersen JK, et al. Diabetic nephropathy in
type 1 (insulin dependent) diabetes: an epidemiological study. Diabetologia
1983;25:496.

2. Gambara V, Mecca G, Remuzzi G, et al. Heterogeneous nature of renal
lesions in type II diabetes. J Am Soc Nephrol 1993;3:1458.

3. Chaiken RL, Eckert-Norton M, Bard M, et al. Hyperfiltration in African-
American patients with type 2 diabetes. Cross-sectional and longitudinal
data. Diabetes Care 1998;21:2129.

4. Nelson RG, Bennett PH, Beck GJ, et al. Development and progression of
renal disease in Pima Indians with non-insulin-dependent diabetes mellitus.
Diabetic Renal Disease Study Group. N Engl J Med 1996;335:1636.

5. Rossing K, Christensen PK, Hovind P, et al. Progression of nephropathy in
type 2 diabetic patients. Kidney Int 2004;66:1596.

6. Mogensen CE, Christensen CK. Predicting diabetic nephropathy in insulin-
dependent diabetic patients. N Engl J Med 1984;311:89.

7. Wiseman MJ, Saunders AJ, Keen H, et al. Effect of blood glucose control
on increased glomerular filtration rate and kidney size in insulin-dependent
diabetes. N Engl J Med 1985: 312:617.

8. Mogensen CE, Christensen CK, Vittinghus E. The stages in diabetic re-
nal disease with emphasis on the stage of incipient diabetic nephropathy.
Diabetes 1983;32(Suppl 2):64.

9. Mogensen CE, Christensen CK, Christiansen JS, et al. Early hyperfiltra-
tion and late renal damage in insulin-dependent diabetes. Pediatr Adolesc
Endocrinol 1988;17:197.

10. Viberti GC, Jarrett RJ, Mahmud U, et al. Microalbuminuria as a predic-
tor of clinical nephropathy in insulin-dependent diabetes mellitus. Lancet
1982;1:1430.

11. Agaba EI, Agaba PA, Puepet FH. Prevalence of microalbuminuria in newly
diagnosed type 2 diabetic patients in Jos Nigeria. Afr J Med Sci 2004;33:19.

12. Yoo EG, Choi IK, Kim DH. Prevalence of microalbuminuria in young pa-
tients with type 1 and type 2 diabetes mellitus. J Pediatr Endocrinol Metab
2004;17:1423.

13. Nelson RG, Knowler WC, Pettitt DJ, et al. Diabetic kidney disease in Pima
Indians. Diabetes Care 1993;36:335.

14. Yuyun MF, Khaw KT, Luben R, et al. A prospective study of microalbumin-
uria and incident coronary heart disease and its prognostic significance in a
British population the EPEC-Norfolk study. Am J Epidemiol 2004;1:284.

15. Valmadrid CT, Klein R, Moss SE, et al. The risk of cardiovascular disease
mortality associated with microalbuminuria and gross proteinuria in per-
sons with older onset diabetes mellitus. Arch Intern Med 2000;160:1093.

16. Development Conference on the Diagnosis and Management of Nephropa-
thy in Patients with Diabetes Mellitus. American Diabetes Association and
the National Kidney Foundation. Diabetes Care 1994;17:1357.

17. Mogensen CE, Keane WF, Bennett PH, et al. Prevention of diabetic renal
disease with special reference to microalbuminuria. Lancet 1995;346:1080.

18. Gatling W, Knight C, Mullee MA, et al. Microalbuminuria in diabetes: a
population study of the prevalence and assessment of three screening tests.
Diabet Med 1988;5:343.

19. Rowe DJ, Bagga II, Betts PB. Normal variations in rate of albumin excretion
and albumin to creatinine ratios in overnight and daytime urine collection
in non-diabetic children. BMJ 1985;290:693.

20. Cohen D, Close CF, Viberti GC. The variability of overnight urinary al-
bumin excretion in insulin-dependent diabetic and normal subjects. Diabet
Med 1987;4:437.

21. Mogensen CE, Poulsen PL. Epidemiology of microalbuminuria in dia-
betes and in the background population. Curr Opin Nephrol Hypertens
1994;3:248.

22. DCCT. The effect of intensive treatment of diabetes on the development
and progression of long-term complications in insulin-dependent diabetes
mellitus. The Diabetes Control and Complications Trial Research Group.
N Engl J Med 1993;329:977.

23. Adler AI, Stevens RJ, Manley SE, et al. Development and progression
of nephropathy in type 2 diabetes. United Kingdom Prospective Diabetes
Study (UKPDS). Kidney Int 2003;63:225.

24. Mathiensen ER, Ronn B, Storm B, et al. The natural history of microalbu-
minuria in insulin-dependent diabetes: a 10-year prospective study. Diabet
Med 1995;12:482.

25. Caramori ML, Fioretto P, Mauer M. The need for early predictors of dia-

betic nephropathy risk: is albumin excretion rate sufficient? Diabetes 2000;
49:1399.

26. Caramori ML, Fioretto P, Mauer M. Low glomerular filtration rate in nor-
moalbuminuric type 1 diabetic patients: an indicator of more advanced
glomerular lesions. Diabetes 2003;52:1036.

27. Mathiesen ER, Ronn B, Storm B, et al. The natural history of microalbu-
minuria in insulin-dependent diabetes: a 10-year prospective study. Diabet
Med 1995;12:482.

28. Norgaard K, Feldt-Rasmussen B, Borch-Johnsen K, et al. Prevalence of
hypertension in type 1 diabetes mellitus. Diabetologia 1990;33:407.

29. Bending JJ, Viberti GC, Watkins PJ, et al. Intermittent clinical proteinuria
and renal function in diabetes: evolution and the effect of glycemic control.
BMJ 1986;292:83.

30. Daniels BS, Hauser EB. Glycation of albumin, not glomerular basement
membrane, alters permeability in an in vitro model. Diabetes 1992;41:
1415.

31. Mogensen CE. Progression of nephropathy in long-term diabetics with pro-
teinuria and effect of initial anti-hypertensive treatment. Scand J Clin Lab
Invest 1976;36:383.

32. Parving HH, Anderson AR, Smidt UM, et al. Early aggressive antihyper-
tensive treatment reduces rate of decline in kidney function in diabetic
nephropathy. Lancet 1983;1:1175.

33. Krolewski AS, Warram JH, Christlieb AR, et al. The changing natural his-
tory of nephropathy in type 1 diabetes. Am J Med 1985;78:785.

34. Lopez AA, Port FK. Differences in the patterns of age-specific black/white
comparison between end-stage renal disease attributed and not attributed
to diabetes. Am J Kidney Dis 1995;25:714.

35. Cowie CC, Port FK, Wolfe RA, et al. Disparities in incidence of diabetic
end-stage renal disease according to race and type of diabetes. N Engl J
Med 1989;321:1074.

36. Stephens GW, Gillaspy JA, Clyne D, et al. Racial differences in the incidence
of end-stage renal disease in type I and II diabetes mellitus. Am J Kidney
Dis 1990;1S:S62.

37. Nelson RG, Knowler WC, Pettitt DJ, et al. Diabetic kidney disease in Pima
Indians with type 2 (non-insulin dependent) diabetes mellitus and protein-
uria. Diabetologia 1993;36:1087.

38. Pugh JA, Stern MP, Haffner SM, et al. Excess incidence of treatment
of end-stage renal disease in Mexican-Americans. Am J Epidemiology
1988;127:135.

39. Writing Team for the Diabetes Control and Complication Trial/
Epidemiology of Diabetes Interventions and Complications Research
Group. Sustained effect of intensive treatment of type 1 diabetes mellitus
on development and progression of diabetic nephropathy: the Epidemi-
ology of Diabetes Interventions and Complications (EDIC) study. JAMA
2003;290:2159.

40. Wiseman MJ, Saunders AJ, Keen H, et al. Effect of plasma glucose in the
glomerular hyperfiltration and kidney size in insulin-dependent diabetes.
N Engl J Med 1985;312:617.

41. Vora JP, Dolben J, Williams JD, et al. Impact of initial treatment on re-
nal function in newly diagnosed type 2 (non-insulin dependent) diabetes
mellitus. Diabetologia 1993;36:734.

42. Fioretto P, Mauer SM, Bilous RW, et al. Reversal of lesions of diabetic
nephropathy after pancreas transplantation. N Engl J Med 1998;339:69.

43. Feldt-Rasmussen B, Mathiesen ER, Jensen T, et al. Effect of improved
metabolic control on loss of kidney function in type 1 (insulin-dependent)
diabetic patients: an update of the Steno studies. Diabetologia 1999;34:164.

44. Nyberg G, Blohme G, Norden G. Impact of metabolic control in progression
of clinical diabetic nephropathy. Diabetologia 1987;30:82.

45. Viberti G, Keen H, Dodds R, et al. Metabolic control and progression of
diabetic nephropathy. Diabetologia 1987;30:82.

46. Jerums G, Cooper ME, Seeman E, et al. Comparison of early renal dysfunc-
tion in type I and type II diabetes: differing association with blood pressure
and glycaemic control. Diabetes Res Clin Prac 1988;4:133.

47. Schimidt R, Horn E, Richards J, et al. Survival after metformin-associated
lactic acidosis in peritoneal dialysis-dependent renal failure. Am J Med
1997;102:486.

48. Naschitz JE, Barak C, Yeshurun D. Reversible diminished insulin require-
ment during acute renal failure. Postgrad Med J 1983;59:269.

49. D’Elia JA, Kaldany A, Miller DG, et al. Elimination of requirement for
exogenous insulin therapy in diabetic renal failure. Clin Exp Dial Aphereisis
1982;6:75.

50. Tzamaloukas AH. The relationship between glycaemic control and morbid-
ity and mortality for diabetic patients on dialysis. ASAIO J 1993;39:291.

51. Monioka T, Emoto M, Tabata T, et al. Glycemic control is a predictor of
survival for diabetic patients on hemodialysis. Diabetes Care 2001;24:909.

52. Macleod MJ, Mclay J. Drug treatment of hypertension complicating dia-
betes mellitus. Drugs 1998;56:189.

53. Parving HH. Is antihypertensive treatment the same for type 2 diabetes and
type 1 diabetes? Diabetes Res Clin Pract 1998;39(Suppl):S43.

54. Ravid M, Savin H, Jutrin I, et al. Long-term effect of ACE inhibition on
development of nephropathy in diabetes mellitus type II. Kidney Int Suppl
1994;45:S161.

55. Ravid M, Brosh D, Levi Z, et al. Use of enalapril to attenuate decline in
renal function in normotensive, normoalbuminuric patients with type 2
diabetes mellitus. A randomized controlled trial. Ann Intern Med 1998;
128(12, pt 1):982.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-73 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:19

1906 Section X: Systemic Diseases of the Kidney

56. Sano T, Hotta N, Kawamura T, et al. Effects of long-term enalapril
treatment on persistent microalbuminuria in normotensive type 2 diabetic
patients: result of a 4-year, prospective, randomized study. Diabet Med
1996;13:120.

57. Parving HH, Hommel E, Jensen BR, et al. Long-term beneficial effect of
ACE inhibition on diabetic nephropathy in normotensive type 1 diabetic
patients. Kidney Int 2001;60:228.

58. Parving HH, Andersen AR, Smidt UM, et al. Early aggressive anti-
hypertensive treatment reduces rate of decline in kidney function in diabetic
nephropathy. Lancet 1983;1:1175.

59. Parving HH, Andersen AR, Smidt UM, et al. Effect of antihyper-
tensive treatment on kidney function in diabetic nephropathy. BMJ
1987;294:1443.

60. Schrier RW, Estacio RO, Esler A, et al. Effect of aggressive blood pressure
control in normotensive type 2 diabetic patients on albuminuria, retinopa-
thy, and stroke. Kidney Int 2002;61:1086.

61. Joint National Committee. The Sixth Report of the Joint National Com-
mittee on Prevention, Detection, Evaluation, and Treatment of High Blood
Pressure. Arch Intern Med 1997;157:2413.

62. American Diabetes Association. Diabetic nephropathy. Diabetes Care
1999;22:S66.

63. Bakris GL, Williams M, Dworkin L, et al. Preserving renal function in adults
with hypertension and diabetes: a consensus approach. National Kidney
Foundation Hypertension and Diabetes Executive Committees Working
Group. Am J Kidney Dis 2000;36:646.

64. Lewis EJ, Hunsicker LG, Bain RP, et al. The effect of angiotensin-
converting–enzyme inhibition on diabetic nephropathy. The Collaborative
Study Group. N Engl J Med 1993;329:1456.

65. Viberti G, Mogensoen CE, Groop LC, et al. Effect of captopril on progres-
sion to clinical proteinuria in patients with insulin-dependent diabetes mel-
litus and microalbuminuria. European Microalbuminuria Captopril Study
Group. JAMA 1994;271:275.

66. Ravid M, Savin H, Jutrin I, et al. Long-term stabilizing effect of angiotensin-
converting enzyme inhibition and plasma creatinine and on proteinuria in
normotensive type II diabetic patients. Ann Intern Med 1993;118:577.

67. Effects of ramipril on cardiovascular and microvascular outcome in people
with diabetes mellitus: results of the HOPE study and MICRO-HOPE sub-
study. Heart Outcome Prevention Evaluation Study Investigators. Lancet
2000;355:253.

68. Ruggenenti P, Fassi A, Ilieva AP, et al. Preventing microalbuminuria in
type 2 diabetes. N Engl J Med 2004;351:1934.

69. Anderson S, Tarnow L, Rossing P, et al. Renoprotective effects of an-
giotensin II receptor blockade in type 1 diabetic patients with diabetic
nephropathy. Kidney Int 2000;57:601.

70. Chan JC, Critchley JA, Tomlinson B, et al. Antihypertensive and ant-
albuminuric effects of losartan potassium and felodipine in Chinese elderly
hypertensive patients with or without non-insulin dependent diabetes mel-
litus. Am J Nephrol 1997;17:72.

71. Brenner BM, Cooper ME, de Zeeuw D, et al. Effects of losartan on renal an
cardiovascular outcomes in patients with type 2 diabetes and nephropathy.
N Engl J Med 2001;345:861.

72. Lewis EJ, Hunsicker LG, Clarke WR, et al. Renoprotective effect of the
angiotensin-receptor antagonist irbesartan in patients with nephropathy
due to type 2 diabetes. N Engl J Med 2001;345:851.

73. Parving HH, Lehnert H, Brochner-Mortensen J, et al. The effect of irbe-
sartan on the development of diabetic nephropathy in patients with type 2
diabetes. Ugeskr Laeger 2001;163:5519.

74. Jacobsen P, Andersen S, Rossing K, et al. Dual blockade of the renin-
angiotensin system versus maximal recommended dose of ACE inhibition
in diabetic nephropathy. Kidney Int 2003;63:1874.

75. Rossing K, Jacobsen P, Pietraszek L, et al. Renoprotective effects of adding
angiotensin II receptor blocker to maximal recommended doses of ACE
inhibitor in diabetic nephropathy. A randomized double-blind crossover
trial. Diabetes Care 2003;6:2268.

76. Mogensen CE, Neldam S, Tikkanen I, et al. Randomized controlled trial of
dual blockade of renin-angiotensin system in patients with hypertension,
microalbuminuria, and non-insulin dependent diabetes: the candesartan
and lisinopril microalbuminuria (CALM) study. BMJ 2000;321:1440.

77. Rossing K, Christensen PK, Jensen BR, et al. Dual blockade of the renin-
angiotensin system in diabetic nephropathy. Diabetes Care 2002;25:95.

78. Walser M, Hill S. Can renal replacement therapy be deferred by a supple-
mented very low protein diet? J Am Soc Nephrol 1999;10:110.

79. Zeller K, Whittaker E, Sullivan L, et al. Effect of restricting dietary pro-
tein on the progression of renal failure in patients with insulin-dependent
diabetes mellitus. N Engl J Med 1991;324:1743.

80. Barsotti G, Cupisti A, Barsotti M, et al. Dietary treatment of dia-
betic nephropathy with chronic renal failure. Nephrol Dial Transplant
1998;(Suppl 8):49.

81. Ciavarella A, Di Mizio G, Stefoni S, et al. Reduced albuminuria after di-
etary protein restriction in insulin dependent diabetic patients with clinical
nephropathy. Diabetes Care 1987;10:407.

82. Brouhard BH, LaGrone L. Effect of dietary protein restriction on functional
renal reserve in diabetic nephropathy. Am J Med 1990;89:427.

83. Hansen HP, Christensen PK, Tauber-Lassen E, et al. Low-protein diet
and kidney function in insulin-dependent diabetic patients with diabetic
nephropathy. Kidney Int 1999;55:621.

84. Brenner BM, Meyer TW, Hostetter TH. Dietary protein intake and the
progressive nature of kidney disease. N Engl J Med 1982;307:652.

85. Jibani MM, Bloodworth LL, Foden E, et al. Predominantly vegetarian diet
in patients with incipient and early clinical diabetic nephropathy. Effect on
albumin excretion rate and nutritional status. Diabet Med 1991;8:949.

86. Pijls LT, De Vries H, van Eijk JT, et al. Protein restriction, glomerular
filtration rate and albuminuria in patients with type 2 diabetes mellitus: a
randomized trial. Eur J Clin Nutr 2002;56:1200.

87. Pecis M, de Azevedo MJ, Gross JL. Chicken and fish diet reduces glomerular
hyperfiltration in IDDM patients. Diabetes Care 1994;17:665.

88. Keane WF. The role of lipids in renal disease. Future challenges. Kidney Int
Suppl 2000;75:S27.

89. Jandeleit-Dahm K, Cao Z, Cox AJ, et al. Role of hyperlipidemia in pro-
gressive renal disease: focus on diabetic nephropathy. Kidney Int Suppl
1999;71:S31.

90. Ravid M, Brosh D, Ravid-Safram D, et al. Main risk factors for nephropathy
in type 2 diabetes mellitus are plasma cholesterol level, mean blood pressure,
and hyperglycemia. Arch Intern Med 1998;158:998.

91. Krolewski AS, Warram JH, Christlieb AR. Hypercholesterolemia—a deter-
minant of renal function loss and death in IDDM patients with nephropa-
thy. Kidney Int Suppl 1994;45:S125.

92. Parving HH, Rossing P, Hommer F, et al. Angiotensin-converting enzyme
inhibitor in diabetic nephropathy: ten-years experience. Am J Kidney Dis
1995;26:99.

93. Ravid M, Neumann L, Lishner M. Plasma lipids and the progression of
nephropathy in type II diabetes mellitus: effect of ACE inhibitors. Kidney
Int 1995;47:907.

94. Fried LF, Forrest KY, Ellis D, et al. Lipid modulation in insulin-dependent
diabetes mellitus: effect on microvascular outcomes J Diabetes Complica-
tions 2001;15:113.

95. Fried LF, Orchard TJ, Kasiske BL. Effect of lipid reduction on the progres-
sion of renal disease: a meta-analysis. Kidney Int 2001;59:260.

96. Chase HP, Garg SK, Marshall G, et al. Cigarette smoking increases the risk
of albuminuria among subjects with type 1 diabetes. JAMA 1991;265:614.

97. Sawicki PT, Didjurgeit U, Muhlhauser I, et al. Smoking is associated with
progression of diabetic nephropathy. Diabetes Care 1994;17(2):126.

98. Chuahirun T, Khanna A, Kimball K, et al. Cigarette smoking and increased
urine albumin excretion are interrelated predictors of nephropathy progres-
sion in type 2 diabetes. Am J Kidney Dis 2003;41:13.

99. Chuahirun T, Wesson DE. Cigarette smoking predicts faster progression
of type 2 established diabetic nephropathy despite ACE inhibition. Am J
Kidney Dis 2002;39:376.

100. Chuahirun T, Simoni J, Hudson C, et al. Cigarette smoking exacerbation
and its cessation ameliorated renal injury in type 2 diabetes. Am J Kidney
Dis 2004;327:57.

101. Biesenbach G, Zazgornik J. High mortality and poor quality of life during
predialysis period in type II diabetic patients with diabetic nephropathy.
Ren Fail 1994;16:263.

102. Klein R, Klein BE. Vision disorders in diabetes. In National diabetes data
Group. Diabetes in America: diabetes data compiled 1984 (NIH pub No
85-1468) US Department of Health and Human Services, Bethesda, MD;
1985;1.

103. Klein R, Klein BE, Moss SE, et al. The Wisconsin Epidemiologic Study
of Diabetic Retinopathy: XVII. The 14-year incidence and progression of
diabetic retinopathy and associated risk factors in type 1 diabetes. Oph-
thalmology 1998;105:1801.

104. Chaturvedi N, Sjolie AK, Stephenson JM, et al. Effect of lisinopril on
progression of retinopathy in normotensive people with type 1 diabetes:
the EUCLID Study Group, EURODIAB Controlled Trial of Lisinopril in
Insulin-Dependent Mellitus. Lancet 1997;351:28.

105. Haffner S. Mortality from coronary heart disease in subjects with type 2
diabetes and in nondiabetic subjects with and without prior myocardial
infarction. N Engl J Med 1998;339:229.

106. Garcia MJ, McNamara PM, Gordon T, et al. Morbidity and mortality
in diabetics in the Framingham population. Sixteen year follow up study.
Diabetes 1974;23:105.

107. Stamler J, Vaccaro O, Neaton JD, et al. Diabetes, other risk factors and 12-
year cardiovascular mortality for men screened in the Multiple Risk Factor
Intervention Trial. Diabetes Care 1993;16:434.

108. Gerstein HC, Mann JF, Pogue J, et al. Prevalence and determinants of mi-
croalbuminuria in high-risk diabetic and nondiabetic patients in the Heart
Outcomes Prevention Evaluation Study. The HOPE Study Investigators.
Diabetes Care 2000: 3(Suppl 2):B35.

109. Wachtell K, Olsen MH, Dahlof B, et al. Microalbuminuria in hypertensive
patients with electrocardiographic left ventricular hypertrophy: the LIFE
study. J Hypertension 2000;20:405.

110. Hanninen J, Takala J, Keinanen-Klukaanniemi S. Albuminuria and other
risk factors for mortality in patients with non-insulin-dependent diabetes
mellitus aged under 65 years: a population-based prospective 5-year study.
Diabetes Res Clin Pract 1999;43:121.

111. Borch-Johnson K, Feldt-Rasmussen B, Strandgaard S, et al. Urinary albumin
excretion. An independent predictor of ischemic heart disease. Arterioscler
Thromb Vasc Biol 1999;19:1992.

112. Gerstein HC, Mann JF, Yi Q, et al. Albuminuria and risk of cardiovascular
events, death, and heart failure in diabetic and nondiabetic individuals.
JAMA 2001;286:421.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-73 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:19

Chapter 73: Clinical Aspects of Diabetic Nephropathy 1907

113. Spoelstra-de Man AM, Brouwer CB, Stehouwer CD, et al. Rapid progres-
sion of albumin excretion is an independent predictor of cardiovascular
mortality in patients with type 2 diabetes. Diabetes Care 2001;24:2097.

114. Adler AI, Steens RJ, Manley SE, et al. Development and progression of
nephropathy in type 2 diabetes: the United Kingdom Prospective Diabetes
Study (UKPDS 64). Kidney Int 2003;63:225.

115. McCullough PA. Why is chronic kidney disease the “spoiler” for cardio-
vascular outcomes? J Am Coll Cardiology 2003;41:725.

116. Shlipak MG. Pharmacotherapy for heart failure in patients with renal in-
sufficiency. Ann Intern Med 2003;138:917.

117. Kumar S, Ashe HA, Fernando DJ, et al. The prevalence of foot ulceration
and its correlates in type 2 diabetic patients: a population based study.
Diabet Med 1994;11:480.

118. Moss SE, Klein R, Klein BE. Long-term incidence of lower extremities am-
putation in a diabetic population. Arch Intern Med 1999;5:391.

119. Hill MN, Feldman HI, Hilton SC, et al. Risk of foot complications in long-
term diabetic patients with and without ESRD: a preliminary study. ANNA
J 1999;23:381.

120. Morrissey PE, Shaffer D, Monaco AP, et al. Peripheral vascular disease
after kidney-pancreas transplantation in diabetic patients with end stage
renal disease. Arch Surg 1997;132:358.

121. Wanner C, Krane V, Ruf G, et al. , for Die Deutsch Diabetes Dialyse Studies
Investigators. Rationale and design of a trial improving outcome of type 2
diabetes on haemodialysis. Kidney Int 1999;56(Suppl 71):S222.

122. Pugh JA, Medina R, Ramirez M. Comparison of the course to end-stage
renal disease of type 1 and type 2 diabetic nephropathy. Diabetologia
1993;36:1094.

123. Melliere D, Berrahal, D, Desgranges P, et al. Influence of diabetes on revas-
cularisation procedures of the aorta and lower limb arteries: early results.
Eur J Vasc Endovasc Surg 1999;17:438.

124. Stephenson BM, Shute K, Shandall AA. Diabetic tibial disease: the case for
revascularisation. Ann R Coll Surg Engl 1993;75:133.

125. Nijhawan S, Mathur A, Singh V, et al. Autonomic and peripheral neuropa-
thy in insulin dependent diabetics. J Assoc Physicians India 1993;41:565.

126. Frimodt-Moller C. Diabetic cystopathy: epidemiology and related disor-
ders. Ann Intern Med 1980;92(2 Pt 2):318.

127. Burger AJ, D’Elia JA, Weinrauch LA, et al. Marked abnormalities in
heart rate variability are associated with progressive deterioration of re-
nal function in type 1 diabetic patients with nephropathy. Int J Cardiol
2002;86:281.

128. Zander E, Seidlein I, Herfurth S, et al. Increased prevalence of proliferative
retinopathy and cardiovascular autonomic dysfunction in IDDM patients
with proteinuria. Exp Clin Endocrinol 1992;99:102.

129. Meinhold JA, Maslowska-Wessel E, Bender R, et al. Low prevalence of car-
diac autonomic neuropathy in Type 1 diabetic patients without nephropa-
thy. Diabet Med 2001;18:607.

130. Chessa M, Butera G, Lanza GA, et al. Role of heart rate variability in
the early diagnosis of diabetic autonomic neuropathy in children. Herz
2002;27:785.

131. Valensi P, Sachs RN, Harfouche B, et al. Predictive value of cardiac auto-
nomic neuropathy in diabetic patients with or without silent myocardial
ischemia. Diabetes Care 2001;24:339.

132. Annese V, Bassotti G, Caruso N, et al. Gastrointestinal motor dysfunc-
tion, symptoms, and neuropathy in non-insulin dependent diabetes mellitus.
J Clin Gastroenterol 1999;29:171.

133. Horowitz DK, Fraser R. Disordered gastric motor function in diabetes mel-
litus. Diabetologia 1994;37:543.

134. Abell T, McCallum R, Hocking M, et al. Gastric electrical stimulation for
medically refractory gastroparesis. Gastroenterology 2003;125:421.

135. Lin Z, Forster J, Sarosiek I, et al. Treatment of diabetic gastroparesis by
high-frequency gastric electrical stimulation. Diabetes Care 2004;27:1071.

136. Perusicova J. Gastrointestinal complications in diabetes mellitus. Vnitr Lek
2004;50:338.

137. Ezzeddine D, Jit R, Katz N, et al. Pyloric injection of botulinum toxin for
treatment of diabetic gastroparesis. Gastrointest Endosc 2002;55:920.

138. Amiel S. Glucose counter-regulation in health and disease: current concepts
in hypoglycemiarecognition and response. QJM 1991;80:707.

139. Meyer C, Grossmann R, Mitrakou A. Effects of autonomic neuropathy
on counter-regulation and awareness of hypoglycemia in type 1 diabetic
patients. Diabetes Care 1998;21:1960.

140. Bragd J, Adamson U, Lins PE, et al. A repeated cross-sectional survey of
severe hypoglycemia in 178 Type 1 diabetes mellitus patients performed in
1984 and 1998. Diabet Med 2003;20:216.

141. Miyata Y, Shindo K, Matsuya F, et al. Erectile dysfunction in hemodialysis
patients with diabetes mellitus: association with age and hemoglobin A1c
levels. Int J Urol 2004;11:530.

142. El-Sakka AI. Efficacy of sildenafil citrate in treatment of erectile dysfunc-
tion: Effect of type 2 diabetes. Eur Urol 2004;46:503.

143. Fonseca V, Seftel A, Denne J, et al. Impact of diabetes mellitus on the
severity of erectile dysfunction and response to treatment: Analysis of data
from tadalafil clinical trials. Diabetologia 2004;47:1914.

144. Spollett GR. Assessment and management of erectile dysfunction in men
with diabetes. Diabetes Edu 1999;25:65.

145. Block GA, Martin KJ, de Francisco AL, et al. Cinacalcet for secondary
hyperparathyroidism in patients receiving hemodialysis. N Engl J Med
2004;350:1516.

146. Saudek F, Pruhova S, Boucek P, et al. Maturity-onset diabetes of the young
with end-stage nephropathy: a new indication for simultaneous pancreas
and kidney transplantation. Transplantation 2004: 77:1298.

147. Pox C, Ritzel R, Busing M, et al. Combined pancreas and kidney trans-
plantation in a lean type 2 diabetic patients. Effects on insulin secretion
and sensitivity. Exp Clin Endocrinol Diabetes 2002;110:420.

148. U.S. Renal Data System: USRDS 2004 Annual Data Report, Bethesda, MD:
National Institutes of Health, National Institute of Diabetes and Digestive
and Kidney Diseases, 2004.

149. Sesso R, Melargno CS, Luconi PS, et al. Survival of dialyzed diabetic pa-
tients. Rev Assoc Med Bras 1995;41:178.

150. Koch M, Thomas B, Tschope W, et al. Survival and predictor of death in
dialyzed diabetic patients. Diabetologia 1993;36:1113.

151. Palder SB, Kirkman RL, Whittemore AD. Vascular access for hemodialysis:
patency rates and result of revision. Ann Surg 1985;202:235.

152. Konner K, Hulbert-Shearon TE, Roys EC, et al. Tailoring the initial vascular
access for dialysis patients. Kidney Int 2002;62:329.

153. Konner K. Increasing the proportion of diabetic patients with AV fistulas.
Semin Dial 2001;14:1.

154. Ceigh J, Raghavan J, Sullivan J, et al. Is insufficient dialysis a cause for high
morbidity in diabetic patients? (abstract). J Am Soc Nephrol 1990:37.

155. Hampl H, Berweck S, Ludar K, et al. How can hemodialysis asso-
ciated hypotension and dialysis induced symptoms be explained and
controlled—particularly in diabetic atherosclerotic patients? Clin Nephrol
2000;53(Suppl):S69.

156. Blowey DL, Balfe JW, Gupta I, et al. Midodrine efficacy and pharmacoki-
netics in a patient with recurrent intradialytic hypotension. Am J Kidney
Dis 1996;28:132.

157. Tzamaloukas AH, Murata GH, Zager PG, et al. The relationship between
glycemic control and morbidity and mortality for diabetics on dialysis.
ASAIO J 1993;39:880.

158. Pei Y, Hercz G, Segre G, et al. Renal osteodystrophy in diabetic patients.
Kidney Int 1993;44:159.

159. Hernandez D, Concepcion MT, Lorenzo B, et al. Adynamic bone dis-
ease with negative aluminium staining in predialysis patients: prevalence
and evolution after maintenance hemodialysis. Nephrol Dial Transplant
1994;9:517.

160. Lindblad AS, Nolph KD, Novak JW, et al. A survey of the NIH CAPD
Registry population with end-stage renal disease attributed to diabetic
nephropathy. J Diabet Complications 1988;2:227.

161. Joglar F, Saade M. Outcome of young and elderly diabetic patients on
ambulatory peritoneal dialysis: the experience of a community hospital in
Puerto Rico. P R Health Sci J 1996;15:82.

162. Maiorca R, Vonesh E, Cancarini GC. A six year comparison of patients and
technique survival in CAPD and hemodialysis. Kidney Int 1988;34:518.

163. Scarpioni I, Ballocchi S, Castelli A, et al. Insulin therapy in uremic diabetic
patients on continuous ambulatory peritoneal dialysis: comparison of in-
traperitoneal and subcutaneous administration. Pert Dial Int 1994;14:127.

164. Young GA, Kopple JD, Lindholm B, et al. Nutritional assessment of con-
tinuous ambulatory peritoneal dialysis patients: an international study. Am
J Kidney Dis 1991;17:462.

165. Hubalewska A, Stompor T, Placzkiewiez E, et al. Evaluation of gastric emp-
tying in patients with chronic failure on continuous ambulatory peritoneal
dialysis using 99mTc-solid meal. Nucl Med Rev Cent East Eur 2004;7:27.

166. Blumenkrantz MJ, Gahl GM, Kopple JD, et al. Protein losses during peri-
toneal dialysis. Kidney Int 1981;19:593.

167. Miller DG, Levine S, Bistrian B, et al. Diagnosis of protein calorie malnutri-
tion in diabetic patients on hemodialysis and peritoneal dialysis. Nephron
1983;33:127.

168. Vonesh EF, Snyder JJ, Foley RN, et al. The difference impact of risk
factors on mortality in hemodalysis and peritoneal dialysis. Kidney Int
2004;66:2389.

169. Keshaviah P, Collins AJ, Ma JZ, et al. Survival comparison between
hemodialysis and peritoneal dialysis based on matching doses of delivered
therapy. J Am Soc Nephrol 2002;13(Suppl 1):S48.

170. Churchill DN, Thorpe KE, Vonesh EF, et al. Lower probability of patient
survival with continuous peritoneal dialysis in the United States compared
with Canada. Canada-US (CANUSA) Peritoneal Dialysis Study Group.
J Am Soc Nephrol 1997;8:965.

171. Najarian J, Kjellstrand C, Simmons R, et al. Renal transplantation for dia-
betic glomerulosclerosis. Ann Surg 1973;178:477.

172. Kjellstrand C, Simmons R, Goetz F, et al. Renal transplantation in patients
with insulin-dependent diabetes. Lancet 1973;2:4.

173. Wolfe RA, Ashby VB, Milford EL, et al. Comparison of mortality in all
patients on dialysis, patients on dialysis awaiting transplantation, and re-
cipients of a first cadaveric transplant. N Engl J Med 1999;341:1762.

174. Meier-Kriesche HU, Ojo AO, Port F, et al. Survival improvements among
patients with end-stage renal disease: trends over time for transplant recip-
ients and wait-listed patients. J Am Soc Nephrol 2001;12:1293.

175. Lufft V, Dannenberg B, Schlitt HJ, et al. Cardiovascular morbidity and mor-
tality in patients with diabetes mellitus type 1 after kidney transplantation:
a case-control study. Clin Nephrol 2004;61:238.

176. Koch M, Gradaus F, Schoebel FC, et al. Relevance of conventional car-
diovascular risk factors for the prediction of coronary artery disease in
diabetic patients on renal replacement therapy. Nephrol Dial Transplant
1997;12:1187.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-73 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:19

1908 Section X: Systemic Diseases of the Kidney

177. Shaw LJ, Eagle KA, Gersh BU, et al. Met-analysis of intravenous dipyri-
damole thallium 201 imaging (1985-1994) and dobutamine echocardio-
graphy (1991–1994) for stratification before vascular surgery. J Am Coll
Cardiol 1996;15:787.

178. Reis G, Marcovitz PA, Leichtman AB, et al. Usefulness of dobutamine stress
echocardiography in detecting coronary artery disease in end-stage renal
disease. Am J Cardiol 1995;75:707.

179. Miles AM, Sumrani N, Horowitz R, et al. Diabetic nephropathy after renal
transplantation. Transplantation 1998;65:380.

180. Bhalla V, Nast CC, Stollenwerk N, et al. Recurrent and de novo diabetic
nephropathy in renal allografts. Transplantation 2003:75:66.

181. Salifu MO, Nicastri AD, Markell MS, et al. Allograft diabetic nephropathy
may progress to end-stage renal disease. Pediatr Transplant 2004;8:351.

182. Reddy KS, Stablein D, Taranto S, et al. Long-term survival following si-
multaneous kidney-pancreas transplantation versus kidney transplantation
alone in patients with type 1 diabetes mellitus and renal failure. Am J Kidney
Dis 2003;41:464.

183. Becker BN, Brazy PC, Becker YT, et al. Simultaneous pancreas-kidney
transplantation reduces excess mortality in type 1 diabetic patients with
end stage renal disease. Kidney Int 2000;57:2129.

184. Mohan P, Safi K, Little DM, et al. Improved patient survival in recipients of
simultaneous pancreas kidney transplant compared with kidney transplant
alone in patients with type 1 diabetes mellitus and end stage renal disease.
Br J Surg 2003;90:1137.

185. Gruessner R, Sutherland D, Dunn D, et al. Pancreas after kidney transplants
in posturemic patients with type 1 diabetes mellitus. J Am Soc Nephrol
2001;12:2490.

186. Kendall D, Rooney D, Smets Y, et al. Pancreas transplantation restores
epinephrine response and symptom recognition during hypoglycemia in
patients with long-standing type 1 diabetes and autonomic neuropathy.
Diabetes 1997;46:249.

187. Bolinder J, Wahrenberg H, Persson A, et al. Effect of pancreas
transplantation on glucose counterregulation in insulin-dependent dia-
betic patients prone to severe hypoglycemia. J Intern Med 1991;230:
527.

188. Bilous R, Mauer S, Sutherland D, et al. The effects of pancreas transplanta-
tion on the glomerular structure of renal allografts in patients with insulin-
dependent diabetes. N Engl J Med 1989;321:80.

189. Martinenghi S, Comi G, Galardi G, et al. Amelioration of nerve con-
duction velocity following simultaneous kidney/pancreas transplantation
is due to the glycaemic control provided by the pancreas. Diabetologia
1997;40:1110.

190. Aridge D, Reese J, Nichoff M, et al. Effect of successful renal and segmen-
tal pancreatic transplantation on peripheral and autonomic neuropathy.
Transplant Proc 1991;23:1670.

191. Norden G, Carlstrom, J, Wramner L, et al. Macrovascular disease af-
ter simultaneous pancreas and kidney transplantation. Clin Transplant
2004;18:372.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-74 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:55

CHAPTER 74 ■ THE NORMAL AND
DISEASED KIDNEY IN PREGNANCY
MARSHALL D. LINDHEIMER, KIRK P. CONRAD, AND JASON GARI UMANS

Kidney disease, even when mild, was once considered so ma-
jor an impediment to successful pregnancy and so dangerous
to the mother’s wellbeing, that all patients with chronic renal
disorders were counseled to avoid conception or to terminate
if pregnant (1). We now know this is not true, as there are
many instances in which pregnancy in women with kidney dis-
ease carries little risk. This chapter, designed to aid physicians
consulted when such patients contemplate conceiving or are al-
ready pregnant, focuses on pathophysiology, risk assessment,
and management of renal disease in pregnancy, whereas hy-
pertension during gestation is addressed in Chapter 53. First,
we review the normal anatomic and physiologic changes in the
urinary system during gestation, as such knowledge permits
detection of abnormalities at an early stage.

PREGNANCY-INDUCED CHANGES
IN ANATOMY AND FUNCTION

Anatomy

Kidney

Kidney weight, size, and volume increase in normal human
gestation (2–6). Autopsy data are obviously limited, although
data from one very unique series published more than 30 years
ago suggested the combined weight of “normal” kidneys of 97
women dying during or shortly after pregnancy were greater
than in nonpregnant women (4). Kidney length estimated by
either pyelography or nephrotomography increases by approx-
imately 1 cm, returning to nonpregnant values by the sixth
postpartum month (5,6).

Increments in kidney weight may also occur in rodent preg-
nancy: one group of investigators claim that proximal tubule
length and renal dry weight increase, in a manner reminiscent
of events during compensatory hypertrophy after uninephrec-
tomy (7). Davison and Lindheimer (8), however, failed to de-
tect biochemical evidence of new kidney growth in pregnant
rats. They, as others (9), measured similar renal dry weights
in gravid and nonpregnant rats, concluding that the increased
total weight was due entirely to the increment in water content.
In essence, the changes in kidney weight and length during ei-
ther human or animal gestation appear to be a consequence
of the increase in renal extracellular volume that accompanies
normal pregnancy (see later discussion).

Information on the microscopic anatomy of kidneys dur-
ing human or animal gestations was previously limited to the
light microscopic appearance in renal biopsies, usually ob-
tained near term during cesarean delivery, described as simi-
lar to that in nonpregnant subjects. However, data from 27
autopsy cases (4) and more recently from 12 third-trimester
biopsies (10) suggest that glomerular diameter is substantially
greater than that measured in nonpregnant subjects. Of histor-

ical interest, the autopsies described by Sheehan and Lynch (4)
were performed within 2 hours of death, between 1935 and
1946, at the Glasgow Royal Maternity Hospital by the cele-
brated pathologist H.L. Sheehan. We recommend his mono-
graph (4), which focuses on the histology of the kidneys, liver,
and brains of women dying with preeclampsia or eclampsia, for
its methodical detail as well as for the approximately 1,700 ref-
erences, virtually all which are not available in current PubMed
computer searches. The authors also counted cells within the
glomerulus, concluding that increments in glomerular size were
due to cellular hypertrophy rather than hyperplasia.

Collecting System

The most prominent alterations in the urinary tract are in the
collecting system, calices, renal pelves, and ureters, all dilated,
accompanied by hypertrophy of ureteral smooth muscle and
hyperplasia of its connective tissue (2,3,11–15) (Fig. 74-1). The
dilation, often more prominent on the right, may be observed in
the initial trimester and is present in more than 90% of gravi-
das at term (2,3,12,14). “Normal” limits of caliceal dilation
have always been difficult to define; the reader is referred to
published norms by Faúndes et al. (16), which are helpful but
require confirmation.

Views as to why the urinary tract dilates differ, some
pointing to hormonal causes and others to obstructive origins
(2,3,15). Arguments favoring the former come from animal
studies and include observations that in humans, the ureters
may dilate before the uterus has enlarged sufficiently to become
an obstructive factor, and that prolonged ureteral catheteriza-
tion fails to reverse the dilation (2,3). The best evidence for
the obstructive theory comes from studies in which intrau-
reteral pressure was monitored in third-trimester gravidas sub-
jected to several postural maneuvers (17). Pressure, which was
greatest when the gravidas were supine or standing, decreased
markedly when they assumed a lateral decubitus or knee-to-
chest position or immediately after cesarian delivery of the fe-
tus, implying that the gravid uterus can obstruct the ureters.
In addition, the increased pressure was present only above
the pelvic brim, which is consistent with an elegant study per-
formed by Dure-Smith (11), who combined in vivo and post-
mortem observations, observing that dilation of the collecting
system terminates at the level of the true bony pelvic brim. This
is where the ureters and the iliac arteries cross (Fig. 74-1B)
and where the weight of the enlarged uterus produces a pyelo-
graphic filling defect termed the “iliac sign” (Fig. 74-1A). One
should note, however, that failure to observe dilation below the
pelvic brim is not conclusive evidence of obstruction. This is
because Waldeyer’s sheath, the connective tissue that envelops
the ureters as they enter the true pelvis, hypertrophies during
pregnancy, which could prevent hormonal dilation below the
pelvic brim.

Finally, there is another theory that ascribes ureteral
obstruction to dilation of the ovarian and uterine veins
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FIGURE 74-1. The “physiologic” dilation of the urinary tract in
pregnancy. A: Mild dilation. The ureters are seen along their entire
course. Note the sharp cutoff of the right ureter at the pelvic brim
(single arrow), where it crosses the iliac artery (“iliac sign”). B: More
severe dilation, includes the renal pelvis and calices. Double arrow
points to the pelvic brim. C: Postmortem injection study. Catheters
in the iliac artery again demonstrate the iliac sign on the right. (From:
Dure-Smith P. Pregnancy dilation and the urinary tract. Radiology
1970;96:545, with permission.)

(particularly on the right) during pregnancy, and of interest an
“ovarian vein syndrome” characterized by ureteral colic due to
the obstruction of the ureter by an enlarged ovarian vein has
been described in patients ingesting oral contraceptives (2,18).
In a sense, this postulate combines the hormonal and obstruc-
tive theories, but we find the concept of venous dilation as a
cause of ureteral obstruction unconvincing.

Clinical Relevance

The anatomic changes during pregnancy have considerable
clinical significance (Table 74-1). Acceptable norms of kidney
size should be increased by 1 cm, and, therefore, postpartum
reductions in renal length from values estimated during preg-
nancy should not be attributed to pathologic decrements in



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-74 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:55

Chapter 74: The Normal and Diseased Kidney in Pregnancy 1911

TA B L E 7 4 - 1

RENAL CHANGES IN NORMAL PREGNANCY

Alteration Manifestation Clinical relevance

Increased renal size Renal length ≈1 cm greater on
radiographs

Postpartum decreases in size should not be
mistaken for parenchymal loss

Dilation of pelves, calices, and
ureters

Resembles hydronephrosis on ultrasound
or IVP (more marked on right)

Not to be mistaken for obstructive uropathy;
retained urine leads to collection errors; upper
urinary tract infections are more virulent; may
be responsible for “over-distention
syndrome”; elective pyelography should be
deferred to ≥12 wk postpartum

Increased renal hemodynamics Glomerular filtration rate and renal
plasma flow increase 35%–50%

Serum creatinine and blood urea nitrogen values
decrease; >0.8 mg/dL (>72 μmol/L)
creatinine already suspect; protein, amino
acid, and glucose excretion all increase

Changes in acid–base
metabolism

Renal bicarbonate threshold decreases;
progesterone stimulates respiratory
center

Serum bicarbonate and Pco2 are 4–5 mmol/L
and 10 mm Hg lower, respectively; a Pco2 of
40 mm Hg already represents substantial CO2

retention
Renal water handling Osmoregulation altered (osmotic

thresholds for AVP release and thirst
decrease; hormonal disposal rates
increase)

Serum osmolality decreases ≈10 mOsmol/L
(serum Na ≈5 mEq/L); increased metabolism
of AVP may cause transient diabetes insipidus
in pregnancy

IVP, intravenous pyelography; AVP, vasopressin; Pco2, carbon dioxide tension.
(Reprinted From: Lindheimer MD, Grünfeld JP, Davison JM. Renal disorders. In: Barron WM, Lindheimer MD, eds. Medical Disorders During
Pregnancy. 3rd ed. St. Louis: Mosby–Year Book; 2000:39, with permission.)

renal mass. The dilated urinary tract often contains substan-
tial volumes of urine, which may lead to errors in timed urine
volumes, but these can be avoided if the patient is hydrated
and assumes a lateral decubitus position 45 to 60 minutes be-
fore starting and again before completing the collection. These
maneuvers minimize dead space errors by producing a diuresis
and ensuring that any residual urine within the urinary tract or
bladder is dilute and of recent origin.

Factors that may be responsible for these anatomic changes
have also been linked to several pathologic problems that
arise in pregnancy. There is an “overdistention” syndrome
(Fig. 74-2) characterized by abdominal pain, marked hy-
dronephrosis, variable increases in serum creatinine levels, and

FIGURE 74-2. Overdistention syndrome. This ultrasonogram demon-
strates marked dilation of the pelvic caliceal system. The patient com-
plained of right-sided loin pain that worsened despite treatment of pre-
sumed pyelonephritis. The symptoms resolved immediately after stent
placement and did not recur when the stent was removed 1 month after
delivery. (From: J. M. Davison, with permission.)

even hypertension (19–24). Conservative therapy, including as-
suming a knee-to-chest or lateral recumbent position may ame-
liorate symptoms. However, some patients have required place-
ment of ureteral stents, after which renal function improved
and blood pressure normalized; the stents were then removed
postpartum without recurrence of the syndrome. One should
note that frank urinary obstruction may be difficult to diagnose
during pregnancy, in which case the “iliac sign” and the norms
suggested by Faúndes et al. (16) may prove helpful. Finally,
two rare but serious complications that occur in late preg-
nancy are acute urinary retention and nontraumatic rupture
of the ureters (19,23). Whether these complications represent
extreme instances of “physiologic” dilation or reflect other un-
derlying pathology is less clear.

Function

Renal Hemodynamics

Glomerular filtration rate (GFR) and renal plasma flow (RPF)
increase markedly during gestation (Fig. 74-3). Detailed re-
views of more than 50 reports can be found elsewhere
(2,3,18,25–27), including discussions of important method-
ologic considerations that explain discrepancies in the older
literature. The best studies are those in which inulin clearance
(Cinulin) and p-aminohippurate clearance (CPAH) were measured
serially and simultaneously, preferably with the subjects posi-
tioned in lateral recumbency during the test. The importance of
the latter is that supine or upright posture may transiently de-
crease GFR and RPF, especially in late pregnancy, when assum-
ing a supine position results in the enlarged uterus encroaching
on the aorta and vena cava and obstructing their flow (2,25,26).
These reviews and the more recent literature permit the follow-
ing synthesis: An increase in GFR and RPF is already present
in the luteal phase of the menstrual cycle (26–28), and both
are significantly increased by the sixth week of gestation (29).
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FIGURE 74-3. Serial changes in glomerular filtration rate (left) and effective renal plasma flow (right) in
pregnancy. Changes reported by several workers are superimposed on the mean (dashed line) ± 1 standard
deviation (shaded area) from the study by Roberts et al. (29). (From: J. M. Davison, with permission.)

The increments in GFR peak approximately 50% greater than
nonpregnant values during the second trimester, and these high
levels are maintained through gestational week 36, after which
a decrease of 15% to 20% may occur. There are disputes about
whether this decrease actually occurs, but in some reports, 24-
hour endogenous creatinine clearance does return to nonpreg-
nant levels at term (18,26,27,30).

The increase in RPF during the first two trimesters (50% to
80%) surpasses that of GFR, so in many reports, filtration
fraction falls slightly. Near term, however, CPAH may decline
about 25%, and filtration fraction returns to that observed in
nonpregnant populations, even though RPF is still considerably
elevated (3,18,26,30–32).

The mechanisms responsible for the changes in renal hemo-
dynamics during human pregnancy are unclear. There are
increases in cardiac output and plasma volume that appear
to parallel those of GFR and RPF (29), but vascular resis-
tance and blood pressure fall at the same time. A number of
endocrine changes occur, including circulating levels of pro-
gesterone, prolactin, and chorionic gonadotropin and salt re-
taining hormones, that could conceivably augment renal hemo-
dynamics, but none alone appears to have effects as large as
those seen in pregnant women. Plasma albumin concentration
and oncotic pressure decrease early in pregnancy, and if simi-
lar decrements are present within the glomerular capillary, they
could contribute to a rise in GFR (18,26,27,33).

Renal hemodynamics also increase during pregnancy in
several animal species (2,3,18,26,27,34). Results from micro-
puncture protocols designed to span the entire gestation of the
rat suggest that increases in single nephron glomerular filtra-
tion rate (GFR) are due exclusively to increments in glomerular
plasma flow (34). Furthermore, the tubuloglomerular feedback
mechanism appears to be operating normally in this species but
is reset to “sense” the increased nephron filtration rate as nor-
mal (35). Gestational vasodilation does not appear to alter the
intrinsic renal autoregulatory ability in rats or rabbits (36,37).
Renal vasodilation during rat pregnancy involves an even re-
duction of the afferent and efferent arteriolar resistances so
glomerular capillary pressure is kept constant (Fig. 74-4). In
such a scenario, hyperfiltration should have no adverse effects
on long-term renal morphology and function, a postulate ele-
gantly shown to be true in rats after six repetitive pregnancies
(38)

Direct micropuncture studies of the determinants of ultra-
filtration are obviously proscribed in humans, but insight into
these parameters can be obtained by measurements of the frac-
tional clearance of neutral dextrans (Cdextran/Cinulin). Such data
are subjected to mathematical modeling that explores the mech-

anism of solute transport across heteroporous membranes, and
when combined with measured GFR, RPF, and plasma oncotic
pressure predict the glomerular ultrafiltration coefficient (Kf)
and glomerular membrane porosity. Permselectivity to neutral
dextrans has been found to be altered in human pregnancy (Fig.
74-5), and theoretical analysis of these curves with either the
“isoporous plus shunt” or lognormal models (32,33,39–41)
suggests that hyperfiltration during human gestation is primar-
ily due to increases in RPF with a minor contribution due to de-
creased oncotic pressure. There is a small increment in Kf, and
membrane porosity appears to be altered. There is no evidence
of increased glomerular capillary pressure in pregnant women
(Fig. 74-6), similar to findings in the pregnant rat. However,
one must underscore the theoretical nature of this approach in
pregnant women.

Studies in animal models before 1995 involving primarily
rodent gestation and designed to gain insight into the factors
responsible for the striking changes in renal hemodynamics
are detailed and cited elsewhere (26,34,42). Some have ob-
served increased GFR and RPF in pseudopregnant rats, sug-
gesting that the stimulus is maternal in origin (reviewed in
27,34). However, a host of studies designed to mimic the mater-
nal hormonal milieu in pregnancy in both animal models and
nonpregnant women have been negative or contradictory. A
partial exception is progesterone, the administration of which

FIGURE 74-4. Glomerular capillary pressure (PGC), transglomerular
hydrostatic pressure difference (�P), and arterial blood pressure (BP)
measured in virgin, and 6-, 9-, 12-, and 19-day pregnant euvolemic
Munich-Wistar rats. Data are mean ± 1 standard error; only the BP
on gestational day 19 is significantly lower than values in virgin ani-
mals. (From: Baylis C. Glomerular filtration and volume regulation in
gravid animal models. Clin Obstet Gynaecol (Bailliére) 1994;8:235,
with permission.)
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FIGURE 74-5. Serial changes in fractional dextran clearance relative
to water clearance (as Cinulin) (ΘD) in early pregnancy (EP, 16 weeks
gestation), late pregnancy (LP, 36 weeks gestation), and nonpregnant
(NP, 16 weeks postpartum) women (N = 11). (*p <0.02; p <0.0001.)
(From: Roberts M, Lindheimer MD, Davison JM. Altered glomeru-
lar permselectivity to neutral dextrans and heteroporous membrane
modeling in human pregnancy. Am J Physiol 1996;270:F338, with
permission.)

to both women and animals partially reproduces the renal func-
tional changes of pregnancy, but in a smaller scale (27,34).
Similarly, acute cyclooxygenase inhibition failed to reverse the
increased GFR and RPF in pregnant animals. More promising
areas are series of sequential observations by Conrad et al.,
(27,43). These studies were designed according to the knowl-
edge that the preglomerular and postglomerular arterioles, as
well as the contractile elements interposed between them (i.e.,
the mesangium), are sensitive to various vasoactive hormones
and autocoids including angiotensin II, endothelins (ETs), atrial
natriuretic peptides, and endothelium-derived relaxing factors
(EDRFs), as well as to the alterations in their receptors. These
hormones, autocoids, or receptors may be altered during preg-
nancy, thereby affecting hemodynamics.

Briefly, Danielson and Conrad (44) measured GFR and RPF
in conscious, chronically instrumented rats at midpregnancy,
when the gestation increase in renal hemodynamics peaks in
this species (45). Acute inhibition of nitric oxide synthases
(NOSs) decreased GFR and RPF and increased renal vascu-
lar resistance to a greater extent in gravid than in virgin rats,
eliminating the differences in renal hemodynamics between
groups.

Consistent with these clearance results are in vitro data
demonstrating that endothelial removal or NOS inhibition re-
stored the reduced myogenic reactivity of small renal arteries
obtained from midterm pregnant rats to that of virgin con-
trols (46). However, their message became more complex as
pregnant rats undergoing chronic NOS inhibition (47) still
manifested midterm increases in GFR and RPF (although such
an “escape” has not been observed by all [48,49]), suggesting
that when NO production is suppressed, compensatory mech-
anisms take over. These appear to be mediated by vasodilatory
prostaglandins, because now the gestational rise can be abol-
ished with meclofenamate (although prostaglandin inhibitors
alone have no influence on the increased renal hemodynamics
of rat gestation [26,27]). Conrad and colleagues (50) further
suggested a role for ET and its receptors in the renal adaptation
to pregnancy. ET is normally thought of as a potent vasocon-
strictor, but using pharmacologic probes and rats genetically
deficient in the ETBreceptor (51,52), the authors suggested that
ET plays an important role in maintaining low vascular tone
in pregnant rodents (as well as the reduced in vitro myogenic
reactivity of their small renal arteries) via stimulation of the en-
dothelial ETB receptor subtype, resulting in tonic stimulation
NO release.

The same group has demonstrated that relaxin, a hormone
that in rodents and women originates in the corpus luteum
and whose production is markedly stimulated by human chori-
onic gonadotropin (hCG), increases GFR and RPF, and de-
creases both in vitro myogenic activity of small renal arteries
and plasma osmolality (Posm) when administered to nongravid
rodents (53,54). Moreover, administering neutralizing antibod-
ies or eliminating production of the hormone by ovariectomy
(but maintaining the pregnancy with exogenous sex steroids)
prevented all of the normal renal and osmoregulatory changes
of rat pregnancy (54). Finally, pregnancy (relaxin)-induced in-
creases in vascular gelatinase activity has recently been impli-
cated as the pivotal step that drives the ET/NO vasodilatory
pathway (by increasing the availability of ligand for the en-
dothelial ETB receptor through the conversion of big ET to
ET1−32) (51,55).

The previously described observations led to an appealing
hypothesis (Fig. 74-7), as we now have a hormone whose lev-
els rise in the luteal phase of the menstrual cycle and even
more markedly in gestation and whose actions can simultane-
ously explain both the enhanced renal hemodynamics and the
changes in osmoregulation that occur in human gestation. Re-
laxin may also initiate other pregnancy adaptations, given that
chronic administration to conscious nonpregnant rats increases
cardiac output and global arterial compliance, and reduces sys-
temic vascular resistance, simulating other changes of normal
human pregnancy (56).

Because GFR and RPF are already markedly increased,
the question has arisen whether renal vasodilation is already
maximal during pregnancy or whether gravidas possess a
“functional reserve” akin to that demonstrated during protein

FIGURE 74-6. The theoretical relationship between the
ultrafiltration coefficient (Kf) and the transglomerular hy-
drostatic pressure difference (�P) in normal pregnancy.
Note that over a large range of Kf chosen to include those
values we would expect in humans, there is little difference
in the �P when results during early gestation, late preg-
nancy, and the nonpregnant state are compared with one
another. (From: Roberts M, Lindheimer MD, Davison JM.
Altered glomerular permselectivity to neutral dextrans and
heteroporous membrane modeling in human pregnancy.
Am J Physiol 1996;270:F338, with permission.)
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FIGURE 74-7. Working model of cellular mechanisms
underlying pregnancy and relaxin-induced renal va-
sodilation and hyperfiltration and reduced myogenic
reactivity of small renal arteries. Big ET is released
from Weibel-Palade bodies in response to pulsatile
pressure in vivo or increases of intraluminal pressure in
vitro. MMP-2, eNOS and the ETB receptor are local-
ized in caveolae of endothelial cells. Whether the vas-
cular relaxin receptor resides in the caveolae of the en-
dothelium as depicted here, or in the vascular smooth
muscle, and regulates MMP-2 expression through in-
termediary molecules, have not been determined. See
text for further details. (Modified from: Conrad KP,
Novak J. Emerging role of relaxin in cardiovascular
function. Am J Physiol 2004;287:R250 with permis-
sion.)

loading or amino acid infusions in nonpregnant populations.
Several investigators have demonstrated further increases in
renal hemodynamics during the infusion of amino acids into
pregnant rats (57) and women (31,39,40). Effects of oral pro-
tein loading, however, have been equivocal (58–62).

In summary, evidence from both pregnant rats and pregnant
women suggests that hyperfiltration in pregnancy is primarily
due to increased RPF, the latter being due to decreases in re-
nal vascular resistance. There has been considerable progress
toward understanding factors responsible for the increased re-
nal hemodynamics during gestation, much made since the last
edition of this text. This includes evidence implicating relaxin,
vascular gelatinase activity, ET, and NO, primarily in the gravid
rat model, although evidence is accruing that relaxin has a role
in the changes in renal hemodynamics of human pregnancy, as
well (63). Whatever the putative mechanism, it must explain
why the pregnancy-induced rise in GFR is so powerful (being
far greater than that evoked by protein loading or amino acid
infusions in nonpregnant individuals), and why it occurs in sub-
jects with kidneys already hypertrophied after uninephrectomy
as well as in transplant recipients (64,65). Finally, data from
micropuncture in rats and modeling of fractional dextran clear-
ances in pregnant humans suggest that despite hyperfiltration,
glomerular capillary pressure is unaltered, indicating that the
sustained gestational increments in GFR should not be harmful
to the kidney.

Significance of the Increased GFR and RPF

Because there is, at most, a small increase in the production
and excretion of creatinine during normal pregnancy (2,66),
the large increments in creatinine clearance (Ccr) lead to re-
duction in its plasma level. The concentration of serum urea
also decreases, partly because of its augmented clearance,
but also because there is enhanced protein synthesis. There-
fore, levels of serum creatinine and urea nitrogen that average
0.7 mg/dL and 12 mg/dL (60 μmol/L and 4.3 mmol/L), respec-
tively, in the nonpregnant state decrease to means of 0.5 mg/dL
and 9 mg/dL (44 μmol/L and 3.2 mmol/L) during gestation
(2,30). Thus, values considered normal in nonpregnant women
may reflect abnormal function in pregnancy. For example, con-
centrations of serum creatinine and urea nitrogen exceeding

0.8 mg/dL and 13 mg/dL (80 μmol/L and 5 mmol/L), respec-
tively, should alert the clinician to further evaluate renal func-
tion. Finally, the filtered loads of many solutes increase, ex-
plaining in part why glucosuria, aminoaciduria, and enhanced
urinary excretion of water-soluble vitamins often occur during
normal pregnancy (2,30). These increments in urinary nutri-
ents may enhance the susceptibility of gravidas to symptomatic
urinary tract infections.

Tubular Function

Glucose and Amino Acids. Glucose excretion normally in-
creases during pregnancy, exceeding the upper limits of normal
in nonpregnant subjects (about 100 mg per 24 hours) 85% of
the time and often reaching 1 g or more per day (2,30,42,
67–69); urinary glucose then returns to nonpregnant levels
during the first postpartum week (69). Gestational glucosuria
is due mainly to increments in filtered load, but the tubular
handling of glucose is also altered in pregnancy. Welsh and
Sims (69) suggested that women manifesting overt glucosuria
in pregnancy had lower maximal tubular reabsorption capaci-
ties (Tm) than those who did not, whereas, Davison and Hytten
(70) demonstrated that both the Tm and fractional reabsorp-
tion of glucose (T/F glucose) decrease in all subjects during
pregnancy. Of interest, those women most severely glucosuric
during gestation had the lowest T/F glucose rates both when
pregnant and postpartum, but were not glucosuric when not
pregnant, because filtered glucose had decreased substantially.
Therefore, even though the splay of the titration curve increases
or the apparent Tm decreases, the striking increment in GFR
remains the major cause of glucosuria in pregnancy. Gluco-
suria also occurs during pregnancy in the rat, where limited
micropuncture studies reveal that proximal tubular reabsorp-
tion of glucose is enhanced commensurate with the increase
in filtered load, and therefore the increment in urinary excre-
tion reflects decreased distal reabsorption, the authors further
implying that this may reflect a change in epithelial permeabil-
ity resulting from an increased backleak in the loop of Henle
(71).

The excretion of many amino acids also increases in ges-
tation and may reach 2 g per 24 hours (2,30,42,72). The few
studies designed to determine its mechanism were inconclusive,
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but it appears that alterations in both GFR and tubular reab-
sorption would be needed to account for the magnitude of the
excretion rates of some of the amino acids (e.g., glycine and
histidine) (2,30,42).

Uric Acid. Urate excretion (and presumably production) in-
creases in pregnancy, and its clearance, which is typically 6 to
12 mL per minute in nonpregnant populations, rises to 12 to
20 mL per minute during gestation (2,26,42,73,74). The abso-
lute quantities of urate filtered and reabsorbed also increase,
but there are conflicting data on whether the urate fractional
clearance (Curate/Cinulin) rises as well (25,26,42,74,75). What-
ever the case might be, the net result is a fall in serum urate levels
of at least 25%, so values range from 2.5 to 5.0 mg/dL (149 to
298 μmol/L), with 5.0 to 5.5 mg/dL (298 to 327 μmol/L) being
the upper limit of normal at most centers (2,26,42,76). There
may be racial variations of the normal range, as well as diur-
nal variations in urate levels during pregnancy, with the highest
values noted in the morning and lowest in the evening (77–79).
Circulating levels tend to be higher in the presence of multiple
fetuses (79,80).

The changes in clearance and plasma levels are greatest in
early pregnancy, whereas Curate may decline and plasma levels
rise near term (74–76,80,81). In some women, this may rep-
resent subclinical preeclampsia, because reductions in Curate/
Cinulin or increments in Purate may precede overt manifestation

of this disorder sometimes by many weeks (2,25,26,42,82,83),
but nonrenal causes for the changes in urate levels near term
have also been suggested (84). Finally, data are emerging sug-
gesting that women with the highest plasma urate levels within
the normal range in early gestation are an at-risk population for
preeclampsia and other cardiovascular complications (85).

Potassium Secretion. There is uncertainty about the fate of
body potassium stores during pregnancy. Some suggest that to-
tal body stores decrease early in gestation and then rise, and by
gestational week 36 are ∼100 mEq greater than prepregnancy
levels (86). The more traditional view, however, is that cumu-
lative potassium retention is approximately 350 mEq, most of
which is stored in the fetal space and organs of reproduction
(87). That potassium retention occurs is surprising, considering
that gravidas, who have high circulating levels of aldosterone
and other potent mineralocorticoids, ingest diets of normal
sodium content, most of which is excreted into the urine each
day. Furthermore, gravidas manifest bicarbonaturia at lower
plasma levels than do nonpregnant women (see later discus-
sion), which should also favor renal potassium loss. In con-
trast to nonpregnant subjects, gravidas have been shown to be
quite resistant to the kaliuretic action of exogenous mineralo-
corticoids, even those women consuming diets high in sodium
content (88) (Fig. 74-8). This resistance to mineralocorticoids
has been ascribed to the fact that gravidas also manifest high

FIGURE 74-8. Effect of a mineralocorticoid (Florinef acetate) in a normal pregnant woman. Ingestion of
the potent mineralocorticoid led to sodium retention, but no kaliuresis was observed even when dietary
sodium was substantially increased (days 20 to 26). The high baseline aldosterone excretion is normal for
pregnancy. The different treatment periods (heavy lines) are shown, as are the arithmetic means of urinary
sodium and potassium excretions (horizontal lines) during the pretreatment (control) days. A small kali-
uresis was observed on day 31 only, but there was also increased creatinine excretion that day, suggesting
a collection or measurement error. (From: Ehrlich EN, Lindheimer MD. Effect of administered miner-
alocorticoids or ACTH in pregnant women. Attenuation of the kaliuretic influence of mineralocorticoids
during pregnancy. J Clin Invest 1972;51:1301, with permission.)
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circulating levels of progesterone, a view supported by studies
in both humans (42,88) and animals (42,89), but not accepted
by all (90).

Resistance to the kaliuretic effects of mineralocorticoids
may be advantageous and problematic during gestation. The
hypokalemia due to excessive renal loss of potassium in both
primary aldosteronism and Bartter syndrome may remit during
gestation (87,91). Such observations, however, are variable, be-
cause instances of these diseases with substantial potassium de-
pletion do occur in gravid women. On the other hand, patients
with diseases that compromise potassium secretion (e.g., sickle
cell anemia) or women receiving potassium-sparing diuretics
may become hyperkalemic when GFR is seemingly normal or
only modestly compromised (87).

Finally, there is a very rare disorder, characterized by genetic
alteration of the renal mineralocorticoid receptor in a manner
in which hormones that normally antagonize the salt-retaining
actions of aldosterone now act as agonists (92). When female
heterozygotes from these families conceive, their 100-fold in-
crease in progesterone results in marked salt retention, and hy-
pertension in early gestation accompanied by renal potassium
wasting, and hypokalemia, although plasma aldosterone levels
remain undetectable.

Proton Excretion. There are alterations in acid–base meta-
bolism in pregnancy that are both respiratory and renal in ori-
gin. Blood levels of hydrogen ion decrease by 2 to 4 mmol/L
early in gestation, a decrement sustained throughout pregnancy
that results in an arterial (or arterialized capillary) blood pH
level of 7.42 to 7.44, significantly higher than the 7.38 to 7.40
measured in nonpregnant subjects (18,93). The acid–base and
osmolar changes in pregnancy, combined with a small decre-
ment in Palbumin levels, also reduce the anion gap and “strong an-

ion difference” modestly (94,95). Most of these changes appear
to be due to the effects of increased progesterone on the respira-
tory center, which cause modest hyperventilation accompanied
by a fall of Pco2 from a mean of 39 mm Hg in the nonpreg-
nant state to 30 mm Hg during gestation (18,93). These Pco2
changes are accompanied by a decline in plasma bicarbonate of
approximately 4 mmol/L, so normal values during pregnancy
range from 18 to 22 mmol/L (18,93).

Studies of renal bicarbonate handling have revealed the fol-
lowing: raising plasma bicarbonate levels to as high as 31
mmol/L results in concomitant increments in tubular reab-
sorption, and, despite the presence of both hypocapnia and
increased intravascular volume, there is no evidence of an in-
crease in either the apparent tubular maximum or the “splay”
of the titration curve depicting HCO3

− reabsorption as mil-
limolar per liter of GFR (Fig. 74-9A) (93). On the other hand,
there is a small but persistent bicarbonate “leak” at lower
plasma bicarbonate levels during pregnancy (even at levels of
15 to 16 mmol/L) compared with those of the same patient
postpartum (Fig. 74-9B).

Urinary acidification has also been evaluated in pregnant
women, and it appears that bicarbonate regeneration is com-
parable to or better than that in similarly tested nonpregnant
women (18,93). During acute acidification induced by ammo-
nium chloride ingestion, urinary pH level decreases and titrat-
able acid and NH4 excretion increase when blood pH, although
reduced from 7.44 to 7.40, is still in the normal nonpreg-
nant range. In essence, substantial bicarbonate regeneration
occurs when blood pH would still be considered alkaline in
nongravid women. Finally, distal proton secretory capacity ap-
pears unaltered in gestation (93), and the decrease of blood
pH during exercise is similar in pregnant and nonpregnant
women (96).

FIGURE 74-9. Bicarbonate titration curves (A) measured in six third-trimester women during the slow
infusion of a 5% NaHCO3 solution. The infusion inadvertently ran faster for 30 minutes in subject BS,
the only volunteer to display a wide splay. Bicarbonate excretion (B) as a function of plasma bicarbonate
levels during pregnancy (filled circles) and in two of the subjects studied postpartum (open circles). The
bicarbonate threshold is lower in pregnant women (mean, 18 mmol/L), but even when surpassed during the
infusion, the bicarbonaturia is still trivial. (From: Lim VS, Katz AI, Lindheimer MD. Acid–base regulation
in pregnancy. Am J Physiol 1976;231:1764, with permission.)
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Renal Water Handling and Osmoregulation. Pregnant women
experience a decline in body tonicity, as reflected in a decrement
in Posm. The decrease starts during the luteal phase of the missed
menstrual cycle (28), reaches a nadir of ∼10 mOsmol/kg be-
low nonpregnant levels early in pregnancy, after which a new
steady state is maintained until term (97–99). This decrement
is a true decrease in effective Posm, because most of it is due to a
decline in the concentration of sodium and its attendant anion.
Analysis of data from both human and rodent gestation led
to the following formulation of how these changes occur (98–
104). First, the osmotic thresholds for thirst and antidiuretic

FIGURE 74-10. Relationship of plasma arginine vasopressin (AVP) to
plasma osmolality in eight healthy women who underwent hypertonic
saline infusions starting before conception, then during gestation, and
finally postpartum. Each point represents a value from a single blood
sample; data from the postpartum test, similar to those taken precon-
ception, are not shown. The cartoon (lower panel) depicts the highly
significant regression lines from tests performed during pregnancy and
in the nonpregnant state, which demonstrate a marked decrease in
the abscissal intercept (the apparent threshold for AVP release) during
gestation. Note the substantial decrease in the slope during the third
trimester, which is discussed further in the text. (From: Davison JM,
et al. Serial evaluation of vasopressin release and thirst in human preg-
nancy: role for chorionic gonadotropin on the osmoregulatory changes
of gestation. J Clin Invest 1988;81:798, with permission.)

hormone release decrease in parallel (Fig. 74-10). Lowering the
threshold to drink stimulates increased water intake and dilu-
tion of body fluids. Because inhibition of arginine vasopressin
(AVP) release also occurs at a lower level of body tonicity, the
hormone continues to circulate and ingested water is retained.
The Posm thus declines until it is below the osmotic thirst thresh-
old and a new steady state with little change in water turnover
is established.

Pregnancy also affects the disposal of AVP, its metabolic
clearance rate (MCR) rising fourfold between early and
midgestation (105). This increment seems to parallel both the
increase in trophoblastic mass and the striking concomitant rise
in the levels of circulating cystine aminopeptidase (vasopressi-
nase). This relation has led to suggestions that vasopressinase
is responsible for the rise in the MCR of vasopressin, which
is also supported by studies demonstrating that the disposal
rate of l-desamino-8-d-argininevasopressin (dDAVP; desmo-
pressin), an AVP analog resistant to inactivation by vasopressi-
nase, is hardly altered by pregnancy (106) (Fig. 74-11).

Mechanisms responsible for the altered osmoregulation in
pregnancy are obscure, although hCG (104,107), the consti-
tutive NOS (108), and relaxin (53,109) have all been impli-
cated in these changes. Relaxin, as noted previously (53,55),
is a very interesting candidate because it will explain the ef-
fects of hCG on decreasing Posm and osmotic thresholds in
premenopausal women (104,107) but not men (104), the os-
moregulatory changes in the menstrual cycle (28), and both the
increases in renal hemodynamics and alterations in osmoregu-
lation during rodent and human gestation. Of further interest,
the decrease in Posm is blunted in women with primary ovarian
failure who successfully carry donated ova (63).

Some authors believe that despite measurable increments in
absolute intravascular volume, gestation is a state of decreased
“effective arterial volume,” secondary to arterial vasodilation,
and they have suggested that such nonosmotic influences are
important effectors of the osmoregulatory changes in preg-
nancy (110–112). Studies describing serial hemodynamic and
humoral alterations in pregnant baboons (113) and increased
vascular sensitivity of gravidas to angiotensin-converting en-
zyme (ACE) inhibition (114) support the concept of a de-
creased “effective arterial volume” in pregnancy. Most inter-
esting are studies by Ohara et al. (115), who suggest that
borderline or undetectable elevations in plasma vasopressin
concentrators (PAVP) are present in gravid rats who also man-
ifest upregulation of aquaporin-2 mRNA and its water chan-
nel protein in apical membranes of the collecting ducts. Oth-
ers, based on both rodent and human studies, believe that the
volume-sensing AVP-release mechanisms appear to adjust as
pregnancy progresses so each new volume status is “sensed”
as normal (34,98,99,107,116–118). Also the observations of
Ohara et al. (115) appear paradoxical, because any increments
in AVP levels, even if undetectable (especially when these in-
creased levels are attributed to decreased “effective arterial vol-
ume”), should cause increments in the density of apical wa-
ter channels and blunt the animals’ ability to excrete water
loads. However, gravid rats excrete water loads more efficiently
than virgin controls (100). It must be acknowledged, how-
ever, that the gestation rise in GFR leads to 50% more filtered
water.

Significance of the Altered Osmoregulation
and AVP Metabolism

The osmoregulatory changes observed in humans do not oc-
cur in all species. For example, rats demonstrate decreases in
PNa and Posm only at midgestation, whereas Posm is unaltered in
pregnant sheep (98,101). The latter species, interestingly, fails
to produce a functioning relaxin hormone, the AVP disposal
rate is unaltered, and its placenta fails to produce vasopressi-
nase (27,98). Therefore, the clinical relevance of these changes
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FIGURE 74-11. Plasma levels and metabolic clearance
rates (MCRs) of arginine vasopressin and l-desamino-8-
d-arginine-vasopressin measured in the third trimester,
24 to 48 hours after delivery, as well as 5-to-6 and 10-
to-12 weeks postpartum in six women. Pvpase, plasma
vasopressinase. Above each bar is one standard devia-
tion. (From: Davison JM, et al. Metabolic clearance of
vasopressin and an analogue resistant to vasopressinase
in human pregnancy. Am J Physiol 1993;264:F348, with
permission.)

is still unclear. One answer may relate to the physiologic in-
crease in extracellular volumes that accompanies normal ges-
tation. In this respect, some believe that the increase in intravas-
cular volume optimizes fetal development, and hypoosmolality
would facilitate such expansion because the ingestion and re-
tention of less solute is required per liter of extracellular water
retained. In this case, the downward resetting of the osmotic
threshold for AVP release would be advantageous, especially
when sodium is scarce. More striking, however, are the clinical
implications of the fourfold rise in the MCR of vasopressin, first
with regard to the management of patients with vasopressin-
deficient states and second as an explanation of a syndrome
termed transient diabetes insipidus (DI) of pregnancy.

Disorders of Water Metabolism in Pregnancy

Diabetes Insipidus in Pregnancy. The causes of DI antedating
pregnancy are discussed elsewhere (119–122; Chapter 87). Pa-
tients are rarely treated with AVP (e.g., pitressin) anymore, but
if they are, the rise in hormonal disposal rates would obviously

require an increase in dosage. Currently, however, women with
known central DI are managed with desmopressin (dDAVP),
the MCR of which, as noted, is not altered by pregnancy
(98,99). Still, there are reports of increased dDAVP require-
ments in gestation, in which symptoms associated with the al-
tered threshold for thirst seem to have been misinterpreted as
dDAVP “escape.” In most instances, however, the preconcep-
tion replacement dose has proved sufficient throughout gesta-
tion (98,119–121). Also, there is minimal, if any, transfer of
dDAVP into breast milk (122).

Women who develop pituitary necrosis due to blood loss at
delivery (Sheehan’s syndrome) may manifest transient polyuria
in the immediate puerperium. They also develop partial cen-
tral DI, which is usually asymptomatic and detected only by
special testing such as the plasma AVP (PAVP) response during
dehydration and/or hypertonic saline loading (123–125).

Nephrogenic DI in pregnancy is rare, although carriers
of the X-linked variety may become polyuric in pregnancy
(D. Bichet and G. Robertson, personal communications).
Diuretics—the mainstay of therapy in this disorder—work
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by depleting intravascular volume, which results in increased
proximal reabsorption of sodium and the delivery of less fluid
to the diluting site. The maintenance of hypovolemia may not
be optimal for pregnancy, but when the polyuria is massive,
such agents may have to be used.

Transient Diabetes Insipidus of Pregnancy. On occasion a
gravida develops polyuria and polydipsia late in gestation,
which disappear postpartum. This syndrome, described in
the older literature, was characterized further in 1984, when
Barron et al. (126) studied three women whose polyuria was re-
sistant to the administration of synthetic vasopressin during the
puerperium. Their disease, however, remitted soon afterward,
and they regained the ability to concentrate their urine nor-
mally with overnight dehydration or after the administration
of pitressin. Plasma AVP, measured in one of the women, was
7.3 pg/mL, a level that should have evoked maximum urine
concentration. The authors, however, labeled the disorder
“transient vasopressin-resistant DI of pregnancy,” and avoided
the term “nephrogenic,” aware that the AVP measured in the
patient’s plasma might have been but fragments recognized by
the antibody used in the radioimmunoassay but devoid of bi-
ologic activity. In other words, something was destroying the
hormone. This was the first indication that in certain women
with transient DI of pregnancy, the disorder might reflect mas-
sive in vivo destruction of AVP by extremely elevated levels
or exaggerated effects of vasopressinase. Figure 74-12 depicts
the signal study by Dürr et al. (127) of a patient who became
massively polyuric and hypernatremic and who failed to con-
centrate her urine after pharmacologic doses of AVP, but whose
Uosmol increased to 800 mOsmol/kg when dDAVP was admin-
istered. The authors used two methods to demonstrate that
the PAVP, surprisingly only 240 pg/mL after the highest dose of
AVP (25 μg) was not intact hormone but represented inactive
fragments. In essence, this large dose of pitressin had been in-
activated in less than 25 minutes. Dürr et al. also noted high

levels of circulating vasopressinase in this patient and suggested
that this is the cause of the disorder; however, alterations in the
enzyme’s kinetics are another possibility.

Many other examples of this transient disorder have now
been cited (98,99,120–122). Many of these gravidas also have
preeclampsia or display coagulation and liver function abnor-
malities (128). The liver is a major site of vasopressinase inac-
tivation.

There is a second form of transient DI of pregnancy in
which some women with partial central DI, asymptomatic
when nonpregnant, manifest polyuria after midpregnancy co-
incident with the normal fourfold increase in the MCR of
AVP. This disorder also remits postpartum (129–132). In ad-
dition, patients with transient DI resistant to both AVP and
dDAVP have been described, the authors noting that both
PAVP and urinary prostaglandin E2 were extremely elevated
(133,134).

Finally, although these unusual syndromes are quite easy to
diagnose (histories of thirst, and polyuria, plus a urine hypo-
tonic to a relatively hypertonic plasma), and treat (DDAVP),
they can be life-threatening if unrecognized, especially when
patients are water-restricted or placed under anesthesia in the
delivery suite. Unfortunately, such cases continue to be re-
ported (135–137) in which the disorder was recognized only
when neurologic signs and symptoms of extreme hyperna-
tremia occur. This can be avoided with thorough history taking
when patients present for labor, and recalling that a sodium of
≥140 mEq/L, is already increased in most gravidas.

Transient Inappropriate Antidiuretic Hormone Secretion in
Pregnancy. Gestational hyponatremia secondary to “inappro-
priate” secretion of AVP has been described. This disorder is
extremely rare and may be associated with preeclampsia, both
when the latter is characterized by marked proteinuria and
hypoalbuminemia and when such evidence of marked intravas-
cular volume depletion is less evident (138–140).

FIGURE 74-12. Study during postpartum day 6 in a patient who developed diabetes insipidus late in
gestation and remained polyuric in the puerperium. She was unable to concentrate her urine during
fluid restriction (nothing per os), and plasma arginine vasopressin (AVP) was undetectable despite a
PNa level of 153 mEq/L. Her urine remained dilute despite the stepwise parenteral administration of
large doses of AVP, but urinary osmolality increased to 800 mOsmol/kg after receiving l-desamino-
8-d-arginine-vasopressin. Plasma AVP measured after the last dose of AVP was 240 ng/L (when
values in the thousands were anticipated), but the material identified by radioimmunoassay was not
bioactive and probably represented degraded fragments of AVP. Plasma vasopressinase measured on
day 12 postpartum was tenfold higher than that in women at term. (From: Dürr JA, et al. Diabetes
insipidus in pregnancy associated with abnormally high circulating vasopressinase. N Engl J Med
1987;316:1070, with permission.)
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VOLUME REGULATION

There are alterations in volume homeostasis and in the control
of blood pressure in pregnancy, both of which are incompletely
understood. These topics, detailed in Chapter 53 and elsewhere
(42,141,142), are summarized briefly here, with a primary fo-
cus on human studies.

Weight Gain

Healthy women gain approximately 12.5 kg in their first preg-
nancy, and 1 kg less in subsequent gestations. However, these
means have large standard deviations, and gravidas can gain
twice such amounts or hardly any weight, at all, and still have
normal pregnancies (2,42). Analysis of the distribution of this
added weight reveals that not all the increase can be accounted
for by the products of conception, by the tissues directly con-
cerned with reproduction, or by the gain in total body wa-
ter, but that 3 to 6 kg of the increment is maternal fat stores
(42,86,143). Furthermore, these averages were compiled from
subjects with no or only mild ankle edema during pregnancy,
whereas about 15% of healthy gravidas develop generalized
edema, characterized by swelling of the fingers and face as well.
Weight gain in this latter group averages 14.5 Kg, of which
about 5 Kg represents fluid accumulation within the extracel-
lular space (42).

Fluid Volumes

Most of the weight added in pregnancy is in the form of fluid.
The gain in total body water, measured by deuterium, by the
stable isotope of oxygen (18O), or by bioelectric impedance
is between 6 and 9 L (2,18,42,86,141–144). Estimates of the
gain in extracellular volume range from 4 to 7 L, indicating
that intracellular water also increases (0.5 to 1.0 L) during
gestation (18,42,142). This area, however, requires further in-
vestigation, considering the wide variations reported by most
authors and the incomplete information on validation of their
methods for use in pregnant women. Intravascular volume also
increases in pregnancy, due to an estimated 40% increment
in plasma volume and a small increase in red blood cell mass
(42,96,141,142,145). Plasma volume increases most rapidly in
the midtrimester, and the accumulation of interstitial volume
is greatest in late pregnancy.

Renal Sodium Handling

There is a gradual cumulative retention of about 900 mEq of
sodium during pregnancy, distributed between the products of
conception and the increased maternal extracellular spaces de-
scribed previously (2,18,42,141,142). However, late in preg-
nancy, when the accumulation is greatest, renal sodium reten-
tion is but a few milliequivalents per day and is difficult to
detect in conventional balance studies. The reasons for these
changes are obscure, with reports in the literature focusing
on the hormonal changes in pregnancy that may affect renal
salt handling or the effects of acute saline loading in pregnant
women.

The concentration of several antinatriuretic hormones,
mostly mineralocorticoids such as aldosterone and desoxycor-
ticosterone, increases substantially during gestation (2,18,42,
142,146). The renin–angiotensin–aldosterone (RAA) system
has been studied extensively in human pregnancy (2,18,141,
142,147). In Figure 74-13 are depicted the increments in renin
substrate, plasma renin activity, and plasma and urinary al-

dosterone that accompany normal pregnancy (148). Note that
urinary sodium excretion, and presumably intake, are similar
or only slightly increased throughout gestation compared with
values measured postpartum. Therefore, inadequate sodium
intake does not seem to account for these rises in the RAA sys-
tem. Other studies have demonstrated that despite apparently
high circulating levels, the renin–aldosterone system responds
appropriately when gravidas undergo acute or chronic expan-
sion with saline infusions or high salt diets or when they are
sodium restricted or receive diuretics (2,18,42). Furthermore,
inhibition of aldosterone biosynthesis results in an inappro-
priate diuresis and subtle signs of volume depletion (149). In
essence, the activated renin–aldosterone system in pregnancy
does not appear to function autonomously, as some have pos-
tulated, because the very high levels of aldosterone (which of-
ten exceed those in patients with primary aldosteronism) are
appropriate and respond to homeostatic demands.

There are also increments in the concentration of several
potentially natriuretic hormones during gestation (e.g., oxy-
tocin, vasodilating prostaglandins, and melanocyte stimulating
hormone) (18,42,141,142). Progesterone levels increase many-
fold over that measured during the luteal phase of the men-
strual cycle. This hormone binds in vitro with higher affinity
than aldosterone to the mineralocorticoid receptor, prompt-
ing some to question how aldosterone can function efficiently
during gestation when faced with such high circulating levels
of progesterone (150). Part of the answer might be upregu-
lation, during pregnancy, of enzyme systems (e.g., in the kid-
ney), that convert progesterone to inactive metabolites (151).
Ironically, however, progesterone may actually contribute to
antinatriuresis, because it is a major source of the increase in
desoxycorticosterone production. The current view is that most
of the maternal desoxycorticosterone arises by extra adrenal
21-hydroxylation of circulating progesterone (152,153). Ac-
tivity of the enzyme responsible for this conversion may be
enhanced when estrogen levels are increased, as they are in
pregnancy, and renal steroid 21-hydroxylase activity may be
particularly high in pregnancy, so a considerable portion of
maternal desoxycorticosterone may be produced near the re-
nal mineralocorticoid receptor (153,154). Finally, and as noted
in the section on renal potassium handling, a mutation of the
mineralocorticoid receptor has been described (92) that recog-
nizes traditional aldosterone antagonists as agonists. In these
rare cases, therefore, the high progesterone levels paradoxically
cause marked sodium retention and early pregnancy hyperten-
sion.

The role of natriuretic factors in pregnant women is poorly
understood. The various circulating peptides and membrane
pump inhibitors are usually described as elevated (18,141,
142,155), but these increases may be modest when related to
the magnitude of the increase in intravascular and interstitial
volumes that accompanies normal gestation.

Perhaps the major factor to consider when evaluating renal
salt handling in pregnancy is the striking increase in GFR. Each
day more than 20,000 mEq of sodium is filtered, which must
be reabsorbed by the renal tubule, a quantity far greater than
the expected salt-retaining effects of high circulating levels of
aldosterone, desoxycorticosterone, or estrogens. Furthermore,
filtration fraction is decreased throughout most of gestation, as
is plasma albumin, additional factors that should enhance salt
excretion.

Effects of Acute or Chronic Sodium Loads

Studies of the effect of acute saline infusions on urinary sodium
excretion have produced conflicting results (18,25,141,142)
in that a decreased, increased, and unchanged ability to ex-
crete the load have all been described. Of note are studies by
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FIGURE 74-13. Changes in plasma renin substrate (A), its activity (B), and plasma (C) and urinary
(D) aldosterone, during normal gestation and their relationship to urinary sodium and potassium ex-
cretion (right lower panel). Dashed line in (B) represents values normalized for postpartum substrate
concentrations. (From: Wilson M, et al. Blood pressure, the renin-angiotensin system, and sex steroids
throughout normal pregnancy. Am J Med 1980;68:97, with permission.)

Brown (156), Graves (66), and their respective colleagues in
which salt intake before the infusion was controlled. The for-
mer found no differences in the sodium excretory capacity of
normal gravidas compared with that of women in the non-
pregnant state, whereas the latter suggested that both second-
and third-trimester subjects respond with an enhanced na-
triuresis. Bay and Ferris (157) have reported that gravidas
subjected to diets with a sodium content as low as 10 mEq per
day achieve urinary sodium balance as quickly as nonpregnant
controls. The women studied by Bay and Ferris lost weight,
and, therefore, their data could be interpreted as suggesting
that with extreme salt restriction, gravidas manifest subtle salt
wasting (18,141,142). This is because sodium accumulation in
late pregnancy should be in the range of 6 to 8 mEq per day, and
restricting intake to 10 mEq should reveal differences between
the pregnant and nonpregnant state.

Significance of the Volume
Changes in Pregnancy

The reason maternal total body water, as well as intravascu-
lar and interstitial volumes, increase during normal gestation
is unclear, which is one reason interpretation of the meaning of
these changes is disputed (18,99,142). Some authorities con-
sider the physiologic hypervolemia of human gestation a sub-
optimal response to the general arterial vasodilation that ac-

companies pregnancy (the “underfill” theory), whereas others
propose that it may be an epiphenomenon secondary to factors
such as the marked increase in circulating mineralocorticoids
(the “overfill” theory). Still others, including ourselves, postu-
late that the volume-sensing mechanisms are continually reset
as gestation progresses so that the increments in absolute vol-
ume are “sensed” as normal (“normal fill”). These discordant
hypotheses were mentioned briefly in the section on osmoreg-
ulation and AVP release and are clarified further here.

Views supporting “underfill” include activation of the
renin–angiotensin system, manifested not only by an increase
in all its circulating components, but also by observations that
gravidas manifest a greater increase in aldosterone release than
nonpregnant subjects in response to small quantities of an-
giotensin II (158) and display exaggerated decreases in blood
pressure when treated with ACE inhibitors (114). Those that
rationalize the existence of increased absolute volume with
“underfill” postulate further that marked peripheral vascular
dilation precedes the rise in intravascular volume, the latter
never completely compensating for this change (the “primary
arterial vasodilatation” theory) (29,112,159). It is further sug-
gested that this may be due to early upregulation of constitutive
endothelial NOS in the vasculature (108). Studies of women
and baboons in early pregnancy appear consistent with both
the primary arterial vasodilation and “underfill” hypotheses
(29,113,159). As well, adrenalectomy or sodium restriction is
tolerated more poorly by pregnant rats than by nonpregnant
controls (160).
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Support for the “overfill” theory includes absolute incre-
ments in extracellular volumes, high levels of circulating na-
triuretic factors or inhibitors of the membrane pump (18,142,
155), increases in renal hemodynamics, and observations by
two groups of investigators (156,161) of increased sodium ex-
cretory capacity in response to saline infusions. Women with
cardiac or renal disorders appear more susceptible to volume
overload complications, whereas healthy gravidas seem to tol-
erate blood loss better than nonpregnant women. Finally, in
most studies of gravid animals, the mean circulatory filling
pressure appears slightly increased (99,162).

As noted, the “normal-fill” hypothesis is supported by an-
imal experiments that probe relationships between intravas-
cular volume depletion and AVP release (98,99,107,116,117).
In addition, studies in rats and humans suggest that sodium
and water reabsorption in the proximal nephron (determined
by indices such as fractional lithium or solute-free water clear-
ances) is unaltered, and both species dilute their urine normally
when water loaded during gestation (60,97,99,117). These lat-
ter observations are important because failure to dilute the
urine maximally and a blunted excretory response to water
loading are major pathophysiologic features of the “underfill”
status in hyponatremic patients with cirrhosis or cardiac fail-
ure, considered the prototypes of diseases in which absolute
extracellular volumes are increased and “effective arterial vol-
ume” is low. Finally, the previously described data are in ac-
cord with studies demonstrating a similar sodium excretory
response to saline infusions in the pregnant and nonpregnant
states (18,25,141,142).

Controversies about the various “fill” hypotheses are yet to
be settled. It may be that all are correct at some time during
pregnancy. Hormone-induced vasodilation may create tempo-
rary “underfill” in early gestation, followed quickly by com-
pensation to “normal-fill” as pregnancy progresses, whereas
during the last trimester, antinatriuretic factors predominate,
at least in some gravidas (29,99,107,159). The importance of
settling this dispute, however, is not trivial, because a better un-
derstanding of how the pregnant woman “senses” her volume
changes will have an impact on our understanding and manage-
ment of pregnant women with hypertensive complications and
cardiac disorders. For the interested reader, we recommend dis-
cussions by Schrier et al. (111,112,163) and particularly Dürr
and Lindheimer (99), who discuss these hypotheses; the latter
includes a historical review in the form of an appendix entitled
“On what is ‘effective’ in effective blood volume.”

EVALUATION OF RENAL
FUNCTION IN PREGNANCY

Examination of the Urine

Most, but not all (164), studies suggest that urinary protein
excretion increases during normal gestation (18,64,99,165).
Accepting the relative imprecision and variability of testing
methods used by hospital laboratories, one should consider
300 mg per day (or twice the institution’s cutoff for nonpreg-
nant populations) the upper limit of normal protein excretion
in pregnancy. It is unclear, however, whether urinary albumin
excretion increases in normal pregnancy (26,33). We observed
no difference in a small group of women studied serially when
values obtained during gestation were compared with those
measured 3 months postpartum (32), but follow-up collections
made at 6 months or later suggest that nonpregnant levels may
in fact have been slightly lower (41). In essence, if a difference
can be demonstrated, it will be small, and, thus, use of the upper
limits of normal for nonpregnant populations is probably per-
missible. More research is needed here, because the detection

of microabuminuria in pregnant women may have predictive
value in relation to pregnancy outcome in women with diabetes
and with regard to preeclampsia (18,99,166). Finally, there is
sparse information (99,167) concerning the excretion of small-
molecular-weight or tubule proteins, as well as enzymuria, in
both normal and abnormal gestation, and such tests have little
current value in pregnancy.

There have been few attempts to quantitate the urine sedi-
ment of pregnant women. The excretion of red blood cells may
rise (in pregnancy 1 to 2 red blood cells per high power field is
acceptable), but whether increased leukocyturia occurs is un-
clear (2,5,168,169). One should be aware that microscopic and
even gross hematuria may complicate otherwise uneventful ges-
tations (170). The differential diagnosis includes all causes of
hematuria in nongravid populations, but often no cause can
be found and the bleeding subsides postpartum. Some of these
episodes may be due to rupture of small veins around the di-
lated renal pelvis (170), and the hematuria may recur in sub-
sequent pregnancies. Of importance, complete investigation of
the hematuria can often be deferred until the postpartum pe-
riod, and, noninvasive techniques, including ultrasonography
and magnetic resonance imaging, are helpful in arriving at such
decisions.

Renal Function Tests

The endogenous creatinine clearance, the primary tool to as-
sess GFR in nonpregnant subjects, is equally useful for eval-
uating function in gravidas (Table 74-1). The lower limit of
normal for clearances measured during gestation should be
∼30% greater than that of nongravid women, the latter usu-
ally quoted as averaging 90 to 110 mL per minute. As noted
by some, the 24-hour endogenous creatinine clearance may fall
toward nonpregnant values during the last gestational month
(18), and, therefore, a rise in serum creatinine to a level of
1 mg/dL or less (88 μmol/L) near term need not alarm the
physician. Urinary creatinine results from tubular secretion and
from glomerular filtration, but, unfortunately, there is little
information on whether the ratio of secreted-to-filtered cre-
atinine is altered by gestation. However, it is fair to assume
that when renal dysfunction is present (serum creatinine level,
≥1.5 mg/dL or 133 μmol/L), a substantial proportion of the
clearance may be due to secretion, resulting in overestimation
of the GFR. In such circumstances, the measurement of en-
dogenous creatinine clearance can be performed during gesta-
tion during cimetidine (Food and Drug Administration [FDA]
pregnancy class C) administration, and this might aid in assess-
ing prognosis and managing the clinical course of the patient.

Recently, other endogenous proteins easily measured in clin-
ical laboratories have been suggested as better markers of GFR.
Cystatin-C, considered superior to creatinine in nonpregnant
populations, has been recommended as an alternative and pos-
sibly superior marker in pregnant women. However more re-
cent data seriously question its use in pregnant populations
(171).

Urinary concentration and dilution are similar in gravid
and nonpregnant women. Supine posture can interfere with
the ability of the gravida to produce maximally dilute urine,
whereas lateral recumbency interferes with optimal urine con-
centration (97). Such tests are, therefore, best performed with
the patient seated quietly. Ammonium chloride loading to as-
sess renal acidification (rarely indicated in gestation) gives re-
sults similar to those in nonpregnant women (93). Finally,
when timed urine collections prove unreliable or are difficult
to obtain, random urine protein–to–creatinine ratio and the
Cockcroft-Gault formula (using preconception body weight)
can be used to estimate protein excretion and creatinine clear-
ances in pregnant women, respectively (172).
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Renal Biopsy

Pregnancy was once considered a relative contraindication for
the performance of renal biopsy because of earlier reports that
stressed several complications, particularly excessive bleeding
(2). This view may have stemmed from the fact that many of
these biopsies were performed in hypertensive patients, some
of whom may have rapidly developed thrombocytopenia and
other coagulation abnormalities associated with preeclampsia.
It is now evident that if the biopsy is performed in women with
well-controlled blood pressure and normal clotting indices, its
morbidity is similar to that in nonpregnant patients (173).

In the past some (173) recommended liberal use of renal
biopsy during gestation, but we find few indications for this
procedure in pregnancy and suggest the following guidelines
(174). First, renal biopsy may be considered when there is sud-
den deterioration of renal function with no apparent cause,
because certain forms of rapidly progressive glomerulonephri-
tis, when diagnosed early, may respond to aggressive treat-
ments such as high-dose steroid pulses or plasma exchange.
Second, renal biopsy is helpful in symptomatic nephrotic syn-
drome (i.e. marked edema or striking biochemical abnormali-
ties), if present before the thirty-second gestational week. Al-
though some may consider a therapeutic trial of steroids in
such cases, we prefer to determine first whether the lesion is
likely to respond to this regimen, thereby avoiding the poten-
tial complications of corticoids, such as fetal anomalies, hy-
perglycemia, propensity to infection, and poor wound healing.
Nephrotic range proteinuria alone in a normotensive woman
with preserved renal function, who does not have severe hy-
poalbuminuria, marked hyperlipidemia, or intolerable edema,
would lead us to examine the patient at frequent intervals and
defer the renal biopsy to the postpartum period. This is be-
cause most investigators believe that prognosis is determined
primarily by the level of renal function and the presence or ab-
sence of hypertension, rather than by the type of renal lesion
(see later discussion). A similar approach is used for patients
with asymptomatic hematuria and stable preserved function.
Indications for kidney biopsy between gestational week 31 and
delivery are extremely rare, for at this stage, the decision to ter-
minate the gestation is usually made independently of biopsy
results, and neonatal survival rates are excellent, making an
invasive procedure unnecessary.

THE CLINICAL SPECTRUM AND
MANAGEMENT OF RENAL
DISORDERS IN GESTATION

Acute Renal Failure

Acute renal failure (ARF) severe enough to require dialytic
treatment is quite rare in pregnancy, its incidence being 1:
20,000 or less of all gestations in industrialized nations
(18,175,176). Such statistics are a considerable improvement
over conditions that existed ∼50 years ago, when sudden and
severe renal failure complicated 1 of every 8,000 gestations
(2,18,175,176). This progress is due, most likely, to liberaliza-
tion of abortion laws, more aggressive and effective antibiotic
therapy, as well as improved prenatal care (Fig. 74-14). More-
over, maternal mortality associated with ARF, once ∼18%, is
now unusual (175–177). Unfortunately, these reassuring statis-
tics do not apply to developing nations, where pregnancy-
related ARF may comprise up to 25% of referrals to dialysis
centers and is associated with substantial maternal and fetal
mortality (175,176,179,180).

FIGURE 74-14. The relative frequency of medical, surgical, and ob-
stetric causes of acute renal failure at the General Infirmary at Leeds,
England. Note the virtual disappearance of obstetric-related causes af-
ter 1980. (From: Turney JH, Ellis CM, Parson FM. Obstetric acute
renal failure. Br J Obstet Gynaecol 1989;96:679, with permission.)

Septic Abortion

Before the legalization of abortion in the United States, there
were at least 200,000 (some estimate one million) illegal, usu-
ally nonsterile, pregnancy terminations annually, and ∼5% of
these women became critically ill (176). A common presenta-
tion was septic shock with renal failure, and if the infecting
organism was Clostridium, mortality was high. Because most
of these events occurred during the initial trimester, ARF in
pregnancy had a bimodal distribution, the first peak occurring
early in pregnancy and comprising most of the cases of septic
abortion, and a second peak between gestational week 35 and
the immediate puerperium, due mainly to placental abruption,
bleeding, or preeclampsia (2,175,176). Fortunately, this initial
peak has virtually disappeared because sterile terminations are
readily available.

The clinical presentation of a gravida infected with
clostridia is usually dramatic, the initial manifestations occur-
ring several hours to 1 to 2 days after the attempted abortion.
The patient is quite febrile and often manifests vomiting and
diarrhea. Muscle pain, most intense in the upper limbs, thorax,
and especially abdomen, may lead to erroneous diagnoses of
an intra-abdominal inflammatory process, particularly when a
history of attempted abortion is denied or not sought. In addi-
tion, there may be scant or no vaginal bleeding, and clostridia
are difficult to culture or detect on the smear and are also nor-
mally present in the female genital tract. In essence, a high de-
gree of suspicion is required because once symptoms develop,
progression to shock and death is rapid.

Patients with clostridial sepsis are often jaundiced (due to
hemolysis), and that in combination with cutaneous vasodi-
latation and pallor produces peculiar bronze skin coloration.
Other features are marked anemia, a striking leukocytosis
(≥25,000/mm3), and thrombocytopenia associated with evi-
dence of disseminated intravascular coagulation. Imaging may
reveal air in the uterus and/or abdomen due to gas-forming or-
ganisms or perforation. Death occurs rapidly in some patients,
but most respond rapidly to the antibiotic regimen (primar-
ily high-dose penicillin and volume resuscitation), and survival
depends largely on the management of the renal failure (181).
Review of the roles of hyperbaric oxygen, antitoxins, or ex-
change transfusions, and controversies concerning the conser-
vative approach versus early surgical removal of the infected
uterus are beyond the scope of this chapter and are discussed
in many obstetric texts.

Other Causes of Pregnancy-Associated Renal Failure

The etiology of ARF in pregnant women is often similar to that
in nonpregnant populations, including volume depletion (with
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hyperemesis gravidarum) and bleeding (175,176). Antepartum
uterine hemorrhage may be underestimated or difficult to di-
agnose when blood is trapped behind the placenta (“concealed
hemorrhage”). Sudden renal failure during pregnancy has been
reported after drug ingestion, incompatible blood transfusions,
various nephritides, collagen disorders, or rarely in sarcoido-
sis or lymphoma (175,176,182,183). There also seems to be a
greater propensity for gravidas to develop ARF in association
with acute infectious pyelonephritis (175,176,184). Of inter-
est are reports of ARF due to obstructive nephropathy, often in
women with single kidneys (23,176,185,186). Causes are again
similar to those in nongravid women, including stone disease
and tumors, as well as the “distention syndrome,” which was
described previously (21–24).

A number of renal failure syndromes are peculiar to preg-
nancy, which include those associated with preeclampsia, acute
fatty liver, and idiopathic postpartum renal failure. Preeclamp-
sia, characterized by generalized vasoconstriction, is the major
cause of renal dysfunction in gestation, but fortunately func-
tion loss is mild to moderate at most (187) and renal replace-
ment therapy is rarely required. However, when preeclampsia
is superimposed on chronic renal disease or essential hyperten-
sion, or is accompanied by marked coagulopathy (see “HELLP
syndrome,” Chapter 53), preeclampsia may progress to acute
tubular and even cortical necrosis (176,179,180,188–190).

The incidence of ARF in women with acute fatty liver of
pregnancy, once estimated at 60%, is considerably less today,
perhaps due to earlier recognition of the disorder followed by
rapid intervention to terminate the pregnancy (18,175,176).
Both the etiology of the disease and its propensity to cause
renal failure are obscure, although of interest are observa-
tions that some pregnant women developing either acute fatty
liver of pregnancy or the microangiopathic hemolytic anemia,
elevated liver enzymes, and low platelets (HELLP) syndrome
harbor a long-chain 3-hydroxy acyl-CoA dehydrogenase de-
ficiency or carry mutations of the enzyme’s gene resulting in
deficiencies in the fetus (191,192). Thus, ARF could be related
to the coagulopathy that may accompany acute fatty liver of
pregnancy or to hemodynamic factors akin to those observed
in the “hepatorenal syndrome.” Acute fatty liver of pregnancy
was once associated with considerable maternal and fetal mor-
tality, exceeding 70%, but maternal survival is now markedly
improved (193,194). Such improved statistics may be due to
aggressive intervention but also reflect earlier recognition lead-
ing to the inclusion in reported series of patients with milder
disease (176,193,194). However, irreversible cases still occur,
and in these instances, orthotopic liver transplantation may be
lifesaving (195).

Idiopathic postpartum renal failure is characterized by the
onset of renal failure in the puerperium after an uneventful
gestation. This disorder, first recognized in the 1960s (196–
198), is fortunately quite rare and goes by various names, in-
cluding postpartum hemolytic-uremic syndrome, accelerated
nephrosclerosis, postpartum malignant nephrosclerosis, and
irreversible postpartum intravascular coagulation with ARF
(175,176).

Idiopathic postpartum renal failure may present 24 hours
to several weeks after delivery, the patient manifesting oliguria
and at times anuria, rapidly progressive azotemia, and often ev-
idence of microangiopathic hemolytic anemia or consumption
coagulopathy. Blood pressure varies from normal or minimally
elevated to severe hypertension. The cause of the syndrome is
obscure, and suggestions have included an antecedent viral ill-
ness, retained placental fragments, and drugs, including oxy-
tocic agents, ergotamine compounds, and oral contraceptives
prescribed shortly after delivery (176). Hypocomplementemia
noted in some cases has led to speculation about immunologic
causes. Deficiencies in prostaglandin production or antithrom-
bin III levels similar to decreases observed in the hemolytic-

uremic syndrome have also been ascribed to idiopathic post-
partum renal failure (176). In the past there were suggestions
that preeclampsia and idiopathic postpartum renal failure had
a common etiology (199). This concept has been extended with
suggestions that those disorders, the “HELLP” syndrome, and
acute fatty liver of pregnancy have a common pathogenesis,
similar to that of thrombotic thrombocytopenic purpura and
hemolytic-uremic syndrome (200). It has also been postulated
that all these diseases are manifestations of a thrombotic mi-
croangiopathy induced by endothelial dysfunction. Although
this hypothesis is intriguing, we note that there are many dif-
ferences in both the manifestations and the prognosis of the
various disorders listed above.

The renal pathology findings in idiopathic postpartum re-
nal failure are detailed elsewhere (176) and fall into two gen-
eral categories. In one, changes in the glomerular capillaries
resemble those seen in hemolytic-uremic syndrome, and in
the other, there are arteriolar lesions reminiscent of malignant
nephrosclerosis or scleroderma. It may be that the lesions re-
sembling thrombotic microangiopathy are from biopsies ob-
tained early in the course of the disease, whereas those sug-
gesting accelerated nephrosclerosis represent a more chronic
stage. There is also an increased incidence of bleeding associ-
ated with the performance of renal biopsy in these cases (175).

The prognosis of idiopathic postpartum renal failure is poor.
Some patients succumb, and most require chronic dialysis, or
survive with severely reduced function (175,176). Treatment is
aimed at reduction of blood pressure and general supportive
measures (see subsequent text). There are anecdotal claims that
early anticoagulant therapy with heparin or fibrinolytic agents
may reverse the renal failure, but the data are not convincing
and these drugs are not harmless. Similarly, antiplatelet ther-
apy, infusion of blood products such as antithrombin III con-
centrates, and plasma exchange remain unproven treatment
modalities (although the latter may be useful in a variant of
acute postpartum renal failure linked to circulating lupus anti-
coagulant (201) or to circulating antiphospholipid antibodies
(202,203). Because of the possible contributing role of retained
placental fragments, dilation and curettage should be consid-
ered when the syndrome occurs very close to delivery.

Renal Cortical Necrosis

Cortical necrosis, the more ominous form of ARF, is fortu-
nately rare, but in the past, it was more apt to be associated
with pregnancy (4,175,176,204). The reason for this was ob-
scure, but many of the women appeared to be older multiparas
who perhaps had preexisting nephrosclerosis, suggesting that
their kidneys were more vulnerable to inciting factors such as
ischemia or coagulopathy. In this respect, cortical necrosis was
most common late in gestation and occurred more frequently
after placental abruption, especially when concealed hemor-
rhage was present (175,176). Another proposed reason was
related to observations that the Sanarelli-Shwartzman reaction
can be more easily produced in pregnant animals than in non-
gravid controls (2,176,205,206). Consistent with this possibil-
ity were cases that followed prolonged retention of a dead fetus.
The incidence of cortical necrosis related to gestation has now
declined markedly in industrialized nations and is presently less
than 1 in 80,000 births (204).

Although cortical necrosis may involve the entire renal cor-
tex, resulting in irreversible renal failure, it is the incomplete
(“patchy”) variety that is most often associated with pregnancy
(175,176,207). The latter condition is characterized by severe
oliguria or even anuria, which lasts longer than uncomplicated
acute tubular necrosis, followed by a variable return of renal
function and a stable period of moderate renal insufficiency
that in some patients progresses years later to end-stage renal
disease.
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Management of Acute Renal Failure in Pregnancy

Management of ARF during pregnancy is generally similar to
that in nonpregnant subjects (Chapter 41), but several points
pertinent to treatment of antepartum patients deserve empha-
sis. Both peritoneal dialysis and hemodialysis may be used
(176,208–210). The former may be preferable because it causes
more gradual changes in fluid and solute levels and is thus less
likely to be associated with precipitous hypotension or prema-
ture uterine contractions. But those higher clearances that seem
to be associated with improved pregnancy outcomes are diffi-
cult to achieve with peritoneal dialysis. If hemodialysis is the
modality chosen, the problems listed previously can be mini-
mized by daily treatments for shorter periods and avoidance
of excessive ultrafiltration. Because urea, creatinine, and pre-
sumably many other metabolites (or toxins) that accumulate
in the blood associated with uremia cross the placenta, dialysis
should be undertaken early with the aim of maintaining blood
urea nitrogen levels below 50 mg/dL (18 mmol/L), if possible,
which may require substantial increments in the daily prescrip-
tion in patients treated with peritoneal dialysis (211). Further
details concerning the hemodialysis prescription are given in
the later section devoted to the management of women with
end-stage renal disease treated with renal replacement therapy
who conceive.

As noted, maternal prognosis has improved considerably
compared with the dismal statistics published three decades
ago. Survival for obstetric ARF is now markedly better than in
patients whose disease is due to surgical or medical diseases.
Prognosis for the fetus was once considerably worse than the
mother but here, too, the outlook is improving dramatically.

Finally, although this section stresses ARF requiring dialysis,
we note that sudden renal dysfunction occurs more frequently,
often in association with oliguria during labor or in the imme-
diate puerperium (187,212). These events are transient, and
the clinician should refrain from vigorous attempts at fluid re-
suscitation, because the latter is more apt to result in volume
overload than to prevent any renal disaster.

Urinary Tract Infection

Infections of the urinary tract are the most frequent renal
complications encountered during an otherwise normal preg-
nancy. In most instances, the problem is asymptomatic bacteri-
uria uncovered by routine screening. However, cystitis, overt
pyelonephritis, and rarely perinephric abscess may also de-
velop. The management of these conditions may be shared by
obstetricians and nephrologists, especially in the latter two dis-
orders, which may become life-threatening.

Asymptomatic Bacteriuria

The prevalence of covert urinary tract infection in gravidas
is similar to that in nonpregnant women of reproductive
age, ranging from 2% to 10%, with higher rates recorded
in gravidas with sickle cell disease or diabetes (2,18,213–
217). However, the natural history of asymptomatic bacteri-
uria is different during pregnancy than in the nonpregnant
state. Outside of pregnancy, the situation is quite benign,
but during gestation, covert bacteriuria progresses to acute
pyelonephritis in 20% to 30% of patients. This may be par-
ticularly true in women with previous evidence of renal scar-
ring, with or without reflux (218,219). In addition, there are
claims that gravidas with asymptomatic bacteriuria have a
higher incidence of anemia, hypertension, intrauterine growth
retardation, or “preterm/low-birth-weight” infants (2,18,25,
214,215), but data supporting these assertions are few and
equivocal (25, 218–222). Most investigators currently recom-
mend screening all gravidas and treating those with confirmed

positive cultures (217). Screening is best performed during ges-
tational week 16, because the onset of covert bacteriuria ap-
pears to be greatest between weeks 8 and 17 (223).

The practice of screening and treating asymptomatic bac-
teriuria is based on the as-yet unproven assertion that such an
approach prevents up to two-thirds of potential antepartum
pyelonephritis (214,224). Even a more modest preventive effect
would avoid substantial morbidity and result in significantly
less hospitalization during pregnancy (216,217,225,226).
Still, there are some who question the sensitivity and cost-
effectiveness of routine screening (gravidas often generate con-
taminated and false-positive cultures, which require repeated
testing and even catheterization) and suggest that testing be
limited to those women with histories of recurrent infections,
reflux, or nephrolithiasis (226–228). Until this issue is resolved,
we continue to recommend universal screening. When consid-
ering screening, one should note that the dipstick method has a
sensitivity of ≤50% (229,230) compared with classic or semi-
quantitative culture techniques, although some have suggested
the former may still be cost-effective (217).

The incidence of bacteriuria increases immediately after de-
livery when it can be as high as 17% (231–233). This no doubt
relates to the birth process and is not unexpected, because
transient bacteriuria follows sexual intercourse and can be in-
duced by massaging the urethra during gynecologic operations
(42,234). Moreover, trauma occurring during labor impairs the
resistance of the bladder to infection and facilitates coloniza-
tion by pathogenic organisms. Still, in the absence of symp-
toms, “prophylactic” antibiotics are unwarranted, because in
most instances the bacteriuria will clear spontaneously, falling
to about 4% by the third postpartum day (231,233).

Symptomatic Infections

Cystitis or pyelonephritis complicates about 3% of all preg-
nancies (214,217). The incidence of acute cystitis (about 1%
to 2%) does not seem to have been influenced by universal
screening. Fortunately, however, the incidence of infectious
pyelonephritis, the more ominous complication, has decreased
from nearly 3% to 1% or less, a decline ascribed to aggressive
screening for and prompt treatment of covert bacteriuria (214).

Cystitis. Acute cystitis in gestation is considered an entity unre-
lated to asymptomatic bacteriuria (214,217) for the following
reasons. Cystitis occurs most frequently in the second trimester,
in patients with previously negative screening cultures. The
peak incidence of asymptomatic bacteriuria is much earlier,
and its source is the upper urinary tract in about 50% of the
women. Cystitis usually responds rapidly to treatment with a
recurrence rate of about 17%, whereas that of asymptomatic
bacteriuria may be as high as 35%. Finally, unlike covert bac-
teriuria, cystitis is not associated with a substantial risk of de-
veloping acute pyelonephritis (214).

Acute Pyelonephritis. Most (about 70%) patients who develop
acute pyelonephritis during pregnancy have preexisting covert
bacteriuria, and in a number of cases, the offending organism
seems to have been newly acquired (213,214,217). Thus, al-
though screening seems to have reduced the incidence of acute
pyelonephritis by almost two-thirds, it has not and will not
eradicate this disease (214,217). Ten percent to 20% of the
cases occur in early pregnancy, and approximately half in the
second trimester (235–237). Of interest is a report that women
developing pyelonephritis antepartum manifest greater degrees
of pelvicaliceal dilation during gestation that may not regress
after delivery, underscoring the need for postpartum investiga-
tion of this population (236).

The bacteriology of the various organisms that cause acute
pyelonephritis are discussed in detail elsewhere (214,217).
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More than 70% of the uropathogens are aerobic gram-
negative rods, most of which are Escherichia coli. Of inter-
est, results from a recent series (440 cases) suggest that the
bacteriology of pyelonephritis in pregnancy has changed, with
fewer infections from the klebsiella-enterobacter group, and
more than 10% due to gram-positive organisms, mainly group
B streptococcus (236). Pregnancy seems to decrease tolerance
to these infections, which may be related in part to observa-
tions that during gestation, there is immunosuppression of the
cytokine and specific antibody responses to gram-negative bac-
teria that invade the urinary tract (238). In addition, the in-
creased invasiveness may reflect upregulation of Dr adhesins
that govern bacterial adhesion to CD 55, itself upregulated dur-
ing pregnancy (239). As a result, acute pyelonephritis in preg-
nancy can be often devastating to the health of both mother
and fetus. This disorder was a cause of maternal mortality in
the preantibiotic era, and currently about 20% of pregnant
patients who present with pyelonephritis manifest bacteremia
(214,217,235). Furthermore, there is substantial literature sug-
gesting that upper urinary tract infections in gravidas are asso-
ciated with the exaggerated effects of endotoxemia, including
respiratory distress syndrome and various hematologic, hep-
atic, and renal functional abnormalities (2,42,214,236,240).
Concerning the latter, it is noteworthy that although upper
urinary tract infections seem to have little effect on the renal
hemodynamics of nonpregnant patients, acute pyelonephritis
in pregnant women may result in transient and marked decre-
ments in GFR (184). As for the fetus, acute pyelonephritis is
associated with premature delivery, growth retardation, and in-
trauterine death (214,222,241). This disease should therefore
be preferably treated in a hospital setting.

Perinephric or Cortical Abscess. These are very unusual events
in pregnancy but should be considered in a setting of occult or
resistant infections. This is especially true during the immediate
puerperium, when physicians are apt to focus on uterine and
abdominal sources of infection or on pelvic thrombophlebitis,
and to overlook the renal problems noted previously.

Management of Urinary Tract Infections in Pregnancy

In Table 74-2 are listed the common antibiotics used to
treat asymptomatic bacteriuria and cystitis during pregnancy
(214,217,242). In the past, given the tendency of asymptomatic
bacteriuria to recur, many authorities suggested prolonged
treatment, often for 6 or more weeks. Currently, however, most
workers recommend a 7-day course, and even shorter peri-
ods are being evaluated (214,217,224). As of 2005 there was
a growing literature (217,243) describing success with single-
dose therapy, and a large World Health Organization (WHO)
sponsored randomized prospective trial testing utility of a dip-
stick method to diagnose significant bacteriuria and the effi-
cacy of single-dose therapy with nitrofurantoin to eradicate
the infection was in progress and scheduled to be completed
in 2006.

Some have suggested that failure of short treatment regi-
mens identifies patients at increased risk for recurrent asymp-
tomatic bacteriuria who may benefit from suppressive reg-
imens (217,243). Until these issues are resolved, we sug-
gest the standard 7-day course (Table 74-2), which appears
to treat successfully 90% of the women with cystitis and
will eradicate bacteriuria for the remainder of pregnancy in
more than 70% of the women with asymptomatic infections.
Urine cultures should be repeated 1 or 2 weeks after com-
pletion of the initial antibiotic course, and then at 4- to 6-
week intervals until delivery. Relapsing infections (reappear-
ance of the same organism), which usually occur within the
first 2 weeks and suggest a urinary tract abnormality (in-
cluding nephrolithiasis) or renal involvement, should then be

TA B L E 7 4 - 2

RECOMMENDED THERAPY FOR ASYMPTOMATIC
BACTERIURIA AND CYSTITIS IN PREGNANCY

Agenta Dosage

Standard courses of
treatment (duration
7 days)

Ampicillin 500 mg q.i.d.
Amoxicillin 250 mg t.i.d.
Nitrofurantoinb 50 mg q.i.d. or 100 mg b.i.d.
Cephalexin 250 mg q.i.d. or 500 mg b.i.d.
Amoxicillin/clavulanic acid 250/125 mg t.i.d.
Long-term prophylaxis
Nitrofurantoinb 50 mg at night
Cephalexin 250 mg at night
Amoxicillin 250 mg at night

aAll antibiotics in this table are in the FDA pregnancy risk category B.
bNitrofurantoin macrocrystals may reduce the incidence of
gastrointestinal tract side effects.
(From: Pedler SJ, Orr KE. Bacterial, fungal, and parasitic infections.
In: Barrom WM, Lindheimer MD, eds. Medical Disorders During
Pregnancy. 3rd ed. St. Louis: Mosby; 2000, with permission.)

treated with a prolonged course (2 to 3 weeks), followed by
suppressive therapy until delivery (Table 74-2). Reinfections
(caused by a different strain or species) normally appear more
than 3 weeks after treatment and are usually confined to the
bladder. They may be treated with repeated short courses of
antibiotics each time they occur, or with long-term suppres-
sion. Alternatively, one may prescribe only post–coital prophy-
laxis (a single dose of either 250 mg of cephalexin or 50 mg of
nitrofurantoin [245]). Trimethoprim-sulfamethoxazole combi-
nations, frequently prescribed to nonpregnant women, are best
avoided during gestation (246). Trimethoprim is teratogenic in
animals and may also precipitate megaloblastic anemia during
pregnancy, whereas sulfamethoxazole has been associated with
kernicterus when prescribed near term (217).

Pregnant women with acute pyelonephritis are currently
treated in a hospital setting because they often require con-
siderable supportive care and treatment with intravenous an-
tibiotics (247). As of the year 2006 there were scattered re-
ports (217,247,248) of successful management of gravidas
with acute pyelonephritis in an outpatient setting, but we be-
lieve such data to be preliminary and await better-designed
studies. A recent report that routine pretreatment urine and
blood cultures are of limited use because only 6% of the pa-
tients require a change in therapy after the start of empiric
treatment is of interest but should be confirmed (249). Be-
cause of an increase in the number of community-acquired
pathogens resistant to ampicillin (250), many consultants rec-
ommend the addition of an aminoglycoside (usually gentam-
icin) and clindamycin initially, adjusting therapy when culture
results become available. The “extended-spectrum” penicillins
and third-generation cephalosporins have also been used suc-
cessfully in these women. The readers are referred elsewhere
(214,217,242) for further discussion of individual antimicro-
bials (the latter citation lists the current pregnancy risk classi-
fication according to definitions suggested by the FDA).

Most patients respond quickly, with the temperature return-
ing to normal within 72 hours. Continued fever or evidence of
sepsis should alert the physician to seek an obstructive cause
using ultrasonography or a plain abdominal x-ray film, because
urinary calculi are the most common cause of obstruction in
these patients, and about 90% of the stones are radiopaque.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-74 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 20:55

Chapter 74: The Normal and Diseased Kidney in Pregnancy 1927

FIGURE 74-15. Renal survival in women with preex-
isting renal disease who were pregnant at least once
(heavy line) compared with those who never conceived.
The long-term renal prognosis was similar in the two
groups. (From: Dr. P. Jungers, with permission.)

When clinical improvement is apparent, oral antibiotics may
be substituted for parenteral medications, but there are limited
data on treatment duration. A standard 2-week course seems
appropriate, and many prescribe suppressive therapy through
term thereafter, although urinary surveillance (see previous dis-
cussion of asymptomatic bacteriuria) has been claimed to be as
effective as long-term suppression (251).

In summary, urinary tract infections are the most common
renal complication of pregnancy, and most patients present
with asymptomatic bacteriuria. Universal screening followed
by treatment in culture-positive cases is debated but seems to
have decreased the incidence of pyelonephritis, which in preg-
nant women can be a virulent disease. There is no consen-
sus yet on the optimal treatment regimens for women with
asymptomatic bacteriuria, although it is hoped that a large ran-
domized trial to be completed in 2006 will shed light on this
dilemma. Similarly, the ideal treatment of acute pyelonephri-
tis, including a place for outpatient treatment, remains unclear.
We still suggest screening all gravidas and treating those with
covert bacteriuria for 7 to 10 days, and initially hospitalizing all
patients with pyelonephritis, followed by 2 weeks of the appro-
priate antibiotic, but underscore the need for further research
in this area.

Preexisting Renal Disease

Perspectives

As noted, older views that underlying chronic renal disease of
any severity precluded a successful pregnancy have been rad-
ically altered, because in many instances prognosis for these
patients is quite favorable (1). This more optimistic current
approach is based on a series of studies dating from 1980,
reported by authors who have reviewed the renal prognosis
and gestational outcome in more than 1,000 patients, most
with biopsy verification of their underlying kidney disorder
(2,18,252–262). Results of these largely retrospective studies
permit the following guidelines in which prognosis is mainly
based on two functional parameters: the presence or absence
of hypertension and the degree of renal insufficiency at concep-
tion. Women are arbitrarily classified in three categories: those
with mild, moderate, or severe dysfunction.

Normotensive women with intact or only mildly decreased
and stable renal function (serum creatinine, ≤1.4 mg/dL or
≤125 μmol/L) generally do well, experiencing more than 95%
live births, about 75% of which are adequate for gestational
age (252). These excellent fetal survival estimates are weighted
to the more recent literature and reflect the marked advances

in both perinatal and neonatal care. Gestation does not appear
to alter the natural course of the renal disease (Fig. 74-15),
but there is an increased incidence of superimposed preeclamp-
sia or late pregnancy hypertension, as well as increased pro-
teinuria that can exceed 3 g per day (18,252,258–260). Such
increments rarely indicate functional deterioration; most pa-
tients with chronic renal disease and only mild dysfunction
surprisingly experience a gestational-induced increase in GFR
(252).

There are, however, exceptions to the optimistic outlook
already described. Several nephropathies appear more sensi-
tive to intercurrent pregnancy, including lupus nephropathy
and perhaps membranoproliferative glomerulonephritis. In ad-
dition, women with scleroderma and periarteritis nodosa do
poorly (especially when there is renal involvement and asso-
ciated severe hypertension) and thus should be emphatically
counseled to avoid pregnancy. Furthermore, authorities dis-
agree on whether gestation influences adversely the natural
history of IgA nephropathy, focal segmental glomerulosclero-
sis, and reflux nephropathy (18,253,258–260,263–271). Our
view is that prognosis in the last three groups is similar
to that of women with renal disease in general, being best
when, before pregnancy, function is preserved, and high blood
pressure absent. Although hypertension before conception in-
creases the incidence of both maternal and fetal complications
(253,272), the outlook of such patients has also improved dra-
matically, especially when the blood pressure is well controlled
(273).

Prognosis is poorer when there are greater degrees of re-
nal dysfunction. With moderate impairment (serum creatinine
level, ≥1.5 to 3 mg/dL or ≥133 to 275 μmol/L), live births still
approach 90%, but the incidence of fetal growth retardation
or preterm deliveries exceeds 50% (18,274–277). In addition,
one-third or more of such patients experience renal functional
deterioration or the appearance of hypertension after midpreg-
nancy. The latter may be severe and hard to control, and some
women may experience an accelerated progression of their dis-
ease after delivery. Accordingly, pregnancy is not advisable in
such patients. Note, however, that one group of investigators
(262) suggests that maternal and fetal outcomes remain rela-
tively favorable until serum creatinine levels approach 2 mg/L
(or 177 μmol) and are more liberal in their recommendations.

When renal dysfunction before conception is severe (serum
creatinine level, ≥3.0 mg/dL or ≥275 μmol/L, but some au-
thorities consider the disease “severe” at creatinine levels of
2.5 mg/dL or 210 μmol/L), the risk of maternal complica-
tions is far greater and the pregnancy success rate is poor
(208–210,276,277). However, such patients are often infer-
tile, especially when they have end-stage disease but there are
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exceptions (210,278–280). For instance, women receiving re-
nal replacement therapy occasionally conceive, and the inci-
dence may be favorably influenced by erythropoietin therapy,
which is associated with a return of ovulatory cycles and im-
provements in libido (280,281). Fetal survival in women un-
dergoing dialysis, once barely more than 50% a decade is
slowly improving (see later discussion). However, there are
still serious maternal risks, including the occurrence of in-
traperitoneal hemorrhage and accelerated hypertension (208–
210,281–283), and we do not recommend planning or contin-
uation of a pregnancy in women with preexisting severe renal
dysfunction.

In summary, most pregancies associated with renal dysfunc-
tion appear to succeed. We must emphasize, however, that these
conclusions reflect literature that is primarily retrospective and
that most of the patients described had but mild functional im-
pairment. Published series dealing with greater degrees of dys-
function comprise fewer than 300 patients in aggregate. Thus,
confirmation of our guidelines and a more definitive perspec-
tive require large prospective observational studies.

Specific Diseases

In Table 74-3 are listed specific diseases associated with preg-
nancy.

Diabetes. Diabetic nephropathy is the most common chronic
renal disorder encountered during gestation. Most studies have
focused on gravidas with overt disease (defined by the pres-

ence of abnormal proteinuria before conception or early in
gestation), and there is very little information on the course of
pregnancy in women with microalbuminuria only (262,284–
299). The maternal long-term renal prognosis in patients with
preserved function does not seem to be adversely affected by
gestation, which is surprising because nephrotic range protein-
uria and hypertension complicate two-thirds of these pregnan-
cies. However, there are occasional observations of patients
whose increased proteinuria does not remit or whose func-
tion deteriorates after delivery. Less surprising is limited ev-
idence of rapid functional deterioration in diabetic women
with moderate or greater renal dysfunction before pregnancy
(284,293,294,297,300).

Fetal outcome, once considered poor is now quite good,
with the success rates exceeding 95%. However, there is a high
incidence of preterm deliveries as the rise in urinary protein ex-
cretion and blood pressure noted previously often occurs early
in the third trimester, is difficult to differentiate from superim-
posed preeclampsia, and thus frequently leads to early termina-
tion of the pregnancy (284,286,289,293,301,302). Of interest
is a report of the appearance de novo of hypothyroidism during
gestation in nephrotic diabetic patients (303).

Chronic Glomerulonephritis. Women with chronic glomeru-
lonephritis, a general term that encompasses many morpholog-
ically and presumably pathogenetically distinct entities, seem
to do well when renal function is preserved and hyperten-
sion is absent (2,252–256,259–262,270). There is evidence of

TA B L E 7 4 - 3

PREEXISTING RENAL DISEASE AND PREGNANCY

Renal disease Effects

Diabetic nephropathy Most frequent nephropathy encountered. Pregnancy does not appear to
accelerate functional loss; increased frequency of covert bacteriuria; high
incidence of heavy proteinuria and hypertension after midgestation.

Chronic glomerulonephritis focal
glomerulosclerosis (FGS)

There may be an increased incidence of high blood pressure late in gestation, but
usually no adverse effect if renal function is preserved and hypertension absent
before gestation; some disagree, believing that coagulation changes in
pregnancy exacerbate these diseases, especially IgA nephropathy, FGS, and
membranoproliferative glomerulonephritis.

Systemic lupus erythematosus Expect more problems than in most glomerular diseases, but prognosis is more
favorable if disease is in remission ≥6 months before conception. Poorest
maternal and fetal outcomes associated with antiphospholipid antibodies or
with lupus anticoagulant.

Periarteritis nodosa and scleroderma Fetal prognosis is poor; associated with maternal deaths; reactivation of
quiescent scleroderma can occur during pregnancy or postpartum; therapeutic
abortion should be considered.

Chronic pyelonephritis (infectious
tubulointerstitial disease)

Bacteriuria in pregnancy may lead to acute exacerbations but otherwise is well
tolerated. Frequent urine cultures are recommended and chronic suppressive
antibiotic therapy may be necessary.

Reflux nephropathy Some controversy but most now agree that these patients do well when function
is preserved. They require frequent urine cultures.

Polycystic kidney disease Patients with preserved function do well, but there is an increased tendency for
late pregnancy hypertension and/or preeclampsia.

Urolithiasis The “physiologic” ureteral dilation and stasis of pregnancy do not seem to affect
natural history, but infections can be more frequent. Stents have been
successfully placed during gestation.

Previous urologic surgery Other urogenital tract malformations may be present; urinary infections increase,
and functional decrements have been observed; cesarean section may be
necessary to avoid disruption of the continence mechanism if artificial
sphincters or neourethras are present.

(From: Lindheimer MD, Grünfeld JP, Davison JM. Renal disorders. In: Barron WM, Lindheimer MD, eds. Medical Disorders During Pregnancy. 3rd
ed. St. Louis: Mosby, 2000; with permission.)
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transplacental transfer of nephritic factor(s) in association with
membranoproliferative glomerulonephritis (304). This is also
one of the entities in which pregnancy is said to have adverse
effects on the course of the disease, such as an accelerated de-
cline in renal function and an increased propensity to develop
gestational hypertension or preeclampsia (the latter mainly as-
cribed to the type I renal lesion) (2,42,305). However, a review
of the literature comprising 98 patients with membranoprolif-
erative glomerulonephritis (260) suggests a maternal and fetal
prognosis in this disease that is quite similar to that of gravidas
with most other forms of chronic glomerulonephritis. Obvi-
ously more data are needed before firm conclusions can be
reached.

IgA nephropathy is another disorder whose course in preg-
nancy is disputed. One group (263,266,267) described sub-
stantial declines in renal function that were only occasionally
reversible, also stressing the frequent appearance of de novo
hypertension that did not always normalize in the puer-
perium. In contrast are the views of two groups (253,258,
259,262,268,270) who reviewed more than 200 gestations in
women with IgA nephropathy, one (268) also comparing long-
term renal function in 84 such patients who had experienced
pregnancy with that of 80 who had never conceived. They con-
cluded that the natural history of this disorder and pregnancy
outcome follow the generalization that the prognoses are excel-
lent in normotensive women with minimal renal dysfunction.
Lastly, we shall comment on acute poststreptococcal glomeru-
lonephritis in this section, although it is obviously neither a pre-
existing nor a chronic renal disorder. Its occurrence in pregnant
women is unusual, perhaps due to the suppressed immune re-
sponsiveness characteristic of normal gestation (2,25,42,306–
308). When it does occur, the recovery of renal function is usu-
ally complete and gestation is successful. Pregnancy in women
with a remote history of acute glomerulonephritis is also un-
eventful (2,42).

Focal Segmental Glomerular Sclerosis. This is yet another dis-
ease whose course during gestation is disputed. Here, however,
the reason may relate to the fact that focal segmental glomeru-
lar sclerosis (FSGS) has multiple causes. One group of inves-
tigators (257,263,265) noted hypertension, frequently severe,
in 75% of their pregnant patients, functional deterioration in
45% of gestations, and a fetal loss of about 45%. The high
blood pressure persisted postpartum in 20% of the women.
Others (253,255,262) dispute these data, noting few problems
when function before or in early pregnancy is preserved and
hypertension is absent. However, here too, the total published

experience is sparse (100 or fewer patients described) and sub-
stantially more data are required to resolve this issue. Finally,
there is an interesting report of women with FSGS experienc-
ing two successful term deliveries, each followed by transient
proteinuria in the neonate lasting several weeks (309). This is
of interest in relation to the description in some patients with
FSGS of a circulating factor(s) that increases glomerular perme-
ability to albumin (310), suggesting the ability of such factor(s)
to cross the placenta and affect the newborn.

Connective Tissue Disorders. The most common connective
tissue disorder complicating pregnancy is, not surprisingly,
systemic lupus erythematosus, a disease that primarily af-
fects women during the childbearing years (311). The out-
look for gravidas with lupus nephropathy and preserved kid-
ney function is clearly more complex than that of a preg-
nant woman with the preexisting renal disorders discussed
previously, and is further complicated by the fact that the
natural history of systemic lupus erythematosus is unpre-
dictable regardless of gestation. However, case series and re-
views appearing after 1980 that describe the course of more
than 500 gravidas have permitted a clearer understanding of
the natural history and fetal outcome of gravidas with lupus
nephropathy (312–315). The best outcomes occur when the
disease is in remission for 6 months before conception and
when renal function is preserved (312–316). Prognosis is more
guarded if the disease is active within 6 months of the preg-
nancy, when the lupus anticoagulant or an antiphospholipid
antibody is present and, of course, if there is preexisting hyper-
tension or greater degrees of renal insufficiency (201,311,312).
Of note, lupus nephritis exacerbating or presenting de novo
during late gestation may be difficult to differentiate from
preeclampsia (2,311) (Table 74-4).

There is an increased incidence of first-trimester abortions,
intrauterine growth restriction, and fetal death in women with
systemic lupus erythematosus (311,317). These are also more
apt to occur when circulating anticoagulants or antiphospho-
lipid antibodies are present but may also be due to transplacen-
tal passage of the many other IgG autoantibodies that circulate
in the blood of these patients. The latter are responsible for
the occurrence of congenital heart block and the “neonatal
lupus syndrome,” including life-threatening thrombocytope-
nia, which are described further elsewhere (42,311). Still, it
appears from most series that 85% to 90% of the fetuses sur-
vived (excluding first-trimester spontaneous abortions) (312).
Increases in proteinuria and “flares” appear quite common in
pregnancy, but data from controlled studies show no evidence
of more increases in the activity of lupus nephritis in pregnancy

TA B L E 7 4 - 4

COMPARISON BETWEEN PREECLAMPSIA AND LUPUS NEPHRITIS

Clinical measure Preeclampsia Lupus nephritis

C3, C4, CH50 May be decreased but
unusual

Commonly low

Urinalysis Red blood cell (RBC) casts
are rare

RBC casts frequent

Onset of proteinuria Commonly abrupt Gradual or abrupt
Hepatic aminotransferases May be increased Rarely abnormal
Quantity of proteinuria Will not differentiate
Thrombocytopenia Will not differentiate
Hyperuricemia Will not differentiate
Hypertension Will not differentiate

(From: Lockshin MD, Sammaratano LR. Rheumatic disease. In: Barron WM, Lindheimer MD, eds. Medical
Disorders During Pregnancy. 3rd ed. St. Louis: Mosby; 2000, with permission.)
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(314,316). Management of “flares” in the mother, including
pulse steroids and chemotherapy, the treatment of the antiphos-
pholipid syndrome, and the detection and management of con-
genital heart block are issues beyond the scope of this chapter
and are detailed elsewhere (311).

In contrast to systemic lupus erythematosus, in which the
disorder is usually sufficiently benign to allow conception in
women who so desire, the outcome of pregnancy in patients
with renal involvement with periarteritis nodosa or sclero-
derma is very poor, often because of the associated hyperten-
sion, which can be malignant in nature. In fact, many of the
cases described in the older literature, albeit selective and anec-
dotal, were of maternal deaths, and fetal survival was dismal
(2,42,311). The more recent literature, although still anecdo-
tal, contains descriptions of successful pregnancies in women
with scleroderma, but these were treated with ACE inhibitors,
a drug category that should be avoided during gestation
(311,318). We therefore continue to counsel against concep-
tion in women with these two entities and suggest pregnancy
termination when the disease is present in the first trimester.
Finally, there are reports that link pregnancy, via the passage
to and persistence of fetal cells or DNA in the mother, to the
pathogenesis of scleroderma, albeit years later (319,320). Ex-
perience with other vasculitides, including Wegener’s gran-
ulomatosis, is also sparse and anecdotal (311,321,322).
Antenatal and postpartum exacerbations have been described,
as well as successful pregnancies, in women treated with aza-
thioprine and cyclophosphamide. It should be noted, however,
both are pregnancy risk class D agents (see Physicians’ Desk
Reference), although there is considerable experience with the
former agent, primarily in gravid allograft recipients (see later
discussion).

Miscellaneous Glomerular Disorders. The literature regard-
ing minimal change nephropathy and pregnancy is favorable
but is restricted to fewer than 200 gestations (252,255,262).
Serum albumin levels usually decrease approximately 1g in nor-
mal gestation, which should theoretically make gravidas more
vulnerable to the complications attendant to massive urinary
protein loss. Of interest, therefore, is a case description of a
pregnant woman with steroid-responsive nephrotic syndrome
who developed in the first trimester renal insufficiency that re-
sponded rapidly to high-dose prednisone therapy (323). There
is limited experience with membranous nephropathy as well in
pregnancy, but for the most part, patients with preserved re-
nal function do well (252,255,258,262). Their proteinuria may
increase markedly, however, and at least one group has com-
mented that severe nephrotic syndrome of any origin during the
first trimester portends a poorer fetal prognosis (255,262).

Some Rarer Disorders

A retrospective report of 29 pregnancies in 17 women with re-
nal amyloidosis secondary to familial Mediterranean fever is of
concern; the authors suggested that gestation had an adverse
effect on the natural history of the disease, even when function
was only minimally decreased (324). There is only anecdotal
information on the course of Schönlein-Henoch disease and
Goodpasture’s syndrome in pregnancy (262,325–328). Con-
cerning the latter are data from one report in which the au-
thors postulated that the placenta ameliorated the disease dur-
ing gestation by providing a large absorptive surface for the
autoantibody (326). This would be consistent with an older
report by Steblay (329) that sheep immunized to human pla-
centas develop antibodies that react with both human placenta
and glomerular basement membrane. He noted similar results
when the sheep were immunized with glomeruli, suggesting
that similar or identical antigens are present in the placenta
and kidney.

Tubulointerstitial Disease and Reflux Nephropathy. There is
sparse information on gestation in women with chronic in-
terstitial nephritis and those with tuberculosis, but it would
appear that here, too, outcome reflects functional status before
conception (2,252). Of interest is the paucity of data relating
to pregnancy in women with analgesic (primarily phenacetin)
abuse, given the incidence of this disorder worldwide. One
group of investigators (330) has suggested that women with in-
terstitial nephritis were more prone than those with glomerular
disorders to hypertension during pregnancy. This is contrary to
our experience, in which pregnancy outcome was better than
in those with primary glomerular diseases (252).

Reflux nephropathy is a disease that begins in childhood
and affects a substantial number of women of reproductive
age (331) (Chapter 24). Its presence may even remain unde-
tected, and one should always consider this disorder in young
women with frequent infections, especially if associated with
unexplained hypertension. Some workers (263) have stressed
that pregnancy affects adversely the course of this disease, but
on careful review of their own data, these authors now note that
gravidas who do poorly are mainly those who had hyperten-
sion and moderate renal dysfunction before conception (269).
An analysis of 335 gestations in 135 women by Jungers’ group
(271) further revealed that when renal function was preserved,
92% of the gestations succeeded, although 17% of the women
delivered prematurely. Functional deterioration was noted only
in patients with moderately or severely decreased GFR before
conception or early in pregnancy.

Because of the nature of the disease, women with reflux
nephropathy require frequent urine cultures and aggressive
treatment when signs of urinary tract infection occur (331).
Also, because the disease may be inherited, children who are
born to parents with vesicoureteric reflux or reflux nephropa-
thy or who have affected siblings should be screened in in-
fancy (332). Finally, women who have undergone urinary tract
reconstructive surgery, especially diversion, may develop re-
flux when pregnant (333). They also have a high incidence of
asymptomatic bacteriuria. Still, and despite the risk of devel-
oping urinary tract obstruction as the uterus enlarges, their
pregnancies are usually successful and fairly benign (333).

Inherited Renal Disorders. The most common genetic re-
nal disorder is autosomal-dominant polycystic kidney disease
(ADPKD), which affects 1 of 400 to 1,000 persons (334)
(Chapter 18). The other conditions encountered in women of
childbearing age are renal amyloidosis associated with familial
Mediterranean fever (an autosomal-recessive disorder cluster-
ing in Armenians and Sephardic Jews, discussed previously)
and hereditary nephritis (335) (Chapter 19). Most of the rarer
disorders manifest during childhood and have usually pro-
gressed to end-stage renal disease before or by adolescence
(e.g., nephronophthisis and cystinosis). Still, such patients may
conceive while receiving renal replacement therapy or after
transplantation (336). Women with these disorders should be
referred for genetic counseling, or in early pregnancy where
antenatal predictive tests may be available (291).

Polycystic kidney disease. This disorder may remain unde-
tected during gestation, but careful questioning for a family
history of renal problems (10% or less of the cases are due to
spontaneous mutations) and the judicious use of ultrasonog-
raphy permit early detection (334,337). Women with ADPKD
may have a greater propensity to develop late gestational hy-
pertension or preeclampsia, but pregnancy outcomes are fa-
vorable when kidney function is preserved and hypertension is
absent (337,338). There is an increased risk for upper urinary
tract infections that are at times severe and require treatment
with lipophilic antibiotics such as ciprofloxacin or trimetho-
prim (both FDA pregnancy risk category class C) (334).
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Although pregnancy does not appear to affect the natu-
ral history of the renal disorder, it may influence the effect
of ADPKD on other organs. Liver cysts are more prevalent
and larger in women, especially in those who have been preg-
nant, and enlargement of cysts (increasing the chance of rup-
ture) may occur during gestation (Chapter 18). One group of
investigators (339,340) suggests that multiple pregnancies (de-
fined as three or more) lead to an earlier onset of renal in-
sufficiency. However, we believe that this may only reflect the
effects of pregnancy once moderate dysfunction is present, and
that gestation does not influence the long-term renal prognosis
of ADPKD. Finally, routine preconception screening of the in-
tracerebral vasculature is not necessary and should be reserved
for patients with a family history that reveals clustering of in-
tracranial aneurysms or subarachnoid hemorrhage (341).

Hereditary nephritis. Most patients with hereditary nephri-
tis (85%) are men, having inherited the disease as an X-
linked dominant disorder. In these families, most of carrier
women manifest only mild or moderate degrees of urinary ab-
normalities (as dictated by the Lyon hypothesis) (335). The
other 15% of patients with hereditary nephritis are examples
of autosomal-dominant and autosomal-recessive inheritance.
Thus, although hereditary nephritis is clinically silent in most
women, there are exceptions, and the disease may manifest it-
self for the first time during a pregnancy. Because GFR is usually
well preserved, most of these gestations succeed, but there is an
interesting report describing two sisters with the disorder who
developed rapidly progressive crescentic glomerulonephritis as-
sociated with pregnancy (342). Also, one should be aware of a
variant of hereditary nephritis associated with macrothrombo-
cytopenia and thrombocytopathy (2,335). Gestation in these
women may be complicated by bleeding problems that appear
to occur only at delivery or during surgical procedures.

Tuberous sclerosis. This autosomal-dominant disorder is char-
acterized by skin lesions, central nervous system involvement,
and visceral lesions, including renal angiomyolipomas (343).
There may be renal aneurysms in these angiomyolipomas and
in adjacent large branches of the renal arteries. One should at-
tempt to detect and excise these aneurysms before a planned
pregnancy, to prevent their rupture during gestation.

Von Hippel-Lindau disease. This is also an autosomal-
dominant disorder in which renal involvement includes cysts
and bilateral multifocal renal carcinoma. Twenty-five percent
of these patients also have pheochromocytoma, often bilat-
eral, which may also cluster in families, and is sometimes the

only manifestation of the disorder (344). Because pheochro-
mocytomas are associated with fatal outcome and are espe-
cially prone to exacerbate during gestation, all patients with
von Hippel-Lindau disease should be screened for this disor-
der. The management of pheochromocytoma in pregnancy is
discussed in Chapter 55. Details concerning genetic diagnosis
and counseling are beyond the scope of this chapter and can
be found elsewhere (345).

Urolithiasis. The incidence of stone disease in pregnant women
varies by geographic location and is estimated to occur in 1 of
every 1,500 pregnancies (346). The actual incidence, however,
may be higher, because patients are often not identified until
their disease is symptomatic and may even be overlooked if the
symptoms are subtle (e.g., repeated urinary tract infections).
There does not appear to be a marked increase in either the
appearance or the recurrence rate of nephrolithiasis in preg-
nant women (347) (even in the face of marked calcium supple-
mentation [348]). This is surprising because gravidas are nor-
mally hypercalciuric, and their urinary supersaturation ratios
for calcium oxalate and brushite are substantially increased
(349) (Fig. 74-16). Urinary citrate and magnesium excretion
also rise during pregnancy, but these increments are not enough
to counter the marked increases in the supersaturation ratios
(349). The answer, therefore, as to why there are no striking
increases in stone disease during gestation may lie in the in-
creased production and excretion of certain glycoproteins and
of the Tamm-Horsfall protein, which decrease crystal aggrega-
tion and growth, thus inhibiting stone formation (346,350).

Presentation of the disease resembles that in nongravid sub-
jects, the most common symptom being flank pain (about
89%), and more than 90% display either microscopic or
macroscopic hematuria (351). Most stones passed during preg-
nancy contain calcium salts, others are infectious in origin
(“struvite”), and very few are of the uric acid or cystine vari-
ety (42,346). The older literature anecdotally stressed the dra-
matic complications associated with obstruction or infection,
whereas more recent reports describe more benign courses, ex-
cept for increases in urinary tract infection and perhaps spon-
taneous abortion (42,346,347). Gestation does not appear to
affect the course of urolithiasis, and there is even the impres-
sion that mobilized stones pass more easily because the ureters
are dilated.

It should be stressed that the previous summary relates pri-
marily to women with noninfectious calcium oxalate stones,
whose course is also relatively benign in nonpregnant popu-
lations. Little is known, however, of the natural history of the
more serious struvite stones during pregnancy. Experience with

FIGURE 74-16. Relative saturation ratios for calcium oxalate (A) and brushite (B) during each trimester
of pregnancy and postpartum (PP), as well as in a population of healthy women (normal). p <0.01 for
both comparisons. (From: Maikrantz P, et al. Gestational hypercalciuria causes pathological urine calcium
oxalate supersaturation. Kidney Int 1989;36:108, with permission.)
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women who have cystinuria and conceive is also limited, al-
though the results of one small series appear reassuring (352).
In the latter disease, it is important to ensure hydration early
in pregnancy when women are frequently nauseous, and thus
far no adverse fetal effects have been ascribed to penicillamine
(FDA pregnancy safety category D). There is virtually no in-
formation relating to uric acid stones, although acute renal
dysfunction secondary to hyperuricemia has been described in
pregnancy (353).

When stone disease is suspected, pregnancy should not be a
deterrent to x-ray examination. A routine pyelogram involves
about 0.4 rad, and exposure can be minimized further by re-
stricting the number of films or using spiral computed tomog-
raphy (354). The diagnostic sensitivity of ultrasonography may
be markedly improved when combining abdominal and vaginal
technology (the latter to identify ureteral “jets”) and determin-
ing resistance (355). If the stone obstructs the ureter, surgery
may be necessary, and in this respect, about 30% of the patients
described in the literature have undergone an operative pro-
cedure such as open lithotomy or percutaneous nephrostomy
(42,346,356,357). Rigid ureteroscopy performed under gen-
eral anesthesia has also been used in pregnancy (346,358). Cur-
rently, however, the placement of ureteral stents under ultra-
sonic guidance, a less invasive technique, has made it possible to
manage gravidas through gestation and to defer more defini-
tive surgical procedures until after delivery (24,42,346,359).
Because there are very few data on lithotripsy during gestation,
the procedure is best avoided. Finally, as noted previously, uri-
nary tract infection in the presence of nephrolithiasis requires
prolonged treatment (about 3 weeks), followed by suppressive
therapy through the immediate puerperium, because the calcu-
lus represents a nidus of infection resistant to sterilization.

Guidelines on Managing Women with
Preexisting Renal Disorders

Counseling

When counseling women on the advisability of conception or
whether to continue a gestation already in progress, neither
answers nor decisions come simply. These patients have high
expectations, and the desire for motherhood is so strong as to
tempt the sympathetic physician to take unwarranted risks. In
addition, patients conceive against advice and refuse termina-
tion for religious, moral, or emotional reasons, in which case,
both nephrologist and obstetrician (preferably a maternal-
fetal-medicine subspecialist) must be ready to manage a dif-
ficult gestation and be prepared for serious complications.

We advise against attempting a pregnancy when serum
creatinine levels exceed 1.4 mg/dL (124 μmol/L), but some
permit gestation with preconception levels of up to 2 mg/dL
(177 μmol/L), particularly in women with a single kidney, in
those normotensive without treatment, and in those whose dis-
orders are primarily interstitial in nature. As for blood pressure
control, diastolic levels (Korotkoff V sound) should be 90 mm
Hg or less.

In addition to the standard laboratory tests that permit the
early detection of renal deterioration, the database should in-
clude serum uric acid and albumin levels, oxaloacetic and pyru-
vate transaminases, lactic acid dehydrogenase, and a platelet
count, tests that will later aid in the differential diagnosis of
an exacerbation of the renal disorder versus superimposed
preeclampsia (Chapter 53). We suggest biweekly visits, primar-
ily to the obstetrician’s clinic or office until gestational week
32, after which the patients are examined like all gravidas on a
weekly basis. Renal parameters (primarily serum creatinine lev-
els or its clearance) should be assessed every 4 to 6 weeks, unless

more frequent evaluations become necessary. Fetal surveillance
with electronic monitoring should be instituted after the thirty-
second week, and even as early as the twenty-eighth to thirtieth
week in frankly nephrotic patients.

Nephrotic gravidas are, in general, not prescribed diuretics
because they may be oligemic, and further intravascular volume
depletion may compromise uteroplacental perfusion. Further-
more, both serum albumin concentrations and blood pressure
normally decrease during gestation, in which case diuretics may
be more prone to precipitate renal failure, circulatory collapse,
or thromboembolic episodes. This is a relative recommenda-
tion, however, because there are nephrotic patients whose kid-
neys retain salt avidly and thus develop volume-induced hy-
pertension. This is especially true in diabetic nephropathy, in
which judicious use of diuretics may prevent or treat the pre-
sentation or aggravation of hypertension after midpregnancy
and help avoid the early termination.

The treatment of hypertension in pregnancy is discussed
elsewhere (360–362, Chapter 53). We use methyldopa, the pre-
ferred drug in the National High Blood Pressure Education
Program’s (NHBPEP) “consensus” report (360,362), because
its safety during gestation is attested to by more than 25 years of
postmarketing surveillance and several controlled trials; it also
remains the only blood pressure medication for which there is
a 7.5-year follow-up of the neonate. Currently, many hyper-
tensive and diabetic patients who conceive are receiving either
ACE inhibitors or angiotensin receptor blockers (ARBs). These
drugs may cause fetopathies (sometimes irreversible), neonatal
oliguric or anuric ARF, and possibly fetal anomalies (360,363).
The major adverse events seem to only be associated with fetal
exposure after midpregnancy, while anomolies, principally of
the CNS or cardiovascular system, were rare and noted in but a
single report whose authors linked prescriptions and outcome
in a large data base. If discontinuing the drug prior to a planned
conception may compromise management, particularly of hy-
pertensive diabeties and some patients with proteinuric renal
disease, we recommend continuing ACE inhibitor or ARB ther-
apy until conception is confirmed and then immediately discon-
tinuing their use. This is because major adverse events are asso-
ciated with fetal exposure after midpregnancy while anomaly
risks are small compared to those associated with poorly con-
trolled blood pressure and proteinuria prior to conception.
The patient however, should be informed of the various op-
tions. These medications however, are contraindicated, partic-
ularly after mid-pregnancy. Of note, although the NHBPEP
report suggested that pregnant patients with chronic hyper-
tension need not be treated until their diastolic levels reach
100 mm Hg or more (Korotkoff V sound), women with under-
lying renal disorders should receive therapy when these values
are 90 mm Hg or more.

Many nephrologists have treated patients with renal dis-
ease, including nephrotic patients, with protein-restricted diets
(Chapter 101), but we caution against such a policy in preg-
nant patients, because little is known regarding fetal outcome
in protein-restricted women. This is because of reports (whose
citation and discussion is beyond the scope of this chapter) sug-
gesting that protein restriction of gravid animals retards the
development of the fetal kidney, impairs microvascular func-
tion, adversely effects insulin signaling, and is associated with
hypertension in the offspring.

In the final analysis, GFR and blood pressure remain the
two maternal parameters that determine the course of the ges-
tation. Renal functional deterioration and the appearance or
rapid acceleration of hypertension are best evaluated in a hos-
pital setting, preferably one with an obstetrical tertiary care
facility. It is important to remember that a decrement in cre-
atinine clearance of 15% to 20% may occur normally near
term, and increased proteinuria in the absence of hypertension
need not cause alarm. In such circumstances, hospitalization is
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not necessary. When functional deterioration occurs earlier in
pregnancy, there are no definite guidelines that permit predic-
tion of postpartum reversibility, and the decision to terminate is
always difficult. This is especially true when the gestation is ap-
proaching its twenty-fourth week, and 2 to 4 more weeks could
improve substantially the chance for fetal survival. We usually
recommend termination when serum creatinine levels have in-
creased by 1 mg/dL, unless the values are still less than 2 mg/dL.
Clearly this is an area in which more information is required.

Hemodialysis and Peritoneal Dialysis

Guidelines for the initiation and management of dialysis during
pregnancy are detailed in several reviews (208–210,283,364).
These patients are often rigidly protein restricted when not
pregnant, but after conception, their protein intake should be
liberalized (to at least 1.5 g/kg), especially in patients under-
going peritoneal dialysis (365,366). The concept of initiating
early dialysis or increasing its frequency is based on the un-
proven but plausible hypothesis that fetal outcome is poorer
in the face of marked azotemia even when uremic symptoms
are not evident, and that fetal survival will improve in a less
azotemic intrauterine environment. Thus, we recommend that
renal replacement therapy be initiated when serum creatinine
levels reach 5 to 6 mg/dL or if blood urea nitrogen levels are
60 mg/dL or more (208–210,283). Such a policy appears to fa-
cilitate volume and blood pressure control and permits a more
liberal diet. Therapeutic goals include maintenance of predialy-
sis blood urea nitrogen level at 50 mg/dL or less (17.9 mmol/L)
while avoiding both hypotension and hypertension and rapid
volume changes and maintaining pH and electrolyte levels near
pregnancy norms (Table 74-1). For example, dialysate bicar-
bonate levels have to be reduced to avoid alkalosis, and after
midpregnancy, the average 0.5 kg per week weight gain should
be taken into account when considering dry weight. These goals
usually require daily dialysis.

Some of the problems encountered in these women include
the following. Dialysis may induce uterine contractions, and
it is prudent to initiate intradialytic uterine monitoring with
dialysis after the twenty-fifth gestational week; the placenta
hydroxylates vitamin D and increasing the frequency of dialy-
sis may lead to hypophosphatemia. Thus, the vitamin D analog
and phosphate binder dosing, as well as the dialysate Ca con-
centration, may all need to be reduced to avoid hypercalcemia.
Pregnancy is a hypercoagulable state, and intradialysis hep-
arin requirements may be difficult to adjust. Because pregnant
women tolerate infection poorly, one should be extremely vig-
ilant with patients receiving peritoneal dialysis. Some of the
advantages of increasing the weekly dialysis prescription may
be offset by increased loss of potassium, minerals, and water-
soluble vitamins, often-requiring nutritional supplementation
and increases in dialysate potassium levels. Erythropoietin re-
quirements increase markedly, and such needs may be the first
indication that a patient on dialysis is pregnant (367). This drug
seems to be well tolerated during gestation, (although data are
limited), and may be even indicated in women with moderate
renal insufficiency and severe anemia but not requiring dialysis
(208–210,282,283).

Finally, as noted, pregnancy outcome in these women is
poor and there are considerable maternal risks such as ac-
celerated hypertension, cardiac decompensation, peritoneal
bleeding (including venous erosion by the peritoneal catheter),
and death (210,281,368). However, there are recent indi-
cations that prognosis may be improving, especially when
the above-mentioned guidelines are adhered to (281–283). In
this respect, a dialysis in pregnancy registry is maintained by
Dr Hou at the Division of Nephrology, Loyola Stritch School
of Medicine, Chicago, IL, who can be contacted for up-to-date
information.

Renal Transplantation

Transplantation reverses the abnormal reproduction associated
with advanced renal disease. Ovulation and menses resume,
and it has been estimated that as many as 1 of every 50 women
of childbearing age with a functional kidney transplant become
pregnant (369). Thus, it is not surprising that after a 1963 re-
port of a successful pregnancy in a recipient of a renal allograft
(370), thousands more followed. In many of these instances,
the patient was unaware that she was fertile, suggesting a fail-
ure on the part of physicians to counsel these women properly.

In one extensive review of the literature through 1993,
Davison (371) documented 3,382 gestations in 2,409 recipi-
ents of a renal allograft (it is our experience that many more
are never reported). Most of these patients received azathio-
prine and prednisone, although experience with cyclosporine
was then quite limited and newer immunosuppressive drugs
(e.g., tacrolimus, mycophenolate mofetil) were yet to be used
for the management of transplant recipients. About 35% of
the pregnancies did not go beyond the first trimester, about
15% due to spontaneous miscarriages (an incidence similar to
that of normal pregnant populations), and the remainder to se-
lective inductions, often for nonmedical reasons. There was a
0.4% incidence of ectopic pregnancy. More encouraging, 93%
of the gestations that continued beyond the first trimester suc-
ceeded, kidney prognosis and gestational outcome appearing
to parallel those of pregnancy in women with preexisting renal
disease in that the better the renal function before conception,
the better the results. As expected, prognosis was best when
the transplanted kidney came from a living related donor.

Many women with renal transplants experience increases
in GFR during pregnancy, despite the presence of a single
functioning kidney that often has undergone some degree of
chronic rejection (64,65). The increments, however, are smaller
than those observed in normal gestations. On the other hand,
functional declines, usually in late gestation, are reported in
about 15% of the patients, most frequently in the patients
with the poorest prepregnancy creatinine levels. Fortunately,
these are transient in most instances (42,371). Proteinuria also
increases during these pregnancies, often to abnormal levels
(63,371,372), but in most instances, these increments are func-
tional in nature and unrelated to the health of the allograft.

This optimistic depiction must be tempered somewhat, be-
cause despite a high success rate, there are numerous ma-
ternal and fetal problems (18,371,373–375). These include
steroid-induced hyperglycemia, leukopenia, serious infections
including sepsis, uterine rupture, and even death in the mother.
Hypertension complicates 30% of the gestations, and in such
situations, plasma uric acid levels and protein excretion are not
useful markers for diagnosing the presence of superimposed
preeclampsia. This is because in allograft recipients, both in-
dices could be above the norm at any stage of the gestation in
otherwise uncomplicated pregnancies. There is also evidence
that diabetic gravidas with renal allografts fare much worse
than their nondiabetic counterparts, but the outlook may be
better in patients who received combined pancreas and kidney
transplants (371,376–378).

There are additional problems with the fetus and neonate
as well (371,373,374). The incidence of prematurity, growth
restriction, and low-birth-weight infants is increased, and con-
genital anomalies, serious infections, thrombocytopenia, hy-
poadrenalism, and hepatic insufficiency have been reported. In
addition, there are few, if any, long-term follow-up studies of
the neonates, as periodic reports of chromosomal damage, as
well as subtle immunologic abnormalities (secondary to im-
munosuppression?) have appeared in the literature (371,379).

Finally, as mentioned, the surveys on which our summary
is based primarily reflect results in patients managed with
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azathioprine and steroids alone, whereas virtually all allograft
recipients now receive cyclosporine, tacrolimus, or mycophe-
nolate, and newer agents are introduced all the time (380–
382). In this respect, reports are generated periodically by
a National Transplantation Pregnancy Registry, directed by
Dr V. Armenti at Temple University, Philadelphia, PA
(373,377,383), and a similar registry exists in the United King-
dom (384). Reports from the former registry that include sev-
eral hundred new patients, suggest outcomes similar to those
in the review by Davison, although it appears that patients
receiving cyclosporine and tacrolimus are at greater risk for
hypertensive complications, growth restriction, and prematu-
rity. For patients receiving cyclosporine this may reflect the fact
that they tend to have more chronic hypertension and higher
creatinine levels when they conceive.

Effect of Pregnancy on Allograft Survival

There is a continuing controversy regarding the effect of preg-
nancy on the natural history of the renal allograft. Concerns
that gestation might jeopardize the long-term health of the graft
was revived in 1993 by a limited but well-designed case-control
study by Salmela et al. (385). They described 29 posttransplan-
tation pregnancies in 22 women, each matched according to
original disease, type of donor, immunosuppression, serum cre-
atinine level at conception, and interval from transplantation
to pregnancy. Despite evidence of well-preserved renal function
(serum creatinine averaging 1.1 mg/dL or 109 μmol/L before
first gestation), the women who conceived had a lower 10-year
graft survival rate (69% versus 100%; p <0.005) compared
with women who never did. This report rang alarm bells in
transplant centers throughout the globe, even though we noted
the atypical character of this study (386), in which the different
results were primarily due to a highly unusual outcome in the
controls, who in 10 years of follow-up had no graft failures!
This is certainly contrary to the experience of most centers,
in many of which statistics resemble (and may even be poorer
than) those of the transplanted group who had conceived. Fur-
thermore, the findings of Salmela et al. are at odds with results
from the registry of the European Dialysis and Transplant As-
sociation (387) and other more recent reports (64,388,389).
Most interesting among the latter is a survey by Sturgiss and
Davison (388,390) of 18 women who had 34 pregnancies after
transplantation, and that contained a considerable number of
patients in the poorer prognostic category (e.g., moderate renal
insufficiency, longstanding diabetes, and hypertension) (390).
These women, too, were matched in case-control fashion to
an equal number of women who had never conceived. There
were no significant differences in GFR (measured by infusion
techniques) or in the prevalence of hypertension between those
who had conceived and those who had not, with the post-
transplantation follow-up in each group averaging 12 years
(Fig. 74-17). In summary, as of 2006, we believe there is no
need to alter our generally optimistic counseling practices, al-
though we do apprise the patients of the contrary findings of
Salmela et al. (385). This is another area in which prospective
data are needed.

Management Guidelines

Pregnancy in allograft recipients has been reported since the
1960s, but only recently did the American Transplant Asso-
ciations convene a consensus group whose recommendations
appeared in 2005 (369,391). Our guidelines are as follows:

1. Patients with transplants should wait 1 year before attempt-
ing conception. The reason for this are that outcomes appear
improved when renal function is stable and well preserved
without a recent rejection episode, or the need for frequent
adjustment of the immunosuppressive prescription, and the

FIGURE 74-17. Mean arterial pressure (MAP) (upper panel) and
glomerular filtration rate (GFR) measured as the clearance of inulin
(lower panel) in renal transplant recipients who underwent pregnan-
cies (left), compared with a control group who had never conceived.
Open bars are at outset and closed bars are at follow-up studies. (From:
Dr. J. M. Davison, with permission.)

women are remote from the risk of a cytomegalovirus in-
fection (that may require teratogenic medications); all these
criteria are usually achieved by 1 year posttransplantation.

2. Serum creatinine levels should be no more than 2 mg/dL
(177 μmol/L), and preferably less than 1.5 mg/dL (133
μmol/L), without evidence of rejection, pelvocaliceal dila-
tion, or infection. Proteinuria should be absent or minimal.
The acceptance of higher initial serum creatinine levels by
some is based on the assumption that in patients receiving
cyclosporine, part of the functional loss is due to renal vaso-
constriction.

3. Hypertension should be absent or easily managed.
4. Prednisone dosage should be less than or equal to 15 mg

per day, and azathioprine 2 mg/kg per day or less. The aza-
thioprine dose is based on limited data suggesting that fetal
anomalies do not occur until more than 2.2 mg/kg per day
is prescribed (392). We strive to maintain cyclosporine and
tacrolimus levels of 100 to 159 and 6 to 10 ng/mL, respec-
tively, and avoid use of sirolimus or mycophenolate (based
on both the very limited experience and/or anecdotal re-
ports concerning use of these latter two agents in pregnant
women).

Antenatal management is in general similar to that outlined
for women with preexisting renal disease. Tests of liver func-
tion, calcium and phosphate levels, and red and white blood cell
counts should be done at about 6-week intervals, because the
liver of gravidas may be more sensitive to the hepatotoxic effect
of azathioprine, and decreasing white blood cell counts may be
predictive of neutropenia and thrombocytopenia in the new-
born (both problems managed by decreasing the dose) (371).
Monitoring calcium and phosphate levels is important be-
cause some women have had a subtotal parathyroidectomy, al-
though others may manifest tertiary hyperparathyroidism. The
hemogram is primarily monitored to detect marrow suppres-
sion secondary to the immunosuppressive therapy, but there are
also data suggesting that the erythropoietin response to ane-
mia may be suboptimal in these gestations (393). Because most
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patients receive steroids, they should also be screened for glu-
cose intolerance during each trimester. Screening for toxoplas-
mosis and cytomegalovirus during each trimester, as well as
for herpes simplex virus near term, is also advisable, although
outcome studies to determine whether these policies are ef-
fective are sparse or lacking. Any evidence of graft dysfunc-
tion should be investigated aggressively; renal biopsy is often
necessary, given the difficulties in distinguishing among cal-
cineurin inhibitor toxicity, acute rejection, or the appearance
of preeclampsia by clinical and laboratory test criteria alone.

Gestations in transplant recipients are obviously “high risk”
and require close prenatal and perinatal care. All pelvic exami-
nations should be performed with strict aseptic techniques. The
transplanted kidney is in the false pelvis and is not apt to ob-
struct the birth canal. Routine cesarean sections are therefore
unnecessary, and the procedure is reserved for traditional indi-
cations. In this respect, many transplant patients have or have
had pelvic osteodystrophy related to their previous renal failure
or prolonged steroid therapy, which is of a severity that man-
dates an operative delivery (371). Regarding breast-feeding,
steroids are secreted into breast milk but in the usual thera-
peutic doses are not sufficient to affect the infant. Metabolites
of both azathioprine and cyclosporine also appear in breast
milk (371). Their levels, too, are minimal, but in the absence
of definitive data, we tend to discourage breast-feeding.

There are few guidelines concerning contraception in al-
lograft recipients, a question frequently raised at counseling
sessions or at the postpartum visit. The efficacy of intrauterine
contraceptive devices (few are available in the United States)
may be reduced because of the immunosuppressive and an-
tiinflammatory agents these patients ingest (371). These de-
vices may also aggravate menstrual problems and obscure signs
and symptoms in early pregnancy, and their insertion and re-
placement is associated with transient bacteremia, which is an
additional concern in immunosuppressed patients. Oral con-
traceptives may cause or aggravate hypertension or throm-
boembolism and may produce subtle changes in the immune
system. Use of preparations with low estrogen content seems
to have reduced these problems, but these drugs are yet to
be systematically tested in transplant populations. Still, some
prescribe them to allograft recipients, in preference to the less
efficacious barrier method (371).
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(Bailliére) 1994;8:287.

142. Gallery ED, Lindheimer MD. Alterations in volume homeostasis. In: Lind-
heimer MD, Roberts JM, Cunningham FG, eds. Chesley’s Hypertensive Dis-
orders in Pregnancy. 2nd ed. Stamford, CT: Appleton & Lange; 1999:327.

143. Catalano PM, et al. Estimating body composition in late gestation: a new
hydration constant for body density and total body water. Am J Physiol
1995;268:F153.

144. Lukaski HC, et al. Total body water in pregnancy: assessment by using
bioelectrical impedance. Am J Clin Nutr 1994;59:578.

145. Brown MA, Zammit VC, Mitar DM. Extracellular fluid volumes in
pregnancy-induced hypertension. J Hypertens 1992;10:61.

146. August P, Lindheimer MD. Pathophysiology of preeclampsia. In: Laragh
JH, Brenner BM, eds. Hypertension: Pathophysiology, Diagnosis, and Man-
agement. 2nd ed. New York: Raven Press; 1995:2407.

147. Baylis C, et al. Recent insights into the roles of nitric oxide and renin-
angiotensin in the pathophysiology of preeclamptic pregnancy. Semin
Nephrol 1998;18:208.

148. Wilson M, et al. Blood pressure, the renin-angiotensin system, and sex
steroids throughout normal pregnancy. Am J Med 1980;68:97.

149. Ehrlich EN. Heparinoid-induced inhibition of aldosterone secretion in preg-
nant women: the role of augmented aldosterone secretion in sodium con-
servation during normal pregnancy. Am J Obstet Gynecol 1971;109:963.

150. Quinkler M, et al The role of progesterone metabolism and androgen syn-
thesis in renal blood pressure regulation. Horm Metab Res 2004;36:381.

151. Winkel CA, et al. Conversion of plasma progesterone to deoxycorticos-
terone in men, nonpregnant and pregnant women, and adrenalectomized
subjects: evidence for steroid 21-hydroxylase activity in nonadrenal tissues.
J Clin Invest 1980;66:803.

152. Casey ML, MacDonald PC. Metabolism of deoxycorticosterone and de-
oxycorticosterone sulfate in men and women. J Clin Invest 1982;70:312.

153. Winkel CA, et al. Deoxycorticosterone biosynthesis in the human kidney:
potential for the formation of a potent mineralocorticoid in its site of action.
Proc Natl Acad Sci U S A 1980;77:7069.

154. MacDonald PC, et al. Regulation of extraadrenal 21-hydroxylase activity:

increased conversion of plasma progesterone to deoxycorticosterone during
estrogen treatment of women pregnant with a dead fetus. J Clin Invest
1982;69:469.

155. Castro LC, Hobel CJ, Gornbein J. Plasma levels of atrial natriuretic pep-
tide in normal and hypertensive pregnancies: a meta-analysis. Am J Obstet
Gynecol 1994;171:1642.

156. Brown MA, et al. Sodium excretion in normal and hypertensive pregnancy:
a prospective study. Am J Obstet Gynecol 1988;159:297.

157. Bay WH, Ferris TF. Factors controlling plasma renin and aldosterone in
pregnancy. Hypertension 1979;1:410.

158. Brown MA, Broughton Pipkin F, Symonds EM. The effects of intravenous
angiotensin II upon sodium and urate excretion in human pregnancy.
J Hypertens 1988;6:457.

159. Duvekott JJ, et al. Early pregnancy changes in hemodynamics and volume
homeostasis are consecutive adjustments triggered by a primary fall in sys-
temic vascular tone. Am J Obstet Gynecol 1992;169:1382.

160. Barron WM, Nalbantian-Brandt C, Lindheimer MD. Role of adrenal min-
eralocorticoid in volume homeostasis and pregnancy performance in the
rat. Hypertens Pregnancy 1993;12:59.

161. Weinberger MH, et al. The effect of posture and saline loading on plasma
renin activity and aldosterone concentration in pregnant, non-pregnant,
and estrogen treated women. J Clin Endocrinol 1977;44:69.

162. McLaughlin MK, Roberts JM. Hemodynamic changes. In: Lindheimer MD,
Roberts JM, Cunningham FG, eds. Chesley’s Hypertensive Disorders in
Pregnancy. 2nd ed. Stamford, CT: Appleton & Lange; 1999:69.

163. Schrier RW, et al. Pathophysiology of renal fluid retention. Kidney Int
1998;67:S127.

164. Kuo VS, Koumantakis G, Gallery ED. Proteinuria and its assessment in
normal and hypertensive pregnancy. Am J Obstet Gynecol 1992;167:723.

165. Higby K, et al. Normal values of urinary albumin and total protein excretion
during pregnancy. Am J Obstet Gynecol 1994;171:984.

166. Barr J, et al. Microalbuminuria in early pregnancy in normal and high risk
patients. Early Pregnancy 1996;2:197.

167. Hayashi M, et al. Changes in urinary excretion of six biochemical pa-
rameters in normotensive pregnancy and preeclampsia. Am J Kidney Dis
2002;39:392.
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CHAPTER 75 ■ MONOCLONAL
GAMMOPATHIES: MULTIPLE MYELOMA,
AMYLOIDOSIS, AND RELATED DISORDERS
PIERRE M. RONCO, PIERRE AUCOUTURIER, AND BÉATRICE MOUGENOT

Monoclonal proliferations of the B-cell lineage, often referred
to as plasma cell dyscrasias, are characterized by abnormal
and uncontrolled expansion of a single clone of B cells at
different maturation stages, with a variable degree of differen-
tiation to immunoglobulin (Ig)-secreting plasma cells. There-
fore, they are usually associated with the production and se-
cretion in blood of a monoclonal immunoglobulin (Ig) and/or
a fragment thereof. A decreased production of normal poly-
clonal Ig may occur, thereby favoring infections. An ominous
consequence of secretion of monoclonal Ig products is their
deposition in tissues. These proteinaceous deposits can take
the form of casts (in myeloma cast nephropathy [CN]), crys-
tals (in myeloma-associated Fanconi’s syndrome [FS]), fibrils
(in light-chain [LC] and exceptional heavy-chain [HC] amyloi-
dosis), or granular precipitates (in monoclonal Ig deposition
disease [MIDD], (Table 75-1). They may disrupt organ struc-
ture and function, inducing life-threatening complications. In
a large proportion of patients with crystals, fibrils, or granu-
lar deposits of Ig products, major clinical manifestations and
mortality are related to visceral Ig deposition rather than to
expansion of the B-cell clone. Indeed, except for myeloma CN,
which is generally associated with a large tumor mass malig-
nancy, Ig precipitation or deposition diseases often occur in
the course of a benign B-cell proliferation or of a smoldering
or low-mass myeloma.

The presence of abnormal urine components in a patient
with severe bone pain and edema was first recognized in the
1840s by Henry Bence Jones (1) and William MacIntyre (2),
who described unusual thermal solubility properties of urinary
proteins, far later attributed to Ig LCs (3). To perpetuate this
discovery, monoclonal LC proteinuria is often referred to as
Bence Jones proteinuria. This term is not appropriate because
less than 50% of LCs do show thermal solubility. Renal dam-
age characterized by large protein casts surrounded by multi-
nucleated giant cells within distal tubules was identified in the
early 1900s and termed myeloma kidney. This term must, how-
ever, be abandoned because CN with acute renal failure may
occasionally occur in conditions other than myeloma and be-
cause other patterns of renal injury were subsequently found
in patients with myeloma. The first of these was amyloidosis,
wherein tissue deposits are characterized by Congo red binding
and fibrillar ultrastructure. In 1971, Glenner et al. (4) showed
that the amino acid sequence of amyloid fibrils extracted from
tissue was identical to the variable region of a circulating Ig
LC, thereby providing the first demonstration that an Ig com-
ponent could be responsible for tissue deposition. The spectrum
of renal diseases due to monoclonal Ig deposition has expanded
dramatically with the advent of routine staining of renal biopsy
specimens with specific anti-κ and anti-λ LC antibodies, and of
electron and immunoelectron microscopy (Table 75-1). These
morphologic techniques associated with more sensitive and
sophisticated analyses of blood and urine monoclonal com-

ponents have led to the description of new entities, includ-
ing nonamyloid monoclonal LC deposition disease (LCDD)
(5,6), HC (or AH) amyloidosis (7), nonamyloid HC deposition
disease (HCDD) (8,9), chronic lymphocytic leukemia (CLL)–
associated glomerulopathies with organized deposits (10,11),
and proliferative glomerulonephritis with monoclonal IgG de-
posits (12). All of these pathologic entities principally involve
the kidney, which appears as the main target for deposition
of monoclonal Ig components. This is not only explained by
the high levels of renal plasma flow and glomerular filtration
rate (GFR), but also by the sieving properties of the glomerular
capillary wall and by the prominent role of the renal tubule in
LC handling and catabolism (13).

Polymorphism of renal lesions may be due to specific prop-
erties of Ig components influencing their precipitation, their in-
teraction with renal tissue, or their processing after deposition.
Alternatively, the type of renal lesions may be driven by the
local response to Ig deposits, which may vary from one patient
to another. That intrinsic properties of Ig components are re-
sponsible for the observed renal alterations was first suggested
by in vitro biosynthesis of abnormal Ig by bone marrow cells
from patients with lymphoplasmacytic disorders and visceral
LC deposition (14) and by recurrence of nephropathy in renal
grafts (15,16). A further demonstration of the specificity of Ig
component pathogenicity was provided by Solomon et al. (17).
They showed that the pattern of human renal lesions associated
with the production of monoclonal LC, that is, myeloma CN,
LCDD, and LC (or AL) amyloidosis, could be reproduced in
mice injected intraperitoneally with large amounts of LCs from
patients. The good correlation between experimental findings
and human lesions observed at biopsy or autopsy led to the
conclusion that physicochemical or structural properties of LCs
might be responsible for the specificity of renal lesions.

A normal Ig is composed of two LCs and two HCs. LCs
and HCs are themselves made up of so-called constant (C)
and variable (V) globular domains. Whereas a limited number
of genes encode the constant region, multiple gene segments
are rearranged to produce a variable domain unique to each
chain. Diversity is further amplified by mutations and varia-
tions of the linking peptide segment. Although LCs (and HCs)
have many structural similarities, they also possess a unique
sequence that may be responsible for physicochemical pecu-
liarities, hence their deposition in tissue or interaction with
tissue constituents. A number of structural and physicochemi-
cal abnormalities of Ig have already been described (reviewed
in 18,19). They include deletions of CH domains in HCDD
(8,9) and HC amyloidosis (7), shortened or lengthened LCs and
abnormal LC glycosylation in LCDD (14,20), and resistance to
proteolysis of the VL fragment in FS (21). Moreover, overrep-
resentation of certain VL gene subgroups was also reported in
amyloidosis (22,23) and LCDD (24). The mechanisms generat-
ing Ig diversity may randomly create HCs or LCs with peculiar
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TA B L E 7 5 - 1

PATHOLOGIC CLASSIFICATION OF DISEASES FEATURING TISSUE DEPOSITION OR PRECIPITATION OF
MONOCLONAL IMMUNOGLOBULIN-RELATED MATERIAL

Organized Nonorganized

Crystals Fibrillar Microtubular MIDD (“randall type”) Other

Myeloma cast
nephropathya

Fanconi’s syndrome
Other (extrarenal)

Amyloidosis (AL, AH)
Nonamyloid

Cryoglobulinemia kidney
Immunotactoid

LCDD
LHCDD
HCDD

Proliferative GN with
monoclonal IgG

Crescentic GN (IgA or
IgM)

AH, heavy-chain amyloidosis; AL, light-chain amyloidosis; GN, glomerulonephritis; HCDD, LCDD, LHCDD, MIDD, heavy-chain, light-chain,
light- and heavy-chain, monoclonal immunoglobulin deposition disease.
aCrystals are predominantly localized within casts in the lumen of distal tubules and collecting ducts, but may also occasionally be found in the
cytoplasm of proximal tubule epithelial cells.
(Adapted from: Preud’homme JL, Aucouturier P, Touchard G, et al. Monoclonal immunoglobulin deposition disease (Randall type): relationship with
structural abnormalities of immunoglobulin chains. Kidney Int 1994;46:965, with permission.)

properties such as proneness to deposition, whereas mistakes
in the rearrangement or hypermutation processes may result in
altered genes encoding truncated Ig. It must be stressed, how-
ever, that some abnormal Ig chains produced in immunopro-
liferative disorders are not associated with any special clinical
features. Conversely, structural abnormalities of LCs are not
a constant feature of diseases associated with LC deposition.
These observations suggest the need to increase the number of
nephritogenic Ig components to be analyzed at the complemen-
tary DNA (cDNA) and protein levels.

Myeloma- and AL amyloidosis-induced renal failure ac-
counts for less than 2% of the patients admitted to a chronic
dialysis program each year. This is due in part to the relative
rarity of these immunoproliferative diseases, but also to a dete-
riorated clinical condition of patients at the time of end-stage
renal disease. A dramatic effort of prevention must therefore
be carried out, relying in part on a better understanding of the
structural and physicochemical properties of Ig components
leading to deposition or precipitation in tissues. Any progress
in this field may also enlighten the pathogenesis of immunolog-
ically mediated renal diseases, especially glomerulonephritides,
because properties of monoclonal Ig components favoring their
deposition may apply as well to polyclonal Ig involved in the
formation of immune complexes. This is exemplified by type
II mixed cryoglobulins that both contain a monoclonal Ig and
form circulating immune complexes.

Because of the correlations already established between
pathologic entities and physicochemical or binding properties
of Ig components, and because of the lack of specificity of clin-
ical manifestations such as acute renal failure or the nephrotic
syndrome, we have classified the various forms of renal in-
volvement in monoclonal gammopathies according to the le-
sions observed in renal biopsy specimens. We indeed consider
that elucidation of the pathophysiologic mechanisms responsi-
ble for each type of lesion should result in the identification of
patients at risk for this lesion and in the design of new thera-
peutic strategies.

The majority of patients (63% in a series of 87) with
serum and/or urine monoclonal gammopathy who undergo re-
nal biopsy have disease unrelated to monoclonal gammopathy
deposition (25). Therefore, the diagnosis of virtually all of the
entities to be discussed is critically dependent on the inclusion
of κ and λ in the standard of immunofluorescence stains. In
some of the rarer entities, a more refined and precise diagnosis
can be made with immunofluorescence staining for the sub-
classes of IgG. Collectively these stains may demonstrate light
chain isotype restriction and γ -heavy chain subclass restric-
tion, which strongly favors, but does not definitely prove, the

presence of a monoclonal Ig. Demonstration of monoclonality
requires serum and urine studies by immunoelectrophoresis or
immunofixation.

MYELOMA-ASSOCIATED
TUBULOPATHIES

The prevalence of tubular lesions or dysfunction in patients
with myeloma is difficult to assess because most patients do not
undergo a renal biopsy, but it is most likely high and.can be ap-
proached histologically and functionally. In Ivanyi’s necropsy
study including immunofluorescence,18 of 57 patients (32%)
had CN, whereas 6 (11%) had renal amyloidosis and 3
(5%) had κ-LCDD. The higher prevalence of CN (30%)
was confirmed in the more recent autopsy series of Herrera
(26). Tubular alterations are also demonstrated by increased
urinary concentrations of the low-molecular-weight proteins
normally reabsorbed by the proximal tubule (27), increased
urinary elimination of the tubular lysosomal enzyme β-acetyl-
d-glucosaminidase (27), and frequent abnormalities in renal
tubular acidifying and concentrating ability (28) in patients
with LC proteinuria. However, myeloma-associated FS remains
an exception; it was not detected in the 42 myeloma patients
whose tubular function was systematically studied by Coward
et al. (29).

CN is not only the most frequent lesion in myeloma pa-
tients, it is also the major cause of renal failure, which is ob-
served in about 25% of patients with multiple myeloma (30).
In nephrology departments that usually receive only myeloma
patients with severe renal abnormalities, the prevalence of CN
assessed histologically varies from 63% to 87% (31–34) among
the myeloma patients with renal failure. This prevalence is most
likely underestimated because patients with presumed CN do
not systematically undergo a renal biopsy, whereas those ex-
hibiting significant albuminuria or a fortiori the nephrotic syn-
drome do, especially in the absence of amyloidotic deposits in
nonrenal biopsy specimens. In myeloma patients with an al-
bumin urinary output of less than 1 g per/day, there is a good
correlation between the diagnosis of CN and renal failure.

Of note, CN may occur in other immunoproliferative disor-
ders featuring urinary LC excretion including Waldenström’s
macroglobulinemia (35) and μ-HC disease (36). In a case of
μ-HC disease, the urinary secretion of large amounts of free
κ-chain was responsible for acute renal failure with a typical
histologic presentation of “myeloma kidney” (36). In a case
of Waldenström’s macroglobulinemia, acute renal failure was



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-75 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:0

Chapter 75: Monoclonal Gammopathies: Multiple Myeloma, Amyloidosis, and Related Disorders 1943

related to cast nephropathy due to (urinary) secretion of a free
λ LC (35). CN was also reported in renal allograft recipients
treated with tacrolimus plus rapamycin (37).

Myeloma Cast Nephropathy

Pathophysiology of Myeloma Cast Nephropathy

CN occurs mainly in patients with myeloma with a high LC
secretion rate (although the pathogenic character of LC rate
is much variable between individuals). That LCs are the main
culprits is supported also by the following clinical, pathologic,
and experimental data:

1. Renal lesions may recur on grafted kidneys (38).
2. Similar crystals may occasionally be seen within casts, prox-

imal tubule cells, and plasma cells (39). Their usual lack of
staining with anti-LC antibody is most likely due to degra-
dation or masking of the relevant epitopes.

3. Mice injected with LC purified from patients with CN de-
veloped extensive cast formation in the distal renal tubules
(17,40).

However, a number of patients produce large amounts of
LCs and yet fail to present significant signs of renal involve-
ment throughout the course of the disease. This may be related
to the absence of enhancing factors such as hypercalcemia, low
urinary output and high urinary solute concentration, low uri-
nary pH, and injection of contrast medium, but this also sug-
gests that some LCs may be particularly prone to induce renal
lesions, especially cast formation.

Because lesions observed in CN associate cast formation
with proximal tubule cell lesions, it is usually believed that
LCs are directly toxic to epithelial cells, resulting in decreased
proximal reabsorption of the LCs and increased delivery to the
distal tubule in which they coprecipitate with Tamm-Horsfall
protein (THP). Tubular obstruction by large and numerous
casts may also contribute to the development of tubular le-
sions. For clarity, we will analyze separately the pathogenesis
of proximal tubule lesions that result from renal metabolism
of LCs, the mechanisms of cast formation, and the respective
role of tubular obstruction and tubular lesions in the gene-
sis of renal failure (Fig. 75-1). This mode of presentation is
also warranted by the observation that certain LCs damage
the proximal tubule, whereas others precipitate in the distal
tubule, obstructing the nephron, when perfused in rat nephrons
in vivo (41).

Renal Metabolism of Light Chains and Pathogenesis of Proxi-
mal Tubule Lesions. Normal as well as malignant plasma cells
can secrete free LC, in addition to complete Ig molecules; the
amount of free LC secretion is highly variable, depending on
the variable (VL) domain structure (42). The LCs are normally
filtered by the glomerulus and then reabsorbed by the prox-
imal tubule. Lambda and to a lesser extent, κ-LCs circulate
mainly as covalently linked dimers that have a mass-restricted
glomerular filtration. In normal individuals, several hundred
milligrams per day of circulating free polyclonal LCs are fil-
tered by glomeruli and more than 90% of these are reabsorbed
and catabolized by proximal tubular cells (13,43,44). LCs bind
to a single class of low-affinity, high-capacity noncooperative
binding sites described by Batuman et al. on both rat and
human kidney brush-border membranes (45). These sites ex-
hibit relative selectivity for LCs compared with albumin and
β-lactoglobulin. It has been shown that LCs could bind to cu-
bilin (46), a multi-ligand receptor belonging to the large family
of low-density lipoprotein receptors and located in the intermi-
crovillar areas of the brush border. After binding to the luminal
domain of proximal tubular epithelial cells, LCs are incorpo-
rated in endosomes that fuse with primary lysosomes where
proteases, mainly cathepsin B, degrade the proteins into amino
acids, which are returned to the circulation by the basolateral
route. Decreased LC reabsorption can be induced by infusion
of cationic amino acids that compete with the LC-binding sites
(47) and by impairment of proximal tubule function.

When the concentration of filtered LCs is increased as in
myeloma patients, profound functional and morphologic alter-
ations of proximal tubule epithelial cells may occur. The func-
tional disturbances include low-molecular-weight proteinuria
(27,29) and inhibition of sodium-dependent uptake of amino
acids and glucose by brush-border preparations (48). Further-
more, in human proximal tubule cells, endocytosis of LCs was
shown to induce cytokines including interleukin (IL)-6, IL-8
and monocyte chemoattractant protein-1 (MCP-1) through ac-
tivation of NF-κB (49). Increased cytokine production may be a
major mechanism mediating tubulointerstitial injury and pro-
gressive kidney disease in some patients with myeloma. Mor-
phologically, some of the LCs infused in mice (40) or rats (50)
or perfused in rat nephron in vivo (41,51) accumulated in en-
dosomes and lysosomes of the proximal convoluted tubule and
sometimes of the distal convoluted tubule (40). In a rat model
of myeloma, crystalloid formations were frequently seen within
phagolysosomes in proximal tubule cells, and lysosomes were
markedly enlarged and distorted (52). Activation of the en-
dosome/lysosome system was associated with mitochondrial

FIGURE 75-1. Schematic representation of the
pathogenesis of myeloma cast nephropathy.
GFR, glomerular filtration rate; THP, Tamm-
Horsfall protein. (Adapted from: Winearls CG.
Nephrology forum: acute myeloma kidney.
Kidney Int 1995;48:1347.)
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alterations (50), prominent cytoplasmic vacuolation, focal loss
of the microvillus border, and epithelial cell exfoliation (51).

These experiments thus establish that the proximal tubule
epithelium is a main target of LC toxicity, but that not all LCs
are toxic to this epithelium. However, these results must be in-
terpreted with caution. In most cases, large amounts of LCs
were injected or microperfused. Moreover, clinical character-
istics and renal lesions of the patients from whom LCs were
obtained were defined poorly or not all. It might well be that
some of the LCs, especially those prone to form crystals, were
produced by patients with FS. Conversely, these experiments
suggested that the proximal tubule endocytotic and lysosomal
system might be overwhelmed when large quantities of LCs
were filtered, thereby allowing LCs to proceed to the distal
nephron.

Pathogenesis of Cast Formation. Because myeloma casts are
composed principally of the monoclonal LC and THP, it has
long been hypothesized that interaction of these two proteins
was a key event in cast formation. THP is a highly glycosylated
and acidic protein (isoelectric point [pI] = 3.2) synthesized
exclusively by the cells of the ascending limb of the loop of
Henle (53). It is the major protein constituent of normal urine,
and an almost universal component of casts. This 80-kDa pro-
tein is also remarkable for its ability to form reversibly high-
molecular-size aggregates of about 7 × 106 daltons at high but
physiologic concentrations of sodium and calcium, and at low
urinary pH. The role of THP in cast formation has prompted
a wealth of studies on its interactions with LCs. These stud-
ies were performed with the aim of defining a population of
myeloma patients at risk of developing renal damage. The role
of LC pI has long been suggested. As early as 1945, Oliver
(54) proposed that the occurrence of casts in the distal tubules
was the result of coagulation of globulins with a low pI in an
acid urine. In 1979, Clyne et al. (55) suggested that LC with a
high pI (greater than 5.6) and THP could bear opposite charges
in the normal urine pH range, and undergo polar interaction
between charged groups and precipitation. Clyne’s hypothesis
was supported by Coward et al. (56), who reported a signifi-
cant negative correlation between pI and creatinine clearance.
However, the nephritogenic potential of LCs with a high pI
was not confirmed in further experimental and clinical studies
(31,52,57,58).

In an elegant series of studies, Sanders et al. implicated THP
as a major pathogenetic factor in a rat model. Development of
casts and injury to proximal tubule cells in renal tubules mi-
croperfused with human nephritogenic LC were not correlated
with LC pI, molecular form, or isotype (41). Intranephronal
obstruction was aggravated by decreasing extracellular fluid
volume or adding furosemide. In perfused loop segments, cast-
forming LCs reduced chloride absorption directly, thereby in-
creasing tubule fluid [Cl−] and promoting their own aggrega-
tion with THP (59). Pretreatment of rats with colchicine, which
prevents addition of sialic acid to the protein, completely pre-
vented obstruction and cast formation in perfused nephrons
(60), and THP from those rats did not aggregate with LCs
in vitro, contrary to THP purified from control rats. In vitro
studies suggest that THP can undergo both self (homotypic) ag-
gregation and heterotypic aggregation with LCs (61). Homo-
typic aggregation is enhanced by calcium, furosemide, and low
pH, and is dependent on THP sialic-acid content. Heterotypic
aggregation requires previous binding of LC to the THP protein
backbone (62). A 9-residue sequence of the THP was identified
as a binding site of LCs, including a histidine at position 226,
which explains, at least partially, the pH dependence of molec-
ular interactions (63). LCs bind to THP through their third
complementary determining region (CDR3) (64). The sugar
moiety is also essential for coaggregation of LC and THP, per-
haps by facilitating homotypic aggregation of THP. THP from

normal volunteers treated with colchicine had a lower sialic
acid content and a decreased aggregation potential in the pres-
ence of pathogenic LCs (61).

These findings suggest that colchicine may be useful in the
treatment of cast nephropathy and that it is conceivable to de-
sign peptides or analogs that would inhibit interactions of LCs
with THP and theoretically prevent the clinical manifestations
of myeloma CN. Conversely, an increase in dietary salt and
the loop diuretic, furosemide, may be harmful because these
substances not only enhance THP homotypic aggregation, but
also increase expression of this protein in the rat (65).

Cast formation may not rely only on interactions between
LC and THP. First, five of 12 LCs purified from the urine of
patients with CN failed to react with THP by enzyme-linked
immunosorbent assay (ELISA) (21). Second, myeloma casts oc-
casionally do not stain for THP in human biopsies (66), and
casts induced in mice by LC injection do not seem to contain
THP during the first 24 hours (40), indicating that some LCs
may undergo aggregation or precipitation in the absence of
THP. This hypothesis is supported by studies showing that the
deposition of certain LCs in vivo may be related to their ca-
pability to aggregate in vitro (67). Resistance of LCs to renal
and macrophage-released proteases may also contribute to cast
formation and persistence (21).

Role of Tubular Obstruction by Casts in the Genesis of Renal
Failure. The role of casts as plugs obstructing the tubules has
been clearly shown in micropuncture studies (68). In myeloma
patients, the correlation between severity of renal insufficiency
and the number of casts remains controversial. Hill et al. (69)
found a good correlation between the extent of cast formation
and degree of renal failure, whereas others (28,31,70) have
failed to demonstrate this correlation. This may be explained
partly by the prominent medullary localization of casts, the
count of which is underestimated in superficial kidney cortex
biopsy specimens. The first indication that antibodies to THP
could serve as probes of tubular obstruction was provided by
Cohen and Border (71), who identified the protein in glomeru-
lar urinary spaces of two myeloma patients. This finding is
indicative of intratubular urinary backflow (72). We detected
THP in glomerular urinary spaces in 16 of 18 biopsies of pa-
tients with myeloma CN (Ronco and Mougenot, personal data)
(Fig. 75-2). The proportion of obstructed tubules is too small
to account by itself for renal failure. Renal failure induced by

FIGURE 75-2. Myeloma cast nephropathy. Immunofluorescence
stain with anti–Tamm-Horsfall protein (THP) monoclonal antibody.
Glomerular deposits in Bowman’s space delineate the inner aspect of
Bowman’s capsule and penetrate between lobules of the capillary tuft.
Identification of THP in the urinary spaces of glomeruli supports the
obstructive role of casts with reflux of tubular urine. (Magnification,
×312.)
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CN is multifactorial, implicating also tubular epithelial cell and
interstitial lesions. From a clinical point of view, tubule obstruc-
tion by casts may explain the slow recovery of renal function
noted in many patients (31).

Interstitial deposits of THP were also found in 8 (44%)
of the 18 biopsies examined with specific antibodies (Ronco
and Mougenot, personal data). They probably result from a
leakage of the protein through gaps in the tubular basement
membrane favored by tubular obstruction. Clinical and exper-
imental models have implicated the protein in the pathogenesis
of tubulointerstitial nephritis. Thomas et al. (73,74) identified a
single class of sialic acid–specific cell surface receptors for THP
on polymorphonuclear leukocytes, and further showed that
in vitro activation of human mononuclear phagocytes by par-
ticulate THP led to the release of gelatinase and reactive oxygen
metabolites, both probably contributing to tissue damage.

In conclusion, there is considerable evidence that some LCs
are intrinsically prone to induce tubular damage but the type
of the predominant renal lesion (e.g., casts, crystals, or tubular
epithelial cell alterations) varies from one LC to another. In ad-
dition, extrinsic factors including dehydration, hypercalcemia,
low urine pH, and use of contrast medium or xenobiotics toxic
to epithelial cells, most likely enhance LC toxicity. Tubular ob-
struction plays an important, but not exclusive, role in the gen-
esis of renal failure. Both tubular obstruction and acute tubular
lesions are theoretically reversible.

Clinical Presentation

Changing Presentation of Patients with Myeloma-Induced Re-
nal Failure. When DeFronzo et al. reported the first series of 14
myeloma patients with acute renal failure in 1975 (75), it was
established that renal failure occurred at some time during the
illness in approximately half of the patients, but that the mode
of presentation was usually chronic with a slow progression
over a period of several months to years.

The mode of presentation of renal failure in myeloma has
changed dramatically over the years. In their review of 141 pa-
tients treated in Nottingham between 1975 and 1988, Rayner
et al. (76) showed that the absence of severe renal impairment
at presentation predicted a low probability of developing renal
failure subsequently. In only 5 of 34 patients of our own renal

series (31) did the diagnosis of myeloma antedate the discovery
of renal failure by more than 1 month. In 3 patients the pres-
ence of a monoclonal Ig was known for 10 to 18 years, but it
only showed criteria of malignancy for less than 9 months. In
34 of the 53 cases (64%) collected in the Oxford series over
the period from 1989 to 1994 (77), renal failure was discov-
ered within a month of the diagnosis of myeloma, and in more
than half of the cases it antedated the diagnosis of myeloma.
Other series (32,33) also emphasize the simultaneous diagnoses
of myeloma and renal failure. Such a change in epidemiology
of renal failure may be interpreted in two ways. It is possible,
although unlikely, that patients with established myeloma who
subsequently develop renal failure are not referred for dialy-
sis. Alternatively, more aggressive treatment of myeloma and
higher awareness of the conditions that induce CN in the last
two decades may have prevented LC precipitation within the
tubule lumen, and hence the development of CN (77).

Demographic and Hematological Characteristics of Patients
with Cast Nephropathy-Related Renal Failure. In Table 75-2
are summarized the clinical and pathologic data in four large
series of myeloma patients with acute renal failure in which a
renal biopsy was performed in at least 40% of the patients. A
diagnosis of myeloma CN was established histologically in 81
of 99 (82%) renal biopsies, and lesions compatible with this
diagnosis were found in 10 further biopsy specimens (10%).
In comparison with the Mayo Clinic series of 869 unselected
myeloma cases (79) in which the mean age was 62 years and
the male–female ratio was 1.55, patients with acute renal fail-
ure did not show any demographic particularity. As shown in
Tables 75-2 to 75-4, myeloma patients with renal failure are
characterized by high tumor mass and virtually constant uri-
nary LC loss, often of high output.

More than 72% of patients in the renal series have a high
tumor burden (Table 75-2). This is confirmed by the Alexa-
nian series, which included 494 consecutive patients referred
to an oncology center (80) (Table 75-3). Only 3% of patients
with myeloma of low tumor mass had renal failure, whereas
40% of those with high tumor burden had a serum creatinine
greater than 180 μmol/L. These data contrast with the hemato-
logic characteristics of patients with other renal complications
of dysproteinemia including FS, amyloidosis, and MIDD, in

TA B L E 7 5 - 2

CLINICAL AND PATHOLOGIC CHARACTERISTICS OF PATIENTS WITH MYELOMA-INDUCED RENAL FAILURE OF
PRESUMED OR ESTABLISHED TUBULOINTERSTITIAL ORIGIN

Urinary Renal lesions
No. of Male–female Serum creatinine light chain in biopsy

Series (ref. no.) patients Age (yr) ratio (μmol/L) >2 g/day specimen

Tumor mass

IIB IIIB

Rota et al.,
1987 (31)

34 66 (33–90) 0.88 15% 73% 975 (164–2000) 53% 26 MCN
2 ATN
2 CIN

Pozzi et al.,
1987 (32)

50 63 (47–75) 1.38 12% 82% 798 (273–1518) 41%a 16 “Myeloma
kidney”b

8 other
Pasquali et al.,

1990 (33)
25 60 (48–74) 2.12 24% 72% 891 (455–1391) 72% 25 MCN

Irish et al.,
1997 (78)

56 67 (42–82) 1.33 22% 78% 811 (302–2600) NA 16 MCN, 5 AINc

AIN, acute interstitial nephritis; ATN, acute tubular necrosis; CIN, chronic interstitial nephritis; MCN, myeloma cast nephropathy; NA, not available;
IIB, intermediate tumor mass; IIIB, high tumor mass.
aTotal proteinuria, including light chains.
bPresumably myeloma cast nephropathy.
c“Compatible with myeloma.”
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TA B L E 7 5 - 3

RELATION BETWEEN TUMOR MASS AND RENAL
FUNCTION

% of patients with
serum creatinine (μmol/L)

Tumor mass No. of patientsa <180 180–270 >270

Low 151 97 1 2
Intermediate 183 89 5 6
High 160 60 17 23

aThis series included 494 consecutive, previously untreated patients
with multiple myeloma.
(From: Alexanian R, Barlogie B, Dixon D. Renal failure in multiple
myeloma: pathogenesis and prognostic implications. Arch Intern Med
1990;150:1693, with permission.)

whom the monoclonal B-lymphocyte or plasma cell prolifera-
tion is either malignant but of low magnitude, or often benign
from a hematologic point of view.

Another salient feature of myeloma associated with renal
failure is the high prevalence of pure LC myelomas. Although
they represent only about 20% of all myelomas referred to
hematology or cancer centers, they are found in between 37%
and 64% of patients with renal failure of presumed or estab-
lished tubulointerstitial origin referred to nephrology centers.
Development of CN in two studies in which this diagnosis was
established histologically (31,33) was associated with urinary
excretion of LCs exceeding 2 g per/day in 53% and 72% of the
patients (Table 75-2). IgD myeloma has the greatest potential
for causing renal disease. To give a balanced view on the preva-
lence of pure LC myeloma and on the output of urinary LCs in
myeloma-associated renal failure, it is also necessary to analyze
nonrenal series (80). When specific disease features implicated
in the pathogenesis of renal failure are examined, LC protein

TA B L E 7 5 - 4

FEATURES ASSOCIATED WITH RENAL FAILURE IN
MYELOMA

% with
No. of renal

patientsa failure P

All patients 494 18

Urinary LC (g/day)
>2.0 123 39 0.00001
0.05–2.00 149 17
<0.05 222 7

Myeloma protein type
Only LC protein 93 31 0.0003
Other 401 15

Serum calcium (mmol/L)b

>2.87 104 49 0.00001
≤2.87 390 10

LC, light chain
aSame series of patients as in Table 75-3.
bCorrected calcium (mmol/L).
(From: Alexanian R, Barlogie B, Dixon D. Renal failure in multiple
myeloma: pathogenesis and prognostic implications. Arch Intern Med
1990;150:1693, with permission.)

excretion emerges as a highly significant independent factor on
multivariate analysis (Table 75-4). The risk of developing renal
failure is twice as high in patients with pure LC myeloma, and
five to six times greater in patients with LC proteinuria greater
than 2.0 g per/day compared to those with proteinuria less
than 0.05 g per/day. This indicates that in patients producing
complete immunoglobulin molecules, CN essentially occurs in
those synthetizing an excess of LCs. The frequency of renal
failure is identical in patients excreting κ or λLCs, as it is in
most renal series. In the Alexanian series (80), hypercalcemia
also was a prominent independent pathogenetic factor on mul-
tivariate analysis, with a risk of renal failure five times greater
in those patients with corrected calcium greater than 2.87.

The Clinical and Urinary Syndrome of Myeloma Cast
Nephropathy. CN-induced renal failure is remarkably silent.
Clinical accompanying signs are due to myeloma (or to hy-
percalcemia), including weakness, weight loss, bone pain, and
infection. Because of their nonspecificity and their frequency
in older patients, they often do not lead patients to take med-
ical advice or physicians to prescribe serum and urinary elec-
trophoreses, which are the key laboratory investigations for
the diagnosis of myeloma. Peaks visible on serum or urine
electrophoresis are then identified by immunoelectrophoresis
or immunofixation. A preserved corrected calcium at presen-
tation in patients with unexplained renal failure should alert
clinicians to the possibility of myeloma.

The main urinary feature is the excretion of a monoclonal
LC, which accounts for 70% or more of total proteinuria in
80% of patients (31). LC proteinuria is usually not detected
by urinary dipsticks, but only by techniques measuring total
proteinuria. Certain LCs fail to react or react weakly in some
widely used precipitation assays, such as the sulfosalicylic acid
method, leading to falsely negative or underestimated results.
The remaining proteins are composed of albumin and low-
molecular-weight globulins that have failed to be reabsorbed
by proximal tubule cells. In the rare patients with albuminuria
greater than 1 g/day, CN is usually associated with glomerular
lesions due to amyloidosis or MIDD. There is no hematuria in
pure CN.

Precipitants of Cast Nephropathy. These are of paramount im-
portance because of measures to prevent precipitation (Table
75-5). It is often difficult to identify a particular event respon-
sible for precipitating renal failure, as these patients experience
many of the complications of the disease at once, a common
thread of which seems to be an effect on renal perfusion.

Hypercalcemia is an important precipitant found in 19%
to 44% of the renal series (Table 75-5), and in 57% of the
patients with renal failure in Alexanian nonrenal series (80).
Presumably, hypercalcemia acts by inducing dehydration as a
result of emesis and a nephrogenic diabetes insipidus. It may
also enhance LC toxicity (81) and cause nephrocalcinosis. Cal-
cium was shown to enhance the aggregation of LCs with THP
(61).

Dehydration, with or without hypercalcemia, and infec-
tion are other major risk factors for acute renal failure. Rota
et al. (31) found a high rate of urinary infections (10/34, 29%),
which were associated in three cases with an increased propor-
tion of polymorphonuclear leukocytes in the renal biopsy, sug-
gesting an etiologic link between infection and deterioration of
renal function. Infection also operates by causing dehydration
and prompting the use of nephrotoxic antibiotics.

Contrast media have hitherto been considered an important
precipitant of acute renal failure. It was hypothesized that the
contrast medium bound to intratubular proteins, especially the
LC and THP, causing them to precipitate and obstruct tubu-
lar flow. Contrast media also have vasoconstrictive effects, de-
creasing glomerular filtration rate (GFR) and urinary output.
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TA B L E 7 5 - 5

PRECIPITANTS OF ACUTE RENAL FAILURE IN MYELOMA

No. of Contrast
Series (ref. no.) patients Dehydration Infection Hypercalcemia medium NSAIDs None

Rota et al., 1987 (31) 34a 65% 44% 44% (>2.60 mmol/L) 0% 24% —
Pozzi et al., 1987 (32) 50a 24% 10% 34% (≥2.75 mmol/L) 4% 0% 44%
Ganeval et al., 1992 (34) 80b 10% 9% 30% 11% — 35%
Irish et al., 1997 (78) 56a 4% 4% 23% 0% 11% 57%

NSAIDs, nonsteroidal antiinflammatory drugs.
aRenal lesions are described in Table 75-2.
bIncludes 19 patients with myeloma cast nephropathy, two with amyloidosis, and eight with LCDD (light and heavy chain deposition disease).

McCarthy and Becker (82) reviewed seven retrospective stud-
ies of myeloma patients receiving contrast media, involving 476
patients who had undergone a total of 568 examinations. The
prevalence of acute renal failure (which was not defined) was
0.6% to 1.25%, compared to 0.15% in the general population.
This is a low risk and contradicts the dogma that contrast me-
dia should not be used in myeloma patients. This change may
reflect awareness of the risk and care taken to hydrate patients
actively with alkaline solutes before and during the adminis-
tration of contrast media. No clinical data currently support
the preferential use of non-ionic agents in myeloma patients to
decrease the risk of acute renal failure.

A number of drugs are noxious in myeloma patients.
They include antibiotics, particularly aminoglycosides, and
nonsteroidal antiinflammatory drugs (NSAIDs) (31,77,83–85).
The mechanisms whereby NSAIDs precipitate renal failure in
myeloma patients are most likely twofold (86). First, they re-
duce the production of vasodilatory prostaglandins that help to
maintain an appropriate GFR in patients with renal hemody-
namics compromised by dehydration. Second, inhibition of the
diuretic effects of these prostaglandins presumably increases
the tonicity of distal tubular fluid that would favor THP–LC
co-precipitation and cast formation. Angiotensin-converting
enzyme (ACE) inhibitors can also precipitate renal failure in
myeloma patients because they reduce GFR dramatically in
dehydrated patients (87). Their use as that of angiotensin type-
1 receptor antagonists should be avoided in myeloma patients
as long as a risk of decreased renal perfusion persists.

Recently introduced therapies including biphosphonates
may also induce toxic tubular injury. Renal failure secondary to
acute tubular necrosis was reported with zoledronate, a potent
biphosphonate that is in widespread use for the treatment of
hypercalcemia of malignancy (88), and with short-term, high-
dose pamidronate (89).

Renal Pathology and the Value of Renal Biopsy

A renal biopsy should not be systematically performed in pa-
tients with a presumed diagnosis of myeloma CN. However, it
is useful in three circumstances:

1. to establish the cause of renal failure in anuric patients with
clinically silent myeloma without evidence of serum mono-
clonal component on electrophoresis (90);

2. to analyze tubulointerstitial lesions and predict the re-
versibility of renal failure in patients with presumed CN
but multiple precipitating factors;

3. to identify glomerular lesions in patients with urinary al-
bumin greater than 1 g per day and no evidence of amyloid
deposits in “peripheral” biopsies (accessory salivary glands,
rectum, abdominal fat).

Myeloma Casts. Myeloma CN (also inappropriately referred
to as myeloma kidney), is characterized by the presence of spe-
cific casts associated with severe alterations of the tubule ep-
ithelium. Myeloma casts are large and usually numerous. Their
prevailing localization is the distal tubule and the collecting
duct, but they may also be found in the proximal tubule and
even in the glomerular urinary space. They often have a “hard”
and “fractured” appearance, and show polychromatism upon
staining with Masson’s trichrome (Fig. 75-3). Casts may also
have a stratified or laminated appearance. They may stain with
Congo red, but only exceptionally do they show the typical
yellow-green dichroism of amyloid under polarized light.

An important diagnostic feature of myeloma casts is the
presence of crystals, which may be suspected by light mi-
croscopy (91). Such casts are often angular or heterogeneous
because they contain multiple rhomboid or needle-shaped crys-
tals surrounded by amorphous material and cell debris.

Casts are frequently surrounded by mononuclear cells,
exfoliated tubular cells, and, more characteristically, by multi-
nucleated giant cells whose macrophagic origin has been estab-
lished by specific antibodies. These cells are often seen engulf-
ing the casts and at times actually phagocytizing fragments. In
some cases, the cellular reaction is made of polymorphonuclear
leukocytes in the absence of urinary tract infection. Typical
myeloma casts with a giant, multinucleated cell reaction (Fig.
75-3) can be very occasionally detected in other hemopathies
including μ-HC disease (36) and Waldenstöm’s macroglob-
ulinemia (35). In myeloma CN, there is a great variability
in the respective percentage of typical myeloma casts and of

FIGURE 75-3. Myeloma cast nephropathy. Typical myeloma casts
with fractured appearance are surrounded by multinucleated
macrophagic cells (arrows) in a patient with λ–light-chain myeloma.
(Masson’s trichrome, ×312.)
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FIGURE 75-4. Myeloma cast nephropathy. Several tubules contain
large casts, one of which has an angular and fractured aspect. The
stain with anti-κ antibody is more intense at the periphery of most
casts. (Immunofluorescence, ×312.)

nonspecific hyaline casts. In some instances, most casts have
nonspecific characteristics by light microscopy, even if by im-
munofluorescence the vast majority consists predominantly of
one of the two LC types. The search for typical casts has to be
conducted on all available sections if necessary.

By immunofluorescence, myeloma casts are essentially com-
posed of the monoclonal LCs excreted by the patient, together
with THP. In most cases, casts are stained exclusively or pre-
dominantly with either the anti-κ or the anti-λ antibody. How-
ever, in about 25% of myeloma biopsies, casts stain for both
antibodies because they contain polyclonal LCs, together with
albumin and fibrinogen (91). Staining of “angular” casts is of-
ten irregular, and more intense at the periphery (Fig. 75-4). In
heterogeneous casts, the crystals themselves fail to stain, while
the matrix of the cast and the surrounding cellular debris and
amorphous material often stain positively for one of the LCs.

Cast ultrastructure has been studied by electron microscopy
in 24 biopsies of myeloma CN by Pirani et al. (91). Crystals
were detected in 14 biopsy specimens and suspected in another
four. The authors have identified four major categories of casts,
according to their content and ultrastructural appearance. One
category characterized by large rectangular crystals, or frag-
ments thereof, with a pentagonal or hexagonal cross-section,
is found only in myeloma CN. It seems to be closely linked
to the development of a giant-cell reaction around the cast. A
second category also frequently contains crystals, but they are
small, electron-dense, and needle-shaped, and seemingly not
associated with a cellular reaction. Similar large rectangular
and small, needle-shaped crystals can be found within plasma
cells. They are also seen occasionally within the cytoplasm of
either proximal or distal tubular cells (Fig. 75-5), surrounded
by a single smooth membrane, which suggests that they are
located within lysosomes.

Tubules and Interstitium. Considerable tubular damage is al-
most always present in myeloma CN. Epithelial tubular lesions
are not only seen in the distal tubules where casts are princi-
pally located, but also in proximal convoluted tubules, where
the epithelium undergoes atrophy and degenerative changes.
Frank tubular necrosis may also be seen, with or without typi-
cal myeloma CN (31). By immunofluorescence, a variable num-
ber of tubule sections contain numerous “protein reabsorption
droplets” staining for the monoclonal LC (71).

Interstitial lesions are often associated with the tubular dam-
age. They may be mild and consist of inflammatory infiltrates
and fibroedema, but fibrosis and its correlate, tubular atrophy,
may also be fairly extensive. In severe cases with epithelial de-

FIGURE 75-5. Myeloma cast nephropathy. Rectangular crystals pre-
sumably composed of λ-light chains in tubular cells. (Electron micro-
graph, uranyl acetate, and lead citrate, ×7,000.)

nudation and gaps in the continuity of the tubular basement
membrane, often in close contact with myeloma casts, granulo-
matouslike formations containing macrophages and histiocytes
develop around the ruptured tubules (71) (Fig. 75-6).

Glomeruli and Vessels. The glomeruli are usually normal, ex-
cept for small clusters of globally sclerotic glomeruli and a mild
thickening of the mesangial matrix. When mesangial thicken-
ing is more prominent, the possibility of an associated MIDD
should be considered. Rarely, amorphous deposits reminiscent
of myeloma casts can be seen in capillary loops or in the
glomerular urinary space. In younger patients, severe chronic
vascular lesions are sometimes observed, which may contribute
to progression of sclerosis.

Outcome and Prognosis of Myeloma Cast Nephropathy

Until the 1980s, myeloma-induced renal failure was associated
with a very poor prognosis. In the first series reported by De-
Fronzo and colleagues (75), only five of 14 patients survived
the early period of acutely impaired renal function, and four of
these died within only 2 months. Both renal prognosis and sur-
vival have significantly improved in the last 20 years, however.
Most studies have provided information on the renal and vital

FIGURE 75-6. Myeloma cast nephropathy. Interstitial granuloma-
touslike formations with macrophages surrounding disrupted tubu-
lar basement membrane (arrow) were numerous in this λ-chain cast
nephropathy. (Silver stain, ×312.)
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TA B L E 7 5 - 6

RENAL RECOVERY, MEDIAN SURVIVAL, AND PROGNOSTIC INDICATORS IN 604 PATIENTS WITH SEVERE RENAL
FAILURE AND MYELOMA TREATED WITH CONVENTIONAL CHEMOTHERAPY (1987–2000)

Renal Median
No. of recovery survival

Series (ref. no.) patientsa (%) (mo.) Pejorative renal predictors Pejorative survival predictors

Rota et al., 1987 (31) 34 47 19 Female gender
Interstitial lesions, tubular

atrophy

No renal recovery

Pozzi et al., 1987 (32) 50 46 11 High serum creatinine, severity
of renal lesions, number of
casts

No renal recovery

Misiani et al., 1987 (92) 23 83 9 NA Poor response to chemotherapy
Pasquali et al., 1990 (33) 37 43 17 NA No renal recovery

Hypercalcemia, early infection,
interstitial fibrosis, tubular
atrophy

No plasma exchange
Johnson et al., 1990 (93) 21 57 22 Number of casts

Poor response to chemotherapy
NA

Ganeval et al., 1992 (34)b 78 62 20 High serum creatinine at
presentation

Poor response to chemotherapy
Advanced disease stage
Poor renal function after 1 mo

Irish et al., 1997 (78) 56 15 8 NA Low plasma albumin
Low platelet count

Blade et al., 1998 (94) 94 26 10 Serum creatinine >354 μmol/L
Serum calcium <2.88 mmol/L
Proteinuria >1g/24 hours

Poor response to chemotherapy
Severity of renal failure
No renal recovery

Knudsen et al., 2000 (95) 225 58 — High serum creatinine
Normal calcemia
High LC excretion

Stage III disease
High age
Hypercalcemia
Severity of renal failure
No renal recovery

NA, not available.
a Includes early deaths.
bIncludes 19 patients with myeloma cast nephropathy, 2 with amyloidosis, and 8 with light-chain deposition disease.

outcomes in patients treated with conventional chemotherapy
(Table 75-6). As yet, there are very few series of patients treated
with high-dose myeloablative therapy and autotransplantation
(96,97) because severe renal failure was long considered a con-
traindication to high-dose chemotherapy.

Renal Outcome and Prognostic Factors. About half of patients
have complete or partial reversal of renal failure after weeks to
months (Table 75-6), and some come off dialysis (98). Ganeval
et al. (34) noticed that patients with improved renal function
showed a phase of rapid decrease in serum creatinine level
within the first month, then a second phase of much slower
improvement. The first phase of improvement is mostly inde-
pendent of chemotherapy, whereas the second phase is likely
to be the result of both chemotherapy (in responders) and con-
tinuation of measures undertaken to suppress the toxic renal
effect of remnant light chains.

Elevated plasma creatinine concentration at presentation
has been quoted as a marker of poor prognosis in four stud-
ies (32,34,94,95), implying that renal functional impairment
of any degree should be treated as a medical emergency. In
the study by Rota et al. (31), main prognostic indicators were
provided by renal histology. Return-to-normal renal function
was seen only in patients with typical cast nephropathy and/or
tubular necrosis in the absence of interstitial damage. Global
tubular atrophy and interstitial fibrosis were associated with

partially or totally irreversible renal failure, whereas the num-
ber of casts has a controversial predictive value (31,32,93).

Recent data indicate that outcome of severe renal failure
may be substantially improved by high-dose melphalan and au-
tologous transplantation. Of 54 dialysis-dependent myeloma
patients, 13 (24%) became dialysis independent at a me-
dian of 4 months after treatment (97). Dialysis duration of
≤6 months and pretransplantation creatinine clearance of
>10 mL/minute were significant for renal function recovery.

Survival and Predictors. Myeloma patients with renal failure
have a shorter survival than those with normal renal function.
In the presence of renal failure mortality in the first 3 months
is about 30% (32,34,94), and median survival ranges from
9 to 22 months (Table 75-6). However, Rota et al. (31) found
that survival time was about 2 years in those patients whose
serum creatinine level returned to normal, compared to only
5 months in patients with irreversible renal failure. The effect of
recovering renal function on survival was emphasized in other
series (32–34,94,95) (Table 75-6). Response to chemotherapy
is another important predictor (Table 75-6).

In Alexanian’s series of 494 consecutive myeloma patients
(80), a large tumor mass was the only significant variable ad-
versely affecting survival (p <0.001) on multivariate analysis.
For comparable patients with high tumor mass, the frequency
of response was less and the remission and survival times were
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shorter with more severe renal failure, but the differences were
not significant. Reversal of renal failure did not confer a sur-
vival advantage, contrary to response to chemotherapy.

These data indicate that myeloma patients with renal fail-
ure should be treated with chemotherapy just as those without
renal failure, and that any measures that could contribute to
improved renal function should be undertaken from the day of
diagnosis.

Treatment

The treatment of patients with CN-induced renal failure has
two main objectives: (a) to limit further cast precipitation by
reducing precipitability of the urinary LC and LC production
rate, and (b) to avoid complications of uremia by dialysis and
sometimes by transplantation. Even more importantly, preven-
tive measures are essential to reduce the incidence of renal
failure.

Decreasing Precipitability of the Urinary LC by Immedi-
ate Symptomatic Measures. Because co-precipitation in re-
nal tubules of free LC and THP is the main nephritogenic
event, measures to reduce concentration and precipitability
of both partners are essential and urgent. These include rehy-
dration, correction of hypercalcemia, stopping administration
of NSAIDs and ACE inhibitors, and treatment of infections
with non-nephrotoxic antibiotics. Despite controversy about
the role of LC pI in cast formation, alkalinization of urine re-
mains recommended because solubility of THP is reduced at
low pH (61). Therefore, a daily urine output greater than 3 L
and a urine pH greater than 7.0 should be reached in all pa-
tients whose cardiac and renal function can tolerate a deliber-
ate expansion of the extracellular fluid volume. These measures
alone are sufficient to improve renal function in the majority
of patients with renal impairment at presentation, especially in
those with hypercalcemia (80,99). However, they must be com-
pleted by therapeutic means aimed at decreasing the amount
of urinary LCs filtered by glomeruli.

Reducing the Production Rate (and Concentration) of the
Monoclonal Light Chains. Because reversal of renal insuffi-
ciency results in survival outcomes similar to those of patients
who have normal renal function at diagnosis, patients who
are diagnosed with renal insufficiency should be aggressively
treated. However, the presence of renal impairment could add
significantly to the morbidity of these patients and make it dif-
ficult to tolerate aggressive treatment regimens. Therefore, the
treatment approach for this group of patients should include a
thorough understanding of the feasibility and outcomes of the
various available treatments, including newer options such as
thalidomide, as well as careful monitoring of monoclonal LC
production by the serum-free LC assay (100,101).

Oral melphalan, an alkylating agent, was first used to treat
myeloma nearly 50 years ago, and in combination with high-
dose corticosteroids has become the standard treatment. Mel-
phalan and prednisone with the dose of melphalan adjusted for
renal failure is still a common choice. However, this choice is
challenged by the following considerations. First, although the
response rate is 40% to 60% (30,102), no patients go into com-
plete remission (as currently defined by absence of monoclonal
paraprotein in serum and urine by immunofixation maintained
for a minimum of 6 weeks, less than 5% plasma cells in bone-
marrow aspirate and trephine biopsy, no increase in number
or size of lytic bone lesions, and disappearance of soft tissue
plasmacytomas). Median survival is only 24 to 30 months. Sec-
ond, repeated cures of melphalan are cytotoxic for stem cells,
which is a problem for future autologous peripheral blood stem
cell (PBSC)–supported high-dose melphalan, which is now con-
sidered standard therapy for myeloma (with or without renal

failure), at least for younger patients (103,104). Third, another
drawback of melphalan-prednisone combination is slow anti-
tumor action. Regimens including vincristine, doxorubicin and
dexamethasone (“VAD”) induce earlier response, which is an
advantage in patients with hypercalcemia and renal failure,
but their long-term efficacy in terms of median survival and
duration of “remission” is not better than that of melphalan-
prednisone. Cytoreduction can also be achieved with other
noncytotoxic regimens such as high-dose dexamethasone alone
or in combination with thalidomide. However, these regimens
have not radically changed the global prognosis of multiple
myeloma.

In the past 10 years, the concept of high-dose chemotherapy
regimens with hematopoietic stem cell support (to reduce the
duration of the drug-induced myelosuppression with its high
risks of morbidity and mortality) has modified the treatment
of young patients with multiple myeloma (105). Transplanta-
tion from an allogeneic donor may have the advantage over
autotransplantation of a potential “graft versus myeloma” ef-
fect, but the procedure still has a high level of related mortal-
ity. Many more patients are candidates for autologous trans-
plantation that is now usually performed using peripheral
blood stem cells. In 1996, a randomized controlled trial first
demonstrated the benefits of high-dose therapy over conven-
tional combination therapy in terms of complete remission rate,
event-free survival, and overall survival in patients with nor-
mal renal function (103). High-dose therapy with autotrans-
plantation can lead to a median overall survival exceeding
5 years (106).

However, until recently, high-dose therapy with stem cell
transplantation had not been considered in patients with sig-
nificant renal impairment. Series have appeared in the litera-
ture showing that this procedure is possible in these patients
(96,97). It seems that transplant-related mortality is equivalent
to that in similar patients with normal renal function, provided
that the dose of melphalan be reduced.

The following recommendations are widely accepted (104,
107):

1. Patients who are younger that 65 years should receive high-
dose chemotherapy (melphalan) and a single autologous
stem cell transplant, provided that they are free of severe
comorbid conditions.

2. Dose reduction (140 to 100 mg/m2 melphalan) should be
considered in order to decrease melphalan toxicity.

3. Dose-adjusted autotransplantation should be applied once
maximum cytoreduction has been achieved, preferably with
noncytotoxic regimens such as VAD or pulse high-dose
dexamethasone-containing regimens.

4. Response to chemotherapy should be evaluated by the
serum-free LC assay (100,101).

The use of plasmapheresis has been advocated by many to
reduce LC concentration rapidly, but its efficacy has not been
established convincingly, except in patients with hyperviscos-
ity syndrome (92,93,108–112a). Three randomized controlled
trials have been published to date (93,111,112b), but further
trials enrolling large number of patients are required.

Supportive Therapy. Blood transfusion, analgesia, erythropoi-
etin, and bisphosphonates are important adjuncts to therapy.
Beyond delaying the onset of skeletal events, the new gener-
ation of biphosphonates, pamidronate and zoledronate, also
exert antimyeloma effects indirectly by inducing osteoclast
apoptosis, thereby reducing a major source of the antiapop-
totic IL-6 molecule, or directly by inducing myeloma cell apop-
tosis. Biphosphonates were shown to reduce skeletal events in
myeloma patients with bone disease (113), but their use in the
absence of bone disease needs to be further evaluated in the
context of potential nephrotoxicity. Cases of acute renal failure
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(88,89) and nephrotic proteinuria with focal segmental glo-
merulosclerosis and its collapsing variant, were indeed recently
reported in patients receiving zoledronate and pamidronate
(114–117). Therefore, pamidronate (90 mg intravenously over
at least 2 hours monthly) and zoledronate (4 mg intravenously
over at least 15 minutes monthly) should be given at the ap-
propriate doses, and careful monitoring of renal function and
albuminuria should be undertaken.

Dialysis and Renal Transplantation. Dialysis is clearly indi-
cated for the treatment of acute renal failure and end-stage re-
nal disease, except in patients with refractory myeloma (118).
It should be started early to avoid the added complications of
uremia and to compensate for the hypercatabolic state induced
by the use of high doses of corticosteroids. If peritoneal dialysis
is chosen, the early placement of a permanent indwelling dialy-
sis catheter is recommended to avoid infectious peritonitis, the
risk of which is increased by chemotherapy-induced leukopenia
(77). Residual renal function must be carefully monitored be-
cause of possible improvement after several months of dialysis
(97,98). Two reports from Great Britain (119) and the United
States (120) suggested that chronic dialysis could be a worth-
while treatment in patients with myeloma and renal failure.
Survival at 1 year was 45% in the British study (23 patients)
and 54% in the American study (731 patients). At 30 months,
survival declined to 25% compared with 66% in nondiabetic
end-stage renal disease patients without myeloma (120). These
data have been confirmed in further studies that showed a
1-year survival rate of 63% and a median survival of 12 to
20 months in patients with myeloma undergoing hemodialysis
(review in reference 121). Myeloma patients requiring long-
term dialysis live as long as those with less severe renal fail-
ure (118), with little difference between hemodialysis and peri-
toneal dialysis (78,119,122), although most authors insist on
the serious risk of infection in continuous ambulatory peri-
toneal dialysis (CAPD) patients (119). However, median sur-
vival was less in patients on hemodialysis with myeloma CN
(12 months) than in those with AL amyloidosis (24 months) or
with LCDD (48 months) (123).

The experience with renal transplantation in myeloma is
extremely limited (124–126). In one patient (38), lesions re-
curred early in the graft but normal renal function was sus-
tained. Transplantation should be limited to carefully selected
patients with an inactive hematologic disease.

Finally, if most cases of severe renal failure cannot be pre-
vented because they occur simultaneously with the finding of
myeloma, it is necessary to avoid or correct all precipitating
factors of renal failure in patients with established myeloma.
It is particularly important to reduce the use of NSAIDs as
analgesic drugs, to detect and control hypercalcemia as soon
as possible, and to correct dehydration.

Fanconi’s Syndrome

Fanconi’s syndrome (FS) is characterized by renal glyco-
suria, generalized aminoaciduria, hypophosphatemia, and, fre-
quently, by chronic acidosis, hypouricemia, and hypokalemia.
It often includes osteomalacia, with pseudofractures. These
manifestations result from functional impairment of the renal
proximal tubule. The first association of FS with myeloma was
reported by Sirota and Hamerman (127), although these au-
thors considered FS and myeloma as two separate diseases.
Engle and Wallis (128) identified crystal-like inclusions in both
tumor cells and renal tubule epithelial cells, and suggested
that FS and myeloma could be related. Costanza and Smoller
(129) described the cytoplasmic inclusions as round or rodlike
electron–opaque structures with longitudinally oriented fibrils.
Lee et al. (130) established clearly that myeloma was a cause

of adult FS. Maldonado et al. (131) reported 17 cases of FS
associated with plasma cell dyscrasia, and two recent studies
described the clinicopathologic features of the disease in two se-
ries of 11 and 32 patients (132,133). The disease is most likely
underdiagnosed. The rarity of FS in patients with myeloma
contrasts, however, with the high prevalence of tubule alter-
ations in myeloma autopsy series. This suggests that unusual
specific properties of LCs, mostly κ, are involved in the patho-
physiology of FS.

Pathophysiology of Plasma Cell Dyscrasia-Associated
Fanconi’s Syndrome

The rare occurrence of FS in multiple myeloma, the peculiar
proneness of LCs to form crystals, and their unique ability to al-
ter proximal tubular transports, strongly suggest that LCs have
unusual physicochemical properties. The peculiar propensity of
certain LCs to form crystals in vivo is attested by experimental
studies in mice (17) and rats (41,51,134). It is remarkable that
the κ LCs that induced crystallization in vivo, also significantly
reduced the glucose, chloride, and volume fluxes (51,134). The
clinical characteristics of the patients from whom the LCs were
isolated, especially the presence of FS, were unfortunately not
specified.

Crystal composition was analyzed in a patient with
myeloma-associated FS and hexagonal crystals in kidney prox-
imal tubular cells, bone marrow plasma cells, and phagocytes
(135). N-terminal sequencing and mass spectrometry studies
showed that a 107-amino acid fragment corresponding to the
variable domain of the κ-LC (Vκ) was the essential compo-
nent of crystals forming spontaneously from the patient’s urine
(Fig. 75-7A). Vκ was also crystallized alone using the hanging
drop technique (Fig. 75-7B). Crystals were hexagonal bipyra-
mids and had the same 6.0-nm periodicity on electron micro-
graphs as those found in the cells. The V domain (12-kDa)
resisted proteolysis by trypsin, pepsin, and cathepsin B, self-
reacted, and formed crystals in vitro, which may explain its
accumulation in plasma cells and proximal tubular cells. The
resistance of LC V domains to proteolytic enzymes including
cathepsin B was confirmed in further studies (21,132), except
in two patients with a high-mass myeloma and FS. At variance
with the observations made in patients with CN (21, 62), LCs
from patients with FS did not bind THP, except in one case
where both syndromes were associated.

The unusual physicochemical behavior of FS κ-chains was
tentatively correlated with their structure in a number of cases
(136). Sequence analyses showed that 9 of 10 (90%) LCs be-
longed to the VκI variability subgroup, while this subgroup
only accounts for 56% of all monoclonal κ-LCs (132,137).
The VκI appeared to originate from only two germline genes,
LCO2/O12 in five cases and LCO8/O18 in four. Analyses
of the DNA sequence suggested that all structure peculiari-
ties arose from somatic mutations in the proliferating clone
(138). In the 10 available sequences, residues had never or
rarely been reported among VκI subgroup LCs. The unusual
presence of nonpolar or hydrophobic amino acids in the com-
plementary determining region (CDR)-L1 loop at position 30,
together with a nonpolar amino acid at position 50, seems to
be specific for FS LCs derived from gene LCO2/O12. These
hydrophobic residues are exposed to the LC surface (136) and
may be involved in the pathophysiology of FS, as is suggested
by site-directed mutagenesis in an experimental model for FS
(139).

In summary, unusual properties of LCs associated with the
FS might explain crystal formation and/or accumulation in
lysosomes. After endocytosis, LCs are processed in the endo-
somal and lysosomal compartment where “normal” LCs are
degraded. In FS, accumulation of the protease-resistant V do-
main fragment generated by lysosomal enzymes may induce
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FIGURE 75-7. Plasma cell dyscrasia-associated Fanconi’s syndrome. Crystals spontaneously obtained
in vitro from a Sephadex G100 fraction of the patient’s urinary proteins (A) and by the hanging drop
technique from purified Vκ fragment (B). (A, magnification, ×400; B, size of these crystals, 0.25 mm.)
(From: Aucouturier P, Bauwens M, Khamlichi AA, et al. Monoclonal Ig L chain and L chain V domain
fragment crystallization in myeloma-associated Fanconi’s syndrome. J Immunol 1993;150:3561, with
permission.)

crystal formation. Clogging of the endolysosomal system may
subsequently alter apical membrane recycling and/or adenosine
triphosphate (ATP) production (hence, Na+–K+–ATPase func-
tioning) as suggested by mitochondrial injury (130), and lead
to progressive impairment of sodium-dependent apical trans-
porters. However, we do not know why FS does not occur in
patients with apparently the same degree of distortion of the
lysosomal compartment as can be seen in certain myeloma pa-
tients with or without CN. The molecular mechanisms respon-
sible for glycosuria, phosphaturia, generalized aminoaciduria,
and uric acid loss remain poorly understood.

Clinical Presentation

The clinical features are summarized in Table 75-7 (132). The
median age at diagnosis is 57 years. Most common initial man-
ifestations are bone pain and weakness, principally due to os-
teomalacia. The major cause of this osteomalacia is hypophos-
phatemia, which results from increased urinary clearance of
phosphate. Chronic acidosis and abnormal renal vitamin D
metabolism further contribute to the development of bone le-
sions. Bone pain may also be the consequence of lytic lesions in
patients with a high-mass myeloma. Other revealing signs are
essentially due to the proximal tubule impairment, including
hypokalemia. Renal failure occurs more frequently than one
would expect in a disease of the proximal tubule.

Criteria for the diagnosis of FS (e.g., “orthoglycemic” gly-
cosuria, increased phosphate and uric acid clearances, and gen-
eralized aminoaciduria) may not all be present together, espe-
cially in patients with renal failure (137). The diagnosis of FS is
often unrecognized for several years in patients presenting with
proteinuria, bone pain, or renal failure. The mean time from
onset to diagnosis of FS is about 3 years (132). Typically, the

diagnosis of FS precedes that of the plasma cell dyscrasia, most
often a κ-LC-excreting multiple myeloma, because the hemato-
logic disease has a low tumor burden and a slow progression.
In 35 of 98 (36%) published cases (132,133), even criteria for
the diagnosis of myeloma are lacking, and patients were clas-
sified initially as having a benign monoclonal gammopathy of
undetermined significance (MGUS). In some patients, the di-
agnosis of the plasma cell dyscrasia remained undetermined
between myeloma and MGUS because it may be difficult to
recognize the cytologic characteristics of myeloma cells when
their cytoplasm is stuffed with crystals. Two patients of 98 had
Waldenström’s macroglobulinemia (132,133).

Conversely, the metabolic disorders of FS may be overseen in
the context of myeloma, and FS-related bone lesions should not
be interpreted as the consequence of high-mass myeloma.

Pathologic Data

Typically there are prominent crystals in enlarged proximal
tubular cells and degenerative changes of proximal tubules
(132). Proximal tubular cells are stuffed with microcrystals
that stain red or green with Masson’s trichrome and are peri-
odic acid-Schiff negative. In the most severely affected tubules,
crystal-containing exfoliated cells are seen in the tubular lumen,
whereas intracytoplasmic crystals are still present in atrophic
tubules. In other cases, crystals can only be suspected by the
presence of a finely granular material of glassy appearance in an
enlarged proximal tubular epithelium (Fig. 75-8A). Their pres-
ence is more easily demonstrated by toluidine-blue staining of
semi-thin sections and by hematoxylin and eosin staining of
cryostat sections. In the same tubule sections, all the cells are
not equally affected; cells with a normal aspect coexist with
those stuffed with crystals.
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TA B L E 7 5 - 7

CLINICAL CHARACTERISTICS OF PATIENTS WITH PLASMA CELL DYSCRASIA-ASSOCIATED FANCONI’S
SYNDROMEa

Total Age
no. of mean/ Renal Light-chain

patients extremes Gender Initial manifestations Bone lesions failurec Plasma cell dyscrasia isotype

68 57
22–81

30 males
38 females

Bone pain (25)b

Weakness, fatigue (16)
Weight loss (7)
Polyuria–polydipsia (7)
Hypokalemia-related

signs (4)
Proteinuria (18)
Renal failure (16)
Renal glycosuria (13)

Osteomalacia (25)
High-mass

myeloma (12)
Plasmacytoma (1)

54 Myeloma (36)d

MGUS (21)e

MGUS/myeloma (4) f

Lymphoma/CLL (4)g

“Atypical” plasma cell
dyscrasia (1)

49κ

7λ

aFigures in parentheses indicate number of patients.
bRelated to osteomalacia.
cSerum creatinine >130 μmol/L, or creatinine clearance <80 mL/mn.
dIncluding 12 patients with a high-mass myeloma.
eMonoclonal gammopathy of undetermined significance (MGUS).
f Undetermined diagnosis, mostly due to cytoplasmic inclusions in plasma cells making interpretation of cytology difficult.
gChronic lymphocytic leukemia (CLL).
(From: Messiaen, Deret S, Mougenot B, et al. Adult Fanconis syndrome secondary to light-chain gammopathy: clinicopathologic heterogeneity and
unusual features in 11 patients. Medicine (Baltimore) 2000;79:135, with permission.)

A universal feature is the additional presence of severe
lesions of the proximal tubule epithelium devoid of crys-
tals. These lesions include vacuolization, loss of the luminal
brush border, and focal cell sloughing, with cell fragments
in the lumen of the tubules. Interstitial cellular infiltrate, in-
cluding plasma cells, may contain crystalline inclusion bodies.
Patchy tubular atrophy and focal interstitial fibrosis, together

with a variable number of obsolescent glomeruli, are often
observed.

In several cases, attempts to characterize the crystal pro-
teins with anti-Ig conjugates, including anti-LC antibodies,
have failed (140). When immunohistochemical studies are
positive, crystals stain only (or predominantly) for the mon-
oclonal LC, most often κ (Fig. 75-8B).

A B

C

FIGURE 75-8. Plasma cell dyscrasia-associated Fanconi’s syndrome.
A-B: Renal biopsy. A: Glassy appearance of the epithelium of several
proximal convoluted tubules. Crystals were not evident by light mi-
croscopy, but were demonstrated by electron microscopy. Note also the
severe lesions of the epithelial cells lining some tubules (arrow), and
mild interstitial fibrosis. (Masson’s trichrome, ×312.) B: Immunoflu-
orescence stain of the same tubules with anti-κ monoclonal antibody.
(Magnification, ×312.) C: Bone marrow smear from the same patient.
The cytoplasm of a plasma cell shows a vacuolated aspect, suggesting
the presence of crystals. (May-Grünwald-Giemsa stain, ×1,000.)
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FIGURE 75-9. Plasma cell dyscrasia-associated Fanconi’s syndrome. Same patient as in Figure 75-7.
Electron microscopic study of intracellular (A, B, and C) and in vitro-formed crystals in the same
patient. A: Bone marrow plasma cell (and a macrophage on the left). (Magnification, ×8,000.)
B: Bone marrow macrophage. (Magnification, ×50,000.) C: Proximal convoluted tubular epithe-
lial cell. (Magnification, ×50,000.) D: Crystal obtained in vitro from Sephadex G100 fraction C
from the patient’s urine. (From: Aucouturier P, Bauwens M, Khamlichi AA, et al. Monoclonal Ig
L chain and L chain V domain fragment crystallization in myeloma-associated Fanconi’s syndrome.
J Immunol 1993;150:3561, with permission.)

By electron microscopy, crystals of various size and shape
(rectangular, rhomboid, round, or needle-shaped) are detected
within the cytoplasm of proximal tubule cells (Fig. 75-9C).
Intracytoplasmic crystals are surrounded by a single smooth
membrane, likely of lysosomal origin (91,135,141). In rare
cases, crystals are also seen in distal tubule cells (141,142). In
other cases, crystals are not found by light microscopy, but elec-
tron microscopy shows enlarged vesicular bodies containing
dense tubular and rod-like structures (129–131,140,143,144)
or fibrils and needle-shaped deposits very close to crystalline
structures (142).

Crystal formation in plasma cell dyscrasia–associated FS
is not limited to renal tubule epithelium but also occurs
in bone marrow and tissue-infiltrating plasma cells, and in
macrophages (128–131,135,143,145,146) (Fig. 75-8C and
75-9). The presence of crystals in macrophages close to the
tumoral plasma cells might result from endocytosis of either
freshly secreted LCs or lysed plasma cells. In plasma cells, crys-
tals are localized not only in lysosomes, but they are also fre-
quently found inside the granular endoplasmic reticulum (147).
Crystal formation in these organelles therefore suggests incom-
plete proteolysis of LCs. The slow progression of myeloma
disease in typical FS associated with crystal formation may be
explained by the deleterious effects on cell growth of the accu-
mulation of crystalline inclusions in the tumor plasma cells.

Although crystals are a salient feature of the plasma cell
dyscrasia–associated FS, they are neither specific nor absolutely
constant. Crystals were found in 16 of 28 (57%) patients in the
two largest series published so far (132,133). They may also

be found, albeit in low amounts, in proximal tubule epithelial
cells of patients with CN (21,91), and occasionally in myeloma
patients with isolated tubular lesions, that is, in the absence of
distal nephron myeloma casts (148,149). In addition, recent
pathologic studies of 11 patients suggest that the FS due to LC
nephropathy is more heterogeneous than expected (132). FS
may indeed occur in patients with a high-mass myeloma, with
or without crystals in tubule cells, with or without myeloma
casts in tubule lumen.

Outcome and Treatment

As expected, patients with multiple myeloma have shorter sur-
vival time than those with MGUS. In the Mayo Clinic’s series,
only one of the 14 patients with MGUS developed multiple
myeloma, and at the end of follow-up, only five of 32 patients
had evolved to end-stage renal disease (133).

In patients with osteomalacia, considerable improvement
can be obtained with 1α-hydroxyvitamin D, calcium, and phos-
phorus supplementation. The effect of chemotherapy on the
proximal tubule impairment is much more debated. Ichida
et al. (144) and Orfila et al. (142) reported that the treatment of
underlying myeloma improves urinary signs and tubular trans-
port abnormalities. However, no significant change in renal
function was observed in the two largest series (132,133). It
has been suggested (150) that the presence of crystals within
plasma cells should be added to the list of criteria defined by
Kyle and Greipp (151) against chemotherapy in myeloma. Be-
cause chemotherapy, especially with alkylating agents, carries
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a significant risk of complications but without much benefit
for kidney function, and because patients who do not have an
overt malignancy show a relatively benign course, the risks and
benefits of chemotherapy should be weighed carefully.

AMYLOIDOSIS

Amyloidosis has been known to be associated with or to cause
renal disease for more than 100 years. Amyloid was originally
identified as a waxy substance by Rokitansky in 1842 (152),
but the term amyloid was coined by Virchow in 1854 (153)
because the substance stained with iodine in a way that was
similar to starch and cellulose. Although the protein content of
amyloid was recognized subsequently, the term amyloid per-
sisted. The diversity of amyloidotic disease was rapidly sus-
pected on clinical grounds, but chemical studies in the late
1960s actually provided the basis of the present classification
of amyloid (Table 75-8). In 1968, Pras et al. (154) isolated
and purified amyloid fibrils, which opened the way to further
chemical analyses. In 1971, Glenner et al. (4) found that the
amyloid fibril proteins from two patients had an N-terminal se-
quence identical to Ig LCs, which was the first demonstration
of a relation between amyloidosis and Ig. They also generated
“amyloidlike” fibrils by proteolytic digestion of some human
LCs, thereby demonstrating their propensity for forming amy-
loid (155).

AL amyloidosis is certainly among the most severe com-
plications of plasma cell proliferative disorders. From a prac-
tical point of view, it must be considered as such, since the
only efficient therapeutic tools to date are chemotherapeu-
tic drugs against B-cell proliferations. However, ultrastruc-
tural as well as pathophysiologic considerations that may
open new therapeutic avenues are derived from the fact that
AL amyloidosis belongs to the large entity of amyloidoses,
covering conditions as different as familial polyneuropathies,
Alzheimer’s disease, type II diabetes, transmissible spongiform
encephalopathies, hemodialysis-related amyloidosis, Iceland-
type hereditary amyloidangiopathy, and secondary (AA) sys-
temic amyloidosis, among others (Table 75-8). Amyloido-
genesis may result from common mechanisms, as suggested
for instance by studies of Alzheimer’s and the prion diseases
(156,157).

General Characteristics of Amyloidosis

A Common Ultrastructural Molecular Organization
Defining a Morphologic Entity

Amyloidosis is the general term for a morphologic entity, de-
fined by visceral, extracellular deposition of protein material
with unique tinctorial properties and ultrastructural charac-
teristics. After Congo red staining, amyloid deposits exhibit

TA B L E 7 5 - 8

CLASSIFICATION OF AMYLOIDOSES

Amyloid protein Precursor Distribution Type Syndrome or involved tissues

AA Serum amyloid A Systemic Acquired Secondary amyloidosis, reactive to
chronic infection or inflammation
including hereditary periodic fever
(FMF, TRAPS, HIDS, FCU, and MWS)

AApoAI Apolipoprotein A-I Systemic Hereditary Liver, kidney, heart
AApoAII Apolipoprotein A-II Systemic Hereditary Kidney, heart
Aβ Aβ protein precursor Localized

Localized
Acquired
Hereditary

Sporadic Alzheimer’s disease, aging
Prototypical hereditary cerebral amyloid

angiopathy, Dutch type
Aβ2M β2-microglobulin Systemic Acquired Chronic hemodialysis
ABri Abri protein precursor Localized or systemic? Hereditary British familial dementia
ACys Cystatin C Systemic Hereditary Icelandic hereditary cerebral amyloid

angiopathy
AFib Fibrinogen Aα chain Systemic Hereditary Kidney
AGel Gelsolin Systemic Hereditary Finnish hereditary amyloidosis
AH Immunoglobulin

heavy chain
Systemic or localized Acquired Primary amyloidosis, myeloma-associated

AL Immunoglobulin light
chain

Systemic or localized Acquired Primary amyloidosis, myeloma-associated

ALys Lysozyme Systemic Hereditary Kidney, liver, spleen
APrP Prion protein Localized

Localized
Acquired
Hereditary

Sporadic (iatrogenic CJD, new variant
CJD (alimentary?)

Familial CJD, GSSD, FFI
ATTR Transthyretin Systemic Hereditary

Acquired
Prototypical FAP
Senile heart, vessels

The following proteins may also cause amyloidosis: calcitonin, islet-amyloid polypeptides, atrial natriuretic factor, prolactin, insulin, lactadherin,
keratoepithelin, and Danish amyloid protein (which comes from the same gene as ABri and has an identical N-terminal sequence). CJD, denotes
Creutzfeldt-Jakob disease; FAP, familial amyloidotic polyneuropathy; FCU, familial cold urticaria; FFI, fatal familial insomnia; FMF, familial
Mediterranean fever; GSSD, Gerstmann-Strüassler-Scheinker disease; HIDS, hyper-IgD syndrome; MWS, Muckle-Welles syndrome; TRAPS, tumor
necrosis factor receptor-associated periodic syndrome. Lines in bold characters indicate amyloid types with kidney involvement.
(Adapted from: Westermark G, Benson MD, Buxbaum JN, et al. Amyloid fibril protein nomenclature—2002. Amyloid 2002;9:97; Merlini G, Bellotti
V. Molecular mechanisms of amyloidosis. N Engl J Med 2003;349:583.)
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birefringence under polarized light, which indicates the pres-
ence of highly ordered structures. These deposits have been
extensively studied at the ultrastructural level by electron mi-
croscopy, infrared spectroscopy, and x-ray diffraction. In an
important review published in 1980, Glenner (158) clustered
all amyloidoses under the more convenient denomination of
β-fibrilloses on the basis of the highly similar organization of
the amyloid deposits. These are “typically composed of a felt-
like array of 7.5- to 10-nm wide rigid, linear, non-branching,
aggregated fibrils of indefinite length.” One amyloid fibril is
made of two twisted 3–nm-wide filaments, each having a regu-
lar antiparallel β-pleated sheet configuration; the β-sheets are
perpendicular to the filament axis. A regular packing of pep-
tides or proteins with a β-sheet conformation results in the
elongation of amyloid fibrils. The numerous hydrogen bonds
between virtually all amide functions of the peptide back-
bones make such a structure highly stable. Other components,
described in subsequent text, are supposed to stabilize the
fibrils.

Amyloid Protein Precursors and Classification
of Amyloidoses

Amyloid protein precursors share the property of either a native
β-pleated conformation or a high propensity to form β-sheets.
All are globular structures, clearly distinct from fibrillar pro-
teins such as collagen, which are proline-rich polymers with
a longitudinal arrangement. The term fibrils is thus confus-

ing, and one must keep in mind that in the case of amyloid,
it actually refers to a quaternary arrangement of nonfibrillar
proteins.

The International Committee for Amyloidosis recom-
mended a nomenclature essentially based on the nature of amy-
loid proteins (159); the abbreviated name of each amyloid pro-
tein is preceded by the letter A. The list provided in Table 75-8 is
not exhaustive. More than 20 different amyloid protein precur-
sors have been identified to date. This classification, favoring
pathogenetic aspects, has the advantage of being less empiri-
cal than those based on clinical and pathologic presentations.
However, it is worth noting that hereditary and secondary
forms of a same disease exist and should be distinguished; for
instance, systemic AA amyloidosis occurs in contexts of both
chronic inflammatory or infectious diseases (secondary form),
and hereditary periodic fever. Normal transthyretin is responsi-
ble for senile systemic amyloidosis, whereas certain mutations
are the cause of familial amyloidotic polyneuropathy (Fig. 75-
10A). Thus, multiple different factors, either intrinsic (struc-
tural) or external (concentration of the precursor proteins, tis-
sue factors, etc.), may influence the pathogenicity of a variety
of potentially amyloidogenic proteins.

Other Constituents of Amyloid

In addition to the unique “pseudocrystalline” stacking of β-
sheets just described, a few structural features are shared by all
types of amyloid, and might help the understanding of some

A

B

C

D

FIGURE 75-10. Amyloidosis. A: Glomerular and vascular heavy amyloid deposits stained with anti-
transthyretin antibody in a patient with Portuguese-type hereditary amyloidosis. (Immunofluorescence,
×312.) B: Co-deposition of amyloid P (AP) component in a glomerulus from the same patient as in (A).
(Immunofluorescence stain with anti-AP component antibody, ×312.) C: Glomerulus with early amyloid
deposits in mesangium, capillary walls, and arteriolar wall (arrows) from a patient with AA amyloido-
sis. (Light microscopy, periodic acid–Schiff, ×312.) D: Glomerulus from a patient with AL amyloidosis.
Scanty glomerular deposits contrast with almost complete replacement of arterial walls by amyloid. (Im-
munofluorescence stain with anti-κ antibody, ×312.)
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aspects of the pathophysiology. Glycosaminoglycans (GAGs)
have been found tightly associated with all isolated amyloid
fibrils (160,161). GAGs are polysaccharide chains made of re-
peating uronic acid–hexosamine units of several types and nor-
mally linked to a protein core, thus constituting proteoglycans,
which are important constituents of extracellular matrices. The
invariable presence of GAGs in amyloid fibrils raises two sug-
gestions:

1. Proteoglycans might interact with amyloidogenic precur-
sors during the nucleation steps of amyloidogenesis (see
subsequent text); indeed, most GAGs associated with fib-
rils are of the heparan sulfate type (162,163), and heparan
sulfate proteoglycans are essential components of the base-
ment membranes, which are preferential sites of amyloid
deposition.

2. Sulfated GAGs might be important for inducing and stabi-
lizing the β-pleated structure of the amyloid fibrils (164).

Another constituent of all amyloid deposits is a protein of
the pentraxin family, the serum amyloid P component (SAP)
(Fig. 75-10B). SAP is a plasma glycoprotein made up of two
noncovalently linked pentamers of identical subunits. The β-
pleated structure of SAP (165) is strongly homologous to that
of legume lectins such as concanavalin A. It shows no allelic
polymorphism and displays striking interspecies homology.
Furthermore, no occurrence of SAP deficiency has yet been
described, which suggests that it has essential physiologic func-
tions. SAP is a calcium-dependent lectin, with binding affinities
toward DNA (166), C4-binding protein and the collagenlike re-
gion of C1q (167), and several constituents of extracellular ma-
trices such as fibronectin and proteoglycans. SAP was shown to
bind apoptotic cells and nuclear debris, and mice with targeted
deletion of the SAP genes spontaneously develop anti-DNA
antibody and a syndrome resembling human systemic lupus
erythematosus (168). Two calcium sites are involved in carbo-
hydrate binding. In the presence of calcium, SAP is remark-
ably resistant to proteolytic digestion, suggesting a physiologic
role in maintaining extracellular matrix structures. Coating of
amyloid fibrils with unaltered SAP is a constant feature that
could result in their protection from catabolism. It is probable
that SAP binding to amyloid deposits is mediated by GAGs
through the formation of multicomponent complexes (169).
The high affinity of SAP toward all types of amyloid was ex-
ploited for diagnosing, locating, and monitoring the extent of
systemic amyloidosis using scintigraphy with 123I-labeled SAP
(170,171). SAP binding to all ligands is inhibited by specific
sugars such as β-d-galactose cyclic pyruvate acetal. Moreover,
the knowledge of SAP structure offers the opportunity of de-
signing competitive inhibitors as potential drugs for the treat-
ment of amyloidoses. However, an important physiologic role
of SAP in protecting from autoimmunization (168) could make
this approach hardly feasible.

General Mechanisms of Fibrillogenesis

The amyloidoses are diseases of protein conformation in which
a particular soluble innocuous protein transforms and aggre-
gates into an insoluble fibrillar structure that deposits in ex-
tracellular spaces of certain tissues. Fibrillogenesis may be the
consequence of several mechanisms of processing the amy-
loid precursor, including partial proteolysis and conforma-
tional modifications. In systemic secondary (AA) amyloidosis,
removing of the C-terminal part of an apolipoprotein acute-
phase reactant, SAA, yields a 5- to 10-kDa fibril-forming frag-
ment. Phagocytic cells, in particular macrophages, supposedly
play a central role in this disease by providing the intralysoso-
mal processing of the precursor (172). In Alzheimer’s disease,
the metabolism of an integral membrane protein, β-amyloid
precursor protein (APP), generates a hydrophobic 40- to 42-

amino-acid fragment with amyloidogenic properties, the amy-
loid β-peptide (Aβ) (173). In other forms of amyloidosis, such
as those involving transthyretin and Ig LCs, partial proteolysis
has been demonstrated but may as well occur after fibrillogene-
sis. For instance, in AA amyloidosis, cleavage of the precursor
protein also occurs after fibril formation (174). The demon-
stration of small fragments from the LC constant domain in
deposited fibrils also argues in favor of a postfibrillogenic pro-
teolysis in AL amyloidosis (175).

In certain types of hereditary amyloidoses due to mutations
in the genes coding for the precursor protein (review in 176),
amyloid formation seems to occur via a conformational change
leading to a soluble partially folded intermediate. The property
shared by these amyloidogenic variants is a native conforma-
tion that is thermodynamically less stable than that of the nor-
mal counterpart. A reduction in the stability of the variant was
shown to favor the formation of partially folded conformers
(alternative spatial arrangements of the same polypeptide) that
have a strong propensity to self-aggregate and assemble into
fibrils. However, whether conclusions from structural studies
of transthyretin or lysozyme mutants may be extended to other
amyloidoses, including AL and AA amyloidoses, remains ques-
tionable.

Amyloidogenesis seems to be a nucleation-dependent poly-
merization process (157). Unlike other protein deposition dis-
eases, in which amorphous aggregates are the consequence of
insolubility of the pathogenic protein in the tissues, amyloid
may result from a “one-dimensional crystallization.” In the
latter process, formation of an ordered nucleus is the initial
and limiting step, followed by a thermodynamically favorable
addition of monomers leading to elongation of the fibrils. As
shown in Alzheimer’s and prion diseases, the nucleation step
can be overrun by adding a preformed nucleus to a supersat-
urated solution of the amyloidogenic protein. A similar “seed-
ing” phenomenon may explain the “amyloid-enhancing fac-
tor” activity of extracts from amyloid-containing tissues in AA
amyloidosis animal models (177). The lag phase can also be
shortened by injection of synthetic peptides corresponding to
known amyloid fibril proteins (178).

Distribution of Amyloid: Localized Versus
Systemic Amyloidosis

Tissue localization of the deposits is characteristic of many
amyloidoses (Table 75-8). Single-organ involvement may re-
flect either local secretion or particular tropism of the amyloid
precursor; for instance, pancreatic amyloidosis in patients with
insulinoma or type 2 diabetes mellitus is related to cosecretion
with insulin of islet amyloid polypeptide by β-cells (179). In
some cases of Alzheimer’s disease, molecules such as proteo-
glycans or lipids normally present in certain areas of the brain
(amygdala, hippocampus, and neocortex) could behave as het-
erogeneous seeds for the polymerization of amyloid β-peptide
(157). Systemic amyloidoses are derived from circulating pre-
cursors, which either display unusual structural features or are
present at abnormally high plasma levels, or both. Although
most cases of LC amyloidosis are due to systemic organ depo-
sition of LCs produced by bone marrow plasma cells, localized
forms of LC amyloidosis have also been reported mostly in the
orbit, the nasopharynx, and the genitourinary tract (reviewed
in 180). A local infiltration of plasma cells is then usually found
in proximity to the amyloid deposits, and may be responsible
for the secretion of an amyloidogenic LC (181).

Pathologic Data with Special Emphasis
on Renal Involvement

Despite the diversity of amyloidogenic proteins, they all de-
posit in tissue as fibrils constituted by the stacking of β-pleated
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sheets as identified by x-ray crystallography and diffraction
studies (182). This unique protein conformation is responsible
for the tinctorial and optical properties revealed by Congo red
staining of tissue sections, and for the relative resistance of the
fibrils to solution in physiologic solvents and to normal prote-
olytic digestion, which leads to their implacable accumulation
in tissues (158).

By light microscopy, the deposits are extracellular,
eosinophilic, and metachromatic. After Congo red staining,
they appear faintly red and show the characteristic apple-
green birefringence under polarized light. This light micro-
scopic method is the most reliable to detect amyloid because it
yields virtually no false-positive findings. Sections thicker than
those usually recommended for renal pathologic examination
may be necessary to produce sufficient color density. Metachro-
masia is also observed with crystal violet, which stains the de-
posits in red. The use of other stains such as thioflavine T has
been proposed, but the results lack specificity. The perman-
ganate method of Wright et al. (183) may help to discrimi-
nate AA from AL fibrils if the sections are treated with per-
manganate before the Congo red procedure. AL amyloid is
resistant, whereas AA amyloid is sensitive to permanganate
oxidation. However, this method has been supplanted by im-
munohistochemical analysis of the deposits.

In the kidney, the earliest lesions are located in the
mesangium, along the glomerular basement membrane, and in
the blood vessels (184) (Fig. 75-10C). Within the mesangium,
deposits are associated primarily with the mesangial matrix,
and subsequently irregularly increase by spreading from lobule
to lobule and then invading the whole mesangial area. Amy-
loid deposits may also infiltrate the capillary basement mem-
brane or be localized on both sides of it. When subepithelial
deposits predominate, spikes recalling those seen in membra-
nous glomerulopathy may be observed. Dikman et al. (185)
showed that the severity of proteinuria correlated with the pres-
ence of spicules and podocyte destruction rather than with the
amount of amyloid in the glomerulus. The spicules were as-
sociated with morphologic and clinical evidence of rapid amy-
loid deposition and a fulminant clinical course (185). Glomeru-
lar cell proliferation is infrequent. Advanced amyloid typically
produces a nonproliferative, noninflammatory glomerulopa-
thy, responsible for a marked enlargement of the kidney. The
amyloid deposits replace normal glomerular architecture with
loss of cellularity and usually without eliciting inflammation.
When glomeruli become massively sclerotic, the deposits may
be difficult to demonstrate by Congo red staining, and electron
microscopy may then be helpful. The latter is required at very
early stages, which may not be detected by light microscopy ex-
amination in patients presenting with the nephrotic syndrome
(186,187). Except in fibrinogen A α-chain amyloidosis, which
characteristically does not affect renal vessels, the media of the
blood vessels is prominently involved at early stages. Vascular
involvement may predominate, and occasionally occur alone,
particularly in AL amyloidosis (Fig. 75-10D). Deposits may
also affect the tubules and the interstitium, leading to atrophy
and disappearance of the tubular structures and to interstitial
fibrosis. In apolipoprotein AI amyloidosis, deposits markedly
predominate in the interstitium, whereas glomeruli are not or
are occasionally involved.

Because of the heterogeneity of amyloidotic diseases, which
results in specific diagnostic and therapeutic strategies adapted
to the type of protein deposited within tissues, immunofluores-
cence examination of snap-frozen biopsy specimens with spe-
cific antisera should be routinely performed (188–191). In the
first series published by Gallo et al. (189), immunohistochemi-
cal classification of amyloid type was possible for 44 (88%) of
50 patients using anti-LC and anti-AA antisera. However, Noel
et al. (188) pointed out that immunofluorescence with sera di-

rected against HCs and LCs of Ig might be more difficult to
interpret than with anti-AA antiserum. This is likely due to
the frequent loss of LC constant domains in fibrils, accounting
for the absence of epitopes normally recognized by antibod-
ies. It is also possible that the pseudocrystalline structure of
the fibrils makes these epitopes poorly accessible to antibod-
ies. In a recent series, 12 of 34 patients (35.3%) with proven
AL-amyloidosis had negative immunofluorescence staining for
κ and λ light chains, which confirms the relatively low sensitiv-
ity of immunofluorescence microscopy in the detection of AL
amyloidosis in the kidney and underscores the need to pursue
additional diagnostic studies to identify the plasma cell dyscra-
sia (192). A genetic cause should be sought in all patients with
amyloidosis that is not the reactive systemic amyloid AA type
and in whom confirmation of the AL type cannot be obtained.
Indeed in 350 patients with systemic amyloidosis, in whom a
diagnosis of the AL type of the disorder had been suggested
by clinical and laboratory findings and by the absence of a
family history, amyloid mutations were present in 34 cases,
most often in the genes encoding fibrinogen A α-chain (18
patients) and transthyretin (13 patients) (191). A low-grade
monoclonal gammopathy was detected in 8 of the 34 patients
(24%), but none of these patients had free LC identified in the
urine.

By electron microscopy, amyloid deposits are characterized
by randomly oriented, nonbranching fibrils with an 8- to 10-nm
diameter (Fig. 75-11). Early deposits can be found in close con-
nection with mesangial cells that undergo important changes,
and in the capillary walls distant from the mesangium on both
sides of the basement membrane (193). As mentioned previ-
ously, SAP has been found in all chemical types of amyloid
thus far examined. In studies using double-label immunogold
staining of AL and AA amyloid deposits, Yang and Gallo (194)
showed that SAP represented 1.5% and 6.5% of the total gold
label in AL and AA, respectively. SAP occurred as widely sepa-
rated single units while the major fibril protein was labeled in
single rows, similar to beads on a string.

Pathophysiologic Considerations of
AL Amyloidosis

Studies on the mechanisms of AL amyloidogenesis are made
particularly difficult by the unique degree of structural hetero-
geneity of the precursor. Each monoclonal LC is different from
all others. An Ig LC typically includes two globular domains
of 105 to 110 amino acids, strongly homologous to each other,
that exhibit the classic conformation of all domains belonging
to the “Ig superfamily” of proteins. The COOH-terminal do-
main (constant domain, C) is encoded by a single gene segment
with very little allelic polymorphism in κ-chains and by no more
than four different gene segments in λ-chains. Conversely, the
NH2-terminal domain structure (variable domain, V) results
from complex somatic rearrangement and mutation events oc-
curring in the course of B-cell differentiation, and leads to a
high degree of diversity. The antiparallel β-pleated (“β-barrel”)
structure of Ig domains seems particularly adapted to amyloid
formation. It is worth noting that another protein of the Ig
superfamily, β2-microglobulin, may form amyloid fibrils.

The implication of Ig HC in amyloidosis is exceptional. In
the first case of AH amyloidosis almost entirely documented
at the molecular level, the pathogenic IgG HC had an internal
deletion of half the molecule, so that the V domain was directly
joined to the COOH-terminal C domain CH3, thus strikingly
resembling an LC (7). Three other AH-amyloidosis cases re-
lated to deposition of IgA-related α-heavy chain (195) or of
V domains only (196,197). A case of γ -HC amyloidosis was
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A B

FIGURE 75-11. Amyloidosis. A: Electron micrograph of glomerular deposits of amyloid. Fibrils are seen
in the basement membrane on both sides of the lamina densa (arrows). The lamina densa is attenuated. Ep,
epithelium; L, capillary lumen; M, mesangium. (Magnification, ×5,000.) B: High magnification view of the
randomly oriented fibrils on the epithelial aspect of the basement membrane. (Magnification, ×30,000.)

also reported in a patient whose nephrotic syndrome recurred
6 years after autologous peripheral blood stem cell transplan-
tation for a λ-LCDD (198).

Not all Light Chains are Amyloidogenic

Despite predisposing conformation, a majority of Ig chains are
not amyloidogenic, even at long-lasting high secretion rates.
Several LC characteristics are considered amyloidogenic, par-
ticularly the LC isotype. First, the λ–κ ratio is between 2:1 and
4:1, depending on the series. Second, a homology family of
LC V region, the VλVI variability subgroup, was shown to be
overrepresented in AL amyloidosis (22). This rare subgroup
is expressed exclusively in amyloid-associated monoclonal Ig
and represents 41% (17/41) of amyloidogenic λ-chains (23).
A study of 55 consecutive unselected cases of primary amyloi-
dosis showed a very skewed repertoire, as only two germline
genes belonging to the λIII and λVI families, namely 3r (22%
of cases, λIII) and 6a (20%, λVI), contributed equally to en-
code 42% of amyloid Vλregions (199). Furthermore, there was
a significant correlation between the use of the VλVI germline
donor, 6a, and renal involvement (200,201) and that of theVλIII
gene, 3r, with soft-tissue AL (201). The use of a biasedVL gene
repertoire also correlated with clinical outcome; the use of VλII
germline genes was associated with cardiac amyloidosis and
affected survival adversely (201). In contrast, no significant
imbalance of the variability subgroups of κ-chains was found
(202), but patients with κLCs were more likely to have domi-
nant hepatic involvement (200).

Empirical studies also show that amyloidogenicity is often
associated with some physicochemical features such as the pres-
ence of low-molecular-mass LC fragments in the urine, and low
pI; together with LC isotypy, these parameters allow the pre-
diction of the amyloidogenic/nonamyloidogenic character of
a monoclonal LC, with a correct allocation in 81% of tested
cases (203).

The ability of two amyloidogenic LCs contrasting with
the failure of one nonamyloidogenic LC to reproduce typi-

cal fibrillar deposits in mice definitely demonstrates that es-
sential pathogenic factors relate to intrinsic properties of the
LC precursors (204). This experimental model required huge
amounts (up to 5.3 g/mouse) of purified monoclonal LCs to
be injected intraperitoneally. Nevertheless, several interesting
findings were noted, such as the presence of mouse SAP in the
deposits, confirming its crucial role in either the constitution
or, more probably, the maintenance of fibrils in vivo. Water de-
privation dramatically increased the amyloidogenic potential
of the LCs.

Comparison of Structures of Amyloid Light-Chain
Precursors and Deposited Light Chains: A Role

for Proteolysis?

Considerable works have been devoted to the study of struc-
tures of circulating monoclonal LCs or extracted fibrils.
After the demonstration by Glenner et al. (205) that an LC was
the predominant constituent of amyloid fibrils, they showed
that NH2-terminal sequences (up to 36 residues) were identi-
cal in the deposited and urinary monoclonal LCs from three
patients (4,206). However, the possibility that a mutant form
or a molecular variant of the soluble LC could be the amyloid
precursor was not excluded, and only 20 years later the com-
plete sequence identity between a circulating and a deposited
LC was established (207). Association of AL amyloidosis with
other deposition diseases such as LCDD (208) will raise the
same question of uncertain identity between LCs forming dif-
ferent kinds of deposits. Mutant subclones may be encountered
in myeloma, especially after treatment with alkylating agents,
and have also been described in AL amyloidosis (209).

Analyses of LC precursor primary structures were per-
formed either at the protein (210–213) or at the cDNA levels
(214). All cases had an overall normal structure, including a
normal C domain sequence.

The essential role of the V domain in fibrillogenesis
was further supported by analyses of fibrils extracted using
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adaptations of the method of Pras et al. (154), which showed
it to always be the main amyloid constituent. The C domain
is often, but not always (206,207), partially or totally absent
from the fibrils after extraction (205,209,215–229). In many
cases, heterogeneity in the length of the COOH-terminal end
was noted (216,217,223,224). In a few cases, intact LC was
present together with fragments (223); in most others, such
heterogeneity might have been present but unrecognized be-
cause the analyses were focused on a purified predominant
fragment. These results raise the hypothesis of a possible role
of proteolysis, as already demonstrated in other forms of amy-
loidosis. Bellotti et al. (230) showed the disappearance of a
conformational LC idiotope in the course of fibril formation,
and suggested that polymerization results from the loss of
the dimer conformation, possibly due to proteolysis of the
C domain.

The question of a role of LC proteolysis in the amyloido-
genic process has been addressed in different ways, but has
not yet received a fully satisfactory answer. Abnormally low-
molecular-mass LCs were secreted in in vitro biosynthesis ex-
periments on bone marrow cells from AL amyloidosis subjects,
but they might result from either abnormal synthesis or pro-
teolytic processing, or both (231,232). In vitro digestion ex-
periments using pepsin, trypsin, and kidney lysosomes yielded
fibrils resembling amyloid by electron microscopy and display-
ing typical Congo red binding and green polarization birefrin-
gence (233–235). However, most tested LCs were from patients
without amyloidosis, and the in vitro fibrils generally contained
smaller fragments than those found in vivo. Therefore, instead
of reproducing “normal” amyloidogenesis, these experiments
merely showed the ability of peptides generated by cleavage
of β-pleated structures to form amyloidlike fibrils. Another in-
triguing matter of all in vitro fibrillogenesis experiments is the
absence of GAGs and SAP, which are invariable constituents
in vivo. Although these studies contribute to the general under-
standing of the molecular mechanisms of fibril formation, their
validity as models is questionable. In bone marrow cell culture
from an AL amyloidosis patient, Durie et al. (236) found amy-
loidlike material immediately adjacent to macrophages, and
concluded that a processing of the LCs by these cells, similar to
that observed in AA amyloidosis, might lead to amyloid forma-
tion. Conversely, several observations point to the amyloido-
genic potential of intact LCs; specifically, experimental mouse
amyloid fibrils are made essentially of the entire injected LC
(204); in vitro fibrils with characteristic tinctorial and ultra-
structural properties of amyloid can be generated after simple
reduction of the interchain disulfide bond of an intact LC dimer
(237). Considering the sensitivity of C domains to proteases
(238), it is conceivable that they are digested after constitution
of the fibrils and tissue deposition, or during the purification
process. The demonstration of C domain fragments as amyloid
component argues in this sense (175).

Amyloidogenic Light Chains: Light Chains with
Peculiar Sequence or with Affinity for Extracellular

(Matrix) Constituents?

The search for primary sequence peculiarities of the LC V do-
mains first led to disappointing conclusions. Several unusual
features such as N-glycosylations (209,214,221–224), inser-
tion of acidic residues (217,219), and changes of charged to
hydrophobic residues (209,213) have been noted. Infrequent
amino acids at certain positions have been considered to affect
the secondary structure of the framework regions (219) or the
LC dimerization (225). This led Stevens et al. (239) to deter-
mine amyloid-associated LC residues from the comparison of
52 pathogenic sequences with a bank of 128 other LCs. In a
more recent report that collected 100 LCs of the VκI variabil-
ity subgroup, including 37 amyloidosis cases, Stevens defined a

limited number of structural risk factors, based on three sites of
amino-acid substitution and the occurrence of N-glycosylation
(240).

A study with LC mutants bearing certain amino acids found
in amyloidogenic precursors suggested that an unfolding step
facilitated by these substitutions could be required for fibril
formation (241); however, as stressed by the authors, the in
vitro conditions were clearly nonphysiologic, and such models
with single replacements in a structural context that is different
from the original pathogenic LCs have an essentially theoretical
interest.

Environmental factors may also play some role. For exam-
ple, the kidney contains high concentrations of urea that were
shown to enhance fibril formation by reducing the nucleation
lag time (242). The same LC can assemble into fibrils or form
granular aggregates upon exposure to various environmental
conditions (243).

One AL amyloidosis-associated LC, protein Mcg, has been
extensively studied at the three-dimensional level by x-ray crys-
tallography (244), although the fundamental results have rarely
been discussed with respect to pathology. Despite all specula-
tions on possible abnormal conformation of amyloidogenic LC
V domains, the dimer Mcg is strikingly “normal” and similar to
other known mouse and human LCs and antigen-binding (Fab)
fragments. An interesting observation is that the combina-
tion of hypervariable regions (complementary-determining re-
gions [CDRs]) from both monomers mimics a normal antigen-
binding site with affinities toward haptenlike compounds such
as dinitrophenyl (DNP)-lysine and opioid peptides (245,246).
The number of contact residues and consequent binding affin-
ity are decreased after reduction of the disulfide bond between
COOH-terminal cysteinyls of the C domains (247). Because
DNP-lysine can bind specifically amyloidogenic dimers (248),
it is possible that covalent binding between LCs influences their
pathogenicity. In other cases, specific antibodylike binding of
isolated Ig LCs was shown to be dependent on the dimeriza-
tion status (249,250). The hypothesis that specific recognition
by amyloidogenic LCs plays a pathogenic role was enforced by
the demonstration of their higher dimerization constants (251),
and by the finding of high rates of somatic mutations clustered
in the CDRs, suggesting antigen-driven selection (252,253).

Specific affinity of an LC toward an extracellular structure
might create a nucleus that could lead to elongation of a fib-
ril, in accordance with proposed mechanisms of other forms
of amyloidogenesis. Indeed, four tested amyloidogenic LCs
seemed to react more strongly than others with endothelial cell
basement membranes in vitro (P. Aucouturier and D. Cines, un-
published results). This would also explain the specific tissue
localization of amyloid and its close association with extracel-
lular matrix components such as GAGs. Indeed, amylogenic
LCs seem to display a special affinity to heparin and chon-
droitin sulfate B and C (254).

Mechanisms of Tissue Injury

Tissue injury is mostly the consequence of extensive deposition
of amyloid. However, at least in some tissues such as the heart,
the infiltration alone did not correlate well with the degree of
heart failure or survival. Infusion of LCs from patients with
cardiac amyloidosis caused diastolic dysfunction in isolated
mouse hearts (255). Amyloid LC proteins isolated from pa-
tients with amyloid cardiomyopathy, specifically alter cellular
redox state in isolated cardiomyocytes, and increase intracel-
lular reactive oxygen species and the redox-sensitive protein,
heme oxygenase-1 (256). Amyloid LCs may thus contribute
directly to the pathogenesis of amyloid cardiomyopathy, inde-
pendent of extracellular fibril deposition. Along the same line,
LCs from AL amyloid patients incubated with cultured human
mesangial cells induced a macrophage-like phenotype, whereas
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those from LCDD patients induced a myofibroblastic pheno-
typic transformation (257).

Epidemiology and Clinical Features of
AL Amyloidosis

Epidemiology

Ig LC-related (AL) amyloidosis was the first characterized at
the biochemical level (205). This may be explained by the
abundance of deposits, especially in certain organs (kidneys,
liver, heart, spleen), and the often rapid fatal evolution of the
disease, which prompted development of extraction methods
from necropsy pieces (154). The incidence of primary AL amy-
loidosis in the United States is 8 per million per year and has
remained stable during the last four decades (258). Among sys-
temic amyloidoses with predominant renal involvement, AL
amyloidosis has become more common than AA amyloido-
sis since the widespread use of effective antimicrobial agents.
The male-to-female ratio varies from 1 to 2 according to se-
ries (259,260). The median age at diagnosis is between 60 and
65 years. About two-thirds of patients are between 50 and
70 years of age at diagnosis, and only 1% to 4% is younger
than age 40 years (260,261).

Amyloid deposits are found in approximately 10% of
myeloma cases (262), and this incidence reaches 20% in pa-
tients with pure LC myeloma (263). The high frequency of
amyloidosis associated with myeloma (56%) in Alexanian’s se-
ries (264) was attributed to the referral of more myeloma pa-
tients for chemotherapy to the authors’ institution. Conversely,
a minority (probably less than one of four) of patients with AL
amyloidosis are considered to bear a patent immunoprolifer-
ative disease, which usually is a multiple myeloma, although
other forms such as Waldenström’s macroglobulinemia (265)
and non-Hodgkin’s lymphoma (266) may occur. In fact, the
true incidence of myeloma depends on the criteria used for its
diagnosis. AL amyloidosis without overt immunoproliferative
disease is usually referred to as primary amyloidosis. If multi-
ple myeloma is not present at the diagnosis of AL amyloidosis,
it is unlikely to develop.

Clinical and Laboratory Features of AL Amyloidosis

The largest series published thus far on AL amyloidosis is that
of the Mayo Clinic (261). It included 474 patients with biopsy-
proved amyloidosis. Ninety-nine percent of the patients were
40 years of age or older; 69% were men and 31% were women.
Seventy-one patients (15%) had a myeloma according to the
authors’ criteria. Two hundred and nineteen (56%) of 391 pa-
tients had an increased number (≥6%) of plasma cells in the
bone marrow.

The clinical and laboratory features at presentation and at
diagnosis are summarized in Tables 75-9 and 75-10 (261,267).
The main clinical symptoms at presentation are weakness and
weight loss. Except for bone pain, there is no difference in
the incidence of initial symptoms in patients with and without
myeloma. Nephrotic syndrome, orthostatic hypotension, and
peripheral neuropathy are, however, more common at diagno-
sis in patients with AL amyloidosis without myeloma than in
those with associated myeloma (Table 75-10).

Proteinuria mainly composed of albumin is noted in 55% of
the patients, indicating that glomerular involvement is a com-
mon feature of AL amyloidosis. There is a poor correlation be-
tween the extent of amyloid deposits seen on a kidney biopsy
specimen and the extent of proteinuria. Even small amyloid
deposits have been associated with severe nephrotic syndrome
(268). Microscopic hematuria is an exception, and, therefore,
should prompt the search of a bleeding lesion of the urinary

TA B L E 7 5 - 9

CLINICAL AND LABORATORY FEATURES AT
PRESENTATION IN 474 PATIENTS WITH PROVEN AL
AMYLOIDOSIS

Initial symptoms

Fatigue 62%
Weight loss 52%
Pain 5%
Purpura 15%
Gross bleeding 3%

Physical findingsa

Palpable liver 24%
Palpable spleen 5%
Lymphadenopathy 3%
Macroglossia 9%

Laboratory findings
Increased plasma cells (bone marrow ≥6%) 56%
Anemia (hemoglobin <10 g/dL) 11%
Elevated serum creatinine (≥1.3 mg/dL) 45%
Elevated alkaline phosphatase 26%
Hypercalcemia (>11 mg/dL) 2%
Proteinuria (≥1.0 g/24 hours) 55%
Urine light chain 73%b

κ chain 23%
λ chain 50%

aA comparison of the prevalence of clinical syndromes according to
the presence or the absence of myeloma is given in Table 75-10.
bOf 429 patients. All other figures refer to all 474 cases.
(Data from: Kyle RA, Gertz MA. Primary systemic amyloidosis:
clinical and laboratory features in 474 cases. Semin Hematol
1995;32:45.)

tract. Renal manifestations may also include renal tubular aci-
dosis (mostly as a part of Fanconi’s syndrome) and polyuria-
polydipsia (resulting from urinary concentration defect), when
amyloid deposits occur around proximal tubules and Henle’s
loops (or collecting ducts), respectively. High urinary protein
excretion and high serum creatinine at diagnosis are pejora-
tive renal predictors. Renal insufficiency occurs usually in the
presence of marked kidney enlargement and is usually not as-
sociated with hypertension.

TA B L E 7 5 - 1 0

SYNDROMES AT DIAGNOSIS IN 229 PATIENTS WITH
PROVEN AL AMYLOIDOSIS

Without With
myeloma myeloma

Syndromes (182 patients) (47 patients)

Nephrotic syndrome 37% 13%
Carpal tunnel syndrome 21% 38%
Congestive heart failure 23% 23%
Peripheral neuropathy 20% 6%
Orthostatic hypotension 16% 4%

(Data from: Kyle RA, Greipp PR. Amyloidosis (AL): clinical and
laboratory features in 229 cases. Mayo Clin Proc 1983;58:665.)
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Restrictive cardiomyopathy is found at presentation in up
to one-third of patients and causes death in about half. Charac-
teristic features of amyloid on ECG include low voltages and a
pattern suggestive of myocardial infarction without evidence of
ischemic damage on echocardiography. Infiltration of the ven-
tricular walls and the septum may be recognized by echocar-
diography. The ejection fraction is frequently normal or even
increased. Doppler flow studies are required to identify dias-
tolic dysfunction frequently missed in routine studies. Amyloid
may also induce dysrhythmias and the sick sinus syndrome.
Amyloid deposits in the coronary arteries may result in angina
pectoris and myocardial infarction. Recently, blood levels of
cardiac troponins and N-terminal pro-brain natriuretic peptide
(NT-proBNP) were shown to be sensitive markers of myocar-
dial dysfunction and powerful predictors of overall survival in
patients with AL amyloidosis (269–272).

Involvement of the gastrointestinal tract is also common
and can cause motility disturbances, malabsorption, hemor-
rhage, or obstruction. Macroglossia occurs in about one-fifth
of these patients. It may interfere with eating and obstruct air-
ways. Hepatomegaly occurs initially in one-third of the pa-
tients, but abnormalities of hepatic function remain gener-
ally mild. Hyposplenism, usually associated with splenomegaly,
is occasionally found. Peripheral neuropathy occurs in one-
fifth of cases and is usually responsible for a painful sensory
polyneuropathy followed later by motor deficits. Autonomic
neuropathy causing orthostatic hypotension, lack of sweating,
gastrointestinal disturbances, bladder dysfunction, and impo-
tence may occur alone or together with peripheral neuropa-
thy. Orthostatic hypotension is one of the major hampering
complications of AL amyloidosis, causing some patients to be
bedridden. Skin involvement may take the form of purpura,
characteristically around the eyes, as well as ecchymoses,
papules, nodules, and plaques, usually on the face and upper
trunk. AL amyloidosis may also infiltrate articular structures
and mimic rheumatoid or an asymmetric seronegative synovi-
tis. Infiltration of the shoulders may produce severe pain and
swelling (“shoulder-pad” sign). A rare but potentially serious
manifestation of AL amyloidosis is an acquired bleeding diathe-
sis that may be associated with deficiency of factor X and some-
times also factor IX, or with increased fibrinolysis. It should be
systematically sought before any biopsy of a deep organ. It
does not occur in AA amyloidosis, although widespread vas-
cular deposits may also be responsible for bleeding. Actually,
AL amyloidosis may infiltrate almost any organ other than the
brain and thus be responsible for a wide variety of clinical mani-
festations.

On average, monoclonal LCs can be detected by immuno-
electrophoresis in 73% of the urine samples, and the λ-isotype
is twice as common as the κ-isotype, contrasting with the 1:2
λ-to-κ ratio observed in patients with multiple myeloma alone.
With the use of more sensitive immunochemical techniques, a
monoclonal Ig is found in nearly 90% of patients in the serum
and/or the urine. This value could further increase with the rou-
tine use of recently developed method for serum free LC mea-
surement (273–275). It is, however, worth noting that, even
under such conditions, there is no detectable monoclonal Ig in
the serum and urine of some patients.

“Primary” Amyloidosis: A True Plasma Cell Dyscrasia

It is now well established that “primary” amyloidosis (i.e., AL
amyloidosis without myeloma) is a true plasma cell dyscra-
sia. This concept introduced by Osserman et al. (276) was
elegantly confirmed by immunofluorescence and biosynthetic
studies of bone marrow cells. Preud’homme et al. (231) iden-
tified, by immunofluorescence, monoclonal plasma cell popu-
lations in 12 of 14 patients with “primary” amyloidosis, even
in those without detectable serum and urine monoclonal Ig
and with a normal percentage of bone marrow plasma cells.

Moreover, the synthesis and excretion of large amounts of free
monoclonal LCs by plasma cells were demonstrated in every
patient studied by Buxbaum (232) and Preud’homme et al.
(231), together with the presence of LC fragments in almost
all patients. This contrasted with nonmyelomatous secondary
amyloidosis, which was characterized by normal distribution
of bone marrow plasma cells by immunofluorescence and by
synthesis of normal-sized Ig, without free LC secretion and
fragments (231).

A definition of “primary” AL amyloidosis is certainly
useful for inclusion of patients in prospective therapeutic
trials. However, from a pathophysiologic point of view,
myeloma-associated and “primary” AL amyloidoses represent
two ends of a single entity. The intrinsic pathogenicity of
the precursor free LC is probably highly variable from one
patient to another, so that expression of the disease occurs
in the context of very different tumor masses. Whatever the
hematologic status, the amyloid disease is responsible for the
predominant symptoms in most patients. AL amyloidosis is
thus typical of these forms of plasma cell dyscrasias in which
malignancy is conferred by the pathogenic LC rather than the
underlying hematologic disease.

Diagnostic Procedures in AL Amyloidosis

AL amyloidosis should be considered in any patient who
presents with nephrotic range proteinuria with or without renal
insufficiency, nondilated cardiomyopathy, peripheral neuropa-
thy, hepatomegaly, or autosomic neuropathy, whether or not
a paraprotein can be detected in the serum or urine. Partic-
ular vigilance should be maintained in patients with multiple
myeloma or MGUS, especially of the λ isotype. Initial inves-
tigation should confirm the diagnosis of amyloidosis on tissue
biopsy and this should be followed by investigations to es-
tablish the type of amyloid present and the extent of organ
involvement.

All patients require immunofixation of serum and urine in
an attempt to demonstrate the presence of a monoclonal LC.
A bone marrow specimen is necessary because 10% of patients
will not have a demonstrable monoclonal LC by immunofixa-
tion, and a clone of plasma cells detected in the bone marrow by
immunofluorescence or immunohistochemistry is strong sup-
portive evidence of AL. Immunonephelometric quantitation of
free LCs is a useful complement to immunofixation, because
it shows remarkable specificity and sensitivity. The assay gives
a positive result (raised level of either κ or λ together with an
altered ratio of free κ to free λ LC) in 98% of patients with
systemic AL amyloidosis (277).

Histologic diagnosis may be achieved by biopsies of vari-
ous tissues. Biopsy of an affected organ is usually diagnostic,
but less invasive alternatives should be preferred first. As indi-
cated in Table 75-11, the less invasive procedures yield positive
results in up to 90% of cases (261,278,279). Rectal biopsy is di-
agnostic in greater than 80% of cases, provided that the biopsy
specimen contains submucosal vessels in which early deposits
are located. Bone marrow biopsy should also be stained with
Congo red for the presence of amyloid, and involvement of
the bone marrow is strongly suggestive of the AL type. Evalua-
tion of adequate specimens in experienced laboratories is nec-
essary to maintain high diagnostic sensitivity and specificity.
Both false-positive and false-negative interpretations are not
uncommon.

It is not always easy to be certain that amyloidosis is of
the AL type because immunohistochemical staining for Ig LCs
is not fully reliable, and the presence of a monoclonal com-
ponent is strong but not conclusive evidence of AL. Extreme
caution is required when patients have an intact monoclonal
Ig in the serum without evidence of circulating free LCs in
the serum or in the urine. In those cases, hereditary forms of
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TA B L E 7 5 - 1 1

DIAGNOSTIC YIELD OF BIOPSIES IN 100 PATIENTS
WITH AL AMYLOIDOSIS ACCORDING TO THE SITE
OF BIOPSY

Sensitivity of the
Site of biopsy No. tested diagnostic procedure

Bone marrow 44 52.3
Gingiva 6 83.3
Rectal mucosa 21 85.7
Small bowel 8 87.5
Subcutaneous

abdominal fat
97 88.7

Kidneya 21 100
Hearta 14 100
Livera 11 100
Skina 3 100
Nervea 2 100
All other 22

aOrgan biopsy was performed because of clinical manifestations.
(Data from: Skinner M, Anderson J, Simms R, et al. Treatment of 100
patients with primary amyloidosis: a randomized trial of melphalan,
prednisone, and colchicine versus colchicine only. Am J Med 1996;
100:290.)

amyloidosis should be considered because they may produce
clinical syndromes indistinguishable from AL (280) and co-
exist with MGUS (191). In cases of doubt, DNA analysis and/or
amyloid fibril sequencing by mass spectrometry may be nec-
essary. Imaging using SAP scanning may be helpful because

demonstration of bone marrow involvement is strongly corre-
lated with amyloidosis of AL type.

There are no universally agreed or validated criteria for
defining organ involvement. Most groups use familiar but not
identical criteria, and only two have reported these in detail
(281,282). A consensus panel has recently established criteria
that centers can now use to define organ involvement, organ
response, and organ disease progression (Table 75-12) (283).
Abnormalities in strain echocardiography (284), elevation of
NT-proBNP (270), and elevation of cardiac troponins (269) are
promising markers of myocardial dysfunction in AL amyloido-
sis, but they need to be evaluated sufficiently against echocar-
diography for these variables to be used as criteria of cardiac
involvement.

Outcome and Treatment of AL Amyloidosis

“Natural” History

AL amyloidosis is among the most severe complications of
plasma cell proliferative disorders. The median survival was
13 months in the series of 474 patients from the Mayo Clinic
reported in 1995 (261). Despite the use of melphalan and pred-
nisone, the median survival is still only 17 to 18 months (285).
The natural history varies with the extent and nature of organ
involvement, but fewer than 5% survive 10 or more years from
the time of diagnosis (286). In those long-term survivors who
all received alkylating-agent therapy, the monoclonal protein
disappeared from the serum or urine. Few studies have specif-
ically addressed prognostic variables (Table 75-13). A recent
study found an association between certain VL germline genes
and clinical presentation and outcome (201).

TA B L E 7 5 - 1 2

CRITERIA FOR ORGAN INVOLVEMENT, ORGAN RESPONSE AND ORGAN DISEASE PROGRESSION IN PATIENTS
WITH AL AMYLOIDOSIS

Organ involvement Organ response Organ disease progression

Kidney 24-Hour urine protein >0.5 g,
predominantly albumin

50% Decrease (at least 0.5 g/day) of
24-hour urine protein (urine protein
must be >0.5 g/day pretreatment)

50% Increase (at least 1 g/day)
of urine protein to greater than
1 g/day

Heart Echo: mean wall thickness >12 mm,
no other cardiac cause

Mean interventricular septal thickness
decreased by 2 mm, 20% improvement
in ejection fraction, improvement by 2
NYHAa classes without an increase in
diuretic use, or improvement by 1
NYHA class associated with a 50%
reduction in diuretic requirements and
no increase in wall thickness

Interventricular septal thickness
increased by 2 mm, increase in
NYHA class by 1 grade with a
decreasing ejection fraction of
≥10%

Liver Total liver span >15 cm in the
absence of heart failure or alkaline
phosphatase >1.5 times upper
limit of normal

50% Decrease in abnormal alkaline
phosphatase, decrease in liver size
radiographically at least 2 cm

50% Increase of alkaline
phosphatase above the lowest
value

Nerve Pb (clinical): symmetric lower
extremity sensorimotor neuropathy

Ac: gastric-emptying disorder,
pseudoobstruction, voiding
dysfunction

Improvement in electromyogram nerve
conduction velocity (rare)

Progressive neuropathy by
electromyography or nerve
conduction velocity

aNYHA: New York Heart Association.
bP: peripheral.
cA: autonomic.
dNot related to direct organ infiltration.
(Data from: Gertz M, Comenzo R, Falk RH, et al. Definition of organ involvement and treatment response in primary systemic amyloidosis AL. Am J
Hematol 2005;79:319.)
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TA B L E 7 5 - 1 3

PROGNOSTIC FACTORS IN PATIENTS WITH AL
AMYLOIDOSIS

Pejorative prognostic indicators:
Symptomatic or substantial echocardiographic evidence of

cardiac amyloid (median survival of about 6 months)
(287)

Autonomic neuropathy (288)
Liver involvement with hyperbilirubinemia (289)
Associated multiple myeloma (201)
A large whole-body amyloid load on SAP scintigraphy and

evidence of accumulation of amyloid on serial SAP scans
when available (277)

Better prognostic indicators:
Proteinuria or peripheral neuropathy (without autonomic

neuropathy) as the dominant clinical feature (261)
Substantial suppression of underlying clonal disease by

chemotherapy
Regression of amyloid deposits on serial SAP scintigraphy

when available

(Adapted from: guidelines Working Group of UK Myeloma Forum;
British Committee for Standards in Haematology, British Society for
Haematology. Guidelines on the diagnosis and management of AL
amyloidosis. Br J Haematol 2004;125:681).

Monitoring AL amyloidosis and Assessing Response

Because amyloid fibrils in AL amyloidosis consist of mono-
clonal immunoglobulin LCs produced by a clone of plasma
cells, treatment with alkylating agents that are effective against
plasma cell dyscrasias is warranted. However, the results of
chemotherapy in amyloidosis are difficult to document because
there is no easy way to measure the amount of amyloid in a pa-

tient. Investigators have long recognized that resolution of the
nephrotic syndrome does not necessarily reflect that of amy-
loid deposits, and that the progressive deposition of amyloid
can occur in the presence of improved clinical and laboratory
findings. Scintigraphy after the injection of 123I-labeled SAP
component may be helpful for monitoring the extent of sys-
temic amyloidosis (171,277), but this technique is not readily
available. The definition of a response in amyloidosis should
be hematologic and organ-based (283). A complete hemato-
logic response is defined by negativity of serum and urine for a
monoclonal protein by immunofixation, normal free LC ratio,
and less than 5% plasma cells in the bone marrow. Criteria for
organ response and organ disease progression are depicted in
Table 75-12.

Principles of Treatment

Therapy is aimed at annihilating the plasma cell clone. All pa-
tients with AL amyloidosis deserve a trial of chemotherapy
because of the improved survival of responders (290). In the
latter, gradual regression of AL amyloidosis deposits is possi-
ble (291,292). However, the degree by which the clonal dis-
ease needs to be suppressed to produce clinical benefit varies
substantially between patients and depends on many factors,
notably the turnover rate of the amyloid deposits. Supportive
measures to preserve organ function are essential adjuncts to
therapy.

To date, physicians treating patients with AL amyloidosis
are facing a dilemma because clinical benefit from conventional
chemotherapy does not occur for many months after the un-
derlying plasma cell clone has been suppressed (285). There-
fore, patients who receive slow-acting conventional chemother-
apy regimens (e.g., low-dose melphalan and prednisone) often
do not live long enough to derive benefit. Conversely, more
intensive chemotherapy (e.g., high-dose melphalan with pe-
ripheral blood stem cell transplantation [PBSCT]) is associ-
ated with much greater treatment-related toxicity than seen in

TA B L E 7 5 - 1 4

OUTCOME IN PREVIOUSLY UNTREATED AL AMYLOIDOSIS

No. of Response Overall survival
Regimen Series (ref. no.) patients (% all patients)a TRMb (median) Comments

MP Kyle et al., 1997 (285) 77 28 Not reported 18 months Risk of MDS
Gertz et al., 1999 (293) 52 27 Not reported 29 months

VAD Lachmann et al., 2002 (294) 98 54 (63% of
evaluable)

7% 50 months
(projected)

Selected patients

IDM Lachmann et al., 2002 (294) 33 46 18% Not reached Poor risk group
M-HDD Palladini et al., 2004 (295) 46 67 None Not reached Patients ineligible

for PBSCT
HDD-IFN Dhodapkar et al., 2004 (296) 93 53 (of evaluable

hematologic)
45 (of evaluable

organ)

7% 31 months

PBSCT Comenzo and Gertz,
2002 (297)

148 39 (62% of
evaluable)

21%–39% 60%–70% at
1 year

Selected patients

Skinner et al., 2004 (298) 312 40 13% 54 months Selected patients

HDD-IFN, high-dose pulsed dexamethasone with maintenance dexamethasone/alpha interferon; IDM, intermediate dose melphalan; MDS,
myelodysplastic syndrome; M-HDD, melphalan and high-dose pulsed dexamethasone; MP, melphalan and prednisone; PBSCT, peripheral blood stem
cell transplantation; VAD, vincristine, Adriamycin, dexamethasone.
aResponse criteria have varied but generally include response of either plasma cell dyscrasia and/or organ dysfunction.
bTreatment-related mortality (TRM) is defined as death during treatment or within 100 days from completing treatment. Note that the reported TRM
in PBSCT studies did not include deaths during mobilization and reinfusion of peripheral blood progenitor cells.
c21% average of four single center studies; 39% average of two multicenter studies.
(Adapted from: guidelines Working Group of UK Myeloma Forum; British Committee for Standards in Haematology, British Society for
Haematology. Guidelines on the diagnosis and management of AL amyloidosis. Br J Haematol 2004;125:681.)
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patients with myeloma because of multiple organ involvement
that may be clinically latent (260). A summary of available data
is shown in Table 75-14. The role of PBSCT in treatment of AL
amyloidosis is far from settled in the absence of data from well-
designed, randomized controlled trials, which would compare
risk–benefit ratios of high-dose versus an effective conventional
therapy like M-Dex (299,300) chemotherapy with stem cell
support.

Chemotherapy and Other Agents Without
Stem Cell Support

MP (melphalan and prednisone) is the only chemotherapy reg-
imen that has been evaluated in randomized controlled clinical
trials; MP was superior to colchicine alone in terms of response
and survival (285). Response, assessed by organ function and
paraprotein levels, was seen in 28% of patients on MP and only
3% of those on colchicine. Survival in patients receiving MP
was 18 months compared with 8.5 months for colchicine alone.
Patients who respond to MP survive significantly longer than
nonresponders (89 months vs. 14 months), (285). However,
the median time to response is about 12 months. The adverse
effects of melphalan include myelotoxicity, and there is a 20%
risk of myelodysplasia, often leading to secondary leukemia in
patients who survive longer than 3.5 years (301).

The VAD (vincristine, Adriamycin, dexamethasone) regi-
men has theoretical advantages over MP in treating AL amyloi-
dosis because a rapid reduction in tumor burden is observed in
patients with myeloma. Furthermore, unlike melphalan, VAD
does not deplete stem cell reserve, which is an important ad-
vantage for subsequent PBSCT. However, its use is limited in
patients which AL amyloidosis because of cardiotoxicity of
Adriamycin and of exacerbation of autonomic neuropathy by
vincristine. The largest series included 98 patients who re-
ceived a median of four cycles of VAD (or CVAMP: cyclophos-
phamide, vincristine, Adriamycin, methylprednisolone) as
first-line therapy (294) (Table 75-14). Patients with symp-
tomatic heart failure, autonomic neuropathy, or severe periph-
eral neuropathy were excluded. Response as defined by a fall in
the amyloidogenic class of serum free LC by more than 50%,
was observed in 53 patients (representing 63% of 84 evalu-
able patients). The function of organs predominantly affected
by amyloid improved in half of all patients. After a median
follow-up of 21 months, the projected median overall survival
was 50 months.

The intermediate dose melphalan (IDM) regimen was used
as first-line therapy in 33 patients who were selected on the
basis that they were not fit enough to receive VAD (294) (Table
75-14). The response rate appears similar to that seen with
VAD, and toxicity is acceptable in this poor risk group.

The combination of high-dose dexamethasone (HDD) and
melphalan (M-HDD) has been used to obtain a rapid re-
sponse in 46 patients ineligible for PBSCT (295) (Table 75-14).
Thirty-one (67%) achieved a hematologic response (median,
4.5 months) and 15 (33%) a complete remission. In 22 (48%)
of the responsive patients, functional improvement of the or-
gans involved was observed. Despite the fact that patients with
advanced disease were selected, there was no treatment-related
mortality. Clinical efficacy of HDD with maintenance dexam-
ethasone/alpha interferon has also recently been examined in
a multicenter study of 93 patients (296) (Table 75-14). Ex-
clusion criteria related to AL amyloidosis were only NYHA
class-IV congestive heart failure. Hematologic response oc-
curred in 53% of 55 patients evaluable for hematologic re-
sponse (median, 103 days) with complete remission in 24%
(median, 173 days). Organ response in at least one involved
organ was seen in 33 (45%) of 73 patients evaluable for organ
response. Treatment-related mortality was observed in 6 (7%)
patients. The tolerance to this regimen was lower than that of
M-HDD because HDD was given three times per cycle (instead

of one time per month). The use of HDD, alone or in combi-
nation, appears as a promising first-line treatment in AL amy-
loidosis because of high rate of response, short median time to
response, and relatively low treatment-related toxicity, even in
patients ineligible for PBSCT. The association of thalidomide
with dexamethasone is rapidly effective (median time to re-
sponse, 3.6 months) but because of frequent treatment-related
toxicity (symptomatic bradycardia in 26% of 31 patients), it
should be used as a second-line treatment (302).

High-Dose Chemotherapy with Stem Cell Support

The use of high-dose melphalan (HDM) therapy and PBSCT in
patients with AL amyloidosis was first reported in 1996, and
a series of 25 patients was reported shortly thereafter (297).
Since then encouraging results have been reported in several
series of patients in various centers (297,298,303,304). Ther-
apy with HDM and PBSCT can result in reversal of the clinical
manifestations of AL amyloidosis in up to approximately 60%
of patients who survive the procedure. A case-match-control
study recently showed a superior overall survival in the trans-
plantation group (305). However, the efficacy of PBSCT in AL
amyloidosis has not been investigated in any controlled com-
parative study. In a French ongoing randomized trial, M-HDD
is being compared to HDM and PBSCT in a series of 100 pa-
tients (299).

A major concern is that procedure-related mortality has
been consistently and substantially higher among patients with
AL amyloid than among those with multiple myeloma. The
100-day treatment-related mortality comprises between 13%
and 39% (297,298,303,304,306). This reflects compromised
function of multiple organ systems by amyloid, and, therefore,
refinement of patient selection and improvement of peritrans-
plantation management are priorities. There is also a significant
risk, including death, associated with stem cell mobilization in
patients with AL amyloidosis, even when granulocyte colony
stimulating factor (G-CSF) is used alone (297).

HDM and PBSCT are not recommended in patients with
any of the following: age older than 70 years; symptomatic
cardiac amyloid; symptomatic autonomic neuropathy; history
of gastrointestinal bleeding due to amyloid; dialysis-dependent
renal failure; and more than two organ systems involved (260).
When using these exclusion criteria, the benefits of HDM and
PBSCT over other treatments without PBSCT remain to be
established. Dispenzieri et al. (282) examined data from pa-
tients with AL amyloid treated at the Mayo Clinic from 1983
to 1997, and identified 229 patients who would now have
been eligible for PBSCT based on age younger than 70 years
and well-preserved cardiac, renal, and hepatic function. At a
median follow-up of 52 months, their median survival was
42 months and 5- and 10-year survival rates were 36% and
15%, respectively.

Data from nonrandomized studies (277) have suggested that
patients who achieve a 50% or greater decrease in free LC con-
centration after treatment with VAD or IDM have a similar sur-
vival to patients achieving the same response with HDM and
PBSCT. It may therefore be appropriate to offer patients VAD
or an HDD-containing regimen initially and reserve HDM,
with its high associated treatment-related mortality, for those
patients who do not respond adequately to initial therapy (as
assessed by quantitation of free LCs).

Renal Supportive Care and Kidney Transplantation

Organ function in amyloid is precarious, and renal or cardiac
failure is easily precipitated, even in individuals with apparently
normal organ function by factors such as intravascular fluid
depletion or intercurrent infection.

Most studies of the clinical course and outcome of patients
on dialysis include both AL and AA amyloidoses. The patients’
survival rate is low, but it compares favorably with that of
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patients not requiring dialysis: From 66% to 72% at 1 year, it
falls to 30% to 44% at 5 to 6 years (307–309). No difference in
survival was observed at any time between the patients with AL
and AA amyloidoses (308). The survival rate of patients treated
with CAPD is similar to that of patients on hemodialysis.

Cardiac amyloid is the most important predictor of poor
survival in patients with AL amyloidosis undergoing dialysis,
and cardiac deaths represent the main cause of mortality in
such patients (309). Congestive heart failure, atrioventricu-
lar or intraventricular conduction defects, and dysrhythmias
due to amyloid myocardial involvement often occur. The man-
agement of patients with AL amyloid on hemodialysis is also
often complicated by permanent hypotension, gastrointesti-
nal hemorrhage, chronic diarrhea, and difficulties in the cre-
ation and maintenance of vascular accesses. It has, therefore,
been suggested that CAPD could have several advantages over
hemodialysis in the management of end-stage renal amyloido-
sis, including avoiding vascular access and deleterious effect on
blood pressure (310); however, CAPD may induce protein loss
in the dialysates and thereby enhance malnutrition.

Renal transplantation is limited by the severity of heart in-
volvement and the recurrence of deposits in the transplanted
kidney. There are a few case reports and small series reported in
the literature of renal transplantation in AL amyloidosis (311).
Renal transplantation may be considered in patients whose
underlying clonal plasma cell disease has remitted following
chemotherapy.

Epidemiology and Specific Features
of AA Amyloidosis

Although AA amyloidosis does not involve deposition of Ig
fragments and thus should not be classified within the group
of monoclonal gammopathies, it shares with AL amyloidosis
pathogenetic pathways, high prevalence of renal involvement,
and some therapeutic aspects that deserve further considera-
tion.

AA amyloidosis develops in 5% of patients with sustained
elevation of serum amyloid A protein (SAA). Patients at risk
are those with long duration of chronic inflammatory disease
(median, about 10 years), high magnitude of acute phase SAA
response, homozygosity for SAA1 isotype, Familial Mediter-
ranean Fever (FMF) trait (heterozygosity for variant pyrin),
and family history of AA amyloidosis (50% risk).

An important epidemiologic aspect of AA amyloidosis is
the changing spectrum of underlying diseases (Table 75-15).
Pyogenic and granulomatous infections, especially tuberculo-

sis, account for far fewer cases than in the older series. This
is because of the efficacy of antibiotic treatments for bacte-
ria, which shows that amyloidosis can be efficiently prevented
when its cause is suppressed. In contrast, the prevalence (about
70%) of amyloid linked to autoimmune inflammatory dis-
eases, such as rheumatoid arthritis and juvenile chronic arthri-
tis, has increased dramatically. AA amyloidosis in patients with
Hodgkin’s disease has virtually disappeared with more efficient
treatment of the hematologic disease. In contrast, hereditary
AA amyloidoses associated with familial recurrent fever syn-
dromes are claiming an increasing portion of about 10% of
cases in recent series.

There are a number of clinical manifestations of AA amy-
loidosis (314,315) (Table 75-16). The main target organ by
far is the kidney affected in almost all patients with AA amy-
loidosis. Renal dysfunction may be acute with nephrotic syn-
drome, or very insidious. Proteinuria is absent in about 5% of
cases. Gastrointestinal disturbances (including diarrhea, con-
stipation, and malabsorption) and hepatosplenomegaly are the
most common after kidney manifestations. In contrast with AL
amyloidosis, congestive heart failure, peripheral neuropathy,
macroglossia, and carpal tunnel syndrome occur infrequently.
The reason for the differential distribution of AA and AL tissue
deposits is not understood, but should stimulate research be-
cause this clinical observation deals with the deposition process
per se.

The optimal method for diagnosing AA amyloidosis remains
controversial. Although kidney biopsy is positive in about
100% of symptomatic patients, less invasive biopsy procedures
should be preferred first (Table 75-16). Biopsies of accessory
salivary glands, abdominal fat, and rectal mucosa yield positive
results in 50% to 80% of patients. Immunohistochemical stain-
ing using antibodies to SAA is required to confirm that Congo
red positive amyloid deposits are of AA type. SAP scintigraphy,
when available, shows early accumulation of amyloid in spleen,
whereas bones are not affected (contrary to AL amyloid).

Survival time of patients with AA amyloidosis is usually
longer than in AL amyloidosis (Table 75-16). As in AL amyloi-
dosis, an elevated serum creatinine and a low serum albumin
are strong adverse prognostic indicators. Main causes of death
are infections and dialysis complications, but not cardiac com-
plications. Estimated survival was about 40% at 3 years, and
median survival time was approximately 2 years, in older series
(314,315).

Recently, it has been clearly established that amyloid load
and clinical outcome in AA amyloidosis are dependent on cir-
culating concentrations of SAA (317). Amyloid regressed in 25
of 42 patients whose median SAA values were within the refer-
ence range (<10 mg/L) throughout follow-up, and amyloidotic

TA B L E 7 5 - 1 5

CHANGING SPECTRUM OF UNDERLYING DISEASES IN SECONDARY AA AMYLOIDOSISa

Dahlin Brownstein et al. Browning et al. Gertz and Kyle Joss et al. Gillmore et al.
1949 (312) 1971 (313) 1985 (314) 1991 (315) 2000 (316) 2001 (317)
(N = 30) (N = 100) (N = 75) (N = 64) (N = 43) (N = 80)

Rheumatic disease 2 (7) 15 (15) 55 (73) 42 (66) 30 (70) 60 (75)
Granulomatous infection

(tuberculosis, fungus, leprosy)
9 (30) 28 (28) 8 (11) 0 6 (14) 0

Pyogenic infection 10 (33) 35 (35) 5 (7) 11 (17) 0 7 (9)
Inflammatory bowel disease 2 (7) 4 (4) 3 (4) 6 (9) 1 (2) 2 (3)
Malignancy/Castleman 7 (23) 18 (18) 3 (4) 2 (3) 1 (2) 2 (3)
Otherb — — 2 (3) 3 (5) 5 (12) 9 (11)

aData are number of patients (percentage).
bIncluding hereditary recurrent fevers and unknown.
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CHARACTERISTICS OF PATIENTS WITH SECONDARY AA AMYLOIDOSIS

Male– Source of tissue
No. of female Presenting clinical for diagnosis— Causes of death—
patients Age (yrs) ratio syndrome—no. (%) no. (%) no./totals (%) Survival

Browning, et al.,
1985 (314)

75 57 (18–81) 0.8 Proteinuria/renal
failure—49 (65)

Gastrointestinal
disturbance—4 (5)

Hepatosplenomegaly—
3 (4)

Rectum—45 (60)
Kidney—11 (15)

Renal failure—18/37
(49)

Bronchopneumonia—
7/37 (19)

Cardiac—4/37 (11)

∼40% at 3 years

Gertz and Kyle,
1991 (315)

64 56 (14–80) 1.5 Proteinuria/renal
failure—58 (91)

Gastrointestinal
disturbance—14 (22)

Goiter—6 (9)
Neuropathy/carpal

tunnel—2 (3)

Rectum—32 (50)
Kidney—24 (38)
Stomach/small

bowel—15 (23)
Marrow—12 (19)

Uremia/dialysis
complications—
32/47 (68)

Sepsis—4/47 (9)
Cardiac—4/47 (9)

∼40% at 3 years
Median = 24.5

mos

organ function stabilized or improved in 39 of these cases.
Outcomes varied substantially among patients whose median
SAA concentration exceeded 10 mg/L, but amyloid load in-
creased and organ function deteriorated in most of those whose
SAA was persistently greater than 50 mg/L. Estimated survival
at 10 years was 90% in patients whose median SAA was less
than 10 mg/L, and 40% among those whose median SAA ex-
ceeded this value (p = 0.0009). These data emphasize the fact
that underlying inflammatory diseases responsible for amy-
loid must be treated as vigorously as possible and SAA (pref-
erentially to C reactive protein [CRP]) levels must be moni-
tored monthly and maintained at target value of less than 5 to
10 mg/L. In patients with inflammatory arthritis, the new anti-
tumor necrosis factor-α therapy may help to achieve this goal
(318).

Three large series of renal transplantation in patients with
amyloidosis have been published (311,319,320). They all
come from Scandinavia and essentially include patients with
rheumatic diseases. In the last series of 62 renal transplan-
tations including 29 grafts from related living donors (311),
the 1-year actuarial patient survival rate was 79%, decreas-
ing to 65% after 5 years. Amyloid deposits recur in about
10% of the grafts (311,319). There is a high risk of infection
that is the main cause of early deaths. As with dialysis, car-
diac involvement is a major threat for patients receiving renal
transplants.

Familial Mediterranean Fever and Other Hereditary
Recurrent Fever Syndromes

Familial Mediterranean fever (FMF) represents both a partic-
ular type of AA amyloidosis and is the most common cause
of familial amyloidosis. Interestingly, colchicine has proved to
be efficient both in the prevention and treatment of this type
of amyloidosis (321,322). FMF is usually transmitted as an
autosomal-recessive disorder and occurs most commonly in
Sephardic Jews and Armenians (323,324). Mutations of the
gene for proteins called pyrin or marenostrin have been demon-
strated (325,326). Clinically, there are two independent pheno-
types. In the first, brief episodic febrile attacks of peritonitis,
pleuritis, or synovitis occur in childhood or adolescence and
precede the renal manifestations. In the second, renal symp-
toms precede and may be the only manifestation of the dis-
ease for a long time. The attacks are accompanied by dramatic
elevations of acute-phase reactants, including SAA. Amyloid
deposits of the AA type are responsible for severe renal le-
sions with prominent glomerular involvement leading to end-
stage renal disease at a young age, and early death. Zemer

et al. (322) showed that in a cohort of 1,070 patients with
FMF, colchicine, an agent effective in preventing attacks (327),
could prevent the appearance of proteinuria and deterioration
of renal function (in patients with amyloidosis who had pro-
teinuria but not the nephrotic syndrome or renal insufficiency).
Life-table analysis showed that the cumulative rate of protein-
uria was 1.7% after 11 years in the compliant patients and
48.9% after 9 years in the noncompliant patients (p <0.0001).
In 1992, the authors corrected their statement that colchicine
did not improve amyloidotic kidney disease once it had reached
the nephrotic stage, because colchicine reversed the nephrotic
syndrome in three patients (328). They insisted on the impor-
tance of a dosage adapted to the clinical situation. The min-
imum daily dose of colchicine for prevention of amyloidosis
is 1 mg even if attacks are suppressed by a smaller dose. Pa-
tients with clinical evidence of amyloidotic kidney disease and
kidney transplant recipients should receive daily doses of be-
tween 1.5 and 2.0 mg. Most interestingly, the serum levels of
SAA during attacks in patients receiving colchicine were only
slightly less elevated than those in untreated patients (329), sug-
gesting that prevention of amyloidosis by colchicine might be
due, at least in part, to a peripheral effect of the drug on fibril
formation.

Next to FMF, there is a growing family of hereditary autoin-
flammatory disorders associated with renal amyloidosis (Table
75-17). A first report of systemic AA amyloidosis in patient
with the hyperimmunoglobulinemia D with periodic fever syn-
drome (HIDS) was recently published (330).

In summary, clinical experience of FMF and inflammation-
related AA amyloidosis demonstrates that it is possible to
prevent and treat AA amyloidosis efficiently. The potential
for amyloid to regress and for the function of amyloidotic
organs to recover, support therapeutic strategies to decrease
the supply of amyloid fibril precursor proteins in amyloidosis
generally.

Therapeutic Prospects

Although the existence of amyloid has been known for about
150 years, therapeutic results have been modest so far, except in
FMF and infection-related AA amyloidosis. This is partly due
to the fact that the specific amyloid proteins have only recently
been identified and the pathogenetic pathways remain obscure.
New therapeutic strategies should be directed at the three
steps of the amyloidogenic process: Synthesis of the precursor,
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AA RENAL AMYLOIDOSIS ASSOCIATED WITH FAMILIAL RECURRENT FEVER SYNDROMES

FMF TRAPS MWS FCAS

Ethnic geographic background Sephardic Jews
Armenians
Turkish

Europe Europe USA

Inheritance Autosomal recessive Autosomal dominant Autosomal dominant Autosomal dominant
Gene MEFV (16p13) TNFRSF1A (12p13) CIAS1 (1q44) CIAS1 (1q44)
Protein Pyrin/marenostrin 55 kDa TNF receptor Cryopyrin Cryopyrin
Age at onset Childhood Variable Variable Childhood
Duration of fever episodes (days) 3–4 7–21 1–2 1–2 (cold-induced)
Abdominal pain ++ ++ + +
Arthritis ++ + + +
Skin +/− rash ++ erysipeloid ++ urticaria ++ urticaria
Deafness − − + −

FMF, familial Mediterranean fever; TRAPS, TNF receptor-associated periodic syndrome; MWS, Muckle-Wells syndrome; FCAS, familial cold
autoinflammatory syndrome.
(Adapted from: Pirson Y. From renal amyloid deposits to the identification of the culprit genes. J Nephrol 2003;16:427.)

deposition of amyloid fibrils, and removal or dissolution of
amyloid fibrils.

Prevention of Amyloid Precursor Synthesis

Curing the underlying disease has proved to be extremely ef-
fective, as shown in cases of AA amyloid. This objective must
be envisioned, at least theoretically, in all forms of amyloidosis.
The possibility of immunotargeting against precursor synthesis
is also worth exploring.

Prevention of Amyloid Fibril Deposition

As previously discussed, the target of colchicine is debated. Be-
cause colchicine affects a number of cell functions including
assembly of cytoskeleton fibers, the drug might alter fibril de-
position or turnover. Its efficacy seems, however, to be limited
to FMF. Enhancing the proteolysis of the amyloid precursor
may be a rewarding approach, as serine proteases expressed
on monocyte surfaces, in supernatants from monocyte cultures
and in serum are capable of degrading SAA (331,332). Another
promising therapeutic strategy is blockade of RAGE (recep-
tor for advanced glycation end-products), a multiligand recep-
tor of the immunoglobulin superfamily that also is a receptor
for the amyloidogenic form of serum amyloid A (333). An-
tagonizing RAGE with a soluble form of the receptor or with
blocking antibodies inhibits amyloid deposition in the spleen of
mice injected with amyloid-enhancing factor and silver nitrate
(333). Interestingly, interaction of RAGE with AA activates
genes involved in cell stress. Whether these findings can apply
to other types of amyloidosis remains to be determined.

Conversely, rapidly growing data on the nucleation process
might lead to the synthesis of nucleation inhibitors for all types
of amyloid. For example, low-molecular-weight (135 to 1,000)
anionic sulfate or sulfate compounds were shown to interfere
with heparan sulfate-stimulated β-peptide fibril aggregation in
vitro (334). When administered orally, these compounds sub-
stantially reduced murine splenic AA amyloid progression. One
of these compounds, Fibrillex, is currently been used in clinical
trials. Novel therapies, such as Fibrillex, will have a major im-
pact on the remaining affected population of patients with AA
amyloidosis who do not respond to therapy for the underlying
disorder or who have a rare inflammatory disease. They may
also apply to other types of amyloid.

Removal or Dissolution of Amyloid Fibrils

The regression of amyloid deposits under effective treatment
of the underlying disease as well as the finding that amyloid
deposits may undergo redistribution (335) strongly suggest that
amyloid fibrils can be catabolized and removed from tissues.
This process is most likely restrained by proteinase inhibitors
that have been detected in amyloid deposits of various types
(336,337), and by fibril coating with the calcium-dependent
lectin SAP (165). A potential approach, therefore, would be
to block these inhibitors, to target proteolytic enzymes at the
amyloid deposition site, or to dissociate SAP with competitive
ligands.

A competitive inhibitor of SAP binding to amyloid fibrils
has been developed by Pepys et al. (338). This palindromic
compound also crosslinks and dimerizes SAP molecules, lead-
ing to their very rapid clearance by the liver, and thus pro-
duces a marked depletion of circulating human SAP. This
mechanism of drug action potently removes SAP from human
amyloid deposits in the tissues and may provide a new thera-
peutic approach to both systemic amyloidosis and diseases as-
sociated with local amyloid including Alzheimer’s disease. The
drug is currently being tested in animal models and clinical
trials.

At present, most attempts to use dimethylsulfoxide (DMSO)
as an amyloid solvent have been disappointing because of lack
of efficacy and bad odor from the patient’s breath. A novel
iodinated anthracycline, (4′-iodo-4′-deoxydoxorubicin) binds
specifically and with high affinity to all the natural amyloid
fibrils, and promotes the disaggregation of fibrils both in vitro
and in vivo (339). However, its clinical efficacy remains to be
determined (340,341).

Immunotherapeutic Perspectives

The immune system might be manipulated in order to recognize
amyloid fibrils as harmful foreign entities. Indeed, therapeutic
vaccinations were performed in mouse models of Alzheimer
disease with remarkable success (342,343). In prion diseases,
also featuring amyloid-like accumulations of a misfolded self-
protein, induction of specific immune effectors is also an im-
portant field of research (344). In AL-amyloidosis, Hrncic et al.
demonstrated that a monoclonal antibody specific for a con-
formational determinant could accelerate the clearing of amy-
loid (345). Although we are still far from applicable human
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immunotherapy, such experimental approaches might lead to
future developments.

MONOCLONAL
IMMUNOGLOBULIN
DEPOSITION DISEASE

History and Nomenclature

It has been known since the late 1950s that nonamyloidotic
forms of glomerular disease can occur in multiple myeloma.
Kobernick and Whiteside (346) and Sanchez and Domz (347)
first described glomerular nodules “resembling the lesion of
diabetic glomerulosclerosis,” lacking the staining features and
fibrillar organization of amyloid. The monoclonal LC content
of these lesions was recognized in 1973 by Antonovych et al.
(5) and confirmed by Randall et al. (6), who published the first
description of LCDD in 1976.

Monoclonal HCs were found together with LCs in the tissue
deposits from certain patients (348), and the terms monoclonal
Ig deposition disease (MIDD) (348,349) and LC- and HC-
deposition disease (LHCDD) (350,351) were proposed. More
recently, deposits containing monoclonal HCs only, that is, in
the absence of detectable LCs, were first observed in 1993 in pa-
tients affected with otherwise typical Randall’s disease (HC de-
position disease [HCDD]) (8), and reports of two series of sim-
ilar patients were published later (9,352). More than 20 cases
of HCDD have been reported so far, but this disease is most
likely underdiagnosed. In two further cases, termed “pseudo-γ
HCDD,” predominant γ 4 chain reposits were demonstrated
with pathologic aspects similar to MIDD; the authors suggested
that misfolding or denaturation of the LC was responsible for
its nonreactivity with specific antibodies (353).

In clinical and pathologic terms, LCDD, LHCDD, and
HCDD are essentially similar and therefore will be described
together. They differ from amyloidosis by the lack of affin-
ity for Congo red and lack of fibrillar organization. The dis-
tinction also relates to different pathophysiology of amyloid,
which implicates one-dimensional elongation of a pseudocrys-
talline structure, and of MIDD, which would rather involve a
one-step precipitation of Ig chains.

Pathophysiology

The pathogenetic mechanisms leading to MIDD remain en-
tirely hypothetical because circulating or urinary monoclonal
immunoglobulin chain precursors are frequently absent, or
present at very low levels, making their purification and anal-
ysis particularly difficult, and data on the precise nature of
the visceral deposits remains speculative. MIDD is due to
monoclonal κ LCs in most cases, with a probable overrep-
resentation of the rare Vκ IV variability subgroup (24); how-
ever, contrary to the VλVI subgroup, which was found ex-
clusively on monoclonal LCs from AL amyloidosis patients
(23), Vκ IV LCs may be encountered in myeloma without renal
involvement.

That immunoglobulin chain deposition involves unusual
immunoglobulin chain properties is supported by the absence
of detectable monoclonal component in the serum and urine
in 10% to 20% of patients with MIDD, the recurrence of the
disease in the transplanted kidney, and the biosynthesis of ab-
normal LCs by bone marrow plasma cells (14,351).

Abnormal Glycosylation and Structure of MIDD LCs. Struc-
tural abnormalities of immunoglobulins in MIDD have long

been suggested by empirical studies of in vitro bone marrow
cell biosynthesis products (14,348,349,351). In a study of im-
munoglobulin biosynthesis by bone marrow plasma cells in
eight consecutive patients (349), LCs were of normal size in two
cases, and short or apparently large in the other six patients.
These short or large LCs showed a striking ability to poly-
merize when secreted in vitro. Abnormal glycosylation may be
responsible for an increase in apparent molecular weight of the
corresponding LC.

Undetectable circulating LCs were found to be N-
glycosylated in all cases where they could be studied, either
by in vitro inhibition of glycosylation with tunicamycin, anal-
ysis of the carbohydrate content of purified LCs (349), or by
treatment with endoglycosidase-F (24). Therefore, LC glyco-
sylation might increase the propensity of LCs to precipitate in
tissues and displace the equilibrium from soluble toward de-
posited forms so that they are no more detectable in the body
fluids.

Sequence Analysis. The first complete primary structure of an
LC in LCDD was determined by Cogné et al. in 1991 (20).
The 30-kDa κ chain found in the kidney was presumably
identical to that secreted by the malignant plasma cells, since
they shared the same apparent molecular mass and 13–amino
acid N-terminal sequence. It was encoded by a normal-sized
κ mRNA and was N-glycosylated. The C region was entirely
normal and the V region belonged to the Vκ IV subgroup. Eight
mutations were observed, including replacement of Pro95 (con-
sidered as essential for the conformation of the third hyper-
variable region). Replacement of Asp70 by Asn determined a
N-glycosylation site.

The primary structures of a few further LCDD precursors
were analysed at the complementary DNA (354,355) and pro-
tein levels (356). Most peculiarities are clustered in peptide
loops corresponding to the complementarity-determining re-
gions (CDRs), that is, parts of the molecules normally im-
plicated in antigen binding, suggesting that a first step of the
pathogenesis could be an LC tropism for extracellular compo-
nents behaving as antigenlike structures. The most remarkable
observations were unusual hydrophobic residues at positions
where they could either be exposed to the solvent or strongly
modify the conformation, potentially leading to LC aggrega-
tion or interaction with other hydrophobic molecules (357).

However, as in AL amyloidosis, extrinsic conditions may
also contribute to aggregation of the LC. The same LC can
form granular aggregates or amyloid fibrils depending on the
environment, and different partially folded intermediates of
this protein may be responsible for amorphous or fibrillar ag-
gregation pathways (358).

Heavy-Chain Deposition Disease: A Disease Featured by
Heavy-Chain Deletions. A deletion of the first constant do-
main CH1 was found in the deposited or circulating HC in the
11 patients with γ -HC deposition disease where this deletion
was searched for (8,9,352,359,360) (Table 75-18). It also was
suggested in a patient with α HCDD (361). A larger deletion
also including the CH1 domain, the hinge, and the CH2 domain
was found in one case (8). In the blood, the deleted HC was
associated with LCs, mostly of the λ isotype, or circulated in
small amounts as a free unassembled subunit (9). It is likely that
the CH1 deletion facilitates the secretion of free HCs that are
rapidly cleared from the circulation by organ deposition (362).
Deletion of the CH1 is also found in HC disease, a lymphopro-
liferative disorder with free HC secretion without correspond-
ing renal tissue deposition, and in AH-amyloidosis in which
deposits have a fibrillar organization. In heavy chain disease,
however, the variable domain also is partially or completely
deleted, which suggests that the VH domain is required for tis-
sue precipitation. Sequence analysis of two HCDD proteins did
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TA B L E 7 5 - 1 8

IMMUNOLOGIC CHARACTERISTICS OF PATIENTS WITH HEAVY-CHAIN
DEPOSITION DISEASE (HCDD) ACCORDING TO Ig SUBTYPEa

No. of Complement Complement
patients CH1 deletion deposition activation

γ 1 8 6/6b 5/8 7/8
γ 2 1 NS 1 (weak) 0/1
γ 3 5 3/3 4/4 4/4
γ 4 3 2/2 1 (weak) NS
γ (isotype not specified) 4 NS 1/1 0/1
α 2 NS 1/2 0/2
μ 1 NS 1/1 0/1

NS, not specified.
aCases are from references 8,9,352,359,360.
bIn one patient, CH1 and CH2 were deleted (8).

show unusual amino acid substitutions in the VH, which might
change their physicochemical properties, including charge and
hydrophobicity (363).

Deposition Does Not Mean Pathogenicity. The finding by
Solomon et al. (17) of unexpectedly frequent (14 of 40) deposi-
tion of human monoclonal LCs along basement membranes in
a mouse experimental model, raises the question of the relation-
ship between tissue precipitation and pathogenic effects. Al-
though approximately 80% of MIDDs are caused by κ chains,
human LCs, which were found deposited along basement mem-
branes in mice, were predominantly of the λ type (9 of 14).
In addition, LC deposition similar in aspect to LCDD by im-
munofluorescence but with only scanty granular electron-dense
deposits in the tubular basement membrane, may occur in the
absence of glomerular lesions and tubular basement membrane
thickening (352,364). Whether the diagnosis of MIDD should
be restricted to the patients with extracellular matrix accumu-
lation, remains debated. However follow-up data indicate that
the subgroup of patients with evidence of LC deposition by
immunofluorescence and negative electron microscopy is not
characterized by a milder course (365).

Pathophysiology of Extracellular Matrix Accumulation. A
striking feature of MIDD is the dramatic associated accu-
mulation of extracellular matrix. A role for transforming
growth factor-β (TGF-β) is supported by its strong expres-
sion in glomeruli of MIDD patients, and by in vitro exper-
iments using cultured mesangial cells (366). Incubation of
mesangial cells with LCs from patients with MIDD induces
cell changes, activation of PDGF-β and its receptor, produc-
tion of MCP-1, as well as increased expression of Ki-67, a
proliferation marker, whereas tubulopathic LCs chain have
no effect (367). Because of the similarities between MIDD-
and diabetes-induced nodular glomerulosclerosis, including the
strong reactivity of lesions with the periodic acid–Schiff (PAS)
reagent, it has been suggested that immunoglobulin chains
might stimulate mesangial cells in a similar manner to advanced
glycation-end products (AGEs). Recent experiments performed
by Teng et al. (368) revealed that monoclonal LCs responsi-
ble for LCDD or AL-amyloidosis are endocytosed by cultured
mesangial cells through a yet unidentified caveolae-associated
receptor. In both conditions, contact with the pathogenic
LCs increases expression of this receptor, and different re-
sulting pathologic actions would result from distinct cellular
trafficking.

Pathologic Features

Light Microscopy

The morphologic features of these disorders are well es-
tablished, and, in retrospect, cases of undiagnosed “para-
amyloid,” or unidentified glomerulonephritis, or even “dia-
betic” glomerulosclerosis in patients with normal glycemic con-
trol were presumably MIDD. MIDD should not be considered
a pure glomerular disease. In fact, tubular lesions may be more
conspicuous than the glomerular damage.

Tubular lesions are characterized by the deposition of a re-
fractile, eosinophilic, PAS-positive, ribbonlike material along
the outer part of the tubular basement membrane in virtually
all patients with MIDD. The deposits predominate around the
distal tubules, Henle’s loops, and in some instances the collect-
ing ducts, the epithelium of which is flattened and atrophied.
Typical myeloma casts are only occasionally seen in pure forms
of MIDD. In advanced stages, a marked interstitial fibrosis in-
cluding refractile deposits is frequently associated with tubular
lesions.

Glomerular lesions are much more heterogeneous (362).
Nodular glomerulosclerosis is the most characteristic (186)
(Fig. 75-12A), being found in 30% to 100% of patients with
LCDD (352,362). Kappa-LC deposition is more likely than
λ-LC deposition to be associated with nodular glomeruloscle-
rosis and granular electron-dense deposits (see subsequent text)
(365). Expansion of the mesangial matrix was observed in all
cases of HCDD, with nodular glomerulosclerosis in almost
all of them (9,352). Mesangial nodules are composed of PAS-
positive membranelike material and are often accompanied by
mild mesangial hypercellularity. The capillary loops stretch at
the periphery of florid nodules and may undergo aneurysmal
dilation. The Bowman’s capsule may contain a material iden-
tical to that present in the center of the nodules. These lesions
resemble nodular diabetic glomerulosclerosis, but some charac-
teristics are distinctive: The distribution of the nodules is fairly
regular in a given glomerulus, the nodules are often poorly
argyrophilic, and exudative lesions as “fibrin caps” and exten-
sive hyalinosis of the efferent arterioles are not observed. In
occasional cases with prominent endocapillary cellularity and
mesangial interposition, the glomerular features mimic a lobu-
lar glomerulonephritis.

Milder forms simply show an increase in mesangial ma-
trix and sometimes in mesangial cells, and a modest thicken-
ing of the basement membranes appearing abnormally bright
and rigid. Glomerular lesions may not be detected by light
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FIGURE 75-12. Monoclonal immunoglobulin deposition disease. A: Typical nodular glomerulosclerosis.
Note membranelike material in the center of the nodules and nuclei at the periphery. Some glomerular
capillaries show double contours (arrow). Note also thickening of the basement membrane of atrophic
tubules. (Light microscopy, Masson’s trichrome, ×312.) B: Bright staining of tubular and glomerular
basement membranes, and of mesangium and arteriolar wall with anti-κ antibody in a patient with
κ–light-chain deposition disease without nodular glomerular lesions. (Immunofluorescence, ×312.)

microscopy but require ultrastructural examination. These le-
sions may represent early stages of glomerular disease or be
induced by LCs with a weak pathogenic potential. Their di-
agnosis would be unrecognized without the immunostaining
results.

Arteries, arterioles, and peritubular capillaries all may con-
tain LC deposits in close contact with their basement mem-
branes.

Immunofluorescence

A key step in the diagnosis of the various forms of MIDD
is immunofluorescence examination of the kidney. All biopsy
specimens show evidence of monotypic LC and/or HC fixation
along tubular basement membranes (Fig. 75-12B). This crite-
rion is requested for the diagnosis of MIDD. In contrast with
AL amyloidosis, the κ-isotype is markedly predominant.

The tubular deposits stain strongly and predominate along
the loops of Henle and the distal tubules, but they are also often
detected along the proximal tubules. In contrast, the pattern of
glomerular immunofluorescence displays marked heterogene-
ity. In patients with nodular glomerulosclerosis, deposits of
monotypic Ig chains are usually found along the peripheral

glomerular basement membranes, and, to a lesser extent, in
the nodules themselves. The staining in glomeruli is typically
weaker than that observed along the tubular basement mem-
branes. This may not be a function of the actual amount of
deposited material, since several cases have been reported in
which glomerular immunofluorescence was negative despite
the presence of large amounts of granular glomerular deposits
by electron microscopy (91). Local modifications of deposited
LCs might thus change their antigenicity (349). In patients
without nodular lesions, glomerular staining occurs along the
basement membrane, but it may involve the mesangium in some
cases (Fig. 75-12B). Linear Ig-chain staining is usually present
along Bowman’s capsule basement membrane. Deposits of Ig
chains are constantly found in vascular walls (Fig. 75-12B).

In patients with HCDD, immunofluorescence with anti-LC
antibodies is negative, despite typical nodular glomeruloscle-
rosis. Monotypic deposits of γ -, α-, or μ-HC may be identi-
fied. Any γ -subclass may be observed. Analysis of the kidney
biopsies with monoclonal antibodies directed to the various
constant domains of the γ -HC showed that CH1 domain de-
terminants were undetectable in all tested cases (9,352,362)
(Table 75-18) (Fig. 75-13). In addition, monoclonal antibod-
ies to the γ 1 CH2 domain also failed to react with the renal

FIGURE 75-13. Heavy-chain depo-
sition disease in a patient present-
ing with nodular glomerulosclero-
sis. Mesangial and parietal deposits
stain with a monoclonal antibody spe-
cific for the γ 1-isotype in the ab-
sence of detectable light chain (bot-
tom right). Immunofluorescence with
a panel of monoclonal antibodies di-
rected to the various constant do-
mains of the γ -heavy chain shows that
the glomerular deposits are stained
with anti-CH2 and -CH3, but not with
anti-CH1 antibodies. (Magnification,
×312.) (From: Moulin B, Deret S,
Mariette X. et al. Nodular glomeru-
losclerosis with deposition of mono-
clonal immunoglobulin heavy chains
lacking CH1. J Am Soc Nephrol
1999;10:519, with permission.)
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FIGURE 75-14. Light-chain deposition disease.
Coarsely granular dense deposits lining the outer
aspect of the tubular basement membrane. (Elec-
tron microscopy, uranyl acetate and lead citrate,
×6,000.) (From: Ganeval D, et al. Visceral deposi-
tion of monoclonal light chains and immunoglob-
ulins: a study of renal and immunopatho-
logic abnormalities. Adv Nephrol Necker Hosp
1982;11:25, with permission.)

deposits of one patient, due to a combined deletion of CH1 and
CH2 domains (8). In most cases of HCDD, especially when a
γ 1 or γ 3 chain was involved, complement components could
be demonstrated in a granular or pseudolinear pattern (Table
75-18). Complement deposits were often associated with signs
of complement activation in serum (9,352,360).

Electron Microscopy

The most characteristic ultrastructural feature is the presence
of finely or coarsely granular electron-dense deposits that delin-
eate the outer aspect of the tubular basement membranes (Fig.
75-14). They appear to be in contact with a well-preserved
basal lamina. The deposits are usually quite large and may
protrude into the adjacent part of the interstitium.

Ultrastructural glomerular lesions are characterized by the
deposition of a nonfibrillar, electron-dense material in the
mesangial nodules and along the glomerular basement mem-
brane. The mesangial material is usually finely granular with a
membranoid appearance (Fig. 75-15), but in some cases, it may
contain strongly electron-dense granules identical to the per-
itubular deposits (369,370). The deposits along the glomeru-
lar basement membrane appear as a prominent, but thin,
continuous band delineating the endothelial aspect of the base-
ment membrane. The limits between the deposits and the base-
ment membrane may be difficult to distinguish. In rare cases
the deposits invade the lamina densa. Glomerular endothelial
cells are separated from this material by areas of electron-
lucent fluffy material. Deposits can also be found in Bowman’s
capsules and in the wall of small arteries between the
myocytes (362).

A common feature shared by most patients with MIDD is
the dramatic accumulation of extracellular matrix. Nodules are
made of normal constituents (371) and stain weakly for the
small proteoglycans, decorin and biglycan (372). In a series of
36 patients with LC-related renal diseases including AL amy-
loidosis, CN, fibrillary glomerulopathy, and LCDD, transform-
ing growth factor-β (TGF-β) was detected only in glomeruli of
the three patients with LCDD and nodular glomerular lesions
(373). In the control series, TGF-β was essentially found in
nodular diabetic glomerulosclerosis, which may suggest that
distinct initial insults to the glomerular mesangium may trig-

ger similar fibrogenetic pathways. A similar accumulation of
matrix proteins was found in the perisinusoidal space of the
liver of patients with LCDD (374).

Clinical Presentation

In Tables 75-19 and 75-20 are summarized the main data from
five large series (351,352,365,375,376). They show an unex-
pectedly wide range of affected ages (28 to 94 years), with a
male preponderance. MIDD is a systemic disease with Ig-chain
deposition in a variety of organs leading to various clinical
manifestations (362), but visceral Ig-chain deposits may be to-
tally asymptomatic and found only at autopsy.

FIGURE 75-15. Light-chain deposition disease. A heavy layer of dense
granular deposit lies along the inner part of the basement membrane
lining a large mesangial nodule. Ep, epithelium; M, mesangium. (Elec-
tron microscopy, uranyl acetate and lead citrate, ×2,500.)
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TA B L E 7 5 - 1 9

RENAL MANIFESTATIONS AT PRESENTATION IN PATIENTS WITH LIGHT-CHAIN DEPOSITION DISEASE (LCDD)
AND LIGHT-AND HEAVY-CHAIN DEPOSITION DISEASE (LHCDD)

Male–female Proteinuria Nephrotic Renal
Series (ref. no.) Age (yrs) ratio >1 g/d syndrome Hematuria failure Hypertension

Ganeval et al., 1982 (375)
(N = 17)

57 (38–73) 11/6 13 (76%) 5 (29%) 5 (29%) 15 (88%) 3 (23%)c

Buxbaum et al., 1990 (351)
(N = 13)

NS (35–71) 9/4 10 (77%) 3 (23%) NS 12 (92%) 8 (61%)

Heilman et al., 1992 (376)
(N = 19)

51 (37–77) 12/7 NS 10 (53%) 11 (58%) 17 (89%) 12 (63%)

Lin et al., 2001 (352)a

(N = 17)
57 (NS) 9/8 NS 3 (18%) 8 (47%) 16 (94%) 12 (71%)

Pozzi et al., 2003 (365)b

(N = 63)
58(28–94) 40/23 53 (84%) 25 (40%) NS 60 (96%) NS

Total (N = 129) 57 1.7/1 82% 36% 45% 93% 53%

NS, not specified.
aCases of LCDD with MCN (N = 11) are not included.
bIncluding 10 cases with MCN that could not be distinguished from those without MCN.
cPlus 3 patients with past history of hypertension.

Renal Features

Renal involvement is a constant feature of MIDD, and renal
symptoms, mostly proteinuria and renal failure, often domi-
nate the clinical presentation (Table 75-19). In 23% to 53%
of the patients, albuminuria is associated with the nephrotic
syndrome. However, in about a one-fourth it is less than 1 g
per day, and these patients exhibit mainly a tubulointerstitial
syndrome. Albuminuria is not correlated with the existence of

nodular glomerulosclerosis, at least initially, and may occur
in the absence of significant glomerular lesions by light mi-
croscopy. Hematuria is more frequent than one would expect
for a nephropathy in which cell proliferation is usually modest,
with a few exceptions.

The high prevalence, early appearance, and severity of
renal failure are other salient features of MIDD (6,352,
362,365,377). In most cases, renal function declines rapidly,

TA B L E 7 5 - 2 0

HEMATOLOGIC FEATURES, EXTRARENAL MANIFESTATIONS, AND OUTCOMES OF PATIENTS WITH
LIGHT-CHAIN DEPOSITION DISEASE (LCDD) AND LIGHT- AND HEAVY-CHAIN DEPOSITION DISEASE (LHCDD)

Monoclonal
Plasma cell component in Extrarenal

Series (ref. no) dyscrasia blood or urine manifestations Survival

Ganeval et al., 1982 (375) N = 17 Myeloma—9
Waldenström—1

12/17 (71%)(8κ) Liver—10
Heart—4
Lung —2
Spleen—3
Nervous system—4

1–46 mos
8/16 deceased

Buxbaum et al., 1990 (351) N = 13 Myeloma—4 10/12 (83 %) (6κ) Heart—6
Liver—3

1 mo to 10 yrs
9/13 deceased

Heilman et al., 1992 (376) N = 19 Myeloma—6
Malignant LPD—1

16/19 (84%) (15κ) Heart—4
Nervous system—2

89% : 1 yr
70% : 5 yrs

Lin et al., 2001 (352) N = 17 Myeloma—8 15/17 (88%)a NS LCDD, 69 mobs
LHCDD, 13 mobs
9/17 deceased

Pozzi et al., 2003 (365) N = 63 Myeloma—41
LPD—2

59/63 (94%) (43κ) Heart—13
Liver—12
Spleen—5
Nervous system—5

66% : 1 yr
31% : 8 yrs
37/63 deceased

Total N =129 Myeloma—53% 88% (κ65%) Heart—24%
Liver—22%

63/109 (58%) deceased

LPD, lymphoproliferative disease.
a14 κ chains in 17 kidney biopsies.
bMean patient survival time.
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TA B L E 7 5 - 2 1

COMPARISON OF CLINICAL MANIFESTATIONS, RENAL LESIONS, AND
HEMATOLOGIC FEATURES IN PATIENTS WITH MONOCLONAL
IMMUNOGLOBULIN DEPOSITION DISEASE (MIDD)

LCDD/HCDDa HCDDb

Characteristics N = 129 N = 24

Male–female ratio 1.7 0.8
Age (y) 57 (28–94) 57 (26–79)
Hypertension (%) 53 90
Renal failure (serum creatinine ≥130 μmol/L) (%) 93 83
Nephrotic syndromec (%) 36 46
Hematuria (%) 45 89
Nodular glomerulosclerosis (%) 31–100 96
Multiple myeloma (%) 53 24
M component (blood or urine) (%) 88 58d

aPatients are from the series of Tables 75-19 and 75-20.
bCases are from references 8,9,352,359,360,361,378–385.
cProteinuria ≥3 g/day.
dIncluding two cases with only free κ chain.

which is a main reason for referral. It occurs with compara-
ble frequency in patients with either low or heavy proteinuria
(349), and thus presents in the form of a subacute tubuloint-
erstitial nephritis or a rapidly progressive glomerulonephritis,
respectively. The prevalence of hypertension is variable, but
must be interpreted according to associated medical history.

Renal features of patients with HCDD are basically similar
to those seen in LCDD and LHCDD (Table 75-21).

Extrarenal Manifestations

Liver and cardiac manifestations occurred in about one-fourth
of patients (375) (Table 75-20). Liver deposits were constant in
patients whose liver was examined. They were either discrete,
confined to sinusoids and basement membranes of biliary duc-
tules without associated parenchymal lesions, or massive with
marked dilation and multiple ruptures of sinusoids resembling
peliosis. Hepatomegaly with mild alterations of liver function
tests was the most usual symptom, but several patients devel-
oped hepatic insufficiency and portal hypertension, and some
of them died because of hepatic failure (349).

Cardiac involvement is also frequent and may be responsi-
ble for cardiomegaly and severe renal failure. Dysrhythmias,
conduction disturbances, and congestive heart failure are seen.
Echocardiography and catheterization may reveal diastolic
dysfunction and reduction in myocardial compliance similar
to that seen in cardiac amyloid. As in the kidney and liver, im-
munofluorescence showed monotypic LC deposits in the vas-
cular walls and perivascular areas of the heart, in all autopsy
cases (349).

Deposits may also occur along the nerve fibers and in the
choroid plexus, as well as in the lymph nodes, bone marrow,
spleen, pancreas, thyroid gland, submandibular glands, adrenal
glands, gastrointestinal tract, abdominal vessels, lungs, and
skin (362). They may be responsible for peripheral neuropathy
(20% of the reported cases), gastrointestinal disturbances, pul-
monary nodules, amyloidlike arthropathy, and sicca syndrome.
In some patients, nonamyloidotic, localized nodules, termed
“aggregomas,” developed in the lung or as cervical mass with-
out systemic LCDD (386,387). It is not certain whether they
are truly localized or they represent an initial expression of a
silent, systemic LCDD.

Extrarenal deposits are less common in patients with
HCDD. They have been reported in the heart (359), synovial

tissue (359,388), skin (382), striated muscles (382), pancreas
(8), around the thyroid follicles (8), and in Disse’s spaces in the
liver.

Hematologic Findings

The most common underlying disease in MIDD is myeloma,
which accounts for about 50% of pure MIDD (Table 75-
20) and greater than 90% of LC deposits associated with
myeloma CN. MIDD was found at postmortem examination
in 5% of myeloma cases (262). MIDD, like AL amyloidosis,
often is the presenting disease that leads to the discovery of
myeloma at an early stage. In some patients who first presented
with common myeloma and with normal-sized monoclonal Ig
without kidney disease, LCDD occurred when the disease re-
lapsed after chemotherapy, together with Ig structural abnor-
malities (348,349). Because melphalan was shown to induce
Ig gene mutations (389), the disease in these patients might
result from the emergence of a variant clone induced by the
alkylating agent. Apart from myeloma, MIDD may compli-
cate Waldenström’s macroglobulinemia, chronic lymphocytic
leukemia, and nodal marginal-zone lymphoma (348,390). It
often occurs in the absence of detectable malignant process,
even after prolonged (more than 10 years) follow-up (Tables
75-20 and 75-21). In such “primary” forms, a monoclonal
bone marrow plasma cell population can be documented eas-
ily by immunofluorescence examination.

Diagnostic Procedures in MIDD

The diagnosis of MIDD must be suspected in any patient with
the nephrotic syndrome or rapidly progressive tubulointersti-
tial nephritis, or with echocardiographic findings indicating di-
astolic dysfunction, and the presence of a monoclonal Ig com-
ponent in the serum and/or the urine. The same combination is
also seen in AL-amyloidosis, but the latter is more often associ-
ated with the λ LC isotype. Because sensitive techniques includ-
ing immunofixation fail to identify a monoclonal Ig component
in 10% to 20% of patients with LCDD/HCDD and about 40%
of patients with HCDD (Table 75-21), renal biopsy plays an
essential role in the diagnosis of MIDD and of the associated
dysproteinemia.
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The definitive diagnosis is made according to the immuno-
histologic analysis of tissue from an affected organ, in most
cases the kidney, using a panel of Ig chain-specific antibodies,
including anti-κ and anti-λ LC antibodies to stain the non-
Congophilic deposits. When the biopsy stains for a single heavy
chain isotype and does not stain for light chain isotypes, the
diagnosis of HCDD should be suspected.

The diagnosis of the plasma cell dyscrasia relies on bone
marrow aspiration and bone marrow biopsy with cell morpho-
logic evaluation and, if necessary, immunophenotyping with
anti-κ and anti-λ antisera to demonstrate monoclonality. Di-
agnostic criteria for a multiple myeloma are present in no more
than 60% of the patients with LCDD, and in about one-fourth
of patients with HCDD.

Outcome and Treatment

The outcome of MIDD remains uncertain, mainly because ex-
trarenal deposits of LCs can be totally asymptomatic or cause
severe organ damage leading to death. Survival from onset of
symptoms varies from 1 month to 10 years (Table 75-20). In the
largest series as yet reported of patients with LCDD (365), 36
of the 63 (57%) patients reached uremia, 37 of those patients
(59%) died during follow-up (mean, 27.5 months), and patient
survival was only 66% at 1 year and 31% at 8 years, although
54 patients (86%) were treated by chemotherapy. Multivariate
analysis showed that the only variables independently associ-
ated with renal survival were age and degree of renal insuffi-
ciency at presentation (365) or the time of renal biopsy (352).
Those independently associated with a worse patient survival
were age, associated multiple myeloma, and extrarenal LC de-
position (365), or initial serum creatinine (352). The survival
of the uremic patients treated with dialysis was not different
from that of the patients not reaching uremia (365). Renal
and patient survivals were significantly better in patients with
pure MIDD (mean, 22 and 54 months, respectively), compared
with those who presented with myeloma CN (mean, 4 and 22
months) (352).

As in AL amyloidosis, treatment should be aimed at reduc-
ing Ig production. Whether appropriate treatment can result
in sustained remission has long remained unclear. Clearance of
the LC deposits has been unequivocally demonstrated in some
patients after intensive chemotherapy with syngeneic bone mar-
row transplantation or blood stem cell autografting (391,392).
Disappearance of nodular mesangial lesions and LC deposits
was also reported after long-term chemotherapy (393). These
observations are of paramount importance. They demonstrate
that fibrotic nodular glomerular lesions are reversible, and they
argue for intensive chemotherapy in patients with severe vis-
ceral involvement.

In a retrospective study of 11 young (<65 years) patients
with LHCDD treated by high-dose therapy with the support
of autologous blood stem cell transplantation, no treatment-
related death occurred (394). A decrease in the monoclonal Ig
level was observed in eight patients, with complete disappear-
ance from serum and urine in six cases. Improvement in mani-
festations related to deposits was observed in six patients, and
histologic regression was documented in cardiac, hepatic, and
skin biopsies. No manifestation related to deposits occurred or
recurred in any patient. Reversal of dialysis dependency and
sustained improvement in renal function was also noted in one
patient with LCDD by Firkin et al. (395).

As in AL amyloidosis, monitoring of LC production should
rely on free LC assay, particularly in the patients without a
blood and urine monoclonal component.

Kidney transplantation has been performed in a few patients
with MIDD. Recurrence of the disease is usually observed.
Therefore, kidney transplantation should not be an option for

LCDD patients unless measures have been taken to reduce LC
production.

COMBINED GLOMERULAR AND
TUBULAR LESIONS

Tubular Lesions Associated with Glomerular
and Tubular Light-Chain Deposits

The association of monoclonal LC deposits, mostly along re-
nal tubular basement membranes, with typical myeloma CN
is more frequent than reported initially. It was found in 11
of 34 (32%) patients with MIDD (352). Nodular glomeru-
losclerosis is, however, infrequent (<10%), and some ribbon-
like tubular basement membranes are seen in less than one-half
of the patients. In addition, one-third of the patients do not
have granular-dense deposits by electron microscopy. The lack
of matrix accumulation in most of these patients who present
with acute renal failure in the setting of a true myeloma may
relate to insufficient time for the development of fibrosis or
to a weaker sclerogenic effect of the LC, if any (362). As dis-
cussed in the preceding text, the presence of LC deposits along
the tubular basement membrane is not sufficient to make a
diagnosis of MIDD. Conversely, in patients with glomerular
lesions associated with LCs, damage to proximal tubule ep-
ithelium frequently occurs and can become prominent in some
patients (149), although typical myeloma casts are rare. In ad-
dition, the pattern of renal lesions may change with time un-
der chemotherapy. In three patients with typical myeloma cast
nephropathy on initial biopsy, casts were replaced by massive
tissue deposits of LCs (κ chains in two, amyloid in one) (69),
suggesting chemotherapy-induced mutation of the LCs, which
might cause the LCs to be deposited in tissues rather than giving
rise to myeloma casts (348,389).

More exceptional is the association of a Fanconi syndrome
with AL amyloidosis. In three cases (131,143,396), a Fanconi
syndrome was not caused by amyloid infiltration of the kid-
ney. Amyloid was diagnosed shortly before death or at autopsy.
Finkel et al. (143) noticed that nodular amyloid deposits were
surrounded by atypical lymphoid cells containing numerous
needle-shaped crystals, and first suggested that “a product”
from these cells “may have been involved with both crystal
formation and amyloid production.” Since the nucleation pro-
cesses initiating amyloid and crystal formation may share simi-
larities, it is tempting to speculate that the responsible LC bore
unusual physicochemical properties, inducing both pathologic
conditions.

Combined AL or AH Amyloidosis and Monoclonal
Immunoglobulin Deposition Disease

Since the description of MIDD, it was expected that the two
types of deposits might coexist at different sites in a single pa-
tient. The first observations were reported by Jacquot et al.
(208). A review by Gallo et al. (350) indicated that in ap-
proximately 7% of 135 cases of light-chain deposition disease,
amyloid was found in one or more organs. Because amyloid
deposits were focal, the true incidence of the association may
be markedly underestimated. In patients with both types of de-
posits, amyloid P component was found in the fibrillar, but not
the nonfibrillar, LC deposits by immunohistochemical meth-
ods (397). The pathophysiologic significance of this associa-
tion remains controversial. Conversely, some light chains may
possess intrinsic properties, which make them prone to form
both fibrillar and nonfibrillar deposits, depending on the tis-
sue microenvironment (358), and, in the absence of structural
analysis of the deposited LCs, one cannot exclude that they
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are generated by different variant clones. In a patient with IgD
myeloma, MIDD and amyloidosis were associated with cast
nephropathy (398).

Late development of systemic λ-LC amyloidosis was re-
cently reported in a patient with γ -HCDD during long-
term follow-up (399). Copeland et al. (198) reported the
metachronous development of nonamyloidogenic λ-LCDD and
γ -HC amyloidosis in the same patient. Given the length of time
between the development of the two diseases (6 years) and the
apparent success of stem cell transplantation in treating the
first, it is most likely that the patient produced two different
plasma cell clones.

OTHER
DYSPROTEINEMIA-ASSOCIATED

GLOMERULAR LESIONS

Glomerulonephritis with Intracapillary
Thrombi of Immunoglobulin M

This glomerulonephritis is almost specific of Waldenström’s
macroglobulinemia (400). It is considered as the most common
renal lesion with amyloidosis in this condition, but like amy-
loidosis, it has become a rare entity, probably because of the
increased efficacy of chemotherapy. In the series of 16 autopsy
and biopsy cases published by Morel-Maroger et al. (400), this
lesion was found in six cases, and was associated with a variable
degree of proteinuria and normal or slightly altered renal func-
tion. It was characterized by PAS-positive, non-Congophilic
endomembranous deposits in a variable number of capillary
loops. Deposits were sometimes so voluminous as to occlude
the capillary lumens partially or completely, thereby forming
thrombi. By immunofluorescence, thrombi and deposits were
stained with anti-IgM (three cases studied) and with anti-κ (one
case studied) with antibodies. Two of the six patients had cryo-
globulinemia and slight glomerular cell proliferation. In the re-
maining four, the amount of circulating IgM was higher than
in the other patients of the series with amyloidosis or no de-
tectable renal lesion, which suggested that hyperviscosity could
favor IgM deposition in glomerular capillaries where ultrafil-
tration further increases the protein concentration. This patho-
physiologic hypothesis is also supported by the study of Argani
and Kipkie (401) in which formation of diffuse intracapillary
thrombi was likely precipitated by severe dehydration.

Because renal biopsy may be hazardous in patients with
Waldenström’s macroglobulinemia with frequently increased
bleeding time, it is wise to search for amyloid deposits first
by a less-invasive tissue biopsy. This is of utmost importance
because amyloidosis is a major cause of morbidity associated
with a much shorter survival time (265).

Glomerulonephritis with Nonamyloid
Organized Monotypic Deposits

These entities are characterized by fibrillar or microtubular de-
posits in mesangium and glomerular capillary loops that are
readily distinguishable from amyloid because fibrils are thicker
and are not stained by Congo red. They were termed “fibrillary
glomerulonephritis” (FGN) by Alpers et al. (402) and immuno-
tactoid glomerulopathy (IT) by Korbet et al. (403,404). There
has been considerable debate about the relationship of FGN
to IT, and most authors suggested that the two denominations
might cover partly different morphologic entities as defined by
the size and aspect of organized structures. For Alpers (405),

the distinguishing morphologic features of IT are the presence
of organized deposits of large, thick-walled microtubules, usu-
ally greater than 30 nm in diameter, which are often hollow
and arranged in parallel or stacked arrays, whereas FGN is
characterized by more amyloidlike deposits with smaller fibrils
(12 to 22 nm).

Although these criteria remain controversial (404,406–
408), distinguishing IT from FGN may be of great clinical
and pathophysiologic interest because the former seemed to
be more often associated with monotypic Ig deposits. How-
ever, until 2002, it was difficult to assess precisely from the
literature, the respective prevalence in each entity of mono-
typic deposits and of circulating monoclonal Ig because stud-
ies of biopsies with anti-LC antibodies were often incomplete,
urine and blood data uncertain, and, even more, patients with
dysproteinemias were excluded a priori from several series
(403,404). This issue has been settled in two recent studies
(408,409), which confirmed that IT has a significant associ-
ation with underlying dysproteinemia. Therefore, differentia-
tion of IT from FGN appears justified on immunopathologic
and clinical grounds, and this has important therapeutic con-
sequences.

Epidemiology and Clinical Manifestations

The incidence of glomerulopathies with nonamyloid deposi-
tion of fibrillary or microtubular material in a nontransplant
adult biopsy population is estimated to be about 1% (equiva-
lent to that of antiglomerular basement membrane [anti-GBM]
disease). Despite a growing number of case reports, this is most
likely underestimated because of the insufficient attention given
to atypical reactions with histochemical stains for amyloid and
the lack of immunohistochemical and ultrastructure studies of
most biopsy specimens.

The characteristics of fibrillary and immunotactoid glo-
merulopathies are described in Table 75-22 by comparison
with AL amyloid. Patients with IT and FGN have a mean age
of 55 to 60 years (extreme: 19 to 86 years) with a male-to-
female ratio that varies from a series to another (11,408,409).
They usually present with the nephrotic syndrome, microscopic
hematuria, and mild-to-severe renal failure. In both most re-
cent series (408,409), there was no significant difference be-
tween IT and FGN patients in serum creatinine level, incidence
of nephrotic syndrome, microscopic hematuria, hypertension,
and renal failure.

Pathologic Features

In IT, renal biopsy shows either membranous glomerulonephri-
tis (often associated with segmental mesangial proliferation)
or lobular membranoproliferative glomerulonephritis (408).
By immunofluorescence, coarse granular deposits of IgG and
C3 are observed along capillary basement membranes and in
mesangial areas. In a recent series of 23 patients based on
ultrastructural appearance of the deposits, IgG deposits were
monotypic in 13 of 14 patients with IT (κ, seven cases; λ, six
cases), and in only one of nine patients with FGN (408). How-
ever, a circulating monoclonal Ig was detected by immunoelec-
trophoresis or immunoblotting in only six of the 14 patients
with IT (408). Among the five cases of IT available for IgG sub-
type analysis reported by Rosenstock and associates (409), four
cases featured monotypic deposits of IgG1 subclass, whereas
deposits composed of a single gamma subtype (two IgG1 and
two IgG4) but with equivalent staining for the κ and λ LCs
were found in four of 19 FGN cases.

By electron microscopy, the distinguishing morphologic fea-
tures of IT are the presence of organized deposits of large,
thick-walled microtubules, usually greater than 30 nm in di-
ameter, at times arranged in parallel arrays (Fig. 75-16). How-
ever, the mean diameter of the substructures did not differ
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TA B L E 7 5 - 2 2

IMMUNOLOGIC AND CLINICAL CHARACTERISTICS OF FIBRILLARY AND IMMUNOTACTOID
GLOMERULOPATHIES

Fibrillary Immunotactoid
Characteristics Amyloidosis (AL-type) glomerulonephritis (FGN) glomerulopathy (IT)

Congo red staining Yes No No
Composition Fibrils Fibrils Microtubules
Fibril or microtubule size 8–15 nm 12–22 nm >30 nma

Organization in tissues Random (β-pleated sheet) Random Parallel arrays
Immunoglobulin deposition Monoclonal LC (mostly λ) Usually polyclonal (mostly IgG4),

occasionally monoclonal (IgG1,
IgG4)

Usually monoclonal (IgGκ or
IgGλ)

Glomerular lesions Deposits spreading from the
mesangium

MPGN, CGN, MP Atypical MN, MPGN

Renal presentation Severe NS, absence of
hypertension and
hematuria

NS with hematuria, hypertension;
RPGN

NS with microhematuria and
hypertension

Extrarenal manifestations
(fibrillar deposits)

Systemic deposition disease Pulmonary hemorrhage Microtubular inclusions in
leukemic lymphocytes

Association with LPD Yes (myeloma) Uncommon Common (CLL, NHL,
MGUS)

Treatment Melphalan + prednisone;
intensive therapy with
blood stem cell autograft

Corticosteroids ± cyclophosphamide
(crescentic GN)

Treatment of the associated
LPD

CGN, crescentic glomerulonephritis; CLL, chronic lymphocytic leukemia; GN, glomerulonephritis; LC, light chain; LPD, lymphoproliferative
disorder; MN, membranous nephropathy; MP, mesangial proliferation; MPGN, membranoproliferative glomerulonephritis; NHL, non-Hodgkin’s
lymphoma; NS, nephrotic syndrome; RPGN, rapidly progressive glomerulonephritis.
aMean diameter of the substructures did not differ between fibrillary glomerulonephritis (15.8 ± 3.5 nm) and immunotactoid glomerulopathy
(15.2 ± 7.3 nm) in Bridoux’s series (408).

with their ultrastructural fibrillar or microtubular appearance
in Bridoux’s series (408), with the mean external diameter
of the microtubules ranging from 9 to 45 nm in patients
with IT.

Of the 14 patients with IT reported by Bridoux et al.
(408), six had a chronic lymphocytic leukemia, one a small
lymphocytic B-cell lymphoma, and three a MGUS. Intracyto-
plasmic crystal-like Ig inclusions were found in four patients
with chronic lymphocytic leukemia and in the lymphoma pa-

tient (408). They showed the same microtubular organiza-
tion and contained the same IgG subclass and LC isotype
as renal deposits. Whether crystallization in lymphocytes and
the glomerulus results from unusual intrinsic physicochemi-
cal properties of the monoclonal Ig, or from reactivity with
a shared epitope remains to be established. These properties
may also account for rapid disappearance of the Ig from the
blood and its recurrence on renal graft noted in several patients
(410–413).

A B

FIGURE 75-16. Immunotactoid glomerulopathy. Atypical membranous glomerulonephritis showing ex-
clusive staining of the deposits with anti-immunoglobulin G and anti-κ–light-chain antibodies, in a patient
with chronic lymphocytic leukemia. A: Electron microscopy of a glomerular capillary showing subepithe-
lial deposits with effacement of the foot-processes and mesangial interposition. L, capillary lumen; R,
red blood cell. (Uranyl acetate and lead citrate, ×4,400.) B: Higher magnification of the capillary wall
showing microtubular structure of the deposits. (Magnification, ×12,000.) (From: Moulin B, Ronco PM,
Mougenot B, et al. Glomerulonephritis in chronic lymphocytic leukemia and related B-cell lymphomas.
Kidney Int 1992;42:127, with permission.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-75 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:0

1978 Section X: Systemic Diseases of the Kidney

Mesangial proliferation and aspects of membranoprolifera-
tive glomerulonephritis are predominantly reported in series of
FGN. Glomerular crescents are present in approximately 30%
of the biopsies (409). Immunofluorescence studies mainly show
IgG deposits of the γ 4-isotype (408,414) with a predominant
mesangial localization. Monotypic deposits containing mostly
IgGκ, are detected in no more than 15% of patients. By electron
microscopy, fibrils are randomly arranged and their diameter
varies between 12 and 22 nm. Of note, the fibril size alone is
not sufficient to distinguish nonamyloidotic fibrillary glomeru-
lonephritis from amyloid.

Although fibril deposition is almost always confined to
the kidney, similar fibrillary deposits have been reported in
the alveolar capillary membrane in patients presenting with
a pulmonary–renal syndrome and in the skin of a patient
with a leukocytoclastic vasculitis. In a patient with IT who
suffered from severe mononeuritis multiplex of the lower
limbs, peripheral nerve biopsy showed a similar ultrastruc-
tural microtubular organization to the glomerular deposits
(408).

Pathogenesis

The cause of FGN is not known. The exclusive or prevailing
presence of IgG4 in the immune deposits of patients with FGN
is of great interest. Although not monoclonal, this isotype-
restricted homogeneous material made of highly anionic Ig may
facilitate fibril formation. Amyloid P component has also been
found in the fibrils. The description of fibrillar cryoprecipitates
consisting of Ig-fibronectin complexes in the serum of patients
with FGN without evidence of systemic disease indicates that
serum precursors can lead to the formation of fibrillary deposits
(415).

The mechanisms of Ig deposition in lymphocytes and kid-
ney of patients with IT are also poorly understood. Anal-
ysis of monoclonal Ig both at the protein and mRNA lev-

els has not disclosed size abnormalities in two patients
(416).

Treatment and Outcome

Patients with FGN usually respond poorly to corticosteroids
and cytotoxic drugs, with an incidence of endstage renal dis-
ease of 50% (403,406,414,417). By contrast, in those with IT,
corticosteroid and/or chemotherapy were associated with par-
tial or complete remission of the nephrotic syndrome in most
cases, with a parallel improvement of the hematologic param-
eters (406,408).

After a mean follow-up period of 54 months for the IT group
and 56 months for the FGN group, patient survival (71.4% vs.
88.8%, respectively) was found to be similar for the two groups
(408). The incidence of chronic renal failure (IT: 8/14, 57.1%;
FGN: 8/9, 88.8%) and endstage renal failure (IT: 2/14, 14.3%;
FGN: 4/9, 55.8%) tended to be lower in the IT group, but the
difference was not statistically significant. Renal transplanta-
tion has been performed in only a few patients, and recurrent
disease occurred in several (410–413).

A better understanding of these unusual glomerulopathies,
which most likely make up a new form of monoclonal Ig-
related deposition disease with organization of the deposits
will require: (a) detailed ultrastructural and immunomorpho-
logic characterization of the renal deposits; (b) careful analysis
of circulating Ig with sensitive techniques, including repeated
search of cryoglobulins; (c) studies on bone marrow and circu-
lating lymphocytes (ultrastructure, in vitro Ig biosynthesis); as
well as (d) prolonged follow-up of patients to assess eventual
occurrence of extrarenal manifestations and efficacy of treat-
ment.

IT (microtubular) glomerulopathies must now be added to
the heterogeneous list of glomerulopathies caused by B-cell
chronic lymphocytic leukemia and related lymphomas, includ-
ing AL amyloidosis and the larger cohort of cryoglobulinemia-
associated membranoproliferative glomerulonephritis (Table
75-23).

TA B L E 7 5 - 2 3

RENAL LESIONS OBSERVED IN B-CELL PROLIFERATIONS

Waldenström’s Chronic lymphocytic leukemia
Renal lesions Multiple myeloma macroglobulinemia and related lymphomas

Tubular lesions
Cast nephropathy + + + – –
(Proximal) tubule lesionsa + – –
Fanconi’s syndrome + (smoldering) – –

Glomerular lesionsb

AL amyloidosis + + + +
MIDD (nodular, membranoproliferative,

minimal change)
+ + + –

Nonamyloid organized depositsc – – +
Type I and type II cryoglobulinemia + + + + +
IgM capillary thrombi – + –
Other (crescentic, minimal change, etc.) + + +

Interstitial lesions
B-Cell infiltrate +d + + + +
Nephrocalcinosis + – –
Pyelonephritis (infections) + – –

–, not or exceptionally observed; + to + + +, semiquantitative rating of the prevalence of renal lesions; MIDD, monoclonal immunoglobulin
deposition disease
aWithout detectable myeloma casts, sometimes acute tubular necrosis.
bGlomerular involvement is usually but not always preponderant.
cUsually atypical membranous (or membranoproliferative) glomerulonephritis.
dExceptionally, plasmacytoma.
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Other Types of Glomerulonephritis

Additional histologic forms of glomerulonephritis have been
described in monoclonal gammopathies. In type I cryoglobu-
linemia, a membranoproliferative glomerulonephritis (MPGN)
with macrophage infiltration is the most characteristic histo-
logic pattern and the deposits are typically, but not invariably,
organized into fibrillary or microtubular structures at the ul-
trastructural level (418). Type II cryoglobulinemias are much
more common and are described in Chapter 69.

Recently, it has been shown in 10 patients that in the absence
of detectable cryoglobulin, glomerular deposition of mono-
clonal IgG could produce a proliferative glomerulonephritis
that mimics immune-complex glomerulonephritis by light and
electron microscopy (12). Proper recognition of this entity
requires confirmation of monoclonality by staining for the
γ -heavy chain subclasses and the LC isotypes. Tissue fixa-
tion of complement was observed in 90% of cases, and 40%
of patients had hypocomplementemia. Clinical presentation
included renal insufficiency in 80%, proteinuria in 100%,
nephrotic syndrome in 44%, and microhematuria in 60%. A
monoclonal serum protein with the same heavy and light chain
isotype as that of the glomerular deposits was identified in 50%
of cases (including three IgGκ and two IgGλ). No patient had
overt myeloma or lymphoma at presentation or over the course
of follow-up.

Renal manifestations may also occur in POEMS syndrome
(Polyneuropathy, Organomegaly, Endocrinopathy, M protein,
and Skin changes), although they are not related to deposition
of the monoclonal immunoglobulin (419).
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CHAPTER 76 ■ HYPERURICEMIA, GOUT,
AND THE KIDNEY
DUK-HEE KANG AND RICHARD J. JOHNSON

INTRODUCTION

Uric acid is a weak acid trioxypurine with a molecular weight
of 168 that is composed of a pyrimidine and imidazole sub-
structure with oxygen molecules. It is produced during the
metabolism of purines, and specifically, is generated by the
degradation of xanthine by the enzyme xanthine oxidase or its
isoform, xanthine dehydrogenase. In most mammals uric acid
is further oxidized to allantoin by the hepatic enzyme, urate ox-
idase (uricase). However, during early hominoid evolution (12
to 20 million years ago) a series of mutations occurred, first af-
fecting the promoter region and then the actual gene, eventually
rendering uricase nonfunctional (1,2). As a consequence, serum
uric acid levels in humans are higher (3 to 15 mg/dL, 180 to
900 μM) and less regulatable than in most mammals (1 to
3 mgdL, 60 to 180 μM) (3). Great Apes (such as the chim-
panzee, gorilla, and gibbon) as well as some New World Mon-
keys also have mutations in uricase, but tend to have lower
serum uric acid levels (2 to 4 mg/dL, 120 to 240 μM), primar-
ily due to diets low in purines and fructose. The best known
consequence of an elevated uric acid in humans is the dis-
ease gout, due to the deposition of urate crystals in synovial
joints, occasionally with tophi formation. However, there are
also a number of well-known renal manifestations associated
with elevated uric acid, including the formation of uric acid
kidney stones (urate nephrolithiasis), acute urate nephropathy
(due to intratubular crystal formation with obstruction), and
chronic urate (‘gouty’) nephropathy. The latter has been histor-
ically viewed as occurring as a consequence of interstitial urate
crystal deposition with local inflammation, but we will review
new data that suggests this entity may occur through a crystal-
independent manner. There is also the entity of familial juvenile
hyperuricemic nephropathy, for which the gene responsible has
recently been identified. Finally, new studies also suggest that
uric acid may have a role in other renal diseases and may also
have a direct role in mediating intrarenal vascular disease, hy-
pertension, and even the metabolic syndrome. These are all
discussed in subsequent text of this chapter.

URATE METABOLISM AND
HOMEOSTASIS

Generation of Uric Acid

Uric acid is produced from metabolic conversion of either di-
etary or endogenous purines, primarily in the liver, muscle, and
intestine (Fig. 76-1) (reviewed in 4). The immediate precursor
of uric acid is xanthine, which is degraded to uric acid by ei-
ther xanthine oxidase, which generates superoxide anion in the
process, or by its isoform, xanthine dehydrogenase, which gen-
erates the reduced form of nicotinamide-adenine dinucleotide.

Both exogenous purines (such as is present in fatty meat, organ
meats, and seafood) and endogenous purines are major sources
of uric acid in humans.

Excretion of Uric Acid

The primary site of excretion of uric acid is the kidney, with
normal urinary urate excretion in the range of 250 to 750 mg
per/day. Although urate (the form of uric acid at blood pH of
7.4) is freely filtered in the glomerulus, there is evidence that
there is both reabsorption and secretion in the proximal tubule,
and as a consequence the fractional urate excretion is only 8%
to 10% in the normal adult. Some adaptation occurs with re-
nal disease, in which the fractional excretion will increase to
the 10% to 20% range. In addition, some excretion of uric
acid occurs through the gut, where uric acid is degraded by
uricolytic bacteria, and this may account for one-third of the
elimination of uric acid in the setting of renal failure. The clas-
sic paradigm of uric acid excretion consists of a four-step model
with glomerular filtration, followed by reabsorption, secretion,
and postsecretory reabsorption, the latter three processes all
occurring in the proximal convoluted tubule (5,6). However,
ideas of the handling of uric acid by the kidney have changed
greatly during the last decades, with characterization and iso-
lation of transporters and channels mainly or exclusively re-
stricted to urate transport (7,8). Membrane vesicle studies have
suggested the existence of two major mechanisms modulat-
ing urate reabsorption and secretion, consisting of a voltage-
sensitive pathway and a urate/organic anion exchanger. Re-
cently several of these transporters/channels have been identi-
fied. Endou’s group identified uric acid transporter-1(URAT-1),
a member of the organic anion transporter (OAT) family, as the
major organic anion exchanger for uric acid on the apical (lu-
minal brush border) side of the proximal tubular cell (7). In the
human kidney, urate is transported via URAT-1 across the api-
cal membrane of proximal tubular cells, in exchange for anions
being transported back into the tubular lumen to maintain elec-
trical balance. Urate then moves across the basolateral mem-
brane into the blood by other organic anion transporters, most
likely OAT-1 and OAT-3 (9,10). URAT-1 has a high affinity
for urate together with lactate, ketones, α-ketoglutarate, and
related compounds. Pyrazinamide, probenecid, losartan, and
benzbromarone all inhibit urate uptake in exchange for chlo-
ride at the luminal side of the cell by competition with the urate
exchanger. In humans, urate secretion is relatively minimal and
URAT-1 is thought to be the major mechanism for regulating
blood level of uric acid.

Urate secretion appears to be mediated principally by a
voltage-sensitive urate transporter, which is expressed ubiqui-
tously and localizes to the apical side of the proximal tubule in
the kidney. The primary candidate is urate transporter (UAT),
which is in the galactin family (8). Recently, a novel human
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renal apical organic anion efflux transporter, called MRP4, has
been identified (11). MRP4 is a member of the ATP-binding
cassette transporter family. It is proposed to mediate secre-
tion of urate and other organic anions such as cAMP, cGMP,
and methotrexate across the apical membrane of human renal
proximal tubular cells. Human MRP4 is an ATP-dependent
unidirectional efflux pump for urate with multiple allosteric
substrate binding sites (12).

Another gene involved in renal transport of urate is Tamm-
Horsfall protein (THP), also known as uromodulin. THP is ex-
clusively expressed and secreted by epithelial cells of the thick
ascending limb, where it has been shown to have antibacterial
effects. THP also co-localizes with the Na,K,2Cl transporter
in lipid rafts in the apical cell membrane, suggesting a func-
tional interaction (13). Mutations in the human uromodulin
gene have been identified in subjects with medullary cystic kid-
ney disease type 2 and in patients with familial juvenile hy-
peruricemic nephropathy (see subsequent text) (14,15). It is
not yet known how the THP mutation leads to hyperuricemia,
as most evidence suggests that uric acid handling is restricted
to the proximal tubule. However, there is some evidence that
some urate secretion in the rat can occur distal to the proximal
tubule (16). Furthermore, there is also some evidence that the
THP mutation may lead to sodium and water wasting, possi-
bly resulting in stimulating urate reabsorption proximally (see
section following section on Familial Juvenile Hyperuricemic
Nephropathy).

Causes of Hyper- and Hypouricemia

Hyperuricemia has been arbitrarily defined as >7.0 mg/dL in
men and >6.5 mg/dL in women. “Normal” serum uric acid
levels in the population appear to be rising throughout the last
century, likely as a consequence of changes in diet (see subse-
quent text), and mean levels in men in the United States are
now in the 6.0 to 6.5 mg/dL range (3). Uric acid levels tend to
be higher in certain populations (e.g., African American and

Pacific Islanders), with certain phenotypes (obesity, metabolic
syndrome) and with special diets (meat eaters vs. vegetarians)
(3). Uric acid also has a circadian variation, with the highest
levels in the early morning (17). The serum urate concentra-
tion reflects the balance between urate production and elimi-
nation. Hyperuricemia may occur from excessive production
of urate (overproduction) or decreased elimination (underex-
cretion), and frequently a combination of both processes occur
in the same patient. Furthermore, uric acid levels may vary in
the same individual by as much as 1 to 2 mg/dL during the
course of a day, due to the effects of diet and exercise.

Genetic mechanisms mediating hyperuricemia include over-
production due to mutations of two enzymes: hypoxanthine–
guanine phosphoribosyltransferase (HGPRT) and phosphori-
bosyl pyrophosphate synthetase (PRPPS) (Table 76-1). Subjects
with Lesch-Nyhan syndrome (due to a mutation of HGPRT
on the X chromosome) present in childhood with neurologic
manifestations (mental retardation, choreoathetosis, and dys-
tonia) and have an increased risk for nephrolithiasis, renal fail-
ure, and gout. A partial deficiency of HGPRT may manifest
later in life as recurrent gout and/or nephrolithiasis (partial
HPRT deficiency (Kelley-Seegmiller syndrome) (18). Other ge-
netic mechanisms include subjects with the uromodulin muta-
tion, who develop hyperuricemia (due to underexcretion) with
early and progressive renal disease (see subsequent text). Cer-
tain populations such as indigenous peoples living in Oceania
may also have higher uric acid levels than white populations.
Finally, African Americans also have higher uric acid levels and
a twofold higher incidence of gout compared to white or Asian
populations (19); however, this likely reflects the consequence
of diets high in purines and fructose (see subsequent text) rather
than genetic mechanisms.

Hyperuricemia may also result from diets high in purines,
from ethanol, and from fructose. Foods high in purine include
anchovies, herring, trout, organic meats (liver, heart, kidney),
meat gravies, broths, asparagus, and mushrooms. The effect of
alcohol is in part related to increased urate synthesis, which
is due to enhanced turnover of ATP during the conversion of
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TA B L E 7 6 - 1

MAJOR CAUSES OF HYPERURICEMIA

Genetic causes
Familial hyperuricemic nephropathy (mutation of

uromodulin)
Lesch-Nyan syndrome (HGPRT mutation)
Phosphoribosyl pyrophosphate synthetase (PRPPS)

mutation

Dietary causes
Diet high in purines (organ meats, shellfish, fatty meats)
Diet high in fructose (high fructose corn syrup, table sugar,

honey)
Ethanol
Low salt diet

Drugs
Thiazides
Loop diuretics
Calcineurin inhibitors (cyclosporine > tacrolimus)
Pyrizinamide
Low-dose aspirin

Volume depletion

Hypoxia (systemic or tissue)

Increased cell turnover (myeloproliferative disorders,
polycythemia vera)

Conditions associated with higher uric acid levels
Renal failure
Obesity/metabolic syndrome
Untreated hypertension
African American race
Preeclampsia
Vigorous exercise

acetate to acetyl-CoA as part of metabolism of ethanol (20). In
addition, acute alcohol consumption causes lactate production,
and because lactate is an antiuricosuric agent, it will reduce
renal urate excretion and exacerbation of hyperuricemia (21).
Fructose (a simple sugar present in sucrose, table sugar, high
fructose corn syrup, honey, and fruits) can also induce a rapid
rise in serum uric acid, due in part to its rapid phosphorylation
in hepatocytes with the stimulation of AMP deaminase and
ATP consumption (22). It has recently been proposed that the
marked increase in fructose intake may have a role in the rising
levels of serum uric acid and obesity worldwide (23).

Uric acid may also be affected by exercise, with moderate ex-
ercise reducing urate levels (probably by increasing renal blood
flow) and severe exercise causing a rise in uric acid (probably
due to ATP consumption with adenosine and xanthine forma-
tion). Urate levels vary among gender, in that premenopausal
women have lower uric acid, a fact attributed to the uricosuric
effect of estrogen (24). The mechanism may relate to gender
effects on URAT-1 expression, as recent studies suggest that
male mice have higher URAT-1 expression in their proximal
tubules compared to female mice (25). Uric acid also tends to
increase in the setting of low blood volume and/or low salt diet
(due to increased proximal reabsorption), and following the
administration of catecholamines or angiotensin II (due to re-
nal vasoconstriction resulting in increased reabsorption). Urate
production also relates to body size and weight, so that larger
persons produce more urate than those who are smaller. Hy-
peruricemia is particularly common in the obesity metabolic
syndrome (thought to be secondary to the effect of insulin to

stimulate uric acid reabsorption) (26) and in untreated hyper-
tension (thought to be due to reduced renal blood flow) (27).
Thiazides also increase uric acid reabsorption by decreasing
blood volume and via direct interaction with the organic anion
exchanger.

Other drugs (cyclosporine, pyrazinamide, low dose aspirin)
also increase uric acid, primarily by interfering with renal ex-
cretion. In addition, the generation of organic anions such as
lactate, β-hydroxybutyrate, and others may interfere with urate
secretion in the proximal tubule and cause a rise in serum uric
acid. Chronic low level lead ingestion can also cause hyper-
uricemia by reducing urate excretion, whereas high concentra-
tions tend to cause proximal tubular injury with no rise in uric
acid.

Uric acid is also increased in the setting of tissue hypoxia
(28) or with cell turnover (29). With tissue hypoxia, ATP is
consumed and the isoform, xanthine oxidase, is induced, re-
sulting in increased local uric acid concentrations. Uric acid
levels are thus high in subjects with congestive heart failure,
high altitude hypoxia, congenital cyanotic heart disease, and
with obstructive sleep apnea. Uric acid levels are commonly
elevated with certain malignancies, especially leukemias and
lymphomas, and levels may sharply rise following chemother-
apy (see acute urate nephropathy in the following text) (30).
Finally, uric acid has a tendency to be elevated in polycythemia
vera and other myeloproliferative disorders (31). In the setting
of reduced renal function, the fractional excretion of urate in-
creases but is inadequate to fully compensate for the reduction
in GFR, and as a consequence serum uric acid levels rise. Con-
versely, uric acid excretion via the gastrointestinal tract is also
enhanced (32), and therefore serum uric acid levels tend to be
only mildly elevated in patients with chronic renal disease, and
gout is relatively rare.

Low uric acid levels (levels <2.0 mg/dL) can occur via
a variety of mechanisms, including with liver disease (due
to decreased production), Fanconi syndrome (due to im-
paired proximal tubular function), and with diabetic glyco-
suria (due to proximal tubular dysfunction) (Table 76-2). Drugs
such as probenecid, high-dose salicylates, sulfinpyrazone, ben-
ziodarone, benzbromarone, and losartan are all uricosuric,
whereas allopurinol, febuxostat, and oxypurinol lower uric
acid by blocking xanthine oxidase. Statins also lower uric acid
(33), and recombinant uricase (rasburicase) can markedly re-
duce serum uric acid and is approved for use in children with
tumor lysis syndrome (in which marked hyperuricemia may de-
velop) (34). There is also a hereditary hypouricemia syndrome
that has been observed, and is particularly common in Japan,
which has been shown to be due to a mutation in the URAT-1
gene (35). These patients are particularly prone to develop
acute renal failure following vigorous exercise, in which it is
postulated to be due to massive uricosuria following ATP con-
sumption in the muscle.

TA B L E 7 6 - 2

MAJOR CAUSES OF HYPOURICEMIA

Liver disease
Fanconi’s syndrome
Diabetes (with glycosuria)
Inappropriate secretion of vasopressin
Familial hypouricemia (due to URAT-1 mutation)
Total parenteral hyperalimentation
Medications with uricosuric property including aspirin

(>2.0 g/day), x-ray contrast materials, ascorbic acid,
calcitonin, outdated tetracycline and glyceryl guaiacolate
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URIC ACID AND RENAL DISEASE

In the following section, we discuss the major associations
of uric acid with renal disease. For a discussion of urate
nephrolithiasis, please see Chapter 26.

Acute Uric Acid Nephropathy

Acute urate nephropathy is a form of acute renal failure that
may occur when serum uric acid rapidly rises, such as in
patients with malignancies following chemotherapy (“tumor
lysis” syndrome) (30). Typically the patient has a hematologic
malignancy in which rapid tumor lysis occurs, resulting in the
release of DNA and RNA and their rapid metabolism to uric
acid by the liver and other tissues. Serum uric acid levels may
increase to greater than 14 mg/dL (>840 μM), resulting in
a marked increase in urinary urate excretion that exceeds its
solubility. Uric acid crystals form within the tubules, leading
to obstruction and sometimes rupturing into the interstitium.
Monocytes and T cells are attracted to the site, and form gi-
ant cell reactions with tubular proliferation and extracellular
matrix deposition (36). Diagnosis is facilitated by the charac-
teristic clinical syndrome and with a urinary uric acid/urinary
creatinine ratio of >1 mg/mg (or >0.66 mM/mM) (37), and
by the presence of urate crystals in the urinary sediment. His-
torically, treatment consisted of forced alkaline diuresis (to
facilitate solubilizing the urate) and large doses of xanthine ox-
idase inhibitors (typically allopurinol 300 to 600 mg per/day).
Recently, recombinant uricase (rasburicase) has become avail-
able (and is Food and Drug Administration [FDA] approved in
children), which can be administered intravenously and which
effectively lowers serum uric acid levels and corrects renal dys-
function more rapidly than allopurinol (34). Dialysis can also
be used to acutely lower the serum uric acid levels. The natu-
ral course is one similar to that for acute renal failure of any
etiology with a period of oliguria, followed by partial or com-
plete clinical recovery. However, some degree of residual renal
injury/damage is common.

“Gouty” Nephropathy: Renal Disease
Secondary to Primary Gout or Hyperuricemia

In patients who have had gout for many years, renal disease
is common. Natural history studies prior to the availability
of uric acid–lowering drugs reported that as much as 25%
of gouty subjects developed proteinuria, 50% developed re-
nal insufficiency, and 10% to 25% developed end-stage renal
disease (37,38). Histologic changes are particularly common,
and have been observed in autopsy studies of 75% to 99%
of patients with gout. The primary histologic findings con-
sist of arteriolosclerosis, glomerulosclerosis, and tubulointer-
stitial fibrosis, similar to the findings one observes in patients
with hypertensive renal disease (nephrosclerosis) or with aging
(38,39). However, in addition, subjects with chronic gout of-
ten have focal deposition of monosodium urate in interstitial
areas, particularly in the outer medulla. This characteristic his-
tologic pattern has historically been termed “gouty nephropa-
thy” and was thought to be a major etiology of chronic renal
disease in the past (39). Studies performed primarily in the
1970s and 1980s challenged the concept that gouty nephropa-
thy was a true entity. First, the focal deposition of crystals did
not appear to adequately explain the diffuse disease commonly
present, and crystal deposition could be found in some autop-
sies of other etiologies in which no renal disease was present
(40). Second, studies led by Yü and Berger (41–43) argued

that, although gout was often associated with renal disease,
that this was likely due to mechanisms not related to uric acid.
Specifically, they pointed out that most of the gouty subjects
who had or developed renal disease had concomitant hyper-
tension, or were old, both conditions associated with the de-
velopment of microvascular disease, glomerulosclerosis, and
tubulointerstitial fibrosis (41–43). When they excluded gouty
subjects with hypertension or who were older, they found little
evidence that gout could cause renal disease (41–43). Third,
although some studies suggested that lowering uric acid could
improve the renal disease in gout (44,45), other studies could
not demonstrate any significant improvement (46). In some
studies in which an improvement was observed, it was often
unclear if this was due to the fact that better uric acid control
would lead to less use of nonsteroidal agents, which are known
to be nephrotoxic (47). Other studies have found no benefit,
although most were either nonrandomized or short-term (46).
Finally, it became evident that some subjects with high uric acid
and renal disease had other entities, such as lead nephropathy
(48), or hereditary familial hyperuricemic nephropathy (49).
Although some studies suggested that with markedly elevated
uric acid levels might cause chronic renal disease (such as levels
>13 mg/dL in men or >10 mg/dL in women) (50), most author-
ities concluded that uric acid by itself was unlikely to cause a
chronic nephropathy. Therefore, many authorities considered
the term “gouty nephropathy” a misnomer, and concluded that
uric acid had relatively little to do with the renal disease present
in these subjects (51). Indeed, this led Beck to write “Requiem
for gouty nephropathy,” an article that summarily condemned
the role of uric acid in chronic renal disease and then attempted
to permanently lay it to rest (52).

New Insights on the Entity of Gouty Nephropathy

Renewed interest on the role of gout and/or asymptomatic hy-
peruricemia has occurred in the last several years. First, it was
recognized that there were certain inherent assumptions with
the types of analyses performed by the previous investigators
(53). For example, it seemed inappropriate to use the presence
of hypertension to explain every case of renal insufficiency in
the gouty patient, since most subjects with essential hyperten-
sion have relatively preserved renal function (53). Another im-
plicit assumption was that gouty nephropathy had to be due
to crystal deposition, and that it could possibility be mediated
by other effects of hyperuricemia was not considered. Further-
more, the analysis also assumed that the presence of hyper-
tension was a separate cause of renal disease and that it had
to be independent of the uric acid. This led to a proposal to
reinvestigate the role of uric acid in chronic renal disease (53).

Subsequently a number of studies using classic multivariate
strategies examined the relationship between serum uric acid
levels and the subsequent risk for developing chronic renal dis-
ease. Interestingly, studies of the general population found that
hyperuricemia was a remarkable risk factor for developing re-
nal insufficiency, with a serum uric acid of >7 mg/dL in men
and >6 mg/dL in women, conferring a 10.8-fold increased risk
in women and a 3.8-fold increased risk in men compared to
those with normal uric acid levels (Fig. 76-2) (54). This in-
creased relative risk was independent of age, body mass index,
systolic blood pressure, total cholesterol, serum albumin, glu-
cose, smoking, alcohol use, exercise habits, proteinuria, and
hematuria. Indeed, an elevated uric acid was more predictive
for the development of renal insufficiency than proteinuria.
An elevated uric acid was also independently associated with
a marked increased risk of renal failure in another study of
more than 49,000 male railroad workers (55). These studies
have raised again the possibility that uric acid may cause renal
injury.
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FIGURE 76-2. Cumulative incidence of end-stage renal
disease (ESRD) according to baseline serum uric acid
level from 1993 to 2000. (From: Iseki K, Ikemiya Y,
Inoue T, et al. Significance of hyperuricemia as a risk
factor for developing ESRD in a screened cohort. Am J
Kidney Dis 2004;44:642, with permission.)

A second major breakthrough came from experimental
studies in which chronic mild hyperuricemia was induced in
rats (56,57). Because rats have functional uricase, the way mild
hyperuricemia was induced was by administering low concen-
trations of the uricase inhibitor, oxonic acid, to the diet (56,57).
This resulted in serum uric acid levels that were only 1.5- to
3.0-fold greater than in the normal rat, and importantly this
did not result in intratubular or interstitial urate crystal de-
position. Over time, however, rats developed hypertension and
progressive renal disease. Early in the course the rats developed
arteriolar thickening and rarely hyalinosis of the preglomeru-
lar arterioles, often accompanied by glomerular hypertrophy
(Fig. 76-3) (57,58). Over time proteinuria developed, with the

development of worsening vascular disease, glomerulosclero-
sis, and interstitial fibrosis (57). The lesion was identical to
that observed with nephrosclerosis of hypertension, with aging-
associated glomerulosclerosis, and with gouty nephropathy, ex-
cept for the absence of crystal deposition that had been ob-
served in the latter condition. This led the authors to suggest
that chronic hyperuricemia may cause renal disease and hyper-
tension via a crystal-independent pathway.

Further studies investigated the mechanism for the uric acid-
induced renal disease. It was found that uric acid was able to
induce endothelial dysfunction in vitro, and that it could in-
hibit endothelial release of nitric oxide and block endothelial
cell proliferation (59). Uric acid was also shown to stimulate

FIGURE 76-3. Afferent arteriolopa-
thy (A, B) and glomerular hyper-
trophy (C, D) in rats with hyper-
uricemia (B, D) compared to control
rats (A, C). (From: Mazzali M,
Kanellis J, Han L, et al. Hype-
ruricemia induces a primary re-
nal arteriolopathy in rats by a
blood pressure-independent mecha-
nism. Am J Physiol Renal Physiol
2002;282:F991 and Nakagawa T,
Mazzali M, Kang DH, et al. Hyper-
uricemia causes glomerular hyper-
trophy in the rat. Am J Nephrol
2003;23:2, with permission.)
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FIGURE 76-4. Acute urate nephropathy induced in rats. A: Shown is the renal cortex of a rat with acute
urate nephropathy induced by a uricase inhibitor with uric acid supplementation. Renal cortical injury is
present with tubular dilation and interstitial inflammation. (PAS, ×200.) B: A DeGalantha stain shows
intratubular uric acid crystals (magnification, ×400).

vascular smooth muscle cell proliferation through a mecha-
nism that involved uptake of urate into the cell with activa-
tion of MAP kinases, nuclear transcription factors (including
NF-κB and AP-1), and various inflammatory mediators (in-
cluding monocyte chemoattractant protein-1 and C-reactive
protein) (58–62). An induction of COX-2 with thromboxane
production was also shown (63). Hyperuricemic rats displayed
evidence of endothelial dysfunction (with low serum nitrites
reflecting low NO) and increased intrarenal renin expression
(56–59). The in vivo renal changes could be reversed by low-
ering uric acid with allopurinol. In addition, micropuncture
studies performed on the hyperuricemic rats demonstrated that
the rats developed glomerular hypertension with a reduction in
renal plasma flow, both mechanisms that could lead to renal
injury (64,65). The observation that hyperuricemia is an inde-
pendent risk factor for renal progression and that experimental
hyperuricemia can largely reproduce the lesion of chronic gouty
nephropathy has led to a reappraisal of the role of uric acid in
chronic renal disease. Importantly, it is evident that new stud-
ies should be performed to determine if lowering uric acid can
slow renal progression in these subjects.

Clinical Manifestations of Gouty Nephropathy

Most subjects with longstanding gout will have asymptomatic
renal involvement. Although histologic disease is almost in-
variably present, most subjects will have either normal or only
mild renal insufficiency (41–43). Renal blood flow is usually
disproportionately low for the degree of renal insufficiency
(41–43,66). Fractional excretion of uric acid is usually less
than 10%. Proteinuria occurs in the minority of cases, and,
when present, is usually in the non-nephrotic range. The uri-
nary sediment is also usually benign. However, hypertension is
frequent, occurring in 50% to 60% of subjects and increasing
in prevalence as renal function worsens.

The diagnosis of gouty nephropathy classically depends on
histologic diagnosis, demonstrating chronic glomerulosclero-
sis, tubulointerstitial fibrosis, renal microvascular disease, and
focal medullary crystal deposition. Identification of the crys-
tals is best done using ethanol fixed tissue with the DeGalantha
stain, as the crystals are solubilized by normal fixation methods

(Fig. 76-4). However, given recent experimental studies sug-
gesting that crystal deposition is not necessary, the diagnosis
may become problematic, for the histologic findings are simi-
lar to what is found with benign nephrosclerosis (renal injury
from essential hypertension) or with aging-associated renal dis-
ease. However, a disproportionately elevated serum uric acid in
relation to the degree of renal insufficiency (such as a uric acid
level of >9 mg/dL for a serum creatinine of <1.5 mg/dL, a uric
acid of 10 mg/dL for a serum creatinine of 1.5 to 2.0 mg/dL,
and a serum uric acid of >12 mg/dL when serum creatinine is
>2.0 mg/dL) should make one consider this diagnosis, as well
as the diseases described in the following text.

Management of Gouty Nephropathy

Although no specific studies have addressed management, it is
reasonable to treat gouty nephropathy similar to chronic renal
disease of other etiologies. Therefore, one should aim for good
blood pressure (BP) control (targeting a BP of <140/90 mm
Hg in nonproteinuric patients and 125/75 mm Hg in protein-
uric patients). Given the known benefit of blocking the renin–
angiotensin system on other renal diseases, and the fact that
blocking the renin–angiotensin system also prevents the renal
injury induced with experimental hyperuricemia (56–58), we
would recommend the use of an angiotensin receptor blocker
and/or an angiotensin-converting enzyme inhibitor as part of
the clinical regimen. Furthermore, losartan may be a particu-
larly good choice as it is also uricosuric and will lower uric
acid levels by affecting the urate–anion exchange in the proxi-
mal tubule through a mechanism that is not shared with other
angiotensin receptor blockers (67). The use of thiazide or loop
diuretics is discouraged, as these drugs have as a side effect
the raising of uric acid, and recent studies suggest they pro-
vide less renal protection than other antihypertensive agents
available (68). If a diuretic is required, the use of amiloride or
spironolactone could be attempted provided significant hyper-
kalemia is not induced. However, it is recognized that some
subjects will nevertheless require a thiazide to control blood
pressure.

The role of lowering uric acid still remains controversial,
and no definitive studies have been performed to resolve this
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important issue. Based on the experimental studies, it does seem
reasonable to lower serum uric acid in subjects with hyper-
uricemia, particularly in individuals in which it is markedly
elevated (>8 mg/dL). In the setting of renal insufficiency most
uricosuric agents are relatively ineffective, although some suc-
cess with benziodarone has been reported in Europe (69). The
most effective way to lower uric acid chronically is with the
use of xanthine oxidase inhibitors, but there is concern over
using allopurinol in subjects with chronic renal insufficiency
due to reports of higher frequency of allergic reactions, par-
ticularly the allopurinol hypersensitivity syndrome. This is a
syndrome in which subjects develop a Stevens Johnson-like syn-
drome often in association with fever, abnormal liver function
tests, and worsening renal failure (70). In addition, the func-
tional metabolite of allopurinol, oxypurinol, builds up in the
setting of renal insufficiency. Thus, if allopurinol is to be used,
one should start with 50 mg daily and then slowly increase the
dose. The usual dose is 100 mg for each 30 mL/minute of GFR.
A promising drug that is currently in clinical trial is febuxostat,
which is a nonpurine xanthine oxidase inhibitor that appears
to have minimal side-effects, to be more effective than allop-
urinol, and for which there is no need for dose adjustment in
renal disease (71). Finally, one should consider having the sub-
ject reduce ingestion of foods that can raise uric acid, such as
foods with high-purine content, ethanol, and fructose.

Chronic Lead Nephropathy

It has become recognized that some subjects with the triad of re-
nal disease, hypertension, and hyperuricemia may have chronic
lead poisoning. Studies in the 1800s linked chronic lead intoxi-
cation with the development of hypertension and renal disease,
a finding that has been confirmed repeatedly in recent years. In
the 1800s many of these cases were seen in England where large
amounts of fortified port wine that had been contaminated with
lead was consumed. More recently chronic lead-induced renal
disease has been observed in individuals exposed to lead as
a consequence of working in or near foundries or individuals
who drink moonshine prepared with lead distilling equipment
(72). Emmerson also reported a large number of subjects from
Queensland who developed lead toxicity as a consequence of
ingesting lead paint chips when they were children (73). Some
subjects provide no history of known exposure to lead, and in
certain populations (such as in Taiwan), a substantial number
of subjects with chronic renal disease may have low-level lead
toxicity (74).

The etiology of lead nephropathy is complex. Experimen-
tally lead-induced hypertension is observed only with low-dose
ingestion of lead acetate, and this results in hypertension and
mild renal injury that can be shown to be mediated by oxidants
(75). Interestingly, high doses of lead cause proximal tubular
injury with intranuclear inclusions, and a Fanconi-like picture
in which serum uric acid levels are low and blood pressure is
normal (76). Acute lead toxicity in humans is also associated
with more of a Fanconi picture due to a postulated direct tubu-
lar toxicity.

Subjects typically present with hypertension, slowly pro-
gressive renal insufficiency, and often have hyperuricemia
and/or gout (termed “saturnine” gout when it is secondary
to lead). The renal excretion of uric acid is impaired, and this
correlates with elevated blood lead levels (77). The renal sed-
iment is benign, similar to the findings observed with gouty
nephropathy and/or arteriolosclerosis. Histologically, the renal
lesion also appears like chronic hypertension, and is character-
ized by prominent vascular changes of arteriolosclerosis, often
with variable degrees of glomerulosclerosis and tubulointer-
stitial fibrosis (78). The strong association of lead intoxication
with renal microvascular disease led Huchard, the great French

academician of the 1800s, to declare that lead intoxication was
the second common cause of arteriolosclerosis (79).

Diagnosis should be suspected when one observes hyper-
uricemia and/or gout in the presence of chronic renal disease
and hypertension. Definitive diagnosis requires the ethylene
diamine tetraacetic acid (EDTA) challenge test. One gram of
EDTA is administered intravenously and the total urinary lead
excretion determined over the subsequent 72 hours. A urinary
lead excretion of greater than 600 μg per 72 hours is considered
positive (80). The differential diagnosis should include primary
gouty nephropathy, familial juvenile hyperuricemic nephropa-
thy (FJHN), and hyperuricemia accompanying other renal
disorders.

Treatment consists of standard regimens for chronic renal
disease of any etiology, and ideally with the avoidance of drugs
that can further increase serum uric acid levels (see previous
section on treatment of gouty nephropathy). The role of low-
ering uric acid levels in this population is unknown. More re-
cently, double-blind and prospective studies have shown that
intravenous EDTA treatment can chelate the lead and improve
renal function over time (81). The dose used in the study con-
sisted of 1 g calcium disodium EDTA in 200 mL normal (0.9%)
saline given over 2 hours on a weekly basis for 3 months with
reassessment of lead burden, and if the urinary excretion con-
tinued to be greater than 600 μg per 72 hours, then the course
was repeated (81).

Familial Juvenile Hyperuricemic Nephropathy

A rare form of hereditary renal disease is Familial Juvenile Hy-
peruricemic Nephropathy (FJHN). This is an autosomal dom-
inant disorder that has been described in Europe, Australia,
and the United States. Typically children and/or young adults
present with slowly progressive renal disease and marked hy-
peruricemia (15,82,83). Renal histology shows chronic renal
injury with glomerulosclerosis, tubulointerstitial fibrosis, and
arteriolosclerosis, but urate crystal deposition is rare. Gout may
or may not occur in the individual. A characteristic feature is
a very low fractional excretion of urate, typically <5% (82).
Subjects often are normotensive initially, but hypertension is
common as the renal disease progresses. Hemodynamic stud-
ies have shown that there is severe renal vasoconstriction, with
marked depression in renal plasma flow relative to the glomeru-
lar filtration rate (GFR) (83). Recently the disease was shown
to be due to a mutation in uromodulin, also known as the gene
encoding the Tamm-Horsfall protein (14). The THP is pro-
duced only by the thick ascending limb tubular epithelial cells
in the kidney, raising questions of how this mutation could re-
sult in hyperuricemia and renal failure. Interestingly, mutations
in uromodulin have also been shown to be the cause of auto-
somal dominant medullary cystic kidney disease type 2 (15).
Indeed, a recent study also suggests that this latter entity is
commonly associated with severe hyperuricemia and clinically
mimics the phenotype of familial hyperuricemic nephropathy
(15). Indeed, for all purposes the two conditions should be
viewed as the same disease.

The pathogenesis of the renal injury remains unclear. Inter-
estingly, medullary cystic kidney disease is known to be asso-
ciated with salt wasting, but it remains unclear if patients with
FJHN also have a salt or water-wasting defect. However, pre-
liminary studies in such patients suggest that they have a defect
in water concentration, and this correlated inversely with the
serum uric acid levels (15). Furthermore, mice with the uro-
modulin mutation also show a mild water and sodium wast-
ing phenotype, and have evidence for upregulation of sodium
transporters in their proximal tubules, as well as a relative de-
fect in urinary urate excretion when factored for the sodium
excretion (84, and Gersch M, et al., unpublished data). This
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provides the interesting possibility that the hyperuricemia in
FJHN is due to increased proximal sodium and urate reab-
sorption secondary to renal salt loss. Moreover, the TH mutant
mouse does not develop either hyperuricemia or renal disease.
Again, it is tempting to speculate that this may be due to the
presence of uricase in these mice that maintains serum uric acid
within normal levels.

Diagnosis is suggested by a positive family history, the
early onset of renal insufficiency in the setting of elevated
(often >9 mg/dL) uric acid levels, and by a fractional uri-
nary urate excretion of <5% (82). Confirmation is now
possible by having leukocyte DNA analyzed for the muta-
tion (available commercially by Athena Diagnostics (www.
AthenaDiagnostics.com)(85).

Treatment is largely supportive. Controversy exists over
whether lowering uric acid level slows renal progression, but
Cameron’s group has suggested a benefit using this approach
if treatment is started early (82).

Hyperuricemia and/or Gout: Role in Primary
Renal Disease, Diabetes, and Chronic

Renal Disease

Patients with established renal diseases, such as glomeru-
lonephritis and diabetic nephropathy, may also develop hype-
ruricemia. As discussed earlier, there is some retention of uric
acid with renal insufficiency of other causes, but this is usually
mild, due to compensatory increases in the fractional excretion
of uric acid and an increase in enteric excretion in the gut (32).
Indeed, gouty arthritis is uncommon in progressive renal dis-
ease. This may relate to the fact that uric acid levels are often
not that elevated and to the fact that uremia is known to in-
hibit neutrophil chemotaxis and function (86), and hence the
inflammatory response may be partially subdued.

More recently interest has developed on the role of uric
acid in renal progression in these diseases. Several studies have
now reported that serum uric acid predicts renal progression
in subjects with IgA nephropathy (87,88), including the sever-
ity of renal damage (89). Another study examined diabetes,
and noted that those subjects who did not develop nephropa-
thy often had repeated diabetic ketoacidosis and intermittent
glycosuria, with low serum uric acid levels (90). Glycosuria is
known to impair proximal tubular function and to cause uri-
cosuria. In contrast, those diabetic subjects who had elevated
serum uric acid levels were the ones most at risk for developing
progressive nephropathy (90).

A clue to the role of uric acid in renal progression was
demonstrated in an experimental model of progressive renal
disease (63). Rats underwent nephrectomy with removal of
two-thirds of the remaining kidney, to create the remnant kid-
ney model. In this model glomerular hypertension develops, re-
sulting in progressive glomerulosclerosis and tubulointerstitial
fibrosis over the next 8 to 12 weeks. When rats were made hy-
peruricemic, a marked acceleration in renal disease was found,
with worsening hypertension, proteinuria, renal function, and
glomerulosclerosis. A striking finding was that hyperuricemic
rats developed severe preglomerular vascular disease, with vas-
cular smooth muscle cell proliferation in the interlobular and
afferent arterioles (63). All of these changes could be reversed
by allopurinol, and partially by benziodarone (a uricosuric
drug used in Europe). Although experimental evidence sug-
gests that an elevated uric acid may accelerate established renal
disease, studies in humans are still lacking. Given these obser-
vations, one must be cautious in recommending lowering uric
acid in such subjects at this time, particularly given reports that
the risk for allergic reactions with allopurinol may be increased
in the setting of reduced renal function.

Hyperuricemia in Renal Transplantation

Hyperuricemia commonly occurs following renal transplanta-
tion, and, in particular, has been associated with the use of
cyclosporine, and, to a lesser extent, tacrolimus (91). Indeed,
several studies suggest that hyperuricemia occurs in more than
50% of subjects and gout develops in 10% to 15% (91). The
mechanism has been shown to be due to decreased renal ex-
cretion, driven in part by increased net tubular reabsorption as
well as decreased glomerular filtration (92).

While the primary complication of hyperuricemia in renal
transplant patients has classically been thought to be gout,
again there has been recent concern that the rise in serum uric
acid may contribute to the renal vasoconstriction and renal
injury that occurs with chronic calcineurin inhibitors. There-
fore, Mazzali et al. reported that cyclosporine-treated rats de-
veloped mild hyperuricemia with the classic lesions of arterio-
lar hyalinosis and tubulointerstitial fibrosis, but this lesion was
markedly exacerbated if uric acid levels were further increased
by administering a uricase inhibitor (93). Kobelt et al. also re-
ported that allopurinol lowers blood pressure and improves
renal blood flow in rats administered cyclosporine (94), and
Assis et al. demonstrated that allopurinol improved GFR (in-
ulin clearances) in cyclosporine-treated rats (95). Most notably,
Neal et al. recently reported that allopurinol therapy lowered
uric acid and improved renal function in liver transplant pa-
tients receiving cyclosporine (96).

At this time insufficient evidence has been provided to rec-
ommend uric acid–lowering therapy in renal transplant sub-
jects. However, if a subject has repeated episodes of gout, or
if serum uric acid levels are excessively elevated (>9 mg/dL),
we would consider pharmacologic therapy to lower uric acid.
Some care must be given with using allopurinol, since allop-
urinol interacts with azathioprine, and the latter should be
reduced to 25% to 50% of its original dose if allopurinol is
administered. In addition, we recommend initiating low doses
of allopurinol (50 to 100 mg per/day) with slow increases and
with a 2-to-4 week course of colchicine (0.6 mg b.i.d.) to mini-
mize the risk for precipitating a gout attack (which is common
on initiating allopurinol).

URIC ACID AND HYPERTENSION,
THE METABOLIC SYNDROME

AND CARDIOVASCULAR DISEASE

In addition to its controversial role in renal disease, there has
also been reawakened interest in the role of uric acid in cardio-
vascular disease, and in particular its role in hypertension and
the metabolic syndrome. Although it had been known for more
than 100 years that hyperuricemic and/or gouty individuals are
at increased risk for cardiovascular events and or mortality, this
had historically been attributed to the fact that patients with
gout frequently are obese or have other features associated with
cardiovascular risk. Studies such as the Framingham analysis
published in 1999 reported that this relationship of uric acid
with cardiovascular disease was not independent when it was
controlled for other accepted cardiovascular risk factors, such
as hypertension, diuretic use, obesity, and renal disease (97).
Most societies concluded that there is insufficient evidence to
support uric acid as a true cardiovascular risk factor.

However, recent studies have provided provocative data
that uric acid may be a true risk factor for hypertension. Thus,
an elevated serum uric acid is now recognized to be an indepen-
dent risk factor for the development of hypertension (reviewed
in 98). This has been shown by multiple groups including a re-
cent analysis by the Framingham group (99). Furthermore, an

http://www.AthenaDiagnostics.com
http://www.AthenaDiagnostics.com
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elevated serum uric acid is common in subjects with new-onset
hypertension. In one study of new-onset hypertension in ado-
lescents, 89% of subjects had a serum uric acid >5.5 mg/dL,
whereas this was not observed in any of 63 controls (including
22 subjects with white coat hypertension) (100). Pilot studies
also found that lowering uric acid with allopurinol normalized
blood pressure in four hypertensive adolescents, although no
placebo group was included in the study (100). There is now an
ongoing double blind randomized trial to investigate the role
of uric acid in hypertension in this population.

New studies have also suggested that hyperuricemia may
have a pathogenetic role in the obesity metabolic syndrome.
Thus, an elevated uric acid was found to predict the develop-
ment of both obesity and hyperinsulinemia in normal subjects
(23,101,102), and an elevated uric acid is universally present
in the metabolic syndrome (103). Furthermore, recent studies
in which rats were fed fructose to induce metabolic syndrome
found that lowering uric acid with allopurinol could signif-
icantly prevent the development of hypertension, hyperinsu-
linemia, hypertriglyceridemia, and obesity (23). Further stud-
ies are necessary to determine if lowering uric acid in humans
will have similar benefit.

Although the studies described in the preceding text have
been performed in subjects with normal renal function, Kang
et al. observed that endothelial function assessed by the degree
of endothelium-dependent vasodilation in pre-dialysis chronic
renal failure patients with mean serum creatinine of 2.2 mg/dL
was significantly correlated with serum uric acid levels (104).
Hsu et al. also reported that a high serum uric acid level was
a significant and independent predictor of cardiovascular mor-
tality in 146 hemodialysis patients. In their study serum uric
acid levels were higher in patients who died of cardiovascular
disease compared to patients dying from sepsis (9.0 ± 1.0 vs.
6.7 ± 1.8 mg/dL, p<0.05) (105).

The mechanism by which uric acid may cause cardiovascu-
lar disease has been explored using both cell culture and animal
models. It appears that uric acid must enter the endothelial
and vascular smooth muscle cell via a specific organic anion
exchanger, where it activates a variety of intracellular signal-
ing molecules involved in inflammation and proliferation. In
the endothelial cell there is a decrease in nitric oxide levels
and an inhibition of endothelial proliferation, whereas in the
vascular smooth muscle cell there is activation of proliferative
and inflammatory pathways (56–62). Local activation of the
renin–angiotensin system could also be shown (62).

Experimental studies have further demonstrated that the
mechanism by which uric acid causes hypertension is via a
decrease in endothelial-derived nitric oxide, activation of the
renin–angiotensin system, and the induction of preglomeru-
lar vascular disease. The latter may promote continued salt-
sensitivity, even after the serum uric acid is corrected (60). The
low nitric oxide may also have a central role in the induction
of insulin resistance, since insulin requires nitric oxide for its
action (by stimulating blood flow to the skeletal muscle) (102).

Although these studies are primarily limited to animals, they
provide provocative data to suggest that uric acid may have
a role not only in the development of renal disease, but po-
tentially in aggravating cardiovascular risk through effects on
blood pressure and the metabolic syndrome.

CONCLUSION

In conclusion, there is a strong relationship of uric acid with
both acute and chronic renal disease. Emerging evidence sug-
gests that it may not only cause acute renal failure as a con-
sequence of crystal formation within the tubular lumina, but
chronic hyperuricemia may also be able to cause renal dis-

ease via crystal-independent pathways. Indeed, uric acid may
not only be a primary cause of chronic renal disease (gouty
nephropathy), but could be a contributory factor in lead
nephropathy, primary renal diseases, diabetic nephropathy, cy-
closporine nephropathy, and the progression of chronic renal
disease. Uric acid may also be an unrecognized contributor
to cardiovascular risk, as evidenced by recent studies linking
it pathogenetically to hypertension and metabolic syndrome.
The next few years should be exciting in terms of separating
out the role of uric acid in acute and chronic renal injury.
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CHAPTER 77 ■ SICKLE CELL DISEASE
KATHRYN L. HASSELL, LODEWIJK W. STATIUS VAN EPS, AND PAUL E. DE JONG

In 1910, Herrick described the case of a young black student
with severe anemia characterized by “peculiar elongated and
sickle-shaped red blood corpuscles” (1). This was the first de-
scription of the condition later to be known as sickle cell ane-
mia. Herrick noted a slightly increased volume of urine of low
specific gravity, and thus observed the most frequent feature of
sickle cell nephropathy: an inability of the kidney to concen-
trate urine normally.

PATHOPHYSIOLOGY

The identification of this familial autosomal-codominant dis-
order as an abnormality of the hemoglobin molecule was made
by Pauling et al. in 1949 (2). The exact nature of the de-
fect, the substitution of valine for glutamic acid at the sixth
residue of the β chain, was established by Ingram (3), thus
characterizing sickle cell anemia as a disease of molecular struc-
ture. The hemoglobin molecule is composed of two α and
two β chains. The result of the point mutation in the β chain
is a slight change in the three-dimensional spatial configura-
tion of the hemoglobin molecule. Glutamic acid is a charged
amino acid and is therefore very soluble in water; valine is
uncharged and poorly soluble in water. The loss of charge
explains the altered migration of sickle cell hemoglobin with
hemoglobin separation techniques, including electrophoresis.
Furthermore, the uncharged, poorly soluble valine residues al-
low the hemoglobin molecules to adhere to one another and
to form elongated structures that distort the red cells into their
characteristic sickle and other abnormal shapes (Fig. 77-1). Un-
der conditions of hypoxia, acidosis, or hyperosmolality (the lat-
ter being present in the renal medulla), sickle hemoglobin forms
a highly viscous, semisolid “gel” (4). Hemoglobin molecules
form elongated double-stranded fibers that polymerize, result-
ing in 14 helical filaments (5,6). The process of polymerization
and the formation of these structures is delayed after deoxy-
genation of the red blood cell, which is sufficiently long for
most cells that they are returned to the lungs and reoxygenated
before significant gelation and “sickling” (7). Gelation is also
inhibited by the presence of normal hemoglobin A, hemoglobin
F, and other hemoglobin variants (8).

The presence of sickle hemoglobin is associated with me-
chanical deformation of the cell due to polymerization and
increased fragility with oxidative injury, altered phosphoryla-
tion and methylation of red cell membrane proteins (9). Ac-
quired red blood cell membrane abnormalities include a loss
of phospholipids, asymmetry, increased fragility and abnormal
integrin–protein interactions (9). This injury, in addition to the
retention of adhesion molecules, promotes sickle red blood cell
adhesion to vascular endothelium (10). Because clinical disease
severity has been correlated with red blood cell adhesivity, this
feature of sickle cell disease likely plays a central role in the
pathophysiology (11).

Intermittent vasoocclusion in the renal circulation due to
adherent and/or sickled red blood cells may result in ischemia
followed by reperfusion and oxidative injury, which has been

investigated in the transgenic sickle cell mouse model. Nath
et al. described renal enlargement, medullary engorgement,
and a reduced plasma creatinine in transgenic sickle cell mice,
resembling changes seen in human kidneys with sickle cell
disease. Red blood cell sickling extended from the medulla
into the cortical capillaries and glomeruli (12). Induction of
the expression of heme oxygenase (HO)-1 was associated with
increased HO levels in the mice, representing a response to
oxidate stress that may arise in response to free heme release
with hemolysis of sickle red blood cells and other oxidative
stresses. Similar increased expression of HO-1 was seen in
circulating endothelial cells from sickle cell patients, associated
with increased blood levels of HO (12). Osarogioagbon et al.
demonstrated increased peroxidation of polyunsaturated fatty
acids after transgenic sickle cell mice were exposed to transient
hypoxia (13). This oxidation was reduced by preadministra-
tion with allopurinol, suggesting a role for the xanthine oxidase
(XO) system in reperfusion injury (13). Upregulation of NFκB
was also noted, which might lead to apoptosis in kidney
tissues. Peroxynitrite formation led to reduced phosphoryla-
tion of p38 and extracellular signal-related kinase (ERK) and
increased phosphorylation of c-Jun HN(2)-terminal kinase
(JNK) in renal tissue from transgenic sickle cell mice exposed
to hypoxia, changes which would also be expected to lead
to increased apoptosis (14). Apoptosis was observed by Bank
et al. in renal tubular cells from transgenic sickle cell mice
exposed to hypoxia, and nitration of tyrosine in kidney protein
extracts co-located in close proximity with cellular inductible
nitric oxide synthase (iNOS) by immunoreactive staining,
suggesting oxidative alternation of nitric oxide metabolism
(15). Upregulation of various genes, including cytochrome
P450 4a14, Na+/K+ ATPase, and renin-1 was demonstrated
by gene expression microarray of transgenic sickle cell mice
kidneys in the setting of hypoxia documented by blood oxygen
level-dependent magnetic resonance imaging BOLD-MRI
(16). The authors suggested that in aggregate these changes
may represent a hypoxia-driven cascade that increases the
renal vasculature and may worsen vasoocclusion by altered
arachidonic acid and nitricoxide metabolism. They also
observed potentially beneficial compensatory upregulation of
mitochondrial hydroxymethylglutaryl CoA synthase (mHMG-
CoASyn), cytokine-mediated SH-2 containing protein (CIS),
and arginase II.

In the inner renal medulla and the renal papillae in humans,
where, especially during antidiuresis, osmolality is markedly
increased as a result of countercurrent multiplication and coun-
tercurrent exchange, shrinkage of red blood cells is observed
(17). This results in an increase of intracellular hemoglobin
concentration, which may initiate the process of polymeriza-
tion (18). This makes the renal medulla and papillae most vul-
nerable to vasoocclusion, red blood cell adhesion, oxidation/
reperfusion injury and hemolysis in sickle cell disease. Patients
with sickle cell disease and co-existent α-thalassemia experi-
ence potentially fewer complications, including less microal-
buminuria, an early marker of sickle nephropathy (19). This
apparent protective effect was not correlated with degree of
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FIGURE 77-1. A: Normal red blood
cells from Hb-AA subject as seen by
scanning electron microscope (SEM).
(Magnification, ×5,230.) B: Sickled red
blood cells from Hb-SS subject viewed
by SEM. The cells appear to be rigid
and are deformed by the formation of in-
tracellular elongated fibers formed as a
result of polymerization of hemoglobin
molecules. (From: Barnhart MI, et al.
Sickle Cell. Kalamazoo, MI: Upjohn
Co.; 1974, with permission from Pfizer
Inc.)

anemia or severity of hemolysis. The authors suggested this
may be due to the decreased mean corpuscular volume (MCV)
or mean corpuscular hemoglobin concentration (MCHC) as-
sociated with co-existent α-thalassemia, which may lessen the
proclivity for sickle hemoglobin polymerization.

The homozygous form of sickle cell disease, sickle cell ane-
mia (Hb-SS), is characterized by a severe hemolytic anemia
(hemoglobin 5.9 to 9.6 g/dL) with a compensatory reticu-
locytosis. The mean red cell survival is 30 days (normal =
120 days). These patients suffer periodic attacks (crises) of se-
vere pain in the joints, bones, muscles, and abdomen due to
vasoocclusion from sickled and/or adherent red blood cells. In
the heterozygous form, sickle cell trait (Hb-AS), only 30% to
45% of hemoglobin is Hb-S; the presence of more normal
hemoglobin A than hemoglobin S precludes polymerization.
Except in rare circumstances, sickling of red blood cells does
not occur in the systemic circulation, and this is a benign,
asymptomatic condition. These patients have no hematologic

abnormalities and reticulocyte counts are normal. However,
renal abnormalities, such as disturbed urinary concentrating
capacity, episodic hematuria, and sometimes even papillary
necrosis with renal colic, may be observed due to the extreme
conditions found in the renal medulla.

β Chain production is controlled by two genes, one from
each parent. Sickle cell disease also occurs when Hb-S is pro-
duced by one β chain gene and another abnormal hemoglobin is
produced by a mutation in the other β chain gene. These sickle
cell disease patients have been called double heterozygotes and
represent a large group of hemoglobinopathies characterized
by the phenomenon of sickling. In these patients, under condi-
tions of hypoxemia, hyperosmolality, and acidosis, intracellu-
lar hemoglobin polymerization can occur, although in variable
degrees. These include hemoglobin SC (Hb-SC), Hb-SD, Hb-
SOArab, and Hb-SE diseases. β-Thalassemia occurs when the
mutation in the β chain gene results in the failure to produce
any β globin chains (βothalassemia) or the underproduction
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of an otherwise normal β globin chain (β+thalassemia). When
combined with Hb-S, the presence of a β-thalassemia results in
either Hb-Sβ+thalassemia or Hb-Sβothalassemia, sickling dis-
orders characterized by the presence of microcytosis. In con-
trast to sickle cell trait (Hb-AS), the amount of hemoglobin S
produced is more than the normal hemoglobin A, permitting
polymerization and sickling. A renal concentration defect has
been observed in patients with Hb-SC (20) and Hb-SD (21), as
well as in Hb-Sβ-thalassemia patients. Hemoglobin CHarlem has
two substitutes on the β chain, one of which is identical to the
Hb-S abnormality. Both sickling and hyposthenuria have been
observed in Hb-CHarlem patients (22). In any hemoglobinopa-
thy that results in sickling of red blood cells, it might reason-
ably be expected that renal concentrating defects would be
found.

The incidence of sickle cell anemia (Hb-SS) varies in dif-
ferent parts of the world. It is estimated that 8% of African
Americans carry sickle cell trait (Hb-AS), and that 1 in 400
African Americans have sickle cell anemia (Hb-SS) (23). The
frequency of Hb-AC is estimated at 2%. There are important
geographic variations in the incidence of these important ab-
normal hemoglobins. One factor is the protection against infec-
tion with falciparum malaria by carriers of the sickle cell gene.
This explains why the phenotypic frequencies for Hb-S vary
from 10% to 40% in Africa and from 5% to 20% in Greece
and Turkey, and exemplifies that sickle cell diseases occur in
individuals of non-African descent. The phenotypic frequency
for Hb-C is approximately 10% in West Africa (24).

This chapter describes the renal manifestations of sickle
cell disease. Clinical impairment in urinary concentrating
function—and to a lesser degree in urinary acidification—is
observed despite normal or even supernormal glomerular
filtration rate (GFR) and renal plasma flow in all patients
with sickle cell disease. Chronic renal disease occurs in up
to 30% of patients with increasing age, manifested first by
microalbuminuria, then proteinuria, hypertension, worsening
anemia, and, in some cases, focal segmental glomerulosclerosis
(FSGS) and nephrotic syndrome (25). Chronic renal failure
accounts for 4% to 18% of deaths in adults with sickle cell
disease (25,26). Episodic hematuria, an increased tendency to
pyelonephritis, papillary necrosis, and renal medullary cancer,
may also occur in patients with sickle cell disease and sickle cell
trait.

PATHOLOGIC FEATURES

In 1923, Sydenstricker et al. first described macroscopic and
microscopic postmortem studies of kidneys of patients with
sickle cell disease (27). Increasingly sophisticated techniques
in the last four decades have enabled improved delineation of
gross, microscopic, ultrastructural, and molecular changes and
their impact on renal function in sickle cell disease.

Gross Anatomy

The kidneys of patients with sickle cell disease are usually of
near-normal size in childhood, but tend to increase in length
and weight with increasing age. Walker et al. observed 5 to
8 mm increases in the length of kidneys by ultrasound in pa-
tients with Hb-SC and Hb-SS disease as compared with age-
matched controls (28). The increase in length was correlated
with reticulocytosis in patients with Hb-SS. On cut surfaces
glomeruli often stand out very prominently as red “pinheads.”
Kidneys removed because of severe hematuria may demon-
strate submucosal hemorrhages in the pelvis, medulla, and cor-
tex (29). Calicectasis has been observed on pyelographic exami-

nation in 10 of 17 adult (Hb-SS) patients (30). Autopsy studies
on three patients with calicectasis showed lesions consistent
with acute and chronic pyelonephritis. However, these lesions
could also have been caused by ischemia and necrosis as the re-
sult of the sickling process itself. Radiographic changes suggest-
ing papillary necrosis—medullary cavitations, ring shadows,
and calcifications in the pyramids—have also been observed
(31,32). Occasionally, minimal papillary necrosis is apparent
only on microscopic examination. Renal vein thrombosis is
also an occasional finding in Hb-SS disease.

Whereas renal medullary pathology is often demonstrated,
cortical infarctions are less commonly reported. In a study on
renal function in sickle cell anemia patients older than 40 years
of age, 20% of the patients exhibited irregularity of the renal
outline on intravenous urography (33).

Morgan et al. (34) made a retrospective study of hospi-
tal necropsies of 21 patients with Hb-SS who died at the
age of 40 or older. Renal failure had caused or contributed
to death in 10 cases. All kidneys showed papillary damage.
In 13 cases, moderate-to-severe cortical irregularity, includ-
ing scarring, was seen. Hypertrophic glomeruli were observed
with increased cellularity and glomerulosclerosis was common.
In an autopsy series of 403 sickle cell disease patients, col-
lected at the Centralized Pathology Unit for Sickle Cell Dis-
ease at the University of South Alabama, 13% of patients
had pathologic evidence of chronic renal failure and/or pap-
illary necrosis and 23% had areas of renal infarction and/or
atrophy (35).

Microradioangiographic studies have been performed on
kidneys removed at autopsy from patients with normal
hemoglobin, patients with Hb-SS disease, and patients with
Hb-AS and Hb-SC disease (36) (Fig. 77-2). A significantly re-
duced number of vasa recta are seen in kidneys from Hb-SS
patients. Even the vessels that are present are abnormal in that
they are dilated, show spiral formation, and end bluntly. Pa-
tients with Hb-AS and Hb-SC disease show changes intermedi-
ate between those of the Hb-SS patients and normal subjects.
In patients with Hb-AS, sparse bundles of vasa recta are sur-
rounded by a chaotic pattern of dilated capillaries, with loss of
the original bundle architecture. The assumption is that these
changes result from occlusion of vasa recta and represent the
structural basis for the development of functional changes. The
loss of the highly specialized structure of parallel running loops
of Henle and vasa recta makes countercurrent multiplication
and exchange impossible.

Microscopic Pathology

In the first description of structural changes in sickle cell kid-
neys, prominent glomeruli distended with blood and necro-
sis and pigmentation of tubular cells were observed (27).
Glomerular enlargement and congestion are more common
in children beyond the age of 2 years and are most marked
in juxtamedullary glomeruli (37,38). When the size of jux-
tamedullary glomeruli is systemically measured, there is a
distinct difference between those of children with sickle cell
disease and normal children. Both the afferent and efferent
arterioles of the enlarged glomeruli may be dilated and en-
gorged with sickled cells. In adult patients with Hb-SS and
normal GFR, glomerular size as well as the total glomerular
area per unit area of cortex have been found to be significantly
greater than in patients with Hb-AS and normal control sub-
jects. In older patients, this glomerular enlargement and con-
gestion led to progressive ischemia and fibrosis with oblitera-
tion of glomeruli (34,39).

In the study by Falk et al. of 10 biopsied Hb-SS patients with
proteinuria, glomerular enlargement was found along with pe-
ripheral focal segmental glomerulosclerosis (40). The mean
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FIGURE 77-2. Injection microradioangiographs of kidneys from a subject without hemoglobinopathy
(A), a patient with sickle cell disease (B), and a patient with sickle cell–hemoglobin C disease (C). In the
normal kidney (A), vasa recta are visible radiating into the renal papilla; in sickle cell anemia (B), vasa recta
are virtually absent. Those vessels that are present are abnormal, are dilated, form spirals, and end bluntly,
and many appear to be obliterated. The patient with Hb-SC (C) shows changes intermediately between
the Hb-SS patients and the normal subjects. (From: Statius van Eps LW, et al. Nature of concentrating
defect in sickle cell nephropathy, microradioangiographic studies. Lancet 1970;1:450, through courtesy
of the editors.)

( ± SD) glomerular area of these patients was 28.7 ± 4.1 ×
103 μm2 as compared with 15.8 ± 4.3 × 103 μm2 in control
patients without renal disease. Elfenbein et al. observed that the
glomeruli of sickle cell disease patients were 74% larger than
those with sickle cell trait and 87% larger than those from
normal kidneys (41).

The most common structural morphologic abnormalities in
the glomeruli of patients with sickle cell disease are focal seg-
mental glomerulosclerosis (FSGS) and membranoproliferative
glomerulonephritis-like (MPGN-like) disease without immune
complex deposition (40). Either a collapsing or expanding
pattern can be seen (41). Elfenbein et al. and Bakir et al. spec-
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ulated that small fragments of red blood cells may have lodged
in capillary loops and been phagocytosed by mesangial cells
(41,42), which lay down subendothelial basement membrane
material. This may result in the reduplicated appearance of
the capillary loops.

Medullary lesions, however, are the most prominent; early
changes consist of edema, focal scarring, and interstitial fibro-
sis. With progressive scarring there is tubular atrophy and infil-
tration of mononuclear cells. Iron deposition has been observed
in proximal tubules and pigmented casts may be seen (31). De-
fective iron metabolism, suggested by decreased renal cortical
spin echo with magnetic resonance imaging (MRI), may contri-
bution to the nephrotic syndrome (43). All these changes could
be the result of the observed obliteration or attenuation of the
medullary circulation (36).

Ultrastructural Pathology

Young adults with Hb-SS disease (from 17 to 27 years) and
limited ability to concentrate urine, but normal GFR and ef-
fective renal plasma flow (ERPF), show normal epithelial foot
processes and glomerular basement membranes. Occasionally
focal pedicle fusion and glomerular basement membrane
thickening are observed (44). The cytoplasm of mesangial cells
contains prominent electron-dense material with a homoge-
neous and sometimes granular or lamellated structure. The
mesangial matrix may be increased in quantity with focal pres-
ence of fibrillar material. These findings cannot be considered
specific for sickle cell disease, although the changes mentioned
previously increase with advancing clinical renal disease in the
patient with Hb-SS. Moreover, these ultrastructural changes
may be present without other signs of overt renal disease and
may be the earliest effects of sickle cell disease on the kidney.
Systematic follow-up studies will be necessary to establish this
relationship. Interstitial cells of the outer medulla sometimes
contain aggregates of granular electron-dense material. The
normally close relationship of the interstitial cell processes
and cytoplasmic fibrils to the interstitial capillaries appear to
be at least partially interrupted by the interstitial collagen.

Guasch et al. demonstrated enhanced fractional clearance
of all dextrans (26 to 64 Å) as compared to healthy controls
(45). Assuming a heteroporous model of filtration and analysis
with hydrodynamic pore theory, the authors suggested there
is a distinct alteration in capillary wall pore structure with an
increase in resistant pore size.

Pathologic Changes in the
Nephrotic Syndrome

In studies of patients with sickle cell anemia who have
nephrotic syndrome and marked renal insufficiency, much
more striking electron-microscopic changes have been reported
(41,46). There is effacement of foot processes, and sheets of ep-
ithelial cytoplasm cover the external surface of the basement
membrane. Mesangial matrix is increased and basement mem-
brane duplication is seen. Another feature is the appearance
of electron-dense bodies, particularly in the mesangium and
occasionally in the endothelial cytoplasm. Most of these ul-
trastructural changes are also observed in the nephrotic syn-
drome resulting from a variety of causes, and in the absence
of concomitant sickle cell disease; therefore, they cannot be
considered specific for the sickling disorders. Bakir et al. pub-
lished a survey on 240 adults with sickle cell anemia over a
period of 11 years (42). Twelve had the nephrotic syndrome.
In nine, the glomerular lesion, which they proposed to call
sickle glomerulopathy, consisted of mesangial expansion and

basement membrane duplication. The prognosis of this com-
plication of sickle cell nephropathy is very poor. Of 22 pa-
tients with sickle cell glomerulopathy, 9 from the report of
Bakir et al. and 13 added from the literature, 11 died within
2 years, 10 from rapidly developing renal failure. Bakir et al.
concluded, based on their very large group of sickle cell ane-
mia patients, that the nephrotic syndrome, most often caused
by sickle glomerulopathy, occurs in 4% of patients, leading to
renal failure in two-thirds and death within 2 years in half of the
patients.

Alternatively, the nephrotic syndrome in patients with both
sickle cell anemia and sickle cell trait (47–49) has been inter-
preted as an autologous immune-complex nephritis. Immuno-
logic studies in seven Hb-SS patients with clinical and labora-
tory evidence of glomerular disease revealed immunoglobulin
and complement components and renal tubular epithelial anti-
gens in a granular pattern along the glomerular basement mem-
brane. Tubular epithelial antigens and cryoprecipitable renal
tubular antigen–antibody complexes were detected in the cir-
culation of some patients. It was suggested that an immune-
deposit normocomplementemic nephritis develops in sickle cell
anemia and that the involved antigen is released from tubules
damaged by the vascular alterations characteristic of this dis-
ease. However, this has been demonstrated in only 12 cases in
the literature and is not representative of the preponderance of
sickle cell nephropathy.

Recently, more attention has been given to the occurrence
of glomerulosclerosis in sickle cell anemia. Tejani et al. found
glomerulosclerosis in 8 of 13 children in whom a renal biopsy
was performed for persistent proteinuria or nephrotic syn-
drome, whereas mesangial proliferation was found in the other
5 children (50). Children with glomerulosclerosis were older
at the onset of nephropathy and presented with nephrotic syn-
drome more often than did those with mesangial prolifera-
tion. In addition, several case reports mentioned the occur-
rence of the nephrotic syndrome with focal glomerulosclerosis
in sickle cell anemia (27,38,41,46). All patients with mesan-
gial proliferation and half of the patients with focal and seg-
mental glomerulosclerosis had supernormal renal clearances
at onset of nephropathy suggesting hyperfiltration (50). The
latter, both in animals and humans, may be injurious to the
integrity of glomeruli and lead to mesangial proliferation and
focal segmental glomerulosclerosis. It has been shown that hy-
perfiltration is a characteristic of the nephropathy in Hb-SS
patients (51–54). This hyperfiltration may well be responsi-
ble for the glomerulosclerosis and the renal function decline
in these patients (40,55). Bhathena and Sondheimer stud-
ied kidney biopsy specimens from six homozygous Hb-SS
nephrotic patients (56). They observed a distinctive glomeru-
lopathy of focal sclerosis developing in maximally hyper-
trophied glomeruli. The glomeruli were markedly enlarged,
whether nephrotic (233.6 μm ± 25.3 [standard error, SE]) or
not (control Hb-SS values 243.0 μm ± 12.5; normal control
values 158.0 μm ± 12.7). Because increased hyperfiltration
and glomerular capillary hypertension are injurious to rem-
nant glomeruli that undergo hypertrophy, the observed focal
segmental glomerulosclerosis is the expected pathologic lesion.
Hyperfiltration-related glomerular injury that supervenes in the
form of progressive focal glomerulosclerosis causes renal insuf-
ficiency and increasing proteinuria, the nephrotic syndrome,
and ultimately renal failure.

Although this form of sickle cell glomerulopathy is the
most typical and specific lesion in sickle cell patients to cause
the nephrotic syndrome and ultimately renal failure, other
causes of nephrotic syndrome can occur with Hb-SS, such
as poststreptococcal acute glomerulonephritis, membranopro-
liferative glomerulonephritis (57), and the autologous nor-
mocomplementemic membranoproliferative glomerulonephri-
tis (48,49).
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RENAL FUNCTION

Hemodynamics

Renal hemodynamics are, as a rule, either normal or supernor-
mal in homozygous (Hb-SS) patients younger than 30 years
of age (51,54,55). In Hb-SS infants, increased values have
been observed for both GFR and effective renal blood flow
(ERBF), as well as for the tubular transport maximum of para-
aminohippurate (TmPAH). ERBF was found to be normal or
elevated, although less elevated than effective renal plasma
flow (ERPF) because of the very low hematocrit. The extrac-
tion ratio of para-aminohippurate (EPAH) was decreased. Fil-
tration fraction (GFR/ERPF) has been found to be decreased
(mean 14% to 18%; normal 19% to 22%) (51,54,55,58). It
has been suggested that selective damage of the juxtamedullary
glomeruli might result in a lower filtration fraction because
these nephrons appear to have the highest filtration fractions
(59,60). Microradioangiographic studies lend support to this
suggestion (36).

In sickle cell trait, Hb-SC disease, Hb-CC disease,
hemoglobin C trait (20), and Hb-Sβ+thalassemia, GFR and
ERPF were found to be within the range of normal. As com-
pared to patients with Hb-SS, individuals with sickle cell trait
do not appear to have significant age-related increases in GFR
or microalbuminuria (61).

Multiple mechanisms may be responsible for the increase in
renal hemodynamics in patients with sickle cell disease. Mul-
tiple transfusions with Hb-A blood to patients with Hb-SS re-
sult in significant, although temporary, increases in hemoglobin
concentration, with gradual and almost complete replacement
of Hb-S by Hb-A. Because this procedure does not reduce the
supernormal GFR and ERPF (51), the cause of the supernor-
mal renal clearances in sickle cell nephropathy cannot be ex-
plained by the anemia per se or by the presence of the abnormal
hemoglobin. Also GFR and ERPF may even be slightly reduced
in chronic anemia from other causes (62).

Altered nitric oxide production and renin secretion as seen
in transgenic sickle cell mouse models may play a role in hy-
perfiltration (16,63) (See section entitled “Pathophysiology”).
The ischemic damage to the medulla could also be a stimulus
for increased prostaglandin synthesis, leading to hyperfiltration
(55,58,64). Indeed, during prostaglandin synthesis inhibition
with indomethacin, a significant fall in GFR, ERPF, creatinine
clearance, and urea clearance was observed in sickle cell ane-
mia. In control subjects none of these variables changed after
indomethacin. It is therefore suggested that prostaglandins may
play an important role in maintaining a normal GFR and ERPF
in sickle cell anemia.

The increase in renal blood flow, whatever its cause, could
secondarily cause both an increased GFR and a decreased EPAH
(38), although a supernormal ERPF can be accompanied by
normal GFR (64). There may also be a relationship between
the supernormal GFR and ERPF of sickle cell nephropathy and
the observed apparent increased reabsorption by the proximal
renal tubule in these patients (see section entitled “Proximal
Tubular Reabsorption”) (65).

A number of possible mechanisms may be responsible for
the decline in renal hemodynamics with age, sometimes ending
in renal failure with, at necropsy, shrunken end-stage kidneys.
It could well be that, over a number of years, continued loss
of medullary circulation, interstitial fibrosis, and possibly su-
perimposed pyelonephritis may lead to a progressive decline in
GFR and advanced renal insufficiency in the patient with Hb-
SS disease. Support for the idea of a reduction in medullary
blood flow in sickle cell disease can be found in the micro-
radioangiographic studies of Hb-SS kidneys (36) (Fig. 77-2).

There was almost no perfusion of the vasa recta by the con-
trast medium in the kidneys obtained at autopsy. These find-
ings suggest an almost complete absence of vasa recta in Hb-SS.
As mentioned previously, supernormal hemodynamics and hy-
perfiltration have been proposed as causative mechanisms of
glomerulosclerosis (66), which may lead to the chronic renal
failure seen in sickle cell disease. Increased apoptosis, stimu-
lated by ischemic and/or oxidative injury, may also contribute
to progressive renal dysfunction (13–15).

Estimation of Renal Function

In sickle cell anemia, fractional creatinine excretion has been
found to be increased (58); the use of inulin clearances may
more accurately assess GFR. Serum creatinine is a poor marker
of glomerular function in patients with sickle cell disease and
did not predict the presence of subnormal GFR as assessed by
TmPAH and inulin clearance or reduced ultrafiltration coeffi-
cient and abnormal glomerular selectivity seen in patients with
Hb-SS (67,68). In older patients (30 to 60 years of age) with
Hb-SS, GFR and ERPF diminish with age to normal or even
depressed levels (69,70). As compared to younger people with
sickle cell disease, patients older than 40 years of age have a
higher plasma creatinine concentration and lower creatinine
clearance (70), but these measures still likely underestimate the
severity of renal dysfunction due to the increased fractional
creatinine excretion.

Urinary Concentrating Capacity

An inability to achieve maximally concentrated urine has been
the most consistent feature of sickle cell nephropathy. This in-
ability has now been documented many times, in both the ho-
mozygous and the heterozygous states (20,51,71–74). The ab-
normality is unrelated to GFR and ERPF, since both as a rule
are normal or even supernormal in sickle cell disease. There is,
however, a definite relationship between urinary concentrating
capacity and age. In Hb-SS patients older than 10 years, the
maximal urinary concentration is reduced to about 400 mOsm/
kg H2O and does not decrease further with advancing age. In
very young children with sickle cell anemia, a concentrating de-
fect is present, but normal urinary concentrating ability can be
restored by multiple transfusions of Hb-A erythrocytes (51,72).
This capacity for improvement is progressively lost with age,
and in patients older than 15 years, impaired urinary concen-
trating capacity is irreversible (Fig. 77-3). The renal concen-
trating capacity of the heterozygotes (Hb-AS) is affected too,
but only later in life. The presence of co-existent α-thalassemia,
which variably ameliorates manifestations of sickle cell disease
in some patients, also attenuates the urinary concentrating de-
fect seen in individuals with sickle cell trait, presumably by
reducing red blood cell sickling (75).

Maximally concentrated urine is produced by extraction of
water from collecting duct fluid as it passes through the hy-
pertonic medullary interstitium in the presence of antidiuretic
hormone (ADH). It does not increase further after exogenous
ADH administration (73,76). Sickle cell anemia patients are
not able to increase urinary osmolality despite sufficiently stim-
ulated plasma vasopressin levels (76).

In the normal human kidney, approximately 85% of the
nephrons have short loops of Henle restricted to the outer
medullary zone. These nephrons may be largely responsible
for achieving the interstitial osmolality of about 450 mOsm/kg
H2O that exists at the transition of the outer and inner medulla.
The remaining 15% of human nephrons are juxtamedullary
nephrons with long loops of Henle extending into the inner
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FIGURE 77-3. Relationship between age and the ability to reverse the
defect in urinary concentration in patients with sickle cell disease by
blood transfusions. A: The maximal urinary osmolality achieved prior
to transfusion (lower point of each vertical line) and after multiple
transfusions with normal blood (upper point of each vertical line) in
14 patients with sickle cell disease ranging from 2 to 40 years of age
(8 patients, thick lines, from: Statius van Eps LW, et al. The influ-
ence of red blood cell transfusions on the hyposthenuria and renal
hemodynamics of sickle cell anemia. Clin Chim Acta 1967;17:449;
and 6 patients, thin lines, from: Keitel HG, et al. Hyposthenuria in
sickle cell anemia: a reversible renal defect. J Clin Invest 1956;35:998.)
B: The percentage increase in maximal urinary osmolality resulting
from transfusion. Maximal urinary osmolality prior to transfusion is
depressed at all ages; significant improvement after transfusion occurs
only in children and adolescents. (From: Statius van Eps LW, et al. The
influence of red blood cell transfusions on the hyposthenuria and re-
nal hemodynamics of sickle cell anemia. Clin Chim Acta 1967;17:449,
through courtesy of the editors.)

medullary zone and renal papillae. Together with the parallel
hairpin vasa recta, these units are responsible for further in-
creasing interstitial osmolality during antidiuresis in humans
to about 1,200 mOsm/kg H2O at the tip of the papillae. In
experiments with rats (77), selectively removing the papillae
destroys only nephrons originating in the juxtamedullary cor-
tex. In such animal preparations, a severe loss of urinary con-
centrating capacity during fluid deprivation has been observed.
Thus, juxtamedullary nephrons are necessary for achieving a
maximal urine osmolality (78).

These pathophysiologic mechanisms help to clarify the ab-
normal findings in sickle cell nephropathy. On the basis of these
mechanisms, the concentrating defect in sickle cell disease can
be explained as a consequence of the sickling process per se and
the resultant ischemic changes in the medullary microcircula-
tion (36). Hb-SS erythrocytes form sickle erythrocytes within
seconds when placed in surroundings as hyperosmotic as the
renal medulla during hydropenia (17) and has been observed
in the transgenic sickle cell mouse model (12). Sickling and/or
adherence of red blood cells could interfere with the normal
circulation through the vasa recta, preventing both the active
and passive accumulation of solute in the papillae necessary to
achieve maximally concentrated urine. Intermittent vasoocclu-
sion could also produce local hypoxia, oxidative/reperfusion

injury, apoptosis, and eventually infarction of the renal papil-
lae.

The vasa recta also provide the nutrient blood supply to
the inner medulla and papillae, and it is at these sites that the
most conspicuous lesions of established sickle cell nephropathy
occur (e.g., focal scarring and patchy interstitial fibrosis).
These lesions develop over many years, and it is probable
that collateral capillary circulations are formed (Fig. 77-2).
These collaterals probably lack the highly specialized spatial
configuration—designated zonation (79)—of the normal vasa
recta that run parallel to the long loops of Henle in the inner
renal medulla. The loss of zonation and loss of countercurrent
exchange function of the vasa recta, even with adequate nutri-
ent blood flow through the medulla, could result in defective
“trapping” of solute, so that the Hb-SS kidney would be unable
to maintain a normally high papillary osmolality.

Because it was demonstrated that fractional urea excretion
fell markedly after indomethacin administration in sickle cell
anemia patients and resulted in a rise in serum urea (65), the
effect of indomethacin on renal concentrating capacity was
also studied. Indomethacin normally promotes sodium reab-
sorption in the medulla with a consequent rise in papillary
sodium and chloride concentration. Whereas indomethacin in
normal patients improves renal concentrating capacity, it did
not increase urinary osmolality in water-deprived Hb-SS pa-
tients (64,71) (Fig. 77-4A). This suggests a defect in the capac-
ity to trap solute in the medulla in sickle cell anemia. Also, the
ability to concentrate urine was not increased in Hb-SS chil-
dren placed on a high-protein diet (80), as observed in normal
subjects.

Loss of the ability to concentrate urine to more than 450
mOsm/kg H2O is not of clinical importance under most cir-
cumstances because individuals usually drink more than the
minimum amount of water necessary to excrete the average
solute load of 600 to 800 mOsm/day. The obligatory urine
volume to excrete this solute load in a patient with Hb-SS
nephropathy amounts to about 2,000 mL/day, which is not
an unusual urine volume for the normal person. Fluid depri-
vation or excessive fluid loss, however, will lead more rapidly
to clinical dehydration in the patient with Hb-SS nephropa-
thy than in the normal person. Thus, in hot, dry climates and
in clinical syndromes attended by vomiting and diarrhea, the
patient with sickle cell disease is vulnerable to more rapid dehy-
dration than is the normal person. Enuresis occurs at a higher
frequency in sickle cell disease patients than in normal children
and may be associated with increased urine volumes (81). How-
ever, since some children respond to intranasal desmopressin
(DDAVP) (82), other mechanisms may be implicated, and the
etiology is likely multifactorial, as in children without sickle cell
disease.

Generation of Negative Solute-Free Water

The capacity to generate negative solute-free water (TcH2O) was
studied in patients with sickle cell disease using different pro-
tocols. After mannitol loading, conflicting results have been
obtained. Although Whitten and Younes find normal TcH2O
levels in Hb-SS children (83), Levitt et al. describe two pa-
tients with a TcH2O of 3.2 mL/minute/100 mL glomerular fil-
trate (73). Hatch et al. find a mean TcH2O of 4.2 ± 0.9 SD
mL/minute/100 mL glomerular filtrate in 11 Hb-SS patients
compared to a mean TcH2O of 5.7 ± 1.2 SD mL/minute/
100 mL glomerular filtrate in 7 control subjects (84). These
results suggest that TcH2O after mannitol loading is lower in
sickle cell anemia.

After saline infusion, Hatch et al. (84) and Forrester and
Alleyne (85) agree that TcH2O was impaired in Hb-SS patients.
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FIGURE 77-4. The effect of indomethacin (75 mg as a suppository) in the water-depleted state (A) and
the effect of indomethacin (0.25 mg/kg body weight i.v.) in the water-loaded state (B). The broken lines
represent the mean ± standard error of the mean in control subjects, and the continuous lines represent the
individual data in patients with sickle cell anemia. (From: De Jong PE, et al. The influence of indomethacin
on renal concentrating and diluting capacity in sickle cell nephropathy. Clin Sci 1982;63:53, through
courtesy of the editors.)

From these studies it was concluded that sickle cell anemia pa-
tients have a defect in the water impermeable medullary loops
of Henle that transports solute. The normal solute-free water
clearance in Hb-SS patients argues against such an impairment
in sodium chloride reabsorption from the ascending limb of
Henle’s loop. However, a normal solute-free water clearance
only indicates a normal transport mechanism in the thick por-
tion of the ascending limb in the outer medulla, whereas a
normal TcH2O is depending on adequate function of the part
of Henle’s loop localized in the inner medulla. Sickle cell ane-
mia patients are able to increase urinary osmolality generally to
450 mOsm/kg H2O or higher, to the level that can be gener-
ated in the outer medulla. As shown in Figure 77-2, the capil-
lary plexus surrounding short loops of Henle in the outer zone
does not necessarily penetrate into the inner zone.

Urinary Diluting Capacity

Patients with sickle cell anemia are capable of diluting their
urine normally (72,74,84). Under conditions of water diuresis,
the fall in urinary osmolality has been found to be the same in
control subjects and in patients with Hb-SS, and the percentage
of filtered water excreted (CH2O/GFR) was also identical in the
two groups. Therefore, the capacity to reabsorb solute in the
thick portion of the medullary ascending limb of Henle’s loop
apparently is intact in sickle cell anemia.

This combination of a defect in renal concentrating capac-
ity with a normal diluting capacity is quite characteristic for
sickle cell anemia. However, after indomethacin administra-
tion, the Hb-SS patient was not able to excrete water normally.
There was a greater fall in CH2O/GFR in sickle cell subjects com-
pared to controls, and urinary osmolality rose from 42 to 125
mOsm/kg H2O (69,71) (Fig. 77-4B). This result therefore sug-
gests that renal prostaglandins are of importance in the normal
diluting capacity in sickle cell anemia.

Urinary Acidification

Although systemic acidosis is generally not a feature of sickle
cell disease in the absence of advanced renal failure, patients
with Hb-SS or Hb-SC demonstrate an incomplete form of re-
nal tubular acidosis (52,86–88). In response to a short-duration
acid load, 79% of the patients with Hb-SS studied by Ho Ping
Kong and Alleyne (86), 100% studied by Goossens et al. (87),
and 29% of those studied by Oster et al. (88) were unable
to decrease urine pH below 5.3, whereas normal subjects will
achieve a urinary pH of 5.0 or lower. Titratable acid and to-
tal hydrogen ion excretion are lower in patients with Hb-SS
or Hb-SC, but ammonia excretion is appropriate for the co-
existing urine pH in most cases. The increased ammonia ex-
cretion induced by acid loading is reduced by indomethacin
(52). This suggests that the assumed enhanced prostaglandin
synthesis in sickle cell disease (89) may be important in main-
taining a normal ammoniagenesis in sickle cell disease. When
a maximal acidifying stimulus is employed, such as infusion
of sodium sulfate, patients with Hb-SS may lower urine pH
and increase net acid excretion to the same degree as nor-
mal subjects. Thus, the distal tubule of Hb-SS patients ap-
parently requires a greater-than-normal stimulus to generate
a normal urine-to-blood hydrogen ion gradient. In patients
with sickle cell trait, renal acidification has been found to be
normal (90).

The acidification defect has been classified as distal rather
than proximal (87) because there is no associated wasting of bi-
carbonate and because it is characterized by failure to achieve
a normal minimal urinary pH during acid loading. Because
none of the patients studied were acidemic or hyperchloremic
before acid loading and no generalized proximal tubular re-
absorptive defect was observed, the acidification defect was
consistent with the incomplete syndrome of distal renal tubu-
lar acidosis (91). It has been suggested that the alterations in
the microcirculation of the papillae may result in an inability
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of collecting ducts to maintain normally steep hydrogen ion
gradients.

This very subtle defect in renal acidification generally does
not cause systemic metabolic acidosis, which would increase
sickling. Investigators in the West Indies (92), Nigeria (93), and
the United States (88) find no evidence of metabolic acidosis
in the absence of a sickle cell crisis, but find changes consistent
with a mild chronic respiratory alkalosis.

Potassium Metabolism

In addition to the defect in hydrogen ion excretion, potassium
excretion is also impaired in sickle cell patients (94–96). Af-
ter administration of potassium chloride, sodium sulfate, or
furosemide, potassium excretion was found to be subnormal
in patients with sickle cell disease. Plasma renin activity and
plasma aldosterone concentration in these patients were nor-
mal, both with normovolemia and after volume contraction.
The defect could therefore not be explained by hypoaldostero-
nism. Despite the impairment in renal potassium excretion,
hyperkalemia did not develop during acute potassium chlo-
ride loading. Administration of angiotensin-converting enzyme
(ACE) inhibitors, potassium-sparing diuretics, and β-blockers
has been associated with elevated plasma potassium concentra-
tion (97). However, significant alteration in plasma potassium
concentrations has not been reported with the use of ACE in-
hibitor therapy for proteinuria in patients with sickle cell dis-
ease (40).

As with the defect in water and hydrogen ion excretion, the
disturbance in potassium excretion could be due to an abnor-
mality in the collecting duct secondary to the ischemic injury;
potassium excretion is known to reflect primarily secretion in
the distal nephron. Potassium excretion in sickle cell trait is
normal (98).

A hyperkalemic, hyperchloremic metabolic acidosis in sickle
cell nephropathy has been observed (94). Three patients had
Hb-SS, two had Hb-AS, and one had Hb-SC; all had im-
paired renal potassium excretion. Five of these six patients
had a moderate-to-severe decrease of GFR and all patients
had spontaneous metabolic acidosis. Selective aldosterone de-
ficiency was recognized in three patients, two with normal and
one with low plasma renin activity.

Other reports describe hyporeninemic hypoaldosteronism
in patients with sickle cell disease (96,99). An impaired renin-
secreting apparatus may result in impaired function of the
adrenal glomerulosa cells, diminished aldosterone secretion,
and an impaired ability to excrete potassium loads. In these
cases, the hyperkalemia responded favorably to treatment with
mineralocorticosteroids.

Proximal Tubular Secretion

Although severe disturbances in medullary transport occur
in patients with sickle cell anemia, proximal tubular activity,
both secretory and reabsorptive, appears to be supernormal.
The tubular transport maximum of para-aminohippurate is
elevated in sickle cell anemia, particularly in children (55).
Other evidence of an increased proximal tubular secretory
capacity has been obtained from studies regarding uric acid
excretion. Notwithstanding the increased red cell turnover
with consequent uric acid overproduction, most patients with
sickle cell anemia are normouricemic. Urate clearance was
found to be greater in these patients (100,101). This increased
urate clearance was accounted for by increased pyrazinamide-
suppressible urate clearance indicating an increased secretion
of urate (100,102). Hyperuricemia in Hb-SS patients also can

occur with decreased urate clearance, but these patients often
have decreased para-aminohippurate clearance (101), protein-
uria (103), or decreased inulin clearance (104). Urate clearance
decreases with age in these patients and the incidence of hyper-
uricemia increases as renal function deteriorates (101). Attacks
of gout can occur (104–106) and sometimes be clinically diffi-
cult to differentiate from an acute vasoocclusive crisis or from
other bone and joint manifestations of sickle cell disease (i.e.,
sickle cell arthropathy) (107).

As previously mentioned, the tubular secretion of creati-
nine has been found to be elevated, with a 20% to 29% rise in
fractional creatinine excretion in Hb-SS patients compared to
control subjects (58,64). However, when an intravenous load
of creatinine was given to 16 adults with sickle cell disease,
most without proteinuria, creatinine clearance did not increase
as expected and as compared to controls; GFR remained the
same in both groups (108). The authors suggested that a re-
duced tubular capacity for secretion of creatinine in response
to a creatinine load may be an early indicator of sickle cell
renal dysfunction. Abnormal tubular function may thus limit
the utility of creatinine clearance measurements in sickle cell
disease to estimate GFR.

Proximal Tubular Reabsorption

Maximum tubular reabsorption of phosphate per liter of
glomerular filtrate (TmP/GFR) is also increased in sickle cell
anemia. Consequent to this higher phosphate reabsorption,
serum phosphate is elevated in some subjects (65,109). It has
been concluded that the high phosphate reabsorption reflects
an increased reabsorptive activity of the proximal tubule (65).
In contrast, children with sickle cell anemia have lower serum
phosphate level than normal children (110), and it is associated
with significantly lower renal tubular resorption of phosphate.
This may be due to increased parathyroid levels reported in
children with sickle cell disease (111) or may simply indicate
the absence of sickle cell renal injury early in life.

Because sodium reabsorption in the proximal tubule par-
allels phosphate reabsorption, this increased TmP/GFR sug-
gests that increased sodium reabsorption may also occur in
the proximal tubule. Indeed some studies reported an in-
creased plasma volume in the noncrisis steady-state Hb-SS pa-
tients (112–114). Conversely, this increased proximal tubular
sodium reabsorption could be a secondary mechanism to cor-
rect for defects in salt reabsorption in a more distal part of the
nephron. One might expect these patients to develop a volume-
depleted state as a consequence of the defects in medullary wa-
ter and sodium conservation. However, such distal compen-
satory mechanisms would not be expected to increase plasma
volume.

An increased tubular uptake of β2-microglobulin has also
been described in sickle cell anemia (115). A positive cor-
relation between the reabsorption of phosphate and β2-
microglobulin was reported, providing further evidence of an
increased activity of the proximal tubule in sickle cell ane-
mia. Aparicio et al., however, reported a good correlation
between estimates of GFR comparing 51Cr-EDTA, creatinine
clearance, and β2-microglobulin determinations in sickle cell
patients older than 40 years of age (116). Zinc excretion has
also been found to be abnormal in sickle cell anemia. Whereas
the excretion of zinc in control subjects is lower than the fil-
tered load of zinc, in Hb-SS patients zinc excretion exceeds the
filtered load (117).

Therefore, Hb-SS patients have a defect in renal medullary
functions with a tendency to lose water and sodium, whereas
ERPF, GFR, and proximal tubular activity are increased. In
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general, the ultimate result of this compensation will be normal
homeostasis of fluid and electrolytes.

RENAL HORMONES

Erythropoietin

Data on plasma erythropoietin (EPO) levels in sickle cell ane-
mia are conflicting. Erythropoietin levels are strongly corre-
lated with red cell mass in sickle cell disease patients (118).
Increased values have been reported, both in asymptomatic
patients and during infectious episodes (119). However, when
comparing plasma EPO concentrations in sickle cell anemia
with those in other causes of anemia, Hb-SS patients have sim-
ilar or decreased (120) values. EPO titers in patients with pure
red cell aplasia, for instance, were 10-fold higher than those in
patients with Hb-SS.

The observations of Sherwood et al. (121) that patients
with sickle cell anemia produce less immunoreactive EPO at
a given hemoglobin concentration than do patients with non-
sickle cell anemias agree with previous results using biologic
assay (122). Pediatric patients with sickle cell anemia have sig-
nificantly higher EPO levels than do adults.

Morgan and Serjeant (33), in a study of patients older
than 40 years, observed a fall in the Hb concentration among
these individuals. They suggest that the lower Hb concentra-
tion is due to a reduced EPO production. In sickle cell dis-
ease patients with renal failure, supplementation with ery-
thropoietin using doses of 100 to 150 U three times a week
(123–125), up to 30,000 U per week (126), result in in-
creased reticulocyte counts, but may not increase the absolute
hemoglobin value. However, renal transplantation corrected
the erythropoietin-resistant anemia in 5 cases (126,127). The
improvement in erythropoietin after transplantation may re-
flect decreased uremia or other toxins, or reduced inflammation
that pre-transplantation might have suppressed erythropoiesis
or enhanced hemolysis (127). Hydroxyurea therapy results in
an increase in erythropoietin levels 5 to 10 days after starting
therapy (128).

The potential mechanisms for the low EPO levels in sickle
cell disease include interference with the renal synthesis of EPO,
as a result of renal damage by the sickling process, and the dis-
placement to the right of the oxygen equilibrium curve. Circu-
lating red blood cell progenitors from patients with sickle cell
disease have increased expression of erythropoietin receptors,
which correlated with increased stimulated and autocrine ery-
throid colony development (129). This may be a compensatory
mechanism, in the absence of renal disease, for relatively lower
erythropoietin levels in sickle cell disease.

Renin–Angiotensin–Aldosterone System

Plasma renin activity and aldosterone concentration in general
are found to be normal in patients with Hb-SS disease during
steady-state conditions (58,95). Plasma renin and aldosterone
levels in 101 patients with sickle cell disease were comparable
to control patients, even though they had a lower mean arte-
rial blood pressure (130). After volume depletion, normal or in-
creased values were found (131), and Hatch et al. (113) showed
that both supine and upright plasma renin activities for differ-
ent sodium intakes always were higher in Hb-SS patients than
in control subjects. Upregulation of renin-1 has been demon-
strated in the kidneys of transgenic sickle cell mice exposed to
hypoxia (16). As mentioned previously, some patients with hy-
poreninemic hypoaldosteronism and hyperkalemia have been
described (96,99). Interestingly, high plasma renin activity has

been described in a patient with intermittent hypertension oc-
curring during a painful crisis. When the crisis had subsided,
blood pressure normalized again (132). This is an unusual find-
ing in sickle cell anemia, however, as hypertension seldom oc-
curs in Hb-SS patients, even during crisis.

Renal Prostaglandins

Prostaglandin production has been documented in the inter-
stitial medullary cells and collecting duct cells in the kidney
(133) and is promoted by various vasoconstrictor stimuli (134).
The interstitial cells of the medulla in patients with sickle cell
anemia contain aggregates of granular electron-dense mate-
rial (44), likely representative of prostaglandin production. It
might, therefore, be suspected that the ischemic and/or ox-
idative insult to the inner medulla in sickle cell anemia in-
duces synthesis of vasodilator prostaglandins. The role of re-
nal prostaglandins in sickle cell anemia has been studied in
several ways: by indirect methods using indomethacin as a
prostaglandin synthesis inhibitor, by direct measurement of uri-
nary prostaglandin E2 and F2α (PGE2 and PGF2α) excretion,
and by assessment of gene regulation in the transgenic sickle
cell mouse model.

As already discussed, indomethacin administration does not
change GFR and ERPF in control subjects, but a significant fall
in these functions was found after indomethacin administration
to Hb-SS patients (58,64). This suggests that prostaglandins
are of importance in maintaining the supernormal or normal
GFR and ERPF in sickle cell anemia and may be relevant with
respect to the hyperfiltration and rise in GFR observed in young
patients with sickle cell anemia. The rise in renal blood flow and
glomerular filtration could also explain the increased proximal
tubular activity in these patients.

In normal subjects, indomethacin causes sodium and water
retention and a rise in body weight. In Hb-SS patients, a similar
sodium retention was observed after indomethacin administra-
tion. This sodium retention, however, was not accompanied by
water retention or an increase in body weight. Rather, serum
osmolality increased in these patients (55).

Indomethacin administration to water-deprived normal
subjects caused a rise in urinary osmolality of 836 to
1,027 mOsm/kg H2O, whereas the defect in urinary concen-
tration in sickle cell anemia was not improved at all after in-
domethacin (71) (Fig. 77-4). This result supports a diminished
solute gradient in the inner medulla of patients with Hb-SS,
which is not modulated by prostaglandins. During a water
load, however, a rise in urinary osmolality occurred after in-
domethacin administration in patients with sickle cell disease,
but not in control subjects. It is thus concluded that normal di-
luting capacity in patients with sickle cell anemia is dependent
on adequate renal prostaglandin synthesis (64,71).

Both in the dehydrated and in the water-loaded state, PGE2
excretion has been found to be normal in patients with sickle
cell disease. PGF2α excretion, however, is decreased, therefore,
the PGE2/PGF2α ratio is higher than in normal persons (89).
Because PGE2 and PGF2α have different and sometimes oppo-
site effects on renal hemodynamics, renin release, and sodium
and water excretion (135,136), it is possible that an abnor-
mal balance between these two prostaglandins may contribute
to some of the characteristics of sickle cell nephropathy. For
example, the relative excess of the vasodilating PGE2 could ex-
plain the rise in renal blood flow and GFR, particularly in the
juxtamedullary nephrons.

In the transgenic sickle cell mouse model, cytochrome P450
4a14 is upregulated in renal tissue (16). This enzyme catalyzes
arachidonic acid to 20-hydroxyicosatraaenic acid (20-HETE),
which regulates renal vascular tone, tubular resorption, arterial
pressure, and natriuresis (16).
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Atrial Natriuretic Peptide

The renal effects of atrial natriuretic peptide (ANP) in sickle cell
disease have been studied recently. In normal subjects, ANP
exerts its natriuretic effects in several nephron segments de-
pendent on prevailing ANP levels. Infusion of a low-dose ANP
induced natriuresis in normal individuals but not in matched
patients with sickle cell disease (137). This observation sug-
gests that low-dose ANP inhibits sodium reabsorption in the
long loops of Henle, possibly by increasing medullary blood
flow and renal interstitial pressure. Natriuresis during supra-
physiologic plasma levels of ANP appears to be multifactorial,
by an increase in GFR and a decrease in both proximal and dis-
tal tubular sodium reabsorption. Infusion of high-dose ANP in
patients with sickle cell disease and normal subjects induced a
similar degree of natriuresis in both groups (137).

Hypertension and Sickle Cell Disease

The incidence of hypertension in the black population older
than 18 years of age in the United States is 32%. This per-
centage sharply contrasts with that in sickle cell disease. Re-
ports from both the Caribbean (138,139), the United States
(113,140), and Europe (130) show that hypertension is present
in only 2% to 6% of the Hb-SS patients (Fig. 77-5) and in
15% of patients older than 55 years of age. The explanation
for these findings is unclear. Renal salt losing has been sug-
gested (99), but these data are not convincing. Matustik et al.
(131) and Hatch et al. (113) show that Hb-SS patients are able
to conserve sodium adequately on a severely restricted sodium
diet. Moreover, the demonstration of an increased, instead of
a lowered, plasma volume (112–114) does not support the hy-
pothesis that the lower blood pressures in patients with sickle
cell anemia are related to a volume loss. Altered systemic vaso-
reactivity has been postulated, but there has been limited study.
A decreased forearm vascular resistance that did not increase
with cold-induced, sympathetic-mediated stimulation and an
impaired pressor response to angiotensin II suggest that an al-
tered vascular reactivity may protect these patients from hy-
pertension (113).

Blood Coagulation in Sickle Cell Disease

Statius van Eps and Leeksma (141) have suggested the occur-
rence of intravascular coagulation in sickle cell disease because

of decreased platelet counts, increased platelet turnover, hy-
poreactive “exhausted” platelets, elevated fibrinopeptide A,
and fragment d-dimer levels, all observed in patients with va-
soocclusive crisis. The potential role of thrombotic occlusion
in sickle cell disease was summarized by Francis (142) and has
been postulated to play a role in the renal circulation. Procoag-
ulant changes have been observed associated with vasoocclu-
sive crises in sickle cell disease (143).

Wolters et al. studied the effect of low-dose acenocoumarol
in sickle cell disease (144). The enhanced thrombin formation
was corrected and normalized, and the increased plasma lev-
els of prothrombin fragments 1 and 2, reflecting enhanced en-
dogenous thrombin generation, became normal (144). More
recently, d-dimer levels were reduced with low-dose warfarin
therapy (145). However oral anticoagulation has not been
demonstrated to change the course of acute or chronic clinical
events, and did not reduce markers of endothelial activation
(146), which is thought to play a central role in the pathophys-
iology of sickle cell disease.

CLINICAL MANIFESTATIONS

Hematuria

In 1948, Abel and Brown were the first to discover a rela-
tionship between sickle cell disease and hematuria (147). They
described a young black soldier who underwent nephrectomy
because of severe and persistent unilateral hematuria. A renal
neoplasm was suspected, but histopathologic examination of
the excised kidney demonstrated only sickled red blood in the
medullary vessels.

Hematuria is a very dramatic renal manifestation of sickle
cell nephropathy. Gross hematuria occurs in patients who have
sickle cell trait (Hb-AS) and,Hb-SC disease, as well as in those
who have sickle cell anemia (Hb-SS) (82,148–151). The ma-
jority of cases have been reported in patients with Hb-AS and
Hb-SC disease. Gross hematuria in affected patients may occur
at any age, including in young children, and appears to be more
common in males than in females.

The pathologic abnormalities causing hematuria have not
yet been elucidated. Kimmelstiel (152) describes the changes
as temporary capillary stasis after spasm. The consequence is
plugging of capillaries by sickle cells, resulting in vessel wall
injury and, rarely, in true capillary thrombi with ischemia and
necrosis. Mostofi et al. (29) studied 21 kidneys from patients

FIGURE 77-5. Mean ± standard deviation of systolic and di-
astolic blood pressure in control subjects (dotted lines) and
patients with sickle cell anemia (closed lines) who are age and
sex-matched. (Derived from: De Jong PE, et al. Blood pressure
in sickle cell disease. Arch Intern Med 1982;142:1239; and re-
produced from: De Jong PE, Statius van Eps LW. Sickle cell
nephropathy. New insights into its pathophysiology. [Editorial
review]. Kidney Int 1985;27:711, through courtesy of the
editors.)
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with sickle cell disease that were removed because of massive
blood loss and the possibility of renal neoplasm. The absence
of significant gross alterations in most of these kidneys empha-
sizes the fact that the lesions are inconspicuous and may be
easily missed. The most striking change consisted of severe sta-
sis in peritubular capillaries of both the cortex and the medulla;
the changes were most marked in the medulla. Extravasation
of blood was observed, mainly into the collecting tubules. Per-
illie and Epstein show that Hb-S erythrocytes transversing the
hyperosmotic inner renal medulla undergo instant sickling as a
result of an increase in intracellular hemoglobin concentration
(17). Moreover, the renal medullary acidic and hypoxic envi-
ronment promotes sickling and adherence of red blood cells
in the vasa recta. Vasoocclusion and increased blood viscos-
ity may result in formation of microthrombi, ischemia, ox-
idative/reperfusion injury, and/or necrosis, which could cause
structural changes leading to hematuria. Interestingly, when
hematuria is unilateral, which is generally the case (only about
10% of cases are bilateral), the left kidney appears to be in-
volved four times more often than the right kidney. This may
be due to the increased pressure in the left renal vein due to its
length and its course between the aorta and superior mesenteric
artery (82).

The presence of gross hematuria in the patient with sickle
cell disease can result in misleading findings on the intravenous
urography. In almost one-half of all such patients with gross
hematuria, blood clots produce filling defects in the renal pelvis
that may be confused with neoplasm, calculus, or hemangioma.
Such findings have led to unnecessary nephrectomy. Computed
tomography can generally exclude the presence of a renal neo-
plasm (153).

Although hematuria can be massive and life-threatening,
conservative measures are the treatment of choice. These in-
clude bed rest, urinary alkalinization, and the maintenance of
a high rate of urine flow. Intravenous triglycyl vasopressin was
successful in two sickle cell cases with persistent hematuria
(152,154).

Immergut and Stevenson showed the favorable therapeu-
tic effect of epsilon aminocaproic acid (EACA) in the con-
trol of hematuria associated with hemoglobinopathies (155).
Complete inhibition of fibrinolytic activity can normally be
expected with 8 g of EACA daily. Urinary levels of EACA are
50 to 100 times those of plasma. With repeated oral dosage
there is a gradual sustained renal excretion of the drug so that
adequate urinary levels are maintained. The results of EACA
in the treatment of hematuria of sickle cell nephropathy have
been impressive, although the therapeutic regimens have varied
(141,155–157). Thrombotic complications have been reported
to occur in patients receiving large doses of EACA, usually in
excess of 12 g per day. Control of fibrinolytic hemorrhage of-
ten can be obtained, however, with doses as low as 2 or 3 g
per day (157). Therefore, it is advisable to administer EACA
on a short-term basis in the lowest dosage required to inhibit
urinary fibrinolytic activity.

Surgical intervention (i.e., nephrectomy) should be consid-
ered only in the presence of life-threatening hemorrhage that
does not improve with conservative therapy. If the bleeding can
be localized in a distinct part of the kidney, one should consider
embolization.

Other causes of hematuria should be considered, including
mild bleeding disorders (e.g., von Willebrand’s disease), other
forms of kidney disease and renal medullary carcinoma.

Autosomal-dominant polycystic kidney disease (ADPKD)
in blacks has been studied and its occurrence together with
sickle cell hemoglobin analyzed (158). Sickle cell hemoglobin
occurred more often than expected in ADPKD. The disease
was more severe with earlier onset of end-stage renal disease
in blacks compared with ADPKD in whites and in blacks with

sickle cell trait when compared with blacks without the trait.
Both conditions can cause hematuria.

Urinary Tract Infections

In a review of 321 children with sickle cell disease, 7% have
had a urinary tract infections, 60% of which had an associ-
ated febrile illness (150). The incidence of asymptomatic bac-
teriuria during pregnancy and the puerperium appears to be
distinctively higher in women with sickle cell disease or sickle
cell trait than in nonpregnant women or women without sickle
cell disease or trait; a twofold increase has been observed (159).
The rate of pyelonephritis is approximately 1%, similar to that
report in non-sickle cell pregnant populations (160). An in-
creased incidence of “pyelonephritis” found at autopsy in Hb-
AS patients (161), though the pathologic changes due to Hb-SS
nephropathy (medullary ischemia and fibrosis), however, may
have been easily confused with those of pyelonephritis.

Pyelonephritis or urosepsis may precipitate a crisis, as may
other infections. Most episodes of Gram-negative sepsis are sec-
ondary to urinary tract infections in sickle cell patients (162).
For these reasons, sickle cell patients with a painful crisis should
have a search for foci of infection, including one in the urinary
tract.

Papillary Necrosis and Calicectasis

Renal papillary necrosis and calicectasis are a frequent occur-
rence in sickle cell disease, in both homozygotes and heterozy-
gotes. Renal papillary necrosis as a complication of sickle cell
nephropathy has an incidence ranging from 15% to 36% (31).
Harrow et al. (32) were the first to stress the importance of this
complication. As in sickle cell nephropathy, the distinctive ab-
normalities of the renal medulla and papillae are obliteration of
vasa recta and medullary necrosis and fibrosis; papillary necro-
sis is a logical consequence of these processes.

Gross, painless hematuria (151) is a common symptom re-
ported. Renal colic caused by the passage of blood clots or
ruptured particles of necrotic papillae is less frequent.

Intravenous pyelography is the method of choice to diag-
nose papillary necrosis (32,151). The most common finding
is a medullary type of partial papillary necrosis, appearing as
cavitation within one or more of the renal papillae (SS). Mul-
tiphasic helical CT may permit early detection of medullary
and papillary necrosis and visualization of the entire kidney,
facilitating the identification of conditions (153).

Treatment is supportive and similar to the management of
hematuria. Ureteral obstruction by thrombus or necrotic ma-
terial should be relieved by stenting if required (151).

Renal papillary necrosis has not been associated with an
increased risk of renal failure (25).

Microalbuminuria, Proteinuria, and the
Nephrotic Syndrome

As in other disease states, microalbuminuria may be indica-
tive of early glomerular injury and renal dysfunction. Although
most often attributed to hyperfiltration, Guasch et al. sug-
gest that there may be an early permselectivity pore defect in
the glomerular capillaries (45,68). As assessed by urine albu-
min/creatinine ratio (U Alb/Cr), the prevalence of microalbu-
minuria increases with age and is uncommon before the age
of 7, but may be present in up to 20% to 40% of children
between the ages of 10 and 18 (163,164). The presence and
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amount of albuminuria correlated with age and hemoglobin
levels, but not consistently with other clinical manifestations
of sickle cell disease, such as pain or other acute sickling events
(164). The prevalence of microalbuminuria in adolescents and
young adults with sickle cell disease ranges from 9% to 40%,
depending on the type of sickle cell disease (165). Lima et al.
estimated urinary albumin excretion in 72 adult patients with
sickle cell disease using a spot U Alb/Cr, however, and found
the results highly variable and inconsistently correlated with a
12-hour urine sample to quantitate albumin excretion (166).
Furthermore, the spot U Alb/Cr did not demonstrate the reduc-
tion in albumin exertion achieved by ACE inhibitor therapy,
which was detected using 12-hour collections. They suggested
that the U Alb/Cr be used as a screening test, and if positive,
should lead to a 12-hour collection for an accurate determina-
tion of microalbuminuria (166).

Reduction in microalbuminuria with ACE inhibitor ther-
apy has been demonstrated. Aoki et al. treated 8 adult sickle
cell patients with enalapril, which over 120 days normalized
or markedly reduced albuminuria without changes in sodium,
potassium, or lithium excretion or in mean arterial blood pres-
sure (167). Two years after stopping the enalapril, 4 of 6 pa-
tients still had normal albumin excretion. A placebo-controlled
randomized trial of captopril in 22 adult sickle cell patients
with Hb-SS demonstrated a mean 37% reduction in albumin
excretion with captopril as compared to placebo after 6 months
of therapy (168). It was associated with a 5 mm Hg drop in
diastolic blood pressure in the treatment group. To date, there
are no results from long-term trials to demonstrate whether
ACE inhibitor therapy reduces the prevalence or progression
of chronic renal disease in sickle cell disease patients.

More overt proteinuria is a frequent finding in sickle cell
disease, occurring in about 30% of patients when observed
over a prolonged period. Nephrotic range proteinuria has
been reported in children and adults with sickle cell disease
(169,170), but its prevalence has not be well studied. Sklar
et al. reviewed the records of 386 patients with sickle cell ane-
mia (171). Seventy-eight patients (20.4%) had proteinuria and
17 patients (4.6%) had renal insufficiency. Both renal insuf-
ficiency and proteinuria increased with age, reaching rates of
33% and 56%, respectively, in patients 40 years of age and
older. In some series, proteinuria occurs in 40% of patients with
sickle nephropathy (172) and is associated with progression to
chronic renal failure and early mortality (25,40,42,172).

Falk et al. investigated 381 patients with sickle cell disease
for proteinuria and renal insufficiency (40). Twenty-six patients
(7%) had serum creatinine concentrations greater than the nor-
mal range and 101 (26%) had proteinuria of at least 1+. Forty-
four patients had a complete 24-hour urine collection. In these
patients protein excretion ranged from 28 mg per/24 hours
to 10.8 g per/24 hours, with a mean of 1.7 g per/24 hours
and SD of ± 2.4 g. Twelve patients excreted more than 2.5 g
of protein per 24 hours, associated with other features of the
nephrotic syndrome. In the 10 biopsied patients with protein-
uria, administration of an (ACE) inhibitor, enalapril, caused the
24-hour urinary protein excretion to decrease by 57% (range
23% to 79%) below the baseline value; it increased to 25%
below baseline after discontinuation of enalapril. There was
no significant change in GFR, ERPF, or filtration fraction, and
there was no decrease in arterial pressure. Although there are
no trials demonstrating long-term benefits of ACE-inhibitor
therapy in sickle cell disease, use of this therapy is generally
recommended for patients with proteinuria.

Other causes of proteinuria and nephrotic syndrome should
be considered, including primary and secondary renal diseases
before one assumes sickle cell nephropathy is present. Renal
vein thrombosis has been diagnosed in some patients, and be-
cause sickle cell disease may predispose to thrombosis, this

complication should be considered if sudden massive protein-
uria develops.

Acute Renal Failure

Acute renal failure in association with sickle cell disease has
rarely been described. Some reports describe a reversible acute
oligoanuric renal failure in the setting of sickle cell crisis
(173,174). In both of these studies rhabdomyolysis was sug-
gested as the cause of this acute renal failure. In a study by
Sklar et al. of 12 sickle cell anemia patients with acute renal
failure, volume depletion in the setting of sickle cell crisis was
the most common cause (175). Of the 12 patients, 10 survived
and subsequently had recovery of renal function.

Hassell et al. describe a syndrome of acute multiorgan fail-
ure in 14 sickle cell patients (10 Hb-SS, 4 Hb-SC) occurring
during a painful event that was unusually severe for the pa-
tients (176). There was acute failure of at least two of three
organs: lung, liver, or kidney. Acute renal insufficiency devel-
oped during 13 episodes, with a rapid, reversible elevation of
serum creatinine concentration greater than 2.0 mg/dL dur-
ing a period of 24 to 36 hours. Acute abnormalities of liver
function and acute pulmonary infiltrates were observed. All
but one patient recovered after treatment with multiple blood
transfusions.

Renal Replacement Therapy

Because renal function may deteriorate with age in Hb-SS
patients, either as a result of the parenchymal damage due
to sickling or because of primary glomerular disease, some
patients with sickle cell disease will become candidates for
chronic hemodialysis. Renal dysfunction is one of the most
common causes of death in older patients with sickle cell ane-
mia (35,177). Powars et al. performed a 25-year demographic
and clinical cohort study to determine the incidence, clinical
cause, and risk factors associated with the onset of chronic re-
nal failure in 725 sickle cell anemia patients and 209 with sickle
C disease (25). Of the sickle cell anemia group, 4.2% developed
chronic renal failure compared with 2.4% of those with sickle
C disease. The median ages at disease onset were 23.1 years
for the sickle cell anemia group and 49.9 years for the sickle
C disease group. Survival time for sickle cell anemia patients
after diagnosis of chronic renal failure, despite dialysis, was
4 years, and the median age at the time of death was 27 years.
Pathologic studies showed characteristic lesions of glomerular
“dropout” and glomerulosclerosis. An interesting finding was
that the risk for renal failure was increased in patients who had
inherited the Central African Republic β gene haplotype.

Sickle cell anemia patients are presenting with increasing
frequency for renal replacement therapy. Both hemodialysis
(178–180) and transplantation (180–183) can be performed
successfully.

Nissenson and Port (179) report the course of 77 patients
with sickle cell disease and end-stage renal failure. There is a
marked male predominance, and renal failure appears most
commonly in the third and fourth decades. The 2-year survival
among those in this group receiving renal replacement therapy
was approximately 60%.

Chatterjee showed that these patients do as well as others
after transplantation with respect to patient survival and graft
survival (181) with short-term follow-up. Longer-term stud-
ies, however, demonstrate an increased graft loss at 3 years, as
compared to other groups of patients, especially with cadav-
eric transplantation (180), with increased mortality between
1 and 3 years after transplantation (184). In one case report, the
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recurrence of sickle cell nephropathy was suggested in a trans-
planted kidney 3.5 years after transplantation (185). Nonethe-
less, renal transplantation remains a viable option for sickle cell
disease patients with chronic renal failure (180,184,186).

Renal Medullary Carcinoma

Renal medullary carcinoma is a rare malignancy that is thought
to arise from the papillary epithelium (187), or, more rarely,
from the proximal tubule (188). Upon review of the 55 re-
ported cases, Dimashkieh et al. noted the majority of cases oc-
curs in young men of African descent with sickle cell trait (187).
The typical presentation included hematuria, flank or abdom-
inal pain, weight loss, and fever. This malignancy is general
refractory to various chemotherapies and immunotherapies, is
rapidly progressive and almost always fatal. Gene expression of
the tumor has been performed in search of potential biomark-
ers and therapeutic targets (189), but these remain elusive.
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CHAPTER 78 ■ TROPICAL NEPHROLOGY
RASHAD S. BARSOUM AND VISITH SITPRIJA

The tropical zone is that region on earth lying between the
Tropics of Cancer (23.5 degrees North) and Capricorn (23.5
degrees South). There is diversity of racial and ethnic back-
grounds in this region that considerably reflects on the popula-
tion’s susceptibility to diseases, modifies clinical patterns, and
influences responses to treatment. A warm, humid atmosphere
is the hallmark of tropical weather. However, the density of pre-
cipitation varies from one region to another, covering a whole
spectrum from dryness in the Saharans of Africa and Arabia
to the tropical rainforest climate in the equatorial zone. The
tropical environment is favorable for the growth of animals,
plants, and microbes, and is an important source of natural
toxins. It is also a large animal reservoir serving as vectors for
disease transmission.

The socioeconomic conditions and quality of governance
vary widely in the tropical countries. Great variations in gross
national products per capita explain the differences in stan-
dards of education, health care, and social services. In most
tropical countries the income per capita is low. Poor nutrition,
reflecting low socioeconomic level, is a risk factor for infection.
The problem is compounded by water and air pollution, creat-
ing an unfavorable environment that favors infection. Children
born from undernourished mothers can have low birth weights
with lower numbers of nephrons and immunologic defects that
can lead to poor health including infection, diabetes, hyperten-
sion, and renal disease at later stages of life (1). The general lack
of effective disease-prevention programs and delays in diagno-
sis and treatment have resulted in high morbidity and mortality
due to renal diseases. This however has provided opportuni-
ties to observe the natural history of some diseases that can-
not possibly be studied in developed countries. Optimistically,
tropical renal disease can serve as a model that may lead to bet-
ter comprehension of nephrology in general. Tropical nephrol-
ogy, therefore, represents interaction between the kidney and
several unfavorable factors in the tropical environment. With
rapid communication and globalization, renal diseases peculiar
to the Tropics are global rather than local concerns.

In this chapter, an overview is given to epidemiology of
common renal diseases in the Tropics that are also present in
the West but with different prevalence and nephropathy due
to tropical infection and toxin poisoning, which is uniquely
tropical. This is followed by description of specific diseases in-
cluding diseases related to chemical toxins and environment.
Finally, the issue of end-stage renal disease (ESRD) and its man-
agement in different tropical regions is reviewed.

OVERVIEW

Epidemiology of Common Renal Diseases
in the Tropics

Acute Renal Failure

Acute renal failure in the Tropics differs from that in Western
countries with respect to etiology. Surgery and trauma account

for more than 50% of cases in Western countries (2,3), whereas
medical causes are the major etiologic factors in the Tropics
(4–9). With socioeconomic development in the Tropics, the
incidence of surgical causes is increasing, but the important
causes are still medical: tropical infections, drugs, or toxins
(10,11). Obstetric acute renal failure, uncommon in Western
countries (2,3), is still a problem in certain areas of the Trop-
ics, with ominous outcomes (10). There is a high incidence
of bilateral cortical necrosis in India (5,12–14), probably re-
lated to late referral and a high incidence of sepsis and mas-
sive blood loss. However, the incidence of obstetric causes is
decreasing with better prenatal care and fewer illegal abor-
tions. Interestingly, when community factors are excluded, the
spectrum of hospital-acquired acute renal failure as studied in
northern India does not differ from that of developed countries
(15).

Glomerular Diseases

The prevalence of glomerular diseases in the Tropics has been
estimated to be 1 in 10,000, which is 2.5 times the rate in
Western countries (16–20). The cause is not known, but could
be related to the environment. In Africa, glomerulonephritis
has a high incidence in areas endemic for malaria and schis-
tosomiasis. However, the incidence of glomerular diseases has
decreased remarkably following malaria eradication programs
(18–21), whereas the impact of schistosomiasis control remains
to be elucidated (22). Nevertheless, postinfectious glomeru-
lonephritis remains common in the Tropics.

Among the various forms of primary glomerular diseases,
minimal change disease has a lower incidence (<10%) in
the blacks of South Africa (23) and Papua New Guinea
(24), but is common in Indonesia and Vietnam (25). Fo-
cal segmental glomerulosclerosis is rare in India (26) and
Pakistan (27). Mesangial proliferative glomerulonephritis is
more frequent in Southeast Asia than in the West, especially
in Myanmar and Thailand (25,28,29). The incidence of im-
munoglobulin M (IgM) nephropathy accounts for 50% of pri-
mary glomerular diseases in Thailand (28). In addition, IgA
nephropathy has a high prevalence in the Far East and South-
east Asia (25,30,31) but is rare in Africa (32). Mesangiocap-
illary (membranoproliferative) glomerulonephritis is a com-
mon glomerular disease in South Africa (23) and Brunei (25),
but is less common in the other Southeast Asian countries
(25,28). Membranous glomerulonephritis is less common in
Southeast Asia (28), South America (33), and the Caribbean
(34), but is common in South Africa (35) and Pakistan (27,
36–40).

Glomerulonephritis is the major cause of chronic renal fail-
ure in most countries in the Tropics, especially in Cambodia,
Indonesia, Singapore, and Vietnam (25). The incidence of di-
abetic nephropathy is increasing as the standard of living in-
creases. Secondary glomerulonephritis due to infection has an
impact on the development of chronic renal failure in Africa,
but this is less so in Southeast Asia. Lupus nephritis has a high
incidence in the Tropics, especially in Southeast Asia (28). The
reason is not yet known.

2013
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Vascular Disease

Takayasu’s arteritis is a common vascular disease in the Orien-
tal tropics and South Africa. The majority of reports have come
from India (41), Sri Lanka (42), Singapore (43), Thailand (44),
China (45), and Japan (46). It is the most common cause of ren-
ovascular hypertension, accounting for 61% of such patients
in India (41).

Interstitial Nephritis

The incidence of interstitial nephritis in the Tropics perhaps
does not differ from that of Western countries, although infec-
tion may play a larger role in the pathogenesis. The role of envi-
ronmental pollution remains questionable. Chronic interstitial
nephritis is emerging as an important cause of chronic renal
failure in certain countries (47). The use of herbal medicine
and easy access to drugs could be one of the causes.

Nephropathy Due to Tropical Infection
and Toxin Poisoning

Pathophysiology

As a vascularized organ, the kidney is often involved with a
variety of tropical infections, and toxins (48–51). Nephropa-
thy associated with tropical diseases is attributed either to in-
flammatory reaction or direct nephrotoxicity. Both infections
and toxins can stimulate monocytes through their receptors
to release proinflammatory cytokines (52–59). Tumor necro-
sis factor α (TNF-α) and interleukin 1 (IL-1) released from
monocytes can induce the generation of a cascade of cytokines,
chemokines, vasoactive mediators, and adhesion molecules
that cause hemodynamic changes, increased vascular perme-
ability, hemorheologic derangements, immune response, and
cell injury. Norepinephrine, endothelin-1, NO, kinins, throm-
boxane A2, PGl2, PGE2, and angiotensin II are found to be
elevated both in infection and toxin models.

Hemodynamic Alterations. Hemodynamic alterations in trop-
ical infection and toxin poisoning are similar to those observed
in sepsis (60). In mild and moderate infection, systemic vascular
resistance is decreased accompanied by increased cardiac out-
put and increased renal vascular resistance. The renal blood
flow and the glomerular filtration rate are decreased. In se-
vere infection, systemic vascular resistance is either normal
or slightly increased. The cardiac output is either normal or
decreased. Renal vascular resistance is further increased with
marked diminution of renal blood flow and glomerular filtra-
tion rate.

In uncomplicated febrile illnesses hypervolemia has been
shown during fever, and returned to normal during the recovery
phase (61). The rise in blood volume is believed to be attributed
to vasodilation due to the effects vasodilating mediators, an-
tidiuretic hormone (ADH), and aldosterone. Hypovolemia is
noted in severe infection, owing to increased vascular perme-
ability with fluid leakage from the intravascular compartment.
This is further compounded by the increased insensible loss
and sweating due to high fever. The common causes of severe
hypovolemia in the Tropics are diarrheal diseases, dengue hem-
orrhagic fever, and intestinal anthrax.

Hemorheologic changes can be induced by increased
plasma viscosity, increased erythrocyte viscosity in malaria
and babesiosis, and erythrocyte swelling in snake bite (50,62).
Cytoadherence, either between leukocytes and the vascu-
lar endothelium because of adhesion molecules in infection
or between parasitized erythrocytes in falciparum malaria
and the vascular endothelium, is a common phenomenon.

Hemoglobinuria, myoglobinuria, intravascular coagulation,
free radicals release, bile acids, and complement and protease
activation are among nonspecific effects of infection (49,63–
67). These nonspecific factors in addition to hypovolemia,
hemorheologic changes, and cytoadherence further contribute
to decreased renal blood flow. Ischemic renal failure is therefore
common in severe infection.

Immune-Mediated Mechanisms. Humoral and cell-mediated
immune mechanisms closely operated with cytokines are in-
volved in the pathogenesis of nephropathy in tropical diseases
(68). Both Th1 and Th2 subsets of T cells are in operation
(Fig. 78-1). Th1 cytokines, consisting of IL-2, interferon γ
(IFN-γ ), and TNF-α, are effective against bacteria and viruses.
Th2 cytokines, comprising IL-4, IL-5 and IL-10 defend against
parasitic or mucosal infection. Glomerulonephritis, usually
immune-complex mediated, is the classic finding in most in-
fectious diseases. Because IgM antibodies are produced early
in infection and fix complement efficiently, granular immune-
complex deposition in the glomeruli with IgM and C3 is there-
fore commonly observed. Immune complexes can be either
circulating or in situ. Through the release of cytokines and
chemokines there is recruitment of leukocytes and proliferation
of interstitial cells. In certain infections, such as leptospirosis
and schistosomiasis, tubulointerstitial lesion and granuloma
may be observed as predominant cell-mediated injury. Per-
sistent antigen load may result in secondary amyloidosis as
seen in leprosy, leishmaniasis, schistosomiasis, and opisthor-
chiasis.

Direct Invasion and Direct Nephrotoxicity. Microbial invasion
of the kidney, urinary tract, and lymphatics can provoke injury
through the local inflammatory reaction in the form of cel-
lular proliferation, infiltration, and cystic and granulomatous
changes (50). Renal lesions in leptospirosis, echinococcosis, fi-
lariasis, schistosomiasis, and tuberculosis represent injury by
this mechanism. Infections and toxins may have indirect tox-
icity to the kidney through high fever and a number of toxic
substances including myoglobin, hemoglobin, bile acids, pro-
teases, peroxynitrite, phospholipases, free oxygen radicals, and
complement products (49,63–67) (Fig. 78-2).

In the real direct nephrotoxic model, the outer membrane
of leptospires, carp raw bile, impila (Callilepis laureola), toxic
mushroom, and cotton seed oil are toxic to renal tubules (49).
Djenkolic acid, the main composition of the djenkol bean, ob-
structs renal tubules in the presence of acid and concentrated
urine (49). Star fruit juice drinking causes renal failure through
tubular obstruction by oxalate crystals (49). Russell’s viper
venom and green pit viper venom have direct toxicity to the
blood vessel, glomeruli, and renal tubules (49,69).

There is a broad spectrum of renal pathologic changes. All
renal structures can be involved by tropical infection and toxins
(49,50,70). Various forms of glomerulonephritis can be seen.
Mesangial proliferative glomerulonephritis with deposition of
IgM and C3 is a common pathologic finding and is responsi-
ble for mild proteinuria and urinary sediment changes. Other
forms of glomerulonephritis are also observed but are less com-
mon. Tubular necrosis is the important pathologic counterpart
of acute renal failure. Cortical necrosis is common in snake
bite.

Clinical Manifestations

Nonspecific urinary sediment changes consisting of few ery-
throcytes, leukocytes, and granular casts are often observed in
febrile infectious diseases. Significant microscopic hematuria
may be seen in hematotoxic snake bite. However, the findings
resolve when the disease is under control.
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FIGURE 78-1. The immune response to schistosomiasis. The principal four killing systems are shown—
direct macrophage killing (DMK), antibody-dependent cell-mediated cytotoxicity (ADCC), antibody and
complement-dependent cytotoxicity (ACDC), and complement-dependent cytotoxicity (CDCC). The close
association of humoral and cell-mediated immunity in activating the parasite elimination mechanisms is
displayed. Note the crucial role of the eosinophil and immunoglobulin E (IgE). Also note the formation of
pathogenic circulating immune complexes involving all major immunoglobulins. IL-2, interleukin-2; APC,
antigen-presenting cell; INF, interferon; ESF, eosinophil-stimulating factor; ECF, eosinophil chemotactic
factor; ECF-P, eosinophil chemotactic factor of parasitic origin; CIC, circulating immune complexes.
(From: Baroum RS. Oxford Textbook of Clinical Nephrology. Oxford University Press, 2005, Oxford;
New York, Toronto: 1175, with permission.)

Proteinuria is transient and often mild with total urinary
protein of less than 1 g per 24 hours. Significant proteinuria,
even at the nephrotic range, may be seen, but disappears when
the disease resolves. Persistent proteinuria with abnormal uri-
nary sediment has been observed in certain infectious diseases
that run chronic clinical course or associated with superim-
posed infection or autoimmune reaction.

Hemoglobinuria is one of the common findings in venom
or toxin poisoning (48). Bites by vipers and hornet or wasp
stings can cause significant intravascular hemolysis (14,28–
30). Glucose-6-phosphate dehydrogenase (G6PD) deficiency is
common in tropical countries and may account for intravascu-
lar hemolysis in the patient with infection or with use of certain
drugs. Myoglobinuria is observed in several infectious diseases
with rhabdomyolysis such as leptospirosis, trichinosis, malaria,
typhoid fever, viral infection, and septicemia (49). In the toxin
group, sea-snake bite and insect stings can cause rhabdomyol-
ysis and myoglobinuria.

Hyponatremia is common in the patients with febrile dis-
eases. The causes are multiple including increased ADH, low

sodium intake, sodium loss, sodium influx into the cells, and
osmoreceptor resetting (49). Response to water load may be
delayed. Hypokalemia attributed to respiratory alkalosis due
to high fever is noted in 38% of the patients with febrile illness.
Potassium loss due to diarrhea is a common cause of hy-
pokalemia. Interestingly, cotton seed oil ingestion (49) and lep-
tospirosis (71) can cause kaliuresis and hypokalemia. Intravas-
cular hemolysis and rhabdomyolysis are important causes of
hyperkalemia. Hypocalcemia and hypophosphatemia are seen
in severe infection.

Acute renal failure, often caused by tubular necrosis either
ischemic or toxic model, is frequently observed in severe infec-
tion and toxin poisoning. The magnitude of the problem varies
from 0.5% to 4% of patients with tropical diseases. Renal fail-
ure is hypercatabolic in 68% of the patients, characterized by
rapid rises of blood urea nitrogen and serum creatinine. Acute
renal failure may be accompanied by jaundice, myoglobinuria,
or hemoglobinuria. Cholestatic jaundice is a common compli-
cation, being noted in 60% of the cases. Prognosis of acute
renal failure is usually good unless complicated by multiorgan
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FIGURE 78-2. Pathogenesis of infection
and toxin-induced nephropathy. ROS, re-
active oxygen species; SVR, systemic vas-
cular resistance; RVR, renal vascular resis-
tance.

failure, cortical necrosis, or papillary necrosis. The clinical
course may be prolonged in severe acute diffuse interstitial
nephritis.

TROPICAL INFECTIONS

Bacterial Infections

Typhoid Fever and Salmonella Infections. Typhoid fever con-
tinues to be a common disease in tropical countries. Clinically
significant renal disease with typhoid fever is uncommon, oc-
curring in less than 6% of all patients (72–74). However, when
careful and repeated urinalysis is performed, more than 50%
of the patients are found to have definite findings of renal in-
volvement (75). The spectrum of renal disease in typhoid fever
includes mild-to-severe glomerular involvement (75–80) and
acute tubular necrosis.

Hematuria and proteinuria are frequent during the febrile
phase (75). The urinary protein loss is less than 1 g per 24 hours
in the majority of patients, but can exceed this in occa-
sional patients. The glomerular disease usually has a benign
course, with complete recovery occurring in a 1- to 2-week
period (75,80). Less commonly, fever, generalized edema,
and hypertension mimicking acute poststreptococcal glomeru-
lonephritis have been reported in South Africa (77). Recovery
was complete with appropriate antimicrobial treatment. Re-
nal histology, reported in several series (75,77,80), shows large
glomeruli with mild-to-moderate mesangial proliferation. Im-
munofluorescence staining has shown variable amounts of C3,
IgG, and IgM deposits (75,80). IgA deposition in the mesan-
gial area has been described (81). The pathogenesis of typhoid
glomerulonephritis is of an immunologic nature. Salmonella
Vi antigen has been demonstrated in the glomerular capillary
wall (80). The complement level is usually low during the acute
phase in patients with renal involvement and normal in those
without renal involvement (75,77,82). However, this has not
been a consistent finding, especially in experimental typhoid
(83,84).

Acute renal failure has occurred with typhoid fever asso-
ciated with intravascular hemolysis due to G6PD deficiency,

disseminated intravascular coagulation (85), severe jaundice
(75,86–87), and rhabdomyolysis (88–89).

An interesting syndrome reported from Egypt is the
nephrotic syndrome occurring in patients with chronic salmo-
nellosis associated with schistosomiasis (90–93) (see subse-
quent text). It is amazing that, although similar combinations
of salmonella and schistosomal infection occur in Brazil, the
previously described pattern has not been reported (94).

Leptospirosis. Leptospirosis, an infectious disease caused by
several serotypes of Leptospira interrogans, is worldwide in
distribution. The disease is transmitted through contact of
abraded skin or mucous membrane with blood, tissue, or
urine of infected animals or through exposure to contaminated
environments. It is an unusual cause of acute renal failure
in Western countries (95,96); however, it plays an important
role in certain tropical regions (97–99). In Southeast Asia and
Sri Lanka, leptospirosis is one of the important causes of acute
renal failure, accounting for 24% and 32% of all reported
cases, respectively. The kidney is invariably involved in lep-
tospirosis, and acute renal failure of variable severity occurs in
the majority of the patients.

Clinically, patients present with sudden onset of chills, fever,
generalized muscle pain, and variable degrees of jaundice. Uri-
nary abnormality consists of mild proteinuria, a variable num-
ber of erythrocytes, occasional hemoglobinuria, granular casts,
and bile-pigmented casts. Leptospiruria is demonstrated by
dark-field illumination. Renal failure, occurring in 60% of
the patients, may be mild and nonoliguric. Oliguric renal fail-
ure with hyperbilirubinemia occurs in severe cases. In severe
leptospirosis hypotension is frequently observed and can lead
to renal failure and pulmonary complications if not promptly
treated (100). Hypokalemia secondary to kaliuresis has been
observed (71). Kaliuresis in leptospirosis is due to inhibition of
potassium reabsorption in the medullary thick ascending limb
of the loops of Henle (101) and increased sodium–potassium
exchange in the principal cells of the collecting ducts secondary
to decreased sodium reabsorption in the proximal tubules
(102). Renal bicarbonate wasting similar to proximal renal
tubular acidosis may be observed. In severe cases (Weil’s syn-
drome), marked renal failure with a rapid rise in serum creati-
nine and uric acid occurs in association with jaundice. Jaundice
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is usually cholestatic. Hepatocellular jaundice may be observed
when associated with shock. In rare cases, hemolytic-uremic
syndrome may be seen. In patients reported from Barbados
(103) and French Polynesia (104), renal failure was associated
with significant thrombocytopenia; however, full-blown dis-
seminated intravascular coagulopathy is rare. Infection with
different leptospiral serotypes does not seem to explain the
marked variability in renal involvement.

Although leptospirosis involves every structure of the kid-
ney, the primary lesion is interstitial in nature, with local or
diffuse mononuclear cell infiltration. Renal function can be
normal. In acute renal failure, cellular degeneration of both
proximal and distal tubules is seen. Glomerular changes are
quite mild and limited to mild mesangial hypercellularity (105,
106). On immunofluorescent staining, nonspecific C3 and IgM
uptake is seen in the mesangial area and occasionally in the af-
ferent arterioles (98,106). On electron microscopy, occasional
dense deposits are seen in mesangial, paramesangial, and in-
tramembranous locations (98). The organism itself is rarely
seen in human biopsy studies. However, in hamster models,
leptospires can be seen initially in the glomeruli and then in the
interstitium and renal tubules a few hours following inocula-
tion (106).

The pathogenesis of renal changes in leptospirosis is multi-
factorial.

1. Hemodynamic alterations. The outer membrane of lep-
tospires can cause a release of nitric oxide, TNF-α, and
monocyte chemoattractant protein from the medullary thick
ascending limb of the loops of Henle (107). Peptidogly-
cans and lipopolysaccharide also induce monocytes to re-
lease proinflammatory cytokines and vasoactive mediators
causing hemodynamic changes. The renal blood flow is de-
creased through the effects of cytokines, mediators, and
nonspecific inflammatory factors (Table 78-1) (108). Sys-
temic vascular resistance is decreased along with increased
cardiac output in anicteric leptospirosis, but it is increased
in icteric leptospirosis with decreased cardiac output. De-
creased cardiac function is attributed to myocarditis or
myocardial depressant factor or jaundice. In severe lep-
tospirosis, renal blood flow is markedly decreased in suf-
ficient degree to cause acute renal failure.

2. Direct nephrotoxicity. Intercalation of leptospire glycolipid
in the host cell membrane (109) and inhibition of membrane
Na+,K-ATPase (110) can cause cellular injury. Lipopolysac-
charide, porin, and lipoprotein of the outer membrane have
been shown to induce interstitial nephritis (111). The sub-
ject has been recently reviewed (112).

3. Immunologic mechanism. This mechanism plays a major
role in canine leptospirosis. However, it probably does not
play a significant role in human disease (106). Circulating
immune complexes have been demonstrated in only one pa-
tient (98). An increased number of B lymphocytes has been

TA B L E 7 8 - 1

HEMODYNAMICS IN LEPTOSPIROSIS

Severity Anicteric Icteric

Cardiac output ∼ or ↑ ∼ or ↓
Blood volume ∼ or ↑ ∼ or ↓
Systemic vascular resistance ↓ ∼ or ↑
Renal vascular resistance ↑ ↑↑
Renal blood flow ↓ ↓↓
Glomerular filtration rate ↓ ↓↓

observed in a patient with leptospirosis, along with a de-
crease in the number of CD3+ and CD4+ cells (113).

Management of renal failure in patients with leptospirosis
should focus on treatment of the underlying abnormality. Peni-
cillin, including its derivatives, is the drug of choice. Hypoten-
sion should be treated promptly with vasopressor agents. Intra-
venous fluid should be given cautiously because of decreased
response to fluid load. A small dose of dopamine increases
blood pressure and urine flow (114). Hemodialysis and peri-
toneal dialysis have been used successfully in patients with
renal failure. Plasma exchange coupled with hemodialysis is
advocated for patients with marked hyperbilirubinemia (115–
117). In patients who recover from acute illness, renal func-
tion returns to normal. Prognosis is generally good. Bad prog-
nostic indices include hyperbilirubinemia, hyperkalemia, and
pulmonary complications, either pulmonary edema, adult res-
piratory distress syndrome (ARDS), or hemorrhage. Continu-
ous hemofiltration, either arteriovenous or venovenous form,
plasmapheresis, and blood exchange are useful in these clinical
settings (112,118). In the rural area blood exchange is preferred
because of simplicity and the low cost.

Leprosy. Leprosy is a common infectious disease in tropical
regions including Africa, Asia, and South America. It has been
estimated that of 12 million cases of leprosy in the world,
3 million are in India. Renal involvement is frequent among
patients with lepromatous leprosy, although it can also be seen
in those with tuberculoid or borderline types (119, 120). The
prevalence of glomerulonephritis in leprosy varies from 6% to
50% in biopsy studies (121).

The clinical spectrum covers asymptomatic proteinuria and
hematuria (122), nephrotic syndrome (123), nephritic syn-
drome, and even renal failure (124). Circulating immune com-
plexes and cryoglobulinemia are detectable in the majority of
patients. Serum complement levels may be low (125). The cell-
mediated immune response is depressed in the lepromatous
type. Nephrotic syndrome is common in patients with amyloi-
dosis, but may be observed in patients with membranous and
diffuse proliferative glomerulonephritis (126). Urinary concen-
tration and acidification defects have been described (119,121).
Acute renal failure may occur (124,127), and chronic renal
failure often results from complicated amyloidosis. Acute re-
nal failure is observed primarily in lepromatous leprosy with
a prevalence of 63%, whereas only 2% of nonlepromatous
patients have impaired renal function (127). Acute renal fail-
ure may also be a complication of multiple drug treatment of
leprosy (128). Treatment should concentrate on the leprosy;
management of the renal involvement is only supportive.

Pathologically, diffuse proliferative glomerulonephritis and
mesangial proliferative glomerulonephritis are common (76,
119). Focal proliferative glomerulonephritis (119), membra-
nous nephropathy (129), mesangiocapillary glomerulonephri-
tis, crescentic glomerulonephritis (124), focal glomeruloscle-
rosis (120), and interstitial nephritis (129) have been reported.
Immunofluorescence study shows granular deposition of
IgM, IgG, IgA, and C3 in the mesangial areas and along the
glomerular capillary walls (130). Deposition of IgA alone has
been demonstrated occasionally (123). There is electron-dense
deposition in the mesangial, subendothelial, intramembranous,
and subepithelial areas (119,131,132). The findings are com-
patible with immune-complex glomerulonephritis. The nature
of the antigen has not been identified. Glomerulonephritis
may be only a nonspecific reaction. The possibilities exist
among mycobacterial antigens, other microbial antigens, and
autoantigen. Secondary amyloidosis is noted in 2.4% to 8.4%
of patients, predominantly with lepromatous and borderline
lepromatous leprosy, although it may be observed occasionally
in tuberculoid leprosy (121).
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Melioidosis. Melioidosis is an infectious disease caused by a
Gram-negative bacillus, Burkholderia pseudomallei. The dis-
ease is prevalent in the Tropics, especially in India, Thailand,
Myanmar, Kampuchea (Cambodia), Laos, Vietnam, Malaysia,
the Philippines, and Papua New Guinea. Melioidosis was an
important health problem during the Vietnam War, when many
soldiers became the victims of this deadly disease. Significant
serologic titers for the organism were detected in 29% of mil-
itary personnel (133). Recently, antibodies to Burkholderia
pseudomallei were detected in 39.5% of the people in north-
eastern Thailand. There are a few reports on melioidosis of
the urinary tract (134,135). The data on renal involvement are
scanty, and according to a few reports the rate of renal involve-
ment varies from 2.4% to 35.0%. Yet, acute renal failure can
occur in the septicemic form of the disease. In a series of 220
patients with melioidosis in northeastern Thailand, renal fail-
ure was noted in 35% (135). The underlying causes in 56%
of the patients included diabetes mellitus, renal stone, cirrho-
sis, and glomerulonephritis. Hypoproteinemia was present in
60% of the patients. Hyponatremia was observed in 90% of
the patients. The duration of renal failure varied from 1 week
to 6 weeks, averaging 3 weeks. The mortality rate was close to
90%.

Renal pathologic changes include multiple renal abscesses,
tubular necrosis, and interstitial nephritis (135). The bacteria
are seen in the suppurative lesions (136). In the animal model,
thrombi have been demonstrated in blood vessels, and cortical
necrosis has been observed (136). These have not been shown
in human melioidosis. Renal changes are attributed to severe
sepsis, which causes renal ischemia and inflammatory reactions
to bacterial invasion.

Tetanus. Tetanus is capable of causing acute renal failure
through stimulation of the sympathetic nervous system (137–
139). The incidence of renal failure in tetanus is high in Brazil.
In a report by Martinelli et al. (137), proteinuria was noted
in 50% of the patients and impaired renal function was ob-
served in 39% of patients in whom serum myoglobin levels
were found to be elevated. There is no correlation between the
serum level of myoglobin or creatine phosphokinase (CPK) and
renal failure. Renal failure is usually nonoliguric and mild.

Scrub Typhus. Scrub typhus is widely distributed in the Trop-
ics and can involve the kidney. As with the other infectious
diseases, mild proteinuria with abnormal urine sediment is not
uncommon. In the majority of patients, renal function is nor-
mal. Renal failure can be observed with severe infection asso-
ciated with jaundice, intravascular coagulation, or hemolysis
due to G6PD deficiency (140–142). The usual renal changes
are those of mild mesangial proliferative glomerulonephritis.
Deposition of IgM and C3 is seen in the mesangial area. In se-
vere cases, platelet thrombi may be seen in the glomeruli, with
focal thickening of the basement membrane. Tubular necrosis
is observed in the presence of renal failure. Interstitial nephri-
tis may be present (140,141,143). The infiltrate often occurs in
the corticomedullary region and consists of mononuclear cells.

Perivascular infiltration and thrombophlebitis may be seen
in the interlobular veins.

Diphtheria. Diphtheria can occasionally cause acute renal fail-
ure in children (144–146). In a review of 155 patients by Singh
et al., renal failure was observed in only two patients (146).
This could be attributed to decreased cardiac output due to
myocarditis. Yet, diphtheria toxin may be nephrotoxic because
it inhibits protein synthesis when it is added to the basolateral
side of the renal tubular cells (147). Renal histologic changes
in those with acute renal failure are consistent with tubular
necrosis (144). In a report of 70 patients by Kannerstein, tubu-

lar necrosis was observed in 16% and interstitial changes in
48% (145).

Cholera. Cholera remains a global threat. In 2003, a total of
111,575 cases of cholera with 1894 deaths were reported to
the World Health Organization (WHO) (148). The number of
cases notified by Africa greatly exceeded the number reported
from other countries. Cholera is still endemic in Asian coun-
tries. Renal failure is attributed to fluid and electrolyte loss.
Acidosis in cholera is associated with an increased anion gap
due to hyperproteinemia, hyperphosphatemia, and increased
serum lactate levels (149). Hypokalemia can be striking. In-
terestingly, the ratio between blood urea nitrogen and serum
creatinine may be lower than normal because of the larger loss
of urea than creatinine through diarrhea and perhaps rhab-
domyolysis due to hypokalemia. In addition to tubular necro-
sis, vacuolation of the proximal convoluted tubules due to hy-
pokalemia may be present (150). Cortical necrosis has been
described (151).

Shigellosis. Shigellosis can cause renal failure in the same fash-
ion as cholera and other diarrheal diseases. In a series of 2018
patients reported by Bennish et al., renal failure occurred in
26% (122). By multivariate analysis, younger age, decreased
serum protein, altered consciousness, and thrombocytopenia
were indices of a poor prognosis (122). Because shigella toxin
causes endothelial injury, hemolytic-uremic syndrome may oc-
cur (152–154). In this setting there may be cortical necrosis and
diffuse fibrin deposition in the glomeruli. Srivastava et al. re-
ported an incidence of hemolytic-uremic syndrome of 34% in
patients with acute renal failure, mostly related to shigellosis;
renal histology showed cortical necrosis in 40% of the patients
(155). The mortality rate was 60%.

Vibrio vulnificus Infection. Vibrio vulnificus is a Gram-
negative bacillus found in coastal and brackish waters. Infec-
tion due to V. vulnificus usually occurs in an immunocompro-
mised host or chronic alcoholic hosts following consumption
of contaminated sea food, or injury to the skin in a marine en-
vironment. V. vulnificus infection in humans can be expressed
as primary sepsis, wound infection, or gastrointestinal mani-
festation. The presenting symptoms consist of fever with chills,
abdominal pain, vomiting, diarrhea, and lower extremity pain.
Disseminated intravascular coagulation can occur. Acute renal
failure is common with tubular necrosis as a significant patho-
logic change (156,157). Renal failure is ischemic in origin. Yet,
cellular injury can be induced by bacterial cytolysin, colla-
genase, protease, metalloprotease, and phospholipases (158–
161). The disease may be confused with leptospirosis, scrub
typhus, malaria, and other forms of sepsis.

Viral Infections

Many viral diseases can cause mild glomerular involvement.
Rhabdomyolysis may be seen with viral infection and can be
responsible for acute renal failure. It is, however, interesting
that several viruses harbored in the kidney producing viruria
without renal function changes.

Dengue. The disease is caused by dengue virus and is charac-
terized by flu-like symptoms with headache, muscular pains,
arthralgia, flushing of the face, conjunctival injection, and skin
rashes. The disease is common in Southeast Asia (162,163) and
is transmitted by the mosquito Aedes aegypti. Aedes albopic-
tus, Aedes scutellaris, and Aedes polynesiensis may be impor-
tant vectors in certain areas. In recent decades dengue fever
and dengue hemorrhagic fever have emerged as a global public
health problem. Fifty million cases of dengue infection occur
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each year, with 500,000 cases of dengue hemorrhagic fever, and
at least 22,000 deaths, mainly among children (164). Hypoten-
sion may occur during the second phase of the disease, a few
days after the onset when fever declines. Complement activa-
tion, increased vascular permeability, and thrombocytopenia
are the main pathophysiologic changes of the disease leading
to hypovolemia and bleeding (165–168). Immune complexes
play an important part in complement activation. Levels of
anaphylatoxins C3a and C5a, cytokines, and mediators are
elevated and result in plasma leakage from the intravascular
space. Usual renal manifestations in dengue hemorrhagic fever
include mild urinary sediment changes, mild proteinuria, and
hyponatremia. Renal failure in children is often mild and usu-
ally prerenal due to hypotension. In adults, renal failure can be
severe and associated with cerebral symptoms, liver dysfunc-
tion, and myoglobinuria (169–171). As in sepsis, hemodynamic
alteration plays a key role in the pathogenesis. It is not clear
why the disease is more severe in adults. It could be related to
virus virulence, associated infection, drugs used, and late hospi-
talization. In addition, the disease may not be recognized earlier
in adults. Jaundice is hepatocellular, with marked elevation of
liver enzyme levels. The ratio between blood urea nitrogen and
serum creatinine is lower than normal. Renal failure is oliguric
with a prolonged clinical course.

Renal histologic changes include mesangial proliferation
with IgM and C3 deposition, endothelial cell swelling, and
perivascular infiltration by mononuclear cells (172). Tubules
show degeneration along with interstitial edema (173). The
diseases can be confused with Hantavirus infection, which can
produce almost similar pathophysiology and symptoms.

Hantavirus Infection. Hantavirus is an RNA virus in the fam-
ily Bunyaviridae. There are seven serotypes: Hantaan, Seoul,
Puumala, Prospect Hill, Belgrade, Thottapalayam, and Sin
Nombre. The disease is seen worldwide throughout Asia,
Europe, North and South America, Australia, and Africa (174–
177). It is considered as a rare disease in tropical Asian coun-
tries. In Korea, Hantaan and Seoul serotypes are common.
Hantaan virus causes severe disease with a renal syndrome.
Seoul virus causes a disease of moderate severity, and Puumala
virus produces the least severe disease. The epidemiologic sig-
nificance of Prospect Hill serotype is not well understood.
Belgrade virus is associated with severe disease in the Balkans.
Sin Nombre serotype causes the most severe disease, with a pul-
monary syndrome in the United States. Thottapalayam virus is
found in India. Rodents, especially rats, mice, and voles, are the
important reservoirs. Infection is acquired mostly by inhalation
of rodent excreta, although direct inoculation by abrasion or
cuts of the skin is also possible. Increased vascular permeability
is the main pathophysiology of the disease (167), owing to the
effects of various mediators, cytokines, complement activation,
and vascular endothelial injury, which finally result in hypov-
olemia, decreased renal perfusion, and acute renal failure.

The symptoms of Hantavirus infection with different sero-
types vary greatly. Even in the same serotype the symptoms can
vary from mild to severe. The description of Hantaan virus in-
fection with renal syndrome is classic. Clinically, after the in-
cubation period of 2 to 5 weeks, the disease is manifested by
flu-like symptoms with fever, headache, flushed face, myalgia,
abdominal pain, nausea, and vomiting. Periorbital edema, con-
junctival hemorrhage, and palatal and axillary petechiae may
be present. The clinical course can be divided into five phases:
febrile, hypotensive, oliguric, diuretic, and convalescent (177).
The febrile phase lasts for 3 to 7 days and is followed by the hy-
potensive phase due to hypovolemia, which develops with lysis
of fever. The hypotensive phase lasts from 3 hours to 3 days
and is followed by the oliguric phase, which may be prerenal
or renal in origin. The duration of the oliguric phase, therefore,
varies from a few days to several days. The diuretic and con-

valescent phases follow. In infection with other serotypes or in
mild cases these five phases may not be apparent. Hypotension
and oliguria may not be present. The Sin Nombre serotype is
associated with mild renal involvement but a severe pulmonary
syndrome.

Renal involvement is common in Hantaan virus infection.
Proteinuria, hematuria, and pyuria are usually observed. Re-
nal failure is more common in Hantaan virus infection than
in infections with the other serotypes, and may be associated
with pulmonary edema. Thrombocytopenia may occur in se-
vere cases. Disseminated intravascular coagulation has been
shown.

Renal pathologic changes are consistent with tubular necro-
sis. Medullary vessels are dilated and congested. Marked inter-
stitial changes with edema and hemorrhage can be seen, with
later infiltration by mononuclear cells. The interstitial changes
are pronounced in Puumala infection. Glomerular changes
are not remarkable. Mild glomerular hypercellularity may be
found. IgM, IgG, and C3 deposition in the glomeruli and in-
terstitium may be observed.

Hepatitis B. Hepatitis B virus (HBV) infection is worldwide
in distribution, with a low carrier rate in Western countries.
The prevalence of the hepatitis B surface antigen (HBsAg) car-
rier varies from 0.3% to 1.0% in North America to 1% in
Western Europe; 5% in South America, Eastern Europe, Japan,
and western Asia; 7% in Africa; and 10% to 20% in China,
Taiwan, and Southeast Asia (178). The pathogenetic role of
HBV in glomerulonephritis is a topic of great interest. The ob-
servations of a high incidence of HBsAg carriers among patients
with various forms of glomerulonephritis when compared with
the general population tend to support the role of HBV in the
pathogenesis of glomerulonephritis. In Hong Kong, 22% of
patients with glomerulonephritis are HBsAg positive, which is
higher than the carrier rate in the general population. In South
Africa 20% of the patients with glomerulonephritis are HBsAg
positive (179). In Zimbabwe, Japan, and Taiwan, HBs antigen-
emia has been found in 80% to 100% of children with mem-
branous glomerulonephritis (180–182). However, in Thailand
and South Korea the prevalence does not differ from that for
the general population.

Clinical presentations vary from asymptomatic proteinuria
and hematuria to nephrotic syndrome and impaired renal
function with hypertension. Nephrotic syndrome is common
with membranous and mesangiocapillary glomerulonephritis,
whereas hematuria and asymptomatic proteinuria are present
with mesangial proliferative glomerulonephritis. In about 33%
of patients the serum complement level is decreased. Patients
with HBV infection may present with the clinical picture
of essential cryoglobulinemia with purpura, arthralgia, and
splenomegaly (183). Acute renal failure may occur with ful-
minant hepatitis (184), but may occasionally develop with un-
complicated hepatitis B (185).

The natural history of HBV-associated glomerulonephropa-
thy is not well understood (186). Spontaneous remission occurs
in 50% of membranous nephropathy patients. Seroconversion
to positive antihepatitis B e antibody (anti–HBeAb) is associ-
ated with remission of proteinuria. In children the disease may
run a benign course and the pathology is mainly membranous.
Among patients with IgA deposition, 19% had deterioration of
renal function in 40 months (186). Clearance of HBsAg from
blood has been associated with remission of polyarteritis. The
use of steroids as treatment for glomerulonephritis should be
discouraged. Corticosteroid therapy has been associated with
active virus replication and hepatic dysfunction with an ap-
pearance of viruslike particles in the glomeruli (186,187). Inter-
feron alpha administration has been shown to suppress HBV
expression with clearing of HBeAg (186), and may be tried
in HBV-associated glomerulonephritis with short duration of
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infection. The use of adenine arabinoside and thymic extract
reduced proteinuria in 87% of membranous nephropathy pa-
tients, with a reduction of HBV DNA in T cells, B cells, and
macrophages along with seroconversion from HBeAg positive
to anti-HBe positive (188). The use of antiviral agents such as
lamivudine can be beneficial.

Renal pathologic changes include membranous glomeru-
lonephritis, mesangial proliferative glomerulonephritis, mesan-
giocapillary glomerulonephritis, and polyarteritis nodosa
(178). Among these, membranous nephropathy is usually as-
sociated with deposition of HBeAg in the immune complexes,
whereas mesangial proliferative glomerulonephritis is associ-
ated with HBsAg complexes (189,190). Hepatitis B core anti-
gen (HBcAg) has been found in membranous nephropathy
patients when polyclonal anti-HBcAg antiserum was used.
Glomerular deposition of HBeAg and HBsAg is demonstra-
ble in mesangiocapillary glomerulonephritis. The pathogenetic
association between IgA nephropathy and HBV has attracted
attention, as the geographic area with the highest endemicity of
HBV infection has also the highest incidence of IgA nephropa-
thy. Glomerular HBsAg deposition in a distribution similar to
that of IgA immune staining is detected in 21% to 40% of
patients (186,191). There is no HBeAg deposition.

Hepatitis C. The incidence of hepatitis C virus (HCV) carrier in
the Tropics is less than 5%. Chronic HCV infection can be asso-
ciated with mesangiocapillary glomerulonephritis (192–194),
membranous glomerulonephritis (195), and diffuse prolifera-
tive glomerulonephritis (196). Mesangiocapillary lesion with
mixed cryoglobulinemia is the common lesion. Glomerular im-
mune complex deposition consists of HCV, anti-HCV IgG, and
IgM rheumatoid factor. The cryoprecipitate containing HCV
RNA and HCV antibody can be seen in the subendothelial
glomerular deposits (197,198). Ohta et al. demonstrated the
core antigen in the glomeruli of patients with hepatitis C in
the absence of circulating cryoglobulins (199). Electron mi-
croscopy of the renal tissue shows cryoglobulinlike structures.
The patients have proteinuria, hematuria, decreased renal
function, and hypocomplementemia, rheumatoid factor, and
circulating cryoglobulin. Nephrotic syndrome is a common
presentation. Crescentic fibrillary glomerulonephritis has been
described (200).

Treatment with IFN-α improves liver function and decreases
urinary protein excretion with disappearance of HCV RNA
(197). Exacerbation of glomerulonephritis with proteinuria
and hematuria during IFN administration has been reported
(201). It was suggested that renal damage was either a direct
or indirect effect of interferon on the glomerular endothelial
and epithelial cells. The result of treatment IFN therefore varies
(201,202). The viral genotype and titer may be important de-
terminants in response. Antiviral therapy with IFN-α with rib-
avirin may be beneficial (203). In comparing with the other
causes of secondary glomerulonephritis in the Tropics, hepati-
tis C is a rather uncommon cause. However, it is an impor-
tant cause of morbidity and mortality among recipients of re-
nal transplantation and chronic dialysis patients. Pretransplant
interferon may reduce the occurrence of posttransplantation
HCV-related de novo glomerulonephritis (204).

Hepatitis A. Fulminant hepatitis A can produce renal failure
in a fashion similar to hepatorenal syndrome. Viral hepatitis
associated with G6PD deficiency may present with massive in-
travascular hemolysis and acute renal failure (205). Recently,
there have been several reports of acute renal failure develop-
ing in patients with hepatitis A in the nonfulminant form (206–
208). The mechanism of renal failure is not well understood. In
some patients, there are no apparent renal histologic changes,
whereas in the others tubular necrosis is seen. Perhaps various
nonspecific factors in inflammation that lead to renal ischemia

superimposing on hepatic dysfunction produce the renal fail-
ure. IgA-dominant immune complex glomerulonephritis with
nephrotic syndrome has been reported (209).

Mycotic Infections

Mycotic infections constitute an important part of tropical
nephrology. Because no particular features distinguish such in-
fections in the Tropics from those that occur in other parts
of the world, this chapter does not include detailed accounts,
which can be found elsewhere (Chapters 37, 72, and 97). For
easy reference, however, the important mycotic infections of
clinical significance in tropical countries are highlighted.

Mycotic Nephropathies in the
Immunocompetent Individual

Coccidioidomycosis. The disease is widely distributed over the
globe, but endemic foci are identified in the tropical zone
of the American continent, particularly Central America and
Argentina. Infection is acquired through inhalation of dust
containing the fungal hyphae, leading to predominantly pul-
monary disease. The kidneys are involved in the rare dissem-
inated form of the disease, particularly in non-whites (210).
The lesions are interstitial, either granulomatous or suppura-
tive, usually multiple, and often associated with lung cavities
(211).

Paracoccidioidomycosis. This is a chronic granulomatous dis-
ease, also endemic in Central and South America. It is charac-
terized by mucocutaneous manifestations, in addition to foci
in different viscera including the kidneys (212).

Fungal Toxins

Ochratoxins. These fungal products often contaminate stored
cereals. They can induce a form of interstitial nephritis in pigs
(213) that resembles and has been incriminated in the patho-
genesis of Balkan nephropathy in humans (214). It is also a
potent carcinogen that induces renal adenocarcinoma in small
laboratory animals, but the relevance of this observation to
humans is unknown.

Chronic interstitial nephritis associated with ochratoxin A
has been reported from the tropical zone, including Egypt (215)
and Northwest Africa (216).

Aflatoxins. Aflatoxins B1 and B2, produced by Aspergillus
flavus, which contaminates many foods, particularly cereals,
have been associated with hepatomas in humans and in exper-
imental animals. They can also induce adenocarcinoma and
pelvic neoplasms in rats (217).

Although aflatoxins are present worldwide, they have re-
cently attracted a lot of interest in the Tropics, where the cereal
storage conditions are optimal for fungal growth. They have
been incriminated in the remarkable increase in the incidence
of hepatomas in most of Africa, particularly in association with
persistent HBV-antigenemia (218). It is unknown whether afla-
toxins are also responsible for a higher incidence of renal ma-
lignancy in the same continent.

Opportunistic Mycotic Infections in the
Immunocompromised

Fungi are well-known opportunistic organisms worldwide.
Fungal infections are even more prevalent in tropical countries,
because of the uncontrolled use of antibiotics and immunosup-
pressive agents, poor general hygienic standards, and the high
prevalence of acquired immunodeficiency syndrome (AIDS) in
certain areas.
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The principal opportunistic fungi encountered in the Tropics
include the following:

1. Candidiasis is, by far, the most common. Urethritis, cystitis,
and pyelonephritis are usually ascending infections (219).
Disseminated candidiasis (220) is often a terminal event in
patients with AIDS and overimmunosuppressed transplant
recipients, intravascular catheters being a common source
of infection (221).

2. Contrary to previous classifications, Pneumocystis carinii
infection is currently regarded as a fungal infection on the
basis of ribosomal RNA analysis. It causes serious pneu-
monia and occasional extrapulmonary manifestations in
patients with AIDS, and less often in those receiving im-
munosuppressive therapy including renal transplant recipi-
ents (222).

3. Disseminated histoplasmosis is an important risk to renal
transplant recipients in Central and South America. Both
primary infection and reactivation of dormant infection
seem to occur. The disease is characterized by focal necrotic
lesions in different viscera, bones, joints, meninges, endo-
cardium, skin, and oral mucosa (223).

4. Invasive aspergillosis is a serious infection in renal trans-
plant recipients, particularly after bacterial infection in
neutropenic patients (224) and those with active cy-
tomegalovirus (CMV) infection (225). The disease is char-
acterized by interstitial pneumonia or consolidation with or
without cavitation, often accompanied by intracranial, gas-
trointestinal, hepatic, cardiac, and osseous lesions. Intersti-
tial renal disease may also occur, presenting as proteinuria,
pyuria, and hematuria, with rapid loss of function. Fungal
“balls” have been observed in the urine of such patients
(226).

5. The rhinocerebral, pulmonary, renal, and disseminated
forms of mucormycosis are rare infections that may be en-
countered in patients with uncontrolled diabetes, particu-
larly with ketoacidosis or renal failure (210,227). They often
complicate desferrioxamine therapy in patients on dialysis
and are occasionally seen in renal transplant recipients, be-
ing strongly associated with the use of azathioprine (228).
Mucormycosis is being increasingly recognized as a cause of
acute renal failure, even in immunocompetent patients, due
to fungal interstitial nephritis (229).

6. Cryptococcosis, which affects as many as 10% of patients
with AIDS, is not a common opportunistic infection in pa-
tients receiving immunosuppressive therapy (230).

Parasitic Infections

Parasitic infestations influence the practice of clinical nephrol-
ogy in the Tropics in three ways: (i) They are the causative
agents of certain renal diseases, usually referred to as parasitic
nephropathies; (ii) they are among the important agents that
may infect immunocompromised patients; and (iii) they often
modify the classic clinical picture, prognosis, and management
of renal disorders at large.

Parasitic Nephropathies

Urinary tract disease that is due to parasitic infestation was
known in pharaonic medicine. Several papyri, analogous to
the medical textbooks of our time, accurately describe the clin-
ical features of a disease called “âââ” attributed to a worm,
acquired by exposure to Nile water (231). That this disease
is indeed what we know today as schistosomiasis is suggested
by the close similarity of the clinical features and by finding
calcified schistosomal ova in the bladders of ancient Egyptian
mummies (232). Schistosomiasis remains one of the most com-
mon parasitic nephropathies, exerting its effect mainly through

the induction of lower urinary tract pathology. That the par-
asite may also lead to glomerular disease was suggested only
a few decades ago (233,234), and subsequently confirmed by
other investigators in Latin America (235,236), Africa (237–
241), and Asia (242).

Malarial nephropathy was next on the list, being referred
to in the Hippocrates collection, dating back to the fourth cen-
tury BC, and suspected by Atkinson late in the nineteenth cen-
tury (243). It remained for Giglioli (244) to present evidence
for a potential cause-and-effect relationship between malaria
and the nephrotic syndrome. Other investigators subsequently
confirmed this suggestion on the basis of epidemiologic, exper-
imental, and clinical grounds (20,245–250).

Schistosomiasis and malaria remain as the most relevant
parasitic nephropathies of epidemiologic concern. Renal le-
sions have been described with many other parasitic infections
(Table 78-2), but these are generally either too mild to achieve
clinical significance (e.g., trichinosis) or geographically too re-
stricted to be of epidemiologic importance (e.g., onchocerco-
sis). On the whole, the incidence of renal involvement seems
to be relatively low when depicted in relation to the global
prevalence of parasitic diseases. However, there is a place for a
lot of bias in this conclusion, because of the general unaware-
ness of such complications, the lack of the necessary facilities
to detect them in endemic areas, and the known difficulties in
documentation and publication.

Parasitic Infections in the Immunocompromised

The renal patient may be immunocompromised as a feature of
the primary disease, due to acquired infection with agents that
impair the immune response such as human immunodeficiency
virus (HIV), HCV, Epstein-Barr virus (EBV), and CMV, or as a
consequence of therapeutic immunosuppression. Such patients
are susceptible to a number of well-defined infections (Chapter
98). In the Tropics, the list of agents known to affect the im-
munocompromised host is even longer and involves some 20
parasitic species. These may be (i) acquired de novo, due to im-
pairment of immunity to primary infection (e.g., cryptosporid-
iosis); (ii) reactivated, having been dormant due to a balanced
host–parasite concomitant immunity (e.g., Leishmaniasis); or
(iii) transmitted with a transplanted organ (e.g., trypanosomi-
asis) (Table 78-3). Unfortunately the mode of acquisition of
clinical disease remains uncertain in most posttransplantation
parasitic infections. Such knowledge is important, since it will
settle the debate about the need for prophylaxis in transplanted
travelers (259), pre-transplantation chemotherapy (260), and
specific screening of potentially infective donors (278).

Although some of these infections produce insignificant
morbidity, others may be associated with severe disease that
may be fatal (e.g., strongyloides hyperinfection). The main clin-
ical presentations of important parasitic infections in the im-
munocompromised are summarized in Table 3.

There are several interesting considerations regarding ther-
apy, since several antiparasitic drugs may interact with im-
munosuppressive agents (e.g., quinine or chloroquine with cy-
closporine) (301,302), or they may acquire a specific toxicity
profile in transplant recipients (e.g., antimony-induced pancre-
atitis) (303). Conversely, immunosuppressive agents may have
antiparasitic properties (e.g., cyclosporine and strongyloidia-
sis) (292,293).

Impact on the Clinical Patterns and
Management of Renal Disease

The clinical patterns of renal diseases in the Tropics may be
modified in different ways by associated parasitic infestations.
Many infestations cause, or are associated with, malnutrition
which, in addition to reflecting on the severity of the infestation
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TA B L E 7 8 - 2

REPORTED CLINICAL SPECTRUM OF PARASITIC NEPHROPATHIES

Acute Asymptomatic Acute Chronic
renal urinary nephritic Nephrotic Chronic Ureteral Other renal

failure abnormalities syndrome syndrome tubulointerstitial obstruction features failure

Caused by Protozoa
Malaria

Quartan ++ ++ + +++
Falciparum +++ ++ + +

Babesiosis ++a

Visceral
leishmaniasis

++ +b +

Trypanosomiasis ++
African

Toxoplasmosis +
+Congenital

Acquired

Caused by Cestoda
Echinococcosis + +c

Caused by
Trematoda
Schistosomiasis

Hematobium + + +b + +++ +++
Mansoni + +++ + +++

Opisthorchiasis ++ + +b,e

Caused by
Nematoda
Filariasis

Wuchereria
bancrofti

+ + + +d

Onchocerca
volvulus

++ + +

Loa loa + +
Strongyloidiasis + +
Trichinosis +

Note: +, occasionally reported; ++, infrequently reported; +++, commonly reported.
aUsually with asplenia.
bUsually with amyloidosis.
cMass effect of renal cysts.
dChyluria.
eJaundice.

per se (malaria, schistosomiasis, strongyloidiasis), augments
nephrotic edema, increases anemia and bone disease in chronic
renal failure, superimposes skin and peripheral nerve compli-
cations, and increases the risk of bacterial infection (304).

The associated chronic activation of the immune system is
often blamed for increasing the incidence of secondary amy-
loidosis (305). The same was also attributed to impairment of
macrophage function in kala azar (306). Immune activation
may be expressed by hyperglobulinemia, which often poses di-
agnostic difficulties in the interpretation of false-positive results
on serologic tests (239). Having mentioned that, it is important
to note that autoimmunity may, indeed, be associated with cer-
tain parasitic diseases such as schistosomiasis, malaria, and
filariasis (307–309).

Most parasitic diseases are characterized by multisystem in-
volvement, which compounds the clinical picture, prognosis,
and management of the associated renal disorder. Common
examples are the extensive microcirculatory disturbance in fal-
ciparum malaria associated with acute renal failure (310), the
chronic hepatic and lower urinary tract pathology in schistoso-
miasis (311), and the chyluria of filariasis (312). Such elements

in the scenario may have a considerable impact on treatment
strategies, use of medications, and choice of acute (313) and
chronic (314) dialysis modalities as well as on the safety and
efficacy of dialysis (315). They often influence the donor se-
lection, the recipient’s immunosuppression, and the eventual
outcome of renal transplantation (316).

Individual Parasitic Diseases and the Kidney

Malaria. Malaria is a parasitic disease of great epidemio-
logic importance in the Tropics (Fig. 78-3), largely because
of the warmth and humidity that favor the multiplication of
mosquitoes, of which the anopheline species is the principal
vector for malarial transmission. The incidence of malaria in
the world is of the order of 300 to 500 million clinical cases each
year, with mortality averaging 2 million per year. The disease is
caused by a protozoan, Plasmodium, of which four species are
pathogenic to humans, namely, Plasmodium vivax, Plasmod-
ium malariae, Plasmodium ovale, and Plasmodium falciparum
(317). The clinical pattern of the disease, incidence of acute
and chronic complications, and, consequently, the outcome
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FIGURE 78-3. Global distribution of malaria.

are influenced by certain differences among the infective
species. These include inherent features in their own life cycles
as well as their selective adhesion to specific red blood cell and
hepatocyte receptors (318). The age of infected erythrocytes is
an important factor. Thus, whereas P. vivax and P. ovale infect
only young red blood cells, and P. malariae infects only aging
cells, P. falciparum infects erythrocytes at any age, explaining
the heavy parasitemia associated with the latter.

The type and severity of clinical disease depends on the para-
site’s ability to modify the physical properties of parasitized red
blood cells as deformability, fragility, and adhesiveness, as well
as on the host’s immune response to the parasite’s antigens.

Clinical features. The disease is characterized by recurrent
pyrexia with chills, the frequency of which varies according to
the infective species. Constitutional features such as headache,
malaise, and muscle and joint aches are usually encountered,
more often with the first infection episode and in expatriates.
Diarrhea, pulmonary edema, jaundice, coma, and circulatory
failure may complicate falciparum infection, hence the term
malignant malaria. The spleen is usually enlarged, particularly
with relapsing disease. Anemia and neutrophil leukocytosis are
prominent laboratory findings. The diagnosis is confirmed by
direct visualization of the parasite in Giemsa-stained periph-
eral blood smears. Fluorescent staining with acridine orange
enhances the diagnostic accuracy of peripheral blood exami-
nation. Routine serology was once of limited diagnostic value,
particularly in endemic areas where old infection is highly
prevalent. However, the recent introduction of synthetic pep-
tides for the detection of epitopes on infected red blood cell
membranes has opened a new diagnostic dimension (319). The
use of polymerase chain reaction (PCR) technology for the
molecular diagnosis of malaria is limited to research (320).

Renal involvement in malaria. Clinically significant renal dis-
ease may typically complicate infection with two malarial
species, namely, P. malariae and P. falciparum. The former
is associated with a chronic progressive syndrome, whereas

infection with the latter is an acute illness that is usually re-
versible by adequate management. In recent years, the identity
and specificity of P. malariae nephropathy has been debated,
whereas P. vivax was implicated in the pathogenesis of acute
renal failure (321), or the nephrotic syndrome (322). Epidemi-
ologic studies are awaited to resolve this dispute.

Quartan malarial nephropathy. The causative link between
P. malariae infection and glomerulonephritis is based on epi-
demiologic, experimental, and immunologic evidence (323–
326). Thus, nephrotic syndrome and progressive glomeru-
lonephritis are strikingly more prevalent in endemic areas,
and their prevalence was significantly reduced with eradication
of malaria (20,327–329). Glomerular disease was experimen-
tally induced by the closely related species Plasmodium berghei
(323) and Plasmodium brazilianum (330), yielding ultrastruc-
tural changes identical to those seen clinically. Even more di-
rect evidence was obtained by finding malarial antigen in the
glomeruli (331), which also suggests that glomerular injury is,
indeed, immune-complex mediated (332).

Overt renal involvement is infrequent among patients with
acute and chronic P. malariae infection, which suggests the in-
teraction with other factors in the pathogenesis of the renal
lesion. It is presumed that a certain immunopathologic setting
may be necessary for the malarial antigen to induce clinically
significant glomerular disease (333). This may be achieved by
associated infection (e.g., Epstein-Barr virus) (330), autoim-
munity (332), malnutrition (324), or a genetic predisposition
(334).

Histopathological Features. The glomerular lesion is dominated
by subendothelial deposits. These are mainly seen by light mi-
croscopy (Fig. 78-4) as thickening of the capillary walls, lead-
ing to a double-contour appearance of the basement membrane
(324). By immunofluorescence, the deposits usually exhibit a
coarsely granular pattern along the capillary endothelium and
contain IgG (most commonly IgG3), IgM, C3 (335), as well
as malarial antigens in 25% to 33% of patients, particularly
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FIGURE 78-4. Malarial nephropathy. Note the pigment-laden macro-
phages in glomerular capillary lumina. (Hematoxylin and eosin, mag-
nification ×200.) (From: V. Boonpucknavig, with permission.)

during early stages of disease (324,331). Less often, dif-
fuse finely granular deposits containing IgG2 are encountered
(335). Mixed patterns are not unusual. Electron microscopy
shows subendothelial deposits of electron-dense or basement
membrane–like material, associated with the formation of in-
tramembranous lacunae (336).

A proliferative lesion, mainly involving the mesangium, is
often encountered in adults. Crescents are rare in all age-
groups. The extent of tubular involvement depends on the
severity of glomerular lesions (324).

The pathology is initially focal and may indeed continue to
be so, culminating with secondary focal and segmental scle-
rosis. In most patients, however, the pathology is diffuse and
progressive, leading to ESRD.

Clinical Features. The clinical syndrome of quartan malarial
nephropathy (324,329) is nonspecific, apart from its associ-
ation with the features of the parasitic infection (vide supra).
Most patients are children, with a mean age of 5 years. Pro-
teinuria is encountered in a variable proportion of patients,
up to 46% in the first published series (337). Microhematuria
is occasionally noticed, particularly in the older age-groups.
Overt nephrotic syndrome develops in a yet-undefined frac-
tion, and hypertension is a late encounter. Serum complement
levels are normal, and blood cholesterol values are usually not
elevated, owing to the associated nutritional deficiency. The
disease progressively leads to chronic renal failure over 3 to
5 years (324,329). Response to antimalarial treatment is poor
and limited to patients in early stages (324,327).

Falciparum malarial nephropathy. Renal complications en-
countered in falciparum malaria include acute renal failure,
glomerulonephritis, and a number of typical metabolic distur-
bances.

Acute Renal Failure. This is, by far, the most important malarial
complication in the kidneys, being relatively frequent and po-
tentially fatal. The reported incidence is 1% to 4% (338), but
it may reach up to 60% in high-risk individuals (339). Acute
renal failure usually occurs in patients with heavy parasitemia
(infected erythrocytes, more than 5%), particularly in pregnant
women (340), HIV-infected individuals, and foreigners visiting
endemic areas. It also occurs in almost all cases of blackwater
fever.

Patients developing malarial acute renal failure (MARF)
have the typical clinical features of severe falciparum dis-
ease with profound disturbances of the microcirculation, mul-
tiple organ involvement, particularly the liver, and prominent

metabolic disturbances including hypoglycemia, lactic acidosis,
and hyponatremia.

MARF is usually oliguric and hypercatabolic, with high
BUN/creatinine ratio. Hyperkalemia can be profound in pa-
tients with intravascular hemolysis. Hyperuricemia, dispropor-
tionate of the nonprotein nitrogen retention, is frequently seen.
The oliguric phase usually lasts for a few days to several weeks.
Mortality is usually within the range of 30%, but it may vary
from 10% to 50%, depending on the severity of infection, re-
sponse to antiparasitic treatment, availability of dialysis, and
the predominant pathogenetic factors involved.

Therapy usually poses challenging problems, because of
the complexity of the syndrome. Quinine remains the drug of
choice. Artemisinin derivatives have been used with promis-
ing results in decreasing parasitemia, particularly in quinine-
resistant patients. Early dialysis is often needed to treat the hy-
percatabolic state. Although peritoneal dialysis is less effective
because of the supervening circulatory disturbances, it becomes
more effective as the flow in microcirculation is improved by
treatment. It is often the only available dialysis modality avail-
able in underdeveloped communities. In some cases, continu-
ous peritoneal dialysis may be indicated. Exchange transfusion
is helpful in patients with heavy parasitemia and those with
severe jaundice.

Pathogenesis of MARF. MARF is basically an ischemic acute
tubular necrosis (ATN), attributed to shock, intrarenal vascu-
lar abnormalities, endothelial activation, and capillary occlu-
sion by red blood cell and platelet sludging. The pathogenesis
is multifactorial, involving a complex interaction of rheologic
and immunologic components (341) (Fig. 78-5).

1. Disturbances in Blood Rheology. The parasitized red blood
cell is the cornerstone of all events. Characteristic of P. fal-
ciparum infection are particular red blood cell membrane
abnormalities (342,343) leading to the formation of adhe-
sive knobs (344,345) (Fig. 78-6), composed of abnormal
proteins encoded by the parasite’s genome. The major fam-
ily of adhesive proteins is called plasmodium falciparum
erythrocyte membrane proteins (PfEMPs) (346), which in-
cludes several members identified by sequential numbers.
The PfEMP-1 appears to be the major determinant of ery-
throcyte adhesiveness and subsequent malarial morbidity.
A striking feature of this protein is variability, being struc-
turally and antigenically different in consecutive generations
of parasitized red blood cells. This is attributed to switch-
ing in-between alleles in the “Major Var Gene” in succes-
sive merozoite generations. Switching is largely a sponta-
neous process (347) but is also influenced by host factors, as
shown by the effect of splenectomy in experimental models
(348,349). This “cross-talk” between the parasite and the
host keeps the balance that permits both to survive.

Other adhesive protein families have been identified in
the erythrocyte knobs including the histidine-rich proteins
(345,350), rifins (351), rosettins (352), and others. Most of
these are also variable proteins of importance in the host–
parasite relationship, but their relative pathogenetic signifi-
cance seems to be less prominent than that of the PfEMP-1.

The main red blood cell receptors for PfEMP-1 are the
erythrocyte complement receptor (CR1) and glycosamino-
glycans (GAGs) (353,354). There are many platelet and en-
dothelial receptors. Although some are constitutively ex-
pressed, as CD36, PECAM-1/CD31, thrombomodulin and
chondroitin-4-sulfate, many are induced by the host’s im-
mune response as a part of widespread endothelial acti-
vation (355) including E-selectin, P-selectin, ICAM-1, and
VCAM-1 (356–361).

The physiologic deformability of parasitized red blood
cells is impaired (362) and their mechanical fragility
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FIGURE 78-5. The pathogenesis of acute renal fail-
ure in malaria. ADH, antidiuretic hormone; APR,
acute-phase reactants; ROS, reactive oxygen species.

increased (363), which leads to hemolysis. Although this is
usually extravascular, intravascular hemolysis may also oc-
cur, particularly in patients with G6PD deficiency, who are
receiving quinidine or pyrimethamine therapy. In extreme
forms, massive intravascular hemolysis leads to the frank
hemoglobinuria characteristic of blackwater fever. Red cell
debris and their free products exert their hemodynamic
and toxic ill effects, which include vasoconstriction, renal
tubular toxicity, and activation of intravascular coagulation
(364,365). Activation of coagulation factors, thrombocy-
topenia, and increased plasma fibrin degradation products
(366) have been well documented. However, glomerular
capillary thrombosis is uncommon, and fibrin deposits have
not been consistently seen by immunofluorescence.

FIGURE 78-6. Adherence knobs on the parasitized erythrocyte mem-
brane (arrows) to the glomerular endothelium (EN). (From: Sitprija
V. Nephrology forum: nephropathy in falciparum malaria. Kidney Int
1988;34:866, with permission.)

2. Immunologic Perturbation. Antigenic proteins are express-
ed on the cell membranes of the parasite as well as the
parasitized host cells. However, owing to the intracellular
residence of the sporozoan during most of its life cycle in
humans, it is the antigen expression on the parasitized red
blood cells that constitutes the major part of the antigen
load. In addition to the adhesive proteins described earlier,
other antigenic proteins have been identified on parasitized
red blood cells, monocytes, and hepatocytes. These include
“var” gene products other than the PfEMP-1 (367), the ring-
infected erythrocyte surface antigen (RESA) (368), Pf332
(369), 70-kDa and 78-kDa heat shock proteins (370), and
others.

There is evidence that different antigens may pro-
voke different immune responses. For example, glycosyl-
phosphatidylinositol moieties covalently linked to the sur-
face antigens of falciparum malarial parasites appear to act
like endotoxin (371) that interacts with upregulated mono-
cyte CD14 receptors (372), thereby provoking a Th1 pro-
inflammatory response. Conversely, the Pf332 antigen ap-
pears to interact with a different monocyte receptor that
favors Th2 proliferation (369), which is associated with im-
munity to reinfection.

The hallmark of pro-inflammatory monocyte activation
is the release of TNF-α, which plays a pivotal role in the
pathogenesis of acute malarial morbidity (373). Of equal
significance is the release of IL-6, which is the main prolifer-
ative signal for Th1 cells (306,374). The latter secrete IFN-α;
which amplifies the monocyte response by a positive feed-
back mechanism (375). The observed increase in neopterin
serum levels in malignant malaria (376) is the consequence
of this augmented release of IGF-I.

Th1 activation also leads to B-lymphocyte proliferation,
with IL-2-induced switching to IgG2 synthesis. This of-
ten leads to autoantibody formation that is usually asso-
ciated with P. falciparum and P. vivax infections. Anticar-
diolipin (377), antiphospholipid (378), and anti-neutrophil
cytoplasmic antibody (ANCA) (379) have been suggested to
have a role in the pathogenesis of microvascular complica-
tions. Antibodies to triosephosphate isomerase (380) have
been associated with prolonged complement-dependent
hemolytic anemia following acute malaria.

Th2 activation has an immune modulatory function and
is associated with immunity to reinfection. The release of
IL-4 induces B-lymphocyte proliferation, favoring IgE and
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IgG4 synthesis (381). Together with IL-10 (382), IL-4 down-
regulates the monocytes and inhibits the release of IL-8
(383). However, Th2 lymphocytes have been recently shown
to behave as pro-inflammatory cells. This is particularly
manifest in cerebral malaria, where IgE antibody levels
are considerably elevated (384). Malarial antigen–IgE an-
tibody complexes are identified by CD23 monocyte recep-
tors, leading to increased TNF-α generation through an NO-
transduction mechanism (385). The interaction of TNF-α
and IL-5 leads to eosinophil activation, which seems to be
crucial in cerebral malaria (386).

Peripheral gamma-delta T-lymphocytes are strongly up-
regulated in malaria (387). They seem to have a mandatory
role in the regulation of the early immune response and the
elimination of chronic infection. However, their exact role
in this respect is not yet understood.

3. The Integrated Scenario. As a consequence of early increase
in pro-inflammatory cytokines, the peripheral blood capil-
laries, mainly in the skeletal muscles, are dilated, leading
to decreased peripheral resistance. Blood volume is con-
sequently increased (388,389), being associated with in-
creased cardiac output. In severe infection, blood tends to
pool in the peripheral capillaries, with fluid transudation
into the interstitial tissues, owing to increased permeability
(389,390). The slow circulation is further impeded by the
previously mentioned rheologic abnormalities, leading to
impaired cardiac filling. Together with the frequently asso-
ciated drug-induced left ventricular dysfunction (391), or,
rarely, parasite-induced pericardial tamponade (392), this
leads to a critically low cardiac output, and impaired re-
nal perfusion. The latter is augmented by the supervening
nonspecific humoral imbalance (see subsequent text), en-
dothelial cell activation, and sludging of red blood cells and
platelets. Free hemoglobin and myoglobin add their inde-
pendent ill effects to the renal hemodynamics and tubular
cell integrity, leading to ATN.

Glomerulonephritis. Glomerular lesions may be associated with
falciparum malaria at any age, although children remain the
main population at risk (338,339,393). It is impossible to
estimate the true incidence because the disease is essentially
mild, transient, and overshadowed by other complications.
Glomerular lesions were detected in 18% of patients with fal-
ciparum malaria who underwent autopsy (394). Mild protein-
uria, microhematuria, and casts are found in 20% to 50% of
patients (339). Nephrotic (395) and acute nephritic (395,396)
syndromes are occasionally seen, but hypertension is unusual.
Serum C3 and C4 levels may be reduced during the acute phase.
The disease is very rarely progressive. In contrast to quartan
malarial nephropathy, falciparum glomerulopathy is reversible
within 2 to 6 weeks after eradication of the infection.

The glomerular lesion is characterized by prominent mesan-
gial proliferation with many transit cells. Mesangial matrix
expansion is modest, and basement membrane changes are un-
usual. Deposition of an eosinophilic granular material has been
noticed along the capillary walls, within the mesangium, and
in Bowman’s capsule (397). The glomerular capillaries are of-
ten empty, but they may contain a few parasitized red cells
or giant nuclear masses in patients with intravascular coag-
ulation (398). Immunofluorescent study shows finely granu-
lar IgM and C3 deposits along the capillary walls and in the
mesangium. Malarial antigens are occasionally seen, analogous
with an animal model (331), along the glomerular endothelium
and the medullary capillaries (Fig. 78-7). ICAM-1 is expressed
in the glomerular mesangium, vascular endothelium, and prox-
imal tubular cells. The tubules and the vascular endothelium
show expression of TNFα IL-1, IL-6, and granulocyte–
macrophage colony-stimulating factor (399,400). Electron mi-
croscopy shows subendothelial and mesangial electron-dense

FIGURE 78-7. Deposition of granular malarial antigen along the cap-
illaries in the renal medulla. (Anti–Plasmodium falciparum, magnifica-
tion ×200.) (From: V. Boonpucknavig, with permission.)

deposits along with granular, fibrillar, and amorphous mate-
rial (398).

There is general agreement that the glomerular lesion in fal-
ciparum malaria, like that associated with quartan malaria, is
immune-complex mediated. Yet, there is an ill-defined propor-
tion of cases in which the glomerular lesions are attributed to
direct activation of the alternative complement pathway (366),
thereby explaining the paucity of immune-complex deposits.

Metabolic Abnormalities. The metabolic abnormalities associ-
ated with, and often contributing to acute malarial nephro-
pathies are the consequence of: (i) perturbation of the host’s cell
membranes, (ii) the parasite’s consumption of nutrients and co-
factors, (iii) repercussions of the described hemodynamic and
immunologic disturbances, and (iv) side effects of treatment
(401).

1. Cell Membrane Abnormalities. In addition to the de novo
synthesis of antigenic and adhesive polypeptides encoded
by the parasite’s DNA, changes in the constitutive par-
asitized cell membrane structure may lead to important
functional abnormalities. Most notorious in falciparum
malaria is the inhibition of the erythrocyte magnesium-
activated ATPase (343). This impairs the sodium pump in a
“sick-cell syndrome” fashion, leading to internal dilutional
hyponatremia (402). Secondary calcium influx alters the
calmodulin-dependent erythrocyte kinetics (403), reduces
hemoglobin–cell wall interaction and curtails red blood cell
deformability (362). This further augments the peripheral
hemodynamic derangement and increases the erythrocyte
mechanical fragility. Shortened red blood cell survival is,
therefore, almost invariable in malaria (404).

Even nonparasitized red blood cells undergo membrane
changes that lead to rosette formation (405). Many fac-
tors have been implicated in this phenomenon includ-
ing parasite-derived rosettins (352), immunoglobulins, and
other plasma protein abnormalities. As mentioned previ-
ously, rosette formation is an important contributor to the
disturbed peripheral blood rheology in malaria.

It is not clear whether the same or other factors, or the
abnormal cytokine profile supervening in malaria, are re-
sponsible for the hepatocyte membrane abnormality that
leads to cholestatic jaundice in the majority of cases (406).
The same question applies to leaky muscle membranes as-
sociated with malarial rhabdomyolysis (407).

2. Parasite’s Energy Consumption Plasmodia consume large
quantities of glucose for their metabolism. This seems
to overwhelm the host’s compensatory mechanisms, often
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leading to clinically overt hypoglycemia. A recent study has
also shown an increase of the serum transketolase activity
in patients with falciparum malaria. This indicates thiamine
depletion, which is attributed to the increased demand for
the parasite’s glycolytic pathway (408). Because thiamine is
an essential cofactor for coenzyme A, its depletion may be
an additional factor in depressing the host’s aerobic glycol-
ysis, causing increased anaerobic glycolysis (Pasteur effect)
and lactic acid accumulation. However, none of the clinical
manifestations of severe malaria, particularly the neurologic
aspects, could be statistically correlated to measurable bio-
chemical parameters of thiamine deficiency.

Other factors contributing to hypoglycemia in malaria
include hyperinsulinemia associated with quinine (409) or
sulfadoxine-pyrimethamine (410) therapy and possibly the
impaired glucogenesis in patients with significant hepatic
complications.

3. Consequences of the Hemodynamic and Immunologic Per-
turbation. The disturbed peripheral blood rheology, the re-
lease of local cytokines, and the immune-mediated systemic
inflammatory response integrate in the pathogenesis of pe-
ripheral pooling leading to impaired tissue oxygenation.

The metabolic consequences of tissue hypoxia and poten-
tial impairment of glucose availability include increased lactic
acid production with increased lactate:pyruvate ratio (411),
depressed mitochondrial respiration (412), and increased
generation of reactive oxygen molecules (413). Inducible NO
generation and abnormal lipid peroxidation are documented
consequences of the increased oxidative stress in falciparum
malaria (414).

A lot of secondary humoral changes are seen in falci-
parum malaria. These include hypercatecholaminemia (415);
increased levels of circulating plasma renin activity, kinins, and
prostaglandins (338); ADH secretion (416–418); and hyper-
insulinemia in quinine-treated patients (409). Most of these
effects are nonspecific, being attributed to the severe acute in-
fection. However, they seem to have a significant impact on the
final target of all pathogenetic factors in malignant malaria,
namely, the microcirculation.

Fluid and electrolyte changes in malaria are of clinical and
physiologic interest. Hyponatremia, usually asymptomatic, is
observed in 67% of patients (416). Hyponatremic patients have
a higher parasitemia than those with normal serum sodium lev-
els (418). There are multiple causes including increased nonos-
motic ADH release, low sodium intake, sodium loss, cellular
sodium influx, and resetting of osmoreceptors. Hypernatremia,
usually associated with hypothalamic injury, is rare. Hy-
pokalemia, attributed to augmented tubular loss, is com-
mon (419). Hyperkalemia is seen in patients with intravascu-
lar hemolysis, rhabdomyolysis, or renal failure. As in sepsis,
hypocalcemia and hypophosphatemia are seen in severe
malaria (371,420). Hypocalcemia without renal failure may be
caused by unexplained hypoparathyroidism (421). Phosphate
shift into the cells induced by respiratory alkalosis accounts for
hypophosphatemia (422). Both hypocalcemia and hypophos-
phatemia are transient and resolve with clinical improvement.
Of clinical importance is the decreased response to water load,
which can be observed in moderate and severe malaria. In this
clinical setting, hemodynamic changes include hypervolemia,
decreased peripheral vascular resistance, increased cardiac out-
put, elevated plasma renin activity, and increased plasma nore-
pinephrine levels, ADH, and renal vascular resistance (418).
Hyponatremia is an important clinical marker in these patients.
A decreased response to water load occurs in 20% of hypona-
tremic patients. Fluid administration to the patient with mod-
erate or severe malaria should be cautiously done to avoid fluid
overload. Furosemide should be given when there is decreased
response to fluid load.

Babesiosis. This rare febrile disease (423) is closely related to
falciparum malaria. It is not strictly tropical, as most cases
have been described in Eastern Europe and the United States.
However, it is often confused with falciparum malaria in pa-
tients returning from the Tropics. Either Babesia microti or
Babesia divergens is responsible for infection. The disease man-
ifests with fever, chills, and malaise associated with nausea and
arthralgias. It is particularly severe in asplenic patients, who are
more likely to develop acute renal failure as a result of hypoten-
sion, intravascular hemolysis, and disseminated intravascular
coagulation. Mesangial proliferative glomerulonephritis with
deposition of IgG and C3 is observed (424,425). Babesiosis
has been reported in a renal transplant recipient due to trans-
fusion with contaminated blood (265). Diagnosis is made by
finding the intraerythrocytic parasite in a blood smear or by
a serologic test. Therapy with quinine sulfate and clindamycin
is usually effective in eradicating the parasite. Pentamidine is
effective in resistant cases.

Visceral Leishmaniasis. This disease, also known as kala azar
(or black sickness) (306), is one of three forms of human leish-
maniasis with worldwide distribution, being highly prevalent in
East and North Africa, northeastern China, Iran, the Mediter-
ranean region, and Brazil. It is caused by Leishmania donovani,
a protozoan that infects humans through a sandfly bite. The
parasite lives and multiplies in the monocytes, being protected
by a peculiar host–parasite interaction that involves depression
of cell-mediated immunity.

Most patients remain asymptomatic, often with sponta-
neous cure. Leishmaniasis can occur in the immunocompro-
mised individual. Overt disease ushers in with pyrexia, chills,
sweating, asthenia, weight loss, and hepatosplenomegaly. Lym-
phadenopathy is often noticed but is seldom striking. Skin nod-
ules containing the parasite may be seen, particularly at the
inoculation site. If untreated, the disease may end fatally, usu-
ally due to intercurrent infections. Response to treatment with
pentavalent antimony is slow and often incomplete. Primary
resistance is encountered in 10% of patients.

In the kidney, the parasite induces a chronic inflamma-
tory interstitial lesion (Fig. 78-8) that rarely progresses to
any appreciable degree of fibrosis (426). The protozoan may
be seen within the infiltrating monocytes, with little lympho-
cytic infiltration that reflects the characteristic depression of
macrophage function (306). To the same mechanism is ascribed
the frequent development of secondary amyloidosis (427). Im-
mune complex–mediated glomerular lesions have also been de-
scribed in kala azar (428–430), mesangioproliferative glomeru-
lonephritis being the most common pattern (Fig. 78-9). IgM
and C3 deposits are often found in the capillary walls and
mesangium. Leishmania membrane antigen is detected (431).

Renal involvement in kala azar is usually subclinical. An oc-
casional patient with secondary amyloidosis may present with
gross proteinuria or even the nephrotic syndrome, but this is
usually encountered as a terminal event in the patient’s illness.

Trypanosomiasis. African trypanosomiasis (432), caused by
Trypanosoma brucei and transmitted by the tsetse fly, is the
cause of sleeping sickness. The Rhodesian version is an acute
febrile illness with neurologic and cardiac manifestations, ane-
mia, and disseminated intravascular coagulation that often
ends fatally within a few weeks. Acute renal failure may be
encountered during the terminal phases as a component of mul-
tiorgan failure.

The Gambian type is more chronic, initially presenting with
pyrexia, lymphadenopathy, and a skin eruption, followed sev-
eral months or even years later by progressive meningoen-
cephalitic manifestations.

Experimental infection in monkeys by T. brucei leads to pro-
liferative glomerulonephritis, with IgM and C3 deposits in the
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FIGURE 78-8. Renal involvement in visceral leishmaniasis: interstitial
edema, interstitial mononuclear infiltration, and degeneration of some
tubular cells. (Hematoxylin and eosin, magnification ×250.)

mesangium and along the capillary walls. Serologic studies in
this model showed high levels of circulating immune complexes
and a reduction of serum C3 levels with normal C4 levels, sug-
gestive of direct alternative complement activation by the par-
asitic antigens. Similar observations were made in a murine
model, in which electron-dense deposits were also found in the
mesangium and subendothelial space (433). Whether similar
lesions also occur in humans is unknown. Clinically relevant
renal complications have not been reported.

South American trypanosomiasis, known as Chagas disease,
has attracted considerable recent attention in view of its poten-
tial role in organ transplantation (vide supra).

Toxoplasmosis. Toxoplasma gondii infection (434) is com-
mon worldwide, with a current estimate of 500 million in-
fected humans. It is acquired through contact with cats and
certain birds, by ingestion of cysts or oocysts. It can also occur
through transplacental transmission (congenital toxoplasmo-
sis). In most instances, the infection is dormant, with a few
cysts lying in the lymph nodes, muscle, heart, or brain and
little or no inflammatory response.

Overt clinical disease is rare in the immunocompetent indi-
vidual. It usually manifests by cervical lymphadenopathy asso-
ciated with pyrexia and malaise. The disease is self-limiting in
most patients. Progressive chorioretinitis is the notorious ex-

pression of congenital toxoplasmosis in the immunocompetent
individual.

In the immunocompromised, the disease is much more disse-
minated, presenting with pyrexia, hepatosplenomegaly, pneu-
monitis, maculopapular rash, myositis, myocarditis, menin-
goencephalitis, or central nervous system mass lesions. The
course is rapidly fatal.

Renal involvement in the immunocompetent and the im-
munocompromised host has been rarely described. The le-
sion is mainly glomerular, with a mesangioproliferative pat-
tern. Mesangial IgM and Toxoplasma antigen deposits have
been detected by immunofluorescent study. Renal infection is
usually subclinical, although the nephrotic syndrome has been
described in association with chorioretinitis in congenital tox-
oplasmosis (435).

Cryptosporidiosis. The causative protozoan, Cryptosporid-
ium, belongs to the same family as T. gondii. The disease is
also acquired through contact with infected domestic animals.
It has recently emerged as an important opportunistic infec-
tion in immunocompromised patients in the Tropics and in the
West, causing severe watery diarrhea, abdominal cramps, and
occasional infection of the biliary system, leading to ascend-
ing cholangitis and rarely gangrene of the gallbladder. It is not
surprising that renal involvement can occur through nonspe-
cific inflammatory factors resulting in proteinuria and urinary
sediment changes. There is currently no effective therapy for
cryptosporidiosis (436).

Echinococcosis. Humans act as an intermediate host for
Echinococcus granulosus, a parasite of worldwide distribu-
tion, mainly encountered among sheep-herding populations
and those in close contact with dogs. Infection is acquired by
ingestion of eggs contaminating the environment through the
feces of infected dogs. The ova hatch in the gut, and larvae
migrate into the liver, lungs, brain, kidneys, muscles, and other
tissues where they eventually yield cysts. The cysts contain and
reproduce protoscoleces, which have the potential of complet-
ing the life cycle if ingested by a dog.

Echinococcosis (hydatid disease) in humans is character-
ized by multiorgan infection. Involvement of the kidneys may
be silent, being discovered only during routine imaging. Hilar
cysts have been described to cause caliceal back pressure and to
stretch the arteries, leading to renovascular hypertension (437).

Immune-mediated glomerular injury has also been de-
scribed. The disease is usually mild or subclinical. It affects
young adults and presents with mild-to-moderate protein-
uria and an increase in the urinary cellular elements. Renal

FIGURE 78-9. Kidney involvement in visceral leishmania-
sis: Focal proliferative glomerulonephritis and mesangial ex-
pansion and presence of amorphous material in Bowman’s
space. (Periodic acid–Schiff stain, magnification ×250.)
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FIGURE 78-10. Global distribution of rel-
evant species of schistosomiasis. A: Schis-
tosoma mansoni. B: Schistosoma haemato-
bium.

biopsy results in several patients revealed a mesangioprolifera-
tive glomerulonephritis with IgM and C3 deposits (438). Par-
asitic antigens have not pursued in the glomeruli, but they are
readily detected in circulating immune complexes, particularly
after mebendazole treatment or surgical intervention (437).

Schistosomiasis. Schistosomiasis is among the most widely
spread of parasitic diseases, with an estimated 500 to 600 mil-
lion people at risk, 200 million actually infested, 20 million
with serious morbidity and 20 thousand annual deaths at-
tributed directly to the disease (439) (Fig. 78-10). There are
many strains of schistosomes, of which only five infect hu-
mans: Schistosoma haematobium, mainly in Africa; Schis-
tosoma mansoni in Africa and South America; Schistosoma
japonicum in China, Southeast Asia, and Japan; Schistosoma
intercalatum, related to S. mansoni and found mainly in central
Africa; and Schistosoma mekongi, related to S. japonicum and
found in a few foci in Southeast Asia.

Infection is acquired through contact with fresh water har-
boring the specific snails, which act as the intermediate hosts

and define the prevalence and density of infestation in different
geographic areas. The infective agent is the cercaria, a fishlike
organism with a bifid tail, 400 to 600 μm in length; the organ-
ism penetrates the skin or mucous membranes, loses its tail, and
becomes a schistosomula. The latter gains access to the blood-
stream through lymphatics and circulates in different capillary
beds until it randomly reaches the portal or perivesical venous
plexus. These sites contain trophic factors that promote the
rapid growth of the schistosomula, which soon matures into
an adult worm in the downstream veins. The adult worm is bi-
sexual, the male being stronger and larger. The female stays in
almost continuous copulation with the male in a special groove
called the gynecophoral canal. It only leaves to travel against
the bloodstream to lay eggs in the submucosa of the urinary
bladder (S. haematobium), colon, or rectum (S. mansoni and
S. japonicum). During its active sexual life, the female
S. haematobium or S. mansoni lays about 300 ova per day,
whereas S. japonicum may lay up to 3,000 ova per day.
Most ova find their way to the exterior by virtue of spines in
their shells, aided by the muscle contractions of their habitat.
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Contact with fresh water leads to swelling and rupture of the
shells, and release of miracidia, the infective stage to the snail,
which completes the cycle (440).

Ova that fail to be exteriorized are the principal cause of
pathogenicity. They cause a delayed hypersensitive reaction and
granuloma formation that heals with fibrosis (441). The result-
ing functional consequences depend on the strategic anatomic
sites of such fibrosis. Ova may be driven back along the blood-
stream to deposit in different organs, where they also form
granulomas. Most notorious are the hepatic granulomas, lead-
ing to periportal fibrosis and portal hypertension, and the pul-
monary granulomas, which result in arteriolar occlusion and
pulmonary hypertension. Other metastatic lesions include cere-
bral granulomas, often seen with S. japonicum infestations,
subcutaneous nodules, and ocular granulomas, which are occa-
sionally mistaken for other clinically similar conditions (442).

Renal disorders associated with schistosomiasis

S. Haematobium. The deposited ova form small tubercles that
superficially resemble those of tuberculosis, hence, the name
pseudotubercles. These coalesce to form nodules, which of-
ten get secondarily infected. With the evolution of the lesions,
the underlying bladder wall becomes fibrotic and the trapped
ova become calcified. A thin mucosal layer may cover these le-
sions, which appear as pale granular areas called sandy patches.
Other late lesions include mucosal cysts and fibrotic nodules,
cystitis cystica, and cystitis glandularis. Bladder malignancy
often supervenes, a slowly growing squamous cell carcinoma
being the predominant histopathologic pattern (443).

Functional consequences often complicate urinary schisto-
somiasis, depending on the site and extent of fibrosis. At the
lower ends of the ureters, this leads to partial obstruction; at
the bladder neck, it results in chronic outflow obstruction; and
in the detrusor, it impairs contractility, resulting in an atonic
viscus, which is often associated with vesicoureteric reflux. Up-
stream repercussions are attributed to ureteric obstruction, re-
flux, and chronic infection (311) (Chapters 24, 25, 34, and 36).

The clinical features of schistosomiasis haematobium are
encountered soon after the establishment of infection. Painful
terminal hematuria is the time-honored presentation. It often
affects children, more frequently men, reflecting the variance in
exposure imposed by social constraints. The diagnosis is con-
firmed by finding the characteristic ova, with terminal spines,
seen with routine urine microscopy. Pyuria and bacilluria are
also detected in the presence of secondary infection. If un-
treated, hematuria persists for many years, although its inten-
sity declines as the process of bladder fibrosis progresses. Even-
tually the patient is left with the symptoms of chronic cystitis,
and upstream complications may develop.

Renal morbidity (Fig. 78-11) is reported in different en-
demic areas to vary from 2% to 52% of patients with lower
urinary tract schistosomiasis haematobium, depending on the
infective strain, intensity of infestation, availability of therapy,
and probably genetic predisposition (444).

Because the disease is usually localized in the submucosa
of the lower ureteric sites, the proximal healthy part often un-
dergoes significant hypertrophy, which allows adequate uro-
dynamic compensation without any back-pressure sequelae.
However, hydronephrosis develops in 9.7% to 48.0% of pa-
tients who fail to maintain this compensatory mechanism
(311,444). Ascending infection is common, usually after in-
strumentation performed for various reasons. It is particularly
common in patients with vesicoureteric reflux, again frequently
induced by surgical or instrumental interventions. In addition
to the regular features of acute and chronic pyelonephritis, in-
fection often leads to the formation of stones. The proportion
of patients with schistosomiasis haematobium who ultimately
progress to end-stage is unknown; a broad estimate in Egypt

FIGURE 78-11. Postmortem material showing the spectrum of urinary
tract lesions in schistosomiasis haematobia. Note (a) the thickening of
the bladder wall, dirty mucosa, and villous growth (squamous cell car-
cinoma); (b) the dilated ureters with cystic lesions (bilharzial cystitis
cystica); (c) the dilated right pelvicaliceal system (due to obstruction/
vesicoureteric reflux); and (d) the scarred left kidney of chronic
pyelonephritis. (From: Barsoum RS, Francis MR, Sitprija V, et al, In:
Schrier RW, ed. Atlas of Diseases of the Kidney. Philadelphia: Current
Medicine; 1999;6:10, with permission.)

is 1 per 1,000 (445). With the high prevalence of infestation,
even this small proportion amounts to 40 patients per million
of the total population.

Early haematobium infestation is easy to cure. Several
drugs have been used through the years, starting with the old-
fashioned antimony preparations and ending up with the more
modern, highly effective, and safe compounds niridazole and
praziquantel (446). Surgical treatment is needed occasionally
for the relief of obstruction or repair of reflux. ESRD manage-
ment is classic, although often modified because of the prob-
lems imposed by active chronic pyelonephritis and bladder fi-
brosis (316).

S. Mansoni. This organism is principally an inhabitant of the
portal venous tributaries, with colorectal disease and periportal
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FIGURE 78-12. Axial mesangial proliferation in early schistoso-
mal glomerulopathy. (Hematoxylin and eosin, magnification ×200.)
(From: Barsoum RS. Schistosomal glomerulopathies. Kidney Int
1993;44:1, with permission.) (See Color Plate.)

hepatic fibrosis being the major consequences of infestation
(434). Over the last three decades, experimental (447) and clin-
ical (236,397) studies established that an immune-mediated
glomerular injury may complicate this disease. Of the more
than 100 antigens identified in the parasite, those of the adult
worm’s gut were incriminated in the pathogenesis of renal le-
sions. Particularly interesting are a proteoglycan and a gly-
coprotein, often referred to as cathodal and anodal antigens,
respectively, found by immunofluorescent study in the early
glomerular lesions associated with schistosomiasis (448,449).

The initial glomerular response in humans (450) and in
experimental animals (449,451,452) is essentially mesangial,
with focal or diffuse axial cellular proliferation and no matrix
expansion (Fig. 78-12). IgM and C3 deposits are detected by
immunofluorescent study (451,453,454), often along with par-
asitic antigens (Fig. 78-13) (449,454). This lesion is not specific
for S. mansoni, being also observed in humans with S. haemato-
bium infection (238,455) and in experimental animals infected
with S. japonicum (447). Apart from the nature of the antigen
deposits (456), this condition is morphologically similar to that
seen with many other parasitic glomerulopathies.

Only mild clinical manifestations, usually limited to sub-
nephrotic proteinuria and increased cellular excretion in urine,
are associated with this lesion. There are considerable doubts
about whether the lesion progresses in the absence of other
factors (see subsequent text). The reported response to treat-

FIGURE 78-13. Mesangial deposits of schistosomal Gut antigens in
early schistosomal glomerulopathy. (See Color Plate.)

FIGURE 78-14. Exudative glomerulonephritis in the nephrotic syn-
drome associated with combined Schistosoma-Salmonella infection.
Note the abundance of neutrophils and monocytes in the glomeru-
lar capillaries and mesangium. (Hematoxylin and eosin, magnification
×200.) (From: Barsoum RS. Schistosomal glomerulopathies. Kidney
Int 1993;44:1, with permission.) (See Color Plate.)

ment with antiparasitic agents, steroids, and immunosuppres-
sive agents has not been confirmed (457–461).

The initial glomerular lesions may subsequently progress
into three distinct clinicopathologic syndromes.

1. Exudative glomerulonephritis (Fig. 78-14), which often
complicates concomitant Salmonella infection, a frequent
association in endemic areas (462,463), which leads to an
acute, reversible nephrotic syndrome (91–93).

2. Progression into either mesangiocapillary glomerulonephri-
tis (Fig. 78-15) or focal segmental sclerosis (Fig. 78-16),
which seems to occur mainly in the presence of significant
hepatic disease. The crucial role of the liver has been docu-
mented in experimental models (452,464) and clinical (465)
and postmortem (466) studies. When associated with signifi-
cant impairment of macrophage function (467), liver disease
seems to permit a high worm antigen load to escape from
the portal into the systemic circulation, thereby contributing
to the formation of pathogenic immune complexes. Hep-
atic fibrosis has also been blamed for the defective clear-
ance of IgA, originating in the gut in response to the para-
site’s antigenic products (468). Superimposed on the initial

FIGURE 78-15. Mesangiocapillary glomerulonephritis in advanced
schistosomal glomerulopathy. Note the mesangial matrix expansion
and the thickening of the glomerular basement membrane. (Hema-
toxylin and eosin, magnification ×200.) (From Barsoum RS. Schisto-
somal glomerulopathies. Kidney Int 1993;44:1, with permission.) (See
Color Plate.)
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FIGURE 78-16. Focal segmental glomerulosclerosis in advanced schis-
tosomal glomerulopathy. (Masson trichrome stain, magnification
×200.) (See Color Plate.)

glomerular injury, IgA may be crucial in the progression of
glomerular lesions into an overt nephropathy, and further
on into ESRD. Autoimmunity may also have a potential role
in disease progression (308).

The classic clinical presentation is the development of
nephrotic edema and hypertension (50%) in a patient with
typical hepatosplenic schistosomiasis. The diagnosis is sup-
ported by finding living schistosomal ova in the stools or rec-
tal snips or by acquiring serologic evidence of active infesta-
tion. Liver biopsy results reveal the characteristic periportal
fibrosis mostly sparing the hepatocytes, and may also reveal
deposited ova or worm pigments. This histopathologic pat-
tern is reflected on conventional liver function tests, which
are usually nearly normal unless HBV or HCV infection is
associated, which is fairly common. Endoscopic examina-
tion usually shows lower esophageal or fundal varices.

Examination of renal biopsy specimens usually reveals
either of the two described patterns of glomerular injury,
probably depending on genetic factors (469). Immunofluo-
rescent study shows IgG and IgA deposits, and occasionally
IgM and C3 deposits. Worm antigens are seldom seen at
this stage. Variable degrees of nonspecific tubulointerstitial
lesions have been observed, particularly with concomitant
S. haematobium infection.

Both glomerular lesions are progressive (470,471). They
do not respond to treatment. ESRD ultimately develops in
those who survive the risks of ruptured esophageal varices
or hepatocellular failure when the disease is compounded
by viral hepatitis.

The epidemiologic importance of established schistoso-
mal glomerulopathy as a cause of ESRD is not accurately
quantitated; certain estimates suggest the figures of 10 per
million of the general population (445) and 15% of those
with schistosomal hepatic fibrosis (466).

3. Renal amyloidosis (Fig. 78-17) is the third potential out-
come of schistosomal glomerulopathy, based on experimen-
tal findings in small laboratory animals (472,473) and epi-
demiologic evidence in endemic areas (474,475).

It is suggested that the chronic parasitic antigen load of
either S. mansoni or S. haematobium may lead to increased
synthesis of Amyloid-A (AA protein) and that local glomeru-
lar changes enhance deposition of this protein in the charac-
teristic fibrillar structure (475). The clinical presentation of
Schistosoma-associated amyloidosis resembles that of mesan-
giocapillary glomerulonephritis and focal segmental sclerosis,
yet hepatosplenic disease may be less prominent and hyper-
tension is less frequent. However, the disease progresses more

FIGURE 78-17. Glomerular amyloid deposition in mixed Schistosoma
haematobium and Schistosoma mansoni infection. (Hematoxylin and
eosin, magnification ×200.) (From: Barsoum RS, et al. Renal amyloi-
dosis and schistosomiasis. Trans R Soc Trop Med Hyg 1979;73:367,
with permission.) (See Color Plate.)

rapidly to ESRD. Earlier reports of a favorable response to
treatment (474) have not been substantiated.

With the increasing encounter of HCV-associated
schistoma-mansoni hepatic fibrosis, a peculiar renal syn-
drome was recently identified (476). This consists of a mixture
of glomerular amyloidosis, IgM mesangial deposits, and
macroglobulinemic vasculitis and tubular casts. It is attributed
to the ambiguous activation of the classical and the alternative
activation of the antigen presenting cells by the virus and the
parasite respectively. In addition, the T-lymphocyte response
may be modified by the direct invasion of HCV via the recently
described CD80 ligands.

S. Japonicum. This infestation is similar to that with S. mansoni
in causing hepatic fibrosis, portal hypertension, and splenome-
galy. Metastatic lesions, particularly those in the central
nervous system, are more common and more serious. Al-
though most of the experimental background on schistosomal
glomerulopathy is based on S. japonicum models (447), the
impact of this infection is extremely limited in clinical practice.
Early mesangioproliferative lesions have been described, but
overt disease is seldom reported and even denied (477). The
reasons for this discrepancy are unclear; the nature of para-
sitic antigens, host genetic factors, limited hepatic involvement,
and other factors may be involved. The high prevalence of IgA
nephropathy in areas where S. japonicum infection is endemic
(478) may mask the identity of S. japonicum glomerulopathy
as a distinct disease.

Filariasis. Filariasis is highly prevalent in Africa, Asia, and
South America (479) (Fig. 78-18). Of the eight filarial strains
that infect humans, Wuchereria bancrofti, Brugia malayi, On-
chocerca volvulus, and Loa loa are most frequently encoun-
tered in clinical practice. All species are transmitted by insect
bites. The infective larvae migrate into the lymphatic vessels
and slowly mature into adult worms over 3 to 18 months.

Adult W. bancrofti and B. malayi reside in the lymph nodes
or afferent lymphatic vessels for decades. They mate and deliver
the microfilariae, which either circulate in the bloodstream or
migrate by way of the lymphatic channels to the dermis, await-
ing their vector to complete the life cycle. W. bancrofti and
B. malayi infections may be entirely dormant (asymptomatic
microfilaremia), being usually identified by the accidental dis-
covery of eosinophilia. Infected subjects with a pronounced
immunologic response may present with hypereosinophilia and
pulmonary involvement. The classic presentation, however, is
recurrent pyrexia with chills and lymphangitis caused by the
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FIGURE 78-18. Global distribution of filariasis.

local immune-mediated granulomatous response against the
adult worms. In B. malayi infection, this reaction often leads to
the formation of local abscesses that rupture and subsequently
heal with characteristic scars. With W. bancrofti, the local re-
action usually leads to lymphatic obstruction, gross upstream
dilation, and distortion. Elephantiasis of the extremities and
genitalia is the usual consequence. Rupture of the dilated lym-
phatic vessels may lead to chylous effusions, usually in the form
of hydrocele or ascites. Rupture of the dilated retroperitoneal
lymphatics into the renal pelvis leads to chyluria (Chapter 10).

Adult O. volvulus coil into spherical bundles in subcuta-
neous tissues and deep fascia, leading to characteristic nodules
called onchocercomas. Regional lymph nodes may be enlarged.
The worms deliver millions of microfilariae, which migrate into
the skin and ocular tissues. In the latter tissues, microfilariae
may cause keratitis, anterior uveitis, and less often choriore-
tinitis. Blindness (river blindness) supervenes in 1% to 4% of
patients.

Adult L. loa worms live wandering in the subcutaneous and
subconjunctival tissues. They may induce a peculiar hypersen-
sitivity skin reaction, the Calabar swellings, which are local-
ized erythematous and angioedematous lesions. Generalized
angioedema may be encountered in expatriates and undernour-
ished native individuals.

Renal involvement in filariasis. The best-documented renal le-
sion in filariasis is that associated with O. volvulus. In a large
epidemiologic study in Cameroon, where this strain is hyperen-
demic, proteinuria was significantly more frequent among in-
fected subjects (480). Minimal change, mesangioproliferative,
mesangiocapillary, and chronic sclerosing glomerulonephritis
lesions are most often encountered. Subendothelial and mesan-
gial immune complexes containing IgM, IgG, C3 (312), and
onchocercal antigens (480), were detected by immunofluores-
cence and mesangial electron-dense deposits (481), by electron
microscopy. Onchocercal glomerulonephritis is known to recur
in transplanted kidneys.

Similar lesions have also been described in bancroftiasis
(482,483) and loiasis (484), although specific antigens were

not looked for. In addition, an exudative glomerulonephritis,
referred to as acute eosinophilic glomerulonephritis, has been
documented in patients with W. bancrofti infection (483), and
membranous nephropathy in those with L. loa (480) infections.
Microfilariae may be seen in the glomerular capillaries.

The clinical spectrum of filarial glomerulonephritis ranges
from asymptomatic proteinuria to ESRD. Nephrotic syndrome
is often ascribed to such infections in endemic areas. Acute
nephritic syndrome in patients with bancroftiasis has been re-
ported. Treatment with diethylcarbamazine may help to resolve
early glomerular lesions, but it usually fails when the nephrotic
syndrome is manifested (482). Proteinuria may even be aggra-
vated by such treatment in some patients; this is often attributed
to further release of filarial antigens (485).

Trichinosis. Trichinosis is a nematodal infection of worldwide
distribution, being particularly prevalent in communities where
raw, smoked, or undercooked meat, especially pork, is eaten.
It is fairly common in Southeast Asia and Latin America, but
for obvious reasons, is rare in countries with large Muslim and
Jewish populations.

Infection is acquired by ingestion of infective larvae encysted
in striated muscles. Excystation occurs by acid-pepsin digestion
in the stomach; parasites mature in the upper small intestine.
The adult female produces larvae, which penetrate the blood
and lymphatic vessels and migrate into different host organs.
Those reaching the muscles become encysted and remain viable
for many years.

Although trichinosis is often associated with nonspecific
gastrointestinal symptoms, its main clinical impact is related
to the eosinophilic granulomatous reaction that the encysted
larvae provoke in different organs, including skeletal and car-
diac muscles, lungs, and the central nervous system. Proptosis
and periorbital edema associated with pyrexia and myalgia are
the usual clinical clues to the diagnosis.

Renal involvement in trichinosis was vaguely reported as
early as 1916 (486). It became more firmly established in re-
cent years as more elaborate diagnostic criteria became es-
tablished. The lesions are mainly glomerular, in the form of
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mesangial proliferation associated with immunoglobulin, C3,
and occasionally fibrin deposits. Trichinella antigen has not
been searched for in the glomeruli (487).

Renal involvement is usually subclinical, with mild pro-
teinuria and microhematuria. Blood pressure is not elevated,
and renal function is usually preserved or only mildly im-
paired (488). Hypoalbuminemia is occasionally noted, leading
to contraction of the blood volume with a mild reduction of p-
aminohippurate and creatinine clearances. Circulating immune
complexes associated with a decrease in serum C3 level have
been described. All clinical abnormalities are reversible by thi-
abendazole treatment (50 mg/kg of body weight per day for
2 days) (487).

Opisthorchiasis. The disease is caused by Opisthorchis felineus
and Opisthorchis viverrini through the ingestion of raw or
undercooked fish. O. felineus is common in the Philippines,
Vietnam, and India, whereas O. viverrini is prevalent in Thai-
land, Laos, and Kampuchea. The liver is the target organ where
the parasites lodge in the biliary tract. The incidence of cholan-
giocarcinoma is high in opisthorchiasis. Renal failure can oc-
cur in the patients with opisthorchiasis (489). Acute renal fail-
ure is seen in 49% of the patients with cholangiocarcinoma
and severe jaundice (55). Hyponatremia and hypokalemia sec-
ondary to natriuresis and kaliuresis are frequently observed
(65). The causes of renal failure are multiple and include hypov-
olemia, endotoxemia, cardiac dysfunction, effects of vasoactive
mediators, hypotension, hyperbilirubinemia, and hyperurico-
suria.

Renal pathologic changes include tubular degeneration
with bile staining and vacuolation of proximal tubules in the
potassium-depleted patients. IgA deposition in the mesangium
may be observed. In Syrian golden hamsters infected with
O. viverrini, immune complex glomerulonephritis with deposi-
tion of IgG antibody specific to the integumental membrane of
the adult worm has been shown (490). Renal amyloidosis with
AA protein deposition in the glomeruli and interstitium can
occur.

Strongyloidiasis. Infestation by Strongyloides stercoralis is en-
demic worldwide (491), particularly in the warm climates of
the Tropics. Infection is acquired by skin contact with soil
containing the free filariform larvae. The larvae migrate into
the pulmonary capillaries where they break into the alveo-
lar spaces, ascend through the airways to the pharynx, are
then swallowed, and eventually mature in the duodenum into
adult worms. In most infested subjects, only female worms are
found in the small intestine. They reproduce by parthenogene-
sis, forming eggs that hatch in the gut and release rhabditiform
larvae, which eventually transform into the infective filariform
larvae in the soil. This transformation can also occur in the gut
of an immunocompromised host.

Strongyloidiasis is a mild disease in the immunocompetent
individual, being either asymptomatic or associated with vague
abdominal symptoms. In the immunocompromised, however,
reinfection with filariform larvae can occur through the intesti-
nal walls or the perianal skin. As this process is repeated, hy-
perinfection occurs, leading to a potentially fatal disseminated
disease. As the infective larvae migrate through the lungs, they
can induce pulmonary hemorrhage and acute respiratory com-
plications that mimic the adult respiratory distress syndrome.
The larvae can also disseminate into various organs includ-
ing the brain, eyes, pancreas, peritoneum, kidneys, and skin
where they form creeping eruptions (492). Mesangial prolif-
erative glomerulonephritis with nephrotic syndrome has been
observed in association with strongyloidiasis. The nephrotic
syndrome resolved after treatment of the disease (493). The
response to thiabendazole treatment is remarkable, with para-
sitologic cure in more than 90% of patients.

Other Parasitic Diseases. Renal lesions rarely occur in visceral
larva migrans caused by the migration of larval stages of Tox-
ocara canis or Toxocara cati (494). Granulomatous changes
consisting of eosinophils and histiocytes with giant cells may
be observed.

Hematuria and eosinophiluria may be noted. Immune
complex–mediated glomerulonephritis has been reported in
amebiasis (495). However, ameba antigen was not demon-
strated in the immune deposits.

TOXIC NEPHROPATHIES
IN THE TROPICS

Animal Toxins

Animal toxin poisoning is a common cause of acute renal fail-
ure and nephropathy in the Tropics.

Snake Bites. Snakebites are a worldwide problem. It is esti-
mated that 2,000 species of snakes exist, and 400 of them are
poisonous. Snakebites are blamed for 40,000 deaths per year
in the world; the vast majority occur in the tropical countries of
Africa, South and Southeast Asia, and Latin America. In India
alone, 15,000 patients die of snakebites per year, whereas in
the United States, only 20 deaths per year are reported (496).

Renal involvement in snakebites has been reviewed exten-
sively by Chugh (497). Renal failure complicates 5.5% to
26.0% of all poisonings from snakes (498,499). Most cases are
due to the Viperidae family of snakes, which includes pit viper,
rattlesnake, Russell’s viper, saw scale viper, Bothrops jararaca,
and puff adder (498,500). Other snakes such as the boomslang,
mulga snake, dugite, gwardar, Agkistrodon hypnale, and Cryp-
tophis nigrescens and sea snakes can also cause acute renal
failure.

Clinical presentation is due to either local symptoms with
pain, swelling, local bleeding, or infection at the site of bite,
or systemic symptoms with generalized bleeding, hypotension,
or oliguria. Oliguria usually occurs 24 to 72 hours following
the bite. Patients can be hypotensive at presentation, but of-
ten are normotensive. With viper bites, renal failure is usually
associated with intravascular hemolysis and disseminated in-
travascular coagulation. Those patients with renal failure have
higher urinary fibrin degradative products (FDPs) than those
with normal renal function, suggesting the role of intravascu-
lar coagulation in the pathogenesis of renal failure (501). With
sea snake bites, renal failure is associated with rhabdomyolysis.
Sepsis can be a complicating factor at presentation (498,502).
Nephrotic syndrome has been reported in a rare patient fol-
lowing snakebite (503). However, transient heavy proteinuria
can occur in patients bitten by Russell’s viper.

Renal histology has been studied by several groups (504–
509). The majority of the patients show histologic findings
compatible with acute tubular necrosis. Acute cortical necrosis
is seen in a significant minority of the patients (497). Electron
microscopic study in Russell’s viper poisoning complicated by
acute renal failure has shown glomerular mesangial hypercellu-
larity, vascular endothelial swelling, tubular epithelial necrosis,
and interstitial infiltrates (510). Interstitial nephritis (511), pro-
liferative glomerulonephritis (512–515), and arteritis of inter-
lobular vessels (507) have been reported. Granular deposition
of IgM and C3 in the mesangium is often observed. There is
evidence of deposition of immune complex in situ (69).

With sea snake poisoning (516,517), rhabdomyolysis is
the primary event leading to myoglobinuric renal failure. Re-
nal histology shows findings compatible with tubular necrosis
(505,517). Muscle histology shows diffuse hyaline lesions in-
volving muscle fiber (516).
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Pathogenesis. Snake venom contains many proteolytic en-
zymes and phospholipases capable of triggering hemolysis,
disseminated intravascular coagulopathy, fibrinolysis, com-
plement activation, rhabdomyolysis, and tissue necrosis
(500,502,518–521). Hypotension can result from blood loss,
anaphylaxis, myocardial depression, and generalized vasodila-
tion due to bradykinin release. Systemic and renal hemodynam-
ics in snake envenomation bear resemblance to that observed
in infection and, in fact, share the same cytokines and media-
tors (522–525). Given the protein nature of snake venom, acute
renal failure is rarely due to one factor but rather multiple fac-
tors. Chugh et al. (500) showed that a lethal dose of Russell’s
viper venom did not consistently cause renal failure, and histo-
logically no renal lesion was observed. However, when a sub-
lethal dose was used, renal failure occurred consistently, and
histologically both tubulointerstitial and glomerular fibrin de-
position was seen. In an isolated perfused kidney, Russell’s viper
venom decreased the renal blood flow and glomerular filtration
rate and increased the fractional excretion of sodium (526).
The membrane potential of the proximal tubular cell is de-
creased in a dose-dependent fashion (70). Russell’s viper venom
decreases renal cortical mitochondrial oxygen consumption
and increases the phosphorus and oxygen ratio (525). Tox-
icity to glomeruli and tubular epithelial cells has been shown
(527,528). Immune mechanism plays a role in the pathogenesis
of glomerulonephritis. Therefore, there is evidence of hemody-
namic changes, direct nephrotoxicity and immunologic mech-
anism in snakebite nephropathy.

Treatment and prognosis. Treatment of renal failure caused
by snake poisoning is complicated by other systemic complica-
tions of the venom. Standard treatment consists of local care,
use of antivenom, generalized support, and, if needed, dialysis
(529). Dialysis in patients with a sea snake bite can improve
muscular symptoms (517). Early administration of sodium bi-
carbonate to alkalinize urine prevents the development of acute
renal failure (530,531). The prognosis for patients with renal
failure is very good and most recover with appropriate treat-
ment (532). The prognosis in the minority with cortical necrosis
is poor (506,509,533,534).

Insect Stings. Proteinuria, nephrotic syndrome, and acute renal
failure have been reported in association with bee, wasp, and
hornet stings. In a study by Elming and Solling of 20 healthy
subjects stung by bees or wasps, pathologic albuminuria was
found in three persons. The urine albumin excretion normal-
ized in 2 months in two persons (535).

Nephrotic syndrome. An association between bee stings and
nephrotic syndrome has long been described (536). A relapse
of nephrotic syndrome following a bee sting has been reported
(537). From the pooled data including our own experience, the
onset of nephrotic syndrome varies from 2 to 14 days after the
sting (537–542). Serum complement levels and renal function
are usually normal. In most patients the serum immunoglobulin
profile is normal. One report described a decrease in serum IgA,
IgM, and IgG levels (541). The response to steroid treatment
is favorable in 50% of the patients.

Renal pathologic changes vary. Minimal change lesions,
mesangial proliferative glomerulonephritis, membranous glo-
merulonephritis, and glomerulosclerosis are among the
changes described (537,543). Deposition of C3, IgM, and IgG
is demonstrable. However, no report has demonstrated the
presence of bee venom antigens in the glomeruli. Although such
a finding would indicate a role for an immunologic mechanism
in the pathogenesis of glomerulonephritis, the cause-and-effect
relationship between the bee venom and glomerulonephritis
has not been substantiated. The association between the bee
sting and nephrotic syndrome with minimal lesions, erythema

of the skin, and eosinophilia described in one report (541)
could be related to basophil sensitization (544).

The mechanism responsible for the development of
glomerulonephritis is therefore not understood. The role of the
bee venom (Apis mellifera) in inducing the alteration of T-cell
function in mice, which might link with glomerulonephritis,
deserves further study (545).

Acute Renal Failure. Renal failure has occurred in patients
stung by wasps (536,546–549), hornets (543,546,550,551),
and bees (542,552–554). Stings are usually multiple. A single
sting does not cause renal failure but can cause anaphylactic
shock in the previously sensitized patient. Renal failure asso-
ciated with rhabdomyolysis or intravascular hemolysis devel-
ops within 24 hours. Thrombocytopenia may be present with
or without disseminated intravascular coagulation. Hepatocel-
lular jaundice may be observed. Laboratory findings include
hyperkalemia, hyperuricemia, hyperphosphatemia, hypocal-
cemia, hemoglobinuria, myoglobinuria, and elevation of mus-
cle enzyme levels. Nonoliguric renal failure is not uncommon.
Oligoanuria is often observed in the elderly. The duration of
renal failure varies from 1 week to several weeks. The course
of renal failure is prolonged in the elderly. Recovery of renal
function is usual; however, residual renal damage can occur.
The elderly and children are at high risk for a fatal outcome.

Renal pathologic changes include tubular necrosis and in-
terstitial lesions with edema and mononuclear infiltration. The
proximal, distal, and collecting tubules are affected. Renal fail-
ure is attributed to intravascular hemolysis, rhabdomyolysis,
and hypotension. Acute interstitial nephritis with renal failure
presumably due to hypersensitivity has been reported (555). In-
creased calcium uptake in the proximal tubule cells by melittin
may enhance renal tubular injury (556).

Raw Carp Bile. Ingestion of raw carp bile, traditionally be-
lieved to improve visual acuity, stop coughing, decrease body
temperature, and lower blood pressure, can result in renal fail-
ure. The problem is well known in Southeast Asia, Taiwan,
China, and Korea. The raw bile of carp, belonging to the order
of Cypriniformes, including Ctenopharyngodon idellus, Cypri-
nus carpio, Hypophthalmichthys molitrix, Mylopharyngodon
piceus, and Aristichthys nobilis, is nephrotoxic (557). Clinical
manifestations, which start from gastrointestinal symptoms,
consist of abdominal pain, nausea, vomiting, and diarrhea, oc-
curring 10 minutes to 12 hours after the ingestion of raw bile
(557,558). Seizure and bradycardia may be observed (559).
The amount of bile ingested varies from 15 to 30 mL. The
gastrointestinal symptoms are followed by hepatitis and acute
renal failure. The onset of oliguria varies from 2 to 48 hours af-
ter ingestion. Oliguria renal failure is noted in 54% of patients.
Hematuria occurs in 77% and jaundice in 62%. The duration
of renal failure varies from 2 to 3 weeks.

Renal pathologic changes are those of tubular necrosis.
Glomeruli show no remarkable changes. The pathogenesis of
renal failure is not well understood and perhaps is due to multi-
ple factors. Nonspecific factors including diarrhea and jaundice
leading to renal ischemia cannot be excluded. In rats, nephro-
toxicity developed after the ingestion of carp raw bile but not
hog raw bile. Therefore, mammalian bile is relatively nontoxic.
Cyprinol, a bile alcohol, has been suggested to be nephrotoxic
(560,561). Lin et al. showed that the toxic compound exists in
the ethanol-soluble fraction of bile, which has bile acids (561).

Jellyfish Stings. The tentacles of jellyfish (Physalia physalis)
have the capsules or hematocytes that contain venom con-
sisting of 5-hydroxytryptamine, histamine, and a glycoprotein
with hemolytic properties (562). Severe poisoning can cause
nausea, diarrhea, hypotension, intravascular hemolysis, and
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convulsions. Renal failure secondary to intravascular hemol-
ysis has been reported (563).

Scorpion Stings. Scorpion venom can cause the release of
acetylcholine, catecholamines, and various mediators, with
toxic effects to the neuromuscular system. Among the clini-
cal features following severe reaction to a scorpion sting are
symptoms of autonomic nervous system stimulation, dissem-
inated intravascular coagulation, myocarditis, cardiac failure,
pancreatitis, pulmonary edema, convulsions, and hypotension
(564,565). Renal failure has been described in association with
disseminated intravascular coagulation and massive hemor-
rhage in various organs (566). Recently hemolytic-uremic syn-
drome has been reported (567).

Spider Bites. In most cases the symptoms of spider bite are
mild. Yet, severe reaction can occur from the bite of certain
spiders. Latrodectus venom can cause severe pain at the site
of the bite, as well as nausea, vomiting, salivation, sweating,
headache, muscular twitching, hypertension, and respiratory
paralysis. Sicarius venom can cause disseminated intravascular
coagulation with renal failure (568). Brown spider bites can
cause local dermonecrosis and hemorrhage at the site of bite.
Systemic manifestations including intravascular hemolysis, dis-
seminated intravascular coagulation, thrombocytopenia, and
renal failure have been reported (569,570). The venom has
metalloproteases that cause degradation of extracellular ma-
trix such as fibronectin, fibrinogen, entactin, heparan sulfate
proteoglycan, and basement membrane (570).

Centipede Bites. A centipede bite usually causes local reac-
tions. Severe systemic symptoms can occur following the bite of
the giant desert centipede, Scolopendra heros, which is found in
the southern part of the United States and Mexico. The venom
contains phospholipase A2, serotonin, and cardiotoxic protein
(571). Nausea, vomiting, headache, rhabdomyolysis, and acute
renal failure have been reported (572).

Lonomia Caterpillar Contact. The hemolymph and hair ex-
tract of caterpillar of moths in the genus Lonomia have strong
fibrinolytic and enzymatic activities similar to tissue plasmino-
gen activator, kallikrein, factor Xa, and urokinase, which cause
both fibrinolysis and disseminated intravascular coagulation
(573,574). Severe acute renal failure with a hemorrhagic syn-
drome resembling disseminated intravascular coagulation fol-
lowing contact with Lonomia caterpillars has been described
(575,576).

Plant Toxins

Several kinds of plants exert pharmacologic effects on the body.
Certain effects are harmful and may directly or indirectly cause
nephropathy. The subject has recently been reviewed (577).

Djenkol Bean. Djenkol beans (Pithecolobium lobatum, Pithe-
colobium jiringa) are consumed by people in Indonesia,
Malaysia, and southern Thailand (578–583). The beans are
eaten as food: raw, fried, or roasted. Toxicity follows inges-
tion of the raw bean in large amounts (>5 beans) although
there are different susceptibilities among individuals. Poison-
ing may be caused by a single bean in some individuals, whereas
it may take 20 beans to cause toxicity in others (581). Inges-
tion of the boiled beans does not cause toxicity because the
toxic substance, djenkolic acid, is removed from the bean. The
amount of djenkolic acid may vary among beans from various
sources. Poisoning is characterized by abdominal discomfort,
loin pains, severe colic, nausea, vomiting, dysuria, gross hema-

turia, and oliguria, occurring 2 to 6 hours after the beans were
ingested (582). The patient may be anuric. Hypertension may
be present. In a recent report of 22 patients with djenkol bean
poisoning, dysuria was noted in 17 (77%), hematuria in 15
(68%), proteinuria in 10 (45%), hypertension in 8 (36%), and
renal failure in 12 (55%) patients (580).

Urine analysis reveals erythrocytes, epithelial cells, protein,
and the needle-like crystals of djenkolic acid. The symptoms are
caused by mechanical irritation of the renal tubules and urinary
tract by the djenkolic acid crystals. Precipitation of djenkolic
acid causing tubular obstruction occurs in acid and concen-
trated urine. Urolithiasis has been reported, with djenkolic acid
as the nucleus (579). The majority of patients recover within a
few days.

Diagnosis can easily be made by the history of bean inges-
tion and occasional sulfurous fetor in the breath. Treatment
requires hydration to increase urine flow and alkalinization
of urine by sodium bicarbonate (583). When the urine pH is
increased from 5.0 to 7.4, the solubility of djenkolic acid is
increased by 43%, and at a pH of 8.1 the solubility increases
to 92% (578).

Callilepis Laureola. Callilepis laureola (impila) is a perennial
herb with a tuberous rootstock found widely in South Africa,
Zambia, Zaire, Zimbabwe, and the neighboring countries. The
plant is used in the form of infusion for coughs, constipa-
tion, intestinal worms, and many other illnesses. An alkaloid,
atractyloside, found in the tuber of the plant, is believed to
have nephrotoxic and hypoglycemic effects. It has an inhibitory
effect on oxidative phosphorylation (584). After medication,
toxic symptoms usually occur in less than 24 hours in 40% of
the patients and within a few days in 72% (585–587). Gen-
erally patients have abdominal pain, vomiting, and diarrhea;
hypoglycemia is observed in 81% of patients. Convulsions and
coma are common. Hepatocellular jaundice is present, and re-
nal failure ensues in the majority of patients. Treatment is sup-
portive. The mortality rate is greater than 50%.

The kidney shows tubular necrosis involving the proximal
tubules and the ascending loops of Henle. Interstitial edema
and cellular infiltration are present.

Semecarpus Anacardium. Semecarpus anacardium is the name
for the marking nut tree in India and tropical forests. The bark
and the pericarp of the fruit have a black caustic juice that is
irritating to the skin, causing eruptions and blisters. Prolonged
exposure to the sap can cause abdominal pain, vomiting, fever,
and renal failure (588). Cortical necrosis has been reported.
Nephrotoxicity is attributed to the phenolic substance in the
sap.

Star Fruit. Star fruit (Averrhoa carambola) is a popular fruit
among Asians. The fruit has high oxalate content. Ingestion
of large quantities of pure fresh juice can cause within hours
nausea, vomiting, abdominal pain, and backache followed by
acute oliguric renal failure, due to acute oxalate nephropathy
(589,590). Pure fresh star fruit juice should not be consumed
in large amount, especially on an empty stomach or in a state
of dehydration.

Mushrooms. Toxic mushroom poisoning leads to a variety of
clinical presentations ranging from gastrointestinal symptoms
to fulminant liver failure and renal failure. Amanita, Corti-
narius, and Galerina mushrooms are nephrotoxic. Amatoxin,
phallotoxin, and orellanine are toxic ingredients (591). Am-
atoxin inhibits DNA-dependent RNA polymerase II. Phallo-
toxin binds with F actin and polymerizes G actin. Orallanine is
toxic to proximal tubular cells. Toxic symptoms occur within
10 to 14 hours after ingestion and consist of abdominal pain,
nausea, vomiting, and diarrhea, followed by jaundice, renal
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failure, convulsions, and coma (592). Renal failure is severe,
with a mortality rate of greater than 50%. In an animal model
of Cortinarius orellanus mushroom poisoning, renal dysfunc-
tion occurred within 48 hours (593). The pattern of renal im-
pairment included decreased glomerular filtration rate, protein-
uria, glycosuria, and decreased tubular reabsorption of sodium,
potassium, and water. Renal pathologic changes are those
of tubular necrosis, with prominent necrosis of the proximal
tubules and interstitial edema (594). There are no glomerular
changes. Given early in the course of disease penicillin G, sily-
marin, and silibinin can be useful. Mushroom poisoning with
liver and renal failure is associated with a high mortality despite
optimal medical therapy including plasmapheresis, charcoal
hemoperfusion, and hemodiafiltration. Use of molecular ab-
sorbent regenerating system (MARS), which removes albumin-
bound toxins, has been reported to favor recovery (595,596).

Cotton Seed Oil. The principal ingredient of the cotton seed
oil is gossypol. Gossypol can cause kaliuresis and hypokalemia.
The mechanism is not well understood. In central and south-
ern China, where the dietary potassium is low, the incidence
of gossypol induced hypokalemia is between 4% and 5%
(597). It has also been reported to cause distal renal tubu-
lar acidosis in Chinese people who consume cotton seed oil
(598).

Other Plant Toxins. Several plants including Securidaca longi-
pedunculata, Euphorbia matabelensis, and Crotalaria laburni-
folia have been listed as being nephrotoxic (599,600). Yet,
there is no supporting scientific evidence. These plants are usu-
ally used as traditional medicine for the treatment of many
illnesses and may cause renal failure through their side ef-
fects. For example, infusion of the leaves, bark, and root of
S. longipedunculata can cause severe gastroenteritis with di-
arrhea and vomiting, which can result in acute renal failure
through volume depletion without evidence of direct nephro-
toxicity. Thiloa glaucocarpa is tubulotoxic due to toxic tan-
nins. Solanum malacoxylon can cause hypercalcemia due to
1,25-dihydroxycholecalciferol (601).

An association between the use of Chinese herbal medicine
containing aristolochic acid and chronic renal disease has been
described (602). Renal pathologic changes include tubular at-
rophy, interstitial fibrosis, glomerulosclerosis, and thickening
of the wall of the interlobular artery and glomerular afferent
arteriole. Urothelial malignancy has been observed. Multifo-
cal atypia of the medullary collecting ducts, the pelvis, and the
ureter with overexpression of P53 has been shown (603). On
the positive side, traditional Chinese herbal medicine (Sairei-
to) with the active principal saikosaponin-d has been shown
to prevent glomerulosclerosis in uninephrectomized rats with
anti-thy-1 antibody injection (604).

Other Chemicals

Accidental exposure to certain chemical toxins is well docu-
mented as a cause of acute renal failure in the Tropics, as it is
in the West. This subject is addressed in Chapter 47.

Chemical intoxication may also be associated with certain
occupational hazards, involving exposure to industrial poisons
such as lead, mercury, cadmium, uranium, and asbestos. This is
highly prevalent in tropical countries, owing to the inadequacy
of environmental protection measures in industrial plants. The
toxicologic aspects of such exposure are detailed in Chapter
47.

Certain chemical hazards of particular importance in the
Tropics deserve mentioning, namely, paraquat, copper sulfate,
and diethylene glycol.

Paraquat Poisoning. This is mainly reported in Southeast Asia
(605). Paraquat is an herbicide, widely used in agriculture, to
which humans are exposed by ingestion (including suicidal
intake), inhalation of sprays, or contact with skin abrasions
(606). Pulmonary, hepatic, and renal manifestations occur with
paraquat poisoning, and are attributed to the massive genera-
tion of reactive oxygen radicals. Nephrotoxicity is expressed as
acute tubular necrosis (607), which leads to accumulation of
the poison and increases its systemic toxicity. Plasma paraquat
levels higher than 2 mg/L at 24 hours and 1 mg/L at 48 hours
are of grave prognostic significance (608).

Like many other chemical intoxications, the first line of
treatment is to reduce absorption by gastric lavage and the
administration of adsorbing substances such as Fuller’s earth.
If renal function permits, forced diuresis should be attempted
(609). Hemodialysis and charcoal hemoperfusion (610) are ef-
fective, whereas peritoneal dialysis is inefficient. Attempts to
reduce the oxygen radical load by suppressing leukocytic func-
tion with corticosteroids and even cyclophosphamide (611) are
controversial.

Copper Sulfate Poisoning. This hazard is of considerable epi-
demiologic significance in India (612). Copper sulfate is used
in the leather industry. Exposure occurs through accidental or
intentional ingestion. Acute toxicity ushers in with prominent
gastrointestinal manifestations, intravascular hemolysis, hep-
atic injury, and renal failure.

Renal injury is the result of massive intravascular hemolysis,
induced by the action of the poison on intracellular enzyme
systems including G6PD, glutathione reductase, and catalase
(613,614). The associated hypovolemia, due to gastrointesti-
nal fluid losses, further aggravates the renal insult. Acute tubu-
lar necrosis with rupture of the tubular basement membrane,
copper deposits in the renal tubule cells, and hemoglobin
casts in the lumens, are characteristic histopathologic fea-
tures.

In addition to the conventional methods for reducing the
absorption of the poison, fluid replacement and induction of
diuresis, dimercaprol (100 to 150 mg intramuscularly every
4 hours) is effectively used for chelation in copper sulfate poi-
soning. Dialysis is often necessary during the critical hyper-
catabolic phase, and also to assist in eliminating the toxin
(615).

Diethylene Glycol Poisoning. Diethylene glycol is a known
nephrotoxic agent. Poisoning with diethylene glycol in the
Tropics has frequently been associated with contamination
of ingestible pharmaceutical products. Outbreaks of acute re-
nal failure by diethylene glycol–contaminated acetaminophen
have been reported in Nigeria (616) and Bangladesh (617).
Recently there was a large outbreak of acute renal failure with
deaths in children consuming diethylene glycol–contaminated
acetaminophen syrup in Haiti (618). Renal failure was se-
vere and associated with hepatitis, pancreatitis, and cen-
tral nervous system involvement with high mortality. It has
been postulated that acetaminophen could provide an addi-
tive or potentiating effects for diethylene glycol toxicity. Hy-
povolemia due to vomiting could be another contributing
factor.

Diverse Environmental Problems

In addition to the high prevalence of infections and intoxica-
tions, other features of tropical ecology may have a significant
influence on the epidemiology of renal disease in certain ge-
ographic locations. These include the effects of climate, soil
composition, and environmental pollution. Some of the avail-
able information on this issue is briefly reviewed.
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Renal Stones. Renal stone disease is one of the common prob-
lems in tropical Asia. It accounts for 40% of renal problems in
Pakistan, which is a country in the “stone belt” (619). The re-
nal stones usually consist of mixed calcium, oxalate, and phos-
phate. The hot and dry climate and dietary factors play impor-
tant roles. In the Arabian peninsula, the dietary ratio of oxalate
to calcium and the dietary animal protein intake are higher than
those in any other country (620). In Israel the high prevalence
of renal stones is related to dehydration and solar hypervita-
minosis D with absorptive hypercalciuria (621). In India and
Pakistan the cause of renal stones is not apparent but could be
related to dehydration. The prevalence of upper urinary tract
stones in the northeastern Thai population has been estimated
to be 3.76 per 1,000 individuals, with a male-to-female ratio
of 2:1 (622). The stones, like those in other Asian populations,
are composed of calcium, oxalate, and phosphate. Urinary ex-
cretion rates for calcium, magnesium, oxalate, and urate are
normal. Urinary phosphate excretion is slightly decreased. The
low urinary citrate concentration could significantly contribute
to stone formation (622,623).

Endemic Hypokalemia and Related Problems. Hypokalemia
in northeastern Thailand is endemic and reflects the effects of
the environment. Northeastern Thailand is a plateau in the
arid area of the country, where the weather is dry and hot.
Except for the areas close to the river basin, the land con-
sists largely of sandstone. The soil, therefore, has low levels of
potassium and is infertile. The people in the villages are of low
socioeconomic status and consume the products of the land.
Therefore, 38% of them have hypokalemia and are potassium
depleted. The erythrocyte membranes of the villagers are found
to have decreased Na+,K−ATPase activity. The urine has a low
citrate concentration. Both potassium depletion and decreased
Na+,K−ATPase activity lead to low urine citrate through intra-
cellular acidosis, which enhances citrate reabsorption. Intra-
cellular sodium concentration is increased, while intracellular
potassium concentration is decreased. The basic abnormalities
of these northeastern Thai villagers are, therefore, potassium
depletion, decreased Na+,K−ATPase activity, and low urinary
citrate levels (623–625). These abnormalities resolved when
the villagers migrated to the capital city (624). In addition to
renal stones, sudden unexplained death and distal renal tubular
acidosis are also important health problems of the region.

Sudden unexplained nocturnal death has received much at-
tention in recent years. The incidence is 38 per 100,000 men be-
tween 20 and 49 years old (626). The victims are usually mus-
cular young men of low socioeconomic class who die in their
sleep without apparent organic lesion. Ventricular fibrillation
has been observed and hypokalemia has been reported in some
patients. These individuals have decreased Na+,K−ATPase ac-
tivity of the erythrocyte membrane (627). It has been pos-
tulated that hypokalemia, the possible decrease in myocar-
dial Na+,K−ATPase, and sympathetic stimulation due to stress
could lead to cardiac arrhythmias and death (628). The causes
are likely multiple and could involve genetic variations. Recent
evidence indicates mutation of the sodium channel (SCN5A)
in the cardiac muscle resembling Brugada syndrome (629).

The prevalence of distal renal tubular acidosis in northeast-
ern Thailand is approximately 3.6%, with a female preponder-
ance (630). The patients are usually admitted to the hospital
during the mid-summer months because of muscular weak-
ness or paralysis; nephrocalcinosis or renal stones, or both, are
noted in 27% of the patients. Interestingly, the patients have
low urinary potassium levels, a finding different from Western
reports. In addition, gastric acidity is low (631), suggestive of
decreased H-K-ATPase (HKα1) activity or decreased chloride
bicarbonate exchange (AE2). Because of hypokalemia, aldos-
terone secretion is likely suppressed, and this would in turn
decrease H-ATPase activity. Distal renal tubular acidosis is het-

erogeneous and requires further study on chloride bicarbonate
exchange (AE2), H-ATPase and H-K-ATPase (HKα2) activities
of the collecting ducts (632). In southeast Asian ovalocytosis
with distal renal tubular acidosis, the AE1 gene mutation has
been reported (633). Recently two novel compound heterozy-
gous SLC4A1 mutations have been identified in Thai patients
with autosomal recessive distal renal tubular acidosis (634).

TROPICAL ENVIRONMENTAL
POLLUTION

A wide spectrum of chronic renal diseases is attributed to
environmental pollution, which has been implicated in the
pathogenesis of glomerulonephritis (e.g., heavy metals, hydro-
carbons), tubulointerstitial disease (e.g., lead), and renal and
urothelial malignancies (cigarette smoking, cadmium, and afla-
toxins). This subject is reviewed in Chapter 47.

The epidemiologic significance of environmental pollution
in the Tropics is unknown, but environmental pollution may
very well account for the high prevalence of renal disease in
general, and particularly for the progressive increase in tubu-
lointerstitial disease in the recently industrialized tropical coun-
tries. It is noteworthy that the item “unknown” accounts for
7.4% to 54.5% of ESRD on the tropical list of causes (635–
639). Although this outcome may be attributed to a lack of
adequate diagnostic facilities or to late patient presentation, it
may also be accounted for by environmental pollution.

Experimental Background

Most of the available information in this field is derived from
animal experiments. Nephrotoxicity can be induced by various
chemicals in a number of animal models using rats, mice, ham-
sters, guinea pigs, chickens, ferrets, dogs, pigs, monkeys, and
others. Three principal patterns are often encountered:

1. “Toxic” tubulointerstitial disease, in which the renal
tubules, particularly the proximal ones, are the main tar-
get. Cell injury is mediated by various mechanisms includ-
ing cell membrane disruption, disturbance of intracellular
organelles, enzyme systems, and metabolic pathways. Cell
necrosis and subsequent regenerative hyperplasia, luminal
dilation, interstitial edema, cellular infiltration, and, ulti-
mately, fibrosis are the histopathologic hallmarks. Protein-
uria, cylindruria, leukocyturia, and azotemia are the usual
functional consequences. This pattern is attributed to a di-
rect toxic effect on cell membranes or intracellular enzyme
systems.

2. Acceleration of “spontaneous nephropathy” in adult male
rats (640), with nephrotoxicity being expressed as a statis-
tically significant increase in the incidence of nephropathy
or the development of neoplastic lesions. The P2 segment of
the proximal tubule is the target. The lesions are ushered in
by the appearance of intracellular hyaline droplets, which
coalesce and eventually lead to cell necrosis. The resulting
debris forms intraluminal granular casts that tend to block
the tubules at the corticomedullary junction, leading to pres-
sure necrosis of the surrounding cells and upstream tubular
dilation. Spontaneously initiated clones expand, starting the
process of regeneration. Adenomas, and, rarely, adenocarci-
nomas may develop. Interstitial edema, cellular infiltration,
and subsequent fibrosis and nephrocalcinosis cause progres-
sive nephropathy in these animals.

The α2u-globulin was recently brought into focus as an
important sex-linked mediator of the renal lesions in this
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model (641). This protein is normally generated in the liver,
filtered through the glomeruli, and taken up by the proximal
tubule cells, where it is metabolized in the lysosomes. Bind-
ing with certain chemicals slows degradation of this globu-
lin, leading to its intracellular accumulation and subsequent
crystallization in the form of hyaline droplets. The subse-
quent mechanisms of cellular injury in droplet nephropathy
are unknown, but they may involve lysosomal disruption,
release of reactive oxygen species, or others.

3. Carcinogenesis, in which expansion of particular cell clones
leads to neoplastic growth. This may occur at the tubular
level, leading to adenomas and adenocarcinomas, or at an
urothelial cell level, leading to papillomas or transitional cell
carcinomas of the pelvis, ureter, or bladder.

Recent emphasis has been on the levels of kidney lipid
peroxidation after the administration of chemicals with
carcinogenic potential. High levels were associated with
more nephrotoxicity, the appearance of eosinophilic bodies
in renal tubular cells, and the development of neoplasms.
Cysteine or glutathione pretreatment was protective, whereas
diethyl maleate resulted in exacerbation of the effects of lipid
peroxidation (642).

Effects on Humans

It is difficult to substantiate the effect of environmental
pollution on humans because of the complex interaction of
a large number of factors, including the nature and mag-
nitude of pollution, duration and continuity of exposure,
individual susceptibilities, associated diseases, and drug
intake. Inherent differences in body size, normal life span,
metabolic pathways, defense mechanisms, and other factors
make it impossible to extrapolate experimental observations
to humans. Accordingly, the whole concept of renal disease
due to environmental pollution remains disputable, although
not necessarily unimportant, particularly in tropical countries
where the international standards of air and water pollution
and the acceptable qualities and quantities of food additives
and contaminants are not stringently respected.

Specific Issues in Tropical
Environmental Pollution

Smoke, Dust, and Fumes. Tobacco smoking is now recognized
as a major risk factor in cardiovascular morbidity and mortality
in patients with chronic kidney disease (643), progression of
renal disease (644) particularly among diabetic patients (645),
and in the pathogenesis of bladder cancer (646,647) (Chapter
29). This problem is particularly relevant in tropical countries
because of the lack of adequate control measures (648) and
public education.

Compared with the rest of the world, the major cities in
tropical countries have the highest levels of pollution from car,
motorcycle, and other engine exhausts. There is unequivocal
evidence that the combustion products of diesel fuel and un-
leaded gasoline (649), like other petroleum-derived jet fuels
(650), are nephrotoxic to adult male rats, being mediated by
α2u-globulin. Other hydrocarbons such as paint, mineral spirit,
and aromatic solvents (651) have the same nephrotoxic poten-
tial.

It is uncertain whether human immunity, conferred by the
low α2u-globulin profile, against hydrocarbon-induced renal
injury is absolute, even in the face of continuous exposure over
many decades. It is noteworthy that lead nephropathy is an

independent risk in most tropical countries where commonly
used gasoline is not unleaded.

Exposure to lead is also carcinogenic, as suggested by a rat
model (652) and by observations of an exposed human cohort
(653).

Chronic exposure to cadmium (654) and asbestos (655),
which in addition to industrial intoxication are often ingested
with contaminated water or inhaled with dust, also carries a
high risk for renal cell carcinoma.

Food Additives. Many artificial flavors, colors, thickening sub-
stances, solvents, and even wrapping material to which humans
are extensively exposed have documented nephrotoxic effects
in experimental animals.

Toxic tubulointerstitial lesions have been associated with
the administration of carotenes, used as artificial colors (656),
and β-cyclodextrin, used as a flavor, color, and vitamin car-
rier and stabilizer and also in the decaffeination of cof-
fee and tea and in reducing the cholesterol content of eggs
(657,658). These lesions have also been reported with expo-
sure to extraction solvents such as 1,2-dichloroethane (659),
dichloromethane (660), α-methyl-benzyl alcohol (661), and di-
ethylene glycol monoethyl ether (662).

Although no clinical nephrotoxicity has been attributed
to most of these agents, acute renal failure was reported to
complicate the accidental ingestion of large quantities of 1,2-
dichloroethane (659), or inhalation of dichloromethane (663).
Mild azotemia complicated acute intoxication with diethylene
glycol monoethyl ether (664).

Protein droplet nephropathy has been associated with expo-
sure of adult male rats to the flavoring agent limonene, used in
beverages, chewing gum, candy, ice cream, gelatins, and pud-
dings (665). Humans seem to be resistant to this type of nephro-
toxicity because of the very small amounts of α2u-globulin that
they can produce (666).

Renal adenomas and adenocarcinomas have been induced
in rats (667) and hamsters (668) by long-term ingestion of
potassium bromide, which is often used as a flour-treatment
agent. Accidental or suicidal administration in humans may be
associated with acute renal failure, tubulointerstitial nephritis,
interstitial fibrosis, and glomerulosclerosis (669).

Urothelial malignancy in the renal pelvis and urinary blad-
der has also been documented in experimental models. Of par-
ticular interest are the artificial sweeteners, most notoriously
saccharin, which at high dietary concentrations of 5% or more
induced bladder tumors in male rats (670). The relation be-
tween saccharin and bladder cancer in humans rests on soft ev-
idence (671). Recent data, including a large postmortem study
based on the examination of 6,503 sections obtained from 282
deceased patients (672) and a meta-analysis of 15 case-control
studies (673), do not substantiate this relation in humans.

Food Contaminants. Certain substances produced during food
preparation or preservation have a nephrotoxic effect on ex-
perimental animals. Typical lesions were induced in rats by
chloropropanols, which are produced during the preservation
of vegetables (674–676). No human disease has been attributed
to these contaminants.

Exogenous contaminants are more relevant to the question
of human nephrotoxicity in the Tropics, where agriculture re-
mains the predominant occupation. These include mycotoxins,
pesticides, and veterinary drug residues.

Mycotoxins are discussed elsewhere in this and in other
chapters, where reference is made to ochratoxin-associated in-
terstitial renal disease and aflatoxin-associated neoplasias.

Pesticides are ingested with drinking water, plants, fish,
poultry, and meat. Adequate control is beyond the capacity
of most tropical countries, because of problems with analyti-
cal methodology, standardization, and so on. Large amounts,
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FIGURE 78-19. Impact of wealth (expressed as
the Purchasing Power Parity) on the prevalence of
end-stage renal disease (ESRD) in six developing
countries. Note the selective parallel relationship
in between PPP and the prevalence rather than the
incidence polynomial trend lines.

therefore, may be inevitably ingested by tropical inhabitants
for lifelong periods.

Most pesticides are organophosphates; their main toxicity
is on the red blood cells, thyroid gland, and nervous system.
Weight loss, anemia, hepatic adenomas, esophageal and other
gastrointestinal tract tumors, skin allergy, and teratogenicity
are the principal toxic manifestations. There is some experi-
mental evidence of toxicity to the liver and kidney (677), but
no clinically significant renal disease has been ascribed to pes-
ticides.

Veterinary drug residues constitute an important source of
pollution in an agricultural environment where close contact
between humans and animals is inevitable. These residues are
ingested with vegetables, fruits, and meat. Some residues, in-
cluding certain anthelmintics, antimicrobial agents, and pro-
duction aids, are nephrotoxic to experimental animals.

The broad-spectrum anthelmintic tiabendazole induces
tubular degeneration and hyperplasia in the short term in mice
(678). However, nephrotoxicity was not observed in a 24-week
study in humans (679).

Spiramycin, a macrolide antibiotic used for the treatment of
bacterial and mycoplasmal infections in animals, causes “con-
siderable kidney damage,” particularly in the loops of Henle,
and necrotic changes in several areas of the renal parenchyma
in dogs (680). However, administration of this drug to hu-
man volunteers caused only mild gastrointestinal disturbances
(681).

Ractopamine is a phenolethanolamine α-adrenergic agonist
that increases weight, leanness, and feed efficiency in pigs. It
causes a transient elevation of systolic blood pressure in short-
term studies in humans (682). Long-term follow-up studies are
awaited.

END-STAGE RENAL DISEASE IN
TROPICAL COUNTRIES

Epidemiology

Prevalence

With the progressive improvement of renal replacement ther-
apy (RRT) worldwide, prevalence curves continue to rise in
most countries. The reported prevalence is currently highest
in Japan, being close to 2000 patients per million popula-
tion (pmp), which is attributed to the strikingly high survival
on dialysis. The respective figures are about 1500 pmp in the
United States and 800 pmp in the European Union (683,684).

In the developing world, prevalence of ESRD is proportion-
ate to national economy (Fig. 78-19) (684,685). Because there
are no major differences in incidence between individual devel-
oping countries, the major determinants of prevalence are the
capacity and competence of RRT programs, both of which are
financially demanding.

Incidence

The incidence of new cases of ESRD in the Tropics is generally
within the range of 100 to 150 pmp (685). There is no point in
focusing on minor differences between individual countries or
regions, since the available information is only approximate,
being based on questionnaires to leaders, small samples, of-
ficial governmental reports and, very occasionally, registries
with doubtful credibility. These numbers are far lower than
those reported in the West, where the incidence is three- to
sixfold higher (683). Although underreporting may be respon-
sible for this discrepancy, it has been estimated that the lower
incidence of diabetes (686,687) in the Tropics can account for
the difference (Fig. 78-20). This is quite alarming given that the
incidence of diabetes is expected to boom in tropical countries
during the coming two decades (686), which will undoubtedly
reflect on the incidence of ESRD.

Etiology of Chronic Kidney Disease

Chronic glomerulonephritis and interstitial nephritis constitute
the principal causes of tropical chronic kidney disease (CKD)
(685). This reflects the high prevalence of infections and intox-
ication as described previously in this chapter. Of the principal
bacterial infections, tuberculosis ranks quite high in India and
the Arabian Gulf, being associated with ureteric strictures,
back pressure, and chronic interstitial nephritis. Streptococcal
infections of the throat and skin (complicating scabies) are
responsible for chronic glomerular disease in a large number
of African children. Of the viral infections, hepatitis C is
currently the most important cause of progressive mesangio-
capillary (membranoproliferative) glomerulonephritis in many
countries, particularly Egypt. Several parasitic infections cause
ESRD through ureteric obstruction (e.g., schistosomiasis in
most of Africa), interstitial nephritis (e.g., Kala-azar in many
African and Asian countries), and glomerulonephritis (e.g.,
malaria in West Africa, schistosomiasis in Africa and Latin
America, filariasis in Nigeria).

There is a considerable variation in the histologic types of
glomerulonephritis encountered in the Tropics, mirroring the
predominant infectious agents as well as genetic predisposition
(688). Generally speaking, IgA nephropathy is the predominant
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FIGURE 78-20. Effect of diabetes and
hypertension on the incidence of ESRD
in six developing countries compared
to the USA. Note the reflection of the
polynomial trend line for diabetes and
hypertension as opposed to the inci-
dent rates of glomerulonephritis.

type in South East Asia and the Pacific region (35% to 45%),
while being quite rare in Africa (3% to 4%). In contrast,
focal and segmental glomerulosclerosis supervenes among the
black populations in Africa (25% to 25%), Arabia (40%), In-
dia (up to 46%) and South America (up to 43%), probably as
a consequence of the low nephron mass. Proliferative forms of
glomerulonephritis are more homogeneously spread all over
the developing world, being responsible for 25% to 35% of
reported cases (688).

The contribution of diabetes varies from 9.1% to 29.9% in
different reports. More than 80% of cases are type 2 insulin-
resistant. End-stage diabetic nephropathy exhibits a constantly
rising trend, attributed to increasing incident cases as well
as improved survival on RRT. In a single center experience
in Egypt, diabetic patients constituted 8.0% of patients on
chronic dialysis in 1980, 13.3% in 1990, 18.7% in 2000, and
24.3% in 2003 (Barsoum, unpublished data).

The lack of general agreement on the role of primary hy-
pertension in causing ESRD reflects on the statistical reports
from most tropical countries. Upon standardization of the def-
inition of this disease entity, the prevalence of hypertensive
nephrosclerosis among ESRD patients in the Tropics was re-
ported between 13% and 21% (685).

Other important causes of ESRD in the Tropics include
urolithiasis with subsequent obstruction and infection, chronic
drug abuse, and possibly environmental pollution. The epi-
demiologic significance of the latter remains questionable, be-
ing documented only in occupational exposure to lead, cad-
mium, and mercury (see preceding text).

Clinical Patterns

The usual clinical syndrome of ESRD is modified in the Tropics
by three factors: (i) associated manifestations of the primary
disease, (ii) manifestations of concomitant disorders, and (iii)
late diagnosis and poor management.

Manifestations of the Primary Disease

As described previously in this chapter, renal disease in the
Tropics is often secondary to an endemic infection, is attributed
to environmental pollution, or is caused by a drug or traditional
medication. The associated features of the primary etiology
frequently modify the clinical picture of ESRD. Examples in-
clude the concomitant hepatic disease in schistosomal glomeru-
lopathy; severe hypertension, arthropathy, and polyneuropathy

with chronic exposure to lead; and persistent hyperkalemia
with certain herbal intoxications.

Concomitant Disorders

Many patients have a concomitant illness, the features of which
may overlap with or modify those of conventional ESRD. Such
disorders reflect the general health status of the community,
often dominated by endemic infections and infestations, mal-
nutrition, and certain malignancies.

Endemic Infections and Infestations

Acute and chronic bacterial infections often complicate renal
disease in the Tropics. In addition to those causing renal
disease (see preceding text) and those acquired during dialysis
(see subsequent text), certain infectious agents may have an
independent impact. One of the most outstanding infections
is tuberculosis, which is encountered in 4.1% to 11.5% of the
Saudi Arabian population on hemodialysis (689), Gulf coun-
tries (690), India (691,692), Bangladesh (637), and Indonesia
(693). Tuberculous peritonitis has been reported in patients
on chronic ambulatory peritoneal dialysis, wherein it poses
notorious diagnostic difficulties (694). Evidence of previous
Salmonella infection was detected in 42% of patients on regular
hemodialysis in Egypt (695). Recent Salmonella infection–
induced acute graft rejections has been reported in renal trans-
plant recipients (696). The list includes many other infections,
the most common being scabies, HBV, HCV, HIV infection (see
the following), and intestinal parasitic infections (218). In addi-
tion to imposing their specific symptomatology, these infections
generally tend to induce a catabolic state that augments such
uremic manifestations as asthenia, anemia, and bone disease.

Malnutrition

Protein-energy malnutrition is often a major problem in deal-
ing with renal disease in the Tropics. This may be attributed to
starvation, catabolic disorders, or physicians’ instructions. It
is unfortunate that general practitioners are still advising their
patients to restrict protein intake to exceedingly low levels.
Even nephrologists maintain this trend in patients on dialysis,
as shown in a meta-analysis of recent European Dialysis and
Transplant Association (EDTA) data (697), where 73.5% of
uremic patients in developing countries were instructed to re-
ceive a daily protein intake of less than 0.6 g/kg, compared
with 31.3% in Western Europe.

Specific nutritional deficiencies of iron, calcium, vitamin
D, other vitamins, and trace elements are also frequently
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encountered. The effects of these on anemia, bone, and pe-
ripheral nerve disease are obvious.

Malignancies

Infection-related malignancies are notoriously common in the
Tropics. Examples include Burkitt’s lymphoma and Kaposi’s
sarcoma (698). These often become a significant epidemiologic
risk in immunocompromised patients.

Late Diagnosis and Inadequate Management

Owing to the prevailing standards of medical care, renal dis-
ease may not be suspected, may be neglected, or may be poorly
managed for a long time before adequate nephrologic care is
provided. Advanced uremic manifestations, of almost historic
interest according to present-day Western standards, remain
fairly common in the tropical glossary. It is not unusual to see a
patient with extensive uremic frost on his or her cheeks or finger
creases, or with multiple soft tissue swellings of metastatic cal-
cification, or another crippled with bone deformities or motor
polyneuropathy. Many patients are first seen in coma, in con-
vulsions, or with a hematocrit level of 8% to 10%. The clinical
picture is often further complicated by the use of medications
without any dose adjustment in consideration of residual renal
function.

Dialysis in the Tropics

Acute Dialysis

Hemodialysis is available for the management of acute renal
failure in most of the major hospitals in the Tropics, even
in those countries with the lowest Gross National Products
(GNPs) (685). The efficiency of such units is widely variable,
ultimately depending on socioeconomic development. For ob-
vious reasons, acute peritoneal dialysis is more widely used. It is
often implemented where limited or no specialized nephrologic
care is available, at least as a first-line therapy. Unfortunately,
the prevailing hygienic conditions in many tropical hospitals
yield a high incidence of peritonitis.

Chronic Dialysis

The number of patients treated by chronic dialysis in the Trop-
ics cannot be precisely defined because of the scarcity of reliable
registries. Data generated from sporadic publications (which
are, unfortunately, mostly found in the nonindexed local lit-
erature), national registries (by personal communication with
colleagues in charge), or supranational registries (African, Ara-
bian, Latin American, and Asian Pacific registries) suggest that
the chronic dialysis activity in the Tropics is fairly extensive.
The chronic dialysis pools vary from less than 10 pmp in most
sub-Saharan African countries, India, and Bangladesh, to the
100 pmp range in Pakistan, Thailand, South Africa, 300 to 400
pmp in South America and Northern Africa, and greater than
500 pmp in Singapore, Saudi Arabia, and Mexico (685).

The Dialysis Environment

The patient. Young adults in their 20s or early 30s constitute
70% to 80% of the dialysis population in the Tropics, which
is attributed to the nature of the prevailing primary diseases.
Children constitute less than 10%. There is a male preponder-
ance, which is partly explained by cultural factors and possibly
the increased exposure to noxious environmental factors (vide
supra). Most patients are poor, uneducated, and suffering from
chronic endemic diseases, malnutrition, and advanced uremic
state, which has a significantly negative impact on the outcome

of dialysis treatment (vide supra). They do not adequately com-
ply with the regularity of dialysis, diet, intake of medications,
or rehabilitation. Although this is partly attributed to improper
patient information, the lack of motivation and financial short-
comings certainly have a considerable influence.

Medical staff. Shortage of adequately trained medical and
paramedical local staff is the rule in most tropical countries.
The majority of countries do not have a structured program
for training physicians, nurses, and technicians. Yet recent years
have witnessed an increasing regional and international collab-
oration for such training. Training guidelines have been devel-
oped by the International Society of Nephrology and several
supranational societies of nephrology; and many have launched
mechanisms for bilateral collaboration between well developed
dialysis units in the West and developing units in the Tropics.

Dialysis centers. The reported number of dialysis centers
varies, in different tropical countries, from less than 1 to 12
units pmp (685). When detailed figures are compared with the
respective numbers of patients actually receiving regular dialy-
sis, it can be appreciated that the units are not kept sufficiently
busy. The reasons for nonfunctional equipment are many and
include lack of personnel, shortage of funds, poor maintenance,
and inefficient organization.

Most units are located in hospitals, with a few satellite units
in the better-developed countries. State-sponsored, insurance-
sponsored, and private units are available in most countries, in
proportions that differ according to the political systems and
GNPs. Excellent state-sponsored units comprise most dialysis
units in the economically better-off countries. However, the
standard of service in state-sponsored units in most tropical
countries with low GNPs is modest, which invites active par-
ticipation of the private sector. Political system permitting, as in
India, Egypt, Latin America, and most of Southeast Asia, pri-
vate units tend to take the technical lead. Governments gener-
ally provide partial reimbursement for private dialysis in these
countries. Insurance-sponsored units are also growing where
health insurance systems are strong enough to support the cost.
Unique models of charity-sponsored programs have emerged
in recent years, notably in Singapore and Pakistan.

Standard equipment is the rule, including nonvolumetric
hemodialysis machines, acetate-based dialysate, cuprophane
membrane hollow fibers, and so on. Peritoneal dialysis fluid is
often locally manufactured, although at a very high cost (vide
infra). A few units accept children and older adults, but almost
none is specialized in pediatric or geriatric dialysis.

Chronic dialysis modalities. With a few exceptions, hemodial-
ysis is the predominant dialysis modality in most tropical
countries, constituting 80% to 90% of the population on
dialysis. In countries with the lowest GNPs, however, inter-
mittent peritoneal dialysis (IPD) is the inevitable alternative.
The implementation of continuous ambulatory peritoneal
dialysis (CAPD) is widely variable, from sporadic experiences
to a national policy (Mexico, 75% (699); Hong Kong, 70%
(700); South Africa, 40% (685)). Most other countries refrain
from using CAPD because of the high cost (vide infra), high
incidence of infection, and poor patient compliance. Accord-
ingly, CAPD is offered only as a second choice to selected
patients of the higher social classes.

IPD is still used for high-risk patients such as those with
severe ischemic heart disease or complicated diabetes. On the
whole, it accounts for at least 60% of all chronic peritoneal
dialysis treatment in the Tropics. Because adequate urea kinet-
ics can only be achieved by an impossible number of dialysis
hours, IPD is associated with an extremely poor median sur-
vival time, 1 year, and modest quality of life. Although IPD
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is usually carried out in hospitals, the incidence of infection
remains high.

The Cost of Regular Dialysis. Calculating dialysis costs is a
difficult and complex procedure. In addition to the direct costs
including the prices of consumable items, overhead expenses,
salaries, and fees, one must include the costs of interdialytic
therapy, transfusions, hospital admissions, transportation, and
so on. In even broader terms, one should also consider the
days missed from work and the reduced productivity of some
patients.

The items of typical annual direct dialysis cost per capita in
a tropical country are essentially the same, with the differences
being mainly influenced by the proportion of imported versus
locally manufactured materials and by the prevailing standards
of salaries and professional fees, which vary from 10% to 35%
of the total cost (685).

Peritoneal dialysis is generally the most expensive modal-
ity of ESRD therapy in most tropical countries, even when
locally manufactured solutions are used. This is attributed to
the extremely high overhead expenses entailed in small-scale
production lines. Conversely, dialyzer reuse in many centers is
often responsible for effectively reducing the comparative cost
of hemodialysis.

Results and Limitations of Chronic Dialysis Treatment. The
reported annual mortality rate after the first year for all dialysis
modalities, for all ages, and irrespective of the primary renal
disease in different tropical countries varies from 10% to 30%.
The first-year mortality is about 25% to 45% higher, reaching
greater than 80% in the overall experience in India (685). When
considered separately, the mortality for IPD is much higher,
whereas CAPD has yielded impressive results in certain series
(701,702). There is a remarkable “center effect,” in favor of
economically privileged units that can afford recruiting better
equipment and staff and that tend to attract those in the higher
socioeconomic category of patients (315).

Attention to the quality of life is proportionate to an indi-
vidual nation’s GNPs. In the poorer countries, which constitute
the majority in the tropical zone, this issue is not even raised.
Patients are often content just to be alive, even though they are
disabled. The incidence of complications is quite high, mainly
because of inadequate dialysis, poor water quality, undernu-
trition, dialysis-acquired infections, and deficient interdialytic
care.

Dialysis-acquired infections are extremely common, mainly
including the hepatitis viruses, HIV, and CMV. HBV infection,
with a prevalence approaching 90% among dialysis patients in
certain countries a couple of decades ago (703), has now con-
siderably regressed to a rate of less than 20% in most tropical
countries and even to less than 6% in wealthier countries. This
decline is at least partly attributed to vaccination of the popu-
lations at risk. Unfortunately, HBV infection has been largely
replaced by infection with HCV, antibodies to which have been
reported in 35% to 65% of populations from different tropical
countries. The outcome of HCV-positive patients on dialysis is
poor, with a 5-year survival of less than 20% in several series
(704).

With the recognition of methicillin-resistant staphylococcal
infection as an important threat in dialysis units, an increasing
number of reports has confirmed the major negative impact
of this infection in the Tropics. The precise incidence of this
infection is unknown, but it has been certainly responsible for
major outbreaks such as that reported from China in 2004
(696).

As a rule, interdialytic medical care is extremely modest in
tropical countries. Even such basic goals as blood pressure con-
trol, correction of anemia, and maintenance of the calcium and
acid–base balance are often overlooked. Access to active vita-

min D and erythropoietin (EPO) is a matter of affordability.
In the majority of tropical countries, 10% to 20% of dialy-
sis patients receive regular EPO therapy. Exceptions to this are
reported from Saudi Arabia and Argentina (60% and 64%,
respectively (685). The subsequent need for multiple transfu-
sions obviously facilitates the spread of dialysis-associated viral
infections.

Renal Transplantation in the Tropics

Availability. Renal transplantation is widely available in many
tropical countries. The precise data about different countries
obtained from local, supranational, or different international
registries are controversial. The number of transplantations per
million population ranges from less than 1 (in sub-Saharan
Africa) to more than 100 patients (in South America).

The Transplantation Environment. Donors for renal trans-
plantation are either deceased, living related, or living unre-
lated. The major factor that determines individual country
profiles is cultural, mainly dependent on whether prevailing
religions and heritage accept the concepts of brain death, and
removal of organs from the dead and transplanting them into
strangers.

Deceased donor transplantation. The most active tropical
countries in this respect are South Africa (82.5%), Venezuela
(63%), and Thailand (46%). Despite earlier difficulties in har-
vesting and transporting donor kidneys, most of these pro-
grams are prosperous, expanding, and progressively limiting
the growth of the dialysis pools. Recipients are generally se-
lected according to standard rules and put on waiting lists with
waiting times varying between 1 and 6 months.

Living donor transplantations. Living related donors consti-
tute 15% to 85% of the overall transplant activity in differ-
ent tropical countries, depending on the availability of a na-
tional deceased donor program, and the popularity of unrelated
donor transplantation. The latter is particularly flourishing in
Pakistan, Egypt, India, and Mexico, accounting for 50% to
80% of all transplants. It is difficult to understand the moral
aspects of this practice in countries where patients with ESRD
have no alternatives, and donors are left in extreme need with-
out any kind of social support. Nevertheless, most countries do
not permit officially unrelated donor transplantation; some re-
quire a formal permit of an independent ethics committee, and
one country, Iran, has legalized and organized the procedure
of unrelated donor transplantation through a central agency
(705).

Transplantation centers. Most transplantations are perfor-
med in general hospitals. There are very few independently
standing specialized transplantation centers. As with the dialy-
sis activity and according to the same rules (vide supra), private
transplantation teams share in providing the service in living
donor programs.

The hygienic standards are variable. In some areas, they are
far below average and are responsible for high postoperative
morbidity and mortality rates, as well as for the transmission of
infections such as AIDS, hepatitis, malaria, and others (706).

The Cost of Transplantation. The ultimate burden of renal
transplantation on a national economy is less than that of dial-
ysis. Despite the high initial expenses and the cost of expensive
medications such as cyclosporine and monoclonal antibodies,
the ultimate analysis shows that transplantation is both less
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FIGURE 78-21. Estimated average annual cost of
treatment and respective median survival times in two
hypothetical models of end-stage renal disease treat-
ment strategies, predominant dialysis versus predom-
inant transplantation in a developing country. (See
text for hypothesis and explanation.)

expensive and more cost effective. A local study in which cu-
mulative survival rates were taken into consideration estimated
that the annual steady-state budget for accepting 100 new pa-
tients for dialysis would be approximately $7.5 million U.S.
dollars, compared with $6.2 million U.S. dollars for transplan-
tation. The median survival times would be 2.0 and 7.1 years,
respectively (707) (Fig. 78-21).

Results and Limitations of Renal Transplantation. Data ob-
tained from national registries suggest that the outcome of re-
nal transplantation in tropical countries is in accordance with
international standards. However, it is presumable that most
transplantations are not registered at all, because, for example,
some countries do not have registries. It is therefore impossi-
ble to know the precise outcomes of those thousands of grafts
transplanted in patients in tropical countries.

However, the published sporadic data suggest that the recip-
ient morbidity and mortality rates are relatively high, mainly
due to postoperative wound and systemic infections. The latter
include activation of dormant disease as well as de novo infec-
tions. Notorious for the Tropics are such infections as tuber-
culosis, salmonellosis, certain parasitic infections (vide supra),
and others. As outlined previously, the high incidence of certain
malignancies such as Kaposi’s sarcoma and Burkitt’s lymphoma
also accounts for the increased recipient mortality rate.

Socioeconomic Impact

ESRD is imposing a distinct socioeconomic strain on the econ-
omy, social integrity, and even morals of tropical communities
at large. The financial burden in certain countries seems im-
possible to meet, whether by individuals or by the state. It is
important to know that the cost of keeping one patient alive
but partially rehabilitated on dialysis may literally exceed the
average GNP per capita generated by 10 citizens (707). Yet,
it is also important to realize the facts about the expenditures
made by the same countries on such issues as political security,
cigarette imports, and the purchase of weapons.

A few tropical countries have established independent na-
tional kidney foundations that take care of the organization
and funding of ESRD therapy, promote research and develop-
ment, and support staff training. This positive trend has gained
success in some tropical countries.
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CHAPTER 79 ■ KIDNEY DISEASE
IN CHILDREN
MELISSA A. CADNAPAPHORNCHAI, GODFREY CLARK, AND CYRIL CHANTLER

Although many renal conditions can affect both children and
adults, certain disorders may be associated with different man-
ifestations, treatment, or prognosis in these populations. The
purpose of this chapter is to describe renal physiology and
diseases that are unique to the pediatric population. Chapters
dealing with renal conditions that affect both age groups should
also be consulted for details.

KIDNEY DEVELOPMENT

Renal Embryogenesis

The anatomic stages of kidney organogenesis have been well
characterized in several animal species including humans. Over
the last decade, it has become apparent that normal kid-
ney embryogenesis relies on a complex spatial and tempo-
ral interaction between stimulatory and inhibitory factors.
The development of the kidney results from the phylogenetic
recapitulation of three embryonic kidneys—the pronephros,
the mesonephros, and the metanephros—which are derived
from the intermediate mesoderm. Although the pronephros
and mesonephros are transitory organs, disruption of their
development can result in renal anomalies or agenesis. The
metanephros is the definitive kidney in mammals and results
from reciprocal interaction between the ureteric bud and the
metanephric mesenchyme (Fig. 79–1) [reviewed in (1)]. Around
the fifth week of gestation in humans, the ureteric bud invades
the metanephric mesenchyme, resulting in branching of the
ureter and transformation of mesenchymal cells into epithe-
lial cells of the nephron (nephrogenesis). Specifically, the mes-
enchymal cells aggregate around the tip of each ureteric branch
to form a condensate. This is followed by formation of a vesi-
cle, which invaginates twice to form a comma-shaped body
and then an S-shaped body. Mesangial and endothelial cell
precursors presumably invade the lower cleft of the S-shaped
body and differentiate into mesangial and vascular glomeru-
lar cells. The mesenchyme differentiates into proximal tubules,
glomeruli, and vessels, whereas the ureteric bud generates the
collecting ducts, the renal pelvis, and the ureteric epithelium.
In humans, nephrogenesis is completed in utero by 34 to
35 weeks of gestation.

Disruption of branching morphogenesis is known to re-
sult in maldevelopment of the kidneys. Genetic studies in
humans and animals have demonstrated critical roles for
numerous transcription factors, growth factors, and cell-
surface signaling molecules in the regulation of branching
morphogenesis. A comprehensive list has been developed
by Davies at The Kidney Development Database website
[http://golgi.ana.ed.ac.uk/kidhome.html]. For example, muta-
tions in Eya1 (2), Sall1 (3), and Pax2 (4) have been shown to
cause maldevelopment ranging from renal agenesis to ureteral
dilation (Table 79-1).

An intact renin–angiotensin system is also critical to nor-
mal renal development. The ontogeny of this system during
renal development has been described extensively (5–7). Phar-
macologic inhibition of the renin–angiotensin system during
nephrogenesis has been shown to cause an arrest in the branch-
ing of the kidney arterioles, abnormal thickening of the wall
of intrarenal arterioles, papillary and tubular atrophy, and di-
lation of the renal pelvis (8). Similar findings have been ob-
served in angiotensinogen (9), angiotensin-converting enzyme
(ACE) (10), and AT1 receptor (11) knockout mice as well as
the human fetus exposed to inhibitors of the renin–angiotensin
system (12). Inhibition of the renin–angiotensin system during
active nephrogenesis has been shown to be associated with a
reduction of at least 30% in the number of nephrons (13). It
is important to note that the reduction in nephron number has
been proposed to result in arterial hypertension in adult life
(14).

Morphologic Maturation of the Nephron

The nephrons are fully formed by 34 to 35 weeks of gesta-
tion, but those in the superficial cortex are not functionally or
morphologically mature at birth. The newborn kidney contains
approximately 20% of its adult complement of cells (commen-
surate with its corrected glomerular filtration rate [GFR]), and
cell division continues until 6 months of age (15). The glomeru-
lus is lined by cuboidal epithelium at birth and is less permeable
than in the older child. The high renal vascular resistance before
birth is associated with low renal blood flow, and renal function
in utero is of primary importance in relation to the volume and
composition of the amniotic fluid, which determines proper
lung development. Oligohydramnios is an important sign of
an infant with renal agenesis or severely dysplastic kidneys,
and such infants can be born with compression deformities
and an easily recognized facial appearance (Fig. 79-2). Neona-
tal mortality associated with these conditions is often due to
lung hypoplasia.

The renal blood supply develops its interrelationship with
nephron structures under the influence of angiotensin II. Cor-
tical blood flow is restricted in the newborn kidney with a 1:1
ratio between cortical and juxtamedullary nephrons. The rapid
increase in renal blood flow after birth correlates with an in-
crease in GFR from approximately 20 to 60 mL/minute per
1.73 m2 by 6 months of age. The GFR continues to improve
over the first 2 years of life to reach adult values (Table 79-2).
Because it is clinically cumbersome to assess GFR in the new-
born infant due to the need for an indwelling urinary catheter,
serum creatinine is generally used to monitor renal function in
the newborn. Serum creatinine level is elevated at birth, reflect-
ing maternal renal function, but rapidly decreases to a stable
level of approximately 0.4 mg/dL by 1 to 2 weeks of age in the
term infant. In the otherwise normal very premature infant,
there is a transient increase in serum creatinine with a peak at
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FIGURE 79-1. Morphogenic stages in early nephrogenesis. The
nephrogenic pathway is initiated by inductive signaling between
ureteric bud and adjacent mesenchyme. A: Induced condensing mes-
enchymal cells adhere and begin cell remodeling to epithelial pheno-
type. B: Globular aggregates close to tip of ureteric bud express base-
ment membrane proteins and cell adhesion molecules. C: Renal vesicle.
Lumen of sphere suggests secreted fluid and solutes. D: Comma-shaped
body representing reorganized sphere. E: S-shaped body suggesting ex-
pression of an as yet unknown patterning program. F: Junction of upper
domain of mesenchyme-derived S-shaped body with most peripheral
branch of ureteric bud. (From: Horster et al. Embryonic renal epithe-
lia: Induction, Nephrogenesis, and Cell. Physiol Rev 1999;79:1157,
Figure 3, with permission.)

around day 4 of life, followed by a progressive decline to nor-
mal neonatal values within 3 to 4 weeks of birth (16). This peak
has been attributed to tubular reabsorption of creatinine (17).
Therefore, the newborn kidney’s primary physiologic limita-
tion is diminished GFR. This is of particular importance in the
setting of stressors such as hypoxia, sepsis, or administration
of nephrotoxic drugs.

The proximal convoluted tubule is only approximately 10%
of its adult length at birth, whereas glomerular diameter is
approximately one-third of its adult size. Several tubular func-
tions are thus affected by postnatal maturation. However, tubu-
lar functions such as urinary concentrating capacity, glucose
and phosphate reabsorption, and acidifying ability are normal
if allowance is made for the low GFR. There is, however, greater
nephron heterogeneity so that wide variation is evident in glu-
cose and bicarbonate titration curves. The renal bicarbonate
threshold is low in term infants (19 to 23 mEq/L) as compared
to older children and adults, and is even lower in preterm (18 to
22 mEq/L) or very-low-birth-weight (1,300 g) infants (14 to
18 mEq/L). Postnatal maturation of carbonic anhydrases (CAs)
including CA IV is responsible for these alterations in acid–

base homeostasis (18). Important to note is that as the CA
system matures, the excretion of an endogenous or exogenous
acid load is not impaired. Consequently, even very-low-birth-
weight infants can thrive despite physiologic acidemia. Tubular
sodium loss is characteristic of the immediate postnatal period,
with fractional excretion of sodium (FENa) approximating 5%
in the term newborn as compared to 1% in the adult. The ini-
tial high FENa decreases within days in the term neonate, fol-
lowed by a period of renal sodium conservation in the next
2 to 3 postnatal weeks. The development of positive sodium
balance is critical for adequate growth. This process is delayed
in the premature infant (16). Therefore, appropriate sodium
supplementation in the postnatal period is of utmost clinical
importance. Salt wasting may be apparent in the sick newborn
and is common in infants whose distal tubular function is dis-
turbed by cystic dysplasia or obstructive uropathy (19,20).

FLUID AND ELECTROLYTE
REQUIREMENTS IN CHILDREN

An understanding of the relationship among renal function,
growth, nutritional requirements, and fluid and electrolyte bal-
ance is fundamental for the medical care of children. Infants
and children have a higher metabolic rate in relation to body
mass than do adults, and this is reflected by greater energy needs
and higher turnover of fluid and electrolytes. Growth obviously
contributes to this increased requirement for food and is most
rapid in the first 2 years of life. The average child grows 25 cm
during the first year and triples his birth weight; even during
the prepubertal growth spurt the gain in height per year is only
approximately one-third of that achieved in the first year of
life. Therefore, lack of growth in the first year of life may be
difficult to compensate for later in life. The main reason for this
high metabolic rate is the larger proportion of body mass that
consists of metabolically active organs, especially the brain.
The higher energy turnover is reflected by a higher GFR in re-
lation to body weight after the first year (Table 79-2), which
obviously assists in the maintenance of body composition. This
advantage is not present in the first few months because of the
immature kidney, and disturbances of body composition can
occur even in healthy infants fed inappropriate foods. Human
milk or an infant formula is all that is required or should be
given in the first 4 months of life in normal infants, for it pro-
vides an adequate amount of energy, a large amount of fluid,
and an intake of other nutrients such as protein, sodium, potas-
sium, and phosphate, which are sufficient for growth but do
not require excessive renal solute excretion.

Water requirement is directly proportional to energy needs,
and, because metabolic rate correlates with body surface area
(BSA), it is convenient to relate fluid requirements to surface
area (21). Because 1 kilocalorie requires the consumption of
1 mL of water and basal metabolic activity requires 1,000
kcal/m2 BSA, the basal water requirement is 1 L/m2 BSA. Nor-
mal activity increases energy needs by 50%, so that the normal
water requirement is 1,500 mL/m2 BSA, of which 400 mL/m2

BSA is for insensible losses in the afebrile patient. The require-
ments should be increased by 12% for every degree celsius of
body temperature greater than 37◦C. Basal electrolyte require-
ments can also be calculated relative to body surface area, for
example, sodium 30 to 50 mEq/m2 per day, potassium 20 to
40 mEq/m2 per day.

An alternative method of calculating fluid requirements that
avoids surface area calculations is to allow 100 mL/kg per day
for the first 10 kg of body weight, 50 mL/kg per day for the
next 10 kg, and 20 mL/kg per day for each kilogram over 20 kg
(22). This method is based on caloric expenditure. Insensible
loss is one-fourth of the total. Small or premature infants need
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TA B L E 7 9 - 1

HUMAN GENE MUTATIONS EXHIBITING DEFECTS IN BRANCHING
MORPHOGENESIS

Primary disease Gene Phenotype

Apert syndrome FGFR2 Hydronephrosis
Beckwith-Wiedemann syndrome P57KIP2 Renal medullary dysplasia
Branchio-Oto-Renal (BOR) syndrome EYA1 Unilateral or bilateral renal agenesis,

dysplasia/hypoplasia; collecting
system anomalies

CAKUT AGTR2 Renal dysplasia/hypoplasia; collecting
system anomalies

Renal-Coloboma syndrome PAX2 Unilateral renal agenesis; hypoplasia;
vesicoureteral reflux

Simpson-Golabi Behmel syndrome GPC3 Renal medullary dysplasia
Townes-Brocks syndrome SALL1 Renal dysplasia/hypoplasia;

vesicoureteral reflux

(Reprinted from: Hu MC, Rosenblum ND. Genetic regulation of branching morphogenesis: lessons learned
from loss-of-function phenotypes. Pediatr Res 2003;54:434, with permission.)

even more fluid. Maintenance electrolyte requirements can then
be determined based on fluid requirements, that is, sodium
3 mEq/100 mL per day, potassium 2 mEq/100 mL per day.

It is apparent from these considerations that the fluid intake
and urine output of small children is much higher in relation
to body weight than for adults, and the importance of a low-
solute intake in relation to energy and water intake should be
appreciated. A large volume of dilute urine enables adequate
conservation of water by urine concentration in response to
extrarenal losses, whereas a solute intake of adult dimensions
in relation to energy diminishes dilution and therefore the ca-
pacity for further urine concentration.

FIGURE 79-2. Facial appearance of a child with renal agenesis (Pot-
ter’s syndrome). (From: Lieberman E. Clinical Pediatric Nephrology.
Philadelphia: JB Lippincott, 1976:219; with permission.)

Relevance for Clinical Management

Close attention to the infant or child’s fluid and electrolyte
status is important, particularly in children with renal dis-
ease. High energy requirements may be difficult to satisfy in
the sick child, and malnutrition can develop rapidly. Due to a
variety of physiologic derangements, infants and young chil-
dren with chronic renal insufficiency (CRI) often demonstrate
growth failure. Nasogastric feeding or intravenous feeding in
prolonged acute renal failure (ARF) and nasogastric or gas-
trostomy tube feeding in CRI are used if necessary to supply
adequate energy intake. Dialysis is required earlier and more
frequently to maintain body composition. Fluid balance charts
are difficult to maintain with any reliability, and by far the most
useful parameter in clinical management is frequent weighing
combined with a clinical assessment of the state of hydration
and blood volume judged by the venous pressure, blood pres-
sure, and capillary refill.

In hyperosmolar dehydration, the normal signs of reduced
skin turgor are absent because the water loss is largely intracel-
lular; the child is irritable, the mucous membranes usually are
parched, and the eyes are sunken. Extra fluid losses in vomitus
and diarrhea may be considerable in proportion to body mass.
Furthermore, infants lose heat rapidly and constant attention
to the thermal environment is imperative.

Two considerations are important in relation to drug ther-
apy. The volume of distribution is determined by the body
weight so that the loading dose can be calculated accordingly.
The maintenance dose, however, is determined by the turnover
or metabolic rate that correlates with the surface area rather
than body weight and is therefore higher in relation to weight
than for adults. If a constant blood level is required without
large peaks, the drug must be administered more frequently
than for an adult.

IDENTIFICATION AND
INVESTIGATION OF RENAL

DISEASE IN CHILDREN

Imaging

Routine prenatal ultrasonography with views of the major or-
gans of the fetus has led to the antenatal detection of congenital
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TA B L E 7 9 - 2

GLOMERULAR FILTRATION RATE IN CHILDREN IN RELATION TO BODY SIZE AND KIDNEY SIZE

GFR/SA (mL/minute/1.73 m2)
GFR/body weight

Age Kidney weight (g) GFR mL/min (mL/minute/kg) Mean Range ± 2 SD

Birth 27 2.5 0.7 20
7 day 29 4.6 1.3 38 26–60
1 mo 32 6.4 1.6 48 28–68
6 mo 51 15.5 2.0 77 41–103
1 yr 71 28 2.9 115 49–157
2 yr 93 38 3.1 127 89–165
8 yr 149 70 2.7 127 89–165
Adult 290 131 2.1 131 88–174

GFR, glomerular filtration rate; SA, surface area.
(Reprinted from: Oh W, Oh MA, Lind J., Renal function and blood volume in the newborn infant related to placental transfusion. Acta Paediatr
Scand 1966; 56:197, with permission.)

renal anomalies in 15 per 10,000 live births (Table 79-3); upper
renal tract dilatation has been reported to occur in as many as 1
per 100 pregnancies. Fetal renal ultrasonography is accurate in
detecting the number, size, and position of the kidneys, upper
and lower tract dilation, and liquor volume. It is reasonably
good at revealing qualitative differences in renal echogenicity
that may provide useful information about the presence of renal
lesions, such as dysplasia and cysts (23). However, it provides
little information about renal function so should not be relied
on to give prognostic information to parents.

Detection of renal abnormalities antenatally allows the early
proper investigation of the renal tract postnatally. In this way,
obstructive uropathy can be promptly relieved, and antibiotic
prophylaxis can be commenced immediately after the birth be-
fore development of serious urinary infection (24). It is hoped
that early diagnosis will improve the long-term prognosis of
these children. Drainage of the urinary tract can be accom-
plished in utero by inserting a suprapubic bladder catheter to
drain the urine into the amniotic fluid. There is as yet no clear
evidence that this modifies the outcome for renal function (25),
and an accurate diagnosis is required if the fetus with a di-
lated but nonobstructed urinary tract is not to be placed at
risk (26). Unfortunately, the hope that severe pulmonary hy-
poplasia, which so often is a fatal complication of severe uri-
nary tract obstruction, could be prevented by early drainage in
utero has not been sustained. This is not surprising because it is
likely that the intervention would have to occur before the 16th
week of gestation if pulmonary growth were to be enhanced
(27).

TA B L E 7 9 - 3

PREVALENCE OF CONGENITAL RENAL TRACT
ANOMALIES

Anomaly Rate per 10,000 births

Renal agenesis/dysplasia 4.7
Renal tract obstruction 8.0
Bladder or urethral obstruction 2.3
Exstrophy of bladder 0.3

(Reprinted from: Schulman J, Edmonds LD, McClearn AB, et al.
Surveillance for and comparison of birth defect prevalences in two
geographic areas–United States, 1983–1988. MMWR Morbid Mortal
Wkly Rep 1993;42:1, with permission.)

Renal/bladder ultrasonography is often used for initial
structural evaluation of the urinary tract in children. Doppler
ultrasonography is used for assessment of renal artery steno-
sis, although this technique is not as sensitive as 99mTc-
mercaptotriacetylglycine (99mTc-MAG3) nuclear renal scan or
magnetic resonance angiography for this purpose. Doppler ul-
trasonography is also useful for evaluation of renal venous
blood flow in suspected cases of renal venous thrombosis. Re-
nal scarring may be identified by renal ultrasound scanning,
particularly in the older child or when the scars are large or
the kidney small and irregular, but it should not be used as
the sole method to detect vesicoureteral reflux (VUR) or reflux
nephropathy due to a high false-negative rate (28–30). 99mTc-
Dimercaptosuccinic acid (99mTc-DMSA) is more sensitive than
renal ultrasonography for detecting scars.

Micturating cystourography is valuable in the assessment
of bladder abnormalities, including VUR or posterior urethral
valves. The initial micturating cystogram should be performed
with contrast in order to characterize urinary tract anatomy
(posterior urethral valves, diverticulae, fistulae) and for diag-
nosis and grading of VUR. Indirect nuclide cystograms using
99mTc-MAG3 may then be used for annual follow-up of chil-
dren with primary VUR. Computed tomographic scanning and
magnetic resonance imaging of the abdomen provide high-
resolution imaging of the kidneys and renal tract in cases of
pyelonephritis, tumors, or cysts (31), as well as defining spine
and spinal cord anatomy, which is useful because obstructive
uropathy and bladder dysfunction can coexist.

Scintigraphy with 99mTc-MAG3 provides dynamic and
functional data in suspected obstructive uropathy and exposes
the child to approximately one-third less radiation than 99mTc-
diethylenetriaminepentaacetic acid (99mTc- DTPA) scanning;
its use in children has superceded the latter. As noted in the pre-
ceding text, 99mTc-DMSA is of particular value to assess acute
parenchymal inflammation with pyelonephritis or parenchy-
mal scarring as in reflux nephropathy.

Renal Function Tests

Assessment of GFR is the single most important test of renal
function required in clinical practice. The 24-hour endogenous
creatinine clearance is used most frequently in adults, but such
urine collections can be difficult to obtain in infants and young
children, particularly those who are outpatients. The 24-hour
urine excretion of creatinine is a measure of creatinine produc-
tion that is related to muscle mass and in turn correlates with
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the cube of height in boys and girls from the age of 6 months to
maturity (32). Because GFR correlates with BSA or the square
of height, it follows that GFR corrected for BSA is related to
height. Thus,

GFR =UcV
Pc

[1]

UcV α height3 [2]

GFR α height2 [3]

GFR
BSA

α
height

Pc
or

GFR
BSA

= k(height)
Pc

[4]

where V is urine flow rate and Uc and Pc are the urine and
plasma concentrations of creatinine, respectively. The value for
the constant k has been empirically derived (33–35). Thus:

GFR(mL/minute/1.73m2) = 40 × height (cm)/Pc (μmol/L)
[5]

or

GFR(mL/minute/1.73m2) = 0.55 × height (cm)/Pc (mg/dL)
[6]

when using automated methods for the measurement of plasma
creatinine. The different relation of muscle mass to height in
infants younger than 1 year and in adolescent boys results in
k values of 0.45 and 0.7, respectively, when plasma creatinine
is measured as milligrams per deciliter (35). Due to the diffi-
culty associated with 24-hour urine collection in young chil-
dren, estimates of GFR from the height and plasma creatinine
may be more reliable than the 24-hour endogenous clearance
in children and obviously are more convenient. It is important
to note that this method is unreliable when the normal relation
between muscle mass and height is altered, as in malnutrition
or muscular dystrophy, or in severe renal failure when tubular
secretion of creatinine can occur.

Plasma creatinine concentration averages 0.88 mg/dL at
birth, when the level is largely determined by the mother’s
plasma creatinine concentration. It falls to a nadir of 0.45 mg/
dL at 2 years as GFR increases and then rises with the in-
crease in muscle mass. From age 2 weeks to 5 years, a normal
blood creatinine level is between 0.2 and 0.5 mg/dL. From 5 to
10 years, a normal blood creatinine level is between 0.4 and
0.7 mg/dL. Normal serum creatinine may be as high as 1.2 to
1.3 mg/dL in older teenagers or adult men. However, a serum
creatinine concentration greater than 1.3 to 1.4 mg/dL should
raise concern for underlying renal disease. More precision may
be obtained by performing 3-hour creatinine clearance deter-
minations under diuretic conditions or single-injection plasma
clearance estimations using 51Cr ethylenediaminetetraacetic
acid, sodium iothalamate, or inulin.

Proteinuria

Quantitative assessment of proteinuria in children is affected by
the unreliability of urine collections. However, its main purpose
is to detect damage to the glomerular filter leading to increased
permeability, and for this purpose the most sensitive parameter
is the sieving coefficient (the relative concentration in glomeru-
lar filtrate and plasma water) of a molecule of a size that nor-
mally is just restrained by the glomerular filter. The protein–
creatinine ratio provides a suitable approximation for use in
clinical practice; being a ratio, it is independent of urine flow
rate and can be estimated from a random urine sample (36,37).
A value of less than 0.2 is considered normal and greater than
2.0 is considered nephrotic-range proteinuria in children. The

use of this ratio is preferred for children rather than the com-
monly performed 24-hour urine excretion for which more than
200 mg or 5 mg/kg per day usually is regarded as abnormal in
children. The albumin excretion rate from a timed urine col-
lection, or microalbuminuria in diabetic children, is an impor-
tant predictive marker for diabetic nephropathy (38). Rarely,
dipstick albuminuria due to predominantly tubular disease is
encountered.

Proximal Tubular Function

The detection of proximal tubular dysfunction rather than its
quantitation is all that is usually required, and for this purpose
the presence of glycosuria, aminoaciduria, hyperchloremic aci-
dosis with bicarbonate wasting, polyuria, polydipsia, rick-
ets, or a combination of these features, which represent Fan-
coni’s syndrome, usually are sought. Phosphaturia can be
measured and is useful for assessing both proximal tubular
function and secondary hyperparathyroidism in children with
CRI. The fractional excretion of phosphate (FEPO4) is the pro-
portion of filtered phosphate that is excreted. Because this is
calculated as a clearance ratio, a timed urine collection is not
necessary.

FEPO4 = UPO4V
PPO4

× Pc
UcV

[7]

where UPO4 is the phosphate excretion and PPO4 × UcV/Pc
is the filtered phosphate.

The fractional excretion of phosphate also can be used to
calculate the theoretic phosphate threshold for renal tubular re-
absorption (TmPO4/GFR). For children, the use of nomograms
is unnecessary and the phosphate threshold can be calculated
using a random urine sample and simultaneous plasma sample
from the following formula (39):

TmPO4/GFR = PPO4 − UPO4 × Pc
Uc

[8]

The phosphate threshold provides a useful index of parathy-
roid hormone (PTH) activity in children (40) and is relatively
insensitive to changes in phosphate intake or GFR. The FEPO4
ranges between 2% and 12% in young children and rises to
between 5% and 20% in adults: TmPO4/GFR decreases from
an average of 6 mg/dL in children to 3.4 mg/dL in adults.

Tubular proteinuria can be assessed by the clearance
of retinol-binding protein, β2-microglobulin, and α1-micro-
globulin in urine relative to urinary creatinine concentra-
tion. All are low-molecular-weight proteins (LMWPs) that are
present in plasma and filtered by glomerular filtration, after
which 99.9% of the filtered LMWP is reabsorbed and catabo-
lized by tubular cells. The LMWP fractional excretion is high in
infants, reflecting tubular immaturity, but falls from 1.68% to
0.5% between birth and 2 years of age (41). β2-Microglobulin
is unstable in acid urine, and in clinical practice it is more
convenient and accurate to use the excretion of retinol-binding
protein as a measure of proximal tubular dysfunction. The nor-
mal range for the excretion of retinol-binding protein in a ran-
dom sample is less than 1 to 24.5 mg per mole of creatinine
(42). Tubular disease is associated with a marked increase in
the excretion of LMWP (43), and this can be estimated again
as a fractional excretion from a random urine and blood sam-
ple. The presence of excessive N-acetyl-glucosaminidase—an
enzyme released from the proximal tubule cell brush border—
in urine is indicative of proximal tubular damage, and has been
shown to be markedly elevated in Fanconi’s syndrome due to
cystinosis (44) or ifosfamide treatment (45).
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Distal Tubular Function

Urine Acidification

Hydrogen ion is secreted by tubular cells and neutralizes fil-
tered bicarbonate to form carbonic acid, which is then dehy-
drated via carbonic anhydrase, thereby allowing carbon diox-
ide to diffuse into the tubular cells and then be reconstituted
as bicarbonate (see Chapter 6). Distal tubular fluid is essen-
tially free of bicarbonate. When bicarbonate is in the urine,
the urine pH exceeds 6.1; for a pH of 6.1, urine bicarbonate
concentration is approximately 1 mmol/L. Plasma bicarbonate
level less than the normal threshold for bicarbonate reabsorp-
tion implies a defect of proximal tubular bicarbonate handling
if other sources of bicarbonate loss have been excluded. The
threshold may need to be defined in a child with proximal
renal tubular acidosis (RTA), and this can be achieved by rais-
ing the plasma bicarbonate concentration with an infusion of
bicarbonate or by stopping the bicarbonate supplements and
observing the urine pH as the plasma bicarbonate falls (46).
As noted in the preceding text, the threshold for bicarbonate
reabsorption is lower in infants than in older children and the
splay on the bicarbonate reabsorption curve is wider so that
the plasma bicarbonate concentrations are lower, ranging from
19 to 23 mEq/L for infants to 20 to 26 mEq/L for children.
The range of normal in premature infants extends from 14 to
22 mEq/L (47).

Urine excretion of bicarbonate, titratable acid, and ammo-
nium are essentially determined by the urine hydrogen ion con-
centration, so that much can be learned from measurement of
urine pH. Most children pass acid urine during the night and, if
the plasma bicarbonate is normal, an early-morning urine pH
of less than 5.3 excludes a defect of hydrogen ion excretion.

Renal Tubular Acidosis. Renal tubular acidosis (RTA) should
be suspected in a child with a normal plasma anion gap [Na+ –
(Cl− + HCO−

3 ) = 8 to 16 mEq/L] and a hyperchloremic aci-
dosis. Clinically, RTA is characterized by failure to thrive,
polyuria, constipation, and in prolonged untreated RTA, rick-
ets. Loss of HCO−

3 from the gastrointestinal tract, mild volume
depletion, and the administration of hydrochloric acid or its
precursors should be excluded. The urine anion gap (Na+ +
K+ – Cl−) is a useful tool to differentiate between RTA and the
other conditions because it estimates urine ammonium con-
centration; thus, a negative gap suggests gastrointestinal loss
of HCO−

3 , whereas a positive gap (Na+ + K+ > Cl−) indicates
distal RTA (48). Hyperkalemia should raise concern for type
IV RTA (see Chapter 6).

The underlying defect in type 1 or distal RTA is failure of
distal tubular sodium hydrogen ion exchange with associated
sodium and bicarbonate wasting and urine pH greater than
5.5. Extracellular volume contraction in this condition is as-
sociated with hyperaldosteronism with potassium wasting and
associated lack of renal concentrating ability (polyuria). In-
creased urinary calcium excretion and decreased urinary citrate
excretion often result in nephrolithiasis or nephrocalcinosis in
distal RTA. In fact, the urinary calcium–creatinine ratio is a
useful marker for adequacy of therapy. Over the last several
years, mutations of genes encoding carbonic anhydrase II, kid-
ney anion exchanger 1, and different subunits of the hydrogen-
ATPase proton pump have been shown to be responsible for
inherited forms of distal RTA (reviewed in [49]). However, sec-
ondary causes of distal RTA, including obstructive uropathy,
should be excluded (see Chapter 6). The diagnosis of distal
RTA can be established by documenting an inability to lower
urine pH below 5.3 either after ammonium chloride loading or
after furosemide (50). However, such extensive testing is rarely
necessary. In contrast, proximal or type 2 RTA is characterized

by renal bicarbonate wasting with a resetting of the threshold
for proximal tubular bicarbonate reabsorption. Because distal
nephron acidification is intact, affected patients are able to gen-
erate acidic urine. Type II RTA can rarely be transmitted in an
autosomal dominant or recessive manner or can occur in as-
sociation with urinary tract obstruction. Generalized proximal
tubular dysfunction (Fanconi’s syndrome) should be excluded.

Evaluation for RTA should include a urinalysis to examine
pH, to exclude glycosuria suggestive of Fanconi’s syndrome,
and to exclude other renal disease. Consideration should be
given to obtaining a urine calcium-creatinine ratio. Serum
phosphorus concentration is typically low in Fanconi’s syn-
drome, and hypophosphatemia should prompt more extensive
evaluation of proximal tubular function, including urine amino
acids and tubular reabsorption of phosphate as described in
the preceding text. A renal ultrasound should be obtained to
exclude obstruction and nephrocalcinosis. A thorough evalua-
tion should exclude other causes of growth failure, including
inadequate caloric intake or thyroid disease. Further metabolic
evaluation should be considered in children with an elevated
anion gap.

Urine Concentrating Capacity

Urinary concentrating capacity is relatively impaired in
younger as compared to older children. If the plasma osmo-
lality is increased to more than 290 mOsm/kg and the urine
is not concentrated, then a concentrating defect exists. Most
children pass concentrated urine first thing in the morning fol-
lowing sleep, and if the osmolality exceeds 800 mOsm/kg, no
further tests are required. If the child has frank polyuria and
polydipsia, water deprivation tests should be carried out during
the day with the child weighed at regular intervals and the test
terminated when the weight loss exceeds 5%. A plasma osmo-
lality can be obtained at this time to confirm that an adequate
stimulus for urine concentration has been achieved and desmo-
pressin (dDAVP) given intranasally to differentiate central from
nephrogenic diabetes insipidus. Normal children respond to a
standard water deprivation test by producing a urine osmo-
lality of 1,089 ± 110 mOsm/kg (51). To perform this test,
no fluid is allowed after 5 o’clock pm; the bladder is emptied
at 8 o’clock pm, all the urine passed overnight is collected,
and the osmolality is measured. Consideration should be given
to hospitalization of infants and very young children for wa-
ter deprivation testing. An alternative is to administer dDAVP
(20 μg intranasally; 10 μg for infants), but water intake should
then be controlled to avoid water intoxication. The magnitude
of the rise in urine osmolality with water deprivation depends
partly on the urea excretion and the daily protein intake. In-
fants on low-protein milk or human milk concentrate urine
less well, although the urine concentration of nonurea solutes
and the ability to conserve water are similar to those of older
children (52).

Plasma and Urine Electrolytes

Sodium

Hyponatremia does not generally imply a reduction in total
body sodium because plasma sodium concentration measure-
ment must be assessed in conjunction with extracellular fluid
(ECF) volume. The renal conservation of sodium is limited
in premature infants, and hyponatremia is common if sodium
supplements are not given. Extrarenal losses of sodium from
vomiting or diarrhea leading to hypovolemia also result in wa-
ter retention from increased antidiuretic hormone (ADH) secre-
tion. Hyponatremia is common in relapse of the nephrotic syn-
drome when intravascular volume depletion stimulates ADH
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secretion and thirst. In ARF, the continued intake of water
can lead to edema and dilutional hyponatremia, particularly
in neonates with unsuspected renal failure. The syndrome of
inappropriate secretion of ADH often is wrongly diagnosed in
the sick newborn, particularly in those with a respiratory prob-
lem who are maintained on artificial ventilation. The diagnosis
requires that the secretion of ADH be inappropriate with re-
gard both to the plasma osmolality and to the volume status of
the plasma and ECF in the presence of normal thyroid function.
Determination of the etiology of hyponatremia requires care-
ful assessment of sodium and water intake, the clinical signs of
ECF volume expansion or contraction, an estimation of renal
function and GFR from the plasma creatinine and blood urea,
and the analysis of urine sodium concentration and osmolality.

Hypernatremia is most often seen in the setting of dehydra-
tion when total body water losses exceed sodium losses (e.g.,
diarrhea). Hypernatremia also occurs in children with diabetes
insipidus in the setting of impaired fluid intake, either due to
lack of mobility or communication skills (as in infants) or with
intercurrent illness (e.g., vomiting). Excessive sodium intake
compared with water intake in infants with diarrhea or those
fed unmodified cow’s milk can cause hypernatremia; rarely, hy-
pernatremia results from failure of normal thirst control (53) or
from salt poisoning (54,55). Hypernatremia due to inappropri-
ate fluid prescription and abnormal thirst mechanism has been
reported in the hospital setting (56).

The 24-hour urine sodium excretion is simply a measure of
dietary intake and provides no other useful information in a
normal person or in the patient in chronic renal failure with
stable body composition. In ARF, the measurement of urine
sodium and urea concentration enables prerenal failure to be
distinguished from intrinsic renal failure. The fractional excre-
tion of sodium (FENa%), again calculated as a clearance ratio
on a random urine and plasma sample, provides the best dis-
crimination; in intrinsic renal failure it exceeds 5% in neonates
or 2.5% in older children:

FENa% = UNa
PNa

× Pc
Uc

× 100 [9]

where UNa, PNa, Uc, and Pc are the urine and plasma con-
centrations of sodium and creatinine, respectively.

Calcium and Phosphate

Approximately 50% of total plasma calcium is protein bound
and, in children who are dehydrated, this can cause an increase
in total plasma calcium without an increase in the physiolog-
ically important ionized fraction. Total plasma calcium mea-
surement should be corrected in children who have apparently
high values but who are dehydrated because of polyuria or
for other reasons by subtracting 0.09 mg/dL (0.0225 mmol/L)
for every 1 g/L by which the plasma albumin exceeds 46 g/L.
Hypercalcemia can cause a renal concentrating defect, leading
to an erroneous diagnosis of nephrogenic diabetes insipidus.
Urine calcium excretion varies with diet, exposure to sunlight,
and seasons, but the upper limit for normal is usually taken as
4 mg/kg per 24 hours or 0.25 mg of calcium per milligram of
creatinine (57).

Plasma inorganic phosphate concentration is higher in chil-
dren than in adults, particularly during the first year of life,
and thus is associated with a higher threshold for renal tubular
phosphate reabsorption (see previous text). The normal range
in infants is 3.7 to 8.6 mg/dL, falling to 3.4 to 5.9 mg/dL at
1 year, 3.6 to 5.0 mg/dL at 7 years, and 2.8 to 4.8 mg/dL af-
ter puberty (58). The upper limit for the solubility product for
calcium × plasma phosphorus is 60.0 (mg/dL × mg/dL) or 4.8
(mmol/L × mmol/L). It is important to monitor this parameter
when managing children with CRI.

Miscellaneous

The upper limit for the urinary oxalate–creatinine ratio
(mmol/mmol) falls from 0.26 before 1 year to 0.15 at 12 years
and 0.083 after 12 years of age. The mean (SD) plasma oxalate–
creatinine molar ratio is 0.033 (0.013) and is independent of
age and renal function (59). Urinary vanillylmandelic acid ex-
cretion also is better expressed as the creatinine ratio, and the
upper limit falls from 16.3 μmol vanillylmandelic acid per mil-
limole creatinine at 6 months to 13.7 at 6 years and 7.6 in older
children (60).

RENAL DISEASE IN THE FETUS
AND NEONATE

Neonatal Renal Problems

More than 90% of newborns pass urine within 24 hours, and
failure to do so within 48 hours is abnormal (61). Proteinuria
occurs in 20% of normal newborns, and a few red blood cells
occasionally are found in the urine (62). Renal pathology in this
age group most often relates to congenital abnormalities of the
urinary tract or to renal damage that occurs perinatally (63).
With the advent of routine prenatal ultrasonography, many
infants with identified renal tract anomalies can be delivered
at centers with appropriate pediatric renal care. In Table 79-3
are shown the relative prevalence of various congenital renal
anomalies.

Many congenital renal tract anomalies are sporadic, but in-
herited or syndromic abnormalities are well described (64). In
addition to identifying those cases that form part of a syn-
drome, the pediatric nephrologist’s role is to diagnose and re-
lieve urinary tract obstruction, diagnose renal impairment and
hypertension, identify conditions that lead to progressive renal
failure, promote normal growth of the infant, and prevent or
treat urinary tract infection (UTI) and hypertension.

Structural Abnormalities

Antenatal ultrasonographic examination of the fetus can detect
many structural renal anomalies, which occur at a frequency
of 15 infants per 10,000 live births. Ultrasonography can iden-
tify unilateral or bilateral renal agenesis, hypoplasia, dyspla-
sia, cystic disease, hydronephrosis, hydroureter, and abnormal
bladder, as well as abnormal renal shape (horseshoe kidney)
and position (ectopic pelvic kidney). It cannot diagnose uri-
nary tract obstruction, only dilation which may or may not
be associated with obstruction. More than 300 congenital syn-
dromes have been described that involve urinary tract anoma-
lies, and because many are inherited, current hypotheses of
renal tract maldevelopment involve genetic dysfunction in the
embryo. However, the etiology of renal structural anomalies is
likely multifactorial because many conditions occur only spo-
radically in families, and in general the risk to subsequent off-
spring is low. Environmental factors are known to contribute to
some anomalies (e.g., renal agenesis/hypoplasia in fetal alcohol
syndrome).

Bilateral renal agenesis affects 1 in 7,000 fetuses. Estimates
of unilateral renal agenesis vary from 1 in 500 to 1 in 3,200
(65), and these children have a normal life expectancy if their
single kidney is normal. Unilateral renal agenesis has a male
preponderance; this has been attributed to earlier differentia-
tion of the Wolffian duct, which takes place close to the time
of ureteric bud formation (66). Preexisting maternal diabetes
mellitus and maternal African American race have been shown
to be associated with renal agenesis (65). Approximately 5%
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of first-degree relatives of patients with bilateral agenesis have
unilateral agenesis, which suggests that the cause is either poly-
genic with a threshold-determining expression or multifactorial
with genetic and environmental influences.

Renal Dysplasia

Renal dysplasia is one of the most common congenital renal
malformations and on ultrasonography is characterized by loss
of normal corticomedullary differentiation and usually bright
echogenic kidneys. The association between dysplasia and
obstruction is important because the prognosis for renal func-
tion after surgical relief of the obstruction is affected by the
coexistent dysplasia. Dysplasia often arises from severe ob-
struction to urinary flow in utero, such as occurs with pos-
terior urethral valves in boys (67), prune-belly syndrome (68),
or severe VUR (69), or can be associated with specific syn-
dromes (e.g., Ivemark’s syndrome [70]). It may be unilateral or
bilateral, in which case it usually affects the kidneys asymmet-
rically and causes CRI early in childhood, often requiring re-
nal replacement therapy. Renal histologic investigation shows
developmental arrest, failure of differentiation, and the per-
sistence of fetal mesonephric structures (71). Primitive ducts
lined by columnar epithelium, nests of metaplastic cartilage,
fetal glomeruli, and cysts may be found. The association of re-
nal dysplasia and urinary obstruction and the abnormal tubular
anatomy results in abnormal tubular physiology. Fractional re-
absorption of sodium and bicarbonate in the proximal tubule
is reduced. Distal reabsorption of sodium and hydrogen ion ex-
cretion may be impaired, causing the neonatal kidney to have
an even higher fractional excretion of sodium. Chronic salt de-
pletion compromises growth and cognitive function, and hy-
pertension does not typically occur. Because urinary obstruc-
tion may damage the distal tubule and collecting ducts, urinary
concentration is reduced, leading to variable but obligatory
polyuria. These children require free access to oral fluids. De-
hydration and further renal impairment occur when these chil-
dren are deprived of fluid, such as occurs for hospital investi-
gations and anesthesia, or when increased extrarenal fluid and
electrolyte losses are present (e.g., vomiting, gastroenteritis).
Sodium wasting is treated with salt supplements, the dose be-
ing adjusted to maintain good growth, a normal plasma sodium
concentration, and normal blood pressure without clinical evi-
dence of excessive ECF volume. The metabolic acidosis usually
requires sodium bicarbonate supplements, 2 to 4 mmol/kg per
day. If significant chronic renal impairment is present, attention
to nutrition, which may require tube feeding to supply sufficient
calories, and secondary hyperparathyroidism is needed (see
subsequent text). The physician should be aware that growth
may be compromised in these children with renal dysplasia,
which does not depend solely on degree of renal impairment.

If urinary obstruction is present then this must be relieved.
A marked postoperative increase in urine production and salt
loss may occur because of the reduced proximal tubular reab-
sorption of sodium and poor urinary concentrating ability of
the dysplastic kidney. The consequent reduction in ECF further
compromises renal perfusion and GFR, so careful postopera-
tive fluid balance should be maintained and fluid prescription
increased to anticipate the increased natriuresis and diuresis.
Renal adaptation with reduction in polyuria may take days or
even weeks to occur.

The multicystic dysplastic kidney constitutes a form of re-
nal dysplasia where the kidney has multiple cysts associated
with an atretic ipsilateral ureter. Bilateral disease is associated
with absence of renal function and is incompatible with life.
Unilateral disease occurs in 1 in 4,300 live births. The uni-
lateral multicystic dysplastic kidney typically undergoes pro-
gressive atrophy during the first 2 years of life; however, some

are very large at birth and may require surgical excision. Such
kidneys are only rarely associated with hypertension. Renal
ultrasonography in this setting demonstrates multiple non-
communicating cysts of varying size with no identifiable renal
parenchyma. A renal scan will document lack of function of
the affected kidney. Up to 30% of contralateral kidneys have
abnormalities including VUR, obstruction, or dysplasia, a void-
ing cystourethrogram should and be routinely obtained in such
patients. The small risk of hypertension and equally rare inci-
dence of malignant change contributed to routine nephrectomy
of the multicystic dysplastic kidney in the past. However, more
recent studies suggest that conservative management is associ-
ated with minimal risk, and it has been suggested that affected
children can receive annual clinical follow-up and routine renal
ultrasonography at 2, 5, and 10 years of age (72). Nephrec-
tomy should be considered for children with significant mass
effect, as can be particularly seen with preterm infants, or in
the setting of hypertension, increasing cyst size, or an increasing
stromal component suggestive of possible malignant transfor-
mation. Although nephrectomy obviates medical observation,
the anesthetic risk is comparable to the medical complication
risk (73).

Congenital Hydronephrosis

Antenatal hydronephrosis is the most common condition de-
tected by prenatal ultrasonography, being observed in 1:100
to 1:500 studies (74). However, approximately 20% of ab-
normalities observed in utero are not present postnatally (75).
Although there is consensus that follow-up renal and bladder
ultrasonography should be performed on these neonates, ex-
perts debate the timing. Early scans within 48 hours (when the
child may be dehydrated and have a lower GFR) may underes-
timate hydronephrosis. Late scans performed at 7 to 10 days
increase sensitivity but risk noncompliance and loss to follow-
up. Thus far, studies have shown no difference in outcome
with early versus late scans (76). It is generally recommended,
however, that the postnatal renal ultrasound be obtained soon
after birth in children with moderate-to-severe prenatal hy-
dronephrosis. A voiding cystourethrogram (VCUG) should be
obtained on all infants with antenatal hydronephrosis to ex-
clude vesicoureteral reflux, urethral valve position, or divertic-
ular disease in the bladder, even if the postnatal ultrasound is
normal (77). Until the VCUG confirms no reflux, prophylactic
therapy should be initiated with amoxicillin (10 mg/kg per day)
(74). 99mTc-MAG3 scanning should be considered to exclude
obstruction to evaluate differential renal function. In general,
in the absence of hydronephrosis, a solitary kidney, or sus-
pected posterior urethral valves, the nuclear renal scan can be
deferred until the first 4 to 6 weeks of life. Functional scans are
best performed after 1 month of age when renal concentrating
ability has matured.

Common obstructive causes of postnatal hydronephro-
sis include ureteropelvic junction (UPJ) obstruction (44%),
ureterovesical junction obstruction (21%), multicystic dysplas-
tic kidney, ureterocele/ureteral ectopia, duplex collecting sys-
tem (12%), posterior urethral valves (9%), and, less commonly,
urethral atresia, sacrococcygeal teratoma, and hydrometrocol-
pos (78). Nonobstructive causes include VUR (14%), physio-
logic dilation, prune-belly syndrome, renal cystic disease, and
megacalycosis.

Indications for and timing of surgical intervention for UPJ
obstruction remains somewhat controversial. It has been ar-
gued that up to 85% of infants with prenatally detected hy-
dronephrosis do not have true urinary tract obstruction and
thus will improve spontaneously (79–81). Whether early sur-
gical intervention significantly alters renal function is also de-
bated (82–85). It has been suggested that those children with
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severe renal impairment on initial 99mTc-MAG3 scanning
(<20% differential function) are unlikely to have significant
recovery of function postpyeloplasty (86). Proposed criteria
for pyeloplasty for UPJ narrowing include differential GFR
less than 35%, severe hydronephrosis (>2.5 cm anteroposte-
rior diameter), or deteriorating renal function of 10% or more
in the affected kidney. Infants born with mild hydronephro-
sis (<1.5 cm anteroposterior diameter) are not likely to be-
come obstructed. However, such children should be monitored
with serial imaging studies because significant deterioration in
the hydronephrosis occasionally may occur despite initial good
prognostic features.

Bilateral hydronephrosis, particularly in male infants,
should be more urgently investigated and treated. The pres-
ence of antenatal oligohydramnios and prematurity correlates
with a poor postnatal renal outcome (87). However, antenatal
renal ultrasonography is unreliable in predicting renal function
postnatally (88,89). In addition to prophylactic antibiotics on
day 1, plasma creatinine should be measured frequently in the
first week of life to document the expected decrease in value
or identify renal impairment if present. Renal ultrasonography
with bladder views to measure bladder volume and wall thick-
ness, prevoiding and postvoiding, together with micturating
cystourethrography should be obtained within the first week
to diagnose posterior urethral valves or VUR. Urgent investi-
gation is indicated if renal impairment is present. If posterior
urethral valves are present, continuous bladder drainage via
urethral or suprapubic catheter is necessary until a pediatric
urologist carries out cystoscopic resection of the valves or vesi-
costomy. Alternatively, if VUR is not responsible for the bilat-
eral hydronephrosis, early 99mTc-MAG3 scanning should be
performed in an attempt to document differential GFR of each
kidney and any degree of urinary obstruction. In children with
spina bifida, early bladder videourodynamics should be per-
formed rather than delayed to document the degree of bladder
dysfunction, because significant renal damage may occur from
high-pressure VUR and infection.

Acute Renal Failure

The newborn’s kidneys are at risk for development of ARF
because of perinatal asphyxia, low GFR, renal vasomotor con-
striction, and intravascular volume depletion. Consequently,
acute tubular necrosis or infarction (acute cortical necrosis)
may develop in up to 8% of neonates in intensive care (90). It
has been suggested that a persistent rise in plasma creatinine
greater than 1.5 mg/dL (approximately 130 μmol/L), corre-
sponding to a decrease in GFR to less than 50% of normal,
be used for the definition of ARF in the newborn (90,91).
Although ARF may be characterized by oliguria (<1 mL/
hour/kg body weight), polyuric ARF commonly occurs par-
ticularly with congenital abnormalities of the renal tract and
drug toxicity (aminoglycosides, antifungals); fractional excre-
tion of sodium sometimes may be misleading in differentiating
these two causes. The most common clinical feature of ARF
in newborns is edema, owing to continued normal fluid intake
in the presence of unrecognized oliguria. In contrast, edema is
not generally present in polyuric ARF, which may instead be
characterized by volume and sodium depletion.

As in adults, ARF in the newborn may be attributed to
prerenal, intrinsic, or postrenal causes. Intrinsic ARF due to
acquired renal diseases, such as glomerulonephritis or inter-
stitial nephritis, is quite rare in the neonatal period. There-
fore, in the neonate, intrinsic ARF is usually synonymous
with acute tubular necrosis. Infants born with congenital heart
disease also are more prone to development of ARF, caused
either by heart failure or the effects of cardiac surgery (92,93).
Maternal ACE inhibitor therapy can cause renal tubular dys-
plasia or ARF in the newborn (94,95). Predicting which in-

fants are at risk for development of neonatal renal failure
from perinatal asphyxia in the intensive care unit may be as-
sessed in a number of ways: by measuring plasma or urine
myoglobin, retinol-binding protein excretion (96), or asphyxia
scores (97). Appropriate fluid restriction and salt balance can
then be achieved before fluid overload and hyponatremia occur.
Congenital chronic renal failure can mimic ARF in the newborn
period, due to acute loss of maternal homeostatic mechanisms
with delivery of the infant. Imaging studies may be helpful
to differentiate these processes and to exclude renal vascular
thrombosis.

Rapid correction of prerenal causes of ARF remains
paramount for treating and avoiding prolonged renal dysfunc-
tion in neonates. Congenital obstruction and structural renal
abnormalities such as dysplasia, hypoplasia, or agenesis should
be excluded by ultrasonographic examination of the urinary
tract, and a cystourethrogram usually is appropriate if hy-
dronephrosis/hydroureter is demonstrated. Pulmonary edema
should be prevented by positive-pressure ventilation, and aci-
dosis should be corrected with intravenous sodium bicarbonate
by initial half correction only of the metabolic acidosis to avoid
precipitating intraventricular hemorrhage by use of excessively
hyperosmolar solutions. Hyperkalemia should be treated with
correction of any acidosis nebulized albuterol, intravenous 2%
calcium gluconate, and glucose and insulin. The use of oral or
rectal cation exchange resins may be complicated by bowel ob-
struction or perforation and thus are preferably not used in sick
newborns already at risk for necrotizing enterocolitis. Dietary
sodium intake should be about 1 mEq/kg per day in babies
who are anuric or severely oliguric. In contrast, babies with
polyuric ARF may have large urinary sodium losses of up to
10 mEq/kg per day and thus require significant sodium replace-
ment. Adequate nutritional intake should be provided without
causing volume overload. Supportive therapy with provision of
large numbers of calories by high-concentrate dextrose intra-
venous infusions and parenteral nutrition and antibiotics for
infection may be needed if control of the catabolic state and
metabolic disturbance is to be achieved. Other factors acting on
renal blood flow such as angiotensin II, endothelin I, and nitric
oxide appear important in maintaining GFR in the neonatal
kidney (98–100), and therapeutic intervention in these areas
may become possible in the future.

Renal Artery Thrombosis

Renovascular complications and abnormalities in renal blood
flow commonly occur in neonates, particularly in the clinical
setting of intensive care for premature infants. Umbilical artery
catheters, which are commonly used in sick newborns, may
cause aortic intimal damage, mural clot formation and propa-
gation, or embolism. If the tip of the catheter is placed above or
around the orifices of the renal arteries, there is a significant risk
of renal artery thrombosis or embolism. Depending on the de-
gree of occlusion of the artery and on whether the main artery
or only interlobular arteries are involved, the resulting renal
ischemia can produce focal parenchymal scarring or complete
infarction. Affected infants can present with hematuria, cardio-
vascular instability, collapse, shock or hypertension, renal im-
pairment, anemia, or thrombocytopenia. A palpable renal mass
may be present, and if the aorta also is thrombosed, the femoral
pulses become impalpable and leg circulation is poor, charac-
terized by gray, mottled skin. Urgent Doppler ultrasonography
of the aorta, inferior vena cava, and renal arteries and veins is
required together with arteriography to confirm the diagnosis.
Intraaortic injection of a bolus of tissue plasminogen activa-
tor followed by a 24-hour infusion may dissolve the clot and
salvage renal tissue and function (101–103). Although renal
perfusion may recovery sufficiently to avoid long-term renal
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replacement therapy, end-stage renal disease (ESRD) usually
results if bilateral involvement was present initially.

Renal Venous Thrombosis

This condition usually occurs within a few days of birth in in-
fants with perinatal asphyxia and in infants of diabetic moth-
ers, or later in infants with severe dehydration or nephrotic
syndrome. A predisposing coagulopathy may be present such
as factor V (Leiden) mutation, protein S or C deficiency, or a
maternal hypercoagulation state such as anticardiolipin syn-
drome (104,105). Such underlying diseases predisposing to
thrombosis probably are more common than has been pre-
viously recognized, with new mutations in many coagulation
factors being recently described.

Renal venous thrombosis commences in the small venous
tributaries of the renal cortex or medulla and propagates to
the main renal vein; it may affect one or both kidneys and
may produce inferior vena cava obstruction. The classic diag-
nostic triad of flank mass, gross hematuria, and thrombocy-
topenia occurs in less than 15% of cases (106). Other signs
and symptoms in the infant with renal venous thrombosis can
include cardiovascular collapse, anemia, hyperosmolality and
acidosis, oliguria, and renal impairment. Clinical management
entails resuscitation of the infant’s circulation, correction of
acidosis that still persists once the cardiovascular volume has
been restored, monitoring of coagulation parameters and fluid
intake and output, and ultrasonography of the renal veins and
inferior vena cava to document the extent of the thrombosis.
Controlled trials of anticoagulation for unilateral or bilateral
renal venous thrombosis, with or without inferior vena cava in-
volvement, are lacking. Anticoagulation with heparin with or
without tissue plasminogen activator is required for bilateral
disease and significant extension of clot into the lumen of the
vena cava (107,108); such agents should be used with caution
in the preterm infant, who is at increased risk for intraven-
tricular hemorrhage (108). Surgical thrombectomy is rarely re-
quired (109) but if undertaken should be followed after 10 days
with oral anticoagulation using coumarin derivatives. Full an-
ticoagulation may be required for longer periods. Dialysis may
be required for bilateral renal involvement to correct the acido-
sis and metabolic and electrolyte disturbances. Although renal
vein thrombosis in neonates is associated with low mortality,
long-term follow-up shows an increased incidence of renal at-
rophy and hypertension (106,110,111).

RENAL DISEASE IN INFANCY AND
CHILDHOOD

Genetic Renal Disease

Genetic kidney disease more commonly presents in children
than in adults, although there are notable exceptions (e.g., au-
tosomal dominant polycystic disease). Renal diseases due to
genetic causes are recognized throughout childhood and have
become an important area of clinical practice because increas-
ingly more young children, even fetuses, are diagnosed with
genetic disease by specialists in fetal medicine, geneticists, and
pediatric nephrologists, with the latter being consulted about
management of the postnatal kidney dysfunction.

Inherited Ion Transport Disorders

Although inherited disorders of ion transport are extensively
reviewed elsewhere (Chapters 4 and 5), it is important to briefly
review their features here, as these conditions may present in

infancy or early childhood. Bartter syndrome is associated with
salt-wasting, hypokalemia, and alkalosis, and is often appar-
ent early in life as chronic volume contraction results in failure
to thrive. Laboratory features resemble those observed with
chronic loop diuretic use. Several genetic mutations have been
identified in patients with Bartter syndrome, all of which re-
sult in direct or indirect suppression of sodium entry through
the bumetanide-sensitive sodium-potassium-2 chloride (Na-K-
2Cl) cotransporter (112–119). The neonatal form, character-
ized by polyhydramnios, premature delivery, life-threatening
episodes of fever and dehydration during the early weeks of life,
growth retardation, hypercalciuria, and early onset nephrocal-
cinosis, is now known to result from mutations in two genes,
including Na-K-2Cl and the adenosine triphosphate–sensitive,
inwardly rectifying potassium channel (ROMK). In contrast,
older children presenting with classic Bartter syndrome with
symptoms of polyuria and failure to thrive but no nephrocalci-
nosis have either deletions or mutations at the gene encoding a
renal chloride channel (ClC-Kb). Sensorineural deafness is seen
in Bartter patients with mutations in Barttin, which is an es-
sential subunit of chloride channels in the inner ear (120). The
treatment of Bartter syndrome usually includes potassium sup-
plementation, potassium-sparing diuretics, and nonsteroidal
anti-inflammatory drugs.

In contrast to Bartter syndrome, Gitelman syndrome is not
typically symptomatic in infancy. Affected patients exhibit fea-
tures resembling chronic thiazide use, with sodium and potas-
sium wasting, hypomagnesemia, and hypocalciuria. Mutations
in the distal nephron sodium chloride cotransporter (NCC) are
responsible for this condition (121–124). Treatment includes
potassium supplementation, potassium-sparing diuretics, and
magnesium supplementation.

Cystinosis

Cystinosis is the most common cause of Fanconi’s syndrome in
children. It is an autosomal-recessive disease characterized by
the abnormal accumulation of the amino acid cystine in lyso-
somes of all tissues due to a defective cystine transporter pro-
tein. The gene responsible for nephropathic cystinosis, CTNS
on chromosome 17p, encodes for a 367–amino acid transmem-
brane protein called cystinosin (125). A common major dele-
tion underlies most affected patients in Europe; other muta-
tions have been reported (e.g., in Canadian patients of Irish
ancestry and in intermediate cystinosis in adults; see Chapter
20).

Typically, cystinosis is a multisystem disease causing fail-
ure to thrive, dehydration, polyuria and polydipsia, vomiting,
constipation, Fanconi’s syndrome, and renal impairment in in-
fancy. Fanconi’s syndrome results in excessive urinary losses
of low-molecular-weight protein, glucose, amino acids, phos-
phate, calcium, magnesium, sodium, potassium, bicarbonate,
carnitine, and water. Affected children may be erroneously
diagnosed with nephrogenic diabetes insipidus or diabetes mel-
litus due to polyuria and recurrent episodes of volume deple-
tion. Chronic acidosis contributes to failure to thrive. Phospha-
turia can result in hypophosphatemic rickets with metaphyseal
widening, rachitic rosary, genu valgum, and elevated serum al-
kaline phosphatase. The hallmark of this disease is the accumu-
lation of cystine in nearly all tissues, including kidneys. Corneal
accumulation of cystine crystals leads to photophobia begin-
ning in mid-childhood. Crystal storage in the thyroid causes
hypothyroidism at an average age of 10 years (126). Feed-
ing dysfunction including reflux, dysmotility, and swallow-
ing abnormalities, is common (127–129), further contributing
to impaired growth in this condition. Cognitive dysfunction
with impaired visual and spatial abilities is common, even in
heterozygous siblings who do not manifest other features of
the disease (130). Serum creatinine is typically only mildly
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elevated in infancy and early childhood. However, untreated,
the tubulopathy progresses to chronic interstitial disease and
glomerular necrosis with ESRD occurring at a median age of
9.2 years (131).

The diagnosis is made by measurement of leukocyte cys-
tine content. Prenatal diagnosis is available through testing
of amniotic fluid (132) or chorionic villus samples (133).
Supportive treatment includes replacement of tubular fluid
and solute losses, and affected patients require increased
free water intake as well as supplementation with sodium-
potassium citrate or sodium bicarbonate, sodium phosphate,
1,25-dihydrotachysterol, and possibly carnitine. Close atten-
tion to growth and nutritional needs is critical, and many cen-
ters now recommend placement of a gastrostomy tube to ensure
adequate nutritional intake and compliance with the multiple
required medications. Hypothyroidism should be treated ap-
propriately. Although cystinosis is not associated with growth
hormone deficiency, the administration of recombinant growth
hormone to affected children has been shown to be of benefit
(134).

Specific treatment involves depletion of intralysosomal cys-
tine with cysteamine and related compounds to form mixed
disulfides that are capable of being transported from the lyso-
some (135). Such treatment has been shown to slow the pro-
gression of renal insufficiency and thyroid disease in this con-
dition (136–138). Specifically, chronic cysteamine therapy has
shifted the point at which serum creatinine reaches 10 mg/dL
from around 10 to 23 years of age (137). Corneal crystals do
not respond to oral cysteamine but instead require topical treat-
ment (139,140).

Patients with renal failure are candidates for peritoneal
dialysis, hemodialysis, or renal transplantation. Cystine ac-
cumulates in renal allografts but does not cause functional
abnormalities. It has been suggested that posttransplantation
diabetes mellitus occurs at increased frequency in patients with
cystinosis (141,142). Ongoing cysteamine treatment posttrans-
plantation is indicated to prevent other systemic manifestations
of this disease. With improved survival due to advancements in
renal replacement therapy, it has become apparent that cysti-
nosis is associated with severe neurologic sequelae, including
cerebral atrophy, pyramidal signs, difficulties with speech, cere-
bellar ataxia, and pseudobulbar palsy (143,144). Further stud-
ies are needed to determine whether such neurologic deficits
can be prevented.

Congenital Nephrotic Syndrome

Nephrotic syndrome in childhood can be attributed to a variety
of primary and secondary causes, including inherited disease,
infection, vasculitis, and exposure to toxic drugs or heavy met-
als. It is clinically useful to describe nephrotic syndrome in
children by the age at presentation, with congenital nephrotic
syndrome (CNS) occurring in children within the first 3 months
of life, infantile nephrotic syndrome with onset between 4 and
12 months of age, and childhood nephrotic syndrome with
onset after one year of age. In general, children who present
with nephrotic syndrome very early in life tend to have a worse
long-term prognosis than those presenting later in infancy or
childhood.

Although typical causes of childhood nephrotic syndrome
including minimal change disease, focal segmental glomeru-
losclerosis, and mesangial nephropathy can manifest in chil-
dren at any age, these conditions typically have their onset later
in life. Other important causes of primary CNS include CNS
of the Finnish type (CNF), diffuse mesangial sclerosis (DMS),
and membranous nephropathy. Causes of secondary CNS in-
clude infections (toxoplasmosis, syphilis, hepatitis B or C, HIV,
malaria, cytomegalovirus, or rubella), syndromes (nail-patella

syndrome, Lowe syndrome, Galloway-Mowat syndrome, etc.),
systemic lupus erythematosus (SLE), or toxic mercury expo-
sure.

It is now known that CNF is associated with mutations in
both the NPHS1 and NPHS2 genes (145). These genes encode
the proteins nephrin and podocin, respectively. These proteins
are expressed in podocyte foot processes, and their interaction
appears to be important in the maintenance of the glomerular
filtration barrier. CNF is characterized histologically by mesan-
gial hypercellularity and sclerosis, glomerular immaturity, and
tubular cystic damage. Characteristic histologic changes may
not be apparent until 3 to 8 months of age. Clinically, the con-
dition is characterized by elevations in maternal serum and
amniotic fluid α-fetoprotein concentration and increased pla-
cental weight greater than 25% of the infant’s birth weight.
Severe proteinuria with generalized edema is apparent im-
mediately after birth in 25% of children, with more than
90% of affected children manifesting severe proteinuria within
one week of birth (146). Hypoalbuminemia is typically severe
(<1 g/dL), and albumin infusions and diuretics are needed rou-
tinely. Close nutritional follow-up is indicated. Urinary losses
of immunoglobulin G result in increased risk of serious bacte-
rial infections, particularly with encapsulated organisms such
as pneumococci (147). Urinary losses of antithrombin III are
associated with increased risk of thrombosis, including renal
vein thrombosis (148).

Early mortality was common prior to the era of modern
medicine. With supportive treatment, prolonged survival is
possible in affected patients, although the majority of patients
progress to ESRD by school age (146). The condition is re-
sistant to steroids and other immunosuppressive drugs. Early
bilateral nephrectomy with continuous cyclic peritoneal dialy-
sis was commonly recommended prior to the development of
ESRD in order to ameliorate complications of nephrotic syn-
drome (149). However, more recent reports suggest that med-
ical management (ACE inhibition, prostaglandin synthase in-
hibition) and unilateral nephrectomy result in improved serum
albumin concentration, decreased need for albumin infusion,
maintained growth, and delay of second nephrectomy and re-
nal replacement therapy until after 2 years of age (150). Renal
transplantation has been successful in many patients. However,
the main risk posttransplantation is recurrence of nephrotic
syndrome, which affects up to one-fourth of patients (151)
and has been attributed in several cases to the presence of anti-
nephrin antibodies (148,151–154).

Diffuse mesangial sclerosis, in which glomerulosclerosis is
not accompanied by mesangial hypercellularity, may occur in
isolation or be associated with the Denys-Drash syndrome of
male pseudohermaphroditism (XY gonadal dysgenesis) (155)
and the nephrotic syndrome presenting in infancy. Mutations
in the tumor suppressor gene WT-1, which is known to play a
role in podocyte embryogenesis, have been reported in both
(156–158). Diffuse mesangial sclerosis progresses to ESRD
over months to a few years. Maternal or amniotic α-fetoprotein
concentrations are not elevated in diffuse mesangial sclerosis,
in contrast to congenital nephrotic syndrome of the Finnish
type.

Other Inherited Nephrotic Syndromes

NHPS2 on chromosome 1q25-31, which causes autosomal re-
cessive steroid-resistant nephrotic syndrome, has been mapped.
Its relationship with other nephrotic syndromes, congenital
or otherwise, is unknown, but NPHS2 is expressed in the
podocytes of fetal and mature glomeruli, and encodes the inte-
gral membrane protein, podocin, belonging to the stomatin
protein family (159). Autosomal dominant focal segmental
glomerulosclerosis has been linked to polymorphic markers on
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chromosomes 1q25-31, 11q22-24, and 19q13 in three differ-
ent affected families (160–162). The gene located at 19q13 en-
codes α-actinin-4, an actin-binding and cross-linking protein
localized to podocytes (162). It has been proposed that muta-
tions in this gene cause increased binding of α-actinin to actin
filaments and thus disrupt the function of the podocyte. Clearly,
the common clinical features of the nephrotic syndrome belie
a heterogeneous group of disorders, many of which will have
a genetic basis in children.

Hematuria

Microscopic hematuria is found in approximately 1% to 2%
of school-aged children with decreasing prevalence with re-
peated examination (163). Diseases causing hematuria in chil-
dren are listed in Table 79-4, and care should be taken not to
miss conditions that mimic hematuria. Initial evaluation should
include a careful history and physical examination, plasma cre-
atinine, complete blood count, serum C3 complement, urine
microscopy with consideration of culture, urine protein esti-
mation, urine calcium-creatinine ratio (164), and renal ultra-
sonography. Consideration should also be given to obtaining
antinuclear antibodies, antineutrophil cytoplasmic antibodies,
antistreptolysin titer concentration, and sickle cell preparation
in the appropriate clinical settings. In contrast to adults, cys-
toscopy rarely is necessary unless the history suggests a blad-
der or urethral problem and urine examination reveals lower
tract red blood cells (see Chapter 10). The family history is
important and the urine of all first-degree relatives should be
tested to exclude a familial cause such as autosomal domi-
nant thin glomerular basement membrane disease or Alport
syndrome.

Most children with isolated microscopic hematuria do
well, and extensive investigations, including renal biopsy, do
not reveal serious disease and are not indicated. Prediction
of long-term prognosis from screening of school children for
hematuria is not possible and probably not worthwhile (165).
Meanwhile, associated significant proteinuria is an indication
for renal biopsy.

Idiopathic hypercalciuria has been recognized since 1981
as a cause of both micro- and macroscopic hematuria in child-
hood (166,167). This condition occurs in the setting of normal
serum calcium concentrations and has been attributed to both
urinary leak of calcium (renal hypercalciuria) and increased

TA B L E 7 9 - 4

CAUSES OF HEMATURIA IN CHILDREN

Infections, including bacterial or viral cystitis or tuberculosis
Benign familial hematuria/thin glomerular basement

membrane disease
Acute or chronic glomerulonephritis
Trauma
Idiopathic hypercalciuria or nephrolithiasis
Tumors
Meatal ulcers
Hematologic disorders, including sickle cell trait or disease

and hemophilia
Systemic diseases (e.g., bacterial endocarditis and systemic

lupus erythematosus)
Urologic malformations including ureteropelvic junction

obstruction
Drugs

gastrointestinal absorption of calcium (absorptive hypercalci-
uria). There is frequently a family history of urolithiasis. It
has been suggested that hematuria is the result of irritation
of the urinary tract epithelium by microcalculi. Children can
be asymptomatic or may complain of dysuria, renal colic, or
suprapubic discomfort. Treatment involves increased fluid in-
take to improve urinary solubility of calcium. Thiazide diuret-
ics should be considered for children with significant symptoms
or associated urolithiasis.

Glomerulonephritis

Glomerulonephritis in childhood can be associated with the
acute nephritic syndrome, gross or microscopic hematuria with
or without proteinuria, hematuria with nephrotic syndrome,
and acute and chronic renal failure. As in adults, the clini-
cal syndrome does not always predict the pathologic process,
and the long-term prognosis is related primarily to the patho-
logic process (see Chapter 71). Renal biopsy is still under-
taken primarily for diagnostic purposes but is not necessary
in all children with glomerulonephritis, particularly in cases
of postinfectious glomerulonephritis with reasonable renal
function.

Postinfectious Glomerulonephritis

Postinfectious glomerulonephritis in developed countries is
seen most commonly following acute pharyngitis with group
A streptococci or impetigo due to staphylococci or strepto-
cocci. The typical presentation includes acute onset of gross
hematuria within 7 to 21 days of streptococcal pharyngitis
or 14 to 28 days of bacterial skin infection, often with as-
sociated proteinuria, hypertension, and mild azotemia and re-
nal insufficiency. Other infectious agents can also cause this
condition (Chapter 58). Serum C3 complement concentration
is typically depressed, returning to normal levels within 4 to
6 weeks following acute presentation. Failure of the serum
complement concentration to normalize within this time-
period should raise concern for underlying membranoprolif-
erative glomerulonephritis or SLE with associated nephritis.
Gross hematuria and proteinuria typically resolve over several
weeks although microscopic hematuria may persist for more
than one year following acute presentation. Most children with
postinfectious glomerulonephritis recover fully. However, par-
ticular concern should be directed toward those children who
have ARF or nephrotic syndrome at presentation as well as
older children.

Henoch-Schönlein Purpura Nephritis

Henoch-Schönlein purpura (HSP) was first described by Heber-
den. Later, Schönlein described the typical rash and the joint
pains, and Henoch then recognized the association of gas-
trointestinal involvement and nephritis. HSP affects 13.5 per
100,000 children per year (168) and can occur at any age
(see Chapter 61), but is most common in children ages 2 to
8 years; boys are affected more frequently than girls. The di-
agnosis is made principally from the evolution and appear-
ance of the rash, which in its typical form is not to be con-
fused with any other condition. The generalized vasculitis af-
fects skin (including nonpurpuric areas), the capsules of the
joints, the gastrointestinal tract, and the glomerular capillar-
ies. The pathognomonic feature on renal biopsy is mesangial
deposition of IgA-containing immune complexes. The similar-
ity of IgA nephropathy and HSP nephritis has been noted (see
Chapter 61), and identical twins have been described, one with
IgA nephropathy and the other with HSP (169). Hyperten-
sion in HSP without urinary abnormalities has been reported
(170).
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The cause of HSP is unknown, but many cases appear to
follow infections such as group A streptococcal pharyngitis
or viral infections. The C4 null genotype (171) and major
histocompatibility antigen (human leukocyte antigen [HLA])
alleles DRB1*01 and DRB1*11 have been associated with
the development of HSP, with or without nephritis, whereas
DRB1*07 appears to be protective (172). Most children with
HSP make a full recovery after 1 to 3 months, but during this
period recurrent episodes of purpura may occur in up to one-
third of patients. Significant renal involvement is seen in 20%
to 60% of cases. In some patients, recurrences continue for
months or years, and these patients cause particular concern
because of the risk of serious renal involvement. However, less
than 10% of children reach ESRD (173).

Approximately one-third of children with HSP have abnor-
mal urinary sediment for more than 1 month after the onset of
the disease (174). The prognosis usually is good, even for chil-
dren with persistent urinary abnormalities, but children with
combined nephritic and nephrotic syndrome, heavy protein-
uria, crescentic glomerulonephritis involving more than 50%
of glomeruli, or renal impairment at presentation are at greater
risk for development of chronic renal failure (see Chapter 71)
(168,173). Abnormal urine sediments may be found for some
years before finally disappearing, and such children must be
followed with every-third-month determinations of blood pres-
sure, plasma albumin, and serum creatinine. Late deterioration
may occur and is not easily predicted based on clinical features
or biopsy findings for an individual.

Children with HSP who present with a combined nephrotic
and nephritic syndrome tend to have more severe renal le-
sions on biopsy and fare less well. The presence of intersti-
tial disease with tubular atrophy is a bad prognostic sign for
long-term outcome, as is a mesangiocapillary type appearance
of the glomerulonephritis. There is some evidence that inten-
sive immunosuppression with high-dose intravenous methyl-
prednisolone (175) followed by prednisolone and azathioprine
(176) (combined with plasmapheresis if necessary [177–179])
alters the poor prognosis in children with severe HSP crescen-
tic nephritis [179,180]. Therapy with methylprednisolone, cy-
clophosphamide, dipyridamole, and prednisolone for 3 months
also is effective in severe HSP glomerulonephritis (181). There
is no evidence to support early use of prednisolone to prevent
development of nephritis in children with HSP (182).

Other Glomerulonephritides in Childhood

The clinical and histologic features of membranoproliferative
glomerulonephritis in children are similar to those in adults, but
treatment with prolonged moderate-dose steroids produces a
better outcome in children than adults (183,184). The progno-
sis of membranous nephropathy is also better in children than
in adults. A detailed description of glomerulonephritis can be
found elsewhere in this text (Section IX).

Symptomless Proteinuria

Isolated mild, persistent proteinuria is prevalent in approxi-
mately 2% to 4% of children (185) and, in the absence of other
evidence of renal disease is often benign. Orthostatic protein-
uria has an excellent prognosis. Its diagnosis should be made or
excluded before planning more invasive investigations. Heavy
proteinuria of greater than 1 g/1.73 m2 per 24 hours, even in the
absence of other evidence of renal disease, should prompt con-
sideration of renal biopsy because unexpected renal lesions may
be discovered. Significant hematuria in the presence of protein-
uria is generally an indicator for renal biopsy because children
with serious forms of idiopathic glomerulonephritis such as
epithelial crescentic nephritis, mesangiocapillary or membra-

noproliferative glomerulonephritis, and focal segmental scle-
rosis may present in this way.

Nephrotic Syndrome

Most children with nephrotic syndrome have minimal change
disease, which nearly always responds to steroids with reso-
lution of the proteinuria, and has an excellent prognosis even
if recurrent relapses occur into adult life (186). The main in-
dication for renal biopsy, therefore, is if steroid resistance is
present at the onset or develops later. A trial of prednisone or
prednisolone before biopsy at a daily dose of 60 mg/m2 BSA or
2 mg/kg body weight for 4 weeks usually is advised except in
children in whom suspicion of more serious disease is raised by
factors such as age or a low C3 complement. Although some
children with focal glomerulosclerosis who respond to steroids
are missed by this policy, this does not present a problem be-
cause the prognosis in such children is often good (see Chap-
ter 71). More recently, some have advocated genetic screen-
ing for mutations associated with steroid resistance at initial
presentation in order to avoid unnecessary steroid exposure
(187).

In the absence of such screening, the subsequent clinical
course of the nephrotic syndrome can generally be predicted
from the initial response and the relapses in the first 6 months
of the disease. Steroid resistance with the first course of pred-
nisolone and heavy proteinuria in the first 6 months favor pro-
gression to ESRD in 21% to 35% of patients (188). Three re-
lapses within the first 6 months after responding to the initial
steroid therapy predicts that the child will continue to relapse
frequently (189). It has been suggested that the risk of subse-
quent relapse can be decreased by extending the initial course
of steroid treatment. The prevalence of frequently relapsing
disease during 2 years of observation in steroid-responsive chil-
dren may be reduced from 50% to 27% by giving a weaning
course of alternate-day steroids over an additional 4 months
after the initial 8- to 10-week therapy (190,191).

Most steroid toxicity in children with steroid-sensitive
nephrotic syndrome is caused by frequent relapses that re-
quire high-dose treatment. Once a child has been identified as
a frequent relapser, several therapeutic options exist. A dose of
alternate-day prednisolone may be given in the morning, which
maintains remission without steroid toxicity (up to 0.5 mg/kg
on alternate days), and the child maintained on treatment for a
year before trying to discontinue the steroid therapy again by
slowly weaning the dose (192). Levamisole 2.5 mg/kg on alter-
nate days has been reported to be a useful adjunct in treatment
of this condition, although success has been variable (193). Cy-
clophosphamide (194) or chlorambucil (195) at limited cumu-
lative doses is often helpful in those children who demonstrate
steroid dependence. However, the risks associated with use of
such agents, including secondary malignancy and subsequent
infertility, must be considered in each case. Alkylating agents al-
low withdrawal of all medication with a risk of relapse of 45%
at 2 years; however, approximately 15% are cured (196). Long-
term cyclosporine at doses of 4 to 5 mg/kg per day effectively
maintains remission for 2 to 4 years and is quite safe for 5 years
providing regular monitoring of plasma creatinine, GFR, and
cyclosporine trough levels is carried out. Patient and parents
may be offered the option of having a renal biopsy every 2 years
to detect histologic changes of cyclosporine toxicity. However,
after 5 years or more of cyclosporine treatment, less than 5%
of patients have shown interstitial fibrosis or tubular atrophy
attributed to drug toxicity, and usually this is accompanied
by a decline in GFR. Seventy-five percent of steroid-responsive
nephrotic children are able to discontinue steroids under cover
of cyclosporine treatment. More recently, long-term tacrolimus
has been found to be effective in maintaining remission in
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children with steroid-dependent nephrotic syndrome and possi-
bly inducing partial remission in children with steroid-resistant
nephrotic syndrome (197–199). Although blood trough lev-
els must be monitored when using tacrolimus, it is not
associated with the undesirable side effects of cyclosporine,
including hirsutism and gingival hyperplasia. Limited reports
are now available suggesting that mycophenolate mofetil is
effective in the treatment of idiopathic nephrotic syndrome
in childhood (200–203); however, further study is neces-
sary before its routine use can be recommended for this
condition.

The main risk to a child with steroid-sensitive nephrotic syn-
drome is a complication of a relapse. Clinical signs of hypov-
olemia may be evident and may be associated with septicemia
due especially to pneumococcal bacterial infection or with vas-
cular thrombosis. The physician should have a low threshold
to perform paracentesis to diagnose primary peritonitis due to
pneumococcal or Gram-negative organisms, particularly if the
child is taking steroids. Some pediatric nephrologists maintain
children on prophylactic penicillin during relapses. Trials of im-
munization with a pneumococcal vaccine show that antibody
responses are adequate (204) and persist for more than 5 years
in more than 50% of immunized nephrotic children (205), but
do not prevent all cases of Streptococcus pneumoniae infec-
tion (206). Nonetheless, both the 23-valent and heptavalent
pneumococcal vaccinations should be provided to appropriate-
age children with nephrotic syndrome. Hypovolemia should be
considered in any child with a relapse, particularly if the child
is unwell, and especially with vomiting or abdominal pain. The
most useful clinical sign is poor peripheral perfusion with cold
feet and toes, because the blood pressure may be raised from
increased angiotensin production. The hematocrit rises and the
urine output is low, with a low urinary sodium concentration.
ARF requiring dialysis is rare, however. Elevated blood urea ni-
trogen (BUN) with a normal plasma creatinine is common and
is due to the reduced urea clearance associated with oliguria.
Treatment consists of infusing salt-poor albumin at a concen-
tration of 25 g/dL with careful monitoring to detect vascular
overload.

Children who demonstrate ongoing nephrosis that is unre-
sponsive to treatment should receive chronic albumin infusion
with diuretics as necessary. Close attention to infection is war-
ranted as noted in the preceding text due to chronic hypogam-
maglobulinemia. Children with nephrotic syndrome have been
shown to have acceptable antibody responses to immuniza-
tion against varicella (207), influenza A (208), and hepatitis
B (209), although the latter vaccination may also induce re-
lapse (210). Periodic monitoring of iron stores and serum thy-
roid stimulating hormone (TSH) are indicated due to urinary
losses of transferrin and thyroid-binding globulin. Low-dose
aspirin or Coumadin may be considered for these children at
risk for thrombosis due to urinary loss of antithrombin III and
decreased intravascular volume. Plasmapheresis has been at-
tempted for treatment of idiopathic nephrotic syndrome due to
focal segmental glomerulosclerosis. However, such treatment
appears to be more effective for recurrent disease following
renal transplantation.

Hemolytic-Uremic Syndromes (HUS)

The hemolytic-uremic syndromes (HUSs) are broadly divided
into the diarrhea-associated (D+) HUS, previously called typi-
cal or epidemic form (211), and non–diarrhea-associated (D–)
HUS, previously called the atypical or sporadic form (212).
Familial forms exist and are usually, but not exclusively, D(–)
HUS. Underlying C3 hypocomplementemia (213) associated
with genetic mutations of complement factor H (214,215) pre-
disposes to familial D(–)HUS. The diarrheal form is associ-

ated with infection by Shiga-like toxin–producing organisms,
typically Escherichia coli O157 (verotoxin-producing E. coli
[VTEC]) in developed countries, Shigella dysenteriae type 1 in
the Indian subcontinent and Africa, or occasionally Shigella
flexneri infections. Streptococcus pneumoniae also may pro-
duce D(–) HUS because its neuraminidase toxin removes sialic
acid residues from red blood cells, platelet membranes, and
glomeruli to expose the Thomsen-Friedenreich (or “T”) anti-
gen, which reacts with circulating IgM to cause cell lysis and
death (216). All forms of HUS, inherited or otherwise, have
the ability to injure endothelial cells, and this seems to be a
primary requisite for an agent to cause HUS (217,218). Neu-
trophils and complement may play important roles in this
injury process, which results in thrombotic microangiopathy
with hemolytic anemia (see Chapter 67). The pathogenesis of
the ARF seems to be related to damage to endothelial cells
with platelet activation, a rise in nitric oxide, and intracapillary
thrombi.

Diarrhea-associated HUS occurs in Europe and North
America with increased frequency in the summer months af-
ter an episode of diarrhea, which often is bloody and usually
is caused by VTEC. Sources of VTEC associated with HUS
have been found in cows, pigs, contaminated cheese and dairy
products, processed meats, and stagnant water such as wells
and swimming lakes, in addition to other family members.
D(+)HUS is associated with microangiopathic hemolytic ane-
mia; thrombocytopenia is almost invariable and together with
uremia, these results comprise the clinical triad of HUS. In-
travascular coagulation, clot fibrinolysis, and tissue-type plas-
minogen activator are increased, but not plasminogen activator
inhibitor-1 (219). Prothrombin time and partial thromboplas-
tin time usually are normal, and levels and activity of factors V
and VIII are variable. Fibrin degradation products usually are
elevated, but fibrinogen turnover is normal. Antithrombin III
levels may be reduced, but protein C and S values usually are
normal. Increased circulating concentrations of von Willebrand
factor multimers have been described. Prostacyclin produc-
tion by endothelial cells may be defective (220). It is not
clear whether this failure is due to some toxic substance in
the plasma of patients with HUS or the absence of a factor
necessary for normal prostacyclin generation. Elevated leuko-
cyte counts are common in postdiarrheal HUS and this cor-
relates with circulating interleukin-8 (IL-8) concentrations,
whereas normal or low counts tend to be found in D(–)HUS.
When present in D(+)HUS cases, the higher the leukocyte
count the worse the prognosis (221), probably signifying the
greater involvement of endothelial tissue and therefore greater
IL-8 release.

Hemolytic-uremic syndrome is the most common single
cause of ARF in infants and young children. The presentation
is usually a child with an unremarkable episode of diarrhea
(except for the fact that blood may be seen in the stools), who
then becomes quiet, lethargic, and pale, and is noted to be
oliguric. Extrarenal involvement in HUS, although common,
rarely causes severe problems; however, catastrophic central
nervous system complications can occur and are a major con-
tributor to morbidity and mortality in this condition (222).
Treatment on admission to the hospital is directed toward deal-
ing with the acute complications of renal insufficiency, anemia,
and thrombocytopenia. Because these children often are ex-
tremely ill, dialysis may be required. Although the utility of
plasma infusion in D(+)HUS is controversial, plasmaphere-
sis should be considered for children with neurologic com-
plications resembling thrombotic thrombocytopenic purpura.
The prognosis in D(+)HUS is generally good with full recov-
ery of renal function after a period of a few days to a few
weeks in most cases. However, renal functional reserve may
be impaired, with sequelae including chronic proteinuria, hy-
pertension, or impaired renal function found in up to 50%
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of survivors (223). Epidemiologic studies have suggested that
the long-term prognosis for renal function relates to factors
including age of the patient at presentation, maximum white
blood cell count and duration of elevated white blood cell
count, duration of anuria, and duration of need for dialysis
(223,224).

Hemolytic-uremic syndrome caused by neuraminidase from
S. pneumoniae, should be suspected in any child who is toxic
with pneumonia and a positive Coombs test. The condition
can also occur with other S. pneumoniae infections includ-
ing meningitis and bacteremia (225). T-antigen activation can
be detected by demonstrating red blood cell agglutination
by the peanut lectin Arachis hypogea (226). Efficient diag-
nosis is critical because blood transfusion or plasma infu-
sion may accelerate the agglutination. Such patients should
be treated with penicillin or ceftriaxone to cure the infec-
tion and provided supportive therapy. Pneumococcal HUS
appears to be more severe clinically than D(+)HUS, with
the former group demonstrating an increased need for dial-
ysis and platelet and red blood cell transfusions, as well as
longer hospitalization time as compared to the latter group
(225).

The sporadic, familial, and other D(-) forms of HUS are
extremely uncommon. Familial autosomal recessive forms of
HUS have been described, and these need to be distinguished
from the postdiarrheal form occurring in members of the same
family at the same time. The sporadic familial form with-
out diarrhea has a poor prognosis, and these children tend to
progress to ESRD or die with complications such as cerebrovas-
cular involvement despite treatment with fresh frozen plasma
or plasmapheresis (227). HUS can recur after renal transplan-
tation, and it may be that such patients have the familial form
of the disease. Autosomal dominant inheritance of HUS has
been described, but these patients are usually adults and have
a very poor prognosis. Hemolytic-uremic syndrome also can
occur in other circumstances, as in association with drugs such
as cyclosporine.

Urinary Tract Infection (UTI)

UTI can occur in children of all ages. It has been estimated that
UTI is diagnosed in 3% of prepubertal girls and 1% of pre-
pubertal boys, with an even higher incidence in pubertal girls
(228). The relative risk of UTI in girls to boys ages 2 months
to 2 years is 2.27 (229); this pattern is even more apparent in
older children. Few children or adults who have recurrent UTI
progress to serious renal disease, but chronic pyelonephritis
may cause ESRD (Table 79-5). The epidemiology of chronic
pyelonephritis is complicated by the virulence of the infecting
organism and the specific susceptibility of the child. Investi-
gation of children with UTI has shown that VUR is present
in 25% to 33% and that the degree of VUR correlates well
with the prevalence of renal scarring (230). Numerous urinary
pathogens possess fimbrial or nonfimbrial (type 1 fimbriae and
P-fimbriae) adhesins for mucosal attachment and colonization.
P-fimbriated E. coli are associated with the development of re-
nal scars, and inappropriate antibiotic therapy may favor colo-
nization with such organisms (231). The understanding of UTI
and its epidemiology with regard to congenital, genetic, and
environmental aspects suggests that early diagnosis and treat-
ment should lead to a reduction in morbidity and mortality
rates.

The role of the pediatrician caring for children with UTI
is to prevent recurrent UTI and new renal scar formation and
consequently renal impairment by facilitating prompt diagno-
sis of UTI and identifying children with existing renal scars,

TA B L E 7 9 - 5

CAUSES OF CHRONIC RENAL INSUFFICIENCY IN
CHILDREN. PRIMARY DIAGNOSIS BY PERCENTAGE
OF 5,651 CHILDREN REGISTERED IN THE NORTH
AMERICAN PEDIATRIC RENAL TRANSPLANT
COOPERATIVE STUDY (NAPRTCS)

Cause %

Obstructive uropathy 22.9
Aplasia/hypoplasia/dysplasia 17.9
Glomerulonephritis 9.0

Membranoproliferative glomerulonephritis 1.6
SLE nephritis 1.5
Familial nephritis 1.5
Chronic glomerulonephritis, unspecified 1.3
Berger’s (IgA) nephritis 1.0
Idiopathic crescentic glomerulonephritis 0.7
Henoch-Schönlein nephritis 0.7
Membranous nephropathy 0.5
Diabetic glomerulonephritis 0.2

Reflux nephropathy 8.3
Focal segmental glomerulosclerosis 8.3
Polycystic kidney disease 4.1
Prune belly syndrome 3.1
Renal infarct 2.7
Hemolytic uremic syndrome 2.2
Cystinosis 1.5
Pyelointerstitial nephritis 1.4
Medullary cystic disease 1.2
Congenital nephrotic syndrome 0.8
Other systemic immunologic disease 0.4
Wilms tumor 0.4
Wegener’s granulomatosis 0.3
Sickle cell nephropathy 0.2
Oxalosis 0.1
Drash syndrome 0.1
Other 12.5
Unknown 2.5

SLE, systemic lupus erythemotosus.
(Adapted from: NAPRTCS 2004 Annual Report, exhibit 13.1.)

underlying renal tract anomalies, or known complications of
UTI or VUR. Indeed, without an underlying renal tract ab-
normality, progressive renal damage is rare in children with
UTI. Population screening is not cost-effective, but early di-
agnosis by primary health care workers, urgent treatment of
acute pyelonephritis to minimize scar formation, and preven-
tion of infection by long-term low-dose prophylactic antibi-
otics (232) or the surgical correction of reflux in selected
children (233) can all contribute to an improved prognosis.
Successful management of UTI in childhood by routine urine
culture in all febrile infants and toddlers in Sweden has reduced
the prevalence of reflux nephropathy/chronic pyelonephritis
causing ESRD in pediatric transplant recipients from 20%
in the 1970s to less than 5% in the 1990s in that country
(234).

Reflux nephropathy or ‘scarring’ in the presence of VUR
may arise by two main independent mechanisms (235). Se-
vere antenatal VUR causes segmental renal dysplasia or hy-
poplasia in the fetal kidney, whereas postnatal VUR with in-
trarenal reflux and urinary infection causes segmental renal
pyelonephritic scars in both infants and older children (69).
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The presence of compound renal papillae, which allow the
backflow of infected urine from the calices into the collecting
ducts (intrarenal reflux), is important in the generation of renal
scars with VUR in animal models (236); however, the relevance
of this mechanism in reflux nephropathy in children has been
debated due to the rarity of such papillae in human kidneys
(237). The increased frequency of UTI in infants, the presence
of congenital segmental renal dysplasia, the increased risk of
true infective pyelonephritic scars developing in infants, and re-
nal impairment at presentation all demonstrate that the target
population in which to detect UTI and renal “scars” is children
under 18 months of age.

The clinical presentation of UTI varies with the age of the
child. In young children, classic symptoms of UTI such as
dysuria, frequency, urgency, and flank pain are uncommon.
Instead, vague symptoms such as fever, abdominal pain, irri-
tability, lethargy, poor feeding, or incontinence are frequent.
Fever is a common symptom, and the American Academy
of Pediatrics advises that UTI be excluded in any child be-
tween 2 months and 2 years of age with unexplained fever
(229).

It is critical to obtain an uncontaminated urine sample for
diagnosis. Bladder catheterization provides a sterile sample
in the infant or incontinent child. Suprapubic aspiration, al-
though providing definitive results in young infants, is diffi-
cult to perform in children older than 1 year of age and is
becoming less popular. Bag urine specimens often are contam-
inated and should not be used for diagnosis of UTI. In older
continent children, a clean-catch urine specimen can be ob-
tained, but both clean-catch urine and midstream urine speci-
mens can be difficult to acquire, particularly if parents are given
the responsibility of obtaining them. A frequent mistake is to
diagnose UTI from a significant growth of organisms after cul-
ture of a contaminated or improperly transported urine speci-
men. The specimen should be cultured within 2 hours or trans-
ported in a medium such as boric acid that prevents bacterial
multiplication.

Most truly infected urines contain an excess of white blood
cells and yield a pure growth of a single organism. Fresh urine
without cells or visible organisms on microscopy is unlikely to
be infected. Although more than 105 organisms per milliliter
of urine is the standard criterion for UTI, in infants a mod-
erate growth of 10,000 to 100,000 organisms per milliliter of
urine may represent an infection, and further specimens should
be obtained. A detailed history about fever accompanying the
illness, the adequacy of the urinary stream in boys, and the
presence of functional bladder problems, followed by careful
palpation of the abdomen for renal masses and bladder enlarge-
ment, thorough examination of the genitalia, and assessment of
perineal sensation and neurologic function in the lower limbs,
should be carried out.

Appropriate investigations depend on the age of the child
and the clinical assessment. Several medical committees have
published guidelines on appropriate protocols to investigate
UTI in children (229,238–241). However, there is significant
controversy in the literature regarding the extent and timing of
evaluation in children with UTI and the impact that such eval-
uation has on the development of reflux nephropathy. What is
needed is appropriate investigation of all children with UTI if
outcomes of children who present in middle or late childhood
with ESRD due to reflux nephropathy are to be avoided (242).
At our institution, we recommend renal ultrasonography and
voiding cystourethrography in males of any age with UTI, all
females under 5 years of age, and all females with pyelonephri-
tis or recurrent UTI. A functional study such as 99mTc-DMSA
renal isotope scan can be performed to detect segmental re-
nal dysplasia or scarring in selected cases, including infants.
Ultrasonography alone has been shown to be unreliable in the

detection of both vesicoureteral reflux (28,29,243,244) and re-
nal scarring (243,245–247). Voiding contrast cystourethrog-
raphy is preferred to radionuclide cystography for the ini-
tial study, particularly in males, due to the former’s ability to
exclude structural anomalies of the urethra including poste-
rior urethral valves. Failure to make the diagnosis, investigate
thoroughly, and follow guidelines remain the major obstacles
in identifying those children at risk of renal impairment or
hypertension.

Management of Urinary Tract Infection

There is little evidence that older children with normal urinary
tracts without renal scars who have recurrent UTI will sus-
tain renal damage, and for such children, attention to hygiene,
prevention of constipation, and an adequate fluid intake with
regular bladder emptying are important. Mild or moderate re-
flux without upper tract dilation in young children is likely to
disappear in a reasonably short time so that, if the kidneys are
not scarred, medical management seems appropriate, whereas
severe reflux, especially with scarred kidneys, requires longer-
term follow-up, and surgery may be advisable if the quality of
the surgery can be guaranteed. However, the single most im-
portant action required to reduce the morbidity and mortality
of chronic pyelonephritis is the diagnosis and treatment of UTI
in infants with fever.

Management of UTI involves early administration of appro-
priate antibiotics to treat the infection and reduce the risk of
renal scarring, attention to the voiding habits of children and
avoidance of constipation, encouragement of good fluid intake
and good personal hygiene of the perineum and genitalia, and
diagnosis of any underlying renal tract abnormality (248). In-
continence predisposes to infection, and the treatment of enure-
sis by bladder training is important. VUR of a significant grade
may be treated medically with prophylactic antibiotics at night
(232) or surgical reimplantation of the ureter. Nightly prophy-
lactic antibiotics should also be considered for children in the
absence of VUR or other renal structural anomalies when atten-
tion to fluid intake, hygiene, and other interventions, is not suc-
cessful in prevention of recurrent infection. The International
Reflux Study has shown that medical management of VUR is
equivalent to surgery in reducing the number of new renal scars
(249,250). No advantage between medical vs. surgical manage-
ment has been shown after 5 years of follow-up (250,251). Pro-
phylactic antibiotics reduce the incidence of UTI, but doubt has
been cast on whether regular prophylactic antibiotics or even
surgery significantly alter the rate of new scar formation—most
authors agree that making an early diagnosis of UTI is most
important in this regard (248). In those children who continue
to reflux, cessation of prophylactic antibiotics after 8 years of
age was associated with only 12% risk of another UTI (252).
Antibiotic prophylaxis or surgery alone does not influence the
number of children reaching ESRD—(253).

Because most infections are caused by organisms from
the bowel, at least in girls, successful antibiotic prophylaxis
depends on the prevention of antibiotic resistance in the
bowel flora. Suitable medicines are trimethoprim, 1 mg/kg, or
trimethoprim/sulfamethoxazole; nitrofurantoin, 1 to 2 mg/kg;
or nalidixic acid, 15 mg/kg, all given as a single dose at night.

The complications of UTI in children include renal scarring
and renal calculi. Proteus infections more commonly cause re-
nal calculi than any other infection because of the organism’s
ability to produce alkaline urine by degrading urea. In long-
term follow-up studies of up to 41 years (254), hypertension
was observed in young adults in approximately 10% of cases,
with people in the higher percentile range for blood pressure
being more at risk than others. Approximately 10% have sig-
nificant renal impairment and may reach renal failure as young
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CONDITIONS UNDER WHICH CHILDREN YOUNGER
THAN 3 YEARS OF AGE SHOULD HAVE BLOOD
PRESSURE ROUTINELY MEASURED

History of prematurity, very low birth weight, or other
neonatal complication requiring intensive care

History of congenital heart disease
Recurrent urinary tract infections, hematuria, or proteinuria
Known renal disease or urologic malformations
Family history of congenital renal disease
Solid-organ transplant
Malignancy or bone marrow transplant
Treatment with drugs known to raise blood pressure
Other systemic illnesses associated with hypertension

(neurofibromatosis, tuberous sclerosis, etc.)
Evidence of elevated intracranial pressure

(Adapted from: The National High Blood Pressure Education Program
Working Group on High Blood Pressure in Children and Adolescents.
Pediatrics 2004;114:556.)

people (255). UTI, preeclampsia, fetal death, and low-birth-
weight infants are more common in women with renal scarring
(256,257).

HYPERTENSION

It is disappointing how frequently the measurement of blood
pressure is neglected in pediatric practice. Population screen-
ing of children for UTI or urinary abnormalities is not
cost-effective. This increases the responsibility of primary
health care workers to identify the child with renal disease
by measuring the blood pressure at routine health checks. It is
now recommended in the United States that all children older
than 3 years of age have their blood pressure checked at routine
health care visits. Routine blood pressure measurement is rec-
ommended for children younger than 3 years of age with spe-
cific medical conditions (Table 79-6). An appropriately sized
cuff has a bladder width that is 40% of the arm circumfer-
ence at a point that is midway between the olecranon and the
acromion and is long enough to encircle at least 80% of the arm
circumference (258). The usual error is to use a cuff that is too
small, which results in a falsely high reading. In the outpatient
setting, blood pressure should be measured following several
minutes of quiet sitting, with the arm supported at heart level.
Repeated measurement is indicated for mild hypertension, as
its frequency has been shown to decrease with repeated mea-
surement. Measurement is difficult in infants because auscul-
tation of the Korotkoff sounds often is unsatisfactory. With
Doppler devices, an accurate measurement of systolic pressure
can be obtained. Values for normal blood pressure in children
of different ages are given in Tables 79-7A and 79-7B.

Neonates and Infants

The upper limit for mean arterial blood pressure in infants
weighing more than 2.5 kg rises from 68 mm Hg at birth to
87 mm Hg at 4 weeks. Systemic hypertension, not related to
coarctation of the aorta, appears to be becoming more common
in newborns, both because it is now easier to measure blood
pressure using Doppler ultrasound and because of thromboem-

bolic occlusions of the renal vasculature from umbilical arterial
catheters (259). It is now standard practice that the tip of the
catheter lies below the origin of the renal arteries. Rarer causes
of hypertension include renal emboli from clots that originate
in the ductus arteriosus, congenital renal artery stenosis, re-
nal venous thrombosis, structural renal lesions, elevated in-
tracranial pressure, and rarely congenital adrenal hyperplasia.
The most useful investigations include renal ultrasonography
to evaluate structural lesions or obstruction and 99mTc-labeled
MAG3 scanning to assess renal blood flow and function. Con-
trol of the hypertension is vital; propranolol up to 3 mg/kg
per day and the calcium channel blocking agent nifedipine up
to 3 mg/kg per day with or without a diuretic are useful. The
ACE inhibitor captopril or a longer-acting analog is useful but
is contraindicated when bilateral or severe renal artery stenosis
is suspected or prior to the completion of nephrogenesis. More
potent vasodilators such as minoxidil may be required. Acute
control may be achieved with intravenous labetalol infusions
at 1 to 3 mg/kg per hour, sodium nitroprusside 500 ng to 8
μg/kg per minute, or hydralazine in doses up to 3 mg/kg per
day. In cases secondary to renal emboli, the prognosis often is
good, with the hypertension resolving and the renal function
improving with time if permanent renal ischemia is not present.
With decreased mortality in preterm infants, transient systemic
hypertension associated with bronchopulmonary dysplasia is
becoming more frequent in older infants (260).

Causes and Investigation in Older Children

Hypertension in children is defined as an average systolic
and/or diastolic blood pressure greater than the 95th percentile
for healthy children of the same age, sex, and height on more
than three separate occasions (261) and is usually secondary to
a specific disease (Table 79-8). Although the possible causes are
numerous, in practice approximately 60% to 70% of patients
have parenchymal renal disease, 10% to 20% have coarctation
of the aorta, 5% to 10% have renovascular problems, 3% to
5% have endocrine disease, and 1% to 5% have some other
condition (262). The initial evaluation should include a careful
history documenting symptoms associated with hypertension
as well as any symptoms referable to the urinary tract or
systemic disease; dietary habits and tobacco use; neonatal
illness including placement of an umbilical artery catheter or
surfactant deficiency with subsequent chronic lung disease;
prior UTI; the use of drugs which contribute to hypertension,
including over-the-counter decongestants and recreational
drugs; and familial risk factors for cardiovascular disease and
hyperlipidemia. A thorough physical examination can provide
clues to the etiology of hypertension (Table 79-9). Further eval-
uation should include examination of the urine for blood and
protein; measurement of plasma electrolytes, creatinine, and
urea; renal imaging with ultrasound including Doppler studies
of renal arteries; and consideration of measurement of plasma
renin activity. Echocardiography should be performed when
physical examination suggests aortic coarctation or when
severe or chronic hypertension is present. In the appropriate
clinical settings, consideration should also be given to hor-
monal assessment including urinary catecholamine metabolite
excretion and serum aldosterone and cortisol concentrations.
Hypertension secondary to endocrine disease usually is associ-
ated with suppression of plasma renin, although a secondary
increase can be found with a pheochromocytoma. Supine
and upright plasma epinephrine and norepinephrine levels
help to identify pheochromocytomas and give an indication
whether they are adrenal or extraadrenal in origin (263).
Computed tomographic scans of the thorax and abdomen are
more sensitive than metaiodobenzylguanidine isotope scans in
locating these tumors.
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TA B L E 7 9 - 7 A

BLOOD PRESSURE LEVELS FOR BOYS BY AGE AND HEIGHT PERCENTILE

SBP, mm Hg DBP, mm Hg

Percentile of height Percentile of height

Age, y BP percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

1 50th 80 81 83 85 87 88 89 34 35 36 37 38 39 39
90th 94 95 97 99 100 102 103 49 50 51 52 53 53 54
95th 98 99 101 103 104 106 106 54 54 55 56 57 58 58
99th 105 106 108 110 112 113 114 61 62 63 64 65 66 66

2 50th 84 85 87 88 90 92 92 39 40 41 42 43 44 44
90th 97 99 100 102 104 105 106 54 55 56 57 58 58 59
95th 101 102 104 106 108 109 110 59 59 60 61 62 63 63
99th 109 110 111 113 115 117 117 66 67 68 69 70 71 71

3 50th 86 87 89 91 93 94 95 44 44 45 46 47 48 48
90th 100 101 103 105 107 108 109 59 59 60 61 62 63 63
95th 104 105 107 109 110 112 113 63 63 64 65 66 67 67
99th 111 112 114 116 118 119 120 71 71 72 73 74 75 75

4 50th 88 89 91 93 95 96 97 47 48 49 50 51 51 52
90th 102 103 105 107 109 110 111 62 63 64 65 66 66 67
95th 106 107 109 111 112 114 115 66 67 68 69 70 71 71
99th 113 114 116 118 120 121 122 74 75 76 77 78 78 79

5 50th 90 91 93 95 96 98 98 50 51 52 53 54 55 55
90th 104 105 106 108 110 111 112 65 66 67 68 69 69 70
95th 108 109 110 112 114 115 116 69 70 71 72 73 74 74
99th 115 116 118 120 121 123 123 77 78 79 80 81 81 82

6 50th 91 92 94 96 98 99 100 53 53 54 55 56 57 57
90th 105 106 108 110 111 113 113 68 68 69 70 71 72 72
95th 109 110 112 114 115 117 117 72 72 73 74 75 76 76
99th 116 117 119 121 123 124 125 80 80 81 82 83 84 84

7 50th 92 94 95 97 99 100 101 55 55 56 57 58 59 59
90th 106 107 109 111 113 114 115 70 70 71 72 73 74 74
95th 110 111 113 115 117 118 119 74 74 75 76 77 78 78
99th 117 118 120 122 124 125 126 82 82 83 84 85 86 86

8 50th 94 95 97 99 100 102 102 56 57 58 59 60 60 61
90th 107 109 110 112 114 115 116 71 72 72 73 74 75 76
95th 111 112 114 116 118 119 120 75 76 77 78 79 79 80
99th 119 120 122 123 125 127 127 83 84 85 86 87 87 88

9 50th 95 96 98 100 102 103 104 57 58 59 60 61 61 62
90th 109 110 112 114 115 117 118 72 73 74 75 76 76 77
95th 113 114 116 118 119 121 121 76 77 78 79 80 81 81
99th 120 121 123 125 127 128 129 84 85 86 87 88 88 89

10 50th 97 98 100 102 103 105 106 58 59 60 61 61 62 63
90th 111 112 114 115 117 119 119 73 73 74 75 76 77 78
95th 115 116 117 119 121 122 123 77 78 79 80 81 81 82
99th 122 123 125 127 128 130 130 85 86 86 88 88 89 90

11 50th 99 100 102 104 105 107 107 59 59 60 61 62 63 63
90th 113 114 115 117 119 120 121 74 74 75 76 77 78 78
95th 117 118 119 121 123 124 125 78 78 79 80 81 82 82
99th 124 125 127 129 130 132 132 86 86 87 88 89 90 90

12 50th 101 102 104 106 108 109 110 59 60 61 62 63 63 64
90th 115 116 118 120 121 123 123 74 75 75 76 77 78 79
95th 119 120 122 123 125 127 127 78 79 80 81 82 82 83
99th 126 127 129 131 133 134 135 86 87 88 89 90 90 91

13 50th 104 105 106 108 110 111 112 60 60 61 62 63 64 64
90th 117 118 120 122 124 125 126 75 75 76 77 78 79 79
95th 121 122 124 126 128 129 130 79 79 80 81 82 83 83
99th 128 130 131 133 135 136 137 87 87 88 89 90 91 91

14 50th 106 107 109 111 113 114 115 60 61 62 63 64 65 65
90th 120 121 123 125 126 128 128 75 76 77 78 79 79 80
95th 124 125 127 128 130 132 132 80 80 81 82 83 84 84
99th 131 132 134 136 138 139 140 87 88 89 90 91 92 92

(Continued)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-79 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:10

2074 Section X: Systemic Diseases of the Kidney

TA B L E 7 9 - 7 A

(CONTINUED)

SBP, mm Hg DBP, mm Hg

Percentile of height Percentile of height

Age, y BP percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

15 50th 109 110 112 113 115 117 117 61 62 63 64 65 66 66
90th 122 124 125 127 129 130 131 76 77 78 79 80 80 81
95th 126 127 129 131 133 134 135 81 81 82 83 84 85 85
99th 134 135 136 138 140 142 142 88 89 90 91 92 93 93

16 50th 111 112 114 116 118 119 120 63 63 64 65 66 67 67
90th 125 126 128 130 131 133 134 78 78 79 80 81 82 82
95th 129 130 132 134 135 137 137 82 83 83 84 85 86 87
99th 136 137 139 141 143 144 145 90 90 91 92 93 94 94

17 50th 114 115 116 118 120 121 122 65 66 66 67 68 69 70
90th 127 128 130 132 134 135 136 80 80 81 82 83 84 84
95th 131 132 134 136 138 139 140 84 85 86 87 87 88 89
99th 139 140 141 143 145 146 147 92 93 93 94 95 96 97

The 90th percentile is 1.28 SD, the 95th percentile is 1.645 SD, and the 99th percentile is 2.326 SD over the mean.

Renal artery stenosis (RAS) may be suspected from ele-
vated plasma renin activity and from the clinical examination,
e.g. abdominal bruit but further imaging studies are usually
needed to establish the diagnosis. The initial evaluation usu-
ally includes Doppler evaluation of the renal arteries; however,
this technique is not diagnostic in every case, especially with
distal stenosis (264). The ACE inhibitor–enhanced radionu-
clide renal scan appears to have improved sensitivity and speci-
ficity as compared to Doppler for diagnosis of RAS in children
(265) and is relatively noninvasive. Magnetic renal angiogra-
phy (MRA) is also becoming more widely used for this pur-
pose, although young children may require sedation for the
procedure. In the absence of a diagnosis and with high clinical
suspicion for RAS, selective renal arteriography is indicated
after the blood pressure has been controlled. The amount of
contrast injected should be the minimum required and blood
pressure should be monitored. Approximately 100 case reports
of RAS associated with pheochromocytoma exist, so the lat-
ter diagnosis should be excluded before undertaking renal ar-
teriography. Evidence of renal ischemia can also be obtained
from the differential renal vein renin determinations. A ratio
of greater than 1.5:1.0 between the affected and nonaffected
kidney is a useful predictor of renal ischemia and indicates
that a favorable response to surgery is likely in children (266),
although successful surgery has been reported in some cases
when the ratio was less than 1.5:1.0. A negative arteriogram
with no significant difference between the renal vein renins and
the systemic plasma renin excludes a renovascular cause for the
hypertension.

Treatment

Nonpharmacologic management can be initially attempted in
children with prehypertension (261) or in those with mild es-
sential hypertension. Such treatment should include healthy
eating with a no-added-salt diet; weight reduction for over-
weight children; aerobic exercise at least 4 times per week in
children with no other contraindication to participation (267);
and cessation of smoking. Should hypertension persist despite
such measures, pharmacologic treatment should be consid-

ered. Drug treatment is also indicated for children who are
symptomatic, those who have known secondary hypertension
while the underlying etiology is being addressed, and those
who have evidence of end-organ damage (e.g., left ventricu-
lar hypertrophy, hypertensive retinopathy, proteinuria) from
hypertension.

Children who are symptomatic or who have severe hyper-
tension should be admitted to the hospital for initial control
of blood pressure; as in adults, malignant hypertension is a
medical emergency. Controlled lowering of the blood pressure
by the use of intravenous labetalol or sodium nitroprusside in-
fusions should be achieved slowly and steadily over a period
of days if severe neurologic complications and blindness are
to be avoided (268). The infusion rate of these drugs can be
titrated to the blood pressure. If the child is having seizures,
then an initial rapid reduction of systolic blood pressure by
20 to 40 mm Hg is necessary. Patients with malignant hyper-
tension may be volume depleted, and the blood pressure may
fall precipitously when a vasodilating agent such as nifedip-
ine, hydralazine, or diazoxide is administered. In such cases,
physiologic saline should be infused rapidly to correct the vol-
ume depletion and allow an even control of blood pressure. In
fact, in salt-depleted hypertensive children, 0.9% saline may be
necessary to gain control of the blood pressure. The calcium
channel blocking agent nifedipine, administered orally, or β-
adrenergic blocking drugs are useful to control less severe rises
in blood pressure. The increased risk of mortality from calcium
channel blockers seen in adult studies is rarely of concern in
otherwise healthy children, in whom the risk of coronary artery
disease is low. ACE inhibitors should be avoided when bilateral
renovascular disease, renovascular disease in the single kidney,
or coarctation of the aorta are suspected.

Otherwise, oral regimens usually start with an ACE in-
hibitor, long-acting calcium channel blocker such as am-
lodipine, or both (Table 79-10). β-Blockade is useful but is
contraindicated in the child with underlying bronchospas-
tic disease. Diuretics are not routinely used for management
of hypertension in children unless there is concern for fluid
retention as in renal insufficiency, renin-mediated hyperten-
sion, or acute glomerulonephritis. Vasodilator drugs often lead
to salt and water retention and escape from blood pressure
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BP LEVELS FOR GIRLS BY AGE AND HEIGHT PERCENTILE

SBP, mm Hg DBP, mm Hg

Percentile of height Percentile of height

Age, y BP percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

1 50th 83 84 85 86 88 89 90 38 39 39 40 41 41 42
90th 97 97 98 100 101 102 103 52 53 53 54 55 55 56
95th 100 101 102 104 105 106 107 56 57 57 58 59 59 60
99th 108 106 109 111 112 113 114 64 64 65 65 66 67 67

2 50th 85 85 87 88 89 91 91 43 44 44 45 46 46 47
90th 98 99 100 101 103 104 105 57 58 58 59 60 61 61
95th 102 103 104 105 107 108 109 61 62 62 63 64 65 65
99th 109 110 111 112 114 115 116 69 69 70 70 71 72 72

3 50th 86 87 88 89 91 92 93 47 48 48 49 50 50 51
90th 100 100 102 103 104 106 106 61 62 62 63 64 64 65
95th 104 104 105 107 108 109 110 65 66 66 67 68 68 69
99th 111 111 113 114 115 116 117 73 73 74 74 75 76 76

4 50th 88 88 90 91 92 94 94 50 50 51 52 52 53 54
90th 101 102 103 104 106 107 108 64 64 65 66 67 67 68
95th 105 106 107 108 110 111 112 68 68 69 70 71 71 72
99th 112 113 114 115 117 118 119 76 76 76 77 78 79 79

5 50th 89 90 91 93 94 95 96 52 53 53 54 55 55 56
90th 103 103 105 106 107 109 109 66 67 67 68 69 69 70
95th 107 107 108 110 111 112 113 70 71 71 72 73 73 74
99th 114 114 116 117 118 120 120 78 78 79 79 80 81 81

6 50th 91 92 93 94 96 97 98 54 54 55 56 56 57 58
90th 104 105 106 108 109 110 111 68 68 69 70 70 71 72
95th 108 109 110 111 113 114 115 72 72 73 74 74 75 76
99th 115 116 117 119 120 121 122 80 80 80 81 82 83 83

7 50th 93 93 95 96 97 99 99 55 56 56 57 58 58 59
90th 106 107 108 109 111 112 113 69 70 70 71 72 72 73
95th 110 111 112 113 115 116 116 73 74 74 75 76 76 77
99th 117 118 119 120 122 123 124 81 81 82 82 83 84 84

8 50th 95 95 96 98 99 100 101 57 57 57 58 59 60 60
90th 108 109 110 111 113 114 114 71 71 71 72 73 74 74
95th 112 112 114 115 116 118 118 75 75 75 76 77 78 78
99th 119 120 121 122 123 125 125 82 82 83 83 84 85 86

9 50th 96 97 98 100 101 102 103 58 58 58 59 60 61 61
90th 110 110 112 113 114 116 116 72 72 72 73 74 75 75
95th 114 114 115 117 118 119 120 76 76 76 77 78 79 79
99th 121 121 123 124 125 127 127 83 83 84 84 85 86 87

10 50th 98 99 100 102 103 104 105 59 59 59 60 61 62 62
90th 112 112 114 115 116 118 118 73 73 73 74 75 76 76
95th 116 116 117 119 120 121 122 77 77 77 78 79 80 80
99th 123 123 125 126 127 129 129 84 84 85 86 86 87 88

11 50th 100 101 102 103 105 106 107 60 60 60 61 62 63 63
90th 114 114 116 117 118 119 120 74 74 74 75 76 77 77
95th 118 118 119 121 122 123 124 78 78 78 79 80 81 81
99th 125 125 126 128 129 130 131 85 85 86 87 87 88 89

12 50th 102 103 104 105 107 108 109 61 61 61 62 63 64 64
90th 116 116 117 119 120 121 122 75 75 75 76 77 78 78
95th 119 120 121 123 124 125 126 79 79 79 80 81 82 82
99th 127 127 128 130 131 132 133 86 86 87 88 88 89 90

13 50th 104 105 106 107 109 110 110 62 62 62 63 64 65 65
90th 117 118 119 121 122 123 124 76 76 76 77 78 79 79
95th 121 122 123 124 126 127 128 80 80 80 81 82 83 83
99th 128 129 130 132 133 134 135 87 87 88 89 89 90 91

14 50th 106 106 107 109 110 111 112 63 63 63 64 65 66 66
90th 119 120 121 122 124 125 125 77 77 77 78 79 80 80
95th 123 123 125 126 127 129 129 81 81 81 82 83 84 84
99th 130 131 132 133 135 136 136 88 88 89 90 90 91 92

(Continued)
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TA B L E 7 9 - 7 B

(CONTINUED)

SBP, mm Hg DBP, mm Hg

Percentile of height Percentile of height

Age, y BP percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

15 50th 107 108 109 110 111 113 113 64 64 64 65 66 67 67
90th 120 121 122 123 125 126 127 78 78 78 79 80 81 81
95th 124 125 126 127 129 130 131 82 82 82 83 84 85 85
99th 131 132 133 134 136 137 138 89 89 90 91 91 92 93

16 50th 108 106 110 111 112 114 114 64 64 65 66 66 67 68
90th 121 122 123 124 126 127 128 78 78 79 80 8l 81 82
95th 125 126 127 128 130 131 132 82 82 83 84 85 85 86
99th 132 133 134 135 137 138 139 90 90 90 91 92 93 93

17 50th 108 109 110 111 113 114 115 64 65 65 66 67 67 68
90th 122 122 123 125 126 127 128 78 79 79 80 81 61 82
95th 125 126 127 129 130 131 132 82 83 83 84 85 85 86
99th 133 133 134 136 137 138 139 90 90 91 91 92 93 93

∗The 90th percentile is 1.28 SD, the 95th percentile is 1.645 SD, and the 99th percentile is 2.326 SD over the mean.
(Adapted from: The National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents.
Pediatrics 2004;114:556).

control if a diuretic is not administered concomitantly. In chil-
dren with renal insufficiency, the thiazide drugs are less effec-
tive and furosemide usually is advocated as the diuretic. The
dose of furosemide must be increased to compensate for a low
GFR because the drug action depends on its intraluminal con-
centration. A long-acting ACE inhibitor such as lisinopril is
used when renal ischemia or progressive CRI is the cause of
the hypertension. This class of antihypertensive drug is espe-
cially valuable to control blood pressure in children with renin-
dependent hypertension related to acute glomerulonephritis or
HUS. When renal ischemia is caused by renal artery steno-
sis or coarctation of the aorta, captopril or related drugs may
cause a precipitous fall in GFR because of efferent arteriolar
dilation; therefore, caution should be exercised. Concern exists
over long-term metabolic effects (hypokalemia, hyperuricemia,
and hyperglycemia) with prolonged thiazide therapy in grow-
ing children and the SLE syndrome associated with hydralazine
treatment.

TA B L E 7 9 - 8

ETIOLOGY OF HYPERTENSION IN CHILDHOOD

Cause <12 yr 12–18 yr

Primary 15%–30% 85%–95%
Secondary 70%–85% 5%–15%

Renal parenchymal 60%–70% a

Aortic coarctation 10%–20%
Endocrine 3%–5%
Tumor 1%–5%
Other 1%–5%

aThe frequency of the etiologies of secondary hypertension is similar
in both age groups.
(Reprinted from: Flynn JT. Evaluation and management of
hypertension in childhood. Progr Pediatr Cardiol 2001;12:177, with
permission.)

Essential Hypertension

It is usual to define essential hypertension in children as a
blood pressure greater than the 95th percentile for age, taking
into consideration the patient’s height and sex; this inevitably
defines 5% of this population as hypertensive. However,
screening studies have demonstrated that, with repeated
measurement, only approximately 1% of a population of chil-
dren has a persistently raised blood pressure. Ambulatory
blood pressure monitoring discriminates between true and
“white coat” hypertension. One long-term follow-up study of
young adults ages 21 to 30 years showed a threefold increased
risk of hypertension in the children in the highest blood pres-
sure quintile at 9 to 14 years of age (269); these data confirm
the findings of others (270). The risk of hypertension in the
offspring of hypertensive parents is increased (271,272). Al-
though population screening may not be cost-effective, blood
pressure should be checked at office visits, on admission to the
hospital, and in children with a family history of hypertension
so that advice about weight reduction, exercise, smoking, and
diet can be provided; because of familial predisposition to hy-
pertension, this advice may well benefit other members of the
family (273).

CHRONIC AND END-STAGE
RENAL DISEASE IN CHILDREN

The overall prevalence of renal disease causing ESRD has re-
mained relatively constant since the late 1970s, at 53.4 children
per million population of children younger than 18 years of age.
However, some racial groups have higher rates than others. For
example, Indian Asians have a threefold increase in demand
for ESRD treatment in the United Kingdom, in part because
of congenital renal tract anomalies (274). In the United States,
nearly half of children reaching ESRD are white, whereas 24%
are African American and 21% are Hispanic (North Ameri-
can Pediatric Renal Transplant Cooperative Study [NAPRTCS]
2004 Annual Report). Whereas the overall prevalence of ESRD
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TA B L E 7 9 - 9

PHYSICAL FINDINGS IN HYPERTENSION

Growth including weight and height percentiles
Growth failure (chronic renal insufficiency)
Changes in weight (thyroid disease,
pheochromocytoma, cortisol excess)
Obesity (primary hypertension)
Truncal obesity (Cushing’s syndrome)

Vital signs
Fever (rheumatologic disease)
Tachycardia (hyperthyroidism, pheochromocytoma)
Bradycardia (hypothyroidism)

Funduscopic exam (hypertensive retinopathy, increased
intracranial pressure)

Neurologic exam (tumor, increased intracranial pressure)
Thyromegaly

Cardiac
Murmur (coarctation of the aorta)
Congestive heart failure
Femoral pulses (coarctation of the aorta)

Abdominal
Mass (renal cystic disease, neuroblastoma, Wilms

tumor)
Bruit (renal artery stenosis)

Genitalia
Ambiguous/virilization (adrenal hyperplasia)

Extremities
Joint swelling (systemic lupus erythematosus, collagen

vascular disease)
Muscle weakness (Hyperaldosteronism, Liddle

syndrome)

Skin
Purpura (vasculitis)
Café-au-lait spots (neurofibromatosis)
Ash-leaf spots (tuberous sclerosis)
Adenoma sebaceum (tuberous sclerosis)
Malar rash or discoid lesions (lupus)
Pallor, flushing, or diaphoresis (pheochromocytoma)

Overall appearance
Elfin facies (Williams syndrome)
Broad chest, wide-spaced nipples, short neck with

webbing, low hairline (Turner syndrome)
Moon facies, increased central adiposity, acne, striae,

hirsutism (Cushing’s syndrome)

has not varied significantly since the late 1970s, its etiology
and the age of reaching ESRD have changed as more young
children with congenital or inherited renal disease are treated.
Congenital renal tract abnormalities and inherited kidney con-
ditions now account for 41% and 72% of the need for renal
replacement therapy in children in the United States and the
United Kingdom, respectively.

Because CRI is rare in children compared with adults, it
seems reasonable for a limited number of centers to specialize
in providing treatment for children because treatment of an
occasional child in adult treatment centers is likely to be un-
satisfactory. A children’s center should have the full range of
general pediatric services, including intensive care facilities for
children, a pediatric dialysis unit, pediatric nurses, social work-
ers, dietitians, and the necessary educational and psychological
staff to address the needs of chronically ill children. The aim

for most children with ESRD is a successful renal transplanta-
tion, so it is advantageous if facilities for transplantation are
available in the children’s hospital. Obviously, such provision
can be expensive but is more economical if it is established in a
hospital that already has well-developed pediatric services and
an active adult renal unit.

Our knowledge of the factors that affect children in CRI is
sufficient to ensure a better outcome but is far from complete.
With proper diagnosis and investigation of the renal tract to
ensure unobstructed urine flow and adequate bladder func-
tion, nutritional support, correction of electrolyte and acidosis
imbalance, treatment with recombinant growth hormone, and
control of secondary hyperparathyroidism, children with CRI
should grow well and develop normally. It is these areas of
the clinical care of pediatric CRI that differ greatly from the
experience in adult nephrologic practice.

Management of the child with CRI/ESRD is time consum-
ing, and careful clinical and biochemical assessment is re-
quired at regular intervals. This should include accurate mea-
surement of height and weight, skinfold thickness, and upper
arm circumference. The weight-for-height index is of particu-
lar value in detecting malnutrition. Pubertal status should be
documented at intervals. Radiographs of the hand and wrist
should be obtained periodically for assessment of bone age and
detection and supervision of renal osteodystrophy.

Growth Retardation in Children with
Chronic Renal Failure

Historically, nearly half the children with CRI or ESRD were
below the third percentile for height (275–277). A few decades
ago, the average height for young men and women treated
by dialysis and transplantation during childhood was approx-
imately 2 SD below the mean (278), representing an average
deficit of 15 cm in final height (279). This stunting of growth
was a source of social embarrassment and psychological
trauma.

The cause of growth failure in children with CRI is mul-
tifactorial. Children with congenital renal disease tend to be
shorter than those with acquired disease because of a growth
deficit during the first 2 years of life, when growth poten-
tial is maximal. Growth failure can also reflect poor nutri-
tion (see subsequent text) (280,281) and electrolyte imbalance
(282). Growth retardation is particularly marked in children
with generalized tubular dysfunction (Fanconi’s syndrome), in
which sodium and bicarbonate wasting, polyuria and poly-
dipsia, hypophosphatemia, and osteomalacia all contribute
(283). Sodium wasting is particularly important both in these
children and in infants with CRI caused by congenital uri-
nary tract obstruction or renal dysplasia/hypoplasia. Sodium
is essential for growth (19,284), and salt supplements restore
growth in children with isolated sodium wasting (285). Chil-
dren with syndromes, chromosomal anomalies, and some sys-
temic conditions often demonstrate poor growth. Renal os-
teodystrophy, osteomalacia, and osteitis fibrosa cystica due
to secondary hyperparathyroidism are all potent inhibitors of
growth.

If dialysis is required, this mode of therapy provides subopti-
mal replacement of renal function and has many complications
in infants (286,287). Improving dialysis efficiency is known
to improve growth (288). With transplantation, growth usu-
ally improves but is variable because of many complex factors,
with only some patients showing “catch-up” growth. Certainly
younger, prepubertal children, particularly those who are most
stunted during CRI or who were dialyzed, grow better ini-
tially than older children or adolescents if they receive a good
functioning renal transplant. Good posttransplantation renal
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DRUG DOSES IN PEDIATRIC HYPERTENSION

Class Medication Dosage Dosing interval Maximum

ACE inhibitors Captopril 0.15–0.5 mg/kg/dose BID-TID 6 mg/kg/day, up to 150 mg/day
Enalapril 0.08 mg/kg/dose QD 0.6 mg/kg/day, up to 40 mg/day
Lisinopril 0.07 mg/kg/dose, up to 5 mg

QD
QD 0.6 mg/kg/day, up to 40 mg/day

Benazepril 0.2 mg/kg/day, up to 5 mg QD QD 0.6 mg/kg/day, up to 40 mg/day
ARB Irbesartan 75–150 mg/day QD 300 mg/day

Losartan 0.75 mg/kg/day, up to 50 mg
QD

QD-BID 1.4 mg/kg/day, up to 100 mg/day

Calcium channel
blockade

Amlodipine 0.06 mg/kg/dose QD-BID 0.6 mg/kg/day, up to 10 mg/day

Isradipine 0.05–0.15 mg/kg/dose TID-QID 0.8 mg/kg/day, up to 20 mg/day
β-Adrenergic blockade Labetalola 2–3 mg/kg/day BID 10–12 mg/kg/day, up to 2.4 g/day

Propranolol 1 mg/kg/day BID-TID 16 mg/kg/day
Atenolol 0.5–1 mg/kg/day QD-BID 2 mg/kg/day, up to 100 mg/day
Metoprolol 1–2 mg/kg/day BID 6 mg/kg/day, up to 450 mg/day

Peripheral
α1-antagonist

Doxazosin 1 mg/day QD 4 mg/day

Terazosin 1 mg/day QD 20 mg/day
Central α2-adrenergic

agonist
Clonidine 0.1 mg transdermal Q5-7 days 0.3 mg

Vasodilator Hydralazine 0.25 mg/kg/dose TID-QID 7.5 mg/kg/day, up to 200 mg/day
Minoxidil 0.1–0.2 mg/kg/dose BID-TID 1 mg/kg/day, up to 50 mg/day

Diuretic Furosemide 0.5–2 mg/kg/dose BID-QID 10–15 mg/kg/day, up to 200 mg/dose
HCTZ 1 mg/kg/day BID 4 mg/kg/day, Up to 50 mg/day

ACE, angiotensin converting enzyme: ARB, angiotensin receptor blocker.
aLabetalol has both α and β adrenergic antagonist effects.
(Adapted from: Flynn J. Recognizing and managing the hypertensive child. Contemp Pediatr 2003;20:38.)

function and alternate-day steroid therapy, or, better still, no
long-term maintenance steroids, produce significantly better
growth than daily maintenance doses.

Nutrition in Children with CRI

Malnutrition due to the metabolic disturbances of uremia is
common in adults, and in childhood it results in poor growth.
Anorexia frequently accompanies CRI, and when the energy in-
take falls below 80% of the recommended dietary allowance,
there is a correlation between the poor energy intake and poor
growth (277,281). Prescribing a strict dietary regimen for the
anorectic child in CRI is futile because compliance is poor.
The renal dietitian is an essential part of the clinical team
to offer advice on diet in children with chronic renal disease.
They prescribe an amount of low-phosphate food for infants,
which contains supplements of glucose polymer or lipid to in-
crease the daily calorie intake to a minimum of 120 but ideally
150 kcal/kg per day. Infants are fed high-protein milks and pro-
tein supplements up to a total of 2.5 g/kg per day. Phosphate re-
striction is typically necessary for older children, with reduction
of intake of dairy products along with the use of phosphorous
binders. Monitoring of the average calorie intake, weight and
height gain, BUN (which should be <60 mg/dL), and serum
albumin concentration is sufficient to determine the dietary
protein intake needed for the individual child. Protein restric-
tion has been associated with poor growth in infants with CRI
(289) and is not recommended for growing children. In clinical
practice, excluding dairy products for phosphate restriction al-
ready reduces protein intake to some extent. Adequate intake
of vitamins such as pyridoxine and trace minerals should be
ensured. If the weight gain is poor with the child’s spontaneous

food intake, early use of alimentary feeding with either a naso-
gastric feeding tube or gastrostomy is required.

When the GFR is less than 80 mL/minute/1.73 m2, accu-
mulation of phosphate and secondary hyperparathyroidism
occur and can be prevented by implementing dietary re-
striction of phosphorus with the addition of phosphate-
binding drugs if needed. When the GFR reaches less than
25 mL/minute/1.73 m2, high-dose phosphate binders [calcium
carbonate or cross-linked poly-(allylamine hydrochloride)
(Renagel)] together with extra vitamin D in the form of 1,25-
dihydroxycholecalciferol (0.1 to 0.5 μg per day) are important
components of therapy. Periodic monitoring of serum calcium,
phosphorus, and intact PTH concentrations is necessary. Ther-
apy should be adjusted to keep the PTH levels below 1.5 times
the upper limit of normal. If the child is hypercalcemic, it is
best to lower the plasma phosphate by diet and Renagel and
then substitute calcium carbonate when control has been estab-
lished.

Concern exists among pediatric and adult nephrologists re-
garding the long-term metabolic consequences of a diet high in
carbohydrate and fat and the cardiovascular disease risks they
impose. Both hypertriglyceridemia and hypercholesterolemia
are common in children with CRI and ESRD, although the ob-
served derangement varies with the degree of uremia, mode
of renal replacement therapy, and drug regimens (290–292).
There are no large, controlled, long-term trials of therapy
for hyperlipidemia in children with progressive renal disease.
Short-term studies with fish oil, 5 to 8 g per day, have shown
effectiveness in reducing hypertriglyceridemia but not hyperc-
holesterolemia (293). Both triglyceride and cholesterol are re-
duced in nephrotic patients with 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors.
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Linear Growth in Children with CRI

The levels of the two most important growth hormones in hu-
mans, insulin and growth hormone (GH) itself, are elevated in
CRI, with the balance of insulin-like growth factor-1 (IGF-1)
and its binding proteins in favor of there being less biologi-
cally active IGF-1 (294–296) and therefore decreased growth.
If other factors contributing to poor growth in CRI have been
appropriately addressed, and the child still fails to grow and is
below the third percentile for height, recombinant human GH
(rhGH) therapy at a dose of 30 U/m2 BSA per week increases the
height velocity SD score (SDS) in children with CRI (297,298),
those undergoing dialysis (299), and those with transplants
(300). The drug is provided as a daily subcutaneous injection.
It is more effective in prepubertal and younger children, when
height velocity SDS may double or triple, compared with older,
peripubertal children. “Catch-up” growth may occur in the
first 2 or 3 years of therapy, but then height velocity reduces to
more normal levels. If rhGH is stopped, “catch-down” growth
is reported to occur in 75% of patients (301), whereas others
report growth proceeding along the percentile lines (302). The
therapy is safe, with no common deleterious effects on GFR,
long-term insulin insensitivity, or, in transplanted patients, al-
lograft rejection (303,304). Although the parents’ and patient’s
acceptance of the treatment is good (305), compliance still may
be a problem in 60% of children, and the issue should be raised,
although there was little correlation with the response to ther-
apy in one study (306).

Pubertal Development in Children with CRI

Delayed pubertal development is common in children with im-
paired renal function and is attributable to numerous hormonal
alterations. Lower overnight gonadotropin bursts from the pi-
tuitary also are observed in peripubertal children (307); this
leads to an average delay in puberty onset in CRI of 2.5 years
for both sexes (308). The poor growth of CRI usually is asso-
ciated with delayed skeletal maturation (309). As noted pre-
viously, GH bursts from the pituitary gland are also reduced
in quantity, and in prepubertal and peripubertal boys, plasma
IGF-1 levels are reduced and IGF binding protein concentra-
tions increased, leading to less growth-promoting activity of
the pituitary-GH-IGF axis (310). In late puberty, GH burst
frequency increases to greater than normal but GH mass per
burst remains low. The mean age of onset for menarche in
girls with ESRD is 15.9 years, compared with a mean age
for normal girls of 13.4 years (311). Sex steroid hormone
administration may be necessary to speed puberty in older
teenagers.

Anemia in Children with CRI

The management of anemia in children with CRI/ESRD has
been revolutionized by the introduction of recombinant hu-
man erythropoietin. The dosage varies between 100 and
150 U/kg body weight given three times a week after dialysis.
The dose should be adjusted to maintain the hemoglobin con-
centration in the lower half of the normal range for the child’s
age and sex. Erythropoietin treatment is associated with a fall
in serum ferritin, and oral or intravenous iron supplementa-
tion may be required. The amelioration of anemia is associated
with increased well-being and exercise tolerance, and as long as
the hemoglobin level is monitored carefully, hypertension does
not appear to be a significant complication. Thrombosis of
vascular access is a risk if polycythemia is induced. The avoid-
ance of blood transfusions decreases the chance of sensitiza-
tion to major histocompatibility complex (MHC) antigens and
is associated with a fall in antibodies in previously sensitized
children.

Psychosocial Considerations

Chronic renal failure leads to severe psychological problems
in some children, especially those on chronic hospital dialy-
sis (312–315). The insecurity and painful procedures such as
blood taking and fistula access may elicit aggression toward
parents and staff, and the insecurity this creates in both can lead
to anxiety for all concerned. The aggression may be followed
by withdrawal, or refusal to cooperate (which can at times
make dialysis almost impossible), and can affect food intake
and survival. The further stresses of retarded growth, retarded
sexual and emotional maturation, loss of schooling, abnormal
appearance, and dependence on hospital and machines inhibit
the normal development of independence. The whole way of
life for the child and family can be affected. Although the in-
cidences of depression and anxiety do not differ from those in
normal, healthy adolescents, personal and social adjustments
often are poor. The coping strategies displayed by children on
dialysis are better for those on home peritoneal dialysis than
for those on hemodialysis (312), and children with functioning
renal transplants fare even better (313).

In one survey of adults who had been treated in childhood
for an average of 11 years, most were working full or part time
in a variety of different jobs that were not dissimilar to those
of their peers (278). Many, particularly the girls, were married
and living normal sexual lives. The mode of treatment is impor-
tant in determining psychological morbidity, with transplanted
children showing half the psychosocial problems of dialyzed
children (316). Marriage occurred in approximately 50% of
patients, with half of the couples having children of their own.
Only 10% to 14% of pediatric patients with ESRD were un-
employed (316,317). It was especially interesting that many
families thought the experience had improved their family life
rather than the reverse.

Stress in the care of the child with CRI/ESRD may be re-
duced if all involved staff are aware of the problems and are
willing to discuss them openly to alleviate anxiety and take time
to talk about the difficulties between themselves, with the fami-
lies, and with the children. The environment where the children
are treated is important; schooling must be available, with a li-
aison between the hospital and the child’s own school. Social
service support to alleviate at least some of the family’s diffi-
culties, financial help for the unforeseen expenses, and an op-
portunity for relief by providing holidays for the children away
from the family are important and aid in the development of
independence. Access to skilled psychiatric assistance is impor-
tant. Children need to grow emotionally and socially, and this
is inhibited by overprotection; thus, families should be sympa-
thetically discouraged from overindulgence. Children mature
best with the love, discipline, and support of their families, and
it is no surprise that dialysis at home, whether hemodialysis or
continuous cyclic peritoneal dialysis, is associated with fewer
problems. A multidisciplinary team is essential if the child and
family are to overcome these problems.

Intellectual performance is reduced in adults with ESRD,
and some studies in infants suggested a similar problem that
may be compounded by the severe disturbances in body
composition that occur in these younger children (318,319).
With the advent of calcium carbonate and Renagel, aluminum
neurotoxicity and bone disease should not occur, but malnu-
trition strongly influences neurologic outcome in infants with
early, severe CRI from birth (320).

Dialysis

Children require more dialysis in relation to their body weight
than adults do because their metabolic rates and therefore
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intakes are higher. This means that children require larger dia-
lyzers in relation to their body weight, but if too large a dialyzer
is used with a volume exceeding more than 8% of the child’s
circulating blood volume (80 mL/kg body weight), there is a
risk of hypotension on dialysis or hypertension after “rinse
back.” Dialyzers should have low compliance and should be
the largest that can be used while still maintaining an extracor-
poreal blood volume below 8% of the child’s circulating blood
volume. The dietary principles for the child on hemodialysis are
similar to those discussed previously, and an adequate energy
intake should be ensured and secondary hyperparathyroidism
carefully controlled.

Chronic dialysis options for children include continuous
cyclic peritoneal dialysis (CCPD), continuous ambulatory peri-
toneal dialysis (CAPD), and hemodialysis, which usually is
hospital based. Each has its advantages and disadvantages. In
general, dialysis or preemptive transplantation is required in
children when the GFR is 10 mL/minute/1.73 m2 or lower,
or if hyperkalemia, fluid overload, poor metabolic control, or
poor growth due to uremia occur. Ideally, no child should be
accepted onto a dialysis program unless renal transplantation
is intended, because this offers the most successful therapy for
ESRD in children.

CCPD may be used in infants as well as in the older child or
teenager. The nutritional problems of children are important,
particularly in infants because of their need to achieve energy
balance. They require greater dose of dialysis, and CCPD is
most appropriate. Dialysis fill volumes are 40 mL/kg in the
stable chronic patient, and the amount of dialysis is set by the
number of cycles per night. The large variation in body size of
children of different ages means that individual prescription
volumes of peritoneal dialysate are required and should be
reassessed at regular intervals. Peritoneal equilibration tests
(PETs) or formal timed clearances may be used to adjust
dialysis prescriptions to gain better general health and growth
(321). In general, children were thought to have higher solute
transport than adults, but more recent evidence suggests the
contrary when transport rates are corrected for BSA (322). By
performing CCPD overnight, children may be left with their
abdomen empty during the day, which adds to their daytime
mobility and comfort. Using sterile technique, peritonitis rates
of approximately one episode per 14 months per patient or
better are easily achievable. CAPD may be used where dialysis
machinery is not available, and like adult practice, requires
four exchanges to be made per 24 hours; it is not as convenient
for school-aged children or their parents. Both techniques can
achieve creatinine clearances of approximately 70 L/week, giv-
ing the child a sense of well-being and permitting good school
attendance.

The major problems with peritoneal dialysis are infection
of the exit site or catheter tunnel, peritonitis, poor catheter po-
sition or malfunction, constipation interfering with dialysate
drainage, and line breaks, in common with adult practice (see
Chapter 98). Peritonitis caused by pets breaking the sterile cir-
cuit, usually by gnawing on the dialysis tubing, is well described
in children on home dialysis. Attention to detail with regu-
lar cleaning and dressing of the exit site and a well adherent
catheter at the exit site protects against exit site and tunnel
infections. Chronic colonization of the exit site often leads to
peritonitis. Common pathogens that cause peritonitis in chil-
dren are coagulase-negative staphylococci, Staphylococcus au-
reus, Pseudomonas, and, occasionally, Candida. The latter two
pathogens usually require the peritoneal catheter to be removed
in order to clear the infection with hemodialysis commenced.
Long-term peritoneal membrane failure may lead to high trans-
porter status or ultrafiltration failure when assessed by PET.
This may lead to an increased body mass index in the child
because glucose is readily absorbed through the peritoneum.
Sclerosing peritonitis occurs in children as well as adults and is

related to recurrent peritonitis and long-term use of peritoneal
dialysis.

The hemodialysis prescription for children often is 4 hours
three times per week, and kt/V or urea reduction ratio cri-
teria have been calculated for children to assess the qual-
ity of dialysis (Chapters 98 and 99) (323–325). Younger in-
fants may require up to six to seven hemodialysis treatments
per week to maintain adequate clearance and foster growth.
Hospital-based hemodialysis is becoming less popular, but it
may have advantages in certain clinical settings. Nephrotic pa-
tients who have undergone recent bilateral nephrectomy are
able to achieve better anabolism with hemodialysis than with
peritoneal dialysis, when protein losses may further compro-
mise a protein-malnourished child. Supervision by hospital
staff also is possible in families who have difficulty coping
with peritoneal dialysis, although hospital-based hemodialy-
sis is more expensive. Long-term problems with hemodialysis
arise from difficulty with vascular access. New double-lumen
catheters with cuffs that are tunneled under the skin provide
greatly improved access, particularly in small children and in-
fants. Reliance on surgically performed arteriovenous fistulas
or artificial arteriovenous grafts still occurs with older chil-
dren and adolescents. Despite these advances, line sepsis, fistula
stenosis or thrombosis, excessive interdialytic weight gains, and
loss of schooling still pose significant problems for the child on
hemodialysis.

Growth on dialysis remains suboptimal, as detailed previ-
ously. The mode of dialysis affects growth, with peritoneal dial-
ysis having better growth rates than hemodialysis.

Renal Transplantation

Living related or cadaveric donor renal transplantation has
been successfully performed routinely in children, from the age
of 1 year, since the early 1970s. It remains the primary mode
of therapy for renal failure in children and is most success-
ful when carried out preemptively, because survival of children
(and grafts) is no different from those who underwent dialysis
initially (326,327). Successful transplantation gives the child
with renal failure the best potential to achieve a normal life,
growth, school performance, and psychosocial and emotional
development. Adults who have been transplanted as children
have a higher chance of being well rehabilitated, employed, and
married then if they are undergoing dialysis (317).

Surgical and Perioperative Considerations in
Very Young Children

Transplanting young children may present the surgeon with
special problems—the discrepancy between the organ size and
the recipient’s abdomen may pose operative problems that the
surgeon must address before surgery (328). Although infants
receiving adult kidneys can have the graft placed intraabdomi-
nally with the renal vessels anastomosed to the aorta and infe-
rior vena cava, we prefer to wait until children have reached a
weight of at least 12 to 15 kg before proceeding with trans-
plantation due to decreased allograft survival. In addition,
intraabdominal renal transplants are often associated with in-
creased third space fluid losses, postoperative ileus, temporary
intolerance of feeds, and diarrhea. Age matching of donors
and recipients does not improve graft survival for young chil-
dren (329), although others have demonstrated in their units
(330) that all recipients have less risk of graft loss if the donor
age is 18 to 45 years. Graft function of adult and pediatric
donors is similar within 2 years posttransplantation owing to
adaptive changes dictated by the recipient’s size (331). Vascular
thrombosis of small allografts placed in young children is more
common, as is renal artery stenosis (332). Young recipients
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often have renal tract anomalies or obstructed renal tracts as
the cause of their ESRD, so a thorough preoperative assessment
of urine drainage through the bladder and urethra is required,
including videourodynamics in many cases, to enable the site
of anastomosis of the transplant ureter to be planned. In those
children with a urinary diversion, when graft function is opti-
mal and good urine flow is present, bladder augmentation or
urethral operations and anastomosis of the transplant ureter to
the bladder can be carried out. Corrective bladder augmenta-
tion or other urologic operations often are unsuccessful unless
good urine flow is ensured (333).

After surgery, the renal transplant’s vascular capacity often
greatly exceeds that of the child’s native kidney, so extra care
must be taken to maintain intravascular volume and renal per-
fusion by adequate fluid replacement. Small discrepancies in
fluid balance are critical to early graft function and even long-
term outcome. Most important, postoperative tissue perfusion
should be assessed by measurement of pulse, arterial blood
pressure, and central venous pressure. The ideal postoperative
cardiovascular status is to achieve an adequate central venous
pressure, normal arterial blood pressure, and good urine output
(>2 mL/kg/hour). Ensuring good urine production optimizes
graft function and leads to low primary nonfunction rates.

Immunosuppression and Patient and Allograft Survival

The many successful immunosuppressive protocols used in
children are similar to adult protocols, with adjustment of
drug dosages based on BSA to reflect the discrepancy in body
size and metabolic rate. Familiarity with the pharmacokinet-
ics of immunosuppressive drugs in children is important. Most
commonly, a triple regimen including tacrolimus, mycopheno-
late mofetil, and prednisolone/prednisone is used. Variations
on this basic protocol occur with the use of cyclosporine in-
stead of tacrolimus or azathioprine instead of mycophenolate
mofetil. As expected, protocols vary from center to center. The
cyclosporine era has allowed a great reduction in the dose
of steroid use posttransplantation, with improvement of graft
survival, side effects, and growth. Long-term maintenance,
alternate-day dosing of steroids has been shown greatly to im-
prove pubertal growth, particularly in boys, compared with
daily dosing at similar doses that were used in prednisolone
and azathioprine protocols (334).

The North American Pediatric Renal Transplant Coopera-
tive Study (NAPRTCS) has reported 1- and 5-year graft survival
probabilities; living related donor graft survival rates are 93%
and 81%, respectively, compared with cadaveric allograft sur-
vival rates of 84% and 66% (2004 Annual Report). Chronic
and acute rejection continue to be the major causes of index
allograft loss, followed by graft thrombosis. Long-term sur-
vival rates in children who undergo renal transplantation be-
fore the age of 6 years are similar to those in older children and
adults. Impressive patient and allograft survival rates with liv-
ing related donors can be obtained in recipients younger than
2 years of age (335). This maximizes the potential for physical
and neurologic development, with good catch-up growth and
an increase in head circumference and developmental quotient
being observed.

Loss of the renal transplant may occur from acute rejec-
tion, acute graft thrombosis, infection of the recipient that re-
quires withdrawal of immunosuppression, or chronic allograft
nephropathy, some of which is due to chronic rejection. Anti-
HLA antibodies in children who have become sensitized are
most troublesome when directed against MHC class II anti-
gens and may complicate repeat transplantation. Because graft
thrombosis is a common cause of graft loss in transplanted chil-
dren, the pretransplantation workup of the recipient should in-
clude detailed screening for procoagulant conditions by func-
tional and genetic testing, such as the presence of factor V

(Leiden), homocystinuria, heterozygosity for factor C, S, pro-
thrombin or antithrombin III deficiency, and others. For living
related donor transplantation, these tests also should be per-
formed on the donor.

Teenagers and Transplants

Delayed puberty and short stature are important potential
problems of teenage life. Many transplanted teenagers have
difficulty in meeting others socially. Teenagers with renal trans-
plants have anxiety about rejection (often reinforced by their
doctors), which may lead to depression. When this is coupled
with an abnormal body image and a chaotic lifestyle, noncom-
pliance with medication may be very common (up to 60% of
patients). Concerns over body image result from drug side ef-
fects, or a dialysis fistula may dominate a teenager’s attitude
to his or her treatment, leading to noncompliance. If this in-
volves immunosuppression, the renal transplant is at risk. The
severe, full-face acne and central obesity induced by steroids,
the hypertrichosis of the trunk and limbs from cyclosporine,
and the gum hypertrophy from cyclosporine and calcium chan-
nel blocker are common concerns. Supportive counseling about
their problems and a nonconfrontational approach to noncom-
pliant teenagers is most constructive, as opposed to blaming
them for their actions. The physician caring for such adoles-
cents must show support and understanding for their con-
cerns, adapt the drug regimen appropriately, and resist justi-
fying the need for the drugs simply because the transplanted
kidney is valuable to the patient. Education about the impor-
tance and need for immunosuppressive drugs both before and
after surgery reduces posttransplantation noncompliance.

Recurrent Disease and Long-Term Complications of
Pediatric Renal Transplantation

Recurrent renal disease may occur after renal transplantation in
approximately 11% of transplanted children. Steroid-resistant
idiopathic nephrotic syndrome, usually due to focal segmen-
tal glomerulosclerosis, recurs in 30% to 50% of patients. The
recurrence often occurs very early in the transplant’s clinical
course and is slightly more common with living related kidneys,
but is also very common in second or subsequent grafts (70% to
80% of children) if it recurred in the first transplant. Heavy and
prolonged immunosuppression has been successful in treating
this posttransplantation complication, and recently both im-
munoadsorption of plasma and multiple plasmapheresis with
standard triple therapy have been used successfully (336). In
contrast to these clinical findings, mesangiocapillary glomeru-
lonephritis commonly occurs later in the posttransplantation
course, particularly if it is dense deposit disease.

Oxalosis recurs in 33% of newly transplanted kidneys and
long-term graft survival rates at 3 years are only 17% to 23%
(337). Successful transplantation is achieved by decreasing the
oxalate load by extensive preoperative dialysis and postopera-
tive diuresis. Alternatively, liver transplantation may be cura-
tive before severe CRI occurs, or combined liver–kidney trans-
plant may be considered.

Because of heavy immunosuppression with multiple drugs
and their long-term administration with a successful allograft,
and the relative lack of Epstein-Barr virus infection in young
children, recipients transplanted at a young age are at in-
creased risk for posttransplantation lymphoproliferative dis-
order (PTLD) and other neoplasms (see Chapter 97). PTLD
is reported to affect 1% to 10% of pediatric renal transplant
recipients (338). Increased general use of more potent immuno-
suppression in the 1990s may increase this figure in the future,
a worrisome potential consequence of using potent immuno-
suppressive drugs in the effort to obtain better graft survival.
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Transplanted children with chickenpox, which still is en-
demic in many countries, are at increased risk because the ill-
ness may be severe and even fatal in immunosuppressed hosts.
We recommend that all children who are placed on transplant
waiting lists be immunized against varicella. (It is optimal to
be certain that children are fully immunized against all usual
childhood illnesses prior to renal transplantation if possible.)
Immunizations, other than live poliovirus vaccines, usually are
not contraindicated in children with renal transplants taking
maintenance immunosuppression (339).

PEDIATRIC NEPHROLOGY
CLINICAL SERVICES

The successful outcome of children with renal disease depends
on many factors—early identification in utero for congenital
renal malformations, early diagnosis of renal disease or infec-
tion in susceptible target populations of children, appropriate
treatment of associated hypertension, and appropriate therapy
of the underlying disease. Because of the complex nature of
most renal disease, which is due to the major role the kidneys
play in homeostasis, it is clear that to attain the maximum po-
tential well-being for a child with a serious renal condition,
many skills are required. Moreover, for the child and his or
her family, psychological and emotional, social, and financial
support, together with education, usually are required.

There are no absolute contraindications to the treatment of
a child with ESRD, but there are many relative ones. The pur-
pose of treatment is to enable the child to survive and grow up
to lead a full adult life. Most children can achieve this success-
fully only with the support of their families. Long-term dialy-
sis and transplantation of newborns and infants with ESRD
still are uncommon, but every pediatric renal unit has had
some experience with these children. Treatment of the child
is not always the best or kindest option for the child or the
family. The final decision, given that the resources are avail-
able, must rest with the family. Obviously, as the child grows
older, these contraindications to treatment lessen, but the sup-
port that is required for the successful treatment of children in
ESRD and their families must never be underestimated. Only a
clinical team—nephrologists, other physicians and specialists,
nurses, psychologists, social workers, teachers, play specialists,
and parents—can provide all the necessary skills. Such clinical
teamwork, coupled with research, holds the key to a successful
future for children with renal disease.
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CHAPTER 80 ■ RENAL FUNCTION AND
DISEASE IN THE AGING KIDNEY
DEVASMITA CHOUDHURY AND MOSHE LEVI

INTRODUCTION

The natural process of aging affects both structure and func-
tion of the kidney. Although the aging kidney can maintain an
adequate internal environment for daily function, acute inter-
current stresses from immunologic, infectious, toxic insults, or
other organ dysfunction reveal the limitations of response and
lead to increased failure of function. This is evident with older
donor kidneys. Kidneys from donors older than 55 years of age
are more likely to fail from chronic allograft dysfunction (1–5).

The current U.S. population of 35 million older than
65 years is expected to grow to 54 million by 2010 (6), with an
expected proportional increase in the prevalence of moderate-
to-severe renal failure in this group from present estimates of
10.8% in the nondiabetic, nonhypertensive population and
20.6% in those with preexisting diabetes and hypertension (6).
Prevalence estimates of end-stage renal disease (ESRD) in the
elderly are five times greater than in young adults (7,8). Re-
nal functional loss further independently adds to risk of car-
diovascular and all-cause mortality to this elderly population
(6). Understanding, therefore, the anatomic, physiologic, and
pathologic changes of renal aging may help in our ability to
appropriately care for the elderly and prevent disastrous out-
comes. The use of molecular probes has increased insight into
basic processes leading to changes in the aging kidney. This
chapter attempts then to review the current understanding of
structural, functional, and clinical processes that impact renal
function in health and disease.

MACRO AND MICRO CHANGES
IN STRUCTURE

Gross kidney weight and mass both decrease as age increases.
Postmortem evaluation of kidneys using intravenous urogra-
phy and computed tomography note that kidneys of older in-
dividuals are smaller (9,10) and weight drops from 250 to 270 g
during young adulthood to 180 to 200 g by age 90 (11). These
changes in renal mass may be age-appropriate given that there
is parallel decrease in body surface area with aging (12).

Ultrastructural examination of older kidneys reveals a gen-
eral increase in glomerulosclerosis and tubulointerstitial fibro-
sis. Little cellular response is seen with hyaline depositing in
residual glomeruli and Bowman’s space as they become ob-
solescent (Fig. 80-1) (13). Much of the cortical glomeruli are
ischemic, with glomerular count decreasing as much as 30% to
50% by age 70 (14), whereas medullary glomeruli appear to
be relatively spared. The aged obsolescent glomeruli display an
8% to 12% increase in mesangial volume, loss of glomerular
tuft lobulation, and progressive capillary collapse with obliter-
ation (15). In aging (24-month-old) Sprague-Dawley rats there
is decreased expression of proangiogenic vascular endothelial
growth factor (VEGF) and increased expression of antiangio-

genic factor thrombospondin-1 when compared with younger
(3-month-old) rats (16). This is associated with the significant
decrease in both glomerular and peritubular capillary density,
hinting the possibility of impaired angiogenesis in the aging
renal tissue as cause for gradual glomerular obsolescence and
tubulointerstitial fibrosis.

Renal cortical arteries from tissue sections of humans from
6 to 70 years of age show progressive arterionephrosclerosis
with increased intimal fibrosis and medial sclerosis and shrink-
age (17), suggesting that the gradual increase in blood pressure
that is seen with aging may be set according to the changes
in the renal vasculature (Fig. 80-2) (18). Similarly donor biop-
sies from healthy elderly reveal increased arteriosclerosis of
interlobular and arcuate arteries compared to younger donor
kidneys (19). These changes seen in the intrarenal vasculature
appear to be independent of hypertension and other renal dis-
ease. Basement membranes of both glomeruli and tubules are
also wrinkled and thickened, leading to fewer more simple vas-
cular channels (20,21). Microangiograms show redistribution
of renal blood flow from the cortex to the medulla, with blood
being shunted from the afferent to the efferent arterioles of the
juxtamedullary glomeruli (Fig. 80-3) (22). The arteriolar vera
recta of the renal medulla are intact and sustain blood flow to
the medulla (21,23).

Interestingly, molecular changes in the aged renal tissue
seem to parallel histologic changes. Telomere length decreases
in the aging renal cortex faster than in the renal medulla (24).
Acting as mitotic clocks for cell replication (25–27), critical
shortening of telomere length in the renal cortex may suggest
a limited survival capability for this cell population, possibly
contributing to the subsequent cortical scarring seen in the
aged human kidney (24,28). In addition, there is increased ex-
pression of messenger RNA (mRNA) and protein of candidate
genes associated with senescence including cell cycle inhibitor
p16INK4a, p53, cyclooxygenase 1 and 2 (COX-1, COX-2),
transforming growth factor beta-1 (TGF-β-1) and heat shock
protein A5 (HSPA5) in human renal cortical tissue that corre-
lates with age-related histologic changes of glomerulosclerosis
and interstitial fibrosis. The cell cycle inhibitor p16INK4a ap-
pears to show the most consistent correlation with both age and
histological changes and correlates inversely with cell replica-
tion (29).

Glomerular senescence is accompanied by renal tubular at-
rophy that outpouches into distal diverticula (Fig. 80-4) (30).
Histologically these tubular outpouchings may represent the
beginnings of acquired renal cysts seen in elderly (30). A col-
lection of bacteria and debris in these diverticula can then pre-
dispose to infection and pyelonephritis (31).

Tubulointerstitial fibrosis in the aging kidney may actually
precede the associated focal glomerulosclerosis and tubular at-
rophy (32,33). Fibrosis in the aging rat tubulointerstitium is
an active inflammatory process marked by fibroblast activa-
tion, accelerated surrounding cellular apoptosis, focal tubular
cell proliferation, myofibroblast activation and macrophage
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FIGURE 80-1. Histology of renal senescence: (A) arteriohyalinosis,
(B) fibrous intimal thickening, (C) glomerulosclerosis, (D) tubular at-
rophy, (E) lipofuscin pigment, (F) interstitial fibrosis. (Reprinted from:
Melk A, Halloran PF. Cell senescence and its implications for nephrol-
ogy. J Am Soc Nephrol 2001;12:385.)(See Color Plate.)

infiltration (34). Increased immunostaining for adhesion
proteins osteopontin and intercellular adhesion molecule-1
(ICAM-1) is evident in the extracellular interstitial matrix (34)
(Fig. 80-5). Older rats (24-, 30-month-old) are noted to also
have increased fibronectin mRNA expression as well as in-
creased deposition of both collagen 1 and collagen IV. Di-
minished endothelial nitric oxide synthase (eNOS) expression
resulting from ischemia and peritubular capillary injury may
incite the inflammation. Collagen 1 mRNA upregulation and
increased deposition in aging Sprague-Dawley rats is associ-
ated with progressive fibrosis (35). Similarly, aging human au-
topsy tissue also demonstrates increased collagen 1 accumu-
lation, which correlates with the extent of interstitial fibrosis,
although the same is not evident for collagen IV (36). Because
mRNA levels were opposite, however, to the tissue accumu-
lation of collagen I and collagen IV, it is possible that aging
diminishes the different matrix metalloproteinases (MMPs) re-

FIGURE 80-2. Mean arterial pressure (MAP) as a function of age.
(Redrawn from: Hoang K, Tan JC, Derby G, et al. Determinants of
glomerular hypofiltration in aging humans. Kidney Int 2003;64:1417.)

sponsible for degradation of the different collagens, MMP-3
and MMP-9 for collagen IV, and MMP-8 and MMP-13 for
collagen 1, differently, thereby leading to accumulation of col-
lagen 1 and not collagen 4 (36).

MEDIATORS AND MODIFIERS OF
GLOMERULOSCLEROSIS AND

TUBULOINTERSTITIAL FIBROSIS

It is clear that some individuals experience the changes ob-
served with aging in the kidney faster than others. A 23-year
longitudinal follow-up of healthy elderly finds two-thirds of the
subjects showing a decrease in creatinine clearance, whereas
one-third of the subjects did not have any absolute changes in
creatinine clearance (38). Although biologic aging in the kidney
results in scarring of the glomerulus and tubulointerstitium,
various factors can change the rate at which sclerosis occurs
including angiotensin II (AT-II), nitric oxide (NO), advanced
glycosylation end products (AGEs), TGF-β-1, oxidative stress,
and lipids (Fig. 80-6). The ability to modify these factors may be
important in delaying the progressive age-associated changes
in renal function.

Role of Angiotensin II

AT-II plays diverse roles in the kidney, from vasoactive effects
to affecting proximal tubular transport of sodium and water
(39,40), glomerular and tubular growth (41–45), decreasing
NO synthesis (46), immunomodulation, growth factor induc-
tion, and accumulation of extracellular matrix proteins, all
of which can modulate renal glomerular and tubulointersti-
tial scarring. Changes in intraglomerular hemodynamics with
preferential efferent arteriolar vasoconstriction to maintain fil-
tration pressure in the aging nephrons may be contributing to
age-dependent glomerular damage (47). The use of angio-
tensin-converting enzyme (ACE) inhibitors to increase renal
plasma flow (RPF) and glomerular filtration rate (GFR) in-
directly implicates AT-II in supporting this mechanism of
glomerulosclerosis (46). Treatment of aging rodents with ACE
inhibitor decreased their intrarenal vascular resistance (RVR)
and intracapillary pressure with a subsequent decrease in pro-
tein leak, and resulted in a significant reduction in the frequency
of focal segmental glomerular lesions seen with aging (48,49).
The increase in filtered load associated with postprandial hy-
perfiltration was reduced with chronic ACE inhibitor use (50).
In addition, ACE inhibitor could possibly be changing glomeru-
lar capillary size selectivity or the negative glomerular barrier
charge distribution (49,51). There was a significant decrease in
glomerular diameter mesangial area, and total glomeruloscle-
rosis in ACE inhibitor-treated aged mice in comparison to age-
and sex-matched untreated mice (51–54) (Fig. 80-7).

With aging, the walls of the larger intrarenal vessels un-
dergo variable sclerotic changes that are worsened with hyper-
tension. Increased arteriosclerosis is present in the interlobular
and arcuate arteries as well as other intrarenal vessels of biop-
sies from healthy older donors in comparison with those of
the younger group (19). Renal pyelography and angiography
on postmortem kidneys of normotensive subjects older than
50 years of age suggest that changes in the renal vasculature
may affect loss of renal cortical tissue more than age alone (37).

Further beneficial effects of AT-II antagonism in the aging
kidney are evident by the nonhemodynamic effects of AT-II in
inducing profibrotic cytokines in the kidney. Via endogenous
synthesis and autocrine action of TGF-β (57), AT-II stimulates
collagen IV transcription (56). AT-II also stimulates mRNA
and protein expression of the chemokine RANTES (Regulated
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FIGURE 80-3. Progressive (Stages I to IV) vascular simplification and glomerular degeneration of the
cortical and juxtamedullary arteriole-glomerular units with corresponding microangiograms. (From:
Takazakura E, Sawabu N, Handa A, et al. Intrarenal vascular changes with age and disease. Kidney
Int 1972;2:224, with permission.)

FIGURE 80-4. Microdissection of collecting tubule and associated di-
verticulum showing continuity between tubular lumen and divertic-
ulum. (From: Baert L, Steg A. Is the diverticulum of the distal and
collecting tubules a preliminary stage of the simple cyst in the adult?
J Urol 1977;113:707, with permission.)

on Activation, Normal T-cell Expressed and Secreted) in en-
dothelial cells and thus promotes monocyte–macrophage influx
(58). Transcription of the proinflammatory chemokine mono-
cyte chemoattractant protein-1 (MCP-1) is induced with AT-II
inhibition of NO. Enalapril-treated aged rats showed a signif-
icant decrease in tubulointerstitial fibrosis and alpha smooth
muscle cell-actin when compared with nifedipine-treated aged
rats and untreated aged rats with similar blood pressure control
(59). By stimulating plasminogen activator inhibitor-1 (PAI-1)
from the endothelium (60), AT-II promotes matrix accumu-
lation. Tissue plasminogen activator and urokinase plasmino-
gen activator, involved in matrix proteolysis and fibrinolysis,
are inhibited by PAI-1, resulting in matrix accumulation (61).
AT-II antagonists showed regression of glomerular and vascu-
lar sclerosis and decreased collagen content in treated rats (62).
Furthermore AT-II antagonists attenuated the age-associated
increase in mitochondrial oxidant production and prevented
age-related decrease in the capacity for mitochondrial energy
production associated with cellular damage (63).

More recently, AT-II is found to downregulate Klotho gene
expression. This gene and its protein product, primarily ex-
pressed in the kidney, are associated with the suppression of
premature aging and arteriosclerosis. AT-II mediated renal mor-
phologic injury is ameliorated in male Sprague-Dawley rats
with adenovirus vector-mediated mouse Klotho gene transfer
(64). In addition Klotho mRNA downregulation reversed with
the use of AT-II receptor blocker losartan. This was not seen
with the use of another antipressor agent, hydralazine (64).
These animal experimental data highlight the importance of
AT-II-mediated changes in the progression of sclerosis associ-
ated with aging, and suggest that angiotensin antagonism may
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FIGURE 80-5. A: Tubulointerstitial fibrosis as well as immunostaining
for collagen IV (Coll IV), intracellular adhesion molecule-1 (ICAM-1),
and osteopontin (OPN) are increased in aged rats compared with
younger rats. B: Apoptosis in young and aged rats was quantified by
the number of terminal deoxynucleotidyl transferase (Ttd)-mediated
dUTP-biotin nick end-labeling (TUNEL) cells in the glomeruli tubules
and interstitium. Total number of TUNEL-positive cells/30 fields was
3.5 ± 2.5 in the 3-month-old rat versus 24.5 ± 5.3 in the 24-
month-old rat (p = 0.0001). (Redrawn from: Thomas SE, Anderson S,
Gordon KL, et al. Tubulointerstitial disease in aging: evidence for un-
derlying peritubular capillary damage, a potential role for renal is-
chemia. J Am Soc Nephrol 1998;9:231, with permission.)

FIGURE 80-6. Factors associated with the pathogenesis of age-related
glomerulosclerosis and decline in renal function.

be beneficial in the progression of injury. Specific validation in
the aging human kidney is yet to occur.

Transforming Growth Factor-β

TGF-β actively modulates tissue repair, and its role in fibro-
sis of the aged kidney may be the result of usual or over-
active wound healing. Various factors associated with aging
in the kidney including AT-II, abnormal glucose metabolism,
platelet-derived growth factor (PDGF), hypoxic and or oxida-
tive stress, mesangial stretch, and increased levels of AGE stim-
ulate TGF-β. TGF-β stimulates gene transcription and pro-
duction of collagens III, IV, and I; fibronectin; osteopontin;
osteonectin; thrombospondin; matrix glycosaminoglycans
(65); and synthesis of MMP inhibitors that inhibit collagenase
(66). The end result is glomerular and tubular scarring from
tissue accumulation of extracellular matrix proteins (66–69).
Aging rats have increased TGF-β mRNA expression with asso-
ciated increased levels of TGF-β immunostaining in the renal
interstitium (33,69) (Fig. 80-8). Modulating factors such as
AT-II by long-term AT-II inhibition are associated with down-
regulation of TGF-β and decreased interstitial fibrosis (70).
Specific studies inhibiting TGF-β expression by antisense
oligonucleotides or being able to antagonize TGF-β action or
neutralize its function, for instance with decorin, may be useful
in defining a clearer role of TGF-β in age-associated sclerosis
and subsequent prevention. Relaxin, a small peptide hormone
usually produced by the pregnant ovary and prostate, has re-
cently been found to have antifibrotic properties via direct in-
hibition of transforming growth factor-β (TGF-β) fibroblast
stimulation, and results in decreases in collagen I and III. Aged
male relaxin knockout mice have an increase in collagen I with
thickened cortex, glomerulosclerosis, and a lesser extent of in-
terstitial fibrosis. Female knockout mice for this gene appeared
not to be affected. Furthermore, treatment of 12-month male
knockout mice with human recombinant relaxin seems to re-
verse the established renal interstitial fibrosis, glomerulosclero-
sis, and cortical thickening with a decrease in collagen content
(71). Further studies may clarify the utility of this treatment in
the progressive fibrosis seen with aging.

Nitric Oxide

Nitric oxide (NO) appears to be intimately related with both
sclerosis and changes in renal perfusion with aging. By its
ability to inhibit NFB in the presence of reactive oxygen in-
termediates, NO can prevent MCP-1-associated monocyte–
macrophage influx inflammatory injury (72,73). NO levels are
decreased in aged rats when the stable oxidation products,
nitrites and nitrates, are quantified (74,75). Endothelial NO
(eNOS) expression is also diminished in aged rat peritubu-
lar capillaries. Loss of eNOS expression is found to lead to
chronic tubulointerstitial ischemia and fibrosis (76). Further-
more L-arginine given to aged rats over a long period signif-
icantly improved RPF and GFR, while decreasing proteinuria
and glomerulosclerosis (Fig. 80-9) (77). L-Arginine supplemen-
tation has also been shown to decrease kidney collagen and
N-ε-(carboxymethyl)lysine accumulation (79). Recent studies
in rats indicate oxidant stress mediated NO scavenging via
NADPH oxidase to contribute to NO depletion in aged kid-
neys (78). Although the specific cause of decreased NO levels
in the aging kidney is unknown, interplay with increased AT-II
activity, hypoxia, and increased oxidative stress, higher AGE
levels and dietary protein intake may contribute (80–83). Uri-
nary NO excretion is found to increase and normalize with
use of either AT-II antagonists or dietary protein restriction or
both (75).
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FIGURE 80-7. Angiotensin-converting enzyme inhibitor (enalapril) decreases glomerulosclerosis in aged
mice. A: Animals treated with placebo. B: animals treated with enalapril. (From: Ferder L, Inserra F,
Romano L, et al. Decreased glomerulosclerosis in aging by angiotensin-converting enzyme inhibitors.
J Am Soc Nephrol 1994;5:1147, with permission.)

Advanced Glycosylation End Products

Progressive accumulation of cross-linked glycoxidated pro-
teins, lipids, and nucleic acids during aging injure the vascular
bed and renal tissue (84,85). Hyperglycemia accelerates this
process (86). AGEs decrease vascular elasticity and increase
monocytic chemotactic activity via AGE-receptor ligand bind-
ing, thereby promoting endothelial permeability with subse-
quent macrophage activation, growth factor secretion, and cy-
tokine generation. NO-mediated vasodilation may be affected
by possible chemical inactivation with accumulated AGE in the
endothelium and basement membrane (87–91). AGE-related
changes in the endothelium mimic those seen in diabetic pa-
tients. AGE and AGE-receptors (RAGEs) also accumulate in
the mesangium and basement membrane of aged animal kid-
neys with associated increase in vascular permeability and
induction of platelet-derived growth factor (PDGF) and TGF-β
leading to glomerulosclerosis and tubulointerstitial fibrosis
(86). A number of factors including an age-associated fall in
GFR, increased oxidative stress leading to oxidative modi-
fication of glycated proteins and N-ε-(carboxymethyl)lysine,

FIGURE 80-8. Quantitative analysis of the amount of transforming
growth factor-1 (TGF-1) mRNA in two groups of rats, 3 months and
24 months of age. Results expressed as mean ± SEM of 10 animals,
∗ p <0.05 versus 3-month-old-rats; attmol/μg total RNA = attomolar
TGF-1 cDNA concentration per milligram of total RNA. (Redrawn
from: Ruiz-Torres MP, Bosch R, O’Valle F, et al. Age-related increase
in expression of TGF-β1 in the rat kidney: relationship to morphologic
changes. J Am Soc Nephrol 1998;9:782.)

and increased insulin resistance causing abnormal glucose
metabolism and protein glycation can increase both AGE and
RAGE in the aged kidney. Lifelong smoking of tobacco and
eating of AGE-enriched food substances may also contribute
to increased AGE load and accumulation in tissues (92,93).

The pathologic role of AGE in age-related renal and vascular
disease is strengthened by animal studies of aged rats and rab-
bits treated with aminoguanidine. Aminoguanidine appears to
decrease proteinuria and glomerulosclerosis (94) (Fig. 80-10)
as well as arterial stiffening and cardiac hypertrophy with long-
term treatment in aged rats (96). Furthermore reversal of the
increased vascular permeability and defective vasodilatory re-
sponse to acetylcholine and nitroglycerin, as well as prevention
of mononuclear cell migration can be seen in the subendothe-
lial and periarteriolar spaces in various tissues of rats and rab-
bits treated with aminoguanidine (95). When a 60% calorie
restriction is imposed on Brown-Norway female rats, there is
decreased burden of AGE, N-ε-(carboxymethyl)lysine and pen-
tosidine (97,98). There was a significant decrease in collagen
AGE content in glomeruli, kidneys, and abdominal aorta of
aged 30-month-old lean WAG/Rij rats on 30% calorie restric-
tion versus 30-month-old aged counterparts on ad libitum diet
(7 g per day). (Fig. 80-11) (99).

Preliminary animal studies indicate a possible role for ami-
noguanidine treatment in decreasing AGE-associated glomeru-
losclerosis and tubulointerstitial fibrosis. Further future studies
in humans will need to clarify any true therapeutic outcomes.

Oxidative Stress

Increased free radical generation and or a deficiency of an-
tioxidant enzymes in aging renal tissue leads to increased ox-
idative stress and lipid peroxidation culminating in tissue in-
jury (100–103). Increased excretion of urinary oxidized amino
acids suggests higher skeletal muscle oxidized proteins in aged
rats (104). Aged kidneys also demonstrate increased levels of
reactive oxygen species and thiobarbituric acid reactive sub-
stance (TBARS), markers of lipid oxidative damage (105). In
a study of aged rats, increased markers of oxidative and lipid
peroxidation, isoprostanes, AGE, RAGE, and heme oxygenase
induction not only improved with antioxidant treatment, high-
dose vitamin E, but also these rats showed significant improve-
ment in RPF, GFR, and decreased glomerulosclerosis (106).
AT-II can activate membrane-bound NADP/NADPH oxidase
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FIGURE 80-9. Morphologic examination of kidneys from aging rats.
A: Average percentage of glomeruli per kidney with no sclerosis. ∗p
<0.05 compared with untreated controls; §p <0.05, nitrite-treated ver-
sus L-arginine-treated groups. B: Average percentage of glomeruli per
kidney with graded sclerotic injury. ∗p <0.05, L-arginine-treated rats
versus other groups. (From: Reckelhoff JF, Kellum JA, Racusen LC, et
al. Long-term dietary supplementation with L-arginine prevents age-
related reduction in renal function. Am J Physiol 1997;272:R1768,
Figure 3, with permission.)

to generate superoxide anions (107). Conversely, ACE inhibitor
increases antioxidant enzyme activity (108). Aged Fisher 344
rats given Tempol, a superoxide radical scavenger, had re-
stored ability to respond to AT-II receptor blocker, enalapri-
lat, to suppress oxygen consumption in renal cortical tissue,
which is NO mediated (78) (Fig. 80-12). Furthermore, apoc-
ynin, an NADPH oxidase inhibitor, also restored the action of
enalaprilat to suppress oxygen consumption in these animals
(78). This suggests that decreased NO availability in the aged
kidney may be secondary to destruction by superoxide pro-
duced from NADPH oxidase activity (78). TGF-β also stimu-
lates reactive oxygen species in cultured mesangial cells, which
is blocked with antioxidant taurine and ACE inhibitor (109).
Oxidative stress in aging rat kidneys can also enhance mitogen-
activated protein kinase (MAPK) cellular signaling pathways,
including extracellular signal-related kinases (ERKs), C-Jun
NH2-terminal kinases (JNKs), and p38 MAPK (110). Caloric
restriction suppresses age-related oxidative stress (112) and ac-

tivation of MAPK in the aging rat kidney. Also caloric restric-
tion in aged rats appears to decrease mitochondrial lipid per-
oxidation and membrane damage and decrease apoptosis in
the rat kidney (111). Therefore, dietary discrimination includ-
ing caloric restriction, antioxidant therapy, and AT-II inhibition
may be future therapeutic targets to delay age-associated renal
sclerosis.

Lipids

Cholesterol is found to accumulate in a number of tissues,
including the kidney, and may lead to the progression of
glomerulosclerosis and proteinuria in several diseases includ-
ing diabetes (113–124). Modified low density lipoproteins
(LDLs), and lipoprotein (a) levels increase with higher levels
of oxidative stress and AGE in aging (125–127). These lipid
products can further induce oxygen free radicals, growth
factors including PDGF and TGF-β, monocyte migration
and adherence, mesangial and vascular cell growth, as well
as inhibit NO generation. These changes can then lead to
renal disease progression. In fact, high cholesterol feeding of
type-2 diabetic rats enhances lipooxidative stress and induces
glomerulosclerosis and tubulointerstitial fibrosis (128). Treat-
ing streptozotocin-induced diabetic rats with 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors
for 12 months markedly improved glomerular volume and
urinary albumin excretion compared to untreated rats (129).
Both diabetic and nondiabetic patients seem to have a decrease
in proteinuria and partial GFR preservation with long-term
HMG-CoA reductase use and or peroxisome proliferator-
activated receptor-alpha (PPAR-alpha) agonists (130–132).
Investigations in aging humans are yet to be conducted.

FUNCTIONAL CHANGES
IN THE AGING KIDNEY

Structural changes obviate various functional changes of the
aging kidney, which may be subtle and unrecognized until
the kidney is pushed to maximum functional capacity under
physiologic need. Awareness of these functional changes al-
lows for forethought in the appropriate management of elderly
patients.

Renal Plasma Flow

Changes in the aging renal vasculature are associated with a
decreased renal blood flow. Renal plasma flow (RPF) evalu-
ated by para-aminohippurate (PAH) decreases by 50% from
600 mL/minute/1.73 m2 during the third decade to 300 mL/
minute/1.73 m2 by the ninth decade (133–135) (Fig. 80-13).
The rate of change is noted to be approximately 10% per
decade (132–133). Healthy donor xenon washout scans indi-
cate a preferential decrease in cortical blood flow and preser-
vation of medullary blood flow with increasing age from 17 to
76 years of age, which parallels histologic changes (136). An
age-related fall in cardiac output may explain the change in
RPF (136); however, this has not borne out in the face of care-
ful study (137,138). Changes in the anatomic and vascular re-
sponsiveness associated with renal aging may be the reason for
the decrease in the renal fraction of the cardiac output (139).

Vascular reactivity changes in both aging humans and ani-
mals. When the ability to vasodilate is tested with intravenous
infusion of vasorelaxants such as pyrogen (134) or atrial
natriuretic peptide (140) or intraarterial acetylcholine (136)
in elderly subjects, RPF increases; however, the vasodilation
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FIGURE 80-10. Age-related urinary protein (A and B)
and albumin loss (C and D) in the rat is suppressed by
aminoguanidine (AG). Total urinary protein concentration
was determined in 24-hour urine collected every 4 months
over an 18-month period from S-D (A) or F344 (B) rats
treated with AG (0.1% in drinking water) (•) or untreated,
age-matched controls (◦). Albuminuria was determined at
baseline and at the end of the study in S-D (C) or F344
(D) rats. Data are expressed as means ± SEM). Compar-
isons (old vs young; old vs old + AG) of all experimental
groups of both strains were significant at p <0.05 (N=
5 to 7 rats per group). (Donnelly T, et al. Prevention of car-
diovascular and renal pathology of aging by the advanced
glycation inhibitor aminoguanidine. Proc Natl Acad Sci
U S A 1996;93:3902.)

remains blunted when compared to younger subjects. Amino
acid infusion increases GFR and filtration fraction but does
not affect RPF (141). With maximal relaxation of the renal
vascular bed using combined dopamine and amino acid infu-
sion to healthy elderly and young kidney donors, both RPF and
GFR increase significantly, although the response is less in the
elderly, and filtration fraction stays the same (141).

Changes in intracellular signaling in aged kidneys may be
the reason for the impaired vasorelaxation that is seen (142).
Renal sympathetic mediated vasoconstriction is exaggerated
with inadequate response of cyclic adenosine monophosphate
(cAMP) to β-adrenergic agonists or altered response to cyclic
guanosine monophosphate (cGMP) to atrial natriuretic pep-
tide (ANP) (143,144). Other vasomediators such as vasodila-
tory prostacyclin (PGI2) are decreased in the aged rats kidneys

and human vasculature when compared to the vasoconstric-
tive thromboxanes (145,146). Aging subjects also excrete less
vasodilatory natriuretic prostaglandins such as PGE2 (147).

The aging renal vasculature appears to exhibit a hyperre-
sponse to AT-II mediated vasoconstriction as ACE inhibition
produces an exaggerated vasodilation in the elderly (148,149).
Aged rats treated with ACE inhibitor and angiotensin recep-
tor blockers in fact have a marked increased in RPF and GFR
(48). However intraarterial angiotensin produces an identical
vasoconstrictive response in young and older human subjects
(136). With blunted vasodilation to amino acid infusion and
possible exaggerated response to ACE inhibition, but normal
vasoconstriction with angiotensin infusion, the aging kidney
may already be compensating for underlying sclerosis to main-
tain adequate renal function.

FIGURE 80-11. Immunolocalization of advanced glycosylation and products (AGE) in the renal cortex of
10-month-old (A) and 30-month-old (B) female WAG/Rij rats fed ad libitum, and 30-month-old animals
food-restricted by 30% (C). AGE localized predominantly in extracellular matrix. Increased AGE accumu-
lation was evident in tubular basement membranes, mesangial matrix, glomerular basement membranes,
and Bowman’s capsule between 10 and 30 months in rats fed ad libitum. Such accumulation was mostly
prevented in food-restricted animals. (Magnification ×350.) (From: Teillet L, Verbeke P, Gouraud S, et al.
Food restriction prevents advanced glycation end products accumulation and retards kidney aging in lean
rats. J Am Soc Nephrol 2000;11:1488, with permission.)
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FIGURE 80-12. Effect of enalaprilat (A) on NO-mediated renal cor-
tical O2 consumption and Tempol (B) superoxide radical scavenger,
on suppression of O2 consumption by NO agonist enalaprilat con-
sumption in 4-month (circles), 13-month (triangles), and 23-month-
old (squares) Fischer 344 rats (N = 6 per group, p <0.05). (Redrawn
from: Adler S, Huang H, Wolin MS, et al. Oxidant stress leads to im-
paired regulation of renal cortical oxygen consumption by nitric oxide
in the aging kidney. J Am Soc Nephrology 2004;15:52.)

Glycine infusion into aged groups of Sprague-Dawley rats
exhibits a similar response in RPF as seen in humans and
matches the histologic changes of progressive glomerulosclero-
sis (150). Renal vascular resistance (RVR increases significantly
and RPF decreases in the aged Sprague-Dawley rats versus
younger counterparts with L-NAME (N-nitro-L-arginine-
methyl-ester), an L-arginine analog that competitively inhibits
the formation of endothelium-derived relaxing factor (EDRF)
(151). Micropuncture studies of young and older Sprague-

FIGURE 80-13. Renal plasma flow (RPF) as a function of age. (Re-
drawn from: Hoang K, Tan JC, Derby G, et al. Determinants of
glomerular hypofiltration in aging humans. Kidney Int 2003;64:1417.)

FIGURE 80-14. Two-kidney ultrafiltration coefficient (Kf) for �P =
40 mm Hg in youthful (<40 years) and �P = 40 or 45 mm Hg in aging
subjects (≥55 years). ∗p <0.005 vs. youthful. (Reprinted from: Hoang
K, Tan JC, Derby G, et al. Determinants of glomerular hypofiltration
in aging humans. Kidney Int 2003;64:1417.)

Dawley rats does not show any change in the magnitude of
pressor and vasoconstrictive response with AT-II infusion.
Both preglomerular and efferent vessels increase arteriolar
resistance with AT-II with a subsequent decrease in RPF and
glomerular plasma flow, and increase in filtration fraction in
both young and older rats. The glomerular capillary ultrafil-
tration coefficient (Kf) decreases in the older rats with a fall in
GFR and single nephron GFR (SNGFR). The same is not seen
in the younger rats in which there is no change in Kf, GFR, or
SNGFR with A-II. Glomerular mesangial cell contraction with
AT-II and a drop in filtration surface area may possibly explain
these findings (152). Combining morphometric analysis with
mathematical modeling of healthy renal transplant donors age
23 to 69 years to evaluate Kf in two kidneys and in individual
glomeruli, Hoang et al. suggest that the drop in Kf in humans
with age results from underlying structural changes lowering
single nephron Kf in addition to the decrease in the number of
functioning glomeruli (135) (Fig. 80-14).

Although there is a linear decrease in RPF with age, filtra-
tion fraction seems to increase (135). Because juxtamedullary
nephrons inherently have higher filtration fraction than corti-
cal nephrons, preserved medullary plasma flow and decreased
cortical plasma flow may help explain this finding.

Glomerular Filtration Rate

With renal senescence, there is an expected decrease in GFR;
however, the rate of decline can vary in aging individuals ac-
cording to various factors including measurement criteria, gen-
der, race, genetic differences, and other underlying risks of re-
nal dysfunction. A decrease in urea clearance with aging was
noted early on in 1938 by Lewis and Alving (153), which was
later confirmed by other measures of clearance including in-
ulin, creatinine, and iothalamate (133,135,154) (Fig. 80-15).
By creatinine clearance, the rate of decline in GFR is noted to be
approximately 0.8 mL/minute/1.73 m2 per year, with 140 mL/
minute/1.73 m2 at age 40 years to 97 mL/minute/1.72 m2 at
age 80 years (155). This decrease is evident even when the vari-
ability of protein intake on creatinine clearance is considered
(156). Iohexol clearance suggests a rate of decline of 1.0 mL/
minute/1.73 m2 (157). Healthy normotensive elderly subjects
on a 1 g/kg per day protein diet have inulin clearances of
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FIGURE 80-15. Glomerular filtration rate (GFR) plotted as a function
of age in 164 healthy individuals. Symbols are (◦) males, (▲) females.
(Reprinted from: Hoang K, Tan JC, Derby G, et al. Determinants of
glomerular hypofiltration in aging humans. Kidney Int 2003;64:1417.)

100 mL/minute/1.73 m2, which is lower compared to similar
younger subjects (158).

Because muscle mass also decreases with age, a rise in serum
creatinine is not evident with increasing age despite a decrease
in GFR. Therefore, the use of serum creatinine (Scr) as a sur-
rogate to estimate GFR in the elderly often overestimates the
true creatinine clearance. This becomes important in dosing
medications and in the assessment of risk to the aged kid-
ney from toxic, metabolic, and ischemic events. Formulas fre-
quently used can also underestimate and overestimate GFR in
the elderly (Table 80-1) (159–164). The Third National Health
and Nutritional Examination Survey data of 15,625 individu-
als ages 20 and older compares a commonly used formula,
Crockcroft-Gault, with previous inulin clearance in healthy
men to examine this relationship (Fig 80-16) (6). Formulas de-
rived from the Modification of Diet in Renal Disease (MDRD)
study may also be useful in evaluating creatinine clearance in
the elderly with underlying renal disease (equations 3 and 4 in
Table 80-1) (162,163). The use of the original MDRD equation
to calculate GFR in patients with chronic kidney disease has
been recommended by the National Kidney Foundation and

may be used to calculate GFR in many laboratories (163). More
recently, a quadratic GFR equation (equation 5 in Table 80-1)
was developed using serum creatinine and age and validated
with iothalamate GFR clearances in both healthy individuals
and in patients with chronic kidney disease (164). However,
this equation will need to be validated in the elderly and African
American population, groups that are underrepresented in this
study. Although the use of these formulas can be useful for es-
timating renal function in the elderly, appropriate medication
dose adjustment and drug level monitoring are recommended
with medications dependent on renal excretion or metabolism.
Actual measurement of creatinine clearance is best when it can
be done with a 24-hour urine collection; however, variability in
the urine collection from diet or other factors can occur. Newer
methods to estimate GFR using serum cystatin C and serum
2-(alpha-mannopyranosyl)-L-tryptophan (MTP) may provide
more accurate estimates of GFR in the elderly but are not yet
widely available (165,166). Radionuclide clearance with either
technetium-99m diethylenetriamine-pentaacetic acid (99mTc-
DTPA), 125-iothalamate, or radiocontrast clearance with io-
hexol x-ray fluorescence analysis (154) may be more accurate;
however, expense, radioactive exposure, and test availability
limit their use as routine clearance measurement techniques.

Whether gender differences in GFR affect the rate of decline
is not clear. Cross-sectional studies seem not to suggest a more
gradual decline in women than men (Fig. 80-15).

However, both racial and genetic differences can affect the
rate of decline of GFR in the elderly. Elderly African Americans
have a faster decline in creatinine clearance in comparison to
elderly caucasians (167). Similarly elderly Japanese when com-
pared to caucasian Americans also appear to have a greater rate
of decline, possibly due to an increase in nephrosclerosis (11).

The presence of underlying factors including hypertension
and heart failure may also affect the rate of decline in GFR.
A comparison of elderly normotensive, hypertensive, and sub-
jects with heart failure with younger subjects finds that GFR,
RPF, and RVR decrease in all elderly groups, with greater de-
creases among those with heart failure (158). This study did
not suggest a greater decline in hypertensive subjects compared
to normotensive; however, elderly hypertensives requiring
medication when compared to those not requiring medical

TA B L E 8 0 - 1

COMMONLY USED FORMULAS TO ESTIMATE GFR

1. Creatine clearance [mL/minute/1.73 m2] = [1.33 − 0.64] × agea

2. Creatine clearance [mL/minute] = [140 − age] × weight [kg]
72 × serum creatinine [mg/dL]a

3. GFR = 170 × [Pcr]−0.999 × [age]−0.0176 × [0.762 if patient is female] × [1.180 if patient is black] × [SUN]0−0.0170 ×
[alb]+0.318

4. Original MDRD study equation:
GFR [ML/minute/1.73 m2] = 186 × [Scr ]−1.154 × [age]−0.203 × [0.742 if female] × [1.210 if African American]

5. Quadratic GFR equation:

GFR = exp[1.911 + 5.249
Scr

− 2.114
[Scr]2

− 0.00686 × age − 0.205 [if female] if Scr < 0.8 mg/dL, use 0.8 mg Scr

a15% less in females.
Formula 1 from: Rowe JW, Andrew R, Tobin JD, et al. Age-adjusted standards for creatinine clearance. Ann Intern Med 1976;84:567.
Formula 2 from: Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. Nephron 1976;16:31.
Formula 3 from: Levey AS, Bosch J, Lewis JB, et al. A more accurate method to estimate glomerular filtration rate from serum creatinine: a new
prediction equation. Ann Intern Med 1999;130[6]:461.
Formula 4 from: Levey AS, Coresh J, Balk E, et al. National Kidney Foundation practice guidelines for chronic kidney disease: evaluation,
classification, and stratification. Ann Intern Med 2003;139:137.
Formula 5 from: Rule AD, Larson TS, Bergstralh EJ, et al. Using serum creatinine to estimate glomerular filtration rate: accuracy in good health and in
chronic kidney disease. Ann Intern Med 2004;141:929.
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FIGURE 80-16. Percentiles of glo-
merular filtration rate (GFR) and
Crockcroft-Gault creatinine clear-
ance (Ccr) by age, plotted on the
same graph as data by Davies and
Shock on inulin clearance in healthy
men. Percentiles are calculated using
a fourth order polynomial weighted
quantile regression. Solid line shows
a polynomial regression to the inulin
data. Dashed lines without symbols
show the 5th and 95th percentiles
for GFR estimates. (Reprinted from:
Coresh J, Astor BC, Greene T, et
al. Prevalence of chronic kidney dis-
ease and decreased kidney function
in the US population: Third National
Health and Nutrition Examination
Survey. Am J Kidney Dis 2003;41:1.)

treatment also have lower GFRs and higher RVRs. Other stud-
ies have shown an age-associated decrease among hyperten-
sive subjects (168,169,170,171). Intraglomerular hypertension
may be hastening this decline (168,169). Aged spontaneously
hypertensive rats show a functional decline in preglomerular
RVR, which leads to glomerular hypertension and significant
vascular or glomerular injury (171). Other systemic processes
common in the elderly such as atherosclerotic vascular disease,
diabetes mellitus, and abnormal lipid metabolism can add to
a functional decline in GFR. A decline in GFR is seen in the
elderly with impaired glucose intolerance and essential hyper-
tension (172).

Tubular Functional Changes

Ability to Conserve Sodium

With aging, the tubules exhibit a diminished capacity to con-
serve sodium in the face of salt deprivation. Healthy aged sub-
jects need twice as long to decrease urine sodium excretion
with salt restriction than younger controls. With salt intake
abruptly decreased to 10 mmol/day, younger 30 year-old indi-
viduals take 17.6 hours to minimize urinary sodium excretion,
whereas older 60-year old individuals take 30.9 hours (173)
(Fig. 80-17). Clearance studies point to a decrease in distal
tubular sodium reabsorption (174). This may not be surprising
given renal interstitial scarring and fewer nephrons, which can
increase solute load per nephron such as that seen in chronic
renal failure.

In addition, changes in the levels and response to factors
such as renin, angiotensin, and aldosterone, which regulate salt
excretion, are seen and may explain the changes seen in the ag-
ing kidney. Despite normal renin substrate, basal plasma renin
is 30% to 50% lower in the elderly, and differences in plasma
renin activity between young and old become more pronounced
with stimuli known to increase renin activity such as upright

FIGURE 80-17. Response of urinary sodium excretion to restriction
of sodium intake in normal humans. The mean half-time (t 1/2) for eight
subjects older than 60 years of age was –30.9 ± 2.8 hours, exceeding
the mean half-time of –17.6 ± 0.7 hours for subjects younger than
25 years of age (p <0.01). When the subjects younger than 25 years of
age were separated according to geographic area, the mean half-time
for the Texas group (>17.9 ± 0.7 hours) was similar to that of the New
England group (>17.9 ± 1.4 hours; p <0.3). (Reprinted from: Epstein
M, Hollenberg N. Age as a determinant of renal sodium conservation
in normal man. J Lab Clin Med 1976;87:411, with permission.)
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FIGURE 80-18. Distribution of individual supine plasma rennin
(A) and aldosterone values (B) before and during progressive sodium
depletion in young (Y) and elderly (E) healthy subjects. Values indi-
cating statistical significance refer to differences between young and
elderly subjects. Plasma renin activity values are those obtained at
an incubation pH of 5.7. (Reprinted from: Weidmann P, De Chatel
R, Schiffmann A, et al. Interrelations between age and plasma ren-
nin, aldosterone, and cortisol, urinary catecholamines, and the body
sodium/volume state in normal man. Klin Wochenschr 1977;55:725,
with permission.)

position, 10 mEq/day sodium intake, furosemide use, air-jet
stress, pre- and post-hemorrhage (173–184) (Fig. 80-18). Salt-
depleted aged rats with a decrease in mean arterial pressure
also have a blunted rise in plasma renin activity and delayed
decrease in urinary sodium excretion (187). Aging rats have a
decrease in juxtamedullary nephron renin content (181), down-
regulation of renin mRNA abundance, and decreased ACE

FIGURE 80-19. Top: Northern blot analysis of renin mRNA. Renal
renin mRNA is significantly decreased in older (12 months) versus
younger (3 months) rats. *p <0.05. Bottom: Prehemorrhage (Pre) and
posthemorrhage (Post) values for plasma renin content (PRC) revealed
significantly lower levels in older rats, as well as a smaller increase after
hemorrhage. ∗p <0.05 versus young in same period; †p <0.05 versus
prehemorrhage. (Reprinted from: Jung FF, Kennefick TM, Ingelfinger
JR, et al. Down-regulation of the intrarenal renin-angiotensin system
in the aging rat. J Am Soc Nephrol 1995;5:1573, with permission.)

levels (186), as well as a decrease of AT-II type 1 receptor
mRNA expression (188). Rate of conversion of inactive to
active renin is also decreased in healthy aging adults (184).
Therefore, both renin synthesis and release likely contribute to
decreased renin content in the elderly.

Plasma renin content pre- and post-hemorrhage in 15-
month-old rats both before and after hemorrhage are signif-
icantly lower than that in 3-month-old rats (186) (Fig. 80-19).
With sodium deprivation and a fall in mean arterial pressure,
aged rats have a blunted increase in plasma renin activity and
delayed decrease in urine sodium excretion (187). Older aging
adults also seem to convert less plasma renin substrate from
inactive to active renin (182). Therefore, both decreased renin
synthesis and impaired renin release may in part provide an
explanation for decreased renin content in the elderly.

Aldosterone levels also decrease by 30% to 50% in the
supine elderly compared to younger subjects in relative to
plasma renin, the difference again exaggerated with upright
posture, sodium restriction, and furosemide use (185,189–
191). That this is related to a decrease in renin–angiotensin de-
ficiency rather than an intrinsic adrenal defect is demonstrated
by a normal aldosterone and cortisol response to adrenocorti-
cotropic hormone infusion in elderly subjects (185). Blocking
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the renin–angiotensin–aldosterone system with ACE inhibitors
reproduces the slow renal response to dietary sodium restric-
tion (192). When aldosterone is infused into healthy elderly,
there is marked improvement in sodium conservation, suggest-
ing appropriate tubular sensitivity (193). Therefore, decreased
ability for sodium conservation in the elderly may be the result
of a deficiency of renin–angiotensin, or aldosterone, or both.

Ability to Excrete Sodium

The older kidney excretes a sodium load much slower than do
younger kidneys (194–196). When 2 L normal saline is infused
into adults older than 40 years in comparison to those younger
than 40 years matched for sex, age, and race, the 24-hour urine
sodium is significantly decreased (167,197) (Fig. 80-20). Circa-
dian variation with increased age promotes a greater percent-
age of the salt load to be excreted at night (197). Clinically then
older adults have a greater propensity for volume overload and
nocturia.

Although the age-related decrease in GFR may also influ-
ence the decrease in sodium excretion seen, other factors such
as changes in the renal response to ANP may also provide an
explanation. ANP, an important factor in Na excretion, is re-
leased from atrial myocytes in response to atrial stretch and
volume loading. It acts then via specific cell-surface receptors
on renal microvasculature and tubular epithelium to induce
hyperfiltration and inhibition of sodium reabsorption, and it
suppresses renin release. ANP cell receptor interaction results
in guanylate cyclase conversion of MgGTP to cGMP. cGMP
phosphorylates intracellular proteins such that luminal mem-
brane sodium channels are inhibited. Both serum and atrial
proteases cleave proANP, the stored 126-amino acid prohor-
mone, to biologically active 28-amino acid peptide ANP 1-28.
Selective blocking of degradative enzymes and clearance recep-
tors of ANP can prolong the half-life of ANP, which is usually
rapidly degraded (198). Healthy elderly are found to have basal
ANP levels three to five times those of younger healthy adults
(195,199,200). Saline loading, high salt intake, or head-out
body water immersion stimulates ANP to a greater extent in
older than in younger subjects (195,199,201,202). Low salt
intake does not produce a difference in ANP level, however,
suggesting that the ANP response to salt loading is intact and

that higher basal levels may be the result of decreased metabolic
clearance, increased half-life, or greater volume of distribution
(203–207). That decreased GFR can play a role in decreased
ANP clearance is illustrated by higher ANP levels in patients
with chronic renal failure in comparison to controls (207). Sim-
ilarly inhibition of degradative enzymes, endopeptidases, rich
in the proximal brush border, can also contribute to changes in
ANP clearance (198). Rats with decreased renal mass when in-
fused with phosphoramidon, endopeptidase inhibitor, increase
ANP levels in association with higher urinary cGMP and salt
excretion (208). This was also seen in humans with class II heart
failure by New York Heart Association criteria. These subjects
were infused with a renal neutral endopeptidase inhibitor, can-
doxatril, with no observed changes in renal hemodynamics.
ANP half-life was also significantly prolonged in these sub-
jects and they were noted to have decreased metabolic clear-
ance of ANP (209). ANP infusion in the elderly versus younger
adults also suggests decreased metabolic clearance (206,210).
Whether aging affects the number or quality of brush-border
membranes, degradative enzymes need further investigation.

It is possible that elevated ANP levels in the elderly are
an adaptive phenomenon for reduced ANP sensitivity in the
kidney (194,196,211). However, urinary sodium excretion is
maximal at a 2 ng/kg/minute rate of ANP infusion in the elderly
whereas, young subjects continue to increase sodium excretion
with incremental increases in ANP infusion (Fig. 80-21), sug-
gesting a blunted ANP response. A change in baseline cGMP,
a second messenger of ANP, is not seen with age (195,202).
However, a low-dose ile-ANP infusion does increase cGMP in
both plasma and urine of healthy elderly subjects (206). Even
with the increases in cGMP, an increase in Na excretion did
not occur (206), suggesting a post-cGMP effector defect.

Concurrent measurements of plasma renin and aldosterone
during ANP infusion suggest that the natriuretic function and
the ability to suppress the renin–angiotensin–aldosterone sys-
tem are affected differently in the elderly (194,195,206).

Urinary Concentration

The capacity of older individuals to maximally concentrate
urine is impaired when compared to younger matched con-
trols (155,212–215) (Fig. 80-22). The ability to appropriately

FIGURE 80-20. Comparisons of urinary sodium excre-
tion in younger (clear bars) and older (hatched bars)
subjects after 2-L intravenous normal saline. Normal
subjects older than 40 years of age excrete a sodium
load slower than subjects younger than 40 years of age.
Numbers at the base of the bars represent the number of
subjects in each group. (Reprinted from: Luft FC, Grim
CE, Fineberg NS, et al. Effects of volume expansion and
contraction in normotensive whites, blacks, and sub-
jects of different ages. Circulation 1979;59:643, with
permission.)
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FIGURE 80-21. Urinary sodium excretion for low-salt diet (during basal conditions and after atrial
natriuretic factor infusion) and at high-salt diet conditions in young (group 1), middle-aged (group 2),
and elderly subjects (group 3). The columns represent means and the bars standard errors of the mean.
◦p <0.05 versus other steps and low-salt diet; ∗p <0.01 versus low-salt diet. (Reprinted from: Leasco D,
Ferrara N, Landino P, et al. Effects of age on the role of atrial natriuretic factor in renal adaptation to
physiologic variations of dietary salt intake. J Am Soc Nephrol 1996;7:1045, with permission.)

concentrate urine under conditions of water deprivation and
or hyperosmolar states depends on an intact osmoreceptor and
volume receptor sensitivity for arginine vasopressin (AVP) re-
lease as well as an intact tubular response to AVP in the face
of maximal medullary tonicity. A combination of functional
changes likely contributes to the defect in urinary concentra-
tion in the elderly.

The AVP response to both osmotic and volume pressure
stimulus remains intact in the elderly, although the extent of
stimulus determines the response obtained. Osmoreceptor sen-
sitivity to AVP is enhanced as demonstrated in rats and elderly

FIGURE 80-22. The effect of age on urine osmolality in response to 12
hours of water deprivation. �, Pretreatment values; �, posttreatment
values. The number of subjects in each group is noted at the base of
each bar. Urine osmolality decreases significantly with age after water
deprivation (∗p <0.05). (Data from: Rowe J, Shock N, DeFronzo R.
The influence of age on the renal response to water deprivation in man.
Nephron 1976;17:270.)

subjects. Hypertonic saline infusion to Long-Evans rats results
in an increased hypothalamic-neurohypophyseal response with
increased AVP release (216,217). Similarly, 3% saline infusion
to elderly subjects over 2 hours shows heightened osmore-
ceptor sensitivity (218). Levels of basal circulating AVP are
also higher in the elderly after 24 hours of water deprivation
(219–222). With 9-hour water deprivation (223), plasma AVP
levels are lower in elderly compared to younger counterparts,
whereas 14-hour water deprivation (224) increases AVP levels
to only slightly higher levels, suggesting that the greater AVP
response may require maximal osmoreceptor stimulation in the
elderly. Although baroreceptor-mediated AVP release from vol-
ume pressure changes such as acute upright posture decreases
with age (225), plasma AVP levels increased in healthy elderly
65 to 80 years of age who underwent 60-degree head-up tilt
stimulation in comparison to 20- to 34-year-old subjects (226).
In addition, the oropharyngeal inhibition of AVP release in re-
sponse to drinking cold liquids was noted to decrease with
age (221).

Functional changes in the tubular process of concentrating
urine may be responsible for diminished urinary concentrat-
ing capacity. Possible intrarenal resistance to AVP in the el-
derly is suggested as AVP infusion to healthy elderly fails to
correct the underlying decrease in maximal concentrating abil-
ity (227). Medullary washout secondary to relative increased
medullary blood flow in the aged kidney can also be consid-
ered. Rowe et al. tested this hypothesis in healthy community
dwelling volunteers between 20 and 79 years of age who un-
derwent 12 hours of overnight dehydration (Fig. 80-22) (215).
A significant decrease in urine osmolality and an increase in so-
lute and osmolar clearance are noted with aging, independent
of creatinine clearance (215). Impaired solute transport in the
ascending loop of Henle can lead to decreased medullary tonic-
ity. This is supported by water diuresis in the elderly indicating
decreased sodium chloride transport in the ascending loop of
Henle (174,228). However, studies in aged rats suggest AVP
resistance in the collecting tubules. Both exogenous AVP and
40 hours of dehydration failed to maximally concentrate urine
in aged rats. Solute-free water formation was normal; however,
solute-free water reabsorption was impaired. Inner medullary
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solute content was identical in both old and young rats, thus
suggesting intact ascending limb solute transport and impaired
collecting tubular water transport (229).

The role of urea transporters in preserving papillary tonicity
in older rats reveals a decreased expression of medullary UT-A1
and UT-B1 urea transporters and lower papillary osmolality
regardless of food restriction or ad libitum diet (230). How-
ever chronic infusion of deamino-8-D arginine vasopressin
(DDAVP) upregulated these urea transporters, increased pap-
illary urea accumulation, and improved urine osmolality and
urine flow rate in 30-month-old WAG/Rij female rats in com-
parison to 10-month-old rats (231) (Fig. 80-23). Dehydrated

FIGURE 80-23. UT-A1, UT-A2, and UT-B abundance in medulla sub-
zones in untreated (control) and dDAVP-treated 10- and 30-month-old
rats. Values (means ± SE) are expressed relative to respective untreated
or treated 10-month-old rats. ∗p <0.05 or less by one-way ANOVA.
(Reprinted from: Combet S, Geffroy N, Berthonaud V, et al. Correction
of age-related polyuria by dDAVP: molecular analysis of aquaporins.
Am J of Physiol Renal Physiol 2003;284:F199, Figure 8.)

senescent rats responded similarly to adult rats with a sixfold
increase in plasma vasopressin level and doubling papillary
urea concentration, but still were not able to reach the level of
urinary osmolality of younger adult rats. There was enhanced
papillary urea sequestration with a great decrease in both
UT-A1 and UT-A3 levels in the inner medullary tip with in-
creased level in the inner medullary base, suggesting that lower
papillary urea concentration may be a reason for the inability
to concentrate urine as efficiently in older rats (232).

Inner medullary slices of both rats and mice have an
age-associated decrease in AVP-induced cAMP generation
(233,234). Younger, 12-month-old rats have much higher
cAMP levels after AVP infusion than older 24-month-old rats.
Older rats required a higher threshold dose to initiate a signif-
icant cAMP response (234). Chronically elevated plasma lev-
els of AVP in older animals may downregulate AVP receptors
and decrease cAMP response (217). However, no change in
AVP receptor number or affinity has been found (235). A role
for postreceptor processes can be considered. Aging kidneys
express a decrease in the abundance of stimulatory guanine
nucleotide-binding protein (Gs) (236), possibly from impaired
adenylate cyclase activity and cAMP levels. Although in vitro
cholera toxin- and forskolin-perfused rabbit cortical collecting
tubules (CCTs) reflected the ability of Gs to stimulate adenyl-
ate cyclase in the 3-month-old CCTs (young) and 2- to 3-year-
old CCTs (middle-aged), Gs stimulation of adenylate cyclase
was markedly impaired in the 4- to 5-year-old rabbit CCTs
(old-aged). The response of aged CCTs was only 32% of the
response of the young isolated CCTs with cholera toxin infu-
sion alone, which is known to ADP-ribosylate the G-proteins
and thereby stimulate adenylate cyclase and cAMP generation.
However forskolin, a potent adenylate cyclase stimulator at
the level of the catalytic unit and also G-protein interaction,
yielded a response of only 12% that of young isolated rabbit
CCTs. These data point to a possible defect in the Gs protein
with the catalytic subunit of adenylate cyclase as a mechanism
for age-related changes in CCT response to AVP (237).

Northern blot analysis reveals similar degrees of downreg-
ulation of vasopressin V2 receptor mRNA and AQP-2 mRNA
in dehydrated old Sprague-Dawley rats (238). Older Brown-
Norway rats also have decreased AQP-2 protein abundance
and have decreased V2 receptor expression, despite similar
increases in AVP after moderate water restriction (239) (Fig.
80-24). Both AQP-2 and AQP-3 expression in the medullary
collecting duct of 30-month-old female WAG/Rij rats are lower
in comparison with that in similar 10 month-old rats. How-
ever papillary cAMP content determined by enzyme-linked im-
munosorbent assay (ELISA) of these normally hydrated ani-
mals was not significantly different between the two groups
(240). The role of gender is not clear. The sum of these studies
suggest that lower AQP-2 and AQP-3 expression in older rats
occurs independent of circulating AVP and intracellular cAMP
(240), and that impaired AVP response resulting from lower
AQP-2 abundance and of V2 receptor expression may in part
contribute to the decrease in urinary concentration capacity of
aging.

Urinary Dilution

The aged kidney’s ability to achieve maximum urinary diluting
capacity also declines (212,241–243). Older subjects, age 77 to
88 years, achieve a minimum urine osmolality of 92 mOsm/kg
H2O during water diuresis. In contrast, younger subjects, ages
17 to 40 years, achieve a minimum of 52 mOsm/kg H2O with
solute-free water clearance decreased from 16.2 to 5.9 mL/
minute in older versus younger individuals, respectively. For
appropriate urinary dilution to take place, distal delivery of
filtrate needs to undergo appropriate solute extraction in the
ascending loop of Henle with suppression of AVP with water
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FIGURE 80-24. Age related decreases in renal aquaporin-2 (AQP2)
protein abundance and in renal inner medullary V2 subtype of the
AVP receptor (VR2) mRNA under baseline conditions. A: Group means
of AQP2 proteins in whole kidney and inner medulla of 3-,10-, and
24-month-old rats under baseline conditions. B: V2R mRNA densit-
ometric analyses of Northern blot bands normalized to the value of
β-actin band in each lane for rat groups in A. (N = 6 per group, ∗ =
p <0.05, one-way ANOVA for both AQP2 protein, and V2R mRNA
data). (Redrawn from: Tian Y, Serino R, Verbalis JG. Downregulation
of renal vasopressin V2 receptor and aquaporin-2 expression paral-
lels age-associated defects in urine concentration. Am J Physiol Renal
Physiol 2004;287:F797.)

loading and hypoosmolality. The decrease in GFR may con-
tribute to the inability to maximally dilute urine in the elderly.
However even with correction for GFR, solute-free water clear-
ance is still lower in the elderly (241). The maximum suppres-
sion of plasma AVP following water loading still needs to be
evaluated.

Acid–Base Balance

The aged kidney maintains homeostatic acid–base balance un-
til acid loading occurs, and then the impaired ability to excrete
the acid load becomes evident. The loss of renal mass and GFR
with age is associated with this perturbation (244). A progres-
sive low-grade metabolic acidosis develops with age in healthy
subjects on a steady-state acid diet (245) (Fig. 80-25). Both the

FIGURE 80-25. Relation between [H+]b and age (A) and between
[HCO3

−]p and age (B), in normal adult humans (N = 64). Each
data point represents the mean steady-state value in a subject eating
a constant diet. Regression equations: [H+]b = 0.045 × age + 37.2;
[HCO3

−]p = −0.038 × age + 26.0. (Reprinted from: Frassetto L,
Morris RC Jr, Sebastian A. Effect of age on blood acid-base composi-
tion in adult humans: role of age-related renal functional decline. Am
J Physiol 1996;271:F1112, Figure 2, with permission.)

change in blood pH and plasma bicarbonate correlate with the
change in GFR. The plasma chloride increases as the plasma
bicarbonate decreases, similar to that seen with early renal dis-
ease and renal tubular acidosis (245). Urinary ammonia ac-
counts for less of the total acid excretion in elderly subjects
between 72 and 93 years of age taking an oral ammonia load
than younger subjects (244). When glutamine is given, the rate
of ammonium excretion is of equal magnitude in both young
and old. Titratable acid accounts for a greater percentage of
the total acid excretion, with increases in phosphate excretion.
Factored for GFR, this acid excretion is related to a decrease in
renal tubular mass rather than a specific tubular defect. How-
ever, another study suggests a possible tubular defect, as de-
creased ammonium excretion failed to reach minimal pH even
after correction for GFR in ammonium-loaded elderly patients
(246) (Fig, 80-26). Whether this defect results from histologic
changes in the aging kidney or from changes in function such
as seen with an impaired renin–angiotensin–aldosterone axis is
not clear. Measurements for titratable acid did not reach sta-
tistical differences. Aged rats fed equal amounts of ammonium
chloride were also noted to have a decrease in the absolute
amount of ammonium excreted, accounting for a more severe
acidemia as pH fell from 7.40 to 7.09, whereas in younger rats
the pH decreased from 7.40 to 7.32 (247). Transport studies in
renal proximal tubular apical brush-border membrane vesicles
reveal similar enhancement of sodium –hydrogen exchange ac-
tivity (Na/H exchange), a major regulator of proximal tubular
acidification, by an acid load (247). Phosphate transport is also
reduced to the same extent in adult and aged rats. Therefore,
the change in ammonium excretion may mediate age-related
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FIGURE 80-26. Acid excretion over the entire study in young and el-
derly subjects. Ammonium (UNH4V) excretion corrected for GFR (Ccr
×100), and urinary pH were compared between young (group 1, solid
line) and aged subjects (group 3, dashed line). Mean values ( ± SEM)
along with p values of the differences between the two groups are
shown. (Reprinted from: Agarwal BN, Cabebe FG. Renal acidification
in elderly subjects. Nephron 1980;26:291, with permission.)

changes in renal adaptation to metabolic acidosis despite in-
tact compensatory mechanisms (247).

Neither pH nor serum bicarbonate levels are abnormal in
the elderly, despite a subtle presence of metabolic acidosis
(245). However bone demineralization and muscle wasting,
frequent complications of chronic metabolic acidosis, are com-
mon in the elderly. Mobilization of calcium and alkali from
bone leaching in the presence of chronic acidosis inhibits cal-
cium reabsorption and urinary calcium loss. Enhanced muscle
breakdown from acidosis results from activation of an ATP-
dependent pathway involving ubiquitin and proteasome (248).
Even in the presence of normal serum bicarbonate, increased
protein intake (frequently evident in industrialized societies)
and aging may result in negative balance, osteoporosis, and
greater incidence of fractures and muscle wasting (249). Potas-
sium bicarbonate given to postmenopausal women has sug-
gested improvement in nitrogen balance (250) and calcium bal-
ance (251). Whether bicarbonate supplementation can benefit
the elderly to prevent complications of chronic acidosis needs
to be evaluated.

CHANGES IN OSMOLALITY,
ELECTROLYTE, AND MINERAL

METABOLISM

The elderly are more prone to serum osmolar abnormalities
(252–256). Tubular functional changes in solute and water con-
servation and excretion, in addition to various medications,
infections, and emotional disability predispose the elderly to
hyponatremia or hypernatremia.

Hyponatremia

Hyponatremia in the elderly is relatively common, with an inci-
dence of 11.3% recorded over 10 months in a geriatric facility,
and is noted to be as high as 22.5% in a chronic disease fa-
cility (253,256). The combination of impaired diluting capac-
ity and enhanced osmotic AVP release predispose the elderly
to a greater occurrence of hyponatremia (257). A subset of
geriatric ambulatory clinic patients present with syndrome of
inappropriate antidiuretic hormone (SIADH) (258). Thiazide
diuretics are implicated in 20% to 30% of the hyponatremia
seen in the elderly, its use exacerbating the preexisting renal di-
luting defect (Fig. 80-27) (253,255,256,259,260). In addition,
a deficiency in prostaglandin synthesis in the elderly increases
susceptibility to thiazide-induced hyponatremia (259). Many
elderly are also taking numerous other medications includ-
ing sulfonyl urea compounds, chlorpropamide, tolbutamide,
or nonsteroidal antiinflammatory drugs (NSAIDs), which po-
tentiate the action of AVP and can act in synergy to impair
water excretion. Use of medications that stimulate the nonos-
motic release of AVP or potentiate renal tubular effects of AVP
act in synergy with impaired diluting ability and should be used
cautiously in the elderly.

As water shifts from the extracellular to the intracellular
space in the face of hyponatremia, numerous symptoms and
signs including apathy, disorientation, lethargy, muscle cramps,
anorexia, nausea, vomiting, agitation, depressed deep tendon
reflexes, pseudobulbar palsy, and seizures can occur (261).
Recognition with appropriate and timely initiation of therapy
can prevent severe neurologic sequelae including central pon-
tine myelinolysis.

Hypernatremia

Elderly are similarly susceptible to hypernatremia in the face of
decreased urinary concentrating ability and impaired sodium
conservation, leading to an increase in serum osmolality and
volume depletion. Although thirst and volume depletion nor-
mally stimulate fluid intake, these defenses are also impaired
in the elderly (221,262) (Fig. 80-28). When access to free wa-
ter is limited in geriatric patients from confusion, delirium,
restraint, or immobility, lethal states of hypernatremia are pos-
sible with mortality rates as high as 46% to 70% (252,254).
Acute increases in serum sodium greater than 160 mEq/L are
associated with 75% mortality, a result related to concurrent
comorbidities.

In addition, medications that inhibit tubular AVP func-
tion such as lithium and demeclocycline, or mechanisms that
can cloud the sensorium including sedatives and tranquilizers
should be avoided. Careful monitoring needs to occur when us-
ing osmotic diuretics, high protein and glucose containing tube
feedings, or bowel cathartics. Systemic illnesses, infections, de-
mentia, fever, and neurologic disorders can impair AVP release
and predispose the elderly to dehydration. Cellular dehydration
can lead to severe neurologic sequelae including obtundation,
stupor, coma, seizures, and death. As a result, cautious moni-
toring of debilitated elderly patients or elderly patients on med-
ications that affect renal water conservation or the sensorium
is necessary (Table 80-2).

Potassium Balance

Total body and exchangeable potassium decreases with mus-
cle mass loss from aging, which is greater in women than in
men (263,183,191). However plasma renin and aldosterone
levels also decrease with age and predispose the elderly to
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FIGURE 80-27. Free water clearance (CH2O) and change in serum osmolality (�sOsm, mOsm/kg H2O)
after a water load with placebo versus hydrochlorothiazide (HCTZ) in young, old, and old with a prior
history of thiazide-induced hyponatremia. CH2O and decline in sOsm were significantly lower in the
old than in the young [p <0.05, analysis of variance (ANOVA)]. This difference was magnified after
the use of HCTZ. Those with a history of hyponatremia had a lower CH2O and decline in sOsm than
did the healthy elderly (p <0.05, ANOVA). (Reprinted from: Clark BA, Shannon RP, Rosa RM, et al.
Increased susceptibility to thiazide-induced hyponatremia in the elderly. J Am Soc Nephrol 1994;5:1106,
with permission.)

hyperkalemia. This is evident in healthy elderly subjects 65 to
85 years of age who have lower basal plasma aldosterone and
inadequate aldosterone response to potassium infusion when
compared to younger, 20- to 35-year-old subjects (264) (Fig.
80-29). Results of studies in aging rats suggest a defect in both
renal and extrarenal potassium adaptation. With potassium

chloride infusion to young and old rats receiving normal potas-
sium diet, young and old rats have similar efficiency of potas-
sium excretion (265). However, when on a high-potassium
diet, older rats are much less efficient in excreting the potas-
sium load, with a greater rise in plasma potassium compared
to younger rats. After bilateral nephrectomy and potassium

TA B L E 8 0 - 2

MECHANISM BY WHICH DRUGS CAN LEAD TO IMPAIRED WATER METABOLISM

Inhibit ADH release Inhibit peripheral action of ADH Potentiate ADH release

Fluphenazine Lithium Nicotine
Haloperidol Colchicine Vincristine
Promethazine Vinblastine Histamine
Morphine (low doses) Demeclocycline Morphine (high doses)
Alcohol Glyburide Epinephrine
Carbamazepine Methoxyflurane Cyclophosphamide
Norepinephrine Acetohexamide Angiotensin
Cisplatinum Propoxyphene Bradykinin
Clonidine Loop diuretics
Glucocorticoids

ADH, antidiuretic hormone; NSAIDs, nonsteroidal antiinflammatory drugs.
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FIGURE 80-28. Cumulative water intake and changes in thirst and
mouth dryness in elderly (N = 7) and young (N = 7) groups. Symbols
represent mean values, and bars SEM. Changes in thirst and mouth
dryness were measured on a visual analog rating scale. The hatched
rectangle represents the single-blind sham infusion. (Reprinted from:
Phillips PA, Phil D, Rolls BJ, et al. Reduced thirst after water de-
privation in healthy elderly men. N Engl J Med 1984;311:753, with
permission.)

chloride infusion, older rats were unable to attenuate the rise
in serum potassium to levels as low as were younger rats. In
addition, Na,K-ATPase activity is 38% less in older rat renal
medulla versus younger rats (265). Therefore, acute adaptive
mechanisms against hyperkalemia may be present in aging rats,
but renal and extrarenal potassium adaptation may be atten-
uated (265). How this applies to older adult subjects is not
known. Insulin-mediated potassium uptake remains intact in
elderly humans (266). Exercise-induced plasma potassium ele-

FIGURE 80-29. Serum potassium and aldosterone levels before, dur-
ing, and after infusion of potassium chloride (0.5 mEq/kg body weight
over 45 minutes) in six healthy young and six healthy elderly men.
Changes in serum potassium levels were similar, but elderly subjects
had lower aldosterone responses (p <0.005, analysis of variances).
(Reprinted from: Mulkerrin E, Epstein FH, Clark BA. Aldosterone re-
sponses to hyperkalemia in healthy elderly humans. J Am Soc Nephrol
1995;6:1459, with permission.)

vation in healthy young and elderly subjects show an impaired
response to β-adrenergic-induced increase in adenylate cyclase
activity, with decreased activity of the Na,K-ATPase exchange
in skeletal muscle (267).

Changes in renal acidification in addition to a decrease in
renin–angiotensin–aldosterone system activity may help ex-
plain the increased incidence of type-4 renal tubular acido-
sis seen in the elderly (268). Furthermore, in the presence
of a possible problem with chronic potassium adaptation
in aging, medications that inhibit the renin–angiotensin–
aldosterone system including ACE inhibitors, heparin, cy-
closporine, tacrolimus, β-blockers, and NSAIDs, can increase
the risk of hyperkalemia in the elderly. Other agents that also
inhibit distal tubular potassium excretion—such as sodium
channel blockers trimethoprim and pentamidine, and potas-
sium sparing diuretics such as amiloride, triamterene, spirono-
lactone, and eplerenone—can exacerbate defects in potassium
excretion in the elderly (269–271) (Fig. 80-30).

Calcium Balance

Tubular calcium reabsorption remains intact with aging despite
changes in calcium metabolism in aging. Aging rats demon-
strate appropriate urinary calcium excretion and reabsorp-
tion in the face of increased or decreased dietary calcium
(272). Both absolute filtered load and proximal reabsorption
of calcium per nephron remain similar in both young and old
rats (273).

There is decreased intestinal calcium absorption with
aging, which parallels a decrease in 1-alpha-hydroxylase
activity, decreased levels of 1,25-dihydroxycholecalciferol
(1,25(OH)2D3), and increased basal parathyroid hormone
(PTH) levels. The 1,25(OH)2D3–dependent binding protein
also decreases and correlates with a decrease in calcium ab-
sorption with age (272,274). Although the initial production of
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FIGURE 80-30. Site of action of vari-
ous pharmacologic agents and disease
states that can further impair activity
of the renin–angiotensin–aldosterone
axis and exacerbate hyperkalemia in
aged individuals with progressive de-
cline in renin and aldosterone levels.
A1, angiotensin; A11, antiinflamma-
tory drugs.

1,25(OH)2D3 is lower in healthy adults compared to younger
subjects, the final 1,25(OH)2D3 concentration does not dif-
fer between the two groups. Even urinary cAMP and frac-
tional phosphate excretion increase similarly in both groups,
with PTH infusion suggesting an intact response (275). How-
ever, calcium regulation of PTH release may be altered in
the elderly. Calcium gluconate and sodium ethylenediamine
tetraacetic acid (NaEDTA) infusion in relation to PTH re-
sponse suggests that the age-associated increase in serum PTH
may reflect an increase in the set-point for calcium and in the
number of parathyroid cells. It is not clear at this point what
role the cell surface G-protein-coupled calcium-sensing recep-
tor (CaSR), which may play in the altered set point for PTH
seen in both primary and secondary hyperparathyroidism of
uremia, plays in the change in set-point for PTH release seen
with aging (276).

Phosphate Balance

Renal tubular phosphate reabsorption decreases with age
(113,276–283) and occurs in addition to a decrease in in-
testinal phosphate absorption (284). Furthermore aged rats
demonstrate impaired adaptation to low phosphate diet
(113,277,280,284). Although PTH may be elevated, this im-
pairment is independent of endogenous PTH activity, as
parathyroidectomy in aged rats improves but does not nor-
malize renal tubular phosphate reabsorption (277,280,281,
285,286). Primary cultures of renal tubular cells of young and
old rats (287) and in vivo studies (277) show similar results,
with a decrease in phosphate transport mediated by a decrease
in maximum velocity (Vmax) of sodium gradient-dependent
phosphate transport (Na/Pi cotransport) and a decrease in
adaptation to low phosphate concentration of culture media.
The decrease in proximal tubular Na/Pi cotransport is associ-
ated with a decrease in type IIa Na/Pi cotransporter protein
and mRNA levels (288). Immunohistochemistry reveals a sig-
nificant decrease in type IIa Na/Pi cotransporter protein at the
level of the apical brush-border membrane (288).

An increase in membrane cholesterol content seen with ag-
ing may also affect Na/Pi cotransport activity (113,289–292).

In vitro enrichment of old rats with cholesterol of brush-
border membrane isolated from young rats demonstrates the
age-related impairment in Vmax of Na/Pi cotransport (293).
Similarly direct changes in cell cholesterol content of opossum
kidney cells with renal proximal tubular cell characteristics
modulate Na/Pi cotransport activity by changing the expres-
sion of the apical membrane type II Na/Pi cotransport protein
(294). These data suggest an important role for changes in
membrane cholesterol effecting age-related decrease in Na/Pi
cotransport.

Whether impaired 1,25(OH)2D3 metabolism plays a role
in the age-related renal and intestinal phosphate transport
needs to be examined as vitamin D-deficient animals supple-
mented with 1,25(OH)2D3 significantly improve in both renal
and intestinal phosphate transport (295–297). Interestingly,
changes in phosphate transport resulting from supplementing
1,25(OH)2D3 parallel significant changes in brush-border
membrane lipid composition and fluidity (298,299). There-
fore, it is possible that similar lipid-modulating effects of
1,25(OH)2D3 in the aged may similarly improve renal and
intestinal transport of phosphate and also calcium.

CLINICAL RENAL DISEASES
IN THE ELDERLY

Acute Renal Failure

Changes in renal function with aging predispose the elderly
to acute renal failure (ARF). A 9-year, prospective Spanish
study of 437 patients establishes a 3.5-times greater incidence
of ARF in patients older than 70 years (300). The prevalence
and increased need for both medical and surgical treatment of
comorbid systemic diseases including atherosclerosis, hyper-
tension, diabetes heart failure, and malignancy in the growing
elderly population further complicates common presentations
of ARF such as prerenal or volume depletion, sepsis, acute inter-
stitial nephritis, nephrotoxin-induced glomerular and tubular
dysfunction, and urinary tract obstruction. Particularly com-
mon in elderly with generalized atherosclerosis is cholesterol
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embolization, whether spontaneous or from invasive proce-
dures to the arterial tree. Acute vasculitis or rapidly progressive
glomerulonephritis appears less often but needs to be consid-
ered, as significant morbidity can ensue if not recognized.

Prerenal azotemia from volume loss in the elderly is rela-
tively common, with 50% prevalence noted in two separate
studies (300,301). Even mild episodes of vomiting, diarrhea,
or overzealous use of diuretics can decrease GFR in the elderly
who may have compromised capability to prevent continued
solute loss or concentrate urine, and have decreased thirst. In
addition a decrease in renal perfusion from medications, sepsis-
induced vasodilation, or low cardiac output is also a com-
mon cause of prerenal azotemia in the elderly. Furthermore,
decreases in baseline renal blood flow and GFR with decreased
ability to autoregulate renal plasma flow and impaired renal
functional reserve also renders the aging kidney susceptible to
prerenal failure. Altered hemodynamics with use of NSAIDs,
ACE inhibitors, AT-II receptor blockers, α-adrenergic blockers
commonly used for rheumatologic, cardiovascular, and geni-
tourinary abnormalities in the elderly can also compromise va-
soregulatory mechanisms. Reversibility of prerenal azotemia
in most cases is expected with appropriate intervention includ-
ing careful volume repletion, discontinuation of concomitant
exacerbating medications and improving cardiac output. Sixty
percent of elderly patients with prerenal azotemia recovered
renal function in one study (301). However evolution to acute
tubular necrosis (ATN) is more common in the elderly (22%)
than in younger patients (15%) (302). The use of urinary in-
dices such as fractional excretion of sodium (FENa) to esti-
mate volume depletion in the elderly must be interpreted cau-
tiously. Some elderly may not have adequate tubular capacity
to achieve a FENa less than 1. Therefore, a high FENa may be
present despite hypoperfusion or volume depletion from pre-
existing tubular defect (303).

Postsurgical complications account for approximately 30%
of ARF in the elderly. Common postoperative complications
associated with ARF in the elderly include hypotension during
or after surgery, volume redistribution to the interstitial space,
volume loss from gastrointestinal fistula, postsurgical sepsis,
dysrhythmias, myocardial infarction, and atheroemboli from
diseased vascular manipulation.

Infection and sepsis with associated vasodilation and hy-
potension frequently complicate the hospital course and lead
to ARF in elderly patients. Gram-negative septicemia accounts
for 30% of ARF in the elderly with endotoxin-mediated re-
nal vasoconstriction causing ATN in susceptible individuals.
Associated multiorgan failure or perioperative sepsis or both
result in higher catabolic rates and add to a poor prognosis
in the elderly (304–306). Hemodynamic instability often with
a need for nephrotoxic antibiotics, such as aminoglycosides
or amphotericin, prolongs renal dysfunction. Therefore, care-
ful dosing and monitoring and adjustment of administered an-
tibiotics to renal clearance are crucial. GFR estimation using
only Scr or formulas based on Scr alone may not take into
account the decrease in muscle mass seen with aging. Further-
more, functional and biochemical changes in the aging renal
tubule may predispose to increased toxicity of antimicrobials
such as aminoglycosides. Age is a well-known risk factor for
aminoglycoside-associated nephrotoxicity (307).

Common pathogenic organisms such as staphylococci,
streptococci, legionella, cytomegalovirus, human immunode-
ficiency virus, and common antibiotics such as β-lactams and
sulfonamides and a myriad of other medications can result in
interstitial inflammation and interstitial nephritis (308). Ac-
tivated macrophages in the inflammatory tubulointerstitium
release degradative enzymes that can denude intact basement
membranes, thereby hampering the regeneration of the tubular
segment. GFR decreases secondary to the loss of functioning
nephrons with failure of the remaining nephrons to compensate
with hyperfiltration (308).

Although NSAIDs and AT-II antagonists can affect vasoreg-
ulating mechanisms that maintain GFR, they also can cause
interstitial inflammation and acute interstitial nephritis. Pre-
sentation can be typical, with pyuria and worsening GFR, or,
atypical, with nephritic-range proteinuria. Renal biopsy is no-
table for both minimal and membranous lesions with NSAIDs,
especially propionic derivatives (309), and membranous lesions
with the ACE inhibitor captopril.

Radiocontrast agents can result in acute and prolonged
vasoconstriction to significantly impair renal function in the
elderly (310). The osmotic load delivered to the macula densa
can also trigger tubuloglomerular feedback to further reduce
GFR (311).

Evident from experimental studies in aged rats is the high
propensity for the aging kidney for ischemic and toxic ARF
(312–316). Occlusion of the renal artery causes a greater
decline and a slower recovery of renal function in older versus
younger rats (317,318). Underlying glomerulosclerosis is not
necessarily the main reason for this observation. When differ-
ence in glomerulosclerosis was minimized between young and
old rats with low protein feeding, renal artery clamping still
caused a significant decrease in GFR and RPF and an increase
in RVR in older compared to younger rats (317). Despite a
constant sodium intake of 240 mEq per day in euvolemic men,
RVR increased with age and the response to orthostatic change
in RVR was diminished (319). Magnetic resonance imaging
using changes in blood oxygenation level in nine female volun-
teers between 59 and 79 years of age demonstrated the inability
to improve medullary oxygenation with water diuresis com-
pared to younger subjects, possibly suggesting a predisposition
to hypoxic renal injury in older patients (320). Similarly, elderly
cardiac surgery patients (>70 years of age) on cardiopul-
monary bypass and without evidence of acute renal failure
have higher levels of kidney-specific proteins N-acetyl-β-glu-
cosaminidase, α-1-microglobulin, glutathione transferase-pi
(GST-pi), glutathione-α (GST-α), and higher fractional sodium
excretion postsurgery relative to presurgery in comparison to
similar, younger (<60 years of age) patients (321). Ischemic
acute renal failure generates oxygen-free radicals (322). With
infusion of a free radical scavenger, superoxide dismutase,
into ischemic aged rats, renal hemodynamics improves
significantly (317).

Impaired NO production or decreased intrarenal NO levels
may also predispose to ischemic ARF in aged rats (317). NO is
tonically released from the vascular endothelium (323) and acts
to induce vasodilation and oppose vasoconstriction in order to
maintain blood pressure (74). Tonic basal NO levels play a sig-
nificant role in maintaining renal perfusion in aging (74,324).
Levels of NO from isolated conduit arteries are reduced in ag-
ing (325–327), and aging rats have a 40% decrease in serum
nitric oxide synthase (NOS) substrate, L-arginine (327). Sim-
ilar findings are noted in aging humans (328). More recently,
however, results of studies in aging Sprague-Dawley rats evalu-
ating gene-expression regulation of the renal arginine synthesis
and small intestinal synthesis of citrulline (arginine precursor)
show synthesis to be unchanged or upregulated in older rats
compared with younger rats (329). This suggests that the de-
crease in NO in aging may not necessarily be the result of
decreased substrate but may result from other changes in the
NO biosynthetic pathway. Normotensive Japanese individu-
als given L-arginine infusion displayed a decrease in maximum
percentage change of plasma cGMP, a marker for NO pro-
duction, with aging (330). Older healthy subjects on a low-
sodium diet and despite a fall in blood pressure showed an
age-related decrease in urinary nitrate and nitrite and urinary
cGMP, reflecting an age-associated decline in clearance (331).
It is possible that older individuals maximize renal endothelial
NO production to maintain stable renal function. This appears
to be consistent with the blunted vasodilatory response seen in
the elderly (136).
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NO production has yet to be measured in the human is-
chemic kidney. However, older rats fed L-arginine for 7 days
prior to renal artery occlusion have a marked improvement
in GFR and RPF with a decrease in RVR. When L-NAME, a
NOS inhibitor, was given to these rats, the renal hemodynamic
response seen with L-arginine and superoxide dismutase was
abolished (317). Whether feeding a normal or high protein diet
would have changed these responses remains speculative, given
that a high protein diet in aged rats decreases NO excretion as
measured by urinary nitrite and nitrate excretion (NOx). Pro-
tein restriction maintains urinary NOx excretion similar to that
of controls (75). L-Arginine supplementation in drinking water

of aged animals appears to limit the structural changes seen in
aged glomerular basement membranes (77,79). Future studies
may clarify whether NO is in some way related to the bene-
ficial effects of a low protein diet on age-associated glomeru-
losclerosis. Statin use prior to renal artery clamping in older
rats seems to mitigate the pronounced decrease in GFR seen in
comparison to younger rats. In older rats statin induced an in-
crease in endothelial NO synthase (eNOS)-mRNA expression
and eNOS protein, which may have played an important role in
the protection against the decrease in GFR (332) (Fig. 80-31).
Furthermore, there was histologic improvement in tubular
ischemia of the outer stripe of the outer medulla in the

FIGURE 80-31. Renal hemodynamics (A) glomerular filtration factored to body weight (GFR/BW),
(B) filtration fraction (FF), (C) renal vascular resistance (RVR), (D) renal plasma flow (RPF) in young
(Y) and old (O) rats under normal conditions (CON) and 24 hours after acute renal failure (ARF), with-
out and with ATO treatment (ATO). b = p <0.001 versus respective CON. c = p <0.05 versus respective
CON, d = p <0.05 versus O-ARF group. Y-CON (n = 6), Y-ARF (n = 7), Y-ARF-ATO (n = 7), O-CON
(n = 7), O-ARF (n = 8), O-ARF-ATO (n = 8). (Redrawn from: Sabbatini M, Pisani A, Uccello F, et al.
Atorvastatin improves the course of ischemic acute renal failure in aging rats. J Am Soc Nephrol
2004;15:901.)
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statin-treated older rats (332). The role of statins in acute
ischemic renal failure in aging older humans needs to be eval-
uated.

N(G)-asymmetric dimethylarginine (ADMA), an endoge-
nous NOS inhibitor and L-arginine analog, is noted to be sig-
nificantly elevated in aged 20-month-old Sprague-Dawley rats
in comparison to 6-month-old adult rats in the presence of
similar levels of L-arginine (335). The ADMA levels also in-
crease with age in humans (336). High levels of ADMA can
decrease endothelial cell NO, with subsequent decreased nitrite
content and NOS activity, and thereby impair endothelium-
dependent vasodilation (335) and predispose the aged kid-
ney to ischemic injury. Both higher ADMA levels and RVR in
healthy elderly, and even greater levels in hypertensive elderly,
are noted compared to healthy young adults in association
with significantly decreased effective renal plasma flow (ERPF)
(Fig. 80-32) (333). Logistic regression analysis suggests ADMA
to be an independent determinant of both ERPF and RVR
in these groups, suggesting that accumulation of endogenous
NOS inhibitor, ADMA, may be involved in the decreased renal
perfusion and increased blood pressure seen with aging (333).

Metabolic and biochemical changes in aging tubular cells
can also predispose to ischemic injury (317,334). In vitro
anoxia of renal cortical slices from younger and older
rats demonstrated diminished PAH and tetraethylammonium
(TEA) uptake to a greater extent in the older rats (316).

Renal atheroembolic disease with ARF is particularly com-
mon after intraarterial cannulation or surgery in elderly pa-
tients with generalized atherosclerosis. Although spontaneous
cholesterol emboli also can occur (331), manipulation of the
arterial tree for radiographic or surgical intervention such as
carotid, coronary, renal, or abdominal angiography, aortic
surgery, or percutaneous transluminal angioplasty of the coro-
nary or renal arteries markedly increases the risk of atheroem-
boli. Use of anticoagulants or fibrinolytic agents in patients
with diffuse atherosclerosis can also trigger cholesterol emboli
(337). Renal failure is often irreversible and progressive and
not always associated with other systemic manifestations such
as purpura, livido reticularis of the abdominal and lumbar wall
and or lower extremities, Hollenhorst plaques signifying reti-
nal ischemia, gastrointestinal bleeding, pancreatitis, myocar-
dial infarction, cerebral infarction, and distal ischemic necrosis
of the toes (338). Associated laboratory findings may often be
absent including eosinophilia, eosinophiluria, and low comple-
ment levels. There is no specific therapy for this entity except
supportive care. Therefore, benefits and risk of angiographic
procedures in elderly patients with widespread atherosclerotic
disease need to be weighed carefully, and excessive anticoagu-
lation should be avoided in these patients.

Elderly men presenting with symptomatic obstructive
uropathy with gradual increase in BUN and serum creati-
nine level should be evaluated for prostatic hypertrophy (339).

FIGURE 80-32. Individual plasma ADMA values, and ERPF values in young (n = 24, age = 25 ± 1 years)
and old (n = 24, age = 69 ± 2 years) healthy subjects and elderly patients with essential hypertension
(n = 24, age = 70 ± 2 years). • = men; ◦ = women; = mean value. (Adapted from: Kielstein JT,
Bode-Boger SM, Frolich JC, et al. Asymmetric dimethylarginine, blood pressure, and renal perfusion in
elderly subjects. Circulation 2003;107:1891.)
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Pelvic tumors of the uterus or cervix in older women can en-
croach on the ureters to produce obstruction. Other retroperi-
toneal or pelvic neoplasms such as lymphoma, bladder carci-
noma, and rectal tumors, can also present as ARF in the elderly.
Typical obstructive symptoms of urinary frequency, voiding
difficulty with starting or stopping micturition, may not al-
ways be apparent in the geriatric population. Irreversible renal
failure may occur with prolonged obstruction. Careful medi-
cation review (e.g., anticholinergics) and further investigation
with postvoid residual urine volume and renal ultrasonogra-
phy, followed by prompt urologic intervention, can be crucial
to reverse new-onset obstructive ARF. Underlying infection in
the face of obstruction may worsen tubular dysfunction, renal
blood flow (RBF), and GFR.

Although older individuals are at greater risk for ARF and
also may take longer to recover renal function (340), age is
not a critical determinant of survival in ARF (301,341) and
should not be used in making therapeutic decisions concerning
ARF (298,342). Many older patients respond well to dialysis
support for ARF if necessary.

Renal Vascular Disease

Progressive atherosclerotic renovascular disease can be an im-
portant cause of hypertension and can lead to ischemic renal
failure and ESRD in up to 15% of patients (343,344). The
prevalence of renovascular disease in elderly patients age 65
and older is estimated to be 6.8% based on a cohort of study
participants from the Cardiovascular Health Study (345). Pa-
tients with atheromatous involvement of the renal vascula-
ture may present with renal artery stenosis, with complex in-
trarenal lesions and multiple stenosis of the renal and intrarenal
vasculature, or with cholesterol embolization. Hypertension
and progressive azotemia with underlying risk for generalized
atherosclerosis in the elderly makes it necessary to consider of
the diagnosis atherosclerotic renal disease (346–348).

Natural history of renovascular disease usually dictates
progressive occlusion of the major renal arteries, particularly
with luminal narrowing greater than 75% by angiography
(349,350). Nearly 50% of 237 patients followed by Rim-
mer and Gennari showed angiographic progression of disease
(351). Average decrease in GFR in 51 patients with bilateral
atherosclerotic renal artery disease followed for a median of
52 months was 4 mL/minute (352). Although varying degrees
of obstruction can affect one or more renal arteries, azotemic
patients with high-grade renal artery stenosis in a solitary kid-
ney or unilateral renal artery occlusion and contralateral steno-
sis are at greatest risk for progressive renal failure (350,353).
One study notes a crude mortality rate of 45% at 60 months
for subjects with bilateral renal artery stenosis (352).

Smoking is noted to be an independent risk factor and pre-
dictor for macro and microvascular renal disease in the elderly.
Smokers older than 55 years of age free of other risk factors
for vascular disease have decreased radionuclide measured
RPF and elevated levels of endothelin-1 (ET-1) concentration
compared with age- and gender-matched nonsmokers (354).
Smoking can also be a predictor for renal artery stenosis
(355) and increases progression to ESRD (356). With use of a
multivariate “best fit” model adjusted for race, gender, weight,
baseline Scr, and age for nondiabetic elderly patients older than
65 years of age in the Cardiovascular Health Study Cohort,
it was determined that the number of cigarettes smoked per
day was independently associated with an increase in Scr
(357). Smoking also stimulates release of norepinephrine and
epinephrine (358), interferes with metabolism of prostacyclin
and thromboxane A2 in the endothelium (359–362), and also
interferes with vascular response to acetylcholine (363), NO,
and ET-1 (364,365). Renal ET-1 levels are increased in active

smokers (366) and given its potent vasoconstrictor mitogenic
and atherogenic activity on vascular smooth muscle, it may
mediate renal arteriolar thickening (367–369). Renal ET-1
protein is found to be elevated in kidneys of healthy aging
rodents (370).

Various diagnostic methods can be used to detect atheroscle-
rotic renovascular disease. A laboratory clinical clue for ei-
ther bilateral atherosclerotic renovascular disease or unilateral
atherosclerotic stenosis in a solitary functional kidney is an in-
crease in Scr with the use of AT-II antagonists (ACE inhibitor
or ARB) (371). The AT-II antagonists inhibit the autoregula-
tory vasoconstriction of AT-II on the efferent arteriole, which
preserves glomerular filtration in the context of a drop in
glomerular perfusion, thereby decreasing GFR (372). By us-
ing this concept, it has been determined that renal scintig-
raphy with Tc-DTPA or technetium-mercaptoacetyltriglycine
(99Tc-MAG3) before and after ACE inhibitor administration
becomes a useful tool to investigate clinical suspicion for signifi-
cant functional unilateral renal artery stenosis (373,374). Some
centers have significant experience using duplex ultrasound
scanning to visualize stenosis and obtain blood flow velocities
in the renal arteries to determine the significance of the stenosis
with high sensitivity and specificity (375). Noninvasive visual-
ization of the renal arteries using magnetic resonance angiog-
raphy is also becoming popular in many centers. Carbon diox-
ide angiography can also be used in the presence of decreased
GFR. Contrast angiography remains the gold standard, as the
renal vasculature can be visualized in full including smaller in-
trarenal branches. Atheromatous narrowing of distal branches
of the renal arteries and microvasculature can also lead
to significant hypertension and ischemic renal failure (376).

Contrast injection into diffuse atherosclerotic arteries can
lead to contrast nephropathy and or cholesterol embolization.
An acute reversible rise in Scr 1 to 4 days after contrast injection
can be attributed to contrast dye. However, irreversible and of-
ten progressive renal failure 1 to 4 weeks after arterial contrast
injection may be secondary to renal cholesterol embolization
with or without systemic manifestations. Cholesterol crystals
lodge in arteries 200 μm or less in diameter, including glomeru-
lar tufts (377), and appear histologically as clear biconvex clefts
with surrounding inflammation because the lipid component
dissolves with tissue fixation (378). Blood pressure control,
avoiding further nephrotoxins or anticoagulants, and support-
ive care are recommended.

Procedures to preserve renal function and improve blood
pressure including percutaneous transluminal angioplasty
(PTCA) or surgical revascularization may be considered also
if technically feasible. Many have suggested reversibility of re-
nal failure with these procedures (380–384). Although PTCA
improves renal function in some patients, almost two-thirds of
patients with Scr levels of 3 mg/dL or greater have a poor out-
come including failure to improve blood pressure, initiation
of dialysis within months of the procedure, or death (385).
Other factors associated with poor outcome of PTCA include
bilateral renal artery occlusion and high-grade unilateral steno-
sis of a single functioning kidney (385). Easily approached
lesions for angioplasty are usually non-ostial, and unilateral,
although 20% of cases can recur and require repeat angio-
plasty (347). Intravascular stents are becoming more common
(386); however, an Scr of 2 mg/dL or greater post-stent revas-
cularization may predict poor outcome (387). Surgical revas-
cularization is more commonly recommended for ostial, bilat-
eral, or totally occluding lesions (347). Initial Scr of 3.2 mg/dL
or greater or high-grade unilateral stenosis predicts poor out-
come with surgical repair. Initial postoperative response, as
reflected by unchanged or improved Scr and bilateral renal
artery repair, predicts favorable long-term outcome after sur-
gical revascularization (388). In many patients the presence
of collateral circulation sometimes offers renal parenchymal
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protection from ischemic injury despite the presence of signifi-
cant stenosis (379,380).

Acute Glomerulonephritis

Acute glomerulonephritis in the elderly presents commonly as
rapidly progressive glomerulonephritis (RPGN). Histopatho-
logic evaluation typically demonstrates more than 50%
glomeruli with crescents. In a series of 60 patients with cres-
centic glomerulonephritis, the average and median age was
older than 60 years. Clinically the elderly patient experiences
a rapid loss of renal function in the face of an active urine sed-
iment including hematuria, pyuria, red blood cell casts, and
moderate-to-severe proteinuria. Although convincing evidence
for immunologic injury may be absent in many cases, immune-
mediated pathogenesis is suspected. Three major types of im-
munohistopathology are usually seen in the kidney: type 1,
the presence of antiglomerular basement membrane antibody;
type 2, granular immune deposits; type 3, no immune deposits,
although circulating anti-neutrophilic cytoplasmic antibody
(ANCA) may be present (389). Elderly patients present more
frequently with a type 2 or type 3 histologic pattern (390,391).
Renal biopsy in 115 elderly patients with RPGN demonstrated
the following: 19 presented with crescentic glomerulonephritis
of which 9 patients had granular immunoglobulin G (IgG) dep-
osition on immunofluorescence, 6 had no immune deposits,
and 3 had antiglomerular basement membrane disease (392). In
another study, 8 of 10 elderly patients with RPGN had ANCA-
positive sera, although no immune deposits were evident (393).
In a larger series of 259 patients 60 years and older present-
ing with acute renal failure pauci-immune crescentic glomeru-
lonephritis was diagnosed in 79 (31.2%) (394).

Diffuse proliferative poststreptococcal acute glomeru-
lonephritis in the elderly is often associated with skin and throat
infection and favors a good prognosis (396,398–400). The inci-
dence can be as high as 22.6% in patients older than 55 years of
age (396,401). A study from the Indian subcontinent suggests
that 82% of patients 60 years and older presenting with acute
glomerulonephritis had postinfectious endocapillary glomeru-
lonephritis (402).

In general, elderly patients presenting with RPGN have
poor prognosis, although patients with poststreptococcal dis-
ease fare better. Of patients presenting with crescentic glomeru-
lonephritis in two studies, the median age was older than

60 (395). Risk-to-benefit considerations for treatment with
pulse steroids, cyclophosphamide, and or plasmapheresis for
RPGN in the elderly must be individualized given significant
side effects associated with the available treatment options
(390,395,397).

Nephrotic Syndrome and Chronic
Glomerulonephritis

Significant proteinuria, hypertension, and edema without
known cause necessitate renal biopsy in the elderly. Thirty
percent of elderly patients were biopsied for nephrotic syn-
drome as noted from the Medical Research Council Glomeru-
lonephritis Registry from 1978 to 1990 (403). The most
common histologic finding was membranous glomerulopa-
thy (36.6%), followed by minimal change (11%) and renal
amyloidosis (10.7%). Various case series from other coun-
tries including the United States, France, Israel, England,
Japan, Korea, and India concur with these findings (392,402,
404–413). Cumulative data are presented in Table 80-3. Of
545 patients presenting with nephrotic syndrome, 54% are
noted to have presented with membranous glomerulonephri-
tis, 19% with minimal change, 9% with mesangial prolifera-
tive, and 9% with membranoproliferative glomerulonephritis
(394,400–407,409,412,413).

Minimal change disease in the elderly can be associated with
a greater risk of acute renal failure, severe proteinuria, and
lower serum albumin levels than in younger patients (414).
Systemic amyloidosis, commonly AL type, also is not uncom-
mon in the elderly with nephritic syndrome. Associated para-
proteinemia may be present in 40% to 68% of elderly noted to
have amyloidosis (415). Therefore, elderly patients with unex-
plained nephrotic syndrome should have serum and urine elec-
trophoresis done. Abnormal findings from these tests should
then prompt bone marrow evaluation for multiple myeloma.
Congo red stain of abdominal fat pad aspirates may be useful
in the diagnosis of amyloidosis. Kidney biopsy tissue in elderly
with unexplained proteinuria should be routinely stained with
Congo red and evaluated with electron microscopy for amyloid
fibrils. Treatment with melphalan, prednisone, and thalidomide
may delay the progression of myeloma to ESRD.

Glomerulosclerosis alone can present as nephrotic syn-
drome in approximately 7% of renal biopsies in the el-
derly. This sclerosis resembles the focal and segmental

TA B L E 8 0 - 3

HISTOLOGIC LESIONS IN 545 ELDERLY PATIENTS WITH PRIMARY NEPHROTIC SYNDROME

Membranous Mesangial Membrano-
Minimal glomerulo- proliferative proliferative Glomerulo- Chronic

Authors change nephritis glomerulonephritis glomerulonephritis sclerosis glomerulonephritis

Fawcett et al., 1971 6 5 — 4 16 5
Huriet et al., 1975 4 2 — 6 — —
Moorthy and Zimmerman, 1980 9 15 7 2 1 —
Ishimuto et al., 1981 1 6 — 2 7 —
Lustig et al., 1982 2 16 — 2 3 —
Zech et al., 1982 19 31 2 4 — 3
Kingswood et al., 1984 2 16 11 3 — —
Murphy et al., 1987 2 2 — 2 — —
Sato et al., 1987 7 30 12 7 1 —
Johnston et al., 1992 35 116 18 — 5 —
Ozono et al., 1994 6 26 — 8 — —
Shin et al., 2001 14 27 — 8 6 1
Total 107(19%) 292(54%) 50(9%) 48(9%) 39(7%) 9(2%)
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glomerulosclerosis seen more commonly in younger patients,
with juxtaglomeruli commonly affected and immunofluores-
cence positive for IgG and the third complement component,
C3. These histologic findings are usually the end result of
other glomerulopathies and or secondary advanced systemic
diseases, including hypertension and diabetes (416), with hy-
perfiltration likely hastening the process of sclerosis (41,417).
The higher filtration fraction in the juxtamedullary glomeruli
make them more susceptible. Glomerular ischemia and reno-
vascular disease can lead to adaptive glomerular enlargement
and segmental sclerosis with nephrotic proteinuria in the el-
derly (418). These histologic features are also evident in healthy
aging rats with proteinuria (419–424).

Renal biopsy is necessary for histologic diagnosis of neph-
rotic syndrome and subsequent therapeutic decisions in the
elderly. Treatment with steroid alone is not effective in idio-
pathic membranous nephropathy in the elderly per retrospec-
tive review of 33 of 74 patients receiving treatment. Although
the rate of change in renal function was not different com-
pared to a younger group, the incidence of renal failure was
higher (425). Decreased renal functional reserve in the elderly
may contribute to a more negative outcome in the elderly with
nephrotic syndrome. Partial and complete remission with pro-
tection from renal failure using cytoxic agents such as chloram-
bucil or Cytoxan with steroids has been accomplished in
idiopathic membranous nephropathy (426). In addition, cy-
closporine and mycophenolate are being used in those who
have failed initial treatment with chlorambucil or Cytoxan and
steroid, although successful results remain anecdotal. The use
of steroids, cytotoxic agents, and immunosuppressive agents
needs to be carefully evaluated and individualized in elderly
patients with idiopathic membranous nephropathy. Response
to treatment for membranoproliferative glomerulonephritis is
quite variable. Nearly 20% of elderly can present with minimal
change nephrotic syndrome and they have greater likelihood of
response to steroids.

Malignancy can often precede or coexist with nephrotic
syndrome (427), particularly membranous nephropathy, in the
elderly and needs to be considered in the evaluation. Seven
percent to 20% of patients with nephrotic syndrome present
with a malignancy (411,428). The association of membranous
lesions and malignancy is thought to be immune mediated,
secondary to tumor-associated antigens (428). Solid tumors of
lung, colon, breast, rectum, kidney, and stomach seem to be
more common with membranous glomerulopathy. Therefore,
a thorough history, physical examination, and basic screening
for underlying malignancy need to be done in the elderly with
nephrotic syndrome.

Chronic Renal Failure

Gradual progression of underlying renal disease or chronic
medical illnesses affecting the kidney often leads to chronic re-
nal failure later in life. Approximately 6.6 million people older
than 60 years have GFR of less than 60 mL/minute/1.73 m2 per
NHANES III data (429). Longstanding diabetes mellitus, hy-
pertension, chronic glomerulonephritis, ischemic renovascular
disease, and obstructive uropathy lead in common diagnoses.
The level of GFR independently predicts the risk of cardiovas-
cular disease and all-cause mortality as determined by a co-
hort of community dwelling subjects older than 65 years in the
Cardiovascular Health Study (430). The elderly may present
with decompensated preexisting medical illness such as heart
failure, gastrointestinal bleeding, hypertension, and dementia
rather than with frank uremic symptoms per se. Scr may not
change significantly given gradual muscle loss in the elderly,
thereby masking detectable change in renal function. Renal re-
serve is frequently lower than that estimated by Scr.

If reversible causes of chronic progression to ESRD are ex-
cluded, then preparation for renal replacement therapy is in-
dicated. Older patients experience uremic symptoms at lower
Scr levels than do younger patients, hence often requiring ear-
lier dialysis initiation. Subtle manifestations of uremia may
present as repeated episodes of heart failure, progressive weight
loss, and behavioral changes. Age alone is not exclusionary to
the need for dialysis support. In the absence of other comor-
bid systemic illness or extrarenal organ failure, elderly adjust
fairly well to dialysis. Currently more than 55% of ESRD pa-
tients on dialysis are older than 60 years of age. Longevity of
older dialysis patients is less than younger patients, however
(431–433). Octogenarians appear to have a median survival of
2 years on thrice-weekly hemodialysis (434). Rapid ultrafil-
tration from short thrice-weekly dialysis sessions may lead to
more frequent hypotension and risk for silent ischemia in the
elderly (435–437). Therefore, careful volume management on
dialysis in the elderly is necessary.

Elderly with significant cardiovascular disease may fare bet-
ter with peritoneal dialysis (432,438–441). No difference is
evident in the incidence of peritonitis, type of infectious or-
ganism, or likelihood of technique failure between young and
old patients (432,442). In fact, elderly patients often require
fewer peritoneal catheter replacements than do younger pa-
tients (432,442).

Neither dialysis mode has been clearly proved superior to
the other in the elderly (443–445). The presence of comorbid
illness has produced conflicting results when considering pref-
erential dialysis modality (432). Automated peritoneal dialysis
patients older than 65 years of age in Chile fared similar to
younger patients, as comorbidities resulted in decreased actu-
arial survival not due to peritoneal dialysis. (446). Data from
ESRD elderly diabetic and nondiabetic Medicare patients sug-
gest that hemodialysis may have a slightly better survival rate
than continuous ambulatory peritoneal dialysis (CAPD) (447).
Patient selection for either modality is dependent on various
factors including patient preference, social support, comorbid
disease (including cardiac disease), early dementia, and ability
to establish a functioning vascular or peritoneal access. Patients
in whom the ability to obtain patent vascular access or with sig-
nificant hemodynamic instability during hemodialysis may do
well on peritoneal dialysis. Similarly hemodialysis may be pre-
ferred for deconditioned patients or those unable to perform
self-care dialysis. The social aspect of in-center dialysis may
be preferable for those who live alone or who are depressed.
Mortality of the elderly ESRD patient results from comorbid
cardiovascular complications, infections, malnutrition, malig-
nancy, and dialysis withdrawal.

The decision to pursue renal transplantation is not specifi-
cally determined by age alone. Many medically eligible elderly
have undergone successful renal transplantation (448,448).
Donor age appears to be more significant than recipient age
in predicting delayed graft function (4,450) (Fig. 80-33). A
decision-analytic model comparing cadaveric renal transplan-
tation with hemodialysis notes that well-selected elderly pa-
tients younger than 70 years of age with fewer comorbidi-
ties have significant quality-adjusted life expectancy gains of
1.1 years with transplantation (451). When comparing patients
older than 60 years of age matched demographically for co-
morbidities, who have undergone rigorous screening and from
whom 5-year survival in anticipated in excess of 80%, those
who have undergone transplantation have significant survival
advantage over those who have undergone dialysis. The preop-
erative 1-, 3-, and 5-year survival is 98%, 95%, and 90%, com-
pared with 92%, 62%, and 27%, respectively (452). Posttrans-
plantation 1-year patient survival and allograft survival rates
are similar for both young and old patients. The major reason
for allograft loss posttransplantation in the elderly is patient
demise from cardiovascular disease or infection (449,453).
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FIGURE 80-33. Effect of donor age on delayed graft function (DGF) of first transplants (1996–2000).
(Reprinted from: Cecka JM. The UNOS renal transplant registry. Clin Transplant 2001:1, with permis-
sion.)

Review of data from the U.S. Renal Data System (USRDS) and
United Network for Organ Transplant Scientific Registry from
1988 to 1997 reveals age to be an independent factor in the
increased relative risk of death from infection in elderly pa-
tients who undergo transplantation (454). Older patients also
seem to have a decrease in acute rejection (455). Therefore,
underlying comorbid cardiovascular disease and the ability to
tolerate immunosuppressive therapy in light of “biologic age”
need to be carefully considered prior to renal transplantation
in the elderly (455,456).

Urinary Tract Infection

The frequency of urinary tract infection may be significant in
the elderly. Functional changes of the bladder, altered immune
defenses, changes in pelvic musculature, prostatic enlargement,
neurogenic bladder dysfunction, impaired mobility, dementia,
and cerebrovascular accidents leading to poor hygiene are pro-
cesses that contribute to the higher incidence of urinary tract
infection in the elderly (457,458). Decreased prostatic secre-
tions of older men and microcalculi provide the environment
for harboring infection in the lower urinary tract and prostate
(459). Postmenopausal women have low estrogen levels, which
change the pH of the vaginal secretions, thereby allowing bac-
terial colonization and subsequent cystitis (460). Intravaginal
estrogen use may help in the prevention of recurrent urinary
tract infection in older women (461).

The prevalence of asymptomatic bacteruria in healthy older
men can be as high as 20%, and increases to 25% in both
men and women living in extended care facilities (462), 35%
of aged in nursing homes, and 30% to 50% of older hospital-
ized patients (463). Creatinine clearance is decreased in elderly
persons with bacteriuria in comparison to those without bac-
teriuria (243,464). The mechanism is not clear but it is possible
that chronic inflammation in the kidney may lead to gradual
tubulointerstitial fibrosis and glomerulosclerosis with loss of
renal function. Predisposing factors leading to chronic bacteri-
uria often also account for decreased survival in these patients
(465). Treatment of asymptomatic bacteriuria does not result
in improved survival (466,467). Because treatment failure and
relapse is high, asymptomatic bacteruria without evidence for
underlying renal or urologic abnormalities need not be treated
(468). Benefits of chronic suppressive therapy are still debated
given possible emergence of resistant Gram-negative strains
(469,470).

Renal Cysts

Simple renal cysts progressively develop in aging kidneys. With
the increased frequency of diagnostic abdominal imaging stud-
ies, a greater prevalence of incidental cysts is noted. Micro-
scopic dissection of kidneys from older adult kidneys (greater
than 50 years) reveal ectasia, diverticula, and microscopic cysts
not noted in 20-year-old kidneys. More than one-half of pa-
tients older than age 50 have at least one renal cyst noted on
postmortem examination (471). Sonographic prevalence of ac-
quired renal cysts is 22% in aged persons older than 70 years
compared to 0% in those between 15 and 29 years of age
(472). More commonly these acquired cysts are simple, pain-
less, and asymptomatic. Some have noted abdominal or lumbar
discomfort, hematuria, secondary infection, and, occasionally,
renin-dependent hypertension. Simple cysts are defined as cysts
with a thin smooth wall and clear, fluid-filled space void of in-
ternal echoes by sonogram. These cysts require no treatment
or follow-up. Cysts that are thick walled and debris filled, with
internal echoes or associated with a renal mass are designated
as complicated and need to be investigated by cyst puncture,
angiography, or surgery to rule out infection, bleeding, or ma-
lignancy.
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CHAPTER 81 ■ MECHANISMS OF
DIURETIC ACTION
DAVID H. ELLISON, MARK D. OKUSA, AND ROBERT W. SCHRIER

INTRODUCTION

The term diuretic derives from the Greek diouretikos, which
means, “to promote urine.” Although many substances pro-
mote urine flow, the term diuretic is usually taken to indicate
a substance that can reduce the extracellular fluid volume by
increasing urinary solute and water excretion (1). In 1553,
Paracelsus recorded the first truly effective form of therapy for
dropsy (edema), namely inorganic mercury (Calomel [2]). In-
organic mercury remained the mainstay of diuretic treatment
until the beginning of this century. In 1919, the ability of or-
ganic mercurial antisyphilitics to effect diuresis was discovered
by Vogl, then a medical student (3). This observation led to
the development of effective organic mercurial diuretics that
continued to be used through the 1960s. In 1937, the antimi-
crobial, sulfanilamide, was found to cause metabolic acido-
sis. Carbonic anhydrase, which had been discovered in 1932,
was inhibited by sulfanilamide. Pitts demonstrated that sul-
fanilamide inhibited Na bicarbonate reabsorption in dogs (4)
and Schwartz showed that sulfanilamide could induce diuresis
when administered to patients with congestive heart failure (5).
Soon, more potent sulfonamide-based carbonic anhydrase in-
hibitors were developed, but these drugs were associated with
side effects and limited potency. Nevertheless, a group at Sharp
& Dohme, Inc. was stimulated by these developments to ex-
plore the possibility that modification of sulfonamide-based
drugs could lead to drugs that enhanced Na chloride rather
than Na bicarbonate excretion. The result of this program was
the synthesis of chlorothiazide and its marketing in 1957 (6–8).
This drug ushered in the modern era of diuretic therapy and
revolutionized the clinical treatment of edema.

The search for more potent classes of diuretics led to the
development of ethacrynic acid and furosemide in the United
States and Germany, respectively (4) The safety and efficacy of
these drugs led them to replace the organic mercurials as drugs
of first choice for severe and resistant edema. Spironolactone,
marketed in 1961, was developed after the properties and struc-
ture of aldosterone had been discovered and steroidal analogs
of aldosterone were found to have aldosterone-blocking activ-
ity (9). Triamterene was initially synthesized as a folic acid an-
tagonist, but was found to have diuretic and potassium-sparing
activity (10). The identification of the arginine vasopressin
(AVP) receptor subtypes led to the more recent development of
V2 AVP antagonists, which are likely to enter clinical practice
during the next several years (11,12). The identification and
cloning of natriuretic peptides (13,14) led to the development
of drugs with similar effects (15).

The availability of safe, effective and relatively inexpensive
diuretic drugs has made it possible to treat edematous disorders
and hypertension effectively. Incidentally, driven by clinical
drug development, specific ligands that interact with discrete
Na and Cl transport proteins in the kidney were developed
that permitted these transport proteins to be identified.
Subsequently, these ligands were used to clone the Na and Cl

transport proteins that mediate the bulk of renal Na and Cl re-
absorption. The diuretic-sensitive transport proteins that have
been cloned include the sodium hydrogen exchanger (NHE3;
Gene symbol, SLC9A3) (16–18), the bumetanide-sensitive
Na-K-2Cl cotransporters (NKCC2; Gene symbol, SLC12A1)
(19,20), the thiazide-sensitive Na-Cl cotransporter (NCC;
Gene symbol, SLC12A3) (21), and the epithelial Na channel
(ENaC; Gene symbols, SCNN1A, SCNN1B, SCNN1G)
(22–24). The information derived from molecular cloning
has also permitted identification of inherited human diseases
that are caused by mutations in transport proteins (25–31).
The phenotypes of several of these disorders resemble the
manifestations of chronic diuretic administration. Therefore,
the development of clinically useful diuretics permitted iden-
tification and later cloning of specific ion-transport pathways.
The molecular cloning is now helping to define mechanisms
of diuretic action and diuretic side-effects. The use of ani-
mals in which diuretic-sensitive transport pathways have been
“knocked out” should permit a clearer understanding of which
diuretic effects result directly or secondarily from actions
of the drugs on specific ion transport pathways and which
effects result from actions on other pathways or other organ
systems.

NORMAL RENAL NACL
HANDLING

The normal human kidneys filter approximately 23 moles of
NaCl in 150 L of fluid each day. Approximately 6 to 10 g of
salt (i.e., 17 mEq/g of NaCl, 43 mEq/g of Na) is consumed
each day by individuals who ingest a typical Western diet. To
maintain balance, renal NaCl excretion must be approximately
160 mmol/day (the difference owing to nonrenal losses). Un-
der normal circumstances, approximately 99.2% of the filtered
NaCl is reabsorbed by kidney tubules, generating a normal
fractional sodium excretion of less than 1%. Sodium, chlo-
ride, and water reabsorption by the nephron is driven by the
metabolic energy provided by adenosine triphosphate (ATP).
The ouabain-sensitive Na/K ATPase is expressed at the basolat-
eral cell membrane of all Na-transporting epithelial cells along
the nephron. This pump maintains large ion gradients across
the plasma membrane, with the intracellular Na concentration
maintained low and the intracellular K concentration main-
tained high. Because the pump is electrogenic and associates
with a K channel in the same membrane, renal epithelial cells
have a voltage across the plasma membrane oriented with the
inside negative relative to the outside.

The combination of the low intracellular Na concentra-
tion and the plasma membrane voltage generates a large elec-
trochemical gradient favoring Na entry from lumen or inter-
stitium. Specific diuretic-sensitive Na-transport pathways are
expressed at the apical (luminal) surface of cells along the
nephron, permitting vectorial transport of Na from lumen
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TA B L E 8 1 - 1

EFFECTS OF DIURETICS ON ELECTROLYTE EXCRETION

Na Cl K Pi Ca Mg

Osmotic diuretics (45,46,297,513,514) ⇑(10%–25%) ⇑(15%–30%) ⇑(6%) ⇑(5%–10%) ⇑(10%–20%) ⇑(20%)
Carbonic anhydrase inhibitors (88,190,297) ⇑(6%) ⇑(4%) ⇑(60%) ⇑(>20%) ⇑ or ⇔ (<5%) ⇑(<5%)
Loop diuretics (187,188,190,271, 297,474) ⇑(30%) ⇑(40%) ⇑(60%–100%) ⇑(>20%) ⇑(>20%) ⇑(>20%)
DCT diuretics (188,271,297,298) ⇑(6%–11%) ⇑(10%) ⇑(200%) ⇑(20%) ⇓ ⇑(5%–10%)
Na channel blockers (271,297,474) ⇑(3%–5%) ⇑(6%) ⇓(8%) ⇔ ⇔ ⇓
Collecting duct diuretics (297) ⇑(3%) ⇑(6%) ⇓ ⇔ ⇔ ⇓

Values indicate approximate maximal fractional excretions of ions following acute diuretic administration in maximally effective doses. ⇑ indicates
that the drug increases excretion; ⇓ indicates that the drug decreases excretion; ⇔ indicates that the drug has little of no direct effect on excretion.
During chronic treatment, effects often wane (Na excretion), may increase (K excretion during DCT diuretic treatment), or may reverse as with uric
acid (not shown).

to blood. Along the proximal tubule, where approximately
50% to 60% of filtered Na is reabsorbed, an isoform of the
Na/H exchanger is expressed at the apical membrane (32).
Along the thick ascending limb, where approximately 20%
to 25% of filtered Na is reabsorbed, an isoform of the Na-K-
2Cl cotransporter is expressed at the apical membrane (33,34).
Along the distal convoluted tubule, where approximately 5%
of filtered Na is reabsorbed, the thiazidesensitive Na-Cl co-
transporter is expressed (35,36). Along the connecting tubule
and cortical collecting duct, where approximately 3% of fil-
tered Na is reabsorbed, the amiloride-sensitive epithelial Na
channel is expressed (37). These apical Na-transport pathways
form the targets for diuretic action.

This chapter will discuss the molecular and physiologic
bases for diuretic action in the kidney. Although some aspects
of clinical diuretic usage will be discussed, we have empha-
sized physiologic principles and mechanisms of action. Several
recent texts provide detailed discussions of diuretic treatment
of clinical conditions (38). Extensive discussions of diuretic
pharmacokinetics are also available (39).

A rational classification of diuretic drugs is based on the
primary nephron site of action. Such a scheme emphasizes,
first, that more than one chemical class of drugs can affect
the same ion-transport mechanism. Second, although most
diuretic drugs affect transport processes of several nephron
segments, most owe their clinical effects primarily to their
ability to inhibit Na transport by one particular nephron seg-
ment. An exception is the osmotic diuretic. Although these
diuretics were initially believed to inhibit solute and water
flux primarily along the proximal tubule, subsequent studies
have revealed effects in multiple segments. Other diuretics,
however, will be classified according to their primary site of
action.

OSMOTIC DIURETICS

Osmotic diuretics are substances that are freely filtered at
the glomerulus, but are poorly reabsorbed (see Fig. 81-1).
The pharmacologic activity of drugs in this group depends
entirely on the osmotic pressure exerted by the drug molecules
in solution. It does not depend on interaction with specific
transport proteins or enzymes. Mannitol is the prototypical
osmotic diuretic (40,41). Because the relationship between
the magnitude of diuretic effect and concentration of osmotic
diuretic in solution is linear, all osmotic diuretics are small
molecules. Other agents considered in this class include urea,
sorbitol, and glycerol.

Urinary Electrolyte Excretion

Although osmotic agents do not act directly on transport
pathways, ion transport is affected. Following mannitol in-
fusion, sodium, potassium, calcium, magnesium, bicarbonate,
and chloride excretion rates increase (Table 81–1) (42–44).
Rates of sodium and water fractional reabsorption are reduced
by 27% and 12%, respectively, following the infusion of man-
nitol (45). Reabsorption of magnesium and calcium is also re-
duced in the proximal tubule and loop of Henle. In contrast,
phosphate reabsorption is only inhibited slightly by mannitol
in the presence of parathyroid hormone (42).

Mechanism of Action

The functional consequences that result from intravenous infu-
sion of mannitol include an increase in cortical and medullary
blood flow; a variable effect on glomerular filtration rate; an
increase in sodium, water, calcium, magnesium, phosphorus,
and bicarbonate excretion; and a decrease in medullary con-
centration gradient. The most pronounced effect observed with
mannitol is a brisk diuresis and natriuresis. The mechanisms
by which mannitol produces a diuresis include: (i) an increase
in osmotic pressure in the lumens of the proximal tubule and
loop of Henle, thereby retarding the passive reabsorption of
water, and (ii) an increase in renal blood flow and washout of
medullary tonicity.

Mannitol is freely filtered at the glomerulus and its pres-
ence in tubule fluid minimizes passive water reabsorption.

FIGURE 81-1. Structures of osmotic diuretics.
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Normally, within the proximal tubule, sodium reabsorption
creates an osmotic gradient for water reabsorption. When an
osmotic diuretic is administered, however, the osmotic force of
the nonreabsorbable solute in the lumen opposes the osmotic
force produced by sodium reabsorption (46). Isosmolality of
tubule fluid is preserved because molecules of mannitol replace
sodium ions reabsorbed. However, sodium reabsorption even-
tually stops because the luminal sodium concentration is re-
duced to a point where a limiting gradient is reached and net
transport of sodium and water ceases (42,45,47). This view was
confirmed by stationary micropuncture studies (48). Quantita-
tively, mannitol has a greater effect on inhibiting Na and water
reabsorption in the loop of Henle than in the proximal tubule.
Free-flow micropuncture studies following mannitol infusion
in dogs demonstrated a modest decrease in fractional reabsorp-
tion of sodium and water by the proximal tubule, but a much
larger effect by the loop of Henle (42,45). Within the loop of
Henle the site of action of mannitol appears to be restricted to
the thin descending limb resulting in a decrease in reabsorp-
tion of water (49). In the thick ascending limb, reabsorption of
Na will continue in proportion to its delivery to this segment.
The sum of net transport in the thin and thick limbs will deter-
mine the net effect of mannitol in the loop of Henle. Further
downstream in the collecting duct, mannitol reduces sodium
and water reabsorption (50).

Renal Hemodynamics

During the administration of mannitol, its molecules diffuse
from the bloodstream into the interstitial space. In the intersti-
tial space, the increased osmotic pressure draws water from the
cells to increase extracellular fluid volume. This effect increases
total renal plasma flow (50). Cortical and medullary blood
flow rates both increase following mannitol infusion (50,51).
Conversely, single nephron glomerular filtration rate (GFR) in-
creases in cortex and decreases in medulla (49,52); this action
on the medulla washes out the medullary osmotic gradient by
reducing papillary sodium and urea content (47,53,54). Ex-
perimental studies indicate that the osmotic effect of mannitol
to increase water movement from the intracellular space to
the extracellular space leads to a decrease in hematocrit and
in blood viscosity. This fact contributes to a decrease in renal
vascular resistance and increase in renal blood flow (47). In
addition, secretion of vasodilatory substances is stimulated by
mannitol infusion. Both prostacyclin (PGI2) (55) and atrial na-
triuretic peptide (56) could mediate the effect of mannitol on
renal blood flow. The vasodilatory effect of mannitol is reduced
when the recipient is pretreated with indomethacin or meclo-
fenamate, suggesting that PGI2 is involved in the vasodilatory
effect.

The effect of mannitol on GFR has been variable but most
studies indicate that the overall effect is to increase GFR
(40,41,45,57,58). Whereas mannitol was shown to increase
both cortical and medullary blood flow, it increased cortical but
decreased medullary single nephron GFR (49,52). The mecha-
nisms by which mannitol reduces the GFR of deep nephrons are
not known, but it has been postulated that mannitol reduces
efferent arteriolar pressure. Micropuncture studies examining
the determinants of GFR in superficial nephrons have demon-
strated that the increase in single nephron GFR results from
an increase in single nephron plasma flow and a decrease in
oncotic pressure (58).

Alterations in renal hemodynamics contribute to the diure-
sis observed following administration of mannitol. An increase
in medullary blood flow rate reduces medullary tonicity (54),
primarily by decreasing papillary sodium and urea content (59)
and increasing urine flow rate (47).

Pharmacokinetics

Mannitol is not readily absorbed from the intestine (40); there-
fore, it is routinely administered intravenously. Following in-
fusion, mannitol distributes in extracellular fluid with a vol-
ume of distribution of approximately 16 L (60); its excretion
is almost entirely by glomerular filtration (61). Of the filtered
load, less than 10% is reabsorbed by the renal tubule, and a
similar quantity is metabolized, probably in the liver. With nor-
mal glomerular filtration rate, plasma halflife is approximately
2.2 hours.

Clinical Use

Mannitol is used prophylactically or as treatment for estab-
lished acute renal failure (40,62,63), although the basis for
its use in established acute renal failure remains controversial
(63–65). Mannitol improves renal hemodynamics in a vari-
ety of situations of impending or incipient acute renal failure.
Mannitol (along with hydration and sodium bicarbonate) has
been recommended by some (66,67), but not all (68), inves-
tigators for the early treatment in myoglobinuric acute renal
failure and to prevent posttransplant acute renal failure (69–
71). Mannitol is used perioperatively to treat patients under-
going cardiopulmonary bypass surgery. The beneficial effects
may relate to its osmotic activity, thereby reducing intravenous
fluid requirement (72) and its ability to act as a free radical an-
tioxidant (73). Although some studies have shown a beneficial
effect when used prophylactically to treat patients at risk for
contrast nephropathy (74), most prospective controlled studies
have not found mannitol beneficial in preventing acute renal
failure and it is not currently recommended (64,75).

Mannitol is used for shortterm reduction of intraocular
pressure (76). By increasing the osmotic pressure, mannitol
reduces the volume of aqueous humor and the intraocular
pressure by extracting water. Mannitol also decreases cere-
bral edema and the increase in intracranial pressure asso-
ciated with trauma, tumors, and neurosurgical procedures
(72,73,77). Mannitol and other osmotic agents have been used
to treat dialysis disequilibrium (78,79). This syndrome is char-
acterized by acute symptoms during or immediately follow-
ing hemodialysis. Most significant symptoms are attributable
to disorders of the central nervous system such as: headache,
nausea, blurred vision, confusion, seizure, coma, and death.
Rapid removal of small solutes such as urea during dialysis
of patients who are markedly azotemic is associated with the
development of an osmotic gradient for water movement into
brain cells producing cerebral edema and neurologic dysfunc-
tion. Dialysis disequilibrium syndrome can be minimized by
slow solute removal and raising plasma osmolality with saline
or mannitol.

Adverse Effects

Patients who have a reduced cardiac output may develop pul-
monary edema when mannitol is infused. Intravenous man-
nitol administration increases cardiac output and pulmonary
capillary wedge pressures (60). Acute and prolonged adminis-
tration of mannitol leads to different electrolyte disturbances.
Acute overzealous use or the accumulation of mannitol leads
to dilutional metabolic acidosis and hyponatremia (80). Ac-
cumulation of mannitol also produces hyperkalemia (81,82)
as a result of an increase in plasma osmolality. An increase
in plasma osmolality increases potassium movement from in-
tracellular to extracellular fluid from bulk solute flow and in-
crease in the electrochemical gradient for potassium secretion.
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Prolonged administration of mannitol can lead to urinary losses
of sodium and potassium, thereby leading to volume deple-
tion, hypernatremia (as urinary loss of sodium is invariably
less than water) and hypokalemia (83). Marked accumulation
of mannitol in patients can lead to reversible acute renal failure
that appears to be caused by vasoconstriction and tubular vac-
uolization (84–86). Mannito-linduced acute renal failure usu-
ally occurs when large cumulative doses of ∼295 g are given
to patients with previously compromised renal function (84).

PROXIMAL TUBULE DIURETICS
(CARBONIC ANHYDRASE

INHIBITORS)

Through the development of carbonic anhydrase inhibitors,
important compounds were discovered that have utility as ther-
apeutic agents and as research tools. Carbonic anhydrase in-
hibitors have a limited therapeutic role as diuretic agents; how-
ever, because they are only weakly natriuretic. They are used
primarily to reduce intraocular pressure in glaucoma and to en-
hance bicarbonate excretion in metabolic alkalosis. Carbonic
anhydrase inhibitors have been useful in developing other di-
uretic agents such as thiazide and loop diuretics and have been
instrumental in elucidating transport mechanisms in proximal
and distal nephron segments. The structure of a prototypi-
cal carbonic anhydrase inhibitor acetazolamide, is shown in
Figure 81-2.

Urinary Electrolyte Excretion

Through their effects on carbonic anhydrase in the proximal
tubule, carbonic anhydrase inhibitors increase bicarbonate ex-
cretion by 25% to 30% (see Table 81-1) (87–90). The increase
in sodium and chloride excretion is smaller than might be ex-
pected, because these ions are reabsorbed by more distal seg-
ments of the nephron (90). However, a residual small but vari-
able amount of sodium is excreted along with bicarbonate.
Rates of calcium and phosphate reabsorption are also blocked
along the proximal tubule by carbonic anhydrase inhibitors.
Because distal calcium reabsorption is stimulated, fractional
calcium excretion does not increase (91). In contrast, phos-
phate appears to escape distal reabsorption following acetazol-
amide administration resulting in an increase in fractional ex-
cretion of phosphate by approximately 3% (89,91). Although
proximal tubule magnesium transport is inhibited by carbonic
anhydrase inhibitors, fractional excretion of magnesium is ei-
ther unchanged or increased as a result of variable distal reab-
sorption (89).

Carbonic anhydrase inhibitors increase potassium excretion
(89,90,92,93). It is likely that several indirect effects of car-
bonic anhydrase inhibition contribute to the observed kaliure-
sis. Carbonic anhydrase inhibition could block proximal tubule
potassium reabsorption and increase delivery to the distal
tubule, but this has not been established clearly. Whereas car-
bonic anhydrase inhibitors decrease proximal tubule sodium,
bicarbonate and water absorption during both free flow mi-

FIGURE 81-2. Structure of acetazolamide carbonic anhydrase
inhibitor (a).

cropuncture and microperfusion, the effects of carbonic an-
hydrase inhibitors on proximal tubule potassium transport
have been less consistent. In free flow micropuncture studies,
carbonic anhydrase inhibition did not affect proximal tubule
potassium reabsorption (91), whereas carbonic anhydrase in-
hibition of perfused proximal tubules reduces net potassium
transport (94). The effect of carbonic anhydrase inhibitors on
the proximal tubule ion transport does, however, facilitate an
increase in tubular fluid flow rate and sodium and bicarbonate
but not chloride delivery to the distal nephron. This effect is
thought to increase the concentration of nonreabsorbable an-
ions in the distal tubule lumen, creating an increase in lumen
negative voltage (95) and increase in flow rate (96), factors
known to increase potassium secretion by the distal tubule.
Carbonic anhydrase inhibitors can also produce a luminal com-
position that is low in chloride and high in nonchloride anion.
This luminal fluid composition has been demonstrated to stim-
ulate potassium secretion by the distal nephron independent of
a change in lumen negative voltage (97).

Mechanism of Action

In the kidney, carbonic anhydrase inhibitors act primarily on
proximal tubule cells to inhibit bicarbonate absorption. Car-
bonic anhydrase, a metalloenzyme containing one zinc atom
per molecule, is important in sodium bicarbonate reabsorption
and hydrogen ion secretion by renal epithelial cells. The bio-
chemical, morphologic, and functional properties of carbonic
anhydrase have been reviewed (98–101). Carbonic anhydrase
isoforms (CAs) can be categorized into four groups: (i) cytoso-
lic I—II, III, VII; mitochondrial—V; membrane associated—IV,
IX, XII, XIV; and secreted—VI (98). Carbonic anhydrases reg-
ulate cellular hydrogen ion secretion through catalyzing the
formation of HCO3

− from OH− and CO2 and by binding
to transporters and directly regulating its activity (102–104).
There are three major renal carbonic anhydrases. Type II car-
bonic anhydrase (CAII) is distributed widely comprising more
than 95% of the overall activity in kidney and is sensitive to
inhibition by sulfonamides (99,105). CAII is expressed in the
cytoplasm and facilitates the secretion of hydrogen ions by cat-
alyzing the formation of HCO3

− from OH− and CO2 (see
Equation 3, next page). In addition CAII binds to the C-
terminal region of sodium proton exchanger (NHE1) and likely
regulates the transport efficiency of Na/H exchange (104).
CAIV, is bound to renal cortical membranes, comprising up
to 5% of the remaining overall activity in kidney, and is sen-
sitive to sulfonamides (106,107). Carbonic anhydrase activ-
ity at basolateral and luminal plasma membranes of proximal
tubule cells (100,108,109), and luminal membrane of interca-
lated cells (110), catalyzes the dehydration of intraluminal car-
bonic acid generated from secreted protons (99,111). The car-
bonic anhydrase activity at the basolateral and luminal plasma
membranes of proximal tubule cells is thought to be due in part
to CAIV (112). CAIV has been shown to also bind to the ex-
tracellular loop of NaHCO3 transporter 1 (NBC1) regulating
its transport activity (103). Evidence for the physiologic impor-
tance of carbonic anhydrase is apparent, given that a deficiency
of CAII leads to a renal acidification defect resulting in renal
tubular acidosis (113). Furthermore, metabolic acidosis leads
to an adaptive increase in both CAII and IV carbonic anhydrase
messenger RNA (mRNA) expression in kidney (114), suggest-
ing the importance of both carbonic anhydrase isoforms in this
disorder. Recently CAXII was cloned and characterized in re-
nal carcinoma and normal human kidney (114a). Through in
situ hybridization and immunologicalization methods, CAXII
is expressed in proximal tubules and collecting ducts and may
contribute to the carbonic anhydrase activity in these segments
(102,115,116).
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FIGURE 81-3. Mechanisms of diuretic action in the proximal tubule.
The figure shows functional model of proximal tubule (PT) cells. Many
transport proteins are omitted from the model, for clarity. Carbonic an-
hydrase (CA) catalyzes inside the cell the formation of HCO3 from OH
and CO2. This is the result of the twostep process (please see equations
1R, 2R, and 3R, in the text, for additional details). Bicarbonate leaves
the cell via the Na, HCO3, cotransporter (280,281). A second pool of
carbonic anhydrase is located in the brush border (CA). This partici-
pates in disposing of carbonic acid, formed from filtered bicarbonate
and secreted H+. Both pools of carbonic anhydrase are inhibited by
acetazolamide and other carbonic anhydrase inhibitors (see text for
details).

Normally the proximal tubule reabsorbs 80% of the fil-
tered load of sodium bicarbonate and 60% of the filtered
load of sodium chloride. Early studies by Pitts and Alexander
(117) and DuBose et al. (118) and micropuncture studies indi-
cated that hydrogen ion secretion was responsible for bicarbon-
ate absorption and renal acidification (118–121). The cellular
mechanism by which proximal tubules reabsorb bicarbonate is
depicted in Figure 81-3. The effect of carbonic anhydrase in ac-
celerating bicarbonate is a result of the reactions that occur in
both luminal fluid and in the cell. The mechanism of carbonic
anhydrase action in luminal fluid (122), is shown in the fol-
lowing equation, where E represents the carbonic anhydrase
enzyme:

Luminal Fluid

EH2O + HCO3
− ⇔ H2O + CO2 + EOH [1]

EOH + H+ ⇔ EH2O [2]

HCO3
− + H+ ⇔ CO2 + H2O [3]

Note that the addition of reactions 1 and 2 leads to the classic
reaction 3. In this scheme, the enzyme is viewed as a superhy-
droxylator.

Luminal carbonic anhydrase prevents H from accumulating
in tubule fluid, which would eventually stop all Na/H exchange
(119). Once formed, carbon dioxide rapidly diffuses from the
lumen into the cell across the apical membrane.

The mechanism by which intracellular carbonic anhydrase
participates in net H+ secretion is functionally the reverse of
the reactions shown in the preceding equations.

Intracellular Fluid

EH2O ⇔ EOH + H+ [2R]

EOH + H2O + CO2 ⇔ EH2 + HCO3
− [1R]

CO2 + H2O ⇔ HCO3
− + H+ [3R]

In this case, the enzyme splits water, thereby providing an hy-
droxyl ion to form bicarbonate. The bicarbonate ions then exit
the basolateral membrane via Na(HCO3)3 cotransport (123–
127). Therefore, in the early proximal tubule, the net effect of
the process described results in the isosmotic reabsorption of
NaHCO3. The lumen chloride concentration increases because
water continues to be reabsorbed producing a lumen positive
potential (128). These axial changes provide an electrochemical
gradient for transport of chloride via paracellular and transcel-
lular pathways. The latter pathway for chloride likely involves
a chloride/base exchanger operating in parallel with an Na/H
proton exchanger (129,130). The dual operation of these par-
allel exchangers results in net NaCl absorption.

Carbonic anhydrase inhibitors act primarily on proximal
tubule cells (131), where approximately 60% of the filtered
load of sodium chloride is reabsorbed (132,133). Despite the
magnitude of sodium chloride reabsorption in the proximal
tubule segment, the natriuretic potency of carbonic anhydrase
inhibitors is relatively weak. Several factors explain this obser-
vation. First, proximal sodium reabsorption is mediated by car-
bonic anhydrase-independent as well as carbonic anhydrase-
dependent pathways. Second, the increased sodium delivery
to distal nephron segments is largely reabsorbed by these dis-
tal nephron segments (88,90,91). Third, carbonic anhydrase
inhibitors generate a hyperchloremic metabolic acidosis, fur-
ther reducing the effects of subsequent doses of carbonic anhy-
drase inhibitor (134). Recent studies have demonstrated that
metabolic acidosis produces resistance of bicarbonate absorp-
tion to carbonic anhydrase inhibition (135). Following the
induction of metabolic acidosis, the Ki for bicarbonate ab-
sorption by membrane impermeant carbonic anhydrase in-
hibitors was increased by a factor of 100 to 500, suggesting
that metabolic acidosis is associated with changes in the phys-
ical properties of the carbonic anhydrase protein (135). For
these reasons, carbonic anhydrase inhibitors alone are rarely
used as diuretic agents.

Following carbonic anhydrase inhibitor administration,
proximal tubule bicarbonate reabsorption declines between
35% and 85% (87,121,136–140). Additional sites of action of
carbonic anhydrase inhibitors include proximal straight tubule
or loop of Henle (121,140,141), distal tubule (111), and the
collecting and papillary collecting ducts (141–145). Yet, despite
the effect of carbonic anhydrase inhibitors on proximal tubules
as well other nephron segments, compensatory reabsorption of
bicarbonate at other downstream tubular sites limits net frac-
tional excretion of bicarbonate to approximately 25% to 30%,
even during acute administration (87,88).

The relative contributions of membranebound and intra-
cellular components of cellular carbonic anhydrase have been
examined. Both species contribute to bicarbonate absorption.
The role of membrane-bound carbonic anhydrase was first sug-
gested by Rector et al. (120), who observed that carbonic an-
hydrase inhibitors produce an “acid disequilibrium pH” in the
proximal tubule. The term “disequilibrium pH” refers to the
difference between the pH of tubule fluid in situ (pHis) and
the pH achieved after the tubule fluid is allowed to reach chem-
ical equilibrium at known pCO2; an acid disequilibrium pH in-
dicates that the tubule fluid is more acidic in situ than after full
equilibration. When carbonic anhydrase is inhibited, the dehy-
dration of H2CO3 to H2O and CO2 is slow, allowing H+ to
accumulate in the lumen and reducing pH. The demonstration
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of an acid disequilibrium pH provided physiologic evidence in
support of previous histochemical findings that a fraction of en-
zymatic activity was present in the tubule lumen. Although the
cytoplasmic carbonic anhydrase constitutes the majority of en-
zyme activity in kidney, it is believed that the membrane-bound
carbonic anhydrase plays a significant role in bicarbonate reab-
sorption by the proximal tubule. Studies addressing this ques-
tion have employed carbonic anhydrase inhibitors that differ
in their ability to penetrate proximal tubule cell membranes.
Benzolamide is charged at normal pH and it does not pene-
trate cell membranes well, whereas acetazolamide enters the
cell relatively easily (146). Both intravenous (120,147) and in-
tratubular administration of benzolamide (137) lead to an acid
disequilibrium pH, indicating that luminal carbonic anhydrase
inhibition contributes to bicarbonate absorption. Furthermore,
proximal tubular perfusion of benzolamide resulted in 90%
inhibition of bicarbonate reabsorption. Despite near-equal ef-
ficacy in inhibiting proximal tubule bicarbonate reabsorption,
benzolamide lowered tubular fluid pH, whereas acetazolamide
increased tubular fluid pH. These results suggest that the site of
action of benzolamide is the brush border, whereas the site of
action of acetazolamide is largely cellular. Inhibition of lumi-
nal carbonic anhydrase causes lumen pH to decrease because
of the continued secretion of hydrogen ions and its accumu-
lation in the tubular lumen. In contrast, acetazolamide does
not produce an acid disequilibrium pH (137). The conclusion
that tubular fluid is in direct contact with membrane carbonic
anhydrase was substantiated by the use of dextran-bound car-
bonic anhydrase inhibitor (148,149). In proximal tubules per-
fused in vivo, Lucci et al. (149) determined that dextran bound
inhibitors, which inhibit only luminal carbonic anhydrase, de-
creased proximal tubule bicarbonate absorption by approxi-
mately 80% and reduced lumen pH.

Although these studies establish the importance of luminal
carbonic anhydrase, they also support a role for intracellular
or basolateral carbonic anhydrase. The observation that both
acetazolamide and benzolamide inhibit proximal tubule bicar-
bonate reabsorption to a similar degree yet produce opposite
effects on tubule fluid pH suggests that intracellular carbonic
anhydrase contributes to proximal tubule luminal acidification.

The expression of carbonic anhydrase in the basolateral
membrane of proximal tubule cells (108,109) suggests that
this membranebound enzyme plays an important role in ba-
solateral bicarbonate transport (99,150). Although it is well
known that carbonic anhydrase inhibitors inhibit intracellular
generation of substrate for the transporter (151,152), the direct
interaction between CAIV and NBC1, the sodium/bicarbonate
cotransporter (103), suggests the possibility that carbonic an-
hydrase inhibitors may also directly regulate anion transport
activity. Functional studies using an impermeant carbonic an-
hydrase inhibitor, p-fluorobenzyl-aminobenzolamide that is
1% as permeable as acetazolamide demonstrated the impor-
tance of basolateral membrane bound carbonic anhydrase.
p-Fluorobenzyl-aminobenzolamide reduced fluid and bicar-
bonate absorption when applied to the basolateral membrane
of rabbit proximal tubules perfused in vitro (115).

In the collecting duct, carbonic anhydrase facilitates acid
secretion that is mediated by a vacuolar H adenosine triphos-
phatase (H-ATPase) (153) and a P-type gastric H-KA-TPase
(154–156). Luminal administration of acetazolamide produced
an acid disequilibrium pH in the outer medullary collecting
duct, suggesting the contribution of luminal carbonic anhy-
drase star (157). With use of a membrane impermeant carbonic
anhydrase inhibitor (F-3500; aminobenzolamide coupled to a
nontoxic polymer polyoxyethylene), bicarbonate absorption
was reduced, thereby confirming the presence of carbonic anhy-
drase in the luminal membrane of the outer medullary collect-
ing duct (135). The Ki for inhibition of bicarbonate absorption
was 5 μM, consistent with the inhibition of CAIV.

Renal Hemodynamics

Inhibition of carbonic anhydrase decreases GFR acutely (94,
158–160). Systemic acetazolamide infusion decreased GFR by
30%. Single nephron glomerular filtration rate (SNGFR) was
23% lower during acetazolamide infusion, partly because in-
creased solute delivery to the macula densa activates the tubu-
loglomerular feedback (TGF) mechanism, which reduces GFR.
Similar results were observed following infusion of benzol-
amide (159,160). Nevertheless, the effects of carbonic anhy-
drase inhibitors to reduce GFR are not simply the result of TGF
activation. Sarala8-angiotensin I, an angiotensin II antagonist,
prevented the decrease in SGNFR, suggesting the involvement
of local angiotensin II in response to benzolamide (160). Fur-
thermore, infusion of benzolamide into targeted adenosine-1
receptor knockout mice, mice that lack a TGF response, re-
duced GFR by 21% (161). Taken together, these results suggest
complex mechanisms by which carbonic anhydrase inhibitors
reduce GFR.

Pharmacokinetics

Acetazolamide is well absorbed from the gastrointestinal (GI)
tract. More than 90% of the drug is plasma protein bound. The
highest concentrations are found in tissues that contain large
amounts of carbonic anhydrase (e.g., renal cortex, red blood
cells). Renal effects are noticeable within 30 minutes and are
usually maximal at 2 hours. Acetazolamide is not metabolized
but is excreted rapidly by glomerular filtration and proximal
tubular secretion. The half-life is approximately 5 hours, and
renal excretion is essentially complete in 24 hours (61). In com-
parison, methazolamide is absorbed more slowly from the GI
tract, and its duration of action is long, with a half-life of ap-
proximately 14 hours.

Adverse Effects

Generally, carbonic anhydrase inhibitors are well tolerated
with infrequent serious adverse effects. Side effects of carbonic
anhydrase inhibitors may arise from the continued excretion
of electrolytes. Significant hypokalemia and metabolic acidosis
may develop (90). In elderly patients with glaucoma treated
with acetazolamide (250 mg to 1000 mg/day), metabolic aci-
dosis was a frequent finding in comparison to a control group
(162). Acetazolamide is also associated with nephrocalcinosis
and nephrolithiasis due to its effects on urine pH, facilitat-
ing stone formation (163). Premature infants treated with
furosemide and acetazolamide are particularly susceptible to
nephrocalcinosis, presumably due to the combined effect of an
alkaline urine and hypercalciuria (164). Other adverse effects
include drowsiness, fatigue, central nervous system depression,
and paresthesias. Bone marrow suppression has been reported
(165,166).

Clinical Use

The popularity of carbonic anhydrase inhibitors as diuretics
has waned owing to the development of agents that are more
effective with fewer toxic side effects. In general, tolerance de-
velops rapidly and renders these drugs less effective. Daily use
produces systemic acidemia from an increase in urinary excre-
tion of bicarbonate. Nevertheless, acetazolamide can be ad-
ministered for short-term therapy, usually in combination with
other diuretics, to patients who are resistant or who do not
respond adequately to other agents. The rationale for using a
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combination of diuretic agents is based on summation of their
effect at different sites along the nephron. In addition to its use
as a diuretic agent, the carbonic anhydrase inhibitor is used in
a number of other clinical situations.

The primary indication for the use of acetazolamide as a
diuretic agent is in the treatment of patients with metabolic al-
kalosis that is accompanied by edematous states (100,167), or
chronic obstructive lung disease (168,169). In patients with cir-
rhosis, congestive heart failure, or nephrotic syndrome, aggres-
sive diuresis with loop diuretics promotes intravascular volume
depletion, secondary hyperaldosteronism, and renal insuffi-
ciency, conditions that promote metabolic alkalosis. Admin-
istration of sodium chloride to correct the metabolic alkalosis
may exacerbate edema. Acetazolamide can improve metabolic
alkalosis by decreasing proximal tubule bicarbonate reabsorp-
tion, thereby increasing the fractional excretion of bicarbon-
ate. An increase in urinary pH (>7.0) indicates enhanced
bicarbonaturia. However, it should be noted that potassium
depletion should be corrected prior to acetazolamide use be-
cause acetazolamide will increase potassium excretion. The
time-course of acetazolamide effect is rapid. In critically ill pa-
tients who are on ventilators, following the correction of fluid
and electrolyte disturbances, intravenous acetazolamide pro-
duced an initial effect within 2 hours and a maximum effect in
15 hours (170).

Acetazolamide is used effectively to treat chronic open-angle
glaucoma. The high bicarbonate concentration in aqueous hu-
mor is carbonic anhydrase dependent, and oral carbonic an-
hydrase inhibition can be used to reduce aqueous humor for-
mation. Newer topical formulations are currently in clinical
trials (171,172) and could prove to be effective without the
side effects of orally administered drugs.

Acute mountain sickness usually occurs in climbers within
the 12 to 72 hours of ascending to high altitudes. Symptoms
are characterized by a complex consisting of headache, nausea,
dizziness, and breathlessness. Carbonic anhydrase inhibitors
improve symptoms and arterial oxygenation (173,174).

The administration of acetazolamide has been used in
the treatment of familial hypokalemic periodic paralysis
(175,176), a disorder characterized by intermittent episodes
of muscle weakness and flaccid paralysis. Its efficacy may be
related to a decrease in influx of potassium as a result of a
decrease in plasma insulin and glucose (177), or to metabolic

acidosis. Carbonic anhydrase inhibitors can also be used as
an adjunct treatment of epilepsy (178), pseudotumor cerebri
(179), and central sleep apnea (180).

By increasing urinary pH, acetazolamide has been used ef-
fectively in certain clinical conditions. Acetazolamide is used to
treat cystine and uric acid stones by increasing their solubility in
urine. Acetazolamide in combination with sodium bicarbonate
infusion is also used to treat salicylate toxicity. Salicylates are
weak acids (pKa 3.0); therefore, their ionic and nonionic forms
exist in equilibrium. They are excreted primarily by the kidney
through secretion via the organic anion transport pathway in
the proximal tubule. Acetazolamide and sodium bicarbonate
infusions increase urinary pH, thereby favoring formation of
a nondiffusible nonionic form of salicylate and thus increasing
excretion of salicylates (181).

LOOP DIURETICS

The loop diuretics inhibit sodium and chloride transport along
the loop of Henle and macula densa. Although these drugs
also impair ion transport by proximal and distal tubules un-
der some conditions, these effects probably contribute little
to their action clinically. The loop diuretics available in the
United States include furosemide, bumetanide, torsemide, and
ethacrynic acid (see Fig. 81-4).

The molecular mechanisms by which loop diuretics inhibit
the Na-K2-Cl cotransporter remain unclear. Loop diuretics are
organic anions. Studies that utilized radiolabeled bumetanide
suggested that loop diuretics bind to one of the chloride (anion)
sites on the transporter (182). According to this model, the
loop diuretic would bind because of its negative charge (and
its shape) and then inhibit the transport of ions because it is not
transported. More recent studies utilized chimeric cloned pro-
teins, comprising portions of different members of the cation
chloride cotransporters, to investigate diuretic and ion binding
by using heterologously expressed constructs. All studies have
indicated that diuretic binding and ion affinities are properties
of the central hydrophobic domain of the proteins (183). Isen-
ring et al. (184,185) found that transmembrane domains 2–6
and 10–12 play roles in defining loop diuretic affinity, whereas
chloride affinity is regulated by transmembrane domains 4 and
7 (185). This suggests that loop diuretics do not simply bind

FIGURE 81-4. Structures of loop diuretics.
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to one of the chloride sites on the transporter. The results of
the chimeric studies, however, have been complex and it would
appear that interactions between various transmembrane do-
mains might reconcile the apparent differences in results. A
full delineation of sites at which ions and diuretic drugs bind
to these transport proteins awaits their crystallization.

Urinary Electrolyte and Water Excretion

Loop diuretics increase the excretion of water, sodium, potas-
sium, chlorine, phosphate, magnesium, and calcium (see Table
81-1). The dose–response relationship between loop diuretic
and urinary Na and Cl excretion is sigmoidal (see Fig. 81-5).
The steep dose–response relation has led many to refer to loop
diuretics as “threshold” drugs (39). Loop diuretics have the
highest natriuretic and chloruretic potency of any class of di-
uretics; they can increase Na and Cl excretion by up to 25% of
the filtered load. If loop diuretics are administered during water
loading, solute-free water clearance (CH2O) decreases and os-
molar clearance increases, although the urine always remains
dilute (186–188). This effect contrasts with that of osmotic
diuretics which increase osmolar clearance and CH2O (189).
During hydropenia, loop diuretics impair the reabsorption of
solute-free water (TH2O

C )(186–188). During maximal loop di-
uretic action, the urinary Na concentration is usually between
75 and 100 mM (190). Because urinary potassium concentra-
tions during furosemide-induced natriuresis remain low, this
means that the clearance of electrolyte-free water (CH2O) is in-

creased when loop diuretics are administered during conditions
of water diuresis or hydropenia (190). This effect of loop di-
uretics has been exploited to treat hyponatremia, when com-
bined with normal or hypertonic saline (191,192).

Mechanisms of Action

Na and Cl Transport

The predominant effect of loop diuretic drugs is to inhibit the
electroneutral Na-K2-Cl cotransporter at the apical surface of
thick ascending limb cells. The loop of Henle, defined as the
region between the last surface proximal segment and the first
surface distal segment, reabsorbs from 20% to 50% of the fil-
tered Na and Cl load (193); approximately 10% to 20% is
reabsorbed by thick ascending limb cells. The model in Figure
81-6 shows key components of Na, K, and Cl transport path-
ways in a thick ascending limb cell. As in other nephron
segments, the Na/K-ATPase at the basolateral cell membrane
maintains the intracellular Na concentration low (approxi-
mately 10-fold lower than the interstitial concentration) and
the K concentration high (approximately 20-fold higher than
interstitial). Potassium channel(s) (194) in the basolateral cell
membrane permit K to diffuse from the cell, rendering the
cell membrane voltage oriented with the intracellular surface
negative, relative to extracellular fluid. A chloride channel in
the basolateral cell membrane (presumably CLCNKB (25,195)
permits Cl to exit the cell (194). Together with the apical K

A B

C

FIGURE 81-5. Dose-response curve for loop diuretics.
Panel A shows the fractional Na excretion (FENa) as a func-
tion of loop diuretic concentration. Compared with normal
patients, patients with chronic renal failure (CRF) show a
rightward shift in the curve, owing to impaired diuretic se-
cretion. The maximal response is preserved when expressed
as FENa, but when expressed as absolute Na excretion,
(Panel B), maximal natriuresis is reduced in patients with
CRF. Patients with edema demonstrate a rightward and
downward shift, even when expressed as FENa (Panel A).
Panel C compares the response to intravenous and oral doses
of loop diuretics. In a normal individual (Normal), an oral
dose may be as effective as an intravenous dose because the
time above the natriuretic threshold (indicated by the “nor-
mal” line) is approximately equal. If the natriuretic threshold
increases (as indicated by the dashed line, from an edema-
tous patient), then the oral dose may not provide a high
enough serum level to elicit natriuresis.
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NKCC2

FIGURE 81-6. Mechanisms of diuretic action along the loop of Henle.
Figure shows model of thick ascending limb (TAL) cells. Na and Cl are
reabsorbed across the apical membrane via the loop diureticsensitive
Na-K-2Cl cotransporter, NKCC2. Loop diuretics bind to and block
this pathway directly. Note that the transepithelial voltage along the
thick ascending limb is oriented with the lumen positive relative to
blood (circled value, given in millivolts, mV). This transepithelial volt-
age drives a component of Na (and calcium and magnesium, see Fig.
81-9) reabsorption via the paracellular pathway. This component of
Na absorption is also reduced by loop diuretics because they reduce
the transepithelial voltage.

channel, described in the subsequent text, this chloride channel
generates a transepithelial voltage, oriented in the lumenposi-
tive direction.

The transporter inhibited by loop diuretics is a member of
the cation chloride cotransporter family (183,196). This pro-
tein, referred to as the bumetanidesensitive cotransporter, first
isoform (BSC-1), or as the Na-K-2Cl cotransporter, second iso-
form, (NKCC2), is encoded by the gene SLC12A1. It is believed
to comprise 12 membrane-spanning domains and is expressed
at the apical membrane of thick ascending limb (34) and mac-
ula densa (MD) cells (36,197). This transporter is oriented in
parallel with a K channel (ROMK) permitting potassium to
recycle from the cell to the lumen (198). Greger and Schlatter
showed that the asymmetrical orientation of channels (apical
versus basolateral) and the action of the Na/K ATPase and
Na-K-2Cl cotransporter combine to create a transepithelial
voltage that is oriented with the lumen positive, with respect to
the interstitium (199). This lumenpositive potential drives ab-
sorption of Na, Ca, and Mg via the paracellular pathway. The
paracellular component of Na reabsorption comprises 50% of
the total transepithelial Na transport by thick ascending limb
cells (200). It should be noted, however, that both the tran-
scellular and the paracellular components of Na transport are
inhibited by loop diuretics, the former directly and the latter
indirectly. The thick ascending limb is virtually impermeable
to water. The combination of solute absorption and water im-
permeability determines the role of the thick ascending limb as
the primary diluting segment of the kidney.

Although direct inhibition of ion transport is the most im-
portant natriuretic action of loop diuretics, other actions may
contribute. Thick ascending limb cells have been shown to pro-
duce prostaglandin E2 following stimulation with furosemide
(201), perhaps via inhibition of prostaglandin dehydrogenase
(202,203). Blockade of cyclooxygenase (COX) reduces the ef-
fects of furosemide to inhibit loop segment chloride transport
in rats (204); prostaglandin E2, but not I2 can restore this effect

(205). Increases in renal prostaglandins may contribute to the
hemodynamic effects of loop diuretics as described in subse-
quent text.

Although high luminal concentrations of chloride might be
suspected of inhibiting diuretic efficacy, based on the relation
between luminal chloride concentration and diuretic binding
to the transporter, there is no clinical information to suggest
that that luminal chloride inhibits diuretic efficacy in vivo.

Ca and Mg Transport

Loop diuretics increase the excretion of the divalent cations,
calcium and magnesium. This effect to increase calcium ex-
cretion is used to advantage when furosemide is used together
with saline to treat hypercalcemia (206). Although a compo-
nent of magnesium and calcium absorption by thick ascending
limbs may be active (especially when circulating parathyroid
hormone levels are high [207]), a large component of their ab-
sorption is passive and paracellular, driven by the transepithe-
lial voltage. As described in the preceding text, active NaCl
transport by thick ascending limb cells leads to a transep-
ithelial voltage, oriented in the lumen-positive direction. The
paracellular pathway in the thick ascending limb express
paracellin-1 (claudin-16), which is encoded by the gene
PCLN-1 at the tight junction that is believed to mediate both
magnesium and calcium movement (208). Mutations in this
gene lead to the clinical syndrome, familial hypomagnesemia
and hypercalciuria (FHHNC), an autosomal recessive tubular
disorder that is frequently associated with renal failure (209).
The positive voltage in the lumen, relative to interstitium, drives
calcium and magnesium absorption through the paracellular
pathway (210). Loop diuretics, by blocking the activity of the
Na-K-2Cl cotransporter at the apical membrane of thick as-
cending limb cells, reduce the transepithelial voltage towards
or to 0 mV (211–213). This stops passive paracellular calcium
and magnesium absorption.

Renin Secretion

In addition to enhancing Na and Cl excretion, effects that result
directly from inhibiting Na and Cl transport, loop diuretics also
stimulate renin secretion. Although a component of this effect
is frequently related to contraction of the extracellular fluid vol-
ume (see subsequent text), loop diuretics also stimulate renin
secretion by inhibiting Na-K-2Cl cotransport directly. Macula
densa cells, which control renin secretion, sense the NaCl con-
centration in the lumen of the thick ascending limb (214). High
luminal NaCl concentrations in the region of the macula densa
lead to two distinct but related effects. First they activate the
tubuloglomerular feedback (TGF) response, which suppresses
glomerular filtration rate. Second, they inhibit renin secretion.
The relation between these two effects is complex and has been
reviewed (214), but both effects appear to result largely from
NaCl movement across the apical membrane (215). Most of the
ion transport pathways of macula densa cells are expressed by
thick ascending limb cells. This includes the loop diureticsen-
sitive Na-K-2Cl cotransporter (NKCC2 or BSC1) at the apical
surface (36,197). Under normal conditions, an increase in lu-
minal NaCl concentration in the thick ascending limb raises
the NaCl concentration inside macula densa cells (215). Be-
cause the activity of the basolateral Na/K ATPase is lower in
macula densa cells than in surrounding thick ascending limb
cells (214), the cell NaCl concentration is much more depen-
dent on luminal NaCl concentration in macula densa than in
thick ascending limb cells (216). When luminal and macula
densa cell NaCl concentrations decline, production rates of ni-
tric oxide and prostaglandin E2 are stimulated. Although the
mechanisms by which Na and Cl transport regulates nitric ox-
ide and prostaglandin production rates are not known, both
mediators appear to participate importantly in effecting renin
secretion.
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The constitutive (neuronal) isoform of nitric oxide synthase
(nNOS) is expressed at high levels by macula densa cells, but
not by other cells in the kidney (217). Nitric oxide produced
by macula densa cells has a paracrine effect to increase cellular
cyclic AMP (cAMP) in adjacent juxtaglomerular cells. Through
protein kinase A, cAMP helps to stimulate renin secretion. In
juxtaglomerular cells, nitric oxide may act by increasing cellu-
lar cGMP, which inhibits phosphodiesterase 3 (218), leading to
phosphodiesterase 3 inhibition and cAMP accumulation. Sev-
eral laboratories reported that furosemide-induced stimulation
of renin secretion is dependent on an intact nitric oxide system
because nonspecific nitric oxide inhibition interferes with this
phenomenon (219–221). More recent studies, however, utilized
knockout models to examine the role of nitric oxide in diuretic-
induced renin secretion. Using this approach, it appears that
neither neuronal nor endothelial nitric oxide synthases are re-
quired for loop diuretic-induced renin secretion. Instead, nitric
oxide appears to play a permissive, rather than necessary, role
in facilitating diuretic-induced renin secretion (222).

Prostaglandin production also participates in regulating
renin secretion. Cyclooxygenase 2 (COX-2) is expressed by
macula densa cells and by interstitial cells in the kidney (223–
226). This isoform is often found only after induction by in-
flammatory cytokines. Blockade of prostaglandin synthesis ei-
ther by nonspecific COX inhibitors (227) or by specific COX-2
blockers (228,229) reduces both the natriuresis induced by
loop diuretics and dramatically inhibits the renin secretory re-
sponse. These results have been corroborated in humans (230).

Renal Hemodynamics

Glomerular filtration rate and renal blood flow (RPF) tend to be
preserved during loop diuretic administration (231), although
GFR and RPF can decline if extracellular fluid volume contrac-
tion is severe. Loop diuretics reduce renal vascular resistance
and increase renal blood flow under experimental conditions
(231,232). This effect is believed related to the diuretic-induced
production of vasodilatory prostaglandins.

Another factor that may contribute to the tendency of
loop diuretics to maintain glomerular filtration rate and renal
plasma flow despite volume contraction is their effect on the
TGF system. The sensing mechanism that activates the TGF
system involves NaCl transport across the apical membrane
of macula densa cells by the loop diuretic sensitive Na-K-2Cl
cotransporter. Under normal conditions, when the luminal con-
centration of NaCl reaching the macula densa rises, glomeru-
lar filtration rate decreases via TGF. To a large degree, the
TGF-mediated decrease in GFR is believed to be caused by af-
ferent arteriole constriction (214). Emerging concepts regard-
ing TGF signaling were recently reviewed by Bell et al. (233). In
response to changes in NaCl transport across the apical mem-
brane of macula densa cells, ATP is released across the baso-
lateral membranes through a NaCl sensitive ATP-permeable
large-conductance (380 pS) anion channel (234), an effect
blocked by luminal furosemide (235). Once released across the
basolateral membrane of macula densa cells, the role of ATP
in the TGF effector response is controversial. The presence of
ecto-5′-nucleotidase (236) in mesangial cells could allow for
the rapid degradation of ATP to adenosine and subsequent ac-
tivation of the A1 adenosine receptor (P1 purinergic receptor
class) expressed on afferent arteriole. The role of A1 adenosine
receptor activation in TGF is strengthened by studies in which
the tubuloglomerular feedback response is absent or reduced in
animals lacking adenosine A1 receptors (237) or lacking ecto-
5′-nucleotidase (238). Alternatively, ATP may have direct ef-
fects on the afferent arteriole to mediate vasoconstriction. P2X1
purinergic receptors, receptors for ATP have been identified on
the afferent arteriole (239) and mediate vasoconstriction (240).

It is likely that TGF may depend on the coordinate interaction
of both P1 and P2 purinergic receptors (237,241). Loop di-
uretic drugs block TGF by blocking the sensing step (242).
In the absence of effects on the macula densa, loop diuretics
would be expected to suppress GFR and RPF by increasing
distal NaCl delivery and activating the TGF system. Instead,
blockade of the TGF permits GFR and RPF to be maintained.

Systemic Hemodynamics

Acute intravenous administration of loop diuretics increases
venous capacitance (243). Some studies suggest that this ef-
fect results from stimulation of prostaglandin synthesis by the
kidney (244,245). Other studies suggest that loop diuretics
have effects in peripheral vascular beds as well (246). Pickkers
et al. examined the local effects of furosemide in the human
forearm. Furosemide had no effect on arterial vessels but did
cause dilation of veins, an effect that was dependent on local
prostaglandin production (247). More recently, loop diuretic-
induced vasodilation was shown to depend on increased nitric
oxide production (248). Although venodilation and improve-
ments in cardiac hemodynamics frequently result from intra-
venous therapy with loop diuretics, the hemodynamic response
to intravenous loop diuretics may be more complex (249).
Johnston et al. reported that low-dose furosemide increased
venous capacitance, but that higher doses did not (250) It
was suggested that furosemide-induced renin secretion leads to
angiotensin II–induced vasoconstriction. This vasoconstrictor
might overwhelm the prostaglandin-mediated vasodilatory ef-
fects in some patients. In two series, 1 to 1.5 mg/kg furosemide
boluses, administered to patients with chronic congestive heart
failure, resulted in transient deteriorations in hemodynamics
(during the first hour), with declines in stroke volume index,
increases in left ventricular filling pressure (251), and exacerba-
tion of congestive heart failure symptoms. These changes may
be related to activation of both the sympathetic nervous system
and the renin–angiotensin system by the diuretic drug. Evidence
for a role of the renin–angiotensin system in the furosemide-
induced deterioration in systemic hemodynamics includes the
temporal association between its activation and hemodynamic
deterioration (251), and the ability of angiotensin-converting
enzyme (ACE) inhibitors to prevent much of the pressor ef-
fect (252). The effects of renal denervation on sympathetic
responses to furosemide were studied. These results confirm
that the effects are mediated both by direct renal nerve traf-
fic, and, indirectly, by activation of the renin–angiotensin axis
(253,254). Many other studies have shown that acute loop di-
uretic administration frequently produces a transient decline
in cardiac output; whether diuretic administration increases or
decrease left atrial pressure acutely may depend primarily on
the state of underlying sympathetic nervous system and renin–
angiotensin axis activation.

Pharmacokinetics

The three loop diuretics that are used most commonly,
furosemide, bumetanide, and torsemide, are absorbed quickly
after oral administration, reaching peak concentrations within
0.5 to 2 hours. Furosemide absorption is slower than its elim-
ination in normal subjects; therefore, the time to reach peak
serum level is less for furosemide than for bumetanide and
torsemide. This phenomenon is called “absorption-limited ki-
netics” (39). The bioavailability of loop diuretics varies from
50% to 90% (see Table 81-2); furosemide bioavailability is ap-
proximately 50% (255); when furosemide dosing is switched
from intravenous to oral, the dose may need to be increased
to compensate for its poor bioavailability (39). The half-lives
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TA B L E 8 1 - 2

PHARMACOKINETICS OF LOOP DIURETICS

Elimination half-life, hours

Bioavailability % Healthy Renal disease Liver disease CHF

Furosemide 10–100 1.5–2 2.8 2.5 2.7
Bumetanide 80–100 1 1.6 2.3 1.3
Torsemide 80–100 3–4 4–5 8 6

CHF, congestive heart failure.
(Data adapted from: Brater DC. Diuretic therapy N Engl J Med 1998;339:387.)

of the loop diuretics available in the United States vary, but
all are relatively short (ranging from approximately 1 hour for
bumetanide to 3 to 4 hours for torsemide). The half-lives of mu-
zolimine, xipamide, and ozolinone, none of which is available
in the United States, are longer (6 to 15 hours).

Loop diuretics are organic anions that circulate tightly
bound to albumin (>95%); therefore, their volume of distri-
bution is small except during extreme hypoproteinemia (256).
Approximately 50% of an administered dose of furosemide
is excreted unchanged into the urine. The remainder appears
to be eliminated by glucuronidation, probably by the kid-
ney. Torsemide and bumetanide are eliminated both by hep-
atic processes and through renal excretion. The differences in
metabolic fate mean that the half-life of furosemide is altered
by renal failure, whereas this is not true for torsemide and
bumetanide.

Clinical Use

Loop diuretics are used commonly to treat the edematous
conditions, congestive heart failure, cirrhosis of the liver, and
nephrotic syndrome. In addition, a variety of other electrolyte,
fluid, and acid–base disorders can respond to loop diuretic ther-
apy. Details of loop diuretic use for the treatment of edematous
conditions are beyond the scope of this chapter.

Adverse Effects

There are at least three types of adverse effects of loop diuretics.
The first and most common side effects are those that result
directly from the effects of these drugs on renal electrolyte and
water excretion. The second class of side effects is toxic effects
of the drugs that are dose-related and predictable. The third
class includes idiosyncratic allergic drug reactions.

Loop diuretics are frequently administered to treat edema-
tous expansion of the extracellular fluid volume. Edema usually
results from a decrease in the “effective” arterial blood vol-
ume. Overzealous diuretic usage or intercurrent complicating
illnesses can lead to excessive contraction of the intravascu-
lar volume, thereby leading to orthostatic hypotension, renal
dysfunction, and sympathetic overactivity. Although patients
with congestive heart failure usually require diuretic therapy,
the combination of diuretics and ACE inhibitors or angiotensin
receptor blockers (ARBs) is especially likely to cause renal dys-
function. High diuretic doses or extreme dietary NaCl restric-
tion may predispose to renal dysfunction during therapy with
diuretics and ACE inhibitors/ARBs for congestive heart failure
(257,258). In such cases, it is important to attempt to con-
tinue ACE inhibitors/ARBs, in view of their effects on mor-
tality. Functional renal failure in such patients often responds
to a reduction in diuretic dose or a liberalization in dietary

NaCl intake, permitting continued administration of the ACE
inhibitor/ARBs.

Other patients at increased risk for renal dysfunction dur-
ing diuretic therapy include the elderly (259), patients with
preexisting renal insufficiency (260), patients with right-sided
heart failure or pericardial disease, and patients taking non-
steroidal antiinflammatory drugs. In a case-control study of
nonsteroidal antiinflammatory drug use and renal failure, di-
uretic users had a 2.77 relative risk of acute renal failure, com-
pared with nonusers (261).

Disorders of Na and K concentration are among the most
frequent adverse effects of loop diuretics. Hyponatremia is less
common with loop diuretics than with distal convoluted tubule
diuretics (see subsequent text), but it can occur. Its pathogene-
sis is usually multifactorial, but involves the effect of loop di-
uretics to impair the clearance of solute free water. Additional
factors that may contribute include the non-osmotic release of
arginine vasopressin (262), hypokalemia (263), and hypomag-
nesemia (264). Conversely, loop diuretics have been used to
treat hyponatremia when combined with hypertonic saline in
the setting of the syndrome of inappropriate ADH secretion
(192,265). The combination of loop diuretics and angiotensin
I converting enzyme inhibitors has been reported to correct
hyponatremia in the setting of congestive heart failure (266).
The value of adding a loop diuretic to treatment with a vaso-
pressin V2 receptor antagonist for hyponatremic syndrome of
inappropriate antidiuretic hormone (ADH) secretion has been
suggested (267,268).

Hypokalemia occurs commonly during therapy with loop
diuretics, although the magnitude is smaller than that induced
by distal convoluted tubule diuretic (loop diuretics, 0.3 mM
versus distal convoluted tubule diuretics, 0.5 to 0.9 mM
(269,270). Loop diuretics increase the delivery of potassium to
the distal tubule because they block potassium reabsorption via
the Na-K-2Cl cotransporter. In rats, under control conditions,
approximately half the excreted potassium was delivered to the
“early” distal tubule. During furosemide infusion, the delivery
of potassium to the “early” distal tubule rose to 28% of the fil-
tered load (271). Therefore, it appears that a large component
of the effect of loop diuretics to increase potassium excretion
acutely reflects their ability to block potassium reabsorption by
the thick ascending limb. Nevertheless, during chronic diuretic
therapy, the degree of potassium wasting correlates best with
volume contraction and serum aldosterone levels (272). These
data suggest that, under chronic conditions, the predominant
effect of loop diuretics to stimulate potassium excretion results
from their tendency to increase mineralocorticoid hormones
while simultaneously increasing distal Na and water delivery.

Metabolic alkalosis is very common during chronic treat-
ment with loop diuretics. Loop diuretics cause metabolic alka-
losis via several mechanisms. First, they increase the excretion
of urine that is bicarbonate free but contains Na and Cl. This
leads to contraction of the extracellular fluid around a fixed
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amount of bicarbonate buffer; a phenomenon known as “con-
traction alkalosis.” This probably contributes only slightly to
the metabolic alkalosis that commonly accompanies chronic
loop diuretic treatment. Loop diuretics directly inhibit trans-
port of Na and Cl into thick ascending limb cells. In some
species, these cells also express an isoform of the Na/H ex-
changer at the apical surface. When Na entry via the Na-K-2Cl
cotransporter is blocked by a loop diuretic, the decline in intra-
cellular Na activity will stimulate hydrogen ion secretion via the
Na/H exchanger (273–275). Loop diuretics stimulate the renin-
angiotensin–aldosterone pathway, both directly and indirectly,
as discussed in the preceding text. Aldosterone indirectly and
directly enhances proton secretion through genomic actions on
the vacuolar H-ATPase. Aldosterone indirectly increases Na re-
absorption by principal cells of the connecting tubule (CNT)
and cortical collecting tubule (CCT), which renders the tubule
lumen more negative and increases H-ATPase activity (276).
Aldosterone also directly activates the vacuolar H+-ATPase in
the outer medullary collecting tubule (258). Through nonge-
nomic actions, aldosterone, independent of its receptor, rapidly
modulates vacuolar H+-ATPase activity in the outer medullary
collecting tubule (277,278). Therefore, through different mech-
anism, aldosterone stimulates H secretion via the electrogenic
H ATPase present at the apical membrane of intercalated cells.
Hypokalemia itself also contributes to metabolic alkalosis by
increasing ammonium production (279), stimulating bicarbon-
ate reabsorption by proximal tubules (280,281), and increasing
the activity of the H/K ATPase in the distal nephron (155,282).
Finally, contraction of the extracellular fluid volume stimulates
Na/H exchange in the proximal tubule and may reduce the fil-
tered load of bicarbonate. All of these factors may contribute to
the metabolic alkalosis observed during chronic loop diuretic
treatment.

Ototoxicity is the most common toxic effect of loop di-
uretics that is unrelated to their effects on the kidney. Deaf-
ness, which is usually temporary (but can be permanent),
was reported shortly after the introduction of loop diuretics
(283,284). It appears likely that all loop diuretics cause oto-
toxicity, because ototoxicity can occur during use of chemi-
cally dissimilar drugs such as furosemide and ethacrynic acid
(283,284). The mechanism of ototoxicity remains unclear, al-
though the stria vascularis, which is responsible for maintain-
ing endolymphatic potential and ion balance appears to be a
primary target for toxicity (285). Loop diuretics reduce the
striatal voltage from +80 mV to −10 to −20 mV within min-
utes of application (286). A characteristic finding in loop di-
uretic ototoxicity is strial edema. This suggests that toxicity
involves inhibition of ion fluxes (285). Ikeda and Morizono
detected functional evidence for the presence of a Na-K-2Cl
cotransporter in the basolateral membrane of marginal cells
in the inner ear (287). According to the model proposed by
these investigators, marginal cells resemble secretory cells in
other organ systems, with a Na-K-2Cl cotransporter and Na/K
ATPase at the basolateral cell membrane and channels for K
and Cl− at the apical surface. According to this model, loop
diuretic induced shrinkage of marginal cells results from inhi-
bition of cell Na, K, and Cl uptake across the basolateral cell
membrane. This model received molecular confirmation when
the secretory isoform of the Na-K-2Cl cotransporter, NKCC1,
was localized in the lateral wall of the cochlea, using specific
antibodies (288) and reverse transcriptase polymerase chair re-
action (RT-PCR) (289). Furthermore, disruption of the ubiq-
uitous form of the Na-K-Cl cotransporter, NKCC1, leads to
deafness in mice (290–292). Loop diuretics cause loss of outer
hair cells in the basal turn of the cochlea, rupture of endothe-
lial layers, cystic formation in the stria vascularis, and marginal
cell edema in the stria vascularis (293).

Ototoxicity appears to be related to the peak serum concen-
tration of loop diuretic, and, therefore, tends to occur during

rapid drug infusion of high doses. For this reason, this compli-
cation is most common in patients with uremia (294). It has
been recommended that furosemide infusion be no more rapid
than 4 mg/minute (295). In addition to renal failure, there may
be risk for increased ototoxicity in infants, patients with cir-
rhosis, and patients receiving aminoglycosides or cis-platinum
(294).

DISTAL CONVOLUTED
TUBULE DIURETICS

The first orally active drug to be developed that inhibited Na
and Cl transport along the distal convoluted tubule (DCT) was
chlorothiazide. Chlorothiazide was developed as sulfonamide-
based carbonic anhydrase inhibitors were modified in pursuit
of substances that increased Cl excretion rather than bicarbon-
ate. The identification of a substance that increased Na and
Cl excretion rates was immediately recognized as clinically
significant, because extracellular fluid contains predominantly
NaCl rather than NaHCO3 (6,8), and because acidosis lim-
its the effectiveness of carbonic anhydrase inhibitors. Sub-
sequent development led to a wide variety of benzothiadi-
azide (thiazide) diuretics (see Fig. 81-7); all are analogs of
1,2,4-benzothiadiazine-1,1-dioxide. Other structurally related
diuretics include the quinazolinones (such as metolazone) and
substituted benzophenone sulfonamide (such as chlorthali-
done). Although the primary site at which these drugs exert
their action has been a source of confusion until recently (296),
molecular identification of the target ion transporter of these
drugs has permitted precise delineation of the predominant site
of action as the distal convoluted tubule. Although the term
“thiazide diuretics” is frequently used to describe this class of
drugs, a more accurate descriptor is the term distal convoluted
tubule diuretics.

Urinary Electrolyte and Water Excretion

Acute administration of these drugs increases the excretion
of Na, K, Cl, HCO3, phosphate, and urate (see Table 81-1)
(189,297,298), although the increases in HCO3, phosphate,
and urate excretion are probably related primarily to carbonic

FIGURE 81-7. Structures of DCT diuretics.
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anhydrase inhibition (see subsequent text). As such, the effects
of DCT diuretics to increase HCO3, phosphate, and urate ex-
cretion may vary, depending on the carbonic anhydrase inhibit-
ing potency of particular drug. Chronically, as contraction of
the extracellular fluid volume occurs, uric acid excretion de-
clines and hyperuricemia can occur (299). Furthermore, bi-
carbonate excretion ceases, and continuing losses of chloride
without bicarbonate coupled with extracellular fluid volume
contraction may lead to metabolic alkalosis. In contrast to loop
and proximally acting diuretics, DCT diuretics tend to reduce
urinary calcium excretion (300,301). Although the effects on
urinary calcium excretion can be variable during acute admin-
istration (297,300,302), these drugs uniformly lead to calcium
retention when administered chronically.

DCT diuretics inhibit the clearance of solute free water
(CH2O) when administered during water diuresis. This effect
is similar to that of loop diuretics and originally led to the mis-
taken inference that they act along the thick ascending limb. In
contrast to loop diuretics, however, DCT diuretics do not limit
TH2O

C during antidiuresis (188,303).

Mechanism of Action

DCT diuretics are organic anions. On the basis of studies in
which [3H]metolazone binding to kidney cortical membranes
was studied, DCT diuretics were believed to bind to the Na-Cl
cotransporter at the anion site (304,305). This conclusion de-
rives from the observation that chloride inhibits the binding of
[3H]metolazone in a competitive manner. Unlike loop diuretic
binding to the Na-K-2Cl cotransporter, [3H]metolazone bind-
ing to the Na-Cl cotransporter does not require the presence
of Na, suggesting either that chloride binds first to the trans-
porter or that binding of ions to the transporter is not “or-
dered” (304,305). In contrast, Monroy et al. (306) reported
that the inhibitory activity of DCT diuretics is inhibited by
increasing concentration of either Cl or Na. These workers
suggested a model that incorporates Na and Cl binding to the
transporter in random order, with alterations in diuretic affin-
ity occurring secondarily. Although these conclusions appear
to be contradictory, it should be mentioned that in one study
diuretic binding was determined, whereas in the other diuretic
inhibiting affinity was determined. As is the case for the Na-K-
2Cl cotransporter, described previously, firm conclusions about
sites of diuretic binding await crystallization of the transport
protein.

Na and Water Transport in the Proximal Tubule

As discussed in the preceding text, DCT diuretics are re-
lated chemically to carbonic anhydrase inhibitors, and most
DCT diuretics retain carbonic anhydrase inhibiting activity
(307). Carbonic anhydrase inhibitors interfere with the ac-
tivity of the apical Na/H exchanger expressed at the lumi-
nal membrane of proximal tubule cells. Although this effect
of DCT diuretics may occur when these drugs are adminis-
tered acutely (as during intravenous chlorothiazide adminis-
tration), it probably contributes little to the overall natriuresis
during chronic use (308,309). Yet this effect may play a role
in the tendency for DCT diuretics to reduce the glomerular
filtration rate and activate the TGF mechanism (94). The rela-
tive carbonic anhydrase inhibiting potency (shown in parenthe-
ses) of some commonly used DCT diuretics is chlorthalidone
(67) >benthiazide (50)>polythiazide (40)>chlorothiazide (14)
>hydrochlorothiazide (1)>bendroflumethiazide (0.07) (310).

NaCl Absorption in the Distal Nephron

As the name indicates, the predominant site at which DCT di-
uretics inhibit ion transport is the DCT. Although clearance

studies had identified one site of thiazide action as the cortical
diluting segment (188) and a second site as the proximal tubule
(311–313), micropuncture studies pinpointed the primary site
of action as the superficial “distal tubule” (308). This region
of the nephron, between the macula densa and the confluence
with another nephron to form the cortical collecting duct, is cy-
tologically heterogenous (314,315). It comprises a short stretch
of post macula densa thick ascending limb, the DCT, the con-
necting tubule, and the initial portion of the cortical collecting
duct. When this morphologic heterogeneity became evident,
experiments were designed to determine the site of thiazide ac-
tion more precisely. Microperfusion experiments in rats indi-
cated that thiazide diuretics inhibit Na and Cl transport along
the “early” portion of the distal tubule (316,317), a segment
known to contain predominantly DCT cells (314,318).

Although microperfusion data from rats indicated that thi-
azide diuretics inhibit Na transport in the DCT, the transi-
tion between distal nephron segments in this species is grad-
ual. For several years, therefore, it was impossible to attribute
thiazide-sensitive Na-Cl transport to a specific cell type in
the rat (296,319). In contrast, rabbit distal nephron segments
have abrupt transitions. Therefore, it has been possible to per-
fuse DCTs, connecting tubules, and cortical collecting ducts
separately in vitro. Initial work suggested that thiazidesensitive
Na-Cl cotransport could be detected in connecting tubules,
but not in distal convoluted tubules (320–322). In contrast,
Greger and Velázquez reported evidence consistent with the
presence of electroneutral Na transport in rabbit distal con-
voluted tubules (323), although thiazide-sensitive sodium or
chloride transport was not measured directly. Pizzonia et al.
immunodissected cells from mouse thick ascending limb and
distal convoluted tubule (324). A clonal cell line was devel-
oped that expresses thiazide-sensitive sodium and chloride up-
take, suggesting that thiazide-sensitive Na-Cl cotransport is ex-
pressed by distal convoluted tubule cells in the mouse (325).
Definitive identification of cells that express the thiazidesensi-
tive Na-Cl cotransporter, however, required molecular identi-
fication of the protein.

In 1984, Velázquez et al. reported the mutual dependence of
Na and Cl transport in the superficial rat distal tubule (326).
The same year, Stokes reported evidence that a directly cou-
pled thiazidesensitive Na-Cl cotransporter is expressed in the
urinary bladder of the Winter Flounder (327). Gamba et al. ex-
pression cloned a thiazidesensitive Na-Cl cotransporter from
the flounder bladder (21) and Myanoshita et al. detected a sim-
ilar mRNA in rat and mouse kidney (328), and then cloned a
rat form of the thiazidesensitive Na-Cl cotransporter (328).
Mouse, human, and rabbit forms were cloned shortly there-
after (31,329,330); the gene is SLC12A3. This transport pro-
tein has been variously termed the TSC (thiazide-sensitive co-
transporter), the NCCT (sodium chloride cotransporter), and
NCC (sodium chloride cotransporter). In rat, human, and
mouse, NCC message and protein are expressed by DCT cells
(35,331–334). A model of Na-Cl transport by DCT cells is
shown in Figure 81-8. In human, rat, and mouse, expression
of NCC extends into a transitional segment, referred to as the
DCT2, which shares properties of DCT and connecting tubules
(35,334). In the rabbit, the thiazidesensitive Na-Cl cotrans-
porter was also shown to be expressed exclusively by DCT
cells (335); connecting tubule cells do not express the trans-
porter. Therefore, from a molecular standpoint, the NCC is
expressed by distal convoluted tubule cells in all mammalian
species examined to date.

Evidence for thiazide action in other nephron segments
has also been obtained. In vivo catheterization experiments
demonstrated a component of thiazide-sensitive Na transport
in medullary collecting tubules of rats (336). Some (337,338)
investigators have detected thiazidesensitive Na-Cl transport
in rat cortical collecting ducts perfused in vitro. In those
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A B

FIGURE 81-8. Mechanisms of DCT
and CD diuretics. Panel A shows
mechanism of action of DCT di-
uretics. In rat, mouse, and human,
two types of distal convoluted tubule
cells have been identified, referred to
here as DCT-1 and DCT-2. Na and
Cl are reabsorbed across the apical
membrane of DCT-1 cells only via
the thiazide-sensitive Na-Cl cotrans-
porter. This transport protein is also
expressed by DCT-2 cells, where Na
can also cross through the epithe-
lial Na channel, ENaC (35,334,443).
Therefore, the transepithelial voltage
along the DCT-1 is near to 0 mV,
whereas it finite and lumennegative
along the DCT-2. Panel B shows the
mechanism of action of CD diuret-
ics. The late distal convoluted tubule
cells (DCT-2 cells) and connecting
(CNT) or collecting duct (CD) cells
are shown. Na is reabsorbed via the
epithelial Na channel (ENaC), which
lies in parallel with a K channel
(ROMK). The transepithelial volt-
age is oriented with the lumen nega-
tive, relative to interstitium (shown
by the circled value), generating a
favorable gradient for transepithe-
lial K secretion. Drugs that block the
epithelial Na value reduce the volt-
age towards 0 mV (effect indicated
by dashed line), thereby inhibiting K
secretion.

experiments, pretreatment of animals with mineralocorticoid
hormones was necessary to induce the thiazide-sensitive Na
and Cl transport.

Calcium and Magnesium Transport

When administered chronically, DCT diuretics reduce calcium
excretion. This effect has been utilized clinically to treat cal-
cium nephrolithiasis (see subsequent text). Much progress in
understanding mechanisms of the hypocalciuric effect of DCT
diuretics has been made during the last 10 years. Acute ad-
ministration of DCT diuretics has a variable effect on calcium
excretion, sometimes leading to increases in calcium excretion
(297,339). This probably reflects the carbonic anhydrase in-
hibiting capacity of these drugs, because carbonic anhydrase
inhibitors increase urinary calcium excretion acutely. Calcium
reabsorption by proximal tubules is functionally coupled to
sodium reabsorption; drugs that inhibit proximal Na reabsorp-
tion also inhibit proximal calcium reabsorption (340). During
chronic treatment, however, the filtered calcium load decreases,
owing to the hemodynamic effects discussed in the following
text, and the proximal calcium reabsorption increases, owing
to extracellular fluid volume contraction.

The primary site where DCT diuretics increase renal calcium
reabsorption, is the same segment where they inhibit Na and Cl
transport. Although rat distal nephrons reabsorb both Na and
Ca, Costanzo and Windhager showed (341) that thiazide di-
uretics dissociate the two; Na reabsorption is inhibited whereas
calcium reabsorption is stimulated. Several factors are now be-
lieved to contribute to the effect of DCT diuretics to stimulate
calcium reabsorption (see Fig. 81-9). As in most other cells,
the intracellular calcium concentration of DCT cells is low,
compared with extracellular fluid calcium (325). Calcium en-
ters DCT cells passively, down its electrochemical gradient via
specific calcium channels, primarily TRPV5 (342,343). DCT

diuretics increase the intracellular calcium activity, suggesting
that a primary effect is to increase apical calcium entry (325).

Brunette et al. proposed that two distinct pathways medi-
ate apical calcium entry in DCT cells. One pathway has a high
affinity for calcium and is stimulated by parathyroid hormone,
whereas the other has a lower affinity for calcium and is stim-
ulated by thiazide diuretics (344,345). Friedman (207), Gesek
and Friedman (325) and Bacskai and Friedman (346) also ob-
tained evidence for distinct mechanisms of calcium entry. They
studied a calcium channel that is activated by hyperpolarization
(207,325,346). When DCT cells were incubated with thiazide
diuretics, the cells hyperpolarized, owing to the reduction in
cellular chloride activity and the presence of a chloride chan-
nel at their basolateral membrane. The hyperpolarization was
shown to activate calcium channels, leading to increased rates
of calcium entry, but the molecular nature of this calcium entry
pathway remains undetermined.

Bindels et al. (342) cloned a calcium channel that is ex-
pressed at the apical membranes of cells along the second part
of the distal convoluted tubule (the DCT2) and the connecting
tubule. This channel is regulated by vitamin D and appears to
possess several characteristics suggesting that it is one of the
primary apical calcium entry pathways. Lee et al. confirmed
an acute effect of DCT diuretics on distal calcium uptake but
found that a large portion of the chronic effects of DCT di-
uretic results from extracellular fluid volume depletion. They
speculated that acute exposure to DCT diuretics hyperpolarizes
DCT cells, as suggested by Gesek and Friedman (325), activat-
ing TRPV5 channels and also increasing their expression at
the mRNA level (347). During chronic exposure, however, ex-
tracellular fluid volume contraction reduces distal Na-Cl deliv-
ery, limiting the DCT diuretic-induced hyperpolarization (347).
Two groups have reported that chronic DCT diuretic treat-
ment reduces the abundance of calcium transporting proteins
(347,348).
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FIGURE 81-9. Possible mechanisms of diuretic effects on calcium and magnesium excretion. Typical
cells from the proximal tubule (PT), thick ascending limb (TAL), and distal convoluted tubule (DCT) are
shown. Calcium reabsorption occurs along the distal convoluted tubule largely via a transient receptor
potential channel (TRPV5). Magnesium reabsorption occurs along the distal convoluted tubule largely
via a transient receptor potential channel (TRPM6). Transepithelial voltages (representative but arbitrary
values, given in millivolts, mV) are shown. Net effects on electrolyte excretion are shown at the bottom.
Normal conditions are at the left. Treatment with loop diuretics (LD) is shown in the middle; treatment
with distal convoluted (DCT) diuretics is shown on the right. Loop diuretics reduce the magnitude of
the lumenpositive transepithelial voltage, thereby retarding passive calcium and magnesium reabsorption.
Passive calcium and magnesium reabsorption appears to traverse the paracellular pathway. Chronic treat-
ment, especially with DCT diuretics, increases proximal Na and Ca reabsorption; therefore, less calcium
is delivered distally. Enhanced distal calcium absorption, driven by DCT diuretics also occurs. Effects of
DCT diuretics to increase magnesium excretion remain incompletely understood.

DCT diuretics not only stimulate entry of calcium across the
apical membrane but also stimulate calcium transport across
the basolateral cell membrane into the interstitium. DCT cells,
at least in rat, mouse, and human, express the Na/Ca exchanger
(35,335,349,350). The Na/Ca exchanger is electrogenic and is
believed to carry 3 Na ions into the cell in exchange for 1
calcium ion out. When DCT diuretics block the luminal en-
try pathway for Na and Cl, as noted in the preceding text,
cells hyperpolarize and the intracellular Na activity declines.
Both the hyperpolarization and the decline in cell Na concen-
tration increase the electrochemical driving force favoring cal-
cium movement from cell to interstitium. Although the data
describing effects on apical and basolateral calcium transport
were obtained in different model systems and from different
species, taken together, they suggest that DCT diuretics stim-
ulate both the apical entry pathway and the basolateral exit
pathway that permit calcium reabsorption. The calcium reab-
sorptive pathway of the distal tubule is quite potent and the
passive calcium permeability of this tubule segment is low; in

stationary microperfusion experiments, the distal tubule was
able to reduce the luminal calcium concentration to less than
0.1 mM (341).

The effects of DCT diuretics on magnesium excretion are in-
completely characterized. Acute infusions have been reported
to have little effect on magnesium excretion (297,351,352). In
contrast, DCT diuretics increase urinary magnesium excretion
and can cause hypomagnesemia when administered chronically
(353–355). The mechanisms of magnesium transport by DCT
cells and their regulation by diuretics are not completely un-
derstood, but some recent progress has been made recently, at
the molecular level. Quamme et al. proposed that magnesium
is transported across the apical membrane of DCT cells by
a hyperpolarization-activated magnesium channel (356). They
found that DCT diuretics stimulated magnesium uptake into
DCT cells by reducing the intracellular activity of chloride,
hyperpolarizing the membrane voltage, and activating mag-
nesium channels (356). Amiloride was found to have similar
effects on magnesium uptake (357). Konrad et al. identified
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mutations in the transient receptor potential metastatin
(TRPM) channel, TRPM6 (358). This protein localizes to DCT
cells (and intestinal cells) at the apical membrane, and has func-
tional characteristics suggesting it is, or is part of, the magne-
sium entry step along the distal nephron (359).

The mechanisms by which chronic DCT diuretic administra-
tion lead to hypomagnesemia remain controversial. Quamme
proposed that DCT diuretics, by hyperpolarizing DCT cells,
enhance magnesium uptake, thereby downregulating the ex-
pression of magnesium channels, leading to magnesuria (360).
Ellison suggested that magnesium wasting consequent to DCT
diuretic treatment resulted from the actions of aldosterone to
increase the lumen-negative transepithelial voltage of the DCT
(361). This would be expected to increase the electrochem-
ical gradient favoring magnesium secretion (or inhibiting its
reabsorption). Loffing et al. suggested that magnesium wast-
ing results from the destruction of DCT cells, resulting from
apoptosis induced by DCT diuretics (362,363).

Renal Hemodynamics

DCT diuretics increase renal vascular resistance and de-
crease the glomerular filtration rate when given acutely
(94,308,316,364–366). Okusa et al. (94) showed that intra-
venous chlorothiazide reduced the glomerular filtration rate
by 16% when measured as whole kidney clearance or by mi-
cropuncture of a superficial distal tubule. In contrast, however,
when flow to the macula densa was blocked and the single
nephron glomerular filtration rate was measured by micro-
puncture of a proximal tubule, intravenous chlorothiazide had
no effect on glomerular filtration rate. These data suggest that
diuretic-induced stimulation of the TGF system mediates the
effect of DCT diuretics on glomerular filtration rate, yet the re-
cent data, described in the preceding text, in which carbonic an-
hydrase inhibition was shown to reduce the GFR of adenosine-
1 receptor deficient, TGF-deficient, animals, suggest that other
mechanisms may be involved as well (161).

During chronic treatment with DCT diuretics, contraction
of the extracellular fluid volume develops, thereby increasing
solute and water reabsorption by the proximal tubule. This
effect reduces Na delivery to the macula densa. This would
be expected to return GFR toward baseline values during
chronic treatment with DCT diuretics (309,367). Therefore,
when used chronically, DCT diuretics lead to a state of mild ex-
tracellular fluid volume contraction, increased fractional proxi-
mal reabsorption, and relatively preserved glomerular filtration
(309,367).

When administered acutely, the effect of DCT diuretics on
renin secretion is variable (368). If urinary NaCl losses are
replaced, these drugs tend to suppress renin secretion (369),
probably by increasing NaCl delivery to the macula densa (94).
In contrast, during chronic administration, renin secretion in-
creases both because solute delivery to the macula densa de-
clines (309) and because volume depletion activates the vascu-
lar mechanism for renin secretion.

Pharmacokinetics

DCT diuretics are organic anions that circulate in a highly pro-
tein bound state. As with loop diuretics, the amount reaching
the tubule fluid by filtration across the glomerular basement
membrane is small; the predominant route of entry into tubule
fluid is by secretion via the organic anion secretory pathway in
the proximal tubule (39). DCT diuretics are rapidly absorbed
across the gut, reaching peak concentrations within 1.5 to
4 hours (39). The amount of administered drug that reaches
the urine varies greatly (for a review see [39]) as does the
half-life. Short-acting DCT diuretics include bendroflume-

thiazide, hydrochlorothiazide, tizolemide, and trichlormethi-
azide. Medium-acting DCT diuretics include chlorothiazide,
hydroflumethiazide, indapamide, and mefruside. Long-acting
DCT diuretics include chlorthalidone, metolazone, and poly-
thiazide (39). The clinical effects of the differences in half-life
are unclear, except in the incidence of hypokalemia, which is
more common in patients taking the longer acting drugs such
as chlorthalidone (269,370).

Clinical Use

DCT diuretics are used most commonly to treat essential hy-
pertension. Despite a great deal of debate about the potential
complications of DCT diuretics, these drugs continue to be rec-
ommended as first-line therapy for hypertension because these
drugs are clearly at least as effective as more expensive agents
at reducing mortality (371). DCT diuretics are also used com-
monly to treat edematous conditions, although they are fre-
quently perceived as being less effective than loop diuretics.
Although the maximal effect of loop diuretics to increase uri-
nary Na, Cl, and water excretion is greater than that of DCT
diuretics, Leary and Reyes have shown that the cumulative ef-
fects of DCT diuretics on urinary Na and Cl excretion are often
greater than those of once daily furosemide (372). Although
these studies were conducted in normal volunteers, they may
extend to patients with mild cases of edema. In addition, DCT
diuretics have proved useful to treat edematous patients who
have become resistant to loop diuretics. In this case, the addi-
tion of a DCT diuretic to a regimen that includes a loop diuretic
frequently increases urinary Na and Cl excretion dramatically
(see subsequent text).

DCT diuretics have become drugs of choice to prevent the
recurrence of kidney stones in patients with idiopathic hyper-
calciuria. In several controlled and many uncontrolled studies,
the recurrence rate for calcium stones has been reduced by up to
80% (373–375). Relatively high doses of DCT diuretics are of-
ten employed for the treatment of nephrolithiasis (376). Some
studies suggest that the hypocalciuric effect of DCT diuretics
wanes during chronic use, in the setting of absorptive hyper-
calciuria (377). The observation that Gitelman’s syndrome, an
inherited disorder of the thiazid-esensitive Na-Cl cotransporter,
may present during adulthood with hypocalciuria suggests that
compensatory mechanisms may not exist for the effects of DCT
diuretics on calcium transport (361). The ability of DCT diuret-
ics to reduce urinary calcium excretion suggests that these drugs
may prevent bone loss. Some (378,379), but not all (380,381),
epidemiologic studies suggest that DCT diuretics reduce the
risk of hip fracture and osteoporosis. A randomized controlled
study confirmed that DCT diuretics reduce bone loss in women
(382). A case series suggests that DCT diuretics also provide
rapid recovery of bone mass in osteoporotic men (383). A
recent study confirmed an effect of DCT diuretic to reduce
hip fracture but noted that the protective effect wanes within
4 months of discontinuance (384). Others have indicated that
DCT diuretics can be effective in patients with primary hy-
poparathyroidism, when combined with a low salt diet (385).
Concomitant potassium bicarbonate administration may in-
crease renal calcium retention induced by DCT diuretics (386).

DCT diuretics are also employed to treat nephrogenic dia-
betes insipidus, causing a paradoxical decrease in urinary vol-
ume flow rate. This action of DCT diuretics results from the
combination of mild extracellular fluid volume contraction,
owing to diuretic-induced natriuresis, suppression of glomeru-
lar filtration, owing largely to diuretic-induced activation of
the TGF mechanism, and impaired solute reabsorption along
the DCT. The DCT, like the thick ascending limb, is nearly im-
permeable to water (387). Solute reabsorption by the thiazide-
sensitive Na-Cl cotransporter therefore contributes directly to
urinary dilution. The central role of extracellular fluid volume
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contraction in the efficacy of DCT diuretics in diabetes in-
sipidus was highlighted by the observation that dietary salt
restriction is necessary to reduce urinary volume effectively
(367,388). DCT diuretics may also increase the antidiuretic
hormone-independent water permeability of the medullary col-
lecting tubule (389). When administered to rats lacking an-
tidiuretic hormone (similar to patients with central diabetes
insipidus), DCT diuretics did not alter the abundance of the
apical water channel of the collecting duct (aquaporin-2) (390),
even though they reduced urine volume. In contrast, DCT
diuretic treatment increased the abundance of aquaporin-2,
the thiazide-sensitive Na-Cl cotransporter (SCL12A3) and the
alpha subunit of the epithelial Na channel (391), when ad-
ministered to rats with lithium-induced nephrogenic diabetes
insipidus. It was suggested that the upregulation of the abun-
dance of the renal Na and water transporters might explain the
antidiuretic effectiveness of DCT diuretics.

Adverse Effects

Electrolyte disorders, such as hypokalemia, hyponatremia, and
hypomagnesemia are common side effects of DCT diuretics.
A measurable decline in serum K concentration is nearly uni-
versal in patients given DCT diuretics, but most patients do
not become frankly hypokalemic. In the ALLHAT trial, mean
serum potassium concentrations declined from 4.3 to 4.0 and
4.1 mM at 2 and 4 years of treatment, respectively (392). The
clinical significance of diuretic-induced hypokalemia continues
to be debated (393–400). Unlike the loop diuretics, DCT di-
uretics do not influence K transport directly (401). Instead,
they increase K excretion indirectly. DCT diuretics increase
tubule fluid flow in the connecting tubule and collecting duct,
the predominant sites of K secretion along the nephron. In-
creased flow stimulates K secretion along the distal nephron
(96). Recent work has indicated that the flow-regulated K secre-
tion is mediated largely by a large calciumactivated K channel
(402–406). In addition, DCT diuretic-induced extracellu-
lar fluid volume contraction activates the renin–angiotensin–
aldosterone system, further stimulating K secretion. Evidence
for the central role of aldosterone in diuretic-induced hy-
pokalemia includes the observation that hypokalemia is much
more common during treatment with long-acting DCT diuret-
ics, such as chlorthalidone, than with shorter-acting DCT di-
uretics, such as hydrochlorothiazide or with the very short-
acting loop diuretics (407). Another reason that DCT diuretics
may produce more potassium wasting than loop diuretics is
the differences in effects on calcium transport. As discussed
in the preceding text, loop diuretics inhibit calcium transport
by the thick ascending limb, increasing distal calcium deliv-
ery. In contrast, DCT diuretics stimulate calcium transport, re-
ducing calcium delivery to sites of potassium secretion. Okusa
et al. (408) showed that high luminal concentrations of calcium
inhibit the functional activity of ENaC in the distal nephron,
thereby inhibiting potassium secretion. DCT diuretics also in-
crease urinary magnesium excretion and can lead to hypomag-
nesemia, as discussed in the preceding text. Hypomagnesemia
may cause or contribute to the hypokalemia observed under
these conditions (409,410). Some studies suggest that mainte-
nance magnesium therapy can prevent or attenuate the devel-
opment of hypokalemia (409), but this has not been supported
universally.

Diuretics have been reported to contribute to more than
one-half of all hospitalizations for serious hyponatremia. Hy-
ponatremia is especially common during treatment with DCT
diuretics, compared with other classes of diuretics, and the
disorder is potentially life-threatening (411). Several factors
contribute to DCT diuretic-induced hyponatremia. First, as
discussed in the preceding text, DCT diuretics inhibit solute

transport in the terminal portion of the “diluting segment,”
the DCT. This impairs the ability to excrete solute-free water.
Second, DCT diuretics can reduce the glomerular filtration
rate, primarily by activating the TGF system. This limits
solute delivery to the diluting segment and impairs solute-free
water clearance. Third, DCT diuretics lead to volume con-
traction, which increases proximal tubule solute and water
reabsorption, further restricting delivery to the “diluting
segment.” Fourth, hyponatremia has been correlated with the
development of hypokalemia in patients receiving DCT diuret-
ics (412). Finally, susceptible patients may be stimulated to
consume water during therapy with DCT diuretics; although
the mechanisms are unclear, this may contribute importantly
to the sudden appearance of hyponatremia that can occur
during DCT diuretic therapy. Of note, one report suggests
that patients who are predisposed to develop hyponatremia
during treatment with DCT diuretics will demonstrate an
acute decline in serum sodium concentration in response to a
single dose of the drug (413). Other studies suggest that risk
factors for DCT diuretic-induced hyponatremia include older
age, lower body mass, and concomitant administration of
selective serotonin reuptake inhibitors (414,415).

DCT diuretics frequently cause mild metabolic alkalosis.
The mechanisms are similar to those described previously for
loop diuretics, except that DCT diuretics do not stimulate
Na/H exchange in the thick ascending limb (TAL).

DCT diuretics cause several disturbances of endocrine
glands. Glucose intolerance has been a recognized complication
of DCT diuretic use since the 1950s. This complication appears
to be doserelated (416,417). In the ALLHAT trial patients there
was a 1.8% increase in newonset diabetes at 4 years of treat-
ment, compared with patients treated with calcium channel
blockers (418). This difference did not translate into adverse
clinical outcomes in the diuretic group, but has generated a
great deal of discussion. The pathogenesis of DCT diuretic-
induced glucose intolerance remains unclear, but several factors
have been suggested to contribute. First, diuretic-induced hy-
pokalemia may decrease insulin secretion by the pancreas, via
effects on the membrane voltage of pancreatic β cells. When hy-
pokalemia was prevented by oral potassium supplementation,
the insulin response to hyperglycemia normalized, suggesting
an important role for hypokalemia (419). Hypokalemia may
also interfere with insulin mediated glucose uptake by muscle,
but most patients demonstrate relatively normal insulin sensi-
tivity (299). Other factors may contribute to glucose intoler-
ance as well. Volume depletion may stimulate catecholamine
secretion, but volume depletion during therapy with DCT di-
uretics is usually very mild. It has also been suggested that DCT
diuretics directly activate calcium-activated potassium chan-
nels that are expressed by pancreatic β cells (420). Activation
of these channels is known to inhibit insulin secretion. Inhibit-
ing the renin–angiotensin–aldosterone axis appears to reduce
the development of new diabetes (421). Drugs that inhibit this
pathway might attenuate the effects of diuretics to impair glu-
cose homeostasis, but this has not been tested directly.

DCT diuretics increase levels of total cholesterol, total
triglyceride, and low-density lipoprotein (LDL) cholesterol
and reduce the high-density lipoprotein (HDL) concentration
(299,422). Definitive information about the mechanisms by
which DCT diuretics alter lipid metabolism is not available,
but many of the mechanisms that affect glucose homeostasis
have been suggested to contribute. Hyperlipidemia, like hy-
perglycemia, is a dose-related side effect, and one that wanes
with chronic diuretic use. In the ALLHAT study, treatment with
chlorthalidone resulted in a total cholesterol 2.2 mg/dL higher
than did treatment with ACE inhibitors (418). In several large
clinical studies, the effect of low-dose DCT diuretic treatment
on serum LDL was not significantly different from placebo
(423). Further, treatment of hypertension with DCT diuretics
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reduces the risk of stroke, coronary heart disease, congestive
heart failure, and cardiovascular mortality (418,424).

CORTICAL COLLECTING
TUBULE DIURETICS

Diuretic drugs that act primarily in the cortical collecting
tubule or the connecting tubule and cortical collecting duct
(potassium-sparing diuretics) comprise three pharmacolog-
ically distinct groups: aldosterone antagonists (spironolac-
tone and eplerenone), pteridines (triamterene), and pyrazinoyl-
guanidines (amiloride, see Fig. 81-10). The site of action for
all diuretics of this class is the cortical collecting duct and
the connecting tubule, where they interfere with sodium re-
absorption and indirectly potassium secretion. Because of the
ability to minimize the normal tendency of diuretic drugs to
increase potassium excretion, amiloride (425) and triamterene
(426,427) are considered potassium sparing. Diuretic activity
is weak partly because fractional sodium reabsorption in the
collecting tubule usually does not exceed 3% of the filtered
load. Another reason, however, may relate to the tendency for
these drugs to produce only partial blockade of Na channels. In
support of this hypothesis, knockout or disruption of sodium
channel (EnaC) function leads to profound renal salt wasting
(428). Because potassium-sparing drugs are relatively weak na-
triuretic agents, they are used most commonly in combination
with thiazides or loop diuretics, often in a single preparation,
to restrict potassium losses and sometimes augment diuretic
action. However in certain conditions, potassium sparing di-
uretics are used as first-line agents (see Table 81-3). For ex-
ample spironolactone is used in the treatment of edema in
patients with cirrhosis (429) and amiloride or triamterene is
used as a first-line treatment of Liddle’s syndrome (430,431)
or Bartter’s syndrome (432). Spironolactone has been shown
to improve mortality of patients with congestive heart failure
(433). Eplerenone was shown to improve mortality in patients

with left ventricular dysfunction following myocardial infarc-
tion (434).

Urinary Electrolyte Excretion

Amiloride, triamterene, and spironolactone are weak natri-
uretic agents when given acutely (see Table 81-1), although
some studies suggest that these drugs are as effective as
furosemide in some clinical settings (429). In addition, these
three diuretic agents decrease hydrogen ion secretion by the
late distal tubule and collecting ducts. Evidence that spirono-
lactone decreases hydrogen ion excretion comes from the find-
ing of metabolic acidosis associated with mineralocorticoid
deficiency (435,436), and the finding that spironolactone pro-
duces metabolic acidosis in patients with cirrhosis who have
mineralocorticoid excess (437). In rats, the administration of
amiloride and triamterene has been shown to inhibit urinary
acidification (425,427). A common mechanism is likely to be
involved in mediating the effects of all three diuretic agents on
hydrogen ion secretion. These drugs reduce the lumen-negative
potential difference (voltage) and thus decrease the electro-
chemical gradient favoring hydrogen ion secretion.

Clearance studies in rats have demonstrated that amiloride
decreases calcium excretion (438). In these studies, amiloride
produced both a decrease in the calcium clearance/Na clear-
ance ratio (CCa/CNa), as well as a decrease in the fractional
excretion of calcium. The effect of triamterene on clearance of
calcium was less clear, although it did decrease the CCa/CNa
ratio. In vivo microperfusion of rat distal tubules demon-
strated that the effect of chlorothiazide on calcium absorption
was enhanced with amiloride, but that amiloride action was
along the “late” distal tubule (probably the connecting tubule)
rather than in the true DCT (316). Furthermore in vitro per-
fusion of connecting tubules has shown that amiloride stimu-
lates calcium absorption (322). Amiloride is believed to stim-
ulate calcium absorption through its ability to block sodium
channels, thereby hyperpolarizing the apical membrane (439).

FIGURE 81-10. Structure of collect-
ing duct diuretics. Two classes of
diuretics are available, Na channel
blocking drugs (triamterene and
amiloride) and aldosterone antagon-
ists (spironolactone and eplerenone).
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TA B L E 8 1 - 3

INDICATIONS FOR DIURETIC DRUGS

I. Indications for osmotic diuretics
A. Acute or incipient renal failure, especially owing to

heme pigment
B. To reduce intraocular or intracranial pressure

II. Indications for carbonic anhydrase inhibitors
A. Glaucoma
B. Acute mountain sickness
C. Metabolic alkalosis
D. Cystinuria
E. Resistant edema (used in combination with other

diuretics)

III. Indications for loop diuretics
A. Edematous conditions

1. Congestive heart failure
2. Cirrhotic ascites
3. Nephrotic syndrome

B. Hypercalcemia (with saline)
C. Hyperkalemia
D. Hyponatremia (with hypertonic saline)
E. Hyperkalemic, hyperchloremic metabolic acidosis (type

4 RTA)
F. Hypermagnesemia
G. Intoxications
H. Hypertension
I. Acute renal failure

IV. Indications for DCT diuretics
A. Hypertension
B. Edematous conditions

1. Congestive heart failure
2. Cirrhotic ascites
3. Nephrotic syndrome

C. Nephrolithiasis
D. Nephrogenic diabetes insipidus
E. Osteoporosis
F. Hypoparathyroidism
G. Diuretic resistance (used in combination with other

diuretics)

V. Indications for collecting duct diuretics
A. Cirrhotic ascites
B. Lithiuminduced diabetes insipidus
C. Prevention of hypokalemia (owing to

potassiumwasting diuretics)
D. Prevention of hypomagnesemia (owing to

potassium-wasting diuretics)
E. Diuretic resistance (used in combination with other

diuretics)

Hyperpolarization of the apical membrane stimulates calcium
entry through hyperpolarization-activated calcium channels,
as discussed in the preceding text. Amiloride has also been
reported to reduce magnesium excretion (353,440) and to pre-
vent the development of hypomagnesemia during therapy with
a DCT diuretic (441).

Mechanism of Action

The site of action of potassium-sparing diuretics is the connect-
ing tubule and collecting duct. Although a great deal of interest
has centered on control of Na and K transport by the collecting
duct, recent evidence has reemphasized the central role played
by the connecting tubule (314,442). Recent molecular studies
have indicated that sites of DCT diuretic action overlap con-

siderably with sites of cortical collecting duct (CCD) diuretic
action. Therefore, in rat, mouse and human, a transitional
segment, with characteristics of both DCT and connecting
tubule, is present along the distal tubule (35,334,443–446).
This segment, which may comprise the bulk of the distal tubule
in humans, expresses both the thiazide-sensitive Na-Cl co-
transporter and the amiloride-sensitive epithelial Na channel.

Although the connecting and cortical collecting tubules re-
absorb only a small percentage of the filtered Na load, two
characteristics render this segment important in the physiology
of diuretic action. First, this nephron segment is the primary site
of action of the mineralocorticoid, aldosterone, a hormone that
controls sodium reabsorption and potassium secretion. Second,
virtually all of the potassium that is excreted is due to the se-
cretion of potassium by the connecting and collecting tubules.
Therefore, this segment contributes to the hypokalemia seen as
a consequence of diuretic action.

The collecting tubule is composed of two cell types that
have entirely separate functions. Principal cells (collecting duct
cells) are responsible for the transport of sodium, potassium,
and water, whereas intercalated cells are primarily responsible
for the secretion of hydrogen or bicarbonate ions. The api-
cal membrane of principal cells express separate channels that
permit selective conductive transport of sodium and potas-
sium (Fig. 81-8). Connecting tubule cells also express apical
Na and K channels, permitting electrogenic Na reabsorption
and K secretion. The mechanism by which sodium reabsorp-
tion occurs is through conductive sodium channels (for a re-
view see [447]). The low intracellular sodium concentration
as a result of the basolateral Na,K-ATPase generates a favor-
able electrochemical gradient for sodium entry through sodium
channels. Because sodium channels are present only in the api-
cal membrane of principal and connectin tubule cells, sodium
conductance depolarizes the apical membrane resulting in an
asymmetric voltage profile across the cell. This effect produces a
lumen-negative transepithelial potential difference. The lumen-
negative potential difference together with a high intracellular-
to-lumen potassium concentration gradient provides the driv-
ing force for potassium secretion.

Amiloride-sensitive sodium conductance is a function of
the epithelial sodium channel (ENaC). The functional chan-
nel comprises three homologous subunits, α, β, and γ ENaC
(448), comprising either four (2α, 1β, 1γ ) or nine subunits
(449–451). A number of factors regulate this channel, includ-
ing hormones such as aldosterone, vasopressin, oxytocin, in-
tracellular signaling elements such as G-proteins and cAMP,
protein kinase C, intracellular ions (sodium, hydrogen, and
calcium) (448), and the cystic fibrosis transmembrane conduc-
tance regulator (452,453). Alterations in systemic acid–base
balance (454) and sodium intake (455) have also been shown
to regulate ENaC function. Studies that used selective sub-
unit antisera have demonstrated specific regulation of subunit
abundance or pattern of expression. In mice adapted to a high
sodium diet, the α-subunit was undetectable, and the β- and
γ -subunits were expressed in the cytoplasm (455). In contrast,
mice on a lowsodium diet displayed subapical or apical expres-
sion of all three subunits (455). Administration of dDAVP to
Brattleboro rats increased expression of all three subunits to
varying degrees (456). Long-term acid-loading decreases and
base loading increases β- and γ -subunits (454)

The amount of sodium and potassium present in the final
urine is tightly controlled by aldosterone action on connect-
ing and collecting duct cells. Extensive studies have demon-
strated that in epithelia, aldosterone produces an early increase
in sodium conductance (457) followed by a sustained increase
in transepithelial sodium transport. As a result, transepithelial
sodium transport is increased, an effect that depolarizes the api-
cal membrane. An increase in the lumen-negative-potential in
turn enhances potassium secretion through conductive potas-
sium channels located in the apical membrane. The cellular
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mechanisms that are responsible for these events have been
extensively studied and reviewed (457). Aldosterone has been
shown to have heterogeneous effects on ENaC subunits. In
mammals, aldosterone has been shown to increase the abun-
dance of the α-subunit of ENaC (457), to redistribute all three
subunits to the apical region of principal cells masilamani
(458) and to induce a shift in the molecular weight of the
γ -subunit from 85 kDa to 70 kDa. In contrast, however, a
mineralocorticoid knockout mouse demonstrated essentially
normal expression of ENaC subunits in the kidney, suggesting
aldosterone regulation ENaC function in a posttranscriptional
manner (459). Additional nongenomic activation of ENaC
function by aldosterone has been reported (460).

Mineralocorticoid Receptor Blockers. Spironolactone (Fig.
81-10) is an analog of aldosterone that is extensively me-
tabolized (461,462), having the principal effect of blocking
aldosterone action (463,464). Spironolactone is converted by
deacylation to 7α-thiospironolactone or by diethioacetylation
to canrenone (463). In the kidney, spironolactone and its
metabolites enter target cells from the peritubular side,
bind to cytosolic mineralocorticoid receptors, and act as
competitive inhibitors of the endogenous hormone (465–468).
In studies using radiolabeled spironolactone or aldosterone,
[3H]-spironolactone-receptor complexes were excluded from
the nucleus. In contrast, [3H]-aldosterone-receptor complexes
were detected in the nucleus (466). These results are consistent
with the proposal that aldosterone antagonists block the
translocation of mineralocorticoid receptors to the nucleus.
The mechanism by which aldosterone antagonists block
nuclear localization of antagonist-receptor complexes is not
known; however, it has been suggested that they destabilize
mineralocorticoid receptors facilitating proteolysis (469). Min-
eralocorticoid receptors, like other steroid receptors, contain a
steroid-binding unit associated with other cellular components
including HSP90, in its inactive state. Steroid binding produces
dissociation of HSP90 from the steroid binding unit uncapping
the DNA-binding sites. Spironolactone facilitates the release of
HSP90 and in combination with rapid dissociation of ligand
could lead to degradation of the receptor (469).

Spironolactone induces a mild increase in sodium excre-
tion (1% to 2%) and a decrease in potassium and hydrogen
ion excretion (468,470). Its effect depends on the presence
of aldosterone. Spironolactone is ineffective in experimental
adrenalectomized animals (430) and in patients with Addison’s
disease (430) or humans on a high salt diet. In cortical col-
lecting tubules perfused in vitro, spironolactone added to the
bath solution reduced the aldosterone-induced lumen-negative
transepithelial voltage (426). By blocking sodium absorption
in the collecting tubule, a decrease in lumen-negative potential
reduces the driving force for passive sodium and hydrogen ion
secretion (426).

Spironolactone causes troubling estrogenic side effects com-
monly, a fact that has limited its more general use (see sub-
sequent text). Renewed interest in the utility of aldosterone
blockers, especially in the setting of congestive heart failure,
more recently prompted the development of anti-aldosterone
agents that are more specific inhibitors of the mineralocorticoid
receptor. Eplerenone is a second competitive aldosterone antag-
onist, currently in clinical use. Eplerenone (see Fig. 81-10) is
Pregn-4-ene-7,21-dicarboxylic acid, 9,11-epoxy-17-hydroxy-
3-oxo, γ -lactone, methyl ester (7α, 11α, 17α) and was derived
from spironolactone by the introduction of a 9α,11α-epoxy
bridge and substitution of the 17α-thioacetyl group of spirono-
lactone with a carbomethoxy group. In vitro, eplerenone ex-
hibits 10- to 20-fold lower affinity for the mineralocorticoid
receptor than spironolactone, but in humans, it appears to be
50% to 75% as potent (471,472). This change significantly
enhances the relative affinity of the drug for mineralocorticoid
receptors over other steroid receptors.

Amiloride and Triamterene

Amiloride and triamterene (see Fig. 81-10) are structurally dif-
ferent but are organic cations that use the same primary site
of action (see Fig. 81-8). Triamterene is an aminopteridine
chemically related to folic acid and amiloride is a pyrazinoyl-
guanidine. Systemically administered amiloride results in an
increase in sodium excretion and decrease in potassium ex-
cretion (89,271,425,473). Their actions on sodium and potas-
sium transport, unlike spironolactone, are independent of aldo-
sterone (473). Systemically administered amiloride produced
a small increase in sodium excretion and a much larger de-
crease in potassium excretion (474,475). Sampling of tubule
fluid from the distal tubule demonstrated an inhibition of the
normal rise in the tubule fluid to plasma potassium ratio. These
results indicated that amiloride decreased distal tubule potas-
sium secretion. Experiments employing in vivo microperfusion
of distal tubules (401,476) and in vitro perfusion of isolated
cortical collecting tubules (477,478) demonstrated that lumi-
nally administered amiloride reduced sodium absorption and
potassium secretion. Similar results were obtained following
in vivo microperfusion with benazamil (479), a more potent
amiloride analog. Amiloride decreases potassium secretion by
blocking sodium conductance in the apical membrane of distal
tubule and collecting tubule cells (480,481), thereby decreasing
the electrochemical gradient for potassium secretion.

In high concentrations (>100 μM), amiloride interacts with
different transporters, enzymes, and receptors. At concentra-
tions of 0.05 to 0.5 μM, however, amiloride interacts specifi-
cally with sodium channels (482,483). Furthermore, aromatic
substitutions on the guanidinium moiety renders the molecule
even more potent (IC50 10- to 20-fold lower than amiloride)
(482,484). Only the parent compound, amiloride, however, is
available for clinical use. The molecular mechanism by which
amiloride blocks sodium channels remains incompletely de-
fined. It is likely, however, that the positive charge on the
guanidinium moiety plays an important role in occluding the
sodium channel (see Fig. 81-8 [447,483]). Amiloride has been
demonstrated to bind to a 150-kDa protein from the bovine
renal papilla (485); however, the relationship between this pro-
tein and the putative Na-channel components, α, β and γ
rENaC, is not known (483). Other approaches using muta-
tional analysis (486,487) and anti-amiloride antibodies (488)
have demonstrated contributions to amiloride binding by all
3 subunits in proximity to the channel pore. A putative
amiloride binding domain, WYRFHY, of the α-subunit of
ENaC has been identified (488,489).

Clearance and free-flow micropuncture studies using tri-
amterene demonstrated results similar to studies with amiloride
(271); however, the mechanism of action is not clearly defined.
In earlier studies of rabbit cortical collecting tubules perfused
in vitro, triamterene produced a gradual, reversible inhibition
of the potential difference after a latent period of 10 minutes
(426). More recent studies, however, suggest that triamterene
binds to the epithelial sodium channel and thus has a mecha-
nism of action similar to amiloride (490).

Pharmacokinetics

Spironolactone is poorly soluble in aqueous fluids. Bioavail-
ability of an oral dose is approximately 90% in some but
not all commercial preparations. The drug is rapidly metab-
olized in the liver into a number of metabolites. Canrenone
is one metabolite of spironolactone (see [461,462]). This con-
clusion was based on fluorometric assays. Assays of spirono-
lactone and its metabolites by the use of high-performance
liquid chromatography (HPLC) demonstrated that fluoromet-
rically measured levels of canrenone overestimated true can-
renone levels (491). Using HPLC, the predominant metabolite,
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7α-methylspironolactone (492), appears to be responsible for
roughly 80% of the potassium-sparing effect. Spironolactone
and its metabolites are extensively bound to plasma protein
(98%). In normal volunteers, taking spironolactone (100 mg/
day) for 15 days, the mean half-lives for spironolactone,
canrenone, 7α-thiomethylspironolactone, and 6β-hydroxy-7α-
thiomethylspironolactone were 1.4, 16.5, 13.8, and 15 hours,
respectively. Therefore, although unmetabolized spironolac-
tone is present in serum, it has a rapid elimination time. The
onset of physiologic action is extremely slow for spironolac-
tone, with peak response sometimes occurring 48 hours or
more after the first dose; effects gradually wane over a pe-
riod of 48 to 72 hours. Spironolactone is used in cirrhotic
patients to induce a natriuresis. In these patients, pharmacoki-
netic studies indicate that the half-lives of spironolactone and
its metabolites are increased. The half-lives for spironolactone,
canrenone, 7α-thiomethylspironolactone, and 6β-hydroxy-7α-
thiomethylspironolactone are 9, 58, 24, and 126 hours, respec-
tively (493).

Eplerenone is rapidly absorbed, with peak serum levels at
1.5 hours (472). Its volume of distribution is 43 to 90 L, with
approximately 50% protein bound. It is cleared primarily via
the CYP4503A4 system to inactive metabolites with an elim-
ination half-life of 4 to 6 hours (472). This is in contrast to
spironolactone, where the half-life of the parent compound is
short, but the half-life of metabolites is very long. The maximal
plasma concentration and area under the curve are increased
in people older than 65 years of age and with kidney failure;
eplerenone is not removed by hemodialysis brown (472).

Clinical Use

The most common side effect of loop and DCT diuretics is
the depletion of body potassium with or without significant
lowering of serum K concentration. Hypokalemia of sufficient
magnitude may produce nonspecific weakness or may be life-
threatening. The more severe effects include impairment of
neuromuscular function, cardiac dysrhythmia, intestinal dis-
turbances, and partial loss of the ability to concentrate urine.
Of particular concern is the potential for cardiac toxicity in
patients with congestive heart failure who are maintained on
cardiac glycosides. Given these potential problems, it is impor-
tant to avoid potassium deficit through dietary intake of large
amounts of potassium, avoidance of excessive Na-Cl intake,
and monitoring of serum K concentrations. The most effective
therapeutic measure is to add a potassium-sparing diuretic to
the therapeutic regimen (494), but KCl supplements should be
discontinued or plasma K monitored carefully if a K-sparing
agent is used.

Spironolactone (or eplerenone) is most effective as a single
agent in patients with primary (adrenal adenoma or bilateral
adrenal hyperplasia) (495) or secondary hyperaldosteronism
(congestive heart failure, cirrhosis, nephrotic syndrome) and is
ineffective in patients with nonfunctional adrenal gland (496).
Spironolactone is used for correction of hypokalemia. The drug
is also administered alone, with thiazides, or a loop diuretic,
to reduce the ECF volume without causing potassium deple-
tion or hypokalemia. The drug is especially appropriate for the
treatment of cirrhosis with ascites, a condition invariably asso-
ciated with secondary hyperaldosteronism (429). In compari-
son to loop or thiazide diuretics, spironolactone is equivalent
or more effective (497). A combination of loop diuretic in ad-
dition to spironolactone can be used to boost natriuresis when
the diuretic effect of spironolactone alone is inadequate.

Interest in the use of aldosterone blockers has greatly in-
creased during the last 10 years, sparked first by the observa-
tion that spironolactone reduces morbidity and mortality in
congestive heart failure when added to a regimen of ACE in-

hibitors and loop diuretics (433). A subsequent study showed
that eplerenone reduced morbidity and mortality of patients
with left ventricular dysfunction following a myocardial in-
farction (498).

Spironolactone or eplerenone is the treatment of choice for
hypertension owing to adrenocortical hyperplasia (499).

Triamterene or amiloride is generally used in combina-
tion with potassium-wasting diuretics (thiazide or loop diuret-
ics), especially when maintenance of normal serum potassium
concentrations is clinically important. In addition, amiloride
(or triamterene) has also been used as initial therapy in
potassium wasting states such as primary hyperaldosteronism
(500,501), Liddle’s (431), Bartter’s, or Gitelman’s syndrome
(432). Amiloride has been used in the treatment of lithium-
induced nephrogenic diabetes insipidus (502). The efficacy of
amiloride in this disorder relates to the ability of amiloride to
block collecting-duct sodium channels, a pathway by which
lithium uses to gain entry into cells (503,504).

Adverse Effects

The most serious adverse reaction encountered during ther-
apy with spironolactone is hyperkalemia. Serum potassium
should be monitored periodically, even when the drug is admin-
istered with a potassium-wasting diuretic. Patients at highest
risk are those with low glomerular filtration rates and those in-
dividuals who take potassium supplements concurrently. This
problem has become more important because of the wide use
of aldosterone-blocking drugs, together with ACE inhibitors,
ARBs, and β-blockers in patients with congestive heart failure
(505). Risk factors include kidney failure, older age, coexistent
diabetes, and concomitant treatment with β-blockers (506). It
is important to note that the original RALES study specifically
excluded patients with several of these comorbidities. Renal
failure appears to be another complication in this group (506).

In patients with cirrhosis and ascites treated with spirono-
lactone, hyperchloremic metabolic acidosis can develop inde-
pendent of changes in renal function (437). Gynecomastia may
occur in men, especially as the dose is increased (507) but even
at low doses (433); decreased libido and impotence have also
been reported. Women may develop menstrual irregularities,
hirsutism, or swelling and tenderness of the breast. Spirono-
lactone induced agranulocytosis has also been reported (508).

Triamterene and amiloride may cause hyperkalemia. The
risk of hyperkalemia is highest in patients with limited re-
nal function (e.g., renal insufficiency, diabetes, and elderly pa-
tients). Additional complications include elevated serum blood
urea nitrogen and uric acid, glucose intolerance, and gastroin-
testinal disturbances. Triamterene induces crystalluria or cylin-
druria (509), may contribute to or initiate formation of renal
stones (510) and acute renal failure when combined with non-
steroidal antiinflammatory agents (511,512). The drugs are
contraindicated in patients with hyperkalemia, individuals tak-
ing potassium supplements in any form, and in patients with
severe renal failure with progressive oliguria.
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CHAPTER 82 ■ IDIOPATHIC EDEMA
GRAHAM A. MACGREGOR AND HUGH E. DE WARDENER

Idiopathic edema is an ill-defined syndrome characterized by
intermittent edema secondary to sodium and water retention.
It occurs almost exclusively in women and is much worse
with prolonged standing. Typically, these patients gain exces-
sive amounts of weight during the day compared with normal
women. Although pitting edema may be a prominent symp-
tom, particularly in the ankles and legs, the clinical findings
are not always as impressive as the patient’s symptoms may
suggest. A concern about weight amounting to an obsession
is common in some patients with a defect in body image. Ab-
dominal bloating often occurs. Many patients spend their lives
alternately dieting and binge eating.

Many claims have been made about the etiology of this syn-
drome, and practically all the known mechanisms that control
sodium and water excretion have been suggested at one time as
possible causes of idiopathic edema. The idea that idiopathic
edema may result from a defect in capillary permeability has
been proposed, although there is little evidence to support this
hypothesis (1). All investigations in these women are difficult
because they often continue to take diuretics while telling in-
vestigators that they have stopped. In the majority of women
with idiopathic edema, symptoms are made worse by diuretics,
and initially may have been caused either by diuretics or the
intermittent fasting and binge eating to which many of these
women subject themselves (2).

Thorn pointed out many years ago that many patients with
idiopathic edema are emotionally labile, depression being a
particularly common feature (3). Some patients find that in-
termittent vomiting or laxative abuse has the same effect as
diuretics in that it causes a transient loss of weight and an im-
proved sense of well being, which is then followed, as with
diuretics, by a worsening of the edema.

CLINICAL FEATURES

The typical features of idiopathic edema are intermittent
swelling of the legs, hands, and, rarely, the face, with abdom-
inal bloating. In particular, there is no pattern to the weight
gain, which can occur at any time and is unrelated to the men-
strual cycle. Thorn arbitrarily applied a criterion of a weight
gain greater than 1.4 kg per day as essential for a diagnosis of
idiopathic edema, stating that normal women gain of less than
1 kg per day (3). Unfortunately, it is not clear from what studies
Thorn chose these arbitrary figures and, in particular, whether
the patients were taking diuretics at the time. Nevertheless,
this criterion often has been used for diagnostic purposes (1).
In our experience and that of others (4), this criterion is not
very helpful because some normal women can gain more than
1.5 kg per day without any symptoms, whereas other women
gain only small amounts of weight but have a large number of
symptoms directly attributable to sodium and water retention.
Indeed, one study showed that one in six women attending
a gynecologic outpatient clinic would be classified as having
idiopathic edema (4).

In symptomatic subjects the weight gain, particularly the
edema in the legs, is made worse by standing during the day and

is also aggravated by warm weather. In other patients the most
prominent symptom may be abdominal bloating (5). Many
patients who do not have clinical evidence of edema may of-
ten complain of fullness and tightness of the face, ankles, and
hands, particularly the fingers on which there are rings. At the
time the physician sees the patient, despite what may seem to
the patient to be almost disabling symptoms, there is usually
no clinically detectable swelling or edema.

In addition, there may be substantial psychological and
emotional disturbances, which Thorn regarded as one of the
criteria for diagnosis of idiopathic edema (3). Typically, the pa-
tient is emotionally labile with depressive features. Nearly all
patients have an excessive concern about their weight, and in-
variably they are trying to lose weight. They may have a defect
in the image they have of their body size, a feeling that they are
overweight and appear bloated when in fact they may seem to
others to be underweight. Attempts to lose weight often con-
sist of alternately fasting for as long as possible, followed by
a short period of excessive food consumption. Such a binge is
accompanied by severe sodium and water retention, perhaps
with edema, and certainly by all the usual symptoms (6). At
this time diuretics may temporarily relieve the sodium and wa-
ter retention, or, if the patient has not yet discovered diuretics,
temporary relief may be obtained by the use of laxatives or
surreptitious vomiting.

DIAGNOSIS

Usually the syndrome is straightforward diagnostically, but
other causes of sodium and water retention must be excluded.
By far the most frequent cause of intermittent water and sodium
retention that must be distinguished from idiopathic edema
is the menstrual cycle. In patients with idiopathic edema, the
“edema” has no relation to the menstrual cycle. It is useful for
diagnostic purposes to ask patients to record for a period of
time their morning and evening weight and the days on which
they menstruate.

A typical feature of idiopathic edema is that true gain in
weight is not nearly as impressive as that claimed by the pa-
tient. There is no doubt that many patients exaggerate their
symptoms, often as a result of the indifference they have en-
countered from doctors who have dismissed their symptoms as
trivial. The patient then feels that the only way to get atten-
tion is by claiming daily weight gains that are physiologically
impossible. For instance, it is not unusual for patients to claim
that they gain from 6 to 8 kg in a single day. If this were ow-
ing to sodium and water retention, there would have to be a
minimum fluid intake of at least 6 to 8 liters, yet most patients
deny drinking this amount of fluid in a single day.

In patients in whom the diagnosis is not clear-cut, Streeten
et al. have suggested that a water-loading test in the supine
and upright positions might be useful (7). In this test, patients
are instructed to drink 20 mL of water per kilogram of ideal
body weight over 30 minutes; urine output is then followed for
4 hours. According to Streeten et al., normal subjects excrete
70% of the water load within 4 hours, in both the supine and
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the upright positions, whereas patients with idiopathic edema
excrete only 70% of the water load in the supine position and
much less when upright. Such a test is positive in any subject
who is volume depleted for any reason; therefore, if patients
are furtively taking diuretics or are covertly sodium-depleting
themselves in other ways, a positive test will not be diagnostic
of some primary abnormality (8). There is also the risk with
this test that hyponatremia may occur.

Idiopathic edema must be distinguished from other well-
known causes of sodium and water retention such as heart
failure and cirrhosis. Although this is not difficult in most pa-
tients, there have been occasional case reports of cardiomyopa-
thy being diagnosed mistakenly as idiopathic edema (9). Renal
disease, particularly the nephrotic syndrome, can cause edema
but is relatively simple to exclude. Allergic causes of localized
edema such as angioneurotic edema can usually be excluded
by the history.

Pre-diabetic patients, who often experience intermittent
edema before or at the time of developing diabetes, may
be more difficult to distinguish from idiopathic edema (10).
Patients with myxedema also may experience intermittent
swelling that disappears with correction of their thyroid de-
ficiency (11). All patients who are seen for edema, therefore,
should have a fasting blood sugar measured, if not a glucose
tolerance test and tests of thyroid function.

Many drugs can cause sodium and water retention, in par-
ticular, all the nonsteroidal antiinflammatory drugs. Estrogen
therapy may cause sodium and water retention, and steroids
with mineralocorticoid action (e.g., fludrocortisone) and drugs
that inhibit 11-beta-hydroxy steroid dehydrogenase, such as
carbenoxolone and liquorice also may cause edema. Chlorpro-
mazine and similar psychotropic drugs can cause fluid reten-
tion and mimic some of the symptoms of idiopathic edema
(12). Many blood pressure-lowering drugs may cause edema,
particularly the postadrenergic blocking drugs (e.g., guanethi-
dine) and the direct arteriolar vasodilators (e.g., hydralazine).
Minoxidil is almost invariably associated with severe sodium
and water retention with edema unless diuretics are given con-
comitantly. The calcium channel blockers, which are natriuretic
and cause a long-term reduction in sodium balance (13), may
paradoxically cause edema of the ankles and legs, particularly
the dihydropyridine derivatives (e.g., nifedipine). This edema
is thought to result from local arteriolar vasodilation with an
imbalance in capillary filtration.

Edema of the legs also may be caused by venous or lym-
phatic obstruction, and the differentiation from idiopathic
edema may be difficult in some patients. This entity may occur
particularly with the familial lymphatic syndromes, which may
initially present with intermittent pitting edema. There may
also be difficulties in some patients with severe varicose veins
with thromboses who develop severe dilation of the veins. They
may then develop intermittent edema on standing upright, sec-
ondary to pooling of blood in the legs (a form of blood volume
translocation that diminishes the “effective” arterial blood vol-
ume). Many patients may conceal that they are taking diuretics
or laxatives. It is very common for patients to alternately binge
and fast. This in itself causes exaggerated swings in sodium and
water balance.

ETIOLOGY

It is not surprising to find considerable controversy about the
potential mechanisms whereby some women develop intermit-
tent edema because the normal mechanisms controlling sodium
and water balance in humans are not fully understood. Sodium
balance plays an important role in regulating the volume of ex-
tracellular fluid in mammals. During evolution, as mammals
moved away from the sea, they had difficulty in obtaining

enough sodium and developed powerful mechanisms to con-
serve sodium in urine and sweat as well as an instinctual ap-
petite for sodium. During evolution the average sodium intake
of humans has been estimated to be around 5 to 10 mmol/day.
However, the more recent ability of humans to obtain salt either
from mines or evaporation of seawater and the finding that salt
is a good preservative of food have meant that sodium intake
has now increased to around 100 to 400 mmol/day. There is
no doubt that such a marked increase in salt intake has been
associated with an increase in extracellular fluid volume.

Surprisingly, idiopathic edema was not described until 1955
after the introduction of oral diuretics (14); however, Streeten
claimed that he saw patients with idiopathic edema as early as
1952, that is, just before the introduction of oral diuretics (15).
In the earlier literature, a case report in 1922 is often cited as
the first case of idiopathic edema (16); however, this case report
is that of a 28-year-old man with sodium and water retention
who had clinical and radiologic evidence of a pituitary tumor
that had already caused visual field defects.

Nearly all the potential mechanisms that may influence
sodium excretion have at one time been claimed to be the un-
derlying cause of idiopathic edema; however, the cause of the
syndrome (assuming it exists) has proved elusive. In our view,
most of the abnormal findings in these women are caused by
the prior use of diuretics that have been stopped a few days be-
fore, the continued use of diuretics either knowingly or covertly
during the test, excessive amounts of laxatives or surreptitious
vomiting, or recurrent fasting followed by binge eating. A re-
curring problem in the literature of idiopathic edema is that it
is often not clear whether patients were studied while taking di-
uretics, and, if they were not, when the diuretics were stopped
and what steps were taken to detect patients who continued to
consume diuretics surreptitiously, take laxatives, or vomit.

Potential Etiologic Factors

Upright Posture

Whatever the cause of idiopathic edema, all investigators agree
that the edema itself is made worse by prolonged periods of
standing; indeed, in most patients the symptoms largely dis-
appear if the patient lies flat during the day (1,3,7). Even in
normal subjects, it is well established that adoption of the
upright posture causes a reduction in sodium and water ex-
cretion. In careful studies, Streeten et al. showed that there
is excessive sodium and water retention on tilting in patients
with idiopathic edema compared with normal subjects (7). In-
deed, they were able to classify patients with idiopathic edema
into those who had what they termed “orthostatic water re-
tention,” others who had “orthostatic sodium retention,” and
a few in whom the edema apparently was unrelated to the up-
right position. This division of patients into those who retain
water and/or sodium on standing upright has been criticized
and seems to relate more to the severity of the patient’s symp-
toms than to a different underlying mechanism (1). As with
many other studies of patients with idiopathic edema, patients
stopped the diuretic only a short time before the studies were
performed, and Streeten et al. admit that some of the balance
data on potassium excretion had to be discarded because of
the previous effects of the diuretics (7). It is, therefore, impos-
sible to exclude the possibility, and in our view the probabil-
ity, that compared with control subjects who had never had
diuretics, the long-term use of diuretics would have caused in-
creased sodium and water retention on tilting, even though the
diuretics had been stopped a few weeks before (8). One possi-
ble mechanism for this excessive sodium and water retention
on standing upright even when the diuretic has been discon-
tinued is juxtaglomerular hyperplasia secondary to prolonged
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use of diuretics, which would give an exaggerated response of
renin and aldosterone to the upright posture, even though the
diuretic had been stopped some time previously.

Increased Renin or Aldosterone Level

Early reports of idiopathic edema claimed that patients had in-
creased renin and aldosterone levels or an exaggerated renin
and aldosterone response to standing (17–19). Most investi-
gators now agree that these findings are likely to result from
previous diuretic therapy. Our own experience and that of oth-
ers is that if plasma renin activity or plasma aldosterone is
raised, it is very suggestive that the patient either was taking a
diuretic or was in some other way depleting herself of sodium.
Assessment of the level of plasma renin activity or plasma al-
dosterone must be done in conjunction with a 24-hour urinary
sodium excretion test, because subjects who are restricting salt
intake also have elevated plasma renin activity and increased
aldosterone secondary to salt restriction rather than to the use
of diuretics, laxatives, or vomiting.

With the realization that plasma aldosterone concentrations
are normal in patients with idiopathic edema who were not tak-
ing diuretics, it was then suggested that despite normal levels,
a possible mechanism might be a failure to escape from these
normal levels of aldosterone. However, studies in which large
amounts of fludrocortisone were given to patients with idio-
pathic edema have shown that they were able to escape from the
sodium-retaining effect of the steroid, albeit at a slightly slower
rate than normal subjects, and that they did not develop edema,
making it extremely unlikely that the “idiopathic” edema could
result from a failure to escape from a normal level of aldo-
sterone (1).

Antidiuretic Hormone

The claimed abnormal response to sodium and water excretion
in the upright posture in “idiopathic edema” has prompted
some authors to suggest that there may be abnormalities of
antidiuretic hormone (ADH) secretion. Thibonnier et al., mea-
suring urinary ADH, found that patients with idiopathic edema
failed to show the normal suppression of ADH after water load,
but only when they were in the upright posture, suggesting per-
haps a posturally related defect in the feedback mechanisms
controlling ADH (8). However, even if it is accepted that these
results are not related to previous diuretic therapy, it is not clear
how an increase in ADH secretion in the upright posture could
cause edema. Excess secretion of ADH is well known to be as-
sociated with a fall in plasma sodium but not to cause sodium
retention. It would seem, therefore, very unlikely that increased
ADH secretion could have any direct role in the pathogenesis
of idiopathic edema which necessitates both sodium and water
retention (5).

Hypothalamic Disorders

A report by Young et al. claimed that there is a greater re-
lease of prolactin, luteinizing hormone, and follicle-stimulating
hormone following administration of luteinizing releasing hor-
mone and thyrotropin-releasing hormone in some patients with
idiopathic edema (20). However, three of the 14 patients were
studied while taking diuretics, and eight had stopped the di-
uretics 3 months previously. Furthermore, it is not clear from
the article whether any subjects were surreptitiously taking di-
uretics during the study. No comment is made as to whether
the three who were known to be taking diuretics during the
study had the most abnormal results. This study concluded that
there might be some hypothalamic abnormality that would be
compatible with the well-known psychological problems that
occur in many patients with idiopathic edema. Some case re-
ports of idiopathic edema associated with raised plasma pro-

lactin concentration and a subsequent favorable response to
bromocriptine support a hypothalamic disturbance (21). How-
ever, the study by Young et al. showed no significant difference
between prolactin levels in the 14 patients compared with con-
trols (20).

Estrogen and Progesterone

The fact that idiopathic edema occurs predominantly in women
has led to the suggestion that the edema might be related to
an imbalance among estrogen, progesterone, or other sex hor-
mones. However, there is little evidence of a quantitative alter-
ation in sex hormone secretion in these patients compared with
normal controls (5). Although Lagrue et al. found some evi-
dence for reduced progesterone levels and normal estrogen lev-
els, progesterone administration did little to relieve the symp-
toms (22). The reason that the condition is primarily confined
to women remains elusive, although there is little doubt that
women are much more conscious of their weight and appear-
ance than are men. It is extremely unusual to see men who are
addicted to diuretics or laxatives or who vomit surreptitiously
to adjust their weight and appearance.

Natriuretic Hormone

Several authors have suggested that there might be an abnor-
mality of secretion of natriuretic factors in idiopathic edema.
Mach and Favre have shown that of six patients on a restricted
salt diet, three had urinary natriuretic factor levels that were
higher than the normal range and in the same range as normal
controls taking 9α-fludrocortisone, suggesting, therefore, that
in idiopathic edema there is some abnormality in the way the
kidney responds to natriuretic factors (23). However, Anderson
and Streeten have shown no difference in plasma atrial natri-
uretic peptide levels in patients with and without idiopathic
edema (24).

Hypothyroidism

Many patients with hypothyroidism, and even some with sub-
clinical hypothyroidism, may go through a phase of retain-
ing sodium and water, developing symptoms suggesting idio-
pathic edema (11). It is therefore very important that thyroxine
and thyroid-stimulating hormone levels are measured in all pa-
tients. The edema associated with thyroid deficiency responds
well to treatment with thyroxine. Nevertheless, the majority of
patients with idiopathic edema have completely normal thyroid
function.

Diabetes

There is evidence that patients with diabetes or latent diabetes
may go through a phase of retention of sodium and water, mim-
icking the symptoms of idiopathic edema (10). At the very least,
all patients should have a test of fasting blood glucose levels. If
there is any suspicion of an abnormality, a full glucose tolerance
test should be performed. Insulin can cause sodium and water
retention, and a change in insulin sensitivity could possibly play
a role. The majority of patients with idiopathic edema have
normal glucose metabolism. However, importantly, the condi-
tion may be aggravated or even initiated by sudden changes in
carbohydrate and sodium intake.

Defective Venous Tone

If there is a severe defect of venous tone in the legs, then there
will be pronounced pooling of blood on standing, which causes
excessive sodium and water retention by the kidney, owing to
a reduction in renal blood flow (5). This pooling of blood is
usually associated with severe varicose veins or previous throm-
botic disorders of the veins of the legs. For instance, we have
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seen one patient who had long-standing venous problems in
her legs. When she stood up, she developed severe orthostatic
hypotension owing to the pooling of a considerable portion of
the blood volume in her legs, and she then retained sodium
and water. Eventually she developed edema if she was unable
to lie down. This is a relatively rare cause of sodium and wa-
ter retention and is not found in the majority of patients with
idiopathic edema.

Abnormal Capillary Permeability

The idea that there may be an abnormality of capillary perme-
ability in patients with idiopathic edema is attractive and has
been accepted by some authorities without, in our view, critical
appraisal of the evidence (1,15). There is, in fact, no definitive
evidence to support an abnormality of capillary permeability
in patients with idiopathic edema. The early case reports that
have been cited seem to be describing patients who almost cer-
tainly had vasculitis associated with connective tissue disor-
ders (25). More recently, Edwards and Bayliss have claimed
that when they gave radiolabeled albumin intravenously, there
was an increased disappearance of radioactive albumin from
the plasma in patients with idiopathic edema compared with
control subjects (1). This paper has been widely cited as ev-
idence of abnormal capillary permeability; however, for ethi-
cal reasons, no measurements of the disappearance of radio-
labeled albumin were made in control subjects. The authors
therefore were in no position to decide whether the rate of loss
of isotopically labeled albumin in their patients was abnormal
(26,27).

The only groups that have attempted to measure directly
the permeability of capillaries to albumin in patients with idio-
pathic edema and normal subjects are Lagrue et al. (28) and Be-
har et al. (29). Isotopically labeled albumin was injected intra-
venously, and the forearm was then monitored for radioactivity
before, during, and after venous occlusion. Radioactivity rises
and falls rapidly in such a maneuver, and failure of radioac-
tivity to return to baseline levels is considered an indication
of increased permeability to albumin. The results in patients
with edema are difficult to interpret. The most pronounced
abnormalities were found in patients with cirrhosis who were
grossly edematous and in patients with edema associated with
the menstrual cycle, but the abnormality was only present when
the patients were edematous. Therefore, it is not clear whether
the prolonged retention of albumin in the extravascular com-
partment of the forearm was a consequence of the edema or its
cause. In other words, the possibility that an increased volume
of interstitial fluid can delay the removal of radioactive albumin
from the interstitial space has not been eliminated (26).

Gill et al. found that some patients with idiopathic edema
had a low plasma albumin level and also claimed that there
may be a low circulating albumin pool in women with idio-
pathic edema (31). However, this has not been confirmed. Even
if such a mechanism existed in the patients of Gill et al., it is
unlikely that it would be relevant to other patients with idio-
pathic edema because plasma albumin was in the normal range
in all other reports.

If there is a defect in the capillaries, it is more likely that it
relates to an attenuation of the reflex postural vasoconstriction
of the precapillary sphincter on standing, as occurs in some
diabetics and with treatment with nifedipine (30). This could
well explain the few patients with idiopathic edema who are not
in some way intermittently depleting and repleting themselves
with sodium. Further studies of such patients would be very
valuable.

Diuretics

Many patients find that when their symptoms are severe, the
use of diuretics may temporarily alleviate both the edema and

their symptoms. However, diuretics stimulate compensatory
mechanisms to retain sodium and water, and these compen-
satory mechanisms are longer acting than the natriuretic effect
of the diuretic. Therefore, whenever diuretics are stopped, there
is pronounced retention of sodium and water (2,6). Many pa-
tients who regularly consume diuretics may be able to keep
themselves edema free. However, one of the first patients that
we studied came to us with edema while taking furosemide,
160 mg per day, which she had been taking for more than
a year and a half (6). On admission to the metabolic ward,
she had marked edema, and she remained edematous until the
diuretic was stopped. When the furosemide was stopped, she
gained 3 kg over 5 days, following which she began to lose
weight. In Figure 82-1 is illustrated how her weight continued
to fall until it leveled out at about 4 kg less than her weight
when she was taking diuretics.

These remarkable findings led us to study 10 other patients
with idiopathic edema who were taking diuretics (2). All pa-
tients were admitted to the metabolic ward and placed on a
fixed sodium and potassium intake. Control observations were
made while they continued to take diuretics, and the diuretics
were then stopped. When the diuretics were stopped, all 10 pa-
tients retained sodium and water, as judged by a reduction in
urinary sodium excretion and an increase in weight (Fig. 82-2).
This retention of sodium and water and gain in body weight ap-
peared to be directly related to the degree of stimulation of the
renin–angiotensin–aldosterone system by the diuretics. During

FIGURE 82-1. Changes in body weight, sodium balance, and potas-
sium balance in a 22-year-old nurse with idiopathic edema. She was
edematous while on furosemide, which was then stopped. She noted
an initial 3-kg weight gain with stopping of furosemide, followed by a
6- to 7-kg weight loss. (Reprinted from: MacGregor GA, Tasker PR,
de Wardener HE. Diuretic induced oedema. Lancet 1975;1:489, with
permission.)
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FIGURE 82-2. Changes in weight in 10 patients while
taking diuretics and after stopping them. Note that
weight returned to the level present while taking di-
uretics within 3 weeks of stopping them in patients 4
to 10, whereas weight remained elevated 3 weeks after
stopping the diuretics in patients 1, 2, and 3. (Reprinted
from: MacGregor GA, et al. Is “idiopathic” oedema id-
iopathic? Lancet 1979;1:397, with permission.)

the next 5 to 6 days after stopping diuretics, plasma renin ac-
tivity (Fig. 82-3) and urinary aldosterone excretion (Fig. 82-4)
gradually returned toward normal, urinary sodium excretion
increased, and most patients then lost weight and their edema
subsided. In seven patients no further treatment was necessary,
and they remained well on follow-up without further episodes
of edema. However, in three patients who had been taking the
largest amounts of diuretics and who had the greatest stimula-
tion of the renin–angiotensin–aldosterone system before stop-
ping the diuretics, weight remained elevated and edema re-
curred subsequently during the next few months despite the
absence of diuretics. In view of the recurring edema, they were
placed on a moderately restricted sodium diet of approximately
50 mmol/day. In two patients the edema then disappeared,
and within a year they were able to increase their sodium in-
take to normal levels without developing edema. The third pa-
tient was not able to control her sodium or her calorie intake,
and she continued to take diuretics and to have intermittent
edema.

Claims have been made that some patients who have never
taken diuretics present with idiopathic edema (15). In our own
practice, the reason for starting diuretics was often trivial.
These patients are almost always obsessed about their weight
and appearance. Many patients confess that in attempting to
control their weight, they vary the amount of food they con-
sume, both before and after they started taking diuretics. In an
attempt to lose weight they may starve themselves for several
days and then lose control and eat several substantial meals.
Sudden changes in carbohydrate intake can cause sodium and
water retention with edema (32,33). In addition, low sodium
intake also stimulates the renin–angiotensin–aldosterone sys-
tem, and, as with diuretics, the effect of this stimulation per-
sists for some time after sodium intake is suddenly increased.
Therefore, a sudden increase in sodium intake causes sodium
retention; this is compounded by the effect of a sudden increase
in carbohydrate intake, which also causes retention of sodium
and water, perhaps because of an increase in sympathetic
tone (34).

FIGURE 82-3. Changes in plasma renin activity in 10 pa-
tients before and after stopping diuretics. (Reprinted from:
MacGregor GA, et al. Is “idiopathic” oedema idiopathic?
Lancet 1979;1:397, with permission.)
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FIGURE 82-4. Changes in urinary aldosterone levels in 10
patients taking diuretics and after stopping them. (Reprinted
from: MacGregor GA, et al. Is “idiopathic” oedema idio-
pathic? Lancet 1979;1:397, with permission.)

To study the effect of sudden changes in carbohydrate and
salt intake in young women, we studied four normal women
aged 20 to 26 years, who were first placed on a low-sodium
(10 mmol/day), low-carbohydrate (80 g/day) diet and then
suddenly changed to a high-sodium (350 mmol/day), high-
carbohydrate (350 g/day) diet (2). This sudden, simultaneous
change in sodium and carbohydrate intake caused marked re-
tention of sodium and water with a weight gain that varied
from 3 to 4 kg over 24 to 36 hours (Fig. 82-5). With this re-
tention of sodium and water and weight gain all of these nor-
mal women complained of the typical features of idiopathic
edema—that is, tightness of the ankles, hands, and face, with
detectable edema in two subjects and abdominal bloating. In
subsequent studies we examined the effect of alteration of car-
bohydrate intake alone on sodium excretion and showed that
when normal women change from a similar low to a high-
carbohydrate diet, there is a small degree of sodium retention
and weight gain. These same women were then studied a second
time when they were kept on a constant carbohydrate intake
and changed from a low- (10 mmol/day) to a high-sodium (350
mmol/day) diet. This caused greater retention of sodium and
weight gain, but the weight gain was less than when carbo-
hydrate and sodium intakes were both suddenly increased. It
would seem likely, therefore, that it is the combination of the
change in both carbohydrate and sodium intake that causes
severe sodium and water retention.

These observations in normal women suggest that the ini-
tial complaints in some patients with idiopathic edema might
be owing to fluctuations in sodium and carbohydrate intake
caused by the patients’ concern for their weight and appear-
ance. Sudden gains in weight with their attendant discomforts
cause these women to seek medical advice. The absence of any
obvious cause for the edema and the patient’s persistence even-
tually overcome the doctor’s reluctance to prescribe diuretics.
Once on diuretics, the renin–angiotensin–aldosterone system
is persistently stimulated both by the diuretics themselves and
continued fluctuations in sodium and carbohydrate intake. Se-
vere edema occurs if the diuretics are stopped, and both the
patient and her doctor believe that the edema can be prevented
only by the continuous use of diuretics.

Many of the previous findings in patients with idiopathic
edema, such as reduced blood volume (1), elevated plasma
renin activity, and increased aldosterone level (17,18), could
be directly owing to the previous use of diuretics. Associ-
ated findings, including a tendency toward sodium and water

FIGURE 82-5. Changes in weight in four normal young women after
changing from their normal diet to a low-sodium, low-carbohydrate
diet, and then to a high-sodium, high-carbohydrate diet. (Reprinted
from: MacGregor GA, et al. Is “idiopathic” oedema idiopathic? Lancet
1979;1:397, with permission.)
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retention, especially when the patient receives a large sodium
or water load, particularly on standing (7), could also be re-
lated to the prior administration of diuretics. There is no doubt
that many patients with idiopathic edema show all the charac-
teristics of chronic volume depletion (35). It is likely that the
prolonged administration of diuretics causes persistent stim-
ulation of the renin–angiotensin system and juxtaglomerular
hypertrophy and may well cause other long-standing changes
in mechanisms regulating sodium and water balance, so that
even when diuretics have been stopped for some time there may
be abnormal responses in these patients. Pelosi et al. claimed
that idiopathic edema was a psychosomatic disease that was
unrelated to diuretics. However, of the 25 patients they stud-
ied, 23 admitted to having taken diuretics (36)!

Patients who have not had diuretics often find that the fast-
ing they subject themselves to leads to constipation. To seek
relief from constipation, they start using laxatives and then
find that when used to excess, laxatives are helpful in relieving
them of the large volume of sodium and water they retain when
they eat excessively. The incidence of laxative abuse in these
patients is probably greatly underestimated, and all patients
should have routine tests to make sure they are not abusing
laxatives. Clearly, laxatives can induce the same syndrome as
diuretics (37).

Indeed, a study in which chronic laxative abusers had laxa-
tives withdrawn showed rebound retention of sodium and wa-
ter followed by resolution in seven of the nine patients studied
(38). Other patients find that after binge eating, surreptitious
vomiting stops their abdominal bloating and sodium and water
retention (39). In our experience, surreptitious vomiting can be
very difficult to exclude because most patients are ashamed of
their habit and are very adept at hiding their vomiting from
both their physicians and families.

In our view, therefore, idiopathic edema is related to the
patient’s habit of binge eating and fasting and then using some
method of obtaining relief from the excess sodium and water
retained. This usually involves the use of diuretics, laxatives,
or surreptitious vomiting. All of these cause long-term stim-
ulation of the renin–angiotensin–aldosterone system and sub-
sequent worsening of sodium and water retention, which is
compounded by continued fluctuations in sodium and carbo-
hydrate intake.

MANAGEMENT

The management of idiopathic edema is not satisfactory. It is
necessary first to obtain a full history of exactly what has pre-
cipitated the edema—diuretics, laxatives, surreptitious vomit-
ing, or persistent fasting and binge eating. Sympathetic under-
standing and handling of the patient can help in elucidating a
full history. Many patients feel rejected by their doctors, and
this rejection compounds their feelings of resentment and leads
to exaggeration of symptoms to try to get the doctor to take
notice of them. Clearly, other causes of sodium and water re-
tention need to be excluded, but this is usually not difficult. All
patients should have the investigations detailed in Table 82-1,
and further investigations should be done as appropriate and
when indicated. Management largely depends on whether the
patient is using diuretics.

Patients on Diuretics

All patients taking diuretics should stop taking them; how-
ever, patients develop edema if diuretics are stopped suddenly.
Therefore, it is better to withdraw diuretics gradually and, at
the same time, advise patients to restrict salt intake. Our ex-
perience indicates that most patients do not experience any

TA B L E 8 2 - 1

INVESTIGATIONS FOR IDIOPATHIC EDEMA

Blood Full blood count, urea, electrolytes, creatinine,
liver function tests, total plasma albumin,
fasting blood sugar, thyroxine,
thyroid-stimulating hormone, renin activity

Urine tests Urinary protein, 24-hr urinary sodium
excretion, test for phenolphthalein

Other tests Chest x-ray, electrocardiogram, glucose
tolerance test. In selected cases only;
venography, lymphangiogram

severe rebound retention of sodium and water and therefore
do not become edematous if they are able to restrict salt intake
to approximately 50 mmol/day (40). It is helpful if patients
continue to restrict salt intake; this usually controls edema sat-
isfactorily if they maintain moderate sodium restriction with-
out excessive fluctuations in salt intake. Some patients soon
find that they can return to a normal salt intake without de-
veloping edema, particularly if they had been taking small
doses of diuretics previously. Others find they are unable to
maintain a constant moderate sodium restriction, and conse-
quently their sodium and carbohydrate intake continues to fluc-
tuate. In these patients, sympathetic understanding and careful
work by a dietitian may be helpful in an attempt to regu-
late sodium and carbohydrate intake to regular amounts com-
patible with the patient’s usually overwhelming desire to lose
weight.

Patients Not on Diuretics

In this group of patients it is very important to exclude laxative
abuse, covert use of diuretics, or surreptitious vomiting. Mea-
surement of plasma renin activity and/or aldosterone while on
a normal sodium intake is a good indicator of whether pa-
tients are depleting themselves of sodium. For patients who
are not depleting themselves of sodium and are definitely not
taking diuretics, who still have edema, we have found that
moderate restriction of sodium intake to about 50 mmol/day
usually relieves the symptoms, provided there is no fluctuation
in food intake. Some studies have claimed that ß-blockers or
an angiotensin-converting enzyme inhibitor such as captopril
(41) may be helpful in treating unusual patients with persistent
edema despite moderate sodium restriction, but there are no
adequate randomized control trials. Many patients find that
lying flat during the day for a period may be helpful, particu-
larly during a bad episode of edema, but this is not practical
for most active women. Ephedrine has been reported to reduce
edema formation in patients with diabetes and possibly may
be helpful in some patients with idiopathic edema (42); how-
ever, there are no well-controlled studies. Even amphetamines
such as dexamphetamine have been used (43), but the dan-
gers of addiction to these controlled drugs are far too great
to contemplate their use without a well-designed randomized
double-blind control trial.

Occasional patients are encountered in whom edema per-
sists. The use of a long-acting diuretic at the lowest effec-
tive dose may be justified, often combined with distally acting
drugs. Loop diuretics should be avoided because they cause
large fluctuations in sodium balance. It is interesting that there
are very few women older than the age of 60 who complain of
the symptoms of idiopathic edema; apparently, the syndrome
eventually resolves with increasing age.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-82 Schrier-2611G GRBT133-Schrier-v5.cls September 13, 2006 4:46

2158 Section XI: Disorders of Electrolyte, Water, and Acid–Base

Women who continue to fast and binge intermittently, sur-
reptitiously take diuretics, vomit, or abuse laxatives are much
more challenging to treat and usually have the most severe as-
sociated psychological disorders, often merging into the same
type of psychological disorder found in anorexia nervosa. Such
patients can be extremely difficult to help and usually drift on
a tide of discontent from one doctor to another.
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CHAPTER 83 ■ CARDIAC FAILURE
AND THE KIDNEY
WILLIAM T. ABRAHAM AND ROBERT W. SCHRIER

Like liver disease and the nephrotic syndrome, the kidney plays
a central role in the sodium and water retention and edema for-
mation associated with cardiac failure. Therefore, heart failure
represents another edematous state in which renal sodium and
water retention is observed despite an excess of total body
sodium and water. This finding of continued renal sodium and
water retention despite total body sodium and water excess,
in part, defines the clinical syndrome of heart failure. In this
regard, the pathophysiology of heart failure has been described
as a cardiorenal syndrome, where left ventricular systolic
and/or diastolic dysfunction leads to renal sodium and water
retention that in turn produces the clinical syndrome of heart
failure. Clinically, manifestations of cardiac failure are almost
always associated with fluid volume retention, resulting in
elevated ventricular filling pressures and congestive signs and
symptoms. That is, most of the cardinal signs and symptoms
of heart failure are attributable to fluid retention rather than
to an abnormal cardiac output (Table 83-1).

Moreover, worsening fluid retention is the proximate cause
of heart failure hospitalization (i.e., morbidity) in nearly 90%
of cases (1,2). As will be discussed in subsequent text of this
chapter, renal dysfunction as measured simply by elevated
blood urea nitrogen (BUN) and/or serum creatinine portends
a very poor prognosis (i.e., mortality) in both acutely decom-
pensated patients and patients with chronic heart failure (3–6).
Consequently, the kidney provides a sensitive bioassay for
prognosis in patients with heart failure. This observation un-
derscores the importance of cardiorenal interactions in the nat-
ural history of heart failure. This chapter reviews the mecha-
nisms of edema formation and sodium and water retention
associated with cardiac failure, discusses the clinical implica-
tions of cardiorenal interactions in heart failure, and reviews
current and future treatment options.

MECHANISM OF EDEMA
FORMATION

Edema is a clinical sign that indicates an increase in the vol-
ume of sodium and water in the interstitial space. This increase
in interstitial-space volume is caused by an alteration of the
Starling forces that govern the transfer of fluid from the vascu-
lar compartment into the surrounding tissue spaces (7). Edema
may result from local factors such as obstruction of lymphatic
or venous flow. However, the type of edema considered in this
chapter reflects a generalized disturbance of sodium and wa-
ter balance and is associated with a net increase in extracellular
fluid (ECF) volume, a situation that is usually not present when
edema results from a local disruption of normal capillary mech-
anisms. Generalized edema results when altered Starling forces
affect all capillary beds. The development of generalized edema
thus indicates a widespread disturbance in the normal balance
between tissue capillary and interstitial hydrostatic and col-
loid osmotic pressures, which control the distribution of ECF

between the vascular and extravascular (interstitial) compart-
ments. In edematous disorders such as cardiac failure, sodium
and water retention by the kidney leads to the progressive ex-
pansion of the ECF volume and alteration of the Starling forces
that subsequently result in edema formation.

Transcapillary solute and fluid transport consists of two
types of flow: convective and diffusive. Bulk water movement
occurs via convective transport induced by the imbalance be-
tween transcapillary hydraulic pressure and colloid osmotic
pressure (7). Transcapillary hydraulic pressure is influenced by
a number of factors, including systemic arterial and venous
blood pressures, regional blood flow, and the resistances im-
posed by the precapillary and postcapillary sphincters. Sys-
temic arterial blood pressure, in turn, is determined by cardiac
output, intravascular volume, and systemic vascular resistance.
Systemic venous pressure is determined by right atrial pres-
sure, intravascular volume, and venous capacitance. These lat-
ter hemodynamic parameters are largely determined by sodium
and water balance and by various neurohormonal factors. For
example, right atrial pressure or right ventricular preload is
modulated both by changes in the intravascular volume, which
are largely determined by the kidney, and alterations in venous
capacitance, which are governed in part by neuroendocrine
mechanisms such as the sympathetic nervous system, renin–
angiotensin system, nonosmotic release of arginine vasopressin
(AVP), and the natriuretic peptides. As discussed in this chap-
ter, activation of these two mechanisms (i.e., renal sodium and
water retention and neurohormonal activation), which may
influence transcapillary hydraulic and oncotic pressures, is ob-
served with cardiac failure.

Several mechanisms are capable of minimizing edema for-
mation or diminishing the transudation of solute and water
across the capillary bed. In several vascular beds, the local
transcapillary hydraulic pressure gradient exceeds the opposing
colloid osmotic pressure gradient throughout the length of the
capillary bed, so that filtration occurs across its entire length
(8). Filtered fluid consequently must return to the circulation
via lymphatics. Increased lymphatic drainage and the ability of
lymphatic flow to increase may thus be seen as one protective
mechanism that minimizes edema formation. Other protective
mechanisms that reduce interstitial fluid accumulation include
precapillary vasoconstriction, increased net filtration with a re-
sultant rise in intracapillary plasma protein concentration, and
increased interstitial fluid volume with a resultant augmenta-
tion of tissue hydraulic pressure. For example, increased net
filtration itself, such as that associated with hypoalbuminemia
and the resultant decreased plasma oncotic pressure, leads to
a dissipation of capillary hydraulic pressure, a dilution of in-
terstitial fluid protein concentration, and a corresponding rise
in intracapillary protein concentration, all of which alter the
balance of Starling forces to mitigate further interstitial fluid
accumulation.

These buffering factors directed against interstitial fluid
accumulation may explain why, in patients with congenital
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TA B L E 8 3 - 1

COMMON SIGNS AND SYMPTOMS OF CONGESTIVE
HEART FAILURE

Primarily related to fluid Primarily related
retention/increased to abnormal
ventricular filling pressures cardiac output

Ascites Cool extremities
Dyspnea Fatigue
Hepatomegaly Low blood pressure
(RUQ fullness, pain) Poor capillary refill
Jugular venous distension
Orthopnea
Paroxysmal nocturnal dyspnea
Peripheral edema
Pleural effusions
Pulmonary rales

RUQ, Right upper quadrant.

analbuminemia, positive sodium and water balance and edema
formation do not occur and sodium loads are excreted (9).
Because the continued loss of intravascular fluid volume to
the interstitial space without renal sodium and water retention
may result in cessation of interstitial fluid formation, the pres-
ence of generalized edema, therefore, implies concomitant renal
sodium and water retention. This is unquestionably the case in
cardiac failure, as well as in liver disease and the nephrotic
syndrome. The disturbances in microcirculatory hemodynam-
ics associated with edema and expansion of the ECF volume
are described in Table 83-2.

MECHANISMS OF FLUID
RETENTION IN CARDIAC FAILURE

Cardiac failure may be defined as the inability of the heart to
deliver enough blood to peripheral tissues to meet metabolic
demands. In the case of low-output cardiac failure, a decrease
in cardiac output initiates a complex set of compensatory
mechanisms in an attempt to maintain circulatory integrity.
The adjustments that serve to stabilize cardiac performance and
arterial perfusion in such patients include increases in plasma
volume, atrial and ventricular filling pressures, peripheral vaso-
constriction, and cardiac contractility and heart rate. The re-
tention of sodium and water is a major renal compensation
for a failing myocardium, but it also accounts to a great ex-
tent for the familiar clinical syndrome of heart failure, which
consists of pulmonary or peripheral edema, or both, and ex-
ercise intolerance. In fact, the ability to excrete a sodium load

TA B L E 8 3 - 2

DISTURBANCES IN MICROCIRCULATORY
HEMODYNAMICS ASSOCIATED WITH EDEMA AND
EXPANSION OF EXTRACELLULAR FLUID VOLUME

Increased venous pressure transmitted to the capillary
Adjustments in precapillary and postcapillary resistances

to favor interstitial fluid accumulation
Inadequate lymphatic flow of drainage
Altered capillary permeability (Kf)

has been used as an index of the presence of heart failure (10),
and a defect in water excretion is regularly encountered in such
patients (11).

Classically, two theories have attempted to explain how the
kidney becomes involved in the renal sodium and water re-
tention of heart failure. According to the “backward failure”
hypothesis advanced by Hope (12) and Starling (7), central ve-
nous pressure and then peripheral venous pressure rise as the
cardiac pump fails. With this increase in peripheral venous pres-
sure, the hydraulic pressure in the capillaries exceeds opposing
forces and causes the transudation of fluid from the intravas-
cular compartment to the interstitial space, and thus the devel-
opment of edema. This loss of intravascular fluid volume then
signals the kidney to retain sodium and water in an attempt
to restore the circulating volume to normal. The “forward fail-
ure” theory states that as the heart fails, there is inadequate per-
fusion of the kidney, resulting in decreased sodium and water
excretion (13). As will become apparent from the following dis-
cussion, both an increase in central venous pressure or “back-
ward failure” and a decrease in cardiac output or “forward
failure” may contribute to the sodium and water retention of
low-output cardiac failure via systemic and renal hemodynamic
effects and through activation of various vasoconstrictor and
antinatriuretic neuroendocrine systems. According to our uni-
fying hypothesis of body fluid–volume regulation (14–20), neu-
rohormonal activation plays a central role in the efferent limb
of the sodium and water retention in cardiac failure, liver dis-
ease, and the nephrotic syndrome, whereas the afferent limb of
this volume regulatory system is initiated by altered systemic
hemodynamics. The following discussion addresses this unify-
ing hypothesis of body fluid–volume regulation and the affer-
ent and efferent mechanisms for sodium and water retention
in edematous disorders, particularly heart failure.

Afferent Mechanisms for Renal Sodium
and Water Retention in Heart Failure

The kidney alters the amount of dietary sodium excreted in re-
sponse to signals from volume receptors and chemoreceptors in
the circulation. These receptors may affect kidney function by
altering renal sympathetic nerve activity and changing levels of
circulating hormones with vasoactive and nonvasoactive (e.g.,
direct sodium-retaining) effects on the kidney. Important “ef-
fector” hormones include angiotensin II (AT-II), aldosterone,
AVP, endothelin, nitric oxide, prostaglandins (PGs), and the
natriuretic peptides, especially atrial and brain natriuretic pep-
tides (ANP and BNP, respectively). Both high- and low-pressure
baroreceptors as well as cardiac and hepatic chemoreceptors
have been implicated in the activation of these neurohormonal
systems.

High-Pressure Baroreceptors

In humans, evidence for the presence of volume-sensitive re-
ceptors in the arterial circulation originated from observations
in patients with traumatic arterial-venous (AV) fistulae (21).
Closure of AV fistulae is associated with a decreased rate of
emptying of the arterial blood into the venous circulation, as
demonstrated by closure-induced increases in diastolic arterial
pressure and decreases in cardiac output. This results in an
immediate increase in renal sodium and water excretion with-
out changes in either glomerular filtration rate (GFR) or renal
blood flow (21). This observation implicates the “fullness” of
the arterial vascular tree as a “sensor” in modulating renal
sodium and water excretion. In fact, the fullness of the arterial
vascular compartment or the so-called effective arterial blood
volume (EABV) (22) has been proposed as a major determinant
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FIGURE 83-1. Peripheral vascular resistance and cardiac output as
the determinants of arterial filling or the “effective arterial blood vol-
ume.” Here, either a decrease in vascular resistance or diminished car-
diac output results in decreased fullness of the arterial circulation with
unloading of high-pressure volume receptors and activation of various
neurohormonal responses (see text).

of renal sodium and water handling, according to the unifying
hypothesis of body fluid volume regulation (14–20).

The EABV is a measure of the adequacy of arterial blood
volume to “fill” the capacity of the arterial circulation. Normal
EABV exists when the ratio of cardiac output to peripheral
vascular resistance maintains venous return and cardiac output
at normal levels. Arterial or high-pressure volume receptors,
therefore, may be stimulated when either cardiac output falls
or peripheral vascular resistance diminishes to such an extent
that the arterial circulation is no longer effectively “full” (Fig.
83-1). Therefore, in the case of low-output cardiac failure, it
is the diminution of cardiac output that is perceived by the
arterial circulation as inadequate to maintain EABV. In high-
output cardiac failure, decreased peripheral vascular resistance
may serve as the signal for arterial underfilling (14–20). The
concept of arterial underfilling in low- and high-output cardiac
failure is discussed in the following.

Studies using one model of low-output cardiac failure—
constriction of the vena cava in the dog—support the notion
that a fall in cardiac output may be a primary stimulus for
sodium and water retention by the kidney. Using this model,
Lifshitz and Schrier, Schrier and Humphreys, and Schrier et al.
(23–25) showed that constriction of the thoracic inferior vena
cava (TIVC) is associated with a decrease in cardiac output, ar-
terial pressure, and urinary sodium excretion, even when renal
perfusion pressure and renal venous pressure were held con-
stant. Of note, renal denervation and adrenalectomy did not
abolish this antinatriuresis. Furthermore, sodium retention did
not correlate with changes in GFR or renal vascular resistance.
Constriction of the superior vena cava to cause a decrease in
cardiac output similar to that observed in the TIVC studies re-
sulted in a similar decrease in urinary sodium excretion, despite
the absence of concomitant hepatic, renal, and abdominal ve-
nous congestion. These findings support the hypothesis that the
kidney decreases sodium excretion in response to a decrease in
cardiac output and the associated arterial underfilling.

The preceding proposal was questioned by Migdal et al.
(26), who compared the renal response in three different
models of experimental heart failure. Specifically, they com-
pared models of TIVC constriction, pulmonary artery occlu-
sion (which is similar to caval constriction except that right-
sided heart pressures are increased rather than decreased), and
acute left ventricular infarction, another model of low-output
heart failure but with increased left-sided heart pressures. This
investigation demonstrated that with comparable decrements
in cardiac output in all three models, only the TIVC constric-
tion animals exhibited an antinatriuresis. The authors con-
cluded that low cardiac output per se is not the afferent signal
for sodium retention in low-output heart failure. These authors

and others (27) suggested that in some way, decreased right-
sided heart pressure mediates the antinatriuresis.

An alternative interpretation of the findings of Migdal et al.
(26) is that a decrease in cardiac output is a stimulus for re-
nal sodium and water retention, but an acute rise in atrial
or ventricular end-diastolic pressures, in animals with acute
pulmonary hypertension or acute left ventricular infarction,
with the release of the natriuretic peptides ANP and BNP, ini-
tially obscures this effect. Support for this interpretation may
be found in a report from Lee et al. (28), who examined sodium
excretion in two models of low-output heart failure in the dog,
acute heart failure produced by rapid ventricular pacing, and a
TIVC constriction model. Similar to the animals in the study of
Migdal et al., the dogs with TIVC constriction demonstrated
diminished cardiac outputs and arterial pressures without an
increase in atrial pressures or plasma ANP level but with avid
renal sodium retention. Of note, plasma renin activity (PRA)
and plasma aldosterone concentrations were substantially ele-
vated in these TIVC-constriction animals. In the case of pacing-
induced heart failure, cardiac output and arterial pressure were
similarly decreased, whereas atrial pressures and the plasma
ANP concentration were significantly increased. In the animals
with elevated rather than normal circulating ANP concentra-
tions, urinary sodium excretion was maintained and PRA and
plasma aldosterone concentration were not increased. Finally,
dogs with TIVC constriction were given exogenous ANP to
achieve circulating concentrations comparable to that seen in
the pacing-induced heart failure animals. Exogenous adminis-
tration of ANP to such levels prevented sodium retention, re-
nal vasoconstriction, and activation of the renin–angiotensin–
aldosterone system. These observations support the notion that
decreased cardiac output is a stimulus for renal sodium reten-
tion in heart failure and suggest an important role for the na-
triuretic peptides in acutely attenuating this renal response. A
further discussion of the role of ANP and BNP in heart failure
is presented elsewhere in this chapter.

Other experimental evidence supports a role for diminished
cardiac output as a determinant of the sodium and water reten-
tion of heart failure. Rats with small-to-moderate myocardial
infarctions and decreased cardiac outputs exhibit decreased
fractional sodium excretion despite normal right and left ven-
tricular end-diastolic pressures (29). Using the model of TIVC
constriction, Priebe et al. (30) demonstrated that the renal
retention of sodium and water was reduced markedly when
cardiac output was restored to normal by autologous blood
transfusions. Moreover, reduction of pressure or stretch at the
carotid sinus, like that produced by decreased cardiac output
or arterial hypotension, activates the sympathetic nervous sys-
tem and promotes renal sodium and water retention (31,32).
Pharmacologic or surgical interruption of sympathetic afferent
neural pathways emanating from high-pressure baroreceptor
sites also inhibits the natriuretic response to volume expansion
(24,25,33–37). High-pressure baroreceptors also appear to be
important factors in regulating the nonosmotic release of AVP,
thereby affecting renal water excretion (38,39). Finally, the jux-
taglomerular apparatus, an arterial baroreceptor located in the
afferent arterioles within the kidney, has been implicated in
the modulation of renal renin release (31,40,41) and thus may
stimulate increases in circulating AT-II and aldosterone, both
of which promote sodium retention by the kidney.

Low cardiac output cannot be the only cause of sodium
and water retention in heart failure, because diminished renal
sodium and water excretion is also observed in states of high-
output cardiac failure. In heart failure secondary to beriberi,
anemia, thyrotoxicosis, or AV fistulae, cardiac output is in-
creased as a consequence of a decrease in peripheral vascu-
lar resistance. This decrease in vascular resistance diminishes
EABV (i.e., causes arterial underfilling) and serves as the stimu-
lus for neurohormonal activation and renal sodium and water
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retention in these instances of high-output heart failure (14–
20). As noted already in humans (21) and dogs (42), closure of
an AV fistula causes increased sodium excretion, whereas open-
ing of an AV fistula decreases urinary sodium excretion. These
changes in renal sodium excretion correlate with changes in
arterial pressure and peripheral vascular resistance rather than
GFR or renal blood flow, supporting the importance of arterial
circulatory “fullness” as a determinant of the renal response to
heart failure.

These observations of decreased sodium and water excre-
tion in both low- and high-output cardiac failure support
the theory that arterial underfilling initiates reflex stimuli for
the kidneys to retain sodium and water. In this regard, high-
pressure baroreceptors in the carotid sinus, aortic arch, left
ventricle, or the juxtaglomerular apparatus may comprise an
important part of this reflex loop. Although these data support
a role for arterial underfilling as the primary stimulus of the re-
nal sodium and water retention of heart failure, low-pressure
baroreceptors also may play an important role.

Low-Pressure Baroreceptors

In addition to the high-pressure arterial baroreceptors, the
venous side of the circulation seems to be a logical place for
receptors sensitive to changes in blood volume to be found.
In fact, 85% of blood volume may be found in the venous
circulation, whereas just 15% of circulatory volume resides in
the arterial circulation (43). Although the smaller arterial blood
volume may result in a higher sensitivity to detect blood volume
changes, the larger amount of venous blood volume also may
constitute an important component of the body fluid–volume
regulatory system.

The atria of the heart are highly distensible and densely pop-
ulated with nerve endings that are sensitive to small changes
in passive distention (44). Similar afferent low-pressure vol-
ume receptors may also be found in the pulmonary vascula-
ture (45). Increased filling of the thoracic vascular and cardiac
atria would be expected to signal the kidney to increase uri-
nary sodium excretion in order to return the blood volume
to normal. As expected, maneuvers that increase this thoracic
or “central” blood volume such as weightlessness, negative-
pressure breathing, head-out water immersion, recumbency,
and exposure to cold all produce a natriuresis (46–51). Sim-
ilarly, measures that decrease intrathoracic blood volume, in-
cluding positive-pressure breathing, upright posture, and ap-
plication of tourniquets to the lower extremities result in renal
sodium retention (48,52,53). Therefore, effective “central”
blood volume, in addition to EABV, may serve as the afferent
stimulus for regulation of renal sodium and water excretion.

Considerable evidence implicates the left atrium as an im-
portant site of low-pressure receptors (54–56). It is believed
that changes in pressure or distention within the left atrium
modulate electrical activity of the atrial receptors, which in
turn may regulate renal sympathetic nerve activity. Left atrial
nerves, therefore, can alter blood volume through changes in
sodium excretion (56–58) as well as solute-free water excre-
tion by influencing AVP release (59–61). Acutely increasing left
atrial volume by inflation of a balloon within the left atrium
results in increased urinary volume excretion (55), whereas hy-
potensive hemorrhage (62,63) and atrial tamponade (64) cause
decreased atrial volume and diminish urine volume. However,
in the setting of chronic heart failure, renal sodium and wa-
ter retention occur despite left atrial distention and, frequently,
loading of the other central baroreceptors (pulmonary veins,
right atrium). Therefore, in chronic heart failure, diminished
cardiac output with arterial underfilling may exert the predom-
inant effect via unloading of high-pressure arterial barorecep-
tors. Chronic studies in animals employing either experimen-
tal tricuspid insufficiency (65) or right atrial distention with

an inflatable balloon (66) support this hypothesis. In these ani-
mal models, the increase in right atrial pressure was associated
with avid renal sodium retention rather than the expected na-
triuresis. However, a concomitant fall in cardiac output could
explain the sodium retention. Alternatively, alterations in car-
diopulmonary baroreceptor function may occur in chronic but
not acute heart failure.

Zucker et al. (67) demonstrated that the inhibition of
renal sympathetic nerve activity seen during acute left atrial
distention is lost during chronic heart failure in the dog.
Moreover, a decrease in cardiac preload fails to produce the
expected parasympathetic withdrawal and sympathetic activa-
tion in humans with heart failure (68–70). Nishian et al. (70)
described paradoxical forearm vasodilation and hemodynamic
improvement during acute unloading of cardiopulmonary
baroreceptors in patients with severe chronic heart failure.
This paradoxical response to lower body negative pressure
was associated with static plasma norepinephrine levels (70),
rather than the expected increase in plasma norepinephrine
concentrations, further demonstrating this altered response to
low-pressure baroreceptor unloading in heart failure. These ob-
servations confirm those made in heart failure patients during
other forms of orthostatic stress (68,69). These findings are also
consistent with the observation of a strong positive correlation
between left atrial pressure and coronary sinus norepinephrine,
a marker of cardiac adrenergic activity, in patients with chronic
heart failure (71). Finally, Fonarow et al. (72) have shown
that reduction in left ventricular filling pressure rather than an
increase in cardiac output during tailored hemodynamic man-
agement of heart failure improves survival over a 2-year period
of follow-up. Taken together, these findings suggest that the
normal inhibitory control of sympathetic activation accompa-
nying increased atrial pressures is lost in heart failure patients
and somehow may be converted to a stimulatory signal.

Cardiac and Pulmonary Chemoreceptors

In the heart and lungs, both vagal and sympathetic afferent
nerve endings respond to a variety of exogenous and endoge-
nous chemical substances, including capsaicin, phenyldiguani-
dine, bradykinin, substance P, PGs. Baker et al. (73) demon-
strated stimulation of sympathetic afferent nerve endings by
bradykinin in the heart of the cat. In conscious dogs, the ad-
ministration of PGE2 and arachidonate inhibited the cardiac
baroreflex (74). Moreover, Zucker et al. (75) showed that
PGI2 attenuates the baroreflex control of renal nerve activity
via an afferent vagal mechanism. Because substances such as
bradykinin and PGs may circulate at increased concentrations
in subjects with heart failure (76), it is possible that altered
central nervous system input from chemically sensitive cardiac
or pulmonary afferents contributes to the neurohormonal acti-
vation and sodium retention of chronic heart failure. This pos-
sibility may have important implications for the treatment of
heart failure, because commonly prescribed medications such
as angiotensin-converting enzyme (ACE) inhibitors may alter
circulating bradykinin and PG levels. At the present time, how-
ever, the exact roles of these hormones and cardiac and pul-
monary chemoreceptors in heart failure are incompletely un-
derstood.

Hepatic Receptors

Theoretically, the liver should be in an ideal position to monitor
dietary sodium intake and thus adjust urinary sodium excre-
tion. Indeed, when compared with peripheral venous adminis-
tration, infusion of saline solution into the portal circulation
was reported to result in greater natriuresis (77,78). Similarly,
the increment in urinary sodium excretion has been claimed
to be greater when the sodium load is given orally than when
given intravenously (79–81). In addition, the pathophysiologic
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retention of sodium in patients with severe liver disease is also
consistent with an important role for the liver in the control of
sodium excretion. However, some investigators (82,83) were
unable to demonstrate a difference in sodium excretion be-
tween animals infused with 5% sodium chloride systemically
and animals receiving the same solution via the portal vein.
Moreover, Obika et al. (84) found similar sodium excretions
after sodium loads given intravenously or by gastric lavage.
Therefore, the experimental evidence in favor of sodium or
volume hepatic receptors remains controversial.

In summary, the afferent mechanisms for sodium and wa-
ter retention in chronic heart failure may be preferentially lo-
calized on the arterial or high-pressure side of the circulation
where EABV may serve as the primary determinant of the renal
response. However, reflexes from the low-pressure cardiopul-
monary receptor system also may be altered so as to influence
renal sodium and water handling in heart failure. In this regard,
increases in atrial and ventricular end-diastolic pressures also
stimulate the release of the natriuretic peptides and inhibit AVP
release, which may be important attenuating factors in renal
sodium and water retention.

Efferent Mechanisms for Renal Sodium
and Water Retention in Heart Failure

The Neurohormonal Response to Cardiac Failure

As mentioned, activation of various neurohormonal vaso-
constrictor and antinatriuretic systems mediates to a large
extent the renal sodium and water retention associated with
the edematous disorders. Arterial underfilling secondary to a
diminished cardiac output or peripheral vasodilation, perhaps
in association with an alteration in low-pressure barorecep-
tor function, elicits these “compensatory” neuroendocrine
responses in order to maintain the integrity of the arterial
circulation by promoting peripheral vasoconstriction and
expansion of the ECF volume through renal sodium and water
retention (Fig. 83-2). The three major neurohormonal vaso-
constrictor systems activated in response to arterial underfilling
are the sympathetic nervous system, the renin–angiotensin–
aldosterone system, and the nonosmotic release of AVP. Barore-
ceptor activation of the sympathetic nervous system appears
to be the primary integrator of the hormonal vasoconstrictor
systems involved in renal sodium and water retention. The
nonosmotic release of AVP involves sympathetic stimulation of

the supraoptic and paraventricular nuclei in the hypothalamus
(85), whereas activation of the renin–angiotensin–aldosterone
system involves renal β-adrenergic stimulation (86). However,
this latter system may provide positive feedback stimulation of
the sympathetic nervous system and nonosmotic AVP release.
Various counterregulatory, vasodilatory, and natriuretic
hormones, including the natriuretic peptides and PGs, are also
activated in heart failure and the other edematous disorders,
and may attenuate the renal effects of vasoconstrictor hormone
activation. The effects of these neurohormonal systems, as well
as the effects of alterations in systemic hemodynamics, on renal
hemodynamics and tubular sodium and water reabsorption in
heart failure are discussed in the following.

Glomerular Filtration Rate

The GFR is usually normal in mild heart failure and is reduced
only as cardiac performance becomes more severely impaired.
Until 1961, it was generally accepted that the rate of glomerular
filtration was a major determinant of renal sodium excretion.
In 1961, de Wardener et al. (87) published their classic paper in-
dicating that acute expansion of ECF volume by saline loading
was accompanied by a brisk natriuresis even when GFR was
reduced. Moreover, in sodium-retaining heart failure patients,
GFR is often normal and may even be elevated in states of
high-output cardiac failure. These observations argue against
an important role for diminished GFR in the sodium reten-
tion of heart failure per se (i.e., in the initiation of sodium
retention), although a diminished GFR may be a contributing
factor in patients with advanced heart failure or comorbid dis-
orders that directly impair this aspect of renal function. It also
should be emphasized that the contribution of GFR to sodium
balance is difficult to evaluate because very minute changes
in GFR are difficult to measure and may account for impor-
tant changes in sodium excretion. For example, under normal
conditions, with a GFR of 100 mL/minute, the filtered load
of sodium amounts to approximately 20,000 mEq/day. This
amount of filtered sodium is enormous compared to the nor-
mal urinary sodium excretion of approximately 200 mEq/day.
In view of this considerable difference, it is apparent that very
small changes in GFR can result in major alterations in sodium
excretion if tubular reabsorption remains unaltered. In any
event, although GFR may be diminished in patients with ad-
vanced heart failure, a reduction in GFR alone is probably not
an important cause of fluid retention in these patients because
sodium retention can be observed in heart failure patients who

FIGURE 83-2. Mechanism explaining the
defect in renal sodium and water excretion
in both high- and low-output heart failure.
AVP, arginine vasopressin.
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have GFRs comparable to normal subjects who are capable of
maintaining sodium balance.

Renal Blood Flow

Heart failure is commonly associated with an increase in renal
vascular resistance and a decrease in renal blood flow (88). In
general, renal blood flow decreases in proportion to the de-
crease in cardiac output. Some investigators also showed a re-
distribution of renal blood flow from the outer cortical nephron
to juxtaglomerular nephrons during experimental heart fail-
ure (89,90). It was proposed that deeper nephrons with longer
loops of Henle reabsorb sodium more avidly. Therefore, the
redistribution of blood flow to these nephrons in patients with
heart failure might account for or substantially contribute to
the renal sodium retention observed. However, other investi-
gators were not able to demonstrate such a redistribution of
blood flow in other models of cardiac failure (91,92). At the
present time, the role of redistribution of renal blood flow in
the sodium retention of cardiac failure therefore remains un-
certain.

The increased renal vascular resistance in heart failure
could be caused by enhanced renal sympathetic activity or in-
creased circulating concentrations of AT-II, norepinephrine,
vasopressin, or other vasoconstricting substances. Alterna-
tively or in addition, decreased synthesis of or the develop-
ment of tachyphylaxis to known vasodilating substances such
as the natriuretic peptides and PGE2 and PGI2 may contribute
to the increased renal vascular resistance. Studies performed
in rats demonstrated the ability of the adrenergic neurotrans-
mitter norepinephrine and AT-II to promote efferent arterio-
lar constriction (93,94). In a rat model of low-output heart
failure caused by myocardial infarction, the marked elevation
in efferent arteriolar resistance was abolished after infusion
of an ACE inhibitor (94), thereby implicating the renal vaso-
constrictor properties of AT-II in heart failure. Clinical results
from our laboratory also favor AT-II as a major renal vaso-
constrictive substance in patients with heart failure (95). In
patients with advanced heart failure, GFR was improved af-
ter 1 month of treatment with the ACE inhibitor captopril.
However, similar patients receiving another vasodilating agent,
prazosin, with identical improvement in cardiac output and left
ventricular end-diastolic pressure but without any effect on the
renin–angiotensin system had no improvement in GFR (95).
Moreover, a published review of the literature on renal func-
tion alterations induced by ACE inhibition during heart failure
concluded that the net effect of ACE inhibitors in patients with
heart failure is to augment renal blood flow to a greater extent
than cardiac output (96). This observation also supports an im-
portant role for AT-II in the renal hemodynamic alterations of
heart failure. However, the renal response to ACE inhibition in
patients with heart failure is variable; as a result it is acknowl-
edged that volume status and the degree of neurohormonal
activation may influence this response (see the following).

In heart failure, the interaction between norepinephrine or
AT-II and PGs may also provide a means of preserving near-
constancy of renal blood flow in response to arterial under-
filling. Although inhibition of PG synthesis does not generally
impair GFR in normovolemic animals (97,98) or humans (99),
in states of high plasma concentrations of endogenous AT-II
induced by volume depletion, blockade of PG synthesis may
be associated with substantial declines in renal blood flow and
GFR (97,98). Recent clinical results have underscored the im-
portance of PGs in the maintenance of renal function in patients
with heart failure (76,100). In patients with heart failure, PG
activity is increased and correlates with the severity of disease
as assessed by the degree of hyponatremia (76). In these 15
patients, plasma levels of the metabolites of vasodilator PGI2
and PGE2 were found to be elevated three to 10 times above

those seen in normal subjects. Of note, plasma levels of both
metabolites also correlated positively with PRA and plasma
AT-II concentrations. Administration of the PG synthesis in-
hibitor indomethacin in three of the hyponatremic heart failure
patients resulted in a marked increase in peripheral vascular re-
sistance and a fall in cardiac output. Riegger et al. (100) recently
evaluated the renal effects of another PG synthesis inhibitor,
acetylsalicylic acid, in patients with moderate heart failure con-
suming a normal sodium diet. In these patients, acetylsalicylic
acid in doses that decreased the synthesis of renal PGE2 resulted
in a significant reduction in urinary sodium excretion. More-
over, the administration of a cyclooxygenase inhibitor in heart
failure patients occasionally may result in acute reversible renal
failure, an effect proposed to be due in part to the inhibition of
vasodilating renal PGs and the resultant renal vasoconstriction
(101). It should be noted, however, that the extent to which
the effects on renal function and sodium and water handling
result from renal hemodynamic or the tubular actions of the
PGs remains unclear.

As mentioned, norepinephrine may also contribute to the
increased renal afferent arteriolar resistance in heart failure
patients. In this regard, Oliver et al. (102) demonstrated that
the venous to arterial norepinephrine concentration gradient
across the kidney, a crude measure of renal nerve traffic, is in-
creased in response to acute reduction of cardiac output. More-
over, Hasking et al. (103) showed that during a steady-state tri-
tiated norepinephrine infusion, the spillover of norepinephrine
to plasma from the kidney is significantly elevated in patients
with heart failure. In these patients, the increased renal nor-
epinephrine spillover substantially contributed to the increase
in whole-body norepinephrine spillover. These findings demon-
strate that renal adrenergic activity is increased in patients with
heart failure, and thus contribute to the renal vasoconstric-
tion. In support of this latter hypothesis, the administration of
α-adrenergic receptor antagonists increased renal blood flow
in edematous patients with heart failure (104). Ongoing re-
nal denervation studies in patients with heart failure may shed
further light on the role of renal sympathetic activation.

Filtration Fraction, Proximal Tubular Sodium
and Water Reabsorption, and Factors Acting

Beyond the Proximal Tubule

Because renal blood flow falls as cardiac output decreases and
GFR is usually preserved, filtration fraction often is increased
in early heart failure. An increase in filtration fraction results
in increased protein concentration and oncotic pressure in the
efferent arterioles and peritubular capillaries that surround the
proximal tubule (94). Such an increase in peritubular oncotic
pressure has been proposed to increase sodium and water re-
absorption in the proximal tubule (105–109). Direct evidence
for increased single-nephron filtration fraction was provided
by micropuncture studies in rats with myocardial infarction
induced by coronary ligation (94). In rats with large myocar-
dial infarctions involving approximately 40% of the left ven-
tricular circumference, the single-nephron filtration fraction
was markedly elevated (0.38 ± 0.02 versus 0.25 ± 0.02,
p <0.005) when compared with that in sham-operated control
rats. The measurement of preglomerular, glomerular, and post-
glomerular pressures and flows revealed that these reductions
in glomerular plasma flow rate and elevations in filtration frac-
tion were associated with a profound constriction of the effer-
ent arterioles. The effect of the latter was to sustain glomerular
capillary hydraulic pressure, thereby preventing a marked fall
in GFR. Significantly, fractional proximal fluid reabsorption
was elevated in this model. Of interest, in these animals with
myocardial infarction, the intravenous infusion of the ACE in-
hibitor teprotide led to the return of glomerular plasma flow
rate, single-nephron filtration fraction, single-nephron GFR,
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efferent arteriolar resistance, and fractional proximal fluid re-
absorption to, or toward, the levels found in the control rats
(94). Consistent with these experiments, micropuncture stud-
ies performed in other models of heart failure such as acute
TIVC constriction (110) and acute cardiac tamponade (111)
in dogs showed that the proximal tubule was at least one ma-
jor nephron site responsible for renal sodium retention or a
blunted response to saline infusion.

Despite the convincing nature of many studies, not all in-
vestigators have been able to detect an effect of peritubular
oncotic pressure on proximal tubular sodium and water re-
absorption. Rumrich and Ullrich (112), Lowitz et al. (113),
Bank et al. (114), and Holzgreve and Schrier (115) were un-
able to find changes in proximal reabsorption despite marked
changes in peritubular oncotic pressures. Moreover, Conger et
al. (116) directly perfused peritubular capillaries with either
a protein-free or protein-rich solution and found that neither
perfusate influences the rate of proximal reabsorption. Try-
ing to reconcile these observations, Ott et al. (117) found that
proximal reabsorption was different after changes in peritubu-
lar oncotic pressure in volume-expanded dogs compared with
hydropenic animals. These authors suggested that expansion
of ECF volume resulted in an increased passive backleak that
could be reversed by raising the peritubular oncotic pressure.
During hydropenia, however, when passive backleak was rel-
atively less, raising the peritubular capillary oncotic pressure
did not influence proximal reabsorption.

The effects of increased filtration fraction might be ex-
pected to be exerted primarily on proximal tubular sodium re-
absorption. Nevertheless, although clearance and micropunc-
ture studies in animals with heart failure have demonstrated
increased sodium reabsorption in the proximal tubule, distal
sodium reabsorption also seems to be involved. In this regard,
clearance and micropuncture studies performed in dogs with
AV fistulae (118), chronic pericarditis (111), and chronic partial
thoracic vena caval obstruction (119) documented enhanced
distal nephron sodium reabsorption. Levy (119) also showed
that the inability of dogs with chronic vena caval obstruction
to excrete a sodium load is a consequence of enhanced reab-
sorption of sodium at the loop of Henle. This nephron segment
was similarly implicated in rats with AV fistulae (92). Physical
factors also could be involved in the augmented reabsorption of
sodium chloride by the loop of Henle in dogs with constriction
of the vena cava (119).

Intrarenal mechanisms, specifically decreased delivery of
tubular fluid to the distal diluting segment of the nephron,
may also contribute to the impaired water excretion observed
in heart failure. Evidence supporting this intrarenal mechanism
of water retention in heart failure has been provided by stud-
ies involving the administration of mannitol (120) or the loop
diuretic furosemide (121) to patients with heart failure and
hyponatremia. Administration of either of these agents con-
verted the cardiac patient’s hypertonic urine to a dilute urine
(120,121). Both mannitol and furosemide may diminish the
tubular reabsorption of sodium and water in the more proxi-
mal portions of the nephron, thus increasing fluid delivery to
the more distal nephron sites of urinary dilution. Other factors
may, however, be implicated to explain these results: (i) the in-
fusion of mannitol may produce volume expansion, thereby
suppressing the baroreceptor-mediated release of AVP, and
(ii) the furosemide-induced hypotonic urine was found not to
be responsive to the administration of exogenous AVP, thus
suggesting antagonism of AVP by furosemide (121). In support
of this latter hypothesis, Szatalowicz et al. (122) provided fur-
ther evidence that furosemide interferes with the renal action
of AVP in humans.

In summary, the exact contribution of proximal versus distal
nephron sites in the augmented sodium and water reabsorption
seen in heart failure may depend on the severity of the heart

failure and the concomitant degree of arterial underfilling. The
fact that changes in filtration fraction have been observed in pa-
tients with heart failure before changes in sodium balance occur
may question the dominance of peritubular factors and proxi-
mal reabsorption in the sodium retention characteristic of heart
failure (123). This observation suggests that other factors, such
as the direct tubular effects of neurohormonal activation, may
play a significant role in the renal sodium and water retention
of heart failure. The renal effects of these various neurohor-
monal systems are discussed in detail in the following, starting
with activation of the vasoconstrictor mechanisms.

Vasoconstrictor Systems

Activation of the Sympathetic Nervous System in Heart Fail-
ure. The sympathetic nervous system is activated early in pa-
tients with heart failure. Numerous studies have documented
elevated peripheral venous plasma norepinephrine concentra-
tions in heart failure patients (103,124–127). In advanced
heart failure, using tritiated norepinephrine to determine nor-
epinephrine kinetics, Hasking et al. (103) and Davis et al. (126)
demonstrated that both increased norepinephrine spillover and
decreased norepinephrine clearance contribute to the elevated
venous plasma norepinephrine levels seen in these patients, sug-
gesting that increased sympathetic nerve activity is at least par-
tially responsible for the high circulating norepinephrine levels.
Our laboratory (127) has demonstrated that in earlier stages
of heart failure, the rise in plasma norepinephrine in patients
with heart failure was due solely to increased norepinephrine
secretion (Fig. 83-3), supporting the notion that sympathetic
nervous system activity is increased early in the course of heart
failure. Significantly, in our heart failure patients with mild-to-
moderate symptoms, plasma epinephrine, a marker of adrenal
activation, was not substantially elevated, confirming the neu-
ronal source of the increased norepinephrine.

The Studies of Left Ventricular Dysfunction (SOLVD) inves-
tigators (128) reported the presence of adrenergic activation
in patients with asymptomatic left ventricular dysfunction. In
this substudy of the SOLVD trials, neurohormonal activation
was assessed in 56 control subjects, 151 patients with left ven-
tricular dysfunction (ejection fractions ≤35%) but no overt
heart failure, and 81 patients with overt heart failure, prior
to randomization to receive placebo versus an ACE inhibitor.
The plasma norepinephrine concentration was significantly in-
creased by 35% in subjects with asymptomatic left ventricular

FIGURE 83-3. Plasma norepinephrine secretion and clearance rates in
patients with mild-to-moderate heart failure (CHF) and in normal con-
trol subjects (CON). The findings of increased norepinephrine secretion
and normal norepinephrine clearance in the CHF patients are consis-
tent with early activation of the sympathetic nervous system in cardiac
failure. NS, not significant. (From: Abraham WT, Hensen J, Schrier
RW. Elevated plasma noradrenaline concentrations in patients with
low-output cardiac failure: dependence on increased noradrenaline se-
cretion rates. Clin Sci 1990;79:429, with permission.)
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dysfunction compared to healthy control subjects, and by 65%
greater than control values in the overt heart failure patients.
These data also demonstrate that adrenergic activation occurs
early in the course of heart failure or left ventricular dysfunc-
tion and are consistent with the observation that plasma nor-
epinephrine concentrations or the degree of adrenergic activa-
tion are directly correlated with the degree of left ventricular
dysfunction in patients with heart failure (124,125,129,130).
Finally, studies employing peroneal nerve microneurography
to directly assess sympathetic nerve activity to muscle (MSNA)
confirmed increased adrenergic nerve traffic in patients with
heart failure (131).

As mentioned, studies in human heart failure demon-
strated the presence of renal adrenergic activation (103). In
this study of whole-body and organ-specific norepinephrine
kinetics in heart failure patients, cardiac and renal nor-
epinephrine spillovers were increased 504% and 206%, respec-
tively, whereas norepinephrine spillover from the lungs was
normal. These findings demonstrate the presence of selective
cardiorenal adrenergic activation in heart failure. A discussion
of the cardiac effects of this adrenergic activation is beyond the
scope of this chapter. However, a recent report supports the
value of continuously assessing heart rate variability (a relative
measure of cardiac sympathetic versus parasympathetic activ-
ity) as a predictor of hospitalization for worsening heart failure
(132). Of note, in this report most hospitalizations for wors-
ening heart failure were associated with fluid–volume overload
and a reduction in heart rate variability (i.e., sympathetic ac-
tivation). Therefore, measuring heart rate variability may pro-
vide insight into the systemic as well as cardiac effects of height-
ened adrenergic activity. Moreover, numerous adverse effects
of increased cardiac adrenergic activity have been documented
in humans (133), and positive experience with the use of β-
adrenergic receptor antagonists in heart failure patients (133–
139) supports the hypothesis that norepinephrine is harmful
to the myocardium. In this regard, blocking the deleterious
effects of norepinephrine on the heart results in reverse ven-
tricular remodeling; that is, the dilated failing heart becomes
smaller and stronger following chronic adrenergic blockade.
Finally, it should be noted that a single resting venous plasma
norepinephrine level provides a better guide to prognosis than
do many other commonly measured indices of cardiac perfor-
mance, in which high plasma norepinephrine levels are associ-
ated with a poor prognosis in patients with heart failure (140).

Renal Tubular Effects of Adrenergic Activation in Heart
Failure. Renal nerves exert a direct influence on sodium reab-
sorption in the proximal tubule. Bello-Reuss et al. (57) demon-
strated this direct effect of renal nerve activation to enhance
proximal tubular sodium reabsorption in whole-kidney and
nephron studies in the rat. In these animals, renal nerve stimu-
lation produced an increase in the tubular fluid-to-plasma in-
ulin concentration ratio in the late proximal tubule, a result
of increased fractional sodium and water reabsorption in this
segment of the nephron. On the basis of results of an elegant
series of studies, DiBona et al. (141) implicated activation of
the renal nerves in the sodium and water retention observed in
the various edematous disorders. Experiments were conducted
in conscious, chronically instrumented rats with either heart
failure (myocardial infarction), cirrhosis (common bile duct
ligation), or the nephrotic syndrome (doxorubicin injection).
In each experimental model, renal sodium or water excretion
of an acutely administered oral or intravenous isotonic saline
load was significantly less than that in control rats. Bilateral
renal denervation in the experimental rats restored their renal
excretory response to normal. Moreover, in response to the
acute administration of a standard intravenous isotonic saline
load, the decrease in efferent renal adrenergic nerve activity was
significantly less in all three experimental models than control

animals. These results support an increased basal efferent renal
sympathetic nerve activity in heart failure and the other edema-
tous disorders that fails to suppress normally in response to
the isotonic saline load. These findings also are consistent with
the aforementioned alterations in low-pressure baroreceptor
function observed in human heart failure, where adrenergic
activation is seen despite chronic increased loading of these
cardiopulmonary receptors.

In dogs (142) and humans (104) with heart failure, α-
adrenergic receptor blockade induces a natriuresis. Moreover,
adrenergic blockade with either phenoxybenzamine or hexa-
methonium abolishes the sodium retention seen in acute TIVC
constriction (24). Moreover, the comprehensive adrenergic
blocking agent carvedilol, but not metoprolol, increases re-
nal blood flow and GFR in patients with chronic heart fail-
ure (143). Conversely, sodium retention persists in dogs with
denervated transplanted kidneys and chronic vena caval con-
striction (144). In addition, in dogs with pacing-induced heart
failure, no differences in renal hemodynamic or electrolyte ex-
cretion between innervated or denervated kidneys in compen-
sated or decompensated animals were observed (145). These
latter observations implicate factors in addition to renal nerves
in the sodium retention of heart failure. However, in these re-
nal denervation experiments and in human heart failure, other
hormonal factors (e.g., AT-II, aldosterone, and AVP) may play
an important role in the sodium and water retention.

Experience with the partial β1-adrenergic receptor agonist
xamoterol in heart failure suggests a role for the renal β-
receptor in modulating proximal tubular sodium reabsorption
(146). Botker et al. (146) examined the acute renal effects of
xamoterol in 12 patients with mild-to-moderate heart failure.
Each patient was given xamoterol (0.2 mg/kg) or placebo in
random order separated by 2 weeks of a clinically stable drug
washout period. Renal clearance and excretion measurements
were made with the patient in the supine position at 30- to
60-minute intervals before, during, and up to 6 hours after
infusion. Lithium clearance was used as a measure of prox-
imal tubular sodium handling (147). Blood pressure, heart
rate, renal plasma flow, GFR, and urinary flow rate remained
unchanged, whereas xamoterol significantly decreased renal
sodium excretion by 30%. This acute decrease in sodium excre-
tion with xamoterol was associated with an increase in prox-
imal tubular sodium reabsorption, as indicated by decreased
lithium clearance. Of note, plasma concentrations of AT-II and
aldosterone were unaffected by xamoterol. These observations
suggest a direct effect of acute xamoterol to enhance proximal
tubular sodium reabsorption in heart failure. In patients with
heart failure, the endogenous adrenergic receptor agonist and
neurotransmitter norepinephrine may exert a similar effect on
the proximal renal tubule.

Finally, as noted, renal nerves have been implicated as a
stimulus for renin release from the kidney (86). Therefore,
with heart failure, adrenergic activation may lead to activa-
tion of the renin–angiotensin–aldosterone system. Conversely,
β-adrenergic receptor blockade may decrease renin release and
improve the neurohormonal milieu in heart failure patients.
In this regard, Eichhorn et al. (148) showed that the third-
generation β-adrenergic receptor blocker bucindolol lowers
PRA in patients with mild-to-moderate heart failure. The renal
tubular effects of AT-II and aldosterone are discussed in the
following.

Activation of the Renin–Angiotensin–Aldosterone System in
Heart Failure. The renin–angiotensin–aldosterone system is
usually activated in patients with heart failure, as assessed
by PRA and plasma aldosterone (129,149,150). In the sub-
study report from the SOLVD investigators (128), PRA was
increased not only in the patients with established heart fail-
ure but also in the subjects with asymptomatic left ventricular
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dysfunction. Of note, activation of the renin–angiotensin–
aldosterone system is associated with hyponatremia and an
unfavorable prognosis in patients with heart failure (76,151).
Dzau et al. (76) first described the association of PRA and hy-
ponatremia in a group of 15 heart failure patients. These data
showed that normal or suppressed PRA is associated with a
normal serum sodium level, whereas the highest PRA is asso-
ciated with the lowest serum sodium concentrations. Lee and
Packer (151) subsequently confirmed this association between
PRA and hyponatremia in a larger cohort of heart failure pa-
tients. Moreover, these investigators demonstrated the associa-
tion of this hyponatremic, hyperreninemic state with poor sur-
vival. Finally, the proven beneficial effects of ACE inhibition or
AT-II receptor blockade (ARB) on symptoms, hemodynamics,
exercise capacity, and survival in heart failure patients further
underscore the deleterious effects of AT-II and aldosterone in
these patients (152–157).

Recently, a positive feedback between the renin–angio-
tensin–aldosterone system and sympathetic activation was pro-
posed (158). This interaction is based in part on the abil-
ity of AT-II to augment neuronal norepinephrine release at
the presynaptic level (159). In humans, presynaptic facilita-
tion of norepinephrine release by AT-II may play a role in
the cardiorenal adrenergic activation of heart failure. Clemson
et al. (160) demonstrated AT-II-mediated increases in nor-
epinephrine spillover in the human forearm. In heart failure
patients, we demonstrated increased neuronal norepinephrine
release from the heart during AT-II infusion, whereas car-
diac adrenergic activity was decreased by the bolus injection
of the ACE inhibitor enalaprilat (161). In addition, Gilbert
et al. (162) showed that chronic ACE inhibition with lisino-
pril lowers cardiac adrenergic activity in patients with chronic
symptomatic heart failure. Thus, activation of renal nerves
is a stimulus for renal renin release, thereby activating the
renin–angiotensin–aldosterone system, whereas activation of
the renin–angiotensin–aldosterone system may further stimu-
late adrenergic activity at the presynaptic level.

Renal Tubular Effects of Angiotensin II and Aldosterone in
Heart Failure. In animal models, AT-II has a direct effect on en-
hancing proximal tubular sodium reabsorption (163). In these
studies of the rat proximal tubule, the administration of AT-II
resulted in a marked increase in the rate of sodium chloride
reabsorption, whereas the infusion of the AT-II receptor antag-
onist saralasin significantly reduced proximal tubular sodium
chloride reabsorption. Moreover, in a study from Abassi et al.
(164), administration of the AT-II receptor antagonist losartan
to decompensated sodium retaining rats with heart failure sec-
ondary to AV fistulae produced a marked natriuresis. Although
proximal tubular sodium handling was not examined in this
study, the observation that losartan restored renal responsive-
ness to ANP is consistent with a losartan-induced increase in
the delivery of sodium to the distal tubular site of ANP action.
The role of distal tubular sodium delivery in the renal sodium
retention of heart failure is discussed in the following.

In humans with heart failure, the finding that urinary
sodium excretion correlates inversely with PRA and urinary
aldosterone excretion also supports a role for AT-II or aldo-
sterone, or both, in renal sodium retention (165). However, the
administration of ACE inhibitors to patients with heart failure
results in inconsistent effects on renal sodium excretion, despite
a consistent fall in plasma aldosterone concentration (166). A
simultaneous fall in blood pressure or decline in renal hemo-
dynamics owing to decreased circulating AT-II concentrations,
however, could obscure the beneficial renal effects of lowered
AT-II and aldosterone concentrations. Support for this hypoth-
esis may be found in a report from Motwani et al. (167). These
investigators examined the hemodynamic and hormonal cor-
relates of the initial effect of ACE inhibition with captopril on

blood pressure, GFR, and natriuresis in 36 patients with mod-
erate heart failure. In these subjects, a captopril-induced fall in
GFR was predicted by a decrease in renal plasma flow, low pre-
treatment GFR, and low absolute posttreatment serum AT-II
concentration. A decrease in urinary sodium excretion was re-
lated to this fall in GFR. Conversely, Good et al. (168) showed
in eight patients with chronic heart failure that long-term
AT-II suppression with captopril enhances renal responsiveness
to the loop diuretic furosemide. This observation also supports
a role for AT-II in the renal sodium retention of heart failure.

The role of aldosterone in the renal sodium retention of
heart failure has been debated for many years. In the presence
of a high sodium intake, dogs with caval constriction retain
sodium even after surgical removal of the adrenal source of
aldosterone (169). Moreover, patients with heart failure do
not always show increased urinary sodium excretion after
the administration of the aldosterone antagonist spironolac-
tone (170). In addition, Chonko et al. (171) showed that
patients with heart failure may have edema without increased
aldosterone secretion. However, a normal plasma aldosterone
level in heart failure patients may be relatively high in the
presence of excess total body sodium. A role for aldosterone
in the renal sodium retention of human heart failure was
demonstrated by our group (172). We examined the effect
of spironolactone on urinary sodium excretion in patients
with mild-to-moderate heart failure who were withdrawn
from all medications prior to study. Sodium was retained
in all subjects throughout the period prior to aldosterone
antagonism (Fig. 83-4). With an average sodium intake of
97 ± 8 mmol/day, the average sodium excretion before
spironolactone treatment was 76 ± 8 mmol/day. During
therapy with spironolactone, all heart failure patients demon-
strated a significant increase in urinary sodium excretion to
131 ± 13 mmol/day. Moreover, the urine sodium-to-potassium
concentration ratio significantly increased during spironolac-
tone administration, consistent with a decrease in aldosterone

FIGURE 83-4. Reversal of sodium retention with aldosterone antag-
onism in patients with heart failure. Net positive cumulative sodium
balance, by day, for the period before spironolactone therapy (upper
panel) and net negative cumulative sodium balance after the initiation
of spironolactone, 400 mg per day (lower panel) are shown. (From:
Hensen J, et al. Aldosterone in congestive heart failure: analysis of de-
terminants and role in sodium retention. Am J Nephrol 1991;11:441,
with permission of S. Karger AG, Basel.)
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action in the distal nephron. Of note, norepinephrine concen-
tration and PRA increased and ANP decreased during spirono-
lactone administration, suggesting a possible explanation for
the attenuation of the natriuretic effect of spironolactone
in long-term studies. Therefore, the combined use of an
aldosterone antagonist with other neurohormonal antagonists
(e.g., ACE inhibitors, ARBs, and β-blockers) may result in
optimal long-term benefit. Several observations support this
notion, including randomized controlled trials in patients with
chronic heart failure or postmyocardial infarction (MI) left
ventricular dysfunction (173–176). For example, the Random-
ized Aldactone Evaluation Study (RALES) demonstrated that
the addition of spironolactone (25 mg/day) to ACE inhibition
decreased both hospitalizations and mortality by more than
30% as compared to controls in patients with advanced
heart failure (175). Another trial of the selective aldosterone
antagonist, eplerenone, demonstrated a 15% reduction in
all-cause mortality in patients with post-MI heart failure (176).
Although blocking aldosterone-mediated cardiac fibrosis was
proposed to explain these survival benefits of aldosterone
antagonism, a contribution to improved survival attributable
to the renal effects of these agents cannot be excluded.

Nonosmotic Release of Vasopressin in Heart Failure. Plasma
AVP is usually elevated in patients with advanced heart failure
and correlates with the clinical and hemodynamic severity of
disease and the serum sodium concentration (177–182). Sev-
eral clinical and experimental observations indicate that nonos-
motic mechanisms are responsible for increased AVP release in
heart failure. A study from our laboratory (182) found plasma
AVP concentrations to be inappropriately elevated in 30 of 37
hyponatremic patients with heart failure. The 30 patients with
detectable plasma AVP levels had higher levels of BUN and
serum creatinine and higher ratios of BUN to serum creatinine
than did the seven patients with undetectable plasma AVP lev-
els. This latter finding could be dissociated from diuretic use
because it was also observed in 14 patients who had never
received diuretics. The presence of prerenal azotemia in these
patients is consistent with diminished cardiac output as a me-
diator of the nonosmotic AVP release. Alternatively, this obser-
vation of prerenal azotemia in association with hyponatremia
also supports an intrarenal component of the impaired water
excretion.

Osmotically inappropriate elevations of plasma AVP in hu-
man heart failure were also reported by Riegger et al. (180),
Rondeau et al. (181), and Goldsmith et al. (177). The study
by Riegger et al. (180) demonstrated a decrease in the elevated
plasma AVP levels after improvement in cardiac function by
hemofiltration, whereas no change in plasma AVP was observed
after decreasing left atrial pressure with prazosin. Moreover,
the elevated plasma AVP levels seen in patients with heart fail-
ure often (179,183), but not always (11), failed to suppress
normally in response to acute water loading. Taken together,
these observations demonstrate that there is enhanced nonos-
motic release of AVP in heart failure and support the hypothesis
that diminished cardiac output, rather than alterations in atrial
pressures, is responsible. As previously mentioned, barorecep-
tor activation of the sympathetic nervous system in response
to arterial underfilling likely mediates this nonosmotic AVP
release (85).

To shed further light on the mechanism of nonosmotic stim-
ulation of AVP in heart failure patients and, more specifically, to
determine the precise relationship between AVP release, cardiac
hemodynamics, and the renin–angiotensin system, we studied
25 consecutive patients with severe heart failure (cardiac index
2.1 ± 0.1 L/minute/m2 and pulmonary capillary wedge pres-
sure 27.5 ± 1.5 mm Hg) (95). These patients received two
water loads of 15 mL/kg of body weight, the first load without
drugs on day 1 and the second on day 3 after receiving va-

sodilator therapy with either captopril or prazosin for 2 days.
Baseline and hourly hemodynamic, renal, and hormonal mea-
surements were obtained for 5 hours following the water load.
Basal plasma AVP was detectable (mean 3.0 ± 0.4 pg/mL) in
17 of the 25 patients (group 1) despite a diminished plasma
sodium concentration (PNa, 133.5 mmol/L) and low effective
plasma osmolality (Eosm, 262 ± 3 mOsm/kg H2O). The re-
maining eight patients (group 2) had appropriately suppressed
plasma AVP (<0.5 pg/mL, undetectable) for their PNa (136.5 ±
0.9 mol/L) and Eosm (268 ± 2 mOsm/kg H2O). Cardiac index
(1.9 versus 2.6 L/minute/m2, p <0.005) and the percentage
of water load excreted (31.4% versus 57.1%, p <0.005) were
lower in group 1 than in group 2 patients, but GFR was similar
(55 versus 54 mL/minute per 1.73 m2). The PRA and plasma al-
dosterone concentrations were higher in group 1 patients, sug-
gesting arterial underfilling. In group 1 patients, vasodilators
increased the cardiac index from 1.9 to 2.1 L/minute per m2 and
the percentage of water load excreted from 31% to 53% (both
p <0.001). In these same patients, plasma AVP decreased from
3.0 to 1.8 pg/mL (p <0.01), platelet-associated AVP decreased
from 8.6 to 5.1 pg/mL (p <0.005), and minimal urinary osmo-
lality decreased from 375 to 208 mOsm/kg H2O (p <0.001).
There was no change in GFR. In group 1 patients in the control
condition as well as after vasodilator therapy, plasma AVP de-
creased with plasma osmolality during the water load, suggest-
ing some preservation of the osmoregulation of AVP, but with
a lower osmotic threshold in these patients. Moreover, changes
in the renin–angiotensin–aldosterone system were unrelated to
changes in water excretion after vasodilator therapy. We conse-
quently concluded that plasma and platelet AVP levels were the
major determinants of the abnormal water excretion in many
patients with heart failure. These results, therefore, favor a role
of impaired cardiac function to cause arterial underfilling with
resultant nonosmotic AVP release as a mediator of “resetting”
the osmotic threshold for AVP in patients with heart failure.
Improved cardiac function secondary to afterload reduction
diminishes this resetting of the osmotic threshold. Of interest,
our results are reminiscent of earlier studies that suggested that
an occasional hyponatremic cardiac patient responds to a large
water load by the prompt onset of a water diuresis (11). Also,
more recently, AVP secretion was found to respond in exagger-
ated fashion to osmotic loading in patients with heart failure
undergoing radiologic procedures with radiocontrast hyperos-
molar agents (184). This latter finding also suggests a form of
reset osmostat.

Renal Effects of Vasopressin in Heart Failure. Vasopressin, via
stimulation of its renal V2 receptor (185), induces insertion
of the aquaporin-2 (AQP2) water channel into the collecting
duct apical membrane with resultant water reabsorption. El-
evations in plasma vasopressin concentration and AQP2 are
believed to contribute to water retention in heart failure. In ani-
mal models of heart failure, the absence of a pituitary source of
AVP is associated with normal or near-normal water excretion
(186,187). For example, in intact dogs with diminished car-
diac outputs owing to TIVC constriction, removal of the pitu-
itary with glucocorticoid replacement results in normalization
of the impaired water excretion (186). In these animals, acute
constriction of the TIVC caused a significant fall in cardiac
output associated with a marked increase in urinary osmolal-
ity and a decrease in solute-free water clearance. The effects of
TIVC constriction were dissociated from renal hemodynamic
changes and the presence or absence of renal sympathetic in-
nervation. However, in hypophysectomized, steroid-replaced
animals, both urinary osmolality and solute-free water clear-
ance were maintained at basal levels during constriction of the
TIVC. Impaired water excretion also occurs in rats with heart
failure because of AV fistulae (187). Significantly, the impair-
ment in water excretion seen in this high-output model of heart
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failure was not demonstrable in Brattleboro rats with central
diabetes insipidus (i.e., AVP deficiency), supporting a role for
persistent AVP release in the abnormality in water excretion as-
sociated with high-output cardiac failure. Similar results were
obtained by Riegger et al. (188).

Further evidence implicating a role for AVP in the water
retention of heart failure comes from studies using selective
peptide and nonpeptide V2 receptor AVP antagonists in several
animal models of heart failure (189–192). Ishikawa et al. (189)
assessed the antidiuretic effect of AVP in a low-output model of
acute heart failure secondary to TIVC constriction in the rat.
In these animals, plasma AVP concentrations were increased
and a peptide antagonist of the V2 receptor of AVP reversed
the defect in solute-free water excretion. Yared et al. (190)
showed a similar reversal of water retention using another pep-
tide antagonist to the antidiuretic effect of AVP in rats with car-
diac failure owing to coronary artery ligation. An orally active
nonpeptide V2 receptor AVP antagonist, OPC-31260, was de-
scribed (193). Intravenous administration of OPC-31260 dur-
ing a dose-ranging study in normal human subjects increased
urine output to a similar extent as 20 mg of furosemide given
intravenously (194). In these healthy volunteers, urine osmo-
lality was significantly lower after administration of the V2
receptor antagonist, thus indicating an increase in solute-free
water clearance. Moreover, this agent reversed the impairment
in renal water excretion in rats with experimental heart fail-
ure owing to myocardial infarction (191) and in dogs with
pacing-induced heart failure (192), further supporting a role
for AVP in the renal water retention of heart failure. This effect
of the non-osmotic release of AVP to cause water retention in
cardiac failure was associated with increased transcription of
messenger RNA (mRNA) for the AVP preprohormone in the
rat hypothalamus (195).

The effects of V2 receptor antagonists on water metabolism
in heart failure have now been studied at the molecular level.
Kidney AQP2 expression is increased in experimental heart
failure. Rats with cardiac failure due to coronary ligation
demonstrate an increase in renal AQP2 expression (196,197)
that was reversed with nonpeptide V2 receptor antagonism
(182). V2 receptor antagonism also reversed water retention
in rats with heart failure. Recent studies have been undertaken
in hyponatremic heart failure patients treated with various V2
receptor antagonists (198–202). One investigational agent, lix-
ivaptan, produced a dose-related increase in water excretion,
correction of hyponatremia, and a decrease in urinary AQP2
excretion (198,201). It is known that 3% to 6% of AQP2 water
channels that traffic to the luminal membrane are excreted in
the urine (203). Therefore, AQP2 excretion serves as a bioassay
of AVP effect and thus V2 receptor antagonism in vivo in hu-
mans and experimental animals. Other investigational agents,
such as tolvaptan and conivaptan, have demonstrated similar
effects on diuresis (aquaresis) and correction of hyponatremia
(199,200,202). Interestingly, preliminary data suggest that AVP
antagonists, like inhibitors and antagonists of the sympathetic
and renin–angiotensin–aldosterone systems, may prolong sur-
vival in heart failure patients (202). Large-scale randomized
controlled trials addressing this possibility are now underway.

Endothelin in Heart Failure. Endothelin is a potent vasocon-
strictor, and its concentration is increased in patients with heart
failure (204). Results of a study from Teerlink et al. (205) sug-
gest that endothelin plays an important role in the maintenance
of arterial pressure in experimental heart failure, as shown by
a significant decrease in blood pressure following the adminis-
tration of the endothelin antagonist bosentan in rats with coro-
nary artery ligation. In the kidney, mesangial cells, endothelial
cells, epithelial glomerular cells, and inner-medullary collect-
ing duct cells are capable of synthesizing endothelin (206). In
this regard, recent studies in experimental heart failure demon-

strate early activation of the cardiac and renal endothelin sys-
tems (207). Unfortunately, the role of increased endothelin in
the pathogenesis of the renal sodium and water retention of
heart failure is currently unknown. In this regard, however, en-
dothelin may be a potent mediator of renal vasoconstriction
via stimulation of endothelin A (ETA) receptors and thus influ-
ence renal sodium and water handling. In experimental cardiac
failure, endothelin has been associated with an antinatriuresis
(208–211). Conversely, experimental evidence suggests that the
endothelin B (ETB) receptor may play a role in renal vasodi-
lation and/or natriuresis (210,211). In this regard, the clini-
cal effects of investigational nonselective endothelin antago-
nists in heart failure have been disappointing. The use of these
agents has been associated with a greater likelihood of worsen-
ing heart failure—associated with fluid volume overload—and
worse clinical outcomes (212). Consistent with the aforemen-
tioned postulated differences between ETA and ETB receptor
functions, selective antagonism of ETA receptors may produce
a more desirable effect on renal function and excretory capacity
in heart failure.

In summary, activation of the three major neurohormonal
vasoconstrictor systems—the sympathetic nervous system, the
renin–angiotensin–aldosterone system, and the non-osmotic
release of AVP—is implicated in the renal sodium and water
retention of heart failure. The role of other vasoconstrictor
systems (e.g., endothelin) is less well defined. These neuroen-
docrine systems exert direct (tubular) and indirect (hemody-
namic) effects on the kidneys to promote retention of sodium
and water. Furthermore, these observations provide the ratio-
nale for the use of neurohormonal antagonists in the treatment
of heart failure (see the following). In this regard, endogenous
counterregulatory vasodilatory and natriuretic hormones may
play an important attenuating role in heart failure, and the ex-
ogenous administration of these agents may be important in
the treatment of heart failure.

Vasodilator Systems

Natriuretic Peptides in Heart Failure. The natriuretic peptides,
including but not limited to ANP and BNP, circulate at in-
creased concentrations in patients with heart failure (213–219).
These peptide hormones possess natriuretic, vasorelaxant,
and renin, aldosterone, and possibly AVP and sympathetic-
inhibiting properties (220–225). Both of these peptide hor-
mones appear to be released primarily from the heart in re-
sponse to increased atrial or ventricular end-diastolic pressure
or to increased transmural cardiac pressure (226,227). In a
study of ANP kinetics in patients with cardiac dysfunction, we
demonstrated that increased ANP production rather than de-
creased metabolic clearance was the major factor contributing
to the elevated plasma ANP concentrations in these patients
(228). This finding is consistent with the observed increase in
expression of both ANP and BNP mRNA in the cardiac ven-
tricles of humans and animals with heart failure (229,230).
However, given the peripheral vasoconstriction and sodium
retention associated with heart failure, these elevated circu-
lating natriuretic peptide levels must be inadequate to atten-
uate fully vasoconstrictor hormone activation. In this regard,
volume expansion experiments performed in dogs with heart
failure demonstrated a deficiency to further increase the ele-
vated ANP levels (231). This relative deficiency of ANP secre-
tion may contribute to the body’s limited ability to maintain
hemodynamic and renal function during the advanced stages
of heart failure. In support of this notion, a preliminary re-
port from a National Institutes of Health–sponsored clinical
trial in advanced heart failure showed that 10% to 20% of
patients admitted to the hospital with clinically and hemody-
namically decompensated heart failure had low measured lev-
els of the natriuretic peptide, BNP (Stevenson LW, personal
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communication). In a coronary ligation model of heart fail-
ure in the rat, the infusion of a monoclonal antibody shown
to specifically block endogenous ANP in vivo caused a signif-
icant rise in right atrial pressure, left ventricular end-diastolic
pressure, and peripheral vascular resistance (232). Alterna-
tively, a study by Colucci et al. found that a 6-hour infusion of
the recombinant human BNP, nesiritide, significantly decreased
pulmonary-capillary wedge pressure and improved symptoms
in patients hospitalized with symptomatic heart failure (233).
In a pivotal trial leading to Food and Drug Administration
(FDA) approval of nesiritide, infused BNP was shown to im-
prove both hemodynamics and symptoms of decompensated
heart failure (234).

Renal Effects of the Natriuretic Peptides in Heart Failure. In
normal humans, ANP and BNP increase GFR and urinary
sodium excretion with no change or only a slight fall in re-
nal blood flow (226,235). The changes in renal hemodynamics
are likely mediated by afferent arteriolar vasodilation with con-
striction of the efferent arterioles, as indicated by micropunc-
ture studies in rats (236,237). In addition to increasing GFR
and filtered sodium load as a mechanism of their natriuretic
effect, ANP and BNP are specific inhibitors of sodium reab-
sorption in the collecting tubule (238–240). An important role
for endogenous ANP in the renal sodium balance of heart fail-
ure was demonstrated by the aforementioned study of Lee et
al. (28). However, the administration of synthetic ANP to pa-
tients with low-output heart failure results in a much smaller
increase in renal sodium excretion and less significant changes
in renal hemodynamics as compared to normal subjects (226).
Like ANP, the natriuretic effect of BNP is blunted in rats with
high-output heart failure produced by AV fistulae (241). Nev-
ertheless, in hypertensive patients with mild-to-moderate heart
failure and normal renal sodium excretory capacity, the na-
triuretic effect of BNP appears comparable to that in control
subjects (242). Because ANP and BNP appear to share the same
receptor sites (243), it is possible that the natriuretic effect of
BNP is also blunted in sodium-retaining patients with more ad-
vanced heart failure. Support for this hypothesis may be found
in reports from our group (244) and from Gottlieb et al. (245).
In our study, in 16 patients with advanced decompensated New
York Heart Association (NYHA) class III heart failure due to
either ischemic or idiopathic dilated cardiomyopathy (left ven-
tricular ejection fraction 18 ± 2%, cardiac index 1.84 ± 0.15
L/minute per m2, pulmonary capillary wedge pressure 27 ± 3
mm Hg), the administration of BNP at either 0.025 or 0.050
μg/kg per minute for 4 hours produced a natriuresis in only
four patients. The effect of BNP on GFR and renal blood flow
was inconsistent in these patients and did not predict the natri-
uretic response. It is noteworthy that the doses of BNP infused
in this study were 2.5 to 5 times greater than that currently ap-
proved as an initiating dose for the treatment of heart failure.
In any event, although the renal effects of BNP were blunted in
some of these heart failure patients, BNP did produce a signifi-
cant 50% decrease in pulmonary capillary wedge pressure. At
the higher dose, BNP also significantly lowered peripheral vas-
cular resistance and improved cardiac performance. Gottlieb’s
study demonstrated essentially the same lack of beneficial re-
nal effects of infused BNP in a similarly small group of patients
with heart failure (245).

Recently, concern has been raised regarding the renal ef-
fects of BNP in heart failure. A meta-analysis of five trials sug-
gested a higher rate of worsening renal dysfunction (defined
as an increase in serum creatinine of at least 0.5 mg/dL) in
nesiritide-treated subjects compared to controls (246). How-
ever, this analysis had several limitations including the pooling
of studies using different starting doses of nesiritide. Because
it is likely that the renal hemodynamic effects of BNP in heart
failure relate to the relative degree of renal versus peripheral

vasodilation (i.e., the distribution of regional blood flow) in-
duced by the drug, higher doses associated with more profound
reductions in peripheral vascular resistance and systemic blood
pressures may be expected to produce worsening renal func-
tion, whereas lower doses may actually preserve (or perhaps
improve) renal hemodynamics. Support for this hypothesis may
be found in a recent analysis of the effects of BNP on renal func-
tion that stratified patients on the basis of nesiritide starting
dose (247).

In contrast to the previously mentioned findings of ANP
and BNP resistance in heart failure, Elsner et al. (248) recently
suggested that renal responsiveness to urodilatin (ANP95−126),
a slightly extended form of ANP99−126, is preserved in heart
failure. Urodilatin appears to be produced in the kidney by
different posttranslational processing of the ANP prohormone
ANP1−126 (249). Endogenous urodilatin appears to be confined
to the kidney (250); that is, it is not a circulating hormone like
ANP and BNP. In normal humans, exogenously administered
urodilatin produces hemodynamic and renal effects similar to
those of ANP (222). In the report from Elsner et al. (219), 12
patients with class II or III heart failure received urodilatin,
15 ng/kg per minute, or placebo (N = 6 in each group) for
10 hours. Although the urodilatin-treated patients did demon-
strate a modest natriuresis during urodilatin infusion, it should
be noted that (i) digoxin and furosemide were continued dur-
ing the study, (ii) the patients were maintained on an 8-g/day
sodium intake, and (iii) the patients received a 500-mL wa-
ter load (300 mL orally and 200 mL intravenously) during
the hour preceding study drug infusion. In the former instance,
furosemide likely facilitated the delivery of sodium to the distal
nephron. In the latter two cases, the high daily sodium intake
and oral water load would be expected to diminish the degree
of vasoconstrictor neurohormone activation. In fact, plasma
vasoconstrictor hormone concentrations were, at most, mildly
elevated in these patients. Therefore, these findings do not ex-
clude the existence of renal resistance to urodilatin in patients
with heart failure and more advanced degrees of neurohor-
monal activation. Ongoing studies of urodilatin in heart failure
promise to clarify these issues.

The mechanism of the relative resistance to the natriuretic
effect of ANP (and possibly BNP and urodilatin) in heart failure
remains controversial. Possible mechanisms include: (i) down-
regulation of renal ANP receptors (252,253), (ii) secretion of
inactive immunoreactive ANP (254), (iii) enhanced renal neu-
tral endopeptidase activity limiting the delivery of ANP to
receptor sites (255), (iv) hyperaldosteronism by an increased
sodium reabsorption in the distal renal tubule (256), and (v)
diminished delivery of sodium to the distal renal tubule site of
ANP action (238–240). In sodium-retaining patients with heart
failure, we found a strong positive correlation between plasma
ANP and urinary cyclic guanosine monophosphate (cGMP,
the second messenger for the natriuretic effect of ANP, BNP,
and urodilatin in vivo) (257,258). This observation supports
the active biologic responsiveness of renal ANP receptors in
heart failure and thus suggests that diminished distal tubular
sodium delivery may be involved in the natriuretic peptide re-
sistance observed in patients with cardiac failure. Further sup-
port for this hypothesis is found in our experience with cir-
rhosis, another edematous disorder associated with renal ANP
resistance, in which maneuvers that definitely increase distal
tubular sodium delivery reversed the ANP resistance (259) (see
the following). In addition, heart failure maneuvers that are
expected to increase distal tubular sodium delivery, such as the
administration of an AT-II receptor antagonist or furosemide,
also improve the renal response to ANP (164,260). Finally,
studies in rats with experimental heart failure demonstrated
that renal denervation reverses the ANP resistance (261). Be-
cause proximal tubular sodium reabsorption is enhanced by
adrenergic stimulation, this effect of renal denervation to
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FIGURE 83-5. Proposed mechanism of natriuretic peptide resistance
and impaired aldosterone escape in states of arterial underfilling.
(From: Schrier RW, Better OS. Pathogenesis of ascites formation. Eur
J Gastroenterol 1991;3:721, with permission.)

enhance ANP sensitivity in experimental cardiac failure is also
compatible with a role of distal sodium delivery. The proposed
role of diminished distal tubular sodium delivery in natriuretic
peptide resistance and impaired aldosterone escape is shown in
Figure 83-5.

Summary

As the heart begins to fail, the renal tubule reabsorbs sodium
and water more avidly. The afferent stimuli for this “compen-
satory” volume retention may involve aspects of both the for-
ward and backward theories of heart failure. An acute fall in
cardiac output may inactivate high-pressure baroreceptors lo-
cated in the aortic arch, carotid sinus, and juxtaglomerular
apparatus and thus activate the adrenergic nervous system.
Diminished renal perfusion and increased renal sympathetic
tone enhance the release of renin and thus activate the renin–
angiotensin–aldosterone system. In acute high-output heart
failure, in which the cardiac output is insufficient to meet circu-
latory demands, the fall in peripheral vascular resistance pro-
vides the stimulus for arterial underfilling and deactivates high-
pressure receptors. Although acute loading of the low-pressure
receptors of the thorax may inhibit AVP release and stimulate
the release of natriuretic peptides, this counterregulatory re-
sponse to sodium and water retention may become ineffective
because of progressive insensitivity of the cardiopulmonary re-
ceptors in the setting of chronic heart failure. Further cardiac
compromise, resulting from either progression of the primary
cardiac pathology or increased cardiac demand, results in fur-
ther renal sodium and water retention, expansion of the ECF
volume, and overt edema formation. The development of in-
creased cardiac filling pressures with subsequent pulmonary or
peripheral edema substantially contributes to the high morbid-
ity and mortality of heart failure.

The efferent mechanisms for renal sodium and water reten-
tion in heart failure are multifactorial. Inactivation of recep-
tors in the high-pressure circulation and blunting of receptors
in the low-pressure system initiate reflexes in which renal sym-
pathetic tone is augmented and renal vasoconstriction results.
Renal blood flow decreases to a greater extent than GFR, and
therefore the filtration fraction rises. This increase alters ul-
trafiltration of plasma and peritubular physical forces, which
may in turn increase proximal tubular sodium reabsorption.
Changes in cardiac output, ventricular filling pressures, and
renal perfusion pressure also activate the renin–angiotensin–
aldosterone system and non-osmotic stimulation of AVP, and
increase the secretion or production, or both, of PGs and the
natriuretic peptides. At some point in the natural history of car-
diac failure, the vasoconstrictive forces overcome the vasodilat-

ing effects of PGs, natriuretic peptides, and other vasodilating
substances, and peripheral vasoconstriction and renal sodium
and water retention occur. Increases in ventricular preload and
afterload ensue, resulting in a further deterioration in cardiac
performance and further stimulation of neurohormonal vaso-
constrictor systems.

CLINICAL SIGNIFICANCE OF THE
CARDIORENAL SYNDROME

As mentioned in the introduction to this chapter, the kidney
represents an important marker of heart failure clinical status
and a sensitive predictor of clinical outcomes in both acutely
decompensated and chronic heart failure. For example, in the
PRIME II trial an estimated GFR less than 60 mL/minute was
associated with a significantly worse mortality in 1,708 chronic
heart failure patients followed for more than 2 years (3). Re-
duced GFR was a more potent predictor of mortality than many
other common predictors of outcome such as the left ventricu-
lar ejection fraction, NYHA functional class ranking, hypoten-
sion, tachycardia, and the presence of comorbidity. Similarly,
in 2,086 chronic heart failure patients followed in the Ital-
ian Network Project (IN-CHF) a serum creatinine level greater
than 2.5 mg/dL was associated with a relative risk for 1-year
mortality of 4.33 (95% confidence interval, 1.79–10.44) (4).
In multivariable regression analysis, other independent clinical
predictors of poor outcome included advanced NYHA class,
advanced age, presence of a third heart sound, and no ACE-
inhibitor therapy. However, none of these predictors was as
strong as an elevated serum creatinine. Even modest elevations
of serum creatinine have been associated with increased risk
for morbidity and mortality in cardiac failure patients. A retro-
spective analysis of 6,797 heart failure patients enrolled in the
SOLVD trial demonstrates this (5). The SOLVD trial excluded
patients with baseline serum creatinine level greater than
2.0 mg/dL. Dries et al. (5) stratified patients on the basis of
serum creatinine into two groups, those with a serum crea-
tinine less than 1.5 mg/dL and those with a serum creatinine
between 1.5 mg/dL and 2.0 mg/dL. Those in the elevated serum
creatinine group demonstrated increased risk for all-cause mor-
tality (relative risk, 1.41; 95% confidence interval, 1.25–1.59),
mortality due to pump failure (relative risk, 1.5; 95% con-
fidence interval, 1.25–1.8), and sudden cardiac death (relative
risk, 1.28; 95% confidence interval, 0.99–1.63). Therefore, im-
pairment in glomerular filtration as measured by serum mark-
ers represents a potent predictor of mortality in patients with
chronic heart failure.

Similarly, renal dysfunction predicts in-hospital mortality in
patients with acutely decompensated heart failure. Definitive
observations come from the Acute Decompensated Heart Fail-
ure National Registry (ADHERE), which has enrolled more
than 150,000 cases from approximately 275 community, ter-
tiary, and academic hospitals in the United States (1,6). Using
classification and regression tree (CART) analysis to define co-
variate adjusted odds ratios of death, a practical user-friendly
bedside tool for risk stratification of patients hospitalized with
acute decompensated heart failure was developed (6). Specifi-
cally, CART analysis of the ADHERE database was performed
using the first 65,235 discharges enrolled. The first 33,046
hospitalizations (from October 2001 through February 2003)
served as the derivation cohort and were analyzed to develop
the risk-prediction model. Then, the validity of the model
was prospectively tested using data from 32,229 subsequent
hospitalizations (validation cohort) enrolled in ADHERE
from March 2003 through July 2003. In-hospital mortality
was similar in the derivation (4.2%) and validation (4.0%)
cohorts. Recursive partitioning of the derivation cohort for 39
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FIGURE 83-6. ADHERE risk assessment tree
from CART analysis. Numbers and percentages
come from the derivation dataset and have been
confirmed in a separated validation dataset (not
shown). Note that two of the three predictors
are measures of renal function. (From: Fonarow
GC, et al., for the ADHERE Scientific Ad-
visory Committee, Study Group, and Investi-
gators. Risk stratification for in-hospital mor-
tality in acutely decompensated heart failure:
classification and regression tree [CART] anal-
ysis. JAMA 2005;293:572, with permission.)

variables indicated that the best single predictor for mortality
was high admission levels of BUN (≥43 mg/dL), followed
by low admission systolic blood pressure (<115 mm Hg),
and then by high levels of serum creatinine (≥2.75 mg/dL).
A simple risk tree identified patient groups with mortality
ranging from 2.1% to 21.9% (Fig. 83-6). The odds ratio for
mortality between patients identified as high and low risk was
12.9 (95% confidence interval, 10.4–15.9) and similar results
were seen when this risk stratification was applied prospec-
tively to the validation cohort. These results suggest that acute
decompensated heart failure patients at low, intermediate, and
high risk for in-hospital mortality can be easily identified using
vital sign and laboratory data obtained on hospital admission.
In the context of the present chapter, it is noteworthy that two
of the three most potent predictors of in-hospital mortality in
ADHERE are measures of renal function.

PHYSIOLOGIC BASIS FOR THE
TREATMENT OF SODIUM
AND WATER RETENTION

IN HEART FAILURE

In heart failure, as in all of clinical medicine, effective therapy
should be dictated by an understanding of the pathophysiologic
process involved. Depressed ventricular function is associated
with a vicious cycle of maladaptive responses, including in-
creased neurohormonal activation, systemic vasoconstriction
and renal sodium and water retention, and increased ventricu-
lar preload and afterload (Fig. 83-7). Treatment of heart failure
should be directed at modifying the afferent and efferent fac-
tors responsible for the salt and water retention. Therefore,

FIGURE 83-7. Pathophysiology of heart failure. Un-
loading of high-pressure baroreceptors (blue circles) in
the left ventricle, carotid sinus, and aortic arch generates
afferent signals (black) that stimulate cardioregulatory
centers in the brain, resulting in the activation of efferent
pathways in the sympathetic nervous system (green). The
sympathetic nervous system appears to be the primary
integrator of the neurohumoral vasoconstrictor response
to arterial underfilling. Activation of renal sympathetic
nerves stimulates the release of renin and angiotensin
II, thereby activating the renin–angiotensin–aldosterone
system. Concomitantly, sympathetic stimulation of the
supraoptic and paraventricular nuclei in the hypothala-
mus results in the nonosmotic release of arginine va-
sopressin (AVP). Sympathetic activation also causes pe-
ripheral and renal vasoconstriction, as does angiotensin
II. Angiotensin II constricts blood vessels and stimulates
the release of aldosterone from the adrenal gland, and it
also increases tubular sodium reabsorption and causes
remodeling of cardiac myocytes. Aldosterone may have
direct cardiac effects, in addition to increasing the reab-
sorption of sodium and the secretion of potassium and
hydrogen ions in the collecting duct. The blue lines des-
ignate circulating hormones. (From: Schrier RW, Abra-
ham WT. Hormones and hemodynamics in heart failure.
N Engl J Med 1999;341:577, copyright c© 2000, Mas-
sachusetts Medical Society. All rights reserved.)
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the primary goal in the treatment of cardiac failure is to im-
prove the function of the heart as a pump. This increases the
integrity of the arterial circulation and decreases the venous
hypertension, thereby interrupting two of the major afferent
mechanisms leading to sodium and water retention. Unfortu-
nately, this goal of improving the contractile state of the heart
is often difficult to accomplish. In certain cases of heart fail-
ure, however, left ventricular function may be improved by
surgical intervention. For example, some patients with coro-
nary artery disease and ischemic cardiomyopathy may exhibit
improved cardiac function and less severe heart failure after
surgical or percutaneous transluminal revascularization of the
ischemic myocardium. A more classic example of surgically
correctable heart failure is that seen in the setting of severe
aortic stenosis. Patients with critical aortic stenosis often ex-
hibit a severe degree of low-output heart failure with very avid
renal sodium and water retention that is usually completely
reversible following replacement of the stenotic aortic valve.

In other instances of heart failure, cardiac function may be
augmented by the cardiac glycosides, such as digoxin, which
modestly improve cardiac contractility and may favorably in-
fluence baroreceptor function (262). However, digoxin does
not improve survival in heart failure patients (263). Vasodila-
tors, such as nitrates and hydralazine, and the ACE inhibitors
may improve cardiac function by decreasing cardiac preload
and afterload (264). Investigational nonglycoside inotropic
agents may acutely improve cardiac output but longer-term
use has been shown, thus far, to increase mortality (265–267).
β-Adrenergic receptor antagonists, once thought to be con-
traindicated in patients with low-output heart failure, can ex-
hibit a favorable effect on cardiac function and outcome in pa-
tients with chronic heart failure. In fact, these agents improve
the left ventricular ejection fraction to a greater extent than
does any other form of heart failure therapy (133). Carvedilol,
a nonselective third-generation β-blocker/vasodilator with α1-
adrenergic receptor-blocking properties, produces a dose-
related improvement in ejection fraction and reduction in mor-
tality in patients with class II to IV heart failure (135). In the
U.S. Carvedilol Heart Failure Trials Program, this agent re-
duced all-cause mortality by 65% compared to placebo in pa-
tients with mild-to-moderate heart failure (136). Likewise, the
Second Cardiac Insufficiency Bisoprolol Study demonstrated
a 34% reduction in all-cause mortality versus placebo during
treatment of heart failure with this β1 selective agent (137). In
a randomized study of metoprolol CR/XL treatment of 3,991
patients with class II to IV heart failure, treatment with meto-
prolol CR/XL was associated with a 34% decrease in all-cause
mortality, 38% decrease in cardiovascular mortality, 41% de-
crease in sudden death, and 49% decrease in death owing to
progressive heart failure as compared to controls (138). β-
Blockers have also been shown to improve outcome in post-MI
left ventricular dysfunction with or without heart failure and
in severe heart failure (129,139). However, these effects are not
seen with all β-blockers (268).

Another recently-approved strategy for improving pump
function and outcome in some heart failure patients (i.e., those
with ventricular dyssynchrony) is the use of cardiac resynchro-
nization therapy. This device-based treatment for heart fail-
ure works to optimize ventricular filling and improve con-
traction pattern via atrial-synchronized biventricular pacing.
Resynchronization therapy has been shown to improve hemo-
dynamics, quality of life, functional status, and exercise ca-
pacity while reducing the risks of heart failure hospitalization
and all-cause mortality (269–272). Cardiac resynchronization
has been associated with preservation of renal function (273)
and, anecdotally, a reduction in diuretic dose in patients with
chronic heart failure.

As an improvement in pump function is a primary goal in
the treatment of heart failure, agents that might further impair
cardiac contractility should be avoided in this setting. Unfor-

tunately, many medications that have been demonstrated to
produce a negative effect on cardiac inotropy are commonly
prescribed in cardiac disease patients. For example, most
antiarrhythmic drugs and the commonly prescribed first-
generation calcium channel antagonists exhibit some degree
of negative inotropy in vivo (274). However, newer vascular-
selective calcium channel blockers may be well tolerated in pa-
tients with heart failure.

The neuroendocrine activation in patients with heart failure
provides another target for therapy. In fact, recent experience
with various neurohormonal antagonists suggests that inhibi-
tion or antagonism of neurohormonal vasoconstrictor systems
may be more beneficial than nonspecific diuretic or vasodila-
tor therapy. This is certainly the case with adrenergic block-
ade, as noted in the preceding text. AT-II is known to mediate
myocardial hypertrophy, increase fibrosis and collagen deposi-
tion, and cause activation of the sympathetic nervous system.
Therefore, administration of ACE inhibitors would be antici-
pated to decrease myocardial remodeling and hypertrophy and
decrease activation of the sympathetic nervous system. ACE in-
hibition also decreases the degradation of bradykinin, which is
a well-known vasodilator that can reduce cardiac afterload.
The proven beneficial effects of ACE inhibition on symptoms,
hemodynamics, exercise capacity, and survival in heart failure
patients support this hypothesis (152,143,266). Moreover, in
the patients of the Cooperative North Scandinavian Enalapril
Survival Study (CONSENSUS), all with class IV heart failure,
significant reductions in mortality were consistently found in
the patients treated with enalapril who had baseline hormone
levels greater than median values (152). In the group of pa-
tients treated with the ACE inhibitor, there were significant
reductions from baseline to 6 weeks in levels of AT-II, aldo-
sterone, norepinephrine, and ANP, but not epinephrine. These
results suggest that the effect of enalapril on mortality was re-
lated to diminished hormonal activation in general and to the
renin–angiotensin system in particular (275). In the SOLVD
studies of less severe heart failure, the addition of enalapril to
conventional therapy also significantly reduced mortality and
hospitalization rates (153). Studies support the use of ACE
inhibition in post-MI left ventricular dysfunction with or with-
out clinical heart failure, as well (154). Recent data support
the noninferiority of ARBs in the treatment of post-MI ven-
tricular dysfunction or chronic heart failure (155–157). Such
studies have led to the perceived interchangeability of ACE in-
hibitors and ARBs. In fact, recent revision to hospital-based
quality measures from the Centers for Medicare and Medicaid
Services endorse the equivalency of ACE inhibitors and ARBs
in the treatment of heart failure, as do the 2005 Update to
the American College of Cardiology/American Heart Associa-
tion Guidelines for the Evaluation and Management of Chronic
Heart Failure in the Adult (276).

Diuretics are indicated to restore the ECF volume toward
normal as heart failure becomes more advanced and when
edema formation occurs. Diuretic therapy is discussed exten-
sively in Chapter 81. Of note, although most patients with
cardiac failure respond to a potent loop diuretic, for exam-
ple, furosemide, and this agent can increase solute-free water
clearance in patients with cardiac edema (121), cardiac output
may actually decline during treatment (277). Volume depletion
owing to overzealous diuretic treatment must be considered in
any heart failure patient with worsening signs or symptoms
of a low-output state. For example, diminished renal perfu-
sion may occur in the setting of excessive diuretic treatment,
resulting in elevations in BUN and serum creatinine concentra-
tions. More challenging, however, is the common circumstance
of worsening renal function despite persistence of ECF volume
overload. That is, BUN and serum creatinine may rise in the
face of continued fluid volume overload, during diuresis. This
may relate to a further reduction in cardiac output. However,
in many instances the worsening renal function appears to be
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FIGURE 83-8. The “iatrogenic” cardiorenal syndrome of heart fail-
ure. Scheme by which diuretic therapy may worsen the neurohormonal
and renal hemodynamic milieu of heart failure, leading to diuretic re-
sistance and poor outcomes in heart failure patients.

due to the diuretic therapy per se. In this regard, loop diuretics
have been shown to reduce GFR on average in heart failure
patients (278).

This situation of worsening renal function despite ECF vol-
ume excess during diuresis may also be associated with diuretic
resistance. Diuretic resistance is not an uncommon finding in
patients with advanced heart failure. Because intraluminal de-
livery of loop diuretics via tubular secretion is necessary for
these agents to inhibit sodium chloride reabsorption in the
thick ascending limb of Henle, renal vasoconstriction may play
an important role in diuretic resistance associated with heart
failure (Fig. 83-8). Moreover, increased distal tubule sodium
reabsorption further contributes to diuretic resistance in this
condition. Therefore, the addition of a more distal acting di-
uretic, such as metolazone or hydrochlorothiazide, may reverse
resistance to loop diuretics. In some cases, however, diuretic re-
sistance is impossible to overcome. Such patients are often un-
able to be safely discharged from the hospital or are repetitively
readmitted to the hospital, if discharged.

Fluid removal by intermittent or continuous ultrafiltration
has been suggested to have several advantages over diuretic
therapy (279–283). In addition to the reduction of excess ECF
volume in heart failure patients, it has been suggested that ultra-
filtration of cytokines, which suppress myocardial contractility,
may improve cardiac function. This remains to be proven, how-
ever. As compared to diuretics, fluid/electrolyte and acid–base
disturbances may be more easily corrected and avoided with
ultrafiltration. Furthermore, for the same amount of fluid re-
moval, more sodium is removed with ultrafiltration than with
diuretics, because the sodium concentration in the ultrafiltrate
is equivalent to plasma, whereas with diuretic therapy the uri-
nary sodium concentration is virtually always less than plasma.
Recently, a simple approach to ultrafiltration using peripher-
ally inserted catheters has been introduced for the treatment of
heart failure (283). Efficient removal of fluid has been demon-
strated, using this technique. Small case series support the use
of ultrafiltration in hospitalized patients and intermittently in
outpatients with refractory heart failure. Although ultrafiltra-
tion provides an effective means of fluid removal, there are
currently no data available to suggest that ultrafiltration pro-
longs life in patients with severe heart failure. A randomized
controlled trial of ultrafiltration versus diuretics in hospitalized
decompensated heart failure patients is underway.

Water restriction remains the mainstay of therapy in pa-
tients with heart failure who are hyponatremic. Studies also
suggested that in hyponatremic patients with heart failure re-
ceiving furosemide and captopril, plasma sodium values tended

to normalize, whereas they did not in patients receiving other
vasodilators (284,285). These data support the concomitant
use of ACE inhibitors and loop diuretics in hyponatremic heart
failure patients. Alternatively, a selective V2-receptor AVP an-
tagonist hopefully will be available in the future to correct the
hyponatremia of heart failure.

Finally, other measures, including sodium restriction and
oxygen administration, contribute to the overall management
of patients with heart failure. Special emphasis should be placed
on the salutary influence of bed rest, which increases osmolar
and solute-free water clearances, cardiac output, renal plasma
flow, and GFR and decreases plasma catecholamines and PRA
(286). Such considerations lay the foundation for the physio-
logic basis of therapy in heart failure.
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CHAPTER 84 ■ LIVER DISEASE
AND THE KIDNEY
PERE GINÈS, ANDRÉS CÁRDENAS, AND ROBERT W. SCHRIER

The presence of abnormalities of kidney function in patients
with liver diseases has been recognized for several decades
(1). More than a century ago, Frerichs in Europe and Flint
in the United States reported the association between liver dis-
eases and kidney dysfunction (2,3). These reports described the
development of oliguria in patients with chronic liver disease
in the setting of normal kidney histology and proposed the first
pathophysiologic interpretation of kidney dysfunction in liver
disease by linking the abnormalities in kidney function to the
disturbances in the systemic circulation. Since then, the rela-
tionship between the liver and kidney function has been the
object of a considerable amount of research and substantial
progress has been made in the last two decades with regard to
the pathophysiology and management of renal dysfunction in
liver diseases (Table 84-1).

Most derangements of renal function in liver diseases
occur in patients with cirrhosis, and are pathophysiologically
related to the presence of an expanded extracellular fluid vol-
ume, which leads to the development of ascites and/or edema.
This chapter discusses the pathophysiology, clinical features,
and treatment of ascites and renal function abnormalities in
cirrhosis. The abnormalities in kidney function in relation to
other liver disease are not discussed.

RENAL ABNORMALITIES
IN CIRRHOSIS

Most abnormalities of kidney function in cirrhosis are of func-
tional origin (i.e., they occur in the absence of significant altera-
tions in kidney histology) (4–8). These abnormalities are usu-
ally referred to as functional renal abnormalities, as opposed
to nonfunctional renal abnormalities, which may also develop
in patients with cirrhosis (i.e., glomerulonephritis).

The most common functional renal abnormalities in cir-
rhotic patients are an impaired ability to excrete sodium and
solute-free water and a reduction of renal blood flow (RBF) and
glomerular filtration rate (GFR), the latter two being secondary
to vasoconstriction of the renal circulation. Sodium retention
is a key factor in the expansion of the extracellular fluid vol-
ume and ascites and edema formation, whereas solute-free wa-
ter retention is responsible for the development of dilutional
hyponatremia. Renal vasoconstriction, when severe, leads to
hepatorenal syndrome (HRS). Chronologically, sodium reten-
tion is the earliest alteration of kidney function observed in
patients with cirrhosis, whereas dilutional hyponatremia and
HRS are later findings. In most patients, abnormalities of kid-
ney function usually worsen with time as the liver disease pro-
gresses. However, in some patients a spontaneous improvement
or even normalization of sodium and, less often, of solute-free
water excretion may occur during the course of their disease
(9–11). This improvement in renal function may be seen after
alcohol abstinence in patients with alcoholic cirrhosis, but it
may occur spontaneously in patients with nonalcoholic cirrho-

sis. The frequency and mechanism(s) of this improved renal
function are not known. Improvement of renal function after
the development of HRS is extremely unusual (12,13).

Sodium Retention and Ascites

Sodium retention is the most frequent abnormality of kidney
function in patients with cirrhosis and ascites. The existence of
sodium retention in cirrhosis was first documented more than
50 years ago when methods to measure electrolyte concentra-
tion in organic fluids became available (14–16). Since then, it
has been well established that sodium retention plays a key
role in the pathophysiology of ascites and edema formation in
cirrhosis. The amount of sodium retained within the body is de-
pendent on the balance between the sodium ingested in the diet
and the sodium excreted in the urine. As long as the amount of
sodium excreted is lower than that ingested, patients accumu-
late ascites and/or edema. The important role of sodium reten-
tion in the pathogenesis of ascites formation is supported by
the fact that ascites can disappear just by reducing the dietary
sodium content in some patients or by increasing the urinary
sodium excretion with the administration of diuretics in others
(16,17). Conversely, a high-sodium diet or diuretic withdrawal
leads to the reaccumulation of ascites (15,16). The achievement
of a negative sodium balance (i.e., excretion higher than intake)
is the essence of pharmacologic therapy of ascites. Although no
studies assessing the chronologic relationship between sodium
retention and the formation of ascites have been performed in
patients with cirrhosis, studies in experimental animals have
provided conclusive evidence indicating that sodium retention
precedes ascites formation, further emphasizing the important
role of this abnormality of renal function in the pathogenesis
of ascites in cirrhosis (18–22). This observation suggests that
sodium retention is a cause and not a consequence of ascites
formation in cirrhosis.

The severity of sodium retention in cirrhosis with ascites
varies considerably from patient to patient. Some patients have
relatively high urinary sodium excretion, whereas urine sodium
concentrations are very low or even undetectable in others
(Fig. 84-1). The proportion of patients with marked sodium
retention depends on the population of cirrhotic patients con-
sidered. Most patients who require hospitalization because of
severe ascites have marked sodium retention; they excrete less
than 10 mEq per day. Among patients who require hospitaliza-
tion, sodium retention is particularly intense in patients with
ascites refractory to diuretic treatment (23,24). By contrast, in a
population of cirrhotic patients with mild or moderate ascites,
the proportion of patients with marked sodium retention is low,
and most patients excrete more than 10 mEq per day sponta-
neously (without diuretic therapy). The response to diuretics is
usually better in patients with moderate sodium retention than
in those with marked sodium retention (17,25,26).

Nephron Sites of Sodium Retention. In most instances, sodium
retention in cirrhosis is due to increased tubular reabsorption

2179



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-84 Schrier-2611G GRBT133-Schrier-v5.cls September 14, 2006 9:12

2180 Section XI: Disorders of Electrolyte, Water, and Acid–Base

TA B L E 8 4 - 1

LANDMARKS IN ASCITES AND RENAL DYSFUNCTION IN LIVER DISEASE

1800s First description of renal dysfunction in liver diseases

1940s Demonstration of water retention in cirrhosis with ascites

1950s Demonstration of sodium retention in cirrhosis with ascites and its
relationship with increased mineralocorticoid activity

Description of the hyperkinetic circulatory syndrome
Clinical description of hepatorenal syndrome

1960s–1970s Demonstration of renal vasoconstriction as the cause of
hepatorenal syndrome

Introduction of aldosterone antagonists in clinical practice
Demonstration of increased activity of vasoconstrictor systems
Demonstration of the role of prostaglandins in the maintenance of

renal function
Proposal of the overflow theory of ascites formation

1980s Reintroduction of therapeutic paracentesis in clinical practice
Proposal of the arterial vasodilation theory of ascites formation

1990s Definition and diagnostic criteria of hepatorenal syndrome
Description of functional renal failure after bacterial infections (i.e.,

ascites fluid infection) and its prevention by plasma volume
expansion with albumin

Use of splanchnic vasoconstrictors in hepatorenal syndrome

2000–present Introduction of the MELD system as a prognostic index to estimate
survival in cirrhotic patients. The scoring system includes
creatinine as one of its variables.

Use of transjugular portosystemic shunts (TIPS) as therapy for
patients with refractory ascites, and selected cases of HRS.

HRS, hepatorenal syndrome; MELD, model for end-stage liver disease.

of sodium because it occurs in the presence of normal or only
moderately reduced GFR (17,27). The exact contribution of the
different segments of the nephron to this increased sodium re-
absorption is not completely known. Micropuncture studies in
rats with cirrhosis and ascites have demonstrated an enhanced
reabsorption of sodium in the proximal tubule (18,28). Con-
versely, it has been shown that the development of a positive
sodium balance and the formation of ascites in cirrhotic rats
can be prevented by aldosterone antagonists, which suggests
that the collecting ducts are important sites of the increased

sodium reabsorption in experimental cirrhosis (21,29). Stud-
ies assessing the protein abundance of renal tubular sodium
transporters in rats with CCL4-induced cirrhosis showed an in-
creased expression of the sodium chloride cotransporters of the
distal tubule (NCC/TSC) and the epithelial sodium channel of
the collecting duct (ENaC), both of which are regulated by al-
dosterone, consistent with a major role of hyperaldosteronism
in sodium retention in this animal model (30). An increased
abundance of the sodium-potassium-2-chloride cotransporter
of the thick ascending limb (NKCC/BSC1) and a decreased
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in a series of 204 patients with cirrhosis admitted to the hospital for the treatment of ascites.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-84 Schrier-2611G GRBT133-Schrier-v5.cls September 14, 2006 9:12

Chapter 84: Liver Disease and the Kidney 2181

abundance of the proximal sodium transporters (sodium hy-
drogen exchanger type 3-NHE-3, and sodium-phosphate co-
transporter isoform, 2-NaPi-2) was also found, consistent
with increased sodium reabsorption in the ascending limb of
the loop of Henle and reduced reabsorption in the proximal
tubule (30).

Investigations in patients with cirrhosis have also provided
discrepant findings. Results from earlier studies using sodium,
water, or phosphate clearances to estimate the tubular han-
dling of sodium suggest that the distal nephron is the main site
of sodium retention (31–34). Studies using lithium clearance,
which estimates sodium reabsorption in the proximal tubule,
suggest that cirrhotic patients with ascites show a marked in-
crease in proximal sodium reabsorption (35,36). Nevertheless,
distal sodium reabsorption is also increased, especially in pa-
tients with more avid sodium retention (36). Clinical studies
using spironolactone to antagonize the mineralocorticoid re-
ceptor, indicate that this agent induces natriuresis in a large pro-
portion of cirrhotic patients with ascites without renal failure,
which supports a major role for increased sodium reabsorption
in distal sites of the nephron in these patients (26,37–40). Taken
together, these results suggest that in patients with cirrhosis
without renal failure, an enhanced reabsorption of sodium in
both proximal and distal tubules contributes to sodium reten-
tion. Potential mediators of this increased sodium reabsorp-
tion include changes in the hydrostatic and colloid osmotic
pressures in the peritubular capillaries and increased activity
of the sympathetic nervous system and the renin–angiotensin–
aldosterone system (RAAS). Sodium retention is usually more
marked in patients with renal failure than in those without re-
nal failure due to both a reduction in filtered sodium load and
a more marked activation of sodium-retaining systems.

Clinical Consequences. Because sodium is retained together
with water isosmotically in the kidney, sodium retention is asso-
ciated with fluid retention, leading to expansion of extracellular
fluid volume and increased amount of fluid in the interstitial
tissue. In some patients with cirrhosis, the total extracellular
fluid volume may increase up to 40 L or even more (compared
to the average 14 L in a 70-kg healthy adult), which represents
an approximate cumulative gain of 3,400 mEq of sodium (26 L
of excess extracellular fluid volume times 130 mEq/L). In most
patients with advanced cirrhosis, sodium retention is mani-
fested by the development of ascites. The most common clinical
symptom of ascites is discomfort due to abdominal swelling.
In cases with marked accumulation of fluid, physical activity
and respiratory function may be impaired. Other clinical con-
sequences related to the presence of ascites are the appearance
of abdominal wall hernias and spontaneous infection of ascitic
fluid (also known as spontaneous bacterial peritonitis) (41).
Both complications, especially infection, contribute markedly
to the increased morbidity and mortality associated with the
presence of ascites.

Accumulation of fluid in the subcutaneous tissue, as edema,
is also common in patients with cirrhosis and sodium retention
and in most cases occurs concomitantly with the existence of
ascites. Edema is most commonly observed in the lower ex-
tremities, but generalized edema may occur as well. Mild or
moderate edema may decrease or even disappear during bed
rest and reappear during the daytime, reflecting an increased
natriuresis in the supine position as compared with the upright
position (42,43). Both hypoalbuminemia and increased venous
pressure in the inferior vena cava due either to constriction of
the vena cava within the liver or increased intraabdominal pres-
sure caused by ascites may contribute to the high incidence of
edema in cirrhotic patients with ascites. Leg edema is common
in patients with cirrhosis treated with either surgical porta-
caval shunts or transjugular intrahepatic portosystemic shunts
(TIPS), presumably because of the increased pressure in the
inferior vena cava secondary to these procedures.

Other clinical manifestations of sodium retention in cirrho-
sis include pleural and/or pericardial effusions. Hepatic hy-
drothorax is defined as a pleural effusion in patients with cir-
rhosis without associated cardiac and/or pulmonary disease.
This complication occurs in approximately 10% of patients
with cirrhosis (44,45). In most cases the effusion is mild or
moderate, more frequent on the right side, and associated with
the presence of ascites. Left-sided effusions are uncommon and
usually occur in patients who have right-sided effusions as well.
Occasionally, large right pleural effusions may exist in the ab-
sence of ascites and constitute the main manifestation of the
disease (46,47). These cases usually recur after therapy and
are due to the existence of anatomic defects in the diaphragm,
which cause a communication between the peritoneal and pleu-
ral cavities. The gradient between the positive intraabdominal
pressure and the negative intrathoracic pressure explains the
passage of all fluid formed in the peritoneal cavity to the pleu-
ral cavity. Although less common than ascitic fluid, pleural fluid
may also become infected spontaneously, a condition known
as spontaneous bacterial empyema (47). Finally, between one-
and two-thirds of cirrhotic patients with ascites also have mild
or moderate pericardial effusions as demonstrated by echocar-
diography (48). These disappear after the elimination of ascites
and are not associated with clinical symptoms.

Assessment of Sodium Excretion in Clinical Practice. The as-
sessment of the urinary excretion of sodium is very useful in
the clinical management of patients with cirrhosis and ascites
because it allows the precise quantification of sodium reten-
tion. Urine must be collected under conditions of fixed and
controlled sodium intake (usually a low-sodium diet of 70 to
90 mEq/day during the previous 5 to 7 days), as sodium intake
may influence sodium excretion. The amount of sodium in-
gested does not affect the excretion of sodium in patients with
marked sodium retention who have very low urine sodium
regardless of the amount of sodium taken with the diet, but
may affect sodium excretion in patients with mild or moder-
ate sodium retention. Diuretics should not be given during the
5- to 7-day period prior to urine collection to avoid a phar-
macologic increase in sodium excretion. This period of time is
particularly important in patients receiving spironolactone or
other aldosterone antagonists that have a very prolonged half-
life (>3 days). Finally, although the measurement of sodium
concentration in a spot of urine may provide a rough estimate
of sodium excretion, the assessment of sodium excretion in a
24-hour period is preferable because it is more representative
of sodium excretion throughout the day and takes into account
the urine output.

In clinical practice, sodium excretion should be measured
under the conditions stated above when patients with ascites
are first seen or when there are signs suggestive of disease pro-
gression (e.g., marked increase in ascites or edema despite com-
pliance with the sodium-restricted diet and diuretic therapy).
Conversely, the measurement of sodium excretion in patients
receiving diuretic therapy is very useful for monitoring the re-
sponse to treatment.

Baseline sodium excretion is one of the best predictors of
the response to diuretic treatment. Therefore, the measure-
ment of urine sodium concentration and excretion is very help-
ful to establish the therapeutic schedule in cirrhotic patients
with ascites. Patients with marked sodium retention in whom
a positive sodium balance is anticipated despite a restriction in
sodium intake should be started on moderately high doses of
aldosterone antagonists (e.g., spironolactone 200 mg per day)
alone or in association with loop diuretics (e.g., furosemide
40 mg per day). Conversely, patients with moderate sodium
retention would likely respond to low doses of aldosterone an-
tagonists (i.e., spironolactone 50 to 100 mg per day). Finally,
the intensity of sodium retention also provides prognostic in-
formation in patients with ascites. Patients with baseline urine
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TA B L E 8 4 - 2

RENAL AND CIRCULATORY ABNORMALITIES
IN PATIENTS WITH PREASCITIC CIRRHOSISa

1. Increased cardiac output and blood volume
2. Portal hypertension and splanchnic arterial vasodilation
3. Inability to excrete an acute or chronic sodium load
4. Lack of escape from the sodium-retaining effect of

mineralocorticoids
5. Reduced sodium excretion in upright posture and increased

sodium excretion in recumbency
6. Increased atrial natriuretic peptide levels
7. Development of sodium retention and ascites and edema

after treatment with vasodilators or nonsteroidal
antiinflammatory drugs

aPatients with preascitic cirrhosis are those without past or current
history of ascites or edema.

sodium lower than 10 mEq per day have a median survival time
of only 1.5 years compared with 4.5 years in patients with urine
sodium higher than 10 mEq per day (Fig. 84-1) (49–51).

Abnormalities of Renal Sodium Handling in Preascitic
Cirrhosis. Patients with cirrhosis in the preascitic stage
(without past or current history of ascites or edema) do not ex-
hibit overt sodium retention but may have subtle abnormalities
in renal sodium handling (Table 84-2) (42,52–67). The finding
of increased blood volume in these patients strongly supports
the existence of transient episodes of sodium retention suffi-
cient to expand the intravascular volume but without causing
ascites or edema (55–57). Preascitic cirrhotic patients come into
sodium balance as long as their sodium intake is maintained
within normal limits. However, some patients may be unable to
handle a sodium load, and will develop ascites and/or edema in
conditions of high-sodium intake (especially when they receive
intravenous saline solutions) or when treated with nonsteroidal
antiinflammatory drugs or vasodilators (54,58,59,68–71). This
abnormal renal sodium handling of some preascitic patients is
also evidenced by the lack of escape from the sodium-retaining
effect of mineralocorticoids (52,53). Healthy subjects treated
with mineralocorticoids for several days show an early phase
characterized by sodium retention that results in increased ex-
tracellular fluid volume and plasma expansion, followed by
increased sodium excretion with return of extracellular fluid
volume and plasma volume toward normal values, despite the
persistent administration of mineralocorticoids. This escape
phenomenon is aimed at preventing a persistent sodium reten-
tion and subsequent development of edema and is due to the
suppression of sodium-retaining mechanisms together with ac-
tivation of natriuretic mechanisms. When mineralocorticoids
are given to patients with preascitic cirrhosis, approximately
20% of patients do not show this escape phenomenon and
develop marked sodium retention with formation of ascites
and edema (53). Finally, it has been shown that patients in the
preascitic stage receiving a normal sodium diet retain sodium
while they are in upright posture, whereas they show an exag-
gerated natriuresis, as compared with healthy subjects, during
bed rest (42,60). It has been suggested that this increased na-
triuresis during recumbency is responsible for the maintenance
of sodium balance and may help prevent the formation of as-
cites or edema that would occur as a consequence of sodium
retention that takes place during standing.

These subtle abnormalities in renal sodium handling present
in compensated preascitic cirrhotic patients that are responsi-
ble for the increased blood volume are probably a homeostatic
mechanism to compensate for the increased vascular capaci-

tance of the splanchnic vascular bed in cirrhosis due to arterial
vasodilation. This interpretation is supported by the observa-
tion that a pharmacologically induced vasodilation is followed
by sodium retention and increased plasma volume and as-
cites and edema formation in most preascitic cirrhotic patients
(69–72). It is also supported by the findings that patients who
develop ascites or edema while on a high-sodium diet, or who
fail to escape from the sodium-retaining effect of mineralocor-
ticoids, are those with more marked abnormalities in systemic
hemodynamics as indicated by higher cardiac output and lower
total systemic vascular resistance (53). An alternative interpre-
tation suggests that abnormal sodium handling in preascitic
cirrhotic patients is related to the degree of liver dysfunction
(59,62).

Water Retention and Dilutional Hyponatremia

Since the pioneer studies by Papper and Saxon (73) and Shear
et al. (74), it is well known that a derangement in the renal
capacity to regulate water balance occurs in advanced cirrho-
sis. Cirrhotic patients without ascites usually have normal or
only slightly impaired renal water handling as compared with
healthy subjects. Therefore, in these patients total body water,
plasma osmolality, and serum sodium concentration are nor-
mal and hyponatremia does not develop, even in conditions of
excessive water intake. By contrast, an impairment in the renal
capacity to excrete solute-free water is common in patients with
ascites and it occurs after the development of sodium retention
(73–77). In patients with ascites there is a direct correlation
between urinary sodium excretion and water excretion as esti-
mated by urine flow after a water load (74,77). However, no
correlation exists between these two parameters when only pa-
tients with marked sodium retention are considered. Therefore,
sodium retention is necessary but not sufficient for the devel-
opment of solute-free water retention in cirrhotic patients.

As with sodium retention, the impairment of water excre-
tion is not uniform in all patients with ascites; rather, it varies
markedly from patient to patient (Fig. 84-2). In some patients,
water retention is moderate and can be detected only by mea-
suring solute-free water excretion after a water load. These
patients are able to eliminate water normally and maintain
a normal serum sodium concentration as long as their water
intake is kept within normal limits, but they may develop hy-
ponatremia when water intake is increased. In other patients,
the severity of the disorder is such that they retain most of
their water intake causing hyponatremia and hypoosmolality.
Therefore, hyponatremia in cirrhosis with ascites is almost al-
ways dilutional in origin, since it occurs in the setting of an in-
creased total body water. Hyponatremia is paradoxical in that
it is associated with sodium retention and a marked increase in
total body exchangeable sodium. Spontaneous dilutional hy-
ponatremia requires a profound impairment in solute-free wa-
ter excretion, since it usually occurs with a solute-free water
clearance after a water load of less than 1 mL/minute (75). Ap-
proximately one-third of hospitalized cirrhotic patients with
ascites have spontaneous dilutional hyponatremia (75). The
presence of dilutional hyponatremia in a cirrhotic patient is as-
sociated with a poor survival (51,75,78–84) (Fig. 84-3). The
development of dilutional hyponatremia after a precipitating
event such as hemorrhage or infection is associated with a
better prognosis when compared to the spontaneous appear-
ance of this complication (85). This is possibly related to a
higher incidence of renal dysfunction and a more advanced
stage of decompensated cirrhosis associated with spontaneous
dilutional hyponatremia.

Several factors may aggravate the impairment of solute-free
water excretion in cirrhotic patients with ascites and precip-
itate the appearance of hyponatremia. These include the ad-
ministration of hypotonic fluids in excess of the capacity to ex-
crete solute-free water, treatment with diuretics or nonsteroidal
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FIGURE 84-2. Box plot of diuresis after a water load (20 mL/kg body weight of 5% dextrose given i.v.)
in conditions of a low-sodium diet—50 mEq per day—and without diuretics (left panel) and long-term
survival according to diuresis after water load (right panel) in a series of 204 patients with cirrhosis
admitted to the hospital for the treatment of ascites.

antiinflammatory drugs (NSAIDs), and large-volume paracen-
tesis without plasma volume expansion (77,86–88).

Mechanisms of Impaired Renal Water Handling. The patho-
genesis of water retention in cirrhosis is complex and proba-
bly involves several factors, including a reduced delivery of fil-
trate to the ascending limb of the loop of Henle, reduced renal
synthesis of prostaglandins, and nonosmotic hypersecretion of
arginine vasopressin (AVP) (89–91). Although definitive data
are lacking about the relative importance of these factors in
the pathogenesis of water retention in patients with cirrhosis,
it is likely that AVP hypersecretion plays a major role in wa-
ter retention. This contention is supported by recent studies in
animals and patients with cirrhosis showing that the adminis-
tration of drugs that antagonize the tubular effects of AVP (V2
receptor antagonists) improve solute-free water excretion and
increase serum sodium concentration (92–98). In patients with
renal failure it is likely that in addition to AVP, a reduced distal
delivery of filtrate due to decreased filtered load and increased
proximal sodium and water reabsorption plays an important
role in water retention.

Clinical Consequences. The clinical consequence of impair-
ment in solute-free water excretion is the development of di-
lutional hyponatremia. Dilutional hyponatremia in cirrhotic

patients is defined as serum sodium <130 mEq/L in the pres-
ence of an expanded extracellular fluid volume, as indicated
by the presence of ascites and/or edema (90). It is associated
with sodium retention and increased total body sodium, and
should be distinguished from hypovolemic hyponatremia that,
although less common, may develop in cirrhotic patients with
ascites and edema who are maintained on high doses of diuret-
ics and sodium restriction after resolution of ascites and edema.
In some patients, dilutional hyponatremia is asymptomatic, but
in others it is probably associated with clinical symptoms sim-
ilar to those found in dilutional hyponatremia of other eti-
ologies, including anorexia, difficulty in mental concentration,
sluggish thinking, lethargy, nausea, vomiting, and, occasion-
ally, seizures. However, in many instances, it may be difficult
to establish whether these symptoms are due to hyponatremia
itself, hepatic encephalopathy and/or other associated condi-
tions. The clinical consequences of dilutional hyponatremia in
patients with cirrhosis are not completely understood but are
currently being assessed. Because serum sodium concentration
is the major determinant of the osmolality in the extracellu-
lar fluid, dilutional hyponatremia is associated with hypoos-
molality of extracellular fluid. This hypoosmolality causes a
shift of water from the extracellular to the intracellular com-
partment, which may probably affect cell function. One of the
major effects of dilutional hyponatremia occurs in the brain.
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7 8 9 10 FIGURE 84-3. Long-term survival of a large group of cirrhotic pa-
tients with ascites with and without dilutional hyponatremia.
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FIGURE 84-4. Box plot of glomerular filtration rate (in conditions of a low-sodium diet—50 mEq per
day—and without diuretics) (left panel) and long-term survival according to glomerular filtration rate
(right panel) in a series of 204 patients with cirrhosis admitted to the hospital for the treatment of ascites.

Brain cells of patients with cirrhosis and hyponatremia have
reduced intracellular content of some organic osmolytes, par-
ticularly myoinositol, which may help prevent the development
of brain cell edema as a consequence of passage of water from
the extracellular to the intracellular compartment (99). These
changes could affect cell function and predispose to the de-
velopment of disturbances in neurologic function. Preliminary
reports indicate that severe dilutional hyponatremia is a major
predisposing factor to the development of hepatic encephalopa-
thy in patients with cirrhosis (100). Nonetheless further studies
in this area are required to establish this possible pathogenic
relationship.

Assessment of Water Excretion in Clinical Practice. As stated
previously, the complete assessment of the renal capacity to ex-
crete solute-free water in cirrhotic patients with ascites should
include not only the determination of serum sodium concen-
tration but also the evaluation of the immediate response to the
administration of water. The capacity to excrete solute-free wa-
ter is a major prognostic factor of cirrhosis with ascites (78,81)
and should be measured if possible when a thorough evaluation
of the disease is required, especially in patients who are consid-
ered for liver transplantation (discussed in more detail later).
Moreover, the assessment of solute-free water excretion is of
importance in the clinical management of patients, as it allows
for fluid intake to be adjusted to the renal capacity to elimi-
nate water, thereby preventing the development of dilutional
hyponatremia due to inappropriately high fluid intake.

Renal Vasoconstriction and Hepatorenal Syndrome

Investigations performed by Sherlock, Schroeder, and Epstein
during the late 1960s and early 1970s provided conclusive evi-
dence indicating that the renal failure of functional origin—the
so-called hepatorenal syndrome (HRS)—was due to a marked
vasoconstriction of the renal circulation (101–103). Later stud-
ies showed that, in addition to the striking renal vasoconstric-
tion present in patients with HRS, mild-to-moderate degrees of
vasoconstriction in the renal circulation are also very common
in patients with cirrhosis and ascites (104–107). When renal
perfusion is estimated by sensitive clearance techniques, such
as para-aminohippurate or inulin clearances, in a population
of hospitalized patients with ascites, normal values are found
in only one-fifth of cases. In another 15% to 20%, renal hy-
poperfusion is very intense and meets the criteria of HRS. In

the remaining patients, mild or moderate reductions in renal
perfusion exist (Fig. 84-4). These latter patients show slightly
increased serum creatinine and/or blood urea nitrogen (BUN)
levels in baseline conditions (in the absence of diuretic therapy).
This moderate renal vasoconstriction is clinically relevant for
several reasons: first, it is often associated with marked sodium
and water retention and the presence of refractory ascites (108);
second, it predisposes to the development of HRS (13,109); and
third, it is associated with an impaired survival (51,81).

Definition of Hepatorenal Syndrome. The definition of HRS
proposed by the International Ascites Club, which is the most
widely accepted, is as follows: “Hepatorenal syndrome is a clin-
ical condition that occurs in patients with advanced chronic
liver disease, liver failure, and portal hypertension character-
ized by impaired renal function and marked abnormalities in
the arterial circulation and activity of the endogenous vasoac-
tive systems. In the kidney there is marked vasoconstriction that
results in low GFR, whereas in the extrarenal circulation there
is predominance of arterial vasodilation, which results in reduc-
tion of total systemic vascular resistance and arterial hypoten-
sion” (108). Although HRS occurs predominantly in advanced
cirrhosis, it may also develop in other chronic liver diseases as-
sociated with severe liver failure and portal hypertension, such
as alcoholic hepatitis, or in acute liver failure (110).

Pathogenic Mechanisms. The pathophysiologic hallmark of
HRS is a vasoconstriction of the renal circulation (102,108,
111,112). Studies of renal perfusion with renal arteriography,
133Xe washout technique, para-aminohippuric acid excretion
and duplex Doppler ultrasonography, have demonstrated the
existence of marked vasoconstriction in the kidneys of patients
with HRS, with a characteristic reduction in renal cortical
perfusion (102,112–118). The functional nature of HRS has
been conclusively demonstrated by the lack of significant mor-
phologic abnormalities in the kidney histology (5–8,119) and
by the normalization of renal function after liver transplanta-
tion (120–124).

The mechanism of this vasoconstriction is likely multifac-
torial, involving changes in systemic hemodynamics, increased
pressure in the portal venous system, activation of vasocon-
strictor factors, and suppression of vasodilator factors act-
ing on the renal circulation (discussed later). Contrary to the
previous belief, other vascular beds in addition to the renal
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FIGURE 84-5. Probability of developing hepatorenal syndrome in a
series of 234 nonazotemic cirrhotic patients with ascites. (From: Ginès
A, Escorsell A, Ginès P, et al. Incidence, predictive factors, and prog-
nosis of the hepatorenal syndrome in cirrhosis with ascites. Gastroen-
terology 1993;105:229, with permission.)

circulation are also vasoconstricted in patients with HRS, in-
cluding the extremities and the cerebral circulation (125–127).
This indicates the existence of a generalized arterial vasocon-
striction in nonsplanchnic vascular beds of patients with HRS
and suggests that the main vascular bed responsible for arterial
vasodilation and reduced total peripheral vascular resistance in
cirrhosis with HRS is the splanchnic circulation.

Clinical and Laboratory Findings. Hepatorenal syndrome is a
common complication of patients with cirrhosis. In patients
with ascites, the probability of developing HRS during the
course of the disease is 18% at 1 year and increases up to
40% after 5 years of follow-up (13) (Fig. 84-5). The clinical
manifestations include a combination of signs and symptoms
related to renal, circulatory, and liver failure. Nonetheless there
are no specific clinical findings in HRS.

Renal failure may have a rapid or insidious onset and is
often associated with oliguria, intense urinary sodium reten-
tion (urine sodium <10 mEq/L), and spontaneous dilutional
hyponatremia (serum sodium <130 mEq/L) (108,111). HRS
may occur in two different clinical patterns, according to the
intensity and form of the onset of renal failure (Table 84-3)
(108,128). Type 1 HRS is the classic type of HRS and represents
the end of the spectrum of changes in renal perfusion in cirrho-
sis. The dominant clinical features of type 1 HRS are those of
severe renal failure with oliguria or anuria and increased serum
levels of urea and creatinine. Type 1 HRS is characterized by
a rapid and progressive impairment of renal function as de-

TA B L E 8 4 - 3

CLINICAL TYPES OF HEPATORENAL SYNDROME

Type 1 Rapid and progressive impairment of renal
function as defined by a doubling of the initial
serum creatinine to a level higher than 2.5
mg/dL or a 50% reduction of the initial
24-hour creatinine clearance to a level lower
than 20 mL/minute in less than 2 weeks.

Type 2 Impairment in renal function (serum creatinine
>1.5 mg/dL) that does not meet the criteria for
type 1.
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FIGURE 84-6. Survival of patients with cirrhosis according to the type
of hepatorenal syndrome. (Reproduced from: Alessandrı́a C, Ozdogan
O, Guevara M, et al. MELD score and clinical type predict prognosis in
hepatorenal syndrome: relevance to liver transplantation. Hepatology.
2005;41:1282, with permission.)

fined by a doubling of the initial serum creatinine to a level
greater than 2.5 mg/dL in less than 2 weeks. Despite an im-
portant reduction of GFR in these patients, serum creatinine
levels are commonly lower than values observed in patients
with acute renal failure of similar intensity with respect to the
reduction in GFR, but without liver disease (111,118,129,130).
This is probably due to the lower endogenous production of
creatinine secondary to reduced muscle mass in patients with
cirrhosis compared with patients without liver disease. Type
1 HRS is associated with a very low survival expectancy, the
median survival time being only 2 weeks (Fig. 84-6) (128).
Type 2 HRS is characterized by a more subtle course, with
serum creatinine levels around 1.5 to 2.0 mg/dL. Patients are
usually in a better clinical condition than those with type 1
HRS, and their survival expectancy is longer, approximately
6 months (Fig 84-6) (128). The dominant clinical feature of
these patients is diuretic-resistant ascites due to the combina-
tion of intense sodium retention, reduced GFR, and marked
stimulation of antinatriuretic systems (108). Severe sponta-
neous hyperkalemia is an uncommon feature of HRS. However,
marked hyperkalemia may occur if patients are treated with
aldosterone antagonists, especially patients with type 1 HRS.
Severe metabolic acidosis and pulmonary edema, which are
frequent complications of acute renal failure of patients with-
out liver disease, are uncommon findings in patients with HRS.
Because HRS is a form of functional renal failure, the charac-
teristics of urine are those of prerenal azotemia, with oliguria,
low urine sodium concentration, and increased urine osmolal-
ity and urine-to-plasma osmolality ratio (108,131). Neverthe-
less, there are non-oliguric forms of the syndrome, and in some
cases urine sodium concentration is not extremely reduced
(131,132). As shown in Table 84-4, urinary indices are not
currently considered essential for the diagnosis of HRS (108).

Circulatory failure in patients with HRS is characterized by
high cardiac output, arterial hypotension (most patients have
a mean arterial pressure in the range of 60 to 80 mm Hg),
and low total systemic vascular resistance, despite the existence
of severe vasoconstriction in several vascular beds, as already
discussed (108,126,128). In addition, patients may also have
cirrhotic cardiomyopathy, a condition characterized by systolic
and diastolic dysfunction of the left ventricle, which is clinically
silent but may contribute to profound hemodynamic changes
occurring in HRS, particularly when precipitated by sponta-
neous bacterial peritonitis (133–135).
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TA B L E 8 4 - 4

DIAGNOSTIC CRITERIA FOR HEPATORENAL
SYNDROMEa

Major criteria

1. Low glomerular filtration rate, as indicated by serum
creatinine greater than 1.5 mg/dL (133 μmol/L) or 24-hour
creatinine clearance lower than 40 mL/minute.

2. Absence of shock, ongoing bacterial infection, fluid losses,
and current treatment with nephrotoxic drugs.

3. No sustained improvement in renal function (decrease in
serum creatinine to 1.5 mg/dL (133 μmol/L) or less, or
increase in creatinine clearance to 40 mL/minute or more)
following diuretic withdrawal and expansion of plasma
volume with 1.5 L of a plasma expander.

4. Proteinuria lower than 500 mg/day and no ultrasonographic
evidence of obstructive uropathy or parenchymal renal
disease.

Additional criteria

1. Urine volume lower than 500 mL/day.
2. Urine sodium lower than 10 mEq/L.
3. Urine osmolality greater than plasma osmolality.
4. Urine red blood cells less than 50 per high power field.
5. Serum sodium concentration lower than 130 mEq/L.

aAll major criteria must be present for the diagnosis of hepatorenal
syndrome. Additional criteria are not necessary for the diagnosis, but
provide supportive evidence.

Finally, the third type of clinical manifestations of HRS is re-
lated to the existence of liver failure. The majority of patients
have features of advanced liver disease with hyperbilirubine-
mia, elevated prothrombin time, thrombocytopenia, hepatic
encephalopathy, hypoalbuminemia, poor nutritional status,
and a large amount of ascites, although some patients with
HRS may show only moderate liver failure. In general, pa-
tients with type 1 HRS have more severe liver failure relative
to patients with type 2 HRS (128).

Precipitating Factors. In some patients, HRS develops without
any identifiable precipitating factor, whereas in others it oc-
curs in close chronologic relationship with bacterial infections,
particularly spontaneous bacterial peritonitis (108,136,137).
Approximately one-third of patients with spontaneous bacte-
rial peritonitis develop an impairment of renal function dur-
ing or immediately after infection and in the absence of shock
(136). This impairment in renal function is of functional ori-
gin and occurs in the setting of a further decrease in effective
arterial blood volume of patients with ascites, as indicated by
a marked activation of vasoconstrictor systems and increased
serum and ascitic fluid levels of cytokines (137,138). In ap-
proximately one-third of patients developing renal failure af-
ter spontaneous bacterial peritonitis, the impairment in renal
function is reversible after resolution of infection. However, in
the remaining patients the impairment in renal function is not
reversible after the resolution of the infection and meets the cri-
teria of HRS (type 1 in most cases). Patients who develop type 1
HRS after spontaneous bacterial peritonitis have a dismal out-
come, with an almost 100% hospital mortality if not treated
appropriately (see subsequent text) (136,138). Similarly, large-
volume paracentesis (>5 L) without albumin expansion may
precipitate type 1 HRS in up to 15% of cases (88). This is one
of the main factors that support the administration of intra-
venous albumin when large-volume paracentesis is performed

(139). Gastrointestinal bleeding has been classically considered
as a precipitating factor of HRS (131). However, the develop-
ment of renal failure after this complication is uncommon in
patients with cirrhosis (approximately 10%) and occurs mainly
in patients with hypovolemic shock, in most cases associated
with ischemic hepatitis, which suggests that renal failure in this
setting is probably related to the development of acute tubu-
lar necrosis (ATN) and not of functional origin (140). Diuretic
treatment has also been classically described as a precipitating
factor of HRS, but there is no clear evidence to support such a
relationship.

There are several predictive factors in patients with cirrhosis
and ascites associated with a greater risk of developing HRS
(13). For the most part these are related to circulatory and
renal function and include severe urinary sodium retention,
spontaneous dilutional hyponatremia, and low mean arterial
blood pressure (<80 mm Hg). Interestingly, neither the degree
of liver failure, as assessed by classic parameters of liver func-
tion (serum bilirubin, albumin, and prothrombin time) nor the
Childs-Pugh classification, correlate with the risk of developing
HRS (13).

Diagnosis. The diagnosis of HRS is currently based on sev-
eral diagnostic criteria (Table 84-4) (108). The minimum level
of serum creatinine required for the diagnosis of HRS is
1.5 mg/dL (133 μmol/L). Patients with cirrhosis with a serum
creatinine greater than 1.5 mg/dL usually have a GFR of less
than 40 mL/minute (111). In patients receiving diuretics, serum
creatinine measurement should be repeated after diuretic with-
drawal for 7 days because in some patients serum creatinine
level may increase during diuretic therapy, even in the absence
of excessive diuresis causing volume depletion.

Because no specific laboratory tests are available for the
diagnosis of HRS and patients with advanced cirrhosis may
develop renal failure of other etiologies (prerenal failure due
to volume depletion, ATN, drug-induced nephrotoxicity, and
glomerulonephritis in patients with hepatitis B or C), the most
important step in the diagnosis of HRS is to rule out renal
failure secondary to volume depletion or parenchymal diseases
(108). Gastrointestinal fluid losses, due to vomiting or diar-
rhea, or renal fluid losses, due to excessive diuresis, should
be sought in all patients with cirrhosis presenting with renal
failure. If renal failure is secondary to volume depletion, renal
function improves rapidly after volume repletion (1,500 mL
of intravenous isotonic saline) and treatment of the precipi-
tating factor. Shock is another common condition in patients
with cirrhosis that may lead to renal failure due to ATN.
Although hypovolemic shock related to gastrointestinal bleed-
ing is easily recognized, the presence of septic shock may be
more difficult to diagnose because of the paucity of symptoms
of bacterial infections in some patients with cirrhosis. More-
over, arterial hypotension due to the infection may be erro-
neously attributed to the underlying liver disease. In some pa-
tients with septic shock oliguria is the first sign of infection.
These patients may be misdiagnosed as having HRS if signs of
infection (blood cell count, examination of ascitic fluid) are not
intentionally examined. Conversely, as discussed previously,
patients with cirrhosis and spontaneous bacterial peritonitis
may develop renal failure during the course of the infection, in
the absence of septic shock (136,138). Renal failure in these pa-
tients may either improve with the antibiotic therapy or evolve
into HRS, even after the resolution of the infection has been
achieved. The administration of NSAIDs is another common
cause of acute renal failure in patients with cirrhosis and ascites,
which is clinically indistinguishable from HRS (86,141,142).
Therefore, treatment with these drugs should always be ruled
out before the diagnosis of HRS is made. Recent studies in
patients with cirrhosis and ascites indicate that drugs that in-
hibit selectively the cyclooxygenase 2 (COX-2) enzyme do not
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cause renal failure, at least when administered for a short pe-
riod (143,144). Patients with cirrhosis are also at high risk of
developing renal failure due to ATN when treated with amino-
glycosides (141,145,146). Because of this high risk of nephro-
toxicity and the existence of other effective antibiotics (e.g.,
third-generation cephalosporins), treatment with aminoglyco-
sides should be avoided in patients with chronic liver disease.
Finally, patients with cirrhosis due to hepatitis B and C may
also develop renal failure due to glomerulonephritis (147). In
these cases, proteinuria and/or hematuria are almost constant
and provide a clue for the diagnosis, which may be confirmed
by renal biopsy in selected cases.

FACTORS INVOLVED IN
FUNCTIONAL RENAL

ABNORMALITIES IN CIRRHOSIS

Circulatory Abnormalities

Hepatic and Splanchnic Circulation

The existence of cirrhosis causes marked structural abnormali-
ties in the liver that result in severe disturbance of intrahepatic
circulation causing increased resistance to portal flow and sub-
sequent hypertension in the portal venous system (148). Pro-
gressive collagen deposition and formation of nodules alter the
normal vascular architecture of the liver. Moreover, selective
deposition of collagen in the space of Disse, the space between
sinusoidal cells and hepatocytes, may constrict the sinusoids,
resulting in further mechanical obstruction to flow (149,150).
In addition to this passive resistance to portal flow there is an
active component of intrahepatic resistance, which is due to the
contraction of hepatic stellate cells (myofibroblast like cells)
present in sinusoids and terminal hepatic venules (151,152)
and low levels of intrahepatic vasodilators. The contraction of
these cells is affected by endogenous vasoconstrictors and can
be modulated by vasodilators and drugs that antagonize the
vasoconstrictor factors (153–155). Moreover, there is a strong
body of evidence indicating that despite the overproduction of
the vasodilator nitric oxide (NO) in the systemic circulation
in cirrhosis, there is a reduced production of NO in the intra-
hepatic circulation of cirrhotic livers that contributes further
to the increased intrahepatic resistance characteristic of portal
hypertension (156–158).

Portal hypertension induces profound changes in the
splanchnic circulation (159,160). Classically, portal hyperten-
sion was considered to cause only changes in the venous side
of the splanchnic circulation. However, studies in experimental
animals indicate that portal hypertension also causes marked
changes in the arterial side of the splanchnic vascular bed. In
the venous side, the main changes consist of increased pressure
and formation of portocollateral circulation, which causes the
shunting of blood from the portal venous system to the sys-
temic circulation. In the arterial side, there is marked arterial
vasodilation, which increases portal venous inflow (159–161).
This high portal venous inflow plays an important role in the
increased pressure in the portal circulation and may explain,
at least in part, why portal pressure remains increased despite
the development of collateral circulation. This arteriolar va-
sodilation is also responsible for marked changes in splanch-
nic microcirculation that may predispose to increased filtration
of fluid. It has been shown that chronic portal hypertension
causes a much greater increase in intestinal capillary pressure
and lymph flow than does an acute increase in portal pressure
of the same magnitude (162,163). This is probably due to a
loss of the normal autoregulatory mechanism of the splanch-

nic microcirculation. The acute elevation of venous pressure in
the intestine elicits a strong myogenic response, which leads to
a reduction in blood flow. This phenomenon is thought to be a
homeostatic response to protect the intestine against edema for-
mation. This protective mechanism is not operative in chronic
portal hypertension, and arteriolar resistance is reduced and
not increased (163,164). The resultant increases in capillary
pressure and filtration may be important factors in the forma-
tion of ascites in cirrhosis. The mechanism(s) by which portal
hypertension induces splanchnic arteriolar vasodilation is not
completely understood, although a number of vasoactive medi-
ators have been proposed (and will be discussed subsequently)
(159).

Several lines of evidence indicate that portal hypertension
is a major factor in the pathogenesis of ascites. First, patients
with early cirrhosis without portal hypertension do not de-
velop ascites or edema. Moreover, a certain level of portal
hypertension is required for ascites formation. Ascites rarely
develops in patients with portal pressure, as assessed by the
difference between wedge and free hepatic venous pressure,
less than 12 mm Hg, (normal portal pressure: 5 mm Hg)
(165–169). Second, cirrhotic patients treated with surgical por-
tosystemic shunts for the management of bleeding gastroe-
sophageal varices have a lower risk of developing ascites than
do patients treated with procedures that obliterate gastroe-
sophageal varices but do not affect portal pressure (i.e., scle-
rotherapy, esophageal band ligation) (170). Finally, reduction
of portal pressure with side-to-side or end-to-side portacaval
anastomosis or TIPS (placement of a stent between a hepatic
vein and the intrahepatic portion of the portal vein using a
transjugular approach) is associated with an improvement of
ascites, renal function, and suppression of antinatriuretic sys-
tems (171–174) in cirrhotic patients with fluid retention. The
mechanism(s) by which portal hypertension contributes to re-
nal functional abnormalities and ascites and edema formation
is not completely understood, yet three pathogenic mechanisms
have been proposed: (i) alterations in the splanchnic and sys-
temic circulation that result in activation of vasoconstrictor and
antinatriuretic systems and subsequent renal sodium and wa-
ter retention; (ii) hepatorenal reflex due to increased hepatic
pressure that would cause sodium and water retention; and
(iii) putative antinatriuretic substances escaping from the
splanchnic area through portosystemic collaterals that would
have a sodium-retaining effect in the kidney (as discussed later
in this chapter).

Systemic Circulation

The development of portal hypertension is associated with
marked hemodynamic changes not only in the hepatic and
splanchnic circulation but also in the systemic circulation.
These changes, which have been well characterized in human
and experimental cirrhosis, consist of reduced systemic vascu-
lar resistance and arterial pressure, increased cardiac index,
increased plasma volume, and activation of systemic vaso-
constrictor and antinatriuretic factors. These changes in sys-
temic hemodynamics appear before the formation of ascites
and are more marked as the disease progresses (29,175–180).
The hemodynamic profile of patients with cirrhosis in differ-
ent stages of the disease is summarized in Table 84-5. The
factor that appears to trigger all these hemodynamic changes
of cirrhosis is an arterial vasodilation located mainly in the
splanchnic circulation (159–161,180–182). The existence of
splanchnic arterial vasodilation causes an abnormal distribu-
tion of blood volume, which results in a reduction of central
blood volume (heart, lungs, and aorta) that is sensed by arterial
and cardiopulmonary receptors. This central underfilling trig-
gers a neurohormonal response, by activating the sympathetic
nervous system (SNS), RAAS, and arginine vasopressin (AVP).
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TA B L E 8 4 - 5

HEMODYNAMIC PROFILE OF CIRRHOTIC PATIENTS IN DIFFERENT STAGES OF DISEASE

Preascitic cirrhosis Cirrhosis with ascites Hepatorenal syndrome

Cardiac output Normal or increased Increased Increased
Arterial pressure Normal Normal or reduced Reduced
Systemic vascular resistance Normal or reduced Reduced Reduced
Plasma volume Normal or increased Increased Increased
Portal pressure Normal or increased Increased Increased
Vasoconstrictor systems activity Normal Increaseda Increased
Renal vascular resistance Normal Normal or increased Increased
Brachial or femoral vascular resistance Normal or reduced Normal or increased Increased
Cerebral vascular resistance Normal Increased Increased

aMay be normal in 20% to 30% of patients.

This explains why systemic vasoconstrictor factors are acti-
vated despite an increased plasma volume that in normal con-
ditions would suppress the activation of these systems. Inves-
tigations in patients with cirrhosis have assessed central blood
volume by measuring the mean circulation time of an indica-
tor or by magnetic resonance imaging (180,183–185). These
studies have confirmed that central blood volume is reduced
in patients with cirrhosis, particularly in those with ascites,
and correlates directly with systemic vascular resistance and
inversely with portal pressure, indicating that the greater the
vasodilation and the pressure in the portal system, the lower
the central blood volume. The crucial role played by the re-
duced central blood volume in the activation of vasoconstric-
tor systems has been further corroborated by studies showing
that improvement of central blood volume by the combina-
tion of expansion of plasma volume or head-out water immer-
sion and administration of vasoconstrictor agents, suppresses
the activation of vasoconstrictor systems (186–189). Whether
or not arterial vasodilation occurs also in nonsplanchnic ter-
ritories is still controversial but most data indicate that the
splanchnic circulation accounts for most, if not all, of the re-
duced arterial resistance in patients with cirrhosis (159,163,
180,190).

Despite extensive investigation, the mechanism(s) respon-
sible for arterial vasodilation in cirrhosis is not completely
understood. Several explanations have been proposed, includ-
ing opening of arteriovenous fistulas, reduced sensitivity to
vasoconstrictors, and increased circulating levels of vasodila-
tor substances (159,163,180,190–193). This latter mechanism
has been the most extensively studied. Increased production
of release of nitric oxide (NO), carbon monoxide, glucagon,
endocannabinoids, prostaglandins, vasoactive intestinal pep-
tide, adenosine, bile salts, platelet-activating factor, substance P,
natriuretic peptides, calcitonin gene-related peptide (CGRP),
and adrenomedullin may participate in the development of
splanchnic arterial vasodilation(159,163,180,190,194–204).
At present, most available data, obtained mainly from experi-
mental cirrhosis, indicate that NO is the main mediator of arte-
rial vasodilation in cirrhosis (Table 84-6) (reviewed in reference
205). NO synthesis from cirrhotic arterial vessels is markedly
increased compared to that of normal vascular tissue. This in-
creased NO synthesis appears to be generalized, except for the
intrahepatic circulation, but predominates in the splanchnic
territory. Among the different isoforms of NO synthase, the
constitutive form appears to be the one responsible for the
increased NO synthesis. The normalization of NO synthesis

TA B L E 8 4 - 6

EVIDENCE FOR A ROLE OF AN INCREASED VASCULAR PRODUCTION OF
NITRIC OXIDE (NO) IN THE PATHOGENESIS OF ARTERIAL VASODILATION AND
SUBSEQUENT SODIUM AND WATER RETENTION IN CIRRHOSIS

Experimental cirrhosis

1. Reversal of the impaired pressor response to vasoconstrictors of isolated aortic rings or
splanchnic vascular preparations by NO synthase inhibition.

2. Enhanced vasodilator response to NO-dependent vasodilators.
3. Increased pressor effect of systemic NO synthase inhibition.
4. Increased NO synthesis in vascular tissue.
5. Normalization of the hyperdynamic circulation, activity of antinatriuretic systems, and

sodium and water retention by chronic NO synthase inhibition.
6. Increased expression of NO synthase isoenzymes in vascular tissue.

Human cirrhosis

1. Correction of the arterial hyporesponsiveness to vasoconstrictors by NO synthase
inhibition.

2. Enhanced vasodilatory response to NO-dependent vasodilators.
3. Increased plasma levels of NO and NO metabolites.
4. Increased NO in the exhaled air.
5. Increased NO synthase activity in polymorphonuclear cells and monocytes.
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in experimental cirrhosis by the administration of inhibitors
of NO synthesis is associated with a marked improvement of
splanchnic and systemic hemodynamics, suppression of the in-
creased activity of the RAAS and AVP concentration, increased
sodium and water excretion, and reduction or disappearance
of ascites (206). So far, only few studies have investigated the
effect of acute NO synthesis inhibition in patients with cirrho-
sis on systemic hemodynamic and/or renal function, with dis-
crepant findings (207–209). Unfortunately, no study has been
reported investigating the effects of a prolonged inhibition of
NO synthesis in human cirrhosis.

Neurohumoral Systems

The functional renal abnormalities that occur in cirrhosis are
probably the result of a complex interrelationship between dif-
ferent systems and factors with effects on renal function. The
relative contribution of a particular system in the pathogenesis
of these abnormalities in cirrhosis has, therefore, been difficult
to assess. This section reviews the different systems that may
participate in renal dysfunction in cirrhosis. The evidence in-
dicating the role of these systems in the pathogenesis of these
abnormalities is discussed.

Renin–Angiotensin–Aldosterone System

Of all potential factors involved in pathogenesis of sodium
retention in cirrhosis, aldosterone has been the most exten-
sively studied. Plasma aldosterone levels are increased in most
cirrhotic patients with ascites and marked sodium retention
(33,57,106,177,210–215). In ascitic patients with moderate
sodium retention, plasma aldosterone is either slightly ele-
vated or normal. It should be pointed out, however, that these
“normal” concentrations occur in the presence of an increase
in total body sodium of a degree that generally suppresses al-
dosterone concentration in normal subjects. Three lines of ev-
idence indicate that aldosterone plays an important role in the
pathogenesis of sodium retention in cirrhosis: (i) there is an in-
verse correlation between urinary sodium excretion and plasma

aldosterone levels (33,57,106,177,215,216); (ii) studies in an-
imals with experimental cirrhosis have shown the existence
of a chronologic relationship between hyperaldosteronism and
sodium retention (21); and (iii) the administration of spirono-
lactone, a specific aldosterone antagonist, is able to reverse
sodium retention in the great majority of patients with ascites
without renal failure (37,38,217–219). The observation that
sodium retention may occur in cirrhotic patients in the absence
of increased plasma aldosterone levels has raised the suggestion
that other factors in addition to aldosterone may contribute to
the increased sodium retention in cirrhosis (220). Nevertheless,
it has also been suggested that cirrhotic patients may have an
increased tubular sensitivity to aldosterone (33,57). This may
explain the natriuretic response to spironolactone (38,219).
Therefore, the possibility exists that aldosterone may partici-
pate in renal sodium retention in cirrhosis, even in the presence
of normal plasma concentrations of the hormone. In addition
to aldosterone, increased intrarenal levels of angiotensin II may
also contribute to sodium retention in patients with cirrhosis
by a direct effect on tubular sodium reabsorption (221).

The increased plasma aldosterone concentration in cirrhotic
patients with ascites are due to a stimulation of aldosterone se-
cretion and not due to impaired degradation, as the hepatic
clearance of aldosterone is normal or only slightly reduced
in these patients (55,210,220). Among the different mecha-
nisms that regulate aldosterone secretion, an increased activity
of RAAS is the most likely to be responsible for hyperaldo-
steronism in cirrhosis (Fig. 84-7). In fact, plasma renin activity
(PRA), which estimates the activity of the RAAS, is increased in
most patients with ascites and correlates closely with plasma al-
dosterone concentration (106, 177,211,212,222–224). Investi-
gations using pharmacologic agents that interrupt RAAS have
provided evidence suggesting that this system is activated as
a result of a profound disturbance in systemic hemodynam-
ics. The administration of angiotensin II receptor antagonists,
or converting enzyme inhibitors, to cirrhotic patients with as-
cites and increased PRA induces a marked reduction in arterial
pressure and systemic vascular resistance, which suggests that
the activation of RAAS is a homeostatic response to maintain
arterial pressure in these patients (225–228).

Systemic vascular
resistance

Effective arterial
blood volume
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Renal
vasoconstriction
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Renin

Angiotensinogen
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pressure
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FIGURE 84-7. Proposed mechanism of activation
and renal and systemic effects of renin–angiotensin–
aldosterone system in cirrhosis with ascites.
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FIGURE 84-8. Proposed mechanism of ac-
tivation and renal and systemic effects of
sympathetic nervous system in cirrhosis
with ascites.

The activation of RAAS is particularly intense in patients
with HRS, suggesting a role for angiotensin II in the patho-
genesis of renal vasoconstriction in HRS (229–234). This role
is further supported by studies showing that the improvement
of renal function in patients with HRS achieved by the admin-
istration of the vasopressin analogs ornipressin or terlipressin
associated with albumin or the insertion of a TIPS is associ-
ated with a marked suppression of the activity of the RAAS
(188,189,235,236). However, since the interruption of RAAS
is associated with arterial hypotension in patients with high
PRA, the effects of RAAS on renal function independent of
those on systemic hemodynamics have been difficult to as-
sess. Although administration of angiotensin II blockers such
as losartan may induce natriuresis when given at low doses to
patients with preascitic cirrhosis (221), the use of these drugs
should be avoided in patients with ascites because of a high
risk of hypotension and renal failure.

Sympathetic Nervous System

Numerous studies have presented evidence indicating an in-
creased activity of the SNS in cirrhosis. The plasma concen-
tration of norepinephrine (NE) in the systemic circulation, an
index of the activation of the SNS, is increased in most pa-
tients with ascites and normal or only slightly elevated in pa-
tients without ascites (230,237–243). This “normal” plasma
NE concentration, however, is relatively increased in the pres-
ence of plasma volume expansion, which occurs in early cir-
rhosis. Investigations using titrated NE, to provide a more
accurate assessment of the SNS activity, have confirmed that
the high plasma NE levels are caused by an increased activity
of the SNS and not to an impaired elimination of NE, as the to-
tal spillover of NE to plasma is markedly increased in cirrhotic
patients with ascites, whereas the plasma clearance of NE is
normal (243–248). Measurements of NE release and spillover
in specific vascular beds have shown that the activity of the
SNS is increased in many vascular territories, including kid-
neys, splanchnic organs, heart, and muscle and skin, supporting
the concept of a generalized activation of the SNS (245–249).
Direct evidence of the overactivity of the SNS in cirrhosis has
been provided by measuring the sympathetic nerve discharge
rates from a peripheral muscular nerve. Muscular sympathetic
nerve activity is markedly increased in patients with ascites and
normal in patients without ascites, and correlates directly with
plasma NE concentration (250).

Because the SNS has profound effects on renal function
(251), it is reasonable to presume that the increased renal
sympathetic nervous activity in cirrhosis may play a role in
the pathogenesis of functional renal abnormalities (Fig. 84-8).
In fact, evidence suggests that the SNS is involved in sodium
and water retention in cirrhosis. The activity of the SNS,
either estimated by plasma NE or total NE spillover to plasma,
or measured from intraneural recordings, correlates inversely
with sodium and water retention (238,245,250). Furthermore,
bilateral renal denervation increases urine volume and sodium
excretion in animals with experimental cirrhosis and ascites
(252,253). Similarly, anesthetic blockade of the lumbar SNS,
a maneuver that reduces the activity of the kidney SNS, im-
proves sodium excretion in patients with cirrhosis and ascites
(254). The acute inhibition of the renal sympathetic outflow
with clonidine in patients with cirrhosis is associated with a
reduction in renal vascular resistance and an increase in GFR
and filtration fraction, suggesting that the activation of the SNS
causes renal vasoconstriction by increasing arterial tone in the
afferent arteriole (248). Finally, patients with HRS have sig-
nificantly higher plasma levels of NE than do patients with-
out renal failure, and arterial and renal venous NE correlate
inversely with RBF, suggesting that the SNS may participate
in the renal vasoconstriction observed in patients with HRS
(230,214,255). Moreover, the circulating levels of neuropep-
tide Y, a neurotransmitter with a very potent vasoconstrictor
action in the renal circulation released in the setting of a marked
activation of the SNS, are increased in patients with HRS but
not in those with ascites without renal failure (256).

The cause of the increased activity of the SNS in cirrhosis
with ascites is not completely understood. Two major expla-
nations have been proposed: either a baroreceptor-mediated
response to a decrease in effective arterial blood volume due
to arterial vasodilation (180,243,257) or a hepatorenal reflex
resulting from activation of hepatic baroreceptors due to si-
nusoidal hypertension (258–260). The first explanation seems
more likely, since the estimated central blood volume (i.e.,
the blood volume in the heart cavities, lungs, and central ar-
terial tree) is reduced in cirrhotic patients and correlates in-
versely with SNS activity (183,184). The activity of the SNS
can be suppressed by maneuvers that increase effective arte-
rial blood volume, such as the administration of vasopressin
analogs and albumin or the insertion of a peritoneovenous
shunt (188,189,244,261).
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Prostaglandins and Other Eicosanoids

Prostaglandins are known to have a protective effect on re-
nal circulation in pathophysiologic situations associated with
increased activity of renal vasoconstrictor systems (262). Ac-
cording to this formulation, prostaglandins appear to play a
key role in the homeostasis of renal circulation and water ex-
cretion in cirrhotic patients with ascites. The urinary excretion
of prostaglandin E2 (PGE2) and 6-keto-prostaglandin F1α,
which estimate the renal synthesis of PGE2 and PGI2, respec-
tively, are increased in patients with cirrhosis and ascites with-
out renal failure as compared to healthy subjects and patients
without ascites (107,229,230,263,264). Further evidence sup-
porting a role for renal prostaglandins in the maintenance of
RBF and GFR in cirrhosis with ascites derive from studies using
NSAIDs to inhibit prostaglandin synthesis. The administration
of NSAIDs, even in single doses, to cirrhotic patients with as-
cites causes a profound decrease in RBF and GFR in those who
have a marked activation of vasoconstrictor systems, but has
little or no effect in patients without activation of these sys-
tems (86,142,230,264,265). An increased renal production of
PGE2 also contributes to the maintenance of solute-free wa-
ter excretion in nonazotemic cirrhotic patients with ascites, as
the inhibition of prostaglandin synthesis by NSAIDs in these
patients impairs solute-free water excretion independently of
changes in renal hemodynamics (87).

The relationship between the renal prostaglandin system
and HRS is controversial. Several studies have reported that
patients with HRS have lower urinary excretion of PGE2
and 6-keto-PGF1α than do patients with ascites without re-
nal failure, which suggests that a reduced renal synthesis of
vasodilator prostaglandins may play a role in the pathogenesis
of HRS (107,229,266–268). The finding of low renal content
of prostaglandin endoperoxide (PGH2) synthase (medullary
cyclooxygenase) in patients with HRS is consistent with this
hypothesis (269). Other studies, however, did not find re-
duced urinary excretion of vasodilator prostaglandins in pa-
tients with HRS (270,271). Nevertheless, “normal” synthesis
of prostaglandins may be low relative to the increased activ-
ity of vasoconstrictor systems in cirrhosis. Because patients
with HRS have the greatest activation of renal vasoconstric-
tor systems, an imbalance between vasoconstrictor systems
and the renal production of vasodilator prostaglandins has
been proposed to explain the marked reduction of RBF and
GFR that occurs in this condition (229). It has also been sug-
gested that HRS could be the consequence of an imbalance
between the renal synthesis of vasodilator and vasoconstrictor
prostaglandins based on the observation of reduced urinary
excretion of PGE2 and 6-keto-PGF1α and increased urinary
excretion of TXB2 in patients with HRS (268,271). These find-
ings, however, were not confirmed by subsequent investigations
(107,267,272). Moreover, the administration of inhibitors of
TXA2 synthesis does not improve renal function in these pa-
tients (273).

Prostaglandin synthesis in cirrhosis is also increased in ex-
trarenal organs. Patients with cirrhosis have high urinary ex-
cretion of 2-3-dinor-6-keto-PGF1α, a metabolite of PGI2 con-
sidered to be an index of systemic PGI2 production (194,270).
Because prostaglandins are potent vasodilators in the systemic
circulation, these observations raise the possibility that an in-
creased prostaglandin synthesis may contribute to arterial va-
sodilation in cirrhosis. This suggestion is consistent with the
observation that the NSAID indomethacin increases systemic
vascular resistance and ameliorates the hyperdynamic circula-
tion in cirrhotic patients (274).

Studies in rats with experimental cirrhosis and ascites have
investigated the metabolic pathways leading to the increased
synthesis of prostaglandins. Increased activity and expres-
sion of cytosolic phospholipase A2 (cPLA2) (the first en-

zyme of the metabolic cascade of eicosanoid synthesis) and
cyclooxygenase-1 (COX-1) have been found in arterial and
renal tissue of rats with cirrhosis and ascites compared with
normal rats (275–277).

The possible role of eicosanoids other than prostaglandins
in the pathogenesis of functional renal abnormalities in cir-
rhosis is not completely known. Nevertheless, the urinary ex-
cretion of leukotriene E4 and N-acetyl-leukotriene E4, com-
pounds with a vasoconstrictor effect in the renal circulation,
is increased in cirrhotic patients with HRS as compared
to healthy subjects and patients without ascites, suggesting
that leukotrienes may participate in the pathogenesis of this
syndrome (278,279). Likewise, the urinary excretion of the
vasoconstrictor compound 20-hydroxyeicosatetraenoic acid
(20-HETE) is also increased in patients with cirrhosis as com-
pared to healthy subjects (280).

Arginine Vasopressin

Studies in humans and experimental animals have provided
several pieces of evidence indicating that AVP plays a key role
in the pathogenesis of water retention in cirrhosis with as-
cites. These include: (i) plasma AVP levels are often increased
in cirrhotic patients and correlate closely with the reduction
in solute-free water excretion, patients with higher plasma
AVP levels being those with the more severe impairment in
water metabolism (87,90,91,281–285); (ii) a chronologic re-
lationship between AVP hypersecretion and impairment in
water excretion can be found in rats with cirrhosis and as-
cites (286,287); (iii) Brattleboro rats (rats with a congenital
deficiency of AVP) with cirrhosis do not develop an impair-
ment in water excretion (288); (iv) kidneys from cirrhotic rats
with ascites show increased gene expression or redistribution
to plasma membrane of aquaporin-2, the AVP-regulated water
channel (289,290); (vi) the administration of specific antago-
nists of the tubular effect of AVP (V2 antagonists) restore the
renal ability to excrete solute-free water in animal as well as in
human cirrhosis (92–98).

The increased plasma AVP concentrations in cirrhosis are
due to an increased hypothalamic synthesis and not to a re-
duced systemic clearance of the peptide (91,291–293). The
hemodynamic changes occurring in cirrhosis (low arterial
blood pressure, high cardiac output and low total systemic vas-
cular resistance) cause arterial hypotension, which unloads the
high pressure baroreceptors and stimulate a non-osmotic re-
lease of AVP with the subsequent increase in water reabsorption
(87,281). The mechanism of this non-osmotic hypersecretion
is hemodynamic, as plasma AVP levels correlate with PRA and
plasma NE concentration (87,238) and are suppressed by ma-
neuvers that increase effective arterial blood volume, such as
head-out water immersion or peritoneovenous shunting in hu-
man cirrhosis (282,294) or inhibition of NO synthesis in exper-
imental animal cirrhosis (206). This hemodynamic mechanism
of AVP release in cirrhosis is also supported by the observation
that the administration of a specific antagonist of the vascular
effect of AVP (V1 antagonist) induces arterial hypotension in
rats with experimental cirrhosis and ascites and water reten-
tion but not in control rats (295). This finding suggests that
AVP hypersecretion in cirrhosis contributes not only to water
retention but also to the maintenance of arterial pressure
(Fig. 84-9).

Natriuretic Peptides

The natriuretic hormones, represented by the atrial natriuretic
peptide (ANP) and brain natriuretic peptide (BNP) are in-
creased in patients with cirrhosis and ascites (296–304). In
patients without ascites, plasma ANP levels may be either nor-
mal or increased. The high plasma levels of ANP in cirrho-
sis with ascites are due to increased cardiac secretion of the
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FIGURE 84-9. Proposed mechanism of hypersecretion and renal and
systemic effects of arginine vasopressin in cirrhosis with ascites.

peptide and not reduced hepatic or systemic catabolism, as
cardiac production of ANP is increased in cirrhotic patients
with ascites but splanchnic and peripheral extraction are nor-
mal (296,305). Consistent with these observations is the find-
ing of increased messenger RNA (mRNA) expression for ANP
in ventricles from cirrhotic rats with ascites (306). In contrast
to other diseases showing increased cardiac ANP secretion, in
cirrhosis with ascites this increased secretion occurs in the pres-
ence of normal atrial pressure and reduced estimated central
blood volume (183,296). The mechanism(s) responsible for this
increased cardiac secretion of ANP is not known. The existence
of increased plasma levels of ANP in cirrhosis with ascites suf-
ficient to have a natriuretic effect in healthy subjects, together
with the presence of renal sodium retention, indicates a re-
nal resistance to the effects of ANP. This renal resistance has
been confirmed in studies in human and experimental cirrho-
sis in which pharmacologic doses of natriuretic peptides (ANP
or BNP) were administered (307–312). In these investigations
patients with activation of antinatriuretic systems (RAAS and
SNS) had a blunted or no natriuretic response after ANP infu-
sion. This blunted response can be reversed by maneuvers that
increase distal sodium delivery in human cirrhosis or by bi-
lateral renal denervation in experimental cirrhosis, suggesting
that the renal resistance to ANP in cirrhosis is related to the in-
creased activity of antinatriuretic systems (253,313). Limited
information exists on other peptides of the natriuretic pep-
tide family. As with ANP, the plasma concentration of BNP
is increased in cirrhotic patients with ascites as compared to
healthy subjects (314). Finally, the urinary excretion of urodi-
latin, a member of the natriuretic peptide family exclusively
synthesized in the kidney, which probably reflects the renal
production of the peptide, is normal in patients with cirrhosis
and ascites (315).

The role of natriuretic peptides in cirrhosis is not entirely
clear. Because most of these peptides have vasodilator proper-
ties, a role in the pathogenesis of arterial vasodilation in cirrho-
sis has been proposed but not proved. By contrast, data from
experimental studies suggest that these peptides play an impor-
tant role in the maintenance of renal perfusion and modulation
of RAAS activity, as the selective blockade of the natriuretic
peptide A and B receptors causes renal vasoconstriction and

increased PRA and aldosterone levels in experimental cirrhosis
(316). It could be speculated, therefore, that the cardiac syn-
thesis of ANP and BNP is increased in an attempt to maintain
renal perfusion within normal levels and limit the activation of
the RAAS. The mechanism(s) leading to this increased synthesis
of natriuretic peptides remains unknown.

Endothelins

Endothelins comprise three homologous peptides (ET-1, ET-2,
and ET-3) with a very potent vasoconstrictor action (317). In-
creased plasma levels of ET-1 and ET-3 have been found in pa-
tients with cirrhosis and ascites and in patients without ascites,
albeit to a lesser extent (318–325). The increased plasma levels
of ET-1 found in cirrhosis derive either from an increased pro-
duction in the splanchnic circulation and/or an increased intra-
hepatic production. Increased levels of ET-1 and its precursor
Big-ET-1 have been found in plasma samples obtained from
the portal and hepatic veins of patients with cirrhosis (326).
Moreover, increased levels of ET-1 have been demonstrated in
hepatic tissue in human and experimental cirrhosis (327–330).
In human cirrhosis, the increased hepatic ET-1 levels correlate
with portal hypertension and the severity of ascites and liver
failure (329,330). As opposed to other vasoconstrictor fac-
tors (e.g., angiotensin II or norepinephrine), it is unlikely that
high endothelin levels in cirrhosis are a compensatory mech-
anism triggered by effective arterial hypovolemia. Endothelin
levels are not suppressed by maneuvers that improve circula-
tory function, such as plasma volume expansion with or with-
out concomitant administration of splanchnic vasoconstrictors
(188,321,323). A role for endotoxemia in the increased en-
dothelin levels in cirrhosis has also been proposed (318) but
plasma endothelin concentration does not parallel endotoxin
levels in cirrhotic patients (323).

The role that these increased circulating ET-1 levels play in
the pathogenesis of abnormalities in renal, systemic, and hep-
atic circulation in cirrhosis is not known. A role for ET-1 in
the pathogenesis of renal vasoconstriction in HRS has been
proposed on the basis of markedly increased plasma endothe-
lin levels in patients with HRS as compared with patients with
ascites without HRS (128,320) and improvement of renal func-
tion after the administration of a selective antagonist of ETA
receptors in a small group of patients (331). A contribution of
the increased endothelin levels to the maintenance of arterial
pressure in cirrhosis is unlikely because most studies in experi-
mental models of cirrhosis and portal hypertension have found
no changes in arterial pressure after chronic endothelin recep-
tor blockade (327,332–334). Because of the well-known vaso-
constrictor effect of ET-1 in the intrahepatic circulation when
infused through the portal vein, ET-1 has been postulated as a
mediator of the increased intrahepatic resistance characteristic
of diseases associated with portal hypertension. The results of
these studies are conflicting and the role of endothelin in these
abnormalities is unclear (335). Finally, recent studies suggest an
important role for ET-1 in hepatic fibrogenesis by increasing
collagen synthesis from hepatic stellate cells (328). In support
of this hypothesis, a marked reduction in liver fibrosis has been
demonstrated in bile duct-ligated rats chronically treated with
an oral ETA receptor antagonist (333). Despite the great efforts
aimed at elucidating the role of ET in cirrhosis, its relevance
in circulatory homeostasis in cirrhosis is still unclear. Further
studies are needed to understand and characterize the role of
endothelin in advanced cirrhosis.

Nitric Oxide

In addition to its effects in the regulation of systemic hemo-
dynamics and arterial pressure, NO also participates in the
regulation of renal function (336). Constitutive NO synthase
has been found in several cell types in the kidney, including



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-84 Schrier-2611G GRBT133-Schrier-v5.cls September 14, 2006 9:12

Chapter 84: Liver Disease and the Kidney 2193

endothelial cells, mesangial cells, and some tubular epithe-
lial cells. Inducible NO synthase has also been demonstrated
in mesangial cells and epithelial cells. Under normal circum-
stances, NO participates in the regulation of glomerular mi-
crocirculation by modulating arteriolar tone and mesangial cell
contractility. Moreover, NO facilitates natriuresis in response
to changes in renal perfusion pressure, and regulates renin re-
lease (336).

Three lines of evidence indicate that the renal production of
NO is increased in experimental cirrhosis. First, kidneys from
cirrhotic rats show enhanced endothelium-dependent vasodila-
tor response as compared to control animals (337). Second,
infusion of l-arginine, the precursor of NO, causes a greater
increase in renal perfusion in cirrhotic rats as compared to con-
trol rats (338). Finally, increased expression of NO synthase in
kidney tissue from cirrhotic rats has been found in two studies
(338,339). However, both studies showed discrepant findings
with respect to the NO synthase isoform responsible for the
increased NO synthesis.

The inhibition of NO synthesis in rats with cirrhosis and
ascites does not result in renal hypoperfusion because of a
marked rise in prostaglandin synthesis (340). However, the si-
multaneous inhibition of NO and prostaglandin synthesis in
experimental cirrhosis results in a marked renal vasoconstric-
tion suggesting that NO probably interacts with prostaglandins
to maintain renal hemodynamics (341).

PATHOPHYSIOLOGY OF
FUNCTIONAL RENAL

ABNORMALITIES IN CIRRHOSIS

Ascites as Primary Edema:
The Overflow Theory

The existence of a primary renal sodium retention in cirrhosis
with ascites was proposed in an attempt to explain the para-
dox of coexistence of sodium retention and increased plasma
volume in patients with ascites (342,343). According to this
theory, the expansion of plasma volume would result in in-
creased cardiac index and reduced systemic vascular resistance
as adaptive circulatory mechanisms to the excess of intravas-
cular volume. The existence of portal hypertension and circu-
lating hypervolemia would lead to “overflow” of fluid within
the peritoneal cavity. It has been proposed that the primary sig-
nal for sodium retention would arise from the liver, either as a
consequence of intrahepatic portal hypertension, by means of
hepatic low-pressure baroreceptors, or liver failure, by means
of decreased hepatic clearance of a sodium-retaining factor
or reduced hepatic synthesis of a natriuretic factor (54,258–
260,344–346). However, the hemodynamic pattern of cirrhotic
patients with ascites does not correspond to that predicted by
the overflow theory because the arterial vascular compartment
is not overfilled, as arterial pressure is low in most patients
despite the increased plasma volume and cardiac index (Ta-
ble 84-5). Moreover, there is marked overactivity of vasocon-
strictor mechanisms, which would be suppressed if there were
overfilling in the systemic circulation (180,190).

Because of the increasing evidence against the existence of
vascular overfilling in cirrhosis with ascites, the overflow theory
has been redefined recently to exclusively explain changes that
occur in the preascitic stage of cirrhosis. Proponents of this the-
ory suggest that in the preascitic stage of cirrhosis subtle sodium
retention leading to plasma volume expansion would have two
components: one related to the circulatory changes occurring
in the splanchnic circulation aimed at maintaining the effective
arterial blood volume (EABV) and one related to the existence

of intrahepatic portal hypertension (347,348). Recent studies
in patients with cirrhosis without ascites indicate that the ex-
istence of arterial vasodilation is of crucial importance in the
development of sodium retention and ascites formation. In fact,
preascitic cirrhotic patients with sinusoidal portal hypertension
treated with mineralocorticoids do not show mineralocorticoid
escape and develop ascites only when marked arterial vasodi-
lation is present (53). Moreover, pharmacologically induced
vasodilation in preascitic cirrhotic patients by means of the ad-
ministration of prazosin, an a-adrenergic blocker, is associated
with the development of ascites and/or edema in a significant
proportion of patients (69). It is important to note that the de-
velopment of sodium retention in these two studies was neither
related to the degree of portal hypertension nor to the intensity
of liver failure. In fact, in patients receiving prazosin, sodium
retention occurred despite a marked reduction of portal pres-
sure and improvement of liver perfusion.

Ascites as Secondary Edema:
From the Traditional Theory

to the Arterial Vasodilation Theory

The traditional concept of ascites formation in cirrhosis
(349,350) considers that the key event in ascites formation is
a “backward” increase in hydrostatic pressure in the hepatic
and splanchnic circulation due to the increased resistance to
portal flow. This would cause a disruption of the Starling equi-
librium and an increased filtration of fluid into the interstitial
space. Initially, this capillary hyperfiltration is compensated by
an increased lymphatic flow, which returns the fluid to the sys-
temic circulation via the thoracic duct. However, as portal hy-
pertension increases, the lymphatic system is not able to drain
the excess of interstitial fluid, which then accumulates in the
peritoneal cavity as ascites. Loss of fluid from the intravascu-
lar compartment results in true hypovolemia, which is then
sensed by cardiopulmonary and arterial receptors resulting in
a compensatory renal sodium retention. The retained fluid can-
not adequately fill the intravascular compartment and suppress
the sodium-retaining signals to the kidney because fluid is con-
tinuously leaking in the peritoneal cavity, thereby creating a
vicious cycle. In cases with extreme hypovolemia, renal vaso-
constriction develops, leading to HRS. This hypothesis is sim-
ilar to the “backward” theory of edema formation in heart
failure, which suggests that sodium retention and formation
of edema is secondary to the disruption of the Starling equi-
librium in the microcirculation due to the backward increase
in capillary hydrostatic pressure (351). The “classic underfill-
ing” theory of ascites formation, however, does not correspond
with the systemic hemodynamic abnormalities associated with
cirrhosis (Table 84-5). If this theory were correct, changes in
systemic circulation would consist of reduced plasma volume
and cardiac index and increased systemic vascular resistance.
However, findings in patients with cirrhosis and ascites are ex-
actly the opposite, with increased plasma volume and cardiac
index and reduced systemic vascular resistance (179,180,190).

These traditional backward theories of edema formation
in cirrhosis and heart failure have been substituted by new
theories that fit more precisely with the modern concepts of
regulation of extracellular fluid volume, which consider that a
reduction in EABV is the main determinant of sodium retention
in major edematous states (352–354). Arterial vasodilation
would be the triggering factor for sodium retention in cirrhosis,
whereas a reduction in cardiac output would be the triggering
factor in heart failure. The “arterial vasodilation” theory
considers that the reduction in EABV in cirrhosis with ascites is
not due to true hypovolemia, as proposed by the “traditional”
theory, but rather to a disproportionate enlargement of the
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FIGURE 84-10. Pathogenesis of functional renal
abnormalities and ascites formation in cirrhosis ac-
cording to the arterial vasodilation hypothesis.

arterial tree secondary to arterial vasodilation (Fig. 84-10)
(190,355,356). According to this theory, portal hypertension is
the initial event, with resultant splanchnic arteriolar vasodila-
tion causing underfilling of the arterial circulation. The arterial
receptors then sense the arterial underfilling and stimulate the
SNS and the RAAS and cause non-osmotic hypersecretion
of AVP. Renal sodium and water retention are the final
consequence of this compensatory response to a reduction in
EABV. In early stages of cirrhosis, when splanchnic arteriolar
vasodilation is moderate and the lymphatic system is able
to return the increased lymph production to the systemic
circulation, the EABV is preserved by transient periods of
sodium retention. The fluid retained by the kidneys increases
plasma volume and suppresses the signals stimulating the
antinatriuretic systems, and sodium retention terminates.
Therefore, no ascites or edema is formed at this stage and the
relationship between EABV and extracellular fluid volume
is maintained. As liver disease progresses, splanchnic arterial
vasodilation increases, thereby resulting in a more intense
arterial underfilling and more marked sodium and water
retention. At this time, the EABV can no longer be maintained
by the increased plasma volume, probably because the retained
fluid leaks from the splanchnic circulation into the peritoneal
cavity as ascites and/or from the systemic circulation to
the interstitial tissue as edema. A persistent stimulation of
vasoconstrictor systems occurs in an attempt to maintain
EABV. The activation of these systems perpetuates renal
sodium and water retention, which accumulates as ascites.
The correlation between EABV and extracellular fluid volume

is no longer maintained, as EABV remains contracted despite
progressive expansion of extracellular fluid volume. HRS
probably represents the most extreme manifestation of the
reduction in EABV. Studies in experimental models of portal
hypertension aimed at carefully investigating the chronologic
relationship between abnormalities in the systemic circulation
and sodium retention indicate that arterial vasodilation with
reduced systemic vascular resistance precedes sodium retention
and subsequent plasma volume expansion (357,358).

The arterial vasodilation theory not only provides a reason-
able explanation for the circulatory changes and activation of
antinatriuretic systems observed in cirrhosis with ascites, but
also for the preferential location of retained fluid in the peri-
toneal cavity. The existence of splanchnic arterial vasodilation
causes a “forward” increase in splanchnic capillary pressure
that enhances the effects of portal hypertension on the filtra-
tion coefficient in splanchnic capillaries, which facilitates the
formation of ascites (160,162,163).

MANAGEMENT OF ASCITES AND
FUNCTIONAL RENAL

ABNORMALITIES IN CIRRHOSIS

In this section, the different methods used in the management of
ascites and renal dysfunction in cirrhosis are discussed. A prac-
tical approach to the management of ascites in clinical prac-
tice is summarized in Tables 84-7 through 84-9. For practical
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TA B L E 8 4 - 7

THERAPEUTIC APPROACH TO MANAGEMENT
OF PATIENTS WITH CIRRHOSIS AND
GRADE 2 MODERATE ASCITES

Initial therapy
Start with low-sodium diet (∼80 mEq/day) and

spironolactone (50–200 mg/day as a single dose). Monitor
body weight daily and urine sodium weekly. Ideal weight
loss should be 300–500 g/day in patients without peripheral
edema and 800–1,000 g/day in patients with peripheral
edema. Outpatients should be instructed to reduce the
diuretic dosage in case of greater weight loss.

Low doses of loop diuretics (furosemide, 20–40 mg/day) may
be used in combination with spironolactone to increase the
natriuretic effect. Patients should be monitored closely to
prevent excessive diuresis.

If no response is seen, check compliance with treatment and
low-sodium diet. Increase the dose of diuretics stepwise
every 7–10 days up to 400 mg/day of spironolactone and
160 mg/day of furosemide.

Maintenance therapy
Maintain sodium restriction and reduce the diuretic dosage

approximately in half.
If ascites or edema does not recur, increase sodium intake

progressively and maintain a low dose of diuretics.

purposes ascites has been graded by the International Ascites
Club recommendations into three groups: in grade 1 ascites
fluid is detected only by ultrasound; in grade 2, ascites is mod-
erate with symmetrical distention of the abdomen; and in grade
3 ascites is large or tense with marked abdominal distention
(359).

TA B L E 8 4 - 8

THERAPEUTIC APPROACH TO MANAGEMENT
OF PATIENTS WITH CIRRHOSIS AND
GRADE 3 LARGE ASCITES

Initial therapy
Large-volume paracentesis plus intravenous albumin (8 g/L of

ascites removed).

Maintenance therapy
Low-sodium diet (∼80 mEq/day) associated with diuretic

therapy.
If the patient was not taking diuretics before the development

of severe ascites, start with spironolactone (100–200
mg/day as a single dose) with or without loop diuretics
(furosemide, 40 mg/day) and then adjust the dose to
maintain the patient with mild or no ascites or edema.
Check body weight daily and urine sodium weekly. Closely
monitor the patient during the first weeks of therapy.

If the patient was taking diuretics before the development of
severe ascites, start with a dose slightly higher than the dose
taken before paracentesis.

If ascites or edema increases, check compliance with treatment
and the low-sodium diet. Increase the dose of diuretics
stepwise every 7–10 days up to 400 mg/day of
spironolactone and 160 mg/day of furosemide. Patients
should be asked to reduce their physical activity.

If ascites or edema does not recur, a balance should be
maintained between sodium intake and diuretic therapy.

TA B L E 8 4 - 9

THERAPEUTIC APPROACH TO MANAGEMENT
OF PATIENTS WITH CIRRHOSIS AND
REFRACTORY ASCITES

Initial therapy
Total paracentesis plus intravenous albumin (6–8 g/L of

ascites removed)

Maintenance therapy
Maintain a low-sodium diet (70–90 mmol/day) constantly.
In patients taking the highest doses of diuretics, check urinary

sodium. If less than 30 mEq/day, stop diuretic therapy.
Total paracentesis plus intravenous albumin when necessary

(approximately every 2–3 weeks).
Consider use of TIPS in patients with preserved hepatic

function, no hepatic encephalopathy, either with loculated
fluid, or unwilling to have repeated paracentesis.

TIPS, transjugular intrahepatic portosystemic shunts.

Sodium Restriction

In all diseases associated with generalized edema (cirrhosis,
heart failure, renal failure), the amount of exogenous fluid
retained depends on the balance between sodium intake and
the renal excretion of sodium. Because sodium is retained
isosmotically in the kidney, 1 L of extracellular fluid is gained
for every 130 to 140 mEq of sodium retained. If sodium excre-
tion remains constant, the gain of extracellular fluid volume
(and the consequent increase in weight) depends exclusively
on sodium intake and increases proportionally to the amount
of sodium taken with the diet. Nevertheless, because sodium
excretion may be increased pharmacologically by the admin-
istration of diuretics, the sodium balance depends not only on
sodium intake but also on the natriuretic response achieved by
diuretics.

With this background, it seems reasonable that a reduction
in sodium intake (70 to 90 mmol/day (approximately 1.5 to
2 g/day of salt) will favor a negative sodium balance and facili-
tate the disappearance of ascites and edema. Although medical
therapy is not recommended for grade 1, it is advisable that
these patients refrain from excessive salt intake, which can lead
to fluid retention. This contention was demonstrated in ear-
lier studies (14,16) and is supported by the common clinical
observation that the management of ascites is more difficult
in patients with no compliance to the low-sodium diet com-
pared with compliant patients. Noncompliant patients usually
require higher doses of diuretics to achieve resolution of ascites
and are more often readmitted to the hospital for recurrence of
ascites. Surprisingly, however, several randomized comparative
studies have not demonstrated an advantage of low-sodium
diet as compared with an unrestricted sodium diet in the man-
agement of ascites (26,360,361). Nevertheless, it should be
pointed out that in these studies most patients had mild sodium
retention (urine sodium in the absence of diuretic therapy was
close to sodium intake) and showed an excellent response to
diuretic therapy (only less than 5% of patients did not respond
to diuretics).

Therefore, on the basis of available data, it can be con-
cluded that in patients with mild sodium retention a restric-
tion of dietary sodium is probably not necessary because the
hypothetical benefit of low-salt diet in the achievement of a
negative sodium balance is overridden by the marked natri-
uretic effect of diuretics. By contrast, in patients with marked



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-84 Schrier-2611G GRBT133-Schrier-v5.cls September 14, 2006 9:12

2196 Section XI: Disorders of Electrolyte, Water, and Acid–Base

sodium retention, who usually have a less intense natriuretic
response to diuretics compared with patients with moderate
sodium retention, dietary sodium restriction may facilitate the
elimination of ascites and delay the reaccumulation of fluid
after ascites has been removed. A more severe restriction of
sodium (less than 50 mEq/day) is not recommended because it
is not well accepted by patients and may impair their nutritional
status.

Diuretics

Diuretics eliminate the excess of extracellular fluid present
as ascites and edema by increasing renal sodium excretion,
thereby achieving a negative sodium balance (40,362). Diuret-
ics most often administered to patients with cirrhosis and as-
cites are aldosterone antagonists, mainly spironolactone and
amiloride, that selectively antagonize the sodium-retaining ef-
fects of aldosterone in the renal collecting tubules, and loop
diuretics, especially furosemide, that inhibit the Na+–K+–2Cl−

cotransporter in the loop of Henle (40,362).
Despite the use of diuretics in clinical practice for more

than 30 years, only a few randomized studies have been re-
ported that compare the efficacy of different diuretic agents in
the treatment of ascites (38,40,362). In patients without renal
failure, aldosterone antagonists are more effective than loop di-
uretics (38). This higher efficacy of aldosterone antagonists has
also been demonstrated in several prospective, yet not compar-
ative, investigations (26,37,218,219). Based on these findings,
aldosterone antagonists are considered the diuretics of choice
in the management of cirrhotic ascites (359,363,364).

Diuretics are indicated for all those patients with grade 2 as-
cites (Table 84-7). In clinical practice, aldosterone antagonists
are often given in combination with loop diuretics. Theoreti-
cal advantages of this combination include greater natriuretic
potency, earlier onset of diuresis, and less tendency to induce
hyperkalemia. Two different schedules of combined adminis-
tration have been proposed. First, the dose of spironolactone
is increased progressively (start with 50 to 100 mg per day
usually up to 400 mg per day) and loop diuretics (furosemide
start with 20 to 40 mg up to 160 mg per day) are added only
if no response is achieved with the highest dose of aldosterone
antagonists. Second, both drugs are given in combination from
the start of therapy (start with ratio of 40 mg of furosemide and
100 mg spironolactone per day up to 160 mg/day of furosemide
and spironolactone up to 400 mg/day).

Diuretic therapy is effective in the elimination of ascites in
80% to 90% of the whole population of patients with ascites,

a percentage that may increase up to 95% when only patients
without renal failure are considered (26,37–40,218,363–369).
About 10% of patients with ascites are refractory to treatment
with diuretics because either do not respond to diuretic therapy
or develop diuretic-induced complications that prevent the use
of high doses of these drugs. This condition is known as re-
fractory ascites (108). Diagnostic criteria of refractory ascites
are shown in Table 84-10. Complications of diuretic therapy
in patients with cirrhosis include hepatic encephalopathy, hy-
ponatremia, renal impairment, potassium disturbances, gyne-
comastia, and muscle cramps (40,362,370). The incidence of
renal and electrolyte disorders and encephalopathy varies de-
pending on the population of patients studied, being higher in
patients with marked sodium retention and renal failure (who
require higher doses of diuretics) and lower in patients with
moderate sodium retention and without renal failure. Although
some of these complications may be unrelated to diuretic ther-
apy and due to the existence of an advanced liver disease (371),
no doubt diuretics play a major pathogenic role in these com-
plications because their frequency is markedly lower if ascites
is removed by large-volume paracentesis (365–369).

Large-volume paracentesis with albumin infusion has sub-
stituted diuretics as the initial treatment of choice for hospi-
talized cirrhotic patients with grade 3 ascites in most centers
(372,373). Furthermore, most authors consider large-volume
paracentesis as the initial therapy for patients with grade 3
ascites (359,364). On this basis, current indications for use
of diuretics in cirrhosis include: (i) treatment of patients with
mild or moderate ascites or those with large ascites in whom
paracentesis is not effective because of compartmentalization
of ascitic fluid due to peritoneal adhesions; (ii) treatment of pa-
tients with edema without ascites; and (iii) prevention of ascites
recurrence after therapeutic paracentesis.

Large-Volume Paracentesis

As stated previously, large-volume paracentesis has progres-
sively replaced diuretics as the treatment of choice in the
management of patients with cirrhosis and grade 3 ascites
(359,364). This change in treatment strategy is based on the
results of several randomized studies comparing paracentesis
(either removal of all ascitic fluid in a single tap or repeated
taps of 4 to 6 L per day) associated with plasma volume
expansion versus diuretics (365–369). Because paracentesis
does not modify renal sodium retention, patients should
receive diuretics after paracentesis to avoid reformation of
ascites (372).

TA B L E 8 4 - 1 0

DEFINITION AND DIAGNOSTIC CRITERIA OF REFRACTORY ASCITES

Diuretic-resistant ascites Ascites that cannot be mobilized or the early recurrence of which cannot be prevented because of a
lack of response to sodium restriction and diuretic treatment.

Diuretic-intractable ascites Ascites that cannot be mobilized or the early recurrence of which cannot be prevented because of the
development of diuretic-induced complications that preclude the use of an effective diuretic dosage.

Requisites Treatment duration: Patients must be on intensive diuretic therapy (spironolactone 400 mg/day and
furosemide 160 mg/day) for at least 1 week and on a salt-restricted diet of less than
80 mmol/day.

Lack of response: Mean weight loss of <0.8 kg over 4 days and urinary sodium output less than the
sodium intake.

Early ascites recurrence: Reappearance of grade 2 or 3 ascites within 4 weeks of initial mobilization.
Diuretic-induced complications: Diuretic-induced hepatic encephalopathy is the development of

encephalopathy in the absence of any other precipitating factor. Diuretic-induced renal impairment
is an increase of serum creatinine by >100% to a value >2 mg/dL in patients with ascites
responding to treatment.
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Two aspects concerning the use of large-volume paracen-
tesis in patients with cirrhosis and ascites deserve specific dis-
cussion: (i) the population of patients with cirrhosis in whom
large-volume paracentesis should be used, and (ii) the use of
plasma expanders to prevent disturbances in circulatory func-
tion after large-volume paracentesis. Although most physicians
consider that therapeutic paracentesis is the treatment of choice
for all patients with grade 3 ascites (359,364,372,373), others
believe that large-volume paracentesis should be used only in
patients with refractory ascites (375). Results obtained in ran-
domized, comparative studies indicate that large-volume para-
centesis is faster and associated with lower incidence of side
effects compared with diuretics (365–369). Moreover, large-
volume paracentesis has a better cost-effectiveness profile com-
pared with diuretic treatment, which requires prolonged hos-
pital stays. Therefore, on the basis of available data, it seems
clear that the use of therapeutic paracentesis should not be re-
stricted to patients failing to respond to diuretics and should be
considered the treatment of choice for all patients with grade
3 ascites.

The removal of large volumes of ascitic fluid is associated
with a circulatory dysfunction characterized by a reduction of
effective blood volume (88,376–382). Four lines of evidence in-
dicate that this circulatory dysfunction and/or the mechanisms
activated to maintain circulatory homeostasis have detrimen-
tal effects in cirrhotic patients. First, circulatory dysfunction
after large-volume paracentesis is associated with rapid reac-
cumulation of ascites (382). Second, approximately 20% of
these patients develop irreversible renal failure and/or water re-
tention leading to dilutional hyponatremia (88). Third, portal
pressure increases in patients developing circulatory dysfunc-
tion after paracentesis, probably owing to an increased intra-
hepatic resistance due to the action of vasoconstrictor systems
on the hepatic vascular bed (380). Finally, the development of
circulatory dysfunction is associated with a shortened survival
(382).

At present, the only effective method to prevent circulatory
dysfunction is the administration of plasma expanders. Albu-
min is more effective than other plasma expanders (dextran-
70, polygeline) probably owing to its longer persistence in the
intravascular compartment (382). When less than 5 L of as-
cites are removed, dextran-70, polygeline, or saline show a
similar efficacy when compared with albumin. However, al-
bumin is more effective than these artificial plasma expanders
when more than 5 L of ascites are removed (382). Despite
this greater efficacy, randomized comparative studies have not
shown differences in survival of patients treated with albu-
min compared with those treated with other plasma expanders
(382–385). Very large trials would be required to demon-
strate that the protective effect of albumin on circulatory func-
tion results in a survival benefit. Taken together, the currently
available data indicate that circulatory dysfunction after large-
volume paracentesis is potentially harmful to patients with cir-
rhosis and should be prevented. Albumin appears to be the
plasma expander of choice when more than 5 L of ascites is
removed.

Peritoneovenous Shunt

Peritoneovenous shunting causes the passage of ascitic fluid
from the peritoneal cavity to the systemic circulation, which
results in the improvement of effective arterial blood volume
with subsequent reduction in the activity of vasoconstrictor and
antinatriuretic systems (23). These favorable hemodynamic ef-
fects result in an increase in sodium excretion and, to a lesser
extent RBF and GFR, which facilitate the management of as-
cites in most patients (386). Comparative studies of perito-
neovenous shunting and large-volume paracentesis plus intra-

venous albumin in patients with refractory ascites have shown
no differences in survival, but the probability of readmission to
the hospital for ascites as well as the number of readmissions
for ascites recurrence are markedly lower in patients treated
by peritoneovenous shunting compared with those treated by
large-volume paracentesis (24,387). Unfortunately, the use of
the shunt is associated with a number of important complica-
tions, including coagulopathy, bacterial infections, peritoneal
fibrosis, or shunt obstruction, which limit its clinical appli-
cability (386,387). Obstruction is the most common compli-
cation and may be located either within the valve or due to
thrombosis of the superior vena cava. Obstruction is asso-
ciated with recurrence of ascites and requires surgical inter-
vention with replacement of the clotted shunt (388–390). Al-
though peritoneovenous shunting is an effective therapy for
refractory ascites, the high incidence of side effects and the ex-
istence of an alternative therapy (e.g., therapeutic paracentesis)
have resulted in its abandonment in most centers. It is currently
not recommended in the management of cirrhosis with ascites
(359,364).

Transjugular Intrahepatic
Portosystemic Shunts

The reduction in portal pressure by surgical portosystemic
shunts, especially side-to-side portacaval shunts, is associated
with increased sodium excretion, suppression of antinatriuretic
systems, and elimination of ascites in patients with cirrhosis
and refractory ascites (171,172). Nevertheless, despite these
favorable effects, surgical portosystemic shunts have not be-
come a standard therapy of refractory ascites or HRS because
of high operative mortality and an exceedingly high risk of
chronic encephalopathy.

The usefulness of portosystemic shunting in the manage-
ment of refractory ascites has been reevaluated with the use
of the transjugular intrahepatic portosystemic shunts (TIPS), a
nonsurgical method of portal decompression that acts as a side-
to-side portacaval shunt and has the advantage over surgical
shunts of an extremely low operative mortality (391). The most
frequent complication of TIPS is hepatic encephalopathy and
obstruction of the stent (70% in 1 year). The available informa-
tion regarding the use of TIPS in patients with refractory ascites
derives from several uncontrolled studies and five randomized
comparative studies (173,174,392–399). The results of the ran-
domized trials comparing TIPS to repeated paracentesis in pa-
tients with refractory ascites show that TIPS is associated with
a lower rate of ascites recurrence, but a higher rate of hepatic
encephalopathy compared with those of patients treated with
paracentesis and albumin. There is also conflicting evidence in
regards to survival because some studies have shown survival
benefit with TIPS, whereas others have not shown any differ-
ence in survival. Two meta-analysis have concluded that there
are no significant differences in survival (400,401). In addition,
cost of therapy appears to be lower with repeated large-volume
paracentesis plus albumin than that of TIPS (397). Therefore,
large-volume paracentesis appears to be the treatment of choice
because of its wider applicability, lower cost, and fewer side ef-
fects compared to TIPS.

Recent studies indicate that TIPS may also be of value in the
management of HRS, yet the information available is still lim-
ited (235,236,402). TIPS improves renal perfusion and GFR
and reduces the activity of vasoconstrictor systems in type 1
HRS (235,236,402). Because the use of TIPS is often associated
with significant side effects, particularly hepatic encephalopa-
thy and impairment of liver function, its role in the manage-
ment of HRS needs to be established by prospective controlled
investigations.
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Vasoconstrictor Drugs

The administration of vasoconstrictors and plasma expansion
are the best pharmacologic therapy for HRS. These drugs have
been used in an attempt to improve renal perfusion by increas-
ing systemic vascular resistance and suppressing the activity of
endogenous vasoconstrictors. Vasoconstrictors used for HRS
include vasopressin analogs (ornipressin and terlipressin), so-
matostatin analogs (octreotide), and α-adrenergic agonists (mi-
dodrine and noradrenaline). In most studies vasoconstrictors
have been given in combination with albumin in an attempt to
improve the efficacy of treatment. The administration of V1 re-
ceptor agonists, such as ornipressin or terlipressin, is associated
with suppression of the activity of endogenous vasoconstrictor
systems and marked improvement of renal perfusion and GFR
and normalization of serum creatinine levels in most patients
(188,189,403–405). The most studied vasopressin analog in
HRS is terlipressin; ornipressin was abandoned due to severe
side effects of ischemia. Use of intravenous terlipressin along
with albumin as a plasma expander is associated with a sig-
nificant improvement of renal function and reduction of serum
creatinine to less than 1.5 mg/dL in approximately 50% to 75%
of patients treated for at least 5 days (406). Unfortunately, terli-
pressin is not available in many countries, including the United
States, and, therefore, other options such as α-adrenergic ag-
onists are a reasonable alternative given that they are widely
available. Midodrine, an α-adrenergic agonist in association
with octreotide, a glucagon inhibitor, and albumin has also
proved efficacious in HRS (236,407). Noradrenaline, in com-
bination with albumin expansion also improves renal function
in HRS (408).

Until more experience is obtained through randomized con-
trolled trials, the recommendations for using vasoconstrictors
in HRS are as follows: (i) treat for a maximum of 15 days;
(ii) end-point of treatment is reduction of serum creatinine
level to less than 1.5 mg/dL; (iii) recommended medications
and doses are (a) terlipressin 0.5 to 1 mg intravenously every
4 hours and increase dose every 2 to 3 days up to 2 mg per
4 hours when there is no decrease in creatinine, (b) midodrine
7.5 mg orally three times daily with an increase to 12.5 mg
three times daily and octreotide 100 μg subcutaneously three
times daily with an increase to 200 μg three times daily if cre-
atinine not decreasing, and (c) noradrelanine 0.5 to 3 mg per
hour continuous intravenous infusion (iv) intravenous albumin
infusion (20 to 40 g daily); (v) monitor for side effects such as
chest pain, distal ischemia, and abdominal pain; and (vi) avoid
in patients with cardiac diseases, peripheral vascular disease,
and/or cerebrovascular disease, due to the potential risk of is-
chemic events.

Liver Transplantation

Ascites is one of the most frequent reasons for referral for eval-
uation of liver transplantation in the United States and Europe.
Although randomized studies comparing liver transplantation
with conventional medical therapy in patients with ascites are
obviously not available, the 70% to 80% 5-year probability of
survival obtained in adult cirrhotic patients undergoing liver
transplantation in most centers is markedly greater than the
expected 20% survival probability for patients with cirrhosis
and ascites who do not undergo transplantation (80,81,122–
124). Early referral is recommended due to the short survival
some patients have once they develop ascites. Although there
are no established prognostic models for patients with cirrhosis
and ascites, predictive factors related to renal and circulatory
function may be useful in identifying candidates for liver trans-
plantation. These factors include dilutional hyponatremia,

low arterial blood pressure, serum creatinine >1.2 mg/dL or
106 μmol/ L, and intense sodium retention (urine sodium less
than 10 mEq/L).
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332. Poo JL, Jiménez W, Maria Muñoz R, et al. Chronic blockade of endothelin
receptors in cirrhotic rats: hepatic and hemodynamic effects. Gastroenterol-
ogy 1999;116:161.

333. Cho JJ, Hocher B, Herbst H, et al. An oral endothelin-A receptor antago-
nist blocks collagen synthesis and deposition in advanced rat liver fibrosis.
Gastroenterology 2000;118:1169.
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379. Saló J, Ginès A, Ginès P, et al. Effect of therapeutic paracentesis on plasma
volume and transvascular escape rate of albumin in patients with cirrhosis.
J Hepatol 1997;27:645.

380. Ruı́z del Arbol L, Monescillo A, Jiméne, et al. Paracentesis-induced cir-
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CHAPTER 85 ■ THE NEPHROTIC
SYNDROME
ROBERT W. SCHRIER AND WILLIAM T. ABRAHAM

In contrast to heart failure and cirrhosis of the liver, in which
the kidneys are structurally normal, the nephrotic state is char-
acterized by intrinsic renal damage often, but not always, with a
substantial decrease in renal function. This parenchymal dam-
age may be responsible for the elevated arterial blood pressure
observed in some patients with the nephrotic syndrome. Other
contrasting features among these three classic edematous states
are described in Table 85-1, in which nonexcretor edematous
patients with cardiac failure, liver disease, and nephrotic syn-
drome are compared. As shown in Table 85-1, nephrotic pa-
tients were characterized by a relatively higher arterial blood
pressure, a higher glomerular filtration rate (GFR), and less
impairment in sodium and water excretion.

The state of arterial filling and the pathogenesis of the renal
sodium and water retention in patients with the nephrotic syn-
drome remains controversial (1). Two contrasting hypotheses
have been proposed to explain the mechanism of the abnor-
mal sodium and water reabsorption observed in nephrotic
syndrome. In nephrotic syndrome—usually defined as the com-
bination of a 24-hour urinary protein excretion in excess of
3.5 g/1.73 m2 of body surface area, hypoalbuminemia, hyper-
lipidemia, and edema—the underfill theory of edema formation
is as follows. Proteinuria results in hypoalbuminemia with de-
creased oncotic pressure causing fluid loss from the intravascu-
lar space and reduced plasma and blood volume with resultant
activation of homeostatic responses involving the sympa-
thetic nervous system and the renin–angiotensin–aldosterone
axis. This hypovolemia may also contribute to a reduction
in GFR.

In contrast to this classic theory of edema formation in
nephrotic syndrome, it has also been reported (2–4) that many
patients with the nephrotic syndrome who retain sodium and
water show elevated plasma volume and arterial blood pres-
sure, whereas plasma renin activity (PRA) and plasma aldo-
sterone concentration are not elevated or are even decreased.
In these patients, the overfill theory of edema formation pre-
dominates, and the abnormal sodium and water retention is
related to an intrinsic renal abnormality associated with the
renal disease. Of interest, it was originally thought that this hy-
pervolemic state was a characteristic of patients with nephrotic
syndrome and abnormal renal histology (5,6), but it has been
proposed that this hypervolemic state may also occur in pa-
tients with minimal change nephrotic syndrome (2–4,7–9). It
is important to note, however, that the response to upright pos-
ture may be necessary to detect differences in plasma volume
(see the following).

In the remainder of this chapter, we describe the potential
afferent and efferent mechanisms of sodium and water reab-
sorption in the nephrotic syndrome. The arguments in favor
of the underfill and overfill theories of edema formation in
nephrotic syndrome are reviewed. In fact, both the underfill
and overfill theories may be implicated, depending on the sub-
set of nephrotic syndrome patients studied (i.e., hypovolemic
versus hypervolemic). In the hypovolemic subset, as in arterial

underfilling with heart failure and cirrhosis, activation of neu-
rohormonal vasoconstrictor systems may in part mediate the
renal sodium and water retention, whereas in the hypervolemic
subset, intrarenal mechanisms also may be implicated. Finally,
specific therapeutic modalities are discussed.

Afferent Mechanisms for Renal Sodium and
Water Retention in the Nephrotic Syndrome

The Underfill Theory

The evidence supporting the traditional underfill view of edema
formation in nephrotic syndrome includes the following fac-
tors. Plasma volume may be decreased in some nephrotic pa-
tients in the absence of diuretic therapy (8–12). Moreover,
systemic arterial hypotension and diminished cardiac output,
sometimes correctable by plasma volume expansion, have been
observed in some patients with nephrotic syndrome (13–15).
In addition, some nephrotic patients have “humoral markers”
of arterial underfilling such as elevated plasma levels of
renin, aldosterone, and catecholamines, suggesting a volume-
contracted state (9,16,17). Finally, head-out water immersion
(HWI) and intravascular infusion of albumin, maneuvers that
increase plasma volume, may result in substantial increases in
GFR and fractional excretion of sodium chloride and water
in these patients (8,12). Of interest, the natriuresis observed
during HWI was found to be directly related to the patient’s
estimated plasma volume (18).

Usberti et al. (19) described two groups of nephrotic syn-
drome patients distinguished on the basis of their plasma albu-
min concentrations. Patients in group 1 had a plasma albumin
concentration of less than 1.7 g/dL associated with low blood
volumes and atrial natriuretic plasma (ANP) levels, elevated
plasma angiotensin II (AT-II) concentrations, and increased
proximal tubular reabsorption of sodium (determined by
lithium clearance). In contrast, group 2 patients with a plasma
albumin concentration greater than 1.7 g/dL exhibited normal
blood volumes and plasma hormone concentrations. In all pa-
tients blood volume was positively correlated with the plasma
albumin concentration, and PRA was inversely correlated with
both blood volume and plasma albumin concentration. Of
note, GFR was not different between group 1 and group 2 pa-
tients (100 ± 25 versus 101 ± 22 mL/minute, not significant),
whereas urinary sodium excretion was substantially lower in
group 1 patients (4.88 ± 5.53 versus 29.9 ± 9.3 mEq/4
hours, p <0.001). Moreover, the acute expansion of blood
volume in group 1 patients normalized PRA, plasma AT-II
and aldosterone concentrations, fractional sodium excretion,
and lithium clearance, while increasing circulating ANP con-
centrations. Taken together, all of these observations (8–19)
support the traditional underfill view of the pathogenesis
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TA B L E 8 5 - 1

DEMOGRAPHICS OF EDEMATOUS DISORDERS

Cardiac failure Cirrhotic Nephrotic
patients (n = 17) patients (n = 19) patients (n = 16)

Mean arterial blood pressure (mm Hg) 85.8 ± 2.7 86.3 ± 1.9 97.0 ± 3.0
Glomerular filtration rate (mL/minute/1.73 m2) 55.4 ± 4.9 70.0 ± 7.3 72.6 ± 7.0
Percentage of water load excreted 31.4 ± 3.2 29.0 ± 3.4 43.3 ± 6.0
Urinary sodium excretion (mEq/5 hr) 5.5 ± 1.4 2.5 ± 0.7 13.5 ± 3.4
Plasma sodium (mEq/L) 133.5 ± 1.0 132.6 ± 1.4 139.8 ± 1.2
Minimal urinary osmolality during the water load

(mOsmol/kg H2O)
371 ± 36 243 ± 37 205 ± 45

Patients were usually given a 50-mEq sodium diet for 3 days to 1 week prior to the water-load procedure. Cardiac patients received a water load of
15 mL/kg of body weight; cirrhotic and nephrotic patients received a water load of 20 mL/kg of body weight. Most of the cirrhotic patients and all the
nephrotic patients were ad libitum water intake; cardiac failure patients were limited to 800 mL of solute-free water intake per 24 hours.
(Modified from: Bichet DG, van Putten VJ, Schrier RW. Potential role of increased sympathetic activity in impaired sodium and water excretion in
cirrhosis. N Engl J Med 1982;307:1552; Bichet D, Manzini C. Role of vasopressin (AVP) in the abnormal water excretion in nephrotic patients.
Kidney Int 1984;25:160A, with permission.)

of edema formation in some patients with nephrotic
syndrome.

The Overfill Theory

Dorhout-Mees et al. (2–4,7) and Meltzer et al. (6) challenged
this traditional theory. Dorhout-Mees et al. (7) initially stud-
ied a group of 10 adult patients with 13 episodes of minimal
change nephrotic syndrome. The patients were selected for the
study because of increased blood volume and blood pressure.
Each patient was studied prior to and following prednisone-
induced remission. After remission, blood pressure fell in 12
cases, plasma volume fell in 10 cases, and PRA increased in
eight cases. If total plasma volume and PRA are reliable indices
of arterial circulatory integrity, these data constitute powerful
arguments for the overfill theory of edema formation in some
patients with nephrotic syndrome. In contrast to this study, in
which all patients with increased blood volume had minimal
lesion nephrotic syndrome, Meltzer et al. (6) found that their
hypervolemic patients tended to have more severe glomerular
involvement, lower GFR, and hypertension.

The potential problems associated with plasma volume mea-
surements in nephrotic syndrome patients have been studied
extensively (2). Most investigators now normalize their plasma
and blood volume values for lean body mass, and the dry
weight of the patients is measured by diuresing them to an
edema-free state shortly after plasma volume and blood vol-
ume are measured (2–7,20). No correction is needed for an in-
creased albumin disappearance rate from the vascular tree (21).
In addition to these measurements, hypertension and low PRA,
two indices suggesting volume expansion, have been frequently
observed in patients with nephrotic syndrome (6,7,17). As de-
scribed, hypoalbuminemia in animal studies as well as in pa-
tients with analbuminemia does not consistently lead to edema
formation (22). Finally, it is important to note that a low filtra-
tion fraction is often observed in nephrotic patients, either with
minimal lesions or with histologically defined glomerular le-
sions (3). This is of interest because arterial underfilling usually
leads to renal hypoperfusion with a relatively well-maintained
GFR and thus to an increase in filtration fraction. Taken
together, these observations are compatible with the overfill
view of edema formation in some patients with nephrotic
syndrome.

Some explanations appear tenable in trying to reconcile
the underfill and overfill theories of nephrotic edema forma-
tion (4). The method of plasma volume measurement must

be considered. An analysis of 217 nephrotic patients from
10 studies found that only 25% had expanded plasma volumes,
whereas 33% had reduced plasma volumes and 42% had nor-
mal plasma volumes (2). The variability of current techniques
for plasma volume measurement is ± 10%; therefore, plasma
volume measurement may not be sufficiently sensitive to dis-
tinguish between underfill and overfill states. Moreover, it is
important to recognize that the afferent stimulus for edema for-
mation is likely to be a dynamic process (23). Most plasma and
blood volume studies have been performed during the main-
tenance phase of edema after the patient has retained signif-
icant sodium and water and reached a new steady state of
sodium balance. Therefore, these normal values do not pre-
clude a role for a contracted plasma or blood volume in the
initiating phase of edema formation. As early as 1963, Eisen-
berg (24) compared plasma volume measured during the re-
cumbent and standing positions in nephrotic patients and nor-
mal individuals. In the standing position, there was a 7% fall
in plasma volume in control subjects and a 15% to 20% de-
crease in nephrotic patients, thereby demonstrating a dynamic
process even in the maintenance phase of edema formation.
Results of studies indeed favor the dynamic nature of edema
formation in the nephrotic syndrome. Serial measurements of
plasma volume, PRA, and plasma aldosterone were made dur-
ing the edema-forming stage, the stage of diuresis, and the stage
of remission in 11 patients with steroid-responsive minimal
change nephrotic syndrome (9). Of interest, plasma volume
was decreased significantly at the edema-forming stage and in-
creased during the stage of diuresis. In addition, an inverse
correlation was obtained between plasma volume and PRA.
It is therefore possible that the renin–angiotensin–aldosterone
system may be a compensatory mechanism for hypovolemia in
the edema-forming stage but has less importance in the chronic
compensated stage of edema.

In summary, it is clear that the precise afferent stimulus of
edema formation in nephrotic syndrome cannot be stated with
certainty. However, it seems that edema in these patients can-
not always be explained entirely by intravascular hypovolemia.
Furthermore, a “nephritic” or intrarenal mechanism may be
important in sodium retention not only in nephrotic syndrome
with histologic glomerular lesions but also in minimal change
nephrotic syndrome (3,4). The nephrotic patients with arterial
underfilling are more likely to have very low plasma oncotic
pressure secondary to severe hypoalbuminuria <2.0 g/dL). In
Table 85-2 are shown factors that may give guidance as to
whether a patient has overfill or underfill edema.
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TA B L E 8 5 - 2

FACTORS THAT MAY GIVE GUIDANCE AS TO
WHETHER IN AN INDIVIDUAL PATIENT WITH THE
NEPHROTIC SYNDROME HAS OVERFILL OR
UNDERFILL EDEMA

Overfill Underfill

GFR <50% of normal + −
GFR >75% of normal − +
Serum albumin >2 g/dL + −
Serum albumin <2 g/dL − +
Histology minimal change − +
Hypertension + −
Postural hypotension − +

GFR, glomerular filtration rate.
(Reprinted from: Schrier RW, Fassett RG. A critique of the overfill
hypothesis of sodium and water retention in the nephrotic syndrome.
Kidney Int 1998;53:1111, with permission.)

Efferent Mechanisms for the Renal
Sodium and Water Retention
of the Nephrotic Syndrome

Nephron Sites of Sodium and Water Retention

Micropuncture Studies. The nephron site of enhanced renal
sodium and water retention in the nephrotic syndrome has been
studied predominantly in animal models of glomerulonephritis.
Bernard et al. (25) used micropuncture and clearance method-
ology to study the site of sodium retention in saline-loaded
rats with autologous immune complex nephritis. These rats
developed heavy proteinuria, hypoalbuminemia, and hyper-
cholesterolemia. Histopathologic examination of kidneys from
these animals revealed slight thickening of the basement mem-
branes; uniform finely granular deposits of immunoglobulin,
IgG, and complement distributed along the basement mem-
branes of all glomeruli; and electron-dense subepithelial de-
posits. These findings are similar to those observed in human
idiopathic membranous nephropathy. Arterial blood pressure,
hematocrit, GFR, and renal plasma flow were comparable
in control and experimental animals. Proximal sodium reab-
sorption was actually decreased in the nephrotic rats (35%
versus 44%). Absolute sodium reabsorption along the loop
of Henle and in the distal convoluted tubule was compara-
ble in nephrotic and control animals. Despite comparable or
greater sites of sodium delivery beyond the late distal convo-
luted tubule, the fractional excretion of sodium was signifi-
cantly lower in nephrotic (2.2%) than control (4.0%) animals.
From these results, the authors concluded that nephron sites
beyond the late distal convoluted tubule were responsible for
the enhanced sodium reabsorption observed in this model of
nephrotic syndrome. In this regard, Sonnenberg suggested that
the collecting duct may be the nephron site concerned with fi-
nal adjustments in renal sodium excretion (26). Alternatively,
it remains possible that enhanced sodium reabsorption by deep
nephrons (not accessible to micropuncture) also could con-
tribute to the diminished sodium excretion. It should also be
noted that in the experiments of Bernard et al. (25) the rats stud-
ied were markedly volume expanded; their conclusions thus
may not clarify the mechanism of sodium retention in the hy-
dropenic state.

Results different from those reported by Bernard et al. (25)
were reported by Kuroda et al., which used a rat nephro-
toxic serum model of nephrotic syndrome (27). In this model,
proteinuria, hypoalbuminemia, and hypercholesterolemia also

occurred. Histologic examination of the kidneys revealed mild
glomerular hypercellularity, widely dilated proximal tubules,
diffuse uniform glomerular linear immunofluorescence, and
electron-dense subepithelial deposits. In contrast to the pre-
vious study (25), the animals were more actively retaining
sodium. In micropuncture studies, single-nephron GFR was de-
creased, and the percentage of filtered water reabsorbed prior
to late proximal and distal tubular convolutions was increased
in the nephrotic rats. In addition, high proximal intratubular
pressures were measured. From this study (27) and the study
of Bernard et al. (25), it is clear that the nephron site of en-
hanced sodium reabsorption in nephrotic syndrome may vary,
depending on the nature of the renal lesion and the stage of
edema formation.

Ichikawa et al. (28) studied a unilateral version of the model
of aminonucleoside-induced nephrosis in the rat and showed
that proteinuria and diminished urinary sodium excretion were
confined to the kidney treated with the puromycin aminonu-
cleoside. A reduction of the glomerular capillary ultrafiltration
coefficient was the major determinant of diminished single-
nephron GFR in the superficial nephrons studied. In addition,
the absolute rate of reabsorption of sodium in the superficial
proximal tubule was decreased on the affected side. Assum-
ing that superficial nephrons are representative of the entire
nephron population, it was concluded that renal sodium re-
tention in this model of nephrotic syndrome was mainly the
result of intrarenal factor(s) acting beyond the proximal convo-
luted tubule. Similar results were obtained when kidneys were
taken from nephrotic rats (puromycin aminonucleoside) and
studied over a range of perfusion pressures using the isolated
perfused kidney technique (29). When perfused with medium
containing 6.7 g of albumin per deciliter, the nephrotic kid-
neys performed differently from control kidneys, with a re-
duction of sodium excretion at all pressures. Renal vascular
resistance, inulin clearance, fractional sodium excretion, and
fractional lithium excretion were also reduced. When kidneys
were perfused without oncotic agents, the differences between
nephrotic and control kidneys remained. In addition, captopril
had no effect on the sodium retention or vascular resistance of
nephrotic kidneys (29). Finally, the exact site within the distal
nephron where increased sodium reabsorption takes place in
nephrotic rats is not known, as puromycin-injected rats with a
structurally altered inner renal medulla induced by bromoethy-
lamine hydrobromide still demonstrated impaired sodium ex-
cretion (30).

Clearance Studies. Clearance studies have been undertaken in
nephrotic patients in an attempt to clarify the nephron site
of enhanced sodium and water reabsorption (4,31,32). These
studies were undertaken in patients with a wide variety of pri-
mary renal diseases and GFRs. In 1979, Usberti et al. (33)
measured tubular reabsorption of glucose in 21 patients with
glomerulonephritis. Tubular glucose reabsorption was used as
a marker of proximal tubular sodium reabsorption. The thresh-
old for glucose reabsorption was reduced in the 10 nephrotic
patients with edema, suggesting diminished proximal tubular
reabsorption. In studies undertaken in five nephrotic patients,
a similar conclusion was reached by Grausz et al. (31). In these
clearance studies, blockade of sodium reabsorption in the dis-
tal nephron with ethacrynic acid and chlorothiazide was used
to assess proximal sodium reabsorption. Proximal sodium re-
absorption was lower in the nephrotic patients than in normal
and in cirrhotic patients. Conversely, the more recent study of
Usberti et al. (19), using the more precise technique of lithium
clearance, demonstrated increased proximal tubular sodium
reabsorption in nephrotic syndrome patients with low serum
albumin concentrations and blood volumes and elevated PRA.

Gur et al. (32) used maximal solute-free water clearance as a
marker of distal sodium chloride reabsorption in pediatric pa-
tients. Their data are inconclusive, however, because secretion
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of arginine vasopressin (AVP) was not maximally suppressed
during their experiments. More recently, Koomans et al. (4)
also performed clearance studies in 10 patients with nephrotic
syndrome before and after a single infusion of 75 g of albumin.
Proximal fractional sodium chloride reabsorption was elevated
before (95 ± 1.5%) and decreased after (93 ± 1.7%) the in-
fusion. Distal fractional sodium chloride reabsorption was also
elevated before (93 ± 6.4%) but was unaltered after (93 ±
5.6%) the albumin infusion.

In summary, it appears from experimental and clinical stud-
ies that distal nephron sites are involved in avid sodium and
water retention in the nephrotic state. However, it is likely that
increased proximal tubular sodium reabsorption also may be
operative in selected cases, depending on the nature of the un-
derlying renal disease and the phase of sodium retention. In
some instances distal sodium reabsorption may be secondary to
an intrinsic defect independent of intravascular hypovolemia,
as suggested by the results from the unilateral aminonucleoside
model. Nevertheless, in some nephrotic syndrome patients the
distal, and possibly proximal, sodium and water reabsorption
may result from neurohormonal activation, that is, the renin–
angiotensin–aldosterone system.

Mechanisms of Enhanced Tubular Sodium and Water
Reabsorption. Several studies have been undertaken to identify
the mechanism underlying enhanced renal tubular sodium and
water reabsorption in the nephrotic syndrome. Although a re-
duced GFR is frequently observed in nephrotic patients, many
nephrotic patients with a normal GFR avidly retain sodium and
water. Therefore, factors in addition to a reduced filtered load
of sodium are involved in most patients. However, the pres-
ence of a marked reduction in GFR often is associated with
the most profound sodium retention in patients with nephrotic
syndrome (6,34).

Peritubular physical forces (oncotic and hydrostatic pres-
sures) are believed to exert a modulating influence on renal
sodium and water reabsorption in the proximal tubule. Con-
versely, the high renal plasma flow, normal renal vascular resis-
tance, and diminished filtration fraction frequently observed in
patients with nephrotic syndrome (3) suggest that factors other
than peritubular physical forces are responsible for enhanced
tubular sodium reabsorption. Several lines of evidence indicate
a role for neurohormonal activation.

Vasoconstrictor Systems

The Sympathetic Nervous System in the Nephrotic Syndrome.
Many patients with nephrotic syndrome exhibit elevated pe-
ripheral venous plasma norepinephrine concentrations (17), a
finding consistent with activation of the sympathetic nervous
system and arterial underfilling in these patients. Confirma-
tory evidence of adrenergic activation and arterial underfilling
in nephrotic syndrome patients may be found in a report from
our laboratory (35). We assessed sympathetic nervous system
activity by determining plasma norepinephrine spillover and
clearance rates using the whole body steady-state radionuclide
tracer method in six edematous patients with the nephrotic
syndrome and in six normal control subjects in the supine po-
sition. Mean creatinine clearances and serum creatinine con-
centrations were normal in both nephrotic syndrome patients
and control subjects. However, the nephrotic syndrome pa-
tients exhibited significant hypoalbuminemia (2.0 ± 0.4 versus
3.8 ± 0.1 g/dL, p <0.01). The supine plasma norepinephrine
level was elevated in the patients with the nephrotic syndrome
as compared with the control subjects; in nephrotic syndrome
patients, the spillover rate of norepinephrine was markedly in-
creased (0.30 ± 0.07 versus 0.13 ± 0.02 μg/minute per m2,
p <0.05), whereas the norepinephrine clearance rate was com-
parable to that in the normal subjects (2.60 ± 0.29 versus
2.26 ± 0.27 L/minute, not significant). Of note, PRA and

plasma aldosterone, AVP, and ANP concentrations were not
different in the nephrotic syndrome patients compared with
control subjects. These findings indicate that the sympathetic
nervous system is activated in patients with the nephrotic syn-
drome prior to a significant fall in GFR or a marked activa-
tion of either the renin–angiotensin–aldosterone system or the
non-osmotic release of AVP. Furthermore, these data support
the presence of arterial underfilling in these patients with the
nephrotic syndrome. Although the role of the adrenergic ner-
vous system in the sodium and water retention of nephrosis
remains to be defined, the observation that renal denerva-
tion ameliorates sodium and water retention in experimen-
tal nephrotic syndrome supports the potential influence of re-
nal nerves on proximal tubular sodium reabsorption in the
nephrotic syndrome (36) (see the following).

The Renin–Angiotensin–Aldosterone System in the Nephrotic
Syndrome. A role for the renin–angiotensin–aldosterone hu-
moral axis in the pathogenesis of nephrotic sodium reten-
tion remains controversial. Early work in this area strongly
suggested a pathogenetic role for aldosterone in nephrotic
edema (37,38). In rats made nephrotic with aminonucleoside,
Tobian et al. (38) found an increase in juxtaglomerular cell
granularity during sodium retention. Moreover, Kalant et al.
(37) found that adrenalectomy prevented the sodium reten-
tion of aminonucleoside nephrosis. However, marked saline
loading of these adrenalectomized nephrotic animals did re-
sult in edema formation (37). In addition, as described earlier
in this chapter, sodium retention in aminonucleoside-induced
nephrotic syndrome in the rat can occur secondary to in-
trarenal factors (28). Taken together, these experimental ob-
servations suggest a pathogenetic role for aldosterone as well
as aldosterone-independent factors in experimental nephrotic
edema.

Numerous studies have measured components of the
renin–angiotensin–aldosterone system in nephrotic humans
(5,6,7,9,23). These studies were undertaken in heterogeneous
patient populations at a variety of stages of nephrotic syn-
drome, and a wide range of plasma hormone values varying
from very high to very low were observed. Of interest, in 70
observations made in patients with nephrotic syndrome on a
low-sodium diet there was a striking absence of correlation be-
tween the plasma albumin level and PRA or between blood vol-
ume and PRA. However, there was a significant negative corre-
lation between plasma aldosterone concentration and sodium
excretion (r = 0.52, p <0.001) (3). In the aforementioned study
from Usberti et al. (12), however, PRA and plasma aldosterone
concentrations were correlated with plasma albumin concen-
trations, blood volume, and urinary sodium excretion in the hy-
povolemic subjects, whereas changes in the urinary excretion
of aldosterone predicted the renal response in the nephrotic
syndrome patients with normal blood volumes. The determi-
nant of the stimulation of PRA in nephrotic patients is unclear.
Similar conclusions were also obtained by other investigators;
despite similar plasma volumes, PRA and plasma aldosterone
were found to be significantly greater in nephrotic patients with
minimal change disease than those in patients with other renal
histopathology (16). It is therefore possible that a specific in-
trarenal factor independent of circulating blood volume, may
stimulate the renin–angiotensin–aldosterone system in some
nephrotic patients.

Brown et al. (39,40) and others (41) questioned the impor-
tance of aldosterone in the sodium retention of the nephrotic
syndrome. This assertion is supported by studies involving
the administration to patients with the nephrotic syndrome
of either the angiotensin receptor antagonist saralasin or the
angiotensin-converting enzyme (ACE) inhibitor captopril. In
the nephrotic syndrome patients studied by Brown et al.
(39,40), plasma aldosterone concentrations were pharmaco-
logically suppressed by means of the ACE inhibitor, with no



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-85 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:16

2210 Section XI: Disorders of Electrolyte, Water, and Acid–Base

associated increase in urinary sodium excretion. However,
because blood pressure fell in these patients, the ACE inhi-
bition must have reduced plasma AT-II concentrations, re-
sulting in a decrease in renal perfusion pressure. This effect
could have obscured the benefit of a decrease in plasma al-
dosterone concentration on urinary sodium excretion. A study
by Shapiro et al. (42) supported this interpretation because the
more specific inhibitor of aldosterone, spironolactone, allowed
sodium-retaining patients with the nephrotic syndrome to at-
tain sodium balance.

Arginine Vasopressin in the Nephrotic Syndrome. As described
in Table 85-1 and in contrast to the two previously described
clinical edematous entities (i.e., heart failure and decompen-
sated cirrhosis), the nephrotic syndrome is less frequently as-
sociated with hyponatremia. In fact, serum sodium concentra-
tion is usually normal unless it is influenced by vigorous diuretic
measures or an acute water load (7,31,43,44). Furthermore, in
nephrotic patients, high serum lipid levels may induce pseudo-
hyponatremia unless serum sodium concentration is measured
by a direct ion-specific electrode (45). Nevertheless, abnormal
water excretion was clearly demonstrated by Gur et al. (32)
in six nephrotic children; their solute-free water clearance dur-
ing water loading was only 0.9 ± 0.8 mL/minute compared
with 3.6 ± 0.6 mL/minute after remission of their disease. Be-
cause HWI induces an increase in solute-free water clearance
in patients with nephrotic syndrome (8,18), this improvement
may be secondary to the suppression of the non-osmotic release
of AVP. Alternatively, HWI might improve intrarenal hemody-
namics and increase the amount of solute-free water delivered
to the distal site of the nephron, thereby improving water ex-
cretion. Usberti et al. (12) studied 16 nephrotic patients and
13 normal control subjects in basal conditions and following a
water load or isosmotic blood volume expansion with a 20%
albumin infusion. The nephrotic patients had a delayed wa-
ter excretion, and their plasma AVP levels were not suppressed
by the water load procedure. Of interest, plasma AVP was in-
versely correlated with blood volume in nephrotic patients but
not in normal control subjects. Furthermore, in the nephrotic
patients the expansion of blood volume with 20% albumin,
or HWI, was effective in reducing plasma levels of AVP and
in promoting a water diuresis (12,46). Pedersen et al. (44) ad-
ministered an oral water load of 20 mL/kg of body weight to
17 patients with nephrotic syndrome and 15 healthy control
subjects. Creatinine clearance and the maximum increase in
solute-free water clearance were significantly correlated in pa-
tients with nephrotic syndrome as well as in control subjects.
Plasma AVP was reduced in both groups during water loading,
but AVP was clearly elevated in nephrotic syndrome patients
when compared with the control subjects both before and dur-
ing the water load. The study by Shapiro et al. (34) also showed
a close correlation between decrements in GFR and water ex-
cretion during a water load in nephrotic patients.

Bichet and Manzini also studied 24 consecutive stable adult
patients with nephrotic syndrome (43). Of these 24 patients
who received a 20 mL/kg water load, 16 displayed abnormal
water excretion (nonexcretors, group I), since they excreted
43% ± 6% of the water load in 5 hours and had a mini-
mal urinary osmolality of 205 ± 49 mOsm/kg H2O. Eight
patients (excretors, group II) had normal water excretion as
they excreted 97 ± 5% of the water load in 5 hours and had a
minimum urinary osmolality of 61 ± 4 mOsm/kg H2O. Basal
plasma sodium concentration and effective plasma osmolal-
ity were comparable in groups I and II (139.8 ± 1.2 versus
139.7 ± 0.5 mEq/L and 274 ± 2 versus 273 ± 1.2 mOsm/kg
H2O, respectively). Basal supine, upright, and mean plasma
AVP values after the water load were significantly higher in
group I than in group II (4.4 ± 1.0 versus 1.4 ± 0.3, p <0.01;
9.3 ± 2.9 versus 1.8 ± 0.5, p <0.025; and 2.9 ± 0.5 versus

1.25 ± 0.2 pg/mL, p <0.025, respectively). Nonexcretor pa-
tients also had more urinary protein loss (12.4 versus 6.5 g/24
hours, p <0.05) and a lower GFR (72.6 ± 7 versus 106 ±
5 mL/minute per 1.73 m2, p <0.005). Group I patients were
also characterized by a lower fractional excretion of sodium
(0.5 ± 0.1 versus 0.8 ± 0.1, p <0.05) and higher PRA (3.4
versus 1.9 ng/mL per hours, p <0.025), plasma aldosterone
(15.5 versus 8.8 ng/dL, p <0.005), plasma free norepinephrine
(288 ± 48 versus 181 ± 50 pg/mL, p <0.005), and plasma
conjugated norepinephrine levels (2038 ± 564 versus 510 ±
93 pg/mL, p <0.02).

Analysis of these studies, therefore, indicates that the im-
paired water excretion in nephrotic patients may be related
both to intrarenal factors, involving a fall in GFR and di-
minished distal fluid delivery, and to extrarenal factors, which
primarily involve the non-osmotic release of AVP. In this re-
gard, Pyo et al. (47) reported elevated circulating AVP con-
centrations and increased hypothalamic AVP mRNA levels in
rats with puromycin aminonucleoside-induced nephrotic syn-
drome, thereby supporting the notion that increased hypotha-
lamic AVP biosynthesis and release occur in this model of the
nephrotic syndrome.

Aquaporins in Nephrotic Syndrome. In contrast to heart fail-
ure and cirrhosis, aquaporin-2 expression appears to be de-
creased in experimental models of nephrotic syndrome. This
occurs despite elevated plasma vasopressin concentrations
and clinical edema. In rats with puromycin aminonucleoside-
induced nephrotic syndrome, there was an 87% decrease in
inner medulla aquaporin-2 expression and a 70% decrease
in collecting duct basolateral aquaporin-3 expression as com-
pared to control rats (48). Consistent with the finding of
aquaporin-2 and -3 downregulation, rats with nephrotic syn-
drome also demonstrated decreased maximal urinary osmolal-
ity. Similar findings were also noted in an Adriamycin-induced
model of nephrotic syndrome (49). Little data exist regarding
the role of aquaporin-2 in water metabolism in humans with
nephrotic syndrome. The mechanism by which Adriamycin and
puromycin aminonucleoside induce nephrotic syndrome is un-
known, but several accompanying tubular defects have been
demonstrated (49). Therefore, extrapolation of the results of
these studies to human nephrotic syndrome must be performed
with caution. Studies of urinary aquaporin-2 excretion in hu-
mans with nephrotic syndrome are needed.

Vasodilator Systems

Natriuretic Peptides in the Nephrotic Syndrome. Plasma ANP
and brain natriuretic peptide (BNP) concentrations may be el-
evated in animals and humans with the nephrotic syndrome
(50,51); however, the hemodynamic and renal responses to ex-
ogenous ANP or BNP are blunted in experimental nephrosis
(51) and in patients with the nephrotic syndrome (50). Re-
cently, Perico and Remuzzi (52) proposed tubular insensitivity
to ANP as an initiating factor in the formation of edema in the
nephrotic syndrome. According to their hypothesis, renal unre-
sponsiveness to ANP results in distal tubular sodium and water
retention with subsequent edema formation; this renal ANP re-
sistance may be receptor-independent, because urinary cGMP
responds appropriately to ANP infusion in nephrotic animals
(53). There is, however, experimental evidence of increased
phosphodiesterase-mediated increased cyclic GNP degradation
as a mediator of ANP resistance in experimental nephrosis
(54). Alternatively, this blunted natriuretic response to ANP
and BNP may be a secondary phenomenon owing to neu-
rohormonal vasoconstrictor activation and decreased sodium
delivery to the collecting duct site of natriuretic peptide ac-
tion. Our aforementioned observations of sympathetic acti-
vation and normal plasma ANP concentrations in edematous
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patients with the nephrotic syndrome support this latter hy-
pothesis (35). Moreover, Koepke and DiBona (55) showed that
renal denervation reversed the blunted diuretic and natriuretic
responses to ANP in a rat model of the nephrotic syndrome.
The exact role of the natriuretic peptides in the pathogenesis of
the renal sodium and water retention observed in the nephrotic
syndrome remains to be defined.

Other humoral factors such as kinins and prostaglandins
may modulate renal sodium reabsorption in nephrotic patients.
For example, inhibitors of prostaglandin synthesis reduce the
GFR in patients with the nephrotic syndrome and may precipi-
tate renal insufficiency (56). The role of these different humoral
mechanisms in the sodium retention in nephrotic syndrome pa-
tients remains unanswered.

In summary, it appears that the effector mechanisms for
sodium and water retention in the nephrotic syndrome may
involve a fall in GFR and activation of the sympathetic ner-
vous system, the renin–angiotensin–aldosterone system, and
the non-osmotic release of AVP. Other still undefined factors
may, however, also be involved in the enhanced renal tubu-
lar sodium and water reabsorption observed in nephrotic pa-
tients; some results suggest that a diminution in ANP sensitiv-
ity in nephrotic syndrome also may be involved in the sodium
retention.

Physiologic Basis for Therapy of Sodium and
Water Retention in the Nephrotic Syndrome

The treatment modalities in nephrotic patients have been re-
viewed (57,58). The first principle of therapy of nephrotic syn-
drome is to treat the primary disease process. Several histologic
lesions that produce nephrotic syndrome appear to be favor-
ably influenced by corticosteroid therapy (57). Obviously, if
the lesion proves to be steroid responsive, the edematous state
will improve and further modalities of treatment may be un-
necessary. There is some evidence that nephrotic patients with
minimal change disease who have severe hypoalbuminemia and
anasarca may not respond to corticosteroid therapy until some
diuretic therapy is instituted to diminish the edema. The mech-
anism for this observation is unclear but may be related to
intrarenal edema with associated increased interstitial pressure
in the kidney associated with anasarca.

In patients with hypoalbuminemia, it is reasonable to rec-
ommend the ingestion of 2 to 3 g of protein per kilogram of
body weight provided the GFR is well maintained. However,
there is no evidence that dietary protein supplementation con-
sistently increases serum albumin concentration or lessens the
edema (59).

When symptomatic edema develops, dietary salt restriction
should be instituted. A sodium intake of between 2 and 3 g
per day is generally a reasonable compromise between effec-
tiveness and palatability. Water restriction need not be imple-
mented unless the patient is hyponatremic with hyposmolality.
Although impaired water excretion often occurs in nephrotic
patients, clinically significant hyponatremia occurs primarily
in association with concomitant diuretic usage.

Diuretic agents, the mainstay of therapy in edematous states,
should be utilized only if symptomatic edema persists despite
salt restriction. A few prospective controlled trials compared
the efficacy and frequency of adverse effects of different di-
uretic agents used in nephrotic patients. These studies focused
on the use of furosemide, metolazone, and piretanide in the
edematous nephrotic patient (60–62). In view of the experi-
mental data demonstrating enhanced renal sodium reabsorp-
tion beyond the proximal tubule in nephrotic syndrome, diuret-
ics that act in distal tubular segments would be expected to be
most efficacious, that is, spironolactone. Many nephrotic pa-

tients with well-maintained GFRs respond to thiazide diuretics
alone.

In adult nephrotic patients, furosemide is usually an effec-
tive diuretic agent, and one study in children found furosemide
to be safe and efficacious in the treatment of nephrotic edema
(60). However, some children with low GFRs become resis-
tant to as much as 5 mg/kg of furosemide (60). In this setting,
both in children and in adults, the addition of a second distal
blocker such as metolazone often produces a diuresis (61); se-
vere hypokalemia, however, may be seen with this combination
of diuretics.

The pharmacokinetic patterns of the “loop diuretics” have
been evaluated extensively in nephrotic patients (63–65). Al-
though the presence of nephrotic syndrome decreases plasma
protein binding of furosemide, it does not appear to induce
major changes in furosemide disposition when renal function is
well maintained (63–65). The efficacy of high doses of spirono-
lactone, the specific aldosterone antagonist, in nephrotic pa-
tients has been demonstrated and correlates with the activation
of the renin–angiotensin–aldosterone system. Spironolactone
may also be effective as an additive diuretic effect when given
with other agents (66).

Diuretic therapy for nephrotic syndrome often can be in-
stituted in the outpatient setting. Patients should be instructed
to weigh themselves daily and to diminish or discontinue the
diuretic if weight loss exceeds 1 pound per day or when edema
no longer becomes a source of discomfort. Patients should also
reduce or discontinue the diuretic when orthostatic lighthead-
edness develops and when only a small amount of edema re-
mains. One practical way to follow these patients’ proteinuria
is with single voided urine samples to estimate quantitative uri-
nary protein loss; a protein–creatinine ratio of more than 3 to
5 can be taken to represent “nephrotic” proteinuria (67). Hos-
pitalization may be required to initiate and monitor diuresis in
patients with either severe edema or marked hypoalbuminemia,
especially when a significant decrease in GFR is present.

Albumin infusions have been utilized in the treatment of
edema in nephrotic patients since the 1950s (68). This form
of therapy increases plasma volume and may increase GFR,
urine flow, sodium excretion, and solute-free water clearance
(12,41,66,68). Leutscher et al. (68) treated 13 adult nephrotics
with 50 g per day of salt-poor albumin (200 mL of 25% albu-
min solution) for 4 consecutive days. A diuresis was observed
in all patients, and five of the 13 patients became edema free.
More recently, Davison et al. (66) used albumin in the manage-
ment of diuretic-resistant nephrotic patients. Twelve nephrotic
patients, referred for a diuretic-resistant state, were studied.
Diverse glomerular diseases were present in these patients, and
nine of 12 patients had a creatinine clearance rate of less than
40 mL/minute. All patients were treated with furosemide in
increasing doses to 500 mg per day. Spironolactone with in-
creasing doses to 200 mg per day was added if a diuresis did
not occur with furosemide. Six of the 12 patients could be satis-
factorily diuresed with the preceding regimen. In the remaining
six patients, diuresis either was unsuccessful (two patients) or
resulted in serious complications, including increasing blood
urea nitrogen in three patients and hyponatremia in one pa-
tient. In the six responsive patients, 300 mL of a 15% solution
of salt-poor albumin led to a significant diuresis and resolution
of edema without worsening renal function.

Results of studies both in nephrotic patients (69) and in an
experimental model of nephrotic syndrome in the rat (70) indi-
cate that rather than compensating for urinary protein losses,
ingestion of a high-protein diet results in an augmentation of
urinary albumin excretion and a net decrease in serum albu-
min concentration and body albumin pools. In addition, treat-
ment with converting enzyme inhibitors reduced the rate of
urinary protein loss (71,72) and retarded the progression of
renal dysfunction (72) in nephrotic syndrome patients. Don
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et al. (73) studied the effects of dietary protein restriction or
treatment with an ACE inhibitor on protein metabolism in 12
patients with the nephrotic syndrome. Protein metabolism was
assessed by plasma amino acid levels and nitrogen balance.
Reducing dietary protein intake decreased, whereas treatment
with enalapril increased nitrogen balance, although neither of
these changes achieved a level of statistical significance. More-
over, Gansevoort et al. (74) recently showed comparable de-
creases in urinary protein excretion induced by either the AT-II
receptor antagonist losartan or the ACE inhibitor enalapril in
11 nondiabetic nephrotic syndrome patients. This observation
supports the notion that the antiproteinuric effect of ACE in-
hibition is mediated by the inhibition of AT-II rather than an
ACE inhibitor-induced increase in bradykinin or prostaglandin
levels. Further studies will be necessary to assess the potential
value of changes in protein intake, converting enzyme inhibi-
tion, and AT-II receptor antagonism in the long-term treatment
of nephrotic patients. As well, the potential beneficial effect
of lipid-lowering agents on the progression and expression of
nephrotic syndrome needs to be addressed (75,76).

Although albumin infusion continues to be an attractive
therapeutic tool for the temporary treatment of patients with
diuretic-resistant nephrotic syndrome, this form of therapy re-
mains relatively expensive, and the diuretic effects of albumin
infusion are usually short-lived (4). For example, in the study
of Koomans et al. (4), 10 patients with the nephrotic syndrome
received a 75-g hyperoncotic albumin infusion, and their uri-
nary sodium excretion increased only minimally from 10 to
45 μEq/minute. This rate would account for a loss of less than
1 kg of extracellular fluid volume in 24 hours. Nevertheless,
albumin infusions may be beneficial in some diuretic-resistant
nephrotic patients. Water immersion has also been used to treat
nephrotic patients, with weight loss ranging from 0.5 to 2.0 kg
observed after 4 hours of HWI (77). This form of therapy,
although extremely interesting from a physiopathologic view-
point, remains impractical.

Vasopressin V2 receptor antagonists have been shown to be
useful aquaretic agents in animals and humans with heart fail-
ure and cirrhosis (78). Similar studies have not been performed
in nephrotic syndrome. In contrast to diuretics, these agents
have the theoretical advantage of inducing solute-free water
clearance without electrolyte losses. Further study in this area
is indicated.
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CHAPTER 86 ■ THE SYNDROME
OF INAPPROPRIATE ANTIDIURETIC
HORMONE SECRETION AND OTHER
HYPOOSMOLAR DISORDERS
JOSEPH G. VERBALIS

The syndrome of inappropriate antidiuretic hormone secretion
(SIADH) is produced when plasma levels of arginine vaso-
pressin (AVP), the only known antidiuretic hormone, are ele-
vated at times when physiologic AVP secretion from the poste-
rior pituitary would normally be suppressed. Because the only
clinical abnormality known to result from increased secretion
of AVP is a decrease in the osmotic pressure of body fluids,
the hallmark of SIADH is hypoosmolality. This clinical finding
led to the identification of the first well-described cases of this
disorder in 1957 (1) and the subsequent clinical investigations
that resulted in the delineation of the essential characteristics
of the syndrome (2). It is, therefore, appropriate to begin this
chapter with a brief summary of some general issues concern-
ing hypoosmolality and hyponatremia before discussing details
that are specific to SIADH and related disorders associated with
dilutional hypoosmolality of body fluids. Although much has
been learned over the last four decades about the pathophysi-
ology of SIADH and hyponatremia, it remains surprising how
rudimentary our understanding is of some of the most basic
aspects of this disorder (3,4). One particularly striking exam-
ple of this is the controversy in the last decade concerning the
most appropriate rate of correction of hyponatremic patients
(5). Nonetheless, recent and ongoing clinical and basic studies
have continued to shed new light on many heretofore incom-
pletely understood aspects of hypoosmolar disorders. In addi-
tion, we are on the verge of an exciting new era with regard to
the therapy of these disorders using antagonists of specific AVP
receptors (6). Although some of the specific information con-
tained in this chapter may well become outdated in the future,
the basic concepts underlying the pathophysiology, diagnosis,
and therapy of hypoosmolar disorders have withstood the tests
of time and clinical utility, and likely will remain valid for some
time to come.

HYPOOSMOLALITY AND
HYPONATREMIA

Incidence

Hypoosmolality is one of the most common disorders of fluid
and electrolyte balance encountered in hospitalized patients.
The incidence and prevalence of hypoosmolar disorders depend
on the nature of the patient population being studied as well as
on the laboratory methods and diagnostic criteria used to as-
certain hyponatremia. Most investigators have used the serum
sodium concentration ([Na+]) to determine the clinical inci-
dence of hypoosmolality. When hyponatremia is defined as a
serum [Na+] of less than 135 mEq/L, incidences as high as 15%

to 30% have been observed in studies of both acutely (7,8) and
chronically (9,10) hospitalized patients. These high incidences
in hospitalized patients are corroborated by frequency analysis
of a large population of hospitalized patients, which demon-
strated that serum [Na+] and chloride concentrations were ap-
proximately 5 mEq/L lower than those in a control group of
healthy, nonhospitalized subjects (11). However, incidences de-
crease to the range of 1% to 4% when only patients with serum
[Na+] less than 130 to 131 mEq/L are included (8,12–15),
which represents a more appropriate level to define the occur-
rence of clinically significant cases of this disorder. Even when
one uses these more stringent criteria to define hypoosmolality,
incidences from 7% to 53% have been reported in institution-
alized geriatric patients (16–18). Perhaps most importantly, re-
ports of all studies to date have noted a high proportion of
iatrogenic or hospital-acquired hyponatremia, which has ac-
counted for as much as 40% to 75% of all patients studied
(12,14). Therefore, although hyponatremia and hypoosmolal-
ity are exceedingly common, most cases are relatively mild and
become manifest during the course of hospitalization.

These considerations could be interpreted to indicate that
hypoosmolality is of relatively little clinical significance, but
this conclusion is unwarranted for several reasons. First, severe
hypoosmolality (serum [Na+] levels <120 mEq/L), although
relatively uncommon, is associated with substantial morbidity
and mortality (19,20). Second, even relatively mild hypoosmo-
lality can quickly progress to more dangerous levels during the
course of therapeutic management of other disorders. Third,
overly rapid correction of hyponatremia can itself cause severe
neurologic morbidity and mortality (21). Finally, it has been ob-
served that mortality rates are much higher, from 3- (13,15) to
60-fold (14), in patients with even asymptomatic degrees of hy-
poosmolality compared to normonatremic patients. Remark-
ably, hyponatremia has been found to represent an independent
predictor of worsened outcomes in a variety of diseases, includ-
ing myocardial infarction (22), congestive heart failure (23,24),
and cirrhosis (25). This is probably because hypoosmolality is
more an indicator of the severity of many underlying illnesses
than it is an independent contributing factor to mortality, but
this presumption may not be true of all cases. These consid-
erations emphasize the importance of a careful evaluation of
all hyponatremic patients, regardless of the clinical setting in
which they present.

Osmolality, Tonicity, and Serum [Na+]

As discussed in Chapter 3, the osmolality of body fluid
normally is maintained within narrow limits by osmotically
regulated AVP secretion and thirst. Although basal plasma
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osmolality can vary appreciably among individuals, the range
in the general population under conditions of normal hydration
lies between 275 and 295 mOsmol/kg H2O. Plasma osmolality
can be determined directly by measuring the freezing-point de-
pression or the vapor pressure of plasma. Alternatively, it can
be calculated indirectly from the concentrations of the three
major solutes in plasma:

Posm (mOsm/kg H2O) = 2 × [Na+] (mEq/L)
+ glucose (mg/dL)/18
+ blood urea nitrogen (mg/dL)/2.8

[1]

Both methods produce comparable results under most con-
ditions. However, although either of these methods produces
valid measures of total osmolality, this is not always equivalent
to the effective osmolality, which is commonly referred to as
the tonicity of the plasma. Only cell membrane impermeable
solutes such as Na+ and Cl− that remain relatively compart-
mentalized within the extracellular fluid (ECF) space are “ef-
fective” solutes, because these solutes create osmotic gradients
across cell membranes and thus generate osmotic movement of
water from the intracellular fluid (ICF) compartment into the
ECF compartment. By contrast, solutes that readily permeate
cell membranes (e.g., urea, ethanol, and methanol) are not ef-
fective solutes, because they do not create osmotic gradients
across cell membranes and thus do not generate water move-
ment between body fluid compartments. Only the concentra-
tions of effective solutes in plasma should be used to ascertain
whether clinically significant hyperosmolality or hypoosmolal-
ity is present, since these are the only solutes that directly affect
body fluid distribution (26).

Sodium and its accompanying anions represent the bulk of
the major effective plasma solutes, so hyponatremia and hy-
poosmolality are usually synonymous. However, there are two
important situations in which hyponatremia will not reflect
true hypoosmolality. The first is pseudohyponatremia, which
is produced by marked elevations of either lipids or proteins
in plasma. In such cases the concentration of Na+ per liter of
plasma water is unchanged, but the concentration of Na+ per
liter of plasma is artifactually decreased because of the larger
relative proportion of plasma volume that is occupied by the
excess lipids or proteins (27,28). However, the increased pro-
tein or lipid will not appreciably increase the total number of
solute particles in solution, so the directly measured plasma
osmolality will not be significantly affected under these condi-
tions. Measurement of serum [Na+] by ion-specific electrodes,
which is now commonly employed by most clinical laborato-
ries, is less influenced by high concentrations of lipids or pro-
teins than is measurement of serum [Na+] by flame photometry
(29), although recent reports have demonstrated that such er-
rors can nonetheless still occur when using autoanalyzers that
require a dilution of the plasma sample (30–32).

The second situation in which hyponatremia does not reflect
true plasma hypoosmolality occurs when high concentrations
of effective solutes other than Na+ are present in the plasma.
The initial hyperosmolality produced by the additional solute
causes an osmotic shift of water from the ICF to the ECF, which
in turn produces a dilutional decrease in the serum [Na+]. Once
equilibrium between both fluid compartments is achieved, the
total effective osmolality remains relatively unchanged. This
situation most commonly occurs with hyperglycemia and rep-
resents a frequent cause of hyponatremia in hospitalized pa-
tients, accounting for up to 10% to 20% of all cases (14). Mis-
diagnosis of true hypoosmolality in such cases can be avoided
by measuring plasma osmolality directly or, alternatively, by
correcting the measured serum [Na+] by 1.6 mEq/L for each
100 mg/dL increase in serum glucose concentration above nor-
mal levels (33). Recent studies have shown a more complex

relation between hyperglycemia and serum [Na+], and have
suggested that a more accurate correction factor may be closer
to 2.4 mEq/L (34). However, when the plasma contains signif-
icant amounts of unmeasured solutes, such as osmotic diuret-
ics, radiographic contrast agents, and some toxins (ethanol,
methanol, and ethylene glycol), plasma osmolality cannot be
calculated accurately. In these situations, osmolality must be
ascertained by direct measurement, although even this method
does not yield an accurate measure of the true effective osmo-
lality if the unmeasured solutes are noneffective solutes that
freely permeate cell membranes (e.g., ethanol).

Because of the previously noted considerations, it should
be apparent that the determination of whether true hypoos-
molality is present can sometimes be difficult. Nevertheless, a
straightforward and relatively simple approach will suffice in
most cases:

1. The effective plasma osmolality should be calculated from
the measured serum [Na+] and glucose concentration (2 ×
[Na+] + glucose/18); alternatively, the measured serum
[Na+] can simply be corrected by 1.6 to 2.4 mEq/L for each
100 mg/dL increase in serum glucose concentration greater
than normal levels (100 mg/dL).

2. If the calculated effective plasma osmolality is <275
mOsmol/kg H2O, or if the corrected serum [Na+] is <135
mEq/L, then significant hypoosmolality exists, providing
that large concentrations of unmeasured solutes or pseu-
dohyponatremia secondary to hyperlipidemia or hyperpro-
teinemia are not present.

3. To eliminate the latter possibilities, plasma osmolality
should also be measured directly in all cases in which the hy-
ponatremia cannot be accounted for by elevated serum glu-
cose levels. Absence of a discrepancy between the calculated
and measured total plasma osmolality (<10 mOsmol/kg
H2O) will confirm the absence of significant amounts of
unmeasured solutes, such as osmotic diuretics, radiocon-
trast agents, or alcohol; if a significant discrepancy between
these measures is found (called an “osmolal gap” [35]), ap-
propriate tests must then be conducted to rule out pseu-
dohyponatremia or to identify possible unmeasured plasma
solutes (26,36,37). Whether significant hypoosmolality ex-
ists in the latter case will depend upon the nature of the
unmeasured solutes; although this determination will not
always be possible, the clinician will at least be alerted to
uncertainty about the diagnosis of true hypoosmolality.

Pathogenesis of Hypoosmolality

Because water moves freely between the ICF and ECF across
most cell membranes, osmolality will always be equivalent in
both of these fluid compartments, since water distributes be-
tween them in response to osmotic gradients. Consequently,
total body osmolality must always be the same as both ECF
and ICF osmolality. Because the bulk of body solute comprises
electrolytes, namely the exchangeable Na+ (Na+

E) in the ECF
and the exchangeable K+ (K+

E) in the ICF along with their as-
sociated anions, total body osmolality will largely be a function
of these parameters (38,39):

OSMECF = OSMICF

= total body osmolality
= (ECF solute + ICF solute)/body water
= (2 × Na+

E + 2 × K+
E + nonelectrolyte solute)/

body water [2]

Although the above calculations represent an oversimpli-
fication of complex factors that determine the relative distri-
bution of intracellular and extracellular solutes (see [40] for a
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TA B L E 8 6 - 1

PATHOGENESIS OF HYPOOSMOLAR DISORDERS

Depletion (primary decreases in total body solute and
secondary water retention):
Renal solute loss

Diuretic use
Solute diuresis (glucose, mannitol)
Salt-wasting nephropathy
Mineralocorticoid deficiency or resistance

Nonrenal solute loss
Gastrointestinal (diarrhea, vomiting, pancreatitis, bowel

obstruction)
Cutaneous (sweating, burns)
Blood loss

Dilution (primary increases in total body water and secondary
solute depletion):
Impaired renal free water excretion

Increased proximal reabsorption
Hypothyroidism

Impaired Distal Dilution
Syndrome of inappropriate antidiuretic hormone

secretion
Glucocorticoid deficiency

Combined increased proximal reabsorption and impaired
distal dilution
Congestive heart failure
Cirrhosis
Nephrotic syndrome

Decreased urinary solute excretion
Beer potomania
Very-low protein diet

Excess water intake
Primary polydipsia
Dilute infant formula
Fresh-water drowning

revision of the original Edelman equation for predicting plasma
[Na+] based on exchangeable body Na+ and K+), nonethe-
less they are sufficiently accurate for the purpose of predicting
changes in serum [Na+]. By definition, the presence of plasma
hypoosmolality indicates a relative excess of water to solute in
the ECF. From the preceding equations, it should be apparent
that this can be produced either by an excess of body water, re-
sulting in a dilution of remaining body solute, or alternatively
by a depletion of body solute, either Na+ or K+, relative to
the remaining body water. Table 86-1 summarizes the poten-
tial causes of hyponatremia categorized according to whether
the initiating event is dilution or depletion of body solute. It
should be recognized that such a classification represents an
obvious oversimplification, because most clinical hypoosmolar
states involve significant components of both solute depletion
and water retention. Nonetheless, it is conceptually useful as
a starting point for understanding the mechanisms underlying
the pathogenesis of hypoosmolality and as a framework for
discussions of therapy of hypoosmolar disorders.

Solute Depletion

Depletion of body solute can result from any significant losses
of ECF. Whether via renal or nonrenal routes, body fluid losses
by themselves rarely cause hypoosmolality because excreted or
secreted body fluids are usually isotonic or hypotonic relative
to plasma and therefore tend to increase plasma osmolality.
Consequently, when hypoosmolality accompanies ECF losses

it is generally the result of replacement of body fluid losses
by more hypotonic solutions, thereby diluting the remaining
body solutes. This often occurs when patients drink water or
other hypotonic fluids in response to ongoing solute and water
losses, and also when hypotonic intravenous fluids are admin-
istered to hospitalized patients (41). When the solute losses are
marked, these patients can show all of the obvious signs of vol-
ume depletion (e.g., Addisonian crisis). However, such patients
often have a more deceptive clinical presentation because their
volume deficits may be partially replaced by subsequently in-
gested or infused fluids. Moreover, they may not manifest signs
or symptoms of cellular dehydration because osmotic gradients
will draw water into the relatively hypertonic ICF. Therefore,
clinical evidence of hypovolemia strongly supports solute de-
pletion as the cause of plasma hypoosmolality, but absence
of clinically evident hypovolemia never completely eliminates
this as a possibility. Although ECF solute losses are responsible
for most cases of depletion-induced hypoosmolality, ICF solute
loss can also cause hypoosmolality as a result of osmotic water
shifts from the ICF into the ECF (38). This mechanism likely
contributes to some cases of diuretic-induced hypoosmolality
in which depletion of total body K+ often occurs (42–44).

Water Retention

Despite the obvious importance of solute depletion in some
patients, most cases of clinically significant hypoosmolality are
caused by increases in total body water rather than by primary
loss of extracellular solute. This can occur because of either
impaired renal free water excretion or excessive free water in-
take. However, the former accounts for most hypoosmolar dis-
orders because normal kidneys have sufficient diluting capacity
to allow excretion of up to 20 to 30 L/day of free water (see
Chapter 3). Intakes of this magnitude are occasionally seen in a
subset of psychiatric patients (45,46) but not in most patients,
including patients with SIADH in whom fluid intakes aver-
age 2 to 3 L/day (47). Consequently, dilutional hypoosmolality
usually is the result of an abnormality of renal free water excre-
tion. The renal mechanisms responsible for impairments in free
water excretion can be subgrouped according to whether the
major impairment in free water excretion occurs in proximal
or distal parts of the nephron, or both (see Table 86-1).

Any disorder that leads to a decrease in glomerular filtra-
tion rate (GFR) causes increased reabsorption of both Na+

and water in the proximal tubule. As a result, the ability to
excrete free water is limited because of decreased delivery of
tubular fluid to the distal nephron. Disorders causing solute
depletion through nonrenal mechanisms (e.g., gastrointestinal
fluid losses) also produce this effect. Disorders that cause a de-
creased GFR in the absence of significant ECF fluid losses are,
for the most part, edema-forming states associated with de-
creased effective arterial blood volume (EABV) and secondary
hyperaldosteronism (48–50). Although these conditions are
typified by increased proximal reabsorption of both Na+ and
fluid, it is now clear that in most cases water retention also re-
sults from increased distal reabsorption caused by non-osmotic
baroreceptor-mediated stimulated increases in plasma AVP lev-
els (51,52), with the possible exception of hypothyroidism.

Distal nephron impairments in free water excretion are char-
acterized by an inability to dilute tubular fluid maximally.
These disorders are usually associated with abnormalities in the
secretion of AVP from the posterior pituitary. However, just as
depletion-induced hypoosmolar disorders usually include an
important component of secondary impairments of free wa-
ter excretion, so do most dilution-induced hypoosmolar disor-
ders involve significant degrees of secondary solute depletion.
This was recognized even before the first clinical description of
SIADH from studies of the effects of posterior pituitary extracts
on water retention, which demonstrated that renal salt-wasting
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was predominantly a result of the ECF volume expansion pro-
duced by the retained water (53). Therefore, after sustained
increases in total body water secondary to inappropriately el-
evated AVP levels, sufficient secondary solute losses, predomi-
nantly as Na+, occur and sometimes result in further lowering
of plasma osmolality. The actual contribution of Na+ losses to
the hypoosmolality of SIADH is variable and depends in part
on both the rate and volume of water retention (54). The major
factor responsible for secondary Na+ losses appears to be re-
nal hemodynamic effects, and specifically the phenomenon of
pressure natriuresis and diuresis induced by the volume expan-
sion (55). However, volume-stimulated hormones such as atrial
natriuretic peptide (ANP) are also elevated in response to the
water retention of patients with SIADH (56,57), and it seems
likely that these factors also contribute to the secondary natri-
uresis, possibly via interactions with intrarenal hemodynamic
effects (58). Regardless of the actual mechanisms involved, the
solute losses that occur secondary to water retention can be
best understood in the context of volume regulation of the ICF
and ECF fluid compartments in response to induced hypoos-
molality, which is discussed in the next section.

Some dilutional disorders do not fit well into either category.
Chief among these is the hyponatremia that sometimes occurs
in patients who ingest large volumes of beer with little food in-
take for prolonged periods, frequently called “beer potomania”
(59,60). Although the volume of fluid ingested may not seem
sufficiently excessive to overwhelm renal diluting mechanisms,
in these cases free water excretion is limited by very low urinary
solute excretion, thereby causing water retention and dilutional
hyponatremia. A recent case in which hyponatremia occurred
in an ovolactovegetarian with a very low protein intake but no
beer ingestion is consistent with this pathophysiologic mecha-
nism (61). However, because most such patients have very low
salt intakes as well, it is likely that relative depletion of body
Na+ stores also is a contributing factor to the hypoosmolality
in at least some cases (62).

Adaptation to Hyponatremia: Intracellular Fluid and
Extracellular Fluid Volume Regulation

Many studies have indicated that the combined effects of wa-
ter retention plus urinary solute excretion cannot adequately
explain the degree of plasma hypoosmolality observed in pa-
tients (2,63,64). This observation originally led to the theory
of “cellular inactivation of solute” (2). Simply stated, this the-
ory suggested that as ECF osmolality falls, water moves into
cells along osmotic gradients, thereby causing the cells to swell.
At some point during this volume expansion, the cells osmot-
ically “inactivate” some of their intracellular solutes as a de-
fense mechanism to prevent continued cellular swelling with
subsequent detrimental effects on cell function and survival.
As a result of this decrease in intracellular osmolality, water
then shifts back out of the ICF into the ECF, but at the ex-
pense of further worsening the dilution-induced hypoosmolal-
ity. Despite the appeal of this theory, its validity has never been
demonstrated conclusively in either human or animal studies.

An appealing alternative theory has been suggested by stud-
ies of cellular volume regulation, in which cell volume is main-
tained under hypoosmolar conditions by extrusion of potas-
sium rather than by osmotic inactivation of cellular solute
(65,66). Whole brain volume regulation via similar types of
electrolyte losses was first described by Yannet in 1940 (67),
and has long been recognized as the mechanism by which
the brain was able to adapt to hyponatremia and limit brain
edema to sublethal levels (68–70). Following the recognition
that low-molecular-weight organic compounds, called organic
osmolytes, also constituted a significant osmotic component of
a wide variety of cell types, studies demonstrated the accumu-
lation of these compounds in response to hyperosmolality in

FIGURE 86-1. Schematic diagram of brain volume adaptation to hy-
ponatremia. Under normal conditions brain osmolality and extracel-
lular fluid (ECF) osmolality are in equilibrium (top; for simplicity the
predominant intracellular solutes are depicted as K+ and organic os-
molytes, and the extracellular solute as Na+). Following the induction
of ECF hypoosmolality, water moves into the brain in response to os-
motic gradients producing brain edema (dotted line, middle, #1). How-
ever, in response to the induced swelling the brain rapidly loses both
extracellular and intracellular solutes (middle, #2). As water losses ac-
company the losses of brain solute, the expanded brain volume then
decreases back toward normal (middle, #3). If hypoosmolality is sus-
tained, brain volume eventually normalizes completely and the brain
becomes fully adapted to the ECF hyponatremia (bottom).

both kidney (71) and brain (72) tissue. Multiple groups have
now shown that the brain loses organic osmolytes in addition
to electrolytes during the process of volume regulation to hy-
poosmolar conditions in experimental animals (73–76) and hu-
man patients (77). These losses occur relatively quickly (within
24 to 48 hours in rats) and can account for as much as one-
third of the brain solute losses during hyponatremia (78). Such
coordinate losses of both electrolytes and organic osmolytes
from brain tissue enables very effective regulation of brain vol-
ume during chronic hyponatremia (Fig. 86-1). Consequently,
it is now clear that cellular volume regulation in vivo in brain
tissue occurs predominantly through depletion, rather than in-
tracellular osmotic “inactivation,” of a variety of intracellular
solutes. Ongoing experimental studies are better defining the
complex cellular and molecular mechanisms that underlie this
profound adaptation to hypoosmolality (79–84).

Most recent studies have focused on volume regulation in
the brain during hyponatremia, but all cells volume regulate
to varying degrees (65), and there is little question that this
process occurs throughout the body as whole organisms adapt
to hypoosmolar conditions. Unexplained components of hy-
ponatremia that led to previous speculation about cellular in-
activation of solute are now better explained by cellular losses
of both electrolyte and organic solutes as cells throughout the
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body undergo volume regulation during hypoosmolar condi-
tions. However, volume regulatory processes are not limited
to cells. Although most cases of hyponatremia clearly result
from initial water retention induced by stimulated antidiure-
sis, it has always seemed likely that the resulting natriuresis
served the purpose of regulating the volumes of the ECF and
intravascular spaces. Many experimental and clinical observa-
tions are consistent with ECF volume regulation via secondary
solute losses. First, dilutional decreases in concentrations of
most blood constituents other than Na+and Cl−do not occur
in patients with SIADH (85), suggesting that their plasma vol-
ume is not nearly as expanded as would be predicted simply by
the measured decreases in serum [Na+]. Second, an increased
incidence of hypertension has never been observed in patients
with SIADH (86), again arguing against significant expansion
of the arterial blood volume. Third, results of animal studies
in both dogs (87) and rats (88) have clearly indicated that a
significant component of chronic hyponatremia is attributable
to secondary Na+ losses rather than water retention. Further-
more, the relative contributions from water retention versus
sodium loss vary with the duration and severity of the hypona-
tremia: water retention was found to be the major cause of
decreased serum [Na+] in the first 24 hours of induced hypona-
tremia in rats, but Na+ depletion then became the predominant
etiologic factor after longer periods (7 to 14 days) of sustained
hyponatremia, particularly at very low (<115 mEq/L) serum
[Na+] levels (88). Finally, multiple studies have attempted to
measure body fluid compartment volumes in hyponatremic pa-
tients, but without consistent results that indicate either plasma
or ECF expansion (1,64,89,90). In particular, a report of body
fluid space measurements using isotope dilution techniques in
hyponatremic and normonatremic patients with small cell lung
carcinoma showed no differences between the two groups with
regard to exchangeable sodium space, ECF volume by 35SO4
distribution, or total body water (91). Such results have tradi-
tionally been explained by the relative insensitivity of isotope
dilution techniques for measurement of body fluid compart-
ment spaces, but an equally plausible possibility is that in the
chronically adapted hyponatremic state, body fluid compart-
ments have regulated their volumes back toward normal via a
combination of extracellular (predominantly electrolyte) and
intracellular (electrolyte and organic osmolyte) solute losses
(92). Figure 86-2 schematically illustrates some of the volume
regulatory processes that likely occur in response to water re-
tention induced by inappropriate antidiuresis. The degree to
which solute losses versus water retention contribute to the
resulting hyponatremia will vary in association with many dif-
ferent factors, including the etiology of the hyponatremia, the
rapidity of development of the hyponatremia, the chronicity of
the hyponatremia, the volume of daily water loading and sub-
sequent volume expansion, and undoubtedly some degree of in-
dividual variability as well. It, therefore, hardly seems surpris-
ing that studies of hyponatremic patients have failed to yield
uniform results regarding the pathogenesis of hyponatremia in
view of the marked diversity of hyponatremic patients and their
presentation at different times during the process of adaptation
to hypoosmolality via volume regulatory processes.

Differential Diagnosis of Hyponatremia
and Hypoosmolality

Because of the multiplicity of disorders causing hypoosmolal-
ity and the fact that many involve more than one pathologic
mechanism, a definitive diagnosis is not always possible at the
time of initial presentation. Nonetheless, a relatively straight-
forward approach based on the commonly used parameters of
ECF volume status and urine sodium concentration generally

allows a sufficient categorization of the underlying etiology to
allow appropriate decisions regarding initial therapy and fur-
ther evaluation in most cases (Table 86-2).

Decreased Extracellular Fluid Volume

The presence of clinically detectable hypovolemia always signi-
fies total body solute depletion. A low urinary [Na+] indicates
a nonrenal cause of solute depletion. If the urinary [Na+] is
high despite hypoosmolality, renal causes of solute depletion
are likely responsible. Therapy with thiazide diuretics is the
most common cause of renal solute losses (44), particularly in
the elderly (93,94), but mineralocorticoid deficiency as a result
of adrenal insufficiency (95) or mineralocorticoid resistance
(96) must always be considered as well. Less commonly, renal
solute losses may be the result of a salt-wasting nephropathy,
for example, polycystic kidney disease (97), interstitial nephri-
tis (98), or chemotherapy (99).

Increased Extracellular Fluid Volume

The presence of clinically detectable hypervolemia always sig-
nifies total body Na+ excess. In these patients hypoosmolality
results from an even greater expansion of total body water
caused by a marked reduction in the rate of water excretion
(and sometimes an increased rate of water ingestion). The im-
pairment in water excretion is secondary to a decreased EABV
(48–50), which increases the reabsorption of glomerular fil-
trate not only in the proximal nephron but also in the distal
and collecting tubules by stimulating AVP secretion (51,52).
These patients generally have a low urinary [Na+] because
of secondary hyperaldosteronism, which is also a product of
decreased EABV. However, under certain conditions urinary
[Na+] may be elevated, usually secondary to concurrent di-
uretic therapy but also sometimes because of a solute diuresis
(e.g., glucosuria in diabetics) or after successful treatment of
the underlying disease (e.g., inotropic therapy in patients with
congestive heart failure). An additional disorder that can pro-
duce hypoosmolality and hypervolemia is acute or chronic re-
nal failure with fluid overload (14) (although in early stages
of renal failure polyuria from vasopressin resistance is more
likely [100]). Urinary [Na+] in these cases is usually elevated,
but it can be variable depending on the stage of renal failure.
It is important to remember that primary polydipsia will not
be accompanied by signs of hypervolemia because water inges-
tion alone, in the absence of Na+retention, does not produce
clinically apparent degrees of ECF volume expansion.

Normal Extracellular Fluid Volume

Many different hypoosmolar disorders can potentially present
clinically with euvolemia, in large part because it is difficult to
detect modest changes in volume status using standard meth-
ods of clinical assessment; in such cases measurement of urinary
[Na+] is an especially important first step (101). A high urinary
[Na+] in euvolemic patients usually implies a distally medi-
ated, dilution-induced hypoosmolality such as SIADH. How-
ever, glucocorticoid deficiency can mimic SIADH so closely that
these two disorders are often indistinguishable in terms of wa-
ter balance (102,103). Hyponatremia from diuretic use also
can present without clinically evident hypovolemia, and the
urinary [Na+] will often be elevated in such cases because of
the renal tubular effects of the diuretics (44). A low urinary
[Na+] suggests a depletion-induced hypoosmolality from ECF
losses with subsequent volume replacement by water or other
hypotonic fluids. The solute loss often is generally nonrenal in
origin, but an important exception is recent cessation of di-
uretic therapy, because urinary [Na+] can quickly decrease to
low values within 12 to 24 hours after discontinuation of the
drug. The presence of a low serum [K+] is an important clue
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FIGURE 86-2. Schematic illustration of potential changes in whole body fluid compartment volumes at
various times during adaptation to hyponatremia. Under basal conditions the concentration of effective
solutes in the extracellular fluid ([S]ECF) and the intracellular fluid ([S]ICF) are in osmotic balance (A). Dur-
ing the first phase of water retention resulting from inappropriate antidiuresis the excess water distributes
across total body water, causing expansion of both ECF and intracellular fluid (ICF) volumes (dotted lines)
with equivalent dilutional decreases in [S]ICF and [S]ECF (B). In response to the volume expansion, compen-
satory volume regulatory decreases (VRDs) occur to reduce the effective solute content of both the ICF (via
increased electrolyte and osmolyte extrusion mediated by stretch activated channels and down-regulation
of synthesis of osmolytes and osmolyte uptake transporters) and the ECF (via pressure diuresis and natri-
uretic factors) (C). If both processes go to completion, such as under conditions of fluid restriction, a final
steady state can be reached in which ICF and ECF volumes have returned to normal levels but [S]ICF and
[S]ECF remain low (E). In most cases this final steady state is not reached, and moderate degrees of ECF and
ICF expansion persist, but significantly less than would be predicted from the decrease in body osmolality
(D). Consequently, the degree to which hyponatremia is due to dilution from water retention versus solute
depletion from volume regulatory processes can vary markedly depending on which phase of adaptation
the patient is in, and also on the relative rates at which the different compensatory processes occur (e.g.,
delayed ICF VRD can worsen hyponatremia due to shifts of intracellular water into the extracellular fluid
as intracellular organic osmolytes are extruded and subsequently metabolized, likely accounting for some
component of the hyponatremia unexplained by the combination of water retention and sodium excre-
tion in previous clinical studies). (From: Verbalis JG. Hyponatremia: epidemiology, pathophysiology, and
therapy. Curr Opin Nephrol Hypertens 1993;2:636, with permission.)

to diuretic use, because few of the other disorders that cause
hypoosmolality are associated with significant hypokalemia.
However, even in the absence of hypokalemia, any hypoosmo-
lar, clinically euvolemic patient taking diuretics should be as-
sumed to have solute depletion and treated accordingly; subse-
quent failure to correct the hypoosmolality with isotonic saline
administration and persistence of an elevated urinary [Na+] af-
ter discontinuation of diuretics then requires reconsideration of
a diagnosis of dilution-induced hypoosmolality. A low urinary

[Na+] also can also be seen in some cases of hypothyroidism, in
the early stages of decreased EABV before the development of
clinically apparent salt retention and fluid overload, or during
the recovery phase from SIADH. Hence, a low urinary Na+ is
less meaningful diagnostically than is a high value.

Because euvolemic causes of hypoosmolality represent the
most challenging etiologies of this disease, both in terms of
differential diagnosis as well as with regard to the underly-
ing pathophysiology, the subsequent sections will discuss the
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TA B L E 8 6 - 2

DIFFERENTIAL DIAGNOSIS OF HYPONATREMIA

Extracellular
fluid volume Urinary [Na+]a Presumptive diagnosis

Low Depletion (nonrenal): GI, cutaneous, or blood ECF loss

↓ High Depletion (renal): diuretics, mineralocorticoid insufficiency (Addison’s
disease), salt-losing nephropathy

Depletion (nonrenal): any cause + hypotonic fluid replacement
Low Dilution (proximal): hypothyroidism, early decreased effective arterial

blood volume
→ Dilution(distal): siadh + fluid restriction

Dilution (distal): siadh, glucocorticoid insufficiency
High Depletion (renal): any cause + hypotonic fluid replacement (especially

diuretic treatment)

Low Dilution (proximal): decreased, effective arterial blood volume (CHF,
cirrhosis, nephrosis)

↑ High Dilution (proximal): any cause + diuretics or improvement in underlying
disease, renal failure

aUrinary [Na+] values <30 mEq/L are generally considered to be low and values ≥30 mEq/L to be high, based on studies of responses of
hyponatremic patients to infusions of isotonic saline (101).
GI, gastrointestinal; ECF, extracellular fluid; SIADH, syndrome of inappropriate antidiuretic hormone secretion; CHF, congestive heart failure.

major causes of euvolemic hypoosmolality and hyponatremia
in greater detail.

SYNDROME OF INAPPROPRIATE
ANTIDIURETIC HORMONE

SECRETION

SIADH is the most common cause of euvolemic hypoosmolal-
ity. It is also the single most prevalent cause of hypoosmolality
of all etiologies encountered in clinical practice, with preva-
lence rates ranging from 20% to 40% among all hypoosmo-
lar patients (9,14,47,104). The clinical criteria necessary to di-
agnose SIADH remain basically as set forth by Bartter and
Schwartz in 1967 (2). A modified summary of these criteria is
presented in Table 86-3 along with several other clinical find-
ings that support this diagnosis. Several points about each of
these criteria deserve emphasis and/or qualification:

1. True hypoosmolality must be present and hyponatremia
secondary to pseudohyponatremia or hyperglycemia alone
must be excluded.

2. Urinary concentration (osmolality) must be inappropriate
for plasma hypoosmolality. This does not mean that urine
osmolality must be greater than plasma osmolality (a com-
mon misinterpretation of this criterion), but simply that the
urine must be less than maximally dilute (i.e., urine osmolal-
ity >100 mOsmol/kg H2O). It also should be remembered
that urine osmolality need not be elevated inappropriately
at all levels of plasma osmolality, because in the reset os-
mostat variant of SIADH, AVP secretion can be suppressed
with resultant maximal urinary dilution and free water ex-
cretion if plasma osmolality is decreased to sufficiently low
levels (105,106). Hence, to satisfy the classical criteria for
the diagnosis of SIADH, it is necessary only that urine os-
molality be inadequately suppressed at some level of plasma
osmolality less than 275 mOsmol/kg H2O.

3. Clinical euvolemia must be present to establish a diagno-
sis of SIADH, because both hypovolemia and hypervolemia
strongly suggest different causes of hypoosmolality. This

does not mean that patients with SIADH cannot become
hypovolemic or hypervolemic for other reasons, but in such
cases it is impossible to diagnose the underlying inappropri-
ate antidiuresis until the patient is rendered euvolemic and
found to have persistent hypoosmolality.

4. The criterion of renal “salt-wasting” has probably caused
the most confusion regarding diagnosis of SIADH. This
criterion is included because of its utility in differentiating

TA B L E 8 6 - 3

CRITERIA FOR THE DIAGNOSIS OF SYNDROME
OF INAPPROPRIATE ANTIDIURETIC
HORMONE SECRETION

ESSENTIAL
Decreased effective osmolality of the extracellular fluid

(Posm <275 mOsmol/kg H2O).
Inappropriate urinary concentration (Uosm >100 mOsmol/kg

H2O with normal renal function) at some level of
hypoosmolality.

Clinical euvolemia, as defined by the absence of signs of
hypovolemia (orthostasis, tachycardia, decreased skin
turgor, dry mucous membranes) or hypervolemia
(subcutaneous edema, ascites).

Elevated urinary sodium excretion while on normal salt and
water intake.

Absence of other potential causes of euvolemic
hypoosmolality: hypothyroidism, hypocortisolism
(Addison’s disease or pituitary adrenocorticotropic
hormone [ACTH] insufficiency) and diuretic use.

SUPPLEMENTAL
Abnormal water load test (inability to excrete at least 90% of

a 20 mL/kg water load in 4 hours and/or failure to dilute
Uosm to <100 mOsmol/kg H2O).

Plasma AVP level inappropriately elevated relative to plasma
osmolality.

No significant correction of serum [Na+] with volume
expansion but improvement after fluid restriction.
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between hypoosmolality caused by a decreased EABV,
in which case renal Na+ conservation occurs, and distal
dilution-induced disorders, in which urinary Na+ excretion
is normal or increased secondary to ECF volume expan-
sion. However, two important qualifications limit the utility
of urinary [Na+] measurement in the hypoosmolar patient:
urinary [Na+] also is high when solute depletion is of renal
origin, as seen with diuretic use or Addison’s disease, and
patients with SIADH can have low urinary Na+ excretion if
they subsequently become hypovolemic or solute depleted,
conditions that sometimes follow severe sodium and wa-
ter restriction. Consequently, although a high urinary Na+

excretion is the rule in most patients with SIADH, its pres-
ence does not guarantee this diagnosis, and, conversely, its
absence does not rule out the diagnosis.

5. The final criterion emphasizes that SIADH remains a di-
agnosis of exclusion. Therefore, the presence of other po-
tential causes of euvolemic hypoosmolality must always be
excluded. This includes not only thyroid and adrenal dys-
function, but also diuretic use, because this can also some-
times present as euvolemic hypoosmolality.

Table 86-3 also lists several other criteria that support, but
are not essential, for a diagnosis of SIADH. The first of these,
the water-loading test, is of value when there is uncertainty
regarding the etiology of modest degrees of hypoosmolality in
euvolemic patients, but it does not add useful information if
the plasma osmolality is <275 mOsmol/kg H2O. Inability to
excrete a standard water load normally (with normal excre-
tion defined as a cumulative urine output of at least 90% of
the administered water load within 4 hours and suppression of
urine osmolality to <100 mOsmol/kg H2O [107]) confirms the
presence of an underlying defect in free water excretion. Unfor-
tunately, water loading is abnormal in almost all disorders that
cause hypoosmolality, whether dilutional or depletion-induced
with secondary impairments in free water excretion. Two ex-
ceptions are primary polydipsia, in which hypoosmolality can
rarely be secondary to excessive water intake alone, and the
reset osmostat variant of SIADH, in which normal excretion
of a water load can occur once plasma osmolality falls below
the new set-point for AVP secretion. The water load test may
also be used to assess water excretion after treatment of an
underlying disorder thought to be causing SIADH. For exam-
ple, after discontinuation of a drug associated with SIADH in
a patient who has already achieved a normal plasma osmolal-
ity by fluid restriction, a normal water load test can confirm
the absence of persistent inappropriate antidiuresis much more
quickly than can simple monitoring of the serum [Na+] during
a period of ad libitum fluid intake. Despite these limitations as
a diagnostic clinical test, water-loading remains an extremely
useful tool in clinical research for quantitating changes in free
water excretion in response to physiologic or pharmacologic
manipulations.

The second supportive criterion for a diagnosis of SIADH
is an inappropriately elevated plasma AVP level in relation
to plasma osmolality. At the time that SIADH was originally
described, inappropriately elevated plasma levels of AVP (or
“antidiuretic hormone, ADH”) were merely postulated be-
cause the measurement of plasma levels of AVP was limited to
relatively insensitive bioassays. With the development of sensi-
tive AVP radioimmunoassays capable of detecting the small
physiologic concentrations of this peptide that circulate in
plasma (108), there was hope that measurement of plasma AVP
levels might supplant the classic criteria and become the defini-
tive test for diagnosing SIADH, as is the case for many syn-
dromes of hormone hypersecretion. This has not occurred for
several reasons. First, although plasma AVP levels are elevated
in most patients with this syndrome, the elevations generally
remain within the normal physiologic range and are abnormal
only in relation to plasma osmolality (Fig. 86-3). Therefore,

FIGURE 86-3. Plasma arginine vasopressin (AVP) levels in patients
with SIADH as a function of plasma osmolality. Each point depicts
one patient at a single point in time. The shaded area represents AVP
levels in normal subjects over physiologic ranges of plasma osmolality.
The lowest measurable plasma AVP levels using this radioimmunoassay
was 0.5 pg/mL. (From: Robertson GL, Aycinena P, Zerbe RL. Neu-
rogenic disorders of osmoregulation. Am J Med 1982;72:339, with
permission.)

AVP levels can be interpreted only in conjunction with a si-
multaneous plasma osmolality and knowledge of the relation
between AVP levels and plasma osmolality in normal subjects
(see Chapter 3). Second, 10% to 20% of patients with SIADH
do not have measurably elevated plasma AVP levels; as shown
in Figure 86-3, many such patients have AVP levels that are at,
or even below, the limits of detection by radioimmunoassay.
Whether these cases are true examples of inappropriate antidi-
uresis in the absence of circulating AVP, or whether they simply
represent inappropriate AVP levels that fall below the limits of
detection by radioimmunoassay is not clear. For this reason,
Zerbe et al. have proposed using the term “SIAD” (syndrome
of inappropriate antidiuresis) rather than SIADH to describe
this entire group of disorders (109). Recent studies of hypona-
tremic children have discovered two genetic mutations of the
vasopressin V2 receptor (V2R) that were responsible for con-
stitutive activation of antidiuresis in the absence of AVP-V2R
ligand binding (110). The true incidence of these, and similar
V2R mutations, as well as how often they are responsible for
patients with SIADH but low or unmeasurable plasma AVP
levels, remains to be determined. Third, just as water-loading
fails to distinguish among various causes of hypoosmolality,
so do plasma AVP levels. Many disorders causing solute and
volume depletion are associated with elevations of plasma AVP
levels secondary to hemodynamic stimuli. For similar reasons,
patients with disorders that cause decreased EABV, such as con-
gestive heart failure and cirrhosis, also have elevated AVP lev-
els (see Chapters 83 and 84). Even glucocorticoid insufficiency
has been associated with inappropriately elevated AVP levels,
as will be discussed in the following section (111). Therefore,
multiple different disorders cause stimulation of AVP secretion
via non-osmotic mechanisms, rendering this measurement of
relatively limited differential diagnostic value.

Finally, an improvement in plasma osmolality with fluid re-
striction but not with volume expansion can sometimes be help-
ful in differentiating between disorders causing solute depletion
and those associated with dilution-induced hypoosmolality. In-
fusion of isotonic NaCl in patients with SIADH provokes a
natriuresis with little correction of osmolality, whereas fluid
restriction allows such patients to achieve solute and water
balance gradually through insensible free water losses (1). By
contrast, isotonic saline is the treatment of choice in disorders
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of solute depletion, because once volume deficits are corrected
the stimulus to continued AVP secretion and free water reten-
tion is eliminated. The diagnostic value of this therapeutic re-
sponse is limited somewhat by the fact that patients with prox-
imal types of dilution-induced disorders may show a response
similar to that found in patients with SIADH. However, the
major drawback is that this represents a retrospective test in
a situation in which it would be preferable to establish a di-
agnosis before making a decision regarding treatment options.
Nonetheless, in difficult cases of euvolemic hypoosmolality, an
appropriate therapeutic response can sometimes be helpful in
confirming a diagnosis of SIADH.

Etiology

Although the list of disorders associated with SIADH is long,
they can be divided into several major etiologic groups (Table
86-4).

TA B L E 8 6 - 4

COMMON ETIOLOGIES OF SYNDROME
OF INAPPROPRIATE ANTIDIURETIC
HORMONE SECRETION

Tumors
Pulmonary/mediastinal (bronchogenic carcinoma,

mesothelioma, thymoma)
Nonchest (duodenal carcinoma, pancreatic carcinoma,

ureteral/prostate carcinoma, uterine carcinoma,
nasopharyngeal carcinoma, leukemia)

Central Nervous System Disorders
Mass lesions (tumors, brain abscesses, subdural hematoma)
Inflammatory diseases (encephalitis, meningitis, systemic

lupus, acute intermittent porphyria, multiple sclerosis)
Degenerative/demyelinative diseases (Guillain-Barré; spinal

cord lesions)
Miscellaneous (subarachnoid hemorrhage, head trauma,

acute psychosis, delirium tremens, pituitary stalk section,
transphenoidal adenomectomy, hydrocephalus)

Drug Induced
Stimulated AVP release (nicotine, phenothiazines, tricyclics)
Direct renal effects and/or potentiation of AVP antidiuretic

effects (dDAVP, oxytocin, prostaglandin synthesis
inhibitors)

Mixed or uncertain actions (amiodarone,
angiotensin-converting enzyme inhibitors, carbamazepine
and oxcarbazepine, chlorpropamide, clofibrate, clozapine,
cyclophosphamide, 3,4-methylenedioxymethamphetamine
[“Ecstasy”], omeprazole, serotonin reuptake inhibitors,
vincristine)

Pulmonary Diseases
Infections (tuberculosis, acute bacterial and viral pneumonia,

aspergillosis, empyema)
Mechanical/ventilatory (acute respiratory failure, chronic

obstructive pulmonary disease [COPD], positive pressure
ventilation)

Other
Acquired immunodeficiency syndrome (AIDS) and

AIDS-related complex
Prolonged strenuous exercise (marathon, triathlon,

ultramarathon, hot-weather hiking)
Chronic inflammation (interleukin 6)
Senile atrophy
Idiopathic

Tumors

The most common association of SIADH remains with tumors.
Although many different types of tumors have been associated
with SIADH (Table 86-4), bronchogenic carcinoma of the lung
has been uniquely associated with SIADH, since the first de-
scription of this disorder in 1957 (1). In virtually all cases, the
bronchogenic carcinomas causing this syndrome have been of
the small cell (or oat cell) variety; a few squamous cell types
have been described, but these are rare. Incidences of hypona-
tremia as high as 11% of all patients with small cell carcinoma
(112), or 33% of cases with more extensive disease (113), have
been reported. The unusually high incidence of small cell car-
cinoma of the lung in patients with SIADH, together with the
relatively favorable therapeutic response of this type of tumor,
makes it imperative that all adult patients presenting with an
otherwise unexplained SIADH be investigated thoroughly and
aggressively for a possible tumor. The evaluation should in-
clude a chest computed tomographic (CT) or magnetic reso-
nance imaging (MRI) scan. In cases with a high degree of sus-
picion (e.g., hyponatremia in a young smoker), bronchoscopy
with cytologic analysis of bronchial washings should be con-
sidered even if the results of routine chest radiography are nor-
mal, since several studies have reported hypoosmolality that
predated any radiographically evident abnormality in patients
who then were found to harbor bronchogenic carcinomas 3
to 12 months later (114,115). Head and neck cancers account
for another group of malignancies associated with relatively
higher incidences of SIADH (116,117), and some of these tu-
mors have clearly been shown to be capable of synthesizing
AVP ectopically (118). A recent report from a large cancer hos-
pital showed an incidence of hyponatremia for all malignancies
combined of 3.7%, with approximately one-third of these due
to SIADH (15).

Central Nervous System Disorders

The second major etiologic group of disorders causing SIADH
has its origins in the central nervous system (CNS). Despite
the large number of different CNS disorders associated with
SIADH, there is no obvious common denominator linking
them. However, this is actually not surprising when one con-
siders the neuroanatomy of neurohypophysial innervation. The
magnocellular AVP neurons receive excitatory inputs from os-
moreceptor cells located in the anterior hypothalamus, but also
have a major innervation from brainstem cardiovascular regu-
latory and emetic centers (Fig. 86-4). Although various compo-
nents of these pathways have yet to be elucidated fully, many
of them appear to have inhibitory as well as excitatory com-
ponents (119). Consequently, any diffuse CNS disorder can
potentially cause AVP hypersecretion, either by nonspecifically
exciting these pathways via irritative foci, or alternatively by
disrupting them and thereby decreasing the level of inhibition
impinging upon the AVP neurons in the neurohypophysis. The
wide variety of diverse CNS processes that can potentially cause
SIADH stands in contrast to CNS causes of diabetes insipidus,
which are for the most part limited to lesions localized to hy-
pothalamus and/or posterior pituitary that destroy the magno-
cellular vasopressin neurons (see Chapter 87).

Drugs

Drug-induced hyponatremia is one of the most common causes
of hypoosmolality (120), and may soon replace tumors as the
most common cause of SIADH. Table 86-4 lists some of the
agents that have been associated with SIADH, and new drugs
are being continually added to this list. In general, pharma-
cologic agents cause this syndrome by stimulating AVP secre-
tion, by activating AVP renal receptors to cause antidiuresis,
or by potentiating the antidiuretic effect of AVP on the kidney.
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FIGURE 86-4. Diagrammatic summary of the primary brain pathways mediating AVP secretion in re-
sponse to the major factors that stimulate pituitary AVP secretion. Osmolality activates neurons through-
out the anterior hypothalamus, including the SFO and MnPO, but the OVLT appears to be uniquely
sensitive to osmotic stimulation and is essential for osmotically stimulated AVP and OT secretion; in
addition, osmotic stimulation can act directly on magnocellular neurons, which themselves are intrinsi-
cally osmosensitive. Similarly, circulating angiotensin II activates cells throughout the OVLT and MnPO,
but the SFO appears to be its major and essential site of action. For both of these stimuli, projections
from the SFO and OVLT to the MnPO activate both excitatory and inhibitory interneurons that project
to the SON and PVN and modulate the direct circumventricular inputs to these areas. Emetic stimuli
act both on gastric vagal afferents which terminate in the NST and in some cases also act directly at the
AP. Most of the AVP secretion appears to be a result of monosynaptic projections from catecholamin-
ergic A2/C2 cells in the NST. Baroreceptor-mediated stimuli such as hypovolemia and hypotension are
considerably more complex. Although they also arise from cranial nerves (IX and X) which terminate in
the NST, most experimental data suggest that the major projection to magnocellular AVP neurons arises
from catecholaminergic A1 cells of the VLM that are activated by excitatory interneurons from the NST,
although some component might also arise from multisynaptic projections through other areas such as the
PBN. Abbreviations: AC, anterior commissure; AP, area postrema; AVP, arginine vasopressin; MnPO,
median preoptic nucleus; NST, nucleus of the solitary tract; OC, optic chiasm; OT, oxytocin; OVLT,
organum vasculosum of the lamina terminalis; PBN, parabrachial nucleus; PIT, anterior pituitary; PVN,
paraventricular nucleus; SFO, subfornical organ; SON, supraoptic nucleus; VLM, ventrolateral medulla.

However, not all of the drug effects associated with inappro-
priate antidiuresis are fully understood; indeed, many agents
may work by means of a combination of mechanisms. For ex-
ample, chlorpropamide appears to have both a direct pituitary
as well as a renal stimulatory effect, since it has been reported
to increase urine osmolality, even in some patients with com-
plete central diabetes insipidus (121,122). Agents that cause
AVP secretion through solute depletion, such as thiazide di-
uretics, are not listed here, since these are generally consid-
ered to cause depletion-induced hypoosmolality rather than
true SIADH. However, some studies have suggested that in
some elderly patients the precipitous hyponatremia occasion-
ally seen after administration of thiazide diuretics is caused by
polydipsia and water retention more so than by stimulated Na+

excretion (123). Whether this represents true SIADH indepen-
dently of prior ECF volume contraction, as well as whether
such cases are typical of a significant portion of patients with
diuretic-induced hyponatremia, remains to be determined. A
particularly interesting, and clinically important, class of agents
associated with SIADH is the selective serotonin reuptake in-
hibitor (SSRI). Serotonergic agents have been found to increase
AVP secretion in rats in some experimental studies (124), but
most animal studies have suggested more direct effects on oxy-
tocin rather than AVP secretion (125,126). Some studies of
SSRIs in humans have failed to show significant effects on
AVP secretion (127), although others support this mechanism
(128,129). However, hyponatremia following SSRI adminis-
tration has been reported almost exclusively in the elderly, at
rates as high as 22% to 28% in some studies (130–132), al-
though larger series have suggested an incidence closer to 1 in

200 (133). This therefore suggests the possibility that elderly
patients are uniquely hypersensitive to serotonin stimulation of
AVP secretion. A similar effect is likely also responsible for the
recent reports of severe fatal hyponatremia caused by use of the
recreational drug 3,4-methylenedioxymethamphetamine, “Ec-
stasy” (134–137), since this agent also possesses substantial
serotonergic activity (138). Studies of cFos expression in rats
indicate that Ecstasy appears to activate hypothalamic magno-
cellular neurons (139), suggesting direct effects on AVP secre-
tion as the etiology of the SIADH, and recent studies in humans
support this mechanism (140).

Pulmonary Disorders

Pulmonary disorders represent a relatively common but fre-
quently misunderstood cause of SIADH. A variety of pul-
monary disorders have been associated with this syndrome,
but other than tuberculosis (141–143), acute pneumonia (144–
147), and advanced chronic obstructive lung disease (148),
the occurrence of hypoosmolality has been noted mainly in
sporadic case reports. Some bacterial infections appear to be
associated with a higher incidence of hyponatremia, partic-
ularly Legionella pneumoniae (149,150). Although one case
of pulmonary tuberculosis has been reported that suggested
the possibility that tuberculous lung tissue might synthesize
AVP ectopically (151), several other studies have reported
that advanced pulmonary tuberculosis is associated with the
reset osmostat form of SIADH (106,141), presumably from
non-osmotic stimulation of posterior pituitary AVP secretion.
Most cases of pulmonary SIADH not associated with either
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tuberculosis or pneumonitis have occurred in the setting of
respiratory failure. Although hypoxia has clearly been shown
to stimulate AVP secretion in animals (152,153), it appears
to be less effective as a stimulus in humans (154), in whom
the stimulus to abnormal water retention appears to be hy-
percarbia more so than hypoxia (155–157). When such pa-
tients were evaluated serially, the inappropriate AVP secretion
was found to be limited to the initial days of hospitalization,
when respiratory failure was most marked (145). Even cases
of tubercular SIADH generally have occurred in patients with
far advanced, active, pulmonary tuberculosis, although inter-
estingly hyponatremia was also found in 74% of a series of
patients with miliary tuberculosis (158). Therefore, SIADH in
non–tumor-related pulmonary disease generally conforms to
the following characteristics: (i) the pulmonary disease will al-
ways be obvious as a result of severe dyspnea or extensive
radiographically evident infiltrates, and (ii) the inappropriate
antidiuresis will usually be limited to the period of respiratory
failure; once clinical improvement has begun, free water ex-
cretion generally improves rapidly. Mechanical ventilation can
cause inappropriate AVP secretion, or it can worsen any SIADH
caused by other factors. This phenomenon has been associated
most often with continuous positive pressure ventilation (159),
but it can also occur to a lesser degree with the use of positive
end-expiratory pressure.

Other Causes

One of the most recently described causes of hypoosmolality
is the acquired immunodeficiency syndrome (AIDS) or AIDS-
related complex (ARC), in patients with human immunodefi-
ciency virus (HIV) infection, with incidences of hyponatremia
reported as high as 30% to 38% in adults (160–162) and chil-
dren (163). Although there are many potential etiologies for
hyponatremia in patients with AIDS/ARC, including dehydra-
tion, adrenal insufficiency, and pneumonitis, from 12% to 68%
of AIDS patients who develop hyponatremia appear to meet
criteria for a diagnosis of SIADH (160–162). Not unexpect-
edly, recent reports have implicated some of the medications
used to treat these patients as the cause of the hyponatremia,
either via direct renal tubular toxicity or SIADH (164,165).

A recent series of reports have documented a surpris-
ingly high incidence of hyponatremia during endurance exer-
cise events such as marathon (166) and ultramarathon (167)
racing, triathlons (168), forced marching (169), and hiking
(170). Occasionally this has caused fatal outcomes associated
with hyponatremic encephalopathy from acute brain edema
(171,172). Most studies support excess drinking during exer-
cise as the major cause of the induced hyponatremia (173,174),
but whether the water retention under such conditions is also
contributed to by a degree of SIADH as a result of multiple
potential non-osmotic stimuli (e.g., volume depletion, nausea,
increased cytokine levels) has not been definitively ascertained
and remains a subject of ongoing study.

Unexplained or idiopathic causes account for a relatively
small proportion of all cases of SIADH. Although the etiol-
ogy of the syndrome may not be diagnosed initially in many
cases, the numbers of patients in whom an apparent cause
cannot be established after consistent follow-up over time are
relatively few. One exception to this appears to be elderly
patients who sometimes develop SIADH without any appar-
ent underlying etiology (175–177). Coupled with the signifi-
cantly increased incidence of hyponatremia in geriatric patients
(9,16,18,104,178), this suggests that the normal aging process
may be accompanied by abnormalities of regulation of AVP
secretion that predispose to SIADH. Such an effect could po-
tentially account for the fact that virtually all causes of drug-
induced hyponatremia occur much more frequently in elderly
patients (94,179,180). In several recent series of elderly patients

meeting criteria for SIADH, 40% to 60% remained idiopathic
despite rigorous evaluation (181–183), leading some to con-
clude that extensive diagnostic procedures were not warranted
in such elderly patients if routine history, physical examination,
and laboratory evaluation failed to suggest a diagnosis (181).

Some well-known stimuli of AVP secretion are notable pri-
marily because of their exclusion from Table 86-4. Despite
unequivocal stimulation of AVP secretion by nicotine (184),
cigarette smoking has only rarely been associated with SlADH,
and primarily in psychiatric patients who have several other
potential causes of inappropriate AVP secretion (45,185,186).
This is in part because of chronic adaptation to the effects of
nicotine, but also because the short half-life of AVP in plasma
(approximately 15 minutes in humans [187]) limits the dura-
tion of antidiuresis produced by relatively short-lived stimuli
such as smoking. Although nausea remains the most potent
stimulus to AVP secretion known in man (188), chronic nausea
is rarely associated with hypoosmolality unless accompanied
by vomiting with subsequent ECF solute depletion followed
by ingestion of hypotonic fluids (189). Similar to smoking, this
is probably attributable the short half-life of AVP, but also to
the fact that most such patients are not inclined to drink fluids
under such circumstances. However, hyponatremia can occur
when such patients are infused with high volumes of hypo-
tonic fluids. This is likely a factor contributing to the hypona-
tremia that often occurs in cancer patients who are receiving
chemotherapy (112). Finally, a causal relation between stress
and SIADH has often been suggested, but never conclusively
established. This underscores the fact that stress—independent
of associated nausea, dehydration, or hypotension—is not a
major stimulus causing sustained elevations of AVP levels in
humans (190).

Pathophysiology

Sources of Arginine Vasopressin Secretion

Disorders that cause inappropriate antidiuresis secondary to
elevated plasma AVP levels can be subdivided into those asso-
ciated with either paraneoplastic (“ectopic”) or pituitary AVP
hypersecretion. Most ectopic production is from tumors, and
there is conclusive, cumulative evidence that tumor tissue can,
in fact, synthesize AVP: (i) tumor extracts have been found to
possess antidiuretic hormone bioactivity and immunologically
recognizable AVP and neurophysin, which is synthesized with
AVP as part of a common precursor (191–193); (ii) electron
microscopy has revealed that many tumors possess secretory
granules; and (iii) cultured tumor tissue has been shown to
synthesize not only AVP (194) but also the entire AVP prohor-
mone (provasopressin [195,196]). Although it is thus clear that
some tumors can produce AVP, it is not certain that all tumors
associated with SIADH do so, because only about half of small
cell carcinomas have been found to contain AVP immunoreac-
tivity (197) and many of the tumors listed in Table 86-4 have
not been studied as extensively as have bronchogenic carcino-
mas. The only nonneoplastic disorder that has been reported
to possibly cause SIADH by means of ectopic AVP production
is tuberculosis. However, this is based on studies of a single pa-
tient in whom extracts of tuberculous lung tissue were shown
by bioassay to possess antidiuretic activity (151).

Pituitary Arginine Vasopressin Secretion:
Inappropriate versus Appropriate

In the majority of cases of SIADH, the AVP secretion origi-
nates from the posterior pituitary. However, this is also true of
greater than 90% of all cases of hyponatremia, including pa-
tients with hypovolemic and hypervolemic hyponatremia (14).
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This raises the question of what exactly is “inappropriate” AVP
secretion (92,198). It is well known that AVP secretion is most
sensitively stimulated by increases in osmolality, but also oc-
curs in response to a wide variety of non-osmotic stimuli, in-
cluding hypotension, hypovolemia, nausea, hypoglycemia, an-
giotensin, and probably other stimuli yet to be discovered (199)
(see Chapter 3). Consequently, AVP secretion in response to
a hypovolemic stimulus such as hemorrhage is clearly phys-
iologically “appropriate,” but when it leads to symptomatic
hyponatremia from secondary water retention it could be con-
sidered to be “inappropriate” for osmotic homeostasis. Despite
such semantic difficulties, it is important that the criteria for
diagnosing SIADH remain as originally described, specifically
excluding other clinical conditions that cause known impair-
ments in free water excretion, even when these are mediated
by a secondary stimulation of AVP secretion via known physi-
ologic mechanisms (e.g., hypovolemia, hypotension, hypocor-
tisolism, edema-forming states, hypothyroidism, etc.). Without
maintaining these distinctions, arguable as some of them may
be, the definition of SIADH would become too broad to retain
any degree of practical clinical usefulness.

Although measurable plasma AVP levels are found in most
patients with SIADH, they are rarely elevated into pathologic
ranges in most cases, even those associated with ectopic AVP
production from tumors. Rather, in the majority of cases of
SIADH, plasma AVP levels remain in “normal” physiologic
ranges, which only become abnormal under hypoosmolar con-
ditions when plasma AVP levels should be suppressed into un-
measurable ranges (Fig. 86-3). This is important for several
reasons. First, the well known vasoconstrictive effects of AVP
do not come into play until much higher plasma levels are
achieved (30 to 80 pg/mL [200]), whereas maximal antidiure-
sis is achieved with much lower levels (5 to 10 pg/mL). Con-
sequently, it is unlikely that any of the clinical manifestations
of hyponatremia can be ascribed to vasopressor effects of AVP.
In this regard, it is particularly worrisome that most animal
models of induced hyponatremia have employed pharmaco-
logic doses of AVP, which generally elevate plasma AVP levels
well into vasopressor ranges, raising the possibility that some
results of previous studies of experimental hyponatremia were
due to activation of AVP V1 vascular and hepatic receptors.
Recent results that demonstrate the absence of mortality when
hyponatremia is induced in animals using the V2-selective ag-
onist desmopressin (dDAVP) (70), or using vasopressin infu-
sions that maintain plasma AVP levels at lower ranges (201),
emphasize the need to take potential vasopressor effects of va-
sopressin into consideration in the interpretation of past and
future studies. Second, the presence of “normal” plasma AVP
levels, or of only mildly elevated urine osmolalities, cannot
be used as arguments against SIADH as an etiology for hy-
ponatremia. Low but nonsuppressible levels of AVP can clearly
cause sufficient impairment of free water excretion to produce
hypoosmolality when exogenous fluid intakes are high, as in
psychiatric patients with polydipsia (202). Recent studies of
patients with SIADH and hypopituitarism have measured high
nonsuppressible levels of urinary aquaporin-2 excretion that
correlated with their impaired water excretion, supporting per-
sistent activation of AVP V2 receptors as the cause of the water
retention (203).

Patterns of Arginine Vasopressin Secretion

Studies of plasma AVP levels in patients with SIADH during
graded increases in plasma osmolality produced by hypertonic
saline administration have suggested four patterns of secretion
(Fig. 86-5): (i) random hypersecretion of AVP; (ii) a “reset os-
mostat” system, whereby AVP is secreted at an abnormally
low threshold of plasma osmolality but otherwise displays a
normal response to relative changes in osmolality; (iii) inap-

FIGURE 86-5. Schematic summary of different patterns of AVP secre-
tion in patients with SIADH. Each line (a–d) represents the relation
between plasma AVP and plasma osmolality of individual patients in
whom osmolality was increased by infusion of hypertonic NaCl. The
shaded area represents plasma AVP levels in normal subjects over phys-
iologic ranges of plasma osmolality. (Reprinted from: Robertson GL.
Thirst and vasopressin function in normal and disordered states of
water balance. J Lab Clin Med 1983;101:351, with permission.)

propriate hypersecretion below the normal threshold for AVP
release, but normal secretion in response to osmolar changes
within normal ranges of plasma osmolality; and (iv) low or un-
detectable plasma AVP levels despite classic clinical character-
istics of SIADH (109,204). The first pattern simply represents
unregulated AVP secretion, which is often, but not always, ob-
served in patients exhibiting paraneoplastic AVP production.
Resetting of the osmotic threshold for AVP secretion has been
well described with volume depletion (205,206) and also has
been shown to occur in various edema-forming states, presum-
ably as a result of decreases in EABV (48,52,207). However,
most patients with a reset osmostat are clinically euvolemic
(105,106). It has been suggested that chronic hypoosmolality
itself may reset the intracellular threshold for osmoreceptor fir-
ing, but studies in animals have not supported a major role for
this mechanism, since chronic hyponatremia does not appear
to significantly alter the osmotic threshold for AVP secretion
(208,209). Perhaps the best-known physiologic example of a
reset osmostat for AVP secretion is the hypoosmolality and hy-
ponatremia that occurs during late pregnancy. Despite intensive
studies over many years to identify potential hormonal factors
that might be responsible for this resetting, a single factor has
not yet been identified (210), although recent studies have indi-
cated that the placental hormone relaxin causes a stimulation
of AVP and oxytocin secretion that closely resembles the re-
set osmostat pattern of AVP secretion (211,212). Perhaps the
most perplexing aspect of the reset osmostat pattern is its oc-
currence in patients with tumors, which suggests that some of
these cases represent tumor-stimulated pituitary AVP secretion
rather than paraneoplastic AVP secretion (109,204,213). The
pattern of SIADH that occurs without measurable AVP secre-
tion is not yet well understood. This form of the syndrome may
be attributable to the secretion of AVP with some bioactivity
but altered immunoreactivity, to the presence of other circu-
lating antidiuretic factors, to increased renal sensitivity to very
low circulating levels of AVP, or possibly to constitutively ac-
tivating mutations of the AVP V2 receptor (110). A sufficient
number of patients with this form of the disorder has not been
studied to form any basis for discrimination among these pos-
sibilities, but the positive response of one such patient to a
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vasopressin V2-receptor antagonist suggests that at least some
of these cases may represent increased renal sensitivity to low
circulating levels of AVP (214). Despite these well-described
patterns of abnormal AVP secretion in SIADH, it is surprising
that no correlation has been found between any of these four
patterns and the various etiologies of the syndrome (109).

Stimuli to Arginine Vasopressin Secretion
in Patients with SIADH

Regardless of the pattern of pituitary AVP secretion, and
whether this represents an “inappropriate” or physiologically
“appropriate” secretion, it is important to try to identify the
cause(s) of the continued AVP secretion in patients with this
disorder. Because of the variety of stimuli that can stimulate
AVP secretion independent of osmolality, it seems logical to hy-
pothesize that SIADH can be caused by continued non-osmotic
stimulation of AVP secretion despite the presence of plasma
hypoosmolality. The effect of hypovolemia to lower the thresh-
old and increase the sensitivity of osmotically stimulated AVP
secretion is well known, and this mechanism almost certainly
accounts for the elevated plasma AVP levels in patents with
edema-forming disorders in whom a decreased EABV activates
baroreceptor-mediated AVP secretion (49,50). Tumor interfer-
ence with vagal pathways to brainstem baroreceptive centers
could conceivably mimic or exaggerate such hypovolemic
conditions, potentially accounting for the occurrence of a reset
osmostat pattern of AVP secretion found in some patients with
cancers. Recent reports of a 3% to 4% incidence of SIADH in
patients with advanced head and neck malignancies represents
a group in which some, although clearly not all (215), of the
hyponatremia might also be secondary to interference with
vagal baroreceptor pathways (116). However, not all cases of
SIADH can be comfortably ascribed to nonosmotic stimuli,
since it is difficult to identify any such possible stimuli in
many patients. Another possibility is that brain pathways
conveying afferent signals that actively inhibit AVP secretion
from hypothalamic magnocellular neurons may be impaired
in some patients. Substantial data support the likelihood
that hypoosmolality does not simply lead to decreased AVP
secretion by virtue of absence of excitatory osmoreceptor
inputs, but rather represents a state of active inhibition of the
AVP-secreting neurons (216), possibly via endogenous opioid
(217) or γ -aminobutyric acid (GABA) pathways (119,218). In
this case, it would be easy to imagine that impairments or alter-
ations in the activity of these inhibitory pathways might allow
continued AVP secretion despite hypoosmolality. Although
such abnormalities have not yet been identified, there is one
clinical situation in which a decreased inhibitory tone to AVP
neurons does clearly lead to enhanced AVP secretion: Elderly
patients have decreased AVP responses to orthostasis but
exaggerated responses to osmotic stimuli (219,220). The latter
is presumably due to a diminution of inhibitory, as well as
excitatory, inputs from brainstem baroreceptive centers to the
hypothalamus, thereby producing an unopposed stimulation
by osmotic stimuli from the anterior hypothalamus (Fig.
86-4). This phenomena could contribute to the unusually high
frequency of SIADH seen in elderly individuals (9,16–18,178).
Despite our lack of precise information about the mechanisms
responsible for osmotically inappropriate AVP secretion, it
seems certain that this will prove to be a heterogeneous group
of processes rather a single dominant cause (221).

Contribution of Natriuresis to the
Hyponatremia of SIADH

Since the original cases studied by Schwartz and Bartter, in-
creased renal Na+ excretion has been viewed as one of the car-
dinal manifestations of SIADH, indeed one which later became
embedded in the requirements for its diagnosis (2). However,

next to the use of the term “inappropriate,” probably no other
aspect of SIADH has been so widely misinterpreted. Demon-
stration that the natriuresis accompanying administration of
antidiuretic hormone is not due to AVP itself but rather to the
volume expansion produced as a result of water retention was
unequivocally shown by Leaf, even before the description of the
clinical occurrence of this disorder (53). Subsequent metabolic
balance studies demonstrated that excess urinary Na+ excre-
tion and a negative Na+ balance occurred during the develop-
ment of hyponatremia in patients with SIADH, but eventually
urinary sodium excretion simply reflected daily sodium intake
(1). Therefore, patients appear to exhibit “renal sodium wast-
ing” because they continue to excrete sodium despite being
hyponatremic, but in reality they have simply achieved a new
steady-state in which they are in neutral sodium balance, albeit
at a lower serum [Na+]. Although this interpretation is now
supported by abundant clinical and experimental evidence, sev-
eral important questions remain unanswered regarding natri-
uresis and hyponatremia: What physiologic and/or pathophys-
iologic mechanisms underlie the natriuresis? Is natriuresis in
SIADH always secondary to AVP-induced water retention or
is hyponatremia sometimes caused primarily by Na+ losses?
Even when natriuresis is secondary to water retention, can the
natriuresis further aggravate the hyponatremia?

As described previously, studies of long-term antidiuretic-
induced hyponatremia in both dogs and rats have indicated
that a larger proportion of the hyponatremia is attributable to
secondary Na+ losses rather than to water retention (87,88).
However, it is important to appreciate that in these models
the natriuresis actually did not worsen the hyponatremia, but
rather allowed volume regulation of blood and ECF volumes to
occur. Therefore, over long periods, what begins as a “purely”
dilutional hyponatremia from water retention becomes a mixed
hyponatremia in which urinary solute losses allow maintenance
of equivalent levels of hyponatremia but with lesser degrees of
volume expansion due to water retention. Much of the past
difficulty in consistently demonstrating expanded plasma or
ECF volumes in patients with SIADH using tracer dilution
techniques (89–91) can probably be ascribed to this process.
It has become clear that intrinsic renal mechanisms are capa-
ble of producing both diuresis and natriuresis in response to
increases in renal perfusion pressures (so-called “pressure di-
uresis”); this mechanism has been shown to underlie the renal
escape from antidiuresis produced when AVP-infused animals
are continually fluid loaded (55). However, it has not yet been
proved whether this mechanism is sufficiently sensitive to detect
the relatively mild degrees of volume expansion that accom-
pany dilutional hyponatremias. Another, not mutually exclu-
sive, possibility is that the natriuresis is mediated via increases
in circulating natriuretic peptides such as atrial natriuretic pep-
tide (ANP) and brain natriuretic peptide (BNP). Most cases of
SIADH have been shown to have elevated levels of these pep-
tides into ranges that are capable of promoting renal sodium
excretion (56,57,222).

The degree to which hyponatremia occurs primarily as a re-
sult of natriuresis has remained controversial over many years.
Cerebral salt wasting syndrome was first proposed by Peters
in 1950 (223) as an explanation for the natriuresis and hy-
ponatremia that sometimes accompanies intracranial disease,
particularly subarachnoid hemorrhage (SAH), in which up to
one-third of patients often develop hyponatremia. Following
the first clinical description of SIADH in 1957, such patients
were generally assumed to have hyponatremia secondary to
AVP hypersecretion with a secondary natriuresis (224). How-
ever, over the last decade, clinical and experimental data have
suggested that some patients with SAH and other intracranial
diseases may actually have a primary natriuresis leading to
volume contraction rather than SIADH (225–228), in which
case the elevated measured plasma AVP levels may actually be



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-86 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:18

Chapter 86: The Syndrome of Inappropriate Antidiuretic Hormone Secretion and Other Hypoosmolar Disorders 2227

physiologically appropriate for the degree of volume contrac-
tion present. The major clinical question as to the frequency
of cerebral salt wasting syndrome as a cause of hyponatremia
is dependent on the criteria used to assess the ECF volume
status of these patients; opponents argue that there is insuffi-
cient evidence of true hypovolemia despite ongoing natriure-
sis (229), whereas proponents argue that the combined mea-
sures that have traditionally been used to estimate ECF volume
do in fact support the presence of hypovolemia in many cases
(230,231). With regard to the potential mechanisms underly-
ing the natriuresis, both plasma and cerebrospinal fluid (CSF),
ANP and BNP levels are clearly elevated in many patients with
SAH (228,232–234), and have been found to correlate vari-
ably with hyponatremia in patients with intracranial diseases
(228,234,235). However, because SIADH also is frequently as-
sociated with elevated plasma ANP and BNP levels, this finding
alone does not prove causality. Ample precedent certainly exists
for hyponatremia due to Na+ wasting with secondary antidi-
uresis in Addison’s disease, as well as diuretic-induced hypona-
tremia. Characteristic of these disorders, normalization of ECF
volume with isotonic NaCl infusions restores plasma tonicity
to normal ranges by virtue of shutting off secondary AVP secre-
tion. If hyponatremia in patients with SAH occurred via a simi-
lar mechanism, it should also respond to this therapy. However,
recent studies indicate that it does not. Nineteen patients with
SAH were treated with large volumes of isotonic saline suffi-
cient to maintain plasma volume at normal or slightly elevated
levels, but despite removal of any volemic stimulus to AVP se-
cretion, 32% still developed hyponatremia in association with
nonsuppressed plasma AVP levels, an incidence equivalent to
that found in previous studies of SAH (236). In contrast, other
studies have demonstrated that mineralocorticoid therapy to
inhibit natriuresis can reduce the incidence of hyponatremia in
patients with subarachnoid hemorrhage (237); such results are
not unique to patients with intracranial diseases, since a subset
of elderly patients with SIADH have also been shown to re-
spond favorably to mineralocorticoid therapy (238). Although
seemingly disparate, these types of results support the existence
of disordered AVP secretion as well as a coexisting stimulus
to natriuresis in many such patients. It seems most likely that
SAH and other intracranial diseases represent a mixed disor-
der in which some patients have both exaggerated natriuresis
and inappropriate AVP secretion; which effect predominates
in terms of the clinical presentation will depend on their rela-
tive intensities as well as the effects of concomitant therapy. The
possibility of ANP- or BNP-induced natriuresis aggravating hy-
ponatremia is not confined to intracranial diseases, and it has
been suggested that ectopic ANP production might contribute
to, or even cause, the hyponatremia accompanying some small
cell lung cancers (239). In support of this, several recent studies
have analyzed tumor cell lines from patients with hyponatremia
and small cell lung carcinoma and found that many produced
ANP or ANP mRNA in addition to, or in some cases instead
of, AVP (240–242). These data allow the possibility that some
patients with tumors may also develop hyponatremia as a re-
sult of ectopic ANP secretion. However, in clinical studies of
such patients, the hyponatremia appears to correlate more with
the plasma AVP levels than the plasma ANP levels (243). Con-
sequently, it seems likely that such cases represent a mixture
of inappropriate secretion of both hormones, analogous to pa-
tients with cerebral salt wasting, in which case the ANP and
BNP could act to further exacerbate the secondary natriuresis
produced primarily by AVP-induced water retention.

ADRENAL INSUFFICIENCY

The frequent occurrence of hyponatremia in patients with
adrenal insufficiency was appreciated well before the discovery

of the role of AVP in hypoosmolar disorders (244). Incidences
as high as 88% have been reported in patients with primary
adrenal insufficiency, particularly during episodes of “Addiso-
nian crisis” (245,246). This section will summarize the factors
related to the development of hyponatremia in patients with
adrenal insufficiency; a more complete description of many
of the studies upon which these conclusions are based can be
found in an earlier edition of this textbook (247).

Etiology

The adrenal cortex produces many different types of cortico-
steroids, which can be broadly divided into three categories:
glucocorticoids, mineralocorticoids, and androgens. Only the
first two of these have been found to have significant effects on
body fluid homeostasis. Disorders of impaired adrenal func-
tion can be divided into those in which the adrenal gland itself
is damaged or destroyed, or primary adrenal insufficiency, and
those in which the adrenal does not receive appropriate adreno-
corticotropic hormone (ACTH) stimulation from the pituitary,
or secondary adrenal insufficiency. Addison’s disease is the ma-
jor cause of primary adrenal insufficiency, and hypopituitarism
is the best example of secondary adrenal insufficiency. The clin-
ical presentation of these two types of adrenocortical insuffi-
ciency varies significantly, because adrenal destruction causes
loss of both mineralocorticoids and glucocorticoids, whereas
pituitary insufficiency causes only glucocorticoid insufficiency;
this is because pituitary ACTH is not necessary for mineralo-
corticoid secretion, which is controlled primarily via the renin–
angiotensin system. To understand the fluid and electrolyte
abnormalities that accompany these disorders, the pathophysi-
ology of hyponatremia due to mineralocorticoid and glucocor-
ticoid deficiency must be considered separately.

Pathophysiology

Mineralocorticoid Deficiency

The absence of aldosterone impairs Na+-K+ exchange in the
distal tubule. Because this defect occurs distally in the nephron,
it cannot be completely compensated for by later Na+ reab-
sorption, leading to the continued renal Na+ excretion that is
the hallmark of adrenal insufficiency (248). As long as sodium
intake is sufficient to replace the ongoing renal losses, patients
with mineralocorticoid insufficiency remain relatively stable.
However, when sodium intakes are not sufficient, adrenally
insufficient patients develop progressive hypovolemia, hypona-
tremia, and hyperkalemia, the classic fluid and electrolyte man-
ifestations of Addisonian crisis (245,246). Proof that these ef-
fects were indeed caused primarily by the renal Na+ losses was
documented long ago by studies in animals (248,249) and Ad-
disonian patients (250), which demonstrated that all of these
abnormalities could be prevented by volume repletion with
NaCl. However, the water retention of mineralocorticoid de-
ficiency has multiple potential causes: (i) loss of aldosterone-
mediated Na+ reabsorption in the distal tubule impairs urinary
dilution, similar to the use of thiazide diuretics, (ii) ECF volume
contraction as a result of the Na+ losses causes increased fluid
reabsorption in the proximal tubule with decreased delivery to
the distal diluting segments of the nephron, and (iii) ECF vol-
ume contraction also stimulates baroreceptor-mediated (i.e.,
non-osmotic) AVP secretion with resultant antidiuresis.

Numerous experimental studies have documented elevated
plasma AVP levels despite hypoosmolality in adrenalectomized
animals with mineralocorticoid insufficiency (251–253), and
the elevated AVP levels generally return to normal ranges fol-
lowing volume replacement with NaCl (251). Proof that the
elevations in plasma AVP levels were causally related to the
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FIGURE 86-6. Effect of an AVP V2 receptor antago-
nist on urine osmolality following an acute water load
in adrenalectomized rats selectively replaced with either
mineralocorticoids or glucocorticoids. The open bars de-
pict vehicle-treated rats and the hatched bars the AVP
antagonist-treated rats. The mineralocorticoid-deficient
rats (A) demonstrated an impaired urinary dilution that
became progressively worse over the 10 days of study;
treatment with the AVP receptor antagonist significantly
reduced the minimum urine osmolality, but not un-
til 5 days after the adrenalectomy, consistent with a
hypovolemia-mediated stimulation of AVP secretion by
this time. The glucocorticoid-deficient rats (B) demon-
strated impaired urinary dilution, which also became pro-
gressively worse over the 14 days of study, but in contrast
to the mineralocorticoid-deficient rats the minimum urine
osmolality returned toward normal ranges after treat-
ment with the AVP antagonist as early as 1 day after the
adrenalectomy, indicating a different type of non-osmotic
stimulation of AVP secretion in these rats. (Reprinted
from: Ishikawa S, Schrier RW. Effect of arginine vaso-
pressin antagonist on renal water excretion in glucocor-
ticoid and mineralocorticoid deficient rats. Kidney Int
1982;22:587, with permission.)

water retention was provided by studies in which adrenalec-
tomized rats replaced with only glucocorticoids were given
a vasopressin-V2 receptor antagonist (254) (Fig. 86-6); the
antagonist significantly reduced urine osmolality in chroni-
cally, but not acutely, mineralocorticoid-deficient rats, consis-
tent with hypovolemia-mediated stimulation of AVP secretion
as a result of progressive Na+ depletion over time. Conversely,
AVP-independent effects appear to play some role in the wa-
ter retention as well. Studies in adrenalectomized homozygous
Brattleboro rats, which cannot synthesize AVP, have demon-
strated normalization of urine dilution, free water clearance,
and solute clearance following physiologic aldosterone, but not
glucocorticoid, replacement (255). These results demonstrate
the contribution of multiple factors such as impaired urinary
dilution due to the loss of aldosterone-mediated Na+ reabsorp-
tion in the distal tubule, and increased proximal tubular fluid
reabsorption as a result of hypovolemia, to the impaired wa-
ter excretion of mineralocorticoid deficiency. The latter factor
would be predicted to be reversed by volume repletion but not
the former, possibly accounting for the observation that in some

studies human patients with primary adrenal insufficiency still
maintained higher urine osmolalities even under conditions of
volume expansion (256), although other studies in humans
(250) and animals (257) have shown complete normalization
of water excretion following volume expansion. Whatever the
contribution of these additional factors, it nonetheless seems
appropriate to conclude that the major mechanism responsi-
ble for the impaired water excretion of mineralocorticoid defi-
ciency is hypovolemia-stimulated AVP secretion.

Glucocorticoid Deficiency

As described previously, isolated glucocorticoid deficiency
generally occurs with pituitary disorders that impair nor-
mal adrenocorticotropic hormone (ACTH) secretion but leave
other stimuli to aldosterone secretion intact. That glucocor-
ticoid deficiency alone could also impair water excretion was
recognized based on longstanding clinical observations that an-
terior pituitary insufficiency ameliorates, and sometimes even
completely masks, the polyuria of patients with coexistent
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FIGURE 86-7. Plasma AVP levels as a function of plasma
osmolality in patients with hypopituitarism and adrenocorti-
cotropic hormone (ACTH) insufficiency. The diamonds show
patients with untreated hypopituitarism and the solid squares
the same patients after hydrocortisone therapy. The open cir-
cles depict AVP levels in normal subjects over physiologic
ranges of plasma osmolality. In comparison with Figure 85-3,
it is apparent that these patients would be indistinguishable
from those with SIADH based on their plasma AVP-
osmolality relation. (Reprinted from: Oelkers W. Hy-
ponatremia and inappropriate secretion of vasopressin
[antidiuretic hormone] in patients with hypopituitarism.
N Engl J Med 1989;321:492, with permission.)

central diabetes insipidus (258,259). It is not surprising, there-
fore, that hyponatremia occurs relatively frequently in hy-
popituitary patients without diabetes insipidus (103,260–262).
However, hypopituitary patients generally do not develop ECF
volume contraction, since they maintain adequate aldosterone
secretion to prevent renal Na+ wasting. Consequently, volume
replacement with NaCl does not reverse the impaired water ex-
cretion of patients with secondary adrenal insufficiency (256)
as it does in primary adrenal insufficiency.

Despite the lack of an apparent hypovolemia-mediated stim-
ulus to AVP secretion, nonetheless non-osmotic AVP secre-
tion has been strongly implicated in the impaired water ex-
cretion of glucocorticoid insufficiency. Elevated plasma AVP
levels have clearly been documented in animals (263) and pa-
tients (111) with hypopituitarism (Fig. 86-7). Similarly, since
primary adrenal insufficiency has components of both miner-
alocorticoid and glucocorticoid deficiency, adrenalectomized
animals maintained only on physiologic replacement doses of
mineralocorticoids also have been found to have inappropri-
ately elevated plasma AVP levels (264,265). That these elevated
AVP levels were causally related to the impaired water excre-
tion was again proved by studies using an AVP V2 receptor
antagonist, which demonstrated near normalization of urinary
dilution in adrenalectomized mineralocorticoid-replaced rats
(254) (Fig. 86-6). However, as with mineralocorticoid defi-
ciency, AVP-independent mechanisms have also been suggested
to play a role in the impaired water excretion of glucocor-
ticoid deficiency, since Brattleboro rats maintained on aldo-
sterone had somewhat decreased urine flow, which increased
following glucocorticoid replacement (255). Because ECF vol-
ume depletion is generally not a manifestation of glucocorticoid
deficiency, other factors must therefore be responsible for the
AVP-independent aspects of the water retention. The possibil-
ity that glucocorticoids exerted direct effects on renal tubu-
lar epithelium, such that glucocorticoid insufficiency causes in-
creased water permeability in the collecting tubules even in
the absence of AVP has been suggested (256). However stud-
ies on isolated collecting tubules have failed to demonstrate
any significant influence of glucocorticoids on water perme-
ability of this tissue (266). Consequently, the AVP-independent
effects of glucocorticoid insufficiency remain poorly defined at
the present time.

Regardless of the etiology of the AVP-independent defect
in water excretion, the major mechanism responsible for the
impaired water excretion of glucocorticoid deficiency appears
to be non-osmotically stimulated AVP secretion. However, the
stimulus to AVP secretion under these conditions also remains
unclear. Studies of prolonged glucocorticoid insufficiency in

dogs have shown an increased pulse pressure and decreased
cardiac stroke volume (264), and similar studies in rats have
suggested decreases in cardiac index along with increased sys-
temic vascular resistance (265). Although these findings differ
somewhat, in both cases they raise the possibility of hemo-
dynamically mediated effects on AVP secretion. Alternatively,
glucocorticoid deficiency might directly stimulate AVP secre-
tion via two possible mechanisms. First, both clinical (267)
and experimental (268) studies have shown a modest but sig-
nificant effect of glucocorticoids to inhibit pituitary AVP secre-
tion. Presumably this is mediated via glucocorticoid receptors
that have been localized in magnocellular neurons (269); in-
terestingly, recent studies have shown that these receptors are
increased during induced hypoosmolality, suggesting that glu-
cocorticoids may play a role in the inhibition of AVP secretion
under hypoosmolar conditions (270). Second, in the absence
of glucocorticoid feedback inhibition of the parvocellular AVP
neurons that project to the median eminence rather than to
the posterior pituitary, AVP content increases markedly in this
area (271,272). This presumably reflects increased secretion of
AVP into the pituitary portal blood system in order to stimu-
late pituitary ACTH secretion (273–276). Because the pituitary
portal blood eventually drains into the systemic circulation, in-
creased levels of AVP released from the median eminence could
therefore increase plasma AVP levels sufficiently to produce in-
appropriate antidiuresis; it is important to remember that such
levels need not be very high, but simply inappropriate for the
plasma osmolality, as shown in Figure 86-7.

HYPOTHYROIDISM

Although hypothyroidism is considerably more common than
adrenal insufficiency, hyponatremia secondary to hypothy-
roidism occurs much less frequently than hyponatremia from
adrenal insufficiency. The infrequent occurrence of hypona-
tremia with hypothyroidism has led some investigators to ques-
tion whether hypothyroidism is in fact causally related to hy-
ponatremia (277), but this is likely a manifestation of the fact
that impaired water excretion is only seen in more severely hy-
pothyroid patients. Typically such patients are elderly and meet
criteria for “myxedema coma” as a result of their altered men-
tal status (278–280). This section will summarize the factors
related to the development of hyponatremia in patients with
hypothyroidism; a more complete description of many of the
studies upon which these conclusions are based can be found
in an earlier edition of this textbook (247).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-86 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:18

2230 Section XI: Disorders of Electrolyte, Water, and Acid–Base

Etiology

Similar to adrenal insufficiency, hypothyroidism can result
from either dysfunction or damage to the thyroid gland itself,
or primary hypothyroidism, or from inadequate thyrotropin-
stimulating hormone (TSH) stimulation from the pituitary, or
secondary hypothyroidism. In addition, like adrenal insuffi-
ciency, there can be significant differences in the presentation
of these two disorders. However, since the only biologically ac-
tive products of the thyroid gland are the hormones thyroxine
(T4) and triiodothyronine (T3), in this case the clinical varia-
tions are due mainly to quantitative differences in the severity
of the thyroid hormone deficiency rather than to qualitative
differences in the nature of the hormone deficits. With moder-
ate degrees of hypothyroidism, patients with both primary and
secondary disease have similar signs and symptoms of thyroid
hormone deficiency (e.g., cold intolerance, increased fatigue,
dry skin, constipation, etc.), but generally only patients with
primary hypothyroidism progress to more severe degrees of
myxedema, including the life-threatening metabolic and neu-
rologic abnormalities of myxedema coma, whereas these ex-
treme manifestations are virtually never seen with secondary
hypothyroidism. This is because severe myxedema occurs only
after plasma T4 and T3 levels have fallen to very low levels,
often <1 μg/dL. This scenario can easily occur with primary
hypothyroidism, since in the absence of thyroid tissue there is
no alternative source of thyroid hormone production. How-
ever, T4 and T3 levels never decrease as severely in hypopi-
tuitary patients who simply lack TSH, and frequently plasma
levels remain just at or slightly below the lower limits of normal
(281). This likely reflects either some degree of constitutive thy-
roid hormone synthesis by the thyroid gland, or possibly low
grade stimulation of TSH receptors by other circulating sub-
stances, analogous to the thyrotoxicosis produced by thyroid
stimulating immunoglobulins in patients with Graves’ disease.
Because hyponatremia is seen only in hypothyroid patients who
have progressed to severe degrees of myxedema, it follows that
this manifestation generally occurs in patients with primary
hypothyroidism. When hyponatremia accompanies hypopitu-
itarism it is usually a manifestation of secondary adrenal insuf-
ficiency from glucocorticoid deficiency rather than coexisting
hypothyroidism (102,282).

Pathophysiology

Several studies have clearly confirmed abnormalities of water
excretion in hypothyroid patients. However, in almost all cases
the abnormality was found to consist of a delayed excretion of
water rather than major impairments in urinary dilution (283–
285). This was best shown in the studies of DeRubertis et al., in
which near normal urinary dilution occurred following water
loading in hypothyroid patients (Fig. 86-8), even though cumu-
lative excretion of the water load in the hypothyroid patients
lagged far behind that of euthyroid controls (39.8 ± 5.1% ver-
sus 78.7 ± 5.7%) after 2 hours (284). Similar results have been
found in studies of hypothyroid rats (286,287). Experimental
studies in hypothyroid animals have implicated decreases in re-
nal blood flow and GFR as the primary factors responsible for
the delayed water excretion. In particular, the relation between
free water clearance and distal tubular Na+ delivery was found
to be identical in hypothyroid and euthyroid rats, suggesting
that the observed impairments in water excretion were likely
secondary to reduced delivery of glomerular filtrate to the distal
nephron in the hypothyroid rats (286). These results are consis-
tent with findings of a decreased GFR in severely hypothyroid
patients (284,285,288–290), which is most likely due to de-
creased renal blood flow as a result of the compromised cardiac

FIGURE 86-8. Mean plasma and urine osmolalities in 16 patients with
untreated myxedema for 6 hours following an oral water load (20
mL/kg body weight). Urine osmolalities decreased significantly to less
than 200 mOsmol/kg H2O by 4 hours after the water load, indicating
fairly intact renal diluting mechanisms in these patients. (Reprinted
from: Derubertis FR, Jr, Michelis MF, Bloom ME, et al. Impaired water
excretion in myxedema. Am J Med 1971;51:41, with permission.)

output and increased peripheral vascular resistance known to
occur in severely hypothyroid patients (291–293). Experimen-
tal studies have also supported this hypothesis, since a variety of
maneuvers that increase distal tubular fluid delivery, for exam-
ple, carbonic hydrase inhibition, isotonic saline infusion, and
unilateral nephrectomy, all markedly increase free water clear-
ance in hypothyroid rats (286,294,295). Therefore, similar to
patients with edema-forming states, hypothyroid patients have
increased proximal Na+ and water absorption as a result of de-
creased EABV with subsequent decreased delivery of tubular
fluid to the distal diluting sites of the nephron, thereby account-
ing for much of their impaired rate of water excretion.

As noted earlier, patients with edema-forming states also
have baroreceptor-mediated stimulation of AVP secretion that
leads to further impairment of free water excretion by pre-
venting maximal urinary dilution (48). The results of some
studies have supported a similar dual effect in hypothyroid pa-
tients as well. Fifteen of twenty patients studied by Skowsky
and Kikuchi had elevated plasma AVP levels even after wa-
ter loading, which then suppressed normally after the patients
were made euthyroid (285). Similarly, other investigators have
found frankly elevated plasma AVP levels (296,297), inappro-
priately normal levels despite plasma hypoosmolality (297), or
a decreased osmotic threshold for AVP secretion in hypothy-
roid patients (298). Conversely, equal numbers of studies have
failed to find evidence of inappropriately elevated plasma AVP
levels, urine AVP secretion, or significantly altered osmotic
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thresholds for AVP secretion or urinary dilution in hypothy-
roid patients (284,299–303). Consistent with these findings are
several reported cases in which treatment with demeclocycline
to antagonize renal AVP effects failed to increase serum [Na+]
or decrease urine osmolality in hyponatremic hypothyroid pa-
tients (299,304). Experimental studies have also shown vari-
able results. Hypothyroid rats have been reported to manifest
higher plasma AVP levels than euthyroid rats after water load-
ing (287). However, hypothyroid Brattleboro rats appear to
have similar defects in water excretion as rats with intact AVP
secretion (286), supporting a major role for AVP-independent
mechanisms of impaired free water excretion in hypothyroid
animals. Recent studies of hypothalamic AVP gene expression
have failed to demonstrate upregulation of AVP synthesis in hy-
pothyroid rats (305), again arguing against a major stimulation
of AVP secretion under these conditions, although the sensitiv-
ity of these methods for ascertaining small increases in hormone
secretion and synthesis is limited. Perhaps the strongest argu-
ment against a major role for AVP-stimulated water retention
in hypothyroidism has been the failure of any animal model of
hypothyroidism to date to reproduce the degrees of hypona-
tremia commonly found in animal models of SIADH, adrenal
insufficiency, and cardiac failure.

In light of the clinical and experimental observations to date,
it has to be concluded that the major cause of impaired water
excretion in hypothyroidism is an alteration in renal perfusion
and GFR secondary to systemic effects of thyroid hormone de-
ficiency on cardiac output and peripheral vascular resistance.
Yet it must be recognized that severe hypothyroidism is a mul-
tisystem disease, and just as the presentation of patients with
SIADH will vary depending on the degree of volume adapta-
tion that has occurred, it is hardly surprising that different re-
sults have been reported regarding the potential role of AVP in
hypothyroidism depending on the individual characteristics of
the cases studied. Therefore, in uncomplicated hypothyroidism
there appears to be little elevation of plasma AVP levels, and
any defects in water excretion are due primarily to effects on
renal hemodynamics. As the hypothyroidism becomes more se-
vere, EABV can decease sufficiently to stimulate AVP secretion
secondarily via baroreceptor mechanisms. However, even in
this case the elevated AVP levels may not be causally related
to the impaired water excretion, since several studies have sug-
gested that hypothyroid animals are resistant to the effects of
AVP based on decreased medullary cyclic AMP generation in
response to AVP (287,306). However, when cardiac function
becomes severely compromised, as often occurs with advanced
myxedema, plasma AVP can become elevated sufficiently to
override any renal resistance and cause antidiuresis, which then
contributes to the hemodynamic impairments of water excre-
tion. Whether hyponatremia develops at any stage of disease
progression depends on the relative balance between water in-
take and excretory capacity; since maximal free water clear-
ance decreases as these defects become more pronounced, this
accounts for the increased incidence of hyponatremia as the
severity of the underlying hypothyroidism worsens.

PRIMARY POLYDIPSIA

As discussed previously, excessive water intake is only rarely
of sufficient magnitude to produce hyponatremia in the pres-
ence of normal renal function. However, it is often a significant
factor contributing to hyponatremia in polydipsic patients, par-
ticularly those with underlying defects in free water excretion.
In addition, because a positive water balance is required for the
production of hyponatremia even under conditions of maximal
antidiuresis in man and animals, an appreciation of the con-
trol mechanisms regulating water ingestion is important for

understanding the development of hyponatremia in patients
with SIADH and other hypoosmolar disorders.

Etiology

The most dramatic cases of primary polydipsia are seen in psy-
chiatric patients, particularly with acute psychosis secondary
to schizophrenia (307–314). The prevalence of this disorder
based on hospital admissions for acute symptomatic hypona-
tremia may have been underestimated, since studies of poly-
dipsic psychiatric patients have shown a marked diurnal vari-
ation in serum [Na+] (from 141 mEq/L at 7 am to 130 mEq/L
at 4 pm), suggesting that many such patients drink exces-
sively during the daytime but then correct themselves via a
water diuresis at night (315). This and other considerations
have led to defining this disorder as the “psychosis-intermittent
hyponatremia-polydipsia” (PIP) syndrome. Polydipsia has
been observed in up to 20% of psychiatric inpatients (313),
with incidences of intermittent hyponatremia ranging from
5% to 10% (313,316,317). Despite the frequent occurrence
of polydipsia in psychiatric patients, it is important to recog-
nize that not all polydipsia is caused by psychiatric disease;
infiltrative diseases such as CNS sarcoidosis (318) or critically
placed brain tumors can also be associated with increased thirst
and fluid ingestion. Consequently, polydipsic patients should be
evaluated with a CT or MRI scan of the brain before conclud-
ing that excessive water intake is due to a psychiatric cause.

Pathophysiology

There is little question that excessive water intake alone can
sometimes be sufficient to override renal excretory capacity
and produce severe hyponatremia (46,319). Although the wa-
ter excretion rate of normal adult kidneys can exceed 20 L per
day, maximum hourly rates rarely exceed 800–1,000 mL/hour.
Recent studies of water loading in exercising athletes have indi-
cated a similar peak urine excretion rate of 778 ± 39 mL/hour
(320). Because many psychiatric patients drink predominantly
during the day or during intense drinking binges (309,315,321,
322), they can transiently achieve symptomatic levels of hy-
ponatremia with total daily volumes of water intake of less
than 20 L if it is ingested sufficiently rapidly. This likely ac-
counts for many of the cases in which such patients present
with maximally dilute urine, accounting for as many as 50%
of patients in some studies (323), and correct quickly via a free
water diuresis (324). However, other cases have been found
to meet the criteria for SIADH (310,323,325–327), suggest-
ing non-osmotically stimulated AVP secretion. As might be ex-
pected, in the face of much higher than normal water intakes,
virtually any impairment of urinary dilution and water excre-
tion can exacerbate the development of a positive water balance
and thereby produce hypoosmolality. Therefore, hyponatremia
has been reported in polydipsic patients taking thiazide diuret-
ics (328,329) or drugs known to be associated with SIADH
(185,313,316,330–334), in association with smoking and pre-
sumed nicotine-stimulated AVP secretion (335–337) (although
a consistent relation with smoking has not been found [186]),
and adrenal insufficiency (338). Acute psychosis itself can also
cause AVP secretion (308,339), which often appears to take
the form of a reset osmostat (202,309,326). It is therefore ap-
parent that no single mechanism can completely explain the
occurrence of hyponatremia in polydipsic psychiatric patients,
but the combination of higher than normal water intakes plus
even modest elevations of plasma AVP levels from a variety of
potential sources appears to account for a significant portion
of such cases.
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FIGURE 86-9. Daily fluid intakes of 91 hospitalized patients with hy-
ponatremia of varying degrees and etiologies. Each point represents
a single patient: open circles, SIADH; open triangles, cardiac failure;
closed circles, volume contraction; closed triangles, cirrhosis; pluses,
undiagnosed. Despite widely different etiologies for the hyponatremia,
mean fluid intakes were equivalent in all groups of patients. (Reprinted
from: Gross PA, Pehrisch H, Rascher W, et al. Pathogenesis of clini-
cal hyponatremia: observations of vasopressin and fluid intake in 100
hyponatremic medical patients. Eur J Clin Invest 1987;17:123, with
permission.)

Although patients with SIADH do not in general manifest
the water intakes of patients with primary polydipsia, nonethe-
less continued water intake in the face of plasma hypoosmo-
lality is inappropriate for maintenance of osmotic homeosta-
sis. Analysis of daily fluid intakes of 91 hyponatremic patients
showed an average fluid intake of 2.4 ± 0.2 liters per 24 hours
(47) (Fig. 86-9), which does not differ appreciably from earlier
measured intakes of medical students or hospitalized cardiac
patients (mean fluid intakes of 2.4 and 2.8 L per 24 hours, re-
spectively [340]), or studies of middle-aged subjects (mean fluid
intake of 2.1 L per 24 hours [341]). This consistent pattern of
continued water intake in hyponatremic patients raises impor-
tant questions as to its cause. Most, although not all, patients
treated with DDAVP do not become hyponatremic because they
limit their water intakes in the absence of stimulated thirst.
This observation has suggested the possibility that patients with
SIADH and other hypoosmolar disorders might have a coexist-
ing defect in thirst regulation; recent studies have supported this
possibility by showing a 20 mOsmol/kg H2O downward reset-
ting of the thirst threshold in a group of patients with SIADH
(342). A potential underlying mechanism could be stimulation
of thirst by central AVP hypersecretion, but to date only rela-
tively small effects of AVP to stimulate thirst have been seen in
a single species (343). Alternatively, other animal studies have
suggested that osmotic inhibition of thirst is a relatively weak
phenomenon and easily overcome by a variety of nonhome-
ostatic stimuli causing drinking. Not only will rats increase
intakes when fluids are made more palatable (344), but rats
made antidiuretic with DDAVP will continue to ingest such
fluids to the point of extreme hypoosmolality, and the degree
of hypoosmolality achieved is proportional to the palatability
of the fluid (345). Analogous results have been obtained with
schedule-induced polydipsia in rats treated with AVP (346).
In these examples, drinking continued despite the production
of both osmotic dilution and volume expansion, and despite
drinking behavior sufficient to activate both oropharyngeal and

gastrointestinal inhibitory factors that modulate fluid inges-
tion (347). Obviously drinking will not continue indefinitely in
the absence of renal excretion until some factor causes inhibi-
tion of further intake, but before this happens it is possible to
achieve plasma dilutions of 20% to 30%. In man, similar to
animals, there are many nonhomeostatic stimuli to drink fluids,
including meal-associated drinking, oral habituation to various
beverages, pleasurable sensations from palatable fluids, social
interactions promoting fluid ingestion, and mouth dryness as a
result of local factors, and these actually account for the major
part of human fluid ingestion (341). By themselves such stimuli
are benign and simply lead to more frequent urination of di-
lute urine to excrete the increased fluids ingested. However, in
the presence of pathologic conditions that impair renal water
excretion they can lead to hyponatremia. Therefore, although
direct inhibitory physiologic stimuli to thirst and fluid inges-
tion clearly exist, they appear to be relatively weak in compar-
ison to excitatory stimuli and can be overridden by a variety
of nonhomeostatic stimuli that cause continued fluid ingestion
despite plasma hypoosmolality (347). The extent to which such
nonhomeostatic drinking versus disordered thirst regulation is
responsible for the continued fluid ingestion in hypoosmolar
disorders remains to be evaluated by more extensive clinical
and experimental studies.

EXERCISE-ASSOCIATED
HYPONATREMIA

Over the last two decades, exercise-associated hyponatremia
(EAH) has emerged as an important complication of prolonged
endurance physical activities. EAH is defined as the occurrence
of hyponatremia in individuals engaged in prolonged physical
activity who develop a serum or plasma sodium concentration
([Na+]) below the normal reference range of the laboratory
performing the test, generally less than 135 mmol/L (348).

Etiology

The first cases of hyponatremia in association with prolonged
physical activity were reported in 1985. Noakes et al. pub-
lished a series of four case reports of athletes who developed
hyponatremia (serum [Na+] ranging from 115 to 125 mmol/L
accompanied by neurologic symptoms including fluctuating
levels of consciousness, seizures, and pulmonary edema) dur-
ing marathon footraces in South Africa (167). In the same
year, Hiller et al. reported that 28% of a prospectively stud-
ied cohort of the race finishers at the 1985 Hawaiian Ironman
triathlon developed hyponatremia (349). Since that time, well
over 100 cases of EAH have been reported in the literature
from physical exercise activities as diverse as forced military
marches, prolonged hiking, and marathon, ultramarathon and
triathlon races, with at last five documented fatalities attributed
to the hyponatremia (348). Several prospective studies have
been performed on subsets of runners participating in orga-
nized endurance activities, and have documented incidences
of hyponatremia from 13% to 29% (168,350–352). Interest-
ingly, for all studies in which sex differences have been exam-
ined, the incidence of hyponatremia has been found to be sub-
stantially higher in female athletes, ranging from 22% to 45%
(168,351,352). From the reported studies to date, it is clear
that EAH can occur either during physical activity or within
the 24 hour period after the activity, and most commonly oc-
curs with prolonged physical activity generally lasting longer
than 4 hours (although several cases have been reported with
physical activity of shorter durations) (353,354).
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FIGURE 86-10. Inverse relation between the post race plasma sodium concentrations in 350 athletes at
the finish of the 1997 New Zealand Ironman triathlon as a function of changes in body weight during the
race. (From: Speedy DB, Noakes TD, Rogers IR, et al. Hyponatremia in ultradistance triathletes. Med Sci
Sports Exerc 1999;31:809, with permission.)

Pathophysiology

From the very first reports of EAH there has been a divergence
of opinion regarding the underlying pathophysiology. Noakes
has proposed that most cases of EAH represent a dilutional
hyponatremia secondary to excess fluid ingestion during phys-
ical activity, similar to primary polydipsia (173), whereas Hiller
has implicated a depletional hyponatremia secondary to mas-
sive sodium losses from sweating during prolonged physical
activity, especially in hot climates (355). Multiple lines of ev-
idence now strongly support the development of a dilutional
hyponatremia from excess water retention as the primary cause
of most of these cases. First, in virtually all studies where body
weight has been recorded before and after exercise, there has
been a consistent inverse relation between weight and serum
[Na+], indicative of fluid retention. This is best illustrated in
the data from the New Zealand Ironman triathlon in 1997
(Fig. 86-10), in which the most severe hyponatremia occurred
in athletes who actually gained weight during this event (168).
Second, high levels of fluid intake have been recorded in many
of the athletes who develop EAH, often far in excess of the max-
imal renal excretory capacity of 800 to 1,000 mL per hour, and
studies quantifying fluid intake have shown a significant neg-
ative correlation between ingested volumes and serum [Na+]
(351). Although fluid loses from sweating can be substantial
during intense physical activity, this pattern of weight change
suggests that fluid ingestion often exceeds the sum of fluid losses
from renal excretion and sweating in EAH. Third, clinical ev-
idence of volume depletion is not characteristic of most indi-
viduals who develop EAH, for example, hyponatremic runners
from the Houston marathon in 2000 manifested lower levels of
BUN rather than developing a prerenal azotemia (351). Fourth,
two balance studies have been done on runners who developed
EAH following ultramarathon races in comparison to a sub-
set of normonatremic runners in these races (356,357). Both
of these studies showed that over a 9 to 24 hour period af-
ter the race, the hyponatremic runners corrected their serum
[Na+] via a free water diuresis of 1.3 to 3.0 L, indicating the

development of water retention during the race, whereas the
normonatremic runners retained 0.5 to 2.7 L, indicating the
development of dehydration during the race. Both groups of
runners had moderate positive sodium balances ranging from
88 to 153 mmol, indicating net sodium losses during the race,
but the levels of sodium retention were not different between
the hyponatremic and normonatremic runners.

Although the above data clearly implicate fluid retention
as the major cause of EAH, additional data do not fully sup-
port the concept that this is solely due to excess drinking. A
retrospective review the U.S. Army inpatient data system from
1996 to 1997 revealed 17 cases of hyponatremia with a mean
serum [Na+] of 122 ± 5 mmol/L (169). Virtually all of the cases
occurred in the south during hot summer months, and most oc-
curred in first 4 weeks of military training. The majority pre-
sented with neurologic symptoms and had documented water
intakes greater than 2 quarts per hour. One recruit died from
cerebral and pulmonary edema. Although these cases were all
classified as caused by overhydration on clinical grounds, de-
tailed studies as to causation were not done. However, a more
informative controlled study under similar conditions was per-
formed earlier in Israel. Seventeen young males were studied
during a 24-hour endurance march with ad libitum fluid inges-
tion. Serum [Na+] levels decreased and were inversely related
to total fluid intake, strongly suggesting a dilutional hypona-
tremia (358). Despite the hyponatremia and a measured ex-
panded plasma volume (+16%), maximal urine outputs were
only 4 mL/minute with urine osmolalities of approximately
200 mOsmol/kg H2O, indicative of an inappropriate antidi-
uresis. Similarly instructive is a retrospective review of 44 hik-
ers in the Grand Canyon who required medical treatment and
had electrolytes measured in 1993 (170). Seven (16%) of the
cases had hyponatremia, with serum [Na+] ranging from 109
to 127 mmol/L; 5 of 7 had serious neurologic symptoms (three
seizures, two disoriented) and had documented fluid intakes
greater than the normonatremic patients (7.4 L versus 3.6 L),
including sports drinks (4.3 L versus 0.5 L). Of particular sig-
nificance, urine measurements showed osmolalities of 476 to
609 mOsmol/kg H2O and sodium levels of 36 to 120 mmol/L.
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A related study in Israel reported 7 patients who developed
hyponatremia (serum [Na+] = 115 to 123) after moderate ex-
ercise with urine sodium levels of 74 to 122 mmol/L (359).
Most of these patients therefore met criteria for a diagnosis
of SIADH, assuming the absence of thyroid and adrenal defi-
ciencies, which are unlikely in young healthy individuals. Al-
though SIADH had been dismissed in some reports because
measured AVP levels were not “high,” in this and other studies
it is clear that the plasma AVP levels were not suppressed and
consequently were inappropriate for the plasma osmolality. It
therefore seems likely that EAH is caused by a combination
of increased fluid intake in the setting of impaired renal ex-
cretory capacity during exercise. To what degree the decreased
renal excretory capacity is secondary to renal hemodynamic
changes, which can be marked during prolonged exercise ver-
sus AVP-induced antidiuresis, remains to be ascertained. Also
unknown is the stimulus of AVP secretion during exercise. Al-
though exercise itself is a mild stimulus of AVP secretion (360),
it is likely that hypovolemia from sweat sodium losses as well as
nonhomeostatic stimuli (e.g., nausea, hypoglycemia, hypoxia,
stress, increased cytokines form rhabdomyolysis) also are con-
tributory. The degree to which AVP secretion is stimulated,
and whether it can be suppressed with sufficient fluid inges-
tion, will determine each individual’s susceptibility to EAH as
a result of fluid ingestion both before and after physical ac-
tivity. Therefore, similar to the hyponatremia of schizophrenic
patients, no single mechanism likely can completely explain the
occurrence of hyponatremia in EAH, but the combination of
higher-than-normal fluid intakes plus even modest elevations
of plasma AVP levels from a variety of potential sources during
prolonged physical activity appears to account for the majority
of such cases.

It is interesting to consider why EAH was not recognized
prior to 1985. Noakes has drawn attention to the close tem-
poral relationship between the recent reports of hyponatremia
and changes in the conduct of endurance races (173). First,
these events became increasingly popular in the 1980s with
large numbers of competitors, including competitors with
lower fitness levels and hence longer running times. Second,
multiple support stations to provide athletes with fluid at more
frequent intervals during the race were introduced; prior to this
time, fluid ingestion during prolonged exercise was considered
unnecessary and possibly detrimental to performance. The con-
vergence of these two developments is that athletes have more
opportunity to drink during the events, and particularly the
slower (i.e., novice) athletes. In support of this hypothesis, mul-
tiple studies have identified duration of time during races along
with increased fluid consumption and weight gain as risk fac-
tors for the development of EAH (351,352). Although female
sex has also been frequently identified as a risk factor, a recent
report from the 2002 Boston marathon has suggested that this
variable might be largely explained by the lower BMI of female
athletes, thereby rendering them more susceptible to increased
dilutional effects of excess fluid retention because of a smaller
total body water volume (352).

CLINICAL MANIFESTATIONS
OF HYPOOSMOLAR DISORDERS

Regardless of the etiology of hypoosmolality, the clinical man-
ifestations are similar. Non-neurologic symptoms are rela-
tively uncommon, but a number of cases of rhabdomyoly-
sis have been reported (361–365), presumably secondary to
osmotically-induced swelling of muscle fibers. Hypoosmolal-
ity is primarily associated with a broad spectrum of neurolog-
ical manifestations, ranging from mild nonspecific symptoms
(e.g., headache, nausea) to more significant disorders (e.g., dis-

orientation, confusion, obtundation, focal neurologic deficits,
and seizures) (366–368). This neurologic symptom complex
has been termed hyponatremic encephalopathy (369) and pri-
marily reflects brain edema resulting from osmotic water shifts
into the brain because of decreased effective plasma osmolality
(370). Significant neurologic symptoms generally do not occur
until serum [Na+] falls to less than 125 mEq/L, and the sever-
ity of symptoms can be roughly correlated with the degree of
hypoosmolality (366,367). However, individual variability is
marked, and, for any single patient, the level of serum [Na+]
at which symptoms appear cannot be predicted with great ac-
curacy. Much of this variability can be understood within the
framework provided by the process of brain volume regula-
tion (Fig. 86-1), as discussed previously (78). Although most of
the neurologic symptoms associated with acute hyponatremia
are caused by brain edema as a result of osmotic water move-
ment into the CNS, a potential exception is the development
of seizure activity, which may possibly be caused or aggra-
vated by increased brain ECF concentrations of the excitatory
amino acids glutamate and aspartate as a result of cellular ex-
trusion of these osmolytes during the process of brain volume
regulation to hyponatremia (75). Once the brain has volume-
adapted via solute losses, thereby reducing brain edema, neuro-
logic symptoms are not as prominent and may even be virtually
absent. This accounts for the fairly common finding of rela-
tively asymptomatic patients despite severe levels of hypona-
tremia (19,367); however, recent studies of apparently asymp-
tomatic patients with mild hyponatremia have suggested that
many such patients in fact manifest subtle cognitive defects
as well as gait instability, raising important questions about
possible neurologic manifestations of even mild degrees of hy-
ponatremia (371). It is also well known from animal studies
that the rate of fall of serum [Na+] is often more strongly cor-
related with morbidity and mortality than is the actual mag-
nitude of the decrease (366). This is due to the fact that the
volume-adaptation process takes a finite period to complete;
the more rapid the fall in serum [Na+], the more brain edema
will be accumulated before the brain is able to lose solute and
along with it part of the increased water content. These effects
are responsible for the much higher incidence of neurologic
symptoms, as well as the higher mortality rates, in patients
with acute hyponatremia than in those with chronic hypona-
tremia (366,372). This phenomenon also likely underlies the
observation that the most dramatic cases of death due to hy-
ponatremic encephalopathy have generally been reported in
postoperative patients in whom hyponatremia often develops
rapidly as a result of intravenous infusion of hypotonic flu-
ids (20,373), or in exercise-induced hyponatremia during en-
durance races or forced marches as a result of excess water
ingestion (169,374,375). In such cases nausea and vomiting
are frequently overlooked as potential early signs of increased
intracranial pressure in acutely hypoosmolar patients. Because
hypoosmolality does not cause any known direct effects on
the gastrointestinal tract, the presence of unexplained nau-
sea or vomiting in a hypoosmolar patient should be assumed
to be of CNS origin and the patient treated for symptomatic
hypoosmolality as described in the subsequent text. A recent
study of runners in a marathon race found that vomiting was
the only symptom that differentiated hyponatremia from other
causes of exercise-associated collapse in this group (351). Sim-
ilarly, critically ill patients with unexplained seizures should
be rapidly evaluated for possible hyponatremia, since as many
as one-third of such patients have been found to have serum
[Na+] of less than 125 mEq/L as the cause of the seizure activ-
ity (376). Underlying neurologic disease also affects the level
of hypoosmolality at which CNS symptoms appear; moderate
hypoosmolality is of little concern in an otherwise healthy pa-
tient, but can cause morbidity in a patient with an underlying
seizure disorder. Non-neurologic metabolic disorders (e.g., hy-
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poxia [377], acidosis, hypercalcemia) can similarly affect the
level of plasma osmolality at which CNS symptoms occur.

In the most severe cases of hyponatremic encephalopathy,
death results from respiratory failure after tentorial cerebral
herniation and brainstem compression. Studies of patients with
severe postoperative hyponatremic encephalopathy have indi-
cated a high incidence of hypoxia, and one-fourth of these pa-
tients manifested hypercapnic respiratory failure, the expected
result of brainstem compression, but three-fourths had pul-
monary edema as the apparent cause of the hypoxia (378).
Recent studies of acute hyponatremia after endurance races
have similarly shown hypoxia and pulmonary edema in asso-
ciation with brain edema (166,172). These results, therefore,
suggest the possibility that hypoxia from noncardiogenic pul-
monary edema may represent an early sign of developing cere-
bral edema, even before the swelling progresses to the point of
brainstem compression and tentorial herniation. Recent clini-
cal studies have also suggested that menstruating women (373)
and young children (379) may be particularly susceptible to the
development of neurologic morbidity and mortality during hy-
ponatremia, especially in the acute postoperative setting (369).
However, other studies have failed to corroborate these find-
ings (380,381). Consequently, the true clinical incidence as well
as the underlying mechanisms responsible for these sometime
catastrophic cases remains to be determined.

THERAPY OF HYPOOSMOLAR
DISORDERS

Despite some areas of continuing controversy concerning cor-
rection of osmolality in hypoosmolar patients, a relative con-
sensus has evolved regarding the most appropriate treatment
of this disorder. The following recommendations are summa-
rized in the diagnostic and therapeutic flow diagram shown in
Figure 86-11.

Initial Evaluation

Once true hypoosmolality is verified, the ECF volume status of
the patient should be assessed by careful clinical examination.
If fluid retention is present, the treatment of the underlying
disease should take precedence over correction of plasma
osmolality. Often this involves treatment with diuretics, which
should simultaneously improve plasma tonicity by virtue of
stimulating excretion of hypotonic urine (see Chapter 81).
If hypovolemia is present, the patient must be considered
to have depletion-induced hypoosmolality, in which case
volume repletion with isotonic saline (0.9% NaCl) at a rate
appropriate for the estimated fluid deficit should be initiated.
If diuretic use is known or suspected, the isotonic saline
should be supplemented with potassium (30 to 40 mEq/L)
even if serum [K+] is not low, because of the propensity of
such patients to develop total body potassium depletion. Most
often, the hypoosmolar patient is clinically euvolemic, in which
case the evaluation should then proceed to the measurement
of urine osmolality and [Na+]. However, several situations
will dictate a reconsideration of solute depletion as a potential
diagnosis, even in the patient without clinically apparent hypo-
volemia. These include: (i) a urine [Na+] <30 mEq/L (101),
(ii) a history of recent diuretic use, and (iii) any suggestion
of primary adrenal insufficiency. Whenever a possibility of
depletion-induced, rather than dilution-induced, hypoos-
molality exists, it is most appropriate to treat the patient
initially with isotonic saline, regardless of whether signs of
hypovolemia are present. An improvement in, and eventual
correction of, the hyponatremia verifies solute and volume

depletion. Conversely, if the patient has SIADH rather than
solute depletion, no harm will be done by administration of
a limited volume (e.g., 1 to 2 L) of isotonic saline, because
patients with SIADH simply excrete excess infused or ingested
NaCl without significantly changing their plasma osmolality
(1). However, in the absence of an initial positive response,
continued infusion of isotonic saline should be avoided, since
over longer periods sufficient free water can be retained to
further decrease the serum [Na+] (382).

The approach to patients with euvolemic hypoosmolality
will vary according to the clinical situation. A patient who
meets all the essential criteria for SIADH but has a low urine
osmolality should be observed on a trial of modest fluid restric-
tion. If the hypoosmolality is attributable to transient SIADH
or severe polydipsia, the urine will remain dilute and the plasma
osmolality will be fully corrected as free water is excreted. If,
however, the patient has the reset osmostat form of the dis-
order, then the urine will become concentrated at some point
before the plasma osmolality and serum [Na+] return to normal
ranges. If either primary or secondary adrenal insufficiency is
suspected, glucocorticoid replacement should be initiated im-
mediately after the completion of a rapid ACTH stimulation
test (383,384). A prompt water diuresis after initiation of glu-
cocorticoid treatment supports a diagnosis of glucocorticoid
deficiency (261). However, the absence of a quick response
does not necessarily negate this diagnosis because several days
of glucocorticoid replacement are sometimes required for nor-
malization of plasma osmolality (102). If hypothyroidism is
suspected, thyroid function tests should be conducted and a
plasma thyroid-stimulating hormone level should be obtained;
usually, however, replacement therapy is withheld pending
these results unless the patient is obviously myxedematous.
If renal failure is present in a patient with hypoosmolality, a
more extensive evaluation of renal function will be necessary
before deciding what course of treatment is most appropriate
(see Chapter 96).

Acute Treatment

In any significantly hyponatremic patient, one must decide how
quickly the plasma osmolality should be increased, and to what
level. This decision in turn depends upon knowledge about two
basic questions: first, what are the risks of uncorrected hypona-
tremia, and second, what are the risks of the correction itself?
As described in the previous section, hyponatremia is asso-
ciated with a broad spectrum of neurologic symptoms (366),
sometimes leading to death in severe cases (373,379). However,
over the last two decades it has become clear that correcting se-
vere hyponatremia too rapidly is also dangerous, since this can
sometimes be associated with pontine and extrapontine myeli-
nolysis, a brain demyelinating disease that also causes severe
neurologic morbidity and mortality (21,385). Consequently,
appreciation of the appropriate therapy for this disorder re-
quires understanding this disease as well as the pathophysio-
logic underlying hyponatremic encephalopathy,

Pontine and Extrapontine Myelinolysis

Despite the obvious survival advantages afforded by brain vol-
ume regulation in response to hyponatremia, every adaptation
made by the body in response to a perturbation of homeosta-
sis bears within it the potential to create a new set of prob-
lems, and this is true for brain volume regulation as well. Over
the last decade it has become apparent that the demyelinat-
ing disease of central pontine myelinolysis (CPM) occurs with
a significantly higher incidence in patients with hyponatremia
(386–388), and in both animal (389–393) and human stud-
ies (21,385,394) brain demyelination has clearly been shown
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FIGURE 86-11. Schematic summary of the evaluation and therapy of hypoosmolar patients. The dark ar-
row in the center emphasizes that the presence of central nervous system dysfunction due to hyponatremia
should always be assessed immediately, so that appropriate therapy can be started as soon as possible in
symptomatic patients while the outlined diagnostic evaluation is proceeding. (Reprinted from: Verbalis
JG. Inappropriate antidiuresis and other hypoosmolar states. In: Becker KL, ed. Principles and Practice
of Endocrinology and Metabolism, Philadelphia: Lippincott; 1995:265, with permission.)

to be associated with the correction of existing hyponatremia
rather than simply with the presence of severe hyponatremia
itself. Although the mechanism(s) by which correction of hy-
ponatremia leads to brain demyelination remain under inves-
tigation, this pathologic disorder likely is precipitated by the
brain dehydration that has been demonstrated to occur follow-
ing correction of serum [Na+] toward normal ranges in animal
models of chronic hyponatremia. Because the degree of os-
motic brain shrinkage is greater in animals that are maintained
chronically hyponatremic than in normonatremic animals un-
dergoing similar increases in plasma osmolality (208,391,395),
by analogy the brains of human patients adapted to hypona-
tremia are likely to be particularly susceptible to dehydration

following subsequent increases in osmolality, which in turn lead
to pathologic demyelination in some patients. Recent magnetic
resonance studies in animals have shown that chronic hypoos-
molality predisposes rats to opening of the blood–brain barrier
following rapid correction of hyponatremia (396), and that
the disruption of the blood–brain barrier is highly correlated
with subsequent demyelination (397); a potential mechanism
by which blood–brain barrier disruption might lead to subse-
quent myelinolysis is via an influx of complement, which is
toxic to the oligodendrocytes that manufacture and maintain
myelin sheaths of neurons, into the brain (398).

Although there has been considerable debate in the litera-
ture regarding the parameters of correction of hyponatremia
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FIGURE 86-12. Relation between the production of brain myelinoly-
sis and the maximal rate and 24-h magnitude of correction of hypona-
tremia in 87 rats with DDAVP-induced hyponatremia: closed circles,
rats with no brain lesions; open circles, rats with demyelinative brain
lesions. Different methods were used to correct the hyponatremia in
order to produce varying initial rates and magnitudes of serum [Na+]
correction. The dashed lines enclose the area within which no rats
developed demonstrable neuropathological lesions, whereas 58% de-
veloped lesions when their correction parameters were outside these
ranges (From: Verbalis JG, Martinez AJ. Determinants of brain myeli-
nolysis following correction of chronic hyponatremia in rats. In: Jami-
son RL, Jard S, eds. Vasopressin. Paris: John Libbey; 1991:539, with
permission.)

associated with an increased risk of myelinolysis, studies in
both patients (399–401) and experimental animals (391–393)
support the notion that both the rate of correction of hypona-
tremia and the total magnitude of the correction over the first
few days likely represent significant factors that increase the
risk of demyelination (Fig. 86-12). Recent studies in rats have
shown that the initial rate of correction of hyponatremia may
not be important for the development of demyelinative lesions
as long as the total magnitude of the correction remains less
than 20 mEq/L in 24 hours (402), which supports clinical data
indicating that magnitude of correction represents the major
risk factor related to subsequent neurologic morbidity and mor-
tality. Although there is still some disagreement as to the actual
level at which patients are at risk for CPM; initial reports impli-
cated increases in serum [Na+] greater than 25 mEq/L over the
first 24 to 48 hours of treatment (399), whereas later studies
have suggested occurrence of CPM with even lesser increases in
serum [Na+] of greater than 12 mEq/L in 24 hours or greater
than 18 mEq/hours in 48 hours (403). Although overcorrec-
tion of hyponatremia to supranormal levels is also clearly a
risk factor for neurologic deterioration, it is important to note
that both clinical and experimental studies have found that
demyelination occurred following corrections to serum [Na+]
levels still below normal ranges. Regardless of the level of in-
crease in serum [Na+] at which CPM occurs, the methods used
to correct hyponatremia do not appear to have any significant
bearing on the production of brain demyelination, since both
experimental studies (393) and clinical reports (21,404–406)
have demonstrated that demyelination occurs independent of
the method used to correct the hyponatremia.

Other factors also can clearly influence the susceptibility to
demyelination following correction of hyponatremia. Perhaps

most importantly are the severity and the duration of the pre-
existing hyponatremia. Both of these risk factors likely relate to
the degree of brain volume regulation that has occurred prior
to the correction: The more severe the hyponatremia and the
longer it has been maintained, the greater the degree of solute
loss that will have occurred during the process of brain volume
regulation. As larger amounts of solute are lost, the ability of
the brain to buffer subsequent increases in plasma osmolality
is impaired, resulting in greater degrees of brain dehydration as
serum [Na+] is later raised, which in turn can lead to brain de-
myelination via mechanisms discussed previously. Clinical im-
plications of this pathophysiologic mechanism are that CPM
should not occur in cases of either mild or very acute hypona-
tremia. Both of these findings have been found to be true. CPM
has only rarely been reported in patients with a starting serum
[Na+] of greater than 120 mmol/L (21,403,407), and also does
not appear to occur in most patients with psychogenic polydip-
sia who are well known to develop hyponatremia acutely from
episodes of massive water ingestion followed by rapid correc-
tion as they diurese the excess fluid (324). There are also some
independent risk factors for the occurrence of CPM, partic-
ularly chronic alcoholism and malnutrition, which led to the
original description of this disorder in 1959 (408). Although
no studies to date have clearly documented interactive effects
between these risk factors and CPM, it seems likely that the
threshold for increases in serum [Na+] that increase the risk
for CPM will be lower in alcoholic and malnourished patients,
and recent case reports of myelinolysis in patients with chronic
alcoholism in whom the rate of correction stayed within the
recommended guidelines supports this likelihood (409,410).
Interestingly, one factor that appears to protect hyponatremic
patients from myelinolysis following rapid correction of hy-
ponatremia is uremia. Although uremic patients on dialysis
frequently have large swings of serum [Na+], only rare cases of
osmotically induced demyelination have been reported in this
group (411). A recent study in rats showed that azotemic rats
were able to sustain large increases in serum [Na+] without
brain damage, purportedly because the urea acts as an intra-
cellular osmolyte to stabilize intracellular volume and thereby
reduces the degree of brain dehydration produced following
rapid correction of hyponatremia (412).

Additional aspects of this unique disease deserve emphasis.
First, demyelination following correction of hyponatremia fre-
quently occurs in white matter areas of the brain other than the
pons; this has led to proposals that this occurrence of the dis-
order in hyponatremic patients be called the osmotic demyeli-
nation syndrome (ODS) (21). Alternatively, the term pontine
and extrapontine myelinolysis (PEM) would be more accurate
than CPM (388), which is historically correct but anatomi-
cally too limited. Second, apropos the widespread nature of
the neuropathologic lesions, a much broader range of neu-
rologic disorders is now being reported in patients following
correction of hyponatremia, including cognitive, behavioral,
and neuropsychiatric disorders, presumably as a result of de-
myelination in subcortical, corpus callosal, and hippocampal
white matter (413,414), and movement disorders, as a result
of demyelination in the basal ganglia (415–417). Third, MRI
scans often fail to demonstrate the characteristic demyelina-
tive lesions in many cases because scans are usually negative
until sufficient time has passed (generally 3 to 4 weeks) after
the correction of hyponatremia and the onset of neurologic
symptoms (418–420). Consequently, the presence of positive
MRI findings strongly (though not unequivocally [421]) sup-
ports a diagnosis of PEM, but the absence of radiologic find-
ings can never eliminate the possibility of this disorder. Fourth,
although most cases of osmotically-induced PEM have been
associated with rapid correction of hyponatremia, the disorder
has also been reported with severe hypernatremia in both ani-
mal models (422) and patients (423). This is consistent with the
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hypothesis that brain dehydration with subsequent disruption
of the blood–brain barrier is related to the pathogenesis of the
demyelinative process (397,398). Finally, it is clear that given
our present knowledge, we cannot predict with any degree of
certainty which patients will develop demyelination, regardless
of the parameters used to correct hyponatremia. Many patients
undergo very rapid and large corrections of their serum [Na+]
without subsequent neurologic complications (424), as is true
of experimental animals as well (393,402) (see Fig. 86-12).
Consequently, overly rapid correction of hyponatremia should
be viewed as a factor that puts patients at risk for PEM, but
does not inevitably precipitate this disorder.

Individualization of Therapy

Based on the previous discussions of hyponatremic en-
cephalopathy and pontine and extrapontine myelinolysis, it
follows that optimal treatment of hyponatremic patients must
entail balancing the risks of hyponatremia against the risks of
correction for each patient individually (Fig. 86-13). Although
individual variability in response is great, and consequently one
cannot always accurately predict which patients will develop
neurologic complications from either hyponatremia or its cor-
rection, consensus guidelines for treating hypoosmolar patients
allow a rational approach to minimizing the risks of both these
complications. Implicit in these guidelines is the realization that
treatment must be tailored to each patient’s clinical presenta-

FIGURE 86-13. Schematic summary of the balance between the rel-
ative risks of hyponatremia versus the risks of rapidly correcting the
hyponatremia in patients with hyponatremia of varying durations and
symptomatology. Treatment indications are clear for both acute (≤48
hours’ duration) symptomatic hyponatremia (A) and chronic (>48
hours’ duration) asymptomatic hyponatremia (C). However, cases of
chronic symptomatic hyponatremia (B) represent the greatest clinical
challenge, since some brain volume adaptation has occurred but the
presence of symptoms indicates some residual degree of brain edema
as well; this renders the balance between the risks of the hyponatremia
and the risks of the correction difficult to ascertain in individual pa-
tients. Such patients are optimally treated using limited and carefully
controlled corrections regardless of the methods by which the increases
in serum [Na+] occur. (Reprinted from: Verbalis JG. Hyponatremia.
Endocrinologic causes and consequences of therapy. Trends Endocrinol
Metab 1992;3:1, with permission.)

tion: appropriate therapy for one hyponatremic patient may
be inappropriate for another despite equivalent degrees of hy-
poosmolality (5,425). To accomplish this, three factors should
be taken into consideration when making a treatment decision
for a hypoosmolar patient: (i) the severity of the hyponatremia,
(ii) the duration of the hyponatremia, and (iii) the patient’s neu-
rologic symptomatology. The severity of the hypoosmolality
is an important consideration because neither sequelae from
hyponatremia itself nor myelinolysis after therapy are likely
in patients whose serum [Na+] is 120 mEq/L or greater, al-
though occasionally significant symptoms of hyponatremic en-
cephalopathy can develop even at higher serum [Na+] levels if
the rate of decrease of plasma osmolality is particularly rapid.
The importance of duration and symptomatology both relate
to how well the brain has adapted to the hyponatremia and
consequently its degree of risk for subsequent demyelination
with rapid correction.

Acute Hyponatremia. Cases of acute hyponatremia (arbitrar-
ily defined as ≤48 hours in duration) are usually symp-
tomatic if the hyponatremia is severe (i.e., ≤120 mEq/L).
These patients are at greatest risk for neurologic complica-
tions from the hyponatremia, but rarely develop demyelina-
tion (324), presumably because sufficient brain volume reg-
ulation has not yet occurred to increase brain susceptibility
to osmotic dehydration with the correction. Consequently,
serum [Na+] in such patients should be corrected to higher
levels relatively quickly. Postoperative patients (20,426,427),
and particularly young women and children in some studies
(373,379,428), appear to be at greater risk for rapidly pro-
gressing hyponatremic encephalopathy and therefore should
be treated especially promptly. Administration of hypotonic
fluids should be avoided in such patients postoperatively
(41,429–431), although this will not necessarily prevent the
occurrence of postoperative hyponatremia in all surgical pa-
tients (382). The dark black arrow in Figure 86-11 em-
phasizes that hypoosmolar patients should always be eval-
uated quickly for the presence of neurologic symptoms so
that appropriate therapy can be initiated, if indicated, even
while other results of the diagnostic evaluation are still
pending.

Chronic Asymptomatic Hyponatremia. Conversely, patients
with more chronic hyponatremia (arbitrarily defined as >48
hours in duration) who have minimal neurologic symptoma-
tology are at little risk from complications of hyponatremia
itself but can develop demyelination after rapid correction be-
cause of greater degrees of brain volume regulation through
electrolyte and osmolyte losses (78,208, 391). There is no indi-
cation to correct these patients rapidly, regardless of the initial
serum [Na+], and they should be treated using slower-acting
therapies, such as fluid restriction.

Chronic Symptomatic Hyponatremia. Although the first two
extremes have clear treatment indications, most hypoosmo-
lar patients have hyponatremia of indeterminate duration and
varying degrees of neurologic symptomatology. This group rep-
resents the most challenging treatment decision because the
hyponatremia will have been present for sufficient duration to
allow some degree of brain volume regulation, but not enough
to prevent some brain edema and neurologic symptomatol-
ogy (Fig. 86-13). Such patients should be treated promptly
because of their symptoms, but using methods that allow a con-
trolled and limited increase of their hypoosmolality (425,432).
Some studies have suggested that correction parameters should
consist of a maximal rate of correction of serum [Na+] in
the range of 1 to 2 mEq/L per hour so long as the total
magnitude of correction does not exceed 25 mEq/L over the
first 48 hours (399), whereas others recommend that these
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parameters should be even more conservative, with maximal
correction rates of 0.5 mEq/L per hour or less and magni-
tudes of correction that do not exceed 12 mEq/L in the first
24 hours and 18 in the first 48 hours (403). A reasonable ap-
proach for treatment of individual patients would therefore
entail choosing correction parameters within these limits de-
pending on their symptomatology: In patients who are only
minimally symptomatic, one should proceed at the lower rec-
ommended limits of 0.5 mEq/L per hour or less, whereas in
those who manifest more severe neurologic symptoms, an ini-
tial correction at a rate of 1 to 2 mEq/L per hour, or even 3 to
5 mEq/L per hour in comatose or seizing patients who are at
risk for imminent tentorial herniation and respiratory arrest,
would be more appropriate. Regardless of the initial rate of
correction chosen, acute treatment should be interrupted once
any of three end points is reached: (i) the patient’s symptoms
are abolished, (ii) a safe serum [Na+] (generally >120 mEq/L) is
achieved, or (iii) a total magnitude of correction of 20 mEq/L is
achieved. Once any of these endpoints is reached, the active cor-
rection should be stopped and the patient treated with slower-
acting therapies, such as oral rehydration or fluid restriction,
depending on the etiology of the hypoosmolality. It follows
from these recommendations that serum [Na+] levels must be
carefully monitored at frequent intervals (at least every 4 hours)
during the active phases of treatment to adjust therapy to
keep the correction within these guidelines. A recent retrospec-
tive study of chronic symptomatic hyponatremia in 53 post-
menopausal women has confirmed the safety and efficacy of
using a controlled and limited correction of the hyponatremia
with intravenous NaCl. Patients whose serum [Na+] was cor-
rected by 22 ± 10 mEq/L over 35 hours had significantly better
neurologic outcomes than those corrected much more slowly,
3 ± 2 mEq/L over 41 hours, via fluid restriction (433).

It must be emphasized that the preceding recommendations
do not preclude prompt treatment of hyponatremia when it is
severe and symptomatic, and particularly when it is acute and
of short duration. Such patients are indeed at significant risk
of complications from hyponatremic encephalopathy (369).
However, even for this group of high risk patients it has been
argued that only very limited corrections are actually necessary
(434). The reasoning upon which this is based is the fact that
the most brain edema that can be tolerated before tentorial
herniation occurs is an approximately 8% to 10% increase in
brain water. Therefore, decreasing brain water by this amount
should have maximal therapeutic benefit, whereas exceeding
this amount is more likely to produce brain dehydration with
an increased risk of precipitating demyelination. By this reason-
ing, a 10% increase in plasma osmolality (i.e., a 10 mmol/L in-
crease of serum [Na+] in a patient with a starting serum [Na+]
of 100 mmol/L) should maximize potential benefit while min-
imizing potential risk. Although brain water content will not
bear an exact relation to changes in plasma osmolality because
of the complex nature of secondary adaptive processes, over
short periods there will be a relatively good relation between
these parameters and, therefore, this argument has consider-
able merit. Anecdotal reports have been cited as evidence sup-
porting the contention that small increases in serum [Na+] are
sufficient to reverse hyponatremic seizures and other aspects of
hyponatremic encephalopathy, but as for many other treatment
recommendations no controlled studies yet exist to confirm the
safety and efficacy of this approach.

Choice of Interventional (Active) Therapies
for Acute Corrections

Controlled limited corrections can be accomplished with ei-
ther isotonic or hypertonic saline infusions, depending on the
etiology of the hypoosmolality. Patients with volume deple-
tion hypoosmolality (e.g., clinical hypovolemia, diuretic use,

or urine [Na+] <30 mEq/L) usually respond well to isotonic
(0.9%) NaCl (101). However, patients with diuretic-induced
hyponatremia are especially prone to rapid corrections, since:
(i) such patients are usually are only minimally volume de-
pleted, (ii) they are often smaller elderly women with corre-
spondingly small plasma volumes, and (iii) with cessation of
diuretic therapy they often develop a free water diuresis as
their urinary diluting defect dissipates (435). Furthermore, the
hypokalemia that frequently accompanies the hyponatremia in
such patients appears to be an additional risk factor for de-
myelination after correction (407), even in patients in whom
the correction stays within currently accepted guidelines (406).
Consequently, in the absence of marked neurologic symptoma-
tology such patients should simply be treated by institution of
a regular sodium diet (4 to 8 g/day) and discontinuing the di-
uretics; if isotonic saline is infused it should be done so judi-
ciously (e.g., 50 to 75 mL/hour), with K+ replacement, while
the serum [Na+] is monitored frequently to prevent overly rapid
correction. Patients with euvolemic hypoosmolality (including
patients with SIADH) generally will not respond to isotonic
NaCl (1,101) and are best treated with hypertonic (3%) NaCl
solution given by continuous infusion. An initial infusion rate
can be estimated by multiplying the patient’s body weight in
kilograms by the desired rate of increase in serum [Na+] in
milliequivalents per liter per hour (e.g., in a 70-kg patient
an infusion of 3% NaCl at 70 mL/hour will increase serum
[Na+] by approximately 1 mEq/L/hour, whereas an infusion of
35 mL/hour will increase serum [Na+] by about 0.5 mEq/L per
hour). Furosemide should be used to treat volume overload,
in some cases anticipatorily in patients with known cardiovas-
cular disease (436). Regardless of the therapy or rate initially
chosen, it cannot be emphasized too strongly that it is necessary
only to correct the plasma osmolality acutely to a safe range
rather than completely to normonatremia.

Spontaneous (Passive) Correction

In some cases patients may spontaneously correct their hypona-
tremia by means of a water diuresis (400,404). If the hypona-
tremia is acute, such as water intoxication from psychogenic
polydipsia, these patients appear to be at little risk for sub-
sequent demyelination (324). However, in cases in which the
hyponatremia has been chronic, such patients are at risk for
demyelination (404,437,438), and intervention (e.g., adminis-
tration of desmopressin or intravenous infusion of hypotonic
fluid) should be considered to limit the rate and magnitude
of correction of serum [Na+], using the same end points as
described previously for active corrections. A recent report
demonstrates the utility of interrupting a spontaneous free-
water diuresis with DDAVP (439). However, in some cases an
overcorrection unfortunately occurs before it is noticed. Ani-
mal models of this situation have suggested that lowering the
serum [Na+] after overcorrection can prevent subsequent brain
damage from occurring (440,441), and this would be consistent
with the occurrence of a delayed immunologic demyelination
as a result of complement influx into the brain following a sus-
tained blood–brain barrier disruption (398). A recent clinical
case in which delayed lowering of serum [Na+] was associated
with a reversal of symptoms suggestive of early myelinolysis
supports this as a potential therapy in similar cases (442). Re-
cent animal studies have shown that administration of high-
dose glucocorticoids can prevent the development of osmotic
demyelination after rapid correction of hyponatremia in rats
(443), again likely via stabilization of the blood–brain barrier
to prevent or minimize disruption. Although controlled clinical
studies with glucocorticoids have not yet been done in humans,
it would seem prudent to employ this relatively benign inter-
vention in cases where a correction of hyponatremia in excess
of current guidelines has already occurred.
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Chronic Treatment

Fluid Restriction

If hyponatremia persists, then investigation of other poten-
tial causes of SIADH should be pursued (see Table 86-4), and
chronic therapy should be instituted. The treatment of chronic
SIADH entails a choice among several suboptimal therapeutic
regimens. Continued fluid restriction represents the least toxic
treatment choice and is currently the preferred treatment for
most cases of mild-to-moderate SIADH. Several points should
be remembered when using this approach: (i) all fluids, not
only water, must be included in the restriction; (ii) the degree
of restriction required depends on urine output plus insensi-
ble fluid loss (generally, discretionary, that is, nonfood, fluids
should be limited to 500 mL a day below the average daily
urine volume (107)); (iii) several days of restriction are usually
necessary before a significant increase in plasma osmolality oc-
curs, and (iv) only fluid, not sodium, should be restricted. Be-
cause of the ongoing natriuresis, patients with chronic SIADH
often have a negative total body [Na+] balance and, there-
fore, should be maintained on relatively high NaCl intakes
unless otherwise contraindicated. However, just as failure to
correct a presumed depletion-induced hyponatremia with iso-
tonic saline should lead one to consider the possibility of a
dilution-induced hypoosmolality, so should the failure of sig-
nificant fluid restriction after several days of confirmed neg-
ative fluid balance prompt reconsideration of other possible
causes, including solute depletion and clinically inapparent
hypovolemia (see Fig. 86-11). At the time that fluid restric-
tion is first initiated, any drugs known to be associated with
SIADH should be discontinued or changed (e.g., newer gen-
eration oral hypoglycemic agents, which in general have not
been associated with hyponatremia, should be substituted for
chlorpropamide).

Treatment of Polydipsia

Patients whose hyponatremia is caused primarily by polydip-
sia should ideally have therapy directed at reducing fluid in-
takes into normal ranges. Unfortunately, this has proved dif-
ficult to accomplish in many cases. Patients with a reset thirst
threshold will be resistant to fluid restriction because of the re-
sulting thirst from stimulation of brain thirst centers at higher
plasma osmolalities (444). In some cases the use of alterna-
tive methods to ameliorate the sensation of thirst (e.g., wet-
ting the mouth with ice chips or using sour candies to increase
salivary flow) can help to reduce fluid intakes. Fluid intake
in patients with psychogenic causes of polydipsia is driven by
psychiatric factors that have responded variably to behavioral
modification and pharmacologic therapy. Several reports have
suggested the efficacy of the antipsychotic drug clozapine as
a promising agent to reduce polydipsia and prevent recurrent
hyponatremia in at least a subset of these patients (445–449);
this appears to be a specific property of this agent, since similar
results have not been observed with other antipsychotic agents
(450).

Pharmacological Therapy

Fluid restriction should always be tried as the initial therapy
for patients with chronic SIADH, with pharmacologic inter-
vention reserved for refractory cases in which the degree of
fluid restriction required to avoid hypoosmolality is so severe
that the patient is unable, or unwilling, to maintain it. In such
cases reasonable efforts should be made to ameliorate thirst,
such as substituting hard candy or ice chips for drinking flu-
ids. Pharmacologic intervention should also be avoided initially
in patients with SIADH that is secondary to tumors, because
successful treatment of the underlying malignant lesion often

eliminates or reduces the inappropriate AVP secretion (112).
However, alternative pharmacologic management is often nec-
essary. In such cases the currently preferred drug is the tetracy-
cline derivative demeclocycline (451,452). This agent causes a
nephrogenic form of diabetes insipidus (453), thereby decreas-
ing urine concentration even in the presence of high plasma
AVP levels. Appropriate doses of demeclocycline range from
600 to 1200 mg per day administered in divided doses. Treat-
ment must be continued for several days to achieve maximal
diuretic effects; consequently, one should wait 3 to 4 days be-
fore deciding to increase the dose. Demeclocycline can cause re-
versible azotemia, and sometimes nephrotoxicity, especially in
patients with cirrhosis (454,455). Renal function should there-
fore be monitored on a regular basis in patients treated with
demeclocycline and the medication discontinued if increasing
azotemia is noted.

Other agents, such as lithium, have similar renal effects,
but are less desirable because of inconsistent results and sig-
nificant side effects (456). Urea has also been described as an
alternative mode of treatment for SIADH, as well as for other
hyponatremic disorders (457–460). Although it has long been
recognized that any osmotic diuretic can be used to treat hy-
poosmolality by virtue of increasing free water excretion, such
therapeutic modalities have generally proved impractical for
chronic ambulatory use. Urea is an exception because it can
be administered orally; furthermore, it corrects hypoosmolal-
ity not only by increasing free water excretion but also by de-
creasing urinary sodium excretion. Dosages of 30 g per day are
generally effective; it is advisable to dissolve the urea in orange
juice or some other strongly flavored liquid to camouflage the
taste. Even if completely normal water balance is not achieved,
it is often possible to allow the patient to maintain a less strict
regimen of fluid restriction while receiving urea. The disadvan-
tages associated with the use of urea include poor palatability,
the development of azotemia at higher doses, and the unavail-
ability of a convenient form of the agent. Several other drugs
that have been described appear to decrease AVP hypersecre-
tion in some cases (e.g., diphenylhydantoin, opiates, ethanol),
but responses are erratic and unpredictable (204). One poten-
tial exception is the recent development of agonists selective for
kappa opioid receptors, which appear to be more specific for
inhibition of AVP hypersecretion in animal studies (461,462),
and in clinical trials successfully produced an aquaresis in pa-
tients with cirrhosis (463).

Vasopressin Antagonists

Diseases caused by excess or inappropriate circulating levels
of hormones can be treated by interfering with secretion of
the hormone, interfering with the effects of the hormone at
its target tissue, or indirectly counteracting the physiologic
and pathophysiologic effects produced by the effects of the
hormone. As described in the preceding text, all of these meth-
ods have been used with limited degrees of success in treating
patients with SIADH. However, all of these therapies have
significant limitations, and it has long been recognized that an
antagonist of the kidney AVP V2 receptors would be the ideal
agent for treatment of patients with dilutional hyponatremia
(464). Previous attempts at synthesizing peptide AVP receptor
antagonists were frustrated by species variability with regard
to partial agonistic effects of such compounds (465). Recently
several nonpeptide AVP selective V2 and combined V1a/V2
receptor antagonists have been described that appear to
overcome these problems (6). At the time this chapter was
written, the first vasopressin receptor antagonist, conivaptan,
was approved by the FDA for the treatment of euvolemic
hyponatremia, and several additional compounds were already
in the late phases of clinical trials, with very promising results.
All agents tested in humans to date have successfully induced a
dose-related increase in free-water excretion, with subsequent
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increases in serum [Na+] in patients with euvolemic (i.e.,
SIADH) and hypervolemic (i.e., congestive heart failure [CHF]
and cirrhosis) hyponatremia (466–469). Unlike the effects
produced by standard diuretic agents, vasopressin receptor
agonists do not cause increased urine solute excretion,
particularly of sodium and potassium, which renders them
particularly effective at correcting hyponatremia. To differen-
tiate this unique selective effect on urine water excretion from
the effects of standard diuretic agents that typically cause na-
triuresis and kaliuresis in association with the induced diuresis,
they are called aquaretic rather than diuretic agents. (470)

It therefore appears that we are poised to begin a new
era in both the evaluation and treatment of patients with all
forms of dilutional hyponatremia. When eventually approved
for clinical use, clinical trials using AVP receptor antagonists
specific for the various subtypes of the AVP receptor, V1a,
V1b and V2, will enable investigators to address some long-
standing questions about the role of AVP receptor activation
in producing antidiuresis, as well as other potential effects in
many different disease states (e.g., the cause of hyponatremia
patients without measurable AVP levels [214], the potential
role of V1a receptor activation in the progression of heart
failure [471], and the participation of V1b receptor activation
in psychiatric diseases [472]). Even more promising, therapy
of patients with chronic hyponatremia will very likely be much
easier and much more effective than at present. Caution will,
of course, still be necessary in some situations. Such agents
should not be used in cases of hypovolemic hyponatremia from
solute depletion, since they will worsen the volume depletion
with potential resulting hypotension. In addition, because
demyelination appears to be independent of the method used
to correct hyponatremia, patients corrected too rapidly with
AVP receptor antagonists will also be at risk for pontine and
extrapontine myelinolysis, which has already been documented
with the use of peptide AVP receptor antagonists to correct
hyponatremia in animals (473). Nonetheless, appropriate
dosing and monitoring should allow successful adherence
to the same guidelines for limited controlled correction that
apply to other correction methods. Furthermore, it seems
reasonable to predict that single doses of such agents may
prove to be the ideal method for achieving prompt but limited
controlled increases of serum [Na+] that will satisfactorily
reverse hyponatremic encephalopathy without producing
dangerously large corrections that increase the risk of pontine
and extrapontine myelinolysis, but controlled clinical trials
will be necessary to evaluate this possibility. It, therefore,
seems likely that AVP receptor antagonists will represent a
significant addition to our therapeutic armamentarium for the
treatment of both acute and chronic forms of hyponatremia.
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CHAPTER 87 ■ NEPHROGENIC AND
CENTRAL DIABETES INSIPIDUS
DANIEL G. BICHET

Diabetes insipidus is a disorder characterized by the excre-
tion of abnormally large volumes (greater than 30 mL/kg body
weight per day for an adult patient) of dilute urine (less than
250 mmol/kg). This definition excludes osmotic diuresis, which
occurs when excess solute is being excreted, for example, glu-
cose in the polyuria of diabetes mellitus. Other agents that
produce osmotic diuresis are mannitol, urea, glycerol, contrast
media, and loop diuretics. Osmotic diuresis should be consid-
ered when solute excretion exceeds 60 mmol/hour. Four basic
defects can be involved. The most common, a deficient secretion
of the antidiuretic hormone (ADH) arginine vasopressin (AVP),
is referred to as neurogenic (or central, neurohypophyseal, cra-
nial, or hypothalamic) diabetes insipidus. Diabetes insipidus
can also result from renal insensitivity to the antidiuretic ef-
fect of AVP, which is referred to as nephrogenic diabetes in-
sipidus. Excessive water intake can result in polyuria, which is
referred to as primary polydipsia; it can be due to an abnor-
mality in the thirst mechanism, referred to as dipsogenic dia-
betes insipidus, or it can be associated with a severe emotional
cognitive dysfunction, referred to as psychogenic polydipsia.
Finally, increased metabolism of vasopressin during pregnancy
is referred to as gestational diabetes insipidus.

Arginine Vasopressin

Synthesis

The regulation of the release of AVP from the posterior pi-
tuitary is primarily dependent, under normal circumstances,
on tonicity information relayed by osmoreceptor cells in the
anterior hypothalamus (1). AVP and its corresponding carrier,
neurophysin II, are synthesized as a composite precursor by the
magnocellular neurons of the supraoptic and paraventricular
nuclei of the hypothalamus (for review see [2]). The precur-
sor is packaged into neurosecretory granules and transported
axonally in the stalk of the posterior pituitary. En route to
the neurohypophysis, the precursor is processed into the active
hormone. Pre-provasopressin has 164 amino acids and is en-
coded by the 2.5 kb AVP gene located in chromosome region
20p13 (3,4). The AVP gene (coding for AVP and neurophysin
II) and the OXT gene (coding for oxytocin and neurophysin
I) are located in the same chromosome region, at a very short
distance from each other (12 kb in humans) in head-to-head
orientation. Data from transgenic mouse studies indicate that
the intergenic region between the OXT and the AVP genes con-
tains the critical enhancer sites for cell-specific expression in the
magnocellular neurons (2). It is phylogenetically interesting to
note that cis and trans components of this specific cellular ex-
pression have been conserved between the Fugu isotocin (the
homolog of mammalian oxytocin) and rat oxytocin genes (5).
Exon 1 of the AVP gene encodes the signal peptide, AVP, and
the NH2-terminal region of neurophysin II. Exon 2 encodes
the central region of neurophysin II, and exon 3 encodes the
COOH-terminal region of neurophysin II and the glycopep-

tide. Provasopressin is generated by the removal of the signal
peptide from pre-provasopressin and from the addition of a
carbohydrate chain to the glycopeptide (Fig. 87-1). Additional
posttranslation processing occurs within neurosecretory vesi-
cles during transport of the precursor protein to axon termi-
nals in the posterior pituitary, yielding AVP, neurophysin II,
and the glycopeptide. The AVP-neurophysin II complex forms
tetramers that can self-associate to form higher oligomers (6)
(Fig. 87-2). Neurophysins should be seen as chaperone-like
molecules facilitating intracellular transport in magnocellular
cells. In the posterior pituitary, AVP is stored in vesicles. Ex-
ocytotic release is stimulated by minute increases in serum
osmolality (hypernatremia, osmotic regulation) and by more
pronounced decreases in extracellular fluid (hypovolemia, non-
osmotic regulation). Oxytocin and neurophysin I are released
from the posterior pituitary by the suckling response in lactat-
ing females.

Immunocytochemical and radioimmunologic studies have
demonstrated that oxytocin and vasopressin are synthesized in
separate populations of the supraoptic nuclei and the paraven-
tricular nuclei neurons (7,8), the central and vascular projec-
tions of which have been described in great detail (9). Some cells
express the AVP gene and other cells express the OXT gene. Im-
munohistochemical studies have revealed a second vasopressin
neurosecretory pathway that transports high concentrations of
the hormone to the anterior pituitary gland from parvocellular
neurons to the hypophyseal portal system. In the portal sys-
tem, the high concentration of AVP acts synergistically with
corticotropin-releasing hormone (CRH) to stimulate adreno-
corticotropic hormone (ACTH) release from the anterior pitu-
itary. More than half of parvocellular neurons coexpress both
CRH and AVP. In addition, while passing through the median
eminence and the hypophyseal stalk, magnocellular axons can
also release AVP into the long portal system. Furthermore, a
number of neuroanatomic studies have shown the existence
of short portal vessels that allow communication between the
posterior and anterior pituitary. Therefore, in addition to par-
vocellular vasopressin, magnocellular vasopressin is able to in-
fluence ACTH secretion (10,11).

Osmotic and Non-osmotic Stimulation

The regulation of ADH release from the posterior pituitary
is dependent primarily on two mechanisms involving the os-
motic and non-osmotic pathways (12) (Fig. 87-3). Vasopressin
release can be regulated by changes in either osmolality or cere-
brospinal fluid (CSF) Na+ concentration (13,14).

Although magnocellular neurons are themselves osmosen-
sitive, they require input from the lamina terminalis to respond
fully to osmotic challenges. Neurons in the lamina terminalis
are also osmosensitive and because the subfornical organ (SFO)
and the organum vasculosum of the lamina terminalis (OVLT)
lie outside the blood–brain barrier, they can integrate this infor-
mation with endocrine signals borne of circulating hormones,
such as angiotensin II (AT-II), relaxin, and atrial natriuretic
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FIGURE 87-1. Structure of the hu-
man vasopressin (AVP) gene and
prohormone.

FIGURE 87-2. Three-dimensional structure of a bovine peptide-
neurophysin monomer complex. The structure of each chain is 12%
helix and 40% β-sheet. The chain is folded into two domains as pre-
dicted by disulfide-pairing studies. The amino-terminal domain begins
in a long loop (residues 1-10), then enters a four-stranded (residues
11-13, 19-23, 25-29, and 32-37) antiparallel β-sheet (sheet I; four
shaded arrows), followed by a 3-turn 310-helix (residues 39-49) and an-
other loop (residues 50-58). The carboxyl-terminal domain is shorter,
consisting of only a four-stranded (residues 59-61, 65-69, 71-75, and
78-82) antiparallel β-sheet (sheet II; four cross-hatched arrows) (6).
The arginine vasopressin molecule (balls and sticks model) is shown in
the peptide-binding pocket of the neurophysin monomer. The strongest
interactions in this binding pocket are salt-bridge interactions between
the αNH3+ group of the peptide, the γ -COO− group of GluNP47

(residue number 47 of the neurophysin molecule) and the side chain of
ArgNP8. The γ -COO− group of GluNP47 plays a bifunctional role in
the peptide-binding pocket: (i) it directly interacts with the hormone;
(ii) it interacts with other neurophysin residues to establish the cor-
rect, local structure of the peptide-neurophysin complex. ArgNP8 and
GluNP47 are conserved in all neurophysin sequences from mammals to
invertebrates.

peptide (ANP). Although circulating AT-II and relaxin excite
both oxytocin and vasopressin magnocellular neurons, ANP in-
hibits vasopressin neurons. In addition to an angiotensinergic
path from the SFO, the OVLT and the median preoptic nucleus
provide direct glutaminergic and GABAergic projections to the
hypothalamoneurohypophyseal system. Nitric oxide may also
modulate neurohormone release (2). A newly discovered neu-
ropeptide, apelin, is co-localized with AVP in supra-optic nu-
cleus (SON) magnocellular neurons and physiological experi-
ments indicate that AVP and apelin are conversely regulated to
facilitate systemic AVP release and suppress antidiuresis (15).

The cellular basis for osmoreceptor potentials has been
characterized using patch-clamp recordings and morphomet-
ric analysis in magnocellular cells isolated from the supraop-
tic nucleus of the adult rat. In these cells, stretch-inactivating
cationic channels transduce osmotically evoked changes in cell
volume into functionally relevant changes in membrane po-
tential. In addition, magnocellular neurons also operate as in-
trinsic Na+ detectors. A transient receptor potential channel
variant of Trpv1 is an osmotically activated channel expressed
in AVP-releasing neurons in the SON (16).

Vasopressin release can also be caused by the non-osmotic
stimulation of AVP. Large decrements in blood volume or blood
pressure (greater than 10%) stimulate ADH release (Fig. 87-3).

The osmotic stimulation of AVP release by dehydration, hy-
pertonic saline infusion, or both, is regularly used to determine
the vasopressin secretory capacity of the posterior pituitary.
This secretory capacity can be assessed directly by compar-
ing the plasma AVP concentrations measured sequentially dur-
ing the dehydration procedure with the normal values (17) and
then correlating the plasma AVP values with the urine osmo-
lality measurements obtained simultaneously (Fig. 87-4).

The AVP release can also be assessed indirectly by measur-
ing plasma and urine osmolalities at regular intervals during
the dehydration test (18). The maximal urine osmolality ob-
tained during dehydration is compared with the maximal urine
osmolality obtained after the administration of vasopressin
(Pitressin, 5 U subcutaneously in adults, 1 U subcutaneously
in children) or 1-desamino-8-d-arginine vasopressin (desmo-
pressin [dDAVP], 1 to 4 μg i.v. over 5 to 10 minutes).

The non-osmotic stimulation of AVP release can be used to
assess the vasopressin secretory capacity of the posterior pitu-
itary in a rare group of patients with the essential hyponatremia
and hypodipsia syndrome (19). Although some of these pa-
tients may have partial central diabetes insipidus, they respond
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FIGURE 87-3. Osmotic and non-osmotic stimulation of
arginine vasopressin (AVP). A: The relationship between
plasma AVP (PAVP) and plasma sodium (PNa) in 19 normal
subjects is described by the area with vertical lines, which
includes the 99% confidence limits of the regression line
PNa/PAVP. The osmotic threshold for AVP release is ap-
proximately 280 to 285 mmol/kg or 136 mEq of Na/L.
AVP secretion should be abolished when plasma sodium
is less than 135 mEq/L (180). (From: Vokes T, Robert-
son GL. Physiology of secretion of vasopressin. In: Czer-
nichow P, Robinson AG, eds. Diabetes insipidus in man.
Basel: S. Karger, 1985:127, with permission.) B: Increase in
plasma AVP during hypotension (vertical lines). Note that
a large diminution in blood pressure in normal humans
induces large increments in AVP. (From: Zerbe RL, Henry
DP, Robertson GL. Vasopressin response to orthostatic hy-
potension: etiological and clinical implications. Am J Med
1983;74:265, with permission.)

normally to non-osmolar AVP release signals such as hypoten-
sion, emesis, and hypoglycemia (19). In all other cases of sus-
pected central diabetes insipidus, these non-osmotic stimula-
tion tests will not give additional clinical information (20).

Clinically Important Hormonal Influences
on the Secretion of Vasopressin

Angiotensin is a well-known dipsogen and has been shown
to increase thirst in all the species tested (21). AT-II recep-
tors have been described in the SFO and OVLT (for review see
[22]). However, knockout models for angiotensinogen (23) or
for angiotensin-1A (AT1A) receptor (24,25) did not alter thirst
or water balance. Disruption of the AT2 receptor induced only
mild abnormalities of thirst postdehydration (26). Earlier re-
ports suggested that the intravenous administration of atrial
peptides inhibits the release of vasopressin (27), but this was
not confirmed by Goetz et al. (28). Furthermore, Ogawa et al.
(29) found no evidence that ANP, administered centrally or
peripherally, was important in the physiologic regulation of
plasma AVP release in conscious rats. A very rapid and ro-
bust release of AVP is seen in humans after cholecystokinin
(CCK) injection (30). Nitric oxide is an inhibitory modulator
of the hypothalamoneurohypophyseal system in response to
osmotic stimuli (31–34). Vasopressin secretion is under the in-
fluence of a glucocorticoid-negative feedback system (35), and
the vasopressin responses to a variety of stimuli (hemorrhage,
hypoxia, hypertonic saline) in normal humans and animals
appear to be attenuated or eliminated by pretreatment with
glucocorticoids. Finally, nausea and emesis are potent stimuli
of AVP release in humans and seem to involve dopaminergic
neurotransmission (36).

Cellular Actions of Vasopressin

The neurohypophyseal hormone AVP has multiple actions, in-
cluding the inhibition of diuresis, contraction of smooth mus-
cle, platelet aggregation, stimulation of liver glycogenolysis,
modulation of ACTH release from the pituitary, and central
regulation of somatic functions (thermoregulation, blood pres-
sure) (37). These multiple actions of AVP can be explained by
the interaction of AVP with at least three types of G protein-
coupled receptors; the V1a (vascular hepatic) and V1b (anterior
pituitary) receptors act through phosphatidylinositol hydroly-
sis to mobilize calcium (38), and the V2 (kidney) receptor is
coupled to adenylate cyclase (37). Oxytocin and vasopressin
receptors are widely expressed in the brain and it is now well
recognized that oxytocin and vasopressin are involved in adult–
adult attachment (39) and in the modulation of autonomic fear
responses (40).

The first step in the action of AVP on water excretion is its
binding to arginine vasopressin type 2 receptors (hereafter re-
ferred to as V2 receptors) on the basolateral membrane of the
collecting duct cells (Fig. 87-5). The human gene that codes
for the V2 receptor (AVPR2) is located in chromosome region
Xq28 and has three exons and two small introns (41,42). The
sequence of the cDNA predicts a polypeptide of 371 amino
acids with seven transmembrane, four extracellular, and four
cytoplasmic domains (Fig. 87-6). The V2 receptor is one of
701 members of the rhodopsin family within the superfamily
of guanine-nucleotide (G) protein-coupled receptors ([43]; see
also perspective of Perez [44]). The activation of the V2 re-
ceptor on renal collecting tubules stimulates adenylyl cyclase
via the stimulatory G protein (Gs) and promotes the cyclic
adenosine monophosphate (cAMP)-mediated incorporation of
water pores into the luminal surface of these cells. This process

FIGURE 87-4. A: Relationship between plasma arginine va-
sopressin (AVP) and plasma osmolality during infusion of hy-
pertonic saline solution. Patients with primary polydipsia and
nephrogenic diabetes insipidus have values within the normal
range (open area) in contrast to patients with neurogenic dia-
betes insipidus, who show subnormal plasma antidiuretic hor-
mone (ADH) responses (cross-hatched area). B: Relationship
between urine osmolality and plasma ADH during dehydration
and water loading. Patients with neurogenic diabetes insipidus
and primary polydipsia have values within the normal range
(open area) in contrast to patients with nephrogenic diabetes
insipidus, who have hypotonic urine despite high plasma ADH
(stippled area). (From: Zerbe RL, Robertson GL. Disorders of
ADH. Med North Am 1984;13:1570, with permission.)
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FIGURE 87-5. Schematic representation of the effect of arginine vasopressin (AVP) to increase water
permeability in the principal cells of the collecting duct. AVP is bound to the V2 receptor (a G protein-
linked receptor) on the basolateral membrane. The basic process of G protein-coupled receptor signaling
consists of three steps: a hepta-helical receptor that detects a ligand (in this case, AVP) in the extracellular
milieu, a G protein that dissociates into α-subunits bound to GTP and βγ -subunits after interaction with
the ligand-bound receptor, and an effector (in this case, adenylyl cyclase) that interacts with dissociated G
protein subunits to generate small-molecule second messengers. AVP activates adenylyl cyclase increasing
the intracellular concentration of cyclic adenosine monophosphate (cAMP). The topology of adenylyl
cyclase is characterized by 2 tandem repeats of 6 hydrophobic transmembrane domains separated by a
large cytoplasmic loop and terminates in a large intracellular tail. Generation of cAMP follows receptor-
linked activation of the heteromeric G protein (Gs) and interaction of the free Gαs-chain with the adenylyl
cyclase catalyst. Protein kinase A (PKA) is the target of the generated cAMP. Cytoplasmic vesicles carrying
the water channel proteins (represented as homotetrameric complexes) are fused to the luminal membrane
in response to AVP, thereby increasing the water permeability of this membrane. Microtubules and actin
filaments are necessary for vesicle movement toward the membrane. The mechanisms underlying docking
and fusion of aquaporin-2 (AQP2)-bearing vesicles are not known. The detection of the small GTP-binding
protein Rab3a, synaptobrevin 2, and syntaxin 4 in principal cells suggests that these proteins are involved
in AQP2 trafficking (197). When AVP is not available, water channels are retrieved by an endocytic
process, and water permeability returns to its original low rate. AQP3 and AQP4 water channels are
expressed on the basolateral membrane.

is the molecular basis of the vasopressin-induced increase in
the osmotic water permeability of the apical membrane of the
collecting tubule (45).

The gene that codes for the water channel of the apical
membrane of the kidney-collecting tubule has been designated
aquaporin 2 (AQP2) and was cloned by homology to the rat
aquaporin of the collecting duct (46–48). The human AQP2
gene is located in chromosome region 12q13 and has four ex-
ons and three introns (47–49). It is predicted to code for a
polypeptide of 271 amino acids that is organized into two re-
peats oriented at 180◦ to each other and that has six membrane-
spanning domains, with both terminal ends located intracellu-
larly, and conserved asparagine-proline-alanine (NPA) boxes
(Figs. 87-7 and 87-8). It is now well recognized that aquapor-
ins are transmembrane channels found in cell membranes of
all life forms that efficiently transport water while excluding
protons. Molecular dynamic simulations suggest that a global
orientation control mechanism facilitates efficient movement
of a single column of water molecules while preventing proton
transport in the channel (50). Data from mouse models suggest
that AQP3 and AQP4 may play an important role in urinary
concentration at the basolateral membrane (51). New roles for
aquaporins are being discovered including a possible role of
AQP1 facilitated water permeability for cell migration related
to angiogenesis (52).

AQP2 is detectable in urine, and changes in urinary excre-
tion of this protein can be used as an index of the action of
vasopressin on the kidney (53–55).

AVP also increases the water reabsorptive capacity of the
kidney by regulating the urea transporter UT-A1, which is
present in the inner medullary collecting duct, predominantly
in its terminal part (56,57). AVP also increases the permeability
of principal collecting duct cells to sodium (58).

In summary, as stated elegantly by Ward et al. (58), in the
absence of AVP stimulation, collecting duct epithelia exhibit
very low permeabilities to sodium, urea, and water. These spe-
cialized permeability properties permit the excretion of large
volumes of hypotonic urine formed during intervals of water
diuresis. In contrast, AVP stimulation of the principal cells of
the collecting ducts leads to selective increases in the perme-
ability of the apical membrane to water (Pf), urea (Purea), and
Na (PNa).

These actions of vasopressin in the distal nephron are possi-
bly modulated by prostaglandins E2 and by the luminal calcium
concentration. High levels of E-prostanoid (EP3) receptors are
expressed in the kidney (59). However, mice lacking EP3 re-
ceptors for prostaglandin E2 were found to have quasinormal
regulation of urine volume and osmolality in response to var-
ious physiologic stimuli (59). An apical calcium/polycationic
receptor protein expressed in the terminal portion of the inner



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-87 Schrier-2611G GRBT133-Schrier-v5.cls September 14, 2006 16:54

Chapter 87: Nephrogenic and Central Diabetes Insipidus 2253

MLM

A

T S
T

S
A

V
P

G

H

P

S

L

P

S
L

P
S

N

Q

S

S

E
R

P

L

T

D
D

R
P

L

A

R A E L

I

L

L
S

A

V

F
A

V

A

L

N G L
V L A

A

L

R

A

G

R

R

R

W
G H

A

P

I

H

V

F

I

G H
C

L

L D

L

A

A

V

A

L

F

Q
V

L

P

Q L

A
W K

T

D

R

F

G

P

R

D A L C
R A V K

L QY
M

V G M Y
A

SS

Y M

I
L

A
M

L

T

D

H

A
R

R

R
P

I

C

M
A YL R

H

G

S

G

A

H

W

R

N

P

V

L

V

WA
A

F S

L

L

S

L P Q
L

I

F

F

A

QR
G N

V

E

GG

V

S

TDC

W

A

F
A

C

E WP
G

R
R

T

T

YV

W

I

A

L VM

F

V

A

T L
IG

A

A

Q V

L

C

I

F
R

E
I

H

A

V

S

L

P

G

P

S

E

P G G
R

R R R

R

R

G

G
SPG

E

T

G

A

H

V S

A

A
V

A

V

R

K

T

M T L

V
V V

V V

I

Y L

C W A

P

F F L V

Q L W

A

W D P

A

P L

E

E G

A

A

P F V
L L M L
L

SN
C T

N P W I

Y

A
S

F
S

S

S

V S S E
L

S

L

L

C C

R

A

R

G

R

T
P

P
S

L

G

P

Q

D
E

S C T T A
S

S

S

L
A

D
TSS

K

A

L

12
3

4
56

7

8

9

10

11

12

13

14

15

16

1718
19

20

21

22

23

24

25

26

27

28

29

30

39

31323334

36

37

38

41
42 43 44

45
46

47
48 49

50
52 53

54
55 56 57

58
59 60

61

62

63

64

65

66

67

68

69 70

71

72

73

74

75

76

77

78

79 80

35

81
82

83 84 85 86

87 88 89 90

91 92
94

95 96
97 98

99
100 101

102

103

104
105 106

107

108

109 110
111 112

113 114
115

116

117 118
119 120

121 122 123 124

125 126 127

128 129

130

131

132
133

134

135

136

137

138

139

140

141

142

143

144

145
146 147 148 149

150

151

152

153

154

155

156

157

158

159

160

161

162

163 164
165

166
167

168

169

171

172
173 174

175
176

177

178

179

181 180
182

183184

185

186

187

188

189

190
191192

193

194

195

196
197 198 199 200

201

202

203

204

205

206 207 208

209 210 211

212 213 214 215

216 217 218 219

220 221 222
223

224
226

227

228

229

230

231

233

234

235

236

237

238

239

240

232

241

242

243
244

245 246 247
248

249

250

251

252

253

254

255256257

258

259

260

261

262 263

264

265

266

267

268

269

270

271

272
273 274

275 276 277 278

279 280 281 282

283 284 285 286

287 288 289 290

291
292 293

294

296
297

298

299

301

295

300

302 303 304

305 306 307 308

309
310

316

311 312

313 314
315

317 318 319 320

321 322 323 324

325

326

327
328

329

330

331

332 333
334

335
336

337

338

339

340

341 342

343

344

345

346

347

348
349

350

351

352

353

354

355

356
357 358 359 360 361

362

363

364

365
366

367368
369

370371

225

1
-NH2

HOOC-
371

extracellular

intracellular

R

I

L

L

L

N

L

L

H

L D

L

A

F

Q
L

W

G

P

R

C
R

G M

SS

Y

I

A

L

R

R

C

A

WA
A

S

P Q

F

R
G

V

D

G
R

T

T

Y

I

L

M L

V

Y L

A

P

F L V

L

A

L

N C

N P W

G

44

46

53

55

59

62

80 81

83 84 85

88

92
94

95

99

104
105 106

107

112

113

122
123

126 127

128

130

132

135

137

142

143

147

163 164
165

167

173
174

181
185

191

201

202

204

205

206 207

209

214

217
219

272
274

277

280 282

285 286

287 289 290

292

294

309

315

317
319

321 322 323

352

43

W

Q

Y

W

Q
W

W

Q

E

E

W

W

W

L

R

71

119

124

164

180
193

200

231

242

284

293

296

312

337

225

000000

L
00

L
00

L
00

L
00

L
00

L
00

L
0

L
0

L
0

L
0

L
0

L
0

L
0

L
0

L
0

L
0

L
0

L
000000

AAAAAAA
999

000000000000000000000000000000000

2 2

3

3

2

2

2

2

2

2

2 2

2

FIGURE 87-6. Schematic representation of the V2 receptor and identification of 183 putative disease-
causing AVPR2 mutations. Predicted amino acids are given as the one-letter amino acid code. Solid
symbols indicate missense or nonsense mutations; a number indicates more than one mutation in the same
codon; other types of mutations are not indicated on the figure. The extracellular, transmembrane, and
cytoplasmic domains are defined according to Mouillac et al. (198). There are 89 missense, 18 nonsense,
45 frameshift deletion or insertion, 7 in-frame deletion or insertion, 4 splice-site, and 19 large deletion
mutations, and one complex mutation. See http://www.medicine.mcgill.ca/nephros for a list of mutations.
(Reprinted from: Fujiwara TM, Bichet DG. Molecular biology of hereditary diabetes insipidus. J Am Soc
Nephrol 2005;16:2836 [Fig. 1], with permission.)

medullary collecting duct of the rat has been shown to reduce
AVP-elicited osmotic water permeability when luminal calcium
concentration rises (60). This possible link between calcium
and water metabolism may play a role in the pathogenesis of
renal stone formation (60).

Knockout Mice with Urinary
Concentration Defects

A useful strategy to establish the physiologic function of a pro-
tein is to determine the phenotype produced by pharmacologic
inhibition of protein function or by gene disruption. Transgenic
knockout mice deficient in AQP1, AQP2, AQP3, AQP4, AQP3
and AQP4, CLCNK1, NKCC2, AVPR2, or AGT have been en-
gineered (61–69). Angiotensinogen (AGT)-deficient mice are

characterized by both concentrating and diluting defects sec-
ondary to a defective renal papillary architecture (69).

As reviewed by Rao and Verkman (70) extrapolation of
data in mice to humans must be made with caution. For ex-
ample, the maximum osmolality of mouse (greater than 3,000
mOsmol/kg H2O) is much greater than that of human urine
(1,000 mOsmol/kg H2O), and normal serum osmolality in mice
is 330 to 345 mOsmol/kg H2O, substantially greater than that
in humans (280 to 290 mOsmol/kg H2O). Protein expression
patterns and thus the interpretation of phenotype studies may
also be species-dependent. For example, AQP4 is expressed in
both proximal tubule and collecting duct in mouse but only in
collecting duct in rat and human (70).

The Aqp3, Aqp4, Clcnk-1, and Agt knockout mice have
no identified human counterparts. Of interest, AQP1-null in-
dividuals have no obvious symptoms (71). Yang et al. (68)
have generated an AQP2-T126M knock-in mutant mice to

http://www.medicine.mcgill.ca/nephros
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FIGURE 87-7. Schematic representations explaining the mechanism for blocking proton permeation of
aquaporin 1 (AQP1). A: Diagram illustrating how partial charges from the helix dipoles restrict the ori-
entation of the water molecules passing through the constriction of the pore. B, C: Diagrams illustrating
hydrogen bonding of a water molecule with asparagines (Asn) 76 and/or Asn 192, which extend their
amido groups into the constriction of the pore. The ribbon and ball-stick models were prepared with
MOLSCRIPT (199). D: The two conserved asparagines in the aquaglyceroporin force a central water
molecule to serve strictly as a hydrogen bond donor to its neighboring water molecules. Water reorien-
tation is indicated by green arrows. (Reprinted from: Murata K, Mitsuoka K, Hirai T, et al. Structural
determinants of water permeation through aquaporin-1. Nature 2000;407:599 and Tajkhorshid E, Nollert
P, Jensen MO, et al. Control of the selectivity of the aquaporin water channel family by global orientational
tuning. Science 2002;296:525, with permission.)

recapitulate the clinical features of the naturally occurring hu-
man AQP2 mutation T126M (72). The mutant mice appeared
normal at 2 to 3 days after birth, but failed to thrive and gen-
erally died by day 6 if not given supplemental fluid. These
mice were characterized by an extremely severe concentrat-
ing defect with urine osmolality of 225 ± 9 mOsmol/kg H2O
with concomitant serum osmolality of 450 ± 50 mOsmol/kg
H2O and renal failure. Ethylnitrosourea-mutagenized mice het-
erozygous for the F204V mutation in the Aqp2 gene have re-
cently been described (73). The homozygous mice are viable
because of a moderate phenotype with a possibility to con-
centrate urine from 161 to 470 mOsmol/kg H2O in response
to dDAVP. Cell biology experiments performed on renal tissue
from Aqp2F 204V/+ animals suggest that the mutant protein is
being rescued by the wildtype protein. Mice lacking the AVPR2
receptor (67) also failed to thrive and died within the first week
after birth due to hypernatremic dehydration (67). The absence
of the gene coding for the NaK2Cl cotransport (NKCC2) in the
luminal membrane of the thick ascending loop of Henle in the
mouse also caused polyuria that was not compensated else-
where in the nephron and recapitulated many features of the
human classical Bartter’s syndrome (66). The absence of trans-
cellular NaCl transport via NKCC2 probably abolished the
lumen positive transepithelial voltage that enables paracellular
reabsorption of Na and K across the wall of the thick ascending
tubule. The combined absence of transcellular and paracellular
transport of salt across the thick ascending limb cells prevents

the establishment of the normal osmotic gradient necessary for
urine concentration.

The Brattleboro Rat with Autosomal
Recessive Neurogenic Diabetes Insipidus

The classical animal model for studying diabetes insipidus
has been the Brattleboro rat with autosomal recessive neu-
rogenic diabetes insipidus. These di/di rats are homozygous
for a 1-bp deletion (G) in the second exon that results in a
frameshift mutation in the coding sequence of the carrier neu-
rophysin II (NPII) (74) (Fig. 87-9). The polyuric symptoms are
also observed in heterozygous di/n rats. Homozygous Brattle-
boro rats may still demonstrate some V2 antidiuretic effect,
since the administration of a selective nonpeptide V2 antago-
nist (SR121463A, 10 mg/kg i.p.) induced a further increase in
urine flow rate (200 to 354 ± 42 mL per 24 hours) and a de-
cline in urinary osmolality (170 to 92 ± 8 mmol/kg) (75). Oxy-
tocin, which is present at enhanced plasma concentrations in
Brattleboro rats, may be responsible for the antidiuretic activ-
ity observed (76,77). Oxytocin is not stimulated by increased
plasma osmolality in humans. The Brattleboro rat model is,
therefore, not strictly comparable with the rarely observed hu-
man cases of autosomal recessive neurogenic diabetes insipidus
(78,79).
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A B

FIGURE 87-8. A: Schematic representation of aquaporin 2 (AQP2) and identification of 35 putative
disease-causing AQP2 mutations. See Figure 87-1 legend for a description of the symbols. The locations
of the NPA boxes and the PKA phosphorylation site (Pa) are indicated. The extracellular, transmembrane,
and cytoplasmic domains are defined according to Deen PM, Verdijk MA, Knoers NV, et al. Requirement
of human renal water channel aquaporin-2 for vasopressin-dependent concentration of urine. Science
1994;264:92. Solid symbols indicate the location of the missense or nonsense mutations. There are 25
missense, 2 nonsense, 6 frameshift deletion or insertion, and 2 splice-site mutations. B: A monomer is
represented with six transmembrane helices, A–F. The asterisk indicates where the molecular pseudo-
2-fold symmetry is strongest (201). (Reprinted from: Fujiwara TM, Bichet DG. Molecular biology of
hereditary diabetes insipidus. J Am Soc Nephrol 2005;16:283 [Fig. 2], with permission.)

Clinical Characteristics of Diabetes
Insipidus Disorders

Central Diabetes Insipidus

Common Forms. Failure to synthesize or secrete vasopressin
normally limits maximal urinary concentration and, depending

FIGURE 87-9. Neurophysin II genomic and amino acid sequence
showing the 1 bp (G) deleted in the Brattleboro rat. The human se-
quence (GenBank entry M11166) is also shown. It is almost identical
to the rat pre-pro sequence. In the Brattleboro rat, G1880 is deleted
with a resultant frameshift after 63 amino acids (amino acid 1 is the
first amino acid of neurophysin II).

on the severity of the disease, causes varying degrees of polyuria
and polydipsia. Experimental destruction of the vasopressin-
synthesizing areas of the hypothalamus (supraoptic and para-
ventricular nuclei) causes a permanent form of the disease.
Similar results are obtained by sectioning the hypophyseal-
hypothalamic tract above the median eminence. Sections below
the median eminence, however, produce only transient diabetes
insipidus. Lesions to the hypothalamic-pituitary tract are often
associated with a three-stage response both in experimental
animals and in humans (80), which consists of:

1. An initial diuretic phase lasting from a few hours to 5 to
6 days.

2. A period of antidiuresis unresponsive to fluid administra-
tion. This antidiuresis is probably due to vasopressin re-
lease from injured axons and may last from a few hours
to several days. Because urinary dilution is impaired during
this phase, continued water administration can cause severe
hyponatremia.

3. A final period of diabetes insipidus. The extent of the injury
determines the completeness of the diabetes insipidus, and as
already discussed, the site of the lesion determines whether
the disease will or will not be permanent.

A detailed assessment of water balance following transsphe-
noidal surgery has been reported (81). One hundred and one
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TA B L E 8 7 - 1

ETIOLOGY OF HYPOTHALAMIC DIABETES INSIPIDUS IN CHILDREN
AND ADULTS

Children and young
Children (%) adults (%) Adults (%)

Primary brain tumora 49.5 22 30
Before surgery 33.5 13
After surgery 16 17

Idiopathic (isolated or familial) 29 58 25
Histiocytosis 16 12 —
Metastatic cancerb — 8
Traumac 2.2 2.0 17
Postinfectious disease 2.2 6.0 —

aPrimary malignancy: craniopharyngioma, dysgerminoma, meningioma, adenoma, glioma, astrocytoma.
bSecondary: metastatic from lung or breast, lymphoma, leukemia, dysplastic pancytopenia.
cTrauma could be severe or mild.
(Data from: Czernichow P, Pomarede R, Brauner R, et al. Neurogenic diabetes insipidus in children. In:
Czernichow P, Robinson AG, eds. Frontiers of Hormone Research, vol 13, “Diabetes insipidus in man.”
Basel, Switzerland: S. Karger; 1985:190; Greger NG, Kirkland RT, Clayton GW, et al. Central diabetes
insipidus. 22 years’ experience. Am J Dis Child 1986;140:551; Moses AM, Blumenthal SA, Streeten DH.
Acid–base and electrolyte disorders associated with endocrine disease: pituitary and thyroid. In: Arieff AI,
de Fronzo RA, eds. Fluid, Electrolyte, and Acid–base Disorders. New York: Churchill Livingstone; 1985:
851; Maghnie M, Cosi G, Genovese E, et al. Central diabetes insipidus in children and young adults.
N Engl J Med 2000;343:998.)

patients who underwent transsphenoidal pituitary surgery at
the National Institutes of Health Clinical Center were stud-
ied. Twenty-five percent of the patients developed sponta-
neous isolated hyponatremia, 20% developed diabetes in-
sipidus, and 46% remained normonatremic. Normonatremia,
hyponatremia, and diabetes insipidus were associated with in-
creasing degrees of surgical manipulation of the posterior lobe
and pituitary stalk during surgery.

The etiologies of central diabetes insipidus in adults and
in children are listed in Table 87-1 (82–84). Rare causes of
central diabetes insipidus include leukemia, thrombotic throm-
bocytopenic purpura, pituitary apoplexy, sarcoidosis and
Wegener’s granulomatosis (85). A distinctive syndrome char-
acterized by early diabetes insipidus with subsequent progres-
sive spastic cerebellar ataxia has also been described (86).
Five patients who all presented with central diabetes insipidus
and hypogonadism as first manifestations of neurosarcoidosis
have been reported (87). Finally, circulating antibodies to va-
sopressin do not play a role in the development of diabetes
insipidus (88). Antibodies to vasopressin occasionally develop
during treatment with ADH and, when they do, almost always
result in secondary resistance to its antidiuretic effect (88,89).
Maghnie et al. (84) studied 79 patients with central diabetes
insipidus who were seen at four pediatric endocrinology units
between 1970 and 1996. There were 37 male and 42 female
patients whose median age at diagnosis was 7 years (range,
0.1 to 24.8 years). In 10 patients, central diabetes insipidus
developed during an infectious illness or less than 2 months
afterward (varicella in 5 patients, mumps in 3 patients, and
measles, toxoplasmosis, and hepatitis B in 1 patient each).
Deficits in anterior pituitary hormones were documented in
48 patients (61%) a median of 0.6 year (range, 0.1 to 18.0
years) after the onset of diabetes insipidus. The most frequent
abnormality was growth hormone deficiency (59%), followed
by hypothyroidism (28%), hypogonadism (24%), and adrenal
insufficiency (22%). Seventy-five percent of the patients with
histiocytosis of the Langerhans’ cells had an anterior pituitary
hormone deficiency that was first detected at a median of 3.5
years after the onset of diabetes insipidus. The frequency and

progression of histiocytosis of the Langerhans’ cells related to
anterior pituitary and other nonendocrine hypothalamic dys-
function, and their response to treatment in 12 adult patients
has also been recently reviewed (90). None of the patients with
central diabetes insipidus secondary to AVP mutations devel-
oped anterior pituitary hormone deficiencies.

Rare Forms. Inherited neurohypophyseal diabetes insipidus
(OMIM 125700) (91) due to mutations in the AVP gene
(OMIM 192340) (91) and Wolfram syndrome 1 (OMIM
222300) (91) due to mutations in the WFS1 gene. Historically,
Lacombe (92) and Weil (93) described a familial non–X-linked
form of diabetes insipidus without any associated mental retar-
dation. The descendants of the family described by Weil were
later found to have autosomal dominant neurogenic diabetes
insipidus (94–96).

Patients with autosomal dominant neurohypophyseal dia-
betes insipidus retain some limited capacity to secrete AVP dur-
ing severe dehydration, and the polyuria-polydipsic symptoms
usually appear after the first year of life (97), when the in-
fant’s demand for water is more likely to be understood by
adults. More than 50 AVP mutations segregating with auto-
somal dominant or autosomal recessive neurohypophyseal di-
abetes insipidus have been described (for a list of mutations
see http://www.medicine.mcgill.ca/nephros). The mechanisms
by which a mutant allele causes neurohypophyseal diabetes in-
sipidus could involve the induction of magnocellular cell death
as a result of the accumulation of AVP precursors within the en-
doplasmic reticulum (98–100). This hypothesis could account
for the delayed onset of the disease. In addition to the cyto-
toxicity caused by mutant AVP precursors, the interaction be-
tween the wild-type and the mutant precursors suggests that
a dominant-negative mechanism may also contribute to the
pathogenesis of autosomal dominant diabetes insipidus (101).
The absence of symptoms in infancy in autosomal dominant
neurohypophyseal diabetes insipidus is in sharp contrast with
nephrogenic diabetes insipidus (NDI) secondary to mutations
in AVPR2 or in AQP2, in which the polyuria-polydipsic symp-
toms are present during the first week of life.

http://www.medicine.mcgill.ca/nephros
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Of interest, errors in protein folding represent the under-
lying basis for many inherited diseases (102–104) and are
also pathogenic mechanisms for AVP, AVPR2, and AQP2
mutants. Why AVP misfolded mutants are cytotoxic to AVP-
producing neurons is an unresolved issue. Protein misfold-
ing, an “unfolded protein response” in cells, and the accu-
mulation of excess misfolded protein leading to apoptotic cell
death are well documented for autosomal dominant retinitis
pigmentosa (105).

Three families with autosomal recessive neurohypophyseal
diabetes insipidus have been identified in which the patients
were homozygous or compound heterozygotes for AVP mu-
tations (78,79). Two of these families are characterized phe-
notypically by severe and early onset in the first three months
of life with polyuria, polydipsia, and dehydration. As a conse-
quence, early hereditary diabetes insipidus can be neurogenic
or nephrogenic.

Wolfram syndrome, also known as DIDMOAD, is an au-
tosomal recessive neurodegenerative disorder accompanied by
insulin-dependent diabetes mellitus and progressive optic atro-
phy. The acronym DIDMOAD describes the following clinical
features of the syndrome: diabetes insipidus, diabetes mellitus,
optic atrophy, and sensorineural deafness. An unusual inci-
dence of psychiatric symptoms has also been described in pa-
tients with this syndrome. These included paranoid delusions,
auditory or visual hallucinations, psychotic behavior, violent
behavior, organic brain syndrome typically in the late or preter-
minal stages of their illness, progressive dementia, and severe
learning disabilities or mental retardation or both. Patients
with Wolfram syndrome develop diabetes mellitus and bilateral
optical atrophy, mainly in the first decade of life; the diabetes in-
sipidus is usually partial and of gradual onset, and the polyuria
can be wrongly attributed to poor glycemic control. Further-
more, a severe hyperosmolar state can occur if untreated di-
abetes mellitus is associated with an unrecognized posterior
pituitary deficiency. The dilation of the urinary tract observed
in the DIDMOAD syndrome may be secondary to chronic high
urine flow rates and, perhaps, to some degenerative aspects of
the innervation of the urinary tract. The gene responsible for
Wolfram syndrome located in chromosome region 4p16.1,
encodes a putative 890 amino acid transmembrane protein
referred as wolframin. Wolframin is an endoglycosidase H-
sensitive glycoprotein, which localizes primarily in the endo-
plasmic reticulum of a variety of neurons including neurons in
the supraoptic nucleus and neurons in the lateral magnocellular
division of the paraventricular nucleus (106,107).

The Syndrome of Hypernatremia and Hypodipsia. Some pa-
tients with the hypernatremia and hypodipsia syndrome may
have partial central diabetes insipidus (108). These patients
also have persistent hypernatremia, which is not due to any
apparent extracellular volume loss; absence or attenuation of
thirst; and a normal renal response to AVP. In almost all the
patients studied to date, the hypodipsia has been associated
with cerebral lesions in the vicinity of the hypothalamus. It has
been proposed that there is a “resetting” of the osmoreceptor
in these patients because their urine tends to become concen-
trated or diluted at inappropriately high levels of plasma os-
molality. However, by using the regression analysis of plasma
AVP concentration versus plasma osmolality, it has been pos-
sible to show that in some of these patients the tendency to
concentrate and dilute urine at inappropriately high levels of
plasma osmolality is due solely to a marked reduction in sen-
sitivity or a gain in the osmoregulatory mechanism. This find-
ing is compatible with the diagnosis of partial central diabetes
insipidus. In other patients, however, plasma AVP concentra-
tions fluctuate randomly, bearing no apparent relationship to
changes in plasma osmolality. Such patients frequently display
large swings in serum sodium concentrations and often exhibit
hypodipsia. It appears that most patients with essential hy-

FIGURE 87-10. Plasma vasopressin (PAVP) as a function of “effective”
plasma osmolality (POSM) in two patients with adipsic hypernatremia.
Open circles indicate values obtained on admission; filled squares in-
dicate those obtained during forced hydration; filled triangles indi-
cate those obtained after 1 to 2 weeks of ad libitum water intake;
shaded areas indicate range of normal values. (From: Robertson GL.
The physiopathology of ADH secretion. In: Tolis G, Labrie F, Mar-
tin JB, et al., eds. Clinical Neuroendocrinology: A Pathophysiological
Approach. New York: Raven Press; 1979:247, with permission.)

pernatremia fit one of these two patterns (Fig. 87-10). Both
of these groups of patients consistently respond normally to
non-osmolar AVP release signals, such as hypotension, emesis,
hypoglycemia, or all three of these signals. These observations
suggest that the osmoreceptor may be anatomically as well as
functionally separate from the non-osmotic efferent pathways
and neurosecretory neurons for vasopressin. Furthermore, a
hypothalamic lesion may impair the osmotic release of AVP,
whereas the non-osmotic release of AVP remains intact, and
the osmoreceptor neurons that regulate vasopressin secretion
are not totally synonymous with those that regulate thirst, al-
though they appear to be anatomically close if not overlapping.

Nephrogenic Diabetes Insipidus

It is clinically useful to distinguish two types of hereditary
nephrogenic diabetes insipidus (NDI): a “pure” type charac-
terized by loss of water only; and a complex type characterized
by loss of water and ions. Patients with congenital NDI bearing
mutations in the AVPR2 or AQP2 genes have a pure NDI phe-
notype with loss of water but normal conservation of sodium,
potassium, chloride, and calcium. Patients bearing inactivat-
ing mutations in one of the five genes (SLC12A1, KCNJ1,
CLCNKB, CLCNKA and CLCNKB in combination, or
BSND) that encode the membrane proteins of the thick as-
cending limb of the loop of Henle have a complex polyuria-
polydipsic syndrome with loss of water, sodium, chloride, cal-
cium, magnesium, and potassium.

X-Linked Nephrogenic Diabetes Insipidus (OMIM 304800)
(91) due to Mutations in the AVPR2 Gene. X-linked NDI is
generally a rare disease in which the affected male patients do
not concentrate their urine after administration of AVP (109).
Because this form is a rare, recessive X-linked disease, females
are unlikely to be affected, but heterozygous females can ex-
hibit variable degrees of polyuria and polydipsia because of
skewed X chromosome inactivation. In Quebec, the incidence
of this disease among males was estimated to be approximately
8.8 in 1,000,000 male live births (110). A founder effect of
two particular AVPR2 mutations (111), one in Ulster Scot
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immigrants (the “Hopewell” mutation, W71X) and one in a
large Utah kindred (the “Cannon” pedigree) result in an ele-
vated prevalence of X-linked NDI in their descendants in cer-
tain communities in Nova Scotia, Canada, and in Utah, USA
(111). These founder mutations have now spread all over the
North American continent. To date, we have identified the
W71X mutation in 42 affected males who reside predomi-
nantly in the Maritime Provinces of Nova Scotia and New
Brunswick, and the L312X mutation in eight affected males
who reside in the central United States. We know of 98 living
affected males of the Hopewell kindred and 18 living affected
males of the Cannon pedigree. To date, 183 putative disease-
causing AVPR2 mutations have been published in 287 NDI
families (Fig. 87-6).

We propose that all families with hereditary diabetes in-
sipidus should have their molecular defects identified. The
molecular identification underlying X-linked NDI is of imme-
diate clinical significance because early diagnosis and treatment
of affected infants can avert the physical and mental retarda-
tion resulting from repeated episodes of dehydration. Diag-
nosis of X-linked NDI was accomplished by mutation testing
of chorionic villous samples (n = 7), cultured amniotic cells
(n = 6), or cord blood (n = 31). Three infants who had muta-
tion testing done on amniotic cells (n = 1) or chorionic villous
samples (n = 2) also had their diagnosis confirmed by cord
blood testing. Of the 44 offspring tested, 21 were found to be
affected males, 16 were unaffected males, and five were non-
carriers (M.-F. Arthus, M. Lonergan, and D.G. Bichet, unpub-
lished data). The affected males were immediately treated with
abundant water intake, a low sodium diet, and hydrochloro-
thiazide. They have not experienced severe episodes of dehy-
dration and their physical and mental development remain
normal. Affected premature males may experience less severe
polyuric symptoms and may need increased hydration only
during their first week without a need for hydrochlorothiazide
treatment. Water should be offered every 2 hours day and night,
and temperature, appetite, and growth should be monitored.
Admission to hospital may be necessary for continuous gastric
feeding. The voluminous amounts of water kept in patients’
stomachs will exacerbate physiologic gastrointestinal reflux in
infants and toddlers, and many affected boys frequently vomit
and have a strong positive “Tuttle test” (esophageal pH test-
ing). These young patients often improve with the absorption
of an H2 blocker and with metoclopramide (which could in-
duce extrapyramidal symptoms) or with domperidone, which
seems to be better tolerated and efficacious. All polyuric states
(whether neurogenic, nephrogenic, or psychogenic) can induce
large dilations of the urinary tract and bladder (112–114), and
bladder function impairment has been well documented in pa-
tients bearing AVPR2 or AQP2 mutations (115,116). Chronic
renal failure secondary to bilateral hydronephrosis has been ob-
served as a long-term complication in these patients. Renal and
abdominal ultrasonography should be done annually and sim-
ple recommendations including frequent urination and “dou-
ble voiding” could be important to prevent these consequences.

Classification of the defects of naturally occurring mutant
human V2 receptors can be based on a similar scheme to that
used for the low-density lipoprotein receptor. Mutations have
been grouped according to the function and subcellular local-
ization of the mutant protein, the cDNA of which has been
transiently transfected in a heterologous expression system
(117). According to this classification, type 1 mutant V2 recep-
tors reach the cell surface but display impaired ligand binding
and are consequently unable to induce normal cAMP produc-
tion. The presence of mutant V2 receptors on the surface of
transfected cells can be determined pharmacologically. By car-
rying out saturation binding experiments using tritiated AVP,
the number of cell-surface mutant V2 receptors and their ap-
parent binding affinity can be compared with that of the wild-

type receptor. In addition, the presence of cell surface receptors
can be assessed directly by using immunodetection strategies
to visualize epitope-tagged receptors in whole-cell immunoflu-
orescence assays.

Type 2 mutant receptors have defective intracellular trans-
port. This phenotype is confirmed by carrying out, in parallel,
immunofluorescence experiments on cells that are intact (to
demonstrate the absence of cell surface receptors) or permeabi-
lized (to confirm the presence of intracellular receptor pools).
In addition, protein expression is confirmed by western blot
analysis of membrane preparations from transfected cells. It is
likely that these mutant type 2 receptors accumulate in a pre-
Golgi compartment, because they are initially glycosylated but
fail to undergo glycosyl-trimming maturation.

Type 3 mutant receptors are ineffectively transcribed and
lead to unstable mRNAs, which are rapidly degraded. This
subgroup seems to be rare, since northern blot analysis of cells
expressing mutant AVPR2 receptors showed mRNAs of normal
quantity and molecular size.

Most of the AVPR2 mutants that we and other investiga-
tors have tested are type 2 mutant receptors. They did not
reach the cell membrane and were trapped in the interior of
the cell (118–121). Other mutant G protein–coupled recep-
tors (122) and gene products causing genetic disorders are also
characterized by protein misfolding. Mutations that affect the
folding of secretory proteins, integral plasma membrane pro-
teins, or enzymes destined to the endoplasmic reticulum, Golgi
complex, and lysosomes result in loss-of-function phenotypes,
irrespective of their direct impact on protein function, because
these mutant proteins are prevented from reaching their final
destination (123). Folding in the endoplasmic reticulum is the
limiting step: mutant proteins that fail to fold correctly are ini-
tially retained in the endoplasmic reticulum and subsequently
often degraded. Key proteins involved in the urine countercur-
rent mechanisms are good examples of this basic mechanism
of misfolding. AQP2 mutations responsible for autosomal re-
cessive NDI are characterized by misrouting of the misfolded
mutant proteins and are trapped in the endoplasmic reticulum
(124). Mutants encoding other renal membrane proteins that
are responsible for Gitelman syndrome (125), Bartter’s syn-
drome (126,127), and cystinuria (128) are also retained in the
endoplasmic reticulum.

The AVPR2 missense mutations are likely to impair folding
and to lead to rapid degradation of the misfolded polypeptide
and not to the accumulation of toxic aggregates (as is the case
for AVP mutants), because the other important functions of
the principal cells of the collecting duct (where AVPR2 is ex-
pressed) are entirely normal. These cells express the epithelial
sodium channel (ENac). Decreased function of this channel re-
sults in a sodium-losing state (129). This has not been observed
in patients with AVPR2 mutations. By contrast, another type of
conformational disease is characterized by the toxic retention
of the misfolded protein. The relatively common Z mutation in
α1-antitrypsin deficiency not only causes retention of the mu-
tant protein in the endoplasmic reticulum but also affects the
secondary structure by insertion of the reactive center loop of
one molecule into a destabilized β sheet of a second molecule
(130). These polymers clog up the endoplasmic reticulum in
hepatocytes and lead to cell death and juvenile hepatitis, cir-
rhosis, and hepatocarcinomas in these patients (131).

If the misfolded protein/traffic problem responsible for so
many human genetic diseases can be overcome and the mutant
protein transported from the endoplasmic reticulum to its final
destination, these mutant proteins could be sufficiently func-
tional (103). Therefore, using pharmacologic chaperones or
pharmacochaperones to promote escape from the endoplasmic
reticulum is a possible therapeutic approach (104,123,132).
We used selective nonpeptide V2 and V1 receptor antagonists
to rescue the cell surface expression and function of naturally
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occurring misfolded human V2 receptors (118). Because the
beneficial effect of nonpeptide V2 antagonists could be sec-
ondary to prevention and interference with endocytosis, we
studied the R137H mutant previously reported to lead to con-
stitutive endocytosis (133). Of note, the gain-of-functions mu-
tations R137C and R137L have recently been described in two
patients with a “nephrogenic syndrome of inappropriate anti-
diuresis” (134). We found that the antagonist did not prevent
the constitutive β-arresting-promoted endocytosis (119). These
results indicate that as for other AVPR2 mutants, the benefi-
cial effects of the treatment result from the action of the phar-
macologic chaperones. In clinical studies, we administered a
nonpeptide vasopressin antagonist SR49059 to five adult pa-
tients with NDI bearing the del62-64, R137H, and W164S
mutations. SR49059 significantly decreased urine volume and
water intake and increased urine osmolality, whereas sodium,
potassium, and creatinine excretions and plasma sodium were
constant throughout the study (135). This new therapeutic ap-
proach could be applied to the treatment of several hereditary
diseases resulting from errors in protein folding and kinesis
(103,104).

Because most human gene-therapy experiments using
viruses to deliver and integrate DNA into host cells are poten-
tially dangerous (136), other treatments are being actively pur-
sued. Sangkuhl et al. (137) used aminoglycoside antibiotics be-
cause of their ability to suppress premature termination codons
(138). They demonstrated that geneticin, a potent aminoglyco-
side antibiotic, increased AVP-stimulated cAMP in cultured col-
lecting duct cells prepared from E242X mutant mice. The urine
concentrating ability of heterozygous mutant mice was also
improved.

Autosomal Recessive (OMIM 222000) (91) and Dominant
(OMIM 125800) (91) Nephrogenic Diabetes Insipidus due to
Mutations in the AQP2 Gene (OMIM 107777) (91). On the
basis of desmopressin infusion studies and phenotypic charac-
teristics of both males and females affected with NDI, a non-
X-linked form of NDI with a postreceptor (post-cAMP) defect
was suggested (139–141). A patient who presented shortly af-
ter birth with typical features of NDI but who exhibited normal
coagulation and normal fibrinolytic and vasodilatory responses
to desmopressin was shown to be a compound heterozygote for
two missense mutations (R187C and S217P) in the AQP2 gene
(47). To date, 35 putative disease-causing AQP2 mutations
have been identified in 40 NDI families (Fig. 87-8). The oocytes
of the African clawed frog (Xenopus laevis) have provided a
most useful experimental system for studying the function of
many channel proteins. This convenient expression system was
key to the discovery of AQP1 by Peter Agre et al., since frog
oocytes have very low permeability and survive even in fresh
water ponds (142). Control oocytes are injected with water
alone; test oocytes are injected with various quantities of syn-
thetic transcripts from AQP1 or AQP2 DNA (cRNA). When
subjected to a 20 mOsmol osmotic shock, control oocytes have
exceedingly low water permeability but test oocytes become
highly permeable to water. These osmotic water permeability
assays demonstrated an absence or very low water transport
for all the cRNAs with AQP2 mutations. Immunofluorescence
and immunoblot studies demonstrated that these recessive mu-
tants were retained in the endoplasmic reticulum.

AQP2 mutations in autosomal recessive NDI, which are lo-
cated throughout the gene, result in misfolded proteins that are
retained in the endoplasmic reticulum. In contrast, the domi-
nant mutations reported to date are located in the region that
codes for the carboxyl terminus of AQP2 (143–145). Domi-
nant AQP2 mutants form heterotetramers with wt-AQP2 and
are misrouted. Investigation of P262L, the only recessive mu-
tation in the carboxyl terminus, provided new insights into the
loss-of-function and oligomerization of AQP2 proteins. Func-

tional analysis in oocytes of P262L cRNA indicated that, unlike
other AQP2 mutants in recessive NDI, it is a functional water
channel, and that trafficking to the plasma membrane was not
impaired (146). Furthermore, unlike other AQP2 recessive mu-
tants, P262L cRNA forms heterotetramers with wt-AQP2 and
is routed to the apical membrane, and thus in cellular experi-
mental systems has most of the features of AQP2 mutants in
dominant NDI. Carriers of the P262L mutation appear to be
asymptomatic, but more precise measurements are needed to
determine if there is a partial NDI phenotype.

Complex Polyuria-Polydipsic Syndrome. In contrast to a pure
NDI phenotype, with loss of water but normal conservation
of sodium, potassium, chloride, and calcium, in patients with
Bartter’s syndrome renal wasting starts prenatally and poly-
hydramnios often leads to prematurity. Bartter’s syndrome
(OMIM 601678, 241200, 607364, and 602522) (91) refers to
a group of autosomal recessive disorders caused by inactivating
mutations in one of five genes (SLC12A1, KCNJ1, CLCNKB,
CLCNKA and CLCNKB in combination, or BSND) that en-
code membrane proteins of the thick ascending limb of the loop
of Henle (for review see [147] and [148]).

Thirty percent of the filtered sodium chloride is reabsorbed
in the thick ascending limb of the loop of Henle through the
apically expressed sodium-potassium-chloride cotransporter
NKCC2 (encoded by the SLC12A1 gene), which uses the
sodium gradient across the membrane to transport chloride
and potassium into the cell. The potassium ions must be recy-
cled through the apical membrane by the potassium channel,
ROMK (encoded by the KCNJ1 gene). In the large experience
of Hanns Seyberth et al., who studied 85 patients with a hy-
pokalemic salt-losing tubulopathy, all 20 patients with KCNJ1
mutations (except one), and all 12 patients with SLC12A1 mu-
tations were born as preterm infants following severe polyhy-
dramnios (149). Of note, polyhydramnios is never seen during
the pregnancy leading to infants bearing AVPR2 or AQP2 mu-
tations. The most common causes of increased amniotic fluid
include maternal diabetes mellitus, fetal malformations and
chromosomal aberrations, twin-to-twin transfusion syndrome,
rhesus incompatibility, and congenital infections (150). Postna-
tally, polyuria was the leading symptom in 19 of the 32 patients.
Renal ultrasonography revealed nephrocalcinosis in 31 of these
patients. These patients with complex polyuro-polydipsic dis-
orders are often poorly recognized and may be confused with
“pure” NDI. As a consequence, congenital polyuria is not im-
plying automatically AVPR2 or AQP2 mutations, and polyhy-
dramnios, salt wasting, hypokalemia, and nephrocalcinosis are
important clinical and laboratory characteristics that should be
assessed. In patients with Bartter’s syndrome, the dDAVP test
(Fig. 87-11) will indicate only a partial type of NDI. The algo-
rithm proposed by Peters et al. (149) is useful, since most mu-
tations in SLC12A1 and KCNJ1 are found in the carboxyl ter-
minus or in the last exon, and, as a consequence, are amenable
to rapid DNA sequencing.

Acquired Nephrogenic Diabetes Insipidus. The acquired form
of NDI is much more common than the congenital form of
the disease, but it is rarely severe. The ability to elaborate a
hypertonic urine is usually preserved despite the impairment
of the maximal concentrating ability of the nephrons. Polyuria
and polydipsia are therefore moderate (3 to 4 L per day). The
more common causes of acquired NDI are listed in Table 87-2.

Lithium administration has become the most common cause
of NDI. Boton et al. (151) reported that this abnormality was
estimated to be present in at least 54% of 1,105 unselected
patients receiving chronic lithium therapy. Nineteen percent
of these patients had polyuria, as defined by a 24-hour urine
output exceeding 3 L. Renal biopsy revealed a chronic tubu-
lointerstitial nephropathy in all 24 patients with biopsy-proven
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FIGURE 87-11. Measurements on two sisters with Bartter syndrome compared to a patient with NDI. The
two sisters with polyuria, polydipsia, hypokalemia, hypocalcemia, and nephrocalcinosis are homozygous
for the A177T mutation in the KCNJ1 gene (126). Both sisters were born as preterm infants following
severe polyhydramnios. The dDAVP infusion tests (203) were done at 9 (patient 1, left panel) and 11
(patient 2, middle panel) years of age. Indomethacin treatment was discontinued 1 week prior to testing;
water was not restricted during the test. Plasma vasopressin was very low (<0.5 pg/mL) during the test
but plasma renin activity was elevated (20 ng/mL per hour in patient 1, 10 ng/mL per hour in patient 2).
By contrast, patients with AVPR2 (4 year-old NDI patient with the AVPR2 A132D mutation (111), right
panel) or AQP2 mutations generally have low urine osmolality unresponsive to dDAVP, normal plasma
potassium, high vasopressin levels, and normal plasma renin activity. (Reprinted from: Fujiwara TM,
Bichet DG. Molecular biology of hereditary diabetes insipidus. J Am Soc Nephrol 2005;16:2836 [Fig. 4],
with permission.)

lithium toxicity (152). The mechanism whereby lithium causes
polyuria has been studied extensively. Lithium has been shown
to inhibit adenylate cyclase in a number of cell types, includ-
ing renal epithelia (153,154). The concentration of lithium in
the urine of patients on well-controlled lithium therapy (i.e.,
10 to 40 mmol/L) is sufficient to inhibit adenylate cyclase. Mea-
surements of adenylate cyclase activity in membranes isolated
from a cultured pig kidney cell line (LLC-PK1) revealed that

lithium in the concentration area of 10 mmol/L interfered with
the hormone-stimulated guanyl nucleotide regulatory unit (Gs)
(155). The effect of chronic lithium therapy has been studied
in rat kidney membranes prepared from the inner medulla. It
caused a marked downregulation of AQP2 and AQP3 (156),
only partially reversed by cessation of therapy, dehydration,
or dDAVP treatment, consistent with clinical observations
of slow recovery from lithium-induced urinary concentrating
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TA B L E 8 7 - 2

ACQUIRED CAUSES OF NEPHROGENIC DIABETES
INSIPIDUS

Chronic renal disease
Polycystic disease
Medullary cystic disease

Pyelonephritis
Ureteral obstruction
Far-advanced renal failure

Electrolyte disorders
Hypokalemia
Hypercalcemia

Drugs
Alcohol
Phenytoin
Lithium
Demeclocycline
Acetohexamide
Tolazamide
Glyburide
Propoxyphene
Amphotericin
Foscarnet
Methoxyflurane
Norepinephrine
Vinblastine
Colchicine
Gentamicin
Methicillin
Isophosphamide
Angiographic dyes
Osmotic diuretics
Furosemide and ethacrynic acid

Sickle cell disease

Dietary abnormalities
Excessive water intake
Decreased sodium chloride intake
Decreased protein intake

Miscellaneous
Multiple myeloma
Amyloidosis
Sjögren’s disease
Sarcoidosis

defects (157). Downregulation of AQP2 has also been shown
to be associated with the development of severe polyuria due
to other causes of acquired NDI (hypokalemia [158,159], re-
lease of bilateral ureteral obstruction [160, and hypercalcemia
[161]). Therefore, AQP2 expression is severely downregulated
in both congenital (53) and acquired NDI. More studies will
be needed to determine whether nonpeptide vasopressin ag-
onists, permeable cAMP-like compounds, or other signaling
molecules will be able to restore AQP2 expression and func-
tion. In patients receiving long-term lithium therapy, amiloride
has been proposed to prevent the uptake of lithium in the col-
lecting ducts. Amiloride may thus prevent the inhibitory effect
of intracellular lithium on water transport (162).

Primary Polydipsia

Primary polydipsia is a state of hypotonic polyuria secondary
to excessive fluid intake. Primary polydipsia was extensively
studied by Barlow and de Wardener in 1959 (163); however,
the understanding of the pathophysiology of this disease has

made little progress over the past 30 years. Barlow and de
Wardener (163) described seven women and two men who
were compulsive water drinkers; their ages ranged from 48 to
59 years except for one patient who was 24. Eight of these pa-
tients had histories of previous psychological disorders, which
ranged from delusions, depression, and agitation to frank hys-
terical behavior. The other patient appeared normal. The con-
sumption of water fluctuated irregularly from hour to hour
or from day to day; in some patients, there were remissions
and relapses lasting several months or longer. In eight of the
patients, the mean plasma osmolality was significantly lower
than normal. Vasopressin tannate in oil made most of these pa-
tients feel ill; in one, it caused overhydration. In four patients,
the fluid intake returned to normal after electroconvulsive ther-
apy or a period of continuous narcosis; the improvement in
three was transient, but in the fourth it lasted 2 years. Polyuric
female subjects might be heterozygous for de novo or previ-
ously unrecognized AVPR2 mutations or autosomal dominant
AQP2 mutations (164) and may be classified as compulsive
water drinkers (165). Therefore, the diagnosis of compulsive
water drinking must be made with care and may represent our
ignorance of yet undescribed pathophysiologic mechanisms.
Robertson (165) has described under the term dipsogenic dia-
betes insipidus a selective defect in the osmoregulation of thirst.
Three studied patients had under basal conditions of ad libi-
tum water intake, thirst, polydipsia, polyuria, and high-normal
plasma osmolality. They had a normal secretion of AVP, but os-
motic threshold for thirst was abnormally low. Such cases of
dipsogenic diabetes insipidus might represent up to 10% of
all patients with diabetes insipidus (165). Primary polydipsic
rats had low serum sodium, suppressed AVP, low urine osmo-
lality, and decreased AQP2 protein abundance in their inner
medulla (166).

Diabetes Insipidus and Pregnancy

Pregnancy in a Patient Known to Have Diabetes Insipidus. An
isolated deficiency of vasopressin without a concomitant loss
of hormones in the anterior pituitary does not result in altered
fertility, and with the exception of polyuria and polydipsia, ges-
tation, delivery, and lactation are uncomplicated (167). Treated
patients may require increasing dosages of desmopressin. The
increased thirst may be due to a resetting of the thirst osmostat
(168). Increased polyuria also occurs during pregnancy in pa-
tients with partial NDI (169). These patients may be obligatory
carriers of the NDI gene (170).

Syndromes of Diabetes Insipidus that Begin During Gestation
and Remit After Delivery. Barron et al. (171) described three
pregnant women in whom transient diabetes insipidus devel-
oped late in gestation and subsequently remitted postpartum.
In one of these patients, dilute urine was present despite high
plasma concentrations of AVP. Hyposthenuria in all three pa-
tients was resistant to administered aqueous vasopressin. Be-
cause excessive vasopressinase activity was not excluded as a
cause of this disorder, the Barron group labeled the disease va-
sopressin resistant rather than NDI.

A well-documented case of enhanced activity of vasopressi-
nase has been described in a woman in the third trimester of
a previously uncomplicated pregnancy (172). She had mas-
sive polyuria and markedly elevated plasma vasopressinase
activity. The polyuria did not respond to large intravenous
doses of AVP but responded promptly to desmopressin, a
vasopressinase-resistant analog of AVP. The polyuria disap-
peared with the disappearance of the vasopressinase. The in-
cidence of vasopressinase-mediated, desmopressin-responsive
diabetes insipidus is not known. However, another case of
transient desmopressin-resistant diabetes insipidus in a preg-
nant woman has been described recently (173). It is suggested
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FIGURE 87-12. The relationship between urine osmo-
lality and plasma vasopressin in patients with polyuria
of diverse etiology and severity. Note that for each of
the three categories of polyuria (neurogenic diabetes
insipidus, nephrogenic diabetes insipidus, and primary
polydipsia), the relationship is described by a family of
sigmoid curves that differ in height. These differences
in height reflect differences in maximum concentrating
capacity due to “washout” of the medullary concen-
tration gradient. They are proportional to the severity
of the underlying polyuria (indicated in liters per day
at the right end of each plateau) and are largely inde-
pendent of the etiology. Therefore, the three categories
of diabetes insipidus differ principally in the submaxi-
mal or ascending portion of the dose-response curve. In
patients with partial neurogenic diabetes insipidus, this
part of the curve lies to the left of normal, reflecting in-
creased sensitivity to the antidiuretic effects of very low
concentrations of plasma AVP. In contrast, in patients
with partial nephrogenic diabetes insipidus, this part of
the curve lies to the right of normal, reflecting decreased
sensitivity to the antidiuretic effects of normal concen-
trations of plasma arginine vasopressin (AVP). In pri-
mary polydipsia, this relationship is relatively normal.
(From: Robertson GL. Diagnosis of diabetes insipidus.
In: Czernichow P, Robinson AG, eds. Frontiers of Hor-
mone Research, vol 13, “Diabetes insipidus in man.”
Basel: S. Karger; 1985:176, with permission.)

that pregnancy may be associated with several different forms
of diabetes insipidus, including central-, nephrogenic-, and
vasopressinase-mediated (169).

Differential Diagnosis of Polyuric States

Plasma sodium and osmolality are maintained within nor-
mal limits (136 to 143 mmol/L for plasma sodium, 275 to
290 mmol/kg for plasma osmolality) by a thirst-ADH-renal
axis. Thirst and ADH, both stimulated by increased osmolality,
have been termed a “double-negative” feedback system (174).
Therefore, even when the ADH limb of this double-negative
regulatory feedback system is lost, the thirst mechanism still
preserves the plasma sodium and osmolality within the nor-
mal range but at the expense of pronounced polydipsia and
polyuria. Consequently, the plasma sodium concentration or
osmolality of an untreated patient with diabetes insipidus may
be slightly higher than the mean normal value, but since the
values usually remain within the normal range, these small in-
creases have no diagnostic significance.

Theoretically, it should be relatively easy to differentiate be-
tween central diabetes insipidus, NDI, and primary polydipsia.
A comparison of the osmolality of urine obtained during de-
hydration from patients with central diabetes insipidus or NDI
with that of urine obtained after the administration of AVP
should reveal a rapid increase in osmolality only in the pa-
tients with central diabetes insipidus. Urine osmolality should
increase normally in response to moderate dehydration in pri-
mary polydipsia patients.

However, these distinctions may not be as clear as one
might expect because of several factors (175). First, chronic
polyuria of any etiology interferes with the maintenance of the
medullary concentration gradient, and this “washout” effect
diminishes the maximum concentrating ability of the kidney.
The extent of the blunting varies in direct proportion to the
severity of the polyuria and is independent of its cause. Hence,
for any given level of basal urine output, the maximum urine
osmolality achieved in the presence of saturating concentra-

tions of AVP is depressed to the same extent in patients with
primary polydipsia, central diabetes insipidus, and NDI (Fig.
87-12). Second, most patients with central diabetes insipidus
maintain a small, but detectable capacity to secrete AVP during
severe dehydration, and urine osmolality may then rise above
plasma osmolality. Third, many patients with acquired NDI
have an incomplete deficit in AVP action, and concentrated
urine could again be obtained during dehydration testing. Fi-
nally, all polyuric states (whether central, nephrogenic, or psy-
chogenic) can induce large dilations of the urinary tract and
bladder (113,114,176). As a consequence, the urinary bladder
of these patients may contain an increased residual capacity,
and changes in urine osmolalities induced by diagnostic ma-
neuvers might be difficult to demonstrate.

Indirect Test

The measurements of urine osmolality after dehydration fol-
lowed by vasopressin administration are usually referred to as
“indirect testing” because vasopressin secretion is indirectly
assessed through changes in urine osmolalities.

The patient is maintained on a complete fluid restriction
regimen until urine osmolality reaches a plateau, as indicated
by an hourly increase of less than 30 mmol/kg for at least 3
successive hours. After the plasma osmolality is measured, 5 U
of aqueous vasopressin is administered subcutaneously. Urine
osmolality is measured 30 and 60 minutes later. The last urine
osmolality value obtained before the vasopressin injection and
the highest value obtained after the injection are compared.
The patients are then separated into five categories according
to previously published criteria (18) (Table 87-3).

Direct Test

The two approaches of Zerbe and Robertson (17) are used.
First, during the dehydration test, plasma is collected and as-
sayed for vasopressin. The results are plotted on a nomogram
depicting the normal relationship between plasma sodium or
osmolality and plasma AVP in normal subjects (Fig. 87-4). If the
relationship between plasma vasopressin and osmolality falls
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TA B L E 8 7 - 3

URINARY RESPONSES TO FLUID DEPRIVATION AND EXOGENOUS VASOPRESSIN IN RECOGNITION
OF PARTIAL DEFECTS IN ANTIDIURETIC HORMONE SECRETION

Maximum Uosm Uosm after Uosm increase
No. with dehydration vasopressin % Change after vasopressin
cases (mmol/kg) (mmol/kg) (Uosm) (%)

Normal subjects 9 1068 ± 69 979 ± 79 −9 ± 3 <9
Complete central diabetes insipidus 18 168 ± 13 445 ± 52 183 ± 41 >50
Partial central diabetes insipidus 11 438 ± 34 549 ± 28 28 ± 5 >9 <50
Nephrogenic diabetes insipidus 2 123.5 174.5 42 <50
Compulsive water drinking 7 738 ± 53 780 ± 73 5.0 ± 2.2 <9

(Data from: Miller M, Dalakos T, Moses AM, et al. Recognition of partial defects in antidiuretic hormone secretion. Ann Intern Med 1970;73:721.)

below the normal range, the disorder is diagnosed as central
diabetes insipidus.

Second, partial NDI and primary polydipsia can be differen-
tiated by analyzing the relationship between plasma AVP and
urine osmolality at the end of the dehydration period (Figs.
87-4 and 87-12). However, a definitive differentiation between
these two disorders might be impossible because a normal or
even supranormal AVP response to increased plasma osmolal-
ity occurs in polydipsic patients. None of the patients with
psychogenic or other forms of severe polydipsia studied by
Robertson (175) have ever shown any evidence of pituitary
suppression. Zerbe and Robertson (17) found that in the dif-
ferential diagnosis of polyuria, all seven of the cases of severe
neurogenic diabetes insipidus diagnosed by the standard indi-
rect test were confirmed when diagnosed by the plasma vaso-
pressin assay. However, two of six patients diagnosed by the
indirect test as having partial neurogenic diabetes insipidus had
normal vasopressin secretion as measured by the direct assay;
one was found to have primary polydipsia and the other NDI.
Moreover, three of 10 patients diagnosed as having primary
polydipsia by the indirect test had clear evidence of partial vaso-
pressin deficiency by the direct assay (17). These patients were
thus wrongly diagnosed as primary polydipsic! A combined
direct and indirect testing of the AVP function is described in
Table 87-4.

Therapeutic Trial

In selected patients with an uncertain diagnosis, a closely mon-
itored therapeutic trial of desmopressin (10 μg intranasally
twice a day) may be used to distinguish partial NDI from par-
tial neurogenic diabetes insipidus and primary polydipsia. If
desmopressin at this dosage causes a significant antidiuretic

TA B L E 8 7 - 4

DIRECT AND INDIRECT TESTS OF AVP FUNCTION
IN PATIENTS WITH POLYURIA

Measurements of AVP cannot be used in isolation but must
be interpreted in light of four other factors:
Clinical history
Concurrent measurements of plasma osmolality, urine

osmolality, and maximal urinary response to exogenous
vasopressin in reference to the basal urine flow

AVP, arginine vasopressin.
(Data from: Stern P, Valtin H. Verney was right, but (editorial). N Engl
J Med 1981;305:1581.)

effect, NDI is effectively excluded. If polydipsia as well as
polyuria is abolished and plasma sodium does not fall below
the normal range, the patient probably has central diabetes in-
sipidus. Conversely if desmopressin causes a reduction in urine
output without a reduction in water intake and hyponatremia
appears, the patient probably has primary polydipsia. Because
fatal water intoxication is a remote possibility, the desmo-
pressin trial should be carried out with closed monitoring.

Recommendations

Table 87-5 lists recommendations for obtaining a differential
diagnosis of diabetes insipidus (177).

Radioimmunoassay of AVP and Other
Laboratory Determinations

Radioimmunoassay of AVP

Three developments were basic to the elaboration of a clinically
useful radioimmunoassay for plasma AVP (178,179): (i) the
extraction of AVP from plasma with petrol–ether and acetone
and the subsequent elimination of nonspecific immunoreactiv-
ity, (ii) the use of highly specific and sensitive rabbit antiserum,
and (iii) the use of a tracer (125I-AVP) with high specific activ-
ity. More than 25 years later, the same extraction procedures
are widely used (180–183), and commercial tracers (125I-AVP)
and antibodies are available. AVP can also be extracted from
plasma by using Sep-Pak C18 cartridges (184–186).

Blood samples collected in chilled 7-mL lavender-stoppered
tubes containing ethylenediaminetetraacetic acid (EDTA) are
centrifuged at 4◦C, 1,000g (3,000 rpm in a usual lab cen-
trifuge), for 20 minutes. This 20-minute centrifugation is
mandatory for obtaining platelet-poor plasma samples because
a large fraction of the circulating vasopressin is associated with
the platelets in humans (181,187). The tubes may be kept for
2 hours on slushed ice prior to centrifugation. Plasma is then
separated, frozen at −20◦C, and extracted within 6 weeks of
sampling. Details for sample preparation (Table 87-6) and as-
say procedure (Table 87-7) can be found in writings by Bichet
et al. (180,181). An AVP radioimmunoassay should be vali-
dated by demonstrating (i) a good correlation between plasma
sodium or osmolality and plasma AVP during dehydration and
infusion of hypertonic saline solution (Fig. 87-4) and (ii) the
inability to obtain detectable values of AVP in patients with se-
vere central diabetes insipidus. Plasma AVP immunoreactivity
may be elevated in patients with diabetes insipidus following
hypothalamic surgery (188).

In pregnant patients, the blood contains high concentra-
tions of cystine aminopeptidase, which can (in vitro) inactivate
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TA B L E 8 7 - 5

DIFFERENTIAL DIAGNOSIS OF DIABETES INSIPIDUS

1. Measure plasma osmolality and/or sodium concentration under conditions of ad libitum
fluid intake. If they are greater 295 mmol/kg and 143 mmol/L, the diagnosis of primary
polydipsia is excluded, and the workup should proceed directly to step 5 and/or 6 to
distinguish between neurogenic and nephrogenic diabetes insipidus. Otherwise,

2. Perform a dehydration test. If urinary concentration does not occur before plasma
osmolality and/or sodium reaches 295 mmol/kg or 143 mmol/L, the diagnosis of primary
polydipsia is again excluded, and the workup should proceed to step 5 and/or 6. Otherwise,

3. Determine the ratio of urine to plasma osmolality at the end of the dehydration test. If it is
<1.5, the diagnosis of primary polydipsia is again excluded, and the workup should
proceed to step 5 and/or 6. Otherwise,

4. Perform a hypertonic saline infusion with measurements of plasma vasopressin and
osmolality at intervals during the procedure. If the relationship between these two variables
is subnormal, the diagnosis of diabetes insipidus is established. Otherwise,

5. Perform a vasopressin infusion test. If urine osmolality rises by more than 150 mOsmol/kg
greater than the value obtained at the end of the dehydration test, nephrogenic diabetes
insipidus is excluded. Alternately,

6. Measure urine osmolality and plasma vasopressin at the end of the dehydration test. If the
relationship is normal, the diagnosis of nephrogenic diabetes insipidus is excluded.

(Data from: Robertson GL. Diseases of the posterior pituitary. In: Felig D, Baxter JD, Broadus AE, et al.,
eds. Endocrinology and Metabolism. New York: McGraw-Hill; 1981:251.)

enormous quantities (ng X mL−1 X min−1) of AVP. However,
phenanthrolene effectively inhibits these cystine aminopepti-
dases (Table 87-8).

Aquaporin-2 Measurements

Urinary AQP2 excretion could be measured by radioim-
munoassay (53) or quantitative Western analysis (54) and could
provide an additional indication of the responsiveness of the
collecting duct to AVP (54,55).

Plasma Sodium and Plasma and
Urine Osmolality Measurements

Measurements of plasma sodium and plasma and urine os-
molality should be immediately available at various intervals
during dehydration procedures. Plasma sodium is easily mea-
sured by flame photometry or with a sodium-specific electrode
(189). Plasma and urine osmolalities are also reliably measured
by freezing-point depression instruments with a coefficient of
variation at 290 mmol/kg of less than 1%.

TA B L E 8 7 - 6

AVP MEASUREMENTS: SAMPLE PREPARATION

4◦C—blood in EDTA tubes
Centrifugation 1,000 g × 20 minutes
Plasma frozen −20◦C
Extraction:

2 mL acetone + 1 mL plasma
1,000 g × 30 minutes 4◦C
Supernatant + 5 mL of petrol-ether
1,000 g × 20 minutes 4◦C
Freeze −80◦C
Throw nonfrozen upper phase
Evaporate lower phase to dryness
Store desiccated samples at −20◦C

AVP, arginine vasopressin; EDTA, ethylenediamine tetraacetic acid.

In our clinical research unit, plasma sodium and plasma
and urine osmolalities are measured at the beginning of each
dehydration procedure and at regular intervals (usually hourly)
thereafter, depending on the severity of the polyuric syndrome
explored.

In one case, an 8-year-old patient (31 kg body weight) with
a clinical diagnosis of congenital NDI (later found to bear the
de novo AVPR2 mutant 274insG [190]) continued to excrete
large volumes of urine (300 mL/hour) during a short 4-hour
dehydration test. During this time, the patient was had se-
vere thirst, his plasma sodium was 155 mEq/L, his plasma
osmolality was 310 mmol/kg, and his urine osmolality was
85 mmol/kg. The patient received 1 μg of desmopressin in-
travenously and was allowed to drink water. Repeated urine
osmolality measurements demonstrated a complete urinary re-
sistance to desmopressin.

It would have been dangerous and unnecessary to prolong
the dehydration further in this young patient. Therefore, the
usual prescription of overnight dehydration should not be used
in patients, and especially children, with severe polyuria and
polydipsia (more than 4 L/day). Great care should be taken

TA B L E 8 7 - 7

AVP MEASUREMENTS: ASSAY PROCEDURE

Day 1 Assay setup
400 μL/tube (200 μL sample or standard + 200 μL of

antiserum or buffer)
Incubation 80 hours, 4◦C

Day 4 125I-AVP
100 μL/tube

1,000 cpm/tube
Incubation 72 hours, 4◦C

Day 7 Separation dextran + charcoal

AVP, arginine vasopressin.
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TA B L E 8 7 - 8

MEASUREMENTS OF AVP LEVELS
IN PREGNANT PATIENTS

1,10-Phenanthrolene monohydrate (Sigma)
60 mg/mL—solubilized with several drops of glacial acetic acid
0.1 ml/10 mL of blood

AVP, arginine vasopressin.
(Data from: Davison JM, Gilmore EA, Durr J, et al. Altered osmotic
thresholds for vasopressin secretion and thirst in human pregnancy.
Am J Physiol 1984;246:F105.)

to avoid any severe hypertonic state arbitrarily defined as a
plasma sodium greater than 155 mEq/L.

At variance with published data (17,181), we have found
that plasma and serum osmolalities are equivalent (i.e., similar
values are obtained). Blood taken in heparinized tubes is easier
to handle because the plasma can be more readily removed after
centrifugation. The tube used (green-stoppered tube) contains
a minuscule concentration of lithium and sodium, which does
not interfere with plasma sodium or osmolality measurements.
Frozen plasma or urine samples can be kept for further analy-
sis of their osmolalities because the results obtained are similar
to those obtained immediately after blood sampling, except in
patients with severe renal failure. In the latter patients, plasma
osmolality measurements are increased after freezing and thaw-
ing, but the plasma sodium values remain unchanged.

Plasma osmolality measurements can be used to demon-
strate the absence of unusual osmotically active substances
(e.g., glucose and urea in high concentrations, mannitol, and
ethanol) (191). With this information, plasma or serum sodium
measurements are sufficient to assess the degree of dehydration
and its relationship to plasma AVP. Nomograms describing the
normal plasma sodium–plasma AVP relationship (Fig. 87-3) are
equally as valuable as “classical” nomograms describing the re-
lationship between plasma osmolality and effective osmolality
(i.e., plasma osmolality minus the contribution of “ineffective”
solutes: glucose and urea).

Magnetic Resonance Imaging
in Patients with Diabetes Insipidus

Magnetic resonance imaging (MRI) permits visualization of the
anterior and posterior pituitary glands and the pituitary stalk.
The pituitary stalk is permeated by numerous capillary loops of
the hypophyseal-portal blood system. This vascular structure
also provides the principal blood supply to the anterior pitu-
itary lobe, as there is no direct arterial supply to this organ.
In contrast, the posterior pituitary lobe has a direct vascular
supply. Therefore, the posterior lobe can be more rapidly visu-
alized in a dynamic mode after administration of a gadolinium
(gadopentetate dimeglumine) as contrast material during MRI.
The posterior pituitary lobe is easily distinguished by a round,
high-intensity signal (the posterior pituitary “bright spot”) in
the posterior part of the sella turcica on T1-weighted images.
This round, high-intensity signal is usually absent in patients
with central diabetes insipidus (84). MRI is reported to be “the
best technique” with which to evaluate the pituitary stalk and
infundibulum in patients with idiopathic polyuria. Therefore,
the absence of posterior pituitary hyperintensity, although non-
specific, is a cardinal feature of central diabetes insipidus. In the
five patients who did have posterior pituitary hyperintensity at
diagnosis, this feature invariably disappeared during follow-up
(84). Thickening of either the entire pituitary stalk or just the

proximal portion was the second most common abnormality
on MRI scans (84).

Treatment

In most patients with complete hypothalamic diabetes in-
sipidus, the thirst mechanism remains intact. Therefore, these
patients do not develop hypernatremia and suffer only from the
inconvenience associated with marked polyuria and polydip-
sia. If hypodipsia develops or access to water is limited, then se-
vere hypernatremia can supervene. The treatment of choice for
patients with severe hypothalamic diabetes insipidus is desmo-
pressin, a synthetic, long-acting vasopressin analog with min-
imal vasopressor activity but a large antidiuretic potency. The
usual intranasal daily dose is between 5 and 20 μg. To avoid
the potential complication of dilutional hyponatremia, which
is exceptional in these patients due to an intact thirst mecha-
nism, desmopressin can be withdrawn at regular intervals to
allow the patients to become polyuric. Aqueous vasopressin
(Pitressin) or desmopressin (4.0 μg/1-mL ampule) can be used
intravenously in acute situations such as after hypophysectomy
or for the treatment of diabetes insipidus in the brain-dead
organ donor. Pitressin tannate in oil and nonhormonal an-
tidiuretic drugs are somewhat obsolete and now rarely used.
For example, chlorpropamide (250 to 500 mg daily) appears
to potentiate the antidiuretic action of circulating AVP, but
troublesome side effects of hypoglycemia and hyponatremia
do occur. The treatment of congenital NDI has been reviewed
(176,192,193) and is included earlier in this chapter in the de-
scription of X-linked NDI.
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1980;387:79.

186. Ysewijn-Van Brussel KA, De Leenheer AP. Development and evaluation of
a radioimmunoassay for Arg8-vasopressin, after extraction with Sep-Pak
C18. Clin Chem 1985;31:861.

187. Preibisz JJ, Sealey JE, Laragh JH, et al. Plasma and platelet vasopressin in es-
sential hypertension and congestive heart failure. Hypertension 1983;5:I129.

188. Seckl JR, Dunger DB, Bevan JS, et al. Vasopressin antagonist in early post-
operative diabetes insipidus. Lancet 1990;355:1353.

189. Maas AH, Siggaard-Andersen O, Weisberg HF, et al. Ion-selective elec-
trodes for sodium and potassium: a new problem of what is measured and
what should be reported. Clin Chem 1985;31:482.

190. Bichet DG, Birnbaumer M, Lonergan M, et al. Nature and recurrence of
AVPR2 mutations in X-linked nephrogenic diabetes insipidus. Am J Hum
Genet 1994;55:278.

191. Gennari FJ. Current concepts. Serum osmolality. Uses and limitations. N
Engl J Med 1984;310:102.

192. Knoers N, Monnens LA. Nephrogenic diabetes insipidus: clinical symp-
toms, pathogenesis, genetics and treatment. Pediatr Nephrol 1992;6:476.

193. Kirchlechner V, Koller DY, Seidl R, et al. Treatment of nephrogenic di-
abetes insipidus with hydrochlorothiazide and amiloride. Arch Dis Child
1999;80:548.

194. Stern P, Valtin H. Verney was right, but (editorial). N Engl J Med 1981;305:
1581.

195. Vokes T, Robertson GL. Physiology of secretion of vasopressin. In: Czerni-
chow P, Robinson AG, eds. “Diabetes insipidus in man.” Basel: S. Karger;
1985:127.

196. Zerbe RL, Robertson GL. Disorders of ADH. Med North Am 1984;13:1570.
197. Valenti G, Procino G, Liebenhoff U, et al. A heterotrimeric G protein of



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-87 Schrier-2611G GRBT133-Schrier-v5.cls September 14, 2006 16:54

Chapter 87: Nephrogenic and Central Diabetes Insipidus 2269

the Gi family is required for cAMP- triggered trafficking of aquaporin 2 in
kidney epithelial cells. J Biol Chem 1998;273:22627.

198. Mouillac B, Chini B, Balestre MN, et al. The binding site of neuropeptide
vasopressin V1a receptor. Evidence for a major localization within trans-
membrane regions. J Biol Chem 1995;270:25771.

199. Kraulis PJ. MOLSCRIPT-a program to produce both detailed and schematic
plots of proteins. J Appl Crystallogr 1991;24:946.

200. Murata K, Mitsuoka K, Hirai T, et al. Structural determinants of water
permeation through aquaporin-1. Nature 2000;407:599.

201. Cheng A, van Hoek AN, Yeager M, et al. Three-dimensional organization
of a human water channel. Nature 1997;387:627.

202. Robertson GL. The physiopathology of ADH secretion. In: Tolis G, Labrie
F, Martin JB, et al., eds. Clinical Neuroendocrinology: A Pathophysiologi-
cal Approach. New York: Raven Press; 1979:247.

203. Bichet DG, Razi M, Lonergan M, et al. Hemodynamic and coagulation re-
sponses to 1-desamino(8-D-arginine)vasopressin (dDAVP) infusion in pa-
tients with congenital nephrogenic diabetes insipidus. N Engl J Med 1988;
318:881.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-88 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:20

CHAPTER 88 ■ DISORDERS OF POTASSIUM
AND ACID–BASE METABOLISM
IN ASSOCIATION WITH RENAL DISEASE
MARK A. PERAZELLA AND ASGHAR RASTEGAR

In this chapter, we review disturbances in potassium and acid–
base homeostasis seen in patients with renal disease. Our dis-
cussion is, however, limited to disorders of potassium and acid–
base homeostasis seen in (a) patients with progressive chronic
kidney disease (CKD) and (b) patients with renal insufficiency
and defects in the renin–aldosterone axis or in the tubular re-
sponse to aldosterone. To provide a background, we briefly re-
view potassium and acid–base homeostasis in normal humans
before focusing on patients with underlying renal disease. We
do not, however, discuss normal renal handling of potassium
and only briefly review renal handling of hydrogen ion. These
two topics are extensively reviewed in Chapters 5 and 6.

POTASSIUM HOMEOSTASIS

Potassium is the most abundant cation in the body. The dis-
tribution of potassium is such that 98% of total body potas-
sium is intracellular, whereas only 2% is extracellular (1). The
high intracellular to extracellular potassium ratio (Ki/Ko) is
crucial to the normal cell function, as it is the major deter-
minant of the resting membrane potential. The body is able
to maintain this distribution in a highly regulated and effi-
cient fashion through hormonal modulation of Na-K-ATPase
pump activity. This enzyme is composed of two subunits and
is found in highest density in skeletal muscle (2,3). Functional
activity of the Na-K-ATPase pump is restricted to the catalytic
α subunit, whereas the β (glycoprotein) subunit acts to en-
sure α subunit assembly and maintain its stability. The α sub-
unit contains binding sites for sodium, potassium, magnesium,
ATP, Pi, and the inhibitor ouabain. Several hormones acutely
modulate Na-K-ATPase pump activity by altering the phos-
phorylation status of the catalytic subunit and/or transport-
ing pumps from subcellular locations to the cellular membrane
where sodium and potassium transport occurs (2,3). For exam-
ple, insulin and catecholamines regulate the phosphorylation
status of the Na-K-ATPase pump through modulation of cer-
tain phosphatases and kinases. Rapid recruitment of inactive
pump units from a preformed pool of pumps is also stimulated
by both insulin and aldosterone. These Na-K-ATPase pumps
are then deposited in the cell membrane and converted to an ac-
tivated state (2,3). In contrast, chronic and sustained changes
in Na-K-ATPase enzyme activity are achieved through regu-
lation of the total number of active pump units available in
the cell membrane. Chronic control occurs at the transcrip-
tional and posttranscriptional levels, regulated through the ef-
fects of hormones such as aldosterone and insulin. Hence, the
overall abundance of pump subunits is controlled at the levels
of transcription, transcript stability, translation, and protein
stability (2,3).

Large potassium loads continuously challenge humans, who
are carnivorous intermittent eaters. On a long-term basis, this

challenge is met primarily by the renal excretion of potassium
load; however, on a short-term basis, a significant amount of
potassium is shifted intracellularly (4). This shift temporarily
buffers the expected change in Ki/Ko ratio until potassium in-
take is balanced by comparable output.

Internal Potassium Homeostasis

The kidney is able to excrete only about 50% of the admin-
istered potassium during the first 4 hours after intravenous or
oral intake of potassium. Approximately 80% of the retained
potassium is shifted intracellularly, and only 20% (or 10% of
the total intake) remains in the extracellular space (5–7). The
retained potassium will be excreted completely over the next 24
hours (8). The major regulators of this internal redistribution
are: (a) insulin, (b) catecholamines and (c) mineralocorticoids.
Although several studies in rats postulate an independent role
for parathyroid hormone as well, the role of this hormone if any
is of minor importance and will not be discussed in this chapter.
In addition to these physiologic regulators, serum potassium is
also regulated by acid–base status as well as plasma osmolality.
These will be discussed later.

Insulin

The ability of insulin to shift potassium intracellularly has been
known for over 70 years (9) and has been used therapeutically
for the treatment of hyperkalemia. Several investigators have
shown that pancreatectomized dogs tolerate exogenous potas-
sium loads poorly (10). This is reversed by exogenous replace-
ment of insulin (11,12). To study the role of endogenous in-
sulin, DeFronzo et al. (6) examined potassium tolerance in dogs
by intravenous potassium chloride infusion before and after
inhibition of endogenous insulin secretion with somatostatin.
Inhibition of endogenous insulin by 50% results in a twofold
rise in serum potassium compared to controls (Fig. 88-1).
If physiologic doses of insulin were added to the somatostatin
infusion, potassium tolerance returned to normal. In healthy
volunteers, somatostatin infusion in the postabsorptive state
led to a 50% decline in the plasma insulin concentration and
a 0.5 to 0.7 mEq/L rise in serum potassium that was reversed
by a physiologic infusion of exogenous insulin (6). A similar
phenomenon was observed in maturity-onset diabetic patients,
who have normal or increased fasting plasma insulin levels, but
not insulin-deficient juvenile diabetic patients (13).

The effect of hyperkalemia on endogenous insulin concen-
tration is more complex. A 1.0- to 1.5-mEq rise in serum potas-
sium is uniformly associated with a severalfold rise in serum
insulin level (10,12,14,15), whereas a more physiologic rise of
less than 1.0 mEq has no effect. Hiatt et al. (14) noted a sig-
nificant rise in portal insulin level with a more modest rise of
0.3 to 1.0 mEq in serum potassium; however, in a more recent
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FIGURE 88-1. The effect of potassium chloride infusion on the plasma
potassium concentration in the control state, with somatostatin (STS),
which inhibits insulin secretion, or with somatostatin plus insulin.
(From: DeFronzo RA, et al. Influence of basal insulin and glucagon
secretion on potassium and sodium metabolism. Studies with somato-
statin in normal dogs and in normal and diabetic human beings. J Clin
Invest 1978;61:472, with permission.)

report, the rise in portal insulin could only be shown if serum
potassium was increased by 2.0 mEq/L (16); therefore, the pres-
ence of a classic negative feedback loop at physiologic potas-
sium concentration remains controversial. The primary sites of
insulin-mediated potassium uptake include muscle and liver,
although adipose tissue uptake of potassium is also enhanced
(17–21). DeFronzo et al. (21), using variable doses of insulin in
normal volunteers, have shown that during the first hour, liver
is the primary site of potassium uptake. However, during the
second hour, despite continued drop in serum potassium, there
is net release of potassium from the portal and splanchnic bed,
indicating a shift of potassium uptake to the peripheral tissue,
especially muscle.

At the cellular level insulin reacts with specific receptors on
the plasma membrane (22), increasing the activity of the Na-K-
ATPase pump in the skeletal and heart muscle, epithelial cells
of the kidney and bladder, as well as liver and fat cells (23).
This augmentation is blocked by ouabain, which binds to the
α subunit. As shown in animals (opossum and rat), it appears
that insulin induces phosphorylation of the α-1 subunit of the
Na-K-ATPase pump at the level of tyrosine 10 (24). Phosphor-
ylation of this enzyme increases the activity of pumps, thereby
facilitating sodium and potassium transport (2,24). Addition-
ally, insulin also acutely triggers the translocation of previously
unavailable pumps from intracellular pools to the plasma mem-
brane in skeletal muscle, liver cells, and adipocytes (2,24). Ul-
timately, insulin’s effect on the Na-K-ATPase pump stimulates
a series of intracellular events leading to hyperpolarization of
cell membranes (19,20,23). The time course for this interaction
is consistent with both an increase in enzyme activity as well
as the rapid recruitment of Na-K-ATPase pumps to the cellular
membrane. In contrast, chronic stimulation by insulin probably
increases the total number of available pump sites. This occurs
through regulation of the Na-K-ATPase pump at the transcrip-
tional and posttranscriptional levels by inducing the synthesis
of new α and β subunits (2). Several in vitro studies have shown

that insulin-driven potassium uptake by both muscle and liver
is independent of glucose uptake (19,21). In addition, Cohen
et al. (25), using euglycemic clamp in humans, have provided
strong evidence that effect of insulin on potassium uptake is
independent of its effect on glucose entry into the cell.

Catecholamines

D’Silva, beginning in 1934, first observed a biphasic response
of plasma potassium to epinephrine injection (26,27). Plasma
potassium rose during the first 1 to 3 minutes, but with con-
tinued infusion fell and remained lower than baseline. Other
investigators have shown increased potassium tolerance in ani-
mals infused with pharmacologic doses of epinephrine (28,29)
despite pancreatectomy (11) or nephrectomy (30). Brown
et al. (31) have shown that infusion of stress-level doses of
epinephrine resulted in a decrease in serum potassium by 0.4
to 0.6 mEq/L. Because epinephrine inhibits the renal excretion
of potassium (32,33), the decline in potassium concentration is
entirely accounted for by enhanced cellular potassium uptake.

Specific receptors are involved in the cellular disposal of
potassium by catecholamines. α-receptor stimulation in hu-
mans by phenylephrine (41) significantly impairs cellular potas-
sium tolerance, which is reversed by the α-antagonist phen-
tolamine. This phenomenon may explain the initial rise in
serum potassium after infusion of catecholamine (32,33). β2-
blockade impairs the catecholamine-induced shift of potassium
into extrarenal tissues (42–45) and causes hyperkalemia de-
spite increase in renal excretion of this ion (Fig. 88-2). In nor-
mal volunteers who exercise while taking β-adrenergic block-
ing agents, the serum potassium level is raised 2- to 2.5-fold
higher than during similar exercise performed without β block-
ade (4,46,47). The effect of nonspecific β-blockers such as
propranolol on serum potassium is mimicked by specific β2-
blockers (38,46,48,49) but not β1-blockers (34). Although an
important role for catecholamine-stimulated uptake of potas-
sium by muscle has been demonstrated (43,50–52), the role of
the liver remains controversial (34,53). The effect of potassium
on catecholamine levels is less clear. In humans, physiologic
changes in plasma potassium did not affect plasma epinephrine
or norepinephrine levels (54). However, because the majority of
catecholamines are locally released and rapidly retaken up by
nerve endings, it is possible that changes in catecholamine

FIGURE 88-2. Changes in plasma potassium concentration after a
potassium chloride infusion in the presence and absence of the non-
selective β-adrenergic blocker propranolol. (From: Rosa RM, et al.
Adrenergic modulation of extrarenal potassium disposal. N Engl J Med
1980;302:431, with permission.)
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secretion are not reflected in the serum concentration of these
mediators.

At the cellular level epinephrine binds to the β2-receptor
resulting in the stimulation of adenyl cyclase, and conver-
sion of adenosine triphosphate to cyclic 3′,5′-adenosine mono-
phosphate (cAMP). It is postulated that cAMP then activates
protein kinase A, which then phosphorylates the Na-K-ATPase
pump, increasing its activity and promoting potassium influx
into the cell and Na+ efflux (1,43,46,47). Binding of cat-
echolamines to the α receptor decreases cellular potassium
uptake through inhibiting adenylate cyclase activity and de-
creasing Na-K-ATPase pump activity (48). In addition, activa-
tion of the α-1 receptor alters cytoplasmic calcium, thereby
increasing intracellular calcium concentration and opening
calcium-activated potassium channels, which allow potassium
to exit the cell (48). Interestingly, the effect of insulin and
epinephrine on plasma potassium is additive, which confirms
separate mechanisms of action (47). In insulin-induced hy-
poglycemia, hypokalemia is therefore due to the combined
effect of both insulin and the hypoglycemia-induced rise in
catecholamines (49).

Mineralocorticoids

The role of mineralocorticoids in external potassium home-
ostasis is of critical importance because aldosterone influences
potassium excretion by the kidney (50), colon (51), salivary
(52), and sweat glands (53). However, aldosterone’s role in in-
ternal potassium homeostasis is unclear (54,55). Anephric rats
adapted to high potassium intake handle an acute potassium
load more efficiently than do nonadapted rats. This adapta-
tion is lost by prior adrenalectomy and restored by exoge-
nous mineralocorticoid replacement (56). However, Spital and
Stern (57,58) observed that during the 20 hours of fasting be-
fore nephrectomy and acute potassium loading, these rats be-
came potassium depleted owing to marked kaliuresis resulting
from high-serum potassium coupled with a high aldosterone
level. In adrenalectomized dogs, Young and Jackson (59) have
shown that plasma potassium concentration at any exchange-
able potassium level was a function of aldosterone replacement
dose. High-dose aldosterone in anephric rabbits delays death
due to hyperkalemia (60). Similarly, baseline potassium was
significantly higher in hormonally deficient adrenalectomized
rats, despite negative potassium balance, compared to exoge-
nously replaced controls, supporting a defect in cellular uptake
of the potassium (6,61). This impairment was corrected by ei-
ther aldosterone or epinephrine replacement. In rat studies,
aldosterone has been shown to increase Na-K-ATPase pump
activity by inducing the synthesis of new α- and β-subunits
in heart and vascular smooth muscle (2). This effect presum-
ably represents the action of aldosterone on Na-K-ATPase
pump gene expression and supports a role for aldosterone in
cellular potassium homeostasis. In anephric humans treated
with deoxycorticosterone acetate (DOCA), spironolactone, or
placebo for 3 days, the baseline potassium was similar; how-
ever, the DOCA-treated subjects showed greater tolerance to
acute potassium load than did the other two groups (62). In a
recent study of 15 patients on hemodialysis that were treated
with 0.05 to 2.0 mg/day of fludrocortisone acetate, the serum
K+ decreased significantly (63). Interestingly, the effect of ex-
ogenous mineralocorticoid was more pronounced in patients
with low compared to high plasma aldosterone concentration.
Low dose spironolactone (25 mg/day) was associated with an
increase in mean serum K+ concentration of 0.3 mEq/L over
4 weeks of therapy in 15 chronic hemodialysis patients (64).
Very low dose spironolactone (25 mg thrice weekly) did not
increase serum K+ in 14 similar hemodialysis patients (65).
High-dose spironolactone (300 mg/day) induced a significant
rise in plasma potassium (0.5 mEq/L) and caused hyperkalemia
after 3 weeks of therapy in nine chronically hemodialyzed end-

stage renal disease (ESRD) patients (three were anephric) (66).
In summary these studies support a small but important role
for aldosterone in internal potassium homeostasis in anephric
animals and humans.

Acid–Base Balance

The role of acid–base balance on the internal distribution of
potassium (67–69) is based on the concept that during the de-
velopment of acute acidemia hydrogen ion enters the cell in
exchange for potassium and that the reverse occurs during the
development of alkalemia (69–73). This dynamic interrelation-
ship has been simplified clinically to a general rule that for each
0.1 U change in serum pH, the serum potassium changes in the
opposite direction by 0.6 mEq/L. However, the relationship be-
tween serum potassium and serum pH is much more complex
and depends on the type and severity of the acid–base disorder,
the anion accompanying hydrogen, the duration of acidosis,
changes in plasma bicarbonate concentration independent of
changes in pH and the extent of intracellular buffering, and re-
nal adaptation as well as hormonal changes in response to the
disorder (74). In addition, in clinical settings, there are often
other physiologic and pathophysiologic procecees that may be
present, which would affect both transcellular as well as renal
and extrarenal handling of potassium. The following general-
izations should therefore be used with caution.

1. On the whole, acidosis is accompanied by a greater change
in serum potassium than is alkalosis (54,75,76).

2. Mineral acidosis (Fig. 88-3) causes the greatest shift (0.24–
1.7 mEq/L for each 0.1 U pH change), whereas organic aci-
dosis has a much smaller effect (73,77–80). Mild mineral
acidosis (decrease in serum bicarbonate by 5 mEq/L and and
an increase in hydrogen ion concentration by 0.45 nmol/L)
however does not result in significant change in serum potas-
sium (81).

3. Acute respiratory alkalosis paradoxically results in a small
but significant rise in serum potassium (+0.30 mEq/L with
a drop in pCO2 of 16 to 22.5 mmHg). The rise was pri-
marily due to stimulation of alpha-adrenergic receptors by

FIGURE 88-3. The effect of arterial pH on plasma potassium con-
centration in experimentally induced mineral acidosis (hydrochloric
acid-HCl) and lactic acidosis in dogs. (From: Perez GO, Oster JR,
Vaamonde CA. Serum potassium concentration in acidemic states.
Nephron 1981;27:233, with permission.)
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catecholamine (82). Chronic respiratory alkalosis however
results in sustained hypokalemia.

4. The amounts of potassium shifted into the cell in metabolic
and chronic respiratory alkalosis are approximately similar
(0.1–0.4 mEq/L for each 0.1 U pH change).

5. Acute respiratory acidosis resulting in a decrease in pH to
7.24 had no effect on serum K+ (83).

6. Changes in serum bicarbonate, independent of serum
pH, have an inverse effect on the serum potassium
concentration.

7. In chronic acidosis and alkalosis, the final serum K+ is a
function of the effect of acid–base disturbance on the re-
nal handling of potassium, as well as on the transcellular
distribution of this ion. In dogs with ammonium chloride-
induced acidosis, Magner et al. (84) noted a fall in serum
potassium below baseline by days 3 to 5, owing to severe
kaliuresis (84).

Osmolality

The acute hyperkalemic effect of a sudden rise in plasma osmo-
lality is probably caused by the shift of potassium-rich intracel-
lular fluid by solvent drag (85). Clinically, this phenomenon is
most commonly observed in hyperosmolar diabetic patients
(Fig. 88-4), with or without ketoacidosis (86–89) when in-
sulin deficiency augments the rise in potassium. Although,

FIGURE 88-4. Effect of glucose infusion on plasma potassium and
glucose concentrations in diabetics (squares) and normal subjects (tri-
angles). The plasma potassium rises in diabetics owing to the develop-
ment of hyperosmolality (hyperglycemia) but falls in normal subjects
as a result of the glucose-induced release of endogenous insulin. (From:
Nicolis GL, et al. Glucose-induced hyperkalemia in diabetic subjects.
Arch Intern Med 1981;141:49, with permission.)

TA B L E 8 8 - 1

ETIOLOGIES OF HYPERKALEMIA IN PATIENTS
WITH RENAL INSUFFICIENCY

GFR <20 mL/minute

Defects in the renin–angiotensin–aldosterone axis
Tubular defects in potassium secretion
High potassium input (e.g., rhabdomyolysis, hemolysis, severe

catabolic states, gastrointestinal bleeding, exogenous
potassium administration)

Shift of potassium from intracellular compartment
Drugs that interfere with renal and extrarenal potassium

homeostasis

chronic hyperkalemia in diabetic patients is multifactorial, a
sudden rise in plasma osmolality seems to play a contribu-
tory role. Infusion of hypertonic mannitol in normal humans
(90) or hypertonic saline in patients with chronic kidney dis-
ease (91) results in a modest rise in serum potassium (0.4 to
0.6 mEq/L). These clinical observations support an indepen-
dent role of sudden osmolar shifts in the regulation of serum
potassium.

POTASSIUM HOMEOSTASIS
IN RENAL FAILURE

Patients with renal failure are able to maintain a near-normal
serum potassium concentration despite a marked decrease in
glomerular filtration rate (GFR) (92,93). However, under cer-
tain conditions, hyperkalemia may occur in patients with mild
to moderate renal failure (Table 88-1). Although hyperkalemia
could be due to increased potassium intake and/or rapid shifts
of potassium from the cell, renal failure is the most impor-
tant cause of hyperkalemia accounting for 77% of the cases
reported by Acker et al. (94). In a random sample of 300 CKD
patients (serum Cr 1.5–6.0 mg/dl) not receiving drugs that in-
terfered with potassium homeostasis, 55% were noted to have
hyperkalemia (K+ ≥5.0 mEq/L) (95). Treatment with drugs
that interfere with potassium handling would be expected
to further increase the development of hyperkalemia (see the
following).

In this section, we initially discuss total body potassium con-
tent in patients with renal failure before treatment with dialysis
and then review internal and external potassium homeostasis
in these patients. In the subsequent section, we discuss hyper-
kalemia seen in patients with renal insufficiency with a defect
in the renin–angiotensin–aldosterone axis or in the tubular re-
sponsiveness to aldosterone.

Total Body and Cellular Potassium
Content in Renal Failure

Total body potassium content is a reflection of the balance be-
tween potassium intake and potassium output, whereas the cel-
lular content reflects the distribution of potassium between the
intracellular and the extracellular compartments. Exchange-
able potassium (Ke) in pre-end stage renal disease (ESRD) pa-
tients has been generally reported as lower than normal (96).
However, Berlyne et al. (97), after excluding patients with inter-
current problems (such as vomiting, diarrhea, or malnutrition),
reported a normal value. As Patrick has pointed out (98), the
normal range for Ke is not well defined and depends on age,
sex, and the reference points used (e.g., total body weight, lean
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body weight, or intracellular water). These reference points
may be distorted in patients with CKD. Measurement of total
body potassium by the use of a naturally occurring isotope
(40K) also has given normal values (99).

Cellular potassium content has been estimated by the use
of muscle biopsy (100–105). Bergstrom et al. (100) extensively
studied 102 patients with serum creatinine levels ranging from
4.8 to 25.0 mg/dL before therapy. In this and other studies,
the intracellular potassium concentration was low owing to
an increase in intracellular water, despite normal intracellu-
lar potassium content (100,103). However, Bilbrey et al. (106)
and Montanari et al. (105) have reported normal intracellular
potassium concentrations. Importantly, the intracellular potas-
sium content was either low or normal (but not increased) in
all four studies (100,103,105,106). The low intracellular potas-
sium (and high intracellular sodium content) has also been re-
ported in erythrocytes (102,107,108) and leukocytes (96,109)
from these patients. This bespeaks a decrease in the number
and/or the activity of the Na-K-ATPase pumps in the cell mem-
brane. In chronic dialysis patients, the pump transport rate is
higher immediately after fluid removal (110), and the abnormal
levels of intracellular sodium and potassium in uremic patients
return to normal following several weeks of dialysis (108,111).
Because the number of pump sites inversely correlates with in-
tracellular sodium, and a change in their number requires the
production of new cells with lower intracellular sodium, the
acute effect of fluid removal by dialysis may result from the re-
moval of a volume-sensitive pump inhibitor (112). In contrast,
the long-term effect of dialysis reflects the production of new
cells with lower intracellular sodium and a higher number of
pump sites. For a detailed discussion, refer to the article by Kaji
and Kahn (112).

Internal Potassium Homeostasis
in Chronic Kidney Disease

The role of cellular uptake of potassium in renal failure has
been studied in both humans (92,93,113) and animals (114–
117). Schon et al. (116) have shown that the cellular uptake
of potassium in rats with remnant kidney is similar to that in
normal rats maintained on a comparable diet but is lower than
normal when both groups consume a high potassium diet. In
contrast, in two different models of renal failure in rats, Bia and
DeFronzo (114) showed impairment in the cellular disposal of
an acute potassium load. Bourgoignie et al. (115) challenged
chronically uremic dogs (remnant kidney model) that were
adapted to different potassium intakes with an acute potas-
sium load. Whereas the percentage of retained potassium that
was shifted into the intracellular compartment was greater in
normal dogs (90%), the absolute amount was significantly less
than that in dogs with remnant kidney (9.0 versus 20.5 mEq,
respectively). They concluded that extrarenal cellular uptake
was normal in the dogs with renal failure. Gonick et al. (92)
challenged patients with moderate renal failure with an oral
potassium load. Whereas serum potassium 5 hours postchal-
lenge was slightly higher in patients than in controls (5.2 versus
4.7 mEq/L), this result was entirely because of a lower urinary
excretion. Perez et al. (113) studied patients with tubulointer-
stitial disease and showed that, whereas the absolute amount
of potassium shifted into the cell was greater in patients com-
pared with controls, the relative amount (expressed as percent-
age of total potassium retained) was similar. In contrast, Kahn
et al. (93) observed a significantly greater rise in serum potas-
sium in patients compared with controls when dietary potas-
sium was increased by 50 mEq/day. The study by Kahn et al.
cannot be strictly compared with others because they relied
on 24-hour urinary potassium measurements and their study
reflects long-term adaptation to a high-potassium diet in pa-

tients with CKD. In hemodialysis patients, serum potassium
rose significantly more in patients than in controls challenged
with acute potassium load (1.06 versus 0.39 mEq/L). However,
the baseline potassium was significantly higher in patients than
controls (5.17 versus 3.59 mEq/L), making the interpretation
of this study difficult (118). More recently, Allon et al. (119)
noted similar response in these patients with lower baseline
potassium. In summary, extrarenal cellular uptake of an acute
potassium load in CKD patients is near normal; however, it may
be impaired in patients on hemodialysis with higher baseline
plasma potassium.

As discussed previously, internal potassium homeostasis is
regulated by insulin, catecholamines, and, to a lesser extent,
aldosterone. Although the serum insulin level is increased in
renal failure (120,121), three studies provide strong support
for normal insulin-stimulated potassium uptake (121,122)
by the splanchnic as well as by peripheral tissues (122).
Alvestrand et al. (122), using the euglycemic insulin clamp
technique, demonstrated a similar uptake of potassium by both
splanchnic and leg tissues in patients with CKD. Inhibition of
endogenous insulin by somatostatin results in a significantly
greater rise in serum potassium in uremic rats than in controls
(1.0 versus 0.2 mEq/L at 60 minutes) (123). Administration
of glucose with potassium stimulates insulin secretion and
attenuates the rise in potassium in patients on dialysis as well
as normal controls (119).

Serum catecholamine levels have been reported to be high
in chronic kidney disease (124,125). Yang et al. (126) noted
higher mean potassium in patients on a nonspecific β-blocker,
propranolol. Infusion of epinephrine resulted in two different
responses: In four of 10 patients, serum potassium did not fall;
in the remaining six, an exaggerated response was noted. The
authors felt that the latter group of patients are those who
have a propensity to develop hyperkalemia while on propran-
olol. Gifford et al. (127), using a much lower epinephrine dose,
could not show a hypokalemic response in patients with ESRD.
Plasma aldosterone is normal or high in most CKD patients
(93,128–131). As noted, patients with ESRD who are taking
DOCA, spironolactone, or placebo have similar baseline potas-
sium levels; however, patients on DOCA can dispose an acute
potassium load more promptly than the other groups (62). In
addition, high dose spironolactone for 3 weeks in ESRD pa-
tients can result in a significant rise in serum potassium (63).
These two studies would support a minor role for aldosterone
in internal potassium homeostasis in ESRD patients. In sum-
mary, the major cellular defect in potassium disposal seems to
be an abnormal response to catecholamines seen in a subgroup
of patients on dialysis. The role of hyperparathyroidism, a com-
mon accompaniment of renal failure, while intriguing, is still
speculative in humans and requires more studies.

External Potassium Homeostasis
in Severe Renal Failure

Renal Adaptation

Patients with a marked decrease in GFR are able to excrete
the ingested dietary potassium load and maintain near normal
potassium balance. This adaptive process is reflected by an in-
crease in the fractional excretion of potassium (FEK) modulated
by an increase in secretory rate per functioning nephron. How-
ever, this adaptive response is limited and a sudden increase in
potassium intake may result in life-threatening hyperkalemia.
The quantitative aspects as well as the anatomic and functional
characteristics of this adaptive response are briefly reviewed
herein.

In conscious dogs with a 10% remnant kidney, Schultze
et al. (132) showed that potassium excretion by the remnant
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kidney increased fourfold by 18 hours and approached 85%
of the control value by seventh day. Kunau and Whinnery
(133) and Wilson and Sonnenberg (117) reported similar data
in rats. In experiments by Schultze et al. (132) and Finkel-
stein and Hayslett (134), animals with remnant kidney man-
ifested an exaggerated kaliuresis following a potassium load.
In contrast to these data and independent of previous potas-
sium intake, dogs with 25% remnant kidney were only able
to excrete 30% to 37% of the load in 5 hours compared
with 70% to 90% in the control animals (115). There is
no easy resolution to the differences in these two studies
(115,132).

Gonick et al. (92) documented that human subjects with
CKD were able to excrete only 20% of an oral potassium load
in 6 hours compared with 46% in normal controls. Similar
data have been reported by Perez et al. (113) in patients with
tubulointerstitial disease. Kahn et al. (93), in 10 patients with
stable chronic kidney disease, showed that renal adaptation to
increased dietary potassium occurs in these patients. In sum-
mary, it can be concluded that residual renal tissue is able to
maintain external potassium homeostasis in the postabsorptive
state. However, the initial phase of this adaptation is impaired
when an acute potassium load is administered.

The nephron sites involved in this adaptation have been
studied utilizing a variety of techniques in both rats and rab-
bits and appear to include both the distal convoluted tubule
and the collecting duct (117,133–137). The discrepancies re-
ported in the literature are most likely owing to interspecies
and intraspecies differences as well as the anatomic definition
of different distal tubular segments.

The mechanisms involved in this renal adaptation have been
partially defined. In both humans (128) and rodents (138), al-
dosterone has been shown to play an important role in the
adaptive ability of the diseased kidney to maintain a nor-
mal rate of potassium excretion. This renal adaptation has
been shown to be independent of dietary sodium intake (139).
Schultze et al. (132) argued that aldosterone is not important in
the renal potassium adaptation that occurs following a reduc-
tion in renal mass, since uremic dogs maintained on constant
aldosterone replacement maintained normal rates of potassium
excretion (132). However, the replacement dose of aldosterone
in this study was in the high pharmacologic range. Serum potas-
sium concentration itself plays an important role in augment-
ing urinary potassium excretion (95). Bourgoignie et al. (115)
found a direct relationship between serum potassium and both
the absolute and fractional potassium excretion. The slope of
the curve relating serum potassium to the absolute rate of uri-
nary potassium excretion was much steeper in normal dogs
than in dogs with a remnant kidney. However, the slope of the
curve relating serum potassium to the FEK was similar in the
control and uremic dogs.

Microperfusion studies by Fine et al. (136) indicate that
adaptation is an inherent characteristic of the renal tubular cells
of uremic animals and once learned can be retained in vitro, at
least for short periods of time. Schon et al. (116) showed that
augmented potassium excretion is associated with an increase
in Na-K-ATPase in the outer medulla in animals subjected to
three-quarter nephrectomy. This increase is quite specific to
this enzyme and occurs only in the kidney (116) and colon
(140). Muto et al. demonstrated that an increase in peritubular
[K+] increased renal potassium excretion by also enhancing
K+ conducatance (ROMK) and Na+ conductance (ENaC) in
principal cells (Fig. 88-5) (141). Other mechanisms may include
a higher rate of potassium delivery and an increase in tubular
flow rate in the distal nephron (133).

Intestinal Potassium Excretion in Renal Failure

Patients with renal failure secrete more potassium in the stool
than do normal controls (128,142,143). Net colonic secretion

FIGURE 88-5. Major factors that regulate potassium secretion in
principal cells. Sodium is reabsorbed across the luminal membrane
through ENaC (epithelial sodium channels) with resultant cellular de-
polarization increasing the electrical driving force for potassium secre-
tion through ROMK (potassium channels). The effects of aldosterone
(Aldo) and hyperkalemia (↑K+) on potassium secretion are noted.
(From: Gennari FJ, Segal AS. Hyperkalemia: an adaptive response in
chronic renal insufficiency. Kidney Int 2002;62:1.)

of potassium is increased significantly above control levels in
rats with renal insufficiency (142). This increase is associated
with an increase in Na-K-ATPase activity in colonic mucosa
and is functionally similar to the increase seen with the admin-
istration of DOCA, glucocorticoids, or high dietary potassium
(144). Although the rise in fecal potassium concentration is sig-
nificant, the absolute amount of K+ lost through this route in
patients with mild to moderate CKD is small and contributes
only minimally to the external K+ homeostasis. In patients with
advanced renal insufficiency (GFR <5 to 10 mL/minute); how-
ever, up to 30% to 40% of the ingested potassium load may
be excreted in the stool (143).

Acid–Base Homeostasis

The kidney through its ability to excrete nonvolatile (fixed)
acid produced by combustion of foodstuff, chiefly proteins,
plays a major role in hydrogen ion homeostasis. This is done
by reclamation of filtered buffers (primarily bicarbonate) and
regeneration of buffers lost in daily titration of ingested acids.
Although the total fixed acid generated from the combus-
tion of foodstuff is relatively small, estimated at 1 mEq/kg
body weight/day, unless this is excreted it can deplete the to-
tal buffer reserve, estimated at 600 to 700 mEq, in days to
weeks.

Bicarbonate reclamation occurs by hydrogen secretion
through Na-H antiporter in the proximal tubules as well as
H-ATPase pump in both proximal and distal tubules. This pro-
cess accounts for reabsorption of approximately 4,000 to 5,000
mEq of base per day, resulting in acid urine devoid of bicar-
bonate. The bicarbonate regeneration occurs primarily in the
distal tubules through protonation of urinary buffers made up
of titratable acids (primarily phosphates) and ammonia. The
proximal tubule is therefore responsible for 85% to 90% of
bicarbonate reclamation, whereas the distal tubule is respon-
sible for the remaining 10% to 15%. In addition, the distal
tubule is also responsible for regeneration of 60 to 80 mEq
of new bicarbonate. When faced with an additional acid load,
the kidney increases H+ secretion (and bicarbonate regenera-
tion) primarily through an increase in ammonium production
by the deamination of circulating glutamine. The ability of the
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kidney to increase ammonium secretion is limited and is esti-
mated at three to five times baseline production (144,145) (see
Chapter 6).

Acid–Base Homeostasis in Renal Failure

The ability of the kidney to excrete hydrogen ion is progres-
sively diminished with the diminution of GFR. Although it
is commonly stated that a significant decrease in serum bi-
carbonate does not occur until GFR falls below 25 to 30
mL/minute, this is not strictly true. Widmer et al. (146) noted
a serum bicarbonate reduction from 28 to 22 mEq/L in pa-
tients with a creatinine of 2 to 4 mg/dL and further reduction
to 19 mEq/L in patients with a creatinine of 4 to 14 mg/dL
(146). The anion gap remained unchanged in the first group
and rose significantly with a further decrease in GFR. The con-
cept of orderly progression of metabolic acidosis of renal fail-
ure from hyperchloremic to anion gap acidosis, however, oc-
curs in the minority of patients. Wallia et al. (147) studied the
electrolyte pattern in 70 patients with ESRD just before dia-
lytic therapy was begun. Five patterns were found: 14 patients
with normal electrolytes; 14 with anion gap metabolic acido-
sis; 21 with hyperchloremic acidosis; 11 with mixed hyper-
chloremic and anion gap acidosis; and 10 with normal serum
chloride, low serum bicarbonate, and normal anion gap. This
last group, however, had the lowest serum sodium and there-
fore were relatively hyperchloremic. Therefore, among these
70 patients with ESRD, 31 (44%) had hyperchloremic acido-
sis, only 14 (20%) had classic anion gap acidosis, and inter-
estingly another 14 (20%) had normal electrolytes. Patients
with increased anion gap, however, had a slight but signif-
icantly higher serum creatinine than patients with pure hy-
perchloremic acidosis or with normal electrolytes (13.2 versus
10.0 versus 9.0 mg/dL, respectively). In addition, these two
studies did not support the common impression that hyper-
chloremic acidosis occurs more often in patients with tubu-
lointerstitial than glomerular disease (146,147). Interestingly,
diabetic patients with moderately severe renal failure (GFR
<30 mL/minute) have recently been reported to have milder
metabolic acidosis than nondiabetic patients with similar renal
function (148).

Renal tubular acidosis (RTA) defines a group of disorders
characterized by the presence of metabolic acidosis out of pro-
portion to the decrease in GFR. The hallmark of these dis-
orders is the presence of significant metabolic acidosis with
hyperchloremia and normal anion gap. Renal tubular acidosis
in patients with mild to moderate renal insufficiency is often
associated with significant hyperkalemia and is discussed later
in this chapter.

Pathophysiology of Metabolic Acidosis
in Chronic Kidney Disease

Many studies have shown that acid production in renal fail-
ure is normal, and therefore uremic acidosis reflects a decrease
in net acid excretion, defined as the difference between pro-
ton excretion in the form of titratable acid and ammonium
ion (NH4

+) and bicarbonate excretion (149–151). Careful
metabolic studies by Goodman et al. (151) documented that
patients with chronic renal failure have a daily bicarbonate
deficit of approximately 13 to 19 mEq. It is notable that de-
spite this persistent deficit, serum bicarbonate in patients with
chronic renal failure, after an initial drop, remains stable over
long periods of time (152,153). This is due chiefly to the buffer-
ing of excess hydrogen ion by bone buffers including calcium
carbonate (152).

Renal Excretion of Bicarbonate

Several studies in humans have shown that some patients
with severe kidney disease have significant bicarbonate wast-
ing (149,154–158). In an early study by Schwartz et al. (149),
three out of four patients with renal failure had significant bi-
carbonaturia, which disappeared only after the fall of serum
bicarbonate to below 20 mEq/L. In a more detailed study in
17 uremic patients (serum creatinine of 5.6 to 18.9 mg/dL),
the majority had significant bicarbonate wasting (fractional
excretion of HCO3 of 0% to 17.56%) despite the presence
of metabolic acidosis (serum HCO3 of 16 to 23 mEq/L).
After NH4Cl loading, serum bicarbonate decreased to be-
low 14 mEq/L, and bicarbonaturia disappeared in all but
four patients (158). Interestingly, the bicarbonate wasting in
these four patients also disappeared with institution of a low-
sodium diet. These two studies support the presence of a
diminished maximal tubular reabsorption (Tm) for bicarbon-
ate in the majority of patients with renal failure. Further, they
demonstrate that the low Tm is partly responsive to volume
status.

Arruda et al. (157) and Wong et al. (159), working with
a remnant kidney model in dogs with variable levels of vol-
ume expansion and serum bicarbonate, noted that the ratio of
absolute bicarbonate to sodium reabsorption was increased in
chronic renal failure. In addition Wong et al. (159), using mi-
cropuncture method, showed that this ratio was also higher at
the beginning of the distal tubule, indicating avid bicarbonate
absorption by the proximal tubule of the remnant kidney. Al-
though absolute absorption was higher, the absolute amount
of bicarbonate delivered to the distal tubule was also higher, re-
flecting the marked increase in filtered load per nephron owing
to an increase in single nephron GFR (159). In summary, the
whole-kidney Tm for bicarbonate is in general diminished in
chronic renal failure despite an absolute increase in bicarbon-
ate resorption at the single nephron. The discrepancy in these
findings may reflect the variation in the experimental designs
and the role of nonvolume regulators in bicarbonate handling
by the kidney.

Renal Excretion of Titratable Acid

Excretion of titratable acids chiefly reflects the amount of uri-
nary phosphate and the urinary pH. Most CKD patients are
able to maximally acidify their urine (149,160), and urine-
serum Pco2, as a measure of hydrogen pump activity in the
distal tubule, is normal (161). The amount of titratable acids
in these patients is normal (151,152–164). This is primarily
owing to an increase in fractional excretion of phosphate ini-
tiated by secondary hyperparathyroidism. It should be noted,
however, that urinary phosphate does decrease with severe re-
nal failure. This reflects both a decrease in dietary phosphate as
well as the effect of phosphate binders commonly used in these
patients.

Renal Excretion of Ammonium

Although bicarbonaturia may contribute to metabolic acidosis,
the major abnormality is a decrease in renal excretion of ammo-
nium. Ammonium is primarily produced by the deamination of
amino acids, chiefly glutamine, in the proximal tubule and to a
much lesser extent in the loop of Henle and distal convoluted
tubule (144,145) (see Chapter 6). The production of ammo-
nium in the proximal tubule is increased significantly by acido-
sis and inhibited by alkalosis (165). This pathway is regulated
by two key enzymes, glutaminase and phosphoenolpyruvate
carboxylase. In metabolic acidosis there is an increase activity
of both enzymes in association to increase in their respective
messenger RNA (166). The majority of ammonium produced
is reabsorbed in the ascending thick limb of the loop of Henle
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(TALH) by both active and passive processes and is added to the
medullary interstitium. The active transport involves substitu-
tion of ammonium instead of potassium on Na+-2Cl-K+ trans-
porter in the TALH, which is inhibited by hyperkalemia (167).
In the medullary interstitium, ammonium ion exists in dynamic
equilibrium with ammonia gas. The latter diffuses chiefly into
the collecting duct, where it is protonated by hydrogen secreted
by the H-ATPase pump, located in the luminal membrane of the
intercalated cells, and is trapped intraluminally and finally ex-
creted. However, some ammonia gas enters into the descending
limb of the loop of Henle, creating a countercurrent mechanism
for ammonium. The final urinary ammonium is therefore a re-
flection of production of ammonium in the proximal tubule, its
transport into the loop of Henle, accumulation in the renal in-
terstitium, and finally secretion of ammonia and its entrapment
in the collecting duct (144,145).

In chronic kidney disease, fractional renal ammonium ex-
cretion initially increases by severalfold, thereby resulting in
the maintenance of a normal absolute excretion rate (168).
However, as the GFR decreases below 20 mL/minute, despite
a maximal increase in fractional excretion of ammonium, the
absolute excretory rate decreases significantly. Thus, progres-
sive metabolic acidosis results. This decrease in the rate of am-
monium excretion also reflects a decreased ability of the kid-
ney to trap ammonia in the collecting duct (160). Warnock
(153) has suggested that the decrease in ammonia trapping in
the remnant kidney model may be secondary to excess deliv-
ery of bicarbonate to the collecting duct, thereby resulting in
an unfavorable environment for the diffusion and trapping of
ammonia.

The role of aldosterone in ammonium excretion is complex.
Aldosterone increases the rate of Na+-dependent and Na+-
independent H+ secretion in the cortical and medullary col-
lecting duct (169,170). Hypoaldosteronism is associated with
a decrease in the rate of H+ secretion, while the ability to main-
tain a steep H+ gradient between urine and plasma, as mea-
sured by urinary pH and urine minus blood Pco2 in alkaline
urine, is not affected (171,172). The decrease in the rate of
H+ secretion is associated with a decrease in the availability
of ammonium buffer in the urine that is not augmented ap-

propriately in response to sodium sulfate infusion (173,174).
Hypoaldosteronism is universally associated with a decreased
potassium excretion and hyperkalemia. Hyperkalemia de-
creases renal ammonium excretion significantly. This is owing
to a decrease in accumulation of ammonium in the renal in-
terstitium despite normal production by the proximal tubule
(175). In the syndrome of hyperkalemic renal tubular acidosis,
this mechanism probably plays the major role in the produc-
tion of hyperchloremic acidosis seen early in the course of renal
failure. Reversal of hyperkalemia with sodium binding resin
(176), mineralocorticoids (177), or low-potassium diet (178)
ameliorates the metabolic acidosis by increasing ammonium
secretion.

HYPERKALEMIC RENAL TUBULAR
ACIDOSIS OWING TO A DEFECT

IN RENIN–ANGIOTENSIN–
ALDOSTERONE AXIS OR

TUBULAR UNRESPONSIVENESS
TO ALDOSTERONE

Although a decrease in GFR may be associated with the devel-
opment of significant hyperkalemia and hyperchloremic (HCA)
or anion gap metabolic acidosis, this usually occurs only with
severe reductions in GFR, below 15 to 20 mL/minute. How-
ever, some patients with underlying renal disease and mild to
moderate azotemia present with striking hyperkalemia with or
without HCA. The elevated serum potassium in these patients
is primarily owing to a disturbance in the renin–angiotensin–
aldosterone axis or to renal tubular responsiveness to aldoste-
rone (Fig. 88-5; Table 88-2). Since the report by Hudson et al.
(179), numerous cases have been described in which hyper-
kalemia with or without HCA developed in the presence of only
mild to moderate renal insufficiency (180–191). In the majority
of these cases, the underlying renal disease has been diabetic
or hypertensive nephropathy or chronic interstitial nephritis
(181). In 1972, Schambelan et al. (192) presented evidence

TA B L E 8 8 - 2

ETIOLOGY OF CHRONIC HYPERKALEMIA DUE TO DISTURBANCES
IN RENAL POTASSIUM EXCRETION

I. Decrease in GFR
Acute renal failure
Chronic kidney disease (GFR <15 to 20 mL/minute)

II. Defect in renal tubular secretion of potassium
Disturbance in the renin–angiotensin–aldosterone axis
Hyporeninism: associated with renal insufficiency (diabetes mellitus, interstitial nephritis)
Disturbance in angiotensin II activation or function (captopril, saralasin)
Hypoaldosteronism
With glucocorticoid deficiency (Addison disease, enzyme deficiency)
Block in aldosterone synthesis (heparin, 18-methyloxidase deficiency)
Primary hypoaldosteronism
Tubular resistance to the action of aldosterone (renal tubular hyperkalemia)
Pseudohypoaldosteronism
Hyperkalemia, hypertension, and normal renal function
Hyperkalemia with mild to moderate renal insufficiency and variable plasma aldosterone

levels (sickle cell disease, systemic lupus erythematosus, renal transplant, obstructive
uropathy, miscellaneous)

Pharmacologic inhibition of the tubular action of aldosterone (spironolactone, eplerenone,
triamterene, amiloride, pentamidine, trimethoprim) in distal nephron

GFR, glomerular filtration rate.
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linking hypoaldosteronism with hyporeninism in six patients
with this syndrome. This association was verified in subse-
quent reports (193–196), and the entity became known as hy-
poreninemic hypoaldosteronism (HHA). However, it became
quickly clear that a significant minority of these patients had
normal renin levels. DeFronzo (197) in 1980, after review-
ing 81 published cases, came to the conclusion that in 20%
of cases the low plasma aldosterone levels could not be ex-
plained by renin deficiency, and therefore a primary abnormal-
ity in aldosterone synthesis had to be postulated. At the same
time, some patients with sickle cell disease (7,198,199), sys-
temic lupus erythematosus (200,201), and renal transplanta-
tion (202,203) have a renal tubular secretory defect resulting in
hyperkalemia despite a normal renin–aldosterone axis. There-
fore, at the present time these patients can be divided into two
large categories: (i) hyperkalemia resulting from hypoaldos-
teronism with or without hyporeninism; and (ii) hyperkalemia
resulting from a primary renal tubular potassium secretory de-
fect. One could consider this entity as a spectrum ranging from
pure aldosterone deficiency with normal tubular responsive-
ness to severe tubular resistance with normal aldosterone secre-
tion. Between these two extremes there are many overlapping
presentations in which either the defect in the hormonal axis
or the tubular responsiveness dominates. Although Table 88-2
summarizes all the hormonal or tubular defects that can lead
to hyperkalemia, often with HCA our discussion is limited to
the disturbances associated with renal insufficiency.

Hyperkalemic Renal Tubular Acidosis
Owing to a Defect in Renin–Angiotensin–

Aldosterone Axis

This group comprises approximately 80% of the patients with
renal insufficiency and hyperkalemia (197,204–206). The hall-
mark of this group is a low plasma aldosterone concentration.
The majority (80%) of this group also has low plasma renin
activity (PRA) and therefore represents the classic syndrome of
HHA. However, 20% have a normal PRA. Clinically and phys-
iologically, these patients present with fairly uniform features.
Several large (192,207) as well as smaller series (252,255–260),
have defined the characteristics of these patients first summa-
rized in a review by DeFronzo (197). These include: (a) mean
age of about 60 years, (b) presence of diabetes mellitus in about
50%, (c) presence of mild to moderate renal failure in the ma-
jority, and (d) lack of symptoms referable to hyperkalemia in
75%. Physiologic features include: (a) low or low-normal base-
line and/or stimulated aldosterone levels, (b) normal plasma
cortisol, (c) low baseline and/or stimulated renin values in
80%, (d) normal aldosterone response to angiotensin or ACTH
stimulation in the minority, (e) presence of hyperchloremic
acidosis in well over 50%, and (f) lack of significant salt
wasting.

To gain an understanding of the physiologic basis of this
syndrome, we initially review the defect in renin secretion and
then summarize our present understanding of aldosterone de-
ficiency in this syndrome.

Hyporeninism

At present no single abnormality can explain the low PRA seen
in 80% of these patients (197,205,206). Evidence has been pre-
sented in support of a defect in one or more physiologic regu-
lators of renin secretion including volume, autonomic nervous
system, serum potassium concentration, and prostaglandins.

Oh et al. (195), Perez et al. (212), and others (213,214)
have demonstrated that long-term sodium and volume deple-
tion in these patients is associated with a significant increase

in the PRA. However, comparable data in normal controls with
the same degree of volume depletion were not provided. In the
report of Oh et al. (195), after 3 to 6 weeks of salt deple-
tion, the PRA rose into the normal range, but plasma aldo-
sterone remained subnormal. In the study by Chan et al, eight
of the 12 patients with hyporeninism responded to 2 weeks of
furosemide with increase in PRA without similar response in
plasma aldosterone (214). In a study of four patients with acute
postinfectious glomerulonephritis (181), plasma renin and al-
dosterone concentrations were low during the acute phase, but
returned to normal following recovery from acute nephritis.
Interestingly, in two patients, the renin and aldosterone levels
remained low during the acute phase despite an excellent re-
sponse to diuretics. These two patients, however, responded ap-
propriately to physiologic doses of fludrocortisone. This study
(181), coupled with previous studies of acute glomerulonephri-
tis (215,216), supports the concept that although physiologic
suppression of the renin–aldosterone axis by volume expansion
may play a significant role in certain patients with glomerular
disease, hypertension, and edema, other factors such as de-
creased GFR and damage to the juxtaglomerular apparatus
play an important contributory role. Gordon et al. (217) have
described a patient with hypertension, acidosis, hyperkalemia,
and normal renal function associated with HHA. Prolonged
sodium restriction resulted in correction of these abnormali-
ties. A similar pathophysiologic mechanism has been postu-
lated in hypertensive patients with hyperkalemia and renal in-
sufficiency (218).

The autonomic nervous system plays an important physio-
logic role in the regulation of renin secretion. Sympathetic nerve
terminals are known to innervate the juxtaglomerular appara-
tus, and renin secretion is stimulated by epinephrine (219,220).
Therefore, autonomic insufficiency could result in a state of hy-
poreninemia. This hypothesis has been investigated primarily
in diabetic patients, in whom autonomic neuropathy is com-
mon and circulating catecholamine levels are often low (221).
In five diabetic patients with autonomic neuropathy, Tuck et al.
(222) reported low basal PRA as well as diminished plasma al-
dosterone and norepinephrine concentrations. In addition, in-
fusion of isoproterenol, a β-adrenergic agonist, did not increase
PRA, indicating a possible block at or beyond the receptor level.
In contrast, normal circulating catecholamine levels have pre-
viously been reported in diabetic patients with the syndrome of
hypoaldosteronism (180,193,223,224). Fernandez-Cruz et al.
(225) compared stimulated PRA in 16 normotensive diabetic
patients without overt nephropathy and nine age-matched con-
trols. The stimulated PRA was significantly lower in these pa-
tients and correlated directly with the degree of autonomic dys-
function as measured by the velocity of esophageal peristalsis.
De Chatel et al. (226), however, were unable to demonstrate in
a large group of diabetic individuals any correlation between
the plasma epinephrine concentration and abnormalities in the
renin–aldosterone axis. Therefore, although autonomic neu-
ropathy may play a role in the development of hypoaldostero-
nism in some diabetic patients, it is not a uniform finding and
certainly cannot explain the occurrence of this syndrome in
nondiabetic patients.

Hyperkalemia is known to inhibit PRA (227); consequently,
one could hypothesize that hyporeninemia is not a primary de-
fect but is secondary to hyperkalemia. In two studies (192,196),
short-term normalization of serum potassium did not increase
PRA significantly; however, long-term studies have not been
undertaken to examine this very important question.

Prostaglandins E2, I2, and D2 are known stimulators of renin
release (228,229), whereas prostaglandins E1 and E2 directly
increase aldosterone biosynthesis in vitro (230). Furthermore,
hyperkalemia has been reported following treatment with in-
domethacin, a potent prostaglandin inhibitor (231). These ob-
servations raise the possibility that a defect in prostaglandin
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synthesis may play a role in the development of HHA in some
hyperkalemic patients. Consistent with this possibility, Tan
et al. (232) found a strong correlation between urinary PGE2
level and the ratio of active to inactive renin in normal con-
trols and in patients with the syndrome of hypoaldosteronism.
In four of the nine patients, low urinary PGE2 was associated
with a low ratio of active to inactive renin. In normal con-
trols, inhibition of prostaglandin synthesis with indomethacin
resulted in a similar decrease in this ratio. These authors postu-
lated that prostaglandins may play a critical role in the activa-
tion of renin, and therefore hypoaldosteronism in these patients
may be secondary to a prostaglandin deficiency. In two pa-
tients with diabetes mellitus and hypoaldosteronism, the total
renin concentration was normal, whereas PRA was low (233).
Fractionation of the plasma yielded an inactive renin precursor
(prorenin or “big renin”); unfortunately, prostaglandin levels
were not measured in these diabetic patients. It should be noted,
however, that other investigators have failed to find an asso-
ciation between prostaglandin deficiency and the development
of HHA (234).

Another hypothesis that links CKD with hyporeninism is fi-
brosis of the juxtaglomerular apparatus owing to intrinsic renal
disease. Although occasional reports of juxtaglomerular appa-
ratus fibrosis have appeared (213), this is a rare finding. Besides,
the presence of juxtaglomerular apparatus damage alone does
not explain the development of hypoaldosteronism.

Hyperfiltration hypothesis has been linked to the develop-
ment of HHA in both diabetic and nondiabetic CKD patients
(235). According to this hypothesis, as the number of nephrons
is reduced, there is an adaptive increase in the renal plasma flow
and GFR by the remaining functioning glomeruli. These alter-
ations in renal hemodynamics serve to inhibit renin synthesis
and release, leading secondarily to the development of hypoal-
dosteronism.

Hypoaldosteronism

The hallmark of the syndrome of HHA is a low basal or low
stimulated plasma aldosterone level in spite of normal levels
of glucocorticoids and other ACTH-dependent steroids such
as DOCA or corticosterone. Aldosterone secretion is primarily
stimulated by the renin–angiotensin system. However, ACTH
and serum potassium, as well as other regulators, play inde-
pendent roles.

As stated previously, hyporeninemia is present in 80% of
patients with hypoaldosteronism (197,205,206), and therefore
it is logical to consider that the primary defect in these pa-
tients lies in renin synthesis or release. Schambelan et al. (206)
showed that stimulation of renin by volume contraction re-
sulted in a rise in plasma aldosterone that was appropriate for
the increase in PRA. The slope of the curve relating plasma
renin and aldosterone was similar in patients with HHA and
normal controls. Surprisingly, for any given level of PRA, the
plasma aldosterone concentration was disproportionately el-
evated, probably because of the independent stimulatory ef-
fect of plasma potassium on aldosterone secretion. Neverthe-
less, the highest levels of renin and aldosterone achieved in
these patients were comparable only to the basal levels in con-
trol subjects. In contrast, as indicated, other investigators have
found a clear disconnect between renin and aldosterone level
after stimulation with volume depletion (212–214) and capto-
pril (214). In all studies, however, the response of aldosterone
was significantly blunted despite increase renin and persistent
hyperkalemia. In addition, most investigators have reported
a marked impairment in the ability of angiotensin II to stim-
ulate aldosterone secretion (197,206). This finding, coupled
with a subnormal aldosterone response to ACTH stimula-
tion (197,206), and the failure of hyperkalemia to stimulate

aldosterone secretion, has strengthened the possibility of a
primary adrenal defect in some patients with hypoaldo-
steronism. This is further supported by the observation that
20% of patients with hypoaldosteronism have normal PRA
(197,205,206). One should also consider the possibility that
the poor response of aldosterone to ACTH, angiotensin II, and
hyperkalemia may be secondary to long-term atrophy of the
zona glomerulosa of the adrenal gland rather than to a spe-
cific enzymatic defect in aldosterone production. Consistent
with this possibility, Fredlund et al. (236) provided evidence
in isolated adrenal glomerulosa cells that the aldosterone re-
sponse to hyperkalemia is dependent on the circulating an-
giotensin level. However, no study so far has evaluated response
of adrenal gland to prolonged stimulation by angiotensin II in
patients.

The serum potassium concentration is an important regu-
lator of the plasma aldosterone level (237–239). In nephrec-
tomized patients, a significant correlation between serum
potassium and plasma aldosterone exists (240), and this re-
lationship is independent of renin or ACTH. Therefore, in in-
terpreting a given plasma aldosterone level, the effect of serum
potassium must be considered. Schambelan et al. (206) cate-
gorized 31 patients into two groups based on the ratio of uri-
nary aldosterone excretion to serum potassium concentration.
Group A (23 patients) had a low ratio and was considered to
have hypoaldosteronism. Group B (eight patients) had a nor-
mal ratio and was considered to have a primary tubular defect
in potassium secretion. Twenty percent of group A had a nor-
mal PRA. Therefore, hypoaldosteronism in this group, in spite
of normal PRA and high plasma potassium, is probably owing
to a defect in aldo- sterone synthesis.

Another regulator of aldosterone secretion and plasma vol-
ume is atrial natriuretic factor (ANF). Atrial natriuretic factor
has been shown to be a strong inhibitor of baseline as well
as stimulated aldosterone in humans (241,242). In normal hu-
mans, ANF also prevents potassium-stimulated rise in aldo-
sterone level (243). In addition, ANF level is markedly elevated
10- to 50-fold in patients with hypoaldosteronism (243). Al-
though the rise in ANF (and suppression of aldosterone) could
be secondary to volume expansion, ANF also suppresses potas-
sium, angiotensin and ACTH-stimulated aldosterone secretion
supporting presence of a common cellular mechanism for its
action possibly through stimulation of cGMP (244).

Several investigators have explored the possibility of an en-
zymatic defect in aldosterone biosynthesis (212,224,227), and
an enzymatic block involving the conversion of 18-hydroxy-
corticosterone to aldosterone has been postulated, but these
findings have not been supported by other studies (192,245,
246).

As indicated, diabetic patients constitute a large percent-
age of patients with HHA. To explain this high incidence, two
other postulates have been presented. Insulin is an important
regulator of potassium uptake by a variety of tissues, and
chronic hypoinsulinemia (absolute or relative) might be ex-
pected to result in a state of intracellular potassium deficiency.
Furthermore, it is known that the intracellular potassium con-
centration is an important regulator of aldosterone synthe-
sis (197). Potassium-deficient cultured zona glomerulosa cells
have a blunted aldosterone response to angiotensin II and
ACTH (236,247). Insulinopenia, by decreasing intracellular
potassium, may lead to a defect in aldosterone synthesis and
the syndrome of hypoaldosteronism (13). A second hypothesis
is offered by Smith and DeFronzo (248) and involves the con-
cept of tubuloglomerular feedback. Normal tubuloglomerular
balance is disrupted in the presence of osmotic agents in the
renal tubule (249,250), including glucose (251–253). It is pos-
tulated that, in diabetic patients with a high filtered glucose
load, sodium chloride delivery out of the proximal tubule is
enhanced, leading to increased delivery of solute to the loop
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of Henle. Enhanced chloride reabsorption by the TALH may
inhibit renin secretion (254), which secondarily leads to the
development of hypoaldosteronism.

In summary, at present a unified etiologic hypothesis can-
not be formulated to explain the occurrence of the syndrome of
HHA in different patients. It is likely that this syndrome is quite
heterogeneous and can be explained only by multiple etiologic
abnormalities. In a given patient, the role of different regulatory
systems (i.e., volume status, prostaglandins, ANF, autonomic
nervous system, structural damage to the juxtaglomerular ap-
paratus, enzymatic defects in aldosterone and renin biosynthe-
sis, and intracellular adrenal potassium deficiency) should be
considered and evaluated.

Hyperkalemic Renal Tubular Acidosis Owing
to a Renal Tubular Secretory Defect

This group of disorders (Table 88-2 and Fig. 88-6) includes
patients who have hyperkalemia out of proportion to the de-
gree of renal failure or hypoaldosteronism. The primary de-
fect is a partial resistance to the physiologic effect of aldo-
sterone to promote potassium secretion. Perez et al. (255)
named this syndrome renal tubular hyperkalemia and divided
it into three groups: group I, patients with pseudohypoaldo-
steronism; group II, patients with hyperkalemia, hypertension,
and normal renal function; and group III, patients with hy-
perkalemia, mild to moderate renal insufficiency, and normal-
plasma aldosterone (group IIIa), low-plasma aldosterone
(group IIIb), or high-plasma aldosterone (IIIc) (Table 88-2).

Groups I and II represent examples of a pure tubular secre-
tory defect without renal insufficiency and is not discussed here.
In this section we deal only with group III patients, who present
with mild to moderate renal insufficiency, hyperkalemia, hy-
perchloremic acidosis, variable plasma renin and aldosterone
levels, and resistance to physiologic doses of mineralocorti-
coids. This clinical entity has been described in patients with

sickle cell disease, systemic lupus erythematosus, renal trans-
plant, obstructive uropathy, acquired immunodeficiency syn-
drome (AIDS), and a group of miscellaneous diseases including
lead nephropathy and chronic interstitial nephritis.

Sickle Cell Disease

A renal tubular potassium secretory defect in sickle cell disease
was first reported in patients with normal renal function and
normal serum electrolyte concentrations (7) and later in pa-
tients with sickle cell nephropathy (197,256), sickle cell trait
(198), and sickle C disease (199). Although basal and stimu-
lated aldosterone levels were normal in all subjects, these pa-
tients were unable to excrete a potassium load normally. In-
fusion of potassium chloride, sodium sulfate, and furosemide
failed to augment potassium secretion normally. This defect
is thought to result from ischemic damage to the collecting
tubules and medullary area by sickle cells. An immunologic re-
action against a renal tubular antigen also has been suggested.
It should be noted that the syndrome of HHA also occurs in
sickle cell disease (197,256).

Systemic Lupus Erythematosus

A defect in potassium secretion, similar to the defect in
sickle cell disease, has been reported in several patients with
systemic lupus erythematosus (SLE) (200,201). The defect
is often accompanied by a defect in hydrogen ion secre-
tion (200,201,257). In two patients, an increase in sodium
and bicarbonate delivery (by furosemide, acetazolamide, and
bicarbonate) to the distal sites of potassium exchange did not
augment potassium secretion. High-dose fludrocortisone ther-
apy also failed to increase potassium excretion in these two
patients (200). Recently, a single patient has been reported
in whom fludrocortisone was successful in controlling hyper-
kalemia (258). In a study of two patients with SLE and hyper-
kalemic RTA, Bastani et al. showed the presence of autoanti-
bodies to collecting duct cells in one patient. The serum from

FIGURE 88-6. Schematic representa-
tion of potential hormonal, renal,
and extrarenal defects resulting in hy-
perkalemia. Hyperkalemia may result
from one of the following conditions:
(a) decreased renin production, (b) de-
creased aldosterone production de-
spite normal renin secretion (adrenal
defect), (c) a renal tubular secretory
defect, or (d) an abnormal distribu-
tion of potassium between intracel-
lular and extracellular fluid compart-
ments. (From: DeFronzo RA, et al.
Nonuremic hypokalemia: a possible
role for insulin deficiency. Arch Intern
Med 1979;137:842, with permission.)
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the patient with autoantibodies labeled the intercalated cell in
rat kidney section. However, the serum from both patients did
not react with the affinity-purified bovine H+ATPase or human
H+ATPase beta subunit (259). This is in contrast to the finding
in a single patient with Sjögren’s syndrome who had absence of
vacuolar H+ATPase in intercalated cells (260). These findings
support the concept that cellular and molecular mechanisms in
these patients probably are heterogeneous in nature.

Obstructive Uropathy

Hyperkalemic RTA, as a complication of obstructive uropa-
thy, is common and best described in a report of 13 patients
by Batlle et al. (204). Two patterns were noted: (a) Five pa-
tients had normal plasma aldosterone levels but failed to in-
crease urinary potassium excretion after administration of ac-
etazolamide, fludrocortisone, and sodium sulfate. The primary
defect in this group is renal tubular unresponsiveness to aldos-
terone. (b) Eight patients had low plasma aldosterone levels but
failed to augment renal potassium excretion with mineralocor-
ticoid administration. As noted, this reflects a combined defect
in this group. Furthermore, urinary acidification in response
to systemic acidosis and sodium sulfate infusion was abnor-
mal in eight of 13 patients. In a rat model of acute ureteral
obstruction, no change in the number or tubular distribution
of vacuolar H+ATPase was noted; however, the intracellular
distribution was changed with a significant decrease in plasma
membrane bound pumps in intercalated cells (261). This find-
ing may explain HMA commonly noted in these patients.

Renal Transplantation

In the precyclosporine era, hyperkalemia was a relatively un-
usual phenomenon following successful renal transplantation
(202,203,262). However, two large series from Australia and
the United States (202,203) and a small series from Israel (263)
have reported the occurrence of renal tubular hyperkalemia
in this group. In the largest series, 23 of 75 patients with a
successful kidney transplant had hyperkalemia unrelated to
rejection episodes, renal failure, oliguria, or acidosis (202).
The renin–angiotensin–aldosterone axis was normal in these
patients, and hyperkalemia did not respond to furosemide.
The hyperkalemia was transient, disappearing spontaneously,
and did not correlate with clinical or laboratory evidence of
rejection. In contrast, in two patients studied by Battle et al.
(262), hyperkalemia was associated with very low levels of al-
dosterone, which did not respond to volume contraction. Uri-
nary potassium was low and did not respond to infusion of
sodium sulfate or acetazolamide. The etiology of this disorder
is not clear, but immunologic damage to the renal tubular cells
is postulated (202). In the cyclosporine era, hyperkalemia is
more common in kidney transplant recipients (264,265). The
role of cyclosporine and tacrolimus (FK-506) in the develop-
ment of hyperkalemia is discussed in a following section, which
outlines drugs that exacerbate hyperkalemia.

Hyperkalemic Renal Tubular Acidosis Associated
with Acquired Immunodeficiency Syndrome

Acid–base and electrolyte disturbances, with or without renal
failure, are common in patients with AIDS. As reviewed by Per-
azella and Brown, the incidence varies from 5% to 53% and is
owing to a variety of causes including adrenal insufficiency, re-
nal failure, type IV RTA, and finally as a complication of drugs
used in these patients (266,267). The syndrome of hyporenin-
hypoaldosteronism is relatively uncommon and usually is asso-
ciated with AIDS nephropathy. Patients with AIDS are exposed
to a variety of drugs that could result in hyperkalemia, which
is often associated with HCA and/or renal insufficiency. These
culprit drugs are discussed further in the section that outlines

those medications that most often exacerbate hyperkalemia in
patients with impaired potassium handling.

Miscellaneous Conditions

Renal tubular hyperkalemia has been reported in a variety of
other renal diseases. These include chronic interstitial nephri-
tis of unknown etiology (268), nephrosclerosis (207), diabetes
mellitus (206), postinfectious glomerulonephritis (181,215,
216), lead nephropathy (269), and drug-induced acute inter-
stitial nephritis (270). Although in our experience this entity
seems to be relatively common in nonspecific interstitial nephri-
tis, no incidence or prevalence data are available.

Drugs Associated with Hyperkalemia
in Patients with Kidney Disease

In patients with underlying kidney disease, prescribed drugs
or over the counter medications and supplements play an in-
creasingly dominant role in development of hyperkalemia. It is
therefore important to recognize that a variety of products are
capable of elevating serum potassium concentration through
multiple mechanisms (Table 88-3). Hyperkalemia, depending

TA B L E 8 8 - 3

COMMON DRUGS THAT CAUSE HYPERKALEMIA
AND MECHANISM OF ACTION

Medication Mechanism of action

Potassium supplement Increase intake
Salt substitutes Increase intake
Nutritional/herbal

supplements
Increase intake

Beta2-blocking agents Decrease potassium
movement into cells,
decrease renin/aldosterone

Digoxin intoxication Decrease Na+-K+ ATPase
activity

Lysine, arginine and
epsilon-aminocaproic acid

Shift of potassium out of cells

Succinylcholine Shift of potassium out of cells
Potassium-sparing diuretics
Spironolactone, eplerenone Aldosterone antagonism
Triamterene Block Na+ channels in

principal cells
Amiloride Block Na+ channels in

principal cells
NSAIDs, COX-2 selective

inhibitors
Decrease renin/aldosterone
Decrease RBF and GFR

ACE inhibitors and AII
receptor antagonists

Decrease aldosterone
synthesis

Decrease RBF and GFR
Heparin Decrease aldosterone

synthesis
Trimethoprim and

pentamidine
Block Na+ channels in

principal cells
Cyclosporine and tacrolimus Decrease aldosterone

synthesis
Decrease Na+-K+ ATPase

activity
Decrease K+ channel activity

NSAIDs, nonsteroidal antiinflammatory drugs; ACE, angiotensin
converting enzyme; AII, angiotensin II; COX-2, cyclooxygenase-2.
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on the criteria used, has been reported to develop in anywhere
from 1.3% to 10% of patients and is often multifactorial. Of
the many factors involved, culprit medications, either alone or
in association with other disturbances in potassium homeosta-
sis, were a contributing cause of hyperkalemia in 35% to 75%
of hospitalized patients (271–275). Of note, kidney disease and
older age (>60 years) were important predisposing risk factors
in many studies (271–273).

Increased Potassium Input

Enteral and parenteral inputs of potassium are very common
causes of hyperkalemia in hospitalized patients. Nonetheless,
chronic hyperkalemia does not occur with these products un-
less an underlying defect in potassium homeostasis also is
present. Deliberate potassium intake often lies at the root of hy-
perkalemia, although unsuspected potassium delivery also oc-
curs. A 3.6% incidence of hyperkalemia among 4,921 patients
taking physician-prescribed potassium supplements was docu-
mented in the Boston Collaborative Drug Surveillance Program
(271). The mean peak K+ concentration in these patients was
6.0 mEq/L, whereas a level greater than 7.5 mEq/L was noted
in 13 of the 179 patients (7.3%). Azotemia and older age were
more frequent among those with hyperkalemia (7). In addition,
several other studies reveal that potassium supplements cause
or contribute to hyperkalemia in 15% to 40% of hospitalized
patients (272–275).

Salt substitutes and salt alternatives, recommended for pa-
tients with hypertension and edematous disorders, provide yet
another rich source of potassium (276,277). Some “no-salt”
salt substitutes contain 10 to 13 mEq of potassium per gram
(277). A number of nutritional supplements contain as much
as 49 to 54 mEq of potassium per liter, whereas foods pre-
pared as “low sodium” contain greater amounts of potassium
(because potassium replaces sodium in these foods). As a re-
sult, enteral feeds employing these products and some herbal
remedies, such as noni juice (K+, 56.3 mEq/L) can deliver exces-
sive amounts of potassium to patients with impaired potassium
homeostasis (278).

Another unsuspected source of potassium excess in the hos-
pital includes the antibiotic penicillin G potassium (1.7 mEq
of K+ per 1 million units), which can cause hyperkalemia if
administered in sufficiently high doses (279). The urinary al-
kalinizing agent potassium citrate (2 mEq of potassium per 1
mL), and packed red blood cells transfused after 10 or more
days of storage (7.5 to 13 mEq of K+ per L) can precipitate hy-
perkalemia in at risk patients (280,281). Potassium-containing
cardioplegia solution employed during cardiac surgery may
also cause hyperkalemia in patients with a defect in potassium
handling.

Impaired Cellular Potassium Homeostasis

As discussed previously, cellular uptake of a potassium load is
the primary mechanism by which the body acutely prevents the
development of hyperkalemia. Several commonly prescribed
drugs can impair this protective cellular response. β-Adrenergic
blocking drugs through inhibition of renin secretion as well
as cellular uptake of potassium have been associated with the
development of mild and, on rare occasions, life-threatening
hyperkalemia (38,45,282,283). Hyperkalemia often develops
rapidly, as one would expect with disruption of cellular potas-
sium homeostasis, but rarely develops in the absence of heavy
exercise or other risk factors for hyperkalemia (4,284). As
an example, three renal transplant recipients developed se-
vere hyperkalemia (K+ range 6.0 to 8.3 mEq/L) within hours
of treatment with intravenous labetalol (285). Most studies
evaluating hyperkalemia in hospitalized patients have shown
that β-adrenergic blockers have caused or at least contributed
to hyperkalemia in anywhere from 4% to 17% of patients

(94,275,286–288). Not unexpectedly, the hyperkalemic poten-
tial of β-adrenergic blockers is increased by underlying renal
insufficiency, the coexistence of diabetes mellitus or hypoaldo-
steronism, and concurrent therapy with other medications that
reduce renal potassium secretion (45,282,283).

Digoxin by blocking Na-K-ATPase pump function has also
been demonstrated to disrupt potassium homeostasis (289). As
a result of this effect, impaired cellular uptake of potassium as
well as reduced renal potassium excretion occurs. In general,
therapeutic digoxin levels do not lead to hyperkalemia but in
rare circumstances can be a contributing factor (289). Nonethe-
less, digoxin intoxication will result in hyperkalemia, which at
times is fatal (289,290).

Both natural (lysine, arginine) and synthetic (ε-amino-
caproic acid) amino acids have been associated with hyper-
kalemia (291–295). This is owing to the shift of potassium out
of cells (291–295). Levinsky et al. demonstrated lysine uptake
into isolated rat muscle within 1 hour in an amount equivalent
to the potassium lost from the muscle tissue (291). In intact
animals, infusion of lysine was associated with hyperkalemia,
with a 1.0- to 1.5-mEq/L rise in plasma K+ concentration noted
for every 10-mEq/L increase in plasma lysine concentration
(292). Hyperkalemia has also been described with intravenous
arginine administration (293–295). In normal humans, serum
potassium increased by approximately 1 mEq/L following in-
fusion of 30 to 60 g of arginine, whereas patients with ESRD
developed a mean increase in serum K+ of 1.5 mEq/L at 2 hours
after 30 g of intravenous arginine (293,294). In two patients
with mild renal insufficiency and liver disease, K+ concentra-
tions were 7.5 and 7.1 mmol/L, respectively, after infusion of
arginine (295). Serum potassium concentrations increased as
early as 45 minutes after arginine infusion and peaked between
2 to 6 hours following injection, bespeaking a disturbance
in cellular potassium homeostasis (294,295). Hyperkalemia
can also develop in subjects treated with the synthetic amino
acid, ε-aminocaproic acid, which is structurally similar to both
lysine and arginine (296). A study in nephrectomized dogs
demonstrated a significant rise in serum K+ in animals admin-
istered intravenous ε-aminocaproic acid as either a constant
infusion (2 or 4 g/hour) or a bolus injection of 2.5 g (296).
Clinical relevance in humans was demonstrated in a case re-
port where hyperkalemia (potassium 6.7 mEq/L) developed
acutely in a patient with chronic renal insufficiency treated with
ε-aminocaproic acid (three boluses of 10 g) to reduce periop-
erative blood loss during cardiac surgery (297). The rapid on-
set of hyperkalemia following ε-aminocaproic acid therapy in
this patient suggested that cellular release of potassium was the
cause of this electrolyte disturbance. In addition, Perazella et al.
in a retrospective study in patients undergoing cardiac surgery
noted higher intraoperative serum potassium concentrations
(K+, 5.9 mEq/L) in 232 patients treated with intravenous ε-
aminocaproic acid as compared with 371 well-matched con-
trols (K+, 5.5 mEq/L) who did not receive this medication
(298). Other possible confounding factors did not explain the
rapid development of hyperkalemia in these patients. It is there-
fore likely that intravenous ε-aminocaproic acid causes hyper-
kalemia through the cellular release of potassium in exchange
for this synthetic amino acid.

The anesthetic agent succinylcholine by depolarization of
cell membrane can cause hyperkalemia (299–301). A rapid cel-
lular potassium leak induced by these agents, resulting in the
abrupt onset of hyperkalemia, has been demonstrated in muscle
preparations in intact animals and humans (299–301). Plasma
K+ increased by 0.5 mEq/L within 3 to 5 minutes in patients
with normal muscle, whereas increases as high as 3.0 mEq/L
occurred in patients afflicted by trauma or nervous system
disease (4,300). In 12 patients with renal insufficiency, plasma
K+ concentration rose by 1.2 mEq/L in one patient and up to
0.7 mEq/L in the rest (301).
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FIGURE 88-7. Rate of hospital admission for hyperkalemia among patients recently hospitalized for heart
failure who wee receiving ACE inhibitors. Each bar demonstrates the rate of hospital admission for hyper-
kalemia per 1,000 patients during one 4-month interval. (From Juurlink DN, et al. Rates of hyperkalemia
after publication of the Randomized Aldactone Evaluation Study. New Engl J Med 2004;351:543, with
permission.)

Impaired Renal Potassium Excretion

Although an increase in K+ intake can contribute to hyper-
kalemia, impaired renal excretion almost always plays the
dominant role in this process. Potassium-sparing diuretics are
used to enhance renal sodium losses and diminish potassium
excretion in patients with hypertension and edematous states
(302,303). Two basic mechanisms underlie the pharmacologic
actions of these diuretics, which act to modulate principal
cells residing in the distal nephron (304). The aldosterone an-
tagonists, spironolactone and eplerenone, compete with aldo-
sterone binding to cytoplasmic aldosterone receptors, thereby
preventing nuclear uptake of the receptor and blunting aldo-
sterone’s effects on the principal cell (305,306). Amiloride and
triamterene directly block sodium channel activity in the lu-
minal membrane of the principal cell, effectively inhibiting
sodium reabsorption through the epithelium and decreasing
the driving force for potassium secretion (307,308). Moderate
to severe hyperkalemia has been reported in 4% to 19% of
patients treated with these medications (94,287,305–317). In
one small study, treatment with the combination of triamterene
and hydrochlorothiazide resulted in hyperkalemia in 26% of
the patients (308). In a retrospective chart review, five patients
were noted to develop severe hyperkalemia (K+ concentrations
in the 9.4 to 11 mEq/L range) within 8 to 18 days of combina-
tion therapy with amiloride/hydrochlorothiazide and an ACE
inhibitor (311). All of these patients had diabetes and three
had underlying CKD. The combination of spironolactone and
losartan increased plasma K+ by 0.8 mEq/L (up to 5.0 mEq/L)
and decreased urinary potassium excretion (from 108 to 87
mEq/L) in eight normal subjects studied (313). Hyperkalemia
occurred most frequently in patients with preexisting renal in-
sufficiency or diabetes mellitus, and those taking K+ supple-
ments or another medication that also impairs potassium ex-
cretion (310,311,314–317). Several studies have demonstrated
a brisk increase in the incidence of hyperkalemia from the use
of either spironolactone or eplerenone in patients with heart
failure following publication of the Randomized Aldactone

Evaluation Study (RALES) and Eplerenone Post-Acute My-
ocardial Infarction Heart Failure Efficacy and Survival Study
(EPHESUS) trials (318,319). For example, the spironolactone
prescription rate increased from 34 per 1000 patients in 1994
to 149 per 1,000 patients in 2001 following publication of
RALES (319). This was associated with an increase in the
rate of hospitalization for hyperkalemia (2.4 per 1,000 pa-
tients in 1994; 11.0 per 1,000 patients in 2001) (Fig. 88-7)
and mortality (0.3 per 1,000 patients in 1994; 2.0 per 1,000
patients in 2001) in heart failure patients treated with ACE in-
hibitors (319). In the EPHESUS trial, significant hyperkalemia
(K+ >6.0 mEq/L) developed in 5.5% of treated patients ver-
sus 3.9% in placebo-treated patients (320). Hyperkalemia
(K+ >6.0 mEq/L) was most prevalent in patients with impaired
kidney function (Creatinine Clearance <50 mL/min) as 10.1%
of eplerenone-treated patients developed this complication as
compared with 5.9% of placebo-treated patients (320).

Nonsteroidal antiinflammatory drugs (NSAIDs) are widely
prescribed for a variety of inflammatory diseases and pain syn-
dromes. Hyperkalemia is one of the many renal complications
associated with NSAID therapy and over the counter avail-
ability of these agents further increases the risk of drug toxicity
(321). Nonsteroidal antiinflammatory drugs disturb potassium
homeostasis via inhibition of renal prostaglandin synthesis,
especially PGE2 and PGI2 (322). Inhibition of prostaglandin
synthesis decreases potassium secretion through (a) lack of ac-
tivation of renin–angiotensin system, (b) direct inhibition of
potassium channels in principal cells, and (c) decreased renal
blood flow and diminished delivery of sodium to the distal
nephron (231,321–324). Several reports have confirmed the
hyperkalemic complication of NSAIDs prescribed to normal
subjects, diabetic patients, and patients with underlying re-
nal insufficiency (277,323–328). This is especially problem-
atic in patients with reduced effective renal perfusion such as
those with intravascular fluid depletion, congestive heart fail-
ure (CHF), and third-spacing of intravascular fluid (321–323).
Predictably NSAID-induced hyperkalemia occurs more often
in patients with preexisting hyporeninemic hypoaldosteronism,
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renal insufficiency, and concomitant therapy with potassium-
sparing diuretics and ACE inhibitors (321–327). As with the
traditional NSAIDs, the selective COX-2 inhibitors (celecoxib,
rofecoxib, valdecoxib) cause hyperkalemia in at risk patients
(328). Induction of hyporeninemic hypoaldosteronsim, re-
duced sodium delivery to the cortical collecting duct, and renal
insufficiency are the mechanisms by which these drugs promote
hyperkalemia (328).

Angiotensin-converting enzyme inhibitors indirectly reduce
renal potassium excretion by inducing a state of hypoaldoste-
ronism (277,329,330). These drugs may additionally impair
renal potassium excretion by reducing effective glomerular fil-
tration rate (GFR) in patients with volume depletion, renal
artery stenosis, and/or moderate to severe chronic renal in-
sufficiency. In these conditions, ACE inhibitors interfere with
angiotensin II production and blunt the postglomerular arte-
riolar constriction induced by this hormone, thereby lower-
ing effective filtration pressure and glomerular filtration rate.
Ultimately, a reduction in distal nephron delivery of sodium
and water results, together with decreased aldosterone pro-
duction, may precipitate hyperkalemia (329). In hospitalized
patients, ACE inhibitors have been noted to be the culprit
drug in 9% to 38% of patients who developed hyperkalemia
(94,287,288,331). In outpatients treated with an ACE inhibitor
for 1 year, 10% developed a serum potassium concentration
greater than 6.0 mEq/L (332). In this study, patients with re-
nal impairment and age over 70 years were at highest risk.
Most studies suggest that the risk of ACE inhibitor-induced
hyperkalemia is directly proportional to the existing degree
of renal insufficiency (94,287,288,329–331). However, serum
potassium concentrations can rise significantly in patients with
only modest renal insufficiency (329,330,333). For example, a
rise in serum K+ concentration, a positive cumulative potas-
sium balance, and a reduction in both plasma and urinary al-
dosterone were demonstrated in 22 of 23 patients treated with
high-dose captopril for 10 days despite a creatinine clearance
greater than 50 mL/minute (330). In addition, another study
noted a fall in aldosterone excretion and a rise in serum K+

concentration (mean rise 0.8 mEq/L) in 23 of 33 hypertensive
patients after 1 week of captopril therapy (329). In this study,
all but three of the patients had a creatinine clearance above
60 mL/minute and peak serum K+ concentration was not pre-
dicted by the pretherapy serum creatinine concentration (329).
In contrast, Memon et al. demonstrated a significant positive
correlation of hyperkalemia with serum creatinine and negative
correlation with creatinine clearance, emphasizing the impor-
tance of the underlying level of renal function (331). In patients
with renal impairment, reducing the dose of ACE inhibitor and
initiating a low-potassium diet has been shown to decrease
the development of hyperkalemia in a significant percentage of
patients (331,333). Unfortunately, as many as one-third of pa-
tients still require discontinuation of this medication because of
ongoing hyperkalemia (331). Predictably, combination therapy
with an ACE inhibitor and other medications capable of alter-
ing potassium homeostasis can increase plasma potassium and
precipitate hyperkalemia in patients with only modest renal
impairment (277,329,330,334–339). As an example, elderly
patients on an ACE inhibitor who were hospitalized for hyper-
kalemia were 27 times more likely to have been prescribed a
potassium-sparing diuretic in the week prior to hospital admis-
sion (340). Other notable risk factors include hypoaldoste-
ronism and states of effective arterial volume depletion, such
as CHF and cirrhosis (277,329,330, 341,342).

Angiotensin-II receptor blockers (ARBs) are a relatively new
class of drugs marketed for the treatment of hypertension.
Their action to block binding of angiotensin-II (A-II) to its
receptor ultimately decreases A-II-driven adrenal synthesis of
aldosterone, causing hyperkalemia through the induction of
hypoaldosteronemia in a manner similar to ACE inhibitors.

Current data are conflicting with regard to the effect of this
class of drugs on the development of hyperkalemia. In healthy
patients with essential hypertension, the ARB, losartan (100
mg), and the ACE inhibitor, enalapril (20 mg) similarly de-
pressed plasma aldosterone levels (50% decrease) and 24-hour
urinary aldosterone excretion (343). The effect of these two
drugs on the renin-angiotensin-aldosterone systerm (RAAS)
did not include evaluation of serum K+ concentrations in these
patients (343). Data pooled from 16 double-blind clinical trials
evaluating the safety of therapy with losartan as compared with
ACE inhibitors in healthy patients with hypertension demon-
strated no significant difference in the development of hyper-
kalemia (K+ >5.5 mEq/L) between the two drug classes (1.3%
versus 1.5%) (344). It is important to remember that the pa-
tients evaluated in these studies were healthy and at very low
risk of developing hyperkalemia (344). Evaluation of the effect
of losartan in elderly patients demonstrated a significant rise
in serum potassium (>0.5 mEq/L) in 19% of patients, whereas
hyperkalemia actually developed in 7% of patients (345). A
clinical history of diabetic nephropathy and a serum creati-
nine greater than 1.3 mg/dL were predictors of a significant
increase in serum potassium. Bakris et al. compared the ef-
fects of the ACE inhibitor, lisinopril, to the ARB, valsartan, on
serum potassium concentration, urinary potassium excretion,
and plasma aldosterone in 35 subjects with a mean GFR of ap-
proximately 71 mL/minute per 1.73 m2 (346). After 4 weeks
of therapy with lisinopril, serum K+ increased (0.2 mEq/L),
whereas plasma aldosterone and urinary potassium excretion
also decreased. In contrast, serum potassium, plasma aldoste-
rone, and urinary potassium excretion were essentially un-
changed in the valsartan group (346).

Combination therapy with ACE-inhibitors and ARBs raises
concerns that patients may experience an increase in the de-
velopment of hyperkalemia from more complete blockade of
the RAS. The combined decline in GFR and more pronounced
suppression of aldosterone synthesis may promote serious
hyperkalemia. A multicenter randomized active-controlled par-
allel group trial studied patients with renal insufficiency (aver-
age creatinine clearance 20 to 45 cc/minute) (347). Patients
were randomized to either valsartan alone or in combination
with benazepril. Dual therapy, however, was associated with a
very low risk of hyperkalemia. Serum K+ concentration rose in
each group ranging from 0.28 mEq/L to 0.48 mEq/L. An iden-
tical percentage (4.5%) of patients on monotherapy and dual
blockade developed a serum K+ concentration greater than 6.0
mEq/L. Other studies note similar rates of hyperkalemia, al-
though small numbers of patients developed serum K+ levels
greater than 6.0 mEq/L (348). Despite these generally reassur-
ing data, a risk remains for the development of hyperkalemia
when these drugs are used alone or in combination. Clinicians
should therefore monitor follow-up serum K+ levels within 1
to 2 weeks once therapy has been initiated.

Trimethoprim and pentamidine are antimicrobial agents
employed to treat infections in both HIV-infected patients as
well as other hosts. Hyperkalemia evolves through a reduction
in renal potassium secretion, the result of competitive inhibi-
tion of sodium transport channels in the luminal membranes of
the distal nephron by these drugs (349). Blockade of epithelial
sodium channel transport indirectly inhibits potassium secre-
tion (Fig. 88-8) (349), because potassium movement into the
distal nephron lumen is electrogenically linked to the move-
ment of sodium out of the lumen (303,304,349). This action is
identical to that exhibited by amiloride, which has a molecular
structure very similar to both trimethoprim and pentamidine
(348). Hyperkalemia was first described in a patient treated
with “high-dose” trimethoprim (20 mg/kg per day) for Pneu-
mocystis carinii pneumonia (350). Subsequently, a 50% in-
cidence of mild hyperkalemia (K+ >5.0 mEq/L) and 10% to
12% incidence of severe hyperkalemia (K+ >6.0 mEq/L) were
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FIGURE 88-8. Net potassium transport during perfusion of 14 distal
tubules with control and trimethoprim (TMP) solutions. Lines con-
nect measurements in the same tubules. Black circles and vertical lines
indicate means and confidence intervals. Positive values indicate ab-
sorption; negative values indicate secretion. (From: Velazquez H, et al.
Renal mechanism of trimethoprim-induced hyperkalemia. Ann Intern
Med 1993;119:296, with permission.)

observed in HIV-infected patients receiving high-dose
trimethoprim (349). Shortly thereafter, 21% of hospitalized
non-HIV patients treated with standard dose trimethoprim
(360 mg/day) developed hyperkalemia (K+ >5.5 mEq/L) (351).
Mild renal impairment (serum creatinine ≥1.2 mg/dL) was sig-
nificantly associated with the development of a higher serum
potassium concentration (351). More recently, a prospective,
randomized controlled study in healthy outpatients treated
with standard-dose trimethoprim revealed that 18% (9/51) and
6% (3/51) of trimethoprim-treated patients developed serum
K+ concentrations greater than 5.0 and 5.5 mEq/L, respectively
(352). Older age, diabetes mellitus, and higher serum creatinine
level appeared to predispose to more severe hyperkalemia. Ad-
ditionally, therapy with pentamidine also has been complicated
by hyperkalemia (353). A retrospective study in 32 patients
with AIDS noted a significant increase in mean serum K+ from
4.2 to 4.7 mEq/L, with 24% of the patients developing severe
hyperkalemia (353). All cases of hyperkalemia were associated
with renal insufficiency, providing an underlying risk factor in
these patients.

Heparin and its congeners have been shown to inhibit
adrenal aldosterone production and precipitate hyperkalemia
in approximately 8% of patients treated with at least 10,000
U per day (354). This drug reduces both the number and affin-
ity of angiotensin II receptors in the adrenal zona glomerulosa,
thus decreasing the principal stimulus for aldosterone synthesis
(354). Heparin also directly inhibits the final enzymatic steps
of aldosterone formation (18-hydroxylation) and promotes at-
rophy of the zona glomerulosa in rats following prolonged ad-
ministration, further reducing aldosterone production (354).
Finally, excess anticoagulation with heparin may rarely precipi-
tate adrenal hemorrhage and induce frank adrenal insufficiency
(354). Although heparin-associated hyperkalemia has been re-
ported in normal subjects, patients with preexisting hypoal-
dosteronism, kidney disease, or diabetes mellitus, and patients
treated with other medications that disrupt K+ homeostasis
more commonly develop hyperkalemia (354).

Cyclosporine and tacrolimus (FK506) have been associ-
ated with the development of hyperkalemia in organ trans-
plant recipients. In the precyclosporine era, 31% (23/75) of
renal transplant patients were noted to develop transient hyper-
kalemia because of an underlying disturbance in potassium ex-
cretion (355). Not unexpectedly, therapy with cyclosporine and
tacrolimus increases risk of this disorder in these patients (356).

Heering and Grabensee (264) documented the presence of in-
complete RTA in eight of 35 recipients on cyclosporine com-
pared with none of the 15 on azathioprine. Four of the former
group also had HHA syndrome. In a detailed study of 12 cadav-
eric recipients with hyperkalemia on cyclosporine, Kamel et al.
(265) documented the presence of low urinary potassium excre-
tion that did not respond to 0.2 mg of fludrocortisone. Renal
K+excretion, however, responded to bicarbonaturia initiated
by acetazolamide, suggesting a defect in generating a favorable
electrochemical gradient in the distal tubule, leading to hyper-
kalemia and varying degrees of hyperchloremic acidosis. Re-
cently, Yu et al. demonstrated higher serum potassium concen-
trations and lower transtubular potassium gradients (TTKGs)
in 35 renal transplant recipients receiving cyclosporine as com-
pared with matched normal controls, supporting a disturbance
in renal potassium excretion (357). Tacrolimus has similarly
caused hyperkalemia in solid organ transplant patients. Hyper-
kalemia was noted in 26 of 49 (53%) pediatric heart transplant
recipients treated with tacrolimus (358). Of note, the majority
of subjects who developed hyperkalemia had impaired renal
function. The reduction in renal potassium excretion that oc-
curs with these two drugs is likely owing to a dose-dependent
decrease in the activity of the basolateral Na-K-ATPase pumps
in principal cells in the distal nephron (359,360). Calcineurin,
which modulates sodium pump function through its regulation
of phosphatase activity, is inhibited by both cyclosporine and
tacrolimus (360). In vitro inhibition of calcineurin by these
two drugs has been shown to decrease Na-K-ATPase pump
activity and probably explains the observed reduction in re-
nal potassium excretion. Ling and Eaton have also demon-
strated the inhibition of apical secretory potassium channels
by cyclosporine, providing yet another possible mechanism of
decreased renal potassium excretion and hyperkalemia (361).
Cyclosporine also impairs cellular potassium homeostasis and
cause transient hyperkalemia by acutely increasing potassium
efflux from cells (362). Although the mechanism is currently
unknown, cyclosporine may cause hyperkalemia through the
impairment of Na-K-ATPase pumps in muscle and liver cell
membranes.

Acute Treatment of Serious Hyperkalemia

Severe hyperkalemia is a potentially life-threatening disorder
because of its toxic effect on cardiac and other excitable neu-
romuscular tissues. Importantly, patients with underlying re-
nal disease and disturbances in potassium homeostasis can de-
velop serious hyperkalemia. It is therefore imperative that this
electrolyte disturbance is rapidly recognized and aggressively
treated. Symptoms of hyperkalemia are sometimes impressive
and quite obvious; however, serious hyperkalemia also may
present with only very subtle symptoms or signs. Rarely, pa-
tients may have absolutely no clinical evidence of this disor-
der, the presence of renal impairment or other disturbances
in potassium homeostasis providing the only clues to hyper-
kalemia. Nonspecific muscle weakness and generalized malaise
are common, but severe muscle weakness, paresthesias, and as-
cending paralysis may rarely be seen in these patients with ex-
treme elevations in serum potassium levels (363). The cardiac
toxicity of hyperkalemia may manifest as weakness or dizziness
from arrhythmias that induce hypotension and cerebral hypo-
perfusion (363). Cardiac monitoring or a 12-lead electrocar-
diogram (ECG) may reveal a rhythm suspicious of hyper-
kalemia. These include tenting of the T waves (K+, 5.5 to
6.0 mEq/L), lengthening of the P-R interval and widening of
the QRS complex (K+, 6.0 to 7.0 mEq/L), disappearance of the
P waves (K+, 7.0 to 7.5 mEq/L), and finally the sine wave pat-
tern (K+, 8.0 mEq/L or greater). These ECG changes may oc-
cur at different concentrations (higher or lower) of potassium,
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TA B L E 8 8 - 4

ACUTE TREATMENT OF SERIOUS HYPERKALEMIA

Stabilize excitable tissues (cardiac and neuromuscular)
Calcium gluconate (10% solution) given as a 10-mL to 20-mL intravenous bolus. Calcium

chloride (10% solution) given as a 5-mL intravenous bolus. Each may be repeated every
5 minutes, if the ECG appearance does not improve. Calcium gluconate should be mixed in
100 mL of 5% and infused over 10 to 20 minutes if the patient has been treated with digoxin.

Shift potassium into cells
Regular insulin, 10 to 20 units plus 50% dextrose (50 mL), given as an intravenous bolus,

followed by 10% dextrose at 50 mL/minutes until definitive therapy. Check glucose levels at
1-hour to 2-hour intervals. Albuterol (5 mg/mL), 10 to 20 mg, nebulized over approximately
10 minutes. Combination therapy of insulin/dextrose and nebulized albuterol.

Remove potassium from the body
Acute hemodialysis (low potassium dialysate) to remove potassium in patients with severe

renal insufficiency. Sodium polystyrene sulfonate (15 to 30 g) plus sorbital (15 to 30 mL),
oral ingestion or rectal administration (without sorbital).

depending on underlying heart disease and acuity of hyper-
kalemia (363). The presence of hypocalcemia, hypomagne-
semia, and hyponatremia potentiate the toxic effects of hy-
perkalemia on the cardiac conduction system and potassium
concentrations in the 6.0 to 6.5 mEq/L range can precipitate
life-threatening arrhythmias (363). Additionally, patients with
underlying cardiac disease may deteriorate directly to a ventric-
ular arrhythmia in the absence of other ECG changes (363).

Once the clinician judges that hyperkalemia warrants treat-
ment (plasma K+ > 6.0 to 6.5 mEq/L, clinical manifestations,
or ECG changes), immediate therapy should be commenced.
Stabilization of excitable cell membranes, in particular car-
diac tissue, is the most urgent priority in the treatment of hy-
perkalemia. Intravenous calcium, as either calcium gluconate
(10% solution, calcium ion at 3 mEq/mL) or calcium chloride
(10% solution, calcium ion at 13 mEq/mL), is the treatment
of first choice and should be administered in a monitored set-
ting (Table 88-4). Calcium acts within 1 to 3 minutes, and the
effect persists for approximately one-half hour (363). If no ef-
fect is noted within 5 minutes following the first dose, repeated
administration may provide benefit. Patients who have been
treated with digoxin should receive a slower infusion of cal-
cium (calcium mixed in 100 mL of 5% dextrose) over 10 to 20
minutes (363).

Intravenous administration of regular insulin as a 10-unit
bolus followed by 50 mL of intravenous 50% dextrose (Table
88-4) should be the next therapeutic choice (364,365). Twenty
units of intravenous insulin may promote an even greater re-
duction in plasma K+ (366). The beneficial effect of insulin
is observed within 15 minutes and lasts approximately 3 to 6
hours (364–366). Dextrose is given to prevent hypoglycemia
in nondiabetic patients. However, because a high incidence of
hypoglycemia occurs even with this regimen, it is prudent to
monitor blood glucose levels and redose dextrose based on lev-
els (364–366). Dextrose should not be infused before insulin
because an acute worsening of hyperkalemia can occur with
hyperglycemia, through a shift of potassium out of cells (364–
366). Glucose levels should be checked prior to administration
of dextrose to diabetic patients (364–366).

High-dose nebulized albuterol (10 to 20 mg), which is four-
fold to eightfold higher than used to treat asthma, also effec-
tively lowers potassium concentrations in patients with hyper-
kalemia (Table 88-4) (367). However, the potassium-lowering
effect of albuterol is less reliable in ESRD patients, and as
many as 40% of these patients are resistant to the potassium-
lowering effect of this β agonist (367). In general, the plasma
potassium concentration declines significantly at 30 minutes

following albuterol inhalation and remains depressed for ap-
proximately 2 hours (367). To date, no adverse cardiovascu-
lar effects from albuterol have been documented in ESRD pa-
tients (367). Therefore, nebulized albuterol is useful to acutely
lower plasma potassium concentration in most hyperkalemic
patients; however, it should not replace insulin as the most im-
portant therapy to move potassium into cells.

Combined therapy with intravenous insulin and nebulized
albuterol has been shown to be additive in the reduction of
plasma K+ concentrations (367). Plasma K+ decreases approx-
imately 0.6 mEq/L with 10 units of insulin, whereas 20 mg
of nebulized albuterol lowers plasma K+ to a similar degree
(367); however, the combination of these agents lowers plasma
K+ by approximately 1.2 mEq/L (274). As a result it is worth-
while to combine these two agents to treat severe hyperkalemia
(Table 88-4). Combined therapy with sodium bicarbonate
and insulin reduced plasma K+ more effectively, whereas
sodium bicarbonate plus nebulized albuterol was no better than
monotherapy (368).

Although sodium bicarbonate is listed as a useful treatment
for hyperkalemia, critical evaluation of the literature suggests
that this agent is ineffective as an isolated therapy to acutely
lower plasma potassium (368,369). In studies where bicarbon-
ate infusion successfully lowered plasma potassium concentra-
tions in ESRD patients, the effect was not observed until at
least 4 hours after treatment. Similarly, other studies have con-
firmed the utility of sodium bicarbonate therapy in the chronic
(not acute) lowering of plasma K+ concentrations (368,369). In
contrast, patients with severe metabolic acidosis and concur-
rent hyperkalemia should receive bicarbonate to correct pH
and stabilize cardiac tissue. In this setting, sodium bicarbonate
(50 mEq) may be given intravenously to correct pH and serum
bicarbonate levels in patients who are normocalcemic and can
tolerate the sodium load (368,369).

WORKUP AND MANAGEMENT
OF CHRONIC HYPERKALEMIC

RENAL TUBULAR ACIDOSIS

Although acute hyperkalemia with or without significant HCA
requiring immediate treatment occurs in patients with impaired
potassium handling, the major challenge is the workup and
treatment of chronic hyperkalemia seen in this setting. Given
the frequency of this syndrome and lack of individualized treat-
ment for specific subgroups, most patients can be adequately
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FIGURE 88-9. Pathophysiologic approach to chronic
hyperkalemia. ACE, angiotensin converting enzyme;
TTKG, transtubular potassium gradient.

managed without complex workups. However, in certain pa-
tients it may be important to make a more specific pathophysio-
logic diagnosis. Although HCA is the dominant finding in some
patients, hyperkalemia is the prominent presentation requiring
workup and treatment.

Figure 88-9 summarizes a simple pathophysiologic ap-
proach to chronic hyperkalemia in these patients. The first
question to be answered is, “Is the hyperkalemia owing to an
increase in intake or a decrease in output?” Although dietary
history and pertinent clinical data may be helpful, a specific
laboratory test that would answer this question could simplify
the workup. Urinary potassium concentration and the urinary
to serum potassium ratio do not account for the variability
in the urinary potassium concentration as a function of water
reabsorption in the collecting duct. The fractional excretion
of potassium (FEK

+) normalizes potassium excretion for GFR;
however, as potassium is primarily secreted (and therefore, less
dependent on filtration), its clinical utility is questionable.

Halperin et al. (81,370–372) have suggested correcting the
urinary (UK) to serum potassium (SK) concentration by the ra-
tio of urine (UOsm) to serum osmolality (SOsm) to normalize the
data for water reabsorption. This ratio (UK

+/SK
+X SOsmUOsm),

called the transtubular potassium gradient (TTKG), attempts
to approximate the gradient across potassium-secreting cells in
the distal nephron. Despite several pitfalls (urine more diluted
than the plasma or very low urinary sodium), a value less than
6 in patients with hyperkalemia suggests a lack of aldosterone
or response to aldosterone; a value above 6 is in favor of an in-
crease in potassium intake, with or without renal abnormality
in potassium handling. It should, however, be noted that the
published clinical experience with the use of TTKG is still very
limited and therefore the values given here may be modified
as further information becomes available. If the TTKG is nor-
mal, one should search for excessive potassium intake, either
externally (e.g., potassium supplements or salt substitutes) or
internally (e.g., severe hemolysis, rhabdomyolysis, or acidosis).
In general, given the renal ability to handle a large oral potas-
sium load (e.g., serum potassium rising by less than 1.0 mEq/L
on a 400-mEq diet), a significant increase in serum potassium
is indicative of either a major internal shift of potassium or a
decrease in urinary excretion output. If the TTKG is low in the
face of hyperkalemia, the aldosterone level should be measured
to separate the group with tubular unresponsiveness from that
with low aldosterone. Patients also can be challenged with ex-
ogenous mineralocorticoids (0.05 mg of fludrocortisone). If the
TTKG increases to 7 or above, hypoaldosteronism is probably
the major factor in the development of hyperkalemia (372). The
role of renin–angiotensin in patients with hypoaldosteronism
can be evaluated by measuring the renin level. A low renin
associated with low aldosterone is the hallmark of the most
common subgroup (i.e., hyporenin-hypoaldosteronism). If the
renin level is normal, then either generation of angiotensin II

is abnormal (e.g., in patients on ACE inhibitors) or the syn-
thesis and secretion of aldosterone are abnormal. The adrenal
response to angiotensin II infusion would provide appropriate
answers to this question.

In practice, this type of workup should be reserved for un-
usual patients who do not represent the commonly recognized
groups with this syndrome (e.g., diabetic, hypertensive pa-
tients), or as part of a research protocol. In addition, it should
be noted that this approach does not lead to an etiologic diag-
nosis, but only a pathophysiologic one. The etiologic diagnosis
(as discussed elsewhere in this chapter) should depend on other
diagnostic evaluations.

Some patients with type IV RTA present primarily with
HCA. In these patients, the diagnostic workup should focus
on the pathogenesis and etiology of this abnormality. The ma-
jor defect leading to HCA is either loss of bicarbonate, of-
ten through the gastrointestinal tract, or a decrease in regen-
eration of bicarbonate by the kidney through stimulation of
ammoniogenesis. Urinary ammonium should be high in the
former and low in the latter group. However, urinary ammo-
nium is not commonly measured in clinical laboratories. Clin-
icians are forced to rely on measurements of surrogates for
urinary ammonium excretion. The most commonly used sur-
rogate is urinary anion gap, which is the difference between
major urinary cations (Na+K) and urinary anions (Cl+HCO3).
As the amount of bicarbonate is very small in acid urine (urine
pH <6.5), the difference between urinary Na+, K+ and Cl−

reflects the major missing ion (i.e., ammonium). Using this for-
mula, one can demonstrate an inverse relationship between
the urinary anion gap and the amount of ammonium in the
urine (373,374) (Fig. 88-10). In the presence of extrarenal aci-
dosis, the urinary ammonium excretion should increase sever-
alfold, resulting in a very negative anion gap value. In contrast,
in distal RTA, the urinary ammonium will remain low, result-
ing in a positive anion gap. The amount of ammonium in the
urine also can be deduced from a modified urinary osmolar gap
using the following formula:

urinary ammonium = 1/2(urine osmolality
− 2(Na + K) + urea nitrogen/2.8
+ glucose/18) [1]

This is based on the concept that NH4
+ with its accompa-

nying anion is the major missing osmole accounting for the
osmolar gap (375). It should be noted that neither calcula-
tion predicts the exact amount of ammonium in the urine but
rather provides a qualitative estimate of it. This is still help-
ful if utilized to answer the appropriate question in a patient
with HCA.

The major utility of urinary anion or osmolar gap is to dif-
ferentiate renal from extrarenal causes of hyperchloremic aci-
dosis such as diarrhea or ingestion of hydrochloric acid or its
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FIGURE 88-10. Urinary ammonium (NH4
+) in relation to the urinary

anion gap (UAG). The 38 patients with altered distal urinary acidifica-
tion are represented by open circles; the seven normal subjects receiving
ammonium chloride, by closed circles; and the eight patients with hy-
perchloremic metabolic acidosis associated with diarrhea, by triangles.
(From: Battle DC, et al. The use of urinary anion gap in the diagnosis
of hyperchloremic metabolic acidosis. N Engl J Med 1988;318:594,
with permission.)

equivalent where the gap is negative. However, a low or nega-
tive anion gap in itself does not establish the diagnosis of type
IV RTA, as this is also seen in classic RTA as well as uremic
acidosis. Batlle et al. (374) studied a group of patients with
classic RTA, hyperkalemic RTA, and selective aldosterone de-
ficiency and compared the results to controls with a serum
pH 7.30 to 7.35. These investigators noted a urinary anion
gap of –20 ± 5.7 in controls and +23 ± 4.1, +30 ± 4.2, and
+39 ± 4.2 mEq/L in patients, respectively. The major pitfall in
using urinary anion gap is the presence of a significant amount
of bicarbonate or an unexpected charged molecule, such as
penicillin or ketoacids, in the urine. In summary, urinary anion
gap is a physiologic concept that indirectly assesses the amount
of urinary ammonium. This measurement in conjunction with
other data is helpful in establishing the pathogenesis of HCA
in selected patients (376).

In patients with hyperkalemic RTA, treatment of chronic
hyperkalemia should be instituted only when absolutely nec-
essary (i.e., when clinical signs of hyperkalemia are present or
plasma K+ is over 6.0 mEq/L). If therapy is deemed necessary,
simple modalities should be tried first before more complex
therapies with their associated side effects are instituted.

Discontinuation of Drugs
that Cause Hyperkalemia

As these patients have an intrinsic difficulty in the excretion
of potassium, any drugs that can cause hyperkalemia should
be immediately discontinued. The list of drugs that should be
stopped includes those discussed in the previous section.

Dietary Intervention

The next step in patients with mild to moderate hyperkalemia
is to decrease K+ intake to less than 60 mEq/day. This can be

done by the elimination of potassium-rich foods. This may be
difficult if the patient is on a low-sodium diet because such a
diet, by definition, contains foods that are high in potassium
content.

Treatment of Acidemia

Because HCA is commonly associated with hyperkalemia, cor-
rection of the acidosis by sodium bicarbonate decreases the
serum potassium concentration. The effect of bicarbonate is
partly related to a change in H+ concentration and is partly in-
dependent of pH change. As acidemia is corrected, H+ moves
out of cells in exchange for potassium. The inhibitory effect
of acidemia on renal K+ secretion also is removed. In addition,
sodium bicarbonate, through volume expansion and delivery of
both sodium and bicarbonate to the distal potassium exchange
site, may also increase renal excretion of potassium.

In some patients with significant metabolic acidosis (HCO3
<16 mEq/L and/or pH <7.30), it is important to treat aci-
dosis with base replacement to prevent mobilization of bone
calcium and protein catabolism. Bone provides a buffer sink
for hydrogen ion, resulting in release of calcium and its loss
in the urine (151,377). This phenomenon is independent of
Vitamin D, parathyroid hormone, and calcitonin (378,379).
In addition, there is increasing evidence for a catabolic role
for metabolic acidosis independent of uremia in patients with
chronic renal failure (380). Both effects can be reversed by al-
kali therapy. The bicarbonate needed in these patients is close to
0.5 to 0.75 mEq/kg per day and can be easily supplied as citric
acid-sodium citrate (Shohl’s) solution, which contains 1 mEq
of bicarbonate equivalent per milliliter.

Volume Expansion

Volume expansion may enhance potassium excretion by in-
creasing distal fluid and sodium delivery. This therapy is espe-
cially effective in patients with chronic volume depletion owing
to mild sodium wastage.

Diuretic Therapy

Use of most diuretics, especially loop blockers and thiazides, re-
sults in hypokalemic, hypochloremic metabolic alkalosis. In pa-
tients with hyperkalemia, the previously mentioned side effects
may ameliorate hyperkalemia and, when present, metabolic
acidosis. To prevent volume depletion with its resultant de-
crease in distal tubular sodium and fluid delivery, a high salt
intake can be added to the diuretic regimen. Thiazide diuret-
ics have proved effective in some patients with renal tubu-
lar hyperkalemia despite the failure of loop blockers such as
furosemide.

Mineralocorticoids

Mineralocorticoid replacement represents the most logical ap-
proach to therapy in these patients. DeFronzo (197) reported
an 84% success rate with this therapy; however, the effective
dose of fludrocortisone (up to 0.4 to 1.0 mg per day) was much
higher than the true physiologic dose. This observation suggests
that most of these patients possess some degree of tubular resis-
tance to the potassium stimulatory effect of mineralocorticoids.
Surprisingly, although such high doses were needed to augment
renal potassium excretion and normalize serum potassium lev-
els, the sodium-retaining effects of aldosterone remained in-
tact in some patients, resulting in marked edema formation,



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-88 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:20

Chapter 88: Disorders of Potassium and Acid–Base Metabolism in Association with Renal Disease 2289

hypertension, and congestive heart failure. In general, if the
dose of fludrocortisone required to maintain normokalemia ex-
ceeds 0.2 mg per day, side effects are common, and these drugs
probably should be combined with diuretics or not employed
at all. Use of mineralocorticoids should be limited to patients
who have not responded to other maneuvers and continue to
have clinically significant hyperkalemia.

Sodium-Potassium Exchange Resins

Sodium-potassium exchange resins are quite effective in reduc-
ing the plasma potassium concentration but have a low patient
acceptability. This therapy should be used orally with an os-
motic cathartic. The dose should be titrated against the decline
in serum potassium level.

References

1. Edelman IS, Liebman J. Anatomy of body water and electrolytes. Am J Med
1959;27:256.

2. Ewart HS, Klip A. Hormonal regulation of the Na+-K+-ATPase: mech-
anisms underlying rapid and sustained changes in pump activity. Am J
Physiol 1995;269:C295.

3. Yang S, Curtis B, Thompson J, et al. Extrarenal regulation of potassium
homeostasis: muscle Na, K-ATPase and NKCCl subcellular distribution. J
Am Soc Nephrol 1999;10:49A.

4. Bia MJ, DeFronzo RA. Extrarenal potassium homeostasis. Am J Physiol
1981;240:F257.

5. DeFronzo RA, et al. Effect of insulinopenia and adrenal hormone deficiency
on acute potassium tolerance. Kidney Int 1980;17:586.

6. DeFronzo RA, et al. Influence of basal insulin and glucagon secretion on
potassium and sodium metabolism. J Clin Invest 1978;61:472.

7. DeFronzo RA, et al. Impaired renal tubular potassium secretion in sickle
cell disease. Ann Intern Med 1979;90:310.

8. Brown RS. Extrarenal potassium homeostasis. Kidney Int 1986;30:116.
9. Briggs AP, et al. Some changes in the composition of blood due to the

injection of insulin. J Biol Chem 1924;58:721.
10. Hiatt N, Yamakawa T, Davidson MB. Necessity for insulin in transfer of

excess infused K to intracellular fluid. Metabolism 1974;23:43.
11. Pettit GW, Vick RL. Contribution of pancreatic insulin to extrarenal

potassium homeostasis: a two compartmental model. Am J Physiol 1974;
226:319.

12. Santeusanio F, et al. Evidence for a role of endogenous insulin and glucagon
in the regulation of potassium homeostasis. J Lab Clin Med 1973;81:809.

13. DeFronzo RA, et al. Nonuremic diabetic hypokalemia: a possible role of
insulin deficiency. Arch Intern Med 1977;137:842.

14. Hiatt N, Davidson MB, Bonorris G. The effect of potassium chloride infu-
sion on insulin secretion in vivo. Horm Metab Res 1972;4:64.

15. Pettit GW, Vick RL, Swander AM. Plasma K+ and insulin: changes during
KCI infusion in normal and nephrectomized dogs. Am J Physiol 1975;
228:107.

16. Martinez R, et al. Effect of hyperkalemia on insulin secretion. Experientia
1991;47:270.

17. Clausen T, Hansen O. Active Na-K transport and the rate of ouabain
binding. The effect of insulin and other stimuli on skeletal muscle and
adipocytes. J Physiol 1977;270:415.

18. Zierler KL. Effect of insulin on potassium efflux from rat muscle in the
presence and absence of glucose. Am J Physiol 1968;198:1066.

19. Zierler KL. Hyperpolarization of muscle by insulin in a glucose-free envi-
ronment. Am J Physiol 1959;197:524.

20. Zierler KL, Rabinowitz D. Effect of very small concentrations of insulin on
forearm metabolism. Persistence of its action on potassium and free fatty
acids without its effect on glucose. J Clin Invest 1964;43:950.

21. DeFronzo RA, et al. Effect of graded doses of insulin on splanchnic and
peripheral potassium metabolism in man. Am J Physiol 1980;238:E421.

22. Kahn CR. The molecular mechanism of insulin action. Ann Rev Med
1985;36:429.

23. Moore RD. Effects of insulin upon ion transport. Biochim Biophys Acta
1983;737:1.

24. Feraille E, et al. Insulin-induced stimulation of Na+, K-ATPase activity in
kidney proximal tubule cells depends on phosphorylation of the α subunit
at Tyr-10. Mol Biol Cell 1999;10:2847.

25. Cohen P, et al. Insulin effects on glucose and potassium metabolism in vivo:
evidence for selective insulin resistance in humans. J Clin Endocrinol Metab
1991;73:564.

26. D’Silva JH. The action of adrenaline on serum potassium. J Physiol (Lond)
1934;82:393.

27. D’Silva JH. The action of adrenaline on serum potassium. J Physiol (Lond)
1935;86:219.

28. Lockwood RH, Lum BK. Effects of adrenergic agonists and antagonists on
potassium metabolism. J Pharmacol Exp Ther 1974;189:119.

29. Lockwood RH, Lum BK. Effects of adrenalectomy and adrenergic antago-
nists on potassium metabolism. J Pharmacol Exp Ther 1977;203:103.

30. Hiatt N, Chapman LW, Davidson MB. Influence of epinephrine and pro-
pranolol on transmembrane K transfer in anuric dogs with hyperkalemia.
J Pharmacol Exp Ther 1979;209:282.

31. Brown MJ, Brown DC, Murphy MB. Hypokalemia from β 2 receptor stim-
ulation by circulating epinephrine. N Engl J Med 1983;309:1414.

32. DeFronzo RA, et al. Inhibitory effect of epinephrine on renal potassium
secretion: a micropuncture study. Am J Physiol 1983;245:F303.

33. Katz L, D’Avella J, DeFronzo RA. Effect of epinephrine on renal potas-
sium excretion in the isolated perfused rat kidney. Am J Physiol 1984;
247:F331.

34. Williams ME, et al. Impairment of extrarenal potassium disposal by α-
adrenergic stimulation. N Engl J Med 1984;311:145.

35. Brown MJ, Brown DC, Murphy MB. Adrenaline associated hypo- kalemia
and tachycardia are selectively antagonized by low dose B-receptor block-
ade in man. Clin Sci 1983;64:71P.

36. Clausen T, Flatman JA. β 2 adrenoceptors mediate the stimulating effect of
adrenaline on active electrogenic Na-K transport in rat soleus muscle. Br J
Pharmacol 1980;68:749.

37. DeFronzo RA, Birkhead G, Bia M. Effect of epinephrine on potassium
homeostasis in man. Kidney Int 1979;16:917A.

38. Rosa RM, et al. Adrenergic modulation of extrarenal potassium disposal.
N Engl J Med 1980;302:431.

39. Carlsson E, et al. β-adrenoceptor blockers, plasma potassium, and exercise.
Lancet 1978;2:424.

40. Williams M, et al. Catecholamine modulation of rapid potassium shifts
during exercise. N Engl J Med 1985;312:823.

41. Berend N, Marlin GE. Characterization of β-adrenoreceptor subtype medi-
ating the metabolic actions of salbutamol. Br J Clin Pharmacol 1978;5:207.

42. Bia MJ, et al. β adrenergic control of extrarenal potassium disposal. A β-2
mediated phenomenon. Nephron 1986;43:117.

43. Clausen T. Adrenergic control of Na+-K+ homeostasis. Acta Med Scand
1983;672:111.

44. Vick RL, Todd EP, Leudke DW. Epinephrine-induced hypokalemia: relation
to liver and skeletal muscle. J Pharmacol Exp Ther 1972;181:139.

45. DeFronzo RA, Bia M, Birkhead G. Epinephrine and potassium homeostasis.
Kidney Int 1981;20:83.

46. Cheng LC, Rogus EM, Zierler K. Catechol, a structural requirement for
(Na+-K+)-ATPase stimulation in rat skeletal muscle membrane. Biochim
Biophys Acta 1977;464:338.

47. Flatman JA, Clausen T. Combined effects of adrenaline and insulin on active
electrogenic Na+-K+ transport in rat soleus muscle. Nature 1979;281:580.

48. Antes LM, Kujubu TA, Fernandex PC. Hypokalemia and the pathology of
ion transport molecules. Sem Nephrol 1998;18:31.

49. Peterson KG, Shuter KJ, Kemp L. Regulation of serum potassium during
insulin-induced hypoglycemia. Diabetes 1982;31:615.

50. Wright FS. Potassium transport by successive segments of the mammalian
nephron. Fed Proc 1981;40:2398.

51. Hayslett JP, et al. Demonstration of net potassium absorption in mam-
malian colon. Am J Physiol 1982;242:G209.

52. Simpson SA, Tait JF. Recent progress on methods of isolation, chemistry,
and physiology of aldosterone. Recent Prog Horm Res 1955;11:183.

53. Conn JW. Aldosteronism in man. Some clinical and climatological aspects.
JAMA 1963;183:775.

54. Adler S. An extrarenal action of aldosterone on mammalian skeletal muscle.
Am J Physiol 1970;218:616.

55. Lim VS, Webster GD. The effect of aldosterone on water and electrolyte
composition of incubated rat diaphragms. Clin Sci 1967;33:261.

56. Alexander EA, Levinsky NG. An extrarenal mechanism of potassium adap-
tation. J Clin Invest 1968;47:740.

57. Spital A, Sterns RH. Extrarenal potassium adaptation: the role of aldo-
sterone. Clin Sci 1989;76:213.

58. Spital A, Sterns RH. Paradoxical potassium depletion: a renal mechanism
for extrarenal potassium adaptation. Kidney Int 1986;30:532.

59. Young DB, Jackson TE. Effects of aldosterone on potassium distribution.
Am J Physiol 1982;243:R526.

60. Ross EJ. Aldosterone and aldosteronism. London: The Whitefriars; 1975.
61. Bia MJ, Tyler KA, DeFronzo RA. Regulation of extrarenal potassium home-

ostasis by adrenal hormones in rats. Am J Physiol 1982;242:F641.
62. Sugarman A, Brown RS. The role of aldosterone in potassium tolerance:

studies in anephric humans. Kidney Int 1988;34:397.
63. Furuya R, et al. Potassium-lowering effect of mineralocorticoid therapy in

patients undergoing hemodialysis. Nephron 2002;92:576.
64. Hussain S, et al. Is spironolactone safe for dialysis patients? Nephrol Dial

Transplant 2003;18:2365.
65. Saudan P, et al. Safety of low-dose spironolactone administration in chronic

haemodialysis patients. Nephrol Dial Transplant 2003;18:2359.
66. Papadimitriou M, et al. The effect of spironolactone in hypertensive patients

on regular haemodialysis and after renal allotransplantation. Life Support
Systems 1983;1:197.

67. Burnell JM, et al. Effect in humans of extracellular pH change in relation-
ship between serum potassium concentration and intracellular potassium.
J Clin Invest 1956;35:935.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-88 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:20

2290 Section XI: Disorders of Electrolyte, Water, and Acid–Base

68. Keating RE, et al. The movement of potassium during experimental acido-
sis and alkalosis in the nephrectomized dog. Surg Gynecol Obstet 1953;
96:323.

69. Simmons DH, Avedon M. Acid base alterations and plasma potassium con-
centrations. Am J Physiol 1959;197:319.

70. Adler S, Fraley DS. Potassium and intracellular pH. Kidney Int 1977;
11:433.

71. Arbus GS, et al. Characterization and clinical application of the significance
band for acute respiratory alkalosis. N Engl J Med 1969;280:117.

72. Giebisch G, Berger L, Pitts RF. The extrarenal response to acute acid–base
disturbances of respiratory origin. J Clin Invest 1955;34:231.

73. Perez GO, Oster JR, Vaamonde CA. Serum potassium concentration in
acidemic states. Nephron 1981;27:233.

74. Krapf R. Acid–base and potassium homeostasis. Nephrol Dial Transplant
1995;10:1537.

75. Adrogue HJ, Madias NE. Changes in plasma potassium concentration dur-
ing acute acid–base disturbances. Am J Med 1981;71:456.

76. Liebman J, Edelman IS. Interrelationship of plasma potassium concentra-
tion, plasma sodium concentration, arterial pH and total exchangeable
potassium. J Clin Invest 1959;38:2176.

77. Fulop M. Serum potassium in lactic acidosis and ketoacidosis. N Engl J
Med 1979;300:1087.

78. Orringer CE, et al. Natural history of lactic acidosis after grand-mal
seizures. A model for the study of an anion-gap acidosis not associated with
hyperkalemia. N Engl J Med 1977;297:796.

79. Oster JR, et al. Plasma potassium response to metabolic acidosis induced
by mineral and nonmineral acids. Miner Electrolyte Metab 1980;4:28.

80. Oster JR, Perez GO, Vaamonde CA. Relationship between blood pH and
potassium and phosphorus during acute metabolic acidosis. Am J Physiol
1978;235:F345.

81. Wiederseiner JM, et al. Acute metabolic acidosis: Characterization and
diagnosis of the disorder and the plasma potassium response. J Am Soc
Nephrol 2004;15:1589.

82. Krapf R, et al. Plasma potassium response to acute respiratory alkalosis.
Kidney Int 1995;47:217.

83. Natalini G, et al. Acute respiratory acidosis does not increase plasma potas-
sium in normokalemic anaesthetized patients. A controlled randomized
trial. European J Anaesth 2001;18:394.

84. Magner PO, et al. The plasma potassium concentration in metabolic aci-
dosis: a re-evaluation. Am J Kidney Dis 1988;11:220.

85. Moreno M, Murphy C, Goldsmith C. Increase in serum potassium resulting
from the administration of hypertonic mannitol and other solutions. J Lab
Clin Med 1969;73:291.

86. Goldfarb S, et al. Acute hyperkalemia induced by hyperglycemia: hormonal
mechanisms. Ann Intern Med 1976;84:426.

87. Goldfarb S, et al. Paradoxical glucose-induced hyperkalemia. Combined
aldosterone-insulin deficiencies. Am J Med 1975;59:744.

88. Nicolis GL, et al. Glucose-induced hyperkalemia in diabetic subjects. Arch
Intern Med 1981;141:49.

89. Rado JP. Glucose-induced paradoxical hyperkalemia in patients with sup-
pression of the renin-aldosterone system: prevention by sodium depletion.
J Endocrinol Invest 1979;2:401.

90. Bratusch-Marrain PR, DeFronzo RA. Impairment of insulin-mediated
glucose metabolism by hyperosmolality in man. Diabetes 1983;32:
1028.

91. Conte G, et al. Acute increase in plasma osmolality as a cause of hyper-
kalemia in patients with renal failure. Kidney Int 1990;38:301.

92. Gonick HC, et al. Functional impairment in chronic renal disease. 3. Studies
of potassium excretion. Am J Med Sci 1971;261:281.

93. Kahn T, et al. Factors related to potassium transport in chronic stable renal
disease in man. Clin Sci Mol Med 1978;54:661.

94. Acker CG, et al. Hyperkalemia in the hospital. J Am Soc Nephrol 1996;7:
1346.

95. Gennari FJ, Segel AS. Hyperkalemia: an adaptive response in chronic renal
insufficiency. Kidney Int 2002;62:1.

96. Adesman J, et al. Simultaneous measurement of body sodium and potassium
using Na22 and K42. Metabolism 1960;9:561.

97. Berlyne GM, Van Laethem L, Ben Ari J. Exchangeable potassium and renal
potassium handling in advanced chronic renal failure in man. Nephron
1971;8:264.

98. Patrick J. The assessment of body potassium stores. Kidney Int 1977;
11:476.

99. Boddy K, et al. Exchangeable and total body potassium in patients with
chronic renal failure. Br Med J 1972;1:140.

100. Bergstrom J, et al. Muscle intracellular electrolytes in patients with chronic
uremia. Kidney Int 1983;24:S-153.

101. Bergstrom J, Hultman E. Water, electrolyte and glycogen content of mus-
cle tissue in patients undergoing regular dialysis therapy. Clin Nephrol
1974;2:24.

102. Ericsson F, Carlmark B. Potassium in whole body, skeletal muscle and
erythrocytes in chronic renal failure. Nephron 1983;33:173.

103. Graham JA, Lawson DH, Linton AL. Muscle biopsy water and electrolyte
contents in chronic renal failure. Clin Sci 1970;38:583.

104. Montanari A, et al. Studies on cell water and electrolytes in chronic renal
failure. Clin Nephrol 1978;9:200.

105. Montanari A, et al. Skeletal muscle water and electrolytes in chronic

renal failure. Effects of long-term regular dialysis treatment. Nephron
1985;39:316.

106. Bilbrey GL, et al. Potassium deficiency in chronic renal failure. Kidney Int
1973;4:423.

107. Cole CH. Decreased ouabain-sensitive adenosine triphosphatase activity in
the erythrocyte membrane of patients with chronic renal disease. Clin Sci
1973;45:775.

108. Welt LG, Sachs JR, McManus TJ. An ion transport defect in erythrocytes
from uremic patients. Trans Assoc Am Phys 1964;77:169.

109. Patrick J, Jones NF. Cell sodium, potassium and water in uraemia and the
effects of regular dialysis as studied in the leucocyte. Clin Sci 1974;46:583.

110. Cole CH, Balfe JW, Welt LG. Induction of an ouabain-sensitive ATPase
defect by uremic plasma. Trans Assoc Am Phys 1968;81:213.

111. Edmondson RP, et al. Leucocyte sodium transport in uraemia. Clin Sci Mol
Med 1975;49:213.

112. Kaji D, Kahn T. Na+-K+ pump in chronic renal failure. Am J Physiol
1987;252:F785.

113. Perez GO, et al. Blunted kaliuresis after an acute potassium load in patients
with chronic renal failure. Kidney Int 1983;24:656.

114. Bia MJ, DeFronzo RA. The medullary collecting duct (MCD) does not play
a primary role in potassium (K) adaptation following decreased GFR. Clin
Res 1978;26:457A.

115. Bourgoignie JJ, et al. Renal handling of potassium in dogs with chronic
renal insufficiency. Kidney Int 1981;20:482.

116. Schon DA, Silva P, Hayslett JP. Mechanism of potassium excretion in renal
insufficiency. Am J Physiol 1974;227:1323.

117. Wilson DR, Sonnenberg H. Medullary collecting duct function in the rem-
nant kidney before and after volume expansion. Kidney Int 1979;15:487.

118. Fernandez J, Oster JR, Perez GO. Impaired extrarenal disposal of an acute
oral potassium load in patients with endstage renal disease on chronic
hemodialysis. Miner Electrolyte Metab 1986;12:125.

119. Allon M, Dansby L, Shanklin N. Glucose modulation of the disposal of an
acute potassium load in patients with end-stage renal disease. Am J Med
1993;94:475.

120. DeFronzo RA, et al. The effect of insulin on renal handling of sodium,
potassium, calcium, and phosphate in man. J Clin Invest 1975;55:845.

121. Westervelt FB. Insulin effect in uremia. J Lab Clin Med 1969;74:79.
122. Alvestrand A, et al. Insulin-mediated potassium uptake is normal in uremic

and healthy subjects. Am J Physiol 1984;246:E174.
123. Goecke IA, et al. Enhanced insulin sensitivity in extrarenal potassium han-

dling in uremic rats. Kidney Int 1991;39:39.
124. Atuk NO, Westervelt FB, Peach M. Altered catecholamine metabolism,

plasma renin activity and hypertension in renal failure. Int Cong Nephrol
1975;475A.

125. Henrich WL, et al. Competitive effects of hypokalemia and volume deple-
tion on plasma renin activity, aldosterone and catecholamine concentra-
tions in hemodialysis patients. Kidney Int 1977;12:279.

126. Yang W, et al. β-adrenergic-mediated extrarenal potassium disposal in pa-
tients with end-stage renal disease: effect of propranolol. Miner Electrolyte
Metab 1986;12:186.

127. Gifford JD, et al. Control of serum potassium during fasting in patients
with end-stage renal disease. Kidney Int 1989;35:90.

128. Schrier RW, Regal EM. Influence of aldosterone on sodium, water and
potassium metabolism in chronic renal disease. Kidney Int 1972;1:156.

129. Weidmann P, et al. Control of aldosterone responsiveness in terminal renal
failure. Kidney Int 1975;7:351.

130. Weidmann P, et al. Role of the renin-angiotensin-aldosterone system in the
regulation of plasma potassium in chronic renal disease. Nephron 1975;
15:35.

131. Williams GH, et al. Studies on the metabolism of aldosterone in chronic
renal failure and anephric man. Kidney Int 1973;4:280.

132. Schultze RG, et al. On the adaptation of potassium excretion associated
with nephron reduction in the dog. J Clin Invest 1971;50:1061.

133. Kunau RT, Whinnery MA. Potassium transfer in distal tubule of normal
and remnant kidneys. Am J Physiol 1978;235:F186.

134. Finkelstein FO, Hayslett JP. Role of medullary structures in the functional
adaptation of renal insufficiency. Kidney Int 1974;6:419.

135. Bank N, Aynedjian HS. A micropuncture study of potassium excretion by
the remnant kidney. J Clin Invest 1973;52:1480.

136. Fine LG, et al. Functional profile of the isolated uremic nephron: potas-
sium adaptation in the rabbit cortical collective tubule. J Clin Invest 1979;
64:1033.

137. Rocha A, Marcondes M, Malnic G. Micropuncture study in rats with ex-
perimental glomerulonephritis. Kidney Int 1973;3:14.

138. Bia MJ, Tyler K, DeFronzo RA. Role of glucocorticoids and mineralocor-
ticoids in potassium adaptation after decreased GFR. Kidney Int 1983;
23:211A.

139. Espinel CH. Effect of proportional reduction of sodium intake on the
adaptive increase in glomerular filtration rate/nephron and potassium and
phosphate excretion in chronic renal failure in the rat. Clin Sci Mol Med
1975;49:193.

140. Charney AN, et al. Na+-K+-activated adenosine triphosphatase and in-
testinal electrolyte transport. Effect of adrenal steroids. J Clin Invest 1975;
56:653.

141. Muto S, et al. Basolateral Na+ pump modulates apical Na+ and K+ con-
ductances in rabbit cortical collecting ducts. Am J Physiol 1999;276:F143.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-88 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:20

Chapter 88: Disorders of Potassium and Acid–Base Metabolism in Association with Renal Disease 2291

142. Bastl C, Hayslett JP, Binder HJ. Increased large intestinal secretion of potas-
sium in renal insufficiency. Kidney Int 1977;12:9.

143. Hayes CP, MacLeod ME, Robinson RR. An extrarenal mechanism for the
maintenance of potassium balance in severe chronic renal failure. Trans
Assoc Am Phys 1964;80:207.

144. Pitts RF. Symposium on acid–base homeostasis. Control of renal production
of ammonia. Kidney Int 1972;1:297.

145. DuBose TD, et al. Ammonium transport in the kidney: new physiological
concepts and their clinical implications. J Am Soc Nephrol 1991;1:1193.

146. Widmer B, et al. Serum electrolyte and acid–base composition. The influ-
ence of graded degrees of chronic renal failure. Arch Intern Med 1979;139:
1099.

147. Wallia R, et al. Serum electrolyte patterns in end-stage renal disease. Am J
Kidney Dis 1986;8:98.

148. Caravaca F, et al. Metabolic acidosis in advanced renal failure: differences
between diabetic and nondiabetic patients. Am J Kidney Dis 1999;33:892.

149. Schwartz WB, et al. On the mechanism of acidosis in chronic renal disease.
J Clin Invest 1959;38:39.

150. Relman AS, Lennon EJ, Lemann J Jr. Endogenous production of fixed acid
and measurement of the net balance acid in normal subject. J Clin Invest
1961;40:1621.

151. Goodman AD, et al. Production, excretion, and net balance of fixed acid
in patient with renal acidosis. J Clin Invest 1965;44:495.

152. Litzow JR, Lemann J Jr, Lennon EJ. The effect of treatment of acidosis
on calcium balance in patients with chronic azotemic renal disease. J Clin
Invest 1967;46:280.

153. Warnock DG. Uremic acidosis. Kidney Int 1988;34:278.
154. Wrong O, Davies HE. The excretion of acid in renal disease. Q J Med

1959;28:259.
155. Slatopolsky E, et al. On the influence of extracellular fluid volume expansion

and uremia of bicarbonate reabsorption in man. J Clin Invest 1970;49:988.
156. Muldowney F, et al. Parathyroid acidosis in uremia. Q J Med 1972;41:321.
157. Arruda JA, et al. Bicarbonate reabsorption in chronic renal failure. Kidney

Int 1976;9:481.
158. Lameire N, Matthys E. Influence of progressive salt restriction on urinary

bicarbonate wasting in uremic acidosis. Am J Kidney Dis 1986;8:151.
159. Wong NL, Quamme GA, Dirks JH. Tubular handling of bicarbonate in

dogs with experimental renal failure. Kidney Int 1984;25:912.
160. Buerkert J, et al. Effect of reduced renal mass on ammonium handling and

net acid formation by the superficial and juxtamedullary nephron of the
rat. J Clin Invest 1983;71:1661.

161. Oster JR. Renal acidification in patients with chronic renal insufficiency.
Pco2 of alkaline urine and response to ammonium chloride. Miner Elec-
trolyte Metab 1978;1:253.

162. Brigg AP, et al. Pathophysiology of uremic acidosis as indicated by urinary
acidification on a controlled diet. Metabolism 1961;10:749.

163. Gonick HC, et al. Functional impairment in chronic renal disease. II. Studies
of acid excretion. Nephron 1969;6:28.

164. Simpson DP. Control of hydrogen ion homeostasis and renal acidosis.
Medicine 1971;50:503.

165. Good DW, Burg MB. Ammonia production in individual segments of the
rat nephron. J Clin Invest 1984;73:602.

166. Hwang JJ, Curthoys NP. Effect of acute alteration in acid–base balance
on rat renal glutaminase and phosphoenolpyruvate carboxykinase gene ex-
pression. J Biol Chem 1991;266:9392.

167. Good DW. Ammonium transport by the thick ascending limb of loop of rat
kidney. Ann Rev Physiol 1994;56:623.

168. MacClean AJ, Hayslett JP. Adaptive change in ammonia excretion in renal
insufficiency. Kidney Int 1980;17:595.

169. Stone DK, et al. Mineralocorticoid modulation of rabbit medullary col-
lecting duct acidification. A sodium-independent effect. J Clin Invest 1983;
72:77.

170. Koeppen BM, Helmann SI. Acidification of luminal fluid by the rabbit cor-
tical collecting tubule perfused in vitro. Am J Physiol 1982;242:F521.

171. Al-Awqati Q, et al. Characteristics of stimulation of H+ transport by al-
dosterone in turtle urinary bladder. J Clin Invest 1976;58:351.

172. Kurtzman NA. Acquired distal renal tubular acidosis. Kidney Int 1983;
24:807.

173. DiTella PJ, et al. Mechanism of the metabolic acidosis of selective miner-
alocorticoid deficiency. Kidney Int 1978;14:466.

174. Hulter HN, et al. Impaired renal H+ secretion and NH3 production in
mineralocorticoid-deficient glucocorticoid-replete dogs. Am J Physiol 1977;
232:F136.

175. Good DW. Active absorption of NH4
+ by rat medullary thick ascending

limb: inhibition by potassium. Am J Physiol 1988;255:F78.
176. Szylman P, et al. Role of hyperkalemia in the metabolic acidosis of isolated

hypoaldosteronism. N Engl J Med 1976;294:361.
177. Sebastian A, et al. Amelioration of metabolic acidosis with fludrocortisone

therapy in hyporeninemic hypoaldosteronism. N Engl J Med 1977;297:576.
178. Matsuda O, et al. Primary role of hyperkalemia in the acidosis of hy-

poreninemic hypoaldosteronism. Nephron 1988;49:203.
179. Hudson J, Chobanian A, Relman A. Hypoaldosteronism. A clinical study

of a patient with an isolated adrenal mineralocorticoid deficiency, resulting
in hyperkalemia and Stokes-Adams attacks. N Engl J Med 1957;257:529.

180. Christlieb AR, et al. Hypertension with inappropriate aldosterone stimula-
tion. N Engl J Med 1969;281:128.

181. Don BR, Schambelan M. Hyperkalemia in acute glomerulonephritis due to
transient hyporeninemic hypoaldosteronism. Kidney Int 1990;38:1159.

182. Ferrara E, et al. Selective hypoaldosteronism with blunted renin-activity
responsiveness. Clin Res 1970;18:602.

183. Gerstein AR, et al. Aldosterone deficiency in chronic renal failure. Nephron
1968;5:90.

184. Hill S, et al. Studies in man on hyper- and hypoaldosteronism. Arch Intern
Med 1959;104:982.

185. Lambrew C, et al. Hypoaldosteronism as a cause of hyperkalemia and syn-
copal attacks in a patient with complete heart block. Am J Med 1961;31:81.

186. Posner J, Jacobs D. Isolated antialdosteronism. I. Clinical entity, with man-
ifestations of persistent hyperkalemia, periodic paralysis, salt-losing ten-
dency, and acidosis. Metabolism 1964;13:513.

187. Skanse B, Hokfelt B. Hypoaldosteronism with otherwise intact adrenocor-
tical function, resulting in a characteristic clinical entity. Acta Endocrinol
1958;28:29.

188. Stockigt J, et al. Subordinate hypoaldosteronism. Clin Res 1971;19:174.
189. Ulick S, et al. An aldosterone biosynthetic defect in a salt-losing disorder.

J Clin Endocrinol Metab 1964;24:669.
190. Vagnucci A. Selective aldosterone deficiency in chronic pyelonephritis.

Nephron 1970;7:524.
191. Wilson I, Goetz F. Selective hypoaldosteronism after prolonged heparin

administration. Am J Med 1964;36:635.
192. Schambelan M, Stockigt JR, Biglieri EG. Isolated hypoaldosteronism in

adults. A renin-deficiency syndrome. N Engl J Med 1972;287:573.
193. Brown J, et al. Recurrent hyperkalemia due to selective aldosterone defi-

ciency: correction by angiotensin infusion. Br Med J 1973;1:650.
194. Perez G, Siegel L, Schreiner G. Selective hypoaldosteronism with hyper-

kalemia. Ann Intern Med 1972;76:757.
195. Oh MS, et al. A mechanism for hyporeninemic hypoaldosteronism in

chronic renal disease. Metabolism 1974;23:1157.
196. Weidmann P, et al. Syndrome of hyporeninemic hypoaldosteronism and

hyperkalemia in renal disease. J Clin Endocrinol Metab 1973;36:965.
197. DeFronzo RA. Hyperkalemia and hyporeninemic hypoaldosteronism. Kid-

ney Int 1980;17:118.
198. Rosansky SJ, Kennedy M. Sickle cell trait with episodic acute renal failure

and Type IV renal tubular acidosis. Ann Intern Med 1980;93:643.
199. Roseman MK, et al. Studies on the mechanism of hyperkalemic distal renal

tubular acidosis (dRTA): gradient type dRTA in SC hemoglobinopathy.
Kidney Int 1977;12:473.

200. DeFronzo RA, et al. Impaired renal tubular potassium secretion in systemic
lupus erythematosus. Ann Intern Med 1977;86:268.

201. Hadler NM, Gill JR, Gardner JD. Impaired renal tubular secretion of potas-
sium, elevated sweat sodium chloride concentration and plasma inhibition
of erythrocyte sodium outflux as complications of systemic lupus erythe-
matosus. Arthritis Rheum 1972;15:515.

202. DeFronzo RA, et al. Investigations into the mechanisms of hyperkalemia
following renal transplantation. Kidney Int 1977;11:357.

203. Gyory AZ, et al. Renal tubular acidosis, acidosis due to hyperkalemia, hy-
percalcemia, disordered citrate metabolism and other tubular dysfunctions
following human renal transplantation. Q J Med 1969;38:231.

204. Batlle DC, Arruda JA, Kurtzman NA. Hyperkalemic distal renal tubular
acidosis associated with obstructive uropathy. N Engl J Med 1981;304:373.

205. Glassock RJ, et al. Diabetes mellitus, moderate renal insufficiency and hy-
perkalemia. Am J Nephrol 1983;3:233.

206. Schambelan M, Sebastian A, Biglieri EG. Prevalence, pathogenesis, and
functional significance of aldosterone deficiency in hyperkalemic patients
with chronic renal insufficiency. Kidney Int 1980;17:89.

207. Arruda JA, et al. Hyperkalemia and renal insufficiency: role of selective
aldosterone deficiency and tubular unresponsiveness to aldosterone. Am J
Nephrol 1981;1:160.

208. Christlieb AR, et al. Aldosterone responsiveness in patients with diabetes
mellitus. Diabetes 1978;27:732.

209. Perez G, et al. Hyporeninemia and hypoaldosteronism in diabetes mellitus.
Arch Intern Med 1977;137:852.

210. Saruta T, et al. Renin, aldosterone and other mineralocorticoids in hy-
perkalemic patients with chronic renal failure showing mild azotemia.
Nephron 1981;29:128.

211. Sunderlin FS, Anderson GH Jr, Streeten DH, et al. The renin–angiotensin–
aldosterone system in diabetic patients with hyperkalemia. Diabetes 1981;
30:335.

212. Perez GO, et al. Effect of alterations of sodium intake in patients with
hyporeninemic hypoaldosteronism. Nephron 1977;18:259.

213. Phelps KR, et al. Pathophysiology of the syndrome of hyporeninemic hy-
poaldosteronism. Metabolism 1980;29:186.

214. Chan R, et al. Renin–aldosterone system can respond to furosemide in
patients with hyperkalemic hyporeninism. J Lab Clin Med 1998;132:229.

215. Birkenhager WH, et al. Interrelations between arterial pressure, fluid-
volumes, and plasma-renin concentration in the course of acute glomeru-
lonephritis. Lancet 1970;1:1086.

216. Powell HR, et al. Plasma renin activity in acute post streptococcal
glomerulonephritis and the haemolytic-uraemic syndrome. Arch Dis Child
1974;49:802.

217. Gordon RD, et al. Hypertension and severe hyperkalemia associated with
suppression of renin and aldosterone and completely reversed by dietary
sodium restriction. Aust Ann Med 1970;4:287.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-88 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:20

2292 Section XI: Disorders of Electrolyte, Water, and Acid–Base

218. Rado JP, et al. Outpatient hyperkalemia syndrome in renal and hypertensive
patients with suppressed aldosterone production. J Med 1979;10:145.

219. DeChamplain J, et al. Factors controlling renin in man. Arch Intern Med
1966;117:355.

220. Wagermark J, Ungerstedt U, Ljungqvist A. Sympathetic innervation of the
juxtaglomerular cells of the kidney. Circ Res 1968;22:149.

221. Christensen NJ. Plasma catecholamines in long-term diabetes with and
without neuropathy and in hypophysectomized subjects. J Clin Invest 1972;
51:779.

222. Tuck ML, Sambhi MP, Levin L. Hyporeninemic hypoaldosteronism in di-
abetes mellitus. Studies of the autonomic nervous system’s control of renin
release. Diabetes 1979;28:237.

223. Gossain VV, et al. Impaired renin responsiveness with secondary hypoal-
dosteronism. Arch Intern Med 1973;132:885.

224. Vagnucci AH. Selective aldosterone deficiency. J Clin Endocrinol Metab
1969;29:279.

225. Fernandez-Cruz A, et al. Low plasma renin activity in normotensive pa-
tients with diabetes mellitus: relationship to neuropathy. Hypertension
1981;3:87.

226. de Chatel R, et al. Sodium, renin, aldosterone, catecholamines, and blood
pressure in diabetes mellitus. Kidney Int 1977;12:412.

227. Tuck ML, Mayes DM. Mineralocorticoid biosynthesis in patients with hy-
poreninemic hypoaldosteronism. J Clin Endocrinol Metab 1980;50:341.

228. Dunn MJ, Zambraski EJ. Renal effects of drugs that inhibit prostaglandin
synthesis. Kidney Int 1980;18:609.

229. Yun J, et al. Role of prostaglandins in the control of renin secretion in the
dog. Circ Res 1977;40:459.

230. Saruta T, Kaplan NM. Adrenocortical steroidogenesis: the effects of
prostaglandins. J Clin Invest 1972;51:2246.

231. Tan SY, et al. Indomethacin-induced prostaglandin inhibition with hyper-
kalemia. A reversible cause of hyporeninemic hypoaldosteronism. Ann In-
tern Med 1979;90:783.

232. Tan SY, Antonipillai I, Mulrow PJ. Inactive renin and prostaglandin pro-
duction in hyporeninemic hypoaldosteronism. J Clin Endocrinol Metab
1980;51:849.

233. deLeiva A, et al. Big renin and biosynthetic defect of aldosterone in diabetes
mellitus. N Engl J Med 1976;295:639.

234. Farese RV, Rodriguez-Colome M, O’Malley BC. Urinary prostaglandins
following furosemide treatment and salt depletion in normal subjects with
diabetic hyporeninemic hypoaldosteronism. Clin Endocrinol 1980;13:447.

235. Brenner BM, Meyer TW, Hostetter TH. Dietary protein intake and the pro-
gressive nature of kidney disease. (The role of hemodynamically mediated
glomerular injury in the pathogenesis of progressive glomerular sclerosis
in aging, renal ablation, and intrinsic renal disease.) N Engl J Med 1982;
307:652.

236. Fredlund P, et al. Aldosterone production by isolated glomerulosa cells:
modulation of sensitivity to angiotensin II and ACTH by extracellular
potassium concentration. Endocrinology 1977;100:481.

237. Dluhy RG, et al. Studies of the control of plasma aldosterone concentration
in normal man. II. Effect of dietary potassium and acute potassium infusion.
J Clin Invest 1972;51:1950.

238. Himathongkam T, Dluhy RG, Williams GH. Potassium-aldosterone-renin
interrelationships. J Clin Endocrinol Metab 1975;41:153.

239. Walker WG, Cooke CR. Plasma aldosterone regulation in anephric man.
Kidney Int 1973;3:1.

240. Bayard F, et al. The regulation of aldosterone secretion in anephric man.
J Clin Invest 1971;50:1585.

241. Williams TD, et al. Atrial natriuretic peptide inhibits postural release of
renin and vasopressin in humans. Am J Physiol 1988;255:R368.

242. Tuchelt H, et al. Role of atrial natriuretic factor in changes in the respon-
siveness of aldosterone to angiotensin II secondary to sodium loading and
depletion in man. Clin Sci 1990;79:57.

243. Clark BA, et al. Effect of atrial natriuretic peptide on potassium-stimulated
aldosterone secretion: potential relevance to hypoaldosteronism in man.
J Clin Endocrinol Metab 1992;75:399.

244. Barret PQ, Isales CM. The role of cyclic nucleotides in atrial natri-
uretic peptide-mediated inhibition of aldosterone secretion. Endocrinology
1988;122:799.

245. McGiff JC, et al. Interrelationships of renin and aldosterone in a patient
with hypoaldosteronism. Am J Med 1970;48:247.

246. Mellinger RC, Petermann FL, Jurgenson JC. Hyponatremia with low uri-
nary aldosterone occurring in an old woman. J Clin Endocrinol Metab
1972;34:85.

247. Tait JF, Tait, SA. The effect of changes in potassium concentration on the
maximal steroidogenic response of purified zona glomerulosa cells to an-
giotensin II. J Steroid Biochem 1976;7:687.

248. Smith JD, DeFronzo RA. Clinical disorders of potassium metabolism,
fluid, electrolyte and acid–base disorders. New York: Churchill Livingstone,
1985.

249. Schnermann J, Persson AE, Agerup B. Tubuloglomerular feedback. Non-
linear relation between glomerular hydrostatic pressure and loop of Henle
perfusion rate. J Clin Invest 1973;52:862.

250. Schnermann J, et al. Regulation of superficial nephron filtration rate by
tubuloglomerular feedback. Pflugers Arch 1970;318:147.

251. Blantz RC, Konnen KS. Relation of distal tubular delivery and reabsorptive
rate to nephron filtration. Am J Physiol 1977;233:F315.

252. Blantz RC, et al. Effect of modest hyperglycemia on tubulo-glomerular
feedback activity. Kidney Int 1982;22:S206.

253. Tucker BJ, et al. Mechanism of diuresis with modest hyperglycemia. Clin
Res 1981;29:478A.

254. Wright FS, Briggs JP. Feedback control of glomerular blood flow, pressure,
and filtration rate. Physiol Rev 1979;59:958.

255. Perez GO, Pelleya R, Oster JR. Renal tubular hyperkalemia. Am J Nephrol
1982;2:109.

256. Battle DC, et al. Hyperkalemic hyperchloremic metabolic acidosis in sickle
cell hemoglobinopathies. Am J Med 1982;72:188.

257. Morris RC, McSherry E. Symposium on acid–base homeostasis. Renal aci-
dosis. Kidney Int 1972;1:322.

258. Dreyling KW, Wanner C, Schollmeyer P. Control of hyperkalemia with flu-
drocortisone in a patient with systemic lupus erythematosus. Clin Nephrol
1990;33:179.

259. Bastani B, et al. Preservation of intercalated cell H(+)-ATPase in two pa-
tients with lupus nephritis and hyperkalemic distal renal tubular acidosis.
J Am Soc Nephrol 1997;8:1109.

260. Cohen EP, et al. Absence of H(+)-ATPase in cortical collecting tubules of
a patient with Sjogren’s syndrome and distal renal tubular acidosis. J Am
Soc Nephrol 1992;3:264.

261. Purcell H, et al. Cellular distribution of H(+)-ATPase following acute uni-
lateral ureteral obstruction in rats. Am J Physiol 1991;261:F365.

262. Battle DC, et al. The pathogenesis of hyperchloremic metabolic acidosis
associated with kidney transplantation. Am J Med 1981;70:786.

263. Roll D, et al. Transient hypoaldosteronism after renal allotransplantation.
Isr J Med Sci 1979;15:29.

264. Heering P, Grabensee B. Influence of cyclosporine A on renal tubular func-
tion after kidney transplantation. Nephron 1991;59:66.

265. Kamel SK, et al. Studies to determine the basis of hyperkalemia in recipients
of a renal transplant who are treated with cyclosporine. J Am Soc Nephrol
1992;2:1279.

266. Perazella MA, Brown E. Electrolyte and acid-base disorders associated with
AIDS: an etiologic review. J Gen Int Med 1994;9:232.

267. Peter SA. Electrolyte disorders and renal dysfunction in acquired immuno-
deficiency syndrome patients. J Natl Med Assoc 1991;83:889.

268. Popovtzer MM, et al. Hyperkalemia in salt-wasting nephropathy. Study of
the mechanisms. Arch Intern Med 1973;132:203.

269. Morgan JM. Hyperkalemia and acidosis in lead nephropathy. South Med
J 1976;69:881.

270. Cogan MC, Arieff AI. Sodium-wasting, acidosis and hyperkalemia induced
by methicillin interstitial nephritis. Evidence for selective distal tubular dys-
function. Am J Med 1978;64:500.

271. Lawson DH. Adverse reactions to potassium chloride. Q J Med 1974;
43:433.

272. Lawson DH, et al. Drug attributed alterations in potassium handling in
congestive cardiac failure. Eur J Clin Pharmacol 1982;23:21.

273. Paice B, et al. Hyperkalemia in patients in hospital. Br Med J 1983;286:
1189.

274. Shapiro S, et al. Fatal drug reactions among medical inpatients. J Am Med
Assoc 1971;216:467.

275. Shemer J, et al. Incidence of hyperkalemia in hospitalized patients. Isr J
Med Sci 1983;19:659.

276. McCaughan D. Hazards of non-prescription potassium supplements.
Lancet 1984;1:513.

277. Ponce SP, et al. Drug-induced hyperkalemia. Medicine 1985;64:357.
278. Mueller BA, et al. Noni juice (Morinda citrifolia): hidden potential for

hyperkalemia? Am J Kidney Dis 2000;35:310.
279. Mercer CW, Logic JR. Cardiac arrest due to hyperkalemia following intra-

venous penicillin administration. Chest 1973;64:358.
280. Browning JJ, Channer KS. Hyperkalaemic cardiac arrhythmia caused by

potassium citrate mixture. Br Med J 1981;283:1366.
281. Michael JM, et al. Potassium load in CPD-preserved whole blood and two

types of packed red blood cells. Transfusion 1975;15:144.
282. Bethune DW, McKay R. Paradoxical changes in serum potassium

during cardiopulmonary bypass in association with non-cardioselective
β-blockade. Lancet 1978;2:380.

283. Lundborg P. The effect of adrenergic blockade on potassium concentrations
in different conditions. Acta Med Scand 1983;672:121.

284. Traub YM, et al. Elevation of serum potassium during β blockade: ab-
sence of relationship to the renin-aldosterone system. Clin Pharmacol Ther
1980;28:765.

285. Arthur S, Greenberg A. Hyperkalemia associated with intravenous laβ lol
therapy for acute hypertension in renal transplant recipients. Clin Nephrol
1990;33:269.

286. Borra S, et al. Hyperkalemia in an adult hospitalized population. Mt Sinai
J Med 1988;55:226.

287. Rimmer JM, et al. Hyperkalemia as a complication of drug therapy. Arch
Intern Med 1987;147:867.

288. Ahmed EU, et al. Etiology of hyperkalemia in hospitalized patients: an
answer to Harrinton’s question. J Am Soc Nephrol 1999;10:103A.

289. Smith TW, Willerson JT. Suicidal and accidental digoxin ingestion. Re-
port of five cases with serum digoxin level correlations. Circulation 1971;
44:29.

290. Reza MJ, et al. Massive intravenous digoxin overdosage. N Engl J Med
1974;291:777.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-88 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:20

Chapter 88: Disorders of Potassium and Acid–Base Metabolism in Association with Renal Disease 2293

291. Levinsky NG, et al. The relationship between amino acids and potassium
in isolated rat muscle. J Clin Invest 1962;41:480.

292. Dickerman HW, Walker WG. Effect of cationic amino acid infusion on
potassium metabolism in vivo. Am J Physiol 1964;206:403.

293. Alberti KG, et al. Effect of arginine on electrolyte metabolism in man. Clin
Res 1967;15:476A.

294. Hertz P, Richardson JA. Arginine-induced hyperkalemia in renal failure
patients. Arch Intern Med 1972;130:778.

295. Bushinsky DA, Gennari FJ. Life-threatening hyperkalemia induced by argi-
nine. Ann Intern Med 1978;89:632.

296. Carroll HJ, Tice DA. The effects of epsilon amino-caproic acid upon potas-
sium metabolism in the dog. Metabolism 1966;15:449.

297. Perazella MA, Biswas P. Acute hyperkalemia associated with intravenous
epsilon-aminocaproic acid therapy. Am J Kidney Dis 1999;33:782.

298. Perazella MA, et al. Hyperkalemia associated with IV epsilon-aminocaproic
acid. J Am Soc Nephrol 1999;10:123A.

299. Weintraub HD, et al. Changes in plasma potassium concentration after
depolarizing blockers in anaesthetized man. Br J Anaesth 1969;41:1048.

300. Yentis SM. Suxamethonium and hyperkalaemia. Anaesth Intens Care
1990;18:92.

301. Gronert GA, Theye RA. Pathophysiology of hyperkalemia induced by suc-
cinylcholine. Anesthesiology 1975;43:89.

302. Laragh JH. Amiloride, a potassium-conserving agent new to the USA: mech-
anisms and clinical relevance. Curr Ther Res 1982;32:173.

303. Ramsay LE, et al. Amiloride, spironolactone, and potassium chloride in
thiazide-treated hypertensive patients. Clin Pharmacol 1980;4:533.

304. Good DW, Wright FS. Luminal influences on potassium secretion: sodium
concentration and fluid flow rate. Am J Physiol 1979;236:F192.

305. Udezue FU, Harrold BP. Hyperkalaemic paralysis due to spironolactone.
Postgrad Med 1980;56:254.

306. Greenblatt DJ, Koch-Weser J. Adverse reactions to spironolactone. A re-
port from Boston Collaborative Drug Surveillance Program. JAMA 1973;
225:40.

307. Whiting GF, et al. Severe hyperkalaemia with Moduretic. Med J Aust 1979;
1:409.

308. Petersen AG. Letter: dyazide and hyperkalemia. Ann Intern Med 1976;
84:612.

309. Feinfeld DA, Carvounis CP. Fatal hyperkalemia and hyperchloremic aci-
dosis. Association with spironolactone in the absence of renal impairment.
J Am Med Assoc 1978;240:1516.

310. Jaffey L, Martin A. Malignant hyperkalemia after amiloride/hydro-
chlorothiazide treatment. Lancet 1981;1:1272.

311. Chiu TF, et al. Rapid life-threatening hyperkalemia after addition of
amiloride HCI/hydrochlorothiazide to angiotensin-converting enzyme in-
hibitor therapy. Ann Emerg Med 1997;30:612.

312. Maddox RW, et al. Extreme hyperkalemia associated with amiloride. South
Med J 1985;78:365.

313. Henger A, et al. Acid–base effects of inhibition of aldosterone and angio-
tensin II action in chronic metabolic acidosis in humans. J Am Soc Nephrol
1999;10:121A.

314. McNay JL, Oran E. Possible predisposition of diabetic patients to
hyperkalemia following administration of potassium-retaining diuretic,
amiloride (MK-870). Metabolism 1970;19:58.

315. Mor R, et al. Indomethacin- and Moduretic-induced hyperkalemia. Isr J
Med Sci 1983;19:535.

316. Walker BR, et al. Hyperkalemia after triamterene in diabetic patients. Clin
Pharmacol Ther 1972;13:643.

317. Wan HH, Lye MD. Moduretic-induced metabolic acidosis and hyper-
kalemia. Postgrad Med J 1980;56:348.

318. Pitt B, et al. The effect of spironolactone on morbidity and mortality in
patients with severe heart failure. New Engl J Med 1999;341:709.

319. Juurlink DN, et al. Rates of hyperkalemia after publication of the Random-
ized Aldactone Evaluation Study. New Engl J Med 2004;351:543.

320. Pitt B, et al. Eplerenone, a selective aldosterone blocker, in patients with
left ventricular dysfunction after myocardial infarction. New Engl J Med
2003;348:1309.

321. Schlondorff D. Renal complications of nonsteroidal anti-inflammatory
drugs. Kidney Int 1993;44:643.

322. Garella S, Matarese RA. Renal effects of prostaglandins and clinical adverse
effects of nonsteroidal anti-inflammatory agents. Medicine 1984;63:165.

323. Mactier RA, Khanna R. Hyperkalemia induced by indomethacin and
naproxen and reversed by fludrocortisone. South Med J 1988;81:799.

324. Kimberly RP, et al. Reduction of renal function by newer non-steroidal
anti-inflammatory drugs. Am J Med 1978;64:799.

325. Corwin HL, Bonventre JV. Renal insufficiency associated with nonsteroidal
anti-inflammatory agents. Am J Kidney Dis 1984;4:147.

326. Frais MA, et al. Piroxicam-induced renal failure and hyperkalemia. Ann
Intern Med 1983;99:129.

327. Galler M, et al. Reversible acute renal insufficiency and hyperkalemia fol-
lowing indomethacin therapy. J Am Med Assoc 1981;246:154.

328. Perazella MA. COX-2 selective inhibitors: Analysis of the renal effects.
Expert Opinion in Drug Safety. 2002;1:53.

329. Textor SC, et al. Hyperkalemia in azotemic patients during angiotensin-
converting enzyme inhibition and aldosterone reduction with captopril.
Am J Med 1982;73:719.

330. Atlas SA, et al. Interruption of the renin–angiotensin system in hypertensive

patients by captopril induces sustained reduction in aldosterone secretion,
potassium retention and natriuresis. Hypertension 1979;1:274.

331. Memon A, et al. Incidence and predictors of hyperkalemia in patients with
chronic renal failure on angiotensin converting enzyme inhibitors. J Am Soc
Nephrol 1999;10:294A.

332. Reardon LC, Macpherson DS. Hyperkalemia in outpatients using
angiotensin-converting enzyme inhibitors. How much should we worry?
Arch Intern Med 1998;158:26.

333. Keilani T, et al. A subdepressor low dose of ramipril lowers urinary pro-
tein excretion without increasing plasma potassium. Am J Kidney Dis
1999;33:450.

334. Russo D, et al. Additive antiproteinuric effect of converting enzyme in-
hibitor and losartan in normotensive patients with IgA nephropathy. Am J
Kidney Dis 1999;33:851.

335. Heeg JE, et al. Additive antiproteinuric effect of the NSAID indomethacin
and the ACE inhibitor lisinopril. Am J Nephrol 1990;10:94.

336. White WB, Aydelotte ME. Clinical experience with labetalol and enalapril
in combination in patients with severe essential and renovascular hyperten-
sion. Am J Med Sci 1988;296:187.

337. Dahlstrom U, Karlsson E. Captopril and spironolactone therapy for refrac-
tory congestive heart failure. Am J Cardiol 1993;71:29A.

338. Hannedouche T, et al. Randomised controlled trial of enalapril and β block-
ers in non-diabetic chronic renal failure. Br Med J 1994;309:833.

339. Apperloo AJ, et al. Differential effects of enalapril and atenolol on pro-
teinuria and renal haemodynamics in non-diabetic renal disease. Br Med J
1991;303:821.

340. Juurlink DN, et al. Drug-drug interactions among elderly patients hospi-
talized for drug toxicity. JAMA 2003;289:1652.

341. Ferder L, et al. Angiotensin converting enzyme inhibitors versus calcium
antagonists in the treatment of diabetic hypertensive patients. Hypertension
1992;19:II237.

342. Kjekshus J, Swedberg K. Tolerability of enalapril in congestive heart failure.
Am J Cardiol 1988;62:67A.

343. Goldberg MR, et al. Biochemical effects of losartan, a nonpeptide an-
giotensin II receptor antagonist, on the renin–angiotensin–aldosterone sys-
tem in hypertensive patients. Hypertension 1995;25:37.

344. Goldberg AI, et al. Safety and tolerability of losartan potassium, an
angiotensin II receptor antagonist, compared with hydrochlorothiazide,
atenolol, felodipine ER, and angiotensin-converting enzyme inhibitors for
the treatment of systemic hypertension. Am J Cardiol 1995;75:793.

345. Savoy A, et al. Losartan effects on serum potassium in an elderly population.
J Am Soc Nephrol 1998;9:111A.

346. Bakris GL, et al. Differential effects of valsartan and lisinopril on potassium
homeostasis in hypertensive patients with nephropathy. J Am Soc Nephrol
1999;10:68A.

347. Ruilope LM, et al. Safety of combination of valsartan and benazepril in
patients with chronic kidney disease. European Group for the Investigation
of Valsartan in Chronic Renal Disease. J Hypertens 2000;18:89.

348. Luno J, et al. Effects of dual blockade of the renin-angiotensin system in
primary proteinuric nephropathies. Kidney Int 2002;62:S47.

349. Velázquez H, et al. Renal mechanism of trimethoprim-induced hyper-
kalemia. Ann Intern Med 1993;119:296.

350. Kaufman AM, et al. Renal salt wasting and metabolic acidosis with
trimethoprim-sulfamethoxazole therapy. Mt Sinai J Med 1983;50:238.

351. Alappan R, Perazella MA, Buller GK. Hyperkalemia in hospitalized
patients treated with trimethoprim-sulfamethoxazole. Ann Intern Med
1996;124:316.

352. Alappan R, Buller GK, Perazella MA. Trimethoprim-sulfamethoxazole
therapy in outpatients: is hyperkalemia a significant problem? Am J Nephrol
1999;19:389.

353. Briceland LL, Bailie GR. Pentamidine-associated nephrotoxicity and hyper-
kalemia in patients with AIDS. DICP 1991;25:1171.

354. Oster JR, Singer I, Fishman LM. Heparin-induced aldosterone suppression
and hyperkalemia. Am J Med 1995;98:575.

355. Batlle DC, et al. The pathogenesis of hyperchloremic metabolic acidosis
associated with kidney transplantation. Am J Med 1981;70:786.

356. DeFronzo RA, et al. Investigations into the mechanisms of hyperkalemia
following renal transplantation. Kidney Int 1977;11:357.

357. Yu HS, et al. Change of transtubular potassium gradient (TTKG) in renal
transplant recipients. J Am Soc Nephrol 1999;10:14A.

358. Asante-Korang A, et al. Experience of FK506 immune suppression in pe-
diatric heart transplantation: a study of long term adverse effects. J Heart
Lung Transplant 1996;15:415.

359. Tumlin JA, Sands JM. Nephron segment-specific inhibition of Na+/K(+)-
ATPase activity by cyclosporin A. Kidney Int 1993;43:246.

360. Lea JP, et al. Evidence that the inhibition of Na+/K(+)-ATPase activity by
FK506 involves calcineurin. Kidney Int 1994;46:647.

361. Ling BN, Eaton DC. Cyclosporin A inhibits apical secretory K+ channels
in rabbit cortical collecting tubule principal cells. Kidney Int 1993;44:974.

362. Pei Y, et al. Extrarenal effect of cyclosporine A on potassium homeostasis
in renal transplant recipients. Am J Kidney Dis 1993;22:314.

363. DeFronzo RA, Smith JD. Disorders of potassium metabolism-hyper-
kalemia. In: Arieff AI, DeFronzo RA, eds. Fluid, Electrolyte and Acid–base
Disorders. New York: Churchill-Livingstone; 1995.

364. Moore RD. Stimulation of Na:H exchange by insulin. Biophys J 1981;
33:203.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-88 Schrier-2611G GRBT133-Schrier-v5.cls September 19, 2006 21:20

2294 Section XI: Disorders of Electrolyte, Water, and Acid–Base

365. Gourley DR. Effect of insulin on potassium exchange in normal and
ouabain-treated skeletal muscle. J Pharmacol Exp Ther 1965;148:339.

366. Kamel K, Wei C. Controversial issues in the treatment of hyperkalemia.
Nephrol Dial Transplant 2003;18:2215.

367. Allon M, Copkney C. Albuterol and insulin for treatment of hyperkalemia
in hemodialysis patients. Kidney Int 1990;38:869.

368. Ngugi N, et al. Treatment of hyperkalemia by altering the transcellular
gradient in patients with renal failure: efficacy of various therapeutic ap-
proaches. East Afr Med J 1997;74:503.

369. Blumberg A, et al. Effect of various therapeutic approaches on plasma
potassium and major regulating factors in terminal renal failure. Am J Med
1988;85:507.

370. Ethier JH, et al. The transtubular potassium concentration in patients with
hypokalemia and hyperkalemia. Am J Kidney Dis 1990;15:309.

371. Kamel KS, et al. Urine electrolytes and osmolality: when and how to use
them. Am J Nephrol 1990;10:89.

372. Zettle RM, et al. Renal potassium handling during states of low aldosterone
bio-activity: a method to differentiate renal from non-renal causes. Am J
Nephrol 1987;7:360.

373. Goldstein MB, et al. The urine anion gap: a clinically useful index of am-
monium excretion. Am J Med Sci 1986;292:198.

374. Batlle DC, et al. The use of urinary anion gap in the diagnosis of hyper-
chloremic metabolic acidosis. N Engl J Med 1988;318:594.

375. Dyck RF, et al. A modification of the urine osmolal gap: an im-
proved method for estimating urine ammonium. Am J Nephrol 1990;
10:359.

376. Halperin ML, et al. Urine ammonium: the key to the diagnosis of distal
renal tubular acidosis. Nephron 1988;50:1.

377. Dominguez JH, Raisz LG. Effects of changing hydrogen ion, carbonic acid,
and bicarbonate concentrations on bone resorption in vitro. Calcif Tissue
Int 1979;29:7.

378. Adams ND, Gray RW, Lemann J Jr. The calciuria of increased fixed
acid production: evidence against a role for parathyroid hormone and 1,
25(OH)2-vitamin D. Calcif Tiss Int 1979;28:233.

379. Kraut JA, Mishler DR, Kurokawa K. Effect of colchicine and calcitonin on
calcemic response to metabolic acidosis. Kidney Int 1984;25:608.

380. Greiber S, Mitch WE. Catabolism in uremia: metabolic acidosis and acti-
vation of specific pathways. Contrib Nephrol 1992;98:20.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-89 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 15:0

CHAPTER 89 ■ DISORDERS OF
PHOSPHORUS, CALCIUM, AND MAGNESIUM
METABOLISM
KEITH A. HRUSKA, MOSHE LEVI, AND EDUARDO SLATOPOLSKY

PHOSPHORUS

Phosphorus is a common anion ubiquitously distributed
throughout the body. Approximately 80% to 85% of the
phosphorus is present in the skeleton. The rest is widely
distributed in the form of organic phosphate compounds
that play fundamental roles in several aspects of cellular
metabolism. The energy required for many cellular reactions
including biosynthesis derives from hydrolysis of adenosine
triphosphate (ATP). Organic phosphates are important
components of cell membrane phospholipids. Changes in
serum phosphorus influence the dissociation of oxygen from
hemoglobin through regulation of 2,3-diphosphoglycerate
concentrations. The concentration of phosphorus influences
the activity of several metabolic pathways such as ammoni-
agenesis, glycolysis, gluconeogenesis, parathyroid hormone
(PTH) secretion, and phosphate reabsorption, as well as the
formation of 1,25-dihydroxycholecalciferol [1,25(OH)2D3]
from 25-hydroxycholecalciferol [25(OH)D3]. In the extracel-
lular fluid (ECF), phosphorus is present predominantly in the
inorganic form (Pi). The physiologic concentration of serum
phosphorus ranges from 2.5 to 4.5 mg/dL (0.9 to 1.45 mmol/L)
in adults (1). In serum, phosphorus exists mainly as the free
ion, and only a small fraction (less than 15%) is protein bound
(2,3). There is a diurnal variation in serum phosphorus of
0.6 to 1.0 mg/dL, with the nadir occurring between 8 am and
11 am. Ingestion of meals rich in carbohydrates decreases
serum phosphorus concentrations as a result of the movement
of phosphorus from the extracellular to the intracellular
space.

Gastrointestinal Absorption
of Phosphorus

Approximately 1 g of phosphorus is ingested daily in an average
diet in the United States. About 300 mg is excreted in the stool,
and 700 mg is absorbed (Fig. 89-1). Most of the phosphorus
is absorbed in the duodenum and jejunum with minimal ab-
sorption occurring in the ileum (4). Phosphorus transport in
proximal segments of the small intestine appears to involve
both passive and active components and to be under the in-
fluence of vitamin D. The movement of phosphorus from the
intestinal lumen to the blood requires (a) transport across the
luminal brush-border membrane of the intestine; (b) transport
through the cytoplasm; and (c) transport across the basolateral
plasma membrane of the epithelium. The rate-limiting step and
the main driving force of absorption is the luminal membrane
step (1).

Luminal Membrane Transport

The mechanism of transport across the intestinal brush bor-
der epithelial membrane involves a sodium–phosphate (NaPi)
cotransport system, as suggested by Berner et al. (5) and con-
firmed by the identification of the responsible molecular mecha-
nism, a type IIb sodium–phosphate (NaPi) cotransporter, NaPi-
IIb (6). The NaPi cotransporters are a secondary active form
of ion transport using the energy of the Na gradient from out-
side to inside the cell to move phosphate ion uphill against an
electrochemical gradient (Fig. 89-2).

The intestinal NaPi-IIb transporter is upregulated by a low
phosphate diet (7,8). 1,25-dihydroxyvitamin D3 is also an
important regulator of intestinal phosphate transport (7–12).
Interestingly, a low phosphate diet results in upregulation of
1,25-dihydroxyvitamin D3; however, a recent study in vitamin
D–receptor (VDR) null mice has indicated that the intestinal
NaPi cotransport adaptation to a low phosphate diet occurs
independent of vitamin D (13).

Intestinal NaPi cotransport activity and NaPi-IIb protein
is also regulated by several other factors including the aging
process (14), glucocorticoids (15) and epidermal growth factor
(EGF) (16) that causes decreased intestinal NaPi transport, and
estrogen (17) and metabolic acidosis (18) that causes increased
intestinal NaPi transport.

Studies of phosphorus accumulation by rat intestinal brush-
border vesicles have demonstrated that at physiologic pH lev-
els, phosphorus uptake is dependent on luminal sodium, and
that it is affected by the transmembrane potential, indicating
that like the renal type IIa cotransporter, NaPi-2a, the intestinal
type IIb cotransporter, NaPi-2b, is electrogenic (6). The Km(Pi)
of NaPi-2b is approximately 50 μm, a finding that is consis-
tent with the renal transport protein. In contrast to the renal
NaPi-2a isoform, the intestinal NaPi-2b cotransporter is less
dependent on the pH level and is slightly more active at acid
pH values.

Transcellular Movement of Phosphorus

The second component of transcellular intestinal phosphorus
transport involves the movement of phosphorus from the lu-
minal to the basolateral membrane. Although little is known
about the cellular events that mediate this transcellular process,
evidence suggests a role for the microtubular microfilament
system of intestinal cells (4). Microfilaments in the cell may
be important in conveying phosphorus from the brush-border
membrane to the basolateral membrane and may be involved
in the extrusion of phosphorus at the basolateral membrane
from the epithelial cell.
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FIGURE 89-1. Summary of phosphorus metabolism in humans. Ap-
proximately 1 g of phosphorus is ingested daily, of which 300 mg is
excreted in the stool and 700 mg in the urine. The gastrointestinal
tract, bone, and kidney are the major organs involved in phosphorus
homeostasis.

Phosphate Exit at Basolateral Membrane

Little is known about the mechanisms of phosphorus extru-
sion at the basolateral membrane of intestinal epithelial cells.
The electrochemical gradient for phosphorus favors movement
from the intracellular to the extracellular compartment because
the interior of the cell is electrically negative compared with the
basolateral external surface (10). Thus, it has been presumed
that the exit of phosphorus across the basolateral membrane
represents a mode of passive transport (19).

Renal Reabsorption of Phosphorus

Most of the inorganic phosphorus in serum (90% to 95%)
is ultrafilterable at the level of the glomerulus. At physiologic
levels of serum phosphorus, approximately 7 g of phosphorus
is filtered daily by the kidney, of which 80% to 90% is reab-
sorbed by the renal tubules and the remainder is excreted in the

FIGURE 89-2. The apical membrane Na+–inorganic phosphate (Pi)
cotransport proteins utilize the electrochemical driving force for Na+ to
move Pi into the cell. The electrochemical Na+ gradient is maintained
by active Na+ extrusion across the basolateral membrane through the
action of Na+-K+-ATPase.

urine (approximately 700 mg on a 1-g phosphorus diet) equal
to interstial absorption (20). Thus, at steady-state, adults are
in a state of balance between intake and excretion of phos-
phorus (Fig. 89-1). Micropuncture studies have demonstrated
that 60% to 70% of the filtered phosphorus is reabsorbed in
the proximal tubule. However, there is also evidence that a
significant amount of filtered phosphorus is reabsorbed in dis-
tal segments of the nephron (21). When serum phosphorus
levels increase and the filtered load of phosphorus increases,
the capacity to reabsorb phosphorus also increases. However,
a maximum rate of transport (Tm) for phosphorus reabsorp-
tion is obtained usually at serum phosphorus concentrations
of 6 mg/dL. There is a direct correlation between Tm phos-
phorus values and glomerular filtration rate (GFR) even when
the GFR is varied over a broad range. Micropuncture studies
suggest two different mechanisms responsible for phosphorus
reabsorption in the proximal tubule. In the first third of the
proximal tubule, in which only 10% to 15% of the filtered
sodium and fluid is reabsorbed, the ratio of tubular fluid (TF)
phosphorus to plasma ultrafilterable (UF) phosphorus falls to
values of approximately 0.6. This indicates that the first third
of the proximal tubule accounts for approximately 50% of the
total amount of phosphorus reabsorbed in this segment of the
nephron. In the last two-thirds of the proximal tubule, the re-
absorption of phosphorus parallels the movement of salt and
water. In the remaining 70% of the pars convoluta, the TF: UF
phosphorous ratio remains at a value of 0.6 to 0.7, whereas
fluid reabsorption increases to approximately 60% to 70%
of the filtered load. Thus, in the last two-thirds of proximal
tubule, the TF: UF phosphorus reabsorption ratio is directly
proportional to sodium and fluid reabsorption. A significant
amount of phosphorus, perhaps on the order of 20% to 30%,
is reabsorbed beyond the portion of the proximal tubule that is
accessible to micropuncture. There is little phosphorus trans-
port within the loop of Henle, with most transport distal to
micropuncture accessibility occurring in the distal convoluted
tubule. In this location, Pastoriza-Munoz et al. (21) found that
approximately 15% of filtered phosphorus is reabsorbed under
baseline conditions in animals subjected to parathyroidectomy,
but that the value falls to about 6% after administration of
large doses of PTH. The collecting duct is a potential site for
distal nephron reabsorption of phosphorus (22–24). Transport
in this nephron segment may explain the discrepancy between
the amount of phosphorus delivered to the late distal tubule
in micropuncture studies and the considerably smaller amount
of phosphorus that appears in the final urine of the same kid-
ney. Phosphorus transport in the cortical collecting tubule is
independent of regulation by PTH. This is in agreement with
the absence of PTH-dependent adenylate cyclase in the cortical
collecting tubule (24).

Comparison of Superficial
and Deep Nephron Transport

The contribution of superficial nephrons and deep nephrons
of the kidney to phosphorus homeostasis differs. Nephron
heterogeneity in phosphorus handling has been evaluated un-
der a number of conditions by puncture of the papillary tip
and the superficial early distal tubule, with the recorded frac-
tional delivery representing deep and superficial nephron func-
tion, respectively. Using this technique, Haramati et al. (25,26)
demonstrated that in thyroparathyroidectomized (TPTX) rats
fed a normal phosphorus diet, phosphorus reabsorption was
greater in deep nephrons than in superficial nephrons, and
this heterogeneous handling of phosphorus can be mitigated
by both PTH infusion (26) and a low-phosphorus diet (25).
Studies in TPTX rats fed a normal phosphorus diet have



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-89 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 15:0

Chapter 89: Disorders of Phosphorus, Calcium, and Magnesium Metabolism 2297

presented in vivo measurements of maximum tubular
reabsorptive capacities for phosphorus of deep and superfi-
cial nephrons. Deep nephron values (5.05 pmol/mL/minute)
were significantly greater than the values obtained in super-
ficial nephrons (3.38 pmol/mL/minute). These results suggest
that the juxtamedullary nephrons are more responsive to body
phosphorus requirements than the superficial nephrons. Also,
microinjection of phosphorus tracer into thin ascending and
descending limbs of loops of Henle reveals that only 80%
of phosphorus was recovered in the urine, whereas 88% to
100% of phosphorus was recovered when the tracer was in-
jected into the late superficial distal tubule. It was concluded
that a significant amount of phosphorus must be reabsorbed
by juxtamedullary distal tubules or by segments connecting the
juxtamedullary distal tubules to the collecting ducts to account
for the discrepancy between the results of superficial nephron
injection and injection into the juxtamedullary ascending limb
of loops of Henle. These data seem to support an increased
reabsorptive capacity for phosphorus in deep as opposed to
superficial nephrons.

In summary, phosphorus transport occurs in the distal
nephron, particularly in the distal convoluted tubule and cor-
tical collecting tubular system. This transport may be consid-
erable under certain experimental conditions, but the impor-
tance of the terminal nephron system in day-to-day phosphorus
homeostasis remains to be defined. It is also evident from data
obtained from various micropuncture and microinjection stud-
ies that juxtamedullary and superficial nephrons have different
capacities for phosphorus transport. The increased responsive-
ness of the deep nephrons to phosphorus intake suggests a key
regulatory role for this system in phosphorus homeostasis.

Cellular Mechanisms of Phosphate
Reabsorption in the Kidney

The apical membrane of renal tubular cells is the initial bar-
rier across which phosphorus and other solutes present in the
tubular fluid must pass to be transported into the peritubular
capillary network. Because the electrical charge of the cell inte-
rior is negative to the exterior, and phosphorus concentrations
are higher in the cytosol, phosphorus must move against an
electrochemical gradient into the cell interior, whereas at the
antiluminal membrane, the transport of phosphorus into the
peritubular capillary is favored by the high intracellular phos-
phorus concentration and the electronegativity of the cell inte-
rior. Studies with apical membrane vesicles have demonstrated
cotransport of Na+ with phosphate across the brush-border
membrane, whereas the transport of phosphorus across the ba-
solateral membrane is independent of that of Na+ (27). The api-
cal membrane Na+-phosphate cotransport protein (NaPi-2a)
energizes the uphill transport of phosphate across the brush-
border membrane (BBM) by the movement of Na+ down its
electrochemical gradient. The latter gradient is established and
maintained by active extrusion of Na+ across the basolateral
cell membrane into the peritubular capillary through the action
of Na+-K+-ATPase (Fig. 89-2) (28).

Three families of NaPi cotransport proteins of the proximal
tubule (types I, II, and III) have been cloned using Xenopus lae-
vis oocyte RNA expression strategies (29–34). The DNA clones
encode 80- to 95-kd proteins that reconstitute Na+-dependent
concentrative, or “uphill,” transport of phosphate upon chro-
mosomal RNA injection in oocytes (30,31) or transfection of
sf9 cells (35). The type I cotransporter, Npt1/SLC17, is ex-
pressed predominantly in the renal proximal tubule, and it ac-
counts for about 13% of the known NaPi cotransporter mRNA
in the mouse kidney (36). Npt1 is not regulated by dietary Pi,
and studies in Npt1-cRNA–injected oocytes revealed that it

may function not only as a NaPi cotransporter but also as a
chloride and organic anion channel (37).

The type II cotransporter Npt2/SLC34 proteins are sim-
ilar between several species including humans (32–34). In
addition to Npt2a (NaPi-2a), the predominant isoform in
the renal proximal tubule, recently another isoform Npt2c
(NaPi-2c) has also been discovered (38–41). Nephron localiza-
tion of Npt2 proteins has been limited to the proximal tubule of
superficial and deep nephrons (greatest in the latter, concordant
with physiologic studies) (32–34). Immunolocalization stud-
ies in renal epithelial cells demonstrated apical membrane and
subapical membrane vesicle staining (32–34), suggesting that
a functional pool of transporters is available for insertion into
or retrieval from the brush-border membrane itself. This has
been postulated to be a major mechanism of Pi transport reg-
ulation in response to acute changes in phosphorus and PTH
levels (32–34,42). The Npt2 family is upregulated at message
and protein levels by chronic feeding of low-Pi diets (43,44)
and regulated at message and protein levels by PTH (43–45).

The type III NaPi cotransporters SLC20 were originally
identified as retroviral receptors for gibbon ape leukemia virus
(Glvr1) and rat amphotropic virus (Ram1) (46). They are ubiq-
uitously expressed, and they comprise about 1% of the known
NaPi cotransporter mRNAs in the mouse kidney (36). Their
levels and activity adapt to dietary phosphate changes, but
they are felt to represent mainly “housekeeping” NaPi cotrans-
porters.

Studies of phosphorus exit across the basolateral membrane
suggest that it is accompanied by the net transfer of a negative
charge and occurs down a favorable electrochemical gradient
via sodium-independent mechanisms (47).

Proteins that Interact with the Type
IIa Na/Pi Cotransporter Protein

Several proteins with PDZ domains have been identified that
interact with the NaPi-IIa protein and are localized in the BBM
or the subapical compartment (Fig. 89-3). PDZ domains are
modular protein interaction domains that often occur in scaf-
folding proteins and bind in a sequence-specific fashion to the
C-terminal peptide sequence or at times the internal peptide
sequences of target proteins. These domains of approximately
90 amino acids are known by an acronym of the first three
PDZ-containing proteins identified including the postsynaptic
protein PSD-95/SAP90, the Drosophila septate junction pro-
tein Discs-large, and the tight junction protein ZO-1 (48–51).

PDZ domain containing proteins including NHERF-1,
NHERF-2, PDZK1, CAL, and ZO-1 play an important role in:
(a) the regulation of the expression and activity of renal proxi-
mal tubular BBM transport proteins including NHE-3 (48,52–
55), and NaPi IIa (42,56), basolateral membrane transport pro-
teins including Na-K-ATPase (56) and Na-HC03cotransporter
(NBC) (57), (b) the regulation of the expression and activity of
cystic fibrosis transmembrane conductance regulator (CFTR),
a cAMP-regulated chloride channel and channel regulator
(58–62), (c) parathyroid hormone 1 receptor signaling (63)
and endocytic sorting of the β2-adrenergic receptor (64)
and platelet-derived growth factor receptor (PDGFR) (65,66),
(d) epithelial cell polarity and formation of tight junctions
(67,68), and (e) maintaining the integrity of the glomeru-
lar barrier to proteins through interactions with podocalyxin,
negatively charged sialoprotein expressed on the surface of
podocytes, the glomerular visceral epithelial cells (69–74).

In addition to their interaction with membrane proteins
and receptors, the PDZ domain-containing proteins also in-
teract with the F-actin cytoskeleton through their interactions
with the ezrin- radixin-moesin (ERM) proteins (75) (Fig. 89-3)
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FIGURE 89-3. Interactions of
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(76,77). ERM proteins are typically located peripherally in the
membrane and link the cytoplasmic tails of membrane proteins
and receptors to the cortical actin cytoskeleton. The ERM pro-
teins play an important role in the formation of microvilli,
cell-cell junctions and membrane ruffles and also participate in
signal transduction pathways. The ERM proteins contain an
F-actin binding site within their carboxy-terminal 30 residues.
In addition, the ERM proteins have FERM (four-point one,
ezrin, radixin, moesin) domains, which are generally located
at or near the amino terminal, and act as multifunctional pro-
tein and lipid binding sites. The FERM domain of ezrin inter-
acts strongly with NHERF-1 and NHERF-2. NHERF-1 and
NHERF-2 have 2 PDZ domains and have a carboxy-terminal
sequence of 30 amino acids that bind ezrin.

Using the molecular approach (yeast two-hybrid) several
proteins with PDZ domains that interact with the C termi-
nus of NaPi IIa have been identified including: (i) NHERF-
1/EBP50, (ii) NHERF-2/E3KARP, (iii) PDZK1/NaPi-Cap1,
(iv) PDZK2/NaPi-Cap2, and (v) CAL, a CFTR-associated lig-
and (78–86).

Different studies suggest that apical expression of NaPi IIa
depends on the presence of NHERF-1. Expression of NaPi IIa
was reduced upon introduction of dominant-negative form
of NHERF-1 in OK cells (78–81). The in vivo importance of
the NaPi IIa interaction with NHERF-1 was also shown in a
study where targeted disruption of the mouse NHERF-1 gene
was associated with decreased BBM expression and increased
intracellular localization of NaPi IIa resulting in decreased
renal phosphate reabsorption and renal phosphate wasting
(87). On the other hand targeted disruption of NHERF-1 did
not modulate the BBM expression and localization of NHE3,
however there was impaired regulation of NHE3 in response
to PKA (87).

In contrast to NHERF-1, targeted disruption of the PDZK1
gene failed to modulate the BBM expression of NaPi IIa

(88,89). NHERF-1, therefore, plays a critical and unique role
in the renal proximal tubular apical membrane targeting of
NaPi IIa protein and maintenance of phosphate homeostasis.

Recent studies have identified at least three additional pro-
teins that may be important in the regulation of NaPi IIa tar-
geting and trafficking: i) the peroxismal protein PEX 19, a far-
nesylated protein that confers PTH responsiveness to NaPi IIa
(90), ii) the calcium binding protein Vilip-3, a myristoylated
protein that may be important in calcium dependent regula-
tion of NaPi IIa (91), and iii) MAP 17 which may be important
for apical expression of PDZK1 (83) (Fig. 89-3).

Factors that Affect the Urinary
Excretion of Phosphorus

Several factors are known to affect the urinary excretion of
phosphorus. Of the multiplicity of factors that regulate phos-
phate transport in the kidney, the most important are dietary
phosphate and PTH.

Alterations in Dietary Phosphorus Intake

The mechanism by which the kidney modulates phosphorus ex-
cretion when dietary phosphorus is reduced or increased con-
tinues to be intriguing. Earlier micropuncture studies suggested
that the most striking adaptive increase in phosphorus trans-
port occurs in the proximal tubule. Later studies (92) suggested
that the entire nephron participates in the reduction of phos-
phorus excretion during dietary phosphorus deprivation. It has
been shown that isolated perfused tubules obtained from rab-
bits that were fed a normal or low-phosphorus diet differ in
their capacity to reabsorb phosphate. In normal animals, the
proximal convoluted tubule (PCT) is capable of reabsorbing
7.2 ± 0.8 pmol/mL per minute, whereas tubules obtained from
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phosphorus-deprived animals reabsorb 11.1 ± 1.3 pmol/mL
per minute. Conversely, animals that are fed a high phosphorus
diet show reduced phosphorus reabsorption when the proximal
tubules are perfused in vitro (2.7 ± 2.6 pmol/mL per minute).

Based on renal BBM preparations, it has been suggested
that the effect of reduced dietary phosphorus to stimulate re-
nal phosphorus transport is intrinsic to the renal tubular ep-
ithelium and occurs specifically at the BBM Na+-phosphate
cotransporter. Considerable evidence has accrued from studies
performed in cell lines isolated from mammalian kidneys, indi-
cating that the adaptation to phosphate supply by the sodium–
phosphate cotransporter is biphasic (93–95). These studies
demonstrated that incubation of cells in a low-phosphate
medium result in a twofold increase in Na+-independent phos-
phate cotransport. The first phase of adaptation is observed
rapidly (within 10 minutes) and is characterized by an increase
in the Vmax of the transporter. This initial phase is indepen-
dent of new protein synthesis. A slower phase resulting in a
doubling of the phosphate transport rate, again through an in-
crease in Vmax, occurs over several hours (maximum of about
15 hours) and is inhibited by blocking new protein synthesis.
These studies have been interpreted to indicate that the imme-
diate response to reduced phosphate availability is the insertion
of new transport units into the brush-border membrane from
an intracellular store. Secondly, through gene transcription and
increased NaPi protein synthesis, additional units are produced
and inserted into the brush border.

The cloning of the Npt2 NaPi cotransport proteins has en-
abled further confirmation of results of the earlier-mentioned
Pi transport studies. As discussed already, chronic feeding of
low-Pi diet increases steady-state mRNA levels of Npt2 in rats
(96). Acute Pi deprivation does not affect Npt2 mRNA levels,
compatible with a protein synthesis–independent action related
to insertion of new transport proteins from subapical vesicles
into the brush-border membrane (43,44,97). Indeed the adap-
tation to acute Pi deprivation occurs independent of de novo
transcription and protein synthesis and is mediated by apical
insertion of cytoplasmic NaPi II a transporters by a microtubule
dependent mechanism (98) (Fig. 89-4).

Effects of PTH on Phosphorus Reabsorption
by the Kidney

Parathyroidectomy decreases urinary phosphorus excretion,
whereas administration of PTH rapidly increases phosphorus

excretion (99,100). Micropuncture studies indicate that PTH
inhibits phosphorus transport in the proximal tubule (101) and
probably in segments of the nephron located beyond the proxi-
mal tubule (21). TF: UF phosphorus ratio reaches a value of 0.6
by the S2 segment of the proximal tubule, and once achieved,
this equilibrium ratio is maintained along the accessible por-
tion of the proximal tubule. Within 6 to 24 hours after parathy-
roidectomy, the proximal TF: UF phosphorus ratio falls to a
value of 0.2 to 0.4, indicating an increase in phosphorus re-
absorption (92–103). TF phosphorus falls progressively with
continuous fluid absorption along the length of the tubule, so
by the end of the proximal tubule, the reabsorption of phos-
phorus is 70% to 85% of the filtered load, resulting in de-
creased phosphorus delivery to distal segments of the nephron.
Because decreased delivery of phosphorus out of the proximal
tubule complicates the evaluation of any distal effects of PTH
on phosphorus excretion, maneuvers have been designed to in-
crease phosphorus delivery to the distal nephron to study dis-
tal effects of parathyroidectomy on phosphorus reabsorption
[e.g., phosphorus loading by intravenous infusion (104,105)].
In the nonphosphorus-loaded, acutely parathyroidectomized
animal, virtually all the distal load of phosphorus is reab-
sorbed by the distal nephron, reducing urinary phosphorus ex-
cretion to very low levels (106,107). In the phosphorus-loaded
animal, the distal reabsorption of phosphorus increases un-
til saturation is approached and urinary phosphorus excretion
begins to rise. Acute administration of PTH to phosphorus-
loaded parathyroidectomized dogs sharply lowers the distal
reabsorption. These experiments indicate that PTH inhibits
reabsorption of phosphorus in the distal and the proximal
nephron.

Administration of PTH in vivo results in decreased rates of
Na+-dependent phosphorus transport in brush-border mem-
brane vesicles isolated from the kidneys of treated rats
(108,109). The uptakes of d-glucose and Na+ were not af-
fected by administration of PTH. Intravenous infusion of dibu-
tyryl cyclic adenosine monophosphate (cAMP) also decreased
Na+-dependent phosphorus uptake in isolated brush-border
vesicles, but neither PTH nor dibutyryl cAMP decreased phos-
phate transport when added directly to membrane vesicles
(108). These observations suggest that the effects of PTH
on renal phosphate transport were mediated through altered
functional characteristics (decreased Vmax) of the renal brush-
border membrane Na+-dependent phosphate transporter
(109).
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FIGURE 89-4. Mechanisms of NaPi IIa traf-
fic in the apical membranes of proximal tubu-
lar cells. Microvillar NaPi IIa is retrieved in
megalin containing clathrin coated vesicles.
NaPi IIa moves from the vesicles into an en-
dosomal pool marked by EEA-1, while me-
galin is recycled through dense apical tubules
back to the microvilli. The endosomal NaPi
lla is targeted for lysosomal degradation.
The process of NaPi IIa retrieval and lysoso-
mal degradation is stimulated by several fac-
tors (PTH, ANP, NO) whose mechanisms of
signal transduction (PK-A, PK-C, PK-G)
merge in activation ERK1/2 that modulates
the process. (From: Bacic D, Wagner CA,
Hernando N, et al. Novel aspects in regu-
lated expression of the renal type IIa Na/Pi-
cotransporter. Kidney Int 2004;66:S5, with
permission.)
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PTH stimulates two signaling pathways in proximal tubule
cells: adenylate cyclase and phospholipase C (PLC), resulting
in activation of protein kinase A (PKA) and protein kinase C
(PKC) (110). The first pathway, activation of the adenylate cy-
clase, differs from that of PKC. Studies in OK cells show that
PKA activation by PTH decreases the expression of NaPi-2a
cotransporter likely due to internalization and degradation of
the transporter. Binding of PTH to its receptor leads to activa-
tion of PLC with the subsequent hydrolysis of phosphatidyli-
nositol 4,5-bisphosphate to inositol 1,4,5-trisphosphate (IP3)
and 1,2-diacylglycerol (DAG). IP3 generation leads to the re-
lease of intracellular calcium stores. DAG activates PKC (110).
In addition to its direct effect on NaPi-2a, PTH inhibits NaPi
transport indirectly by inhibiting the Na+-K+-ATPase by de-
creasing the favorable Na+ gradient for Pi entry into the cell
(111). Recent studies indicate that the activation of PKA and
PKC signaling pathways by PTH also activates mitogen acti-
vated protein (MAP) kinase (MAPK) or extracellular receptor
kinase (ERK1/2) which also induces inhibition of NaPi trans-
port (112,113).

Measurement studies of in vivo renal reabsorption of phos-
phorus and calculations of kinetic parameters of Na+-depen-
dent phosphorus transport in membrane vesicles isolated from
the renal brush-border membranes of normal dogs, parathy-
roidectomized dogs, dogs fed a low-phosphorus diet, and dogs
receiving human growth hormone were performed (109,114).
The latter three groups of dogs had greater baseline values for
absolute tubular reabsorption of phosphorus compared with
normal dogs. Na+-dependent phosphate transport in brush-
border membrane vesicles isolated from kidneys of these dogs
was significantly increased compared with transport in brush-
border vesicles from kidneys of normal dogs. Administration
of PTH decreased significantly the apparent Vmax for Na+-
dependent phosphorus transport in brush-border membrane
vesicles isolated from kidneys of each of the four groups of
dogs. The apparent Km (intrinsic binding affinity) for Na+-
dependent phosphorus transport was not significantly changed
by experimental maneuvers. Absolute tubular reabsorption of
phosphorus measured in vivo was decreased by administra-
tion of PTH in each group of dogs with the exception of
the dogs fed a low-phosphorus diet (109,114). Thus, alter-
ations in phosphorus reabsorption measured in vivo were par-
alleled by alterations in Na+-dependent phosphorus transport
in isolated membrane vesicles, and the administration of PTH
in vivo resulted in altered transport characteristics of the iso-
lated brush-border membranes.

The cloning of the NaPi IIa cotransport proteins has not
completely elucidated the mechanisms of PTH action on phos-
phate transport. Because the phosphaturic effect of PTH can be
reproduced by analogs of cAMP, the intracellular mechanism
of phosphate transport regulation is thought to involve the
cAMP/PKA signal pathway. However, the NaPi IIa transport
proteins are not characterized by a PKA–mediated phosphory-
lation site (115). Phosphorylation of brush-border membrane
proteins in vitro occurs in parallel with inhibition with NaPi IIa
cotransport (109). Parathyroidectomy of rats causes a twofold
to threefold increase in the NaPi IIa protein content of brush-
border membrane vesicles (45). Immunocytochemistry reveals
the increase in protein exclusively in apical brush-border mem-
branes of proximal tubules. PTH treatment of parathyroidec-
tomized rats for 2 hours decreased protein levels and decreased
the abundance of NaPi IIa-specific messenger RNA (mRNA) by
31% (45). Parathyroidectomy did not affect NaPi IIa mRNA
levels. The effects of PTH were apparent within 2 hours of ad-
ministration and indicate that PTH regulation of NaPi IIa is
determined by changes in the expression of NaPi IIa protein in
the renal brush-border membranes (45).

Recent studies indicate that PTH decreases the NaPi IIa
protein content of the apical membrane by endocytic retrieval

pathway which is megalin dependent, as this process is im-
paired in megalin deficient mice (116) (Fig. 89-4). In megalin
intact mice or rats, following treatment with PTH NaPi IIa in
internalized via clathrin-coated pits, and NaPi IIa is then deliv-
ered to early endosomes and eventually to the lysosomes where
the protein is degraded. At the present time unlike some of the
other proximal tubular transport proteins or receptors, there is
no evidence that the NaPi IIa protein is present at the recycling
endosomes.

Vitamin D

Controversy still surrounds the regulatory role of vitamin D
in renal phosphorus handling. Several studies have demon-
strated that the chronic administration of vitamin D to parathy-
roidectomized animals is phosphaturic (117–119). Conversely,
other investigators reported that vitamin D acutely stimulates
proximal tubular phosphorus transport in both parathyroidec-
tomized and vitamin D–depleted rats (120). A unifying inter-
pretation of these studies was hampered by the fact that the
dosages of vitamin D administered and the status of the serum
calcium, phosphorus, and PTH varied considerably from study
to study.

Liang et al. (121) administered 1,25-dihydroxycholecal-
ciferol to vitamin D–deficient chicks and subsequently exam-
ined the transport characteristics of isolated renal tubule cells.
Three hours after the in vivo administration of vitamin D, phos-
phorus uptake by the cells was significantly increased, whereas
17 hours after the administration of vitamin D, phosphorus up-
take was reduced. The serum phosphorus concentration, how-
ever, was significantly increased at 17 hours after administra-
tion, and administration of phosphorus to vitamin D–depleted
animals so their serum phosphorus levels were comparable to
those of the 17-hour vitamin D–replenished group resulted in
a similar decrease in phosphorus uptake (121). In response
to in vitro preincubation with as little as 0.01 pm of 1,25-
dihydroxycholecalciferol, renal cells isolated from vitamin
D–deficient chicks demonstrated a specific increase in sodium-
dependent phosphorus uptake, which was blocked by pretreat-
ment with actinomycin D. The stimulatory effect was relatively
specific for 1,25-dihydroxycholecalciferol, and kinetic analysis
indicated that the Vmax of the phosphorus transport system was
increased, whereas the affinity of the system for phosphorus
was unaffected (121).

Kurnik and Hruska (122) also examined the relationship
between vitamin D and renal phosphorus excretion in a nor-
mocalcemic, normophosphatemic weanling rat model fed a
vitamin D–deficient diet. The animals were mildly vitamin
D deficient (92 pg/mL of 1,25-dihydroxycholecalciferol ver-
sus 169 pg/mL in controls) but had no evidence of sec-
ondary hyperparathyroidism. Clearance studies performed in
the basal partially vitamin D–deficient state showed an increase
in both absolute and fractional phosphorus excretion com-
pared with controls. Animals that were replenished with 1,25-
dihydroxycholecalciferol and maintained on diets designed to
protect against the development of hyperphosphatemia demon-
strated a significant decrease in urinary phosphorus excretion.
Other animals were similarly replenished with vitamin D but
did not receive dietary adjustment; and in this group, both the
serum phosphorus and the urinary phosphorus excretion level
increased significantly. A third group was fed a normal diet
and received smaller doses of 1,25-dihydroxycholecalciferol
(15 pmol/g of body weight) for shorter periods, and although
this dose had no effect on the serum phosphorus concentration,
the phosphaturia was completely resolved.

Studies on brush-border membrane vesicles prepared from
these animals revealed that in the partially vitamin D–deficient
state, sodium-dependent phosphorus uptake was significantly
reduced compared with control animals. Animals that were
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replenished with vitamin D and fed a controlled diet had a
greater sodium-dependent phosphorus uptake than both vita-
min D–depleted and vitamin D–replenished animals not main-
tained on controlled diets.

The results of this series of studies suggest that the primary
action of 1,25-dihydroxycholecalciferol is to increase tubular
phosphorus reabsorption. Long-term administration of vita-
min D, however, represents a more complex situation, where
phosphaturia may occur secondary to changes in the filtered
load of phosphorus, in the body distribution of phosphorus,
or in intracellular phosphorus activity.

Effects of Changes in Acid–Base Balance
on Phosphate Excretion

The effect of acid–base status on the renal excretion and trans-
port of phosphate is complex. Acute respiratory acidosis in-
creases and acute respiratory alkalosis decreases phosphate ex-
cretion (123). These effects occurs independent of PTH and
plasma or luminal bicarbonate levels (123). However, other
studies suggest that the effects of respiratory acid–base changes
may be mediated by changes in plasma phosphate (123).

Acute metabolic acidosis has minimal effects on phosphate
excretion; however, the phosphaturic effect of PTH is blunted
(102). Acute metabolic alkalosis causes an increase in phos-
phate excretion independently of PTH (124–128). This effect
is due, in part, to volume expansion produced by the infusion
of bicarbonate (125,126).

Chronic acidosis increases phosphate excretion, again inde-
pendent of PTH or changes in ionized Ca2+ (128–131). The
effect appears to be directly on the sodium-dependent phos-
phate transport mechanism (132). Chronic alkalosis decreases
phosphate excretion, probably by the same mechanism as aci-
dosis, operating in the opposite direction (124,133).

Acute and chronic acidosis in rats decreases the proximal
tubule cell luminal membrane expression of the NaPi IIa co-
transporter (134). In acute acidosis, there is rapid internaliza-
tion of the transporter and the total cortical homogenate co-
transporter expression is unchanged. In chronic acidosis, there
are parallel changes in NaPi IIa protein and mRNA abundance.
The effects of acid–base perturbations are complex and de-
pend on antecedent dietary intake, the chronicity of the change,
and whether the change affects luminal or intracellular pH, or
both.

Adrenal Hormones

Administration of pharmacologic amounts of cortisol leads to
phosphaturia. Acute adrenalectomy reduces the GFR and in-
creases the reabsorption of phosphorus in the proximal tubule.
Frick and Durasene (135) concluded that glucocorticoid hor-
mones could play an important role in the regulation of frac-
tional reabsorption of phosphorus. Indeed administration of
glucocorticoids to animals have been shown to decrease prox-
imal tubular NaPi cotransport activity and induce phospha-
turia by causing parallel decreases in NaPi IIa protein and
mRNA levels (136). The inhibitory effects of glucocorticoids in
NaPi transport is in part mediated by a the concomitant alter-
ations in renal proximal tubular apical BBM glycosphingolipid
composition, as inhibition of glycosphingolipid synthesis pre-
vents in part the decrease in renal NaPi cotransport activity. In
contrast to glucocorticoid administration, adrenalectomy with
mineralocorticoid administration, resulting in selective gluco-
corticoid deficiency is associated with increased renal proximal
tubular NaPi IIa protein expression (137).

Growth Hormone (GH)

An increase in serum phosphorus and a rise in renal phosphorus
transport are characteristics of growth hormone excess during

the period of rapid growth in the child, during acromegaly,
or during exogenous growth hormone administration to ex-
perimental animals. Hammerman et al. reexamined this phe-
nomenon in the brush-border membrane vesicle preparation in
the dog (109) and demonstrated that growth hormone treat-
ment resulted in an increased sodium-dependent phosphorus
transport. These data reassert the importance of brush-border
membrane phosphorus uptake in regulating overall renal phos-
phorus reabsorptive capacity. The action of growth hormone
is likely mediated by insulin-like growth factor-1 (138).

Recent studies have further identified the nephron sites and
mechanisms by which GH regulates renal Pi uptake (139).
Micropuncture experiments were performed after acute thy-
roparathyroidectomy in the presence and absence of parathy-
roid hormone (PTH) in adult (14- to 17-week-old), juvenile
(4-week-old), and GH-suppressed juvenile male rats. While the
phosphaturic effect of PTH was blunted in the juvenile rat com-
pared with the adult, suppression of GH in the juvenile restored
fractional Pi excretion to adult levels. In the presence or absence
of PTH, GH suppression in the juvenile rat caused a significant
increase in the fractional Pi delivery to the late proximal con-
voluted (PCT) and early distal tubule, so that delivery was not
different from that in adults. These data were confirmed by
Pi uptake studies into brush-border membrane (BBM) vesicles.
Immunofluorescence studies indicate increased BBM type IIa
NaPi cotransporter (NaPi-2) expression in the juvenile com-
pared with adult rat, and GH suppression reduced NaPi-2 ex-
pression to levels observed in the adult. GH replacement in
the [N-acetyl-Tyr(1)-d-Arg(2)]-GRF-(1-29)-NH(2)-treated ju-
veniles restored high NaPi-2 expression and Pi uptake. To-
gether, these novel results demonstrate that the presence of GH
in the juvenile animal is crucial for the early developmental up-
regulation of BBM NaPi-2 and, most importantly, describe the
enhanced Pi reabsorption along the PCT and proximal straight
nephron segments in the juvenile rat (139).

Thyroid Hormone

Because Pi is intensively used in general metabolism, Pi home-
ostasis should be regulated by factors controlling the rate of
metabolism itself. One such factor is thyroid hormone, and its
role in Pi reabsorption regulation has been extensively analyzed
(140–142). Pharmacological doses of T3 have been shown to
increase Na/Pi cotransport in BBM vesicles from rat proximal
tubules (140,141). In addition, T3 concentrations approximat-
ing the association constant (Km) of the thyroid hormone nu-
clear receptor also elicited a similar increase in Pi transport in
opossum kidney (OK) cells (142). In both cases, the increase in
transport rate was caused by an increase in the capacity of the
transport system, whereas the affinity was not modified. Euzet
et al. (143,144) have shown an important role for T3 in the
maturation of the renal Na/Pi cotransporter, which was associ-
ated with changes in both Km and Vmax, as well as in the type II
Na/Pi cotransporter (NaPi-2) protein and mRNA abundance.

Recently Sorribas et al. determined the role of physiological
concentration of thyroid hormone in renal phosphate trans-
port in vivo; more exactly, the molecular mechanisms of en-
hancement of phosphate reabsorption by thyroid hormone. In
addition, they also determined the potential role of thyroid hor-
mone in impairment of phosphate reabsorption that accompa-
nies the aging kidney (145). Their results show that chronically
treated hypothyroid rats, using a physiological dose of T3, ex-
hibit increases in serum Pi levels, NaPi-2 mRNA and protein
content, and Na/Pi cotransport activity in superficial and jux-
tamedullary renal cortex, all these effects by means of enhanced
transcription of the corresponding NaPi-2 gene. The stimula-
tory effect of the hormone was less evident in the aging kidney,
which shows a lower level of basal phosphate reabsorption.
In this study, only pharmacological hyperthyroidism was able
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to restore partially the level of serum Pi observed in young
animals.

Epidermal Growth Hormone

Epidermal growth factor (EGF) is a 53-amino acid polypep-
tide. The kidney is a major site of synthesis of the EGF pre-
cursor, prepro-EGF. In renal epithelial cells grown in culture,
EGF has been shown to modulate sodium gradient-dependent
phosphate transport (Na-Pi cotransport) activity. In LLC-PK1
cells, a tubular epithelial cell line derived from pig kidney cor-
tex, EGF caused stimulation of Na-Pi cotransport (146). EGF
also stimulated Na-Pi cotransport in isolated perfused prox-
imal tubule derived from rabbit kidney (147). In contrast, in
opossum kidney (OK) cells, a tubular epithelial cell line derived
from the opossum kidney, EGF was shown to cause inhibition
of Na-Pi cotransport (148,149). The in vivo effect of EGF on
Na-Pi cotransport activity, however, is unknown. A recent
study also determined whether EGF regulates Na-Pi cotrans-
port activity in vivo and whether the effect of EGF to reg-
ulate Na-Pi cotransport is dependent on the developmental
stage of the animal (i.e., suckling [12-day-old] vs. weaned
[24-day-old] rats). Weaned rats had higher proximal tubular
BBM vesicle (BBMV) Na-Pi cotransport activity than suckling
rats. Chronic treatment with EGF induced inhibition of BBMV
Na-Pi cotransport in both suckling and weaned rats. The in-
hibitory effect was selective for Na-Pi cotransport as there was
no inhibition of Na-glucose cotransport. Weaned rats had a
higher abundance of BBMV NaPi-2 protein than suckling rats
and a twofold increase in NaPi-2 mRNA. The EGF-induced
inhibition of Na-Pi transport was paralleled by decreases in
NaPi-2 protein abundance in both weaned and suckling an-
imals. In contrast, there were no changes in NaPi-2 mRNA
abundance. This study, therefore, demonstrated that proximal
tubule BBMV Na-Pi cotransport activity, NaPi-2 protein abun-
dance, and NaPi-2 mRNA abundance are higher in weaned
than in suckling rats. EGF inhibits Na-Pi cotransport activity
in BBMV isolated from suckling and weaned rats, and this inhi-
bition is mediated via a decrease in NaPi-2 protein abundance,
in the absence of a change in NaPi-2 mRNA (150).

Aging

The aging process in humans and in the rat is associated
with impairment in renal tubular reabsorption of Pi and re-
nal tubular adaptation to a low Pi diet. A recent study de-
termined whether changes in the abundance of type II Na-Pi
contransporter (NaPi-2) protein and/or mRNA play a role in
the age-related decrease in Na-Pi cotransport activity. In ex-
periments using 3- to 4-month-old young adult rats and 12-
to 16-month-old aged rats, it was found that there was an
age-related twofold decrease in proximal tubular apical BBM
Na-Pi cotransport activity, which was associated with similar
decreases in BBM NaPi-2 protein abundance and renal corti-
cal NaPi-2 mRNA level. Immunohistochemistry showed lower
NaPi-2 protein expression in the BBM of proximal tubules
of superficial, midcortical, and juxtamedullary nephrons. This
study also found that in response to chronic (7 days) and/or
acute (4 hour) feeding of a low Pi diet, there were similar
adaptive increases in BBM Na-Pi cotransport activity and BBM
NaPi-2 protein abundance in both young and aged rats. How-
ever, BBM Na-Pi cotransport activity and BBM NaPi-2 protein
abundance were still significantly lower in aged rats, in spite
of a significantly lower serum Pi concentration in aged rats.
The results indicate that impaired expression of the type II re-
nal Na-Pi cotransporter protein at the level of the apical BBM
plays an important role in the age-related impairment in renal
tubular reabsorption of Pi and renal tubular adaptation to a
low Pi diet (151).

Stanniocalcin

Stanniocalcin is a recently identified calcium and phosphate
regulating hormone found in serum and the kidney. It is pro-
duced in the Corpuscles of Stannius, which are specialized en-
docrine organs that are closely associated with the kidneys of
telest fish. It is a glycohormone that plays a major role in the cal-
cium and phosphate homeostasis of fish. Stanniocalcin inhibits
calcium uptake by the gills and gut and stimulates phosphate
reabsorption of the kidney (152–159).

Two mammalian homologues of Stanniocalcin have been
identified. Stanniocalcin 1 and Stanniocalcin 2, with seemingly
opposing effects on renal phosphate transport. Stanniocalcin I
induces increased gastrointestinal and renal Pi transport (160).
Stanniocalcin 2 on the other hand causes inhibition of renal Pi
transport by transcriptional mechanisms (160).

Diuretics

Acetazolamide inhibits phosphate reabsorption by its effects
on proximal tubule decreases in Na+-dependent bicarbonate
transport, essential for the maintenance of the Na+ gradient.
Furosemide inhibits carbonic anhydrase activity and thus de-
creases phosphate transport. Similar effects have been demon-
strated with the administration of large doses of thiazide di-
uretics (161).

Hypophosphatemia

Hypophosphatemia refers to serum phosphorus concentrations
of less than 2.5 mg/dL. Hypophosphatemia usually results from
one or a combination of the following factors (162) (Fig. 89-5)
(163): (a) increased excretion of phosphorus in the urine;
(b) decreased gastrointestinal absorption of phosphorus; or
(c) translocation of phosphorus from the extracellular to the
intracellular space. The major causes of hypophosphatemia are
listed in Table 89-1.

Increased Excretion of Phosphorus
in the Urine

Several pathophysiologic conditions may increase excretion of
phosphorus in the urine. Some of these conditions are char-
acterized by elevated levels of circulating PTH. Because PTH
decreases phosphorus reabsorption by the kidney, modest to
marked elevations of this hormone may increase urinary ex-
cretion of this anion (Table 89-1). Decreased tubular reabsorp-
tion of phosphorus may also occur without increased levels of
PTH and may be due to changes in the reabsorption of salt and
water or to renal tubular defects specific for the reabsorption

Dietary intake

Intestinal

absorption
Cells

Urinary

excretion

Serum Pi

FIGURE 89-5. The major determinants of serum inorganic phosphate
(Pi) concentration.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-89 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 15:0

Chapter 89: Disorders of Phosphorus, Calcium, and Magnesium Metabolism 2303

TA B L E 8 9 - 1

CAUSES OF HYPOPHOSPHATEMIA

I. Increased excretion of phosphorus in the urine
A. Primary hyperparathyroidism
B. Secondary hyperparathyroidism
C. Renal tubular defects (Fanconi’s)
D. Diuretic phase of acute tubular necrosis
E. Postobstructive diuresis
F. Extracellular fluid volume expansion
G. Familial

1. X-linked hypophosphatemia
2. ADHR
3. Oncogenic hypophosphatemic osteomalacia
4. McCune-Albright syndrome/Fibrous dysplasia
5. Mutations in NaPiIIa
6. Hereditary hypophosphatemic rickets with

hypercalciuria (HHRH)
H. Post-transplant hypophosphatemia

II. Decrease in gastrointestinal absorption of phosphorus
A. Abnormalities of Vitamin D metabolism

1. Vitamin D–dependent rickets
2. Familial

a. Vitamin D–dependent rickets
b. X-linked hypophosphatemia

B. Malabsorption
C. Malnutrition-starvation

III. Miscellaneous causes/translocation of phosphorus
A. Diabetes mellitus: during treatment for ketoacidosis
B. Severe respiratory alkalosis
C. Recovery phase of malnutrition
D. Alcohol withdrawal
E. Toxic shock syndrome
F. Leukemia, lymphoma
G. Severe burns

of certain solutes or phosphorus. Hypophosphatemia may also
occur in the diuretic phase of acute tubular necrosis or in pos-
tobstructive diuresis, presumably due to a combination of high
levels of PTH and decreased tubular reabsorption of salt and
water.

Primary Hyperparathyroidism

Primary hyperparathyroidism is a common entity in clinical
medicine (164). PTH is secreted in excess of the physiologic
needs for mineral homeostasis due to either adenomas or hy-
perplasia of the parathyroid glands (165). This results in de-
creased phosphorus reabsorption by the kidney. The losses of
phosphorus in the urine result in hypophosphatemia. The de-
gree of hypophosphatemia may vary considerably among pa-
tients, because mobilization of phosphorus from bone will in
part mitigate the hypophosphatemia. Moreover, if the patient
ingests large amounts of dietary phosphorus, the degree of hy-
pophosphatemia observed may be mild. Because these patients
also have elevated levels of serum calcium, the diagnosis is
made relatively easy in most cases by the finding of elevated
levels of immunoreactive PTH.

Secondary Hyperparathyroidism

Although secondary hyperparathyroidism is present in most
patients with chronic renal disease, hyperphosphatemia rather
than hypophosphatemia occurs in such patients because of
decreased phosphorus excretion in the urine resulting from
the fall in GFR. However, certain conditions characterized by

malabsorption of calcium from the gastrointestinal tract may
produce hypocalcemia, leading to development of secondary
hyperparathyroidism (166). The elevated levels of PTH will de-
crease phosphorus reabsorption by the kidney, resulting in hy-
pophosphatemia. Thus, patients with gastrointestinal tract ab-
normalities resulting in calcium malabsorption and secondary
hyperparathyroidism will have low levels of serum calcium and
phosphorus. In these patients, the hypocalcemia is responsible
for the increased release of PTH. In addition, decreased in-
testinal absorption of phosphorus as a result of the primary
gastrointestinal tract disease may also contribute to the decre-
ment in the levels of serum phosphorus. In general, these pa-
tients have urinary losses of phosphorus that are out of pro-
portion to the hypophosphatemia in contrast to patients with
predominant phosphorus malabsorption and no secondary hy-
perparathyroidism in whom urinary excretion of phosphorus
is low.

Renal Tubular Defects

Several conditions characterized by single or multiple tubular
defects have been described in which phosphorus reabsorption
is decreased. In the Fanconi syndrome (167), patients excrete
not only increased amounts of phosphorus in the urine but
also increased quantities of amino acids, uric acid, and glu-
cose, resulting in hypouricemia and hypophosphatemia. Rare
familial forms of hypercalciuria are often associated with one
or more of the components of the Fanconi syndrome including
hypophosphatemia or hyperphosphaturia (168–170). Interest-
ingly, these familial syndromes, Dent’s disease, and its variants
have been found to be caused by a mutation in the CLCN5
chloride channel (168,171), which is an intracellular vesic-
ular channel, perhaps related to the vesicles that harbor the
NaPi cotransport proteins (172–175). There are other condi-
tions in which an isolated defect in the renal tubular transport
of phosphorus has been found, for example, fructose intol-
erance, which is an autosomal-recessive disorder (176). After
renal transplantation, an acquired renal tubular defect may be
responsible for the persistence of hypophosphatemia in some
patients (177,178).

Diuretic Phase of Acute Tubular Necrosis

Most patients with acute renal failure develop secondary hy-
perparathyroidism and hyperphosphatemia during the oliguric
phase. During the recovery phase of acute renal failure, the
combined occurrence of a profound diuresis, secondary hyper-
parathyroidism, and continued use of phosphate binders may
lead to severe hypophosphatemia. This hypophosphatemia is
usually short lived, and serum phosphorus levels return to
within the normal range as the diuretic phase of acute tubular
necrosis subsides.

Postobstructive Diuresis

A marked phosphaturia may develop in some patients after
relief of urinary tract obstruction. This phosphaturia may be
severe enough in a few patients to lead to hypophosphatemia
(178).

Extracellular Fluid Volume Expansion

Expansion of the ECF volume by the administration of so-
lutions containing sodium increases the urinary excretion of
phosphorus. An important mechanism by which ECF volume
expansion produces phosphaturia consists of a fall in ionized
calcium and subsequent release of PTH (179). This condition is
probably of minor importance in clinical medicine, and restora-
tion of the ECF volume to within the normal range results in
the return of phosphorus reabsorption to physiologic levels.
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Familial

Studies of two hereditary, X-linked hypophosphatemia (XLH)
and autosomal dominant hypophosphatemic rickets (ADHR),
and two acquired, oncogenic hypophosphatemic osteomala-
cia (OHO) and McCune-Albright’s syndrome, renal phosphate
wasting disorders have led to the identification of novel genes
involved in the regulation of renal Pi transport and also vitamin
D synthesis (180–186).

X-linked Hypophosphatemia (XLH)

XLH is a common cause of rickets with a prevalence of ap-
proximately 1 in 20,000. It is inherited in an X-linked dom-
inant manner. Manifestations of XLH include short stature,
bone pain, tooth abscesses, calcification of tendon insertions,
ligaments, and joint capsules, and lower extremity deformi-
ties. XLH is characterized by hypophosphatemia, decreased
reabsorption of phosphorus by the renal tubule, decreased
absorption of calcium and phosphorus from the gastroin-
testinal tract, and varying degrees of rickets or osteomala-
cia. Patients with this disorder exhibit normal levels of 1,25-
dihydroxycholecalciferol and reduced Na-phosphate transport
in the proximal tubule in the face of severe hypophosphatemia.

The roles of alterations in vitamin D sensitivity or synthe-
sis in the defective transport of phosphorus observed in both
the gut and the kidney have been investigated in the murine
homolog of X-linked hypophosphatemia (Hyp) (187). Tenen-
house and Scriver found that administration of small doses of
1,25-dihydroxycholecalciferol to healthy animals significantly
increased plasma calcium, plasma phosphorus, and fractional
calcium excretion without a change in fractional phosphorus
excretion or phosphorus transport as measured in proximal
tubular brush-border membrane vesicles (188). However, there
was no response to this dose of 1,25-dihydroxycholecalciferol
in the Hyp mice. At a fivefold higher dose of vitamin D, the
familial hypophosphatemic mice did show increased plasma
calcium and fractional calcium excretion, as well as increased
plasma phosphorus levels, but again there was no change in
fractional phosphorus excretion or in sodium-dependent phos-
phorus transport in brush-border membrane vesicles. Although
1,25-dihydroxycholecalciferol increased phosphorus transport
in the intestine, there was no defect of phosphorus transport
in the intestine of untreated hypophosphatemic mice. The con-
clusion from these studies is that vitamin D influences phos-
phorus homeostasis in Hyp mice by stimulation of phospho-
rus absorption from the gastrointestinal tract. The defect in
renal phosphorus reabsorption was unchanged despite high
levels of vitamin D. These observations are consistent with
those of studies performed in humans with familial hypophos-
phatemia, in whom the renal reabsorptive defect persists de-
spite correction of growth by administration of vitamin D and
oral phosphate supplements (189,190). There is, however, ev-
idence of defective or altered metabolism of vitamin D3 in
Hyp mice. Meyer et al. found that on a normal diet, plasma
1,25-dihydroxycholecalciferol levels were the same in Hyp and
healthy mice (191), although 25-hydroxycholecalciferol lev-
els were reduced in Hyp mice. Because hypophosphatemia in-
creases plasma 1,25-dihydroxycholecalciferol levels, the hy-
pophosphatemic mice were resistant to the stimulatory effect
of hypophosphatemia. To test this possibility, these authors
fed the animals a low-phosphorus diet and found a paradoxi-
cal reduction in 1,25-dihydroxycholecalciferol levels in hypo-
phosphatemic mice. They concluded that Hyp mice have
a defective control system for plasma 1,25-dihydroxy-
cholecalciferol that is unresponsive to a low-phosphate diet
stimulus. The issue is further complicated by studies by Beamer
et al. (192), who studied the effect of various preparations of

vitamin D3 on intestinal transport of phosphorus. The Hyp
mice responded to 1α-hydroxycholecalciferol but not to 1,25-
dihydroxycholecalciferol, suggesting that intestinal phospho-
rus transport responsiveness is not genetically absent in this
model but does not respond to normal endogenous levels of
1,25-dihydroxycholecalciferol. Thus, mice with familial hy-
pophosphatemia appear to have impaired metabolism of vita-
min D, but this impairment does not cause the renal phosphate
transport defect. There is also evidence suggesting that the de-
creased tubular reabsorption of phosphorus is not due to in-
creased PTH levels (192). The component of renal phosphorus
transport, which is PTH-independent, is abnormal and respon-
sible for the increased phosphaturia. Tenenhouse et al. (193)
have shown that tissue phosphate levels were normal in Hyp
mice, whereas these levels tended to be low in animals that have
hypophosphatemia secondary to reduction in dietary phospho-
rus. It would seem, therefore, that X-linked hypophosphatemia
is a selective disorder of the transepithelial transport of phos-
phate. However, there is no correlation between the degree of
hypophosphatemia and the severity of bone disease. Moreover,
alterations in vitamin D metabolism cannot be explained solely
by the presence of hypophosphatemia.

Tenenhouse et al. (194) have extended their studies in Hyp
mice to demonstrate that the message levels for the NPT2 co-
transport protein are reduced by 50% in the renal cortex, sim-
ilar to the reduction in apical membrane vesicle NPT2 protein
levels. However, the mapping of NPT2 and NPT1 to chromo-
somes 5 and 6, respectfully (195), indicated that these genes
were not candidates for the genetic defects leading to X-linked
hypophosphatemia or Hyp.

X-linked hypophosphatemia and Hyp are due to abnor-
mal levels of a circulating hormonal factor. Results of the
cross-perfusion studies of Meyer et al. (196) and the cross-
transplantation studies of Nesbitt et al. (197) were interpreted
to indicate the presence of a circulating factor. Furthermore,
Nesbitt et al. (197) were unable to demonstrate transmission
of the Hyp renal defect by transplanting a Hyp kidney into a
healthy recipient. Likewise, transplantation of a normal kid-
ney into a Hyp recipient failed to correct the Hyp phenotypic
abnormalities. These studies suggest that the presence of a cir-
culating humoral factor could be capable of producing the Hyp
and X-linked hypophosphatemia phenotype.

An interesting aspect of the Hyp phenotype is the pres-
ence of a normal Na-dependent phosphate cotransport in os-
teoblasts (198). However, the osteoblasts of Hyp have been
shown to be defective in models of endochondral bone forma-
tion (199,200). Defective mineralization is an important aspect
of osteomalacia, and mineralization is controlled by calcium,
phosphate, and bone matrix proteins. Hruska et al demon-
strated defective phosphorylation of a key bone matrix pro-
tein, osteopontin, in Hyp mice and abnormal low activity of a
protein kinase (casein kinase II–like activity) responsible for os-
teopontin phosphorylation (201,202). Thus, multiple proteins
appear to be defective in the Hyp phenotype.

From a therapeutic point of view, the combination of neu-
tral phosphate and 1,25-dihydroxycholecalciferol has lead to
an improvement in the bone disease of some patients with X-
linked hypophosphatemia and in the Hyp mice (203,204). The
administration of phosphorus in X-linked hypophosphatemia
is usually divided into four doses, with the total amount rang-
ing between 1 to 4 g per day. Pharmacologic doses of 1,25-
dihydroxycholecalciferol on the order of 1 to 3 μg per day
may be necessary to correct the skeletal alterations. 1,25-
dihydroxycholecalciferol does not correct the increased frac-
tional excretion of phosphate. The enthusiasm for this regi-
men is tempered by a high incidence of nephrocalcinosis and
occasional renal failure (203–205).

The gene responsible for XLH has been identified by posi-
tional cloning and has been designated PHEX for PHosphate
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regulating gene with homology to Endopeptidases on the X
chromosome (206). PHEX is a member of the M13 family
of type II cell surface zinc-dependent metallopeptidases which
includes neprilysis, endothelin-converting enzymes 1 and 2,
KELL, and DINE/X-converting enzyme. The mouse PHEX
DNA sequence is highly homologous to that of humans and
the inactivating mutations of PHEX have been identified in
the mouse homologues of XLH including the Hyp and Gy
mice. The PHEX database (http://www.phexdb.mcgill.ca) in-
dicates at least 179 mutations in the PHEX gene that have
been identified that results in loss of PHEX function. PHEX is
expressed predominantly in osteoblasts, octeocytes, and odon-
toblasts, but not in the kidney. The pattern of PHEX expression
is consistent with the skeletal and dental abnormalities seen
subjects with XLH and the Hyp mouse. The current think-
ing is that PHEX is involved in the inactivation of a phos-
phaturic hormone or phosphatonin (see the subsequent text)
or the activation of a phosphate conserving hormone. Thus
PHEX mutation or loss of PHEX function results in excess of
a phosphaturic hormone or deficiency of a phosphate conserv-
ing hormone (180–186).

As will be discussed in more detail in the ADHR section
(later) fibroblast growth factor 23 (FGF23) is one of the most
likely phosphaturic hormones in XLH (207). FGF23 serum
levels are elevated in some patients with XLH and serum
Pi concentrations are negatively correlated with circulating
FGF23 levels in patients with XLH (208,209). Therefore, it
has been speculated and initially shown that FGF23 may be
a PHEX substrate (210). However several recent studies indi-
cate that FGF23 is not a direct PHEX substrate (211–214).
In fact, FGF23 has recently been shown to be cleaved by
subtilisin-like protein convertases (SPC). SPCs are a seven-
member family of calcium-dependent serine proteases respon-
sible for the processing of peptide hormones, neuropeptides,
adhesion molecules, receptors, growth factors, cell surface gly-
coproteins, and enzymes. Instead PHEX most likely through
the actions of unidentified PHEX substrates or other down-
stream effectors regulates FGF23 expression as part of a po-
tential hormonal axis between bone and kidney that controls
systemic phosphate homeostasis and mineralization (214).

Autosomal Dominant Hypophosphatemic
Rickets (ADHR)

The clinical presentation of ADHR is similar to XLH. How-
ever ADHR exhibits male to male transmission, consistent with
autosomal dominant inheritance, and is characterized by in-
complete penetrance and variable age of onset. Adults typi-
cally complain of bone pain, fatigue, and/or weakness, and can
present with stress fractures or pseudofractures. Renal phos-
phate wasting and inappropriately normal serum calcitriol lev-
els are the most typical laboratory findings.

The gene responsible for ADHR was identified by positional
cloning as a new member of the fibroblast growth factor (FGF)
family, FGF-23 (207). FGF-23 is a 251 amino acid peptide
that is secreted and processes to amino- and carboxy-terminal
peptides at a consensus pro-protein convertase (furin) site. In
four unrelated ADHR families missense mutations have been
identified in FGF-23 in the proteolytic cleavage site (R176Q,
R179W, and R179Q) that interfere with peptide processing
and result in gain of function of FGF-23 (215–217).

Administration of wild-type FGF-23 or FGF-23 express-
ing the ADHR mutations in the furin cleavage site (R176Q,
R179W, or R179Q) to rats and mice has been shown to in-
duce hypophosphatemia, increased urinary phosphate excre-
tion via inhibition of the type IIa NaPi cotransport protein,
and decreased 1,25 (OH)2D3 levels (40,218–220). Chronic ad-
ministration of FGF-23 and increased expression of FGF-23
(FGF-23 transgenic mice) has also been shown to induce osteo-

malacia and decreased 1,25 (OH)2D3 levels via decrease in 25-
hydroxyvitamin D 1α-hydroxylase mRNA (221–223). In vitro
studies in OK cells have demonstrated that FGF-23 inhibits
Na/Pi cotransport activity and type IIa NaPi cotransport pro-
tein abundance by MAPK signaling dependent pathway (224).

In contrast, targeted ablation of FGF23 in mice results
in significantly increased serum Pi levels with increased re-
nal Pi absorption. These mice also have increased serum 1,25
(OH)2D3 levels that is due to increased expression of renal 25-
hydroxyvitamin D 1α-hydroxylase (1α-OHase) (225). Another
study with homozygous ablation of FGF23 in mice revealed
that these mice have marked hyperphosphatemia, increased
serum 1,25 (OH)2D3 levels, growth retardation, increased to-
tal body bone mineral content but decreased bone mineral den-
sity of the limbs, and excessive mineralization in soft tissues,
including in the heart and kidneys (226). Altogether these stud-
ies indeed indicate that FGF-23 is an important regulator of Pi
homeostasis and vitamin D metabolism, although additional
research is needed to elucidate the effects of FGF23 on bone
and vascular tissue function and dysfunction.

Interestingly when the FGF-23 null mice were crossed with
the Hyp mice, the murine equivalent of XLH, the resultant
Hyp males lacking both FGF-23 alleles were indistinguishable
from FGF-23 null mice, both in terms of serum Pi levels and
skeletal changes, suggesting that that FGF-23 is upstream of
PHEX (226).

Oncogenic Hypophosphatemic Osteomalacia (OHO)
or Tumor Induced Osteomalacia (TIO)

This is an acquired disorder of renal phosphate wasting with
clinical and biochemical features similar to XLH and ADHR.
This disorder is characterized by hypophosphatemia associ-
ated with tumors. It was described initially in association
with benign mesenchymal tumors; however, recent reports
emphasized the association of this syndrome with malig-
nant tumors (227,228). The other characteristics of this syn-
drome are increased phosphate excretion, low plasma 1,25-
dihydroxycholecalciferol concentrations, and osteomalacia.
All of the biochemical and pathologic abnormalities disappear
when the tumor is resected.

The tumors associated with this syndrome are thought to
secrete a substance that inhibits the renal tubular reabsorp-
tion of phosphate and suppresses 25-hydroxycholecalciferol
1α-hydroxylase activity. Whether this factor interacts directly
with renal tubular cells is unknown. Studies by Cai et al. (229)
have investigated the ability of media in which sclerosing he-
mangioma cells from a patient with osteogenic osteomalacia
were cultured to affect Na-dependent phosphate transport.
They found that the medium inhibited sodium-dependent phos-
phate transport, without increasing cellular concentrations of
cAMP. The medium had PTH-like immunoreactivity but no
PTH-related protein immunoreactivity. And the action of the
tumor medium was not blocked by a PTH antagonist. The
plasma 1,25-dihydroxycholecalciferol concentrations are low
in patients with oncogenic osteomalacia despite the presence of
hypophosphatemia (230–232), which usually increases plasma
1,25-dihydroxycholecalciferol concentrations by stimulating
the renal 25-hydroxycholecalciferol 1α-hydroxylase in a PTH-
independent manner (233). Besides the hypophosphatemia, de-
ficient production of 1,25-dihydroxycholecalciferol is a fac-
tor contributing to the pathogenesis of the osteomalacia in
these patients. Miyauchi et al. (234) have reported that 25-
hydroxycholecalciferol 1α-hydroxylase activity of cultured re-
nal tubular cells was decreased by incubating the cells with
tumor extracts. This supports the concept that the tumor ex-
tracts contain a substance that inhibits the formation of 1,25-
dihydroxycholecalciferol in the proximal tubule.

http://www.phexdb.mcgill.ca
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FGF-23 has been cloned from the tumors of patients who
have presented with TIO and has established FGF-23 as the
leading factor causing both the impaired renal Pi reabsorption
resulting in hypophosphatemia and also the decreased serum
1,25 (OH)2D3 levels (235–237). Several studies have shown
increased serum levels of FGF-23 and/or immunohistochemical
detection of FGF-23 in patients who present with TIO and
the serum levels to normalize after the resection of the tumors
(238–242).

Serial analysis of gene expression (SAGE) in tumors asso-
ciated with renal Pi wasting has identified additional genes in-
cluding secreted frizzled-related protein 4 (sFRP-4) and matrix
extracellular phosphoglycoprotein (MEPE) (243).

sFRP-4 has been detected in patients with TIO and it has
been shown to inhibit Pi transport in OK cells and also in
normal rats by PTH-independent mechanisms (243). sFRP-4
antagonizes Wnt signaling but at this time the role of the Wnt
pathway in regulation of renal Pi transport or 25-hydroxy-
vitamin D 1α-hydroxylase has not been established.

MEPE is exclusively expressed in osteoblasts, osteocytes
and odontoblasts and is markedly upregulated in murine XLH
(Hyp) osteoblasts and TIO tumors (183,244–247). The re-
combinant human-MEPE has been shown to result in dose-
dependent inhibition of renal Pi reabsorption, phosphaturia
and hypophosphatemia (248). In addition, human-MEPE dose
dependently inhibited BMP-2 mediated mineralization of a
murine osteoblast cell line (2T3) in vitro (249).

A protease-resistant carboxy-terminal MEPE peptide con-
taining the acidic serine-aspartate rich motif (ASARM) peptide
has been shown to play a role in the inhibition of the mineral-
ization (minhibin). PHEX prevents proteolysis of MEPE and re-
lease of ASARM. In XLH mutated PHEX may, therefore, con-
tribute to the increased ASARM peptide seen in that disorder
(249). Recent studies using surface plasmon resonance (SPR)
indicates that MEPE binds to PHEX via the MEPE-ASARM
motif which can provide a molecular basis for the inhibition of
bone mineralization in XLH subjects and Hyp mice (249). The
potential role of ASARM in regulation of renal Pi transport or
25-hydroxyvitamin D 1α-hydroxylase however, remains to be
determined.

In contrast to the potential role of MEPE and ASARM to
inhibit bone mineralization, disruption of MEPE gene in mice
results in increased bone mass, resistance to age-associated tra-
becular bone loss, increased mineralization apposition rate and
accelerated mineralization in ex vivo osteoblast cultures (250).
These mice however have normal serum Pi levels, perhaps due
to normal FGF-23 and PHEX expression.

McCune-Albright’s Syndrome (MAS)
and Fibrous Dysplasia (FD)

McCune-Albright’s syndrome is characterized by the clinical
triad of polyostotic fibrous dysplasia, café au lait skin pig-
mentation, and endocrine/metabolic disorders. The endocrine
disorders include autonomous secretion of various hormones
such as growth hormone, thyroid hormone, cortisol, estradiol,
and testosterone. Rickets and osteomalacia due to hyperphos-
phaturic hypophosphatemia are prominent components of the
syndrome (251–262).

The disorders of the syndrome share in common excessive
function of cells whose actions are normally regulated by hor-
mones that induce cAMP generation. The molecular basis for
the phenotype is an activating mutation of GNAS1 which en-
codes the GSα protein (α component of the stimulatory het-
erotrimeric guanosine triphosphate binding protein, GS) in cells
from affected tissues from patients with the syndrome (251–
262). Kidney tissue, presumably proximal tubule, from patients
has been reported to contain cells with the mutation.

A recent study using a combination of RT-PCR, in situ hy-
bridization, ELISA of media conditioned by normal and FD
stromal cells and trabecular bone cells, and measurements of
FGF-23 in the serum, has determined that FGF-23 is expressed
in FD tissues and osteogenic cells and that high levels of cir-
culating FGF-23 correlate with renal Pi wasting in FD/MAS
patients (263).

Mutations in the Type IIa NaPi Cotransporter

Epidemiologic studies suggest that genetic factors confer a pre-
disposition to the formation of renal calcium stones or bone
demineralization. Low serum phosphate concentrations due
to a decrease in renal phosphate reabsorption have been re-
ported in some patients with these conditions, suggesting that
genetic factors leading to a decrease in renal phosphate reab-
sorption may contribute to them. A recent study by Prie and
colleagues investigated if mutations in the gene coding for the
main renal sodium-phosphate cotransporter (NPT2a) may be
present in patients with these disorders. Twenty patients with
urolithiasis or bone demineralization and persistent idiopathic
hypophosphatemia associated with a decrease in maximal re-
nal phosphate reabsorption were studied. The coding region of
the gene for NPT2a was sequenced in all patients. The func-
tional consequences of the mutations identified were analyzed
by expressing the mutated RNA in Xenopus laevis oocytes.
Two patients, one with recurrent urolithiasis and one with bone
demineralization, were found to be heterozygous for two dis-
tinct mutations. One mutation resulted in the substitution of
phenylalanine for alanine at position 48, and the other in a sub-
stitution of methionine for valine at position 147. Phosphate-
induced current and sodium-dependent phosphate uptake were
impaired in oocytes expressing the mutant NPT2a. Coinjec-
tion of oocytes with wild-type and mutant RNA indicated that
the mutant protein had altered function. This study, therefore,
concluded that heterozygous mutations in the NPT2a gene
may be responsible for hypophosphatemia and urinary phos-
phate loss in persons with urolithiasis or bone demineralization
(264).

A follow-up study by Virkki and colleagues recreated the
two mutants, expressed them in Xenopus oocytes, and ana-
lyzed their kinetic behavior by two-electrode voltage clamp.
They also performed coexpression experiments where we in-
jected mRNA for wild-type (WT) and mutants containing an
additional S462C mutation were injected, enabling complete
inhibition of cotransport function with cysteine-modifying
reagents. Finally, WT and mutant NaPi-IIa as C-terminal fu-
sions to green fluorescent protein (GFP) in opossum kidney
(OK) cells was expressed. They found in oocyte expression
experiments that Pi-induced currents were reduced in both mu-
tants, whereas Pi and Na affinities and other transport charac-
teristics were not affected. The amount of cotransport activity
remaining after cysteine modification, corresponding to WT
activity, was not affected by coexpression of either mutant.
Finally, GFP-tagged WT and mutants were expressed at the
apical membrane in OK cells, showing that both mutants are
correctly targeted in a mammalian cell (265). This, therefore,
suggests that the heterozygous A48F and V 147M mutations
cannot explain the pathological phenotype observed by Prie
and colleagues and that there may be additional defects in-
cluding interactions with PDZ domain containing proteins, in-
cluding NHERF-1 that may explain the hypophosphatemia in
these subjects (266,267).

Hereditary Hypophosphatemic Rickets with Hypercalciuria
(HHRH). Hereditary hypophosphatemic rickets with hyper-
calciuria (HHRH) is a new autosomal form of hypophos-
phatemic rickets (268). This disease is characterized, and differs
from other forms of hereditary hypophosphatemic rickets
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and/or osteomalacia, by increased serum levels of 1,25-
dihydroxyvitamin D, hypercalciuria, and complete remission
of the disease on phosphate therapy alone.

Two recent studies attempting to identify the molecular de-
fects in this genetic disease determined that mutations in the
type IIa renal Na/Pi cotransporter gene are not the cause of
this disease (269,270). Therefore, this raises the possibility of
other molecular defects such as mutations in the type IIc renal
Na/Pi cotransporter gene or mutations in NHERF-1 or other
PDZ domain containing proteins.

Posttransplant Hypophosphatemia

Posttransplant hypophosphatemia, a common disorder, is well
described in the literature. Although described mainly in pa-
tients following renal transplantation (271–282), posttrans-
plant hypophosphatemia also occurs in patients undergoing
bone marrow transplantation (283,284). In all reports, the de-
crease in serum inorganic phosphate (Pi) concentration was as-
sociated with an increase in urinary phosphate excretion and a
significant decrease in the measured or derived ratio of maximal
rate of renal tubular transport of phosphate to glomerular fil-
tration rate (TmPi/GFR) (285). In addition to the impairment in
renal tubular phosphate reabsorption, evidence indicates that
intestinal phosphate absorption is impaired in transplant pa-
tients (286–289).

Thus far, the mechanism for posttransplant hypophos-
phatemia has not been fully elucidated. It has been thought,
however, that this syndrome is somehow linked to disordered
regulation of renal tubular reabsorption of Pi. As discussed
earlier, parathyroid hormone (PTH) leads to a reduction in the
expression of type II Na/Pi cotransport at the BBMs, which
accounts for the phosphaturic action of PTH. Given this prop-
erty of PTH, it has been postulated that increased PTH activity
during chronic renal failure (CRF) may be the major mecha-
nism responsible for maintaining Pi balance during CRF. Ac-
cording to this hypothesis, posttransplant hypophosphatemia
has been attributed to persistent hyperparathyroidism (HPT),
that is, incomplete involution of hyperplastic glands produced
by renal failure prior to transplantation would cause hy-
pophosphatemia and increased phosphaturia during the early
posttransplant period (290). Several studies, however, have
documented that protracted HPT cannot account for the phe-
nomenon of posttransplant hypophosphatemia since it can be
seen in transplant patients with normal PTH levels. Moreover,
transplant recipients failed to decrease Pi excretion in the urine
even when PTH was suppressed by calcium infusion (278). In
addition, the phosphaturia following kidney transplantation
could not be ascribed to the effects of nephrectomy or to the
influence of immunosuppressive drugs (278).

A recent study determined whether an alternative non-PTH
humoral mechanism could account for the entity of posttrans-
plant hypophosphatemia (291). This study tested the hypoth-
esis that a circulating serum factor [non-parathyroid hormone
(non-PTH)], which operates during chronic renal failure (CRF)
to maintain phosphate (Pi) homeostasis, can increase fractional
excretion of Pi (FE(PO4)) in normal functioning kidney grafts
during the early posttransplant period, thereby causing phos-
phaturia and hypophosphatemia. In this study, five groups of
patients were studied: control subjects (group 1, N = 16);
“early” (2 weeks to 1 month) posttransplant patients (group
2, N = 22); “late” (9 to 12 months) posttransplant patients
(group 3, N = 14); patients with advanced CRF (glomerular
filtration rate = 30 to 40 mL/minute; group 4, N = 8); and
patients who suffered from end-stage renal failure and were
treated by chronic hemodialysis (group 5, N = 14). Group
2 manifested significant hypophosphatemia and phosphaturia
when compared with groups 1 and 3 (Pi = 0.9 ± 0.003 mg/dL,

FEPi = 68 ± 5%, P <0.0005 vs. groups 1 and 3). Sera were
taken from each of the five subject groups and applied to
the proximal tubular opossum kidney (OK) cells. The activ-
ity of Na/Pi-type 4 (that is, OK-specific type II transporter)
was evaluated by measuring Na-dependent Pi flux. The ex-
pression of Na/Pi type II mRNA and the abundance of Na/Pi
protein were determined by Northern and Western blot assays,
respectively. When compared with sera from groups 1 and 3,
10% sera taken from groups 2, 4, and 5 (incubated overnight
with OK cells) inhibited Na/Pi transport activity by 25 to 30%
(P <0.0003). Both Na/Pi mRNA and the expression of Na/Pi
protein were markedly augmented under the same conditions
(P <0.05 groups 2, 4, and 5 vs. groups 1 and 3). Time-course
analysis revealed that the up-regulation of Na/Pi protein by
sera from groups 2, 4, and 5 was observed as early as four
hours of incubation, whereas augmented abundance of Na/Pi
mRNA was only seen after eight hours of incubation. The ad-
dition of PTH (1-34) to sera from groups 2, 4, and 5 abolished
the augmented expression of NaPi protein. OK cell surface
membrane proteins were labeled with N-hydroxysuccinimide
bound to biotin (NHS-SS-biotin). Biotinylated transporters in-
cubated with the different sera were precipitated by strepa-
vidin and identified by Western blot analysis. Cells incubated
in sera from group 2 showed increased membrane bound trans-
porter when compared with control sera, whereas the intracel-
lular pool of the transporter was comparable between the two
groups.

This study, therefore, determined that a non-PTH circulat-
ing serum factor that increases FEPi during CRF is also re-
sponsible for phosphaturia and hypophosphatemia in the early
period following successful kidney transplantation. This fac-
tor however has different characteristics than FGF-23, sFRP-4,
and MEPE discussed earlier as regulation is mediated by novel
posttranslational mechanism that is characterized by inhibition
of Na/Pi transport activity along with inhibition of the Na/Pi
transport protein trafficking from the cell membrane into the
cytosol (291).

Decrease in Gastrointestinal
Absorption of Phosphorus

Abnormalities of Vitamin D Metabolism

Vitamin D and its metabolites play an important role in phos-
phorus homeostasis (292). Vitamin D promotes the intesti-
nal absorption of calcium and phosphorus and is necessary to
maintain the normal mineralization of bone. Dietary deficien-
cies of vitamin D increase the amount of osteoid tissue in the
skeleton and decrease normal mineralization. Bone mineral-
ization is a complex process that is not completely understood.
Normally, the osteoblast is responsible for laying down nor-
mal collagen that is well organized and distributed in a lamel-
lar fashion. Between the recently deposited collagen and the
old bone, there is an area called the mineralization front. Ini-
tially, amorphous calcium phosphate is deposited in the min-
eralization front and eventually matures into hydroxyapatite
[Ca10(PO4)6(OH)2]. Thus, the osteoid tissue changes into bone.
Optimal mineralization requires the following: (a) normal bone
cell activity; (b) normal supply of minerals; (c) the appropriate
pH level (7.4 to 7.6); (d) normal synthesis and composition of
the matrix; and (e) control of inhibitors of calcification.

The appositional growth rate in normal bone is about 1 μm
per day and complete mineralization of the osteoid requires
13 to 21 days. Thus, the thickness of the osteoid usually does
not exceed 20 μm. Less than 20% of the surface of the bone
is normally covered by osteoid. When a biopsy is performed
in a healthy subject who has previously ingested two doses of
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tetracycline separately and 3 weeks apart, one usually detects
two fluorescent rings or bands, indicating the locations of the
mineralization front. In a patient with osteomalacia, usually
a single band, no band, or an irregular and spotty uptake of
tetracycline is seen. In rickets or osteomalacia, there is a quan-
titative and qualitative defect in bone mineralization.

Vitamin D–Deficient Rickets. Diets deficient in vitamin D lead
to the metabolic disorder known as rickets when it occurs in
children or osteomalacia when it appears in adults (293). Vita-
min D deficiency in childhood results in severe deformities of
bone because of rapid growth. These deformities are character-
ized by soft loose areas in the skull known as craniotabes and
costochondral swelling or bending (known as rachitic rosary).
The chest usually becomes flattened, and the sternum may be
pushed forward to form the so-called pigeon chest. Thoracic
expansion may be greatly reduced with impairment of respira-
tory function. Kyphosis is a common finding. There is remark-
able swelling of the joints, particularly the wrists and ankles,
with characteristic anterior bowing of the legs, and fractures
of the “greenstick” variety may also be seen. In adults, the
symptoms are not as striking and are usually characterized by
bone pain, weakness, radiolucent areas, and pseudofractures.
Pseudofractures represent stretch fractures in which the nor-
mal process of healing is impaired because of a mineraliza-
tion defect. Mild hypocalcemia may be present; however, hy-
pophosphatemia is the most frequent biochemical alteration.
This metabolic abnormality responds well to administration of
small amounts of vitamin D.

Vitamin D–Dependent Rickets. These are recessively inher-
ited forms of vitamin D–refractory rickets. The conditions
are characterized by hypophosphatemia, hypocalcemia, el-
evated levels of serum alkaline phosphatase, and some-
times, generalized aminoaciduria and severe bone lesions.
Currently, two main forms of vitamin D–dependent rick-
ets have been characterized. The serum concentrations of
1,25-dihydroxycholecalciferol serves to differentiate the two
types of vitamin D–dependent rickets. Type I is caused
by a mutation in the gene converting 25(OH)D to 1,25-
dihydroxycholecalciferol, the renal 1α-hydroxylase enzyme
(294,295). This condition responds to very large doses of
vitamin D2 and D3 (100 to 300 times the normal require-
ment of physiologic doses), however, 0.5 to 1.0 μg per day of
1,25-dihydroxycholecalciferol. Type II is characterized by an
end-organ resistance to 1,25-dihydroxycholecalciferol. Plasma
levels of 1,25-dihydroxycholecalciferol are elevated. This find-
ing, in association with radiographic and biochemical signs
of rickets, implies resistance to the target tissue to 1,25-
dihydroxycholecalciferol. Cellular defects found in patients
with vitamin D–resistant rickets type II are heterogeneous, pro-
viding in part an explanation for the different clinical man-
ifestations of this disorder. Among the cellular defects are
(a) decreased number of cytosolic receptors, (b) deficient max-
imal hormonal binding, (c) deficient hormone binding affinity,
(d) normal hormonal binding but undetectable nuclear local-
ization, and (e) abnormal DNA binding domain for the 1,25-
dihydroxycholecalciferol receptor (296).

Numerous studies (297–304) have demonstrated that
hereditary type II vitamin D–resistant rickets is a genetic dis-
ease affecting the vitamin D receptor (VDR). Defects in the
hormone binding domain (297,298) and the DNA binding do-
main (299,300) have been defined. In addition, several cases
of human vitamin D–resistant rickets have been studied and
no abnormality in the coding region of the VDR has been
found (301), suggesting a defect elsewhere in the hormone ac-
tion pathway. An unexplained feature of this disease in adoles-
cents is the tendency for calcium levels to normalize and for the

radiographic abnormalities of rickets to improve, thus giving
the appearance that they outgrow the disease. Human vitamin
D–resistant rickets as a genetic defect in the VDR varies signifi-
cantly from other genetic diseases of steroid hormone receptors
caused by resistance to thyroid hormone, androgens, and es-
trogens (302–304). For example, individuals heterozygous for
VDR mutations are apparently completely healthy. Secondly,
no dominant negative mutations, which are prominent in thy-
roid hormone resistance, have been identified as a cause of
human vitamin D–resistant rickets. Thus, much remains to be
learned from the genetic analysis of this disease. The treatment
of this condition requires large pharmacologic doses of cal-
cium, which overcome the receptor defects and maintain bone
remodeling (300). Studies in mice with targeted disruption of
the VDR gene, an animal model of vitamin D–dependent rick-
ets type II, confirm that many aspects of the clinical phenotype
are due to decreased intestinal ion transport and can be over-
come by adjustments of dietary intake (305).

Malabsorption

Because most of the absorption of phosphorus from the gas-
trointestinal tract occurs in the duodenum and jejunum, gas-
trointestinal tract disorders such as celiac disease, tropical and
nontropical sprue, and regional enteritis may decrease the ab-
sorption of phosphorus (166). Phosphorus malabsorption has
also been described in patients who have undergone surgical
bypass procedures for morbid obesity. The degree of hypophos-
phatemia varies among patients with intestinal malabsorption,
being extremely mild in some and severe in others.

Malnutrition

Most of the phosphorus ingested in the diet is present in pro-
tein, particularly meat, cheese, milk, and eggs. In many parts
of the world where protein consumption is extremely low,
hypophosphatemia occurs predominantly in children. Overall
growth is retarded and a series of metabolic abnormalities are
present (306).

Administration of Phosphate Binders

Certain compounds, mainly aluminum salts (aluminum hy-
droxide, aluminum carbonate gel) and calcium carbonate are
used in the treatment of hyperphosphatemia (307). However,
when these compounds are given in excess, they may produce
profound hypophosphatemia. These gels trap phosphorus in
the small intestine and increase the amount of phosphorus in
the stool. Patients ingesting large amounts of phosphate binders
and not followed closely may develop phosphate depletion.
With time, such individuals may develop severe weakness, bone
pain, and osteomalacia.

Miscellaneous Causes of Hypophosphatemia

Major reviews of the causes of hypophosphatemia in hospi-
talized patients (308,309) attributed most instances to intra-
venous administration of carbohydrate. However, many other
causes were found, including diuretic usage, hyperalimenta-
tion, alcoholism, respiratory alkalosis, and use of phosphate
binders (310). A 31% incidence of hypophosphatemia was seen
in patients admitted to a general medical ward, and a further
fall in serum concentrations occurred in all patients with acute
alcoholism between the second and fifth day after admission
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to a medical ward (311). Hypophosphatemia is also seen fre-
quently during treatment of diabetic ketoacidosis (312). When
diabetic patients develop ketoacidosis, they usually have an in-
crease in phosphate excretion in the urine; however, the serum
phosphate level may be slightly elevated due to acidosis. Dur-
ing the administration of insulin, there is a rapid decrease in
the level of glucose with translocation of phosphate from the
extracellular to the intracellular space, resulting in hypophos-
phatemia.

Acute respiratory alkalosis decreases urinary phosphate ex-
cretion but produces marked hypophosphatemia (313). In con-
trast, patients who receive sodium bicarbonate excrete large
amounts of phosphate in the urine; however, the hypophos-
phatemia that may develop is only moderate in nature. It has
been postulated that in respiratory alkalosis, there is an increase
in the intracellular pH level with activation of glycolysis and in-
creased formation of phosphate-containing sugars, leading to a
precipitous fall in the concentration of serum phosphorus. The
mild hypophosphatemia that may be seen during administra-
tion of sodium bicarbonate is probably secondary to increased
renal phosphate excretion due to a decrease in ionized calcium
and release of PTH, as well as to the consequences of ECF
volume expansion.

In addition, new clinical disorders have been identified in
which hypophosphatemia is an important aspect of the patho-
logic condition. Marked hypophosphatemia has been associ-
ated with acute leukemia or with lymphomas in the leukemic
phase (314–316). These individuals typically present with hy-
pophosphatemia, normocalcemia, and no evidence of excess
PTH activity. Urinary phosphate concentration is typically ex-
tremely low. Although kinetic studies have not been performed
in this setting, the facts that serum phosphate concentration
correlates with a growth phase of the tumors and that hyper-
phosphatemia is seen when cells are destroyed by chemother-
apy or radiotherapy strongly suggest that serum phosphorus
was initially used in the rapid growth of new cells. Because
these patients are often severely ill and under treatment with
glucose infusions, as well as antacids and other drugs known
to induce hypophosphatemia, they may be at great risk of de-
veloping severe acute phosphorus depletion.

Another clinical condition in which hypophosphatemia has
been a prominent feature is the toxic shock syndrome. Ches-
ney et al. (317) described 22 women with this disorder who
showed hypocalcemia and hypophosphatemia as prominent
manifestations. Whether respiratory alkalosis or staphylococ-
cal sepsis induced release of substances that were responsible
for acute phosphorus shifts into cells is unknown. Lindquist
et al. (318) studied in a prospective fashion the importance of
hypophosphatemia in patients with severe burns. In 33 patients
studied for 2 weeks after injury, transient hypophosphatemia
was seen in the second to tenth day in all these individuals.
Five of seven patients who died from complications of the
terminal injury had severe hypophosphatemia. Because uri-
nary phosphorus excretion was not increased, tissue uptake
seems to be the predominant mechanism responsible for the
hypophosphatemia. Levy (319) reported the occurrence of se-
vere hypophosphatemia during the rewarming phase in a pro-
foundly hypothermic patient. In this individual, urinary ex-
cretion of phosphorus was minimal, suggesting that a shift of
phosphate into the cells occurred as a result of rewarming.
Finally, the development of hypophosphatemia resulting from
refeeding clinically starved patients has been emphasized. Silvis
et al. (320) showed that the classic phosphorus-depletion syn-
drome, consisting of paresthesias, weakness, seizures, and hy-
pophosphatemia, can occur in individuals who receive oral
caloric supplements after a prolonged period of starvation.
To further evaluate this issue, they performed studies in nor-
mal dogs that had been starved or had received normal diets

and found that the infusion of calories through an intragas-
tric catheter to previously starved animals resulted in a fall in
serum phosphorus concentration from an average of 4.8 mg/dL
to 1.6 mg/dL. Nearly 50% of starved animals developed clin-
ical signs of phosphate depletion after oral refeeding. Wein-
sier and Krumdiek reported two patients who developed the
phosphorus-depletion syndrome in association with cardiopul-
monary decompensation following overzealous hyperalimen-
tation after prolonged caloric deprivation (321).

Clinical and Biochemical Manifestations
of Hypophosphatemia

The manifestations of hypophosphatemia are presented in
Table 89-2. It has been suggested that the clinical manifesta-
tions of hypophosphatemia and severe phosphorus depletion
are related to disturbances in cellular energy and metabolism.
Studies have examined the effects of phosphate depletion on
cellular energetics and other components of cell function.
A study of glycolytic intermediates and adenine nucleotides
during insulin treatment of patients with diabetic ketoacidosis
emphasized the important effects of insulin-induced cellular
phosphate depletion on cell metabolism (322). These results
demonstrated that the reduced level of 2,3-diphosphoglycerate
(2,3-DPG) seen during insulin treatment of diabetes is due
to intracellular phosphorus depletion, producing a decrease
in glyceraldehyde 3-phosphate dehydrogenase activity rather
than inhibition of the phosphofructokinase enzyme system.
Ditzel (323) has suggested that repeated transient decreases in
red cell oxygen delivery due to reduced 2,3-DPG with insulin-
induced hypophosphatemia could contribute over many years
to the microvascular disease seen in diabetic patients. Patients
with mild degrees of hypophosphatemia are usually asymp-
tomatic. However, if hypophosphatemia is severe—that is, if
serum phosphorus levels are less than 1.5 mg/dL—a series of
hematologic, neurologic, and metabolic disorders may develop.
In general, the patients become anorectic and weak, and mild
bone pain may be present if the hypophosphatemia persists for
several months (Table 89-2).

Cardiovascular and Skeletal
Muscle Manifestations

Severe cardiomyopathy with decreased cardiac output has
been described in patients and animals with severe hypophos-
phatemia (324,325). Studies revealed that the resting muscle
membrane potential fell, sodium chloride and water content of
the tissue increased, and potassium content decreased in severe
hypophosphatemia (326). These values returned to within the
normal range after phosphate was administered. Skeletal mus-
cle weakness and electromyographic abnormalities are associ-
ated with chronic hypophosphatemia and phosphate depletion.
Dogs that were fed low-phosphate diets for several months de-
veloped changes in muscle, rhabdomyolysis, and characteristic
increases in their levels of creatinine kinase and aldolase in
blood (327). Rhabdomyolysis has been observed in alcoholic
patients with hypophosphatemia (328). Knochel et al. (327)
showed that myopathy associated with phosphate depletion in
dogs did lead to changes in cell water content, sodium concen-
tration, and transmembrane potential difference. Kretz et al.
(329) examined the possibility that changes in calcium trans-
port in the sarcoplasmic reticulum of muscle were responsi-
ble for the clinical myopathy seen in acute phosphate deple-
tion. Despite significant hypophosphatemia and a reduction in
muscle phosphorus concentration, they found no significant
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TA B L E 8 9 - 2

CLINICAL AND BIOCHEMICAL MANIFESTATIONS
OF MARKED HYPOPHOSPHATEMIA

I. Cardiovascular and skeletal muscle
A. Decreased cardiac output
B. Muscle weakness
C. Decreased transmembrane resting potential
D. Rhabdomyolysis

II. Carbohydrate metabolism
A. Hyperinsulinemia
B. Decreased glucose metabolism

III. Hematologic alterations
A. Red blood cells

1. Decreased adenosine triphosphate (ATP) content
2. Decreased 2,3-DPG
3. Decreased P50

4. Increased oxygen affinity
5. Decreased lifespan
6. Hemolysis
7. Spherocytosis

B. Leukocytes
1. Decreased phagocytosis
2. Decreased chemotaxis
3. Decreased bactericidal activity

C. Platelets
1. Impaired clot retraction
2. Thrombocytopenia
3. Decreased ATP content
4. Megakaryocytosis
5. Decreased lifespan

IV. Neurologic manifestations
A. Anorexia
B. Irritability
C. Confusion
D. Paresthesias
E. Dysarthria
F. Ataxia
G. Seizures
H. Coma

V. Skeletal abnormalities
A. Bone pain
B. Radiolucent areas (x-ray)
C. Pseudofractures
D. Rickets or osteomalacia

VI. Biochemical and renal manifestations
A. Low parathyroid hormone levels
B. Increased 1,25(OH)2D3

C. Hypercalciuria
D. Hypomagnesemia
E. Hypermagnesuria
F. Hypophosphaturia
G. Decreased glomerular filtration rate
H. Decreased Tm for bicarbonate
I. Decreased renal gluconeogenesis
J. Decreased titratable acid excretion
K. Increased creatinine phosphokinase
L. Increased aldolase

(From: Slatopolsky E. Pathophysiology of calcium, magnesium, and
phosphorus. In: Klahr S, ed. The Kidney and Body Fluids in Health
and Disease. New York: Plenum Press; 1983:269, with permission.)

changes in the rate of calcium uptake of calcium-concentrating
ability in vesicles prepared from muscle sarcoplasmic reticulum
of phosphate-depleted rats. Thus, the role of altered transcel-
lular calcium movements in phosphate-depleted tissues is yet
to be completely resolved.

Effects on Carbohydrate Metabolism

Hyperinsulinemia and abnormal glucose metabolism suggest-
ing insulin resistance have been described in phosphate deple-
tion. DeFronzo and Lange (330) have used the glucose and
insulin clamp technique to study the kinetics of glucose metab-
olism in patients with various chronic hypophosphatemic con-
ditions including vitamin D–resistant rickets. When glucose
was infused to maintain constant glycemia at 125 mg/dL,
hypophosphatemic individuals required 36% less glucose to
maintain these glycemic levels than controls. Also when eugly-
cemic was achieved by combined insulin and glucose infusion,
the hypophosphatemic individuals required 40% less glucose
to maintain euglycemia than controls. Insulin catabolism was
apparently unaffected in these hypophosphatemic individuals.
These data indicate that hypophosphatemia is associated with
impaired glucose metabolism in both hyperglycemic and eu-
glycemic patients.

Hematologic Manifestations

Hematologic abnormalities of hypophosphatemia are a ma-
jor manifestation of this syndrome (331–333). In addition to
defects in affinity of oxyhemoglobin leading to generalized
tissue hypoxia, there may be increased hemolysis (334,335).
Quantitative and functional defects have also been described
in platelets and leukocytes (336). These defects lead to dimin-
ished platelet aggregation and abnormalities in chemotaxis and
phagocytosis of white blood cells. The latter may contribute
to the increased risk of Gram-negative sepsis reported in hy-
pophosphatemic patients (337). This is of particular concern in
immunosuppressed patients receiving phosphate-poor alimen-
tation through a central venous line.

Neurologic Manifestations

Manifestations at the level of the central nervous system, result-
ing in generalized anorexia and malaise or more severe distur-
bances such as ataxia, seizures, and coma, have been described
in hypophosphatemia (338–340). Neuromuscular abnormali-
ties include paresthesias and weakness, the result of both myo-
pathic changes and diminished nerve conduction (341).

Skeletal Abnormalities

The skeletal abnormalities associated with hypophosphatemia,
particularly in vitamin D–resistant rickets, may be quite
marked. In addition, bony abnormalities, including osteoma-
lacia and pathologic fractures, have been described in antacid-
induced phosphate depletion (342,343), as well as in hy-
pophosphatemic patients undergoing hemodialysis who did
not receive phosphate binding gels (344). A rheumatic syn-
drome resembling ankylosing spondylitis also has been re-
ported in hypophosphatemic patients (345).



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-89 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 15:0

Chapter 89: Disorders of Phosphorus, Calcium, and Magnesium Metabolism 2311

Gastrointestinal Disturbances

These manifestations include anorexia, nausea, and vomiting
(339). It has been speculated that hypophosphatemia in the
alcoholic patient may further impair hepatic function through
hypoxic insult.

Renal Manifestations

There is decreased phosphorus excretion and decreased tubular
reabsorption of calcium, magnesium, bicarbonate, and glucose
(346–351). The renal conservation of phosphorus occurs early
in the syndrome and is the result of a primary increase in the
tubular reabsorption of the anion and a decrease in the GFR
and consequently in the filtered load of phosphorus (351,352).
This mechanism results in complete renal conservation of phos-
phorus, with net losses representing only a small fraction of to-
tal body phosphorus stores (339). The increase in phosphorus
reabsorption seen with phosphorus depletion is independent of
several hormones known to influence phosphorus transport un-
der other circumstances, including PTH, vitamin D, calcitonin,
and thyroxine (353). The possibility that serum phosphorus
concentration per se (or intracellular phosphorus) may in some
manner regulate its absorption along the nephron seems plau-
sible. Hypercalciuria of enough magnitude to produce a neg-
ative calcium balance is seen commonly in hypophosphatemic
patients. Several factors contribute to this increase in calcium
excretion including increased calcium mobilization from bone,
enhanced gastrointestinal tract calcium absorption, and inhi-
bition of renal tubular calcium reabsorption (346–351). These
effects appear to be independent of PTH activity and may be
the result of a direct effect of phosphate on these transport
processes.

Acid–Base Disturbances

Renal bicarbonate wasting, diminished titratable acid excre-
tion, and decreased ammoniagenesis have been reported in hy-
pophosphatemia (347,354). However, these defects are coun-
terbalanced to some extent by the mobilization of alkali from
bone. Thus, steady-state pH may be near normal at the expense
of skeletal buffers (348).

Differential Diagnosis of Hypophosphatemia

In general, the cause of hypophosphatemia can be determined
either from the medical history or from the clinical setting in
which it occurs. When the cause is in doubt, measurement
of the urinary phosphorus excretion level may be helpful. If
the urinary phosphorus concentration is less than 4 mg/dL
when the serum phosphorus level is less than 2 mg/dL, renal
losses may be excluded (355). Of the three major extrarenal
causes including diminished phosphorus intake, increased ex-
trarenal losses (gastrointestinal tract), and translocation into
the intracellular space, the last is the most common, particu-
larly in the hospitalized patient (308,356). When the urinary
phosphorus excretion level is high, the differential diagnosis
includes hyperparathyroidism, a primary renal tubular abnor-
mality, or vitamin D–dependent or –resistant renal rickets.
Measurements of serum calcium, PTH, and vitamin D and its
metabolites, as well as urinary excretion of other solutes (glu-
cose, amino acids, and bicarbonate) will usually elucidate the
underlying disturbance that is responsible for the hypophos-
phatemia.

Treatment of Hypophosphatemia

There are several general principles that apply to the treatment
of hypophosphatemic patients. As with any predominantly in-
tracellular ion (e.g., potassium), the state of total body phos-
phorus stores, as well as the magnitude of phosphorus losses,
cannot be readily assessed by measurement of the concentra-
tions in serum. In fact, under conditions in which a rapid shift
of phosphorus has resulted from glucose infusion or hyper-
alimentation, total body stores of phosphorus may be nor-
mal, although with diminished intake and renal losses, there
may be severe phosphorus depletion. Furthermore, the vol-
ume of distribution of phosphorus may vary widely, reflect-
ing in part the intensity and duration of the underlying cause
(356).

In clinical situations in which hypophosphatemia is to be ex-
pected (e.g., glucose infusion or hyperalimentation in the alco-
holic or nutritionally compromised patient during treatment of
diabetic ketoacidosis), careful monitoring of the concentration
of serum phosphorus is crucial. In these situations, addition
of phosphorus supplementation to prevent the development of
severe hypophosphatemia may prove very helpful. Certainly,
other contributing causes of hypophosphatemia in this setting
should be identified and treated. This is particularly true of the
use of phosphate binding antacids (aluminum and magnesium
hydroxide) for peptic ulcer disease, which may be replaced
by aluminum phosphate antacids (Phosphagel) or cimetidine
(Tagamet). It is now generally recommended that hyperalimen-
tation solutions contain a phosphorus concentration of 12 to
15 mmol/L or 37 to 46.5 mg/dL, in order to provide an ap-
propriate amount of phosphorus in the patient in whom renal
impairment is absent (356). Phosphorus supplementation dur-
ing glucose infusion or during the treatment of ketoacidosis is
usually withheld until the serum phosphorus levels decrease to
less than 1 mg/dL. Phosphorus may be given orally to these pa-
tients and others with mild asymptomatic hypophosphatemia
in the form of skim milk, which contains 0.9 mg/mL, Neutra-
phos (3.3 mg/mL), or phosphorus soda (129 mg/mL). However,
intestinal absorption is quite variable, and diarrhea often com-
plicates the oral administration of phosphate-containing com-
pounds. For these reasons, parenteral administration is usu-
ally recommended in the hospitalized patient. If oral therapy
is permissible, Fleet Phospho-soda may be given at a dosage of
60 mmol daily in three doses (21 mmoL/5 mL or 643 mg/5 mL).
A convenient method is to provide the phosphorus together
with potassium replacement in these patients. Addition of 5 mL
of potassium phosphate (K phosphate) into 1 L of intravenous
fluid provides 22 mEq of potassium and 15 mmol (466 mg)
of phosphorus (356). However, because potassium losses may
greatly exceed the phosphorus deficit, the repletion of potas-
sium should not be totally linked to phosphorus therapy. In
patients with severe phosphate depletion, it is difficult to de-
termine the magnitude of the total deficit of phosphorus and
to calculate a precise initial dose. It is usually prudent to
proceed with caution and repair the deficit slowly. The most
frequently recommended regimen is 0.08 mmol/kg of body
weight (2.5 mg/kg body weight) given over 6 hours for severe
but uncomplicated hypophosphatemia and 0.016 mmol/kg of
body weight (5 mg/kg of body weight) in symptomatic pa-
tients (356). Parenteral administration should be discontin-
ued when the serum phosphorus concentration is greater than
2 mg/dL.

Calcium administration may be needed during phosphate
repletion to prevent severe hypocalcemia. Calcium must not
be added to bicarbonate- or phosphate-containing solutions
because of the potential precipitation of calcium salts. In-
travenous infusion of calcium gluconate or calcium chloride
may be given until tetany abates. In addition to hypocalcemia,
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metastatic calcification, hypotension, hyperkalemia, and hy-
pernatremia are potential side effects of parenteral infusion of
phosphorus. These problems can be prevented by judicious use
of therapy and frequent monitoring of serum electrolyte con-
centrations.

Hyperphosphatemia

Hyperphosphatemia is said to occur when the serum phos-
phorus concentration exceeds 5 mg/dL in adults. It should be
remembered that in children and adolescents, serum levels of
phosphorus of up to 6 mg/dL may be physiologic. The most
frequent cause of hyperphosphatemia is decreased excretion of
phosphorus in the urine as a result of a fall in the GFR. How-
ever, increases in serum phosphorus concentration can also oc-
cur as a result of increased entry into the ECF due to excessive
intake of phosphorus or increased release of phosphorus from
tissue breakdown. The major causes of hyperphosphatemia are
listed in Table 89-3.

Decreased Excretion of Phosphorus in Urine

Decreased Renal Function

In progressive renal failure, phosphorus homeostasis is main-
tained by a progressive increase in phosphorus excretion per

TA B L E 8 9 - 3

CAUSES OF HYPERPHOSPHATEMIA

I. Decreased renal excretion of phosphate
A. Renal insufficiency

1. Chronic
2. Acute

B. Hypoparathyroidism
C. Pseudohypoparathyroidism

1. Type I
2. Type II

D. Abnormal circulating parathyroid hormone
E. Acromegaly
F. Tumoral calcinosis
G. Administration of bisphosphonates

II. Increased entrance of phosphorus into the extracellular
fluid
A. Neoplastic diseases

1. Leukemia
2. Lymphoma

B. Increased catabolism
C. Respiratory acidosis

III. Increased intake and GT absorption of phosphorus
A. Pharmacologic administration of Vitamin D

metabolites
B. Ingestion and/or administration of phosphate salts

IV. Miscellaneous
A. Cortical hyperostosis
B. Intermittent hyperphosphatemia
C. Artifacts

(From: Slatopolsky E. Pathophysiology of calcium, magnesium, and
phosphorus. In: Klahr S, ed. The Kidney and Body Fluids and Disease.
New York: Plenum Press; 1983:269, with permission.)

nephron (357,358). As a result of this increased phosphorus ex-
cretion, it is unusual to see marked hyperphosphatemia until
GFRs decrease to less than 25 mL per minute (357,358). Un-
der physiologic conditions with a GFR of 120 mL per minute,
a fractional excretion of 5% to 15% of the filtered load of
phosphorus is adequate to maintain phosphorus homeostasis.
However, as renal insufficiency progresses and the number of
nephrons decreases, fractional excretion of phosphorus may
increase to as high as 60% to 80% of the filtered load. This pro-
gressive phosphaturia per nephron, as renal disease progresses,
serves to maintain the concentration of phosphorus within nor-
mal limits in plasma. However, when the number of nephrons is
greatly diminished, if the dietary intake of phosphorus remains
constant, phosphorus homeostasis can no longer be maintained
and hyperphosphatemia develops. This usually occurs when
the GFR falls to less than 25 mL per minute. As hyperphos-
phatemia develops the filtered load of phosphorus per nephron
increases, phosphorus excretion rises and phosphorus balance
is reestablished but at higher concentrations of serum phos-
phorus. Hyperphosphatemia is a usual finding in patients with
far-advanced renal insufficiency unless phosphorus intake in
the diet has decreased through dietary manipulations or the
patient is receiving phosphate binders such as calcium carbon-
ate or aluminum-containing salts that will decrease the ab-
sorption of phosphate from the gastrointestinal tract (359).
In patients with acute renal failure, hyperphosphatemia is a
usual finding (360). The degree of hyperphosphatemia in pa-
tients with acute renal failure varies considerably. It is quite
marked in patients with renal insufficiency secondary to severe
trauma or non-traumatic rhabdomyolysis, as frequently occurs
in patients ingesting large amounts of alcohol or in heroin ad-
dicts (361). The degree of hyperphosphatemia depends on the
amount of phosphorus released from damaged tissue because
phosphorus intake and decreased GFR, to less than 2 mL per
minute, are constant across different forms of oliguric acute re-
nal failure. In most patients with acute renal failure, hyperphos-
phatemia is transitory, and serum phosphorus values return to-
ward the normal range as renal function improves. However,
in some of these patients, infection or tissue destruction re-
sulting from many causes may maintain relatively high serum
phosphorus values even during the recovery phase of renal
function.

Decreased or Absent Levels
of Circulating PTH

Hypoparathyroidism is characterized by low or absent levels
of PTH, low levels of serum calcium, and hyperphosphatemia
(362). The most common causes of hypoparathyroidism results
from injury to the parathyroid glands, or their blood supply
during thyroid, parathyroid, or radical neck surgery. Idiopathic
hypoparathyroidism is a rare disease. Because PTH normally
inhibits the renal reabsorption of phosphorus, its absence leads
to an elevation in the Tm for phosphorus and a decrease in
the excretion of the anion in the urine. Balance is reestab-
lished when the serum phosphorus concentration rises to 6 to 8
mg/dL. At this concentration of serum phosphorus, the filtered
load of phosphate is increased, exceeding the Tm for phos-
phorus reabsorption, and a new steady-state is reestablished.
Patients with hypoparathyroidism are easily diagnosed by the
findings of a low level of serum calcium, hyperphosphatemia,
and undetectable levels of circulating immunoreactive PTH.
After several years of hypoparathyroidism, other signs may
become manifest such as cataracts and bilateral symmetrical
calcification of the basal ganglia on x-ray films of the skull.
The most striking symptoms in patients presenting with hy-
poparathyroidism are related to an increase in neuromuscular
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excitability resulting from a decrease in the levels of ionized
calcium in serum. Some patients may not develop hypocal-
cemia and severe tetany, but increased neuromuscular excitabil-
ity may be demonstrated by contraction of facial muscles in
response to stimulus over the facial nerve (Chvostek’s sign) or
by carpal spasm (Trousseau’s sign) occurring 2 or 3 minutes
after inflating a blood pressure cuff around the arm above sys-
tolic blood pressure. In other patients, psychiatric disturbances,
paresthesias, numbness, muscle cramps, and dysphagia may be
presenting symptoms.

Pseudohypoparathyroidism

This is a relatively rare condition characterized by end-organ
resistance to the action of PTH (363). Characteristically, the
kidney and skeleton do not respond appropriately to the ac-
tion of PTH. Some patients with pseudohypoparathyroidism
may have specific somatic characteristics such as short stature,
round face, short metacarpal bones and phalanges, and some
degree of mental retardation. Biochemically, these patients, like
those with hypoparathyroidism, have low concentrations of
serum calcium and hyperphosphatemia. However, there are
two important points in the differential diagnosis. First, in most
patients with pseudohypoparathyroidism, the circulating levels
of immunoreactive PTH are elevated, whereas in patients with
true hypoparathyroidism PTH levels are low or absent. Second,
patients with pseudohypoparathyroidism do not respond to
the administration of exogenous PTH with phosphaturia. Pa-
tients with true hypoparathyroidism demonstrate a heightened
phosphaturic response to administration of exogenous PTH.
Two major types of pseudohypoparathyroidism have been de-
scribed. In type I, patients fail to increase the excretion of cAMP
or phosphate in the urine in response to the administration of
exogenous PTH. This abnormal response seems to be related,
at least in some of these patients, to a defect in the guanosine
triphosphate (GTP) binding protein, GS, of the adenylate cy-
clase complex (364,365). In other patients, there is an increase
in cAMP in response to the administration of exogenous PTH
but no phosphaturic response. This condition has been termed
pseudohypoparathyroidism type II (366).

Abnormal Circulating PTH

This syndrome is characterized by hyperphosphatemia,
hypocalcemia, chronic tetany, and cataracts. These manifes-
tations, as described previously, are those observed in patients
with hypoparathyroidism, but these patients have normal or
high serum levels of PTH. However, in contrast to patients with
pseudohypoparathyroidism, they do respond to the exogenous
administration of PTH, with an increase in the excretion of
cAMP and phosphaturia. It has been postulated that the defect
in these patients relates to an abnormal form of endogenous
PTH that is devoid of physiologic effects (367). However, this
postulate has not been substantiated by characterization and
analysis of the circulating PTH in these patients.

Acromegaly

Growth hormone decreases the urinary excretion of phospho-
rus and increases the Tm for phosphorus (368). Hypersecretion
of growth hormone may lead to development of gigantism if
the increased secretion occurs before the closure of the epi-
physis or to acromegaly if the excessive secretion occurs after
puberty. Hyperphosphatemia has been described in patients
with acromegaly. It is known that serum phosphorus concen-
trations are higher in children (5 to 8 mg/dL) than in adults.

This may be related in part to increased levels of circulating
growth hormone in children.

Tumoral Calcinosis

The pathogenesis of this disease is probably related to a pri-
mary increase in phosphorus reabsorption by the kidney (369).
This condition, which is seen more frequently in young African
Americans, is characterized by hyperphosphatemia, ectopic
calcification around large joints, normal levels of circulating
immunoreactive PTH, and a normal response to administra-
tion of exogenous PTH (370,371). The extensive calcifica-
tion of soft tissues observed in patients with this condition
is most likely due to an elevated phosphorus–calcium prod-
uct in blood. Despite the development of hyperphosphatemia,
patients with tumoral calcinosis do not develop secondary hy-
perparathyroidism. This may be due to the fact that circulating
levels of 1,25-dihydroxycholecalciferol remain within the nor-
mal range in these patients despite hyperphosphatemia. These
normal levels of 1,25-dihydroxycholecalciferol maintain a nor-
mal gastrointestinal tract absorption of calcium. This, com-
bined with the decreased urinary calcium observed in these
patients, may serve to maintain normal serum calcium val-
ues and prevent the development of secondary hyperparathy-
roidism.

Familial Tumoral Calcinosis (FTC)

FTC is inherited in an autosomal recessive mode, but autoso-
mal dominant inheritance has also been reported (372–378).
The disease most commonly appears before the second decade
of life. The subjects present with periarticular calcified masses
often localized in the hip, elbow and shoulder. This disorder is
associated with hyperphosphatemia and increased renal tubu-
lar Pi reabsorption, but with normal serum levels of calcium
and parathyroid hormone. Serum levels of 1,25-dihydroxy-
vitamin D may be normal or elevated.

Recently bialleic mutations in the UDP-N-acetyl-alpha-D-
galactosamine: polypeptide N-acetylgalactosaminyltransferase
3 (GALNT3) gene have been identified in two large families
as a cause of FTC (379). GALNT3 encodes a glycosyltrans-
ferase responsible for initiating mucin-type O-glycosylation.
Since the FTC phenotype is regarded as the metabolic mirror
image of XLH, ADHR, and TIO involving abnormal FGF-23
and PHEX expression, recent studies have tried to identify dis-
orders in these genes in subjects with FTC. In fact two re-
cent studies have identified FGF-23 missense mutations in FTC.
While wild-type FGF-23 is secreted as intact protein and then
processed as N-terminal and C-terminal fragments, the mu-
tated FGF-23 protein is retained in the Golgi complex and only
the inactive C-terminal protein is secreted (380,381). The re-
sultant phenotype, therefore, resembles the FGF-23 null mice
described earlier.

Administration of Bisphosphonates

Administration of bisphosphonates, which are used in the treat-
ment of Paget’s disease and osteoporosis, may result in the
development of hyperphosphatemia (382). The mechanisms
by which bisphosphonates increase serum phosphorus are not
completely clear but may involve an alteration in phosphate
distribution between different cellular compartments and a de-
crease in renal phosphorus excretion. It appears that the levels
of both circulating PTH and the urinary excretion of cAMP
after administration of exogenous PTH are within the normal
range in patients receiving bisphosphonates.
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Redistribution of Phosphorus
between Intracellular

and Extracellular Pools

Tumor Lysis Syndrome

Various syndromes of tissue breakdown may result in the devel-
opment of hyperphosphatemia and subsequent hypocalcemia.
Hyperphosphatemia has been described in patients with several
types of lymphomas. Patients receiving treatment for lym-
phoblastic leukemia may develop hyperphosphatemia with a
concomitant decrease in serum calcium concentration (383).
The phosphorus load originates primarily from the destruction
of lymphoblasts, which have about four times the concentra-
tion of organic and inorganic phosphorus present in mature
lymphocytes.

Similar findings have been described during treatment of
Burkitt’s lymphoma. Cohen et al. (384) reviewed the acute tu-
mor lysis syndrome associated with the treatment of Burkitt’s
lymphoma. In 37 patients with American Burkitt’s lymphoma,
azotemia occurred in 14 patients and preceded chemotherapy
in 8. Pretreatment of azotemia was associated with elevated
levels of lactate dehydrogenase (LDH) and uric acid and
sometimes extrinsic ureteral obstruction by the tumor. After
chemotherapy, major metabolic complications related to tu-
mor lysis were associated with large tumors and high LDH lev-
els and were manifested by hyperkalemia, hyperphosphatemia,
and hyperuricemia. Elevated phosphorus levels were seen
in 31% of nonazotemic patients and in all azotemic pa-
tients. Hemodialysis was required in three patients for con-
trol of azotemia, hyperuricemia, hyperphosphatemia, or hy-
perkalemia.

Tsokos et al. (385) studied the renal metabolic complica-
tions of other undifferentiated lymphomas and lymphoblas-
tic lymphomas. These workers found that serum LDH con-
centration before chemotherapy correlated well with the stage
of disease and predicted the serum levels of creatinine, uric
acid, and phosphorus in the posttreatment period. Patients
with LDH values of more than 2,000 IU were likely to de-
velop severe hyperphosphatemia. When azotemia developed
in the postchemotherapy period, it was attributed to hyper-
uricemia or hyperphosphatemia. Some of these patients had
elevated serum phosphorus levels in the range of 20 to 30
mg/dL, which may contribute to the development of renal in-
sufficiency due to calcium deposition in the kidney and other
tissues.

Thus, there is a great risk of hyperphosphatemia in patients
undergoing chemotherapy for rapidly growing malignant lym-
phomas. The best method of prevention of this complication,
as well as the best therapeutic intervention, has not been well
defined. Initially, it appears useful to attempt to increase the
renal excretion of phosphate during the induction of remission
by chemotherapy in these patients. This requires infusion of
large amounts of saline and possibly bicarbonate, which has
been shown to increase renal phosphorus excretion above and
beyond the mere effects of volume expansion. Acetazolamide, a
potent phosphaturic agent, might also be beneficial in these in-
dividuals. The general recommendation of hemodialysis as the
prime therapeutic modality for hyperphosphatemia and acute
renal insufficiency resulting from tumor lysis is not based on
experimental data. Although hemodialysis no doubt rapidly
lowers serum phosphorus levels, the mass of phosphorus con-
tinually presented to the extracellular space from ongoing
tissue breakdown is not continuously treated by this modal-
ity. Thus, it is possible that combined hemodialysis and peri-
toneal dialysis, or even peritoneal dialysis alone, might be as,
if not more, beneficial and safer in individuals with tumor lysis
syndrome.

Increased Catabolism

Conditions characterized by increased protein breakdown
(e.g., severe tissue muscle damage and severe infections) may
sometimes be accompanied by hyperphosphatemia. Although
the hyperphosphatemia may be related simply to transloca-
tion of phosphorus into the extracellular space, other factors
seem to play a role. Hyperphosphatemia has been described in
patients with ketoacidosis before treatment. After administra-
tion of intravenous fluids and insulin therapy, the entrance of
glucose into the cells is usually followed by movement of phos-
phorus back into the intracellular space, and some patients now
may develop hypophosphatemia. Thus, the combination of de-
hydration, acidosis, and tissue breakdown in different catabolic
states may lead to hyperphosphatemia.

Respiratory Acidosis

Acute respiratory acidosis may lead to a marked increase in
serum phosphorus concentration (386). By contrast, chronic
respiratory acidosis is usually not manifested by sustained ele-
vated levels of serum phosphorous. Acute rises in Pco2 in ex-
perimental animals have been shown to lead to increased serum
phosphorus levels. The modest degree of hyperphosphatemia
seen in chronic respiratory acidosis is probably related to re-
nal compensation and increased phosphorus excretion via the
kidney to maintain phosphorus homeostasis.

Increased Intake and GI Absorption
of Phosphorus

Administration of Phosphate Salts
or Vitamin D or Its Metabolites

Administration of vitamin D3 or its metabolites, particularly
1,25-dihydroxycholecalciferol, may result in increases in serum
phosphorus, particularly in uremic patients. These compounds
very likely may result in hyperphosphatemia in uremic indi-
viduals by increasing phosphorus absorption from the gut and
perhaps by potentiating the effect of PTH on the skeleton with
increased release of phosphorus from bone. Decreased renal
function limits the compensatory mechanism of the kidney to
excrete the increased load of phosphate entering the extracel-
lular space. In addition to elevating serum phosphorus levels,
vitamin D metabolites may result in hypercalcemia. An increase
in the phosphorus–calcium product may result in tissue depo-
sition of calcium, particularly in the kidney, leading to further
renal functional deterioration.

Ingestion or Administration of
Salts Containing Phosphate

Hyperphosphatemia has been observed in adults ingesting
laxative-containing phosphate salts or after administration
of enemas containing large amounts of phosphate (387,388).
Intravenous phosphate administration has been used in the
treatment of hypercalcemia of malignancy. The administra-
tion of 1 to 2 g of phosphate intravenously decreases the
concentration of serum calcium. Unfortunately, the severe hy-
perphosphatemia induced by administration of large amounts
of phosphorus intravenously may lead to calcium-phosphate
precipitation in important organs such as the heart and kidney,
and several deaths resulting from this form of therapy have
been reported. Hyperphosphatemia may develop in newborn
infants who are fed cow’s milk, which is higher in phosphorus
content than human milk. This may be an important factor in
the genesis of neonatal tetany.
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Clinical Manifestations
of Hyperphosphatemia

Most of the clinical effects of hyperphosphatemia are re-
lated to secondary changes of calcium metabolism. Hyper-
phosphatemia produces hypocalcemia by several mechanisms
(Fig. 89-6), including decreased production of 1,25-dihydroxy-
cholecalciferol, precipitation of calcium, and decreased absorp-
tion of calcium from the gastrointestinal tract, presumably due
to a direct effect of phosphorus on calcium absorption (389).
In addition to the manifestations by hypocalcemia, which are
described elsewhere in this chapter, ectopic calcification is one
of the important manifestations of hyperphosphatemia. The as-
sociation of hyperphosphatemia and ectopic calcification has
been observed in several clinical settings including in patients
with chronic renal failure, hypoparathyroidism, and tumoral
calcinosis. It appears that when the calcium–phosphorus prod-
uct exceeds 70, the likelihood for calcium precipitation is
greatly increased. In addition to the calcium–phosphorus prod-
uct, local tissue factors may play an important role in calcium
deposition. For example, regional changes in pH (local alkalo-
sis) may favor calcification in tissue such as cornea and lungs.
In patients with severe calcification (calciphylaxis), it appears
that high levels of circulating PTH may also aggravate this con-
dition. Hyperphosphatemia plays a key role in the development
of secondary hyperparathyroidism in patients with renal insuf-
ficiency. It has been observed that when phosphate ingestion is
decreased and hyperphosphatemia is prevented in experimental
animals with induced renal insufficiency, hyperparathyroidism
can be prevented (390). The mechanisms presumably relate to
maintenance of serum calcium levels with prevention of hyper-
phosphatemia and, at the same time, continued synthesis of
1,25-dihydroxycholecalciferol, the circulating levels of which
may directly influence the secretion of PTH (391,392). Several
investigators (393–396) have demonstrated that dietary phos-
phate markedly influences the rate of parathyroid cell prolifera-
tion and PTH synthesis and secretion independent of changes in
ionized calcium or 1,25-dihydroxycholecalciferol. It seems that
the mechanism by which phosphorus increases PTH synthesis
and secretion is posttranscriptional. Moreover, in experimen-
tal uremic rats, it has been shown that phosphate restriction
suppresses parathyroid cell growth by inducing p21, a repres-
sor of the cell cycle. On the other hand a high-phosphate in-
take rapidly (3 to 5 days) induces significant parathyroid cell
hyperplasia by inducing an increase in transforming growth

FIGURE 89-6. Pathophysiologic changes occurring during the devel-
opment of hyperphosphatemia. These changes tend to increase the uri-
nary excretion of phosphorus and to correct the hyperphosphatemia.

factor α (TGFα) (397). TGFα, which is known to promote
growth not only in malignant transformation but also in nor-
mal tissues (398,399), is enhanced in hyperplastic and adeno-
matous human parathyroid glands (400). In patients on chronic
hemodialysis, the degree of hyperparathyroidism correlates
well with the concentration of serum phosphorus. Patients who
do not adhere to their therapeutic prescriptions requiring in-
gestion of phosphate binders seem to develop more severe and
persistent hyperphosphatemia with marked secondary hyper-
parathyroidism and bone disease than patients who adhere
carefully to dietary and therapeutic prescriptions. Vascular cal-
cification has been observed in some patients with chronic re-
nal insufficiency and severe calcification, hyperphosphatemia,
and hyperparathyroidism, leading to necrosis and gangrene of
extremities. Slit-lamp examination may show ocular calcifica-
tion, and some patients may develop acute conjunctivitis, the
so-called red eye syndrome of uremia. Precipitation of calcium
in the skin may be in part responsible for pruritus, a symptom
that is usually seen in patients with far-advanced uremia. It has
been reported that parathyroidectomy in such patients may
alleviate the symptoms. From the therapeutic point of view,
the most efficacious way of controlling hyperphosphatemia is
through the use of phosphate binders that decrease the absorp-
tion of phosphorus from the gastrointestinal tract. In patients
with adequate renal function, expansion of the ECF with saline
will greatly increase phosphorus excretion in the urine and con-
tribute to correction of the hyperphosphatemia.

Treatment of Hyperphosphatemia

Decreased absorption of phosphate from the gastrointestinal
tract is a cornerstone of treatment of hyperphosphatemia.
Phosphate absorption from the gastrointestinal tract can be
markedly decreased by decreasing the amount of phosphorus
in the diet, by administering phosphate binding agents capa-
ble of decreasing absorption of phosphorus, or both. Because
protein requirements limit the amount of phosphorus restric-
tion that can be achieved through dietary manipulation, from a
practical point of view, administration of agents capable of de-
creasing phosphorus absorption from the gastrointestinal tract
is the mainstay of treatment. Administration of calcium salts
has replaced aluminum salts as the traditional treatment to con-
trol hyperphosphatemia. Most of these preparations require
the administration of two to four tablets or capsules three or
four times daily. If the patient develops constipation, one of
the complications of such medications, magnesium salts may
be incorporated into these preparations. However, if the patient
has hyperphosphatemia secondary to severe renal insufficiency,
magnesium should not be given because of the likelihood of
producing severe hypermagnesemia, which may lead to mag-
nesium intoxication, muscle paralysis, and death.

The elucidation of aluminum toxicity, which results from
prolonged administration of aluminum-containing salts, as
phosphate binders to patients with chronic renal insufficiency,
has led to diminished use of these agents or their elimination
(401,402). Several studies indicate that calcium carbonate
(403–405) is an effective agent for control of hyperphos-
phatemia in chronic renal failure. However, numerous investi-
gators have demonstrated an increase in the number of aortic
and mitral valve calcifications in patients on dialysis when
compared with the general population. Cardiovascular events
are responsible for a 40% to 60% mortality rate of patients
on dialysis (406–409). Morbidity and mortality rates increase
as the Ca–PO4 product raises to more than 60. Braun et al.
(410), with the use of the electron beam computed tomography,
demonstrated a significant deposition of calcium in the coro-
nary arteries of patients on dialysis. Although coronary artery
calcifications worsen with age, this abnormality has been
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FIGURE 89-7. Structure of sevelamer hydrochloride (Renagel), cross-
linked poly(allylamine hydrochloride).

demonstrated in young patients (411). In fact, postmortem
examination of children with renal failure demonstrated that
60% to 70% had calcification of the heart, lungs, and blood
vessels (412). Positive calcium balances of 500 to 900 mg daily
were demonstrated in uremic patients receiving large doses of
calcium carbonate (405). Thus, it is critical not only to reduce
the Ca–PO4 product to less than 60, but also to significantly
decrease the calcium load that patients receive to control serum
phosphorus.

To avoid these deleterious side effects, a well-tolerated cal-
cium albumin–free phosphate binder has been developed, seve-
lamer hydrochloride (Renagel). This phosphate binder is a hy-
drogel of cross-linked poly(allylamine hydrochloride) that is
resistant to digestive degradation and is not absorbed from the
gastrointestinal tract (Fig. 89-7). Its mechanism of action re-
lates to the presence of partially protonated amines spaced one
carbon from the polymer backbone, which interact with phos-
phate ions by ionic and hydrogen bonding. Several short-term
clinical studies in patients with end-stage renal disease have
established that sevelamer hydrochloride is an effective phos-
phate binder without increasing the calcium load to the pa-
tients (413,414) (Fig. 89-8). In addition, sevelamer hydrochlo-

FIGURE 89-8. Effects of sevelamer hydrochloride (Renagel) on serum
calcium, phosphorus, and calcium–phosphate product in a group of
192 patients on hemodialysis. (From: Chertow GM, Burke SK, Dillon
MA, et al. Long-term effects of sevelamer hydrochloride on the cal-
cium × phosphate product and lipid profile of haemodialysis patients.
Nephrol Dial Transplantation 1999;14:2907, with permission.)

ride decreases low-density lipoprotein cholesterol by 30% to
40%, and in long-term studies increases high-density lipopro-
tein cholesterol by 20% to 30%; it does not affect triglycerides
(415). Studies in progress will provide critical information on
its potential efficacy in reducing morbidity and mortality rates
in patients on dialysis.

A recent study has shown that nicotinamide may also be an
affective agent to decrease serum phosphorus levels. Because
nicotinamide is an inhibitor of sodium-dependent phosphate
cotransport in rat renal tubule and small intestine (416,417),
the authors examined whether nicotinamide reduces serum lev-
els of phosphorus and intact parathyroid hormone (iPTH) in
patients undergoing hemodialysis. Sixty-five hemodialysis pa-
tients with a serum phosphorus level of more than 6.0 mg/dL
after a 2-week washout of calcium carbonate were enrolled in
this study. Nicotinamide was administered for 12 weeks. The
starting dose was 500 mg/day, and the dose was increased by
250 mg/day every 2 weeks until serum phosphorus levels were
well controlled at less than 6.0 mg/dL. A 2-week posttreat-
ment washout period followed the cessation of nicotinamide.
Blood samples were collected every week for measurement
of serum calcium, phosphorus, lipids, iPTH, and blood nico-
tinamide adenine dinucleotide (NAD). The mean dose of nico-
tinamide was 1080 mg/day. The mean blood NAD con-
centration increased from 9.3 ± 1.9 nmol/105 erythrocytes
before treatment to 13.2± 5.3 nmol/105 erythrocytes after
treatment. The serum phosphorus concentration increased
from 5.4 ± 1.5 mg/dL to 6.9 ± 1.5 mg/dL with the pretreat-
ment washout, then decreased to 5.4 ± 1.3 mg/dL after the
12-week nicotinamide treatment, and rose again to 6.7 ± 1.6
mg/dL after the posttreatment washout. Serum calcium levels
decreased during the pretreatment washout from 9.1 ± 0.8
mg/dL to 8.7 ± 0.7 mg/dL with the cessation of calcium car-
bonate. No significant changes in serum calcium levels were
observed during nicotinamide treatment. Median serum iPTH
levels increased with pretreatment washout from 130.0 (32.8
to 394.0) pg/mL to 200.0 (92.5 to 535.0) pg/mL and then de-
creased from the maximum 230.0 (90.8 to 582.0) pg/mL to
150.0 (57.6 to 518.0) pg/mL after the 12-week nicotinamide
treatment. With nicotinamide, serum high-density lipopro-
tein (HDL) cholesterol concentrations increased from 47.4 ±
14.9 mg/dL to 67.2 ± 22.3 mg/dL and serum low-density
lipoprotein (LDL) cholesterol concentrations decreased from
78.9 ± 18.8 mg/dL to 70.1 ± 25.3 mg/dL; serum triglyc-
eride levels did not change significantly (418). This study,
therefore, demonstrates that nicotinamide may provide an al-
ternative for controlling hyperphosphatemia and hyperpar-
athyroidism without inducing hypercalcemia in hemodialysis
patients.

Although decreased gastrointestinal absorption of phospho-
rus is an effective way to control hyperphosphatemia in patients
with renal insufficiency, excretion of phosphorus through the
kidney is also an important mechanism. Thus expansion of the
ECF volume may markedly increase phosphorus excretion by
the kidney. This result is presumably related both to direct ef-
fects of volume expansion on the kidney, which decreases salt
and water reabsorption and hence phosphorus reabsorption,
and to increased PTH release, particularly as a consequence
of decreased ionized calcium during volume expansion. In pa-
tients with marked renal insufficiency or with marked degrees
of hyperphosphatemia due to tumor lysis or chemotherapy,
peritoneal dialysis or hemodialysis may be used to remove large
quantities of phosphorus from the extracellular space. Redis-
tribution of phosphorus from the intracellular to the extra-
cellular space can sometimes be rapidly corrected by the ad-
ministration of glucose and insulin. In general, mild degrees of
hyperphosphatemia can be tolerated, particularly if calcium
levels are not markedly elevated. The goal in patients with
chronic renal insufficiency is to keep phosphorus levels at less
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than 4.5 mg/dL to avoid falls in serum ionized calcium and
marked development of severe hyperparathyroidism.

CALCIUM

Calcium, the most abundant cation of the body and the princi-
pal mineral of the human skeleton, is essential to the integrity
and function of cell membranes, neuromuscular excitability,
transmission of nerve impulses, multiple enzymatic reactions,
and regulation of hormones such as PTH, calcitonin, and 1,25-
dihydroxycholecalciferol. A complex homeostatic system in-
volving the interplay of the bones, the kidneys, and the intes-
tine has evolved to maintain calcium concentrations within a
narrow range.

Distribution of Calcium

The total amount of calcium in the human body ranges from
1,000 to 1,200 g or 20 to 25 g/kg of fat-free body tissue. Ap-
proximately 99% of body calcium resides in the skeleton; the
other 1% is present in the extracellular and intracellular spaces.
About 1% of the calcium in the skeleton is freely exchange-
able with calcium in the ECF. Together, these two fractions
are known as the miscible pool of calcium and account for
2% of total body calcium. Calcium in bone is found primar-
ily in the form of small crystals similar to hydroxyapatite, al-
though some calcium exists as amorphous crystals in combi-
nation with phosphate. The normal calcium:phosphate ratio in
bone is 1.5:1.

Extracellular Calcium

In humans, the serum calcium concentration is kept remarkably
constant, between 9.0 and 10.4 mg/dL, or 4.5 to 5.2 mEq/L,
or 2.25 to 2.6 mmol/L. About 50% of serum calcium is ion-
ized and 10% is complexed with citrate, phosphate, bicarbon-
ate, and lactate. These two fractions, ionized plus complexed
calcium (ultrafilterable calcium), make up approximately 60%
of the total serum calcium. The rest, 40%, is protein bound,
mainly to albumin. In hypoproteinemic states, such as the
nephrotic syndrome or cirrhosis, although total serum calcium
may be low, the ionized fraction may be within the normal
range. Five percent to 10% of the calcium is bound to globu-
lins. It is unusual for total serum calcium concentrations to
change because of alterations in the levels of serum globu-
lins. However, in severe hyperglobulinemia, such as may occur
in patients with multiple myeloma or other dysproteinemias,
elevations of total serum calcium concentrations may be
observed.

One gram of albumin binds approximately 0.8 mg of cal-
cium; thus, at the normal plasma albumin concentration of
4.0 to 4.5 g/dL, only 10% to 15% of the binding sites for
calcium are occupied. Consequently, when excess calcium is
added to blood in vitro or in vivo, all the fractions increase in
the same proportion, and the ultrafilterable fraction as a per-
centage of the total calcium concentration does not change.
The binding of calcium by albumin, therefore, acts as a buffer
that reduces by about half the potential changes in ionized cal-
cium that may result from acute gains or losses of calcium by
the blood. The most important factor modifying the binding of
calcium to albumin is the pH of plasma. Alkalosis increases the
binding of free calcium, resulting in a fall in ionized calcium
concentration; acidosis has the opposite effect. This is due not
only to competition between H+ and Ca2+ for binding sites on
albumin but also to changes in the conformation of the albu-
min molecule. Changes in Pco2 do not affect calcium binding

other than through changes in pH. In the past, ionized calcium
was difficult to measure. This difficulty has been overcome by
the use of sensitive flow-through electrodes, which can measure
changes in ionized calcium of as small as 0.1 mg/dL.

Intracellular Calcium

Calcium is the major intracellular ionic messenger for the acti-
vation of many biologic processes (419). The intracellular con-
centration of calcium is approximately 0.15 μM (Fig. 89-9).
Cells extrude calcium via pumps or exchangers, sequester it in
intracellular organelles, or use low-affinity binding sites with
large capacities to maintain free calcium, Ca2+, at the 0.15
μM level (420,421). Intracellular calcium is complexed with
ions such as orthophosphate or pyrophosphate and is bound
to organic molecules such as ATP and proteins. Three major
cellular calcium pools exist: (a) bound to multiple diverse sites,
(b) sequestered in intracellular organelles, and (c) bound or free
within the cytosol (419).

Extrusion of Ca2+ from the cell and sequestration in in-
tracellular organelles are transport functions generally carried
out by two mechanisms, Na+-Ca2+ exchange and Ca-ATPase
(Fig. 89-9) (420–426). In cardiac muscle, nerve, brain, and
kidney, calcium extrusion is directly coupled to sodium trans-
port (422,427). The Na+-Ca2+ transport system depends on
the asymmetric distribution of Na+ across the plasma mem-
brane. The Na-K-ATPase of the plasma membrane is involved
in the metabolic process necessary to maintain the Na+ gra-
dient. Thus, the movement of Na+ into the cell is coupled
to the flux of Ca2+ out of the cell. This Na+-Ca2+ antiport
system is electrogenic with a stoichiometry of three Na+ per
Ca2+ (427,428). A second and more ubiquitous mechanism
of calcium efflux energizes uphill transport of calcium by the
hydrolysis of high-energy–yielding phosphate bonds of ATP
(425,426,429).

In the kidney, considerable progress has been made in clar-
ifying the physiologic role of these transporters responsible in
Ca2+ efflux from renal epithelial cells (426,430–432). In ad-
dition to involvement in regulating cytosolic Ca2+, these ex-
changers participate in the extrusion of Ca2+ from basolateral
plasma membranes into the blood upon stimulation of transcel-
lular Ca2+ absorption. Such an action is likely in cortical thick
ascending limbs (TALs), distal convoluted tubules, or (rabbit)
connecting tubules, that is, those segments in which transcellu-
lar Ca2+ absorption is found. The cloning of cardiac, renal, and
other forms of the Na+-Ca2+ exchanger, NCX (422,427,433),
has led to improved information regarding the role of this
transporter. Three genes encoding NCX, designated NCX1,
NCX2, and NCX3, have been identified in mammals (434).
Only NCX1 is found in the kidney, where it is mainly localized
to the distal nephron along the basolateral membrane (433).
This is in concordance with evidence for ATP-dependent Ca2+

extrusion, but not for Na+-Ca2+ exchange in rabbit cortical
TALs (435,436). In contrast, removal of basolateral Na+ in-
hibited Ca2+ absorption and increased cytosolic Ca2+ in rabbit
distal convoluted tubules and connecting tubules, consistent
with the presence of Na+-Ca2+ exchange in these nephron seg-
ments (437–440). Such observations are compatible with the
view that basolateral membrane Ca2+-ATPase may mediate
cellular Ca2+ extrusion in cortical TALs, whereas Na+-Ca2+

exchange and Ca2+-ATPase may be responsible for Ca2+ ef-
flux in distal convoluted tubules and connecting tubules. Na+-
Ca2+ exchanger transport activity increases in response to PTH
(441–443). The development of specific NCX inhibitors may
enable utilization of compounds to prevent the role of NCX in
pathologic cell Ca2+ overload such as in ischemia/reperfusion
injury (434).
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FIGURE 89-9. Control of intracellular calcium.
The distal tubule epithelial cell is portrayed as an ex-
ample of cellular control of cytosolic Ca2+ concen-
trations. Cells extrude Ca by energy (ATP) depen-
dent pumps to maintain cytosolic levels at the 0.15
μM range. Intracellular stores in the endoplasmic
reticulum (ER) and the mitochondria (Mito) have
pumps to load in Ca and release channels, the IP3 re-
ceptor and the Ryanodine receptor for the ER. Entry
of calcium is controlled by entry channels, TRPV5
(which was originally called ECaC) in the case of
the distal tubule epithelium and Na/Ca exchange
transporters. Ca entering the cell is sequestered by
vesicles enriched in Calbindin 8K (CaBP) or 25K in
the kidney and intestine respectively.

The plasma membrane Ca2+-ATPase (PMCA) is a P-type
ATPase (444,445,446). In human kidneys, all four known iso-
forms (447) have been found with the highest staining for im-
munoreactive Ca2+-ATPase along basolateral membranes of
the distal convoluted tubules (448). These observations and
others demonstrating PMCA1B transcripts in rabbit connect-
ing tubule and cortical collecting duct suggest that human
distal convoluted tubules express the Ca2+-ATPase immuno-
logically similar to that of human erythrocyte membranes. Im-
munologically distinct epitopes of the Ca2+-ATPase are prob-
ably expressed on proximal tubule membranes and in other
nephron segments. Magocsi et al. (449) have studied the lo-
calization of mRNAs encoding isozymes of plasma membrane
Ca2+-ATPases in rat kidney. Message for the first isoform of
the rat plasma membrane Ca2+-ATPase (RPMCA1) was found
in the cortex and outer and inner medulla, whereas, RPMCA2
was abundant in the cortex and outer medulla. Transcripts for
the third isoform, RPMCA3, were conspicuous in the outer
medulla. mRNA for RPMCA2 was detected in the distal con-
voluted tubules and in the cortical TALs by in situ reverse tran-
scription polymerase chain reaction. This is discordant with
the rabbit, but it is possible that RPMCA2 may be specifically
related to epithelial cells that are engaged in active Ca2+ ab-
sorption (449).

The cytosolic calcium concentration is also maintained by
an active transport into mitochondria and the endoplasmic
reticulum (Fig. 89-9). It has been shown that mitochondria
accumulate Ca2+ through a Ca-uniporter, with Ca2+ moving
down an electrochemical gradient. The Km for Ca2+ of the
uniporter is about 1 μmmol/L. Mitochondria also contain an
Na+-Ca2+ exchange mechanism. In the mitochondria, calcium
and phosphate ions form insoluble amorphous tricalcium phos-
phate, a reaction that releases hydrogen ions into the cytosol.
Cell injury may lead to a rise in intracellular calcium sufficient
for Ca2+ to be sequestered in the mitochondria (450). Ca2+

is sequestered in the endoplasmic reticulum by the action of a
Ca-ATPase, which differs in properties from that found on the
plasma membrane and Golgi apparatus (451,452). During the
early response of cells to certain stimuli, production of IP3 and
cyclic adenosine diphosphate ribose stimulates the opening of
Ca2+ channels in the endoplasmic reticulum, serving to tran-
siently increase cytosolic Ca2+ and allow the ion to act as an
intracellular signal. Recently, polycystin-2 has been identified
as an IP3 sensitive ER Ca release channel (453). Polycystin-2
is the product of the gene mutated in type 2 autosomal domi-
nant polycystic kidney disease (ADPKD) (453). This identifies
polycystin-2 as a critical regulator of renal tubular epithelial
cell Ca signaling, and suggests that disordered Ca signaling
during development leads to polycystic kidney disease.

Skeletal Calcium

More than 99% of the total body calcium is found in the skele-
ton. Bone consists of approximately 40% mineral, 30% or-
ganic matrix, and 30% water. Bone mineral exists in two phys-
ical forms, the amorphous and the crystalline. The amorphous
form consists mainly of brushite and tricalcium phosphate; the
crystalline form is composed mainly of hydroxyapatite. More
than 90% of the organic material of the bone matrix is in the
form of collagen fibers that are arranged in bundles with spe-
cific interaction with hydroxyapatite. Crystalline skeletal Ca is
the huge Ca depot that is slowly exchangeable with blood and
interstitial fluid pools of extracellular Ca. A large rapidly ex-
changeable Ca pool is also found in the skeleton (Fig. 89-10).
The nature of the freely exchangeable calcium pool in bone
is unknown, but it is unlikely to be collagen-associated hy-
droxyapatite. The Ca pool is likely amorphous and found as-
sociated with areas of active bone formation (mineralization
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FIGURE 89-10. The exchangeable Ca pool. Absorbed Ca from the in-
testine enters the interstitial fluid and blood compartments. These com-
partments are in equilibrium with a larger complexed Ca compartment
located in the mineralization fronts at sites of skeletal remodeling and
bone formation. Ca leaves the exchangeable pool by the enterohepatic
circulation, glomerular filtration and bone formation. Besides intesti-
nal absorption, Ca enters the exchangeable pool by bone resorption
and tubular reabsorption.

fronts) where Ca is being deposited into the crystalline (poorly
exchangeable) pool of bone.

A coupled process of bone resorption and formation
(remodeling) is responsible for exit of calcium from the
exchangeable pool (bone formation) and release of skeletal
calcium (bone resorption) into the exchangeable pool (bone re-
sorption), but, bone remodeling probably contributes little to
minute-to-minute control of serum calcium. Pathologic states
in which bone resorption is greatly increased (i.e., when bone
resorption is greater than bone formation) produce profound
changes in calcium homeostasis. In states wherein bone for-
mation is decreased and bone resorption continues in excess,
(i.e., the renal adynamic bone disorder), hypercalcemia is of-
ten observed (454). Bone remodeling is a coupled process be-
cause the activation of a remodeling unit sets two cell differ-
entiation programs into operation–that of the osteoblast and
that of the osteoclast. Bone marrow stromal cells, the osteo-
progenitors that will become osteoblasts, harbor the recep-
tors that are recognized by the factors capable of activating
bone remodeling. Their stimulation results in the synthesis of
a cell-attached ligand for RANK (receptor for activation of
nuclear factor kappa B) on osteoclast progenitors, known as
RANK ligand (RANKL) (455–457). RANKL and macrophage
colony-stimulating factor (MCSF-1) are the critical osteoclast
differentiation factors, and these local bone marrow factors are
sufficient to direct osteoclast formation. Thus, stimulation of
osteoblastic cells leads to stimulation of osteoclasts, and the
process of skeletal remodeling represents bone formation and
bone resorption.

The osteoclasts responsible for bone resorption are multinu-
cleated giant cells lying in irregular indentations of the bone sur-
face known as Howship’s lacunae. Bone resorption depends on
the number and activity of osteoclasts. The process of bone re-
sorption performed by the osteoclasts includes the production
of an acidic environment by proton secretion and matrix degra-
dation by cathepsin K. The osteoblasts, on the other hand, are
the cells responsible for the repair process after bone resorption
(bone formation). Differentiation of the cells in the osteoblast
lineage begins with specification of mesenchymal stromal cells

to the lineage by expression of osteoblast-specific transcription
factors—Cbfa1/Osf2 (458) and Osterix (459). Cbfa1 expres-
sion is stimulated by the bone morphogenetic protein subfam-
ily of the TGFβ superfamily responsible for the direction of
osteoblast differentiation and bone formation. Cells early in
the process of osteoblast differentiation initiate bone matrix
production by the biosynthesis of collagen. Thereafter, the ma-
trix is mineralized by the deposition of calcium and phosphate,
with formation of amorphous material initially and then devel-
opment of hydroxyapatite. The deposition of mineral occurs
along a well-defined front (“mineralization front”), outside of
which there is an osteoid border or seam. The osteoid begins to
calcify about 10 days after deposition. From the architectural
point of view, the skeleton is composed of two types of bone:
(a) compact cortical bone, which surrounds the marrow cavity
and forms the shaft of the long bones, and (b) cancellous or
trabecular bone, which is the main component of flat bones,
such as ribs, and vertebra.

A differentiation between two other general types of bone
is critical in the diagnosis of metabolic bone disease. The first,
called woven bone (immature bone) (460), is a loosely orga-
nized, highly mineralized bone in which the collagen fibers are
coarsely arranged and the osteocytes are large and irregular in
size and shape. Woven bone is formed by simultaneous and un-
organized actions of many cells. The calcification of the tissue
is patchy, occurring in a speckled pattern and independent of
the presence of vitamin D activity. Woven bone is present in the
fetus, but after age 14 is no longer found in the human skele-
ton, except with pathologic conditions such as chronic kidney
disease, Paget’s disease, hyperparathyroidism and during rapid
bone turnover, as in the presence of healing fractures (460–
462). The second general type of bone is lamellar bone (ma-
ture bone), which is the major component of the normal adult
skeleton. It is a highly organized tissue in which the collagen
bundles are arranged in successive layers, between which are
cells called osteocytes. Lamellar bone is the product of synchro-
nized activity by the osteoblast depositing collagen materials at
a specific cell surface.

Another difference between woven bone and lamellar bone
relates to the relation of mineral to collagen. In lamellar bone,
the relative amounts of collagen and minerals are closely re-
lated, making hypermineralization in these bones difficult.
Mineralization of woven bone is disorderly, and the degree
of mineralization varies enormously; thus, hypermineralization
(osteosclerosis) may occur in this type of bone (460,461,463).

PTH, in conjunction with PTH-related peptide (PTHrP),
other locally produced cytokines, and vitamin D, play key roles
in bone turnover. At physiologic doses, PTH has an anabolic
effect, increasing bone formation. Thus, PTH, by increasing
calcium reabsorption by the kidney and gut and through stim-
ulation of the osteoblast, affects the rate of bone formation.
However, in pathologic conditions (e.g., hyperparathyroidism),
the concentration of PTH in serum may be increased 10- to
50-fold. At this high concentration, PTH increases the activ-
ity and number of osteoclasts; thus, bone resorption predom-
inates over bone formation, and minerals and organic matrix
are removed from bone and enter the ECF. Not only PTH but
also other hormones such as PTH-related proteins, thyroxine,
interleukin-1 (IL-1), and tumor necrosis factor can produce
severe hypercalcemia by increasing the activity of osteoclasts.
The bone remodeling in these conditions, such as renal failure,
is characterized by increased woven bone (463–465).

Calcium Balance

Approximately 700 to 2,000 mg of calcium is ingested daily in
the diet. However, this amount may vary depending on the
amount of milk consumed. Milk and cheese are the major
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FIGURE 89-11. Diagrammatic representation of calcium metabolism
in humans showing the contribution of the gastrointestinal tract, the
kidney, and bone to the maintenance of the calcium pool.

sources of calcium, contributing 50% to 70% of the total
amount ingested in the diet. In the United States, 1 L of milk
contains approximately 800 to 900 mg of calcium. About 10
to 15 mg of calcium per kilogram of body weight is the recom-
mended daily intake. Ca needs may vary widely, for instance
during the last trimester of pregnancy, there is an increased re-
quirement for calcium because approximately 20 to 30 g of
calcium enters the fetus. Transfer of calcium from the mother
to milk during lactation is another instance of increased Ca
demand (466). In these states, intestinal absorption may not
be sufficient and regulation of extracellular Ca by the cal-
cium sensor, PTH and PTHrP, regulate the intestine and the
skeleton to supply calcitriol, the needed Ca. With age, active
intestinal calcium absorption declines; thus, an increase in cal-
cium intake may be necessary to maintain calcium homeosta-
sis. When 1 g of calcium is ingested in the diet, approximately
800 mg is excreted in the feces and 200 mg in the urine (Fig.
89-11). With a normal calcium intake (700 to 1,000 mg per
day), approximately 30% to 40% of ingested calcium is ab-
sorbed in the intestine. However, on lower calcium diets, the
percentage of calcium absorbed increases, and the percent-
age of calcium absorbed decreases when the diet has a high
calcium content (more than 1,500 mg per day). The mecha-
nisms responsible for this adaptation have been partially char-
acterized and require the participation of PTH, vitamin D,
and perhaps calcitonin. With low-calcium diet feeding, mild
hypocalcemia activates the parathyroid gland chief cell Ca sen-
sor and the release of PTH, which increases the conversion
of 25-hydroxycholecalciferol to 1,25-dihydroxycholecalciferol
in the renal cortex. 1,25-Dihydroxycholecalciferol is the hor-
monal metabolite of vitamin D, and it increases the intesti-
nal absorption of calcium and mobilizes calcium from bone,
synergistically with PTH. Thus, serum calcium levels return
to normal. On the other hand, if the patient is fed a high-
calcium diet, the mild hypercalcemia inhibits the chief cell Ca
sensor, suppressing PTH, and stimulates the release of calci-
tonin from the C cells of the thyroid. In the absence of PTH,

the activity of the 1α-hydroxylase is diminished and the 24-
hydroxylase is activated; thus, the kidney makes preferentially
24,25-dihydroxycholecalciferol [24,25(OH)2D3], which is less
efficient than 1,25-dihydroxycholecalciferol in promoting cal-
cium absorption from the gastrointestinal tract and mobilizing
calcium from the skeleton. Fecal calcium consists of the fraction
of ingested calcium that is not absorbed plus 100 to 200 mg
of calcium secreted by the intestine daily. The secreted diges-
tive juice calcium is known as endogenous fecal calcium. The
amount of calcium secreted by the intestine is fairly constant
and is not greatly influenced by hypercalcemia.

Intestinal Calcium Absorption

The mechanisms of calcium transport across the intestinal mu-
cosa are complex, but our understanding of the physiology is
rapidly improving. Intestinal calcium absorption occurs by two
general mechanisms: active and passive transport (467,468)
(Fig. 89-12). The passive process involves paracellular move-
ment of calcium in some intestinal segments, and active trans-
port involves movement through mucosal epithelial cells. When
the intestine is perfused in vitro with increasing calcium con-
centrations, the rate of movement of calcium from the mucosa
to the serosa increases without evidence of saturation or a max-
imum transport rate. An active transport process would be ex-
pected to be saturable. It has been estimated that at luminal
calcium concentrations of more than 7.0 mmol/L, calcium is
transported primarily by a diffusional process (469). This sug-
gests that in regions of the intestine such as the ileum, where
the calcium concentration is high, the passive transport pro-
cess predominates. In the duodenum and jejunum, where the
luminal calcium concentration is lower than 6.0 mmol/L, the
active transport process assumes a predominant role (470).

Active intestinal calcium transport involves three steps:
(a) the transport of calcium from the lumen into the cell; (b)
the movement of calcium within the cell; and (c) the movement
of calcium from the cell into the interstitial fluid (Fig. 89-12).
Insulation of the cell interior from the millimolar Ca concentra-
tions of plasma suggests that a brush-border component is in-
strumental in the transfer of calcium into the epithelial cell. The
transfer of calcium across the intestinal brush-border surface is
modulated by vitamin D (471–473). The early effects of 1,25-
dihydroxycholecalciferol on calcium transport are mediated by
changes in the structure of the luminal membrane of the in-
testine (474). Administration of 1,25-dihydroxycholecalciferol
leads to an increase in de novo synthesis and total content
of phosphatidylcholine of the brush-border membrane. These
changes in lipid structure precede or occur simultaneously with
the change in calcium transport rate (474). However, the ma-
jor mechanism of calcium entry across the intestinal enterocyte
brush border of the duodenum, proximal jejunum, and cecum
is through a channel, CaT1 (475,476), which shares high ho-
mology (75%) with the renal tubular epithelial calcium channel
(ECaC). These channels have been redesignated as TRPV6 for
CaT1 and TRPV5 for ECaC (436,477). The TRPV acronym
stands for the Transient Release Potential (TRP), family of
Ca channels of the Vanilloid (V) receptor type, TRPV (477).
TRPV6 is voltage-dependent and permeant to Sr and Ba but
not Mg. It is inhibited by the trivalent cations Gd and La, and
the divalent Cd and Co (432,475,476).

Less is known about the movement of calcium within the
intestinal cell. When calcium enters the cell, it either diffuses
or is carried across the cell to the basolateral membrane,
where it is pumped out into the serosal medium. Studies
suggest that calcium entering through the apical membrane
is accumulated in subcellular organelles within the terminal
web of the microvillus. This process is stimulated by 1,25-
dihydroxycholecalciferol through nongenomic mechanisms
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FIGURE 89-12. Intestinal Ca trans-
port in jejunal enterocytes. Ca trans-
port may be through the paracel-
lular space or by an active process
through the cell. Transport of Ca
from the jejunal lumen through the
microvillar membrane is through
the TRPV6 channel. Ca is shut-
tled down the microvillar stalk
by calmodulin/myosin (CM/MY) to
the glycocalyx where it is bound
to calbindin 9K and vesicle se-
questered, Ca vesicles deliver Ca to
the endoplasmic reticulum and to
the efflux pathway, a Ca ATPase in
the basolateral membrane.

(478). Calmodulin is the major calcium binding protein
in the microvillus (479,480). Its concentration in the mi-
crovillus is increased by 1,25-dihydroxycholecalciferol by
redistribution from the cytosol. No new calmodulin synthesis
is required or observed after 1,25-dihydroxycholecalciferol ad-
ministration (480). Calmodulin is thought to play a major role
in calcium transport within the microvillus, whereas calbindin
is thought to be the dominant calcium binding protein in the
cytoplasm. The hypothesis put forth by Bikle et al. (479,480)
is that calmodulin and myosin 1 regulate calcium movement
within the microvillus to where calcium accumulates within
intracellular organelles through the action of calbindin. Move-
ment in the intracellular organelle provides calcium access to
the efflux mechanisms. Thus, calcium is transported across
the cell without affecting cytoplasmic calcium levels. Specific
calcium binding proteins have been demonstrated in the
mucosal cells of the intestine of many species (481–484). Their
molecular weights are 8,000 to 25,000 and they are referred
to as calbindins. Calbindins are transcriptionally regulated by
vitamin D, and calbindin-9K is present in intestinal mucosal
cells, whereas calbindin-25K is present in distal renal tubular
cells involved in active transepithelial Ca2+ transport and the
brain, but not in bone or other cells. The time course of the
calbindins’ appearance after vitamin D treatment is similar
to the time course of changes in calcium transport; and they
are localized in the glycocalyx surface of the brush border of
the mucosal intestinal cells. The exact role of these proteins
in calcium transport by mucosal cells is still unknown, but it
appears to be related to movement of calcium from the entry
channel to a shuttle mechanism delivering it to the cell exit
mechanism (Fig. 89-12). Increased intestinal calcium absorp-
tion is accompanied by an increase in calbindin levels without
changes in their intrinsic binding affinity (Km) for calcium.

Calcium movement from the mucosa to the serosal surface
of the intestinal epithelia occurs against a concentration gra-

dient. This suggests that the intestinal cells contain a “pump”
capable of moving calcium against an electrochemical gradi-
ent (420). The basolateral membrane of intestinal cells has a
calcium-dependent ATPase that serves this pump function and
whose activity is increased by vitamin D (429). The increase in
calcium ATPase parallels the change in calcium transport after
vitamin D repletion. Delivery of intracellular calcium to the
exit pump is a process largely unknown but appears to involve
calbindins.

Many factors regulate intestinal calcium absorption includ-
ing (a) dietary calcium intake; (b) vitamin D intake; (c) age
of the patient; (d) the general state of calcium balance; and
(e) circulating levels of PTH, which all affect active trans-
port. In addition to PTH and vitamin D, other factors such
as phosphate influence calcium absorption. High-phosphate
diets decrease calcium absorption, possibly due to the forma-
tion of relatively insoluble calcium–phosphate complexes that
decrease the availability of calcium for transepithelial uptake
and to decreased 1,25-dihydroxycholecalciferol synthesis sec-
ondary to hyperphosphatemia. Experimentally, large concen-
trations of lactose or other sugars (mannose, xylose) or certain
amino acids (lysine, arginine) inhibit intestinal calcium absorp-
tion. The physiologic significance of these observations is un-
known. The decreased calcium absorption produced by gluco-
corticoids has therapeutic implications in the management of
hypercalcemic disorders associated with excessive intake or in-
creased sensitivity to vitamin D.

Renal Handling of Calcium

In humans who have a GFR of 170 L per 24 hours and serum
ultrafilterable calcium concentrations of 6 mg/dL, roughly 10 g
of calcium is filtered per day. The amount of calcium excreted
in the urine usually ranges from 100 to 200 mg per 24 hours;
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FIGURE 89-13. Schematic illustration of the reabsorption of calcium
by different segments of the nephron. CCD, cortical collecting duct;
CNT, connecting tubule; DCT, distal convoluted tubule; IMCD, in-
termedullary collecting duct; PCT, proximal convoluted tubule; PST,
proximal straight tubule; TAL, thick ascending limb. (From: Friedman
P, Gesek F. Calcium transport in renal epithelial cells. Am J Physiol
1993;264:F181, with permission.)

hence, 98% to 99% of the filtered load of calcium is reabsorbed
by the renal tubular epithelium (Fig. 89-13). There are remark-
able similarities in the handling of calcium and sodium by the
kidney. Less than 2% of their filtered load is excreted normally,
and there is no evidence of tubular secretion of either calcium
or sodium in the mammalian nephron. Urinary excretion of
either sodium or calcium is controlled by adjustments in tubu-
lar reabsorption. Approximately 60% of the filtered calcium is
reabsorbed in the PCT (Fig. 89-13), 20% to 30% in the loop
of Henle, 10% by the distal convoluted tubule, and 1% by the
collecting system. The terminal nephron (connecting segment,
distal tubule, and collecting duct), although responsible for the
reabsorption of only 10% of the filtered calcium load, is the
major site for regulation of calcium excretion.

Calcium in the Glomerular Filtrate

Micropuncture studies of the kidney in the Munich-Wistar rat
with surface glomeruli have demonstrated that the ratio of cal-
cium in fluid of Bowman’s space to plasma (TF/P calcium) is
0.6, indicating that only the serum calcium not bound to pro-
tein is filterable (355). Thus, approximately 60% of the total
calcium, which is the ultrafilterable calcium, is filtered across
the glomerulus.

Proximal Convoluted Tubule

Potential factors regulating calcium reabsorption in the PCT
include convection (solvent drag), concentration (increased
calcium concentration in tubular fluid due to absorption of
sodium and water), and transepithelial potential difference.
Microperfusion studies of the rabbit PCT in vitro (485,486)
and micropuncture of the rat in vivo (487) indicate that fluid

absorption and solvent drag, as well as diffusion along an elec-
trochemical gradient, contribute to net calcium flux. The reab-
sorption of calcium in the PCT parallels that of sodium and wa-
ter: The ratio of tubular fluid to plasma ultrafilterable calcium
in the earliest portion of the PCT rises to 1.1 and remains at this
value along the rest of the PCT. This is compatible with passive
calcium reabsorption secondary to sodium and water reabsorp-
tion along most of the PCT. The transepithelial movement oc-
curs through the paracellular pathway across the tight junction.
Although the passive movement of calcium through a para-
cellular pathway accounts for most of the calcium transport
across the proximal tubule, there is evidence of an active trans-
port component in this segment of the nephron (Fig. 89-14)
(485,487–490). During stop-flow microperfusion experiments
measuring net PCT efflux, Ullrich et al. demonstrated that the
tubular fluid calcium concentration was lower than that in the
capillary (487). They calculated the active transport rate as
3.4 × 10−13 mol/cm per second, which is in the range of 20%
to 30% of the total reabsorptive rate for this segment.

The reabsorption of calcium transcellularly rather than
through intercellular channels is a multistep process in which
calcium enters the cell across apical membrane and exits across
basolateral plasma membranes. Calcium-permeable channels
in PCT cells have been described (491–494). However, these
are activated by membrane stretch and, therefore, are thought
to participate in cell volume regulation (494). Basolateral ef-
flux of calcium PCTs may be mediated in whole or in part by
Na+-Ca2+ exchange (487,495–498).

Proximal Straight Tubule (Pars Recta)

Calcium is transported in the pars recta by a process that is
not inhibited by ouabain (499). Because ouabain abolishes
water and sodium transport, this suggests that the sodium–
calcium exchange is not the major mechanism for calcium ex-
trusion across the basolateral membrane in this segment of the
nephron. Approximately one-third of the calcium transported
can be attributed to sodium and water, and thus, it would seem
that an active transport component plays an important role in
the reabsorption of calcium in the proximal straight tubule.

Loop of Henle

Neither the thin descending limb nor the thin ascending limb of
Henle’s loop plays an important role in calcium reabsorption
(499). In contrast, in vitro studies have shown that the TAL
of Henle’s loop reabsorbs calcium from lumen to bath in the
absence of water movement. About 20% of the filtered calcium
is reabsorbed in this segment of the nephron. The transepithe-
lial flux of calcium is proportional to the positive transepithe-
lial potential gradient generated by sodium chloride transport
mechanisms (500–502). Much of this flux is probably para-
cellular (Fig. 89-14). Studies of the TAL suggest that the flux
ratio for calcium may be greater than can be accounted for by
the positive intraluminal potential; thus, an additional active
transport process for calcium is present in this segment (503–
505), and it accounts for up to 50% of the total calcium trans-
ported (Fig. 89-14). This transcellular component is regulated
by PTH (490,504) and calcitonin in the cortical and medullary
TALs, respectively (490,505).

Under resting conditions, Ca2+ transport is passive in the
TAL. Changes in the electrochemical drive for Ca2+ determine
the magnitude of passive, paracellular absorption. Under these
circumstances, the transepithelial voltage is the primary deter-
minant of the driving force, and the magnitude of the volt-
age, oriented electropositive in the lumen, is set by the rate of
Na+ absorption. As Na+ absorption increases, transepithelial
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FIGURE 89-14. Cellular and paracellular calcium transport pathways
along the nephron. Relative percentage of calcium absorbed by cellu-
lar or paracellular pathways in the proximal convoluted tubule (PCT),
thick ascending limb (TAL), and distal convoluted tubule (DCT).
(From: Friedman P, Gesek F. Calcium transport in renal epithelial cells.
Am J Physiol 1993;264:F181, with permission.)

voltage increases (506,507) and Ca2+ flux increases. Peptide
hormones that enhance Na+ transport and thereby increase
the transepithelial voltage in medullary TALs would be ex-
pected to stimulate passive Ca2+ absorption. Extensive evi-
dence consistent with this model has been provided (508–510).
Inhibition of Na+ absorption reduces the transepithelial volt-
age and would be expected to decrease passive calcium ab-
sorption. Furosemide, bumetanide, and ethacrynic acid, which
block sodium transport in the TAL of Henle’s loop, also block
calcium transport. The tight junction of the TAL has a spe-
cific permeability for calcium that participates in the voltage-
dependent paracellular flux of the cation. This was proven by
the discovery that mutations in the gene “PCLN1” which en-
codes for the protein Paracellin-1 (PCLN1), a member of the
claudin family of epithelial tight junction proteins (511), causes
a syndrome of renal magnesium wasting, hypercalciuria, and
nephrocalcinosis (512).

Distal Convoluted Tubule, Connecting
Tubule, and Collecting Tubule

Calcium transport in the distal convoluted tubule, connect-
ing tubule and collecting ducts is an active process. It occurs

against an electrochemical gradient. The epithelium is consid-
ered “tight,” meaning there is very little fluid or electrolyte flux
through the paracellular route (Fig. 89-14) (513). Free flow mi-
cropuncture studies in the rat demonstrate that TFCa2+/UFCa2+
falls from a value of 0.6 in the early PCT to 0.3 by the early
portion of the cortical collecting duct. This is consistent with
active transcellular calcium movement.

Active transcellular Ca2+ absorption in the distal convo-
luted tubule and connecting tubule is a three-step process. Ca2+

enters the cell across apical plasma membranes, diffuses across
the cytosol bound to calcium binding proteins, and is actively
extruded from the cell across basolateral membranes (Fig.
89-15). The mechanism of Ca2+ entry into the cells was de-
fined with the expression cloning of the ECaC (now TRPV5)
(475) (Fig. 89-15). Apical influx is considered the rate-limiting
step in transcellular calcium transport and, therefore, the regu-
latory target of stimulatory and inhibitory hormones (490,514)
(Fig. 89-16). Evidence suggests that hormonal stimuli of Ca2+

transport produce an insertion of calcium channels into the
apical membrane (436,514,515) (Fig. 89-16). Furthermore,
thiazide diuretics stimulate Ca2+ transport in this segment
(516,517). Thiazides produce their diuretic action by inhibit-
ing a, Na+-Cl− cotransport protein of the apical membrane
(517,518). How this is translated into a stimulation of Ca2+

transport was elucidated by Shimizu et al. (516) and Bordeau
and Lau (437) (Fig. 89-17). In the presence of inhibited api-
cal Na+ entry, there is increased Na+ flux into the cell across
the basolateral membranes, which is coupled to Ca2+ extru-
sion, in other words actuation of a basolateral Na+-Ca2+ ex-
changer. This nephron segment is also characterized by a hor-
monally regulated isoform of the Ca-ATPase, PMCA1b, found
only in epithelia involved in active Ca2+ transport (448) (Figs.
89-15–89-19). In addition, the vitamin D–regulated calcium
binding protein, calbindin-28K, associated with Ca2+ transport
is also localized in the distal tubule (513,519) (Figs. 89-15–
89-19).

The apical Na-Cl cotransport, which is thiazide sensitive,
appears mainly in the distal tubule (Figs. 89-18–89-19). In
the connecting tubule and the collecting duct, Na+ entry
occurs through an apical, amiloride-sensitive Na+ channel
(513,517,520). Amiloride also stimulates Ca2+ reabsorption
in these segments. The mechanism appears to be, as for thi-
azides, a limitation of apical Na+ entry stimulating basolateral
Na+ entry through a Na+-Ca2+ exchange, activating Ca2+ ef-
flux (Figs. 89-18 and 89-19).

Factors that Regulate Calcium Transport

Maneuvers such as administration of PTH (24,430,521–523),
cAMP (502), and calcitonin (524), ECF volume expansion
(525), insulin administration (526,527), and phosphate de-
pletion (4,528,529) have all been shown to inhibit proximal
tubular reabsorption of calcium and increase the delivery of
calcium to the more distal nephron segments. The relation-
ship of these maneuvers on urinary calcium excretion, however,
may be a decrease, no change, or an increase in calcium excre-
tion, emphasizing again the critical role of the distal tubule
in the final regulation of calcium excretion. Both metabolic
acidosis (530) and phosphate depletion (103,528,529) are ac-
companied by increased calcium excretion in the urine. Ex-
perimental studies in animals suggest that the “defect” in cal-
cium reabsorption in metabolic acidosis (530) and phosphate
depletion (529) is located in the distal tubule and probably
through an effect on the TRPV5 (432), although phosphate
depletion may also affect calcium transport in the proximal
tubule. The administration of sodium bicarbonate, which
rapidly corrects acidosis, increases calcium reabsorption in the
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FIGURE 89-15. Model of transcellular Ca2+
transport by cells lining the distal part of the
nephron. Entry of Ca2+ is facilitated by the
apical epithelial Ca2+ channel (ECaC). Sub-
sequently, the ion binds to calbindin-D28K
(CaBP28K) and diffuses through the cytosol to
the basolateral membrane. Here, Ca2+ ions are
extruded by a Na+-Ca2+ exchanger (NCX1)
and a Ca2+-ATPase (PMCA1b). (From: Hoen-
derop JG, Willems PH, Bindels RJ. Toward
a comprehensive molecular model of active
calcium reabsorption. Am J Physiol Renal
2000;278:F352, with permission.) (See Color
Plate.)

late distal tubule. Similar results are found when phosphate is
given to an animal that has been previously phosphate depleted.

PTH plays an important role in the regulation of calcium
transport and reduces urinary calcium excretion (Fig. 89-16).
In humans, the status of the parathyroid gland greatly influ-
ences the amount of calcium excreted in the urine. At equal
filtered loads of calcium, patients with high levels of circulat-
ing PTH have less calcium in the urine than those in whom
the levels of PTH in serum are low. Experimental evidence in-
dicates the main effect of PTH is in the distal tubule and con-
necting tubule (430,440,516,531,523) and is mediated through
the adenylate cyclase system. Although PTH inhibits proximal
tubular reabsorption of sodium and calcium, the main action
of PTH is localized in more distal segments of the nephron.

Studies in rabbits have shown a PTH-sensitive calcium
transport mechanism in the cortical TAL (521,522). Little
is known about how PTH affects the paracellular pathway
for Na+ and Ca2+ reabsorption of the PCT. Studies in iso-
lated renal cortical brush-border membrane vesicles indicate
that PTH mimics the effect of membrane phosphorylation on
calcium binding and translocation (514,532). Phosphoryla-
tion of brush-border membrane vesicles produces an increase
in membrane-bound calcium due to production of negatively
charged phospholipids (533). Aminoglycosides compete for the
binding of calcium to phospholipids. In the presence of a chem-
ical potential for calcium, PTH also stimulates calcium bind-

ing that is aminoglycoside inhibitable, as well as an increase
in the brush-border membrane content of the acidic phospho-
lipids produced by phosphorylation (533). The control of cal-
cium efflux across the basolateral membrane of the PCT by
PTH involves the Na+-Ca2+ exchange. Scoble et al. (498) and
Jayakumar et al. (534) demonstrated sodium gradient (outside
>inside) dependent of calcium efflux stimulated by PTH in
basolateral membrane vesicles from dog and rat renal cortex.
These studies were thought to use membranes from the prox-
imal tubule. However, more recent studies suggested that the
Na+-Ca2+ exchange activity is the highest in the distal tubule
and the earlier studies may have been affected by contaminants
from these segments (535).

PTH stimulation of Ca2+ transport in the TAL of Henle’s
loop is localized to the cortical portion, whereas the calcitonin
effect is exerted in the medullary portion. Because PTH does
not stimulate Na+ or Cl− transport, it is unlikely that it works
to increase the lumen-positive transepithelial electrical driving
force. Rather, its main action has been suggested to be at the
level of the permeability to Ca2+ of the paracellular pathway
(536,537) and to be related to the function of PCLN1. Recent
thought indicates that an effect on transcellular transport may
be involved (538,430).

Significant progress has been made in the understanding
of PTH actions on Ca2+ transport in the connecting tubule
and the cortical collecting duct. Here, Ca2+ reabsorption is

FIGURE 89-16. Schematic model for hormonal
regulation of transcellular Ca2+ transport in dis-
tal nephron. Parathyroid hormone (PTH), V2,
atrial natriuretic peptide (ANP), and EP3 re-
ceptors are localized in the basolateral mem-
brane, whereas A1 is present in the api-
cal membrane. EP2/4 and P2Y are present in
both membranes 1,25-dihydroxycholecalciferol
passes plasma membranes and binds to the
intracellular vitamin D receptor (VDR). Hor-
mones can be divided into stimulatory hor-
mones, including PTH, arginine vasopressin,
ANP, prostaglandin E2 (PGE2) (via EP2/4), and
adenosine, and inhibitory hormones such as
adenosine triphosphate and PGE2 (via EP3).
(From: Hoenderop JG, Willems PH, Bindels RJ.
Toward a comprehensive molecular model of
active calcium reabsorption. Am J Physiol Re-
nal 2000;278:F352, with permission.) (See Color
Plate.)
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FIGURE 89-17. Calcium transport in distal con-
voluted tubule and connecting tubule. Transport
mechanisms involved in transcellular Ca flux are
depicted in the lower cell, while other transport
proteins whose actions impinges on Ca absorp-
tion (apical NaCl cotransport, Na channels, ba-
solateral chloride channels, and basolateral potas-
sium channels) are shown in the top cell. There
is no paracellular flux. The apical NaCl cotrans-
port is inhibited by thiazide diuretics whose ac-
tion in Ca transport is thought to be a limitation
of Na availability leading to increased activity in
the basolateral Na/Ca exchange, NCX1, causing
increased Ca efflux. Likewise, the epithelial Na
channel is inhibited by amiloride diuretics whose
action also stimulates Ca transport similar to thi-
azide diuretics. Ca entry is facilitated by the apical
epithelial Ca channel TRPV6/5 which assembles
as homo- or heterotetrimers. Subsequently, the ion
binds to CABP28K and maybe delivered to the en-
doplasmic reticulum. The ER may come into close
association with PMCA1b resulting in delivery of
Ca to the efflux pathways.

FIGURE 89-18. Model of Ca2+ transport in distal convoluted tubule,
connecting tubule, and cortical collecting duct cells. Transport mecha-
nisms involved in apical Ca2+ entry (channels) and basolateral efflux
(Ca2+-ATPase and Na+-Ca2+ exchange) are depicted. Other transort
proteins whose action impinges on Ca2+ absorption (apical Na+-Cl
cotransport, Na+ channels, basolateral Cl channels, and basolateral
K+ channels) are shown. The apical Na+-Cl cotransport is inhibited
by thiazide diuretics whose action on Ca2+ transport is thought to be a
limitation of Na+ availability leading to increased activity of the baso-
lateral Na+-Ca2+ exchange cuasing increased Ca2+ efflux. This would
assume basal activity of Ca2+ channel activity. The dependency of the
thiazide effect on the presence of parathyroid hormone (PTH) would
be expected because PTH stimulates insertion of Ca2+ channels into
the apical membrane. (From: Friedman P, Gesek F. Calcium transport
in renal epithelial cells. Am J Physiol 1993;264:F181.)

transcellular and an active energy consuming process. Stud-
ies (430,523,538,539) suggest that PTH hyperpolarizes the
epithelium and produces insertion of voltage-operated Ca2+

channels in the apical membrane (515,538). Patch clamp
studies of PTH-stimulated distal convoluted tubule cells
(538,540) demonstrated an increase in open time of apical
membrane channels with increasing membrane voltage (539).
However, these findings remain controversial (538–540), and
the mechanism of anomalous function of the apical calcium
entry channel remains to be elucidated. Voltage-operated ep-
ithelial calcium channels are complex heterotetramers consist-
ing TRPV5 and TRPV6 subunits (541) (Fig. 89-17). Identi-
fication of the distal nephron calcium entry channel, TRPV5
(432,475,542) (Fig. 89-15), which is insensitive to membrane
potential, failed to shed light on the mechanism of calcium
entry associated with hyperpolarization (543), and while the
discovery of heterotetramers (Figs. 89-17 and 89-19) may ex-
plain the divergent electrophysiologic results (541), other Ca
entry mechanisms probably await discovery.

Plasma Calcium Concentrations

Hypocalcemia

Hypocalcemia decreases the renal excretion of calcium, sec-
ondary to a decrease in the filtered load of calcium and en-
hanced tubular reabsorption of calcium. Hypocalcemia triggers
the release of PTH, which increases calcium reabsorption in the
TAL and distal tubule. The effects on the TAL could also be ob-
served in the TPTX setting (544). Recent studies have indicated
that the calcium sensor receptor (CaSR) inactivation plays an
important role in the enhancement of calcium transport in the
TAL during hypocalcemia (523,545,546).
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FIGURE 89-19. Renal distribution of TRPV6 in mouse kidney. Summary of the renal distribution of
TRPV6 as determined by immunohistochemistry. DCT, distal convoluted tubule; CNT, connecting tubule;
CCD, cortical collecting duct; OMCD, outer medullary collecting duct; IMCD, inner medullary collect-
ing duct; PMCA, plasma membrane Ca2+-ATPase; NCX, Na+/Ca2+ exchanger; NCC, Na+-Cl− cotrans-
porter; AQP2, aquaporin-2. (From: Nijenhuis T, Hoenderop JG, vander Kamp AW, et al. Localization
and regulation of the epithelial Ca2+ channel TRPV6 in the kidney. J Am Soc Nephrol 2003;14:2731,
with permission.)

Hypercalcemia

In general, patients with hypercalcemia have increased amounts
of calcium in the urine, partly due to an increase in the filtered
load of calcium and partly to suppression of PTH secretion. Ac-
tivation of the CaSR also may increase the excretion of calcium
by decreasing the activity of the apical K+ channel and decreas-
ing the positive potential difference (PD). Thus, less calcium
and magnesium are reabsorbed via the paracellular pathway
in the TAL (523,547).

Volume Status

Volume contraction decreases and volume expansion increases
the renal excretion of sodium and calcium. Volume expansion
decreases tubular reabsorption of both sodium and calcium
even if the filtered load is reduced (548), clearly demonstrating
that the regulation of these ions is primarily by changes in
tubular reabsorption.

Diuretics

Furosemide produces a significant increase in Na+ and Ca2+ ex-
cretion by inhibiting the reabsorption of both ions in the TAL
(549). Furosemide decreases the PD in the TAL. Because the
reabsorption of calcium in this segment of the nephron is pas-
sive, a decrease in the positive voltage of the lumen diminishes
the movement of calcium through the paracellular pathway.
Thiazide, on the other hand, produces dissociation between
sodium and calcium excretion. A mild natriuresis is usually ac-
companied by a decrease in calcium excretion. Micropuncture
studies have shown that this mechanism occurs in the distal por-
tion of the nephron. Thiazide stimulates calcium entry through
the apical Ca2+ channel by activating Cl channels (Fig. 89-14)
(550). These effects are independent of PTH, although PTH is
important for the presence of TRPV5 in the apical membrane of

the connecting tubule. The chronic administration of thiazide
produces significant decrease in calcium excretion secondary
to volume contraction, since this effect can be reversed by the
administration of NaCl.

Vitamin D

The acute administration of 1,25-dihydroxycholecalciferol in-
creases renal transepithelial calcium transport by its effects on
the distal, connecting, and collecting duct system. In these seg-
ments of the nephron, the transport of calcium is mainly active.
1,25-Dihydroxycholecalciferol has a positive transcriptional
effect on TRPV5 gene transcription. In addition, an increase
in calbindin-28K and on the calcium ATPase in the basolat-
eral side of the cell is also transcriptionally regulated by 1,25-
dihydroxycholecalciferol (Fig. 89-16) (432).

The chronic administration of 1,25-dihydroxycholecal-
ciferol increases the excretion of calcium secondary to an in-
crease in the filtered load of calcium. This is due to an increase
in calcium absorption in the gut and calcium resorption in the
skeleton.

Hypocalcemia

The clinical manifestations of hypocalcemia vary greatly
among patients (551). Patients who suddenly become hypocal-
cemic, such as those with postsurgical hypoparathyroidism,
may develop profound symptomatology, including tetany, even
after a moderate decrease in serum calcium levels. On the other
hand, patients with chronic renal insufficiency adjust well to
low levels of serum calcium and seldom become symptomatic.
Before the pathophysiologic mechanisms responsible for the
hypocalcemia can be correlated with the clinical symptomatol-
ogy, it is critical to determine whether both total and ionized
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calcium levels are low. In conditions such as the nephrotic syn-
drome and cirrhosis with severe hypoalbuminemia, total serum
calcium may be decreased, but ionized calcium levels may be
within the normal range or only slightly decreased, and the
patient remains asymptomatic.

Clinical Symptoms

Patients with significant hypocalcemia have increased neuro-
muscular irritability (552). The hallmark of hypocalcemia is
tetany. Latent tetany may be detected by tapping over the
facial nerves, which results in contraction of the facial mus-
cles (Chvostek’s sign), or by occluding the arterial blood sup-
ply to the forearm, which produces carpal spasm (Trousseau’s
sign). The symptomatology depends on the rapidity of onset
of hypocalcemia. Patients with chronic renal failure occasion-
ally have marked hypocalcemia; however, tetany is extremely
rare. This may be due in part to the presence of metabolic
acidosis. However, the changes in ionized calcium produced
by metabolic acidosis in the majority of patients with pro-
found hypocalcemia are not sufficient to bring the ionized
calcium level back too normal. On the other hand, respira-
tory alkalosis due to hyperventilation can precipitate tetany.
Clinically, the patient may complain of tingling in the tips
of the fingers, stiff muscles, and cramps and may develop
convulsions or impaired mental function. Children may de-
velop mental retardation, and dementia may occur in adults.
Extrapyramidal disorders also have been found in some pa-
tients. Psychiatric manifestations are characterized by confu-
sion and hallucinations. Proximal muscle weakness is more fre-
quently seen when the hypocalcemia is secondary to vitamin D
deficiency.

Severe complications of hypocalcemia include development
of cataracts (553), papilledema, and rarely, optic neuritis. In
general, the skin may be dry and puffy, and the patient may de-
velop dermatitis. Hypocalcemia may produce hypotension and
a delay in ventricular repolarization, thus increasing the QT in-
terval and ST segment. Ventricular arrhythmias and atrial fib-
rillation refractory to digoxin (554) have been seen in patients
with hypocalcemia. Because calcium, as mentioned previously,
has an inotropic effect, hypocalcemia may be responsible in
part for a decrease in cardiac output (555–557).

The pathogenetic mechanisms responsible for the develop-
ment of hypocalcemia are described in Table 89-4 and include;
(I) absence of PTH; (II) decreased calcium mobilization from
bone; (III) reduced calcium absorption in the gastrointestinal
tract; (IV) translocation of calcium between different compart-
ments of the body; (V) miscellaneous conditions.

Hypocalcemia Secondary to Low
or Absent Levels of PTH in Blood

A decrease or absence of PTH will have significant effects on
calcium metabolism (1,558,559). Because PTH plays a key role
in the regulation of osteoclasts, which are the cells responsible
for bone resorption, through the production of RANKL, a de-
crease in the activity or in the number of osteoclasts will even-
tually reduce the efflux of calcium from bone. In the absence of
PTH, the capacity of the ascending portion of the loop of Henle
and distal nephron to transport calcium is decreased; thus, at
any filtered load of calcium, a greater amount of calcium will
be excreted in the urine. Moreover, the absence of PTH de-
creases the activity of 1α-hydroxylase in the kidney and leads
to decreased formation of 1,25-dihydroxycholecalciferol and a
reduction in calcium absorption from the gastrointestinal tract.
Thus, decreased mobilization of calcium from bone, excretion
of larger amounts of calcium in the urine, and decreased ab-
sorption of calcium from the gut lead to profound hypocal-

TA B L E 8 9 - 4

CAUSES OF HYPOCALCEMIA

I. Hypocalcemia secondary to low or absent levels of
parathyroid hormone in blood
A. Hypoparathyroidism

1. Congenital
2. Idiopathic
3. DiGeorge’s syndrome
4. Postsurgical
5. Infiltration of parathyroid glands by malignancy

or amyloidosis
B. Transient hypoparathyroidism

1. Neonatal
2. Postsurgical (for parathyroid adenoma)

II. Hypocalcemia secondary to a decrease in calcium
mobilization from bone
A. Vitamin D deficiency

1. Decreased ingestion
2. Decreased absorption (gastrointestinal disorders)

a. Partial gastrectomy
b. Intestinal bypass
c. Sprue
d. Pancreatic insufficiency

B. 25(OH)D3 deficiency
1. Severe liver disease

a. Biliary cirrhosis
b. Amyloidosis

2. Ingestion of anticonvulsant medication
3. Nephrotic syndrome

C. 1,25(OH)2D3 deficiency
1. Advanced renal failure
2. Severe hyperphosphatemia
3. Hypoparathyroidism

D. Pseudohypoparathyroidism types I and II
E. Magnesium deficiency

III. Hypocalcemia secondary to reduced calcium absorption
in the gastrointestinal tract
A. Deficiency of vitamin D or its metabolites

IV. Hypocalcemia secondary to translocation of calcium
into different compartments
A. Hyperphosphatemia
B. Administration of citrate
C. Administration of ethylenediaminetetraacetic acid
D. Urinary excretion

V. Miscellaneous conditions
A. Ca receptor gene mutations
B. Pancreatitis
C. Colchicine intoxication
D. Pharmacologic dose of calcitonin
E. Administration of mithramycin
F. “Hungry Bone Syndrome”

(From: Slatopolsky E. Pathophysiology of calcium, magnesium, and
phosphorus. In: Klahr S, ed. The Kidney and Body Fluids in Health
and Disease. New York: Plenum Press; 1983:269, with permission.)

cemia. The most common cause of hypoparathyroidism is ex-
cision or damage to the parathyroid glands at surgery. This
may be secondary to thyroid or parathyroid surgery or to
radical neck dissection performed for the treatment of can-
cer (560,561). Some patients might develop transient hypocal-
cemia. This phenomenon is observed in patients who have
one adenoma of the parathyroid gland. The hypercalcemia
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produced by the excessive secretion of PTH by the adenoma
usually suppresses secretion from the other glands, and the
removal of the adenoma may produce a transient period of hy-
poparathyroidism and hypocalcemia. However, the remaining
glands, if they are intact, will respond to the hypocalcemia, and
this abnormality will be reversible in a relatively short period
of time.

Idiopathic hypoparathyroidism is a rare disease, and tetany
may occur soon after birth. Idiopathic hypoparathyroidism
may be associated with congenital absence of the thymus (Di-
George’s syndrome) (562–564). These patients have depressed
cell immunity and many other malformations; they frequently
have mucosal candidiasis and usually die in early childhood of
severe hypocalcemia or severe infections (564). The parathy-
roid gland may be transiently suppressed at birth as a result
of maternal hypercalcemia; thus, neonatal tetany should be
looked for in the presence of hypercalcemia of any cause in the
mother. The fetal parathyroid glands are suppressed by mater-
nal hypercalcemia and when the hypocalemic infant is stressed;
for example, with a phosphate load (cow’s milk), tetany may
result. Another factor that plays a key role in the secretion of
PTH is magnesium (565–569). As will be discussed in a sub-
sequent section, profound hypomagnesemia may decrease the
release of PTH. In this syndrome, administration of magne-
sium to correct the hypomagnesemia increases the release of
PTH within minutes.

Hypocalcemia Secondary to Decreased
Calcium Mobilization from Bone

Vitamin D has a synergistic effect with PTH that increases the
mobilization of calcium from bone. The mechanism by which
vitamin D and its metabolites increase bone resorption is not
fully understood. Both hormones are key factors in the differ-
entiation of osteoclasts (570,571), and both factors regulate
the osteoblast through differentiation of osteoblast precursors
and direct regulation of bone matrix protein gene transcrip-
tion (570,571). Many disorders can alter the metabolism of
vitamin D, and different vitamin D metabolites could be re-
sponsible for decreased mobilization of calcium from bone. In
vitamin D–deficient rickets, a nutritional condition observed
in children, the lack of vitamin D is responsible for hypocal-
cemia, hypophosphatemia, and mild secondary hyperparathy-
roidism (572,573). Disorders of the gastrointestinal tract such
as partial gastrectomy, intestinal bypass, tropical and nontrop-
ical sprue, and Crohn’s disease may impair the absorption of
vitamin D from the diet. Pathologic processes that involve the
liver, such as hepatobiliary cirrhosis, may decrease the pro-
duction of 25-hydroxycholecalciferol (574). The lack of this
metabolite greatly diminishes the mineralization front, and
adults with low levels of 25-hydroxycholecalciferol may de-
velop osteomalacia. Although there may be an increase in the
level of PTH, osteoclasts are unable to remove calcium be-
cause the osteoid material lacks minerals; therefore, there is
decreased mobilization of calcium from bone. Administration
of anticonvulsant medication may also result in low serum lev-
els of 25-hydroxycholecalciferol, possibly due to the enhanced
microsomal activity in the liver with increased catabolism of
25-hydroxycholecalciferol (575–577).

Chronic Renal Failure/1,25(OH)2D3 Deficiency

Chronic renal failure is characterized by moderate hypocal-
cemia. Serum calcium seldom falls to less than 7.0 mg/dL. The
pathogenesis of hypocalcemia in chronic renal failure is multi-
factorial. However, phosphate retention and low levels of 1,25-

dihydroxycholecalciferol play a key role in its genesis (578).
In patients with profound hypomagnesemia, the skeleton be-
comes resistant to the action of PTH, and there is decreased
calcium mobilization from bone (567,569).

Pseudohypoparathyroidism

Another important condition causing hypocalcemia is pseudo-
hypoparathyroidism, which is a genetic disorder characterized
by skeletal and somatic defects including short stature, rounded
face, brachydactyly, subcutaneous calcification, and subnormal
intelligence (579–582). The secretion of PTH is increased as
assessed by elevated levels of immunoreactive PTH; thus, the
hypocalcemia in pseudohypoparathyroidism is felt to repre-
sent a bone resistance to the effects of PTH (583,584). This
syndrome is collectively referred to as Albright’s hereditary os-
teodystrophy (AHO) (585,586). Many patients also have renal
resistance to the action of the hormone because administration
of exogenous PTH does not lead to increased urinary excre-
tion of cAMP and phosphate. The syndrome has been sub-
classified as pseudohypoparathyroidism type 1a (PHP-1a), in
which there is neither a cAMP nor a phosphaturic response to
exogenous PTH. Maternally inherited mutations in one of the
13 GNAS exons encoding GSα cause PHP-1a (583,587,588).
The mRNA for GS is also reduced about 50% in these pa-
tients (588). Heterozygous mutations of the GSα gene have
been identified in families of subjects with AHO, providing
molecular confirmation that transmission of the GSα gene de-
fects accounts for the autosomal-dominant inheritance of AHO
(589,590). When the same GSα mutations are inherited pa-
ternally, affected individuals develop AHO in the absence of
hormone resistance, and this condition is referred to as pseu-
dopseudohypoparathyroidism (PPH) (583). Thus, the develop-
ment of hormone resistance in a patient with a GSα mutation
is subject to paternal imprinting, i.e. it develops only after ma-
ternal transmission (9142,9140,9144). Genomic imprinting is
a process by which specific genes undergo allele-specific epi-
genetic changes that lead to allele-specific differences in gene
expression. One or more of the epigenetic changes is estab-
lished in the male or female germline during gametogenesis.
Often, imprinting is associated with allele-specific differences
in DNA methylation at CpG dinucleotides during gametogen-
esis and maintained throughout development. Imprinting may
be incomplete, as in tissue specific, as is the case for GNAS.
GSα is biallelically expressed in most tissues, but in the renal
proximal tubule and some endocrine organs, it is expressed pri-
marily from the maternal allele. As a result of this tissue-specific
imprinting, patients who inherit GSα null mutations from their
mother develop multihormone resistance of PHP-1a (591).

Some subjects with pseudohypoparathyroidism type I lack
features of AHO. Patients with this subtype, termed pseu-
dohypoparathyroidism type Ib (PHP-1b), typically show hor-
mone resistance that is limited to PTH target organs and have
normal GSα activity (592). This variant has been genetically
linked to the GNAS locus on chromosome 20q13-3, and the
pattern of inheritance indicates paternal imprinting (maternal
transmission). Furthermore, affected individuals with autoso-
mal dominant PHP-1b show loss of GNAS exon A/B methy-
lation and a heterozygous ∼3kb microdeletion located within
STX1b approximately 220kb centiomeric of GNAS exon A/B
(583). Hormone resistance in PHP-1b is limited to the PTH
dependent actions in the renal proximal tubule and a few
other tissues in which GSα is paternally imprinted such as the
thyroid (583).

Pseudohypoparathyroidism type II, in which there is no
phosphaturia despite a normal cAMP excretion rate in response
to PTH (2,366,593–596), is a heterogeneous disorder. Some of
these patients have low levels of 1,25-dihydroxycholecalciferol,
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perhaps representing renal resistance to PTH-stimulated 1α-
hydroxylase activity. Thus, the high levels of PTH and the
lack of response to the exogenous administration of PTH
differentiate this syndrome from true hypoparathyroidism.
The hyperphosphatemia that is present in this syndrome
also may be partly responsible for the low levels of 1,25-
dihydroxycholecalciferol. Thus, pseudohypoparathyroidism is
a heterogeneous disorder; some patients have resistance to PTH
at the renal level only, others at the skeletal level, and still others
in both organs.

Hypocalcemia Secondary to Reduced Intestinal
Calcium Absorption

A healthy individual who ingests a low-calcium diet usually
does not develop hypocalcemia or develops it to a minimal
degree because compensatory secondary hyperparathyroidism
will correct mild hypocalcemia. Hypocalcemia is usually asso-
ciated with pathologic processes of the gastrointestinal tract
that affect the absorption of vitamin D. Under these circum-
stances, the low absorption of calcium, plus abnormalities in
vitamin D metabolism, greatly affects calcium homeostasis, and
the patient may develop profound hypocalcemia. Growing an-
imals fed a low-calcium diet develop severe hypocalcemia.

Hypocalcemia Secondary to Translocation
of Calcium into Different Compartments

Precipitation of ionized calcium is seen in disorders in which
there is retention of phosphorus. Patients with advanced re-
nal insufficiency, malignancies (316), or severe rhabdomyolysis
and hyperphosphatemia (361) may precipitate calcium rapidly
and may develop symptoms characterized by tremors, muscu-
lar irritability, and tetany. In the neonate, administration of
cow’s milk, which is high in phosphorus content compared
with human milk, may produce severe hyperphosphatemia and
hypocalcemia. Neonatal parathyroid function is not adequate
to cope with this challenge, and the neonate may develop severe
symptoms secondary to hypocalcemia. When large amounts
of blood containing citrate are given to patients (open heart
surgery, exchange transfusions for neonatal hyperbilirubine-
mia), the ionized calcium is complexed by citrate and hypocal-
cemia leading to tetany may develop.

Hypocalcemia secondary to increased urinary excretion of
calcium is rare and self limited. The expansion of the ECF com-
partment produces a remarkable decrease in the reabsorption
of sodium and calcium, and large amounts of these cations may
be excreted in the urine. However, these are transitory mecha-
nisms that are rapidly corrected by the release of PTH. Thus,
if the PTH, vitamin D, and skeletal axis are intact, an increase
in urinary calcium excretion should not result in significant
hypocalcemia. Diuretics such as furosemide or ethacrynic acid,
which block the reabsorption of calcium in the thick ascending
portion of Henle’s loop, are effective drugs in the treatment
of hypercalcemia. However, very seldom do patients ingesting
these drugs develop hypocalcemia.

Miscellaneous Conditions

Defects in the human CaSRs have been shown to cause famil-
ial hypocalciuria, hypercalcemia, and neonatal severe hyper-
parathyroidism (597–599). Recently, Pollak et al. (600) demon-
strated that a missense mutation (GLU128 Ala) in this gene
causes familial hypocalcemia in affected membranes of one
family. In this syndrome, an alteration in the CaSR shifts the
“set point” for calcium to the left, and the parathyroid glands
are hyperresponsive to extracellular calcium.

Approximately 10% to 20% of patients with acute pancre-
atitis develop some degree of hypocalcemia. The hypocalcemia
is related to deposition of calcium salts in areas of lipolysis and
tissue necrosis (601). Some investigators have postulated that
proteolytic digestion of PTH may explain the lack of elevated
levels of PTH in the serum of patients with acute pancreatitis.

Some drugs such as calcitonin, mithramycin (used for tes-
ticular carcinoma), and colchicine (used in gout) can produce
profound hypocalcemia by decreasing bone resorption. A se-
ries of disorders are characterized by increased bone formation
in which the uptake of calcium by the skeleton is greatly in-
creased. Such patients may develop profound hypocalcemia. A
disorder known as “hungry bone syndrome” is seen in patients
with chronic renal insufficiency and severe secondary hyper-
parathyroidism. The removal of the parathyroid glands in these
uremic patients produces profound hypocalcemia, which some-
times is difficult to correct even with pharmacologic doses of
1,25-dihydroxycholecalciferol. Under these conditions, when
the factors producing bone resorption have been removed and
the osteoblastic activity is greatly increased, there is a remark-
able flux of Ca into bone due to bone formation. The great
uptake of minerals by the skeleton may produce profound
hypocalcemia.

Hypercalcemia

Hypercalcemia is an elevation of total serum calcium levels to
more than 10.5 mg/dL (when serum protein values are within
the normal range). The manifestations of hypercalcemia dif-
fer among patients (602). Mild hypercalcemia may be totally
asymptomatic and may be detected during routine blood chem-
istry tests; however, hypercalcemia may be severe enough to
produce lethargy, disorientation, coma, and death.

Clinical Symptoms of Hypercalcemia

Patients with mild hypercalcemia may be totally asymptomatic
(603); however, as serum calcium increases, usually more than
11.5 mg/dL, numerous symptoms may be present and prac-
tically every organ of the body is affected. The most com-
mon symptoms are nausea, vomiting, polyuria, polydipsia, lack
of concentration, fatigue, somnolence, mental confusion, and
even death (Table 89-5).

TA B L E 8 9 - 5

CLINICAL MANIFESTATIONS OF HYPERCALCEMIA

I. General: Apathy, lethargy, weakness
II. Cardiovascular: Cardiac arrhythmias, hypertension,

vascular calcification
III. Renal: Polyuria, hypercalciuria, stones, nephrocalcinosis-

impaired concentration of urine renal insufficiency
IV. Gastrointestinal: Anorexia, nausea, vomiting, polydipsia,

constipation, abdominal pain, gastric ulcer, pancreatitis
V. Neuropsychiatric and muscular: Headache, impaired

concentration, loss of memory, confusion, hallucination,
coma, myalgia, muscle weakness, arthralgia

VI. Heterotopic calcification: Band keratopathy, conjunctival
irritation, vascular calcification, periarticular calcification

(From: Slatopolsky E. Pathophysiology of calcium, magnesium, and
phosphorus. In: Klahr S, ed. The Kidney and Body Fluids in Health
and Disease. New York: Plenum Press; 1983:269, with permission.)
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Renal Effects

Hypercalcemia may cause either an acute and reversible decre-
ment in the GFR or a chronic nephropathy. There are numerous
mechanisms by which hypercalcemia decreases the GFR (604–
606). Hypercalcemia may lead to vasoconstriction of the affer-
ent arterioles and decreased renal blood flow. It can decrease
ultrafiltration across glomerular capillaries. In addition, acute
hypercalcemia may produce natriuresis and ECF volume con-
traction. In chronic hypercalcemic nephropathy, there is a fall
in the GFR and a decrease in the maximum urinary concentrat-
ing capacity, and the urine is free of cells or casts, although mild
proteinuria may be observed. The findings are similar to those
seen in patients with interstitial nephritis. The characteristic ab-
normality of hypercalcemic nephropathy is an inability to con-
centrate the urine (607–609). This abnormality persists even
after the administration of antidiuretic hormone (ADH) (610).
The mechanisms by which hypercalcemia impairs concentra-
tion of the urine are multiple (611–613). The osmotic gradient
of the medulla is decreased, partly because of decreased sodium
transport in the thick ascending portion of the loop of Henle.
Moreover, hypercalcemia decreases the permeability of the col-
lecting duct to water by inhibiting the adenylate cyclase activity
and generation of cAMP in response to ADH. There is some
evidence to suggest that increased prostaglandin synthesis may
mediate part of this effect. Prostaglandin E2 (PGE2) enhances
medullary blood flow, inhibits sodium chloride transport in
the loop of Henle, and antagonizes the effect of ADH on the
collecting duct (614). It is possible that several of the effects
of hypercalcemia on the concentrating mechanism are related
to increased prostaglandin synthesis in the medulla. Thus, a
salt-wasting nephropathy and the inability to concentrate the
urine may explain some of the symptoms such as polyuria and
polydipsia seen in patients with hypercalcemia. Chronic per-
sistent hypercalcemia eventually leads to the development of
nephrocalcinosis, most commonly localized to the medulla of
the kidney.

Gastrointestinal Manifestations

Anorexia, nausea, and vomiting are frequently seen in patients
with hypercalcemia. Occasionally, abdominal pain, distention,
and ileus may be present (615). There is an increased incidence
of peptic ulcer in patients with primary hyperparathyroidism,
and it has been shown that calcium increases the release of gas-
trin and hydrochloric acid in the stomach. Moreover, the inci-
dence of pancreatitis is also greatly increased. Several mecha-
nisms have been implicated in the development of pancreatitis.
Usually, hypercalcemia increases pancreatic enzyme secretion,
and intraductal proteins may cause obstruction of the pancre-
atic duct. Enhanced conversion of trypsinogen to trypsin due
to elevated calcium levels may contribute to the inflammatory
process.

Cardiovascular Effects

Calcium has an inotropic effect on the cardiovascular system.
Calcium increases peripheral resistance, and hypertension oc-
curs in 20% to 30% of patients with chronic hypercalcemia
(616–618). Renal parenchymal damage with elevated levels of
renin, increased cardiac output, and severe vasoconstriction
may participate in the development of hypertension. The most
significant change in the electrocardiogram is a shortening of
the QT interval. Because the positive inotropic effect of digitalis
is enhanced by calcium, digitalis toxicity may be aggravated by
hypercalcemia.

Neurologic and Psychiatric Effects
of Hypercalcemia

Patients with hypercalcemia are frequently admitted to psy-
chiatric wards because of nonspecific complaints characterized
by lethargy, apathy, depression, and decreased memory. Pa-
tients with hypercalcemia secondary to increased PTH levels
have electroencephalographic changes that are reversible after
removal of the parathyroid adenoma. Moreover, the adminis-
tration of large doses of PTH to dogs results in increased brain
calcium and changes in the electroencephalogram (619).

Heterotopic Calcification

Patients with hypercalcemia may develop band keratopathy,
which is the appearance of corneal calcification. The changes in
the cornea are usually permanent. However, conjunctival irrita-
tion disappears after correction of the hypercalcemia. Arterial
and periarticular calcifications are observed more frequently
in patients who have some degree of renal insufficiency (620),
especially those who also have hyperphosphatemia. Vascular
calcification has become a critical complication of chronic kid-
ney disease (621–625). Vascular calcification in CKD associ-
ated with the adynamic bone disorder is often associated with
hypercalcemia (620,626,627).

Hypercalcemia

Pathologically, three general mechanisms may lead to the de-
velopment of hypercalcemia (Table 89-6): (a) increased mo-
bilization of calcium from bone, by far the most common
and important mechanism, (b) increased absorption of calcium
from the gastrointestinal tract, and (c) decreased urinary excre-
tion of calcium (of minor importance). In some clinical disor-
ders, although one or more of these mechanisms may be op-
erative, compensatory adaptations develop and hypercalcemia
may not occur. For example, in idiopathic hypercalciuria due
to increased calcium absorption from the gastrointestinal tract,
increased urinary excretion of calcium may prevent the devel-
opment of hypercalcemia. On the other hand, in hyperparathy-
roidism, all three mechanisms (increased bone resorption, aug-
mented gastrointestinal absorption of calcium, and decreased
urinary calcium excretion) lead to the development of hyper-
calcemia.

Hypercalcemia Secondary to Increased
Calcium Mobilization from Bone

Hypercalcemia Secondary to Malignancies/Humoral Hyper-
calcemia of Malignancy. Malignancy is the most common
cause of hypercalcemia. Multiple mechanisms underlie the de-
velopment of hypercalcemia of malignancy, but in general,
it is due to a combined disorder of increased mobilization
of calcium from the skeleton secondary to increased bone
resorption by osteoclasts and variable decreases in the re-
nal excretion of calcium (628,629). This increased resorp-
tion could be due to the action of malignant cells that have
metastasized to bone from tumors of such organs as the
breast, prostate, kidney, lung, and thyroid (628). The tumor
cells in the bone metastasis produce RANKL and macrophage
colony stimulating factor (MCSF) that stimulate production
of active osteoclasts and local osteolysis. However, on some
occasions, hypercalcemia occurs with no evidence of bone
metastasis, and generally, the removal of the tumor results
in correction of the hypercalcemia. In these cases, humoral
agents are involved. The major humoral osteoclast-stimulating
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TA B L E 8 9 - 6

CAUSES OF HYPERCALCEMIA

I. Hypercalcemia secondary to increased calcium
mobilization from bone
A. Malignancy

1. Metastatic
2. Nonmetastatic

a. Osteoclastic-activating factor
b. Prostaglandin E2

c. Ectopic hyperparathyroidism
B. Hyperparathyroidism

1. Primary
a. Adenoma
b. Hyperplasia
c. Neoplastic

2. Secondary
3. Multiple endocrine neoplasias

a. Type I with pituitary and pancreatic tumors
b. Type II with medullary carcinoma of thyroid

and pheochromocytoma
C. Immobilization
D. Hyperthyroidism
E. Vitamin D intoxication
F. Renal disease

1. Chronic renal failure
2. After renal transplantation
3. Diuretic phase of acute renal failure

G. Vitamin A intoxication

II. Hypercalcemia secondary to an increase in calcium
absorption from the gastrointestinal tract
A. Sarcoidosis
B. Vitamin D intoxication
C. Milk-alkali syndrome

III. Hypercalcemia secondary to a decrease in urinary
calcium excretion
A. Thiazide diuretics
B. Familial hypocalciuric hypercalcemia

IV. Miscellaneous
A. Adrenal insufficiency
B. Tuberculosis
C. Berylliosis
D. Dysproteinemias
E. Hemoconcentration
F. Hyperalimentation regimens

(From: Slatopolsky E. Pathophysiology of calcium, magnesium, and
phosphorus. In: Klahr S. The Kidney and Body Fluids in Health and
Disease. New York: Plenum Press; 1983:269, with permission.)

factor is PTH-related peptide (PTHrP) (628,630,631). This fac-
tor, which is a endochondral bone morphogen and an endoge-
nous paracrine of the adult mammary glands, oviduct, fibro-
blasts, and vascular smooth muscle, has sufficient homology
with PTH in its amino terminal region to act through PTH re-
ceptors on PTH target cells such as the osteoblast and the distal
connecting tubule (466,632,633). Thus, its production by tu-
mors mimics the action of high PTH levels in stimulating bone
resorption and renal calcium retention. PTHrP accounts for
about 80% of the hypercalcemia associated with malignancies.
Other mechanisms of hypercalcemia due to tumors include se-
cretion of PGE2 (634–637), especially by solid tumors, the pro-

duction of tumor necrosis factor α, as in patients with multiple
myeloma and lymphosarcoma (638), and the secretion of IL-1
and TGFβ. The latter factors are often produced in association
with PTHrP. TGFα works through epidermal growth factor re-
ceptors and stimulates bone resorption. Its production is highly
prevalent (40%) in tumors associated with hypercalcemia, and
it may play a secondary role in association with many cases
in which PTHrP is being produced. In metastatic bone disease,
there are usually two effects: (a) an increase in bone resorption
and (b) an increase in woven bone formation. If the osteoblas-
tic process (bone formation) predominates, hypercalcemia may
not develop. However, if the osteolytic process predominates,
the patient develops severe hypercalciuria and hypercalcemia.
In contrast to tumors that produce a “parathyroid-like mate-
rial,” the serum phosphorus level or the tubular reabsorption of
phosphate usually is not decreased in metastatic bone disease.
However, the patient may develop hypophosphatemia when
the disease progresses and malnutrition becomes evident. Al-
though many tumors may secrete PTHrP (59 of 72 cases with
hypercalcemia) (639), the two most important ones are the
epidermoid squamous cell carcinoma of the lung and renal cell
carcinoma. Rarely of patients with hypercalcemia of malig-
nancy have elevated levels of circulating immunoreactive PTH
(628,639). Most often this is due to coexistent parathyroid dis-
ease and malignancy (628,639).

Primary Hyperparathyroidism. Primary hyperparathyroidism
is the most common endocrine disorder causing hypercal-
cemia (640). It is probably the major cause of asymp-
tomatic hypercalcemia in young people and older women.
A single adenoma of the parathyroid gland is the most
common cause of primary hyperparathyroidism. In con-
trast, chief cell hyperplasia is commonly observed in patients
with secondary hyperparathyroidism caused by renal insuf-
ficiency. The incidence of primary hyperparathyroidism in-
creases substantially in both men and women older than
50 years but is two to four times more common in women
(640). The mechanism of hypercalcemia is due to the action of
PTH in the skeleton and kidney. The levels of PTH measurable
by radioimmunoassay are elevated in primary hyperparathy-
roidism. The percentage of positive results to confirm the diag-
nosis depends on the type of antibody used and the sensitivity
of each particular radioimmunoassay for PTH. Sensitive as-
says, using a carboxyterminal antibody, demonstrate elevated
levels of PTH in 90% to 95% of patients with primary hy-
perparathyroidism, but these assays were sensitive to retention
of fragments in kidney failure and have been replaced by as-
says measuring the intact hormone without loss of sensitivity
(640,641). As PTH increases the activity and number of osteo-
clasts, bone resorption is seen on bone histology. X-ray films
of the phalanges show subperiosteal bone resorption. The in-
creased calcium mobilization from bone raises the filtered load
of calcium and leads to the development of hypercalciuria de-
spite the effect of PTH in increasing the reabsorption of calcium
in the distal nephron. Moreover, the hypercalcemia is aggra-
vated by increased calcium absorption from the gut secondary
to high levels of 1,25-dihydroxycholecalciferol in response to
high levels of PTH in blood. PTH decreases the renal reabsorp-
tion of phosphorus in the proximal and distal tubules, result-
ing in hypophosphatemia. Patients with primary hyperparathy-
roidism have a high incidence of peptic ulcer, renal stones, soft
tissue calcification, neuromuscular disease, and psychiatric dis-
orders. Because hypercalcemia interferes with the renal coun-
tercurrent mechanism responsible for the concentration of the
urine, the patient develops polyuria and polydipsia. The treat-
ment of this condition is surgery (parathyroidectomy), except
in mild cases of asymptomatic hypercalcemia (plasma calcium
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concentration of less than 11 mg/dL), especially in older adults
(603,642–644).

Immobilization. Patients who are immobilized for several days
develop some degree of hypercalciuria. However, some of these
patients may develop hypercalcemia (616,645). This occurs in
diseases involving increased bone turnover such as Paget’s dis-
ease. Hypercalcemia is seen frequently in immobilized patients
with multiple fractures. It seems that prolonged periods of im-
mobilization disrupt the balance between bone resorption and
formation. The resorptive process predominates because of the
depression of osteoblastic activity, and calcium mobilization
occurs.

Hyperthyroidism. Serum calcium concentration may increase
in thyrotoxicosis. Usually the increment is mild and does not
produce severe symptoms. Bone histology reveals an increase
in osteoclastic bone resorption and fibroblastic proliferation
resembling osteitis fibrosa cystica. Moreover, patients with thy-
rotoxicosis who present with hypercalcemia usually have low
or undetectable levels of PTH in blood.

Vitamin D Intoxication. Vitamin D increases both calcium ab-
sorption from the gastrointestinal tract and bone resorption.
Metabolites of vitamin D have been shown to increase the ef-
flux of calcium from bone in vitro. Moreover, administration
of 1,25-dihydroxycholecalciferol to dogs fed low-calcium di-
ets leads to hypercalcemia, suggesting that the effect on bone
was responsible for the rise in extracellular calcium. The man-
ifestations of vitamin D intoxication include high levels of 25-
hydroxycholecalciferol in blood, while the circulating levels of
1,25-dihydroxycholecalciferol may remain within the normal
range. Of course, if a patient receives pharmacologic doses of
1,25-dihydroxycholecalciferol, the hormonal derivative of vi-
tamin D produces toxic effects and the characteristic hypercal-
cemia.

Renal Disease. Hypercalcemia is rare in patients with chronic
kidney failure (646) prior to dialysis. Most patients with re-
nal disease have hypocalcemia, which leads to the develop-
ment of secondary hyperparathyroidism. Hypercalcemia in
patients with endstage kidney failure receiving treatment is
commonly associated with the administration of vitamin D
analogs and the adynamic bone disorder (454). The mecha-
nism of hypercalcemia is both intestinal resorption and ex-
cess bone resorption over formation (464). Extreme hyper-
plasia of the parathyroid glands, may also develop in these
patients, and progress to a point at which they no longer re-
spond to normal feedback mechanisms due to the develop-
ment of clonal adenomatous change (647). Thus, a greater
degree of hypercalcemia may be necessary to suppress PTH
secretion by such enlarged glands. In some patients, hyper-
calcemia may be seen after significant reductions of serum
phosphorus levels or after ingestion of large amounts of cal-
cium carbonate usually associated with vitamin D analog
treatment.

A mineralization defect described in a substantial num-
ber of patients maintained on chronic hemodialysis (3,646)
has been shown to be due to aluminum deposition in the
interface between osteoid and mineralized bone is responsi-
ble for this defect. Many of these patients have mild hyper-
calcemia and relatively low levels of PTH. This finding has
lead to the elimination of aluminum from the chronic dialysis
environment.

Hypercalcemia occurs more frequently after a successful re-
nal transplantation than in patients with chronic renal insuffi-

ciency (646). Because patients receiving kidney transplants usu-
ally have severe secondary hyperparathyroidism, the amount
of 1,25-dihydroxycholecalciferol produced by the new kidney,
if the graft is successful, is greatly increased due to both high
levels of PTH and decreased serum phosphate levels due to
the marked phosphaturia after the transplantation. Synergisti-
cally, 1,25-dihydroxycholecalciferol and PTH would increase
calcium mobilization from bone, leading to hypercalcemia. Ob-
viously, 1,25-dihydroxycholecalciferol also increases calcium
absorption from the gastrointestinal tract. In most patients,
the hypercalcemia does not require specific treatment and sub-
sides after 3 to 4 weeks. However, in some patients, specific
measures should be taken to prevent nephrocalcinosis, and if
the hypercalcemia is severe and persists for several months or
years, the patient may require surgical parathyroidectomy.

Vitamin A Intoxication. This is a very rare cause of hyper-
calcemia and is seen more frequently in children than adults
(648–650).

Hypercalcemia Secondary to Increased Calcium
Absorption from the Gastrointestinal Tract

There are several clinical entities such as sarcoidosis, vitamin D
intoxication, and milk alkali syndrome that are characterized
by increased calcium absorption from the gut and positive cal-
cium balance. Some patients also have widespread soft tissue
calcification and nephrocalcinosis. Most of these patients have
low or undetectable levels of PTH.

Sarcoidosis. About 10% to 20% of patients with sarcoido-
sis have mild hypercalcemia (651). This abnormality is sec-
ondary to an increase in calcium absorption, and the mecha-
nism responsible for the increased calcium absorption is unreg-
ulated production of calcitriol in macrophages of the sarcoid
lesions. Serum levels of 1,25-dihydroxycholecalciferol may be
elevated in sarcoidosis, but this is not uniform (652,653). Re-
cent studies in an anephric patient with sarcoidosis with high
levels of 1,25-dihydroxycholecalciferol (652) clearly indicate
an extrarenal production of 1,25-dihydroxycholecalciferol in
sarcoidosis. Adams et al. (654) first demonstrated that alveo-
lar macrophages obtained by bronchial lavage from a patient
with sarcoidosis and hypercalcemia converted 25-hydroxy-
cholecalciferol to 1,25-dihydroxycholecalciferol. In general,
patients with sarcoidosis are sensitive to small doses of vita-
min D and exposure to ultraviolet radiation of the skin. The
administration of corticosteroids in these patients decreases in-
testinal calcium absorption and corrects the hypercalcemia.
Hypercalcemia also has been demonstrated in patients with
histoplasmosis (655), tuberculosis (656), disseminated coccid-
ioidomycosis (657), and berylliosis (658) all due to unregulated
calcitriol production by macrophages associated with disease
lesions.

Vitamin D Intoxication. Vitamin D and its metabolites, es-
pecially 1,25-dihydroxycholecalciferol, increase intestinal cal-
cium absorption. Thus, high concentrations of vitamin D
metabolites (mainly 25-hydroxycholecalciferol) in blood are
responsible for the hypercalcemia observed in vitamin D in-
toxication. As described already, vitamin D metabolites may
also have a direct effect on bone resorption, which contributes
to the development of hypercalcemia.

Milk Alkali Syndrome. This syndrome was seen frequently in
patients with peptic ulcer disease who ingested large amounts
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of sodium and calcium bicarbonate (659,660). Calcium car-
bonate contains 40% of elemental calcium. Some patients who
ingested up to 20 g of calcium carbonate in 24 hours devel-
oped severe hypercalcemia. Moreover, alkalosis increases re-
nal calcium reabsorption in the distal tubule and reduces bone
turnover, thus decreasing calcium uptake by bone.

Hypercalcemia Secondary to Decreased Urinary Calcium
Excretion. The decrease in urinary excretion of calcium may
be secondary to a fall in the filtered load of calcium or to an
increase in the tubular reabsorption of calcium. The fall in
the filtered load of calcium may be secondary to a decrease in
serum calcium level or the GFR. By definition, if the patient
has a disorder that produces hypocalcemia with a decrease in
urinary calcium excretion, he or she cannot be at the same time
hypercalcemic; thus, such disorders can be excluded. A fall in
the GFR may decrease calcium delivery to the distal tubule,
and less calcium may be excreted in the urine. This situation,
which may occur in profound dehydration, is self limited and
the hypercalcemia does not persist for a prolonged time. More-
over, dehydration or other conditions that decrease GFR may
also modify the transport of sodium and water and affect the
reabsorption of calcium by the nephron.

Thiazide Diuretics. Patients taking thiazide diuretics may de-
velop moderate hypercalcemia (661–664). The mechanisms for
the hypercalcemia are not fully understood, and a number of
factors are involved. Thiazides decrease urinary excretion of
calcium by increasing calcium resorption in the distal tubule.
This reduction in urinary calcium seems to require some de-
gree of ECF volume contraction and the presence of PTH, be-
cause patients with hypoparathyroidism do not greatly reduce
the amount of calcium in the urine after the administration of
thiazides. Thus, in patients with increased calcium mobiliza-
tion from bone, the administration of thiazides may blunt the
expected hypercalciuria and potentially raise serum calcium.
However, thiazides also have a direct effect on the skeleton
(662). Administration of thiazides intravenously produces a
mild change in ionized calcium. This effect is apparently po-
tentiated by PTH because the effect is greater in patients with
hyperparathyroidism than in healthy subjects (664). Finally,
there is controversy about whether thiazides per se increase
the release of PTH. Most of the evidence indicates that this is
not the case.

Familial Hypocalciuric Hypercalcemia and Neonatal Severe
Hyperparathyroidism. Marx et al. (665,666) described a syn-
drome characterized by hypocalciuria and mild hypercalcemia.
Usually several members of the same family are affected. Famil-
ial hypocalciuric hypercalcemia is characterized by autosomal
dominant transmission and generally follows a benign course.
Some patients may have a mild degree of hyperparathyroidism;
however, the hypercalcemia persists after subtotal parathy-
roidectomy. The main characteristic of this syndrome is a de-
crease in urinary calcium. Thus, the calcium:creatinine ratio
provides an important diagnostic tool to differentiate famil-
ial hypocalciuric hypercalcemia from primary hyperparathy-
roidism. The development of hypercalcemia in young mem-
bers of the family also favors this diagnosis. The pathogenesis
of this syndrome is due to mutations in the calcium sensor of
the parathyroid gland chief cells and the TAL/distal nephron
epithelia or to auto antibodies (667–669). As a result, these
cells do not downregulate PTH secretion and calcium transport
with the correct sensitivity to the plasma calcium. Mutations
in the calcium sensor are also responsible for neonatal primary
hyperparathyroidism. Two abnormal alleles for calcium sensor
mutations produce the primary hyperparathyroidism, whereas

single abnormal alleles produce familial hypocalciuric hyper-
calcemia (670).

Treatment of Disorders
of Calcium Metabolism

Hypocalcemia

The treatment of severe hypocalcemia and tetany is a medical
emergency. Administration of calcium intravenously is manda-
tory to prevent severe complications and even death in these
patients. If the patient has severe hypocalcemia and tetany in
the absence of hypomagnesemia, the symptoms can be eas-
ily relieved by administration of 1 or 2 ampules of calcium
gluconate given intravenously over 10 minutes (1 ampule of
calcium gluconate has approximately 100 mg of elemental cal-
cium). This initial treatment can be followed by administration
of 1.0 g of elemental calcium dissolved in 500 mL of dextrose
in water and given intravenously over 4 to 6 hours. If the condi-
tion responsible for the hypocalcemia cannot be corrected (e.g.,
hypoparathyroidism), a program for the chronic treatment of
hypocalcemia should be instituted. The amount of calcium in
the diet should be supplemented by 1 to 3 g of elemental cal-
cium. Calcium carbonate has roughly 40% of elemental cal-
cium; commercial preparations such as 3M Titralac or Os-Cal
can be used in this situation. However, in many circumstances,
administration of large amounts of calcium may not be suffi-
cient to increase absorption by the intestine; therefore, different
metabolites of vitamin D should be used. In chronic situations,
1,25-dihydroxycholecalciferol could be used. The dosage used
ranges from 0.5 to 2 μg per 24 hours. Most patients eventu-
ally require 0.5 μg per day. If this metabolite of vitamin D is
not available, vitamin D2 or D3, about 50,000 U three times
a week, could be used instead. The dosage can be gradually
increased up to 50,000 to 100,000 units daily. The serum cal-
cium should be carefully monitored to prevent severe hyper-
calcemia, nephrocalcinosis, and potentially irreversible renal
disease.

Hypercalcemia

A useful maneuver to correct hypercalcemia is to increase
urinary calcium excretion (Table 89-7) (671). As discussed
previously, only 1% to 2% of the filtered load of calcium is ex-
creted by the kidney. This percentage can be greatly increased,
and the kidney may thus become an excellent excretory organ
for calcium. Because most patients with hypercalcemia develop
dehydration and volume contraction with a consequent de-
crease in GFR, one of the first therapeutic maneuvers is the ex-
pansion of the ECF space. Expansion with saline requires sev-
eral liters per day; therefore, it is mandatory that strict records
be kept to maintain accurate determination of the intake and
output of fluids. In most patients, it is convenient to determine
the central venous pressure (CVP), which will allow volume
expansion and prevent the potential risk of overexpansion and
heart failure. Thus, after a CVP line is inserted, volume expan-
sion with saline should be instituted until the venous pressure
increases to 10 to 14 mm Hg. This maneuver alone will in-
crease the GFR and decrease the reabsorption of calcium in
the proximal tubule and in the ascending portion of the loop
of Henle. Thus, fractional excretion of calcium will be greatly
increased. This effect can be enhanced by administration of di-
uretics such as furosemide, bumetanide, or ethacrynic acid. The
administration of 40 to 120 mg of furosemide every 4 hours is
recommended in most patients. Using these maneuvers, frac-
tional excretion of calcium can be increased to 10% of the
filtered load. Thus, 1 g of calcium can be easily excreted in the
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TA B L E 8 9 - 7

TREATMENT OF HYPERCALCEMIA

Route of
Agent Dosage administration Effect Mechanism of action Side effects

I. Measures directed to enhance renal excretion of calcium
Saline 1 to 3 L IV 4 to 8 hours GFR; tubular

reabsorption of Ca
Heart failure; electrolyte

imbalance
Furosemide 40 to 20 mg every

2 to 4 hour
IV 2 to 4 hours Tubular reabsorption

of Ca
Hypokalemia

II. Measures directed at decreasing bone resorption
Biphosphonates
Paminodrate 60 to 90 mg IV 24 to 72 hours DBR, effect on osteoclasts Hypocalcemia.

Mandibular
osteonecrosis

Alendronate 5 to 10 mg daily PO 2 to 3 days DBR effect on osteoclasts Gastrointestinal disorders
Risedronate 30 mg daily PO 2 to 3 days DBR effect on osteoclasts Gastrointestinal disorders
Zoledronic

Acid
4 mg once/year IV 24 to 72 hours DBR effect on osteoclasts Renal failure

Cinacalcet 15 to 30 mg daily PO 24 to 72 hours Decreases PTH levels Hypocalcemia
Calcitonin 2 to 5 MRC/kg

every 4 to 8
hour

IM 4 to 12 hours DBR effect on osteoclasts Allergic reaction, nausea,
flushing

Mithramycin 25 μg/kg in
500 mL saline

IV 24 to 72 hours DBR (marked) Thrombocytopenia,
bleeding

Indomethacin 75 mg q12h PO 2 to 4 days DBR secondary to
prostaglandins

Gastrointestinal disorders

Aspirin 1 g q6h PO 2 to 4 days DBR secondary to
prostaglandins

Gastrointestinal
disorders, allergic

III. Measures directed to decrease calcium absorption in gastrointestinal tract
Prednisone 20 to 30 mg q12h PO 2 to 4 days Decreased gastrointestinal

absorption
Acute toxic steroid effects

IV. Measures directed to decrease serum calcium
Hemodialysis Low dialysate

calcium
1/2 hour Direct removal from

serum

IV, intravenous; IM, intramuscular; PO, by mouth; MRC, Medical Research Council; DBR, decreased bone resorption; GFR, glomerular filtration
rate.

urine in 24 hours. The administration of large amounts of saline
and diuretics usually increases the excretion of potassium. To
prevent arrhythmias, serum potassium should be maintained
between 3.5 and 5.0 mEq/L. This can be achieved by adding
10 to 30 mEq of potassium to each liter of saline.

Although expansion of the ECF may control the hypercal-
cemia, this effect is temporary, and because in most circum-
stances, hypercalcemia is secondary to increased mobilization
of calcium from bone, the physician may be forced to add a sec-
ond line of medications to decrease the efflux of calcium from
bone. In addition, many patients with hypercalcemia have renal
failure and are not responsive to diuretics.

A derivative of the bisphosphonates, disodium dichloro-
methylene diphosphonate (672), was originally used with suc-
cess on an experimental basis in patients with tumors and bone
metastases and severe hypercalcemia (673). Pamidronate, iban-
dronate, and zoledronic acid, second- and third-generation bis-
phosphonates, respectively, have become the standard of ther-
apy for hypercalcemia of malignancy (674–678) and other
causes of hypercalcemia requiring inhibition of bone resorp-
tion. One or two doses of 30 to 60 mg of Pamidronate or a
single dose of zoledronic acid intravenously are usually effec-
tive (677). Potent bisphosphonates, including alendronate and
risedronate, have become available and are effective as oral

agents for hypercalcemia. Renal toxicity has to be considered
when using these agents (679).

Cinacalcet

Cinacalcet maintains long-term normocalcemia in patients
with mild or asymptomatic primary hyperparathyroidism
(644). Cinacalcet is an orally bioavailable calcimimetic that in-
creases the sensitivity of calcium sensing receptors to extracel-
lular calcium. Cinacalcet in doses of 30 to 50 mg twice daily is
sufficient to normalize serum calcium in hyperparathyroidism.
Cinacalcet is also used in the treatment of secondary hyper-
parathyroidism seen in chronic kidney disease (680).

Calcitonin produces hypocalcemia by decreasing the activ-
ity of osteoclasts. The dose commonly used ranges from 2 to
5 MRC U/kg of body weight every 6 to 12 hours. The degree
of hypocalcemia produced by this drug is mild, and the de-
crease is usually 1 to 3 mg/dL (681). Calcitonin can be given
either intramuscularly or intravenously in a concentration of
5 MRC U/kg dissolved in 500 mL of 5% dextrose in water to
be given over 6 hours. Calcitonin is also available as a nasal
spray. Unfortunately, in most patients, there is an escape from
the hypocalcemic effect of calcitonin after 6 to 10 days of ad-
ministration.
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Mithramycin is an antibiotic originally introduced for the
treatment of testicular tumors. Mithramycin blocks the activity
of osteoclasts and may result in severe hypocalcemia (682,683).
It is usually given intravenously over 3 to 4 hours in a dose of
25 μg/kg of body weight dissolved in 500 mL of 5% dextrose
in water or saline. Mithramycin is an effective drug. However,
the effects may be seen only after 48 to 72 hours. One of the
toxic effects of the drug is severe thrombocytopenia and bleed-
ing. In general, the drug should not be given more than once
every 4 or 5 days, and its use has been almost eliminated by
development of effective less toxic agents such as the bisphos-
phonates (673).

There are rare tumors that produce prostaglandins that have
resulted in the development of hypercalcemia. The use of as-
pirin in a dosage of 1 g four times daily or indomethacin
75 mg twice daily has ameliorated the hypercalcemia
(684–686).

If hypercalcemia is mainly due to increased absorption of
calcium from the gastrointestinal tract, such as in sarcoido-
sis, it is obviously important to decrease the amount of cal-
cium in the diet and to administer corticosteroids, which
will result in decreased absorption (687,688). Usually pred-
nisone (20 mg twice daily) has been effective in conditions
such as sarcoidosis, which is characterized by increased 1,25-
dihydroxycholecalciferol production by macrophages in the
granulomas. The dose of corticosteroid should be titrated down
to the lowest dose required to maintain normocalcemia.

Phosphate has been used in the treatment of hypercalcemia
(689). However, the presence of a normal or slightly elevated
serum phosphorus level or decreased renal function precludes
the use of this medication. Phosphorus should be given only
when the serum phosphorus level is low, and its use is generally
discouraged. If an elevation of the serum phosphorus level is
achieved and the serum calcium level decreases, the patient may
deposit calcium phosphate in soft tissues.

There are some general measures that are important in the
treatment of hypercalcemia. Immobilization should be avoided
as much as possible, especially in patients with rapid bone
turnover such as those with Paget’s disease. Because most pa-
tients with hypercalcemia have an underlying tumor that is
causing the hypercalcemia, physicians should be aware of this
pathogenetic mechanism and join efforts with oncologists in
the diagnosis and treatment of the malignancy. Finally, when
the hypercalcemia is very severe and the patient has advanced
renal insufficiency, acute hemodialysis is an effective method
of correcting the hypercalcemia (Table 89-7).

MAGNESIUM

General Considerations

Magnesium is the second most abundant intracellular cation
(after potassium) and the fourth most abundant cation of
the body (after calcium, potassium, sodium). Magnesium
(Mg2+) is divalent, has an atomic weight of 24. Mg2+ has
an essential role as a cofactor for various enzymes, most
of which use ATP. Mg2+ increases the stimulus threshold
in nerve fibers and in pharmacologic doses has a curare-
like action on neuromuscular function, probably inhibiting
the release of acetylcholine at the neuromuscular junction.
Mg2+ decreases peripheral resistance and lowers blood pres-
sure. Like Ca2+, Mg2+ plays a role in the regulation of PTH
secretion. Hypermagnesemia suppresses the release of PTH.
Acute hypomagnesemia has the opposite effect; however, pro-
found magnesium depletion decreases the release of PTH. In
vitro, magnesium increases the solubility of both calcium and
phosphorus.

Body Stores of Magnesium

The total body magnesium concentration is approximately
2,000 mEq, or 25 g. As with calcium, only a small fraction
(about 1%) of the body magnesium is present in the ECF com-
partment. Approximately 60% of the total body magnesium
is found in bone. Most of the magnesium in bone is associ-
ated with apatite crystals, and a significant amount is present
as a surface-limited ion on the bone crystal and is freely ex-
changeable. Approximately 20% of the total body magnesium
is localized in the muscle. The remaining 20% is localized in
other tissues of the body; the liver has a high magnesium con-
tent. The concentration of magnesium in blood is maintained
within narrow limits, ranging between 1.5 and 1.9 mEq/L. Ap-
proximately 75% to 80% of the magnesium in serum is ultra-
filterable, and the rest is protein bound (690,691). Most of the
ultrafilterable magnesium is present in the ionized form. Red
cell magnesium concentration is approximately 5 mEq/L.

Intracellular free Mg2+ levels in renal tubular cells are in
the range of 500 μmol/L (692). High-performance liquid chro-
matography and fluorescent methods have been used to ascer-
tain intracellular Mg2+ levels. Mitochondrial inhibitors that
deplete intracellular ATP produce modest increases in intracel-
lular Mg2+ and Ca2+. The effects of these inhibitors are due
to the changes in ATP levels (692). Another agent, antimycin,
diminishes ATP levels and decreases intracellular Mg2+ to
430 μmol/L but increases cytosolic Ca2+, indicating that Mg2+

movements can be distinguished from those of Ca2+ by fluores-
cent techniques. Also, these studies indicate that intracellular
regulation of Mg2+ is distinctive from that of Ca2+. The role
of intracellular Mg2+ in the control of cell function remains
poorly understood (693). However, intracellular Mg2+ levels
are rapidly changed through a number of different influences
that have important effects on cell function.

Magnesium Balance

Approximately 300 mg, or 25 mEq, of magnesium is ingested
daily in the diet (1 mEq = 12 mg). A large portion of dietary
magnesium is provided by the ingestion of green vegetables.
A minimal magnesium intake of 0.3 mEq/kg of body weight
is apparently necessary to maintain magnesium balance in the
average person. Of the total amount of magnesium ingested in
the diet, about one-third is eliminated in urine and the rest in
feces (Fig. 89-20). Thus, on a normal diet containing approx-
imately 300 mg of magnesium, 30% to 40% of the ingested
magnesium is absorbed (Fig. 89-20). Small amounts of magne-
sium, on the order of 15 to 30 mg per day, are secreted by the
gastrointestinal tract. Many studies have shown that animals
fed low-magnesium diets can excrete urine that is very low in
magnesium (690,693,694). However, the gastrointestinal tract
continues to secrete small amounts of magnesium, and the an-
imal becomes magnesium depleted. Most of the magnesium is
absorbed in the upper gastrointestinal tract. Magnesium shares
with calcium similar pathways for absorption in the intestine,
but whereas most of the evidence suggests that calcium is ac-
tively absorbed from the gastrointestinal tract, magnesium is
absorbed mainly by ionic diffusion and “solvent drag” result-
ing from the bulk flow of water. A carrier mechanism also may
be involved in this process (695,696). Intestinal magnesium
absorption occurs via two different pathways: a nonsaturable
paracellular passive transport and a saturable active transport.
At low intraluminal concentrations, magnesium is absorbed
primarily via the active cellular route, and with increasingly
concentrations, via the paracellular pathway. In hypomagne-
semia with secondary hypocalcemia, all magnesium is absorbed
via the paracellular pathway. This is evidenced by mutations in
TRPM6 which leads to disruption of transcellular magnesium
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FIGURE 89-20. Diagrammatic representation of magnesium meta-
bolism in humans showing the contribution of the gastrointestinal
tract, the kidney, bone, and soft tissues to the magnesium pool.
(From: Slatopolsky E, Rosenbaum R, Mennes P, et al. The hypocal-
cemia of magnesium depletion. In: Massry S, Ritz E, Rapado A,
eds. Homeostasis of Phosphate and Other Minerals. New York:
Plenum; 1978:263.)

absorption in the intestine and kidney (697). The factors con-
trolling the absorption of magnesium from the bowel are not
fully understood. Although there is some evidence to suggest
that vitamin D may influence the absorption of magnesium,
this role seems to be less important for magnesium than for
the absorption of calcium (698,699). It is known that pa-
tients with severe renal insufficiency and low levels of 1,25-
dihydroxycholecalciferol may develop profound hypermagne-
semia by slightly increasing the amount of magnesium in the
diet without modifying the metabolites of vitamin D in serum.
The sigmoid colon has the capability of absorbing magnesium,
and there are several reports in the literature of patients who de-
veloped magnesium toxicity after receiving enemas containing

magnesium; most of these patients also had renal insufficiency.
Experimental evidence in different species suggests an inter-
relationship between magnesium and calcium absorption from
the gastrointestinal tract. Diets high in calcium decrease the ab-
sorption of magnesium, and diets low in magnesium increase
the absorption of calcium.

Renal Handling of Magnesium

Approximately 2 g of magnesium is filtered daily by the kidney,
and about 100 mg appears in the urine. Thus, 95% to 97% of
the filtered load of magnesium is reabsorbed, and 1% to 3% is
excreted in the urine (Fig. 89-21) (693,700). In states of mag-
nesium deficiency, the kidney can reduce the amount of magne-
sium excreted in the urine to less than 0.5% of the filtered load.
On the other hand, during magnesium infusion (Fig. 89-21) or
in patients with far-advanced renal insufficiency, as is com-
monly seen, the kidney can excrete 40% to 80% of the filtered
load of magnesium (701). The proximal tubule is poorly per-
meable to magnesium (690,700–704), and probably no more
than 15% to 20% is reabsorbed in this segment. This is in con-
trast to the amount of sodium and calcium (60%) reabsorbed
in this segment of the nephron. The tubular fluid magnesium
is usually 1.5-fold greater than the plasma magnesium. Studies
by Quamme and Dirks (705) using microperfusion techniques
in the proximal tubule indicated that the absolute magnesium
concentration increased along the perfused tubule in a linear
manner, with net water reabsorption. This study (705) con-
firmed the low permeability of the superficial proximal tubule
to magnesium. Further studies indicated a low level of back-
flux from peritubular membrane into the lumen (706,707). In
the descending limb of the loop of Henle, the magnesium con-
centration is raised severalfold over the ultrafilterable serum
concentration due to water removal. The TAL of the loop of
Henle seems to play a critical role in the reabsorption of mag-
nesium. Early studies by LeGrimellec et al. (708) and by Morel
et al. (709) demonstrated that the loop of Henle was the major
site for magnesium reabsorption. Approximately 60% to 70%
of the filtered magnesium was reabsorbed between the last ac-
cessible portion of the proximal tubule and the early distal

FIGURE 89-21. Summary of seg-
mental magnesium absorption along
the nephron relative to sodium
and calcium reabsorption. (From:
Quamme GA, De Rouffignac C. Re-
nal magnesium handling. In Seld-
ing D, Giebisch G, eds. The Kidney.
New York: Lippincott Williams &
Wilkins; 2004:1711.)
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tubule. Studies by Quamme and Dirks (705) further charac-
terized the behavior of the loop of Henle. These investigators
demonstrated that in the presence of a normal plasma magne-
sium concentration, magnesium absorption increased with in-
traluminal magnesium concentration. There was no indication
of a Tmax for magnesium when the luminal magnesium con-
centration increased from 0 to 5 mmol/L. On the other hand,
an increase in plasma magnesium concentration (i.e., on the
basolateral membrane) resulted in a significant depression of
magnesium absorption, suggesting that hypermagnesemia de-
creases magnesium absorption in the loop of Henle by inhibit-
ing magnesium transport at the basolateral membrane. Thus,
the permeability of the TAL to magnesium is quite different
from that of the proximal tubule. Two mechanisms have been
proposed to explain magnesium transport in the TAL of the
loop of Henle: (a) passive, secondary to the potential difference
generated by the active transport of sodium chloride, which fa-
cilitates paracellular movement of Mg2+ (500); and (b) active
(502–504), because the chemical concentration of magnesium
in the cells is higher than that in the lumen, and the potential
gradient may not be great enough to explain the entry of mag-
nesium into cells. Diets deficient in magnesium or the adminis-
tration of PTH enhances the reabsorption of magnesium in the
TAL of the loop of Henle. On the other hand, diets contain-
ing large amounts of magnesium or factors that decrease the
reabsorption of sodium chloride in this portion of the nephron
(ECF volume expansion, administration of diuretics such as
furosemide, bumetanide, or ethacrynic acid) also decrease the
reabsorption of magnesium.

Hypomagnesemia with Hypercalciuria
and Nephrocalcinosis

Recently a protein, paracellin 1 (PCLN1) was detected in the
TAL and in the distal tubule (512). PCLN1 a member of the
claudin family of high-junction proteins. PCLN1 is a highly
negative-charged protein, with 10 negatively charged residues
and a net charge of –5 (512) (Fig. 89-22). Mutations in the pro-
tein can induce renal Mg2+ wasting, hypercalciuria, nephrocal-
cinosis, and renal failure. PCLN1 plays an important role in the

FIGURE 89-22. Structure of the PCLN-1 human gene. The red dots
indicate mutations in PCLN-1 in patients with recessive renal hypo-
magnesemia. (From: Simon DB, Lu Y, Cahote KA, et al. Paracellin-1, a
renal tight junction protein required for paracellular Mg2+ resorption.
Science 1999;285:103.) (See Color Plate.)

conductance of the TAL. The negative charges may contribute
to the cationic selectivity of the paracellular pathway for the
reabsorption of calcium and magnesium (512).

The terminal segment of the nephron (late distal tubule and
collecting duct) appears to play a minor role in the reabsorp-
tion of magnesium under normal conditions (705,710,711).
However, more recent studies by the same investigators indicate
that the distal tubule also plays an important role in magne-
sium conservation (712). The distal tubule normally reabsorbs
about 10% of the filtered load of magnesium. Because there
is little reabsorption of magnesium in the collecting duct, the
distal tubule plays a key role in determining the final urinary
excretion of magnesium.

Recent studies with immortalized DCT cell lines have shown
that magnesium uptake is specific and regulated by factors
shown to influence distal magnesium reabsorption. Quamme
and DeRouffignac (713) speculated that Mg++ entry is through
a channel, and transport is dependent on the transmembrane
voltage. The active step is at the basolateral membrane where
Mg++ leaves the cell against both electrical and concentration
gradient. Na+ - Mg++ exchange may occur. Na+ moving back
into the cell, coupled with Mg++ exiting from the cell into the
interstitium. A large number of hormones: PTH, calcitonin,
glucagon and vasopressin stimulate Mg++ reabsorption in the
thick ascending loop and distal tubule, however they have no
effect in the proximal tubule.

Chronic administration of mineralocorticoids increases
magnesium excretion. Several interrelationships between cal-
cium and magnesium reabsorption have been demonstrated.
The administration of one of these two elements decreases the
reabsorption of the other. When large amounts of magnesium
are given intravenously, there is a remarkable decrease in the
renal reabsorption of calcium and vice versa. Alcohol also af-
fects the handling of magnesium by the kidney. A remarkable
short-lived hypermagnesuria is seen after alcohol is given to
experimental animals or humans. The intravenous administra-
tion of glucose has a similar effect.

In summary, in contrast to calcium, it seems that the thick
ascending portion of the loop of Henle is the most important
portion of the nephron in the regulation of magnesium reab-
sorption. Magnesium reabsorption in the loop occurs within
the cortical TAL primarily by passive means driven by the
transepithelial voltage through the paracellular pathway. On
the other hand, magnesium reabsorption in the distal tubule is
transcellular and active in nature. Moreover, the reabsorption
of magnesium in the proximal tubule, in contrast to that of
sodium, calcium, and phosphate, is rather limited.

Hypermagnesemia

By far the most common cause of hypermagnesemia is chronic
renal insufficiency (714). The kidney can excrete large amounts
of magnesium in the urine. Thus, hypermagnesemia is seldom
seen in patients with normal renal function, even if the patient
ingests large amounts of magnesium such as antacids contain-
ing magnesium or laxatives such as milk of magnesia. Mild
hypermagnesemia may be seen in patients with GFRs of ap-
proximately 10 mL per minute. However, moderate hypermag-
nesemia is usually seen in patients with GFRs of less than 5 mL
per minute. As renal insufficiency progresses, the fractional ex-
cretion of magnesium in the urine significantly increases. Pa-
tients with a GFR of 120 mL per minute excrete approximately
5% of the filtered load of magnesium. However, patients with
far-advanced renal failure (GFR of less than 10 mL per minute)
may excrete up to 40% to 80% of the filtered load of magne-
sium (714). Thus, patients with chronic renal failure may not be
able to increase magnesium excretion further after ingestion of
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large amounts of magnesium. Therefore, if magnesium inges-
tion is increased (after administration of laxatives or antacids
containing magnesium) in patients with advanced renal failure,
profound hypermagnesemia and death may occur. In obstetric
wards, magnesium is still used for the treatment of eclampsia
(715). In some of these patients, the GFR is decreased, and the
administration of large amounts of magnesium sulfate may re-
sult in hypermagnesemia. Although most of the magnesium is
absorbed in the small intestine, the sigmoid colon can also ab-
sorb magnesium. Healthy subjects receiving large amounts of
magnesium sulfate per rectum have been found to have serum
magnesium levels of more than 10 mEq/L (716).

Symptoms and Signs of Hypermagnesemia

Profound hypermagnesemia blocks neuromuscular transmis-
sion and depresses the conduction system of the heart. The
neuromuscular effects of magnesium are antagonized by the
administration of calcium. Mild hypermagnesemia is well tol-
erated. However, if serum magnesium levels increase to 5 to
6 mg/dL, there may be a decrease in tendon reflexes (717)
and some degree of mental confusion. If the serum magnesium
level increases to 7 to 9 mg/dL, the respiratory rate slows and
the blood pressure falls. If serum magnesium levels increase to
about 10 to 13 mg/dL, there is usually profound hypotension
and severe mental depression. When the levels increase further
to about 15 mg/dL, death may occur (716–718). In uremic pa-
tients, the adverse effect of hypermagnesemia may be worsened
by the presence of hypocalcemia. Acute hypermagnesemia may
also produce mild hypocalcemia. This may be due to (a) sup-
pression of the release of PTH and (b) competition for tubular
reabsorption between calcium and magnesium, leading to de-
creased calcium reabsorption and hypercalciuria, which aggra-
vates the hypocalcemia produced by decreased release of PTH.
In chronic renal insufficiency, there is probably an increase in
red cell magnesium and muscle magnesium, but the results are
controversial. The amount of magnesium in bone is apparently
increased in cortical and trabecular bone (718).

Hypomagnesemia

Hypomagnesemia is defined as a decrease in serum magnesium
to levels less than 1.5 mg/dL. Diseases involving the small in-
testine may decrease magnesium absorption and are the most
common cause of hypomagnesemia (Table 89-8). It is difficult
to predict the degree of total body magnesium deficiency by de-
termining only serum magnesium concentration. Because only
1% of magnesium is present in the ECF compartment, changes
in intracellular magnesium and skeletal magnesium can modify
the concentration of serum magnesium, and it may not be possi-
ble to assess precisely the degree of magnesium deficiency by de-
termining serum magnesium level. Probably the determination
of skeletal or muscle magnesium may provide a better index of
magnesium deficiency. However, these determinations are not
practical in clinical medicine. In patients with magnesium defi-
ciency, the administration of 50 to 100 mEq of magnesium per
day usually corrects the hypomagnesemia after a short time.
Magnesium depletion can also produce changes in other elec-
trolytes. Usually there is an increase in potassium excretion in
the urine, and patients may develop hypokalemia (719). In sev-
eral experimental studies, it has been shown in humans (720)
and animals (721) that magnesium depletion is accompanied
by urinary potassium losses. Potassium alone did not increase
muscle potassium unless magnesium replacement was given as

TA B L E 8 9 - 8

CAUSES OF HYPOMAGNESEMIA

I. Decreased intestinal absorption
A. Severe diarrhea
B. Intestinal bypass
C. Surgical resection
D. Tropical and nontropical sprue
E. Celiac disease
F. Invasive and infiltrative process; lymphomas
G. Prolonged gastrointestinal suction

II. Decrease intake
A. Starvation
B. Protein energy malnutrition
C. Chronic alcoholism
D. Prolonged therapy with intravenous fluids lacking

magnesium

III. Excessive urinary losses
A. Diuretic phase of acute tubular necrosis
B. Postobstructive diuresis
C. Diuretic therapy
D. Diabetic ketoacidosis (during treatment)
E. Chronic alcoholism
F. Hypercalcemic states
G. Primary aldosteronism
H. Inappropriate antidiuretic hormone secretion
I. Aminoglycoside toxicity
J. Idiopathic renal magnesium wasting
K. Cisplatinum
L. Cyclosporin
M.Gitelman’s syndrome

(From: Slatopolsky E. Pathophysiology of calcium, magnesiuum, and
phosphorus. In: Klahr S, ed. The Kidney and Body Fluids in Health
and Disease. New York: Plenum Press; 1983:269, with permission.)

well to patients receiving diuretics (722). It has been suggested
that the effect of magnesium on intracellular potassium is a re-
sult of magnesium stimulating Na-K-ATPase activity, allowing
the cell to maintain a potassium gradient (723). However, the
most important manifestation of hypomagnesemia is the de-
velopment of hypocalcemia and tetany. Experimental animals
fed a low-magnesium diet develop hypocalcemia (724–727).
However, the rat becomes hypercalcemic. The pathogenesis of
hypocalcemia in magnesium depletion is multifactorial. Hy-
pomagnesemia has profound effects on PTH metabolism and
bone physiology. It is known that mild hypomagnesemia in-
creases acutely the levels of PTH in vivo (728) or in vitro (729);
on the other hand, profound hypomagnesemia decreases the
levels of PTH in blood (565). It seems that neither the biosyn-
thesis nor the conversion of pro-PTH to PTH is greatly af-
fected by the concentration of magnesium (730,731). How-
ever, the release of PTH is influenced by the serum magnesium
concentration (732). Several investigators have demonstrated
that the administration of magnesium to patients with severe
hypomagnesemia who have low levels of immunoreactive PTH
in serum increases the release of PTH a few minutes after mag-
nesium administration. Also, there is evidence to indicate that
during hypomagnesemia, the skeleton is resistant to the ac-
tion of PTH (733,734), and in general, the administration of
mildly pharmacologic doses of PTH does not elicit a normal
calcemic response in patients with magnesium depletion. Stud-
ies by Freitag et al. (735) have further clarified this abnormality.
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The uptake of PTH by bones obtained from dogs with exper-
imental magnesium depletion was greatly diminished, and the
release of cAMP by bone was also blunted in hypomagnesemia.
In addition to a decrease in the release of PTH and skeletal
resistance to this hormone, in magnesium depletion, there is
evidence that the ionic exchange from the hydration shell of
bone between calcium and magnesium also is decreased (736);
thus, on a physicochemical basis, less calcium is mobilized from
bone in hypomagnesemia. Thus, the decrease in the release of
PTH, the low uptake of PTH by bone, and the decreased het-
eroionic exchange of calcium for magnesium in bone are all
pathogenetic factors responsible for the hypocalcemia observed
in patients with profound magnesium depletion.

Clinical Manifestations of Hypomagnesemia

Patients with severe hypomagnesemia usually develop some
degree of anorexia, mental confusion, and vomiting. In gen-
eral, there is increased neuromuscular irritability, and tremors
and seizures are usually observed in these patients. Muscle fas-
ciculation and positive Trousseau’s and Chvostek’s signs can
be observed. Nodal or sinus tachycardia and premature atrial
or ventricular contractions may occur. The electrocardiogram
may show prolongation of the QT interval and broadening
and flattening or even inversion of the T waves. Magnesium
deficiency potentiates the action of digitalis, and there is an
enhanced sensitivity to the toxic effects of digitalis. Because
magnesium plays a key role in regulating the activity of Na-K-
ATPase, which is the enzyme responsible for the maintenance
of intracellular potassium concentration, severe alterations in
skeletal muscle and myocardial function are observed. Some-
times it is difficult to decide whether the changes in the elec-
trocardiogram are related to magnesium or potassium deple-
tion. Most of these patients also have profound hypocalcemia,
and sometimes it is difficult to determine whether the symp-
toms are due to magnesium deficiency or to the concomitant
hypocalcemia. Other neurologic manifestations may include
vertigo, ataxia, nystagmus, and dysarthria. Changes in person-
ality, depression, and sometimes hallucinations and psychosis
have been observed. Patients also may show some degree of hy-
pophosphatemia. In the rat, it has been shown that magnesium
deficiency promotes renal phosphate excretion (737).

Mechanisms Responsible for the Development
of Hypomagnesemia

From the pathogenetic point of view, three main mecha-
nisms are responsible for the development of hypomagnesemia:
(a) decreased intestinal absorption, (b) decreased intake, and
(c) excessive urinary losses.

Hypomagnesemia Secondary to Decreased
Intestinal Absorption of Magnesium

By far the most common causes responsible for the develop-
ment of hypomagnesemia are pathologic entities affecting the
small bowel. In these conditions, the kidney adapts to the hy-
pomagnesemia and decreases the urinary excretion of magne-
sium. However, the amount of magnesium in the stool does
not decrease appropriately (probably the secretion of magne-
sium is not greatly reduced), and the patient develops hypomag-
nesemia. Severe magnesium depletion is associated with stea-
torrheic syndromes (738). Pathologic processes such as celiac

disease, tropical and nontropical sprue, malignancies (char-
acteristically lymphoma), surgical resection, intestinal bypass,
and profound diarrhea have all been considered responsible
for the development of hypomagnesemia. From 1960 to 1975,
when the number of surgical bypass procedures for the treat-
ment of obesity increased greatly, it was noted that many
of these patients developed profound hypomagnesemia and
tetany. Hypomagnesemia is especially prominent in patients
with idiopathic steatorrhea and diseases affecting the terminal
ileum.

As described before, the characterization of TRPM6 muta-
tions demonstrated a key role in hypomagnesemia and hypocal-
cemia secondary to a decrease in intestinal absorption and renal
reabsorption of magnesium.

Hypomagnesemia Secondary to Decreased
Magnesium Intake

Magnesium depletion has been described in children with
protein-calorie malnutrition (739). The hypomagnesemia re-
sults from a combination of decreased intake and gastroin-
testinal losses due to diarrhea or severe vomiting. In a hospital
setting, perhaps the most common cause of hypomagnesemia
is prolonged therapy with intravenous fluids lacking magne-
sium. Often, when surgical patients require intestinal suction,
they are given intravenous fluid, sometimes for several weeks,
and seldom is magnesium added to the intravenous fluids. Al-
coholism is probably the most common cause of hypomagne-
semia in the United States (740–742). The chronic ingestion of
alcohol produces hypomagnesemia. The mechanisms are multi-
factorial. Usually patients with chronic alcoholism ingest diets
poor in magnesium. Alcohol increases the urinary excretion of
magnesium (743). From the point of view of differential di-
agnosis, the clinical history, evidence of malnutrition, the pres-
ence of diarrhea and vomiting, or a history of surgery may help
to differentiate individuals with decreased absorption of mag-
nesium due either to a primary gastrointestinal disease or to
decreased intake from individuals with increased urinary ex-
cretion of magnesium. As mentioned previously, when there
is decreased intake or absorption of magnesium from the gas-
trointestinal tract, the amount of magnesium excreted in the
urine is greatly reduced, on the order of 10 to 15 mg per day.

Hypomagnesemia Secondary to Increased
Urinary Losses of Magnesium

Because 60% to 70% of magnesium is absorbed in the TAL of
the loop of Henle, any factor that blocks the reabsorption of
sodium chloride in this part of the nephron will also promote
the urinary excretion of magnesium. In conditions in which the
ECF volume is increased and in entities characterized by pro-
found diuresis (diuretic phase of acute tubular necrosis, post-
obstructive diuresis), the patient may excrete 20% to 30% of
the filtered load of magnesium and may develop profound hy-
pomagnesemia. Administration of large amounts of diuretics
such as ethacrynic acid, bumetanide, or furosemide has a sig-
nificant effect on renal magnesium excretion. Patients with ke-
toacidosis may develop hypomagnesemia. Serum magnesium,
phosphorus, and potassium concentrations may be elevated
during periods of ketoacidosis; however, the levels usually fall
after the administration of insulin and fluid replacement. In-
creased excretion of magnesium has been seen after the treat-
ment of diabetic ketoacidosis (744) and in metabolic condi-
tions characterized by an excess of mineralocorticoids (745)
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such as primary aldosteronism. A specific defect has been de-
scribed in patients receiving aminoglycosides (746) or cisplatin
(an antitumoral agent) (747). The usual lesions produced by
aminoglycosides are acute tubular necrosis, renal insufficiency,
and hypermagnesemia; however, several patients have devel-
oped a specific tubular defect characterized by profound hyper-
magnesuria and hypomagnesemia that may persist for several
weeks after the drug is discontinued. Some of these patients
also developed hypokalemia.

Gitelman Syndrome

Patients with chronic hypokalemia and a phenotype other than
that of Bartter’s syndrome, who have hypomagnesemia and ex-
cess urinary magnesium, are described as having Gitelman’s
syndrome (748). Gitelman’s syndrome is actually more com-
mon than Bartter’s syndrome and is characterized as follows.
The patients may be children or adults with primary renal
tubular hypokalemic metabolic alkalosis with magnesium defi-
ciency, hypocalciuria, and skin lesions. Hyperreninemic hyper-
aldosteronism is present, as are the other features of Bartter’s
syndrome. The inheritance is autosomal recessive, and link-
age analysis to the locus encoding the renal thiazide–sensitive
Na-Cl cotransporter is uniform (749). Thus, reduced sodium
chloride reabsorption in the diluting segment is the pathogene-
sis of the disease, and it further leads to abnormalities in mag-
nesium transport.

Treatment of Alterations
in Magnesium Metabolism

Hypermagnesemia

Hypermagnesemia is seen very seldom in clinical medicine. In
general, it is observed in patients with far-advanced renal in-
sufficiency, usually with a GFR of less than 10 mL per minute.
The treatment is similar to that for hypercalcemia (i.e., vol-
ume expansion with saline and administration of furosemide).
However, care is required because this therapeutic regimen will
also increase the excretion of calcium in the urine and poten-
tiate the toxic effects of hypermagnesemia. Thus, if expansion
with saline and furosemide is used, calcium should be added
to the solutions, approximately 1 to 3 ampules of calcium glu-
conate per liter of saline, to prevent hypocalcemia. If the pa-
tient’s GFR is extremely low, and volume expansion with saline
and diuretics is not effective, dialysis with a low or zero magne-
sium dialysate should be instituted. Hypermagnesemia is also
seen clinically when large amounts of magnesium are given in-
travenously to patients. A decrease in the dose administered
will rapidly correct the condition.

Hypomagnesemia

Profound magnesium depletion may be accompanied by
hypocalcemia and tetany. Thus, the treatment of severe hy-
pomagnesemia may constitute a medical emergency. Profound
hypomagnesemia can be easily corrected by administration of
magnesium intravenously, provided that the patient has fairly
normal renal function. In patients with compromised renal
function, magnesium should be given cautiously, and serum
magnesium should be closely monitored. Fifty to 75 mEq of
magnesium sulfate or magnesium chloride should be mixed
in 500 mL of dextrose in water and given intravenously over
6 to 8 hours. The next morning, serum magnesium should be
measured, and if hypomagnesemia persists, the amount of mag-
nesium should be increased to 100 mEq dissolved in the same

type of solution and given over 8 hours. In some circumstances,
this procedure should be repeated two or three times until the
serum magnesium level increases to 2.5 mg/dL. If the patient re-
quires magnesium orally over a prolonged period, magnesium
salts can be given to these patients. One gram of magnesium
oxide has roughly 50 mEq, or 600 mg, of magnesium. Thus,
magnesium oxide in a dose of 250 to 500 mg can be given to
patients two to four times daily. Larger doses are not well toler-
ated, and most patients will develop diarrhea. It is important to
emphasize that a normal diet provides approximately 25 mEq,
or 300 mg, of magnesium.
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CHAPTER 90 ■ FLUID–ELECTROLYTE AND
ACID–BASE DISORDERS COMPLICATING
DIABETES MELLITUS
HORACIO J. ADROGUÉ

Diabetes mellitus, the most prevalent endocrine illness, is a
most challenging condition responsible for the development
of severe abnormalities in whole body composition and tar-
get damage of critical functions. The deranged metabolic path-
ways lead to defects in the normal fluid–electrolyte and acid–
base homeostasis, which are reviewed in this chapter. We first
examine the basic defects of diabetes mellitus, and then de-
scribe each of the various disturbances of water, electrolyte,
and acid–base composition observed in association with this
disease.

Ketosis and Ketoacidosis

Ketosis is an abnormal state of nutrient metabolism that de-
velops when the rate of production of ketones exceeds their
removal; as a result, ketones accumulate in body fluids as re-
flected by high blood and urine levels (1–4). Because ketones are
largely organic acids (e.g., β-hydroxybutyric and acetoacetic
acid) that dissociate almost completely at the pH of the body
fluids of the body fluidsHhhh, their production generates H+

ions, which consume HCO3
− and leads to metabolic acidosis.

Hence, the designation of ketoacidosis is given. The term keto-
sis is used to describe a mild form of the disturbance, reserving
the term ketoacidosis for the full-blown condition that features
substantial metabolic acidosis (5).

The mechanisms underlying ketoacidosis are essentially the
same whether it develops as an acute complication of diabetes
mellitus or in nondiabetic subjects (e.g., starvation ketosis, al-
choholic ketoacidosis). Abnormal levels or action of insulin and
glucagon are required for the development of ketosis (5–10).
Insulin deficiency or resistance impairs glucose utilization in
skeletal muscle and increases adipose tissue and muscle break-
down, thereby augmenting delivery of glycerol and alanine
(gluconeogenic substrates) to the liver. Hepatic gluconeogen-
esis, in turn, is stimulated by insulin deficiency and, more im-
portantly, by glucagon excess. The fatty acids released from
the enhanced lipolysis are converted to ketones by the hepato-
cytes under the influence of glucagon excess. Pancreatic β-cell
destruction is largely responsible for the hormonal imbalance
observed in most cases of diabetic ketoacidosis. Conversely,
insulin deficiency in the presence of normal β-cells plays a ma-
jor role in ketosis associated with fasting, starvation, ethanol
ingestion, and some liver diseases.

Diabetic ketoacidosis (DKA) is a disease state character-
ized by the presence of hyperglycemia and hyperosmolality,
metabolic acidosis due to ketoacid accumulation, extracellu-
lar and intracellular fluid depletion, and varying degrees of
electrolyte deficiency, particularly of potassium and phosphate
(9–11).

Roles of Insulin and Glucagon

In normal fasting individuals, the major source of glucose (ap-
proximately 90%) is from the liver, through glycogenolysis
and gluconeogenesis. The kidney contributes the remaining
10% through synthesis of glucose from three-carbon precur-
sors (gluconeogenesis). After a meal, glucose absorption in-
creases the plasma glucose level. The resultant hyperglycemia-
induced stimulation of insulin secretion suppresses hepatic
glucose production, largely through inhibition of glycogenol-
ysis, and stimulates glucose uptake by the liver, the gut, and
peripheral tissues, including skeletal muscle.

The abnormal metabolism of carbohydrates and lipids ob-
served in DKA is largely caused by a rise in the molar ratio of
glucagon/insulin in plasma. The two hormones are metabolic
antagonists with respect to fuel production and utilization but
their primary effects occur on different tissues. Insulin acts on
muscle and adipose tissue augmenting glucose transport and
inhibiting lipolysis. Conversely, glucagon primarily acts on the
liver increasing glycogenolysis, gluconeogenesis, and ketoge-
nesis. Insulin’s action on the hepatocyte is essentially that of
an antiglucagon hormone, as it has minimal hepatic effects
in the absence of glucagon-induced metabolic changes. Insulin
decreases glucagon release from α cells in the pancreatic islets
and inhibits a glucagon-activated, cAMP-dependent protein ki-
nase in the hepatocyte (5). Beyond the critical role of glucagon
in ketone body production, other hormones, including cate-
cholamines, cortisol, growth hormones, and thyroid hormones
increase hepatic ketogenesis and may participate in the patho-
genesis of diabetic ketoacidosis (12) (Fig. 90-1).

DISTURBANCES IN BODY
COMPOSITION

The major fluid–electrolyte and acid–base disorders complicat-
ing diabetes mellitus are conveniently classified as single dom-
inant disturbances and combinations of multiple disturbances
(Table 90-1). Each of the single dominant disturbances, includ-
ing defects in homeostasis of glucose, lipids, water, sodium,
potassium, phosphate, and acid–base balance, is characterized
by unique features that are reviewed in this section. A combina-
tion of multiple disturbances comprising the simultaneous pres-
ence of defects in the homeostasis of glucose, fluid, electrolyte,
and acid–base balance, are responsible for the development of
the full-blown clinical pictures of diabetic ketoacidosis, non-
ketotic hyperglycemia (NKH), and renal failure complicating
diabetes mellitus. These combined disturbances are examined
thereafter, with the exception of renal failure, which is dis-
cussed elsewhere.
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FIGURE 90-1. Role of insulin defi-
ciency, counterregulatory hormones,
and various tissues and organs in
the pathogenesis of hyperglycemia
and ketosis in diabetic ketoacidosis
(DKA). A: Metabolic processes af-
fected by insulin deficiency, on the
one hand, and excess of glucagon,
cortisol, epinephrine, norephrine,
and growth hormone, on the other.
B: The roles of the adipose tis-
sue, liver, skeletal muscle, and kid-
ney in the pathogenesis of hyper-
glycemia and ketonemia. Excessive
hepatic production of glucose and
impairment of glucose utilization
are the main determinants of hyper-
glycemia. Increased hepatic produc-
tion of ketones and their reduced uti-
lization by peripheral tissues account
for the ketonemia. (From: Adrogué
HJ, Madias NE. Disorders of acid–
base balance. In: Berl T, Bonven-
tre JV, eds. Atlas of Diseases of the
kidney. Boston: Blackwell Scientific;
1999.)

TA B L E 9 0 - 1

MAJOR FLUID–ELECTROLYTE AND ACID–BASE
DISORDERS COMPLICATING DIABETES MELLITUS

Defect in
Condition homeostasis of Specific entity

Single dominant
disturbance

Glucose Hyponatremia
(hypertonic or
translocational)

Hypernatremia
Lipids Pseudohyponatremia
Water Hyponatremia

(hypotonic)
Hypernatremia

Sodium Volume depletion
Volume expansion

Potassium Hypokalemia, K+

depletion
Hyperkalemia

Acid–base
balance

Ketoacidosis
Hyperchloremic

acidosis
Renal tubular acidosis
Lactic acidosis

Combination of
multiple major
disturbances

Glucose, fluid,
and acid–base
balance

Diabetic ketoacidosis
Hyperosmolar

nonketotic
syndrome

Renal failure

Single Dominant Disturbances

Defect in Glucose Homeostasis

In uncontrolled diabetes, hyperglycemia is caused by increased
hepatic and renal glucose production and decreased glucose uti-
lization in muscle and adipose tissue. Decreased glucose utiliza-
tion, once considered the major contributor to hyperglycemia
in uncontrolled diabetes, is currently believed to play a smaller
role than excessive glucose production. Figure 90-2 depicts the
hepatic and renal contribution to endogenous glucose produc-
tion in conscious normal and diabetic dogs (13). The rise in
the glucagon/insulin ratio in plasma characteristic of uncon-
trolled diabetes activates key enzymes that accelerate the rates
of both glycogenolysis and gluconeogenesis. The increased ra-
tio also promotes glucose overproduction by modulating the
effects of other hormones, availability of substrate, and rates
of fatty acid oxidation (Fig. 90-1). Volume depletion secondary
to hyperglycemia-induced osmotic diuresis reduces the urinary
loss of glucose, thereby worsening hyperglycemia.

An important contributor to the development of hyper-
glycemia in uncontrolled diabetes may be the prevailing
acidemia (14–18). In animals with acidemia induced by hyper-
capnia, for example, a substantially smaller glucose infusion
rate maintains euglycemia as compared to dogs without respi-
ratory acidosis during constant insulin infusion, reflecting less
glucose entry into cells for a given insulin level (19) (Fig. 90-3).
Although the sympathetic surge characteristic of acidemia un-
doubtedly contributes to glucose intolerance, adrenergic block-
ade during acute respiratory acidosis does not prevent the dis-
turbed glucoregulation. Nor do plasma levels of insulin fall
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FIGURE 90-2. Contributions of the liver and the kidney
to endogenous glucose production in conscious normal
and diabetic dogs. Total glucose production is indicated
in parentheses. (From: Adrogué HJ. Glucose homeostasis
and the kidney. Kidney Int 1992;42:266.)

during acute respiratory acidosis. In fact, acidemia reduces tis-
sue extraction of insulin and, more specifically, insulin uptake
by the liver (19). Although plasma glucagon levels also increase
during metabolic or respiratory acidosis, the glucagon/insulin
ratio in the portal circulation remains unchanged, thereby re-
ducing the possible role of glucagon in the hyperglycemia of
acidemic states. The weight of the evidence suggests that the
hyperglycemia of acidemia is mediated by reduction of insulin
binding to its receptor and decreased tissue sensitivity to the
hormone (19–22).

The defect in glucose homeostasis observed in uncontrolled
diabetes might lead to either hyponatremia or hypernatremia
(23–25). The hyperglycemia-induced increase in effective os-
motic pressure of the extracellular fluid (ECF) triggers a shift
of water out of cells, most prominently skeletal muscle, which
reduces serum [Na+]. An increase of 100 mg/dL (5.6 mmol/L)
in the glucose concentration decreases serum [Na+] by approx-
imately 1.7 mEq/L, the end result being a rise in serum osmo-
lality of approximately 2.0 mOsm/kg H2O (25,26). The re-
sulting expansion of the ECF compartment is, however, brief
due to simultaneous renal and extrarenal loss of fluids. The
hyperglycemia-induced increase in the filtered load of glucose
exceeds the renal tubular reabsorptive capacity resulting in sub-
stantial glucosuria—one of the hallmarks of DKA. In turn, glu-
cosuria causes osmotic diuresis that results in urinary losses of

FIGURE 90-3. Rate of glucose infusion required to maintain eug-
lycemia during insulin infusion studies in normal and acidemic dogs
(respiratory acidosis, arterial pH = 7.18). Open area in each column
represents the value in acidemic dogs; the entire column is the value in
normal dogs. (From: Adrogué HJ. Glucose homeostasis and the kidney.
Kidney Int 1992;42:1266.)

75 to 150 mL/kg of water and 4 to 10 mEq/kg of Na+ and Cl−

over an entire episode of DKA.
Because the total of the Na+ and K+ concentrations in the

urine falls short of that in serum, osmotic diuresis elevates
serum [Na+] and [Cl−]; moderation of hyponatremia or frank
hypernatremia can ensue (23,27). However, other factors also
act to modify the serum [Na+] and [Cl−] (27). Some Na+ en-
ters cells replacing cellular K+ losses, thereby decreasing serum
[Na+]. Urinary losses of Na+ as ketone salts tend to increase
serum [Cl−], whereas selective Cl− depletion during vomiting
tends to cause hypochloremia. Further, the intake of fluid and
electrolytes (sodium, potassium, and chloride) influences serum
[Na+] and [Cl−]. Differences in the magnitude of these phe-
nomena from one patient to another account for the variabil-
ity in serum electrolyte composition observed at presentation.
In Table 90-2 are reviewed the admitting laboratory values of
patients with DKA (8). Note that serum sodium concentration
is usually depressed; the rare presence of hypernatremia is in-
dicative of a profound water depletion, usually seen in the most
critically ill patients.

Prerenal azotemia due to volume depletion is almost always
present in uncontrolled diabetes and is usually reversible, but
occasionally it can progress to acute tubular necrosis (28,29).
The levels of plasma urea nitrogen, creatinine, total protein,
uric acid, hematocrit, and hemoglobin can all be elevated on
admission for DKA, a reflection of ECF volume contraction
and/or renal dysfunction, but they normalize swiftly after vol-
ume repletion.

Hyperlipidemia

Diabetes mellitus is commonly associated with hyperlipidemia,
which in turn may reduce measured serum sodium concentra-
tion, causing the so-called pseudohyponatremia or false hy-
ponatremia. This electrolyte disorder is characterized by a nor-
mal [Na+] in plasma water in spite of a diminished [Na+] in a
plasma or serum sample. The decreased [Na+] arises from an
increased solid phase of plasma owing to severe hyperlipidemia
or hyperproteinemia (e.g., myeloma). If [Na+] is measured di-
rectly (without dilution of the sample) with ion-sensitive elec-
trodes instead of flame photometry (the latter being the clas-
sic method), a normal value will be found; thus, this type of
hyponatremia is false because: (a) the [Na+] in plasma water
is normal, and (b) its detection is dependent on the method
used for measurement of [Na+]. It should be evident that pseu-
dohyponatremia does not produce any of the symptoms that
classically occur with hypotonic hyponatremia. Furthermore,
measured plasma osmolality is normal in pseudohyponatremia,
because the solute concentration in plasma water is not altered
in this condition (23).

Let us compare the hyponatremia owing to hyperglycemia
or hypertonic infusions (e.g., mannitol) with that caused by
hyperlipidemia. The decreased [Na+] owing to hyperglycemia
or hypertonic infusions is not a form of pseudohyponatremia
because [Na+] in plasma water also is diminished. The ECF
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TA B L E 9 0 - 2

SALIENT LABORATORY ABNORMALITIES ON ADMISSION FOR DIABETIC KETOACIDOSIS (DKA)

Parameter Value Comments

Glucose 350 to 750 mg/dL Values below 200 mg/dL (“euglycemic DKA”) can be seen, especially in
alcoholics or pregnant insulin-dependent diabetics; also, values above
1,000 mg/dl can be seen, especially in severe volume contraction
leading to renal failure and interruption of glucosuria, glucose
concentration not related to severity of DKA

Serum ketones Positive in plasma diluted 1:1
or greater

Nitroprusside reagent (Ketostix, Acetest) does not react with
β-hydroxybutyrate; color reaction is mostly (>80%) due to
acetoacetate

Bicarbonate <15 mmol/L Always reduced in DKA unless complicated by co-existing metabolic
alkalosis

pH <7.30 Always reduced in DKA unless complicated by co-existing metabolic
alkalosis or respiratory alkalosis

Plasma concentration

Low Normal Higha

Sodium 67 26 7 Body stores depleted
Chloride 33 45 22
Potassium 18 43 39 Body stores depleted
Magnesium 7 25 68
Phosphate 11 18 71 Body stores depleted
Calcium 28 68 40

BUN, creatinine High Because creatinine can be spuriously elevated (crossreaction with
acetoacetate), BUN can better reflect renal function

White blood
cell count

Usually high Not necessarily indicative of infection; associated with lymphopenia and
eosinopenia

Hemoglobin,
hemacrit,
total protein

}
Frequently increased Due to intravascular volume depletion

SGOT,SGPT,LDH,
CPKb

}
Partially due to interference of acetoacetate with colorimetric assays;

elevated CPK might be related to phosphate depletion and possible
associated rhabdomyolysis

High 20% to 65%

Amylase glands Often increased Isoenzyme evaluation reveals that site of origin is pancreas (50%),
salivary (36%), or mixed (14%)

aData from Kreisberg (Ref 2).
bSGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic-pyruvic transaminase; LDH, lactate dehydrogenase; CPK, creatine
phosphokinase.

accumulation of solutes of relatively small molecular size, ob-
served with hyperglycemia or hypertonic infusions, increases
extracellular tonicity, which in turn osmotically pulls water
from the intracellular fluid (ICF), diluting the [Na+] in ECF.
By contrast, high plasma levels of large-molecular-size solutes
(e.g., hypertriglyceridemia) fail to alter extracellular tonicity;
therefore, not causing a shift of water from the ICF to the
ECF. Thus, pseudohyponatremia is a spurious form of isoos-
molar and isotonic hyponatremia identified when severe hyper-
lipidemia or paraproteinemia increases substantially the solid
phase of plasma and the sodium concentration is measured by
means of flame photometry. The increasing availability of di-
rect measurement of serum sodium with ion-specific electrode
has all but eliminated this laboratory artifact (23).

Defect in Water Homeostasis

Examination of the defect in water homeostasis that accom-
panies diabetes mellitus requires a brief overview of this topic
(23–25). The disorders of salt and water balance may be clas-
sified into three major categories: (a) abnormalities in the size
of body fluid compartments, (b) disturbances in the tonicity of
body fluids, and (c) a selective deficit or excess of chloride with
respect to sodium (25). The first group of disorders comprises

an enlargement (“volume expansion”) and a reduction (“vol-
ume depletion or contraction”) in the size of body fluid com-
partments, which are produced by a combined salt and water
excess and a combined salt and water deficit, respectively. Dis-
turbances in the tonicity of body fluids include increases (e.g.,
hypernatremia) and decreases (e.g., hypotonic hyponatremia)
in the effective osmolality of body fluids. As opposed to distur-
bances in the size of body fluids in which salt and water excess
or deficit develops in proportion to the relationship found in the
normal state, a discordant abnormality in salt and water bal-
ance occurs in disorders of body fluid tonicity. Thus, a dispro-
portion between salt and water content of body fluids explains
the development of hypernatremia (water content in body flu-
ids is relatively small for the concomitant salt content) and hy-
potonic hyponatremia (water content in body fluids is relatively
large for the concomitant salt content). The third group of salt
and water disorders is characterized by an abnormal relation-
ship between the [Na+]p and [Cl−]p (chloride concentration in
plasma). Although the [Na+]p is generally maintained within
normal limits in these disorders because it is dependent on over-
all water homeostasis, the [Cl−]p is either abnormally low or
high. The major representatives of a selective deficit or excess of
chloride with respect to sodium are hypochloremic metabolic
alkalosis and hyperchloremic metabolic acidosis, respectively.
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These acid–base disorders are reviewed in the section dealing
with such abnormalities.

An important concept that must be understood relates to
the identification of the basic abnormality responsible for the
disturbances in the volume of body fluids and that responsible
for altered tonicity (25). Disturbances in salt balance are the
primary causes of volume excess and depletion, whereas dis-
orders in water balance are responsible for the development
of the tonicity disorders, hypertonicity (hypernatremia) and
hypotonicity (hyponatremia). Because sodium chloride (NaCl)
excess only transiently increases tonicity, leading to augmented
antidiuretic hormone (ADH) (i.e., arginine vasopressin secre-
tion and secondary water retention), hypernatremia is not clin-
ically observed. Expansion of the ECF volume, instead, is the
hallmark of a primary salt excess. In a comparable fashion,
NaCl deficit only transiently decreases tonicity, inhibiting ADH
secretion with secondary increase in water excretion, so that
hyponatremia is not observed, whereas volume depletion be-
comes the major manifestation of this electrolyte imbalance.
A primary and exclusive disturbance in water balance, deficit
and excess, causes hypertonicity (hypernatremia) and hypo-
tonicity (hyponatremia), respectively, but does not produce a
major alteration in the size of the fluid compartments because
the latter are primarily determined by the osmolar content in
the compartment (NaCl content in the ECF, which is unaltered
in exclusive disturbances of water balance).

Dysnatremias in Diabetes Mellitus. A defect in water home-
ostasis in patients with diabetes mellitus might lead to either
hypotonic hyponatremia or hypernatremia in response to pos-
itive or negative water balance, respectively (25). Water and
electrolyte losses caused by vomiting or diarrhea are commonly
encountered in uncontrolled diabetes and in patients with this
disease experiencing target organ damage in the alimentary
tract (e.g., gastroparesis, nocturnal diarrhea). In addition, ex-
cessive urinary fluid losses may develop as a result of osmotic
diuresis, use of diuretics, adrenal insufficiency, or other causes.
Whether hypotonic hyponatremia or hypernatremia develops
is dependent on the concomitant water intake. Hypernatremia
might be observed if water intake is insufficient, whereas a
large salt-free fluid intake might lead to hyponatremia. Long-
standing diabetes mellitus commonly predisposes or leads to
heart failure or renal failure, or both, thereby impairing re-
nal water excretion that may lead to hypotonic hyponatremia.
Concomitant medication, including diuretics, might also play
a role in the development of hyponatremia.

Abnormal [Na+]p can produce signs and symptoms of dis-
ease owing to central nervous system dysfunction and the clin-
ical manifestations elicited by opposite changes in tonicity are
remarkably similar, except for seizures that are mostly caused
by cerebral edema secondary to dilutional (hypotonic) hypona-
tremia. When the patient’s osmoregulating mechanisms (thirst,
changes in water intake and ADH levels, renal water retention,
or excretion) fail, an increase in plasma tonicity and [Na+]p, or
conversely a decrease in plasma tonicity and [Na+]p, develops.
Plasma hypertonicity induces brain water loss and hypotonicity
produces water gain in this organ, accompanied in both cases
by parallel volume changes. As a defense mechanism to cor-
rect brain volume changes, the intracellular osmolytes of this
organ increase in hypernatremia and decrease in hypotonic hy-
ponatremia. The adaptive increase in brain osmolytes is owing
to a modest increase in cellular K+ and to the accumulation
of organic solutes (e.g., glutamine, glutamate, and other or-
ganic metabolites). Conversely, the adaptive decrease in brain
osmolytes is owing to a decrease in cellular K+ accompanied
by a diminished concentration of organic solutes. These sec-
ondary responses of the brain to altered extracellular tonicity
can be demonstrated within a few hours of the initiation of ab-
normal tonicity and are complete within a few days. Idiogenic

osmoles is the name given to the cerebral organic osmolytes
detected in response to the adaptation of the brain to increases
in extracellular tonicity.

Hypotonic or dilutional hyponatremia. It represents an excess
of water in relation to existing sodium stores, which can be
decreased, essentially normal, or increased. Retention of water
most commonly reflects the presence of conditions that impair
renal excretion of water; in a minority of cases, however, it
is caused by excessive water intake, with a normal or nearly
normal excretory capacity.

Conditions of impaired renal excretion of water are cate-
gorized according to the characteristics of the ECF volume,
as determined by clinical assessment. Decreased ECF volume
can result from renal sodium loss (e.g., glucosuria-induced os-
motic diuresis) or extrarenal sodium loss (e.g., vomiting). Con-
ditions with essentially normal ECF volume include thiazide
diuretics, syndrome of inappropriate secretion of antidiuretic
hormone, decreased intake of solutes, hypothyroidism, and
glucocorticoid insufficiency. Increased ECF volume with hy-
ponatremia can be observed in pregnancy, renal failure, conges-
tive heart failure, cirrhosis, and nephrotic syndrome. With the
exception of renal failure, these conditions are characterized by
high plasma concentrations of arginine vasopressin despite the
presence of hypotonicity because arterial underfilling induces
baroreceptor-mediated nonosmotic release of ADH overriding
the osmotic regulation of the hormone, thereby impairing uri-
nary dilution and causing hyponatremia. Depletion of potas-
sium accompanies many of these disorders and contributes to
hyponatremia, since the sodium concentration is determined
by the ratio of the “exchangeable” (i.e., osmotically active)
portions of the body’s sodium and potassium content to total
body water. Patients with hyponatremia induced by thiazides
can present with variable hypovolemia or apparent euvolemia,
depending on the magnitude of the sodium loss and water re-
tention.

Excessive water intake can cause hyponatremia by over-
whelming normal water excretory capacity (e.g., 15 to 20
L/day). Frequently, however, psychiatric patients with excessive
water intake have plasma arginine vasopressin concentrations
that are not fully suppressed and urine that is not maximally
dilute, thus contributing to water retention.

The optimal treatment of hypotonic hyponatremia requires
balancing the risks of hypotonicity against those of therapy
(23). The presence of symptoms and their severity largely
determine the pace of correction. Patients with symptomatic
hyponatremia and dilute urine (osmolality, <200 mOsm/kg
water) but with less serious symptoms usually require only
water restriction and close observation. Severe symptoms (e.g.,
seizures or coma) call for infusion of hypertonic saline. On
the other hand, patients who have symptomatic hyponatremia
with concentrated urine (osmolality = 200 mOsm/kg water) in
association with a hypovolemic state are best treated with iso-
tonic saline; those having clinical euvolemia or hypervolemia
require infusion of hypertonic saline.

There is no consensus about the optimal treatment of symp-
tomatic hyponatremia (23). Nevertheless, correction should be
of a sufficient pace and magnitude to reverse the manifestations
of hypotonicity but not be so rapid and large as to pose a risk of
the development of central pontine myelinolysis. Osmotic de-
myelination is serious and can develop one to several days af-
ter aggressive treatment of hyponatremia by any method, in-
cluding water restriction alone. Shrinkage of the brain triggers
demyelination of pontine and extrapontine neurons that can
cause neurologic dysfunction, including quadriplegia, pseu-
dobulbar palsy, seizures, coma, and even death. Hepatic failure,
potassium depletion, and malnutrition increase the risk of the
complication. Physiologic considerations indicate that a rela-
tively small increase in the serum sodium concentration, on
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the order of 5%, should substantially reduce cerebral edema
in patients with symptomatic hypotonic hyponatremia. Even
seizures induced by hyponatremia can be stopped by rapid in-
creases in the serum sodium concentration that average only
3 to 7 mEq/L. Most reported cases osmotic demyelination oc-
curred after rates of correction that exceeded 12 mEq/L per
day were used, but isolated cases occurred after corrections of
only 9 to 10 mEq/L in 24 hours or 19 mEq/L in 48 hours. Af-
ter weighing the available evidence and the all-too-real risk of
overshooting the mark, we recommend a targeted rate of cor-
rection that does not exceed 8 mEq/L on any day of treatment.
Remaining within this target, the initial rate of correction can
still be 1 to 2 mEq/L per hour for several hours in patients with
severe symptoms.

The rate of infusion of the selected solution can be derived
expediently by applying the following equations.

�[Na+]s = [Na+]inf − [Na+]s

TBW + 1
[1]

The equation above projects the impact of 1 L of any infusate
on the patient’s [Na+]s

�[Na+]s = ([Na+]inf + [K+]inf) − [Na+]s

TBW + 1
[2]

This equation is a simple derivative of Equation #1, which
projects the impact of 1 L of any infusate containing sodium
and potassium on the patient’s [Na+]s

The preceding equations project the change in serum sodium
elicited by the retention of 1 L of any infusate (30). Dividing the
change in serum sodium targeted for a given treatment period
by the output of this equation determines the volume of in-
fusate required, and hence the rate of infusion. Although water
restriction ameliorates all forms of hyponatremia, as explained,
it is not the optimal therapy in all cases.

Corrective measures for nonhypotonic hyponatremia are di-
rected at the underlying disorder rather than at the hypona-
tremia itself. Administration of insulin is the basis of treatment
for uncontrolled diabetes, but deficits of water, sodium, and
potassium also should be corrected.

Hypernatremia. Defined as a rise in the [Na+]p to a value ex-
ceeding 145 mEq/L, it represents a deficit of water in relation
to the body’s sodium stores, which can result from a net water
loss or a hypertonic sodium gain (24). Net water loss accounts
for the majority of cases of hypernatremia. It can occur in the
absence of a sodium deficit (pure water loss) or in its presence
(hypotonic fluid loss). Net water loss can result from pure wa-
ter (e.g., hypodipsia, diabetes insipidus) or hypotonic fluid loss,
the latter secondary to renal, gastrointestinal, or cutaneous
causes.

An equation (31) that allows projection of the expected
�[Na+]s in response to losing 1 L of fluid (fl) of variable elec-
trolyte content from the renal or extrarenal route is as follows:

�[Na+]s = [Na+]s − [Na+ + K+]fl

TBW − 1 L
[3]

Multiplying the output of the equation by the volume of the
fluid loss in L provides a quantitative estimate of the impact of
the fluid loss on [Na+]s. Obviously, application of this equation
has greater practical value in the presence of large fluid losses
(e.g., large gastrointestinal drainage, polyuria).

Hypertonic sodium gain usually results from clinical inter-
ventions (e.g., sodium bicarbonate infusion, hypertonic ene-
mas) or accidental sodium loading. Signs and symptoms of
hypernatremia largely reflect central nervous system dysfunc-
tion and are prominent when the increase in the serum sodium
concentration is large or occurs rapidly (i.e., over a period of
hours). Most outpatients with hypernatremia are either very

young or very old. Common symptoms in infants include hy-
perpnea, muscle weakness, restlessness, a characteristic high-
pitched cry, insomnia, lethargy, and even coma. Convulsions
are typically absent except in cases of inadvertent sodium load-
ing or aggressive rehydration. Brain shrinkage induced by hy-
pernatremia can cause vascular rupture, with cerebral bleeding,
subarachnoid hemorrhage, and permanent neurologic damage
or death. Brain shrinkage is countered by an adaptive response
that is initiated promptly and consists of solute gain by the
brain that tends to restore lost water.

Proper treatment of hypernatremia requires a two-pronged
approach: addressing the underlying cause and correcting the
prevailing hypertonicity (24). Managing the underlying cause
may mean stopping gastrointestinal fluid losses; controlling
pyrexia, hyperglycemia, and glucosuria; withholding lactulose
and diuretics; treating hypercalcemia and hypokalemia; moder-
ating lithium-induced polyuria; or correcting the feeding prepa-
ration. In patients with hypernatremia that has developed over
a period of hours (e.g., those with accidental sodium loading)
rapid correction improves the prognosis without increasing the
risk of cerebral edema, because accumulated electrolytes are
rapidly extruded from brain cells. In such patients reducing the
[Na+]p by 1 mEq/L per hour is appropriate. A slower pace of
correction is prudent in patient with hypernatremia of longer or
unknown duration, because the full dissipation of accumulated
brain solutes occurs over a period of several days. In such pa-
tients, reducing the [Na+]p at a maximal rate of 0.5 mEq/L per
hour prevents cerebral edema and convulsions. Consequently,
we recommend a targeted fall in the [Na+]p of 10 mEq/L per
day for all patients with hypernatremia except those in whom
the disorder has developed over a period of hours. The goal of
treatment is to reduce the [Na+]p to 145 mEq/L. Because ongo-
ing losses of hypotonic fluids, whether obligatory or incidental,
aggravate the hypernatremia, allowance for these losses must
also be made.

The preferred route for administering fluids is the oral route
or a feeding tube; if neither is feasible, fluids should be given
intravenously. Only hypotonic fluids are appropriate, including
pure water, 5% dextrose, 0.2% sodium chloride (referred to as
one-quarter isotonic saline), and 0.45% sodium chloride (one-
half isotonic saline). The more hypotonic the infusate, the lower
the infusion rate required. The volume should be restricted to
that required to correct hypertonicity because the risk of cere-
bral edema increases with the volume of the infusate. Except in
cases of frank circulatory compromise, 0.9% sodium chloride
(isotonic saline) is unsuitable for managing hypernatremia.

After selecting the appropriate infusate, the physician must
determine the rate of infusion. This can be easily calculated
with the use of an equation that estimates the change in the
serum sodium concentration caused by the retention of 1 L of
any infusate.

The equations for use in managing hypernatremia (24,30)
are identical to those previously presented for managing hy-
ponatremia and include:

�[Na+]s = [Na+]inf − [Na+]s

TBW + 1
[1]

The equation above projects the impact of 1 L of any infusate
on the [Na+]s

�[Na+]s = ([Na+]inf + [K+]inf) − [Na+]s

TBW + 1
[2]

This equation is a simple derivative of Equation #1, which
projects the impact of 1 L of any infusate containing sodium
and potassium on the patient’s [Na+]s

The required volume of infusate, and hence the infusion
rate, is determined by dividing the change in the [Na+]p tar-
geted for a given treatment period by the value obtained from
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the equation. The sole indication for administering isotonic
saline to a patient with hypernatremia is a depletion of ECF
volume sufficient to cause substantial hemodynamic compro-
mise. Even in this case, after a limited amount of isotonic saline
has been administered to stabilize the patient’s circulatory sta-
tus, a hypotonic fluid (i.e., 0.2% or 0.45% sodium chloride)
should be substituted in order to restore normal hemodynamic
values while correcting the hypernatremia. If a hypotonic fluid
is not substituted for isotonic saline, the ECF volume may be-
come seriously overloaded.

Defect in Sodium Homeostasis

The quantity of solutes in each of the main compartments deter-
mines its size, so that deficit or excess of solutes in a particular
space will shrink or swell that space in comparison with the
other compartments (25). The partition of water is determined
by the osmotic activity of the solutes confined to each body
compartment. One major solute is responsible for the size of
each fluid compartment. These solutes are potassium, sodium,
and proteins, for the intracellular, extracellular, and intravas-
cular spaces, respectively. Because the hydraulic permeability
of most cell membranes is very high, solute-free water freely
and rapidly moves among all body compartments.

Body stores of salt (NaCl) are determined by the balance
of its intake and excretion. Under normal circumstances, salt
intake is derived from the diet and its excretion occurs by uri-
nary loss. A positive NaCl balance (intake exceeds excretion)
increases salt stores, whereas a negative one (excretion exceeds
intake) decreases salt stores. The effect of increased NaCl stores
is expansion of ECF volume, while decreased NaCl stores lead
to a reduced ECF volume. Thus, a NaCl deficit in body flu-
ids (e.g., vomiting, diarrhea) reduces ECF volume, including
the intravascular compartment. By contrast, NaCl excess (e.g.,
congestive heart failure) expands ECF volume and produces
overt peripheral edema and accumulation of fluid in major
body cavities (pleural effusion, ascites). A major decrease in
serum protein concentration (mostly albumin) diminishes in-
travascular volume and promotes expansion of the interstitial
compartment (e.g., nephrotic syndrome, hepatic cirrhosis). Di-
abetes mellitus is a common cause of both volume depletion
and volume expansion. The former disturbance is characteris-
tically observed in the course of severe metabolic complications
of this disease, namely, DKA and NKH. Conversely, volume
expansion is observed in patients having long-term diabetic
complications including congestive heart failure, nephrotic syn-
drome, and renal failure.

Volume Depletion. Volume depletion in diabetic patients can
result from fluid loss (e.g., renal and/or extrarenal) or from
fluid sequestered into a “third space” (e.g., acute pancreati-
tis). Renal losses may occur in the presence of normal intrin-
sic renal function (e.g., osmotic diuresis caused by glucosuria
or urea diuresis, adrenal insufficiency, diuretics) or in acute
and chronic renal disease (e.g., acute tubular necrosis, diabetic
glomerulosclerosis). Osmotic diuresis owing to renal excretion
of glucose can produce a large natriuresis, leading to volume
depletion. Patients with significant hyperglycemia, including
those with DKA or nonketotic coma, may have a fluid deficit of
10% or more of body weight. Extrarenal losses include those
from the gastrointestinal tract (e.g., vomiting, diarrhea, gas-
trointestinal suction, fistulas) and those from the skin (sweat,
burns, extensive skin lesions). Fluid sequestration into a third
space occurs with abdominal accumulation (e.g., intestinal ob-
struction, pancreatitis, peritonitis), bleeding, skeletal fractures,
and obstruction of a major venous system.

The patient’s history, physical examination, and laboratory
data are critical elements in the evaluation of volume depletion,
allowing the physician to (a) assess the severity of the deficit,
and (b) establish its cause. Immediate recognition of hypovo-

lemic shock is of utmost importance, because rapid intravas-
cular volume expansion might prevent tissue injury and death.
Evaluation of its severity allows establishment of the rate of
infusion and the total fluid requirements. Recognition of the
factors responsible for fluid loss permits initiation of specific
therapeutic measures to correct the volume depletion (25).

Patients with volume depletion have signs and symptoms re-
lated to (a) the process responsible for volume depletion, and
(b) the hemodynamic consequences of fluid loss. Through the
first group of manifestations it is possible to recognize the cause
of volume depletion, such as loss or sequestration of fluid. The
second group of signs and symptoms includes hypotension, de-
creased cardiac output, and tachycardia owing to intravascu-
lar volume depletion. In addition, diminished tissue perfusion
produces altered mental status, generalized weakness, and oc-
casionally severe organ damage (e.g., acute tubular necrosis,
cerebral ischemia, myocardial infarction).

The severity of volume deficit may be estimated through
evaluation of blood pressure, heart rate, neck veins and venous
pressure, skin turgor, moistness of mucous membranes,
changes in body weight, and blood and urine samples. If vol-
ume depletion results from mechanisms other than hemorr-
hage, the fluid loss produces hemoconcentration with increased
hematocrit (Hct). The ECF volume deficit can be estimated in
states of a primary extravascular fluid loss from the rise in Hct
as follows:

ECV volume deficit = 0.25 × body weight (kg)
× (actual Hct/normal Hct − 1) [4]

where 0.25 represents the fraction of ECF per kg of body weight
(250 mL/kg). Because the normal range of Hct is relatively
wide (38% to 45%), the patient’s baseline Hct usually is un-
known, and blood loss may have occurred, the reliability of
changes in Hct is only modest. Therefore, a precise estimation
of volume deficit is difficult. The loss of body weight from its
baseline level (body weight prior to the episode of volume de-
pletion) is a clinically useful index to estimate volume deficit, as
follows:

�body weight (kg) = fluid deficit (L) [5]

The change in body weight is unreliable for the estimation
of fluid deficit in patients with “third space” sequestration. If
[Na+]p remains within normal limits, the weight loss in kg truly
represents loss of isotonic fluid. Volume deficit accompanied
by hypernatremia or hyponatremia indicates the existence of a
disproportionate water loss compared to Na+ loss. (The water
loss is larger for the former and smaller for the latter, compared
to Na+ loss.)

Pertinent data obtained from a blood specimen that are most
useful in the diagnosis and management of volume depletion
include: (a) BUN and serum creatinine levels; (b) Hct, total
plasma protein, and/or albumin values; and (c) levels of serum
electrolytes including Na+, K+, Cl−, and total carbon diox-
ide (almost identical to plasma [HCO3

−]). In volume deple-
tion, BUN and plasma creatinine increase because of an overall
depression of renal function, manifested in oliguria, reduced
glomerular filtration rate (GFR), and renal plasma flow. In-
creased plasma creatinine is caused by a reduced GFR (when
muscle necrosis, which could release this substance into the
circulation, is absent). Conversely, an elevated BUN, not ac-
companied by increased plasma creatinine and reduced GFR,
reflects enhanced renal reabsorption of urea accompanied by
increased salt and water reabsorption. Consequently, the ra-
tio of BUN over plasma creatinine increases from its normal
value of 10:1 to 15:1 or more. Hematocrit and concentra-
tion of plasma proteins also can increase in volume deple-
tion, a process referred to as hemoconcentration. Alterations in
serum electrolytes are commonly observed and they depend on
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the composition of the fluid lost (e.g., vomiting produces hy-
pokalemia and metabolic alkalosis) as well as the concomitant
water and electrolyte intake.

With respect to fluid therapy in volume depletion, consid-
ering that oral intake is the physiologic pathway for the entry
of fluids, this route should be always considered. In addition,
oral replacement therapy is effective, relatively inexpensive,
and noninvasive; does not require hospitalization; and saves
several million patients (mostly children in developing nations)
each year from death owing to volume depletion. Nevertheless,
the presence of vomiting, ileus, or altered mental status pre-
cludes its use, mandating intravenous administration of fluid.
Most frequently, however, volume repletion in hospitalized pa-
tients is performed by the parenteral (intravenous) route.

Volume repletion should be promptly secured because se-
vere volume depletion frequently produces a major reduction
in intravascular volume and hypovolemic shock. The type of
fluid to be used depends on the cause of volume depletion.
Hypovolemia caused by bleeding (e.g., peptic ulcer, rupture
of aortic aneurysm) must be treated with blood products or
plasma volume expanders (e.g., packed red cells, albumin, or
dextran solutions), whereas the one resulting from renal or ex-
trarenal losses and fluid sequestration in body cavities (e.g.,
ileus, ascites) must be treated with saline or dextrose in saline
or Ringer’s solution. Plasma volume expanders can be used in
the initial phase of treatment to secure a more rapid restoration
of hemodynamic status in all patients with shock.

Various intravenous solutions can be selected in fluid ther-
apy (25). The most commonly used intravenous fluids consist of
a NaCl-containing solution (NaCl 0.23%, 0.45%, and 0.9%,
known as 1/4 normal saline, 1/2 normal saline, and normal
saline, respectively) with or without 5% dextrose. The term
normal used in reference to intravenous solutions does not im-
ply “normality” (chemical notation) but simply refers to the
isotonicity of intravenous solutions with respect to body flu-
ids. It is more proper to refer to these solutions as 1/4 iso-
tonic saline, 1/2 isotonic saline, and isotonic saline. Although
5% dextrose in water is isotonic with body fluids (i.e., 50,000
mg/L glucose divided by its molar weight of 180 mg/mmol
equals 278 mmol/L), the glucose is metabolized so that this so-
lution provides solute-free water without effective long-lasting
osmoles (yet providing some caloric intake). The NaCl added
to intravenous solutions provides effective osmoles that are
preferentially retained in ECF. The efficacy of the various so-
lutions with respect to volume deficit correction is a function
of their NaCl concentration with normal saline as the most
effective one and dextrose in water without NaCl the least ef-
fective. The selection of intravenous solution is also determined
by the patient’s [Na+]p; hypernatremic patients are most fre-
quently treated with NaCl-free solutions (e.g., 5% dextrose
in water) whereas those with hyponatremia are usually given
isotonic saline or hypertonic (e.g., NaCl 3.0%) saline solu-
tions. It is important to realize the expected changes in the
volume of ECF and intracellular (ICF) in response to an in-
fusion of isotonic saline, 1/2 isotonic saline, and salt-free wa-
ter. The infusion of a normal saline solution expands the ECF
exclusively (ECF volume increment is identical to the volume
infused); thus, ICF volume remains unaltered. The infusion of
a 1/2 isotonic saline solution expands both the ECF and ICF,
with the former receiving 40% and the latter 60% of the vol-
ume load. Finally, a salt-free water infusion (e.g., 5% dextrose
in water) will also expand both the ECF and ICF, but in this
case, the latter receives 60% of the volume load. In summary,
a pure water infusion expands all body compartments but pre-
dominantly the ICF, whereas isotonic saline expands the ECF
exclusively (23).

With respect to the rate of intravenous fluid infusion in the
therapy of volume depletion, because patients in hypovolemic
shock are at immediate risk of death or ischemic tissue injury,

the initial fluid infusion should be at the maximal flow allowed
by the intravenous catheter (“wide open”); once blood pres-
sure and tissue perfusion return to acceptable levels, the rate
must be diminished to approximately 100 mL/hour to mini-
mize the risk of pulmonary edema, owing to rapid intravas-
cular expansion, even when the state of volume depletion has
not yet achieved full correction. Patients with acceptable hemo-
dynamic parameters should receive fluid at the initial rates of
100 to 200 mL/hour, with subsequent reduction after 6 to 12
hours to rates of about 100 mL/hour, to secure gradual reple-
tion of all fluid compartments without imposing undue stress
on the circulation. Exceptions to these rules are patients with
extreme volume depletion (e.g., DKA, NKH) or large ongoing
fluid losses (e.g., continuous drainage of large volume of gas-
trointestinal secretions, postobstructive diuresis, and diabetes
insipidus) who might require fluids at a higher rate of infusion
as described in the corresponding section of this chapter.

Proper monitoring of fluid replacement therapy is accom-
plished by evaluation of arterial blood pressure, presence of
collapsed or distended neck veins, and urine output, to establish
the optimum rate of fluid replacement. Additional information
might be necessary in critically ill patients, including monitor-
ing of left- and right-sided heart filling pressures, blood pres-
sure measurement through an intraarterial line, arterial and/or
venous blood gas analysis, and sequential chest x-ray films to
detect pulmonary venous congestion and interstitial edema.

Volume Expansion. A syndrome of volume expansion caused
by overt salt and water retention is commonly observed in long-
standing diabetes mellitus (32,33). Both forms of generalized
edema, the so-called primary as well as the secondary types,
are encountered. In primary edema, renal retention of salt and
water is the initial event that leads to expansion of plasma
and ECF volume (e.g., diabetic glomerulosclerosis with reduced
GFR and avid tubular reabsorption of salt and water). In sec-
ondary edema, also called underfill edema, the presence of renal
hypoperfusion, owing to decreased “effective arterial circulat-
ing blood volume” initiates salt and water retention by the
kidney (e.g., diabetes mellitus with congestive heart failure).
Thus, the kidney is always involved in the development of pos-
itive salt and water balance that leads to generalized edema (in
patients with and those without diabetes mellitus), yet the renal
dysfunction might result from abnormalities initiated within it
(primary edema) or be a response to “effective” intravascular
arterial volume depletion (secondary edema) (25). It must be
recognized that salt and water retention, owing to primary re-
nal disease and congestive heart failure, is the main cause of
generalized edema and normal or near-normal serum albumin.
Absence of proteinuria argues against renal disease as the pri-
mary cause of fluid retention. Patients with heart failure usually
have either minimal or mild urinary protein excretion (1+ or
2+ on dipstick determination), whereas those with nephrotic
syndrome have, as a rule, severe proteinuria (4+ dipstick). The
fluid retention observed in nephrotic syndrome appears to oc-
cur as a combination of primary and secondary edema. It is
common for physicians to incorrectly diagnose congestive heart
failure on the basis of bilateral lower extremity edema, without
realizing that a similar syndrome is observed in patients with
salt and water retention owing to a primary renal disease.

The management of localized and generalized edema must
be directed, if possible, at the primary cause of fluid accumu-
lation. Effective treatment of the primary cause leads to reso-
lution of the edema. Therapy of the primary process in con-
gestive heart failure can involve the use of afterload-reducing
agents, digoxin, and diuretics. Patients with generalized edema
most frequently require treatment of the fluid overload in addi-
tion to that directed at the primary disease. Correction of fluid
overload involves restriction of dietary NaCl, and if this is un-
successful, the use of diuretic therapy. In addition, all forms
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of edema, localized and generalized, inflammatory and nonin-
flammatory, are ameliorated by bed rest and elevation of the
edematous body area (e.g., placement of swollen body region
above the heart level, such as the head for facial phlegmon
following dental surgery, and the lower extremity for throm-
bophlebitis of the calf). The benefits derived from bed rest and
elevation of the edematous body region derive from: (a) facil-
itation of fluid exit from the edematous region owing to the
salutary effect on the Starling forces, as reduction in arterial
and increment in venous blood flow accompany the decreased
metabolic demands of resting tissues, and the hydrostatic effect
of elevation of the edematous region; (b) bed rest diminishes
venous blood pooling, increasing venous return to the heart,
which augments the atrial natriuretic factor that promotes re-
nal vasodilation and increased NaCl excretion; and (c) bed
rest suppresses the renin–angiotensin–aldosterone system and
α-adrenergic-mediated vasoconstrictor influences, which in
turn increase renal excretion of salt. Bed rest, extended for
several days or intermittently (a few hours of daytime bed rest
in addition to nocturnal sleep), helps to mobilize the depen-
dent edema. The management of generalized edema caused
by congestive heart failure, nephrotic syndrome, and diabetic
glomerulosclerosis is examined in detail in other chapters.

Defect in Potassium Homeostasis

The levels of total body K+ stores are established by the external
K+ balance, which is in turn determined by the difference be-
tween K+ intake and excretion. The internal K+ balance refers
to the control mechanisms for the distribution of total body K+

stores between the ICF and the ECF. Thus, internal K+ balance
refers to the internal exchanges of K+. On the other hand, ex-
ternal K+ balance refers to the determinants of total body K+

stores, without any consideration for the distribution of K+

among body compartments. The major factors that alter in-
ternal K+ balance include hormones (insulin, catecholamines),
the acidity of body fluids, the levels of other electrolytes, the
tonicity of body fluids, and drugs (34).

Insulin is a major modulator of extrarenal K+ homeostasis
and promotes K+ uptake in many cell types, including those
from skeletal muscle and liver. The hypokalemic action occurs
at very low concentrations of insulin and is independent of the
effect of insulin on glucose uptake. The precise mechanism of
this action remains to be fully defined but appears to involve
the activation of several transport proteins (35) (Table 90-3).
The cellular mechanisms of insulin-mediated K+ loading in-
clude: (a) stimulation of the Na+-K+-ATPase, (b) stimulation
of the Na+-H+ exchanger, and (c) changes in ionic conductance

of some K+ channels. The hypokalemic effect of insulin result-
ing from stimulation of the Na+-K+-ATPase occurs as follows.
Direct stimulation of the Na+-K+ pump by insulin induces the
translocation of K+ to the cell interior (entry of two K+ and
exit of three Na+). In addition, substantial changes occur in the
transport of electrolytes across the cell. The immediate result of
insulin-mediated stimulation of Na+-K+-ATPase on the electri-
cal properties of the cell membrane is hyperpolarization of the
membrane potential (a more negative cell interior). The sec-
ondary effects promoted by insulin-induced hyperpolarization
of the cell membrane are: (a) a new electrical gradient, which
favors cellular K+ entry, and (b) deactivation of K+ channels,
which inhibits cellular K+ exit. Thus, the secondary effects of
insulin on the membrane potential increase the hypokalemic
action of this hormone.

The hypokalemic effect of insulin also results from the stim-
ulation of the Na+-H+ exchanger in the cell membrane. Insulin
promotes the cellular entry of Na+ and the cellular exit of H+

by stimulation of this exchanger. The entry of Na+ increases the
[Na+]i (intracellular concentration of sodium), which further
stimulates the Na+-K+-ATPase. The cellular exit of H+ results
in cytosolic alkalinization, which in turn: (a) increases the K+-
binding capacity of intracellular anions, and (b) stimulates the
Na+-K+ pump, therefore favoring cellular K+ loading.

A third mechanism for the hypokalemic effect of insulin is
mediated from its action on K+ channels. Insulin controls gat-
ing of the inward rectifier K+ channel of skeletal muscle. This
type of K+ channel is of significant relevance because it is re-
sponsible for most of the K+ conductance of the skeletal muscle
in the resting state. This channel allows K+ to flow into cells
much more easily than it exits from them. Consequently, when
the cell membrane is hyperpolarized, the high inward conduc-
tance facilitates cellular K+ entry, whereas when the cell mem-
brane is depolarized, the low outward conductance reduces K+

exit from cells. Insulin exaggerates the inward rectifying prop-
erties of this class of K+ channel by a dual effect of stimulation
of K+ entry and depression of K+ exit.

Glucagon also has significant effects on internal K+ balance
and plasma potassium levels (36). Glucagon induces glycogen
breakdown in the hepatocytes, releasing glucose and K+; there-
fore, high glucagon levels can elicit a transient increase in [K+]p.
An increase in plasma glucagon in acute metabolic acidosis has
been described and this hormonal response might play a role
in acidosis-induced hyperkalemia (35).

K+ Depletion with Hyperkalemia. The development of un-
controlled diabetes, including DKA, is usually accompanied

TA B L E 9 0 - 3

INSULIN-MEDIATED CELLULAR K+ UPTAKE

Primary action Immediate effect Secondary effect

Stimulation of Na+-K+-ATPase Hyperpolarization of cell membrane New electrical gradient favors K+ entry
Deactivation of some K+ channels may

prevent K+ exit
Stimulation of Na+-H+ exchanger Cytosolic alkalinization Increased K+-binding capacity of

intracellular proteins
Stimulation of Na+-K+-ATPase

Increased cell [Na+] Stimulation of Na+-K+-ATPase
K+ channels (inward rectifier) Increased K+ conductance when cell

membrane is hyperpolarized
Exaggeration of the inward properties

From: Adrogué HJ. Mechanisms of transcellular potassium shifts in acid–base disorders. In: Hatano M, ed., Proceedings XIth International Congress
of Nephrology. Tokyo: Springer; 1991:259.
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by varying degrees of total body potassium depletion, which
results from multiple causes, including massive kaliuresis sec-
ondary to glucosuria, decreased intake, and frequent vomiting.
However, plasma potassium levels are rarely low at the time of
hospitalization, ranging in most instances from normal to high
levels and occasionally attaining dangerously elevated values.
This paradoxical relationship has been classically attributed to
the concomitant changes in blood acidity that would affect a
shift in potassium out of the cells in exchange for hydrogen ions
moving intracellularly (37). However, several of the metabolic
derangements observed in patients presenting with DKA are
known to alter potassium metabolism and may contribute to
the development of hyperkalemia. Endogenous ketoacidemia
and hyperglycemia correlate with increased plasma potassium
concentration on admission in patients with DKA (36). How-
ever, exogenous ketoacidemia and hyperglycemia in the oth-
erwise normal experimental animal fails to increase plasma
potassium levels (38,39), so it would seem that the insulin
deficit per se is the major cause of the hyperkalemia that devel-
ops in DKA (36).

Serum pH and bicarbonate levels are known to alter plasma
potassium levels. Whereas some studies indicated that the
changes in plasma potassium concentration observed during
acute acid–base disorders are consequent to the attendant
changes in plasma pH, others showed that a low plasma bi-
carbonate concentration, under isohydric conditions, may in-
duce hyperkalemia (40,41). Increased effective serum osmolal-
ity is another abnormality characteristic of DKA that may affect
serum potassium; extracellular hypertonicity resulting from the
infusion of saline, mannitol, or glucose results in the transloca-
tion of potassium-rich cell water to the extracellular compart-
ment (42). Hyperglycemia of either endogenous or exogenous
origin unaccompanied by ketoacidosis results in hyperkalemia
in insulin-deficient diabetics, especially when hypoaldosteron-
ism also is present (39).

As previously described, glucagon may also play a role in
the hyperkalemia of DKA. This hormone may cause an in-
creased potassium output from the liver, an effect that is usu-
ally transient because of the counterregulatory enhancement of
insulin secretion. However, in the presence of an impaired in-
sulin secretion, as in patients with DKA, increments in plasma
glucagon levels may result in uncontrolled hyperkalemia (43).

An additional mechanism that may be involved in the de-
ranged potassium homeostasis observed in diabetes mellitus
is the sympathetic nervous system. Potassium tolerance has
been found to be markedly impaired in chemically sympathec-
tomized animals, but is improved in animals given a simultane-
ous infusion of epinephrine (44). The effects of the adrenergic
agents on the internal potassium balance are mediated by their
effect on the plasma levels of insulin and glucagon, and a direct
cellular effect on K+ transport. Therefore, any physiologic con-
dition or pharmacologic maneuver that blocks the β-adrenergic
system could result in hyperkalemia, particularly during states
of increased potassium load. It is possible then that diabetic pa-
tients may have a suboptimal epinephrine response or altered
peripheral sympathetic activity, resulting in potassium move-
ment from the intracellular to the extracellular space as well as
an impairment in cellular entry of potassium.

In summary, acidemia with a decrease in serum bicarbon-
ate, plasma hyperosmolality, high glucagon levels, and sympa-
thetic nervous system dysfunction might induce a hyperkalemic
response in states of insulin deficiency (36), thereby explain-
ing the development of hyperkalemia in DKA. Overall, insulin
deficiency is probably the major protagonist of the complex
hormonal disarray that is responsible for the hyperkalemia in
decompensated diabetes.

K+ Depletion with Hypokalemia. Hypokalemia can result
from the redistribution or depletion of K+ stores. The hypo-

kalemia that results from redistribution is caused by cellular
uptake of K+ from the ECF; K+ redistribution can occur simul-
taneously with K+ depletion so that the two processes leading
to hypokalemia can have additive effects. The hypokalemia ob-
served with K+ depletion is characterized by a reduction in the
K+ content of all body fluids (34).

Potassium depletion can occur with diabetes mellitus when
dietary K+ intake is very low and therefore fails to counterbal-
ance the obligatory urinary K+ losses associated with gluco-
suria. Potassium depletion also can occur if K+ losses are ab-
normally high and might develop in association with a normal
dietary K+ intake. Potassium losses may be renal or extrarenal
as diarrhea in origin, yet a combination of losses from both
routes is commonly encountered. It is of interest to compare
the alteration in K+ content in the ICF and ECF in the presence
of K+ depletion. Total body K+ deficit results in a greater abso-
lute reduction of K+ content in ICF than in ECF. Nevertheless,
the percent deviation in K+ content is considerably smaller in
ICF than in ECF. In a similar fashion, the decrease in [K+]i
with K+ depletion is significantly smaller than the decrease in
[K+]p. With respect to the relationship between [K+]p and the
degree of K+ deficit, a linear relationship having a slope of
0.3 mEq/L per 100 mEq of K+ deficit [�[K+]p/�K+ stores] has
been described for patients with K+ depletion in the absence of
redistribution of K+ stores. According to this relationship, a K+

depletion of 10% of total body K+ stores (350 mEq) produces
a decrease in [K+]p of approximately 1 mEq/L.

Diabetic gastroparesis is a common cause of vomiting lead-
ing to fluid and electrolyte losses. Protracted vomiting leads
to hypokalemia that is largely caused by increased renal K+

excretion. The increased kaliuresis is owing to HCO3
− excre-

tion consequent of HCl depletion (metabolic alkalosis) and to
secondary hyperaldosteronism resulting from ECF volume de-
pletion. The direct loss of K+ as a result of vomiting is relatively
small, considering that [K+] in gastric juice is about 15 mEq/L
(mean value). Diuretic therapy for the management of hyper-
tension and congestive heart failure in patients with diabetes
mellitus is a common additional cause of potassium depletion.
Within a week from the start of diuretic therapy, a mild decrease
(0.3 to 0.6 mEq/L) in [K+]p occurs, and this new [K+]p remains
constant thereafter unless an intercurrent illness that decreases
K+ intake (vomiting) or increases K+ loss (diarrhea) develops.
Hypokalemia is most commonly observed with thiazides (5%
of patients) than with loop diuretics (1% of patients). The de-
crease in [K+]p is directly proportional to the daily dosage and
duration of action of the diuretic; thus, daily administration
and high-dosage regimens of chlorthalidone, a long-acting thi-
azide, are more likely to produce severe K+ depletion and hy-
pokalemia. The antihypertensive effect of thiazides is achieved
with small dosages (6.25 to 25.0 mg daily), which have a small
effect on K+ balance; consequently, high dosages of thiazides in
the treatment of hypertension are not warranted because they
will result in K+ depletion without better blood pressure con-
trol. Insulin administration in the therapy of DKA, a condition
in which K+ depletion is usually present, can result in profound
and symptomatic hypokalemia.

K+ Overload with Hyperkalemia. Potassium overload leading
to hyperkalemia can occur because of an increased K+ intake or
because of decreased renal K+ excretion. The high K+ intake-
induced hyperkalemia occurs when the adaptive increase in re-
nal K+ excretion is insufficient to match the larger-than-normal
K+ intake. Salt substitutes are K+ salts (KCl) that mimic the
taste of NaCl and their use may lead to hyperkalemia. When-
ever a patient is told to reduce his or her NaCl intake because of
hypertension, heart failure, or another cause, these salt substi-
tutes are often recommended. As these products are available
over the counter, patients frequently use them whether they
are recommended by physicians or not. A low NaCl intake
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reduces the ability of the kidney to excrete K+ to its maximum;
simultaneous ingestion of salt substitutes (K+ salts) can lead to
hyperkalemia owing to the combination of increased K+ intake
and reduced renal K+ excretion. In fact, a low NaCl intake is
the single most commonly observed contributing factor in the
development of hyperkalemia in clinical practice. Removing
the salt restriction promotes increased kaliuresis, which might
partially or fully correct the hyperkalemia.

In addition to the previously discussed impairment in in-
ternal K+ balance leading to hyperkalemia, diabetes mellitus
commonly damages the renal mechanisms of potassium ex-
cretion (34). Such abnormality that limits renal K+ excretion
might result from: (a) oliguria or anuria of any cause, (b) de-
creased GFR, (c) decreased tubular secretion of K+, (d) hy-
poaldosteronism or pseudohypoaldosteronism, or (e) drugs. In
the absence of generalized renal failure (normal GFR), a di-
minished renal K+ excretion can be owing to either a defect in
the renin–angiotensin–aldosterone axis or renal resistance to
aldosterone.

Renin deficiency leads to a low plasma aldosterone level that
might reduce renal K+ excretion. Renin deficiency occurs in cer-
tain physiologic states (advanced age, expansion of ECF vol-
ume), with the use of various drugs (β-adrenergic blockers, in-
hibitors of prostaglandin synthesis, methyldopa), with certain
toxins (lead), in some systemic diseases (diabetes mellitus), and
in some renal diseases (obstructive uropathy, interstitial nephri-
tis). A common cause of renin deficiency is the so-called type
4 renal tubular acidosis, which is characterized by impaired
excretion of both K+ and H+. Perhaps its most common pre-
sentation is in elderly diabetic patients. Angiotensin converting
enzyme (ACE) inhibitors lead to hypoaldosteronism, which re-
duces renal K+ excretion. The widely used antihypertensive
agents (e.g., captopril, enalapril, fosinopril, and lisinopril) that
belong to this category of drugs can increase [K+]p levels by
this mechanism.

One or more of the various syndromes of diminished aldo-
sterone activity may be observed in diabetes mellitus. A dimin-
ished aldosterone activity can occur as a result of:

i) A primary defect in the adrenal synthesis of aldosterone
owing to a disease or defect in the adrenal cortex. This
adrenal abnormality is the cause or initial event that might
lead to the defect in K+ homeostasis.

ii) A secondary defect in the adrenal synthesis of aldosterone
owing to failure in the production, release, or action of
the various components in the cascade leading to stimu-
lation of the adrenal synthesis of aldosterone (e.g., renin
deficiency).

iii) End-organ resistance to aldosterone, owing to either
drugs acting on the kidney (e.g., spironolactone) or renal
disease.

Drug-induced mechanisms of hypoaldosteronism leading to
hyperkalemia are commonly encountered in diabetic patients.
Hyperkalemia induced by hypoaldosteronism can be elicited
or accentuated in these patients with the administration of
prostaglandin synthetase inhibitors, cyclosporine, or heparin.
Prostaglandin synthetase inhibitors such as the nonsteroidal
antiinflammatory drugs (NSAIDs) (e.g., indomethacin) and cy-
closporine inhibit renin secretion, producing hyporeninemic
hypoaldosteronism. ACE inhibitors decrease plasma levels of
angiotensin II. Finally, heparin acts directly on the adrenal
gland, inhibiting aldosterone secretion. Increased [K+]p can oc-
cur with heparin administration in approximately 5% of hos-
pitalized patients. The mechanism of K+ retention by NSAIDs
includes their inhibitory effect on prostaglandins of renal ori-
gin, which in turn might diminish GFR and renin release (which
leads to decreased aldosterone secretion). NSAIDs can also

have a direct nephrotoxic effect leading to renal failure, thereby
causing additional renal K+ retention.

Diabetes mellitus is also associated with end-organ resis-
tance to aldosterone, leading to hyperkalemia, a syndrome
known as pseudohypoaldosteronism. This entity, characterized
by a renal resistance to aldosterone effects, can develop as a re-
sult of drug administration or renal diseases. Hyperkalemia
caused by spironolactone, triamterene, and amiloride, collec-
tively known as K+-sparing diuretics, exemplifies drug-induced
pseudohypoaldosteronism. Renal diseases that primarily dam-
age the renal tubules and spare the glomeruli (or compromise
the GFR only mildly), collectively known as tubulointersti-
tial renal diseases, elicit this hyperkalemic syndrome. Diabetes
mellitus is the single major cause of end-stage renal disease
(ESRD), and therefore commonly leads to hyperkalemia be-
cause of decreased renal function (diminished GFR). It must be
recognized that in the presence of renal insufficiency, potassium
balance might be maintained within normal limits until the
GFR decreases to less than 25% of normal. The ability of the
kidney with decreased GFR to maintain K+ balance depends
on the development of compensatory mechanisms, collectively
known as K+ adaptation, that increase the fractional K+ ex-
cretion (FEK) by the kidney (34). The augmented FEK in renal
insufficiency allows these patients to remain normokalemic in
spite of a major reduction in GFR. Because [K+]p might remain
within normal limits in patients with only 25% of overall re-
nal function (GFR), whereas K+ intake is unchanged, a four-
fold increase in FEK

+ must be present. As the calculated FEK in
normal individuals amounts to approximately 10%, the esti-
mated FEK in a patient with this degree of renal insufficiency is
about 40%.

Management of Hyperkalemia. The management of K+ reten-
tion should be initiated even in the presence of a mild degree of
hyperkalemia (34). Several measures should be undertaken at
once in patients who have high-normal [K+]p (i.e., 5.0 mEq/L)
and a disease that predisposes to hyperkalemia such as dia-
betes mellitus with renal dysfunction. Severe restriction of di-
etary NaCl intake should be avoided because it impairs renal
K+ excretion; dietary NaCl intake should be at least 4 g/day.
Restriction of dietary K+ must be enforced. Medications that
impair the renal excretion of K+, including ACE inhibitors and
K+-sparing diuretics (i.e., triamterene, amiloride, eplerenone,
spironolactone) should be discontinued. Metabolic acidosis, if
present, should be treated with alkali therapy.

Proper management of simultaneous retention of Na+ and
K+ in patients with diabetes mellitus and a salt-retaining disease
(hypertension, congestive heart failure, nephrotic syndrome,
renal insufficiency) who have an elevated [K+]p or even a
high-normal [K+]p (i.e., 5.0 mEq/L), is effectively achieved by
avoiding severe restriction of dietary NaCl intake while con-
comitantly administering diuretics (e.g., furosemide, thiazides).
This recommendation with respect to the dietary NaCl intake
should be instituted once a large ECF volume excess is no longer
present. A moderate dietary NaCl intake of about 4 g/day will
not result in ECF volume expansion if increased urine excretion
of NaCl is achieved with the use of diuretics. This strategy of
enhancing salt (NaCl) intake and excretion secures adequate
kaliuresis (delivery of salt to the distal nephron is reduced with
a salt-restricted diet and predisposes to hyperkalemia). Thus,
to correct hyperkalemia by promoting increased kaliuresis, all
patients, except those with ESRD or physical signs of fluid over-
load or pulmonary edema, must have substantial NaCl intake
via an oral or parenteral route. In addition, the renal excretion
of K+ can be increased by the administration of a single diuretic
agent (e.g., furosemide, thiazides) or a combination of these
agents. Diuretics should not be administered to patients with
ESRD because a meaningful kaliuretic response is not expected.
A negative external K+ balance is achieved in all patients with
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ESRD by: (a) the utilization of cation exchange resins (such as
Kayexalate, a sodium polystyrene sulfonate) that promote the
excretion of K+ in the stools, and (b) dialysis (hemodialysis or
peritoneal dialysis).

Hyperkalemia is the major threat to life in patients with
type 4 renal tubular acidosis; therefore, the main focus of at-
tention should be placed on correcting this electrolyte abnor-
mality. That is the reason why dietary K+ restriction, diuretics
(furosemide, thiazides), and K+-binding resins are so valuable
in these patients. The intake of NaCl should be encouraged,
because the availability of Na+ salts in the collecting tubules
is a major determinant of renal K+ excretion. The administra-
tion of fludrocortisone (Florinef) in daily doses of 0.1 to 0.3 mg
helps in the correction of hyperkalemia and acidosis (enhances
distal acidification), yet the associated volume expansion may
induce hypertension or increase its severity. Alkali therapy (1
to 2 mEq/kg per day) is useful to ensure correction of hyper-
kalemia and acidosis.

The following three strategies must be considered whenever
severe hyperkalemia is present in any patient (34):

i. To counterbalance the effect of hyperkalemia on the ex-
citability of myocardial and skeletal muscle with the ad-
ministration of drugs. This modality is not aimed at reduc-
ing the increased [K+]p.

ii. To modify internal K+ balance, promoting the transloca-
tion of K+ from ECF to ICF. This modality will not alter
the total body K+ stores.

iii. To modify external K+ balance, inducing a net K+ loss from
the body.

The treatment of hyperkalemia with agents that ameliorate
the effects of hyperkalemia on myocardial and skeletal muscle
excitability involves the administration of Ca2+ salts (chloride
or gluconate), which diminish tissue excitability by widening
the difference between resting and threshold potentials. When
Ca2+ salts are provided, the resting membrane potential will re-
main depolarized by the hyperkalemia, whereas the threshold
membrane potential will be depolarized by the Ca2+ infusate,
enlarging the difference between resting and threshold mem-
brane potentials, thereby reducing tissue excitability. Calcium
gluconate (20 mL of a 10% solution) can be infused intra-
venously over a 10-minute period. The intravenous adminis-
tration of Ca2+ salts is definitely indicated when [K+]p reaches
7.0 mEq/L or when significant electrocardiographic abnormal-
ities (absence of P waves, prolongation of QRS complexes, etc.)
are present. The effects of Ca2+ infusion are short lasting, with
peak effect noted about 5 minutes after infusion.

The most important therapeutic agent that promotes cellu-
lar K+ entry is insulin. Insulin leads to tissue uptake of K+

as well as glucose; therefore, the latter must be infused to
prevent hypoglycemia in patients presenting without hyper-
glycemia. Considering that hyperglycemia of endogenous and
exogenous origin can result in hyperkalemia (especially in di-
abetics), caution should be exercised as to the rate of glucose
infusion. Consequently, a situation that mimics a euglycemic
insulin clamp (providing enough exogenous glucose to main-
tain normal plasma glucose level during insulin administration)
must be instituted. A less important strategy that might translo-
cate K+ from ECF to ICF is sodium bicarbonate (NaHCO3)
infusion.

Achievement of a net K+ loss is the most effective therapeu-
tic modality to reduce and sustain a normal [K+]p in patients
with severe and persistent hyperkalemia. The first two modal-
ities in the therapy of hyperkalemia, namely, the use of Ca2+

salts (to ameliorate the effect of hyperkalemia on the excitabil-
ity of myocardial and skeletal muscle) and the administration
of insulin and glucose, NaHCO3, and albuterol (to modify in-

ternal K+ translocation from ECF to ICF), are only temporary
measures that remove the immediate threat to life resulting
from hyperkalemia. Consequently, treatment of severe and per-
sistent hyperkalemia must combine all three modalities.

The presence of associated clinical and laboratory abnor-
malities can prevent use of one or more treatment modali-
ties of hyperkalemia. The use of K+ exchange resins by oral
or rectal routes is contraindicated in patients with significant
gastrointestinal symptoms. Calcium infusions are contraindi-
cated in patients with hypercalcemia. Sodium bicarbonate in-
fusions are contraindicated in patients with alkalemia, patients
with high [HCO3

−]p, those with hypernatremia, or in patients
at a significant risk of developing pulmonary edema or with
significant ECF volume expansion. Severe hyperkalemia ac-
companied by preserved renal function usually can be cor-
rected without dialysis. Potassium removal can be achieved
in these patients by inducing an enhanced kaliuresis with
the administration of fluids containing NaCl or NaHCO3, or
both, and with the use of diuretics (acting on the proximal
tubule, loop of Henle, and distal tubule, such as acetazol-
amide, furosemide, and thiazides, respectively). The majority
of patients who develop severe hyperkalemia, however, have
renal failure, and dialysis is the treatment of choice for this
condition.

Defect in Phosphate Homeostasis

The osmotic diuresis of hyperglycemia leads to decreased renal
reabsorption of phosphate accounting for phosphate depletion
in DKA (45). Nonetheless, serum phosphate levels are usually
normal or increased at presentation (Table 90-2). The initial
serum phosphate correlates positively with serum osmolality,
glucose, and anion gap. Insulin deficiency and metabolic aci-
dosis induce a shift of phosphate from cells to the extracellu-
lar compartment thereby masking phosphate depletion. Insulin
therapy shifts phosphate back into cells, rapidly lowering the
serum levels (46–48).

Defect in Acid–Base Balance

Ketoacidosis and Hyperchloremic Metabolic Acidosis. Al-
though the metabolic acidosis of DKA is mostly caused by the
overproduction of β-hydroxybutyric and acetoacetic acids, ad-
ditional acids, including lactic acid, free fatty acids, and other
organic acids, can contribute to the fall in plasma [HCO3

−] (5).
Insulin deficiency, coupled with counterregulatory hormone ex-
cess (largely glucagon), activates cAMP, which in turn leads to
phosphorylation and activation of lipase in adipocytes, thereby
promoting lipolysis (49–52). Lipolysis of triglyceride stores in
the adipocyte provides long-chain fatty acids, which are the
principal substrate for hepatic ketogenesis (53,54). However,
hepatic triglycerides might also serve as a source of fatty acids
in the presence of fatty liver, a not uncommon condition in
patients with diabetes (5).

Role of fatty acid oxidation. In addition to augmented sub-
strate in the form of long-chain fatty acids, development of sub-
stantial ketogenesis by the hepatocyte mitochondria requires a
major increase in fatty acid oxidation. A transport system, the
carnitine shuttle, is needed for long-chain fatty acids to enter
the mitochondrial matrix. This carrier system consists of two
carnitine palmitoyl-transferases (CPT)—an outer CPT I and
an inner CPT II—and carnitine/acyl-carnitine translocase. The
key regulatory step for fatty acid oxidation takes place in a
transesterification reaction catalyzed by CPT I (53,55). This
enzyme controls the entry of acyl-coenzyme A (CoA) esters,
which are derived from the long-chain fatty acids, from the cy-
tosol into the mitochondria (Fig. 90-4) (5). In the normal fed
state and in well-controlled diabetes, CPT I is inhibited such
that fatty acids cannot enter the mitochondria for oxidation
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FIGURE 90-4. Regulation of hepatic ketogenesis. Synthesis of ketones in the liver depends on transfer of
fatty acyl-CoA into the mitochondria by carnitine palmitoyl-transferase I (CPT I). In the fed state and in
well-controlled diabetes, CPT I activity is inhibited by cytoplasmic malonyl CoA. During fasting and in
patients with uncontrolled diabetes, the increase in the glucagon/insulin molar ratio suppresses malonyl
CoA synthesis, allowing for increased transfer of fatty acyl-CoA into the mitochondria and increased
ketogenesis. (From: Foster DW, McGarry JD. Acute complications of diabetes mellitus: ketoacidosis,
hyperosmolar coma, and lactic acidosis. In: DeGroot LJ, Jameson JL. Endocrinology. 4th ed.; 2001.)

and ketoacid formation, but are re-esterified to triglycerides
and transported out of the cytosol as very-low-density plasma
lipoproteins. Inhibition of CPT I is provided by malonyl-CoA, a
metabolite whose level is dependent on adequate glycolysis and
activity of acetyl-CoA carboxylase (56–59). The concentration
of malonyl-CoA is maximal in the fed state, but it sharply de-
creases with fasting and uncontrolled diabetes. In these condi-
tions, an increase in the glucagon/insulin ratio blocks glycolysis
and inhibits acetyl-CoA carboxylase, two processes that lead to
a major drop in malonyl-CoA levels. Consequently, CPT I ac-
tivity is enhanced, allowing conversion of the acyl-CoA esters
of long-chain fatty acids to acyl-carnitines that can be trans-
ported toward the interior of mitochondria (60). The transes-
terification to acyl-carnitine is then reversed by CPT II, which
works in conjuction with the translocase, allowing the release
of fatty acyl-CoA in the mitochondrial matrix. The capacity of
the hepatocytes for fatty acid oxidation is large and the most
of the fatty acyl-CoA molecules entering the mitochondria are
oxidized to ketone bodies.

The anion gap. During the development of DKA, ketoacids
released into the body fluids are titrated by HCO3

− and other
body buffers (61–65). As a result of this buffering process,
HCO3

− ions are replaced by ketoanions in the extracellular
fluid producing the characteristic increase in plasma unmea-
sured anions (the so-called “anion gap”) that is seen in dia-
betic ketoacidosis. In uncomplicated DKA, the increment in
the anion gap (AG) above its normal value should be approx-
imately equal to the decrement in plasma [HCO3

−] (61,64).
Thus the ratio of excess AG (i.e., measured AG minus nor-
mal AG) in mEq/L to the decrement in [HCO3

−] (i.e., normal
plasma [HCO3

−] minus measured plasma [HCO3
−]) should be

approximately 1.0. In fact, this pattern is seen in most patients
with DKA (64,66–72). In Table 90-4 are presented admission
data obtained or calculated from several published reports of
patients with DKA. As can be seen in the table, the mean decre-
ment in plasma [HCO3

−] was essentially equal to the mean
excess AG in most of these studies (in two studies, �AG actu-
ally exceeds �[HCO3

−] by 6 to 8 mEq/L, most likely due to a
preexisting metabolic alkalosis).

In Figure 90-5 (72) is charted the course of treatment in a
patient with DKA presenting with a typical increased AG aci-
dosis. In this patient, the decrement in plasma [HCO3

−] was
essentially equal to the increase in AG before treatment was be-
gun. During the course of therapy, plasma [HCO3

−] increased
as the AG fell, and serum [Cl−] rose concomitantly. By 16 hours
after admission, serum [HCO3

−] was 16 mEq/L, and blood pH
was almost normal. Of note, the BUN was increased on admis-
sion, reflecting a pre-renal fall in renal function, which was
corrected by treatment (see later).

Although most patients with DKA have an increased
AG, one occasionally encounters a patient with pure hyper-
chloremic metabolic acidosis (32,73). The presenting data and
course of treatment in one such patient are depicted in Figure
90-6 (72). Severe metabolic acidosis, accompanied by the ap-
propriate respiratory response, was present on admission, but
the decrement in plasma [HCO3

−] was not associated with an
increase in the AG (AG = 16 ± 4 mEq/L in this example,
which includes [K+] in the calculation). A notable additional
feature is that the blood urea nitrogen concentration (BUN)
is within normal limits. Despite standard treatment, 60 hours
elapsed before the serum [HCO3

−] rose to 17 mEq/L. Serum
[Cl−], although elevated on admission, increased further dur-
ing treatment, and was associated with a reciprocal decrement
in the AG. The fall in the AG, was due, at least in part, to a
major reduction in the serum protein concentration. Thus, two
differences are noteworthy in patients with DKA and a normal
AG. The first is that there is less evidence of impairment of renal
function, and the second is a slower recovery from metabolic
acidosis compared with patients presenting with an increased
AG. Considering that the DKA patient is unable to properly
metabolize ketoacids, whether ketoanions are retained in the
ECF or are wasted in the urine should have no major effect on
the severity of the acid–base disorder.

The representative cases depicted in Figures 90-5 and 90-6
portray the extremes of the acid–base patterns observed on ad-
mission for uncomplicated DKA (72). In fact, most patients
have elements of both increased AG and hyperchloremic aci-
dosis with one element being dominant (Table 90-5). Although
various factors could potentially alter the stoichiometric
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COMPARISON OF ADMISSION DATA IN DIABETIC KETOACIDOSIS

Danowski et al. Seldin et al. Nabarro et al. Shaw et al. Assal et al. Oh et al. Adrogue et al.
(N = 8) (N = 10) (N = 7) (N = 30) (N = 9) (N = 35) (N = 150)a

Blood pH 7.06 ± 0.03 7.07 ± 0 7.06 ± 0.0
[Na]p, mEq/L 130 ± 3.2 129 ± 3.7 136 ± 0.5 131 ± 1.4 146 ± 3.0 136 ± 1.6 132 ± 0.6

[K]p, mEq/L 4.9 ± 0.5 4.7 ± 0.2 5.7 ± 0.2 5.8 ± 0.3 5.6 ± 0.3 5.7 ± 0.1

[Cl]p, mEq/L 94 ± 2.8 94 ± 3.5 93 ± 1.0 96 ± 1.3 106 ± 3.0 101 ± 1.4 98 ± 0.6

[HCO3]p, mEq/L 7.0 ± 0.8 7.4 ± 1.0 7.5 ± 1.1 5.0 ± 0.6a 5.6 ± 1.0 9.6 ± 0.3 6.2 ± 0.2a

Anion gap, mEq/L 34.3 ± 1.3 32.1 ± 1.5 40.8 ± 2.1 36.7 ± 1.7 40.0 25.0 ± 1.2b 33.5 ± 0.6
�[HCO3]p, mEq/Lc 17.0 ± 0.8 16.6 ± 1.0 16.5 ± 1.1 22.0 ± 0.6a 18.4 14.4 ± 0.3 20.8 ± 0.2
�Anion gap, mEq/Ld 18.3 ± 1.3 16.1 ± 1.5 24.8 ± 2.1 20.7 ± 1.7 24.0 13.0 ± 0.9 17.5 ± 0.6

aTCO2 was measured.
bThe value was calculated with [K]p.
cThe values were derived using a baseline value of either 24 mEq/L or 27 mmol/L depending on whether [HCO3]p or TCO2 were measured,
respectively.
dThe values were derived using a baseline value of 16 mEq/L.

relationship between the increment in AG and the decrement in
plasma bicarbonate, the overall level of renal function appears
to be the major determinant of the type of metabolic acidosis
encountered on admission for DKA.

Additional conditions might alter the ratio of excess
AG/bicarbonate deficit in patients with DKA, including hyper-
proteinemia, vomiting or exogenous bicarbonate therapy, and
hypocapnia. Differences in the apparent distribution volume
of bicarbonate and ketone anions have also been proposed to

FIGURE 90-5. Laboratory data on admission and follow-up values in
a patient admitted for diabetic ketoacidosis and featuring pure anion
gap acidosis. Each symbol represents a single measurement. (From:
Adrogué HJ, Eknoyan G, Suki WN, et al. Diabetic ketoacidosis: role
of the kidney in the acid–base homeostasis re-evaluated. Kidney Int
1984;25:591.)

explain the hyperchloremic acidosis of DKA; this hypothesis,
however, has not been verified experimentally (64).

Role of the kidney in modulating the anion gap. Because re-
nal reabsorption of filtered plasma ketoanions is limited and
the production of ketoacids can reach levels as high as 1,000 to
2,000 mEq/day, the urinary excretion of the sodium and potas-
sium salts of the ketoacid anions can be enormous (67,68,74–
76). The renal “wasting” of ketone salts in association with

FIGURE 90-6. Laboratory data on admission and follow-up values
in a patient admitted for diabetic ketoacidosis and featuring pure hy-
perchloremic acidosis. Each symbol represents a single measurement.
(From: Adrogué HJ, Eknoyan G, Suki WN, et al. Diabetic ketoacidosis:
role of the kidney in the acid–base homeostasis re-evaluated. Kidney
Int 1984;25:591.)
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TA B L E 9 0 - 5

ACID–BASE PATTERNS OF PATIENTS WITH DIABETIC KETOACIDOSIS

Pure high anion gap acidosis Mixed forms Pure hyperchloremic acidosis

Associated clinical features before start of
therapy
Fluid intake Poor ⇔ Adequate
Extrarenal fluid loss Present ⇔ Absent
ECF volume deficit Severe ⇔ Mild
Impairment of renal function Severe ⇔ Mild

Associated laboratory features before start of
therapy
Hematocrit, hemoglobin, serum proteins Higher ⇔ Lower
BUN, creatinine, uric acid Higher ⇔ Lower

Cause of changes in �AG/�HCO −
3 after

initiation of therapya
Bicarbonate administration ⇔ Infusion of chloride-rich solutions

aAG = anion gap; AG = [Na+]p − ([Cl−]p + [HCO3
−]p). Excess AG (mEq/L) equals measured AG minus normal AG, and bicarbonate deficit

(mEq/L) equals normal plasma bicarbonate minus measured plasma bicarbonate. Expected value of �AG/�HCO3
− is 1.0 as the bicarbonate deficit is

the result of its titration by ketoacids.

glucosuria-induced osmotic diuresis, poor fluid intake, and
vomiting, result in ECF volume depletion and a resultant reduc-
tion in renal function. Renal blood flow and GFR both fall dur-
ing DKA, with recovery to normal values following the episode
(77,78). Increased urea production from enhanced catabolism
of amino acids in patients with DKA also contributes to the
elevation of blood urea nitrogen levels.

Patients with DKA who develop substantial volume deple-
tion, will tend to present with an increased AG metabolic acido-
sis because of their limited ability to excrete ketone salts. Con-
versely, patients with DKA who are able to maintain sodium
and water intake, thereby minimizing ECF volume depletion,
will tend to present with variable degrees of hyperchloremic
acidosis, due to urinary excretion of ketone salts and retention
of chloride (64,72).

Effect of treatment on anion gap. Volume replacement with
saline infusions during treatment of DKA causes dilution of
both ketones and bicarbonate; thus, the AG decreases due to re-
placement of an unmeasured anion (ketones) with a measured
anion (Cl−). Additionally, correction of K+ depletion with the
chloride salt results in the cellular uptake of K+ in exchange
for H+, while most of the chloride remains in the ECF. Because
the H+ extruded is titrated by HCO3

−, the net effect is the
development of hyperchloremic acidosis.

Renal response to ketoacidosis. Diabetic ketoacidosis stimu-
lates renal acid excretion, leading to a several-fold increase
in net acid excretion. It should be recalled that a voltage-
dependent stimulus for H+ secretion exists in the distal nephron
whenever sodium is absorbed without an accompanying anion.
A substantial electrical gradient favoring distal H+ secretion is
present in DKA as a result of increased distal sodium deliv-
ery (ketonuria and osmotic diuresis), avid sodium reabsorp-
tion (ECF volume contraction), and the presence of poorly re-
absorbable anions (ketones). As a result, daily renal net acid
excretion, as titratable acid and ammonium, can attain lev-
els as high as 250 and 500 mEq, respectively (75). Although
this vigorous response suggests that the kidney very effectively
defends acid–base homeostasis in the course of DKA, such a
conclusion is untenable. Maximal stimulation of renal acidi-
fication in DKA does not suffice to compensate for the large
urinary loss of HCO3

− precursors in the form of salts of ke-
toacids. In fact, experimental studies have shown that despite

maximal stimulation of urinary acidification, for each mmol
of β-hydroxybutyrate excreted, the kidney could salvage only
about 0.5 mEq of potential base (79). Although ketones have
been shown to inhibit the rate of renal ammoniagenesis in the
experimental animal, this effect most probably plays only a mi-
nor role in humans, as a large increment in urinary ammonium
excretion is present in DKA (80).

Effect of treatment on renal response. Balance studies carried
out in the early period after admission for DKA revealed that
correction of volume depletion resulted in massive urinary loss
of bicarbonate precursors (salts of ketoacids) that exceeded
the elevated levels of urinary titratable acidity and ammonium
(Table 90-6) (72). Thus, in the initial period after admission,
the kidneys behave in a maladaptive fashion relevant to the sys-
temic acid–base composition (72). Only when the plasma ke-
tones have fallen substantially, is stimulation of urinary excre-
tion of titratable acidity and ammonium capable of generating
sufficient new HCO3

− to begin to correct the ketoacidosis.

Lactic Acidosis. Patients with diabetes mellitus may develop
lactic acidosis, which represents a potentially serious condi-
tion (81). Its diagnosis is warranted in the presence of a high
anion gap metabolic acidosis associated with blood lactate lev-
els equal to or higher than 4 mEq/L. This acid–base disorder
results from the imbalance between production and utiliza-
tion of lactate; thus, lactic acidosis might result from increased
production, decreased utilization, or a combination of these
two mechanisms. The skeletal muscle and gut are the organs
involved in the development of lactic acidosis because of over-
production. The liver and, to a lesser degree the kidney, are the
organs playing the major role in lactate removal. Diabetes mel-
litus has been shown to be associated with type A as well as type
B lactic acidosis. However, this classification has lost its appeal
in clinical practice because patients frequently display features
of type A as well as type B lactic acidosis simultaneously (82).
Type A includes clinical conditions associated with impaired
tissue oxygenation, which causes hyperlactatemia. Examples
of type A lactic acidosis are clinical states with either reduced
oxygen delivery (shock, cardiac arrest, severe hypoxemia, and
sepsis) or those with increased oxygen demand (vigorous ex-
ercise, shivering, and generalized seizures). Type B includes
clinical conditions in which there is no apparent oxygenation
defect to explain the hyperlactatemia. Although patients with
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TA B L E 9 0 - 6

ROLE OF THE KIDNEY IN THE ACID–BASE DEFENSE IN NORMAL SUBJECTS AND DURING RECOVERY
FROM DIABETIC KETOACIDOSIS

Normal subjectsa Diabetic ketoacidosisb

TA + NH +
4 − HCO3

− TA + NH +
4 − HCO3

−c

Balance Cum. balance Balance Cum. balance

Post-admission mEq mEq

0 to 4 hours 12.7 12.7 −45.0 ± 8.2 −45.0 ± 8.2
4 to 8 hours 12.7 25.4 −10.3 ± 13.5 −55.3 ± 20.8
8 to 12 hours 12.7 38.1 1.8 ± 6.8 −53.5 ± 27.1
12 to 16 hours 12.7 50.8 −16.5 ± 2.0 −37.0 ± 28.3
16 to 20 hours 12.7 63.5 −14.3 ± 2.3 −22.7 ± 28.9
20 to 24 hours 12.7 76.2 −21.2 ± 4.8 −1.5 ± 31.2

aEstimate based on net acid excretion equal to 1.25 mEq/kg body weight/day and a body weight equal to that of the diabetic patients (61 kg).
bThe values presented are means ± 1 SE of four studies.
cActual plus potential bicarbonate is shown; ketone salts other than ammonium represent potential bicarbonate.

type A acidosis develop clinical signs of tissue hypoxia or un-
derperfusion, patients with type B lactic acidosis lack these
manifestations. Examples of type B acidosis include congen-
ital defects in glucose or lactate metabolism and many ac-
quired conditions (e.g., diabetes mellitus, malignancies, toxins,
and liver disease). Lactic acidosis caused by metabolic defects
comprises: (a) disorders of glucoregulation, including hypo-
glycemia and diabetes mellitus; (b) major organ failure, involv-
ing hepatic, renal, or multiple-organ failure; and (c) neoplasias,
especially lymphomas, leukemias, sarcomas, and lung carci-
nomas.

Several drugs and toxins might cause lactic acidosis in dia-
betic and nondiabetic patients. Ethanol abuse is probably the
most common cause within this group. The oral hypoglycemic
agents of the biguanides group (phenformin and metformin)
used to be a major cause of lactic acidosis, particularly in pa-
tients with impaired renal function; the limited worldwide use
of these drugs, at the present time, explains their diminishing
importance in the etiology of lactic acidosis, particularly in
patients with impaired renal function. Many other drugs, in-
cluding salicylates, methanol, ethylene glycol, propylene glycol,
nitroprusside, and isoniazid, might cause this condition.

Correction of the underlying cause of lactic acidosis is the
cornerstone of treatment of this condition. The high mortal-
ity associated with lactic acidosis can be reduced by securing
adequate support of vital functions. The hemodynamic status
and tissue perfusion might improve with correction of volume
deficit, enhancing cardiac output and avoiding vasoconstrict-
ing drugs (e.g., norepinephrine). Tissue oxygenation must be
optimized by correcting anemia or providing a higher inspired
oxygen mixture with or without mechanical ventilation. En-
ergy stores must be replenished to prevent the development of
hypoglycemia. If drugs or toxins are responsible for the lac-
tic acidosis, it is mandatory to remove these agents promptly
from the patient’s tissues by whatever means available (i.e.,
hemodialysis or hemoperfusion, if necessary). Sepsis must be
treated aggressively. Other measures in the management of lac-
tic acidosis might include alkali therapy as well as the use of
dichloroacetate (DCA), which enhances the oxidation of pyru-
vate, as described in the following.

The utilization of alkali therapy in the treatment of lac-
tic acidosis is controversial because the rising pH associated
with this treatment tends to further increase hyperlactatemia.
It has been known for years that acidosis inhibits glycolysis,
whereas alkalosis stimulates it and consequently results in el-
evated plasma lactate levels; this effect, however, is generally

mild and usually results in an increase in plasma lactate of
only 1 to 3 mEq/L. This pH feedback control is not unique to
lactic acid but also occurs with other organic acids, including
ketoacids, whose production is inhibited by acidosis and stim-
ulated by alkalosis. Additionally, HCO −

3 therapy neither alters
the natural course of the deranged metabolism leading to lac-
tic acidosis nor diminishes the mortality of this condition. Yet,
most experts advise HCO3

− therapy in lactic acidosis in the
presence of extreme acidemia (blood pH <7.20) or [HCO −

3 ]p
lower than 10 to 12 mEq/L. Bicarbonate administration, how-
ever, has several potential adverse effects that are described
elsewhere in this chapter.

Other therapeutic measures include the administration of
Carbicarb (0.33 mol/L sodium carbonate and 0.33 mol/L
sodium bicarbonate) and DCA. The alkalinizing capacity of
Carbicarb is identical to that of NaHCO3, but Carbicarb pro-
duces less carbon dioxide (82). Thus, the potential risk of tis-
sue acidosis owing to H2CO3 accumulation, associated with
alkali therapy, appears to be lower, by comparison, when Car-
bicarb is used instead of pure NaHCO3. However, the use of
Carbicarb in clinical practice is not universally accepted. DCA
limits lactate production by stimulating pyruvate dehydroge-
nase activity, resulting in oxidation of pyruvate to acetyl CoA.
The usual dose in adults with lactic acidosis is 50 mg/kg of body
weight, diluted in 50 mL of isotonic saline for intravenous in-
fusion over a 30-minute period. This dose might be repeated if
plasma lactate levels remain substantially elevated. Limited ex-
perience with DCA indicates that this therapy can be beneficial
in some instances of lactic acidosis.

Renal Tubular Acidosis. A normal anion gap acidosis, also
known as hyperchloremic acidosis, might develop either from a
primary loss of HCO3

− or from a failure to replenish HCO3
−

stores depleted by the daily production of fixed acids. These
two defects are commonly encountered in patients with di-
abetes mellitus (61). A primary loss of HCO3

− might result
from intestinal (e.g., diarrhea) or urinary losses of alkali or its
precursors (e.g., ketone salts of sodium and potassium). Hyper-
chloremic metabolic acidosis that results from failure to replace
HCO3

− stores that have been depleted by the daily production
of fixed acids is observed in diabetics with distal tubular acido-
sis. In this condition, the daily net acid excretion by the kidney
falls short of the daily acid production, leading to metabo-
lic acidosis owing to depletion of HCO3

− stores. Another
example is adrenal insufficiency, in the form of dimin-
ished mineralocorticoid activity (selective hypoaldosteronism,
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FIGURE 90-7. Diabetic ketoacidosis (DKA) and non-
ketotic hyperglycemia (NKH) are different forms of
the same disease process.

aldosterone resistance, and the administration of the
K+-sparing diuretic spironolactone) as well as diminished glu-
cocorticoid activity. The major causes of distal renal tubular
acidosis accompanied with hyperkalemia (type 4 renal tubu-
lar acidosis) include diabetic renal disease, hypoaldosteronism,
obstructive uropathy, sickle cell nephropathy, and renal trans-
plant rejection (83).

Combination of Multiple Major Disturbances

The full-blown forms of DKA and NKH represent the most fre-
quently observed and clinically relevant acute metabolic com-
plications of uncontrolled diabetes mellitus (84,85). Clinicians
generally consider that each of these two entities illustrates a
distinct condition that develops in isolation from the other in
the course of diabetes mellitus. In addition, major textbooks of
internal medicine commonly describe DKA and NKH as dif-
ferent processes having little in common, thereby perpetuating
such a notion. These conditions, however, are in fact closely
interrelated and truly represent two different expressions of a
remarkably similar pathophysiologic process (84–87). In fact,
mixed forms having features of DKA and NKH are observed
as or even more frequently than the pure forms of each of these
disturbances. As depicted in Figure 90-7, insulin deficiency or
resistance and excessive counterregulation are present in DKA
as well as NKH, yet the severity of these abnormalities differs in
the two clinical conditions. The profound ketosis characteristic
of DKA is caused by severe insulin deficiency or resistance in
association with a mild degree of excessive counterregulation.
Conversely, the profound hyperglycemia observed in NKH is
owing to mild insulin deficiency or resistance in association
with a severe activation of counterregulatory hormones as well
as superimposed renal failure.

The pathogenesis of ketosis and hyperglycemia in diabetes
mellitus always involves the presence of either absolute or rel-
ative insulin deficiency. Such insulin deficit might occur be-
cause of augmented body requirements of insulin while receiv-
ing a fixed insulin dosage, withdrawal from insulin therapy,
or failure of the pancreatic β-cells. Resistance to insulin action
also participates in the ketosis and hyperglycemia. Factors that
contribute to insulin resistance include counterregulatory hor-
mones, deficiency of electrolytes (mostly potassium), increased
tonicity of body fluids, and acidemia. Counterregulatory hor-
mones play a major role in the development of hyperglycemia,
as follows. Elevated levels of cortisol, growth hormone, and
epinephrine depress insulin-mediated glucose uptake in periph-
eral tissues (e.g., skeletal muscle) and promote the release of
gluconeogenic precursors from myocytes and adipocytes. The

latter effects combined with augmented glucagon levels con-
tribute to enhanced gluconeogenesis by the liver and kidney
(less important role).

In Figure 90-1 are depicted the dominant derangements ob-
served in the liver and peripheral tissues that are responsible for
the ketonemia and hyperglycemia in decompensated diabetes.
Triglycerides stored in adipocytes are decomposed into free
fatty acids and glycerol by activation of a “hormone-sensitive”
lipase within these cells. Whereas insulin inhibits this lipase,
growth hormone, glucagon, and epinephrine stimulate its ac-
tivity. Consequently, the hormonal disarray of uncontrolled
diabetes augments the release of ketone precursors. The in-
creased plasma levels of free fatty acids promote their uptake
by hepatocytes where fatty acids are activated to their fatty
acyl CoA derivative. The long-chain fatty acyl CoA may be
consumed in the cytosol for the synthesis of fatty acids (includ-
ing malonyl CoA), triglycerides, and phospholipids (dominant
pathway in the normal state) or transported by the carnitine
shuttle into the mitochondria where it undergoes β-oxidation
producing acetyl CoA (dominant pathway in uncontrolled dia-
betes mellitus). Within the mitochondria of healthy individuals,
the acetyl CoA condenses mostly with oxaloacetate for oxida-
tion in Krebs tricarboxylic acid cycle forming carbon dioxide.
The alternative pathway of acetyl CoA within the mitochon-
dria is that two molecules of this compound combine with
each other to form the “ketone bodies,” acetoacetate and D-3-
hydroxybutyrate (ketoacids). The latter route is greatly stimu-
lated in uncontrolled diabetes mellitus because oxaloacetate is
in short supply (being removed from the mitochondria for the
augmented gluconeogenesis) and excessive acetyl CoA cannot
be accommodated through the Krebs cycle so that it overflows
through the ketogenic pathway (88). The carnitine shuttle is
inhibited by cytosolic malonyl CoA, which is produced during
fatty acid synthesis, ensuring that newly formed fatty acids are
not immediately transported into the mitochondria and bro-
ken down. Because insulin augments, whereas glucagon and
catecholamines diminish, the concentration of malonyl CoA,
the hormonal imbalance of uncontrolled diabetes produces low
cytosolic levels of malonyl CoA, enhancing fatty acid transport
toward the mitochondria and thereby stimulating ketogenesis.
In summary, synthesis of ketones in the liver largely depends on
transfer of fatty acyl CoA into the mitochondria by CPT I. In
the fed state of normal individuals, CPT activity is inhibited by
cytoplasmic malonyl CoA. During fasting and in patients with
ketoacidosis, malonyl CoA synthesis is suppressed, allowing
for increased transfer of fatty acyl CoA into the mitochondria
and increased ketogenesis. Decreased consumption of ketone
bodies by peripheral tissues also contributes to the high levels
of plasma ketones in DKA.
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Clinical Manifestations and Diagnosis
of Diabetic Ketoacidosis

Diabetic ketoacidosis is a medical emergency most often ob-
served in type 1 diabetes. Less frequently, DKA is the presenting
condition in obese patients with newly diagnosed type 2 dia-
betes. In patients with uncontrolled type 2 diabetes, DKA can
be observed in combination with nonketotic hyperglycemia.
The risk of developing DKA in type 1 diabetics is approxi-
mately 1% to 2% each year (90,91). The morbidity associated
with DKA is dependent on the severity of the acid–base and
electrolyte disturbances present. Despite advances in treatment,
the mortality rate for DKA remains approximately 7% in the
USA (91).

Precipitating events. Omission of insulin administration, vari-
ous forms of stress, and dietary indiscretions (especially a large
alcohol intake) represent the most common precipitating events
of DKA (92–94). In young individuals with type 1 diabetes,
emotional stress can trigger repeated episodes of DKA over
short intervals. Infectious illnesses often precipitate DKA and
must be aggressively treated if the ketoacidosis is to be con-
trolled. Common such etiologies include seemingly trivial viral
infections as well as pneumonia, pyelonephritis, and septicemia
(73). Pregnancy, myocardial infarction, cerebrovascular acci-
dent, intra-abdominal catastrophes including pancreatitis, K+

depletion, and drugs such as corticosteroids, can also precipi-
tate DKA (84).

Symptoms and signs. Weakness, malaise, air hunger, thirst,
polyuria, vomiting, and altered sensorium are commonly ob-
served (1–3). Severe abdominal pain secondary to ketosis (pos-
sibly a hypertriglyceridemia-induced pancreatitis) can be ob-
served, and these patients sometimes are mistakenly triaged to
surgery (92). However, the abdominal pain can represent an
independent process, such as acute appendicitis (that requires
surgery) or pyelonephritis, which in turn may have precipi-
tated DKA. Increased rate and depth of respirations, the so-
called Kussmaul breathing, is an almost constant finding. Signs
of volume depletion, including orthostatic hypotension, tachy-
cardia, decreased skin turgor, and soft eyeballs, can be evident
on physical examination (95,96). Although DKA is sometimes
referred to as diabetic coma, only 10% of patients are uncon-
scious at presentation and about 20% are alert (92). The ma-
jority of patients present, however, with a clouded sensorium.
Severe obtundation, coma, or convulsions, rarely seen in pure
DKA, are prominent manifestations of severe nonketotic hy-
perglycemia. The patient’s temperature is often decreased but
the presence of hypothermia does not rule out an infectious
process (95). Conversely, if fever is present, the likelihood of
infection is high. A search for tooth or skin infection, perirectal
abscess, or other infectious precipitating event is most impor-
tant. Patients might describe experiencing the distinct taste and
smell of ketones, and the examiner might notice a fruity odor
in the subject’s breath.

Serum ketones. The clinical diagnosis of DKA depends on
semiquantitative assessment of serum ketones with reagent
sticks or tablets; reagent tablets should be powdered before
use. A “large” reading (4+ reaction) for ketones in plasma di-
luted 1:1 or greater is diagnostic of DKA; such a reading in a
urine sample is not diagnostic of DKA, however, as it can be
observed in other conditions, including ordinary fasting, fast-
ing induced by an illness that has precipitated lactic acidosis or
nonketotic hyperglycemia, or nonketotic hyperglycemia itself
(5). The low renal threshold for ketones accounts for the possi-
ble development of a sufficiently high urine ketone concentra-
tion in all ketotic states to be detected as a “large” test response
(4+ reaction).

The semiquantitive test for ketones measures only ace-
toacetate and acetone (a product derived from nonenzy-
matic decarboxylation of acetoacetate); it does not detect
β-hydroxybutyrate. The latter ketoacid is formed from the re-
duction of acetoacetate in a reaction utilizing NADH. Because
the β-hydroxybutyrate concentration in all ketotic states is at
least two to three times higher than that of acetoacetate, a rela-
tively high plasma ketone level of at least 6 mmol/L is required
to achieve a “large” test reading in an undiluted sample. There-
fore, a “large” test reading in plasma diluted 1:1 or greater
indicates that at least 12 mmol/L of ketones are present, a level
found in DKA but rarely present in other ketotic states (97,98).
Exceptions include a short-term fast in late pregnancy, lactating
women, and some alcoholic patients (99–102).

The altered redox state of hepatocytes observed in tissue
hypoxia, ethanol ingestion, or with high rates of fatty acid
oxidation increases further the ratio of β-hydroxybutyrate to
acetoacetate making the semi-quantitative essay less reliable
for detection of ketosis. Sulfhydryl drugs, including captopril,
can produce a false positive ketone test (103). An interaction of
the colorimetric assay for creatinine with acetoacetate (chro-
mogen) results in higher measured serum creatinine levels on
admission for DKA, followed by large decreases after insulin’s
lowering effects on ketone levels. In Table 90-2 are presented
a summary of salient abnormalities of blood measurements in
patients presenting with DKA.

Diagnosis. The diagnosis is made by recognition of character-
istic symptoms and signs, couple with biochemical features that
include hyperglycemia and ketosis (84). A commonly used but
more restrictive diagnostic criterion of DKA includes a triad of
hyperglycemia (plasma glucose >250 mg/dL), ketosis (serum
ketones 4+ positive by the nitroprusside reaction in a dilution
1:1 or greater), and metabolic acidosis (plasma bicarbonate
<15 mEq/L, blood pH <7.30). However, the hypobicarbon-
atemia and acidemia might be absent in DKA because of the
co-existence of additional acid–base disorders (104).

Differential diagnosis. The differential diagnosis of DKA in-
cludes conditions with symptoms and signs related to the
neurologic, gastrointestinal, or respiratory systems. Neuro-
logic disorders include metabolic diseases (e.g., hypoglycemia,
uremia, nonketotic hyperglycemia, lactic acidosis), toxic en-
cephalopathies (e.g., ethanol, methanol, ethylene glycol, opium
derivatives, other narcotics), head trauma, cerebrovascular ac-
cident, meningitis, and encephalitis. Gastroenteritis (abdomi-
nal pain, nausea, vomiting) and pneumonia (dyspnea) can also
resemble DKA.

Nonketotic Hyperglycemia. Nonketotichyperglycemia(NKH)
(84,85), is a syndrome characterized by the presence of severe
hyperglycemia (usually >800 mg/dL) and the absence of clini-
cally significant ketosis (see Table 90-7). DKA and NKH share
the same general pathogenesis-insulin deficiency/resistance and
excessive counter-regulation (the most important element be-
ing high glucagon levels), but the importance of each of these
endocrine abnormalities appears to differ (86,87). Pure DKA,
which features profound ketosis, might emanate from se-
vere insulin deficiency/resistance, with milder abnormalities in
counter-regulation (Fig. 90-7). By contrast, NKH, which fea-
tures marked hyperglycemia without ketosis, might be caused
by relatively mild insulin deficiency/resistance but more intense
counter-regulation. The most important clinical distinction,
however, is that the severity of the fluid deficit and secondary re-
nal dysfunction is greater in NKH than in DKA. This finding in
NKH plays a critical pathogenetic role in the profound hyper-
tonicity observed (Table 90-8) (105–108). In some instances, a
large exogenous source of glucose can be of great importance
in the development of this condition (13) (Table 90-9).
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TA B L E 9 0 - 7

CONTRASTING BIOCHEMICAL FEATURES OF PURE DIABETIC KETOACIDOSIS
(DKA) AND NONKETOTIC HYPERGLYCEMIA (NKH)a

Plasma levels Pure DKA Mixed forms Pure NKH

Glucose <800 mg/dL ⇔ >800 mg/dL
Ketone bodies 4+ in 1:1 dilution ⇔ Not 4+ in 1:1 dilution
Effective osmolality <340 mOsm/kg ⇔ >340 mOsm/kg
pH Decreased ⇔ Normal
[HCO −

3 ] Decreased ⇔ Normal
[Na+] Normal or low ⇔ Normal or high
[K+] Variable ⇔ Variable

aMixed forms of DKA–NKH have intermediate features denoted by the symbol ⇔.

Hypertonicity and renal dysfunction. Renal dysfunction, most
commonly caused by volume depletion, must be present to
generate and sustain the extreme hyperglycemia observed in
most patients with NKH (13). Fluid deficit can be caused by
poor fluid intake (e.g., in patients who are frail and unable
to perceive or respond to thirst because of sedation, stroke, or
other causes) and/or abnormal fluid losses due to osmotic diure-
sis, vomiting, diarrhea, fever, or diuretics. A simple calculation
demonstrates the virtual impossibility of maintaining plasma
glucose levels substantially higher than 400 mg/dL in the pres-
ence of normal renal function, because of the magnitude of
obligatory glucosuria (13). In a patient with a plasma glucose
of 400 mg/dL and a normal GFR, for example, the amount of
glucose that escapes reabsorption (difference between plasma
glucose and the “renal threshold concentration,” 180 mg/dL)
is approximately 400 g/day. Glucose is also removed by cellular
metabolism; whole-body glucose utilization is approximately
200 g/day under euglycemic conditions, and increases in pro-
portion to the glucose concentration even in the absence of
insulin. In patients with severe hyperglycemia and adequate
renal function, therefore, substantial glucose removal, on the
order of 600 to 1,000 g/day, would result both from glucosuria
and internal disposal. An equal amount of new glucose must
enter the circulation to satisfy these demands in steady-state,
severe hyperglycemia. Thus, unless the patient has an excep-

tionally high level of endogenous glucose production (in excess
of three times the normal value observed in the fasting state)
or an extremely large exogenous source of glucose is present,
severe hyperglycemia cannot be sustained in the absence of re-
nal failure. Exogenous sources of glucose include tube-feeding
solutions, parenteral hyperalimentation, or peritoneal dialysis
with a high glucose concentration in the dialysate. In Table 90-9
are summarized the role of fluid deficit and glucose load as pre-
cipitating factors of NKH (13).

Absence of Ketosis

There are several theories to account for the absence of sub-
stantial ketosis in NKH (109–111). It has been proposed that
in NKH there is sufficient insulin to inhibit lipolysis but not
enough to stimulate peripheral glucose uptake. This expla-
nation is based on the presumed less severe insulin deficit of
patients with NKH, and the known inhibition of ketosis by
relatively low insulin levels. Because hypertonicity has been
shown to inhibit lipolysis in vitro, it may also be partly respon-
sible for the absence of substantial ketoacidosis in NKH (112).
A more recent explanation offered for the absence of ketosis
is hepatic resistance to glucagon such that malonyl-CoA levels
do not decrease as much as in DKA (113–115).

TA B L E 9 0 - 8

CONTRASTING CLINICAL FEATURES OF PURE FORMS OF DIABETIC
KETOACIDOSIS (DKA) AND NONKETOTIC HYPERGLYCEMIA (NKH)a

Feature Pure DKA Mixed forms Pure NKH

Incidence 5 to 10 times higher ⇔ 5 to 10 times lower
Mortality 5% to 10% ⇔ 10% to 60%
Onset Rapid (<2 days) ⇔ Slow (>5 days)
Age of patient Usually <40 years ⇔ Usually >40 years
Type 1 diabetes Common ⇔ Rare
Type 2 diabetes Rare ⇔ Common
First indication of diabetes Often ⇔ Rare
Volume depletion Mild/moderate ⇔ Severe
Renal failure (most commonly

of prerenal nature)
Mild ⇔ Severe

Subsequent therapy with
insulin

Always ⇔ Occasional

aMixed forms of DKA–NKH have intermediate features denoted by the symbol ⇔.
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TA B L E 9 0 - 9

FLUID DEFICIT AND GLUCOSE LOAD AS PRECIPITATING FACTORS
OF NONKETOTIC HYPERGLYCEMIA (NKH) IN DIABETES MELLITUS

Condition Physiologic derangement Clinical entity

Fluid deficit Poor water intake
Relatively preserved CNS function
Major CNS abnormality

Elderly/nursing home patients
Cerebrovascular accident, subdural

hemorrhage
Increased urinary fluid loss Large osmotic diuresis, diuretics
Extrarenal fluid loss

Gastrointestinal Gastroenteritis, peptic ulcer disease,
gastrointestinal bleeding,
pancreatitis

Skin Heat stroke, burns
Glucose load Increased glucose intake Highly sweetened drinks, enteral or

tube-feeding; hyperalimentation,
peritoneal dialysis

Increased endogenous glucose
production
Stress Psychological/physical trauma
Infection Pneumonia, pyelonephritis, sepsis
Major illness Myocardial infarction
Medication Corticosteroids, phenytoin, calcium

channel blockersa

aPhenytoin and calcium channel blockers may decrease insulin release and precipitate the HONKS.

Diagnosis. Typically, patients with this disorder are elderly
with Type 2 diabetes, and present with a depressed sensorium,
progressing to obtundation and finally coma. They may be oli-
guric or anuric. Patients with “pure” NKH have no acid–base
abnormalities, no clinically significant ketonemia, a markedly
elevated blood glucose concentration, and elevated BUN and
creatinine concentrations. The diagnosis is based on the pres-
ence of severe hyperglycemia (glucose levels >800 mg/dL), hy-
pertonicity (>340 mOsm/kg), absence of significant ketosis,
and profound volume depletion (84). A comparison of the most
salient clinical and biochemical features that distinguish pure
forms of DKA from NKH are displayed in Tables 90-7 and
90-8. Notably, many patients exhibit a mixed pattern with clin-
ical and biochemical features of both DKA and NKH. These
patients should be diagnosed as having DKA-NKH (81).

Clinical manifestations. Depression of the sensorium, somno-
lence, obtundation, and coma are prominent manifestations
of NKH, and the degree of CNS depression correlates with
the severity of serum hypertonicity (105). Water loss from the
central nervous system with brain shrinkage has been docu-
mented within 1 hour of severe hyperglycemia in experimental
animals, but brain volume recovers at 4 to 6 hours. Neither
ketosis nor metabolic acidosis, features that are consistently
present in DKA but usually absent in NKH, produce extreme
depression of the sensorium (105). In fact, a serum tonicity (i.e.,
effective osmolality) of 340 mOsm/kg H2O or higher appears
to be necessary for the development of coma, and such levels
are commonly observed in NKH but not in DKA (84,105). Cir-
culatory collapse secondary to profound volume depletion can
be observed in NKH. All other symptoms and signs previously
described for patients in DKA (except for dyspnea and Kuss-
maul respiration that arise from metabolic acidosis) may also
be observed in NKH.

Assessment of effective osmolality. To estimate serum tonic-
ity (effective osmolality), one should calculate its value, using

only the sodium and glucose concentrations (effective osmolal-
ity = 2 × [Na+] + glucose/18). Not infrequently, a comatose
diabetic patient is found to have, for example, a measured os-
molality of 350 mOsm/kg H2O but the calculated effective os-
molality is only 310 mOsm/kg H2O; in this case, the patient’s
coma is more likely to be due to conditions other than NKH
(e.g., alcohol, uremia, cerebrovascular accident). Conversely,
a comatose diabetic patient who is admitted with a calcu-
lated effective osmolality of 350 mOsm/kg H2O most likely
has NKH encephalopathy. Nonetheless, one should always ex-
clude other causes for coma. Sometimes it is difficult to estab-
lish whether a neurologic finding is a cause or effect. For exam-
ple, stroke can lead to NKH, and conversely NKH can cause a
cerebrovascular accident (116–118). Rapid reversal of the neu-
rologic syndrome with therapy for NKH indicates that the neu-
rologic event was not the cause but the effect of this metabolic
disorder.

Therapy of Diabetic Ketoacidosis
and Nonketotic Hyperglycemia

The main therapeutic goals of the successful management of
DKA and NKH include repletion of fluid deficit and securing
an adequate circulation, reversal of the altered intermediary
metabolism; correction of the electrolyte and acid–base im-
balance, and treatment of the initiating event (119–125). To
accomplish these objectives, a number of requirements must
be fulfilled: continuous physician availability; 24-hour access
to laboratory facilities; equipment and drugs for handling med-
ical emergencies; and maintenance of a flowchart documenting
evaluations of vital signs, mental condition, serum chemistries,
urine tests, insulin intake, fluid administration (intravenous
and oral), urine output, electrolyte intake, and other medica-
tions. A synopsis of the bedside and laboratory procedures for
the diagnosis, management, and monitoring of DKA and NKH
is presented in Table 90-10.
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TA B L E 9 0 - 1 0

PROCEDURES/STUDIES FOR DIAGNOSIS, MANAGEMENT, AND MONITORING OF DIABETIC KETOACIDOSIS
(DKA) AND NONKETOTIC HYPERGLYCEMIA (NKH)a

Bedside Laboratory procedures/studies

Blood
1. Body weight
2. Blood glucose (test strips)
3. Blood and urine ketone (test strips or tablets)
4. Blood pressure and heart rate (every 30 minutes for 4 hours,

hourly for next 4 hours, then every 2 to 4 hours)
5. Mental status (hourly)
6. Urine output (hourly for 6 hours every 4 hours thereafter)
7. CVP or peripheral venous pressure (hourly during the initial

4 to 8 hours of high-rate fluid infusion)
8. Body temperature (every 2 hours for 6 hours and every 6

hours thereafter
9. Electrocardiogram

10. Chest x-ray

1. Glucose (hourly by test strip until <250 mg/dL, then every
2 hours; confirm in laboratory every 2 to 4 hours)

2. Electrolytes (every 2 to 4 hours)
3. pH, PaCO2, PaO2 (every 2 to 4 hours)
4. Urea nitrogen, creatinine
5. Osmolality
6. Hb, WBC, and differential
7. Cultures

Urine

1. Microscopy and cultures
2. Glucose, ketones

aThe frequency of repeat tests indicated above represents general guidelines that might require adjustments depending on the patient’s presentation
and response to treatment.

Fluids. Intravenous saline infusion should be started at once
to correct the impaired hemodynamic status and the renal
dysfunction; in addition, it lowers plasma glucose levels by
enchancing glucosuria and decreasing counterregulatory hor-
mone release (catecholamines) (126,127). Isotonic saline (i.e.,
0.9%, NaCl) should be infused at the fastest rate possible in
patients in circulatory shock. Patients who do not have an ex-
treme volume deficit should receive about 500 mL/hour for
the first four hours followed by 250 mL/hour for the next
four hours. More rapid administration is not recommended,
as it can delay correction of acidemia (see earlier) and increase
the risk of cerebral edema (127). Some experts prefer lactated
Ringer’s solution to minimize the increase in serum [Cl−], but
there is no evidence that such a practice is of benefit (5); fur-
ther, it has the potential of inducing rebound metabolic alkalo-
sis, as it loads the patient with the HCO3

− precursor, lactate.
Once the patient is hemodynamically stable, the use of half-
isotonic saline with the addition of 20 to 40 mEq of potassium
per each L of infusate is appropriate to also secure potassium
repletion.

Patients presenting with extreme volume depletion can re-
quire a fluid infusion of as much as 5 to 10 L within the first 24
hours (128–131). Fluid challenges of this magnitude demand
that the patient receive careful monitoring for signs of pul-
monary edema. Central venous or pulmonary artery catheteri-
zation may be required in some patients to accurately monitor
intravascular volume.

It is unwise to allow oral fluid intake in the early phase
of DKA and NKH because vomiting is common, especially if
acute gastric distention is present. Although efforts should be
made to avoid routine bladder catheterization in patients with
uncontrolled diabetes to prevent the development or exacerba-
tion of a urinary tract infection, a catheter might be required if
the patient is stuporous or urine output cannot be monitored
reliably.

Insulin. All patients with uncontrolled diabetes require insulin
to reverse the ketoacidosis and correct hyperglycemia (132–
134). These actions of insulin largely reflect suppression of ke-
tone and glucose production in the liver because of insulin’s
antiglucagon effect. Of lesser importance is the insulin-induced
enhancement of glucose utilization in muscle and adipose tis-

sue as well as inhibition of lipolysis. Regular insulin should be
given, if possible, intravenously (5,85).

Mild insulin resistance is virtually a constant finding, al-
though occasionally it may be extreme (135,136). Conse-
quently, insulin requirements in DKA are always several-fold
higher than in normal persons. A loading dose of 15 to 30 units
given as a bolus on arrival is recommended to secure binding
of insulin to anti-insulin antibodies that might be present in
patients who have been previously treated with animal insulin,
and to assure saturation of insulin receptors (137). In patients
who are markedly volume depleted, insulin therapy should be
withheld for the initial 30 to 60 minutes to allow some repletion
of the ECF volume with isotonic saline. In the absence of saline,
insulin can exacerbate ECF volume depletion by translocating
glucose into cells, thereby causing a fall in ECF tonicity and a
shift of water to the ICF compartment. In fact, fluid repletion
alone in the absence of insulin administration reduces plasma
glucose concentration by 35 to 70 mg/dL per hour (138).

The initial insulin bolus should be followed by 10 to 20 units
every hour (but only 3 to 8 units per hour if plasma glucose is
between 150 and 300 mg/dL) until the patient is able to eat,
at which time subcutaneous insulin administration is resumed
(139–144). Although continuous intravenous insulin infusion
is most commonly used, intramuscular or subcutaneous admin-
istration appears to be as effective in correcting hyperglycemia
and ketoacidosis (46). Plasma glucose should fall at approxi-
mately 5% to 10% per hour. As the glucose level approaches
300 mg/dL, 5% dextrose in water at 50 mL/hour should be
included in the intravenous fluids and the plasma glucose con-
centration should be followed closely.

A solution containing 100 units of insulin in 100 mL of
isotonic saline is commonly used, adjusting the infusion rate
to secure the insulin dosage desired. Because some patients
are very resistant to insulin, much larger doses might be re-
quired. In all cases, the hourly dose should be doubled if the
expected reduction in the plasma glucose is not observed within
a few hours. Monitoring serum ketones during therapy is un-
necessary since it does not help in the adjustment of insulin
dosage (144).

Alkali. Bicarbonate administration should theoretically be un-
necessary in DKA (at least in patients with predominantly
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TA B L E 9 0 - 1 1

POTENTIAL ADVANTAGES AND DISADVANTAGES OF BICARBONATE ADMINISTRATION
IN THE MANAGEMENT OF DIABETIC KETOACIDOSIS (DKA)

Advantages
1. Improves hemodynamic status if shock persists after volume repletion and severe metabolic acidosis is present
2. Increases myocardial contractility and enhances cardiac and vascular responsiveness to catecholamines
3. Aids correction of hyperkalemia, especially in patients with prerenal azotemia
4. Prevents a rapid fall in CSF osmolality and therefore might decrease risk of cerebral edema
5. Aids correction of cell metabolism and function (including CNS), impaired by severe acidosis
6. Improves acidosis-induced glucose intolerance and insulin resistance

Disadvantages
1. Induces or worsens hypokalemia, leading to cardiac arrhythmias (especially in digitalized patients) and/or dysfunction of

respiratory muscles (respiratory failure)
2. Produces ECF volume expansion that can cause pulmonary edema
3. Reduces cerebral blood flow (pH effect) and O2 delivery to the brain
4. Worsens hypophosphatemia due to cellular uptake of phosphate and depresses O2 delivery to tissues (increased affinity of Hb

for O2)
5. Produces hypernatremia and increased serum osmolality
6. Decreases further CSF pH, leading to worsening of CNS function
7. Induces overshoot (rebound) alkalosis once conversion of ketone salts to bicarbonate takes place
8. Aggravates ketogenesis and lactic acidosis
9. Predisposes to tetany resulting from hypocalcemia and alkalemia

increased AG acidosis) because ketones, when finally metab-
olized to CO2 and H2O, regenerate HCO3

− (1–3). In support
of this view, several studies have shown that HCO3

− admin-
istration did nothing to improve the recovery of patients with
DKA who presented with very severe acidemia (arterial pH of
6.90 to 7.10) (145,146). The administration of HCO3

− in DKA
may also have some potentially deleterious effects because it
can augment hepatic ketogenesis and lead to worsening of the
CNS acidosis, hypokalemia, and rebound metabolic alkalosis
(145–147).

The potential advantages and disadvantages of HCO3
− ad-

ministration are summarized in Table 90-11. The controversy

regarding its utility is based on variable assessment of the
associated risks and benefits by different workers (84,147–
151).

In Table 90-12 are summarized our recommendations in
terms of indications, goals, and dose estimation for HCO3

−

administration in DKA (151,152). After weighing the argu-
ments, it appears that judicious administration of HCO3

−

to severely acidemic patients, especially those with predom-
inant hyperchloremic metabolic acidosis, confers net benefit;
the goal is to support the arterial pH at 7.10 to 7.20 and serum
[HCO3

−] at approximately 10 mEq/L. Bicarbonate should be
added to an IV infusion, if possible, instead of administering by

TA B L E 9 0 - 1 2

INDICATIONS, GOALS, AND DOSE ESTIMATION FOR BICARBONATE ADMINISTRATION
IN THE MANAGEMENT OF DIABETIC KETOACIDOSIS (DKA)

INDICATION
1. Extreme metabolic acidosis (pH <7.00, TCO2 <5 mmol/L), independent of prevailing hemodynamic status
2. Severe metabolic acidosis (pH <7.15, TCO2 <10 mmol/L) in association with one or more of the following:

■ Shock unresponsive to volume repletion
■ Persistence or worsening of acidemia after several hours of therapy
■ Predominant hyperchloremic acidosis instead of the usual high anion gap acidosis
■ Worsening of mental status and CNS depression

3. Severe hyperkalemia ([K+]p >7 mEq/L)

GOALS AND DOSE ESTIMATION

1. If TCO2 <5 mmol/L (indication 1), it should be increased to no more than 8 to 10 mmol/L
2. If TCO2 is 5 to 10 mmol/L (indication 2), it should be increased to no more than 13 to 15 mmol/L
3. Dose estimation: (desired plasma TCO2−current plasma TCO2) × b.wt (kg) × 0.5a

4. Calculated bicarbonate dose can be added to IV infusion (1 to 2 ampules or 44 to 88 mEq NaHCO3 per L) or given by IV bolus
(50% of estimated dose immediately, and the rest within 2 to 4 hours provided that hypokalemia is not present or is
simultaneously treated and that evidence of pulmonary edema is not found)

5. Monitor blood acid–base status every 30 to 60 min (for 2 to 4 hours) after initiation of bicarbonate therapy to adjust dose to
patient’s needs

aDerives from the “apparent space of distribution” of bicarbonate (retained HCO3
− in mEq/kg divided by the �[HCO−

3 ]p from preinfusion)
that is approximately 50% of body weight in normal subjects but higher in hypobicarbonatemic states. Thus, this formula purposefully
underestimates bicarbonate requirements to avoid the risk of overcorrection.
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TA B L E 9 0 - 1 3

POTASSIUM SUPPLEMENTATION (KCl) IN THE MANAGEMENT OF DIABETIC KETOACIDOSIS (DKA)
AND NONKETOTIC HYPERGLYCEMIA (NKH)

KCl should not be added to the initial 2 L of IV infusion to avoid hyperkalemia because
■ Urinary output is initially unknown
■ Initial [K+]p is usually normal or high

Exception to the above rule on K+ supplementation: add K+ to the initial 2 L of IV fluids if
■ Initial [K+]p <4.0 mEq/L and
■ Adequate diuresis is secured

KCl should be added to the third L of IV infusion and subsequently if
■ Urinary output is adequate (should be at least 30 to 60 mL/hr) and
■ [K+]p <5.0 mEq/L

Rate of IV K+ supplementation:
20 to 30 mEq/hour if [K+]p <4.0 mEq/L
10 to 20 mEq/hour if [K+]p >4.0 mEq/L

Concentration of K+ in IV infusions:
20 mEq/L when IV supplementation is started and subsequently if [K+]p <4.0 mEq/L, and IV infusion rate is = 1 L/hour
40 mEq/L (maximum) if [K+]p <4.0 mEq/L and IV infusion rate is <1 L/hour

Monitoring of K+ supplementation is accomplished by
[K+]P every 2 to 4 hours during the initial 12 to 24 hours of therapy
ECG every 30 to 60 minutes during the initial 4 to 6 hours (i.e., only lead II)

intravenous bolus, unless hyperkalemia is present, because of
the risk of severe hypokalemia.

Potassium. The typical patient with DKA has a potassium
deficit of 4 to 8 mEq/kg at the time of admission, yet the ini-
tial serum [K+] will usually be normal or elevated (see earlier
and Table 90-2). Serum [K+] decreases with therapy because
of insulin-mediated uptake by cells, dilution due to volume re-
pletion by intravenous fluids, correction of metabolic acidosis,
and urinary K+ losses. Thus, K+ supplementation is required
(1–3). Specifically, after the initial fluid challenge has restored
the urinary output and assuming that serum [K+] is below 5.0
mEq/L, an intravenous infusion of 10 to 20 mEq/hour should
be started and continued until the DKA is controlled and serum
[K+] is 4.0 to 5.0 mEq/L. Serum [K+] should be monitored pe-
riodically and the K+ infusion rate adjusted, as needed. Details
about K+ supplementation are provided in Table 90-13.

Phosphate. Because phosphate administration is of unproven
clinical significance and potentially dangerous (i.e., it might
result in hypocalcemia and hypomagnesemia), it should not
be infused unless the serum phosphate is below 0.5 mg/dL;
in those circumstances, 10 to 30 mmol of potassium phos-
phate might be added to the intravenous infusion and repeated
if necessary to correct persistent hypophosphatemia. The hy-
pophosphatemia of DKA may have serious consequences (e.g.,
impaired myocardial and/or skeletal muscle contractility) if it
occurs in undernourished patients, such as chronic alcoholics.
In this population, parenteral phosphate replacement of 60 to
120 mmol administered over a 24 hr period is recommended.

Cerebral Edema and Other
Complications of Therapy

Patients with DKA may be admitted with a relatively normal
mental status and subsequently become unconscious within the
first 12 hours of therapy, in spite of a partial or complete cor-
rection of the hyperglycemia and ketoacidosis (153). These
patients are typically, but not exclusively, children or young

adults, and their morbidity and mortality is relatively high
(154). Often, the fatal outcome is unexpected, as these patients
do not have the underlying vascular, cardiac, and renal abnor-
malities found in older diabetics. At autopsy, cerebral edema is
consistently present (154). Although cerebral edema leading to
death or chronic sequelae (e.g. isolated growth hormone defi-
ciency) is fortunately rare, milder forms can be regularly found
in the course of standard treatment of DKA (5,155,156).

The pathogenesis of this condition remains poorly under-
stood (116,157–159). Osmotic disequilibrium between brain
cells and the CSF is often cited as the principal determinant of
cerebral edema. In response to hyperglycemia, brain cells de-
velop an increase in their osmolality to match that of the CSF
within hours and thus defend themselves against shrinkage.
Once this cellular adaptation to hypertonicity has occurred, a
sudden decrease in CSF osmolality, due to hypotonic fluid in-
fusions or a fall in plasma glucose, may cause swelling of these
adapted cells and produce cerebral edema. Insulin administra-
tion also activates the plasma membrane Na+/H+ exchanger
(NHE–1), which promotes sodium entry in brain cells, facil-
itating development of cerebral edema. The effects of rapid
crystalloid volume loading in diabetic patients with DKA and
the resulting dilutional hypoalbuminemia have been studied
and some degree of brain swelling or increase in CSF pressure
was found (160–165). Alterations in CSF pH and oxygen ten-
sion following HCO3

− administration may also contribute to
the development of cerebral edema.

These mechanisms are only hypotheses, however, and the
pathogenesis of cerebral edema in DKA remains uncertain.
Still, it seems prudent in the course of therapy of DKA (and
that of nonketotic hyperglycemia) to avoid excessively aggres-
sive volume replacement, sudden changes in the patient’s serum
glucose and [Na+], and excessive use of HCO3

−.
A number of life-threatening complications may develop

in the course of DKA and NKH in spite of adequate medical
care (Table 90-14). Shock of cardiac origin or resulting from
sepsis or volume depletion, as well as cerebral thrombosis and
edema, are among the most prominent complications (92,166).
Cerebral edema leading to death or responsible for chronic
sequelae (118,155) fortunately is rare, yet milder forms may be
regularly found with the standard treatment of DKA (160) and
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TA B L E 9 0 - 1 4

COMPLICATIONS OF DIABETIC KETOACIDOSIS
(DKA) AND NONKETOTIC HYPERGLYCEMIA (NKH)

1. Hypoglycemia
2. Hypokalemia and hyperkalemia
3. Fluid overload (pulmonary edema)
4. Cerebral edema (with possible neurologic sequelae

or death)
5. Acute gastric dilatation, erosive gastritis
6. Infection: urinary tract, pneumonia, mucormycosis
7. Venous and arterial thrombosis
8. Acute tubular necrosis (renal failure)

NKH (167). Mortality from DKA has declined from more than
40% in the 1930s to less than 5% in some institutions, as the
result of improvements in medical technology and appreciation
of the seriousness of the disease. Yet, the prognosis of patients
with NKH is substantially worse, as evidenced by the higher
mortality associated with this metabolic complication (85).
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25. Adrogué HJ, Wesson DE. Salt & Water. Blackwell’s Basics of Medicine

Series. Boston: Blackwell Scientific; 1994.
26. Gennari FJ. Hypo-hypernatraemia: disorders of water balance. In: Oxford

Textbook of Clinical Nephrology. 2nd ed. Oxford: Oxford University Press;
1998:175.

27. Roscoe JM, Halperin ML, Rolleston FS, et al. Hyperglycemia-induced hy-
ponatremia: metabolic considerations in calculation of serum sodium de-
pression. Can Med Assoc J 1975;112:452.

28. Trever RW, Cluff LE. The problem of increasing azotemia during manage-
ment of diabetic acidosis. Am J Med 1958;24:368.

29. Linton AL, Kennedy AC. Diabetic ketosis complicated by acute renal fail-
ure. Posgrad Med J 1963;39:364.
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82. Adrogué HJ, Madias NE: Management of life-threatening acid–base disor-
ders. (First of two parts). N Engl J Med 1998;338:26.
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127. Adrogué HJ, Barrero J, Eknoyan G. Salutary effects of modest fluid replace-
ment in the treatment of adults with diabetic ketoacidosis. JAMA 1989;
262:2108.

128. Kandel G, Aberman A. Selected developments in the understanding of dia-
betic ketoacidosis. Can Med Assoc J 1983;128:392.

129. Brown RH, Rossini AA, Callaway CW, et al. Caveat on fluid replacement in
hyperglycemic, hyperosmolar, nonketotic coma. Diabetes Care 1978;1:305.

130. Fulop M. The treatment of severely uncontrolled diabetes mellitus. Adv Int
Med 1984;29:327.

131. Khardori R, Soler NG. Hyperosmolar hyperglycemic nonketotic syndrome.
Am J Med 1984;77:899.



P1: PIC/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-90 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:23

2378 Section XI: Disorders of Electrolyte, Water, and Acid–Base

132. Kitabchi AE, Young R, Sacks H, et al. Diabetic ketoacidosis. Reappraisal
of therapeutic approach. Ann Rev Med 1979;30:339.

133. Kozak GP, Rolla AR. Diabetic comas. In: Kozak GP, ed. Clinical Diabetes
Mellitus. Philadelphia: WB Saunders; 1982;109.

134. Unger RH, Foster DW. Diabetes mellitus. In: Wilson JD, Foster DW, Kro-
nenberg HM, et al., eds. Williams’ Textbook of Endocrinology. 9th ed.
Philadelphia: WB Saunders; 1998:973.

135. Barrett EJ, DeFronzo RA, Bevilacqua S, et al. Insulin resistance in diabetic
ketoacidosis. Diabetes 1982;31:923.

136. Pedersen O, Beck-Nielsen H. Insulin resistance and insulin-dependent dia-
betes mellitus. Diabetes Care 1987;10:516.

137. Flier JS. Lilly lecture: syndromes of insulin resistance. From patient to gene
and back again. Diabetes 1992;41:1207.

138. Luzi L, Barrett EJ, Groop LC, et al. Metabolic effects of low-dose in-
sulin therapy on glucose metabolism in diabetic ketoacidosis. Diabetes
1988;37:1470.

139. Barrett EJ, DeFronzo RA. Diabetic ketoacidosis: diagnosis and treatment.
Hosp Pract 1984;19(4):89,99.

140. Brown PM, Tompkins CV, Juul S, et al Mechanism of action of insulin in di-
abetic patients: a dose-related effect on glucose production and utilization.
Br Med J 1978;1:1239.

141. Rosenthal NR, Barrett EJ. An assessment of insulin action in hyperosmo-
lar hyperglycemic nonketotic diabetic patients. J Clin Endocrinol Metab
1985;60:607.

142. Page MM, Alberti KG, Greenwood R, et al. Treatment of diabetic coma
with continuous low-dose insulin infusion. Br Med J 1974;2:687.

143. Padilla AJ, Loeb JN. “Low dose” versus “high dose” insulin regimens
in the management of uncontrolled diabetes. A survey. Am J Med 1977;
63:843.

144. Fulop M, Murthy V, Michilli A, et al. Serum betahydroxybutyrate mea-
surement in patients with uncontrolled diabetes mellitus. Arch Intern Med
1999;159:381.

145. Bureau MA, Begin R, Berthiaume Y, et al. Cerebral hypoxia from bicar-
bonate infusion in diabetic acidosis. J Pediatrics 1980;96:968.

146. Lever E, Jaspan JB. Sodium bicarbonate therapy in severe diabetic ketoaci-
dosis. Am J Med 1983;75:263.
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CHAPTER 91 ■ PATHOPHYSIOLOGY AND
NEPHRON ADAPTATION IN CHRONIC
KIDNEY DISEASE
RADKO KOMERS, TIMOTHY W. MEYER, AND SHARON ANDERSON

Two million functioning nephrons collectively ultrafilter some
180 L of fluid each day in the healthy human. Successive
nephron segments modify the glomerular ultrafiltrate, so that
the final urine volume and composition are appropriate for the
daily ingested water and solute load. That we are endowed with
a surfeit of nephrons, above that needed to maintain normal
homeostasis, is regularly shown by the ability of a single kidney
following uninephrectomy to carry out the functions previously
performed by two. This surplus is even more apparent in the
setting of progressive chronic kidney disease (CKD). Patients
who have lost 75% of renal function are asymptomatic, and
those whose glomerular filtration rate (GFR) is only 10% of
the normal value retain the ability to excrete the daily water
and solute load.

This chapter first reviews the compensatory changes in func-
tion and structure that occur when functioning nephron num-
ber is reduced, and that make possible the adaptations that
maintain homeostasis. Alterations in handling of individual so-
lutes and water are then described. We then describe the mech-
anisms that underlie adaptation, and then the transition stage
in which these compensatory changes can prove maladaptive,
and serve to accelerate loss of the remaining nephrons.

PRINCIPLES AND PATTERNS
OF NEPHRON ADAPTATION:
“INTACT NEPHRONS” AND

GLOMERULOTUBULAR BALANCE

As nephrons fail during the course of CKD, each remaining
nephron must increase its single nephron excretion of the fil-
tered load of water and solutes. In 1952, Robert Platt (1) rea-
soned that the work of each remaining unit is increased, making
an analogy with the remaining workers in a factory putting in
overtime when their numbers are reduced by illness. Bricker
and colleagues (2–4) later noted that the functional capacity of
the residual nephrons determines the degree to which home-
ostasis is preserved, and that maintenance of homeostasis im-
plies preservation (or even enhancement) of normal glomerular
and tubular function in the remaining nephrons. Reasoning
that globally hypofunctioning nephrons could not maintain
homeostasis, these investigators coined the “intact nephron
hypothesis” to explain the preserved ability of the remnant
nephrons to excrete the required load of water and solutes
(2–4). This hypothesis does not imply an all-or-nothing con-
dition, whereby nephrons are either fully functional or dead.
Rather, GFR may be reduced in some nephrons, while com-
pensatory mechanisms elevate GFR and enlarge the tubules of
the less damaged nephrons (5,6). As reviewed by Bricker and
Fine (4), the original studies examining this question were per-
formed in models of unilateral renal disease (7). GFR in the

affected and unaffected contralateral kidneys was compared to
values simultaneously determined for tubular transport func-
tions. The ratio of glomerular to individual tubular functions
was comparable in the diseased and normal kidneys. These
data were interpreted to indicate that for any given volume of
glomerular filtrate, diseased nephrons excrete the same amount
of solute as do the nephrons of the contralateral kidney (4).
Each remnant nephron presumably transports water and so-
lutes in proportion to its individual GFR, whether reduced by
disease processes or elevated by compensatory hyperfiltration
and hypertrophy.

Another essential component of adaptation is maintenance
of glomerulotubular balance. Glomerulotubular balance is
maintained in both tubulointerstitial and glomerular diseases
(5,8). In chronic experimental membranous glomerulonephri-
tis, despite a wide range of single nephron GFR (SNGFR) val-
ues, proximal fluid reabsorption correlates closely with SNGFR
in individual nephrons, so that fractional reabsorption is the
same in hypofiltering and hyperfiltering nephrons (9). Presum-
ably, structural changes in the proximal tubule (PT) and per-
itubular capillary network act together with alterations in Star-
ling forces to perpetuate glomerulotubular balance. In those
studies, the net hydraulic permeability of the peritubular cap-
illary network surrounding severely damaged nephrons was
reduced, suggesting loss of capillary surface area available for
fluid reabsorption (9). Morphologic studies have further shown
that nephrons whose glomeruli are severely damaged by im-
mune injury exhibit PT cell atrophy, presumably associated
with decreased reabsorptive capacity. In contrast, PT of less
damaged nephrons increase in diameter and length (and pre-
sumably in reabsorptive capacity).

FUNCTIONAL ADAPTATIONS
TO NEPHRON LOSS

Surgical ablation of renal tissue, which has been used since
the late 1800s, is the simplest and most widely used model
to mimic the more gradual loss of nephrons that occurs in
CKD. Reduction of renal mass leads to structural and func-
tional hypertrophy of the remaining nephrons. Hyperfiltration
in remnant nephrons has been generally regarded as benefi-
cial in the short term, since it minimizes the decrease in total
GFR that would otherwise ensue. However, as described in the
subsequent text, sustained activity of these forces is now rec-
ognized to contribute to loss of renal structure and function
in the longterm. The border between adaptive and maladap-
tive responses is ill defined, but appears to relate more to the
magnitude than to the character of the adaptive changes, since
activation of the same growth promoting pathways occurs with
modest or extreme ablation. The degree of nephron loss that
represents a point of no return has not been identified. This

2380



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-91 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 15:14

Chapter 91: Pathophysiology and Nephron Adaptation in Chronic Kidney Disease 2381

theoretical point is likely to vary depending on species, under-
lying cause of nephron loss, and a wide spectrum of risk factors
discussed in the subsequent text. The exact scenario of events
following the nephron loss still remains to be established, but it
appears that functional adaptations precede changes in struc-
ture. Though discussed separately, it should be recognized that
functional and structural adaptations are closely interrelated,
often sharing common pathophysiological mediators. Further-
more, adaptive and maladaptive mechanisms will be discussed
in parallel, with emphasis on putative mechanisms or factors
underlying transition from adaptation to maladaptation.

FUNCTIONAL ADAPTATIONS

Renal Hemodynamic Adaptations and
Maladaptations: Compensatory

Hyperfiltration

Remaining nephrons compensate for nephron loss by increased
perfusion and filtration rates. Studies of renal transplant donors
(in whom the remaining nephrons are considered to be normal)
indicate that within weeks after nephrectomy, GFR and renal
plasma flow (RPF) rates in the remaining kidney increase by
about 40%, so that the GFR is about 70% of the prenephrec-
tomy value (10,11). GFR may be maintained reasonably well
for up to 50 years after childhood nephrectomy (12) and for
decades after nephrectomy in adulthood (13). The risk of reach-
ing end-stage renal disease (ESRD) in living transplant donors
has been estimated to be 0.2% to 0.5% (14). For those pa-
tients that do lose function after nephrectomy, the contribu-
tion of nephron ablation vs. extrarenal risk factor activity is
unclear.

Studies in experimental models provide insight into the
mechanisms of compensatory hyperfiltration. The SNGFR in-
creases within 15 hours after nephrectomy in rats (15); by
2 weeks, the whole kidney and single nephron GFR values
have increased by about 40% (16,17). Comparable changes
are seen in the whole kidney and single nephron plasma flow
rates. Vascular resistance is reduced in the afferent and effer-
ent arterioles, allowing an increase in the glomerular capillary
plasma flow rate (QA). Because the decrease in afferent arte-
riolar resistance (RA) is proportionally greater than that in ef-
ferent arteriolar resistance (RE), the hydraulic pressure in the
glomerular capillary (PGC) increases. Together, glomerular cap-
illary hyperperfusion and hypertension account for the single
nephron hyperfiltration in the remaining nephrons. The mag-
nitude of these hemodynamic adaptations correlates with the
amount of renal tissue excised. Thus, uninephrectomy leads to
a 40% to 50% increase in the SNGFR (17); this rate more than
doubles after removal of three-fourths of the renal mass (18–
20). With uninephrectomy, the increase in SNGFR is largely
due to a similar increase in QA. However, in more extensive re-
nal ablation, substantial increases in PGC occur. The magnitude
of the adaptive increase in SNGFR is similar in superficial and
juxtamedullary nephrons (21,22), and the tubuloglomerular
feedback mechanism remains intact, with its setpoint altered
in a way that permits hyperfiltration (23,24).

Of the glomerular hemodynamic determinants of adaptive
hyperfiltration, glomerular capillary hypertension appears to
be the crucial cause of eventual structural injury. The rela-
tive roles of hyperfiltration, hyperperfusion, and glomerular
capillary hypertension were elucidated in a series of studies in
the 1980s. Hostetter et al. (18) subjected rats to 85% to 90%
nephrectomy. Untreated rats exhibited elevated SNGFR, due
to elevations in both PGC and QA. These hemodynamic adap-
tations were associated with proteinuria and extensive focal

and segmental glomerular sclerosis (FSGS) (25). When dietary
protein restriction was used to blunt the adaptive hyperfiltra-
tion, values for SNGFR, QA, and PGC were nearly normalized.
Limitation of QA and PGC with dietary protein restriction is
associated with slowing of the development of proteinuria and
FSGS in this and a number of other models of renal disease
(26).

Those studies did not separate out the relative roles of hy-
perfiltration and its specific determinants. Subsequent studies
using angiotensin converting enzyme inhibitors (ACEI) were
able to clarify this issue. ACEI reduce RE and PGC, without
affecting QA or SNGFR. In rats with renal ablation, selective
control of glomerular hypertension is protective, even in the
absence of any changes in SNGFR or QA.Conversely, antihy-
pertensive therapy that lowers systemic but not intraglomerular
pressure may not protect the kidney at risk (19).

Uninephrectomy does not lead to increased blood pressure,
whereas more extensive renal ablation is often accompanied
by substantial systemic hypertension (18,19). Hypertension is
both cause and consequence of CKD. Once present, hyperten-
sion is associated with faster loss of renal function in patients
with acquired renal disease, as well as acceleration of the more
moderate loss of renal function associated with normal ag-
ing (27,28). Studies in hypertensive renal disease models have
helped to delineate the hemodynamic mechanisms of hyper-
tensive injury. Specific patterns relate to changes in the arterial
perfusion pressure and the accompanying patterns of glomeru-
lar arteriolar resistances. Afferent arteriolar vasodilation, and
impaired ability to respond to changes in perfusion pressure,
result in impaired autoregulation and enhanced transmission
of systemic pressure into the glomerular capillary network, and
thereby to glomerular capillary hypertension (29–31).

Alterations in Glomerular Permeability

Another index of glomerular function is the ability to restrict
passage of macromolecules into the urinary space (32,33). The
normal glomerular capillary wall imposes a formidable barrier
to passage of plasma proteins. Permselectivity is characterized
by examining the extent to which the glomerular capillary wall
discriminates among molecules of different size, charge, and
configuration. The most extensively used method for quan-
titation of glomerular permselectivity involves measurement
of fractional clearances of test macromolecules, compared to
clearance of inulin. Substances such as dextrans and Ficoll may
be used in a neutral state, allowing assessment of size selectiv-
ity or, in a charged (anionic or cationic) state, allowing assess-
ment of charge selectivity (33). The other major determinant
of protein passage, molecular shape or configuration, has been
less extensively studied. In the normal kidney, the fractional
clearance of negatively charged dextran sulfate is lower than
that for neutral dextran at any given molecular radius. Con-
versely, positively charged molecules pass through more freely
(32,33).

Increased glomerular permselectivity to proteins is a com-
ponent of adaptation to reduced nephron number. Uninephrec-
tomy is associated with a modest, late development of protein-
uria in the rat (34) and, in some cases, humans (35). However,
in the setting of a predisposition to proteinuria, the course
can be accelerated. For example, in a rat strain predisposed
to spontaneous proteinuria, uninephrectomy induces a defect
in charge selectivity (36). With more extensive renal ablation,
even in previously normal kidneys, permselectivity studies indi-
cate that proteinuria results from defects in both size selectivity
and charge selectivity (25,37,38), with increased flux through
the shunt pathway. As is discussed subsequently, this adapta-
tion is associated with lesser capability of podocytes to adapt
to the loss of nephron mass.
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FIGURE 91-1. Patterns of adaptation for different solutes in chronic
progressive renal disease. A: No regulation or adaptation. B: Regula-
tion with limitation. C: Complete regulation. See text for discussion.
(Reprinted from: Bricker NS, Fine LG. The renal response to progres-
sive nephron loss. In: Brenner BM, Rector FC Jr, eds. The Kidney.
Philadelphia: WB Saunders, 1981:1058, with permission.)

Functional Adaptations: Tubular

The adaptive changes in SNGFR and in proximal tubular re-
absorptive capacity are accompanied by specific mechanisms
that augment the ability to excrete a constant solute load in
the face of a dwindling number of functioning nephrons. In
general, the adaptive mechanisms are not unique to renal in-
sufficiency; rather, they are the same mechanisms that allow
the normal kidney to excrete an excessive load. There are lim-
its to the adaptive capability, however; when that capability is
exceeded, the complications of CKD ensue.

As elucidated by Bricker and Fine (4), there are three major
patterns of adaptation to advancing CKD (Fig. 91-1). The pat-
tern of adaptation is reflected by the change in serum concentra-
tion of specific solutes with the fall in GFR. If there is no regula-
tion or adaptation, the plasma concentration increases (curve A
of Fig. 91-1). Examples include urea and creatinine, in which
the rate of excretion depends on the filtered load, and tubu-
lar reabsorption and secretion mechanisms fail to adapt suf-
ficiently to prevent a rise in the serum concentration. Curve
B represents “regulation with limitation” (i.e., maintenance of
normal plasma concentration until the late stages of CKD);
when GFR falls below a critical level, excretion can no longer
keep up with intake, and plasma concentration rises. Solutes
in this class, such as phosphate and urate, are excreted by fil-
tration and either tubule reabsorption, tubule secretion, or a
combination. The third pattern (curve C) is termed “complete
regulation.” Serum concentration is maintained in the normal
range until terminal CKD stages; examples include sodium,
potassium, and magnesium. For normal serum levels to be
maintained, increased single nephron excretion results from
altered tubular transport patterns, as discussed in the subse-
quent text. Changes in individual solute handling in CKD have
been reviewed extensively elsewhere, and are briefly summa-
rized here.

Sodium Excretion and the Regulation
of Extracellular Fluid Volume

Extracellular fluid (ECF) volume is maintained remarkably
close to normal in patients with CKD, until the very late stages
(39). Although absolute sodium (Na) reabsorption in the PT
increases in parallel with the rise in SNGFR (40,41), fractional
excretion of Na and water increase (42–44). These changes re-

sult in a marked increase in Na delivery to the thick ascending
limb of Henle and distal nephron (21).

Chronic adaptations enable maintenance of normal Na bal-
ance until the late stages, but the immediate natriuretic response
to a large Na challenge is impaired (45,46). The natriuresis
evoked by Na loading is generally reduced less than is the GFR
(45–47), so acute volume expansion causes a greater increase in
fractional Na excretion in uremic animals than in normal con-
trols, a “magnification” phenomenon (45,48,49). In advanced
CKD, ability to conserve Na is also compromised, such that
most patients are unable to lower Na excretion below 20 to
30 mEq/day (a “salt floor”) (4,50,51). With high Na intakes,
the smaller number of functioning nephrons may not be able
to increase Na excretion enough to maintain Na balance, and
thus may be termed as having a low “salt ceiling.” As CKD pro-
gresses, the distance between “floor” and “ceiling” increases,
and maintenance of Na balance becomes more difficult (4).
However, in some cases, slowly reducing Na intake may lead
to more efficient reductions in Na excretion, or reversal of the
“salt-losing” tendency (52).

With respect to mechanisms controlling adaptive changes
in Na handling, early investigators postulated that decreased
aldosterone formation or effect might play a role (8). How-
ever, observations that serum aldosterone levels are normal or
high, that responsiveness to aldosterone antagonist therapy is
present (53), and that exogenous mineralocorticoid therapy
does not cause Na retention (42,54–56) in CKD patients have
cast doubt on a major role for this mechanism. Later, the dis-
covery of atrial natriuretic peptide (ANP) turned attention to-
ward that hormone as a mediator of Na excretion in CKD. Rats
with renal ablation exhibit increased ANP levels, which are re-
lated to dietary Na intake and fractional Na excretion (57,58).
Increased ANP levels in CKD patients have been related to in-
creased blood volume and to increased blood pressure (59,60).
Interpretation of these studies may be complicated by the pres-
ence of heart failure and errors in the assay of plasma ANP
caused by related peptides that are retained in CKD. However,
studies with an ANP antagonist confirm that increased ANP
levels make a major contribution to increased fractional Na
excretion in experimental CKD (61), and giving a monoclonal
anti-ANP antibody prevents the postnephrectomy diuresis in
rats, by blunting both proximal and distal tubular Na reab-
sorption (62).

Hypertension may contribute to increased fractional Na ex-
cretion in CKD, as has been suggested by Guyton’s group (63).
According to this view, maintenance of constant Na intake in
the setting of fewer nephrons leads to Na retention and ex-
pansion of ECF and blood volumes; the consequent increase
in blood pressure in turn causes a higher fractional Na excre-
tion. However, blood pressure is higher in CKD patients than
in normal subjects whose blood volumes have been increased
by salt loading, and reducing dietary salt intake does not con-
sistently prevent hypertension in rats with renal ablation (64).
Thus, blood pressure alone is not the sole factor regulating Na
excretion in CKD.

The molecular basis for Na transport after reduction in
nephron number has been explored. Using microdissected
tubule segments of 5/6 nephrectomized rats, Terzi et al. (65)
found increased Na-K-ATPase activity along the nephron when
expressed per unit of nephron length. Enzymatic activity corre-
lated with the degree of tubular hypertrophy. However, when
expressed per tubule surface unit, no changes were found, sug-
gesting that the density of pumps remained stable during com-
pensatory tubular hypertrophy. Addressing this issue, Kwon
et al. (66) explored protein expression of Na transporters
and Na-K-ATPase along the nephron in rats 2 weeks after
subtotal nephrectomy. They found a decrease in total kidney
Na/H exchanger, Na-phosphate cotransporter, and basolateral
Na-K-ATPase in remnant kidneys as compared to controls.
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Densities of these transporters did not increase proportion-
ally to the nephron hypertrophy and GFR. These findings re-
flected mainly changes in the PT and were associated with in-
creased remnant nephron Na excretion. In contrast, expression
of bumetanide-sensitive channels in thick ascending limb and
thiazide-sensitive channels in distal tubules was increased, and
Na-K-ATPase expression was maintained in these segments.
These changes indicate compensatory increases in distal seg-
ments, partly because of elevated vasopressin and aldosterone
levels associated with CKD. In contrast to rats with exten-
sive renal mass reduction, more recent studies in uninephrec-
tomized rats have shown upregulation and activation of
NHE-3 (Na/H exchanger). Moreover, inhibition of NHE3 was
associated with inhibition of compensatory growth in the rem-
nant kidney (67).

Potassium Homeostasis

The failing kidney retains the ability to maintain potassium (K)
homeostasis and normal serum K levels until the GFR reaches
about 10% of normal. Potassium secretion per nephron must
increase to maintain K balance; in fact, experimentally, frac-
tional excretion of K may exceed 100% of the filtered load (7),
and this adaptation occurs within a day of uninephrectomy
(68). Similar to Na handling, animal studies show a significant
inverse correlation between fractional excretion of K and GFR.
The major factors responsible for increased K excretion per
nephron appear to be elevation of plasma and intracellular K
concentrations following K ingestion, particularly early in the
course; later, an adaptive tubule process also augments K se-
cretion (69–71). In uninephrectomized rats, K secretion occurs
within hours after nephrectomy, and is mediated by amiloride-
sensitive channels (72). In addition, reduced K reabsorption by
the loop of Henle may facilitate excretion of acute potassium
loads in renal failure (73).

Following ingestion of a K load, serum K increases by about
the same increment in CKD patients and in normal subjects,
inducing an increase in distal K secretion (74). When factored
for GFR, the kaliuresis in patients with moderate CKD is the
same as normal subjects (74,75). However, because the CKD
patient excretes K more slowly than the normal subject, there
is prolonged elevation of serum K following an oral load.

Later in the course, distal tubular adaptations, specifically,
increased activity of Na-K-ATPase and basolateral surface
area in principal cells of the cortical collecting duct, promote
K excretion (76–80). As another adaptation, as CKD pro-
gresses, intestinal K excretion also increases in concert with in-
creased colonic Na-K-ATPase activity (79,80). Administration
of the aldosterone antagonist spironolactone to patients with
CKD often results in dangerous hyperkalemia (81), and hy-
perkalemia is often observed when aldosterone synthesis is re-
duced by ACEI. Thus, it appears that adequate aldosterone lev-
els are required to facilitate increased K secretion per nephron,
and that hyperkalemia may occur earlier in CKD in patients
who have low plasma aldosterone levels (82).

Water Homeostasis

The capacity to generate solute-free water (expressed as a frac-
tion of the GFR) is remarkably well maintained when renal
function is impaired (4,11,83–85). However, the GFR reduc-
tion impairs the water excretory capacity, as is reflected in a
reduction in the minimum attainable urine osmolality. Reduc-
tion in the ability to excrete solute-free water puts these patients
at risk for water intoxication when challenged with an exces-
sive water load. In contrast to the somewhat preserved diluting
mechanisms, the ability to concentrate the urine begins to fail
relatively early in CKD, resulting in a marked decrease in frac-
tional reabsorption of solute-free water. In CKD patients, se-
vere dehydration is usually avoided because intact thirst mech-

anisms allow the patient to compensate for the urinary water
losses. Accordingly, nocturia is the predominant symptom.

Urinary concentration requires maintenance of hypertonic-
ity of the medullary interstitium and normal water transport
across distal nephron segments in response to antidiuretic hor-
mone (ADH). Maintenance of medullary interstitial hyper-
tonicity in turn requires structural preservation of the coun-
tercurrent system. Part of the urinary concentrating defect
in CKD may be attributed to the high solute load imposed
on each nephron. However, diseases that profoundly disturb
the medullary architecture (e.g., tubulointerstitial disease) may
cause disproportionate impairment of concentrating ability
(86,87). The presence of a concentration defect despite ele-
vated ADH levels in plasma in CKD suggests a distal tubular
defect. Limited ADH responsiveness (21,88,89) may be due
to two factors. First, ADH-stimulated adenylate cyclase activ-
ity and water permeability in the distal nephron may be im-
paired (90). Also, increased tubular flow rates may limit the
fraction of water that can be reabsorbed by the distal nephron
in response to ADH (91). Several molecular mechanisms un-
derlying the concentration defect in CKD have been suggested.
Teitelbaum et al. (92) described the absence of ADH V2 recep-
tor mRNA in the inner medulla of rats with CKD. Kwon et
al. (93) studied protein expression of aquaporins (AQP) in rat
remnant kidneys. Aquaporins are membrane proteins acting
as water-selective channels. AQP1 is found mainly in proxi-
mal tubule and descending limb of the loop of Henle, whereas
AQP2 and 3 localize in apical and basolateral membranes of
collecting ducts, respectively. These authors reported marked
reduction in all three channels with CKD. Furthermore, de-
creased AQP expression was resistant to treatment with ADH
(93). Recently, downregulation of the Na cotransporter rBSCl
has also been reported, with impaired responsiveness to water
restriction (94).

Acid–Base Homeostasis

Metabolic acidosis is the predominant acid–base disorder in
CKD, due to a reduced renal ability to excrete acid (90,91,
95–97). Early in the course, hydrogen balance is maintained
by increased ammonium excretion per functioning nephron
(91,97,98). However, later this adaptation proves insufficient,
and acidosis is maintained primarily owing to reduced am-
monia synthetic capacity. Ammonium excretion per total GFR
rises to three to four times normal (99,100), but this increase is
insufficient to counteract the profound reduction in function-
ing nephron number (91,98). Animal studies have shown that
urinary ammonia excretion is impaired even before ammonia
synthetic capacity is exhausted (100). Impaired excretion of
ammonia was originally attributed to impairment of counter-
current mechanisms, which were thought to increase ammo-
nium concentration in the medulla and facilitate “trapping” of
ammonia by acidified luminal fluid in the collecting duct. How-
ever, this explanation may require modification in light of the
discovery that ammonia enters tubule fluid by active secretion
as well as by “trapping.”

Renal acid excretion also requires reabsorption of filtered
bicarbonate, and generation of a large hydrogen ion gradient in
the distal nephron. Following uninephrectomy, stimulation of
PT bicarbonate reabsorption occurs, as a result of a doubled
transport rate. An increase in Na/H exchange contributes to
this phenomenon (101). Some (43,102,103) but not all (100)
micropuncture studies of rats with more radical nephron re-
duction have found slight increases in fractional reabsorption
of bicarbonate, and studies of proximal tubule brush-border
vesicles from rats with renal ablation have shown increases in
Vmax of the Na-H antiporter (44). However, clinically, Schwartz
et al. (104,105) have presented evidence that a decrease in
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bicarbonate reabsorptive ability develops, corresponding to
more recent findings of reduced NHE-3 in proximal tubules
of rat remnant kidneys (66). In severe CKD, the threshold for
bicarbonate reabsorption may also be reduced (106), an ef-
fect enhanced by the actions of various stimuli including hy-
perkalemia, hyperparathyroidism, and ECF volume expansion
(107,108).

In general, distal acidification is better maintained than
proximal bicarbonate reabsorption in CKD, except in patients
with distal renal tubular acidosis (109,110). However, CKD
patients are unable to lower urinary pH as well as are nor-
mal subjects with experimental acidemia (91), and so a relative
decrease in distal hydrogen ion pump capacity may also con-
tribute to acidosis. Failure to attain normal minimal urinary pH
prevents optimal titration of nonammonia buffers and thus re-
duces the excretion of the titratable acid. Restriction of dietary
phosphate intake may further contribute to reduced excretion
of titratable acid in uremic patients.

Phosphate Homeostasis

Abnormalities of phosphate and calcium metabolism and their
contributions to renal osteodystrophy are discussed elsewhere
in this book. The intrarenal adaptations that contribute to cal-
cium and phosphate homeostasis in CKD are discussed here.
A progressive increase in fractional phosphate excretion main-
tains phosphate balance early in the course of CKD (111,112).
In more advanced disease, phosphate excretion is maintained
by a further increase in the fractional excretion, along with
an increase in serum phosphate levels. Studies by Slatopolsky
et al. (112–114) suggested that increased parathyroid hormone
(PTH) caused the increase in fractional phosphate excretion. In
dogs subjected to renal ablation, fractional excretion of phos-
phorus increased, and the magnitude of the increased fractional
excretion correlated with the magnitude of the increase in cir-
culating PTH levels. Restricting phosphate intake prevented
increases in both PTH levels and fractional phosphate excre-
tion (114,115). These observations formed the basis for the
Bricker’s “trade-off hypothesis” (116), which postulated that
some of the major stigmata of the uremic state may occur as
indirect consequences of the adaptations in nephron function
(4). According to this hypothesis, hyperparathyroidism rep-
resented the biologic price paid to maintain excretion of a
constant dietary phosphate load when nephron number was
reduced. With each decrement in GFR, a transient period of
phosphate retention and decreased plasma calcium would stim-
ulate PTH synthesis and secretion, and the increased PTH ac-
tivity would act to partially restore phosphate balance by aug-
mented phosphate excretion (117). This adverse “trade-off”
could be avoided by reducing phosphate intake as renal func-
tion declined.

Although intellectually compelling, the details of this trade-
off scenario have been questioned by more recent studies show-
ing that the increased fractional phosphate excretion does not
depend on an increase in PTH levels or tubule responsiveness to
PTH (118,119). The data suggest that the increased fractional
excretion is achieved via decreased phosphate reabsorption in
the proximal nephron, as occurs in intact animals fed a high
phosphate diet (120,121). Phosphate uptake per unit tubule
mass is reduced in proximal nephron segments isolated from
uremic rabbits, and sodium-phosphate cotransport activity is
reduced in brush-border membrane vesicles from uremic dogs
(122,123) and rats (66), but these reductions are not sufficient
to fully account for the reduction in proximal phosphate re-
absorption observed in vivo. Although reduced proximal reab-
sorption accounts for most of the increase in fractional phos-
phate excretion, there is also some evidence of altered distal
phosphate transport (or reabsorption) (120,121).

Calcium Homeostasis

As CKD advances, production of active Vitamin D
[1,25(OH2)D3] is impaired, leading to reduced intestinal cal-
cium reabsorption and renal calcium excretion; the fractional
calcium excretion then increases (124–126). In contrast to hu-
mans, animal studies have shown that urinary calcium excre-
tion remains constant, whereas fractional excretion of calcium
increases when the GFR is reduced to about one-third of nor-
mal (127,128). The mechanism responsible for the increased
fractional calcium excretion in advanced CKD is unclear. Pos-
sible factors include acidosis, suppression of vitamin D pro-
duction, increased distal nephron flow rates, and ECF volume
expansion. Studies in rats with renal ablation suggest that the
increase in remnant nephron calcium excretion associated with
ECF expansion may be mediated by ANP (128).

STRUCTURAL ADAPTATIONS

The adaptive response to loss of renal mass includes early de-
velopment of renal hypertrophy (129–131). The increased kid-
ney size is due primarily to growth of the proximal convo-
luted tubules (132), resulting in disproportionate enlargement
of cortex in comparison to medulla. An early hypothesis to
explain compensatory hypertrophy was that of Addis (133),
who reasoned that excretion of urea required energy, and that
renal enlargement was a reflection of the need for added renal
“work.” Although Addis subsequently disproved his own hy-
pothesis with regard to urea, the notion that the kidney grows
in response to the need for some other form of work remains.
Despite ingenious experimentation over the years, the question
of whether hyperfiltration drives hypertrophy, or vice versa,
remains incompletely answered. However, as discussed in the
subsequent text, new understanding of the mechanisms and
consequences of mechanotransduction are helping to elucidate
this question.

Compensatory Renal Hypertrophy

“Dry” (desiccated) kidney weight increases in proportion to
“wet” (fresh) kidney weight following nephrectomy, implying
an increase in the mass of protein (134). The ratio of kidney
protein to wet weight remains constant during renal hyper-
trophy, although the renal protein synthetic rate increases by
3 hours after uninephrectomy in the mouse (135). The quantity
of RNA is notably increased within 12 hours after uninephrec-
tomy, and RNA synthesis increases within 1 to 4 hours. The
early increase in RNA synthesis reflects largely increased pro-
duction of ribosomal RNA, due at least in part to an increase
in transcription, with some contribution from decreased RNA
degradation. The peak in the RNA content of individual cells
is reached within 2 days after uninephrectomy (136–140).

DNA content begins to increase by 9 to 18 hours after
nephrectomy, whereas a notable increase in mitotic figures,
largely among proximal tubule cells, is apparent only after
1 to 2 days (135,141,142). The prevalence of tubule mitotic
figures declines to normal levels over 1 to 2 weeks following
uninephrectomy. The lag of DNA synthesis behind RNA syn-
thesis may reflect stimulation of mitosis by increases in cell size
(135). According to this scenario, the renal hypertrophic stim-
ulus causes cell enlargement, and cells reaching the largest size
are stimulated to divide. The ratio of increases in protein and
DNA content has been used to estimate the relative contribu-
tions of cellular hypertrophy and hyperplasia to compensatory
renal hypertrophy. In uninephrectomized adult animals, an in-
crease in cell number of 10% to 25% accounts for up to half
of the net increase in kidney size (135,143,144). In very young
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animals and adult animals with more extensive renal ablation,
remnant nephron enlargement is more pronounced, and cellu-
lar hyperplasia plays a proportionally greater role (145–148).

Structural Changes in Individual
Renal Compartments

Glomerular Hypertrophy

Glomeruli also undergo progressive enlargement. Unine-
phrectomy in the rat increases glomerular tuft volume by
48%, 68%, and 75% at 3, 5, and 9 weeks, respectively
(149,150). In more exuberant hypertrophic states, as occur
with extensive ablation or mineralocorticoid-salt hypertension,
the degree of glomerular enlargement is even greater (149,
151–157). Increased glomerular size does not necessarily par-
allel increased whole kidney size. For example, in young rats,
one study found that remnant kidney growth and glomerular
growth proceeded proportionally for 12 weeks; thereafter, kid-
ney growth ceased, whereas glomerular size continued to in-
crease (156). Serial structure-function studies in the rat have
shown that glomerular volume and SNGFR increase in paral-
lel after uninephrectomy (151,152). The contribution of con-
stituent parts of the glomerulus to its expansion remain contro-
versial and incompletely characterized. Morphometric studies
demonstrate an increase in the total volume occupied by cellu-
lar constituents in the remnant glomeruli of nephrectomized
rats (150,151,154,158–160). Overall, these studies indicate
that the fractions of the glomerulus occupied by different struc-
tural components remain constant as the glomerulus enlarges,
at least in the early phases of adaptation. However, long-term
adaptation may follow a different pattern. Schwartz and Bidani
(159) found no change in the relative volume of the mesangium
and its components at 6 weeks after ablation, but at 26 weeks
(about one-quarter of the life span) that the mesangial volume
fraction, as well as the percentage of the mesangium occupied
by cells and matrix, increased (154).

Several studies have examined to what extent different
glomerular cell types increase in number and volume following
renal ablation. An early study found a prominent increase in
the number of glomerular endothelial, mesangial, and epithe-
lial cells following uninephrectomy in very young rats (158).
More recent studies have confirmed increased mesangial cel-
lularity (161). In rats with 5/6 nephrectomy, a proliferative
response involving glomerular endothelial cells was apparent
2 (162) and 12 (161) weeks after renal ablation. However, in
the former study this response was followed by a decrease in
endothelial proliferation below the level observed in sham op-
erated rats. In addition, endothelial cell volume was also noted
to be also increased in remnant kidneys (161). An endothe-
lial proliferative response has also been noted in mice after
uninephrectomy (163).

Increases in glomerular capillary length (153–156) and ra-
dius (64,131,150,164) occur, such that capillary surface area
increases (153,154,160). Afferent and efferent arteriolar diam-
eters also increase (160). Morphometric measurements have
been used to estimate the filtering capacity of the enlarged
remnant glomeruli. The glomerular capillary ultrafiltration co-
efficient (Kf) is the product of the surface area available for
filtration (S) and the hydraulic permeability of the glomeru-
lar capillary wall (k). It is not clear which anatomic boundary
constitutes the surface corresponding to S. As estimated by
measuring the glomerular capillary area in direct apposition to
epithelial foot processes, S increases following nephrectomy,
albeit to a slightly lesser degree than total glomerular volume
(150,151). Despite this potential increase in the filtration sur-
face area, most functional studies have not found an increase in

Kf of remnant glomeruli after extensive renal ablation (18,19).
After uninephrectomy alone, some (165), but not all (17), stud-
ies have noted modest increases in Kf.

It is conceivable that k is reduced, because a decrease
in S cannot be involved to explain the fall in Kf. In theory,
an increase in average foot process width would cause a
decrease in the length of filtration slit overlying each unit area
of peripheral capillary surface and thereby could decrease
k in remnant glomeruli. In fact, morphometric studies have
revealed an increase in the average width of epithelial cell foot
processes in rats subjected to extensive renal ablation (152).
Alternatively, it may be that the filtering surface estimated by
morphologic techniques in remnant glomeruli does not repre-
sent effective area available for filtration in vivo. Theoretical
studies suggest that much of the glomerular capillary network
is relatively underperfused in rats with extensive renal ablation
(166). It is notable that no increase in S was found following
uninephrectomy in rats when infusion of glomerular basement
membrane antibody was used to estimate capillary surface
area in vivo (167). Alternatively, it is possible that the decrease
in Kf in remnant glomeruli is more functional than structural,
as ACEI therapy routinely raises Kf to supranormal levels (19).

Compensatory glomerular hypertrophy has been proposed
as a trigger of focal and segmental glomerular sclerosis (FSGS),
as well. Studies in a number of models have noted a strong as-
sociation between increased glomerular size and development
of proteinuria and FSGS (64,149,151,168,169). Conversely, a
protective effect of low glomerular volume could account for
the finding that a strain of rats with unusually small glomeruli
exhibits less glomerular injury following uninephrectomy than
a strain with larger glomeruli (170,171). Miller et al. (172)
compared the rate of development of proteinuria and FSGS
in normal and uninephrectomized rats treated with a pressor
dose of Ang II, which is known to increase PGC. Despite the
fact that the Ang II dose was halved in uninephrectomized
rats, these rats demonstrated markedly faster development
of renal injury. There were no differences in PGC between
those groups; however, glomerular volume was increased in
uninephrectomized animals.

The combination of increases in both glomerular capillary
intraluminal pressure and capillary radius is postulated to exert
increased tension on the glomerular capillary wall (following
Laplace’s law), thus contributing to disruption of capillary wall
integrity, activation of growth factors and FSGS. The important
question of whether increases in glomerular pressure and/or
flow stimulate glomerular growth requires further investiga-
tion. Available studies suggest that normalizing PGC sometimes
limits, but does not prevent, glomerular hypertrophy following
renal ablation. Importantly, studies comparing two models of
renal ablation showed differences in systemic and glomerular
blood pressure, expression of prosclerotic factors, and the rate
of development of renal injury, but similar degrees of glomeru-
lar hypertrophy (173). These studies indicate that the protective
effect of reducing PGC cannot be solely attributed to reduction
in glomerular volume.

Podocyte Biology After Nephron Loss. Podocytes represent a
crucial component of the filtration barrier and a major deter-
minant of proteinuria. Therefore, particular attention has been
given to changes in these cells in response to nephron loss. The
potential additive deleterious effects of glomerular capillary
hypertension and glomerular enlargement have also prompted
speculation that injury may be mediated by detrimental effects
on the glomerular visceral epithelial cells (151,156,168,174)
and their lower ability to adapt. Adult podocytes possess dimin-
ished ability to divide in response to immune, metabolic, and
hemodynamic (nephron loss) stimuli (175,176). Several groups
have implicated the fact that podocytes undergo exaggerated
stress as glomeruli enlarge, resulting in their dysfunction and
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possibly destruction, in the pathogenesis of glomerulosclerosis
(151,155,174).

Though unable to replicate, there is evidence that podocytes
are able to undergo hypertrophy in response to loss of renal
mass and glomerular enlargement (155,156). As recently re-
viewed by Kriz and LeHir (176), glomerular enlargement with-
out podocyte replication leads to structural changes includ-
ing foot process effacement, cell-body attenuation, pseudocyst
formation, accumulation of absorption droplets, and finally
detachment. The loss of podocytes then triggers the onset of
FSGS, as is further discussed in the subsequent text.

Mechanisms of Renal Hypertrophy

General Principles: Hypertrophy vs. Hyperplasia

The term compensatory hypertrophy has been used to de-
scribe the aggregate changes in nephron structure and function,
including both cellular hypertrophy and hyperplasia, which
follow loss of renal mass. Extensive work in this area has been
the subject of several reviews (177–181) and is briefly summa-
rized here. Renal cells react to physical, biochemical, and hu-
moral stimuli imposed by reduction of nephron number with
coordinate activation of a variety of signaling pathways and
changes in expression of their molecular components, which
result in induction of genes encoding a large spectrum of pro-
teins that are involved in structural adaptive and maladaptive
responses.

Hyperplasia is a result of an increase in cell number asso-
ciated with DNA replication and cell division, whereas hyper-
trophy is defined as cell enlargement due to increases in pro-
tein and RNA content without DNA replication (131). Both
processes are involved in renal compensatory growth. During
hyperplasia, cells progress through the whole cell cycle; hy-
pertrophy occurs when the cells are engaged in the cycle but
cannot progress to later stages. Interaction of the cell with a
variety of growth factors that modulate activity of positive or
negative regulators of the cell cycle then determines whether
the cell will engage in hyperplasia or hypertrophy.

Role of Physical Forces

Cortes et al. (182,183) demonstrated that glomeruli can enlarge
as perfusion pressure rises. In the remnant kidney, transmission
of pressure fluctuations into the glomerular capillary tuft is not
prevented by myogenic autoregulatory control. This results in
glomerular distension and enlargement. Glomerular volume is
determined by capillary wall tension, size of the glomerulus,
and glomerular stiffness. Glomerular compliance is increased
in remnant kidneys. This process is independent of humoral
or biochemical factors, at least initially. Indeed, an increase in
glomerular capillary radius is the earliest morphologic finding
after uninephrectomy (155,156).

A number of studies have addressed the hypothesis that in-
creased glomerular capillary pressures and/or plasma flow rates
alter the growth and activity of glomerular component cells,
inducing the elaboration or expression of cytokines and other
mediators, which then stimulate mesangial matrix production
and promote structural injury. Hemodynamic physical forces,
such as shear stress or changes in blood flow, are well recog-
nized to influence activity of endothelial and vascular smooth
muscle cells (VSMC). Improved understanding of the cellular
responses to mechanical stresses has recently helped to elu-
cidate the close link between initial changes in renal hemo-
dynamics and tubular flow on the one hand, and structural
adaptation and damage in the remnant kidney on the other.
Mechanical stress imposed on renal cells by enhanced capil-
lary and tubular flows and pressures triggers a variety of phys-

iological and pathophysiological responses. A key component
of these responses, representing the actual link between me-
chanical stresses and growth in glomeruli and tubules, is stress-
induced signaling or mechanotransduction. Intrarenal mechan-
otransduction has been demonstrated using in vitro systems
capable of simulating stretch or pulsatile stresses imposed on
mesangial, endothelial, tubular cells, or podocytes. Basic mech-
anisms are delineated in the subsequent text, followed by a
review of findings relevant to nephron adaptation in CKD.

Principles of Mechanotransduction

Cells are subjected to physical forces originating either from
tension created by cells themselves, or from the environ-
ment. Physical stimuli must be sensed by cells and trans-
mitted through intracellular signal transduction pathways to
the nucleus, resulting in physiological responses or patholog-
ical conditions. Complex systems work together to transduce
these physical forces into molecular events, as has been re-
cently reviewed (184–190). Via G-protein coupled receptors,
G-proteins and receptor tyrosine kinases, mechanical stress it-
self may directly perturb the cell surface or alter receptor con-
formation, thereby initiating signaling pathways that lead to
production of growth factors that may, in turn, evoke and am-
plify the response. Integrins and the cytoskeleton play a role,
in that cells are in contact with basement membranes and ex-
tracellular matrix (ECM). The ECM protein organization is
sensed by integrins, transmembrane receptors that mediate cell
attachment to ECM proteins. Integrins act as mediators of cell
adhesion, but can also transmit extracellular stimuli into intra-
cellular signalling events. Mechanical stretch is also associated
with activation of a small G-protein Rho and down-stream
Rho kinase. Inhibition of Rho activation results in attenuation
of stretch-induced MAPK activation in VSMC (194). With re-
spect to ion channels, the altered stretch-activated channels in
arterial VSMCs may contribute to the enhanced myogenic re-
sponses as well as the generation of hypertrophy and remodel-
ing of arterial tissue in hypertension. Also, studies in endothe-
lial cells have shown that new caveolae are formed in response
to shear stress, and act as mechanosensors resulting in ras-raf-
ERK and Akt kinase activation (191).

Signaling Pathways Involved in Renal
Responses to Nephron Loss with a Special

Emphasis on Mechanotransduction

In vascular and renal cells, mechanotransduction involves ac-
tivation of the mitogen-activated protein kinase (MAPK) fam-
ily (192). These serine/threonine kinases transduce signals in
response to multiple agonists acting through growth factor re-
ceptors with intrinsic tyrosine kinases, G protein-coupled re-
ceptors, via nonreceptor tyrosine kinases, and cellular stress.
ERKs have been implicated in mitogenic and other cellular re-
sponses, whereas JNK and p38 activation is associated with
inflammatory cytokine action, cellular stress, and apoptosis.
Activated MAPKs can translocate to the nucleus and lead to
the phosphorylation and activation of transcriptional factors
or phosphorylate their cytosolic substrates (193).

Protein kinase C (PKC) is another major family of serine/
threonine kinases that are active in mechanotransduction. PKC
are typically activated by lipid-derived second messengers, such
as diacylglycerol or phospholipids. PKC has a number of down-
stream targets involved in hypertrophic signaling and produc-
tion of vasoactive factors (206). PKC has also been shown to
contribute to shear stress-induced MAPK activation.

Phosphatidylinositol-3 kinase (PI3K), another multifac-
tional kinase activated by upstream G proteins can be
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stimulated by shear stress (207) and contribute to shear stress-
induced JNK activation in endothelial cells. Another line of
evidence suggests that PI-3K is involved in endothelial mechan-
otransduction sensed by intergrins (208). Akt kinase (protein
kinase B) is a major down-stream target of PI-3K. Akt is a
potent survival kinase, transducing signals leading to inhibi-
tion of apoptosis, promoting cell proliferation, and cell cycle
regulation. Akt kinase may also transduce potentially protec-
tive signals, such as shear-stress-induced generation of nitric
oxide (209).

Rho-kinase, the effector of Rho, a family of small G-proteins
that act as possible mechanosensors, has been implicated in
mediating cell contraction, adhesion, migration, cytoskeleton
organization, and proliferation, and has been studied in vascu-
lar injury (210,211). This is in general accomplished by Rho-
induced inhibition of vasoprotective mechanisms, such as NO
production, in parallel with facilitiation of prosclerotic mech-
anisms.

Mechanotransduction and Renal Hypertrophy

In support of the role of mechanotransduction in adaptive and
maladaptive structural responses after nephron loss, earlier
studies postulated that expansion of the glomerular capillaries
and stretching of the mesangium in response to hypertension
might be a force that translates high PGC into increased mesan-
gial matrix formation. Evidence for this mechanism comes
from studies in microperfused rat glomeruli, in which increased
PGC was associated with increased glomerular volume; and
in cultured mesangial cells, where cyclic stretching resulted in
enhanced synthesis of protein, total collagen, collagen IV, col-
lagen I, laminin, fibronectin, and TGF-β (200). Additionally,
growing mesangial cells under pulsatile conditions has been
reported to stimulate Ang II receptor and angiotensinogen
mRNA levels (201) and protein kinase C, calcium influx, and
protooncogene expression (202) and, as well as altered extra-
cellular matrix protein processing enzymes (203,204). In vivo,
Shankland et al. (205) observed that increases in PGC induced
by uninephrectomy in SHR were associated with glomerular
expression of TGF-β and PDGF. Normalization of PGC with an
ACEI decreased glomerular TGF-β and PDGF. Similarly, Grif-
fin et al. (173) compared PGC in relation to glomerular TGF-β
and PDGF expression between the excision and infarction
models of renal ablation. The rats subjected to renal infarc-
tion demonstrated higher systemic and glomerular pressures,
and markedly higher expression of TGF-β and PDGF mRNA
in glomeruli.

The consequence of MAPK activation by mechanical stress
can be illustrated by a large spectrum of genes encoding pro-
teins involved in structural adaptation and maladaptation.
These include genes coding for growth factors and cytokines,
ECM proteins, cell cycle regulators, vasoactive factors and sig-
naling molecules. More recent studies have linked these ob-
servations to stress induced signaling pathways. Scholey, In-
gram and co-workers (192,206) demonstrated stretch-induced
activation of p42/44, JNK and p38 in mesangial cells. These
changes resulted in activation of the AP-1 family of transcrip-
tion factors, and were in part Ca2+ and PKC-dependent. Stretch
induced activation of p38 MAPK in mesangial cells leads to
increased production of TGF-β (207). Of note, Ohashi et al.
(208) found that inhibition of enhanced renal p38 MAPK ac-
tivity in rats with renal ablation leads to acceleration of renal
injury, with more proteinuria, FSGS, and interstitial fibrosis,
but less tubular cell apoptosis. p38 inhibition was associated
with ERK 1/2 activation, a possible factor explaining the wors-
ening renal lesions. Thus, activation of p38 in remnant kidneys
might play a protective role associated with inhibitory actions
on ERKs signaling.

Several stretch-induced mechanisms have been recently re-
ported in podocytes. Endlich et al. (209) found that mechanical
stress induced a unique reorganization of the actin cytoskele-
ton in podocytes. The F-actin reorganization in response to
mechanical stress depended on Ca2+ influx and Rho kinase.
A dynamic cytoskeleton allows podocytes to withstand signif-
icant mechanical stress with elevation of PGC. Martineau et al.
(210) have demonstrated that stretch-induced p38 in podocytes
is associated with enhanced prostanoid production via COX-
2, increased expression of the EP4 prostanoid receptor and
consequent alterations in podocyte cytoskeletal dynamics that
could compromise filtration barrier function under conditions
of increased PGC. Importantly, in another study, long-term inhi-
bition of Rho-kinase attenuated renal injury in nephrectomized
spontaneously hypertensive rats (211).

Protooncogenes and Transcription

Expression of growth promoting systems is accompanied by
upregulation of protooncogenes and transcription factors.
AP-1, a transcription factor formed by heterodimerization of
fos and jun proteins, is increased in remnant kidneys, and
downregulated by nephroprotective treatment (212). Another
transcription factor, nuclear factor-kB (NF-kB), is also upreg-
ulated in rats with renal ablation, and reduced with effective
treatment (213). Mirza et al. (214) reported an important func-
tion of NF-kB in regulating of the enzyme transglutaminase,
which is an activator of latent TGF-β. Transglutaminase also
cross-links matrix proteins, possibly contributing to interstitial
fibrosis in the remnant kidney model (215). The activation of
NF-kB may have an important role in mediating cortical inter-
stitial monocyte infiltration and tubular injury in nonimmune
proteinuric tubulointerstitial inflammation (216,217).

The activation of early response genes or protooncogenes,
whose protein products regulate transcriptional control of
large numbers of other genes, is an early step in cell prolifer-
ation and differentiation evoked by stress-signaling, mitogens
and growth factors. Thus far, studies of expression of early re-
sponse genes in the remnant kidney following uninephrectomy
have been inconsistent (137,138,218–222). For example, renal
activity of protooncogenes, such as c-fos, c-myc, c-egr1, c-jun,
and c-H-ras, following uninephrectomy has been found to in-
crease in some studies, but not in others (139,220,221,223).
Importantly, however, these studies suggest that protooncogene
activation after uninephrectomy is modest or absent, consistent
with the low risk of deterioration of renal function in this mod-
est degree of nephron loss.

Cell Cycle Regulation as an Important
Determinant of Structural Response

to Nephron Loss

Genes induced by nephron loss include those coding for cell cy-
cle regulatory proteins (224). Positive regulation (stimulation
of transition from quiescent cell phase to ultimate cell division
by mitosis) is carried out by cyclins and their partner molecules,
cyclin-dependent kinases (CDK). Although CDK are consti-
tutively expressed, cyclins are transcriptionally regulated and
their levels are increased by specific mitogens such as growth
factors. Negative regulation of the cell cycle is accomplished
by CDK inhibitors, which bind to cyclin-CDK complexes and
inhibit their activity. Two families of CDK inhibitors have been
identified. The CIP/KIP family consists of inhibitors p21, p27,
and p57; the INK4 family includes p15, p16, p18, p19, and
p20. In addition to the preceding processes, the cells also en-
gage in apoptosis. The total number of cells in a particular
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organ reflects the balance between proliferation and apoptosis.
Apoptotic cells exit from the cell cycle. Initiation of apoptosis
also is regulated by cyclin-CDK complexes, and the progres-
sion of the cell into mitosis or apoptosis seems to be determined
by the level of CDK inhibitor p27 (224).

Liu and Preisig (225) have provided detailed insight into re-
nal tubular cell cycle regulation after uninephrectomy and re-
sulting compensatory hypertrophy. The authors studied both
rats and mice and confirmed that compensatory PT growth fol-
lowing uninephrectomy is hypertrophic, and associated with a
cell cycle-dependent mechanism. The development of hypertro-
phy required that the cells enter G1 phase and initiate events
of this phase, such as increased protein synthesis, increased
cdk4/cyclin D kinase activity, and maintaining retinoblastoma
protein in the hypophosphorylated state. However, the cells
did not progress to S phase, where DNA synthesis occurs.
Unlike the cdk4/cyclin D activation, there was insufficient or
absent activation of cdk2/cyclin E preventing progression of
cell cycle into S phase, resulting in hypertrophy instead of hy-
perplasia. This pattern of differential activation of cdk4/cyclin
D and cdk2/cyclin E may reflect previously mentioned differ-
ences in expression and activities of p21 and p27, regulators of
cdk2/cyclin E, but not p16, a regulator of cdk4/cyclin D kinase.

There is compelling evidence for the role of cell cycle regulat-
ing proteins in development of renal injury following nephron
loss. Compensatory hypertrophy after renal ablation is associ-
ated with cyclin E and CDK2 expression coinciding with the
early proliferative response (226). Petermann et al. (227) re-
cently reported that mechanical stretch induces podocyte hy-
pertrophy. Stretch reduced cell cycle progression in wild-type
and p27 knockout mice, and induced hypertrophy, wheras
hypertrophy was not induced in single p21 and double p21/p27
knockout podocytes. Stretch-induced hypertrophy was inhib-
ited by blocking ERK 1/2 or Akt, but not p38.

It appears that CDK inhibitors also play a key role in
subsequent development of renal injury. These molecules are
regulated by factors that have been implicated in ablation
nephropathy, including Ang II and TGF-β (228,229). Increased
expression of CKD inhibitors has been found in other models,
such as diabetic nephropathy (230) and ureteral obstruction
(231). Megyesi et al. (232) found that p21 knockout mice sub-
jected to renal ablation demonstrated striking resistance to de-
velopment of FSGS, as compared to wild-type animals. In the
absence of the p21 gene, the growth response in the remnant
kidney was relatively more hyperplastic than hypertrophic. The
authors alluded to a proposal, made by Goss (233) 40 years
ago, suggesting that when an organ accommodates increases
in work by hypertrophy rather than hyperplasia, it is at a se-
rious physiologic disadvantage and is more likely to undergo
regression of structure and function.

Tubular Structural Adaptations

Quantitatively, the proximal convoluted tubule enlarges by ap-
proximately 15% in luminal and outside diameter and by 35%
in length after uninephrectomy in the rat (132). The increased
PT size is proportional to the extent of nephron number reduc-
tion (234). Tabei et al. (235) found that an increase in tubule
size follows the increase in fluid reabsorption by segments of
isolated proximal straight tubule. Later in the course, the in-
creased reabsorptive rate approximates the increase in PT size
and protein content (40,41,236). Distal convoluted tubule en-
larges by approximately 10% in luminal and outside diameter
by 17% in length in the rat (132). In the distal convoluted
tubules and collecting ducts, cross-sectional area of both lu-
men and epithelium is increased, but by lesser magnitude than
occurs in the proximal tubule (132,237). The cross-sectional
area of the medullary collecting duct is increased following re-

nal ablation in the rabbit but not in the rat (238,239). Tubular
cells do not enlarge symmetrically. Enlargement of basolateral
portions of cells is more prominent as compared to luminal
surface (240).

Tubular changes are accompanied with a transient in-
crease in proliferation of peritubular endothelial cells after
uninephrectomy in mice (163) and after more radical nephron
reduction in rats (162). In the latter situation, this transient in-
crease is followed by a decrease in peritubular capillary prolif-
eration with a possible impact on progression of renal tubular
and interstitial injury, as further discussed in the subsequent
text. Similar to the role of hemodynamic responses in the de-
velopment of glomerular hypertrophy, increased solute burden
and luminal flow have been shown to contribute to tubular
hypertrophy after renal ablation.

Tubular mechanotransduction. Compensatory hyperfiltration
exposes tubular cells to increased flow and pressures of tubular
fluid, and studies have linked tubular flow and growth. Sigmon
et al. (241) demonstrated that prevention of NO-dependent hy-
perperfusion in uninephrectomized rats is also associated with
lack of compensatory renal hypertrophy, further suggesting the
link between the renal growth and hemodynamics. In another
study, PT expression of angiotensinogen after uninephrectomy
in mice correlated with hyperfiltration, suggesting a role for
tubular flow in local regulation of RAS activity (242). Sig-
nalling events associated with stress-induced tubular hyper-
trophy are starting to be understood. Alexander et al. (243)
found that cyclic stretch applied on rabbit PT cells triggered
intensity-dependent ERK activation. Using specific inhibitors,
phospholipase A2 was identified as a part of the up-stream
mechanosensing process. A requirement for extracellular Ca2+

and stretch-activated Ca2+ channels was also documented.
Cyclic stretch also caused rapid phosphorylation of the EGF
receptor kinase and c-Src. Furthermore, arachidonic acid itself
induced time- and dose-dependent phosphorylation of c-Src.

Mechanisms and Mediators of Functional
and Structural Adaptations

Altered levels and/or activity of several endogenous mediators
have been proposed to contribute to the adaptive changes that
characterize nephron loss. It is important to note that many
of the factors involved in hemodynamic adaptations are, in
parallel, important determinants of renal growth responses;
accordingly, the effects of each mediator system are discussed
with respect to both pathways.

Renin–Angiotensin–Aldosterone System

Angiotensin II (Ang II), the major effector peptide of the renin–
angiotensin–aldosterone system (RAAS), causes vasoconstric-
tion of afferent and efferent arterioles, mesangial cell contrac-
tion, and a rise in PGC (244,245). The ability of ACEI to reduce
RE and PGC suggests that Ang II helps to sustain glomerular
capillary hypertension in experimental CKD (19). Ang II may
further elevate PGC by promoting sodium retention and caus-
ing systemic hypertension, separate from a direct microcircu-
latory action (246). Several studies have sought to localize the
source of the intrarenal RAAS components that contribute to
glomerular hemodynamic adaptations. After uninephrectomy,
renin mRNA increases in proximal tubules and glomeruli of
the remnant kidney (247). In rats with ablation by partial re-
nal infarction, renin activity is concentrated in areas adjacent
to the infarcted tissue (248,249). Renin production by hypo-
perfused nephrons adjacent to the infarcted tissue could
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explain why blood pressure is not increased when nephron
number is halved by uninephrectomy (151) and why blood
pressure tends to be higher when ablation is accomplished by
infarction as compared with surgical removal of renal tissue
(250,251). Generalized renin overexpression in tubular cells
(252) and expression of interstitial Ang II (253) have been
noted in rat remnant kidneys, further supporting the notion
of the indirect effect of Ang II in mediating increased PGC. In
contrast, Ang II AT1 receptor mRNA is decreased in remnant
kidneys, likely as a result of increased tissue levels of Ang II
(254), while there is a counterregulatory increase in expression
of the AT2 receptor (255).

Another effector molecule of the RAAS, aldosterone, has
been implicated in the pathogenesis of hemodynamic and struc-
tural changes after renal ablation. Plasma aldosterone levels
are high in this model (256), corresponding to levels in CKD
patients (53). Adrenalectomy ameliorates renal injury in 5/6
nephrectomized rats (257). The nephroprotective effects of
ACEI and ARBs, commonly associated with suppression of al-
dosterone secretion, are offset by concomitant infusion of the
hormone (256). Arima et al (258) recently reported direct,
nongenomic actions of aldosterone in the glomerular micro-
circulation, with dose-dependent vasoconstriction in afferent
and efferent arterioles, but predominantly RE, which would
raise PGC. Wistar-Furth rats, which are resistant to mineralo-
corticoid actions, are strikingly resistant to renal injury after
renal ablation (259). The fact that PGC is increased in miner-
alocorticoid salt models of hypertension (149) provides further
evidence for a contribution of aldosterone to the progression
of CKD.

Ang II can be viewed as a central molecule in several of the
processes involved in CKD. In addition to its hemodynamic and
tubular effects, Ang II exerts a number of actions that influence
renal morphology. These effects have been a subject of excel-
lent reviews (260–262), and are briefly reviewed here. Among
the many growth effect of Ang II are stimulation of proto-
oncogenes, stimulation of a plethora of growth factors (e.g.,
TGF-β, PDGF), activation of NF-kB, stimulation of MCP-1,
and increasing ECM accumulation by increased synthesis (fi-
bronectin, collagen, laminin, osteopontin) or diminished degra-
dation (metalloproteinases, plasminogen activator inhibitor-1)
of pro-fibrosis cytokines (260–262). Similar to other growth
factors and systems, RAS components can be activated by shear
stress and altered physical forces. Several years ago, it was re-
ported that mechanical stretching of mesangial cells induces
upregulation of Ang II receptor and angiotensinogen mRNA
levels (201). More recently, Durvasula et al. (263) demon-
strated mechanical strain-induced increased Ang II production,
and up-regulation of the AT1 angiotensin receptors and TGF-β
mRNA expression in immortalized podocytes, associated with
an increase in podocyte apoptosis. In accordance with in vitro
observations, AT1 receptor staining was increased in podocytes
in rats with renal ablation (263).

Nitric Oxide, Oxidative Stress and
Endothelial Dysfunction

In view of its renal hemodynamic actions (264), as well as ev-
idence of shear-stress induced activation of nitric oxide (NO)
generation (265), NO would be a good candidate for medi-
ating hyperfiltration associated with reduced nephron mass.
There are, however, striking differences between studies ex-
ploring renal NO activity in uninephrectomized models, and
models with more radical nephron reduction. Uninephrec-
tomized rats demonstrate greater renal vasoconstrictor re-
sponses to NO synthase (NOS) inhibition, and increased
inducible (NOS) protein expression, as compared with sham-

operated controls (266). More recently, Sigmon et al. (241)
demonstrated that prevention of the NO-dependent increase
in RPF in uninephrectomized rats is also associated with the
lack of compensatory renal hypertrophy, further suggesting a
link between the renal growth and hemodynamics.

In contrast, in rats with 5/6 nephrectomy, several groups
found decreased renal expression and enzymatic activity of all
three NOS isoforms (267–269). Furthermore, treatment with
L-arginine, a NO precursor, or the NO donor molsidomine,
ameliorated increases in PGC or renal injury in the same model
(270,271). A blunted response to nonspecific NOS inhibition
has also been shown in 5/6 nephrectomized rats (272). Because
chronic inhibition of NO production with L-arginine analogs
causes severe glomerular injury associated with an increase
in PGC (273,274), suppression of NO synthesis in remnant
glomeruli and vasculature could contribute to development of
FSGS. As discussed in the subsequent text in more detail, the
NO-deficient state of reduced renal mass may be associated
with enhanced oxidative stress in remnant nephrons (275). Fur-
thermore, the development of oxidative stress in conjunction
with a shift from enhanced to reduced NO bioavailability may
be one of the demarcation points characterizing transition from
adaptive to maladaptive responses after renal mass reduction.

The delicate balance between production and activity of va-
soprotective endothelium-derived NO affects endothelial func-
tion and ultimately vascular and renal pathophysiology. These
processes seem to play an important role also in adaptive re-
sponses to nephron loss, and possibly in transition from adap-
tive to maladaptive structural responses. In a related area,
the role of oxidative stress in remnant nephron pathophysi-
ology has been well recognized (276). Reactive oxygen species
(ROS) generated during this process not only alter integrity of
a large spectrum of proteins and lipids, but also act as signaling
molecules, for example in MAPK pathways.

Recent studies have elucidated several molecular mecha-
nisms underlying oxidative stress and enhanced ROS produc-
tion in the remnant kidney. Expression and, in particular, ac-
tivities of antioxidant enzymes, such as catalase, copper/zinc
superoxide dismutase, and glutathione peroxidase, increase
during the course of CKD in the remnant kidney (277). Cor-
responding to clinical evidence suggesting endothelial dys-
function in CKD patients (278), Hasdan et al. (279) demon-
strated impaired endothelium-dependent vasodilation of
resistance arteries in partially nephrectomized rats. Treatment
with the membrane-permeable superoxide dismutase (SOD)-
mimetic tempol prevented the development of hypertension
and restored vascular responsiveness to acetylcholine in vitro.
Supporting the proposed pathophysiological roles of oxidative
stress in the remnant kidney, further experimental studies sug-
gested that antioxidant therapy with alpha-tocopherol atten-
uated the development of FSGS and interstitial fibrosis (280).
However, it should be noted that there is as yet no persuasive
clinical evidence that antioxidant treatment would significantly
alter the clinical progression of CKD.

Enhanced ROS production is closely linked to reduced NO
bioavailability in a given vascular bed or tissue. As demon-
strated by Vaziri et al. (281) in rats with renal ablation, renal
and vascular oxidative stress, which promote enhanced pro-
duction of reactive carbonyl compounds and lipoperoxides and
the accumulation of advanced glycation and lipoxidation end
products, also lead to NO quenching, producing cytotoxic re-
active nitrogen species capable of nitrating proteins and damag-
ing other molecules. Renal and vascular expression of nitroty-
rosine, a marker of tissue NO and ROS interaction, is markedly
increased in rats with renal ablation. Furthermore, these abnor-
malities could be ameliorated by antioxidant treatment. In this
context, the evidence suggests a protective role of NO in the
development of injury in the remnant kidney. Chronic inhibi-
tion of NO with L-arginine analogues accelerates progression
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of FSGS and interstitial fibrosis in the remnant kidney. This
phenomenon is associated with more rapid loss of peritubu-
lar capillaries and altered tubular vascular endothelial growth
factor (VEGF) expression (282). Furthermore, treatment with
L-arginine, a NO precursor, or the NO donor molsidomine,
ameliorates increases in PGC and renal injury in the same model
(270,271,283). As suggested by Katoh et al. (270), protective
effects of L-arginine in the remnant in the kidney were observed
even in the absence of changes in PGC. Similar nephroprotective
effects in rats with renal ablation rats were noted after long-
term administration of tetrahydrobiopterin, a key co-factor for
appropriate eNOS enzymatic activity (284).

In addition to other protective mechanisms mediated by en-
dothelial NO, such as antithrombotic actions or antagoniz-
ing ROS, recent studies have identified new mechanisms of
NO-mediated nephroprotection relevant to renal events after
nephron loss. NO has been implicated as an important modu-
lator of stress-induced signaling in renal cells. In vitro studies
by Ingram and co-workers (285,286) have demonstrated that
stretch-induced activation of p42/44, JNK, and p38 MAPK,
their nuclear translocation, and stimulation of down-stream
transcription factors, such as AP-1 and NFkB, in mesangial
cells can be inhibited by the NO-cGMP pathway. Further stud-
ies suggested that these inhibitory effects are associated with
NO-induced destabilization of the actin cytoskeleton (287),
and mediated via inhibition of RhoA-Rho kinase signaling
(288). These mechanisms may be responsible, at least in part,
for the protective effect of NO in animal models with glomeru-
lar hypertension. In addition to eNOS-derived NO, studies
have also suggested a protective role of nNOS-derived NO in
the remnant kidney (289).

Prostaglandins

Clinical observations of increased susceptibility to acute
renal failure with nonsteroidal antiinflammatory drugs
(NSAIDs) suggest a strong dependence of hemodynamics on
prostaglandins (PG) in CKD. Synthesis of PGE2, PGI2, and
thromboxane A2 are increased in glomeruli isolated from
subtotally nephrectomized rats, and per nephron excretion
of PGE2 and thromboxane A2 is increased (290,291). Acute
PG synthesis inhibition reduces QA and SNGFR but not PGC
in remnant kidney rats, whereas chronic thromboxane syn-
thesis inhibition decreases vascular resistance and increases
QA and SNGFR (292,293). PG synthesis inhibition reduces
RPF and GFR in rabbits with renal ablation (294) and CKD
patients (295). Zatz et al. (253,296) have reported mild re-
duction of PGC and significant nephroprotection in remnant
kidney rats after chronic treatment with nitroflurbiprofen, a
compound combining nonselective cyclooxygenase (COX) in-
hibition and a nitric oxide-donating moiety, preventing crit-
ical depression of renal function. Additional studies confirm
a nephroprotective effect of COX-2 inhibition alone (297,
298).

Cyclooxygenase is a key enzyme in the synthesis of PG and
thromboxanes from arachidonic acid. Recent evidence suggests
that COX-2–derived PG play a role in physiologic regulation
in the normal kidney, being involved in modulation of afferent
arteriolar vasoconstriction and myogenic afferent responses to
increases in renal perfusion pressure (299), and stimulation of
renin release (298). Expression of COX-2 is increased in mac-
ula densa of remnant kidneys (253,300), and increased activity
of COX-2 is involved in the altered renal function and progres-
sion of CKD (297,298).

In addition to hemodynamic mechanisms, the nephropro-
tective effect of specific COX-2 inhibition may be mediated
via suppression of TGF-β (297). Because thromboxane A2
is a product of the COX pathway, the authors hypothesized

that thromboxanes contribute to the development of injury by
stimulating TGF-β. However, vasoactive hormones, such as
prostaglandin E2 (PGE2), may challenge the integrity of the
actin cytoskeleton, alter podocyte morphology, and compro-
mise glomerular permeability. PGE2 synthesis correlates with
the onset of proteinuria and increased PGC following reduced
nephron mass (300).

Endothelin

Endothelin (ET) infusion increases PGC in the normal kidney
(301), and renal ET-1 activity rises after the first week follow-
ing renal ablation (302). Long-term ET receptor blockade is
associated with preservation of renal function and structure in
remnant kidney rats (303). In the absence of micropuncture
data, it is difficult to determine whether the nephroprotective
effects of ET receptor blockers are due to inhibition of hemo-
dynamic or growth actions, or both. However, in other models
of progressive renal injury and glomerulosclerosis, ET receptor
blockade reduces PGC (304).

Importantly, ET-1 is a potent mitogen and fibrogenic
molecule, which can contribute to interstitial fibrosis by caus-
ing ischemia due to its vasoconstrictor effects. However, ET-1
also has direct in vitro effects on matrix production (305), tubu-
lar cell proliferation (306), and upregulation of TGF-β (307).
Further support for a role of ET-1 in renal structural injury was
provided by studies in ET-1 transgenic mice, which develop re-
nal interstitial fibrosis and cysts, and renal failure associated
with normal blood pressure (308). It appears that the ETA re-
ceptor mediates the damage, while the ETB receptor is more
likely protective (309).

Atrial Natriuretic Peptide

Another mediator of hyperfiltration appears to be atrial natri-
uretic peptide (ANP). In addition to its natriuretic actions, ANP
is a potent vasodilator of the glomerular afferent arteriole.
Plasma ANP levels are increased following renal ablation (57)
and hyperfiltration is reversed with administration of an ANP
receptor antagonist (61). Further supporting the role of this
peptide in renal adaptations to nephron loss, ANP mRNA ex-
pression in the remnant kidney is significantly increased (310).

Uric Acid

Recently, hyperuricemia has been postulated as a novel risk fac-
tor for progression of cardiovascular and renal disease (311; see
also Chapter 76). In addition to stimulation of vascular smooth
muscle cell proliferation, induction of endothelial dysfunction,
and growth effects, uric acid may contribute to progression via
hemodynamic mechanisms. In rat models, mild hyperuricemia
has been reported to induce glomerular capillary hypertension
in normal (312,313) and remnant kidney rats (313).

Growth Factors

The broad area of growth factors in renal structural changes
after nephron loss cannot be viewed separately from mechan-
otransduction, since both share common signaling pathways
and target genes with often identical consequences to cells and
tissues. The role of growth factors in initiating compensatory
renal growth has been suspected for over a century. A circulat-
ing factor has been suggested since at least 1896, when Sacer-
dotti (314) infused blood from bilaterally nephrectomized dogs
into normal dogs and induced renal growth in the recipients.
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Evidence of growth of transplanted kidneys into anephric hu-
mans or animals further supports this notion (315,316). In the
1950s, Braun Menéndez (317) postulated the existence of a
humoral renal growth factor, termed renotropin. Fractions of
urine, serum, and liver from uninephrectomized animals, and
urine and serum from humans, stimulate biochemical changes
(such as incorporation of radiolabeled nucleotides into DNA)
in isolated renal tissue preparations, and stimulate growth in
cultures of kidney-derived cells. Such studies have been pro-
posed as further evidence for the existence of renotropin (318).
These properties do not establish that these fractions induce
whole kidney growth, however, and no true “renotropic hor-
mone” has been isolated.

Original evidence for the role of growth factors in structural
adaptations to nephron loss was based on in vitro observations
in cultured PT or mesangial cells. In general, however, these
factors promote growth in many cell types, and therefore are
likely to participate in compensatory renal hypertrophy in a
nonspecific manner, after growth was triggered by some renal-
specific signal. Moreover, factors that cause growth of kidney
cells in vitro may not necessarily contribute importantly in vivo
following nephron loss. For example, Ang II induces growth
of PT and mesangial cells in culture, but Ang II blockade does
not prevent compensatory hypertrophy in rats with renal ab-
lation. Here we focus on those growth factors that have been
implicated in hemodynamic and/or structural adaptation or
maladaptation by using several experimental approaches, in-
cluding in vivo studies. Of note, there is growing evidence that
some of these growth factors, rather than being maladaptive,
may prove protective in the setting of reduced renal mass.

Insulin-like growth factor (IGF-1). Evidence that IGF-1 in-
creases renal perfusion and filtration in normal rats (319) and
that levels of IGF-1 increase in the remnant kidney (320) sug-
gest a potential role for that hormone. IGF-1 inhibition ame-
liorates hyperfiltration after uninephrectomy (321). Adminis-
tration of IGF-1 increases GFR and kidney weight in intact
rats, although it is not clear whether the kidneys grow dispro-
portionately to body weight (322,323). Following renal abla-
tion, renal IGF-1 levels increase, whereas IGF-1 receptor levels
remain constant (322,324). There is disagreement concerning
the time course of the increase in IGF-1, and some studies have
found that renal IGF-1 levels start to increase only after com-
pensatory hypertrophy is already detectable (322). Whether
IGF-1 mRNA increases is also controversial. Early reports find-
ing increased IGF-1 mRNA levels (325,326) were not con-
firmed by others showing no change in the mRNA for IGF-1
(322,327), IGF-1 receptor (327), and IGFBPs (324,327). Thus,
the data suggest that IGF-1 participates in, but does not initi-
ate, compensatory renal growth. On the other hand, Haylor
et al. (328) found that administration of an IGF-1 receptor an-
tagonist, started 3 days prior to uninephrectomy, ameliorated
compensatory hypertrophy.

Some studies suggest that IGF may even be protective
against FSGS. In contrast to growth hormone (GH) and growth
hormone releasing factor (GHRF) overexpressing rats, IGF-1
transgenic mice do not develop glomerulosclerosis despite
similar glomerular hypertrophy (329). Furthermore, IGFBP-1
transgenic mice, with decreased availability of IGF-1, develop
FSGS without glomerular hypertrophy (330).

Epidermal growth factor (EGF). Though primarily studied in
terms its growth-promoting effects (see the subsequent text),
the related EGF also has hemodynamic actions, in that it has
been shown to affect arteriolar resistances, and increase PGC
(331). Renal content of EGF, distribution of EGF, and receptor
levels for EGF all remain constant over the first few days fol-
lowing uninephrectomy (332–334). An increase in EGF content
and a reduction in EGF receptor levels have been observed only

after compensatory renal hypertrophy is established (333,335).
It is possible that EGF plays a pathophysiologic role later in the
course of hypertrophic response to nephron loss, contributing
to the development of interstitial fibrosis. As suggested by Terzi
et al. (336), functional inactivation of the EGF receptor (EGFR)
by targeted expression of a dominant-negative EGFR in renal
PT cells reduced tubulointerstitial lesions in mice with 75%
renal mass reduction.

Hepatocyte growth factor (HGF). Though hemodynamics
have not been directly studied in CKD, it was recently re-
ported that HGF is associated with a reduction in GFR, pri-
marily mediated by ET-1 (337). There is a very early increase
in remnant kidney HGF and HGF mRNA after uninephrec-
tomy (335), though extrarenal increases are also found in dis-
tant organs (338). Recent work has examined whether HGF
also modulates progression of injury after nephron loss. Liu
et al. (339) observed increases in renal and systemic produc-
tion of HGF in rats with renal ablation. With administra-
tion of an anti-HGF antibody, rats experienced a rapid de-
crease in GFR and increased renal fibrosis, in association with
markedly increased ECM accumulation. Parallel in vitro data
suggested that HGF preserves kidney structure by activating
matrix degradation pathways via increased collagenase and
matrix metalloproteinase-9 (MMP-9) expression, and suppres-
sion of tissue inhibitors of metalloproteinase (TIMPs), which
are endogenous MMP inhibitors (339).

The link between HGF and renal matrix degradation via
modulation of MMPs and TIMP in the remnant kidney model
has been more recently confirmed in studies using treatment
with recombinant HGF (340–342). For example, rats with re-
nal ablation were administered recombinant HGF, an anti-HGF
antibody, or with preimmune IgG for 2 weeks (342). HGF in-
fusion halted proteinuria and decreased renal collagen accu-
mulation. The treatment also attenuated renal inflammation
in both glomeruli and tubulointerstitium, and reduced tubu-
lar expression of the chemokines macrophage chemoattractant
protein-1 (MCP-1) and RANTES. In contrast, HGF neutraliza-
tion worsened renal fibrosis, aggravated renal inflammation,
and enhanced tubular expression of MCP-1 and RANTES. In
vitro, HGF suppressed basal and TNF-alpha-induced expres-
sion of these chemokines at both the mRNA and protein lev-
els in PT cells. HGF also blunted TNF-alpha-induced nuclear
translocation and activation of NF-kB, a pivotal transcrip-
tion factor that regulates chemokine expression. Immunohisto-
chemistry showed that activated NF-kB was evident in tubules
in remnant kidneys and increased remarkably with anti-HGF
treatment. HGF infusion markedly suppressed expression of
activated NF-kB in remnant kidneys. Thus, in addition to pre-
viously mentioned mechanisms, beneficial effects of HGF in
chronic renal disease are attributable, at least in part, to a di-
rect anti-inflammatory action, likely via NF-kB, on tubular ep-
ithelial cells.

HGF is also functionally linked to action of TGF-β. In vitro
studies revealed that TGF-β1 significantly induced expression
of c-met, a protoncogene encoding HGF, in renal tubular ep-
ithelial cells (343), suggesting that HGF may act as a natural
TGF-β antagonist. In TGF-β1 transgenic mice with renal abla-
tion, HGF suppressed expression of connective tissue growth
factor (CTGF), a down-stream effector of TGF-β, in the rem-
nant kidney, attenuating renal fibrosis and improving the sur-
vival rate (344).

Vascular endothelial growth factor (VEGF). There may also
be a role for VEGF, a pluripotent angiogenic factor essential
for kidney development. Administration of a neutralizing an-
tibody to VEGF has been reported to partially attenuate re-
nal hypertrophy, and fully prevent glomerular hypertrophy, af-
ter uninephrectomy in mice (345). However, other evidence
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suggests a protective role for VEGF, particularly with respect
to the tubulointerstitial changes in CKD. Studies by Kang et
al. (162,346) demonstrated that loss of peritubular capillaries
and impaired angiogenesis in renal microvasculature coincides
with the progressive course of renal injury in remnant kidneys,
and is associated with decreasing expression of VEGF. This de-
crease in VEGF expression may be a consequence of progressive
macrophage infiltration, production of macrophage-associated
cytokines, and the anti-angiogenic factor thrombospondin-1.
These studies suggest that VEGF–induced preservation and ne-
oformation of glomerular and peritubular capillaries limits the
structural injury after severe nephron loss. In addition, differ-
ences in VEGF expression after nephron loss may underlie dif-
ferences in susceptibility to progression of renal injury between
male and female genders (346).

Platelet-derived growth factor (PDGF). PDGF is a potent mi-
togen acting on glomerular cells (347). Furthermore, its in-
volvement in tubulointerstitial injury is likely because of its
ability to transform fibroblasts to myofibroblasts (348). Simi-
lar to TGF-β, PDGF is stimulated by Ang II (349). TGF-β can
be stimulated by PDGF resulting in a transition from cell prolif-
eration to hypertrophy and fibroproduction (350). PDGF is up-
regulated in kidneys after 5/6 nephrectomy in the rat (351) and
has been found in biopsies of diseased human kidneys (352).
Its role in maladaptive rather than in adaptive processes after
nephron reduction is underscored by the fact that overexpres-
sion of PDGF is detectable only from the second week after
renal ablation (351). A pathophysiologic role of this factor in
the development of FSGS is further supported by studies with
PDGF transgenic rats (353).

Transforming growth factor-β (TGF-β). TGF-β, a multifunc-
tional prosclerotic growth cytokine, is involved in a wide array
of physiologic and pathophysiologic processes, and in many of
the signaling and growth pathways which eventuate in CKD
(reviews: 354–357). The trophic effects of Ang II are, at least in
part, mediated by TGF-β, postulating the existence of a renin–
angiotensin–TGF-β axis (358). Activation of TGF-β early after
renal ablation has been described and implicated in develop-
ment of structural damage (358). Furthermore, involvement of
the RAAS–TGF-β axis has been documented by studies show-
ing that amelioration of renal injury in rats with reduced renal
mass, achieved by treatment with ACEI or AT1 receptor block-
ers, is associated with a reduction of renal TGF-β expression
(358,359).

The fibrogenic actions of TGF-β are at least in part mediated
by additional down-stream molecules. It was demonstrated
that connective tissue growth factor (CTGF) is expressed in
PT epithelial cells that have been engulfed by interstitial fibro-
sis in the remnant kidneys of TGF-β transgenic mice (344).
To further explore the role of CTGF in mediating TGF-β-
induced interstitial renal fibrosis in the remnant kidney, Okada
et al. (360) subtotally nephrectomized TGF-β1 transgenic mice.
Treatment with CTGF antisense oligodeoxynucleotide signifi-
cantly blocked CTGF expression in the PT cells in the remnant
kidneys despite the sustained level of TGF-β1 mRNA. This re-
duction in CTGF mRNA level paralleled a reduction in mRNA
levels of matrix molecules as well as proteinase inhibitors plas-
minogen activator inhibitor-1 and TIMP-1, suppressing renal
interstitial fibrogenesis, and suggesting a nephroprotective po-
tential for this new treatment.

Extracellular matrix (ECM) accumulation is a hallmark of
FSGS and interstitial fibrosis, and there is a delicate balance
between ECM production and degradation. ECM proteins are
being constantly degraded by connective tissue proteases, such
as cathepsins or MMPs, and activity is further controlled by
their tissue inhibitors (361). The balance between proteinases
and their tissue inhibitors is regulated by growth factors such as

Ang II, TGF-β, PDGF, and others (362,363). Downregulation
of MMP has been described in the remnant kidney (364). More
information is available regarding the role of plasminogen acti-
vator inhibitor-1 (PAI-1) in CKD. In the radiation nephropathy
model of FSGS, PAI-1 mRNA expression was colocalized with
sites of glomerular injury (365). Mutant mice lacking PAI-1 do
not develop FSGS after irradiation (363). The amelioration of
FSGS in remnant kidney rats treated with ACEI or AT1 receptor
blockers is associated with marked inhibition of PAI-1 (363).

Modulators of Structural Adaptations
After Nephron Loss

Hypertension

Probably the most widely accepted risk factor for progression
of CKD is hypertension, which is covered in detail in section 8
of this book. Conclusive data indicate that suboptimal blood
pressure control is associated with faster loss of GFR and that
in most cases, reduction of blood pressure will slow the progres-
sion of CKD (27). As discussed earlier, one major mechanism
of hypertensive renal injury is the associated transmission of
high pressure into the glomerular capillary network, with in-
duction and maintenance of glomerular capillary hypertension.
This higher force is transmitted via mechanotransduction to the
component cells of the glomerulus, with subsequent predispo-
sition to development of FSGS.

Role of Gender

Male gender is a risk factor for progression of CKD in some
clinical conditions and experimental models (366). It was orig-
inally suggested that the magnitude of compensatory hypertro-
phy is not influenced by androgens or gender (367–369). How-
ever, despite the generally benign course after uninephrectomy,
some clinical studies reported increased risk for renal abnor-
malities in uninephrectomized males as compared to females
(35,370). Gender influences renal compensatory growth fol-
lowing uninephrectomy. Although initial hypertrophy is com-
parable between the sexes, later in the course, kidney growth
is greater in the males (371). Accelerated growth in males
is accompanied by significant glomerular hypertrophy and
glomerular and tubular lesions, and associated with the pres-
ence of testosterone. Further studies demonstrated that, in con-
trast to males, early renal growth in uninephrectomized female
rats is not associated with enhanced GH secretion, although
IGF-1 receptor mRNA is upregulated. Furthermore, females
showed more hyperplastic response than males (372). Thus,
uninephrectomy in the female rat theoretically can be viewed
as a model of “true” adaptation with a minimal risk for devel-
opment of renal injury. Further studies, better defining differ-
ences between the sexes in terms of renal responses to nephron
loss, may be crucial for understanding of progressive nature of
renal injury.

More recent studies have identified several mechanisms that
could explain gender differences in progression of renal injury
after nephron loss. In vitro, estradiol has been shown to modu-
late cellular activities via mechanisms generally consistent with
a nephroprotective effect (373). Krepinsky et al. (374) reported
that exposure of mesangial cells to mechanical strain caused
increased 44/42 MAPK and JNK activities, as well as nuclear
translocation of p44/42 MAPK and SAPK and nuclear pro-
tein binding to AP-1; the changes were inhibited by pretreat-
ment with 17β-estradiol. Similar findings, (i.e., 17β-estradiol-
induced inhibition of p42/44 activation, ROS signaling, and
ET-1 production), were noted in endothelial cells exposed to
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cyclical strain (375). In vivo, female gender and/or estrogen
therapy has been associated with preservation of renal struc-
tion in a number of disease modes. For example, Gross et al.
(376) studied uninephrectomized, sham-operated or ovariec-
tomized SHR. Rats receiving estrogen therapy had significant
reductions in albuminuria, glomerulosclerosis, and tubuloint-
erstitial damage, in association with inhibitory effects on ex-
pression of TGF-β and ET-1 mRNA and protein expression.
Estradiol also inhibits upregulation of PDGF-A mRNA in rats
with renal ablation (377). Another potential mechanism relates
to preservation of peritubular capillary architecture. Kang et
al. (346) found that male gender was associated with down-
regulation of renal VEGF, and loss of peritubular capillaries,
leading to tubulointerstitial fibrosis in remnant kidney rats, as
compared with a more benign course in female rats.

Dietary Factors

Feeding a low protein diet to rats with renal ablation limits rem-
nant kidney GFR and weight, whereas feeding a high-protein
diet augments hypertrophy (34,378,379). These observations
suggest that the stimuli to hyperfiltration and hypertrophy as-
sociated with nephrectomy and protein feeding are additive.
Restriction of other dietary components also may influence the
renal hypertrophic response. As compared to values for kid-
ney weights in nephrectomized animals receiving normal diets,
kidney weights are lower in nephrectomized rats ingesting diets
that are restricted in sodium (64,380,381), phosphate (26), to-
tal calories (382), or carbohydrates (383), or are high in water
(384). Though mechanisms are not yet fully understood, oral
administration of a novel dietary adsorbent, AST-120, has also
been shown to limit the progression of nephropathy in rats with
renal ablation (213).

Age

Age at nephrectomy affects the magnitude of compensatory re-
nal growth, with greater responses being seen in the younger
kidneys (385,386). The increased magnitude of compensatory
renal hypertrophy in youth may reflect generally greater re-
sponsiveness of young tissue to stimuli responsible for organ
growth, as similar increases occur in compensatory growth of
other organs.

Hyperlipidemia and Glomerular
Lipid Deposition

It has been suggested that glomerular deposition of circulat-
ing lipids contributes to progressive glomerular injury in CKD
(387,388). In animal models, feeding a high-cholesterol diet ac-
celerates injury, whereas hypolipidemic therapy slows progres-
sion (387). Mechanisms of lipid-induced injury include a prolif-
erative response of mesangial cells to low-density lipoproteins
(LDL); synergistic interactions among LDL, ET-1, PDGF, and
IGF-1; aggravation of glomerular macrophage influx and stim-
ulation of monocyte chemoattractant protein (MCP-1); effects
on mesangial type IV collagen synthesis; and increased TGF-β
expression by infiltrating macrophages (387,388). Hypolipi-
demic therapy with lovastatin has been shown to influence
mesangial cell metabolism, by inhibiting serum-induced pro-
liferation (389), inhibiting PDGF-induced mesangial cell mito-
genesis (390), and inhibiting MCP-1 and interleukin-6 mRNA
expression and protein secretion (391). Furthermore, lovas-
tatin decreases membrane-bound p21 ras in PT cells and in-

hibits serum-induced c-fos and c-jun protein and AP1 activity
(392). As in atherosclerosis, hyperlipidemia may act synergisti-
cally with other risk factors, such as hypertension, in promoting
glomerular injury.

Glomerular Capillary Thrombosis

It has been suggested that capillary thrombosis is precipitated
by early endothelial cell injury in the remnant glomeruli, and
that capillary microthrombi contribute to FSGS by direct oc-
clusion of capillary lumina and by release of platelet-derived
factors that aggravate glomerular injury (129,393). This hy-
pothesis has prompted evaluation of anticoagulant drugs in
experimental CKD. For example, heparin has proven protec-
tive in the remnant kidney model (394,395). The protective
effect afforded by thromboxane synthesis inhibition has also
been attributed to lessening thrombosis, whereas warfarin and
aspirin have been shown to be less effective than heparin in
preventing remnant glomerular injury (293,396,397). Heparin
may also protect remnant glomeruli by other mechanisms, in-
cluding reduction of blood pressure (394,395,398), suppres-
sion of ET-1 (399) and mesangial ECM accumulation (400),
and inhibition of mesangial cell expression of basic fibroblast
growth factor and PDGF, and of extracellular matrix proteins
(401).

Altered Phosphate Metabolism and
Renal Calcium Deposition

Studies by Alfrey and coworkers (402,403) provided the first
evidence that intrarenal calcium deposition contributes to pro-
gressive loss of renal function in experimental CKD. These
studies showed that restricting phosphate intake reduced re-
nal calcium content, preserved renal function, and prolonged
life span in rats with renal ablation or nephrotoxic serum
nephritis. However, phosphate restriction may protect by ad-
ditional mechanisms. Phosphorus restriction may protect rem-
nant nephrons by lowering circulating lipid levels, reduc-
ing tubule energy consumption, altering remnant glomerular
hemodynamic function, or reducing glomerular volume (404–
406). Increased parathyroid hormone contributes to suppres-
sion of NO generation in the remnant kidney (268). Calcium
citrate, which is used clinically to bind dietary phosphate, has
been shown to slow the progression of CKD in rats with renal
ablation, in association with improved metabolic acidosis, and
reduction in proliferative activity of glomerular and tubular
cells (407).

Tubule-Specific Mechanisms: Proteinuria
of Glomerular Origin

The appearance of protein casts suggests that remnant nephron
proteinuria causes tubule obstruction and dilatation. Proteins
of glomerular origin may trigger tubular maladaptive processes
by several mechanisms. First, tubular and interstitial cells can
be activated by a number of growth-promoting factors gen-
erated by glomerular cells. These factors can be reabsorbed
from the tubular fluid and further transported into intersti-
tium (408), or they can reach the tubulointerstitial compart-
ment via the postglomerular vasculature. Second, Remuzzi’s
group (409) has suggested that glomerular proteinuria per se
can exert deleterious effects on the tubulointerstitial compart-
ment. According to this hypothesis, as protein traffic across
the glomerular barrier increases, the protein concentration in
Bowman’s capsule and tubules also increases. PT cells actively
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reabsorb filtered proteins by phagocytosis. Increasing protein
loads in tubular cells cause organelle congestion, lysosomal
swelling and rupture, exposing the tubular cells and intersti-
tium to lysosomal enzymes. Furthermore, protein may up-
regulate genes involved in tubulointerstitial infiltration and
injury. For example, PT cells exposed to higher loads of pro-
teins such as albumin or immunoglobulin may respond with
an increase in ET-1 production. The release is primarily baso-
lateral, suggesting the link with the development of interstitial
injury (410). In addition to these injurious effects of glomeru-
lar protein leakage, primary tubulointerstitial processes may
contribute to remnant nephron destruction following renal
ablation.

Though intellectually compelling, the applicability of this
mechanism to progression of CKD remains controversial. Clin-
ical observations that interventions which reduce proteinuria
also slow the loss of GFR show an association, but not a
tight cause-and-effect relationship. A detailed discussion of this
controversy can be found in the recent review of Kriz and
LeHir (176).

Hypoxia Theory

This theory, pioneered by Fine and coworkers (411), intro-
duced hypoxia of tubular and interstitial cells as a major trig-
ger of events resulting in tubulointerstitial injury. It is assumed
that the blood flow and oxygen delivery to the interstitial and
peritubular capillary network is limited owing to glomerular
injury, or that the tubulointerstitial capillary network suffers
the same hemodynamic injury as glomeruli. Peritubular capil-
laries may be compressed by hypertrophic tubules (412). An
alternative mechanism of tubular hypoxia relates to increased
metabolic demands caused by enhanced reabsorptive work
(276,413–415). Hypoxia leads to expression of growth fac-
tors, vasoactive molecules, cytokines, adhesion molecules and
other mediators involved in renal injury (416–420). At the level
of gene transcription, hypoxia response elements (HRE) have
been identified in a number of genes forming a binding site for
the hypoxia-inducible transcription factor (HIF-1) (421,422).
Hypoxia-inducible transcription factor-1 acts in concert with
other transcription factors, such as NF-kB and the fos and jun
families, to induce gene expression (421). In cultured fibro-
blasts, hypoxia upregulates mRNA for TGF-β1 and decreases
matrix turnover (423). In vivo, chronic hypoxia does not affect
renal PDGF-A, PDGF-B, or VEGF mRNA levels, but VEGF is
upregulated in the presence of ET receptor blockade (424).

Changes in Interstitial Osmolarity

Bouby and associates (384) demonstrated a nephroprotective
effect of high water intake in rats with subtotal nephrectomy,
and ascribed those effects to inhibition of the process of urinary
concentration. In vitro, hypertonicity activates latent TGF-β
into the biologically active form (425). In vivo, reduction of
interstitial osmolality by high water intake in remnant kidney
rats results in a decrease in TGF-β and fibronectin mRNA ex-
pression, and amelioration of predominantly tubulointerstitial,
but also glomerular, injury (426).

Increased Ammoniagenesis

Increased ammonia production by remnant nephrons has
been associated with intrarenal complement activation and in-
terstitial inflammation (427). Administration of sodium bicar-

bonate, which reduces remnant nephron ammonia production,
also limits tubulointerstitial injury in rats subjected to renal
ablation (427).

THE PRICE OF ADAPTATION:
PROGRESSIVE CHRONIC

KIDNEY DISEASE

Once CKD begins, deterioration of renal function often con-
tinues, eventually leading to end-stage renal disease (ESRD).
Progressive loss of function occurs after initial injury, which
may arise from a number of initially dissimilar forms of renal
injury. Whatever the initial cause, after enough nephrons are
lost, the kidney will fail. These observations suggest that, after
a certain point, reduction in functioning nephron number leads
to failure of the remaining units, as adaptive mechanisms turn
maladaptive (428). The following sections will briefly describe
the glomerular and tubulointerstitial sequellae of loss of func-
tioning nephrons. More detail can be found in several excellent
reviews (129,176,428–430).

Glomerulosclerosis

Rennke (129) summarized the glomerular morphological
changes associated with transition from glomerular hypertro-
phy to obsolescence (FSGS). Expansion of mesangial elements
(i.e., disproportionate increase in fractional volume of the
glomerulus occupied by the mesangium) is a typical feature
in conditions associated with sustained hyperfiltration. Both
mesangial hypercellularity and increased synthesis of ECM
contribute to the expansion. In advanced stages, mesangial ex-
pansion leads to the obliteration of capillaries and glomerular
obsolescence. The process is linked to the filtration of molecules
into the mesangium due to increased PGC, and local generation
of growth factors by intrinsic renal (endothelial and mesangial)
and blood-borne (platelets and leukocytes) cells. Subendothe-
lial hyaline deposition occurs in association with increased PGC
and podocyte changes. A greatly hypertrophied or stretched
podocyte may no longer maintain an efficient attachment to
the underlying basement membrane and capillary loop, result-
ing in formation of areas with high hydraulic conductivity.
Large macromolecules are filtered into these areas, forming
aggregates that may ultimately occlude the capillary lumen.
Formation of microthrombi is another feature often associated
with hyperfiltering states. This process is most likely a conse-
quence of glomerular endothelial injury and local production
of proclotting factors. Finally, capillary microaneurysms may
occur, in particular in conditions characterized by a rapid rise in
PGC (129).

The essential role of the podocyte was reiterated in a recent
elegant description of pathways to nephron loss presented by
Kriz and LeHir (176). In this formulation, the pattern of injury
following nephron loss is considered to be degenerative. When
podocytes are exposed to chronic stress (such as glomerular
hypertension, and metabolic disturbances associated with ab-
normal activity of growth factors or vasoactive compounds),
the consequences are twofold. Functionally, the size selectivity
of the glomerular barrier is lost. Structurally, podocytes un-
dergo a pattern of foot process effacement, followed by cell-
body attenuation, pseudocyst formation, accumulation of ab-
sorption droplets, sometimes “microvillous transformation,”
and then detachment. The decreased density of these termi-
nally differentiated cells leads to hypertrophy, but eventually
the podocytes are unable to cover the tuft, parietal cells ad-
here to naked glomerular basement membrante (GBM), and
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FIGURE 91-2. Diagrammatic representation of the stages of focal and segmental glomerular sclerosis
(FSGS). GBM, glomerular basement membrane; ECM, extracellular matrix. (Reprinted from: El Nahas
AM, et al. Chronic kidney disease: the global challenge. Lancet 2005;365:331, with permission.)

adhesion of the tuft to Bowman’s capsule results. The adherent
tuft portion allows capillaries to leak protein-rich filtrate into
the interstitium instead of Bowman’s space. Interstitial fibrob-
lasts move in as a response, forming a crescent shaped space
which eventually leads to formation of synechia and FSGS
(176).

The role of those events, and the contributions of other in-
trinsic glomerular cells, was recently summarized by El Nahas
and Bello (430). There is evidence that endothelial cells may
initiate this process (431). Accordingly to this formulation, sys-
temic factors such as hypertension, dyslipidemia, and smoking
lead to endothelial damage and dysfunction, with prolifera-
tion of mesangial cells and injury to podocytes (Fig. 91-2).
Hypertension-induced shear stress leads to injury and then ac-

tivation and dysfunction of glomerular endothelial cells, which
in turn initiates glomerular microinflammation leading to inter-
actions between inflammatory cells (macrophages) and mesan-
gial cells, with the activation, proliferation, and dysfunction
of the latter. Under the influence of growth factors, particu-
larly TGF-β1, mesangial cells regress to an embryonic mes-
enchymal phenotype (mesangioblasts) capable of producing
excess extracellular matrix (ECM), leading to mesangial ex-
pansion. Simultaneously, podocytes are undergoing the efface-
ment described earlier. The outcome of this glomerular “re-
modeling” depends on the balance of healing and scarring influ-
ences (430).

Recent evidence has provided details as to how the healing
and scarring processes interact. After injury, the glomerulus
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may either enter a phase in which its cellular constituents ded-
ifferentiate into their mesenchymal embryonic precursors (re-
verse embryogenesis), or it may attract hematopoetic embry-
onic stem cells to recapitulate embryogenesis (432). The out-
come will depend in part on the activity of the environmental
(modulating) forces at hand, as well as potential influx of bone-
marrow derived mesangial progenitor cells (433). Another as-
pect of the process is the degree of apoptosis. In the process of
renal scarring, renal cells undergo enhanced apoptosis (434).
Fragmented DNA in the glomeruli and tubules increases with
progression of FSGS in the remnant kidney model. More re-
cent studies found increased mRNA and protein expression
of Bax, an apoptosis promoter, in tubules rats with remnant
kidneys by 7 days after ablation. This was followed by a de-
crease in expression of the apoptosis protector Bcl-2, creating
a sharp increase in the Bax/Bcl ratio in remnant kidneys (435).
The role of apoptosis in the development of renal injury after
nephron loss was further supported by studies in SHR with
subtotal nephrectomy. In this model, control of blood pressure
with various compounds led to slower progression of protein-
uria and FSGS, and also induced marked decreases in apoptotic
markers (436).

Tubulointerstitial Injury

Critical reduction of nephron number often leads to profound
tubulointerstitial changes that involve tubule atrophy and loss,
and interstitial expansion and fibrosis, also referred as tubu-
lointerstitial scarring (361,378,429,437). The importance of
this observation is highlighted by the fact that the degree of
tubulointerstitial involvement has been suggested to be the
best predictor of progression of CKD (438). As ECM produc-
tion increases, tubules and peritubular capillaries disappear.
Loss of the linkage between glomeruli and tubules leads to
“atubular glomeruli,” with open capillary loops but no at-

tached tubules (429,439,440). Loss of these structures helps to
explain the close association with the decline of renal function.
Human studies have shown a negative correlation between
renal interstitial and tubular renal function in various renal
diseases (441). As summarized by Eddy (361), the interstitial
“scar” is composed of normal interstitial ECM proteins (colla-
gens, fibronectin, tenascin), basement membrane proteins (col-
lagen IV, laminin), proteoglycans, and glycoproteins (hyaluro-
nan, thrombospondin and SPARC). α-Integrins (442) may be
involved in binding fibronectin in insoluble matrix. The various
matrix proteins which accumulate in the interstitium are as-
sembled into a complex three-dimensional scaffold supported
by cross-linking of protein chains. Studies exploring the cellu-
lar origin of proteins involved in interstitial scarring identified
tubular epithelial cells and interstitial fibroblasts. Importantly,
later studies demonstrated ability of normal tubular and re-
nal cells to transdifferentiate into other cell types with less
predictable patterns, and atypical regulation of protein syn-
thesis (443,444). In addition to resident renal cells, interstitial
macrophages and infiltrating monocytes represent an impor-
tant source of growth factors involved in fibroproduction, va-
soactive molecules, and matrix proteins (445,446). The role
of these cells is further supported by the finding that FSGS in
remnant kidney rats is ameliorated by treatment with immuno-
suppressive agents such as mycophenolate mofetil (447,448).

PATHOPHYSIOLOGY OF
PROGRESSIVE RENAL INJURY

AFTER NEPHRON LOSS:
UNIFYING SCENARIO

The different mechanisms proposed to account for remnant
injury should not be regarded as mutually exclusive; in-
deed, there are most likely extensive interactions among them

FIGURE 91-3. Hypothetical schema of pathways that
link nephron reduction to the development of renal lesions
via hemodynamic forces and growth factor overexpres-
sion. (Reprinted from: Terzi F, et al. Early molecular mech-
anisms in the progression of renal failure: role of growth
factors and protooncogenes. Kidney Int 1998;53:S68,
with permission.)
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(129,130,176). Given the close apposition and functional in-
terdependency of glomerular cell types, such interaction among
mechanisms of glomerular injury should be expected. The
foregoing studies suggest that the progression of renal injury
associated with systemic hypertension is mediated by the re-
sultant adaptive increase in PGC, which then contributes to
structural injury. The sequence of events whereby alterations in
hemodynamics, oxygen delivery, and glomerular permeability
initiate growth factor overexpression and subsequent cellular
injury is schematized in Figure 91-3 (181). All glomerular cell
types participate. Glomerular hypertension and hypertrophy
also may cause FSGS by promoting movement of circulating
macromolecules through the glomerular capillary wall. These
permselective defects are associated with changes in podocyte
structure and activity described earlier. Subendothelial depo-
sition of large macromolecules in areas where macromolecule
passage through the capillary wall is increased may result in
hyalinosis, eventually proceeding to occlusion of capillary lu-
mina. Together, damage to these cellular elements results in
FSGS.

Meanwhile, tubulointerstitial injury develops due to a pri-
mary interstitial process or secondary to glomerular events. The
cells in the tubulointerstitial compartment are injured by hy-
poxia, resulting from high metabolic demands imposed by the
increased burden of molecules they process, impaired blood
flow from obstruction in diseased glomeruli, and/or vascular
injury of the interstitial capillary network. Increased pro-
tein trafficking secondary to leakage from affected glomeruli
causes direct tubular toxicity, and includes humoral medi-
ators of tubulointerstitial injury. Under these pathophysio-
logic stimuli, the cells in the tubulointerstitial compartment
generate an array of prosclerotic and profibrotic mediators
and transdifferentiate to more primitive cell types that fur-
ther contribute to progressive injury. Tubulointerstitial injury
then perpetuates nephron loss by creating atubular glomeruli
(429,440). Progressive nephron destruction in turn contributes
to systemic and glomerular hypertension, thus perpetuating the
cycle.

THE PROGRESSION OF HUMAN
RENAL INSUFFICIENCY:

THERAPEUTIC IMPLICATIONS

Understanding of the pathways leading to nephron destruc-
tion has prompted a number of clinical trials exploring the
potential of slowing the progression of clinical CKD. The
wide spectrum of pathophysiologic mechanisms described in
the preceding suggests that the problem can be approached
from many different directions. This body of literature has
been recently reviewed (27,430,449) and will not be reiterated
here.

With respect to their role in the development of renal in-
jury, systemic and glomerular hypertension represent the most
attractive targets for intervention. Moreover, the same inter-
ventions can also ameliorate renal growth abnormalities, re-
sulting in beneficial effects in the tubulointerstitial as well as
glomerular compartments. Considering the variety of actions
of Ang II, and its key position in the renal pathophysiology, in-
hibition of the RAAS still represents the major pharmacologic
therapy of progressive CKD. ACE inhibitors and AT1 recep-
tor blockers are not only effective in reducing blood pressure.
Based on experimental studies, these agents are effective in re-
ducing glomerular pressure and growth abnormalities in the
kidney. In clinical studies, ACEI are the class of antihyperten-
sive agents most often associated with nephroprotection. How-
ever, it should be emphasized that control of hypertension per
se seems to afford some protection in most nephropathies, re-

gardless to the class of agent used (with some exceptions to the
rule). This is not surprising with respect to the role of impaired
autoregulation of renal blood flow in transmitting the systemic
blood pressure into glomeruli.

Other therapeutic maneuvers also may prove helpful, as dis-
cussed elsewhere in this volume. One possible therapy is re-
striction of dietary protein intake, implemented early in the
course of intrinsic renal disease. Anticoagulant agents have
been shown in some studies to retard the progression of mem-
branoproliferative glomerulonephritis. The protective effect of
agents that lower serum lipid levels remains to be assessed. Fi-
nally, the efficacy of specific pharmaceutical blockers, such as
those which limit the action of endothelin, TGF-β, and other
mediators, is likely to undergo clinical testing in the coming
years.
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CHAPTER 92 ■ ANEMIA IN RENAL DISEASE
ANATOLE BESARAB AND FATEN AYYOUB

The kidney has three major functions: (i) to produce urine
and thereby excrete toxic waste, (ii) to produce and secrete
hormones that regulate blood flow (renin) and vascular tone
(prostaglandins), stimulate red blood cell production (erythro-
poietin), and to participate in calcium and bone metabolism
(1,25-dihydroxycholecalciferol); and (iii) to perform a vari-
ety of metabolic processes (gluconeogenesis, reabsorption of
amino acids, and conjugation of drugs). Chronic kidney dis-
ease (CKD) is associated with a variety of disorders resulting
from the deleterious effects of solute retention, from the ab-
sence of renally produced hormones, particularly erythropoi-
etin. The most characteristic hematologic abnormality in CKD
is anemia, which results primarily from the failure of kidney
endocrine function. Anemia persists as a significant problem in
many patients receiving adequate dialysis prescriptions.

This chapter reviews the pathogenesis of the anemia associ-
ated with kidney disease and discusses its therapy. Throughout
this chapter, erythropoietin, or EPO, refers to the endogenous
circulating hormone. Epoetin or rHuEPO refers to a recom-
binant product that is produced in various systems and used
therapeutically.

THE ANEMIA OF CHRONIC
RENAL FAILURE: MAGNITUDE

OF THE PROBLEM

For the purposes of further discussion, the five-stage disease
severity classification of CKD the Kidney Disease Outcomes
Quality Initiative (K/DOQI) will be used (1). K/DOQI uses a
formula developed from and validated within the Modification
of Diet in Renal Disease Study (2) to calculate the glomerular
filtration rates (GFRs) per 1.73/m2. It is estimated that up to
25 million people in the United States have CKD of variable
degrees. Astor et al. (3) have estimated that up to 3 million
individuals with CKD that does not require renal replacement
therapy may have anemia, defined as a hemoglobin level of
less than 12 g/dL in men and less than 11 g/dL in women. The
prevalence of this condition among Mexican Americans and
African Americans with CKD is increased compared to that
among non-Hispanic caucasians.

CLINICAL AND LABORATORY
FEATURES

Circulating Blood

Richard Bright (4) commented on the pallor of patients with re-
nal disease in 1836. For the next 150 years, anemia remained
an important clinical manifestation of progressive renal dis-
ease. The severity of anemia that is frequently associated with
kidney disease (renal anemia) typically progresses in parallel to
the deterioration of renal function (5), and profoundly influ-

ences morbidity and mortality, particularly in those with end-
stage renal disease (ESRD) (6,7). As shown in Figure 92-1, in
the early stages of CKD, the kidney produces erythropoietin
in an expected fashion, and inadequate erythropoietin produc-
tion is not the initial reason for renal anemia. Suppression of
red blood cell synthesis by poorly defined toxins or from short-
ened red blood cell survival dominates mechanistically at this
early stage. At more advanced stages of disease, erythropoi-
etin production decreases and EPO levels become lower than
those expected for the degree of anemia; true erythropoietin de-
ficiency exists. As GFR approaches 20% of normal, the great
majority of patients become anemic with hematocrit (Hct) less
than 30% (7). In general, there is a direct, although imper-
fect, relation between the degree of renal insufficiency and the
degree of anemia (5,8).

The uncomplicated anemia of patients with CKD is normo-
cytic and normochromic (9). Echinocytes or burr cells are the
most often observed morphologic red blood cell change, their
frequency correlating with the severity of uremia (10), and con-
sidered to be characteristic of chronic renal failure. However,
even normal cells can undergo a reversible transformation to
spiculed, burr cell-like echinocytes when exposed to a glass sur-
face or suspended in incubated plasma (11). Echinocytes seen
in patients with advanced CKD are, at least in part, artifac-
tual and do not circulate as such in blood. Grossly deformed
cells, however, such as acanthocytes with a few large spicules
or fragmented schistocytes, are undoubtedly formed in the mi-
crocirculation in vivo (12).

Bone Marrow

The bone marrow of patients with ESRD is usually “normally”
cellular with a normal appearance and maturation sequence
of all cellular elements, including the nucleated red cells (13).
The “normality” of the marrow during anemia, however, is
misleading, because a compensatory increase in erythroid ac-
tivity is expected with anemia. The degree of erythropoiesis
in the marrow is actually decreased relative to that expected
for the severity of anemia. Transfusion of ESRD subjects to
near-normal blood counts markedly reduces marrow erythro-
poiesis, thereby unmasking the hypoproduction. Following a
drop in the hematocrit due to acute blood loss or following an
episode of prolonged hypoxia, the amount of erythropoiesis in
the marrow of CKD may increase to greater than normal level
but not to the same extent as in comparably affected nonuremic
patients. The marrow erythropoiesis can be described as pre-
dominantly effective (14,15), since the corrected reticulocyte
count (percentage reticulocyte × [hematocrit/45]) correlates
with the amount of erythroid activity in the bone marrow, and
the measured plasma iron turnover rate is commensurate with
the 59Fe incorporated into red blood cells. Older studies sug-
gest a modest decrease in the red blood cell lifespan in uremic
patients (16). More recent studies in well-dialyzed patients in-
dicate that the red blood cell lifespan can approach normal if
blood losses associated with hemodialysis are avoided (17).
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Development of Anemia During CKD

FIGURE 92-1. The mean hemoglobin levels at any level of glomerular
filtration rate (GFR) is depicted by the solid line. The actual erythropoi-
etin levels in chronic kidney disease (CKD) are depicted by the dashed
line. The normal response is shown by the dotted arrows. In CKD,
inability to produce sufficient erythropoietin for the degree of anemia
occurs in fairly advanced disease corresponding to 60% to 75% of
renal function. Erythropoietin (EPO) deficiency is thus relative. The
need for anemia treatment can surface after patients enter the lower
left quadrant of the graph (hematocrit less than 35% and GFR less
than 50 mL/minute). Anemia in patients whose GFR is less than 30
mL/minute is caused by “true” EPO deficiency associated with a pro-
gressive reduction in kidney function.

Oxygen Transport

Changes in red blood cell oxygen-carrying capacity in ESRD
subjects have been examined. When measured, the capacity of
red blood cells to function as oxygen carriers is unimpaired
(18). Changes in the oxygen affinity can occur as a result of
changes in the concentration of crucial intraerythrocyte or-
ganic phosphates (19,20). The hemoglobin–oxygen affinity of
uremic erythrocytes, however, is decreased to a greater extent
than that of erythrocytes from comparably anemic nonuremic
patients. In well-dialyzed patients, the intracellular concentra-
tion of 2,3-diphosphoglycerate (2,3-DPG) is appropriately in-
creased in response to the level of anemia and the mild hy-
perphosphatemia, and the affinity of hemoglobin for oxygen
is appropriately decreased (19). The effect of increased 2,3-
DPG in erythrocytes from nonuremic anemic patients is offset
by an increase in intracellular pH (mild respiratory alkalosis),
but this pH shift does not occur in erythrocytes from uremic
patients (20). Rather, systemic metabolic acidosis from renal
failure (usually mild) further augments this decrease in oxygen
affinity by shifting the oxygen dissociation curve to the right
(Bohr effect). These combined effects favor the delivery of oxy-
gen to peripheral tissues, even though acidosis also tends to
decrease both glycolysis and the concentration of intracellular
organic phosphates, both of which tend to increase the oxy-
gen affinity of hemoglobin (19). Hemoglobin–oxygen affinity
increases only slightly following hemodialysis as pH increases.
Overall, the effect of decreased oxygen affinity on oxygen trans-
port in hemodialysis patients is minimal, delivery of oxygen to
peripheral tissues is slightly augmented, and the changes do not
explain intra- or interdialytic symptoms.

Iron deficiency and hypophosphatemia are probably of
more importance in oxygen delivery and the genesis of any
intradialytic or postdialysis symptoms. Iron deficiency has a
negative impact on exercise performance independent of the
degree of anemia present (21). The frequent occurrence of iron
deficiency in ESRD patients (22) probably contributes directly
to the asthenia seen in the dialysis population. Other conse-

quences of ESRD may contribute to altered oxygen delivery.
Aggressive use of phosphate binders, defects in enteral phos-
phate absorption, and hyper alimentation, in concert with dia-
lytic phosphate removal, can result in hypophosphatemia. This
reduces the concentration of intracellular organic phosphate
compounds (23), resulting in an increase in the oxygen affinity
of hemoglobin and temporary decrease in tissue oxygenation.

PHYSIOLOGY OF
ERYTHROPOIETIN AND

ERYTHROPOIESIS

Historical Perspective

Bone marrow erythropoiesis in response to hypoxia was pro-
posed in 1823 (24). In 1922, Brown and Roth (25) determined
that the anemia of chronic nephritis resulted from reduced bone
marrow production. The concept of a “hemopoietine” that
stimulates marrow erythropoiesis dates from 1906 (26) and
was quickly integrated into a hypoxia-induced feedback mech-
anism involving a hematopoietin (27) Reismann used para-
biotic rats to demonstrate that hypoxia in one animal stim-
ulated erythropoiesis in the normoxic partner (28). In 1953,
Erslev described this “erythropoietic stimulating factor” that
is now known as EPO when he transfused anemic rabbit
plasma into normal recipient rabbits and demonstrated the
unequivocal role of “intermediate humoral factor” in eryth-
ropoiesis (29). In 1957, Jacobson et al. (30) demonstrated
that this factor was lacking in bilaterally nephrectomized ani-
mals. Subsequent studies showed that it was absent in anephric
humans (31).

Understanding of erythropoiesis progressed before the
erythropoietin molecule was biochemically characterized and
before the intrarenal site of production was known. Gold-
wasser et al. first purified (32) then sequenced (33) the amino
acids of erythropoietin, making it possible to construct a cDNA
library, which allowed the identification and cloning of the ery-
thropoietin gene (34,35). Transfection of the human gene into
Chinese hamster ovary cells (35) or by gene activation (36)
allowed mass production of recombinant erythropoietin for
clinical use.

Similarly, physiologic studies were hampered until erythro-
poietin (EPO) could be measured. The first bioassay measured
the utilization by polycythemic mouse of 59Fe after infusion
of a serum sample (37). In 1968, feedback control of erythro-
poiesis dependent on oxygen delivery to the EPO secretory site
in the kidney was demonstrated for normal subjects. Urinary
and plasma EPO increased logarithmically as hematocrit was
lowered by phlebotomy, whereas these decreased with hyper-
transfusion (38). Erslev (39) in 1974 proved involvement of
the kidney in erythropoiesis by showing that the perfusion of
hypoxic rabbit kidneys in vitro with a serum-free solution re-
sulted in the production of preformed EPO.

Extensive physiologic and clinical studies became possible
after development of a radioimmunoassay (RIA) with a highly
purified protein (40). The results of this assay correlate rea-
sonably well with those of the bioassay. Commercially avail-
able radioimmunoassays are now widely available to clinicians
and have been used widely to investigate the renal erythropoi-
etin response of a variety of anemias. However, the clinician
should be aware that the antisera currently used will measure
all immunogenic erythropoietin fragments regardless of their
biologic or physiologic activity (41,42).

Under normal circumstances plasma levels reflect predom-
inantly renal synthesis of erythropoietin in response to tissue
oxygen need. The kidneys produce more than 90% of EPO
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(43). The major site of extrarenal erythropoietin production
within the liver is also regulated primarily by the ratio of
hepatic oxygen requirements to oxygen supply (44). In adult
animals, the hepatocyte is the major cell producing erythropoi-
etin (45,46). Extrarenal erythropoietin production is increased
several-fold following various forms of hepatic injury such as
subtotal hepatectomy (47) and carbon tetrachloride ingestion
(48), effects not seen after nephrectomy or acute tubular necro-
sis. Extrarenal erythropoietin production declines immediately
after the liver is injured, but then rises rapidly to supranormal
levels during the period of liver regeneration. In acute renal
failure, whether from tubular necrosis or acute crescenteric
glomerulonephritis, deficient production persists; erythropoi-
etin levels do not increase until excretory function recovers
and the anemia recovers sluggishly (49,50).

Normal Erythropoiesis

Circulating erythropoietin originates predominantly from the
kidney (90%), with a smaller contribution from the hep-
atic parenchyma (10%). EPO messenger RNA (mRNA) has
also been detected in the spleen, lung, testis, and brain, but
these sites do not secrete erythropoietin. In situ hybridization
techniques have localized the mRNA to interstitial cells (also
known as the type I interstitial cell (51,52), located near the
base of proximal tubular cells, predominantly in the renal cor-
tex (51). Interstitial cells positive for EPO mRNA are limited to

the deep cortex and outer medulla under normal oxygen condi-
tions. With increasing anemia and tissue hypoxia, the number
of positive cells increases in number and spreads into the super-
ficial cortex (52). However, there are some studies suggesting a
major role for the proximal tubule cells in epoetin production
(53). Appropriate compensation during severe anemia requires
an approximately 100-fold increase in kidney EPO produc-
tion. EPO-producing cells are recruited in an on–off fashion;
increased production of EPO in response to hypoxia results
from the recruitment of additional EPO-synthesizing cells. The
number of EPO-producing cells increases exponentially as pO2
decreases. Synthesis of EPO occurs de novo, secretion is rapid,
and there is no significant intracellular accumulation (54). The
short half-life of EPO mRNA provides a mechanism for rapidly
modulating EPO production in response to variations in tissue
oxygen tension. Maintenance of “normal” EPO plasma levels
of 8 to 24 mU/mL in humans requires the daily continuous
synthesis of approximately 2 to 3 U/kg body weight.

Erythropoietin has its primary effect in the bone marrow.
The hematopoietic stem cell is capable of forming erythrocytes,
leukocytes, and megakaryocytes (55,56). Under appropriate
stimuli, these primitive cells have the capacity for both self-
renewal and differentiation into committed progenitor cells.
Renewal appears to occur by chance “stochastically” (57) and
is initiated primarily by lineage, nonspecific cytokines such as
interleukin-3 (IL-3), stem cell factor, insulin growth factor, and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Fig. 92-2).

EPO

Receptors

Apoptosis

Mature cells

EPO 9–11 days

Neocytolysis
(RES/speen)

22
~19 days

Precursor cells
Erythroblasts

Progenitor cells
BFU-E CFU-E

CD-34 Erythron

Stem cell
pool

Normal Erythroipoiesis

GM-CSF
IL-3
GF-1
SCF

FIGURE 92-2. Normal erythropoiesis. Note that the interval from stem cell to erythroblast is about
19 to 26 days. Erythropoietin acts on the burst-forming unit-erythroid (BFU-E) and colony-forming
unit-erythroid (CFU-E) for approximately 8 to 10 days. An EPO-independent phase lasts during rapid
hemoglobin synthesis. Once the reticulocyte leaves the bone marrow, it is subject to neocytolysis as it
transverse the spleen if EPO levels fall abruptly. (Adapted from: numerous sources including Schuster SJ,
Caro J. Erythropoietin: physiologic basis for clinical applications. Vos Sang 1993;65:169; and Fried W,
et al. Studies on extrarenal erythropoietin. J Lab Clin Med 1969;73:244.)
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The transformation of a multipotential stem cell into a ma-
ture red blood cell occurs in two morphologically distinct stages
as depicted in Figure 92-2 and is totally dependent on erythro-
poietin (58). The first stage begins with small mononuclear cells
displaying CD34 on their surface (59). Thereafter and in se-
quence, the committed erythroid progenitor, the primitive and
mature burst-forming unit-erythroid (BFU-E), and the colony-
forming unit-erythroid (CFU-E) appear. In the second precur-
sor stage, the cells appear as morphologically recognizable
erythroblasts that mature into pronormoblasts and daughter
erythrocytes.

Multipotential committed progenitor cells exist in the rest-
ing G0 stage of the cell cycle (60). They are stimulated into the
G1 stage by IL-1 and IL-6, and granulocyte colony-stimulating
factor (G-CSF). Under the influence of IL-3 and GM-CSF, they
differentiate into primitive BFU-E. Peripheral demands for cel-
lular production can be met only after this transformation of
a multipotential stem cell to a unipotential progenitor cell. At
this stage, the cells have lost their capacity for self-renewal, and
have gained receptors for erythropoietin, which now becomes
essential for the multiplication and differentiation of the BFU-
E and CFU-E. There is an increasing dependence on, as well as
sensitivity to, the effects of erythropoietin with the progressive
maturation from primitive BFU-E into CFU-E (61–63). In fact,
the CFU-E will only survive and differentiate into a pronor-
moblast in the presence of erythropoietin. In mice lacking the
erythropoietin and EPO receptor genes, BFU-E and CFU-E are
produced to normal levels, which indicates that erythropoi-
etin stimulation is not necessary for commitment to eryth-
roid progenitors but erythropoietin stimulation is essential
for CFU-E survival and proliferation. Insulin or insulin-like
growth factor 1 (IGF-1) is also required for CFU-E growth
(64). In summary, constant presence of erythropoietin is crit-
ical to the sustenance, multiplication, and differentiation of
the committed erythroid progenitors. This concept is key, as
will be discussed later, with regard to clinical dosing practices
and choosing the optimal route for recombinant erythropoietin
administration.

Several other factors such as androgens, thyroid hormone,
somatomedin, and catecholamines appear to augment the
growth of CFU-E but are not essential (65). Other cytokines
including IL-1α and IL-1β, IL-2, tumor necrosis factor alpha
(TNF-α), and transforming growth factor beta (TGF-β) have a
negative effect on erythropoiesis (66,67). These cytokines are
significant mediators in the anemia of chronic diseases, may be
activated by certain types of dialysis, and are invariably present
during acute infection or inflammation. Their inhibitory effects
produce resistance to exogenous erythropoietin in renal failure
patients.

Erythropoietin exerts its signal through the erythropoietin
receptor (p66), a 55 kDa transmembrane protein (68). Eryth-
ropoietin receptors are expressed at the CFU-E and proery-
throblast stages and receptor number decreases during the
final stages of erythroid differentiation such that reticulo-
cytes and erythrocytes are devoid of erythropoietin receptors
(58–61). Erythropoietic agents are being developed that are not
at all epoetinlike, consisting of simple polypeptides that acti-
vate the receptor by molecular mimicry (69). Some of these
peptides have only 14 amino acids. Once activated, the re-
ceptor dimerizes, and tyrose kinase activity via constitutively
expressed JAK2 leads to phosphorylation of intracellular pro-
teins (70), followed by activation of several signaling pathways,
which include STAT, RAS, and phosphoinositol 3-kinase (71).
The Signal Transducer and Activator of Transcription (STAT)
pathway is the most important. STAT5 is a latent cytoplasmic
transcription factor that, once activated via phosphorylation
by JAK2, dimerizes, translocates into the nucleus, and binds to
specific DNA sequences allowing transcription of the respective
gene products. In addition, two tyrosine phosphatases, SHP-1

and SHP-2, play a role in erythropoietin-induced signaling and
hence in stimulating cell proliferation, the former negatively
and the latter positively (72,73). Erythropoietin also modulates
calcium influx in erythroid cells through a transient receptor
potential channel (74). Although, the exact signals or pathways
are still poorly understood, it is unlikely that the ultimate sig-
nals are transcription factors for genes involved in the synthesis
of globin or other mature erythroid proteins; it is more likely
that these signals maintain the viability of progenitor cells (54).
In the absence of erythropoietin, such cells undergo apoptosis
and die before they reach the precursor cell stage. The anu-
clear cells in Figure 92-2 represent the process of apoptosis
when erythropoietin becomes unavailable. In the presence of
erythropoietin, they proliferate and eventually transform into
precursor cells.

Erythroid progenitor cells exposed to optimal concentra-
tion of growth factors and erythropoietin proliferate luxuri-
ously and produce a “burst” of colonies (75). At a certain
level of maturation the CFU-E becomes activated and the
cells are transformed into hemoglobin-synthesizing morpho-
logically recognizable erythroblasts (73). Further proliferation
and maturation of these cells appear to be unaffected by eryth-
ropoietin, proceeding at a fixed rate in the presence of adequate
supplies of iron, folate, vitamin B12, pyridoxine, ascorbic acid,
and trace elements. Each cell that leaves the CFU-E stage ul-
timately produces 32 daughter cells that leave the marrow as
reticulocytes.

Until recently erythropoietin was believed to have no ef-
fect on cells once they were released from the bone marrow.
However, another erythropoietin-dependent mechanism affect-
ing survival of circulating cells has been described. Hemolysis
of recently formed red blood cells occurs when erythropoietin
levels fall rapidly, as with descent from altitude, thereby per-
mitting rapid adaptation when red blood cell mass is excessive
for the new environment (76).

Although erythropoietin’s main site of action is the bone
marrow, several studies have now convincingly shown that epo-
etin acts on many tissues that express the erythropoietin recep-
tor. Receptors for erythropoietin have been found in the retina,
the central nervous system, vascular endothelial and smooth
muscle cells, renal tubular cells, and even the heart myocyte.
Erythropoietin markedly reduces the production and release
of proinflammatory cytokines and chemokines (77), and dra-
matically reduces the influx of inflammatory cells into injured
tissue in the brain and heart. Erythropoietin markedly prevents
the apoptosis of cultured rat cardiomyocytes exposed to pro-
longed hypoxia, and erythropoietin reduces the size of myocar-
dial infarction produced in rats and therefore helps to preserve
myocardial function. Erythropoietin also is needed for normal
differentiation of endothelial cells. In some tissues, erythro-
poietin may function in an autocrine manner (78). Ehrenreich
et al. (79) has shown that erythropoietin improves the clini-
cal outcome when given in acute strokes in humans, and it is
likely extra bone marrow uses will become new applications
for epoetin.

The human EPO gene, located on the long arm of chro-
mosome 7, consists of five exons and four introns (80), but it
is not directly regulated by molecular oxygen. Multiple tran-
scription factors have been proposed most of which increase
gene expression under conditions of hypoxia (81). GATA-2,
a transcription factor that binds upstream to the erythropoi-
etin promoter and represses gene transcription is unique as it
is the primary candidate causing normoxic erythropoietin gene
repression. In response to high pO2, β-type cytochromes pro-
duce reactive oxygen species like H2O2. Human hepatoma cells
decrease H2O2 production in response to decreased pO2. It has
been proposed that H2O2 inhibits erythropoietin gene expres-
sion via activation of GATA-2 (82). Other transcription factors
have been implemented including HNF-4 (hepatocyte nuclear
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factor-4), COUP-TF1 (chicken ovalbumin upstream promoter-
transcription factor 1), TNF-α, IL-1β, and NFkβ.

However, the most important and best studied regulator
is hypoxia-inducible factor, HIF-1, a 50-bp protein that acts
on a hypoxia responsive element that is upstream of the gene
(83,84). HIF-1 binds to the oxygen-sensitive enhancer to induce
gene transcription of erythropoietin messenger RNA (mRNA)
(83,85). The HIF-1α subunit is permanently present in all nu-
clei and hence regulation of HIF-1 is accomplished by abun-
dance of the HIF-1α subunit. Hydroxylation of a proline
residue within the HIF-1α domain by specific oxidases is a
crucial step in the oxygen-sensing mechanism and eventual
gene transcription of epoetin and other proteins (86). Abun-
dance of HIF-1α is determined primarily by degradation via
the ubiquitin-proteasome system in response to normoxia (87).
Degradation requires the presence of a normal Von-Hippel-
Lindau gene protein (pVHL) that binds to HIF-1α, permitting
rapid proteasomic degradation in the presence of oxygen. Cells
lacking pVHL are unable to degrade the factor in the presence
of oxygen (hypoxia is mimicked) (88). Recently, superoxide
(O2

−) was found to block the accumulation of HIF-1β pro-
tein during hypoxia or CoCl2 incubation (an inducer of eryth-
ropoiesis) by enhancing its degradation through ubiquitin-
proteasome in renal medullary interstitial cells.

The EPO gene encodes for a 193-amino-acid prohormone.
The first 27 amino acids are cleaved before secretion. Circu-
lating EPO exists as a 166-amino-acid peptide containing two
sulfide bridges and four sites of carbohydrate attachment (89).
Four complex carbohydrate chains containing sialic acids are
linked to the protein, and constitute 40% of its molecular
weight of 34,000 daltons (34 kDa). The terminal arginine at
position 166 is removed before secretion. The disulfide cross-
links form two loops that are needed for biologic activity (89).
Glycosylation is necessary for cellular secretion (90) and for
the hormone’s biologic activity in vivo because the sialic acid
moieties allow EPO to circulate long enough to reach the bone
marrow. Rapid receptor-mediated endocytosis when galactose
residues are exposed reduces the half-time of desialated EPO
to minutes (90). The fully sialated hormone has, in humans, a
half-time varying from 4 to 12 hours (91). The carbohydrate
sialic acid moieties are not essential for EPO action on bone
marrow progenitor cells through receptor binding (92). The
sialoglycoprotein released into the circulation is highly heat
and pH resistant. Despite some differences in carbohydrate
structure among available rHuEPO products, the biologic
activity appears to be the same. The amino acid sequence has
been modified to permit the addition of two additional sialic
acid residues (93), producing a molecule (NESP) with a much
longer pharmacologic half-life (94). The main site and mech-
anism of removal of native EPO, the recombinant epoetins,
and NESP remain phenomenologic, although it seems most
likely that all are degraded following EPO-receptor-mediated
uptake into cells, chiefly erythrocytic progenitors in the bone
marrow (95).

Erythropoietin Blood Levels

Under steady-state conditions in normal individuals, levels of
erythropoietin in a given subject are remarkably constant. Di-
urnal variations do occur but are of relatively low amplitude
(about 20% around a baseline of 10 to 17 mU/mL) with a peak
at 1:00 am and a nadir at 1:00 pm (96). Individuals with severe
obstructive sleep apnea have higher baseline levels and larger
amplitude swings, 46 mU/mL and 40%, respectively, resulting
from prolonged nocturnal hypoxia.

In normal individuals, levels of EPO under steady-state con-
ditions range from 6 to 25 mU/mL in both adults (27) and
children (97). No differences in plasma immunoreactive EPO

exist between the sexes in humans (98), although men pro-
duce more than woman because of their larger size. Prolonged
nocturnal hypoxia increases (99), whereas significant protein
deprivation decreases (100) baseline EPO levels. Under nor-
mal circumstances plasma levels reflect predominantly renal
synthesis of erythropoietin in response to tissue oxygen need.
Increased production of EPO results from the exponential re-
cruitment of additional EPO-synthesizing cells (101) as the hy-
poxic stimulus increases (102). This exponential recruitment of
EPO-producing cells produces the inverse relationship between
circulating EPO levels and hematocrit.

Integration of the Erythropoiesis
Control System

Erythropoietin regulates the number of committed erythroid
precursors and causes them to mature into erythrocytes
(103). The initial renal response to tissue hypoxia is similar
whether the tissue hypoxia reflects hypoxemia low po2, re-
duced oxygen-carrying capacity (anemia), a hemoglobinopa-
thy characterized by increased affinity for oxygen, or ischemia.
The chief characteristic of the EPO–erythropoiesis system is
that an error signal, reduced tissue oxygenation, defines the
presence of an “inadequate erythron,” leading to the produc-
tion of EPO. The normal negative biofeedback system, induces
an increase in EPO production that is reflected by plasma EPO
concentrations. In the absence of renal disease, plasma EPO
levels increase from normal values of less than 25 to approxi-
mately 100 mU/mL, as hematocrit decreases to mildly anemic
levels of 27% to 33%. In severe anemia, EPO increases more
than 100-fold. Levels in excess of 1,000 mU/mL are reached at
hematocrits of less than 20% (Fig. 92-3) (50,104).

Changes in circulating erythropoietin levels depend almost
entirely on hormone synthesis and release (105,106). The rate
of erythropoietin production is determined primarily by the ra-
tio of the oxygen requirements at or near the site of production
to its oxygen supply (107,108). As a result, factors that decrease
the supply of oxygen to the kidneys (such as decreased renal

FIGURE 92-3. Inverse relationship of erythropoietin levels to hemat-
ocrit. Normal subjects are depicted by triangles and patients with
various anemias (but excluding those with kidney disease, malig-
nancy, or rheumatoid arthritis) by squares. Dashed horizontal line
represents limits of detection of the radioimmunoassay for erythro-
poietin. (Adapted from: Erslev AJ. Erythropoietin. N Engl J Med
1991;324:1339, with permission.)
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blood flow, decreased oxygen content of the arterial blood, or
increased hemoglobin oxygen affinity) increase the production
of erythropoietin and vice versa (the feedback control loop).

Oxygen transport is primarily dependant on the hemoglobin
content of blood. Hemoglobin and hematocrit are related in a
ratio of approximately 1:3. The kidney functions as a “crit-
meter,” since it senses both oxygen tension and extracellular
volume (109). Through erythropoietin it regulates red blood
cell mass and through salt and water excretion it regulates
plasma volume. The kidney thus regulates the numerator and
denominator of the “crit.” It is able to dissociate changes in
blood flow from those in oxygenation. The normal hematocrit
of 40% to 50% is not random, but rather one that maximizes
delivery of oxygen to the tissues.

However, the ratio of tissue oxygen demand to supply,
through its effects on EPO production, is only a “coarse” regu-
lator of the rate of erythropoiesis. Other modulators must fine-
tune the system because the red blood cell mass (total number
of erythrocytes) would oscillate owing to the prolonged life-
span of the erythrocytes (120 days) and the lag time between
exposure of CFU-E to elevated levels of EPO and the delivery
of the mature reticulocyte to the bloodstream (∼20–26 days).

These fine-tuning mechanisms are incompletely understood
but may depend on various combinations of the following:

1. The maximum response of the bone marrow to markedly
elevated EPO levels is limited. In severe anemias, EPO
increases 100- to 1,000-fold, but the maximum red blood
cell production rate increases only four- to sixfold above
basal (106).

2. For any level of anemia, the negative correlation between
the logarithm of EPO concentration and blood hemoglobin
is shifted to higher levels in individuals with hypoplas-
tic marrows compared to those without hyperplastic
marrows (110).

3. A decrease in EPO levels is observed before a noticeable
change in red blood cell mass occurs in chronically hy-
poxic rats (111). Similarly, EPO levels in normal humans
peak within 24 hours after phlebotomy but rapidly decrease
within the next 24 hours, although the red blood cell deficit
remains uncorrected (112). This rapid return in EPO lev-
els toward normal may result from intrarenal and systemic
hemodynamic changes or in part from an expansion of pro-
genitors that remove circulating EPO by receptor mediated
binding and uptake (113).

The rapidity with which these changes in erythropoietin oc-
cur (1 to 2 days) suggests a direct effect on erythropoietin syn-
thesis (114) and not merely on consumption by erythrocytic
progenitors through the process of internalization and degra-
dation (115). Furthermore, erythropoietin catabolism appears
to be independent of marrow activity (116).

Nevertheless, in a responsive marrow the decrease in eryth-
ropoietin levels before an increase in red blood cell mass could
result in part from an expansion of progenitors (particularly the
CFU-E), and increased removal of erythropoietin by receptor
binding. Modeling of the kinetics of hematopoietic stem cells
during and after hypoxia indicates an up to a twofold increase
in CFU-E by the fifth day of continuous hypoxia (117) and
suggests that increased consumption could account, in part,
for the decrease in levels. However, intermittent rather than
continuous hypoxia maintains even greater levels, even though
the increase in red blood cell mass (from marrow precursors) is
about the same. Jelkmann (118) has suggested that this results
from pH-dependent effects on the producing cells themselves
or from the weight loss (and, therefore, the protein deficit) as-
sociated with prolonged continuous hypobaric hypoxia. In our
studies in normal humans, there is a rapid (within 24 hours) de-
crease in erythropoietin levels from peak values following one
and two-unit-phlebotomy (112). In these subjects there was no

detectable weight loss. Changes in intrarenal oxygen tensions
resulting from intrarenal and systemic hemodynamic changes
may therefore explain this rapid return in erythropoietin levels
toward normal.

PATHOPHYSIOLOGY OF THE
ANEMIA OF RENAL DISEASE

Clinical Aspects

In progressive renal insufficiency, the degree of anemia is, in
general, proportional to the severity of azotemia (5). Among
patients, the correlation of hematocrit with glomerular filtra-
tion rate (GFR), blood urea nitrogen, or serum creatinine is
imprecise (Fig. 92-4) (119). However, as renal function ap-
proaches that requiring replacement therapy, the hematocrit
tends to plateau at a level that varies little thereafter in the ab-
sence of complications or institution of rHuEPO therapy. In the
past, most patients initiating dialysis had hematocrit values be-
tween 15% and 25%. In nephric anemic patients with ESRD
on dialysis, the mean baseline values of EPO are marginally
higher than normal, 19 to 30 mU/mL (31) compared with 10 to
17 mU/mL in normal individuals (120,121). Therefore, al-
though the end-stage kidney continues to produce EPO de-
spite effective cessation of excretory function, it is incapable
of augmenting EPO production adequately in response to an
appropriate anemic hypoxic stimulus. Maintenance of “appro-
priate” plasma levels during severe anemia would require that
the residual renal tissue have the capacity to increase erythro-
poietin production by about 5- to 20-fold if metabolic clearance
rate were independent of plasma concentration. In anephric in-
dividuals, the levels are markedly decreased but still measurable
by radioimmunoassay (RIA) (31,122). The absolute deficiency
of erythropoietin in such anephric patients (96) made them
blood transfusion-dependent prior to the advent of epoetin.

Anemia develops during acute renal failure from tubu-
lar necrosis (49), interstitial nephritis, and glomerulonephri-
tis (50), with the hematocrit gradually falling to 25% to 30%
in the absence of excessive blood losses. The anemia results
from deficient EPO production (50) (which does not reverse

FIGURE 92-4. Relationship of hematocrit to creatinine. (Reprinted
from: McGonigle RS, et al. Erythropoietin deficiency and eryth-
ropoiesis in renal insufficiency. Kidney Int 1984;25:437, with
permission.)
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until excretory function recovers), from shortened red blood
cell survival (16), and from hemodilution (123). As renal func-
tion recovers, erythropoiesis gradually improves, with the red
blood cell mass normalizing over several months.

Anemia may be more severe than anticipated in some
forms of acute renal failure (Goodpasture’s syndrome,
Henoch-Schönlein glomerulonephritis). Multiple myeloma of-
ten presents with a disproportionately severe anemia because
erythropoiesis is further compromised by plasma cell infiltra-
tion and marrow replacement. Erythropoietin production rel-
ative to renal function may be reduced more than usual in
radiation nephritis (124). Hemolysis may be significant in sys-
temic lupus erythematosus, scleroderma, and other vasculitides
associated with acute renal failure. Hemolysis with grossly de-
formed cells (fragmented red blood cells on peripheral smear)
formed in the microcirculation occurs in the hemolytic uremic
syndrome. The hematologic features include a red blood cell
production index that usually is greater than three times nor-
mal despite azotemia or acute renal failure.

The amount of erythropoietin that is produced per unit
weight of remaining “normal” nonscarred kidney tissue may
actually be normal. The importance of adequate renal mass is
best illustrated by the correction of anemia following successful
transplantation (125,126). Following such transplantation in
ESRD patients, EPO levels increase and are sustained several-
fold as excretory function recovers. With increased production
of red blood cells, anemia corrects and erythropoietin levels
progressively decrease into the normal range.

Inadequate Erythropoietin Production

The persistent observations of many investigators of “inap-
propriately” low EPO levels in virtually all cases of advanced
kidney disease National Kidney Foundation Kidney Diaysis
Outcomes Quality Iinitiative (NKF-KDOQI stages 4 and 5)
indicates that the primary factor in the anemia of renal fail-
ure is the inadequate production of endogenous EPO by these
diseased kidneys. Shortened red blood cell survival (hemoly-
sis or chronic blood loss) also may play a role but probably
is more instrumental in determining the severity of anemia.
Renal disease therefore affects the red blood cell mass by in-
terfering with both red blood cell production and red blood
cell lifespan through disruption of the kidney’s endocrine and
exocrine functions. Other factors such as iron and other nutri-
tional deficiencies and the putative effects of uremic inhibitors,
if left unattended, will influence the severity of anemia and the
outcome of rHuEPO treatment in any patient with progressive
renal failure or ESRD. Specific and sensitive RIA can measure
even subnormal serum EPO levels. Besarab et al. (112) and
others (127) have shown that ESRD patients with acute blood
loss or hemolysis can increase plasma RIA-EPO levels two- to
five-fold, but the levels seldom reach those achieved by individ-
uals without renal disease. Diseased kidneys appear incapable
of augmenting EPO production chronically in response to an
appropriate anemic hypoxic stimulus (128). Patients with au-
tosomal dominant polycystic kidney disease are the exception
and typically have higher EPO levels with less severe anemia
(129). High EPO concentrations have been found in the fluid
of cysts originating from proximal tubules with EPO mRNA
identified in their interstitial cells (130).

The steady-state relationship between plasma RIA EPO lev-
els and hematocrit (Fig. 92-4) reflects the operation of a neg-
ative feedback system and the homeostatic attempt of normal
kidneys to correct the anemia (122). In patients with ESRD, this
biofeedback mechanism is impaired. In stable patients on dial-
ysis, hematocrit correlates directly rather than inversely with
EPO levels (Fig. 92-5). Plasma EPO levels among different pa-
tients with ESRD vary 5- to 10-fold; within a given patient,
EPO levels tend to be similar over time. Patients with ESRD

FIGURE 92-5. Relationship of erythropoietin levels to hematocrit in
end-stage renal disease (ESRD). The 95% confidence range for eryth-
ropoietin values of patients without renal disease is given by the solid
lines. The two heavy dashed lines represent 95% confidence range of
patients just before renal transplantation. The solid circles and open
squares represent erythropoietin levels of two cohorts of hemodialysis
patients. Note the direct relationship between erythropoietin levels and
hematocrit in patients with ESRD.

with acute blood loss or hemolysis can increase their plasma
RIA EPO levels two to fivefold (112), but normal subjects sus-
taining equivalent degrees of blood loss increase their levels
10- to 100-fold. These observations indicate that basal EPO
production is disordered in a variable way, but that the feed-
back loop between EPO and tissue oxygen delivery is still
present. EPO production per unit weight of remaining “un-
scarred” kidney tissue may be above normal but limited by
functional renal mass.

Shortened Erythrocyte Survival

The lifespan of red blood cells in patients with chronic renal
disease usually is shorter than normal (131,132) (Fig. 92-6),
typically decreasing from a normal value of 120 days to aver-
age values of 70 to 80 days. However, as first pointed out by
Chaplin and Mollison in 1953 (131), a normal marrow should
easily compensate for such mild decreases in red blood cell sur-
vival with sufficient circulating EPO. Uremic red blood cells
survive normally when injected into healthy recipients, and
normal red blood cells may have a shortened lifespan in uremic

FIGURE 92-6. Red blood cell survival in patients on maintenance dial-
ysis as assessed by 51Cr or DF 32P half-lives. (Reprinted from: Esch-
bach JW Jr, Funk D, Adamson J, et al. Erythropoiesis in patients with
renal failure undergoing chronic dialysis. N Engl J Med 1967;276:653,
with permission.)
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recipients (130,133). In renal failure, both metabolic and me-
chanical factors may shorten survival of red blood cells. The
presence of a metabolic factor is suggested by the normalization
of red blood cell lifespan after intensive dialysis (134). How-
ever, most red blood cell enzymes in uremic red blood cells
are normal or have increased activity, and ATP levels are high
(135). Only the activities of transketolase, active in the hexose
monophosphate shunt (136) and ATPase, which supports the
Na+,K+ membrane pumps (137), are decreased. The decreased
activity of the Na+,K+ pumps influences changes in red blood
cell shape and rigidity, which in turn affects red blood cell lifes-
pan. This defect has been attributed to either uremic impair-
ment of the enzymatic activity (138) or to decreased synthesis of
Na+,K+ pump units by uremic reticulocytes (139). The toxic
substances responsible for these metabolic impairments have
not been fully identified but are presumably dialyzable, since
intensive dialysis corrects the defect. We have noted that red
blood cell lifespan can approach normal in well-dialyzed pa-
tients, with particular attention to minimizing blood sampling
for studies (17). Measurement of red blood cell lifespan mea-
sures both normal removal of senescent cells by the reticuloen-
dothelial system and extracorporeal premature exit of eryth-
rocytes from the circulation. The latter results from blood
losses due to vascular access puncture, residual blood left in
dialyzers, occasional blood leaks, phlebotomy for laboratory
testing, and clotted dialyzers. Retention of red blood cells on
the dialysis membranes accounts for a loss of 0.5 to 11 mL of
red blood cells per dialysis, depending on the type of dialysis
membrane used and how carefully the dialyzer is rinsed after
dialysis. Such “routine” blood losses associated with hemodial-
ysis, typically approximately 60 mL of whole blood per week
(140,141) and contribute significantly to the iron deficiency of
these patients, resulting in effective iron losses of between 1 to
3 g of iron per year. Such losses are obviously diminished in
peritoneal dialysis.

Blood Loss

Blood loss may contribute to anemia in patients with ad-
vanced renal failure before dialysis. As high as 25% of such
patients may be iron deficient because of chronic blood loss
(15). Bleeding associated with renal insufficiency (142,143)
has been known for decades. Common manifestations in-
clude telangiectasia and gastrointestinal angiodysplastic lesions
(144). Functional abnormalities of platelets characterized by
prolonged bleeding times, abnormal platelet aggregation and
adhesiveness, and reduced platelet factor 3 release are well
recognized (145). A reversible abnormality in the activation-
dependent binding activity of glycoprotein IIb-IIIa occurs in
uremia (143,146). Other defects include abnormalities in the
multimeric structure of von Willebrand factor (147) and ac-
quired platelet storage pool deficiencies of adenosine diphos-
phate and serotonin (148). Uremic plasma also induces nitric
oxide synthesis by cultured endothelial cells, which inhibits
platelet function (149). This inhibitor has been shown to be a
guanidine derivative (150).

All these notwithstanding, anemia itself appears to be a ma-
jor factor in sustaining the bleeding tendency, as prolonged
bleeding times are corrected by both red blood cell transfu-
sions (151,152) and the rise in hematocrit that occurs with
therapeutic use of rHuEPO (153,154).

Iatrogenic Hemolysis

In dialysis patients, decreased activity of the hexose monophos-
phate shunt renders hemoglobin and the red blood cell mem-
brane sensitive to oxidant drugs or chemicals (155,156). Ap-
proximately 25% of all uremic patients have defective red
blood cell pentose-phosphate shunt activity, as detected by an
abnormal ascorbate-cyanide screening test (156). This reduces

NADPH production with decreasing available reduced glu-
tathione. Reduced glutathione prevents the formation of unsta-
ble oxidized hemoglobin compounds that precipitate to form
Heinz bodies. The presence of substances with strong oxidizing
potential such as primaquine, quinidine, sulfones, Furadantin,
and nitrofurantoin should be avoided. Hemolysis with forma-
tion of Heinz bodies (157) has been reported in association with
inadequate removal of chloramine (158) coming from city tap
water used for dialysate. Acute hemolysis must also be avoided
by removal of copper (159) zinc (160), aluminum (161), and ni-
trates (162) in the water supply, and formaldehyde (163) from
reprocessed dialyzer equipment. Vigorous treatment with non-
absorbable aluminum gels produces hypophosphatemia, which
increases the intracellular calcium, in turn resulting in the poly-
merization of spectrin, making the red blood cell membrane
rigid and susceptible to hemolysis (164).

Splenic Dysfunction

A significant number of patients on chronic hemodialysis have
splenomegaly (165,166). These spleens contain hyperplastic
lymphoid follicles and increased numbers of macrophages and
plasma cells, changes consistent with reaction to chronic anti-
genic stimulation (163). One report has described macrophages
laden with silicon particles (167), the silicon perhaps arising
from dialysis blood line tubing stressed by roller pumps. Rosen-
mund et al. (154) reported that red blood cells from dialysis pa-
tients with hypersplenism are less filterable than those of other
uremic subjects and are more susceptible to oxidative stress.
Cells with unstable oxidized hemoglobin components may be
sequestered in the splenic macrophages, which results in hy-
perplasia of splenic macrophages and splenomegaly. Splenec-
tomy has been performed as a means of prolonging red blood
cell lifespan in a few patients with splenomegaly and excessive
red blood cell destruction documented by radioisotope studies.
The results are rarely spectacular and the decision to operate
should be carefully weighed and reserved for those with either
coexistent neutropenia or thrombocytopenia, or in those with
resistance to exogenous epoetin, particularly since the dose of
epoetin can be increased to increase red blood cell production
to match the rate of destruction.

Mechanical Fragmentation

Despite data supporting a metabolic basis for hemolysis, some
investigators have failed to find a clearcut correlation between
red blood cell lifespan and degree of renal failure (5). An alter-
native mechanism is that red blood cells are injured and pre-
maturely destroyed by intravascular mechanical trauma rather
than by metabolic alterations (168). Even normal erythrocytes
become deformed when exposed to strong shearing stress and
are vulnerable to monocyte-macrophage sequestration, espe-
cially at a fibrin interphase (168). This occurs in some cases
of malignant hypertension (169) and in the hemolytic-uremic
syndrome, in which the anemia is typically out of proportion
to the degree of renal insufficiency in the early stages of the
disease (170).

Inhibition of Erythropoiesis

In the absence of significant overt blood loss, decreases in red
blood cell survival of 30% to 40% alone cannot fully account
for the degree of anemia in renal failure. Whereas EPO levels
are comparable, red blood cell production in patients with renal
failure is only one-half of normal (Fig 92-7). If one examines
the relationship of EPO levels to hemoglobin/hematocrit levels
in the earliest stages of kidney disease, EPO levels are appro-
priately increased for the degree of anemia until renal function
drops to less than 40% of normal (Fig. 92-1). Thereafter, EPO
levels cannot be sustained and decrease progressively. Since the
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FIGURE 92-7. Red blood cell production (Prod. RBC) in normal
subjects and patients on maintenance hemodialysis. Normal range is
shown by the area within the box. Dialysis patients are segregated into
those with red blood cell survival greater than 100 days (circles) and
less than 100 days (squares). The erythropoietic (EPO) response is
shifted down and to the right in patients on dialysis.

late 1960s, numerous in vitro studies have implicated an in-
hibitory effect of uremic serum on growth of erythroid pre-
cursors or on heme synthesis (171–174). Intensive dialysis can
increase iron utilization and hematocrit without altering the
level of circulating EPO (175). Older studies tried to iden-
tify polar lipids, arsenic, vitamin A, spermine, spermidine, and
parathyroid hormone (171,172,176,177) as specific uremic in-
hibitors. More recent studies indicate that their role in the gen-
esis of the anemia of renal failure is of very minor importance
(178–182). In humans, acute ferrokinetic responses to rHuEPO
do not differ among patients on hemodialysis, normal sub-
jects, or patients with chronic renal failure restored to normal
by transplantation (180). The improvement of anemia demon-
strated after parathyroidectomy is due to the resolution of mar-
row fibrosis (182) rather than the removal of erythropoietic
inhibition (181).

Despite the clinical experience showing that exogenous EPO
overcomes the effects of such putative inhibitors, studies on
uremic inhibitors continue because control of such factors
could reduce the amount of epoetin needed. Recent studies have
focused on the effects of albumin-bound furancarboxylic acid
(183), activated monocytes, and polymorphonuclear leuko-
cyte products (184) and cytokines on erythropoiesis. Quino-
linic acid levels correlate positively with creatinine concen-
tration and negatively with endogenous EPO levels in uremic
rats. Urea-derived cyanate carbamylates endogenous erythro-
poietin and may decrease its biologic activity (185). Cobalt-
stimulated erythropoiesis was suppressed dose-dependently in
chronic quinolinic acid-treated rats. Moreover, quinolinic acid
had a dose-dependent inhibitory effect on hypoxia or cobalt-
induced EPO release and EPO gene expression suggesting dis-
ruption of EPO gene activation by HIF-1 (186).

T cells from uremic subjects may be unable to release gen-
eral growth cytokines needed for optimal erythropoiesis (187).
In addition, inflammation-associated cytokines inhibit erythro-
poiesis. CFU-colony formation is suppressed by soluble factors
in uremic sera that lead to the production of interferon-γ and
TNF-α (188). IL-6, a pro-inflammatory cytokine, is present
at 8- to 10-fold higher levels in hemodialysis patients, being
higher in patients treated with less-biocompatible membranes,
and inhibits EPO-induced bone marrow proliferation (189).
More intensive dialysis increases response to exogenous epo-

etin. Ifudu et al. (190) found a direct relationship between
hematocrit and urea reduction ratio (URR) after adjustment
for other variables. Analysis of Medicare data also shows a di-
rect relationship between higher URR and higher hematocrit
at lower epoetin doses (191). The role of high-flux membranes
compared to low-flux membranes is unclear (192). The role of
on-line treatment in which dialysate is free of toxins or pyro-
gens has produced conflicting results (193).

Nutritional Factors Contributing to Anemia

The patient with chronic renal failure or on maintenance dial-
ysis is prone to anorexia, intercurrent illnesses, and dietary re-
strictions. Dialysis can also produce dialysate nutrient losses.
All patients should be observed for malnutrition and vitamin
deficiency syndromes. Folate deficiency in dialysis patients is
uncommon (194) because routine use of supplements replaces
dialysate losses. Most centers supplement their patients with
1 mg per day of folic acid. This is generally safe, as vitamin
B12 deficiency is uncommon in dialysis patients. More recently
higher dose folate has been used to unsuccessfully reduce ho-
mocysteine levels. Because of the water solubility of thiamine,
pyridoxine, and vitamin B12, deficiencies in one or more of
these vitamins could develop from dialytic removal, but no
cases have been reported in dialysis patients. Currently, only
pyridoxine supplementation is recommended; 5 mg per day
for those with progressive renal failure and 10 mg per day for
dialysis patients (195).

Borderline or frank iron deficiency is the most common
“nutritional deficiency.” It occurs to a lesser extent in conser-
vatively treated patients (pre-ESRD), in those on continuous
ambulatory peritoneal dialysis (CAPD), and is a major imped-
iment to the cost-effective use of epoetin. Three factors have
been implicated in the pathogenesis of iron deficiency in re-
nal failure patients: (i) blood loss caused by retained erythro-
cytes in dialyzers and blood tubing, and on dressings, and by
frequent phlebotomies for diagnostic testing; (ii) the bleeding
diathesis caused by uremia; and (iii) in the era of aluminum-
containing phosphate binders, malabsorption of iron due to
such aluminum binders (196).

Although iron absorption appears to be unimpaired
(197,198,199) and iron turnover appears normal in severe re-
nal impairment, iron utilization is regularly decreased, particu-
larly in inflammatory renal disorders. In rare cases of nephrotic
syndrome, urinary losses of transferrin can cause low iron-
binding capacity, with impairment in the metabolic cycling of
iron (200). Although iron absorption may be decreased in some
patients, Eschbach et al. (197) observed that, as expected, the
percentage of iron absorbed from the gastrointestinal tract of
uremic subjects varies inversely with the iron stores. Although
they concluded that uremia per se does not interfere with the
physiologic regulation of iron absorption, the amount of iron
taken orally may not be sufficient to meet the needs of active
erythropoiesis, particularly after epoetin administration, and
parenteral iron may be necessary. The nontransfused patient
on hemodialysis is prone to iron deficiency because of such
repetitive blood losses. At a target hematocrit of 30% to 36%,
such losses of red blood cells equate to an additional 6- to 7-mg
iron loss per dialysis above normal obligatory daily iron losses
of 1 to 2 mg per day. With the additional losses from periodic
laboratory tests, the yearly iron losses can exceed normal total
body stores of iron of approximately 1,200 mg. Most regular
hemodialysis programs require iron supplementation, averag-
ing 2 g per year, usually parenterally, to prevent iron deficiency.

Decreased serum levocarnitine levels are associated with
epoetin hyporesponsiveness, and replacement therapy has im-
proved the response to epoetin therapy. Improved red blood
cell survival and decreased Na/K-ATPase activity have been
proposed as potential mechanisms (201,202).



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-92 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 15:20

2414 Section XII: Uremic Syndrome

DIAGNOSTIC WORK-UP AND
MONITORING OF ANEMIA

IN CHRONIC KIDNEY DISEASE

The treatment of the anemia of chronic renal failure has as-
sumed greater clinical importance as the age of the CKD and
ESRD population has increased. Such patients have more fre-
quent and greater degrees of ischemic heart and peripheral
vascular disease and are increasingly composed of diabetic
patients with both microvascular and macrovascular disease.
Many symptoms previously attributed to “uremia,” such as
fatigue, cold intolerance, and mental sluggishness, respond to
correction of anemia. With the advent of epoetin therapy, non-
specific therapies such as transfusions and anabolic steroids are
of historic interest only. Because epoetin therapy takes weeks to
months to correct significant degrees of anemia, symptomatic
patients with ischemic heart or cerebrovascular disease should
receive transfusions. Similarly, treatment of symptomatic acute
blood loss requires transfusions. If major surgery is anticipated,
autologous blood donation for intraoperative use is possible if
enough epoetin is used (203), thereby avoiding the need for ho-
mologous red blood cell transfusions. Patients with sickle cell
disease remain transfusion-dependent despite very high doses
of epoetins, and continue to experience iron overload.

The initial evaluation of the anemic patient with CKD
should include a complete blood count (CBC) including red
blood cell indices, a reticulocyte count, and determination of
the serum iron, total iron binding capacity (TIBC), and ferritin
(collectively referred to as iron indexes). Recently, the reticu-
locyte hemoglobin content (CHr) (204) and the percentage of
hypochromic cells (205) have received attention as more re-
liable predictors of iron sufficiency in hemodialysis patients.
Their utility in patients with CKD stages 3 to 5 is unknown.
If the anemia is normochromic and normocytic with a normal
or low reticulocyte index, the peripheral smear shows no ab-
normalities, and the iron-indexes are normal, then no further
work-up of the anemia is necessary.

Assessment of Iron Status

The time-honored tests have been transferrin saturation (TSAT)
that reflects the carrying capacity in blood and serum ferritin,
reflecting tissue stores of iron. In non-CKD individuals, a fer-
ritin value of less than 30 mg/L has been used as an indication
for iron supplementation. Studies correlating serum ferritin,
TSAT, and stainable bone-marrow iron have indicated that
ferritin levels as high as 100 to 125 mg/L may indicate iron
deficiency in ESRD patients (206,207), and even these higher
levels are unable to detect “functional iron” (208–212). Trans-
ferrin saturation and ferritin levels should exceed 25% and 200
ng/mL, respectively, in the iron-replete hemodialysis patient to
optimize erythropoiesis (213). These parameters likely apply to
the patient with progressive renal failure as well. Periodic mon-
itoring of the iron indices is mandatory to detect functional iron
deficiency. Anemic patients with iron indices minimally greater
than those enumerated become iron deficient during epoetin
therapy unless supplemented with iron. The most common eti-
ology for microcytosis remains iron deficiency. Low serum iron
with elevated ferritin suggests systemic infection, inflammatory
disease, or occult malignancy. Normal or high serum iron with
normal ferritin but microcytic indices points to the presence of
thalassemia, or now less frequently lead or aluminum toxicity.
Macrocytosis is unusual in the well-dialyzed patient receiving
a vitamin supplement and consuming a recommended protein
diet of 1.0 to 1.4 g/kg.

Periodic monitoring of the complete blood count and red
blood cell and iron indices in patients on dialysis detects vari-
ance from the patient’s steady-state values. The nomogram of

VanWyck et al. (214) is helpful in estimating the amount of
exogenous iron needed during induction therapy to attain the
target hemoglobin of 11 to 12.5 g/dL. We prefer to calculate
the amount on the basis of 1 mg of iron needed for each 1 mL
of packed red blood cells formed. The increase in packed cells
is estimated from the starting and target hematocrits and the
estimated blood volume of the patient (70 to 80 mL/kg body
weight). Patients receiving hemodialysis have significant ongo-
ing weekly blood losses of approximately 40 to 50 mg, and,
unlike patients on CAPD, usually require parenteral iron, both
during the period of correction of anemia as well as during the
long-term maintenance phases.

Prior to the year 2000, iron dextran was the only available
agent used extensively in the United States. Now as in Europe
other agents are available (208,215). Administration of sodium
ferric gluconate complex, 1.0 g over eight consecutive dialy-
sis treatments, significantly increased hemoglobin levels, serum
ferritin, and iron saturation in 83 iron-deficient dialysis patients
(216). Many physicians are concerned about the risks of using
parenteral intravenous iron dextran. The incidence of severe
life-threatening reactions to one or more doses in any patient
is quite low, at less than 1% (217,218). The rate per number
of injections is even lower at 0.1%. Decreasing the infusion
rate to less than 10 mg/minute minimizes reactions (personal
experience).

Sodium ferric gluconate complex in sucrose may have fewer
fatal adverse reactions than iron dextran, and its efficacy as
good as iron dextran (219). Similar results have been found
with iron sucrose (220). Both sodium ferric gluconate complex
(219) and iron sucrose (221) have been administered to iron-
dextran allergic patients. Cost-effectiveness may be the only
factor preventing these agents from being preferred over iron
dextran, since they are one-third more expensive. They also
can not yet be given as total dose infusion, a practice possible
with iron dextran. A new iron preparation, ferumoxytol, can
be given at doses of 510 mg in less than one minute. Efficacy
and safety data will soon be available.

The complication of iron overload from multiple transfu-
sions has disappeared since the widespread application of epo-
etin therapy. Some have even used the strategy of periodic
phlebotomy to reduce iron deposition, previously acquired by
multiple transfusion, in epoetin-treated patients (222).

Paradoxical Absence of Anemia

Absence of anemia or amelioration of preexisting anemia in
patients with progressive renal failure or on dialysis requires a
search for potential causes. Possible etiologies include (i) con-
tracted predialysis plasma volume, (ii) decreased hemoglobin
oxygen saturation from cardiac or pulmonary disease,
(iii) hereditary or acquired cystic kidneys, and (iv) conditions
that cause decreased blood flow to the kidneys or liver. In-
creased endogenous EPO production (can occur in the last
three circumstances (223) indicating that even anuric diseased
kidneys can increase their production of EPO under some cir-
cumstances. Hypoxemia or conditions producing reduced re-
nal blood flow can increase EPO production, but hematocrit
seldom increases to greater than normal levels. Development
of acquired cystic kidney disease (ACKD) associated with in-
creased erythropoietin levels can increase the hematocrit and
accounts for the occasional spontaneous increase in hematocrit
in some patients maintained for years on dialysis (221,224).
Because ACKD is progressive (225) the associated increase
in hematocrit and erythropoietin levels seen in many patients
could result from the progressive development of more cysts
over time with compression of remaining renal tissue. Two
mechanisms have been proposed for the increased erythropoi-
etin production in such cases: (i) increasing tissue pressure on
remaining renal parenchyma by the cysts, producing worsening
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local hypoxia and (ii) autonomous production of erythro-
poietin by proliferating epithelial cells within the cyst wall
(221,222). However, some investigators have not noted a corre-
lation between the presence or absence of cysts and hematocrit;
rather, the hematocrit appeared to correlate best with age, du-
ration of dialysis, and increased renal tissue volume (226). Our
experience indicates no correlation between the initial presence
or absence of cysts and RIA-EPO levels and none between the
subsequent development of ACKD and follow-up RIA-EPO
levels (227). Therefore, the role of cysts per se is still unclear
and may depend not only on the number of cysts but the cell
type as well (228).

Very rarely, patients with CKD develop polycythemia, either
coincidentally due to polycythemia rubra vera or secondary
to processes known to cause secondary polycythemia. Those
states associated with hypoxemia or reduced renal blood flow
may result in an increase in erythropoietin production and im-
provement in the anemia. Conditions associated with para-
neoplastic erythropoietin production potentially can result in
marked increases in the red blood cell mass. In most instances,
high hematocrits (>48%) in uremic patients cannot be ex-
plained but occur in association with increased erythropoietin
levels. Erslev et al. (229) studied two anephric patients whose
hematocrits gradually rose to more than 30% after being on
chronic hemodialysis for more than a year. In both patients,
elevated plasma erythropoietin levels could not be suppressed
even after transfusion to hematocrits in excess of 40%. This
suggests that extrarenal erythropoietin production in some pa-
tients is regulated differently than renal erythropoietin produc-
tion, an observation supported by experimental data in trans-
fused uremic rats (230). Erythrocytosis of renal origin can be
distinguished from polycythemia vera by EPO levels because
EPO is below normal in the latter condition.

On occasion, hematocrit increases in an ESRD patient
during hepatitis. Kolk-Veghter et al. (231) observed a tran-
sient increase of hematocrit in several patients on hemodial-
ysis during episodes of active hepatitis. Others have also
noted an increase in the hematocrit and erythropoietin titer
of patients with hepatitis during the period of elevated serum
transaminases (232).

THERAPY FOR RENAL ANEMIA

Transfusions

The introduction of epoetin for the therapy of the anemia of
CKD has virtually eliminated the need for repeated transfu-
sions and the risk of developing hemochromatosis. The major
groups still at risk are patients with sickle cell disease (233) or
thalassemia (234), who do not respond to “reasonable” doses
of erythropoietin.

Transfusions should not be withheld from patients with
symptomatic or refractory anemia, particularly those with un-
derlying ischemic heart disease, because it takes weeks for epo-
etin to increase hematocrit. In situations of gastrointestinal
bleeding, postoperative blood loss, or hemolysis, transfusions
still remain the mainstay of therapy. Given the infection risks
of transfusion and the sensitization of potential transplant re-
cipients, transfusions should be used prudently.

Anabolic Steroids

Response to epoetin can be augmented by anabolic androgens
and is used by health care systems with limited resources. This
therapy consists of blood transfusions with or without the ad-
ministration of androgenic-anabolic steroids (235,236). An-
drogenic steroids increase the hematocrit of uremic patients
by increasing erythropoietin production and to a lesser extent,

stimulating committed bone marrow stem cells. Fluoxymes-
terone and oxymetholone are given by mouth in doses of 10 to
20 mg per day and 1 to 4 mg/kg body weight per day, respec-
tively. Parenteral preparations, such as nandrolone decanoate
or testosterone propionate or enanthate, are presumed to be
more effective (234). They are given in doses of 1 to 4 mg/kg
body weight once a week.

Recent studies have explored the use of androgens along
with epoetin. One found synergy between epoetin and nan-
drolone decanoate with few side effects (237); the other found
no synergy and many side effects (238). A third study found
that the use of androgens in men younger than 50 years was as
effective as epoetin and less costly (239). In view of the known
side effects of androgen therapy, particularly in women, we do
not advocate its use alone or in combination with epoetin.The
recent NKF-KDOQI Guidelines for anemia also reject the adu-
vant use of anabolic steroids

Epoetin Administration

Clinical trials of rHuEPO were initiated in 1985, and replace-
ment therapy with rHuEPO quickly became the most rational
therapy for anemia of chronic renal failure (240–244). These
initial clinical trials convincingly demonstrated that the hema-
tocrit could be increased by up to 10 points or more and main-
tained at a level greater than 30% in more than 90% of pa-
tients. Dialysis-treated patients increased their hematocrit in a
dose-dependent manner (240), as shown in Figure 92-8. Main-
tenance intravenous doses needed thrice weekly to maintain
steady-state hematocrits greater than 31% vary significantly
among study patients: 15% required more than 150 U/kg and
20% less than 40 U/kg (240). Similar results have been ob-
served worldwide (241). Comparison of epoetin dose variation
in different countries shows much greater average doses in the
United States compared to the United Kingdom and Italy (245).
This may result from differences in route of administration, but
the significantly larger variation in doses in the United States
was related to markers of inflammation and the use of tunneled
catheters.

Significant improvement has been made in the management
of the anemia of CKD/ESRD during the last decade. More than
92% of hemodialysis patients and about 60% of Medicare-
eligible patients on continuous ambulatory peritoneal dialy-
sis (CAPD) were receiving epoetin at the end of 1994 (246).
Since then both epoetin dose and mean hemoglobin have

FIGURE 92-8. Dose–response curve to intravenous epoetin alfa
(recombinant human erythropoietin [rHuEPO]) administered three
times a week. The linear part of the response curve extends up to 150
U/kg/dose. (Adapted from: Eschbach JW, Egrie JC, Downing MR, et al.
Correction of the anemia of end-stage renal disease with recombinant
human erythropoietin: results of combined phase I and II clinical trials.
N Engl J Med 1987;316:73.)
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progressively increased, reaching the target range of 33% to
38% achieved in clinical trials. As of the last quarter of 2002,
mean hemoglobin had reached 11.7 g/dL and epoetin dose ex-
ceeded 7,000 U/dose (ESRD CPM Project Report 2002) (247).
In addition, there has been recognition of the need to optimize
anemia management before patients reach the stage of kidney
failure requiring dialysis (248,249).

In CKD patients not yet receiving renal replacement therapy
(RRT), the subcutaneous route is effective and permits self-
administration. A negative effect of epoetin on renal function
has not been noted in clinical human trials or during longer
term follow-up. No significant alteration in the progression
of renal disease (as assessed by the slope of the reciprocal of
plasma creatinine or by direct measurement of GFR) secondary
to changes in systemic hemodynamics or blood volume (249–
253) has been noted in carefully conducted clinical trials. In
fact there is an increasing trend toward treating anemia early
in CKD.

All investigators emphasize the importance of blood pres-
sure control in preventing deterioration in renal function. If
increases in blood pressure during rHuEPO therapy are con-
trolled, correction of anemia does not alter renal hemodynam-
ics or accelerate progression of renal insufficiency. Other stud-
ies have shown the safety of home subcutaneously injected
epoetin once a week. With the development of epoetins with
longer circulating half-times, dosing intervals in such patients
are being extended out to every 4 to 6 weeks.

RESULTS OF EPOETIN THERAPY

Transfusion Avoidance

Before the availability of epoetin therapy, nearly 25% of
hemodialysis patients were transfusion dependent (254), re-
ceiving up to 0.7 units of packed cells monthly. These pa-
tients were at risk for iron overload and organ dysfunction,
although most patients with transfusional iron overload have
hemosiderosis (255), a state with minimal organ dysfunction,
and not hemochromatosis (256). Even livers that contain more
than 1,000 μg iron/100 mg dry tissue (normal is <200 μg/100
g dry tissue) show little fibrosis or damage (257). However, iron
overload may increase susceptibility of dialysis patients to in-
fection (258). Iron-overloaded patients have been treated with
higher dose epoetin to accelerate iron removal through periodic
phlebotomies (222,259,260). Both magnetic resonance imag-
ing (MRI) (261) and computed tomography (CT) (262) can
be used to monitor hepatic iron during “phlebotomy” therapy.
We have transitioned from an era in which iron overload was

the problem to one in which the major problem for ESRD pa-
tients on maintenance epoetin therapy is the development of
iron deficiency.

Studies have demonstrated that elimination of transfusions
produces a marked reduction in the percentage panel reactive
antibody (%PRA) (263) as well as in anti-HLA specific an-
tibody titers (264). If blood transfusion cannot be avoided,
irradiated packed red blood cells should be administered.

Quality of Life and Cognitive Functions

We now recognize that many of the symptoms attributed to
uremia are really the result of anemia. Fatigue, cold intoler-
ance, impotence, and mental sluggishness respond to correc-
tion of anemia. In patients with ESRD, correction of anemia
with epoetin therapy improves quality of life (QOL) indices,
including those assessing global well-being and depression in
hemodialysis patients (265) and CAPD patients (266). CKD pa-
tients who do not yet require dialysis also show improvement
in quality of life indices following rHuEPO therapy (267). Sub-
stantial improvements in subjective symptoms were noted in a
large double-blind phase II study (268). Clinically important
improvements were noted in fatigue, perceived strength, and
global score of the Sickness Impact Profile. A phase IV trial of
more than 1,000 patients receiving epoetin in clinical practice
(269) confirmed these QOL effects even when only a modest
mean hematocrit of 30% was achieved. The Canadian Erythro-
poietin Study Group (270) could not demonstrate an increase
in QOL when hemoglobin was increased from 10.2 to 11.7
g/dL (hematocrit 31% to 35%), suggesting that there might
be a plateau. By contrast, Moreno et al. (271) showed that
both the Karnofsky functional scale and the Sickness Impact
Profile correlate positively with the hematocrit between 29%
and 35%. Whether QOL indicators can be improved further
by raising hematocrit even higher is currently unclear.

Cognition

Correction of anemia also improves cognition when hemat-
ocrits are increased into the 32% to 36% range (272–274). In-
creasing the hematocrit to 42% with epoetin further improves
brain and cognitive function (275), perhaps because maximum
delivery of oxygen to the brain occurs within a hematocrit
range of 40% to 45% (276). The reports that neuronal cells
carry the EPO receptor (277) and that EPO can be produced
within the brain in a paracrine fashion (278) predicted the pos-
sible clinical use of epoetin in stroke syndrome (279). Eryth-
ropoietin has effects in many tissues besides the bone marrow
(Fig. 92-9) and may protect against hypoxia-induced neuronal

Erythropoietin

Red blood cells

O2 delivery

Antiapoptotic effects?

Protection against
oxidative stress

CNS, Retina,
Heart, VECs,

VSMCs

Tubular damage

Interstitial fibrosis

FIGURE 92-9. Erythropoietin-mechanisms which may mod-
ulate tissue injury or the progression of chronic kidney dis-
eases. (Modified from: Rossert J, McClellan WM, Rogers SD,
et al. Epoetin treatment: what are the arguments to expect a
beneficial effect on renal disease progression? Nephrol Dial
Transplant 2002;17:359.)
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damage (280). Certainly the epoetin doses needed to fully cor-
rect anemia are higher than normal and may reach those per-
mitting epoetin passage into the central nervous system (281).

Exercise Tolerance and Rehabilitation

Aerobic work capacity is improved following correction of ane-
mia (282,283), accruing from an increase in oxygen carrying
capacity as well as improvement in voluntary muscle function
(284). The latter may result from possible treatment-induced
improvement in muscle oxidative phosphorylation (285). Im-
provement in exercise capacity during epoetin therapy also
results from increased erythrocyte 2,3 DPG levels (286) that
permit improved oxygen delivery to tissues. A variety of mus-
cle functions improve, including voluntary contractions, force
generation, and duration of force contraction, as well as his-
tologic improvements in architecture and fiber diameter (287).
However, increases in maximal uptake of oxygen remain less
than in normals and improvements in exercise or cardiopul-
monary performances initially attained are not augmented fur-
ther when tested 1 year later (288). The increase in oxygen
carrying capacity produced by epoetin is accompanied by a
significant reduction in peak blood flow to exercising muscle.
This limits the gain in oxygen transport. Even after restoration
of hemoglobin, O2 conductance from the muscle capillary to
the mitochondria remains considerably below normal (289).

Correction of anemia alone is unlikely to maximize exercise
capacity and foster rehabilitation (290). Anemia management
is only one component of effective rehabilitation, in conjunc-
tion with maintenance or improvement in exercise capacity,
maintenance of adequate dialysis, and appropriate changes in
socioeconomic and health policies (291). Other factors such as
deconditioning, neuropathy, and cardiovascular disease prob-
ably contribute as well, and programs emphasizing exercise
training are needed.

Effects on Coagulation

Renal insufficiency is associated with a bleeding tendency (292)
attributed to platelet function abnormalities, characterized by
prolonged bleeding time, abnormal platelet aggregation and
adhesiveness, and decreased platelet factor 3 release (293,294).
Many of the hemostatic abnormalities improve following cor-
rection of anemia with epoetin. This result from three effects:
(i) a direct effect on megakaryocytes, which have erythropoietin
receptors, and thus result in increased platelet count, an event
noted in most large series; (ii) the migration of platelets radially
(to the surface of the blood vessel) as hematocrit increases; and
(iii) a change in platelet adhesiveness. Platelet adhesion and
bleeding time are hematocrit-dependent. Both platelet adhe-
sion and bleeding time, which correlates best with occurrence
of clinical bleeding (295), are dependent on platelet number.
Platelet counts are usually sufficient in CKD subjects. Even be-
fore the advent of rHuEPO, transfusion of washed filtered red
blood cells devoid of plasma or other cellular components par-
tially corrected bleeding time and platelet adhesiveness (296).
The therapeutic use of epoetin confirmed that anemia per se
was an important cause of the “bleeding abnormalities” in re-
nal failure patients. The prolonged bleeding time corrects to
normal as hematocrit increases to greater than 30%. However,
the improvement in platelet function does not come without
some consequences. Up to 11% of patients experience clotting
of dialyzers or lines after epoetin therapy, and overall the hep-
arin requirements at final target hematocrits of 30% to 38%
have to be increased by 50% (297).

A controversial issue (298,299) is whether excessive throm-
bosis, particularly of vascular accesses, is or is not a major clin-
ical and economic side effect of epoetin therapy. An increased
propensity to clot vascular accesses has not been unequivo-
cally documented (295,300). The thrombosis risk appears to be

greater in patients with synthetic bridge grafts (301,302) and in
patients with previously known access dysfunction (295,303).
Native fistulas did not appear to be at risk.

Endocrine and Metabolic Changes

Younger uremic men manifest a variety of biochemical hor-
monal abnormalities as well as sexual dysfunction. Sexual
function in younger uremic men treated with EPO improves
(304); this improvement was believed initially to result from
reduction in prolactin levels but the mechanism producing
this improvement is unclear. Correction of anemia also im-
proves responsiveness to thyroid-releasing hormone (TRH)
and gonadotrophin-releasing hormone (GnRH) of the thy-
roidal and gonadal axes, and it is this correction that may
be important rather than any EPO levels achieved by ther-
apy (305). In elderly men, despite a significant erythropoietic
response, no significant changes are seen in prolactin, testos-
terone, luteinizing hormone (LH), follicle-stimulating hormone
(FSH), thyroid-stimulating hormone (TSH), free thyroxine, tri-
iodothyronine, and IGF-1 levels (306). Only a small decrease
in serum growth hormone concentrations occurred. Advanced
age may play a role in limiting hormonal responses.

A positive nitrogen balance occurs during the initial pe-
riod of epoetin therapy (307), but this alone does not im-
prove growth in children or alter the abnormalities in amino
acid metabolism (403). Decreased total cholesterol with a fall
in apoprotein B and serum triglycerides may occur following
correction of anemia (308), an important observation in view
of the risk of atherosclerotic complications in patients with
ESRD. Diabetic retinopathy improves with correction of ane-
mia (309). Raising or maintaining red blood cell mass in the
33% to 36% hematocrit range may be effective adjunctive ther-
apy for correcting hypoxia at the level of the retina. In addition,
exogenous erythropoietin may protect the retina from hypoxia
or ischemia (310).

Dialysis Efficiency

After correction of anemia, serum potassium, phosphate, and
creatinine increase (311–315) because of a decrease in water
flow as red blood cell mass increases, but the changes are of
small magnitude, and the major effect on urea kinetic model-
ing can easily be corrected by changing the dialysis prescrip-
tion (316,317). Aside from a change in the patient’s appetite,
the major reason for the observed (but inconsistent) effects in
chemistries is a decrease in solute clearance. Dialyzer reuse effi-
ciency decreases, despite 15% to 50% increases in heparin dos-
ing (313,315). A recent study of high-flux hemodialysis noted
an increase in treatment time by 29 minutes from 140 minutes
as hematocrit increased from 24% to 36% (318). With peri-
toneal dialysis, clearances of sodium, potassium, and urea, and
changes in protein loss or glucose absorption do not change af-
ter recombinant human EPO therapy (319).

Protection of Kidney Function with Epoetin Therapy

Animal models show an effect of anemia and tissue hypoxia on
the progression of kidney disease (320). Levin et al. (321,322)
noted a strong influence of hemoglobin (Hb) on the relative
risk of needing RRT at an initial estimated GFR of 10 to
60 mL/minute. In the RENAAL study, Keane et al. (323) found
that the hazard ratio for the combined end point (doubling
of SCr or reaching ESRD) increased progressively with each
lower quartile of hemoglobin, reference being a hemoglobin of
greater than 13.8 g/dL. In a Japanese study, Iseki (324) found
that anemia was associated with an increased risk of ESRD
more than threefold in women and almost twofold in men over
an observation period of several years. Gouva at al. (325), in a
randomized clinical trial, showed that early anemia treatment
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of nondiabetic patients reduced adjusted hazard for a compos-
ite end point of doubling the serum creatinine, need for RRT,
or death more than twofold. Another study showed that even
mild anemia, hemoglobin less than 13 g/dL, increases the risk of
progression of nephropathy to ESRD in type 2 diabetics (326).

The potential mechanisms of protection are probably mul-
tifactorial, as illustrated in Figure 92-9, but center around
oxidative stress (OS) effects, and OS enhances both tubular
damage and interstitial fibrosis. Remaining surviving nephrons
increase their oxygen consumption, leading to increased pro-
duction of reactive oxygen species, which predisposes the
nephrons to additional injury (327). OS stimulates interstitial
production of extracellular matrix as well as TGF-β production
(328), drivers of fibrogenic processes. Reactive oxygen species
also have proapoptotic effects (329) In vivo, treatment of rats
with antioxidants protects against development of interstitial
fibrosis (327), whereas deprivation of antioxidants seems to
have opposite effects.

Renal protection following anemia correction may simply
result from the increase in erythrocyte mass that increases the
antioxidant capacity of blood to combat oxidative stress (330)
and reduce effects of tissue hypoxia. Erythrocytes represent
a major antioxidant component of the blood: red blood cells
have a glutathione, superoxide dismutase, and catalase system,
and cellular proteins that react with reactive oxygen species
(low-molecular-weight proteins of the erythrocyte membrane,
vitamin E, or coenzyme Q). In addition red blood cells can
regenerate consumed redox equivalents through the pentose
phosphate pathway, and through reduction of oxidized glu-
tathione by glutathione reductase. The antioxidant capacity of
blood becomes a function of the number of red blood cells.

However, recent studies indicate direct effects of erythro-
poietin on tubular cells, thereby preventing apoptosis Epoetin
promotes survival of maturing precursor red blood cells by an
inhibition of caspase activation (331) and by induction of the
expression of antiapoptotic proteins such as Bcl-xL and Bcl-2
(332). With the demonstration that proximal tubular cells and
medullary collecting duct cells express erythropoietin receptors
(333), epoetin may have a direct effect on renal tubular cells to
reduce or prevent apoptosis.

There are now some data that diminished oxygen content
due to anemia may itself contribute to interstitial fibrosis and
the progression of CKD and can be ameliorated or retarded
by treating anemia (334). There is hope, therefore, that early
treatment of anemia can retard progression of CKD through
the elimination of tissue hypoxia (335) Certainly there have
been no studies showing any adverse effects of partially correct-
ing anemia in CKD patients (336,337), invalidating the animal
study that demonstrated an adverse effect on kidney function
during correction of renal anemia (338). The difference may
be the result of better control of blood pressure in the human
studies. All clinicians emphasize the importance of control of
blood pressure as anemia is corrected.

Considerations in CKD and Congestive Heart Failure

Medicare data indicate that the most common cause of hos-
pitalization in elderly patients (>67 years of age) with CKD
prior to the need for dialysis or renal transplantation is con-
gestive heart failure (CHF), which occurs in about 23% of all
patients (339). Anemia worsens heart failure, which in turn
compromises kidney function, producing the cardiorenal ane-
mia process, a vicious cycle that can be broken by the appro-
priate management of anemia. Tissue hypoxia is central to the
development of CKD and worsening cardiomyopathy as reflex
changes in vascular tone and sympathetic activity occur. Ane-
mia increases the likelihood for death before ESRD during a
2-year follow up of Medicare patients (AJ Collins, personal
communication. See Samak et al. [339a] for published results.)

Xue et al. (340) analyzed anemia management in more than
89,000 Medicare CKD patients who eventually progressed and
required dialysis. Those who received no epoetin over 2 years
compared to those who used epoetin regularly prior to renal
replacement therapy had, during the pre-dialysis period, a 52%
greater risk for cardiac disease, 38% greater risk for hospital-
izations due to CHF, and 65% higher mortality rate within the
first year after starting dialysis. Even an effect on the immune
system was evident as there was a 41% increase in hospitaliza-
tions for infection after starting dialysis in the epoetin untreated
group. Levin et al. (321,322) showed that the probability of re-
maining free of RRT was adversely influenced by the presence
of cardiovascular disease.

Treatment of anemia with epoetin has been linked to posi-
tive cardiac outcomes at earlier stages of CKD (341). In patients
with heart failure, Silverberg has shown in an open-label trial
that treatment of anemia from a pretreatment hemoglobin av-
erage of 10.3 g/dL to greater than 12 g/dL improved cardiac
function and New York Heart Association (NYHA) Class and
markedly reduced hospitalization (342), despite a reduction in
diuretic use in the anemia-treated group. In summary, anemia
is associated with CHF; when anemia is treated, there is im-
proved left ventricular ejection fraction (LVEF) and NYHA
Class status, and decreased hospitalizations. An additional
benefit of treating CHF with CKD is stabilization of kidney
function (339).

Hemodynamic and Cardiovascular Effects of Epoetin

Uncorrected anemia produces a hyperdynamic state that con-
tributes to the development of left ventricular hypertrophy
(LVH) in renal failure. Anemia correction removes only this
component but leaves unaffected any components arising from
hypertension, hyperparathyroidism, or other structural abnor-
malities (343). Anemia also limits the myocardial oxygen sup-
ply, provoking angina pectoris or other ischemic events in those
with coronary or peripheral vascular occlusive disease. Ane-
mia and hypertension are, therefore, the major contributors to
left ventricular dysfunction and congestive heart failure. Cor-
rection of anemia with epoetin is frequently associated with
de novo or worsening of hypertension.

Hypertension

New or worsening arterial hypertension develops in a subset
of 20% to 40% of treated patients, with the greatest increases
affecting daytime systolic and night-time diastolic pressures
(344,345). Increases in peripheral resistance range from 15%
to 100%. Concomitant decreases in cardiac output vary from
10% to 35% (346,347). This variability may result from such
factors as preexisting hypertension, compliance with antihy-
pertensive medication, differences in neurohumoral character-
istics, and degree of fluid control. Individuals who become hy-
pertensive or have worsening hypertension are unable to adapt
to the increase in peripheral resistance by reducing cardiac out-
put. Hypertension following epoetin therapy is likely to be mul-
tifactorial in origin: preexisting hypertension, severe anemia
at initiation, rapid increase in hematocrit, high epoetin doses
given intravenously, and the presence of native kidneys.

Epoetin-induced hypertension usually develops within sev-
eral weeks to months of starting epoetin therapy, as the
hematocrit is rising (348); it appears to be a time-dependent
consequence of long-term epoetin administration. However,
increases in blood pressure do not correlate with the increase
in hematocrit, either in humans clinically (349) or in ani-
mals (350), and EPO-induced hypertension can be dissociated
from the rise in erythrocyte mass (351). In animals, EPO ther-
apy does impair hypotensive response to nitric oxide (NO)
donors, suggesting an impaired vasodilatory response to NO
(345). Other studies show that the endogenous NO activity is
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increased in epoetin-treated rats, perhaps a counterregulatory
mechanism that limits the pressor effect (352).

Some patients will exhibit severe hypertension with epoetin
administration but not with red blood cell transfusions that
produce identical hematocrits (353). The recent demonstra-
tions that erythropoietin can affect both vascular endothelial
(354) and vascular smooth muscle (355) cells suggests that part
of the hypertensive effect of epoetin results from direct vas-
cular effects independent of changes in hematocrit. The high
concentrations of erythropoietin achieved during intravenous
injection (greater than 1,000 mU/mL) are capable of increasing
endothelin-1 (ET-1) release (349).

Loss of hypoxic vasodilation (356) and changes in blood
viscosity (343,357) following correction of anemia have also
been postulated to be mechanisms increasing arterial pressure.
A number of studies emphasize the important role of adequate
control of body fluid and fluid gains in maintaining blood pres-
sure control during epoetin therapy. Maintenance of normal
blood volume requires equivalent decreases in plasma volume
as red blood cell mass is increased to avoid changes in preload
to the heart 358.

Whatever is the exact role of vasoactive substances in the
genesis of EPO-induced hypertension, it appears to be specific
to those with renal failure. It has been observed that a hyper-
tensive response to epoetin does not occur when epoetin is used
to treat other anemias, such as that associated with inflamma-
tory disease (359), with cancer (360), or in nonrenal anemic
pregnant patients (361) treated with epoetin for short or long
periods. Experimental models indicate that epoetin produces
hypertension in a remnant model of renal failure but not in
sham control animals (362). In humans, advanced CKD must
be present to see the hypertensive response to epoetin (363).
Thus, advanced renal insufficiency appears to be a prerequisite
for the development of hypertension during rHuEPO therapy.

Patients who become hypertensive or who have worsen-
ing hypertension during epoetin therapy appear to have an
inadequate decrease in cardiac output in response to the EPO-
induced increase in peripheral vascular resistance (364). Be-
cause of this hypertensive tendency and the inability to predict
which patients might become significantly hypertensive, dias-
tolic blood pressure must be controlled before initiating epoetin
therapy. By contrast, patients with low blood pressure actually
may benefit from the rise in diastolic blood pressure associated
with the increase in red blood cell mass.

Left Ventricular Hypertrophy

Cardiovascular disease from hypertension and with LVH is a
major risk factor for death. Anemia contributes to the devel-
opment of LVH (365). Anemia produces a hyperdynamic state
characterized by increased cardiac output and decreased pe-
ripheral vascular resistance. Both left ventricular mass as well
as end-diastolic volume increase in response to these compen-
satory mechanisms in anemia (366). The increase in cardiac
output during anemia correlates well with the degree of ane-
mia and is reversed when the hematocrit is increased by more
than 30% (367).

During partial sustained correction of anemia in hemodialy-
sis patients with epoetin therapy, incomplete regression of LVH
and volume occur (368,369). Mean decrease in left ventricular
mass among 15 studies averaged 18% after a mean treatment
time of 45 weeks as hematocrit was increased from an aver-
age of 20% to a range of 29% to 35% (370). Hypervolemia
following correction of anemia can produce negative effects
on left ventricular ejection fraction and function (371). To im-
prove cardiac performance, blood volume expansion must be
diligently prevented by appropriate changes in estimated dry
weight (edema-free weight without hypotension) and by blood
pressure control.

Anemia correction with epoetin improves exercise-induced
ST-segment depression during exercise (372). Anemia corre-
lates with mortality 30 days postmyocardial infarction in pre-
ESRD patients (373) and correction of anemia is associated
with improved NYHA functional class, improved GFR, and
improved symptoms in NYHA Class III/IV heart failure pa-
tients already on “maximal” medical therapy (374). Foley
demonstrated a hemoglobin of less than 8.8 mg/dL to be as-
sociated with higher mortality in ESRD patients (6). Although
higher hematocrit (>44%) in cardiac patients with pre-ESRD is
clearly associated with improved survival (375), once such pa-
tients progress to ESRD, treating cardiac patients with epoetin
to higher hematocrit (>39%) is associated with worse out-
comes (376).

Effects on Survival and Hospitalization
in Dialysis Patients

Each decrease in hemoglobin of 1 g/dL below 10 g/dL increases
mortality by 18% in adults (377). Yang et al. (378) found that
each decrease in hematocrit of 1 point was associated with a
14% increase in mortality over a hematocrit range of 21% to
31%. Lowrie et al. (379) found a stepwise increase in mortality
as hematocrit fell below 30%. Changes in cardiac morphom-
etry and function require up to 1 year of therapy to achieve a
maximum result (380). In a 15-year single-center longitudinal
study, Avram et al. (381) found that hemoglobin at initiation
of dialysis was a predictor of long-term survival in both hemo-
and peritoneal dialysis patients.

In addition to beneficial effects on survival of adult dialysis
patients, studies now show a reduction in overall hospitaliza-
tion in EPO-treated patients (382–384). Total long-term costs
of care for ESRD patients may be reduced through the use of
epoetin (385).

Immune/Granulocyte Function

Since the early 1980s, the incidence of life-threatening infection
in patients with ESRD has remained unchanged. Correction of
anemia produces the following effects: (i) an increase in the
number of natural killer cells and in helper/suppresser T-cell ra-
tios (386); (ii) improvement in immune globulin production by
peripheral mononuclear cells (387) and specifically in antibody
titers after hepatitis B vaccine immunization (388); and (iii)
correction of deficient phagocytic functions (164). Cytokine
secretion is decreased in anemia and is corrected by increasing
the hematocrit, whether by transfusion or epoetin treatment
(389) Normalizing the hemoglobin decreased the prevalence
of anergy and blunted the progressive increase in erythrocyte
complement 1 receptor expression (390).

ADVERSE EVENTS OF
RECOMBINANT HUMAN

ERYTHROPOIETIN THERAPY

Side Effects

Adverse effects such as myalgias and seizures (usually result-
ing from uncontrolled hypertension) do occur but are manage-
able, and in the case of seizures totally preventable by close
supervision of the patient. In the initial trials, development of
encephalopathy or seizures was not uncommon (238,239) and
resulted from less than optimal control of blood pressure. This
is now much less often observed due to better appreciation of
the need to control blood pressure during the ramp-up period.
In most cases it is not related to the correction of anemia.
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Flu-like reactions have been reported in a minority of pa-
tients (238,239,295,391). The onset is within hours of admin-
istration and usually subsides within 12 hours. Slowing the rate
of administration (295) can decrease the symptoms. Therapy
is discontinued in less than 1% of treated patients because of
this side effect.

Pure Red Cell Aplasia

Development of pure red cell aplasia (PRCA) associated with
the presence of neutralizing anti erythropoietin antibodies was
initially reported in 13 patients from France treated with re-
combinant EPO (392). This complication, requiring transfu-
sion, followed an initial response to epoetin and occurred af-
ter a successful duration or epoetin use of 3 to 67 months
with a median of 7 months. Of nine evaluable patients, six
recovered some erythropoietic function following discontinu-
ation of recombinant epoetin, use of immunosuppressive ther-
apy (immune globulin, plasmapheresis, corticosteroids) and/or
renal transplantation. Cross-reactivity to other epoetins (epo-
etin beta and darbepoetin) was noted. Only four cases of PRCA
associated with rHuEPO were reported before 1998 (393). Be-
tween January 1998 and April 2004, 175 cases were reported
for Eprex, 11 for Neocormon, and 5 for Epogen. The esti-
mated exposure-adjusted incidence was 18 cases per 100,000
patient-years for the Eprex (epoetin alfa) formulation with-
out human-albumin, 6 cases per 100,000 patient-years for the
Eprex formulation with human-albumin, 1 case per 100,000
patient-years for NeoRecormon (epoetin beta), and 0.2 cases
per 100,000 patient-years for Epogen (epoetin alfa) (394). Sub-
sequently the incidence decreased by 83%, although the inci-
dence decreased more quickly than changes in procedures to
ensure appropriate storage, handling, and administration could
be implemented.

Although more than 150 patients with this complication
have been noted in Europe, it is rare in the United States
(395,396). The two most likely causes were the route of admin-
istration (subcutaneous in most of Europe versus intravenous
in the United States) or an alteration in the immunogenicity
of epoetin. Cournoyer et al. (397) investigated the incidence
of antibody-positive PRCA and specific erythropoietin prod-
ucts. Global incidence of anti-EPO antibody-positive PRCA
was low. Likelihood estimates for Epogen, Procrit, and Aransp
did not differ and were independent of the formulation or route
of administration. Eprex without human serum albumin ad-
ministered subcutaneously (as opposed to intravenously) was
associated with the greatest risk of PRCA. In Canada where the
primary route of administration is subcutaneous, a screening
program of 1,531 hemodialysis, peritoneal dialysis, and pre-
dialysis epoetin-treated patients found only one patient with a
low-positive radioimmunoprecipitation test for anti-EPO anti-
body (398). This patient had previously had PRCA, had been
treated with cyclosporine, and was being administered epoetin
alfa with a good clinical result. Therefore, with the use of epo-
etin alfa with human serum albumin as in the United States,
a large-scale screening program for anti-EPO antibodies is not
justified.

Altered antigenicity of the European product (Eprex form
of epoetin alfa) due to a difference in manufacturing has been
suggested by epidemiologic data (399). A formulation change
from albumin to another stabilizer may have induced the for-
mation of micelles, thereby altering the epitopic presentation of
sites on the molecule (400). A definite increase in cases followed
the change in formulation in countries using this formulation
but not in other countries using other preparations of epoetin
alfa, beta, or omega. Most cases have been associated with the
subcutaneous route of administration. In one patient, wheals
developed at the site of subcutaneous injection. Skin responses

were evoked at the same site following intravenous epoetin in-
jection, indicating persistence of sensitized cells. The red blood
cell aplasia gradually improved following prednisone treat-
ment (401).

A new double-antigen enzyme-linked immunosorbent assay
(ELISA) has been developed for detecting anti-EPO antibodies
and is sensitive (detection limit 0.5 ng/mL) and specific (402).
Anti-EPO antibodies could be detected in the sera of patients
with PRCA. In contrast to previous reports, no anti-EPO anti-
bodies could be detected in the sera of patients with systemic lu-
pus erythematosus (SLE), rheumatoid arthritis (RA), Sjögren’s
syndrome (SS), or in the sera of dialysis patients.

Treatment of anti-EPO antibody PRCA has varied.
Although at times the antibody cross-reacts with the newer
epoetins, on occasion, treatment with Darbepoetin has been
successful (403). In most cases, withdrawal of the epoetin is
required (404) with immunosuppressive therapy with pred-
nisone (405), cyclosporine (406), or rituximab to deplete CD20
cells (407).

TREATMENT OF ANEMIA

In the current U.S. health care environment, primary care physi-
cians face a tremendous challenge in identifying, treating, and
referring patients with CKD and CKD-related complications
and comorbidities. As implied by the Arora study (408), early
referral to a nephrologist increases the likelihood of appro-
priate anemia treatment but does not guarantee it. The pro-
posed K/DOQI staging of CKD coupled with a national public-
awareness initiative may promote a greater sensitivity by
primary care physicians to be alert for CKD and its compli-
cations in patients with a GFR of less than 60 mL/minute/1.73
m2 (stage 3) and to obtain guidance in managing anemia, hy-
pertension, and renal osteodystrophy.

Target Hemoglobin/Hematocrit Levels

In both the United States and Europe, epoetin therapy is typi-
cally initiated when hemoglobin decreases to less than 11 g/dL.
This value applies to more than 390,000 patients currently on
dialysis in the United States and to millions of people with
CKD who do not require dialysis (CKD stages 1 through 4).
Currently the recommended upper limit for epoetin therapy
is 12 g/dL for CKD and 12.5 g/dL for ESRD patients in the
United States. No upper boundary has been set in Europe.
An optimal “target” hemoglobin/hematocrit cannot be defined
a priori for each patient because sedentary, older patients differ
from younger, more active or working patients.

Prospective studies have failed to show much benefit and
perhaps risk when normalizing hemoglobin. The Normal
Hematocrit Trial (376) compared 1,233 patients with evidence
of CHF or ischemic heart disease, whose anemia was then
treated to an average hematocrit level of 30% versus 42%.
The study was terminated because an interim intent-to-treat
analysis showed an increased risk of vascular access thrombo-
sis and a trend toward a higher rate of nonfatal myocardial
infarction or death in the normal-hematocrit group (difference
did not reach significance at the time of termination). Similarly,
the Canadian Normal Hemoglobin Trial (409) showed that
normalizing hemoglobin in hemodialysis patients with LVH
produced no regression of established hypertrophy, but lower
rates of progressive LV dilation if it was absent at entry. There
was no difference between hemoglobin groups in access throm-
bosis, probably due to the use of native arteriovenous fistula
(AVF) in Canada compared to the use of grafts in the United
States, and no difference in mortality rates. These studies
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indicate that the greater the degree of cardiac damage, the more
difficult it is to reverse the damage or show an additional bene-
fit, even with aggressive anemia treatment (410). It may be more
important, even at a relatively advanced stage of renal dysfunc-
tion, to control blood pressure and volume, together with reg-
ulated metabolic and clinical indices to prevent or even reverse
LV hypertrophy in a substantial proportion of patients (411).

Results differ if patients are enrolled at an earlier stage
of CKD or not selected for preexisting cardiac disease. The
Swedish study (412) randomized both CKD as well as ESRD
to two levels of anemia treatment: 11 g/dL and 14 g/dL. After
one year of follow-up, there was no evidence of increased mor-
tality, rather the opposite. Within each group, mortality risk
varied inversely with hemoglobin level, and QOL was found
to be better at normal compared to subnormal hemoglobin
levels, findings that were also found in the Normal Hematocrit
Trial (376). This trial indicates that a normal hemoglobin is safe
in CKD patients without heart disease with CKD stages 3 to
5. Epidemiologic evidence also suggests that higher hematocrit
values may be less of a concern than previously considered
(413). The most current data suggest that hematocrit values
in the normal range should not be achieved with epoetins in
patients with advanced cardiac disease. In others, hematocrits
at least up to 39% appear to be safe and effective. Based on
available evidence, a reasonable target hematocrit range may be
33% to 39%, which balances the risks and potential benefits.

The predialysis hemoglobin or hematocrit is not an accurate
measure of red blood cell mass because it may increase post-
dialysis, owing to removal of large intradialytic weight gains. In
addition, red blood cell swelling during transport of samples
to central laboratories results in further errors in hematocrit
but not hemoglobin. A recent study showed that the mean for
time-averaged hemoglobin is approximately 1 g higher than
the predialysis value (414). Hemodialysis patients with he-
matocrit greater than 38% or hemoglobin levels greater than
13 g/dL may be at risk from hemoconcentration effects, partic-
ularly if they have large interdialytic weight gains. Those with
severe peripheral vascular disease may be most at risk. Samples
can be collected at any time in peritoneal dialysis patients as
the plasma volume is relatively constant during any given day;
however, care should be taken to ensure the same posture.

Dosing, Pharmacokinetics, and
Route of Administration

All epoetin-treated dialysis patients increase their hematocrit
in a dose-dependent manner. There are two phases, the correc-
tive phase and the maintenance phase. The appropriate dose
in a given patient is one that permits attainment of the tar-
get hemoglobin/hematocrit over the lifespan of the erythrocyte
using the same dose of erythropoietin as it satisfies both the ini-
tiation and maintenance requirements. The response to a given
dose of epoetin among patients, however, is variable. The in-
travenous doses needed to attain a mean hematocrit of 32% to
38% show at least a 20-fold variation, from 12.5 to 500 U/kg
thrice weekly (240).

Several principles govern the administration of epoetin:
(i) the response to epoetin is dose-dependent, but with a vari-
able subject response; (ii) the response depends on the route
of administration—intravenous versus subcutaneous—and the
frequency of administration—daily, twice weekly, three times
weekly; and (iii) the response may be limited by inadequate
iron stores, bone marrow fibrosis, and inflammation A phar-
macodynamic model permits analysis of the effect of red blood
cell lifespan and sensitivity to a given dose of epoetin (415).
The ideal dose in a given patient is one that permits attainment
of the target hematocrit over the lifespan of the erythrocyte be-
cause it satisfies both the initiation and maintenance require-
ments (416). During maintenance, new red blood cells should

be formed at a rate comparable with the removal rate. Drug
dosage should not be drastically lowered after reaching the tar-
get hematocrit because this produces a “yo-yo” or “ping-pong”
effect.

In peritoneal dialysis patients, the response to rHuEPO is
as good as in hemodialysis patients (417), and the dose fre-
quency is frequently reduced to once a week for convenience
(418,419). Most centers use the subcutaneous route permit-
ting self-administration at home. CAPD patients respond better
than hemodialysis patients to equivalent weekly doses, perhaps
because of lower ongoing blood losses (418). Some centers dose
only once a week and obtain good results (420,421).

For the first generation epoetins, subcutaneous injections
are the most effective route of administration (422). Dosage
requirements using the subcutaneous route are lower by ap-
proximately 30% than those using the intravenous route
(93,423,424), providing greater cost efficiency (422). Current
evidence indicates that efficient erythropoiesis requires main-
tenance of erythropoietin levels above a critical level, below
which erythroid cells undergo apoptosis (425). With subcuta-
neous dosing, EPO levels are sustained in the interdialytic pe-
riod (91), decreasing apoptosis and permitting more sustained
erythropoiesis (Fig. 92-10).

Newer Epoetins

The current standard of care is to administer first-generation
epoetin two to three times per week to patients with CKD.
In practice, this schedule of administration is achieved mainly
in patients receiving hemodialysis, because of the three-times-
weekly dialysis schedule. In patients receiving peritoneal dial-
ysis and in patients in the predialysis stage, it is generally given
once weekly, due to the less frequent contact between patient
and caregiver, and the inconvenience of frequent subcutaneous
administration. The recommended dosage in all these patient
groups is still three times weekly, however.

Frequent dosing, however, places a considerable burden on
health care staff, as well as on patients. Over the last 5 years,
a variety of new epoetins have been or are undergoing devel-
opment. All of these have longer biologic half-lives, thereby
permitting sustained blood levels and preventing apoptosis.
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FIGURE 92-10. Epoetin beta concentration-time profiles: route of ad-
ministration (120 U/kg/wk) in three divided doses. The shaded area
represents the desired range of erythropoietin. Intravenous doses (bro-
ken lines) are unable to sustain levels in the interdialytic period resulting
in both apoptosis and neocytolysis. Subcutaneous dosing (solid curve)
provides levels within the appropriate erythropoietin range thus avoid-
ing both processes. (Adapted from: Besarab A, Flaharty KK, Erslev AJ,
et al. Clinical pharmacology and economics of recombinant human
erythropoietin in end-stage renal disease: the case for subcutaneous
administration. J Am Soc Nephrol 1992;2:1405.)
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3 N-linked carbohydrate
chains containing up to
14 sialic acid residues

MW = 30,400 Da [40%
carbohydrate]

5 N-linked carbohydrate
chains containing up to
22 sialic acid residues
(8 additional residues)

MW = 37,100 Da [51%
carbohydrate]

Epoetins Darbepoetin alfa

FIGURE 92-11. Structure of the first-generation epoetins (alfa, beta,
and omega) compared with Darbepoetin alfa. The darbepoetin alfa
molecule has a modified polypeptide backbone to allow it to carry
additional carbohydrate side chains and increase the number of sialic
acid residues from a maximum of 14 to 22 sialic acid residues. (Adapted
from: Macdougall IC. Novel erythropoiesis stimulating protein. Semin
Nephrol 2000;20:375; and Egrie JC, Browne JK. Development and
characterization of novel erythropoiesis stimulating protein (NESP).
Nephrol Dial Transplant 2001;16[Suppl 3]:3.)

Studies of erythropoietin carbohydrate isoforms have
demonstrated a positive relationship between the sialated car-
bohydrate content of erythropoietin and its half-life and in vivo
biologic activity (426). Darbepoetin alfa (Aranesp, Amgen,
Thousand Oaks, CA), a novel erythropoiesis-stimulating pro-
tein [NESP, also known as Aranesp, Darbepoetin], was devel-
oped as a longer-acting erythropoietic agent using site-directed
mutagenesis. It has two additional carbohydrate chains (Fig.
92-11). It has been shown to have a threefold longer terminal
elimination half-life compared with epoetin [25 vs. 8.5 hours]
when administered intravenously and approximately twice as
long (49 hours) when administered subcutaneously (93,427).
The molecule was approximately 3.6-fold more biologically
active than epoetin when each molecule was administered
three times per week and 13 to 14 times as active when injected
once a week. Darbepoetin does not accumulate over time when
given repeatedly. In early clinical trials, dosing frequency out to
3 weeks subcutaneously has been reached in CKD patients
not on dialysis (428). An even longer pegylated epoetin beta
preparation is undergoing clinical trials and has a half life
of longer than 100 hours with the potential for true once
monthly dosing (429).

Epoetin Hyporesponsiveness

Resistance to epoetin is defined by the requirement of either
a large dose during initiation or by the development of re-
fractiveness to a previous efficacious dose and dosage escala-
tion to maintain a target hematocrit. In approximately 10%
of subjects, a dose of greater than 450 U/kg per week will be
needed in the absence of any “known” state producing resis-
tance. Patients who require more than 450 U/kg per week are
considered to be relatively resistant to erythropoietin. How-
ever, biologic heterogeneity—variation in intrinsic sensitivity
and in red blood cell survival—accounts for many instances of
patients who do require more than 450 U/kg per week to reach
and then maintain a hematocrit greater than 30% (430).. How-
ever, in most patients, conditions known to produce epoetin
resistance must be looked for. At least nine separate conditions
can produce epoetin resistance (431,432):

Absolute and relative iron deficiency is the most common
condition (241). Blood loss should always be suspected in
those requiring increasing doses or large maintenance doses
of intravenous iron. Oral iron is relatively ineffective and
we favor intermittent parenteral iron administration.

Cofactor deficiency can develop in patients who were
initially responsive to epoetin. Evaluation of folate and vi-

tamin B12 is needed in select cases (433,434). Macrocytosis
is an inadequate differentiating feature.

Infection and inflammation is the second most com-
mon condition, and responsiveness can usually be restored
upon recovery. CKD is associated with the malnutrition,
inflammation, atherosclerosis (MIA) syndrome. The MIA
syndrome may underlie resistance to epoetin. Inflammatory
mediators may arise from the underlying process (435,436)
or from hemodialysis (437). Key agents are TNF-α and IL-
1 (438,439). Patients with failed transplants returning to
dialysis are frequently resistant to epoetin (440) until the
transplant is removed. Peritonitis in CAPD patients usu-
ally produces temporary impairment, but on occasion pro-
longed refractiveness may be seen. Chronic infection may
be difficult to diagnose, such as those associated with failed
arteriovenous vascular access grafts (441). One approach
may be to use agents that influence the MIA process. Mac-
dougall (442) has advocated the use of pentoxifylline (400
mg daily) to reduce T-cell expression of TNF-α and interfer-
ron gamma (IFG-γ ) and restore response to erythropoietin.

Hyperparathyroidism (182) is a less common cause, in
which the relationship is between the degree of fibrosis and
the amount of epoetin needed to maintain a target hemat-
ocrit. Serum levels of parathyroid hormone (PTH) do not
correlate with epoetin dose.

Aluminum overload has become a much less common
cause of epoetin refractiveness (443) as nonaluminum-
containing phosphate binders have increasingly replaced
aluminum-containing agents.

Hemoglobinopathies produce relative resistance. Experi-
ence in sickle cell disease has been disappointing (233,444).
Therapy for thalassemia requires prolonged high-dose epo-
etin (445,446).

Malignancy: Patients with multiple myeloma on dialysis
require higher dose epoetin (447). Larger doses of epoetin
should be used in myeloma patients on RRT, however, be-
cause patients with myeloma but without renal insufficiency
frequently require larger doses than those received by pa-
tients with progressive renal insufficiency (448).

Hemolysis shortens red blood cell lifespan, thereby pro-
ducing epoetin refractiveness. It can be induced by residual
formaldehyde in dialyzers (449) or shearing across heart
valves. In the latter, transfusions may be needed despite use
of large doses of epoetin (450).

Emergence of EPO antibodies (see section on PRCA).
Malnutrition is associated with low hematocrits among

dialysis patients. Malnutrition can be quickly worsened by
inflammation (451). Acute-phase reactants correlate with
resistance to epoetin (452).

Miscellaneous Considerations

Angiotensin-Converting Enzyme Inhibitors. Although some
reports suggest that ACE inhibitors decrease response to
epoetin (453,454), others do not (455). In view of the impor-
tance of ACE-inhibitors for cardiac remodeling and antihy-
pertensive treatment in hemodialysis patients, we believe that
ACE-inhibitor therapy for blood pressure control or heart fail-
ure should not be withheld to minimize epoetin dosage.

Intraperitoneal Epoetin. Intraperitoneal epoetin can be effec-
tively used in small children by infusion of epoetin in 50 mL of
fluid into a “dry” abdomen (456,457).

Intercurrent Illness or Surgery. Erythropoietic response is re-
duced during intercurrent illness or surgery. Our policy is
to continue the epoetin therapy throughout the intercurrent
illness. We generally stop the therapy after renal transplan-
tation. Because erythropoietin production may be delayed,
particularly in the presence of delayed graft function, epoetin
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can reduce the need for postoperative transfusion; however,
the amount of epoetin needed to maintain hematocrit levels is
twofold greater than the amount needed prior to transplanta-
tion (458).

Iron Therapy. Suboptimal response to epoetins commonly re-
sults from failure of an adequate delivery of iron to the ery-
thron. Enhanced iron utilization due to erythropoietin-induced
red blood cell formation can quickly deplete iron stores. Oral
iron preparations frequently fail in hemodialysis patients (459).
Because erythropoiesis has to be stimulated to a greater than
normal degree to compensate for blood losses and or shortened
red blood cell survival, functional iron deficiency can frequently
develop. Although oral-nonheme iron is usually inadequate for
maintenance of iron stores, there is interest in heme-iron pep-
tide (HIP), which may overcome some of the limitations of
traditional oral iron (460). Less parenteral iron was needed to
maintain target hemoglobin.

The exact amount of iron administered to patients during
initial therapy depends on whether the patient is iron replete
(unusual in most patients starting dialysis) and unlikely to de-
velop relative iron deficiency, using ferritin >800 ng/mL as cut-
off value for the iron replete state. Iron-replete patients receive
only the amount of iron needed to correct the red blood cell
mass as 75 to 125 mg weekly doses until the desired amount
is given. Regular monitoring of iron status by measurement of
serum ferritin and transferrin saturation (TSAT) is mandatory
in the cost-effective management of anemia with epoetin and
should be performed monthly.

Once the maintenance period is reached, we prefer to use
a maintenance protocol of 25 to 50 mg of iron intravenously
weekly, the dose adjusted in response to sequential iron indices.
CAPD patients require less iron due to smaller ongoing blood
losses. In most cases, administration of 500 or 1,000 mg slowly
over 4 to 6 hours is sufficient, and adequate response can be
maintained for 6 months to 1 year.

In traditional intermittent dosing regimens, intravenous
iron is given only when TSAT or ferritin fall to less than 20%
and/or 100 ng/mL, respectively and then receive a pulse of
1,000 mg over 8 to 10 dialysis treatments. Many studies indi-
cate that iron-replete patients receiving regular parenteral iron
maintain better serum ferritin levels and require less recombi-
nant human epoetin than patients receiving no parenteral iron
supplementation or regular oral iron alone (209–211,461). Av-
eraged over seven studies in iron-replete patients (TSAT >24%
and ferritin from 200 to 600 ng/mL), administration of a pro-
rated weekly dose of iron increased hematocrit by 14% with a
concomitant decrease in epoetin dose of 38% (462). We com-
pared a maintenance regimen of 25 to 100 mg every 1 to
2 weeks (to maintain a transferrin saturation between 30%
and 50%) to a traditional intermittent dosing regimen (to
maintain a transferrin saturation >20% or a ferritin level
>200 ng/mL). The amount of recombinant erythropoietin re-
quired in the maintenance group was more than 50% lower
than that utilized in the intermittent group to achieve the same
target hemoglobin of 10 to 11 g/dL (463). An even more ag-
gressive iron regimen was found to reduce epoetin even further
(221) but this more aggressive regimen progressively elevated
serum ferritin level to an average of 730 ng/mL (at month 6)
with an average monthly iron administration of 400 mg/mo,
twice that in the control group. Current KDOQI guidelines do
not recommend the routine administration of iron to patients
with ferritin levels greater than 500.

The frequency of administration of iron has been evalu-
ated in a few studies only. Administration of 6.25 to 21.3 mg
of sodium ferric gluconate complex at every treatment com-
pared to 62.5 mg every 1 to 4 weeks was effective in increasing
hemoglobin levels and prevented an increase in ferritin levels
(464). Administration of iron during each dialysis was also

studied using a novel delivery system. Dialysis with a solu-
tion containing soluble ferric pyrophosphate, a chelated iron
that readily diffuses into the blood compartment, was found to
be safe and effective in a preliminary 6-month study of stable
hemodialysis patients (465).

Iron Overload. Occasionally, patients are clearly iron over-
loaded but respond poorly to and require large doses of
epoetin. Several options exist. Ascorbic acid, 500 mg given
intravenously after hemodialysis 1 to 3 times a week, can
mobilize tissue stores (466). Because ascorbate is metabolized
to oxalate which is removed poorly by dialysis, we recommend
that no more than 300 mg be given thrice weekly. Although
serum ferritin remained unchanged, transferrin saturation
increased from 27% to 54% and hematocrit increased from
27% to 32% (466). A control group with normal iron status
and without resistance to erythropoietin showed no changes in
TSAT or hematocrit when challenged in the same manner with
ascorbate (466). An alternative method uses desferrioxamine
in patients with iron but without aluminum overload. Epoetin
doses decreased dramatically from 400 to 25 U/kg while
increasing hemoglobin levels to and then maintaining them at
11 g/dL (467).
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CHAPTER 93 ■ THE OSTEODYSTROPHY
OF CHRONIC RENAL FAILURE
DENNIS L. ANDRESS AND DONALD J. SHERRARD

Normal bone is a unique tissue in the body, involving a combi-
nation of organic and inorganic material under the control of
two kinds of cells: osteoblasts and osteoclasts. These cells per-
form their contrasting but coordinated functions to maintain
skeletal mass and modulate calcium balance. It is, in fact, alter-
ations in calcium metabolism that commonly lead to metabolic
bone disease. As calcium is removed from or prevented from
entering bone, in order to maintain the circulating level, struc-
tural consequences result in failure of bone strength. In the
conflict between bone’s function as a calcium reservoir and its
function as a structural support system, the reservoir function
almost always predominates.

The organic matrix of bone is produced by the osteoblast
and mainly comprises type I collagen (1). In the disorders in
which bone formation is decreased, collagen (osteoid) produc-
tion is also decreased, but it is not known to be abnormal
qualitatively. Conversely, in the high bone formation states as-
sociated with secondary hyperparathyroidism, an abnormal-
appearing “woven” osteoid may contribute to defective min-
eralization in the bone that is formed (1,2). Osteoblasts also
synthesize several noncollagenous proteins that become con-
stituents of the osteoid and may be important in the mineral-
ization process. Two of these, alkaline phosphatase and osteo-
calcin (3), are secreted by osteoblasts and are elevated in serum
during certain high turnover bone states, such as Paget’s disease
and hyperparathyroid bone disease. Although the exact role of
these osteoblast-derived proteins in mineralization is unknown,
they are useful clinically in the longitudinal assessment of bone
turnover.

The inorganic material (largely calcium–phosphate salts)
that deposits on the interlinking collagen strands of the os-
teoid forms apatite crystals of varying sizes. There is a link
between osteoid maturation and crystal deposition in that the
mineral does not deposit until the osteoid reaches a certain
maturational state. The mineralization lag time is a commonly
determined measurement that expresses the time it takes before
newly formed osteoid will accept mineral deposition. Varia-
tions in this measurement reflect abnormalities in the process
of bone mineralization (4).

Of the cells that control bone remodeling, relatively little
is precisely known. The osteoblast is involved in the forma-
tion of the osteoid and presumably controls the entry of the
mineral (5). At sites of bone formation, the cell assumes a
cuboidal shape and begins to make the osteoid. After a de-
lay of 2 to 3 weeks, the osteoid begins to mineralize and af-
ter a few months this bone-forming unit turns off, cells be-
come quiescent, and bone formation moves to another site
(6). Although the controls for osteoblast growth and differ-
entiation are unknown, growth factors present in bone ma-
trix may play a role (7–10). Perhaps more important are the
cytokines and growth factors secreted by marrow precursor
cells and osteoblasts. These include interleukin-1 (IL-1) and
IL-6 (7), tumor necrosis factor-alpha (TNF-α), transforming-

growth factor-beta (TGF-β) (11), fibroblast growth factor
(FGF) (10), bone morphogenetic proteins (BMPs)(12), the
insulin-like growth factors (IGFs) (13,14), and IGF-binding
proteins (15,16), all of which stimulate either osteoblast pro-
liferation or various differentiated cell functions (17,18). In
addition to their probable autocrine function, they may be
the primary mediators of hormonal stimulation of bone cell
growth. This could be particularly important in the hyper-
parathyroidism of uremia, since parathyroid hormone (PTH)
is known to stimulate osteoblast proliferation (19) as well as
the osteoblast production of TGF-β (20), IL-6 (21), IGF-1 (22),
and IGF-binding proteins (23). Moreover, the elevated circu-
lating levels of IL-6 (24), IL-1 and TNF-α (25), and IGF-1 (26)
in some dialysis patients may also significantly influence bone
turnover.

Osteoclasts resorb bone. Derived from marrow macrophage
precursors (27), it is not clear why osteoclasts choose to
resorb bone at a particular site and time. Osteoclasts and
osteoblasts are functionally linked such that when one is stim-
ulated or suppressed, the other responds in the same direc-
tion and magnitude (28). This balanced response allows the
bone to modulate calcium metabolism for a few weeks un-
til counterregulatory processes come into play. At that point
a new equilibrium is achieved between bone resorption and
bone formation, protecting against major alterations in skeletal
mass.

In the normal subject, bone is a dynamic organ, with ap-
proximately 400 mg of calcium entering and leaving the skele-
ton each day (29). Lesser amounts of other minerals as well
as bicarbonate and phosphate accompany this movement of
calcium. Deficiencies in calcium, phosphate, and bicarbonate
may inhibit bone formation and enhance resorption. Other cir-
culating factors that affect bone dynamics include PTH and
vitamin D. Although calcitonin may also play a role it appears
to be only a weak and transient inhibitor of bone resorption
(effects lasting only a few days) (30). Other hormones, such
as thyroid hormone and adrenal corticoids, may have permis-
sive effects and/or lead to skeletal disorders when deficient or
excessive, but are not usually primary offenders in metabolic
bone disease and do not play major roles in renal osteo-
dystrophy.

Although the hyperparathyroidism of renal failure is one of
the most important biochemical derangements affecting bone
remodeling, several other factors are also important in renal
osteodystrophy. For example, uremia and its attendant acido-
sis inhibit some cellular processes that are important in bone
remodeling (31,32), including impaired cartilage production
(33,34) and decreased osteoblast function (35). Magnesium
abnormalities may affect PTH metabolism (36,37) or directly
impact on apatite formation (38). Heparin given in a contin-
uous, high dose is well described as a cause of osteoporosis
(39), but its role in causing bone loss during intermittent use
in dialysis patients has not been determined.
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TA B L E 9 3 - 1

TYPES OF RENAL OSTEODYSTROPHY

I. High turnover
A. Mild disease (mild hyperparathyroidism)
B. Osteitis fibrosa (severe hyperparathyroidism)

II. Low turnover
A. Aplastic (adynamic) disorder
B. Osteomalacia

III. Mixed osteodystrophy

Pathogenesis

High Turnover Bone Disease

Historically, high turnover bone disease is the predominant
bone lesion in patients with renal failure. The lesion begins
in a mild form and progresses to typical osteitis fibrosa (hy-
perparathyroid bone disease) (Table 93-1). This lesion is me-
diated by a steady rise in serum PTH (40). For many years
it was thought that the trade-off hypothesis adequately ex-
plained PTH changes in renal failure (41–43). According to
this hypothesis the rise in phosphate, which occurs as renal
failure advances, lowers serum calcium levels, which stimu-
late PTH secretion. Although considerable clinical and experi-
mental data seemed to support this theory, many patients did
not follow this proposed pattern. Other investigators suggested
that the “set point” for PTH inhibition by calcium was altered
in patients with renal failure (44,45). Later it was proposed
that this alteration in set point might be due to the lack of
1,25-dihydroxyvitamin D3 (46,47). This seemed logical, since
one function of PTH in normal subjects is to stimulate renal
synthesis of 1,25-dihydroxyvitamin D3; it would be appropri-
ate physiologically for 1,25-dihydroxyvitamin D3 to inhibit
its trophic hormone (48–50). Data from patients with mod-
erate renal failure show that serum 1,25-dihydroxyvitamin D3
levels decline before serum calcium decreases and that serum
1,25-dihydroxyvitamin D3 correlates inversely with the rise in
PTH levels (51). The demonstration that intravenous calcitriol
suppresses PTH independent of its effect on the calcium level
appears to provide the final proof that calcitriol is a direct
inhibitor of PTH secretion in vivo (52–54). Other important
factors that likely contribute to hyperparathyroidism in renal
failure include a decrease in 1,25-dihydroxyvitamin D recep-
tors in parathyroid cells (55), the prolonged half-life of PTH in
renal failure (56), the direct effect of high phosphate concen-
trations to stimulate PTH secretion and decreased activity of
the calcium-sensing receptor (57) (Fig. 93-1).

Hyperphosphatemia had been suspected of playing more
than an indirect role in promoting hyperparathyroidism (58),
but convincing evidence for a direct stimulatory effect of
phosphate on parathyroid metabolism has only recently been
shown. High concentrations of phosphate in the media of
parathyroid cultures stimulate PTH secretion (59,60) and
phosphate administration to uremic rats increases PTH lev-
els without changing serum calcium or 1,25-dihydroxyvitamin
D (59,61). Moreover, serum phosphate is directly correlated
with serum PTH in patients with mild-to-moderate chronic re-
nal failure (62) (Fig. 93-2). The stimulatory effect of phosphate
has been attributed to enhanced parathyroid cell proliferation
(61) and to decreased calcium-sensing receptor expression (63).
How these two pathways are linked remains to be established.
It is clear, however, that the calcium-sensing receptor in the
parathyroid glands of uremic patients is downregulated (64,65)

FIGURE 93-1. Pathogenesis of secondary hyperparathyroidism in
chronic renal failure.

and that the use of calcium receptor agonists (calcimimetics) is
effective in suppressing PTH secretion in dialysis patients (66)
(Fig. 93-3). Whether calcimimetics are capable of suppressing
parathyroid gland hyperplasia in uremic patients (67) remains
to be determined.

FIGURE 93-2. Relationship between serum parathyroid hormone
(PTH) and serum phosphate in 44 patients with mild-to-moderate
chronic renal failure (CRF) (serum creatinine <3.0 mg/dL); r =
0.62, p <0.01. (Reprinted from: Kates DM, Sherrard DJ, Andress
DL. Evidence that serum phosphate is independently associated with
serum PTH in patients with chronic renal failure. Am J Kidney Dis
1997;30:809, with permission.)
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FIGURE 93-3. Plasma PTH levels in dialysis patients receiving the
calcimimetic, NPS R-568. Arrowheads indicate the time of a single
oral dose. Open symbols indicate low dose and closed symbols indicate
high dose. (Reprinted from: Antonsen JE, Sherrard DJ, Andress DL.
A calcimimetic agent acutely suppresses parathyroid hormone levels
in patients with chronic renal failure. Kidney Int 1998;53:223, with
permission.)

Low-Turnover Bone Disease

The recognition that fracturing osteodystrophy and dialysis de-
mentia occurred in the same epidemiologic setting led to the
identification of aluminum toxicity (68). In early reports it
was evident that aluminum was entering the body through the
dialysate. It has since become clear that aluminum also crosses
the gut mucosa. In the normal subject, the small amount of alu-
minum that is absorbed (0.1% of the total) is rapidly eliminated
by the kidney (69); only 10 to 30 mg is present in the body of
healthy individuals (69). In renal failure, gastrointestinal alu-
minum absorption is enhanced (70) and accumulations become
significant when high oral doses are administered chronically
(69,71). Consequently, uremic patients not yet on dialysis may
have elevated serum aluminum (72) and some of them develop
aluminum bone disease (73). In other patients, residual renal
function may offer protection against aluminum accumulation
(74).

Aluminum deposition on bone surfaces is usually associated
with a depressed rate of bone formation. However, this is not
always true, and the fact that aluminum is often present deep
within mineralized bone suggests that its mere presence does
not inhibit bone formation (75–77). Probably the amount of
aluminum on bone surfaces is in part an indication of the level
and chronicity of exposure.

In addition to aluminum, two other metals, iron and stron-
tium, have been implicated as a cause of low-turnover bone
disease (78–81). Iron has been found at bone surfaces in pa-
tients with osteomalacia and aplastic bone disease. Although
the prevalence of iron-related bone disease is unknown, it prob-
ably is low. It may be that iron, therefore, occasionally simu-
lates the toxicity usually attributed to aluminum. When treat-
ment of iron overload is necessary, deferoxamine is efficacious
(82). Increased bone strontium levels have recently been identi-
fied in dialysis patients who have osteomalacia (81). Strontium
is abundant in the earth’s crust and is found in trace amounts
in most foods, with grains and seafood containing the high-
est concentrations. In some regions, strontium levels in the
water are quite high and can cause elevated serum levels in
patients with moderate renal insufficiency and in patients re-
ceiving hemodialysis (83). The role of strontium in causing

osteomalacia probably relates to its direct inhibition of the
mineralization process (84) rather than by causing a decrease
in osteoblast number, since the adynamic lesion cannot be in-
duced by strontium in uremic rats (85). Adequate purification
of the dialysate water and use of strontium-free concentrates
(83) appear to be the best way to prevent strontium overload.

Whether there are other specific uremic toxins that cause
low-turnover bone disease remains to be seen. We have now
observed a large number of patients with the adynamic lesion in
whom neither iron nor aluminum could be found (86). In some,
diabetes likely has a role by inducing a relative hypoparathy-
roid state (87,88), possibly due to hyperglycemia-induced PTH
suppression (89). In others who are not diabetic, low PTH lev-
els are thought to result from excessive therapeutic parathyroid
gland suppression (86,90). In others, an unidentified circulat-
ing low-molecular-weight inhibitor of osteoblast proliferation
(35) may be important.

Aluminum seems to be capable of produce this low bone
formation picture by itself and a marked reduction in PTH,
as occurs with parathyroidectomy or aggressive medical ther-
apy, accelerates its development (91). Therefore, it is extremely
important to be certain of the need for parathyroidectomy,
because such surgery, probably because of the marked slow-
ing of bone formation that results, potentiates the accumula-
tion of aluminum at bone surfaces (91–93). The mechanism
by which aluminum leads to depressed bone formation is un-
clear, but there are several possibilities. Aluminum deposits in
the parathyroid gland (94) and appears to suppress PTH se-
cretion (95). It also enters the osteoblast and may inhibit its
activity (96). Aluminum deposits in the mineral itself and may
impair apatite crystal development (97) and collagen cross-
linking (98). All these possibilities are discussed in greater detail
subsequently. Interestingly, iron also apparently can lead to hy-
poparathyroidism in the hemochromatosis syndrome (99,100).
Whether it deposits in the parathyroid gland in iron overload
states associated with renal failure is unknown.

Mixed Uremic Osteodystrophy

The mixed lesion, as the name implies, combines features of
both high- and low-turnover bone disease. This appearance
can develop in at least two ways. First, if severe secondary hy-
perparathyroidism is associated with low calcium and/or low
phosphate (as occurs in some poorly nourished patients), the
high PTH will stimulate both fibrous proliferation and osteoid
production. Lacking calcium, phosphate, or both, however, this
osteoid will be slow to mineralize. Hypocalcemia was probably
the major cause of this lesion in earlier reports. Second, if ei-
ther hyperparathyroidism is being suppressed or osteomalacia
is being treated by aluminum removal, a transitional state may
occur in which a combination of both lesions is found.

Clinical Features

Clinical and laboratory features that distinguish high- and low-
turnover disease are extraordinarily subtle. Pain, weakness,
and muscle wasting may be present in both. Similarly, hyper-
calcemia, increased alkaline phosphatase, and high PTH lev-
els can occur in either disorder. Finally, the pathognomonic
radiographic feature of hyperparathyroidism, subperiosteal
resorption, is commonly noted in patients who have severe
osteomalacia histologically with no histologic findings at all of
hyperparathyroidism (101). Therefore, as the clinical features
of these entities are discussed, the focus will be to distinguish
the two different processes.
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Early Manifestations

As renal failure begins, few symptoms occur as a result of mus-
culoskeletal problems. Most patients in the azotemic phase will
have biochemical abnormalities and some may have early his-
tologic changes, but only rarely will overt skeletal disease occur.
An exception to this general rule can be seen in certain tubu-
lar disorders, particularly distal renal tubular acidosis (RTA
type I) and proximal renal tubular acidosis (type II) associ-
ated with phosphate wasting. In these conditions, osteomalacia
may occur even before the glomerular filtration rate declines
(102). Correction of the phosphate depletion in type II RTA
and the acidosis of type I RTA improve mineralization remark-
ably (102). In children, adults with very slow progression of re-
nal failure, or anyone with marginal nutrition, musculoskeletal
problems may occur of a severity not usually seen until several
years of dialysis have elapsed. In children the superimposition
of growth requirements may make the skeleton more sensitive
to excessive PTH. The aluminum problem certainly appears
commonly in children prior to dialysis (103), which may be
due to better compliance with medications or to increased gut
permeability.

In adults with advanced but stable renal failure, all the fac-
tors are in place that lead to osteodystrophy. Therefore, if there
is enough time, it seems inevitable that bone disease will occur.
Dietary innovations that may permit uremic patients to survive
many years without dialysis will require careful monitoring for
this problem (104).

High-Turnover Bone Disease

Almost every symptom of uremia has been ascribed to elevated
PTH (105). Although this may yet prove to be true, controlling
PTH does not seem to alleviate the entire uremic syndrome. Per-
haps the earliest symptom related to high-turnover bone disease
is itching. This is particularly difficult to manage as pruritus in
the uremic patient has such a variety of causes, including dry
skin, uremia itself, disordered porphyrin metabolism, and ab-
normal calcium metabolism. With respect to the calcium abnor-
malities, most pruritic patients have high calcium X phosphate
products and elevated PTH levels (106,107).

Frequently associated with or following the appearance of
pruritus, some patients develop metastatic calcifications. Usu-
ally, occurring in conjunction with high calcium X phosphate
products, patients present with a variety of patterns. Tumorous
masses may appear, particularly adjacent to joints, which can
grow to 20 cm in diameter and weigh up to 10 kg (Fig. 93-4).
The masses interfere with joint function and can become in-
fected. Similar to those associated with foreign bodies, these
infections are almost impossible to eliminate.

FIGURE 93-4. Periarticular soft tissue calcification in a patient receiv-
ing dialysis.

FIGURE 93-5. Ischemic necrosis from severe vascular calcifications in
a patient with chronic renal failure.

Deposits in other sites may be even more problematic. My-
ocardial calcification (108) can result in refractory dysrhyth-
mias or myocardial rupture. Diffuse pulmonary deposits in the
alveolar–capillary basement membrane result in a restrictive
lung disease with progressive pulmonary insufficiency (109).
Vascular deposits likely contribute to the atherosclerosis to
which these patients are prone, the most severe form of which
is calciphylaxis (Fig. 93-5). The recent finding of enhanced
mortality in dialysis patients who have a calcium X phosphate
product greater than 65 or a phosphate concentration greater
than 6.5 mg/dL (111) attests to the importance of fluctuating
serum phosphate and the difficulty in ascribing a safe phos-
phate level for dialysis patients. More recently, Goodman et
al. (111) have shown that coronary artery calcifications, as de-
tected by electron-beam computed tomography, are detectable
in young patients within the first few years of commencing dial-
ysis (Fig. 93-6). The calcifications were noted to occur in those
with higher calcium intakes and higher calcium X phosphate
products.

Bone pain and proximal muscle weakness usually go hand
in hand. It is often difficult to determine whether the muscle
weakness is disuse atrophy (disuse because of skeletal pain and
the patient’s reluctance to move) or whether there is a specific
muscle lesion. Occasionally, it is clear that proximal muscle
atrophy and weakness, as occur in many other endocrine and
metabolic disorders, develop before overt bone symptoms.

Bone symptoms are generally associated with weight-
bearing activity. Pain occurs mostly in the lower extremities,

FIGURE 93-6. Coronary-artery calcification scores in 39 children and
young adults with end-stage renal disease on dialysis, according to age.
(Reprinted from: Goodman WG, et al. Coronary-artery calcification in
young adults with end-stage renal disease who are undergoing dialysis.
N Engl J Med 2000;342:1478, with permission.)
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particularly in the heels, knees, and hips. Less frequently the
ankles and feet hurt as well. Fractures are uncommon and are
usually of smaller bones, although a patient may fracture a
large bone through a cystic lesion. In general, fractures heal
rather quickly with brisk callous formation.

Enervation may occur with more severe hyperparathy-
roidism. Patients complain of a loss of enthusiasm, inability
to “get started” with anything, and a vague depression. Obvi-
ously, all of these symptoms could be reactive depression, not
uncommon in patients who feel overwhelmed by their disease.
Changes in the electroencephalogram, brain calcium, and pe-
ripheral nerve conduction have been associated with the PTH
elevation in uremia and may respond to its correction (112).
The improvement with correction of the metabolic abnormal-
ity makes it seem likely that this is often a metabolic and not
an emotional reaction.

A variety of arthropathies occur in patients with renal fail-
ure. Several may develop in conjunction with the bone disease.
Pain with weight bearing in the hyperparathyroid patient is
often felt in the joints, but there is usually little ancillary ev-
idence of joint disease such as swelling, heat, tenderness, or
limitation of motion. On the other hand, with high calcium X
phosphate product, a painful crystal-induced arthritis can oc-
cur. This is particularly common in patients with large calcific
deposits. In this setting, calcium pyrophosphate crystals may
be seen in the joint. In the same patients, for unclear reasons,
apatite crystals may form in the joint fluid and lead to a similar
picture (113).

Low-Turnover Bone Disease

Many of the symptoms usually associated with high-turnover
bone disease can be seen with low-turnover bone disease as
well. Itching, metastatic calcification, and the crystal-induced
arthropathies in general seem to correlate with the high phos-
phate levels. However, although these laboratory abnormali-
ties are much more common in patients with secondary hyper-
parathyroidism, selective noncompliance in other patients can
lead to similar laboratory abnormalities (see subsequent text)
and hence similar symptoms.

Muscle weakness and proximal muscle wasting accom-
panying low-turnover bone disease are much more common
and more severe (114). Although patients with hyperparathy-
roidism may complain of decreased strength and have modest
quadriceps wasting, patients with low turnover bone disease of-
ten have severe weakness and atrophy and are unable to walk.

Similarly, bone pain, which is usually relatively mild and
only minimally limiting with hyperparathyroidism, is much
more severe with low-turnover bone disease. In addition, in
contrast to high-turnover bone disease, patients very frequently
experience fractures (115). A fracture with little or no trauma
or involving the ribs should make one highly suspicious of this
type of disease.

Mixed–Transitional Bone Disease

Depending more on the biochemistry and aluminum levels and
the course the lesion is taking (e.g., whether the patient devel-
oping aluminum toxicity or PTH excess), the symptoms of this
disorder may be any of the foregoing symptoms of either of the
two more common lesions. Bone deformity, however, is much
more common with this condition than with either of the other
two. If deformity is present, then bone pain, muscle weakness
(often severely incapacitating), and fractures commonly occur
as well.

Radiographs and Magnetic Resonance Imaging

Conventional radiographic studies are of limited value in dis-
tinguishing the different bone lesions of renal osteodystrophy.

FIGURE 93-7. Subperiosteal resorption (arrows) of mineralized bone
(mb) filled in with unmineralized osteoid (O) in a patient on dialysis
with osteomalacia. (Goldner’s stain, magnification ×115.) (See Color
Plate.)

If x-rays reveal sclerotic bones of high density, the patient is
more likely to have high-turnover bone disease. Conversely,
the pseudofractures typical of osteomalacia–rickets in the pa-
tient without renal failure are also characteristic of osteomala-
cia with low bone turnover in patients with renal failure. Other
than these two findings, x-rays are of little value and may even
be misleading. This is especially true about subperiosteal re-
sorption (101). Said to be pathognomonic of hyperparathy-
roidism, this picture may be seen very frequently in patients
with osteomalacia. The reason for this is clarified in Figure
93-7. In the normal course of bone remodeling, bone is first
resorbed by osteoclasts, and the eroded area is filled in by ac-
tive osteoblasts that produce osteoid. Normally this osteoid is
promptly mineralized, and x-rays do not detect the eroded area.
In hyperparathyroidism, however, the high level of osteoclastic
bone-resorbing activity makes this a common x-ray feature. In
renal osteomalacia it is also common because the osteoblasts
often fill in the resorption cavities with osteoid, but this osteoid
takes up mineral slowly or not at all. The x-ray, then, being
able to “see” only the calcified tissue, cannot distinguish the ac-
tive resorption cavity of hyperparathyroidism from the inactive
erosion of osteomalacia (101). Cystic bone lesions (Fig. 93-8),
particularly in the long-term dialysis patient, would be found
with beta-2-microglobulin (B2M) amyloid deposition perhaps
even more frequently than with hyperparathyroidism. Com-
mon sites for cystic changes are the femoral head, humerus,
carpal bones, tibia, and pubic symphysis.

Although femoral fracture is a major complication of B2M
amyloid deposition, the more common complaint is shoulder
pain. Secondary to deposition of B2M amyloid in the synovium
and tendon sheath around the humerus, the pain characteristi-
cally is continuous and worse with movement. Shoulder joint
fluid can usually be detected early by magnetic resonance imag-
ing (MRI), often in conjunction with other characteristic find-
ings such as supraspinatus tendon thickening and cystic lesions
of the humerus (116) (Fig. 93-9). The use of MRI in the early
detection of B2M amyloid lesions has made it easier for early
referrals for renal transplantation.

Bone Mass Measurements

The most common radiographic finding in uremic patients is
osteopenia (reduced bone density). Because this finding has
no specificity, most physicians have discontinued the use of
conventional x-rays to monitor bone disease in renal patients.
Newer techniques, however, which evaluate bone mass or bone
mineral density (BMD) directly may be beneficial for long-term
monitoring. Quantitative computed tomography (QCT) and
dual-energy x-ray absorptiometry (DEXA) are the two most
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FIGURE 93-8. Cystic bone lesions and erosions (arrows)
from beta-2-microglobulin amyloid deposition in a long-
term dialysis patient. A: Femoral head and neck. B: Humeral
head.

commonly used methods that quantify bone density. The for-
mer technique is less often used because of its higher radia-
tion dosage and its inability to image the hip. DEXA scans, on
the other hand, have good precision and low radiation expo-
sure and are therefore good for longitudinal evaluation. Un-
fortunately, only a limited number of DEXA studies have been
performed in patients with chronic renal failure, so it is un-
clear what role this type of imaging will have in the current

management of renal osteodystrophy. Low values for femoral
neck BMD have been observed in patients receiving peritoneal
and hemodialysis (117,118), consistent with the high hip frac-
ture rate recently documented in the dialysis population (119).
Amenorrhea and prior transplantation were significant risk fac-
tors for reduced femoral neck BMD in one study of 250 dialy-
sis patients (118). Femoral neck bone loss actually begins prior
to starting dialysis. Rix et al. demonstrated that patients with
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A B

C D

FIGURE 93-9. Magnetic resonance images (MRI) in dialysis patients with β-2 microglobulin amyloid
deposition. A: Sagittal T2W1 image of the shoulder showing a large fluid collection in the biceps ten-
don (long arrow) with associated joint effusion (short arrow). B: Sagittal T2W1 image of the shoulder
demonstrating a subcoracoid bursal effusion (open arrow) and subacromial bursal fluid (curved arrow).
C: T1W1 image of the left shoulder demonstrating three focal lesions in the humeral head (large black
arrow) and bicipital groove (small black arrows). Note thickening of the supraspinatus and biceps tendon
(white arrows). D: Coronal T1W1 image showing two periarticular lesions in the femoral head. (Reprinted
from: Escobedo EM, et al. Magnetic resonance imaging of dialysis-related amyloidosis of the shoulder
and hip. Skeletal Radiol 1996;25:41, with permission.)

a mean GFR as high as 58 mL/minute have significantly re-
duced femoral neck BMD and a sixfold higher prevalence of
osteoporosis compared to normal controls (120) (Fig. 93-10).
Moreover, in the group with a mean GFR of 16 mL/minute,
42% had osteoporosis of the femoral neck (120). More stud-
ies with larger populations and longitudinal evaluations of hip
BMD are needed to identify other potential risk factors and
to answer questions regarding the role of PTH, androgens, es-
trogens, and vitamin D therapy in the preservation of bone
mass.

Biochemical Studies

Serum Chemistries

Serum calcium and phosphate levels are not particularly
helpful in distinguishing the various bone lesions. High values
are possible in either low or high bone-turnover states. Low
values for calcium or values of less than 45 for calcium X
phosphate product would be more consistent with the mixed
uremic osteodystrophy, although a wide range of values is
seen in each group (121).

FIGURE 93-10. Bone mineral density (BMD) in patients with chronic
renal failure. Closed circles indicate mean glomerular filtration rate
(GFR) 16 mL/minute, triangles indicate mean GFR 39 mL/minute,
squares indicate mean GFR 58 mL/minute, diamonds indicate mean
GFR 83 mL/minute and open circles indicate normal controls with
mean GFR 144 mL/minute. (Reprinted from: Rix M, et al. Bone min-
eral density and biochemical markers of bone turnover in patients
with predialysis chronic renal failure. Kidney Int 1999;56:1084, with
permission.)
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Although alkaline phosphatase levels are also nonspecific,
they do show good correlations with bone histologic parame-
ters of osteoblast function (122). Marked elevation (more than
twice the upper limit of normal) would be very unlikely in low-
turnover bone disease and would suggest either osteitis fibrosa
or mixed uremic osteodystrophy. Normal values are unlikely
with high-turnover bone disease. In low-turnover disorders val-
ues are usually normal. For unclear reasons, some dialysis pa-
tients have had a paradoxic increase in alkaline phosphatase
levels following parathyroidectomy (123).

Serum immunoreactive osteocalcin may be a more specific
parameter for bone cell activity than alkaline phosphatase. Os-
teocalcin levels are elevated in uremia and show good correla-
tions with bone histologic parameters in dialysis patients (124).
Serum osteocalcin becomes elevated early in renal failure and
its rise mirrors the progressive elevation of PTH. To what ex-
tent the osteocalcin level reflects osteoblast production of this
protein or its release from mineralized matrix during bone re-
sorption is unclear.

Parathyroid Hormone

Immunoreactive PTH is varyingly elevated depending on the
assay used. The physician must be familiar with the assays used
to see which provides the best information (Table 93-2). Avail-
able assays are specific for carboxy-terminal, amino-terminal,
or a midregion of the PTH molecule. Carboxy-terminal and
midregion PTH assays are almost invariably elevated in renal
failure, no matter what the actual size is of the patient’s parathy-
roid gland. This is because these assays measure not only the
active hormone but also many inactive metabolites that are
normally excreted by the kidney (125). Therefore, carboxy-
terminal or midregion assays in patients without parathyroid
overactivity may be 10 times the upper limit of normal in some
laboratories. Indeed, a normal value would imply decreased
parathyroid activity (56).

Values for the amino-terminal or intact PTH assays seem
somewhat more relevant to the true parathyroid status of the
patients with renal failure (126,127). By using these assays one
can more reliably predict what is occurring at the skeletal level.
Values up to three times that of normal are fairly typical for

TA B L E 9 3 - 2

PARATHYROID HORMONE (PTH) ASSAY
CHARACTERISTICS

I. Carboxy-terminal PTH
A. Oldest assay
B. Measures intact and inactive metabolites
C. Values unpredictably elevated in renal failure

II. Midregion PTH
A. Measures inactive region
B. Values unpredictably elevated in renal failure

III. Amino-terminal PTH
A. Measures active end of molecule
B. Values correlate with bone histology in renal failure

IV. Intact PTH
A. Measures intact hormone and “7-84 fragments”
B. Values correlate with bone histology in renal failure

V. Bio-intact (whole) PTH
A. Measures only intact hormone
B. Values correlate with bone histology in renal failure
C. Ratio of intact to whole PTH is not predictive of bone

histology.

the well-managed patients. Serum values greater than this raise
concern about significant hyperparathyroid bone disease. Nor-
mal and particularly low-normal values in a patient with ad-
vanced renal failure should raise concern about low-turnover
lesions (86,128) (Table 93-3).

Bioactive PTH measurements also correlate with some
bone histologic parameters in dialysis patients (129). However,
they do not appear to be more discriminatory than intact
or N-terminal immunoreactive PTH assays in this patient
group (129).

Whatever assay is used, low PTH values are of even greater
concern if they do not increase with hypocalcemic stress. When
a patient is given a calcium-free dialysate for the first hour of
dialysis and the PTH fails to increase substantially, the diag-
nosis of low-turnover bone disease due to aluminum must be
strongly suspected (130). Recently it was shown that patients
with the aplastic lesion not due to aluminum respond with
an increase in PTH and bone formation when challenged by
hypocalcemia (86).

Aluminum Assays

As with PTH measurements, many commercial laboratories
seem to be promoting their aluminum assays. Although some
of these are undoubtedly accurate, many are not. Until fur-
ther information is available, one is best advised to be wary of
many of the current assays. Assuming an assay is properly car-
ried out (131), the basal serum aluminum value can be of con-
siderable help in assessing the possibility of excess aluminum
accumulation (see Table 93-3). Serum values less than 20 μg/L
(approximately five times the level in normal subjects) essen-
tially exclude aluminum toxicity, whereas values greater than
300 μg/L confirm the diagnosis (132).

Deferoxamine Challenge

In the wide range between these values, additional studies may
be helpful. The deferoxamine (DFO) challenge test is often use-
ful (133) (Table 93-4). In this test, 40 mg/kg of DFO is ad-
ministered intravenously over a 2-hour period at the end of
dialysis. The baseline aluminum level is compared to the post-
DFO peak value 24 or 48 hours later. An increase greater than
150 μg/L confirms the presence of biologically significant alu-
minum accumulation (133). Because a negative DFO challenge
test does not always exclude aluminum toxicity, we have found
that combining this test with serum PTH levels improves the
diagnostic accuracy (132) (see Table 93-4).

Beta-2-Microglobulin Assays

Serum B2M is elevated in uremic patients but levels do not dis-
criminate patients with B2M amyloid deposition (134). B2M
measurements may be more helpful when evaluating B2M clear-
ance from blood during dialysis (135). Radionuclide scans uti-
lizing 131I-labeled B2M have proved to be impractical owing to
the high dose of radiation (136).

Bone Biopsy

Bone biopsy is sometimes necessary to confirm or exclude alu-
minum toxicity. For this procedure to be helpful, the physi-
cian will need to obtain careful instructions from the histol-
ogy laboratory that will process the specimens. Few hospitals
are capable of properly processing such specimens. In addi-
tion to proper handling, it is also important that time-spaced
tetracycline labeling be given in the month prior to the biopsy.
Normally, a patient would receive a single dose of tetracycline
3 weeks and 1 week before the biopsy (137). In special cir-
cumstances, the labeling interval or the interval between the
last label and the biopsy can be altered, but this should be dis-
cussed with the laboratory that will handle the specimen. The
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TA B L E 9 3 - 3

DISTINCTIONS BETWEEN HYPERPARATHYROIDISM AND BONE ALUMINUM
INTOXICATION IN PATIENTS WITH RENAL FAILURE

Hyperparathyroidism Aluminum toxicity

Bone pain Mild Severe
Weakness Mild to moderate Severe
Fracture Rare, heal readily Frequent, poor healing
X-ray Osteopenia, erosions, patchy

osteosclerosis rare
Osteopenia, erosions,

pseudofractures rare
Calcium 10–12 mg/dL 10–12 mg/dL
Alkaline phosphatase 110%–400% of normal
PTH intacta >150 pg/mL <100 pg/mL
Basal aluminum <300 μg/L >300 μg/L
Stimulated aluminum

(DFO test)
Increases <150 μg/L Increases >150 μg/L

PTH, parathyroid hormone; DFO, deferoxamine.
aMarked variation between assays.

TA B L E 9 3 - 4

DIAGNOSIS OF ALUMINUM TOXICITY

I. Clinical features
A. Bone pain/fracture

1. Weight-bearing bones involved
2. Fractures heal slowly

B. Dementia
1. Symptoms often appear first just during dialysis
2. Sequential worsening

a. Stuttering/halting speech
b. Myoclonus
c. Mutism
d. Depressed consciousness
e. Seizures

C. Anemia
1. Hypochromic, microcytic
2. Normal iron levels
3. May be erythropoietin resistant

II. Laboratory features
A. Random serum aluminum >100 μg/L

1. Most patients will have some evidence of toxicity
2. At least 30% will not be toxic

B. Deferoxamine challenge test
1. A rise in aluminum level >300 μg/L

a. Specificity—35%
b. Sensitivity—90%

2. A negative test—even with no increase—does not
exclude aluminum toxicity

C. Random PTH in the normal range.

III. Bone biopsy
A. Gold standard for bone toxicity
B. Should include tetracycline labeling
C. Diagnosis positive if >25% surface aluminum, and

bone formation rate < normal (possible if 15%–25%
surface aluminum)

IV. EEG
A. Specific pattern said to be “diagnostic” of

aluminum-related dementia
B. False-positive rate unknown

site of the biopsy is also important. The anterior superior iliac
crest (between 2 and 5 cm posterior to the anterior superior
iliac spine) is the preferred site, since most studies have uti-
lized bone from this region. In addition, it is a particularly
safe area to biopsy because there are no vital structures nearby
and this bone is non-weight-bearing. The biopsy must con-
tain trabecular bone and can usually be obtained with local
anesthesia. There is minimal morbidity associated with such a
procedure.

Bone Histology

Patients with chronic renal insufficiency invariably develop ab-
normalities in bone histology (138–148). The type of pathology
observed is determined by a variety of factors, which relate to
the duration of dialysis as well as to previous treatment. In gen-
eral, the most common histologic findings are those associated
with increased bone turnover, especially if the biopsy specimen
is taken during the first few years of dialysis. Although a mi-
nority of patients beginning dialysis have low bone turnover,
increasing numbers develop this type of bone lesion after long-
term dialytic therapy.

High-Turnover Bone Disease

The earliest bone histologic change is an increase in the amount
of unmineralized osteoid that covers the mineralized bone sur-
face (Fig. 93-11). Although the osteoid width is usually not
increased at this stage (149), the osteoid area (149) or osteoid
volume exceeds normal values. In addition, the bone formation
rate is either normal or increased (149,150). These changes in
osteoid and bone formation parallel what has been described
in early primary hyperparathyroidism (151,152) and in rats
given excess PTH parenterally (153). Therefore, bone histo-
logic evidence of mild hyperparathyroidism is usually apparent
before dialysis commences (154) and is the predominant type of
bone lesion in patients who have had renal disease for less than
5 years (149,155).

As serum levels of PTH continue to increase, a more severe
form of hyperparathyroid bone disease, osteitis fibrosa, is ob-
served (Fig. 93-12). Osteoclasts increase in number and size
(156) and endosteal fibrosis becomes prominent. Osteoblasts
lining the un-mineralized osteoid also increase in number
and become cuboidal or “plump” in appearance. The direct
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FIGURE 93-11. A: Histologic section of bone from a patient on dial-
ysis with mild hyperparathyroidism. Length of unmineralized osteoid
(arrow) is increased. Width of osteoid seam and volume of mineralized
bone (mb) are normal. B: Bone section from a normal subject. (A and
B, Goldner’s stain, magnification ×115.) (See Color Plate.)

correlations between PTH levels and osteoblast number ob-
served on bone histology (126) agree with the known stimu-
latory effect of PTH on osteoblast proliferation in vitro (19).
Osteoid area as well as osteoid width increase substantially,
reflecting increased osteoblast activity (149). In some cases the
excess osteoid resembles osteomalacia. Without tetracycline la-
beling (tetracycline deposits in newly forming bone as a fluores-
cent line) it may be quite difficult to distinguish osteitis fibrosa
from osteomalacia. Usually some of the osteoid has a normal
lamellar pattern but this is often mixed with a large amount of

FIGURE 93-12. Osteitis fibrosa. Osteoid (O) is a mixture of wo-
ven and lamellar collagen. Plump osteoblasts (arrows) and multinu-
cleated osteoclasts (arrowhead) are numerous. Fibrosis (f ) is present.
(Goldner’s stain, magnification ×115.) (See Color Plate.)

woven osteoid, identified by its random arrangement of colla-
gen fibers (Fig. 93-13). Woven osteoid is not found in normal
bone but is characteristic of accelerated bone turnover states
such as primary hyperthyroidism, Paget’s disease, or fracture
repair. Woven osteoid in uremic osteodystrophy is present dur-
ing early renal failure and increases with declining renal func-
tion (154). It has been suggested that woven osteoid results
when the osteoprogenitor cells revert to a more primitive form
in the presence of excess PTH, leading to the deposition of
irregularly oriented collagen fibers (29).

Mineralization of osteoid in osteitis fibrosa is not impaired
(149). This is determined by giving two time-spaced doses
of tetracycline. In fact, the bone formation rate is markedly
increased in the more severe forms of osteitis fibrosa (149)
as evidenced by the increased uptake of tetracycline (Fig.
93-14). Earlier reports of low bone formation in chronic re-
nal failure (157) are most likely attributable to the coexistent
hypocalcemia that was present in the majority of those patients
studied.

Despite the fact that osteoclastic bone resorption is in-
creased in osteitis fibrosa, the total bone area is often greater
than normal (149), implying that bone formation and resorp-
tion are no longer in balance and that the increase in bone
formation is of a greater magnitude than the increase in re-
sorption. The term osteosclerosis is reserved for the most severe
examples of increased bone mass as a result of hyperparathy-
roidism (158). Histologically, all trabeculae appear thickened
and the boundary between cortical and trabecular bone is ob-
scured (Fig. 93-15). Usually, the other histologic features of
osteitis fibrosa are also present in osteosclerosis, although the
amount of marrow fibrosis does not parallel the large increase
in mineralized bone.

As would be expected, parathyroid gland activity corre-
lates with many of the parameters of bone histology in os-
teitis fibrosa. Uremic patients with osteitis fibrosa have more
significant parathyroid hypertrophy than do patients without
osteitis fibrosa (148,159) and positive correlations between
serum PTH and bone histology have been clearly demonstrated
(160–162). Studies in our laboratory comparing bone histology
with different PTH assays indicated that an amino-terminal-
specific PTH assay was a better predictor of osteitis fibrosa
in dialysis patients (126) (Fig. 93-16). This presumably is due
to its measurement of mainly intact PTH. Interestingly, in that
study it was noted that the correlation coefficient between PTH
and bone formation was substantially lower (r = 0.46) when
patients with aluminum-related bone disease were excluded
from analysis (126). Because this suggested that circulating
factors other than PTH might be involved in regulating bone
formation, we examined plasma IGFs in dialysis patients who
did not have aluminum bone disease (163). The correlation
of bone formation with plasma IGF-1 was slightly better than
with plasma PTH. Moreover, all of the parameters of bone
mineralization were better correlated with IGF-1, whereas the
parameter for osteoblast number correlated better with PTH.
This suggested that the mechanisms by which elevated IGF-1
and PTH enhance bone formation in uremia are probably dif-
ferent (163). A more recent study by Jehle et al. looked at
circulating IGF and IGF-binding protein (IGFBP) levels in 319
patients having varying levels of chronic renal insufficiency, in-
cluding half who were on chronic dialysis (164). They found
that free IGF-1 levels were not elevated in the majority of dial-
ysis patients, but that IGFBP-2, -3, -4 and -6 were markedly
elevated, suggesting that these inhibitory IGFBPs may act to
suppress IGF action at the osteoblast level. In addition, serum
IGFBP-5 was uniformly low in dialysis patients and it was
lower in the subgroup with low turnover bone disease com-
pared to those with high bone turnover. These data suggest
that a deficiency in IGFBP-5, an osteoblast stimulatory IGFBP,
may contribute to the adynamic bone lesion (164), which is
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A B

FIGURE 93-13. A: Polarized light section showing woven (arrowheads) and lamellar (arrows) collagen
in osteitis fibrosa. B: Polarization of normal bone showing only lamellar collagen. (A and B, magnification
×115.) (See Color Plate.)

consistent with the known in vitro and in vivo effects of recom-
binant IGFBP-5 to stimulate osteoblast activity (16,165–167).

Low-Turnover Bone Disease

Osteomalacia, which is characterized by an excess accumu-
lation of osteoid and an increase in osteoid seam width (Fig.
93-17), is the best-known type of low-turnover bone disease en-
countered in patients with chronic renal failure. Qualitatively,
the osteoid is usually lamellar, although woven osteoid is oc-
casionally present. Osteoblasts are typically flat or fusiform in
appearance and decreased in number. Fibrosis is absent and
the number of osteoclasts is normal or decreased. In general,
osteoblasts appear to be inactive or absent. The dynamic as-
sessment of bone function as determined by tetracycline up-
take confirms this impression. Double labels of tetracycline are
rarely found in osteomalacic bone. More often, no tetracycline
is evident, although sometimes a single label can be discerned
as a short thin line at the mineralization front (Fig. 93-18).
Therefore, bone formation is either greatly reduced or absent.

Not all dialysis patients with low bone formation have
excess osteoid accumulation typical of osteomalacia. Rather,
a normal or reduced amount of unmineralized osteoid
(Fig. 93-19) may be seen along with tetracycline evidence of
decreased bone formation. Ott et al. used the term aplastic
bone disease to differentiate this lesion from typical osteoma-
lacia (168). Although some dialysis patients with aplastic (or
adynamic) disease have no bone uptake of tetracycline, many

have at least a single tetracycline label, whereas others show
normally separated double labels that are markedly reduced
in total length (Fig. 93-20). Therefore, even though the bone
apposition rate (determined by the distance between the two
labels) may be normal, the bone formation rate at the tissue
level is reduced. When this situation occurs, it can be inferred
that the total number of osteoblasts is decreased but that a nor-
mal rate of mineralization of osteoid continues in the few that
remain.

The etiology of osteomalacia and aplastic bone disease was
until recently an enigma. The fact that dialysis patients with
osteomalacia failed to respond therapeutically to vitamin D
treatment (114) was equally difficult to explain. It was not
until researchers in the United Kingdom discovered that alu-
minum contamination of the water supply was linked to a se-
vere form of fracturing osteomalacia (68,169) that the associ-
ation of aluminum and bone disease in the United States was
made. Subsequently, a retrospective analysis of bone biopsy
specimens from patients with osteomalacia revealed that sig-
nificant aluminum deposition was present in most of the speci-
mens studied (168). In Figure 93-21 are shown the relative fre-
quency of positive aluminum staining in bone biopsy specimens
from patients with osteomalacia as well as those with other
types of uremic bone disease. More than 80% of the specimens
that had osteomalacia showed either heavy or moderate stain-
ing for aluminum (168), as evidenced by a precipitation line
on the mineralized bone surface (77). Usually the aluminum
was located at the interface of osteoid and mineralized bone,

A B

FIGURE 93-14. A: Double tetracycline labels in a patient with severe osteitis fibrosa. The distance be-
tween labels and the total length of the double labels is increased, demonstrating a high formation rate.
B: Tetracycline labels from a normal subject. (A and B, unstained fluorescent micrographies, magnification
×115.) (See Color Plate.)
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FIGURE 93-15. Osteosclerosis. The amount of mineralized bone (mb)
is increased. (Goldner’s stain, magnification ×115.) (See Color Plate.)

although it was also found on “neutral” surfaces of bone with-
out overlying osteoid (Fig. 93-22). Although most of the pos-
itive stains for aluminum were seen in patients with osteoma-
lacia, aluminum was detected in some patients with osteitis
fibrosa and mild bone disease as well (168). Aluminum accu-
mulation in osteitis fibrosa has since been shown to be highly
variable (157,170,171).

Until 1981, it was thought that only a small minority of
dialysis patients developed aluminum-associated bone disease
(114). However, several studies have demonstrated a relatively
high prevalence of bone aluminum accumulation in this patient
population (172–174), many of whom develop symptomatic
bone disease. In a study from our laboratory, prospective bone
biopsy specimens from asymptomatic patients who had re-
ceived dialysis for at least 8 years revealed a 37% prevalence
of aluminum bone disease (172). In this study, aluminum bone
disease was defined by an amount of aluminum on the bone
surface that equaled at least 25% of the total mineralized bone
surface in the presence of a bone formation rate below nor-
mal. This was done to distinguish patients with osteitis fibrosa
who had small amounts of bone-surface aluminum from those
patients with low turnover bone disease. Because both the tap
water and dialysate were low in aluminum, it was inferred that

A

B

FIGURE 93-17. Osteomalacia. A: The unmineralized osteoid (O) is
increased in width and total volume; mb, mineralized bone. B: Polar-
ized section showing predominately lamellar orientation of collagen in
osteomalacia. (A and B, magnification ×115.) (See Color Plate.)

the high prevalence of low bone formation was a result of the
chronic ingestion of aluminum-containing phosphate binders
(172). Subsequent studies showed that patients with the osteo-
malacic lesion had greater total body aluminum stores than did
those with the aplastic lesion (175).

There is other evidence to support the role of oral alu-
minum loading in bone aluminum deposition. Bone aluminum

A B

FIGURE 93-16. A: Serum amino (N)-terminal PTH values in four types of renal osteodystrophy.
B: Serum midregion PTH values in the same patients. (Reprinted from: Andress DL, et al. Comparison
of parathyroid hormone assays with bone histomorphometry in renal osteodystrophy. J Clin Endocrinol
Metab 1986;63:1163, with permission.)
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FIGURE 93-18. Single tetracycline label (arrows) in bone from a pa-
tient on dialysis with osteomalacia given two time-spaced doses of
tetracycline. Absence of double labels indicates abnormally low bone
formation. (Unstained fluorescent micrograph, magnification ×115.)
(See Color Plate.)

accumulation (174) and aluminum-associated bone disease
(73,103) can occur in uremic patients before dialysis has been
initiated. Moreover, diabetic dialysis patients have been shown
to have accelerated bone aluminum accumulation that is di-
rectly related to the cumulative oral intake of aluminum and to
whole-body aluminum stores (176) (Fig. 93-23). Whether dia-
betic patients are also “hyper-absorbers” of aluminum remains
to be evaluated.

The observation that serum PTH levels are often normal
in dialysis patients with heavy bone aluminum deposition
(114,128) suggests that functional hypoparathyroidism prob-
ably has an important role in the pathogenesis of aluminum
bone disease. Aluminum in the parathyroid glands of humans,
as measured by neutron activation analysis, can be related to
the ingestion of aluminum (94). In vitro studies using parathy-
roid gland slices have shown that aluminum inhibits PTH
secretion, but not production, in a dose-dependent manner
(95,177). Moreover, correction of aluminum contamination of
the dialysate results in increased PTH levels in some patients
(178). Because dialysis patients with high levels of bone alu-
minum are more likely to have suppressed PTH levels during
an acute hypocalcemic challenge than are patients with low lev-
els of bone aluminum (130), a PTH-stimulation test has been
advocated as one method to screen for aluminum bone dis-
ease. While dialyzing patients using a calcium-free dialysate,
we found that the serum amino-terminal PTH levels after 1

FIGURE 93-19. Aplastic (adynamic) bone disease. Marked decrease in
amount of unmineralized osteoid (arrows); mb, mineralized bone. Os-
teoblasts are flat when present. (Goldner’s stain, magnification ×115.)
(See Color Plate.)

FIGURE 93-20. Aplastic (adynamic) bone disease. The total amount of
tetracycline uptake is decreased, as is the number of double tetracycline
labels. When present, the double label is shorter than normal, demon-
strating reduced bone formation. (Unstained fluorescent micrography,
magnification ×115.) (See Color Plate.)

or 2 hours accurately discriminated patients who had doc-
umented aluminum bone disease. In further support for the
role of hypoparathyroidism in the development of aluminum
bone disease is the observation that bone aluminum accumula-
tion is markedly enhanced following parathyroidectomy (91)
(Fig. 93-24). The decreased bone formation after parathy-
roidectomy was attributed to the decline in circulating levels
of PTH. To what extent aluminum on the bone surface also
contributed to the decreased bone formation could not be de-
termined. It did appear, however, that the high rates of bone
formation before parathyroidectomy protected against bone-
surface aluminum accumulation (91). Functional hypoparathy-
roidism is also likely to be important in causing reduced bone
formation and increasing bone aluminum in the diabetic uremic
patient (87,176). In this situation, high glucose concentrations
within parathyroid cells may decrease PTH secretion (89).

The exact mechanism by which aluminum inhibits bone
mineralization in humans has not been identified. Studies in
rats (179−184) and dogs (185) have clearly shown that os-
teomalacia can be produced by the parenteral administration
of aluminum. Moreover, the mineralization defect is enhanced
when chronic renal failure is also present (179,181,184,185),
is made worse by parathyroidectomy (186), and is ameliorated
by PTH infusions (187,188). Studies performed by Plachot et
al. (96) support the idea that PTH may protect osteoblast func-
tion when aluminum is deposited on bone. Using electron mi-
croscopy and x-ray microanalysis, they discovered aluminum
within the mitochondria of osteoblasts in patients with osteitis
fibrosa. Because the number of osteoblasts was increased, the
authors suggested that the high serum PTH was responsible
for stimulating osteoblast growth as well as the cellular uptake
and release of aluminum into the organic matrix (96). The fact
that PTH administration is known to increase the bone alu-
minum content in rats (189) supports this hypothesis. However,
most patients with osteitis fibrosa have a lower trabecular bone
aluminum content than do patients with osteomalacia (190).
Therefore, it is possible that differences in the distribution of
aluminum within bone may partially explain these discrepant
findings. For example, the location of much of the aluminum
in osteomalacia or aplastic bone disease is on the surface of the
mineralized bone interfaced with the overlying un-mineralized
osteoid as determined by electron microprobe analysis (76). In
contrast, very little aluminum is seen on the bone surface in os-
teitis fibrosa (166) but is more diffusely distributed throughout
the mineralized compartment (170).

Whether aluminum within the osteoblast is responsi-
ble for inducing a mineralization defect characteristic of
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FIGURE 93-21. Distribution of aluminum stain in bone among
the histologic groups of uremic bone disease. (Reprinted from:
Ott SM, et al. The prevalence of bone aluminum deposition in
renal osteodystrophy and its relation to calcitriol therapy. N
Engl J Med 1982;307:709, with permission.)

osteomalacia or aplastic disease has not been decided. How-
ever, in vitro studies involving aluminum incubation with os-
teoblasts indicate that aluminum has an adverse effect on
bone cell function. Lieberherr et al. (191) have shown that
the bone phosphatase activity in rat bone cells is inhibited at
high aluminum concentrations (6 × 10−6 M). In addition, alu-
minum decreased the stimulatory action of PTH on bone phos-
phatase activity (191). In other experiments aluminum has been
shown to suppress osteoblast proliferation in vitro (192,193),
supporting clinical studies that show an inverse relation-
ship between osteoblast number and bone-surface aluminum
(172,194). The adverse effect of aluminum on osteoblast
function may also be mediated by alterations in osteoblast
synthesis of 1,25-dihydroxyvitamin D (195) and bone PTH
receptors (196).

It is possible of course that aluminum may also inhibit min-
eralization by a mechanism that is not osteoblast mediated.
Aluminum chloride reduces amorphous calcium phosphate
transformation and hydroxyapatite crystal growth in vitro at
concentrations of 0.25 to 0.50 mM (87). Although these con-
centrations are generally higher than those found in the serum
of dialysis patients, they approximate the levels found in min-
eralized bone in aluminum-intoxicated animals (179) and hu-
mans (76,190).

FIGURE 93-22. Histologic section showing a positive stain for alu-
minum on the surface (arrows) of mineralized bone and within cement
lines (arrowheads). (Aurin-tricarboxylic acid, magnification ×115.)
(See Color Plate.)

Aluminum has been the cause of low-turnover bone dis-
ease in the majority of patients with that lesion up to now
(197). However, in an increasing number of patients being iden-
tified with aplastic bone disease, neither aluminum nor iron is
the cause. Although diabetes (87,88) or low-molecular-weight
inhibitors (35) may be involved in some, in many the lesion
is associated with excessive PTH suppression (86). Whether
this condition is a disease state is not, in fact, clear. Based on
considerations mentioned in the preceding text, such exces-
sive suppression of PTH may predispose to aluminum toxicity
even if, by itself, it causes no problems. For these reasons it
appears that bone in uremic patients requires a modest PTH
elevation to maintain normal bone turnover. This form of low-
turnover bone disease requires considerable additional inves-
tigative work before we will understand its place in the spec-
trum of renal osteodystrophy.

FIGURE 93-23. Comparison of plasma aluminum response to a single
deferoxamine infusion in matched diabetic and nondiabetic dialysis
patients. Open circles denote patients whose cumulative oral aluminum
intake was more than 0.5 kg and closed circles denote patients whose
cumulative oral aluminum intake was less than 0.5 kg. (Adapted from:
Andress DL, et al. Effect of parathyroidectomy on bone aluminum
accumulation in chronic renal failure. N Engl J Med 1987;316:292.)
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A

B

FIGURE 93-24. A: Rates of bone-surface aluminum accumulation in
six dialysis patients before and after parathyroidectomy (left panel) and
in six control dialysis patients (right panel). B: Rates of bone formation
in the same patients. (Reprinted from: Andress DL, et al. Effect of
parathyroidectomy on bone aluminum accumulation in chronic renal
failure. N Engl J Med 1985;312:468, with permission.)

Mixed and Transitional Bone Histology

Although the majority of the bone histologic changes in uremic
osteodystrophy can be classified as either mild disease, osteitis
fibrosa, osteomalacia, or aplastic disease, a minority of patients
do not fit into any of these categories. Rather, mixed histologic
changes are sometimes seen in which aspects of both osteo-
malacia and osteitis fibrosa are present (198). Woven osteoid,
marked fibrosis, and excess un-mineralized osteoid, with or
without low bone formation, are the distinguishing features
of mixed osteodystrophy (Fig. 93-25). The pathogenesis and
evolution of this bone lesion are unclear but the lesion may
represent a transitional state to a more clearcut form of either
osteomalacia or osteitis fibrosa. Because serum PTH levels are
often high and woven osteoids are invariably present, we re-
gard osteoblast function in the mixed lesion to be enhanced
with respect to osteoid production. The histologic finding of
cuboidal or “plump,” active-appearing osteoblasts supports
this hypothesis. The mineralization defect, when present, can

FIGURE 93-25. Mixed bone disease in a patient on dialysis. Width and
total volume of unmineralized osteoid (O) are increased; mb, mineral-
ized bone. The number of osteoblasts (arrows) also is increased, and
fibrosis (f ) is present in most of the marrow space. (Goldner’s stain,
magnification ×115.) (See Color Plate.)

be attributed to coexistent hypocalcemia. Once the hypocal-
cemia is corrected, mineralization proceeds normally and the
amount of un-mineralized osteoid diminishes while bone for-
mation increases. Correction of the hypocalcemia also results
in a lowering of the PTH levels, although serum PTH usually
remains elevated. Therefore, the new bone histologic picture
more often resembles osteitis fibrosa following correction of
hypocalcemia.

Other transitional states in bone histology have also been
noted but are relatively rare. Sometimes the bone histology
shows a significant accumulation of bone-surface aluminum
in the presence of fibrosis, normal osteoid volume, and low-
normal bone formation, suggesting a transition from osteitis
fibrosa to mild or aplastic bone disease. At other times, a
lesser amount of bone aluminum is present while fibrosis and a
slightly higher bone formation rate is noted, suggesting a tran-
sition to osteitis fibrosa. Because most bone histologic studies
in uremic patients are cross-sectional in nature, it is difficult to
know how a bone lesion is evolving without a previous biopsy.

Beta-2-Amyloid

The deposition of B2M has been implicated as a cause of
femoral fractures in long-term dialysis patients (108,199). Al-
ready known for its role in causing carpal tunnel syndrome
(200), this circulating 11.8-kDa protein, which forms amyloid
fibrils spontaneously (201), has been found in cystic lesions
of long bones, particularly in the femoral and humeral heads
(134,202). The cystic radiolucency of this bone lesion has been
mistaken for the “brown tumor” of hyperparathyroidism.

In a retrospective analysis of bone specimens from 224 dial-
ysis patients, we found that B2M deposits were absent in pa-
tients on dialysis for less than 6 years but progressively in-
creased with time, reaching a prevalence of 19% in those
on dialysis for more than 10 years (203). In femoral head
specimens, B2M deposits were localized to synovium (Fig.
93-26), cartilage, and bone marrow. Its location in the iliac
crest was predominantly in the periosteum (Fig. 93-27), al-
though bone marrow deposition of B2M occurred occasionally.
In patients with B2M localized to the iliac periosteum there was
a 62% prevalence of femoral fracture, in contrast to only 4%
in matched patients without B2M at that location (p <0.001).
Although the pathogenesis of bone B2M deposition could not
be determined, B2M deposits were not associated with alu-
minum or iron overload but were more common in patients
with osteitis fibrosa (203). It is unknown whether B2M has a
role in promoting high-turnover bone disease. This is intriguing
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A,B C

FIGURE 93-26. Serial sections of femoral bone from a patient on dialysis. A: Congo red-stained amyloid
deposits (arrows) are seen in the superficial articular cartilage (AC). B: The same seen under polarized light.
Congo red-stained amyloid deposits demonstrate green birefringence. C: Immunohistochemical staining
with anti-β2-microglobulin. Amyloid deposits (arrows) stain brown for β2-microglobulin. (From: Onishi
S, et al. Beta-2 microglobulin deposition in bone in chronic renal failure. Kidney Int 1991;39;990, with
permission.) (See Color Plate.)

because B2M can stimulate osteoblast proliferation in vitro (8).
However, using an in vitro bone mineralization model, Kataoka
et al. have shown that B2M inhibits calcification (204). More-
over, Moe et al. have shown that B2M stimulates osteoclastic
bone resorption (205). Therefore, it may be that B2M depo-
sition in the femoral head stimulates bone turnover but in-
hibits bone mineralization, thereby causing predominant bone
resorption and cyst formation.

In summary, the bone histology of uremic osteodystrophy is
dependent on the state of parathyroid gland function, the pres-
ence or absence of hypocalcemia, and the extent of aluminum
accumulation. Mild hyperparathyroid bone disease is the most
common finding in uremic patients, particularly during mod-
erate renal failure and shortly after beginning dialytic therapy.
The severity of osteitis fibrosa and accelerated bone turnover
increases with increasing parathyroid gland activity. In some
patients enhanced bone formation is associated with elevated
levels of IGF-1, and depressed bone formation is associated
with the serum accumulation of inhibitory IGFBPs. In patients
with mixed bone histology (osteitis fibrosa plus osteomalacia)
hypocalcemia is usually present and, when corrected, results in
normalization of the mineralization defect. Bone aluminum ac-

cumulation is associated with the low bone formation of osteo-
malacia and aplastic bone disease. Decreased PTH secretion,
which is often present in aluminum-associated bone disease,
probably plays a major role in the development of low bone
formation. Although bone fractures are the major complica-
tions of low-turnover bone disease, femoral fractures may be
more often caused by B2M deposition, particularly in patients
on dialysis for more than 10 years.

Unique Pediatric Features

Although much of the foregoing material is certainly true of
children as well, there are some differences in the pediatric pop-
ulation. One of these relates to growth. Attention to maintain-
ing appropriate levels of calcium and phosphate and judicious
use of vitamin D appear to enhance bone growth and improve
metabolic bone disease (206–211). Normalization of height is
uncommon in uremic children due possibly to the serum accu-
mulation of IGFBPs, which inhibit IGF-1 stimulation of carti-
lage (212), and to low-molecular-weight inhibitors of cartilage
(33) and osteoblast (35) activity. Recent studies with recombi-
nant growth hormone (rGH) have demonstrated its benefit in

A B

FIGURE 93-27. A: Iliac crest bone biopsy with anti-β2-microglobulin and hematoxylin counterstain. β2-
Microglobulin deposits (arrows) are located in the iliac periosteum. B: Bone section from the tibia with
anti-β2-microglobulin and methylene blue counterstain. β2-Microglobulin deposits (arrows) appear to
invade the cortical bone (C) from the marrow (M). (From: Onishi S, et al. Beta-2-microglobulin deposition
in bone in chronic renal failure. Kidney Int 1991;39:990, with permission.) (See Color Plate.)



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-93 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:25

Chapter 93: The Osteodystrophy of Chronic Renal Failure 2447

stimulating growth in these patients (213,214). Interestingly,
serum levels of free IGF-1, IGFBP-3, and IGFBP-5 were ele-
vated after rGH therapy, whereas IGFBP-1 and IGFBP-2 levels
were reduced (215), suggesting that GH treatment shifted the
balance between potential growth promoters (IGF-1, IGFBP-3,
and IGFBP-5) and growth inhibitors (IGFBP-1 and IGFBP-2).

A second problem relates to aluminum toxicity, which at
one time was relatively common in children who were taking
aluminum-containing phosphate binders (216). Children with
serum creatinine levels as low as 2 mg/dL have been found
with serious aluminum-related bone disease. Even dementia
has been reported (217). Whether this is due to enhanced gas-
trointestinal absorption or better compliance with aluminum
gels for phosphate control is not clear. One recent prospective
study documented that even low doses of aluminum-containing
phosphate binders result in substantial aluminum accumula-
tion (218). It is clear that aluminum levels must be moni-
tored in children and other approaches to phosphate control
must be attempted (e.g., calcium carbonate, calcium acetate, or
sevelamer).

Special Diagnostic Problems

Hypercalcemia

Elevated calcium can occur in a dialysis patient for all the same
reasons that it occurs in a patient without renal disease. Too
often the physician faced with this problem will ignore the
possibility of these common disorders because the patient is
on dialysis or has renal failure. Before attempting to assess the
specific renal failure-dialysis-related causes, these better known
etiologies should be considered.

In the chronic dialysis patient there are four major causes of
hypercalcemia: hyperparathyroidism, aluminum intoxication,
vitamin D intoxication, and bed rest. Hyperparathyroidism oc-
curs for reasons described previously and causes hypercalcemia
because of excessive osteoclastic bone resorption, usually in the
setting of intact PTH levels greater than 1,000 pg/mL.

Vitamin D intoxication is common because of the frequency
of vitamin D use in these patients and the fact that therapeutic
doses are close to toxic ones. For this reason, a short-acting
vitamin D preparation, such as calcitriol, is preferable when
vitamin D deficiency is present. Calcitonin may be particularly
useful in controlling transient hypercalcemia from vitamin D
excess.

Aluminum excess causes hypercalcemia in part by block-
ing bone formation and perhaps by stimulating osteoclast-
mediated bone resorption. When patients receive calcium
orally or intravenously, it enters the extracellular fluid com-
partment. The calcium level in this compartment is normally
buffered by the huge bone reservoir. If aluminum prevents en-
try of calcium into the bone, then administered calcium quickly
leads to hypercalcemia (114). Because most dialysate calcium
levels are high and result in calcium transfer to the patient,
persistent hypercalcemia is a frequent finding. Lowering the
calcium dialysate (e.g., 2.5 mEq/L) may help with this prob-
lem (219). Perhaps the most confusing element of aluminum-
induced hypercalcemia is the accompanying finding of mod-
estly elevated PTH levels. This is usually due to renal failure
and retention of PTH metabolites. The physician must be very
wary of this problem and be certain that PTH elevation is suf-
ficiently elevated to make a diagnosis of “renal hyperparathy-
roidism.” An incorrect decision to remove the parathyroids in
such patients is an invitation to disaster, as this can worsen the
bone disease (91,92,219,220), possibly as a result of acceler-
ated bone-surface aluminum accumulation (91).

Bed rest, in some ways, is physiologically similar to alu-
minum from the bone’s point of view because bone forma-

tion ceases and bone resorption continues. In normal subjects,
bone resorption continues and the calcium lost from bone dis-
appears into the urine. This “bed rest” hypercalciuria may be
sufficiently severe enough to cause renal stones (221). With-
out kidney function there is no route for the excess calcium to
escape, so it accumulates in the extracellular fluid. Temporar-
ily, low-calcium dialysate may be used, but in the long run the
patient should increase his or her activity as soon as possible
because low-calcium dialysate (<2.5 mEq/L) will deplete total
body calcium.

Bone Pain and Fracture

The differential diagnosis of bone pain and fracture is, in gen-
eral, the distinction of hyperparathyroidism from aluminum
intoxication (see Table 93-3). Clinically the pain is usually
very severe, often immobilizing, with aluminum intoxication,
whereas the hyperparathyroid patient complains, but carries
on. Where data are available, the PTH level is normal to moder-
ately elevated with aluminum excess, but very high with hyper-
parathyroidism (114,126,128). Aluminum levels, either basal
or following deferoxamine challenge and hypocalcemic stim-
ulation of PTH, as described previously, may be useful. If the
diagnosis is not absolutely clear after these studies, then bone
biopsy should be done before therapy is instituted. In long-term
(>6 years) dialysis patients with hip fractures, the possibility
of B2M disease must be considered. X-ray or MRI evidence of
bone cysts should not be assumed to be “brown tumors” of
hyperparathyroidism. In the older dialysis population, osteo-
porosis may also play a role (119).

Preventive Therapy

Hyperphosphatemia

A major emphasis has been placed on normalizing serum phos-
phate levels (Table 93-5) because of the importance of phos-
phate retention in causing decreased 1,25-dihydroxyvitamin D
synthesis, hypocalcemia (222), and secondary hyperparathy-
roidism (223,224). Although excellent control of serum phos-
phate helps prevent metastatic calcification, prevention of
hyperphosphatemia during moderate renal failure will also
enhance 1,25-dihydroxyvitamin D production (225) and will
further assist in PTH suppression (226). Reduction of di-
etary phosphorus intake (227) and use of aluminum-containing
phosphate binders during meals have been the most effec-
tive forms of treatment. The increasing concern about alu-
minum toxicity, however, has led to the use of calcium salts
as preferred alternatives to aluminum hydroxide (228). Both
calcium carbonate (229–231) and calcium acetate (232) are
useful phosphate binders when taken with meals. Calcium cit-
rate, while an excellent phosphate binder, must be avoided be-
cause it markedly enhances aluminum absorption (233,234),
a complication that has not been observed with calcium ac-
etate (235). Recent clinical practice guidelines (236) suggest
that aluminum-containing phosphate binders not be used ex-
cept for short durations when serum phosphate is unacceptably
high. It also suggests that a maximum intake of 1,500 mg of
elemental calcium per day not be exceeded as the phosphate
binder (and not more than 2,000 mg/day for total intake) due
to concerns about the effects of excessive calcium loading on
arterial and soft-tissue calcification (111,236).

Because hypercalcemia has become more of a problem
since calcium salts became the phosphate binder of choice,
there has been a renewed interest in identifying calcium and
aluminum-free binders. Magnesium, which has been available
for more than a decade, effectively lowers phosphate levels



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-93 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:25

2448 Section XII: Uremic Syndrome

TA B L E 9 3 - 5

SEQUENTIAL TREATMENT OF
HYPERPARATHYROIDISM IN RENAL FAILURE

I. Prophylactic measures
A. Phosphate control (goals)

1. Stage 3 and 4 CKD: serum phosphate <4.5 mg/dL
2. Stage 5 dialysis patients: serum phosphate

<6.5 mg/dL
B. Calcium supplementation (do not exceed 2,000 mg

elemental calcium/day)
C. Calcitriol (daily oral dosing to correct hypocalcemia)
D. Dialysis patients: injectable vitamin D thrice weekly

(paricalcitol preferred for survival advantage)

II. With bone pain or fractures
A. Hypocalcemic patients

1. Institute prophylactic measures
2. Increase calcitriol dose rapidly (every 2 weeks) to

achieve high normal calcium
3. Monitor calcium weekly

B. Normocalcemic patients
1. Institute prophylactic measures
2. Consider injectable vitamin D (dialysis patients)

a. Paricalcitol (preferred for survival benefit)
b. Calcitriol
c. Doxercalciferol

C. Hypercalcemic patients
1. Reduce dose of intermittent intravenous paricalcitol
2. Add cinacalcet (start at lowest dose)
3. Parathyroidectomy if hypercalcemia persists

III. Hypercalcemia without bone symptoms (and receiving
paricalcitol)
A. If calcium X phosphate product >75: add cinacalcet
B. Parathyroidectomy if the above measures fail to

suppress intact PTH to 300 pg/mL

CKD, chronic kidney disease; PTH, parathyroid hormone.

(237). Delmez et al. showed that the combination of magne-
sium carbonate with calcium acetate was effective in control-
ling phosphate levels. It also allowed the use of higher intra-
venous calcitriol doses when compared to patients receiving
calcium acetate alone (238). A potential limitation of mag-
nesium as a binder is the need to lower the dialysate mag-
nesium to prevent hypermagnesemia. A metal-free compound
that was recently approved for binding dietary phosphate is
sevelamer. This nonabsorbable, cross-linked poly allylamine
gel not only effectively lowers serum phosphate in dialysis pa-
tients but also decreases serum LDL cholesterol (239). Lan-
thanum carbonate is another new calcium-free, aluminum-free
phosphate binder that effectively lowers serum phosphate in
dialysis patients (240). Future studies will be needed to con-
firm that its long-term use does not result in significant bone
and soft-tissue accumulations.

Calcium Supplementation

The decreased intestinal calcium absorption of uremic patients
can for the most part be attributed to the decreased production
of calcitriol. When replaced in the diet, calcitriol improves cal-
cium absorption and increases serum calcium levels. However,
simply increasing the dietary intake of calcium can also im-
prove calcium balance in uremia (241,242). Intestinal calcium
absorption is especially enhanced when calcium salts are taken
in combination with oral calcitriol. Therefore, the high-calcium
dialysates formerly recommended to maintain calcium balance

(243,244) are now inappropriate. Although a dialysate calcium
of 2.5 mEq/L may be the preferred concentration (219), some
flexibility (2.0 to 2.5 mEq/L) may be needed for individual pa-
tient variability when high doses of calcium are prescribed.

Calciferol (Vitamin D3)

Treatment with vitamin D metabolites has been shown to ame-
liorate defects in calcium homeostasis in chronic renal failure.
In 1943, Liu and Chu reported that physiologic doses of cal-
ciferol were ineffective in normalizing calcium homeostasis in
uremic patients (245). Larger doses of calciferol, however, have
generally been helpful in promoting positive calcium balance
(142), resulting in a decrease in serum PTH (246). In addition,
amelioration of osteitis fibrosa can be found after treatment
with calciferol (246). The major limitation of calciferol is the
prolonged hypercalcemia that sometimes occurs (247,248).

Calcifediol (25-Hydroxyvitamin D)

One of the natural metabolites of calciferol is calcifediol.
Produced in the liver by 25-hydroxylation of calciferol, 25-
hydroxyvitamin D has a pharmacologic half-life of approxi-
mately 30 days (249). Oral maintenance doses of calcifediol
in the range of 200 μg three times a week are effective in in-
creasing intestinal calcium absorption in uremic patients (250).
Although high serum PTH levels are decreased in some pa-
tients after treatment with calcifediol (251,252), other studies
have not shown this effect (253). In general, bone histology
is improved after calcifediol treatment (161,251,253). Bordier
et al. described decreases in osteoclast number, bone resorp-
tion, and fibrosis and increased calcification front activity in
those patients who had a decrease in serum PTH (251). Teit-
elbaum et al. reported similar changes in five patients treated
for 3 to 9 months (161). Most agree that the improvements in
bone histology are related to the degree of suppression of the
hyperparathyroidism. This in turn depends on the extent of
increased calcium absorption and correction of hypocalcemia.
Because most dialysis patients have normal circulating levels of
25-hydroxyvitamin D (45,250), treatment with this substance
results in a marked elevation of serum 25-hydroxyvitamin D
(250), and prolonged hypercalcemia is a potential hazard of
this long-lived metabolite also.

Calcitriol (1,25-Dihydroxyvitamin D)

In 1970, Fraser and Kodicek discovered that the most potent
form of vitamin D, 1,25-dihydroxyvitamin D, is synthesized in
the kidney from 25-hydroxyvitamin D (254). Since that time
numerous studies have been conducted exploring the use of
calcitriol in the treatment of renal osteodystrophy (255–258).
Oral calcitriol causes a marked increase in intestinal calcium
absorption (239) that is more pronounced than with any of
the other vitamin D metabolites. Because of the relatively short
plasma half-life (12 to 16 hours), episodes of hypercalcemia
can be quickly corrected, usually within 1 week of stopping
treatment. The incidence of hypercalcemia seems to depend on
the underlying bone pathology. In general, patients with osteitis
fibrosa respond better to calcitriol and have fewer episodes of
hypercalcemia initially than patients with pure osteomalacia
(255,259,260). Amelioration of hyperparathyroidism is partic-
ularly apparent when hypocalcemia is present before treatment
(261). Patients with mild hypercalcemia at the start of calcitriol
therapy have a tendency to become hypercalcemic early during
treatment when compared to patients with pretreatment serum
calcium levels in the low-normal range.

Alphacalcidol (1-α-Hydroxyvitamin D3)

A synthetic analog of calcitriol, 1-α-hydroxyvitamin D3, has a
half-life two to three times longer than calcitriol (262) and must
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FIGURE 93-28. Changes in PTH,
calcium and phosphate levels dur-
ing treatment with intermittent in-
travenous and oral doxercalciferol
in dialysis patients. (Reprinted from:
M. Maung, et al. Efficacy and side-
effects of intermittent intravenous
and oral doxercalciferol (1alpha-
hydroxyvitamin D2) in dialysis pa-
tients with secondary hyperparathy-
roidism: A sequential comparison.
Am J Kidney Dis 2001;37:532, with
permission.)

undergo hepatic hydroxylation at the 25 position to become
activated. Therefore, larger doses of 1-α-hydroxyvitamin D3
are necessary for comparable effects and hypercalcemia, when
it occurs, is more long lasting (263). Because of the need for
hepatic hydroxylation, the effectiveness of 1-α-hydroxyvitamin
D3 can be negated by the concomitant use of anticonvulsants,
since both compete for the same hydroxylation enzymes (264).

The biologic effects of alphacalcidol and calcitriol are in-
distinguishable (121,265). Most dialysis patients with mild-to-
moderate osteitis fibrosa or mixed bone disease have shown
improvement in bone histology after treatment with alphacal-
cidol (266–268). However, poor responses to treatment were
observed in patients with severe osteitis fibrosa or osteomala-
cia (267,269). Therefore, treatment failures with alphacalcidol,
like calcitriol, seem to occur in patients in whom hypercal-
cemia limits therapeutic dosing. The dose required to maintain
serum calcium may be lower in those patients maintained on
bicarbonate-supplemented dialysis (270).

Successful use of calcitriol or alphacalcidol in patients with
moderate renal failure has been described. Both have caused
declines in serum PTH and improvement in trabecular fibro-
sis (271–273). Massry et al. have shown healing of osteitis
fibrosa and lowering of serum PTH levels at calcitriol doses of
0.5 to 1.0 μg per day for 1 year (274). More recently it was
shown that lower doses are effective (275,276), although in
some patients abnormally low rates of bone formation have
resulted. Although a concern for premature declines in renal
function during calcitriol or alphacalcidol therapy has been
expressed (277,278), other studies have not shown this associ-
ation (274,279,280).

Doxercalciferol (1-α-Hydroxyvitamin D2)

Studies in vitamin D–deficient rats have shown that 1-α-
hydroxyvitamin D2 is equipotent to 1-α-hydroxyvitamin D3
in stimulating intestinal calcium transport and in healing rick-
ets (281). When used in dialysis patients, either orally or by
intravenous administration, Maung et al. demonstrated effec-
tive PTH suppression (50%) over a 12-week treatment period,
but with significant elevations in serum calcium (+7%) and
phosphate (+19%) (282) (Fig. 93-28). Oral doxercalciferol
was also shown to effectively suppress PTH (46%) in patients
with pre-dialysis chronic kidney disease through 4% developed
hypercalcemia and there was a 6% increase in serum phosphate
(p <0.05). Moreover, the mean urine calcium excretion in-
creased by 42% (p <0.01) (283).

Dihydrotachysterol

Dihydrotachysterol (DHT) is a synthetic compound that, after
undergoing hepatic hydroxylation, resembles calcitriol struc-
turally. Early studies with DHT confirmed its effectiveness in
causing an increase in intestinal calcium absorption (245) as
well as a decrease in serum PTH and alkaline phosphatase
(142). In a more recent study of hemodialysis patients with
osteitis fibrosa, Cordy and Mills demonstrated significant de-
creases in bone resorption and osteoid volume after a minimum
of 12 months of treatment with DHT at a dosage of 0.25 to
1.00 mg per day (284). Unfortunately, tetracycline labeling was
not performed to assess possible reductions in bone formation.
It appears from limited studies of bone histology that DHT
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FIGURE 93-29. A: Ostitis fibrosa in a patient on dialysis refractory to treatment with oral calcitriol.
B: Histologic section from the same patient after treatment with intravenous calcitriol. Amount of fi-
brosis (f ) and number of osteoclasts (arrows) are decreased after treatment. (A and B, Goldner’s stain,
magnification ×115.) (See Color Plate.)

can cause healing of osteitis fibrosa. Whether similar effects in
patients with pure osteomalacia also occur has not been deter-
mined. DHT has a potency about three times that of calciferol.
It takes approximately 1 to 2 weeks to correct hypercalcemia
after cessation of therapy.

In summary, treatment of osteitis fibrosa with vitamin D
metabolites is best begun early in the disease process. Although
oral calcifediol therapy seems sufficient in some patients, a fa-
vorable response is not universal. A prolonged half-life renders
this therapy less useful than that with the 1-hydroxylated vi-
tamin D metabolites. Dihydrotachysterol is inexpensive and
effective at doses of 0.5 to 1.0 mg per day for the treatment of
osteitis fibrosa but also has the hazard of a long half-life. Oral
calcitriol in doses of 0.25 to 1.00 μg per day or alphacalcidol
in doses of 1.0 to 2.0 μg per day is effective in healing osteitis
fibrosa. However, patients with severe hyperparathyroidism or
pure osteomalacia are at an increased risk for developing hy-
percalcemia. In patients where hypercalcemia limits the dos-
ing of calcitriol, pulse intermittent therapy with doxercalciferol
or paricalcitol may prove to be more effective in this setting.
Rarely have these metabolites been helpful in the treatment of
pure osteomalacia.

Treatment of Advanced Disease

Osteitis Fibrosa (Hyperparathyroid Bone Disease)

With severe hyperparathyroid bone disease, a sequential ap-
proach is useful. First, all of the preventive measures dis-
cussed in the preceding text should be introduced: phos-
phate control, calcium supplementation, and oral calcitriol or
1-α-hydroxyvitamin D therapy. Phosphate levels less than
6.5 mg/dL and calcium levels between 9.5 mg/dL and 10 mg/dL
are desirable. If these measures fail, then intermittent intra-
venous infusions of calcitriol or paricalcitol may be tried.

Intravenous Calcitriol

The intravenous form of calcitriol has proved to be effective
in the treatment of severe hyperparathyroidism refractory to
oral calcitriol. In the initial studies, Slatopolsky et al. demon-
strated that the infusion of calcitriol in doses of 1.75 to 4.00
μg thrice weekly at the end of each dialysis resulted in a de-
cline of serum PTH by 35% over 3 weeks (54). Although
serum calcium level eventually increased in all patients, the
decline in serum PTH was noted before increases in serum cal-
cium were evident. Subsequent studies evaluating bone histol-
ogy indicated that long-term treatment with intravenous cal-

citriol ameliorates the osteitis fibrosa lesion in patients who
are refractory to oral calcitriol (286) (Fig. 93-29). In dialysis,
patients who had previously failed daily oral calcitriol treat-
ment, intravenous calcitriol given thrice weekly effectively low-
ered serum PTH levels, significantly improved marrow fibrosis,
and lowered bone turnover to more normal levels (Fig. 93-30,

FIGURE 93-30. Response of bone formation rate, double tetracycline
label length, and mineral apposition rate to intravenous calcitriol in 10
dialysis patients previously refractory to oral calcitriol. Shaded areas
represent normal range for values. (Reprinted from: Andress DL, et al.
Intravenous calcitriol in the treatment of refractory osteitis fibrosa of
chronic renal failure. N Engl J Med 1989;321:274, with permission.)
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A B

FIGURE 93-31. A: Tetracycline labels in a patient on dialysis with osteitis fibrosa and high bone formation.
B: Tetracycline labels in the same patient after treatment with intravenous calcitriol. The reductions in the
interlabel distance and the length of double labels after treatment indicate a decrease in bone formation
to normal. (A and B, unstained fluorescent micrographs, magnification ×115.) (See Color Plate.)

Fig. 93-31). It was noted that transient episodes of asymp-
tomatic hypercalcemia were quickly reversed by temporarily
halting treatment or by decreasing the dosage (285). Since then
a number of reports have documented that intravenous cal-
citriol effectively lowers PTH levels (286,287). Unfortunately,
because of the exclusive use of calcium salts for phosphate
binding, a higher frequency of hypercalcemia has also been
reported (288).

Intravenous Paricalcitol

Because hypercalcemia frequently limits the use of higher cal-
citriol doses, newer vitamin D compounds have been developed
to counteract this effect. Intravenous paricalcitol (19-nor-1,25-
dihydroxyvitamin D2) was shown in normal rats to be less
calcemic than calcitriol and to suppress PTH in uremic rats
without increasing ionized serum calcium (289). Martin et al
then demonstrated that intravenous paricalcitol decreased PTH
levels in dialysis patients by 60% over the 12-week treatment
period with few episodes of hypercalcemia (290) (Fig. 93-32).
More recently, Sprague et al. demonstrated in a double-blind,

FIGURE 93-32. Changes in PTH levels during treatment with inter-
mittent intravenous paricalcitol in dialysis patients. Patients were ran-
domized to placebo (open circles) or paricalcitol (closed circles). Bars
depict the doses of paricalcitol that increased according to the protocol.
(Reprinted from: Martin KJ, et al. 19-nor-1α-25-dihydroxyvitamin D2
(paricalcitol) safely and effectively reduces the levels of parathyroid
hormone in patients on hemodialysis. J Am Soc Nephrol 1998;9:1427,
with permission.)

randomized study comparing intravenous paricalcitol to intra-
venous calcitriol, that paricalcitol was more effective in sup-
pressing PTH. In addition, patients receiving paricalcitol had
significantly fewer episodes of hypercalcemia or elevated cal-
cium X phosphate product (291) (Fig. 93-33). Finally, in a
retrospective comparison of intravenous paricalcitol to intra-
venous calcitriol in more than 60,000 dialysis patients, there
was a 16% survival benefit in those who were on paricalcitol
for a 3-year observation period (292) (Fig. 93-34).

Calcimimetics

A new form of PTH suppression involves activating the
calcium-sensing receptors in parathyroid tissue to suppress
PTH secretion (293). A phase I trial of one such calcium re-
ceptor agonist, NPS-R568, showed that it was effective in
acutely suppressing serum PTH in dialysis patients (66) (Fig
93-3). Declines in PTH were usually noticeable within 1 to
2 hours after oral ingestion of the drug, with peak effects oc-
curring 4 to 6 hours later. Ionized calcium levels decreased
with only one treatment, suggesting that the acute changes in
serum calcium may not be related to changes in bone turnover
(66). Long-term studies show that the calcium receptor agonist,
cinacalcet, achieved the PTH primary end point (intact PTH
<250 pg/mL) in 60% of the patients, while lowering mean
serum calcium levels by 5% (294). The majority of patients
who received cinacalcet also required vitamin D treatment
(usually calcitriol or paricalcitol) throughout the study. The
group that received cinacalcet had a higher incidence of sub-
stantial gastrointestinal side-effects (nausea and vomiting) than
the placebo control group (p <0.05) (294).

Parathyroidectomy

Parathyroidectomy is reserved for dialysis patients who have
severe osteitis fibrosa that is unresponsive to vitamin D ther-
apy. Other indications for parathyroidectomy have included
persistent hypercalcemia, intractable pruritus, progressive ex-
traskeletal calcifications, and calciphylaxis (110). In general,
removal of hyperplastic parathyroid glands is effective in re-
lieving symptoms (295–297), although a minority of patients
require repeated neck explorations for displaced or supernu-
merary parathyroid glands that result in persistent elevations
of PTH (296). In a small number of patients, it has been shown
that parathyroidectomy results in bone demineralization and
osteomalacia (92,161,219,220). Because the decline in bone
formation that follows parathyroidectomy is associated with
accelerated bone-surface aluminum accumulation (91), it is
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FIGURE 93-33. Changes in PTH levels during
treatment with either intravenous paricalcitol or in-
travenous calcitriol in dialysis patients. Patients were
randomized to paricalcitol (open circles) or calcitriol
(closed circles). (Reprinted from: Sprague S, et al.
Paricalcitol versus calcitriol in the treatment
of secondary hyperparathyroidism. Kidney Int
2000;63:1483, with permission.)

suggested that all potential candidates for parathyroidectomy
be evaluated for aluminum excess prior to surgery. This would
be particularly important in those undergoing total parathy-
roidectomy, because this procedure results in markedly reduced
rates of bone formation (298). It is possible that intravenous
paricalcitol therapy, with or without cinacalcet, may replace the
need for surgical parathyroidectomy in many patients. Failure
to respond to these treatments likely indicates irreversible re-

ductions in the receptors for vitamin D and calcium, which is
characteristic of nodular parathyroid hyperplasia (299).

Aluminum-Associated Osteodystrophy

Treatment of aluminum bone disease involves taking preventive
measures with respect to parenteral and oral aluminum intake
as well as initiating chelation therapy once aluminum toxicity is

A

B

FIGURE 93-34. Survival curves of hemodialysis pa-
tients receiving either intravenous paricalcitol or in-
travenous calcitriol. (Reprinted from: Teng M, et al.
survival of patients undergoing hemodialysis with
paricalcitol or paricalcitol therapy. N Engl J Med
2003;349:446, with permission.)
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TA B L E 9 3 - 6

TREATMENT OF ALUMINUM OVERLOAD

I. Asymptomatic or minimal symptoms—eliminate all
sources of aluminum
A. Check and correct dialysate
B. Check and eliminate all medication sources
C. Use calcium carbonate or calcium acetate as phosphate

binder
D. Add or substitute sevelamer as the phosphate binder

II. Moderate to marked symptoms
A. Eliminate all sources of aluminum
B. Initiate deferoxamine therapy at 5–10 mg/kg

intravenously during the last 2 hours of dialysis once a
week

C. Monitor closely for fungus infection
D. Discontinue deferoxamine when symptoms abate

III. Symptoms worsen with chelation
A. Administer half the dose of deferoxamine 4–6 hours

before dialysis once a week
B. After 1–2 months gradually increase the dose

diagnosed (Table 93-6). Water treatment with deionization or
reverse osmosis is essential in maintaining dialysate aluminum
concentrations at less than 10 μg/L (300,301). Restricting the
oral intake of aluminum now seems warranted, owing to the
association of aluminum bone disease with a high intake of
aluminum-containing phosphate binders (172). Recent studies
suggest that both calcium carbonate (223,302) and calcium
acetate (232,303) are effective in binding intestinal phosphate
when taken with meals.

Long-term aluminum chelation with deferoxamine is effec-
tive in the treatment of aluminum bone disease (160,304–308).
Aluminum removal from the bone surface (Color Plate 17) is
accompanied by improvements in bone formation (Color Plate
18) and bone symptoms. Some patients with a prior parathy-
roidectomy appear not to respond as readily to deferoxamine
(305), suggesting that increased PTH secretion may be impor-
tant in the healing of aluminum-related low-turnover bone dis-
ease. Because this poor response is in part related to the extent
of bone-surface aluminum, it is suggested that patients with
a prior parathyroidectomy have a quantitative assessment of
bone-surface aluminum to determine whether more prolonged
treatment with deferoxamine may be needed.

Only about 30% of the total circulating deferoxamine–
aluminum chelate is removed by hemodialysis using cupro-
phane membranes (309). Until recently there had been few
improvements in the removal efficiency of deferoxamine–
aluminum complexes using the different membranes (310).
Polysulfone dialysis, however, appears to provide more efficient
removal than dialysis with the cuprophane membrane, a result
that is only partly due to the larger surface area (311). Charcoal
hemoperfusion may also accelerate removal (312,313).

Although aluminum chelation with deferoxamine appears
promising in the treatment of aluminum bone disease (a major
side effect), infection with the fungus mucormycosis markedly
limits its use (314–317). Almost always fatal, this complication
may occur in 10% of treated dialysis patients. Cataracts and
retinal changes (318,319) and thrombocytopenia (320) have
also been reported complications of chronic deferoxamine ther-
apy. The development of dialysis dementia with the initiation
of deferoxamine treatment has been reported in a few patients
(321). Avoidance of aluminum is preferable and chelation ther-
apy is recommended in only critically toxic patients. Because of
these concerns it is often necessary to document aluminum tox-

icity by bone biopsy. When necessary, deferoxamine should be
given at low doses (5 to 10 mg/kg per week), by intravenous, in-
tramuscular (322), or intraperitoneal routes (323) for no more
than 3 months at a time.

Renal Transplantation

Renal transplantation, in most instances, corrects the abnor-
mal calcium and phosphorous metabolism of uremia. Improve-
ments in bone pathology, however, can be delayed depending
on the severity of the underlying lesion (324). For example, pa-
tients who have had renal failure for a short duration may have
essentially normal skeletons at the time of transplantation. In
contrast, those who have had renal disease for a long duration
plus a prolonged course of dialysis are likely to have signif-
icant bone disease at the time of transplantation. Transplant
recipients in the latter group generally have more long-term
problems with bone disease.

Renal synthesis of calcitriol resumes normally following
transplantation (325). Resolution of hyperparathyroidism is
seen in the majority of patients within the first 4 months af-
ter transplantation (326). Those who continue to have persis-
tent elevations of PTH are often hypercalcemic (327). In some,
however, enhanced PTH secretion is present despite normal cal-
cium levels (328). Hypophosphatemia or phosphate depletion
can also elevate serum calcium levels (326). The prevalence of
hypophosphatemia and hypercalcemia in transplant recipients
is approximately 25% (327,328). The cause of the hypophos-
phatemia is probably multifactorial. Possible mechanisms in-
clude renal tubular phosphate leak (329), decreased phospho-
rus absorption secondary to corticosteroid therapy (330), and
persistent hyperparathyroidism (331). Usually the hypercal-
cemia and hypophosphatemia are mild and can be controlled
with oral phosphate supplements. Occasionally the hypophos-
phatemia results in osteomalacia, although more often it is not
associated with significant bone histologic abnormalities (332).

Despite the fact that several factors may be involved in de-
creasing bone mineral content during the early posttransplan-
tation period, the deleterious effects of corticosteroids are the
predominant concern (333). The debilitation of osteonecrosis
in renal transplant recipients has been well described (252,334–
337). Total hip replacement is sometimes indicated. Although
osteonecrosis has occurred in dialysis patients who have not
received corticosteroids (338), the prevalence and severity of
the disease in transplant patients appear to be related to the
cumulative steroid intake (339,340). Fortunately, early detec-
tion of osteonecrosis during the asymptomatic stage may be
possible by MRI (340).

Glucocorticoids affect bone by decreasing bone formation
and increasing bone resorption (339,341). Osteoblast function
is thought to be decreased by steroids because the synthesis of
bone cell protein (342) and collagen (343) are inhibited and
because osteoblasts are induced to undergo apoptosis (pro-
grammed cell death) (344). The increased osteoclast activity
and bone resorption probably occur secondary to the enhanced
PTH secretion (339,345,346) because parathyroidectomy in
glucocorticoid-treated animals abolishes the response (347).

In addition to increased PTH levels, intestinal calcium ab-
sorption is decreased and serum levels of 25-hydroxyvitamin
D are normal (339,348,349) or low (350) in renal transplant
patients. Even though serum levels of 25-hydroxyvitamin D
were normal in one group of patients studied by Hahn et al.
who were receiving an average of 17.5 mg per day of pred-
nisone or an equivalent, the investigators noted that intestinal
calcium absorption increased and serum PTH levels decreased
after treatment with calcifediol (339). In a study by Rickers et
al., there was no significant difference in bone mineral content
among steroid-treated transplant patients receiving sodium flu-
oride, vitamin D2, and calcium phosphate compared to the
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FIGURE 93-35. Effect of pamidronate on femoral neck bone min-
eral density (BMD) in renal transplant patients. A: Control patients.
B: Pamidronate treated patients. (Reprinted from: Fan SS, et al.
Pamidronate therapy as prevention of bone loss following renal trans-
plantation. Kidney Int 2000;57:684, with permission.)

control group that received prednisone alone (351). Certainly,
more controlled trials are necessary before specific recommen-
dations about treatment of steroid bone disease can be given.
However, correction of abnormally low serum levels of cal-
cium, phosphorus, or 25-hydroxyvitamin D is certainly indi-
cated.

The bisphosphonates, recently described as beneficial in
postmenopausal osteoporosis (352,353) and in glucocorticoid-
induced osteoporosis (354), may have potential in preventing
osteoporosis in transplant patients. Fan et al. recently demon-
strated that two doses of intravenous pamidronate, given at
the time of transplantation and one month later, effectively
prevented the rapid bone loss that characterized the first year
posttransplantation (355) (Fig. 93-35).

In summary, the bone disease seen in patients with renal
disease has a complicated pathogenesis and therapy. Increas-
ing understanding of the factors involved has provided a ra-
tionale for management. A knowledgeable physician and com-
pliant patient should be able to avoid most of the difficulties
described.
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CHAPTER 94 ■ NERVOUS SYSTEM
MANIFESTATIONS OF RENAL FAILURE
ALLEN I. ARIEFF

Advancements in dialysis therapy and renal transplantation
and their medical management have resulted in improvement
of both the duration and quality of life in patients with
end-stage renal disease (ESRD). However, patients with renal
failure continue to manifest a variety of neurologic disorders.
Those with chronic renal failure who have not yet received
dialysis therapy may develop a symptom complex progressing
from mild sensorial clouding and tremor to delirium and coma.
Even after the institution of otherwise adequate maintenance
dialysis therapy, patients may continue to manifest more sub-
tle nervous system dysfunction such as impaired mentation,
generalized weakness, and peripheral neuropathy. The central
nervous system (CNS) disorders of both untreated renal failure
and that persisting despite dialysis are referred to as uremic
encephalopathy. The treatment of ESRD with dialysis has itself
been associated with the emergence of at least four distinct
disorders of the CNS: Dialysis dysequilibrium, dialysis demen-
tia, stroke, and sexual dysfunction. The dialysis disequilibrium
syndrome is a consequence of the initiation of dialysis therapy
in a minority of patients. Dialysis dementia is a progressive,
generally fatal encephalopathy that can affect patients on
chronic hemodialysis as well as children with chronic renal
failure who have not been treated with dialysis. Cardiovascular
disorders are the major cause of death in hemodialysis patients,
accounting for 40% of deaths (1). These include myocardial
infarction, cardiomyopathy, ischemic heart disease, and stroke.
The factors associated with uremia that lead to an increased
incidence and mortality from stroke are not well known but
are beginning to be elucidated (1–3). In addition, parathyroid
hormone (PTH) may be a major factor in the pathogenesis
of stroke in patients with ESRD (4,5). In addition to the
previously noted manifestations of neurologic dysfunction
that are specifically related to uremia, dialysis, or both, a
number of other neurologic disorders occur with increased
frequency in patients who have ESRD and are being treated
with chronic hemodialysis. Subdural hematoma, acute stroke,
certain electrolyte disorders (hyponatremia, hypernatremia,
phosphate depletion, and hypercalcemia), vitamin deficiencies,
Wernicke’s encephalopathy, drug intoxication, hypertensive
encephalopathy, and acute trace element intoxication must be
considered in patients with chronic renal failure who manifest
an altered mental state. In the recent past renal transplantation
was associated with a variety of nervous system infections and
neoplasms, such as reticulum cell sarcoma and lymphoma,
which were probably a direct result of immunosuppressive
therapy. Immunosuppressive therapy for renal transplantation
has undergone a major change over the last decade, so that
older immunosuppressive agents (azathioprine, cyclophos-
phamide) are essentially no longer used (6). Therefore,
reticulum cell sarcoma and lymphoma should become very
rare in patients who have undergone renal transplantation.

Patients with renal failure are also at risk for developing or-
ganic brain disease and metabolic encephalopathy, which can
afflict the general population. Therefore, when a patient with

ESRD presents with altered mental status, a thorough and com-
plete evaluation is necessary.

Uremic Encephalopathy

Uremic encephalopathy is an acute or subacute organic brain
syndrome that regularly occurs in patients with acute or
chronic renal failure when glomerular filtration rate declines
to less than 10% of normal. As with other organic brain syn-
dromes, patients with uremic encephalopathy display variable
disorders of consciousness, psychomotor behavior, thinking,
memory, speech, perception, and emotion (7–9). The term ure-
mic encephalopathy is used to describe the early appearance
and dialysis responsiveness of the nonspecific neurologic symp-
toms of uremia. Other systemic abnormalities observed in pa-
tients with chronic renal failure are separable from uremic
encephalopathy on the grounds that they tend to appear late
in the progressive clinical course, infrequently produce symp-
toms, are detected in tissues and organs rather than as inte-
grated whole organism phenomena, and respond sluggishly
and irregularly to dialysis procedures. The symptoms may in-
clude sluggishness and easy fatigue; daytime drowsiness and
insomnia with a tendency toward sleep-inversion; itching; in-
ability to focus or sustain attention or to perform mental (cog-
nitive) tasks and manipulation; inability to manage ideas and
abstractions; slurring of speech; anorexia, nausea, and vomit-
ing probably of central origin; restlessness; imprecise memory;
diminished sexual interest and performance; volatile emotion-
ality and withdrawal; myoclonus and “restless legs;” “burning
feet;” asterixis; hiccoughs; paranoid thought content; disorien-
tation and confusion with bizarre behavior; hallucinosis, mut-
tering and mumbling; meningeal signs, nystagmus; vertigo and
ataxia; transient pareses and aphasic episodes; coma and con-
vulsions.

Certain salient characteristics of the symptoms of uremic
encephalopathy are especially noteworthy: They are due to dys-
function of the nervous system and are manifested as cognitive,
neuromuscular, somatosensory, and autonomic impairments;
their severity and overall rates of progression vary directly with
the rate at which renal function develops. Uremic symptoms are
generally more severe and progress more rapidly in patients
with acute renal failure than in those with chronic renal fail-
ure. In slowly progressive renal failure the number and severity
of symptoms also typically vary cyclically, with intervals of ac-
ceptable well-being in an otherwise inexorable downhill course
toward increasing disability. The symptoms are readily ame-
liorated by dialysis procedures and suppressed by maintenance
dialysis regimens. They are also usually relieved entirely fol-
lowing restoration of renal function (e.g. after successful renal
transplantation). Therefore, the encephalopathy of renal fail-
ure is important to recognize precisely because it is promptly
and decisively treatable by clinical methods that are generally
available. The causes of uremic encephalopathy are doubtless
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multiple and complex. Recent studies demonstrate that brain
oxygen utilization is diminished in patients with ESRD (10).
Most such individuals had anemia, and partial correction of
the anemia did not improve the impaired brain oxygen utiliza-
tion (10). However, since the widespread introduction of re-
combinant human erythropoietin (EPO) as a therapeutic agent
in patients with various degrees of renal insufficiency, includ-
ing those being treated with hemodialysis, it is now clear that
brain function and quality of life are improved by correction
of the anemia associated with ESRD with EPO (11–14).

Diagnosis of Uremic Encephalopathy

The diagnosis of uremic encephalopathy in most patients is
suspected if there is an elevated plasma creatinine along with
a constellation of clinical signs and symptoms that indicate
that there is renal or urologic disease or injury. However the
presenting symptoms of uremia are similar to those of many
other encephalopathic states. Therefore, there is a risk of mis-
diagnosis and mistreatment. The differential diagnosis is even
more complex, since patients with renal failure are subjected
to other intercurrent illnesses that may also induce other en-
cephalopathic effects. Moreover, if a drug or its metabolites
with potential CNS toxicity is excreted or significantly metab-
olized by the kidney, the ensuing encephalopathic symptoms
may not be entirely attributable to “uremia” but to the drug
that has reached toxic levels at ordinary dose rates. When levels
of azotemia are discovered that are sometimes associated with
uremic encephalopathy in the absence of associated illness, dif-
ferentiation of the effects of drug versus renal failure may be
very difficult. One or more dialysis treatments may restore more
normal body fluid composition and also reduce drug levels, so
that the question remains moot while the patient recovers. De-
spite the possibilities that such multiple causes of encephalopa-
thy might occur simultaneously, uremic encephalopathy may
be successfully differentiated in most instances by means of the
usual clinical methods.

In patients who have other medical problems such as ad-
vanced liver disease with hepatic insufficiency, it is often dif-
ficult to differentiate whether the encephalopathy is due to
hepatic or renal causes. Under normal conditions, protein and
amino acids in the gastrointestinal tract are metabolized by
colonic bacteria and mucosal enzymes to form ammonia (15).
Ammonia then enters the liver through the portal circulation
where it participates in the urea cycle to form urea. More than
90% of the urea produced is excreted in the urine and the re-
mainder enters the colon via hepatoportal recirculation. How-
ever, in patients with renal failure, the major route for elimi-
nation of urea is not available; therefore, there is an increase
in blood urea. The amount of urea that enters the colon is
increased because of the elevated plasma urea. Urea is then
acted on by colonic bacteria and mucosal enzymes in a similar
manner to their action on protein and amino acids. This leads
to increased ammonia production in uremic subjects that may
either increase plasma ammonia levels or lead to misinterpre-
tation of this test.

If the patient with kidney failure also has cirrhosis or some
other form of liver failure, this additional ammonia load may
present a stress that cannot be adequately handled by the dis-
eased liver. The result may be increased blood and CNS am-
monia levels with development of encephalopathy (15). There-
fore, patients with cirrhosis and end-stage kidney disease are
at particular risk for developing encephalopathy, since both
conditions act synergistically to increase both blood and CNS
ammonia. It would, therefore, be prudent to institute early dial-
ysis in patients with end-stage liver and kidney diseases in order
to reduce the plasma urea and thus the production of ammo-

nia from urea in the gut. Ammonia can also be removed from
the blood by hemodialysis. It should also be noted that plasma
urea and serum creatinine do not always adequately reflect re-
nal function in patients with severe liver disease. Recent stud-
ies suggest that many patients who have cirrhosis, ascites, and
normal plasma urea and creatinine may in fact have severe
renal functional impairment (16–18). In such individuals, dif-
ferentiation of hepatic from uremic encephalopathy on clinical
grounds can be very difficult.

ACUTE RENAL FAILURE

The clinical manifestations of acute renal failure have been
studied in several large series of patients (7,19,20). Abnormal-
ities of mental status have been noted as early and sensitive
indices of a neurologic disorder, which progressed rapidly into
disorientation and confusion (21,22). Fixed attitudes, torpor,
and other signs of toxic psychosis were common. When uremia
is untreated and allowed to progress, coma often supervenes.
Cranial nerve signs such as nystagmus and mild facial asym-
metries are common, although usually transient. There can be
visual field defects and papilledema of the optic fundi. About
half of the patients have dysarthria, and many have diffuse
weakness and fasciculations. Marked variation of deep tendon
reflexes is noted in most patients, often in an asymmetrical pat-
tern. Progression of hyperreflexia, with sustained clonus at the
patella or ankle, is common (23).

Electroencephalograms (EEGs) in patients with acute re-
nal failure (24) have generally been grossly abnormal when
the diagnosis of renal failure was first established (Fig. 94-
1). In most instances, the percentages of EEG power less than
5 Hz and less than 7 Hz, which are standard measurements
of the percentage of EEG power devoted to abnormal (delta)
slow wave activity, are more than 20 times the normal value.
The percentage of electroencephalographic frequencies greater
than 9 Hz and less than 5 Hz are not affected by dialysis for
6 to 8 weeks, but return to normal with recovery of renal
function. Similar findings have been shown in experimental
animals with renal failure (25). The EEG may worsen both
during and for several hours after hemodialysis and up to
6 months after initiation of dialytic therapy (25–27). In patients
with acute renal failure, the EEG is abnormal within 48 hours

FIGURE 94-1. Percentage of electroencephalographic frequencies be-
low 5 Hz and above 9 Hz. Normal values are on the right. Patients with
acute renal failure (ARF) have significant changes in frequencies above
9 Hz and below 5 Hz. These changes are unaffected by dialysis but
become normal with return of renal function. Data from 16 patients
with ARF are illustrated. Data are mean ± SE. (From: Cooper JD,
Lazarowitz VC, Arieff Al. Neurodiagnostic abnormalities in patients
with acute renal failure: evidence for neurotoxicity of parathyroid hor-
mone. J Clin Invest 1978;61:1449, with permission.)
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of the onset of renal failure (24) and is generally not affected
by dialysis within the first 3 weeks (Fig. 94-1). During this in-
terval, patients with acute renal failure have been shown to
have elevated levels of PTH in plasma (24,28). Several months
after the return of renal function, plasma PTH levels also re-
turn to normal. Although there are doubtlessly many factors
that contribute to uremic encephalopathy, many investigators
have shown no correlation between encephalopathy and any
of the commonly measured plasma indicators of renal failure
(e.g., blood urea nitrogen (BUN), creatinine, bicarbonate, arte-
rial pH, and potassium) (22,24,28). For this and other reasons,
PTH has been postulated to be a major CNS “uremic toxin”
(28,29).

CHRONIC RENAL FAILURE

The incidence of ESRD in the United States is 260 cases per
million population (30) Among patients with ESRD who are
treated with chronic hemodialysis, comorbid diseases, mainly
infectious and cardiovascular, continue to increase. Among pa-
tients with ESRD who were treated with chronic hemodialysis
in 2000, there were 13.9 hospital days per patient-year. Among
such patients, the mortality in the United States is 182 deaths
per 1,000 patient-years at risk, or 247 deaths per 1,000 patient-
years at risk for hemodialysis patients (30). In the United States,
the most frequent causes of ESRD are diabetes, hypertension,
glomerulonephritis, and polycystic kidney disease (30). The
neurologic manifestations reported with chronic renal failure
(CRF) are numerous and varied (31–35). Many are not im-
proved by chronic dialysis.

The electroencephalographic findings in patients with CRF
are well described and generally less severe than those observed
in patients with acute renal failure (9). Several investigations
have shown a good correlation between the percentage of elec-
troencephalographic frequencies and power below 7 Hz and
the decline of renal function as estimated by serum creatinine
(7–9). After the initiation of dialysis, there may be an initial
period of clinical stabilization during which time the EEG de-
teriorates (up to 6 months), but it then approaches normal
values (26). However, still more improvement is seen after re-
nal transplantation (8,36). Cognitive functions have also been
shown to be impaired in uremia. These include sustained atten-
tion, selective attention, speed of decision making, short-term
memory, and mental manipulation of symbols (9).

The causes of the electroencephalographic abnormalities
observed in uremic patients are probably multifactorial, but
there is evidence that a very important element may be an ef-
fect of PTH on the brain. In experimental animals with either
acute or chronic renal failure, many of the electroencephalo-
graphic abnormalities can be shown to be related to a direct
effect of PTH on the brain, which leads to an elevated brain
content of calcium (25). Studies in patients with either acute
renal failure or CRF suggest a similar pathogenesis (37,38).

PSYCHOLOGICAL TESTING

Several different types of psychological tests have been applied
to subjects with CRF. These have been designed to measure the
effects of dialysis, renal transplantation or parathyroidectomy
(28,39). The Trailmaking Test has been administered to a num-
ber of uremic subjects. In general, their performance was less
effective than that of normal individuals; improvement with
practice limits repeated use of this test. The Continuous Mem-
ory Test correlates quite well with the degree of renal failure,
as did the Choice Reaction Time (CRT). Scores in both tests
improved with treatment by dialysis or renal transplantation.
Similar but less impressive results are obtained with the Con-

tinuous Performance Test. Of all these tests, it appeared that
the CRT was best correlated with renal function and with im-
provement in the patient’s condition as a result of dialysis or
transplantation (9,40).

Patients who had CRF who were maintained on dialysis
have been evaluated as to the possible effects of PTH on psy-
chological function (28). After establishment of baseline val-
ues, patients with CRF underwent parathyroidectomy for other
medical reasons (e.g., bone disease, soft tissue calcification,
and persistent hypercalcemia, all of which were unresponsive
to medical management). In these patients, parathyroidectomy
resulted in a significant improvement in several areas of psy-
chological testing. They showed significant improvement in
Raven’s Progressive Matrices percentile scores and visual mo-
tor index (VMI) raw and percentage scores. These are tests
of general cognitive function, nonverbal problem solving, and
visual-motor or visual spatial skills (9,40).

In addition, they manifested significantly fewer errors on the
Trailmaking Test as well as significantly lower raw and T-score
values on the Profile of Mood States Fatigue Scale postopera-
tively, in which they reported feeling significantly less fatigue,
weariness, and inertia after undergoing surgery. Control sub-
jects who underwent neck surgery for other reasons showed
significant postoperative improvement in the Trailmaking Test
but showed no change in any of the other tests (28). Other
studies have shown that there is intellectual impairment in most
patients with CRF being treated with dialysis, virtually all of
whom have secondary hyperparathyroidism (33,35,41,42). In
these studies the procedures included the full Wechsler Adult
Intelligence Scale (WAIS), the Walton-Black Modified Word
Learning Test (MWLT), and the Block Design Learning Test
(BDLT).

In patients with CRF, the overall intellectual level, as mea-
sured by the WAIS full-scale IQ, did not differ significantly from
normal. The patients’ impaired performance was due mainly to
the digit symbol, block design, and picture arrangement sub-
tests, all of which produced scores significantly below normal.
The impairment of intellectual level as represented by the Wech-
sler deterioration quotient was also outside the normal range.
The data on verbal learning obtained with the MWLT and
performance learning obtained with the BDLT did not indicate
any gross learning abnormality. Cognitive data were compared
with other information, such as age, sex, length of dialysis,
and biochemical variables by a multiple regression technique.
The analysis suggested that of the cognitive data, those ob-
tained with the BDLT bore the strongest relation to duration of
dialysis. Other studies have suggested that the WAIS full-scale
IQ in dialysis patients is less than that of the general popula-
tion (9). There appears to be a consensus, based on psycho-
logical testing, that CRF results in organic-like losses of intel-
lectual function, particularly information-processing capacities
(9,33,35,41,42).

Biochemical Changes in Brain

To determine the possible causes of the electroencephalo-
graphic abnormalities and clinical manifestations observed in
patients with either acute renal failure or CRF, in vivo biochem-
ical studies have been carried out in brain of both patients and
laboratory animals. Measurements have included brain intra-
cellular pH and concentrations of Na+, K+, Cl−, Al3+, Ca2+,
Mg2+, urea, adenine nucleotides (creatine phosphate, ATP,
ADP, and AMP), lactate, and (Na+ + K+)-activated adenosine
triphosphatase (ATPase) enzyme activity (22,24,37,43–48), In
patients with acute renal failure, the brain content of water, K+

and Mg2+ is normal, whereas Na+ is modestly decreased and
Al3+ is slightly elevated (24). However, cerebral cortex Ca2+

content is almost twice the normal value (24,37,45). Similar
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findings have been observed in dogs with acute renal failure
(25,49). Permeability of uremic rat brain to inert molecules,
(e.g., insulin and sucrose) is increased. The permeability of
brain to weak acids, such as sulfate, penicillin, and dimetha-
dione, is normal to low (46,50,51).

Alterations of cerebral metabolism that might be related to
the changes in permeability mentioned in the preceding text
have also been studied in animals (45,42–54). There are at
least four studies that have attempted to evaluate the effects
of uremia on the CNS using subcellular analysis. The first two
studies evaluated Na,K-ATPase enzyme activity in crude mi-
crocosmal fractions obtained from brains of acutely uremic
rats (43,44). There was a significantly decreased Na,K-ATPase
enzyme activity in the preparation and the authors suggested
that the depressed enzyme activity was not due to acidosis but
to the uremic state itself. Conversely, an earlier study by Van
den Noort et al. (43) found no significant difference in cationic
ATPase activity in normal and uremic rat brains. In the brain
of rats with acute renal failure, creatine phosphate, ATP, and
glucose were increased, but there were corresponding decreases
in AMP, ADP, and lactate. Total brain adenine nucleotide con-
tent and (Na+,K+)-activated ATPase were normal to low. The
uremic brain utilized less ATP and thus failed to produce ADP,
AMP, and lactate at normal rates. The brain energy charge was
normal, as was the redox state, and these findings were not al-
tered by hypoxia (45). There was a corresponding decrease in
brain metabolic rate, along with elevated glucose and low lac-
tate levels (45). Other studies of uremic brain have shown a de-
crease in cerebral oxygen consumption (10), but such findings
were not apparently related to the presence of anemia. Patients
with chronic renal insufficiency (glomerular filtration rate less
than 20 mL/minute) have decreased brain uptake of glutamine
and increased ammonia uptake. The relevance of these find-
ings, in terms of neurotransmitters or other brain function, is
unknown (54).

Studies have been carried out in neurons and glia of uremic
rat brain (55). Two different cytoskeletal proteins, both early
indicators of brain injury, were examined. These included glial
fibrillary acidic protein (GFAP), which is specific to astrocytes,
and microtubule-associated protein-2 (MAP-2), which local-
izes to neuronal cell bodies and dendrites. MAP-2 loss pro-
vides one of the earliest indications of neuronal degeneration.
In uremic brain (12 hours of acute renal failure), there was a
diffuse increase in GFAP in cerebral cortex. Changes in MAP-2
immunoreactivity were observed in all regions of the cerebral
cortex. These data suggest that there may be profound degen-
erative changes in neurons even with only moderate azotemia.
These studies suggest subcellular anatomic changes in brain
of animals with acute renal failure, but do not elucidate any
metabolic abnormalities.

In animals with either acute or chronic renal failure, both
urea concentration and osmolality are similar in brain, cere-
brospinal fluid (CSF), and plasma. The solute content of brain
in animals with acute renal failure is such that essentially all of
the increase in brain osmolality is due to an increase of brain
urea concentration. However, in animals with CRF, about half
of the increase in brain osmolality is due to the presence of un-
determined solute (idiogenic osmoles) with the other half due
to an increase in urea concentration (47,48,53).

In dogs with CRF, brain content of Na+, K+, Cl− and water
are not different from control values. Similarly, the extracellu-
lar space was not different from control (53). Calcium content
was measured in eight parts of the brain in dogs that had CRF
for 4 months. Calcium content was found to be normal in
the subcortical white matter, pons, medulla, cerebellum, thal-
amus, and caudate nucleus. However, as shown in Figure 94-2,
calcium was approximately 60% greater than control values in
both cortical gray matter and hypothalamus. Magnesium con-
tent was normal in all eight parts of the brain, as was water

FIGURE 94-2. The effects of 4 months of chronic renal failure (CRF)
on the intracellular pH (pHi). In dogs with CRF the arterial pH
is significantly less than control values. However, pHi is normal in
brain white and gray matter, the liver, and skeletal muscle (∗p <0.01).
CSF, cerebrospinal fluid. (From: Mahoney CA, Arieff Al. Central and
PNS effects of chronic renal failure. Kidney Int 1983;24:170, with
permission.)

content (53). Other investigators have also found an elevated
cerebral cortex calcium content in dogs with CRF (56). In an-
imals that have acute renal failure and metabolic acidosis, the
intracellular pH (pHi) of brain and skeletal muscle is normal
(47) (Fig. 94-2). In dogs with CRF, intracellular pH is normal
in brain, liver, and skeletal muscle (53). In patients with renal
failure, intracellular pH has been reported to be normal in both
skeletal muscle and leukocytes, as well as in the “whole body”
(57–59) (Fig. 94-2). The pH of CSF has also been shown to
be normal in both patients and laboratory animals with renal
failure (47,53). Therefore, despite the presence of extracellular
metabolic acidemia in patients or laboratory animals with ei-
ther acute renal failure or CRF, the intracellular pH is normal
in brain, white blood cells, liver, and skeletal muscle.

In general then, studies of brain tissue from both intact an-
imal models of uremia and humans with renal failure have
revealed many different biochemical abnormalities associated
with the uremic state. However, such investigations have not
as yet revealed much about the fundamental mechanisms that
might induce such abnormalities. Such studies probably will
have to be done in isolated cell systems or subcellular systems
from the brain. These systems have the advantage of permit-
ting one to study isolated manifestations of the uremic state
while removing the numerous potential confounding influences
present in an in vivo model.

UREMIC NEUROTOXINS

Central Nervous System

Uremic neurotoxins would imply retention of solutes that have
detrimental effects upon nervous system function, either pe-
ripheral nervous system or CNS (60–62).

There are at least three different types of uremic solutes
that can be characterized (62–64). These include (i) small
water-soluble compounds, such as urea and creatinine (60,61);
(ii) middle molecules; and (iii) protein-bound compounds.
Most of the small water-soluble compounds, such as urea and
creatinine, are not particularly toxic and are easily removed
with dialysis. Guanidine compounds have been postulated to
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be “uremic toxins” for many years (65), based upon possible
detrimental effects upon the CNS.

This is based in part on the effects of guanidine compounds
on mitochondrial function (66,67). In the brain of uremic
patients, guanidine compounds were measured in 28 different
regions (68,69). Guanidine succinic acid was elevated by up
to 100 fold in uremic brain versus control brain, and levels
increased with increasing levels of uremia. The brain levels
of guanidine succinic acid were similar to those observed in
animal brain following injection to blood levels that cause
convulsions (68). Guanidines inhibit neutrophil superoxide
production, can induce seizures, and suppress natural killer
cell response to interleukin-2 (70). Other guanidines, which
are arginine analogs, are competitive inhibitors of nitric oxide
(NO) synthetase, and can lead to vasoconstriction, hyperten-
sion, ischemic glomerular injury, immune dysfunction, and
neurologic changes (70).

Middle molecules are large-molecular-weight compounds
(300 to 12,000 Da) which have in the past been believed to be
responsible for many of the manifestations of uremia. Despite
the fact that at one time, dialysis membranes were designed
with the specific intent of removing more middle molecules,
evidence of their toxicity is generally lacking (71–73). There
has recently been a renewed interest in these molecules (73,74),
but evidence of their toxicity is still conjectural (70).

Advanced glycosylation end products (AGEs) can modify
tissues, enzymes, and proteins and may play a role in the patho-
genesis of dialysis-associated amyloidosis (64). Advanced gly-
cosylation end products may also play a role in the patho-
genesis of diabetic nephropathy (75). Advanced glycosylation
end products are markedly elevated in plasma of patients with
ESRD (76). The AGEs react with vascular cells to inactivate en-
dothelial nitric oxide and may increase the propensity of ESRD
patients to develop hypertension. Current dialysis therapy is
relatively ineffective in removal of AGEs, so that there is ac-
cumulation of AGEs in patients with ESRD, particularly those
with diabetes mellitus (76). The AGEs are “middle molecules”
and have the potential to cause tissue damage and lead to
hypertension. Therefore, at least some middle molecules may
actually be deleterious in patients with ESRD, and they are
poorly removed with conventional dialysis (76). PTH is a high-
molecular-weight compound and may be an important CNS
uremic toxin (24,25,28,29). Protein-bound compounds (tox-
ins) are not substantially removed by dialysis, and almost all
are lipophilic. Such compounds include polyamines such as
spermine. Spermine is postulated to be a uremic toxin and ap-
pears to react with the N-methyl-d-aspartate (NMDA) recep-
tor, which affects calcium and sodium permeability in brain
cells (77). Stimulation of the NMDA receptor in brain is the
final common pathway for brain cell death in a number of
pathologic pathways (78–80). The uremic state is associated
with increased oxidative stress, resulting in protein oxidation
products in plasma and cell membranes. There is eventual al-
teration of proteins with formation of oxidized amino acids,
including glutamine and glutamate (63). Such reactions may
eventually lead to stimulation of the NMDA receptor in brain,
with brain cell damage or death (2). In recent reviews, there are
no new candidates for uremic toxins that impair the CNS (81).
The anemia of renal failure had been suggested as a contributor
to uremic toxicity, but this has been largely eliminated by the
widespread use of erythropoietin (11,12).

Peripheral Nervous System

There are a number of solutes that are purported to impair
peripheral nerve function. Several possible uremic toxins have
been identified that appear to be correlated with depression of
motor nerve conduction velocity (MNCV) in laboratory ani-

mals (65,82,83). However, these studies do not take into ac-
count the fact that (i) depressed MNCV is cyclical, with ab-
normal low values one day and normal values the next (19),
(ii) there is a day-to-day variation in MNCV that approaches
20% (84); and (iii) the finding of depressed MNCV in labo-
ratory animals associated with high plasma levels of potential
uremic neurotoxins has generally not been confirmed in human
subjects with renal failure (71,85,86). Although it is possible
to relate impairment in MNCV with levels in blood of various
substances, the best correlation was obtained between reduced
MNCV versus a reduction in glomerular filtration rate.

Among the potential peripheral nerve uremic neurotoxins
is PTH, based on a correlation between plasma PTH levels and
MNCV in patients with CRF (87). Parathyroid hormone is of
high molecular weight, and if neurotoxic could qualify as a
high molecular weight uremic toxin (88). Some earlier studies
suggested a possible effect of PTH on MNCV in the dog (89),
but these suggestions have not been confirmed (53). In patients
who have hyperparathyroidism without uremia, PTH has no
observable effect on peripheral nerve function (90). In both
patients and laboratory animals with acute renal failure, the
MNCV has been found to be normal (24,82,91) (Fig. 94-3).
In all studies of both patients and laboratory animals with
CRF, the MNCV had not been shown to be affected by PTH
(53). Therefore, in both patients and laboratory animals with
either acute renal failure or CRF, or primary or secondary hy-
perparathyroidism, no effect of PTH on nerve function can
be demonstrated. In patients with CRF, there is no change
in MNCV as a result of either recovery of renal function or
chronic hemodialysis; there was also no effect of parathyroidec-
tomy (82,91). In addition, when patients begin dialysis therapy,
MNCV either stabilizes or improves (92,93). However, most
of these patients have elevated plasma PTH levels (94).

Animal studies suggest that in either acute renal failure or
CRF, changes in MNCV take longer than 6 months to develop
and are probably not related to an effect of PTH. Mahoney

FIGURE 94-3. The difference between the veratridine-stimulated Na+
uptake and the control uptake (without addition of neurotoxins) in
both groups of synaptosomes is plotted in this graph. The top curve
shows the veratridine-stimulated sodium uptake in uremic synapto-
somes, whereas the uptake in normal synaptosomes is represented by
the lower curve. The increased veratridine-stimulated sodium uptake
in uremic rats is significantly less than in normal rats (∗p <0.001) at
5, 10, and 15 minutes. (From: Fraser CL, Sarnacki P, Arieff Al. Ab-
normal sodium transport in synaptosomes from brain of uremic rats.
J Clin Invest 1985;75:2014, with permission.)
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et al. studied dogs that had renal failure for periods of 3.5 days
to 6 months (53). There was no change in the MNCV after
any of the aforementioned intervals of renal failure, and the
MNCV was normal, even after 6 months with a glomerular
filtration rate of less than 22% of control.

SUBCELLULAR STUDIES

One system that appears to lend itself particularly well to stud-
ies of metabolic abnormalities in uremia is the synaptosome.
When brain tissue is homogenized in isoosmotic media, the
presynaptic nerve terminals are seared off and resealed to form
intact membrane vesicles called synaptosomes. Like the intact
nerve endings, synaptosomes contain mitochondria and synap-
tic vesicles and are metabolically active (95,96). The synapto-
some can be studied as an intact system or be hypotonically
lysed into its constituents and ghost synaptic plasma mem-
brane (97,98). Although the synaptic junction was first iso-
lated at the turn of the century and first described histolog-
ically by Cajal (99), it was not until the late 1950s that the
synaptosome was finally isolated (100,101). Isolation of synap-
tosomes subsequently proved to be an important step in un-
derstanding the response of the brain to numerous metabolic
insults. Synaptosomes have been used in the investigation of
neurotransmitter substances, ion transport, drug actions, and
effects of nervous system toxins on numerous metabolic pro-
cesses (52,97,98). Synaptosomes are that portion of the nerve
cell where neurotransmitter substances are synthesized, stored,
and released. Therefore, any abnormalities present in the ure-
mic state might be expected to affect synaptosomal function
and information transfer in the CNS. There are at least two
ways by which information transfer occurs between neurons in
the CNS, both of which may be abnormal in the uremic state.
Communication between cells is either by chemical or electrical
transmission at the synaptic junction. Because of these meth-
ods of communication across the synaptic space, the nerve cells
are able to communicate rapidly with each other over great
distances. Conduction via the axon and transmission at the
synaptic junction make possible this rapid and precise commu-
nication. Transmission at most synapses is by chemical means,
although some synapses operate purely by electrical conduc-
tion. The type of transmission utilized at the synapses appears
to be dependent on the type of synaptic junction in question.
Transmission through the gap junction is primarily electrical,
whereas transmission through the unbridged, larger synaptic
junction is felt to be strictly a chemical phenomenon. Because
of these intricate interrelationships at the synapses in the CNS,
it is not surprising that dysfunction in information transfer at
the synapses does occur in uremia (102,103).

Physiology of Neurotransmission

The neuron is the vehicle of communication and the center for
the processing of information in the CNS. The neuron con-
sists of three major portions: the axon, the dendrites, and the
soma (cell body). Each neuron is contacted by hundreds of ax-
ons from other neurons that may either inhibit or excite the
receptor area of the cell.

The synaptosome is usually about 0.6 to 1.2 μm in diame-
ter. The two most important internal organelles in the synap-
tosomes are synaptic vesicles and mitochondria. The synap-
tic vesicles contain neurotransmitter substances that, when
released into the synaptic space, either inhibit or excite the
postsynaptic receptor area. Mitochondria provide the energy
for the metabolic processes in the neuron. They are the source
of ATP, which is required to synthesize transmitter substances
and maintain ionic equilibrium at the nerve terminals. When an

FIGURE 94-4. Sodium-calcium exchange in normal versus uremic
synaptosomes. The top curve shows calcium uptake in uremic synap-
tosomes. The lower curve shows update in normal synaptosomes. This
graph is a mean of eight experiments, and each time-point was done in
triplicate. The result is expressed as mean +SE. The points indicated
by the asterisks represent differences that are significant to p <0.005.
(From: Fraser CL, Sarnacki P, Arieff Al. Abnormal sodium transport in
synaptosomes from brain of uremic rats. J Clin Invest 1985;76:1789,
with permission.)

action potential reaches the presynaptic terminal of a neuron,
the plasma membrane depolarizes, causing a rapid influx of
calcium into the terminal. The accumulated calcium serves to
aggregate the synaptic vesicles to reach other neurons and to the
surface of contact with the opposing neuron. This facilitates the
release of neurotransmitter substances from the synaptic vesi-
cles into the synaptic space by exocytosis. The neurotransmit-
ter substance acts on the postsynaptic terminal in such a way
as to change the membrane permeability of the postsynaptic
neuron. The effector neuron is then either excited or inhibited,
depending on the type or receptor present on the affected cell.

Studies by Fraser and Arieff (97) and Fraser et al. (98) in
rat brain synaptosomes demonstrated abnormalities of both
sodium and calcium transport and decreased Na-K-ATPase
pump activity in the brains of rats with uremia (Fig. 94-3, 94-4).
They suggested that these findings may affect neurotransmitter
release in the uremic state (97,98). This defect did not appear
to be due to the uremic environment at the time of study, since
synaptosomes were washed several times and frozen before up-
take studies were carried out. The defect observed in uremia
appeared to be due to a physical alteration of the synaptosomal
membrane in acute uremia. These workers also demonstrated
alterations of calcium transport in uremic rat brain (105)
(Fig. 94-4). Based on the relationship between extracellular cal-
cium and the release of neurotransmitter substances in nerve
terminals, the investigators concluded that this defect may af-
fect neurotransmitter release and information processing in the
uremic state.

In subsequent studies, the increase in calcium transport in
uremia appeared to be PTH dependent (98,104,105). When
calcium transport by both the Na-Ca exchanger and the ATP-
dependent calcium pump was carried out in brain of parathy-
roidectomized uremic rats, calcium accumulation into these
vesicles returned to normal values. In addition, parathyroidec-
tomized uremic rats that were injected with parathyroid extract
showed abnormalities of calcium transport similar to those de-
scribed in uremia (105). These findings suggested that in uremic
animals, PTH may be responsible for some of the alterations in
synaptosomal calcium transport (105). It was also interesting
to note that clinically, the uremic parathyroidectomized rats
tolerated uremia better than control uremic rats and uremic
parathyroidectomized rats treated with PTH. Therefore, there
appear to be both clinical and physiologic changes in the uremic
brain that may be PTH dependent.

Fraser et al. (98,104,105) also evaluated the effects of acute
uremia on sodium and calcium transport in uremic rat brain.
They demonstrated decreased Na-K-ATPase pump activity in
uremia (98). There appeared to be to a physical alteration
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of the synaptosomal membrane in uremic rat brain. These
contentions were based on the observation that veratridine-
stimulated sodium uptake was markedly greater in synapto-
somes from uremic rats than from normal rats (98) (Fig. 94-3).

Fraser et al. also demonstrated increased calcium transport
in uremic rat brain synaptosomes (104) (Fig. 94-4). This
increase in calcium transport observed in uremia may be
PTH dependent (105). When calcium transport was studied in
synaptosomes from parathyroidectomized uremic rats, calcium
accumulation into these vesicles returned to normal control
values. In addition, parathyroidectomized uremic rats that
were injected with intact bovine parathyroid extract showed
abnormalities of calcium transport similar to those previously
described in uremia (106). Therefore, in the presence of a ure-
mic environment, PTH may be responsible for the alterations
in calcium transport observed in uremic brain (104,106). As
mentioned previously, when a neuron in the CNS is stimulated,
an action potential is generated that results in a change in the
membrane permeability to calcium of the synaptic nerve termi-
nal. This results in calcium influx from the extracellular space
into the cytosol of the nerve terminal (107). The mechanisms
by which calcium enters cells include sodium channels, calcium
channels, and the Na-Ca exchanger (108). As opposed to
nonexcitable cells where the Na-Ca exchanger participates only
in calcium efflux (108), in excitable cells such as neurons and
myocardium the exchanger participates in both calcium influx
and efflux (109,110). In order to maintain calcium balance, cal-
cium that enters the cell from the extracellular space has to be
pumped out, and this is achieved by the Na-Ca exchanger and
the Ca-ATPase pump. These two mechanisms comprise the pri-
mary exporter of calcium from either excitable or nonexcitable
tissues (111,112). The overall effect of these transporters is to
maintain a calcium gradient of 10,000:1 (outside-inside cells),
and in the steady state they maintain a net calcium flux across
the plasma membrane of zero. The Na+-Ca2+ exchanger that
operates electrically (exchanging three Na+ for one Ca2+) is a
high-capacity, low-affinity system, whereas the Ca2+-ATPase is
a low-capacity, high-affinity system that continuously pumps
calcium from the cells. Therefore, in cellular regulation of
calcium, the Ca2+-ATPase pump modulates subtle changes
in cytosolic calcium, whereas the Na+-Ca2+ exchanger is
important in regulating major changes in calcium flux (113).

Although calcium transport in synaptosomes in uremia ap-
pears to be influenced by PTH, not all transport processes are
affected in this manner. Verkman and Fraser evaluated wa-
ter and urea transport in synaptosomes by stopped-flow light-
scattering technique and found no differences in either water or
urea permeabilities in normal rats compared to those with ure-
mia, or uremic animals subjected to parathyroidectomy (52).
From these studies they were also able to show that synapto-
somal water and urea transport occurred by a lipid diffusive
pathway and was not affected by uremia (52).

CENTRAL NERVOUS SYSTEM
PATHOLOGY WITH UREMIA

Pathologic studies of brain have been reported in more than
400 patients dying of CRF (114,115). It has been shown that
there is some necrosis of the granular layer of the cerebral cor-
tex. Small intracerebral hemorrhages and necrotic foci are seen
in about 10% of uremic patients and focal glial proliferation is
seen in about 2%. In general, changes in the brain of patients
who died of CRF are probably nonspecific and related more
to any of a number of concomitant underlying disease states
(116). Subdural hemorrhage, once a common finding in au-
topsied uremic patients, is now quite unusual. Cerebral edema

has not been observed in the brains of humans and laboratory
animals with either acute renal failure or CRF (24,28).

The recent use of advanced neuroimaging techniques has led
to substantial in vivo study of uremic brain in humans (117).
Acute and subacute movement disorders have been observed in
patients with ESRD. These have been associated with bilateral
basal ganglia and internal capsule lesions (118–120). Cerebral
atrophy has been observed in chronic hemodialysis patients,
and it tends to worsen as dialysis therapy continues (121–123).
Cerebral atrophy had previously been thought to be associated
with dialysis dementia, but this is apparently not the case (124).
ESRD has also been reported to lead to deterioration of vision.
Some cases are associated with uremic pseudotumor cerebri,
and, in these selected cases, surgical optic nerve fenestration
may improve visual loss (125,126).

Pathophysiology

Although there are many factors that contribute to uremic en-
cephalopathy, most investigators have shown no correlation
between encephalopathy and any of the commonly measured
indicators of renal failure. In recent years, there has been con-
siderable discussion of the possible role of PTH as a uremic
toxin. There is a substantial amount of evidence to suggest that
PTH may exert an adverse effect on the CNS (24,25,28,37).

Role of Parathyroid Hormone

In patients dying with acute renal failure or CRF, the cal-
cium content in brain cerebral cortex is significantly elevated
(24,25,28) (Fig. 94-5). Dogs with acute or chronic renal fail-
ure show increases of brain gray matter calcium and electroen-
cephalographic changes similar to those seen in humans with
acute renal failure (45,48,53,127). In dogs, both the electrocar-
diographic and brain calcium abnormalities can be prevented
by parathyroidectomy. Conversely, these abnormalities can be
reproduced by administration of PTH to normal animals while
maintaining serum calcium and phosphate in the normal range.
Therefore, PTH is essential to produce some of the CNS man-
ifestations in the canine model of uremia (25,56).

FIGURE 94-5. The brain (cerebral cortex) content of calcium (Ca2+)
in patients who had acute renal failure, those with chronic renal failure
treated with dialysis, or patients with end-stage chronic renal failure
treated for at least 2 years with hemodialysis. Brain Ca2+ content is
significantly greater than control values in patients who had acute renal
failure (p <0.001) or chronic renal failure not treated with dialysis
(p <0.03). However, in patients treated with dialysis CA2+ content
is normal. Data are mean +SE. RF, renal failure. (From: Arieff, AL.
Neurological complications of uremia. In: Brenner BM, Rector FC, Jr,
eds. The Kidney. Philadelphia: Saunders; 1986, with permission.)
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PTH is known to have CNS effects in humans, even in the
absence of impaired renal function. Neuropsychiatric symp-
toms have been reported to be among the most common
manifestations of primary hyperparathyroidism (128,129). Pa-
tients with primary hyperparathyroidism also have electroen-
cephalographic changes similar to those observed in patients
with acute renal failure (24,130). The common denominator
appears to be elevated plasma levels of PTH (24,25,28,37).

In patients with acute renal failure, the EEG is abnormal
within l8 hours of the onset of renal failure and is generally not
affected by dialysis for periods of up to 8 weeks (24). In pa-
tients with either primary or secondary hyperparathyroidism,
parathyroidectomy results in an improvement of both EEG and
psychological testing, suggesting a direct effect of PTH on the
CNS. Similarly, dialysis results in a decrement of brain (cerebral
cortex) calcium toward normal in both patients and laboratory
animals with renal failure concomitant with improvement of
the EEG (24,25,28). In uremic patients, both electroencephalo-
graphic changes and psychologic abnormalities are improved
by parathyroidectomy or medical suppression of PTH. PTH, a
high brain calcium content, or both are probably responsible,
at least in part, for many of the encephalopathic manifestations
of renal failure.

The mechanisms by which PTH might impair CNS function
are only partially understood. The increased calcium content
in such diverse tissues as skin, cornea, blood vessels, brain, and
heart in patients with hyperparathyroidism suggests that PTH
may somehow facilitate the entry of Ca+2 into such tissues. The
finding of increased calcium in the brains of both dogs and hu-
mans with either acute or chronic renal disease and secondary
hyperparathyroidism is consistent with the concept that part of
the CNS dysfunction and electroencephalographic abnormali-
ties found in acute renal failure or CRF may be due in part to a
PTH-mediated increase in brain calcium (Fig. 94-5). Calcium
is essential for the function of neurotransmission in the CNS
and for a large number of intracellular enzyme systems. There-
fore, an increased brain calcium content could disrupt cerebral
function by interfering with either of these processes, and it is
also possible that PTH itself may have a detrimental effect on
the CNS.

NEUROLOGIC COMPLICATIONS
OF END-STAGE RENAL DISEASE

AND ITS THERAPY

Dialysis Disequilibrium Syndrome

In patients with ESRD, there are several CNS disorders that
may occur as a consequence of dialytic therapy. Dialysis dis-
equilibrium syndrome (DDS) is a clinical syndrome that oc-
curs in patients being treated with hemodialysis. The syn-
drome was first described in l962 and may include symptoms
such as headache, nausea, emesis, blurring of vision, muscular
twitching, disorientation, hypertension, tremors, and seizures
(53,131–133). The syndrome of DDS has been expanded to
include milder symptoms, such as muscle cramps, anorexia,
restlessness, and dizziness (134–136). Although DDS has been
reported among all age groups, it is more common among
younger patients, particularly the pediatric age group (137).
The syndrome is most often associated with rapid hemodial-
ysis of patients with acute renal failure, but it also has occa-
sionally been reported following maintenance hemodialysis of
patients with CRF (138,139). The pathogenesis of DDS has
been extensively investigated and the findings are summarized
elsewhere (131,140). The symptoms are usually self-limited but
recovery may take several days. It appears that present meth-

TA B L E 9 4 - 1

DIFFERENTIAL DIAGNOSIS OF DIALYSIS
DISEQUILIBRIUM SYNDROME

Subdural hematoma
Uremia, per se
Acute cerebrovascular accident
Dialysis dementia
Cardiac dysthymia
Malfunction of fluid-proportioning system
Hypoglycemia
Hypercalcemia
Hyponatremia

ods of dialysis have altered the clinical picture of DDS. Most
reports of seizures, coma, and death were reported prior to
l970. The symptoms of DDS as reported in the last 25 years
(l975 to 2000) have generally been mild, consisting of nausea,
weakness, headache, fatigue, and muscle cramps. Almost all
cases have occurred in patients undergoing their initial four
hemodialyses. It is also unclear whether any patient ever actu-
ally died from DDS or in fact from other neurologic compli-
cations associated with dialysis, such as acute stroke, subdural
hematoma, subarachnoid hemorrhage, or hyponatremia (136).
A differential diagnosis of patients presenting with these symp-
toms is shown in Table 94-1. Recently, the diagnosis of DDS
has become a “wastebasket” for a number of disorders that
can occur in patients with renal failure and that may affect the
CNS (136). It is important to recognize that the diagnosis of
DDS should be one of exclusion.

Dialysis disequilibrium syndrome has been treated either by
addition of osmotically active solute (glucose, glycerol, albu-
min, urea, fructose, NaCl, or mannitol) to the dialysate, or by
intravenous infusion of mannitol or glycerol. With the tech-
nique of pure ultrafiltration the patient is subjected to ultra-
filtration without dialysis. The net result is loss of fluid with-
out the patient undergoing dialysis. Ultrafiltration followed by
dialysis does not appear to be associated with DDS (141). In
addition, DDS can be prevented by decreasing the time on dial-
ysis and increasing the frequency of dialysis at the initiation of
hemodialysis in patients. Mannitol infusion accompanying the
initial three hemodialyses has been successful in prevention of
DDS (142). Administration of 50 mL of 50% mannitol both
at the initiation of dialysis and after 2 hours of dialysis has
generally been successful in preventing symptoms of DDS. The
same effects can be obtained by addition of glycerol to the
dialysate, but technical considerations render this option less
popular. Chronic peritoneal dialysis is currently in use world-
wide. Different types of peritoneal dialysis are carried out either
in-center, at home, or combinations of ambulatory plus home.
Patients undergo continuous low-volume peritoneal dialysis for
as long as 24 hours per day. Symptoms of DDS have not been
presently reported in patients utilizing this mode of dialysis.

CHRONIC DIALYSIS DEPENDENT
ENCEPHALOPATHY

Radiologic and Pathologic
Examination of Uremic Brain

There have been no large prospective studies undertaken of
the radiology of uremic brain in humans. Pathologic studies of
brain of patients who died of CRF are old, and there are no
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extensive studies of uremic brain that have utilized more mod-
ern pathologic methodology (115,143). Prior to 1974, subdu-
ral hemorrhages were believed to be very common in dialyzed
subjects, and were reported in about 1% to 3% of such au-
topsies. In addition, intracerebral hemorrhages were said to
be present in approximately 6% of dialysis patients who died.
Cerebral edema is not found in brain of patients or laboratory
animals with CRF, either according to biochemical or histo-
logic criteria. Generalized but variable neuronal degeneration
is often present but its anatomic location is variable. Among
patients who have died with uremia, there is some evidence
of necrosis of the granular layer of the cerebral cortex. Small
intracerebral hemorrhages and necrotic foci are seen in approx-
imately 10% of uremic patients, and focal glial proliferation is
found in about 2%.

Neuroimaging studies demonstrate bilateral basal ganglia
lesions in diabetic patients with ESRD (122). Positron-emission
tomographic scanning demonstrates decreased glucose utiliza-
tion in these lesions. A few cases of optic neuropathy have been
reported in uremic individuals (144).

Uremic patients are prone to several risk factors that have a
tendency to increase the incidence of stroke. These risk fac-
tors include diabetes mellitus, a smoking history, hyperten-
sion, chronic infection (often catheter related), chronic inflam-
mation, elevated cholesterol and triglycerides, and advanced
atherosclerosis (145). When uremic patients maintained with
chronic dialysis sustain a possible stroke, brain neuroimaging
using CT or MRI is likely to be carried out for diagnostic pur-
poses. However, as yet, a series of such neuroimaging cases
has not been assembled for research purposes. The few avail-
able studies suggest that brains of patients with uremia have
a very high incidence of cerebral atrophy, which is dispropor-
tionately high for the age of the individuals studied (122,123).
Earlier studies had also found a high incidence of cerebral at-
rophy among chronic hemodialysis patients (146). There ap-
pears to be subtle brain damage, not detectable by standard
neuroimaging techniques or the EEG, but often manifested by
deterioration of intellectual capability (43).

It is currently not unusual for patients to survive on
hemodialysis for 25 years (147). However, among patients who
have been on hemodialysis for more than a decade, there is
often mental deterioration, with markedly decreased intellec-
tual capability, even without medical evidence of actual stroke
(33–35). The collective syndrome of chronic dialysis dependant
encephalopathy is a combination of probable organic men-
tal disorders plus psychiatric disorders commonly associated
with hemodialysis (148,149). The clinical manifestations in-
clude impaired intellectual capability and cognition, decreased
exercise capability, sexual dysfunction, and psychiatric disor-
ders ranging from depression to psychosis and suicidal behav-
ior (33–35).The recent use of advanced neuroimaging tech-
niques has led to an increase in our understanding of changes in
uremic brain in humans (117). Acute and subacute movement
disorders have been observed in patients with ESRD (118).
These have been associated with bilateral basal ganglia and
internal capsule lesions (118,127). Cerebral atrophy has been
observed in chronic hemodialysis patients (123) and it tends to
worsen as dialysis therapy continues (117,122). Cerebral atro-
phy had previously been thought to be associated with dialy-
sis dementia, but this is apparently not the case (124). ESRD
has also been reported to lead to deterioration of vision (126).
Some cases are associated with uremic pseudotumor cerebri
(125).

UREMIC NEUROTOXINS

A large number of compounds are retained by the body in
patients with renal failure, either singly or in combination, is

substantial (150). Multiple studies have been carried out over
the years in order to attempt to identify which of the many
compounds that are elevated in uremic subjects functions as
a uremic toxin. Bergstrom and Furst have established crite-
ria for the identification of uremic toxins as follows (151):
(i) The compound should be chemically identified and quan-
tifiable in biologic fluids; (ii) The concentration of the sub-
stance in plasma from uremic subjects should be higher than
that found in subjects who do not have renal insufficiency;
(iii) The concentration of the substance in plasma should
somehow correlate with specific uremic symptoms, and these
should be alleviated with reduction of the substance to normal;
(iv) The toxic effects of the substance should be demonstrable
at concentrations comparable to those found in plasma of ure-
mic patients.

The term uremic neurotoxin implies retention of solutes that
have specific detrimental effects upon nervous system function,
whether the peripheral nervous system or the CNS (60,61).
There are at least three different types of uremic solutes that are
potentially toxic and that can be characterized (62–64). These
include (i) small water-soluble compounds, such as urea and
creatinine (70,152); (ii) middle molecules; (iii) protein-bound
compounds. Low-molecular-weight proteins may also be con-
sidered a distinct class of uremic toxins (153). Most of the small
water-soluble compounds, such as urea and creatinine, are not
particularly toxic and are easily removed with dialysis. In ad-
dition, since acute renal failure is present in a very substantial
portion of patients with sepsis, the clinical manifestations of
sepsis may be confused with uremic toxicity (154).

Guanidine Compounds

Guanidine compounds have been postulated to be “uremic tox-
ins” for many years (65), based upon possible detrimental ef-
fects upon the CNS. Recent studies have demonstrated that
several guanidine compounds are present in uremic brain (68)
and may be important in the etiology of uremic encephalopathy
(69). There are at least four guanidine compounds that are ex-
perimental convulsants. These guanidine compounds appear to
work by activation of NMDA receptors by guanidine succinic
acid. Activation of the NMDA receptor is a major pathologic
mechanism in the etiology of several types of brain damage,
including head trauma (155) and stroke (78,79).

In addition, guanidine compounds can have a depressant
effect on mitochondrial function (66). In the brain of uremic
patients, guanidine compounds were measured in 28 differ-
ent regions (68). Guanidine succinic acid levels were elevated
by up to 100-fold in uremic brain versus control brain, and
levels increased with increasing extent of uremia. The brain
levels of guanidine succinic acid in uremic brain were simi-
lar to those observed in normal animal brain following injec-
tion to blood levels that cause convulsions (68). Guanidines
inhibit neutrophil superoxide production, can induce seizures,
and suppress natural killer cell response to interleukin-2 (70).

Other guanidines, which are arginine analogs, are compet-
itive inhibitors of nitric oxide (NO) synthetase, which impairs
removal of AGEs (156) and can lead to vasoconstriction, hy-
pertension, ischemic glomerular injury, immune dysfunction,
and neurologic changes (70,152).

Middle molecules are large-molecular-weight compounds
(300 to 12,000 Da), which have in the past been implicated
in some of the manifestations of uremia (71). Despite the fact
that at one time dialysis membranes were designed with the
specific intent of removing more middle molecules, evidence
of their toxicity is generally lacking (62,71). There has recently
been a renewed interest in these molecules, but evidence of their
toxicity is still conjectural (70).
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With established renal insufficiency, guanidines, which are
competitive inhibitors of NO synthetase, will rapidly accumu-
late in blood, and their presence will impair removal of AGEs
(156) and can lead to worsening hypertension, immune dys-
function (157), and neurologic changes such as stroke (70).

Advanced Glycation End Products

Advanced glycosylation (glycation) end products (AGEs) can
modify tissues, enzymes, and proteins and may play a role in the
pathogenesis of dialysis-associated amyloidosis (63,64). Ad-
vanced glycosylation end products may also play a role in the
pathogenesis of diabetic nephropathy (75). Advanced glyco-
sylation end products are markedly elevated in plasma of pa-
tients with ESRD (76). The AGEs react with vascular cells to
inactivate endothelial nitric oxide and may increase the propen-
sity of ESRD patients to develop hypertension. Current dialysis
therapy is relatively ineffective in the removal of AGEs, so that
there is accumulation of AGEs in patients with ESRD, particu-
larly in those with diabetes mellitus (76). The AGEs are “middle
molecules” and have the potential to cause tissue damage and
lead to hypertension. Therefore, at least some middle molecules
may actually be deleterious in patients with ESRD, and they are
poorly removed with conventional dialysis (76). There is evi-
dence that angiotensin-converting enzyme antagonists decrease
the formation of AGEs (158). Protein-bound compounds (tox-
ins) are not substantially removed by dialysis, and almost all
are lipophilic. Such compounds include polyamines such as
spermine (77). Spermine is postulated to be a uremic toxin and
appears to react with the NMDA receptor, which affects cal-
cium and sodium permeability in brain cells (77). Stimulation
of the NMDA receptor in brain is the final common pathway
for brain cell death in a number of pathologic pathways (78–
80). The uremic state is associated with increased oxidative
stress, resulting in protein oxidation products in plasma and
cell membranes. There is eventual alteration of proteins with
formation of oxidized amino acids, including glutamine and
glutamate (63,64). Such reactions may eventually lead to stim-
ulation of the NMDA receptor in brain, with brain cell damage
or death (2).

DIALYSIS DEMENTIA

Dialysis dementia (also called dialysis encephalopathy) is a pro-
gressive, frequently fatal neurologic disease, which was initially
described in several reports from 1970 to 1973 (159–161).
Existence of the syndrome was then independently confirmed
worldwide by several different groups in the early to mid-
1970s (162–166). In adults, the disease is seen almost exclu-
sively in patients being treated with chronic hemodialysis. The
early literature focused on the distinctive neurologic findings
(159–163,166,167). However, other reports from both Europe
and the United States suggest that some forms of dialysis de-
mentia may be a part of a multisystem disease that may include
encephalopathy, osteomalacic bone disease, proximal myopa-
thy, and anemia (116,167–169).

The etiology of this syndrome remains controversial
(166,170). Although an increase in brain aluminum content
has been strongly implicated in some cases of dialysis demen-
tia, the evidence is far less convincing in others. At this stage of
our knowledge it seems useful to subdivide dialysis dementia
into three categories (Table 94-2): (i) an epidemic form that is
related to contamination of the dialysate, often with aluminum;
(ii) sporadic cases in which aluminum intoxication is less likely
to be a contributory factor; and (iii) dementia associated with
congenital or early childhood renal disease. This latter entity
has been reported in several children who were never dialyzed

TA B L E 9 4 - 2

SUBGROUPS OF DIALYSIS DEMENTIA

1. Sporadic endemic
A. No clear relation to aluminum intake
B. Worldwide distribution
C. No known therapy

2. Epidemic
A. Geographic clusters
B. Often related to aluminum (Al+3) in dialysis water
C. Epidemic usually stops with treatment of water supply
D. Probably often related to other trace elements in water,

such as tin, manganese, cobalt, magnesium and iron

3. Childhood
A. May be secondary to effects of uremia on the

immature brain
B. No clear association with aluminum administration

or exposed to aluminum compounds. These early childhood
cases may represent developmental neurologic defects resulting
from exposure of the growing brain to a uremic environment
(171).

The initial reports of dialysis dementia in the 1970s were
soon followed by reports throughout the world (21). These
patients all had the endemic form and typically had been on
chronic hemodialysis for more than 2 years before the on-
set of symptoms. Early manifestations consisted of a mixed
dysarthria-apraxia of speech with slurring, stuttering, and hes-
itancy. Personality changes, including psychoses, led to demen-
tia, myoclonus, and seizures. Symptoms initially were intermit-
tent and were often worse during dialysis, but generally became
constant. In most cases, the disease progressed to death within
6 months. Speech disturbances were found in 90% of patients,
affective disorders culminating in dementia in 80%, motor dis-
turbances in 75%, and convulsions in 60% to 90%. In contrast
to this fairly distinct clinical picture, brain histology has gen-
erally been normal or nonspecific.

Early in the disease, the EEG shows multifocal bursts of high
amplitude delta activity with spikes and sharp waves, inter-
mixed with runs of more normal appearing background activ-
ity. These electroencephalographic abnormalities may precede
overt clinical symptoms by 6 months. As the disease progresses,
the normal background activity also deteriorates to slow fre-
quencies (139). The EEG has been said to be pathognomic,
but a similar pattern may also be seen in other metabolic en-
cephalopathies. The diagnosis depends on the presence of the
typical clinical picture and is confirmed by the characteristic
electroencephalographic pattern (163). Magnetoencephalogra-
phy (MEG) has only recently been used in the evaluation of ure-
mic patients (172) and has not yet been used in the evaluation
of patients with dialysis dementia.

Aluminum intoxication was first implicated in this disor-
der by Alfrey et al. (165). Aluminum content of brain gray
matter was elevated to 11 times the normal value in patients
with dialysis dementia, versus an increase of three times nor-
mal in patients receiving chronic hemodialysis without dialy-
sis dementia. Aluminum content was also increased in bone
and other soft tissue. Oral phosphate binders containing alu-
minum [Al(OH)3 and Al2(CO3)2] were originally suspected as
the source of the aluminum.

Most of the aluminum in blood is bound to transferrin,
so that there is very little free aluminum in the blood (173).
The brain contains few transferrin receptors, so that normally
aluminum uptake into brain is negligible. Any free aluminum
in blood, usually in the form of aluminum-citrate, can readily



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-94 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 15:56

2470 Section XII: Uremic Syndrome

enter the CNS. Normally, there is an excess of gallium-binding
sites in plasma, so that even in situations where blood alu-
minum is increased, there is still almost no free aluminum in
blood. Aluminum binding can be studied with the aluminum
analog gallium (174). In studies of gallium-transferrin binding
in blood of patients having either Alzheimer’s disease, Down
syndrome or renal failure treated with chronic hemodialysis,
gallium binding to transferrin was significantly reduced in pa-
tients with either Down syndrome or Alzheimer’s disease (173).
However, gallium binding to transferrin was normal in patients
with CRF treated with hemodialysis. In such patients, there was
accumulation of aluminum in those brain regions with high
densities of transferrin receptors (173).

The aforementioned findings involve studies in only nine
patients with dialysis dementia (173,175) and five with CRF
treated with hemodialysis. More such studies are needed before
it can be conclusively stated that the distribution of aluminum
in brain of patients with dialysis dementia is not similar to that
in patients with Alzheimer’s disease. In patients with CRF with-
out dialysis dementia, neurofibrillary changes have not been
found.

Recent studies have further added to our knowledge of the
possible effects of aluminum on the CNS in patients with CRF.
A possible pathophysiologic basis for detrimental effects of alu-
minum on the CNS has been described by Altmann et al. (176).
Dihydropteridine reductase is an important enzyme in the syn-
thesis of several important neurotransmitters, such as tyrosine
and acetylcholine. They found that erythrocyte levels of dihy-
dropteridine reductase activity were less than predicted val-
ues and correlated with plasma aluminum levels (176). After
treatment with desferrioxamine, red blood cell dihydropteri-
dine reductase activity levels doubled. Although brain levels of
dihydropteridine reductase activity were not evaluated, it was
suggested that high brain aluminum levels might lead to de-
creased availability of dihydropteridine reductase in the brain.
It has been suggested that merely the presence of an increased
body aluminum burden has an adverse effect on overall mortal-
ity (177). More specifically, an increased body aluminum bur-
den (estimated by the desferrioxamine infusion test) has been
associated with memory impairment and increased severity of
myoclonus with decreased motor strength (178).

Altmann et al. evaluated patients with CRF and apparently
normal cerebral function (179). They found that when com-
pared to a control group with similar IQ, the patients with CRF
had abnormalities in six tests of psychomotor function. Plasma
aluminum levels were only mildly elevated (59 ± 9 μg/mL).
When 15 of these patients were treated for 3 months with des-
ferrioxamine, anemia improved and the erythrocyte activity of
dihydropteridine reductase rose significantly. Changes in eryth-
rocyte dihydropteridine reductase activity correlated signifi-
cantly with changes in psychomotor performance (176,179).
Even at high blood aluminum levels, most aluminum is bound
to transferrin (173) and thus cannot bind to the cerebral trans-
ferrin receptors. It may be that patients who develop dialysis
dementia have less transferrin binding capacity, less transferrin,
or a greater density of transferrin receptors in the brain.

Therefore, aluminum may be potentially toxic in patients
with CRF, possibly leading to both dialysis dementia and osteo-
malacia (162,169,180). Most nephrologists would agree that
the potential hazards of poor control of plasma phosphate are
worse than the potential toxicity of aluminum accumulation
from oral aluminum containing antacids. However, progress
in the control of hyperphosphatemia in hemodialysis patients
by other means has almost eliminated the use of aluminum con-
taining compounds (in 2006). Calcium carbonate (or acetate)
may be more effective for the control of hyperphosphatemia
than is aluminum hydroxide (181). More recently, sevelamer
(Renagel, Genzyme Corp, Cambridge, MA), a polymeric phos-
phate binder, has come into wide use for control of phosphate

in chronic dialysis patients (182). Renagel has been found to
be more effective than either calcium carbonate, calcium ac-
etate, or aluminum hydroxide for the treatment of hyperphos-
phatemia in dialysis patients (182), and it does not introduce
aluminum into the body. Lanthanum carbonate (Fosrenol) has
only recently been introduced in the United States for the con-
trol of hyperphosphatemia in patients with ESRD (183,184).
Its place in the management of dialysis patients with hyper-
phosphatemia remains to be determined.

However, aluminum is still the second most prevalent ele-
ment in the earth’s crust, and a substantial quantity will enter
the body, even without administration of aluminum-containing
antacids (185–187).

Deionization of the water used to prepare dialysate has been
employed as a preventive measure (188). However, deioniza-
tion may be beneficial by removing any number of other agents.
Other trace elements may be present in water that can result in
CNS toxicity. Such elements include cadmium, mercury, lead,
manganese, copper, nickel, thallium, boron, and tin (Fig. 94-5).
Among these potentially neurotoxic elements brain content of
cadmium, mercury, nickel, thallium, vanadium, or boron has
not been measured. Manganese has been found to be increased
in cortical white matter in the eight encephalopathic patients in
whom it was measured (189). These patients also had elevated
aluminum levels in gray matter.

Most of the controversy over the etiology of dialysis de-
mentia has involved those cases that occur sporadically. As
noted previously, dialysate aluminum levels are not always ele-
vated. The use of aluminum-containing antacids is no different
in sporadic patients with dialysis dementia than in unaffected
patients, and brain aluminum levels in patients with dialysis
dementia may overlap with those of unaffected patients (170).
The largest group of “sporadic cases” has been reported from
Nashville, Tennessee (180). The reported incidence of dialy-
sis dementia in the area is 5%, despite the use of deionized
water for dialysate with aluminum levels below 5 μg/L. Os-
teomalacic bone disease was not clinically apparent in this
group. Serum aluminum levels in the encephalopathic group
were three to four times higher than other dialyzed patients,
despite equivalent prescribed doses of aluminum-containing
phosphate binders. These results suggest greater absorption
and/or retention of aluminum or other trace metal contamina-
tion in this group of encephalopathic patients. No other metals
were measured in the Nashville study.

The evidence available thus far indicates that aluminum is
elevated in the brain (cortical gray matter) of patients with dial-
ysis dementia. However, the actual contribution of aluminum
to the encephalopathy remains unclear. Aluminum content has
been reported to be elevated in the brain of patients with other
disorders, including senile dementia and Alzheimer’s syndrome,
and might actually be a nonspecific finding associated with de-
mentia. Aluminum is also elevated in the brains of patients who
have other disorders associated with altered blood–brain bar-
rier. Such disorders include renal failure, hepatic encephalopa-
thy, and metastatic cancer (Fig. 94-5). Other evidence suggests
that brain aluminum content may also increase as a function
of the aging process. Therefore, blood–brain barrier abnor-
malities can result in increased brain aluminum content (190).

Despite these unresolved questions, most outbreaks of the
epidemic form of dialysis dementia have been associated with
high levels of aluminum in the dialysate (162,191,192). Lower-
ing the dialysate aluminum to below 20 μg/L, usually by deion-
ization, appears to prevent the onset of the disease in patients
who are beginning dialysis. New cases may continue to ap-
pear in those patients who were previously exposed to the high
aluminum dialysate, although the course is milder and mor-
tality is somewhat decreased. In patients with overt disease,
eliminating the source of aluminum has resulted in improve-
ment in some but not all patients. Renal transplantation has
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TA B L E 9 4 - 3

RELATION BETWEEN NERVE FUNCTION AND VARIOUS “UREMIC NEUROTOXINS”

Correlation
Putative “uremic coefficient

Reference neurotoxin” with MNCV Other

(1) Giulio SD, et al. Parathormone as a nerve
poison in uremia. N Engl J Med 1978;299:1134.

Parathyroid hormone 0.09 No effect of PTH on motor
nerve function

(2) Avram MM, et al. Search for the uremic toxin.
N Engl J Med 1978;298:1000.

Parathyroid hormone 0.45

(3) Nielsen VK. The peripheral nerve function in
chronic renal failure. VI. Acta Med Scand
1973;194:455.

Urea
Creatinine
Glomerular filtration rate

0.41
0.51
0.68–0.84

(4) Blagg CR, et al. Nerve conduction in relationship
to the severity of renal disease.
Nephron 1968;5:290.

Urea
Creatinine

0.51
0.57

(5) Blumberg A, et al. Myoinositol-uremic
neurotoxin? Nephron 1978;21:186.

Myoinositol 0.03

(6) Reznek RH, et al. Plasma myoinositol
concentrations in uraemic neuropathy. Lancet
1977;1:675.

Myoinositol 0.67

(7) Clements RS, et al. Raised plasma-myoinositol
levels in uraemia and experimental neuropathy.
Lancet 1973;1:1137.

Myoinositol Not
available

Detrimental effect of
myoinositol on nerve function

(8) Man NK, et al. An approach to “middle
molecules” identification in artificial kidney
dialysate, with reference to neuropathy
prevention. TASAIO 1973;19:320.

Middle molecules Not
available

No in vivo evidence of MNCV
impairment with renal failure

(9) Scribner BH, Babb AL. Evidence for toxins of
“middle” molecular weight. Kidney Int
1975;7(Suppl 3):S349.

Middle molecules Not
available

As above

(10) Kjellstrand CM, et al. Considerations of the
middle molecule hypothesis II. TASAIO
1973;19:325.

Middle molecules Not
available

As above

(11) Giovannetti S, et al. Methylguanidine in
uremia. Arch Intern Med 1973;131:709.

Methylguanidine Not
available

Chronic injection depressed
MNCV in patients

(12) Lonergan ET, et al. Erythrocyte transketolase
activity in dialyzed patients. N Engl J Med
1971;284:1399.

Transketolase deficiency Not
available

Deficiency related to impaired
MNCV in patients

(13) Mahoney CA, et al. Central and peripheral
nervous system effects of chronic renal failure.
Kidney Int 1983;24:170.

Parathyroid hormone 0.05 No effect of PTH on motor
nerve function

(14) Kanda F, et al. Somatosensory evoked potentials
in acute renal failure. Kidney Int 1990;38:1085.

Parathyroid hormone Not
available

No effect of PTH on sensory
nerve function

MNCV, motor nerve conduction velocity.

generally not been helpful in patients with established dialy-
sis dementia. Diazepam or clonazepam is useful in controlling
seizure activity associated with the disease, but becomes in-
effective later on and does not alter the final outcome (193).
Treatment of sporadic cases in which the etiology is not clear
is more difficult. Every effort should be made to identify a
treatable cause. Dialysis dementia must be differentiated from
other metabolic encephalopathies, such as hypercalcemia and
hypophosphatemia, hyperparathyroidism, acute heavy metal
intoxications, and structural neurologic lesions, such as subdu-
ral hematoma (170) (Table 94-3). Because of the low incidence,
the uncertain etiology, and the poor correlation of plasma with
tissue aluminum levels, screening tests have not generally been
employed.

The source of excess Al+3 in the brain is not entirely clear.
Some Al+3 apparently is absorbed after oral administration of
aluminum-containing antacids (170). Significant absorption of
oral aluminum can occur in patients with CRF, but the weight
of evidence is against oral aluminum as the major source.

The retention of Al+3 after oral administration of Al+3 salts
is greater in patients with renal failure than in normal sub-
jects (194,195). The typical daily dietary Al+3 intake is 10 to
100 mg (196), although absorption is normally minimal. This
quantity of dietary Al+3 is more than enough to account for
the entire increase of brain Al+3 observed in patients with dial-
ysis dementia. Among 22 such patients, the mean brain Al+3

content (116) was 22 mg/kg dry weight. The normal human
brain weighs about 1,500 g and is about 80% water, or 300 g
dry weight. Therefore, the total increase in Al+3 content for
the whole brain is less than 7 mg in patients with dialysis de-
mentia. and the entire increase of brain Al+3 in such patients
can theoretically be accounted for by dietary aluminum. The
increase in body aluminum stores may also be, in part, the re-
sult of Al+3 contamination from other sources, such as Al+3 in
dialysate water, dialysis system aluminum pipes, or aluminum
leaked from anodes (196).

There are a large number of children who have renal in-
sufficiency and also require hospitalization with intravenous
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therapy. Such children may receive large quantities of intra-
venous aluminum (Al+3) from contamination of intravenous
solutions with aluminum salts (197–202). Therefore, even in
the absence of hemodialysis therapy, children with CRF may
receive large quantities of intravenous aluminum, which may
explain the development of dialysis dementia even in the ab-
sence of dialysis (202). The location of the aluminum in brain
of patients with dialysis dementia has not been well established.
In Alzheimer’s disease, it initially appeared that the aluminum
was localized only to the nuclear regions of neurofibrillary tan-
gles (203). More recent investigations reveal that in Alzheimer’s
disease, aluminum accumulates in at least four different sites:
DNA-containing structures of the nucleus; protein moieties of
neurofibrillary tangles; amyloid cores of senile plaques; cere-
bral ferritin (204–206).

Senile plaques and neurofibrillary tangles are of course diag-
nostic features of Alzheimer’s disease (207). It is not generally
appreciated that in dialysis dementia, the brain also contains
senile plaques and neurofibrillary tangles in the majority of
cases (175). However, in dialysis dementia, aluminum was not
located in the neurons but rather in glial cells and the walls of
blood vessels (188). The aforementioned findings involve stud-
ies in small numbers of patients (CRF treated with hemodial-
ysis, 5; dialysis dementia, 9) (173,175). More such studies are
needed before it can be conclusively stated that the distribution
of aluminum in brain of patients with dialysis dementia is not
similar to that in patients with Alzheimer’s disease.

The source of the increased Al+3 in brain of patients with
dialysis encephalopathy can theoretically be accounted for on
the basis of increased Al+3 intake. However, it is unclear as
to how the Al+3 enters the brain in increased quantities. It
may be that the increased body aluminum burdens present in
uremic subjects may contribute to increased Al+3 content in
the brain of such individuals. To clarify the role of oral inges-
tion of aluminum salts in the causation of increased brain Al+3

content, it would be instructive to examine brain tissue from
patients without renal failure who had ingested large quanti-
ties of Al(OH)3, that is, patients with chronic peptic ulcer dis-
ease. However, since such material is not likely to be available,
but studies in laboratory animals given large quantities of alu-
minum salts should provide similar information. In both rats
and dogs receiving oral aluminum salts, there is a significant
increment in brain Al+3 content (208–210). Administration of
PTH to rats receiving aluminum salts results in an additional
increment of brain Al+3 content (195,208). Therefore, in labo-
ratory animals, both a chronic increase in oral Al+3 ingestion,
or PTH excess, can lead to an increase of cerebral cortex Al+3,
even in the absence of renal failure.

ALTERNATIVE ETIOLOGIES

Many other possible causes of dialysis dementia have been pro-
posed. These include other trace element contaminants, normal
pressure hydrocephalus, slow virus infection of the CNS, and
regional alterations in cerebral blood flow (72,170,211). Some
patients with dialysis dementia may have altered CSF dynam-
ics, which are at least suggestive of normal pressure hydro-
cephalus (212). Six patients with dialysis dementia were found
to have normal CSF dynamics, but only mild dilation of the
cerebral ventricles (212). In this study, however, control sub-
jects (uremic patients treated with hemodialysis but who did
not have dialysis dementia) were not evaluated, and results of
recent studies suggest that many patients who have ESRD with-
out dialysis encephalopathy may also have ventricular dilation
with cerebral atrophy (121). Furthermore, there is a generally
poor correlation between ventricular dilation, cerebral atrophy,
and the presence of dementia (213).

Slow virus infection of the nervous system is a possible
etiology for dialysis dementia. The clinical manifestations re-
semble those of other slow virus infections, such as Kuru or
Creutzfeldt-Jakob disease (214,215). In at least once instance,
a slow virus (foamy virus) has been isolated from the brain of
patients who died of dialysis encephalopathy (214). In sum-
mary, dialysis dementia probably represents end point in a dis-
ease of multiple etiology. There are at least three subgroups
and in two of them the etiology of dialysis encephalopathy
must be regarded as unknown. The possible role of aluminum,
or other trace element abnormalities, is unclear. At this time,
there is no known satisfactory treatment for patients with dial-
ysis encephalopathy. Most patients reported in the literature
thus far have not survived, usually dying within 18 months
of the time of diagnosis. The syndrome is not alleviated by
increased frequency of dialysis, and usually not by renal trans-
plantation (116,170). Definitive therapy must await a better
understanding of the pathogenesis of this disorder. There have
been preliminary reports of improvement in patients with dial-
ysis dementia treated with deferoxamine (212). Deferoxamine
can be used to remove aluminum from the body, but this ap-
proach has not been shown to improve the clinical status of
patients with dialysis dementia.

OTHER CENTRAL NERVOUS
SYSTEM COMPLICATIONS

OF DIALYSIS

In addition to dialysis dementia and DDS, there are several
other neurologic disorders that have been reported in patients
being treated with dialysis. In most instances, patients have
presented initially with headache, nausea, emesis, or hypoten-
sion, whereas some have had seizures. Most such patients
have initially been diagnosed as having DDS, whereas others,
particularly those with chronic subdural hematoma, have been
suspected of having dialysis dementia. The disorders include
copper intoxications, subdural hematoma, muscle cramps,
nonketotic hyperosmolar coma with hyperglycemia, cerebral
embolus secondary equipment malfunction, acute cerebrovas-
cular accident, depletion syndrome, malfunction of fluid pro-
portioning system, excessive ultrafiltration with hypotension
and seizures, hypoglycemia, and Wernicke’s encephalopathy
(21,36). Subdural hematoma is not an infrequent cause of
death in patients maintained with chronic hemodialysis (216–
218). This condition may initially present with headache,
drowsiness, nausea and vomiting. If the patient loses con-
sciousness or develops signs of increased intracranial pressure,
a diagnosis of subarachnoid bleeding should be considered.
Such episodes in uremic patients are usually fatal unless treated
surgically. If the previously noted symptoms persist between
hemodialysis, or progressively worsen, subdural hematoma is
likely, particularly if the patient is taking anticoagulants. On
physical examination, there is often evidence of localized neu-
rologic disease; there may be signs of meningeal irritation, and
somnolence and focal seizures may be observed. The diagnosis
can usually be made by modern neuroimaging techniques
(computed tomography [CT] scan or MRI) (117,219), Sub-
arachnoid bleeding in hemodialysis patients is often related to
anticoagulant excess (220). The initial symptom when intracra-
nial hemorrhage occurs is usually depression of sensorium:
Convulsions may follow, and the patients may lapse into coma.

Improper proportioning of dialysate, due to either human
or mechanical error, is still an important cause of neuro-
logic abnormality in dialysis patients (221). The usual effect
of such dialysate abnormalities is either hypo- or hyperna-
tremia. Both of these abnormalities of body fluid osmolality
can lead to seizures and coma, although different mechanisms
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are involved. In acute hypernatremia, there will be excessive
thirst, lethargy, irritability, seizures, and coma, with spastic-
ity and muscle rigidity. In acute hyponatremia there is weak-
ness, fatigue, and dulled sensorium, which may also progress to
seizures and coma, respiratory arrest, and death. Such symp-
toms developing soon after initiation of hemodialysis should
alert the physician to the possibility of such an error with the
dialysate. A check of the dialysate osmolality or sodium con-
centration is the most rapid means of detecting this problem.
Death has been reported as a consequence of either hyper- or
hyponatremia (222,223).

About one liter of fluid per hour can be removed by ultrafil-
tration hemodialysis and about 300 mL per hour by peritoneal
dialysis using hypertonic dialysate. Such a rate of fluid removal
from the intravascular space may be faster than the rate at
which fluid can be replaced from the interstitial compartment,
and hypotension may develop. Symptoms of hypotension may
include seizures which, although actually due to cerebrovas-
cular insufficiency, may be mistaken for DDS, particularly in
diabetic subjects.

Most of the neurologic complications of renal transplanta-
tion relate to secondary afflictions, such as infection and neo-
plasia (224). As already discussed, most of the neurologic com-
plications of the uremic state tend to improve following renal
transplantation. These include the neuropathy, encephalopa-
thy, and electroencephalographic changes (224–226).

STROKE IN PATIENTS TREATED
WITH CHRONIC HEMODIALYSIS

Cerebrovascular disease is a common cause of death in chronic
hemodialysis patients, and stroke represents the second most
frequent cause of death (227–229). The three most frequent
causes of death are heart attack, stroke, and infection (230). In
the United States and western Europe (including Israel), cardio-
vascular disease is far more common in dialysis patients than
in the rest of the population (3,231). Part of the reason may be
that the major cause of ESRD in the United States is diabetes
mellitus, which is more common than in Europe and Japan
(3,231). Among the factors that undoubtedly contribute to the
high incidence of stroke in patients with ESRD treated with
hemodialysis are the high incidence of hypertension, the large
number of such patients who have diabetes mellitus, and the
accelerated arteriosclerosis in such patients. Uremic patients
tend to have high cholesterol levels and a high incidence of
obesity, and they tend to smoke cigarettes excessively (232).
There is a high incidence of chronic infection in dialysis pa-
tients, which leads to elevated blood levels of atherogenic risk
factors, such as cytokines, which appear to contribute to the
increased incidence of stroke in such patients (233,234). The
elevated cytokines are largely a result of the high incidence of
chronic inflammatory conditions in chronic hemodialysis pa-
tients (233,234).

There is substantial evidence that chronic inflammation
plays a role in the pathogenesis of cardiovascular disease
(92,235). Cytokines released from involved tissues stimulate
the liver to synthesize acute phase proteins, including C-
reactive protein (CRP). Elevated levels of CRP and other cy-
tokines constitute an independent risk factor for cardiovas-
cular disease (236). AGEs can modify tissues and enzymes
(63,64,237). As noted previously, AGEs are markedly elevated
in the plasma of patients with ESRD, particularly if they also
have diabetes mellitus (75,76,238). These AGEs react with vas-
cular cells to inactivate endothelial nitric oxide and may in-
crease the propensity of patients with ESRD to develop arte-
riosclerosis and hypertension (76). Patients with uremia have

an accumulation of proinflammatory compounds, including
AGEs, and these probably impair defense mechanisms against
oxidative injury (239). There is evidence for increased cytokine
production secondary to blood interaction with bioincompat-
ible dialysis components. In particular, blood-dialyzer inter-
action can activate mononuclear cells, leading to production
of inflammatory cytokines (149). Synthetic high-flux dialyzer
membranes are permeable to the proinflammatory cytokines,
and are capable of removing interleukin-1B (IL-1B), tumor
necrosis factor alpha, and IL-6, thus offering a potential thera-
peutic approach (240). It is unclear, however, whether cytokine
removal by continuous renal replacement therapy will decrease
the incidence of stroke (241). The use of sorbents with con-
tinuous plasma filtration offers another possibility for a novel
therapeutic approach (242,243). Some of the cytokines, such as
IL-1B, tumor necrosis factor alpha, and IL-6, may induce an in-
flammatory state, and are believed to play an important role in
dialysis-related mortality (234,244). Recent prospective studies
have demonstrated that patients with ESRD and higher blood
levels of certain cytokines have a greater mortality and have a
larger number of cardiovascular events (239). Contaminated
dialysate water can result in pyogenic substances of bacterial
origin being absorbed into the dialysis membrane (240). The
consequence could be induction of an inflammatory response in
certain dialysis patients. Substances of bacterial origin activate
circulating mononuclear cells to produce proinflammatory cy-
tokines. IL-1B, tumor necrosis factor alpha, and IL-6 mediate
the acute phase response resulting in elevated levels of acute
phase proteins, including CRP (240). The effects of dialysis
reuse on cytokine production has not been evaluated, but may
be important, as reuse could theoretically lead to more contam-
ination of dialysate (233,240). Reactive carbonyl compounds
and AGEs, which tend to modify proteins in a deleterious man-
ner (64), can be decreased by use of a peritoneal dialysate con-
taining icodextrin and amino acids instead of glucose (245).

The cardiovascular disease and cerebrovascular disease can
lead to cerebral ischemia. Cerebral ischemia initiates a num-
ber of processes that can lead to progressive brain damage
(Fig. 94-6) (246). Cerebral ischemia can lead to activation in
the brain of free radicals, NMDA, and apoptosis, all potential
mechanisms of brain damage in patients with hypoperfusion or
stroke (247–249) (Fig. 94-6). Anoxic injury to brain endothe-
lial cells can increase production of nitric oxide, which can lead
to free radical formation (250,251). Apoptosis, or programmed
cell death, is another mode of destruction of brain cells in stroke
(249). Glutamate activates the NMDA receptor complex and
can also lead to later activation of apoptosis (250,251). In gen-
eral, the ischemic event of a stroke only serves to initiate the
biochemical events that may lead to brain damage. Interven-
tions that counter these biochemical events may decrease the
brain damage associated with acute stroke (252,253).

Recent knowledge of the pathogenesis of stroke has led
to a major expansion in the opportunities for prevention of
stroke. High grade carotid stenosis can lead to stroke, al-
though the exact numbers of patients who will suffer stroke
when they have carotid stenosis is not known (254). Screen-
ing patients who have renal failure for the presence of carotid
stenosis could diagnose a substantial number of such patients,
although at considerable cost. However, because of noninva-
sive diagnostic techniques such as duplex Doppler ultrasonog-
raphy, screening for carotid stenosis involves essentially no
morbidity (253).

Studies of the aortic arch for the presence of large atheroscle-
rotic plaques (more than 4 mm thick) is an important predic-
tor for the possibility of stroke in the future (255), as is the
presence of atrial fibrillation (256). Other common preven-
tive measures include treatment of hypertension, cessation of
smoking, lowering of plasma cholesterol, control of plasma
glucose in diabetic patients, weight loss, increased exercise and
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FIGURE 94-6. The molecular events initiated
in brain tissue by acute cerebral ischemia. In-
terruption of cerebral blood flow results in
decreased energy production, which in turn
causes failure of ionic pumps, mitochondrial
injury, activation of leukocytes (with release
of mediators of inflammation), generation of
oxygen radicals, and release of excitotox-
ins. Increased cellular levels of sodium, chlo-
ride, and calcium ions result in stimulation
of phospholipases and proteases, followed
by generation and release of prostaglandins
and leukotrienes, breakdown of DNA and
the cytoskeleton, and, ultimately, breakdown
of the cell membrane. Alteration of genetic
components regulates elements of the cascade
to alter the degree of injury. AMPA, alpha-
amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid; NMDA, N-methyl-d-aspartate.
(Reprinted from: Brott T, Bogousslavsky J.
Treatment of acute ischemic stroke. N Engl
J Med 2000;343:710, with permission.)

decreased alcohol consumption (232). Other possible preven-
tive measures include dietary antioxidants, low-dose aspirin
and a decreased intake of saturated fatty acids (257). Although
treatment of hypertension is known to decrease the incidence
of stroke, not all antihypertensive agents are of equal efficacy.
In general, only β-blockers, thiazide diuretics, and angiotensin-
converting enzyme inhibitors have been shown to reduce the
incidence of stroke, whereas, α-adrenergic blocking agents and
calcium channel blockers may not (258). Given that the afore-
mentioned are likely mechanisms of brain damage in stroke, a
whole new field has opened in the area of potential therapeutic
agents for decreasing brain damage associated with stroke.
Such agents include calcium channel blockers (259,60), in-
hibitors of NMDA receptors (261), and agents that scavenge
free radicals (262). It is now clear that in many cases acute
stroke can be successfully treated, but only if physicians re-
alize that stroke should now be considered a medical emer-
gency where timely therapy can make the difference in func-
tional survival of the brain (263). Therapies for acute stroke
are now being administered in teaching hospitals in the United
States and most start with acute neuroimaging in the emergency
room. An initial CT scan will usually reveal acute stroke, and,
if present, the scan with differentiate occlusive from hemor-

rhagic stroke. If a nonhemorrhagic stroke is present, treatment
prospects can be examined with magnetic resonance angiog-
raphy (MRA), which is noninvasive. Contrast should not be
administered to patients with impaired renal function, but can
be given to dialysis patients (264). When acute stroke is diag-
nosed within the appropriate time window (within 3 hours of
the onset of symptoms), current therapies may include intra-
venous thrombolytic therapy (265), intraarterial thrombolytic
therapy, antithrombotic and antiplatelet drugs, defibrinogenat-
ing agents and neuroprotective drugs (241,266–268). Admin-
istration of the defibrinogenating agent ancrod to patients with
acute ischemic stroke resulted in a better functional status after
3 months follow-up (268). Nizofenone can scavenge free rad-
icals and inhibit glutamate release, and may prove useful as a
cerebroprotective agent (269).

Some cases of acute stroke will be caused by dissection of the
carotid or vertebral artery systems. These patients have lesions
that are not amenable to dissolution of clot, as the obstructing
lesions is in fact a hemorrhage in the arterial wall (270–272).
Dissection of the carotid or vertebral artery system can be ini-
tiated by chiropractic manipulation of the cervical spine, so
that such maneuvers should probably be avoided in dialysis pa-
tients (270). In addition, some cases of apparent acute stroke in
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dialysis patients will be due to subdural hematoma, which must
always be considered in the differential diagnosis of stroke in
dialysis patients (273).

SEXUAL DYSFUNCTION
IN UREMIA

Disturbances in sexual function are a common complication
of CRF (31,276). These complications occur in both genders
and may include erectile dysfunction, decreased libido, and de-
creased frequency of intercourse (31,277). Studies in uremic
rats showed that erectile impairment is associated with a dis-
turbance in nitric oxide synthetase gene expression (274). Sex-
ual dysfunction in men with ESRD treated with maintenance
hemodialysis is common, and impotence has been observed
in at least 50% of such patients (275). A number of abnor-
malities associated with renal failure appear to be important
in the genesis of impotence. There are abnormalities in auto-
nomic nervous system function (277), impairment in arterial
and venous systems of the penis (along with vascular pathol-
ogy in other vascular beds), hypertension (many drugs used
to treat hypertension cause secondary impotence), and other
associated endocrine abnormalities (278). There are also the
associated effects of aging, with impotence observed in more
than 50% of men older than 60 years old who do not have renal
failure (279). There is a variety of approaches to the evalua-
tion of impotency in uremic men (280). Patients with ESRD
have a high incidence of cardiovascular disease (1), which im-
pairs penile vessels along with those of the rest of the body
(281). The incidence of hypertension is also higher in ESRD
patients than the rest of the population, and hypertension is a
major contributor to vascular disease (1,282). Many drugs used
to treat hypertension can lead to impotence (calcium channel
blockers, thiazides, guanethidine). The incidence of depression
is high in patients with ESRD, and many drugs used to treat
depression can lead to impotence (phenothiazines, tricyclics,
fluoxetine). Although appreciation of the aforementioned ab-
normalities may increase our understanding, until very recently,
there was little that could be done other than to discontinue
certain drugs used to treat hypertension or depression (31).
There are now a number of drugs that can successfully treat
impotence (283). Alprostadil was successful, but had to be de-
livered transurethrally (284). In particular, sildenafil can be ad-
ministered orally and is highly effective, even in men who have
cardiovascular disease (285) or uremia (286,276). Other treat-
ments for impotence among men with ESRD include penile
prostheses, direct injection of alpha blocking agents or other
vasodilators (papaverine, phentolamine, alprostadil) into the
penis, and vacuum constrictive devices (283,287).

UREMIC NEUROPATHY

Clinical Manifestations

Peripheral neuropathy in patients with renal failure has been
recognized for more than 100 years. This disorder, however,
was not fully appreciated until the early 1960s (288,289). Prior
to the institution of chronic dialysis therapy, approximately
65% of patients with ESRD probably did not live long enough
to develop clinically apparent neuropathy. Although existing
data are difficult to evaluate, neuropathy is probably present in
about 65% of patients with ESRD at the time of the institution
of dialysis (290). Uremic neuropathy may involve all modalities
of nerve function—motor, sensory, and autonomic, including
both sympathetic and parasympathetic pathways (288,291).

Many patients with CRF who are neurologically asymp-
tomatic may exhibit abnormalities on physical examination.
They may also have evidence of autonomic neuropathy such
as impotence and postural hypotension. Moreover, in patients
who have renal insufficiency, abnormal nerve conduction may
be present in the absence of symptoms or abnormal findings on
physical examination. In addition, alternations in nerve con-
duction do not necessarily indicate structural changes in the
peripheral nerves.

The motor nerve conduction velocity (MNCV) is a test that
is frequently used to assess peripheral neuropathy. The test,
however, is somewhat unreliable, since there is a large normal
variation in MNCV (up to 20% on a day-to-day basis) (84) and
the test has very limited utility in detecting moderate impair-
ment of peripheral nerve function. Sensory nerve conduction
velocity (SNCV) is more sensitive than MNCV, but the test is
quite painful and most patients do not permit repeated tests.

In general, there are two broad categories of peripheral neu-
ropathy. These are described in terms of the pattern of involve-
ment of the peripheral nervous system. First, there are processes
that result in a bilaterally symmetric disturbance of function
that can be designated as polyneuropathies. Polyneuropathy
tends to be associated with agents such as toxic substances,
metabolic disorders (uremia, diabetes, deficiency states), and
certain examples of immune reaction that act diffusely on the
peripheral nervous system. The second category comprises iso-
lated lesions of peripheral nerves (mononeuropathy) or multi-
ple isolated lesions (multiple mononeuropathy). In severe sym-
metric polyneuropathies, a generalized loss of peripheral nerve
function may occur, and the impairment is usually maximal dis-
tally in the limbs. A mixed motor and sensory polyneuropathy
with a distal distribution results in weakness and wasting that
is most frequently observed peripherally in the arms and legs.
There are also distal sensory changes of “glove and stocking”
distribution. In those neuropathies that involve “dying back”
of the axons from the periphery (289), it is possible that the
neurons that have the longest axons to maintain appear to be
the first to be affected.

Uremic neuropathy is a distal, symmetric, mixed polyneu-
ropathy. Motor and sensory modalities are both generally af-
fected, and the lower extremities are more severely involved
than are the upper extremities. Clinically, uremic polyneu-
ropathy cannot be distinguished from the neuropathies associ-
ated with certain other metabolic disorders such as diabetes
mellitus, chronic alcoholism, and various deficiency states.
The occurrence of neuropathy bears no relationship to the
type of underlying disease process (i.e., glomerulonephritis or
pyelonephritis). However, certain diseases that can lead to renal
failure may simultaneously affect peripheral nerve function in a
manner separate from the manifestations of uremia. Such dis-
eases include amyloidosis, multiple myeloma, systemic lupus
erythematosus, polyarteritis, nodosa, diabetes mellitus, and
hepatic failure (288,289). The clinical manifestations of ure-
mic neuropathy are characterized by several different stages. It
appears that when glomerular filtration rate exceeds 12 mL per
minute, clinical evidence of neuropathy is generally absent (7).

Peripheral Nerves

The restless leg syndrome is a common early manifestation
of CRF. Clinically, patients experience sensations in lower ex-
tremities such as crawling, prickling, and pruritus. The sensa-
tions are worse distally than proximally and are generally more
prominent in the evening. The restless leg syndrome may ini-
tially be present in up to 40% of patients with CRF (92,292).
Another symptom experienced by patients with early uremic
neuropathy is the burning foot syndrome, which is present
in less than 10% of patients with CRF (92). Rather than
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“burning,” the actual symptoms consist of swelling sensations,
constriction, and tenderness of the distal lower extremities.

The physical signs of peripheral nerve dysfunction often be-
gin with loss of deep tendon reflexes, particularly knee and
ankle jerks (293). Impaired vibratory sensation is also an early
sign of uremic neuropathy. Loss of sensation in the lower leg is
common and often takes the form of “stocking glove” anesthe-
sia of the lower leg. The sensory loss includes pain, light touch,
vibration, and pressure.

Metabolic Neuropathy

Uremic neuropathy is one of a group of central-peripheral
axonopathies, also known as dying-back polyneuropathies,
which have been described by Spencer and Schaumberg (295).

The causes of such central-peripheral axonopathies include
many types of toxic compounds. These include neuropathies
associated with diabetes, multiple myeloma, certain hereditary
polyneuropathies, and uremia (294). There is also an associated
degeneration of the spinal cord, particularly involving posterior
columns, as well as other portions of the CNS. Such findings are
usually attributed either to local CNS disease or to damage of
spinal ganglion cells secondary to ascending peripheral nervous
system damage. It is likely, however, that the CNS is involved in
distal axonopathies. The clinical characteristics of such distal
axonopathies as described by Spencer and Schaumberg include
the following (295).

1. Insidious onset. In most human toxic neuropathies, there is
a steady low-level exposure. Because only the distal portion
of selected, scattered fibers is affected, the patient may still
function well despite the axonal degeneration.

2. Onset in legs. Large and long axons are affected early, and
fibers of the sciatic nerve are especially vulnerable.

3. Stocking-glove sensory loss. Degeneration in the distal axon
proceeds toward the cell body, resulting in clinical signs in
the feet and hands initially.

4. Early loss of Achilles reflex. Fibers to the calf muscles are of
large diameter and among the first affected by many toxins,
even when longer, smaller-diameter axons in the feet are
spared.

5. Moderate slowing of motor nerve conduction. In demyeli-
nating neuropathies, motor nerves or roots are diffusely af-
fected; in axonal neuropathies, scattered motor fibers are
often intact and MNCV may appear normal or only slightly
slow despite severe paresis.

6. Normal CSF protein content. Pathologic changes are usually
distal and nerve roots are spared.

7. Slow recovery. Axonal regeneration (in contrast to remyeli-
nation) is slow—about 1 mm per day. Thus, after institution
of dialysis or renal transplantation, recovery of nerve func-
tion may take months or years.

8. Residual disability. Most toxic axonopathies are charac-
terized by tract degeneration of long, large-diameter fibers
in the CNS concomitant with changes in the peripheral
nervous system. Signs of lesions in the corticospinal and
spinocerebellar pathways may not be clinically apparent if
there is severe peripheral neuropathy. However, on recovery
from the neuropathy, there may be spasticity or ataxia.

It can readily be recognized that the previously noted fea-
tures are similar to many descriptions of uremic neuropathy
(226,288,295). The cellular basis for distal axonopathies, how-
ever, remains unclear. Spencer et al. (297) have emphasized that
a number of chemically unrelated neurotoxic compounds and
several types of metabolic abnormalities can cause strikingly
similar patterns of distal symmetric polyneuropathy in humans
and animals.

These authors suggest a possible common metabolic ba-
sis for many distal axonopathies. Neurotoxic compounds may

TA B L E 9 4 - 4

CLINICAL MANIFESTATIONS OF CHRONIC DIALYSIS
DEPENDENT ENCEPHALOPATHYa

Cerebral atrophy (on neuroimaging study)
Abnormal electroencephalogram (EEG)
Impaired intellectual capability
Impaired cognition
Decreased exercise capability
Acute and subacute movement disorders
Sexual dysfunction
Psychiatric disorders

Depression
Psychosis
Suicidal behavior

Deterioration of vision
Increased fatigue

aData from references 7–9,21,33,35,117,118,120–26.

deplete energy supplies in the axon by inhibiting nerve fiber
enzymes required for the maintenance of energy synthesis. Re-
supply of enzymes from the neuronal soma may fail to meet the
increased demand for enzyme replacement in the axon, caus-
ing the concentration of enzymes to decrease in distal regions.
This could lead to a local blockade of energy-dependent ax-
onal transport, which could then produce a series of pathologic
changes culminating distal nerve fiber degeneration.

Uremic Toxins and Nerve Conduction

Several possible uremic toxins have been identified, which ap-
pear to be correlated with depression of MNCV in laboratory
animals (149). However, these studies do not take into account
the fact that: (i) depressed MNCV is cyclical, with abnormal
low values one day and normal values the next; (ii) there is
a day-to-day variation in MNCV that approaches 20% (84);
(iii) the finding of depressed MNCV in laboratory animals asso-
ciated with high plasma levels of potential uremic neurotoxins
has generally not been confirmed in human subjects with renal
failure. Although it is possible to relate impairment in MNCV
with levels in blood of various substances, the best correlation
was obtained between reduced MNCV versus a reduction in
glomerular filtration rate (Table 94-4).

Parathyroid Hormone

Among the potential uremic neurotoxins is PTH, based on a
possible correlation between plasma PTH levels and MNCV
in patients with CRF (87). Although some earlier studies sug-
gested a possible effect of PTH on MNCV in the dog (89),
these impressions have not been confirmed (53,297). In patients
who have hyperparathyroidism without uremia, PTH has no
observable effect on peripheral nerve function (53,82,297). In
both patients and laboratory animals with acute renal failure,
the MNCV has been found to be normal (22,24) (Fig. 94-7). In
all studies of both patients and laboratory animals with CRF,
the MNCV had not been shown to be affected by PTH (22)
(Fig. 94-7). Therefore, in both patients and laboratory animals
with either acute or chronic renal failure, or primary or sec-
ondary hyperparathyroidism, there is no demonstrable effect
of PTH on nerve function. In patients with CRF, there is no
change in MNCV as a result of either recovery of renal func-
tion, chronic hemodialysis, or parathyroidectomy (32,82). In
addition, when patients begin dialysis therapy, MNCV either
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FIGURE 94-7. The motor nerve conduction velocity (MNCV) in
the peroneal nerve in control dogs (N = 12) and in dogs who
had renal failure for the following periods: acute renal failure
(ARF) 3.5 days (N = 10), chronic renal failure (CRF) 16 days
(N = 11), CRF 4 months (N = 10), and CRF 6 months (N = 5). None
of the values of MNCV in dogs with renal failure is significantly dif-
ferent from the control value. (From: Mahoney CA, Arieff AL. Central
and peripheral nervous system effects of chronic renal failure. Kidney
Int 1983;24:170, with permission.)

stabilizes or improves (32,93). However, virtually all of these
patients have elevated plasma PTH levels (94).

Animal studies suggest that in either acute renal failure or
CRF, changes in MNCV take longer than 6 months to develop
and are probably not related to an effect of PTH (Fig. 94-7).
Mahoney et al. studied dogs that had renal failure for periods of
3.5 days to 6 months (53). There was no change in the MNCV
after any of the aforementioned intervals of renal failure, and
the MNCV was normal even after 6 months, with glomerular
filtration rate less than 22% that of control.

It has also been suggested that either PTH or acute renal fail-
ure somehow resulted in an increase of nerve calcium content
and that this might be related to impaired MNCV (89). How-
ever, this has never been confirmed. In dogs with renal failure
for periods of 3.5 days to 4 months, there were no observed
increases in nerve calcium content (53) (Fig. 94-8). Nerve cal-

FIGURE 94-8. Nerve calcium content in peripheral (sciatic) never of
dogs with renal failure for intervals indicated. Renal failure for all
intervals shows caused significant decrement in nerve calcium content
compared to control values. ARF, acute renal failure; CRF, chronic
renal failure; PTHx, parathyroidectomy. (Data from: Mahoney CA,
Arieff AL. Central and peripheral nervous system effects of chronic
renal failure. Kidney Int 1983;24:170, with permission.)

cium values in dogs with acute renal failure with or without
parathyroidectomy also were not different and in fact actually
fell significantly (versus control) in dogs with CRF (Fig. 94-8).
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CHAPTER 95 ■ CARDIAC DISEASE IN
CHRONIC RENAL DISEASE
SEAN W. MURPHY AND PATRICK S. PARFREY

End-stage renal disease (ESRD) and cardiovascular disease
have been inextricably linked since the earliest days of chronic
dialysis. Clyde Shields, the first patient on long-term dialy-
sis, died of myocardial infarction (MI) in 1970, at the age of
50 years, 11 years after starting hemodialysis (1). Several statis-
tics accrued since that time attest to the impact of cardiovas-
cular disease in renal patients. Approximately one-half of all
deaths in patients with ESRD are attributable to cardiovascular
disease, a proportion that is remarkably similar throughout the
world (2–10). The annual incidence of MI or angina requiring
hospitalization among patients on hemodialysis is 8%, and that
of heart failure requiring hospitalization or treatment with ul-
trafiltration is 10% (11). Among patients starting maintenance
dialysis, approximately 80% exhibit left ventricular hypertro-
phy (LVH) or systolic dysfunction disorders that are predictive
of congestive heart failure (CHF), ischemic heart disease (IHD),
and death (12). This high prevalence of left ventricular (LV) ab-
normalities pertains to patients receiving renal transplants as
well (13). Furthermore, this rate of cardiovascular death in pa-
tients on dialysis is substantially higher than that of the general
population in all age groups, particularly in the younger group
(Fig. 95-1). In recent years there has been increasing aware-
ness that chronic kidney disease (CKD) at all stages—not just
dialysis—has an impact on the patient’s prognosis for cardiac
disease (14–20).

Several factors are thought to contribute to this high burden
of cardiac disease in CKD. The prevalence of many traditional
risk factors for cardiovascular disease and death, such as dia-
betes and hypertension, is clearly higher among patients with
renal disease than in the general population. Whether renal fail-
ure itself is a risk factor for cardiac disease is still not known for
certain, but several metabolic and hemodynamic disturbances
that occur and progress in relation to declining renal function
may modify cardiovascular risk (21). There is growing evidence
that these uremia-related risk factors (e.g., anemia, hyperho-
mocysteinemia, hypoalbuminemia, divalent ion abnormalities,
inflammation, and oxidative stress) contribute to the excess
burden of cardiovascular disease in CKD patients. Finally, it
has become clear that cardiovascular disorders arise early in
CKD, progress during dialysis, and may partially regress sub-
sequent to transplantation, only to progress again as the allo-
graft fails. The burden and relative importance of traditional
and uremia-related cardiac risk factors likely evolve parallel to
these phases of renal disease as well.

In this chapter, we discuss the pathogenesis, risk factors,
and treatment of IHD and disorders of LV geometry and func-
tion. As demonstrated in Figure 95-2, IHD may result from
critical coronary artery disease (CAD) or nonatherosclerotic
disease, and is associated with cardiomyopathy; heart failure
(the major manifestation of pump dysfunction) results from is-
chemic disease or cardiomyopathy, and cardiomyopathy may
be the result of concentric LVH, LV dilation, or systolic dys-
function. Emphasis is placed where possible on direct evidence
obtained in epidemiologic studies of clinically relevant popula-

tions. Where the data permit, differences in clinical profile, risk
factors, and treatment during the chronic phase of illness, dialy-
sis, and transplantation are highlighted. The topic of cardiovas-
cular disease in renal failure is in ferment and many questions,
particularly those regarding treatment, cannot be answered
definitively because adequate studies are lacking. Where rea-
sonable, these gaps are filled by extrapolation from non-CKD
populations.

ISCHEMIC HEART DISEASE

Pathogenesis

Symptomatic myocardial ischemia usually results from flow-
limiting critical coronary atherosclerotic disease, but may be
present in the absence of significant angiographic CAD in ap-
proximately 25% of patients (22–24) (Fig. 95-3). In the latter
case, small-vessel disease or a decrease in myocardial capil-
lary density consequent to LVH or fibrosis may be the culprits
(25–28). LVH itself may predispose to ischemia.

In non-CKD populations, the initiating event of atheroscle-
rosis appears to be endothelial injury caused by mechanical
stress (e.g., hypertension) or endothelial toxins (nicotine, ox-
idative stress, hyperlipidemia, and inflammation) that alter the
endothelial phenotype to a more permeable, procoagulant state
(29). Endothelial denudation or, more commonly, alterations
in cell surface receptor expression permit access of lipoproteins
and macrophages into the subintimal space (29,30). Oxida-
tive modification of lipoproteins, particularly of low-density
lipoprotein (ox-LDL), is chemotactic for macrophages and fa-
cilitates uptake of oxidized lipids by macrophages, resulting in
formation of foam cells (31). Ox-LDL stimulates elaboration
of growth factors that are mitogenic for smooth muscle and
profibrotic (32). These processes result in the accumulation of
oxidatively modified lipids and inflammatory cells at the center
of a fibrous “cap” of variable thickness. This cap may rupture,
causing subocclusive thromboses that may be minimally symp-
tomatic or associated with acute coronary syndromes (e.g., un-
stable angina, MI). These thrombi eventually become organized
in the wall of the vessel. Calcific deposits may develop. The
mature atheroma thus may contain, in addition to lipids, in-
flammatory cells, collagen, organized thrombus, and calcium
(33). The propensity for rupture varies with the composition
of the atheroma. Lipid and inflammatory cell–rich atheromas
with thin fibrous caps are thought to be more unstable than
those with a greater degree of fibrosis and less lipid (34).

Theoretically, renal failure can modify this process at mul-
tiple levels. Hypertension and flow overload may increase
stresses on the vascular wall. In many patients on dialysis,
a pro-oxidant and chronic inflammatory state pertains, and
both may contribute to endothelial dysfunction (35). Hy-
perhomocysteinemia may promote endothelial activation and
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FIGURE 95-1. Annual cardiovascular mortality by age group in the general population and in patients
on dialysis. (From: Foley RN, Parfrey PS, Sarnak MJ. Epidemiology of cardiovascular disease in chronic
renal disease. J Am Soc Nephrol 1998;9:S16, with permission.)

thrombosis by mechanisms that are yet unclear (36,37). Hyper-
parathyroidism may promote vascular calcification and medial
hypertrophy (35). Postmortem data from patients with CKD
show increased vascular medial thickness and smaller lumen
area relative to control subjects matched for age and gender
(34). The presence of calcium by electron beam tomography
correlates with advanced atherosclerosis and appears to be
more prevalent in patients with ESRD (38–40).

In the absence of flow-limiting CAD, ischemic symptoms
may result from a reduction in coronary vasodilator reserve
and altered myocardial oxygen delivery. Intracoronary ultra-
sonography has shown that angiographically normal vessel
segments may contain areas of nonencroaching atheroma. En-
dothelial function is impaired in these vessels and may reduce
coronary vasodilator reserve (i.e., the ability of the vessel to di-

FIGURE 95-2. Cardiomyopathy and ischemic heart disease in chronic
uremia.

late above baseline) in response to increased myocardial oxygen
demand (41). Vasodilator reserve is clearly impaired in vessels
with lumen-encroaching disease (42). The resulting mismatch
of supply and demand may give rise to symptomatic ischemia.

Small vessel disease may occur in LVH and diabetes, and
because of uremia per se. In LVH, small vessel smooth muscle
hypertrophy and endothelial abnormalities can diminish coro-
nary reserve. Diabetes may be associated with microvascular
disease characterized by endothelial proliferation, subendothe-
lial fibrosis, and exudative deposits of hyaline in the intima

FIGURE 95-3. The etiology of ischemic heart disease in chronic
uremia.
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(43). In uremic rats, LVH is associated with a severe reduction
in myocardial capillary density compared with hypertensive
rats matched for weight and blood pressure (27). Small–vessel
calcification may impair coronary reserve; an association be-
tween elevated Ca × PO4 product and CAD has been reported
(44).

Dysregulation of energy metabolism in the myocyte may in-
crease cellular susceptibility to ischemia. A reduced myocardial
phosphocreatine–adenosine triphosphate ratio under stress has
been observed in uremic animals (45). Hyperparathyroidism
may play a critical role in the dysregulation of cellular en-
ergetics, and may thus exacerbate ischemic damage to the
myocardium (46).

Diagnosis

Symptoms of myocardial ischemia in patients with CKD are in
general similar to those in the nonuremic population. However,
the prevalence of silent myocardial ischemia in this group of pa-
tients is very high (47,48). This has been best demonstrated in
diabetic patients with ESRD because they often are subjected to
screening coronary angiography before renal transplantation.
In one series of 100 diabetic patients with ESRD, for exam-
ple, 75% of the patients with angiographically demonstrated
CAD had no typical angina symptoms (49). The prevalence
of asymptomatic CAD in nondiabetic patients with ESRD is
not as well studied. Exertional dyspnea is also less specific for
cardiac disease in patients with CKD than in the general popu-
lation. Such symptoms may be attributable to anemia, acidosis,
heart failure, or fluid overload; therefore, careful interpretation
within the clinical context is required.

Patients with CKD and symptomatic IHD should be inves-
tigated in a manner similar to patients with normal renal func-
tion, provided that revascularization will be considered should
critical CAD be identified. In the general population, there is
some suggestion that silent ischemia might lead to an increased
mortality rate (50). There is no evidence, however, that revas-
cularization of such patients prolongs their survival. Routine
screening for CAD in asymptomatic patients with CKD there-
fore is not recommended (51). Several organizations have is-
sued clinical practice guidelines for CAD screening of patients
before noncardiac surgery (52–54), and it is appropriate to ap-
ply these to the CKD population as well. These groups generally
recommend screening before surgery when the combination of
risk factors and the nature of the operation place the patient
at moderate or higher risk of a cardiovascular event. Patients
being evaluated for renal transplantation are an exception to
the aforementioned recommendations. The adverse prognostic
implications of CAD, the desire to avoid allograft injury from
posttransplantation invasive cardiac testing, and the need to ra-
tion transplantable organs are justification for screening all but
the lowest-risk patients. The American Society of Transplant
Physicians has published guidelines for the evaluation of renal
transplantation candidates that include recommendations for
the investigation of CAD (55).

Biomarkers for Ischemic Heart Disease

Cardiac troponin T and troponin I (cTnT and cTnI) are cur-
rently the standard biomarkers of myocardial injury. These
tests are more specific for myocardial damage than creatinine
kinase–myocardial band (CK-MB) but still are not always in-
dicative of an ischemic mechanism of injury (56). Neverthe-
less, the definition and diagnosis of the acute coronary syn-
drome (ACS), including myocardial infarction, has changed
radically based on the introduction of these markers in the last
decade. The interpretation of these tests in patients with re-
nal failure has been somewhat controversial. Studies using the

first generation cTnT assays in ESRD patients without evidence
of ischemia reported elevated levels in up to 71% of patients
(57–59). Conversely, cTnI appears to be increased in approxi-
mately 7% of patients with renal failure (57,59,60). Although
there is no difference between the diagnostic and prognostic
accuracy of the two tests in the general population (61,62), the
lower incidence of increased cTnI in the renal failure popula-
tion has led some authors to suggest that this is the preferred
test in this clinical setting (63,64).

Despite concerns about falsely positive tests, troponins are
clearly very useful in the evaluation of suspected ACS. In one
retrospective analysis, cTnI was shown to be the best perform-
ing marker in suspected ACS in patients with CKD or ESRD
when compared to alternatives such as CK-MB or myoglobin
(65). A study of 56 dialysis patients with CKD and suspected
ACS demonstrated a sensitivity of 94% and specificity of 100%
using cTnI to predict MI (63). The gold standard in this case
was echocardiography, nuclear stress testing, or angiography.
Although cTnT is more likely to be elevated at baseline in pa-
tients with renal impairment, a normal level has useful negative
predictive value. A sequential rise in either of the serum tro-
ponins is consistent with new myocardial damage regardless of
symptoms (66).

Noninvasive Testing for Coronary Artery Disease

Exercise electrocardiography has been the traditional method
of noninvasive diagnosis of CAD. The sensitivity of this test
is only 50% to 60% for single-vessel disease but is greater
than 85% for triple-vessel CAD in the general population (67).
These figures are based on the assumption that the patient
reaches an adequate exercise level (i.e., 85% of the age-adjusted
predicted maximal heart rate). A large proportion of patients
with ESRD are unable to achieve this target because of poor
exercise tolerance, anemia, poorly controlled hypertension, or
the use of cardiac medications. One study of 85 diabetic ure-
mic patients showed that only 6 achieved an adequate exercise
level (68). In another study, only 12 of 60 diabetic patients with
ESRD achieved target heart rates (69). Pharmacologic agents,
therefore, often are used for noninvasive testing for CAD in
these patients. The sensitivity of dipyridamole-thallium test-
ing in patients with ESRD ranges from 37% to 86%, with a
specificity of approximately 75% (70–73). Dobutamine stress
echocardiography may be the method of choice where it is
available because the reported sensitivity in patients with CKD
is relatively high at 69% to 95%, with a specificity of approx-
imately 95% (74–77).

Coronary Angiography

Cardiac catheterization and coronary angiography remain the
gold standard for the diagnosis of CAD. A major disadvantage
associated with this mode of investigation is the potential for
renal toxicity from radiocontrast agents. CKD, especially in di-
abetic patients, is a major risk factor for contrast-induced acute
renal failure (78). The risk of clinical nephrotoxicity is related
to the severity of prior renal impairment. Although most pa-
tients who develop nephropathy eventually recover renal func-
tion, there is a risk that contrast administration may precipitate
ESRD in patients with severe impairment in renal function at
baseline. The risk of contrast nephropathy in high-risk patients
may be reduced by using nonionic contrast media and by saline
infusion (78). Many interventions intended to reduce the risk
of nephropathy have been studied, but none has been shown
to be consistently effective (78,79). A number of trials using
N-acetylcysteine in CKD patients have demonstrated a reduc-
tion in the incidence of contrast nephropathy (80,81), whereas
others have not (82,83). A recent meta-analysis of this topic
indicated that the relative risk of nephropathy is reduced by
N-acetylcysteine (relative risk 0.65, 95% confidence interval
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[CI] 0.43–1.00, p = 0.049), but there has been significant het-
erogeneity in studies to date (84). Given its low cost and lack of
adverse effects it is reasonable to use N-acetylcysteine in high
risk patients prior to angiography. A large trial with clinically
meaningful outcomes is still required before it can be univer-
sally recommended.

Burden of Disease

The prevalence and incidence of IHD and cardiovascular death
among patients with mild-to-moderate renal failure are not
well studied but may approach those seen in ESRD (85). In
a small prospective study in France, age-adjusted annual in-
cidence of MI or ischemic stroke was three times that in the
general population (86). In the Modification of Diet in Renal
Disease (MDRD) study of nondiabetic CKD, the annual inci-
dence of first hospitalizations for cardiovascular disease was
3% (87). In a study of the effect of the angiotensin-converting
enzyme (ACE) inhibitor benazepril on the progression of re-
nal disease, the combined annual incidence of sudden cardiac
death or fatal or nonfatal MI was 1% (88). Because these data
are drawn from clinical trial inductees, they likely represent
conservative estimates of the true event rates (89).

In Canada, by the time patients reach ESRD, the prevalence
of CAD approaches 40%; approximately 22% have angina
pectoris, whereas 18% have had a prior MI (4). The an-
nual incidence of angina or MI among Canadian patients on
hemodialysis is 10% (11). MI is the cause of death in approx-
imately 14% of patients on dialysis in the United States (2).

Among renal transplant recipients (RTRs), the overall
prevalence of CAD is approximately 15% (90). The annual
incidence of MI, revascularization, or death from MI among
RTRs is 1.5% (91).

Risk Factors

Although experimental studies in animal models and cross-
sectional or case-control studies in small groups of patients
can lend insight into the mechanisms of IHD in renal fail-
ure, only large, rigorous, prospective studies in relevant clin-
ical populations can identify widely generalizable risk factors
for cardiovascular disease. The Framingham Study (92) is the
archetypal population-based cohort study in the field of cardio-
vascular disease, and the risk factors identified by it have been
widely vindicated in subsequent intervention trials on blood
pressure control and cholesterol reduction (93–95). Unfortu-
nately, few large, adequately designed prospective cohort stud-
ies on cardiovascular outcomes have been performed in renal
failure populations (20,96). An analysis of risk factors for car-
diovascular disease in renal failure must of necessity include
data from retrospective cohorts, national registries, and cross-
sectional and case-control studies that, in declining order of
reliability, provide less conclusive information.

Nonmodifiable Risk Factors

Age. Advancing age is associated with an increased risk of IHD
in the general population (92,97). Older age has been indepen-
dently associated with arteriographic CAD (24), de novo oc-
currence of angina pectoris, MI, or coronary revascularization
in patients on dialysis (relative risk [RR] 1.6 per decade) (96),
and increased risk of death among patients on dialysis (4). Age
is also a significant predictor of the development or worsening
of CVD in the CKD population (20,98). Among RTRs, age
is an independent risk factor for MI or coronary revascular-
ization or death from MI (RR 1.5 per decade) (91), and for
all-cause death (RR 1.5 per decade) (99).

Diabetes Mellitus. Diabetes is an independent risk factor (RR
1.5 to 2.2) for the development of CAD in the general popula-
tion (100–104). One recent cohort study suggests that diabetes
confers a similar increased risk of CVD events for CKD patients
(adjusted RR 2.01 to 4.67) (105), whereas another has shown
slightly higher risk (OR 5.35, p = 0.018) (20). Among patients
on dialysis, diabetes is independently associated with the de-
velopment of de novo IHD and death (adjusted RR 3.98 and
3.86, respectively) (96,99). Among RTRs, diabetes is strongly
associated with multiple cardiovascular outcomes (RR of 2.09
for MI, revascularization, or death from MI; RR of 2.98 for
ischemic stroke; and RR of 25.7 for development of peripheral
vascular disease) (91).

The impact of diabetes in all renal populations may well
be underestimated. Angiographic studies in asymptomatic di-
abetic patients on dialysis show that approximately one-third
have at least one coronary artery stenosis of 50% or greater
(47). Among asymptomatic diabetic patients referred for renal
transplantation, 88% of those older than 45 years had signifi-
cant coronary stenosis (106).

Modifiable Risk Factors

Hypertension. Hypertension is a long-established risk factor
for IHD in the general population (107,108). Pharmacologic
therapy of hypertension reduces the risk of MI by 14% to
16% for each 6 mm Hg reduction in diastolic blood pressure
(109,110).

The prevalence of hypertension in patients with CKD is
approximately 80% and varies with the cause of renal dis-
ease (111). In the MDRD Study, although 91% of patients
were treated with antihypertensive agents, only 54% had
blood pressures of 140/90 mm Hg or less (112). Although
hypertension is clearly a key risk factor in the progression
of renal disease, few studies have directly assessed the role
of hypertension in the evolution of IHD in CKD. In a co-
hort of approximately 800 patients, Muntner et al. reported
that hypertension doubled the risk of coronary heart dis-
ease (RR 2.02, 95% CI 1.27–3.22)(105). In a smaller study,
Levin et al. have shown that low diastolic blood pressure
is protective with respect to CVD progression (odds ratio
[OR] 0.72)(20).

A recent study has found that hypertension is present in
86% of U.S. dialysis patients, yet it is adequately controlled
in only 30% of cases (113). The link between hypertension
and IHD or mortality among patients on dialysis is complex.
Increased pulse pressure, which is primarily due to systolic hy-
pertension, is associated with increased cardiovascular mortal-
ity (114). Conversely, studies that have analyzed systolic and
diastolic blood pressure separately have consistently demon-
strated a paradoxical relationship in that hypertension predicts
longer survival (112,115–118). However, the high prevalence
of cardiac disease at the start of ESRD therapy is a confound-
ing issue even for well-executed, prospective cohort studies.
Because cardiac dysfunction can cause low blood pressure (so-
called reverse causality) and is independently associated with
death, even prospective studies cannot exclude the possibility
that low blood pressure is simply a surrogate marker for poor
pump function, unless patients with cardiac abnormalities at
baseline are excluded from analysis. This is difficult to do in
practice because most (75% to 80%) patients have echocar-
diographic abnormalities at the start of maintenance dialysis.
In one prospective cohort study of 433 patients on dialysis,
high blood pressure was positively associated with the develop-
ment of IHD and LVH but negatively associated with mortality
(118). In this same cohort, LVH was predictive of CHF, which
in turn was associated both with mortality and with a drop in
mean arterial pressure. Lower mean arterial pressure after an
episode of CHF was independently associated with mortality.
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TA B L E 9 5 - 1

ESTIMATED PREVALENCE (%) OF LIPOPROTEIN ABNORMALITIES IN RENAL DISEASE

Category TC >240 mg/dL LDL-C >130 HDL-C <35 TG >200 Lp(a) >30

General population 20 40 15 15 15
Dialysis

Hemodialysis 20 30 50 45 30
Peritoneal dialysis 25 45 20 50 50

Chronic renal insufficiency
Nephrotic

90 85 50 60 60

Non-nephrotic 30 10 35 40 45

Renal transplant recipients 60 60 15 35 25

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; Lp(a), lipoprotein
(a). (Adapted from: Kasiske B. Hyperlipidemia in patients with chronic renal disease. Am J Kidney Dis 1998;32:S142.)

These observations suggest, but do not prove, the following
causal sequence:

Hypertension −→ IHD and LVH −→
pump failure −→ hypotension and death

Although definitive proof for this chain of events still is
lacking, the authors believe that hypertension is deleterious in
patients on dialysis, as it is in the general population.

The prevalence of hypertension among RTRs is 70% to
80% (91). Elevated blood pressure has been associated with
shortened graft and patient survival, as well as higher rates of
CAD (2,119). However, retrospective analyses of large trans-
plant cohorts have not found an association between hyperten-
sion and mortality after adjustment for age, diabetes, tobacco
use, and time on dialysis before transplantation (91,120).

Clearly, further study is needed of the link between hyper-
tension and IHD. This is particularly true in the CKD popu-
lation, where the prevalence of IHD at baseline is lower and
confounding by “reverse causality” less likely, and, thus, causal
relationships more reliably discerned. Future studies in dialysis
patients should ideally be based on inception cohorts of ad-
equate size, consider relevant comorbidities, and incorporate
standardized methods for accurate blood pressure measure-
ment. In the interim, on the basis of strong biologic rationale,
robust evidence in the general population, and strong evidence
in renal disease populations for hypertension as a risk factor
for LVH and IHD, hypertension should be considered a risk
factor for IHD in patients with renal failure and treated appro-
priately.

Smoking. Smoking is a powerful risk factor for IHD in the
general population, approximately doubling the risk of car-
diovascular events in the Framingham cohort (121). Smoking
cessation can reduce the risk of IHD by 50% even in long-time
heavy smokers (122).

Approximately 25% of patients with CKD are current or
former smokers(123). The impact of smoking in these patients
has not been well studied, but smoking has been associated
with progression of CKD, stroke, and the development of IHD
(86,124). Approximately 30% to 40% of patients starting dial-
ysis are smokers (11,96), and smoking has been associated
with an excess mortality rate of 26% in incident patients on
hemodialysis, even after extensive covariate adjustment (2).

Among RTRs, 25% to 40% smoke at the time of transplant
assessment and, despite admonitions to quit, most continue to
smoke after transplantation (125–127). A smoking exposure

of 10 to 25 pack-years has been independently associated with
ischemic stroke (RR 1.2 to 1.6), peripheral vascular disease
(RR 1.2 to 1.6), and death (RR 1.4 to 2.0) (91,125,126).

Dyslipidemia. Elevated total cholesterol (TC), LDL-C,
lipoprotein(a) (Lp[a]), and triglycerides (TGs) and low high-
density lipoprotein (HDL-C) are associated with IHD in
the general population, and the efficacy of targeted LDL-C
lowering with HMG-CoA reductase inhibitors has been
established by clinical trials (95,128–132). An atherogenic
lipid profile is highly prevalent in patients with renal disease
(Table 95-1), particularly in patients with nephrotic syndrome
(133).

With respect to clinical outcomes, there are almost no
data linking hypercholesterolemia to cardiovascular disease in
CKD. One prospective study in nondiabetic subjects has sug-
gested that low HDL is an independent risk factor for cardio-
vascular events (86). Among patients on dialysis, the data are
conflicting. The highest mortality risk appears to be associ-
ated with low, not high, cholesterol (134). However, low TC is
strongly correlated with poor nutritional status and low albu-
min levels, both of which are associated with increased mor-
tality risk. In a prospective study of patients starting dialysis,
Liu et al. recently demonstrated that high cholesterol reduces
all-cause mortality risk in the presence of inflammation but
increases risk in noninflamed individuals (hazard ratio [HR]
1.32 per 1.0-mmol/L increment in total cholesterol; 95% CI,
1.07–1.63) (135). This supports the notion that the inverse as-
sociation of total cholesterol level with mortality in dialysis
patients is likely due to the cholesterol-lowering effect of sys-
temic inflammation and malnutrition, not to a protective effect
of high cholesterol concentrations.

Lp(a) deserves special consideration because it is elevated
in patients on dialysis and, unlike TC and LDL-C, has been
prospectively and independently associated with IHD and
death (136,137). However, in both renal and nonrenal disease
populations, total experience with Lp(a) as a risk stratification
tool is still limited and clinical intervention trials with IHD
end points are nonexistent. Ongoing studies may address these
concerns.

The prevalence of dyslipidemias in RTRs is high. Hyper-
cholesterolemia (90,138) and low HDL level (91) have been
linked to ischemic events in this population.

Homocysteine. Homocysteine (Hcy) is a byproduct of methio-
nine metabolism, a sulfhydryl-containing essential amino acid,
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and lies at the junction of two metabolic pathways, trans-
sulfuration and remethylation. The rate of Hcy elimination by
both pathways depends on an adequate supply of B vitamin
cofactors, particularly B12 and folate. An association between
Hcy and cardiovascular disease was first suggested by observa-
tions that patients with homocystinuria, a rare genetic disorder,
have marked elevations in serum Hcy and markedly accelerated
rates of atherosclerosis. More recently, several large observa-
tional studies have shown that variations in Hcy levels in the
general population are independently associated with cardio-
vascular disease (139–141). Although the epidemiologic link
is strong, there is yet no clinical trial evidence that reducing
Hcy levels will reduce cardiovascular event rates in the general
population.

Progressive renal failure is associated with increasing Hcy
levels: 83% of patients have Hcy levels above the 90th per-
centile for the general population by the time they reach ESRD
(142). Cross-sectional studies of the association between Hcy
and cardiovascular disease in patients on dialysis have yielded
conflicting results (142). Several prospective studies have found
an association between Hcy and combined cardiovascular end
points (143–145). Total numbers were small, limiting the gen-
eralizability of these results. Moreover, extensive multivariate
adjustment was not possible, so the independence of the Hcy ef-
fect from other cardiovascular risk factors in patients on dialy-
sis remains to be established. Limited prospective data in RTRs
and CKD suggest that Hcy may be an independent risk factor
in these populations as well (146,147).

High-dose folate supplementation (15 mg/day) reduces Hcy
levels in ESRD by 25% to 30%, but cannot normalize lev-
els in most patients (37,148,149). Thus far, no studies have
demonstrated an improvement in clinical outcomes for dialy-
sis patients with high dose folic acid relative to low dose (i.e.,
1 mg/day) supplementation (150). In RTRs and CKD, therapy
with supraphysiologic doses of vitamins B6, B12, and folic acid
may reduce Hcy to normal levels (149,151). A large scale, ran-
domized trial of Hcy lowering in RTRs is underway and it is
hoped will elucidate the clinical benefit of this therapy.

Other Risk Factors

Hypocalcemia has been associated independently with excess
mortality in cross-sectional analyses of patients on dialysis
(134) and with de novo development of IHD in an inception
cohort of Canadian patients on dialysis (152). The patho-
genetic mechanism is unclear but may relate to an association
with hyperparathyroidism, which itself is associated with lipid
disturbances, LVH, myocardial fibrosis, and impaired cellular
bioenergetics, all of which may cause or exacerbate ischemia or
cardiomyocyte death (46,153,154). Conversely, uncontrolled
hyperphosphatemia and high calcium-phosphate product are
also associated with adverse cardiac outcomes (155,156).
Ganesh et al. reported that hyperphosphatemic dialysis pa-
tients had a 41% higher risk of cardiovascular death and 20%
higher risk of sudden death relative to those who did not (157).

Hyperphosphatemia and elevated calcium phosphate prod-
uct are predictors of cardiovascular calcification. There has
been increased interest in vascular calcification in recent years,
a phenomenon that may be at least partly due to the advent
of electron beam computed tomography (EBCT). This tech-
nique can be used to noninvasively and accurately measure
coronary artery calcification. Data from the general popula-
tion suggests that it correlates well with plaque burden and is
predictive adverse cardiac events (158,159). Coronary artery
calcification of scores as measured by EBCT are much higher
in ESRD patients than age-matched controls, even when com-
pared to patients with confirmed CAD (39,40,160). There are
less data for CKD and RTR populations. A recent retrospec-
tive analysis of a cohort of veterans with nondialysis dependent

CKD demonstrated that a serum phosphate level greater than
3.5 mg/dL was associated with a significantly increased risk for
death (161). Recent data also indicate that stage 3 to 5 CKD
is indeed associated with increased EBCT calcification scores,
but this association may be stronger among those with diabetes
(162).

The clinical significance of these findings is unclear. At least
one study has shown no significant correlation between degree
of coronary artery stenosis and EBCT calcification score for in-
dividual vessels in ESRD patients (163). At this time it appears
reasonable to control hyperphosphatemia and hypercalcemia
as a potential cardiac risk factor, but routine surveillance for
coronary artery calcification is of unproven benefit.

Outcomes

Registry and retrospective cohort data show that the presence
of IHD in patients starting dialysis is associated with excess
short- and long-term mortality rates (2,96). In a Canadian
prospective cohort study, patients with clinical IHD at the start
of dialysis were more likely to have an admission for CHF (RR
1.7) or to die (RR 1.5) than patients free of IHD at baseline,
after adjustment for age and diabetes (96). In these patients,
most of the excess mortality associated with IHD seemed to be
through the development of CHF. In diabetic RTR, presence
of IHD is associated with a fourfold risk of future events and
death (106).

The coexistence of CKD portends a worse prognosis if a car-
diac event occurs. A study of 3,106 patients with MI reported
an in-hospital mortality of 2% for patients with normal renal
function, 6% for mild CKD, 14% for moderate CKD, 21%
for severe CKD, and 30% for patients dependent on dialy-
sis (14). In a large medicare cohort, one-year mortality after
MI was 24% without CKD, 46% with mild CKD, and 66%
with moderate CKD (19). Finally, a meta-analysis of trials of
thrombolysis for MI indicated an inverse correlation between
glomerular filtration rate (GFR) and mortality at one month
(16).

LEFT VENTRICULAR
HYPERTROPHY AND SYSTOLIC

DYSFUNCTION

Diagnosis

Because echocardiography is widely available, simple, and re-
producible, it has become the method of choice for assessment
of LVH (164–166). Systolic dysfunction is defined as an ejec-
tion fraction of less than 40%, indicating impaired myocardial
contractility. It often is associated with LV dilation (LV end-
diastolic diameter ≥5.6 cm), defined echocardiographically as
LV cavity volume index greater than 90 mL/m2 (164). Con-
centric LVH is characterized by a thickened LV wall (≥1.2 cm
during diastole) with normal cavity volume. LV mass index is
a calculated parameter that reflects the degree of muscular hy-
pertrophy in the LV. Epidemiologic studies in nonrenal patients
have established that the upper limits of LV mass index are
130 g/m2 for adult men and 102 g/m2 for adult women (167).
Values above these limits indicate hypertrophy. The patterns of
LVH on echocardiography are shown in Figure 95-4.

The calculation of LV mass and volume are not independent
of volume status. As a result, the patient should be as close as
possible to a “dry weight.” In patients on hemodialysis, it is
important to standardize the time and conditions of the study
in relation to the dialysis session. Echocardiograms in these
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FIGURE 95-4. Patterns of left ventricular hypertrophy on
echocardiography.

patients probably should be obtained the day after the dialysis
session, with the patient at dry weight or at most 1 kg greater
than it.

Pathogenesis

Ventricular growth occurs in response to mechanical stresses,
primarily volume or pressure overload (Fig. 95-5). Volume
overload results in addition of new sarcomeres in series, lead-
ing to increased cavity diameter (168,169). A larger diame-
ter results in increased wall tension, a direct consequence of
Laplace’s law, which states that wall tension (T) is proportional
to the product of intraventricular pressure (P) times the ven-
tricular diameter (D): in symbols, T = PD/4. An increase in
wall tension secondarily stimulates the addition of new sar-
comeres in parallel. This remodeling thickens the ventricular
wall, distributing the tension over a larger cross-sectional area
of muscle and returning the tension in each individual fiber
back to normal, thereby alleviating the stimulus to further hy-
pertrophy. This combination of cavity enlargement and wall
thickening is called eccentric hypertrophy. Pressure overload
increases wall tension by increasing intraventricular pressure,
resulting directly in the parallel addition of new sarcomeres
and its functional consequences as described. Because sarco-
meres are not added in series, isolated pressure overload does
not lead to cavity enlargement (concentric hypertrophy).

Both eccentric and concentric hypertrophies are initially
beneficial. Dilation permits an increase in stroke volume with-
out an increase in the inotropic state of the myocardium and as
such is an efficient adaptation to volume overload (168). It also FIGURE 95-5. The etiology of myocyte death in chronic uremia.
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permits the maintenance of a normal stroke volume and car-
diac output in the presence of decreased contractility. Muscular
hypertrophy returns the tension per unit muscle fiber back to
normal, thereby decreasing ventricular stress.

Ultimately, however, LVH becomes maladaptive. Muscular
hypertrophy is associated with several progressive, deleterious
changes in cell function and tissue architecture. Early in the evo-
lution of LVH, slow reuptake of calcium by the sarcoplasmic
reticulum leads to abnormal ventricular relaxation. Combined
with decreased passive compliance of a thickened ventricular
wall, these changes may precipitate diastolic dysfunction (170).
More advanced sarcoplasmic reticulum dysfunction is associ-
ated with calcium overload and cell death. Decreased capillary
density, impaired coronary reserve, and abnormal relaxation
may decrease subendocardial perfusion, promoting ischemia
(171). Frequent coexistence of CAD may exacerbate ischemia
and myocyte attrition (154). Fibrosis of the cardiac interstitium
also occurs and appears to be more marked in pressure than
volume overload (172). Myocyte apoptosis, ischemia, and
neurohormonal activation (e.g., increased catecholamines,
angiotensin II, and aldosterone) are thought to contribute to
myocardial dysfunction (168,173,174). In the late phases of
chronic and sustained overload, oxidative stress is prominent
and contributes to cellular dysfunction and demise (175).
Together, these various processes lead to progressive cellular
attrition, fibrosis, pump failure, and, ultimately, death.

The uremic milieu of chronic renal disease can potentiate
many of these processes. Anemia, salt and water excess, and ar-
teriovenous fistulae in patients on dialysis are prevalent causes
of volume overload, whereas hypertension is a major cause
of pressure overload. These disturbances are probably the pri-
mary stimuli to ventricular remodeling in uremia. These same
stimuli promote arterial remodeling in the large and resistance
arteries, characterized by diffuse arterial thickening and stiff-
ening (arteriosclerosis), which can increase the effective load
on the left ventricle independently of mean arterial pressure
(175,176). Secondary hyperparathyroidism may be associated
with aortic valve calcification and, in some cases stenosis, a less
frequent cause of pressure overload (177).

The attrition of myocytes in chronic uremia may be ex-
acerbated by several factors. Underlying CAD promotes is-
chemia and infarction. Hyperparathyroidism increases suscep-
tibility to ischemia through dysregulation of cellular energy
metabolism (46), and appears to promote myocardial fibro-
sis directly (178). Clinical studies have shown that the extent
of myocardial fibrosis in patients with ESRD is more marked
than in patients with diabetes mellitus or essential hyperten-
sion with similar LV mass (179). Malnutrition, oxidative stress,
and inadequate dialysis may all additionally promote myocyte
death (35,154,180). Such cell death in the presence of LVH
and continuing pressure and volume overload may be catas-
trophic, leading to a severe “overload cardiomyopathy” and,
ultimately, death (181).

Burden of Disease

Disorders of LV geometry begin well before the initiation of
dialysis. In a cross-sectional study conducted by Greaves et al.,
patients with CKD (serum creatinine >3.4 mg/dL) had a mean
LV mass index of 120 g/m2, which was intermediate between
that of sex- and age-matched control subjects (79 g/m2) and
patients on dialysis (136 g/m2) (182). An abnormal echocardio-
gram, primarily LVH, was observed in 63% of patients with
CKD, versus 72% of patients on dialysis, suggesting a rela-
tionship between LV morphology and worsening renal func-
tion. Levin et al. (183) have reported a prevalence of LVH
of 26.7% in patients with a creatinine clearance rate greater
than 50 mL/minute, 30.8% in those with clearances of 25 to

49 mL/minute, and 45.2% in those with clearances less than
25 mL/minute. In the prospective arm of this study, an asso-
ciation between rising LV mass index and falling glomerular
filtration rate was observed. Another cross-sectional study has
yielded comparable results (184). The overall prevalence of
LVH among patients beginning dialysis is 75% (185–188). In a
large prospective cohort study, only 16% had normal echocar-
diograms at inception. Fifteen percent (15%) had systolic dys-
function, 28% had dilation with preserved contractility, and
41% had concentric LVH (96). In a subset of patients on dial-
ysis who underwent yearly consecutive echocardiograms, LV
mass index and LV cavity volume progressively increased, the
biggest increase occurring between baseline and 1 year (189).

In patients about to undergo transplantation, the distribu-
tion of echocardiographic abnormalities is similar to those in
patients on dialysis: normal 17%, concentric LVH 41%, di-
lation 32%, and systolic dysfunction 12% (13). In one longi-
tudinal study, the proportion of patients with normal studies
doubled (36%) and systolic function normalized in all patients
with fractional shortening of less than 25% 1 year posttrans-
plantation (13). In a more recent cohort study, LVH at the time
of transplantation was an independent risk factor for death
(RR 1.9, 95% CI 1.22–3.22) and CHF (RR 2.27, 95% CI
1.08–4.81) in the next 5 years (190).

Risk Factors

Nonmodifiable Risk Factors

Age. As with IHD, age is an important clinical marker of risk
for LVH in the general, CKD, ESRD, and transplant popula-
tions (167,183,191,192).

Gender. The role of gender as a risk factor for LVH and systolic
dysfunction is less clear. In a registry-based study, women were
found to be more likely to have radiographic cardiomegaly or
a history of CHF and less likely to exhibit electrocardiographic
or echocardiographic evidence of LVH than men (193). In con-
trast to this result, a large prospective cohort study of patients
beginning dialysis found no relationship between sex and de-
velopment of heart failure. Moreover, female gender was asso-
ciated with concentric LVH, whereas male gender was predic-
tive of LV dilation and CHF (194). These contradictory findings
may relate to differences in sample size, design, and criteria for
LV geometry.

Diabetes Mellitus. There is evidence for a specific diabetic car-
diomyopathy in diabetic patients without ESRD (195,196).
LVH is a more frequent finding in hypertensive diabetic pa-
tients than in hypertensive nondiabetic patients, as is cardiac
fibrosis. Diabetes has been identified as a predictor of hyper-
trophy in patients on dialysis (180,182).

Modifiable Risk Factors

Hypertension. The prevalence of hypertension in the various
renal populations has already been discussed. Hypertension is
associated with increased risk of progression of CKD and ear-
lier onset of dialysis. A lower-than-usual target blood pressure
(<125/75 mm Hg) appears more effective in delaying renal de-
cline than the usual goal (<140/90 mm Hg) in patients with
proteinuria (>1 g/day), suggesting a lower threshold for hy-
pertensive damage among proteinuric renal patients. Hyper-
tension has been shown to promote LV growth in a large co-
hort of patients with CKD (115) and its control may prevent
or regress LVH (197).

In patients on dialysis, each 10 mm Hg increment in blood
pressure is associated with a 48% higher risk for development
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of LVH (118). Paradoxically, low blood pressure has been
linked with increased mortality rates in cross-sectional and
longitudinal studies (116,134). As was discussed earlier, the
resolution of this paradox may lie in the observation that low
blood pressure is more likely the result, not the cause, of pump
failure, which is known to predispose to death.

In RTRs, elevated blood pressure has been associated with
shortened graft and patient survival, as well as higher rates of
CAD (2,119). However, a retrospective study of a large trans-
plant cohort did not find an association between hypertension
and death after adjustment for age, diabetes, tobacco use, and
time on dialysis before transplantation (120). A retrospective
study examining the natural history of cardiomyopathy after
transplantation determined that hypertension was associated
with progression to LVH in patients with normal hearts at
transplantation (192). A prospective cohort study by the same
group confirmed that diastolic BP was an independent risk fac-
tor for increasing LV mass between the first and fifth years
after transplantation but systolic BP was the only predictor of
de novo LVH at 5 years (190).

Anemia. Anemia has been associated with LV dilatation and
LVH in patients with CKD and in patients on dialysis (RR
for LVH progression, per 10 g/L hemoglobin drop, is 1.74 in
CKD and 1.48 in dialysis) (115,180,189,198–200). Anemia
also is a risk factor for the development of de novo cardiac
failure and death in dialysis (200). Partial correction of anemia
is associated with regression of hypertrophy in cohort studies
(201,202).

In terms of anemia interventions, two questions have be-
come prominent: does the correction of anemia reduce mortal-
ity, and what is the optimal hemoglobin target? Two trials have
studied the impact of full correction of hemoglobin on cardio-
vascular endpoints in dialysis. A large American trial compared
normalization of hemoglobin versus partial correction in pa-
tients on hemodialysis with preexisting IHD or cardiac failure
(203). The primary outcome was death or MI. The trial was
stopped early because an interim analysis precluded the pos-
sibility of demonstrating survival benefit in the normalization
group by the end of the trial. Increased mortality and increased
dialysis access loss were observed among patients randomized
to normalization. In a Canadian trial, patients on hemodialysis
without symptomatic cardiac disease were allocated to normal-
ization of hemoglobin with erythropoietin or to partial correc-
tion of anemia (204). Normalization of hemoglobin seemed to
prevent progressive LV dilation in those with normal cardiac
volumes at baseline. These two studies suggest that full cor-
rection of anemia is not beneficial in patients with established
cardiac disease, but may prevent development of cardiomyopa-
thy in those without it.

Whether hemoglobin normalization at an earlier stage of
renal disease (e.g., in CKD) may be beneficial is still unclear.
Small, uncontrolled studies have suggested correction of ane-
mia was associated with reductions in LVH (205,206). This has
been contradicted by a trial in which 155 patients with CKD
were randomized to a target hemoglobin of 120 to 130 g/L
versus 90 to 100 g/L. At the end of follow-up (2 years or the ini-
tiation of dialysis) there was no significant difference in changes
in LV mass index between the groups (207).

In RTRs, anemia is an independent risk factor for increasing
LV mass after transplantation (190) and has been identified as
a risk factor for cardiovascular outcomes (208).

Ischemic Heart Disease. The risk factors and outcome for IHD
are discussed elsewhere in this chapter. It is worth repeating
that CAD is an important cause of systolic and diastolic dys-
function in the general population and in patients on dialysis
(180,209).

Mode and Quantity of End-Stage Renal Disease Therapy. De-
clining function of native kidneys has been associated with LV
growth in patients with CKD (115) and patients on peritoneal
dialysis (210). The impact of the dialysis dose on LVH is not
definitively known. One randomized, crossover trial has sug-
gested that more intensive dialysis tends to ameliorate echocar-
diographic abnormalities (211). Frequent dialysis, either with
short daily hemodialysis or nocturnal hemodialysis, has been
associated with regression of LVH (212).

Analyses of data from multiple large, prospective stud-
ies have shown that a dialysis dose threshold exists below
which mortality rates increase sharply (11,213). These inflec-
tion points have been used to formulate targets for Kt/Vurea for
both peritoneal dialysis (weekly Kt/V >2.0) and hemodialysis
(per treatment Kt/V >1.2). The HEMO study, a large random-
ized trial comparing patients receiving standard versus high
dose of dialysis and low-flux versus high-flux dialyzers, demon-
strated no survival benefit from either intervention (214).

Whether one modality (peritoneal dialysis vs. hemodialy-
sis) is less “cardiotoxic” than the other remains the subject
of debate. Observational data suggest that the relative risk
of death and hospitalization may be less for patients on peri-
toneal dialysis in the first 2 years, but these therapies are largely
viewed as equivalent within this time period (215–219). This
area has been controversial as study results are highly sen-
sitive to the mode of analysis and to inclusion criteria (inci-
dent vs. prevalent patients). LVH has been found to be more
severe in peritoneal dialysis relative to hemodialysis patients
(220). In most observational studies, however, patients on peri-
toneal dialysis have higher comorbidity, including more severe
hypertension.

Renal transplantation appears to induce normalization of
systolic dysfunction and regression of concentric LVH and LV
dilation, at least in patients without clinically evident IHD (13).
This effect seems to persist for at least 3 years posttransplanta-
tion (192). It is not known which adverse risk factors charac-
teristic of the uremic state have been corrected to produce the
improvement in LV contractility, but blood pressure control
likely plays a role (13,192).

Hypoalbuminemia. Several studies have shown that hypoal-
buminemia is a powerful predictor of poor outcome in pa-
tients with ESRD. Hypoalbuminemia has been associated with
LV dilation and predisposes to de novo cardiac failure and
IHD (221). The mechanisms underlying this association are
unknown. Hypoalbuminemia is associated with a hypercoag-
ulable state and therefore may predispose to MI and ischemic
cardiomyopathy. Alternatively, it may be a marker for mal-
nutrition, inadequate dialysis, vitamin deficiency, or a chronic
inflammatory state, all of which hypothetically could acceler-
ate myocyte death and the development of cardiomyopathy, as
discussed previously.

An inverse relationship between serum albumin and cardio-
vascular risk has been observed in the general population (222).
The cardiovascular impact or implications of hypoalbumine-
mia among patients with CKD and RTR appear to be similar
(105,223).

Aortic Stenosis. Acquired aortic stenosis may occur in a mi-
nority of patients (177) and may induce concentric LVH. Cal-
cification of the aortic valve has been observed in 28% to 55%
of patients on dialysis in various series, whereas hemodynami-
cally important stenosis has been reported in 3% to 13%. Pro-
gression at times may be extremely rapid. The major factors
predisposing to aortic valve calcification appear to be hyper-
parathyroidism, duration of dialysis, and degree of elevation
of the calcium × phosphate product.
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FIGURE 95-6. The cumulative survival of patients
starting dialysis with a normal echocardiogram (solid
line), concentric left ventricular (LV) hypertrophy (dot-
ted line), LV dilatation (short-dashed line), and sys-
tolic dysfunction (long-dashed line). (From: Parfrey PS,
Foley RN, Harnett JD, et al. The outcome and risk
factors for left ventricular disorders in chronic uremia.
Nephrol Dial Transplant 1996;11:1277, with permis-
sion.)

Salt and Water Overload. Salt and water overload is a persis-
tent problem in patients on dialysis and is problematic to a
lesser extent in patients with CKD and in RTRs. Blood volume
correlates directly with LV diameter in patients on hemodialy-
sis (224), as does the magnitude of interdialytic weight changes
(225). LV diameter decreases with volume contraction dur-
ing hemodialysis (166). Keeping the patient’s dry weight op-
timal can minimize the degree of enlargement of the LV (198).
Recent observational studies suggest that greater interdialytic
weight gain and noncompliance with the prescribed dialysis
regimen are independently associated with higher blood pres-
sure (226,227). In a prospective study of peritoneal dialysis pa-
tients, sodium and fluid removal as well as hypertension were
predictive of death within 3 years of starting dialysis (227).

Despite these associations, it is difficult to clearly discern
cause and effect. Salt and water overload is by definition blood
volume overload and hence probably plays a causal role in
the development of LVH. However, it is possible that salt and
water retention is induced by preexisting systolic or diastolic
dysfunction in some patients.

Outcomes

The presence of concentric LVH, LV dilation with normal con-
tractility, and systolic dysfunction at the time of ESRD therapy
initiation has been associated with progressively worse sur-
vival, independent of age, sex, diabetes, and IHD (186) (Fig.
95-6). All three abnormalities are associated with increased risk
for the development of CHF. Excessive hypertrophy in concen-
tric LVH (high LV mass to volume ratio) and inadequate hyper-
trophy in LV dilation (low LV mass to volume ratio) were inde-
pendently associated with late mortality in a Canadian dialysis
cohort (12).

CONGESTIVE HEART FAILURE

Pathogenesis

Congestive heart failure may result from systolic dysfunction
or diastolic dysfunction, the latter occurring because of concen-
tric or eccentric hypertrophy (Fig. 95-2). IHD is an additional
independent predictor (194).

Among patients with diastolic dysfunction, CHF results
from impaired ventricular relaxation; this leads to an exagger-
ated increase in LV end-diastolic pressure for a given increase

in end-diastolic volume. As a result, a small excess of salt and
water can rapidly lead to a large increase in LV end-diastolic
pressure, culminating in pulmonary edema.

In dilated cardiomyopathy, cardiac output is maintained at
the expense of an increase in both end-diastolic fiber length and
end-diastolic volume (i.e., through the Frank-Starling mecha-
nism). As ventricular volume increases, failure to achieve ad-
equate hypertrophy leads to an increase in wall stress and an
increase in end-diastolic pressure, leading ultimately to pul-
monary edema.

Diagnosis

The development of CHF, even in the presence of salt and water
overload, suggests an underlying cardiac abnormality. Because
the management of diastolic dysfunction differs from that of
systolic dysfunction, an echocardiogram of the left ventricle is
useful in planning management.

Burden of Disease

The relationship between CKD and CHF has received consider-
able attention in the last several years. Approximately one-half
of patients with CHF have CKD, as defined by a GFR of less
than or equal to 60 mL/minute (228,229). The observation that
patients with worsening CHF often have a coincident decline
in renal function has led some authors to speculate that this
clinical scenario is in fact a “vicious circle” whereby CHF and
CKD mutually aggravate each other (230).

On starting dialysis, 37% of patients have had a previous
episode of CHF (6). A baseline history of CHF carries a twofold
risk of death independent of age, diabetes, and heart disease
(6,186,231). The risk for development of pulmonary edema
requiring hospitalization or ultrafiltration after starting main-
tenance hemodialysis is 10% annually (11). Among patients
free of CHF at initiation of dialysis, de novo CHF developed in
25% over 41 months of observation. In a cohort of 244 CKD
patients, 20% developed new or worsening cardiac symptoms,
including a change in their CHF symptoms (111). A recent
study of RTRs who were free of cardiac disease one year after
transplantation indicated that de novo CHF occurred as fre-
quently as de novo IHD (1.26 versus 1.22 events/100 patient-
years, respectively) (232).
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Risk Factors

In a group of patients with ESRD followed prospectively from
initiation of dialysis, two groups were identified: one without
a previous history of CHF, and one with a history of CHF at
initiation. In the absence of a history of CHF, the indepen-
dent predictors of CHF at initiation were age, diabetes, IHD,
systolic dysfunction on echocardiogram, and low serum albu-
min. In patients free of baseline CHF, the significant predic-
tors of the de novo development of CHF, independent of age,
diabetes, and systolic dysfunction at baseline, were hyperten-
sion, anemia, low albumin, and hypocalcemia (11,194). It ap-
pears that factors that predispose to volume or flow overload
(e.g., anemia), pressure overload (e.g., hypertension), and cell
death (e.g., malnutrition, hypocalcemia/hyperparathyroidism,
and IHD) are associated with CHF in dialysis.

The risk factors for LVH in CKD have been discussed and
include anemia and hypertension (20,115). Because LVH is a
risk factor for CHF in the general and ESRD populations, it
is likely that anemia and hypertension predispose to CHF in
CKD. In a large cohort of RTRs without cardiac disease one
year after transplantation, age, diabetes, gender, blood pres-
sure, and anemia were identified as independent risk factors
for de novo CHF (232).

Outcomes

CKD is an important predictor of mortality risk in patients
with CHF (233–235). In a secondary analysis of the Digoxin
Intervention Group trial, Shlipak et al. found that patients with
stable CHF and an ejection fraction less than 45% had a higher
risk of death with a GFR of less than or equal to 50 mL/minute
(HR 2.6, 95% CI 1.69–2.51) (236). Patients with a GFR of
50 to 60 mL/minute had no increase in mortality relative to
the patients with better renal function (236). For dialysis pa-
tients, CHF has a poor prognosis. In the cohort discussed in the
previous section, the median survival of patients who had heart
failure at or before initiation of ESRD therapy was 36 months,
compared with 62 months in subjects without baseline CHF.
This adverse prognosis was independent of age, diabetes, and
IHD. Among patients who had heart failure at baseline, recur-
rent heart failure developed in 56% and the remaining 44%
were failure-free during follow-up. Median survival in those
with recurrent CHF was 29 months, significantly less than in
those without recurrence (45 months) (194). For RTRs, the
development of new-onset CHF carries a prognosis similar to
that for new IHD (RR for death, 1.78, 95% CI 1.21–2.61) (for
CHF versus 1.50, 95% CI 1.05–2.13 for IHD)(232).

MANAGEMENT

The goals of therapy for cardiac disease are to alleviate symp-
toms, minimize hospitalization, and improve mortality rates.
Because relatively few trials have been conducted in the CKD
and ESRD populations, many of the following recommenda-
tions are based on data from patients without renal impair-
ment.

Ischemic Heart Disease

There are no randomized trials concerning the treatment of ei-
ther the acute coronary syndrome (unstable angina and acute
MI) or the nonacute presentations of CAD (stable angina and
CHF) in patients with CKD. In the absence of such data, it is
generally recommended that the treatment should be the same

as in the nonuremic population (51,237). Unfortunately, ob-
servational data suggest that dialysis patients with an acute
MI are far less likely to receive standard therapy (i.e., aspirin,
β-blockers, and ACE inhibition) compared to other patients
(238). Control of extracellular fluid volume by ultrafiltration
and partial correction of anemia is an important therapeutic
adjunct specific to CKD and patients on dialysis.

Medical Management

As in the general population, patients with CKD and stable
angina pectoris who have not had an MI should be treated
with antianginal agents for relief of symptoms. Coronary arte-
riography is recommended for patients with symptoms at rest
or after minimal exertion, LV dysfunction, or signs of severe
ischemia at low level of exercise during a stress test. For pa-
tients who have an MI, β-adrenergic blockade is recommended
indefinitely, as is an ACE inhibitor for patients with LV dys-
function (239). In the general population, aspirin therapy is of
proven benefit in the treatment of acute MI and after acute MI,
as well as for long-term use in patients with a wide range of
prior manifestations of cardiovascular disease (240). Although
far fewer data are available for the CKD population, a recent
study of 1,724 patients with an acute MI categorized patients
into quartiles based on their renal function. In the group with
the lowest GFR (<46.3 mL/min), aspirin and β-blocker use was
the lowest among all groups of patients, yet the observed risk
reduction was similar among all ranges of GFR. This suggests
that aspirin and β-blocker are at least as effective in CKD and
dialysis patients as in the nonrenal-failure populations (241).
This, combined with the substantial improvement in cardiovas-
cular disease outcomes in nonuremic patients with preexisting
cardiovascular disease, is sufficient to recommend that patients
with CKD or ESRD with ACS or established CAD should be
treated with aspirin in a manner similar to patients with normal
renal function. However, given that the complications from as-
pirin probably are more frequent in patients with CKD, the
universal use of aspirin for the primary prevention of CAD in
these patients is not recommended (51). Individual patient risks
and benefits must be considered before beginning such therapy.

Although the general population appears to benefit from
newer antiplatelet therapies such as aspirin plus clopidogrel
(242,243), the relative safety and efficacy of such treatment in
patients with CKD or ESRD is not yet known.

Dyslipidemia

There is overwhelming evidence that the treatment of dyslipi-
demia in the general population provides substantial survival
benefit. Unfortunately, the evidence linking dyslipidemia to
CAD in patients with CKD or ESRD is weak and data regarding
the efficacy and safety of cholesterol lowering therapy are just
starting to emerge. This may explain why ESRD patients ap-
pear to be significantly undertreated; although the majority of
dialysis patients have dyslipidemia, a Canadian study indicated
that lipid lowering therapy was used in only 9.5% of patients
without and 29.4% of patients with evidence of atheroscle-
rotic disease (244). United States Renal Data System (USRDS)
data suggest that less than 10% of hemodialysis patients and
15% of peritoneal dialysis patients are receiving such treatment
(245,246).

Despite the low utilization of lipid lowering therapy, ob-
servational evidence suggests that it is effective. Tonelli et al.
(247), for example, performed a secondary analysis of a sub-
set of patients with a GFR of 30 to 60 mL/minute from three
randomized trials of pravastatin versus placebo. Among the
4,491 subjects identified, pravastatin significantly reduced the
incidence of MI, coronary death, or coronary revascularization
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(HR 0.77, 95% CI 0.68–0.86), similar to the effect of prava-
statin on the primary outcome in subjects with normal kidney
function (HR 0.78, 95% CI 0.65–0.94) (247). Thus far no suf-
ficiently large randomized trials of lipid lowering therapy have
been reported for the CKD population, but one such study is
currently underway (248). The only trial of cholesterol lower-
ing therapy in RTRs to date has been the ALERT study. This
randomized, placebo-controlled trial of fluvastatin (40 to 80
mg/day) in 2,102 RTRs failed to find a benefit with respect to
primary composite cardiac end point (myocardial infarction,
cardiac death, and cardiac interventions). Post hoc analysis
using alternative outcomes suggested that fluvastatin reduced
the incidence of cardiac death or definite myocardial infarc-
tion from 104 to 70 events (RR 0.65; 95% CI 0.48–0.88; p =
0.005) (249).

For dialysis patients, an analysis of USRDS Morbidity and
Mortality Wave 2 study data indicted that the use of HMG-
CoA reductase inhibitors was associated with a reduction in
cardiovascular death and total mortality (RR of death 0.64,
95% CI 0.45–0.91, and RR 0.68, 95% CI 0.54–0.87, respec-
tively) (246). The 4-D (Die Deutsche Diabetes Dialyse) Study,
a randomized trial of atorvastatin versus placebo in type 2 dia-
betics who have been on hemodialysis for no more than 2 years,
will determine if there is a reduction in the rate of cardiovas-
cular mortality and of nonfatal myocardial infarction (250).
The results of this trial will be published in the near future. At
this point, there is still equipoise concerning the benefit of lipid
lowering therapy in this group of patients, and further trials
are necessary.

Despite the paucity of data for renal failure populations,
the clear benefit observed in the general population makes it
reasonable to treat uremic patients in a similar manner. The
NKF-Dialysis Outcomes Quality Initiative (K/DOQI) guide-
lines for managing dyslipidemias in CKD (251) are similar to
the National Cholesterol Education Program (NCEP) Adult
Treatment Panel (ATP III) guidelines (252). Patients with CKD
should be considered the highest-risk group, however, and thus
LDL cholesterol levels of 100 mg/dL (2.56 mmol/L) or more
and 130 mg/dL (3.33 mmol/L) or more are treatment thresh-
olds for diet and drug therapy, respectively. Unlike the ATP
III guidelines, drug therapy is recommended if LDL choles-
terol level remains in the range of 100 to 129 mg/dL despite 3
months of lifestyle changes. The target LDL level is 100 mg/dL
(2.56 mmol/L) or less. A cholesterol-lowering diet should be
part of the treatment program, but most patients require phar-
macologic therapy. For patients with high LDL levels, HMG-
CoA reductase inhibitors are recommended as first-line ther-
apy. These agents are safe and effective in uremic patients, but
screening for myositis should be undertaken. Fibrates are also
effective in CKD patients, but dose reduction appropriate to
the level of renal failure is important. The combination of an
HMG-CoA reductase inhibitor and a fibrate is associated with
a high risk of muscle toxicity and in general should be avoided.
According to the ATP III guidelines, fibrates are contraindicated
in ESRD, but the K/DOQI guidelines state that these drugs may
be used either for patients with triglyceride levels greater than
500 mg/dL or statin-intolerant patients who have triglycerides
of greater than 200 mg/dL with non-HDL cholesterol of greater
than 130 mg/dL. Similar guidelines have been published for the
RTR population (253).

Revascularization

The potential risks and benefits of coronary revasculariza-
tion procedures in patients with CKD or ESRD are differ-
ent from those in the general population. The reported per-
ioperative mortality rate of coronary artery bypass grafting
(CABG) surgery in patients on dialysis has ranged from 0% to
20%, significantly higher than in the general population, but

the studies on which these figures are based are mostly small
and retrospective, and do not make adjustment for comorbid
factors (254–265). When the results of these studies are com-
bined, the perioperative mortality rate is approximately 8% to
9%, roughly three times the expected rate for patients with-
out ESRD. The perioperative morbidity rate of CABG surgery
also is greater, both in patients on dialysis and non–dialysis-
dependent patients with CKD than in matched control pa-
tients (261,262,266,267). Unadjusted 2-year survival rates for
patients on dialysis undergoing CABG have been reported to
range from 45% to 92% (254,257,261–263). The few studies
that have been of sufficient duration to determine the 5-year
cumulative survival rate of patients on dialysis after CABG in-
dicate that it is approximately 50% (259,260,263). These sur-
vival rates are comparable with those seen in the overall ESRD
population (2), but are considerably lower then the overall 5-
year survival rate of 85% after CABG observed in the Coronary
Artery Surgery Study (268). There are few data as to the out-
come of revascularization procedures in patients who have had
renal transplantation. However, case reports and small series of
patients suggest that transplanted patients with near-normal re-
nal function have a perioperative mortality rate and long-term
survival rate close to those observed in the non-ESRD popula-
tion (264,269–273).

There have been no randomized trials of CABG versus medi-
cal management in patients with CKD and symptomatic CAD,
but one retrospective study has suggested that patients with
severe CAD do benefit from the procedure (261). The only
randomized trial of revascularization versus medical therapy
in patients with ESRD to date enrolled 26 asymptomatic dia-
betic patients who were found to have CAD on screening coro-
nary angiography before renal transplantation (274). Ten of 13
medically managed and two of 13 revascularized patients had
a cardiovascular end point (unstable angina, MI, or cardiac
death), and the trial was stopped early by an external review
committee. This provides some evidence that revascularization
may improve the prognosis of asymptomatic CAD in this se-
lect population, but medical therapy in this instance consisted
only of a calcium channel blocking drug and aspirin. Regard-
less of any survival benefit, CABG usually offers good relief
from angina (254,260,262,264).

The role of percutaneous transluminal angioplasty (PTCA)
in the CKD or ESRD patients is controversial. Despite a high
rate of initial technical success in patients with ESRD, PTCA
seems to be associated with frequent recurrence of symptoms,
usually resulting from restenosis (259, 263, 275–278). Early re-
sults from studies using PTCA with stenting of dilated vessels
in the dialysis population suggest a lower recurrence rate with
this procedure (279,280). CABG appears to have better out-
comes in dialysis patients than PTCA with or without stenting
(263,281–283). Most retrospective and uncontrolled compar-
isons of patients on dialysis who have undergone PTCA and
patients who had CABG have demonstrated no overall sur-
vival difference in the two groups, although patients treated
with PTCA do have a significantly higher long-term risk of MI
or recurrence of ischemic symptoms (259,263). Herzog et al.,
however, analyzed USRDS data from dialysis patients under-
going their first revascularization procedure. After comorbidity
adjustment, the relative risk for CABG (versus PTCA) patients
was 0.80 (95% CI 0.76–0.84, p <0.0001) for all-cause death
and 0.72 (95% CI 0.67–0.77, p <0.0001) for cardiac death.
For stent (versus PTCA) patients, the RR was 0.94 (95% CI
0.88–0.99, p = 0.03) for all-cause death and 0.92 (95% CI
0.85–0.99, p = 0.04) for cardiac death (282). To date, there
have been no studies comparing PTCA with medical manage-
ment of patients with ESRD or CKD and CAD.

In summary, the indications for coronary revascularization
in patients with CKD or ESRD are in general the same as
those in the nonuremic population. Revascularization appears
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FIGURE 95-7. The management of cardiac failure in chronic uremia.
See text for discussion of β-adrenergic receptor blockers.

to be beneficial in high-risk patients and those with persistent
symptoms of myocardial ischemia, despite maximal medical
therapy, provided that their life expectancy is otherwise rea-
sonable. Based on the existing evidence, CABG appears to be
the revascularization procedure of choice. PTCA with stenting
seems to be a reasonable alternative in single-vessel disease or
multiple-vessel disease with culprit lesions.

Congestive Heart Failure

For all patients with symptoms of heart failure, potentially
reversible precipitating and aggravating factors (e.g., ischemia,
tachycardia, dysrhythmias, or hypertension) should be sought
and appropriately managed. The treatment of heart failure dif-
fers for those with systolic and diastolic dysfunction (Fig. 95-7).

Angiotensin-Converting Enzyme Inhibitors

The utility of this class of drugs for the management of heart
failure has been well demonstrated in the general population.
ACE inhibitors have been found to improve symptoms, re-
duce morbidity, and improve survival (284,285), making them
an important component of CHF therapy. Although trials in
the CKD or ESRD population have not been conducted, the
high degree of benefit shown in other patients makes it very
reasonable to treat these patients in a similar manner. ACE
inhibitor therapy therefore is recommended for patients with
symptomatic heart failure, post-MI patients with an LV ejec-
tion fraction less than 40%, and asymptomatic patients with
an LV ejection fraction less than 35% (284,286).

Digoxin

The benefit of digoxin in the setting of symptomatic LV systolic
dysfunction and atrial fibrillation is widely accepted. The use of
digoxin in similar patients with normal sinus rhythm has been
more controversial, but a substantial body of evidence sup-
porting its use does exist (287–290). Nonuremic patients with
symptomatic LV systolic dysfunction have less morbidity and
improved exercise tolerance when given digoxin in conjunc-
tion with standard therapy (i.e., diuretics and ACE inhibitors)
(290), but digoxin does not appear to improve survival (287).
The only data from a randomized trial concerning patients with
CKD are the aforementioned post hoc analyses of data from
the Digoxin Intervention Groups (DIG) trial. In this case the ef-

ficacy of digoxin did not differ by level of GFR, which ranged
from patients with normal renal function to those on dialy-
sis (236). Digoxin therefore should be considered for patients
with CKD and systolic dysfunction, with a reduction in dose
appropriate to their level of renal impairment. Digoxin should
not be given to patients whose heart failure is due primarily to
diastolic dysfunction because the increased contractility could
worsen diastolic impairment.

β-Adrenergic Receptor Blockers

A large amount of data from recent, well designed trials sup-
ports the use of β-adrenergic receptor antagonists in the man-
agement of LV systolic dysfunction. Improvements in mortality
or hospitalization rates have been shown in patients with mild-
to-moderate symptomatic heart failure treated with carvedilol,
bisoprolol, or controlled-release metoprolol (291–294). The
use of β-receptor antagonists with intrinsic sympathomimetic
activity appears to be detrimental and these agents should not
be used in patients with heart failure. Current guidelines for the
general population suggest the routine use of β-receptor antag-
onists in clinically stable patients with an LV ejection fraction
less than 40% and mild-to-moderate heart failure symptoms
who are on standard therapy (i.e., diuretics, an ACE inhibitor,
and digoxin) (286,295). Such therapy also should be consid-
ered for asymptomatic patients with an LV ejection fraction less
than 40%, but the evidence supporting its use in this setting is
not as strong. In one of the few randomized trials performed in
dialysis patients, Cice et al. (296,297) have demonstrated that
treatment of patients dilated cardiomyopathy with carvedilol
reduced two years mortality (51.7% in the carvedilol group,
compared with 73.2% in the placebo group [p <0.01]). There
were fewer cardiovascular deaths (29.3%) and hospital admis-
sions (34.5%) among patients receiving carvedilol than among
those receiving a placebo (67.9% and 58.9%, respectively;
p <0.00001) (296,297). This supports the notion that β-
receptor antagonists may be safely used in the CKD and ESRD
populations in the same manner recommended for the general
heart failure population. As in the nonrenal-failure population,
however, the agents should be started in low doses with careful
clinical reevaluation during the titration phase.

Other Drugs

Diuretics remain an essential component of the symptomatic
treatment for heart failure in non–dialysis-dependent patients
with CKD, although multiple agents at high doses may be re-
quired in patients with more advanced renal impairment. Loop
diuretics are widely used to maintain euvolemia in most pa-
tients with CHF, but their effect may be negligible in patients
requiring dialysis. Thiazide diuretics usually become ineffec-
tive with a GFR less than 30 mL/minute and are therefore not
useful in patients with severe renal impairment. Aldosterone
antagonists are similarly ineffective in patients with ESRD, but
hyperkalemia can result when these drugs are combined with
renin-angiotensin system (RAS) blockade and β-receptor an-
tagonists. They should be avoided in such patients. Long-acting
nitrates may be useful in some patients, particularly those with
diastolic dysfunction. Direct vasodilators are considered inad-
visable in this setting (284).

Data regarding the use of angiotensin II type 1 (AT1) re-
ceptor blockers in patients with heart failure are beginning to
accumulate. Although the ELITE I study suggested a survival
advantage in heart failure patients treated with the AT1 blocker
losartan versus placebo, this was not confirmed in ELITE II
(298,299). More recently, the CHARM studies indicated that
candesartan is a good alternative for patients with chronic heart
failure who cannot tolerate ACE-inhibitors (300). Although it
is possible that the AT1 receptor blockers will prove to have
an efficacy in heart failure similar to that of ACE inhibitors,
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FIGURE 95-8. Cumulative survival of patients on
hemodialysis with preexisting cardiac disease, treated with
erythropoietin, randomly allocated to partial correction
of hematocrit or to normal hematocrit. (From: Besarab
A, Bolton WK, Brown JK, et al. The effects of normal
as compared with low hematocrit values in patients with
cardiac disease who are receiving hemodialysis and epoetin.
N Engl J Med 1998;339:584, with permission.)

the latter remain the agents of choice for the treatment of LV
dysfunction, with or without symptomatic heart failure (295).

The add-on effects of an AT1 blocker on top of an ACE-
inhibitor are less clear. This approach was questioned when
the ValHeFT study suggested that in patients with CHF al-
ready treated with both an ACE inhibitor and a β-blocker,
adding an AT1 blocker was associated with an increased risk
for death (301). The CHARM-Added trial, however, demon-
strated a moderate reduction in cardiovascular mortality and
hospitalization with concomitant use of an ACE-inhibitor and
an AT1 blocker (302), suggesting that the ValHeFT results in
this particular subset were due to chance.

Uremia-Related Interventions

Anemia

The optimal target hematocrit for improving outcomes in pa-
tients with CAD or LV dysfunction is not known. At least one
trial has shown that maintaining a normal hematocrit, com-
pared with the usual target level of 33% to 36%, in patients
with established cardiac disease is not of benefit and may be
detrimental (203) (Fig. 95-8). Partial correction of anemia con-
sistently has been shown to induce some regression of LVH
(303–307), and normalization of hemoglobin may prevent pro-
gressive LV dilation in those with normal cardiac volumes at
baseline (204). Until further data become available, however,
it is reasonable to follow the current NKF-Dialysis Outcomes
Quality Initiative guidelines for treatment of anemia for all pa-
tients, including those with cardiac disease. These guidelines
recommend a target hematocrit of 33% to 36%, based on im-
provement in quality of life and exercise tolerance (308).

Hypertension

As in the general population, there is evidence that treatment
of hypertension leads to regression of LVH in patients with re-
nal disease (309–311). It is not known whether the regression
of LVH in patients with CKD leads to greater improvement in
outcomes than control of hypertension alone. It is likely that
a number of classes of antihypertensive agents lead to regres-
sion of LVH, although there is increasing evidence that ACE
inhibitors are more effective than other classes of drugs (312).
For the general population, the Joint National Committee rec-
ommendations for hypertension treatment do not differ for pa-
tients with and without LVH. CHF is, however, considered a
“compelling indication” for the use of ACE inhibitors (or AT1

blockers in ACE inhibitor intolerant individuals) (313). Com-
prehensive guidelines for the management of hypertension in
patients with CKD have recently been published by K/DOQI.
These guidelines also do not identify LVH as a criterion for
selecting antihypertensive agents, but make similar recommen-
dations for the treatment of CKD patients with hypertension
and CHF as discussed in the preceding text (314).

Mode and Quantity of Dialysis

The recommended target Kt/Vurea is more than 2.0 per week
for peritoneal dialysis and more than 1.2 per treatment for
hemodialysis (213,315). Whether higher doses of dialysis im-
prove cardiac outcomes is not known. The establishment and
maintenance of an accurate dry weight is extremely important.
Symptoms of heart failure clearly can be worsened by salt and
water retention. Myocardial ischemia may be aggravated by
increased LV end-diastolic pressure associated with extracel-
lular fluid volume overload, and by the fluid shifts accompa-
nying rapid ultrafiltration during hemodialysis. Evidence that
either dialysis modality is associated with improved outcomes
for patients with cardiac disease is scarce. Despite the conven-
tional wisdom that some patients who are unable to tolerate
the intradialytic volume expansion associated with intermit-
tent hemodialysis may be more easily managed with peritoneal
dialysis, observational evidence suggests otherwise. In an anal-
ysis of registry data from more than 100,000 incident dialysis
patients, Stack et. al. reported that patients with CHF treated
with peritoneal dialysis had higher mortality over 2 years com-
pared to hemodialysis patients (RR 1.24, 95% CI 1.14–1.35)
(316). More studies in this area are clearly warranted.

CONCLUSIONS

The burden of cardiac disease in all phases of renal failure is
high, and its clinical impact is grave. The most frequent clini-
cal manifestations are IHD and CHF. IHD may be atheroscle-
rotic or nonatherosclerotic in origin. CHF results from IHD,
cardiomyopathy, or both. The manifestations of uremic car-
diomyopathy include concentric and eccentric LVH and sys-
tolic dysfunction. Risk factors for cardiac disease in uremia
include age, diabetes, hypertension, anemia, volume overload,
hyperparathyroidism, dyslipidemia, and perhaps uremia itself.

Although studies have traditionally focused on the dialy-
sis population, it has become evident that risk factors for car-
diovascular disease and their initial consequences to the heart
already are present during the predialysis phase and persist
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despite significant amelioration in the transplantation phase.
Even so, our knowledge of these risks and consequences re-
mains far from definitive, particularly in the CKD and trans-
plantation phases. The dearth of experimental evidence is par-
ticularly acute with regard to therapy. Although many data
exist on the impact of risk factor modification and therapy of
CHF for the general population, corresponding trials in the re-
nal population have not been done. In the interim, it is useful
to remember that many of the risks for cardiac dysfunction
are common to both renal and nonrenal patients, that many of
these risks are higher in the renal failure population, and that
the absolute benefit of any intervention tends to increase with
increasing risk. It is likely, therefore, that the validity of ex-
trapolations from the general population will be vindicated in
future trials. The most logical approach at present seems to be
to treat according to recommendations for the nonrenal pop-
ulation unless there is a compelling contraindication, or there
are convincing contrary data from studies in the renal failure
population. Ultimately, this approach will have to be validated
by clinical trials of adequate statistical power.
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CHAPTER 96 ■ METABOLIC AND
ENDOCRINE DYSFUNCTIONS IN UREMIA
EBERHARD RITZ, MARCIN ADAMCZAK, AND ANDRZEJ WIECEK

PATHOMECHANISMS
UNDERLYING ENDOCRINE

DISORDERS IN PATIENTS WITH
CHRONIC KIDNEY DISEASE

Disturbances of endocrine function in patients with chronic
kidney disease may arise from a number of different causes,
which are summarized in Table 96-1.

The clinician has at his or her disposal measurements of
hormone concentration, which may or may not be abnormal.
However, endocrinological assessment is more than looking
at plasma hormone concentrations. Hormone concentrations
per se fail to provide proper assessment of the adequacy of
the hormonal state, e.g., hormone concentrations may be
inappropriate to the stimulating or suppressing signal, the test
may detect inactive hormone isoforms, or the response of the
target organ may be abnormal. It is, therefore, indispensable
to interpret hormone levels in the appropriate context,
e.g., insulin concentration relative to glucose concentration,
parathyroid hormone (PTH) in relation to serum ionized cal-
cium concentration and plasma 1,25-dihydroxycholecalciferol
(1,25[OH]2D3) concentration.

DISORDERS OF CARBOHYDRATE
METABOLISM IN PATIENTS WITH

CHRONIC KIDNEY DISEASE

In patients with chronic kidney disease (CKD) abnormalities
in carbohydrate metabolism are encountered at different lev-
els of the insulin-glucose cascade (Table 96-2). Patients with
chronic kidney disease almost always display resistance to the
peripheral action of insulin, although the half-life of insulin
is prolonged, because insulin removal by the damaged kidney
and by extrarenal organs is impaired so that plasma insulin
concentrations tend to be higher (1,2). The normal response of
the β cell to insulin resistance is to increase secretion of insulin
(3,4) and, therefore, hyperglycemia as a pointer to glucose in-
tolerance is seen only when this adaptive response of β cells
fails. In CKD patients glucose intolerance is seen only in pa-
tients who have both insulin resistance and impaired insulin
secretion (1,5).

Peripheral Resistance to Insulin Action

Using the forearm perfusion technique, Westervelt and
Schreiner (6) showed that peripheral glucose uptake is reduced
in uremic patients. This observation was confirmed with the
methodological gold standard, the euglycemic insulin clamp,
which allows to quantitate the amount of glucose metabolized
per unit of insulin (7,8). Peripheral resistance to insulin is seen

even in patients with early stages of CKD. This abnormality is
clinically important, because it is tightly correlated to the en-
hanced cardiovascular risk (9) and to the rate of progression
of CKD (10).

Liver and skeletal muscles are the major sites of peripheral
glucose uptake. Liver and kidney are the major sites of glu-
cose production in the fasting state (11,12). The available data
indicate that glucose metabolism by the liver is usually not im-
paired in CKD. Hepatic glucose production (2,8), as well as its
suppression by insulin (2,8), are not altered and glucose uptake
by the liver, small to begin with, is not affected in CKD (8).

The skeletal muscles are the primary sites of decreased
insulin sensitivity. The defect is not at the level of the insulin
receptor; the number and affinity of receptors are normal
(13–19) as was insulin receptor kinase activity in skeletal mus-
cles of chronic uremic rats (19). The defect is presumably at
the postreceptor level. Impaired phosphatidylinositol 3-kinase
activity (PI3-K), probably due to excess of p85, was recently
found (20). Consequently higher levels of insulin will be re-
quired to increase glucose uptake by skeletal muscle in uremia
and this has, indeed, been documented by Smith and DeFronzo
(13).

When the beta chain of the receptor has been phosphor-
ylated, a complex series of interactions ensues with insulin
receptor substrate as well as with numerous cofactors (the
reader is referred to two recent reviews, namely, 21,22). The
more distal effects are mediated via the MAP kinase path-
way (e.g., proproliferative actions) and the inosintriphosphate
(IP3) pathway. The latter is responsible for the upregulation of
the insulin-regulated glucose transporter (GLUT-4). The PI3-K
complex is heterodimer composed of an 85-kDa (p85) regula-
tory subunit and 110-kDa (p110) catalytic subunit. Subunits
and p85-p110 complexes are differentially regulated by gluco-
corticoids (23,24). Stimulation of p85 expression by glucocor-
ticoid treatment leads to reduction of PI3-K activity (25). This
may be relevant, because glucocorticoid synthesis is increased
in uremia (26), perhaps explaining the increase of p85 and
the suppression of PI3-K activity (20) in the muscle of uremic
rats.

The insulin-regulated glucose transporter (GLUT-4) is
unique to muscle and adipose tissue. The abundance of GLUT-
4 was similar in muscles of chronic kidney disease patients
and healthy subjects (27). In the heart of uremic rats, how-
ever, we observed (in unpublished studies) diminished insulin-
dependent glucose uptake and unchanged total GLUT-4, but
reduced GLUT-4 incorporation into the plasma membrane.
Carbamylation of proteins is common in uremia. Carbamy-
lation of proteins involved in signal transduction and translo-
cation of GLUT-4 has been shown to modify their structure
and function. It is, therefore, of interest that N-carbamoyl-L-
asparginine reduces insulin sensitive glucose uptake by inter-
fering with GLUT-4 activity (28).

Peripheral resistance to insulin action is often found even
early in the course of renal disease and is present in the ma-
jority of patients with advanced CKD. The resistance to the

2502
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TA B L E 9 6 - 1

DIFFERENT PATHOMECHANISMS UNDERLYING ENDOCRINE DISORDERS IN
CHRONIC KIDNEY DISEASE

Type of defect Example

Abnormalities of hormone production/catabolism
Reduced production of hormone in the kidney Diminished or inappropriate

concentrations of 1,25(OH)2D3 and
erythropoietin

Reduced production of hormone in extrarenal
production sites (testis, ovary)

Diminished concentrations of
testosterone and estrogen(s)

Abnormal secretion pattern (pulsatility; circadian
rhythm)

PTH; GH, LH

Reactive hypersecretion of hormone to reestablish
homeostasis

PTH, FGF 23

Inappropriate hypersecretion due to disturbed
feedback

LH, prolactin, corticotropin

Decreased metabolic clearance Particularly peptide hormones, e.g.
PTH, insulin, gastrin, MSH, ghrelin,
leptin, adiponectin

Abnormalities of hormone action
Disturbed activation of prohormones Proinsulin/insulin, proinsulin-like

growth factor 1A/IGF-1, thyroxine
(T4)/triiodothyronine (T3)

Increased isoforms with potentially less bioactivity
(from glycosylation, sialysation )

LH

Increased hormone binding proteins reducing
availability of free hormone

IGF

Decreased hormone binding proteins increasing
availability of free hormone

Leptin

Abnormal target organ response
Inhibitory factors PTH1,84 versus PTH7,84 (?)
Changed receptor number, structure, modification Low parathyroid vitamin D receptor
Disturbed postreceptor steps, e.g., signaling receptor Insulin, GH

peripheral action of insulin is markedly improved after sev-
eral weeks of hemodialysis (29–31) and of peritoneal dialysis
(30–32). Presumably, a dialyzable uremic toxin, possibly a pro-
tein breakdown product, is involved in the genesis of deranged
insulin action. Sera of uremic patients contain a compound
that inhibits glucose metabolism by normal rat adipocytes (33).
This compound with a molecular weight of 1 to 2 kDa is spe-
cific for uremia, because it is not found in nonuremic patients
with insulin resistance. Hippurate accumulates in the blood
of patients with chronic kidney disease and inhibits glucose
utilization by rat diaphragm, brain, kidney cortex, and ery-
throcytes. It, therefore, may contribute to insulin resistance of

TA B L E 9 6 - 2

GLUCOSE AND INSULIN METABOLISM IN PATIENTS
WITH CHRONIC KIDNEY DISEASE

Usually normal fasting blood glucose, but tendency to
spontaneous hypoglycemia

Fasting hyperinsulinemia with prolonged insulin half-life and
elevated blood levels of proinsulin and C peptide

Decreased requirement for insulin by diabetic patients
Usually decreased early, but exaggerated late-insulin reponse

to hyperglycemia induced by oral or intravenous glucose
administration

Elevated plasma immunoreactive glucagon concentration
Impaired glucose tolerance(decreased peripheral sensitivity to

insulin action, but normal suppression of hepatic glucose
production by insulin)

patients with CKD (34). In hemodialyzed patients, insulin resis-
tance is ameliorated by treatment with erythropoietin (35,36)
or 1,25(OH)2D3 (37,38) and in predialysis patients by restric-
tion of dietary protein (39–41).

Plasma concentrations of the insulin antagonists, glucagon
(42,43) and growth hormone (44,45), are frequently elevated
in CKD and it has been proposed that they contribute to in-
sulin resistance. This is less likely in view of the demonstration
that dialysis improves insulin sensitivity despite no change in
the concentrations of growth hormone and glucagon (46,47).
Tumor necrosis factor-α (TNF-α) (48,49) and angiotensin
II (Ang II) (50,51) also interfere with insulin sensitivity, but
whether they contribute to insulin resistance in CKD has not
been explored.

Recently, it has been postulated that the adipose tissue-
derived hormone, resistin, is involved in insulin resistance (52).
Plasma resistin concentrations are high in CKD patients, proba-
bly because of diminished renal clearance (53), but no relation-
ship was found in CKD between insulin sensitivity and plasma
resistin (53).

A sedentary lifestyle causes insulin resistance (54). Con-
versely, exercise training improves insulin sensitivity, which is
true for CKD patients as well (55,56).

Insulin Secretion and Pancreatic
Islet Metabolism

Insulin secretion by β cells of the pancreatic islets is a com-
plex process. The β cells are stimulated by nutrient (glucose,
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amino acids, or fatty acids) or nonnutrient agents, such as
hormones and neurotransmitters. The islets may use differ-
ent mechanisms to detect nutrient and nonnutrient stimuli; in-
sulin secretion, however, uses the same intracellular processes
whether the β cells are activated by nutrient or nonnutrient
secretagogs.

Glucose-induced insulin secretion begins with the uptake of
glucose by the β cells, followed by its metabolism to produce
adenine triphosphate (ATP). The latter facilitates the closure of
ATP-dependent potassium channels, followed by cell depolar-
ization, and subsequent activation of voltage-sensitive calcium
channels. As a consequence, calcium enters the islets causing
an acute rise in cytosolic calcium concentration and secretion
of insulin.

Why is insulin secretion impaired in CKD? One factor is
PTH. Insulin secretion assessed by the hyperglycemic clamp
technique is improved when the parathyroid gland is sup-
pressed (57,58). Glucose-induced insulin secretion by pancre-
atic islets is impaired in parathyroid intact uremic rats, but
is normal in parathyroidectomized uremic rats (59,60). Con-
versely glucose-induced insulin secretion was impaired when
rats with normal renal function received daily injections of PTH
(59,61).

Apart from glucose, amino acids, most potently L-leucine
(62), and potassium (63) stimulate insulin secretion as well. In
CKD both l-leucine-induced (64) and potassium-induced (65)
insulin secretion is impaired. The generalized failure of insulin
secretion in response to secretagogs is, in major part, the result
of the chronic excess of PTH (64,65).

1,25(OH)2D3 affects insulin secretion as well. Islet cells
express the vitamin D receptor (66,67) and the vitamin D-
dependent calcium-binding protein (68) and when one admin-
isters labeled 1,25(OH)2D3, it is retrieved in the β cells (69).
Insulin secretion is impaired in vitamin D-deficient rats with
normal renal function (70); the defect is reversed by vitamin D
(71). This may be relevant for CKD, because acute intravenous
administration of 1,25(OH)2D3 to dialysis patients improved
the early and late phases of insulin secretion (72).

Insulin Clearance

The kidney plays an important role in insulin metabolism and
clearance. Insulin is filtered by the glomeruli and reabsorbed in
the proximal tubule (73). In normal subjects the renal clearance
of insulin is about 200 mL/minute (74), the value exceeding
glomerular filtration rate and indicating, in addition, peritubu-
lar uptake of insulin (75). It is estimated that daily 6 to 8 U
of insulin are removed by the kidney, accounting for 25% to
40% of the removal of insulin.

The decrease in the metabolic clearance rate of insulin be-
comes apparent in patients with a glomerular filtration rate
(GFR) less than 40 mL/minute and significant prolongation
of the insulin half-life is observed when GFR falls below
20 mL/minute (76). When dialysis treatment is started, insulin
clearance remarkably increases and, presumably, as a result,
insulin removal by liver and muscle is increased.

In patients with CKD, diminished renal (76) and extrarenal
(liver and muscles) (77) insulin clearance accounts for fast-
ing hyperinsulinemia and higher insulin concentrations, after
administration of glucose. Similarly, it accounts for decreased
insulin requirements in diabetic patients with impaired renal
function.

Hypoglycemia

Episodes of spontaneous hypoglycemia may occur in dia-
betic, but also in nondiabetic patients with CKD. In the dia-

betic patients, decreased degradation of the administered in-
sulin may result in higher than expected blood insulin lev-
els, which may precipitate hypoglycemia. In diabetic patients
repeated episodes of hypoglycemia are occasionally the first
clinical sign drawing attention to the presence impaired re-
nal function. Careful adjustment of the insulin dose is then
needed.

When diabetic patients with impaired renal function are
treated with sulfonylurea compounds, it is important that many
sulfonylurea compounds or their active metabolites are cleared
via the kidney and accumulate in CKD patients (78,79). Appro-
priate dose adjustment is again necessary, but it is even better
to switch the patients to insulin. The sulfonylurea gliquidone
is eliminated predominantly by liver and does not accumulate,
but long-term safety data are not yet available (80).

Spontaneous hypoglycemia has also occasionally been
encountered in nondiabetic patients with CKD (81–83). The
underlying mechanism is not clear. In one such patient, a reduc-
tion in hepatic glucose output, due to diminished availability
of substrate for gluconeogenesis, was found (84). In another
patient, spontaneous hypoglycemia occurred after parathy-
roidectomy, which was followed by a significant increase in
insulin secretion (82). In a study of 21 nondiabetic hemodialy-
sis patients treated with glucose-free dialyzate, nine developed
hypoglycemia (84). Poor nutritional status, diminished gluco-
neogenesis, impaired glycogenolysis, and impaired degradation
in insulin may all contribute to the spontaneous hypoglycemia
(83). Hypoglycemia during hemodialysis with bicarbonate
dialyzate has also been ascribed to diffusion of glucose into ery-
throcytes, due to greater consumption of glucose when changes
in cytoplasmic pH accelerate anaerobic metabolism (85).

Clinical Consequences

Why is the impairment of glucose metabolism in renal fail-
ure clinically relevant? There are good arguments that hy-
perglycemia and insulin resistance contribute to accelerated
atherogenesis in renal failure. Shinohara et al. (9) followed 183
nondiabetic hemodialysis patients for more than 5 years. Cu-
mulative cardiovascular deaths by Kaplan–Meier estimation
were significantly more frequent in subjects of the top tertile of
insulin resistance assessed by the HOMA technique (HOMA
IR higher than 1.4) compared to the lower tertiles (Fig. 96-1).
The adverse effect of insulin resistance on mortality was inde-
pendent on body mass, hypertension, and dyslipidemia. More-
over, hyperinsulinemia and insulin-resistance contribute to hy-
pertension (86) and lipid abnormalities.

Insulin is also an important regulator of lipoprotein lipase
activity and insulin deficiency or resistance to its action is as-
sociated with reduced activity of this enzyme (87). Lipoprotein
lipase plays a major role in triglyceride removal. In patients
with CKD lipoprotein lipase activity is impaired and this is the
major cause of hypertriglyceridemia in these patients (88). Fur-
ther support for the role of insulin in this regard is provided
by the observation that administration of insulin to uremic rats
corrected the defect in lipoprotein lipase activity as well as the
hypertriglyceridemia (89).

Insulin resistance may also participate in pathogenesis of
malnutrition, which is commonly found in CKD patients. In
rats with acute renal failure protein degradation in perfused or
incubated muscle is increased. This defect is closely related to
abnormalities in insulin-dependent carbohydrate metabolism
(90). Insulin deficiency stimulates breakdown of muscle and
activates a common proteolytic pathway via the ubiquitin–
proteasome system (91,92). Therefore, insulin resistance may
contribute to increased protein catabolism and malnutrition in
CKD patients.
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FIGURE 96-1. Cumulative incidence of cardiovascu-
lar and noncardiovascular deaths by Kaplan–Meier
estimation in 183 hemodialysis patients of top tertile
of HOMA IR (HOMA IR higher than 1.4), and those
in the lower tertiles (From: Shinohara K, Shoji T,
Emoto M, et al. Insulin resistance as an indepen-
dent predictor of cardiovascular mortality in pa-
tients with end-stage renal disease. J Am Soc Nephrol
2002;13:1894, with permission).

DISORDERS OF LIPID
METABOLISM IN CHRONIC

KIDNEY DISEASE

Richard Bright commented on the milky aspect of the serum
of patients suffering from kidney diseases (93). Since this early
observation, dyslipidemia and hyperlipidemia of renal patients
had been well known, but only recently did it attract more
general interest after it had been recognized that atheroscle-
rotic complications are extremely frequent in patients with im-
paired renal function, raising suspicion that this was the result
of dyslipidemia.

It had long been underappreciated how severe dyslipidemia
actually is, because measurements were usually restricted to the
determination of total cholesterol and triglycerides in plasma.
Only today’s more sophisticated analyses of lipid subfractions,
postprandial lipid changes, apolipoprotein concentrations and
modification by oxidation, glycation, and carbamylation have
fully disclosed the profound and highly atherogenic character
of the lipid changes in uremia.

Lipids, Lipoproteins, and Lipid
Transport and Metabolism

Some background information is useful to understand the
changes of lipoprotein metabolism in renal disease. Lipids

circulating in plasma are incorporated into spherical, water-
soluble particles (lipoproteins) that contain a core of nonpolar
lipids (cholesterol, cholesterol esters, and triglycerides)
surrounded by a monolayer composed of specific proteins
(apoproteins), polar lipids, and esterified cholesterol and
phospholipids. This outer monolayer permits the lipoprotein
to remain dissolved in plasma. Lipoproteins are an efficient
vehicle for the transport of triglycerides and cholesterol in
plasma (94–96).

Lipoproteins can be separated by electrophoresis and ultra-
centrifugation in salt solutions (Fig. 26-2). Lipoprotein frac-
tions are characterized on the basis of their separation by
ultracentrifugation, according to their density. The density
of lipoproteins differs widely. Four main classes of lipopro-
teins are present in the plasma of fasting individuals: very-
low-density lipoprotein (VLDL), intermediate-density lipopro-
tein (IDL), low-density lipoprotein (LDL), and high-density
lipoprotein (HDL). Chylomicrons (large triglyceride-rich par-
ticles of intestinal origin) are the fifth class of lipoproteins.
These particles are usually present in the plasma only tran-
siently during the postprandial state. Each of these lipopro-
teins is heterogeneous, however, with respect to size, lipid com-
position, and apoprotein content. Subfractions of the major
lipoprotein classes can be isolated by electrophoresis, gradi-
ent ultracentrifugation, or affinity column chromatography. A
sixth lipoprotein subfraction, Lp(a), has a hydrated density be-
tween 1.06 and 1.08 g/mL. Lp(a) lipoprotein consists of an
LDL particle to which an additional protein, apoprotein (a), is
covalently bound (97).

Non-HDL cholesterol

VLDL IDL LDL

sd AP

HDL0.920d:Chylomicron
C-remnant

Atherogenicity

Apo B 100

Apo A

1.006 1.019 1.063 1.210

g/mL

FIGURE 96-2. Atherogenicity of major lipoprotein classes (From: Otvos J. Measurement of triglyceride-
rich lipoproteins by nuclear magnetic resonance spectroscopy. Clin Cardiol 1999;22:21, with permission).
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TA B L E 9 6 - 3

METABOLIC FUNCTIONS OF PLASMA APOPROTEINSa

Apoprotein Molecular weight Metabolic role

A-I 28,000 Activates LCAT
A-II 17,500 Activates hepatic lipase; may inhibit LCAT
A-IV 46,000 Unknown, possibly involved in lipid transfer

between lipoproteins
B-48 264,000 Transport of lipids from the gut as chylomicrons
B-100 512,000 Transport of lipids from the liver as VLDL and

LDL; recognized by cellular LDL receptors
C-I 7,000 Activates LCAT
C-II 9,000 Activates lipoprotein lipase
C-III 9,000 May inhibit activation of lipoprotein lipase by

apo C-II
D 22,000 May be involved in lipid transfer between

lipoproteins
E 34,000 Recognized by hepatic apo E receptors and

cellular LDL receptors; recognition facilitates
hepatic uptake of chylomicron and VLDL
remnants

Cholesterol ester
transfer
protein (CETP)

66,000 Facilitates the exchange of cholesterol esters and
triglycerides between HDL and VLDL and
LDL

(Adapted from Illingworth DR. Lipoprotein metabolism. Am J Kidney Dis 1993;22:90, with permission.)
aLCAT, lecithin–cholesterol acyltransferase; LDL, low-density lipoprotein; VLDL, very-low-density
lipoprotein.

The protein components of lipoproteins (apoproteins) are
classified by letters of the alphabet and Roman numeral suffixes
(Table 96-3). Some of these apoproteins, such as apoprotein A-
I in HDL, apoprotein B-100 in LDL, and apoprotein B-48 in
chylomicrons, play a structural role. Some apolipoproteins are
ligands for receptors such as apoprotein B-100 for the LDL re-
ceptor and apoprotein E for the chylomicron remnant receptor.
The potential functions of some of these apoproteins are listed
in Table 96-3.

Four enzymes play a pivotal role in lipid metabolism:
lipoprotein lipase (98), hepatic triglyceride lipase (HTGL) (99),
lecithin–cholesterol acyltransferase (LCAT) (100), and a spe-
cific transfer protein, cholesteryl ester-transfer protein (CETP)
(101,102).

The major physiologic action of lipoprotein lipase is to de-
grade triglyceride-rich particles in the postprandial state. The
activity of the enzyme is dependent on the presence of a cofac-
tor, apoprotein C-II. The enzyme apparently exerts its action
at the level of the endothelial surface. It releases fatty acids
that can be utilized to satisfy energy needs or can be stored
in adipose tissue, depending on the metabolic conditions. As
a consequence of hydrolysis, the core size of VLDL particles
decreases. They lose a portion of the surface components, such
as phospholipids and proteins, and become smaller and more
dense (98).

Hepatic lipase has two major actions: (a) hydrolysis of
triglycerides and phospholipids of HDL2, and (b) hydrolysis
of triglycerides of VLDL and IDL (99).

The enzyme LCAT, which is synthesized in the liver, cat-
alyzes the formation of cholesterol esters in the plasma by trans-
ferring a fatty acyl chain from phospholipids to the hydroxy
group of unesterified cholesterol. This action, which occurs in
the circulation, accounts for the balance between cholesterol
on the surface and in the core of lipoprotein particles (100).

In addition, a specific transfer protein, CETP, facilitates the
exchange of cholesterol esters and triglycerides between HDL
and VLDL and LDL (101,102).

Metabolism of Very-Low-Density Lipoproteins

The liver is the main site of VLDL synthesis. VLDL particles
transport endogenous triglycerides from the liver to periph-
eral tissues. The intravascular hydrolysis of VLDL triglycerides
depends on the activity of lipoprotein lipase. Remnant parti-
cles that result from VLDL lipolysis are either taken up by
the liver via apo E-mediated metabolism or converted to LDL
(Fig. 96-3). LDL is the major product of VLDL metabolism
in human plasma (Figure 96-4). Several factors, including diet,
plasma concentrations of free fatty acids as well as plasma
concentrations of insulin, glucagon, and epinephrine mod-
ulate the secretion of hepatic VLDL, a major determinant
of VLDL concentrations in plasma. In subjects with normal
triglyceride concentrations, all the apo B that enters plasma as
a component of VLDL is preserved when the particle is me-
tabolized to IDL and to LDL. In contrast, in patients with
severe hypertriglyceridemia, most of the VLDL particles are
removed before they can be converted to LDL. As a re-
sult the plasma concentration of LDL is then low. Moderate
hypertriglyceridemia, that is, plasma triglycerides of 300 to
800 mg/dL, usually reflects the accumulation of endogenous
VLDL particles in plasma. Such an accumulation may result
from enhanced rates of VLDL synthesis, genetic or acquired
defects in triglyceride hydrolysis, or combinations of both
(103).

Metabolism of Low-Density Lipoproteins

LDL is the major cholesterol-carrying particle present in hu-
man plasma and is the end product of VLDL catabolism. The
liver accounts for 70% of the catabolism of LDL and periph-
eral tissues account for the remaining 30%. Both receptor-
mediated and nonreceptor-mediated pathways facilitate LDL
catabolism. In normal subjects, receptor-mediated pathways
account for about 75% of the clearance of plasma LDL.
The uptake of LDL by receptor-mediated endocytosis results
in the suppression of endogenous cholesterol biosynthesis,



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-96 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:26

Chapter 96: Metabolic and Endocrine Dysfunctions in Uremia 2507

FFA
+

glycerol

FFA

TG

Exogenous
carbohydrates

LPL

Endothelial
cells

A

FFA

Liver

Insulin

TG

hSLhSL

B

A

A

B

C

Adipose tissueMuscle

TG TG

VLDL-1

VLDL-2

Mature
VLDL-1

Mature
VLDL-2

Mature
VLDL

End cholesterol
synthesis

apoE

apoB100

apoClll

FFA
+

glycerol

FFA

TG

Exogenous
carbohydrates

LPL

Endothelial
cells

B

FFA

Albumin
loss

Liver

Insulin

TG

hSLhSL

B

D

D

B

C

Adipose tissueMuscle

TG TG

VLDL-1

VLDL-1

VLDL-2

VLDL-2

Mature
VLDL-1

Mature
VLDL-2

Mature
VLDL

End cholesterol
synthesis

apoE

apoB100

apoClll

E

FIGURE 96-3. Triglycerides metabolism in normal subjects (A) and in chronic kidney disease patients
(B). FFA, free fatty acids; hSL, lipase; TG, triglycerides; LPL, lipoprotein lipase; VLDL, very-low-density
lipoproteins (From: Prinsen BH, de Sain-van der Velden MG, de Koning EJ, et al. Hypertriglyceridemia
in patients with chronic renal failure: possible mechanisms. Kidney Int 2003;63:S121, with permission).

an enhanced rate of intracellular cholesterol esterification,
and a reduction in the number of high-affinity LDL recep-
tors expressed on the cell surface (95). Hypercholesterolemia,
with increased plasma concentrations of LDL cholesterol,
may be the consequence of genetic and acquired disorders
the underlying mechanisms comprising: (a) an enhanced rate

of VLDL and LDL apo B synthesis, (b) defects (genetic
or acquired) of LDL catabolism (e.g. impaired expression
of high-affinity LDL receptors or modifications in the re-
ceptor binding domain of LDL), or (c) a combination of
both resulting in enhanced synthesis plus impaired catabolism
(94,95).
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FIGURE 96-4. Lipoprotein metabolism in chronic
kidney disease patients. LCAT, lecithin-cholesterol
acyltransferase; CETP, cholesterol ester transfer
protein; LPL, lipoprotein lipase, VLDL, very-
low-density lipoproteins; IDL, intermediate density
lipoproteins, LDL, low-density lipoproteins.

Metabolism of High-Density Lipoproteins

HDL is generated in the liver and from the intravascular lipol-
ysis of VLDL particles and chylomicrons. The newly synthe-
sized HDL contains predominantly protein, free cholesterol,
and phospholipids, but when exposed to LCAT becomes en-
riched in cholesterol esters (106). The apoprotein content of
individual HDL particles differs. Some HDL particles contain
apo A-I and apo A-II (HDL3), whereas others contain only apo
A-I (HDL2). The half-life of HDL is from 4 to 6 days and is
influenced by diet, as well as by several drugs. Epidemiologic
studies in the general population documented an inverse rela-
tion between plasma HDL cholesterol concentration and risk
of coronary artery disease (94,104).

In summary, the general mechanisms of transport and
metabolism of lipoproteins in humans are relatively well un-
derstood. Numerous factors, however, both genetic and ac-
quired, may modify this transport system and result in abnor-
mal concentrations of lipoproteins in plasma. Increased plasma
concentrations of cholesterol-rich VLDL, of chylomicron rem-
nants, of small, dense LDL and of Lp(a) are highly atherogenic.
Increased concentrations of HDL cholesterol protect against
atherosclerosis. Covalent modification of lipoproteins, partic-
ularly oxidation, glycosylation and carbamylation of LDL, has
a profound impact on their metabolism and causes particularly
enhanced uptake by scavenger receptors of tissue macrophages,
thus causing foam cell formation (105–107).

Abnormalities of Lipoprotein Metabolism in
Chronic Kidney Disease

The mechanisms by which loss of renal function affects lipopro-
tein metabolism are not completely understood. The dys-
lipoproteinemia found in CKD patients is usually secondary

to their renal disease (108,109), but, of course, may also be the
result of genetic abnormalities (or a combination of both). The
family history or examination of family members may provide
useful hints for a potential role of genetic factors. Comorbid
conditions can further alter the lipid pattern and should also
be considered, e.g., diabetes mellitus, steroid treatment, and
nephrotic proteinuria.

Some lipid abnormalities are demonstrable in patients with
renal disease even when GFR is still normal (110–113), but
disorders of lipoprotein metabolism increase in frequency and
severity as renal insufficiency advances. The typical profile of
patients with chronic kidney disease, that is, the constellation
of moderate elevation of plasma triglyceride concentrations,
combined with low plasma HDL-cholesterol, corresponds to
the pattern of dyslipidemia type IV according to Frederickson
et al. (114). In CKD, total cholesterol is usually normal or even
low. This may be the result of an additional microinflammatory
state and/or malnutrition (115) (Table 96-4).

The prevalence of dyslipidemia in patients with chronic
kidney disease is greater than in the general population
(116). The characteristic features of dyslipidemia remain essen-
tially unchanged during long-term conventional hemodialysis.
(117,118). Studies on the influence of high-flux dialysis modal-
ities have yielded conflicting results (119–123). However, in the
majority of studies improvement of lipid profile after treatment
with high-flux dialysis was found (119,122,123). Recently,
Wanner et al. (123) showed in a randomized crossover study
that 6 weeks of treatments with high-flux polysulfone and mod-
ified cellulose membrane significantly lowered serum triglyc-
erides concentration when compared with low-flux dialysis
with polysulfone membrane. Significant improvement of lipid
profile was also observed when patients were switched from
conventional hemodialysis to home-based nocturnal hemodial-
ysis (124). In patients treated by CAPD, the concentrations of
total plasma cholesterol, LDL cholesterol, and triglycerides are
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TA B L E 9 6 - 4

ABNORMALITIES OF LIPID METABOLISM IN
PATIENTS WITH CHRONIC KIDNEY DISEASE

Quantitative changes in plasma lipid profile
Moderate elevation of plasma triglyceride concentrations
Low plasma HDL-cholesterol concentration
High plasma VLDL and IDL-cholesterol
Normal plasma LDL cholesterol
High ratio total cholesterol/HDL cholesterol
High ratio LDL cholesterol/HDL cholesterol

Quantitative changes in plasma lipoproteins
Decreased plasma concentrations of apo A-I and A-II
Normal or elevated plasma concentration of apo B
High plasma concentrations of apo C-I, C-II, C-III

Postprandial changes in plasma lipoproteins
Prolonged persistence of chylomicrons in the circulation

postprandially

Qualitative lipoprotein changes
Postribosomal modification of apolipoproteins by

oxidation, glycation and carbamylation
Alteration in HDL component (changed it from antioxidant

to pro-oxidant lipoprotein)
Accumulation of small dense LDL
Atherogenic apo(a) phenotype (low molecular weight)

aLDL, low-density lipoprotein; VLDL, very-low-density lipoprotein;
IDL, intermediate-density lipoprotein; HDL, high-density lipoprotein

even higher than in hemodialysis patients (125–128). Such ag-
gravation is most likely due to two additional factors: loss of
protein (7 to 14 g/day) with peritoneal dialyzate and absorp-
tion of glucose (150 to 200 mg/day) from the dialysis fluid
(129,130). The protein loss may concern not only albumin,
but also apolipoproteins, and possibly further lipoprotein- reg-
ulating substances, as occurs in the nephrotic syndrome. The
glucose load increases the availability of free fatty acids and
stimulates the synthesis of triglycerides and lipoproteins by the
liver (131). This hypothesis is supported by the observation
that conversion of patients from conventional glucose con-
taining dialysis fluids to icodextrin containing dialysis fluids in
the overnight dwell reduced plasma cholesterol concentrations
(132).

The most frequent constellation of lipid abnormalities in
CKD comprises a decrease in HDL-cholesterol, an increase in
VLDL- and IDL-cholesterol, as well as normal or even low
LDL cholesterol (reflects a redistribution of cholesterol from
HDL to VLDL and IDL) (133–135). The ratios of total choles-
terol/HDL cholesterol and LDL cholesterol/HDL cholesterol
are usually increased. The reduced levels of HDL reflect reduc-
tions of both HDL2 and HDL3 subfractions (136). In CKD, a
defect in cholesterol transport (137), probably due to dimin-
ished LCAT activity (138,139), and increased activity of CETP,
have been documented (140). The recently proposed index of
non-HDL-cholesterol, reflecting the sum of LDL and VLDL
particles appears to be more sensitive and is a superior predic-
tor of cardiovascular risk (141,142) (Table 96-4).

Hypertrigliceridemia is commonly found in CKD (116)
and is the result of both increased synthesis of triglycerides
and VLDL apo B100 apoprotein in the liver and decreased
catabolism of VLDL (143,144). Increased triglyceride and
VLDL apo B100 synthesis in the liver were documented in an-
imal experiments and in CKD patients (Fig. 96-3) (144–147).
Triglyceride-rich lipoproteins are sequentially broken down by
lipoprotein lipase, followed by further catabolism via hepatic

triglyceride lipase, and finally taken up by apo B and apo E re-
ceptors in the liver (98,99,103,143). The activity of lipoprotein
lipase in plasma and in adipose tissue is decreased in animal
experiments and in patients with CKD, even when the plasma
triglyceride concentration is normal (148–152). Insulin resis-
tance, which is usually present in patients with chronic kidney
disease, also contributes to diminished lipoprotein lipase ac-
tivity (88). The activity of lipoprotein lipase is differentially
influenced by the apolipoprotein C isoforms: apolipoprotein
C-II activates and apolipoprotein C-III inhibits lipoprotein li-
pase activity (153). A decreased ratio of apo C-II/C-III is com-
monly found in uremia (113). This abnormality is observed
even in the early stage of CKD (153). However, not only the
activity of lipoprotein lipase, but also that of hepatic triglyc-
eride lipase is decreased in animal models and patients with
CKD (149,150,154,155). The decreased activities of both li-
pases cause a major defect in the catabolism of triglyceride-
rich lipoproteins. Reduced lipoprotein lipase activity explains
the disturbed first step in the breakdown of both chylomicrons
(circulating after absorption of fat from the gut) and of VLDL
(synthesized and secreted by the liver). Because of the reduced
activity of the hepatic triglyceride lipase, the second step—i.e.,
the clearance of partially metabolized lipoproteins and chy-
lomicrons is disturbed as well. The VLDL receptor is expressed
in skeletal muscle, heart, brain, and adipose tissue, which use
fatty acids for energy production or storage. The receptor binds
and internalizes VLDL particles. The expression of the VLDL
receptor was reduced in experimental uremia (156).

Disorders of lipid metabolism in chronic kidney disease are
not adequately reflected by the conventionally measured pa-
rameters, that is, plasma concentrations of total cholesterol,
LDL-cholesterol, and triglycerides. The above parameters do
not provide information on further lipid abnormalities, which
almost certainly impact on the atherogenic risk: (a) abnormal
concentrations of apolipoproteins (low apo A1 and apo A2;
high apo B, apo C-II and apo E serum concentrations), (b)
postribosomal modification of apolipoproteins by oxidation,
glycation, and carbamylation, (c) inflammation-induced alter-
ations of HDL (transforming HDL from an antioxidant to a
pro-oxidant lipoprotein), (d) accumulation of IDL and small,
dense LDL, (e) prolonged postprandial persistence of chylomi-
crons in the circulation, and (f) atherogenic apo(a) genotypes
(Table 96-4).

There are also abnormalities of apolipoproteins in CKD.
The concentrations of apo A-I and A-II are decreased. Sig-
nificantly reduced levels of apo A-I or apo A-II are present
in CKD patients even when plasma lipid concentrations are
in the normal range (117). In hemodialysis patients it has re-
cently been documented that decreased apo A-I levels are due
to an increased rate of catabolism, whereas reduced apo A-
II levels are primarily due to a decreased rate of production
(157). These apolipoprotein abnormalities are more marked
in patients with advanced renal failure and in patients with
hypertriglyceridemia (158,159). The apo B concentrations are
usually normal in early stages of CKD and are minimally el-
evated, at best, in patients with advanced renal insufficiency
(112,127,158,159). In addition, the concentration of apo C-
III, and less pronounced also the concentrations of apo C-I
and C-II, are usually increased (159–161). Increased concentra-
tions of apo C-III tend to correlate with the plasma triglycerides
concentration, but may be found even in patients with normal
triglycerides (159,162). Elevated plasma concentrations of apo
E are indirect evidence of accumulation of remnants (113). The
ratios of apo A-I/C-III and apo A-I/B are reduced, and the ratio
of apo C-III/apo E is increased (112,134,159).

We reemphasize that, in early stages of CKD, disturbances
of apoprotein metabolism may be found even in the presence
of normal plasma lipid concentrations. In patients with GFR
>15 mL/minute and normal plasma lipid concentrations, a



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-96 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:26

2510 Section XII: Uremic Syndrome

significant decrease in the concentrations of apo A-I and A-
II and increase in the concentrations of apo C-III were found
(112,113). Similar abnormalities of apo B, C-III, and E con-
centrations can also be found, however, in patients with in-
cipient to moderately advanced CKD (111,113). Even in CKD
patients with normal GFR increased apo A-IV concentrations
were found (110).

In addition to quantitative changes in lipoprotein particles
several qualitative lipoprotein changes have been demonstrated
to occur in CKD. These include postribosomal modification of
apolipoproteins by oxidation (163), glycation (164), and car-
bamylation (165). Modified lipoproteins are not recognized by
their respective receptors (166). Their half-life in the circulation
is increased. The prolonged residence time in the circulation
permits their uptake by the nonsaturable scavenger receptor
pathway. Oxidation does not reduce the affinity of oxidized
LDL to the scavenger receptor (105) and oxidized LDL uptake
by the macrophage scavenger receptor is increased favoring
the formation of foam cells (105). In addition to its pivotal
role in foam cell formation, oxidized LDL exhibits additional
atherogenic properties, including cytoxicity and stimulation of
thrombotic as well as inflammatory events (167). LDL oxida-
tion is currently considered as a key early event in the pathogen-
esis of atherosclerosis. HDL protects against oxidation of LDL
(168,169). In hemodialysis patients, the capacity of HDL to
prevent LDL oxidation is reduced, however (170). The acute
phase response changes the HDL composition, transforming
HDL from an antioxidant to a pro-oxidant lipoprotein (171).
The reported alterations include an increase in apolipoprotein
J and serum amyloid A and a decrease paroxonase activity
and platelet-activating factor (PAF) (171). Paroxonase, a HDL-
associated enzyme, reduces the susceptibility of LDL to oxida-
tion (172). Serum paroxynase activity is reduced in patients
with CKD (173–175) with potential repercussions on HDL
and LDL structure and function.

IDL, an intermediate of VLDL catabolism, accumulates in
the plasma of CKD patients (154,176,177). The IDL con-
centration is a predictor of the severity or progression of
atherosclerosis (178). In a study of 280 hemodialysis patients,
Shoji et al. (179) demonstrated that plasma IDL concentration
is an independent risk factor for aortic atherosclerosis as deter-
mined by pulse-wave Doppler sonography.

LDL particles are heterogeneous in size and density (180). In
1988, Austin et al. (180) found that small, dense LDL particles
increased the risk of myocardial infarction threefold. They also
found that small, dense LDL were associated with increased
plasma triglyceride and decreased HDL cholesterol concentra-
tions. No correlation was found between LDL-cholesterol con-
centration and LDL size (181). Small, dense LDL accumulate
even in early stages of CKD, when total plasma cholesterol and
triglyceride concentrations are still normal (183). In hemodial-
ysis patients the increase in small dense LDL is particulary pro-
nounced in diabetic and hypertriglyceridemic patients (152). In
hemodialysis patients, a strong correlation is found between the
concentrations of plasma triglycerides and small dense LDL. A
plasma triglyceride concentration >2 mmol/L had a sensitivity
of 86%, and a specificity of 79% to identify hemodialysis pa-
tients with atherogenic plasma concentrations of small, dense
LDL (183). Several theories have been proposed regarding the
link between small, dense LDL and atherogenicity: (a). their
decreased affinity to the LDL receptor (184,185) combined
with their increased clearance via the scavenger receptor (185),
(b). their increased susceptibility to oxidation and glycation
(186), (c). their increased transcapillary escape because of
smaller particle size (187), and (d). their greater affinity to ex-
tracellular matrix, such as arterial wall proteoglycans (188).

Chylomicrons, that is, large triglyceride-rich particles of in-
testinal origin, are only transiently present in plasma in the
postprandial state under physiological conditions (189). It has

been postulated that prolonged postprandial persistence of chy-
lomicrons in the circulation causes endothelial damage and
promotes atherosclerosis (189). In CKD patients, the clearance
of chylomicrons is severely impaired (190). This abnormality
may contribute to the hypertriglyceridemia in CKD.

Lp(a) lipoprotein is a plasma lipoprotein, which contains
a protein component called apo(a). Apo(a) exhibits high ho-
mology to plasminogen (97) and extreme size polymorphism,
depending on the number of repeats; the apo(a) isoproteins
range in size from 420 to 840 kDa (97). The main modulator
of apo(a) size is genetics. There are numerous apo(a) gene vari-
ants (97) and an inverse correlation is found between apo(a)
size and plasma Lp(a) concentration (191). In the general pop-
ulation, high plasma concentration of Lp(a) are associated with
increased cardiac risk (192). In patients with chronic renal fail-
ure, prospective studies on the influence of plasma Lp(a) con-
centration on atherosclerotic complications have yielded con-
flicting results (193–196). In cross-sectional studies, a higher
frequency of apo(a) low-molecular-weight phenotypes [small
apo(a)] was found in hemodialysis patients with atherosclerotic
complications (197–199). In prospective studies, Kronenberg
et al. (200) and Longenecker et al. (201) found in hemodialy-
sis patients that the small apo(a) genotype predicted coronary
events and total mortality (200,201). Hervio et al. (202) re-
ported that small apo(a) isoforms bind more strongly to fibrin
than large isoforms—a possible mechanism how apo(a) iso-
form size might accelerate atherogenesis.

Dyslipidemia and Outcome—An Example Of
Reverse Epidemiology

Following the seminal report of Degoulet et al. (203), numerous
investigators found a paradoxical inverse relationship between
plasma cholesterol concentration and overall mortality, as well
as cardiovascular mortality (204,205). Usually a U- or J-shaped
relationship was noted between plasma cholesterol concentra-
tion and cardiovascular mortality—i.e., a higher mortality at
low as well as high plasma cholesterol concentrations (204).
The most plausible explanation for this paradox is that this
represents an example of reverse epidemiology (206), i.e., a re-
lationship, which is reversed by a confounding factor. The re-
cent work of Liu et al. (207) is important in this respect (207).
They identified microinflammation as a confounding factor.
In dialysis patients with low hsCRP concentrations a direct
positive relation was noted between LDL cholesterol and CV
mortality as in individuals with no renal disease. In contrast,
in patients with high hsCRP concentrations, the mortality was
higher at low LDL cholesterol concentrations (Fig 96-5) (207).
This finding is important, because in such circumstances serum
cholesterol and LDL cholesterol concentrations may no longer
be a valid guide to establish the indication for lipid-lowering
therapy. This may also explain the recent negative outcome of
an intervention trial in diabetic hemodialysis patients treated
with atorvastatin (208).

Treatment of Dyslipidemia in Renal Failure

Because of the limited predictive power of abnormal lipid con-
centrations and the negative outcome of a recent intervention
trial, the indications for lipid lowering in CKD patients are
currently not well established (208). There is no doubt that
in early stages of renal dysfunction lipid lowering by statins
is effective. This is indicated by the reduction of cardiovas-
cular events in the subgroup of patients with impaired renal
function observed in several recent controlled trials, e.g., the
ALERT study in renal graft recipients (209), the ASCOT study
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FIGURE 96-5. Estimated 3 years all-cause and cardiovascular mortality (CVD) in a study of 832 hemodial-
ysis patients. In hemodialysis patients with low hsCRP concentrations, the anticipated direct relationship
between LDL cholesterol and CV mortality was noted. In contrast, in patients with higher hsCRP concen-
trations the mortality was higher at low LDL cholesterol concentrations. (From: Liu Y, Coresh J, Eustace
JA, et al. Association between cholesterol level and mortality in dialysis patients: role of inflammation and
malnutrition. JAMA 2004;291:451, with permission.)

(210), and CARE study (211) in patients at high CV risk. A
retrospective comparison of survival in hemodialysis patients
with and without statin administration had also suggested a
significant survival benefit in patients on statins (212). A note
of caution was suggested, however, by the observation of Fathi
et al. (213). They compared coronary artery disease (CAD) in
patients without kidney disease and patients with advanced
CKD. In both groups LDL cholesterol was lowered to values
substantially below 100 mg/dL. The maximum intima media
thickness of the carotid artery, however, decreased in patients
with CAD, but failed to change in patients with chronic re-
nal failure. This observation possibly indicates that alternative
pathogenetic pathways are operative in advanced CKD and
negate the beneficial effect of lipid lowering. This notion is sup-
ported by the results of the 4D study in hemodialyzed type 2 di-
abetic patients randomized to atorvastatin or placebo. Despite
substantial lowering of LDL cholesterol, the primary endpoint
of cardiovascular events was not significantly altered, although
the combined cardiac events were lowered by 18% (208). At
any rate, the efficacy of statins was significantly lower than in
nonrenal patients with type 2 diabetes in whom cardiovascular
events were lowered by 37% (214).

Which intervention strategies do we have? There is no doubt
that dyslipidemia in patients with advanced CKD can be mod-
ified by dietary interventions, that is, reduction of saturated
fatty acids and reduction of carbohydrate intake to reverse
VLDL overproduction by the liver and lower plasma triglyc-
eride levels (215–217). It is also possible to achieve weight
loss in obese patients with advanced chronic kidney disease.
These interventions have not gained universal acceptance. Such
lifestyle changes are difficult to implement in chronic patients.
Moreover, the safety of dietary interventions in patients with
advanced chronic renal failure who are prone to catabolism
and malnutrition is uncertain. A recent reanalysis of the par-
ticipants in the MDRD trial (218) found clear evidence of mal-
nutrition in patients randomized to a low-protein diet. Con-
versely, a high body mass index (BMI) is predictive of better
survival in hemodialyzed patients and this is true even in the
range of morbid obesity (219). As a result, these interventions
are sensible in the early stages of CKD, but, in our view, are
no longer safe and indicated in advanced stages. Another non-
pharmacological approach is physical exercise, which has been
shown to reduce insulin resistance and improve the lipid pat-
tern in CKD patients as it does in nonrenal patients (55,56).

Again, in our experience, adherence to such interventions is
less than optimal.

In patients on hemodialysis, improvement of dyslipi-
demia has been shown in the studies comparing hemodial-
ysis with high-flux membranes versus conventional dialysis
(119,122,123) and more recently in patients on nocturnal
hemodialysis (124).

What is the role of pharmacological treatment?
Probucol causes a modest reduction of LDL cholesterol con-

centrations. It also reduces the concentrations of HDL choles-
terol. Its major benefit may be related to its antioxidant effects.
This drug appears to be devoid of major side effects and in
CKD patients experience with this drug, which is no longer
available, is limited.

Nicotinic acid lowers plasma LDL cholesterol concentra-
tion, but is likely to cause side effects, such as flushing, worsen-
ing glucose tolerance, and hepatotoxicity. Studies investigating
the effect of nicotinic acid in hemodialysis patients are sparse
(220,221).

Bile acid sequestrants are poorly tolerated and cause gas-
trointestinal distress and constipation when not taken with
considerable amount of fluids. Bile acid sequestrants are also
contraindicated in hypertriglyceridemia and are likely to fur-
ther increase plasma triglyceride concentration. Therefore,
probucol, nicotinic acid, and bile acid sequestrants are not rec-
ommended in hemodialysis patients.

The pattern of hypertriglyceridemia with low-plasma HDL
cholesterol concentration appears, at first sight, as an ideal in-
dication for a PPAR-alpha agonist, that is, a fibric acid analog.
These agents effectively lower triglyceride and raise HDL con-
centrations (222–225). The problem is that they accumulate in
renal insufficiency. Therefore, except for gemfibrozil, the dose
must be reduced in CKD patients as a function of GFR (224).
Accumulation may cause myopathy and rhabdomyolysis. The
use of fibrates has, therefore, not gained wide acceptance and
their use requires caution (226).

Statins lower plasma total cholesterol and LDL cholesterol
concentrations effectively and safely (227); atorvastatin also
lowers triglyceride concentrations (228). There are also indica-
tions from experimental studies (229) and clinical observations
(230) that statins reduce progression of renal failure, possibly
as a consequence of their pleiotropic effects. The latter result
from the fact that isoprenylation of small G proteins modulates
signaling pathways independent of cholesterol. The clinical
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relevance of this action is currently uncertain. As outlined
above, statins are safe and effective in early stages of CKD. The
efficacy of their use in advanced stages is less certain (208), but
this issue requires further studies (231).

DISORDERS OF PROTEIN AND
AMINO ACID METABOLISM IN

CHRONIC KIDNEY DISEASE

Nutrients can be divided into six general classes: proteins,
lipids, carbohydrates, minerals, vitamins, and water. The first
three classes are organic compounds that serve as sources of en-
ergy required for carrying out the biochemical and functional
activities of organs and cells (232). In addition to being an en-
ergy source, proteins in the diet provide the amino acids that
are used to synthesize body proteins. Proteins and their con-
stituent amino acids are essential to life.

The protein requirement of an individual is defined as the
lowest level of dietary protein intake that will balance the losses
of nitrogen from the body and maintain energy balance at
modest levels of physical activity. The need for dietary protein
largely arises because turnover of tissue and organ proteins
is accompanied by an inefficient capture of their constituent
amino acids to form new body proteins. The amino acids are
lost via oxidative metabolism. Most estimates of protein and
amino acid requirements in humans have been obtained di-
rectly or indirectly from measurements of nitrogen balance. In
the course of carrying out their functional roles, proteins and
amino acids turn over, and part of their nitrogen and carbon is
lost via excretory pathways. This includes carbon dioxide in ex-
pired air and urea and ammonium in urine. Thus, to maintain
an adequate protein and amino acid balance, these losses must
be replaced by an appropriate dietary supply of a usable source
of nitrogen and by indispensable and conditionally indispens-
able amino acids. These are required to replace amino acids that
are lost during the course of metabolic processes or those that
are deposited during growth and tissue replacement. Adults in
stable conditions synthesize and degrade approximately 3.5 to
4.5 g protein/kg body weight (i.e., 245 g to 315 g protein in
a 70 kg adult person) each day (233). The protein content of
muscle is about 20%. Therefore, daily protein turn over is the
equivalent of 1.2 to 2 kg muscle. Because protein turnover is
so large, even a small increase in protein degradation or a de-
crease in protein synthesis rate, persisting for longer periods,
can cause a marked loss of lean body mass.

The essential amino acids are valine, leucine, isoleucine,
threonine, methionine, phenylalanine, lysine, tryptophan, and
histidine. The nonessential amino acids are glycine, alanine,
serine, cystine, aspartic acid, glutamic acid, and hydroxypro-
line. A third category, “conditionally indispensable,” is based
on the observation that under specific dietary conditions func-
tion is best maintained when these amino acids are part of
nutrient intake. These conditionally indispensable amino acids
are glycine, cystine, tyrosine, proline, arginine, citruline, glu-
tamine, and taurine (232).

Abnormalities in Plasma and Intracellular
Amino Acid Concentrations in Chronic

Kidney Disease

Some disturbances in the amino acids plasma concentrations
are observed in chronic kidney disease even before renal re-
placement therapy is started (234–237). The severity of amino
acid abnormalities is related to the degree of chronic kidney

disease and the presence of uremic symptoms (238). These dis-
turbances are complex and not well understood.

The plasma concentrations of tryptophan, tyrosine, and
the branched-chain amino acids, particularly valine, are low
(236,237,239–241). Elevated plasma concentrations of ci-
trulline, methylhistidine, and of the sulfur-containing amino
acids, cystine and methionine, are found in CKD patients
(237,239–242). In summary, plasma concentrations of essen-
tial amino acids, with some exceptions, tend to be decreased,
whereas plasma concentrations of the nonessential amino acids
tend to be increased. The pattern of the plasma amino acid con-
centrations does not accurately reflect the intracellular pattern
(243). The intracellular concentrations of valine, threonine, ty-
rosine, and taurine in muscle are decreased (244,245). The con-
centrations of phenylalanine, alanine, arginine, and citruline
are increased (241,244).

In CKD patients, low plasma amino acid concentrations
and low intracellular amino acid concentrations may be due
to: (a) anorexia, (b) decreased amino acid synthesis, (c) in-
creased catabolism, (d) loss during the dialysis procedure, and
(e) impaired binding to serum albumin caused by substances
that accumulate in the blood in uremia.

As in nonuremic individuals, in CKD patients, poor dietary
intake of protein and nutrients leads to decreased concentra-
tions of such amino acids as histidine, isoleucine, leucine, val-
ine, and tyrosine (245). In CKD patients, plasma concentration
of several of amino acids are inversely correlated with protein
intake (246).

In rats with experimental chronic renal disease, the principal
cause of low plasma concentrations of branched-chain amino
acids (valine, leucine, isoleucine) is increased catabolism (244).
This is stimulated by acidosis and caused by increased activity
of branched-chain keto acid dehydrogenase, a key enzyme in
the amino acid degradation pathway (247). In patients under-
going hemodialysis, an inverse correlation is found between the
levels of intracellular valine and plasma bicarbonate concentra-
tion (241). The correction of metabolic acidosis increases the
concentration of the above three amino acids in muscle (248).
Reduced binding by albumin probably accounts for the low
total plasma tryptophan concentration (249,250).

Low intracellular levels of taurine with normal or slightly
elevated concentrations of this amino acid in plasma are also
found in CKD patients. Since the plasma concentration of pre-
cursors of taurine, such as cystine, methionine, and cystine sul-
fonic acid are elevated, a selective metabolic block at the level
of cystine sulfonic acid decarboxylase has been proposed to
explain the decrease in intracellular taurine (251). In addition,
low intracellular levels of threonine and lysine and low ratios
of essential to nonessential amino acids (valine–glycine and,
phenylalanine–tyrosine) have been found in patients with CKD
(252). It has been suggested that the insulin resistance present
in uremia impairs the uptake of amino acids by cells (253).

Reduced renal excretion probably accounts for the in-
creased plasma concentration of hydroxyproline (254). Colla-
gen is the main reservoir for hydroxyproline and, in conditions
of enhanced bone resorption, such as secondary hyperparthy-
roidismus, there may be increased release of hydroxyproline
from bone (255).

Protein Metabolism in Chronic
Kidney Disease

The detailed observations of renal patients by Richard Bright
(256) pointed to an important role of inanition in kidney dis-
ease. More recently, a high prevalence of protein malnutri-
tion has been reported in hemodialysis patients as well. Mild
to moderate protein malnutrition occurs in approximately
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33% of hemodialysis patients and severe malnutrition occurs
in additional 6% to 8% of these individuals (257). The in-
terpretation, however, of what constitutes malnutrition and
how it relates to patient outcome remains controversial (258).
Pure-energy protein malnutrition (kwashiorkor) is not associ-
ated with accelerated atherogenesis and cardiovascular events.
These events, however, are commonly found in wasted dialy-
sis patients and associated with markers of microinflammation,
such as high hsCRP, low plasma concentrations of albumin and
fetuin, as well as high plasma concentrations of interleukin-
6, interleukin-18, and TNF-α (259). This constellation has
been rephrased malnutrition, inflammation, and atherosclero-
sis (MIA) syndrome (260). It has remained uncertain, how-
ever, whether low muscle and body mass per se (261) or rather
the process of active wasting have negative effects on outcome
(260). The paradoxical finding that survival is best in dialy-
sis patients with high BMI, even in the range of frank obe-
sity (219), may indicate that obesity increases tolerance to-
ward episodes of catabolism. Energy expenditure is increased
in uremia (261). In addition, some factors common in uremic
patients may trigger catabolism, such as fasting resulting from
loss of appetite. Acidosis or insulin resistance (262) activate
the ubiquitin proteasome system as the final common pathway
of protein breakdown (262). There is also evidence that the
dialysis procedure per se is a catabolic stimulus (263,264). A
recent study of Pupim at al. (265) confirmed that dialysis causes
whole body and muscle proteolysis, which can be overcome, at
least acutely, by intravenous infusion of amino acids, glucose
and lipids.

The rates of synthesis and degradation of proteins can be
quantitated by the infusion of either radiolabeled or stable iso-
topes bearing amino acids. This allows the calculation of total
body protein synthesis and total average proteolysis, as well
as amino acid oxidation (266). Patients with stable CKD have
been studied using this methodology when ingesting either of
two different levels of dietary protein, 0.6 g/kg or 1.0 g/kg body
weight. Studies were performed both after overnight fasting
and in the fed state (267). No differences were found in ei-
ther the rate of protein turnover or amino acid oxidation com-
pared to control subjects. Thus, the dynamics of amino acid
metabolism are apparently normal at the whole body level in
stable, nonacidotic patients with chronic kidney disease (267).

In contrast to nondialyzed, stable CKD patients, nitrogen
balance studies indicate that hemodialysis patients are unable
to conserve nitrogen normally and have increased dietary re-
quirements (268). The increased protein needs are higher than
accounted for by loss of amino acids, peptides, and proteins
into the dialyzate (269). These findings are consistent with the
existence of a chronic, low-grade catabolic state in hemodialy-
sis patients (269). Such a catabolic state may be due to presence
of chronic inflammation, acidosis, insulin resistance, or a com-
bination of these conditions (262).

When protein intake is restricted, supplemental calories may
improve nitrogen balance (270,271). If calorie intake is inade-
quate in patients eating a low-protein diet, the risk of catabo-
lizing body protein is increased (270,271). Maroni (271) exam-
ined the caloric needs of patients on low-protein diets as well
as the nutritional adequacy and mechanisms of adaptation to
a very low-protein diet containing 0.28 g/kg body weight and
supplemented with either essential amino acids or a mixture
of keto acids. When protein intake was reduced, the nitrogen
balance improved when the caloric intake was increased.

Caloric Requirements in Patients with
Chronic Kidney Disease

Although protein-calorie malnutrition is common in CKD pa-
tients, few studies have examined the caloric requirements of

these patients. Inadequate caloric intake may be present when
energy requirements are increased, when caloric intake is de-
creased, or when a combination of both is present.

In a study on 10 hemodialysis patients, Ikizler et al. (261)
found 7% higher than expected energy expenditure during
both dialysis and nondialysis days, suggesting that uremia per
se increases energy expenditure. This conclusion is controver-
sial, however. Monteon et al. (272) measured energy expendi-
ture of CKD patients during rest and exercise; CKD patients
did not differ from control subjects. This issue may be clinically
important, since a prospective study showed a correlation be-
tween high resting energy expenditure and increased mortality
or cardiovascular death in patients on continuous ambulatory
peritoneal dialysis (273).

In CKD patients, the caloric intake tends to be decreased
(274). CKD patients do not ingest prescribed amount of calo-
ries (275), even despite dietary counseling. This is exempli-
fied by the MDRD study; the initial energy intake was below
the recommended limit (30 to 35 kcal/kg/day) and, during the
study (average duration 2.2 years), energy intake declined fur-
ther despite intensive dietary counseling (276).

Nutrition in Hemodialysis Patients

Hypoalbuminemia, negative nitrogen balance, loss of muscle
mass, and wasting are commonly seen in long-term dialysis pa-
tients (277). Several indices of malnutrition have been utilized,
but they do not exactly measure the same abnormality (258).
The procedures range from the well-known anthropometric
measurements, such as skinfold thickness and midarm muscle
circumference, BMI, waist–hip ratio, to subjective global as-
sessment as an evaluation of components going beyond body
composition (278). Low plasma albumin concentrations are
closely related to mortality (279), while BMI and urine cre-
atinine excretion as an index of muscle mass are not (280).
Even small decrements in plasma albumin concentration (in the
range of 3.5 to 3.9 g/dL) have been associated with increased
mortality in hemodialysis patients. Plasma albumin concentra-
tion appears to be a late index of malnutrition. Because of
its relatively long half-life (21 days) and the vast capacity of
the liver to synthesize albumin, a decrease in serum albumin
concentration lags behind the onset of malnutrition by sev-
eral months (281). Prealbumin, with a half-life of 2 days, may
be a more useful earlier indicator of malnutrition, at least in
individuals without renal disease (258). Other indicators of
malnutrition include plasma cholesterol concentrations below
150 mg/dL, decreased plasma concentration of transferring,
and a decrease in body weight (258). Indices of malnutrition in
CKD patients undergoing renal replacement therapy are shown
in Table 96-5.

Although protein–calorie malnutrition is the most com-
monly recognized nutritional deficiency in patients with ESRD,
other nutritional deficits may also occur (vitamin B6, folic acid,
vitamin C) (282).

Factors that Affect Nutritional Status in
Chronic Kidney Disease

Several factors contribute to the high prevalence of protein–
energy malnutrition in CKD patients (Table 96-6). Several
catabolic factors may participate in pathogenesis of malnu-
trition in CKD patients, including: (a) metabolic acidosis,
(b) inflammation, (c) insulin resistance, (d) dialyzate amino
acids, protein, and glucose losses, and (e) bioincompatibility
of dialysis membranes.
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TA B L E 9 6 - 5

INDICES OF MALNUTRITION IN PATIENTS WITH
CHRONIC KIDNEY DISEASE

Body weight and anthropometric measures
Body weight <80% of ideal weight
Continuous, unintentional decline of “dry weight”
Reduction in anthropometric measurements (skinfold

thickness, midarm circumference)

Biochemical parameters
Plasma albumin concentration <4.0 g/dL
Plasma prealbumin concentration <30 mg/dL
Plasma cholesterol concentration <150 mg/dL
Plasma transferrin concentration <200 mg/dL
Low plasma creatinine and urea concentrations in patients

without residual renal function
Low plasma predialysis serum potassium and serum

phosphorus concentrations

The results of experimental as well as clinical studies suggest
that metabolic acidosis is an important factor causing excessive
catabolism of amino acids and proteins in CKD patients (283).
Metabolic acidosis activates the specific pathways involved in
the degradation of branched-chain amino acids catalyzed by
branched-chain keto acids dehydrogenase (247). It also acti-
vates the ubiquitin–proteasome system, the final common path-
way of muscle protein degradation (284). Profound acidemia
following ingestion of ammonium chloride causes cachexia
in humans without CKD (285). Conversely, in CKD patients
correction of metabolic acidosis decreases protein degradation
considerably (286–289) and in the study of Reaich et al. (287)
by 28%. Long-term therapy with higher concentration of lac-

TA B L E 9 6 - 6

FACTORS THAT AFFECT THE NUTRITIONAL STATUS
OF PATIENTS WITH CHRONIC KIDNEY DISEASEa

Gastrointestinal disturbances
Anorexia
Gastroparesis and delayed gastric emptying
Malabsorption
Esophagitis, gastritis
Subjective feeling of fullness from dialyzate in the abdomen

(in CAPD patients)

Biochemical derangements
Metabolic acidosis
Low-grade inflammation
Insulin resistance

Iatrogenic factors
Dialyzate amino acids, protein and glucose losses
Bioincompatibility of dialysis membranes
Multiple medications, particularly sedatives

Other factors
Long-term, low-protein intake
Low socioeconomic status
Depression
Underlying illness
Frequent hospitalizations

aCAPD, continuous ambulatory peritoneal dialysis.

tate buffer in peritoneal dialyzate caused decreased expression
of mRNA encoding ubiquitin in muscle (290). It also leads
to weight gain and improvement of anthropomorphic indices
(290,291). Correction of metabolic acidosis by oral sodium bi-
carbonate suplementation in hemodialysis and peritoneal dial-
ysis patients increases plasma albumin concentration and mus-
cle mass (292,293).

Low-grade inflammation is often present in chronic kidney
disease patients. In hemodialyzed patients, high plasma con-
centration of proinflammatory cytokines are found (294). The
cause of inflammation in CKD is not clear (294). In hemodialy-
sis patients, an association is found between hypoalbuminemia
and high CRP concentrations (295). From TNF-α experimen-
tal studies it is known that administration of TNF-α stimulates
protein degradation in muscle (296,297). This and other ob-
servations suggest that there is a link between chronic inflam-
mation and malnutrition.

Another catabolic factor, which is commonly found in CKD
patients, is insulin resistance. Absence of, and potentially re-
sistance to, insulin stimulate the ubiquitin–proteasome system,
that is, the common proteolytic pathway, in muscle, (91,92).

The hemodialysis procedure may be also a catabolic factor.
Whole-body protein breakdown is acutely stimulated during a
dialysis session (263,264). This effect may be mediated, at least
in part, via complement activation by contact between blood
and bioincompatible membranes (291). It has, therefore, been
proposed that the use of more biocompatible dialysis mem-
branes may prevent malnutrition by reducing complement ac-
tivation. Unfortunately, two long-term, prospective studies on
this issue yielded conflicting results (298,299) and the issue of
the relation between bioincompatibility and malnutrition re-
mains a matter of debate (298,299).

During dialysis with cuprophane, 2 to 8 g of free amino
acids, 2 to 5 g of peptides, and about 25 g of glucose are lost into
the dialyzate (248,300), but losses are significantly higher with
high-flux polysulfone membranes (300). These losses, although
small, contribute to the catabolism of hemodialysis patients.

A further important factor contributing to malnutrition in
CKD patients is loss of appetite. Changes in the motility and
function of the gastrointestinal tract including gastroparesis,
malabsorption, and constipation, as well as the long-term ad-
herence to low-protein diets without adequate supplementa-
tion with keto acids or amino acids, are further contributory
factors.

Dietary and Energy Intake Recommended in
Patients Undergoing Dialysis

Replacement Therapy

In Table 96-7 are summarized the recommended nutrient in-
take for patients undergoing maintenance hemodialysis or peri-
toneal dialysis (301).

If severe malnutrition develops despite adequate dialysis
and measures designed to ameliorate anorexia and increased
catabolism, it may be necessary to initiate enteral or par-
enteral alimentation to supply adequate calories and nutri-
ents (265). Hospitalization for such treatment may be nec-
essary in severely malnourished patients. It is preferable to
use enteral alimentation through a thin nasogastric tube rather
than parenteral alimentation, which carries the risk of catheter-
related infections and sepsis. Parenteral nutrition with amino
acids has been used with some success to improve nutrition.
A mixture of essential and nonessential amino acids should
be used. Special amino acid solutions for use in CKD pa-
tients are available and have been used with some success
(302–304).
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TA B L E 9 6 - 7

RECOMMENDED DIETARY PROTEIN AND ENERGY INTAKE FOR PATIENTS
UNDERGOING MAINTENANCE HEMODIALYSIS OR PERITONEAL DIALYSIS

Continuous ambulatory or
Maintenance hemodialysis cyclic peritoneal dialysis

Protein 1.2 g/kg/d ≥50%
high-biologic-value protein

1.2–1.3 g/kg/d ≥50%
high-biologic-value protein

Unless a patient has demonstrated
adequate protein nutritional status on
1.2 g/kg/d diet, 1.3 g/kg/d should be
prescribed

Energy ≥35 kcal/kg/d
30 to 35 kcal/kg/d for

patients 60 years or older

(Based on: Kidney diseases outcomes quality initiative clinical practice guidelines for nutrition in chronic
renal failure. Am J Kidney Dis 2000;35[suppl 2].)

ENDOCRINE DISORDERS IN
CHRONIC KIDNEY DISEASE

Abnormalities in the Hormones of the
Hypothalamic–Pituitary–Gonadal Axis

Both female and male CKD patients present a variety of
derangements of the hypothalamic–pituitary–gonadal axis
(Table 96-8). In males, these abnormalities are involved in the
pathogenesis of impotence and gynecomastia. In females, these
abnormalities account for anovulatory menstrual cycles and
infertility.

The Hypothalamic–Pituitary–Gonadal Axis in
Male Chronic Kidney Disease Patients

Luteinizing Hormone (LH)

Pulsatile secretion of the gonadotropin-releasing hormone
(GnRH) with one pulse every 90 to 120 minutes is essential

TA B L E 9 6 - 8

ABNORMALITIES OF HYPOTHALAMIC–PITUITARY–
GONADAL AXIS IN PATIENTS WITH CHRONIC
KIDNEY DISEASEa

Male Female

Basal prolactin ↑ ↑
Prolactin response to TRH ↓ ↓ and delayed
Prolactin suppression test Impaired Impaired
Basal FSH ↑ N
FSH response to GnRH N but delayed N
Basal LH ↑ ↑
LH response to GnRH N N
Testosterone ↓ —
Estradiol N ↓
Progesterone — ↓
aFSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing
hormone; LH, luteinizing hormone; N, normal; TRH,
thyrotropin-releasing hormone.

for effective secretion of hypophyseal gonadotropin, luteinizing
hormone (LH), and accounts also for the corresponding pul-
satile secretion of LH. In CKD patients, several studies found
that the gonadotropin response to exogenous GnRH was de-
layed and blunted (305), but this finding was not replicated in
other studies (306–309).

In the majority of CKD patients, basal plasma LH con-
centrations are higher by a factor of approximately 1.5 to 2
compared with healthy controls. Such concentrations approach
the concentrations in patients with primary hypogonadism
(306–312). The mechanisms underlying the increased plasma
LH concentrations are not completely understood. The rate of
catabolism of LH is decreased (313,314) and, conversely, its
half-life of LH in CKD is increased by a factor of 2 to 4 com-
pared to normal subjects (314). Apart from abnormal basal LH
concentration, there is also an abnormality of pulsatile LH se-
cretion. Schaefer et al. (315) found decreased amplitudes of the
secretory bursts of bioactive and immunoreactive LH, but no
change in the number of bursts. The proportion of LH released
by pulsatile secretion was diminished and basal nonpulsatile
immunoreactive LH was increased. This phenomenon may be
secondary to abnormal pulsatile secretion of GnRH. To sum-
marize, in CKD both LH secretion and its metabolic clearance
rate are abnormal.

LH stimulates production of testosterone by the Leydig’s
cells of the testes. Testosterone, in turn, exerts negative feed-
back control on the secretion of GnRH and secondarily of LH.
Low plasma testosterone concentration in CKD (313,316–320)
may, therefore, contribute to, but does not fully account for, the
elevation of LH concentration. Low plasma testosterone con-
centrations are not the only signal stimulating GnRH release.
This consideration may explain why in CKD patients exoge-
nous testosterone did not consistently suppress LH secretion
(319–323).

Follicle-Stimulating Hormone (FSH)

In CKD patients, the basal plasma concentrations of follicle-
stimulating hormone (FSH) are in the upper normal range
or elevated. The response to gonadotropin-releasing hormone
(GnRH) is normal in magnitude, but delayed (310,318).
The mechanisms responsible for these derangements have not
been well elucidated. FSH is important for spermatogenesis.
It stimulates testicular growth and increases the production
of testosterone-binding protein by Sertoli cells. In testicular
tubules, FSH accounts for the high local concentrations of
testosterone required for sperm maturation (324). In patients
with testicular damage, but no CKD, basal FSH concentrations
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are usually elevated (325). In CKD patients, spermatogenesis is
impaired despite elevated blood levels of FSH (313,318,326),
a finding consistent with the following explanations: (a) resis-
tance of the testis to the action of FSH causes testicular dam-
age with a consequent increase in FSH concentrations and/or
(b) testicular damage is the primary abnormality and the ele-
vated FSH concentrations represent the normal response of the
hypothalamic–pituitary axis. In either case, the negative feed-
back between testis and hypothalamic–pituitary axis appears
to be normal in CKD.

Inhibin, a polypeptide secreted by Sertoli cells of the sem-
iniferous tubules, inhibits FSH secretion and is probably im-
portant in mediating the negative feedback interaction between
testis and hypothalamic–pituitary axis (327). It was suggestive
to assume that abnormalities of production and/or secretion
of inhibin in CKD patients explain elevated FSH concentra-
tions, but studies of prepubertal boys with CKD showed that
the concentrations of both FSH and immunoreactive inhibin
were elevated and no correlation was found between the two
parameters (328).

Prolactin

The basal plasma prolactin concentrations are elevated in
the majority (40% to 70%) of male hemodialysis patients
(329–334). As CKD progresses, elevated plasma prolactin
concentrations correlate with plasma creatinine concentration
(335). Apart from elevated basal prolactin concentrations, the
circadian rhythm of prolactin secretion is also disturbed. Fi-
nally, the characteristic sleep-induced secretory bursts are not
observed, although episodic secretion occurs during daytime
(335).

The mechanisms explaining hyperprolactinemia in CKD are
not well understood. It seems that both diminished prolactin
clearance (336) and increased autonomous production rate
contribute to hyperprolactinemia.

The response to stimulation or suppression of prolactin is
diminished in CKD. This observation is consistent with the no-
tion of increased autonomous production (330,331,336). The
underlying mechanism is presumably inadequate dopaminer-
gic inhibition of prolactin release from pituitary lactrotrophs
(337).

In hemodialysis patients, the prolactin response to stimuli,
such as thyrotropin-releasing hormone (TRH), chlorpro-
mazine, metoclopramide, arginine, and insulin-induced hypo-
glycemia is blunted (330,338,339). Treatment with erythropoi-
etin caused a decrease in serum prolactin and improvement of
sexual dysfunction (340), suggesting that either anemia and/or
deficiency of erythropoietin per se participate in the genesis of
the hyperprolactinemia of CKD. It is of interest that in some
patients correction of the hyperprolactinemia by bromocryp-
tine also caused improvement of sexual dysfunction (341).

Testicular Hormones

In most male hemodialysis patients, plasma testosterone con-
centrations are low, although a wide overlap with age-corrected
normal concentrations is found (312,313,316–319,342,343).
Since testosterone binding capacity is normal, free testosterone
concentration is also low (342). The normal circadian rhythm
of plasma testosterone concentrations, with a peak at 4 to 8
am and nadir at 8 to 12 pm is maintained in CKD patients
(344). It is unknown whether the decreased plasma testos-
terone concentrations are due to reduced synthesis, increased
catabolism, or a combination of both (345,346). LH stimulates
testosterone secretion; however, despite numerous studies it is
not clear whether the deranged LH metabolism accounts for the
reduced testosterone concentrations. The reduced amplitude of
pulsatile secretory LH bursts, found in CKD, may be more crit-
ical for testosterone secretion than the sustained elevation of
LH concentration. Alternatively, LH resistance of testosterone-

producing cells may lead to impaired testosterone production
and/or secretion. In this context, it is possible that elevated
prolactin concentrations interfere with the action of LH on the
testes and contribute to LH resistance (347). The response to
4 days administration of human gonadotropin is sluggish and
delayed; no increase of testosterone concentration was seen af-
ter 8 hours, but a two- to threefold increase was seen after
4 days (319). It has been argued that secondary hyperparathy-
roidism plays a role (348), but in placebo-controlled trials,
1,25(OH)2D3 therapy failed to normalize low plasma testos-
terone concentrations (349,350). Malnutrition is also likely to
participate in the reduction of plasma testosterone concentra-
tion in CKD male patients. In CKD patients on a low-protein
diet, essential amino acids and keto analogs supplementation
raised low testosterone plasma concentration (348).

Apart from testosterone, testosterone metabolites are also
of interest. The reports on this issue are scarce. Increased
plasma dihydrotestosterone and androstandiol concentrations
(351,352) as well as decreased plasma concentration of an-
drostenedione and dihydoepiandrosterone sulfate have been
reported (353).

Abnormalities in the Hormones of the
Hypothalamic–Pituitary–Gonadal Axis in
Female Chronic Kidney Disease Patients

Luteinizing Hormone (LH)

Pulsatile secretion of GnRH at 90-minute intervals during the
follicular phase of cycle is essential for effective hypophyseal
gonadotropin secretion. In healthy premenopausal females, the
secretion of LH is pulsatile. In female CKD patients, the spon-
taneous pulsatile LH secretion is disturbed (354). Plasma LH
concentration is elevated in most of premenopausal CKD pa-
tients. The response to stimulation with GnRH is delayed, but
normal or supranormal plasma concentrations of LH are fi-
nally reached (355). Diurnal pulsatile LH secretion and high
preovulatory peaks of GnRH and LH plasma concentrations
are absent in the most female CKD patients. In healthy females,
estradiol lowers the amplitude of LH pulses. In females with
CKD, estradiol fails to influence the LH surge, suggesting im-
paired positive feedback (355).

Follicle-Stimulating Hormone (FSH)

In contrast to the abnormal plasma LH concentration, the
plasma FSH concentration is normal in most premenopausal
CKD patients (356,357) and the FSH/LH ratio is decreased.
The decreased FSH/LH ratio argues against primary ovarian
failure and suggests hypothalamic–hypophyseal dysregulation
in CKD females.

Prolactin

Plasma prolactin concentrations are often elevated in female
hemodialysis patients (356,358), but the increase of plasma
prolactin after administration of thyrotropin-releasing hor-
mone (TRH) is blunted (356). In CKD females, amenorrhea is
frequent in patients with high plasma prolactin concentrations
and, conversely, in females with regular menstruation plasma
prolactin, concentrations are lower (359).

Estrogens

In female CKD patients, the plasma estradiol concentrations
are normal or low (354,360) and are consistently lower in CKD
females with hyperprolactinemia (361). In the second one-half
of the menstrual cycle, plasma progesterone concentrations are
low because of defective luteinization of the follicles (360). The
hormonal derangements of females with CKD are clearly the
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consequence of abnormal regulation at the level of the hypo-
thalamus (362).

A major consequence of the low plasma estrogen concen-
tration concerns bone disease. Weisinger et al. (363) studied
young female hemodialysis patients. Amenorrhoic patients had
not only significantly lower plasma estrogen concentrations,
but also significantly lower bone mineral density compared
normally menstruating female dialysis patients. Furthermore,
in amennorheic patients, a significant positive correlation was
found between bone mineral density and plasma estradiol
concentration (363). A causal role is suggested by the observa-
tion of Matuszkiewicz-Rowinska et al. (364). In a small group
of postmenopausal women on dialysis, they showed that
treatment with transdermal estradiol and cyclic addition of
norethisterone acetate for 1 year increased lumbar spine bone
mineral density significantly. Similarly, in a placebo-controlled,
randomized trial 1 year of treatment with raloxifene, a selective
estrogen receptor modulator (SERM), significantly increased
bone mineral density of the lumbar spine in hemodialyzed
postmenopausal females (365). In view of current concern
about potential adverse cardiovascular effects of hormonal
replacement therapy, it must be emphasized that currently
long-term studies on the effectiveness and safety of hormone
replacement or SERM therapy in CKD female are not available.

Abnormalities in the Growth
Hormone–Insulinlike Growth Factor

(Somatotrophic) Axis

The somatotrophic axis comprises growth hormone (GH), in-
sulinlike growth factor-1 and -2 (IGF-1 and -2), six IGF-binding
proteins (IGFBP-1 to -6), and the IGFBP proteases (BP-Pr).
All are involved in the modulation of somatic growth, cellu-
lar proliferation, metabolism, and numerous other processes
(366). The somatotrophic axis regulates body growth in chil-
dren. Poor growth and reduced final height are well-known
complications of children with CKD. It is not surprising that
several abnormalities (Table 96-9) in the somatotrophic axis
have been reported in children and adults with CKD.

TA B L E 9 6 - 9

ABNORMALITIES IN THE GROWTH
HORMONE—INSULIN-LIKE GROWTH FACTOR
(SOMATOTROPHIC) AXIS IN PATIENTS WITH
CHRONIC KIDNEY DISEASEa

Growth hormone (GH)
Increased plasma GH concentration
Decreased plasma concentrations of high-affinity GH

binding protein
Peripheral resistance to GH due to defect in GH

intracellular signal transduction

Insulin-like growth factor (IGF)
Slightly decreased IGF-1 and increased IGF-2 plasma

concentration
Reduced free IGF-1 plasma concentration
Increased IGFBPs (IGFBP-1, -2, -3, -4, and -6) plasma

concentration
Presence of low molecular weight (1,000 Da) inhibitor of

IGF-1 in plasma
Peripheral resistance to IGF-1 probably due to postreceptor

defect in IGF-1 action

aGH, growth hormone; IGF-1 and -2, insulin-like growth factor-1 and
-2; IGFBP, IGF binding protein.

Growth Hormone (GH)

Growth hormone is produced and secreted by the soma-
totrophs of the pituitary glands. The secretion of GH is pul-
satile. A diurnal rhythm also exists; the secretion is high before
awakening and decreases toward the end of the day. The secre-
tion of GH is mainly controlled by two opposing hypothal-
amic factors; growth hormone-releasing hormone (GHRH),
which stimulates GH secretion, and somatostatin, which in-
hibits GH secretion. Hypoglycemia, amino acid infusion, and
protein meals stimulate GH secretion, while hyperglycemia in-
hibits GH secretion. The monomeric form (22 kDa) of GH
predominates (43% to 48%) in plasma. The rest consists of a
20 kDa form (7% to 8%), of dimers, of aggregates and of large
fragments (367,368). The kidney is the main site of growth hor-
mone degradation (369).

In children and adult patients with CKD, the plasma con-
centration of GH is usually elevated (370–374). The increase
in plasma GH concentration is correlated to GFR (373,375).
Plasma GH concentrations are higher in continuous ambula-
tory peritoneal dialysis (CAPD) than in hemodialysis patients
(376). The increase in plasma GH concentration is caused by
a reduction of the metabolic clearance rate and by an increase
of GH secretion. In CKD the metabolic clearance rate of GH
is reduced (377,378) and the GH secretion rate is elevated,
as documented in adult hemodialysis patients (379). The latter
finding is not consistent, however, and in pubertal patients with
advanced CKD, the GH secretion rate was decreased (380).

The dysregulation of GH secretion is explained by several
abnormalities of the central neuroendocrine control mecha-
nisms. This issue has been investigated by suppressing and stim-
ulating manuevers testing the hypothalamic–pituitary function
in CKD patients. Hyperglycemia by glucose infusion suppresses
GH secretion in normal individuals, but fails to do so in CKD
patients (381). Conversely, in CKD patients, the response of
GH secretion to the administration of GHRH (381) or l-
dopa (382) is exaggerated. Exogenous thyrotropin-releasing
hormone (TRH) does not affect GH release in normal subjects,
but stimulates GH secretion in CKD (382) and a sustained
exaggerated increase of GH secretion is also seen after stimula-
tory manuevers, such as arginine infusion and insulin-induced
hypoglycemia (382–384).

Approximately 45% of plasma GH is bound to plasma pro-
teins (367). Decreased plasma concentrations of the high affin-
ity GH-binding protein have been found in CKD (385,386).
The constellation of increased concentrations of plasma GH
and decreased concentrations of the high-affinity GH-binding
protein implies that the fraction of free hormone is increased
to which target tissues are exposed. When chondrocytes are
isolated from bones of uremic rats and exposed to growth hor-
mone or IGF-1, the response was blunted, however, (387) sug-
gesting that in CKD the high concentrations of free GH are
counteracted by peripheral resistance to GH. The resistance ap-
pears to be at the postreceptor and not at the receptor level. In
the liver, GH receptor binding is similar in uremic and pair-fed
rats (388) and experiments of Schaefer et al, (389) suggest that
resistance to GH is due to defective intracellular signal trans-
duction. The authors found impaired phosphorylation and nu-
clear translocation of GH-activated STAT protein.

Insulinlike Growth Factors (IGFs)

GH promotes linear growth partially by stimulating systemic
and local concentrations of insulinlike growth factors. The
two most important IGFs are IGF-1 and IGF-2. These pep-
tide growth factors are produced locally by the most tissues,
including the growth plate, but the liver is the main source of
circulating hormone. Synthesis of IGFs is stimulated by GH.
Conversely, as part of a negative feedback loop, IGF-1 inhibits
GH presumably through stimulation of somatostatin secretion
by the hypothalamus (390). Plasma IGF-1 forms complexes
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with six IGF-binding proteins (IGFBP-1 to -6). IGFBP-3 is the
predominant IGFBP isoform in human plasma. Its main pro-
duction site is the liver. IGFBP-3 binds IGF-1 and binding pro-
longs the half-life of IGF and serves as a reservoir of IGF-1
(366).

In advanced CKD the plasma concentration of total IGF-1
is slightly decreased and that of IGF-2 is increased (391–393).
The plasma concentration of free IGF-1 is lower by 50% (394).
Moreover, the so-called somatomedin bioactivity in blood, an
index of IGF activity measured by sulfate incorporation into
porcine costal cartilage, is reduced in uremia (395).

The discrepancy between normal or elevated total IGF
plasma concentration and low bioactivity in CKD may be ex-
plained by one or a combination of the following: (a) increased
plasma concentration of IGFBPs, (b) circulating IGF inhibitor,
and (c) receptor or postreceptor defect. There is some evidence
for all three possibilities.

Plasma concentrations of 5 of the 6 IGF binding proteins
(IGFBP-1, -2, -3, -4, and -6) are markedly higher in CKD
patients (396–398). The increased binding capacity of IGF-1
decreases the concentration of free IGF-1 (399). This imbal-
ance between plasma IGF-1 and plasma IGFBPs concentra-
tions seems to be relevant in the pathogenesis of growth failure
in CKD. A significant negative correlation is found between
plasma concentrations of IGFBP-1, -2, and -4, on the one hand,
and standardized height in CKD children, on the other hand
(393,399).

A low-molecular-weight (1,000 Da) inhibitor of IGF-1 has
been identified in the plasma of CKD patients (400), but molec-
ular details have not yet been characterized.

Finally, Ding et al. (401) characterized a postreceptor defect
to the action of IGF-1 in the epitrochlearis muscle of uremic
rats and this is in line with observations of Fouque et al. (402),
who found resistance to the metabolic effects of recombinant
human IGF-1 in patients with advanced CKD.

Clinical Consequences

Elevation of plasma GH concentration and low IGF bioactiv-
ity is compatible with the notion that growth failure in CKD
is mainly due to end-organ hyporesponsiveness to growth hor-
mone. The demonstration of the resistance to the action of GH
and IGF-1 in CKD provides the rationale for the use of GH in
the treatment of CKD children with retarded growth despite
normal or elevated hormone concentrations. In a multicenter
randomized double-blind placebo-controlled study, 2 years of
administration of recombinant human GH in 125 prepubertal
children with CKD caused an increase in growth rate and in
standardized height without undue advancement of bone age
or significant side effects (403).

Abnormalities in the
Adrenocorticotropin–Cortisol Axis

The adrenocorticotropin–cortisol axis is only mildly affected in
CKD. In CKD patients, plasma adrenocorticotropin (ACTH)
concentrations are normal or elevated (404–409). In CKD
patients, ACTH secretion following the administration of
corticotropin-releasing hormone (CRH) occurs earlier but the
magnitude of the response is blunted (408–410).

In CKD patients, the basal blood levels of cortisol are nor-
mal (409,411–414) or modestly elevated (410,415–419). No
significant correlation was found between free cortisol con-
centrations and GFR (420). The circadian rhythm of cortisol
secretion is not disturbed. The cortisol half-life is prolonged
in CKD patients (411,415,421,422) and decreased catabolism
may contribute to the mildly elevated basal levels of cortisol.

A reduced stimulated cortisol secretion to CRH despite pro-
longed elevation of ACTH has been observed in hemodialysis
patients (423), but the results are not uniform. Zager et al.
(405) found a normal cortisol response to exogenous ACTH.

In CKD patients, ACTH secretion can not be suppressed
by standard oral doses of dexamethasone (415,424). This is
probably due to reduced dexamethasone absorption in the gut
(413), because higher doses of dexamethasone suppress ACTH
secretion. Therefore, when Cushing’s syndrome is suspected in
CKD patients, a 2-day dexamethasone test is recommended.
Overall, the adrenocorticotropin–cortisol axis is either normal
or only mildly altered in CKD and the clinical significance of
this finding is unknown.

Abnormalities in Vasopressin

In CKD patients, the plasma vasopressin concentration is el-
evated (425–429). The major cause is a decreased metabolic
clearance rate (430,431).

The main physiological stimuli for vasopressin secretion are
increased plasma osmolality and decreased cardiac output or
arterial vasodilation. Most studies found intact osmotic reg-
ulation of vasopressin secretion in CKD (427,432–434). The
vasopressin response to nonosmotic stimuli is apparently also
normal. In hemodialyzed patients the plasma vasopressin con-
centration increases during ultrafiltration (435) and plasma
volume contraction (436–439). Conversely, it decreases dur-
ing central hypervolemia induced by water immersion (428).
It was shown that in hemodialysis patients, the hierarchy of
stimuli regulating vasopressin secretion is osmotic followed by
nonosmotic factors (439).

The clinical significance of the elevated blood levels of va-
sopressin in CKD is uncertain and it is not clear whether this
abnormality plays a role in the pathogenesis of hypertension
and increased thirst in patients with CKD.

Abnormalities in the Thyroid Gland and
Hypothalamo-Pituitary–Thyroid Axis

Abnormalities in the structure and function of the thyroid gland
and in the metabolism and plasma concentrations of thyroid
hormones are common in patients with CKD (440–442). These
derangements may be due to the uremic state per se, to nonthy-
roid disorders (chronic disease), or to concomitant disorders of
the thyroid, the pituitary, or the hypothalamus. A detailed pro-
file of the prevalent indices of thyroid status in CKD as com-
pared to primary hypothyroidism and chronic nonthyroidal
illness is presented in Table 96-10.

Goiter, Thyroid Nodules, and Thyroid Carcinoma

Available data indicate that the prevalence of goiter is in-
creased in CKD patients (440–443). High-resolution ultra-
sound scanning shows increase of thyroid volume in about
50% of hemodialysis patients (443). Kaptein et al. (440) stud-
ied 306 CKD patients and compared them to 139 hospitalized
control patients without renal disease. Goiter was present in
40% of the CKD patients and in 43% of those treated with
dialysis, compared to 6.5% in the control group. The frequency
of goiter was higher in patients treated for more than 1 year
with hemodialysis (50%) than in those treated for a shorter
time (39%). The female/male ratio was 1.4:1 in CKD patients
with goiter compared with 2.8:1 in control group, suggest-
ing that uremia-related factors may be relatively more impor-
tant in hemodialyzed patients (440). The frequency of goiter
in CKD patients was not related to age, race, diabetes melli-
tus, plasma TSH and PTH concentrations, or antimicrosomal
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TA B L E 9 6 - 1 0

ABNORMALITIES OF HYPOTHALAMIC–PITUITARY–THYROID AXIS IN PATIENTS WITH CHRONIC KIDNEY
DISEASE, CHRONIC NONTHYROIDAL NONKIDNEY ILLNESS AND PRIMARY HYPOTHYROIDISMa

Total T4 Free T4 Total T3 Free T3 rT3 TSH TSH response to TRH

Chronic kidney disease ↓ N, ↓ ↓ ↓ N N N, ↓
Chronic nonthyroidal nonkidney illness ↓ N, ↓ ↓ ↓ ↑ N N, ↓
Primary hypothyroidism ↓ ↓ ↓ ↓ N ↑ ↑
a↑, increased; ↓, decreased; N, normal; TRH, thyrotropin-releasing hormone; TSH, thyroid-stimulating hormone; T4, thyroxine; T3, triiodothyronine;
rT3, reverse triiodothyronine.

antibody titers (440). It has been suggested that in CKD, goiter
formation is the result of increased plasma iodide concentra-
tions (441,444–446).

Thyroid nodules are more common in CKD patients than
in the general population and were found in 55% of female
hemodialysis patients compared with 21% of normal females
(447). We emphasize that it is necessary to exclude malignancy
in CKD patients with solitary nodules.

The prevalence of thyroid carcinoma is increased in CKD
patients. In a large sample of patients in the U.S., the relative
risk of thyroid malignancy was increased 2.9 times in females
but not in males (1.2 times) (448). In the Europe (EDTA-ERA
registry), the frequency of thyroid cancer was increased by a
factor of 4 to 8 in young female dialysis patients and by a factor
of 2 in older dialysis patients (449).

Thyroid Hormones

The plasma concentrations of both total thyroxine (T4) and
total triiodothyronine (T3) are reduced in CKD patients
(440,441). Plasma total T3 is more markedly decreased than
T4. In series of 287 euthyroid patients with advanced CKD,
decreased plasma total T4 concentrations were found in 21%
patients and total plasma T3 lower than 100 ng/dL in 76%
(440).

In plasma, the thyroid hormones are bound to thyroid
hormone-binding globulin, albumin, and prealbumin. Thyroid
hormone-binding globulin concentrations are usually normal
in hemodialysis patients (450,451), or low to normal in CAPD
patients. Thyroid hormone-binding globulin is lost into the
peritoneal dialyzate (451,452).

Low total T4 in CKD is mainly related to the impaired
binding of this hormone to plasma protein carriers. In the
plasma of CKD patients, several inhibitors of T4 binding
have been identified, including 3-carboxy-4-methyl-5-propyl-
2-furanpropanoic acid (CMPF), indoxyl sulfate, and hippuric
acid (453,454).

Using equilibrium dialysis, normal free T4 plasma concen-
tration were found in CKD patients (455,456). This method
seems to be the most appropriate one for patients with a sig-
nificant reduction of serum T4 binding capacity (441). Meas-
urement of free T4 with analog radioimmunoassay or with
label antibody assay yields lower values than those determined
with the equilibrium dialysis assay because the high concentra-
tions of indoxyl sulfate and hippuric acid in uremic patients
interfere with the assay (457). The normal in vivo production
of T4 (456,458) and of rT3 from T4 (456,458) in euthyroid
CKD patients indicates that the plasma concentration of free
T4 is normal and that the low plasma free T4 concentrations
estimated by some assays are spurious.

In CKD patients, the plasma concentration of free T3 is fre-
quently low. The reduced plasma T3 concentration is the result
of decreased peripheral conversion of T4 to T3 in several tis-

sues. In contrast, the production of T3 in the thyroid gland is
normal. T3 clearance rates are normal or decreased (456,459).
Impaired conversion T4 to T3 may also be the result of mal-
nutrition, because in CKD patients a significant positive corre-
lation was found between total plasma T3 concentration and
plasma albumin, as well as transferin concentrations (440).

In contrast to the other chronic nonthyroideal diseases, rT3
plasma concentration is normal in CKD patients (455,459).

Although T3 is the most active thyroid hormone, CKD pa-
tients with low plasma T3 concentrations appear clinically eu-
thyroid (460). The expression of messenger RNA of c-erb-A α
and β T3 receptors by mononuclear cells is increased in CKD
patients compared with normal subjects (461). This response
of the receptor may help to maintain a euthyroid state despite
low free T3 concentrations.

In CKD, abnormal thyroid hormone indices do not indicate
a state of hypothyroidism, but are a reflection of the state of
chronic illness and/or malnutrition. Therefore, abnormal thy-
roid hormone indices (low T3 and T4 plasma concentrations)
do not require therapy, which even carries a hazard. In CKD
patients with low plasma T3 concentration, it has been shown
that triiodothyronine supplementation causes a negative pro-
tein balance (462). The low T3 state of CKD can be viewed as
being protective, promoting conservation of protein.

Hypothalamo-Pituitary–Thyroid Axis

Despite low plasma concentrations of total and free T4 and
T3, the plasma concentration of thyroid-stimulating hormone
(TSH) is usually normal in CKD patients (463–465). The
normal plasma TSH concentration despite a low plasma
concentration of the thyroid hormones suggests an abnormal
regulation of the hypothalamo-pituitary–thyroid axis. The
TSH response to TRH is usually blunted (440,466–468). In
CKD patients, the normal diurnal rhythm of TSH with a peak
in the late evening or early morning is blunted (469,470) and
the nocturnal TSH surge is reduced (469). The pattern of
pulsatile TSH secretion is altered by the appearance of low-
amplitude high-frequency pulses (470). In the liver of rats with
chronic uremia, the T3 content was reduced (471), but in the
pituitary the T3 content was normal (471). This dissociation
between the local generation of T3 in the liver and pituitary,
respectively, explains why TSH fails to increase in CKD pa-
tients. Obviously the central thyreostat has been reset toward
lower concentrations of thyroid hormones in the circulation.

Primary Hypothyroidism and Hyperthyroidism

Primary hypothyroidism is two to three times more frequent in
CKD patients than in the general population (440). Risk factors
are female sex, age greater than 50 years (440), and increased
iodine intake (472). Hypothyroidism may also be observed in
patients with extensive hemosiderosis (473), diabetes type 1
(440), and children with cystinosis (474).
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It is very difficult to make the clinical diagnosis of hypothy-
roidism in CKD patients. The signs and symptoms of hypothy-
roidism, such as pallor, hypothermia, and asthenia are also
found in patients with advanced CKD and no hypothyroidism
(475). The only reliable procedure to diagnose hypothyroidism
in renal failure is the finding of an elevated plasma concentra-
tion of TSH associated with clearly low plasma concentrations
of total and free T4 in the presence of a normal concentration of
thyroid hormone-binding globulin. Because heparin competes
with T4 at the binding site of the hormone binding protein,
causing an increase of total and free plasma T4 concentrations
for at least 24 hours, blood for the determination of thyroid
hormones should be sampled before heparin administration at
the beginning of a dialysis session (476).

Primary hyperthyroidism is extremely rare in CKD patients
(441).

Abnormalities in the Parathyroid Glands

CKD patients almost always have hyperplasia of the parathy-
roid glands, but the volume and mass of the glands vary among
patients and among the four glands in the same patients. The
size of the gland may reach 10 to 50 times the normal value,
but in some patients the size of the glands may even be normal
(477–479). In the enlarged glands, one finds chief cell hyper-
plasia with or without hyperplasia of oxyphil cells. Apart from
diffuse hyperplasia, as time goes by, one finds with increas-
ing frequency nodular or adenomalike growths within the hy-
perplastic glands (477–479). The nodules are usually well de-
marcated and surrounded by a fibrous capsule (480,481). The
cells in the nodular hyperplasia express less vitamin D (VDRs)
(482) and calcium-sensing receptors (CaR) (483). The prolif-
erative potential is markedly higher than that of the cells in
diffuse hyperplasia (484,485). The first change in the parathy-
roid glands is polyclonal diffuse hyperplasia, but, as time goes
by, monoclonal nodules form. If several monoclonal nodules
of different size develop (nodular hyperplasia), the cells of one
nodule may gain a growth advantage, proliferate faster and
more vigorously, resulting in a large nodule occupying the en-
tire gland (single nodular gland). Arnold et al. (486) were the
first to document that the majority of adenomatous growths
are monoclonal. Several studies have shown abnormalities in
chromosome 11 (where the suppressor gene MEN-1 is located),
allelic loss of 11q 13, and loss of several gene markers located
on chromosome 11p (487–489). These molecular changes are
implicated in the tumori genesis of the parathyroid gland nod-
ules in CKD.

Available data indicate that in CKD phosphate retention
(490,491), skeletal resistance to the calcemic action of PTH
(492–495), and altered vitamin D metabolism (496,497), pos-
sibly also high FGF23 concentrations (498,499), interact to
cause hyperplasia of the parathyroid glands.

It appears that phosphate retention in early stages of renal
insufficiency interferes with the ability of patients to augment
renal production of 1,25(OH)2D3. This notion is supported by
the studies of Llach and Massry (496) in adults and of Portale
et al. (500) in children. These patients had dysfunction of
organs that were targets for vitamin D action, such as im-
paired intestinal absorption of calcium and skeletal resistance
to the calcemic action of PTH (496) despite normal blood levels
of 1,25(OH)2D3. Dietary phosphate restriction was followed
by a significant increment in blood levels of 1,25(OH)2D3
(386,388) and normalization of the abnormalities cited above
(496). Thus, it appears that a state of relative 1,25(OH)2D3
deficiency is present in early renal failure, leading to defec-
tive absorption of calcium and impaired calcemic response to
PTH (496). These two abnormalities produce hypocalcemia
and, subsequently, secondary hyperparathyroidism. Hypocal-

cemia stimulates PTH secretion (501) and causes parathyroid
cell hypertrophy (502). Dietary phosphate restriction in these
patients restored the blood levels of PTH to normal (496,500).

It should be mentioned that with more advanced CKD when
hyperphosphatemia develops, the elevated blood levels of phos-
phorus may suppress blood levels of calcium and contribute to
the hypocalcemia of advanced CKD. In addition, experimental
evidence indicates that the very high blood levels of phospho-
rus may directly affect the function of the parathyroid glands
(503); such high phosphorus may induce hyperplasia of the
parathyroid glands independent of calcium or 1,25(OH)2D3,
and by posttranscriptional mechanism, increase PTH synthesis
and secretion.

The relative deficiency of 1,25(OH)2D3 in patients with
early and moderate renal failure may, directly and independent
of the hypocalcemia, affect parathyroid gland activity. Several
lines of evidence indicate an interaction between 1,25(OH)2D3
and parathyroid glands. First, the parathyroid cells have intra-
cellular receptors for 1,25(OH)2D3 and contain the mRNA for
this receptor (504,505). Second, 1,25(OH)2D3 inhibits prepro-
PTH mRNA in a dose-dependent manner (506,507), and a defi-
ciency of 1,25(OH)2D3 is associated with an increase in prepro-
PTH mRNA and in the weight of the parathyroid glands in
experimental renal failure (502–510). Third, 1,25(OH)2D3 in-
hibits PTH secretion (511), as well as parathyroid cell prolif-
eration (512). Fourth, Oldham et al. (513) and Madsen et al.
(514) report that 1,25(OH)2D3 renders the parathyroid glands
more susceptible to the suppressive action of increased ionized
calcium.

The relationship between blood levels of PTH and calcium
is best described by a sigmoidal curve (515) and the value of
the set point for calcium, defined as the calcium concentration
that produces half-maximal inhibition of PTH—i.e. the mid-
point between the maximal and minimal PTH secretions (515).
Alterations in the set point for calcium, with a shift to the right
(i.e., 50% inhibition of PTH secretion occurs at higher cal-
cium concentration), were observed in parathyroid glands of
patients with primary (516) or secondary hyperparathyroidism
(515,517).

The cells of the parathyroid glands possess calcium receptor
(CaR) (518). This receptor protein is located in the membrane
of these cells. The levels of serum calcium and 1,25(OH)2D3
as well as dietary phosphate do not appear to regulate the syn-
thesis of CaR. In CKD, there is a reduction in the density of
CaR of the parathyroid gland cells (483).

The CaR interacts with calcium as well as with other
divalent-, trivalent-, and polycations (519). This receptor pro-
tein plays an important role in the ability of parathyroid glands
to recognize changes in the concentration of calcium ion in the
blood; and as such, CaR mediates the effect of calcium on the
secretion of PTH from the parathyroid glands. A decrease in
the concentration of ionized calcium in blood is recognized by
the G protein-coupled CaR and subsequently leads to PTH re-
lease. An increase in the concentration of calcium in the blood
activates the CaR, an event that leads to an increase in the
concentration of cytosolic calcium secondary to mobilization
of calcium from intracellular calcium stores. This rise in cy-
tosolic calcium results in inhibition of PTH release from the
parathyroid glands.

Changes in intracellular cAMP affect PTH secretion. Any
factor that increases cAMP (hypocalcemia, β-adrenergic ag-
onists, dopaminergic agents, secretin, prostaglandin E, and
cholera toxin) enhances PTH secretion. On the other hand, fac-
tors that reduce intracellular cAMP (hypercalcemia, hypermag-
nesemia, α-adrenergic agonists, prostaglandins of the F series,
and nitroprusside) inhibit PTH release. Calcium is the most im-
portant regulator of PTH secretion and the effect is mediated
by changes in the intracellular concentration of calcium. An in-
crease in the concentration of intracellular calcium influences
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PTH secretion through several mechanisms: (a) inhibition of
cAMP accumulation, (b) inhibition of cAMP action, and (c)
stimulation of intracellular degradation of preformed PTH.

The available data strongly support the proposition that de-
ficiency of 1,25(OH)2D3 may initiate secondary hyperparathy-
roidism, even in the absence of overt hypocalcemia; this has
been demonstrated in dogs with a 70% decrease in GFR (520).
Since patients with CKD have both hypocalcemia and defi-
ciency of 1,25(OH)2D3, they are in double jeopardy regarding
the development of secondary hyperparathyroidism. They may
develop very large glands due to hyperplasia or hypertrophy of
the parathyroid cells.

The pathogenesis of secondary hyperparathyroidism in
CKD, discussed previously, has important clinical implications.
It is evident that dietary phosphate restriction in proportion
to the fall in GFR in patients with early CKD failure is ad-
equate to reverse and correct secondary hyperparathyroidism
and other abnormalities in divalent ion metabolism. However,
achieving the proper and adequate dietary phosphate restric-
tion and successful patient compliance with the dietary regimen
is difficult. Since the available data indicate that dietary phos-
phate restriction exerts its effect through the increased pro-
duction of 1,25(OH)2D3 and since this vitamin D metabolite
also exerts a direct effect on the parathyroid glands, an al-
ternative therapeutic approach would be supplementation of
1,25(OH)2D3. Indeed, treatment of patients with moderate
CKD with 1,25(OH)2D3 for 6 to 12 months was associated
with improvement or normalization of the disturbances in diva-
lent ion metabolism, including secondary hyperparathyroidism
and bone disease (521,522).

The hyperplasia of the parathyroid glands in CKD causes
marked elevation in blood levels of PTH (523,524), which be-
comes evident early in the course of renal failure (523,524).
There is marked variation of the serum concentrations of PTH
in patients with advanced CKD and in those treated with
hemodialysis; the levels may be 2 to 200 times normal. Low or
undetectable levels of PTH may be encountered in patients with
advanced renal failure who are hypomagnesemic and magne-
sium deficient (525), those who have low-turnover osteomala-
cia with (526) and without (527,528) increased body burden of
aluminum, and those who have primary hypoparathyroidism.
Patients with diabetes mellitus and renal failure may have lower
levels of PTH than those with renal failure due to other causes
(529). The serum levels of PTH in the patients on dialysis may
be affected by the concentration of calcium in the dialyzate;
patients treated with high calcium dialyzate may have lower
serum levels of PTH than those treated with lower calcium
dialyzate.

The PTH in the serum of CKD patients is made up of many
fragments, but mostly of the midregion and C-terminal frag-
ments. Therefore, assays using an antibody directed toward
these moieties of PTH yield spuriously high values; in con-
trast, the use of an antibody to the N-terminal fragment may
reveal modest elevation in the serum levels of PTH. A two-
site immunoradiometric assay (IRMA), which measures intact
PTH molecule, has been developed (530). It is precise and pro-
vides reliable values of the serum levels of intact PTH in CKD
patients (531).

A large body of evidence has accumulated, indicating that
the excess blood levels of PTH in CKD patients are deleterious
to the function of many organs. Excess PTH has been impli-
cated in the pathogenesis of the abnormalities of the central
(531–541), peripheral (542,543), and autonomic (544–546)
nervous systems; myocardiopathy (547–551); skeletal myopa-
thy (552,553); glucose intolerance and impaired insulin se-
cretion (64,65); disorders of red blood cells (554–558), poly-
morphonuclear leukocytes (559–564) and T-cell (565,566) and
B-cell (567,568) function; and abnormalities of the immune
system (569).

This widespread effect of PTH on so many cells indicates
that these cells must have receptors for PTH. Both Urena
et al. (570) and Tian et al. (571) have demonstrated that
the mRNA for the PTH-parathyroid hormone-related protein
(PTH-PTHrP) receptor is present in many cells including kid-
ney, bone, heart, brain, liver, spleen, aorta, ileum, skeletal mus-
cle, lung, and testes. Thus, both pathophysiologic and molecu-
lar evidence exist supporting the notion that almost all body or-
gans are targets for PTH actions and, therefore, it is not surpris-
ing that chronic excess of PTH in CKD may exert widespread
deleterious effects on body function in uremia. Hence, PTH is
being considered a major uremic toxin.

In CKD, the mRNA of the PTH-PTHrP receptor is down-
regulated in both the traditional (kidney) and nontraditional
(liver and heart) target tissues for PTH action (572–574). The
mechanism underlying this phenomenon is not fully elucidated.
However, since in CKD PTH causes a rise in [Ca2+]i in many
cells, and since the elevation in [Ca2+]i is a major contributor
to cell dysfunction in CRF (46), it is plausible that the rise in
[Ca2+]i provides a negative feedback-control mechanism
through which the mRNA of the PTH-PTHrP is downregu-
lated so that the increment in [Ca2+]i of cells does not progress
unabated as the blood levels of PTH continue to rise with CKD
progression. Tian et al. (573) and Smogorzewski et al. (574)
provide evidence supporting this notion. They report that nor-
malization of the [Ca2+]i of the kidney and heart in animals
with CRF by verapamil treatment prevents the downregulation
of the mRNA of the PTH-PTHrP receptor despite significant
elevation in the blood levels of PTH.

Abnormalities in the Vitamin D Metabolites

The parent vitamin D is first hydroxylated in the liver to 25-
hydroxyvitamin D (25[OH]D) (575,576). The turnover of vi-
tamin D may be accelerated by infection or drugs stimulat-
ing microsomal liver enzymes, resulting in lower plasma levels
of 25(OH)D (577). This vitamin D metabolite binds to a α-
globulin (vitamin D–binding protein [DBP]) (578). In patients
with nephrotic syndrome, the DBP is lost in the urine and with
it 25(OH)D (579). Therefore, these patients have low blood
levels of 25(OH)D. Similarly, DBP and 25(OH)D are lost in the
peritoneal fluid in patients treated with CAPD. These patients
may also have low blood levels of 25(OH)D (580,581). The
normal blood level of 25(OH)D in adults living in the United
States is 15 to 30 ng/mL (582). These levels display seasonal
fluctuation related to sun exposure; they are higher in the sum-
mer and lower in the winter (583). The half-life of 25(OH)D
is about 12 days (584).

In CKD patients with normal function of the gastrointesti-
nal tract and liver, plasma 25(OH)D levels are usually nor-
mal (585–587), but are increased (588) in patients treated with
vitamin D. Excessive proteinuria (579,586) and concomitant
severe extrarenal diseases (586,589) are associated with low
blood levels of 25(OH)D. In CKD patients treated by CAPD
or hemofiltration (590), plasma levels of 25(OH)D are usually
low normal, while they are normal in hemodialysis patients.
Low plasma 25(OH)D levels in CKD patients are usually due
to reduced exposure of the skin to ultraviolet light, reduced in-
take of vitamin D, intestinal malabsorption, or impaired hep-
atic 25-hydroxylation.

The 25(OH)D is transported to the kidneys for further hy-
droxylation, resulting in the production of the active metabolite
1,25(OH)2D3 (591–593). This metabolite also binds to DBP,
but its binding efficiency to DBP is less than that of 25(OH)D.
1,25(OH)2D3 may also be produced by other cells, such as
normal alveolar (594) and peritoneal (595) macrophages, pe-
ripheral blood macrophages (596), and macrophages of gran-
ulomas (597).
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The main factors that regulate the function of renal
1 α-hydroxylase enzyme and, hence, the production of
1,25(OH)2D3 are PTH, calcium, and phosphorus (598,599).
Plasma levels of 1,25(OH)2D3 are dependent on several fac-
tors, including biosynthesis of vitamin D in the skin, intake
of vitamin D or its metabolites, absorption of vitamin D by
the intestinal tract, intensity of 25-hydroxylation in the liver,
and of 1-α-hydroxylation of 25(OH)D in the kidneys (600),
and loss of vitamin D metabolites in urine of patients with
nephrotic syndrome (579) or in the dialyzate of CAPD pa-
tients (580,581). The normal blood levels of 1,25(OH)2D3
range between 25 and 33 pg/mL in adults and between 49 and
66 pg/mL in children (601). The half-life of 1,25(OH)2D3 is
about 20 hours (602), which is considerably shorter than that
of 25(OH)D.

The blood levels of 1,25(OH)2D3 are usually normal in pa-
tients with moderate CKD (448,450). Despite these normal lev-
els, these patients display abnormalities in the function of the
target organs for vitamin D action (448). These observations
indicate that these patients have a vitamin D–resistant state.
As CKD progresses, an absolute vitamin D–deficient state de-
velops, with the blood levels of 1,25(OH)2D3 being reduced
when GFR falls below 50 mL/minute in children (450,603)
and below 30 mL/minute in adults (448,604). In anephric pa-
tients and in those treated with dialysis, the blood levels of
1,25(OH)2D3 are usually very low or undetectable (605–607).
The finding of low blood levels of 1,25(OH)2D3 in anephric
patients and especially in those receiving vitamin D indicates
that 1,25(OH)2D3 is produced by extrarenal sites in these pa-
tients. Patients with CKD and granulomatous diseases, such as
sarcoidosis, may have elevated blood levels of 1,25(OH)2D3
(608) caused by the extrarenal production of this metabolite
by the macrophages of the granulomatous tissue (597).

The metabolic clearance rate (MCR) of 1,25(OH)2D3 in
uremic dogs (609) and humans (610) is not different from nor-
mal values. In contrast, Hsu et al. (611,612) report that the
MCR of 1,25(OH)2D3 in uremic rats is lower than in normal
rats. These authors attribute this phenomenon to suppression
of the activity of 24-hydroxylase activity (an enzyme that is in-
volved in the degradation of 1,25[OH]2D3) by an unidentified
factor present in the uremic serum (613). In contrast, Taylor
et al. (614) report that the MCR of 1,25(OH)2D3 is normal in
rats after unilateral nephrectomy.

The deficiency of 1,25(OH)2D3 plays a paramount role in
the genesis of many of the disturbances of divalent ions ob-
served in patients with CKD. These abnormalities include sec-
ondary hyperparathyroidism, defective intestinal absorption of
calcium, skeletal resistance to the calcemic action of PTH, de-
fective mineralization of bone, growth retardation in children,
and proximal myopathy.

1,25(OH)2D3 exerts its action by binding to an intracellu-
lar vitamin D receptor (VDR), which is located predominantly
in the nucleus (615). The hormone–receptor complex interacts
with DNA-responsive elements in target genes with the syn-
thesis of bioactive proteins (616), which, in turn, mediate the
actions of 1,25(OH)2D3. Patients with CKD display end-organ
resistance to the action of 1,25(OH)2D3. This phenomenon is
due to impairment in the cascade of the cellular events culmi-
nating in the biologic actions of 1,25(OH)2D3. First, there is
a decrease in the concentration of 1,25(OH)2D3 receptors in
rats (617,618), dogs (619), and humans (620) with renal fail-
ure. Second, certain as yet unidentified uremic toxin inhibits
the binding of the 1,25(OH)2D3–receptor complex with DNA-
responsive elements in the target gene (618). This defect would,
therefore, interfere with the production of the bioactive protein
required for the action of 1,25(OH)2D3. In advanced CKD, the
number of VDRs is reduced (482,619), leading to vitamin D
resistance. Thus, in CKD patients, there is vitamin D deficiency
and vitamin D resistance, as well.

The factors responsible for the decrease in the number of
VDRs in uremia are not fully elucidated but may include:

1. Reduced levels of 1,25(OH)2D3, since this metabolite af-
fects the production of VDR (504); specifically, low levels
of 1,25(OH)2D3 downregulate the mRNA of VDR.

2. Hyperparathyroidism of renal failure may play a role, since
high levels of PTH interfere with the 1,25(OH)2D3-induced
upregulation of VDR (621).

3. Uremic toxins may decrease the stability of the mRNA of
VDRs, resulting in transcriptional reduction of VDR protein
(622).

Alterations of the
Renin–Angiotensin–Aldosterone System

in Chronic Kidney Disease

The renin-angiotensin-aldosterone system (RAS) is both an en-
docrine and a paracrine system, which plays a major role under
physiologic and pathophysiologic conditions. The RAS is in-
volved in the regulation of blood pressure, control of volume,
and sodium balance, as well as growth and remodeling of car-
diovascular and renal tissues under pathologic conditions, to
name only a few. Space does not permit to give an exhaustive
overview and we restrict the discussion to problems where mea-
surement of the components of the system provides guidance
to the clinician.

Plasma Renin Activity

In CKD patients suffering from primary renal disease the ac-
tivity of the renin-angiotensin system is inappropriately high.
Weidmann et al. (623) documented that in hemodialysis pa-
tients, with or without hypertension, plasma renin activity is
higher at any given level of exchangeable body sodium than in
normal subjects. These observations demonstrate that sodium
retention and hypervolemia do not adequately suppress renin
secretion, indicating disruption of the negative feedback be-
tween volume state and renin secretion. In renal disease an im-
portant mechanism, accounting for increased and unregulated
renin secretion, is luminal narrowing of preglomerular vessels
because of vascular sclerosis. Consequently, the “barorecep-
tor” in the juxtaglomerular apparatus will measure falsely low
perfusion pressures—analogous to the kidney with a Gold-
blatt clip of the renal artery. Renin will, therefore, be secreted
even when blood pressure is high and exchangeable sodium
increased. Normally plasma renin activity (PRA) decreases
asymptotically with increasing blood pressure. In contrast, in
patients with renal disease, renin secretion is not adequately
suppressed by high blood pressure values and PRA remains
inappropriately high.

In CKD patients the basal values of PRA, measured in pe-
ripheral blood, vary. Low, normal, and elevated PRA values
have been reported (425,623–626). These variations are most
likely due to variable degrees of renal ischemia in different
renal diseases, to variable disruption of the negative feedback-
control system between body fluid volume and renin secre-
tion, nonstandardized conditions of examination, and others.
Weidmann and Maxwell (627) reported that the PRA is the
highest in patients with nephrotic syndrome, elevated in those
with a glomerulonephritis, and normal in patients with tubu-
lointerstitial disease. Meltzer et al. (628) showed that PRA
is high in patients with nephrotic syndrome due to minimal
change disease, but low or normal in other forms of nephrotic
syndrome. On the other hand, in some patients with renal
disease, particularly diabetic nephropathy, obstructive uropa-
thy, or interstitial nephritis, hyporeninemic hypoaldosteronism
with low PRA values is seen rather frequently. (629–633). It
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should also be mentioned that hypertensive CKD patients are
treated with medications that may affect renin secretion, con-
tributing to the variability of PRA. After hemodialysis, PRA
may increase dramatically as a result of ultrafiltration and
hypovolemia (634–636). In patients on CAPD, PRA is usually
higher than in patients on hemodialysis, possibly as a result
in the latter patients of volume expansion (414,429). These
arbitrary examples illustrate that the values of PRA must be
interpreted, taking into consideration numerous confounding
factors, such as type of renal disease, volume state, blood pres-
sure, medications, etc.

It should be mentioned that PRA in the circulation does not
adequately reflect the activity of local tissue RAS systems. The
paradox that drugs, which block the RAS, are highly effective
and renoprotective, e.g., in patients with diabetic nephropathy
as documented by the Lewis trial (636) and the IDNT (637) or
RENAAL trials (638), is explained by the activation of local
renin systems in proximal tubular epithelial cells, in podocytes,
in mesangial cells, etc., despite low PRA in the circulation
(639–641).

The importance of the RAS in CKD is illustrated by the
fact that in CKD patients, blockade of the system reduces pro-
gression (636–638,642,643), lowers elevated blood pressure
(644), and induces partial regression of cardiovascular struc-
tural abnormalities, such as left ventricular hypertrophy (LVH)
(645–647). In CKD patients, treatment blockade of the RAS
carries an increased risk of hyperkalemia (648).

Aldosterone

Plasma aldosterone concentrations are strikingly elevated in
subtotally nephrectomized rats (649). After adrenalectomy and
substitution of glucocorticoids, the animals have lower blood
pressures, less proteinuria, and less structural lesions (650). Al-
dosterone influences several factors, which are relevant in the
progression of kidney disease, exemplified, for instance, by in-
creased collagen IV synthesis by mesangial cells (651), elevated
glomerular pressures by direct actions on glomerular micro-
circulation (652), and many others. The pathogenetic role of
stimulation of the mineralocorticoid receptor is suggested by
the observation that mineralocorticoid receptor blockade re-
duces renal injury in spontaneous hypertensive rats (SHR–sp).
It reduces proteinuria, as well as glomerulosclerosis (653).

Plasma aldosterone concentrations are variable among
CKD patients (654). Normal (655,656), decreased (626,628,
632,657–662), and elevated (663–667) basal levels of plasma
aldosterone have been reported. In a study in which
plasma aldosterone levels were measured in patients with
various degrees of renal insufficiency, the levels were normal
in those with GFR greater than 50 mL/minute and increased
progressively with the decline in GFR (654).

In some CKD patients, usually those with interstitial dis-
ease, hyporeninemia, and hyperkalemia, plasma aldosterone
concentrations are low—the constellation typical for the syn-
drome of hyporeninemic hypoaldosteronism (632,657–659).
In such patients, ACTH and Ang II administration fails to stim-
ulate aldosterone secretion (658,659).

In CKD patients, before starting dialysis with normal PRA
and normokalemia, plasma aldosterone levels are normal
(655–657) or increased (632,657–661). In these patients, the
response of plasma aldosterone to ACTH or Ang II adminis-
tration is intact (656,663,669,671).

The plasma concentrations of aldosterone in hemodialysis
patients are variable (655,663,667,668) and correlate well with
the plasma concentrations of potassium and PRA. In these
patients, plasma aldosterone increases with upright posture
and after administration of ACTH (656,667). The changes
in plasma aldosterone concentrations, following the dialysis
procedure, are also dictated by the changes in body volume

and in the concentrations of plasma potassium. Thus, during
ultrafiltration, without changes in plasma potassium, plasma
aldosterone increases (667–670). A decline in plasma potas-
sium concentration during hemodialysis would blunt the rise
in plasma aldosterone concentrations induced by fluid removal
(667–670). In anephric hemodialysis patients, plasma aldos-
terone concentrations are usually reduced (655,656,667–673),
but also normal plasma concentrations may be encountered
(427,428). These patients may have impaired responses to Ang
II (655,674), ACTH (655,667,674), upright posture (655,667),
or changes in volume status (625,673,674). Patients undergo-
ing CAPD have higher plasma aldosterone concentrations than
those treated by hemodialysis (414,424).

A correlation was found between plasma aldosterone con-
centration and the rate of CKD progression in diabetic patients
(674). In type II diabetic patients, Sato et al. (675) found that
if aldosterone escape occurred under angiotensin-converting
enzyme inhibitor therapy, that is, a secondary rise of plasma
aldosterone after initial decrease, spironolactone, independent
of blood pressure, reduced albuminuria (675). A similar obser-
vation with eplerenone was made in the preliminary study of
Epstein et al. (676). The importance of aldosterone escape on
progression is supported by observational study by Schjoedt
et al. (677) in type 1 diabetic patients with nephropathy. The
decline in GFR was significantly higher in patients with an al-
dosterone escape than in patients without one (677).

It was shown that in patients with severe heart failure in-
hibition of aldosterone with low dose of spironolactone is as-
sociated with morbidity and mortality reduction (678). Aldos-
terone is a potent mediator of myocardial and vascular fibrosis
(679–681) and reduced markers of cardiac damage were mea-
sured after aldosterone antagonist treatment (682). Aldos-
terone is a potent kaliuretic hormone. Therefore, usage of al-
dosterone blocker may increase the risk of hyperkalemia in
CKD patients, particularly when used in combination with
angiotensin-converting enzyme inhibitors or Ang II receptor
blocker (683). However, the results of small, nonrandomized,
nonblinded studies suggest that treatment with a low dose of
spironolactone (25 mg/day or 25 mg three times per week) was
not associated with an increased frequency of hyperkalemia
(684,685). Therefore spironolactone may also be considered in
hemodialysis patients as a treatment option for heart disease.
However, plasma potassium concentrations should be moni-
tored carefully during aldosterone antagonist therapy.

Abnormalities in the Cardiac
Natriuretic Peptides

Cardiomyocytes produce and secrete a family of related peptide
hormones named cardiac natriuretic hormones, which have po-
tent diuretic, natriuretic, and vascular smooth muscle relaxing
effects (686,687). Cardiac natriuretic hormones include atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP), and
their related peptides. ANP is released by atrial myocytes in
response to stretch associated with increased atrial pressure,
while ventricular production and release of this peptide are
triggered only in the presence of ventricular hypertrophy (688).
BNP is produced by ventricular myocytes and its generation
rate is increased in heart failure and left ventricular hypertro-
phy (689). Therefore, plasma concentration of cardiac natri-
uretic hormones is increased in diseases characterized by ex-
panded fluid volume, including renal failure, liver cirrhosis,
and heart failure (690).

In CKD patients, plasma concentrations of ANP and BNP
are elevated (685–702). In the predialysis phase of CKD,
there is a significant correlation between plasma ANP and
serum creatinine concentrations (695). The causes of high
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plasma concentrations of ANP and BNP in advanced CKD are
multifactorial and depend on: (a) an increase in intravascu-
lar filling and to atrial distension (437,700), (b) concomitant
heart failure (703,704), and (c) diminished renal clearance
(705,706). Indeed, removal of fluid by ultrafiltration during
dialysis therapy is associated with a decrease in the plasma
ANP (707–709) and BNP concentrations (709).

The measurement of ANP and BNP plasma concentration
was used as a biochemical marker of volume overload in
the CKD patient for improved identification of “dry weight”
(710,711). The use of ANP and BNP to improve the definition
of dry weight has yielded variable results, however (710–714).
The weight of evidence indicates that measurements of ANP
and BNP plasma concentration add little to the clinical exam-
ination (710,712). This is because of: (a) wide variability in
results, (b) lack of correlation with measures of extracellular
volume, (c) inability to detect volume depletion (no differences
between normovolemia and hypovolemia), and (d) often the
presence of cardiac dysfunction as a confounder (715).

Results of recent studies suggest that, in general, estimation
of plasma concentrations of cardiac natriuretic hormones could
be useful for differential diagnosis of heart failure (703,704).
Moreover, a number of studies in heart failure showed a prog-
nostic relevance of cardiac natriuretic hormones plasma con-
centrations (703,704). Among patients with heart failure, those
with high plasma concentrations of cardiac natriuretic hor-
mones are characterized by a worse prognosis (716,717).

Left ventricular hypertrophy and left ventricular dysfunc-
tion are considered as a predictor of cardiovascular and total
mortality in dialysis patients. Mallamaci et al. (715) found that
measuring of cardiac natriuretic hormones plasma concentra-
tions, particularly BNP, may be useful for the identification of
dialysis patients with left ventricular hypertrophy or for exclud-
ing systolic dysfunction. Moreover, in a prospective study in a
cohort of dialysis patients without overt heart failure Zoccali
et al. (718) found that high plasma concentrations of cardiac
natriuretic peptides, particularly BNP, were strong predictors
of cardiovascular mortality. The prognostic value of concen-
trations of cardiac natriuretic peptides in hemodialysis patients
was confirmed by several recent studies (719–721).

Abnormalities in the Gastrointestinal
Hormones

Elevated plasma gastrin concentrations have been reported in
CKD patients (722–728). Hypergastrinemia in CKD is due pre-
dominantly to “big” gastrin (G34). Plasma concentrations of
“little” gastrin (G17) are normal in CKD patients (725). “Big”
gastrin is biologically six to eight times less active than “lit-
tle” gastrin. This may explain the fact that the incidence of
peptic ulcer in CKD patients is comparable with the general
population in the most of studies (727).

Postprandial gastrin release in CKD patients in the first
30 minutes was similar to that in normal subjects, but the peak
values were attained later, and the response was more pro-
longed (726). Hemodialysis treatment does not affect the ele-
vated plasma gastrin concentration (725,728,729), although,
in some studies, a decline in gastrinemia was observed (726). A
significant decline of gastrinemia after treatment with erythro-
poietin was found (730).

Since the kidney is the main site of gastrin biodegrada-
tion (731), hypergastrinemia in uremic patients is regarded
mainly as the consequence of reduced renal degradation of this
hormone.

The plasma concentrations of other gastrointestinal hor-
mones, such as cholecystokinin (732–734), gastric inhibitory
peptide (729), pancreatic polypeptide (725,730,735,736), se-

cretin (732), gastrin releasing peptide (737), ghrelin (738–740),
and motilin (724) are elevated in CKD patients. Both normal
(725) and markedly elevated (741) plasma concentrations of
vasoactive intestinal polypeptide (VIP) were found in CKD pa-
tients. The pathophysiologic importance of these findings re-
mains to be elucidated.

Abnormalities in the β-Lipotropin
and Opioid Peptides

Plasma β-lipotropin concentrations, like most of the other
pituitary-derived polypeptide hormones, are moderately or
markedly elevated in CKD patients (742,743), due to decreased
renal clearance (743). Similarly elevated plasma concentrations
of β-endorphin (744–746) and met-enkephalin (744,745) have
been found in CKD patients. Plasma met-enkephalin levels
were directly correlated with plasma creatinine and urea con-
centrations (747). In contrast, plasma leu-enkephalin levels are
significantly lower in CKD patients than in healthy subjects
(747). After treatment with a low-phosphorus, low-protein diet
supplemented with essential amino acids and keto analogs, a
significant decline of plasma α-endorphin concentrations was
reported (745).

The elevated plasma levels of the opioid peptides suggest a
state of hyperendorphinism, which may play a role in many of
the endocrine abnormalities in CKD. Support for this notion is
provided by studies by Kokot et al. (748,749), who demon-
strated that the administration of naloxone, which causes
blockade of opioid receptors, is followed by amelioration of
many of the endocrine derangements in CKD.

Abnormalities in the Hormones
of Adipose Tissue

The adipose tissue is an important endocrine organ producing
biologically active substances with local and/or systemic ac-
tion. An incomplete list comprises PAI-1, transforming growth
factor β (TGF-β), tissue factor (TF), complement factors (e.g.,
adipsin), adipocyte complement-related protein, TNF-α, acyla-
tion stimulating protein (ASP), angiotensinogen, prostaglandin
(PGI−2α), IGF-1, macrophage inhibitory factor (MIF), sex hor-
mones, glucocorticoids, Ang II, leptin, adiponectin, and resistin
(750,751).

Leptin

Leptin is a protein that is predominantly produced by
adipocytes. It is encoded by the ob gene. It is presumed that
leptin is involved in the regulation of appetite, food intake
and energy expenditure, sexual maturation and fertility,
hematopoiesis, and activity of the hypothalamic-pituitary-
gonadal axis. Obese individuals have high plasma leptin
concentrations.

Patients with advanced CKD have elevated plasma leptin
concentration compared to BMI and sex-matched healthy in-
dividuals (752–755). Leptin concentrations are normalized by
successful kidney transplantation (756). Interestingly, the influ-
ence of impaired kidney function on plasma leptin concentra-
tion is less pronounced in noninflammatory acute renal failure
than in CKD, suggesting participation of the other factors in-
fluencing leptin secretion in this state (757).

It was shown that the decreased leptin clearance by the
insufficient kidneys leads to its’ accumulation in circulation
(758,759). However, the cascade of events responsible for lep-
tin catabolism by the kidneys is unknown. Some published data
suggests that, in part, leptin elimination is independent from
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glomerular filtration rate (759–761). Some experimental and
clinical studies have shown no correlation between GFR (mea-
sured by creatinine clearance) and fractional renal extraction
of leptin (760–762). Results of kinetic studies suggest that re-
nal metabolism of leptin involves active uptake of leptin by
the renal tissue (763). Cumin et al. (764) studied changes of
plasma leptin concentration in Zucker obese rats subjected
to bilateral nephrectomy or bilateral ureteral ligation. Bilat-
eral ureteral ligation reduced glomerular filtration by increas-
ing tubular pressure. Following the bilateral nephrectomy, in
these experiments, plasma leptin concentration increased by
300%, a value much higher than only 50% increase after bi-
lateral ureteral ligation. Results of this elegant experimental
study suggest that leptin elimination is only in part dependent
on glomerular filtration (764). Therefore, renal elimination is
not necessarily affected by the disease in direct proportion to
changes in glomerular filtration.

Increased plasma leptin concentration in CKD is not due to
oversecretion of this protein. It was shown that leptin gene ex-
pression in adipocytes in CKD patients is lower than in healthy
individuals (762). Leptin plasma concentrations are not re-
duced by low-flux dialysis membranes, whereas high-flux dial-
ysis membrane decreases leptin levels (765–767). CAPD patient
are characterized by higher plasma leptin concentration than
hemodialysis patients (768–770).

There is growing evidence that leptin, originally considered
exclusively as an anorexigenic hormone, exerts actions in the
periphery outside of the central nervous system. Indeed, leptin
receptors are found in many tissues. It was initially thought
that hyperleptinemia was an adequate explanation of anorexia
in CKD patients (771,772). However, subsequent studies ad-
dressing the relation between nutritional status and plasma
leptin concentration in CKD yielded conflicting results (773–
777). Therefore, the role of high plasma leptin concentration in
anorexia and malnutrition in CKD patients is not proved. Lep-
tin stimulates proliferation and differentiation of hemopoietic
stem cells (778). It is likely that the effects of leptin and of ery-
thropoietin are synergistic. It deserves consideration whether
high plasma leptin concentrations in CKD patients counter-
act the development of anemia when a plasma erythropoietin
concentration is relatively decreased.

Leptin may also participate in CKD progression. It was
shown in rat that leptin infusion lead to the increase of glomeru-
lar TGF-β and collagen IV expression and to the enhancement
of proteinuria (779). Moreover, leptin stimulates proliferation
of cultured glomerular rat endothelial cells (780).

Adiponectin

Adiponectin is one of the protein hormones secreted by
adipocytes, circulating in the blood stream in relatively high
concentrations (almost 0.01% of total plasma protein) (780).
It shows structural homology with collagen VIII, X, and com-
plement factor C1q (781). It was shown that adiponectin is
characterized by antiatherogenic and insulin-sensitizing prop-
erties (782). Adiponectin receptors were found in skeletal mus-
cles (783,784), liver (783), and endothelial cells (785). It was
suggested, that adiponectin might inhibit formation of initial
atherosclerotic lesions by decreasing the expression of adhe-
sion molecules (VCAM-1; ICAM-1, E-selectin) in endothe-
lial cells in response to inflammatory stimuli, such as TNF-α
(786) and suppressing cytokine (also TNF-α) production by
macrophages (787). Moreover, adiponectin suppresses lipid ac-
cumulation in human monocyte-derived macrophages and in-
hibits macrophage-to-foam cell transformation (788). It was
also shown that adiponectin inhibits oxidized LDL-stimulated
cell proliferation and suppresses cellular superoxide genera-
tion (785). Finally, adiponectin protects Apo E-deficient mice
(well known animal model of atherosclerosis) from atheroscle-

rosis (789,790). Numerous experimental studies showed that
adiponectin also improves insulin sensitivity (782). This effect
is due to stimulation of glucose utilization and fatty acid oxi-
dation in skeletal muscles and in liver and enhanced suppres-
sion of glucose liver production (782). Recently, it was shown
that adiponectin-deficient mice were more prone to renal injury
after induction of inflammatory process by anti-GBM serum
(791). Results of above cited study showed that adiponectin
directly modulates the inflammatory process by modifying the
expression of inflammatory cytokines in anti-GBM glomeru-
lonephritis experimental model (791). Plasma adiponectin con-
centrations in humans are lower in obese than in nonobese sub-
jects, in males than in females, and in patients with coronary
artery disease, diabetes mellitus type II, and essential hyperten-
sion than in healthy subjects (792–796).

The plasma adiponectin concentration was markedly el-
evated in hemodialysis patients with CKD (797–799). Shoji
et al. (800) showed that plasma of CKD patients contains intact
adiponectin. It was recently shown that successful kidney trans-
plantation was accompanied by prompt reduction of plasma
adiponectin concentration, but it remains still higher than in
healthy controls (801). It is thought that kidneys are important
organs participating in the adiponectin biodegradation and
elimination. An inverse relationship between GFR and plasma
adiponectin concentration was found in patients with essential
hypertension and in apparently healthy individuals (802,803).
Recently, measurements of plasma adiponectin concentrations
in renal veins and aorta in human subjects confirmed that kid-
neys play an important role in adiponectin elimination (Adam-
czak et al. personal unpublished data) and that the increased
plasma adiponectin concentration in CKD is not due to over-
secretion. Marchlewska et al. (804) has found that expression
of the adiponectin gene (ApM1) in adipocytes of patients with
end-stage renal failure is decreased. Low adiponectin gene ex-
pression may be associated with the state of low-grade inflam-
mation in CKD patients. In the general population, an inverse
correlation was found between adiponectinaemia and serum C-
reactive protein (CRP) concentration (805,806). Such relation-
ships were also found in hemodialysis patients (798,807,808).
This relationship may be of clinical relevance, because it was
found that TNF-α and interleukin-6 exert an inhibitory effect
on adiponectin gene expression in cultured adipocytes (809–
811).

Zoccali et al. (797) demonstrated in a large cohort of
hemodialysis patients that a relatively low plasma adiponectin
concentration is an independent predictor of fatal and nonfatal
cardiovascular complications in these patients. This observa-
tion was confirmed by Ignacy et al. (808), who observed that
hemodialysis patients within the lowest plasma adiponectin ter-
tile were characterized by shorter survival time.

References

1. De Fronzo RA, Andres R, Edgar P, et al. Carbohydrate metabolism in
uremia: a review. Medicine (Baltimore) 1973;52:469.

2. De Fronzo RA, Alvestrand A, Smith D, et al. Insulin resistance in uremia.
J Clin Invest 1981;67:563.

3. Perley M, Kippnis DM. Plasma insulin responses to glucose and tolbutamide
of normal weight and obese diabetic and non-diabetic subjects. Diabetes
1966;15:867.

4. Beck P, Schalch DS, Parker ML, et al. Correlative studies of growth hor-
mone and insulin plasma concentrations with metabolic abnormalities and
acromegaly. J Lab Clin Med 1965;66:366.

5. De Fronzo RA. Pathogenesis of glucose intolerance in uremia. Metabolism
1978;27:1866.

6. Westervelt FB, Jr, Schreiner GE. The carbohydrate intolerance of uremic
patients. Ann Intern Med 1962;57:266.

7. De Fronzo RA, Tobin JD, Andrez R. Glucose clamp technique: a method for
quantifying insulin secretion and resistance. Am J Physiol 1979;237:E214.

8. De Fronzo RA, Alvertrand A. Glucose intolerance in uremia: site and mech-
anism. Am J Clin Nutr 1980;33:1438.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-96 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:26

2526 Section XII: Uremic Syndrome

9. Shinohara K, Shoji T, Emoto M, et al. Insulin resistance as an indepen-
dent predictor of cardiovascular mortality in patients with end-stage renal
disease. J Am Soc Nephrol 2002;13:1894.

10. Becker B, Kronenberg F, Kielstein JT, et al. Renal insulin resistance syn-
drome, adiponectin and cardiovascular events in patients with kidney dis-
ease: the mild and moderate kidney disease study. J Am Soc Nephrol
2005;16:1091.

11. Stumvoll M, Chintalapudi U, Perriello G, et al. Uptake and release of
glucose by the human kidney. Postabsorptive rates and responses to
epinephrine. J Clin Inves 1995;96:2528.

12. Stumvoll M, Meyer C, Perriello G, et al. Human kidney and liver
gluconeogenesis: evidence for organ substrate selectivity. Am J Physiol
1998;274:E817.

13. Smith D, De Fronzo RA. Insulin resistance in uremia mediated by postbind-
ing defects. Kidney Int 1982;22:54.

14. Weisinger J, Contreras NE, Cajias J, et al. Insulin binding and glycolytic
activity in erythrocytes from dialyzed and non-dialyzed uremic patients.
Nephron 1988;48:190.

15. Taylor R, Heaton A, Hetherington CS, et al. Adipocyte insulin binding
and insulin action in chronic renal failure before and during continuous
ambulatory peritoneal dialysis. Metabolism 1986;35:430.

16. Pedersen O, Schmitz O, Hjollund E, et al. Postbinding defects of insulin
action in human adipocytes from uremic patients. Kidney Int 1985;27:780.

17. Maloff BL, McCaleb ML, Lockwood DH. Cellular basis of insulin resis-
tance in chronic uremia. Am J Physiol 1983;245:E178.

18. Bak J, Schmitz O, Sorensen SS, et al. Activity of insulin receptor kinase
and glycogen synthase in skeletal muscle from patients with chronic renal
failure. Acta Endocrinol (Copenhagen) 1989;121:744.

19. Cecchin F, Ittoop O, Sinha MK, et al. Insulin resistance in uremia: insulin
receptor kinase activity in liver and muscle from chronic uremic rats. Am J
Physiol 1988;254:E394.

20. Bailey JL, Mitch WE. Pathophysiology of uremia. In: Brenner B. The Kid-
ney. 7th ed. Philadelpia, Saunders; 2004:2139.

21. White MF. IRS proteins and the common path to diabetes. Am J Physiol
Endocrinol Metab 2002;283:E413.

22. Lee YH, White MF. Insulin receptor substrate proteins and diabetes. Arch
Pharm Res. 2004;27:361.

23. Folli F, Saad MJ, Kahn CR. Insulin receptor/IRS-1/PI 3-kinase signal-
ing system in corticosteroid-induced insulin resistance. Acta Diabetol
1996;33:185.

24. Rojas FA, Hirata AE, Saad MJ. Regulation of IRS-2 tyrosine phosphoryla-
tion in fasting and diabetes. Mol Cell Endocrinol 2001;183:63.

25. Giorgino F, Pedrini MT, Matera L, et al. Specific increase in p85alpha
expression in response to dexamethasone is associated with inhibition of
insulin-like growth factor-I stimulated phosphatidylinositol 3-kinase activ-
ity in cultured muscle cells. J Biol Chem 1997;272:7455.

26. May RC, Kelly RA, Mitch WE. Mechanisms for defects in muscle protein
metabolism in rats with chronic uremia: the influence of metabolic acidosis.
J Clin Invest 1987;79:1099.

27. Friedman JE, Dohm GL, Elton CW, et al. Muscle insulin resistance in uremic
humans: glucose transport, glucose transporters, and insulin receptors. Am
J Physiol 1991;261:E87.

28. Kraus LM, Traxinger R, Kraus AP. Uremia and insulin resistance:
N-carbamoyl-asparagine decreases insulin-sensitive glucose uptake in rat
adipocytes. Kidney Int 2004;65:881.

29. De Fronzo RA, Tobin JD, Rowe JW, et al. Glucose intolerance in uremia:
quantification of pancreatic beta cell sensitivity to glucose and tissue sensi-
tivity to insulin. J Clin Invest 1978;62:425.

30. Kobayashi S, Maejima S, Ikeda T, et al. Impact of dialysis therapy on in-
sulin resistance in end-stage renal disease: comparison of haemodialysis
and continuous ambulatory peritoneal dialysis. Nephrol Dial Transplant
2000;15:65.

31. Heaton A, Taylor R, Johnston DG, et al. Hepatic and peripheral insulin
action in chronic renal failure before and during continuous ambulatory
peritoneal dialysis. Clin Sci 1989;77:383.

32. Mak RH. Insulin resistance in uremia: effect of dialysis modality. Pediatr
Res 1996;40:304.

33. McCaleb ML, Wish JB, Lockwood DH. Insulin resistance in chronic renal
failure. Endocrinol Res 1985;11:113.

34. Dzurik R, Hupkova V, Cernacek P, et al. The isolation of an inhibitor of
glucose utilization from the serum of uraemic subjects. Clin Chim Acta
1973;46:77.

35. Spaia S, Pangalos M, Askepidis N, et al. Effect of short-term rHuEPO
treatment on insulin resistance in haemodialysis patients. Nephron
2000;84:320.

36. Tuzcu A, Bahceci M, Yilmaz E, et al. The comparison of insulin sensitivity in
non-diabetic hemodialysis patients treated with and without recombinant
human erythropoietin. Horm Metab Res 2004;36:716.

37. Mak RH. 1,25-Dihydroxyvitamin D3 corrects insulin and lipid abnormal-
ities in uremia. Kidney Int 1998;53:1353.

38. Kautzky-Willer A, Pacini G, Barnas U, et al. Intravenous calcitriol normal-
izes insulin sensitivity in uremic patients. Kidney Int 1995;47:200.

39. Gin H, Aparicio M, Potaux L, et al. Low protein and low phosphorus diet
in patients with chronic renal failure: influence on glucose tolerance and
tissue insulin sensitivity. Metabolism 1987;36:1080.

40. Gin H, Aparicio M, Potaux L, et al. Low-protein, low-phosphorus diet and

tissue insulin sensitivity in insulin-dependent diabetic patients with chronic
renal failure. Nephron 1991;57:411.

41. Mak R, Turner C, Thompson T, et al. The effect of a low protein diet with
amino acid/keto acid supplements on glucose metabolism in children with
uremia. J Clin Endocrinol Metab 1986;63:985.

42. Kuku SF, Jaspan JB, Emmanouel DS, et al. Heterogeneity of plasma
glucagon-circulating components in normal subjects and patients with
chronic renal failure. J Clin Invest 1976;58:742.

43. Emmanouel DS, Jaspan JB, Kuku SF, et al. Pathogenesis and characteriza-
tion of hyperglucagonemia in the uremic rat. J Clin Invest 1976;58:1266.

44. DeFronzo RA, Tobin J, Boden G, et al. The role of growth hormone in the
glucose intolerance of uremia. Acta Diabetol Lat 1979;16:279.

45. Ijaiya K. Pattern of growth hormone response to insulin, arginine and
haemodialysis in uraemic children. Eur J Pediatr 1979;131:185.

46. Ross RJ, Goodwin FJ, Houghton BJ, et al. Alteration of pituitary-thyroid
function in patients with chronic renal failure treated by haemodial-
ysis or continuous ambulatory peritoneal dialysis. Ann Clin Biochem
1985;22:156.

47. Ramirez G, Bittle PA, Sanders H, et al. The effects of corticotropin and
growth hormone releasing hormones on their respective secretory axes in
chronic hemodialysis patients before and after correction of anemia with
recombinant human erythropoietin. J Clin Endocrinol Metab 1994;78:
63.

48. Hotamisligil GS, Murray DL, Choy LN, et al. Tumor necrosis factor al-
pha inhibits signaling from the insulin receptor. Proc Natl Acad Sci USA
1994;91:4854.

49. Hotamisligil GS. Inflammatory pathways and insulin action. Int J Obes
Relat Metab Disord 2003;27:S53.

50. Folli F, Kahn CR, Hansen H, et al. Angiotensin II inhibits insulin sig-
naling in aortic smooth muscle cells at multiple levels. A potential role
for serine phosphorylation in insulin/angiotensin II crosstalk. J Clin Invest
1997;100:2158.

51. Folli F, Saad MJ, Velloso L, et al. Crosstalk between insulin and angiotensin
II signalling systems. Exp Clin Endocrinol Diabetes 1999;107:133.

52. Rea R, Donnelly R. Resistin: an adipocyte-derived hormone. Has it a role
in diabetes and obesity? Diabetes Obes Metab 2004;6:163.

53. Kielstein JT, Becker B, Graf S, et al. Increased resistin blood levels are
not associated with insulin resistance in patients with renal disease. Am J
Kidney Dis 2003;42:62.

54. Stuart CA, Shangraw RE, Prince MJ, et al. Bed-rest-induced insulin resis-
tance occurs primarily in muscle. Metabolism 1988;37:802.

55. Goldberg AP, Hagberg J, Delmez JA, et al. The metabolic and psycholog-
ical effects of exercise training in hemodialysis patients. Am J Clin Nutr
1980;33:1620.

56. Goldberg AP, Hagberg JM, Delmez JA, et al. Metabolic effects of exercise
training in hemodialysis patients. Kidney Int 1980;18:754.

57. Mak RH, Bettinelli A, Turner C, et al. The influence of hyperparathyroidism
on glucose metabolism in uremia. J Clin Endocrinol Metab 1985;60:229.

58. Mak RH, Turner C, Haycock GB, et al. Secondary hyperparathyroidism
and glucose intolerance in children with uremia. Kidney Int 1983;24:S128.

59. Fadda GZ, Akmal M, Premdas FH, et al. Insulin release from pancreatic
islets: effects of CRF and excess PTH. Kidney Int 1988;33:1066.

60. Fadda GZ, Hajjar SM, Perna AF, et al. On the mechanism of impaired
insulin secretion in chronic renal failure. J Clin Invest 1991;87:255.

61. Perna AF, Fadda GZ, Zhou XJ, et al. Mechanisms of impaired insulin
secretion after chronic excess of parathyroid hormone. Am J Physiol
1990;259:F210.

62. Milner RD. Stimulation of insulin secretion in vitro by essential amino
acids. Lancet 1969;1:1075.

63. Oberwetter JM, Boyd AE, 3rd. High K+ rapidly stimulates Ca2+-dependent
phosphorylation of three protein concomitant with insulin secretion from
HIT cells. Diabetes 1987;36:864.

64. Oh HY, Fadda GZ, Smogorzewski M, et al. Abnormal leucine-induced
insulin secretion in chronic renal failure. Am J Physiol 1994;267:F853.

65. Fadda GZ, Thanakitcharu P, Comunale R, et al. Impaired potassium-
induced insulin secretion in chronic renal failure. Kidney Int 1991;40:
413.

66. Christakos S, Norman AW. Studies on the mode of action of calciferol
XXXIX: biochemical characterization of 1,25-dihydroxyvitamin D3 recep-
tors in chick pancreas and kidney cytosol. Endocrinology 1981;108:140.

67. Pike JW. Receptors for 1,25-dihydroxyvitamin D3 in chick pancreas:
a partial physical and functional characterization. J Steroid Biochem
1981;16:385.

68. Roth J, Bonner-Weir S, Norman AW, et al. Immunocytochemistry of vi-
tamin D-dependent calcium binding protein in chick pancreas: exclusive
localization in β cells. Endocrinology 1982;110:2216.

69. Narbaitz R, Stumpf WE, Sar M. The role of autoradiographic and im-
munocytochemical techniques in the clarification of sites of metabolism
and action of vitamin D. J Histochem Cytochem 1981;29:91.

70. Norman AW, Frankel BJ, Heldt AW, et al. Vitamin D3 deficiency inhibits
pancreatic secretion of insulin. Science 1980;209:823.

71. Cade C, Norman AW. Vitamin D3 improves impaired glucose tolerance
and insulin secretion in the vitamin D-deficient rat in vivo. Endocrinology
1986;119:84.

72. Mak RH. Intravenous 1,25-dihydroxycholecalciferol corrects glucose in-
tolerance in hemodialysis patients. Kidney Int 1992;41:1049.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-96 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:26

Chapter 96: Metabolic and Endocrine Dysfunctions in Uremia 2527

73. Rabkin R, Rubenstein AH, Colwell JA. Glomerular filtration and maximal
tubular absorption of insulin (125I). Am J Physiol 1972;223:1093.

74. Rubenstein AH, Mako ME, Horwitz DL. Insulin and the kidney. Nephron
1975;15:306.

75. Rabkin R, Jones J, Kitabchi AE. Insulin extraction from the renal peritubu-
lar circulation in the chicken. Endocrinology 1977;101:1828.

76. Rabkin R, Simon NM, Steiner S, et al. Effect of renal disease on renal uptake
and excretion of insulin in man. N Engl J Med 1970;282:182.

77. Rabkin R, Unterhalter SA, Duckworth WC. Effect of prolonged uremia on
insulin metabolism by isolated liver and muscle. Kidney Int 1979;16:433.

78. Gonzalez AR, Khurana RC, Jung Y, et al. Enhanced response to tolbu-
tamide in uremia. Acta Diabetol Lat 1972;9:373.

79. Krepinsky J, Ingram AJ, Clase CM. Prolonged sulfonylurea-induced hypo-
glycemia in diabetic patients with end-stage renal disease. Am J Kidney Dis
2000;35:500.

80. Buchele W, Kuhlmann H. Gliquidon in anti-diabetic therapy of patients
with kidney and liver insufficiencies Med Welt 1978;29:897.

81. Garber AJ, Bier DM, Cryer PE, et al. Hypoglycemia in compensated
chronic renal insufficiency: substrate limitations of gluconeogenesis. Di-
abetes 1974;23:982.

82. Nadkarni M, Berns JS, Rudnick MR, et al. Hypoglycemia with hyperin-
sulinemia in a chronic hemodialysis patient following parathyroidectomy.
Nephron 1992;60:100.

83. Arem R. Hypoglycemia associated with renal failure. Endocrinol Metab
Clin North Am 1989;18:103.

84. Jackson MA, Holland MR, Nicholas J, et al. Occult hypoglycemia caused
by hemodialysis. Clin Nephrol 1999;51:242.

85. Takahashi A, Kubota T, Shibahara N, et al. The mechanism of hypo-
glycemia caused by hemodialysis. Clin Nephrol 2004;62:362.

86. Ferrannini E, Buzzigoli G, Bonadonna R, et al. Insulin resistance in essential
hypertension. N Engl J Med 1987;317:350.

87. Eckel RH, Yost TJ, Jensen DR. Alterations in lipoprotein lipase in insulin
resistance. Int J Obes Relat Metab Disord. 1995;19:S16.

88. Chan MK, Varghese Z, Moorhead JF. Lipid abnormalities in uremia, dial-
ysis and transplantation. Kidney Int 1981;19:625.

89. Roullet JB, Lacour B, Drueke T. Partial correction of lipid disturbances by
insulin in experimental renal failure. Contrib Nephrol 1986;50:203.

90. May RC, Clark AS, Goheer A, et al. Identification of specific de-
fects in insulin-mediated muscle metabolism in acute uremia. Kidney Int
1985;28:490.

91. Price SR, Bailey JL, Wang X, et al. Muscle wasting in insulinopenic rats re-
sults from activation of the ATP-dependent, ubiquitin-proteasome pathway
by a mechanism including gene transcription. J Clin Invest 1996;98:1703.

92. Mitch WE. Insights into the abnormalities of chronic renal disease at-
tributed to malnutrition. J Am Soc Nephrol 2002;13:S22.

93. Bright R. Reports of Medical Cases Selected with a View of Illustrating
the Symptoms and Cure of Diseases by Reference to Morbid Anatomy.
London: Longman, Rees, Orme, Brown & Green; 1827.

94. Ginsberg HN. Lipoprotein physiology. Endocrinol Metab Clin North Am
1998;27:503.

95. Carmena R, Duriez P, Fruchart JC. Atherogenic lipoprotein particles in
atherosclerosis. Circulation 2004;109:III2.

96. Choy PC, Siow YL, Mymin D, et al. Lipids and atherosclerosis. Biochem
Cell Biol 2004;82:212.

97. Kronenberg F, Steinmetz A, Kostner GM, et al. Lipoprotein(a) in health
and disease. Crit Rev Clin Lab Sci 1996;33:495.

98. Tsutsumi K. Lipoprotein lipase and atherosclerosis. Curr Vasc Pharmacol
2003;1:11.

99. Zambon A, Bertocco S, Vitturi N, et al. Relevance of hepatic lipase to
the metabolism of triacylglycerol-rich lipoproteins. Biochem Soc Trans
2003;31:1070.

100. Jonas A. Lecithin cholesterol acyltransferase. Biochim Biophys Acta
2000;1529:245.

101. de Vries R, Borggreve SE, Dullaart RP. Role of lipases, lecithin: cholesterol
acyltransferase and cholesteryl ester transfer protein in abnormal high den-
sity lipoprotein metabolism in insulin resistance and type 2 diabetes melli-
tus. Clin Lab 2003;49:601.

102. Yamashita S, Hirano K, Sakai N, et al. Molecular biology and pathophysio-
logical aspects of plasma cholesteryl ester transfer protein. Biochim Biophys
Acta 2000;1529:257.

103. Shelness GS, Sellers JA. Very-low-density lipoprotein assembly and secre-
tion. Curr Opin Lipidol 2001;12:151.

104. Okada M, Matsuto T, Miida T, et al. Lipid analyses for the management
of vascular diseases. J Atheroscler Thromb 2004;11:190.

105. Horiuchi S, Sakamoto Y, Sakai M. Scavenger receptors for oxidized and
glycated proteins. Amino Acids 2003;25:283.

106. Makita Z, Yanagisawa K, Kuwajima S, et al. The role of advanced glyco-
sylation end-products in the pathogenesis of atherosclerosis. Nephrol Dial
Transplant. 1996;11:31.

107. Gonen B, Cole T, Hahm KS. The interaction of carbamylated low-density
lipoprotein with cultured cells. Studies with human fibroblasts, rat peri-
toneal macrophages and human monocyte-derived macrophages. Biochim
Biophys Acta 1983;754:201.

108. Bagdade JD, Casaretto A, Albers J. Effects of chronic uremia, hemodialysis,
and renal transplantation on plasma lipids and lipoproteins in man. J Lab
Clin Med 1976;87:38.

109. Bagdade JD, Porte D, Bierman EL. Hypertriglyceridemia: a metabolic con-
sequence of chronic renal failure. N Engl J Med 1968;279:181.

110. Kronenberg F, Kuen E, Ritz E, et al. Apolipoprotein A-IV serum concen-
trations are elevated in patients with mild and moderate renal failure. J Am
Soc Nephrol 2002;13:461.

111. Kronenberg F, Kuen E, Ritz E, et al. Lipoprotein(a) serum concentrations
and apolipoprotein(a) phenotypes in mild and moderate renal failure. J Am
Soc Nephrol 2000;11:105.

112. Ohta T, Matsuda I. Apolipoprotein and lipid abnormalities in uremic chil-
dren on hemodialysis. Clin Chim 1985;147:145.

113. Monzani G, Bergesio F, Ciuti R, et al. Lipoprotein abnormalities in chronic
renal failure and dialysis patients. Blood Purif 1996;14:262.

114. Fredrickson DS, Levy RI, Lees RS. Fat transport in lipoproteins–an inte-
grated approach to mechanisms and disorders. N Engl J Med 1967;276:34.

115. Liu Y, Coresh J, Eustace JA, et al. Association between cholesterol level
and mortality in dialysis patients: role of inflammation and malnutrition.
JAMA 2004;291:451.

116. Kasiske BL. Hyperlipidemia in patients with chronic renal disease. Am J
Kidney Dis 1998;32:S142.

117. Attman PO, Samuelsson O, Alaupovic P. Lipoprotein metabolism and renal
failure. Am J Kidney Dis 1993;21:573.

118. Attman PO, Samuelsson O, Moberly J, et al. Apolipoprotein B-containing
lipoproteins in renal failure: the relation to mode of dialysis. Kidney Int
1999;55:1536.

119. Seres DS, Strain GW, Hashim SA, et al. Improvement of plasma lipoprotein
profiles during high-flux dialysis. J Am Soc Nephrol 1993;3:1409.

120. House AA, Wells GA, Donnelly JG, et al. Randomized trial of high-flux
vs low-flux hemodialysis: effects on homocysteine and lipids. Nephrol Dial
Transplant 2000;15:1029.

121. Ottosson P, Attman PO, Knight-Gibson C, et al. Do high-flux dialysis mem-
branes affect renal dyslipidemia? ASAIO 2001;47:229.

122. Blankestijn PJ, Vos PF, Rabelink TJ, et al. High-flux dialysis membranes
improve lipid profile in chronic hemodialysis patients. J Am Soc Nephrol
1995;5:1703.

123. Wanner C, Bahner U, Mattern R, et al. Effect of dialysis flux and mem-
brane material on dyslipidaemia and inflammation in haemodialysis pa-
tients. Nephrol Dial Transplant 2004;19:2570.

124. Bugeja AL, Chan CT. Improvement in lipid profile by nocturnal hemodial-
ysis in patients with end-stage renal disease. ASAIO J 2004;50:328.

125. Attman PO, Samuelsson O, Johansson AC, et al. Dialysis modalities and
dyslipidemia. Kidney Int 2003;63:110.

126. Dieplinger H, Schoenfeld PY, Fielding CJ. Plasma cholesterol metabolism
in end-stage renal disease: difference between treatment by hemodialysis or
peritoneal dialysis. J Clin Invest 1986;77:1071.

127. Horkko S, Huttunen K, Laara E, et al. Effects of three treatment modes on
plasma lipids and lipoproteins in uremic patients. Ann Med 1994;26:271.

128. Moberly JB, Attman PO, Samuelsson O, et al. Alterations in lipoprotein
composition in peritoneal dialysis patients. Perit Dial Int 2002;22:1.

129. Saku K, Sasaki J, Naito S, et al. Lipoprotein and apolipoprotein losses
during continuous ambulatory peritoneal dialysis. Nephron 1989;51:220.

130. Kagan A, Bar-Khayim Y, Schafer Z, et al. Kinetics of peritoneal protein
loss during CAPD. II. Lipoprotein leakage and its impact on plasma lipid
levels. Kidney Int 1990;37:980.

131. Johansson AC, Samuelsson O, Attman PO, et al. Dyslipidemia in peritoneal
dialysis-relation to dialytic variables. Perit Dial Int 2000;20:306.

132. Bredie SJ, Bosch FH, Demacker PN, et al. Effects of peritoneal dialysis
with an overnight icodextrin dwell on parameters of glucose and lipid
metabolism. Perit Dial Int 2001;21:275.

133. Ibels LS, Simons LA, King JO, et al. Studies on the nature and causes of
hyperlipidemia in uraemia, maintenance dialysis and renal transplantation.
Q J Med 1975;176:601.

134. Lacour B, Roullet JB, Beyne P, et al. Comparison of several atherogenicity
indices by the analysis of serum lipoprotein composition in patients with
chronic renal failure with or without haemodialysis, and in renal transplant
patients. J Clin Chem Clin Biochem 1985;23:805.

135. Rubiés-Prat J, Espinel E, Joven J, et al. High-density lipoprotein cholesterol
subfractions in chronic uremia. Am J Kidney Dis 1987;9:60.

136. Atger V, Duval F, Frommherz K, et al. Anomalies in composition of ure-
mic lipoproteins isolated by gradient ultracentrifugation: relative enrich-
ment of HDL in apolipoprotein C-III at the expense of apolipoprotein A-I.
Atherosclerosis 1988;74:75.

137. Hsia SL, Perez GO, Mendez AJ, et al. Defect in cholesterol transport in
patients receiving maintenance hemodialysis. J Lab Clin Med 1985;106:53.

138. Gillett MP, Obineche EN, El-Rokhaimi M, et al. Lecithin: cholesterol acyl-
transfer, dyslipoproteinaemia and membrane lipids in uraemia. J Nephrol
2001;14:472.

139. Vaziri ND, Liang K, Parks JS. Down-regulation of hepatic lecithin:
cholesterol acyltransferase gene expression in chronic renal failure.
Kidney Int 2001;59:2192.

140. Tanaka Y, Matsuyama T, Ishikura K, et al. Cholesterol ester transfer protein
in children on peritoneal dialysis. Perit Dial Int 2004;24:281.

141. Nishizawa Y, Shoji T, Kakiya R, et al. Non-high-density lipoprotein choles-
terol (non-HDL-C) as a predictor of cardiovascular mortality in patients
with end-stage renal disease. Kidney Int 2003;63:S117.

142. Belani SS, Goldberg AC, Coyne DW. Ability of non-high-density lipopro-
tein cholesterol and calculated intermediate-density lipoprotein to identify



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-96 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 11:26

2528 Section XII: Uremic Syndrome

nontraditional lipoprotein subclass risk factors in dialysis patients. Am J
Kidney Dis 2004;43:320.

143. Prinsen BH, de Sain-van der Velden MG, de Koning EJ, et al. Hypertriglyc-
eridemia in patients with chronic renal failure: possible mechanisms. Kidney
Int 2003;63:S121.

144. Prinsen BH, Rabelink TJ, Romijn JA, et al. A broad-based metabolic ap-
proach to study VLDL apoB100 metabolism in patients with ESRD and
patients treated with peritoneal dialysis. Kidney Int 2004;65:1064.

145. Szolkiewicz M, Nieweglowski T, Korczynska J, et al. Upregulation of
fatty acid synthase gene expression in experimental chronic renal failure.
Metabolism 2002;51:1605.

146. Verschoor L, Lammers R, Birkenhager JC. Triglyceride turnover in severe
chronic non-nephrotic renal failure. Metabolism 1978;27:879.

147. Chan PC, Persaud J, Varghese Z, et al. Apolipoprotein B turnover in dialysis
patients: its relationship to pathogenesis of hyperlipidemia. Clin Nephrol
1989;31:88.

148. Vaziri ND, Liang K. Down-regulation of tissue lipoprotein lipase expression
in experimental chronic renal failure. Kidney Int 1996;50:1928.

149. Applebaum-Bowden D, Goldberg AP, Hazzard WR, et al. Postheparin
plasma triglyceride lipases in chronic hemodialysis: evidence for a role for
hepatic lipase in lipoprotein metabolism. Metabolism 1979;28:917.

150. Chan MK, Persaud J, Varghese Z, et al. Pathogenic roles of post-
heparin lipases in lipid abnormalities in hemodialysis patients. Kidney Int
1984;25:812.

151. Gupta KL, Majumdar S, Sakhuja V. Postheparin lipolytic activity in acute
and chronic renal failure. Ren Fail 1994;16:609.

152. Quaschning T, Schomig M, Keller M, et al. Non-insulin-dependent diabetes
mellitus and hypertriglyceridemia impair lipoprotein metabolism in chronic
hemodialysis patients. J Am Soc Nephrol 1999;10:332.

153. Ekman R, Nilsson-Ehle P. Effects of apolipoproteins on lipoprotein lipase
activity of human adipose tissue. Clin Chim Acta 1975;63:29.

154. Oi K, Hirano T, Sakai S, et al. Role of hepatic lipase in intermediate-
density lipoprotein and small, dense low-density lipoprotein formation in
hemodialysis patients. Kidney Int 1999;71:S227.

155. Gonzalez AI, Schreier L, Elbert A, et al. Lipoprotein alterations in hemodial-
ysis: differences between diabetic and nondiabetic patients. Metabolism
2003;52:116.

156. Vaziri ND, Liang K. Down-regulation of VLDL receptor expression in
chronic experimental renal failure. Kidney Int 1997;51:913.

157. Okubo K, Ikewaki K, Sakai S, et al. Abnormal HDL apolipoprotein A-I
and A-II kinetics in hemodialysis patients: a stable isotope study. J Am Soc
Nephrol 2004;15:1008.

158. Alsayed N, Rebourcet R. Abnormal concentrations of CII, CIII and
E apolipoproteins among apolipoprotein B-containing, B-free, and A-
1-containing lipoprotein particles in hemodialysis patients. Clin Chem
1991;37:387.

159. Attman PO, Alaupovic P, Gustafson A. Serum apolipoprotein profile of
patients with chronic renal failure. Kidney Int 1987;32:368.
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CHAPTER 97 ■ IMMUNOBIOLOGY AND
IMMUNOPHARMACOLOGY OF RENAL
ALLOGRAFT REJECTION
MANIKKAM SUTHANTHIRAN, CHOLI HARTONO, AND TERRY B. STROM

Renal transplantation is the treatment of choice for a signifi-
cant number of patients with irreversible renal failure (1). An
improved understanding of the antiallograft repertoire, better
preservation of donor kidneys, judicious usage of immunosup-
pressive drugs and antibodies, and the clinical application of in-
fection prophylaxis protocols have all contributed to the steady
improvements in outcome following renal transplantation.

IMMUNOBIOLOGY OF RENAL
TRANSPLANTATION

The Antiallograft Response

Allograft rejection is contingent on the coordinated activation
of alloreactive T cells and antigen-presenting cells (APCs).
Through the intermediacy of cytokines and cell-to-cell inter-
actions, a heterogeneous contingent of lymphocytes, including
CD4+ helper T cells, CD8+ cytotoxic T cells, antibody-form-
ing B cells, and other proinflammatory leukocytes are recruited
into the antiallograft response (Fig. 97-1 and Table 97-1).

T Cell Activation and the Immunologic
Synapse: Signal One

The immunologic synapse consists of a multiplicity of T cell-
surface protein forms and clusters, thereby creating a platform
for antigen recognition and generation of various crucial T cell
activation-related signals (2). The synapse begins to form when
the initial adhesions between certain T cell (e.g., CD2, LFA-1)
and APC surface proteins (e.g., CD58, ICAM-1) are formed
(Table 97-2). These adhesions create intimate contact between
T cells and APCs and thereby provide an opportunity for T
cells to recognize antigen. Antigen-driven T cell activation, a
tightly regulated, preprogrammed process, begins when T cells
recognize intracellularly processed fragments of foreign pro-
teins (approximately 8 to 16 amino acids) embedded within
the groove of the major histocompatibility complex (MHC)
proteins expressed on the surface of APCs (3–5). Some recipi-
ent T cells directly recognize the allograft (i.e., donor antigen[s]
presented on the surface of donor APCs), while other T cells
recognize the donor antigen after it is processed and presented
by self-APCs (6) (Fig. 97-1).

The T cell antigen receptor (TCR)–CD3 complex is com-
posed of clonally distinct TCR a and β peptide chains that
recognize the antigenic peptide in the context of MHC pro-
teins and clonally invariant CD3 chains that propagate intra-
cellular signals originating from antigenic recognition (2,7,8)
(Fig. 97-2). The TCR variable, diversity, junction, and con-

stant region genes (i.e., genes for regions of the clone-specific
antigen receptors) are spliced together in a cassettelike fash-
ion during T cell maturation (7). A small population of T
cells expresses TCR γ and δ chains instead of the TCR α and
β chains.

CD4 and CD8 proteins, expressed on reciprocal T cell sub-
sets, bind to nonpolymorphic domains of human leukocyte
antigen (HLA) class II (DR, DP, DQ) and class I (A, B, C)
molecules, respectively (2,7) (Fig. 97-1; Table 97-2). A thresh-
old of TCR to MHC-peptide engagements is necessary to sta-
bilize the immunologic synapse stimulating a redistribution of
cell-surface proteins and coclustering of the TCR/CD3 complex
with the T cell-surface proteins (8–10). CD5 proteins (9,10)
join the synapse. The TCR cluster already includes integrins
(e.g., LFA-1) and nonintegrins, e.g., CD2 (2,8,9) that have cre-
ated T cell–APC adhesions. Hence, antigen recognition stimu-
lates a redistribution of cell-surface proteins and coclustering
of the TCR/CD3 complex with the T cell-surface proteins (2,7–
9) and signaling molecules. This multimeric complex functions
as a unit in initiating T cell activation.

Following activation by antigen, the TCR–CD3 complex
and coclustered CD4 and CD8 proteins are physically associ-
ated with intracellular protein–tyrosine kinases (PTKs) of two
different families, the src (including p59fyn and p56lck) and ZAP
70 families (2). The CD45 protein, a tyrosine phosphatase,
contributes to the activation process by dephosphorylating an
autoinhibitory site on the p56lck PTK. Intracellular domains
of several TCR/CD3 proteins contain activation motifs that
are crucial for antigen-stimulated signaling. Certain tyrosine
residues within these motifs serve as targets for the catalytic
activity of src family PTKs. Subsequently, these phosphory-
lated tyrosines serve as docking stations for the SH2 domains
(recognition structures for select phosphotyrosine-containing
motifs) of the ZAP-70 PTK. Following antigenic engagement
of the TCR/CD3 complex, select serine residues of the TCR
and CD3 chains are also phosphorylated (2,5).

The wave of tyrosine phosphorylation triggered by antigen
recognition encompasses other intracellular proteins and
is a cardinal event in initiating T cell activation. Tyrosine
phosphorylation of the phospholipase Cγ 1 activates this
coenzyme and triggers a cascade of events that lead to full
expression of T cell programs: hydrolysis of phosphatidylinos-
itol 4,5-biphosphate (PIP2) and generation of two intracellular
messengers, inositol 1,4,5-triphosphate (IP3) and diacylglyc-
erol (11) (Fig. 97-2). IP3, in turn, mobilizes ionized calcium
from intracellular stores, while diacylglycerol, in the presence
of increased cytosolic free Ca2+, binds to and translocates pro-
tein kinase C (PKC)—a phospholipid/Ca2+-sensitive protein
serine/threonine kinase—to the membrane in its enzymatically
active form (5,11). Sustained activation of PKC is dependent
on diacylglycerol generation from hydrolysis of additional
lipids, such as phosphatidylcholine.
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FIGURE 97-1. The antiallograft response. Schematic
representation of human leukocyte antigens (HLA), the
primary stimuli for the initiation of the antiallograft re-
sponse, cell-surface proteins participating in antigenic
recognition and signal transduction, contribution of the
cytokines and multiple cell types to the immune re-
sponse, and the potential sites for the regulation of the
antiallograft response. Site 1: Minimizing histoincom-
patibility between the recipients and the donor (e.g.,
HLA matching). Site 2: Prevention of monokine produc-
tion by antigen-presenting cells (e.g., corticosteroids).
Site 3: Blockade of antigen recognition (e.g., OKT3
mAbs). Site 4: Inhibition of T cell cytokine production
(e.g., cyclosporin A [CsA]). Site 5: Inhibition of cytokine
activity (e.g., anti-interleukin-2 [IL-2] antibody). Site 6:
Inhibition of cell cycle progression (e.g., anti-IL-2 re-
ceptor antibody). Site 7: Inhibition of clonal expansion
(e.g., azathioprine [AZA]). Site 8: Prevention of allo-
graft damage by masking target antigen molecules (e.g.,
antibodies directed at adhesion molecules). HLA class
I: HLA-A, B, and C antigens; HLA class II: HLA-DR,
DP, and DQ antigens. IFN-γ , interferon-γ ; NK cells,
natural killer cells.

The increase in intracellular free Ca2+ and sustained PKC
activation promote the expression of several nuclear regulatory
proteins (e.g., nuclear factor of activated T cells [NF-AT], nu-
clear factor kappa B [NF-κB], activator protein 1 [AP-1]) and
the transcriptional activation and expression of genes central
to T cell growth (e.g., interleukin-2 [IL-2] and receptors for
IL-2 and IL-15) (2,5,12).

Calcineurin, a Ca2+- and calmodulin-dependent serine/
threonine phosphatase, is crucial to Ca2+-dependent, TCR-
initiated signal transduction (13,14). Inhibition by cy-
closporine and tacrolimus (FK-506) of the phosphatase activity
of calcineurin is considered central to their immunosuppressive
activity (15).

Costimulatory Signals: Signal Two

Signaling of T cells via the TCR/CD3 complex (signal one)
is necessary, albeit insufficient, to induce T cell proliferation;
full activation is dependent on both the antigenic signals and
the costimulatory signals (signal two) engendered by the con-
tactual interactions between cell-surface proteins expressed on
antigen-specific T cells and APCs (16,17) (Fig. 97-3; Table
97-2). The interaction of the CD2 protein on the T cell sur-
face with the CD58 (leukocyte function-associated antigen

3 [LFA-3]) protein on the surface of APCs, and that of the
CD11a/CD18 (LFA-1) proteins with the CD54 (intercellular
adhesion molecule 1 [ICAM-1]) proteins (18), and/or the in-
teraction of the CD5 with the CD72 proteins (10) aids in im-
parting such a costimulatory signal.

Recognition of the B7-1 (CD80) and B7-2 (CD86) proteins
expressed upon CD4+ T cells generates a very powerful T cell
costimulus (19). Monocytes and dendritic cells constitutively
express CD86. Cytokines (e.g., granulocyte–macrophage
colony-stimulating factor [GMCSF] or interferon-γ [IFN-γ ])
stimulate expression of CD80 on monocytes, B cells, and den-
dritic cells (19). Many T cells express B7-binding proteins (i.e.,
CD28 proteins that are constitutively expressed on the surface
of CD4+ T cells and CTLA-4 [CD152]), a protein whose
ectodomain is closely related to that of CD28, and is expressed
upon activated CD4+ and CD8+ T cells. CD28 binding of B7
molecules stimulates a Ca2+-independent activation pathway
that leads to stable transcription of the IL-2, IL-2 receptors, and
other activation genes resulting in vigorous T cell proliferation
(19). For some time, the terms CD28 and the costimulatory
receptor were considered synonymous by some, but the demon-
stration that robust T cell activation occurs in CD28-deficient
mice indicated that other receptor ligand systems contribute to
signal two (20). In particular, the interaction between CD40
expressed upon APCs and CD40 ligand (CD154) expressed by
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TA B L E 9 7 - 1

CELLULAR ELEMENTS CONTRIBUTING TO THE ANTIALLOGRAFT RESPONSEa

Cell type Functional attributes

T cells The CD4+ T cells and the CD8+ T cells participate in the antiallograft response. CD4+ T cells recognize antigens
presented by HLA class II proteins and CD8+ T cells recognize antigens presented by HLA class I proteins. The
CD3/TCR complex is responsible for recognition of antigen and generates and transduces the antigenic signal.

CD4+ T cells CD4+ T cells function mostly as helper T cells and secrete cytokines such as IL-2, a T cell growth/death factor, and
IFN-γ , a proinflammatory polypeptide that can upregulate the expression of HLA proteins as well as augment
cytotoxic activity of T cells and NK cells. Recently, two main types of CD4+ T cells have been recognized:
CD4+ TH1, CD4+ TH2. IL-2 and IFN-γ are produced by CD4+ TH1 type cells and IL-4 and IL-5 are secreted
by CD4+ TH2 type cells. Each cell type regulates the secretion of the other and the regulated secretion is
important in the expression of host immunity.

CD8+ T cells CD8+ T cells function mainly as cytotoxic T cells. A subset of CD8+ T cells expresses suppressor cell function.
CD8+ T cells can secrete cytokines, such as IL-2 and IFN-γ and can express molecules such as perforin,
granzymes that function as effectors of cytotoxicity.

APCs Monocytes/macrophages and dendritic cells function as potent APCs. Donor’s APCs can process and present donor
antigens to recipient’s T cells (direct recognition) or recipient’s APCs can process and present donor antigens to
recipient’s T cells (indirect recognition). The relative contribution of direct recognition and indirect recognition
to the antiallograft response has not been resolved. Direct recognition and indirect recognition might also have
differential susceptibility to inhibition by immunosuppressive drugs.

B cells B cells require T cell help for the differentiation and production of antibodies directed at donor antigens. The
alloantibodies can damage the graft by binding and activating complement components (complement-dependent
cytotoxicity) and/or binding the Fc receptor of cells capable of mediating cytotoxicity (antibody-dependent,
cell-mediated cytotoxicity).

NK cells The precise role of NK cells in the antiallograft response is not known. Increased NK cell activity has been
correlated with rejection. NK cell function might also be important in immune surveillance mechanisms
pertinent to the prevention of infection and malignancy.

aAPCs, antigen presenting cells; IFN, interferon; IL, interleukin; NK, natural killer; TCR, T cell antigen receptor.
(Reproduced from Suthanthiran M, Morris RE, Strom TB. Transplantation immunobiology. In: Walsh PC, Retik AB, Vaughn ED Jr, et al., eds.
Campbell’s Urology. 7th ed. Philadelphia: Saunders; 1997:491, with permission.)

TA B L E 9 7 - 2

CELL-SURFACE PROTEINS IMPORTANT FOR T CELL ACTIVATIONa,b

T cell surface APC surface Functional response Consequence of blockade

LFA-1 (CD11a, CD18) ICAM (CD54) Adhesion Immunosuppression
ICAM1 (CD54) LFA-1 (CD11a, CD18)
CD8, TCR, CD3 MHCI Antigen recognition Immunosuppression
CD4, TCR, CD3 MHCII
CD2 LFA3 (CD58) Costimulation Immunosuppression
CD40L (CD154) CD40
CD5 CD72
CD28 B7-1 (CD80) Costimulation Anergy
CD28 B7-2 (CD86)
CTLA4 (CD152) B7-1 (CD80) Inhibition Immunostimulation
CTLA4 (CD152) B7-2 (CD86)

aReceptor/counterreceptor pairs that mediate interactions between T cells and APCs are shown in this table. Inhibition of each protein-to-protein
interaction, except the CTLA4–B7.1/B7.2 interaction, results in an abortive in vitro immune response. Initial contact between T cells and APCs
requires an antigen-independent adhesive interaction. Next, the T cell antigen-receptor complex engages processed antigen presented within the
antigen-presenting groove of MHC molecules. Finally, costimulatory signals are required for full T cell activation. An especially important signal is
generated by B7-mediated activation of CD28 on T cells. Activation of CD28 by B7.2 may provide a more potent signal than activation by B7.1.
CTLA4, present on activated but not resting T cells, imparts a negative signal.
bAPC, antigen-presenting cell; ICAM, intercellular adhesion molecule; LFA, leukocyte function-associated; MHC, major histocompatibility complex.
(Reproduced from Suthanthiran M, Morris RE, Strom TB. Transplantation immunobiology. In: Walsh PC, Retik AB, Vaughn ED Jr, et al., eds.
Campbell’s Urology. 7th ed. Philadelphia: Saunders; 1997:491, with permission.)
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FIGURE 97-2. Signal transduction in T cells and
mechanisms of action of cyclosporine A (CsA),
FK-506, or rapamycin. Signaling molecules and
transmembrane signaling events participating in the
transduction of antigenic signals from the plasma
membrane of the T cells to the nucleus are schemati-
cally shown. The sites of action of the drug (CsA/FK-
506/rapamycin)–immunophilin complex are also
shown. Ag, antigen; Ap59 and Bp19, subunits of
calcineurin; DAG, diacylglycerol; I-κB, inhibitory
factor kappa B; IL-2, interleukin-2; immunophilin,
cyclophilin or FK-binding protein; IP3, inositol
1,4,5-triphosphate; MHC, major histocompatibil-
ity complex; NF-AT, nuclear factor of activated T
cells; NF-κB, nuclear factor kappa B; P, phosphoty-
rosine; PIP2, phosphatidylinositol 4,5-biphosphate;
PKC, protein kinase C; PLCγ 1, phospholipase C
gamma-1; Tyr kinase, tyrosine kinase. (Adapted
from: Schreier MH, Baumann G, Zenke G. Inhibition
of T-cell signaling pathways by immunophilin drug
complexes: are side effects inherent to immunosup-
pressive properties? Transplant Proc 1993;25:502.)

antigen-activated CD4+ T cells has received great attention
as a potent second signal (21). The delivery of the antigenic
first signal and the costimulatory second signal leads to stable
transcription of the IL-2, several T cell growth-factor recep-
tors, and other pivotal T cell activation genes (Table 97-2).
The Ca2+-independent costimulatory CD28 pathway is resis-
tant to inhibition by cyclosporine or FK-506 as compared to the
calcium-dependent pathway of T cell activation. In contrast,
recognition of B7 proteins by CTLA-4, a protein primarily ex-
pressed on activated T cells, stimulates a negative signal to T
cells. This signal is a prerequisite for peripheral T cell tolerance
(22).

The formulation that full T cell activation is dependent on
the costimulatory signal, as well as the antigenic signal is most
significant, as T cell molecules responsible for costimulation
and their cognate receptors on the surface of APCs then rep-
resent target molecules for the regulation of the antiallograft
response. Indeed, transplantation tolerance has been induced
in experimental models by targeting a variety of cell-surface
molecules that contribute to the generation of costimulatory
signals.

Interleukin-2/Interleukin-15 Stimulated
T Cell Proliferation

Autocrine type of T cell proliferation occurs as a consequence
of the T cell activation-dependent production of IL-2 and
the expression of multimeric high affinity IL-2 receptors on
T cells (Fig. 97-2) formed by the noncovalent association of
three IL-2-binding peptides (a, β, γ ) (12,23–25). IL-15 is a
paracrine-type T cell-growth factor family member with very
similar overall structural and identical T cell stimulatory qual-
ities to IL-2 (12). The IL-2 and IL-15 receptor complexes share
β and γ chains that are expressed in low abundance upon
resting T cells; expression of these genes is amplified in acti-
vated T cells. The α-chain receptor components of the IL-2
and IL-15 receptor complexes are distinct and expressed upon
activated, but not resting, T cells. The intracytoplasmic do-
mains of the IL-2 receptor β and γ chains are required for
intracellular signal transduction. The ligand-activated, but not
resting, IL-2/IL-15 receptors are associated with intracellular
PTKs (12,26–28). Raf-1, a protein serine/threonine kinase that
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FIGURE 97-3. T cell/antigen-presenting cell contact sites. In this
schema of T cell activation, the antigenic signal is initiated by the phys-
ical interaction between the clonally variant T cell antigen receptor
(TCR) α-, β-heterodimer and the antigenic peptide displayed by MHC
on antigen-presenting cells (APCs). The antigenic signal is transduced
into the cell by the CD3 proteins. The CD4 and the CD8 antigens
function as associative recognition structures, and restrict TCR recog-
nition to class II and class I antigens of MHC, respectively. Additional
T cell- surface receptors generate the obligatory costimulatory signals
by interacting with their counterreceptors expressed on the surface of
the APCs. The simultaneous delivery to the T cells of the antigenic
signal and the costimulatory signal results in the optimum genera-
tion of second messengers (such as calcium), expression of transcrip-
tion factors (such as nuclear factor of activated T cells), and T cell
growth-promoting genes (such as IL-2). The CD28 antigen as well as
the CTLA4 antigen can interact with both the B7-1 and B7-2 antigens.
The CD28 antigen generates a stimulatory signal, and the recent stud-
ies of CTLA4-deficient mice suggest that CTLA4, unlike CD28, gener-
ates a negative signal. CD, cluster designation; ICAM-1, intercellular
adhesion molecule-1; LFA-1, leukocyte function-associated antigen-
1; MHC, major histocompatibility complex. (From: Suthanthiran M.
Transplantation tolerance: fooling mother nature. Proc Natl Acad Sci
USA 1996;93:12072.)

is prerequisite to IL-2/IL-15-triggered cell proliferation, asso-
ciates with the intracellular domain of the shared β chain (29).
Translocation of IL-2 receptor-bound Raf-1 serine/threonine
kinase into the cytosol requires IL-2/IL-15-stimulated PTK
activity. The ligand-activated common γ chain recruits a
member of the Janus kinase family, Jak 3, to the receptor
complex that leads to activation of a member of the STAT
family. Activation of this particular Jak–STAT pathway is pre-
requisite for proliferation of antigen-activated T cells. The sub-
sequent events leading to IL-2/IL-15-dependent proliferation
are not fully resolved; however, IL-2/IL-15-stimulated expres-
sion of several DNA binding proteins including bcl-2, c-jun,
c-fos, and c-myc contributes to cell cycle progression (30,31).
It is interesting and probably significant that IL-2, but not
IL-15, triggers apoptosis of many antigen-activation T cells.
In this way, IL-15–triggered events are more detrimental to
the allograft response than IL-2. As IL-15 is not produced by
T cells, IL-15 expression is not regulated by cyclosporine or
tacrolimus.

Immunobiology and Molecular
Diagnosis of Rejection

The net consequence of cytokine production and acquisition
of cell-surface receptors for these transcellular molecules is
the emergence of antigen-specific and graft-destructive T cells
(Fig. 97-1). Cytokines also facilitate the humoral arm of
immunity by promoting the production of cytopathic antibod-
ies. Moreover, IFN-γ and tumor necrosis factor-α (TNF-α)
can amplify the ongoing immune response by upregulating
the expression of HLA molecules as well as costimulatory
molecules (e.g., B7) on graft parenchymal cells and APCs
(Fig. 97-1). We and others have demonstrated the presence
of antigen-specific cytotoxic T lymphocytes (CTL) and
anti-HLA antibodies during or preceding a clinical rejection
episode (32,33). We have detected messenger RNA (mRNA)
encoding the CTL-selective serine protease (granzyme B),
perforin, Fas-ligand attack molecules, and immunoregulatory
cytokines, such as IL-10 and IL-15, in human renal allografts
undergoing acute rejection (reviewed in reference 34). Indeed,
these gene-expression events can anticipate clinically apparent
rejection. More recent efforts to develop a noninvasive method
for the molecular diagnosis of rejection have proved reward-
ing. Using either peripheral blood (35) or urinary leukocytes
(36) rejection-related, gene-expression events evident in renal
biopsy specimens are also detected in peripheral blood or
urinary sediment specimens. We suspect that a noninvasive,
molecular diagnostic-approach rejection may prove pivotal to-
ward detection of insidious, clinically silent rejection episodes
that, although rarely detected through standard measures, are
steroid-sensitive but usually lead to chronic rejection (37).

Immunopharmacology of
Allograft Rejection

Glucocorticosteroids

Glucocorticosteroids inhibit T cell proliferation, T cell-
dependent immunity, and cytokine gene transcription (includ-
ing IL-1, IL-2, IL-6, IFN-γ , and TNF-α gene) (38-40). While
no single cytokine can reverse the inhibitory effects of corti-
costeroids on mitogen-stimulated T cell proliferation, a com-
bination of cytokines is effective (41). The glucocorticoid and
glucocorticoid–receptor bimolecular complex block IL-2 gene
transcription via impairment of the cooperative effect of sev-
eral DNA-binding proteins (42). Corticosteroids also inhibit
formation of free NF-κB, a DNA-binding protein required for
cytokine and other T cell- activation gene expression events
(43) (Fig. 97-1 and Table 97-3).

Azathioprine

A thioguanine derivative of 6-mercaptopurine (44), azathio-
prine is a purine analog that acts as a purine antagonist and
functions as an effective antiproliferative agent (Fig. 97-1 and
Table 97-3) (44,45).

The Calcineurin Inhibitors: Cyclosporine
and Tacrolimus (FK-506)

Cyclosporine, a small cyclic fungal peptide, and FK-506, a
macrolide antibiotic, block the Ca2+-dependent antigen trig-
gered T cell activation (signal one) (46) (Fig. 97-2). The im-
munosuppressive effects of cyclosporine and FK-506 are de-
pendent on the formation of a heterodimeric complex that
consists of the native compound (cyclosporine or FK-506) and
its respective cytoplasmic receptor “immunophilin” proteins,
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TA B L E 9 7 - 3

MECHANISMS OF ACTION OF SMALL MOLECULE IMMUNOSUPPRESSANTSa

Immunosuppressant Subcellular site(s) of action
Azathioprine Inhibits purine synthesis
Corticosteroids Blocks cytokine gene expression
CsA/tacrolimus Blocks Ca2+-dependent T cell activation pathway via binding to

calcineurin
Mycophenolate mofetil Inhibits inosine monophosphate dehydrogenase and prevents de

novo guanosine and deoxyguanosine synthesis in lymphocytes
Sirolimus/Everolimus Blocks IL-2 and other growth-factor signal transduction; blocks

CD28-mediated costimulatory signals
Leflunomide/FK778 Inhibits dihydroorotate dehydrogenase—a key enzyme for de

novo pyramidine biosynthesis
FTY 720 Phosphorylated FTY720 binds sphingolipid 1-phosphate receptor

and prevents S1P signaling of cells; sequestration of lympocytes
within the lymph nodes and prevention cell egress into the
peripheral circulation

aCsA, cyclosporine A; IL, interleukin.

cyclophilin and FK-binding protein (FKBP). Cyclosporine–
cyclophilin and FK-506–FKBP complexes bind to calcineurin
and inhibit its phosphatase activity (Table 97-3). The inhibi-
tion of the enzymatic activity of calcineurin is central to the
immunosuppressive effects of cyclosporine and FK-506.

Since the phosphorylation status of transcription factors
may alter their intracellular localization, it is interesting that
cyclosporine–FK-506 inhibition of phosphatase activity of cal-
cineurin apparently interferes with the dephosphorylation of
cytoplasmic NF-AT and its subsequent import into the nucleus.
The phosphorylation status of transcription factors can also af-
fect their DNA binding ability and interaction with the rest of
the transcriptional machinery. For example, the DNA binding
activities of c-jun increase upon dephosphorylation. In addi-
tion to inhibiting the expression of NF-AT, cyclosporine also
inhibits other DNA-binding proteins, such as NF-κB and AP-1
(47).

Blockade of cytokine gene activation does not totally
account for the antiproliferative effect of cyclosporine and
FK-506. It is significant that cyclosporine, in striking contrast
to its inhibitory activity on the induced expression of IL-2,
enhances the expression of transforming growth factor-β
(TGF-β) (48). Because TGF-β is a potent inhibitor of T
cell proliferation and generation of antigen-specific CTL
(49), heightened expression of TGF-β must contribute to the
antiproliferative/immunosuppressive activity of cyclosporine.
This novel effect of cyclosporinee also suggests a mechanism
for some of the complications (e.g., renal fibrosis and tumor
metastasis) of therapy with cyclosporine, because TGF-β is a
fibrogenic and proangiogenic cytokine.

Mycophenolate Mofetil

Mycophenolate mofetil (MMF) is a semisynthetic derivative
of mycophenolic acid. It inhibits allograft rejection in rodents,
diminishes proliferation of T and B lymphocytes, decreases
generation of cytotoxic T cells, and suppresses antibody
formation (50–52). MMF inhibits inosine monophosphate
dehydrogenase (IMPDH), an enzyme in the de novo pathway
of purine synthesis. Lymphocytes are dependent upon this
biosynthetic pathway to satisfy their guanosine requirements
(Table 97-3) (reviewed in reference 52). Early clinical trials
have utilized MMF to replace azathioprine in the cyclosporine-
and steroid-based immunosuppressive regimen. These con-
trolled, prospective trials have shown a diminished incidence

of early acute rejection episodes (52–54). Although follow-up
studies over a 3-year period have indicated an advantage
for MMF over azathioprine (54), a recent randomized trial
comparing MMF with azathioprine in recipients of a first
kidney transplant from a diseased donor found similar levels
of acute rejection in the first 6-months of transplantation (55).

Sirolimus (Rapamycin)

Rapamycin (56–58) is a macrocyclic lactone isolated from
Streptomyces hygroscopicus that, like FK-506, binds to FKBP.
However, rapamycin and FK-506 affect different and distinc-
tive sites in the signal transduction pathway (Fig. 97-2 and
Table 97-3). Whereas rapamycin blocks IL-2 and other growth
factor-mediated signal transduction, FK-506 (or cyclosporine)
has no such capacity. Also, the rapamycin–FKBP complex, un-
like the FK-506–FKBP complex, does not bind calcineurin. The
antiproliferative activity of the rapamycin–FKBP complex is
linked to blockade of the activation of the 70-kDa S6 protein ki-
nases and blockade of expression of the bcl-2 proto-oncogene.
Rapamycin also blocks the Ca2+-independent CD28-induced
costimulatory pathway. Substitution of rapamycin for azathio-
prine in a triple-therapy regimen reduced the frequency and
severity of acute rejection (59).

Everolimus (RAD)

Everolimus is a derivative of rapamycin. The use of everolimus
in Phase II clinical trials involving cyclosporine, steroids, and
basiliximab induction resulted in excellent graft survival in 36
months (60). In a short-term Phase III trial, everolimus was
comparable to MMF with cyclosporine and steroids in pre-
venting acute rejection (61).

Leflunomide

Leflunomide is a synthetic isoxazole derivative that inhibits
dihydroorotate dehydrogenase—a key enzyme for de novo
pyrimidine synthesis. It belongs to the family of drugs known
as malonitrilamides and is currently approved for the treat-
ment of rheumatoid arthritis. Leflunomide has antiviral ef-
fects against cytomegalovirus, herpes simplex virus type 1,
and polyomavirus (BK virus) (62–64). A short-term, open-
label, prospective crossover trial of leflunomide comprised of
22 patients with chronic renal allograft dysfunction found
100% patient survival and 91% graft survival at 6-months
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posttransplantation, and was well tolerated, with anemia be-
ing the most common adverse effect (65).

FK778

FK778 is an analog of the active metabolite (A771726)
of leflunomide. A Phase II European multicenter random-
ized, double-blind, and FK778 dose-controlled trial was
performed in 149 renal transplant recipients divided into
three groups: Group 1: high-level FK778/tacrolimus/steroids,
Group 2: low- level FK778/tacrolimus/steroids, and Group 3:
placebo/tacrolimus/steroids (66). The incidence of acute rejec-
tion in groups 1, 2, and 3 were 28.6%, 25.9%, and 34.8%,
respectively, and patients who reached target levels had lower
incidence of acute rejection. Anemia was a commonly reported
complication and was observed 43% in group 1, 31% in group
2, and 20% in group 3.

Muromonab–CD3 (OKT3)

OKT3 is a murine monoclonal antibody directed against the
CD3 component of the T cell receptor complex. It is utilized in
renal transplantation as an induction agent and for treatment
of severe steroid-resistant acute rejection. The first dose reac-
tion as a result of cytokine release may be severe and include
fever, chills, respiratory symptoms, and headaches. A human-
ized preparation (HuM291) that potentially reduces cytokine
release reaction is being investigated (67).

Antithymocyte Globulin (ATG)

Immunizing either rabbits or equines with human thymocytes
produces antithymocyte globulin preparations. The antibod-
ies generated are polyclonal in nature and are directed against
several cell-surface antigens including: CD2, CD3, CD4, CD8,
CD11a, CD18, CD25, CD44, CD45, HLA-DR, and HLA class
I heavy chain (68). ATG preparations are used both as an induc-
tion agent, especially in high-risk renal transplant recipients,
and for the treatment of acute rejection. In a steroid rapid-
withdrawal protocol using calcineurin inhibitor and MMF or
sirolimus, rabbit ATG was selected as the induction agent for
low-risk, mostly Caucasian, renal transplant recipients and
the actuarial acute rejection-free graft survival was 92% at
3 years (69).

Interleukin (IL)-2 Receptor Antagonists:
Basiliximab and Daclizumab

IL-2 receptor antagonists (IL-2Ra) inhibit allograft rejection
by competitively binding CD25 antigen (IL-2 receptor α chain
or Tac subunit) on activated T lymphocytes. Both basiliximab
(chimeric human/murine monoclonal IgG1κ ) and daclizumab
(humanized monoclonal IgG1) are commonly utilized as induc-
tion agents for renal transplantation. A meta-analysis of clin-
ical trials involving monoclonal antibodies directed at CD25
showed that when combined with standard double or triple
immunosuppressive regimens, the use of these antibodies re-
duced the incident of acute rejection by 34% and by 49% the
incidence of steroid-resistant rejection (70). The meta-analysis
also showed that the efficacy of anti-CD25 monoclonal an-
tibodies in preventing acute rejection was similar to that of
OKT3 and that of polyclonal antibody preparations and, im-
portantly, with fewer side effects.

Alemtuzumab

Alemtuzumab is a humanized monoclonal IgG1κ directed
against CD52, which is a glycoprotein expressed on B and
T lymphocytes, natural killer (NK) cells, monocytes, and
macrophages. It is approved for the treatment of B cell chronic
lymphocytic leukemia. In a pilot study of 29 primary renal

transplant recipients treated with alemtuzumab and sirolimus
monotherapy, profound and sustained depletion of lympho-
cytes was observed and eight of the patients developed acute
rejection requiring conversion to standard triple therapy (71).
In an investigation of 44 renal allograft recipients treated with
alemtuzumab, tacrolimus (trough levels of 5 to 7 ng/mL), and
MMF (500 mg twice a day), and with a median follow up of
9-months, four patients developed acute rejection and four de-
veloped infection and the patient and graft survival rates were
100% (72).

Rituximab

Rituximab is a chimeric murine/human monoclonal IgG1κ di-
rected against the CD20 antigen expressed on the surface of B
lymphocytes. It is approved for the treatment of CD20-positive,
B cell non-Hodgkin’s lymphoma. Initial experience with ritux-
imab has shown promising results in the treatment of steroid-
resistant acute renal allograft rejection (73). Rituximab has also
been used as a component of a preconditioning regimen to pre-
pare patients for renal transplantation from ABO incompatible
donors (74).

Intravenous Immune Globulins (IVIG)

Due to its immunomodulatory effects, IVIG is used to treat a va-
riety of autoimmune diseases (75). In the renal transplantation
arena, IVIG is being utilized to reduce humoral immunity in
two distinct settings: (a) to reduce the level of preexisting anti-
HLA antibodies and convert a positive crossmatch to a negative
crossmatch (76) and (b) to treat humoral rejection (77).

FTY720

FTY720 is a synthetic analog derived from the ascomycete
Isaria sinclairii. The phosphorylated metabolite, FTY720-
phosphate, is the biologically active compound. FTY720 af-
fects the normal trafficking of lymphocytes and prevents their
transmigration from lymph nodes to the allograft by binding
lymphocytic sphingolipid 1-phosphate (S1P)1 receptors. This
process prevents the signaling of lymphocytes by serum S1P and
the egress into the periphery in response to systemic inflamma-
tion (78). In the first human trial of FTY720 in stable renal al-
lograft recipients, transient but asymptomatic bradycardia was
noted following 10 of 24 doses examined (79). In a random-
ized, multicenter, double-blind, and placebo-controlled, Phase
I study of stable renal allograft recipients, a dose-dependent
decrease in peripheral blood lymphocytes was observed (80).
A Phase IIA trial comparing FTY720 to MMF in combination
with cyclosporine and steroids in de novo renal transplant re-
cipients showed equivalent efficacy and safety with regard to
prevention of acute rejection (81).

LEA29Y

LEA29Y (BMS-224818) is a fusion protein related to cy-
totoxic T lymphocyte-associated antigen 4 immune globulin
(CTLA4Ig) designed to block the B7/CD28 costimulatory path-
way. A Phase II trial comparing LEA29Y against cyclosporine
(in a regimen consisting of basiliximab, MMF, and cortico-
steroids) has yielded promising results in preventing acute re-
jection of renal allografts (82).

Immunosuppressive Regimens

Immunologic considerations, including antirejection therapy,
are organized around a few general principles. The first consid-
eration is careful patient preparation and, in the circumstance
of living donor renal transplantation, selection of the best avail-
able ABO-compatible HLA match in the event that several
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potential living related donors are available for organ dona-
tion. Second is a multitiered approach to immunosuppressive
therapy similar, in principle, to that used in chemotherapy; sev-
eral agents are used simultaneously, each of which is directed at
a different molecular target within the allograft response (Fig.
97-1 and Table 97-3). Additive/synergistic effects are achieved
through application of each agent at a relatively low dose,
thereby limiting the toxicity of each individual agent while in-
creasing the total immunosuppressive effect. Third is the prin-
ciple that higher immunosuppressive drug doses and/or more
individual immunosuppressive drugs are required to gain early
engraftment and to treat established rejection than are needed
to maintain immunosuppression in the long term. Hence, in-
tensive induction and lower-dose maintenance drug protocols
are used. Fourth is careful investigation of each episode of post-
transplant graft dysfunction, with the realization that most of
the common causes of graft dysfunction, including rejection,
can (and often do) coexist. Successful therapy, therefore, of-
ten involves several simultaneous therapeutic maneuvers. Fifth
is the appropriate reduction or withdrawal of an immunosup-
pressive drug when that drug’s toxicity exceeds its therapeutic
benefit.

The basic immunosuppressive protocol used in most trans-
plant centers involves the use of at least two and often three
drugs, each directed at a discrete site in the T cell activation
cascade (Fig. 97-1) and each with distinct side effects. While a
calcineurin inhibitor plus MMF plus glucocorticoids is the most
widely used regimen, there are concerns regarding nephrotox-
icity associated with long-term use of calcineurin inhibitors
(83) and several popular variations of the “triple” drug pro-
tocol are being explored in the clinic. A calcineurin-free reg-
imen consisting of sirolimus, MMF, and glucocorticosteroids
has been reported to result in better renal function (84). In a
randomized controlled trial of cyclosporine withdrawal in re-
cipients of first cadaver renal transplants, a 3-month course
of cyclosporine followed by azathioprine and steroid mainte-
nance therapy was superior to continuous cyclosporine-alone
protocol (85). Early cyclosporine withdrawal from a regimen of
cyclosporine, sirolimus, and steroids has been associated with
a better renal function and renal allograft histology compared
to patients maintained on the three-drug regimen (86).

Many centers employ “induction therapy” with antilym-
phocyte preparations. Monoclonal anti–T cell (OKT3) or
polyclonal antilymphocyte antibodies are used as induction
therapy for 5 to 14 days in the immediate posttransplant
period, thereby establishing an immunosuppressive umbrella
that enables early engraftment without immediate use of
calcineurin inhibitors during the early posttransplant period.
During this critical period, the graft is particularly vulnerable
to CsA–FK-506-induced nephrotoxic effects. The incidence of
early rejection episodes is reduced by the prophylactic use of
antilymphocyte antibodies. This protocol is particularly benefi-
cial for patients at high risk for immunologic graft failure (e.g.,
broadly presensitized or retransplant patients). The efficacy
of the polyclonal antilymphocyte antibody preparation (e.g.,
thymoglobulin) or mAbs (e.g., OKT3) in preventing rejection
is impressive, but profound lymphopenia and an increase in the
incidence of opportunistic infections and lymphoma results.
Because of selective targeting of IL-2R+ T cells, anti-CD25
mAb treatment appears to be safer than treatment with thy-
moglobulin or anti-T cell mAbs (70). Insofar as activated but
not resting T cells express the IL-2 receptor α chain, anti-CD25
mAbs are employed as humanized (87,88) or chimeric (89,90)
mAbs to selectively target and destroy alloreactive T cells.
These efforts are based on successful exploration and appli-
cation of IL-2–receptor targeted therapy in preclinical models
(91). Low-dose tacrolimus and sirolimus protocol (92) may
prove to rival the current sequential immune therapy regimens
for use in patients at high risk to reject an allograft. Induction

therapy protocols using either basiliximab or daclizumab have
also been utilized to enable successful early steroid withdrawal
in the first week of renal transplantation (93,94).

HLA and Renal Transplantation

The genes that code for the HLA antigens are lodged within
the short arm of chromosome 6 (95,96). The class I proteins,
HLA-A, B, and C antigens, are composed of a 41-kDa polymor-
phic chain linked noncovalently to a 12-kDa β2-microglobulin
chain that is encoded in chromosome 15. The class I molecules
are expressed by all nucleated cells and platelets. The class II
molecules, HLA-DR, DP, and DQ, are composed of a chain
of 34 kDa and a β chain of 29 kDa. MHC class II molecules
are constitutively expressed on the surface of B cells, mono-
cytes/macrophages, and dendritic cells. Additional lymphoid
cells, such as T cells and many nonlymphoid cells, such as renal
tubular epithelial cells express class II proteins only on stimu-
lation with cytokines.

The clinical benefits of HLA matching are readily apprecia-
ble in the recipients of renal grafts from living related donors.
An analysis of the United Network for Organ Sharing (UNOS)
scientific renal transplant registry data has revealed that the 1-
year graft survival rate is 94% in recipients of two haplotype-
matched, HLA-identical kidneys. It is 89% and 90%, respec-
tively, when a one haplotype-matched parent or sibling is the
donor (97) (Fig. (97-4A). The Collaborative Transplant Study,
an international study that draws on 305 transplant centers
located in 47 countries for data, has also demonstrated that
the survival rate of HLA-identical transplants is superior to
that of one-haplotype-matched grafts, even in the cyclosporine
era (98).

The advantage of HLA-matching is maintained beyond the
first year of transplantation. UNOS registry data (97) show es-
timated half-lives (the time needed for 50% of the grafts func-
tioning at 1 year posttransplantation to fail) of 26.9 years for
HLA-identical grafts and 12.2 years and 10.8 years for one-
haplotype-matched sibling grafts and parental grafts, respec-
tively. Data from the Collaborative Transplant Study, compris-
ing 22,414 living related grafts, have also revealed a substantial
long-term benefit (98) of HLA matching in recipients of living
related grafts.

The effect of matching for HLA in cadaveric graft recipients
has been examined in a prospective U.S. study (99) in which
kidneys were shared nationally on the basis of matching for
HLA-A, B, and DR antigens. All transplantation centers in the
United States participated in this study. The 1-year graft sur-
vival rate was 88% for HLA-matched kidneys and 79% for
HLA-mismatched kidneys (Fig. 97-4B). Moreover, the benefit
of HLA matching persisted beyond the first year posttransplan-
tation; the estimated half-life of the HLA-matched renal graft
was 17.3 years and that of HLA-mismatched renal allografts,
7.8 years.

Since the inception of the U.S. national kidney-sharing pro-
gram in 1987, more than 7,500 cadaveric kidneys have been
distributed to transplantation centers located in 48 states, and
a recent analysis confirmed and extended the observation that
HLA-matched transplants have a superior outcome compared
to HLA-mismatched transplants (100). The estimated 10-year
rate of cadaveric graft survival was 52% for HLA-matched
transplants and was 37% for HLA-mismatched transplants.
Furthermore, the incidence of rejection was lower in HLA-
matched transplants compared to mismatched ones. Interest-
ingly, the mean duration of cold-ischemia time of nationally
shared kidneys was not that different from locally transplanted
kidneys; it was 23 hours compared to 22 hours for nonshared
kidneys (100).
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FIGURE 97-4. Impact of human
leukocyte antigen (HLA) matching on
renal allograft survival rates. A: The
effect of haplotype matching in liv-
ing related renal transplantation (68).
B: The superior results found with
HLA-matched (A, B, and DR anti-
gens) cadaveric renal grafts compared
with HLA-mismatched cadaveric re-
nal grafts (70). C: The impact of dif-
ferent levels of HLA-A, B, and DR
mismatching on the survival of cadav-
eric grafts (72). D: The stepwise im-
provement in the survival of cadav-
eric grafts following matching for the
HLA-DR antigens identified by DNA
typing (number of DR mismatches:
•—•, 0;—, 1; •—�—•,2) (75).

A stepwise increase in the survival rate of cadaveric renal
allografts has also been documented with increasing levels of
HLA-A, B, and DR antigen matching (Fig. 97-4C). The im-
provement in the graft survival rate following HLA matching
is more apparent when matching is based on better resolved
HLA antigens (HLA split antigens) than when based on broad
HLA antigens; the improvement in the graft survival rate be-
tween the best-matched and the worst-matched grafts increases
with time (101). In the UNOS registry data, the difference in
the graft survival rate between the best-matched and worst-
matched recipient was 10% at 1-year posttransplantation and
this difference increased to 18% by 3 years posttransplanta-
tion. The Collaborative Transplant Study of more than 67,000
primary cadaver grafts has also demonstrated a significant cor-
relation between the number of HLA mismatches and graft loss
(98).

A threshold level of HLA matching might exist: Allografts
that are matched for four or more HLA antigens (or two or
less HLA mismatches) have a superior short- as well as long-
term outcome compared to less than four HLA antigen matches
(or greater than two antigen mismatches) (101). It is notewor-
thy that the beneficial effect of different degrees of match-
ing/mismatching for the HLA-A, B, and DR antigens (102),
with the exception of phenotypically identical HLA trans-
plants, is more evident in white recipients as compared to black
recipients of cadaveric renal allografts (97,101).

The impact of each of the HLA loci, HLA-A locus, HLA-B
locus, and HAL-DR locus, on renal allograft outcome has been
investigated. Each locus impacts graft outcome. In the Collabo-
rative Transplant Study, the influence of HLA-DR mismatches
was greater than that of HLA-A or HLA-B mismatches in the
first year following transplantation; with increased posttrans-
plantation time, mismatches at any of the three loci impacted
adversely on graft survival rates (98).

Molecular techniques are currently in place for the finer
resolution of the HLA system (103). The clinical advantage of
molecular matching was suggested originally by the observa-
tion that the 1-year cadaveric renal graft survival rate is 87%
in patients who receive kidneys that are HLA-DR identical,

not only by the serologic methods but also by molecular meth-
ods (DNA-RFLP method). This figure drops to 69% for pa-
tients who receive kidneys that are not HLA-DR identical by
the molecular methodology (104). Application of molecular
techniques for the identification of HLA-DR antigens has also
resulted in the appreciation of a stepwise increase in the sur-
vival of cadaveric renal allografts matched for zero, one, or two
HLA-DR antigens (Fig. 97-4D) (98,103). Molecular typing has
also been used to detect mismatches at the HLA-A or HLA-B
locus. Mismatches that were missed by conventional serologic
techniques, but identified by molecular techniques, were found
to adversely impact graft survival (98).

Current data suggest minimal impact of matching for HLA-
C locus antigens. Matching for the HLA-DP antigen, on the
other hand, appears to be important in repeat but not primary
grafts (98).

Crossmatch

Crossmatches, testing of recipient’s serum for antibodies react-
ing with the donor’s HLA antigens, must be performed prior
to renal transplantation. The standard crossmatch test consists
of incubating the serum from the recipient with the donor’s
lymphocytes in the presence of rabbit serum as a source of
complement.

The presence in the recipient’s serum of cytotoxic anti-
bodies directed at the donor’s class I antigen (positive T cell
crossmatch) is an absolute contraindication to transplantation
because 80% to 90% of transplants performed in the pres-
ence of a positive crossmatch are subject to hyperacute re-
jection (105). The sensitivity of the standard crossmatch test
has been increased by the addition of sublytic concentrations
of antihuman globulin (AHG) to the test system. The graft
survival rate is about 5% lower in recipients with a posi-
tive AHG test compared to recipients with a negative AHG
test (106).

The significance of antibodies reacting with the donor’s class
II antigens (positive B cell crossmatch) is not fully resolved. A
survival disadvantage, 7% in primary transplants and 15% in
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TA B L E 9 7 - 4

CLASSIFICATION OF TOLERANCE

A. Based on the major mechanism involved
1. Clonal deletion
2. Clonal energy
3. Suppression

B. Based on the period of induction
1. Fetal
2. Neonatal
3. Adult

C. Based on the cell tolerized
1. T cell
2. B cell

D. Based on the extent of tolerance
1. Complete
2. Partial, including split

E. Based on the main site of induction
1. Central
2. Peripheral

repeat transplants, however, has been noted in recipients with
a positive B cell crossmatch (106).

A number of centers are currently using flow cytometry-
based methodology to detect donor-specific antibodies.
Flow cytometry crossmatches permit detection of low,
sublytic concentrations of complement fixing as well as
noncomplement-fixing antibodies. In the UNOS kidney
transplant registry data (107), a positive flow cytometry
crossmatch was associated with an increased incidence of
early graft dysfunction requiring dialytic support, primary
nonfunction of the allograft, prolonged hospitalization, and
a greater incidence of allograft rejection. The negative impact
of a positive flow cytometry crossmatch was greater in repeat
transplants compared to primary transplants. Whereas a
positive flow crossmatch was associated with a 5% decrease in
the 3-year survival rate of primary grafts, a 19% decrease was
observed in the 3-year survival of repeat grafts. In primary
transplants, a T+B+ flow cytometry crossmatch and a T–B+
crossmatch had a similar outcome (76% versus 74% at 3-
years posttransplantation), and in repeat transplants a T+B+
flow cytometry crossmatch has a much inferior outcome
compared to a T–B+ crossmatch (60% versus 73% at 3-years
posttransplantation).

TRANSPLANTATION TOLERANCE

Transplantation tolerance can be defined as an inability of the
organ graft recipient to express a graft destructive immune re-
sponse. While this statement does not restrict either the mecha-
nistic basis or the quantitative aspects of immune unresponsive-
ness of the host, true tolerance is antigen-specific, induced as
a consequence of prior exposure to the specific antigen, and is
not dependent on the continuous administration of exogenous
nonspecific immunosuppressants.

A classification of tolerance on the basis of the mechanisms
involved, site of induction, extent of tolerance, and the cell pri-
marily tolerized is provided in Table 97-4. Induction strategies
for the creation of peripheral tolerance are listed in Table 97-5.

Several hypotheses, not necessarily mutually exclusive and,
at times, even complementary, have been proposed for the
cellular basis of tolerance. Data from several laboratories
support the following mechanistic possibilities for the cre-

TA B L E 9 7 - 5

POTENTIAL APPROACHES FOR THE CREATION
OF TOLERANCE

A. Cell depletion protocols
1. Whole body irradiation
2. Total lymphoid irradiation
3. Panel of monoclonal antibodies

B. Reconstitution protocols
1. Allogeneic bone marrow cells with or without T cell

depletion
2. Syngeneic bone marrow cells

C. Combination of strategies A and B
D. Cell-surface molecule targeted therapy

1. Anti-CD4 mAbs
2. Anti-ICAM-1 + anti-LFA-1 mAbs
3. Anti-CD3 mAbs
4. Anti-CD2 mAbs
5. Anti-IL-2 receptor α (CD25) mAbs
6. CTLA4Ig fusion protein
7. Anti-CD40L mAbs

E. Drugs
1. Azathioprine
2. Cyclosporine
3. Rapamycin

F. Additional approaches
1. Donor-specific blood transfusions with concomitant

mAb or drug therapy
2. Intrathymic inoculation of cells/antigens
3. Oral administration of cells/antigens

ation of a tolerant state: clonal deletion, clonal anergy, and
immunoregulation.

Clonal Deletion

Clonal deletion is a process by which self–antigen-reactive cells
(especially those with high affinity for the self-antigens), are
eliminated from the organism’s immune repertoire. This pro-
cess is called central tolerance. In the case of T cells, this process
takes place in the thymus, and the death of immature T cells
is considered to be the ultimate result of high-affinity interac-
tions between a T cell with productively rearranged TCR and
the thymic nonlymphoid cells, including dendritic cells that ex-
press the self-MHC antigen. This purging of the immune reper-
toire of self-reactive T cells is termed negative selection and is
distinguished from the positive selection process responsible for
the generation of the T cell repertoire involved in the recogni-
tion of foreign antigens in the context of self-MHC molecules.
Clonal deletion or at least marked depletion of mature T cells
as a consequence of apoptosis can also occur in the periphery
(reviewed in reference 108). The form of graft tolerance, oc-
curring as a consequence of mixed hematopoietic chimerism,
entails massive deletion of alloreactive clones (109). Tolerance
to renal allografts has been achieved in patients that have ac-
cepted a bone marrow graft from the same donor (110,111).
It is interesting that IL-2, the only T cell-growth factor that
triggers T cell proliferation as well as apoptosis, is an absolute
prerequisite for the acquisition of organ graft tolerance through
use of nonlymphoablative treatment regimens (112,113).
Tolerance achieved under these circumstances also involves
additional mechanisms, including clonal anergy and suppres-
sor mechanisms (114–116).
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FIGURE 97-5. T cell activation/anergy decision points. Several poten-
tial sites for the regulation of T cell signaling are shown. The antigenic
peptide displayed by major histocompatibility complex (MHC) (site 1),
costimulatory signals (site 2), T cell antigen receptor (TCR) (site 3), and
cytokine signaling (site 4) can influence the eventual outcome. Altered
peptide ligands, blockade of costimulatory signals, downregulation of
TCR, and interleukin (IL)-10 favor anergy induction, whereas fully
immunogenic peptides, delivery of costimulatory signals, appropriate
number of TCRs, and IL-12 prevent anergy induction and facilitate
full activation of T cells. (From: Suthanthiran M. Transplantation toler-
ance: fooling mother nature. Proc Natl Acad Sci USA 1996;93:12072.)

Clonal Anergy

Clonal anergy refers to a process in which the antigen-reactive
cells are functionally silenced. The cellular basis for the hypore-
sponsiveness resides in the anergic cell itself and the current
data suggest that the anergic T cells fail to express the T cell-
growth factor, IL-2, and other crucial T cell-activation genes
because of defects in the antigen-stimulated signaling pathway.

T cell clonal anergy can result from suboptimal antigen-
driven signaling of T cells, as mentioned earlier. The full activa-
tion of T cells requires at least two signals, one signal generated
via the TCR–CD3 complex, and the second (costimulatory) sig-
nal initiated/delivered by the APCs. Stimulation of T cells via
the TCR–CD3 complex alone—provision of signal 1 without
signal 2—can result in T cell anergy/paralysis (Fig. 97-5 and
Table 97-2).

B cell activation, in a fashion analogous to T cell activation,
requires at least two signals. The first signal is initiated via the
B cell antigen receptor immunoglobulin and a second costim-
ulatory signal is provided by cytokines or cell-surface proteins
of T cell origin. Thus, delivery of the antigenic signal alone to
the B cells without the instructive cytokines or T cell help can
lead to B cell anergy and tolerance.

Immunoregulatory (Suppressor) Mechanisms

Antigen-specific T or B cells are physically present and are
functionally competent in tolerant states resulting from sup-
pressor mechanisms. The cytopathic and antigen-specific cells
are restrained by the suppressor cells or factors or express non-
cytopathic cellular programs. Each of the major subsets of T
cells, the CD4 T cells and the CD8 T cells, has been implicated
in mediating suppression. Indeed, a cascade involving MHC

antigen-restricted T cells, MHC antigen-unrestricted T cells,
and their secretory products have been reported to collaborate
to mediate suppression. Recently, a subset of CD4+ T cells, the
CD4+ CD25+ cells that express FOXP3, has been identified
to mediate potent suppressive activity (117,118).

At least four distinct mechanisms have been advanced to
explain the cellular basis for suppression:

1. An antiidiotypic regulatory mechanism in which the idio-
type of the TCR of the original antigen-responsive T cells
functions as an immunogen and elicits an antiidiotypic re-
sponse. The elicited antiidiotypic regulatory cells, in turn,
prevent the further responses of the idiotype-bearing cells
to the original sensitizing stimulus.

2. The veto process by which recognition by alloreactive T cells
of alloantigen-expressing veto cells results in the targeted
killing (veto process) of the original alloreactive T cells by
the veto cells.

3. Immune deviation, a shift in CD4+ T cell programs away
from Th1-type (IL-2, IFN-γ expressing) toward the Th2-
type (IL-4, IL-10 expressing) program.

4. The production of suppressor factors or cytokines. (e.g.,
the production of TGF-β by myelin basic protein-specific
CD8 T cells or other cytokines with antiproliferative prop-
erties.) The process leading to full tolerance is infectious.
Tolerant T cells recruit nontolerant T cells into the tolerant
state (115). The tolerant state also establishes a condition in
which foreign tissues housed in the same microenvironment
as the specific antigen to which the host has been tolerized
are protected from rejection (115). Tolerance is a multistep
process (114–116).

Clearly more than one mechanism is operative in the induc-
tion of tolerance (Fig. 97-5). The tolerant state is not an all-or-
nothing phenomenon, but is one that has several gradations. Of
the mechanisms proposed for tolerance, clonal deletion might
be of greater importance in the creation of self-tolerance, and
clonal anergy and immunoregulatory mechanisms might be
more applicable to transplantation tolerance. More recent data
suggest both clonal depletion and immunoregulatory mechan-
isms are needed to create and sustain central or peripheral toler-
ance. From a practical viewpoint, a nonimmunogenic allograft
(e.g., located in an immunologically privileged site or physically
isolated from the immune system) might also be “tolerated” by
an immunocompetent organ-graft recipient.

Authentic tolerance has been difficult to identify in hu-
man renal allograft recipients. Nevertheless, the clinical ex-
amples, albeit infrequent, of grafts functioning without any
exogenous immunosuppressive drugs (either due to noncom-
pliance of the patient or due to discontinuation of drugs for
other medical reasons) does suggest that some long-term recip-
ients of allografts develop tolerance to the transplanted organ
and accept the allografts. The recent progress in our under-
standing of the immunobiology of graft rejection and toler-
ance and the potential to apply molecular approaches to the
bedside hold significant promise for the creation of a clini-
cally relevant tolerant state and transplantation without exoge-
nous immunosuppressants—the ultimate goal of the transplant
physician.

CONCLUSION

Successful organ transplantation represents the fruition of the
dedicated efforts of basic scientists, clinicians, and allied per-
sonnel. An excellent paradigm for the effective application
of knowledge gained by basic research to the alleviation of
life-threatening illness, renal transplantation also affords mar-
velous opportunities for the investigation of the systemic basis
for renal disease independent of organ-specific mechanisms.
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Synergistic therapeutic protocols that target discrete steps in
antigen recognition, signal transduction, and effector immunity
are being explored in the clinic. The ultimate prize of trans-
plantation would be that the basic principles learned would
facilitate the prevention of the disease that necessitated trans-
plantation in the first place.
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CHAPTER 98 ■ OUTCOMES AND
COMPLICATIONS OF RENAL
TRANSPLANTATION
LAURENCE CHAN, ALEX WISEMAN, WEI WANG, ALKESH JANI, AND IGAL KAM

Treatment options for patients with end-stage renal disease
(ESRD) fall into three broad categories: hemodialysis, peri-
toneal dialysis, and transplantation. In most developed coun-
tries, there is a choice for each patient as to the modality of
treatment that best suits the individual. The availability of these
different methods of treatment has allowed flexibility in the
management of the individual patient. Since the first success-
ful renal transplant over 50 years ago (1), more than 500,000
patients with renal failure have had their lives prolonged with
renal allografts (2–4). Renal transplantation has now become
a preferred treatment modality for patients with ESRD. How-
ever, the number of patients with functioning grafts is still small
when compared with the number of patients on maintenance
dialysis (Fig. 98-1).

With improved transplant outcomes and widespread expec-
tation that renal transplantation will be available, the growth
in the number of patients wanting or waiting for a transplant
has outpaced the supply of available organs (Fig. 98-2). The re-
ported average waiting time for a cadaveric kidney transplant
is more than 3 years. More patients are now being considered
for living kidney donor transplantation (Fig. 98-3).

In the United States, Medicare funding was meant to achieve
equal access to transplantation and dialysis for all ESRD pa-
tients in the Social Security System by removing financial bar-
rier to care. There is no doubt that the access to dialysis care
is reasonably equal demographic distribution of dialysis reflect
the population at large and also seem to match the population
in need. However, there are relatively large racial and gender
difference with regard to kidney transplantation. In a retro-
spective analysis of the effect of patient and dialysis unit char-
acteristics on access to kidney transplantation, Held et al. (3)
concluded that white, male, young, nondiabetic, high-income
patients treated in a small dialysis unit are more likely to re-
ceive a cadaver kidney than are other kidney patients. This is
in agreement with a previous report by Kjellstrand (4).

The outcomes of renal transplantation are affected by a
large number of variables (Table 98.1). These factors include:
age, sex, and race of the recipient and donor; tissue compati-
bility; prior sensitization to HLA antigens; original renal dis-
ease, pretransplant health status and concomitant extrarenal
disease of the recipient; compliance of the recipient; donor fac-
tors, such as cold ischemia time and nephron dosing effect;
and, finally, the experience of the transplant center and the na-
ture and extent of immunosuppresive therapy. Each of these
factors contributes to some extent to the ultimate outcome of
renal transplantation, as assessed by the survival of both the
patient and the functioning graft. The short-term outcome has
improved substantially in the past 15 years. One-year graft sur-
vival for cadaveric donor transplants now approaches 90% in
experienced centers, but improvement in long-term graft sur-
vival has been more difficult to achieve. It has been empirically
observed that after the first year, fractional graft survival over

time is linear when plotted logarithmically. The half-lives (T1/2)
can be a useful method of analyzing long-term survival. Despite
significant improvement in 1-year graft survival between 1972
and 1990, the T1/2 has shown little improvement. However, in
a recent analysis by Hariharan et al. (5) on graft survival for all
93,934 renal transplantations performed in the United States
between 1988 and 1996, the 1-year survival rate for grafts from
living donors increased from 88.8% versus 93.9%, and the rate
for deceased donor grafts increased from 75.7% to 87.7%. The
half-life for grafts from living donors increased steadily from
12.7 to 21.6 years and that for cadaveric grafts increased from
7.9 to 13.8 years. The improvement is not attributable to any of
the newer immunosuppressive drugs, because it took place in
the era of treatment with cyclosporine, azathioprine, and pred-
nisone. These data, while quite promising, should be viewed in
the context that graft survival was calculated upon projected,
not actual, graft survival. These data from 1988 to 1995 were
recently reanalyzed with findings that suggest that the half-life
of deceased donor grafts improved from 6.0 to 8.0 years, but
that the graft survival rate of first transplants did not appre-
ciably improve (6). With the availability of better therapeutic
protocols, we may expect even better outcome in renal trans-
plantation with better long-term graft and patient survival. In
the subsequent sections of this chapter, we will discuss each of
the factors influencing outcome of renal transplantation, the
recipient and donor evaluation prior to transplantation, im-
munosuppressive drugs, posttransplantation management, and
complications.

PATIENT SELECTION AND
PRETRANSPLANT EVALUATION

General Philosophy in Recipient Selection

Each transplant center has its own criteria in selecting patients
for transplantation. The decision to place a patient on the wait-
ing list for a transplant should be made jointly by the nephrol-
ogist and transplant surgeon. Most patients are transplanted
after having been established on maintenance hemodiaysis or,
to a lesser extent, peritoneal dialysis. However, many patients
are being transplanted before they require dialysis. Indeed, if
the supply of kidneys were to increase, this shortcut would
become an increasingly common practice. In general, patients
with ESRD should be given the option to choose between dialy-
sis and transplantation. Patients who have expressed an interest
in undergoing kidney transplantation should be fully evaluated
by the transplant team as an outpatient during a clinic visit, or
inpatient basis in a few centers.

Criteria for acceptance were more stringent in the past.
Today there are few absolute contraindications to a kidney
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FIGURE 98-1. Point prevalence counts of patients with end-stage renal disease by treatment modality,
data source, and year, 1988–1997. Percentages include Puerto Rico and U.S. territories. (From: United
States Renal Data System. USRDS 1999 Annual Data Report. Bethesda, MD: National Institutes of Health
and National Institute of Diabetes and Digestive and Kidney Diseases; 1999, with permission.)

FIGURE 98-2. Counts of patients on cadaveric renal transplant waiting list and counts of renal transplants
from a cadaveric donor by year, 1989–1997. (From: United States Renal Data System. USRDS 1999
Annual Data Report. Bethesda, MD: National Institutes of Health and National Institute of Diabetes and
Digestive and Kidney Diseases; 1999, with permission.)

FIGURE 98-3. Transplantation rates (count of new renal transplants per million total population) in
Australia, New Zealand, Canada, selected European countries, Japan, Hong Kong, Chile, Brazil, Uruguay,
and the United States during 1997, by donor type (cadaveric or living donor). (Data from 1996: Germany,
Denmark, Ireland, France, Hong Kong, and Japan.)
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TA B L E 9 8 - 1

FACTORS INFLUENCING THE OUTCOME OF
CADAVERIC RENAL TRANSPLANTATION

Immunologic Nonimmunologic

Immunosuppressive protocol Delayed graft function/ischemic
Matching for HLA time
Sensitization Compliance
Rejection Cardiovascular disease

Recipient age
Center effect/clinical care
Nephron dose/donor and

recipient sex

transplantation (7,8) and many of these contraindications are
relative (Table 98-2). Successful renal transplantation in Jeho-
vah’s Witnesses has also been reported (9). Several medical and
immunologic factors of the recipient, however, have been iden-
tified with a higher risk of death and graft loss. These include
older age, diabetes, and heart disease. These factors are also as-
sociated with a higher risk of death in the general population
and in patients with ESRD treated by dialysis.

Age

The very young patient (younger than 5 years of age) and the
elderly recipient do have a poorer patient and graft survival
than patients of ages between these two extremes (10–12).
This is due to complications of immunosuppressive therapy
leading to death or to nontransplant-related complications, in
particular, cardiovascular disease in the elderly leading to death
(13,14).

Until relatively recently, patients generally were not consid-
ered for transplantation over the age of 65 if significant car-
diovascular disease was present (15–17). However, the ESRD
population is rapidly “graying” (18). There has been a striking
change over the past 10 years or so in the type of patient consid-
ered suitable for transplantation. A reluctance to accept trans-
plantation in older patients was previously due to the belief that
the peri- and postoperative complication rates outweighed the
advantages. However, with the improvements in perioperative
management and immunosuppressive strategies, advanced age
itself is no longer a contraindication to renal transplantation.
Based on a retrospective analysis of patients from the United
Network for Organ Sharing (UNOS), it appears that older pa-
tients may have better immunologic survival despite the higher
mortality from cardiovascular disease (19,20). One explana-

TA B L E 9 8 - 2

CONTRAINDICATIONS TO TRANSPLANTATION

Absolute Relative

Active infection
Disseminated malignancy
Extensive vascular disease

Renal disease with high
recurrence rate

Urologic abnormalities
High risk for perioperative

mortality
Active systemic illness
Ongoing substance abuse

Persistent coagulation Uncontrolled psychosis
abnormality Refractory noncompliance

Informed patient refusal

tion may be an age-related change in immunologic function
that confers less alloreactivity with aging. For this reason, many
centers advocate the use of lower immunosuppression in elderly
patients (21). Transplantation can now be safely and success-
fully performed in the elderly patient and will become much
more widely practiced in this group of patients with end-stage
renal failure (22–24).

Obesity

Obesity alone is rarely an absolute contraindication to trans-
plantation, yet it is a well-defined risk factor. Lower graft sur-
vival rates and higher postoperative mortalities and compli-
cations have been demonstrated in patients with a body mass
index (BMI) greater than 35 kg/m2 (25). The large body size
is also a risk factor for progression and subsequent prema-
ture failure due to the physiologic changes that have been
linked to nephron hyperfiltration (26,27). Thus, weight reduc-
tion is important for obese dialysis patient before proceeding to
transplantation.

Prior Kidney Transplantation

Renal allograft failure is now one of the most common causes
of ESRD, accounting for about 30% of patients awaiting renal
transplantation. Graft survival of a second and third kidney
transplant has been reported to be inferior to that of the first.
Evaluation of a potential recipient for a second or third allo-
graft requires careful attention to the reason for the graft fail-
ure (28–31), such as noncompliance with immunosuppressive
medications, loss of the graft in association with recurrent renal
disease, or high alloreactivity with high-panel reactive antibody
titers (PRAs). These patients may also manifest complications
of prior immunosuppressive therapy and, as such, should be
screened for complications associated with these medications,
such as infection and malignancy. No controlled, prospective
studies have been performed to determine the best method for
tapering or withdrawal of immunosuppression following renal
allograft failure (32). Most centers have adopted a policy of
immediate withdrawal of immunosuppression combined with
preemptive nephrectomy for patients with early allograft fail-
ure. However, this practice is less common for patients with
late graft failure. A longer taper of immunosuppression may
permit the maintenance of some residual renal function while
on dialysis. Several small studies have noted that patients who
have undergone transplant nephrectomy have higher PRAs
than those undergoing dialysis with allograft still in place. An
unresolved issue is whether there might be some benefit for
retransplantation from leaving the failed transplant kidney in
place (33). However, there appears to be no significant differ-
ence in outcome after retransplantation among those with or
without nephrectomy. Further studies are needed to determine
if slower taper of calcineurin inhibitors or other immunosup-
pression can reduce the incidence of nephrectomy without un-
toward side effects in these patients while on dialysis.

Underlying Renal Diseases

It is most important to assess the cause of the potential recip-
ient’s renal failure. The primary pathologies leading to renal
failure are expected to influence outcome, depending on the
etiologic mechanisms, propensity for recurrence, and status of
the immune system.
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FIGURE 98-4. End-stage renal disease incidence
rates per year by primary diagnoses, 1988–1997.
Rates by diagnoses adjusted for age, sex, and race.
Rates do not include patients from Puerto Rico or
the U.S. territories. (From: United States Renal Data
System. USRDS 1999 annual data report. Bethesda,
MD: National Institutes of Health and National In-
stitute of Diabetes and Digestive and Kidney Dis-
eases, 1999, with permission.)

Diabetes Mellitus

Patients with diabetes mellitus are at increased risk with all
forms of therapy for ESRD. The most dramatic change in pa-
tient selection has been the increase in diabetic patients with
renal failure who are being offered transplantation as the treat-
ment of choice (Fig. 98-4). For example, in the United States,
diabetic patients now comprise over 40% of all patients ac-
cepted for treatment on ESRD programs; 12% classified as type
I and 28% as type II. The number is much lower in Europe,
but is steadily growing and is now around 20% overall. Al-
though the diabetic is a high-risk patient for transplantation, it
is now generally accepted that transplantation is the treatment
of choice for many of these patients (34,35).

There is an increasing use of combined kidney and pancreas
transplantation in selected patients with ESRD due to diabetes
(36–39). Pancreas transplantation is performed mostly with a
simultaneous kidney from the same donor. Benefits of pancreas
transplantation include better glycemic control and improve-
ment in some of the secondary complications of diabetes. As of
2003, more than 21,000 pancreas transplants were reported to
the International Pancreas Transplant Registry. Patient survival
and pancreas graft survival rates continue to improve, with
data from U.S. centers demonstrating 95% and 86% 1-year
patient and graft survival, and 85% and 70% 5-year patient
and graft survival, respectively (40).

With the increase in utilization of living donors for kid-
ney transplantation, solitary pancreas transplant after kidney
transplant (PAK) has grown in popularity, comprising over
25% of pancreas transplants performed in 2002. While this
offers the benefit of timely kidney transplant, ideally prior to
the need for hemodialysis, this strategy requires two separate
survival procedures and the risks inherent to surgery. Debate
has arisen regarding the benefit derived from this strategy, as
one study suggests an increase in mortality in patients who
undergo PAK when compared to patients who remain on the
waiting list for pancreas transplantation (41).

Another treatment option in development for the patient
with type I diabetes is pancreatic islet cell transplantation. Once
a theoretical concept, islet cell transplantation has now ad-
vanced to clinical trials as a potential therapeutic option for
patients with type I diabetes. In 2000, researchers from the Uni-
versity of Alberta in Edmonton (42) reported that an approach,
which utilizes immunosuppression using daclizumab (DZB),
low-dose tacrolimus, and sirolimus have achieved insulin-free
survival in seven consecutive patients. This novel and innova-
tive approach utilized a steroid-free immunosuppression reg-
imen with cells obtained from multiple donor pancreata and
infused into the portal vein of the liver on several occasions.

Follow-up results from this institution reveal a success rate
(measured by on 1- and 2-year graft survival permitting insulin
independence) comparable to whole-organ pancreas transplant
(43), with ∼80% insulin independence at 1 year and 60%
to 70% graft survival at 2 years. In the 31/2 years following
Edmonton’s initial publication in July 2000, over 300 patients
have undergone islet cell transplantation, with some centers
demonstrating comparable graft survival compared to Edmon-
ton (44–47). At present, this therapy should still be considered
experimental, as the long-term graft survival is unknown and
the risks of immunosuppression must be weighed against the
benefits of normalization of blood glucose.

Recurrence of the diabetic nephropathy in type 1 diabetic
recipients is a late and slowly developing complication. In a
detailed follow-up of 100 type I diabetic recipients who were
alive with a functioning graft 10 years after transplantation,
only two patients went on to lose the graft due to recurrence.
No patient from the 265 diabetic recipients had graft loss due
to recurrence in the first 10 years (48).

Examination of biopsy specimens early after transplanta-
tion indicates that there are few glomerular pathologic abnor-
malities other than frequent afferent and efferent arterioscle-
rosis. Glomerular basement IgG deposition is seen in less than
2 years after transplantation, but the onset and progression of
glomerular basement membrane thickening and mesangial ex-
pansion only occurs after 2 years. However, the typical nodular
glomerular hyalinosis is rarely seen in these patients. Long-term
follow-up has shown that recurrent nephropathy progresses to
ESRD with the same time course as primary type I diabetic
nephropathy. The mean time to recurrent ESRD is estimated
to be 15 to 20 years. Therefore, recurrence of the lesion is not
a barrier to long-term renal graft survival in diabetic recipi-
ents. The frequency and natural history of recurrence in type
II diabetic recipients remain to be elucidated (49–52).

Metabolic and Congenital Disorders

Results of renal transplantation in the metabolic and congen-
ital disorders causing end-stage renal failure such as Alport’s
syndrome, amyloidosis, cystinosis, familial nephritis, gout, and
cystic disease are, in general, similar to those of the more com-
mon cause of end-stage renal failure with the exception of ox-
alosis, sickle cell, and Fabry’s disease (53,54).

Oxalosis

The early transplant experience was disappointing because
of early graft failure due to recurrent urolithiasis (Fig.
98-5), nephrocalcinosis, renal failure, and systemic oxalate
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FIGURE 98-5. Renal biopsy specimen from a trans-
planted kidney showing recurrence of oxalosis.

deposition (55). Earlier recommendations to consider primary
oxalosis a contraindication to transplantation are being chal-
lenged by recent reports of successfully prolonged graft func-
tion despite persistent hyperoxalosis (56–58). Those grafts with
good long-term function have usually passed urine promptly
after the operation and have had little rejection. To reduce the
chance of oxalate accumulation, dialysis treatment or kidney
transplantation should be considered when the glomerular fil-
tration rate (GFR) approaches 20 mL/min. Aggressive dialysis
schedules should be implemented before transplantation to de-
plete the oxalate metabolic pool. Medical therapy with pyri-
doxine, neutral phosphate, and magnesium should be given
after transplantation to reduce oxalate deposition and recur-
rence. Combined renal and hepatic transplantation has also
been recommended as a more definitive approach, and early
results have been encouraging (59,60).

Unlike primary oxalosis, which is a congenital condition
with enzymatic defects in oxalate metabolism, secondary ox-
alosis is due to excessive intake or absorption of oxalates from
the diet. Secondary oxalosis is seen primarily in fat malabsorp-
tion, short bowel syndromes after gastrointestinal surgery, and
high-oxalate diets. For these patients, consideration should be
given to reanastomosis of gastric bypass, hydration, and di-
etary restriction of oxalates. Good allograft function can be
achieved when attention is paid to reduce the oxalate excre-
tion load (61).

Cystinosis

Cystine stones recur after transplantation, but have little effect
on graft function (62). Renal transplantation has been recom-
mended as a preferred therapy in children with ESRD due to
cystinosis. However, the systemic effects of cystine accumu-
lation, including corneal crystallization and retinal degenera-
tion, leading to blindness, progress after renal transplantation.
Despite recurrence of the disease, long-term survival has been
reported (63,64).

Sickle Cell Disease

The autosomal recessive conditions of sickle cell disease and
sickle cell trait may be complicated by a variety of renal ab-
normalities, which may eventually lead to ESRD. Glomerular
lesions are relatively rare and, in some instances, may be traced
to an acquired chronic hepatitis B infection due to multiple
transfusions. There is little experience with renal transplanta-
tion in patients with sickle cell nephropathy (65). The overall
results of the report by Barber et al. (66) from the University
of Alabama were disappointing—with a 25% 1-year survival

rate in eight patients. Others have claimed a more reasonable
outcome. The importance of recurrence after transplantation
is difficult to determine because of the relative nonspecific na-
ture of sickle cell nephropathy. The North American Pediatric
Renal transplant Cooperative Study reports a more favorable
outcome in pediatric patients with patient survival of 89%, and
graft survival at 12 and 24 months posttransplant of 89% and
71%, respectively (67).

Fabry’s Disease

Fabry’s disease is an X-linked disorder of glycosphingolipid
metabolism due to a ceramide trihexosidase. Renal transplan-
tation results have been disappointing with poor graft and pa-
tient survival. This poor outcome mostly has been due to con-
tinued morbidity from the underlying disease, which appears
to be unaffected by successful restoration of normal renal func-
tion (68). However, European data concerning transplantation
in Fabry’s disease disagree with what has been previously stated
(69). Despite recurrence of the disease, long-term survival has
recently been reported (70). Recently, it has been postulated
that genetic correction of bone marrow cells derived from pa-
tients with Fabry’s disease may have utility for phenotypic cor-
rection of patients with this disorder (71,72).

Amyloidosis

Recurrent nephrotic syndrome and graft failure can occur in
primary and secondary amyloidosis, but there is some indica-
tion that patients with amyloid-induced renal disease do better
after renal transplantation than with dialysis as replacement
therapy. The graft survival of patients with amyloid-induced
ESRD who receive transplantation now appears to be equal to
the survival of non-amyloid-induced ESRD patients who re-
ceive transplants (73). Familial Mediterranean Fever (FMF),
rheumatoid arthritis, and osteomyelitis are the most common
causes of secondary amyloidosis. Familial Mediterranean Fever
is an autosomal recessive disorder which occurs in Sephardic
Jews, Armenians, Turks, and Arabs of the Levant. In Israel,
amyloidosis constitutes 6% of all patients on dialysis, com-
pared to 0.6% in Europe. Although there has been a higher
early mortality rate in the transplanted patients in the past, the
incidence of rejection episodes is lower than in patients without
amyloidosis. Reduced immunosuppression has decreased post-
operative mortality and morbidity. Colchicine at 1 to 2 mg/day
dramatically relieves the symptoms and reduces the incidence
of attacks in FMF.
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Alport Syndrome

Dialysis and transplantation pose no particular problems for
patients with Alport syndrome. Recurrent disease has not been
well documented. Improvement or stabilization of deafness af-
ter renal transplantation has occasionally been reported. There
is a remote risk of developing de novo anti-glomerular base-
ment membrane (anti-GBM) nephritis after transplantation
(74–76).

Polycystic Kidney Disease

Autosomal dominant polycystic kidney disease is responsible
for approximately 4% to 12% of ESRD in the United States
and Europe. Early studies suggested that renal allograft sur-
vival and patient survival were better in those who had bilat-
eral nephrectomy (77), but, in more recent studies, the results
of renal transplantation without bilateral nephrectomy are ex-
cellent (78). The polycystic kidneys will shrink considerably in
size following successful transplantation. Thus removal is only
required if the kidneys are massive due to polycystic disease or
there is associated persistent infection or severe hypertension.
However, nephrectomy is indicated if cyst-related complica-
tions occur repeatedly (79). There is no increased risk of renal
cell carcinoma in patients with autosomal dominant polycystic
kidney disease. Polycystic patients on dialysis should be fol-
lowed for cardiac valve abnormalities and cerebral aneurysms
(80).

Glomerulonephritis

Glomerulonephritis remains the second most common cause of
ESRD. Because of the more frequent use of renal biopsy early
in the course of most glomerular diseases, the pathologic diag-
nosis has often been well established for potential transplant
recipients. Almost all types of glomerulonephritis have been re-
ported to recur after transplantation. There is, however, much
variation between the various types of glomerulonephritis with
regard to the frequency of recurrence, the clinical course, and
the prognosis (81–83). The overall incidence of recurrence is
less than 10 to 20% and recurrent disease accounts for less
than 2% to 4% of all graft failures.

Focal Segmental Glomerulosclerosis (FSG)

Recurrent focal sclerosis may be seen early after transplanta-
tion, presenting with nephrotic–range proteinuria and a rapid
decline in renal function (84). Histologically, the features on
light microscopy that permit categorization are focal and seg-
mental sclerosis, affecting a small number of glomeruli, often
those in the deep juxtamedullary cortex. The development of
foot-process fusion can be immediate after transplantation and
precede glomerular segmental sclerosis by weeks to months
(Fig. 98-6). The frequency of recurrence is about 20% in adults
and may be as high as 40% in children. It is likely that some
of these patients had secondary FSG due to nephron loss in
reflux nephropathy, which would not be expected to recur in
the transplant. Thus, the recurrence rate in primary FSG may
be substantially higher than the reported values. Patients pre-
sented with rapid progression of renal disease from the time of
diagnosis of nephrotic syndrome to ESRD have higher risk for
recurrence. If a transplant patient lost his graft because of re-
current FSG, there is a 50% risk of subsequent allograft failure
within 5 years of a second transplantation.

Treatment for recurrent FSG remains disappointing. Heavy
proteinuria and nephrotic syndrome are usually resistant to
steroids (85). Cyclosporine (CsA) has not proved effective in
preventing recurrence. Because of the high risk of recurrence
and rapid progression to ESRD, living donors generally are

FIGURE 98-6. Renal biopsy specimen of a transplanted kidney show-
ing recurrence of focal segmental glomerulosclerosis. (Periodic acid–
Schiff stain, magnification ×250.)

not used for the first allograft (86,87). Use of a cadaver kidney,
however, is not precluded, since the disease will not recur in all
cases and not all patients with recurrence will lose the graft.
Some centers have also suggested that, if a first graft is lost to
recurrent disease, a second transplant should be delayed for 1
to 2 years.

The rapidity of recurrence strongly suggests the presence of
a circulating factor in primary FSG that is toxic to the capil-
lary wall. It has been shown that serum from some patients
with FSG increases the permeability of isolated glomeruli to
albumin. Testing of pretransplant sera with this approach can
be used to predict recurrence after transplantation. Use of a
regenerating protein adsorption column or plasma exchange
can reduce protein excretion in patients with recurrent FSG in
the transplant. More prolonged remissions have been achieved
using plasma exchange that is initiated promptly after onset
of proteinuria or the combination of plasma exchange and cy-
clophosphamide. These prolonged beneficial results have also
been reported in children treated with plasma exchange and
cyclophosphamide (88–92).

Antiglomerular Basement Membrane
(Anti-GBM) Disease

Based on histology and fluorescence study, anti-GBM disease is
associated with over 50% recurrence rate in the allograft. How-
ever, only 25% of patients with biopsy-proved IgG staining
along the capillary wall have evidence for clinical disease activ-
ity. Furthermore, graft failure due to recurrence disease is less
common. Although engraftment during the presence of anti-
GBM antibodies has been reported to be successful (93), many
transplant centers still prefer serologic quiescence of anti-GBM
antibody production for 6 to 12 months before proceeding
with transplantation to reduce the risk for recurrent anti-GBM
disease. Despite delaying transplantation to allow anti-GBM
antibody to fall, recurrence has been reported (94,95).

Hemolytic Uremic Syndrome (HUS)

HUS has a recurrence rate of 20% to 50% (96,97). It has
pathologic features common to the small vessel findings in
acute vascular rejection, CsA toxicity, and malignant hyperten-
sion. The recurrence rate is higher in recipients of living-related
transplants. Live kidney donation should proceed with caution
in view of the possibility of a familial tendency to an abnor-
mality of prostacyclin synthesis. In 1998, a meta-analysis of
159 grafts in 126 patients by Ducloux et al. (98) found that
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recurrent HUS was significantly associated with older age on-
set of HUS, short duration between disease onset and ESRD
or transplantation, use of living related donors, and, to a lesser
degree, the administration of calcineurin inhibitors (CsA or
tacrolimus). In high-risk patients with history of HUS, pre-
vention by the administration of low-dose aspirin and dipyr-
idamole should be used. Calcineurin inhibitors and antilym-
phocyte serum should be used with caution in these patients. A
review of 114 patients with both recurrent and de novo HUS
after organ transplantation found that two-thirds of patients
had been treated with CsA. There is no successful treatment
for recurrent HUS. Salicylates, dipyridamole, plasma infusion,
and plasma exchange have been shown to be of limited benefit.
Once established, HUS often does not remit in the allograft and
typically results in rapid graft loss within days. CsA and FK506
have both been associated with altered coagulation mecha-
nisms and the development of de novo HUS in renal trans-
plant recipients (99). These agents should, therefore, be used
with caution in patients whose original kidney disease was due
to HUS. If CsA or FK506 has been associated with recurrent
HUS in the first transplant, it should be subsequently avoided.
Preliminary evidence suggests that patients with allograft loss
due to recurrent HUS associated with CsA or FK506 may be
successfully retransplanted without the use of calcineurin in-
hibitors. An immunosuppressive protocol without calcineurin
inhibitors, consisting of mycophenolate mofetil (MMF), corti-
costeroids, and antilymphocyte antibody (ALG) induction ther-
apy was administered to six patients. No patient experienced
disease recurrence, allograft loss, and or episode of acute re-
jection. Rapamycin has also been used in combination with
MMF.

IgA Nephropathy/Henoch–Schönlein Purpura (HSP)

In many parts of the world, IgA nephropathy is the most com-
mon type of glomerulonephritis. The true incidence of recur-
rence is best seen in Berger’s series where all 32 patients had
routine follow-up biopsies and 17 (50%) showed recurrent IgA
nephropathy (100). However, there is a low incidence of allo-
graft dysfunction that leads to allograft loss (101). Of interest is
the fact that IgA nephropathy with mesangial IgA deposit tends
to disappear after transplantation to a non-IgA nephropathy
recipient. Recent studies demonstrate that patients with IgA
nephropathy had a highly significant survival rate compared
to those with other diseases (102,103).

The closely related HSP has been reported to recur with
mesangial deposits of IgA occurring in 17 of 20 patients with
minimal clinical manifestations in one series (100). Clinically,
recurrent HSP can be severe with crescentic glomerulonephri-
tis, nephrotic syndrome, graft failure, and variable recurrence
of purpura (104). To reduce recurrence, delay of engraftment is
recommended for at least 6 to 12 months after the skin lesions
of HSP have resolved (105,106).

Type I Membranoproliferative
Glomerulonephritis (MPGN)

Type I MPGN can resemble transplant rejection glomerulopa-
thy on light microscopy (107). Crescents, C3 deposition in the
capillary wall, and dense subendothelial deposits on electron
microscopy are common to both. The early development of
nephrotic syndrome and persistent microscopic hematuria
from the time of transplantation are clinical markers suggesting
recurrence rather than rejection. The frequency of recurrence
was estimated to be 20% to 30%. Approximately 30% to 40%
of patients with recurrent type I MPGN will lose their allograft
(108). Graft rejection is often a confounding factor. Reduced
C3 levels before transplantation usually return to normal range
after transplantation and do not correlate with disease activity.

Type II MPGN (Dense Deposit Disease)

The recurrence rate is reported to be 50% to 100%, with
graft failure in 20% to 50% (109). Proteinuria with or with-
out hematuria is the usual clinical presentation. Decrement in
serum C3 levels and appearance of C3 nephritic factor may
be present in some cases. Recurrence is usually evident within
the first year after engraftment. The unique ultrastructural ap-
pearance of extensive deposit within the basement membrane
allows this diagnosis to be made with certainty both before and
after transplantation (110).

Membranous Nephropathy

An accurate rate of recurrence of membranous nephropathy is
difficult to establish because of the relatively high frequency of
primary de novo occurrence in allograft recipients (111). Re-
current membranous nephropathy with nephrotic syndrome
generally occurs earlier, at an average of 10 months com-
pared with de novo membranous nephropathy, which is usually
seen about 18 to 20 months after transplantation (Fig. 98-7).

FIGURE 98-7. Electron micrograph of de novo
membranous glomerulonephritis.
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It seems more likely to recur when the primary disease has
been aggressive, but the overall incidence is only about 10%.
De novo membranous nephropathy is not reported to lead to
graft loss. Recurrent membranous nephropathy, however, can
have early and heavy proteinuria and an increased chance of
graft loss.

Systemic Lupus Erythematosus (SLE)

Recurrence is relatively rare in SLE. Similarly, reactivation of
SLE after transplantation is extremely infrequent and is often
controlled by the immunosuppressive medications when it oc-
curs (112,113). Recurrence is not predictable with serologic
monitoring. However, there should be no systemic disease ac-
tivity prior to transplantation (114,115). Recurrences can be
successfully treated with steroids, mycophenolate mofetil, or
chlorambucil.

Wegener’s Granulomatosis

There are few data on transplantation in patients with
Wegener’s granulomatosis. Recurrence is generally rare after
transplantation (116–118). Recurrence can be treated success-
fully by adding cyclophosphamide and by increasing the steroid
dose.

Progressive Systemic Sclerosis (Scleroderma)

Recurrence in the graft can occur within the first few months
after transplantation (119,120). Earlier reports have suggested
that graft loss may be accelerated due to uncontrolled hyperten-
sion. Many of the reports on recurrence came from patients be-
fore the use of CsA and angiotensin-converting enzyme (ACE)
inhibitors. Those patients with recurrence had malignant man-
ifestations of scleroderma before transplantation, suggesting
that it may be possible to clinically separate a subset of pa-
tients in whom early recurrence was more likely. The highest
patient survival was noted in those individuals who have had
bilateral native nephrectomies, usually to control severe hy-
pertension. The current recommendation for transplantation
is that the patient should be clinically stable with absence of
visceral progressive systemic sclerosis activity prior to trans-
plantation. Patients with early diffuse scleroderma should be
closely monitored for new onset of hypertension and be treated
continuous with ACE inhibitors. The majority of patients with
scleroderma will improve generally after transplantation with
loss of Raynaud’s syndrome and improvement of the skin
condition. Therefore, transplantation is justified if the patient
has not been severely debilitated by the systemic effects of
scleroderma.

Interstitial disease

Chronic Pyelonephritis

Chronic pyelonephritis is a diagnosis that has been frequently
used for nonspecific interstitial nephritis, not necessarily caused
by bacterial infection. The presence or history of significant
urinary infection is important to identify. Because of the risk
of residual foci of infection that may predispose to bacteremia
or seed the urinary tract and transplant kidney, pretransplant
nephrectomy may be indicated in these patients.

Analgesic Nephropathy

Patients with analgesic nephropathy need to be identified be-
cause cessation of the use of nephrotoxic analgesics is essential
for these patients. Kidney function may improve after cessa-
tion of the use of analgesics and damage to the allograft is a
significant risk if this use persists. There is an increase in the

incidence of transitional cell carcinoma of the urinary tract in
patients with analgesic nephropathy.

GENERAL EVALUATION

This assessment should include not only a complete medical
evaluation and determination where possible of the underlying
disease causing renal failure, but also a careful surveillance
for problems that might arise following transplantation (121)
(Table 98-3).

A careful physical examination should be performed to
identify coexisting cardiovascular, gastrointestinal (GI), or gen-
itourinary (GU) disease. Additional examinations should as-
sess pulmonary reserve, define potential sources of infection,
including dental caries, and assess the gynecologic risks for
females.

The laboratory evaluation should include routine hema-
tologic tests to detect leukopenia or thrombocytopenia, liver
function tests to identify patients in whom the metabolism of
cyclosporine may be abnormal, complete hepatitis and HIV
profiles, viral titers, and throat and urine cultures.

Risk Factors

The major risk factors that have an impact on the recipient
include age, the presence of diabetes mellitus, arteriosclerotic
heart disease, chronic pulmonary disorders, and malignancy.

TA B L E 9 8 - 3

PRETRANSPLANTATION RECIPIENT MEDICAL
EVALUATION

1. History and physical examination
2. Social and psychiatric evaluation
3. Determine primary kidney disease activity and residual

kidney function
4. Dental evaluation
5. Laboratory studies

Complete blood cell count and blood chemistry
HBsAg
HIV
Antibodies to cytomegalovirus and Epstein–Barr virus
HLA typing and antibodies screening
Urine analysis and urine culture

6. Chest x-ray
7. Electrocardiogram
8. Special procedures for selected patients

Abdominal ultrasound of gallbladder
Upper gastrointestinal study or endoscopy
Barium enema or colonoscopy
PPD skin test
Treadmill/exercise electrocardiogram
Thallium scan
Angiogram: coronary
Cystoureterography

9. Consults (optional)
Psychiatric
Gynecology evaluation and mammography

(for female >40 y)
Urologic assessment (voiding cystoureterography,

cystoscopy, or urodynamic studies in patients with
vesicoureteric reflux, neurogenic bladder, bladder neck
obstruction, or strictures)
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Patient compliance has also been identified as an important
cause of late graft failure (122). It is important to have so-
cial and psychiatric evaluation with a view to give support to
these patients (123,124). Conditions excluding a patient from
renal transplantation would probably be the presence of se-
vere ischemic heart disease, although this might be approached
by coronary artery bypass surgery, where appropriate, before
transplantation (125), old age (perhaps over 70 years) although
attitudes are still changing, and the presence of persistent in-
fection or cancer. When a patient has had previous curative
therapy for cancer, it is generally thought appropriate to wait at
least 1 year, and possibly 2 years, with proved freedom from re-
currence before going ahead with transplantation (126,127).

Cardiovascular Evaluation

Cardiovascular disease is a major cause of morbidity and mor-
tality for the patient in ESRD, whether the patient remains on
dialysis or chooses to have a kidney transplantation (128). It is,
therefore, important to carefully screen the patient for any car-
diovascular problem, especially in diabetic patients (129). Ini-
tial assessment of the severity of cardiovascular disease consists
of careful clinical examination, an electrocardiogram (EKG)
and x-ray of the chest and peripheral vessels for calcification.
Evidence of moderate or severe myocardial ischemia is an in-
dication for further investigation with a thallium stress test
and/or coronary angiography (130). Coronary artery bypass
grafting should be considered prior to transplantation in the
presence of severe angina or double or triple vessel disease. Any
patient who has had a recent myocardial infarction should be
reassessed for a transplant 6 months after the incident. Ap-
proximately 20% to 30% of diabetic transplant candidates
have significant coronary artery disease, which may be asymp-
tomatic. Noninvasive testing and, if indicated, cardiac cathe-
terization should be performed prior to renal transplantation,
since active intervention may improve patient outcome. For
the nondiabetic, asymptomatic patient extensive cardiac eval-
uation appears unnecessary, unless risk factors such as smok-
ing, hypertension, hyperlipidemia, or family history of heart
disease are present.

Gastrointestinal Evaluation

Although the incidence of peptic ulcer after renal transplan-
tation is decreasing, complications of a peptic ulcer, such as
perforation or hemorrhage, are associated with a high mortal-
ity in the transplant patient (131,132). For this reason, many
centers actively screen patients for evidence of peptic ulcer-
ation before accepting them for transplantation and, in the
past, have been quite aggressive about the management of
these patients before transplantation. Similarly, in patients with
symptomatic cholelithiasis or asymptomatic gall stones seen
with ultrasonography, cholecystectomy should be performed
to eliminate the risk of cholelithiasis and possible sepsis after
transplantation. Patients with colonic disease, especially those
with diverticulitis, should be evaluated with barium enema and
colonoscopy and if appropriate should be treated with surgical
resection prior to transplantation.

Gastrourinary Evaluation

Accurate evaluation of the lower urinary tract function prior
to transplantation is important to minimize postoperative uro-
logic complications. The original renal disease must be clearly
defined. Any history of repeated urinary infections and cur-
rent reports of urine cultures should be obtained. In the past, a
voiding cystourethrogram has been performed on all patients
to evaluate the urinary tract for evidence of outflow obstruction
or vesicoureteral reflux. It is now considered necessary only if
there is clinical evidence of a bladder or ureteric abnormality.

Cystoscopy and urodynamic studies should be performed in
patients with evidence of bladder dysfunction. Urologic oper-
ations are necessary either to correct or improve obstructive
lesions or sometimes to provide a conduit in the presence of a
neurogenic bladder or a previous cystectomy.

HBsAg Screening

Successful renal transplant in patients with positive HBsAg
has been reported (133). However, when hepatitis B surface
antigen-positive patients are retrospectively compared with an
age matched group of hemodialysis patients known to be sur-
face antigen-positive, the transplant patients have a higher fre-
quency of chronic hepatitis and mortality due to hepatitis. The
adverse effects are not apparent during the first 2 years after
transplantation, but become evident over the long-term (134).
Hemodialysis patients have a high rate of surface antigen per-
sistence but rarely develop chronic hepatitis and the rate of
seroconversion to surface antigen negativity is 15% to 20%
per year. Because of this, some centers do not recommend re-
nal transplantation in chronic hepatitis B surface antigen car-
riers. This decision however should be individualized. The bet-
ter quality of life of the transplant patient should be weighed
against the low, but definite, risk of development of chronic
liver failure.

In a study by Pol et al. (135) from the Necker Hospital, pa-
tient and graft survival were similar between HBsAg-positive
and -negative kidney recipients. Their data suggest that renal
transplantation may be appropriate for patients with chronic
hepatitis whatever their hepatitis virus status. However, no pa-
tient should undergo transplantation when he or she has evi-
dence of active hepatitis. Before transplantation, potential re-
cipients should have stable liver enzymes, preferably less than
two or three times normal for several months.

Hepatitis C Virus (HCV) Screening

Transplant recipients are potentially at risk of developing hep-
atitis C virus infection due to reactivation of pretransplantation
HCV infection or to infection acquired from blood products or
from HCV-infected organ donors (136). In potential recipients
with serologic evidence of HCV, a liver biopsy should be per-
formed to assess the histologic severity of the disease (137).

HIV Screening

The HIV antibody status of all potential donors and recipients
should be determined before transplantation. Potential recipi-
ents who are highly sensitized may have false-positive ELISA re-
sults because of a higher incidence of antibodies in their serum
that react with HLA antigens on the target cell used in the sero-
logic assay (138). The Western blot technique, which detects
viral envelope protein, may be more accurate in these situa-
tions. Polymerase chain reaction (PCR) analysis to detect small
amounts of HIV viral DNA in serum may further improve accu-
racy, but the assay is not widely available for routine screening
(139).

Preparation for Transplantation

Nephrectomy

Nephrectomy before transplantation is now an uncommon
procedure and may be associated with a significant mor-
bidity (140,141). Thus, bilateral nephrectomy is only per-
formed in the presence of persistent urinary tract infec-
tion (usually associated with vesicoureteral reflux), or in the
presence of renal cancer, nephrolithiasis, or medically in-
tractable hypertension (142). There is some evidence that
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pretransplant bilateral nephrectomy improves renal graft sur-
vival (143).

Unilateral nephrectomy may be necessary in patients with
large polycystic kidneys in order to provide room for a subse-
quent transplant on that side (78).

Transfusion

Prior to the use of CsA, the beneficial effect of blood transfu-
sions on cadaveric graft survival was reported to be 10% to
20% better compared to nontransfused recipients (144–146).
In the last few years, however, the role of blood transfusion as
an adjunct to transplantation has been a controversial topic.
With the availability of recombinant erythropoietin, there is
also less need for blood transfusion in patients with ESRD
(147). The two main disadvantages of blood transfusion are
the induction of cytotoxic antibodies (148,149) and the risk
of infections (150). In 1983, Kahan and his colleagues (151)
reported that patients who received CsA immunosuppression
showed diminished beneficial effects of pretransplant blood
transfusion after cadaveric renal transplantation.

The Collaborative Transplant Study Data (152) demon-
strated that the benefit of transfusion has diminished to a point
at which the risks of infection and presensitization due to trans-
fusion may outweigh any benefit on graft survival. The loss of
transfusion effect is independent of the use of CsA and whether
donor specific or random transfusions were given. Iwaki et al.
(153) reexamined the UCLA database in 1989 to determine
whether a beneficial blood transfusion was present since the
introduction of CsA. Their data showed an increase in 1-year
graft survival rate of 8% in first cadaver kidney transplants
when one DR mismatch was present (p <0.01), by 10% when
two DR mismatches were present (p <0.01), and 0% when
no DR mismatches were present. The transfusion effect was
greater in Black than Caucasian recipients. Their analysis sug-
gests two to three deliberate pretransplant blood transfusions
may still be helpful unless transplant candidates are to wait for
a zero mismatched HLA-DR cadaver donor. Since the effect of
transfusion is long-lasting, it is not necessary to give deliber-
ate additional blood if the patient has received two to three
transfusions during a lifetime.

In the case of donor-specific transfusions, where the recip-
ient is given planned transfusions of blood from the poten-
tial donor before transplantation, there is a risk of a specific
sensitization against the donor that could preclude subsequent
transplantation from that donor (154). Sensitization occurs in
approximately one-third of these patients. It is now customary
to give either azathioprine or CsA with the donor-specific trans-
fusions to lower the incidence of sensitization (155). This does
appear to reduce the sensitization rate to about 5%. More re-
cently, the concept of donor-specific transfusion has been chal-
lenged and evidence has been produced that random blood
transfusions will result in equally good graft survival in this sit-
uation. Following transplantation, patients who have received
donor-specific transfusions often have a fairly characteristic
course with an acute cellular rejection episode occurring within
the first 4 days of transplantation, but, in general, one that re-
sponds briskly to increased steroid therapy. Many transplant
units now feel that donor-specific transfusion is no longer nec-
essary since the advent of CsA (156).

Immunologic Evaluation

In addition to determining HLA antigens at the A, B, C, and
DR loci, the potential recipient’s serum should be screened reg-
ularly for HLA antibodies. Prophylactic measures are most
important in the management of presensitization leading to
hyperacute and accelerated rejection. The avoidance of both
ABO incompatibility and positive T cell cross-matches has
eliminated the major cause of hyperacute rejection seen in the

early days of transplantation. The presence of lymphocyte cy-
totoxic antibodies in the patient’s serum is due to sensitization
to HLA antigens. It can occur after pregnancies, blood transfu-
sion, and a renal transplantation. Autoantibodies, on the other
hand, often occur spontaneously and are not related to any
obvious antigenic challenge (157). One method of defining the
highly sensitized patients is to include subjects who, at any
time, have developed lymphocytotoxic antibodies, which react
with 90% or greater of random panel cells. One approach to
this is by removing the anti-HLA antibodies prior to transplan-
tation (158,159). An alternative approach is to characterize
the antibodies and to perform cross-match with different sero-
logical techniques. Recently, a technique using dithiothreitol
(DTT) to eliminate IgM cytotoxic antibodies in sensitized re-
cipients sera has allowed successful renal transplantation when
the unmodified cross-match test is positive and the DTT-treated
cross-match is negative (160), which indicates that the positive
cross-match is due to irrelevant IgM antibodies.

The resurgence of transplantation across ABO incompati-
bility has been brought on by the lack of availability of suitable
(ABO-compatible) cadaveric donor kidneys for type O recipi-
ents, the blood group with the largest waiting list, as well as the
inability to transplant HLA identical but ABO-incompatible
siblings (161). One approach is to transplant blood group A
donors with A2 subtype into O recipients. The A antigen has
been found to be weakly immunogenic and does not elicit an
isohemagglutinin response. Several centers have found this to
be successful, with 71% to 83% graft survival at around 1 year,
providing a preformed anti-A2 isohemagglutinin titer is absent.
Another experimental approach is to perform pretransplanta-
tion splenectomy (162), plasmapheresis on recipients to deplete
circulating anti-A and anti-B antibodies (163), or infusion of
intravenous immunoglobulin (164).

Patients who have rejected their first graft acutely represent
a very high-risk group of patients for subsequent transplant
(165). On the other hand, patients in whom the graft has func-
tioned for at least a year have survival rates for second grafts
that are no different to that of the first graft. Matching for
both HLA-A and -B appears to exert a much greater influ-
ence on the survival of regrafts than in the case of first grafts
(166,167) and, although it does not appear necessary to avoid
previous HLA-A and -B incompatibilities with a second graft,
it would appear logical to do so (167). In general, a regraft has
a poorer graft survival than a first graft (Fig. 98-8) and this is

FIGURE 98-8. Graft survival rates of cadaveric kidney transplants.
Graft survival rates for 14,203 first cadaveric donor transplants (tx)
were 78% and 70% at 1 and 2 years, respectively. Graft survival rates
for those receiving their second transplant were 70% and 63% at 1 and
2 years, respectively. Data are from the United Network for Organ
Sharing Scientific Renal Transplant Registry, 1990. (From: Cecka J,
Terasaki P, eds. Clinical Transplants 1990. Los Angeles, CA: UCLA
Tissue Typing Laboratory; 1990:2, with permission.)
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particularly evident if the first graft was lost from irreversible
rejection during the first few months after transplantation
(168). In addition to standard immunosuppressive regimen, the
use of OKT3 or polyclonal antibodies as part of an induction
therapy may be indicated. With appropriate immunosuppres-
sion, it is possible to have successful transplantation of highly
sensitized patients without regard to HLA matching (169).

CADAVER VERSUS
LIVING DONOR

Living related donor transplants comprise about 40% of all
transplants performed in the United States (Fig. 98-9), whereas
their proportion is much less (10% to 15%) in Europe and
Australia (170). In addition, many programs will now accept
living, non-blood-related or distantly related donors (spouses,
cousins, uncles, aunts, stepchildren, stepparents, or even close
friends).

Living related kidney donor transplantation is no longer
controversial (171,172). There has been concern for many
years about the long-term outcome of a healthy donor. In
particular, the concerns regarding the possibility of long-term
renal dysfunction resulting from hyperfiltration in the soli-
tary kidney have prompted transplant centers to re-evaluate
their living-related donor program. Several long-term follow-
up studies have not revealed any adverse problems in living
related donor with a single kidney (173,174). The donor mor-
tality risk has shown to be less than 0.1%. Life expectancy in
the donor remains unaffected. Long-term study in over 600
donors has shown no increased incidence of hypertension or
impaired renal function (175). In one report, however, mild
proteinuria and hypertension were found in male, but not in
female, donors (176). Further studies and follow-up of kid-
ney donors are necessary. In view of the shortage of cadaver
kidneys, transplantation of a graft from a compatible living re-
lated donor should be considered if there is a suitable donor.
Excellent results were also observed in kidney transplants from
spousal and living unrelated donors (177,178). On the other
hand, the proposal that kidneys might be purchased from liv-
ing unrelated donors should be condemned. It is with these is-
sues in mind that the Transplantation Society has issued guide-
lines for the practice of transplantation that avoid exploitation
and commercialization of organ donation (179). Similarly, the
U.S. Organ Transplantation Act of 1984 (HR5580, Title II)
makes it a federal crime to engage in organ sale and com-
merce. Hopefully, the new legislation will help to strengthen
the organ procurement program and increase the number of
cadaver kidneys available for transplantations (180). Glob-
ally, barriers to wider development of effective cadaveric pro-
grams of renal transplantation were not due to religious objec-

tions. The main factors seemed to be a lack of public concern
about the need for cadaver donor programs in patients with
ESRD.

EXPANSION OF THE LIVING
DONOR POOL

As patient and graft survival rates for kidney transplant recipi-
ents with living unrelated donors have been shown to be equiv-
alent to living related donor transplant recipients, a greater
willingness by society and the transplant community to con-
sider the unrelated donor has emerged. An extension of living
nonrelated donation is the “nondirected kidney donor,” an in-
dividual who contacts transplant centers wishing to donate a
kidney for purely altruistic reasons, to no specific recipient in
particular. A pilot study by the University of Minnesota now
provides a framework from which such donors may be evalu-
ated and undergo nephrectomy in order to ensure the safety of
this procedure from an ethical, medical, and societal perspec-
tive (181,182).

Unlike the nondirected kidney donor, two other circum-
stances have been specifically proposed to increase the number
of potential living donors. The first, a “paired exchange pro-
gram,” attempts to identify two potential donors who wish to
donate to a family or friend but are unable to due to blood
group incompatibility or a positive cross-match. Two such
donors and their prospective recipients are then paired, with
donor A donating to recipient B and donor B donating to re-
cipient A. An extension of this concept is the “mixed donor ex-
change” in which an incompatible donor donates to the cadav-
eric waiting list in exchange for their paired recipient moving
to the top of the deceased donor list in their given blood type.
These efforts are currently being tested for their equity and
effect on transplantation rates in small pilot studies. The sec-
ond circumstance is the “matched donor” in which a prospec-
tive recipient pays a monthly fee to a coordinating site, which
presumably has access to a list of potential parties interested
in donating their kidney. This strategy circumvents the UNOS
waiting list and currently is under significant criticism from the
American Society of Transplantation and UNOS.

Living Donor Evaluation

Live donors are usually first-degree relatives who are one or
two haplotype matched. However, there is good evidence that
zero haplotype-matched relatives can donate kidneys that pro-
vide excellent chance of short- and long-term graft survival.
Similarly, good results have been reported with emotionally re-
lated living donors. Most living nonrelated donors are spouses

FIGURE 98-9. Total number of renal
transplants by donor source and year,
1993–1997. Number of transplants
shown on log scale. (From: United
States Renal Data System. USRDS
1999 Annual Data Report. Bethesda,
MD: National Institutes of Health
and National Institute of Diabetes
and Digestive and Kidney Diseases;
1999, with permission.)
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or companions with long-standing emotional ties. This practice
will likely become an important source of organ for transplan-
tation. By 1995, about 10% of transplants were from living
unrelated donors. This source of organs is expected to grow,
especially in light of the fact that a high graft survival rate
has been found associated with these donors. Initial screening
should concentrate on related donors and tissue typing should
be used to help choose the best potential donor among ABO-
compatible candidates. The attitude toward the use of unre-
lated live donors varies considerably among centers. In general,
live-donor transplantation is fraught with potential psycholog-
ical problems and it is important to establish that the prospec-
tive donor has not been subject to family pressure (183). A very
careful psychologic evaluation will be needed to determine that
the motivation to donate the kidney is, indeed, genuine (184).
HLA genotyping should be used to decide on the most suit-
able donor if there are several family members who are all
keen to give a kidney. The initial series of tests which include
ABO blood group and HLA tissue typing can be completed at
a brief outpatient visit. Possible live-donor transplantation can
then be considered with the individuals best matched to the
recipient. The living donor not only needs a thorough medical
evaluation, with particular attention to renal function and the
urinary tract, but also a renal angiography or magnetic reso-
nance angiography to identify vascular or anatomical variation
of the kidneys or the collecting systems. It is important to ascer-
tain that both kidneys are of normal size and configuration and
that a donor kidney with a single renal artery can be obtained
(Tables 98-4 and 98-5).

Living Donor Nephrectomy

Standard Open Nephrectomy

The standard method for removing a kidney from a living
donor is through a flank incision by open nephrectomy. The ap-
proach to the kidney, which will usually be the left kidney since
this has the longer renal vein, may be either below or through
the bed of the 12th rib using a retroperitoneal approach or
rarely via an anterior transperitoneal approach using a midline
incision. Care must be given to retraction of the kidney dur-
ing its removal to avoid traction injury of the renal artery and
dissection in the hilum of the kidney, particularly between the
ureter and the renal artery, which should be avoided to prevent
damage to the ureteric blood supply. Furthermore, in removing
the ureter down to the brim of the pelvis, care should be taken
to leave an adequate amount of periureteric tissue.

TA B L E 9 8 - 4

EXCLUSION CRITERIA FOR LIVE RELATED DONORS

Age <18 or >65–70 yr
Significant medical illness (e.g. cardiovascular/pulmonary

diseases, recent malignancy)
History of recurrent kidney stones
History of thrombosis or thromboembolism
Psychiatric contraindications
Obesity (30% above ideal weight)
Hypertension (>140/90 mmHg or necessity for medication)
Proteinuria (>250 mg/24 hr)
Microscopic hematuria
Abnormal glomerular filtration rate (<80 mL/min)
Diabetes (abnormal glucose tolerance test or

hemoglobulin A1c)
Urologic/vascular abnormalities in donor kidneys

TA B L E 9 8 - 5

SUGGESTED EVALUATION PROCESS FOR POTENTIAL
LIVE DONORS

Donor screening
Educate patient regarding cadaveric and live donation
Take family and social history and screen for potential donors
Review ABO compatibilities of potential donors
Tissue type and cross-match ABO-compatible potential donors
Choose primary potential donor with patient and family
Educate donor regarding process of evaluation and donation
Donor evaluation
Complete history and physical examination
Comprehensive laboratory screening to include complete blood

count, chemistry panel, human immunodeficiency virus,
very low-density lipoprotein, hepatitis B and C serology,
cytomegalovirus, glucose tolerance test (for diabetic families)

Urinalysis, urine culture, pregnancy test
Protein, 24-hr urine collection
Creatinine, 24-hr urine collection
Chest radiogram, exercise treadmill for patients older than

50 years of age
Helical computed tomography urogram
Psychosocial evaluation
Repeat cross-match before transplantation

Laparoscopic Nephrectomy

Living-donor nephrectomy for transplantation can also be per-
formed by laparoscopic approach. The techniques of endoscop-
ically assisted nephrectomy are now well established. Over the
last few years, there is an increased rate of donation with lap-
aroscopic donor nephrectomy (185,186). This approach results
in less postoperative surgical pain, a shorter hospital stay, and
a quicker recovery than the standard open donor nephrectomy
(Table 98-6).

Cadaver Donor Evaluation

The criteria for the diagnosis of brain death have been well de-
fined in most western countries, although the requirements vary
little from country to country (187) (Table 98-7). In the United

TA B L E 9 8 - 6

ADVANTAGES AND DISADVANTAGES OF
LAPAROSCOPIC NEPHRECTOMY

Advantages
Less postoperative pain
Minimal surgical scarring
Rapid return to fill activities and work (approx. 4 weeks)
Shorter hospital stay
Magnified view of renal vessels

Disadvantages
Impaired early graft function
Graft loss or damage during “learning curve”
Pneumoperitoneum may compromise renal blood flow
Longer operative time
Tendency to have shorter renal vessels and multiple arteries
Added expense of specialized instrumentation
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TA B L E 9 8 - 7

MEDICAL EVALUATION OF THE POTENTIAL
CADAVER DONOR

I. Diagnosis of brain death
A. Preconditions

1. Comatose patient, on ventilator
2. Positive diagnosis of cause of coma (irremediable

structural brain damage)
B. Exclusions

1. Primary hypothermia (<33◦C)
2. Drugs
3. Severe metabolic or endocrine disturbances

C. Tests
1. Absent brainstem reflexes
2. Apnea (strictly define)

II. No preexisting renal disease
III. No active infection

Tests:
A. HBsAg; 5 antibodies to cytomegalovirus and

hepatitis C virus
B. HIV antibodies
C. HIV antigen in high-risk patients

States, there are an estimated 20,000 brain-dead patients per
year who would be acceptable donors, but fewer than 8,000
actually donate their organs for transplantation. The general
acceptance of brain death (188) and improved preservation, in
recent years, has led to the supply of better quality kidneys and
establishment of organ sharing program to match donor and
recipient on the basis of ABO blood group compatibility and
HLA matching (189,190).

Although there is a slight influence of donor age on renal
function in transplant recipients (191,192), acceptable donors
are between age 3 to 65 years old and, in some centers, even
younger and older donors are being considered. There should
be no evidence of primary renal disease and no generalized viral
or bacterial infection. A major consideration is the risk of trans-
mitting infection with the allograft to an immunosuppressed re-
cipient (193). Because of the possibilities of HIV transmission,
HIV screening should be performed (194). All donors who are
confirmed positive for HIV antibody should be excluded from
donation. Those donors at high risk for HIV infection gen-
erally should not be accepted for donation because there is a
period of seronegativity in early HIV infection before antibod-
ies appear. HIV antigen testing should be performed in such
donors.

In an effort to improve utilization of cadaveric organs,
UNOS has defined and established guidelines for the use of
organs that have traditionally resulted in excellent short-term
function but diminished long-term function (“extended crite-
ria donors, ECD”). These kidneys meet ECD criteria if they
arise from donors over the age of 60 or if the donor is between
the ages of 50 to 59 with two or three additional criteria: (1)
Cerebrovacular accident as a cause of death, (2) prior diagno-
sis of hypertension or diabetes, or (3) serum creatinine greater
than 1.5 mg/dL. These donor kidneys provide improved out-
comes when compared to dialysis for a significant portion of
the dialysis population, particularly elderly patients and pa-
tients with diabetes who generally have poorer outcomes on
dialysis.

Additional attempts to increase the organ donor pool have
addressed the use of donors who have died by cardiopulmonary
arrest rather than brain death, termed “deceased by cardiac
death donors (DCD).”

Cadaver Donor Nephrectomy

Currently, most kidneys will be removed as part of a multiple-
organ harvesting procedure in which not only the kidneys are
removed, but also the liver and heart and, occasionally, the
lungs and pancreas. This necessitates coordination and careful
cooperation between the interested parties (195). With expe-
rience and care, a donor may provide all the above organs,
all of which can be satisfactorily transplanted (196). There are
two basic approaches to cadaver donor nephrectomy. In one,
each kidney is removed individually with a patch of aorta via
an anterior approach, while in the other, which is the more
satisfactory technique, both kidneys are removed en bloc with
the appropriate segment of aorta and vena cava. The dissec-
tion of the vessels and the kidneys can then be completed after
hypothermic perfusion and storage. In situ perfusion may be
performed in both cases before and during removal.

Renal Preservation

Effective preservation of the kidney is an integral part of a
kidney transplantation program and has evolved on the ba-
sis of known principles of preservation because of a need for
longer storage of kidneys (197–199). The ability to preserve
kidneys provides time for tissue typing and cross-matching and
the selection of the most appropriate recipients for a particular
donor on the basis of matching, as well as the preparation of
the patients selected, who often may need dialysis before trans-
plantation, and, finally, the transport of the kidneys to a center
where an appropriately matched recipient may be awaiting a
transplant.

There are two methods of preservation: simple cold storage
in ice after flushing with a hypothermic solution to give a renal
core temperature of O◦C and a more complicated approach of
continuous perfusion of the kidney with an oxygenated colloid
solution (197). In general, preservation methods do not affect
cadaver renal allograft outcome (200). The simple cold storage
approach is now the most commonly used, for this provides
adequate preservation for at least 24 hours, and even up to
48 hours with newer approaches to preservation.

The kidneys are initially flushed free of blood with a cold
solution via the aorta and renal artery while the kidney is in
situ. Many different flushing solutions have been used (Collins,
citrate, University of Wisconsin solution) and the search for
the optimal solution continues (Table 98-8). Drugs, metabo-
lites, and other agents have been used to enhance the effects of
cold preservation. The aim of these maneuvers is to reduce the
incidence of posttransplant acute tubular necrosis. The Univer-
sity of Wisconsin solution has revolutionized the preservation
of livers and pancreas, but whether it represents an improved
method of preservation for kidneys has not yet been clearly
established (197).

In the absence of any warm ischemia, which is generally the
case with a brain-dead donor on a ventilator, immediate func-
tion can be obtained in most kidneys with up to 24 hours of
preservation and even after 48 hours of preservation in some
patients. However, from 24 hours onward, most kidneys will
have a significant period of delayed function ranging from 1 to
several weeks and there will be a significant incidence of per-
manent nonfunction (201). It has been suggested that for short-
term outcome, local use of kidneys with poor HLA matching
is as good as shared use with good matches (202).

Since 18 to 36 hours is an adequate time for most units
and also allows time for transport of kidneys within a region
or country, there has been widespread adoption of the simple
cold-storage technique for preservation.

The second approach of machine preservation is more com-
plex and expensive with limited benefits. With this system, a
cold perfusate, either plasma protein fraction (PPF) or albumin
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TA B L E 9 8 - 8

COMPOSITION OF FLUSHING SOLUTIONS

Collins’ Citrate UW

Sodium (mM) 10 78 30
Potassium (mM) 108 84 120
Magnesium (mM) — 40 5
Sulfate (mM) — 40 5
Bicarbonate (mM) 10 — —
Phosphate (mM) 60 — 25
Citrate (mM) — 54 —
Glucose (mM) 180 — —
Mannitol (mM) — 120 —
Lactobionate (mM) — — 100
Raffinose (mM) — — 30
Adenosine (mM) — — 5
Allopurinol (mM) — — 1
Glutathione (mM) — — 3
Insulin (units/L) — — 100
Dexamethasone (mg/L) — — 8
Hydroxyethyl starch (g/L) — — 50

(203), is used to perfuse the kidney at low pressures using ei-
ther pulsatile or continuous perfusion, the perfusate being oxy-
genated within the circuit. Both the temperature and the pres-
sure of the perfusate are monitored and the flow is generally
kept at 1 to 3 mL per gram of kidney per minute. Progressively
rising resistance with a fall in flow rates and rise in pressure in-
dicates inadequate preservation—but this is rarely seen within
3 days (197). However, normal perfusion characteristics are no
guarantee of organ viability and function.

Prevention of Acute Tubular Necrosis (ATN)

Despite the advances made, many centers continue to report up
to a 50% incidence of acute renal failure in the first few weeks
posttransplant when cadaver kidneys are used. The problem
is more apparent with the use of calcineurin inhibitors (CsA
or tacrolimus). The implication of this acute renal failure may
not be limited to simple delay of allograft function, but may
affect eventual levels of function and probability of long-term
graft survival (Fig. 98-10). A varying proportion of grafts never
achieve, at any time, satisfactory function after transplanta-
tion and are removed (“primary nonfunction”). Rejection is,
of course, more difficult to diagnose in such circumstances than
in a functioning kidney. Therefore, the benefits of immediate
function after transplantation, in terms of early recognition
of rejection, is obvious. New approaches might be expected
with better understanding of renal metabolism and its modifi-

cation by hypothermia and other manipulations. Agents have
been used to provide metabolic inhibition or substrate utiliza-
tion for cellular energy requirements. Pretreatment with purine
nucleotide precursors or addition of these precursors to the
perfusate have given variable results (199). Recently, there is
abundant data that intracellular calcium accumulation plays
a significant role in organ dysfunction following ischemic in-
jury (204). The demonstration of cellular and organ protec-
tion in several models of ischemic acute renal failure using cal-
cium channel blockers led to the introduction of verapamil or
other calcium-channel blockers as a component of preservation
fluid.

THE TRANSPLANT OPERATION

The surgical technique of renal transplantation is standardized
(205). In cadaver transplantation, the kidney must first be in-
spected to ensure that it is suitable for transplantation before
undertaking the operation. This procedure should be carried
out in operating room on a sterile back table. This procedure
is to remove the unnecessary fatty tissue and to prepare the
donor vessels. In small pediatric donors, both kidneys can be
used en bloc for transplantation in adults.

The transplanted kidney is implanted in the retroperitoneal
space in either the right or left iliac fossa through an oblique
incision extending from suprapubic area to a point just above
and medial to the anterior superior iliac crest. For transplanta-
tion, after failed transplants in both iliac fossae, a lower midline
intraperitoneal approach should be used.

The iliac vessels should be carefully dissected (206) and the
lymphatics ligated to prevent lymphocele formation (207). The
donor renal vein is anastomosed end-to-side to the external il-
iac vein. The renal artery is anastomosed to the external or
common iliac artery end to side using a cuff of aorta as a patch
for the anastomosis, or it is anastomosed end to end to the
internal iliac artery, which has been previously ligated and di-
vided. The end-to-side anastomosis using a cuff of aorta, is the
simpler anastomosis; it is the most appropriate one to use in
cadaver transplantation when the renal artery is provided with
a cuff of aorta. The end-to-end anastomosis to the internal iliac
artery is technically more demanding and should only be used
in living donor kidney transplantation.

Implantation of the ureter in the bladder is performed with
one of two ways (208). The first is to anastomose the spatu-
lated end of the ureter mucosa to dome of the bladder drawing
muscle over the anastomosis to provide a tunnel (209). The
second technique is to bring the ureter through the lateral wall
of the bladder and down through a 2- to 3-cm submucosal
tunnel and out in the vicinity of the patients own ureteric ori-
fices at the trigone, where it is anastomosed mucosa to mu-
cosa. The success of the first technique is greater than the sec-
ond. Preventive antibiotics with appropriate broad-spectrum

FIGURE 98-10. Effects of delayed graft function
(DGF), early rejections, and induction immunosuppres-
sion. Data are from the United Network for Organ Shar-
ing Scientific Renal Transplant Registry, 1999. (From:
Cecka J, Terasaki P, eds. Clinical Transplants 1999. Los
Angeles, CA: UCLA Immunogenetics Center; 2000:14,
with permission.)
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activity should be given with the premedication, in particular
to protect against the possibility of infection being transmitted
with the transplanted kidney.

General Postoperative Management
and Follow-up

Routine postoperative observations should include monitor-
ing of vital signs, fluid intake, and urine output. Postoperative
hematuria is usually transient. The Foley catheter is generally
left in these patients for 3 to 4 days because of high urine
outflow rates that occur during this time in order to prevent
overdistension of the bladder. This is particularly important in
diabetic patients who frequently have neurogenic bladders and
can have extremely larger bladder volumes before they develop
an urge to micturate. Catheters should also be carefully mon-
itored for obstruction and irrigated under sterile conditions if
occluded by a clot.

Immediate function of the transplanted kidney makes post-
operative management of the patient in the first few days much
simpler than if the kidney is not functioning. The patient, par-
ticularly in the case of a living related transplant, may have
a massive diuresis in the first 48 hours, and, for this reason,
hourly monitoring of the urine output and a central venous
line are essential to balance the fluid requirements appropri-
ately. A very basic regimen, at least for the first few hours, is to
replace fluid at the rate the last hour’s output plus 50 mL per
hour of IV fluid. This can then be modified according to the
kidney function and the central venous pressure.

Within 48 hours, particularly with a functioning kidney, the
patient’s restored sense of well-being is quite remarkable and
most patients can get out of bed on the second postoperative
day. Provided that no complications ensue and that any early
rejection episode can be dealt with satisfactorily with appro-
priate treatment, these patients are ready to leave the hospital
by the fifth or sixth postoperative day.

After discharge from hospital, daily follow-up should be
continued in the first week and the patient should then be seen
two to three times a week in the first month after operation.
Thereafter, the follow-up interval will depend on the patient’s
general condition and the development of additional problems.
Routine biochemistry, hematology, and urine analysis should
be obtained at each clinic visit (210).

IMMUNOSUPPRESSIVE THERAPY

Immunosuppressive options in kidney transplantation are
rapidly expanding. Experience with newer immunosuppressive
molecules is traditionally first obtained in kidney transplanta-
tion. Standard immunosuppressive therapy in renal transplant
recipient consists of: (1) baseline therapy to prevent rejection
and (2) short courses of antirejection therapy utilizing high-
dose methylprednisolone, monoclonal antibodies or polyclonal
antisera, such antilymphocyte globulin (ALG) and antithymo-
cyte globulin (ATG). Most induction regimens incorporate el-
ements of the maintenance immunosuppressive regimen. The
basic approach involves the use of multiple drugs, each di-
rected at a discrete site in the T cell activities cascade and
each with distinct side effects. The immunosuppressants can
be classified, on the basis of their primary site of action, as
inhibitors of transcription (CsA, tacrolimus), inhibitors of nu-
cleotide synthesis (azathioprine and mycophenolate, such as
Cellcept or Myfortic), and inhibitors of growth factor signal
transduction (sirolimus or everolimus). Current standard prac-
tice for chronic immunosuppression includes a calcineurin in-
hibitor, an antiproliferative agent, and steroids. The calcineurin

inhibitors are either CsA or tacrolimus; the antiproliferative
agent, typically a mycophenolate or sirolimus; and low-dose
prednisone are used as basic immunosuppressive drugs for the
induction as well as maintenance immunosuppressive therapy.
Prednisone is started with a 20 to 30 mg daily dose for the first
month and tapered by 2.5 to 5 mg every 2 weeks to a mainte-
nance dose of 5 to 10 mg/day. Most centers do not routinely
discontinue or switch to alternate-day steroids unless the pa-
tient is having problems with side effects (including worsening
glucose control, hypercholesterolemia, or difficulties in blood
pressure control) and has had stable renal allograft function
with no episodes of acute rejection within the preceding 6 to
12 months. However, steroid-withdrawal strategies continue to
be of significant interest both by transplant centers as well as
potential transplant recipients. Single-center experiences with
steroid withdrawal after antibody induction therapy have been
increasingly successful, with multicenter trials in progress.

Polyclonal or monoclonal antibodies directed at cell surface
proteins are also being used in the clinical setting as induction
therapy and/or antirejection treatment. In the absence of de-
layed graft function, CsA or tacrolimus can be started as daily
maintenance dose. The use of these immunosuppressive agents
both to prevent and to treat rejection is associated with a num-
ber of side effects. The common medical problems in patients
who have had transplantation are related to the use of these
immunosuppressive agents. Overall, cumulative high-dose im-
munosuppression leads to increased infectious morbidity and
mortality. The ideal of therapies in transplantation therefore,
is to reduce the agent’s dose to a level of immunosuppression
that will prevent or suppress rejection, but minimize the risk
of life-threatening infections and other problems related to the
treatment (211,212).

Antibody Induction

Many centers use a prophylactic course of antilymphocyte
agents for induction in the immediate posttransplant period.
This strategy establishes an immunosuppressive cover that en-
ables early engraftment without the use of potential nephro-
toxic drugs, like CsA and tacrolimus, during the early post-
transplant period. These antibody protocols have reduced the
incidence of early rejection and are particularly useful for
high-risk patients such as presensitized patients with high
PRAs or patients undergoing retransplantation. Most clinical
experience has been with the use of the pan-T–monoclonal
antibody, OKT-3, or a polyclonal antilymphocyte antibody
such as ATGAM (Pharmacia-UpJohn, Kalamazoo, MI) at
15 mg/kg/day or thymoglobulin (Genzyme, Cambridge, MA)
at 1.5 mg/kg/day (or alternate day) for 4 to 10 days (213–216).
The need for antibody induction is still controversial. However,
a recent meta-analysis of seven randomized controlled trials
of antibody induction therapy suggested a modest improve-
ment in graft survival in those patients treated with antilym-
phocyte agent (217,218). In one recent study evaluating differ-
ent induction therapies, acute rejection occurred in only 4% of
those receiving thymoglobulin compared to 25% with ATGAM
(215,216). Prophylactic OKT3 appears to be most effective in
high-risk cadaver transplant recipients, including those who
are sensitized or have two HLA-DR mismatches or a prolonged
cold ischemia time (213,214). A report from The Collabora-
tive Transplant Study clearly showed that sequential induction
therapy with OKT3 followed by cyclosporine resulted in bet-
ter 3-year graft survival rate in first and subsequent transplants
(219). These benefits were not seen with simultaneous OKT3
and cyclosporine administration. Furthermore, the benefit of
sequential therapy was greatest in high-risk patients with pre-
formed panel reactive lymphocytotoxic antibodies above 50%
and in Black and pediatric transplant recipients. In the highly
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presensitized patients, for example, 3-year graft survival rates
were higher in both first transplants (80% versus 63% in those
not treated with OKT3) and in retransplants (73% versus
58%).

Anti-IL-2 receptor (CD25) monoclonal antibodies have
been used for induction and can also reduce the incidence
of early rejection episodes. Randomized prospective studies of
two humanized antibodies against the α chain of the IL-2 recep-
tor have recently shown a significant decrease in the incidence
of acute rejection with few or no adverse events accompanying
their use. In the first study, basiliximab (Simulect) was used in
a double-blind trial, 376 patients undergoing a primary cadav-
eric renal transplant and receiving cyclosporine and cortico-
steroids were randomized to placebo or 20 mg of basiliximab
administered on days 0 and 4 posttransplant (220). There was
no evidence of a cytokine release syndrome with basiliximab
and the incidence of infection and other adverse events was sim-
ilar in the two groups. The benefits of this induction therapy
include a lower incidence of biopsy-confirmed acute rejection
at 6 months (30% versus 40%); a lower incidence of steroid-
resistant first rejection episodes that required antibody therapy
(10% versus 23%), and a lower mean daily dose of steroids
at 2 and 4 weeks posttransplantation. Daclizumab (Zenepax)
is another humanized anti-IL-2 receptor monoclonal antibody
(221). As with basiliximab, daclizumab decreases the incidence
of acute rejection. In one study of 153 renal transplant recipi-
ents receiving cyclosporine, azathioprine, and prednisone, the
administration of daclizumab lowered the incidence of rejec-
tion (22% versus 35% with placebo). Both basiliximab and
daclizumab have been approved by the FDA for use in renal
transplantation. No trials have yet directly compared the effi-
cacy of these two agents, but they differ in cost and frequency
of administration. A total of five doses are recommended for
daclizumab with each dose separated by 2-week intervals; only
two doses are recommended for basiliximab with each sepa-
rated by a 4-day interval. The lower incidence of acute rejec-
tion and the apparent safety and lack of side-effects associated
with these antibodies suggest that these agents may eventually
assume a significant role in induction immunosuppressive ther-
apy in renal transplant recipients.

Treatment of Rejection

In the treatment of acute rejection, the most practical approach
is to initially start a course of intravenous methylprednisolone
and if there is not an early regression of the symptoms associ-
ated with the rejection, perform a needle biopsy of the kidney
to establish the diagnosis and consider giving OKT3 or poly-
clonal anti-T cell antibodies. The use of these potent therapies
should be confined to acute rejections with acute components
that are potentially reversible, e.g., mononuclear interstitial cell
infiltrate with tubulitis (see Fig. 98-16) or endovasculitis with
acute inflammatory endothelial infiltrate (see Fig. 98-17).

Immunosuppressive Agents

Corticosteroids

Corticosteroids have been known for more than 40 years to
have a suppressive effect on the immune system. Their first use
in renal transplantation was in 1960, when cortisone was used
to reverse a rejection episode in a living related donor trans-
plant recipient who had been immunosuppressed by total-body
irradiation. Since then steroids have been used for treatment of
rejection episodes and as part of the standard immunosuppres-
sive regimen for the prevention of rejection. The complications
of steroid therapy are numerous and involve many organ sys-

tems. Acute side effects include fluid and salt retention, which
may exacerbate hypertension, steroid-induced diabetes, which
may result from impaired glucose tolerance, or preexisting dia-
betes, and, rarely, central nervous system (CNS) changes, such
as steroid psychosis or pseudotumor cerebri. These changes oc-
cur when high doses of prednisone or methylprednisolonene
are given during the initial posttransplant period or in the
treatment of a rejection episode. Generally, these short-term
effects lessen or disappear when the doses of steroids are ta-
pered. The long-term side effects are more insidious in onset
and are associated with Cushingnoid changes, poor wound
healing, and increased frequency of infections. Other side ef-
fects include: cataracts, proximal myopathy, osteoporosis, and
osteonecrosis.

In an effort to reduce the incidence of metabolic and
infectious complications, the current trend is to use lower
doses of steroids for maintenance (222–225) and IV pulses of
methylprednisolone for treatment of rejection (226). Because of
the growth-suppressive effects of corticosteroids, alternate-day
steroids therapy was introduced for transplantation in chil-
dren (227,228). However, this regimen has not been evalu-
ated in randomized controlled trials in adults and concerns
have been expressed that conversion to alternate-day therapy
has been associated with an increase in incidence of rejection
(229).

Steroid Withdrawal. Although steroid withdrawal after re-
nal transplantation has definite advantages with reduction in
weight, hypertension, and hypercholesterolemia and improved
appearance, there is concern that withdrawal of steroids from
cyclosporine-based protocols will be associated with a dete-
rioration in renal function (229,230). However, several insti-
tutes have reported successful withdrawal of steroids in kidney
(231–235), pancreas (236), as well as in liver transplantation
(237–239). Data from uncontrolled studies of stable patients
who have had no rejection episodes for at least 6 months have
noted a successful outcome in 80% to 90% of cases main-
tained on cyclosporine and azathioprine. Cessation of steroid
therapy is often associated with a fall in blood pressure and,
in diabetic patients, better glycemic control; total cholesterol
levels also fall, but there is an equivalent reduction in HDL
cholesterol and, therefore, an uncertain effect on cardiovascu-
lar risk. Prevention of osteopenia and aseptic necrosis of bone
are other potential benefits; there are, however, limited data at
present to confirm this benefit. These beneficial metabolic ef-
fects must be balanced against the effect of steroid withdrawal
on graft outcome. The Collaborative Transplant Study registry
data suggests that graft survival is superior in those patients in
whom steroids are withdrawn. A similar analysis from the Aus-
tralian and New Zealand Dialysis and Transplantation Reg-
istry also found the patients with a functioning graft at 1 year
who were not on steroids had a better patient and graft sur-
vival thereafter compared to patients who remained on steroids
(240). However, these uncontrolled data have a possible defect
in that patients may have remained on steroids because they
had a more difficult early course, which might be associated
with a poorer long-term graft survival course. Furthermore, a
meta-analysis of prospective trials of steroid withdrawal in the
first 3 months after transplantation suggested an increased in-
cidence of acute rejection after withdrawal. Thus, early (within
3 months) cessation of steroids is associated with an increased
incidence of acute rejection and a possible decrease in long-term
graft survival. The effect of late withdrawal of steroids upon
graft function was examined in a randomized prospective con-
trolled trial of patients on triple immunosuppressive therapy.
One hundred patients in whom renal transplantation had been
performed 1 to 6 years prior to study entry were randomized
to total prednisone withdrawal over 4 months or to continu-
ation of triple therapy. Among the 49 patients randomized to
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steroid withdrawal, 42 (86%) were able to achieve complete
cessation. Withdrawal of steroids was associated with de-
creases in blood pressure (although not completely sustained)
and in total cholesterol levels (a decrease on average of 38
mg/dL). Although no defined episodes of acute reaction were
observed among these patients, a significant decrease in renal
function and a significant increase in the percentage of patients
with proteinuria were found compared to control patients. At
1 year, a higher number of steroid withdrawal patients had
a plasma creatinine concentration that was more than 25%
above baseline than control patients (53% versus 25%). Fur-
ther increases were observed in the steroid withdrawal patients
at 2 and 3 years. After correction for differences in baseline
serum creatinine values, the steroid withdrawal patients had
higher serum creatinine values at study exit and at 1 year than
controls. This study confirmed the benefits of steroids of steroid
withdrawal, namely, an improvement in weight, hypertension,
and hypercholesterolemia. However, there was an associated
10% decline in renal function, which appears to be stable at
3 years. Furthermore, the study was able to define a group
of patients in whom steroids could be withdrawn with-
out risk (241). Thus, an element of caution is required be-
fore recommending routine use of steroid withdrawal. How-
ever, the introduction of the newer immunosuppressive drugs,
such as tacrolimus, mycophenolate mofetil, and sirolimus or
everolimus may allow steroids to be withdrawn at an earlier
stage after transplantation.

Azathioprine

Despite newer immunosuppressive regimens, azathioprine will
continue to be used for patients with successful transplants who
are already receiving azathioprine, for patients who are intoler-
ant of other agents, and for some patients because of economic
reasons. Azathioprine was first used as an immunosuppressive
agent for kidney transplantation in 1962 (242), and shortly af-
terward steroids were added for the prevention of rejection. For
many years azathioprine at a dose of 1.75 to 2.5 mg/kg/day was
used with high-dose steroids, which were responsible for most
of the significant complications accompanying renal transplan-
tation. Then, in 1970, McGeown and colleagues reported ex-
cellent graft survival with azathioprine and low-dose steroids
(243,244). Their patients were not typical in that nearly all had
bilateral nephrectomies and all had had large number of blood
transfusions. For this reason, the Oxford group undertook a
prospective randomized controlled trial of high- versus low-
dose steroids in combination with azathioprine and showed
not only that graft survival was identical, but that the reduc-
tion in steroid-related complications was striking (222,223).
These data were subsequently confirmed in other prospective
trials and low-dose steroids became the norm in combination
with azathioprine (245). Before the 1980s, azathioprine and
steroids were the mainstays of maintenance immunosuppres-
sion prior to the introduction of CsA (225,246,247). The side
effects of azathioprine include bone marrow depression with
granulocytopenia, hepatic dysfunction, pancreatitis, and an in-
creased risk of infection and neoplasia. Macrocytic anemia
with megaloblastic erythrocytosis (248), pure red cell aplasia
(249), thrombocytopenia, and suppression of all marrow cell
lines have been reported. Trimethoprim—sulfamethoxazole,
when administered with azathioprine, may lead to neutrope-
nia and thrombocytopenia (250), possibly because of the an-
tibiotic’s antifolate effect, resulting in enhanced 6-MP marrow
toxicity.

Cyclosporine (CsA)

Cyclosporine is a fungal peptide with potent antilymphocyte
properties. Cyclosporine was introduced to renal transplanta-
tion by Calne (251) and his colleagues in 1978. The initial use

of CsA in Europe was based on the early Cambridge experience
of using CsA alone whereas in North America CsA was used
with steroids. There were a number of studies evaluating cy-
closporine protocols (252–255). The initial recommended dose
of 14 to 18 mg/kg/day was used in most clinical trials. There
is a trend of using lower initial dose for renal transplantation
in the ranges of 10 to 14 mg/kg/day. This dosage was then ad-
justed to achieve specific plasma/serum or whole blood levels.
Although the need for steroids in patients treated with CsA re-
mains unsolved (252,256), a majority of patients are likely to
need high-dose methylprednisolone for the treatment of rejec-
tion episodes. For this reason, most centers use steroids with
CsA from the time of transplantation. However, many patients
can be managed without steroids or weaned off steroids dur-
ing the first few months after transplantation. The Canadian
Multicenter Study showed that steroids could be withdrawn
successfully at 3 months and the results were comparable with
the control patients that were maintained on steroids (255).
The Australian Multicenter Study (257) achieved 83% 1-year
graft survival using CsA alone, and over 60% of patients re-
mained off maintenance steroids, which were only used for
treatment of rejections. Salaman et al. (258) in a small study
found no benefit of adding steroids compared with CsA alone,
but commented that nephrotoxic side effect was more frequent
in patients without steroids. Other groups have successfully
used a combination of azathioprine and CsA to avoid steroids
(257,259,260).

Side Effects. A number of side effects have been observed
in patients receiving CsA (251,261–264). Nephrotoxicity is
the most worrying side effect of cyclosporine. Dose-related,
reversible acute nephrotoxicity is observed in about 20% of
patients (263,264). Nephrotoxic episodes tend to occur after 1
month. In addition to nephrotoxicity, other side effects include
hypertrichosis, neurasthesiae, convulsions, hepatic dysfunc-
tion, gingival hypertrophy, hyperkalemia, hypomagnesemia,
hypertension, and fluid retention. CsA infrequently causes
a microangiopathic hemolytic anemia in association with
hemolytic uremic syndrome. An autoimmune hemolytic ane-
mia has also been reported in patients receiving CsA when ABO
blood group O kidneys are engrafted into blood group A or B
recipients. It is postulated that passenger B lymphocytes cause
graft-versus-host disease by secreting hemolytic antibodies;
an autoimmune neutropenia and thrombocytopenia have also
been reported in this setting of ABO incompatibility (265–267).

Pharmacokinetics. Oral absorption of CsA is slow and incom-
plete with peak blood concentrations occurring 2 to 4 hours af-
ter a dose. On the average, 37% of an orally administered dose
will be absorbed. It then undergoes some first-pass metabolism,
yielding an absolute bioavailability of 27% in the blood. It is
primarily eliminated from the body via hepatic metabolism. Cy-
closporine is administered either as a single daily dose or as two
12-hourly doses. The starting oral dosage is 8 to 12 mg/kg/day.
The dose is further tapered to a maintenance dose of 3 to
6 mg/kg/day, depending on the graft function and trough levels.
The rationale for the twice-daily dose is based on the pharma-
cokinetics observed that trough levels are reached between 12
and 16 hours after a single oral dose and on the assumption
that nephrotoxicity might be related to a peak levels rather
than trough levels (268,269).

Intravenous CsA, which may aggravate postoperative acute
tubular necrosis, is to be avoided in the perioperative period.
Patients with ileus or other gastrointestinal dysfunction, how-
ever, may require intravenous coverage of CsA. The IV dosage
for CsA is 2 mg/kg or 1/3 of the oral dose and should be given
in a slow infusion with 0.9% sodium chloride or 5% dextrose
over 2 to 6 hours (270–272).
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TA B L E 9 8 - 9

CYCLOSPORINE OR TACROLIMUS DRUG
INTERACTIONS

Additive
Increase level Decrease level nephrotoxicity

Erythromycin Barbiturate Aminoglycosides
Diltiazem Carbamazepine Amphotericin B
Ketozonazole Isoniazid Cotrimoxazole
Metoclopramide Phenytoin Trimethoprim
Oral contraceptives Rifampicin Acyclovir
Nicardipine

Drug Interactions. Cyclosporine is metabolized almost entirely
in the liver, probably through the cytochrome P450 system.
Most of the drug is excreted in the bile and liver dysfunction
causes it to accumulate and serum levels to rise. Thus drugs,
which induce hepatic enzymes, such as rifampicin, phenytoin,
phenobarbitone, neflocin, and nefcillin will increase the rate
of metabolism of cyclosporine and lower blood levels of the
parent compound. Drugs that increase cyclosporine levels in-
clude: calcium entry blockers, such as diltiazem, verapamil and
nicardipine, erythromycin, and ketoconazole. The well-known
interactions are listed in Table 98-9. Impaired renal function
does not affect plasma or whole blood levels, because only
about 0.1% of the native drug is detected in the urine and
only 10% of the metabolites of the parent compound are ex-
creted in the urine. A number of drugs are now known to en-
hance nephrotoxicity of CsA. These are aminoglycosides, ke-
toconazole, amphotericin B, trimethoprim, and cotrimoxazole
(273–275).

Monitoring of CsA Levels. Therapeutic monitoring CsA levels
is an important part of the management because of the varia-
tion in the inter- and intrapatient metabolism. When Sandim-
mune was introduced, the trough level of cyclosporine, rather
than the peak level, was measured because its timing was more
consistent and appeared to correlate better with toxic compli-
cations. With the introduction of Neoral, this trend has con-
tinued. However, because of Neoral’s consistent absorption, its
peak levels (typically 2 hours after dosing) may correlate bet-
ter with drug exposure and clinical events than trough levels
(276–279).

Measurements to calculate the area-under-the-curve (AUC)
will reflect the bioavailability of the drug and may allow a
more precise and individualized patient management (280,281)
(Table 98-10). Plasma or whole blood levels of the drug can be
measured either by radioimmunoassay (RIA) using polyclonal

TA B L E 9 8 - 1 0

METHODS OF DETERMINING CYCLOSPORINE
LEVELS

Specific for Recommended trough
Assay parent compound levels (ng/mL)

RIA (monoclonal) + Serum 50–125
Blood 100–400

HPLC + Blood 100–400
RIA (polyclonal) − Serum 150–300

Blood 200–800
FPIA (TDX) − Blood 200–350

or monoclonal antibodies, which detects the parent drug and its
metabolites, or high-pressure liquid chromatography (HPLC),
which selectively measures parent compound. Recently, a num-
ber of nonisotopic immunoassays have also been commercially
developed. One of the most successful methods is the Abbot
TDX System which uses fluorescence polarization immunoas-
say (FPIA) to monitor the reaction between the drug and the
antibody. The results are comparable to RIA (Table 98-11). Val-
ues obtained by RIA are approximately 1.3 times higher than
those obtained by HPLC. Forty to 60% of the drug concen-
tration in whole blood is bound to red cells, lymphocytes, and
granulocytes. Because drug binding to red cells is temperature-
dependent, plasma must be separated from the red cells at 37◦C
to obtain reproducible results. There is considerable disagree-
ment as to whether plasma or blood levels correlate with either
CsA toxicity or immunosuppression. Nevertheless, most physi-
cians would feel that CsA trough levels, along with all clinical,
biochemical, and histological parameters, are helpful in dis-
tinction between nephrotoxicity and rejection (280–283).

Cyclosporine Nephrotoxicity. Nephrotoxicity is the most fre-
quently encountered and most important side effect of CsA
therapy. CsA nephrotoxicity can occur acutely within days or
weeks after renal transplantation. The pathogenesis of acute
nephrotoxicity is due to a decline in renal blood flow with a
consequent fall in glomerular filtration rate (GFR).

Acute CsA nephrotoxicity. Acute cyclosporine toxicity tends
to occur about 3 or 4 weeks after transplantation, rather than
within the first 2 weeks when the typical rejection episode might
occur and is not associated with swelling or tenderness of the
graft or with fever. A small increment in serum creatinine oc-
curs that is frequently correlated with high serum CsA trough
levels. Serum creatinine returns to baseline within 24 hours of
reduction of CsA dosage (263,264).

Drugs which cause additive nephrotoxicity. Along with
CsA-induced nephrotoxicity, other drugs may cause renal
dysfunction including antibiotics, diuretics, and H2-receptor
blockers. Trimethoprim–sulfamethoxazole, commonly used
for infection prophylaxis, can cause an interstitial nephritis, or
the trimethoprim moiety may interfere with tubule secretion of
creatinine, leading to an elevation in the serum creatinine in the
absence of a fall in GFR. Other antibiotics (aminoglycosides,
amphotericin B) may be directly nephrotoxic. Diuretics may
cause volume depletion or interstitial nephritis and should be
avoided, if possible, in the early posttransplantation period.
Cimetidine, an H2-receptor antagonist, used for peptic ulcer
disease prophylaxis, may compete with creatinine for tubule se-
cretion and also cause a “false” increase in the serum creatinine;
this was not seen with ranitidine. Concomitant administration
of CsA and sirolimus increased absorption of CsA. Lower doses
of CsA are required to maintain a therapeutic trough level
(284–286).

Chronic CsA nephrotoxicity. The debate about long-term
nephrotoxicity of CsA remains unresolved. The pathogenesis
of chronic CsA nephrotoxicity is currently unclear. Dose re-
duction does not reverse this form of chronic toxicity. There is
evidence that renal prostaglandins and thromboxane produc-
tion is stimulated in chronic CsA nephrotoxicity. Substitution
of an oil base fluid with a fish oil leads to generation of va-
sodilatory arachidonate metabolites in the kidney. It has been
suggested that CsA induces an arteriolar lesion in the kidney
by reducing prostacyclin production secondary to decreased
synthesis of prostacyclin-stimulating factor. The prostacyclin-
stimulating factor may be a cytokine, produced by helper T
cells, or interleukin 1, produced by macrophages. This may
explain both immunosuppressive and nephrotoxic effects of
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TA B L E 9 8 - 1 1

PATIENT AND GRAFT SURVIVAL AND THE INCIDENCE OF ACUTE REJECTION IN
TWO LARGE RANDOMIZED PROSPECTIVE MULTICENTER TRIALS OF
TACROLIMUS AND CYCLOSPORINE IN EUROPE AND THE UNITED STATES

Tacrolimus (%) Cyclosporine (%) p

European trial (n = 448)
1-year patient survival 93.0 96.5 NSa

1-year graft survival 82.5 86.2 NS
Cumulative acute rejection 34.2 57.2 <0.001
Steroid-resistant rejection 11.3 21.6 0.001

U.S. trial (n = 412)
1-year patient survival 95.6 96.6 NS
1-year graft survival 91.2 87.9 NS
Cumulative acute rejection 30.7 46.4 <0.001
Steroid-resistant rejection 10.7 25.1 <0.001

aNS, not significant.

CsA. Increased incidence of glomerular thrombosis in CsA
treated renal and other organ transplant patients tend to sup-
port this hypothesis.

The stability of renal allograft function associated with
long-term CsA therapy has been documented (259–261). In
some cases, the deteriorating long-term renal function might
be due to inadequate immunosuppression and chronic re-
jection rather then CsA nephrotoxicity. However, conversion
from cyclosporine to azathioprine and prednisone is performed
for documented nephrotoxicity or other worrying side effect
of CsA. Several protocols have been proposed in the past
(259,266,267). To avoid acute rejection after conversion, it
was recommended that an overlap between discontinuation of
CsA and the commencement of azathioprine and prednisone.

Differential diagnosis of CsA nephrotoxicity. In the early post-
transplant period, functional CsA nephrotoxicity has clinical
features similar to those of acute renal allograft rejection. In
the CsA-treated patients, rejection may present with or with-
out decline in urine output along with a rise in serum creatinine.
Because CsA nephrotoxicity may present in a similar fashion,
an allograft biopsy specimen should be obtained if the diagno-
sis is uncertain. Histologically, acute CsA nephrotoxicity can
be distinguished from acute rejection chiefly by the absence of
an extensive inflammatory infiltrate (287).

However, direct tubular toxicity has been described when
CsA levels are elevated above 1,000 ng/mL in whole blood.
Whereas morphologic evidence of tubular injury was com-
monly seen in transplant biopsies obtained in the early years
with CsA therapy, the incidence of this form of nephrotoxicity
has fallen. The glomeruli may be small because of chronic
ischemia; they may have wrinkled or thickened basement
membranes or increased mesangial matrix; or they may be
completely hyalinized or sclerosed. The vascular changes may
include intimal proliferation with luminal obliteration most
striking in the interlobular and arcuate arteries and medial
necrosis with degenerative changes of the internal elastic
lamina. Tubular atrophy with luminal obliteration and inter-
stitial fibrosis complete the picture (288,289). Needle-biopsy
evaluation of class II MHC antigen expression has also been
used for the differential diagnosis of CsA nephrotoxicity from
kidney graft rejection (212). In the absence of the specimen, a
clinical picture suggestive of CsA toxicity includes hyperten-
sion, tremor, elevated CsA trough levels, hyperkalemia, and

a temporal relationship of improvement in allograft function
after CsA dose reduction.

Neoral. The new microemulsion formulation of cyclosporine
A is Neoral. The absorption of CsA from its classic formu-
lation is slow and incomplete, and varies from day to day.
The new microemulsion of CsA (Neoral) may overcome these
shortcomings (274). Absorption is more rapid, complete, and
consistent, and relatively independent of blood and bile flow.
Maximum concentration is increased by 30% to 60%; mean
time to reach maximum concentration is only 1.4 hours; and
absorption, as measured by the area-under-the-time concentra-
tion curve, is 20% to 30% greater than with the classic CsA
formulation. In addition, day-to-day variability is reduced by
at least 50% for each of these parameters (282). Neoral has
been approved by the Food and Drug Administration (FDA)
in the United States. Initial trials have confirmed that Neoral is
equivalent to cyclosporine A for prevention of graft rejection
and no differences have been shown in graft or patient survival.
The dose of the microemulsion is 10% to 20% lower than stan-
dard cyclosporine; however, the exact conversion dose must be
carefully undertaken.

Generic Formulations of Cyclosporine. A number of generic
formulations of cyclosporine have been developed. These in-
clude the capsule Gengraf (Abbots Labs), the capsule Cy-
closporine USP (Eon Labs) and the liquid SangCya have been
approved for use in the United States. Other generic formu-
lations are also available outside the United States. SangCya
(Sang-35) is an oral liquid formulation of cyclosporine that has
pharmacokinetic properties similar to Neoral. As with Neoral,
it does not appear to be dependent upon bile salts for absorp-
tion. Because of its bioequivalence, the impact of these generic
formulation remains to be seen. Overall these generic formu-
lations are about 20% less expensive than Neoral. No adverse
events have been reported regarding their use (290–296).

Tacrolimus (FK506)

FK506 (tacrolimus or prograf) is a macrolide immunosuppres-
sant and is similar to CsA in its mode of action (297,298).
Both tacrolimus and CsA prevent the transcription of several
T cell growth-promoting genes such as IL-2. While CsA binds
to cyclophilin, tacrolimus binds to an immunophilin, FKBP
(FK506 binding protein). The drug’s immunosuppressive ac-
tion is mediated via blockade of calcineurin-mediated T cell
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receptor signal transduction and inhibition of IL-2. By inhibit-
ing cytokine gene transcription, tacrolimus suppresses T cell
and T cell-dependent B cell activation (299).

The initial experience with tacrolimus was mostly in liver
transplantation since the drug was originally approved by FDA
for use in liver transplantation. The drug has now been used
in kidney transplantation (300–303). Although recent trials
have shown similar graft survival outcomes with tacrolimus
when compared to Sandimmune–CsA-based regimens in the
setting of renal transplantation, the incidence of acute rejec-
tion and requirement for intensive immunosuppression may
be less with tacrolimus. The multicenter FK506 Kidney Trans-
plant Study Group trial (304) randomized 412 cadaveric re-
nal transplant recipients to either tacrolimus or Sandimmune–
CsA-based immunosuppressive regimens. Sandimmune- and
tacrolimus-based therapy resulted in similar graft survival rates
at 1 year. However, tacrolimus was associated with a signif-
icantly decreased incidence of biopsy proved acute rejection
episodes (30.7% versus 46.4%) and requirement for antilym-
phocyte antibody therapy (10.7% versus 25.1%). The Euro-
pean Tacrolimus Multicenter Renal Study Group reported sim-
ilar beneficial effect with tacrolimus in a 12-month follow-up
(305) (Table 98-11). A meta-analysis of four studies involv-
ing over 1,000 patients also found that tacrolimus, compared
with CsA, significantly reduced the incidence of acute rejection
(306).

Tacrolimus may also be beneficial in renal transplantation as
rescue therapy in patients with recurrent or resistant rejection
episodes on CsA (307,308). Patients with biopsy-proved ongo-
ing acute renal allograft rejection were switched from CsA to
tacrolimus. The overall response rate was 74%. These benefi-
cial results were confirmed in another trial which examined the
use of tacrolimus among 73 patients in whom acute renal al-
lograft rejection was refractory to therapy with corticosteroids
(100%) and antilymphocyte antibodies (81%). Graft survival
rate was 75% at 12 months after tacrolimus administration.

Tacrolimus has a toxicity profile slightly different from that
of CsA. Both short- and long-term studies in liver and re-
nal transplant recipients suggest that tacrolimus is at least as
nephrotoxic as CsA (285,309). Tacrolimus can also cause hy-
perkalemia, hyperuricemia, and, rarely, the hemolytic–uremic
syndrome (310–313). However, there are differences in toxic-
ity with tacrolimus as compared to CsA. These include more
prominent neurologic (314) and metabolic side effects: less fre-
quent hirsutism, gingival hyperplasia, and hypertension, more
frequent alopecia, and an increased proclivity for susceptibility
to polyoma virus infection (315). Hypertrophic cardiomyopa-
thy has also been reported in children treated with tacrolimus
(316). The multicenter FK506 renal transplant study trial (304–
306) found an important difference in the toxicity profile be-
tween the two drugs: a relatively high incidence of insulin-
dependent diabetes mellitus in tacrolimus-treated patients as
compared to cyclosporine-treated individuals (19.9% versus
4%, respectively).

The recommended starting dose for tacrolimus is 0.15 to
0.3 mg/kg/day, administered in a split dose each 12 hr. Doses
are adjusted to maintain tacrolimus drug levels at between
8 to 16 ng/dL during the first few transplantation months
and between 5 to 12 ng/dL thereafter. African-American pa-
tients were found to need a mean 37% mean higher dose
than Caucasian patients to achieve comparable blood concen-
trations (317). Tacrolimus is absorbed primarily by small in-
testine and its oral bioavailability is about 25% with large
inter- and intrapatient variability. Like CsA, it is primar-
ily metabolized by hepatic cytochrome P450. Therefore, the
drug level will be influenced by concomitant administra-
tion of medications that affect cytochrome P450. Two com-
mercial kits are available for tacrolimus level determina-
tion. The microparticle immunoassay (Abbott Lab) is simpler

and faster than enzyme-linked immunosorbent assay (ELISA)
(318–322).

Mycophenolate Mofetil (MMF)

Mycophenolate mofetil (MMF) or Cellcept is a new immuno-
suppressive agent that has been recently approved by FDA
for use in patients with kidney transplantation. The drug is
converted in vivo to mycophenolic acid, a noncompetitive and
reversible inhibitor of inosine monophosphate dehydrogenase
(323) (Fig 98-11). This enzyme is responsible for the conver-
sion of inosine monophosphate to guanosine monophosphate
(GMP), which is required for the production of nucleic acids
and other critical steps in cellular activation. Lymphocytes re-
quire the de novo synthesis of GMP, so that mycophenolic acid
causes a profound inhibition of T and B cell function. Most
other cells possess a salvage pathway that permits a resynthesis
of guanine derivatives and are relatively resistant to mycophe-
nolic acid.

Mycophenolate mofetil has been used in renal transplant
recipients in dual, triple, or sequential therapy in combination
with CsA. In each protocol, the incidence and severity of acute
rejection and the requirement for antirejection therapy were
decreased significantly in the patients receiving mycophenolate
mofetil. Biopsy proved that rejection fell overall by 45% to
55%, the number of patients treated for rejection declined by
35% to 50%, and the use of OKT3 or ATG for refractory rejec-
tion fell by 40% to 66% compared with patients administered
azathioprine (324,325). In the study comparing mycopheno-
late (2 or 3 g/day) to placebo in 491 recipients of a cadaveric
renal transplant treated with cyclosporine and prednisone, at
6 months, the biopsy-proved incidence of acute rejection was
14% to 17% in the mycophenolate groups versus 46% with
placebo. Placebo patients were also much more likely to re-
quire high doses of corticosteroids and antilymphocyte therapy
to reverse the rejection episodes. Follow-up at 3 years revealed
that the incidence of graft loss was significantly lower by 7.6%
among those randomized to MMF. Another trial compared my-
cophenolate (2 to 3 g/day in divided doses) to azathioprine in
499 patients, who were also treated with CsA, prednisone, and
antithymocyte globulin. Although 6- and 12-month patient and
graft survival were similar in the two groups, there were fewer
first rejection episodes (18% to 20% versus 38% with aza-
thioprine). The other trial is a randomized clinical report by
the Tricontinental Mycophenolate Mofetil Renal Transplanta-
tion Study Group (326,327). It also compared the effectiveness
of MMF at two doses, 3 g/day (164 patients) and 2 g/day (173
patients), to azathioprine (100 to 150 mg/day, 166 patients).
Patients were treated with equivalent doses of corticosteroids
and CsA. Again, the MMF groups have a lower incidence of
treatment failure at 6 months—35% and 38% versus 50% with
azathioprine; a lower incidence of rejection—16% and 20%
versus 36%; decreased use of antilymphocyte antibody for se-
vere or steroid-resistant rejection episodes (4.9% and 8.8%
versus 15.4%); and a nonsignificant trend toward improved
graft survival at 1 year. At 3 years, both MMF groups contin-
ued to show a nonsignificant trend toward better graft survival
and a lower rate of graft loss from rejection as compared to the
azathioprine group (328,329). Despite the higher expense of
mycophenolate, the lower incidence of rejection may make the
use of this agent cost-effective. Mycophenolate has also been
successfully utilized as the third agent in tacrolimus-based reg-
imens (330). In one randomized study of 208 patients compar-
ing tacrolimus and prednisone versus tacrolimus, prednisone,
and mycophenolate, the incidence of rejection 1 year posttrans-
plantation was lower among the group given mycophenolate
(27% versus 36%).

The major side effects of MMF include mild neutropenia
and gastrointestinal intolerance, such as diarrhea, esophagitis,
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FIGURE 98-11. The site of inhibition by mycophenolic acid (MPA): MPA is the active moiety of MMF
or Myfortic. It is a potent, selective, and reversible inhibitor of inosine monophosphate dehydrogenase
(IMPDH). The de novo pathway for generation of guanosine monophosphate (GMP) is dependent upon
the conversion of inosine monophosphate (IMP) by IMPDH.

and gastritis at high doses. The toxicity profile was greater with
3-g dosage compared to 2 g of MMF. The reason for leukope-
nia in transplant patients treated with MMF remains to be
determined, since leukopenia was not predicted based on the
mechanism of action of MMF and was not noted in patients
with psoriasis or rheumatoid arthritis who were treated with
this drug. The incidence of infection is not increased overall,
although there may be a slight increase in tissue-invasive cy-
tomegalovirus infection of the GI tract and liver (331,332).
The use of MMF was associated with an increase in hepatitis
C virus viremia (333).

A safe and effective dosage of MMF is 1 to 2 g per day. Ther-
apeutic drug monitoring is still at a preliminary stage. HPLC
methods have been established for the measurement of MMF,
mycophenolic acid (MPA), and mycophenolic acid glucuronide
(MPAG), the principal metabolite that is pharmacologically in-
active. Orally administered MMF is rapidly absorbed and hy-
drolyzed to MPA in the liver and is then glucuronidated to an
inactive form MPAG. Bioavailability of MMF is 90% with a
half-life of 12 hr. There is no accumulation of MPA in hep-
atic or renal impairment (334–336). However, there are sub-
stantial intra- and interpatient variations in both adults and
children. The maximum concentration of MPA and the AUC
value determined immediately after transplantation were only
30% to 50% of those measured for patients 3 month after
transplantation (337). In these patients, the free levels of MPA
remained unchanged, suggesting that the increase in MPA lev-
els was mainly due to increased levels of MPA bound to plasma
proteins. Since the pharmacological effect of MMF is thought
to be correlated with free and not bound MPA levels, a re-
duction in plasma protein levels may increase the free levels

of MPA without affecting whole blood concentrations (326).
There is evidence of pharmacologic interaction between MMF
and tacrolimus. MPA levels increase when MMF is used with
tacrolimus (338,339). Monitoring the pharmacodynamic ac-
tivity of MMF, by monitoring the activity of the enzyme inosine
monophosphate dyhydrogenase, which is inhibited by MPA,
has also been suggested as a potential method to monitor the
efficacy of MMF and adjust its dose (340). The variability in
MPA levels suggests that measurements of plasma MPA lev-
els could be beneficial. There appears to be a good correlation
between the drug exposure and the probability of rejection
(341,342).

Enteric-Coated Mycophenolate Sodium (Myfortic). Myfortic
is an enteric-coated formulation of mycophenolate sodium that
releases the active moiety mycophenolic acid MPA in the small
intestine instead of stomach with the aim of improving MPA-
related upper GI adverse events (343). It has been approved by
FDA. Similar to Cellcept, it is an uncompetitive and reversible
inhibitor of inosine monophosphate dehydrogenase and, there-
fore, inhibits the de novo pathway of guanosine nucleotide syn-
thesis without incorporation to DNA. The recommended dose
of Myfortic is 720 mg administered twice daily 1 hour before or
2 hours after food intake. Side effects are similar between My-
fortic and mycophenolate mofetil in both de novo and main-
tenance patients (344–346). In the de novo study, despite the
fact that the incidence of GI adverse events was comparable
between the two treatment groups throughout the 12-month
study period, the incidence of dose changes due to GI side ef-
fects was lower in the Myfortic group, indicating potentially
less severe GI adverse events.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

2574 Section XIII: Management of End-Stage Renal Disease

The “TOR Inhibitors:” Sirolimus and Everolimus

TOR (target of rapamycin) is a regulatory kinase in the process
of cell division. The term “TOR inhibitor” refers to two simi-
lar immunosuppressant drugs whose mode of action is closely
linked to the inhibition of this kinase. Sirolimus (Rapamune)
also known as rapamycin, is a macrolide antibiotic compound
that is structurally related to tacrolimus. Everolimus (Certi-
can), also known as RAD, is a similar compound with shorter
half-life (347–349).

Sirolimus formerly designated as rapamycin is a macrolide
antibiotic produced by the fungus, Streptomyces hygroscopi-
cus. It was first isolated from soil samples that had been col-
lected on Easter Island (Rapa Nui) in 1969 (350,351). At that
time, rapamycin was observed to arrest cell growth in Candida
species and filamentous fungi. It was also shown to have tumor-
icidal activity, indicating that the antiproliferative effects seen
in yeast could be extended to the mammalian system. Sirolimus
activity in animal models of autoimmune disease was demon-
strated in 1977 (352,353). The immunosuppressant activity of
the drug was not documented in animal models until 1988
(354). Clinical trials were initiated 4 years later and it was
not until 1999 that FDA approval was granted for the use of
sirolimus for the prophylaxis of organ rejection in patients re-
ceiving renal transplants.

The immunosuppressive function of sirolimus ultimately re-
sults from the dampening of cytokine and growth-factor activ-
ity upon T, B, and nonimmune cells. Sirolimus binds to the
immunophilins, a property shared with CsA and tacrolimus.
While tacrolimus and CsA both inhibit calcineurin-dependent
T cell receptor signal transduction, sirolimus inhibits a dif-
ferent pathway required for full T cell activation by block-
ing the phosphorylation of p70(s6) kinase and the eukaryotic
initiation factor-4E-binding protein, PHAS-1. Like tacrolimus,
sirolimus binds to FK-binding protein (FKBP). Therefore,
sirolimus and tacrolimus compete for the same binding site on
FKBP, but the resulting complexes, the functional unit for each,
have different actions. The FKBP complex with tacrolimus
block T cell activation and release of IL-2. The complex
with sirolimus, on the other hand, blocks T cell proliferation
in response to IL-2. Furthermore, the sirolimus–FKBP com-
plex, unlike the tacrolimus–FKBP complex, does not bind cal-
cineurin. The cellular receptors for the sirolimus–FKBP are
being elucidated. Two proteins, designated as targets of rap-
amycin (TOR1 and TOR2) were identified as receptors for
sirolimus. The antiproliferative activity of sirolimus appears
to be a consequence in part of the sirolimus–FKBP complex
blocking the activation of the protein kinases that are involved
in cell proliferation. In vitro, sirolimus and tacrolimus com-
pete for the same binding protein and are pharmacologically
antagonists. However, both drugs interact in vivo to produce
immunosuppression that is additive or synergistic (355–358).

Sirolimus is currently being developed for combination
maintenance immunosuppressive therapy with cyclosporine.
Results of a Phase I/II study suggest that combined therapy
with CsA and sirolimus may permit the withdrawal of corti-
costeroids, in most patients, and reduce the incidence of acute
rejection (359,360). In addition, another Phase II trial found
that, among Caucasian recipients, a regimen consisting of rap-
amycin, corticosteroids, and CsA lowered the incidence of
acute rejection and may be cyclosporine-sparing.

The major side effects of sirolimus are dyslipidemia and
thrombocytopenia. Although the drug is minimally nephro-
toxic when used alone, the combination of sirolimus and CsA
has caused synergistic toxicity in animals (285,361). In healthy
volunteers, concomitant administration of sirolimus and Ne-
oral formulation of CsA increased the AUC for sirolimus by
230% compared with administration of sirolimus alone, while
administration 4 hours after the CsA dose increased the AUC

by 80%. For this reason, it is recommended that sirolimus be
administered 4 hours after the morning CsA dose. The phar-
macologic interaction between sirolimus and tacrolimus has
not been rigorously explored. Careful surveillance for drug in-
teractions with sirolimus will be required. Sirolimus-based im-
munosuppression has a different adverse effect profile among
renal transplant recipients compared with a cyclosporine-based
regimen. In this multicenter European trial, 83 patients were
randomized to sirolimus or CsA, with all individuals receiving
corticosteroids and azathioprine. At 12 months, no significant
difference was observed in graft or patient survival, or the inci-
dence of biopsy-confirmed acute rejection. However, compared
with cyclosporine, sirolimus was associated with a higher inci-
dence of hypertriglyceridemia (51% versus 12%), hypercholes-
terolemia (44% versus 14%), thrombocytopenia (37% versus
0%), and leukopenia (39% versus 14%) (362–365).

Sirolimus is given at a dose of 2 mg orally once daily 4 hours
after the morning dose of either CsA or tacrolimus. Loading
dose of 6 mg is given on the first day of treatment. African-
American patients may benefit from a maintenance dose of
5 mg/day. The drug is rapidly absorbed, reaching peak con-
centrations in 1 to 2 hours. It has a long half-life, averaging
62 hours. The recommended target trough levels vary between
5 to 15 ng/dL. Blood levels of sirolimus can be determined by
HPLC with UV light detection or HPLC–mass spectrometry.
Drug levels of sirolimus exhibit considerable intra- and inter-
patient variability. Therapeutic drug monitoring by measuring
trough blood levels could be expected to improve efficacy and
reduce toxicity (366–368).

Overall, sirolimus is a new promising drug. Its potential role
in slowing the progression of chronic transplant nephropathy
has not yet been evaluated. In animal models, sirolimus has
been shown to attenuate or prevent chronic rejection. In a pre-
liminary study, the switch from calcineurin-dependent drugs
to sirolimus in patients with chronic rejection lead to renal
function improvement. However, these preliminary data need
further randomized studies to clarify the role of sirolimus in
chronic transplant nephropathy (369,370).

Polyclonal Antisera

Antilymphocyte globulin (ALG) or antithymocyte globulin
(ATG) are polyclonal antisera derived from immunization of
lymphocytes, lymphoblasts, or thymocytes into rabbits, goats,
or horses have been used prophylactically as induction ther-
apy during the early posttransplant period and for treatment
of acute rejection (214,371–373).

The precise mechanism of action of the polyclonal anti-
bodies is fully understood. The immunosuppressive product
contains cytotoxic antibodies directed against a variety of T
cell markers. After the administration, there is depletion of pe-
ripheral blood lymphocytes. The lymphocytes are either lysed
or cleared by the reticuloendothelial system and their surface
antigen may be masked by the antibody.

Until recently, ATGAM (Pharmacia–UpJohn, Kalamazoo,
MI) was the only approved polyclonal agent available in the
United States. ATGAM is a purified γ -globulin solution ob-
tained by immunization of horses with human thymocytes.
It contains antibodies to a wide variety of human T cell-
surface antigens, including the major histocompatibility com-
plex (MHC) antigens. Thymoglobulin (Genzyme, Cambridge,
MA) is another polyclonal immunosuppressive agent derived
from the rabbit (374,375). It recently gained approval for the
treatment of rejection from the Federal Drug Administration.
As with ATGAM, thymoglobulin contains antibodies to a wide
variety of T cell antigens and MHC antigens. Both thymoglob-
ulin and ATGAM reverse acute rejection, thereby reducing
the risks of developing chronic allograft nephropathy. Data
suggests that thymoglobulin may be superior to ATGAM for
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the prevention and/or reversal of rejection. The ability of thy-
moglobulin (1.5 mg/kg/day) and ATGAM (15 mg/kg/day) to
reverse rejection and prevent recurrent acute rejection was eval-
uated in a randomized study of 163 patients (376). Thymoglob-
ulin was associated with a higher rejection reversal rate (88%
versus 76%, p = 0.027) and a lower incidence of recurrent
rejection 90 days after therapy (17% versus 36%). A third
polyclonal preparation, the Minnesota antilymphocyte globu-
lin (MALG), is no longer available. Its efficacy compared with
other immunosuppressive agents has been extensively studied
in multiple clinical trials (373,377,378).

Potential side effects of ALG include fever, chills, erythema,
thrombocytopenia, local phlebitis, serum sickness, and ana-
phylaxis (379). The potential for development of host anti-
ALG antibodies has not been a significant problem because
of the use of less immunogenic preparations and probably
because ALG suppresses the immune response to the foreign
protein itself. To avoid allergic reactions, the patients receive
intravenous medications consisting of methylprednisolone
(30 mg) and diphenhydralammine hydrochloride (50 mg) 30
minutes before injection. Acetaminophen should be given be-
fore and 4 hours after commencement of infusion for fever
control. Thrombocytopenia and leukopenia may necessitate re-
duction or curtailment of drug dosage.

OKT3 Monoclonal Antibodies

OKT3 is a mouse monoclonal antibody directed against the
CD3 molecule of the T lymphocyte. OKT3 has been used ei-
ther from the time of transplantation to prevent rejection or
to treat an acute rejection episode (213,380–386). It has been
shown in a randomized clinical trial (381) to reverse 95% of
primary rejection episodes compared with 75% with high-dose
steroids in patients who received azathioprine—prednisone im-
munosuppression. In patients receiving triple therapy (CsA—
azathioprine—prednisone), 82% of primary rejection episodes
were successfully reversed by OKT3 versus 63% with high-
dose steroids. Like ALG, reduction of concomitant immuno-
suppression (discontinuation of CsA and reduction of azathio-
prine or Mofetil dose) decreases the incidence of infectious
complications. Side effects include fever, rigors, diarrhea, myal-
gia, arthralgia, aseptic meningitis, dyspnea, and wheezing, but
these rarely persist beyond the second day of therapy. Release of
tumor necrosis factor (TNF), IL-2, and γ -interferon in serum
are found after OKT3 injection. The acute pulmonary com-
promise due to a capillary-leak syndrome rarely has been seen
because patients are brought to within 3% of dry weight before
initiation of OKT3 treatment. Infectious complications, partic-
ularly infection with CMV, are increased after multiple courses
of OKT3 (383–386). To avoid these potential complications
during OKT3 treatment, a recommended protocol is listed in
Table 98-12.

The development of host anti-OKT3 antibodies is a poten-
tial problem for the reuse of this drug in previously treated
patients. About 33% to 100% of patients develop anti-mouse
antibodies after the first exposure to OKT3, depending on
concomitant immunosuppression (385). Anti-OKT3 titers of
1:10,000 or more usually correlate with lack of clinical re-
sponse. If anti-OKT3 antibodies are of low titer, re-treatment
with OKT3 is almost always successful. If re-treatment is at-
tempted with antimouse titers of 1:100 or more, certain labo-
ratory parameters, including the peripheral lymphocyte count,
CD3 T cells, and trough-free circulating OKT3, should be
monitored. If the absolute CD3 T-lymphocyte count is greater
than 10/μL or free-circulating trough OKT3 level is not de-
tected, it may be indicative of an inadequate dose of OKT3.
The dose of OKT3 can be increased from 5 to 10 mg/day
(384–386).

TA B L E 9 8 - 1 2

RECOMMENDED PROTOCOL FOR OKT3
TREATMENT

I. Evaluation and treatment before administration
A. Physical examination
B. Laboratory tests including complete blood count
C. Monitor intake and output, record weight changes
D. Chest x-ray
E. Hemodialysis or ultrafiltration for volume overload
F. Premedication on day 0 and 1

1. Methylprednisolone, 250–500 mg IV given 1 hr
prior to dose

2. Methylprednisolone or hydrocortisone sodium
succinate, 250–500 mg IV given 30 min after the
dose

G. Diphenhydramine, 50 mg IV 30 min prior to dose daily
H. Acetaminophen, 650 mg PO 30 min prior to dose
I. Discontinue or decrease dose of CsA or tacrolimus

II. Administer OKT3 (Orthoclone), 5 mg/day IV, days 0–13
III. Monitor clinical course

A. Check CD3 level on day 3
B. Increase OKT3 dosage to 10 mg/day if either

1. Anti-OKT3 antibody is high
2. OKT3 level is low
3. CD3 level is not low

IV. CMV chemoprophylaxis

Intravenous Immunoglobulin (IVIG)

Infusion of intravenous immunoglobulin (IVIG) may provide
blocking or antiidiotypic antibodies that can reduce the pro-
duction of anti-HLA antibodies in the pretransplant period
(387–390). There is also limited experience in the use of IVIG
in the treatment of allograft rejection. Successful prevention
and treatment of acute humoral rejections were reported in a
series of living donor kidney transplants (390).

Plasma Exchange

The role of plasmapheresis in the therapy of acute rejection
is to remove circulating lymphocytotoxic antibodies that may
be mediating allograft destruction. Given the small number of
controlled studies on the therapy of acute rejection, plasma-
pheresis has not been shown to offer any advantage over
steroids or antibodies in the reversal of acute vascular rejec-
tion, and has no long-term benefit on graft survival (391,392).
Recently, a number of studies have reported favorable outcome
of highly sensitized patients induced with pretransplant plasma
exchange (393–395).

Total Lymphoid Irradiation (TLI)

Several groups have used total lymphoid irradiation (TLI) in
renal transplantation. Myburgh and his colleagues (396–398)
have reported 1- and 5- year graft survival of 86% and 60%,
respectively. Because of the complexity and troublesome side-
effects of TLI, it is unlikely that this method will be routinely
adopted.

New Immunosuppressive Agents

New agents such as deoxyspergualin, brequinar sodium, myri-
ocin, and its semisynthetic derivative FTY20, leflunomide, JAK
3 inhibitors, costimulatory blockade (primarily CTLA4-Ig and
anti-CD154 mAb), and PGE1 analog are currently under ex-
perimental and clinical studies for maintenance immunosup-
pression as well as for the treatment of acute rejection.
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Experimental antibody therapies are now being designed
to directly target the CD4 molecule, the CD3 molecule by
a humanized form of monoclonal anti-CD3, and adhesion
molecules, such as ICAM-1 or LFA-1. A large multicenter study
of induction with an anti-ICAM antibody failed to show any
benefit in terms of the incidence of delayed graft function. A
multicenter trial with anti-LFA-1 antibody, however, showed a
nonsignificant trend in the incidence of delayed graft function
in patients at risk (399–408).

FTY20 appears to be a very promising drug in experimen-
tal models. It reduces the number of T and B cells in the pe-
ripheral blood while increasing their numbers in lymph nodes
and Peyer’s patches. This redirected cell “homing” is thought
to be due to modification by FTY20 of chemokine receptors
on lymphocytes (409–413). The drug may potentiate the im-
munosuppressive effect of CsA. Phase III clinical trials are in
progress.

Optimal and sustained T cell response after antigen recog-
nition (signal 1) requires costimulatory signal (signal 2) de-
livered through accessory T cell-surface molecules (414–417).
Recently, the central role of the B7-CD28 and CD40-CD40L
costimulatory pathway in acute allograft rejection has been
well studied. Blocking the B7-CD28 pathway with the fusion
protein CTLA-4-Ig, blocking the CD40-CD40L pathway with
anti-CD40L antibodies, or blocking both pathways simultane-
ously result in long-term allograft acceptance in rodents. This
treatment with antibodies directed against molecules involved
in the delivery of the second signal of T cell is promising and
may offer future prospect for tolerance induction. Clinical tri-
als will begin soon for anti-CD40 ligand and CTLA4-Ig in renal
transplant recipients. Since T cell activation is a prerequisite for
the induction of T cell anergy, the concurrent use of conven-
tional immunosuppressive drugs may interfere with the mecha-
nisms of action and tolerance induction by these antibodies.

PROBLEMS RELATED TO THE
TRANSPLANTED KIDNEY

Acute Renal Failure in the
Transplanted Kidney

In the immediate posttransplant period, there may be delayed
graft function (DGF) or cessation of function after initial good
function (418–423). The most likely cause of renal failure dur-
ing this period is ischemic tubular damage, but a vascular ac-
cident, ureteric obstruction, a urine leak, or rejection are all
possible etiologies (Table 98-13).

TA B L E 9 8 - 1 3

CAUSES OF ACUTE RENAL FAILURE ASSOCIATED
WITH RENAL TRANSPLANTATION

Prerenal Hypovolemia
Arterial stenosis or thrombosis
Venous thrombosis

Renal Acute tubular necrosis
Hyperacute/accelerated rejection
Acute rejection
Nephrotoxicity

Postrenal Ureteral obstruction
Urinary leak
Lymphocele
Hematoma

Acute Tubular Necrosis

The pathogenesis of acute tubular necrosis (ATN) commonly
begins with ischemic damage secondary to hypovolemia and
hypotension in the donor (usually a cadaver), and prolonged
warm ischemia and cold ischemia during preservation (424).
There is some evidence to show that a delay in onset of func-
tion of the transplanted kidney is harmful in terms of long-
term impairment to renal function (425–427). This may even
be more important with the use of calcineurin inhibitors, such
as CsA or tacrolimus, where there is a good deal of evidence
suggesting that kidneys with delayed function have a much
poorer graft survival than kidneys with immediate function.
It should also be remembered that a not uncommon presenta-
tion of ATN is a reasonable urine output within the first 12 or
24 hours that gradually diminishes and is followed by oliguria.
This pattern is seen more commonly with the use of calcineurin
inhibitors and probably reflects some acute nephrotoxicity in
an already damaged kidney.

Allograft Rejection

Rejection is the major cause of graft failure and if the injury
to the tubules and glomeruli is sufficiently severe, the kidney
may not recover. It is, therefore, important to diagnose acute
rejection as soon as possible in order to promptly institute an-
tirejection therapy.

Hyperacute Rejection. Hyperacute rejection is very rare and
it is caused by antibodies against alloantigens that have ap-
peared in response to previous exposure to antigens through
prior transplantations, blood transfusions, or multiple preg-
nancies. The clinical manifestation of hyperacute rejection is
a failure of the kidney to perfuse properly on release of the
vascular clamps just after vascular anastomosis is completed.
The kidney initially becomes firm and then rapidly becomes
blue, spotted, and flabby. The presence of neutrophils in the
glomeruli and peritubular capillaries in the kidney biopsy
confirms the diagnosis. It can be prevented by careful test-
ing of recipients for the presence of the preformed cytotoxic
antibodies (387,428).

Accelerated Rejection. An accelerated rejection, which may
start on the second or third day and tends to occur in the previ-
ously sensitized patient in whom preformed anti-HLA antibod-
ies are present. It occurs in patients who have had a previous
graft and presents with a decrease in renal function and has a
similar clinical picture to that mentioned for hyperacute rejec-
tion (429,430).

Acute Rejection. Acute rejection episodes may occur as early
as 5 to 7 days, but are generally seen between 1 and 4 weeks
after transplantation. The classic acute rejection episode of the
earlier era in a patient treated with azathioprine—prednisone,
was accompanied by swelling and tenderness of the kidney and
the onset of oliguria with an associated rise in serum creatinine;
it was usually accompanied by a significant fever. However, in
patients who have been treated with CsA, the clinical features
of an acute rejection are really quite minimal in that there is
perhaps some swelling of the kidney, usually no tenderness, and
there may be a minimal to moderate degree of fever. Since such
an acute rejection may occur at a time when there is a distinct
possibility of acute CsA or tacrolimus toxicity, the differentia-
tion between the two entities may be extremely difficult.

Differential Diagnosis. Acute renal failure following trans-
plantation is a common and often treatable entity. The differen-
tial diagnosis of ATN, acute rejection, and CsA- or tacrolimus-
induced nephrotoxicity may be difficult, especially in the early
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TA B L E 9 8 - 1 4

APPROACH TO THE PATIENT WITH ACUTE RENAL
FAILURE FOLLOWING TRANSPLANTATION

Immediate Acute Renal Failure (48 hr)
Rule out catheter obstruction
Rule out hypovolemia
Radioisotope scan to rule out vascular catastrophe
Ultrasound to rule out urinary extravasation or obstruction
Radiocontrast studies (if indicated by above)

Early or Late Acute Renal Failure (After 48 hr)
History and physical examination to detect oliguria, tender

swelling graft, fever
Urine sodium, FENa (especially if baseline available)
CsA or tacrolimus levels
Radioisotope scan (to follow serially)
Ultrasound
Therapeutic trial of steroids/lowering cyclosporine dose
Renal biopsy

posttransplant period when more than one cause of dysfunc-
tion can occur together. Knowledge of the natural history of
several clinical entities is extremely helpful in limiting the dif-
ferential diagnosis. Many nonspecific tests are available to aid
in the differential diagnosis (Tables 98-12 and 98-14).

Noninvasive imaging of the transplanted kidney has been
quite useful in differentiating the different causes of acute al-
lograft dysfunction in the early posttransplant period. Local
expertise, however, is a major factor in selection.

Radionuclide imaging. A renal flow study and scan are rou-
tinely performed on the first postoperative day in all transplant
patients. Renal perfusion can be assessed by technetium di-
ethylenetriamine pentaacetic acid (DTPA) or MAG3 and tubu-
lar function by iodohippurate (Hippuran) I131 uptake. A decline
in initial renal blood flow and decrease in tubular function often
occur during acute rejection (Fig. 98-11). Occasionally, scans
can help diagnose uncommon posttransplant complications,
such as venous thrombosis or urinary leak (431–433).

Ultrasound. Real-time and duplex Doppler sonography of
the renal allograft are useful for evaluating recipients with
surgical complications, including perinephric fluid collec-
tions, hydronephrosis (Fig. 98-12), and vascular complications
(434–436). The sonography reveals variable findings in acute
rejection, such as graft enlargement, enhanced echogenicity of
the parenchyma, and increased resistive index (>70%) of the

FIGURE 98-12. Normal renal ultrasound of a transplanted kidney.

vessels. The studies will not confirm the diagnosis of rejection,
but serve to exclude allograft thrombosis and urinary obstruc-
tion, and indicate that a percutaneous transplant kidney biopsy
with pathologic examination should be performed.

Renal Transplant Biopsy. A biopsy will help to confirm the
diagnosis of ATN by the exclusion of a histologic picture of
severe rejection. Needle biopsy of the cadaver kidney just after
implantation is helpful to detect renal disease or preservation
injury that might confound interpretation of delayed renal al-
lograft function. However, a poor understanding of the natu-
ral history of transplant histology makes it an imperfect gold
standard.

Technique of renal transplant kidney biopsy. The use of percu-
taneous biopsy of the transplant kidney to diagnose rejection
was first performed in 1967 (437). Since then, the technique
has been well established as a useful tool in the differential di-
agnosis of allograft dysfunction (438–444). Transplant kidney
biopsy can be more difficult than routine biopsy of native kid-
ney. The position and alignment of the transplant kidney can
vary from patient to patient (Fig. 98-13). In most instances, the
transplant kidney is palpable and the orientation kidney can be
estimated by reviewing an isotope scan of the transplant kidney
(Fig. 98-14).

Biopsy can be obtained with a Vim–Silverman needle, a
14G–16G disposable Trucut biopsy needle, or an 18G auto-
matic Biopty or Monopty needle (Fig. 98-15A, B, and C). It

FIGURE 98-13. Site of biopsy for the transplanted kidney. The orien-
tation of the transplanted kidney is localized by palpation and review
of the operative record and renal scan. The kidney is approached ei-
ther tangentially or vertically, (A) in a plane tangential to the lateral
curvature of the allograft or (B) in a plane perpendicular to the kidney
directed to the lower pole. (C) Tangential across the upper pole of the
transplanted kidney.
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FIGURE 98-14. Diethylenetriamine pentaacetic
acid scan showing good renal perfusion in a
transplanted kidney.

is best performed under sonographic guidance. Relative con-
traindications to biopsy include abnormal coagulation stud-
ies or a low platelet count, active urinary tract infection, and
significant renal allograft hydronephrosis. Hydronephrosis in-
dicative of urinary tract obstruction should be further inves-
tigated. A small number of patients with urinary obstruction
and rejection may coexist. It is interesting to note that sig-
nificant macrophages infiltrate can occur with experimental
urinary obstruction. In patients with prolonged bleeding time
due to uremia, intravenous deamino-D-arginine vasopressin
(dDAVP) (0.3 μg/kg) can be used to correct the coagulation
defect prior to biopsy procedure. If the kidney has been trans-
planted via an intraabdominal approach or is difficult to lo-
calize, then consideration should be given to the biopsy being
performed using computed tomographic (CT) direction, or, oc-
casionally, via a limited open surgical approach in the operating
room. The pathologic changes, which occur with acute cellu-
lar rejection, include interstitial infiltration with mononuclear
cells and disruption of the tubular basement membranes (tubu-
litis) by the infiltrating cells (Fig. 98-16) (445). The presence
of patchy mononuclear cell infiltrates without tubulitis is not
uncommon in normal functioning renal allografts and is not
sufficient to make the diagnosis of acute rejection. Vascular
lesions are also common. The intrarenal arteries and arteri-
oles show characteristic changes of intimal thickening and the
presence of inflammatory cells within and adherent to the en-
dothelium (Fig. 98-17). The glomerular changes are usually
unremarkable in rejection. However, glomerular capillary and
vascular intimal infiltrates can occur with acute vascular rejec-
tion (Fig. 98-18). Periodic examination of histologic features
in the absence of changes in renal function may reveal silent
allograft rejection (Tables 98-15 and 98-16). In a randomized
control trial, Rush et al. (446,447) found that treatment of sub-
clinical rejection detected by protocol biopsies lead to better
graft function, compared with standard management without
protocol biopsy. In addition to conventional histopathologic
approach, a technique using monoclonal antibodies has been
used to identify the different types of cellular infiltrate (448).
The infiltrate in graft undergoing rejection comprises around
60% macrophages, 30% T lymphocytes, and less than 10%
natural killer (NK) cells. This approach of identifying different
T cell subsets has been used for immunologic monitoring and
treatment of rejection. HLA antigen expression, which is in-
creased on tubular cells during rejection, may be important in
the rejection process. Immunohistologic evaluation of reject-
ing renal allografts shows an increased number of infiltrating

MHC class II positive and IL-2 receptor positive mononuclear
cells, when compared to controls.

Fine-Needle Aspiration Biopsy (FNAB). An alternative approach to
needle biopsy is to use a fine-needle aspiration biopsy (FNAB)
to sample parenchymal cells and infiltrating cells from the renal
allograft. The technique allows serial sampling of cells for the
determination of parenchymal cytology, nature of cellular in-
filtrate/T cell subsets, and molecular markers (438,449–452).
Good correlation with needle biopsy has been reported with
respect to cellular infiltrate, but not as good in showing vas-
cular changes (453–455). Monoclonal antibody staining of the

TA B L E 9 8 - 1 5

HISTOPATHOLOGY OF RENAL ALLOGRAFT USING
NEEDLE BIOPSY

Changes Associated with Rejection
Glomerular

Swelling of endothelium
Endothelial/mesangial proliferation
Exudation of polymorphs, mononuclear cells

Interstitial
Edema
Infiltration of mononuclear cells
Macrophages
Eosinophils

Vascular
Endothelial edema
Mural infiltration
Necrosis, hemorrhage

Severe vasculitis (especially interstitial hemorrhage) predicts
eventual graft failure

Changes Associated with Cyclosporine
Tubular changes

Giant mitochondria
Vacuolization
Microcalcification

Interstitium
Mononuclear infiltration

Vascular changes
Arteriolar necrosis
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A

B

C

FIGURE 98-15. Different types of biopsy needles. A: Vim-Silverman.
B: Tru-Cut 14 G (disposable needle). C: Biopty gun 18 G (disposable
needle).

aspirate with antibodies to T cell subsets, activation markers,
and MHC antigen expression has advanced the usefulness of
this technique.

New Techniques. Monitoring of other products of inflammation,
such as neopterin and lymphokines continues to be explored.
It has been shown that acute rejection is associated with el-
evated plasma IL-1 in azathioprine-treated patients and IL-2

in cyclosporine-treated patients (456). Interleukin 6 is also in-
creased in the serum and urine immediately after transplanta-
tion and during acute rejection episodes. The major problem,
however, is that infection, particularly viral, can also elevate
cytokine levels. PCR has also been used to detect mRNA for
IL-2 in fine-needle aspirate of human transplant kidney. Using
this approach, IL-2 could be detected 2 days before rejection
was apparent by histologic or clinical criteria. Similar PCR ap-
proach can be used for quantitative analysis of intragraft gene
expression, such as granzyme B, perforin, TGF-β, IL-10, and
IL-15 (457–459).

Urinary sediment cytology coupled with immunologic as
well as molecular techniques should complement FNAB in the
diagnosis and monitoring of rejection processes (460–462).

Magnetic resonance spectroscopy and imaging techniques
(463–466) are being evaluated for the diagnosis of rejection.
Magnetic resonance imaging (MRI) can demonstrate normal
kidney architecture in a noninvasive fashion without ionizing
radiation. It can evaluate corticomedullary demarcation, size
of collecting system, presence of focal parenchymal changes
and shape of the kidney, and signal intensity of the sinus fat.
Acute rejection can be diagnosed by the presence of a de-
creased or absent corticomedullary demarcation, with other
signs of swelling, enlarged pyramids, and decreased signal in-
tensity in the renal sinus fat (Fig. 98-19A and B). Changes for
ATN and nephrotoxicity are not specific. Therefore, it has not
yet been established as a primary imaging modality in renal
transplant.

Chronic Rejection. Because chronic rejection is thought to be
the end result of uncontrolled repetitive acute rejection episodes
or a slowly progressive inflammatory process, its onset may be
as early as the first few weeks after transplantation or any time
thereafter. Progressive azotemia, proteinuria, and hypertension
are the clinical hallmarks of chronic rejection (467–471). Im-
munologic and non-immunologic mechanisms are thought to
play a role in the pathogenesis of this entity, including antibody-
mediated tissue destruction possibly secondary to antibody-
dependent cellular cytotoxicity leading to obliterative arteritis
(Fig. 98-20), growth factors derived from macrophages and
platelets leading to fibrotic degeneration, and glomerular hy-
pertension with hyperfiltration injury due to reduced nephron
mass leading to progressive glomerular sclerosis.

Nonimmunological causes can also contribute to the decline
in renal function. Atheromatous renovascular disease of the
transplant kidney may also be responsible for a significant num-
ber of cases of progressive graft failure (Fig 98-21). Although a
smoldering subclinical inflammatory process may play a role in
the pathogenesis of chronic rejection, the reduction in nephron
mass (472,473), as a result of earlier immunologic injury, most
likely contributes to further decline in function. In patients with
chronic rejection on azathioprine–prednisone immunosuppres-
sion, a switch from azathioprine to CsA, about 5 mg/kg, was
shown in two studies to slow the decline in allograft func-
tion compared with controls. On the other hand, adjustment
of CsA dosage to avoid nephrotoxicity with addition of aza-
thioprine for immunosuppression may preserve residual graft
function.

Dietary protein restriction was also shown to reduce the
rate of graft deterioration compared with controls after an
18-month follow-up period (474). Along with dietary protein
restriction, aggressive control of hypertension may have a
beneficial effect on hyperfiltration injury. Therefore, in the ab-
sence of a treatable rejection process or a surgically remediable
cause, aggressive control of hypertension and dietary protein
restriction may slow the inevitable decline in renal function.
Clinical evidence suggests that control of hypertension with
ACE inhibitor may preserve renal function in patients with
(native) renal disease (475–479). Reduction of the urine protein
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TA B L E 9 8 - 1 6

BANFF 97 DIAGNOSTIC CATEGORIES FOR RENAL ALLOGRAFT BIOPSIES

1. Normal
The presence of patchy mononuclear cell infiltrates without tubulitis is not uncommon

in normally functioning renal allografts and when considered alone does not warrant the
diagnosis of acute rejection

2. Antibody-mediated rejection
Rejection demonstrated to be due, at least in part, to anti-donor antibody

A. Immediate (hyperacute)
B. Delayed (accelerated acute)

3. Borderline changes: “Suspicious” for acute rejection
This category is used when no intimal arteritis is present, but there are foci of mild

tubulitis (1 to 4 mononuclear cells/tubular cross section)
4. Acute/active rejection

Type (grade) Histopathologic findings

IA Cases with significant interstitial infiltration (>25%
of parenchyma affected) and foci of moderate
tubulitis (>4 mononuclear cells/tubular cross
section or group of 10 tubular cells)

IB Cases with significant interstitial infiltration (>25%
of parenchyma affected) and foci of severe
tubulitis (>10 mononuclear cells/tubular cross
section or group of 10 tubular cells)

IIA Cases with mild to moderate intimal arteritis
IIB Cases with severe intimal arteritis comprising

>25% of luminal area
III Cases with “transmural” arteritis and/or arterial

fibrinoid change and necrosis of medial smooth
muscle cells

5. Chronic/sclerosing allograft nephropathy

Grade Histopathologic findings

I (mild) Mild interstitial fibrosis and tubular atrophy
II (moderate) Moderate interstitial fibrosis and tubular atrophy
III (severe) Severe interstitial fibrosis and tubular atrophy

6. Other Changes not considered to be due to rejection
Posttransplant lymphoproliferative disorder
Acute tubular necrosis
Acute interstitial nephritis
Cyclosporine or FK506-associated change

FIGURE 98-16. Acute cellular rejection. Percutaneous re-
nal transplant biopsy specimen showing tubulitis with
tubular epithelial infiltrates of lymphocytes and plasma
cells.
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FIGURE 98-17. Acute rejection. Renal transplant biopsy
specimen showing marked endovasculitis and acute in-
flammatory endothelial infiltrates.

excretion with ACE inhibitor or receptor antagonist may
help to reduce lipid levels for patients with nephrotic-range
proteinuria.

Patients with renal failure due to chronic allograft rejection
should be evaluated early for initiation of dialysis treatment or
retransplantation workup. Failed allografts, which were rou-
tinely removed in the past, usually are now left in place un-
less there are specific indications for surgery. Indications for
transplant nephrectomy include infection, hemorrhage, signs
of acute rejection with graft tenderness, swelling, and fever,
and frank necrosis, usually occurring on cessation of immuno-
suppressive drugs. For patients who are on the transplant wait-
ing list, it is preferable to remove failed graft before or at the
time of stopping immunosuppressive therapy in the hope of
minimizing the production of HLA antibodies.

Glomerulonephritis in Allografts

Four main types of glomerulonephritis may occur in allografts:
(1) the donor’s kidney may be the seat of nephritis before graft-
ing; (2) recurrent glomerulonephritis may develop due to the
persistence of the original stimulus and recurrence of the origi-
nal disease in the recipient; (3) transplant glomerulopathy may
occur as a result of host response to the graft; and (4) de novo
glomerulonephritis may arise in a healthy graft due to changes
taking place in the recipient often as a result of immunosup-
pression (83,111,480).

FIGURE 98-18. Acute vascular rejection. Glomerular and
vascular endothelial infiltrates and swelling.

Nephritis of Donor Origin

Cadaver kidney donor may have unsuspected glomeru-
lonephritis. It is, therefore, important to perform a graft
biopsy during the transplant operation. Kidneys from patients
with early undetected IgA nephropathy and patients with
diabetes mellitus have been used for transplantation. Of par-
ticular interest is the fact that IgA nephropathy transplanted
into a non-IgA nephropathy recipient tends to disappear after
transplantation.

Recurrence of Primary Renal Disease

Essentially all glomerulonephritis have been described to re-
cur in renal allograft. However, there is much variation
between the various types of glomerulonephritis with regard to
the frequency of recurrence, the clinical pattern, and the prog-
nosis (Table 98-17). The clinical manifestations of recurrent
glomerulonephritis include microscopic hematuria and pro-
teinuria, which may progress to nephrotic syndrome. Recur-
rent glomerulonephritis is the most common cause of nephrotic
syndrome following transplantation. Proteinuria may also be
a manifestation of de novo glomerular disease or chronic re-
jection. While the documented overall incidence of graft fail-
ure from recurrent disease is less than 2%, this is an un-
derestimate due to difficulty in firmly establishing this diag-
nosis and in defining the cause of primary ESRD and graft
dysfunction or loss occurred because of the same pathologic
process (481–483).
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A

B

FIGURE 98-19. Magnetic resonance imaging of
transplanted kidney. A: Normal transplanted kid-
ney. B: A transplanted kidney showing edema and
loss of corticomedullary demarcation of the kidney
during acute rejection.

FIGURE 98-20. Chronic rejection. Renal transplant biopsy
specimen showing obliterative arteriopathy and fibrointimal
vascular narrowing in chronic rejection.
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FIGURE 98-21. Percutaneous needle biopsy of a kidney 20 years post-
transplantation showing atheroembolus in a small artery. (Trichrome
stain, magnification ×400.)

Transplant Glomerulopathy

Transplant glomerulopathy is an entity that may be considered
a special form of chronic rejection. It is believed to be related to
rejection process because the frequency of glomerular lesions
was found to be inversely related to HLA compatibility. His-
tologically, it may resemble membrano-proliferative glomeru-
lonephritis (Type I MPGN) with mesangial proliferation and
thickening or reduplication of the glomerular basement mem-
brane. It is the most common cause of nephrotic syndrome in
renal transplant patients. Along with proteinuria, the clinical
presentations include microscopic hematuria and progressive
graft dysfunction.

Cytomegalovirus (CMV) glomerulopathy is a controversial
lesion (484). Cytomegalovirus infection of the allograft may
produce a glomerulopathy, with impairment of function. It
has been proposed that CMV infection, through elaboration of

TA B L E 9 8 - 1 7

RECURRENT DISEASE IN RENAL ALLOGRAFTS

Approximate Graft loss due
Disease recurrence rate (%) to recurrence

Primary
Glomerulonephritis
FSGS 30–60 Common
HUS 20–50 Uncommon
Type I MPGN 20–30 Common
Type II MPGN 50–100 Uncommon
HSP 15–50 Uncommon
IgA nephrolopathy 50 Uncommon
Anti-GBM 25–50 Uncommon
Membraneous 10 Uncommon
Glomerulonephritis

Systemic Disease
Oxalosis 80–100 Common
Cystinosis 50–100 Uncommon
Fabry’s disease Rare Common
Sickle cell disease Rare Common
Diabetes type I 100 Uncommon
SLE <1 Uncommon

lymphokines and interferons, may cause upregulation of his-
tocompatibility antigens on the allograft. This change results
in induction of immune responses that lead histologically to
glomerular endothelial changes and possibly vascular rejection
and clinically to allograft dysfunction with decreased allograft
survival (485).

De Novo Glomerulopathy

The development of glomerular lesions in patients with no his-
tory of glomerulonephritis suggests the presence of a de novo
process in the allograft. De novo membranous nephropathy
(Fig. 98-7) is reported to occur with an incidence of less than
1%. Nephrotic range proteinuria occurred at a mean time of
1 to 2 years after transplantation. In contrast to the indolent
course of idiopathic membranous glomerulonephritis in non-
transplant patients, de novo membranous nephropathy can
lead to graft loss. This may be due to superimposed glomerular
and interstitial lesions associated with chronic rejection.

Focal segmental glomerulosclerosis is not uncommon
among transplant recipients whose original disease was not
FSG (486). The mechanisms underlying de novo glomeruloscle-
rosis are not clear. It may represent a nonspecific response to
chronic rejection, glomerular ischemia, vesicoureteral reflux, or
infections such as hepatitis B and HIV. The use of heterologous
antilymphocyte globulin has been implicated in the develop-
ment of de novo glomerulonephritis. Glomerulopathy may be
related to antibodies cross-reacting with the glomerular base-
ment membrane (81,487).

Circulating anti-GBM antibodies and anti-GBM disease can
develop in some patients with Alport disease after renal trans-
plantation (74,76). Patients with Alport disease lack a compo-
nent of the GBM and do not bind anti-GBM antibodies iso-
lated from patients with Goodpasture’s syndrome. When the
allograft, which contains these GBM proteins, is transplanted,
the recipient may mount a humoral response against these pro-
teins, which may lead to anti-GBM disease.

RESULTS OF KIDNEY
TRANSPLANTATION

Patient Survival

In the 1960s and early 1970s, many patients were transplanted
when there were no supportive facilities if the graft failed. In
those days, the high mortality was related to uncontrolled infec-
tion when excessive immunosuppression was used for rejection
processes (2,5,488,489). With improvement in clinical care and
use of more specific immunosuppression, patient survival has
been shown to improve both in the cadaveric and in the living
related renal transplant recipients. Mortality at the end of the
first year is currently less than 5% for living donor and under
10% for cadaver donor. Indeed, recent data indicate that pa-
tients currently receiving cadaver donor transplants generally
survive longer than patients treated by dialysis. Infectious com-
plications of immunosuppressive therapy and cardiovascular
diseases are the most important cause of death (24,212,490–
494). Based on UNOS registry data, the major causes of death
among cadaver kidney transplant recipients were cardiovascu-
lar (26%) and infection (24%) during the first posttransplant
year. Between 1 to 3 years, the percentage of deaths due to
infection fell to 15% and malignancies accounted for 13% of
patient death (418).
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Graft Survival

Acute rejection is the most frequent cause of graft failure within
the first year. Although there has been a progressive improve-
ment in patient survival, rates of graft survival after cadaver
transplant have remained virtually unchanged in the 1970s and
early 1980s (2,5,212,418). The failure to improve these results
is due to the lack of more specific forms of immunosuppressive
therapy. In the years immediately following 1983, there were
dramatic gains in cadaver graft survival probably related to the
introduction of cyclosporine (319). The overall cadaver graft
survival has increased from about 65% to about 80% to 85%
at 1 year (Fig. 98-22A and B).

Based upon data reported to the UNOS Scientific Renal
Transplant Registry regarding transplant performed between
1994 to 1998, the 1- and 3-year graft survival rates for 16,288
recipients of living-donor kidneys were 93% and 86%, respec-
tively, with a half-life of 17 years. The overall results of 35,289
cadaver donor kidney transplants were 87% to 76% graft sur-
vival at 1 and 3 years with a half-life of 10 years (418). In
addition to immunosuppressive agents, there are many other
factors that may influence graft survival (2,418,495). The re-
cipient’s race also influenced graft survival rates (Fig. 98-22C).
Asian recipients of cadaver kidneys had the highest graft sur-
vival rates of 91% and 85% at 1 and 3 years with a half-life
of 18 years. The result of Caucasians and African-Americans
were significantly lower. The graft half-life was 12 years for
Caucasians and 7 years for African-Americans.

Living Related Transplantation

Monozygotic Twins. Provided that there are no technical
mishaps as a result of the operation itself, one should expect
twin kidney transplants to survive indefinitely without the need
for immunosuppression (205). However, there has been a sig-
nificant incidence of recurrent glomerulonephritis when this
was the original disease in the recipients. In a series of 30
identical-twin transplants followed for up to 27 years, 9 de-
veloped recurrent nephritis, 1 as late as 16 years after trans-
plantation (496). Of 41 renal transplants between monozygotic
twins having recorded by the European Dialysis and Transplant
Association, 36 were alive with functioning grafts from 1 to
14 years after transplantation (497). Two grafts failed from re-
current nephritis, two due to de novo glomerulonephritis and
one died in a traffic accident. This has been considered an indi-
cation for continuous low-grade immunosuppression in those
patients where there is a risk of recurrent disease, but perhaps
of greater importance is the withholding of transplantation un-
til the original disease is completely quiescent.

HLA Identical Siblings. The HLA identical sibling transplant
is ideal and there have been recent reports of 3-year graft
survival rates of 90% to 95% in such patients. Immunosup-
pression is still necessary since rejection does occur in a substan-
tial number of patients and may even occasionally result in loss
of a graft from rejection (498,499). These rejection episodes
no doubt reflect recognition of, or sensitization to, minor his-
tocompatibility antigens in the donor or to genetic recombi-
nation at the HLA-DR locus. As excellent results are obtained
with azathioprine and prednisone, this would seem to still be
the immunosuppressive therapy of choice at this time, in view
of the nephrotoxicity associated with cyclosporine. However,
some centers cover the recipient with cyclosporine for several
months in case of unexpected rejection and then taper and dis-
continue the drug after 4 to 6 months. Steroids can usually be
discontinued after 1 or 2 years if renal function is stable, al-
though withdrawal of steroids should be done very cautiously
over a period of at least 6 months.

FIGURE 98-22. Graft survival. A: Kaplan–Meier (KM) graft survival
for living related donor (LRD) transplantations performed between
1983 and 1988. B: KM graft survival for cadaveric donor transplan-
tations performed between 1983 and 1988. Graft survival rates for
cadaveric grafts are improving over time. (From: US Renal Data Sys-
tem. Annual data report, 1991. Am J Kidney Dis 1991;18(Suppl 2):61,
with permission.) C: Effect of race on graft survival. The race of the
recipients was a significant factor in the outcome of the first cadaveric
transplants. Asian patients had the highest graft survival rates—83%
and 77% at 1 and 2 years, respectively—whereas Blacks had the poor-
est survival rates—71% and 59% at 1 and 2 years, respectively. (From:
Cecka J, Terasaki P, eds. Clinical Transplants 1990. Los Angeles, CA:
UCLA Tissue Typing Laboratory; 1990:447, with permission.)

HLA Nonidentical Parent to Child or Siblings. A transplant
may be performed between a patient and a child who will
differ for one HLA haplotype or between the two siblings
who differ either for one or both HLA haplotypes. The re-
sults of transplantation were related to the degree of HLA
disparity, that is, two haplotype-disparate pairs were less suc-
cessful than one haplotype-disparate pair and both were sig-
nificantly worse than the results of transplantation between
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HLA identical siblings (500). However, CsA treatment and
donor-specific blood transfusion have substantially improved
the results of transplantation between HLA nonidentical fam-
ily members. Actuarial graft survival is now very close to that
achieved for transplantation between HLA identical siblings
(501–504).

Living Unrelated Transplantation

A case can be made for the use of emotionally related donors,
such as a spouse or more distantly related members of the
family, such as cousins, and perhaps even between very close
friends, now that the expectation of a successful transplant
is quite high (15,177,178). Despite greater histoincompatibil-
ity, the survival rates of these kidneys are greater than those
of cadaveric kidneys. In a recent analysis by Terasaki and his
colleagues (177), the 3-year survival rates were 85% for kid-
neys from 368 spouses, 81% for kidneys from 129 living un-
related donors who were not married to the recipients, 82%
for kidneys from 3368 parents, and 70% for 43,341 cadav-
eric kidneys. The superior survival rate of grafts from unre-
lated donors could not be attributed to better HLA matching,
white race, younger donor age, or shorter cold ischemia times,
but might be explained by damage due to shock before re-
moval in 10% of the cadaver kidneys. Living unrelated donors
may thus become a major source of organ for kidney trans-
plantation (505–507). However, living unrelated transplanta-
tion does give rise to a number of ethical and moral problems
and should be considered only in exceptional circumstances,
according to guidelines issued by The Transplantation Society
(179, 508–510).

Cadaver Transplantation

The majority of kidneys used for transplantation have been
from cadavers. Even though there may be variations from cen-
ter to center (418), there has been a steady improvement in
the results of cadaver transplantation in terms of both patient
and graft survival over the last 10 years. Patient survival is
now around 96% at 1 year and graft survival is approaching
80% (Fig. 98-22B); in selected groups of patients, such as those
who have been transfused and who are receiving a first graft,
graft survival is over 85% (418). This improvement in patient
survival is due to use of less immunosuppression and, in par-
ticular, the use of low-dose steroid protocols. Cardiovascular
disease has replaced infectious complication as a major cause
of morbidity and mortality.

The improved graft survival, which obviously is due in part
to improved patient survival, can be attributed to the recog-
nition of the transfusion effect, HLA matching (Fig. 98-23),
and, more recently, to better immunosuppression. However,
controversy still exists as to whether matching is of any rel-
evance because of the better results achieved with better im-
munosuppression (168,418). Although this question has not

been resolved, data are gradually accumulating suggesting that
matching, and, in particular, matching for HLA-DR, does ex-
ert the same influence on graft survival in patients treated with
CsA as with those on conventional immunosuppressive therapy
(511). The 6-year half-life of kidney transplants from cadav-
eric donors has been unchanged since the early 1970s (512).
This is in comparison with the 20- to 25-year half-life for the
same period in HLA-identical sibling transplants, emphasiz-
ing the effect of histocompatibility differences on graft survival
(513).

With the improvement in patient and graft survival, renal
transplantation has now become the treatment of choice by
most patients with ESRD. However, there is a relatively lower
percentage of black patients with a functioning renal graft,
despite the fact that the incidence rates of ESRD in the black
population in the United States are approximately three to four
times as high as in the white population. It has been suggested
previously that black recipients had significantly lower graft
survival rates than white recipients in North America (Fig. 98-
22C). More recent analysis have shown that factors other than
race could explain the poorer survival of grafts in African-
American recipients and of African-American kidneys in either
race (418,514,515).

The results of cadaveric transplantation are now approach-
ing a level at which, if there were an adequate supply of cadaver
kidneys, there probably would be little justification for contin-
uing living related transplantation, except when high sensiti-
zation of the recipient makes cadaver transplant unlikely or
impossible. Most patients who have rejected a first graft will
be sensitized to histocompatibility antigens and many of these
patients are highly sensitized (516). This does make identifica-
tion of a suitable donor much more difficult in that a negative
cross-match with the donor must be found; this, in turn, im-
plies the need for a better-matched graft. The patient who is
highly sensitized and is awaiting a sequential graft provides
one of the major reasons for the national and regional organ
exchange network.

SURGICAL COMPLICATIONS OF
RENAL TRANSPLANTATION

The surgical technique of renal transplantation is reasonably
standardized and overall direct surgical complication rates are
low, accounting for only a small percentage of graft losses.
Nevertheless, the transplant physician must be familiar with
the diagnosis and treatment of surgically related complications
to minimize recipient morbidity and mortality. The allograft
is placed extraperitoneally into the iliac fossa, in most cases.
Thus, intraperitoneal bleeding, or bowel obstruction from ad-
hesions or internal herniation, should not occur as a direct
result of the surgery. In small children or in some recipients
with a supravesical urinary diversion, the transplant is placed

FIGURE 98-23. Effects of human leukocyte antigen
(HLA) mismatches on survival of first cadaveric trans-
plants. Graft survival rates at 1 and 2 years posttrans-
plantation declined as the number of HLA-A, HLA-B,
and HLA-DR mismatches increased. The difference be-
tween the best and the worst-matched grafts was 11%
at 1 year and 14% at 2 years. (From: Cecka J, Terasaki
P, eds. Clinical Transplants 1999. Los Angeles, CA:
UCLA Immunogenetics Center; 2000:15, Figure 7, with
permission.)
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intraperitoneally and the potential surgical complications listed
above must be considered.

Wound Complications

The most important causes of wound infection stem from the
operative complications of hematoma, urine leak, and lympho-
cele. Transplant recipients are vulnerable to wound infection
because of postoperative immunosuppressive medications and
poorly controlled uremia. Wound infections following trans-
plantation are extremely bothersome, because if they are deep-
seated infections around the arterial anastomosis, secondary
hemorrhage may occur. On presentation of a wound infection,
adequate drainage should be provided immediately and appro-
priate antibiotic therapy introduced. However, prevention of
contamination during donor nephrectomy and the use of pre-
ventive antibiotics before transplantation should ensure that
the incidence of wound infection after transplantation is no
more than 3% or 4%.

Patients with high fever, but benign-appearing incision sites,
can harbor large purulent abscesses, emphasizing the effect
of steroids on masking signs of inflammation. If unexplained
fevers persist, ultrasonography or CT scanning of the wound
may localize a fluid collection; needle aspiration of a fluid col-
lection is indicated. Prophylaxis with the administration of in-
traoperative intravenous antibiotics has reduced both wound
infection and sepsis.

Bleeding

Secondary hemorrhage following a renal transplant fortunately
is an unusual event and is always secondary to infection, which
usually has been introduced at the time of operation. During a
fulminant rejection episode, acute swelling of the kidney may
lead to rupture through its cortex, often originating at a pre-
vious biopsy site. Urgent surgical exploration is necessary in
most cases of hemorrhage. The kidney and its surroundings
should be examined, the source of bleeding identified if possi-
ble, and the wound evacuated to eliminate a potential nidus of
infection. If a small cortical rupture is present without venous
obstruction, it may be repaired by packing with autologous
muscle or microfibrillar collagen. If the rupture is large or ve-
nous compromise is present, transplant nephrectomy is almost
invariably indicated.

Vascular Complications

Arterial Thrombosis

Thrombosis of the renal artery is a rare complication in the
early days after transplantation, probably due both to the high
flow through the kidney and also to the associated anemia and
coagulation defects present in most patients with end-stage re-
nal failure (517). It occurs in less than 1% of renal transplants.
Factors that may predispose to thrombosis include preexisting
hypercoagulable state, technical difficulties with the anastomo-
sis, heavy arteriosclerotic involvement of recipient or donor
vessels, kidneys with multiple renal arteries, and hypotension
(518). Thrombosis may also occur owing to CsA-associated
arteriopathy or because of hyperacute humoral rejection. CsA
has been associated with increased thromboembolic complica-
tions, possibly because of enhancement of platelet aggregation.
Thrombosis due to an error in suture technique may occur in
any case, but would be extraordinarily rare in an end-to-side
anastomosis performed between a patch of donor aorta to an
arteriotomy in the common or external iliac artery. In the later

weeks after transplantation, renal artery thrombosis may be
seen secondary to arteriolar thrombosis in an acutely reject-
ing kidney, but the major vessel thrombosis is not the primary
event. A renogram will quickly establish the presence of an
arterial blood supply to the kidney if this is in doubt.

Sudden cessation of urine flow in the setting of a previously
working allograft and a patent urinary catheter should suggest
the possibility of renal artery thrombosis. An emergency renal
ultrasound study or radionuclide renal scan will confirm the
presence or absence of parenchymal blood flow. A digital sub-
traction angiogram is reserved for the very few cases with a “no
flow” renal scan. Attempts to remove the thrombus are usually
unsuccessful because of extensive intrarenal clotting beyond
the main arterial branches (519).

Venous Thrombosis

Thrombosis of the renal vein as an acute event in the trans-
planted kidney is unusual and is usually due to a technical
mishap at the time of operation. Thrombosis of the renal vein
at some later period after transplantation is probably more
common than is realized. It may occur secondary to thrombo-
sis of the common iliac vein or may occur occasionally as the
primary event. Venous thrombosis may be related to CsA use,
but it may also occur after placement of the allograft into a
tight scarred, retroperitoneal pocket after removal of a previ-
ous graft.

In the absence of the clinical features of thrombosis of the
common iliac vein, thrombosis of the renal vein itself may
present with proteinuria and a marked increase in the size of the
kidney, but may also occur without any notable features. Par-
tial obstruction of the iliac vein by the pressure of the allograft
can produce unilateral leg swelling on the side of the graft and
rarely may lead to deep venous thrombosis. If the diagnosis
of deep venous thrombosis is confirmed by Doppler plethys-
mography or venography, anticoagulation therapy should be
initiated, unless there are absolute contraindications. Venogra-
phy is the best test to confirm the diagnosis.

Treatment for well localized thrombosis involves thrombec-
tomy and revascularization. Alternatively, it can be treated with
systemic anticoagulation. Treatment often is successful if the
condition was due to a transient hypercoagulable state, but
rarely succeeds if the process was one manifestation of severe
rejection and high renal vascular resistance with low flow. In
practical terms, however, by the time the diagnosis is confirmed
by angiography or radionuclide scanning, salvage of the kidney
is unlikely and transplant nephrectomy is the usual outcome.
Deep vein thrombosis occurs with a frequency of around 10%
of transplant patients. Anticoagulation of these patients for
several months is required because pulmonary embolism is not
an uncommon cause of death in renal transplant patients.

Other Vascular Problems

In kidneys with multiple renal arteries, thrombosis of a polar
branch can lead to ureteral necrosis or segmental parenchymal
infarction with potential development of a calyceal cutaneous
fistula. Careful attention to these tenuous, small-caliber polar
branches has decreased the incidence of these complications. In
cadaveric kidneys harvested en bloc, a small aortic cuff (Car-
rel patch) can be made surrounding the orifices of the renal
arteries. The cuff can then be anastomosed end to side to the
external iliac artery, preventing any possibility of anastomotic
compromise. If no cuff is available, the polar branches can be
anastomosed end to side to the main renal artery, followed by
anastomosis of the main artery to the recipient.

Many male patients with ESRD have erectile dysfunc-
tion because of decreased penile arterial flow, neuropathy, or
both. Repeat transplant recipients should have an end-to-side
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reno–iliac arterial anastomosis if the contralateral hypogastric
artery was used in the first transplant.

Urologic Complications

Accurate evaluation of lower urinary tract function prior to
transplantation is important to minimize postoperative uro-
logic complications. There are many approaches to the correc-
tion of these urologic complications, but, as a general rule, the
approach should be early and aggressive rather than conser-
vative (520). Many of the complications are preventable with
careful attention to the technique of donor nephrectomy.

Urine Leak

Urine leak is an infrequent but serious problem and occurs in
approximately 2% of renal transplant patients. It is seen early
after transplantation and is usually secondary to necrosis of the
entire or distal portion of the ureter or to infarction of the renal
pelvis. This usually is due to the interruption or thrombosis
of the ureteral artery—the main arterial supply to the donor
ureter.

The source of the leak may be from the ureter, calyces, or the
bladder. Upper urinary tract leakage is due to ischemia resulting
from the loss of vascular supply during organ procurement.
Preservation of hilar vessels and periureteral fat and adventitia
is the key to prevention of this problem. Bladder urine leak
may occur at the site of the ureteral reimplant or along the
cystotomy closure.

The clinical presentation of a urine leak may be subtle unless
a wound drain is in place. Leakage of urine from the lower end
of the ureter is not usually evident until at least 1 week after
transplantation and often much later. It will be associated with
a decrease in urine output, fever, local tenderness, and swelling
due to the localized collection of urine known as urinoma.
Other clinical signs include unexplained fever and edema of
the scrotum, labia, or thigh ipsilateral to the graft.

Ultrasonography is the preferred study for diagnosis of a
suspected urine leak. Aspiration of the fluid mass and com-
parison of the fluid creatinine or urea content to serum val-
ues confirms the diagnosis of urine leak. The dynamic phase
of a renal scan also may demonstrate urinary extravasation.
Cystography with oblique and drainage films will confirm
whether the leak is from the bladder. Confirmation of upper
urinary tract leakage is more difficult, as attempts at retro-
grade pyelography in the early postoperative period often are
unsuccessful.

Urine is a strong chemical irritant to tissues and predis-
poses the fresh vascular anastomoses to infection. Prolonged
catheter drainage may be adequate treatment for a small blad-
der leak. Insertion of a percutaneous nephrostomy or ureteral
stent can also be used to provide initial urinary drainage and
stabilization of the patient. After function returns to baseline,
surgical re-exploration and repair is usually attempted. If the
distal ureter is necrotic or stenotic, the necrotic portion can
be removed and the vascularized proximal ureter can be reim-
planted into the bladder. If the ureter is too short or the renal
pelvis necrotic, the ipsilateral native ureter can be detached
from the native kidney near the pelvis and connected to the re-
nal transplant by means of a ureteropyeloplasty. The anastomo-
sis is protected by a temporary nephrostomy and ureteral stent.
If a native ureter is not available or adequate, then the bladder
can be mobilized and a Boari flap ureteronephrostomy con-
structed, or the bladder is anastomosed directly to the kidney
pelvis, and a nephrostomy tube is left in place for several weeks
(209).

FIGURE 98-24. Ultrasound scan of renal transplant showing hy-
dronephrosis due to ureteric obstruction.

Ureteral Obstruction

Acute ureteral obstruction in the early postoperative period
may be due to distal ischemia, infarction, or rejection. Tran-
sient obstruction by clot in the ureter or bladder immediately
postoperatively may cause erratic urine output and can usually
be taken care of by bladder catheter irrigation. Technical error
as an early cause of obstruction of the ureterovesical junction is
rare. Oliguria or anuria in the immediate posttransplant period
should make one suspect the diagnosis. A cystogram is usually
performed first to rule out a bladder leak. The diagnosis is con-
firmed by the presence of hydronephrosis by ultrasonography
(Fig. 98-24) or by deceased flow from ureter to bladder or ev-
idence of extravasation on percutaneous nephrostogram (Fig.
98-25). The site of obstruction can be identified by an ante-
grade pyelogram. Occasionally obstruction of the ureter may
be secondary to a hydrocele or hematoma, which can occur
after a percutaneous needle biopsy.

Obstruction of the ureter may occur at some time remote
from transplantation, often due to the development of a stric-
ture, presumably as a result of previous ischemia. Progressive

FIGURE 98-25. Percutaneous nephrostogram of renal transplant.
Nephrostomy tube placement with antegrade pyelogram to identify
the site of obstruction.
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stenosis of the distal transplant ureter secondary to fibrosis or
chronic ischemia may present as progressive as azotemia over
several months. Ultrasonography and an intravenous pyelo-
gram or an antegrade pyelogram should confirm the diagnoses.
Ureteric obstruction should always be considered in the pa-
tient with a gradual deterioration of renal function. Options
for treatment include cystoscopic or percutaneous radiologic
placement of an indwelling double-J ureteral stent, use of per-
cutaneous nephrostomy, balloon dilatation, and surgical repair
(521,522).

Reflux

Vesicoureteral reflux into the transplanted ureter has a re-
ported incidence of 4% to 65%, depending on the technique
of ureteral anastomosis; the creation of a distinct submucosal
tunnel through the bladder wall has resulted in a lower inci-
dence. The presence of vesicoureteral reflux in the transplanted
allograft has not been found to increase the rate of urinary tract
infections compared with nonrefluxing grafts (523). Mathew
and co-workers (524) found an increased incidence of protein-
uria, microhematuria, hypertension, and graft failure in the re-
fluxing group, whereas Bootsma and co-workers (525) found
no difference between refluxing and nonrefluxing groups with
regard to proteinuria, graft function, and graft survival.

Lymphocele

The major complication associated with lymphatics is the oc-
currence of a lymphocele, which usually presents in the first
2 or 3 months after transplantation as a large cystic mass
in the vicinity of the kidney (207,526). It is usually asymp-
tomatic. Its presenting features are due to pressure on sur-
rounding structures; it may cause deterioration in renal func-
tion due to pressure on the ureter, swelling of the leg, due
to pressure on the iliac vein, urgency due to pressure on the
bladder, and diarrhea and tenesmus due to pressure on the
rectum. Ultrasonography can confirm the presence of a per-
inephric (lymph) collection. Studies with radiolabeled lymph
reveal that the major source of fluid in lymphoceles is from the
lymphatics along the recipient iliac vessels and not from the
renal hilum. Therefore, meticulous ligation of the lymphatics
during exposure of the vessels is the best prevention. Aspiration
of the mass and measurement of fluid creatinine and potassium
levels compared with the values in serum establishes the diag-
nosis of lymphocele and excludes urine leak, hematoma, or
abscess. Sometimes, the lymphocele will not recur after two
or three aspirations. However, if the lymphocele continues to
recur, then it should be marsupialized into the peritoneal cav-
ity, after checking the aspirate for urine products and bacterial
growth.

SYSTEMIC COMPLICATIONS

Infection

The occurrence of infection is due primarily to the interplay
between two factors: the degree of immunosuppression in the
patient and the epidemiologic exposures that the patient en-
counters (527,528). Although the incidence of serious infection
and the mortality from infection after transplantation has de-
creased dramatically during the last decade, infection remains
a major hazard for the transplant patient, especially in the early
months after the procedure (529,530). The fall in the incidence
of infection is due to a number of factors, the main ones being
the use of lower doses of immunosuppressive drugs and the

TA B L E 9 8 - 1 8

THE DIAGNOSTIC APPROACH TO THE TRANSPLANT
PATIENT WITH AN UNEXPLAINED FEVER

Possible sites of infection
Chest: pulmonary infection, pericarditis, endocarditis
Mouth: Candida
Lower limb: deep venous thrombosis
Soft tissues: skin (e.g., fungi, Nocardia, mycobacteria), joints
Transplant wound: rejection, abscess, urine leak, hematoma
Peritoneal cavity: pancreas, colon, dialysis catheter
Urinary tract: bladder, prostate, native kidneys
Central nervous system (CNS): Listeria, Cryptococcus,

aspergilli, Tuberculosis, Nocardia
Systemic: viral infection, tuberculosis

Investigations
Chest x-rays
Ultrasound of transplanted kidney
Cultures: mouth, sputum, urine, blood, stool, access sites
Serology: viral antibodies especially cytomegalovirus
Lumbar puncture and CT of head if CNS infection suspected

general adoption of low-dose steroid protocols. The most
common presentation of an infection in a transplant patient is
fever; some guidelines to the approach to the patient with fever
are given in Table 98-18. Some awareness of the times after
transplantation when particular infections may occur is helpful
in the diagnostic approach to a patient with a possible infec-
tion. During the first posttransplantation month, opportunistic
infections are rare and the major infectious disease hazards are
similar to those for patients undergoing major urologic surgery.
The period between 1 and 6 months after transplantation is
when most serious infections occur. This is because of the
maximal effect of the immunosuppressive drugs on the host’s
defense system, as well as its coinciding with the period when
attempts are made to reverse rejection episodes with potent
antirejection therapy. As in other states of immune deficien-
cies, opportunistic infections derived from endogenous flora
including Cryptococcus, Candida Aspergillus, Pneumocystis
carinii, CMV, and herpes zoster are seen after transplantation.
Candida albicans, a normal inhabitant of the oropharynx,
intestine, and vagina in healthy individuals, may cause severe
pharyngitis, esophagitis, vaginitis, and systemic infections
in immunosuppressed patients (531). Wound infections and
urinary infections are commonly due to bacterial infections.
Septicemia is not uncommon after transplantation and is
usually due to a Gram-negative organism with the primary
focus in the urinary tract. However, Staphylococcus aureus,
Listeria, and Candida may also cause septicemia. While await-
ing the results of blood culture, appropriate broad-spectrum
antimicrobial treatment should be commenced. A vigorous
search for the focus of infection must be made and dealt with as
appropriate.

Viral Infections

Cytomegalovirus (CMV). CMV is the most important viral
infection occurring in transplant recipients. The incidence and
severity of CMV infection depend on the presence of latent in-
fection in the donor, the immune status of the recipient, and the
amount of immunosuppressants used (531–533). CMV infec-
tion also causes considerable morbidity and may be associated
with decreased allograft survival rates. CMV infection takes
two forms, namely, that of a primary infection of a secondary
or reactivated infection. The primary infection is of most con-
cern and occurs in patients who are seronegative at the time



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

Chapter 98: Outcomes and Complications of Renal Transplantation 2589

of transplantation and received a kidney from a seropositive
donor (534–536). Transfusions may also cause a primary in-
fection in the seronegative patient, but this is far less common
than the transmission of infection in the transplanted kidney
(536).

The typical primary CMV infection commences as a fever
that may be spiking or constant and usually occurs between 4
and 10 weeks after transplantation (537). It may be associated
with a neutropenia and atypical lymphocytes may be identified
in the blood smear. The leukopenia causes problems, especially
in patients receiving azathioprine, where the dose will have to
be reduced or often discontinued. The primary infection may
lead to a CMV lung infection and less commonly to hepatitis,
arthralgia, splenomegaly, myalgia, and gastrointestinal ulcera-
tion (538). A deterioration in function of the renal transplant
may also be seen during the early stages of the infection (539),
and a frank glomerulopathy may occur (540). In rare instances,
chorioretinitis can occur 4 to 6 months after transplantation,
occasionally without prior evidence of CMV activity. CMV en-
cephalitis, transverse myelitis (541), and cutaneous vasculitis
(542) also have been reported.

Patients with secondary infection or reactivation of latent
CMV often are not symptomatic, whereas those with super-
infection of a new viral strain have the acute symptoms of
active CMV (543–549). Most patients have antibody against
CMV at the time of transplantation. After transplantation,
essentially all of these seropositive individuals shed virus in
saliva, urine, and blood, partly as a result of reactivation of en-
dogenous latent virus. Recipients who shed CMV after trans-
plantation do so between the first and sixth months, whereas
the peak incidence of clinical illness due to CMV occurs 2 to
3 months after grafting (549). The appearance of CMV-specific
IgM or IgG in the primary infection, or a rise in titer in the sec-
ondary infection, can be used in determining infectivity. Use
of DNA-restriction enzyme analytic methods to detect differ-
ent CMV serotypes indicates that many of the clinical CMV
infections in individuals seropositive for CMV before trans-
plantation are due to superinfection with the donor virus strain
(543,550,551).

During an active infection, CMV persists in the blood for
several weeks. The presence of virus in the urine is only indica-
tive of virus excretion. In the case of CMV pneumonia, virus
can be isolated from bronchial lavage. A positive culture of the
throat, urine, or blood (buffy coat) is generally sufficient evi-
dence for the presence of active infection. Newer methods for
determining the presence of viral infection include molecular
hybridization using labeled viral DNA probes (552). They have
been used successfully for the detection of viral DNA in blood
during viremia, in urine, and in tissue biopsy specimens. The
PCR technique for more rapid and sensitive diagnosis of CMV
in urine and blood samples has also been used. This technique
can detect much smaller amounts of virus than other methods
and can be potentially done in 7 hours (542).

Prior vaccination with live, attenuated CMV vaccine did not
reduce the incidence of CMV infection and disease after renal
transplantation. However, there was evidence that the vaccine
reduced the severity of CMV disease, especially among seroneg-
ative recipients of grafts from seropositive donors (553,554).
Primary infection can be prevented by avoiding transplantation
of a kidney from a seropositive patient into a patient who is
seronegative (555). CMV immune globulin given after trans-
plantation has been shown to reduce the incidence of CMV
syndromes. Prophylactic administration of oral acyclovir to
renal allograft recipients for 12 weeks after transplantation
has been shown to reduce symptomatic active CMV infection
(556). Other agents such as gancyclovir and valacyclovir have
been studied. Valgancyclovir is the L-valine ester of gancyclovir
and is administered orally at 450 to 900 mg per day for CMV
prophylaxis. This dose produces similar AUC values to IV gan-

TA B L E 9 8 - 1 9

DOSAGE ADJUSTMENT FOR INTRAVENOUS
GANCICLOVIR IN THE TREATMENT OF
CMV INFECTION

Serum creatinine (mg/dL) Ganciclovir (IV)

<1.5 5 mg/kg q12hr
1.5–2.5 2.5 mg/kg q12hr
2.6–4.5 2.5 mg/kg q24hr
>4.5; No dialysis 1.25 mg/kg q48hr
Dialysis 1.25 mg/kg q24hr

cyclovir (5 mg/kg/day) and much higher values than oral gan-
cyclovir (3 g/day). Both agents require dosage adjustment for
decreased creatinine clearance. Treating all transplant recipi-
ents with CMV prophylaxis is costly and may not be neces-
sary. Chemoprophylaxis for CMV, however, should be used
according to the risk of the patient for CMV (548).

The initial step in the treatment of overt CMV disease is
to decrease the amount of immunosuppressive therapy being
administered (557). Because of the association between CMV
and P. carinii infection, trimethoprim–sulfamethoxazone pro-
phylaxis is commonly given to the patients with clinical CMV
disease (557). Specific treatment for CMV infection is indi-
cated for those patients with life-threatening CMV pneumoni-
tis or sight-threatening CMV chorioretinitis (533,558). Anti-
serum against CMV has been evaluated in the treatment of
CMV pneumonia (559–561), both alone and in combination
with ganciclovir, 9-(1,3-dihydroxy-2 propoxymethyl) guanine-
DHPG, an antiviral agent that inhibits herpes virus replica-
tion (562–564). When used as single-agent treatment, CMV
immunoglobulin did not provide optimal therapy for CMV
pneumonia in transplant patients. The efficacy of ganciclovir
has been shown in the treatment of pneumonia in bone marrow
recipients. CMV pneumonitis and retinitis in renal transplants
can also be ameliorated by ganciclovir. The major side effects
of ganciclovir are bone marrow suppression, sterility, and po-
tential nephrotoxicity (562–564). Dose adjustment is necessary
for patients with renal impairment (Table 98-19).

Herpes Simplex Virus (HSV). Reactivation of latent herpes
simplex virus infections is extremely common in transplant pa-
tients. The most common lesion is the orolabial HSV type 1
infection. Occasionally, anogenital lesion due to HSV type 2
infection may occur. Rarely, Kaposi’s varicelliform eruption,
due to disseminated HSV infection in the skin, may develop
in transplant patients. Therapy of acute HSV infection with
acyclovir will lead to clinical improvement (565,566).

Varicella Zoster. Varicella zoster is frequently seen in trans-
plant patients occurring at any time after transplantation. It
is commonly presented as localized zoster due to reactivation
of latent virus present in dorsal root ganglion since childhood
chickenpox. Intravenous acyclovir is the treatment of choice.
Chickenpox is a rare but often extremely virulent infection.
Should a patient without humoral immunity to varicellar zoster
be exposed to chickenpox, varicella zoster immune globulin
should be given within 72 hours of the exposure. If chicken pox
develops, intravenous acyclovir needs to be instituted without
delay (567).

Epstein–Barr Virus (EBV). In general, EBV is not a major prob-
lem in transplant patients, although occasionally EBV may be
the cause of a glandular feverlike illness. There has been some
concern that patients immunosuppressed with CsA may be
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particularly prone to EBV infections because of the suppres-
sion of the generation of T cytotoxic cells against EBV-infected
B lymphocytes. This, in turn, may cause an acute lymphopro-
liferative syndrome or even a polyclonal lymphoma (568,569).
Using DNA hybridization technique, EBV has been identified in
lymphoma and lymphoproliferative lesions of renal transplant
patients (570).

Human Immunodeficiency Virus (HIV). The impact of HIV
infection and acquired immunodeficiency disease (AIDS) on
recipients of organ transplantation has not yet been fully real-
ized. Immunosuppression may be associated with progression
of the infection (571). As the population of asymptomatic HIV-
seropositive individuals increases, it is of concern whether renal
transplantation of these individuals with concomitant chemi-
cal immunosuppression hastens the course of HIV infection
(572,573). Surprisingly, few cases of HIV infections or AIDS
in transplant patients have been reported. In general, the same
clinical spectrum of disease as found in the normal population
(574,575) is seen. The transmission of HIV by blood transfu-
sion and by the allograft itself has been well documented. In
a case report of four individuals who received kidneys from
donors with histories of intravenous drug use, HIV antibodies
appeared 2 months after transplantation in two patients and
were present in all four at 8 months. It is still unclear how
patients who are HIV antibody positive, either before or after
transplantation should optimally be managed. A retrospective
survey of 1,043 transplant patients (all organs) at the Univer-
sity of Pittsburgh noted a 0.7% incidence of HIV seroposi-
tivity in recipients before transplantation. Of 860 individuals
who were seronegative at transplantation, 11 converted at a
mean time of 96 days after transplantation. One-half of the
seropositive patients died within 6 months after surgery and
the other one-half were alive a mean of 43 months after trans-
plantation (576). Hence, the Pittsburgh experience contributed
to the enigma as to whether or not HIV antibody-positive pa-
tients should be excluded as transplant candidate. This report
serves to emphasize that a large and more complete database
is essential before it will be possible to design optimal policies
and clinical practices for managing transplant candidates who
are HIV antibody positive and for treating transplant recipients
who are either HIV antibody positive or have AIDS.

Polyomavirus. Both BK virus (Polyomavirus hominis) and JC
virus (Polyomavirus hominis) belong to the human papo-
vavirus family. They are nonenveloped, double-stranded DNA
viruses. Both viruses have been cultured from the urine of
transplant recipients. The excretion of BK virus is associated
with ureteral stricture and interstitial nephritis and that of JC
virus with progressive multifocal leukoencephalopathy. About
60% to 80% of adults are seropositive for BK virus. In im-
munocompetent individuals, the virus has no great clinical sig-
nificance. The virus resides in a latent state in the kidney in
healthy individual and can be activated without functional im-
pairment or ill effects. Morphologic evidence of viral activation
is the presence of polyomavirus-infected cells in the urine. In
immunocompromised patients, polyomavirus can cause a mor-
phologically manifested renal infection with cytopathic signs
and functional impairment. In native and transplanted kidneys,
BK virus is found in areas of interstitial nephritis. In addition,
renal allograft recipients were reported to have BK virus as-
sociated with ureteral stenosis and bone marrow transplant
recipients from hemorrhagic cystitis. BK virus infection in re-
nal transplant recipients has recently become recognized more
frequently. It presents clinically as an acute rejection that ap-
pears unresponsive to treatment (577–581). The biopsy speci-
mens have changes of severe tubulointerstitial nephritis (582–
584). The presence of polyomavirus infection is suggested by
the finding of large basophilic intranuclear viral inclusion bod-

ies in tubular epithelial cells along the entire nephron and also
the transitional cell layer. The affected tubular cells were en-
larged and often necrotic. Confirmation of the diagnosis can
be made by special staining with polyomavirus monoclonal
antibody. Urine samples from patients with persistent infec-
tion revealed positive PCR with abundant amplicons of 149
bp indicative of BK virus and urine microscopy showed de-
coy cells with ground glass-type intranuclear inclusions posi-
tive for BK virus by immunohistochemistry and electron mi-
croscopy. A major factor involved in the manifestation of BK
virus disease is high-dose immunosuppression. No established
therapeutic therapy for polyomavirus infection is available and
reduction of immunosuppression offers the best therapeutic op-
tion. Tacrolimus as a possible risk factor has been suggested in
the past. Most infected patients have been taking tacrolimus
and alternative agents can be used if response is inadequate.
Leflunomide, cidofovir, IVIG, and corticosteroids may be of
clinical benefit and have been reported in uncontrolled studies.
Leflunomide (orally 20 to 40 mg daily) has been recommended
as the drug of first choice because of its combined antiviral and
immunosuppressive properties and its lack of nephrotoxicity

Hepatitis

Chronic liver function impairment is not rare after renal trans-
plantation (585–587). Viral hepatitis and drug-related hepatitis
are the most common causes. Despite the exclusion of patients
with hepatitis B surface antigen from organ and blood dona-
tion, the incidence of chronic liver disease after transplanta-
tion has remained high with abnormalities of liver function
occurring in 7% to 24% of patients early in follow-up and
death due to liver failure in 8% to 28% of the long-term sur-
vivors of renal transplantation. It is also important to rule
out other causes of hepatitis. Drugs that may cause hepatic
dysfunction include CsA, azathioprine, antihypertensives, and
lipid-lowering agents. CsA-induced liver enzyme elevation usu-
ally resolves on dosage reduction. Azathioprine is also thought
to be hepatotoxic (588). Reduction of azathioprine dose in pa-
tients with chronic hepatitis may be necessary (589). In patients
with impaired liver function, cyclophosphamide at a dose of
1 mg/kg has been used in the past to replace azathioprine (590).
In patients taking CsA or tacrolimus, azathioprine can be dis-
continued or substituted with MMF.

Hepatitis B Virus (HBV). Hepatitis B virus is a relatively un-
common viral infection after transplantation, but the main
cause for concern is the outcome of transplantation in a pa-
tient who is a carrier of the hepatitis B antigen. Although graft
survival in such hepatitis-B carrier patients is perhaps better
than in other patients, reflecting some innate immunosuppres-
sive defect in the patient, there is considerable concern about
the possible progression of liver disease leading to liver failure.
Furthermore, the incidence of hepatoma in those chronic car-
riers of hepatitis B is 15%, much higher than in the general
population who contract hepatitis. It has suggested that im-
munosuppression enables persistent viral replication, leading
to a greater frequency of hepatitis e antigen, viral DNA, and
viral DNA polymerase in the sera of transplanted individuals.

The natural history of liver disease due to chronic hepati-
tis B in transplant patients differs from that in both the gen-
eral population and hemodialysis patients (591,592). Trans-
plant recipients who have hepatitis B typically remain surface
antigen-positive for longer than 6 months and do not revert
to seronegativity. Most episodes of hepatitis in the early post-
transplantation period are relatively mild, but an unusually
high rate of transformation from chronic persistent to chronic
active hepatitis occurs in this patient population. Patients who
have persistent hepatitis e antigenemia or concomitant delta
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virus infection are at higher risk for chronic active hepatitis
and more rapid deterioration.

Because of the poor conversion rate in patients with ESRD,
hepatitis B vaccination of patients should be given early in the
course of progressive renal failure. Previously vaccinated pa-
tients who are HBsAg-negative should be tested annually for
anti-HBV antibodies and should receive booster vaccinations
when the titer decreases to <10 mIU/mL. No known loss of
graft function has occurred as a result of active vaccination
with hepatitis B vaccine (593,594). HBsAg-positive transplant
recipient should receive lamivudine (100 mg/day) starting at
the time of transplantation and continued for at least 18 to
24 months. Two small studies demonstrated good responses to
treatment with lamivudine for renal allograft recipients, with
clearance of HBV DNA and normalization of transaminase
levels (595,596).

Hepatitis C Virus. Anti-HCV antibodies have been reported
for 10% to 40% of renal transplant recipients. HCV is the
major cause of non-A/non-B hepatitis. Patients with ESRD are
at increased risk for HCV infection because of their continued
exposure to blood and blood products and horizontal trans-
mission within hemodialysis units (150,592,597–601).

A national collaborative study of 3081 cadaver organ
donors from eight organ procurement organizations in the
United States found that the mean prevalence of positive
ELISA-1 for anti-HCV antibodies was 5% and the prevalence
of circulating HCV RNA as detected by PCR was 2.4%. In
comparison, the prevalence of anti-HCV among healthy blood
donors in the United States is only 0.6%. The higher preva-
lence among cadaver donors may reflect an increased incidence
of risk factors associated with the spread of the viral infec-
tions. Stored sera from 716 consecutive cadaver donors in the
New England organ Bank were screened for anti-HCV anti-
bodies using ELISA-1 assay and 13 anti-HVC positive donors
were identified. Twenty-nine recipients of organs from these
anti-HCV donors were identified and studied. Fourteen (48%)
of these recipients developed non-A and non-B hepatitis after
transplantation; 12 had chronic liver disease. Posttransplanta-
tion sera tested positive for HCV RNA in all of the recipients
from HCV RNA-positive donors, suggesting that almost all
patients are at risk in this setting. However, standard clini-
cal evaluation may not detect HCV infection as 52% of the
patients did not have any evidence of hepatic disease and se-
roconversion occurred in only 62%. Following antibody titer
will underestimate both the transmission of HCV and the role
of HCV in posttransplantation liver disease (136,602,603). An
increased incidence of acute renal allograft dysfunction is as-
sociated with α-interferon treatment among kidney transplant
recipients (604,605). This is because interferon can induce cy-
tokine gene expression, increase cell surface expression of HLA
antigens, and enhance the function of natural killer cells, cyto-
toxic T cells, and monocytes. Hence, therapy with α-interferon
carries the risk of inducing rejection in the allograft. Thus the
risk of rejection must be weighed against the potential bene-
fits of slowing or preventing the progression of chronic liver
disease (606). Therefore, a better strategy might be to screen
and treat HCV with interferon (and possibly ribavirin) before,
rather than after, transplantation (607).

Pulmonary Infection

The overall incidence of pneumonia in renal transplant patients
has decreased from 25% to 8% since 1980. The decrease in the
incidence of pulmonary infections is related to the judicious use
of immunosuppressive therapy and more aggressive treatment
of infection (608). Nevertheless, infection of the lungs is still
the most common form of life-threatening infections in renal
transplant patient.

FIGURE 98-26. Typical cytomegalovirus-infected lung cell showing
cytomegaly, large intracellular inclusions with peripheral chromatin
clumping, and abundant intracytoplasmic inclusions. (Hematoxylin
and eosin stain, magnification ×1,000.)

Opportunistic infections occur less commonly many years
after transplantation, especially, in the patient who has good re-
nal function and is on minimal immunosuppression. However,
pneumococcal pneumonia can occur at any time and may have
a very rapid progression, leading to death if not diagnosed and
treated promptly. Finally, the definitive diagnosis can only be
established by identification of a pathogen and it is important
that an aggressive approach be adopted for obtaining speci-
mens for microbiologic examination.

CMV Pneumonia. Lung infection is a serious complication of
CMV infection. In the patient who presents with a fever and
radiologic pulmonary changes between 1 and 4 months af-
ter transplantation and who was seronegative at the time of
transplantation and had received a kidney from a seroposi-
tive donor, an initial diagnosis of CMV infection of the lung
should be made once all other possible causes of the fever have
been excluded. Pneumocystis carinii may also occur as a su-
perinfecting organism during active CMV infection (557). If
significant leukopenia develops, in association with the infec-
tion, then immunosuppressive drugs may have to be reduced. If
possible, treatment should be withheld until a pathogen can be
identified. If no indication of the diagnosis is available, bron-
choscopy and bronchial alveolar lavage or open lung biopsy
should be performed (Fig. 98-26).

Pneumocystis Carinii Pneumonia. This is a relatively com-
mon cause of pulmonary infection (609). The patient usually
presents with a fever, often associated with some dyspnea, but
with very few physical signs on examination. Chest x-ray shows
diffuse shadowing that tends to be linear in distribution. Pa-
tients with suspected pneumocystis pneumonia should have
blood gas and vital signs closely monitored. Cotrimoxazole
in high doses is the antimicrobial of choice. Prophylactic cotri-
moxazole is commonly used during the first few months after
transplantation because of the high incidence of this infection
(557).

Legionella Pneumonia. Legionella pneumonia has become
much more common in recent years, or rather it is probably
being identified more often. It proliferates in stagnant water
and so may be spread by way of air conditioning, plants, and
showers (610). The chest x-ray in the early stages shows irreg-
ular, nodular shadows that progress, often quite rapidly, to a
lobar or diffuse consolidation. Identification of the organism
is difficult with conventional staining techniques, but may be
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identified with direct immunofluorescent staining and may be
grown from appropriate sputum or biopsy samples on special-
ized media. A high level of suspicion for this infection is needed
and erythromycin, in high doses, is the drug of choice.

Mycobacterial Infections

The incidence of tuberculosis in transplant recipients varies
from region to region, but certainly is more common in
transplant recipients than in the general population (611). The
symptoms are frequently nonspecific and the site of infection
is often in organs other than the lungs. Treatment of the
established case should be the routine antituberculous therapy
(e.g., rifampicin and isoniazid). It should be remembered
that both these drugs are metabolized in the liver; rifampicin
induces hepatic enzymes, therefore, if the patient is being
immunosuppressed with CsA or FK506, the dose should be
closely monitored. Chemoprophylaxis should be considered
in patients with calcification on a chest roentgenogram and in
the presence of a positive tuberculin skin test. Therapy for 6 to
9 months with isoniazid should be given to patients who have
never received adequate treatment and who are PPD positive
(612). Guidelines for targeted tuberculin testing and treatment
of latent TB were recently developed jointly by the American
Thoracic Society and the Centers for Disease Control and
Prevention (613). The PPD (Mantoux) skin test involves an in-
tradermal injection of 5 units of tuberculin PPD, with examina-
tion of the injection site 48 to 72 hours later. For individuals at
very high risk, the minimal criterion for a positive skin test is a
5 mm diameter (including patients receiving immunosuppres-
sive therapy).

Fungal Infections

Fungal infections are relatively common in transplant patients
and must always be considered as a possible cause of fever and
pneumonia, especially in the presence of excessive immuno-
suppressive therapy (614). Pulmonary infiltrates due to fun-
gal infection include Aspergillus, Cryptococcus, Coccidiodes,
Candida, and histoplasmosis. Aspergillus is a hyphal sapro-
phytic fungus in which infection is by inhalation of spores and
the lungs are, therefore, the primary site of infection. In the
lung, Aspergillus causes a patchy infiltration followed by a
consolidation and abscess formation (Fig. 98-27). Histoplas-
mosis is another fungal pneumonia, which can occur in renal
transplant recipients. This may also be acquired or result from
reactivation and usually presents with fever, pulmonary infil-
trates, and skin lesions at any time after transplantation. These
infections require aggressive therapy with conventional am-
photericin B, a lipid-based amphotericin B preparation (Abel-
cet, AmBisome, or Amphotec) (615), or an appropriate azole
antifungal agent. Ketoconazole, fluconazole, and itraconazole
are useful for treating mucocutaneous fungal infection and in-
fection of the gentitourinary tract and gastrointestinal system,
lungs and, under specific conditions, the central nervous sys-
tem. All of the triazole antifungals impair calcineurin inhibitor
metabolism and increase blood levels of CsA and tacrolimus.
CsA or tacrolimus dose reduction, therefore, may be necessary
while patients are on triazole treatment (616).

Central Nervous System (CNS) Infection

Infections of the CNS after renal transplantation typically
present between 1 and 12 months posttransplant and are char-
acterized by a subacute onset and the frequent lack of systemic
signs. Organisms commonly associated with CNS infection
in renal transplant recipients include Listeria, Cryptococcus,
Mycobacterium, Nocardia, Aspergillus, mucormycosis, Tox-
oplasma, Candida, and Strongyloides. Listeria may cause an
acute or focal brain infection. Cryptococcus and, less often,
Mycobacterium and Coccidioides are important causes of sub-

FIGURE 98-27. Aspergillus infection of the lung in a patient who
underwent renal transplantation after several courses of antirejection
therapy with high-dose intravenous methylprednisolone. (From: Mor-
ris PJ. Kidney Transplantation: Principles and Practice. 2nd ed. New
York: Grune & Stratton; 1984, with permission.)

acute meningitis. Focal lesions are most common with As-
pergillus, Toxoplasma, and Nocardia. HIV can cause a variety
of CNS syndromes, most predominantly a global-dementing
illness. JC virus infection can also cause dementia with pro-
gressive multifocal leukoencephalopathy (617).

In acute meningoencephalitis, nuchal rigidity may be absent.
The development of fever and mild headache should be suffi-
cient to alert the physician to the possibility of CNS infection.
The aseptic meningitis that occurs during OKT3 administra-
tion is self-limited, but if severe or persistent, may require di-
agnostic workup to rule out infection. Focal findings on neuro-
logic examination are not common except with well-developed
focal brain infections. Because the early findings in these infec-
tions are often nonspecific, lumbar puncture and cranial CT
scanning or MRI should not be delayed.

Aspergillus. Aspergillus may cause pneumonia in the immuno-
compromised host and may disseminate to the brain, skin,
kidney, and gut. Aspergillus, which infiltrates the vasculature,
is not found free in the cerebrospinal fluid (CSF) and is of-
ten impossible to diagnose before death. The organism may
be suspected in patients with clinical evidence for meningi-
tis and CSF cytology and chemistry determinations consistent
with meningitis, especially in the absence of a positive culture,
inflammatory foci, and culture or serologic findings consis-
tent with cryptococcal infection. The treatment of choice is
amphotericin B.

Cryptococcus. Although rare, Crytococcus is another cause of
meningitis in the transplant patient. It tends to be seen relatively
late in the transplantation course and has a rather nonspecific
presentation, and, hence, the diagnosis is often delayed. Lung
involvement is also common when this infection is present.
Amphotericin B is again the indicated treatment.

Coccidioides. Coccidioides is quite rare in Europe but does
occur commonly in parts of the United States. It may cause
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destructive lesions of the lungs, liver, brain, and spleen and is
sometimes due to reactivation of an existing latent infection.
Amphotericin B is the appropriate treatment.

Listeria Monocytogenes. Listeria monocytogenes may present
as meningitis, brain abscess, or as meningoencephalitis. It may
occur at any time after transplantation, but is usually associ-
ated with increased or excessive immunosuppressive therapy
for rejection. Listeria should be the primary suspect in a pa-
tient with meningoencephalitis because other causes of menin-
gitis are rare in transplant recipients. CSF findings may not
be striking. Treatment with ampicillin should be commenced
as soon as cerebrospinal fluid (CSF) and other specimens for
culture have been taken.

Nocardia. Nocardia is usually present as respiratory illness
with an unproductive cough, fever, malaise, and a nodular infil-
trate on the chest x-ray. Occasionally, the infection may spread
to the brain presenting as a space-occupying lesion, but may
also be seen as skin abscesses or joint infections. The treat-
ment of choice is probably sulfonamide, which is given for at
least 2 months, although some would advocate treatment for
12 months.

Urinary Tract Infection

Urinary tract infection is the most common bacterial infec-
tion following transplantation. The incidence however has im-
proved in recent years, most likely due to increased attention
to urologic techniques and to the use of antibiotic prophy-
laxis after transplantation (618–620). Urinary tract infections
appearing within the first 3 or 4 months after transplanta-
tion are often associated with transplant pyelonephritis, sep-
ticemia, and relapse after standard antibiotic therapy. Patients
with an anatomic abnormality requiring urinary diversion or
stent placement and those with pyelonephritis should receive
chronic suppressive antibiotics in addition to the 4- to 6-week
course of primary treatment. Uncomplicated urinary tract in-
fections that occur later after transplantation can be treated
with a standard 1- or 2-week course of oral antibiotics.

Cancer in Transplant Patients

The incidence of cancer in transplant recipients varies consid-
erably from region to region, ranging from a low incidence
of 1.6% of patients developing cancer after transplantation in
Europe to as high as 24% of patients in Australia (621–623).
Much of this variation is due to the high incidence of skin
cancer in those areas at risk for these cancers. In regions with
limited exposure to the risk, there is a four- to sevenfold in-
crease, but in areas with copious sunshine there is an almost
29-fold increase in incidence as compared with the control pop-
ulation. There is also a well recognized and highly significant
increase in the risk of developing a malignant (non-Hodgkin’s)
lymphoma. Even with skin cancers and malignant lymphomas
excluded from the analysis, there is an increased incidence in
all forms of cancer in patients after transplantation (624–626).
(Table 98-20). Careful physical examination to detect the com-
mon malignancies is essential in the long-term follow-up of
renal transplant patients. The increased incidence of cervical
cancer in females after transplantation implies that all female
transplant patients should have an annual cervical smear.

A number of factors contribute to the increased risk of can-
cers in immunosuppressed recipients of a kidney transplant.
These include depression of immune surveillance, chronic anti-
genic stimulation in the presence of immunosuppression, a di-
rectly neoplastic action of the immunosuppressive drugs them-
selves, and increased susceptibility to oncogenic viral infection.
First, alterations in the immune surveillance due to immuno-

TA B L E 9 8 - 2 0

COMMON MALIGNANCIES ENCOUNTERED IN
RENAL TRANSPLANT RECEIPTS

Cancers of Skin and Lips
Squamous cell carcinomas
Basal cell carcinomas
Malignant melanoma

Malignant Lymphomas
Non-Hodgkin’s lymphoma
Reticulum cell sarcoma
B-cell lymphoproliferative syndrome (Epstein–Barr virus)

Kaposi’s Sarcoma
Cutaneous form
Visceral and cutaneous form

Genitourinary Cancer
Carcinoma of native kidney (acquired cystic disease)
Carcinoma of transplanted kidney (hypernephroma)
Carcinoma of the urinary bladder (cyclophosphamide

associated)
Uroepithelial tumors (associated with analgesic

nephropathy)

Gynecologic Cancer
Carcinoma of cervix
Ovarian cancer

suppressive therapy may allow potentially malignant cell mu-
tants to become established in the host, because they cannot be
detected and killed in the usual fashion. The allograft with its
foreign HLA may also stimulate the host lymphoreticular sys-
tem, resulting in the development of lymphoid malignancies.
It has been suggested that ALG or ATG may have an etiologic
role in the production of neoplasia. These agents produce im-
munosuppression by eliminating certain types of lymphocytes
involved in immune reactions. Recently, the incidence of lym-
phoma has increased with the use of monoclonal OKT3 anti-
bodies for immunosuppression (627,628). Finally, latent onco-
genic viruses may be activated in immunosuppressed hosts who
are simultaneously experiencing stimulation immunologically
by antigen. An association exists between papilloma virus and
the development of squamous skin cancer, as well as condy-
loma acuminatum with cervical carcinoma. Epstein–Barr virus
has also been implicated in polyclonal B cell lymphoprolifera-
tive disease. In addition to primary cancer developed de novo
in patients after transplantation, cancer may be transferred in
the transplanted kidney from a donor with cancer undetected
at the time of donor nephrectomy.

Skin cancer is the most common neoplasia in transplant
patients, with an incidence four to 21 times the population av-
erage (622,623,629). Squamous cell carcinoma predominates
over basal cell skin cancer (630). Patients who live in warm cli-
mates should be carefully advised after transplantation to use
sun-blocking creams and to wear appropriate clothing while in
the sun. The appearance of neoplasia can be atypical and early
biopsy of any suspicious lesion is indicated. The prognosis after
resection of skin cancer is excellent, provided strict avoidance
of sun exposure is followed. Reduction in immunosuppression
may be considered if the malignancy is extensive or rapidly
progressive.

Lymphoma occurs earlier than other tumors and accounts
for 20% to 30% of posttransplant neoplasms. The incidence
of this neoplasm is relatively higher in the last decade prob-
ably related to the use of monoclonal or polyclonal globulin
and other immunosuppression. Two types of lymphoprolifera-
tive disease are seen in patients after transplantation. The first
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presents with an infectious mononucleosislike illness within the
first year of transplantation with fever, sore throat, and lym-
phadenopathy. The clinical course is often short and can be
fatal. Cessation of the immunosuppression will lead to regres-
sion in some patients. This type of lymphoproliferative disease
is due to infection with EBV. With acyclovir treatment, remis-
sion can be achieved without cessation of immunosuppression.
The second group of lymphoproliferative diseases presents as
localized solid tumor masses and is confined to central nervous
system in a high percentage of patients. Lymphoma, therefore,
should be considered in the differential diagnosis of any CNS
abnormality (631). These lymphomas are often more rapidly
progressive than seen in the normal population and, although
responding to conventional therapy for non-Hodgkin’s lym-
phoma, remission tends to be short. In addition to standard
established treatment for each malignancy, consideration must
be given to reduction or cessation of immunosuppressive med-
ications (632). Azathioprine usually is discontinued during
chemotherapy. Many of the therapeutic agents are cytotoxic
and additive suppression of the bone marrow can occur. In most
cases, regression does not appear to occur with cessation of im-
munosuppression and the patients do not respond to acyclovir
(633–637).

The incidence of Kaposi’s sarcoma is 300 to 400 times
that of the normal and accounts for 5% to 10% of post-
transplant neoplasms. Those with Kaposi’s sarcoma involving
only the skin do better than those with visceral disease, with
complete remission in 50% compared with 14%, respectively,
after chemotherapy or cessation of immunosuppression. A
third of the remissions in Kaposi’s sarcoma confined to the
skin occurred with discontinuation of immunosuppression as
the sole therapy (638,639).

Gastrointestinal Complications

Gastrointestinal complications include peptic ulceration,
esophagitis, intestinal or colonic perforation and hemorrhage,
pseudomembranous colitis, necrotizing enterocolitis, and
diverticulitis.

Complications of a peptic ulcer, either hemorrhage or per-
foration, are associated with a high mortality in the transplant
patients. About 4% of deaths after transplantation were re-
ported to be caused by gastrointestinal hemorrhage. Of these
deaths, hematemesis or melena is seen in 75% of patients on
presentation, whereas pain is the presenting symptom in 20%,
and gastroduodenal perforation in about 10%. The most sig-
nificant risk factor is a history of peptic ulcer disease (640,641).
Whereas about 8% of patients with negative peptic ulcer histo-
ries before engraftment later develop gastroduodenal complica-
tions, 19% of those with previous episodes of uremic gastritis
develop further complications after transplantation. For this
reason, many centers actively screen patients for evidence of
peptic ulceration before accepting for transplantation and, in
the past, have been quite aggressive about the management of
these patients, many being treated surgically before transplan-
tation. Although this would still be the treatment of choice for
active ulceration not responding to treatment or recurrent ul-
ceration after treatment, most patients would now be given his-
tamine antagonists prophylactically during the first few months
after transplantation in the presence of a past history of ulcer-
ation but with no evidence of active ulceration at the time of
transplantation. Both hemorrhage and perforation from a pep-
tic ulcer after transplantation should be treated promptly and
aggressively by surgery.

Infection of the gastrointestinal tract presents commonly as
Candida stomatitis or esophagitis. This is particularly common
in transplant patients who are debilitated from other compli-
cations or infections or in the presence of leukopenia or excess

immunosuppressive therapy. Esophageal candidiasis is proba-
bly the most severe form of local infection due to this pathogen,
but occasionally a septicemia may ensue. The epiglottitis and
esophagitis respond to local nystatin, but more severe in-
fections should be treated with amphotericin B or flucona-
zole. Classic enteric pathogens are not notably common after
transplantation.

Spontaneous perforation of the small intestine is rare and
the etiology is often not understood, although CMV infection,
obstruction, intestinal ischemia, and the use of steroids have
been implicated (642). Hemorrhage of the large bowel with
ulceration and perforation occurs in 0.9% of such patients.
Possible causes include uremia, the effects of immunosuppres-
sive therapy, use of antibiotics, atherosclerosis, and the sequelae
of irradiation. Administration of sodium polystyrene resin in
sorbitol to treat patients with hyperkalemia can also be com-
plicated by colonic perforation (643).

Pseudomembranous colitis is an antibiotic-associated diar-
rhea and thus may occur in transplant patients who are re-
ceiving broad-spectrum antibiotic therapy for a concomitant
bacterial infection. However, it may also occur in transplant
units where Clostridium difficile infection is endemic (644).
This condition is highly infectious and should be treated as such
to avoid spread within a transplant unit. Occasionally a necro-
tizing enterocolitis with gangrene of part or all of the colon,
and even occasionally involving only the small bowel, is seen.
This is inevitably fatal and the cause is uncertain, although it
has been associated with CMV infection. Solitary ulcers, which
may bleed or perforate, may also be encountered, especially in
the cecum. Colonoscopy is a useful diagnostic tool in some of
these colonic complications.

Diverticulitis is no more common in the transplant pa-
tient than the normal population except perhaps in patients
with polycystic kidneys, but complicated diverticulitis does
again present a very serious problem with a high mortality.
For this reason, some surgeons believe that the presence of
diverticulosis in patients before transplantation is an indica-
tion for colectomy in order to avoid complications arising after
transplantation.

Pancreatitis

Although mild hyperamylasemia without pancreatitis is com-
mon in patients with poor graft function, due to decreased
clearance of the enzyme, high serum amylase and lipase levels
suggest active pancreatitis (645). Acute pancreatitis has been
reported to occur in 2% to 12% of transplant recipients. Sev-
eral causes have been considered. Inflammatory changes, possi-
bly due to secondary hyperparathyroidism, may be seen in the
glands of uremic patients. Microscopic examination occasion-
ally has revealed changes consistent with the presence of CMV,
but the role of this organism is unknown. Corticosteroids may
produce pancreatitis both experimentally and clinically. Aza-
thioprine is a rare cause of pancreatitis (646). Recently, there
are case reports of pancreatic insufficiency and pancreatitis in a
small fraction of patients on CsA (647). The pancreatic abnor-
malities due to CsA may be dose related since the abnormality
improved with reduction of the CsA dose. Acute pancreatitis
in renal transplant patients often follows a fulminating course
with an acute abdomen, electrolyte disturbances, tetany, jaun-
dice, and hypotension (647,648).

Cardiovascular Complications

Cardiovascular Disease

Cardiovascular disease is a major cause of morbidity and death
after renal transplantation. With the increasing transplantation
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of more elderly and diabetic patients and the longer survival
of grafts, cardiovascular disease will take an increasingly
prominent place in the problems of patents with successful
renal transplants (649,650). Much of this risk is determined by
and the cause of the underlying disease for renal failure, and,
certainly, patients with primary diagnoses of hypertension
or diabetes mellitus fare significantly worse in this respect
than others. The cardiovascular disease can be attributed
to the high prevalence of vascular pathology characteristic
of both these diseases and which is independent of their
end-stage renal failure. Nevertheless, once the patient has been
transplanted, it is essential that rigorous advice be given to a
correction of any risk factors that would increase the risks of
cardiovascular disease, namely, hyperlipidemia, hypertension,
cigarette smoking, obesity, and carbohydrate intolerance.

Hyperlipidemia

It has been known for some time that uremic patients fre-
quently have type IV hyperlipidemia with marked hypertriglyc-
eridemia. Total cholesterol is usually normal or low. In partic-
ular, high-density lipoprotein (HDL) levels are abnormally low
(651–653). After transplantation, the hypertriglyceridemia of
uremia shifts toward hypercholesterolemia. Very low-density
lipoprotein and low-density lipoprotein cholesterol are ele-
vated in transplant patients. Hypertriglyceridemia may persist,
but triglyceride levels often decrease. Overall, the incidence
of hyperlipidemia following transplantation is about 50%
(654–659).

High dose prednisone may contribute to the development of
hypercholesterolemia. Normalization of serum lipids, however,
including HDL cholesterol, occurs after reduction of the initial
steroid dose. HDL levels increase and become normal, with
normal proportions of HDL3 and HDL2 (656). Studies imply
that prompt tapering of prednisone dose after transplantation
facilitates a return to normal lipid concentrations.

Dietary therapy should be initiated during the first 6 months
after transplantation when hypercholesterolemia is most of-
ten marked. Patients should be advised to avoid high-calorie,
high-carbohydrate and high-fat diet (657). Supplementation
of the diet with omega-3 fatty acids may reduce triglyceride
and cholesterol levels, and increase HDL levels. If hyper-
cholesterolemia persists beyond 6 months on diet therapy
and on maintenance steroid dose, drug therapy should be
considered.

Potential pharmacologic agents include niacin, bile-binding
resins, gemfibrozil, and lovastatin. Niacin lowers triglyceride
and cholesterol levels. A slow-release preparation of niacin
may reduce the side effects of flushing and gastrointestinal dis-
tress. Bile-binding resins can also be used, but may interfere
with immunosuppressive drug absorption. Gemfibrozil primar-
ily reduces triglyceride levels; but it can lower cholesterol when
triglyceride levels are normal. Lovastatin inhibits 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase, the rate-
limiting enzyme in cholesterol biosynthesis, and is effective
in reducing cholesterol levels. Liver enzymes should be mon-
itored in all patients receiving niacin, gemfibrozil, and lova-
statin because hepatitis is a major adverse effect. Reports have
been made of myositis and myalgia occurring at low frequency
secondary to gemfibrozil and lovastatin. An increased risk of
myositis has been described in those patients receiving CsA
who also were treated with lovastatin (658–662).

Hyperhomocysteinemia

The association between fasting plasma total homocysteine lev-
els and cardiovascular disease has been demonstrated by ret-
rospective and prospective studies in the general population
(663). A case control study demonstrated that renal trans-
plant recipient with cardiovascular disease exhibited higher

fasting total homocysteine levels (>10 μM) compared with re-
nal transplant recipient without cardiovascular disease. Cross-
sectional studies of renal transplant recipients also confirmed
a similar association between total fasting homocysteine levels
and cardiovascular disease. Since renal transplantation patients
typically have fasting total homocysteine levels that are twofold
higher than those of age- and gender-matched control subjects,
the incidence is high enough to warrant screening (664,665).
Hyperhomocyteinemia can be safely and effectively reduced by
folate, vitamin B6 and vitamin B12. However, the lack of well-
designed interventional trials make it difficult to recommend
routine screening (666,667).

Hypertension

Hypertension is extremely common after renal transplantation.
It is more common in recipients of cadaver grafts than those
receiving living related grafts, suggesting that rejection is a sig-
nificant factor in this high incidence of hypertension after trans-
plantation (668–670). Hypertension before and after engraft-
ment probably contributes to the accelerated vascular disease
seen in patients with ESRD and is associated with reduced graft
function (671). Hypertension in the transplant recipient may
be due to the patient’s diseased native kidney, rejection of the
transplanted kidney, renal artery stenosis in the transplanted
kidney, corticosteroids, and CsA therapy (672,673).

The relationship between hypertension and activity of the
renin–angiotensin system in patients with a renal transplant
is confusing (674,675). It is apparent that the patient’s native
kidneys may contribute to hyperreninemia, but conflicting re-
ports exist concerning the role of the renin—angiotensin system
in the transplanted kidney as a cause of hypertension. Native
kidney disease and chronic rejection are the two most common
causes of hypertension in the transplant population, whereas
hemodynamically significant renal artery stenosis accounts for
about 5%.

Steroid therapy certainly contributes to hypertension, al-
though this is less likely now that low-dose steroid protocols
are used by most centers. It is now apparent that the incidence
of hypertension in patients being treated with CsA, either with
or without steroids, is greater than that seen in patients treated
with prednisone and azathioprine (676). The degree which CsA
might increase blood pressure is dose dependent, as demon-
strated by the fact that there is a generally decrease blood pres-
sure following the reduction of the CsA dose to a maintenance
therapy levels of 4 mg/kg/day.

Initial management of hypertension in patients with sta-
ble graft function includes salt restriction, weight reduction,
elimination or reduction of medications that may contribute
to hypertension, and the use of antihypertensive agents.

Most standard therapies have been demonstrated to be safe
and effective after renal transplantation. There are, however,
a number of management issues that are unique to transplant
recipients. Transplant patients may be more prone to decreased
renal function resulting from diuretic use than are hypertensive
patients in the general population. Patients may occasionally
develop decreased renal function after angiotensin-converting
enzyme (ACE) inhibitor therapy, especially if the patients ex-
hibit renal artery stenosis or chronic allograft nephropathy.
Anemia and hyperkalemia may also be associated with the
use of ACE inhibitors and angiotensin II (Ang II) receptor
antagonists. Several studies however have shown that these
drugs are generally safe, effective, and well tolerated. They
may reduce proteinuria and stabilize the deterioration in re-
nal function in chronic allograft failure, possibly by reduc-
ing TGF-β. They may also have additional benefit in re-
ducing the incidence of cardiovascular events in high risk
patients.
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ACE inhibitors, such as captopril or enalapril, are useful
in treating post-transplantation hypertension in patients who
do not have transplant artery stenosis. Calcium channel block-
ers are being used more frequently in the treatment of hyper-
tension. The hemodynamic effects of CsA include decreased
effective renal plasma flow and increased renovascular resis-
tance. Calcium channel blockers such as verapamil have been
shown to affect glomerular filtration rate and PGE2 produc-
tion (677). It has been suggested that the use of calcium chan-
nel blocker may have additional cytoprotective effect against
ischemic and nephrotoxic injury in the transplanted kidney.
Since calcium and its carrier protein, calmodulin, may be in-
volved in various T cell functions, calcium channel blockers
and CsA may be directly additive with regard to the calcium
cellular immune mechanism (678,679). If the native kidneys
are believed to be the source of hypertension, nephrectomy
(680–682) should be considered. Overall, nephrectomy has
been shown to substantially reduce blood pressure in these
patients.

If the hypertension should persist, patients with hyperten-
sion associated with renal dysfunction should be evaluated to
determine the cause of the dysfunction. Possibilities might in-
clude chronic rejection, CsA nephrotoxicity, or a recurrence of
the original disease. A renal biopsy may be appropriate to rule
out rejection. If hypertension is severe or associated with wors-
ening renal function, with no evidence for rejection, transplant
artery stenosis may be pursued by arteriography.

Renal Artery Stenosis

When hypertension can not be controlled, particularly if at-
tempts to reduce blood pressure results in decreased renal func-
tion, the possibility of renal allograft artery stenosis should be
considered. Transplant renal artery stenosis currently is diag-
nosed in approximately 2% of cases. In earlier reports, the
incidence ranged from 1% to 25%. In the past, most stenoses
have been described with the end-to-end anastomosis between
the renal artery and the recipient hypogastric artery, presum-
ably because of the discrepancy in size and quality of the two
vessels, although rejection injury may be a predisposing factor
(683,684). Occasionally, renal artery stenosis may occur in the
early months after transplantation; at this time it is always due
to a technical defect at the anastomosis. Since the use of end-to-
side anastomosis of an aortic patch containing the renal artery
origin onto the recipient external iliac artery, the incidence has
become much lower (685,686). Currently, renal artery stenosis
presents 1 to several years after transplantation with poorly
controlled hypertension and deterioration of renal function.
Other causes of arterial stenosis include arteriosclerosis, devel-
opment of a fibrous plaque in the artery at the anastomotic site
or constriction beyond it, technical narrowing of the anasto-
mosis, perfusion injury, kinking of the vessels, and chronic mi-
crovascular rejection. Sudden occurrence or increase in severity
of hypertension, the presence of a new bruit over the allograft,
or a decline in renal function in the absence of rejection all sug-
gest the possibility of renal artery stenosis. A rise in the serum
creatinine level after treatment with an ACE inhibitor for hy-
pertension is very suggestive of renal allograft arterial stenosis
(1). On occasion, renal vein and peripheral renin levels may
be of value. Renal artery stenosis is relatively common in the
transplanted kidney as demonstrated angiographically, but this
does not necessarily mean that it is the cause of hypertension.
Along with immunologic rejection (687), abnormal hemody-
namics and flow turbulence at or just distal to the anastomotic
site have been suggested as possible causes of arterial stenosis.
An acute-angle or kinking between donor and recipient arter-
ies, or the excessive length of the hypogastric—renal artery
system, may contribute to the flow turbulence.

The diagnosis of a functional renal artery stenosis is dif-
ficult, but in the presence of poorly controlled hypertension
and deteriorating renal function, magnetic resonance angiog-
raphy of the kidney or renal arteriography as well as renal
biopsy should be considered. If the biopsy shows evidence of
moderate-to-severe chronic rejection with intimal fibrosis of
the arteries and arterioles, correction of the renal artery steno-
sis is unlikely to be very successful. Another more diagnostic
sign of a functional stenosis is a loss of renal function following
treatment with an ACE inhibitor, such as captopril or enalapril.
This does imply a prominent role for the renin—angiotensin
system in the etiology of the hypertension. Radionuclide scan
may show a delay and decrease in allograft blood flow, but is a
relatively insensitive tool for diagnosis of renal artery stenosis.
Doppler ultrasonography is a moderately sensitive and non-
invasive means of establishing the diagnosis, however, many
false negative studies occur. The technique is easy to perform
and interpret in cases with only one artery and an end-to-end
anastomosis. Other screening tests include magnetic resonance
angiography (688) and spiral CT (689). Angiography is, how-
ever, the most sensitive test for the diagnosis of renal artery
stenosis in a transplanted kidney and is essential in therapy.
However, establishing that a renal artery stenosis demonstrated
angiographically is the cause of the hypertension, renal dys-
function, or both, is extremely difficult as both may be due to
the associated vascular changes of chronic rejection. A renal
biopsy may be helpful in making the diagnosis if it excludes
significant chronic rejection. The results of surgical correction
of the stenosis are good (690,691), but because of the diffi-
culty of the surgery, there has been considerable interest in
percutaneous transluminal angioplasty of renal artery stenoses
(692–695).

Polycythemia

An increased erythrocyte mass has been demonstrated in some
17% of graft recipients (696). Erythrocytosis, defined as a
hematocrit greater than 52%, most often occurs within the first
year after transplantation and may be associated with good
allograft function, chronic rejection, transplant renal artery
stenosis (697), hydronephrosis, native kidney and hepatic ery-
thropoietin production, and the use of androgenic steroids. In
patients with good allograft function, it is postulated that cor-
rection of the uremic milieu allows overzealous red blood cell
production, because of a reset marrow response to erythropoi-
etin (EPO) (698,699). In patients with chronic rejection, renal
artery stenosis, and hydronephrosis, intrarenal hypoxemia may
stimulate erythropoietin production (700). In most cases, the
precise etiology is uncertain, but studies on erythropoietin lev-
els after transplantation indicate that graft function restores the
hematopoietic response to normal. The phenomenon usually is
self-limited, lasting 3 to 12 months. Low doses of an ACE in-
hibitor (beginning with 2.5 mg of enalapril per day or 12.5 mg
of captopril twice a day) reduces the hematocrit to normal or
near normal levels. The effect begins within 6 weeks and is
complete in 3 to 6 months. An association between the ACE
inhibitor-induced reduction in hematocrit and a fall in plasma
EPO levels has been demonstrated in some studies. Also com-
patible with an EPO-independent mechanism is the observation
that withdrawal of the ACE inhibitor results in a gradual rise in
hematocrit without a concurrent elevation in EPO levels. ACE
inhibitors can also induce anemia in some renal transplant re-
cipients without erythrocytosis. The mechanism of action is
unclear.

An alternative to ACE inhibition is theophylline. Theo-
phylline appears to act as an adenosine antagonist in this
setting, suggesting that adenosine facilitates both the release
and perhaps the bone marrow response to EPO (701–704). In
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severe cases (hematocrit >52%), phlebotomy is indicated to
prevent thromboembolic complications, which may occur in
as many as 20% of patients with erythrocytosis.

Bone Complications

The main types of renal osteodystrophy are secondary hyper-
parathyroidism and osteomalacia. After successful transplan-
tation, the metabolic milieu of bone changes, with correction
of acidosis, cessation of aluminum hydroxide gel therapy, and
improved vitamin D metabolism (705). This leads to vary-
ing degrees of resolution of preexisting renal osteodystrophy
and osteomalacia. A progressive resolution of the radiographic
changes of hyperparathyroidism occurs as early as 3 months
after transplantation, but abnormalities may persist for more
than 12 months in some patients. However, many patients
have sustained hyperparathyroidism. Indications for parathy-
roidectomy include progressive elevation of parathyroid hor-
mone (PTH) and alkaline phosphatase levels, progressive or
new metabolic bone disease, osteonecrosis, metastatic calcifi-
cation, and severe symptoms of pruritus and proximal myopa-
thy. Osteoporosis is related to steroid therapy. It is much less of
a problem now that low-dose steroid protocols are used, but
the postmenopausal woman, even on low-dose steroid therapy,
is likely to develop significant osteoporosis.

The main bone disorder that can be directly attributed to
transplantation is avascular necrosis or osteonecrosis, which
most commonly affects the hips (Fig. 98-28) and tends to be
bilateral, but may affect other joints, including the wrists, el-
bows, knees, ankles, and shoulders. Pain may be severe and
is the most common presenting symptom, usually occurring
between 1 and 3 years after transplantation. The mean time

to onset was 12 months after transplantation (range, 6 to
21 months). The incidence of avascular necrosis has been as
high as 15% after transplantation, but this was due almost
entirely to high-dose steroid therapy used in conjunction with
azathioprine. Since the general adoption of low-dose steroid
protocols, the incidence of avascular necrosis has dropped dra-
matically to about 2% (222,706). Patients with preexisting
secondary hyperparathyroidism at the time of transplantation
may be at a higher risk for developing avascular necrosis of
bone. Pain usually precedes any radiologic changes by several
months. In well-established cases, the diagnosis can be made
on plain radiographs, whereas CT scanning, MRI, and nuclear
bone scanning may detect earlier changes. Percutaneous needle
manometry of intramedullary pressures may demonstrate ele-
vated pressures and venous outflow obstruction, which precede
structural bone necrosis. If performed early, core decompres-
sion to relieve the intramedullary venous outflow obstruction
can prevent osteonecrosis. With more severe disease, prosthetic
total hip replacement has been used with excellent functional
recovery. In general, surgery should be performed early in order
to facilitate rehabilitation.

Prospective studies have demonstrated that bone loss oc-
curs early and rapidly following renal transplantation (707–
709). These patients lost 6.8% of their initial bone mass dur-
ing the first 6 months after transplantation and developed a
low-turnover bone disorder resembling that induced by glu-
cocorticoids. By 18 months, bone loss had decreased 9.0%
from baseline. The development of osteopenia places the pa-
tient at increased risk for pathologic fractures. The prevalence
of atraumatic fractures in the renal transplant recipient may
be as high as 22%; these fractures occur primarily at sites of
high cancellous bone, such as the vertebrae and ribs. Posttrans-
plant bone loss involves both preexisting risk factors, such as

A B

FIGURE 98-28. Avascular necrosis of the head of the femur after transplantation. A: Normal radiograph
of the hip 10 months after transplantation, at which time, the patient was complaining of pain. B: The
same hip 8 months later. This patient had received azathioprine and high-dose steroids and subsequently
had a successful hip replacement. (From: Morris PJ. Kidney Transplantation: Principles and Practice. 2nd
ed. New York: Grune & Stratton; 1984, with permission.)
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hyperparathyroidism, and the adverse effects of immunosup-
pressive therapy. Glucocorticoid suppression of bone forma-
tion is the most important factor in the genesis of early bone
loss. Steroids are directly toxic to osteoblasts and lead to in-
creased osteoclast activity. They also have other effects that
promote calcium loss and the development of osteopenia.
These include decreased calcium absorption, reduced gonadal
hormone production, diminished insulin-like growth factor-1
production, and decreased sensitivity to PTH. Cyclosporine,
which induces a high turnover osteopenia in rodents, also
may contribute to bone loss, especially in long-term survivors
and in subjects treated only with cyclosporine. It is impor-
tant to monitor bone mineral density in the renal transplant
recipient using dual-energy x-ray absorptiometry (DEXA). It
is recommended that lumbar spine and hip bone mineral
densities should be measured at the time of transplant, af-
ter 6 months, and then every 12 months, if results are ab-
normal. Those subjects displaying rapid bone loss and/or a
low initial bone density should be considered for treatment.
Calcium supplementation (1 g/day) should be considered in
nonhypercalcemic patients. The administration of vitamin D
analogs (such as calcitriol) can further improve calcium absorp-
tion. If bone loss is severe and/or rapid, consideration should
be given to the administration of calcitonin or other antire-
sorptive agents, such as the bisphosphonates (pamidronate)
(710,711).

Renal Electrolyte and Tubular Disorders

Proximal bicarbonate wasting occurs most often in the early
transplantation course and resolves gradually. Proximal renal
tubular acidosis may be related to ischemic preservation injury,
secondary hyperparathyroidism, malnutrition, acute tubular
necrosis, and acute rejection (712–714). Distal renal tubular
acidosis sometimes occurs either as a consequence of acute re-
jection or as a result of the interstitial nephropathy caused by
chronic rejection. Hyperkalemia is common in patients on CsA
and is readily reversible with lowering of the dose. The mech-
anism is unclear but the decreased potassium excretion may
be due to diminished serum aldosterone levels or to a primary
tubular defect.

Hypercalcemia

Acute hypercalcemia usually occurs in the setting of severe sec-
ondary hyperparathyroidism. Because of the improved man-
agement of secondary hyperparathyroidism preoperatively, this
is less frequently seen with oral phosphate binders, calcium
supplementation, and vitamin D administration. Still, 10% to
20% of patients may develop hypercalcemia within the first
1 to 2 years after transplantation (705). Most hypercalcemic
patients have transient elevations in serum calcium levels, in
the range of 11 to 12 mg/dL. The treatment of hypercalcemia
includes dietary reduction of calcium and cessation of thiazide
diuretics and vitamin D supplements, which may exacerbate
hypercalcemia. Persistent mild hypercalcemia is generally man-
aged conservatively with serial serum calcium determinations,
unless there are indications for more aggressive intervention
with parathyroidectomy. Serum intact PTH should be mea-
sured at 6 and 12 months and then annually posttransplant
(715–717).

There are two major indications for parathyroidectomy
in these patients: severe symptomatic hypercalcemia, usually
occurring in the early posttransplant period, and persistent,
marked hypercalcemia. Approximately 4% to 10% of patients
remain hypercalcemic after 1 year. Elective parathyroidectomy
should be considered if the plasma calcium concentration re-
mains above 12.5 mg/dL (3.1 mmol/L) for more than 1 year,

particularly if associated with radiologic evidence of increased
bone resorption.

Hypophosphatemia

Hypophosphatemia (serum phosphorus levels of <2.6 mg/dL)
is very common in the early weeks after transplantation. Newly
transplanted kidney may waste phosphate under the influ-
ence of raised PTH level (718,719). Some transplant kid-
neys continue to lose excessive phosphate despite resolution of
the secondary hyperparathyroidism (720). Hypophosphatemia
is usually not symptomatic and typically resolves over 6 to
12 months. Hypophosphatemia is observed in 60% to 70%
of patients within 1 year after transplantation. Hypophos-
phatemia may persist for more than 1 year in 20% to 25%,
even in the absence of hyperparathyroidism. The most com-
mon cause is due to a renal phosphate-wasting syndrome
in the absence of other evidence of proximal tubule dys-
function (721). The decrease in serum phosphorus levels is
less among transplant recipients who receive corticosteroid-
free immunosuppressive therapy. Plasma phosphate levels be-
low 1.0 to 1.5 mg/dL (0.32 to 0.48 mmol/L) can cause
muscle weakness. Severe and prolonged hypophosphatemia
can lead to osteomalacia and fractures. Oral phosphate re-
placements are required if hypophosphatemia persists. One
important exception is the patient with significant persis-
tent hyperparathyroidism, as detected by elevated plasma in-
tact PTH levels. In this setting, the administration of phos-
phate can exacerbate the hyperparathyroidism in part by
complexing with calcium and lowering intestinal calcium
absorption.

Hypomagnesemia

Hypomagnesemia (serum total magnesium levels <1.5 mg/dL)
is common in the early weeks after transplantation. It can
result from CsA- or tacrolimus-induced renal magnesium
leaks. The use of thiazide diuretics is another common cause
of renal magnesium loss. Up to 25% of long-term CsA-treated
patients manifest hypomagnesemia (722–724). The prevalence
decreases with time after transplantation, possibly because of
decreasing CsA blood levels. The prevalence of CsA-induced
hypomagnesemia may be higher among diabetic patients. Mus-
cle weakness, hypokalemia, hypocalcemia, and, rarely, seizures
may result from severe hypomagnesemia. Low magnesium
levels may be associated with hypertension in CsA-treated
patients. Low magnesium levels have been linked to hyperlipi-
demia in renal transplant recipients and magnesium replace-
ment was demonstrated to reduce elevated total and LDL
cholesterol levels in a small uncontrolled trial by Gupta et al.
(725).

Hyperuricemia

Renal handling of uric acid is affected by the use of CsA leading
to higher serum urate levels in CsA-treated patients (726–728).
Asymptomatic hyperuricemia occurs in 55% of patients receiv-
ing CsA and in 25% of those taking azathioprine. There is no
report of graft failure due to urate nephropathy in the trans-
planted kidney. Crystal-induced erosive arthritis can occur in
these patients. Nonsteroidal anti-inflammatory agents should
also be avoided because of potential negative influence on re-
nal hemodynamics and the development of interstitial nephri-
tis. Colchicine is the preferred treatment if symptoms persist.
Allopurinol, a xanthine oxidase inhibitor, should be avoided
in patients taking azathioprine. Concomitant administration
of allopurinol and azathioprine results in marrow suppression
and a fourfold increase in immunosuppression.
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Hyperglycemia

Glycosuria occurs in about 60% of patients in the first 6 months
after transplantation. Both FK506 and CsA may cause pancre-
atic toxicity, with hyperglycemia occurring when drug levels
are high and in conjunction with prednisone administration
(729–731). In large prospective and retrospective studies, the
incidence varied from 4% to 18%. The incidence was reported
to be higher among patients treated with CsA and prednisone,
compared with azathioprine and prednisone. Tacrolimus has
also been linked to a higher incidence of posttransplant diabetes
mellitus. Older individuals and African-American or Hispanic
patients are most susceptible. Glucose intolerance resolves with
reduction of the steroid dose in most of these patients (230).
Transpant recipients who develop diabetes are at greater risk of
graft-related complications including infection, graft rejection,
and graft loss.

Obesity

Many studies report the prevalence of obesity at the time of
transplantation but few report its prevalence after transplan-
tation. However, approximately 40% of renal transplant re-
cipients are obese 1 year after transplantation. Obesity is de-
fined as a body mass index (BMI) of more than 30% kg/m2

or more than 130% ideal body weight (732,733). Increased
calorie intake may occur after transplantation primarily, be-
cause of enhanced appetite associated with corticosteroid use.
If obesity ensues, it may contribute to the development or exac-
erbation of hypertension, hyperlipidemia, cardiovascular dis-
ease, and steroid-induced diabetes. A consistent correlation be-
tween obesity and graft survival has not been found, although
patient survival may be reduced, largely because of cardiac
death. Weight loss is recommended to improve lipid profile,
lower blood pressure, and improve glycemic control for pa-
tients with type II diabetes mellitus. In addition to limitation
of calorie intake, management of posttransplantation obesity
includes behavior modification, an exercise program, and early
nutritional counseling (734).

Malnutrition

Up to 70% of the dialysis patients have some element of mal-
nutrition and low serum albumin level is a predictor of mor-
tality risk for ESRD patients on dialysis. Approximately 10%
of patients exhibit hypoalbuminemia at 1 year and 20% at
10 years after transplantation. Low serum albumin levels
may be the result of decreased production and/or increased
catabolism (735,736). Increased urinary protein excretion, es-
pecially in patients with chronic transplant nephropathy, may
also result in low serum albumin levels. Chronic allograft
nephropathy with hypoalbuminemia is associated with de-
crease in muscle mass, which is reflected in decreases in uri-
nary creatinine excretion. Corticosteroids accelerate the pro-
tein catabolic rate and frequently create negative nitrogen bal-
ance. Studies by Hoy et al. (737) have documented significant
increases in the protein catabolic rate, accompanied by de-
creases in serum albumin levels, in the immediate posttrans-
plant period. Even maintenance low-dose corticosteroid ther-
apy increases protein catabolism and muscle wasting. Severe
protein catabolism contributes to poor wound healing and an
increased susceptibility to infection (738). Early nutritional
support is indicated in high-risk patients. Assessment of nu-
tritional status by a renal dietitian should be incorporated into
the clinic visit. Serum albumin should be monitored annually.
Serum prealbumin levels should be measured if albumin lev-
els are low or if clinical findings suggest possible malnutrition.

The degree of protein catabolism can be assessed by the mea-
surement of urea nitrogen appearance. A daily protein intake
ranging from 0.55 to 1.0 g/kg has been recommended for stable
posttransplant patients.

Cataracts

Posterior lenticular cataracts appear in up to 10% of transplant
patients receiving high-dose steroids. Usually the cataracts are
small and do not present a severe handicap to the patient, al-
though, in some instances, cataracts are large and require re-
moval of the lens.

Growth in Children

Children with end-stage renal failure will have retarded growth
and, after transplantation, one of the major problems of the use
of steroids in immunosuppressive protocols is the continuing
retardation of growth. Although the rate of growth usually
improves after transplantation, catch-up growth is less com-
mon. Growth rate is related to the age of the child, the pres-
ence of near-normal renal function, and the use of alternate-
day steroids (227,228,739). The use of cyclosporine, especially
if used without steroids, in children appears to allow normal
growth and, indeed, there is now some evidence that catch-up
growth may occur in these patients (740,741).

Parenthood after Renal Transplant

Chronic renal failure is usually associated with a loss of libido,
amenorrhea in women, and impotence in men. After successful
transplantation, menstruation returns in young women, and
men usually redevelop their libido and potency. Women have
had successful pregnancies and men have fathered children. Of
the first 697 transplant recipients at the University of Colorado
(742), 50 male recipients were responsible for 67 pregnancies.
There were 60 life births, 2 abortions, and 5 successful cur-
rent pregnancies. Thirty-seven women recipients had 56 preg-
nancies resulting in 44 live births, 8 abortions, and 3 current
pregnancies. Toxemia occurred in 27% of pregnancies, approx-
imately four times the expected incidence in a nontransplant
population. Further renal deterioration with preexisting renal
impairment was considered a possible indication for termina-
tion of pregnancy. Irreversible deterioration of renal function
attributable to pregnancy occurred in 7%. Forty-five percent
of deliveries were premature and 30% of newborns had one or
more complications. The occurrence of congenital anomalies
was small. Since then, significant experience has accumulated
enabling the physician to provide sound advice to women of
childbearing age who have undergone transplantation (743).
Before conception, immunosuppressive therapy should be sta-
ble and at low maintenance levels. Some recommend attempt-
ing conception between 2 and 5 years after transplantation
when renal function is both normal and stable. Individuals
with serum creatinine less than 2 mg/dL tend to do well with
no decline in function. Proteinuria occurs in 40% of pregnant
women with a kidney transplant, but it is usually insignificant
and resolves after delivery. The rate of rejection is 9% late in
pregnancy, which is not significantly different compared with
nonpregnant transplant recipients (Table 98-21).

Although the incidence of spontaneous abortion may be
higher, there is no evidence of an increased incidence of congen-
ital abnormalities in pregnancies successfully carried through
to term (426,744,745). Some 45% to 60% of the deliveries
are preterm and low fetal birth weight for gestational age is
present in about 20% of pregnancies. The pelvic location of
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TA B L E 9 8 - 2 1

CRITERIA FOR RENAL TRANSPLANTATION
DESIRING PREGNANCY

1. At least 11/2–2 yr after transplantation
2. Stable graft function with minimal immunosuppression,

serum creatinine <2.5 mg/dL
3. No evidence of graft rejection
4. No significant proteinuria
5. Good blood pressure control
6. No evidence of pelvicalyceal distortion

the renal allograft is not a contraindication to vaginal delivery.
Cesarean section, performed in about one-fourth of the deliver-
ies, should be reserved for obstetric indications only. Delivery
should be performed with aseptic technique and prophylac-
tic antibiotics administered for any surgical procedures. The
steroid dose should be increased if there are signs of adrenal
insufficiency.

There are no reported adverse effects of CsA or tacrolimus
on human fetuses. Although rare, steroids may cause adrenal
insufficiency in the neonate. Steroids and low concentrations of
azathioprine and CsA are found in breast milk. Because there
are few data on the effects of continued exposure to low doses
of immunosuppressive agents perinatally, breast feeding is not
recommended (746). Few data are available concerning the
safety of pregnancy for patients receiving the newer immuno-
suppressive agents. Animal studies have raised the possibility of
an increased risk of malformations in the newborn of females
treated with MMF during pregnancy. It is recommended that
MMF be discontinued 6 weeks before conception is attempted.
However, outcomes of pregnancies among women exposed to
MMF at conception or during pregnancy have been reported,
no structural malformations have been noted among off-
springs exposed to MMF, but exposure are limited (5 mothers,
29 fathers) (747).

CURRENT SUCCESS AND
FUTURE CHALLENGE

Dramatic improvements have occurred in the outcome of re-
nal transplantation over the past 40 years. Immunosuppres-
sive drug regimens have become more sophisticated with better
graft survival with less morbidity and mortality. Currently the
1-year graft and patient survival rates are 85% to 90% and over
95% in most transplant centers, despite the fact that an increas-
ing number of high risk patients are undergoing transplantation
as a replacement therapy for ESRD (2,5,418). The long-term
issues confronting the patient and physician are both the re-
lentless decline in allograft function resulting in poor graft sur-
vival beyond 5 years for cadaveric transplants (467,659) and
the medical complications, particularly those resulting from the
use of chronic immunosuppression (210,748). Renal allograft
failure is now one of the most common causes of ESRD, ac-
counting for 20% to 30% of patients awaiting renal transplan-
tation. Efforts must also be directed to increase supply of donor
organs. The limited availability of kidneys for transplantation
raises ethical questions, such as patient selection and allocation
of kidneys for transplantation (749).

References

1. Hume DM, et al. Experiences with renal homotransplantation in the hu-
man: report of nine cases. J Clin Invest 1955;34:327.

2. United States Renal Data System. USRDS 1999 Annual Data Report.
Bethesda, MD: National Institutes of Health and National Institute of Di-
abetes and Digestive and Kidney Diseases; 1999.

3. Held PJ, et al. Access to kidney transplantation. Has the United States
eliminated income and racial differences? Arch Intern Med 1988;148:2594.

4. Kjellstrand CM. Age, sex, and race inequality in renal transplantation. Arch
Intern Med 1988;148:1305.

5. Hariharan S, et al. Improved graft survival after renal transplantation in
the United States, 1988 to 1996. N Engl J Med 2000;342:605.

6. Meier-Kriesche HU, Schold JD, Kaplan B. Long-term renal allograft sur-
vival: have we made significant progress or is it time to rethink our analytic
and therapeutic strategies? Am J Transplant 2004;4:1289.

7. Chan L, Schrier RW. New therapeutic protocols in kidney transplantation.
Semin Nephrol 1986;6:168.

8. Ramos EL, et al. The evaluation of candidates for renal transplantation. The
current practice of U.S. transplant centers. Transplantation 1994;57:490.

9. Kaufman DB, et al. A single-center experience of renal transplantation in
thirteen Jehovah’s Witnesses. Transplantation 1988;45:1045.

10. Clark AG, et al. Renal transplantation in children. Transplant Rev (Or-
lando) 1987;1:101.

11. Fine RN. Renal transplantation of the infant and young child and the use
of pediatric cadaver kidneys for transplantation in pediatric and adult re-
cipients. Am J Kidney Dis 1988;12:1.

12. Fine RN. The adolescent with end-stage renal disease. Am J Kidney Dis
1985;6:81.

13. Lauffer G, et al. Renal transplantation in patients over 55 years old. Br J
Surg 1988;75:984.

14. Lee PC, Terasaki PI. Effect of age on kidney transplants. In: Terasaki PI, ed.
Clinical Kidney Transplants. Los Angeles: UCLA Tissue Typing Laboratory;
1985:123.

15. Pirsch JD, et al. Cadaveric renal transplantation with cyclosporine in pa-
tients more than 60 years of age. Transplantation 1989;47:259.

16. Shah B, et al. Current experience with renal transplantation in older pa-
tients. Am J Kidney Dis 1988;12:516.

17. Roza AM, et al. Renal transplantation in patients more than 65 years old.
Transplantation 1989;48:689.

18. Eggers PW. Health care policies/economics of the geriatric renal population.
Am J Kidney Dis 1990;16:384.

19. Chertow GM, et al. Antigen-independent determinants of graft survival in
living-related kidney transplantation. Kidney Int Suppl 1997;63:S84.

20. Chertow GM, et al. Antigen-independent determinants of cadaveric kidney
transplant failure. JAMA 1996;276:1732.

21. Miller RA. The aging immune system: primer and prospectus. Science
1996;273:70.

22. Basar H, et al. Renal transplantation in recipients over the age of 60: the
impact of donor age. Transplantation 1999;67:1191.

23. Roodnat JI, et al. The vanishing importance of age in renal transplantation.
Transplantation 1999;67:576.

24. Wolfe RA, et al. Comparison of mortality in all patients on dialysis, pa-
tients on dialysis awaiting transplantation, and recipients of a first cadaveric
transplant. N Engl J Med 1999;341:1725.

25. Gill IS, et al. Impact of obesity on renal transplantation. Transplant Proc
1993;25:1047.

26. Brenner BM, Milford EL. Nephron underdosing: a programmed cause of
chronic renal allograft failure. Am J Kidney Dis 1993;21:66.

27. Remuzzi G, et al. Early experience with dual kidney transplantation in
adults using expanded donor criteria. Double Kidney Transplant Group
(DKG). J Am Soc Nephrol 1999;10:2591.

28. Bersztel A, et al. Is kidney transplantation in sensitized recipients justified?
Transpl Int 1996;9(Suppl 1):S49.

29. Heise ER, et al. Repeated HLA mismatches and second renal graft sur-
vival in centers of the South-Eastern Organ Procurement Foundation. Clin
Transplant 1996;10:579.

30. Mahoney RJ, et al. Identification of high- and low-risk second kidney grafts.
Transplantation 1996;61:1349.

31. Thorogood J, et al. Prognostic indices to predict survival of first and second
renal allografts. Transplantation 1991;52:831.

32. Kiberd BA, Belitsky P. The fate of the failed renal transplant. Transplanta-
tion 1995;59:645.

33. Vanrenterghem Y, Khamis S. The management of the failed renal allograft.
Nephrol Dial Transplant 1996;11:955.

34. Friedman EA, et al. Posttransplant diabetes in kidney transplant recipients.
Am J Nephrol 1985;5:196.

35. Najarian JS, et al. Ten year experience with renal transplantation in juvenile
onset diabetics. Ann Surg 1979;190:487.

36. Najarian JS, Canafax DM, Sutherland DE. Renal transplantation in dia-
betic patients is confirmed therapy while pancreas transplantation should
be performed only in an investigational setting. J Diabet Complications
1988;2:158.

37. Rosen CB, et al. Morbidity of pancreas transplantation during cadaveric
renal transplantation. Transplantation 1991;51:123.

38. Cheung AH, et al. Simultaneous pancreas-kidney transplant versus kidney
transplant alone in diabetic patients. Kidney Int 1992;41:924.

39. Remuzzi G, Ruggenenti P, Mauer SM. Pancreas and kidney/pancreas trans-
plants: experimental medicine or real improvement? Lancet 1994;343:27.

40. Gruessner AC, Sutherland DE. Pancreas transplant outcomes for United



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

Chapter 98: Outcomes and Complications of Renal Transplantation 2601

States (US) and non-US cases as reported to the United Network for Organ
Sharing (UNOS) and the International Pancreas Transplant Registry (IPTR)
as of May 2003. Clin Transplant 2003;21.

41. Venstrom JM, et al. Survival after pancreas transplantation in patients with
diabetes and preserved kidney function. JAMA 2003;290:2817.

42. Shapiro AM, et al. Islet transplantation in seven patients with type 1 di-
abetes mellitus using a glucocorticoid-free immunosuppressive regimen.
N Engl J Med 2000;343:230.

43. Ryan EA, et al. Successful islet transplantation: continued insulin reserve
provides long-term glycemic control. Diabetes 2002;51:2148.

44. Hering BJ, et al. Transplantation of cultured islets from two-layer preserved
pancreases in type 1 diabetes with anti-CD3 antibody. Am J Transplant
2004;4:390.

45. Shapiro AM, Ricordi C, Hering B. Edmonton’s islet success has indeed been
replicated elsewhere. Lancet 2003;362:1242.

46. Goss JA, et al. Development of a human pancreatic islet-transplant program
through a collaborative relationship with a remote islet-isolation center.
Transplantation 2004;77:462.

47. Markmann JF, et al. Insulin independence following isolated islet trans-
plantation and single islet infusions. Ann Surg 2003;237:741.

48. Bohman SO, et al. Recurrent diabetic nephropathy in renal allografts placed
in diabetic patients and protective effect of simultaneous pancreatic trans-
plantation. Transplant Proc 1987;19:2290.

49. Fioretto P, et al. Reversal of lesions of diabetic nephropathy after pancreas
transplantation. N Engl J Med 1998;339:69.

50. Luzi L. Pancreas transplantation and diabetic complications. N Engl J Med
1998;339:115.

51. Smets YF, et al. Effect of simultaneous pancreas-kidney transplantation
on mortality of patients with type-1 diabetes mellitus and end-stage renal
failure. Lancet 1999;353:1915.

52. Sollinger HW, et al. Experience with 500 simultaneous pancreas-kidney
transplants. Ann Surg 1998;228:284.

53. Groth CG, Ringden O. Transplantation in relation to the treatment of in-
herited disease. Transplantation 1984;38:319.

54. Renal transplantation in congenital and metabolic diseases. A report from
the ASC/NIH renal transplant registry. JAMA 1975;232:148.

55. Vanrenterghem Y, et al. Severe vascular complications in oxalosis af-
ter successful cadaveric kidney transplantation. Transplantation 1984;38:
93.

56. Scheinman JI, Najarian JS, Mauer SM. Successful strategies for renal trans-
plantation in primary oxalosis. Kidney Int 1984;25:804.

57. Watts RW, et al. Timing of renal transplantation in the management
of pyridoxine-resistant type I primary hyperoxaluria. Transplantation
1988;45:1143.

58. Whelchel JD, et al. Successful renal transplantation in hyperoxaluria. A
report of two cases. Transplantation 1983;35:161.

59. McDonald JC, et al. Reversal by liver transplantation of the complications
of primary hyperoxaluria as well as the metabolic defect. N Engl J Med
1989;321:1100.

60. Ruder H, et al. Excessive urinary oxalate excretion after combined renal
and hepatic transplantation for correction of hyperoxaluria type 1. Eur J
Pediatr 1990;150:56.

61. Roberts RA, et al. Renal transplantation in secondary oxalosis. Transplan-
tation 1988;45:985.

62. Wilson RE. Transplantation in patients with unusual causes of renal failure.
Clin Nephrol 1976;5:51.

63. Almond PS, et al. Renal transplantation for infantile cystinosis: long-term
follow-up. J Pediatr Surg 1993;28:232.

64. Ehrich JH, et al. Renal transplantation in 22 children with nephropathic
cystinosis. Pediatr Nephrol 1991;5:708.

65. Donnelly PK, Edmunds ME, O’Reilly K. Renal transplantation in sickle cell
disease. Lancet 1988;2:229.

66. Barber WH, et al. Renal transplantation in sickle cell anemia and sickle
disease. Clin Transplantation 1987;1:169.

67. Warady BA, Sullivan EK. Renal transplantation in children with sickle cell
disease: a report of the North American Pediatric Renal Transplant Coop-
erative Study (NAPRTCS). Pediatr Transplant 1998;2:130.

68. Maizel SE, et al. Ten-year experience in renal transplantation for Fabry’s
disease. Transplant Proc 1981;13:57.

69. Donati D, Novario R, Gastaldi L. Natural history and treatment of
uremia secondary to Fabry’s disease: an European experience. Nephron
1987;46:353.

70. Mosnier JF, et al. Recurrence of Fabry’s disease in a renal allograft eleven
years after successful renal transplantation. Transplantation 1991;51:759.

71. Ojo A, et al. Excellent outcome of renal transplantation in patients with
Fabry’s disease. Transplantation 2000;69:2337.

72. Takenaka T, et al. Long-term enzyme correction and lipid reduction in mul-
tiple organs of primary and secondary transplanted Fabry mice receiving
transduced bone marrow cells. Proc Natl Acad Sci USA 2000;97:7515.

73. Pasternack A, Ahonen J, Kuhlback B. Renal transplantation in 45 patients
with amyloidosis. Transplantation 1986;42:598.

74. Milliner DS, Pierides AM, Holley KE. Renal transplantation in Alport’s
syndrome: anti-glomerular basement membrane glomerulonephritis in the
allograft. Mayo Clin Proc 1982;57:35.

75. Mazzarella V, et al. Renal transplantation in patients with hereditary kidney
disease: our experience. Contrib Nephrol 1997;122:203.

76. Scolari F, et al. Kidney transplantation in Alport’s syndrome. Contrib
Nephrol 1997;122:140.

77. The 13th report of the human renal transplant registry. Transplant Proc
1977;9:9.

78. Sanfilippo FP, et al. Transplantation for polycystic kidney disease. Trans-
plantation 1983;36:54.

79. Brazda E, et al. The effect of nephrectomy on the outcome of renal
transplantation in patients with polycystic kidney disease. Ann Transplant
1996;1:15.

80. Jeyarajah DR, et al. Liver and kidney transplantation for polycystic disease.
Transplantation 1998;66:529.

81. Cameron JS. Glomerulonephritis in renal transplants. Transplantation
1982;34:237.

82. Mathew TH, et al. Glomerular lesions after renal transplantation. Am J
Med 1975;59:177.

83. Mathew TH. Recurrence of disease following renal transplantation. Am J
Kidney Dis 1988;12:85.

84. Vincenti F, et al. Inability of cyclosporine to completely prevent the recur-
rence of focal glomerulosclerosis after kidney transplantation. Transplan-
tation 1989;47:595.

85. Tejani A, Stablein DH. Recurrence of focal segmental glomerulosclerosis
posttransplantation: a special report of the North American Pediatric Renal
Transplant Cooperative Study. J Am Soc Nephrol 1992;2:S258.

86. Striegel JE, et al. Recurrence of focal segmental sclerosis in children follow-
ing renal transplantation. Kidney Int Suppl 1986;19:S44.

87. Artero M, et al. Recurrent focal glomerulosclerosis: natural history and
response to therapy. Am J Med 1992;92:375.

88. Briggs JD, Jones E. Recurrence of glomerulonephritis following renal trans-
plantation. Scientific Advisory Board of the ERA-EDTA Registry. European
Renal Association-European Dialysis and Transplant Association. Nephrol
Dial Transplant 1999;14:564.

89. Dall’Amico R, et al. Prediction and treatment of recurrent focal segmental
glomerulosclerosis after renal transplantation in children. Am J Kidney Dis
1999;34:1048.

90. Dantal J, et al. Effect of plasma protein adsorption on protein excretion in
kidney-transplant recipients with recurrent nephrotic syndrome. N Engl J
Med 1994;330:7.

91. Savin VJ, et al. Circulating factor associated with increased glomerular
permeability to albumin in recurrent focal segmental glomerulosclerosis.
N Engl J Med 1996;334:878.

92. Toth CM, et al. Recurrent collapsing glomerulopathy. Transplantation
1998;65:1009.

93. Couser WG, et al. Successful renal transplantation in patients with circulat-
ing antibody to glomerular basement membrane: report of two cases. Clin
Nephrol 1973;1:381.

94. Netzer KO, Merkel F, Weber M. Goodpasture syndrome and end-stage
renal failure—to transplant or not to transplant? Nephrol Dial Transplant
1998;13:1346.

95. Trpkov K, et al. Recurrence of anti-GBM antibody disease twelve years after
transplantation associated with de novo IgA nephropathy. Clin Nephrol
1998;49:124.

96. Hebert D, Sibley RK, Mauer SM. Recurrence of hemolytic uremic syndrome
in renal transplant recipients. Kidney Int Suppl 1986;19:S51.

97. Doutrelepont JM, et al. Early recurrence of hemolytic uremic syndrome in
a renal transplant recipient during prophylactic OKT3 therapy. Transplan-
tation 1992;53:1378.

98. Ducloux D, et al. Recurrence of hemolytic-uremic syndrome in renal trans-
plant recipients: a meta-analysis. Transplantation 1998;65:1405.

99. Langer RM, et al. De novo hemolytic uremic syndrome after kidney trans-
plantation in patients treated with cyclosporine-sirolimus combination.
Transplantation 2002;73:756.

100. Berger J. Recurrence of IgA nephropathy in renal allografts. Am J Kidney
Dis 1988;12:371.

101. Odum J, et al. Recurrent mesangial IgA nephritis following renal transplan-
tation. Nephrol Dial Transplant 1994;9:309.

102. Bachman U, et al. The clinical course of IgA-nephropathy and Henoch-
Schonlein purpura following renal transplantation. Transplantation 1986;
42:511.

103. Kessler M, et al. Recurrence of immunoglobulin A nephropathy after renal
transplantation in the cyclosporine era. Am J Kidney Dis 1996;28:99.

104. Brensilver JM, et al. Recurrent IgA nephropathy in living-related donor
transplantation: recurrence or transmission of familial disease? Am J Kidney
Dis 1988;12:147.

105. Nast CC, et al. Recurrent Henoch-Schonlein purpura following renal trans-
plantation. Am J Kidney Dis 1987;9:39.

106. Ramos EL. Recurrent diseases in the renal allograft. J Am Soc Nephrol
1991;2:109.

107. Brunt EM, et al. Transmission and resolution of type I membranoprolifer-
ative glomerulonephritis in recipients of cadaveric renal allografts. Trans-
plantation 1988;46:595.

108. Curtis JJ, et al. Renal transplantation for patients with type I and
type II membranoproliferative glomerulonephritis: serial complement and
nephritic factor measurements and the problem of recurrence of disease.
Am J Med 1979;66:216.

109. Eddy A, et al. Renal allograft failure due to recurrent dense intramembra-
nous deposit disease. Clin Nephrol 1984;21:305.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

2602 Section XIII: Management of End-Stage Renal Disease

110. Turner DR, et al. Transplantation in mesangiocapillary glomerulonephritis
with intramembranous dense “deposits”: recurrence of disease. Kidney Int
1976;9:439.

111. Berger BE, et al. De novo and recurrent membranous glomerulopathy fol-
lowing kidney transplantation. Transplantation 1983;35:315.

112. Bumgardner GL, et al. Single-center 1-15-year results of renal transplan-
tation in patients with systemic lupus erythematosus. Transplantation
1988;46:703.

113. Mejia G, et al. Renal transplantation in patients with systemic lupus ery-
thematosus. Arch Intern Med 1983;143:2089.

114. Goss JA, et al. Renal transplantation for systemic lupus erythematosus and
recurrent lupus nephritis. A single-center experience and a review of the
literature. Transplantation 1991;52:805.

115. Grimbert P, et al. Long-term outcome of kidney transplantation in pa-
tients with systemic lupus erythematosus: a multicenter study. Groupe
Cooperatif de Transplantation d’ile de France. Transplantation 1998;66:
1000.

116. Steinman TI, et al. Recurrence of Wegener’s granulomatosis after kid-
ney transplantation. Successful re-induction of remission with cyclophos-
phamide. Am J Med 1980;68:458.

117. Schmitt WH, et al. Renal transplantation in Wegener’s granulomatosis.
Lancet 1993;342:860.

118. Aunsholt NA, Ahlbom G. Recurrence of Wegener’s granulomatosis af-
ter kidney transplantation involving the kidney graft. Clin Transplant
1989;3:159.

119. Merino GE, et al. Renal transplantation for progressive systemic sclerosis
with renal failure: case report and review of previous experience. Am J Surg
1977;133:745.

120. Richardson JA. Hemodialysis and kidney transplantation for renal failure
from scleroderma. Arthritis Rheum 1973;16:265.

121. Kasiske BL, et al. The evaluation of renal transplant candidates: clinical
practice guidelines. Patient Care and Education Committee of the American
Society of Transplant Physicians. J Am Soc Nephrol 1995;6:1.

122. Didlake RH, et al. Patient noncompliance: a major cause of late graft failure
in cyclosporine-treated renal transplants. Transplant Proc 1988;20:63.

123. Rovelli M, et al. Noncompliance in organ transplant recipients. Transplant
Proc 1989;21:833.

124. Stewart RS. Psychiatric issues in renal dialysis and transplantation. Hosp
Community Psychiatry 1983;34:623.

125. Deutsch E, et al. Coronary artery bypass surgery in patients on chronic
hemodialysis. A case-control study. Ann Intern Med 1989;110:369.

126. Matas AJ, et al. Successful renal transplantation in patients with prior his-
tory of malignancy. Am J Med 1975;59:791.

127. Penn I. The effect of immunosuppression on pre-existing cancers. Trans-
plantation 1993;55:742.

128. Braun WE, et al. The course of coronary disease in diabetics with and
without renal allografts. Transplant Proc 1981;13:57.

129. Rimmer JM, et al. Renal transplantation in diabetes mellitus. Influence of
preexisting vascular disease on outcome. Nephron 1986;42:304.

130. Morrow CE, et al. Predictive value of thallium stress testing for coronary
and cardiovascular events in uremic diabetic patients before renal trans-
plantation. Am J Surg 1983;146:331.

131. Feduska NJ, et al. Peptic ulcer disease in kidney transplant recipients. Am
J Surg 1984;148:51.

132. Kestens PJ, Alexandre GP. Gastroduodenal complications after transplan-
tation. Clin Transplantation 1988;2:221.

133. Chatterjee SN, et al. Successful renal transplantation in patients positive
for hepatitis B antigen. N Engl J Med 1974;291:62.

134. Pirson Y, Alexandre GP, Ypersele C. Long-term effect of hbs antigenemia
on patient survival after renal transplantation. N Engl J Med 1977;296:194.

135. Pol S, et al. Chronic hepatitis in kidney allograft recipients. Lancet
1990;335:878.

136. Pereira BJ, et al. A controlled study of hepatitis C transmission by organ
transplantation. The New England Organ Bank Hepatitis C Study Group.
Lancet 1995;345:484.

137. Pereira BJ, et al. Prevalence of hepatitis C virus RNA in organ donors
positive for hepatitis C antibody and in the recipients of their organs. N
Engl J Med 1992;327:910.

138. Wittwer CT, et al. False-positive antibody tests for human immunodefi-
ciency virus in transplant patients with antilymphocyte antibodies. Trans-
plantation 1987;44:843.

139. Schwarz A, et al. The effect of cyclosporine on the progression of human
immunodeficiency virus type 1 infection transmitted by transplantation–
data on four cases and review of the literature. Transplantation 1993;55:95.

140. Matas AJ, et al. Lethal complications of bilateral nephrectomy and splenec-
tomy in hemodialyzed patients. Am J Surg 1975;129:6216.

141. Yarimizu SN, et al. Mortality and morbidity in pretransplant bilateral
nephrectomy: analysis of 305 cases. Urology 1978;12:55.

142. Sheinfeld J, et al. Selective pre-transplant nephrectomy: indications and
perioperative management. J Urol 1985;133:379.

143. Sanfilippo F, Vaughn WK, Spees EK. The association of pretransplant na-
tive nephrectomy with decreased renal allograft rejection. Transplantation
1984;37:256.

144. Morris PJ, Ting A, Stocker J. Leukocyte antigens in renal transplantation.
1. The paradox of blood transfusions in renal transplantation. Med J Aust
1968;2:1088.

145. Opelz G, et al. Effect of blood transfusions on subsequent kidney trans-
plants. Transplant Proc 1973;5:253.

146. Ahmed Z, Terasaki PI. Effect of transfusion. In: Terasaki PI, ed. Clinical
Transplants. Los Angeles: UCLA Tissue Typing Laboratory; 1991.

147. Eschbach JW. The anemia of chronic renal failure: pathophysiology and
the effects of recombinant erythropoietin. Kidney Int 1989;35:134.

148. Burlingham WJ, et al. Risk factors for sensitization by blood transfusions.
Comparison of the UW/Madison and UC/San Francisco donor-specific
transfusion experience. Transplantation 1989;47:140.

149. Pfaff WW, et al. Incidental and purposeful random donor blood transfu-
sion. Sensitization and transplantation. Transplantation 1989;47:130.

150. Alter HJ, et al. Detection of antibody to hepatitis C virus in prospectively
followed transfusion recipients with acute and chronic non-A, non-B hep-
atitis. N Engl J Med 1989;321:1494.

151. Kahan BD. Donor-specific transfusions—a balanced view. In: Morris PJ
and Tilney NL, eds. Progress in Transplantation I. Edinburgh Churchill
Livingstone; 1984:115.

152. Opelz G. The Collaborative Transplant Study Data. Transplantaton Rev
1988;2:77.

153. Iwaki Y, Cecka JM, Terasaki PI. The transfusion effect in cadaver kidney
transplants—yes or no. Transplantation 1990;49:56.

154. Cochrum KC, et al. Donor-specific blood transfusions in HLA-D-disparate
one-haplotype-related allografts. Transplant Proc 1979;11:1903.

155. Burlingham WJ, et al. Improved renal allograft survival following donor-
specific transfusions. III. Kinetics of mixed lymphocyte culture responses
before and after transplantation. Transplantation 1988;45:127.

156. Kahan BD. Cyclosporine. N Engl J Med 1989;321:1725.
157. Evans PR, et al. Detection of kidney reactive antibodies at crossmatch in

renal transplant recipients. Transplantation 1988;46:844.
158. Palmer A, et al. Removal of anti-HLA antibodies by extracorporeal im-

munoadsorption to enable renal transplantation. Lancet 1989;1:10.
159. Taube D, et al. Removal of anti-HLA antibodies prior to transplantation:

an effective and successful strategy for highly sensitized renal allograft re-
cipients. Transplant Proc 1989;21:694.

160. Spees E, McCalmon R. Successful kidney transplantation with a positive
IgM crossmatch. Transplant Proc 1990;22:1887.

161. Stegall MD, Dean PG, Gloor JM. ABO-incompatible kidney transplanta-
tion. Transplantation 2004;78:635.

162. Sutherland DE, et al. Long-term effect of splenectomy versus no splenec-
tomy in renal transplant patients. Reanalysis of a randomized prospective
study. Transplantation 1984;38:619.

163. Taube D. Immunoadsorption in the sensitized transplant recipient. Kidney
Int 1990;38:350.

164. Tyan DB, et al. Intravenous immunoglobulin suppression of HLA alloanti-
body in highly sensitized transplant candidates and transplantation with a
histoincompatible organ. Transplantation 1994;57:553.

165. Gifford RR, Sr, et al. Duration of first renal allograft survival as indicator
of second allograft outcome. Surgery 1980;88:611.

166. Ting A, Morris PJ. Successful transplantation with a positive T and B
cell crossmatch due to autoreactive antibodies. Tissue Antigens 1983;
21:219.

167. Hunsicker LG. Renal transplantation for the nephrologist: HLA matching
and cadaveric kidney allocation. Am J Kidney Dis 1989;13:438.

168. Opelz G. Influence of HLA matching on survival of second kidney trans-
plants in cyclosporine-treated recipients. Transplantation 1989;47:823.

169. Matas AJ, et al. Successful transplantation of highly sensitized patients
without regard to HLA matching. Transplantation 1988;45:338.

170. European Dialysis and Transplantation Association (EDTA). Combined re-
port on regular dialysis and transplantation in Europe. Proc European Dial
Transplant Assoc Annual Meeting, 1994.

171. Donnelly PK, Clayton DG, Simpson AR. Transplants from living donors in
the United Kingdom and Ireland: a centre survey. Br Med J 1989;298:490.

172. Simmons RG. Long term reactions of renal recipients and donors. In: Levy
NB, ed. Psychonephrology 2: Psychological Problems in Kidney Failure
and Their Treatment. New York: Plenum; 1983:275.

173. Anderson CF, et al. The risks of unilateral nephrectomy: status of kidney
donors 10 to 20 years postoperatively. Mayo Clin Proc 1985;60:367.

174. Williams SL, Oler J, Jorkasky DK. Long-term renal function in kid-
ney donors: a comparison of donors and their siblings. Ann Intern Med
1986;105:1.

175. Miller IJ, et al. Impact of renal donation. Long-term clinical and biochem-
ical follow-up of living donors in a single center. Am J Med 1985;79:201.

176. Hakim RM, Goldszer RC, Brenner BM. Hypertension and proteinuria:
long-term sequelae of uninephrectomy in humans. Kidney Int 1984;25:930.

177. Terasaki PI, et al. High survival rates of kidney transplants from spousal
and living unrelated donors. N Engl J Med 1995;333:333.

178. Geffner SR, et al. Living unrelated renal donor transplantation: the UNOS
experience, 1987–1991. In: Terasaki PI, Cecka JM, eds. Clinical Trans-
plants 1994. Los Angeles: UCLA Tissue Typing Laboratory; 1995:197.

179. Commercialisation in transplantation: the problems and some guidelines
for practice. The Council of the Transplantation Society. Lancet 1985;
2:715.

180. Salvatierra O, Jr. Optimal use of organs for transplantation. N Engl J Med
1988;318:1329.

181. Matas AJ, et al. Nondirected donation of kidneys from living donors.
N Engl J Med 2000;343:433.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

Chapter 98: Outcomes and Complications of Renal Transplantation 2603

182. Jacobs CL, et al. Evolution of a nondirected kidney donor program: lessons
learned. Clin Transplant 2003;283.

183. Bay WH, Hebert LA. The living donor in kidney transplantation. Ann In-
tern Med 1987;106:719.

184. Koller H, Mayer G. Evaluation of the living kidney donor. Nephrol Dial
Transplant 2004;19(Suppl 4):41.

185. Jacobs SC, et al. Laparoscopic live donor nephrectomy: the University of
Maryland 3-year experience. J Urol 2000;164:1494.

186. Schweitzer EJ, et al. Increased rates of donation with laparoscopic donor
nephrectomy. Ann Surg 2000;232:392.

187. Office of Organ Transplantation, US Health Resources and Services Admin-
istration. Task Force on Organ Transplantation: organ Transplantation,
issues and recommendation, 1986.

188. Black PM. Brain death (first of two parts). N Engl J Med 1978;299:338.
189. Opelz G. The benefit of exchanging donor kidneys among transplant cen-

ters. N Engl J Med 1988;318:1289.
190. Takiff H, et al. The benefit and underutilization of sharing kidneys for better

histocompatibility. Transplantation 1989;47:102.
191. Kasiske BL. The influence of donor age on renal function in transplant

recipients. Am J Kidney Dis 1988;11:248.
192. Smith AY, et al. Short-term and long-term function of cadaveric kidneys

from pediatric donors in recipients treated with cyclosporine. Transplanta-
tion 1988;45:360.

193. Kumar P, et al. Transmission of human immunodeficiency virus by trans-
plantation of a renal allograft, with development of the acquired immun-
odeficiency syndrome. Ann Intern Med 1987;106:244.

194. Bowen PA, 2nd, et al. Transmission of human immunodeficiency virus
(HIV) by transplantation: clinical aspects and time course analysis of vi-
ral antigenemia and antibody production. Ann Intern Med 1988;108:46.

195. Soifer B, Gelb AW. The multiple organ donor: identification and manage-
ment. Ann Intern Med 1989;110:814.

196. Cosimi AB. The donor and donor nephrectomy. In: Morris PJ, ed. Kidney
Transplantation: Principles and Practice. 4th ed. Philadelphia: Saunders;
1994:56.

197. Belzer FO, Southard JH. Principles of solid-organ preservation by cold stor-
age. Transplantation 1988;45:673.

198. Marshall VC, Jablonski P, Scott DF. Renal preservation. In: Morris PJ,
ed. Kidney Transplantation: Principles and Practice. 4th ed. Philadelphia:
Saunders; 1994:86.

199. Chan L, Bore PJ, Ross BD. Possible new approaches to organ preservation.
Int J Urol 1984;11:323.

200. Vaughn WK, et al. Method of preservation is not a determinant of graft out-
come in kidneys transplanted by Southeastern Organ Procurement Foun-
dation Institutions. Transplantation 1981;32:490.

201. Novick AC, et al. Detrimental effect of cyclosporine on initial function
of cadaver renal allografts following extended preservation. Results of a
randomized prospective study. Transplantation 1986;42:154.

202. Alexander JW, Vaughn WK, Pfaff WW. Local use of kidneys with poor HLA
matches is as good as shared use with good matches in the cyclosporine era:
an analysis at one and two years. Transplant Proc 1987;19:672.

203. Hoffmann RM, et al. Combined cold storage-perfusion preservation with
a new synthetic perfusate. Transplantation 1989;47:32.

204. Chan L, Schrier RW. Effects of calcium channel blockers on renal function.
Annu Rev Med 1990;41:289.

205. Murray JE, Harrison JH. Surgical management of fifty patients with kidney
transplants including eighteen pairs of twins. Am J Surg 1963;105:205.

206. Gorey TF, et al. Iliac artery ligation: the relative paucity of ischemic sequelae
in renal transplant patients. Ann Surg 1979;190:753.

207. Griffiths AB, Fletcher EW, Morris PJ. Lymphocele after renal transplanta-
tion. Aust N Z J Surg 1979;49:626.

208. Weil R, 3rd, et al. Prevention of urological complications after kidney trans-
plantation. Ann Surg 1971;174:154.

209. Thrasher JB, Temple DR, Spees EK. Extravesical versus Leadbetter-Politano
ureteroneocystostomy: a comparison of urological complications in 320
renal transplants. J Urol 1990;144:1105.

210. Kasiske BL, et al. Recommendations for the outpatient surveillance of re-
nal transplant recipients. American Society of Transplantation. J Am Soc
Nephrol 2000;11(Suppl 15):S1.

211. Hong JC, Kahan BD. Immunosuppressive agents in organ transplantation:
past, present, and future. Semin Nephrol 2000;20:108.

212. Suthanthiran M, Strom TB. Renal transplantation. N Engl J Med 1994;
331:365.

213. Norman DJ, et al. A randomized clinical trial of induction therapy with
OKT3 in kidney transplantation. Transplantation 1993;55:44.

214. Hanto DW, et al. Induction immunosuppression with antilymphocyte glob-
ulin or OKT3 in cadaver kidney transplantation. Results of a single insti-
tution prospective randomized trial. Transplantation 1994;57:377.

215. Brennan DC, et al. A randomized, double-blinded comparison of Thy-
moglobulin versus Atgam for induction immunosuppressive therapy in
adult renal transplant recipients. Transplantation 1999;67:1011.

216. Brennan DC, et al. A pharmacoeconomic comparison of antithymocyte
globulin and muromonab CD3 induction therapy in renal transplant recip-
ients. Pharmacoeconomics 1997;11:237.

217. Szczech LA, et al. Effect of anti-lymphocyte induction therapy on renal
allograft survival: a meta-analysis. J Am Soc Nephrol 1997;8:1771.

218. Szczech LA, Berlin JA, Feldman HI. The effect of antilymphocyte induction

therapy on renal allograft survival. A meta-analysis of individual patient-
level data. Anti-Lymphocyte Antibody Induction Therapy Study Group.
Ann Intern Med 1998;128:817.

219. Opelz G. Efficacy of rejection prophylaxis with OKT3 in renal transplan-
tation. Collaborative Transplant Study. Transplantation 1995;60:1220.

220. Nashan B, et al. Randomised trial of basiliximab versus placebo for control
of acute cellular rejection in renal allograft recipients. CHIB 201 Interna-
tional Study Group. Lancet 1997;350:1193.

221. Vincenti F, et al. Interleukin-2-receptor blockade with daclizumab to pre-
vent acute rejection in renal transplantation. Daclizumab Triple Therapy
Study Group. N Engl J Med 1998;338:161.

222. Chan L, et al. Prospective trial of high-dose versus low-dose prednisolone
in renal transplant patients. Transplant Proc 1980;12:323.

223. Chan L, et al. High- and low-dose prednisolone. Transplant Proc
1981;13:336.

224. d’Apice AJ, et al. A prospective randomized trial of low-dose versus
high-dose steroids in cadaveric renal transplantation. Transplantation
1984;37:373.

225. Morris PJ, et al. Low dose oral prednisolone in renal transplantation. Lancet
1982;1:525.

226. Gray D, et al. Oral versus intravenous high-dose steroid treatment of renal
allograft rejection. The big shot or not? Lancet 1978;1:117.

227. De Vecchi A, et al. Long-term comparison between single-morning daily
and alternate-day steroid treatment in cadaver kidney recipients. Transplant
Proc 1980;12:327.

228. Dumler F, et al. Long-term alternate day steroid therapy in renal transplan-
tation. A controlled study. Transplantation 1982;34:78.

229. Hricik DE, Almawi WY, Strom TB. Trends in the use of glucocorticoids in
renal transplantation. Transplantation 1994;57:979.

230. Veenstra DL, et al. Incidence and long-term cost of steroid-related side
effects after renal transplantation. Am J Kidney Dis 1999;33:829.

231. Kupin W, et al. Complete replacement of methylprednisolone by azathio-
prine in cyclosporine-treated primary cadaveric renal transplant recipients.
Transplantation 1988;45:53.

232. Stratta RJ, et al. Withdrawal of steroid immunosuppression in renal trans-
plant recipients. Transplantation 1988;45:323.

233. Matl I, et al. Withdrawal of steroids from triple-drug therapy in kidney
transplant patients. Nephrol Dial Transplant 2000;15:1041.

234. Hollander AA, et al. Late prednisone withdrawal in cyclosporine-treated
kidney transplant patients: a randomized study. J Am Soc Nephrol 1997;
8:294.

235. O’Connel PJ, et al. Results of steroid withdrawal in renal allograft recipients
on low-dose cyclosporine A, azathioprine and prednisolone. Clin Trans-
plant 1988;2:102.

236. Humar A, et al. Steroid withdrawal in pancreas transplant recipients. Clin
Transplant 2000;14:75.

237. Stegall MD, et al. Prednisone withdrawal late after adult liver transplan-
tation reduces diabetes, hypertension, and hypercholesterolemia without
causing graft loss. Hepatology 1997;25:173.

238. Stegall MD, et al. Prednisone withdrawal 14 days after liver transplantation
with mycophenolate: a prospective trial of cyclosporine and tacrolimus.
Transplantation 1997;64:1755.

239. Trouillot TE, et al. Successful withdrawal of prednisone after adult liver
transplantation for autoimmune hepatitis. Liver Transpl Surg 1999;5:375.

240. Disney AP, et al. Australian and New Zealand Dialysis and Transplant
Registry Report.1997;119.

241. Ratcliffe PJ, et al. Randomised controlled trial of steroid withdrawal in
renal transplant recipients receiving triple immunosuppression. Lancet
1996;348:643.

242. Hitchings GH, Elion GB. Chemical suppression of the immune response.
Pharmacol Rev 1963;15:365.

243. McGeown MG, et al. Ten-year results of renal transplantation with azathio-
prine and prednisolone as only immunosuppression. Lancet 1988;1:983.

244. McGeown MG, et al. One hundred kidney transplants in the Belfast city
hospital. Lancet 1977;2:648.

245. Salaman JR, Griffin PJA, and Price K. A controlled clinical trail of low-dose
prednisolone in renal transplantation. Transplant Proc 1982;14:103.

246. Murray JE, et al. Prolonged survival of human-kidney homografts by im-
munosuppressive drug therapy. N Engl J Med 1963;268:1315.

247. Salvatierra O, Jr, et al. The impact of 1,000 renal transplants at one center.
Ann Surg 1977;186:424.

248. McGrath BP, et al. Erythroid toxicity of azathioprin. Macrocytosis and
selective marrow hypoplasis. Q J Med 1975;44:57.

249. Hogge DE, et al. Reversible azathioprine-induced erythrocyte aplasia in a
renal transplant recipient. Can Med Assoc J 1972;126:512.

250. Bradley PP, et al. Neutropenia and thrombocytopenia in renal allograft
recipients treated with trimethoprim-sulfamethoxazole. Ann Intern Med
1980;93:560.

251. Calne RY, et al. Cyclosporin A in patients receiving renal allografts from
cadaver donors. Lancet 1978;2:1323.

252. Calne RY. Cyclosporin in cadaveric renal transplantation: 5-year follow-up
of a multicentre trial. Lancet 1987;2:506.

253. Starzl TE, et al. The use of cyclosporin A and prednisone in cadaver kidney
transplantation. Surg Gynecol Obstet, 1980;151:17.

254. A randomized clinical trial of cyclosporine in cadaveric renal transplanta-
tion. N Engl J Med 1983;309:809.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

2604 Section XIII: Management of End-Stage Renal Disease

255. A randomized clinical trial of cyclosporine in cadaveric renal transplanta-
tion. Analysis at three years. The Canadian Multicentre Transplant Study
Group. N Engl J Med 1986;314:1219.

256. Opelz G. Effect of the maintenance immunosuppressive drug regimen on
kidney transplant outcome. Transplantation 1994;58:443.

257. Hall BM, et al. Comparison of three immunosuppressive regimens in
cadaver renal transplantation: long-term cyclosporine, short-term cy-
closporine followed by azathioprine and prednisolone, and azathioprine
and prednisolone without cyclosporine. N Engl J Med 1988;318:1499.

258. Salaman JR, Gomes Da Costa CA, Griffin PJ. Renal transplantation without
steroids. J Pediatr 1987;111:1026.

259. Chapman JR, Morris PJ. Cyclosporine conversion. Transplant Rev
1987;1:197.

260. Burke JF, Jr, et al. Long-term efficacy and safety of cyclosporine in renal-
transplant recipients. N Engl J Med 1994;331:358.

261. Kahan BD, et al. Complications of cyclosporine-prednisone immunosup-
pression in 402 renal allograft recipients exclusively followed at a single
center for from one to five years. Transplantation 1987;43:197.

262. Sommer BG, et al. Serum cyclosporine kinetic profile. Failure to correlate
with nephrotoxicity or rejection episodes following sequential immunother-
apy for renal transplantation. Transplantation 1988;45:86.

263. Myers BD. Cyclosporine nephrotoxicity. Kidney Int 1986;30:964.
264. Myers BD, et al. The long-term course of cyclosporine-associated chronic

nephropathy. Kidney Int 1988;33:590.
265. Lewis RM, et al. Stability of renal allograft function associated with long-

term cyclosporine immunosuppressive therapy–five year follow-up. Trans-
plantation 1989;47:266.

266. Gonwa TA, et al. Results of conversion from cyclosporine to azathioprine
in cadaveric renal transplantation. Transplantation 1987;43:225.

267. Kasiske BL, Heim-Duthoy K, Ma JZ. Elective cyclosporine withdrawal after
renal transplantation. A meta-analysis. JAMA 1993;269:395.

268. Sallas WM. Development of limited sampling strategies for characteris-
tics of a pharmacokinetic profile. J Pharmacokinet Biopharm 1995;23:
515.

269. Sallas WM, et al. A nonlinear mixed-effects pharmacokinetic model com-
paring two formulations of cyclosporine in stable renal transplant patients.
J Pharmacokinet Biopharm 1995;23:495.

270. Actis GC, et al. Continuously infused cyclosporine at low dose is sufficient
to avoid emergency colectomy in acute attacks of ulcerative colitis without
the need for high-dose steroids. J Clin Gastroenterol 1993;17:10.

271. McGuire TR, et al. Influence of infusion duration on the efficacy and toxic-
ity of intravenous cyclosporine in bone marrow transplant patients. Trans-
plant Proc 1988;20:501.

272. Merion RM, et al. Bile refeeding after liver transplantation and avoidance
of intravenous cyclosporine. Surgery 1989;106:604.

273. Awni WM, et al. Long-term cyclosporine pharmacokinetic changes in renal
transplant recipients: effects of binding and metabolism. Clin Pharmacol
Ther 1989;45:41.

274. Mueller EA, et al. Pharmacokinetics and tolerability of a microemulsion
formulation of cyclosporine in renal allograft recipients–a concentration-
controlled comparison with the commercial formulation. Transplantation
1994;57:1178.

275. Kovarik JM, et al. Cyclosporine pharmacokinetics and variability from
a microemulsion formulation–a multicenter investigation in kidney trans-
plant patients. Transplantation 1994;58:658.

276. Cole E, et al. Recommendations for the implementation of Neoral C(2)
monitoring in clinical practice. Transplantation 2002;73:S19.

277. Levy G, et al. Improved clinical outcomes for liver transplant recipients
using cyclosporine monitoring based on 2-hr post-dose levels (C2). Trans-
plantation 2002;73:953.

278. Levy G, et al. Patient management by Neoral C(2) monitoring: an interna-
tional consensus statement. Transplantation 2002;73:S12.

279. Canadian Neoral Renal Transplantation Study Group. Absorption profiling
of cyclosporine microemulsion (neoral) during the first 2 weeks after renal
transplantation. Transplantation 2001;72:1024.

280. Mahalati K, et al. Neoral monitoring by simplified sparse sampling area
under the concentration-time curve: its relationship to acute rejection and
cyclosporine nephrotoxicity early after kidney transplantation. Transplan-
tation 1999;68:55.

281. Lipkowitz GS, et al. Long-term maintenance of therapeutic cyclosporine
levels leads to optimal graft survival without evidence of chronic nephro-
toxicity. Transplant Int 1999;12:202.

282. Niese D. A double-blind randomized study of Sandimmun Neoral versus
Sandimmun in new renal transplant recipients: results after 12 months.
The International Sandimmun Neoral Study Group. Transplant Proc 1995;
27:1849.

283. Mahalati K, et al. A 3-hour postdose cyclosporine level during the
first week after kidney transplantation predicts acute rejection and cy-
closporine nephrotoxicity more accurately than trough levels. Transplant
Proc 2000;32:786.

284. Bennett WM. The nephrotoxicity of new and old immunosuppressive drugs.
Ren Failure 1998;20:687.

285. Andoh TF, et al. Comparison of acute rapamycin nephrotoxicity with cy-
closporine and FK506. Kidney Int 1996;50:1110.

286. Andoh TF, et al. Synergistic effects of cyclosporine and rapamycin in a
chronic nephrotoxicity model. Transplantation 1996;62:311.

287. Solez K, et al. International standardization of criteria for the histologic
diagnosis of renal allograft rejection: the Banff working classification of
kidney transplant pathology. Kidney Int, 1993;44:411.

288. Ruiz P, et al. Associations between cyclosporine therapy and interstitial
fibrosis in renal allograft biopsies. Transplantation 1988;45:91.

289. Barrett M, et al. Needle biopsy evaluation of class II major histocompatibil-
ity complex antigen expression for the differential diagnosis of cyclosporine
nephrotoxicity from kidney graft rejection. Transplantation 1987;44:223.

290. Christians U, First MR, Benet LZ. Recommendations for bioequivalence
testing of cyclosporine generics revisited. Therap Drug Monit 2000;22:330.

291. Haug M, 3rd, Wimberley SL. Problems with the automatic switching of
generic cyclosporine oral solution for the innovator product. Am J Health
Syst Pharm 2000;57:1349.

292. Bartucci MR. Issues in cyclosporine drug substitution: implications for pa-
tient management. J Transpl Coord, 1999;9:137

293. Guidelines for the Use of Cyclosporine Formulations. Proceedings of a
roundtable satellite meeting of the Transplantation Society. Montreal,
Canada, 13 July 1998. Transplant Proc 1999;31:1631.

294. Johnston A, Holt DW. Bioequivalence criteria for cyclosporine. Transplant
Proc 1999;31:1649.

295. Kahan BD. Recommendations concerning the introduction of generic for-
mulations of cyclosporine. Transplant Proc 1999;31:1634.

296. Christians U. Generic immunosuppressants: the European perspective.
Transplant Proc 1999;31:19S.

297. Ho S, et al. The mechanism of action of cyclosporin A and FK506. Clin
Immunol Immunopathol 1996;80:S40.

298. Dumont FJ. FK506, an immunosuppressant targeting calcineurin function.
Curr Med Chem 2000;7:731.

299. Peterson LB, et al. A tacrolimus-related immunosuppressant with bio-
chemical properties distinct from those of tacrolimus. Transplantation
1998;65:10.

300. Klintmalm G. A review of FK506: a new immunosuppressant agent for the
prevention and rescue of graft rejection. Transplantation Rev 1994;8:53.

301. Jordan ML, et al. FK506 “rescue” for resistant rejection of renal allo-
grafts under primary cyclosporine immunosuppression. Transplantation
1994;57:860.

302. Textor SC, et al. Systemic and renal hemodynamic differences between
FK506 and cyclosporine in liver transplant recipients. Transplantation
1993;55:1332.

303. Scott LJ, et al. Tacrolimus: a further update of its use in the management
of organ transplantation. Drugs 2003;63:1247.

304. Pirsch JD, et al. A comparison of tacrolimus (FK506) and cyclosporine for
immunosuppression after cadaveric renal transplantation. FK506 Kidney
Transplant Study Group. Transplantation 1997;63:977.

305. Mayer AD, et al. Multicenter randomized trial comparing tacrolimus
(FK506) and cyclosporine in the prevention of renal allograft rejection: a
report of the European Tacrolimus Multicenter Renal Study Group. Trans-
plantation 1997;64:436.

306. Knoll GA, Bell RC. Tacrolimus versus cyclosporin for immunosuppres-
sion in renal transplantation: meta-analysis of randomised trials. Br Med J
1999;318:1104.

307. Woodle ES, et al. Meta-analysis of FK 506 and mycophenolate mofetil re-
fractory rejection trials in renal transplantation. Refractory Rejection Meta-
Analysis Study Group. Transplant Proc 1998;30:1297.

308. Woodle ES, et al. A multicenter trial of FK506 (tacrolimus) therapy in
refractory acute renal allograft rejection. A report of the Tacrolimus Kidney
Transplantation Rescue Study Group. Transplantation 1996;62:594.

309. Finn WF. FK506 nephrotoxicity. Ren Failure 1999;21:319.
310. Rerolle JP, et al. Tacrolimus-induced hemolytic uremic syndrome and end-

stage renal failure after liver transplantation. Clin Transplant 2000;14:262.
311. Mihatsch MJ, et al. The side-effects of ciclosporine-A and tacrolimus. Clin

Nephrol 1998;49:356.
312. Grupp C, et al. Haemolytic uraemic syndrome (HUS) during treatment

with cyclosporin A after renal transplantation–is tacrolimus the answer?
Nephrol Dial Transplant 1998;13:1629.

313. Pham PT, et al. Cyclosporine and tacrolimus-associated thrombotic mi-
croangiopathy. Am J Kidney Dis 2000;36:844.

314. Mueller AR, et al. Neurotoxicity after orthotopic liver transplantation.
A comparison between cyclosporine and FK506. Transplantation 1994;
58:155.

315. Binet I, et al. Polyomavirus disease under new immunosuppressive drugs:
a cause of renal graft dysfunction and graft loss. Transplantation 1999;
67:918.

316. Nakata Y, et al. Tacrolimus and myocardial hypertrophy. Transplantation
2000;69:1960.

317. Neylan JF. Racial differences in renal transplantation after immunosuppres-
sion with tacrolimus versus cyclosporine. FK506 Kidney Transplant Study
Group. Transplantation 1998;65:515.

318. Wong KM, et al. Abbreviated tacrolimus area-under-the-curve monitoring
for renal transplant recipients. Am J Kidney Dis 2000;35:660.

319. van Hooff, JP, et al. Dosing and management guidelines for tacrolimus in
renal transplant patients. Transplant Proc 1999;31:54S.

320. Capone D, et al. Therapeutic monitoring of tacrolimus in pediatric and
adult transplanted patients. J Chemother 1998;10:176.

321. Braun F, et al. Pitfalls in monitoring tacrolimus (FK 506). Therap Drug
Monit 1997;19:628.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

Chapter 98: Outcomes and Complications of Renal Transplantation 2605

322. Ihara H, et al. Intra- and interindividual variation in the pharmacokinetics
of tacrolimus (FK506) in kidney transplant recipients–importance of trough
level as a practical indicator. Int J Urol 1995;2:151.

323. Allison AC, Eugui, EM, Sollinger HW. Mycophenolate mofetil (RS-61443):
mechanisms of action and effects in transplantation. Transplantation Rev
1993;7:129.

324. Placebo-controlled study of mycophenolate mofetil combined with cy-
closporin and corticosteroids for prevention of acute rejection. Euro-
pean Mycophenolate Mofetil Cooperative Study Group. Lancet 1995;345:
1321.

325. Sollinger HW. Mycophenolate mofetil for the prevention of acute rejec-
tion in primary cadaveric renal allograft recipients. U.S. Renal Transplant
Mycophenolate Mofetil Study Group. Transplantation 1995;60:225.

326. A blinded, randomized clinical trial of mycophenolate mofetil for the pre-
vention of acute rejection in cadaveric renal transplantation. The Triconti-
nental Mycophenolate Mofetil Renal Transplantation Study Group. Trans-
plantation 1996;61:1029.

327. Mathew TH. A blinded, long-term, randomized multicenter study of my-
cophenolate mofetil in cadaveric renal transplantation: results at three
years. Tricontinental Mycophenolate Mofetil Renal Transplantation Study
Group. Transplantation 1998;65:1450.

328. Mycophenolate mofetil in cadaveric renal transplantation. US Renal Trans-
plant Mycophenolate Mofetil Study Group. Am J Kidney Dis 1999;34:
296.

329. Danovitch GM. Mycophenolate mofetil in renal transplantation: results
from the U.S. randomized trials. Kidney Int Suppl 1995;52:S93.

330. Mendez R. FK 506 and mycophenolate mofetil in renal transplant recipi-
ents: six-month results of a multicenter, randomized dose ranging trial. FK
506 MMF Dose-Ranging Kidney Transplant Study Group. Transplant Proc
1998;30:1287.

331. Halloran P, et al. Mycophenolate mofetil in renal allograft recipients: a
pooled efficacy analysis of three randomized, double-blind, clinical studies
in prevention of rejection. The International Mycophenolate Mofetil Renal
Transplant Study Groups. Transplantation 1997;63:39.

332. Sarmiento JM, et al. Mycophenolate mofetil increases cytomegalovirus in-
vasive organ disease in renal transplant patients. Clin Transplant 2000;
14:136.

333. Rostaing L, et al. Changes in hepatitis C virus RNA viremia concentrations
in long-term renal transplant patients after introduction of mycophenolate
mofetil. Transplantation 2000;69:991.

334. Langman LJ, LeGatt DF, Yatscoff RW. Blood distribution of mycophenolic
acid. Therap Drug Monit, 1994;16:602.

335. Shaw LM, Nowak I. Mycophenolic acid: measurement and relationship to
pharmacologic effects. Therap Drug Monit 1995;17:685.

336. Yeung JS, Wang W, Chan L. Determination of mycophenolic acid level:
comparison of high-performance liquid chromatography with homoge-
neous enzyme-immunoassay. Transplant Proc 1999;31:1214.

337. Bullingham RE, Nicholls AJ, Kamm BR. Clinical pharmacokinetics of my-
cophenolate mofetil. Clin Pharmacokinet 1998;34:429.

338. Hubner GI, Eismann R, Sziegoleit W. Drug interaction between mycophe-
nolate mofetil and tacrolimus detectable within therapeutic mycophe-
nolic acid monitoring in renal transplant patients. Therap Drug Monit
1999;21:536.

339. Filler G, Zimmering M, Mai I. Pharmacokinetics of mycophenolate mofetil
are influenced by concomitant immunosuppression. Pediatr Nephrol
2000;14:100.

340. Langman LJ, et al. Pharmacodynamic assessment of mycophenolic acid-
induced immunosuppression in renal transplant recipients. Transplantation
1996;62:666.

341. Weber LT, et al. Therapeutic drug monitoring of total and free mycophe-
nolic acid (MPA) and limited sampling strategy for determination of MPA-
AUC in paediatric renal transplant recipients. The German Study Group
on Mycophenolate Mofetil (MMF) Therapy. Nephrol Dial Transplant
1999;14(Suppl 4):34.

342. van Gelder T, et al. A randomized double-blind, multicenter plasma con-
centration controlled study of the safety and efficacy of oral mycophenolate
mofetil for the prevention of acute rejection after kidney transplantation.
Transplantation 1999;68:261.

343. Budde K, et al. Review of the immunosuppressant enteric-coated mycophe-
nolate sodium. Expert Opin Pharmacother, 2004;5:1333.

344. Budde K, et al. Enteric-coated mycophenolate sodium can be safely admin-
istered in maintenance renal transplant patients: results of a 1-year study.
Am J Transplant 2004;4:237.

345. Massari P, et al. Safety assessment of the conversion from mycophenolate
mofetil to enteric-coated mycophenolate sodium in stable renal transplant
recipients. Transplant Proc 2005;37:916.

346. Salvadori M, et al. Enteric-coated mycophenolate sodium is therapeutically
equivalent to mycophenolate mofetil in de novo renal transplant patients.
Am J Transplant 2004;4:231.

347. Hausen B, et al. Combined immunosuppression with cyclosporine (neo-
ral) and SDZ RAD in non-human primate lung transplantation: systematic
pharmacokinetic-based trials to improve efficacy and tolerability. Trans-
plantation 2000;69:76.

348. Neumayer HH, et al. Entry-into-human study with the novel immunosup-
pressant SDZ RAD in stable renal transplant recipients. Br J Clin Pharmacol
1999;48:694.

349. Kirchner GI, et al. Pharmacokinetics of SDZ RAD and cyclosporin includ-
ing their metabolites in seven kidney graft patients after the first dose of
SDZ RAD. Br J Clin Pharmacol 2000;50:449.

350. Vezina C, Kudelski A. Sehgal SN. Rapamycin (AY-22,989), a new antifungal
antibiotic. I. Taxonomy of the producing streptomycete and isolation of the
active principle. J Antibiot (Tokyo), 1975;28:721.

351. Sehgal SN, Baker H, Vezina C. Rapamycin (AY-22,989), a new antifun-
gal antibiotic. II. Fermentation, isolation and characterization. J Antibiot
(Tokyo), 1975;28:727.

352. Douros J, Suffness M. New antitumor substances of natural origin. Cancer
Treat Rev 1981;8:63.

353. Eng CP, Sehgal SN, Vezina C. Activity of rapamycin (AY-22,989) against
transplanted tumors. J Antibiot (Tokyo), 1984;37:1231.

354. Calne RY, et al. Rapamycin for immunosuppression in organ allografting.
Lancet 1989;2:227.

355. Morris RE, et al. Use of rapamycin for the suppression of alloimmune
reactions in vivo: schedule dependence, tolerance induction, synergy with
cyclosporine and FK 506, and effect on host-versus-graft and graft-versus-
host reactions. Transplant Proc 1991;23:521.

356. Vu MD, et al. Tacrolimus (FK506) and sirolimus (rapamycin) in combi-
nation are not antagonistic but produce extended graft survival in cardiac
transplantation in the rat. Transplantation 1997;64:1853.

357. Wiederrecht GJ, et al. Mechanism of action of rapamycin: new insights into
the regulation of G1-phase progression in eukaryotic cells. Prog Cell Cycle
Res 1995;1:53.

358. Sehgal SN. Rapamune (RAPA, rapamycin, sirolimus): mechanism of action
immunosuppressive effect results from blockade of signal transduction and
inhibition of cell cycle progression. Clin Biochem 1998;31:335.

359. Murgia MG, Jordan S, Kahan BD. The side effect profile of sirolimus: a
phase I study in quiescent cyclosporine-prednisone-treated renal transplant
patients. Kidney Int 1996;49:209.

360. Kahan BD, et al. Sirolimus reduces the incidence of acute rejection episodes
despite lower cyclosporine doses in caucasian recipients of mismatched pri-
mary renal allografts: a phase II trial. Rapamune Study Group. Transplan-
tation 1999;68:1526.

361. Serkova N, et al. Evaluation of individual and combined neurotoxicity of
the immunosuppressants cyclosporine and sirolimus by in vitro multinu-
clear NMR spectroscopy. J Pharmacol Exp Ther 1999;289:800.

362. Groth CG, et al. Sirolimus (rapamycin)-based therapy in human renal
transplantation: similar efficacy and different toxicity compared with cy-
closporine. Sirolimus European Renal Transplant Study Group. Transplan-
tation 1999;67:1036.

363. Kahan BD. Efficacy of sirolimus compared with azathioprine for reduc-
tion of acute renal allograft rejection: a randomised multicentre study. The
Rapamune US Study Group. Lancet 2000;356:194.

364. McAlister VC, et al. Sirolimus-tacrolimus combination immunosuppres-
sion. Lancet 2000;355:376.

365. Sacks SH. Rapamycin on trial. Nephrol Dial Transplant 1999;14:2087.
366. Holt DW, Lee T, Johnston A. Measurement of sirolimus in whole blood

using high-performance liquid chromatography with ultraviolet detection.
Clin Therap, 2000;22(Suppl B):B38.

367. Kahan BD, et al. Therapeutic drug monitoring of sirolimus: correlations
with efficacy and toxicity. Clin Transplant 2000;14:97.

368. Svensson JO, Brattstrom C, Sawe J. Determination of rapamycin in whole
blood by HPLC. Therap Drug Monit, 1997;19:112.

369. Viklicky O, et al. SDZ-RAD prevents manifestation of chronic rejection in
rat renal allografts. Transplantation 2000;69:497.

370. Ikonen TS, et al. Sirolimus (rapamycin) halts and reverses progression
of allograft vascular disease in non-human primates. Transplantation
2000;70:969.

371. Hardy MA, et al. Use of ATG in treatment of steroid-resistant rejection.
Transplantation 1980;29:162.

372. Steinmuller DR, et al. Comparison of OKT3 with ALG for prophylaxis
for patients with acute renal failure after cadaveric renal transplantation.
Transplantation 1991;52:67.

373. Frey DJ, et al. Sequential therapy–a prospective randomized trial of MALG
versus OKT3 for prophylactic immunosuppression in cadaver renal allo-
graft recipients. Transplantation 1992;54:50.

374. Zaltzman JS, Paul LC. Single center experience with thymoglobulin in renal
transplantation. Transplant Proc 1997;29:27S.

375. Tesi RJ, et al. Thymoglobulin reverses acute renal allograft rejection better
than ATGAM–a double-blinded randomized clinical trial. Transplant Proc
1997;29:21S.

376. Gaber AO, et al. Results of the double-blind, randomized, multicenter,
phase III clinical trial of Thymoglobulin versus Atgam in the treatment of
acute graft rejection episodes after renal transplantation. Transplantation
1998;66:29.

377. Frey DJ, et al. MALG vs OKT3 following renal transplantation: a random-
ized prospective trial. Transplant Proc 1991;23:1048.

378. Wilson LG. The crime of saving lives. The FDA, John Najarian, and Min-
nesota ALG. Arch Surg 1995;130:1035.

379. Debets JM, et al. Evidence of involvement of tumor necrosis factor in ad-
verse reactions during treatment of kidney allograft rejection with antithy-
mocyte globulin. Transplantation 1989;47:487.

380. Schroeder TJ, First MR. Monoclonal antibodies in organ transplantation.
Am J Kidney Dis 1994;23:138.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

2606 Section XIII: Management of End-Stage Renal Disease

381. A randomized clinical trial of OKT3 monoclonal antibody for acute re-
jection of cadaveric renal transplants. Ortho Multicenter Transplant Study
Group. N Engl J Med 1985;313:337.

382. Norman DJ, et al. The use of OKT3 in cadaveric renal transplantation for
rejection that is unresponsive to conventional anti-rejection therapy. Am J
Kidney Dis 1988;11:90.

383. Norman DJ, et al. Effectiveness of a second course of OKT3 monoclonal
anti-T cell antibody for treatment of renal allograft rejection. Transplanta-
tion 1988;46:523.

384. Mayes JT, et al. Reexposure to OKT3 in renal allograft recipients. Trans-
plantation 1988;45:349.

385. Carey G, Lisi PJ, Schroeder TJ. The incidence of antibody formation to
OKT3 consequent to its use in organ transplantation. Transplantation
1995;60:151.

386. Hirsch R, et al. Suppression of the humoral response to anti-CD3 mono-
clonal antibody. Transplantation 1989;47:853.

387. Montgomery RA, et al. Plasmapheresis and intravenous immune globu-
lin provides effective rescue therapy for refractory humoral rejection and
allows kidneys to be successfully transplanted into cross-match-positive
recipients. Transplantation 2000;70:887.

388. Jordan SC, et al. Posttransplant therapy using high-dose human im-
munoglobulin (intravenous gammaglobulin) to control acute humoral re-
jection in renal and cardiac allograft recipients and potential mechanism of
action. Transplantation 1998;66:800.

389. Peraldi MN, et al. Long-term benefit of intravenous immunoglobulins in
cadaveric kidney retransplantation. Transplantation 1996;62:1670.

390. Casadei D, et al. Immunoglobulin i.v. high dose (IVIgHD): new therapy as
a rescue treatment of grafted kidneys. Transplant Proc 1996;28:3290.

391. Cardella CJ, et al. Effect of intensive plasma exchange on renal trans-
plant rejection and serum cytotoxic antibody. Transplant Proc 1978;10:
617.

392. Allen NH, et al. Plasma exchange in acute renal allograft rejection. A con-
trolled trial. Transplantation 1983;35:425.

393. Reisaeter AV, et al. Pretransplant plasma exchange or immunoadsorption
facilitates renal transplantation in immunized patients. Transplantation
1995;60:242.

394. Torretta L, et al. Usefulness of plasma exchange in recurrent nephrotic
syndrome following renal transplant. Artif Organs 1995;19:96.

395. Reisaeter AV, et al. Plasma exchange in highly sensitized patients as induc-
tion therapy after renal transplantation. Transplant Proc 1994;26:1758.

396. Myburgh JA, et al. Total lymphoid irradiation in clinical renal
transplantation–results in 73 patients. Transplant Proc 1991;23:2033.

397. Saper V, et al. Clinical and immunological studies of cadaveric renal trans-
plant recipients given total-lymphoid irradiation and maintained on low-
dose prednisone. Transplantation 1988;45:540.

398. Strober S, et al. Acquired immune tolerance to cadaveric renal allografts.
A study of three patients treated with total lymphoid irradiation. N Engl J
Med 1989;321:28.

399. Morris RE. New small molecule immunosuppressants for transplantation:
review of essential concepts. J Heart Lung Transplant 1993;12:S275.

400. Katz SM, Hong JC, Kahan BD. New immunosuppressive agents. Transplant
Proc 2000;32:620.

401. Moran M, et al. Prevention of acute graft rejection by the prostaglandin
E1 analogue misoprostol in renal-transplant recipients treated with cy-
closporine and prednisone. N Engl J Med 1990;322:1183.

402. Soulillou JP, et al. Randomized controlled trial of a monoclonal antibody
against the interleukin-2 receptor (33B3.1) as compared with rabbit an-
tithymocyte globulin for prophylaxis against rejection of renal allografts.
N Engl J Med 1990;322:1175.

403. Cantarovich D, et al. Anti-interleukin 2 receptor monoclonal antibody in
the treatment of ongoing acute rejection episodes of human kidney graft–a
pilot study. Transplantation 1989;47:454.

404. Carpenter CB, et al. Prophylactic use of monoclonal anti-IL-2 receptor
antibody in cadaveric renal transplantation. Am J Kidney Dis 1989;14:54.

405. Powelson JA, et al. CDR-grafted OKT4A monoclonal antibody in cynomol-
gus renal allograft recipients. Transplantation 1994;57:788.

406. Haug CE, et al. A phase I trial of immunosuppression with anti-ICAM-1
(CD54) mAb in renal allograft recipients. Transplantation 1993;55:766.

407. Okubo M, et al. 15-Deoxyspergualin “rescue therapy” for methylpred-
nisolone-resistant rejection of renal transplants as compared with anti-T
cell monoclonal antibody (OKT3). Transplantation 1993;55:505.

408. Cramer DV, Chapman FA, Makowka L. The use of brequinar sodium for
transplantation. Ann N Y Acad Sci 1993;696:216.

409. Nagahara Y, et al. Evidence that FTY720 induces T cell apoptosis in vivo.
Immunopharmacology 2000;48:75.

410. Furukawa H, et al. Prolongation of canine liver allograft survival by a
novel immunosuppressant, FTY720: effect of monotherapy and combined
treatment with conventional drugs. Transplantation 2000;69:235.

411. Tamura A, et al. Immunosuppressive therapy using FTY720 combined with
tacrolimus in rat liver transplantation. Surgery 2000;127:47.

412. Kita Y, et al. Prolonged graft survival induced by CTLA4IG-gene transfec-
tion combined with FTY720 administration in rat heart grafting. Trans-
plant Proc 1999;31:2787.

413. Suzuki S. FTY720: mechanisms of action and its effect on organ transplan-
tation (review). Transplant Proc 1999;31:2779.

414. Kishimoto K, et al. The role of CD154-CD40 versus CD28-B7 costimu-

latory pathways in regulating allogeneic Th1 and Th2 responses in vivo.
J Clin Invest 2000;106:63.

415. Abrams JR, et al. Blockade of T lymphocyte costimulation with cytotoxic
T lymphocyte-associated antigen 4-immunoglobulin (CTLA4Ig) reverses
the cellular pathology of psoriatic plaques, including the activation of ker-
atinocytes, dendritic cells, and endothelial cells. J Exp Med 2000;192:681.

416. Li Y, et al. Blocking both signal 1 and signal 2 of T-cell activation pre-
vents apoptosis of alloreactive T cells and induction of peripheral allograft
tolerance. Nat Med, 1999;5:1298.

417. Gudmundsdottir H, Turka LA. T cell costimulatory blockade: new thera-
pies for transplant rejection. J Am Soc Nephrol 1999;10:1356.

418. Cecka JM. The UNOS Scientific Renal Transplant Registry. Clin Transplant
1991;00:21.

419. Geddes CC, et al. Factors influencing long-term primary cadaveric kidney
transplantation–importance of functional renal mass versus avoidance of
acute rejections–the Toronto Hospital experience 1985–1997. Clin Trans-
plant 1998;00:195.

420. Land W. Delayed graft function and renal allograft outcome. Transplanta-
tion 1999;68:452.

421. Matas AJ, et al. Immunologic and nonimmunologic factors: different risks
for cadaver and living donor transplantation. Transplantation 2000;69:54.

422. Rowinski W, et al. Delayed kidney function risk score: donor factors versus
ischemia/reperfusion injury. Transplant Proc 1999;31:2077.

423. Tejani AH, et al. Predictive factors for delayed graft function (DGF) and
its impact on renal graft survival in children: a report of the North Amer-
ican Pediatric Renal Transplant Cooperative Study (NAPRTCS). Pediatr
Transplant 1999;3:293.

424. Halloran P, Aprile M. Factors influencing early renal function in cadaver
kidney transplants. A case-control study. Transplantation 1988;45:122.

425. Halloran PF, et al. Early function as the principal correlate of graft sur-
vival. A multivariate analysis of 200 cadaveric renal transplants treated
with a protocol incorporating antilymphocyte globulin and cyclosporine.
Transplantation 1988;46:223.

426. Davison JM, Uldall PR, Taylor RM. Relation of immediate post-transplant
renal function to long-term function in cadaver kidney recipients. Trans-
plantation 1977;23:310.

427. Hall BM, et al. Post-transplant acute renal failure in cadaver renal recipients
treated with cyclosporine. Kidney Int 1985;28:178.

428. Rodriguez PC, et al. Detection of alloantibodies against non-HLA anti-
gens in kidney transplantation by flow cytometry. Clin Transplant 2000;14:
472.

429. Pratschke J, et al. Accelerated rejection of renal allografts from brain-dead
donors. Ann Surg 2000;232:263.

430. Madan AK, et al. Treatment of antibody-mediated accelerated rejection
using plasmapheresis. J Clin Apheresis 2000;15:180.

431. Akahira H, et al. Dynamic SPECT evaluation of renal plasma flow using
technetium-99m MAG3 in kidney transplant patients. J Nucl Med Technol
1999;27:32.

432. Dunn EK. Radioisotopic evaluation of renal transplants. Urol Radiol
1992;14:115.

433. Dubovsky EV, et al. Report of the Radionuclides in Nephrourology Com-
mittee for evaluation of transplanted kidney (review of techniques). Semin
Nucl Med 1999;29:175.

434. Allen KS, et al. Renal allografts: prospective analysis of Doppler sonogra-
phy. Radiology 1988;169:371.

435. Hall JT, et al. Correlation of radionuclide and ultrasound studies with
biopsy findings for diagnosis of renal transplant rejection. Urology 1988;
32:172.

436. Genkins SM, Sanfilippo FP, Carroll BA. Duplex Doppler sonography of re-
nal transplants: lack of sensitivity and specificity in establishing pathologic
diagnosis. AJR Am J Roentgenol 1989;152:535.

437. Mathew TH, et al. Percutaneous needle biopsy of renal homografts. Med J
Aust 1968;1:6.

438. Chandraker A. Diagnostic techniques in the work-up of renal allograft
dysfunction–an update. Curr Opin Nephrol Hypertens 1999;8:723.

439. Cosio FG, Pelletier RP, Sedmak DD. Predictive value of histopathology and
function on outcome of renal allografts after acute rejection. Transplant
Proc 1999;31:261.

440. Dean DE, et al. A blinded retrospective analysis of renal allograft pathology
using the Banff schema: implications for clinical management. Transplan-
tation 1999;68:642.

441. Oda A, Morozumi K, Uchida K. Histological factors of 1-h biopsy influenc-
ing the delayed renal function and outcome in cadaveric renal allografts.
Clin Transplant 1999;13(Suppl 1):6.

442. Pascual M, et al. The clinical usefulness of the renal allograft biopsy in the
cyclosporine era: a prospective study. Transplantation 1999;67:737.

443. Solez K, Vincenti F, Filo RS, Histopathologic findings from 2-year pro-
tocol biopsies from a U.S. multicenter kidney transplant trial comparing
tarolimus versus cyclosporine: a report of the FK506 Kidney Transplant
Study Group. Transplantation 1998;66:1736.

444. Veronese FV, et al. Interpretation of surveillance kidney allograft biopsies
according to the Banff criteria. Transplant Proc 1999;31:3019.

445. Racusen LC, et al. The Banff 97 working classification of renal allograft
pathology. Kidney Int 1999;55:713.

446. Rush DN, et al. Protocol biopsies in renal transplantation: research tool or
clinically useful? Curr Opin Nephrol Hypertens, 1998;7:691.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

Chapter 98: Outcomes and Complications of Renal Transplantation 2607

447. Rush D, et al. Beneficial effects of treatment of early subclinical rejection:
a randomized study. J Am Soc Nephrol 1998;9:2129.

448. Bishop GA, et al. Immunopathology of renal allograft rejection analyzed
with monoclonal antibodies to mononuclear cell markers. Kidney Int
1986;29:708.

449. Pascoe MD, et al. Increased accuracy of renal allograft rejection diagnosis
using combined perforin, granzyme B, and Fas ligand fine-needle aspiration
immunocytology. Transplantation 2000;69:2547.

450. Ribeiro-David DS, et al. Contribution of the expression of ICAM-1, HLA-
DR and IL-2R to the diagnosis of acute rejection in renal allograft aspirative
cytology. Transpl Int 1998;11(Suppl 1):S19.

451. Oliveira G, et al. Cytokine analysis of human renal allograft aspiration
biopsy cultures supernatants predicts acute rejection. Nephrol Dial Trans-
plant 1998;13:417.

452. Nast CC. Renal transplant fine needle aspiration and cytokine gene expres-
sion. Pediatr Nephrol 1995;9(Suppl):S56.

453. Bishop GA, et al. Diagnosis of renal allograft rejection by analysis of fine-
needle aspiration biopsy specimens with immunostains and simple cytology.
Lancet 1986;2:645.

454. Helderman JH, et al. Confirmation of the utility of fine needle aspiration
biopsy of the renal allograft. Kidney Int 1988;34:376.

455. Seron D, et al. Diagnosis of rejection in renal allograft biopsies using the
presence of activated and proliferating cells. Transplantation 1989;47:811.

456. Forsythe JL, et al. Plasma interleukin 2 receptor levels in renal allograft
dysfunction. Transplantation 1989;48:155.

457. Strom TB, Suthanthiran M. Prospects and applicability of molecular diag-
nosis of allograft rejection. Semin Nephrol 2000;20:103.

458. Suthanthiran M. Clinical application of molecular biology: a study of allo-
graft rejection with polymerase chain reaction. Am J Med Sci 1997;313:264.

459. Suthanthiran M. Molecular analyses of human renal allografts: differential
intragraft gene expression during rejection. Kidney Int Suppl 1997;58:S15.

460. Segasothy M, et al. Urine cytologic profile in renal allograft recipients de-
termined by monoclonal antibodies. Diagnosis of allograft rejection. Trans-
plantation 1989;47:482.

461. Simpson MA, et al. Sequential determinations of urinary cytology and
plasma and urinary lymphokines in the management of renal allograft re-
cipients. Transplantation 1989;47:218.

462. Dooper PM, et al. Immunocytology of urinary sediments in renal transplant
patients with deteriorating graft function. Transplant Proc 1989;21:3596.

463. Chan L, et al. Nuclear magnetic resonance and biochemical studies to de-
termine the synergistic detrimental effects of renal ischemia on cyclosporine
nephrotoxicity in the rat. Transplant Proc 1991;23:711.

464. Chan L, Shapiro JI. Magnetic resonance study of renal transplantation. Ren
Physiol Biochem 1989;12:181.

465. Dunbar KR, et al. Loss of corticomedullary demarcation on magnetic res-
onance imaging: an index of biopsy-proven acute renal transplant dysfunc-
tion. Am J Kidney Dis 1988;12:200.

466. Beckmann N, Hof RP, Rudin M. The role of magnetic resonance imaging
and spectroscopy in transplantation: from animal models to man. NMR
Biomed, 2000;13:329.

467. Shaikewitz ST, Chan L. Chronic renal transplant rejection. Am J Kidney
Dis 1994;23:884.

468. Almond PS, et al. Risk factors for chronic rejection in renal allograft recip-
ients. Transplantation 1993;55:752.

469. Matas AJ, et al. The impact of an acute rejection episode on long-term renal
allograft survival (t1/2). Transplantation 1994;57:857.

470. Paul LC. Chronic allograft nephropathy: an update. Kidney Int 1999;
56:783.

471. Jindal RM, Hariharan S. Chronic rejection in kidney transplants. An in-
depth review. Nephron 1999;83:13.

472. Brenner BM, Cohen RA, Milford EL. In renal transplantation, one size may
not fit all. J Am Soc Nephrol 1992;3:162.

473. Terasaki PI, et al. The hyperfiltration hypothesis in human renal transplan-
tation. Transplantation 1994;57:1450.

474. Salahudeen AK, et al. Effects of dietary protein in patients with chronic
renal transplant rejection. Kidney Int 1992;41:183.

475. Bochicchio T, et al. Fosinopril prevents hyperfiltration and decreases pro-
teinuria in post-transplant hypertensives. Kidney Int 1990;38:873.

476. Traindl O, et al. The effects of lisinopril on renal function in proteinuric
renal transplant recipients. Transplantation 1993;55:1309.

477. Szabo A, et al. Effect of angiotensin-converting enzyme inhibition on
growth factor mRNA in chronic renal allograft rejection in the rat. Kidney
Int 2000;57:982.

478. Hausberg M, et al. ACE inhibitor versus beta-blocker for the treatment of
hypertension in renal allograft recipients. Hypertension 1999;33:862.

479. Lufft V, et al. Antiproteinuric efficacy of fosinopril after renal transplanta-
tion is determined by the extent of vascular and tubulointerstitial damage.
Clin Transplant 1998;12:409.

480. Kim EM, et al. Recurrence of steroid-resistant nephrotic syndrome in kid-
ney transplants is associated with increased acute renal failure and acute
rejection. Kidney Int 1994;45:1440.

481. Cheigh JS, et al. Kidney transplant nephrotic syndrome: relationship
between allograft histopathology and natural course. Kidney Int 1980;18:
358.

482. Korbet SM, Schwartz MM, Lewis EJ. Recurrent nephrotic syndrome in
renal allografts. Am J Kidney Dis 1988;11:270.

483. Morzycka M, et al. Evaluation of recurrent glomerulonephritis in kidney
allografts. Am J Med 1982;72:588.

484. Herrera GA, et al. Cytomegalovirus glomerulopathy: a controversial lesion.
Kidney Int 1986;29:725.

485. Dittmer R, et al. CMV infection and vascular rejection in renal transplant
patients. Transplant Proc 1989;21:3600.

486. Cheigh JS, et al. Focal segmental glomerulosclerosis in renal transplants.
Am J Kidney Dis 1983;2:449.

487. Schwarz A, et al. Impact of de novo membranous glomerulonephritis on the
clinical course after kidney transplantation. Transplantation 1994;58:650.

488. Vollmer WM, Wahl PW, Blagg CR. Survival with dialysis and transplanta-
tion in patients with end-stage renal disease. N Engl J Med 1983;308:1553.

489. Port FK, et al. Comparison of survival probabilities for dialysis patients vs
cadaveric renal transplant recipients. JAMA 1993;270:1339.

490. Khauli RB, et al. A critical look at survival of diabetics with end-stage
renal disease. Transplantation versus dialysis therapy. Transplantation
1986;41:598.

491. Grenfell A, et al. Renal replacement for diabetic patients: experience at
King’s College Hospital 1980-1989. Q J Med 1992;85:861.

492. Tilney NL, et al. Ten-year experience with cyclosporine as primary im-
munosuppression in recipients of renal allografts. Ann Surg 1991;214:42.

493. Lim EC, Terasaki PI. Outcome of kidney transplantation in different dis-
eases. Clin Transplant 1990;00:461.

494. Wolfe RA, et al. A critical examination of trends in outcomes over the last
decade. Am J Kidney Dis 1998;32:S9.

495. Opelz G, Mickey MR, Terasaki PI. Calculations on long-term graft and pa-
tient survival in human kidney transplantation. Transplant Proc 1977;9:27.

496. Tilney NL, Renal transplantation between identical twins: a review. World
J Surg 1986;10:381.

497. Brunner FP, Broyer M, Brynger H. Combined report on regular dialysis and
transplantation in Europe, XV, 1984. Proc Eur Dial Transplant Assoc Eur
Ren Assoc 1985;22:5.

498. d’Apice JF, et al. Possible rejection of an HL-A identical sibling renal allo-
graft. Med J Aust 1976;1:195.

499. Salaman JR, et al. Rejection of HLA identical related kidney transplants.
Tissue Antigens 1976;8:233.

500. Sutherland DE, et al. Renal allograft functional survival rates are similar
for kidneys from sibling donors mismatched for one versus two haplotypes
with the recipient. Transplant Proc 1985;17:110.

501. Flechner SM, et al. Successful transplantation of cyclosporine-treated hap-
loidentical living-related renal recipients without blood transfusions. Trans-
plantation 1984;37:73.

502. Glass NR, et al. Can the results of live donor kidney transplantation be
improved? Surgery 1983;94:636.

503. Kaufman DB, et al. Renal transplantation between living-related sibling
pairs matched for zero-HLA haplotypes. Transplantation 1989;47:113.

504. Simmons RL, et al. 100 sibling kidney transplants followed 2 to 7 1/2 years:
a multifactorial analysis. Ann Surg 1977;185:196.

505. Khajehdehi P. Living non-related versus related renal transplantation–its
relationship to the social status, age and gender of recipients and donors.
Nephrol Dial Transplant 1999;14:2621.

506. Toronyi E, et al. Attitudes of donors towards organ transplantation in living
related kidney transplantations. Transplant Int 1998;11(Suppl 1):S481.

507. Marshall PA, Daar AS. Cultural and psychological dimensions of human
organ transplantation. Ann Transplant, 1998;3:7.

508. Kaplan BS, Polise K. In defense of altruistic kidney donation by strangers.
Pediatr Nephrol 2000;14:518.

509. Cunningham MA, et al. Kidney transplantation from living non-related
donors. Med J Aust 1996;165:172.

510. Commercially motivated renal transplantation: results in 540 patients
transplanted in India. The Living Non-Related Renal Transplant Study
Group. Clin Transplant 1997;11:536.

511. Morris PJ, Ting A, Muller GA. Factors influencing survival of sequential
grafts and their influence on the selection of a donor and recipient for a
sequential graft. In: Transplantation and Clinical Immunology XIII. Ams-
terdam: Excerpta Medica; 1981:89.

512. Mahony JF, Sheil AG. Long-term complications of cadaver renal transplan-
tation. Transplant Rev (Orlando) 1987;1:47.

513. Wynn JJ, et al. Late results of renal transplantation. Transplantation 1988;
45:329.

514. Butkus DE, Meydrech EF, Raju SS. Racial differences in the survival of
cadaveric renal allografts. Overriding effects of HLA matching and socioe-
conomic factors. N Engl J Med 1992;327:840.

515. Perdue ST, Terasaki PI. Analysis of interracial variation in kidney transplant
and patient survival. Transplantation 1982;34:75.

516. Claas FH, van Rood JJ. Transplantation in hyperimmunized patients. Adv
Nephrol Necker Hosp 1989;18:317.

517. Rijksen JF, et al. Vascular complications in 400 consecutive renal allotrans-
plants. J Cardiovasc Surg (Torino) 1982;23:91.

518. Goldman MH, et al. A twenty year survey of arterial complications of renal
transplantation. Surg Gynecol Obstet 1975;141:758.

519. Jones RM, et al. Renal vascular thrombosis of cadaveric renal allografts in
patients receiving cyclosporine, azathioprine and prednisone triple therapy.
Clin Transplant 1988;2:122.

520. Loughlin KR, Tilney NL, Richie JP. Urologic complications in 718 renal
transplant patients. Surgery 1984;95:297.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

2608 Section XIII: Management of End-Stage Renal Disease

521. Ehrlichman RJ, et al. The use of percutaneous nephrostomy in patients
with ureteric obstruction undergoing renal transplantation. Surg Gynecol
Obstet 1986;162:121.

522. Nicholson ML, et al. Urological complications of renal transplantation: the
impact of double J ureteric stents. Ann R Coll Surg Engl, 1991;73:316.

523. Yadav RV, et al. Vesico-ureteric reflux following renal transplantation. Br
J Surg 1972;59:33.

524. Mathew TH, Kincaid-Smith P, Vikraman P. Risks of vesicoureteric reflux
in the transplanted kidney. N Engl J Med 1977;297:414.

525. Bootsma M, et al. The clinical significance of vesico-ureteral reflux in trans-
planted kidneys. Clin Transplant 1987;1:311.

526. Schweizer RT, et al. Lymphoceles following renal transplantation. Arch
Surg 1972;104:42.

527. Rubin RH. Infectious disease complications of renal transplantation. Kid-
ney Int 1993;44:221.

528. Murphy JF, et al. Factors affecting the frequency infection in renal trans-
plant recipients. Arch Intern Med 1976;136:670.

529. Peterson PK, et al. Infectious diseases in hospitalized renal transplant re-
cipients: a prospective study of a complex and evolving problem. Medicine
(Baltimore), 1982;61:360.

530. Tanphaichitr NT, Brennan DC. Infectious complications in renal transplant
recipients. Adv Ren Replace Ther 2000;7:131.

531. Tong CY, et al. Prediction and diagnosis of cytomegalovirus disease in
renal transplant recipients using qualitative and quantitative polymerase
chain reaction. Transplantation 2000;69:985.

532. Aquino VH, Figueiredo LT. High prevalence of renal transplant recipients
infected with more than one cytomegalovirus glycoprotein B genotype.
J Med Virol 2000;61:138.

533. Brennan DC, et al. Control of cytomegalovirus-associated morbidity in
renal transplant patients using intensive monitoring and either preemptive
or deferred therapy. J Am Soc Nephrol 1997;8:118.

534. Ho M, et al. The transplanted kidney as a source of cytomegalovirus infec-
tion. N Engl J Med 1975;293:1109.

535. Johnson PC, et al. The impact of cytomegalovirus infection on seronega-
tive recipients of seropositive donor kidneys versus seropositive recipients
treated with cyclosporine-prednisone immunosuppression. Transplantation
1988;45:116.

536. Betts RF, et al. Transmission of cytomegalovirus infection with renal allo-
graft. Kidney Int 1975;8:385.

537. Betts RF, et al. Clinical manifestations of renal allograft derived primary
cytomegalovirus infection. Am J Dis Child 1977;131:759.

538. Patel NP, Corry RJ. Cytomegalovirus as a cause of cecal ulcer with massive
hemorrhage in a renal transplant recipient. Am Surg 1980;46:260.

539. Pouteil-Noble C, et al. Cytomegalovirus infection–an etiological factor for
rejection? A prospective study in 242 renal transplant patients. Transplan-
tation 1993;55:851.

540. Boyce NW, et al. Cytomegalovirus infection complicating renal transplan-
tation and its relationship to acute transplant glomerulopathy. Transplan-
tation 1988;45:706.

541. Spitzer PG, Tarsy D, Eliopoulos GM. Acute transverse myelitis during dis-
seminated cytomegalovirus infection in a renal transplant recipient. Trans-
plantation 1987;44:151.

542. Minars N, et al. Fatal cytomegalic inclusion disease. Associated skin man-
ifestations in a renal transplant patient. Arch Dermatol 1977;113:1569.

543. Chou SW. Acquisition of donor strains of cytomegalovirus by renal-
transplant recipients. N Engl J Med 1986;314:1418.

544. Snydman DR, Rubin RH, Werner BG. New developments in cy-
tomegalovirus prevention and management. Am J Kidney Dis 1993;21:217.

545. Rubin RH. Preemptive therapy in immunocompromised hosts. N Engl J
Med 1991;324:1057.

546. Lewis RM, et al. The adverse impact of cytomegalovirus infection on clin-
ical outcome in cyclosporine-prednisone treated renal allograft recipients.
Transplantation 1988;45:353.

547. Hibberd PL, et al. Symptomatic cytomegalovirus disease in the cytomegal-
ovirus antibody seropositive renal transplant recipient treated with OKT3.
Transplantation 1992;53:68.

548. Jassal SV, et al. Clinical practice guidelines: prevention of cytomegalovirus
disease after renal transplantation. J Am Soc Nephrol 1998;9:1697.

549. Peterson PK, et al. Cytomegalovirus disease in renal allograft recipients: a
prospective study of the clinical features, risk factors and impact on renal
transplantation. Medicine (Baltimore) 1980;59:283.

550. Rubin RH, et al. Multicenter seroepidemiologic study of the impact
of cytomegalovirus infection on renal transplantation. Transplantation
1985;40:243.

551. Grundy JE, et al. Symptomatic cytomegalovirus infection in seropositive
kidney recipients: reinfection with donor virus rather than reactivation of
recipient virus. Lancet 1988;2:132.

552. Kemnitz J, et al. Rapid identification of viral infections in liver, heart,
and kidney allograft biopsies by in situ hybridization. Am J Surg Pathol
1989;13:80.

553. Betts RF. Cytomegalovirus vaccine in renal transplants. Ann Intern Med
1979;91:780.

554. Brayman KL, et al. Prophylaxis of serious cytomegalovirus infection in renal
transplant candidates using live human cytomegalovirus vaccine. Interim
results of a randomized controlled trial. Arch Surg 1988;123:1502.

555. Metselaar HJ, et al. Prevention of CMV infection by screening for CMV

antibodies in renal allograft recipients and their blood and kidney donors.
Scand J Infect Dis 1988;20:135.

556. Balfour HH, Jr, et al. A randomized, placebo-controlled trial of oral acy-
clovir for the prevention of cytomegalovirus disease in recipients of renal
allografts. N Engl J Med 1989;320:1381.

557. Higgins RM, et al. The risks and benefits of low-dose cotrimoxazole pro-
phylaxis for Pneumocystis pneumonia in renal transplantation. Transplan-
tation 1989;47:558.

558. Aulitzky WE, et al. Ganciclovir and hyperimmunoglobulin for treating cy-
tomegalovirus infection in bone marrow transplant recipients. J Infect Dis
1988;158:488.

559. Snydman DR, et al. Use of cytomegalovirus immune globulin to pre-
vent cytomegalovirus disease in renal-transplant recipients. N Engl J Med
1987;317:1049.

560. Snydman DR. Ganciclovir therapy for cytomegalovirus disease associated
with renal transplants. Rev Infect Dis 1988;10(Suppl 3):S554.

561. Harbison MA, et al. Ganciclovir therapy of severe cytomegalovirus infec-
tions in solid-organ transplant recipients. Transplantation 1988;46:82.

562. Dunn DL, et al. Treatment of invasive cytomegalovirus disease in solid
organ transplant patients with ganciclovir. Transplantation 1991;51:98.

563. Turgeon N, et al. Effect of oral acyclovir or ganciclovir therapy after pre-
emptive intravenous ganciclovir therapy to prevent cytomegalovirus disease
in cytomegalovirus seropositive renal and liver transplant recipients receiv-
ing antilymphocyte antibody therapy. Transplantation 1998;66:1780.

564. Nichols WG, Boeckh M. Recent advances in the therapy and prevention of
CMV infections. J Clin Virol 2000;16:25.

565. Goodman JL. Possible transmission of herpes simplex virus by organ trans-
plantation. Transplantation 1989;47:609.

566. Kletzmayr J, et al. Long-term oral ganciclovir prophylaxis for prevention
of cytomegalovirus infection and disease in cytomegalovirus high-risk renal
transplant recipients. Transplantation 2000;70:1174.

567. Warrell MJ, et al. The effects of viral infections on renal transplants and
their recipients. Q J Med 1980;49:219.

568. Hanto DW, et al. Epstein-Barr virus, immunodeficiency, and B cell lympho-
proliferation. Transplantation 1985;39:461.

569. Ho M, et al. The frequency of Epstein-Barr virus infection and associated
lymphoproliferative syndrome after transplantation and its manifestations
in children. Transplantation 1988;45:719.

570. Ho M, et al. Epstein-Barr virus infections and DNA hybridization studies
in posttransplantation lymphoma and lymphoproliferative lesions: the role
of primary infection. J Infect Dis 1985;152:876.

571. Oliveira DB, et al. Severe immunosuppression in a renal transplant recipient
with HTLV-III antibodies. Transplantation 1986;41:260.

572. Carbone LG, et al. Determination of acquired immunodeficiency syndrome
(AIDS) after renal transplantation. Am J Kidney Dis 1988;11:387.

573. L’Age-Stehr J, et al. HTLV-III infection in kidney transplant recipients.
Lancet 1985;2:1361.

574. Rubin RH, et al. The acquired immunodeficiency syndrome and transplan-
tation. Transplantation 1987;44:1.

575. Rubin RH, Tolkoff-Rubin NE. The problem of human immunodeficiency
virus (HIV) infection and transplantation. Transplant Int 1988;1:36.

576. Dummer JS, et al. Infection with human immunodeficiency virus in the Pitts-
burgh transplant population. A study of 583 donors and 1043 recipients,
1981-1986. Transplantation 1989;47:134.

577. Gardner SD, et al. Prospective study of the human polyomaviruses BK
and JC and cytomegalovirus in renal transplant recipients. J Clin Pathol
1984;37:578.

578. Hogan TF, et al. Rapid detection and identification of JC virus and BK virus
in human urine by using immunofluorescence microscopy. J Clin Microbiol
1980;11:178.

579. Heritage J, Chesters PM, McCance DJ. The persistence of papovavirus BK
DNA sequences in normal human renal tissue. J Med Virol 1981;8:143.

580. Nickeleit V, et al. Polyomavirus infection of renal allograft recipients: from
latent infection to manifest disease. J Am Soc Nephrol 1999;10:1080.

581. Andrews CA, et al. A serological investigation of BK virus and JC virus
infections in recipients of renal allografts. J Infect Dis 1988;158:176.

582. Drachenberg CB, et al. Human polyoma virus in renal allograft biopsies:
morphological findings and correlation with urine cytology. Hum Pathol
1999;30:970.

583. Howell DN, et al. Diagnosis and management of BK polyomavirus intersti-
tial nephritis in renal transplant recipients. Transplantation 1999;68:1279.

584. Mathur VS, et al. Polyomavirus-induced interstitial nephritis in two renal
transplant recipients: case reports and review of the literature. Am J Kidney
Dis 1997;29:754.

585. Sopko J, Anuras S. Liver disease in renal transplant recipients. Am J Med
1978;64:139.

586. Ware AJ, et al. Etiology of liver disease in renal-transplant patients. Ann
Intern Med 1979;91:364.

587. Weir MR, et al. Liver disease in recipients of long-functioning renal allo-
grafts. Kidney Int 1985;28:839.

588. Ramalho HJ, et al. Hepatotoxicity of azathioprine in renal transplant re-
cipients. Transplant Proc 1989;21:1716.

589. Farge D, et al. Reduction of azathioprine in renal transplant patients with
chronic hepatitis. Transplantation 1986;41:55.

590. Yadav RV, et al. Cyclophosphamide in renal transplantation. Transplanta-
tion 1988;45:421.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

Chapter 98: Outcomes and Complications of Renal Transplantation 2609

591. Parfrey PS, et al. The clinical and pathological course of hepatitis B liver
disease in renal transplant recipients. Transplantation 1984;37:461.

592. Chan L, Mo S, Wang W. Hepatitis and the renal patient. In: Massry SG
and Glassock RJ, eds., Textbook of Nephrology. 4th Ed. Baltimore, MD:
Williams & Wilkins; 2001:1333.

593. Feuerhake A, et al. HBV-vaccination in recipients of kidney allografts. Vac-
cine 1984;2:255.

594. Stevens CE, et al. Hepatitis B vaccine in patients receiving hemodialysis.
Immunogenicity and efficacy. N Engl J Med 1984;311:496.

595. Rostaing L, et al. Efficacy and safety of lamivudine on replication of re-
current hepatitis B after cadaveric renal transplantation. Transplantation
1997;64:1624.

596. Goffin E, et al. Lamivudine inhibits hepatitis B virus replication in kidney
graft recipients. Transplantation 1998;66:407.

597. Morales JM, Campistol JM. Transplantation in the patient with hepatitis
C. J Am Soc Nephrol 2000;11:1343.

598. Boyce NW, et al. Nonhepatitis B-associated liver disease in a renal trans-
plant population. Am J Kidney Dis 1988;11:307.

599. Nampoory MR, et al. Organ-transmitted HCV infection in kidney trans-
plant recipients from an anti-HCV negative donor. Transplant Proc 1999;
31:3207.

600. Mahmoud IM, et al. A prospective study of hepatitis C viremia in renal
allograft recipients. Am J Nephrol 1999;19:576.

601. Pereira BJ, et al. Transmission of hepatitis C virus by organ transplantation.
N Engl J Med 1991;325:454.

602. Pereira BJ, et al. Screening and confirmatory testing of cadaver organ donors
for hepatitis C virus infection: a U.S. National Collaborative Study. Kidney
Int 1994;46:886.

603. Morales JM, et al. Transplantation of kidneys from donors with hepatitis
C antibody into recipients with pre-transplantation anti-HCV. Kidney Int
1995;47:236.

604. Rostaing L, et al. Treatment of chronic hepatitis C with recombinant in-
terferon alpha in kidney transplant recipients. Transplantation 1995;59:
1426.

605. Rostaing L, et al. Acute renal failure in kidney transplant patients treated
with interferon alpha 2b for chronic hepatitis C. Nephron 1996;74:512.

606. Kovarik J, et al. Adverse effect of low-dose prophylactic human recom-
binant leukocyte interferon-alpha treatment in renal transplant recipients.
Cytomegalovirus infection prophylaxis leading to an increased incidence of
irreversible rejections. Transplantation 1988;45:402.

607. Duarte R, et al. Interferon-alpha facilitates renal transplantation in
hemodialysis patients with chronic viral hepatitis. Am J Kidney Dis 1995;
25:40.

608. Moore FD, et al. The declining mortality from pneumonia in renal trans-
plant patients. Infect Surg 1983;2:13.

609. Talseth T, et al. Increasing incidence of Pneumocystis carinii pneumonia in
renal transplant patients. Transplant Proc 1988;20:400.

610. Tobin JO, et al. Legionnaires’ disease in a transplant unit: isolation of the
causative agent from shower baths. Lancet 1980;2:118.

611. Sayiner A, et al. Tuberculosis in renal transplant recipients. Transplantation
1999;68:1268.

612. John GT, et al. A double-blind randomized controlled trial of primary
isoniazid prophylaxis in dialysis and transplant patients. Transplantation
1994;57:1683.

613. Mazurek GH, Villarino ME. Guidelines for using the QuantiFERON-
TB test for diagnosing latent Mycobacterium tuberculosis infection. Cen-
ters for Disease Control and Prevention. MMWR Recomm Rep, 2003;
52:15.

614. Bach MC, et al. Influence of rejection therapy on fungal and nocardial
infections in renal-transplant recipients. Lancet 1973;1:180.

615. Linden P, Williams P, Chan KM. Efficacy and safety of amphotericin B
lipid complex injection (ABLC) in solid-organ transplant recipients with
invasive fungal infections. Clin Transplant 2000;14:329.

616. Tolkoff-Rubin NE, Rubin RH. Opportunistic fungal and bacterial infection
in the renal transplant recipient. J Am Soc Nephrol 1992;2:S264.

617. ZuRhein GM, Varakis J. Letter: progressive multifocal leukoencephalopa-
thy in a renal-allograft recipient. N Engl J Med 1974;291:798.

618. Fox BC, et al. A prospective, randomized, double-blind study of trimetho-
prim-sulfamethoxazole for prophylaxis of infection in renal transplanta-
tion: clinical efficacy, absorption of trimethoprim-sulfamethoxazole, ef-
fects on the microflora, and the cost-benefit of prophylaxis. Am J Med
1990;89:255.

619. Franz M, Horl WH. Common errors in diagnosis and management of
urinary tract infection. II: clinical management. Nephrol Dial Transplant
1999;14:2754.

620. Ghasemian SM, et al. Diagnosis and management of the urologic compli-
cations of renal transplantation. Clin Transplant 1996;10:218.

621. Penn I. Cancers complicating organ transplantation. N Engl J Med 1990;
323:1767.

622. Sheil AG. Cancer after transplantation. World J Surg 1986;10:389.
623. Sheil AG, et al. Cancer incidence in renal transplant patients treated with

azathioprine or cyclosporine. Transplant Proc 1987;19:2214.
624. Penn I. Neoplastic complications of transplantation. Semin Respir Infect

1993;8:233.
625. Opelz G, Henderson R. Incidence of non-Hodgkin lymphoma in kidney

and heart transplant recipients. Lancet 1993;342:1514.

626. Penn I, First MR. Development and incidence of cancer following cy-
closporine therapy. Transplant Proc 1986;18:210.

627. Swinnen LJ, et al. Increased incidence of lymphoproliferative disorder af-
ter immunosuppression with the monoclonal antibody OKT3 in cardiac-
transplant recipients. N Engl J Med 1990;323:1723.

628. Wilkinson AH, et al. Increased frequency of posttransplant lymphomas in
patients treated with cyclosporine, azathioprine, and prednisone. Trans-
plantation 1989;47:293.

629. Penn I. The changing pattern of posttransplant malignancies. Transplant
Proc 1991;23:1101.

630. McLelland J, Chu AC. Skin tumours in renal allograft recipient. J R Soc
Med 1989;82:110.

631. Nalesnik MA, et al. The pathology of posttransplant lymphoproliferative
disorders occurring in the setting of cyclosporine A-prednisone immuno-
suppression. Am J Pathol 1988;133:173.

632. Starzl TE, et al. Reversibility of lymphomas and lymphoproliferative lesions
developing under cyclosporin-steroid therapy. Lancet 1984;1:583.

633. Cockfield SM, et al. Post-transplant lymphoproliferative disorder in renal
allograft recipients. Clinical experience and risk factor analysis in a single
center. Transplantation 1993;56:88.

634. Patton DF, et al. Epstein-Barr virus–determined clonality in posttransplant
lymphoproliferative disease. Transplantation 1990;49:1080.

635. Hanto DW, et al. Epstein-Barr virus-induced B-cell lymphoma after renal
transplantation: acyclovir therapy and transition from polyclonal to mon-
oclonal B-cell proliferation. N Engl J Med 1982;306:913.

636. Randhawa PS, et al. Expression of Epstein-Barr virus-encoded small
RNA (by the EBER-1 gene) in liver specimens from transplant recipi-
ents with post-transplantation lymphoproliferative disease. N Engl J Med
1992;327:1710.

637. Mosialos G, et al. The Epstein-Barr virus transforming protein LMP1 en-
gages signaling proteins for the tumor necrosis factor receptor family. Cell
1995;80:389.

638. Harwood AR, et al. Kaposi’s sarcoma in recipients of renal transplants. Am
J Med 1979;67:759.

639. Ecder ST, et al. Kaposi’s sarcoma after renal transplantation in Turkey. Clin
Transplant 1998;12:472.

640. Hadjiyannakis EJ, et al. Gastrointestinal complications after renal trans-
plantation. Lancet 1971;2:781.

641. Benoit G, et al. Gastrointestinal complications in renal transplantation.
Transplant Int 1993;6:45.

642. Demling RH, Salvatierra O, Jr, Belzer FO. Intestinal necrosis and perfora-
tion after renal transplantation. Arch Surg 1975;110:251.

643. Misra MK, et al. Major colonic diseases complicating renal transplantation.
Surgery 1973;73:942.

644. Bruce D, et al. Clostridium difficile-associated colitis: cross infection in
predisposed patients with renal failure. N Z Med J 1982;95:265.

645. Fernandez JA, Rosenberg JC. Post-transplantation pancreatitis. Surg Gy-
necol Obstet 1976;143:795.

646. Kawanishi H, Rudolph E, Bull FE. Azathioprine-induced acute pancreatitis.
N Engl J Med 1973;289:357.

647. Lorber MI, et al. Hepatobiliary and pancreatic complications of cy-
closporine therapy in 466 renal transplant recipients. Transplantation
1987;43:35.

648. Tilney NL, Collins JJ Jr, Wilson RE. Hemorrhagic pancreatitis. A fatal
complication of renal transplantation. N Engl J Med 1966;274:1051.

649. Kasiske BL, et al. Cardiovascular disease after renal transplantation. J Am
Soc Nephrol 1996;7:158.

650. Aakhus S, Dahl K, Wideroe TE. Cardiovascular morbidity and risk factors
in renal transplant patients. Nephrol Dial Transplant 1999;14:648.

651. Bagdade JD, Albers JJ. Plasma high-density lipoprotein concentrations
in chronic-hemodialysis and renal-transplant patients. N Engl J Med
1977;296:1436.

652. Ibels LS, et al. Studies on the nature and causes of hyperlipidaemia in
uraemia, maintenance dialysis and renal transplantation. Q J Med 1975;
44:601.

653. Kasiske BL, Umen AJ. Persistent hyperlipidemia in renal transplant patients.
Medicine (Baltimore) 1987;66:309.

654. Cattran DC, et al. Hyperlipidemia after renal transplantation: natural his-
tory and pathophysiology. Ann Intern Med 1979;91:554.

655. Curtis JJ, et al. Effects of renal transplantation on hyperlipidemia and high-
density lipoprotein cholesterol (HDL). Transplantation 1978;26:364.

656. Jung K, et al. Changed composition of high-density lipoprotein sub-
classes HDL2 and HDL3 after renal transplantation. Transplantation
1988;46:407.

657. Moore RA, et al. The effect of the American Heart Association step one
diet on hyperlipidemia following renal transplantation. Transplantation
1990;49:60.

658. Roodnat JI, et al. Cholesterol as an independent predictor of outcome after
renal transplantation. Transplantation 2000;69:1704.

659. Massy ZA, Kasiske BL. Post-transplant hyperlipidemia: mechanisms and
management. J Am Soc Nephrol 1996;7:971.

660. Corpier CL, et al. Rhabdomyolysis and renal injury with lovastatin use.
Report of two cases in cardiac transplant recipients. JAMA 1988;260:239.

661. Cheung AK, DeVault GA, Jr, Gregory MC. A prospective study on treat-
ment of hypercholesterolemia with lovastatin in renal transplant patients
receiving cyclosporine. J Am Soc Nephrol 1993;3:1884.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

2610 Section XIII: Management of End-Stage Renal Disease

662. Lal SM, et al. Effects of nicotinic acid and lovastatin in renal transplant pa-
tients: a prospective, randomized, open-labeled crossover trial. Am J Kidney
Dis 1995;25:616.

663. Welch GN, Loscalzo J. Homocysteine and atherothrombosis. N Engl J Med
1998;338:1042.

664. Dimeny E, et al. Serum total homocysteine concentration does not predict
outcome in renal transplant recipients. Clin Transplant 1998;12:563.

665. Arnadottir M, et al. Serum total homocysteine concentration before and
after renal transplantation. Kidney Int 1998;54:1380.

666. Ducloux D, et al. Serum total homocysteine and cardiovascular disease
occurrence in chronic, stable renal transplant recipients: a prospective study.
J Am Soc Nephrol 2000;11:134.

667. Bostom AG, et al. Treatment of hyperhomocysteinemia in renal trans-
plant recipients. A randomized, placebo-controlled trial. Ann Intern Med
1997;127:1089.

668. Luke RG. Hypertension in renal transplant recipients. Kidney Int 1987;31:
1024.

669. Bennett WM, et al. Posttransplant hypertension: studies of cortical blood
flow and the renal pressor system. Kidney Int 1974;6:99.

670. Curtis JJ. Hypertension and kidney transplantation. Am J Kidney Dis
1986;7:181.

671. Cheigh JS, et al. Hypertension in kidney transplant recipients. Effect on
long-term renal allograft survival. Am J Hypertens 1989;2:341.

672. Curtis JJ, et al. Cyclosporin in therapeutic doses increases renal allograft
vascular resistance. Lancet 1986;2:477.

673. Luke RG, et al. Mechanisms of posttransplant hypertension. Am J Kidney
Dis 1985;5:A79.

674. Curtis JJ, et al. Inhibition of angiotensin-converting enzyme in renal-
transplant recipients with hypertension. N Engl J Med 1983;308:377.

675. Linas SL, et al. Role of the renin-angiotensin system in post-
transplantation hypertension in patients with multiple kidneys. N Engl J
Med 1978;298:1440.

676. Chapman JR, et al. Hypertension after renal transplantation. A compari-
son of cyclosporine and conventional immunosuppression. Transplantation
1987;43:860.

677. Bunke M, Wilder L. Effect of verapamil on glomerular filtration rate and
glomerular prostaglandin production during cyclosporine administration.
Transplantation 1988;46:919.

678. Birx DL, Berger M, Fleisher TA. The interference of T cell activation by
calcium channel blocking agents. J Immunol 1984;133:2904.

679. Weir MR, et al. Additive effect of cyclosporine and verapamil on the inhi-
bition of activation and function of human peripheral blood mononuclear
cells. Transplant Proc 1988;20:240.

680. Curtis JJ, et al. Surgical therapy for persistent hypertension after renal trans-
plantation. Transplantation 1981;31:125.

681. Curtis JJ, et al. Benefits of removal of native kidneys in hypertension after
renal transplantation. Lancet 1985;2:739.

682. Thompson JF, et al. Control of hypertension after renal transplantation by
embolisation of host kidneys. Lancet 1984;2:424.

683. Morris PJ, et al. Renal artey stenosis in renal transplantation. Med J Aust
1971;1:1255.

684. Tilney NL, et al. Renal artery stenosis in transplant patients. Ann Surg
1984;199:454.

685. Lacombe M. Arterial stenosis complicating renal allotransplantation in
man: a study of 38 cases. Ann Surg 1975;181:283.

686. Roberts JP, et al. Transplant renal artery stenosis. Transplantation
1989;48:580.

687. Simmons RL, et al. Renal allograft rejection simulated by arterial stenosis.
Surgery 1970;68:800.

688. Loubeyre P, et al. Transplanted renal artery: detection of stenosis with color
Doppler US. Radiology 1997;203:661.

689. Alfrey EJ, et al. The use of spiral computed tomography in the evalua-
tion of living donors for kidney transplantation. Transplantation 1995;59:
643.

690. Dickerman RM, et al. Surgical correction of posttransplant renovascular
hypertension. Ann Surg 1980;192:639.

691. Miller AR, et al. Treatment of transplant renal artery stenosis: experience
and reassessment of therapeutic options. Clin Transplant 1989;3:101.

692. De Meyer M, et al. Treatment of renal graft artery stenosis. Comparison
between surgical bypass and percutaneous transluminal angioplasty. Trans-
plantation 1989;47:784.

693. Greenstein SM, et al. Percutaneous transluminal angioplasty. The proce-
dure of choice in the hypertensive renal allograft recipient with renal artery
stenosis. Transplantation 1987;43:29.

694. Grossman RA, et al. Percutaneous transluminal angioplasty treatment of
renal transplant artery stenosis. Transplantation 1982;34:339.

695. Sniderman KW, et al. Percutaneous transluminal dilation in renal transplant
arterial stenosis. Transplantation 1980;30:440.

696. Wickre CG, et al. Postrenal transplant erythrocytosis: a review of 53 pa-
tients. Kidney Int 1983;23:731.

697. Besarab A, et al. Dynamics of erythropoiesis following renal transplanta-
tion. Kidney Int, 1987;32:526.

698. Sun CH, et al. Serum erythropoietin levels after renal transplantation.
N Engl J Med 1989;321:151.

699. Gaston RS, Julian BA. Curtis JJ. Posttransplant erythrocytosis: an enigma
revisited. Am J Kidney Dis 1994;24:1.

700. Aeberhard JM, et al. Multiple site estimates of erythropoietin and renin in
polycythemic kidney transplant patients. Transplantation 1990;50:613.

701. Ilan Y, et al. Erythrocytosis after renal transplantation. The response to
theophylline treatment. Transplantation 1994;57:661.

702. Torregrosa JV, et al. Efficacy of captopril on posttransplant erythrocytosis.
Long-term follow-up. Transplantation 1994;58:311.

703. Rell K, et al. Correction of posttransplant erythrocytosis with enalapril.
Transplantation 1994;57:1059.

704. Julian BA, et al. Erythropoiesis after withdrawal of enalapril in post-
transplant erythrocytosis. Kidney Int 1994;46:1397.

705. Cundy T, et al. Calcium metabolism and hyperparathyroidism after renal
transplantation. Q J Med 1983;52:67.

706. Parfrey PS, et al. The decreased incidence of aseptic necrosis in renal trans-
plant recipients–a case control study. Transplantation 1986;41:182.

707. Julian BA, et al. Rapid loss of vertebral mineral density after renal trans-
plantation. N Engl J Med 1991;325:544.

708. Julian BA, Quarles LD, Niemann KM. Musculoskeletal complications af-
ter renal transplantation: pathogenesis and treatment. Am J Kidney Dis
1992;19:99.

709. Gauthier VJ, Barbosa LM. Bone pain in transplant recipients responsive to
calcium channel blockers. Ann Intern Med 1994;121:863.

710. Cueto-Manzano AM, et al. Effect of 1,25-dihydroxyvitamin D3 and cal-
cium carbonate on bone loss associated with long-term renal transplanta-
tion. Am J Kidney Dis 2000;35:227.

711. Fan SL, et al. Pamidronate therapy as prevention of bone loss following
renal transplantation. Kidney Int 2000;57:684.

712. Better OS, et al. Spontaneous remission of the defect in urinary acidification
after cadaver kidney homotransplantation. Lancet 1970;1:110.

713. Gyory AZ, et al. Renal tubular acidosis, acidosis due to hyperkalaemia,
hypercalcaemia, disordered citrate metabolism and other tubular dysfunc-
tions following human renal transplantation. Q J Med 1969;38:231.

714. Wilson DR, Siddiqui AA. Renal tubular acidosis after kidney transplanta-
tion. Natural history and significance. Ann Intern Med 1973;79:352.

715. Messa P, et al. Persistent secondary hyperparathyroidism after renal trans-
plantation. Kidney Int 1998;54:1704.

716. Mourad M, et al. Early posttransplant calcemia as a predictive indicator
for parathyroidectomy in kidney allograft recipients with tertiary hyper-
parathyroidism. Transplant Proc 2000;32:437.

717. Garvin PJ, et al. Management of hypercalcemic hyperparathyroidism after
renal transplantation. Arch Surg 1985;120:578.

718. Higgins RM, et al. Hypophosphataemia after renal transplantation: rela-
tionship to immunosuppressive drug therapy and effects on muscle detected
by 31P nuclear magnetic resonance spectroscopy. Nephrol Dial Transplant
1990;5:62.

719. Ambuhl PM, et al. Metabolic aspects of phosphate replacement therapy for
hypophosphatemia after renal transplantation: impact on muscular phos-
phate content, mineral metabolism, and acid/base homeostasis. Am J Kid-
ney Dis 1999;34:875.

720. Claesson K, et al. Prospective study of calcium homeostasis after renal
transplantation. World J Surg 1998;22:635.

721. Rosenbaum RW, et al. Decreased phosphate reabsorption after renal trans-
plantation: evidence for a mechanism independent of calcium and parathy-
roid hormone. Kidney Int 1981;19:568.

722. Ramos EL, et al. Hypomagnesemia in renal transplant patients: improve-
ment over time and association with hypertension and cyclosporine levels.
Clin Transplant 1995;9:185.

723. Vannini SD, et al. Permanently reduced plasma ionized magnesium among
renal transplant recipients on cyclosporine. Transplant Int 1999;12:
244.

724. Cavdar C, et al. Hypomagnesemia and mild rhabdomyolysis in living re-
lated donor renal transplant recipient treated with cyclosporine A. Scand J
Urol Nephrol 1998;32:415.

725. Gupta BK, Glicklich D, Tellis VA. Magnesium repletion therapy improved
lipid metabolism in hypomagnesemic renal transplant recipients: a pilot
study. Transplantation 1999;67:1485.

726. Lin HY, et al. Cyclosporine-induced hyperuricemia and gout. N Engl J Med
1989;321:287.

727. West C, Carpenter BJ, Hakala TR. The incidence of gout in renal transplant
recipients. Am J Kidney Dis 1987;10:369.

728. Noordzij TC, Leunissen KM, Van Hooff JP. Renal handling of urate and
the incidence of gouty arthritis during cyclosporine and diuretic use. Trans-
plantation 1991;52:64.

729. Boudreaux JP, et al. The impact of cyclosporine and combination immuno-
suppression on the incidence of posttransplant diabetes in renal allograft
recipients. Transplantation 1987;44:376.

730. Roth D, et al. Posttransplant hyperglycemia. Increased incidence in
cyclosporine-treated renal allograft recipients. Transplantation 1989;47:
278.

731. Jindal RM. Posttransplant diabetes mellitus–a review. Transplantation
1994;58:1289.

732. Meier-Kriesche HU, et al. The effect of body mass index on long-term renal
allograft survival. Transplantation 1999;68:1294.

733. Holley JL, et al. Obesity as a risk factor following cadaveric renal trans-
plantation. Transplantation 1990;49:387.

734. Patel MG. The effect of dietary intervention on weight gains after renal
transplantation. J Ren Nutr 1998;8:137.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133.98 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:7

Chapter 98: Outcomes and Complications of Renal Transplantation 2611

735. Guijarro C, et al. Serum albumin and mortality after renal transplantation.
Am J Kidney Dis 1996;27:117.

736. Becker BN, et al. The impact of hypoalbuminemia in kidney-pancreas trans-
plant recipients. Transplantation 1999;68:72.

737. Hoy WE, et al. The influence of glucocorticoid dose on protein catabolism
after renal transplantation. Am J Med Sci 1986;291:241.

738. Seagraves A, et al. Net protein catabolic rate after kidney transplantation:
impact of corticosteroid immunosuppression. JPEN J Parenter Enteral Nutr
1986;10:453.

739. Diethelm AG, et al. Alternate-day prednisone therapy in recipients of renal
allografts. Risk and benefits. Arch Surg 1976;111:867.

740. Ghio L, et al. Advantages of cyclosporine as sole immunosuppressive
agent in children with transplanted kidneys. Transplantation 1992;54:
834.

741. Rees L, et al. Growth and endocrine function after renal transplantation.
Arch Dis Child 1988;63:1326.

742. Penn I, Makowski EL, Harris P. Parenthood following renal transplanta-
tion. Kidney Int 1980;18:221.

743. Successful pregnancies in women treated by dialysis and kidney transplan-
tation. Report from the Registration Committee of the European Dialysis
and Transplant Association. Br J Obstet Gynaecol 1980;87:839.

744. Davison JM. Renal transplantation and pregnancy. Am J Kidney Dis
1987;9:374.

745. Cardonick EM, Moritz M, Armenti V. Pregnancy in patients with organ
transplantation: a review. Obstet Gynecol Surv 2004;59:214.

746. Armenti VT, et al. National transplantation Pregnancy Registry–outcomes
of 154 pregnancies in cyclosporine-treated female kidney transplant recip-
ients. Transplantation 1994;57:502.

747. Armenti VT, et al. Report from the National Transplantation Pregnancy
Registry (NTPR): outcomes of pregnancy after transplantation. Clin Trans-
plant 2003;00:131.

748. Halloran PF, et al. Strategies to improve the immunologic management of
organ transplants. Clin Transplant 1995;9:227.

749. U.S. Department of Health and Human Services. 1999 Report to Congress
on the Scientific and Clinical Status of Organ Transplantation. Submitted
to U.S. House of Representatives and U.S. Senate, 1999.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-99 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 1:10

CHAPTER 99 ■ PERITONEAL DIALYSIS
ISAAC TEITELBAUM, RAJNISH MEHROTRA, THOMAS A. GOLPER, AND JOHN M. BURKART

Since the first description of continuous ambulatory peritoneal
dialysis (CAPD) in 1976, peritoneal dialysis (PD) has become
the dominant modality for home dialysis across the globe.
Over the last decade, the patterns of utilization rates for PD
have changed. While the proportions of end-stage renal disease
(ESRD) patients treated with PD has declined in many west-
ern countries, the utilization rates are increasing in several East
European and Asian countries (1–3). In 2002, PD was used to
treat 8% and 20% of the US and Canadian dialysis popula-
tions, respectively (1). A large number of single-center, multi-
center, and registry-based comparisons of outcomes among pa-
tients treated with hemodialysis (HD) and PD have been made.
Based on these studies, a few key observations can be made.
First, patients commencing treatment with PD are younger and
have a lower comorbidity burden than those that are treated
with HD (4,5–7). Second, there appears to be a modality by
time interaction, such that patients commencing PD have a
higher probability of survival during the first 2 to 3 years of
renal replacement therapy when compared to HD patients;
this advantage diminishes over time (5,8–11). Third, the rel-
ative outcome of patients treated by HD and PD seem to be
modified by their age and diabetic status and the presence or
absence of comorbidities (5,8–10,12,13). Thus, among indi-
viduals with no baseline comorbidity, treatment with PD ap-
pears to be associated with a survival advantage among non-
diabetic patients (all age groups) and young diabetic patients
(age <45 years) (5). Among those with a baseline comorbidity,
there was no significant differences in the outcomes of non-
diabetic or young diabetic patients. However, treatment with
PD was associated with a higher risk for death among older
diabetic patients (age ≥45 years), with or without baseline co-
morbidity (5). It remains unclear if these differences in sur-
vival reflect a “modality effect” or from a selection bias unde-
scribed by known comorbidities. Nonetheless, PD treatment is
used by thousands of patients around the world and appears
poised to remain an important modality for renal replacement
therapy.

Space precludes us from describing an extensive physio-
logic basis for PD. We discuss the current major issues of
concern for PD in this chapter—the definition of “adequate”
therapy and the control or management of therapy-related
complications.

PERITONEAL DIALYSIS
MODALITIES

Technique variations for PD can be manual and/or automated
and either continuous or intermittent. In most patients, the se-
lection of the peritoneal dialysis modality depends upon which
therapy suits the patient’s lifestyle. However, in the absence of
residual renal function, it is probably always desirable to use a
continuous therapy.

Peritoneal Dialysis Techniques:
Continuous Therapies

Continuous Ambulatory Peritoneal Dialysis (CAPD)

Until recently, CAPD was the most commonly used form of
PD. Since its original description, there have been few changes
in the basic therapy, although there have been many changes
in the connection devices or “connectology” used to make the
exchange. CAPD is a manual therapy and usually uses less
dialysate than automated PD. The usual dialysis prescription
for patients on this technique is four exchanges per day using
2.0- or 2.5 L of dialysate.

Continuous-Cycling Peritoneal Dialysis (CCPD)

The utilization of automated peritoneal dialysis (APD), of
which CCPD is the most common, is rapidly increasing in many
parts of the world, like the United States (1). Most often, pa-
tients undergoing CCPD use an automated cycler to perform
exchanges while they sleep with a subsequent daytime dwell;
therefore, this is a continuous therapy. Some patients also need
a day-time “manual” exchange, either to maximize solute clear-
ances or to enhance fluid removal.

Peritoneal Dialysis Techniques:
Intermittent Therapies

Because intermittent therapies typically use multiple short
dwells, they tend to be automated, but can be done manually.
Intermittent peritoneal dialysis therapies are best suited for pa-
tients who are found to be high transporters based on peri-
toneal equilibration test (PET). However, they should rarely be
used once the patient lose their residual renal function. These
therapies also may be transiently indicated during peritonitis
for some patients with problems with ultrafiltration.

Intermittent Peritoneal Dialysis (IPD)

By definition, IPD implies that therapy periods alternate with
times when the peritoneum has been drained (“dry abdomen”).
Typically the patient uses multiple short-dwell exchanges three
or four times a week. Techniques include manual IPD, cycler
IPD, reverse osmosis machine IPD, intermittent reciprocating
dialysis with an extracorporeal reconstituting circuit, and oth-
ers. In recognition of the importance of small and possibly,
middle-molecule clearance, IPD is now rarely used.

Nonetheless, classic IPD therapies continue to have their
uses. A report from Mexico suggested that cycler IPD may be
more practical in countries where technical, social, and eco-
nomic limitations restrict the use of CAPD (14). Other uses
include treatment of refractory heart failure (15), as a transient
therapy for immediately postoperative patients, or for those
who are on CAPD and have developed hernias or leaks.
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Nightly Intermittent Peritoneal Dialysis (NIPD)

NIPD utilizes nighttime cycling with a cycler and the patient
does not have any intraperitoneal dialysate during the day-
time. It is best utilized by patients with high or high-average
transport, in the presence of residual renal function. Daytime
ambulatory peritoneal dialysis (DAPD) is based on the same
concept as NIPD, but DAPD is a manual technique, and the
patient typically has a “dry time” during the night. The lower
the peritoneal membrane transfer rates, the lower the 8-hour
NIPD or DAPD clearances and, in some patients, time spent on
NIPD or DAPD has to be prolonged by 10% to 40% to achieve
minimal target clearances (16,17). Like IPD, NIPD can be used
for management of patients with heart failure, as transient ther-
apy for postoperative patients, or patients treated with CAPD
or CCPD, who have developed hernias or leaks (18).

Tidal Peritoneal Dialysis (TPD)

TPD is best performed nightly by the use of an automated
cycler. It involves the maintenance of an intraperitoneal reser-
voir of peritoneal dialysate, which is achieved by incomplete
drainage of the fluid at the end of each dwell. Additional
amounts of fluid are instilled with each exchange to maintain an
optimal intraperitoneal volume. By maintaining an intraperi-
toneal reservoir of dialysate, it is assumed that tidal dialysis
may maintain more continuous contact of dialysate with the
peritoneal membrane. Furthermore, the more rapid cycling of
dialysis may increase mixing and prevent formation of stag-
nant intraperitoneal fluid layers. Although preliminary studies
suggested that small solute clearances are augmented (19,20),
subsequent studies have been unable to confirm the ability of
TPD to enhance clearances (21–23). It can, however, be used
for patients who have infusion pain—the reservoir of dialysate
minimized pain upon instillation of fresh dialysate (24). In pre-
scribing tidal peritoneal dialysis, variables to be chosen include
reserve volume, tidal outflow volume, tidal replacement vol-
ume, flow rates, and frequency of the exchanges. A major dis-
advantage of TPD is the cost of the extra dialysate (25).

DEFINING ADEQUACY OF
DIALYSIS USING SMALL SOLUTE

CLEARANCES

Minimal Versus Optimal Dialysis

The native kidneys perform excretory and endocrine func-
tions and are key in order to maintain euvolemia. The loss
of these functions in patients with progressive renal failure re-
sults in numerous metabolic and vascular abnormalities. In or-
der to return the individual to complete health, some of the

TA B L E 9 9 - 1

GOALS OF END-STAGE RENAL DISEASE
REPLACEMENT THERAPY

Prolong life
Reverse uremic signs and symptoms
Optimize quality of life
Return to pre–end-stage renal disease functional status
Minimize patient inconvenience factors

goals of optimal renal replacement therapy are summarized in
Table 99-1. The concept of “optimal” renal replacement ther-
apy, as applied to dialytic therapies, entails that the amount of
dialysis delivered is not the rate-limiting step that determines
patient outcome. In other words, an “optimal” dialysis pre-
scription eliminates uremia as a potential variable, allows pa-
tients to achieve euvolemia and maximizes quality of life. Given
the continuing high risk for morbidity and mortality and poor
rehabilitation among the ESRD population, it is clear that the
current renal replacement therapies are far from achieving the
goal of “optimal” therapy (1,26). One of the reasons for this
may be that, for a large number of solutes, the dialytic clear-
ances typically replace <10% of the the native renal excretory
function (Table 99-2) (27). Based on these considerations and
the current state of knowledge relating small solute clearances
to outcome, it is more reasonable to define clearance goals of
dialytic therapy in terms of “minimal,” rather than “optimal”
dialysis.

Early studies among patients undergoing HD led to the
recognition of the long-term, but often subtle, adverse effects of
underdialysis on patient’s health. This highlighted the impor-
tance of developing ways to proactively monitor the amount of
dialysis delivered—the so-called dose of dialysis. Based upon
the initial results and subsequent reanalysis of the National
Cooperative Dialysis Study, the concept of urea kinetic model-
ing was developed to monitor the dose of HD (28,29). Shortly
thereafter, the concept of monitoring the dose of dialysis us-
ing urea (and, subsequently, creatinine) kinetic modeling was
extended to patients undergoing PD. Thus, over the last two
decades, the adequacy of dialysis dose has been based upon an
assessment of achieved clearances of small solutes.

However, as is clear from Table 99-2, small-solute clear-
ance is substantially less for PD than HD. Yet, as discussed
in the preceding section, the overall outcome is similar be-
tween HD and PD patients. It is also clear from Table 99-2,
that solute clearances in CAPD exceed those of standard HD
for all but the small-molecular-weight solutes. Is the reason
that survival rates on CAPD and HD are similar because
of comparable “middle-molecule” clearance? Should middle-
molecule clearance be measured as the “PD yardstick?” At

TA B L E 9 9 - 2

SOLUTE REMOVAL BY DIALYSIS AND THE NATURAL KIDNEY

Solute clearance Natural kidney HDa low flux HDa high flux CAPDa

Urea (L/wk) 750 130 130 70
Vitamin B12 (L/wk) 1,200 30 60 40
Inulin (L/wk) 1,200 10 40 20
B2-Microglobulin (mg/wk) 1,000 0 300 250

aHD, hemodialysis; CAPD, continuous ambulatory peritoneal dialysis.
(Modified from: Keshaviah P. Adequacy of CAPD: a quantitative approach. Kidney Int Suppl
1992;38:S160.)
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FIGURE 99-1. The influence of the number of exchanges on the weekly
solute clearance for solutes with a range of molecular weights derived
from a computerized model of peritoneal transport. (From: Keshaviah
P. Adequacy of CAPD: a quantitative approach. Kidney Int Suppl.
1992;38:S160, with permission.)

this time, there are no interventional studies to support such a
change in the “PD yardstick.” However, it is important to note
that strategies that maximize small-solute clearances do not
necessarily enhance the clearance of larger-molecular-weight
toxins (viz., “middle molecules”) (30) (Fig. 99-1). The clear-
ances of middle-molecular-weight substances are markedly

time-dependent (number of hours of dwell time). Maneuvers
that increase small-solute clearances while decreasing middle-
molecule clearance may be associated with an increased relative
risk of an adverse outcome (31).

Small-Solute Clearances and Mortality

The methods traditionally used to define the dose of dialy-
sis among patients undergoing PD differ from among those
undergoing HD in two regards. First, the clearance of two
small-molecular-weight solutes have been used (urea, molec-
ular weight 60, expressed as weekly Kt/Vurea and creatinine,
molecular weight 113, expressed as creatinine clearance, liters/
week/1.73 m2 body surface area). Second, the clearances are
expressed as a sum of renal and peritoneal (total) clearances.
A large number of investigators have attempted to determine
the relationship between the dose of dialysis (small-solute clear-
ances) and outcome (Tables 99-3 and 99-4) (11,32–53). Most
of the early observational studies did not evaluate the inde-
pendent contribution of peritoneal clearances on patient out-
come; virtually all these studies showed a consistent, posi-
tive relationship between higher total small-solute clearances
and patient survival (32–39) (Table 99-3). In 1999, using
the data base maintained at Fresenius Medical Care, Diaz-
Buxo et al, (40) confirmed the association between total sol-
ute clearances as well as residual renal function with survival;

TA B L E 9 9 - 3

CHRONOLOGICAL LISTING OF OBSERVATIONAL STUDIES THAT HAVE EVALUATED THE ASSOCIATION OF
SMALL SOLUTE CLEARANCES AND SURVIVAL IN PATIENTS UNDERGOING CHRONIC PERITONEAL DIALYSIS

Relationship between Kt/V and/or
creatinine clearance and mortality

Patient Patient Follow-up,
Author (ref) number typea monthsb Totalc Peritonealc Renalc

Teehan, 1990 (32) 51 P Up to 60 Yes NE NE
Blake, 1991 (33) 76 I 20 No NE NE
Brandes, 1992 (34) 18 P Up to 12 Yes NE NE
Selgas, 1993 (35) 56 P 60 Yes NE NE
Genestier, 1995 (36) 201 I 24 Yesd NE NE
Maiorca, 1995 (37) 68 P Up to 36 Yes NE Yes
CANUSA, 1996 (38) 680 I 15 Yes NE NE
Davies, 1998 (39) 210 I Up to 48 Yes NE Yes
Diaz-Buxo, 1999 (40) 673 P Up to 12 Yes No Yes
Jager, 1999 (41) 118 I 25 Noe Noe Yese

Bhaskaran, 2000 f (42) 122 P 20 — No —
Shemin, 2000 (43) 667 P Up to 18 No NE Yes
Szeto, 2000 (44) 270 I + P 24 Yes No Yes
Rocco, 2000 (45) 873 P 7 Yesd No Yes
Lo, 2001 (46) 937 P Up to 24 No No No
Szeto, 2001 (47) f 140 P 22 — Yes —
Bargman, 2001 (48) 601 I Up to 24 NE No Yes
Brown, 2003 f (49) 177 P Up to 24 — No —
Termorshuizen, 2003 (11) 413 I NR NE No Yes
Szeto, 2004 (50) 270 I + P 35 NE Yes Yes

aPatient type: I, incident; P, prevalent; I + P, incident and prevalent.
bMean follow-up interval, unless stated otherwise.
cNE, not examined; NR, not reported.
dIn these studies, total creatinine clearance was related to outcome; there was no relationship between total Kt/Vurea and outcome.
eIn this study, total, renal or peritoneal Kt/Vurea or creatinine clearance did not enter the final multivariate model; however, total and renal urea and
creatinine appearances, as well as peritoneal creatinine appearance, was significantly related to survival. The relationship between peritoneal urea
appearance and mortality did not reach statistical significance.
f Studies in anuric individuals.
(Modified adaptation from: Paniagua R, Amato D, Vonesh E, et al. Effects of increased peritoneal clearances on mortality rates in peritoneal dialysis:
ADEMEX, a prospective, randomized, controlled trial. J Am Soc Nephrol 2002;13:1307.)
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however, they were unable to demonstrate any association be-
tween peritoneal clearances and outcome. Since this first report,
several observational studies, including large prospective co-
hort studies like CANUSA, NECOSAD, and EAPOS, have been
unable to demonstrate a survival benefit associated with higher
peritoneal clearances (11,41,44,45,48,49). Furthermore, two
randomized, controlled, clinical trials (ADEMEX and Lo
et al.) have now provided the final confirmatory evidence that
increases in peritoneal clearance within the range achieved in
clinical practice, does not result in any significant improvement
in patient morbidity or mortality (Table 99-4) (52,53). Even
among anuric patients, two of the three observational studies
have failed to demonstrate a statistically significant relationship
between peritoneal clearances and patient survival (42,47,49).
This accumulating body of data should not be taken to mean
that peritoneal clearances are biologically irrelevant or that
providing peritoneal clearances do not have a survival benefit—
an anuric patient would die in the absence of peritoneal clear-
ances. However, these data clearly suggest that within the range
of clearances currently achieved in clinical practice, higher peri-
toneal clearances are unlikely to result in significant reductions
in patient survival.

Small-Solute Clearances and Morbidity

ESRD patients suffer considerable morbidity, have impair-
ments in the quality of life, and patients treated with PD
continue to have a high rate of transfer off the therapy (“tech-
nique failure”). The relationship between the dose of dialy-
sis and hospitalization has been studied in several single- and
multicenter cohort studies. The preponderance of evidence sug-
gests that higher total (peritoneal + renal) creatinine clearances
are associated with a lower risk for hospitalization and tech-
nique failure; most studies have been unable to demonstrate
any relationship of these morbid outcomes with total Kt/Vurea
(33,35,36,44,47,54,55). Two of the three randomized, con-
trolled trials were unable to demonstrate any beneficial effect of
increasing peritoneal clearances on the risk for hospitalization
or the number of hospital days or technique survival (Table
99-4) (52,53). In the study by Mak et al. (51), the interven-
tion group had a higher hospitalization rate at the time of en-
try into the study when compared to the control group. Upon
follow-up over 12 months, the hospitalization rate remained
unchanged in the intervention group but increased in the con-
trol group, such that there was no significant differences in the
hospitalization rates between the two groups over the study
period (51).

Furthermore, observational studies have been unable to
demonstrate any relationship between the small-solute clear-
ances and the quality of life of PD patients (56–58). These
findings have now been confirmed by ADEMEX—a random-
ized, controlled, clinical trial (59).

Thus, the existing body of evidence suggests that within
the range of clearances currently achieved in clinical practice,
higher peritoneal clearances are unlikely to result in signifi-
cant improvements in hospitalization rate, technique failure,
or quality of life of PD patients.

Small-Solute Clearances, Nutritional Status,
and Patient Outcome

In order to determine the minimum dose of dialysis nec-
essary for patient well-being, several investigators have at-
tempted to determine the level of small-solute clearances that
prevents nutritional decline and optimizes nutritional status.

This approach is particularly relevant since there is a high
prevalence of protein-energy malnutrition (PEM) among dial-
ysis patients. Among PD patients, nutritional decline is evi-
denced by one or more of the following: low serum albu-
min, transferrin or prealbumin levels (38,60,–63), total body
nitrogen and potassium (64–66), plasma amino acid profile
and muscle protein content consistent with PEM (67–69),
low body mass index (BMI) (62,70) and fat-free, edema-
free mass (61,62,70), decreased skin-fold thickness (63,70,71)
and hand grip strength (70), poor subjective global assess-
ment (38,61,63,70,72–75), and composite nutritional index
(46). Furthermore, various measures of nutritional status,
viz., serum albumin (32,38,40,47,76–81), serum prealbumin
(80), dietary protein intake (77), fat-free, edema-free mass
(38,44,61,77), hand grip strength (82), total body nitrogen
(64), subjective global assessment (38,61,77) and, composite
nutritional index (46), are directly associated with survival of
patients undergoing PD. Finally, not withstanding the evidence
that the etiology of nutritional decline among ESRD patients is
multifactorial (including an important role of inflammation),
inadequate dietary intakes are probably important and inde-
pendent contributors to the high prevalence of PEM among
the dialysis population (83,84). It follows, then, if enchancing
the dose of dialysis can result in an increase in dietary intakes,
the higher dose would have the potential of improving their
nutritional status; this, in turn, would be expected to have a
salutary effect on patient outcome.

Cross-sectional studies have demonstrated a significant rela-
tionship between measures of small-solute removal (Kt/Vurea)
and dietary protein intake (measured as normalized protein
equivalent of nitrogen appearance, nPNA) in PD patients
(55,85–91). It is now believed that part of this relationship is
secondary to mathematical coupling (92,93). However, several
lines of evidence suggest that enhancing solute clearances via
dialytic therapies may be important in ameliorating anorexia,
a key manifestation of the uremic state. Studies suggest a rela-
tionship between the dose of urea removed and protein intake,
calculated from dietary records and interviews (85,92,94). The
relationship is statistically significant, even when the dose of
urea and creatinine removal is not normalized to body size
(85,86,95). Moreover, in PD patients, dietary energy intakes
also correlate with small-solute clearances (94,96,97). It ap-
pears that anorexia associated with renal failure is secondary
to increased levels of anorexigens and decreased levels of orex-
igens. Recent data suggest that middle-molecule fractions, iso-
lated from the dialyzer ultrafiltrate of plasma and from normal
urine inhibit food intake in rats in a dose-dependent manner
(98). Furthermore, reduced levels of appetite stimulants nat-
urally present in the body, like neuropeptide Y and ghrelin,
are associated with anorexia in CPD patients (99,100). Fi-
nally, addition of peritoneal clearances, as during commence-
ment of CPD therapy or an increase in peritoneal clearances,
are often associated with an increase in dietary protein intakes
(51,77,96,101–104) (also, Table 99-4). All these data suggest
that this relationship truly is physiologic.

Data indicate that the relationship between small-solute
clearances and dietary protein intake may be curvilinear
(105,106). The curve seems to plateau at dietary protein intakes
of 1.0 to 1.2 g/kg/day. These data are consistent with N-balance
studies that suggest that a dietary protein intake of 1.2 to 1.3 g/
kg/day is necessary to maintain neutral or positive N balances
in most patients undergoing chronic PD (85,107,108). Based
upon these considerations, the point where the curve-relating
dialysis dose and dietary protein intake plateaus may define
the “optimal” dose of dialysis for PD patients. However, not
withstanding the increase in dietary protein intake, recent ran-
domized controlled trials have been unable to demonstrate an
improvement in nutritional status with increasing peritoneal
clearances (51,53) (Table 99-4).
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TA B L E 9 9 - 5

TARGETS FOR SMALL SOLUTE CLEARANCES RECOMMENDED BY VARIOUS
ORGANIZATIONS FOR PATIENTS UNDERGOING CHRONIC PERITONEAL
DIALYSIS

Committee Nature of clearances Kt/V Creatinine clearance

United States—NKF-K/DOQIa Renal + peritoneal 1.7 —
Eurpoean Best Practice Guidelines Peritoneal 1.7 —
Canadian Society of Nephrology Peritoneal 1.7b —

aNational Kidney Foundation’s Kidney Disease Outcome Quality Initiative.
bFor patients with residual renal function >4 mL/min, a peritoneal Kt/V between 1.0 and 1.7 is
recommended.

Minimal Total Solute Clearance Goals

Several organizations around the world have developed clini-
cal practice guidelines to define the target level of small-solute
clearances required to optimize the health of patients undergo-
ing PD. As would be expected, these guidelines have evolved
with our understanding (as discussed above), particularly with
the availability of the results of two large randomized con-
trolled clinical trials (52,53). The updated guidelines by organ-
izations in United States, Canada, and Europe are summarized
in Table 99-5. When compared to guidelines published earlier,
the current recommendations differ in several important re-
spects. First, only one measure of adequacy is used to define
the minimum dose of dialysis (Kt/Vurea). Early studies, including
the CANUSA study, suggested that patient outcome was more
dependent upon total (renal + peritoneal) creatinine clearances
rather than total urea clearances (38). However, the contribu-
tion of renal creatinine clearance to total (renal + peritoneal)
creatinine clearances is substantially greater than of native re-
nal urea clearances. Since creatinine is secreted and urea is re-
absorbed by renal tubules, renal creatinine clearance is always
higher than renal urea clearance; on the other hand, peritoneal
clearances are dependent upon the molecular weight of the so-
lute in question. Thus, creatinine clearance (molecular weight,
113) is always lower than peritoneal urea clearance (molecu-
lar weight, 60). Consequently, the expected weekly creatinine
clearance is different in a patient who is just starting PD with
a residual renal Kt/Vurea of 2.0/week than in an anuric patient
with a peritoneal Kt/Vurea of 2.0/week. Thus, although both
markers of solute clearance may be predictors of outcome, the
target or goal for creatinine clearance may have to change over
time as residual renal function decreases and is replaced by peri-
toneal clearance. On the other hand, it appears from outcome
studies that the Kt/Vurea target may not need to change. Fur-
thermore, it is now recognized that the stronger relationship
of creatinine clearances to patient outcome was a result of the
effect of confounding effect of residual renal function. There
is no evidence that peritoneal creatinine clearances are supe-
rior in predicting outcome, when compared to peritoneal urea
clearance. In light of these considerations, the various expert
groups recommend only the use of Kt/Vurea to determine the
dose of dialysis (Table 99-5). Second, the targets for Kt/Vurea
have been changed, such that Kt/Vurea of 1.7 is now consid-
ered to be the minimum dose necessary needed for patient well
being. Based upon the results of the two recent randomized
controlled trials, it is also recognized that some patients may
require a higher dose of dialysis to manage uremic symptoms or
to achieve euvolemia (52,53). Third, there are no differences in
the definition of minimum dose of dialysis based upon the pa-
tients’ transport type (see below). Fourth, some expert groups

(Canada and Europe) have defined the adequacy of dialysis
based only upon peritoneal clearances, while others (United
States) define it based upon total clearances. Fifth, the targets
are the same, irrespective of PD modality (CAPD or APD). Fi-
nally, volume control is recognized as an additional dimension
to define adequate dialysis (see below).

MONITORING AND ADJUSTING
SMALL-SOLUTE CLEARANCES

Determination of Peritoneal Transport

In its function as a dialysis membrane, the peritoneum has two
important functions: diffusion (movement of solute across a
concentration gradient) and convection (movement of solute
along with water, ultrafiltration [UF]). There is interpatient
variation in peritoneal membrane transport characteristics. A
variety of methods have been suggested, standardized, and stu-
died to assess the peritoneal membrane function (Table 99-6)
(109–114). The most precise method to evaluate diffusive func-
tion of the peritoneum is to determine the mass transfer area co-
efficients (MTAC) of solutes like creatinine (115). These define
transport independent of ultrafiltration (convection-related so-
lute removal) and, consequently, are not influenced by dwell
volume or glucose concentration. In order to determine the
MTAC, additional laboratory measurements and computer
models are necessary, but, once these are obtained, MTAC can
be used easily in the clinical setting (112,115,116).

However, of these the peritoneal equilibration test (PET) is
the most widely used test to characterize the peritoneal trans-
port characteristics (109,110). All patients commencing PD
therapy should undergo a PET. The first PET should probably
be performed after at least 4 weeks of commencing peritoneal
dialysis therapy (117). While some centers choose to repeat a
PET only if clinically indicated, others perform the test period-
ically to monitor peritoneal membrane function.

In order to enhance the reproducibility of the test, several
steps of the PET are standardized: (1) Long (8 to 12 hours)
preceding exchange, (2) drain the preceding exchange as com-
pletely as possible over 20 minutes, (3) infuse 2 L of 2.5%
dextrose dialysate over 10 minutes (time 0), (4) take samples
of dialysate of times 0, 120, and 240 minutes, (5) in order to
take samples, 200 ml of dialysate is drained into a bag, 10 ml
is drawn for testing, and 190 ml is reinfused, (6) a blood sam-
ple is taken at 120 minutes, and (7) the dialysate is drained
completely at 240 minutes and the drain volume is measured.
Dialysate and serum urea, glucose, and creatinine are mea-
sured. For each dwell time (0, 120, and 240 minutes), dialysate
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TA B L E 9 9 - 6

TESTS TO EVALUATE PERITONEAL MEMBRANE FUNCTION

Parameter used to evaluate Parameter used to evaluate
Test solute removal function fluid removal function

Peritoneal equilibration test
(4-hour, PET)

D/P creatinine D/D0 glucose Drain volume

Dialysis adequacy and
transport test (24-hour,
DATT)

D/P creatinine Drain volume

Standard peritoneal analysis
(SPA)

MTAC creatinine Drain volume, D/P sodium,
and others

Personal dialysis capacity
(PDC)

Area parameter Ultrafiltration coefficient

Apex Purification phosphate time Apex time

to plasma ratios (D/P) of creatinine and urea are determined, as
is the ratio of glucose at the drain time (120 and 240 minutes)
to the initial dialysate glucose concentration (D/D0). These re-
sults are plotted against time and compared to known standard
curves (Fig. 99-2). Based upon the values of D/P creatinine or
D/D0 glucose, patients are classified into one of four categories:
low, low average, high average, and high transporters. It should
be noted that there is a significant discordance between the cate-
gorization of patients’ transport type, based upon whether D/P
creatinine or D/D0 glucose is used (Fig. 99-3) (118). Recent
studies suggest that abbreviating the preceding exchange to
2 to 3 hours does not significantly influence the values of
D/P creatinine or D/D0 glucose (119,120); thus, patients be-
ing treated with APD do not have to change their treatment
schedule on the day prior to the PET.

As more has become known about ultrafiltration and wa-
ter transport across the peritoneal membrane, it has been
recommended that a 4.25% dextrose PET be used to char-
acterize the ultrafiltration capacity of the peritoneum, includ-
ing aquaporin-mediated water transport and solute transport
(112). The 4.25% PET has been compared to the 2.5% PET in
a cohort of chronic PD patients and no clinically relevant dif-
ference in classifying the patients into different transport types
was noted, suggesting that the 4.25% PET may be as clinically
useful in prescription management as is the 2.5% PET (121).

FIGURE 99-2. Dialysate to plasma ratios (D/P) for creatinine and
drain time to initial dialysis concentration (D/D0) ratios for glu-
cose, generated from standard peritoneal equilibration testing. (From:
Twardowski ZJ. Blood Purif 1989;7:95, with permission.)

Clinical Relevance of Characterizing Peritoneal
Membrane Function

The PET is used specifically to characterize the patient’s peri-
toneal membrane transport properties. Knowledge of the peri-
toneal transport allows a physician to choose an appropriate
prescription for a patient; this is particularly useful when using
computerized, kinetic modeling for prescription management.

In general, high (rapid) transporters of creatinine and urea
also tend to be rapid absorbers of dialysate glucose (high D/P
creatinine and low D/D0 glucose). Therefore, although the D/P
creatinine ratios for 4-hour dwell tend to be close to 1, drain
volumes tend to be small. High transporters maximize their D/P
ratios and intraperitoneal volumes early during the dwell. Once
the osmotic gradient dissipates, UF ceases, followed thereafter
by net fluid reabsorption. With standard CAPD, these patients
may have drain volumes that are actually less than instilled vol-
umes. Short dwell times often are needed to optimize clearance
(122).

On the other hand, low (slow) transporters, peak UF occurs
late during the dwell, and net UF can be obtained even after
prolonged dwells because glucose absorption is slow (low D/P
creatinine and high D/D0 glucose). The D/P ratios for creatinine
and urea increase almost linearly during the dwell. For these
patients, dwell time is the crucial determinant of overall clear-
ance. They do best with continuous therapies, such as standard
CAPD or continuous-cycling PD (CCPD).

The PET also provides useful prognostic information. Early
studies demonstrated that high transporters had greater peri-
toneal protein losses, lower ultrafiltration with CAPD and,
hence, greater volume overload, higher symptom burden,
greater morbidity, and higher technique failure (123–127). The
reanalysis of the data from the CANUSA study indicated that
a progressive increase in peritoneal permeability is associated
with a higher risk for technique failure and/or death (Fig. 99-4)
(128). These findings have been confirmed in several other ob-
servational studies (39,129–132). However, using peritoneal
transport estimated either from the PET or 24-hour collec-
tions, other investigators have been unable to confirm the
poor prognostic value associated with a high transport type
(36,40,41,46,52,133). Furthermore, there was no apparent re-
lationship between the transport type and outcome in patients
undergoing APD (EAPOS study) (49). Not withstanding these
discrepancies, the present state of knowledge would suggest a
careful evaluation and aggressive management of nutritional
and volume status and comorbidities among individuals with
a higher transport type.

Finally, the PET cannot be used as a substitute to mea-
sure the dose of dialysis. While it is possible to estimate daily
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FIGURE 99-3. Discordance between categoriza-
tion of patients’ transport type by D/P creatinine
or D/D0 glucose. Thus, of the patients catego-
rized low transporter by D/P creatinine, 61% of
them will be classified as a low transporter by
D/D0 glucose; of the patients classified as low av-
erage transporter, 64% will be classified as low
average transporter by D/D0 glucose; of the pa-
tients classified as high average transporter, 57%
will be classified as high average transporter by
D/D0 glucose; and of the patients classified as
high transporter by D/P creatinine, 61% will
be classified as high transporter by D/D0 glu-
cose. (Modified from: Mujais S, Vonesh E. Profil-
ing of peritoneal ultrafiltration. Kidney Int Suppl
2002;81:S17, with permission.)

clearances from PET studies, these estimates can significantly
over- or underestimate actual daily clearances (134).

Measurements to Monitor Dialysis Dose

It is recommended that monitoring should include both dialysis
dose and nutritional parameters because outcomes correlate
with both. As discussed above, over the last decade, the dose of
PD has been monitored using both urea and creatinine kinetics
(135). In light of emerging data, however, the consensus of the
various expert groups seems to be to use only urea kinetics to
monitor the dose of PD (Table 99-5). The only major difference
appears to be with regard to defining the clearance targets based
upon peritoneal or total (renal + peritoneal) Kt/Vurea. This is an
important consideration, since for each 1 mL/minute of renal
urea clearance, there is approximately 0.25 added to the total
weekly Kt/Vurea for a 70-kg man.

Collections of dialysate and urine over 24 hours are rela-
tively easy to obtain and can provide most of the clinically rel-
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FIGURE 99-4. Relationship between transport type and patient out-
come. With increasing permeability of the peritoneum, as defined by the
peritoneal equilibration test, there is an increasing risk for death and/or
technique failure. (Modified from: the reanalysis of the CANUSA study
in Churchill DN, et al. Increased peritoneal transport is associated with
poor patient and technique survival on continuous ambulatory peri-
toneal dialysis. J Am Soc Nephrol 1998;9:1285.)

evant data one needs to individualize a patient’s prescription
and monitor progress. These collections also can be used to
calculate PNA, fat-free, edema-free mass (FFEFM), and other
variables (Table 99-7). The data obtained from 24-hour col-
lections is complementary to that obtained from PET and are
routinely used together for developing a patient’s dialysis pre-
scription and problem solving.

Calculation of Dialysis Dose

To individualize dialysis dose and make comparisons of dose
between patients, the solute clearances are typically normal-
ized. If urea kinetics (Kt/V) are used, the sum of the daily
dialysate and residual renal urea clearances are then divided

TA B L E 9 9 - 7

USEFULNESS OF 24-HOUR DIALYSATE AND URINE
COLLECTION

Urea kinetics
Renal urea clearancea

Peritoneal urea clearanceb

Total urea clearancea,b

Protein equivalent of nitrogen appearance (PNA)a,b

Urea generation ratea,b

Creatinine kinetics
Renal creatinine clearancea

Peritoneal creatinine clearanceb

Total creatinine clearancea,b

Creatinine productiona,b

Fat-free, edema-free massa,b

Dialysate to plasma creatininea

Ratio of measure to predicted creatinine generation

Others
Estimated glomerular filtration rate (mean of renal urea and

creatinine clearance)
24-Hour urine volume
Peritoneal drain volume—ultrafiltration rates

aUrine only.
bDialysis only.
(Modified from: Burkart JM, et al. 24-hour dialysate collection versus
peritoneal equilibrium test for determining adequacy of peritoneal
dialysis. Perit Dial Int 1992;12:104.)
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TA B L E 9 9 - 8

COMMONLY USED FORMULAS FOR PROTEIN NITROGEN APPEARANCEa

PNA = 10.76 (Gun + 1.46) (Randerson)
PNA = 9.35 Gun + 0.294 V + protein losses (modified Borah)
PNA = 6.25 (UNloss + 1.81 + 0.031 × body weight) (Teehan)
PNA = 6.25 × N loss (Kjeldahl)
PNA (g/24 h) = 15.1 + (6.95 × urea nitrogen appearance in g/24 h) + dialysate and urine

protein in g/24 h (Bergstrom)b

In the absence of direct measurement of urinary and dialysate protein losses, this following
less accurate formula may be used:

PNA (g/24 hours) = 20.1 + (7.50 × urea nitrogen appearance in g/24 h (Bergstrom)

aPNA, protein nitrogen appearance; Gun, urea nitrogen generation rate; V, volume of urea distribution;
UNloss , urea nitrogen loss; N, nitrogen.
bBergstrom J, Heimburger O, Lindholm B. Calculation of the protein equivalent of total nitrogen
appearance from urea appearance, which formulas should be used? Perit Dial Int 1998;18:467.
(Modified from: Keshaviah P, Nolph K. Protein catabolic rate calculations in CAPD patients. Trans Am Soc
Artif Intern Org 1991;37:M400.)

by the volume of distribution for urea (V) (29). The urea V
can be estimated to be 60% (males) or 55% (females) of the
patient’s weight in kilograms. More accurate estimations of
V can be obtained using standardized nomograms, such as
Watson (136) or Hume and Weyers (137). If creatinine clear-
ance is used as a measure of the dose of dialysis, it is recom-
mended that it be normalized to body surface area (BSA) using
1.73 m2 as the standard (138).

A controversial issue is what weight should one use when
calculating V and BSA (139). Weight has a different effect on
normalization (V or BSA) for men or women and for Kt/V or
creatinine clearance. The mathematical relationship between
V and BSA is not fixed and is modified by gender and obesity.
These differences are most marked when a patient’s weight
differs significantly from the norm in patients with the same
height and frame size. The actual V is different in a patient
with the same body weight if the increase in body weight from
desirable is owing to overhydration or increase in adipose tis-
sue. The same is true if loss of weight is due to malnutrition
versus amputation. There are published recommendations for
how to adjust for amputations when calculating V (140). Jones
noted that when actual body weight was used for normaliza-
tion, there was no difference in total solute clearances between
nourished and malnourished patients (141). However, when V
and BSA were calculated using desirable body weight, there
was a significant difference. The NKF–DOQI guidelines sug-
gest that in malnourished patients one must adjust the total
solute clearance goals for that patient to promote anabolism.
The guidelines suggest that the minimal weekly total solute
clearance goal should be adjusted by the ratio of desired:actual
body weight. In those cases, the minimal solute clearance in
terms of urea kinetics would be higher than 1.7 (i.e., 2.0 ×
desired:actual body weight). Further studies are needed to con-
firm the appropriateness of this recommendation.

Calculation of Dietary Protein Intake

Dietary protein intake can be directly measured in metabolic
wards, by dietary histories, or food recall records. An advan-
tage of using food records is that they also evaluate total en-
ergy intake. Unfortunately, food records are time consuming
and difficult to obtain because they require trained dietitians.
Therefore, most reports relating dialysis dose to protein intake
use estimations, based on urinary and dialysate nitrogen ap-
pearances and expressed as the protein equivalent of nitrogen

appearance, PNA (142). The most commonly used formulas to
estimate PNA are summarized in Table 99-8 (145–148).

The total PNA is then divided by the patient’s body weight to
determine the “normalized” PNA (nPNA), expressed in grams
per kilogram of body weight per day. This term does not take
into account differences in frame size and fat-free, edema-free
mass (FFEFM). If a patient is markedly obese, the aforemen-
tioned calculations give a falsely low nPNA for the patient’s
actual FFEFM. Conversely, if a patient is malnourished and
has a less than expected FFEFM, these equations give you a
falsely elevated nPNA. Various attempts to avoid this problem
are under investigation, but corrections have not been stand-
ardized. One modification uses actual measurements of V or
data from nomograms that more accurately estimate V. This V
is then “normalized” by dividing it by 0.58 kg/L to determine
normalized body weight. The PNA is then divided by normal-
ized body weight to get nPNA. An extension of these princi-
ples is utilized to determine FFEFM from creatinine kinetics
(149).

Adjusting Dialysis Dose and Recognizing
Pitfalls in Prescribing Peritoneal Dialysis

The initial PD prescription should be based upon a knowl-
edge of patient’s transport type (viz., determined using a PET),
body size, and presence or absence of residual renal function.
This can be done by using published algorithms (e.g., K/DOQI
guidelines, data from EAPOS) or using computerized kinetic
modeling (49,135,150,151). The clearances achieved with the
initial prescription should be confirmed with 24-hour collec-
tions of urine and dialysate. If the patient is not at goal, the
prescription should be adjusted. This adjustment can also be
done either empirically or using computerized kinetic modeling
programs. There are two general changes that can be made to
maximize clearances in an individual patient—either increase
the drain volume or increase the D/P ratio in the dialysate ef-
fluent. Increasing the instilled volume increases the total drain
volume and thus, the convective clearance. By altering dwell
time, one can change both the D/P ratio at the end of pre-
scribed dwell and the drain volume. The strategies to maximize
the drain volume in patients undergoing PD are summarized
in Table 99-9 (152–163). If a patient does not have a continu-
ously wet abdomen, providing 24-hour dialysis should be the
first step to enhance clearances. In a patient with continuously
wet abdomen, increasing the dwell volume should be the first
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TA B L E 9 9 - 9

STRATEGIES TO ENHANCE THE PERITONEAL SMALL SOLUTE CLEARANCES

Continuous ambulatory peritoneal dialysis Automated peritoneal dialysis

Daytime exchanges
Increase dwell volume (153)
Increase ultrafiltration (tonicity of

dialysate)

Daytime exchanges
Add daytime dwell (if dry day)
Add midday exchange (156)
Increase dwell volume
Increase ultrafiltration (tonicity of dialysate

or alternative osmotic agents like
icodextrin)

Nighttime exchanges
Increase dwell volume (153)
Increase number of exchanges (nighttime

exchange device)
Increase ultrafiltration (tonicity of dialysate

or alternative osmotic agent like
icodextrin)

Nighttime exchanges
Volume of each dwell (153)
Number of night time exchanges (162,163)
Number of hours of cycling (8–10 hours)

(156)
Increase ultrafiltration (tonicity of

dialysate)

step to enhance clearances. Most patients are able to tolerate
the increase fill volumes without any discomfort and, if blinded
to the fill volume, many are unable to correctly identify the
amount of fluid instilled (154,155) In order to improve toler-
ance, the fill volumes may be increased when the patient is lying
supine (i.e., for the night-time exchanges). Furthermore, cycler
therapy allows a gradual increase in fill volumes and improves
tolerance of increasing the volume of instilled dialysate.

Some issues to consider in patients on standard CAPD are:
(a) inappropriate dwell times (a rapid transporter would do
better with short dwells); (b) failure to increase dialysis dose to
compensate for loss of residual renal function; (c) inappropriate
instilled volume (patient may only infuse 2 L of a 2.5-L bag);
(d) multiple rapid exchanges and one very long dwell (patient
may do three exchanges between 9 am and 5 pm, and a long
dwell from 5 pm to 9 am, limiting overall clearances); and (e)
inappropriate selection of dialysate glucose for long dwells that
may not maximize UF and clearance.

Other problems are specific for those patients on cycler ther-
apy: (a) the drain time may be inappropriately long (more than
20 minutes), (b) inappropriately short dwell times may not
maximize clearances, (c) failure to augment total dialysis dose
with a daytime dwell (“wet” day versus “dry” day), and (d) in-
appropriate selection of dialysate glucose may not allow max-
imization of UF, resulting in less total clearance. One may be
able to achieve weekly urea clearance targets, but not creatinine
or middle-molecule clearance targets, with short dwell times,
as in NIPD. A shortened time with fluid in the peritoneum
is accompanied by decreased middle-molecule clearances and
this may have an adverse effect on outcomes. It appears rea-
sonable to say that when patients become anuric, they must
maximize their “time” (most of day) on dialysis to maintain
middle-molecular-weight clearances.

RESIDUAL RENAL FUNCTION
AND PERITONEAL DIALYSIS

Over the last decade, the centrality of residual renal func-
tion (RRF) in maintaining health and welfare of patients
undergoing PD has been established. Even though Maiorca
et al. (37) were the first to demonstrate the survival benefit
of RRF, the work by Diaz-Buxo et al. (40) first demonstrated
the lack of equivalence of renal and peritoneal clearances for
survival. This lack of equivalence of the two clearances for
survival has now been established in numerous cohort studies

(11,43,44,45,48). Over the same time period, data has accumu-
lated that patients with significant RRF have a lower morbidity,
have a lower severity of numerous complications associated
with uremia, and have a higher quality of life (Table 99-10)
(43,50,56,59,72,94,127,164–179). Thus, an understanding of
the determinants of and strategies that retard the rate of loss
of RRF are critical to the success of PD.

It is well documented that RRF is better preserved with PD
than HD (Table 99-11) (180–186). Some studies have suggested
patients undergoing automated peritoneal dialysis may have a
faster decline of RRF than patients undergoing CAPD (187–
190). Other investigators, however, have failed to confirm these

TA B L E 9 9 - 1 0

REPORTED BENEFITS OF RESIDUAL RENAL
FUNCTION IN PATIENTS UNDERGOING PERITONEAL
DIALYSIS

Greater probability of survival (11,37,40,43,44,45,48,52)
Lower morbidity

Hospitalizations (50,164)
Peritonitis rates (164)
Technique survival (50)

Cardiovascular
Lower total body and extracellular water (127)
Better control of blood pressure (165)
Lower left ventricular mass index (166).

Nutritional status
Higher dietary nutrient intakes (94,169).
Higher serum albumin (43,166,168,170)
Better nutritional status (72,168,170,172,173)

Anemia management
Higher hemoglobin (166,170)

Divalent ion metabolism
Better control of serum phosphorus (168,170,174,175)

Lower levels of circulating putative uremic toxins
Low molecular weight like α1-microglobulin, alkaline

RNAse (176)
“Middle molecules” (178)
Advanced glycosylation end-products like

carboxymethyllysine (177)
Better quality of life (56,59,179)
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TA B L E 9 9 - 1 1

SUMMARY RESULTS OF SOME OF THE STUDIES THAT HAVE COMPARED THE RATE OF DECLINE OF RESIDUAL
RENAL FUNCTION AMONG HEMODIALYSIS AND PERITONEAL DIALYSIS PATIENTS

Index of % Decline/ PD decline
Patient no. Study Baseline renal month rate, % of

Author (ref) HDd/PD design measure function (HDd/PD) HDd rate

Rottembourg, 1983 (180) 25/25 Prospective Predialysis Ccr
a 6.0/1.2 80

Cancarini, 1986 (181) 75/86 Retrospective Ccr
a 5.8/2.9 50

Lysaght, 1991 (182) 57/48 Retrospective Pre- and postdialysis Ccr
a 7.0/2.2 69

Misra, 2001 (183) 40/103 Retrospective Postdialysis Meanb 7.0/2.2 69
Lang, 2001 (184) 30/15 Prospective Dialysis start Ccr

a 9.4/5.0 47
Jansen, 2002 (185) 279/243 Prospective Predialysis Meanb 10.7/8.1 24
McKane, 2002 (186)d 300/175 Retrospective Pre- or postdialysis Urea Clc Rate of decline similar

in HD and PD

aCcr, timed creatinine clearance
bMean, mean of timed urea and creatinine clearances.
cUrea Cl, timed urea clearance.
dAll HD patients dialyzed with high flux dialyzers and ultrapure water.

findings (191–195) and, at this time, the importance of the PD
modality on the rate of decline of RRF remains unresolved.

Notwithstanding the beneficial effect of treatment with PD
on rate of decline of RRF, the renal function inexorably de-
clines over time. The determinants that affect the rate of decline
of RRF in PD patients have been studied in several cohorts
(Table 99-12) (191,194,196–201). The differences in the re-
sult of the studies may reflect differences in sample size (and,

hence, power), method of estimation of renal function, and dif-
ferent demographics of the various study populations. How-
ever, the preponderance of evidence suggests the presence of
comorbidities, particularly cardiovascular comorbidities, hy-
pertension, and proteinuria are the most important risk factors
associated with the rate of decline of RRF. Consistent with the
importance of hypertension and proteinuria in accelerating the
rate of loss of RRF, randomized controlled trials have shown

TA B L E 9 9 - 1 2

SUMMARY RESULTS OF THE MULTIVARIATE ANALYSES FROM COHORT STUDIES THAT HAVE EVALUATED THE
RISK FACTORS ASSOCIATED WITH A MORE RAPID RATE OF DECLINE OF RESIDUAL FUNCTION AMONG
PATIENTS UNDERGOING PERITONEAL DIALYSIS

Patient Patient Laboratory
Author (ref) number characteristics Comorbidity PD-related Medications variables

Shemin, 1999 (196) Aminoglycosides
Shin, 1999 (197) 80 Higher

peritonitis rate
Moist, 2000 (194) 1032 Females

non-Whites
CHFa

Diabetes mellitus
ACE inhibitorsb

Ca channel blockersb

Singhal, 2000 (191) 242 Large BMI CHFa

Diabetes mellitus
Higher

peritonitis rate
Larger dialysate

vol.

No use of anti-HTNd

Aminoglycosides

Holley, 2001 (198) 184 Cardiac disease
Caravaca, 2002 (199) 50 Females Baseline

renal
functionb

CHFa

Non-CINc etiology of
ESRD

Proteinuria

Jansen, 2002 (200) 243 Diastolic pressure Episodes of
dehydration

Proteinuria

Johnson, 2003 (201) 146 Large body
surface area

Baseline renal
function

High dietary
protein intake

Diabetes mellitus D/P creatinine

aCHF, congestive heart failure.
bPatients with these characteristics or treatment with these medications associated with a slower decline in residual renal function.
cCIN, chronic interstitial nephritis.
dAnti-HTN, antihypertensives.
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that treatment with angiotensin-converting enzyme inhibitors
(ACEI, ramipril) or angiotensin-receptor blockers (ARB, val-
sartan) significantly slows the rate of decline of RRF (202,203).
Finally, it appears that use of ACEI and ARB in patients under-
going PD is safe and dose does not result in significant eleva-
tions in serum potassium (204). This may be related to the use
of PD fluids without any potassium, as currently practiced.

ULTRAFILTRATION

A certain minimal amount of daily UF is necessary to maintain
water balance in patients with ESRD. This is achieved by an
osmotic pressure gradient between blood and the dialysate us-
ing glucose as the effective osmotic force. During UF, retained
solutes are swept along with the bulk solvent flow even in the
absence of a concentration difference for diffusion. This con-
tribution to net solute clearance has been termed solvent drag
or convection; therefore, overall solute clearance is the sum of
that owing to diffusion and convection.

Clinical Physiology

Simultaneous with UF of fluid from the bloodstream into the
peritoneal cavity, there also occurs absorption of fluid from
the peritoneal cavity, mainly via lymphatics (205). Intraperi-
toneal volume at any time is determined by the relative mag-
nitudes of transcapillary UF and lymphatic reabsorption. Net
UF at the end of any dwell is defined as the difference between
drained volume and instilled volume. This definition assumes
that the residual volume is constant, which is often not the case
(206,207). This variation is insignificant for day-to-day clinical
practice.

The driving force for UF decreases as the membrane be-
comes more permeable to solutes and the osmotic gradient di-
minishes. Ultrafiltration rates are highest at the beginning of the
dwell. As glucose is absorbed, UF decreases as osmotic equi-
librium is approached (208). Depending on the concentration
of instilled glucose, osmotic equilibrium is reached at different
times in the dwell cycle. For 2-L solutions containing 1.5%
dextrose, osmotic equilibrium and maximal drain volume are
reached after about 2 hours of dwell time in patients with aver-
age peritoneal membrane transport characteristics. For 4.25%
dextrose solutions, peak intraperitoneal volumes are not likely
to occur until after 3 or 4 hours (209). As osmotic equilibrium is
approached, intraperitoneal volume and ultimate drain volume
decrease owing to isosmotic absorption of fluids. In CAPD pa-
tients, this absorption rate ranges from 40 to 60 mL/hour and is
attributable primarily to lymphatic drainage of the peritoneum
(210).

Ultrafiltration Failure

Peritoneal UF is considered adequate when at least 5.5 mL of
filtrate is generated per 1 g of absorbed glucose (211). Ultra-
filtration failure can be defined as the failure of fluid removal
by peritoneal dialysis to match the volume balance and blood
pressure needs of the patient (i.e., there must be a balance of
input and output). Ultrafiltration failure represents a failure
to maintain volume homeostasis. This definition implies that
clinically, UF failure can result from either inadequate fluid re-
moval by PD or excessive salt and water intake. Furthermore,
failure to remove adequate amounts of salt and water by the
current PD prescription does not necessarily imply that there
must be a pathologic alteration of the peritoneal membrane
itself. Other possible causes include catheter malfunction,

inadequate use of hypertonic fluids, inappropriately long dwell
times, increased lymphatic reabsorption, fluid sequestration,
including, as recently described, retroperitoneal leakage (212)
and failure to match dwell time to peritoneal membrane trans-
port status (213–215).

Ultrafiltration failure in CAPD may be defined as clinical
evidence of fluid overload despite restriction of fluid intake
and the use of three or more hypertonic (4.25% dextrose) ex-
changes per day (216). However, other definitions have been
used in various publications; therefore, the exact incidence of
UF failure is unknown. At one center, UF failure was observed
in 6.2% of 227 CAPD patients over 10 years and the risk in-
creased with time on PD (217). The prevalence was 2.6% after
1 year on PD and 30.9% after 6 years. Others claim that UF
failure is responsible for up to 15% of PD technique discontin-
uation (218,219). If one considers a more rigid definition, such
as one defined by the ability of a specified hypertonic dwell to
remove a certain amount of fluid, the true incidence is rather
low.

Clinical symptoms consistent with UF failure are not always
caused by an actual loss of peritoneal UF capacity. Fluid over-
load, clinically mimicking UF failure, may occur when urine
volume decreases and fluid intake is excessive or during non-
compliance with the prescribed exchange regimen. Dialysate
leaks from the intraabdominal cavity into extraabdominal tis-
sue spaces may also result in loss of UF because of a de-
crease in dialysate contact with the peritoneal membrane. These
causes are not associated with a change in peritoneal mem-
brane transport characteristics. The first steps in the evalua-
tion of a patient with suspected UF failure are to determine
urine volume and to establish whether net effluent drain vol-
ume and/or peritoneal transport have changed. Apparent loss
of UF is potentially reversible if caused by catheter malposi-
tion, dialysate leak, or recent peritonitis, but usually is perma-
nent if kinetic studies suggest a reduction in UF capacity of the
membrane.

An ad hoc committee has recently reviewed UF issues in PD
and recommended a specific clinical definition for membrane
failure while outlining a rational approach to fluid management
and blood pressure control (220). This is based, in part, on
prior classifications based on transport findings and has been
revised for patients with irreversible UF failure (214,215). This
group recommends using a 4-hour dwell with 2.0 L of 4.25%
dextrose dialysate to diagnose and work-up UF failure. Using
this definition, less than 400 mL of net ultrafiltration after a
4-hour dwell is diagnostic of true peritoneal membrane failure.
A rational approach to the patient with suspected UF failure
is found in Figure 99-5. If a patient presents with the clin-
ical syndrome of volume overload, one (a) rules out dietary
indiscretion; (b) assures that the patient is on the appropriate
prescription for his or her peritoneal membrane transport type;
and (c) rules out mechanical problems. If these do not confirm
the cause, then a 4.25% PET is done, and UF volume and D/P
creatinine ratios are noted. Further evaluation is based on D/P
creatinine ratio.

Ultrafiltration Failure and
High Solute Transport

Patients with loss of UF and current 4-hour PET ratios of D/D0
glucose of less than 0.3 and D/P creatinine of greater than 0.81
are characterized as high solute transporters (see Fig. 99-2).
These patients tend to have rapid small-molecular-weight sol-
ute transport and poor UF owing to high (rapid) glucose
absorption and resultant rapid dissipation of the osmotic gra-
dient. These patients are the largest group with true UF failure.
Some patients have these transport characteristics at baseline
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FIGURE 99-5. Algorithm for loss of ultrafil-
tration in continuous ambulatory peritoneal
dialysis (CAPD) patients. D/P CR, dialy-
sis:plasma creatinine ratio. (From: Khanna R,
Nolph KD, Oreopoulos DG, eds. Essentials of
Peritoneal Dialysis. Dordrecht, The Nether-
lands: Kluwer Academic; 1993:98, with per-
mission.)

and, if their dwell times are mismatched for their membrane
transport characteristics, they often appear to have UF failure
as they lose residual renal function and no longer have urine
flow to supplement dialysate daily fluid losses. In other patients,
the loss of UF is owing to an increase in membrane transport.
This increase is caused by either an acquired increase in trans-
port (formerly called type I membrane failure) or membrane
changes associated with a recent episode of peritonitis.

Recent Peritonitis

It is a common clinical experience for PD patients to experi-
ence fluid retention during peritonitis. Compared to baseline, a
PET performed during peritonitis reveals an increase in the D/P
ratio for creatinine and a decrease in the D/D0 ratio for glu-
cose. There is also an increase in dialysate protein losses and a
significant decrease in net UF (221). These changes associated
with peritonitis are usually reversible after recovery. Micro-
scopic findings in patients with acute peritonitis have revealed
denudation of the mesothelial surface (222,223). However,
in some patients, remesothelialization never occurs even after
recovery from peritonitis (224) leading to chronic UF loss. Di
Paolo and co-workers (225) have demonstrated that autoim-
plantation of labeled cultured mesothelial cells in rabbits and
CAPD patients with peritonitis resulted in reimplantation, im-
provement in UF parameters, and normalization of dialysate
phospholipid concentrations. Further studies are needed before
widespread clinical use of this technique is advocated. These
patients often need a temporary change in their standard dial-
ysis prescription (shorter dwell times or increased tonicity) to
maintain UF. Several studies have indicated that UF during an
episode of peritonitis can be maintained with alternative os-
motic agents such as icodextrin (226).

Acquired Increase in Membrane Transport

Patients who develop an increase in peritoneal transport over
time on PD (formally called type I membrane failure) are the
most common cause of chronic UF failure in CAPD. Peritoneal

equilibration testing confirms high or high average transport
rates with resultant rapid glucose absorption, loss of the os-
motic gradient, and a decrease in net transcapillary UF. In
contrast to the situation seen with peritonitis, where transport
changes and protein losses usually are transient (227), small-
solute transport changes and protein losses are more permanent
with type I membrane failure (216). There also tends to be less
of a decline in dialysate sodium owing to the sodium sieving
with convective transport as seen in controls. These changes
are thought to result from an increase in effective surface area
of the peritoneal membrane.

These changes were originally described with acetate-
containing dialysis solutions (228) but have also been seen
in patients who have used only lactate-containing dialysis
(216). Reported microscopic findings are similar to those seen
with peritonitis. Recurrent peritonitis and use of hypertonic
dialysate have been implicated in some (229,230), but not all,
studies (216,231). The incidence of an increase in membrane
transport seems to increase with time on PD, implicating re-
peated exposure of the peritoneum to dialysate as a possible
cause. Davies et al. (232) retrospectively analyzed glucose ex-
posure in two patient cohorts: those whose transport charac-
teristics were stable over 5 years and those who exhibited an
increase in membrane transport over the same length of time.
They found that the patients who were destined to exhibit
increased transport over time had been exposed to a greater
glucose load from the inception of peritoneal dialysis strongly
suggesting a causal relationship (232).

Most cases can be managed by shortening dwell times.
Because these patients have high (rapid) transport of small
solutes, they have adequate urea and creatinine clearances
even with short dwell exchanges. Occasionally, resting the
peritoneum for at least 4 weeks through temporary transfer
to HD has been associated with an improvement (233,234).
Di Paolo and co-workers (235) found low phosphatidylcholine
levels in patients with various types of UF failure. Increases
in UF were observed after intraperitoneal phosphatidylcholine
administration in CAPD patients without UF failure (236,237).
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Possible explanations include direct membrane effects of phos-
phatidylcholine or decreased absorption via subdiaphragmatic
lymphatics by: (a) an increase in cholinergic tone, causing
contraction of subdiaphragmatic stomata (238); (b) neutral-
ization of the anionic charges on the lymphatic endothelium
by its cationic charge, which tends to keep stomas open;
and (c) surface-acting properties of the molecule that tend
to repel water and inhibit movement into the lymphatics.
Despite these initial findings, routine use of intraperitoneal
phosphatidylcholine cannot currently be recommended, be-
cause of concerns about safety and the possibility of adhe-
sion formation. The effects of oral phosphatidylcholine are
conflicting (239,240,241).

Patients with apparent ultrafiltration failure due to rapid
solute transport should be strongly considered for treatment
with icodextrin, a slowly metabolized glucose polymer which
acts as a colloid osmotic agent. While the rate of ultrafiltra-
tion with icodextrin is slower than that with dextrose, the
effect of icodextrin persists much longer, making it suitable
for ultrafiltration during long dwells of up to 14 to 16 hours.
In both CAPD and APD patients, icodextrin has been shown
to provide ultrafiltration superior to that with either 2.5% or
4.25% dextrose (242,243). This is associated with decreases
in total body and extracellular fluid water (242,244), lower
blood pressure (244), and, possibly, regression of left ventricu-
lar hypertrophy (245). Available in Europe for over a decade,
icodextrin has recently become available in the United States
as well.

With the use of icodextrin it is usually possible to achieve
adequate small-solute clearance in these patients; yet, a minor-
ity may require transfer to HD for volume and blood pressure
control. There also is a concern that continued membrane dam-
age may result in eventual progression to peritoneal sclerosis
or type II membrane failure (246,247). If so, it would be im-
portant clinically to closely monitor patients with type I failure
with PETs. If these patients continue on PD and their solute
transport declines, it may be beneficial to temporarily switch
them to HD to allow healing of the peritoneum (248).

Ultrafiltration Failure and No Change or
Average Solute Transport

Loss of UF in patients with no change or average transport
characteristics tends to result from catheter malfunction, fluid
leaks, or excessive lymphatic reabsorption (formerly type III
membrane failure), and aquaporin deficiency. If loss of UF
is owing to catheter malfunction or fluid leaks, the patients
do not have a functional change in their membrane and usu-
ally can be maintained on PD after the problem has been
resolved.

Excessive Lymphatic Absorption

Excessive lymphatic absorption (historically called type III
membrane failure) is a very uncommon cause of membrane
failure related to excessive rates of lymphatic absorption of
fluid (216). Although these patients may not have a significant
change in D/P values when compared to baseline, they do have
drain volumes after 4 hours of dwell that are less than baseline
values or what would be expected based on standard therapy.
A further diagnostic clue is that these patients tend to have
higher dialysate sodium concentration during the dwell than
controls (216,231) (Fig. 99-6).

Aquaporin Deficiency

This is a rare and only recently understood condition, which
may become more prevalent as a more uniform diagnostic ap-

FIGURE 99-6. Dialysate sodium concentrations as a function of time
in patients using 4.25% dextrose exchanges over 6-hour dwells. Results
are compared in patients with normal ultrafiltration kinetics (hollow
squares), those with high lymphatic absorption rates (solid triangles),
and those with high glucose absorption rates (hollow triangles). (From:
Heimburger O, et al. Peritoneal transport in CAPD patients with per-
manent loss of ultrafiltration capacity. Kidney Int 1990;38:495, with
permission.)

proach to UF failure is undertaken (249). Patients with sus-
pected aquaporin deficiency have damage to, decreased num-
ber of, or no water channels (ultra-small pores) that can lead
to deficient crystalloid-induced UF (250). These patients are
diagnosed clinically by finding less than 400 mL of UF with
a 4.25% PET and lack of sodium sieving early in the dwell.
However, one must be careful to exclude patients who are very
rapid transporters. Rapid transporters do exhibit sodium siev-
ing, but it occurs so early in the dwell that if looked for after
60 to 90 minutes of dwell time it may be masked. These pa-
tients should respond clinically to use of colloid osmotic agents
(such as icodextrin), which achieve ultrafiltration through a dif-
ferent mechanism and are not dependent on the water channels
for UF.

Ultrafiltration Failure and
Low Solute Transport

Patients with UF failure and low (slow) solute transport (D/D0
glucose of more than 0.5 and a D/P creatinine of less than
0.5) tend also to have inadequate small-solute clearances. Poor
UF occurs despite the maintenance of adequate osmotic gradi-
ents. These patients are found to have a loss of functional peri-
toneum and the differential should include: peritoneal sclerosis
(formally called type II membrane failure) or multiple peri-
toneal adhesions and, at times, patients with high lymphatic
absorption rates. These patients often require transfer to HD.

Peritoneal Sclerosis

An uncommon cause of UF failure is peritoneal sclerosis (type II
membrane failure). Patients present with failure of both UF and
small-solute transport. These patients have low net UF, normal
glucose absorption, and high lymphokine levels in the dialysate
associated with low prostaglandin E2 levels when compared to
individuals with normal or high peritoneal transport proper-
ties (251). Simple peritoneal sclerosis should not be confused
with the rare syndrome of encapsulating peritoneal sclerosis
(EPS) (368,369,370). With EPS, patients present with a thick-
walled membrane “cocoon” entrapping loops of bowel with
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associated anorexia, nausea, vomiting, malnutrition, and in-
testinal obstruction. As opposed to patients with EPS, patients
with simple peritoneal sclerosis do not have the surgical find-
ings of encapsulating fibrosis, but may have diffuse thickening
and fibrosis of the parietal and visceral peritoneum (369,371).
The etiology of EPS is uncertain. Peritoneal irritants, recurrent
peritonitis, long-term use of PD, acetate-containing dialysis,
chlorhexidine, beta-blockers, and high transporter status have
all been implicated in the pathogenesis (252–254). Mortality is
severe—as high as 60% within 4 months of diagnosis.

Treatment consists of corticosteroids, supportive care with
parenteral nutrition, and, in extreme cases, surgical enterolysis.
Recent experimental data supports a role for activation of the
renin–angiotensin system in this disorder suggesting a possible
therapeutic role for ACE inhibitors and/or ARBs (255,256).
Tamoxifen, an antiestrogen agent that inhibits protein kinase C
(PKC), has been used to treat retroperitoneal fibrosis, a process
with pathologic findings similar to those of peritoneal sclerosis
(257). It has also been used to stabilize the processes of both
simple sclerosis (258) and EPS (252,259).

Multiple Abdominal Adhesions

Extensive intraabdominal adhesions may result after recur-
rent or severe peritonitis and after catastrophic intraabdominal
events. These processes can cause a decrease in the peritoneal
membrane surface area in contact with dialysate. Although nor-
mal transport may occur in the membrane that is in contact
with dialysate, overall transport and net UF decrease simply
from loss of surface area. Surgical lysis of adhesions may result
in improvement and, if an adequate increase in surface area
can be achieved, PD could continue.

CATHETERS

Types of Peritoneal Catheters

The Tenckhoff catheter originally designed by Palmer and mod-
ified by Tenckhoff continues to be used in the majority of PD
patients (260,261–264). A number of variations are available.
The straight or curved subcutaneous portion may have one
or two cuffs. Double-cuffed catheters are used in the majority
of patients (262). The intraabdominal portion of the catheter
may be straight or curled. Curled catheters were designed to de-
crease outflow problems and infusion pain (264) but appear to
have similar complication rates as straight Tenckhoff catheters
(265,266).

The Toronto Western Hospital catheter has two silicone
rubber disks 5 cm apart on the intraabdominal portion of
the catheter (to prevent migration of the catheter tip) and a
Dacron disk at the base of the second cuff (to decrease the
risk of leaks) (267,268). The rates of complications are similar
with the Toronto Western and the Tenckhoff catheters (266),
although Flanigan and colleagues (269) found catheter survival
to be superior with the Tenckhoff catheter.

To decrease migration of the intraabdominal portion and
exit-site infections, Twardowski and associates (270) designed
a catheter with a curved subcutaneous pathway in which both
the internal and external exit sites are downward. Compar-
isons with the straight Tenckhoff catheter indicate similar 2-
year catheter survival, peritonitis risk, and exit-site infection
rates (271,272), although catheter migration may be decreased
with the Swan neck catheter (272,273). Hwang and colleagues
(274) found superior 3-year catheter survival rates with the
Swan neck catheter compared to the Tenckhoff catheter, which
was attributed to lower rates of cuff extrusion and pericatheter
leakage. Downward-directed tunnels are associated with lower

infection rates (275). A modification of the Swan neck catheter
with a presternal exit site had excellent 2-year survival of 95%
in the hands of an experienced team (276). Placement of a 5-
to 10-gram weight at the tip of the intraabdominal portion of
the catheter has also been shown to decrease catheter migra-
tion (277,278). In a recent multicenter study, use of this “self-
locating” catheter was shown to result in significant decreases
in catheter dislocation, peritonitis, tunnel infections, cuff extru-
sion, leakage, and obstruction with a concomitant improval in
overall catheter survival (278). Self-locating catheters are not
yet available in the United States.

The curled single-cuff Tenckhoff catheter is used in most
children (279). Three lengths of catheters are available: neona-
tal (8 to 10 cm from cuff to tip), juvenile (16 cm cuff to tip),
and adult, based on patient size (280).

Peritoneal Catheter Placement

The location of the exit site should be discussed with the pa-
tient prior to catheter placement to avoid the waistline. Pre-
operative laxatives are indicated for constipation, commonly
present in patients because of phosphate binders, and an impor-
tant cause of catheter malfunction (263). The patient should
void prior to the procedure; if the patient has a neurogenic
bladder, then urethral catheterization is performed. In many
patients, placement can be accomplished using local anesthe-
sia with sedation, although general anesthesia is occasionally
necessary (281). The patient usually does not require admis-
sion. Prophylactic antibiotics (generally a cephalosporin) for
catheter placement (282,283), given before the skin incision,
decreases the risk of catheter-related peritonitis (284).

Most peritoneal dialysis catheters are inserted by a surgeon
using a dissection technique (262). A small paramedian incision
is made overlying the rectus sheath down through the muscle
to the peritoneum (285,286). The catheter is inserted so that
the deep cuff is within the rectus muscle and the tip is in the
pelvis. A purse string of nonresorbable suture (to decrease the
risk of subsequent leaks) is placed where the catheter enters
the peritoneum. Catheter function is assessed by infusing and
draining fluid (287). The subcutaneous tunnel is formed such
that the superficial cuff is 3 cm from the skin surface (263)
and directed downward. A small exit site wound formed by a
tapered tunneling device of the same diameter as the catheter
is best for minimizing trauma and decreasing the risk of subse-
quent exit-site infection and catheter-related peritonitis (288).

Placement via a peritoneoscope is used in a minority of
catheters. This technique allows direct intraabdominal visual-
ization (262,289,290). Adhesions can be avoided and the tip of
the catheter placed to allow optimal catheter function. In a ran-
domized comparison of laparoscopic versus conventional dial-
ysis catheter insertion (both done by surgeons) outcomes were
not different except that the conventional placement was faster
(14 versus 22 minutes, p <0.0001) (291). However, in another
study comparing laparoscopic placement to historical controls
in whom catheters were placed by the same experienced sur-
geons using conventional technique, use of the laparoscope re-
sulted in a lower incidence of catheter dysfunction and superior
three-year catheter survival (292). The peritoneoscope may be
particularly useful in patients with previous surgery or when
placement by dissection results in a nonfunctioning catheter
(293,294).

Blind percutaneous catheter placement may be used for
placement of a catheter for acute renal failure to be used for a
short time (280). Percutaneous blind catheter insertion is the
least desirable technique, as it can be associated with organ
perforation and drain failure (295–297). Percutaneous catheter
placement using fluoroscopy is not widely performed (298).
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To decrease the risk of peritonitis via the tunnel, Moncrief
and co-workers (299) developed a new insertion technique. At
insertion, the entire external portion of the catheter is buried
in abdominal wall subcutaneous tissue. Three to 5 weeks later,
the catheter is externalized via a small incision, which becomes
the exit site. Burying the external portion of the catheter for
6 weeks does not change technique survival (300); data regard-
ing a possible decrease in infectious rates with this technique
are conflicting (300,301). This technique has been employed
for use with presternal as well as abdominal catheters (302).

Children require special consideration. In infants, the exit
site is located above the diaper area to prevent contamina-
tion (303). Partial omentectomy is useful to prevent outflow
problems. In boys, herniotomy and ligation of patent proces-
sus vaginalis at the time of catheter placement decrease the risk
of subsequent inguinal hernia and hydrocele (303).

Perforation of the bladder or bowel or laceration of the
spleen is an uncommon occurrence (304), but adhesions in-
crease the risk (305). Perforation of a hollow viscus should be
considered if the effluent is feculent or when watery diarrhea,
polyuria, or watery vaginal discharge occurs with infusion of
dialysate (305). Minor bleeding frequently occurs after catheter
insertion, but generally stops quickly and spontaneously. Flush-
ing the catheter with heparinized (500 U/L) dialysate is useful
to clear the catheter and prevent blockage by clots (306).

Postoperative Management and Exit Site Care

If possible, initiation of PD is postponed to allow healing and
prevent leaks (282). Under these circumstances, the catheter
should be flushed several times with 1 L of dialysate or saline
until the effluent is clear and then capped until training begins
(307). The use of 2-L exchange volumes may begin immediately
with no increased risk of leaks if bed rest is prescribed for the
first 3 days (308). Alternatively, the patient may be maintained
on HD until healing occurs. The risk of catheter complications
is the same for patients placed on IPD versus those on tempo-
rary HD during the healing phase (307); therefore, training on
the cycler (with the abdomen empty when erect) can be initiated
immediately after catheter placement.

Postoperative sterile dressing changes until healing takes
place may help reduce infection risk (283,309). The surgical
dressing may be left intact for several days unless there is bleed-
ing. The exit site should be kept dry until well healed; this may
require up to 2 weeks. During this interval, patients should not
shower or bathe in tubs; personal hygiene should be performed
with sponge baths. Povidone-iodine solution is commonly used
for postoperative cleaning of the exit site (283).

Once healed, many centers advise washing the exit site
with bactericidal soap and water during routine bathing (283).
Cleaning with povidone-iodine and the use of nonocclusive
dressing results in fewer exit-site infections than use of non-
bactericidal soap and water (310). The use of povidone-iodine
ointment applied to sterile gauze used as a dressing to the exit
site is effective to prevent early exit-site infections (311). Once
the exit site is well healed, swimming in chlorinated pools or
the ocean is permitted, but swimming in creeks or ponds or the
use of hot tubs should be avoided, because this may result in
infection (283).

Mechanical Complications

Early inadequate outflow occurs after 7% of catheter in-
sertions, requiring replacement in one-half of these patients
(281,312). Constipation may lead to shifting of the catheter po-
sition, drainage failure, and catheter loss. Ideally, the catheter
tip should be in a pelvic gutter, because this location results in

maximum outflow rate (313). Tip migration to the epigastric or
hypochondrial regions is generally associated with dysfunction
(281,312,314). Poor drainage owing to catheter malposition in
the upper quadrants may be corrected by manipulation with a
laparoscope or Fogarty catheter, fluoroscopically using a guide
wire, or surgically (271,315–321).

There are other causes of catheter dysfunction in addition to
catheter malposition. One- or two-way obstruction may result
from clots or fibrin within the lumen (287,305). Forcibly flush-
ing with heparinized saline may resolve this problem, but fibri-
nolytic agents may be effective if this fails (322–324). Omental
obstruction may necessitate omentectomy, especially in chil-
dren (281,287,303–305,325). Partial omentectomy at catheter
placement improves catheter survival and is performed rou-
tinely in children (326).

Peritoneal dialysate leaks, which may occur at several dif-
ferent locations (285,327), develop in 5% to 10% of catheters
in the immediate postoperative period (271,281,285,312) and
in 2% to 4% (312) of catheters later in the course of CAPD.
Dialysate leaking from the exit site presents as clear fluid that
is strongly test-strip positive for glucose. Leaks at the internal
cuff may present as abdominal wall edema. These leaks may re-
sult from the use of resorbable suture material at the deep cuff,
placement in a median rather than paramedian site, early initi-
ation of CAPD, or hernia formation (268,287,305,328). Com-
puted tomography scan peritoneography (using Omnipaque,
50 mL/L of dialysate) is the best way to evaluate leaks and her-
nias (329). A dialysate leak may resolve with PD in the supine
position or temporary cessation of PD (using HD) (285,305).
Dialysate leaks from the exit site often are associated with in-
fection; thus prophylactic antibiotics should be given (330). If
a leak occurring more than 1 month after catheter insertion
does not resolve within 4 days of reduced dialysate volumes,
or if it recurs after full volumes are resumed, surgical correction
generally is required (331).

INFECTIONS

Definitions of Peritoneal
Dialysis-Related Infections

Peritonitis is present when the effluent is cloudy with a white
blood cell count ≥100 cells/L with more than 50% polymor-
phonuclear cells (332). The patient usually has abdominal pain
but often does not have a fever (332–335). The effluent white
blood cell concentration is a less sensitive indicator of peritoni-
tis if the patient is already on antibiotics or if the patient is on
automated PD with either a dry abdominal cavity or a short
dwell time when presenting with peritonitis. In these circum-
stances, the percentage of neutrophils (more than 50%) is more
useful than is total white blood cell concentration (332).

Approximately 6% of patients with culture-positive effluent
present with abdominal pain and clear effluent (336). A delayed
effluent cell reaction occurs in two-thirds of these patients, but
one-third never develop an appropriate cellular response to in-
fection. When not experiencing peritonitis, such patients have a
lower dialysate cell count (particularly macrophages and CD4
lymphocytes) and a delayed production of interleukin-6 and -8,
compared to other patients. Any patient on PD, who presents
with abdominal pain, should be considered to have peritonitis
until proved otherwise.

An exit-site infection is defined by the presence of puru-
lent drainage, with or without erythema, at the catheter exit
site (337). Induration and tenderness at the exit site are ab-
normal and may indicate infection. In the absence of drainage,
erythema of the exit site (which is normally flesh colored) does
not necessarily indicate the presence of infection; erythema may
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FIGURE 99-7. Causes of 274 hospitalization for 126 peritoneal dial-
ysis patients, as percentages. (From: Fried L, et al. Hospitalization
in peritoneal dialysis patients. Am J Kidney Dis 1999;33:927, with
permission.)

result from irritation or trauma to the exit site (338), but is
seldom associated with catheter loss unless drainage also is
present (339). Nonpurulent drainage and crusting of the exit
site do not necessarily represent infection, nor does a positive
culture of a normal-appearing exit site (340).

An infection of the subcutaneous catheter (or “tunnel in-
fection”) is present when there is pain, tenderness, erythema,
or induration over the subcutaneous pathway. Tunnel infec-
tions most often occur in the presence of an exit-site infec-
tion (340,341). Tunnel infections often are clinically occult.
This has been shown by numerous studies using sonography
of the subcutaneous tunnel in patients with exit-site infections
(341–344). When peritonitis occurs in conjunction with an
exit-site infection owing to the same microorganism (partic-
ularly S. aureus or P. aeruginosa), the presumption should be
that there is a tunnel infection (345).

Peritoneal dialysis-related infections remain a major prob-
lem. Such infections are responsible for the majority of
catheters lost (284,346) and contribute to transfer of the pa-
tient to HD (347–349). Peritonitis is a major cause of hos-
pitalization (347,350,351) (Fig. 99-7). Peritonitis occasionally
results in death, either directly from sepsis or indirectly from
ensuing complications (284,352–354).

Dialysate Solutions and Peritoneal
Immune Function

Peritoneal host defenses are of great importance in preventing
peritonitis. Bacteria are cleared from the peritoneum by the
processes of opsonization, chemotaxis, phagocytosis, and in-
tracellular killing (355). Thus, bacterial contamination of the
peritoneal cavity does not always result in peritonitis if the peri-
toneal immune defenses are intact. Phagocytosis by peritoneal
macrophages decreases in the majority of patients 1 to 2 days
prior to the onset of clinical peritonitis, suggesting that not only
entry of bacteria into the peritoneal cavity but also malfunc-
tion of peritoneal immune function contributes to peritoneal
infection (356).

Peritonitis decreases peritoneal ultrafiltration (357,358).
During peritonitis there is a sharp rise in the dialysate to plasma
ratios for low, middle, and high molecular weight solutes,
which returns to baseline by 2 weeks. However, ultrafiltration

TA B L E 9 9 - 1 3

DIALYSATE COMPOSITION

Dextrose, measured in g/dL (%) as the hydrous dextrose,
available as 1.5%, 2.5%, and 4.25%

Sodium, measured as mEq/L, available at 132
Chloride, measured as mEq/L, available at 102, 96, and 95
Lactate, measured as mEq/L, available at 35 and 40
Calcium, measured as mEq/L, available at 2.5 and 3.5
Magnesium, measured as mEq/L, available at 0.5 and 1.5
Bag volumes, measured in L, available at 0.25, 0.5, 0.75,

1.0, 1.5, 2.0, 2.5, 3.0, 5.0, and 6

does not completely return to the baseline values, probably
because of impairment of transcellular water transport (358).
Effluent levels of interleukin-1 and -6, as well as transforming
growth factor-ß and fibroblast growth factor (both of the latter
being sclerogenic cytokines), remain elevated even 6 weeks af-
ter an episode of peritonitis (357), suggesting a mechanism for
decreased ultrafiltration in some patients with increasing time
on PD.

Dialysate interferes with peritoneal immune defenses.
Dialysate contains sodium, chloride, lactate, calcium, magne-
sium, and dextrose (Table 99-13). The acidic pH, lactate con-
tent, and hypertonicity of dialysate are nonphysiologic and im-
pair peritoneal immune function (359,360). The dilution effect
of dialysate also increases peritonitis risk. The immunoglobu-
lin and complement concentrations in dialysate are 1% to 2%
of those in the peritoneal cavity of patients not on PD (355)
and the concentration of peritoneal macrophages, important
in peritoneal defense against infection, is low (359).

Lactate is the commonly used alkali, because dialysate con-
taining both bicarbonate and glucose cannot undergo the rou-
tine heat sterilization procedures (361). Neutrophil function
is better preserved with bicarbonate-containing dialysate com-
pared to lactate-containing dialysate (362), although bicarbon-
ate with a high glucose concentration remains cytotoxic (363).
Lactate-containing dialysate with neutral pH is much less in-
hibitory of superoxide generation by neutrophils compared to
standard lactate dialysate and is almost similar to bicarbonate-
containing dialysate (364). Bicarbonate containing dialysate is
feasible, in that the bicarbonate and dextrose can be kept in
separate compartments and combined prior to infusion (361).
Two-chambered bicarbonate lactate-buffered PD fluid confers
better phagocytosis and is associated with lower glucose degra-
dation products compared to standard dialysate (365). Use of
bicarbonate-containing dialysate has been shown to improve
peritoneal macrophage function (366,367). It remains to be
seen whether this will result in lower peritonitis rates.

Polymers of glucose are an alternative to dextrose, partic-
ularly in high transporters (368,369). Dextrose is rapidly ab-
sorbed during a dwell, thus decreasing the osmotic gradient
and leading to considerable caloric load. Glucose polymers
are isosmolar; UF is obtained through colloid osmosis. In a
randomized multicenter study, icodextrin (a large-molecular-
weight glucose polymer), used for the overnight exchange, was
safe and provided effective UF, compared to 4.25 g/dL dextrose
dialysate (369). The glucose polymer solution is less suppres-
sive, compared to 2.5 g/dL and 4.25 g/dL dextrose dialysate,
on bacterial phagocytosis; this effect is predominantly owing to
the lower osmolality (370,371). Peritonitis results in increased
degradation of icodextrin, an increase in dialysate osmolality,
and, therefore, increased ultrafiltration, in striking contrast to
the changes seen with glucose dialysate in peritonitis (372).

Amino acid-containing dialysate has been proposed as an al-
ternative to glucose-containing dialysate. Polymorphonuclear
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cell function is not impaired by amino acid dialysate in contrast
to dextrose-containing dialysate (373). Amino acid dialysate
has similar small- and large-molecular-weight solute transport
and UF to equimolar dextrose dialysate (374). The use of one
exchange each day of a 1% amino acid dialysate for 6 months
improved nitrogen balance, but did not result in a rise in the
serum albumin (375). Disadvantages of amino acid dialysate
include a rise in the blood urea nitrogen level and a fall in the
bicarbonate (375); therefore, close attention must be paid to
urea nitrogen clearance to prevent uremia and oral sodium bi-
carbonate often is necessary during use of amino acid dialysate.
Amino acid-containing dialysate is not available in the United
States.

Dialysate is available in 2.5 and 3.5 mEq/L calcium.
Dialysate with 3.5 mEq/L calcium places the patient in posi-
tive calcium balance (376). Parathyroid hormone is suppressed,
which may contribute to the high prevalence of aplastic bone
disease in PD patients (377,378). The use of 3.5 mEq/L cal-
cium is associated with a higher risk of hypercalcemia (379).
Dialysate with 2.5 mEq/L calcium results in negative calcium
balance, allowing increased doses of calcium salts to be used for
phosphate control (376,379); however, the use of 2.5 mEq/L
calcium dialysate, especially without calcitriol, may lead to an
exacerbation of hyperparathyroidism (379,380).

Connection Devices

New connection techniques have resulted in a dramatic lower-
ing of peritonitis rates, particularly those owing to organisms
such as coagulase-negative Staphylococcus. For many years,
the standard connection system was a straight line with an
empty dialysate bag attached to the patient between dialysis
exchanges (381). The exchange was performed manually. The
straight-line system has been replaced with safer connection
systems, such as the Y-set and double-bag system. With the
Y-set, the patient connects the catheter to a Y-set of tubing at-
tached to a full dialysate bag and an empty bag. The patient
sequentially flushes dialysate through the line into the drain
bag to clear air, then drains the effluent from the peritoneum,
infuses the fresh dialysate, and disconnects the Y tubing, either
capping the catheter or snapping off the tubing. This strat-
egy is known as “flush before fill” and was initially brought
into practice by Buoncristiani (382). The double-bag system is
a further improvement in technology, because both the drain
and fill bags are already attached to the Y tubing; therefore, the
only possible site of contamination is during the connection the
patient makes to the exchange tubing attached to the catheter.
Peritonitis rates are significantly lower with the double-bag sys-
tem compared to the Y-set in high-risk populations (383,384).
The double-bag system offers little advantage over the Y-set
in centers with low peritonitis rates (385). However, a close
analysis indicates lower rates of Gram-positive peritonitis with
the double-bag as compared to the Y-set, suggesting that this
method further reduces the risk of contamination (Fig. 99-8).
Therefore, the best connection device is that with the preat-
tached bags (the double-bag system).

The data are conflicting on whether peritonitis rates are
lower on the cycler compared to CAPD, although a number
of studies suggest that is the case. deFijter and co-workers
(386,387) randomly assigned 82 patients beginning peritoneal
dialysis to cycler PD (type not identified) or CAPD using a Y-set.
Peritonitis rates were lower (0.51 versus 0.94 per dialysis year,
respectively) on the cycler. Similar differences, although accom-
panied by overall lower rates, were seen in a larger, nonrandom-
ized study from Spain (388). Because this center has a protocol
treating S. aureus nasal carriage, the rates of S. aureus peri-
tonitis were extremely low in both groups (0.03 episodes per
year at risk in both). Lower rates of coagulase-negative Staphy-

FIGURE 99-8. Episodes of peritonitis per dialysis year at risk in pa-
tients randomly assigned to the Y set or the double bag system for
CAPD. (Modified from: Li PK, et al. Comparison of double bag and
Y set disconnect systems in continuous ambulatory peritoneal dial-
ysis: a randomized prospective multicenter study. Am J Kidney Dis
1999;33:535.)

lococcus, Streptococcus species, and Gram-negative bacteria
reduced peritonitis in the cycler (Home Choice) group (Fig.
99-9). A strikingly high rate of Gram-negative peritonitis re-
sults from reuse of the cassettes (not recommended by the man-
ufacturer) (389,390). A recent study suggests that NIPD may be
associated with lower infection rates, perhaps due to enhanced
peritoneal immune function as a consequence of the abdomen
being kept dry for a portion of the day (391).

Catheter Infections

The International Society for Peritoneal Dialysis has recently
published a comprehensive review of the approach to infectious
complications in the PD patient (337). The reader is referred
to that article for detail; the following is a broad overview.

There is marked variation in reported rates of exit-site in-
fections, in part because of differing definitions and because
exit and tunnel infections are not always reported separately
(392). The catheter infection rate is reported at about 0.6 per
year in the National CAPD Registry and many single centers
(339,392–395). The rate of clinically obvious tunnel infection
is 0.19 per year (22) (396); however, when an exit-site infection
is present, fluid collections along the subcutaneous pathway
can be frequently demonstrated by ultrasound examination.
Tunnel involvement is common when an exit-site infection is
concurrent (341–344,397).

FIGURE 99-9. Episodes of peritonitis per dialysis year at risk in
patients on CAPD versus APD The center uses prophylaxis for S.
aureus nasal carriers; therefore, S. aureus peritonitis rates are very low
in both groups. (Modified from: Rodriguez-Carmona A, et al. A com-
parative analysis on the incidence of peritonitis and exit-site infection in
CAPD and automated peritoneal dialysis. Perit Dial Int 1999;19:253,
with permission.)
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TA B L E 9 9 - 1 4

PATHOGENS CAUSING EXIT-SITE INFECTIONS

Pathogens Episodes per year

S. aureus 0.3–0.4a

S. epidermidis 0.1
Gram-negative 0.1–0.2
Culture-negative 0.03–0.1

Total 0.6–0.7

aMuch lower in programs using S. aureus prophylaxis.
(Modified from: Flanigan MJ, et al. Continuous ambulatory peritoneal
dialysis catheter infections: diagnosis and management. Perit Dial Int
1994;14:248; Holley JL, Bernardini J, Piraino B. Infecting organisms
in continuous ambulatory peritoneal dialysis patients on the Y-set. Am
J Kidney Dis 1994;23:569.)

Microorganisms causing exit-site infections are shown in
Table 99-14. The most common organism causing exit-site and
tunnel infections is Staphylococcus aureus, which may be dif-
ficult to resolve and can lead to peritonitis and catheter loss
(347,345,393,394,396,398–401). Pseudomonas aeruginosa is
the second most common cause of exit site and tunnel infec-
tions and frequently recurs or is refractory to antibiotic therapy
and tunnel revision (402). Therefore, early catheter removal is
appropriate if the patient does not respond to a course of antibi-
otics. Staphylococcus epidermidis and culture-negative exit-site
infections are generally nonpurulent and, infrequently, cause
peritonitis (393).

The peritonitis rate in patients who have catheter infections
is more than twice that of patients who do not (341,393). In-
volvement of the tunnel, especially the inner cuff as demon-
strated by ultrasound, predicts subsequent peritonitis (341).
Even in the absence of a clinical tunnel infection and with res-
olution of exit-site infection with therapy, the deep cuff may
harbor S. aureus or P. aeruginosa, resulting in recurrent peri-
tonitis (395,403).

A number of studies have demonstrated the efficacy of lo-
cal antibiotics applied to the exit site to prevent infections.
Daily exit site mupirocin is highly effective in reducing S. au-
reus exit-site infections (404,405). It must be noted, however,
that organisms with low-level mupirocin resistance have be-
gun to emerge (406–408). While this is not yet a clinical con-
cern, should the organisms acquire high-level resistance (MIC
≥512 μg/ml), increased infection and/or relapse rates may en-
sue. Ciprofloxacin otologic solution, 0.5 mL single-dose vial,
applied daily as part of routine care, reduced both S. aureus
and P. aeruginosa exit-site infections compared to historical
controls (409). However, the use of ciprofloxacin may be pro-
hibitively expensive for many patients. A recent double-blind
study compared the effects of 0.1% gentamicin sulfate ver-
sus 2% mupirocin applied to the exit site daily (410) (Fig.
99-10). Use of gentamicin resulted in significantly decreased
rates of exit-site infections and peritonitis. Gram-negative in-
fections were markedly diminished by the use of gentamicin
and there were no infections with Pseudomonas aeruginosa; the
frequency of Staphylococcus aureus infections was unchanged.
Gentamicin has the added advantage of being far less expen-
sive than is mupirocin. This regimen is likely to become the
preferred mode of prophylaxis for catheter-related infections.

Peritonitis

Peritonitis rates with the disconnect systems generally are 0.4
to 0.6 per year (382,398,411,412). The organisms that cause

Incident
patients

Prevalent
patients

Mupirocin

Gentamicin
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0.7

0.6
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FIGURE 99-10. Rates of exit-site infections in incident (on ≤3 mo)
and prevalent patients (on >3 mo). In both groups, those who were
using gentamicin exit site cream had significantly lower (p <0.01) rates
than those who were using mupirocin.

peritonitis are listed in Table 99-15 (398,413,414). Many other
organisms in addition to those listed have been identified in
episodes of peritonitis, including those caused by fungi, pro-
tozoans, algae, viruses, and mycobacteria (415–417). The out-
come of peritonitis is highly organism-specific. Etiologies of
peritonitis are shown in Figure 99-11.

Contamination at the time of an exchange, usually but
not invariably resulting in coagulase-negative staphylococcal
peritonitis, remains a leading cause of peritonitis (398,418).
Staphylococcus epidermidis peritonitis is not usually caused
by a catheter infection (348) or colonization of the skin, nose,
or exit site (419,420); however, S. epidermidis can colonize the
peritoneal catheter, producing a slime layer that can extend
from the exit site through the cuff(s) into the peritoneal cav-
ity (421). The rate of bacterial colonization of the catheter is
related to the degree of bacterial contamination of the exit
site at the time of catheter insertion, but, within 3 weeks
of insertion, most catheters are colonized (421,422). The re-
lationship of biofilm to peritonitis is unclear. Recurrent or

TA B L E 9 9 - 1 5

PATHOGENS CAUSING PERITONITIS USING
DISCONNECT SYSTEMS

Pathogens Episodes/year

S. epidermidis 0.1–0.2
S. aureus 0.15a

Other Gram-positive 0.1–0.2
Gram-negative 0.1
Polymicrobial 0.01
Fungi 0.01
Culture-negative 0.01–0.1

Total 0.4–0.6

aApproximately one-third this in programs using S. aureus
prophylaxis.
(Modified from: Holey JL, Bernardini J, Piraino B. Infecting organisms
in continuous ambulatory peritoneal dialysis patients on the Y-set. Am
J Kidney Dis 1994;23:569; Tofte-Jensen P, et al. PD-related infections
of standard and different disconnect systems. Adv Perit Dial
1994;10:214; Lupo A, et al. Long-term outcome in continuous
ambulatory peritoneal dialysis: a 10 year survey by the Italian
cooperative peritoneal dialysis study group. Am J Kidney Dis
1994;24:826.)
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FIGURE 99-11. Etiologies of peritonitis. (Modified from: Harwell
CM, et al. Abdominal catastrophe: visceral injury as a cause of peritoni-
tis in patients treated by peritoneal dialysis. Perit Dial Int 1997;17:586,
with permission.)

relapsing peritonitis (defined as a second episode owing to the
same organism within 2 to 4 weeks of stopping antibiotics)
is generally caused by staphylococcus (423,424) and may be
related to the presence of biofilm, which shields bacteria from
antiobiotics. Some recurrent S. epidermidis peritonitis episodes
have the same plasmid profile as the organisms causing the first
infection (425,426). The coagulase-negative staphylococci iso-
lated from patients with peritonitis are more likely to be pro-
ducers of biofilm than are isolates not associated with peritoni-
tis (427,428); however, biofilm formation does not invariably
lead to peritonitis (425,429). The keys to preventing peritoni-
tis caused by coagulase-negative staphylococcal peritonitis are
avoidance of connection techniques requiring spiking of bags
and extensive training of the patient in aseptic technique. Miller
and Findon (430) have demonstrated that proper hand wash-
ing and drying prior to performance of an exchange sharply
reduces bacterial numbers on the spike connection and in the
peritoneal space after touch contamination (430).

Staphylococcus aureus carriage and catheter infections are
another source of peritonitis. S. aureus in the nares, at the exit
site, or on the skin is strongly associated with S. aureus catheter
infection and peritonitis (431–436). Prevention of S. aureus
peritonitis is critical, because the outcome is worse compared
to that of other staphylococcal infections (437,438). Several
antibiotic protocols have been shown to decrease the risk of
S. aureus infection in PD patients (404,405,435,439–443).
These predominantly use intranasal mupirocin cream, bid for
5 days monthly for carriers, or daily at the exit site. These pro-
tocols are uniformly effective in reducing exit-site infections.
Exit-site mupirocin is also effective in reducing S. aureus peri-
tonitis (404,405). As discussed above, low-level mupirocin re-
sistance has been reported (406). Gentamicin is equally effi-
cacious as mupirocin for prophylaxis against S. aureus and is
superior for the prevention of Gram-negative infections (410).

Gram-negative peritonitis, which is associated with consid-
erable morbidity (437), is not well understood. The bowel may
be a source, through translocation of bacteria across the bowel
wall or secondary to organ pathology (444,445). Constipa-
tion and enteritis have both been associated with peritonitis
due to enteric organisms (446,447). Approximately one-third
of peritonitis episodes owing to enteric organisms have un-
derlying visceral injury (445). Peritonitis caused by intraab-
dominal pathology is associated with severe symptoms and
commonly results in transfer of the patient to HD and death
(352,444,445,448,449–451), especially if surgery is delayed.
Causes of enteric peritonitis in PD patients include ischemic
bowel, cholecystitis, appendicitis, perforated ulcers, colonic

TA B L E 9 9 - 1 6

FUNGAL PERITONITIS WITHOUT AND WITH
PROPHYLAXIS

Reference Prophylaxis Incidencea

Zaruba (471) Nystatin tid 0.20 vs. 0.03
Robitaille (472) Nystatin or ketoconazole 0.14 vs. 0
Wadhwa (473) Fluconazole qod 0.08 vs. 0.01
Lo (474) Nystatin qid 0.02 vs. 0.01
Thodis (475) Nystatin qid 0.02 vs. 0.02
Williams (476) Nystatin qid 0.01 vs. 0.01

aAntibiotic associated fungal peritonitis, in episodes per year. Rate
without prophylaxis given first.

polypectomy, and diverticulae (445,451) (see section on in-
traabdominal catastrophes). An elevated amylase level in the
dialysate effluent is a clue to the presence of enteric peritonitis
(452).

Procedures, such as colonoscopy (453–455) endoscopy with
sclerotherapy (456), dental manipulation, endometrial biopsy,
liver biopsy, and laparoscopic cholecystectomy (457–459) can
result in peritonitis; thus, antibiotic prophylaxis is indicated.
Other unusual causes of peritonitis are vaginal leak of dialysate
(460,461) and the use of intrauterine devices (462). It is rec-
ommended that the abdomen be emptied of fluid prior to pro-
cedures involving the abdomen or pelvis (337).

Fungal peritonitis accounts for 2% to 3% of all peritonitis
episodes (463). Abdominal pain may be severe and associated
with fever (450,464). Patients may be acutely ill and appear to
have a surgical abdomen; death may result (465), particularly
if catheter removal is delayed (466,467). Mortality with fungal
peritonitis is 14% to 27% (463,468,469). Prior antibiotic ther-
apy and frequent bacterial peritonitis are predisposing causes
(463,468). Prophylaxis, mainly using nystatin during antibiotic
therapy, appears to be most effective in programs with high fun-
gal peritonitis rates (Table 99-16) (471–476). Programs with a
low fungal peritonitis rate do not appear to benefit from pro-
phylaxis.

The optimum technique for culture of peritoneal dialysate
consists of centrifugation of 50 mL of peritoneal effluent at
3,000 g for 15 minutes followed by resuspension of the sedi-
ment in 3 to 5 mL of sterile saline and culture on both solid and
liquid media (337). More commonly, however, 5 to 10 mL of
dialysis effluent is injected directly into blood culture bottles.
When processed in this fashion the culture is “sterile” in ap-
proximately 14% to 20% of episodes that meet the criteria for
peritonitis based on cell count (398,477). A fastidious microor-
ganism that has not grown in culture probably causes most of
these episodes. When subsequently recultured, a microorgan-
ism is identified in one-third (477). Also, recent antibiotic ex-
posure can render dialysate “sterile,” despite active peritonitis
(478). Mycobacteria always should be considered in peritonitis
that is culture negative. Such patients have cloudy effluent, ab-
dominal pain, and fever. Extraperitoneal TB is not necessarily
present (479). Polymorphonuclear cells predominate in the ef-
fluent and, thus, do not distinguish Mycobacterium peritonitis
from bacterial peritonitis. Acid-fast bacillus (AFB) smears of
the effluent, even examining three concentrated specimens, are
seldom positive; therefore, the diagnosis is generally made on
culture, delaying treatment for weeks. Peritoneal tissue cultures
are more optimal than culture of peritoneal fluid.

The differential diagnosis for truly sterile cloudy fluid is
broad and is best approached by considering whether turbid-
ity is due to cellular or acellular elements (480). Acellular
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causes include fibrin and triglycerides; the latter may be due
to lymphatic obstruction, superior vena cava syndrome, pan-
creatitis, or certain calcium channel blockers (480,481). Cel-
lular elements may include polymorphonuclear leukocytes,
eosinophils, red blood cells, or malignant cells (480). Intraperi-
toneal generic vancomycin (482) and amphotericin may cause
chemical peritonitis (483). Icodextrin had been previously re-
ported to cause sterile peritonitis with the number of cases
peaking in 2002 (484–486). This was determined to be a con-
sequence of contamination with a bacterial peptidoglycan that
was introduced during the manufacturing process (487). Cor-
rection of the manufacturing process has virtually eliminated
this problem (incidence now 0.01%).

A number of demographic features are associated with an
increased risk for peritonitis. White nondiabetic patients aged
20 to 59 years have the lowest risk of peritonitis (392). The
reason for the increased risk seen in Blacks is not understood
(488–490). Conflicting data exist on whether diabetic patients
have an increased risk of peritonitis (262,392,491,492). Age
more than 60 years was a risk factor for peritonitis in the final
report of the National CAPD Registry (392,493), but other
studies indicate that elderly patients have similar peritonitis
rates as younger patients (488,494,495). Peritonitis rates in
children are higher than those of adults (279,496,497). Im-
munosuppressed patients are also at increased risk, especially
for infections owing to S. aureus and fungi (498).

Other factors influencing peritonitis risk include connection
technology; with the lowest rates occurring with the double-
bag system for CAPD and a cycler system that does not involve
spiking (discussed in the preceding). Peritonitis risk is increased
after an episode of peritonitis (262,418). Single-cuff catheters
are associated with a higher risk of peritonitis than double-
cuff catheters (262,284). Neither catheter design nor insertion
technique is associated with higher or lower peritonitis rates
(262,284); however, downward directed tunnels decrease the
risk of catheter-associated peritonitis (284).

Treatment of Peritoneal
Dialysis-Related Infections

Exit-Site Infections

The initial antibiotic for an exit-site infection must be ac-
tive against staphylococci, with subsequent therapy depen-
dent on the specific organism identified. Oral antibiotics are
as effective as intraperitoneal antibiotics with the exception
of infections with MRSA (337,339); these will usually re-
quire treatment with vancomycin. Sonography of the tun-
nel is useful to determine length of therapy (Fig. 99-12).
Those infections limited to the exit site require an av-
erage of 2 weeks of antibiotic therapy, whereas involve-
ment of the superficial tunnel lengthens average therapy to
3 weeks or more. Involvement of the deep cuff requires
2 months or more of antibiotic therapy and may require re-
moval of the catheter to prevent peritonitis (344). Local care
of the exit site is generally intensified and, in mild or equivocal
exit-site infection when the tunnel is not involved, this may suf-
fice as therapy (283). If prolonged antibiotic therapy fails to re-
solve the exit-site infection, revision of the tunnel with removal
of the external cuff (in two cuffed catheters) may help to pro-
long the life of the catheter (394,499), but often eventually
results in peritonitis (394,500). An incision is made over the
tunnel to expose the cuff, which is carefully shaved from the
catheter. The area of granulation tissue and cellulitis may also
be débrided (501). Cuff shaving and tunnel revision are never
effective if catheter-related peritonitis is present (500).

FIGURE 99-12. Extent of S. aureus catheter infection (N = 49) using
sonography with mean days of therapy also shown. (From: Vychytil
A, et al. Ultrasonography of the catheter tunnel in peritoneal dialysis
patients: what are the indications? Am J Kidney Dis 1999;33:722, with
permission.)

Pseudomonas exit-site infections are particularly prone to
recurrence and often lead to peritonitis, which is a devastating
complication (402,502). Therefore, if the patient has a his-
tory of prior exit-site infection with Pseudomonas, the antibi-
otic chosen for empiric therapy should be efficacious against
that organism (e.g., oral quinolone). Dual therapy is sometimes
needed and the duration of therapy may need to be extended
to as long as 6 weeks. Recurrent and refractory exit-site infec-
tions might be best managed with catheter replacement. In such
high-risk patients, to prevent recurrence in a new catheter, con-
sideration should be given to using gentamicin or ciprofloxacin
otic solution at the exit site, as previously described.

Peritonitis

As discussed above, not all patients who present with cloudy
dialysate will prove to have peritonitis. Nevertheless, to avoid
delay in treatment, empiric antibiotic therapy should be started
upon presentation with cloudy dialysate (337). Treatment
should be given quickly because shock and death can ensue
rapidly, especially with streptococcal peritonitis (503,504). Ini-
tial therapy should include coverage for both Gram-positive
and Gram-negative organisms (337). This should be guided by
knowledge of both the patient’s history and the individual pro-
gram’s pattern of microorganisms responsible for peritonitis
and their antibiotic sensitivities.

A first-generation cephalosporin or vancomycin should be
used to provide Gram-positive coverage. A single daily dose
of cefazolin, 15 mg/kg, results in dialysate concentration lev-
els above the minimum inhibitory concentration over 24 hours
for sensitive organisms, allowing once a day dosing (for those
without residual renal function) in CAPD patients (505). There
are limited data on once daily dosing of cefazolin for CCPD
patients. Therefore, these patients should be treated with con-
tinuous intraperitoneal cefazolin, until more data are avail-
able. Vancomycin is needed in patients with a cephalosporin
allergy and should be used in centers with a high incidence
of infection with methicillin-resistant organisms (506). Plasma
vancomycin levels should be checked frequently, particularly
in patients with residual renal function, and levels maintained
≥15 μg/mL.

Gram-negative coverage may be provided by a third-
generation cephalosporin (e.g. cefepime or ceftazidime) or an
aminoglycoside agent (Table 99-17). A single dose of cef-
tazidime, 15 mg/kg IP, results in serum and dialysate concentra-
tions above the MIC (for susceptible organisms) for more than
24 hours, because the serum elimination half-life is 22 hours
(507). Although long-term aminoglycoside therapy should be
avoided when possible to preserve residual renal function (508)
a short course of empiric therapy appears to be safe (509).
Quinolones may be used by centers with documented local
sensitivities of Gram-negative organisms to this class of drugs.
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TA B L E 9 9 - 1 7

ANTIBIOTIC DOSES FOR PERITONITIS

Antibiotic Dose intraperitoneally

Cefazolin or cephalothin 15–20a mg/kg once daily
Vancomycin 30 mg/kg once, then 15

mg/kg every 5 d
Ceftazidime 15–20a mg/kg once daily
Gentamicin, tobramycin, or

netilmycin
0.6 mg/kg once daily

aHigher dose for patients with residual renal function.
(Modified from: Piraino B, et al. Peritoneal dialysis related infections
recommendations: 2005 update. Perit Dial Int 2005;25:107.)

Subsequent therapy after antibiotic loading depends on
the organism isolated. Staphylococcus aureus or S. epider-
midis may be treated with a first-generation cephalosporin
alone, if methicillin-sensitive. Fifty percent or more of S.
epidermidis causing peritonitis is resistant to cephalosporins
(510,511). These patients should be treated with vancomycin,
as should patients with methicillin-resistant S. aureus (MRSA)
peritonitis (512). MRSA peritonitis has a failure rate of 60%
when treated with vancomycin alone and, frequently, re-
sults not only in catheter loss but also in peritoneal adhe-
sions precluding further PD (513). Therefore, rifampin should
be added to vancomycin therapy. Peritonitis caused by van-
comycin intermediate-resistant S. aureus has been reported
and was successfully treated with rifampin and trimethoprim–
sulfamethoxazole (514).

Streptococcal or enterococcal peritonitis is best treated with
ampicillin; an aminoglycoside may be added for synergy in
enterococcal infections. Vancomycin-resistant enterococcus as
a cause of peritonitis in PD patients is still rare, accounting
for 0.4% to 4% of episodes (511,515). This is probably be-
cause colonization of PD patients with vancomycin-resistant
enterococci is infrequent (516–518). Vancomycin-resistant en-
terococci should be treated with linezolid or quinopristin/
dalfopristin.

Infections due to S. aureus or enterococci require 3 weeks of
therapy; 2 weeks is generally sufficient for other Gram-positive
cocci. For any peritonitis, failure to achieve clear dialysis efflu-
ent after 5 days of appropriate antibiotic therapy defines re-
fractory peritonitis and is an indication for catheter removal
(337).

The subsequent therapy of Gram-negative organisms is de-
pendent on sensitivities. Because of the need to preserve resid-
ual renal function, aminoglycoside therapy should be reserved
for those infections in which sensitivities dictate the use of these
drugs (508). Historically, aminoglycosides in PD patients have
been given continuously in each PD exchange following a load-
ing dose (519). However, continuous intraperitoneal dosing
can lead to otovestibular toxicity, if courses exceed 2 weeks
(520). Once a day dosing of intraperitoneal aminoglycoside,
shown to be effective, provides high local levels of the antibi-
otic, while avoiding systemic toxicity (521,522). One-third of
peritonitis episodes with enteric organisms have underlying or-
gan pathology (445). This possibility can be further evaluated
with an abdominal CT scan.

Pseudomonas aeruginosa peritonitis should always be
treated with two drugs for a minimum of 3 weeks (337). Peri-
tonitis caused by P. aeruginosa is difficult to treat (400,404)
and can sometimes result in the death of the patient (523,524).
Aminoglycosides are often ineffective therapy for these in-
fections (400,404) and long courses may result in vestibular

toxicity (404,520). Ceftazidime, cefepime, piperacillin, or oral
quinolones are generally effective (337). Antibiotic therapy is
much more likely to be effective if a catheter infection is not
present (404), although long courses of therapy may be re-
quired to prevent relapse (525). If a Pseudomonas catheter in-
fection is present in conjunction with the peritonitis, catheter
removal is necessary.

Peritonitis owing to Stenotrophomonas maltophilia (for-
merly Xanthomonas maltophilia) is difficult to resolve as the
organism displays very limited antimicrobial sensitivities
(526,527). Despite treatment with multiple antibiotics,
catheter removal may be necessary (528). Immunosuppression
is a risk factor.

The growth of multiple Gram-negative or anaerobic or-
ganisms should lead to the strong suspicion of intraabdomi-
nal pathology. A surgical consult and an abdominal CT scan
should be obtained, because delay in diagnosing an intraab-
dominal source can result in the patient’s death. As mentioned
previously, an increased amylase content of the dialysate is a
clue to diagnosis (452). Metronidazole should be added to the
therapy. Antibiotic therapy should be 21 days.

Antibiotic therapy of fungal peritonitis is not generally suc-
cessful unless the catheter is removed. Amphotericin B has
poor diffusion from blood into peritoneum (483), whereas
intraperitoneal administration results in chemical peritonitis
(483). Flucytosine, ketoconazole, and fluconazole diffuse read-
ily from blood to peritoneum (483) and are more effective
than amphotericin (464), although catheter removal still is of-
ten necessary (529–531). Fluconazole is particularly well toler-
ated when administered intraperitoneally. Chan and colleagues
(469) found a cure rate of 9.5% using fluconazole therapy alone
without catheter removal. Fluconazole plus catheter removal
cured 67%, whereas 14% required addition of amphotericin.
The ISPD recommends prompt catheter removal for fungal
peritonitis (337).

Fibrinolytic agents have been used in the treatment of
patients with recurrent or refractory peritonitis (532–534) or
in relieving catheter obstruction associated with peritonitis
(324). Approximately two-thirds of episodes of refractory or
relapsing peritonitis (predominantly S. epidermidis) resolved
with intraperitoneal urokinase compared to only 8% of pa-
tients given only antibiotics (534). In another randomized trial
(535), recurrent peritonitis (predominantly coagulase-negative
staphylococcus) resolved in 59% of patients given urokinase,
compared to 95% of patients whose catheters were replaced.
Urokinase is not currently available in the United States;
data from a few small series suggest that tissue plasminogen
activator (tPA) may be equally effective (536–538).

Temporary cessation of PD, which improves peritoneal im-
mune function, has been successfully utilized to assist in resolv-
ing peritonitis, in conjunction with antibiotics (539–542). This
approach has been useful in recurrent peritonitis episodes ow-
ing to coagulase-negative staphylococcus (543,544), but has
also been helpful in resolving refractory S. aureus (543). It is
effective only if catheter infection is absent.

Catheter removal is necessary to resolve the infection in
some cases. Peritonitis owing to S. aureus, P. aeruginosa, or en-
teric peritonitis with an intraabdominal source often requires
catheter removal (352,545,546). Catheter-related peritonitis
accounts for approximately one-third of the catheters removed
(312,398), whereas the proportion and rate of catheter removal
for isolated peritonitis have decreased with use of improved
connection systems (398). Simultaneous catheter removal and
replacement are quite successful for recurring peritonitis and
tunnel infections (535,547–552). This eliminates an interim pe-
riod on hemodialysis. This approach should be used only when
the effluent leukocyte cell count is under 100/μL (552). This
approach is not recommended for fungal, mycobacterial, or
P. aeruginosa peritonitis, nor when peritonitis is a consequence
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of intraabdominal pathology; these episodes require that the
patient spend a period of time off PD (548,549,552).

OTHER COMPLICATIONS

Pancreatitis

Pancreatic abnormalities including pancreatitis occur with a
higher frequency in uremic patients (553–557). The highest in-
cidence of pancreatitis among ESRD patients is in transplant
recipients, but within dialysis populations, it is not clear that
PD patients have a higher incidence than do HD patients (556–
559). Reports from the mid-1980s suggested a greater inci-
dence in PD patients (556,559), prompting several etiologic
hypotheses. Pancreatitis was thought to be related to higher
uremic solute concentrations in PD patients or even to the po-
tentially direct toxic effects of dialysate, which bathes a portion
of the pancreas. The dialysate dextrose concentration, hyper-
tonicity, hypercalcemia, foreign particulate debris, bacteria, or
antibiotics may induce inflammation in the sensitive pancreas
(556,559–561). That the direct toxicity of dialysate may be
causative is supported by the recurrence of pancreatitis after
reinstitution of PD after initial resolution (562). Hyperlipi-
demia is both a risk factor for and complication of pancreatitis.
The hyperlipidemia seen more frequently in PD patients is low-
density lipoprotein hypercholesterolemia, which is not partic-
ularly toxic to the pancreas. On the other hand, HD patients
are more likely to suffer from hypertriglyceridemia, which is
a predisposing factor for pancreatitis when severe enough to
be associated with hyperchylomicronemia. The high intake of
simple carbohydrates in PD patients may be a factor in induc-
ing hyperlipidemia. This is a major difference between HD and
PD patients.

Even though pancreatitis is an infrequent complication of
PD, it carries a high mortality rate of 20% to 60% (556,558).
The typical clinical presentation for acute pancreatitis in a PD
patient is characterized by abdominal pain with normal bowel
sounds, nausea, vomiting, absence of fever, hyperamylasemia
(more than three times normal), elevated effluent dialysate
amylase concentration (more than 100 U/L), and a variable
appearance of effluent dialysate, including being clear, hem-
orrhagic, tea-colored, or even cloudy (556–559,563). Hyper-
lipidemia and/or hypercalcemia is frequently present and may
be predisposing metabolic abnormalities (556,558,563). Pan-
creatitis should be strongly considered if appropriately treated
“peritonitis” does not resolve because this presentation is quite
similar to PD-associated microbial peritonitis. The effluent in
pancreatitis is usually sterile, even if hemorrhagic, cloudy or
tea-colored. Burkart and associates (452) have suggested that
dialysate effluent amylase concentration is low in bacterial peri-
tonitis, even if slow to resolve, whereas it is more than 100
U/L with pancreatitis or other intraabdominal pathologies. If
a diagnosis of pancreatitis is uncertain, computed tomography
(CT) is the preferred imaging study over sonography because
it is more sensitive (564). In addition to demonstration of an
engorged pancreas, CT may be particularly useful to identify
the ominous finding of a pseudocyst.

The principles of management do not differ from that in pa-
tients without ESRD. Offending agents should be discontinued
and, if that includes dialysate, PD should be halted. However,
peritoneal lavage can be helpful in removing inflammatory me-
diators, especially if the dialysate was not the culprit. There
is no evidence to support a recommendation to halt PD in all
patients with acute pancreatitis, and discontinuing PD proba-
bly does not alter the prognosis (558). Percutaneous pseudo-
cyst drainage may be preferable to internal (jejunal) drainage
and this may preclude continuation of PD. Hyperlipidemia and

hypercalcemia should be corrected. The role of lower concen-
trations of calcium in dialysate is unknown.

Chyloperitoneum

There have been a few scattered case reports of chylous
fluid leaking into the peritoneum and draining with effluent
dialysate (565–568). The dialysate is cloudy but, on more care-
ful examination, looks milky, reflecting the lipid-rich content
of chyle. The most common cause is trauma to intraperitoneal
lymph vessels, either catheter-induced or from external
trauma. Rocklin and Teitelbaum (481) have recently reported
a case of chyloperitoneum due to the superior vena cava
syndrome. Certain dihydropyridine calcium channel blockers
have also been associated with chyloperitoneum, perhaps due
to impired lymphatic peristalsis (480). Patients are usually
asymptomatic. Treatment initially is conservative, to decrease
abdominal lymph production by a low-fat, high-calorie diet
supplemented with medium-chain triglycerides. The next step
is discontinuation of PD, because the presence of dialysate may
retard closure of the leak. If this is unsuccessful, a trial of total
parenteral alimentation may be considered. Should these steps
fail to resolve the leak, catheter removal is indicated. Lymphan-
giography may identify the source of the leak should surgery be
considered.

Hemoperitoneum

As little as 1 mL of blood in 2 L of dialysate results in readily
evident visual hemoperitoneum (569), and 7 mL results in ef-
fluent dialysate that looks like red fruit juice. Fortunately, this
is an uncommon occurrence, but, when it does occur, it is very
disturbing to the patient. It is also fortunate that hemoperi-
toneum is almost always benign (570,571). In Table 99-18 are

TA B L E 9 9 - 1 8

CAUSES OF HEMOPERITONEUM IN PERITONEAL
DIALYSIS PATIENTS

Retrograde menstruation
Ovulation
Catheter-induced trauma (omental abrasion, repositioning,

constipation)
Bowel disease (ischemic, inflammatory)
Peritonitis
Cysts (ovarian, polycystic kidney, acquired cystic kidney)
Abdominal trauma
Strenuous exercise (including sexual activity)
Systemic bleeding (thrombocytopenia, anticoagulants)
Hypertonic exchanges (hyperemia)
Pancreatitis
Vasculitis (systemic lupus erythematosus)
Sclerosing peritonitis
Adhesions
Granulosa cell tumor
Ectopic pregnancy
Cholecystitis
Colonoscopy
Dissection from adjacent sites (femoral hematoma, spleen,

colon)
Previous hepatitis
Enema
Extracorporeal lithotripsy
Splenic infarction
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listed causes of hemoperitoneum in PD patients. Hemoperi-
toneum occurs in 3.8% to 10% of PD patients and is twice
as common in women as in men (570,571). When it occurs in
women of childbearing age, 64% of the causes are related to
ovulation or menses. In one series, this population experienced
an almost 90% incidence rate (572). There does not appear to
be a correlation with PD-associated peritonitis (570,571), nor
does hemoperitoneum adversely impact long-term outcomes
on PD (571).

Menstrual and surgical histories are informative (Table 99-
18). If the patient is asymptomatic and the bleeding stops spon-
taneously, no evaluation is absolutely necessary. In the absence
of active menses, bloody dialysate should be evaluated by efflu-
ent cell count, differential, Gram stain and culture, and effluent
fluid amylase concentration. An abdominal ultrasound may be
informative. Obviously, symptoms referable to the abdomen
prompt further evaluation, which ultimately could include a
laparotomy. Treatment is directed at the specific cause. How-
ever, because patients often are asymptomatic, precluding an
extensive evaluation, treatment generally is supportive. Hep-
arin administered intraperitoneally may protect from subse-
quent catheter occlusion from clots but may prolong bleeding.
Three rapid flushes with room-temperature dialysate may in-
duce peritoneal vasoconstriction and stop the bleeding (569).
Dialysate that is significantly cooler than room temperature
could precipitate cardiac dysrhythmias. Furthermore, cool
dialysate should be avoided where mesenteric perfusion is com-
promised, because it could exacerbate ischemia of the bowel.
This therapy is probably only effective in cases where the bleed-
ing is secondary to a peritoneal membrane bleed. Gynecologic
hormone therapy may be indicated in women who demonstrate
hemoperitoneum during menses or ovulation (573).

Defects of the Peritoneal Cavity Boundary

Hernias and Genital and Abdominal Wall Edema

Intraabdominal pressure rises with increasing intraperitoneal
volume, sitting, straining at stool, coughing, and strenuous
physical activity. Combined with the extremes of age, debil-
itation of ESRD, and poor wound healing from uremia, it is no
surprise that hernias are detected in 10% to 25% of PD patients
(574,575). Over 13% of the hernias present are strangulated.
Van Dijk and colleagues (576) recently reported the largest ser-
ies of patients with defects of the peritoneal cavity boundary.
The overall frequency of hernia in this population of nearly
1900 patients was 6.7%. The most common sites were: in-
guinal, 24.9% of total; umbilical, 18.9%, and ventral, 13.8%.
They found hernias to be more common in men than women,
although other studies have suggested the converse (414,577).
Patients with cystic disease as the etiology of ESRD are at higher
risk for the development of hernias (576,578). One-half of the
hernias become clinically evident within the first year of PD
(579), but many probably go undetected unless special scinti-
graphic studies are performed (580). Most of the scintigraphi-
cally diagnosed asymptomatic cases never progress to clinically
appreciable disease. Many PD patients have hernias diagnosed
prior to initiating PD and herniorrhaphies are performed at the
time of catheter insertion (581). Patients can perform PD im-
mediately after repair about one-half the time, and by 3 weeks,
all can perform some type of PD. Usually exchange volume is
decreased and supine positioning for PD is recommended (i.e.,
some form of cycler PD) (582). Another alternative is to uti-
lize prosthetic overlay mesh within the herniorrhaphy and not
interrupt the PD (583).

There probably is no benefit from routine screening scintig-
raphy in adults because clinical manifestations alone dictate
the need to repair (584). In children, some programs routinely

perform intraoperative peritoneograms (and herniorrhaphies if
positive) at the time of catheter placement. To ensure prompt
strength postoperatively, especially for large hernias, support-
ing prosthetic overlay mesh is inserted at herniorrhaphy (583).
Placement of catheters through the rectus muscle in a parame-
dian approach probably reduces the incidence of subsequent in-
cisional or catheter site hernias. Postinsertion leakage increases
the likelihood of subsequent hernias. The incidence of hernias
has been reported to be lower in PD patients undergoing in-
termittent treatments rather than continuous (574). This may
reflect the lower intraabdominal pressures in the lying position,
although Van Dijk and colleagues (576) found no difference
between patients on CAPD versus APD.

Abdominal wall edema or genital edema is caused by either
dialysate leakage through acquired peritoneal defects, such as
the catheter insertion site, traumatic rents such as previous her-
nias or incisions, or congenital defects that go undetected until
PD raises intraperitoneal pressures, opening them (patent pro-
cessus vaginalis). Thus, the fluid could dissect between tissue
layers or through natural pathways. In the study by Van Dijk
and colleagues (576) pericatheter or subcutaneous leaks were
present in 3% of the total population. Edema of the scrotum or
perineal area is usually owing to a patent processus vaginalis
(327,585). Scrotal edema may develop in up to 10% of men on
CAPD (327,586), whereas labial edema occurs in only 1.4%
of women (586). This can be managed temporarily by supine
PD, but surgical correction is generally required, certainly if
a hernia is present (285). Postoperative management may in-
clude hemodialysis for 1 week or more (285). Vaginal leakage
of dialysate is rare but serious, because it can lead to recurrent
peritonitis, often with fungus (460,461,587). This complica-
tion should be suspected in any woman with watery vaginal
discharge that is positive for glucose. If the leak is through the
fallopian tubes, then tubal ligation is corrective (588).

The site of a subcutaneous dialysate leak can be located with
scintigraphy, ultrasonography, or contrast imaging (586,589–
592). Surgical closure is recommended, hence the need for pre-
cise identification of the leak site. Although watchful waiting is
tempting, the collective PD experience suggests that elective op-
erative intervention is the best approach to these complications
related to increased abdominal pressure.

Hydrothorax

Fluid migrates from the peritoneal to pleural space in 0.6% to
5% of patients undergoing PD either via transdiaphragmatic
lymphatics or defects in the tendinous portion of the diaphragm
(576,593–595). There is an increased incidence in women,
patients with polycystic kidney disease (576,596) or hernias,
those prone to peritonitis, and children. Almost 90% of the
cases are isolated to the right pleural space (595). The heart
or pericardium probably protects the tendinous portion of the
left hemidiaphragm. The hydrothorax can occur abruptly and
painfully following exercise or trauma and can be immediately
life threatening. A more common presentation is that of grad-
ual progression of orthopnea or dyspnea, usually without pain.
One-half of the cases present within the first month of PD, and
only one-fifth present 1 year or more after initiation (595). Res-
olution (i.e., being able to continue PD) is more likely in those
cases where the presentation is within 1 year of initiating PD.

The simultaneous measurement of the concentrations of
albumin, glucose, and lactate dehydrogenase in peritoneal ef-
fluent, pleural fluid, and blood may be helpful diagnostically.
Peritoneal scintigraphy with radiolabeled albumin is a use-
ful diagnostic maneuver (597,598); methylene blue should be
avoided because of the pain it causes. Although helpful in local-
izing the defect, these diagnostic maneuvers probably do not
alter management (599). If the origin of the hydrothorax is
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dialysate, therapy is indicated regardless of whether there is a
distinct leak versus lymphatic transport.

Initial attempts at conservative management should be made
by decreasing volumes (decrease fill, decrease UF), performing
PD supine, and periods of an empty abdomen. If conserva-
tive management fails, video-assisted thoracoscopic surgery is
the preferred therapeutic modality (598,600). Chemical pleur-
odesis with tetracycline, blood, N-CWS (Nocardia rubra cell
wall skeleton), triamcinolone, OK-432, talc, or fibrin adhesive
(601) have each been successful; however, these procedures can
be very painful and are associated with unpredictable results.

Hyperlipidemia

Compared to HD patients, PD patients demonstrate higher
total cholesterol concentrations, triglycerides, Lp(a), apo
A-I, and apo B and lower apo A-I: B ratios, serum albumin,
and high-density lipoprotein (HDL) cholesterol concentrations
(602–604). The cause of these abnormalities is multifactorial.
Although total caloric intake is equal in PD and HD patients
because of absorbed dextrose from peritoneal dialysate, oral
caloric intake is actually less in PD patients (605,606). This
absorbed simple carbohydrate may account for 25% of total
caloric intake. The development of hypertriglyceridemia dur-
ing the first year of PD has been correlated with glucose ab-
sorption (607). Patients who require frequent hypertonic ex-
changes do so because of increased fluid and/or food intake.
Therefore, it is difficult to determine whether hyperlipidemia
is secondary to diet or glucose-based dialysate. It should be
noted, however, that use of icodextrin for the long dwell has
been shown to decrease total cholesterol and LDL, with a trend
(p = 0.06) toward decreased triglycerides as well (608). This
supports a role for the caloric load from glucose in the patho-
genesis of hyperlipidemia in PD patients. In addition to the
above, there is loss into effluent dialysate of oncotic proteins
(e.g., albumin) and liporegulatory species (e.g., HDL choles-
terol, apoproteins) (609,610). This sets the stage for hyperlipi-
demia and atherosclerosis.

By virtue of their uremic condition and hypertension, pa-
tients with chronic renal failure are also at increased risk for
vascular disease. This risk is even greater in diabetic patients
with chronic renal failure (611). Many of the vascular risk
markers described in patients with diabetes are even more ab-
normal with the addition of renal failure and dialysis (612). In
dialysis patients treated with subcutaneous insulin, hyperlipi-
demia and hyperinsulinemia are considerably more frequent
and severe than in nondiabetic dialysis patients. In addition to
abnormally low levels of HDL cholesterol, dialysis patients also
have significantly elevated levels of certain circulating markers
of cardiovascular disease, such as Lp(a) lipoprotein, factor VII
coagulant activity, plasminogen activator inhibitor, homocys-
teine, C-reactive protein, and fibrinogen (612–616).

The treatment of hyperlipidemia in PD patients must in-
clude an attempt to decrease the use of hypertonic exchanges.
This should be done in conjunction with dietary restriction
of fluids, fats, and simple carbohydrates. Lipid-lowering drugs
of several classes have been utilized successfully. The major
U.S. experience with fibric acid derivatives is with gemfibrozil,
which increases lipoprotein lipase activity, the catabolism of
very-low-density lipoproteins (VLDL), and the concentration
of HDL2 and HDL3 (617). The dose should be reduced by
initiation with 300 mg once daily and titrated gradually up-
ward. Gemfibrozil can cause myositis, which may be man-
ifested by increased serum potassium and/or creatine kinase
concentrations. A less toxic but effective agent is clinofibrate
(618). Hydroxymethylglutaryl-CoA reductase inhibitors, pre-
dominantly used to treat hypercholesterolemia, are safe and
effective in PD patients (619–624).

Intraabdominal Pathology (IAP) in
Peritoneal Dialysis Patients

Less than 6% of peritonitis episodes in PD patients are owing
to intraabdominal pathology (IAP) (625). The culture isolation
of multiple or a single unusual enteric pathogen(s), peripheral
leukocytosis, an increasing PD cell count on antibiotic therapy,
or an expanding pneumoperitoneum are important clues to IAP
(281,450,625). Obvious signs of IAP, such as fecal or biliary
material in the dialysate or diarrhea containing dialysate, are
not commonly observed. Risk factors for the development of
IAP include diverticulosis, constipation and its treatment (447),
and unrepaired hernia. Death from IAP is linked to bowel gan-
grene, malnutrition, and comorbidities, such as liver failure,
shock, bacteremia, pneumonia, and gastrointestinal or intra-
cerebral hemorrhage, and delayed surgical intervention (626);
therefore, by a broad consensus, early surgical intervention in
suspected IAP is strongly recommended (445,627).

In general, slowly resolving peritonitis warrants close
follow-up. Clear dialysate while on antibiotics is not an ab-
solute sign of a benign process. Generalized abdominal peri-
tonitis can mask localized signs and symptoms of IAP. Surgical
consultation is urgently needed in the following conditions:

■ Localized abdominal pain and tenderness
■ Dilated loops of bowel on abdominal radiograph
■ Progressive increase in intraperitoneal free air with contin-

ued peritonitis
■ Mixed flora on dialysate gram stain or culture
■ Hemoperitoneum with measurable dialysate hematocrit

Those perioperative interventions that best allow continua-
tion or quick return to PD postoperatively include:

1. Tight wound closure for prevention of dialysate leakage,
possibly using nonresorbable sutures.

2. Drain removal before resuming PD to allow adequate dial-
ysis.

3. Preoperative extensive PD to increase platelet function
and allow a few days without PD postoperatively for
healing.

4. Elective repair of abdominal wall hernias (see earlier Ab-
dominal Hernias in Continuous Peritoneal Dialysis) both
for patient comfort as well as prevention of bowel incarcer-
ation.

5. Avoidance of constipation, because impacted stool often ac-
companies diverticulitis or perforated bowel.

6. Optimization of nutrition to counter the marked protein
loss through an inflamed peritoneum.

7. Avoidance of PD with transfer to HD if extensive bowel wall
repairs are made. A low threshold for transition to HD is
generally a prudent decision.

8. Omentectomy at surgery if the omentum appears threaten-
ing to catheter flow function (628,629).

INTRAPERITONEAL INSULIN

Shortly after the advent of CAPD it was suggested that the in-
traperitoneal administration of insulin could improve glycemic
control (630,631). While easily utilized in CAPD, the use of in-
traperitoneal insulin in patients performing APD, an increasing
segment of the overall PD population, is more complex. Cou-
pled with the trend toward use of longer-acting insulin prepa-
rations, this has resulted in a substantial decrease in the uti-
lization of this route for insulin delivery. The interested reader
is referred to reviews by Copley et al. or Tzamaloukas et al.
(632,633).
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HYPERTENSION

Volume control and sodium removal by PD are related to
numerous factors, including dialysate composition (osmolal-
ity created by dextrose and sodium concentrations), peritoneal
permeability and UF capacity, splanchnic circulation, and resid-
ual renal function (448,634). After many months of PD, the
antihypertensive effect of PD may be due to other factors as
well (635,636). At this time, weight may actually have risen,
although this could reflect the increased caloric intake from
the transperitoneal absorption of dextrose. Because the peri-
toneal membrane is associated with different transport proper-
ties than HD membranes, the more efficient removal of pressor
substances by PD is speculated to play a role in this late hy-
pertension control (635). These pressor compounds could in-
clude Na-K–ATPase inhibitors, norepinephrine, and endothe-
lin. However, after a year or more of PD, hypertension is
less effectively controlled than after PD initiation. This may
be related to the development of peritoneal sclerosis (637),
progressive obesity, dialysis prescription noncompliance (638),
improved appetite and well being and dietary indiscretion, in-
creased hematocrit, loss of residual renal function, or other as
yet unidentified factors.

Recent studies have focused attention on the differences in
blood pressure between patients performing CAPD or APD.
Patients performing APD have higher blood pressure and left
ventricular mass than do those on CAPD (639–641). This is
likely due to decreased sodium removal and ultrafiltration in
APD patients due to the shortened dwell times and high trans-
port, respectively (639,640). It should be noted that the cor-
relation between higher peritoneal transport status and blood
pressure has been demonstrated within CAPD populations as
well (642,643). Use of icodextrin for the long daytime dwell in
APD has been reported to decrease both blood pressure (245)
and left ventricular mass (246).

TRANSPLANTATION

Peritoneal dialysis patients may differ from their HD coun-
terparts in several aspects that could influence transplant out-
comes. Compared to HD patients, PD patients demonstrate a
more normal immune response as characterized by T4:T8 lym-
phocyte ratios, T cell counts, T cell stimulation, cell-mediated
immunity, and lymphocyte blastogenesis (644–648). Thus, it
was not completely unexpected when two early small studies
suggested that graft survival might be inferior in recipients pre-
viously treated by PD (644,649). It was speculated that the PD
patients were more immunocompetent at the time of transplan-
tation, thus decreasing graft tolerance. However, subsequent
studies with larger population bases have shown that graft sur-
vival is essentially equal in recipients previously treated by HD
or PD (650–654) and there is no difference in the rate of acute
rejection in these populations (652–654).

Another difference between PD and HD patients potentially
influencing transplantation is that the control of anemia, with
or without erythropoietin, is easier with PD (655). Thus, PD pa-
tients are less likely to experience blood transfusions and sub-
sequent enhanced graft tolerance. In fact, pretransplant blood
transfusions appear to be of less benefit to PD patients (649).
Furthermore, the decreased transfusion requirement of PD pa-
tients makes hepatitis less likely, which is important considering
the adverse effects of viral hepatitis on graft survival (656) and
the potential need for antiviral therapy prior to transplantation
(657).

When compared to HD patients, PD patients have better
blood pressure control and preserved residual renal function,
which may affect care in the immediate posttransplant period.

Patients receiving intraperitoneal insulin must be converted
back to subcutaneous insulin as PD is terminated. Transperi-
toneal albumin losses with or without peritonitis contribute to
protein malnourishment in PD patients. This may predispose
them to wound infections or other steroid complications.

Peritoneal dialysis patients are prone to develop higher
plasma fibrinogen and Lp(a) lipoprotein concentrations (658–
660), which could contribute to posttransplant steroid-
exacerbated atherosclerosis. PD patients have been reported
to exhibit an increased frequency of early graft thrombosis
(654,661,662). This may be reflective of severe atherosclerosis
present at the time of engraftment. On the other hand, patients
undergoing renal transplantation after performing PD have a
significantly lower incidence of delayed graft function com-
pared to those who have performed HD (652–654). Because
of this low frequency of delayed graft function, and because of
the location of a pancreatic allograft in adults or the renal allo-
graft in children, it has become common to remove PD catheters
at the time of transplantation. If desired, the PD catheter may
be kept in place for up to 2 to 3 months after transplanta-
tion. In that case, frequent flushing is recommended to main-
tain catheter patency and to avoid unlubricated or unbuffered
bowel contact which, especially in the patient on steroids, may
result in abscess formation and potentially even erosion of the
catheter through the bowel wall.

A tunnel infection or active peritonitis generally precludes
transplantation at that time. A prudent policy is to observe
the course of the peritonitis for at least 2 weeks following the
discontinuation of antibiotics. If no relapse has occurred, the
patient is then reactivated on the recipient list.

There is no difference in the frequency or types of
nonperitonitis-related posttransplant infections in recipients
previously dialyzed by PD or HD (650,651). If the PD catheter
has been left in place and peritonitis develops, its course is
not different from that seen in PD patients who are not re-
ceiving immunosuppressive medications. It requires essentially
the same treatment with parenteral or intraperitoneal antibi-
otics, with the exception that allograft function may necessitate
larger or more frequent doses. Posttransplant exit site or tunnel
infections probably warrant catheter removal, especially if the
infection is in proximity to the graft incision.

Posttransplant ascites may develop in PD patients, even with
functioning grafts (663). It is probably related to a hyperemic
peritoneum whose mesothelium has been altered by the previ-
ous presence of dialysate. It may take weeks, but this does sub-
side spontaneously. The ascites should be drained only when
dictated by patient comfort because the protein content is gen-
erally high and negative protein balance may ensue.
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CHAPTER 100 ■ CENTER AND HOME
CHRONIC HEMODIALYSIS: OUTCOME
AND COMPLICATIONS
ANNE MARIE MILES AND ELI A. FRIEDMAN

Although still “experimental” mechanical artificial hearts have
sustained life in a few patients for a year or more, maintenance
hemodialysis continues to be the only established long-term
mechanical organ replacement therapy currently available, and
has prolonged life for 30 or more years. Hemodialysis concep-
tualized as an “artificial kidney” in the laboratory of Abel,
Rowntree, and Turner at Johns Hopkins University in 1913
(1) was first successfully implemented as a continuing renal re-
placement regimen by Scribner in 1960 (2). Growing successes
in a limited population of young, relatively fit patients in renal
failure prompted legislation in 1972 that added end stage renal
disease (ESRD) to the list of the Medicare-funded disabilities
in the United States. As a consequence, the number of feder-
ally funded ESRD patients has expanded continuously from
fewer than 15,000 in 1972 to more than 431,000 in 2002 the
United States Renal Data System (USRDS) Annual Data Report
in 2004 (1).

Some of the seminal advances that have led to the current
practice of chronic hemodialysis are listed in Table 100-1 (1–5).
Because patients undergoing maintenance hemodialysis have
the equivalent of less than 10% of normal kidney function, bio-
chemical, endocrinologic and other clinical complications of
uremia still may occur impacting significantly on their morbid-
ity, life quality and ultimately mortality. This chapter encom-
passes hemodialysis techniques and prescription, multisystem
complications that may contribute to morbidity during main-
tenance hemodialysis, as well as factors contributing to death
on hemodialysis.

EPIDEMIOLOGY

The 2004 USRDS Annual Data Report noted that in 2002,
of 431,000 prevalent ESRD patients, 65% were treated with
hemodialysis, 5.8% with peritoneal dialysis, and 28.4% had a
functioning kidney transplant (6). The cost of treating ESRD in
America has, perforce, risen each year since 1972, and is pro-
jected to exceed $35 billion per year by 2010. A steady decline
in the utilization of home hemodialysis in the United States
seen since 1983 may be explained by a combination of fac-
tors: noncompetitive reimbursement rates compared to center
hemodialysis, the growing popularity of chronic ambulatory
peritoneal dialysis (CAPD) in the 1980s, changing ESRD dem-
ographics (a more elderly population with multisystem com-
plications often related to diabetes mellitus, many unsuited for
home dialysis), a lack of adequate physician endorsement of
the self-care ideal, and physician bias (7). In some parts of the
United States, home hemodialysis is used predominantly for
elderly relatively affluent patients who may be too debilitated
to travel back and forth to an in-center dialysis unit and who
are willing to contribute copayments for each dialysis session.

Among center hemodialysis patients, the most common re-
ported causes of renal failure are, in order of frequency: di-
abetes, hypertension, chronic glomerulonephritis, and poly-
cystic kidney disease (Table 100-2) (6). A disproportionately
high percentage of patients with polycystic kidney disease and
chronic glomerulonephritis receive home hemodialysis, which
is probably reflective of relatively slower disease progression
in a younger and more self-reliant population, with medical
disease usually free of extrarenal comorbidity.

Home versus Center Hemodialysis

Home hemodialysis was initially instituted in response to in-
adequate funding and shortage of hospital staff and space
for the fledgling hemodialysis programs of the early 1960s.
The first home hemodialysis program in the United States was
started in Seattle, Washington, where in 1970, over 90% of
hemodialysis patients were treated at home (8). Washington
State still has the largest home hemodialysis population in the
United States, followed by New York, Mississippi, New Jersey,
and Tennessee (6,9). In 1973, 42% of approximately 10,000
U.S. ESRD patients were on home hemodialysis. Because of a
combination of factors cited above, in 2002, there were only
12,930 patients on home hemodialysis in the United States (6).
Any relatively stable patient who has a home and a partner,
or who can afford payment outside of Medicare for a dial-
ysis technician or nurse, is a candidate for home hemodial-
ysis (Fig. 100-1). This option of renal replacement therapy
should be presented to almost all new patients with chronic
renal insufficiency. Home hemodialysis may also allow for the
newer treatment regimens of slow nighttime or short daily
dialysis (which provide Kt/v values well over 2.0 and which
are currently under intensive study) to become more widely
accessible (10,11).

Contraindications to home hemodialysis include severe, un-
compensated cardiovascular disease, uncontrolled or very brit-
tle diabetes, and significant loss of mental acuity. There is no age
cutoff. Successful home hemodialysis has been accomplished in
the eighth decade of life, in diabetic patients with limb ampu-
tations or limited vision, and in patients with severe arthritis
or lower limb paralysis.

A multidisciplinary team, including a physician, nurse, and
social worker, best effects initial assessment of candidates for
home hemodialysis. Patient motivation, psychosocial and vo-
cational factors, intelligence, home environment, and level of
social support are assessed. A paid dialysis helper may be em-
ployed if there is no family member to assist. Medicare does not
reimburse these workers, but some insurance companies and
state-funded renal agencies provide coverage for home dialysis
assistants.
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TA B L E 1 0 0 - 1

THE HISTORY OF HEMODIALYTIC THERAPY

1854 Scottish chemist Thomas Graham coins the term
“dialysis” following work on solute movement
across semipermeable membranes of ox bladder
and vegetable parchment.

1913 John Jacob Abel, Leonard Rowntree, and BB Turner
at Johns Hopkins University perform first dialysis
on dogs using celloidin membranes and hirudin
anticoagulation.

1942 George Haas in Germany performs first human
hemodialysis, initially with hirudin, after 1928,
with heparin.

1943 Willem Kolff in Holland constructs the rotating
drum dialyzer using cellophane membranes from
sausage casings.

1946 Nils Alwall in Sweden designs first
ultrafiltration-controlled dialyzer.

1955 Twin coil dialyzer introduced by Watschinger and
Kolff.

1960 Belding Scribner introduces the modified Kiil
dialyzer, a low-volume, low-resistance,
low-temperature continuous flow dialysis system,
using a more permeable membrane, Cuprophane.

1960 Scribner, Quinton, and Dillard in Seattle,
Washington introduce first means of chronic
vascular access—the Teflon external shunt—and
initiate the first patient on maintenance
hemodialysis, Clyde Shields. He lived for 11 years.

1963 Albert Babb and others in Seattle design a central
proportioning system for simultaneous supply of
dialysis fluid to multiple patients.

1964 Home hemodialysis introduced in Boston, Seattle,
and London.

1966 James Cimino and M. Brescia at the Bronx Veterans
Administration Hospital, New York, construct
the internal endogenous arteriovenous fistula.

1972 Medicare Act passed by Congress allowing the
Federal Government to pay for the cost of dialysis.

1982 The National Cooperative Dialysis Study report
affirms the importance of small molecular weight
clearance as a measure of dialysis adequacy.
Gotch and Sargent introduce the concept of urea
kinetic modelling and Kt/V based on the results of
the NCDS.

1989 Food and Drug Administration approves use of
recombinant human erythropoietin in treatment
of renal anemia.

Training for home hemodialysis within a free standing
facility should take place in an area separate from the general
hemodialysis treatment area. During initial training lasting
3 to 4 weeks, instruction in medical and dietary regimens,
access cannulation, and operation of the dialysis machine are
taught. Audiovisual aids, written material, and question-and-
answer formats are useful. Subsequent training, usually com-
pleted in 3 to 6 weeks, covers problem solving in difficulty with
the entire regimen, troubleshooting mechanical difficulties,
and basic emergency intervention such as blood loss and severe
hypotension. Arrangements for installation of equipment (dial-
ysis machine, deionizer, and reverse osmosis machine), delivery
of disposable supplies, servicing, and repair, are scheduled,
permitting start of home hemodialysis usually within 3 to
4 months. A 24-hour on-call backup system involving a home
hemodialysis nurse should be in place in case of emergencies.

TA B L E 1 0 0 - 2

HEMODIALYSIS TREATMENT, 1997 (USRDS, 1999)a

Percent utilizing

Patient Center Home
characteristic hemodialysis hemodialysis

All patients 62.3 0.6
Age

0 to 19 17.3 0.4
20 to 24 41.5 0.4
45 to 64 58.4 0.6
65+ 84.2 0.7

Male 60.1 0.6
Female 65.0 0.5
Native American 69.0 1.3
Asian/Pacific Islander 60.5 0.4
Black 76.8 0.5
White 54.7 0.6
Diabetes 72.2 0.5
Hypertension 74.9 0.5
Glomerulonephritis 44.8 0.6
Cystic kidney disease 39.8 0.7
All other 51.6 0.6

aBy age, sex, race, and primary disease.

Monthly blood samples drawn at home are mailed or brought
in to the affiliated center, and once yearly home follow-up
visits by the training staff should be made.

Patient survival on home hemodialysis is equal to and of-
ten better than that on center hemodialysis (12); as with re-
habilitation data, however, bias in assignment of healthier pa-
tients to home hemodialysis may be a factor. In some locales, an
overrepresentation of older, sicker patients in home hemodial-
ysis programs may modify these statistics. At our institution,
the actuarial survival at 10 years for home hemodialysis pa-
tients (mean age 39.3 years) was 77%, and strikingly, every
one of our 20-year dialysis survivors is on home hemodialy-
sis (13). Other advantages of home hemodialysis are listed in
Table 100-3. Home hemodialysis is the means of uremia ther-
apy advocated by the authors when a renal transplant is de-
clined or not possible.

HEMODIALYSIS EQUIPMENT
AND TECHNIQUE

Hemodialysis is performed using a dialyzer (Fig. 100-2), a
hemodialysis machine (essentially a system of pumps and
sensors), and blood tubing. These components form two major
circuits: the blood circuit and the dialysate circuit (Fig. 100-3).
The blood circuit consists of an input arterial needle (inserted
about 3 cm from the arteriovenous anastomotic site and point-
ing toward the anastomosis) and line that carry blood from
the patient’s vascular access to the dialyzer under the negative
pressure of a roller type positive-displacement blood pump.
Blood passes through the dialyzer blood compartment and is
returned to the patient under positive pressure via an output
venous blood tubing and needle; the latter is placed at least 3 to
5 cm proximal to the arterial needle, pointing in the opposite
direction toward the heart. The dialysate circuit usually con-
sists of a single-pass system in which concentrated dialysate is
mixed with an appropriate amount of processed water (usually
in a ratio of 1:34). Typical dialysate composition is: sodium
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FIGURE 100-1. A 47-year-old Brooklyn man
on home hemodialysis for 17 years shown
with his helper, his 67-year-old father. He
worked as a teacher for over 15 years, when
complications related to vascular access led to
retirement. Note storage shelves and boxes of
dialysis equipment in background.

135 to 145 mEq/L, potassium 1.0 to 3.0 mEq/L, calcium 6 to
7 mg/dL, magnesium 0.5 to 1.0 mEq/L, chloride 100 to
124 mEq/L, bicarbonate 35 to 40 mEq/L, and glucose 100 to
200 mg/dL. Dialysate is then pumped through the dialyzer at a
flow rate of 500 to 800 mL/minute and discarded into a drain.
Blood and dialysate flow counter current through the dialyzer,
blood through the some 300,000 capillary tubes of the com-
monly used hollow fiber dialyzers, and dialysate between the
capillary tubes. Plasma solutes, including nitrogenous wastes
in the blood diffuse across the dialyzer membrane down their
concentration gradients. Convective loss or mass transfer of
nitrogenous compounds occurs only at rates of high ultrafil-
tration. Most dialyzers used today are hollow fiber dialyzers
developed in the mid-1970s. More than 70% of American dial-
ysis centers (predominantly non-hospital-based, international
corporate owned for-profit facilities) use dialyzers reprocessed
with formaldehyde or peracetic acid (14). Parallel plate dialyz-
ers, initially used by Scribner, are now used only infrequently,
predominantly in patients who manifest anaphylactoid-type
reactions thought to be related to the sterilizing agent ethylene
oxide trapped within the potting compound in which the ends
of the capillary tubes of hollow fiber dialyzers are embedded.
Coil dialyzers and flat plate Kiil dialyzers are no longer em-
ployed in the United States. Membranes used to manufacture
dialyzers and their ultrafiltration coefficients are shown in
Table 100-4.

TA B L E 1 0 0 - 3

ADVANTAGES OF HOME HEMODIALYSIS

Flexibility in scheduling allows for vocational and lifestyle
requirements

Self-care ideal leads to more informed, independent patient
Better rehabilitation
Cheaper than center dialysis or continuous ambulatory

peritoneal dialysis
Fewer vascular access complications related to single,

experienced venepuncturist
Allows for high-intensity dialysis regimens of short daily or

slow nighttime dialysis

Hemodialytic techniques may be varied depending on the
need for fluid versus solute removal and the dose of dialysis
required:

1. Conventional Hemodialysis
Dialysis is performed using cellulosic membranes and blood
flow rates of 200 to 350 mL/minute three times weekly for
3 to 4 hours at a time.

2. Isolated Ultrafiltration or Sequential Hemodialysis
Isolated ultrafiltration or sequential hemodialysis is per-
formed in patients with predominant or severe fluid over-
load who are hemodynamically unstable or prone to pre-
cipitous decreases in blood pressure during usual combined
dialysis and ultrafiltration. Isolated ultrafiltration is usually
performed prior to dialysis. Typically, blood is circulated
through the dialyzer at 150 to 300 mL/minute, under nega-
tive pressure in the dialysate compartment such that an ul-
trafiltrate of plasma (usually 2,000 to 3,000 mL) is formed
and discarded. Dialysate solution is not circulated, and the
solute composition of blood is unchanged by the convec-
tive transport that occurs in isolated ultrafiltration. By use
of bicarbonate-based, slightly cooled dialysate with sodium
concentrations of 135 to 140 mEq/L, and volumetric in-
stead of pressure-controlled dialysis machines, combined
dialysis and fluid removal is possible in most patients and is
ideal. However, in a small subset of patients who are intoler-
ant of aggressive fluid removal with conventional dialysis,
benefit may be had from an initial period of isolated ul-
trafiltration, with removal of up to 30 mL/kg per hour of
fluid.

3. Rapid Hemodialysis or High-Efficiency Hemodialysis
High-efficiency hemodialysis (HED) (15) is a reduced-time
dialysis regimen in which solute and fluid removal is ac-
complished by: (a) increasing blood flow to more than 500
mL/minute; (b) increasing dialysate flow from 500 to 700
to 800 mL/minute; (c) use of dialyzers with a high mass
transfer coefficient, low resistance to blood and dialysate
flow, and a high ultrafiltration coefficient; (d) bicarbonate
buffered dialysate because the capacity to metabolize acetate
is exceeded at the high dialysate and blood flow rates; and
(e) reliance on a mathematical model to calculate the length
of each dialysis maintaining a midweek predialysis blood
urea nitrogen (BUN) of about 80 10 mg/dL for a patient
with a protein catabolic rate of 0.8 to 1.4 g/kg per day and a



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-100 Schrier-2611G GRBT133-Schrier-v5.cls September 21, 2006 1:6

Chapter 100: Center and Home Chronic Hemodialysis: Outcome and Complications 2651

FIGURE 100-2. Schematic diagram of a hollow fiber dialyzer. Enlargement de-
picts view of one end of the dialyzer. Number of capillary fibers (normally averag-
ing 10,000) has been reduced for clarity. (From: Ahmad S, Blagg CR, Scribner BH.
Center and home chronic hemodialysis. In: Schrier R, Gottschalk C, eds. Diseases
of the Kidney. 5th ed. Boston: Little, Brown; 1993, with permission.)

FIGURE 100-3. Schematic diagram of the blood and dialysate circuits and their components. CBo, outlet
(venous line) solute concentration; CBi, blood inlet (arterial line) solute concentration; CS, systemic solute
concentration.
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TA B L E 1 0 0 - 4

TYPES OF DIALYZER MEMBRANES

Membrane material Types Tradename

Cellulose Regenerated cellulose
Cuprammonium

cellulose
Cuprophan

Cuprammonium,
Rayon

Saponified cellulose
ester

SCE

Substituted cellulose Cellulose acetate Cellulate
Cellulose triacetate

Celluloso-synthetic
(cellulose + tertiary
ammonium
compound)

Hemophan

Cellosyn
Synthetic Polyacrylonitrile PAN

PAN copolymerized
with sodium methalyl
sulfonate

AN69

Polymethylmethacrylate PMMA
Polycarbamate Gambrane
Polyethylene vinyl

alcohol
EVAL

Polysulfone

Kt/V of 1.0 to 1.3 (vide infra). Treatment times have been
reduced to 2.5 to 3 hours.

4. High-Flux Dialysis
High-flux dialysis (HFD) is similar to HED in delivery of
larger doses of dialysis and shorter treatment times, but
the membranes employed and the dialyzer ultrafiltration
coefficients are different. High-efficiency hemodialysis uses
cellulosic membranes (ultrafiltration coefficient of 10 to
20 mL/hour per mm Hg), whereas HFD uses synthetic, open
membranes, such as polysulfone (ultrafiltration coefficient
of 20 to 60 mL/hour per mm Hg). High-efficiency hemodial-
ysis involves the highly efficient removal of small molecules
such as urea (molecular weight less than 300 daltons) with
a prehemodialysis to posthemodialysis reduction in blood
concentration of greater than or equal to 60%, whereas
HFD efficiently removes larger, middle molecules (molecu-
lar weight 300 to 1,500 daltons) in addition.

5. Hemodialysis in Parallel
In large dialysis patients, who have inadequate dialysis by
clinical or laboratory parameters despite use of large, syn-
thetic dialyzers, high blood (greater than 500 mL/minute)
and dialysate (greater than 800 mL/minute) flow rates, and
dialysis times over 4 hours, use of two hemodialyzers in
parallel (HDP) can provide increased clearance at a cost of
approximately $14 extra per dialysis session (16).

6. Slow Nighttime Dialysis and Short Daily Dialysis
These new modalities are under intensive study in the United
States and abroad (10,11). They may be performed in-center
or, at lower cost, in the patient’s home. Patients on a noc-
turnal regiment are instructed to dialyze for 8 to 12 hours
overnight three times per week or for 2 to 3 hours 6 days a
week to provide increased urea and middle molecule clear-
ance. Aksys Ltd. developed and is presently field testing
a modified computer-based dialysis system (The Personal
Hemodialysis System dialysis machine) to facilitate these
new dialysis modalities that is currently under review by

the U.S. Food and Drug Administration. Preliminary reports
from centers involved in small trials, in highly selected pa-
tients, of these two new dialysis regimes indicate reduced
hospitalizations, 30% to 50% reductions in erythropoietin
doses and use of antihypertensive medications, improve-
ment in nutritional indices, and sharp reduction in the dose
of phosphate binders, permitting improvement in well being
and quality of life.

Assessing Adequacy of Dialysis:
How Much is Enough?

The optimum dose of hemodialysis to maximize rehabilitation
in ESRD patients has been a pivotal question since the earliest
days of maintenance dialysis. The difficulty in precisely answer-
ing this question relates to the reality that the precise toxin(s)
responsible for producing the uremic syndrome are still uniden-
tified. Urea, measured as blood urea nitrogen (BUN) concentra-
tion, is a marker for products of protein catabolism, the source
of most uremic toxins, and may be the best surrogate marker
for actual uremic toxins despite its large volume of distribution
and dependence on liver function. Nevertheless, because BUN
levels are strongly altered by dietary protein intake and cardio-
vascular integrity, isolated BUN levels may prove misleading.

Optimum dialysis has been defined as that dose of dialysis
above which no further improvement in the morbidity and mor-
tality associated with dialysis can be expected (17). Objective
parameters of dialysis adequacy include a midweek predialysis
BUN level 75 to 85 mg/dL with consumption of a diet suf-
ficient to generate a protein catabolic rate (PCR) greater than
0.8 g/kg per day; adequate muscle mass reflected in a creatinine
generation rate of at least 125 micromol/kg per day; minimal
or negligible acidosis, hyperkalemia, or hyperphosphatemia;
hematocrit greater than 25%; minimal osteodystrophy; and no
abnormalities on peripheral motor nerve conduction velocity
studies or electroencephalography. National Kidney Founda-
tion Dialysis Outcomes Quality Initiative (K/DOQI) recom-
mendations for adequate hemodialysis are a urea reduction ra-
tio of 70% and a dialyzer clearance (K) expressed as liters per
minute times the time (t) of dialysis in minutes divided by the
body volume of urea (V) expressed in liters using the formula
Kt/V with a desired value of 1.3 or greater (5).

Attempts to quantify the amount of delivered dialysis origi-
nated in 1951, when Wolf (18) introduced the concept of dialy-
sance (analogous to clearance) and relative dialysance (the ra-
tio of a substance’s dialysance relative to that of urea) and
described the effects of dialysance, blood flow, bath volume,
and volume of distribution on dialysis kinetics. Dialysis pre-
scription remained largely empiric, however, until Babb and
Scribner propounded the square meter per hour hypothesis in
1971 (19). Solute transfer across the dialysis membrane was
proposed to be a function of dialyzer surface area and perme-
ability, duration of dialysis, and to a lesser degree, blood and
dialysate flow rates. From this then completely new concept
evolved the Dialysis Index Model (20). This simple calculation
allowed for residual glomerular filtration, and distinguished
between small and middle molecule dialyzer clearance. The
Dialysis Index relates a weekly creatinine clearance indexed to
body size to a dialyzer surface area for a given amount of time.
In two prospective studies (21,22) it was shown that a weekly
B12 clearance of at least 30 L/week 1.73 m2 was needed to pre-
vent development of peripheral motor neuropathy in patients
on hemodialysis. Based on the Dialysis Index, dialysis time was
reduced to as little as 6 to 8 hours per week in patients with
residual renal function, purportedly without ill effect (23), but
the index was found to have limited correlative and predictive
value overall. In 1974, Popovich and Moncrief (24) devised
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FIGURE 100-4. Electroencephalogram (EEG) power-
spectrum analysis displayed in compressed spectral ar-
rays. This tracing was obtained from a uremic pa-
tient complaining of drowsiness, insomnia, lassitude,
anorexia, and nausea. Quantifying the EEG yielded a
discriminant score of +0.24. (Courtesy of PE Teschan.)

an expression: the maximum (predialysis) metabolite concen-
tration ratio (PMCR), which in a dialysis patient relates the
serum concentration of nitrogenous compounds to a normal-
ized value for the same patient with normal kidney function.
These workers concluded that “chronic uremic patients receiv-
ing adequate dialysis therapy Y have predicted middle molecule
PMCRs greatly in excess of 15 (times the normal concentra-
tion).” They reasoned that tolerance of high middle molecule
concentrations (a usual circumstance in most dialysis patients)
meant that “either middle molecules are not important neuro-
toxins or that the assumptions implicit in the calculation of the
PMCR are decidedly invalid.”

The late 1970s then saw a shift from emphasis on middle
molecules as the culprits in uremic toxicity to consideration
of small molecules such as urea. Ginn and Teschan reduced
the hours of dialysis based on total urea clearance (a combi-
nation of dialyzer clearance and residual glomerular filtration)
and presence of neurologic abnormalities (25,26). A total urea
clearance of 3,000 mL/week per liter body water was proposed
to be adequate dialysis because survival without symptoms in
patients with chronic renal insufficiency and glomerular filtra-
tion rates of as little as 10% of normal had been observed. Re-
duced dialysis time, however, caused impaired cognitive func-
tion (Choice Reaction Time and Continuous Memory Task),
slowing of EEG frequency, and decreased “sense of well be-
ing.” As was true for four other studies, urea level appeared
to proffer a better marker for dialysis adequacy than did mid-
dle molecules. The potential value of serial EEG tracings as a
guide to uremia therapy was inferred from these trials of re-
duced dialysis time (Figs. 100-4 and 100-5).

In 1981, the importance of urea as a marker of uremic tox-
icity was affirmed in the landmark National Cooperative Dial-
ysis Study (NCDS) (27). This multicenter clinical trial prospec-
tively examined the clinical outcomes (death or hospitalization)
in 165 hemodialysis patients over a 6-month period. Patients
were randomly assigned to four dialysis regimens (Table 100-5)
differing on the basis of dialysis time and the time averaged
clearance of urea (TACurea) in mg/dL.

TACurea = [Td(C1 + C2) + 1d(C2 + C3)]/2(Td + Id)

where Td is dialysis time, Id is interdialytic interval, C1 is pre-
dialysis BUN, C2 is postdialysis BUN, and C3 is BUN before
the next dialysis.

All study subjects received conventional dialysis three times
per week with cellulose-based dialysis membranes. Analysis
of the study results revealed that TACurea (and not dialysis
time) was the single most important factor determining out-
come on dialysis. Later analysis and interpretation of the study

data by Gotch and Sargent (28) led to the dissemination of
urea kinetic modeling (UKM) that had been conceptualized
a decade earlier (29). Reduced time dialysis (2.5 to 3 hours
per session) was also widely adopted on the basis of the study
results. Later, the importance of dialysis time in addition to
urea levels in determining dialysis adequacy was reaffirmed
(30), unfortunately not before thousands of hemodialysis pa-
tients on shortened treatment regimens had been subject to
the effects of underdialysis. In 2002, the results of another
landmark study, the multicenter HEMO study (31) were re-
leased and documented no significant difference in mortality
between 1,846 hemodialysis patients randomized to standard
dose (URR 66%) versus high dose (URR 73%) dialysis, or to
use of low flux versus high flux dialyzers. The study did not ad-
dress duration of dialysis sessions as a predictor of outcomes.
When urea kinetic modeling is properly applied, it remains the
best means of prescribing and assessing adequacy of dialysis.
The urea product (Kt) (32) and the standardized Kt/v (eKt/v)
are modifications that may have greater clinical accuracy and
utility.

UREA KINETIC MODELING

Urea is assumed to be freely distributed throughout all tissues
and circulating fluids in the body in a volume called the urea
pool (or space). The urea pool is approximately equal to to-
tal body water (variable volume, single compartment model).
During dialysis, the change in body urea content equals the
difference between the urea generated and that removed.

change in body urea = urea generation B urea removal
d(V × C)/dt = G B K × C [1]

where V is volume of distribution of urea (L), C is urea con-
centration (mg/dL), t is dialysis time (minutes), G is urea
generation rate (mg/minute), K is whole body urea clearance
(mL/minute). Generation of urea during dialysis is assumed to
negligible and solution of the differential equation [1] over time
yields the formula:

K × t/V = log Co/C [2]

where Kt/V is the normalized whole body urea clearance or
dialysis dose, CO is predialysis urea concentration, and C
is postdialysis urea concentration. Values of K and V are
calculated sequentially with the use of a computer or pro-
grammable calculator using the patient’s height, weight, resid-
ual renal function, interdialytic weight gain, the dialyzer’s
expected urea clearance (manufacturer’s data), calculated or

FIGURE 100-5. Following the initial series of
hemodialyses, the same patient shown in Figure
100-4 improved clinically with disappearance of neu-
rologic complaints. Normalized discriminant score
corresponds to increased mean frequencies and power
(amplitude) and decreased dispersion of wave frequen-
cies. (Courtesy of PE Teschan.)
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TA B L E 1 0 0 - 5

FOUR GROUPS OF THE NATIONAL COOPERATIVE DIALYSIS STUDY

Predialysis TACurea

Groups Td (h) BUN (mg/dL) (mg/dL) Patients (%)

Long Td, low BUN 4.5 to 5.0 60 to 80 50 86
Long Td, high BUN 4.5 to 5.0 110 to 130 100 46
Short Td, low BUN 2.5 to 3.5 60 to 80 50 69
Short Td, high BUN 2.5 to 3.5 110 to 130 100 31

Td, dialysis time; BUN, blood urea nitrogen; TACurea , time averaged concentration of BUN.

nomogram-derived V (V is commonly taken to be 58% of to-
tal body weight, or read from standard nomograms using the
patient’s age, sex, weight, and height), and midweek predialy-
sis and postdialysis BUN levels. The modeled value of K is ob-
tained using the formula derived value of V, and the modeled
value of V is obtained using the expected dialyzer clearance
(manufacturer’s data). The interdialytic urea generation rate,
TACurea (ideally 50 to 60 mg/dL), and normalized PCR in g/kg
body weight per day (optimally greater than 0.8 g/kg per day)
also can be derived (33). Protein catabolic rate is a measure
of protein intake, muscle breakdown, and protein losses from
the skin and gut. In stable dialysis patients in neutral nitrogen
balance, PCR should equal daily protein intake and is defined
by the following relationship.

PCR = 9.35 × G + 0.29 × V

where G is interdialytic urea generation rate in mg/minute,
and V is volume of distribution of urea in liters. Proof of the
long-held assumption that a well-dialyzed patient ingests more
protein requires documentation of a direct correlation between
PCR and Kt/V (34). The modeled value of K is compared to
the expected value (manufacturer’s data), and that of V to the
formula- or nomogram-derived value in order to assess ade-
quacy of delivered dialysis and detect blood-sampling errors
(35). If the modeled value of V is much greater than the calcu-
lated value, errors in collection of postdialysis blood samples
resulting in falsely low postdialysis BUN levels should be sus-
pected. The Kt/V urea is calculated using modeled values of K,
V, and dialysis time. The dialysis time needed to produce op-
timum values of PCR and K may also be calculated. TACurea,
although not currently as popular as Kt/V as a measure of dial-
ysis adequacy, is still favored by some and has the advantages
of being unaffected by residual renal function, volume, and
schedule changes, and errors inherent in urea modeling.

Controversy surrounds the optimum value of Kt/V urea.
Initially thought to be 0.8 based on Gotch’s discontinuous step
function analysis of NCDS data (29), Keshaviah in a reanaly-
sis of NCDS data has shown a continuous linear relationship
between Kt/V and hospitalization or death, with the risk of ad-
verse outcome being minimized at a Kt/V of approximately 1.3.
This, in association with an increasing body of evidence con-
firming reduction in morbidity and mortality with Kt/V levels
above 1.0 (36–40), has led to the current consensus of pre-
scribing doses of dialysis of at least 1.3 with urea reduction
ratio (URR) of 65%. A 15-year survival of 55% is reported in
Tassin, France, with 24 hours of dialysis per week over the past
20 years in patients averaging 53 years of age and an average
Kt/V of 1.67. Improved survival in this population is largely at-
tributed to excellent blood pressure control without medication
possible because of long, slow ultrafiltration (40). The Tassin
population is younger and contains few diabetic patients com-
pared to the U.S. hemodialysis population, however, thereby
avoiding groups at greater risk of death. A large multicenter

trial under the aegis of the National Institutes of Health ex-
amining morbidity and mortality in hemodialysis patients and
focusing on adequacy of dialysis, membrane type, and dialyzer
reuse is currently underway, and should provide great insight
into the vexing question of dialysis adequacy.

Pitfalls in Urea Kinetic Modeling

Many inaccuracies may arise during measurement of all three
components of Kt/V including:

Clearance Measurements (K)

Use of Manufacturers = Urea Clearance Data for Dialyzers.
Use of manufacturers = urea clearance data for dialyzers
(measured with aqueous solutions of urea) can overestimate
in vivo clearance by 15% to 20% (41,42). Conventional
arteriovenous sampling for measurement of dialyzer clearance
may also result in overestimation of up to 23% if corrections
for hematocrit and access recirculation are not made (43).
Direct dialysis quantification (DDQ) is the most accurate
method of measuring urea clearance but is tedious and time
consuming. In DDQ, the value of dialyzer clearance is not
assumed. Paired measurements of predialysis and postdialysis
urea blood levels, coupled with measurement of urea in spent
dialysate permits direct assessment of solute transfer, which,
together with residual glomerular filtration rate, allows for
application of single pool kinetics. Comparative application of
urea kinetic modeling and DDQ techniques to the same group
of 40 hemodialysis patients showed that kinetic modeling
overestimated V, PCR, and K (44).

Loss of Dialyzer Surface Area and Volume. Dialyzer fiber clot-
ting may occur (particularly toward the end of dialysis) with
reduction in clearance. Dialyzer reuse may also contribute to
reductions in dialyzer clearance, and may go unrecognized if
monitoring of residual fiber bundle volume of the reused dia-
lyzer is not frequent and scrupulous.

Measurement of Volume of Distribution of Urea (V)

Inaccurate Urea Assumption. A key inaccuracy arises from the
assumption that urea is equally and freely distributed through-
out the body. In fact, urea distributes in only 93% of plasma
volume and in 86% of red cell volume.

Presence of Recirculation. Presence of recirculation, intra-
access and cardiopulmonary (vide infra), especially at high
blood flow rates, resulting in falsely low postdialysis BUN
levels.

Improper Collection of Blood Samples. The predialysis BUN
sample should be drawn from the arterial line before the blood
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pump is started (serum BUN can fall significantly as soon as 1
minute after starting hemodialysis) and before administration
of heparin or saline. The postdialysis BUN sample also should
be drawn from the arterial line, at least 2 minutes after the
blood pump is stopped in order to avoid recirculated blood
being pumped through the access, and to reduce the effect of
urea rebound. The arterial line is clamped or disconnected be-
tween the sampling port and the dialyzer, 5 to 30 cc of blood is
withdrawn from the arterial needle (to flush venous blood that
may have recirculated through the access), the sample for BUN
is taken, and the 5 to 30 cc flush is returned to the patient.

Urea Rebound. Thirty minutes after termination of dialysis,
urea levels often rise to 5 to 10 mg/dL above the level in samples
drawn immediately after dialysis. This rebound of urea levels
reflects equilibration of urea from the intracellular space, espe-
cially of relatively poorly perfused areas (skeletal muscle, bone,
skin), and is most marked after short (2 to 2.5 hours) dialysis.
Despite significant urea rebound within the first 30 minutes of
dialysis termination, all clinical studies evaluating Kt/V have
utilized values of postdialysis urea samples drawn 0 to 1 min-
utes after dialysis. Consequently, a Kt/V of 1.4, based on blood
sampling 0 to 1 minute postdialysis often corresponds to Kt/V
of only 1.1 to 1.2 if an equilibrated blood sample drawn 30 to
60 minutes after dialysis were drawn.

Shortened Dialysis Time (t)

Dialysis time may be lost owing to staff- or patient-related fac-
tors (Table 100-6). Because of these problems, and the relative
complexity of the calculations involved, alternative, simpler
methods of assessing the dose of dialysis measured by Kt/V
have been formulated. The most popular is the urea reduc-
tion rate (URR) expressed as percent reduction in urea (PRU)
(45,46).

URR = (predialysis BUN B postdialysis BUN)/
predialysis BUN × 100

The URR is a measure of urea clearance during a single dialysis
treatment and is a function of dialysis time, volume of distri-
bution of urea, and dialyzer urea clearance. The URR has been
graphically related to Kt/V (Fig. 100-6) and varies with the
amount of ultrafiltrate removed. A URR of 55% corresponds
to a KT/V of 1.0. The URR is also subject to drawbacks, how-
ever. Changes in K will not be detected because K is not directly
assessed (falsely high value of K indicates either poor blood
sampling technique or access recirculation); PCR values can-
not be calculated; URR tends to underestimate Kt/V at high
rates of ultrafiltration; and the URR is a less accurate measure
of Kt/V at Kt/V values less than 0.8 or greater than 1.4.

TA B L E 1 0 0 - 6

FORMULAE FOR CALCULATION OF Kt/V

Kt/V = (4 × URR) – 1.2
Kt/V = 1.18 × – ln(R)
Kt/V = 2.2–3.3 × (R – 0.03 – UF/W)
Kt/V = –ln(R – 0.03 – 0.75 × OF/W)
Kt/V = –ln(R – 0.03) + (4 – 3.5 × R) × UF/W

URR, Pre-post BUN/pre BUN; UF, volume of fluid removed (L); W,
postdialysis weight (kg); R, post/pre BUN ratio.
Accuracy of formulae increases from top to bottom.
(From: Daugirdas JT. Chronic hemodialysis prescription: a urea kinetic
approach. In: Daugirdas JT, Ing TD, eds. Handbook of dialysis. 2nd
ed. Boston: Little, Brown, and Company; 1994:92; with permission.)

FIGURE 100-6. Graphic estimation of Kt/V from the urea reduction
ratio at varying levels of dialytic weight loss. Curves are derived from
formal urea modeling assuming a 3-hour dialysis, no residual renal
function, and a volume of distribution of urea 58% of body weight.
The nonlinear relationship between Kt/V and urea reduction ratio for
treatments with net ultrafiltration losses from 0% to 10% of final (dry)
body weight is shown. (From: Depner TA. Special feature estimation of
Kt/V from the urea reduction ratio for varying levels of dialytic weight
loss: a bedside graphic aid. Semin Dial 1993;6:242. Reprinted with
permission from Blackwell Scientific Publications.)

Several formulae computing Kt/V from predialysis and post-
dialysis BUN levels also are in use (Table 100-6). The use of
on-line blood and dialysate-based urea sensors for clearance
measurements will allow accurate computation of whole body
Kt/V in the near future.

HEMODIALYSIS OUTCOME

The quality of life during the extra years offered by hemodi-
alytic therapy varies in patients depending on several factors
including their age, renal diagnosis, comorbid conditions (di-
abetes, cardiovascular disease), nutritional status, presence of
anemia, and dialysis dose (47). Some recipients of maintenance
dialysis are nearly fully or significantly rehabilitated, whereas
others (unfortunately the majority) experience varying degrees
of chronic debility that renders them unable to fulfill the early
expectations of the Medicare Act of 1972, which ensured
financial support for treatment of all patients found suitable
for chronic hemodialysis. Correction of the universal anemia
of uremia by repetitive injections of recombinant erythropoi-
etin (EPO) has improved rehabilitation in the large majority
of patients (48), though sometimes unexplained resistance
to the drug may blunt its potential beneficial effect in many
patients.

Crude mortality rates in US maintenance hemodialysis pa-
tients are higher than in other industrialized nations, and have
decreased minimally (10%) since 1988 (6). Hemodialysis pa-
tients in the United States have a gross yearly mortality rate of
22%, and their life expectancy is inferior to that of patients
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TA B L E 1 0 0 - 7

CAUSES OF DEATH IN END-STAGE RENAL DISEASE
PATIENTS (USRDS, 1994)

Cause Percent

Myocardial infarction 14.5
Other cardiac cause 29.9
Cerebrovascular disease 5.6
Septicemia 10.6
Withdrawal from dialysis 9.9
Malignancy 3.4
Pulmonary infection 2.4
Unknown cause 7.6
Other known cause 16.1

of the same age with prostate or colon cancer. A 49-year-old
ESRD patient is estimated to have a life expectancy of 6.8 years
and a 59-year-old ESRD patient, a life expectancy of 4.4 years.
These values are 75% to 80% lower than those of the general
population: an expected loss of life of 23 years for ESRD pa-
tients aged 49 and 17 years for those aged 59 years. Actuarial
calculations reveal the average projected remaining lifetime of
prevalently dialyzed patients with ESRD is one-fourth to one-
sixth that of the general population through age 50. Mortality
rates in American hemodialysis patients have improved over
the past decade, however.

ESRD mortality rates are 15% to 30% higher in the
United States as compared to Europe and Japan (49–51)
and have been explained by: (a) greater comorbidity in U.S.
patients because of advanced age and diabetes; (b) better death
reporting in the United States; and (c) lower delivered dose
of dialysis (related to shortened dialysis treatment times, use
of smaller dialyzers ± widespread reuse of dialyzers) in U.S.
patients compared to other developed countries (53). Hence,
the continuing emphasis by some critics of the need for higher
dialysis dose in the United States and the intense interest in
reports of the salutary impact of nocturnal and daily hemodial-
ysis. Causes of death in hemodialysis patients are shown in
Table 100-7.

COMPLICATIONS OF CHRONIC
HEMODIALYSIS

Underdialysis

Underdialysis remains one of the major contributors to dialy-
sis morbidity and mortality. Causes of underdialysis are shown
in Table 100-8. Recirculation of more than 15% to 20% of
previously dialyzed venous blood into the arterial line is an im-
portant cause of underdialysis and may go unrecognized if not
actively sought. This short-circuiting of blood (causing repeat
dialysis of plasma) in an arteriovenous fistula or graft within
an extremity, or in tubing leading to a single-needle (depen-
dent on to and fro blood flow) dialysis circuit or a temporary
double lumen catheter, reduces the efficiency of extracorporeal
blood treatment. Although measured blood flow through the
dialyzer may indicate attainment of a predetermined flow rate,
dialysis of the same blood reduces effective solute extraction
(clearance). Clues to the presence of blood recirculation dur-
ing dialysis include the combination of a minimal decline in
BUN levels as well as concentration of larger solutes (creati-
nine, Vitamin B12), and signs of venous outflow stenosis or ob-
struction such as a swollen access limb, high venous pressures
on dialysis, and a prominent, tapping arterial inflow pulse. As
a simple test for recirculation, simultaneous measurements of
BUN levels in arterial blood entering the dialyzer, and systemic
blood should not differ by more than 0 ± 2 mg/dL. To quantify
the amount of recirculation, simultaneous measurements of the
same solute (urea, creatinine) in samples drawn from arterial
and venous bloodlines during dialysis are compared with the
level of the same solute in a simultaneous venous blood sam-
ple from the contralateral extremity (the three-needle method)
(Fig. 100-3).

recirculation(%) = Cs − CBi

Cs − CBo
× 100

where CS is the systemic concentration, CBi is the blood inlet
(arterial line) concentration, and CBo the outlet (venous line)
concentration of an easily measured solute, such as urea, in
mg/dL. It is important to distinguish the venous blood sam-
ple (CBo), also called a postdialyzer blood sample from a

TA B L E 1 0 0 - 8

CAUSES OF UNDERDIALYSIS

Factors related to equipment
Patient-related factors malfunction or failure Staff-related problems

Problems related to vascular access
Venous outflow stenosis resulting in

recirculation
Poor access development or inflow

stenosis resulting in low blood flow
rates

Missed or shortened dialysis sessions
(depression/psychosocial problems)

Cardiovascular disease with
hemodynamic instability, need for
repeated interruptions in dialysis, and
reduced dialysis time

Unrecognized concurrent illness
(malignancy, infection)

Dialyzer deviation from manufacturer
specifications

Reduction in clearance of reused dialyzers
Inadequate heparinization with dialyzer

clotting and reduction in clearance
Low blood flow rates secondary to

improper blood pump calibration,
collapse of pump line segment, or lack
of total occlusion of blood pump

Incorrect dialysis prescription (time ×
surface area × blood flow rate)

Incorrect needle placement or reversal of
blood lines with resultant recirculation

Shortening or improper tallying of
dialysis time (time during which the
blood pump is turned off or blood flow
rate significantly reduced should not be
included)

Improper collection of postdialysis blood
samples for calculation of dialysis
adequacy
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postdialysis blood sample that is drawn from the arterial line
at least 2 minutes after termination of dialysis for purposes of
calculating the URR. If significant recirculation (greater than
15% to 20%) is detected, contrast angiography is indicated
and a stenosis of the venous outflow tract of the access often is
discovered.

A modification in the three-needle method usually employed
for obtaining blood samples for the measurement of recircu-
lation was introduced after recognition of the presence of car-
diopulmonary recirculation (CPR) (52,53). The BUN of dia-
lyzed blood returning to the heart is reduced by admixture
with blood volume returning to the heart from other areas
of the body, such that during dialysis, arterial BUN is always
lower than venous BUN by 3 to 4 mg/dL. This CPR (also called
arteriovenous dysequilibrium) accounts for about 7% of recir-
culation, and becomes especially significant in patients with
low cardiac outputs and therefore more time for dilution of
dialyzed blood. CPR in patients with congestive heart failure
may approach 11% to 12%. It is therefore incorrect to as-
sume that the BUN level in a peripheral vein of the nonaccess
arm is equal to that at the arterial inlet line of the dialyzer
when recirculation is absent; the peripheral vein BUN is al-
ways lower because of CPR. To eliminate the effect of CPR, a
two-needle method utilizing a stop-flow or low flow technique
is used to collect the CS (peripheral) blood sample: The blood
pump is stopped or slowed to 50 mL/minute, and a blood sam-
ple drawn from the arterial line no more than 30 seconds later.
Collection of this CS blood sample at minimal or no blood
flow prevents collection of recirculated blood. Collection of
the sample within 30 seconds of stopping or slowing dialy-
sis minimizes the effect of urea rebound. Samples for CBo and
CBi are collected in the usual manner at the set blood flow
rate.

Cardiopulmonary recirculation does not occur with use of
central venous catheters for dialysis access. If the standard
three-needle technique is used for calculation of recirculation,
samples should be drawn within the first 30 minutes of start
of the hemodialysis treatment, as systemic blood venous BUN
becomes lower than that of venous BUN in the nonaccess
arm because of relatively poorer blood perfusion in the vaso-
constricted extremity. The difference between nonaccess arm
venous BUN and systemic venous BUN (veno-venous dysequi-
librium) is most marked after 1 hour of initiation of hemodial-
ysis, and can account for falsely high recirculation rates of up
to 30%.

Underdialysis should be suspected in any patient who
is deteriorating, without obvious cause, during maintenance
hemodialysis. The integrity of the vascular access should be
checked, the presence of blood recirculation excluded, and
urea kinetic modeling performed and compared to previous
analyses. To test the inference that underdialysis is responsi-
ble for the patient’s worsening condition, the effect on clinical
well being of an increase in effective dialysis should be de-
termined. Substitution of a greater surface area dialyzer with-
out change in dialysis time is an initial empiric step readily
accepted by patient and staff. Should intradialytic hypoten-
sion, or prior selection of a large dialyzer preclude this ap-
proach, an extension of the duration of each dialysis is man-
dated as the next step. An increment of 1 hour per dialysis
(for each dialysis), for 1 month, is usually sufficient to induce
improvement in an underdialyzed patient. Improved work tol-
erance, and lessened pruritus, anorexia, and hiccoughs may be
the first subjective indicators that the diagnosis of underdial-
ysis was correct. A rising hematocrit and declining phospho-
rus and parathyroid hormones (PTH) levels over the ensuing
3 months afford further corroboration of the wisdom of hav-
ing increased dialysis time. Changes in the amount of dialysis
may require months to a year or longer to effect clinical well
being.

Cardiovascular Disease

Hypertension

Hypertension is the second most serious threat (after diabetes)
to longevity on maintenance hemodialysis. Hypertension re-
quiring therapy was seen in 75% of ESRD patients in the
HEMO Study (31), and its sequelae of left ventricular hypertro-
phy, ischemic heart disease, and cardiac failure account for the
nearly 50% cardiovascular death rate in hemodialysis patients
(54). Systolic hypertension with associated high pulse pressure
is a greater risk factor for cardiovascular disease than is dia-
stolic hypertension. In Tassin, France, where long, slow dialysis
is practiced, fewer than 3% of patients need antihypertensive
drugs, reflecting the better-tolerated and hence more adequate
removal of fluid with slow dialysis (40).

By obtaining an ambulatory blood pressure (ABP) profile
during 48 hours in 24 normotensive hemodialysis patients (4
hours, three times weekly), Battistella and co-workers provide
insight into the response to worsening levels of uremia in the
functionally anephric human (55). Ambulatory blood pressure
is greater on the second postdialysis day (122/74 mm Hg) than
on the day after dialysis (117/70 mm Hg), and nocturnal de-
crease in blood pressure is less than 5%. Surprisingly, increases
in ABP on the second day do not correlate with the degree of in-
terdialytic weight gain. The white coat syndrome continues to
impact on blood pressure even after initiation of maintenance
hemodialysis. No matter when it is taken, blood pressure be-
fore hemodialysis is continually higher than the diurnal ABP
(138/74 mm Hg versus 121/73 mm Hg), even if the ABP is ana-
lyzed 1 hour prior to hemodialysis (129/77 mm Hg). Hyperten-
sion in renal failure, although multifactorial, usually responds
to contraction of plasma volume induced by dietary salt and
water restriction and ultrafiltration on dialysis. Loop diuret-
ics may be used to augment water excretion in patients with
residual renal function and creatinine clearances greater than
approximately 8 mL/minute.

The management goal in balancing interdialytic weight gain
against intradialytic fluid extraction is to attain the patient’s
“dry weight,” the weight at which the patient is normoten-
sive without use of antihypertensives and that permits interdi-
alytic weight gain of 5 or more pounds without development
of hypertension. Dry weight has also been defined as the low-
est weight tolerated without development of symptomatic hy-
potension. Absence of clinical signs of volume overload such as
peripheral edema and central vein distension are unreliable in
assessing dry weight, as ultrasound scans document increased
vena cava diameter indicating volume expansion in many dial-
ysis patients without clinical signs of volume overload (56).
Very often, the limiting factor in fluid removal (ultrafiltration)
during hemodialysis is a fall in blood pressure to hypotensive
levels accompanied by nausea, vomiting, leg and other muscle
cramps, and syncope and altered mentation in those patients
with compromised cerebrovascular or coronary function. A vi-
cious cycle of need for antihypertensive drug use, hypotension
on dialysis with interruption of dialysis and need for saline re-
placement, weight gain, exacerbation of volume-sensitive hy-
pertension, and increased dose of antihypertensive medications
may afflict some patients and contribute to underdialysis as a
result of shortened dialysis time. Dry weight is much more eas-
ily acheived with short daily hemodialysis than with three times
per week high flux dialysis.

Blood pressure lability during hemodialysis depends in part
on the choice of dialysate buffer (acetate or bicarbonate) and
the concentration of sodium in dialysate. Because sodium re-
tention may aggravate underlying hypertension, the exact dial-
ysis prescription seeks to minimize hypertension while protect-
ing against intradialytic hypotension. Kramer and colleagues
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studied six ESRD patients with sequential bicarbonate and ac-
etate dialysate at four different dialysate sodium concentrations
(135, 140, 145, and 150 mmol/L) (57). During hemodialysis,
bicarbonate buffer protected against hypotensive episodes, as
did a sodium dialysate sodium concentration of 140 mmol/L.
There was no advantage in raising dialysate sodium concentra-
tion above 140 mmol/L. Zuccala and associates explored the
question of whether one class of antihypertensive drugs was
superior to others in eight hemodialysis patients (58) with a
high plasma renin activity (greater than 2 ng/mL per hour). Pa-
tients were given 50 mg of captopril, clonidine, and nifedipine
in random order. All three drugs produced an equivalent fall in
mean blood pressure from a pretest value of 121 ± 8 mm Hg
to 111 to 112 ± 4 mm Hg.

If hypertension is not significantly improved within a few
weeks of beginning maintenance hemodialysis, low doses of an
angiotensin converting enzyme inhibitor (ACEi) or angiotensin
receptor blocker (ARB), calcium blocker, or β blocker may
be added and progressively increased as needed. Most pa-
tients should not take their antihypertensive medications on
the morning of dialysis so as to avoid intradialytic hypotension.
So-called “tissue-specific” ACEis (ramipril, quinapril, perindo-
pril, trandolopril) may be particularly beneficial in retarding
macrovascular as well as cardiovascular disease, and we place
almost all our diabetic hemodialysis patients on an ACEI. An-
other potential benefit of ACEi use is the retrospective obser-
vation that arteriovenous graft thromboses are decreased in
ESRD patients on treatment with ACEis (59). The centrally
acting alpha antagonist clonidine is efficacious in hypertensive
ESRD patients but extraction of clonidine during hemodialysis
can precipitate hypertension, agitation, and headache—“signs
of withdrawal”—in patients on the drug. Minoxidil may be
added in cases of recalcitrant hypertension, and its use has
now long preempted the need for native binephrectomy, a pre-
vious last resort in difficult-to-control hypertensive patients.
Side effects of minoxidil include hypertrichosis, tachycardia,
and fluid retention in serous cavities. Concomitant prescription
of a β blocker to counteract reflex tachycardia and increased
ultrafiltration should be performed with initiation of minoxidil
therapy. Active participation by the patient in drug dose mod-
ification is aided by provision of an inexpensive and reliable
blood pressure monitor. We employ a simple aneroid, blinking
light, beeping device that is widely available, under a variety of
brand names, in surgical supply stores for about $80 (DIGI +
PLUS DSP-80, Ueda Electronic Works, Ltd., Japan).

About 80% of American ESRD patients on maintenance
hemodialysis are now treated with erythropoietin. One-third
of previously normotensive hemodialysis patients show an in-
crease in blood pressure during erythropoietin treatment. There
is no correlation between the rise in blood pressure and patient
age, sex, duration of ESRD, and previous levels of blood pres-
sure. Return to baseline (pre-erythropoietin) blood pressure
generally is easily accomplished either by increasing ultrafiltra-
tion or antihypertensive drugs during hemodialysis.

Coronary Artery Disease

In a study of the earliest patients started on hemodialysis,
Lindner and associates found that 85% had died by the thir-
teenth year of dialysis of presumed cardiovascular causes, asso-
ciated with accelerated atherosclerosis (60). The probability of
myocardial infarction, angina, or pulmonary edema requiring
hospitalization in hemodialysis patients is about 10% per year
(61). The prevalence of congestive heart failure and complex
ventricular ectopy are 10% and 18%, respectively (62,63). Car-
diac dysfunction in the incident hemodialysis population is also
common. Abnormalities of systolic function and/or left ventric-
ular hypertrophy are found in over 70% of patients starting
maintenance hemodialysis (72). Risk factors for atherosclero-

sis in dialysis patients include hypertension, cigarette smoking,
diabetes mellitus, hyperlipidemia (30% to 50% of chronic dial-
ysis patients are hypertriglyceridemic, with normal total choles-
terol but unfavorable HDL:LDL ratios), abnormalities of cal-
cium metabolism, hyperuricemia, and the presence in uremic
serum of mitogenic factors that can stimulate smooth muscle
proliferation, an early step in the genesis of atherosclerotic le-
sions. Investigators found that one such mitogenic substance,
platelet-derived growth factor (PDGF), is increased in activity
about threefold during dialysis with cuprophane membranes
(64). Most dialysis prior to 1970 was performed with cupro-
phane membranes and they are still frequently used. An asso-
ciation between cuprophane and accelerated atherosclerosis is
yet to be established, but the greater bioincompatibility of this
material compared with newer membrane materials in use to-
day mitigates against its continued widespread application in
dialysis.

Cigarette smoking is a significant risk factor for coronary
artery disease in dialysis patients. Of 20 patients who smoked
cigarettes in a retrospective study of dialysis patients, 33%
were dead by their seventh year of dialysis, and 75% by the
eleventh year (55). Every patient who died of cardiovascular
disease (5/5) was a cigarette smoker. By contrast, only 3/10
living patients were cigarette smokers. In dialysis patients as-
sessed during transplantation for the presence and severity of
atherosclerosis by Vincenti and associates (65), no correlation
was found between preexisting metabolic and lipid abnormal-
ities, and duration of hemodialysis. Correlation was found,
however, between degree of hypertension, age, and severity
of atherosclerosis, which caused the authors to conclude that
atherosclerosis may not be accelerated by hemodialysis and
may be prevented by more stringent control of hypertension in
uremia.

The importance of calcium/phosphate balance in the gene-
sis of obstructive coronary artery disease has been highlighted
in recent studies utilizing magnetic resonance imaging or elec-
tron beam computed tomographic imaging of coronary artery
plaque that documents increasing evidence of coronary plaque
formation in hemodialysis patients with hyperphosphatemia
or elevated calcium/phosphorus products (66,67). Metastatic
or dystrophic deposits of calcium within coronary vessels and
around cardiac valve rings can be significant contributors to
cardiac mortality in dialysis patients.

Dialysis-Associated Pericarditis

Small asymptomatic pericardial effusions are common in dial-
ysis patients who are volume overloaded. Fibrinous pericardi-
tis with large effusions can produce cardiac tamponade, may
occur in up to 8% to 10% of the chronic hemodialysis popu-
lation, and is a reflection of underdialysis (68). Patients with
dialysis-associated pericarditis may have chest pain, distended
neck veins, a pericardial rub, or develop recurrent hypotension
during the first 30 to 60 minutes of dialysis. Intensification of
the dialysis regimen with daily heparin-free dialysis for 1 to
2 weeks brings about reduction in size of the effusion in 50%
to 70% of patients. Surgical drainage of the pericardial space is
indicated if the effusion is massive (greater than 250 mL), fails
to respond to medical therapy, produces hemodynamic instabil-
ity on dialysis, or if there are clinical or echocardiographic signs
of early or imminent tamponade. Subxiphoid pericardiotomy
is the procedure of choice; however, in emergent cases, needle
aspiration of the pericardial space is first necessary.

Undernutrition

One-third of adult hemodialysis patients show evidence of
moderate to severe protein calorie malnutrition (PCM). Factors
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contributing to PCM in hemodialysis patients include anorexia
associated with uremia, advanced age, medications, or intercur-
rent illness; depression; economic constraints; and the catabolic
stress of the hemodialytic technique itself. Causes of dialysis-
induced catabolism include: membrane bioincompatibility (37)
hypothesized to be caused by interleukin-1 (IL-1) and tumor
necrosis factor; the loss of up to 8 to 12 gm of amino acids
per week on dialysis; and metabolic acidosis (69,70). The im-
portance of PCM in contributing to dialysis mortality has been
emphasized by Lowrie and Lew (71), who documented that
mortality risk in chronic dialysis patients correlated best with
hypoalbuminemia, followed by increasing age and serum cre-
atinine. Hemodialysis patients with serum albumin levels be-
tween 3.5 and 4.0 g/dL have a two times greater mortality risk
compared to those with values above 4 g/dL. With serum albu-
mins of 2.5 to 3.0 g/dL, mortality risk is increased 16-fold. Low
serum BUN and cholesterol were also associated with increased
mortality risk. Hypoalbuminemia in dialysis patients also cor-
relates with the prevalence of infections, congestive heart fail-
ure, and pericarditis.

Routine dietary assessment is mandated in hemodialysis
patients. Indices of nutritional status such as transferrin lev-
els, lymphocyte counts, in addition to serum albumin levels
should be monitored. Protein catabolic rate by kinetic model-
ing and anthropometric measurements also are useful adjuncts.
In order to maintain neutral nitrogen balance, it is recom-
mended that patients on hemodialysis receive a total caloric
intake of at least 35 kcal/kg per day with high-biological-value
protein intake of 1.2 g/kg per day. About 35% of nonpro-
tein calories should be from carbohydrates and the rest from
fat. Correcting comorbid illnesses and increasing dialysis dose
(72) may also improve nutritional status. Early use of enteral
or parenteral nutrition during acute illnesses in hemodialy-
sis patients is advocated. The role of intradialytic parenteral
nutrition (IDPN) providing 500 to 600 calories/day is cur-
rently under debate (73). For the present, it is best limited
to those patients who are unable to eat. Recombinant hu-
man growth hormone in doses of 5 to 10 mg subcutaneously
three times weekly administered in conjunction with IDPN
also has been shown to aid protein anabolism (74), but the
cost of the hormone at $40/mg renders its widespread use
prohibitive.

Vascular Access Complications

Problems related to vascular access account for one-fourth of
all ESRD patient hospitalizations (75). A well-functioning vas-
cular access is essential for delivery of dialysis and adequate
dialysis. The economic and social cost of admissions for ac-
cess declotting or repair is high, and morbidity is especially
marked in the elderly. Long-term vascular access is best af-
fected in the form of an endogenous fistula at the radial or
brachial arteries. When inadequate veins or arteries are present
(as documented by venography and arterial doppler imag-
ing), a synthetic graft usually made of polytetrafluoroethylene
(PTFE) may be used as an alternative, but is subject to higher
complication rates. Use of composite grafts made partially of
the usual expanded PTFE material along with the more re-
silient plasma PTFE, can allow early graft cannulation (within
24 hours) following construction or repair of a graft (80).
Prospective trials using these and other composite grafts are
underway.

Thrombosis and Infection

Failure of vascular access because of thrombosis with or
without associated infection occurs in PTFE grafts more fre-
quently than in endogenous fistulae. Polytetrafluoroethylene

grafts have an average duration of patency of 1 to 3 years
(2-year patency rate of 70%), whereas a well-constructed
Brescia-Cimino fistula has a mean patency of 3 to 4 years or
longer. The complication rate of PTFE grafts is four to five times
that of fistulae. Access thrombosis usually is associated with an
anatomic abnormality (venous stenosis, aneurysm formation,
local scarring at a site of repeated needle puncture), extrinsic
compression, or low flow state. Vascular accesses in diabetic
patients have similar 1-year patency rates when compared to
nondiabetic patients (76). In a series of 324 arteriovenous ac-
cesses created in 256 patients between June 1979 and October
1983, there were 34 diabetic patients in whom 22 Cimino fis-
tulae and 27 PTFE grafts were placed (85). When compared
to similar vascular accesses in nondiabetic patients, there was
no difference in the patency rates at 1 year in diabetic and
nondiabetic patients. Early failure of fistulae because of poor
maturation or failure of maturation is more common in dia-
betic than nondiabetic patients, however.

The substrate for development of access thrombosis and
occlusion is stenosis caused by myointimal hyperplasia and
neovascularization of the outflow tract of the access just dis-
tal to the venous anastomosis where the jet of blood shunted
across the access impinges (77,78). Impending thrombosis of
the access related to venous outflow stenosis often can be
detected by monitoring for high venous pressures (a venous
pressure of greater than 150 mm Hg at a blood flow rate
of 200 mL/minute is considered elevated); feeling a weaken-
ing access thrill; detecting an arterial pulse that is excessively
prominent and tapping; and noting prolonged bleeding fol-
lowing removal of dialysis needles. Recirculation percentages
also rise as a stenosis on the venous side of the access wors-
ens. Noninvasive transcutaneous measurement of access blood
flow rate (BFR) by doppler flow imaging, optical sensor sys-
tems or other methods has become widely used as adjunct
to detect impending access thrombosis. If access blood flow
falls by >25% over a 4-month period, or falls below 600 mL/
minute, the patient should be preemptively referred for a fis-
tulogram and possible angioplasty by the interventional radi-
ologist or nephrologist (5) (Fig. 100-7). Angioplasty is asso-
ciated with at least a 50% restenosis rate, however, and use
of various types of stents in selected patients may retard this
complication.

When the arterio-venous access thromboses, early surgical
thrombectomy utilizing a Fogarty catheter with repair or by-
pass of stenotic areas (if present) will restore graft patency. Al-
ternatively, thrombolysis using urokinase or tissue plasminogen

FIGURE 100-7. Chronic swelling of the access hand and arm in a
patient with proximal axillary vein stenosis. (Courtesy of JH Hong.)
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FIGURE 100-8. Contrast angiography showing stenotic area of the axillary vein before and after percu-
taneous balloon angioplasty.

activator can achieve graft patency in 60% to 90% of cases,
but the risk of rethrombosis is high if the ubiquitously present
venous outflow stenosis is not corrected.

Infection of arteriovenous grafts is more common than with
fistulae, may occur in association with graft thrombosis, and
may be present in the absence of obvious signs of local infec-
tion. Infection of a perigraft hematoma is a common initiating
event. Strict attention to skin preparation before cannulation
of the arteriovenous access is of great importance in reducing
the incidence of graft infections.

Venous Hypertension

Another complication of placement of arteriovenous access is
chronic swelling of the hand (Fig. 100-7), and especially the
thumb (“sore thumb” syndrome), related to the presence of
the distal segment of the vein used for creation of the access
(81). Venous hypertension also may occur in association with
venous stenosis of the access, or a more proximal stenosis at the
level of the subclavian vein, which may have been previously
catheterized for temporary vascular access. Ligature of the dis-
tal venous limb of the fistula or graft, or balloon dilatation of
an area of stenosis usually corrects the problem.

Radial Steal Syndrome

The blood supply to the fingers may be compromised when
the radial artery is used for construction of a side-to-side arte-
riovenous fistula with the cephalic vein. Radial arterial blood
no longer supplies the fingers, whereas the fistula provides a
low-pressure runoff system that short circuits the ulnar and
interosseous arterial blood supply through the palmar arch, a
system that may have been previously compromised because
of medial arterial calcification, which is especially common in
diabetic patients (82). Pain and numbness in the fingers may
proceed to ischemia and gangrene (Figs. 100-8 and 100-9). A
steal syndrome may be avoided or ameliorated by ligation of
the distal radial artery segment to prevent retrograde flow of
blood from the ulnar arterial system into the fistula, or by pri-
mary creation of an end-artery to side- or end-vein fistula.

Ischemic Monomelic Neuropathy

Multiple distal mononeuropathies may occur in the upper limb
following placement of a proximal arteriovenous access (83).
The condition is particularly common in diabetic patients and
is characterized by acute painful weakness of the forearm and
hand muscles, which occurs within hours of the access cre-
ation and is related to ischemia of the peripheral nerves ow-
ing to sudden diversion of the blood supply by placement of
a proximal brachiocephalic fistula. Early closure of the fis-
tula or removal of the graft may result in reversal of the
syndrome.

FIGURE 100-9. Three cases of radial steal syndrome following place-
ment of vascular access showing increasing degrees of severity of is-
chemia. The two most severe cases occurred in diabetics. (Courtesy of
JH Hong.)
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Hematologic Complications

Anemia

The introduction in 1989 of EPO for treatment of renal ane-
mia was one of the most vital advances in hemodialytic therapy.
Doses of 50 to 100 U/kg of EPO three times weekly usually are
required to keep Hct above 30%. In 2001, the longer acting
darbepoeitin alpha (an erythropoietin molecule with additional
glycosylations) was approved for use (84). K/DOQI recom-
mend a target hematocrit of 33% to 36% and hemoglobin 11 to
12 g/dL (5), but there is still active debate regarding the pos-
sible beneficial effect of even higher target Hcts (normalizing),
particularly in patients with cardiac disease.

Iron deficiency should always be sought and treated first,
even before initiation of EPO therapy because hemodialysis
patients lose up to 1,000 mL/year of packed red blood cells
equivalent to 1 g of iron. Transferrin saturation should be
maintained between 20% and 50% while the serum ferritin is
targeted as 100 to 800 mg/mL during EPO therapy (85).

Causes for failure of erythropoietin effect include iron
deficiency, folate deficiency, infection or inflammation,
malignancy, aluminum overload, red cell dyscrasia, and
hyperparathyroidism with bone marrow fibrosis. Another
cause of EPO failure/resistance was recognized in 1999
when cases of severe anemia associated with pure red cell
aplasia due to anti-erythropoietin antibodies were reported
in patients treated with a particular brand of subcutaneously
administered epoietin alpha used outside of the United States
(Eprex) (86). Antibody titers decrease with discontinuation of
the drug, but immunosuppressive agents are usually required
to decrease transfusion requirements.

Bleeding Diathesis

Uremic platelets show abnormal aggregation and adhesion,
and there is decreased activity of von Willebrand factor and
decreased levels of platelet factor III, such that the bleeding
time may be greatly prolonged. In association with frequent
heparinization during dialysis, this results in a bleeding ten-
dency that may produce spontaneous retroperitoneal bleeds
or subdural hematomas. Improvement may be effected by in-
tensive dialysis, correction of anemia by erythropoietin, and
the use of cryoprecipitate (87), desmopressin (dDAVP) (88), or
conjugated estrogens (89).

Sepsis

Bacterial infections occur commonly in hemodialysis patients,
and may present insidiously yet progress rapidly. Staphylococ-
cal and Gram-negative organisms (Escherichia coli in partic-
ular) usually are implicated. Opportunistic pathogens are un-
common. Septicemia was responsible for 10.6% of deaths in
Medicare ESRD patients between 1989 and 1991 (6). Impaired
neutrophil chemotaxis caused by reduced ability to bind C5A
and variable derangements in macrophage Fc function and IL-1
production have been reported in dialysis patients, resulting in
defective antigen internalization and processing (90). Iron over-
load (if present) contributes to defective neutrophil function. In
addition, dialysis patients show reduced T- and B-cell response
to various mitogens, as well as to viral vaccines (influenza,
hepatitis B). Initiation of dialysis therapy leads to significant
improvement in in vitro T-cell proliferation as measured by T-
cell IL-6 and IL-10 production (91). Despite these defects in
immunity, the high rate of bacterial infections in hemodialysis
patients is probably most strongly related to frequent breaches
in the skin during vascular access cannulation, and the use
of central line hemodialysis catheters (92). Use of mupirocin

ointment at catheter exit sites, or instillation of antibiotic so-
lutions (gentamicin or taurolidine) into the catheter lumen re-
duces catheter-related bacteremia (92). Infected PTFE grafts
may lack obvious signs of infection, so that the index of suspi-
cion in a febrile dialysis patient with a prosthetic graft vascular
access must be high, particularly if there is associated throm-
bosis of the graft. Bacterial infections in hemodialysis patients
generally appear more severe and more likely to progress to
septicemia with attendant risks of endocarditis and seeding of
a prosthetic graft if this was not already the original site of
infection.

The urinary tract may be a source of infection in patients
with polycystic kidney disease (PKD) and diabetic patients
with neurogenic bladders. Lipid-soluble antibiotics such as
ciprofloxacin or trimethoprim sulfamethoxazole that penetrate
cyst walls well should be used to treat urinary infections in pa-
tients with PKD. Suspicion of previously unrecognized diver-
ticulitis as the source of abdominal complaints and sepsis in
patients with PKD should also be high because of an increased
prevalence of colonic diverticula in PKD. Pneumonia is a sig-
nificant cause of morbidity and mortality in dialysis patients
and often presents with atypical pulmonary infiltrates. Tuber-
culosis is 10 times as common in hemodialysis patients as in the
general population, and disease often is extrapulmonary, mil-
iary, and atypical. Infections with Yersinia, Mucor (vide infra),
Listeria, and Salmonella also are reported to be more common
and/or severe in hemodialysis patients.

Diseases of Bone and Soft Tissue

Renal Osteodystrophy

Three predominant types of renal osteodystrophy occur, but
combinations and transitional forms sometimes related to ther-
apy commonly are seen.

High Turnover Renal Bone Disease. The consequence sec-
ondary hyperparathyroidism, high turnover renal bone disease
is characterized by increased osteoblastic and osteoclastic ac-
tivity with varying degrees of bone marrow fibrosis, the pres-
ence of woven osteoid, and normal or accelerated mineraliza-
tion of bone. Pathogenetic factors include hyperphosphatemia,
hypocalcemia and low levels of 1,25-dihydroxycholecalciferol.
The hypocalcemia may be absolute or merely relative, as a shift
of the set point of calcium (the serum calcium level needed to
reduce the maximal PTH level by 50%) to the right on the
PTH/calcium curve occurs in uremia so that a higher serum cal-
cium than normal is required to inhibit PTH secretion. Serum
calcium levels in uremic patients should be kept between 9.5
and 11.5 mg/dL. Radiologic changes develop late in hyper-
parathyroidism. In established disease, subperiosteal resorp-
tion is best seen on the radial borders of the middle phalanges
of the middle fingers, erosion of the terminal tufts of the fingers,
and subperiosteal erosions and cysts involving the lateral one-
third of the clavicles are characteristic (Fig. 100-10). Multiple
bone cysts first observed in the outer one-third of the clav-
icles and middle phalanges but involving mainly long bones
are noted in advanced disease (osteititis fibrosa cystica). Os-
teosclerosis involving the axial skeleton and giving rise to the
characteristic “rugger jersey” spine appearance also is a fea-
ture of high turnover renal bone disease. Intact or N-terminal
parathyroid hormone (PTH) levels measured by immunora-
diometric assay (iPTH) are greater than 150 to 200 pg/mL in
patients with clinically significant hyperparathyroidism. Some
90% of patients with iPTH levels less than 900 pg/mL respond
to treatment with intravenous or oral calcitriol. A new second
generation immunoradiometric two-site sandwich assay which
exclusively detects the biologically active PTH 1-84 moiety
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FIGURE 100-10. Gross erosion of the distal one-third of the clavicle
(Nathan’s sign) in a hemodialysis patient with secondary hyperparathy-
roidism.

(bio-intact PTH assay) and is roughly equivalent to 50%
of intact PTH levels is now available but not yet in
widespread use. The intravenous vitamin D analog, 19-nor-
1α25-dihydroxyvitamin D2 (paricalcitol) is more potent and
has less calcemic effect than 1,25 dihydroxyvitamin D) when
used to treat high turnover renal bone disease, and is rapidly
gaining popularity in the United States, as is the novel cal-
cimimetic agent cinacalcet (Sensipar) which acts as an agonist
of the calcium sensing receptors on parathyroid tissue hence
decreasing PTH secretion (93).

In patients with severe hyperparathyroidism and iPTH lev-
els greater than 900 pg/mL, however, medical therapy may
be ineffective in over 60% of cases owing to autonomy of
the parathyroid glands (tertiary hyperparathyroidism). These
patients often have associated hypercalcemia and hyperphos-
phatemia with pruritus and calciphylaxis and benefit from sur-
gical parathyroidectomy. Tertiary hyperparathyroidism may
complicate renal transplantation, persisting after graft failure
and resumption of maintenance hemodialysis.

Low Turnover Bone Disease. This multifactorial variant of re-
nal osteodystrophy is characterized by low levels of parathy-
roid hormone (less than two times normal), a reduced number
of osteoclasts and osteoblasts with low rates of bone turnover,
and a tendency to develop hypercalcemia (particularly with
treatment). Two types of low turnover bone disease are seen,
aplastic bone disease and osteomalacia.

Aplastic Bone Disease. This disorder is characterized by de-
creased osteoclast and osteoblast activity, cessation of bone

formation, and intact PTH levels less than 100 pg/mL. Eti-
ologic factors include aluminum and iron overload, and the
condition occurs more frequently in diabetic uremic patients,
patients on CAPD, and uremic patients with previous parathy-
roidectomies. An increase in fractures and poor fracture healing
may be features of aplastic bone disease. Aplastic bone disease
accounted for 49% of bone lesions found in a population of
117 chronic hemodialysis patients and 142 CAPD patients fol-
lowed for a 1-year period in three Toronto hospitals; therefore,
it is the most common form of renal bone disease currently seen
(94). In this study, only osteomalacia was associated with in-
creased stainable aluminum on bone biopsy.

Osteomalacia. This form of renal bone disease is characterized
by underactivity of bone matrix and is marked by excess depo-
sition of unmineralized osteoid in large osteoid seams. There
may or may not be associated aluminum (Al) excess; however,
in dialysis patients with osteomalacia, Al is the most common
etiologic factor (97). Conditions that predispose to the develop-
ment of Al bone disease include factors that enhance gastroin-
testinal absorption and those that favor deposition in the bone.
Situations that enhance the gastrointestinal absorption of Al

FIGURE 100-11. Anteroposterior radiograph of the proximal femur
in a 33-year-old man on home hemodialysis for over a decade, with
severe renal osteomalacia. There is nonunion of a previous femoral
neck fracture as well as an acute comminuted fracture of the femoral
shaft. The bones are severely osteopenic, demonstrating a medullary
density equivalent to the soft tissues of the thigh. (Courtesy of TA
Einhorn.)
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include ingestion of phosphate binders on an empty, acid-filled
stomach; children, young adults (95), and diabetic patients (96)
with renal disease; and citrate (97), lactate (98), and possibly
other organic anions. Cases of Al intoxication occurring in
predialytic uremic patients as a result of aluminum hydroxide
therapy, especially if associated with concomitant ingestion of
citrate-containing compounds such as Shohl’s solution or effer-
vescent analgesic tablets, have been described in children and
adults (99,100). Low-turnover bone such as that following a
parathyroidectomy (101) or after chronic treatment with in-
travenous calcitriol (102) can also permit Al deposition in the
bone with its detrimental effects. In cases of aluminum bone
disease, deposition of stainable aluminum over more than 25%
to 30% of trabecular bone surface is seen. Bone pain, proxi-
mal myopathy, pathological fractures or pseudofractures of the
bones of the axial skeleton (ribs, vertebrae, pelvis, hips), and
long bone fractures (Fig. 100-11) are common features.

Although bone disease is a dominant feature of chronic alu-
minum excess, neurologic symptoms are seen most commonly
with acute exposure to aluminum, and may occur as an epi-
demic within a dialysis unit where the water supply has become
contaminated with aluminum. Alfrey and associates in Denver
in 1972 first described the syndrome of dialysis encephalopa-
thy related to Al intoxication (103). Scanning dysarthria, my-
oclonus, progressive dementia, mutism, and seizures are typical
features. Diagnosis is supported by an electroencephalogram
(EEG) showing generalized slowing, with multifocal bursts of
delta activity and spikes most prominent in the frontal lobes
(Fig. 100-12). Electroencephalogram abnormalities may pre-
cede clinical signs by 6 to 8 months. The source of aluminum
may be oral aluminum hydroxide used as a phosphate binder
(before or after start of hemodialytic therapy), or aluminum
from surface water treated with alum (to produce flocculation
and aid in production of potable water for communities), or
passing through aluminum containing soils.

Calcium and not aluminum, salts should be used as phos-
phate binders in dialysis patients unless: (a) The serum phos-
phate level is very high with a calcium phosphate product over
70 and risk of precipitating or worsening metastatic calcifica-

tion if the serum calcium level is further raised by absorption of
oral calcium. (b) Calcium salts have produced hypercalcemia.
As many as one-third of hemodialysis patients (particularly
those with aplastic bone disease) manifest hypercalcemia de-
spite absorption of only 20% to 30% of ingested calcium car-
bonate. Before switching from calcium to an aluminum-based
phosphate binder, however, dialysate calcium should be de-
creased to 1.5 or 2.0 mEq/L. Alternatively, the dose of 1,25-
dihydroxycholecalciferol is reduced or withheld. In some pa-
tients, use of calcium acetate (2.3 g/day) instead of calcium
carbonate may control hypercalcemia, as the acetate salt while
binding twice as much phosphate as calcium carbonate is less
well absorbed from the gut. A noncalcium containing binder
such as sevelamer (Renagel) or Lanthanum carbonate (Fos-
renol), (the latter currently only available in Europe) has be-
come a good alternative to calcium based binders in patients
who become hypercalcemic during therapy of renal bone dis-
ease. (c) The serum phosphate remains high despite use of cal-
cium in adequate doses taken with meals (3 to 12 grams per
day calcium carbonate), such that the largest dose of calcium is
taken with the largest meal. Treatment of metabolic bone dis-
ease with or without secondary hyperparathyroidism has been
benefited by introduction of cinacalcet (Sensipar), approved in
2004, as a means of increasing sensitivity of the calcium-sensing
receptor to activation by extracellular calcium (94). Early re-
ports indicate that weeks to months of oral administration
of cinacalcet in patients undergoing maintenance hemodialy-
sis will result in reduction of circulating levels of intact PTH
without major change in laboratory parameters. The hope that
treatment with cinacalcet will reduce need for subtotal parathy-
roidectomy may be realized in the near future.

Aluminum intoxication in dialysis patients should be sus-
pected in the setting of compatible clinical features (en-
cephalopathy, fracturing osteomalacia, microcytic anemia),
when serum aluminum levels are persistently over 50 to
100 μg/L, or a desferrioxamine (DFO) infusion test pro-
duces increments in serum aluminum levels of greater than
300 μg/L. If diagnostic tests are inconclusive or contradictory,
bone biopsy following ingestion of aurine tetrahydrochloride

FIGURE 100-12. Electroencephalogram in dialysis dementia. Tracing on left obtained from dying 51-
year-old woman after 6 years of dialysis with progressive neurologic signs including dysarthria, seizures,
and aphasia. Improvement by diazepam, shown on right, is characteristic, although not pathognomonic
of dialysis dementia.
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demonstrates Al deposition on more than 25% to 30% of tra-
becular bone surfaces.

In mild Al intoxication, cessation of Al intake may suffice
as therapy; in more severe cases, chelation therapy with intra-
venous DFO is used to mobilize Al from tissues and form stable
diffusible complexes, which are dialyzable. Desferrioxamine is
given in a dosage of 5 mg/kg once weekly (not exceeding 1 gm
DFO per week) during the last hour of dialysis for 3 months.
Serum Al increases and plateaus 12 to 24 hours after each dose
of DFO. If levels rise above 350 to 400 μg/L, acute Al en-
cephalopathy may be precipitated; therefore, the dose of DFO
must be adjusted to keep serum Al below this level. Other side
effects of DFO therapy include hypotension at infusion rates
greater than 40 mg/kg per hour, anaphylaxis, skin rash, di-
arrhea, and visual and auditory abnormalities. Hyperparathy-
roidism may be unmasked and serum calcium levels fall as bone
turnover and mineralization increases with therapy. Infections
with certain species of fungi and bacteria (Mucor sp., Yersinia
sp.) have been reported to be more common in patients treated
with DFO; however, this risk has not been widely substanti-
ated (104,105). Al removal at each dialysis session is between
15 and 20 mg per treatment, and clinical improvement is seen
after several weeks.

Mixed Uremic Osteodystrophy. Here osteitis fibrosa is associ-
ated with evidence of defective bone mineralization.

Metastatic Calcification and Calciphylaxis

Soft tissue and vascular deposition of calcium phosphate ag-
gregates may occur in dialysis patients with elevated cal-
cium/phosphate products. Deposits are seen primarily in skin,
peri-articular subcutaneous tissues and palpebral conjunctivae,
but may also occur within parenchymal tissues (e.g., lung), and
of course within blood vessel walls, although other factors may
be operative here. K/DOQI recommendations are that the cal-
cium/phosphate product be kept <55 in dialysis patients, with
emphasis on phosphorus control between 2.5 to 5.5 mg/dL,
and calcium levels towards the lower limit of normal, and def-
initely not above 10.2 mg/dL (5). Hence, the shift toward uti-
lizing noncalcium containing phosphate binders, such as seve-
lamer, magnesium carbonate and the rare earth lanthanum.
Short courses (3 to 4 weeks) of treatment with aluminum hy-
droxide remain quite efficacious in reducing high phosphorus
levels. Metastatic calcific deposits must be differentiated from
calcified tophaceous gout, tumoral calcinosis, myositis ossifi-
cans, and calcified tumors.

Calciphylaxis or calcific uremic arteriolopathy is character-
ized by ischemic necrosis of the soft tissues of the extremi-
ties associated with extensive vascular calcification in ESRD
patients (106). Penetrating ulcers with eschar formation and
secondary infection occur, death from sepsis is common, and
pathogenesis and treatment remain uncertain. Aggressive con-
trol of calcium/phosphate product with urgent parathyroidec-
tomy if necessary, substitution of heparin for coumadin (which
has been associated with the condition) and meticulous wound
care with a trial of hyperbaric oxygen therapy in selected pa-
tients are the mainstays of therapy.

Amyloidosis

Amyloidosis was first recognized as the cause of the ubiqui-
tous carpal tunnel syndrome of chronic hemodialysis patients
in Tassin, France in 1980 when amyloid tissue was noted in
the synovial membranes of uremic patients undergoing surgery
for carpal tunnel release (107). Polymerized β-2-microglobulin
was then documented to be the constituent in deposits of amy-
loid found in the carpal tunnel and other musculoskeletal sites
of long-term hemodialysis patients (108). β-2-Microglobulin
amyloidosis is noted in up to 80% of hemodialysis patients on

treatment for more than 15 years, and has been described in
CAPD patients and patients with chronic renal failure before
initiation of dialysis (109,110). The pathogenesis of amyloid
formation is incompletely understood but may result from ab-
normal processing of a precursor protein under the influence of
local tissue factors such as protease inhibitors or glycosamino-
glycans, or from an amyloid enhancing factor (111). Levels
of serum β-2-microglobulin in hemodialysis patients range be-
tween 30 and 50 mg/L, 15 to 20 times normal nonuremic levels,
but levels in patients with and without amyloidosis do not dif-
fer. Part of the increased serum levels of β-2-microglobulin in
dialysis patients is owing to accumulation in plasma caused by
loss of normal glomerular filtration. Cuprophane membranes
can also increase production of β-2-microglobulin. Although
synthetic PAN membranes adsorb and filter β-2-microglobulin
by diffusion and convection, removing up to 300 mg of the
substance in a 4-hour hemodialysis session, they have not been
demonstrated to reduce the risk or severity of amyloidosis in
dialysis patients. Deposition of amyloid occurs predominantly
in articular and periarticular areas and produces a number
of well-described syndromes. The role of advanced glycosy-
lated endproducts (AGEs) in the pathogenesis of dialysis re-
lated amyloidosis and associated syndromes has been reviewed
by Kalousova et al (112). It is probable that AGE blockers such
as aminoguanidine that have proven effective in animal models
of diabetes and initial clinical trials may find near term appli-
cation in amyloid-related complications of dialysis (113).

Carpal Tunnel Syndrome. This is the most common manifes-
tation of dialysis amyloidosis. A history of paraesthesia and
pain on the palmar surfaces of the thumb, index, middle finger,
and radial aspect of the fourth finger is elicited. Pain often is
worse at night and during hemodialysis sessions. Later, weak-
ened opposition and abduction of the thumb with atrophy of
the thenar eminence is seen. Physical examination, including
testing for Tinel’s sign (paresthesia or pain in the fingers repro-
duced by percussion over the volar surface of the wrist) and
Phalen’s sign (paresthesia or pain in the fingers reproduced by
full flexion of the wrist for over 1 min) often is negative. Di-
agnosis is best confirmed by use of motor and sensory nerve
conduction studies. Prolonged remission of symptoms may be
obtained by wrist splints, which prevent flexion and extension,
particularly during sleeping hours. Relief also can be obtained
with the injection of 0.75 mL of 1% Xylocaine mixed with
0.75 mL triamcinolone (40 mg/mL) into the carpal tunnel. Ul-
timately, surgery is needed to transect the transverse carpal lig-
ament, especially if there is evidence of motor or sensory loss;
however, the condition often recurs after surgery.

Chronic Synovitis. Chronic synovitis of the shoulders, knees,
wrists, and hips—with or without associated effusion, crepi-
tation, deformity, and decreased range of motion—are seen
with increasing frequency in long-term dialysis patients; it in-
volves almost 100% of those at risk by the twentieth year of
treatment. Amyloid deposits are found in the fluid of affected
joints, and in surrounding tissues. Shoulder ultrasonography is
useful and may show thick rotator cuffs and echogenic pads of
amyloid tissue between the muscle groups. Chronic tenosyn-
ovitis of the flexor tendons of the fingers also is seen and may
produce flexion contractures sometimes associated with sub-
cutaneous deposits of amyloid in the tendon sheaths of the
palms. Tenosynovitis of the Achilles and quadriceps tendons
may result in their spontaneous rupture.

Destructive Spondyloarthropathy. This variant of dialysis
amyloidosis predilects for the intervertebral discs of the up-
per cervical area, producing paravertebral erosions and cys-
tic radiolucencies within and around the bones (114). These
radiolucencies consist of abundant amyloid deposits invading
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subchondral bone. A characteristic radiologic triad is described
in destructive cervical spondyloarthropathy owing to amyloid:
severe intervertebral disc space narrowing, erosion and geodes
of the adjacent vertebral plates, and absence of osteophytosis.
Localized neck pain may be the only symptom in early or mild
cases, whereas vertebral collapse or subluxation may result in
severe disease and can produce compressive myelopathy and
even progress to paraplegia, particularly with neck manipula-
tion (e.g., during induction of general anesthesia). Formation
of periodontoid tumors of amyloid also may produce compres-
sive myelopathy.

Pathologic Fractures of Long Bones. Juxtaarticular deposits of
amyloid at sites of tendon insertions can produce large cystic
lesions in the femoral heads, acetabula, humerus, and tibial
plateaus that may fracture with minimal motion or injury. Total
joint replacement may be required.

Systemic and visceral amyloid involvement is uncommon.
Visceral amyloidosis in dialysis patients has been reported in
a perivascular distribution in the gastrointestinal tract, heart,
kidneys (with the formation of matrix stones) (115) and fatty
tissue. Amyloidosis of the bowel wall may produce bleeding,
intestinal obstruction, and deposits in the tongue odynophagia.
Subcutaneous tumors in the buttocks, popliteal areas, elbows,
and wrist also have been described.

There is no satisfactory treatment to prevent or arrest dialy-
sis arthropathy. Renal transplantation is the only certain means
of effecting improvement. Radiologic lesions take several years
to heal following restoration of renal function by transplan-
tation. Endoscopic resection of the coracoacromial joint may
relieve shoulder pain (116). Prosthetic joint replacement of hip
and knees may be necessary to preserve mobility, and spinal
fusion with or without osteosynthetic grafts for cervical de-
structive arthropathy may prevent quadriplegia.

Muscle Cramps

Painful cramps involving the gastrocnemius, or small muscles
of the feet, may occur in hemodialysis patients during dialy-
sis or at night. Intradialytic or immediate postdialytic cramps
probably reflect volume contraction and usually respond to
fluid replacement with 0.9% saline, hypertonic saline, or hy-
pertonic solutions of glucose or mannitol (117). Quinine sul-
fate 260 mg 2 hours before dialysis reduces the frequency of
cramps from 17% to 6% of hemodialysis treatments (118).
Carnitine supplementation (119) and Vitamin E 400 IU/day
also are reported to be efficacious (120). Verapamil 120 mg
at bedtime may help nocturnal cramps. Treatment is unsatis-
factory in many patients, however, and patients learn to live
with their annoying disability. Hypo- or hyperthyroidism, hy-
pomagnesemia, hyponatremia, and hypocalcemia, as well as a
variety of drugs also may produce muscle cramps; therefore,
these factors should be ruled out as a cause of cramps in dialysis
patients.

Machine- or Technique-Related
Complications

Hemodialysis is extraordinarily safe despite the potential for
mechanical failure and human error while processing blood
and dialysate extracorporeally (121). Accidental death during
hemodialysis is a rare event, occurring at a frequency of about
1 in 76,138 dialyses, whether performed by physicians, trained
nurses and technicians, or the patient. Accidental injury to pa-
tients during hemodialysis results from overheated dialysate,
contamination of dialysate with acid, sodium hypochlorite
bleach (122) or formaldehyde (used to cleanse dialyzers for
reuse), and chloramines used for water purification (123). An

acute “new dialyzer” syndrome has been attributed to uniden-
tified intoxicants leached from the dialyzer into the patient’s
blood (124). Disposable dialyzers and blood tubing are made of
plastic, which may release organic intoxicants. Plasticizers such
as diethylhexylphthalate, which are added to polyvinylchlo-
ride tubing to improve its low-temperature flexibility, may be
leached out during hemodialysis. Plasticizers are highly toxic;
exposure may cause necrotizing cutaneous vasculitis and a non-
specific, nonfatal, hepatitis. The risk of electrical shock during
hemodialysis has been reduced to very little significance by at-
tention to equipment design and periodic testing for current
leakage (125). Rarely, when human intervention defeats (can-
cels) equipment safety monitors, fatal accidents have resulted
from high or low dialysate temperatures, the exposure of blood
to undiluted dialysate concentrate, high concentrations of chlo-
ramines, bleach, and formaldehyde or tap water lacking con-
centrate, all of which produce blood hemolysis. Air embolism
should not occur if routine precautions are taken: ensuring tight
tubing connections, intact tubing, proper clamping of the saline
infusion port, and continuous arming of the air leak detector.
In the event of this catastrophic and usually lethal complica-
tion, the venous bloodline should be clamped immediately and
the blood pump stopped. Then the patient should be placed in
a reversed Trendelenburg position with the left side down, and
cardiopulmonary support initiated.

Neurologic Complications

In advanced uremia, a distal sensori-motor neuropathy due
to axonal degeneration may develop, with symptoms com-
pounded by associated diseases which may also produce neu-
ropathy such as diabetes or myeloma. Electrophysiologic evi-
dence of neuropathy is seen in up to 80% of uremic patients,
though symptoms are apparent in only one half of these cases
(128). Painful paraesthesiae of the feet are the initial symp-
toms, followed by progressive muscle weakness and atrophy,
sometimes resulting in paraparesis. A syndrome of involun-
tary movement of the legs due to a sensation of severe dis-
comfort (restless legs syndrome) may be prominent in some
patients (129), and has also been associated with iron defi-
ciency (130). Neuropathy reverses slowly with hemodialysis
and faster with use of highly permeable synthetic membranes
that remove the implicated middle molecules more efficiently.
The incidence and severity of uremic polyneuropathy have
decreased significantly with refinement in the technique and
amount of hemodialysis. The condition is best treated by in-
creased dialysis dose, and use of tricyclic antidepressants such
as amitriptyline, or the newer gabapentin. Mega doses of Vita-
min B6 and evening primrose oil supplements may ameliorate
sensory symptoms of uremic peripheral neuropathy.

Acquired Cystic Renal Disease

The kidneys, although scarred and shrunken, do not completely
cease function after the start of dialysis. Epithelial cells, mostly
of proximal tubular, continue to proliferate, leading to the for-
mation of cysts. Cyst formation may start before dialysis ini-
tiation and is seen in up to 80% of patients on dialysis for
over 10 years (131). Both kidneys are involved, with 4 or more
cysts, and small to normal renal size (132). The stimulus for the
proliferation and function of the cysts, is unknown. Grantham
(133) proposed three possible causes for cyst formation in adult
PKD that could be applicable to acquired cysts: (a) distal ob-
struction leading to high-pressure dilatation; (b) increased com-
pliance of the tubular basement membrane with formation un-
der normal pressure; or (c) proliferation of epithelial cells. The
histologic nature of the proliferating cells points to the latter
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as the most likely cause. Stimuli for the development of cys-
tic lesions lie within the uremic milieu. This is inferred from
their regression after restoration of renal function following
a successful renal transplant (134). Suggested factors include
endogenous substances such as growth factors responsible for
renal hypertrophy; retained toxins such as polyamines, which
can cause cellular proliferation; or androgens. The latter has
been implicated by the observation that cystic formation ap-
pears sooner in male dialysis patients (135) and that 20 of 24
renal malignancies were found in cystic kidneys in men.

Most patients with acquired cystic kidney disease are
asymptomatic, but hematuria, flank pain or shock due to
retroperitoneal hematoma formation may occur. The feared
complication of acquired cystic renal disease is development
of renal adenocarcinoma. On morphologic examination, up
to 80% of contracted cyst-bearing kidneys in dialysis patients
contain adenomas. Their malignant potential is unknown. The
prevalence of renal cell carcinoma in long-term dialysis pa-
tients is reported to be 1% to 2%, 40 times that in the gen-
eral population (136,137). Cancer can be heralded by hema-
turia, flank pain, renal mass, hypercalcemia with suppressed
parathyroid hormone, or sudden reversal of anemia. Death
has resulted from metastatic spread in a few cases. Screening
recommendations for acquired cystic renal disease are not uni-
form (138,139). We recommend ultrasonography for patients
on dialysis for more than 5 to 10 years, with confirmatory CT
scanning with contrast for positive cases.

Neoplasia in Chronic Hemodialysis

Several reports suggest an increased incidence of other malig-
nancies as a result of persistent uremia in addition to malig-
nant degeneration in cysts reported in long-term hemodialysis
patients (vide supra) (140). Individual case reports by Oe and
co-workers (141) of renal carcinoma development in hemodia-
lyzed patients with polycystic kidneys, first suggested that can-
cer and dialysis are associated. De novo malignancy was noted
in 15 patients on chronic hemodialysis (3% of the group at risk)
and six kidney transplant recipients (4.9% of the risk group)
leading Herr and associates to conclude that both uremia ther-
apies impose a risk of neoplasia (142). Supporting this thesis is
the finding in a nationwide survey of the Japanese dialysis pop-
ulation of an overall incidence of tumor death 2.3 times higher
in males and 4.3 times higher in females than in the general
population (143). Port and colleagues assessed the incidence
of cancer in 4,161 ESRD patients on dialysis in Michigan com-
pared to the calendar year-specific incidence rates of 4 million
residents of the Detroit region (144). The tumor rate in dialysis
patients was significantly increased for all in situ tumors com-
bined, as well as for invasive tumors of the kidney, the corpus
uteri, and the prostate. A four to five times excess risk was ob-
served for renal and endometrial cancers. Echoing the concern
of Port and associates, DeSala and co-workers observed that 14
of 324 long-term dialysis patients in a Spanish unit developed
malignant tumors, four of which were cancer of the bladder
(145).

Despite these reports, the consensus is that recipients of
maintenance hemodialysis are not at significantly increased risk
of malignancy. Support for this view is afforded by Kantor’s
study of 28,049 Medicare ESRD patients whose cancer rates
were compared to the National Cancer Institutes cancer inci-
dence rates for the United States. No overall increase in can-
cer risk was found in the hemodialysis population, although
patients with chronic glomerulonephritis had a small excess
of non-Hodgkin’s lymphoma and biliary tract cancers (146).
Bush and Gabriel also assessed the course of 834 uremic pa-
tients, noting that only five who contracted malignant disease,

an incidence of 0.6% that was no greater than the risk in the
general age-matched population (147).

Gastrointestinal Complications

Liver Disease

Hepatic disease was recognized as a complication of long-
term hemodialysis shortly after its inception as uremia therapy
(148). Initial regimens for maintenance hemodialysis required
repeated blood transfusions to sustain a hematocrit of 25% to
35%, fostering continuing hemolysis; hepatic hemosiderosis;
and the transmission of hepatitis non-A, non-B, and hepatitis
B (149). Alarm over the risk to staff of the seemingly unavoid-
able risk of hepatitis B (as many as 20% of patients in some
areas were hepatitis B antibody-positive) cast a pall over the
growth of hemodialysis units during the early 1970s. Subse-
quently, elimination of pro forma transfusions and screening
(i.e., exclusion of HBsAG-positive blood) reduced the preva-
lence of hepatitis in most dialysis units significantly, and after
introduction of an effective hepatitis B vaccine (150), and in-
stitution of universal precautions, the incidence of new cases of
hepatitis B within hemodialysis units has nearly disappeared.
The prevalence of seropositivity for HBsAg in hemodialysis pa-
tients in the United States varied between 2.7% to 7.8% in the
1970s (151,152), but fell to 1.2% in 1992 (153). Hepatitis C
(formerly non-A, non-B) remains the most common cause of
transfusion-acquired hepatitis, and also is transmitted through
contact within dialysis units because time on dialysis is an inde-
pendent risk factor for development of infection with the virus.
The prevalence of antibodies to hepatitis C virus on ELISA II
assay in U.S. hemodialysis units varies between 25% and 36%
(154,155). Problems with current antibody testing include the
facts that 10% of HCV-infected dialysis patients never develop
antibodies; that anti-HCV antibodies may first be detectable
as much as 6 to 12 months postinfection; and that a positive
anti-HCV test may indicate recent and/or remote infection, but
does not necessarily mean infectivity, because only 17% to 27%
of anti-HCV ELISA-positive blood transmits HCV (156,157).
Third-generation ELISA tests are more sensitive, but currently
are not as widely used. Detection of HCV RNA using molecular
hybridization studies, therefore, will prove to be the most reli-
able means of testing for the level of virus in serum and liver
(103); however, its cost and technical difficulty will prevent
widespread use. In the meantime, hand washing and changing
gloves between patients are still some of the most important
ways to prevent the spread of hepatitis within dialysis units.
Dialysis patients with chronic hepatitis B infection should be
isolated and dialyzed on dedicated dialysis machines. All dial-
ysis patients and staff should receive hepatitis B vaccination. A
hepatitis C vaccine is not available presently. It is not currently
recommended to isolate patients with hepatitis C antibody pos-
itivity.

Parfrey and co-workers studied the impact of hepatitis B
disease prospectively in hemodialysis and kidney transplant
patients in Canada (158). Although immunosuppressed re-
nal transplant recipients developed chronic active hepatitis or
cirrhosis, resulting in death from liver disease at a rate of
5% per patient-year, a coincident group of 10 HBsAg-positive
hemodialysis patients fared better. Persistent liver dysfunction
occurred in only one dialysis patient; none died of liver disease.
Confirmation of the relative benignity of HBsAG positivity in
hemodialysis patients was reported by Marchesini and asso-
ciates, who noted in a prospective study of 38 positive carriers
followed for 6 to 66 months that none died of liver disease
(159). Death associated with persistent hepatitis B antigene-
mia is rare; after a mean retrospective follow-up of 52 patients
for 5 months (some for 10 years), Harnett and co-workers
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noted that only one of 49 hemodialysis patients died of liver
disease (160).

The wide variation in reported prevalence of liver disease
in dialysis patients reflects differences in time of reporting and
population studied; it is highest where transfusions are rou-
tine. Thus, in the review by Toussaint and colleagues, 33%
of hemodialysis patients were found to have liver dysfunc-
tion (161). Granulomatous liver diseases, including schisto-
somiasis and tuberculosis, and the late effects of viral infec-
tions, such as cytomegalovirus, should be considered, even
in HbsAg-positive patients. Acquired immunodeficiency dis-
eases syndrome (AIDS) in its agonal stages is frequently as-
sociated with multiple organ failure, including a hepatorenal
syndrome.

Dialysis Ascites

Persistent ascitic fluid accumulation in a patient undergoing
maintenance hemodialysis may be the consequence of dis-
parate pathogenetic mechanisms, and the diagnosis of dialysis-
associated ascites therefore is one of exclusion. Tuberculous
peritonitis, whether miliary or a direct extension of intraab-
dominal tuberculosis, has not been infrequent in our urban
dialysis patients (162). Fungal peritonitis like bacterial and
tuberculous peritonitis causes an exudative (protein content
greater than 3 g/dL) ascitic fluid. In approximately half of
our cases of proven tuberculosis, the diagnosis was made
by peritoneal biopsy when staining for acid-fast organisms
in ascitic fluid was negative. Advanced liver disease, usually
associated with hypoalbuminemia, is an important cause of
abdominal swelling owing to ascitic fluid. Gluck and Nolph re-
viewed 138 patients with ascites and ESRD reported through
1986 and cited contributing mechanisms as: fluid overload,
hypoproteinemia, lymphatic drainage disturbances, and peri-
toneal membrane changes (163). A specific underlying cause
was discovered in 15% of cases. When evaluating the etiology
of ascites in a dialysis patient, the diagnosis of liver failure,
like that of heart failure with anasarca, is not difficult. Hav-
ing excluded specific causes of ascites, there remains a group
of hemodialysis patients suffering ascites without explanation,
leading to the term dialysis ascites (164). Dialysis ascites is a
serious sign of failure of the hemodialysis regimen, often ac-
companied by muscle wasting, anorexia, and worsening neu-
ropathy, with 45% of the patients dead within 15 months of
diagnosis. Treatment involves restoration of positive nitrogen
balance where hypoalbuminemia is linked to inadequate dialy-
sis, and a clinical trial of increased dialysis time. Improvement
is induced by intraperitoneal steroid instillation (165), albumin
infusion, or intensive ultrafiltration during hemodialysis only
rarely (166). Reinfusion of ascitic fluid (167) and resort to peri-
toneal dialysis (168) with gradual reduction in ascitic fluid vol-
ume are complex solutions to the therapeutic dilemma (169).

Reproductive Dysfunction

Illness, especially uremia, mutes the sex drive. Hemodialysis
patients remain azotemic, acidotic, and anemic with multiple
endocrine abnormalities. Men on dialysis have low testosterone
and high luteinizing hormone (LH) levels, which together with
an elevated follicle stimulating hormone (FSH) level is associ-
ated with severe spermatogenic damage (170) and partial or
complete impotence in 50% (171). Zinc deficiency is postu-
lated to be one of 28 factors responsible for sexual malfunc-
tion in dialyzed men. A double-blind trial was conducted in
hemodialyzed men given supplemental oral zinc using 50 mg of
elemental zinc as zinc acetate (10 patients) with 10 control pa-
tients receiving placebo (172). Zinc treatment led to increased
plasma zinc, serum testosterone, and sperm count, as well as an

improvement in potency, libido, and frequency of intercourse.
Sildenafil is highly (85%) effective and well tolerated in male
hemodialysis patients with impotence (173), but is contraindi-
cated in patients on nitrates or at risk for hypotension from
cardiac or other reasons. The drug is nondialyzable and was
not associated with increased risk of intra-dialytic hypotension
in a series of 15 dialysis patients treated with a 50 mg dose
either 2 hours before or after a dialysis session (174).

Fertility in women with renal insufficiency is reduced at
serum creatinines as low as 1.5 mg/dL, and at a creatinine
clearance of 10 to 15 mL/minute irregular menses develop
and progress to amenorrhea and decreased libido as creati-
nine clearance falls below 4 mL/minute. Women on dialysis
have low estrogen and high FSH and prolactin levels (175)
that blunts sexual interest, causes anovulatory menstrual
cycles and nearly always precludes successful pregnancy. A
few successful pregnancies have been reported in women
sustained by maintenance hemodialysis who were subjected
to intensified dialysis (176), or who had some residual renal
function. Almost 80% of the pregnancies that do occur end in
spontaneous abortion (177).

In general, sexuality can be maximized by effective
hemodialysis, proper nutrition, and awareness of the side ef-
fects (in men) of antihypertensive drugs that interfere with po-
tency. Evaluation of the sexually incompetent man on dialysis
requires assessment of historical performance (past ability to
attain and maintain an erection), examination of a semen spec-
imen, and, if all results are normal, sex hormone assay. Demon-
stration of nocturnal tumescence in impotent men desirous of
intercourse indicates the patient’s potential for development of
an erection, while suggesting the possibility that sensitive coun-
seling may improve sexual performance. Bromocriptine or its
analog cabergoline (which produces less nausea) has been used
with good effect in hyperprolactinemic men on dialysis. Even
when testosterone levels are low, the administration of testos-
terone to uremic men usually fails to restore libido or potency,
despite normalized serum testosterone and reduced release of
LH and FSH. Progesterone therapy may be warranted in some
female dialysis patients who have irregular menstrual bleeding
with anovulatory cycles and estrogen excess (178). Therapy
with erythropoietin can reverse hyperprolactinemia and pro-
duce normal menses in some women on hemodialysis (179).

Psychosocial Problems

Maladjustment to the rigorous regimen of maintenance
hemodialysis is a transient although common experience for
nearly all dialysis patients. Depression, a sense of futility and
hopelessness, and an unfavorably altered body image are com-
mon expressions of anxiety and fear over an uncertain future.
Although gentle reassurance and repeated explanation may
minimize patient stress, acceptance of the reality of life de-
pendent on a machine is a persistent enervating and unbear-
able burden for some patients. According to Stewart (180), ap-
proximately one-fourth of dialysis patients are depressed at any
time because of concern over compliance with diet, medication,
and sexual dysfunction. From 1% to 6% of dialysis patients
overtly commit suicide (181,182). The most recent report of the
USRDS lists withdrawal from dialysis as the cause of death in
21.6% of patients who died between 2000 and 2003, the third
most common cause of death in hemodialysis patients (6).

New and Kjellstrand reviewed a series of 1,766 ESRD pa-
tients in Minnesota and noted that 155 patients (9%) discon-
tinued dialysis accounting for 22% of all deaths (183). Dialy-
sis was stopped more often in older than younger nondiabetic
patients, and more often in young diabetic patients than in
young nondiabetic patients. Half of the patients were mentally
competent when the decision to terminate dialysis was made.
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A derivative study of the same patients examined the course
of 26 patients who withdrew from dialysis (4% of all deaths),
although there was no evident medical or technical reason to
do so (184). It was concluded that the competent patients who
withdrew apparently die because they cannot stand the stress
of the regimen. Approximately 10% of all deaths in a large
Canadian dialysis program followed the elective decision to
stop dialysis. Once dialysis was discontinued, patients lived a
mean of 9.6 days and died for the most part without pain or
prolonged suffering (185). In Brooklyn, very few of our pre-
dominantly Black patients elect to stop dialysis, a reflection
of the lower rate in Blacks than Whites observed nationally.
To eliminate these avoidable deaths, the authors advocate bet-
ter support, particularly from physicians, as well as careful
patient selection to exclude those who elect not to have life
prolongation.

Family support, optimal hemodialysis, and empathetic
counseling by members of the dialysis team are often helpful.
Participation in patient group activities, such as programs
sponsored by the American Association of Kidney Patients adds
purpose and camaraderie to the dialysis patient’s life. Use of se-
lective serotonin reuptake inhibitors (SSRIs) may produce ben-
eficial effects in up to 75% of all patients (186). They require
4 to 6 weeks for full effect and most do not require dose
reduction for renal failure as do tricyclic anti-depressants.
Sertraline and fluoexitine are commonly used. Unlike other
SSRIs, trazodone produces drowsiness and weight gain; and
may be of more benefit in patients with depression, insomnia,
and anorexia.
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CHAPTER 101 ■ DIETARY FACTORS IN THE
TREATMENT OF CHRONIC KIDNEY DISEASE
SREEDHAR MANDAYAM AND WILLIAM E. MITCH

NATURAL HISTORY OF CHRONIC
KIDNEY DISEASE

In many normal adults, there is a decline in glomerular filtra-
tion rate (GFR) with age, but this abnormality differs from
the progressive loss of renal function that occurs after kid-
ney damage and aging-induced changes alone rarely require
therapy for end-stage renal disease (ESRD). It is predicted that
about two-thirds of normal adults over age 40 years, will expe-
rience a decrease in GFR, even when they have had no obvious
kidney disease (1); in the remaining one-third of adults, GFR
remains stable (2). The proportions of those with a declining
GFR can vary, however, as Fliser et al. (3) noted, two-thirds
of elderly subjects have GFR values that are within the range
of younger adults. The cause of the decline in GFR that oc-
curs with normal aging is obscure, but it may be linked to
a decrease in dietary protein that is ingested by most elderly
subjects (4) because variation in dietary protein accounts, in
part, for the day-to-day variability in GFR (5). For this rea-
son, the diet must be taken into account when evaluating the
measured GFR or changes in GFR with time (i.e., those with
progression).

In contrast to normal aging, patients who experience kid-
ney damage from different diseases and develop manifesta-
tions of chronic renal failure insufficiency (CKD) continue to
lose function (i.e., experience “progression”), even when the
disease that initially damaged the kidneys is no longer active
(e.g., obstructive uropathy [6] or cortical necrosis following
obstetric accidents [7]). It should be noted, however, that there
are patients (including those with diabetic nephropathy) who
do not exhibit progressive loss of GFR over periods of ob-
servation for as long as 3 years, despite kidney damage (8,9).
The investigators reporting this lack of progression concen-
trated on controlling blood sugar and blood pressure, respec-
tively, and it seems likely that treating these abnormalities ac-
counts, at least in part, for the lack of progression. Lack of
progression was also found in the largest published series of
changes in GFR (the Modification of Diet in Renal Disease
[MDRD] Study [10]) as 15% of patients had no progression
over the average of 2.2 years of study, even when they be-
gan the study with advanced renal insufficiency (GFR 13 to
23 mL/min/1.73 m2). The reason(s) for the stability of renal
function in these patients was not identified, while in those
who had progressive loss of GFR, five factors were associ-
ated with faster rates of progression: (a) more proteinuria; (b)
higher mean arterial pressure; (c) lower serum HDL choles-
terol; (d) lower serum transferrin; and (e) polycystic kidney
disease. Note that this list does not include dietary protein and
this inconsistency is puzzling, based on review of published
data.

Regarding the measurement of progression, there are two
issues: (1) evaluating the accuracy of the method used to mea-
sure the remaining kidney function and (2) how accurately the
method quantifies changes in renal function. These are distinct

tasks, because the former assesses GFR at one point in time,
while the latter examines how rapidly renal function is being
lost.

ASSESSMENT OF GLOMERULAR
FILTRATION RATE

The standard measure of GFR, the renal clearance of inulin,
requires precise regulation of an intravenous infusion of in-
ulin to achieve a steady-state plasma concentration, plus at
least three accurately timed urine collections with complete
emptying of the bladder (11). To minimize the influence of
changes in posture, the patient should remain supine or be
seated quietly, standing only to void (12,13). Patients are usu-
ally given a water load to improve the accuracy of collect-
ing all the urine made and inulin is measured by chemical
methods (14). Despite these precautions, the coefficient of
variation of inulin clearance is at least 10% in patients with
nearly “normal” GFR values and is higher in patients with
CKD (11). To reduce the analytic error in measuring inulin,
radiolabeled compounds cleared predominantly by glomeru-
lar filtration have been used; gamma-emitters usually are in-
fused to avoid the error caused by variable quenching when
beta-emitting compounds (e.g., 14C-inulin) are used. In in-
dividual subjects, there is a close concordance between the
clearances of inulin and 125I-iothalamate (or other labeled
compounds) over a wide range of GFR (12,15). With inulin,
125I-iothalamate or other radiolabeled markers considerable
supervision is needed to ensure complete emptying of the blad-
der and accurate timing of blood and urine collections (15,16).

To avoid urine collections, methods for calculating the
plasma disappearance of an injected radiolabeled compound
have been devised. The assumption underlying the use of a
plasma clearance is that it is insignificantly higher than the re-
nal clearance; before using any new plasma clearance marker,
this assumption must be validated. To calculate GFR from a
measured plasma clearance, at least three additional assump-
tions are made: (a) the extrarenal clearance of the radiolabeled
compound is negligible, (b) the plasma clearance is constant
during the period of sampling, and (c) the duration of blood
sampling must be sufficiently prolonged to include the period
that represents the terminal, steady-state period of monoexpo-
nential loss of plasma radioactivity with time. The most impor-
tant factor is that a prolonged infusion is required for patients
with advanced renal insufficiency before a stable plasma level
is present. If these conditions are not satisfied, the plasma clear-
ance will not represent GFR. In patients with severe CKD, there
may be a small extrarenal clearance that is not detectable dur-
ing short collection periods and, even more importantly, the
time required to reach the terminal monoexponential phase of
removal can be many hours (16). The plasma clearance tech-
nique is generally not as accurate as the renal clearance, but the
error of a 51Cr-ethylenediaminetetraacetic acid (EDTA) plasma
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clearance is reportedly 4% to 5% in subjects with only mild
impairment of renal function and approximately 12% for sub-
jects with more advanced CKD (similar values have been re-
ported after assessing the plasma clearance of nonradioactive
iodinated compounds [17]). This degree of variation is similar
to that obtained when the renal clearance of inulin is measured.
Nonradioactive markers (e.g., iothalamate, iohexol, iodixanol)
have been shown to be reasonable alternatives for measuring
GFR, provided the dose is low enough to avoid the risk of
nephrotoxicity (17–21).

Some investigators have advocated approximating the en-
tire plasma disappearance curve by obtaining a single plasma
sample only a few hours after an injection of a radiolabeled
compound. This technique is less accurate compared to the
multiple sampling techniques, especially when there is renal
insufficiency (16,17,22–25).

Serum Creatinine

A single value of serum creatinine (SCr) is a crude and unreli-
able estimate of creatinine clearance (or GFR), because it is a
function of both creatinine production and its clearance. Con-
sequently, a muscular individual will have a higher serum cre-
atinine than a patient who has lost muscle mass, even though
they have the same creatinine clearance (CCr). This difference
is due to the fact that creatinine production is directly propor-
tional to lean body mass (LBM) (and, hence, muscle mass) (26).
Moreover, rates of creatinine production are not constant, but
depend on the amount of meat in the diet, while creatinine se-
cretion by the kidney contributes a variable amount to total
creatinine clearance (27–30). There have been attempts to es-
timate the GFR from serum creatinine (Table 101-1) and the
results seem to be satisfactory as long as the patient is in the
steady-state and the SCr exceeds 2 mg/dL (31). Overall, how-
ever, the practice of estimating GFR from SCr introduces an

unacceptable degree of inaccuracy and should not be encour-
aged.

Creatinine Clearance

The 24-hour endogenous CCr usually exceeds inulin clearance,
because of tubular secretion of creatinine, but with advanced
CKD, values of CCr and GFR become numerically closer, even
though the percentage difference between CCr and GFR will
increase (11,27,32,33). There are other reasons for avoiding
CCr as an estimate of GFR. These include the inconvenience
of obtaining a 24-hour urine collection plus the uncertainty
that the urine collection is complete. In addition, 24-hour CCr
have a high coefficient of variation. In one study of 119 healthy
ambulatory subjects, the coefficient of variation was 26% and
other reports indicate it varies from 6% to 22% (27,30,34). A
major cause of this variability is the day-to-day differences in
creatinine excretion (28,34–36); among hospitalized patients,
creatinine excretion varies by at least 10% (26,37,38). It is
not surprising, therefore, that the slope of sequential values
of CCr is poorly correlated with the slope of GFR (39,40). In
fact, the relationship is so poor that some investigators recom-
mend abandoning the 24-hour CCr as an index of CKD severity
(41,42). The same caveats apply to calculating the average of
the 24-hour creatinine and urea clearances to estimate GFR,
even though this average value corresponds closely to inulin
clearance when urine collections are accurate (32).

Another strategy is to measure CCr after giving cimetidine to
inhibit creatinine secretion and increase the accuracy of the es-
timate of GFR. Generally, 1.2 g of cimetidine usually achieves
complete suppression of creatinine secretion; a dose of only
0.4 g is often insufficient (43). Reportedly, with water loading
and carefully timed urine collections, the cimetidine-adjusted
CCr procedure yields clearance values that have a coefficient of
variation of approximately 8% in patients who have GFR val-
ues ranging from 12 to 150 mL/minute (44). The technique

TA B L E 1 0 1 - 1

EQUATIONS USED TO ESTIMATE CREATININE CLEARANCE OR GLOMERULAR FILTRATION RATEa

Name of equation
(ref. no.) Gender Formula

Cockcroft–Gault CCr(37) Men CCr = [(140 − age) × weight (kg)]/SCr × 72
Women CCr = ([(140 − age) × weight (kg)]/SCr × 72) × 0.85

Cockcroft–Gault GFR GFR = 0.84 × CCr estimated from CCr

MDRD 1 (46) GFR = 170 × [SCr]−0.999 × [age]−0.176 × [0.762 if patient is female] ×
[1.18 if patient is black] × [BUN]−0.170x [Alb]0.318

MDRD 2 (47) GFR = 186 × [SCr]−1.154 × [age]−0.203 × [0.742 if patient is female] ×
[1.212 if patient is black]

Jellife 1 (342) Men (98 − [0.8 × (age − 20)])/SCr

Women (98 − [0.8 × (age − 20)])/SCrx 0.90
Jellife 2 (343) Men (100/SCr) − 12

Women (80/SCr) − 7
Mawer (344) Men Weight × [29.3 − (0.203 × age)] × [1 − (0.03 × SCr)] × (14.4 × SCr) × (70/weight)

Women Weight × [25.3 − (0.175 × age)] × [1 − (0.03 × SCr)]× (14.4 × SCr) × (70/weight)
Bjornsson (345) Men [27 − (0.173 × age)] × weight /SCr

Women [25 − (0.175 × age)] × weight × 0.07/SCr

Gates (346) Men (89.4 × SCr
−1.2) + (55 − age) × (0.447 × SCr

−1.1)
Women (89.4 × SCr

−1.2) + (55 − age) × (0.447 × SCr
−1.1)

Salazar–Corcoran (347) Men [137 − age] × [(0.285 × weight) + (12.1 × height2)]/(51 × SCr)
Women [146 − age] × [(0.287 × weight) + (9.74 × height2)]/(60 × SCr)

aThese estimates are not corrected for body surface area. CCr , creatinine clearance; GFR, glomerular filtration rate; SCr , serum creatinine.
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eliminates the use of radioactive material, but still requires
trained personnel.

Cockcroft–Gault Formula

Frustration with the variability of the 24-hour CCr has led to
the widespread practice of estimating CCr from serum creati-
nine and an estimated daily rate of creatinine excretion based
on the age, weight, and sex of the patient (37,45). The widely
used Cockcroft–Gault formula (Table 101-1), however, is de-
rived from data of “normal, hospitalized” patients, and, hence,
may not be appropriate for patients with CKD (37,45). For
example, there is a decrease in creatinine excretion in CKD pa-
tients, which can be attributed to creatinine degradation. The
amount of creatinine degraded can be estimated using an av-
erage extrarenal CCr of 0.04 L/kg/day and this value can be
integrated with other factors affecting creatinine production
to estimate the CCr of CKD patients. In men, the daily rate of
creatinine production in milligrams per kilograms per day can
be calculated as 28 − 0.2 A for men, and for women it is
23.8 − 0.17 A, where A is the age of the subject in years
(37,45). Combining these formulas with the average extrarenal
creatinine clearance yields a predicted renal creatinine clear-
ance (CCr) in liters per kilogram per day: CCr = (28 − 0.2 A)
SCr

−1 − 0.04 L/kg/day in men and CCr = (23.8 − 0.17 A)
SCr

−1 −0.04 L/kg/day in women, where SCr
−1 is the recipro-

cal of the serum creatinine concentration (in milligrams per
liter). Using these formulas, the measured 24-hour CCr of 95%
of uremic adults with stable serum creatinine values above
8 mg/dL were estimated to within 1.5 mL/minute (45). Such
calculated estimates incorporate several assumptions, includ-
ing the deficiency of the Cockcroft–Gault equation, which is
based on results from a homogenous cohort of predominantly
Caucasian males. For this reason, the Cockcroft–Gault formula
must be validated before using it in other populations. In addi-
tion, all CCr formulas systematically overestimate the GFR due
to tubular secretion of creatinine.

In order to account for these defects, multiple correction fac-
tors have been proposed. Levey et al. (46) analyzed the perfor-
mance of the various equations in predicting the actual GFR,
which had been measured by iothalamate clearance. With a
stepwise regression technique, they found a series of correc-
tion factors that improved the predictive accuracy of the vari-
ous GFR formulas; their corrections for the Cockcroft–Gault
equation were GFR = 0.84 × (Cockcroft–Gault formula for
estimated CCr).

MDRD and Modified MDRD Formulas

The Modification of Diet in Renal Disease study was a mul-
ticenter, controlled trial that evaluated the effectiveness of di-
etary protein restriction plus strict blood pressure control on
the progression of renal insuffiency as measured by changes in
iothalamate clearance. Baseline values of GFR, serum creati-
nine, CCr, and several variables that affect the relation between
them, such as albumin and protein intake were evaluated. From
these baseline data, an equation to predict the measured GFR
was developed (46). It was found to be superior to other equa-
tions, at least in this group of CKD patients.

The original MDRD equation is based on demographic as-
sessments plus serum and urine variables (yielding a maximal
R2 of 91.2%):

GFR = 198 × (SCr)−0858 × (age)−0.167 × (0.822 for female)

× (1.1178 for black) × (SUN)−0.293 × (UUN)0.249

In this equation, SUN is serum urea nitrogen and UUN is urine
urea nitrogen. A revised MDRD equation is based on demo-

graphic assessments and serum variables only (yielding a max-
imal R2 of 90.3%):

GFR = 170 × (SCr)−0.999 × (age)−0.176 × (0.762 for female)

× (1.180 for black) × (SUN)−0.170 × (Alb)0.318

Finally, there is the modified MDRD equation, which was de-
rived to avoid having to include serum albumin and urea ni-
trogen (46,47).

GFR = 214 × (SCr)−0.113 × (age)−0.174 × (096 for female)
× (0.92 for black).

The modified MDRD equation has almost the same predictive
ability as the other equations and its use is fully supported by
the National Kidney Disease Education Program (NKDEP) of
the NIH and the National Kidney Foundation and American
Society of Nephrology. It is especially useful for estimating the
GFR when staging the severity of kidney disease; an estimated
GFR <60 mL/min/1.73 m2 identifies patients at high risk for
progressive CKD.

There are several caveats associated with use of the MDRD
equation:

1. The equation was calculated using only two ethnic groups,
Caucasian and African American. The performance of this
equation in predicting GFR in other races has not been val-
idated.

2. The MDRD equation was derived from a cohort of patients
with CKD and a mean GFR of 39.8 mL/min/1.73 m2. Mul-
tiple investigators (29,48–50) have identified serious defi-
ciencies in the predictive value of these equations in persons
with normal kidney function.

In a study of adults from the Netherlands, Vervoort et al.
(48) compared the inulin clearance of 46 controls and 46 un-
complicated diabetic patients with the predicted GFRs based on
the MDRD and Cockcroft–Gault equations. They found that
the difference between predicted values and measured GFR
were significant (+9.0 mL/min/1.73 m2 for Cockcroft–Gault
and +10.7 mL/min/1.73 m2 for MDRD). Lin et al. (49) com-
pared the predictive ability of the modified MDRD equation
against GFR, measured as DTPA clearance. They concluded
that the MDRD equation is decidedly less accurate in subjects
without kidney disease, because it appears to underestimate the
GFR systematically. In contrast, the Cockcroft–Gault formula
overestimates GFR. They also reported that the iothalamate
and DTPA techniques do not seem to be highly correlated, but
other reports show an acceptable correlation (15). Other equa-
tions that have been used to estimate the GFR in patients with
CKD are listed in Table 101-1.

Estimation of GFR from Cystatin C
Concentration

Besides creatinine, cystatin C is another endogenous substance
that has been used to estimate GFR. Cystatin C, is a low-
molecular-weight protein that is an inhibitor of cysteine pro-
teases and is produced by all nucleated cells. Cystatin C is
filtered freely through the glomerulus and is almost com-
pletely reabsorbed and catabolized by the proximal tubule (51).
Clearly, tubular reabsorption is a major potential problem with
using cystatin C levels as an index of kidney function, because
tubular function can vary as kidney function declines. It also is
not known if the production of cystatin C is constant through-
out the course of kidney failure. If it is not constant, variation
in its blood level will be determined by loss of kidney function
plus variations in cystatin C production. Despite these poten-
tial problems, several studies have shown that cystatin C pro-
vides a reasonable assessment of the level of GFR, especially
in patients with early renal insufficiency (52). When used to
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assess the rate of progression, several authors conclude that
monitoring the reciprocal serum cystatin C concentration is
more closely correlated with changes in GFR than is the re-
ciprocal of serum creatinine concentration (53–64). Likewise,
there are reports that there is no statistical difference between
the analysis of changes in reciprocal serum creatinine and
serum cystatin C (65) or that the reciprocal of serum cystatin
C was inferior to that of the reciprocal of serum creatinine
(66,67). Other discrepancies that are relevant to the use of cy-
statin C are that pregnancy alters the relationship between GFR
and serum cystatin C level (68). In children, cystatin C levels
may offer no improvement over serum creatinine levels in es-
timating GFR (69,70). Infants of less than 18 months of age
also tend to exhibit higher cystatin C levels (71). Since the avail-
ability and cost of measuring cystatin C are likely to be much
greater than serum creatinine, further study is needed to deter-
mine the utility of cystatin C in estimating renal function (67).

Estimation of GFR from Other Substances

β2-Microglobulin is filtered by the glomeruli and, like cystatin
C, is reabsorbed by the proximal tubule, where it is metab-
olized. However, there is an additional problem in that the
protein is degraded at acid pH so patients should be given bi-
carbonate to raise the urine pH above 7 when β2 microglobulin
is used as a measure of kidney function. There are data indicat-
ing that its serum concentration may be more sensitive to early
decline in GFR than is serum creatinine (72). Other candidates
include beta-trace protein (73) and tryptophan glycoconjugate
(74). These have not been widely studied.

ASSESSMENT OF THE RATE OF
PROGRESSION OF RENAL

INSUFFICIENCY

Early studies suggested that the course of CRF was unpre-
dictable and prognosis for the individual patient was assessed
by estimating the average time before dialysis became neces-
sary, or until a predetermined degree of renal insufficiency
was reached (75–77) (Fig. 101-1). It is now recognized that
most CKD patients experience a loss of renal function that
is not chaotic, but, instead, the loss of function is constant
and predictable (i.e., GFR declines linearly with time). Unfor-
tunately, there have been very few examinations of the fre-
quency of a linear decline in GFR in large numbers of patients
with kidney disease, but, on average, a linear decline in GFR
with time was observed in patients in the MDRD who were
assigned a high-protein diet, plus several reports show that
the reciprocal of serum creatinine (SCr

−1; see later) declines
linearly with time in individual patients (27,78,79). As with
other clinical evaluations, a linear decline in kidney function
is not uniformly observed. Shah and Levey (80) reported that
32% of 77 patients had a “break-point” in the SCr

−1 plot, sug-
gesting that in those patients, the loss of renal function was
not constant. Conversely, Coresh et al. (81) found significant
breakpoints in only 19% of a series of 67 patients who were
sequentially examined until ESRD was reached. It is unex-
plained why the rate of loss of renal function is so variable, even
when CKD patients have the same underlying kidney disease
(82).

The optimal protocol for assessing the rate of progression is
to measure sequential changes in GFR with at least four mea-
surements over 2 or more years (83,84). Like any measure-
ment of a physiologic function, however, the methods must be
strictly standardized to achieve accuracy. Unfortunately, mea-
suring GFR is costly, because skilled personnel are required
and reagents and measurements must be purchased. However,

FIGURE 101-1. The survival to end-stage renal disease (ESRD) of
patients with chronic renal failure. Three reports are examined: data
of 143 patients with an initial serum creatinine (SCr) of 5 mg/dL (4),
of 132 patients with an initial SCr of 10 mg/dL (5), and of 36 patients
with an initial SCr of 10 mg/dL (3). The criteria for diagnosing ESRD
were not given in these reports, but the wide variability in survival of
different populations is apparent.

other methods (e.g., the time required for serum creatinine to
double or repetitive measurements of CCr) provide less con-
vincing evidence that the rate of progression has changed with
therapy. The nephrologist is faced with deciding between the
costs of personnel and supplies required to measure GFR or re-
lying on a less accurate method for estimating the loss of renal
function. Since it is no longer acceptable to estimate the rate
of loss of GFR from serial measures of serum creatinine alone
(33,85), the nephrologist needs a reliable means of estimating
the rate of loss of renal function during medical management
of a CKD patient.

For clinical purposes, the reciprocal of serum creatinine
(SCr

−1) plot is a simple alternative to obtaining repetitive GFR
measurements in treating CKD patients. There are two rea-
sons for using this method. First, creatinine is simple to mea-
sure and reproducible (the day-to-day coefficient of varia-
tion in CKD patients with renal disease is only 6.5% [86]),
and usually there are preexisting values for the assessment
of changes in renal function. Second, SCr

−1 declines linearly
with time in most patients with progressive renal insufficiency
(27,79,81).

Notably, a plot of changes in GFR in an individual patient
calculated from the modified MDRD equation is essentially a
plot of constant values multiplied by SCr

−1. Recognition that
the decline in SCr

−1, with time, is linear in an individual patient,
leads to the hypothesis that renal function is lost at a constant
rate (87), and this seems to be true for most patients (27).
For example, about 80% of the patients reported by Ruther-
ford et al. (88) and Coresh et al. (81) had linear slopes for
their SCr

−1 plots. An important issue is whether there is spon-
taneous slowing of the rate of loss of renal function as GFR
falls to low levels. Based on data from patients with different
causes of CKD, Gretz et al. (89) estimated that changes in the
decline of SCr

−1 are more likely to accelerate at low GFR levels
than to slow spontaneously. Oksa et al. (90) attributed this type
of response to an improved control of hypertension. Ruther-
ford et al. (88) found that approximately one-half of patients
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with two slopes of SCr
−1 (i.e., only five patients) had sponta-

neous slowing of progression, indicating that this is an unusual
occurrence. A recent report, based on results from the AASK
(African-American Study of Kidney Disease), suggested that
the loss of GFR in patients with hypertensive nephrosclerosis
accelerated when renal insufficiency was advanced (91). Close
inspection, however, suggest that the loss of GFR accelerated
in patients treated with amlodipine, but not with metoprolol.
Moreover, accelerated loss of GFR did not occur in patients
who were in the control group. These results raise the possibil-
ity that certain treatments or even the processes of nephroscle-
rosis can affect the course of kidney failure. The reason why
these CKD patients, unlike those being observed while eating
normal diets, experience acceleration of the loss of kidney func-
tion is unexplained (78).

Walser et al. (40) compared the rates of progression mea-
sured as changes in SCr

−1 multiplied by an average value of
creatinine excretion with rates of changes in GFR, estimated as
the renal clearance of 99mTc-dithethylenetriamine pentaacetic
acid (DTPA). They studied 17 patients and reported that four
patients had a progressive loss of renal function, based on the
estimated CCr, even though the GFR values remained stable.
Two of these patients, however, had to begin dialysis, while
changes in the GFR of the final patient, suggested an improve-
ment in renal function while the estimated CCr remained stable.
Moreover, when they examined progression during different
treatment periods, there were 9 of 22 periods that exhibited a
statistical difference between the slopes of estimated CCr and
GFR. In two of these periods, GFR was stable, but changes
in the CCr suggested progression, while, in two other periods,
both methods were consistent with progression. The estimated
CCr method, however, suggested faster progression and, in two
other periods, GFR improved or worsened, but the CCr estimate
was stable. These last two instances are the most worrisome in
terms of the estimated CCr method giving misleading informa-
tion. Overall, however, it appears that in only 4 of 22 periods
did the estimate yield an inappropriate conclusion regarding
whether kidney function worsened or improved.

There are other reasons why the estimated CCr method may
not yield an accurate picture of the loss of residual renal func-
tion. First, it is well known that creatinine secretion accounts
for differences between CCr and GFR and the estimated CCr
method does not correct for it (33,90). Second, creatinine pro-
duction is not equal to creatinine elimination, because there
is extrarenal elimination of creatinine (presumably degrada-
tion by gastrointestinal bacteria [92]). As explained, this prob-
lem can be overcome by assuming a constant value of ex-
trarenal clearance, 0.04 L/kg/day, and, using this extrarenal
clearance value, it can be shown that the linear decline in
CCr of patients with CRF is compatible with a linear decline
in the SCr

−1(27,93). Unfortunately, it is not known whether
extrarenal CCr does, indeed, remain constant throughout the
course of CKD. Finally, there is the serious problem of di-
etary factors, especially variations in the amount of meat eaten.
Meat, like other muscle, contains creatine, so varying meat in
the diet varies the size of the creatine pool. Cooking meat con-
verts a portion of the creatine to creatinine so the larger crea-
tine pool will increase the amount of creatinine that is excreted;
contrariwise, an abrupt reduction in meat intake decreases the
creatine and creatinine pools, leading to a lower serum creati-
nine (as long as CCr is constant). When the protein (e.g., meat)
content of the diet is relatively constant, any change induced
by varying dietary creatine is short lived, since there is a slow
rate of conversion of creatine to creatinine in muscle (and other
cells); the turnover of the endogenous creatine pool averages
only 1.7% per day (35,94–96). Thus, a new steady state of
creatinine production after a sustained change in meat intake
will occur in approximately 4 months (27,45). Another prob-
lem arising when protein intake is varied is that raising dietary

protein acutely increases GFR and, hence, CCr(97). In sum-
mary, changes in serum creatinine alone should be discarded
as a method of estimating the degree of kidney damage, but
changes in the slope of SCr

−1 can be used to screen and detect
patients who are progressing or determine if there has been a
sudden change in clinical status. If, however, a new or untried
therapy is being investigated to determine if it slows progres-
sion, changes in GFR should be measured.

It is important to determine the rate of progression of each
patient individually because it is well known that variation of
rates of progression among patients is high. Jones et al. (82) re-
ported that patients with diabetic nephropathy had rates vary-
ing as much as 20-fold and Walser (83) found that changes in
99mTc-DTPA clearance in 34 patients with different causes of
CRF varied from –0.96 to +0.64 mL/minute/month. According
to these results, about 15% of CKD patients may not show any
progression (at least during the period of observation) (83,95).
These results not only emphasize the importance of evaluat-
ing progression rates in individual patients but they also point
out why clinical trials with no initial screening to identify pa-
tients that do have progressive loss of GFR will be at risk of
studying an inadequate number of subjects leading to incorrect
conclusions.

PROGRESSION OF
EXPERIMENTAL RENAL DAMAGE

AND DIETARY PROTEIN

The beneficial effects of restricting dietary protein to limit renal
injury in models of experimental renal injury has been recog-
nized for more than 65 years (98) (Table 101-2). Identification
of the mechanisms and the separate contributions of dietary
protein, phosphates, salt and/or unexcreted metabolic waste
products, etc., that cause ongoing kidney damage would be
useful not only to understand how protein intake affects the
kidney, but also because it could lead to more specific therapies
that would act to preserve kidney function. The mechanism by
which the diet affects kidney function are probably not mutu-
ally exclusive, but they do involve complex mechanisms.

Hemodynamic Mechanisms of Progression

Systemic Hypertension

Arterial hypertension arises in the course of most cases of
chronic renal insufficiency and generally increases as renal
damage progresses. Some, but not all, clinical studies sug-
gest that blood pressure control can reduce the rate of loss
of renal function (99–102). A change in dietary protein alone

TA B L E 1 0 1 - 2

EXPERIMENTAL RENAL DISEASES IMPROVED BY
DIETARY PROTEIN RESTRICTION

Remnant kidney
Nephrotoxic serum nephritis
Doxorubicin nephrosis
DOCA salt hypertension
Spontaneous hypertension with reduced renal mass
Salt-sensitive hypertension with glomerulonephritis
Diabetes mellitus
Spontaneous glomerular sclerosis of aging
Antitubular basement membrane nephritis
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probably does not increase blood pressure, but a high protein
diet is often associated with a high salt diet (103). An increase in
salt intake not only raises blood pressure in humans with mild
CKD but also increases GFR (see below). Notably, increases in
blood pressure and GFR do not occur when the salt intake of
healthy subjects is increased (104).

In experimental kidney disease, there is an association be-
tween an increase in dietary protein and higher blood pressure
and lowering dietary protein has been effective in reducing sys-
temic arterial pressure in mineralocorticoid-induced hyperten-
sion in rats, so-called deoxycorticosterone (DOC) salt hyper-
tension (105). In other forms of experimental hypertension,
dietary protein restriction has not been so clearly associated
with a reduced systemic pressure. The systemic hypertension
that develops in rats following subtotal nephrectomy persists
even when dietary protein is severely restricted. The two kidney,
one-clip renovascular hypertension model is not influenced by
lowering protein intake (106,107). In several models of CKD,
dietary protein restriction diminishes renal injury, but there
has been no consistent decrease in blood pressure, indicating
that the beneficial side effects of protein restriction do not nec-
essarily depend directly on reducing salt or eliminating some
unidentified factor or compound that raises blood pressure.

In humans with essential hypertension, there is no clear
cause–effect relationship between protein intake and arterial
pressure (103). Regardless, hypertension frequently is the first
sign of kidney damage, making it difficult to establish if the
patient has essential hypertension or CKD. This is important
because when adults with hypertension related to CKD are
examined, systemic blood pressure has not been consistently
reduced by restriction of dietary protein intake, similar to the
results found in rats with CKD from subtotal nephrectomy
(78,108–111). Still, it remains possible that in humans, dietary
protein may influence the level of blood pressure in certain dis-
orders, but this has not been established. The caveat is that a
high protein diet is generally associated with a high salt intake,
which will raise blood pressure in hypertensive CKD patients.

Intrarenal Hemodynamics

Although systemic arterial pressure is not consistently influ-
enced by dietary protein, intrarenal hemodynamics regularly
respond to changes in the level of dietary protein. In fact,
dietary protein restriction appears almost unique in altering
hemodynamics and protecting against experimental renal in-
jury; other measures that successfully protect against pro-
gressive renal injury, including angiotensin-converting enzyme
inhibitors, heparin, antiplatelet agents, and thromboxane syn-
thetase inhibitors, also cause a fall in systemic arterial pressure
and, therefore, a cause–effect relationship between these treat-
ments and glomerular capillary hypertension can not be made.
Regardless, even though dietary protein restriction does not
routinely lower arterial pressure, it still could exert an impor-
tant change in intrarenal hemodynamics.

Following loss of renal mass, animals ingesting unrestricted
amounts of protein have structural enlargement of residual
renal tissue and an increase in kidney function. Single-nephron
GFR rises substantially and in direct proportion to the number
of nephrons lost. Morphometric and biochemical indices of re-
nal growth also increase rapidly; after unilateral nephrectomy,
the RNA content of the kidney rises within 12 hours and radi-
olabeled choline is incorporated into renal membranes within
the first minutes. The forces and blood flows closely linked
to the augmentation in single-nephron GFR following loss of
renal mass, include increases in glomerular capillary pressure
and plasma flow related to reduced renal vascular resistance,
leading to a compensatory increase in single-nephron filtration
rate in remaining glomeruli (112,113).

Protein intake is a primary determinant of the degree of
functional and structural growth in remaining nephrons of the
remnant kidney; a high protein intake increases the weight of
the kidney and stimulates cell growth (i.e., hypertrophy) while
limiting dietary protein prevents an increase in kidney size.
Similar events occur in rats with intact kidneys who are fed
different levels of protein. In addition, functional changes can
be produced in animals and humans by altering dietary protein
intake; both GFR and renal blood flow increase following an
acute or chronic increase in dietary protein.

The finding that a low-protein diet blunts the functional and
structural changes that are induced by partial nephrectomy and
the observation that dietary protein restriction diminishes re-
nal injury in models of kidney disease have led to the hypoth-
esis that the deleterious effects of increased or even normal
levels of dietary protein can be explained by the adaptive in-
creases in blood pressure and flow that occur in the remaining
glomeruli. For example, rats with remnant kidneys that are fed
a low-protein diet have lower intrarenal blood and hydrostatic
pressures and less renal injury. There also is less proteinuria
and abnormalities in glomerular permselectivity or histologic
damage, especially glomerular sclerosis (106,112). The rela-
tionship between reduced glomerular capillary hypertension
and glomerular injury and dietary protein restriction is also
present in other rat models of renal injury, including mineralo-
corticoid hypertension, spontaneously hypertensive rats, ex-
perimental diabetic nephropathy, or modest reduction in renal
mass (uninephrectomy) (114–116). Additional support for an
adverse effect of dietary protein-mediated hemodynamic forces
(e.g., increased glomerular capillary pressure) is from models
with established compensatory renal hypertrophy and hyper-
function. Restricting dietary protein reduces kidney injury in
these models (114). Results from nondietary methods of treat-
ing CKD also link an increase in glomerular capillary pressure
to kidney damage (117,118). These results have led to the hy-
pothesis that protein restriction diminishes progressive renal
injury principally by reducing intraglomerular pressure.

The neurohumoral basis for the hemodynamic effects of
dietary protein on normal and diseased nephrons is unknown,
but there are several candidates. For example, infusion
of amino acids causes vasodilatation; somatostatin blocks
this response (119–121). However, somatostatin changes
the secretion of many hormones, thus leading to several
suggested mediators of renal hemodynamic responses. One
prominent candidate is glucagons, because plasma glucagon
levels rise with oral protein feeding or intravenous amino
acids (119,122,123), and intravenous infusion of glucagon to
achieve blood levels that are similar to those observed follow-
ing an amino acid infusion does provoke a rise in GFR and
renal blood flow in humans (123). This response to glucagon,
however, appears to depend, at least in part, on prostaglandin
(PG) synthesis, because the simultaneous administration of a
cyclooxygenase inhibitor and either amino acids or glucagon
blunts the expected increase in GFR and renal blood flow
(123). The field of candidates is not narrowed much by
this experiment, because several cyclooxygenase-dependent
products could affect kidney vessels and urinary excretion of
PGE and the prostacyclin metabolite, PGF1α, are quite variable
following dietary protein loads, making it unlikely that these
compounds are the sole mediators of renal vasodilatation
(123). Another renal vasodilator system, the endothelium-
derived relaxing factor or nitric oxide, could be involved,
since blocking of the synthesis of nitric oxide does cause renal
vasoconstriction in the rat (124–126). Moreover, the renal
vasodilatation that occurs with amino acid infusion appears to
be particularly susceptible to nitric oxide synthase blockade,
suggesting that nitric oxide is a major factor affecting the renal
hemodynamic response to dietary protein. In support of this
proposal, a chronic increase in protein intake by normal rats
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not only increases GFR, but also augments the excretion of
metabolites of nitric oxide (126). Since both of these phenom-
ena are blunted by the competitive inhibitor of nitric oxide
synthase, L-nitro-arginine-methyl-ester (L-NAME), nitric ox-
ide is a prime candidate for producing dietary protein-induced
alterations in renal hemodynamics. The stimulus for nitric
oxide production is uncertain, but some suggest it is arginine,
the substrate for nitric acid production (127–135). On the
other hand, signals besides nitric oxide are likely to contribute
to the hemodynamic effect, because infusion of amino acids
other than arginine will cause renal vasodilatation.

In rats with diseased kidneys, raising dietary protein in-
creases GFR and renal blood flow, but to a limited extent,
because excess dietary protein increases glomerular capillary
pressure by increasing efferent compared to afferent vascular
resistance (108). The major mediator of the rise in efferent resis-
tance is renin secretion and the intrinsic, intrarenal angiotensin-
converting enzyme activity. This raises angiotensin II (Ang II)
to cause efferent arteriolar vasoconstriction. Notably, dietary
protein does stimulate renin and angiotensin-converting en-
zyme expression in the kidney (108,116–118,136,137). Tonic
stimulation of the efferent arteriole seems to be an insuffi-
cient explanation for glomerular hyperfiltration. The presence
of a chronic and long-acting effector seems more likely to be
the mediator, since acute pharmacologic blockade of the pro-
duction or action of Ang II does not eliminate the increase
in efferent vascular resistance or glomerular pressure in the
rat remnant kidney model, even though chronic blockade of
the renin system does reduce efferent anteriolar vasoconstric-
tion (138,139). Alternatively, Ang II might increase the pro-
duction of another intrarenal hemodynamic mediator, such as
endothelin (108,140,141). As with hemodynamics, the medi-
ator/mechanism of renal hypertrophy is unexplained. Ang II
can stimulate renal cells to grow in vitro, but dietary protein-
induced hypertrophy of kidney cells in vivo does not appear to
depend on the renin–angiotensin system, since pharmacologic
blockade of angiotensin does not block renal growth in rats fed
a high-protein diet (142).

Manipulations of rats have been the basis for most of these
reports, raising the question of whether similar events occur
in other species. The answer is at least a partial yes: follow-
ing subtotal nephrectomy, cats fed a high protein diet (51.7%
protein) develop more serious kidney injury than cats fed a
more restricted (27.6% protein) (143). Despite progression of
the degree of injury, cats fed a high-protein diet, do not have a
loss of GFR over the short term. Baboons subjected to a partial
nephrectomy and fed 25% protein did lose GFR at a faster rate
than animals fed 8% protein; the degree of histology damage
was not reported (144). At least in these animals, the changes
in GFR are not as striking as those observed in rats.

Besides raising the activity of the renin system, aldosterone
levels increase with dietary protein (145). The observance is
that aldosterone can induce a fibrotic response in organs,
including the kidney (140). Hostetter and colleagues (146)
treated subtotally nephrectomized rats with aldosterone in-
hibitors and compared results to those in untreated rats. The
treated rats had less kidney damage and they concluded that
aldosterone accelerates renal insufficiency (146). In recent stud-
ies, they have found that aldosterone treatment over only 3 days
will stimulate TGF-β expression independently of the degree
of hypertension. Thus, aldosterone should be added to the list
of factors causing kidney damage in CKD.

The renal growth that is stimulated by excess protein in-
take can interact adversely with the renal hemodynamic re-
sponses induced by dietary protein. For example, glomeru-
lar enlargement may be a forerunner of glomerular sclerosis
(113,147–149). When glomerular capillary pressure or the di-
ameter of glomerular capillaries increase, the tension in the cap-
illary walls will rise. In addition, efferent arteriole constriction

will augment the increase in wall tension. Mechanical stress by
these mechanisms could accelerate damage to the glomerulus
and cause or at least predispose to sclerosis. Another media-
tor of damage augmented by dietary protein is an increase in
proteinuria caused by accelerated growth leading to defects in
glomerular epithelial cell structure or altered mesangial clear-
ance of macromolecules (150,151).

Toxicity from proteinuria should also be considered, be-
cause high-protein diets potentiate proteinuria. It is well known
that the degree of proteinuria is an index of the degree of kid-
ney damage in several glomerular diseases (152), but recently
it has been proposed that filtration and subsequent reabsorp-
tion of albumin by proximal tubule cells can excite inflam-
matory responses (153). For example, treatment of cultured
proximal tubule cells with albumin increases the expression of
NF-κB, a transcription factor that is heavily involved in medi-
ating inflammatory responses (154). In this formulation, pro-
teinuria accelerates progressive kidney failure and is not simply
a marker of the degree of kidney damage (153,155). In fact,
results from a multicenter trial (RENAAL) led to the conclu-
sion that if the degree of proteinuria can be suppressed, there
was a decrease in the risk of both kidney failure and major
cardiovascular events, such as stroke, congestive heart failure,
and death (156,157). These reports raise important questions
about mechanisms of injury to the kidney and blood vessels
and is mechanistically, as well as clinically, interesting. The rel-
evance to dietary protein is that protein restriction suppresses
proteinuria and will add to the effectiveness of the antipro-
teinuric response to angiotensin-converting enzyme inhibitors
(158,159).

Nephrotoxic Compounds Derived from
Dietary Protein

In 1905, Folin (160) pointed out that the principal metabolic
response to an increase or a decrease in dietary protein content
is a parallel change in urea excretion. Using somewhat more so-
phisticated techniques, the same relationship between protein
intake and urea production has been demonstrated repeatedly
in normal adults and patients with CKD (161–163). This oc-
curs because dietary protein is metabolized to peptides and
amino acids, which are further degraded to form a vast array
of products that are excreted by the kidney. For these reasons,
products arising from the metabolism of dietary protein will
accumulate in patients in direct proportion to the amount of
protein eaten and in inverse proportion to the degree of kid-
ney failure. Accumulation of some of these compounds could
prove injurious to the damaged kidney.

An example of a potentially toxic mechanism of progres-
sive renal insufficiency is indoxyl sulfate. This compound arises
from the metabolism of indoles, such as dietary tryptophan,
and accumulates when kidney function is suppressed (164).
Experimentally, administration of indoxyl sulfate (or indole
compounds) accelerates kidney damage in models of glomeru-
lar sclerosis (165,166). The mechanism is complex because ad-
ministration of indoxyl sulfate seems to increase the kidney
expression of TGF-β and other signs of kidney damage, but
how this occurs and whether other toxic mechanisms occur is
unknown (167). Not surprisingly, the accumulation of indoxyl
sulfate in uremic rats and CKD patients is reduced by restrict-
ing dietary protein (168). In conjunction with this, ingestion
of a sorbent can reduce the accumulation of indoxyl sulfate;
there are clinical trials assessing if this strategy can be a means
of preventing uremic toxicity (168,169).

Uric acid is another potentially nephrotoxic compound that
is related to protein intake. Based on results from a 12-year
population study of 47,150 previously normal men, it was
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concluded that diets with high levels of meat or seafood are
associated with an increased risk of gout (170). Besides causing
gout, uric acid could be nephrotoxic. Johnson et al (171,172)
pointed out that humans lack the gene for urate oxidase and,
hence, their plasma uric acid level is substantially higher than
the level present in rodents. They also pointed out that hyper-
uricemia can predispose humans to hypertension of the salt-
sensitive type, possibly via a renin-dependent mechanism. This
hypothesis centering on uric acid is interesting for a number
of reasons. First, Johnson et al. (172) have shown that there
is an important association between uric acid and hyperten-
sion; in untreated otherwise normal adolescents with hyperten-
sion, serum uric acid levels were highly correlated with systolic
blood pressure (r = 0.8). In a small group of these adolescents,
their hypertension was largely corrected by treating them with
allopurinol. Second, uric acid levels in patients with kidney
disease do not rise to the level expected from the degree of
lost kidney function, because there is extensive metabolism of
uric acid, presumably by bacteria in the gastrointestinal tract
(173). However, in CKD patients, the plasma uric acid lev-
els are above the concentration that could induce hypertension
and possibly kidney damage (172). The degree to which dietary
protein restriction modifies the serum uric acid of CKD patients
has not been established. Finally, potential mechanisms for the
nephrotoxic effects of uric acid have been explored. In rats
given an inhibitor of urate oxidase, serum uric acid rises slightly
(∼1–2 mg/dL) and a primary arteriolopathy develops, which is
independent of hypertension; this abnormality is largely cor-
rected by allopurinol treatment (117,174). These same rats
also have glomerular hyperfiltration and this was prevented
by allopurinol administration (117). Both normal rats and rats
after subtotal nephrectomy exhibit evidence of collagen deposi-
tion, macrophage infiltration, and increase in juxtaglomerular
renin content along with a decrease in expression of macula
densa neuronal nitric oxide synthase (175). Potentially, uric
acid could decrease nitric oxide synthesis in endothelial cells
possibly through peroxynitrite production (125,172). In this
case, oxidative damage is an inciting mechanism of progressive
kidney damage.

Besides these compounds, there are other potentially toxic
metabolites of dietary protein including those that could affect
kidney function indirectly. For example, excess dietary pro-
tein can increase the levels of metabolites of phenylalanine in
patients with renal insufficiency. In dialysis patients, there is
accumulation of phenylacetic acid, which inhibits the expres-
sion of inducible nitric oxide synthase (176). This inhibition
could increase atherosclerosis and, indirectly, the loss of kidney
function. The metabolism of these compounds, like that of cre-
atinine, becomes complex in patients with renal insufficiency
(173,177). Metabolism of these (and other) compounds makes
it difficult to predict how the plasma level of these compounds
will change or how defects caused by their accumulation will
respond to dietary protein restriction. Overall, there will be a
decrease in their levels, but the magnitude of this decrease is
unpredictable.

Inflammatory and Scarring Factors

Several of cytokines and growth factors are being incriminated
as critical factors, causing the glomerulosclerosis and intersti-
tial scarring that is characteristic of progressive renal disease
(126). Dietary protein intake can also influence the expression
of some of these factors and, hence, the progression of renal in-
jury. TGF-β has received substantial support as a major factor
in progressive renal disease, especially in diabetic nephropathy
(178,179). The accumulation of TGF-β is also incriminated
as the signal for the development of glomerulosclerosis and
chronic tubular interstitial disease in other models of progres-

sive injury (180). Sources of the TGF-β include resident renal
parenchymal cells or infiltrating cells, particularly monocytes
(178,181). Furthermore, both excess protein intake and an in-
crease in Ang II are capable of stimulating the renal accumu-
lation of TGF-β (perhaps dietary protein elicits expression of
this growth factor by increasing Ang II levels) (182–185).

Another potential mediator that is affected by dietary pro-
tein is the renal synthesis of nitric oxide leading to toxic
metabolites of nitric oxide, such as peroxynitrite. Accumula-
tion of such compounds, because of a high-protein diet can
damage cells and cell membranes (125,186). The possibility
that excessive dietary protein promotes chronic kidney in-
jury by stimulating other cytokines, such as interleukin-1 or
platelet-derived growth factor, has been less fully examined,
even though these compounds are associated with high-protein
diets (187,188). In summary, there is abundant evidence that
small molecules and other factors acting predominantly locally
could participate in the initiation and perpetuation of chronic
injury in the kidney. The generation of these or other medi-
ators by high-protein diets may be the mechanism by which
unrestricted diets cause kidney damage (98,189–192).

A close relationship between the severity of kidney dysfunc-
tion and tubulointerstitial infiltrate is present in most chronic
renal diseases (193). Agus et al. (194) studied a model of in-
terstitial nephritis induced by administration of an antitubular
basement membrane antibody and found that the course kid-
ney disease is improved by restricting dietary protein. Specif-
ically, the degree of immune-mediated interstitial injury was
diminished despite the presence of high titers of the tubular
basement membrane antibody, leading to the hypothesis that
the beneficial effect of the protein-restricted diet was due to
a suppressive effect on effector T cell immunity. The level of
dietary protein restriction employed in these studies was rel-
atively severe, but whether less severe restriction might prove
beneficial is unknown.

Deposition of complement component C3 and the terminal
complement complex C5b-9 occurs around the renal tubules
in most chronic progressive renal diseases, including those that
are not caused by a primary immune etiology, including the rat
remnant kidney model (195). The mechanism whereby com-
plement components are deposited and their pathophysiologic
significance are uncertain, because immunoglobulins are not
localized in the same peritubular areas. Although complement
deposition could just occur as a secondary effect of primary
damage to renal cells, recent evidence supports a more primary
role (195). As with adaptive increases in renal hemodynamics
following nephron loss, adaptive increases in function of each
remaining tubule particularly ammonia production, also oc-
cur. It is possible that intrarenal ammonia could be the trigger
for activating the alternative complement pathway by a nucle-
ophilic interaction of the free-base ammonia with the thiol ester
of complement component C3 to form an amidated C3 (195).
Amidated C3, in turn, can function as a convertase leading
to chemotactic and membrane attack complexes. It also could
interact with the leukocyte C3b receptor to stimulate an in-
flammatory response. Supporting this hypothetical mechanism
are results demonstrating that suppression of ammonia pro-
duction of remnant nephrons by chronic sodium bicarbonate
loading does, indeed, reduce renal injury and the peritubular
deposition of complement components (195). In experimental
models of renal cystic disease, Torres et al. (196) produced ev-
idence that renal ammoniagenesis promotes cyst formation as
well as interstitial inflammation. Thus, dietary protein restric-
tion may be advantageous, at least in part, because it lowers
the amount of acid that must be excreted leading to reduced
and, hence, ammonia production by remaining nephrons. A
reduction in intrarenal ammonia could diminish activation of
the complement system and its inflammatory, cystogenic, and
cytotoxic consequences.
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Lipid and Mineral Metabolism

Restriction of dietary protein changes lipid intake, but there are
often alterations in the nature and quantity of lipids eaten when
dietary protein is restricted. Hyperlipidemia and cardiovascu-
lar disease (i.e., large vessel damage) are common in patients
with CKD. The role of lipids in small vessel diseases, including
progressive glomerular capillary obliteration, was suggested
by Keane and Guijarro (197). Employing the remnant kidney
rat model, they demonstrated that clofibrate administration re-
duced the serum cholesterol level of rats ingesting a standard
rat diet, leading to a decrease in proteinuria and fewer sclerotic
glomeruli. Notably, these responses were achieved without al-
tering the degree of hypertension or serum triglyceride levels
so the mechanism is obscure. The role of protein intake per se
in the hyperlipidemia of CRF is unknown, but a decrease in
meat intake is generally associated with reduced ingestion of
cholesterol and saturated fat. How hypercholesterolemia might
contribute to glomerular pathology is not known, but it seems
reasonable to speculate that mechanisms analogous to those
causing large-vessel disease, including direct endothelial injury
and the presence of cholesterol, lipoproteins, and other inflam-
matory agents in the capillary wall and mesangium, are prob-
ably involved.

Besides reducing nitrogen intake, a low-protein diet is gen-
erally associated with a reduction in phosphorus and sodium
intake. The potential benefit of lowering salt intake in hyperten-
sive CKD patients is obvious, but benefits of dietary phosphate
restriction are less obvious. A low phosphate diet can mitigate
the progressive renal disease that occurs after subtotal nephrec-
tomy or experimental glomerulonephritis in the rat (198), but
interpreting these results is complicated because there are stud-
ies in which dietary protein, but not phosphorus, was varied
and it was concluded that dietary protein restriction without
phosphate restriction can be beneficial (114,199). On the other
hand, dietary phosphate restriction without simultaneous pro-
tein restriction is capable of reducing progressive experimental
renal disease (198,200). The mechanism whereby phosphate
restriction reduces renal injury is uncertain (201). Four princi-
pal possibilities have been suggested. First, phosphate restric-
tion has been associated with reduced GFR so the advantages
related to diminution of hyperperfusion in residual nephrons
may be achieved by phosphate restriction. Second, with
severe dietary phosphate restriction, defects in inflammatory
responses due to dysfunction of leukocytes might be expected.
Although suppression of inflammation could be beneficial, the
severe degree of phosphate restriction needed to achieve the re-
sponse is prohibitive clinically. Third, suppression of intrarenal
deposition of calcium phosphate crystals, demonstrated his-
tologically as far back as 1937, could be an important
mechanism whereby dietary phosphate restriction slows the
progression of chronic renal disease (202). Fourth, phosphate
restriction could minimize nephron hypermetabolism in GFR
(203). Clearly, these mechanisms are not mutually exclusive
and all may contribute to the beneficial effects of phosphate
restriction.

Metabolic Effects

Oxygen consumption by the remnant nephron rises sharply,
suggesting another potential mechanism of kidney injury. The
rise in oxygen consumption is related to the increased single-
nephron filtration rate occurring in remnant nephrons, result-
ing in an increase in absolute sodium reabsorption per nephron.
The mechanisms whereby enhanced sodium reabsorption oc-
curs include adjustment of peritubular capillary forces, aug-
mentation of apical membrane ion transporters, and increased

Na-K-ATPase activity, factors that raise oxygen consumption
by the normal kidney. Because hypertrophy, as well as hy-
perplasia, contribute to the compensatory growth of residual
nephrons, oxygen consumption per cell is almost certainly en-
hanced in the remnant nephron. Increased oxygen consump-
tion may be deleterious, because it generates potentially toxic
oxygen free radicals. Reactive oxygen species can cause bio-
logic damage by several mechanisms, including peroxidation
of membrane fatty acids, depolarization of hyaluronic acid,
sulfhydryl oxidation and cross-linking, and nucleic acid dam-
age. Evidence from rats following experimental acute renal
failure indicates that free radicals do cause several of these
biochemical consequences and impair renal function. More-
over, using isolated perfused kidneys obtained from partially
nephrectomized rats, Harris et al. (203) found there were in-
creased rates of oxygen consumption by remnant nephrons
compatible with heightened metabolic rates. Complementary
results were obtained by Nath et al. (204) who made in vivo
measurements in rats after subtotal nephrectomy. The latter
report indicated that lipid peroxidation and oxygen consump-
tion are augmented in diseased kidneys if animals ingest a
higher-protein diet (204). Besides dietary protein restriction,
phosphate restriction can diminish renal injury by suppressing
the metabolic rate (205). In summary, dietary protein restric-
tion exerts several beneficial effects: (1) it reduces proteinuria
and, hence, the potentially toxic effects of albumin in renal
tubule cells; (2) it reduces the accumulation of nephrotoxic
compounds, such as indoxyl sulfate and uric acid; (3) it re-
duces hemodynamic forces in the kidney to ameliorate kid-
ney damage; (4) there is a lower intake of phosphates (and
potentially lipids); (5) dietary protein restriction (along with
sodium and phosphate restriction) limits the production of po-
tentially toxic oxygen metabolites; and (6) there are changes
in hormones and circulating mediators of inflammation and
metabolism. Clearly, the effects of modifying the diet are com-
plex and involve more than simply limiting the accumulation
of unexcreted metabolites of protein. At the same time, there
is no single mechanism that explains why kidney function con-
tinues to decline following an initial injury and until the mech-
anism(s) for progression are identified, it seems unlikely that
we will determine how dietary protein restriction does limit
ongoing kidney damage in certain diseases.

THE INFLUENCE OF DIETARY
THERAPY IN PATIENTS WITH
CHRONIC KIDNEY DISEASE

It is well known that dietary counseling will improve uremic
symptoms and there is evidence that dietary protein restriction
can change the course of renal insufficiency, at least in some
patients (206,207). There is, however, a concern, namely, that
dietary protein restriction would increase the risk for develop-
ing malnutrition and, hence, compromise the patient’s progno-
sis after dialysis therapy is initiated. This concern led some to
conclude that dialysis therapy should be initiated “early” (e.g.,
creatinine clearance ∼20 mL/min) in order to avoid the devel-
opment of malnutrition (208,209). Before examining results
from clinical trials of low-protein diets and progression, the
possibility that low-protein diets cause loss of protein stores
and jeopardize the clinical and metabolic well-being of CKD
patients must be addressed. The requirements for protein, calo-
ries, and other nutrients are discussed in Chapter 104 (Dietary
Considerations for Patients with Chronic Renal Failure and
Transplantation). Regarding the ability of these diets to main-
tain nutritional status, early studies (210–214) demonstrated
that neutral nitrogen balance was achieved during long-term
therapy with low-protein diets and maintained normal values
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of serum albumin. In fact, the use of supplemental essential
amino acids (EAAs) and ketoacids is associated with an in-
crease in the level of serum albumin in CRF patients who have
low values (215). There also is evidence that restriction of di-
etary protein is safe for patients with the nephrotic syndrome
and that such diets reduce the metabolic consequences of CKD
(216–218). These results raise the important goal of identify-
ing factors that cause loss of LBM and low values of serum
proteins in CRF patients.

Abnormalities in Protein Turnover in Uremia

Concerns about the safety of low-protein diets have mainly
arisen from results of cross-sectional evaluations of groups of
dialysis patients. Specifically, body weights of these dialysis pa-
tients are low and there is anthropometric evidence for loss of
muscle mass plus low values of serum proteins (219–221). Ev-
idence that similar abnormalities are present in CKD patients
who are not being treated by dialysis is much less striking.
Coles (222) reported results of a cross-sectional evaluation of
patients with advanced renal insufficiency; there was evidence
of decreased body weight, reduced muscle mass, and decreased
serum proteins. It is important to note that the diet of patients
studied by Coles was unregulated, because lack of attention
to the diet can cause serious problems. For example, Hakim
and Lazarus (223) reported the biochemical status of 911 pa-
tients who had received minimal attention to their diet for up
to 7 years (223). Patients with a serum creatinine >5 mg/dL
commonly had serious acidosis (one-third had serum bicar-
bonate <15 mM), hyperphosphatemia (one-third had values
>7 mg/dL), and severe azotemia (one-third had BUN values
>120 mg/dL). Such abnormalities are rare, even when patients
have advanced CKD, as long as attention is given to instructing
a patient how to design and adhere to a low-protein diet that
includes sufficient calories and providing a regular assessment
of the impact of the diet on nutritional status (213,214,224–
229). The consequences of ignoring the diet of CKD patients
are unfortunate, because acidosis causes loss of muscle mass
and it, like hyperphosphatemia, contributes to renal osteodys-
trophy, while low values of serum proteins are associated with
an increased risk of death (230–232).

To what extent are dietary factors responsible for the ab-
normalities in protein stores of CKD patients? The constella-
tion of hypoalbuminemia, loss of weight, and anthropomet-
ric evidence for loss of lean body mass has been ascribed to
malnutrition or “uremic malnutrition.” This is an incorrect
assignment, because malnutrition is defined as abnormalities
that arise because of an inadequate amount of food or an ab-
normal composition of the diet. In CKD, however, there are
several other mechanisms that can cause these abnormalities
and they provide persuasive reasons why there is loss of lean
body mass and hypoalbuminemia (233,234). Distinguishing
between these mechanisms and the label, malnutrition, is not
simply pedantic or formalistic because a diagnosis of malnu-
trition implies that simply eating more protein can correct the
abnormalities (234). On the contrary, it has been known for
over 130 years that eating too much protein will aggravate the
symptoms of CKD, leading to the constellation of findings that
is termed “uremia” (206).

In 1934, the adverse effects of a high-protein diet were con-
firmed in rats with experimental CKD (190). More recently, it
was shown that feeding a high-protein diet stunted both lin-
ear growth and weight gain and led to very high SUN values
(235). In contrast, feeding CKD rats lower amounts of protein
not only improved the utilization of dietary protein to promote
growth, but also was associated with the lowest BUN values.
The factor(s) that cause these abnormalities was not identified,
but excess dietary protein is commonly associated with acido-

sis, hyperphosphatemia, and the accumulation of a wide variety
of uremic toxins. From acidosis alone, results from studies of
rats as well as CKD patients demonstrate that it stimulates the
catabolism of protein and amino acids (230,236–238). These
reports led Bergstrom to conclude that acidosis is the only fac-
tor that has been demonstrated to be a uremic toxin (220).

Another factor that could play a role in causing loss of LBM
is the protein catabolism that is stimulated by inflammatory
cytokines, because uremia is associated with evidence of in-
flammation (239). The signs of inflammation, including high
circulating levels of acute-phase reactant proteins, are linked
to subnormal levels of serum albumin in hemodialysis patients
(240,241). In addition, there are high circulating levels of tu-
mor necrosis factor and interleukins in hemodialysis and CKD
patients (242–244). Finally, high levels of these factors can
stimulate excessive protein catabolism and, hence, could cause
the loss of LBM by stimulating excessive protein catabolism
(245–247).

If metabolic acidosis and/or inflammatory cytokines cause
loss of LBM, what is the mechanism that accounts for loss
of protein stores? The answer to this question requires under-
standing two metabolic principles: (1) the daily turnover rate
of protein is quite large; and (2) there are robust metabolic re-
sponses to a decrease in dietary protein that act to maintain
protein balance. Regarding the first principle, protein turnover
in a 70-kg adult, who is in neutral protein balance while eating
1 g protein/kg/day, is equal to the synthesis and degradation
of approximately 280 g of protein each day (i.e., 4 times the
protein intake of 1 g/kg/day) (139,248). Consequently, even a
small, but sustained, decrease in protein synthesis or increase
in protein degradation will cause a major loss of LBM when it
is sustained.

Mechanisms that Regulate Body
Protein Stores

Robust metabolic mechanisms act to maintain LBM follow-
ing a change in protein intake, including changes in the rates
of amino acid and protein metabolism. These responses are
adjusted rapidly and precisely. Specifically, when dietary pro-
tein falls because of anorexia, or when the diet is restricted
to treat uremic symptoms, the major metabolic response is to
suppress the degradation of EAA throughout the body. This re-
sponse will ensure that an adequate supply of EAA is available
for protein synthesis. The ability to decrease EAA degrada-
tion, however, is limited and reaches a minimum level when
the amount of protein being eaten is at the level that is just
adequate for achieving nitrogen balance (i.e., ∼0.6 g protein
per kilogram ideal body weight per day). When dietary protein
falls below this amount, there is a second adaptive response
that suppresses protein degradation (protein synthesis may also
increase, but this response is not consistently found). These re-
sponses limit loss of protein stores and are present in normal
adults and CKD patients as long as there are no complications,
such as acidosis or another catabolic illness (214,227,249).
The same adaptive responses are also active in patients with
the nephrotic syndrome (216). In nephrotic patients, however,
the responses are especially interesting because EAA catabolism
is suppressed when net protein intake changes (net protein in-
take is the difference between dietary protein and the amount
of protein lost in the urine). When more protein is lost, the
degradation of EAA is suppressed further (216), but how the
body recognizes that net protein intake has decreased is un-
known. When these metabolic responses are overcome, there
is loss of protein stores. For example, metabolic acidosis or in-
creased production of cytokines will activate catabolic mech-
anisms that degrade amino acids and protein. In this case, the
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TA B L E 1 0 1 - 3

EVIDENCE THAT METABOLIC ACIDOSIS INDUCES PROTEIN AND AMINO ACID CATABOLISM IN NORMAL
INFANTS AND CHILDREN, AS WELL AS CKD PATIENTS

Subjects investigated (ref. no.) Measurements of effectiveness Outcome of trial

Infants (253) Low birth weight, acidotic infants were given
NaHCO3 or NaCl

NaHCO3 supplement improved growth

Children (251) with CKD Children with CKD had protein degradation
measured

Protein loss was ∼twofold higher when
HCO3 was <16 mM compared to >22.6
mM

Normal adults (252) Induced acidosis and measured amino acid
and protein metabolism

Acidosis increased amino acid and protein
degradation

Normal adults (282) Induced acidosis and measured nitrogen
balance and albumin synthesis

Acidosis induced negative nitrogen balance
and suppressed albumin synthesis

Chronic renal failure (277) Nitrogen balance before and after treatment
of acidosis

NaHCO3 improved nitrogen balance

Chronic renal failure (230) Essential amino acid and protein degradation
before and after treatment of acidosis

NaHCO3 suppressed amino acid and protein
degradation

Chronic renal failure (286) Muscle protein degradation and degree of
acidosis

Proteolysis was proportional to acidosis and
blood cortisol

Chronic renal failure (278) Nitrogen balance before and after treatment
of acidosis

NaHCO3 reduced urea production and
nitrogen balance

Hemodialysis (238) Protein degradation before and after
treatment of acidosis

NaHCO3 decreased protein degradation

Hemodialysis (283) Serum albumin before and after treatment of
acidosis

NaHCO3 increased serum albumin

CAPD (237) Protein degradation before and after
treatment of acidosis

NaHCO3 decreased protein degradation

CAPD (280) Weight and muscle gain before and after
treatment of acidosis

Raising dialysis buffer increased weight and
muscle mass

CKD patient will be unable to respond to dietary protein re-
striction and will lose LBM (250).

There is abundant evidence (Table 103-3) that metabolic
acidosis causes amino acid and protein catabolism in infants,
children, normal adults, and CKD patients (230,249,251–
255). For example, subnormal values of the essential,
branched-chain amino acids (BCAAs) are common in CKD
patients (220) and correction of acidosis raises plasma lev-
els of BCAA (256,257). The mechanism for this response was
worked out by Hara et al. (258). They found that plasma levels
of valine, leucine, and isoleucine and the valine concentration
in muscle water were lower in CKD rats with metabolic aci-
dosis compared to values in pair-fed, sham-operated rats and
showed that the abnormal levels were corrected simply by feed-
ing sodium bicarbonate. The underlying mechanism causing
abnormal BCAA metabolism involves stimulation of the activ-
ity of branched-chain ketoacid dehydrogenase (BCKAD), the
rate-limiting enzyme for the irreversible oxidation of BCAAs. In
fact, May et al. (259) reported that the Vmax activity of BCKAD
was increased in the muscle of rats with experimentally in-
duced metabolic acidosis and England et al. (260) identified
the biochemical mechanisms accounting for a higher Vmax of
BCKAD activity in the muscle of acidotic rats by showing that
there is an increase in the fraction of the enzyme in the de-
phosphorylated, activated form. They also found there was an
increase in the messenger RNAs (mRNAs) encoding E1a, E1b,
and E2 subunits of the enzyme, implying that the expression
of BCKAD is increased. Expression and activation of BCKAD
depend on both acidification and glucocorticoids (261), lead-
ing to increased degradation of BCAA in vivo and lower levels
of BCAA in plasma and muscle cells (236). In humans, as well,
metabolic acidosis stimulates the degradation of BCAAs. When
normal adults were fed NH4Cl to induce acidosis, leucine ox-
idation increased by 25% (252) and when CKD patients were

given sodium bicarbonate to raise their serum bicarbonate from
16 to 21 mM, the measured rate of leucine oxidation decreased
by 29% (230). Lofberg et al. (257) reported that the free levels
of BCAAs measured in the intracellular pool of a muscle biopsy
specimen taken from patients just before a dialysis treatment
were corrected to normal values after sodium bicarbonate was
given to the patients. Finally, Mochizuki (256) reported that
low levels of BCAAs and their nitrogen-free analogs or ke-
toacids in plasma of acidotic CKD patients increased substan-
tially when acidosis was treated. Besides acidosis, unidentified
metabolic abnormalities induced by renal failure can stimulate
BCAA catabolism, as was demonstrated in a model of acute
renal failure in rats (262).

Metabolic acidosis also stimulates the degradation of mus-
cle protein. Accelerating muscle proteolysis will block the sec-
ond adaptive response to dietary protein restriction, namely,
the ability to suppress protein degradation. May et al. (263)
studied rats with CKD and acidosis and found that their rate
of nitrogen excretion was 22% higher, compared to the ni-
trogen losses by sham-operated, pair-fed rats. The mechanism
causing nitrogen loss was a 90% increase in the rate of pro-
tein degradation in muscle. The critical finding was that the
increase in muscle protein degradation was eliminated when
acidosis in the rats was corrected by adding sodium bicarbonate
to their diet. To identify mechanisms that could stimulate pro-
tein degradation, England et al. (264) studied protein turnover
in BC3H-1 myocytes and found that acidifying the incubation
media by reducing the concentration of sodium bicarbonate
stimulated protein degradation and that insulin did not block
proteolysis. Isozaki et al. (265) extended these studies to show
that the acidification-induced protein catabolism in BC3H-1
myocytes requires glucocorticoids. They found no increase in
protein degradation upon acidification of the media unless
glucocorticoids were present and showed that stimulation by
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glucocorticoids could be blocked by adding RU 486, the steroid
receptor antagonist.

Mechanisms that Degrade Muscle Protein

Acidification of muscle cells activates the ATP–ubiquitin–
proteasome system to degrade muscle protein (139). This pro-
teolytic system utilizes energy to conjugate ubiquitin to pro-
teins that are destined for degradation; ATP is also required
to degrade protein in this system. Ubiquitin is a member of
the heat-shock protein family and its conjugation to the sub-
strate protein alters it so it is recognized by the 26S protea-
some, which rapidly degrades the substrate protein to peptides
and these are split to amino acids by cytoplasmic peptidases.
Bailey and colleagues (266) proved that the acidosis of CKD
is the major factor stimulating muscle protein catabolism by
the ubiquitin–proteasome system. They showed that stimula-
tion of the ATP–ubiquitin–proteasome system and increased
transcription of genes encoding ubiquitin and subunits of the
proteasome in muscle was blocked by preventing acidosis in
CKD rats. Interestingly, the increase in mRNAs in muscle is
reminiscent of the increase in mRNAs that encode subunits of
BCKAD in muscle of rats with metabolic acidosis (260).

The mechanisms that activate the ATP–ubiquitin–
proteasome-dependent proteolytic system are being hotly
pursued, because the system is involved in the degradation of
many types of proteins including transcription factors, regu-
latory proteins, and foreign molecules that become antigenic
peptides in antigen-presenting cells, as well as the degradation
of the structural proteins of muscle (139). Activation of this
system in muscle is also responsible for the excessive protein
degradation that occurs in response to diabetes, starvation,
denervation, burns, sepsis, and cancer, as well as metabolic
acidosis. Involvement of this proteolytic system in all of
these catabolic conditions suggest that activation of the
ubiquitin–proteasome system is part of a metabolic program
that is activated to catabolize muscle protein (139,267). In
rats with uremia, insulin deficiency, starvation, or cancer,
the pattern of genes expressed in muscle is highly consistent
and includes components of the ubiquitin–proteasome system
(267). It is still unclear what signals trigger these responses
in all of these different conditions. One possibility is that
inflammatory mediators activate the system, but to date,
interactions between inflammatory mediators and activation
of the ATP–ubiquitin–proteasome pathway are complex
and inconclusive. For example, NF-kB, the transcription
factor that is activated by inflammatory cytokines, does not
stimulate but instead, suppresses transcription of proteasome
subunit genes in muscle cells (268). The mechanisms for this
response involve glucocorticoids, because glucocorticoids
block NF-kB from suppressing transcription of proteasome
subunit genes (268). In contrast, the stimulation of ubiquitin
gene transcription not only depends on the Sp1 transcription
factor, but also glucocorticoids that act to stimulate Sp1 (269).
These results indicate that the increase in expression of genes
encoding components of the ubiquitin–proteasome system is
not easily linked to a single transcription factor.

Recently, another protease has been added to the pathway
that degrades muscle protein, the apoptosis protease, caspase-
3. Caspase-3 plays a critical initial role, since, by itself, the
ubiquitin–proteasome system is insufficient, because the sys-
tem does not degrade actomyosin or myofibrils, but does de-
grade actin or myosin (270). The protease that initially cleaves
actomyosin and myofibrils to produce the substrates for the
ubiquitin system is caspase-3. Many catabolic conditions, in-
cluding uremia, are associated with insulin resistance and/or
increased circulating cytokine levels and both these factors
regulate apoptosis (139,271,272). Caspase-3 not only cleaves

actomyosin/myofibrils to substrate proteins, but also leaves a
characteristic “footprint” of its activity, a 14-kDa actin frag-
ment in muscle (273). The presence of this actin fragment in-
dicates that activation of caspase-3 is in muscle of rats that
are rapidly degrading muscle because of uremia or insulin de-
ficiency. The cell-signaling mechanism that activates caspase-3
and the ubiquitin–proteasome system is decreased activity of
phosphatidylinositol 3-kinase (P13K) and Akt (274). A low
P13K activity stimulates Bax, causing release of cytochrome
C from mitochondria, resulting in activation of caspase-3.
Caspase-3 then cleaves actomyosin providing substrates for
degradation in the ubiquitin–proteasome system. At the same
time, decreased P13K activity stimulates the Forkhead tran-
scription factor, FOXO, which, in turn, increases the expres-
sion of the key E3 conjugating enzyme, atrogin-1/MAFbx.
These responses are associated with activation of the ubiquitin–
proteasome system causing degradation of actin, myosin, and
fragments of these proteins (266,275,276).

Abundant clinical evidence indicates that acidosis is an
important cause of protein losses in uremia (Table 101-3).
Papadoyannakis et al. (277) showed that treating CKD pa-
tients with sodium bicarbonate improved their nitrogen bal-
ance. Williams and colleagues (278) studied acidotic CKD pa-
tients who were eating a high-protein diet and reported that
the rate of protein degradation did not decrease appropriately
when the patients were switched to a low-protein diet. They
restored the normal response of suppression of protein degra-
dation when the same CKD patients were given sodium bicar-
bonate and raised their average serum bicarbonate level from
18 to 24 mM. Using a similar strategy, Reaich et al. (230) found
that the rate of protein degradation in acidotic CKD patients
is high, but when they were given sodium bicarbonate, protein
degradation decreased by 28%; it increased again when the
patients were given an equimolar amount of sodium chloride
leading to acidosis. The stimulatory effect of metabolic acido-
sis on protein breakdown is also present in hemodialysis and
CAPD patients (237,238,279) and in CAPD patients, increased
muscle proteolysis is related to activation of the ubiquitin–
proteasome system (280,281). Ballmer and co-workers (282)
reported that induction of metabolic acidosis in normal adults
not only caused negative nitrogen balance, but also reduced the
rate of albumin synthesis while Movilli et al. (283) reported
that correcting the metabolic acidosis of hemodialysis patients
led to an increase in serum albumin concentration (283).

There is a key role for glucocorticoids in the stimulation
of muscle protein degradation with acidosis (236,284,285).
Garibotto et al. (286) measured the rate of protein degradation
in the forearm muscle of CKD patients and found that it corre-
lated inversely with the serum bicarbonate and directly corre-
lated with the serum cortisol level. Despite these reports doc-
umenting the catabolic effects of metabolic acidosis, there are
results from cross-sectional analysis of dialysis patients suggest-
ing there is no relationship between the degree of acidosis and
hypoalbuminemia, and weight loss (287). Besides the problems
associated with establishing a cause–effect relationship based
on results from cross-sectional studies (288), there are other
problems with this conclusion: first, a single serum bicarbonate
measurement is not sufficient to define the presence of acidosis;
and, second, there is a major technical problem in measuring
serum bicarbonate. The blood chemistry values of patients in
many dialysis units are performed in laboratories that are at
some distance from the unit, creating a delay in measuring the
bicarbonate concentration. This delay changes the plasma bi-
carbonate, because carbon dioxide escapes (289). Metabolic
changes induced by acidosis include variation in hormone re-
sponses. Krapf and colleagues (292) reported that induction
of metabolic acidosis in normal adults impairs the function
of growth hormone, thyroid hormone, and the conversion of
vitamin D to its most active form, 1,25(OH)2 cholecalciferol



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-101 Schrier-2611G GRBT133-Schrier-v4.cls September 22, 2006 15:11

2684 Section XIV: Nutrition, Drugs, and the Kidney

(290–292). Consequently, acidosis could interact to impair the
ability of CKD patients to maintain protein stores by indirect
mechanisms. Acidosis itself, however, is sufficient to reduce
degradation of protein in isolated muscle cells if glucocorti-
coids are present (264,265).

Besides acidosis, insufficient action of insulin is another
factor that is associated with loss of protein stores. Insulin
deficiency is important, because the major role of insulin in
regulating protein metabolism is to inhibit protein degrada-
tion (293–295). Second, insulin resistance is common in CKD
(296,297), while metabolic acidosis alone causes insulin resis-
tance (298). Third, insulin deficiency accelerates muscle pro-
tein degradation by activating the ubiquitin–proteasome sys-
tem (275). Activation of muscle protein breakdown requires
glucocorticoids. The glucocorticoids act in permissive fashion
as they do not stimulate protein degradation unless there is also
insulin deficiency (276). Finally, the pattern of gene expression
in muscle occurring with insulin deficiency is quite similar to
the pattern of changes that occurs with uremia (267). Thus,
at least two conditions that are caused by renal insufficiency,
metabolic acidosis or impaired insulin actin, can cause muscle
atrophy.

In summary, the presence of metabolic acidosis and/or im-
paired insulin responses will block the adaptive metabolic re-
sponses that are required to maintain LBM, especially when di-
etary protein is restricted. Acidosis activates specific catabolic
responses that degrade BCAAs and protein in muscle. For these
reasons and because acidosis impairs bone metabolism and
causes insulin insensitivity, acidosis should be corrected in all
patients, especially those being treated with low-protein di-
ets. When attention is given to ensuring an adequate intake
of nutrients (Chapter 104, Dietary Considerations in Patients
with Chronic Renal Failure and Transplantation) and avoid-
ing metabolic abnormalities, such as acidosis, eating a low-
protein diet will improve the nutritional state of CKD patients
(218,228,229).

Assessment of Dietary Compliance

The classic report of Folin (160) pointed out that urea excretion
is the principal change in urinary nitrogen that occurs when di-
etary protein changes. This has been repeatedly confirmed and
provides a firm foundation for assessing compliance with low-
protein diets (162,163,210,211,299). The rate of urea produc-
tion exceeds the steady-state rate of urea excretion in both
normal and uremic subjects, because there is an extrarenal
clearance of urea. The extrarenal removal of urea is due to its
degradation by bacterial ureases present in the gastrointestinal
tract (300–303). However, urea degradation does not cause a
net decrease in urea excreted or accumulating in body fluids.
At one time, it was believed that urea degradation to ammonia
would contribute substantially to amino acid synthesis in the
liver and, hence, improve the nutritional status of uremic pa-
tients (304). This is incorrect; the ammonia nitrogen is simply
used to synthesize more urea (302,303). Stated more precisely,
the nitrogen arising from urea breakdown does not improve
protein synthesis or nitrogen balance because it is reincorpo-
rated into urea. Fortunately, the rate of net urea production
closely parallels dietary nitrogen (162,211,299) and net pro-
duction or urea appearance is easily calculated because the con-
centration of urea is equal throughout body water (145,302).
Since water represents ∼60% of body weight in nonedematous
patients, changes in the urea nitrogen pool can be calculated by
multiplying 60% of body weight (in kilograms) by the serum
urea nitrogen concentration (in grams per liter). The net pro-
duction of urea, urea appearance rate (UNA), is the change in
the urea nitrogen pool (positive or negative) plus urinary urea
nitrogen excretion. If SUN and weight are stable, urea nitrogen

TA B L E 1 0 1 - 4

ESTIMATING COMPLIANCE WITH DIETARY PROTEIN
USING UREA TURNOVER

1. A 70-year-old man with a urea clearance of 10 ml/min
weighs 70 kg. He is taught a diet containing 0.8 g
protein/kg/day in order to meet the daily allowance of
protein recommended by the World Health Organization.
His serum urea nitrogen (SUN) and weight are stable. A
24-hour urine collection contains 6 g of urea nitrogen.

Since protein is 16% nitrogen, he is eating 9 g nitrogen
daily. His nonurea nitrogen excretion is 70 kg × 0.031 g
nitrogen/kg/day or 2.17 g nitrogen/day and his total
nitrogen excretion is 6 + 2.2 = 8.8 indicating that he is
compliant with the prescribed diet.

2. A 60-year-old woman with Stage 5 CKD is admitted to the
hospital for plastic surgery. She has been taught a diet that
contains 40 g protein/kg/day (∼6.4 g nitrogen/day because
protein is 16% nitrogen). She is excreting 4 g urea nitrogen
per day but on the second day of admission, her SUN rises
from 50 to 60 mg/dL.

Her nonurea nitrogen excretion is estimated as 60 ×
0.031 g nitrogen/kg/day or 1.9 g nitrogen/day. Thus, her
total excretion is 9.5 g nitrogen/day (total nitrogen
excretion = 4 g urinary urea nitrogen + 1.9 g nonurea
nitrogen + the accumulation of 3.6 g urea nitrogen
[36 liters estimated body water × 0.1 g urea nitrogen per
liter of body water]). Her nitrogen excretion substantially
exceeds her prescribed intake so a nutrition/dietician
consult and a stool sample for blood are obtained.

accumulation is zero and UNA equals the urea excretion rate
(Table 101-4).

Nonurea Nitrogen

Unlike urea nitrogen, nonurea nitrogen excretion (i.e., the ni-
trogen excreted in feces and in urinary uric acid, creatinine,
and unmeasured nitrogenous products) varies minimally over
a large range of dietary protein (162,163). The nonurea nitro-
gen excretion averages 0.031 g of nitrogen per kilogram ideal
body weight per day (Fig. 101-2). This average value was de-
rived from patients that have ≤5 g/day of proteinuria and if

FIGURE 101-2. Calculated values of total nonurea nitrogen excretion
(NUN) in normal subjects (solid symbols) and patients with chronic
renal failure. The average value for patients not being treated by dial-
ysis is 0.031 g of nitrogen per kilogram per day. (From: Maroni BJ,
Steinman T, Mitch WE. A method for estimating nitrogen intake
of patients with chronic renal failure. Kidney Int 1985;27:58, with
permission.)
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proteinuria exceeds 5 g per day, then an additional amount
of nitrogen equivalent to the urinary loss of protein nitrogen
should be added to nonurea nitrogen excretion. Recently, the
relationship to nonurea nitrogen to the diet was reexamined by
Kopple et al. (299a) and they concluded that fecal nitrogen of
CRF patients varies with dietary protein. We examined results
of over 70 nitrogen balance measurements and could find no
significant correlation between dietary nitrogen and either fecal
nitrogen or nonurea nitrogen excretion (163). This distinction
is important, because determining that nonurea nitrogen ex-
cretion is independent of dietary protein, leads to a relatively
simple method of assessing compliance with protein-restricted
diets. Specifically, compliance can be assessed by converting
the prescribed protein intake to its nitrogen equivalent by mul-
tiplying dietary protein by 0.16 (protein is 16% nitrogen). If
nitrogen balance is assumed to be zero, then nitrogen intake
will be equal to the sum of UNA (calculated as described) plus
0.031 g of nitrogen per kilogram per day (162). If intake equals
output, then the patient is compliant. If intake is unequal to
output, then assistance of a skilled dietician is needed. Clearly,
this method does not apply to patients who are receiving to-
tal parenteral nutrition or eating completely digestible foods
(e.g., astronauts). In summary, total nitrogen excretion is cal-
culated from weight, SUN, and urea nitrogen excretion. It is
compared to the prescribed protein intake and if the values are
different by more than 20%, then reasons for noncompliance
or reasons for nitrogen balance to be negative should be inves-
tigated (207). A potential use of the calculated dietary protein
is to evaluate calorie intake. A patient’s dietary history can be
used to estimate the ratio of protein to calories in their diet.
Since the amount of dietary protein is determined from nitro-
gen excretion, calorie intake can be easily checked. This type
of analysis should be used regularly when monitoring CKD
who are being treated by restricted diets. This is important for
two reasons: first, calorie intake must be sufficient to utilize
protein in the diet efficiently. If calories are insufficient, the di-
etician can recommend dietary changes. Second, there is accu-
mulating evidence that patients frequently “under report” their
calorie intake, especially if they are obese (305). If the physician
and dietician estimate calorie intake, dietary planning is more
efficient.

Other methods of assessing protein intake including dietary
histories were exhaustively reviewed by Bingham (306). Inter-
view methods are less accurate and their reliability during re-
peated interviews is questionable because patients quickly learn
the appropriate responses to questions about dietary habits.
An example of this problem was reported by Kloppenburg
et al. and Avesani et al. (305,307). They evaluated food records
and anthropometric and oxygen consumption data of dialysis
patients (307) and CKD patients (305). They found that en-
ergy intake was grossly underestimated by many patients by
diet records. Thus, dietary compliance should include the mea-
sured urea nitrogen and estimated nonurea nitrogen excretion
rates to calculate actual intake.

DIETARY PROTEIN RESTRICTION
AND PROGRESSION OF RENAL

INSUFFICIENCY

Beneficial effects of dietary restriction on progression were re-
ported in the late 1970s, but these and subsequent reports have
been criticized, because they relied on changes in the serum cre-
atinine or creatinine clearance to assess progression and there
were problems with achieving compliance with low-protein di-
ets, as well as difficulties in study design (including the lack
of randomization and retrospective analysis). Moreover, the
largest trial of dietary protein restriction and progression led

to the conclusion that there was no benefit of protein-restricted
diets on progression when changes in GFR were evaluated by
an intention-to-treat analysis (78). As will be discussed, there
are problems with this interpretation so the role of dietary ma-
nipulation in treating patients with CRF to slow progression
of renal insufficiency is controversial.

Three types of low-protein dietary regimens have been used
in attempts to delay the progression of CRF: a diet provid-
ing the minimum daily protein requirement (0.6 g of pro-
tein/kg/day of predominantly protein that is rich in EAAs); a
diet providing approximately 0.3 g protein/kg/day, but sup-
plemented with a mixture of EAAs; and the same diet sup-
plemented with ketoacids (nitrogen-free analogs of EAA that
are converted into EAA). One of the first trials was reported
by Maschio et al. (308), who compared rates of progression
in three groups of patients by assessing changes in serum cre-
atinine and its reciprocal (308). The initial serum creatinine
concentrations of patients in group I (25 patients) and group II
(20 patients) were 1.5 to 2.7 and 2.9 to 5.4 mg/dL, respectively;
both groups were prescribed a diet containing about 0.6 g of
predominantly high-quality protein/kg/day, a phosphorus in-
take of less than 750 mg/day, and supplemental calcium to raise
intake to 1.0 to 1.5 g/day. Thirty patients in group III served
as a control group while eating an unrestricted diet (their ini-
tial serum creatinine values were between 1.6 and 4.7 mg/dL).
The average intakes of protein, phosphorus, and calcium of
the control group were 70 g, 900 mg, and 800 mg, respec-
tively. It was concluded that patients eating the restricted diets
(i.e., groups I to II) lost renal function far more slowly than
did the control group. The presence of proteinuria and hyper-
tension diminished the beneficial effects of dietary therapy in
all groups. However, the groups were not randomized and the
control group deteriorated more rapidly than did untreated pa-
tients from other series so these conclusions are tenuous. No
adverse effects of the restricted diet were noted and the authors
noted that protein nutrition was well maintained.

In 1989, the Verona group reported results from 390
patients who had been treated with a low-protein diet for
an average of 54 months: 57% of the patients maintained
stable serum creatinine values, 11% had slower deteriora-
tion (defined as a decrease in 1/SCr between −0.02 and
−0.04 mg/dL/month), while 32% had rapid deterioration (i.e.,
>−0.04 mg/dL/month) compared to progression occurring be-
fore restricting the diet (309). Patients with interstitial nephritis
fared better than did those with chronic glomerulonephritis or
polycystic kidney disease. Independent factors that were related
to a poorer prognosis included a higher initial serum creati-
nine, more proteinuria, or higher systolic and diastolic blood
pressures before beginning therapy. No adverse effects of di-
etary therapy were reported and indices of protein nutrition
were well maintained. Later, however, these investigators re-
ported that there was a significant loss of muscle protein and a
decrease in serum albumin and transferrin concentrations (an-
thropometric measurements, however, remained constant) in a
subgroup of eight patients who continued the protein-restricted
diet for an additional 5 years (310). Unfortunately, the energy
intake of these eight patients was lower than prescribed (26 to
29 kcal/kg/day), so it is not clear that protein restriction alone
causes loss of muscle.

In a prospective analysis of low-protein diets prescribed for
at least 18 months, Rosman et al. reported results from 149 pa-
tients with creatinine clearances <60 mL/min/1.73 m2.(311).
The subjects were stratified according to age, sex, and renal
function and then randomly assigned to a diet containing 0.4
to 0.6 g of protein per kilogram per day (predominantly high-
biologic value protein) or an unrestricted diet. All patients re-
ceived a multivitamin supplement including vitamin D; com-
pliance was monitored by measuring the 24-hour urea nitrogen
excretion every 3 months. Based on an analysis of changes in
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serum creatinine and its reciprocal, the authors concluded that
the diet reduced the average rate of progression by a factor of
about 3. In contrast to the results of Maschio et al. (308), it
appeared that older patients and those with chronic glomeru-
lonephritis had a better response than did those with interstitial
nephritis or polycystic kidney disease.

After 4 years of follow-up, Rosman et al. (311) examined re-
sponses from 153 of the 248 patients initially entering the study.
There was smaller, but significant, benefit of dietary protein re-
striction on progression; it was most apparent in the group
with more advanced renal insufficiency. Men but not women
continued to show slowing of progression. However, the ben-
efit was less than the response initially reported. Body weight
and serum proteins were stable over 36 months of dietary ther-
apy, indicating that the regimen preserved nutritional status.
However, compliance with the diet (based on information) in
the report and calculated by a standard method [162]) was not
great; on average, the diet contained >0.7 g protein/kg/day. Par-
enthetically, the prescribed intake of 0.4 g protein/kg/day for
patients with advanced CRF would be less than the minimum
daily requirement of 0.6 g protein/kg/day (see Chapter 104,
Dietary Considerations in Patients with Chronic Renal Fail-
ure and Transplantation) and, hence, cannot be recommended.
The authors concluded that the most benefit occurred in pa-
tients with glomerulonephritis and that progression in patients
with polycystic kidney disease appeared to be related entirely
to blood pressure control. In the other diagnostic groups, blood
pressure was not correlated with preservation of renal function.

In these reports as well as others, there is a recurring theme
of a diminished response of patients with polycystic disease
and as with other types of renal disease, hypertension and/or
proteinuria are closely linked to progression (78,152,312). The
mechanisms causing loss of renal function in polycystic kidney
disease is unknown and the basis for the association between
the severity of hypertension and/or proteinuria and progres-
sion is correlative. A low-protein diet will reduce the degree
of proteinuria and can augment the antiproteinuric influence
of angiotensin-converting enzyme (ACEi) (159,217,313–315).
The influence of this effect of a low-protein diet on progression
is unknown.

In Australia, Ihle et al. (315a) conducted a prospective ran-
domized trial over an average of 18 months in 64 patients by
comparing diets containing 0.4 g protein/kg/day to an unre-
stricted amount of dietary protein. The groups were initially
well matched for blood pressure, serum creatinine (range, 4.0
to 11.0 mg/dL), serum calcium, and phosphorus concentra-
tions. Changes in GFR were determined from measurements
of the plasma disappearance of 51Cr-EDTA (Fig.101-3). End-
stage renal failure developed in 9 (27%) of 33 patients who
followed the unrestricted diets compared to only 2 (6%) of 31
who were believed to be compliant with the protein-restricted
diet (p <0.05). GFR decreased, on average, from about 15 to
6 mL per minute in patients eating an unrestricted diet, but did
not change significantly in the protein-restricted group (e.g.,
the average change was about 2 mL/min). This trial was not
based on an intention to treat design and the outcome of pa-
tients who did not comply with the restricted diet was not de-
tailed. Based on urea excretion values, the average intake of the
protein-restricted group who experienced slowed progression
was more than 0.7 g/kg/day (162). On average, serum albumin
and anthropometric measurements remained stable over the 18
months of follow-up, but weight, serum transferrin, and total
lymphocyte count decreased significantly. Since the phospho-
rus content of the protein-restricted diet was approximately
30% to 40% less than that of the unrestricted diet, the relative
importance of dietary protein versus phosphorus restriction on
progression cannot be determined. The decline in some, but not
all, nutritional indices raises concern about prescribing a diet
with less than the minimum daily requirement of protein.

FIGURE 101-3. Changes in glomerular filtration rate (GFR) measured
as the plasma clearance of 51Cr-EDTA in patients prescribed a protein-
restricted diet (open circles) or an unrestricted diet (open triangles).
The calculated level of dietary protein based on urea excretion (120) is
also shown. The low-protein regimen significantly reduced the decline
in GFR. LPD, low-protein diet. (Figure was drawn from the results of
Ihle et al. [109] and is reproduced with permission from Mitch WE,
Klahr S. Nutrition and the Kidney. 2nd ed. Boston, MA: Little, Brown;
1993:254.)

In contrast to these reports indicating a beneficial effect of
dietary protein restriction on progression, other investigators
have not found a decrease in the loss of renal function. Williams
et al. (316) randomly assigned 95 CRF patients to diets con-
taining 0.6 g protein/kg/day or >0.8 g protein/kg/day; a third
group was assigned to a diet with 0.8 g protein/kg/day plus a
“low phosphorus intake” of 1 g/day. During a control period
of 6 months, all patients were assigned to 0.8 g protein/kg/day,
the diets were then begun, and the patients were followed for
an average of 19 months while changes in creatinine clear-
ance were measured. The decline in creatinine clearance of pa-
tients assigned to the 0.8 g protein diet was not different from
that of the 0.6 g protein/kg/day group (Fig. 101-4). However,
there was scarcely any difference in protein intake between

FIGURE 101-4. Changes in creatinine clearance (CCr) during therapy
with a low-protein (LPD; open circles) and control diet (open squares)
in the trial conducted by Williams et al. (173). Protein intake was cal-
culated from urea excretion (120). There was no effect on the progres-
sion of renal failure. (From: Mitch WE. Dietary protein restriction in
chronic renal failure. J Am Soc Nephrol 1991:2:823. c© by American
Society of Nephrology.)
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the two groups; the calculated average difference was only 8 g
protein/day (162). Since there was no difference in protein in-
take (see above), creatinine excretion did not differ between the
groups nor did body weight change significantly (on average,
there was a 1 to 2 kg decrease in weight in groups prescribed ei-
ther the low-protein or the low-phosphorus diets). Since serum
transferrin and immunoglobulins were normal, there was no
evidence that prescribing the restricted diets adversely affected
nutritional status.

A negative outcome was also reported following the com-
pletion of Northern Italian multicenter study (316a). In that
trial, 456 patients were evaluated and 311 satisfied the criteria
for enrollment (165 in the low-protein group and 146 in the
control group). The rate of loss of renal function was evalu-
ated by analyzing the time to dialysis or to doubling of serum
creatinine level (“renal survival”). The outcome in terms of
reaching end points was slightly, but not statistically, better in
patients prescribed the low-protein diet (27 versus 42 in the
control group). Assuming the patients weighed an average of
70 kg, the urea excretion values indicate that the protein in-
take was about 0.9 g/kg/day by the unrestricted diet and 0.78
g protein/kg/day by the low-protein diet group (overall, the
difference in protein intake between the two groups was only
about 9.5 g/day [162]). Clearly, simply assigning patients to a
low-protein diet will not affect progression if the patients do
not eat the prescribed low-protein diet. Regarding changes in
nutritional status, only weights were recorded and, on average,
they did not change.

Progression of Diabetic Renal Disease

Some, but not all, patients with insulin-dependent diabetes de-
velop renal failure, but usually only after 15 to 20 years with the
illness. Fortunately, the fraction of patients developing kidney
failure seems to be decreasing, but it is still not known why only
some patients are at greater risk. Factors that are associated
with more rapid progression include hypertension and protein-
uria and the importance of treating these problems with ACEi
have been reviewed (317). Dietary protein restriction could ex-
ert an additional beneficial effect because short-term restriction
of dietary protein reduces urinary protein in diabetic patients
with microalbuminuria (318–321). This is relevant, because of
the close association between proteinuria and the development
of progression (322).

There are only a few publications examining whether a low-
protein diet slows progression in diabetic nephropathy. In a 6-
month evaluation of a diet set at 0.6 g protein/kg/day, Raal et al.
(323) found that there was a decrease in proteinuria and slower
loss of GFR compared to results from patients eating an un-
restricted diet. The degree of compliance was not detailed and
the short period of observation makes it unclear whether these
responses can be assigned to beneficial effects of the diet. Using
a different design, Walker et al. (318) changed the dietary pro-
tein of 19 insulin-dependent, proteinuric diabetic patients from
an unrestricted protein intake (average, 1.13 g protein/kg/day)
to a diet averaging 0.67 g protein/kg/day. They observed a
significantly slower rate of loss of GFR (from 0.61 to 0.14
mL/min/month) and this benefit was independent of differences
in blood pressure, energy intake, and glycosylated hemoglobin
level. Zeller et al. (111) compared results achieved by a diet
containing 0.6 g protein/kg/day with those measured in type
1 diabetic patients eating an unrestricted diet. Changes in re-
nal function were evaluated from albuminuria, serum creati-
nine, and the renal clearances of creatinine and 125I-iothalamate
(i.e., GFR). Based on urea excretion values (162), the pa-
tients assigned to the low-protein diet ate an average of about
0.7 g protein/kg/day and no signs of malnutrition developed;
the average decline in GFR and creatinine clearance was slowed

by the protein-restricted diet. Note that some of the patients
given the unrestricted diet did not exhibit progressive loss of
GFR, emphasizing why it is important to ensure that patients
in such trials have evidence of progression before beginning the
trial (see Modification of Renal Disease subsequent discussion
of the [MDRD] trial). The beneficial effects of the dietary reg-
imen in the report by Zeller et al. could not be attributed to
differences in blood pressure or glycemic control or to the fre-
quency of examinations, leading to the conclusion that dietary
restriction was the major factor. This conclusion is reinforced
by meta-analysis of the influence of low protein diets on pro-
gression (324,325).

In the largest trial, Hansen et al. (326) studied 82 patients
with type 1 diabetes and progressive diabetic nephropathy.
The patients were randomly assigned to a diet of 0.6 g pro-
tein/kg/day or control diet and examined over 4 years. Fewer
patients in the protein-restricted group developed ESRD or
died and, when adjusted for cardiovascular disease at baseline,
the relative risk of ESRD or death was reduced (0.07 to 0.72,
p <0.01). Dietary compliance was limited (0.89 in the treated
group versus 1.02 g protein/kg/day in the control group). The
loss of GFR was linear in both groups and did not differ sta-
tistically and nutritional status was not different. The authors
conclude that modest dietary restriction can improve prognosis
of patients with diabetic nephropathy.

Meta-analyses of Low-Protein
Diets and Progression

Besides poor compliance, it is not clear why the outcome in
these studies was so different. One factor could be that the num-
ber of patients was too small. To address this problem, several
groups have analyzed published data about low-protein diets
and progression using the meta-analysis technique (324–328).
The meta-analysis technique is a method for pooling results
from several studies to determine if there is a difference in the
frequency of a unique event that can be associated with the
intervention. In three meta-analysis, it was concluded that a
low-protein diet exerted a beneficial effect on progression of
renal failure (324,325,327). In each meta-analysis, the results
were based on an intention to treat design. In this design, there
must be randomized assignment to the intervention (i.e., diet
level) and a unique outcome (e.g., progression to dialysis, a rise
in serum creatinine.) must be discernible in each publication.
In an intention to treat analysis, however, compliance with the
diet is not considered and practicality of the intervention is ex-
amined. Fouque et al. (327) analyzed results from six studies
of randomly assigned patients who were followed until they re-
quired dialysis or died and concluded that in five of the six trials
there was a reduction in the number of renal “deaths’’ (61 in
low-protein diet groups versus 95 in control groups). The au-
thors calculated an odds ratio of the likelihood of progressing
to ESRD and determined that dietary restriction significantly
preserves renal function (p <0.002). Pedrini et al. (324) ex-
amined results of 1413 patients participating in trials in which
they were randomly assigned to a low protein or control diet.
They concluded that assignment to a low-protein diet will re-
duce the risk of renal failure or death in nondiabetic patients by
33% (p <0.001) and in diabetic patients, the risk of a decrease
in GFR or creatinine clearance or an increase in proteinuria
was reduced by 46% (p <0.01). Fouque et al. (325) also ex-
amined the issue in even more patients by analyzing 7 trials
and 1494 patients. Again, it was concluded that assignment to
a low-protein diet was associated with slowing of the loss of
kidney function. In contrast, Kasiske et al. (328) used many of
the same data and concluded that the effect of dietary protein
restriction was small.
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Another factor that must be considered in assessing why
there are contradictory conclusions about the influence of low
protein diets on progression is compliance. This is important,
because the hypothesis is that adherence to a low-protein diet
will be associated with slowing of progression of renal insuf-
ficiency. Analysis of changes in renal function without taking
compliance into account, does not test this hypothesis. For ex-
ample, secondary analysis of the MDRD indicate that patients
who adhered to the diet experienced slowing of the rate of loss
of GFR (see below).

Low-Protein Diets Supplemented with
Essential Amino Acids or Ketoacids

The results just discussed were derived from patients eating
natural foods to meet the requirements for protein, calories,
and other nutrients. Notably, dietary protein can not be re-
duced safely below 0.6 g protein/kg/day unless energy intake
is sufficient and a supplement of EAA or a mixture of essen-
tial amino acids and their nitrogen-free analogs (ketoacids) are
provided (see Chapter 104, Considerations for Patients with
Chronic Renal Failure and Transplantation). In the United
States, ketoacids are not commercially available, while EAA
can be purchased as Aminess); both EAA and ketoacids are
available in some other countries. During the 1980s, several
reports provided evidence that a diet containing about 0.3 g
protein/kg/day plus a supplement and sufficient calories was
nutritionally sound in patients with advanced CRF, because
they promoted neutral nitrogen balance and maintained nor-
mal nutritional indices (e.g., serum proteins) during long-term
therapy (212–214,218,227). Regarding the influence of these
regimens on progression of CRF, Alvestrand et al. (329) studied
17 patients with well-defined rates of decline in the reciprocal
of serum creatinine despite treatment with a standard, low-
protein diet. They prescribed an EAA-based regimen (0.3 g
protein/kg/day plus an EAA supplement) and reported signifi-
cant slowing of the decline in the reciprocal of serum creatinine
in 14 of 17 patients (329). Subsequently, this group conducted
a prospective, randomized trial and concluded that the diet
was not a major factor in achieving a slower rate of progres-
sion (330). Instead, they concluded that slowing of progres-
sion was more closely linked to a small (-2 mm Hg) reduction
in diastolic blood pressure and, possibly, more frequent visits
to the clinic. Examination of their data, however, reveals that
10 (18%) of the 57 enrolled patients did not exhibit any loss
of renal function during the baseline period while they were
eating an “unrestricted’’ diet, so it was not possible to slow
progression. Second, there was poor compliance with the di-
etary regimen (the average difference in protein intake between
the groups (0.65 versus 0.86 g/kg/day) was small.

There is evidence that the very-low-protein diet–ketoacid
regimen can slow progression of CRF. Barsotti et al. (331)
measured the decline in creatinine clearance of 31 patients
who were eating the standard, low protein diet of 0.6 g pro-
tein/kg/day. They found that the loss of creatinine clearance
was constant (i.e., linear) in patients with nondiabetic kidney
diseases and the decline was interrupted in 11 of 12 patients
who were switched to a regimen containing about 0.2 g pro-
tein/kg/day plus a supplement of the calcium salts of ketoacids.
In a subsequent report, Barsotti et al. (331) reported that 27 of
48 patients appeared to be compliant with the ketoacid-based
regimen and, in this subgroup, the average loss of creatinine
clearance was reversed from −0.65 to +0.15 mL/min/month
(p <0.005) (331). Other investigators have used basic amino
acids (i.e., ornithine and lysine) salts of ketoacids rather than
the calcium salts to test whether progression is slowed. This
formulation used with a diet containing 0.3 g protein/kg/day,

seemed to slow the loss of renal function. In the initial study
of 17 patients with well-defined rates of decline in the recip-
rocal of serum creatinine, 10 (59%) had a significantly slower
rise in serum creatinine (or a decline in creatinine clearance)
during an average of 20 months of therapy. Patients with ad-
vanced CRF (serum creatinine >8 mg/dL) did not experience
slowing of progression (332). Subsequently, Walser et al. (226)
studied patients with advanced CKD (the initial GFR averaged
13 ml/min) and compared this ketoacid-based regimen with
an EAA-based regimen using a cross-over design. The ketoacid
regimen appeared to slow progression (measured as changes
in GFR) more effectively than the EAA regimen, but only 12
patients were studied. As expected from earlier reports about
metabolic effects of this regimen, there was no weight loss and
serum albumin remained normal (213,332).

The efficacy of a ketoacid-based regimen has been com-
pared to the standard, low-protein regimen containing 0.6 g
protein/kg/day but no supplement. Di Landro et al. (333) mea-
sured changes in the reciprocal of serum creatinine found in 44
patients assigned to the standard, low-protein regimen and 46
patients given the ketoacid regimen while being followed more
than 3 years. Progression was significantly slower and parathy-
roid hormone and serum cholesterol both decreased in patients
given the ketoacid regimen. These studies suffer because of the
relatively small number of patients and the inclusion of results
from some patients who had no evidence of progression.

FIGURE 101-5. The decline in the mean (SEM) glomerular filtration
rate from baseline values (B3) to the estimated value at 36 months
(F36). Upper panel, comparison of results from those assigned to an
unrestricted diet (about 1.3 g protein/kg/day, dashed line) and a low-
protein diet (about 0.6 g protein/kg/day, solid line). Lower panel, com-
parison of results from those assigned to a “usual’’ blood pressure
(mean arterial pressure <107 mm Hg, dashed line) and a “low’’ blood
pressure (mean arterial pressure <92 mm Hg, solid line). (Reproduced
from: Klahr S, Levey AS, Beck GJ, et al. The effects of dietary protein
restriction and blood-pressure control on the progression of chronic
renal disease. N Engl J Med. 1994;330:882, with permission.)
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The Modification of Diet in Renal
Disease Study

The problem of small numbers of patients in these and other
studies prompted the National Institutes of Health to under-
take a multicenter study, the Modification of Diet in Renal
Disease (MDRD) trial. Initially, there was a feasibility trial in
which 96 patients participated in order to test acceptance of the
regimens; progression was not formally evaluated (334). Sub-
sequently, two groups of patients were studied in the full-scale
trial: Study A patients had GFR values of 25 to 55 mL/min/1.73
m2, while study B patients had GFR values between 13 and 24
mL/min/1.73 m2. Patients in study A were randomly assigned
to one of two diets: at least 1 g protein/kg/day or 0.6 g pro-
tein/kg/day and to a mean blood pressure goal of either 105 or
92 mm Hg (78). Patients in study B were randomly assigned
to the 0.6 g protein/kg/day or to a regimen containing 0.3 g
protein/kg/day plus a ketoacid supplement and the same two
blood pressure goals. In study B, there was no control group
assigned to a high-protein or self-selected diet, because such
a diet would be expected to worsen the uremic system. Aver-
age values of protein intake (estimated from urea appearance
[162]) differed significantly among the groups in both stud-
ies A and B; differences in blood pressure were less impressive.
The impact on progression was analyzed by measuring changes
in 125I-iothalamate renal clearance over an average follow-up
period of 2.2 years.

During the first 4 months, GFR declined more rapidly in
study A patients assigned to the low-protein diet and low blood
pressure groups (p = 0.004 and p <0.01, respectively). There-
after, the rate of decline in GFR was 28% slower in patients
assigned to the low-protein diet (p = 0.009) and 29% slower
in the low blood pressure group (p = 0.006). In contrast, the
loss of GFR of patients eating the unrestricted diet was remark-
ably linear with time. Based on an intention to treat analysis,
however, neither prescribing the low-protein diet nor assigning

patients to the lower blood-pressure goal slowed the loss of
GFR (Fig. 101-5).

In analyzing results from patients with more advanced CKD
(study B), the loss of GFR was 19% slower in the very-low-
protein–ketoacid group compared to patients assigned to the
standard, low-protein diet (p = 0.065). However, there was no
statistical difference in the cumulative incidence of end-stage
renal disease or death of patients. Patients with polycystic kid-
ney disease did not benefit from either the diet or blood pres-
sure control and African-American patients seemed to progress
more rapidly than did other patients, but with a small number
of subjects, the difference was not statistically significant. In
fact, the sole positive effect of the MDRD Study in this report
was that a lower blood pressure goal was associated with slow-
ing of progression in patients who had >1 g proteinuria/day.

Do results from the MDRD settle whether a low-protein
diet can slow progression? There are several reasons why the
question is unsettled (78,207,335). First, the sample size was
based on the assumption that GFR would decline at a rate
of 6 mL/min/year in the control group (i.e., those prescribed
an unrestricted diet and their usual blood pressure). However,
progression was ∼30% slower than expected overall and ap-
proximately 15% of patients in the study A control group did
not progress. Obviously, it is impossible to determine if there
is a beneficial influence of a low-protein diet on progression in
patients who are not losing kidney function. Thus, the sample
size may have been inadequate. In support of this concern, the
meta-analysis results lead to the conclusion that low-protein
diets slow the loss of renal function (see above). Second, there
was a disproportionate number (∼20%) of patients with poly-
cystic disease and progression in these patients appears to be
unaffected by either dietary manipulation or control of hyper-
tension (336): inclusion of these patients may have obscured
a benefit of a low-protein diet on progression in patients with
other kidney diseases. Third, MDRD patients were give ACEi
inhibitors in an unregulated fashion and use of this drug might
have obscured the outcome (317). Fourth, the initial rapid

FIGURE 101-6. The cumulative incidence of urinary albumin excretion to a macroalbuminuria level
(>300 mg/24 hr, dashed line) and a microalbuminuria level (<40 mg/24 hr, solid line). In the cohort with-
out retinopathy (A), intensive insulin therapy reduced the risk of microalbuminuria by 34% (p <0.04).
In the cohort with early retinopathy (B) and an initial value of albuminuria 40 mg/24 hr or less, inten-
sive insulin therapy reduced the risk of macroalbuminuria by 56% (p = 0.01) and microalbuminuria by
43% (p = 0.001) compared with conventional insulin therapy. (Reproduced from: the Diabetes Control
and Complications Trial Research Group. The effect of intensive treatment of diabetes on the develop-
ment and progression of long-term complications in insulin-dependent diabetes mellitus. N Engl J Med
1993;329:982, with permission.)
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decline in GFR in patients assigned the low-protein diet and
low blood pressure groups was unexpected and could have ob-
scured a beneficial effect on progression, if the trial was more
prolonged. For example, the evaluation of another metabolic
intervention on kidney function (i.e., the DCCT Trial [337]) re-
vealed no benefit of strict glycemic control for the initial 4 years
and then the suppressing of proteinuria became obvious (Fig.
101-6). Finally, patients with more advanced CKD (study B)
had no control group eating an unrestricted diet, so a compar-
ison of benefit is limited. Moreover, the mixture of ketoacids
was changed from the mixture that had shown a benefit in
smaller trials conducted earlier (226,332,338). In fact, when
changes in GFR of patients participating in the Feasibility Trial
of the MDRD were analyzed, it was found that the loss of GFR
was significantly slower (p <0.03) in comparison to patients
eating the standard, low-protein diet. More importantly, when
MDRD results were analyzed according to the amount of pro-
tein actually consumed, a benefit of dietary protein restriction
in study B patients was obvious: each 0.2 g/kg/day reduction in
protein intake was associated with a 29% slower rate of loss of
GFR and a 51% prolongation in the time to dialysis (p <0.01)
(95,339). No independent influence of the ketoacid regimen
was detected in this secondary analysis, but, as noted above,
the ketoacid mixture used in the MDRD Study differed from
the mixture showing positive results in earlier studies (338).
Thus, the benefit of a low-protein diet on the rate of loss of
renal function remains controversial.

CONCLUSIONS

Results summarized in this and Chapter 103 (Considerations
in Patients with Chronic Renal Failure, Acute Renal Failure
and Transplantation) show that dietary manipulation reduces
signs and symptoms of CRF and is nutritionally safe as long
as there is no complicating factor, such as the existence of aci-
dosis or infection. Thus, dietary manipulation in a treatment
program that includes monitoring protein and calorie intake
in consultation with a dietician (162,340) should be a main-
stay of therapy for all patients. The observation that protein
intake voluntarily decreases as renal insufficiency progresses
is not a signal for increasing in dietary protein, because high
protein diets will simply increase the degree of uremia (in-
cluding hyperphosphatemia, aggravate hypertension, etc) and
it will not raise serum proteins (218,235,341). On the con-
trary, a well-designed protein-restricted diet usually increases
serum albumin (341). Regardless of an effect on progression,
a low-protein diet could delay the need for dialysis by ame-
liorating uremic symptoms while maintaining nutritional sta-
tus. Two publications provide strong evidence for the long-
term safety of this approach (228,229). Patients in these stud-
ies were followed for an average of 1.5 to 2 years after GFR
had decreased to 10 to 13 mL/min. Nutritional status was well
maintained while they ate protein-restricted diets and dialy-
sis was not required. Clearly, successful implementation of di-
etary therapy requires the motivation of both the patient and
the physician. The principal, if not the only disadvantage of
such therapy (assuming that it is successful in eliminating ure-
mic symptoms), is the dietary restriction it entails, but it is
reasonable to expect that dialysis therapy will be significantly
delayed.
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CHAPTER 102 ■ PHOSPHATE, ALUMINUM,
AND OTHER ELEMENTS IN CHRONIC
RENAL FAILURE
JAMSHID AMANZADEH AND ROBERT F. REILLY, JR.

In the attempt to define uremic toxins, a great deal of attention
has been directed at organic compounds. However, at least two
inorganic compounds, phosphorus and aluminum, have been
strongly implicated in the pathogenesis of a number of alter-
ations that can occur in the uremic state. The metabolism and
toxicity of phosphorus and aluminum in uremic patients and
methods of preventing and treating disorders created by these
two elements are reviewed in this chapter. Two other elements,
magnesium and zinc, have also been implicated in the patho-
genesis of some uremic symptomatology. The evidence of their
involvement is, however, much weaker than that for phospho-
rus and aluminum, and, therefore, these latter two elements are
only briefly reviewed herein. Finally, a variety of other distur-
bances in trace elements, both essential and nonessential, also
have been recognized in uremic patients.

Phosphorus

Normally, 800 to 1,000 mg of phosphorus is ingested each day.
The net absorption is approximately 60% of the ingested load,
and this is readily excreted in the urine (1). In healthy persons,
the serum phosphorus concentration is maintained in the nor-
mal range of 2.5 to 4.5 mg/dL. Even with renal failure, the
serum phosphorus concentration is maintained within the nor-
mal range until the glomerular filtration rate falls to less than
25% of normal. The maintenance of phosphorus concentration
in this context is accomplished initially by a reduction in renal
tubular reabsorption of phosphorus and later by a combination
of decreased renal tubular reabsorption of phosphorus and re-
duced gastrointestinal absorption of phosphorus. Renal tubu-
lar reabsorption of phosphorus is reduced as a consequence of
increased secretion of parathyroid hormone (PTH) (2), as well
as a non–PTH-dependent mechanism that occurs as a result
of a reduction in renal functional mass (3). The most apparent
reason for a decrease in the gastrointestinal absorption of phos-
phorus is decreased 1,25-dihydroxyvitamin D3 (1,25[OH]2D3)
(calcitriol), which occurs with more advanced chronic kidney
disease (4). As glomerular filtration falls below 25 mL/minute,
however, these alterations in phosphorus metabolism are no
longer sufficient to maintain normal serum phosphorus con-
centration, and with further reductions in renal function there
is a progressive rise in serum phosphorus concentration (3,4).

Consequences of Hyperphosphatemia

Hyperphosphatemia has been directly implicated in the patho-
genesis of secondary hyperparathyroidism and its associated
skeletal alterations (5), as well as metastatic calcifications (6),
both of which occur with some frequency in uremic patients
in whom phosphorus control is not maintained. In addition,

phosphorus was implicated as a factor that may in part be re-
sponsible for accelerating functional deterioration in a diseased
or damaged kidney (7–9).

Secondary Hyperparathyroidism. Hyperphosphatemia has
been strongly implicated in the pathogenesis of the secondary
hyperparathyroidism that is commonly seen in uremic pa-
tients (5,10). The suggested mechanism by which hyper-
phosphatemia induces hyperparathyroidism is as follows. As
glomerular filtration rate decreases, there is a slight increase in
serum phosphorus concentration. This causes the serum cal-
cium concentration to fall, which in turn stimulates the secre-
tion of PTH. The increased PTH concentration decreases renal
tubular reabsorption of phosphorus, causing the concentration
of serum phosphorus to return to normal. As glomerular filtra-
tion rate progressively decreases, increasing amounts of PTH
are required to decrease tubular reabsorption of phosphorus
and maintain serum phosphorus in, or close to, the normal
range. This process has been termed the trade-off hypothesis. It
is suggested that to maintain normal phosphorus concentration
with progressive renal failure, the trade-off is the establishment
of a hyperparathyroid state with its accompanying alterations.

Since it has been shown that there are receptors on the
parathyroid glands for 1,25(OH)2D3 and that this hormone
can suppress PTH synthesis, it was suggested that hypophos-
phatemia could suppress PTH concentration by stimulating
1,25(OH)2D3 production (11). Although early during the
course of chronic kidney disease, phosphorus depletion stimu-
lates 1,25(OH)2D3 production (12), later in the course phos-
phorus has no effect on 1,25(OH)2D3 concentration (13). In
addition, the depletion of phosphorus suppresses PTH con-
centration in the absence of any change in serum calcium or
1,25(OH)2D3 (13,14). Phosphorus depletion also prevents the
secondary hyperparathyroidism in vitamin D deficiency (15).
These studies suggest that phosphorus per se has a direct effect
on modulating PTH secretion.

Subsequent studies verified this conclusion. Fresh rat
parathyroid glands were incubated in media with increasing
phosphorus concentrations. A phosphorus concentration of 3
and 4 mM produced a three- to fourfold increase in parathy-
roid hormone secretion compared to 1 mM phosphorus. These
authors also found that incubation in high phosphorus medium
suppressed the ability of increasing concentrations of calcium
to inhibit parathyroid hormone release (16). Nuclear transcript
run-on experiments suggested that the effect of phosphorus
is posttranscriptional (17). A protein, AUF1, binds to the 3′-
untranslated region (3′-UTR) of the PTH transcript and stabi-
lizes it (18). Binding of AUF1 to the PTH transcript is increased
with hyperphosphatemia and hypocalcemia.

Dietary phosphorus also plays a role in the expression of the
calcium sensing receptor. The calcium-sensing receptor (CaR)
is a part of superfamily of G-protein–coupled transmembrane
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receptors and is expressed on chief cells of the parathyroid
gland and the luminal membrane of medullary collecting duct.
Activation of the CaR by extracellular calcium ions engages
the mitogen-activating protein kinase C cascade, through both
G-protein-linked protein kinase C and a member of the Src
tyrosine kinase family. The pathway eventually leads to acti-
vation of phospholipase A2 and the generation of arachidonic
acid, which has a role in suppression of PTH. Therefore, PTH
secretion is inhibited when the receptor is activated by elevated
calcium concentration. Conversely, low serum calcium results
in increased PTH secretion. Results from animal studies show
that persistent hypocalcemia leads to a posttranscriptional in-
crease in PTH mRNA and subsequently an increase in parathy-
roid cell proliferation (19).

In rats made uremic by 5/6 nephrectomy, those animals on
a high-phosphorus diet (1.2% phosphorus) showed a 55% de-
crease in calcium-sensing receptor mRNA expression and an
increase in parathyroid gland weight (2.77 ± 0.95 μg/g body
weight versus 0.77 ± 0.16 μg/g body weight in controls).
Immunofluorescence studies indicated that the receptor was
downregulated in areas of proliferation. Dietary phosphorus
restriction prevented both the decrease in calcium-sensing re-
ceptor transcript expression and parathyroid hyperplasia (20).
This substantiates the view that abnormal control of parathy-
roid hormone secretion in uremia is due at least in part to the
downregulation of the calcium-sensing receptor in hyperplastic
parathyroid tissue.

Although hyperphosphatemia appears to be important in
the causation of secondary hyperparathyroidism, control of
serum phosphorus alone was not totally effective in the pre-
vention of secondary hyperparathyroidism in uremia. In dogs,
a reduction in dietary phosphorus intake that is proportional
to the reduction in glomerular filtration rate initially prevents
the expected rise in PTH concentration (21). Eventually, how-
ever, PTH concentration increases despite dietary phosphorus
restriction and the maintenance of serum phosphorus concen-
tration within the normal range. In addition, although it was
routine practice for more than two decades to attempt to con-
trol serum phosphorus concentration in uremic patients, in-
creased PTH concentration and histologic evidence of hyper-
parathyroid bone disease, which may be symptomatic, is still
commonly seen in uremic patients (22–24). This is additional
evidence that phosphorus restriction alone will not reverse the
hyperparathyroid state.

Metastatic Calcification. Hyperphosphatemia was strongly
implicated in the pathogenesis of the extraosseous calcifica-
tion that occurs in uremic patients (6,25). The various types
of extraosseous calcium phosphate deposited in uremic pa-
tients are listed in Table 102-1. The best documented types
of extraosseous calcium-phosphate deposits that result from

TA B L E 1 0 2 - 1

TYPES OF EXTRAOSSEOUS CALCIFICATIONS

Hyperphosphatemia related
Conjunctival
Calcific periarthritis
Tumoral

Other etiologies
Vascular calcification
Visceral calcification
Heart
Lung
Kidney

FIGURE 102-1. Excised tumoral calcification demonstrating fibrous
enclosure of the calcium phosphate deposit. (From: Contiguglia SR,
et al. Nature of soft tissue calcification in uremia. Kidney Int 1973;
4:229, Figure 2, with permission.)

hyperphosphatemia are tumoral, periarticular and articular,
and conjunctival calcifications (26–30).

Tumoral calcification represents calcium-phosphate de-
posits that are usually periarticular but do not involve the joints
or their capsules. These deposits are encapsulated with a thick
fibrous wall and are multiloculated (31) (Fig. 102-1). Calcium-
phosphate deposits are present in a semisolid state as hydrox-
yapatite, and on examination the crystals are needle- and boat-
shaped with a length of 30 to 40 nm and a width of 4.5 to 5.0
nm (25). In general, tumoral deposits cause little discomfort or
other symptoms unless they are quite large, which may cause
them to interfere with range of motion of the joint.

Conjunctival calcifications are characterized by an unpleas-
ant gritty sensation in the eyes that is associated with a marked
redness or inflammation of the conjunctiva (26,32). As with tu-
moral calcification, the calcium-phosphate deposit is hydrox-
yapatite. Local factors, such as minor tissue injury of the lim-
boconjunctival epithelium secondary to a chronic decrease of
tear fluid that occurs after each hemodialysis session, are con-
sidered as contributing factors to ocular calcification in dialysis
patients (26).

Calcific periarthritis, like gout and pseudogout, is character-
ized by recurrent attacks of acute arthritis (26,31,32). In con-
trast to gout and pseudogout, however, the joint fluid contains
neither uric acid nor calcium pyrophosphate crystals. Instead,
there are extraarticular deposits of hydroxyapatite.

Tumoral, periarticular, and conjunctival calcifications share
not only a similarity of the crystalline feature of the calcium-
phosphate deposits but also the fact that their occurrence is
closely associated with overt hyperphosphatemia. Not only can
the occurrence of these deposits be prevented, but also even
when present the deposits can be rapidly mobilized by lower-
ing serum phosphorus concentration (33). Additional evidence
that hyperphosphatemia is responsible for the production of
these deposits is a study of a patient with extensive tumoral
deposits. In this study, prior to renal transplantation and mo-
bilization of these deposits, total body phosphorus was 969 g
(normal 670 g), and calcium was 1,364 g (normal 1,185 g). Fol-
lowing transplantation, after the deposits had spontaneously
mobilized (Figs. 102-2 and 102-3), total body phosphorus had
fallen to 670 g and calcium to 1,282 g. The results of this study
showed that total body phosphorus was increased much more
than total body calcium, an increase that would be consistent
with the fact that tumoral calcification is a condition of marked,
total phosphorus excess.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-102 Schrier-2611G GRBT133-Schrier-v5.cls September 20, 2006 23:50

Chapter 102: Phosphate, Aluminum, and Other Elements in Chronic Renal Failure 2699

FIGURE 102-2. Tumoral calcification around the left shoulder prior
to renal transplantation.

In the two other major types of extraosseous calcifications,
visceral and arterial, the role of hyperphosphatemia in their
pathogenesis is less clear. Visceral calcification occurs in a va-
riety of tissues but exerts its major clinical consequences in the
heart and lung, where it can cause pulmonary insufficiency, my-
ocardial failure, or conduction disturbances (34,35). In older
studies the reported incidence of visceral calcification was 40%
to 45% in nondialyzed uremic patients and 75% in dialyzed

FIGURE 102-3. Resolution of tumoral deposit about the left shoulder
3 months following successful renal transplantation.

uremic patients (36). Unfortunately, there are few recent stud-
ies reporting the frequency of visceral calcification in uremic
patients. The available studies largely used indirect means of
estimating visceral calcification (37–39). Because of the paucity
of recent reports of this complication, it would appear that vis-
ceral calcification occurs much less frequently now than pre-
viously. The reason for this is unclear but it seems unlikely
that phosphorus control is responsible based on evidence sug-
gesting that hyperphosphatemia is not important in the patho-
genesis of these types of deposits. First, the presence of vis-
ceral calcification seems to bear no relationship to the presence
or absence of tumoral, periarticular, or conjunctival calcifica-
tions, which are known to result from hyperphosphatemia.
In addition, it is not known whether prevention or correc-
tion of hyperphosphatemia has any effect on the formation
or mobilization of visceral calcification. Finally, the calcium-
phosphate deposit in visceral calcification is markedly differ-
ent from that in tumoral, periarticular, and conjunctival de-
posits. Unlike these latter deposits, which are hydroxyapatite,
visceral calcification is an amorphous compound high in mag-
nesium, aluminum, and pyrophosphate and has the thermo-
chemical properties of whitlockite (29,35). These unique fea-
tures of visceral calcification suggest that factors other than
hyperphosphatemia are important in the pathogenesis of these
deposits.

Finally, although there is an impression that control of hy-
perphosphatemia may reduce the incidence of visceral calcifi-
cation, there is no conclusive evidence supporting this suppo-
sition. In addition, other changes in dialytic techniques, such
as more frequent dialysis, improved efficiency of dialysis, and
water treatment for the preparation of the dialysate, were insti-
tuted about the time phosphorus control was initiated, thereby
further confusing the issue of whether hyperphosphatemia is a
major factor in the etiology of these deposits.

Vascular Calcification. There are some studies that suggest that
hyperphosphatemia does not play an important role in the
pathogenesis of vascular calcification (40–43). Vascular calci-
fication is extremely common in uremic patients, being present
in almost all uremic patients over the age of 50 (40–42). In
some studies it did not correlate well with hyperphosphatemia
(33,40–42). However, more recent evidence indicates that hy-
perphosphatemia may initiate phenotypic transformation of
human vascular smooth muscle cells such that they express os-
teoblastic specific genes, as discussed further below. This sug-
gests that abnormalities in phosphorus homeostasis may play
a role in vascular calcification.

It was suggested that the calcification represents an ac-
celerated aging of the vascular tree. This causes calcium to
be deposited locally and the calcification may not be the
result of hyperphosphatemia or some other alteration in the
milieu (43). In uremia the predominant form of calcification
is Mönckberg’s medial sclerosis, at least in relatively young
patients (44). Calcification of the media is associated with
deposition of bone matrix proteins through an active cell-
mediated process (45). Intimal calcification is also observed;
however, typical risk factors for atherosclerosis including older
age, smoking, and dyslipidemia are generally present in these
patients (44). Age, duration of dialysis, and diabetes mellitus
are associated with increased risk of vascular calcification. Ex-
tracellular inorganic phosphate regulates human aortic smooth
muscle cell (HSMC) culture mineralization in vitro. HSMC
cultured in media containing a phosphorus concentration
comparable to that seen in hyperphosphatemic individuals,
showed a dose-dependent increase in calcium deposition. In
addition, HSMC expression of osteoblast-specific genes such
as osteocalcin and cbfa-1 were increased (46).

A matrix gamma-carboxyglutamic acid (Gla) protein
knockout mouse was generated (44). The mouse exhibited
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extensive and lethal calcification of the media of all elastic ar-
teries. Matrix Gla protein (MGP) is an inhibitor of calcifica-
tion in the vessel wall and its activity is dependent on vitamin
K–dependent gamma carboxylation. MGP mRNA is constitu-
tively expressed by normal vascular smooth muscle cells and is
upregulated in cells adjacent to medial and intimal calcification
(45). Several Gla-containing proteins are expressed in human
vasculature. Another inhibitor of ectopic calcification is serum
protein α2-Heremans-Schmid glycoprotein (Ahsg, also known
as fetuin-A). Ahsg-deficient mice are phenotypically normal,
but develop severe calcification of microvasculature and tis-
sues on a mineral and vitamin D–rich diet (46). Dysregula-
tion of these proteins by the uremic state may play a role in
the vascular calcification observed in end-stage renal disease
(ESRD).

A final type of extraosseous calcification is known as calcific
uremic arteriolopathy (calciphylaxis) (46–49). It is a condition
in which the patient presents with a painful violaceous,
mottled lesion of the extremities or trunk that progresses to
skin and subcutaneous tissue necrosis, nonhealing ulcers, and
gangrene. According to recent studies, calciphylaxis occurs
more frequently than previously thought, with an incidence
of 1% per year and a prevalence of 4% in dialysis patients
(52–57). Female gender, hyperphosphatemia, high alkaline
phosphatase, and low serum albumin concentration are risk
factors for calciphylaxis (58). The histologic picture consists of
calcifications of small subcutaneous arteries, and/or arterioles
and infarctions of the adjacent subcutis and skin. These two
changes are called primary and secondary lesions, respectively.
Vascular calcification alone is usually insufficient to initiate in-
farction; other factors such as thrombosis or reduced perfusion
may be involved (59). Recent studies emphasize the crucial
role of a multidisciplinary therapeutic approach focusing on
correction of the underlying abnormalities of calcium and
phosphorus homeostasis (use of noncalcium-containing phos-
phate binders), local wound care with debridement of necrotic
tissue, and aggressive treatment of infectious complications.
The utility of parathyroidectomy, corticosteroid therapy, and
hyperbaric oxygen remains controversial. Rapid improvement
after intravenous pamidronate treatment in a patient with
chronic renal failure was recently reported (60). Despite
intensive combined treatments, the prognosis remains poor.
Overall 1-year survival is 45% and 5-year survival is 35%.
The relative risk of death is 8.5 compared with other dialysis
patients (58).

Hyperphosphatemia was linked to hemodynamic alteration
in patients with ESRD. These alterations are characterized by
higher diastolic and mean blood pressures, and higher cardiac
index caused by an increased stroke index and higher heart rate.
Hyperphosphatemic patients tended to have a higher common
carotid artery diameter, but similar carotid artery intima-media
thickness, and lower carotid wall-to-lumen ratio than in pa-
tients with “normal” serum phosphorus concentration. As a
result of lower wall-to-lumen ratio in the presence of higher
mean blood pressure, the carotid tensile stress was higher
in hyperphosphatemic ESRD patients. These findings suggest
that, in stable ESRD patients, hyperphosphatemia is associ-
ated with increased blood pressure, hyperkinetic circulation,
increased cardiac work, and high arterial tensile stress. These
hemodynamic abnormalities could favor the development of
cardiovascular complications and contribute to high cardio-
vascular morbidity and mortality (61). Another consequence
of hyperphosphatemia in patients with ESRD is widespread
calcification of the cardiovascular system, including the my-
ocardium, conducting system, cardiac valves, and coronary ar-
teries. Cardiovascular calcification was linked to an increased
risk of cardiovascular events, including myocardial infarction,
fatal dysrhythmia, congestive heart failure, and valvular heart
disease (62).

Aluminum

Normal Aluminum Metabolism

Aluminum is the fifth most common element in the earth’s crust,
but because of its insoluble nature only trace amounts are ac-
tually ingested. Studies suggest that 2 to 8 mg of aluminum is
ingested daily as a result of contamination in food (63,64). Be-
cause aluminum is used as a filler in some foods such as cheese
and pickles and is a constituent of baking powder, eating habits
can also affect the amount of aluminum ingested. An additional
source of aluminum is municipal water supplies. Aluminum is
commonly used to flocculate and remove turbidity from water
sources. This can leave aluminum residues as high as 4 mg/L
(65).

Most evidence suggests that the gastrointestinal tract rep-
resents a formidable barrier to aluminum absorption and little
of the ingested aluminum is absorbed. This is based on the fact
that total body aluminum is quite low, 35 to 40 mg, and does
not increase with aging. In addition, urinary aluminum, which
is believed to be the major pathway for the elimination of any
systemic aluminum and reflects gastrointestinal absorption of
aluminum, is approximately 10 μg/day (66).

The majority of studies showed that aluminum is absorbed
passively by the gastrointestinal tract. This appears to oc-
cur largely if not entirely through the paracellular pathway
(67–69). As of this time, only four factors are clearly shown
to modulate aluminum absorption. These are the amount of
aluminum compound ingested (58), the solubility of the alu-
minum compound (71), the integrity of the tight junctions of
the small intestine (67–69), and the uremic state (72). By in-
creasing aluminum intake from milligram quantities to gram
quantities, aluminum absorption can be increased by 20 to 50
times normal to as high as 500 μg/day (70). More soluble alu-
minum compounds such as aluminum lactate, as compared to
aluminum hydroxide, are also more readily absorbed (71). The
factor that has the largest effect on aluminum absorption is the
opening of the tight junction between intestinal cells. This is
exemplified by giving aluminum compounds with citrate (67).
Not only is aluminum citrate relatively soluble as compared
to other aluminum compounds, but also citrate, probably as a
result of chelating the calcium necessary for the maintenance
of tight junctions, opens the paracellular pathways (67,68).
This results in a very rapid and markedly enhanced aluminum
absorption (67,68). Recent studies further showed that nor-
mal individuals chronically ingesting calcium citrate, given as
a calcium supplement, also have enhanced aluminum absorp-
tion from normal dietary sources (73).

Although it was suggested that both vitamin D (74) and
PTH (75) might enhance aluminum absorption from the gas-
trointestinal tract, this is not firmly established. In addition,
it has been proposed that the status of body iron stores has
an effect on aluminum absorption (76). Aluminum and iron
metabolism may be closely interrelated, and there is a correla-
tion between serum ferritin and plasma aluminum concentra-
tion in dialyzed uremic patients (76).

In the usual environmental exposure, the lungs represent
major barriers to aluminum absorption. It seems that most in-
haled aluminum is exhaled, and only a small amount of alu-
minum is retained in the pulmonary parenchyma. This suppo-
sition is based on the fact that pulmonary aluminum content
increases with age but does not correlate with other tissue stores
of this element (77,78). There is, however, evidence that indus-
trial workers exposed to aluminum fumes absorb some of the
aluminum as manifested by an increase in urinary aluminum
excretion (79).

The skin is largely impervious to aluminum. Even with in-
creased exposure, as can occur with antiperspirants; there is
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little evidence that any aluminum can be absorbed through the
skin.

The kidney is the major avenue for the elimination of any
absorbed aluminum. Although renal excretion of aluminum
was not fully evaluated, aluminum clearance seems to be 5%
to 10% of the glomerular filtration rate (80,81). This is con-
sistent with the finding that aluminum is approximately 90%
to 95% protein bound in plasma (82). However, even the nor-
mal kidney has limited ability to excrete aluminum, and when
large parenteral loads of aluminum are administered, varying
amounts of the administered aluminum are retained (81).

Normally there is very little aluminum in bile, and even
with acute aluminum loading biliary excretion of aluminum
increases only modestly (83). Therefore, the biliary route of
eliminating aluminum cannot replace that of the kidney, and
loss of renal function markedly places the individual at risk of
aluminum overload.

Effects of Uremia on Aluminum Metabolism

There are several reasons that an increased body burden of alu-
minum would be expected in uremic patients. First, the uremic
state in experimental animals is associated with enhanced alu-
minum absorption from the gastrointestinal tract. The mech-
anism, however, remains unknown (72). The finding that tis-
sue stores of aluminum were increased in more than 85% of a
group of nondialyzed uremic patients who were studied during
a period when aluminum-containing, phosphate-binding gels
were not routinely administered is in keeping with the finding
of enhanced absorption of aluminum in the uremic state (77,
78) (Fig. 102-4). In addition in the past, uremic patients some-
times receive large oral loads of aluminum hydroxide, which is
given to reduce dietary phosphorus absorption.

In the dialyzed uremic patient natural barriers to aluminum
absorption—gastrointestinal tract, lungs, and skin—can be cir-
cumvented by the parenteral administration of aluminum. This
can occur by dialyzing the patient with dialysate prepared with
aluminum-contaminated water (84). Aluminum is bound in
plasma largely to transferrin (82,85). Transferrin has been sug-

FIGURE 102-4. Tissue aluminum levels in nondialyzed uremic pa-
tients. The upper limits of values found in nonuremic control subjects
are shown by the horizontal line.

gested as an ideal aluminum carrier in plasma because most
of the iron sites are normally unoccupied. Transferrin-binding
capacity would normally be around 600 μg of aluminum per
liter of plasma. Because of this binding capacity, any aluminum
transferred from the dialysate to the patient is rapidly bound,
maintaining a gradient from dialysate to patient and thus pro-
moting additional aluminum uptake. Therefore, even a small
amount of aluminum in the dialysate can result in the transfer
of a large aluminum load to the patient during dialysis, appre-
ciably enhancing the body burden of this element.

Compromised renal function prevents the elimination of
most of the absorbed or administered aluminum, further
enhancing the body burden of this element. In addition to
enhanced gastrointestinal absorption and impaired urinary
excretion of aluminum, uremic animals also tend to have an
altered compartmentalization of aluminum in the body. In
uremic animals, bone aluminum uptake is enhanced, whereas
liver aluminum uptake seems to be slightly decreased (86).

Another tissue in which aluminum uptake may be enhanced
in uremia is brain (66). Although nonuremic patient popula-
tions, such as individuals on chronic total parenteral nutrition
(TPN) and premature infants receiving large amounts of al-
bumin or TPN solutions, receive large intravenous aluminum
loads and have elevated bone and liver aluminum concentra-
tions, aluminum neurotoxicity was not observed with these lat-
ter two conditions (81, 87). Similarly, studies showed that even
animals given large parenteral loads of aluminum do not have
nearly the high aluminum concentrations in brain as do ure-
mic patients dying of aluminum neurotoxicity (88). This might
suggest that the blood–brain barrier has to be compromised
for brain aluminum to be markedly increased. Such an abnor-
mality in the blood–brain barrier may be found in advanced
uremia (89).

Aluminum Toxicity

Neurotoxicity. Aluminum neurotoxicity was initially de-
scribed in 1886 (90) and was rediscovered in 1937 (91). These
studies showed that local administration or application of alu-
minum to the brain caused animals to develop a seizure disor-
der. Subsequently it was found that certain species of animals,
cats and rabbits, also developed neurofibrillary tangles follow-
ing the application (92–96) or parenteral administration of
aluminum (97). The finding that aluminum could induce neu-
rofibrillary tangles in animals prompted the suggestion that
aluminum was a possible cause of Alzheimer’s disease. This
theory was, however, disputed because not all patients with
Alzheimer’s disease have high brain aluminum concentrations
(96). Moreover, the neurofibrillary tangles and biochemical al-
terations in Alzheimer’s disease and those of aluminum intox-
ication are different. In addition, the senile plaques that are
common in Alzheimer’s disease are not seen in experimental
aluminum toxicity (96).

In 1962 and 1975, two patients, one of whom had worked
in an aluminum plant, developed a dementing neurologic dis-
ease in association with increased brain aluminum concentra-
tions. These were the first reports to suggest that aluminum
neurotoxicity could occur in humans (98,99).

In 1972 a new and distinct neurologic disease was first de-
scribed in dialyzed uremic patients (100). The disease (dialysis
encephalopathy or dialysis dementia) is characterized by an in-
termittent speech disturbance—a stuttering or stammering that
is frequently first noted, and often intensified, during or im-
mediately following the dialysis procedure. The speech distur-
bance is associated with personality changes, parietal lobe find-
ings such as directional disorientation, seizures, myoclonus,
and auditory and visual hallucinations. The findings are pro-
gressive, and over a 7- to 9-month period following the onset
of symptoms the patients become totally mute and unable to
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perform purposeful movements. Death rapidly ensues. Follow-
ing the initial description of this disease, other dialysis patients
from many different geographic areas have been found to have
a similar syndrome (100–108).

Initially, the major considerations for the etiology of this dis-
ease were slow virus infection, communicating hydrocephalus,
and environmental toxin (109). Slow virus infection was ex-
cluded because of the lack of histologic changes in brain
and failure to transmit the disease into primates by inoculat-
ing brain tissue from patients who had died of encephalopa-
thy. Similarly, communicating hydrocephalus was excluded by
computed tomographic scans and lack of anatomic changes
consistent with this condition. On the basis of the exclusion
of these causes and the increasing awareness that dialysis en-
cephalopathy was occurring in epidemic proportions in some
dialysis units but rarely, if ever, in other units, strongly sug-
gested that an environmental toxin was responsible for the
condition.

In 1976, one trace element, aluminum, was initially shown
to be consistently higher in brain gray matter in patients dy-
ing of dialysis encephalopathy than in dialysis patients dying
of other causes and in nonuremic controls (110). This finding
was confirmed by three other groups (112,114,116) and was
followed by large epidemiologic studies in the United Kingdom
that showed that in areas with a high incidence of dialysis en-
cephalopathy, aluminum was present in high concentrations in
water used to prepare the dialysate. In contrast, in areas where
dialysis encephalopathy was rarely seen, aluminum content
was low (111,112). This was subsequently supported by stud-
ies in France (102) and the United States (101,103,108,113),
which also showed that centers with a high incidence of dial-
ysis encephalopathy also had large amounts of dialysate alu-
minum. Further evidence incriminating aluminum as the toxin
appeared when the number of cases of dialysis encephalopa-
thy profoundly decreased when aluminum was removed from
the water used to prepare the dialysate. The final evidence for
neurotoxicity of aluminum comes from reports showing that
aluminum toxicity can be reversed with chelation (114,115).

In contrast to dialysis encephalopathy that results from a
chronic exposure to aluminum from aluminum-contaminated
dialysate or less commonly orally administered aluminum com-
pounds, an acute form of aluminum neurotoxicity has been ob-
served in uremic patients (116,117). This occurs under three
different conditions: dialysis performed with dialysate highly
contaminated with aluminum (118), the oral administration of
citrate compounds in association with aluminum compounds
(116,117), and marked elevation of plasma aluminum concen-
trations resulting from deferoxamine therapy (119). It would
appear that virtually all nondialyzed children (120,121) and
adults with uremia (116,117) that developed aluminum neu-
rotoxicity did so from the ingestion of the combination of cit-
rate and aluminum compounds. Although patients may present
with rather mild symptoms such as a speech disturbance similar
to dialysis encephalopathy, more often there is an acute explo-
sive onset of symptoms. In the adult patient, symptoms consist
of agitation, confusion, myoclonic jerks, grand mal seizures,
and obtundation, and can culminate in death within days of
the onset of symptoms (116,117). In children aluminum neu-
rotoxicity tends to be somewhat different in that it is usually
manifested by regression of verbal and motor skills (120,121).
This is exemplified by the finding that children that just started
to walk and talk may lose these abilities.

If acute toxicity occurs as a consequence of high aluminum
concentration in the dialysate, it usually develops during the
dialysis procedure (118). Symptoms resulting from deferox-
amine therapy occur during or immediately following a dialy-
sis for which deferoxamine was administered (119). Although
symptoms of acute aluminum intoxication can occur months
after ingestion of the combination of citrate and aluminum

compounds, it is not uncommon for symptoms to develop in a
matter of weeks following the combined ingestion of these two
compounds (116,117).

Standards for permissible concentrations of aluminum in
water (<10 μg/L) used to prepare dialysate were established in
1981. By 1990 more than 99% of dialysis units in the United
States were treating water to remove aluminum. This was asso-
ciated with a reduction in the number of dialysis patients devel-
oping dialysis encephalopathy from 229 cases (0.4%) in 61,450
dialysis patients in 1980 to 129 cases (<0.1%) in 140,555 dial-
ysis patients in 1990 (122).

Several case reports of acute aluminum encephalopathy fol-
lowing alum bladder irrigation were reported (123,124). Alum
(aluminum ammonium sulfate) was introduced as a treatment
for bladder hemorrhage in 1982 and is used as a second-line
agent if bleeding does not stop with saline irrigation. In general,
alum does not cause symptoms in patients with normal renal
function even though increases in serum aluminum concentra-
tion do occur. Ten percent of alum by weight is aluminum;
therefore, one liter of a 1% alum solution infused at a rate
of one liter per hour exposes the bladder mucosa to 24 g of
aluminum per day. Whether a damaged mucosa absorbs more
aluminum than the mucosa of a normal bladder remains un-
clear. Acute encephalopathy was reported at serum concentra-
tions as low as 17 μg/L. There are at least 12 case reports in
the literature, and all but one had some degree of chronic kid-
ney disease. Therefore, alum should not be used as a bladder
irrigant in patients with acute or chronic renal failure.

The diagnosis of aluminum neurotoxicity is largely based
on a history of either oral or parenteral exposure to aluminum
in uremic patients that demonstrate the classic clinical features
and had other neurologic disorders excluded by appropriate
studies. The most useful laboratory test supporting the diag-
nosis of aluminum neurotoxicity is the electroencephalogram
(EEG), which demonstrates early changes that precede clini-
cal symptoms (125). Unlike most metabolic encephalopathies,
including uremic encephalopathy, which exhibits a generalized
slowing on the EEG, in aluminum intoxication the background
rhythm is relatively normal with multifocal bursts of slow or
delta waves frequently accompanied by spike activity. The CT
scan may appear normal or only show mild cortical atrophy.
There are no cerebrospinal fluid (CSF) abnormalities in alu-
minum neurotoxicity and aluminum concentration in the CSF
is not increased. Histologic changes that occur in the brains
of patients dying of dialysis encephalopathy are nonspecific
and similar to changes seen in dialysis patients dying of other
causes (109). Plasma aluminum concentrations in chronic in-
toxication are increased and frequently in the range of 100
to 200 μg/L. With acute aluminum intoxication plasma alu-
minum concentration is usually in excess of 500 μg/L.

Because anatomic changes are minimal and the disease is
reversible with treatment, aluminum appears to cause neuro-
logic impairment by interfering with the brain’s biochemistry.
Although aluminum inhibits hexokinase activity (82,126,127)
and affects brain calmodulin function (128), the specific mech-
anism by which aluminum interferes with neurologic function
remains to be elucidated.

Skeletal Toxicity. Aluminum skeletal toxicity is characterized
by vitamin D–resistant osteomalacia, decreased or absent bone
formation, low PTH concentration, mildly elevated serum cal-
cium concentration, proximal myopathy, and failure to re-
spond to vitamin D therapy (129–131). Unlike virtually all
other osteomalacic states, serum phosphorus concentration is
either normal or more commonly slightly elevated. The clas-
sic clinical feature of this disease is pathologic fractures (Fig.
102-5). Evidence for the skeletal toxicity of aluminum seems
to be as convincing as it is for the neurotoxicity of aluminum.
The first evidence that aluminum caused bone disease in
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FIGURE 102-5. Pathologic fractures of the metatarsals found in a pa-
tient with aluminum-associated osteomalacia.

dialyzed uremic patients came from European epidemiologic
studies that showed that fracturing osteomalacia tends to oc-
cur in association with dialysis encephalopathy in dialyzed ure-
mic patients in areas with high aluminum concentration in
the water used to prepare dialysate (111,112). As with en-
cephalopathy, fracturing osteomalacia could be largely pre-
vented or spontaneously healed by removing aluminum from
dialysate (107,112,132). This abnormality can, however, also
result from oral aluminum exposure, and this has been docu-
mented by two studies in which bone biopsies were randomly
done in large dialysis populations with only oral aluminum ex-
posure. These studies showed that 25% to 30% of the dialysis
patients had aluminum-associated bone disease (22,23).

Besides the epidemiologic data, additional evidence for alu-
minum skeletal toxicity comes from the finding of markedly
increased bone aluminum content in this condition compared
to content found in other types of renal osteodystrophies (131).
Aluminum also produced osteomalacia in rats, dogs, and pigs
(88,133,134).

PTH seems to have a significant effect on the way aluminum
manifests its skeletal toxicity. It was previously noted that
patients with overt hyperparathyroid bone disease were pro-
tected from developing osteomalacia when they were dialyzed
chronically with aluminum-contaminated dialysate (135). It
was found that patients with hyperparathyroid bone disease
that were treated with parathyroidectomy might subsequently
develop aluminum-associated osteomalacia (136). In addition,
uremic, parathyroidectomized animals given parenteral alu-
minum subsequently develop more severe osteomalacia with
less bone aluminum than do nonparathyroidectomized uremic
animals given a comparable parenteral aluminum load (86).
Conversely, it was suggested that following chelation therapy
for aluminum-induced osteomalacia, the patient might develop
hyperparathyroid bone disease.

Diagnosis of aluminum-associated bone disease is based on
the clinical features of bone pain; pathologic fractures, usu-
ally of the ribs and femoral neck; and proximal myopathy.
Laboratory confirmation is based on bone biopsy specimens
showing classic osteomalacia with aluminum, as determined
by aluminum histochemical staining, present between the junc-
tion of calcified and noncalcified bone, and markedly increased
quantitated bone aluminum (137). Plasma aluminum concen-
tration is characteristically elevated, documenting aluminum
exposure. In the past the majority of cases of osteomalacia in
uremic patients were a result of aluminum (138). Although it
was initially believed that adynamic bone disease in uremic
patients was also a result of aluminum intoxication (139), evi-
dence suggests that this is not the case (140).

Although the mechanism by which aluminum causes skele-
tal toxicity is not fully elucidated, aluminum has several effects
that could cause skeletal injury. Aluminum was used in the
tanning industry because of its ability to cross-link collagen
fibrils (141). It was shown that aluminum cross-links colla-
gen fibrils in bone matrix, destroying bone inductive proper-
ties (142). The presence of aluminum at the junction between
calcified and noncalcified bone (137) could explain how it ren-
ders the osteoid noncalcifiable despite vitamin D replacement
and an increased calcium × phosphorus product. In addition,
aluminum, especially in association with citrate, is a potent
inhibitor of crystal formation, and this could affect bone for-
mation (143). Aluminum also can inhibit bone phosphatases
(144). Finally, aluminum is deposited in the mitochondria of
osteoblasts (145), which could injure the osteoblasts and pre-
vent bone formation.

Hematologic Toxicity. Aluminum also is toxic to the
hematopoietic system. In humans it produces a microcytic
hypochromic anemia in the setting of adequate iron stores
(146–148). Aluminum also blunts or prevents the response to
erythropoietin (149). Evidence that this effect is a result of alu-
minum is the finding that anemia improves rapidly when alu-
minum exposure is eliminated or when aluminum is removed
by chelation (147,148). Aluminum also can cause anemia in
rats and rabbits (150,151).

The specific mechanism responsible for aluminum-
associated anemia has not been clearly identified. It appears,
however, that iron and aluminum metabolism is closely in-
terrelated. As noted previously, like iron, aluminum is largely
transported in plasma by transferrin. This suggests that the
mechanism for the induction of aluminum-induced anemia
is transferrin’s deposition of aluminum at sites where iron
is normally unloaded. Aluminum also inhibits ferroxidase
and ceruloplasmin activity, which could also affect iron
metabolism (152).

Aluminum Speciation and Toxicity. The speciation of alu-
minum may determine aluminum toxicity for the various or-
gan systems. Aluminum, because of its high formation constant
with transferrin, citrate, phosphate, and hydroxides, cannot ex-
ist in plasma or the body in a free form. Formation constants are
greater for aluminum with transferrin and citrate than with hy-
droxides (153). Therefore, in plasma, aluminum exists primar-
ily in association with transferrin and secondarily with citrate.
In view of the association between acute aluminum neurotoxi-
city and high concentrations of small molecular species of alu-
minum complexed to citrate and deferoxamine, it is suggested
that these species most readily cross the blood–brain barrier
and are responsible for neurotoxicity of this element. The alu-
minum effect on erythropoiesis and its interference with iron
utilization was studied in vitro (154). Whereas aluminum alone
had no effect on human erythroid cultures, aluminum transfer-
rin mixture caused a dose-dependent inhibition of erythroid
colony growth. This is consistent with aluminum-transferrin
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complexes being responsible for the hematopoietic toxicity of
aluminum noted in vivo. Evidence was presented suggesting
that aluminum forms coordinated complexes between carboxyl
groups of collagen fibers in association with oxygen, cross-
linking the collagen fibril and inhibiting bone induction prop-
erties (142). This type of aluminum complex in osteoid might
explain the mechanism of aluminum-induced bone disease.

Management and Prevention of Hyperphosphatemia
and Aluminum Intoxication

Because the treatment and prevention of hyperphosphatemia
is one of the major causes of aluminum excess and toxicity in
uremic patients, it seems logical to discuss the two conditions
together. For reasons cited previously, it is essential to con-
trol serum phosphorus concentration in uremic patients. In the
past, the most widely used agent for this purpose was aluminum
hydroxide. However, other types of oral phosphate binders are
now used to reduce aluminum exposure. Calcium carbonate is
a fairly effective phosphate binder and is used to control serum
phosphorus concentration in uremic patients (155). Calcium
acetate and calcium citrate were used (156,157). In fact, cal-
cium acetate was suggested to be a more effective phosphate
binder than other calcium compounds (157). Major side ef-
fects of calcium-containing compounds include hypercalcemia
and constipation. The risk of hypercalcemia can be reduced by
administering the calcium compounds at meal times. Because
of its effect on enhancing aluminum absorption and promot-
ing acute toxicity, calcium citrate is contraindicated in uremic
patients.

To avoid toxicity, patients with advanced chronic kidney
disease should receive aluminum only in the short term (up
to two weeks) to control severe hyperphosphatemia (serum
phosphorus concentration >7.5 mg/dL). Alternative phosphate
binders should be employed once the serum phosphorus con-
centration is less than 6.0 mg/dL. At no time should alu-
minum compounds be given in doses higher than 100 mg/kg
per day. Such dosages can cause toxicity, especially in chil-
dren (110,111,158). In fact, because of the risk of intoxication,
aluminum compounds probably should not be used in uremic
children.

Sevelamer hydrochloride is a calcium- and aluminum-free
polymeric phosphate binder that is approved for use in humans.
Short- and long-term studies in patients with ESRD show that it
reduces serum phosphorus and low-density lipoprotein (LDL)
concentrations without raising serum calcium concentration
(159,160). The major problem with sevelamer hydrochloride
remains its high cost. Other noncalcium and nonaluminum
containing compounds that have been shown to reduce intesti-
nal phosphate absorption include lanthanum chloride (161)
and iron hydroxide complexes (162).

Another possible means of phosphorus control is more ef-
ficient removal of phosphorus during dialysis. This could pos-
sibly be accomplished by improved membranes or hemoper-
fusion of phosphate sorbents such as zirconium oxide. Until
newer methods of control of serum phosphorus concentration
are available, the major method will continue to be the use
of phosphate-binding compounds. The choice of the optimal
phosphate binder for any given patient remains problematic.
Calcium-containing binders are low in cost but may contribute
to vascular calcification and increase total body calcium bur-
den. Sevelamer hydrochloride does not contain calcium and
also lowers LDL cholesterol concentration but is expensive.

Ensuring that water used to prepare dialysate is virtually
free of aluminum (<10 μg/L) is obviously of major importance
in the prevention of aluminum toxicity. A well-functioning re-
verse osmosis unit or a deionizer polisher will eliminate alu-
minum from water used to prepare dialysate. In addition, alu-
minum tubing, pump headers, and other materials containing

aluminum potentially leachable by treated water and dialysate
should not be present in the dialysis system.

In dialyzed, as well as nondialyzed, uremic patients, plasma
aluminum concentration should be monitored two to three
times yearly to document that the dialysate is aluminum free
and that patients ingesting oral aluminum compounds are not
in danger of developing aluminum intoxication. Generally,
uremic patients ingesting aluminum compounds have plasma
aluminum concentrations of approximately 50 μg/L. A small
subset of 10% to 15% of patients have aluminum concentra-
tions in excess of 100 μg/L. These patients are either aluminum
intoxicated or in danger of becoming aluminum intoxicated.
Dialysis patients receiving treatment with aluminum-
contaminated dialysate will have plasma aluminum concentra-
tions greater than 100 to 200 μg/L (163). Because aluminum
concentrations vary considerably from day to day and season
to season, merely one or two determinations in water may be
misleading. Plasma aluminum concentration remains high for
weeks after a patient is exposed to aluminum-contaminated
dialysate and are, therefore, a good indicator of a previous
exposure.

In general, water treatment to remove aluminum from the
dialysate and substitution of calcium-containing phosphate
binders for aluminum binders was very effective in prevent-
ing aluminum intoxication. As stated already, water treatment
alone largely eliminated dialysis encephalopathy. With the
combination of water treatment and use of calcium-containing
phosphate binders, the incidence of aluminum bone disease in
a large series decreased from 43% in 1985 to 8% in 1993
(164). A more recent bone histomorphometric study showed
that aluminum-associated osteomalacia in both hemodialysis
and peritoneal dialysis patients accounts for less than 8% of
all bone disease (24).

For treatment of aluminum intoxication, all aluminum ex-
posure should be removed. The dialysate should be routinely
checked to ensure that it is aluminum free, and alternative
phosphate binders should be substituted for orally adminis-
tered aluminum compounds. A number of patients with osteo-
malacia and far fewer with dialysis encephalopathy reportedly
improved when they were no longer exposed to aluminum-
contaminated dialysate (107,132). Moreover, a few patients
with osteomalacia also improved following the discontinua-
tion of oral aluminum compounds. The rate of improvement
of osteomalacia can, however, be markedly increased by chela-
tion with deferoxamine (165,166). Dialysis encephalopathy is
much less likely to improve spontaneously following discon-
tinuation of aluminum exposure than is osteomalacia (167). In
addition, if chelation therapy is given late in the course of the
disease, it may no longer be effective. Because of this observa-
tion, chelation seems to be indicated in all patients suspected
of having dialysis encephalopathy.

A number of different approaches to chelation were rec-
ommended. It appears that 2 g of deferoxamine is as effective
as 4 g (168,169). In addition, symptomatic improvement of
bone disease can occur as rapidly in patients given 0.5 g as
in patients given 6 g weekly of deferoxamine (170). At this
time, for the management of aluminum neurotoxicity it is un-
clear whether 1 to 2 g of deferoxamine should be given with
each dialysis or only once weekly for maximum efficiency with
the smallest dose. At times, chelation therapy aggravates the
symptoms in patients with aluminum neurotoxicity (119). It
has been suggested that the deferoxamine dose be reduced if
this occurs, possibly given intramuscularly the evening prior to
dialysis, and maximally removed during the subsequent dialysis
(170,171). Diazepam is effective in controlling deferoxamine-
related seizures and myoclonic activity in the majority of
patients.

The majority of patients with aluminum-associated bone
disease experience improvement of clinical symptoms in 3 to
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4 months, whereas patients with encephalopathy may require
chelation for 10 to 12 months before there is any symptomatic
improvement.

Therapy with deferoxamine is not without risk. As de-
scribed previously, patients with marked aluminum overload
may develop acute neurologic toxicity following deferoxam-
ine therapy. Acute infections with Yersinia species and mu-
cormycosis were reported in patients receiving deferoxamine
(172,173). Feroxamine is considered to be an iron supplier for
these non-siderophore-producing organisms, promoting their
growth. Therefore, prior to treatment the clinical diagnosis of
aluminum intoxication should be reasonably well established
and evidence of aluminum overload demonstrated either by a
rise of plasma aluminum concentration to greater than 150
to 200 μg/L 24 to 48 hours following deferoxamine infu-
sion (174) or increased bone aluminum content in association
with classic histologic findings of aluminum-associated bone
disease.

Hydroxypyridones have undergone testing in rabbit and rat
models of aluminum overload as alternatives to deferoxamine
(175,176). These drugs considerably enhance excretion of alu-
minum in urine and reduce aluminum content in bone and
brain. Advantages of these compounds over deferoxamine in-
clude lower cost and oral availability.

Other Elements

Magnesium

As renal function progressively falls, fractional magnesium
clearance increases. As a result, even with advanced chronic
kidney disease there is usually only a moderate rise in serum
magnesium concentration. Although severe hypermagnesemia
can occur if patients with advanced kidney disease are given
large gastrointestinal loads of magnesium, it rarely, if ever, oc-
curs with the usual exposure to magnesium.

Advanced uremia does represent a state of total magnesium
excess. Magnesium concentration is consistently increased in
serum and bone (177,178). Because magnesium is an inhibitor
of crystal formation, it was once suggested that magnesium
might be important in the deranged skeletal metabolism found
in uremic patients (179). Recent evidence that aluminum is,
however, intimately involved in this disturbance has cast some
doubt on any important role for magnesium.

The possible role of magnesium in the pathogenesis of vis-
ceral calcification has not been clarified. In these deposits, mag-
nesium is present in a constant molar ratio along with calcium
and phosphorus. When incinerated, these deposits yield whit-
lockite (CaMg)3 (PO4)2, again suggesting that magnesium is an
integral component of these deposits (31). At this time, how-
ever, the role of magnesium in the formation of visceral calcium
phosphate deposits remains to be defined.

Zinc

Another element that has received some attention is zinc. Be-
cause serum zinc concentrations were consistently found to be
subnormal in uremic patients, it was suggested that a num-
ber of symptoms, including loss of appetite, an altered sense
of taste and smell, and impotence, which are found in uremic
patients, might result from zinc deficiency. Although some stud-
ies showed that these symptoms could be improved with zinc
supplementation, other investigations found no justification for
zinc therapy (170–186). It should be noted that although serum
zinc concentrations tend to be low, other tissue stores of zinc
might be either unchanged or actually increased (187).

Minor Element Disturbances

The blood concentration of a number of essential trace ele-
ments were found to be decreased in both dialyzed and non-
dialyzed uremic patients. Blood selenium was decreased in
most but not all studies (188–195), as were serum manganese
(184) and nickel (196–198). The copper concentrations in
the blood of uremic patients was usually reported as normal
(199,200). Blood vanadium concentrations largely were re-
ported to be increased (201–205). Two other essential trace
elements were also found to be increased in the blood of ure-
mic patients, namely, chromium (200) and silicon (206–209).
Of the nonessential elements, in addition to aluminum, blood
concentrations of lithium (210) were found to be increased,
whereas blood rubidium and bromine concentrations were
found to be decreased (211).

Multiple tissue trace element profiles were characterized in
both dialyzed and nondialyzed uremic patients. As with blood,
a number of trace elements in other tissues were found to be
abnormal in uremic patients. These can be divided into three
groups. The first group represents a similar disturbance in mul-
tiple tissues documenting an alteration in the total body burden
of these elements. Six elements belong to this group. Total body
tin, zinc, and strontium, like aluminum, are increased, whereas
total body rubidium is decreased in dialyzed and nondialyzed
uremic patients. Total body bromine is decreased only in dia-
lyzed uremic patients (187).

The second group of disturbances represents elements that
may be increased or reduced in some tissues, whereas they are
either normal or actually affected in the opposite direction in
other tissues. Examples of this alteration are the increased cop-
per concentration in lungs associated with a reduced copper
concentration in heart of both dialyzed and nondialyzed ure-
mic patients (187).

A third disturbance in trace elements is a translocation of an
element from one organ to another. Two elements that fall into
this group are cadmium and molybdenum, both of which are
reduced in diseased kidneys and increased in the liver (187).

Of the remaining essential trace elements, selenium occurs in
normal amounts in tissues from uremic patients (187). Silicon
is increased in the spleen and liver in patients with chronic
kidney disease (212). Vanadium reportedly is increased in the
bones of uremic patients (213). With regard to nonessential
elements, tissue stores of lead (187,212,213) and mercury (187)
appear to be normal in most uremic patients. Uranium may be
increased in tissues from a limited number of dialysis patients.
At this time, however, there is no evidence that any of these
alterations, with the exception of aluminum, have any clinical
consequences.
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CHAPTER 103 ■ DIETARY
CONSIDERATIONS IN PATIENTS WITH
CHRONIC RENAL FAILURE, ACUTE RENAL
FAILURE, AND TRANSPLANTATION
JOEL D. KOPPLE

IMPACT OF CHRONIC RENAL
FAILURE ON NUTRITIONAL,

METABOLIC, AND
INFLAMMATORY STATUS AND

NUTRITIONAL REQUIREMENTS

In chronic renal failure (CRF) there are disorders in the intesti-
nal absorption, urinary, intestinal and dermal excretion and/or
metabolism of a wide array of nutrients. These abnormalities
may change the dietary requirements for many nutrients. The
alterations include retention of products of protein, peptide,
nucleic acid and amino acid metabolism (1) and some products
of carbohydrate metabolism (2–5), impaired urinary excretion
of water, sodium, potassium, calcium, magnesium, phospho-
rus, trace elements, organic and inorganic acids, and other com-
pounds (6–8), decreased intestinal absorption of calcium (9,10)
and possibly also iron (11,12), riboflavin (13), folate (14), vita-
min D3 (15), and certain amino acids (intestinal dipeptide ab-
sorption appears to be normal [16]), possibly increased plasma
clearance of pyridoxine hydrochloride, antagonism to the ac-
tions of several vitamins (due in part to medicines ingested and
possibly to uremic factors), and a high risk of developing cer-
tain vitamin deficiencies, especially for folic acid, vitamin B6,
vitamin C, and the most potent metabolite of vitamin D, 1,25-
dihydroxycholecalciferol (17,18).

Patients with CRF also are prone to accumulate potential
toxins that normally are eaten in small amounts and are read-
ily excreted by the kidneys; notable among these are aluminum
(19) and advanced glycoxylation end products; this latter class
of compounds are also produced in vivo (20). There is mild car-
bohydrate intolerance that may partly improve with hemodial-
ysis therapy (2–4). Nondialyzed CRF patients, maintenance
hemodialysis (MHD) patients, and chronic peritoneal dialy-
sis (CPD) patients display a high incidence of elevated serum
triglycerides. Serum HDL-cholesterol is often reduced (21–26).
Increased serum very low density lipoproteins (VLDL), in-
termediate density lipoproteins (IDL), lipoprotein (a) (Lp[a]),
sometimes low density lipoproteins (LDL) occur, and CPD pa-
tients often have abnormally increased serum total cholesterol
levels. In CRF, there are alterations in the concentrations and/or
composition of certain lipoproteins, with an abnormal pro-
portion of individual lipids and apolipoproteins in the vari-
ous lipoproteins (21–23,25,26); serum LDL may be composed
predominantly of small dense LDL (sd LDL) (27–31). It has
been suggested that this serum lipoprotein and apolipopro-
tein pattern is associated with an increased risk of atheroscle-
rosis and coronary artery disease (25,26). For example, high
serum Lp(a) (i.e., >30 mg/dL is associated with a high risk for

coronary artery atherosclerosis, cerebrovascular arteriosclero-
sis, and stenosis of saphenous vein bypass grafts (25,26). Pro-
duction of triglycerides generally is normal, but the metabolic
clearance is impaired (32). Plasma triglyceride, LDL cholesterol
and apolipoprotein B concentrations tend to be higher in CPD
patients than in those undergoing MHD (33–35).

Potentially toxic oxidants (36,37) and reactive carbonyl
compounds [methylglyoxal, glyoxal (38), and 3-deoxygluco-
sone (39), which generate advanced glycation end products
(AGEs) (40), and Ne-carboxymethyllysine, and pentosidine
(41)] accumulate in plasma and tissues. Deficiencies of antioxi-
dants (vitamins C and E), possibly selenium have been reported
(18). This combination of alterations that have been referred
to as oxidant and carbonyl stress, may also cause endothelial
injury and predispose to cardiovascular, cerebrovascular and
peripheral vascular disease. The frequent occurrence of inflam-
matory states in CRF patients adds to the oxidant and carbonyl
stress of the patients and increases their risk for vascular disease
(see the subsequent text).

Chronic kidney disease CKD has recently been categorized
into five stages (42); the most advanced stage of chronic kid-
ney disease, stage 5, includes people with GFR less than 15
mL/minute/1.73 m2 or who are receiving chronic dialysis ther-
apy. Recently, the classification has been modified to indicate
whether the individual is a kidney transplant recipient or is
receiving maintenance dialysis therapy (Table 103-1) (43). Vir-
tually every survey of the nutritional status of stage 5 CKD pa-
tients and particularly individuals undergoing MHD or CPD
(i.e., continuous ambulatory or automated peritoneal dialy-
sis (CAPD or APD) indicates that they frequently suffer from
wasting or protein-energy malnutrition (PEM) (43–69). The
prevalence of PEM is reported to vary from about 18% to
75% in various studies. In our experience, approximately one-
third of maintenance dialysis patients have mild to moderate
malnutrition and 6% to 8% more have severe malnutrition.
The evidence for protein-calorie malnutrition, summarized in
Table 103-2, includes decreased relative body weight (the in-
dividual’s body weight divided by the weight of normal people
of the same age, height, sex, and frame size), or body mass
index (body weight (kg) divided by the square of body height
in meters2), skinfold thickness (an estimate of body fat), arm
muscle diameter or cross-sectional area (a reflection of total
muscle protein mass), total body nitrogen, increased total body
water and extracellular water, decreased serum concentrations
of many proteins (including albumin, prealbumin, transferrin,
and certain complement proteins), low muscle alkali-soluble
protein, and low growth rates in children (44–74). The plasma
amino acid pattern, which is unique to CRF, also shows many
similarities to the amino acid pattern seen in PEM (75). Total
body potassium is low in patients with CRF and normal in
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TA B L E 1 0 3 - 1

CLASSIFICATION OF CHRONIC KIDNEY DISEASE

Classification by severity

GFR
Stage Description mL/minute/1.73 m2 Related terms Classification by treatment

1 Kidney damage with
normal or increased GFR

≥90 Albuminuria, proteinuria,
hematuria

2 Kidney damage with mild
decreased GFR

60 to 89 Albuminuria, proteinuria,
hematuria

3 Moderate decreased GFR 30 to 59 Chronic renal insufficiency,
recipient early renal
insufficiency

T if kidney transplant

4 Severe decreased GFR 15 to 29 Chronic renal insufficiency,
early renal insufficiency

5 Kidney failure <15 (or dialysis) Renal failure, uremia,
end-stage renal disease

D if dialysis (MHD, CPD)

GFR, glomerular filtration rate; ESRD, end-stage renal disease.
Related terms for CKD stages 3 to 5 do not have specific definitions, except ESRD.
Chronic kidney disease is defined as kidney damage or a glomerular filtration rate (GFR) <60 mL/minute/1.72 m2 for 3 months. Kidney damage is
defined as pathological abnormalities or markers of damage, including abnormalities in blood or urine tests or imaging studies.
(Reprinted from: Levey AS, Eckardt KU, Tsukamoto Y, et al. Definition and classification of chronic kidney disease: a position statement from Kidney
Disease: improving Global Outcomes (KDIGO). Kidney Int 2005;67:2089, with permission from the Editor of Kidney International.)

individuals undergoing MHD. The previously mentioned find-
ings are also not uncommonly observed in nondialyzed stage 5
CKD patients.

The problem of maintaining adequate protein nutrition is
potentially more difficult for the CPD patient, because the com-
bined losses of proteins, amino acids, and peptides are greater
than they are in patients undergoing hemodialysis, particularly
since the losses with CPD occur every day, whereas hemodial-
ysis is usually performed only three times weekly. Although
CPD patients may gain weight, the weight gain is generally of
fat and water, even in the absence of visible edema; the mean
serum total protein, albumin and transferrin levels in CPD pa-
tients tend to be lower than normal, although in most patients
the values do not decrease further during the course of treat-
ment (51). One study reported extravascular albumin and total
exchangeable albumin to be reduced in CAPD patients (70);
whereas in another study, body albumin pools were normal
(71). In a large series of CPD patients, there was no change
in arm muscle circumference during CPD therapy (72). Some
authors have reported a reduction in total body potassium in
CAPD patients who sustained multiple episodes of peritonitis
(74).

The propensity to develop PEM occurs rather early during
the course of CKD. A cross-sectional study of the nutritional
status of approximately 1,700 patients with chronic renal dis-
ease who were evaluated during the baseline period of the Mod-
ification of Diet in Renal Disease (MDRD) Study indicated that
the dietary protein and energy intake and the nutritional status
begin to decline when the glomerular filtration rate (GFR,131I-
iothalamate clearance) is about 25 to 38 mL/minute/1.73 m2

(76). This decline was noted not only for protein and energy
intake, but also for serum transferrin, body weight, mid-arm
muscle circumference and percent body fat. It should be empha-
sized that the patients were not malnourished—indeed frank
malnutrition was a criterion for exclusion from the study—but
there were clear statistically significant trends toward worsen-
ing nutritional status as the GFR decreased. Similar findings
of progressively greater reduction in dietary protein intake and
urinary creatinine excretion, an indicator of muscle mass, has
been observed in other cross-sectional studies (77,78).

A decreased energy intake was also observed when the GFR
was reduced to approximately 25 to 35 mL/minute/1.73 m2.
This was noted in both the pilot study and the main clinical
trial of the MDRD Study, even though these patients met with
a trained nephrology research dietitian once-monthly (77,79).
These results may be particularly relevant because the patients
in the MDRD were almost certainly a healthier subset of pa-
tients with chronic renal insufficiency because of the study’s
exclusionary criteria.

Many studies indicate that the median and average dietary
protein and energy intake are low in maintenance dialysis
patients (51,52,80–83). Dietary protein and energy often
average 20% and 30%, respectively, below recommended
intakes for MHD and CPD patients (51,52,80–83). This
abnormally low nutrient intake has been observed in both the
pilot study and the main clinical trial for the HEMO Study
(81,83).

Although the nutritional disorder most commonly associ-
ated with CRF is protein-energy malnutrition, other nutritional
deficiencies also frequently occur if the patient does not receive
supplemental nutrients. Particularly common in patients with
CRF who do not take nutritional supplements are deficien-
cies for dihydrotachysterol, 1,25-dihydroxycholecalciferol, vi-
tamin B6, folic acid, vitamin C, iron, and possibly carnitine and
zinc (11,12,17,18,84–88).

The following are causes of wasting or malnutrition in CRF.

A. Inadequate Nutrient Intake
i. Inadequate nutrient intake may be caused by anorexia

due to uremic toxins, the debilitating effects of CRF and
underlying illnesses (e.g., diabetes mellitus, lupus ery-
thematosus), the impact of acute illness on the patient’s
ability to eat, and emotional disorders (51,52,80,89).
Also, the fact that diets prescribed for renal failure pa-
tients may be marginally adequate in protein and other
nutrients, less palatable to the patient, and difficult to
prepare may contribute to an inadequate intake.

ii. Serum leptin levels are elevated in uremia (90–92) and
may induce anorexia. In rodents, leptin suppresses
food intake via its actions on the hypothalamus and
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TA B L E 1 0 3 - 2

EVIDENCE FOR PROTEIN-ENERGY MALNUTRITION
IN STAGE 4 TO 5 ADVANCED CHRONIC
KIDNEY DISEASE∗

Body composition Biochemistry

Decreased
Anthropometry

Body weight
Height (children)
Growth (children)
Body fat (skinfold thickness)
Fat-free solids
Intracellular water
Muscle mass (midarm

muscle area, diameter or
circumference)

Total body potassium
(nondialyzed)

Total body nitrogen
(CAPD patients)

Total albumin mass, synthesis,
and catabolism

Valine pools (nondialyzed
patients)

Kinetic processes
RNA:DNA ratio
Creatinine appearance

Decreased
Serum

Total protein
Albumin
Transferrin
Transthyretin

(prealbumin)
Cholinesterase
Pseudocholinesterase
Retinol-binding

protein

Plasma
Isoleucine
Leucine
Total tryptophan
Valine
Valine-glycine ratio
Essential-nonessential

ratio

Muscle
Alkali soluble protein
Valine
Tyrosine

Normal or increased
Plasma
Total nonessential

amino acids
Glycine

The low body protein or muscle mass and/or total body fat mass have
been determined by anthropometry, dual energy x-ray absorptiometry,
bioelectrical impedance, near infrared interactance, and total body
nitrogen and potassium measurements.
∗Nondialyzed patients with stage 4 to 5 CKD and maintenance
dialysis patients may have normal values for these parameters.
However, statistical comparisons indicate that the levels are often
abnormal in individual patients, and in group comparisons, stage 4 to
5 CKD patients usually have significantly altered values.

probably increases energy expenditure (93,94).
Whether leptin suppresses appetite in humans and
specifically in renal failure patients is less clear. Several
studies describe an inverse relationship between serum
leptin and dietary protein intake or a direct relation
between serum leptin and weight loss in MHD or
CPD patients (91,92). Serum leptin levels are probably
elevated in CRF patients because of impaired degra-
dation by the diseased kidney (95) and possibly also
because insulin stimulates leptin synthesis (96) and
CRF patients are often hyperinsulinemic. In addition,
inflammation (see the subsequent text) and the acute
phase response increase serum leptin levels (97).

iii. Inflammation, which is commonly present in mainte-
nance dialysis (MD) patients (98–101), is associated
with increased levels of the cytokines, interleukin-1
(IL-1), interleukin-6 (IL-6), and tumor necrosis factor
alpha (TNF-α) (102,103). These cytokines may induce
anorexia (104,105).

B. Increased Losses of Nutrients
i. The dialysis procedure itself may promote wasting by

removing nutrients. During routine hemodialysis with
low flux dialyzers there are losses of about 6 to 8 gm of
free amino acids when patients are postabsorptive (fast-
ing) and about 8 to 10 gm, when patients are postpran-
dial (106–109). Approximately 2 to 3 gm of peptides or
bound amino acids are also removed.

Hemodialysis with high flux membranes is reported
to remove 8.0 ± 2.8 (SD) gm and 9.3 ± 2.7 gm of
amino acids from patients, respectively (109,110). Dur-
ing the sixth reuse of high flux polysulfone hemodialyz-
ers with bleach and formaldehyde reprocessing, amino
acid losses are reported to be 12.2 ± 4.4 gm (109).
About 2 to 3.5 gm per day of free amino acids are re-
moved during CAPD (111–113) (Table 103-3). In nor-
moglycemic individuals, about 15 to 25 gm of glucose
may be removed when glucose-free dialysate is used
(114). When the hemodialysate contains 200 mg/dL of
glucose (180 mg/dL of anhydrous glucose), there is net
absorption of approximately 10 to 12 gm of glucose
with each dialysis.

Normally, little protein is lost during hemodialy-
sis. Formerly, when some hemodialyzers containing
polysulfone membranes were reused with bleach and
formaldehyde reprocessing procedures, the membrane
sieving coefficients for large molecules increased dra-
matically (109, 115); in one study, albumin losses in-
creased to 10.78 ± 7.87 (SD) gm (range 1.1 to 25.6
gm) per hemodialysis as the dialyzer membrane reuses
increased to over 24 (109). Polysulfone membranes are
now chemically modified so that dramatic increases in
permeability do not occur with multiple bleach and
formaldehyde reprocessings.

In our experience, 8.8 ± 0.5 (SEM) gm per day of
total protein and 5.7 ± 0.4 gm per day of albumin are
lost into the dialysate with CAPD (Table 103-4) (116).
Other investigators report similar results (117,118).
During an acute peritoneal dialysis of about 36 hours
duration, about 22 gm of total protein and 13 gm of
albumin are removed (116). Much of this loss is from
the washout of ascitic fluid. With mild peritonitis, the
quantity of protein removed increases to an average of
15.1 ± 3.6 gm per day (116); protein losses can rise
markedly with severe peritonitis, and we have observed
peritoneal protein losses as high as 100 gm per day
prior to initiating antibiotic therapy. Protein losses fall
rapidly with antibiotic therapy but may remain elevated
for many days to weeks (116).

Water-soluble vitamins and other bioactive com-
pounds are removed by both hemodialysis and peri-
toneal dialysis (18,119–122). These vitamin losses can
be easily replaced from the diet, but in patients with
poor nutrient intake such losses may enhance vitamin
malnutrition.

ii. Patients with renal failure often lose substantial quan-
tities of blood secondary to occult gastrointestinal
bleeding, frequent blood sampling for laboratory test-
ing, and the sequestration of blood in the hemodia-
lyzer (123,124). Since blood is rich in protein, these
blood losses may contribute to protein wasting. For
example, a person with a hemoglobin of 12.0 gm
per dL and a serum total protein of 7.0 gm per dL
will lose approximately 16.5 gm of protein in each 100
mL of blood removed.

C. Increased Net Catabolism
i. Patients with CRF frequently sustain superimposed ill-

nesses (125–127). These comorbid conditions often in-
duce a hypercatabolic state and also may physically
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TA B L E 1 0 3 - 3

PLASMA AMINO ACIDS AND AMINO ACID LOSSES INTO DIALYSATE
IN NINE MEN UNDERGOING CAPD

Plasma amino acids (μmol/L) Dialysate amino acids
(mg/24 hour)

CAPD patients Normal men CAPD patients

Number of studies 14a 9 14a

Total essentialc 963 ± 29b 1030 ± 40 1027 ± 96
Total nonessentiald 2080 ± 115 2001 ± 135 1949 ± 226
Totale 3415 ± 134 3260 ± 145 3355 ± 334
Essentialc-nonessentiald ratio 0.48 ± 0.03 0.53 ± 0.03 0.59 ± .05

aFourteen studies were carried out in 9 patients. Five of these patients were studied twice in a clinical
research center, once while ingesting a diet providing 1.0 gm protein/kg body weight/day and once while
eating a diet containing 1.4 gm protein/kg body weight/day. One patient was studied only with the lower
protein diet, and one patient was studied with the higher protein diet. There were no differences in plasma
essential, nonessential, or total amino acid concentrations between the two diets. The other two patients
were ingesting diets providing about 1.1 to 1.2 gm protein/kg/day.
bMean ± standard error.
cCalculated as the sum of concentrations of histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, and valine.
dCalculated as the sum of the concentrations of alanine, arginine, asparagine, aspartate, glutamate,
glutamine, glycine, ornithine, proline, and serine.
eCalculated as the sum of total essential amino acids, total nonessential amino acids, cystine, tyrosine,
citrulline, and taurine.
(Adapted from: Kopple JK, Blumenkrantz MJ, Jones MR, et al. Plasma amino acid levels and amino acid
losses during continuous ambulatory peritoneal dialysis. Am J Clin Nutr 1982;36:395. Reprinted from:
Kopple JK, Blumenkrantz MJ. Nutrition in adult patients undergoing continuous ambulatory peritoneal
dialysis. Perspectives in peritoneal dialysis 1984;2:1.)

prevent ingestion, gastrointestinal absorption or as-
similation of foods (e.g., pancreatitis, gastrointestinal
surgery).

ii. There is now abundant evidence that even in the ab-
sence of overt clinical illness, advanced CRF and MD
patients may sustain inflammation with an acute phase
response and elevation of serum acute phase proteins
(APP). In addition, CRF per se is associated with in-

TA B L E 1 0 3 - 4

SERUM PROTEINS AND DIALYSATE PROTEIN LOSSES
IN EIGHT MEN UNDERGOING CAPD

Protein lossesb

Serum proteinsa per 24 hour

Total protein 6.6 ± 0.1c gm/dL 8.8 ± 0.5 gm
Albumin 3.5 ± 0.1 gm/dL 5.7 ± 0.4 gm
Transferrin 228 ± 11 mg/dL 333 ± 22 mg
IgG 1.41 ± 0.12 gm/dL 1.25 ± 0.20 gm
IgA 220 ± 18 mg/dL 173 ± 21 mg
IgM 234 ± 36 mg/dL 71 ± 18 mg
C3 107 ± 6 mg/dL 70 ± 7 mg
C4 32 ± 2 mg/dL 21 ± 2 mg

aGrand mean of values from 13 metabolic balance studies in 8 men
fed 1.0 or 1.4 gm protein/kg/day. Data were obtained periodically
during the period of study with each diet.
bLosses of each protein into dialysate over 24 hours were measured on
110 occasions in the 8 patients.
cMean ± standard error.
(Adapted from: Blumenkrantz MJ, Gahl GM, Kopple JD, et al. Protein
losses during peritoneal dialysis. Kidney Int 1981;19:593. Reprinted
from: Kopple JK, Blumenkrantz MJ. Nutrition in adult patients
undergoing continuous ambulatory peritoneal dialysis. Perspectives in
peritoneal dialysis 1984;2:1.)

creased serum levels of many proinflammatory cy-
tokines and protein markers of inflammation. In main-
tenance dialysis patients, indicators of inflammation
are correlated with measures of wasting or PEM (103–
105,131,132). These findings, in association with the
known catabolic effects of some proinflammatory cy-
tokines (103–105), have bolstered the conclusion that
inflammation promotes wasting.

Compounds that commonly are increased in main-
tenance dialysis patients and indicate an inflammatory
state include C-reactive protein (CRP), serum amy-
loid A (SAA), C3 complement, alpha-acid glycopro-
tein, fibrinogen, haptoglobin, and alpha-chymotrypsin
(98–103,131–137). Serum concentrations of negative
acute phase proteins decrease with inflammation; these
proteins include albumin, transferrin, retinol bind-
ing protein, transthyretin (prealbumin) and certain
lipropoteins (100,101,103,134,138). Epidemiological
studies in MD patients indicate that increased serum
CRP is at least as strong a predictor of mortality as is
albumin (99,100,136,137). These elevations in serum
acute phase proteins are associated with an increase in
inflammatory cytokines including interleukin-1 (IL-1),
TNF alpha, and IL-6 (139,140). It has been argued that
these elevated cytokines may promote protein-energy
malnutrition in patients with CRF both by inducing
anorexia (i.e., IL-1, IL-6, TNF alpha) (104,105) and
also by engendering protein catabolism (e.g., by activa-
tion of proteolytic enzymes released from granulocytes)
or by suppressing protein synthesis (141,142). Indeed,
evidence suggests that albumin synthesis is suppressed
when serum CRP is elevated (142).

iii. In this regard, it has been argued that both biocom-
patible as well as bioincompatible hemodialyzer mem-
branes, hemodialyzer tubing and filters, functioning as
well as old thrombosed arteriovenous synthetic grafts,
vascular access and peritoneal dialysis catheters, and
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hemodialysate and possibly peritoneal dialysate solu-
tions (presumably due to low levels of endotoxins) and
low grade infections, such as caused by chlamydia, can
stimulate this inflammatory response (143–146). Ex-
posure to these artificial materials, infectious agents, or
thrombosed arteriovenous grafts may activate mono-
cytes and/or macrophages (147). These inflammatory
cells then release the cytokines that stimulate the acute
phase response, IL-1, TNF-α and IL-6 (139,140). These
cytokines, in turn, further augment the acute phase re-
sponse with promotion of hepatic synthesis of the APP
as indicated previously (139,140).

In some in vivo studies in patients, hemodialysis in-
creases the urea nitrogen appearance (UNA or net urea
generation) and, enhances net protein breakdown and
promotes, negative nitrogen balance (148,149). There
is a net release of amino acids from the leg, indicat-
ing enhanced net breakdown of skeletal muscle protein
(149). Some research evidence indicates that more bio-
incompatible hemodialysis membranes, such as Cupro-
phan, are more likely to stimulate the release of inter-
leukin and promote net protein degradation than are
more biocompatible membranes (150,151). Several but
not all studies provide evidence in support of the the-
sis that the artificial membranes, tubing, catheters or
dialysate used in the dialysis procedure can promote
the acute phase response (143–147,152–156).

iv. It would not be unexpected for the accumulation of
endogenously formed uremic toxins to engender mal-
nutrition. In renal failure, there are increased plasma
or tissue concentrations of probably hundreds of
metabolic products; over 120 such compounds have al-
ready been identified (1,157,158). Some of these com-
pounds are bioactive (1,157), and it is not unlikely that
may have catabolic or anti-anabolic actions. Acidemia
enhances decarboxylation of branched chain amino
acids and engenders protein catabolism in skeletal
muscle, bone reabsorption and possibly inflammation
(159–164). Studies in humans suggest that metabolic
acidemia causes protein catabolism and negative nitro-
gen balance (161–164). Also, both oxidants and car-
bonyl compounds, as well as a deficiency of antioxi-
dants, may cause tissue injury and inflammation and
possibly cause a catabolic state.

Even modest increases in arterial blood hydrogen
ion concentrations may cause loss of body proteins,
Mehrotra et al has found that in CPD patients, an arte-
rial blood pH of 7.36 to 7.38 appears to be associated
with less positive protein balance than an arterial blood
pH of 7.43 to 7.45 (165).

v. The endocrine disorders of uremia may also pro-
mote wasting or PEM. Resistance to the actions
of insulin (168,169) and insulin-like growth factor-I
(170–172), and hyperglucagonemia (173) may pro-
mote protein wasting. Parathyroid hormone in-
creases hepatic gluconeogenesis (174,175), and sec-
ondary hyperparathyroidism in renal failure therefore
may cause protein wasting. The findings that
1,25-dihydroxycholecalciferol has pervasive effects
on calcium metabolism, that vitamin D deficiency
may cause a proximal myopathy, and that 25-
hydroxycholecalciferol stimulates muscle protein syn-
thesis in vitro (176) suggest that deficiency of
1,25-dihydroxycholecalciferol may also cause muscle
protein wasting. As indicated previously, serum leptin
levels are elevated in renal failure and may contribute
to anorexia (90–94).

Other possible, but less well-established causes of
wasting include the following:

vi. Exogenously derived uremic toxins may cause debility
(e.g., aluminum) and possibly wasting.

vii. Since the kidney synthesizes or degrades many biologi-
cally active compounds including certain amino acids,
peptide hormones, other peptides, glucose, and fatty
acids (177), it is possible that loss of these metabolic
activities of the kidney in renal failure may disrupt
the body’s metabolism and promote protein-energy
wasting. In this regard, some possible mechanisms by
which failure of renal metabolic activity might promote
protein-energy wasting or malnutrition are described
earlier.

EFFECTS OF MALNUTRITION
AND INFLAMMATION ON THE

CLINICAL COURSE OF PATIENTS
WITH CKD

Malnutrition

Many studies indicate that in patients undergoing MHD or
CPD, nutritional status is a powerful predictor of morbidity
and mortality. Indeed, many epidemiological studies indicate
that the serum albumin is one of the strongest predictors of
mortality after the age of the individuals (52,178–180). A di-
rect relationship is commonly shown between morbidity or
mortality rates in MHD patients and low dietary protein in-
take (as indicated by normalized protein nitrogen appearance
i.e., protein nitrogen equivalent of total nitrogen appearance,
normalized to the volume of distribution of urea or some
other function of body mass, nPNA, also known as normal-
ized protein catabolic rate, [nPCR]), decreased body weight
for a given height, and low serum albumin, urea, creatinine,
cholesterol, and potassium (63,131,132,178–183). With the
exception of albumin, the foregoing measurements appear to
relate to mortality in a “J” or “U” curve relationship where
both low and very high values are negatively correlated with
mortality (182,183). For CPD patients, in whom retrospective
analyses, in general, have been based on smaller sample sizes,
morbidity or mortality has been correlated with serum albu-
min and protein nitrogen appearance in some (178,184,185)
but not all studies (186). Body weight-for-height and anthro-
pometric parameters of skeletal muscle mass or fat mass (e.g.,
skinfold thickness), a potential indicator of cumulative en-
ergy balance, are also associated with morbidity or mortality
(187–189). The correlation between low serum cholesterol and
high mortality is consistent with such a relationship (63,178,
182,183).

As indicated previously, inflammation is frequently present
in CRF and MD patients (131–133,135–137). Evidence for in-
flammation in these individuals includes increased serum lev-
els of such acute phase proteins as C-reactive protein (CRP)
and serum amyloid A and decreased serum levels of neg-
ative acute phase proteins, including albumin, transferrin,
transthyretin (prealbumin) and cholesterol-carrying lipopro-
teins (131–133,135–138). Most surveys suggest serum CRP
levels are increased in about 30% to 50% of American and
European MHD patients and perhaps a lower percent of
Asian MHD patients (132,133). Serum levels of oxidants and
proinflammatory cytokines, including tumor necrosis factor
alpha (TNF-α), interleukin-1 (IL-1) and interleukin-6 (IL-6),
are commonly elevated in patients with advanced CRF
(102,103,128,129,130,132,166,167). In advanced CRF and
maintenance dialysis patients, there is also an accumula-
tion of compounds that cause oxidant or carbonyl stress
(41,130,166,167,190). Oxidant stress refers to cellular injury
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caused by exposure of the cell to compounds that oxidize chem-
icals in the cell (166). Carbonyl stress refers to cellular in-
jury caused by carbon containing compounds that react with
compounds in the cell (167). Homocysteine is such a carbonyl-
reactive compound that, as indicated previously, is increased
in plasma in CRF and MD patients (191–193) and that, when
elevated, exerts a number of adverse effects on the vascular
endothelium (194).

The current high interest in PEM and inflammation relates
to the findings that measures of either of these two conditions
have been epidemiologically linked to increased risk of morbid-
ity and mortality in maintenance dialysis patients (195). Mark-
ers of inflammation have been particularly linked to atheroscle-
rosis and cardiovascular morbidity and mortality (132,133,
135–137). Moreover, laboratory research indicates that certain
acute phase proteins, oxidants, reactive carbonyl compounds
and proinflammatory cytokines can be directly toxic to the en-
dothelium. These compounds may cause inflammation, cellular
proliferation and increased matrix deposition in the endothe-
lium with the formation of inflamed atherosclerotic plaques
which are likely to rupture and increase the likelihood of my-
ocardial infarction or stroke.

There is an overlap between the manifestations of PEM and
inflammation. Thus, both PEM and inflammation may reduce
serum levels of such negative acute phase proteins as albumin,
transferrin, transthyretin and cholesterol-carrying lipoproteins
(131–133,138,180,195). The lowest serum levels of these pro-
teins are generally found with inflammation rather than PEM.
Serum albumin is negatively correlated with serum CRP in MD
patients, and serum CRP is at least as powerful a predictor of
mortality as is serum albumin (100,102,134,196,197). Indeed,
pure PEM usually does not reduce serum albumin below 3.0
g/dL. Inflammation may cause PEM by inducing anorexia—
for example, TNF-α and IL-6 are anorexigens—and also by
engendering a hypercatabolic state (103–105,133,198,199).
Whether PEM may predispose a patient to inflammation, (e.g.,
by increasing the risk of infection or enhancing the inflamma-
tory response to other stimuli), is not certain.

The occurrence of measures indicating the presence of either
PEM or inflammation in CRF or maintenance dialysis patients
has become a matter of great concern to nephrology researchers
and clinicians because of the strong association between PEM
or inflammation and an increased hazard ratio (HR) of mor-
bidity and mortality (133,195,200). This issue is of particular
importance because the unadjusted mortality rate for main-
tenance dialysis patients in the United States is very high—
approximately 24% per year (127). Hence, in a population
that is already at high risk for morbidity and mortality, the
identification of clinical characteristics that demonstrate the
presence of a subgroup of these individuals who are at even
greater risk for these adverse outcomes is a cause for alarm,
and, at the same time, it is a potential opportunity to develop
interventions that may improve such poor prognoses.

The relative contributions of PEM and inflammation to the
high morbidity and mortality of CRF patients are controver-
sial, particularly because, the syndrome of PEM shares many
clinical manifestations with inflammation. Because inflamma-
tory processes may cause endothelial injury and/or predispose
to atherosclerosis and vascular thrombosis, it is easy to perceive
why there would be a causal connection between inflammation
and morbidity and mortality from vascular disease.

These considerations have led some investigators to ques-
tion whether PEM by itself is hazardous or whether it is only
an important risk factor for morbidity and mortality when it
occurs in association with inflammation (133). Intuitively, it
seems that a nutrient intake that is inadequate to maintain a
healthy quantity of body protein mass or that does not provide
adequate energy must eventually place the patient at risk for
increased morbidity and mortality. We suspect that PEM may,

among its other adverse consequences, predispose to inflam-
mation and vascular disease. This is a question that demands
further investigation. In any case, PEM and inflammation oc-
cur together so commonly in ESRD patients that some inves-
tigators have described them as components of a single syn-
drome referred to as the malnutrition-inflammation complex
syndrome (200). Will intervention to improve nutritional sta-
tus or suppress inflammation reduce morbidity and mortality
in MHD patients? There have been few publications on this
matter. In several small-scale, randomized prospective clinical
trials in MHD patients, nutritional interventions were shown
to decrease or eradicate indicators of PEM, and particularly hy-
poalbuminemia (201,202). A recent small, uncontrolled clini-
cal trial indicated that a nutritional preparation that contained
both a protein supplement and an antioxidant increased serum
albumin levels in MHD patients (203). Another clinical study
reported that there was a reduced risk of progression of vas-
cular disease in MHD patients given vitamin E (antioxidant)
therapy (204).

Two retrospective analyses compared malnourished MHD
patients receiving intradialytic parenteral nutrition (IDPN)
to malnourished MHD patients not receiving this therapy
(205,206). The data suggest that malnourished patients receiv-
ing IDPN had greater survival as compared to those who did
not. In one study, when the serum albumin was 3.3 gm/dL or
lower, the patients who received IDPN had significantly greater
survival rates than those who were not given IDPN (206).

Altered Risk Factor Patterns and the
Malnutrition-Inflammation Syndrome

A number of researchers have recently pointed out that re-
lationships between traditional risk factors and mortality are
markedly altered or even reversed in maintenance dialysis pa-
tients as compared to the public at large. These altered re-
lationships, referred to as altered risk factor patterns, risk
factor reversal, or reverse epidemiology, have been observed
for body BMI or weight-for-a-given-height, predialysis serum
total cholesterol, LDL-cholesterol and predialysis creatinine,
urea nitrogen (SUN), urea nitrogen appearance (UNA—net
urea production—see the subsequent text), blood pressure,
magnitude of acidosis, and possibly serum homocysteine and
parathyroid hormone levels (182,183,207–218).

Although several explanations have been advanced to ex-
plain these phenomena, the most likely mechanism is re-
lated to the malnutrition inflammation complex syndrome
(182,183,212,216,217). Maintenance dialysis patients who eat
inadequately, who have major comorbid conditions, or who
have evidence for systemic inflammation are more likely to have
both low BMI, serum cholesterol and homocysteine and also
be at greater risk for mortality. Individuals who are healthier
are more likely to have a greater appetite and to have a higher
body weight, a greater protein intake and, hence, a higher UNA
and greater metabolic acid production and metabolic acidosis.
Serum total cholesterol, LDL-cholesterol, and homocysteine
tend to be higher in healthy people who have greater food in-
takes. Because of their greater muscle mass and appetite, these
individuals tend to have higher predialysis serum creatinine and
urea concentrations. They are less likely either to suffer from
cardiac pump failure or to have low blood pressures. Also, be-
cause they are healthier, they are more likely to live longer.

Survival bias may also account for some of the altered risk
factor patterns (i.e., those individuals with increased levels of
the normal risk factors may die earlier). These explanations
cannot completely account for the altered risk factors in main-
tenance dialysis patients, because it turns out that markedly
obese individuals; those with BMI of 45 kg/m2 or greater have
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greater unadjusted 2-year mortality rates than those patients
who are overweight or mildly obese (210,211). Clearly, fur-
ther research is indicated in this area.

DIETARY THERAPY FOR
CHRONIC KIDNEY DISEASE AND

CHRONIC KIDNEY FAILURE

General Approach to Dietary Management

The widespread nutritional and metabolic alterations, high
incidence of malnutrition, and current evidence that dietary
therapy may retard the rate of progression of CRF indicate
that nutritional therapy is a critical aspect of the management
of chronic kidney disease. There are four goals for dietary
treatment:

a. To maintain good nutritional status.
b. To prevent or ameliorate uremic toxicity and the metabolic

disorders of renal failure
c. To reduce the risk of cardiovascular, cerebrovascular and

peripheral vascular disease.
d. To arrest or retard the progression of renal failure.

Adherence to specialized diets is often a difficult and frus-
trating endeavor for patients and their families. Patients usu-
ally must make fundamental changes in their behavior patterns
and forsake some of their traditional sources of daily pleasure.
Often, the patients must procure special foods, prepare spe-
cial recipes, usually forego or severely limit their intake of fa-
vorite foods, or eat foods that they may not desire. Demands
are made on the patient’s time and daily activities and on the
emotional support system of the family or close associates.
Therefore, it is incumbent on the physician not to prescribe
radical changes in the patient’s diet unless there is good rea-
son to believe that these modifications may be beneficial. To
ensure successful dietary therapy, patients with renal disease
must undergo extensive training concerning the principles of
nutritional therapy and the design and preparation of diets,
and they need to be continuously encouraged to adhere to the
prescribed diet. They usually require repeated training regard-
ing their nutritional therapy. Without careful monitoring of nu-
tritional intake, retraining, encouragement, and sensitivity to
the cultural background, psychosocial condition and lifestyle
of the patients, they will be more likely to adhere poorly to
their dietary prescription. They may eat too little rather than
too much.

The recipes and meal plans should be designed specifically
for the individual tastes of the patient. A team approach, in-
cluding the physician, dietician, close family members, the
nursing staff, and, when available, social workers, or psychi-
atrists may improve adherence. Since the prescribed diet for
renal failure patients is complicated and obtaining an accurate
diet history and maximizing dietary compliance for these in-
dividuals is a complex and subtle art, it is important for the
physician to work with a dietician who is knowledgeable and
experienced in nephrology dietetics. It is often advantageous to
organize the dietetic program in a medical center so that the di-
eticians who treat nephrology patients work exclusively in this
specialty. Data indicate that a systematic, problem-oriented ap-
proach to dietary compliance can substantially improve com-
pliance (219,220).

The physician should strongly support the dietician’s efforts
to train and counsel the patient and to obtain dietary compli-
ance. During each visit the physician should assess the patient’s
dietary intake (see the subsequent section) and should discuss
the results with the patient. Generally, it is important for the

spouse or other close relatives or friends to work closely with
the patient to provide moral support and to assist, if needed,
with the acquisition and preparation of foods. The entire medi-
cal team should assume an energetic, positive, and sympathetic
approach in order to promote dietary adherence. A nurse, so-
cial worker, and psychiatrist can provide invaluable assistance
by providing sympathetic counsel to the patient and inform-
ing other members of the team of problems that may impair
the patient’s adherence to the diet. The central issue is that if
dietary therapy is prescribed to a patient, it requires a major
commitment and effort by the patient and the medical staff to
attain good results.

Monitoring Compliance

In general, to maintain good dietary compliance and to mon-
itor closely the patient’s clinical, fluid and electrolyte, and nu-
tritional status, patients with advanced renal failure should be
seen approximately monthly by the physician and the dieti-
cian. It is arguable as to whether patients with slowly pro-
gressive mild or moderate renal insufficiency who are clinically
stable and adhere well to the diet may see a physician less fre-
quently. However, to maximize compliance to the diet, most
patients should continue to see the dietitian more frequently,
often monthly. Bergstrom and co-workers emphasized the im-
portance of close medical follow-up (221). These authors ob-
served that frequent clinic visits, apparently independent of
dietary prescription, were associated with a slowing in the rate
of progression of renal insufficiency.

In many patients with progressive renal failure, the cre-
atinine clearance decreases more or less linearly with time
(222,223). Transposing the clearance equation, it can be pre-
dicted that the log of the serum creatinine or the 1.0/serum
creatinine ratio also should decrease linearly with time. This
has been confirmed in several studies (222,223); approximately
60% to 80% of the patients with chronic progressive kidney
disease lose creatinine clearance in a roughly linear fashion.
Thus, for patients with CRF, the creatinine clearance and/or
the ratio of 1.0/serum creatinine ratio periodically should be
plotted against time. The slope of 1.0/serum creatinine vs time
has been shown to be a rather inaccurate measure of loss of
GFR. If the rate of progression of renal failure slows, it may
indicate that treatment is beneficial. On the other hand, accel-
eration of the rate of progression may indicate the development
of new causes that are impairing renal function. Such causes
include worsening hypertension, drug reactions, urinary tract
obstruction, infection, intake of nonsteroidal antiinflammatory
medicines, or increased activity of the underlying renal disease.
It is well documented that the creatinine clearance is not as
precise a measure of the GFR as is the clearance of insulin,
iothalamate or several other solutes and may give misleading
results (224,225). This is due primarily to variability in the re-
nal tubular secretion of creatinine (226). Indeed, the creatinine
clearance has been largely invalidated as a measure of GFR
for clinical or laboratory research studies (225,226). However,
the creatinine clearance or the mean of the creatinine and urea
clearances (227) may be helpful for the clinical management of
patients, particularly when serial measurements are taken, and
may give a substantially more precise estimate of the actual
GFR than does the serum creatinine. There are now several
equations for estimating the GFR from the serum creatinine
concentration (228–230). In the author’s opinion, these equa-
tions are useful for screening purposes, for estimating the GFR
in individuals for whom precise collection of a 24-hour urine
collection is difficult or too inconvenient and for monitoring
the GFR serially after the relationship between the individual’s
serum creatinine and GFR has been determined by more accu-
rate measures of GFR.
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Since the nutritional status may begin to deteriorate in pa-
tients with chronic progressive renal disease when the glomeru-
lar filtration rate (GFR) falls below 35 to 50 mL/minute/1.73
m2 (76), careful attention to nutritional status should begin at
this time or earlier. This is particularly important because CRF
patients appear to be at greatest risk for malnutrition from the
time that the GFR falls below 10 mL per minute until the pa-
tient is established on maintenance dialysis therapy (53,76).
Also, although nutritional status often improves after com-
mencing hemodialysis (231), nutritional status of patients at
the onset of chronic dialysis treatment is a good predictor
of their nutritional status 2 to 3 years later (53,232). More-
over, markers of poor nutritional status at the onset of mainte-
nance dialysis therapy predict increased morbidity and mortal-
ity (179,189). Hence, particular effort should be given to pre-
venting malnutrition as the patient approaches dialysis therapy
and during the first few weeks of maintenance dialysis treat-
ment. These efforts should be directed toward maintaining a
good nutritional intake during this period, rapidly instituting
therapy for superimposed illnesses, and maintaining good nu-
tritional intake during such illnesses.

Monitoring Nutritional-Inflammatory Status

Since diets prescribed for renal insufficiency are often margi-
nally low in some nutrients (e.g., protein) and high in others
(e.g., calcium) and malnutrition is not infrequent, it is impor-
tant to periodically evaluate the adequacy of the diet and the
patient’s nutritional status. The National Kidney Foundation
Kidney Disease Outcomes Quality Initiative (NKF K/DOQI)
Clinical Practice Guidelines for Nutrition in Chronic Renal
Failure has recommended that panels of nutritional mea-
sures should be used to assess protein-energy nutritional sta-
tus in nondialyzed CRF and maintenance dialysis patients

(233,233a). For nondialyzed CRF patients with a GFR less
than 20 mL/minute, it is recommended that protein-energy nu-
tritional status should be evaluated by serial measurements of
a panel of markers including at least one measure from each
of the following clusters: (i) serum albumin; (ii) edema-free ac-
tual body weight, percent standard (NHANES II) body weight,
or subjective global assessment (SGA); and (iii) the normalized
protein equivalent of total nitrogen appearance nPNA or di-
etary interviews and diaries (233). It is recommended that the
standard body weight for normal individuals should be ob-
tained from the second National Health and Nutrition Eval-
uation Survey (NHANES II) because Americans were less fat
at that time than they are currently (234). For MHD or CPD
patients, the recommended panel of measurements of protein-
energy nutritional status is indicated in Table 103-5 and should
routinely include predialysis or stabilized serum albumin, per-
cent of usual body weight, percent of standard (NHANES II)
body weight, subjective global assessment, dietary interviews
and diaries, and nPNA (233). A predialysis serum measure-
ment is obtained from an individual immediately before the
initiation of a hemodialysis or intermittent peritoneal dialysis
treatment. A stabilized serum measurement is obtained after
the patient has stabilized on a given dose of continuous ambu-
latory peritoneal dialysis (CAPD).

There are other nutrition-related parameters that often will
require monitoring; for example, urine sodium, phosphorus
and albumin, serum potassium, phosphorus, calcium, parathy-
roid hormone, iron, ferritin, transferrin, vitamins, total LDL
and HDL cholesterol and triglycerides, interdialytic weight
gain, and, if relevant, bone densitometry or radiography (46).
Measures of inflammation or oxidant or carbonyl stress are of-
ten valuable. Such measures can include serum total homocys-
teine levels, serum quantitative high sensitivity measurements
of (CRP), and serum IL-6. Dieticians are often best qualified
to perform anthropometric measurements of nutritional status

TA B L E 1 0 3 - 5

NKF K/DOQI RECOMMENDATIONS FOR ROUTINE MONITORING OF NUTRITIONAL STATUS
IN MAINTENANCE HEMODIALYSIS AND CHRONIC PERITONEAL DIALYSIS PATIENTS

Minimum frequency
Category Measure of measurement

I. Measurements that should be performed
routinely in all patients

II. Measures that can be useful to confirm or
extend the data obtained from the measures
in Category I.

III. Clinically useful measures which, if low,
might suggest the need for a more rigorous
examination of protein-energy nutritional
status.

• Predialysis or stabilized serum albumin
• % of usual postdialysis (MHD) or post-drain

(CPD) body weight
• % of standard (NHANES II) body weight
• Subjective global assessment (SGA)
• Dietary interview and diary

• Predialysis or stabilized serum prealbumin
• Skinforld thickness
• Mid arm muscle area, circumference,

or diameter
• Dual energy x-ray absorptiometry

Predialysis or stabilized serum
• Creatinine
• Urea nitrogen
• Cholesterol
• Creatinine Index

• Every 4 months
• Every 6 months

• Every 6 months
• Every 6 months
• Monthly MHD; every 3

to 4 months CPD

• As needed
• As needed
• As needed

• As needed

• As needed
• As needed
• As needed
• As needed

MHD, maintenance hemodialysis; CPD, chronic peritoneal dialysis, NHANES II, Second National Health and Nutrition Evaluation Survey; nPNA,
normalized protein equivalent of total nitrogen appearance (determined from the urea nitrogen appearance [233]).
(Reproduced from: The American Journal of Kidney Diseases K/DOQI Nutrition Workgroup. National Kidney Foundation Kidney Disease Outcomes
Quality Initiative Clinical Practice Guidelines for Nutrition in Chronic Renal Failure 2000;35:S56, with permission.)
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because of their experience and training, interest in nutritional
therapy, and access to the patient.

UREA NITROGEN APPEARANCE
(UNA) AND THE SERUM

UREA NITROGEN-SERUM
CREATININE RATIO

Since the control of protein intake is central to the nutritional
management of patients with acute or CRF, it is important
to accurately monitor nitrogen intake. Fortunately, for most
patients this is possible. Patients who are in neutral nitrogen
balance should have a total nitrogen output that is equal to ni-
trogen intake minus about 0.5 gm nitrogen per day from such
unmeasured losses as sweat, respiration, flatus, blood drawing,
and growth of skin, hair, and nails (235). Thus, nitrogen output
should correlate closely with nitrogen intake in patients who
are more or less in nitrogen balance. For the clinical manage-
ment of patients, a slightly positive or negative balance will not
substantially alter the use of the nitrogen output measurement
to estimate nitrogen intake. In patients who are in very positive
or negative nitrogen balance (e.g., from pregnancy or severe
infection), nitrogen output may not reflect intake. However,
when the patient is in very positive or negative balance, there
is usually an accompanying alteration in the patient’s clinical
status that is readily apparent to the physician.

The measurement of total nitrogen outputs (i.e., the nitro-
gen losses in urine, feces, dialysate, or tube or fistula drainage)
is too laborious and expensive to be widely applied for clini-
cal uses. However, since urea is the major nitrogenous prod-
uct of protein and amino acid degradation, the UNA can be
used to estimate total nitrogen output and hence nitrogen in-
take (125,236,237). UNA is the amount of urea nitrogen that
appears or accumulates in body fluids and all outputs (e.g.,
urine, dialysate, fistula drainage). The term UNA is employed
rather than urea production or urea generation because some
urea is degraded in the intestinal tract; the ammonia released
from urea is largely transported to the liver and converted back
to urea (238,239). Thus the enterohepatic urea cycle leads to
an increase in absolute urea synthesis but has little effect on
serum urea levels or total nitrogen economy, and this cycle can
be ignored without compromising the accuracy of the UNA
for estimating total nitrogen output or intake. This offers an
important advantage because the recycling of urea cannot be
measured without costly and time-consuming isotope studies.

UNA is calculated as follows:

UNA (gm/day) = urinary urea nitrogen (gm/day)
+ dialysate urea nitrogen (gm/day)
+ change in body urea nitrogen (gm/day)

[1]

Change in body urea nitrogen (gm/day)
= (SUNf − SUNi, gm/L/day) × BWi (kg)
× (0.60 L/kg) + (BWf − BWi, kg/day)
× SUNf (gm/L) × (1.0 L/kg) [2]

where i and f are the initial and final values for the period of
measurement; SUN is serum urea nitrogen (grams per L); BW is
body weight (kilograms); 0.60 is an estimate of the fraction of
body weight that is water; and 1.0 is the volume of distribution
of urea in the weight that is gained or lost.

The estimated proportion of body weight that is water may
be increased in patients who are edematous or lean and de-
creased in individuals who are obese or very young. Changes
in body weight during the 1- to 3-day period of measurement

of UNA are assumed to be due entirely to changes in body
water. In patients undergoing hemodialysis, UNA may be cal-
culated during the interdialytic interval and then normalized
to 24 hours. Alternatively, UNA may be calculated by urea ki-
netic techniques (see Chapter 100). Two-pool models for urea
kinetic measurements that take into account delays in equili-
bration of endogenous urea pools during hemodialysis will give
more accurate results for both the UNA method described here
and the urea kinetic technique (240). The 24-hour dialysate
urea concentration can be readily measured in CAPD or APD
(automated peritoneal dialysis) patients. Measurement of total
protein as well as urea in peritoneal dialysate may give more
accurate measurements of total nitrogen output and, hence,
dietary protein intake (241).

In our experience, the relationship between UNA and total
nitrogen appearance in chronically uremic patients not under-
going dialysis is as follows (180):

TNA (gm/day) = 1.19 UNA (gm/day) + 1.27 [3]

If the individual is approximately in neutral nitrogen bal-
ance, the UNA also will correlate closely with nitrogen intake.
Equation 4 describes our observed relationship between UNA
and dietary nitrogen intake in clinically stable, nondialyzed,
chronic renal failure patients.

Dietary nitrogen intake (gm/day)
= 1.20 UNA (gm/day) + 1.74 [4]

When both nitrogen intake and UNA are known, nitrogen
balance can be estimated from the difference between nitrogen
intake and nitrogen output estimated from the UNA. If the pa-
tient is markedly anabolic, such as in pregnancy or in a young
person with anorexia nervosa who is being refed, Equation 4
will underestimate nitrogen intake. In patients who have large
protein losses (e.g., from the nephrotic syndrome or peritoneal
dialysis) or who are acidemic and have sufficient kidney func-
tion to excrete large quantities of ammonia, Equations 3 and 4
will underestimate both nitrogen output and nitrogen intake. In
most circumstances, however, these conditions are not present,
and the UNA provides a powerful tool for monitoring nitrogen
output and intake or for estimating balance. Other investiga-
tors have described similar approaches to monitoring nitrogen
intake and output (242).

The ratio of the SUN to serum creatinine also correlates
fairly closely with dietary protein or amino acid intake in non-
dialyzed patients with CRF (243). This relationship can be used
to estimate the recent daily intake of these patients. Although
the SUN/serum creatinine ratio is not as precise as the UNA and
is influenced by a number of clinical factors, it is easy and inex-
pensive to measure. For clinically stable, nondialyzed, chronic
renal failure patients, this ratio can also be used to estimate
the level at which the SUN will stabilize for any given dietary
protein intake and GFR (243).

PROTEIN, AMINO ACIDS, AND
KETOACIDS—BACKGROUND

INFORMATION

Low protein diets have been prescribed for many decades to
reduce the accumulation of potentially toxic metabolites of
protein metabolism in patients with CRF (244–251). There is
considerable evidence that mixtures of essential amino acids
can be utilized more efficiently than protein by CRF patients
(252–259). Several investigators reported that in patients with
CRF, low protein diets supplemented with essential amino acids
promoted greater nitrogen retention as compared to unsup-
plemented low protein diets (e.g., about 0.3 g protein/kg/day)
or diets providing very low quantities of essential amino acids
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(e.g., about 20 gm/day) as the sole nitrogen source and was also
effective at improving uremic symptoms (254,256,257). Sub-
stitution of α-ketoacid or α-hydroxyacid analogues for some
essential amino acids may further reduce nitrogen intake while
maintaining good nutrition (260–264). Alpha-ketoacids con-
tain a keto group instead of an amino group on the alpha-
carbon; alpha-hydroxyacids contain a hydroxyl group on this
carbon.

Low protein diets have been reported to slow the rate of
progression of chronic renal failure (265–269). Some studies
suggest that the very low protein diets supplemented with ke-
toacids, hydroxyacids, and essential amino acids may be par-
ticularly effective at slowing the rate of loss of renal func-
tion (258,259,270–274). Not all studies confirmed these results
(275). The nitrogen sparing effects of these essential amino
acid or ketoacid supplemented diets are due, in part, to the
branched-chain amino acids and ketoacids, particularly leucine
and its ketoacid analogue, alpha-ketoisocaproic acid, that pro-
mote protein anabolism (276,277).

In recent years, there have been primarily three types of low
nitrogen diets that have been used for the treatment of patients
with CRF: (1) a low protein diet providing about 0.55 to 0.60
gm protein/kg body weight/day (219,251,259,265–270); (2) a
very low protein diet providing approximately 16 to 20 gm
per day of protein of miscellaneous quality (i.e., about 0.28
gm protein/kg/day) supplemented with about 10 to 20 gm per
day of the nine L-essential amino acids (256,257,275); and
(3) a similar 16 to 20 gm protein diet generally supplemented
with four essential amino acids-histidine, lysine, threonine, and
tryptophan-and the ketoacid or hydroxyacid analogues of the
other five essential amino acids sometimes with a few other
amino acids added (219,259,261,269,271–274).

There is strong evidence that histidine is an essential amino
acid for both normal individuals and patients with CRF (278),
and for this reason histidine is included in all essential amino
acid and ketoacid preparations. The 0.55 to 0.60 gm pro-
tein/kg/day diet contains primarily high biological value pro-
tein (i.e., protein containing a high fraction of the essential
amino acids proportioned roughly according to the daily di-
etary requirements for humans). Because the diets with very
low protein intakes (0.28 gm/kg/day) are supplemented with
amino acids or ketoacids, it is not important that the protein
be of high biologic value.

The largest and most thorough examination of whether
dietary control will retard the rate of progression of renal
disease was the National Institutes of Health funded Modi-
fication of Diet in Renal Disease (MDRD) study (219). This
project investigated, in an intention to treat analysis, the ef-
fects of three levels of dietary protein and phosphorus intakes
and two blood pressure management goals on the progression
of chronic renal disease. Patients with various types of renal
disease (840 adults), except insulin dependent diabetes mel-
litus, were divided into two study groups according to their
GFR.

Study A included 585 patients with a GFR, measured by
131I-iothalamate clearances, of 25 to 55 mL/minute/1.73 m2.
They were randomly assigned to either a usual protein, usual
phosphorus diet (1.3 g protein/kg standard body weight/day
and 16 to 20 mg phosphorus/kg/day) or to a low protein, low
phosphorus diet (0.58 g protein/kg/day and 5 to 10 mg phos-
phorus/kg/day), and also to either a moderate or strict blood
pressure goal (mean arterial blood pressure 107 mm Hg [113
mm Hg for those 61 years of age or older] or 92 mm Hg [98
mm Hg for those 61 years of age or older]). In study B, 255
patients with a baseline GFR of 13 to 24 mL/minute/1.73 m2

were randomly assigned to the low protein and low phospho-
rus diet or to a very low protein and phosphorus diet (0.28 g
protein/kg/day and 4 to 9 mg/phosphorus/kg/day) with a keto
acid-amino acid supplement (0.28 gm/kg/day). They were also
randomly assigned to either the moderate or strict blood pres-

sure control groups, as in Study A. The adherence to the dietary
protein prescription in the different diet groups was excellent.

Among participants in Study A, those prescribed the low
protein diet had significantly faster declines in GFR during the
first four months than those on the usual protein diet. There-
after, the rate of decline of the GFR in the low protein, low
phosphorus group was significantly slower than in the group
fed the usual protein and phosphorus diet. Over the course of
the entire treatment period, there was no difference in the over-
all rate of progression of renal failure in the two diet groups.
However, it is likely that the initial greater fall in GFR in the
patients prescribed the low protein diet may reflect a hemo-
dynamic response to the reduction in protein intake, rather
than a greater rate of progression of the parenchymal renal
disease. This might in fact be beneficial, reflecting a reduction
of intrarenal hyperfiltration and intrarenal hypertension. If this
explanation is correct, the subsequent slower rate of progres-
sion of disease after the first four months of dietary treatment
is consistent with a beneficial effect of this intervention in renal
disease. In Study B, the very low protein group had a marginally
slower decline of GFR than the low protein group; the aver-
age rate of decline did not differ significantly between the two
groups (p = 0.066).

In a secondary analysis of Study B in which the decrease
in GFR was correlated with the actual quantity of protein in-
gested, there was no effect of ingesting the low protein diet
versus the very low protein diet supplemented with ketoacids-
amino acids on the progression of renal failure (279). However,
if the two diet groups were analyzed together and the protein
intake of the latter diet was considered to be the sum of the
protein and ketoacid-amino acid supplement ingested, a signif-
icantly lower rate of decline in GFR was found in the patients
who actually ingested lower protein diets (279). These findings
suggest that a lower total protein intake, but not the ketoacid-
amino acid preparation, itself, retarded the rate of progression
of renal failure.

It should be emphasized that in the MDRD study, the very
low protein ketoacid-amino acid supplemented diet was not
compared to the usual protein intake. Also, it is possible that
the lack of significant effect of the low protein diet on the pro-
gression of renal failure might reflect the rather short mean
duration of treatment in the MDRD study, 2.2 years. Indeed,
if the trend toward slower progression of renal failure in the
low protein diet groups that was present at the termination of
the MDRD study had persisted during a longer follow-up pe-
riod, statistically significantly slower progression would have
been observed with the 0.60 gm/kg protein diet in Study A and
the very low protein, ketoacid-amino acid supplemented diet
in Study B. This phenomenon is perhaps exemplified with the
diabetes complication control trial (DCCT) of intensive ver-
sus more conventional serum glucose control. After 2 years of
study, there was not even a trend toward less microalbuminuria
in the more rigorously controlled glucose group (280). How-
ever, when the study was terminated after a mean of 6.5 years, a
much lower incidence of microalbuminuria was found in these
latter patients. The MDRD study also included a substantial
proportion of patients assigned to each diet who did not show
progression of renal failure during the course of the study; also,
a large number of patients with polycystic kidney disease were
enrolled in the study. The presence of both of these subgroups
probably reduced the likelihood of showing a slowing effect of
low protein diets on the progression of renal failure.

There was also no significant difference in the rate of de-
cline in GFR between the moderate and low blood pressure
groups in either Study A or Study B, although the difference in
the mean arterial blood pressure during the follow-up period
in the two groups was small, 4 mm Hg (219). But in Study A,
patients assigned to the low blood pressure group who had a
baseline urinary protein excretion ≥0.25 gm/day had a signifi-
cantly slower rate of decline of GFR than those assigned to the
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moderate blood pressure level. In Study B, patients with base-
line urinary protein ≥1.0 gm/day had a slower decline in GFR
when assigned to the low blood pressure group (281). Other
analyses now confirm that strict blood pressure control (e.g.,
130/185–125/75 mmHg or lower) is particularly beneficial for
reducing the rate of progression of renal failure in hypertensive
patients, particularly in those who have one or more grams of
urinary protein per day or diabetes mellitus (282,283).

In general, the dietary and blood pressure treatments were
well tolerated, safe, and acceptable to patients. There was a
tendency for some patients to develop worsening parameters of
protein-calorie nutritional status (79). This was particularly ev-
ident during the first four months of therapy in the patients pre-
scribed the low protein and very low protein diets. It is possible
that their lower dietary energy intakes may have contributed
to this phenomenon (79), and that it may be more difficult to
maintain an adequate energy intake with low protein diets. It
should be emphasized that no treatment group developed evi-
dence for frank protein-calorie malnutrition during the study.

RECOMMENDED DIETARY
INTAKES

Note: Experimental studies are currently evaluating the poten-
tial benefits and safety of more frequent or daily hemodialysis.
Uncontrolled reports indicate that patients treated with more
frequent hemodialysis have greater appetites and food intake.
It is anticipated that such individuals will probably have in-
creased daily needs for certain nutrients than are discussed
in this chapter and listed in Table 103-6. Such patients may
also have greater tolerance for some nutrients than is indicated
here. Since the benefits and safety of more frequent hemodial-
ysis have not yet been established in randomized, prospective
clinical trials; this treatment is still considered experimental for
the general end-stage renal disease population, and the nutri-
tional needs of patients treated with these techniques have not
been systematically investigated, this chapter will not provide
recommendations for nutritional intakes for this treatment.

Recommended Dietary
Protein Intakes

Four meta-analyses have evaluated clinical trials of the effects
of low protein diets, which are generally also low in phos-
phorus content, on the rate of progression of kidney failure.
These meta-analyses each evaluated a somewhat different se-
ries of clinical trials, only some of which included the MDRD
Study (284–287). In three of the meta-analyses, the key out-
come was the onset of end-stage renal disease as determined by
the chronic renal failure patient commencing treatment with
MHD or CPD or receiving a kidney transplant (284–286).
These meta-analyses reported that the relative risk of a CRF
patient assigned to the low protein diets reaching this end point
during the period of observation was significantly reduced to
0.54, about 0.67, and 0.61, respectively. One meta-analysis
used the rate of decrease in GFR as the key outcome (287).
This latter study described a slowing in the progression of re-
nal failure of 6% that, although statistically significant, was of
questionable clinical value.

The discrepancy between these two sets of findings may be
explained in part by the fact that ingestion of low protein diets
leads to a reduction in the generation of metabolic products
of protein and amino acids, and that some of these metabolic
products are toxic. Indeed, patients ingesting low protein diets
are reported to be started on MHD or CPD at lower GFRs than
individuals eating higher protein intakes. These meta-analyses
also examined clinical trials that used an intention-to-treat type

of analysis, whereby the data from individuals assigned to a
given dietary intake were included in the results whether or not
they adhered to the dietary prescription or even were available
for follow-up testing.

One meta-analysis analyzed the results of five prospective
clinical trials of the effects of such diets on progression of re-
nal failure in patients with insulin dependent diabetes melli-
tus (285). This analysis indicated that low protein diets also
retard progression in these individuals. However, the results
were much less definitive because much smaller numbers of
patients were analyzed; in two of the trials there was no ran-
domized, concurrent control group, and the key endpoints were
less definitive.

A recent 12-year follow-up analysis was conducted in the
Study A MDRD patients concerning the hazard ratio, adjusted
for baseline characteristics, of developing ESRD or of a combi-
nation of either ESRD or all-cause mortality (288). ESRD was
defined as commencing maintenance dialysis therapy or receiv-
ing a kidney transplant. This study indicated that during the
first 6 years after the onset of the dietary protein prescription,
there was a statistically significant adjusted lower hazard ratio
of incurring ESRD or the combination of either ESRD or mor-
tality in those assigned to the 0.60 g protein/kg/per day diet vs.
those assigned to the 1.3 g protein/kg per day diet (288). This
difference tended to reverse itself in the second 6-year period
of follow-up.

In Study B patients, those assigned to the keto-acid supple-
mented diet had a significantly greater hazard ratio, adjusted
for baseline factors, for death after they developed ESRD dur-
ing the 12 years after assignment to their diet prescription
(289). These data are particularly intriguing because patients
only were monitored, on average, for the first 2.2 years of
follow-up and were then referred back to their usual physi-
cians. Moreover, with few exceptions, keto-acid mixtures were
not available in the United States except for those individuals
participating in the MDRD Study during the time that they
were assigned to this diet. Thus, it would have been very diffi-
cult for the Study B patients to continue taking ketoacids after
the MDRD Study ended.

The Nurses’ Health Study compared spontaneous protein
intakes of individuals with different levels of GFR that were
determined from their serum creatinine concentrations (290).
In the study, 1624 women, ages 42 to 68 years, had their pro-
tein intake measured in 1990 and again in 1994 using a semi-
quantitative food-frequency questionnaire. Those women with
mildly reduced baseline estimated GFR levels that were greater
than 55 mL/minute/1.73 m2 but less than 80 mL/minute/1.73
m2 showed a fall in GFR of –1.69 mL/minute/1.73 m2 per
10-g increase in protein intake. However, after adjustment
for measurement error, the change in estimated GFR was
–7.72 mL/minute/1.73 m2 per 10-g increase in protein intake.
This association was of borderline statistical significance. A
high intake of nondairy animal protein with mild renal insuf-
ficiency was associated with a significantly greater fall in es-
timated GFR (−1.21 mL/minute/1.73 m2 per 10-g increase in
nondairy animal protein intakes. A recent retrospective study
in renal transplant recipients indicated that those recipients
who spontaneously ingested higher protein diets experienced
greater losses of GFR (291).

Taken together, the post hoc analysis of the MDRD Study
data, the results of the approximately 12 years follow-up to
the MDRD Study, the Nurses Health Study, the study in re-
nal transplant recipients, and the four meta-analyses of CKD
patients prescribed low protein diets all point to the prob-
ability that low protein diets will retard the rate of pro-
gression of renal failure in individuals with chronic kidney
disease. Moreover, because these low protein diets often en-
gender sufficiently lower uremic toxicity for a given level of
reduced renal function, patients fed these diets may be able to
avoid MHD or CPD therapy at GFR levels that would require
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2722 Section XIV: Nutrition, Drugs, and the Kidney

individuals ingesting higher protein intakes to commence such
therapy.

An interesting question is whether diets may promote or re-
tard the development of renal failure in individuals with no un-
derlying renal disease. At the present time, there are no clear an-
swers to this question. Another unresolved issue is whether low
protein diets will retard progression of renal failure in patients
receiving ACEIs and/or ARBs. Since dietary protein restriction
exerts many of the same hemodynamic and other physiological
effects on the kidney as do ACEIs and ARBs (292–294), it is
possible that the renal-protective effects of low protein diets,
when combined with ACEI’s and ARBs, are replicative, rather
than additive. In one relatively small study, 82 patients with
Type I diabetes mellitus were randomly assigned to a low pro-
tein (0.60 g protein/kg/day) diet or a more usual protein diet
(295); most of the patients were receiving ACEIs. In this 4-year
trial, the low-protein group experienced a 10% incidence of
death or ESRD as compared to 27% in the patients eating the
usual protein diet (p <0.042). There was no difference in the
rate of decline in GFR in the two groups (295).

Since proteinuria is associated with greater progression of
renal failure and increased risk of cardiovascular disease, and
since ACEIs and ARBs, even in combination, may reduce pro-
teinuria but do not eradicate it, there may be a role for low
protein diets at least in persistently proteinuric patients. More
research in this area is clearly needed.

Recommended Protein Intake. GFR greater than 70 mL/
minute/1.73 m2. There is almost no information concerning the
most desirable dietary protein and phosphorus prescription for
patients with stage I or II CKD. Indeed, almost all of the studies
of the effect of low protein diets on the rate of progression of
renal failure have examined patients with moderately advanced
to advanced CKD (i.e., stages 3, 4, and 5).

Currently we do not usually restrict protein (and phos-
phorus) intake for patients with GFR greater than 70
mL/minute/1.73 m2 except possibly to 0.80 to 1.0 g protein
and 1,200 to 1,400 mg phosphorus per kg/day unless there
is evidence that renal function is continuing to decline. Under
these circumstances, the patient is treated as indicated in the
next paragraph.

GFR 30 to 70 mL/minute/1.73 m2

At present, it is the author’s policy to discuss with the patient
the evidence that low protein, low phosphorus diets may re-
tard progression and to indicate that the data, although not
definitive, are sufficiently convincing to justify prescription of
a protein and phosphorus restricted diet. If the patient agrees to
dietary therapy, he is offered a diet providing about 0.60 to 0.75
gm protein/kg/day, of which at least 0.35 gm/kg/day is high bio-
logic value protein to ensure a sufficient intake of the essential
amino acids. This quantity of protein should maintain neu-
tral or positive nitrogen balance, and for many patients should
not be excessively burdensome. Ketoacid preparations are not
available in the United States for therapeutic use. The effect
of these preparations on retarding the progression of CKD is
still open to question (219), and the intake of these compounds
may be associated with increased mortality (see the earlier text)
(289).

GFR Less Than 30 mL/minute/1.73 m2

(Stage 4 and 5 CKD)

At this level of renal insufficiency, the potential advantages of
using a low protein, low phosphorus diet become more com-
pelling. First, at this degree of renal failure, potentially toxic

products of nitrogen metabolism begin to accumulate in sub-
stantial quantities. The low protein diet will generate less ni-
trogenous compounds that are potentially toxic, both system-
ically and to the kidney itself. Second, because the low protein
diet generally contains less phosphorus and potassium, the in-
take of these minerals can be lowered more readily with this diet
(see later sections on recommended phosphorus and potassium
intakes). Third, some patients with chronic renal insufficiency
eat too little protein rather than too much. Specific training
and encouragement to follow a prescribed diet may increase
the likelihood that the patient will not ingest too little protein.
Patients should be prescribed 0.60 gm protein/kg/day or, if this
is not feasible, up to 0.75 gm protein/kg/day (Table 103-6).
This diet will generally maintain neutral or positive nitrogen
balance as long as energy intake is not deficient (Table 103-5),
should generate a low UNA and reduce the development of
uremic symptoms (236,237,251) and may be more effective at
retarding the progression of renal failure.

The NKF K/DOQI Clinical Practice Guidelines in Nutrition
recommend “for individuals with chronic renal failure (GFR
less than 25 mL/minute) who are not undergoing maintenance
dialysis, the institution of a planned low-protein diet provid-
ing 0.60 gm protein/kg/day should be considered. For indi-
viduals who will not accept such a diet or who are unable to
maintain adequate dietary energy intake with such a diet, an
intake of up to 0.75 gm protein/kg/day may be prescribed”
(296). Allowing the dietary protein intake to increase to 0.75
gm/kg/day may enable the patient to increase dietary energy
intake; this diet also is easier for most people to follow. Di-
etary protein intakes greater than 0.75 gm protein/kg/day may
be associated with more rapid rates of progression of renal
failure (279). At least 50% of the protein intake with these
low protein diets should be of high biological value. The pro-
tein content of this diet should be increased by 1.0 gm per day
of high biologic value protein for each gram of protein ex-
creted in the urine each day. In the experience of the author,
up to 15% of individuals with chronic renal disease are willing
and able to adhere to diets providing 0.60 gm protein/kg/day
or essential amino acid supplemented very low protein
diets.

The clinical indications for cessation of low protein di-
etary therapy and inauguration of maintenance dialysis ther-
apy or renal transplantation are still somewhat controversial.
The NKF K/DOQI Clinical Practice Guidelines in Nutrition
recommend a nutritional indicator for inaugurating renal re-
placement therapy as follows (297): “In patients with chronic
renal failure, (e.g., GFR less than 15 to 20 mL/minute) who are
not undergoing maintenance dialysis, if protein-energy malnu-
trition develops or persists despite vigorous attempts to op-
timize protein and energy intake and there is no apparent
cause for malnutrition other than low nutrient intake, initi-
ation of maintenance dialysis or a renal transplant is recom-
mended.” This guideline is based on the rationale that pa-
tients who have evidence for protein-energy malnutrition at
the onset of maintenance dialysis therapy have an increased
mortality rate, and that inaugurating maintenance dialysis ther-
apy or performing a renal transplant will often improve nutri-
tional status in malnourished individuals with advanced CRF
(189,231,298,299).

Maintenance Hemodialysis (MHD)

There are few studies of dietary protein requirements in pa-
tients undergoing MHD. These investigations were all nitrogen
balance studies; of the carefully controlled balance studies most
were carried out using dialyzers and schedules of dialysis ther-
apy that are no longer in use (148,300–302). It is apparent that
maintenance dialysis patients have increased dietary protein



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-103 Schrier-2611G GRBT133-Schrier-v5.cls September 22, 2006 15:13

Chapter 103: Dietary Considerations in Patients with Chronic Renal Failure, Acute Renal Failure, and Transplantation 2723

requirements because of the removal of amino acids and
peptides by the dialysis procedure (106–110) and because
hemodialysis appears to stimulate protein catabolism by en-
gendering an inflammatory, catabolic response. (148,150,151).
Nitrogen balance studies suggest that most maintenance
hemodialysis patients require more than 1.0 gm protein/kg/day
to maintain both protein balance and normal total body pro-
tein (148,301,302). The NKF K/DOQI Clinical Practice Guide-
lines on Nutrition in CRF recommend 1.2 gm protein/kg/body
weight/day for clinically stable patients (303). To ensure ade-
quate intake of essential amino acids, at least half of the dietary
protein should be of high biologic value. This level of protein
intake should maintain neutral or positive balance in almost all
clinically stable patients undergoing MHD thrice weekly. There
are currently no data concerning dietary protein requirements
for patients undergoing MHD five or more times weekly. Most
likely, the safe dietary protein intakes for these latter individu-
als also will be at least 1.2 gm protein/kg/day.

Chronic Peritoneal Dialysis (CPD)

Blumenkrantz and co-workers studied protein and mineral
balances in eight clinically stable men who underwent 13
metabolic balance studies of 14 to 33 days’ duration in a clinical
research center (304). Patients were fed diets that provided an
average of 0.98 gm protein/kg/day or 1.44 gm protein/kg/day.
Total energy intake (diet plus dialysate) was 41.3 ± 1.9 and
42.1 ± 1.2 kcal/kg/day with the low and high protein diets,
respectively. Nitrogen balance, adjusted for changes in body
urea nitrogen but not for unmeasured losses, was +0.35 ±
0.83 gm per day with the 1.0 gm per kilogram protein diet
and +2.94 ± 0.54 gm per day with the higher protein intake
(p:NS). Only the latter balance was significantly positive, even
if nitrogen balances were adjusted by about 1.0 gm per day for
losses through skin, respiration, flatus, and blood sampling.
There was a curvilinear relationship between dietary protein
intake and nitrogen balance in the 13 studies (Fig. 103-1). Ni-
trogen balance rose as protein intake increased until protein

FIGURE 103-1. Relationship between dietary protein intake and ni-
trogen balance measured in 13 studies in 8 men undergoing CAPD.
Each circle represents the mean balance data observed in an individual
patient fed a constant diet for 14 to 33 days in a clinical research unit.
The curved line represents the calculated relationship between nitro-
gen balance and protein intake. (From: Blumenkrantz MJ, Kopple, JD,
Moran, JK, et al. Metabolic balance studies and dietary protein re-
quirements in patients undergoing continuous ambulatory peritoneal
dialysis. Kidney Int 1982;21:849, with permission.)

intake was 1.09 gm/kg/day. At this level, balance was signif-
icantly positive. As dietary protein increased above this level,
there was no further increment in nitrogen balance.

These findings are similar to those of Giordano and co-
workers, who reported neutral to positive nitrogen balance
in 7 of 8 CAPD patients who were fed about 1.2 gm pro-
tein/kg/day (305). Gahl and associates reported neutral or pos-
itive nitrogen balance in 5 outpatients undergoing CAPD who
were ingesting lower protein diets that provided 0.71 to 0.96
gm protein/kg/day, but feces were not collected (306). Lind-
holm and co-workers carried out short-term (10- to 14-day)
balance studies in 10 patients undergoing CAPD who were
fed diets containing 0.76 to 1.07 gm protein/kg/day (307). To-
tal energy intake was about 29 kcal/kg/day. Nitrogen balance,
adjusted for unmeasured losses, was positive in all patients.
However, there was a positive correlation between protein in-
take and nitrogen balance in these patients.

Based on the foregoing reports, it seems prudent to pre-
scribe 1.2 to 1.3 gm protein/kg/day to CAPD patients. This
is the recommendation of the NKF K/DOQI Clinical Practice
Guidelines on Nutrition in CRF for clinically stable CPD pa-
tients (308). As with MHD patients, at least 50% of the dietary
protein should be of high biological value (308). It is possi-
ble that CAPD patients who are protein depleted may become
more anabolic when they ingest up to 1.5 gm protein/kg/day
(see Fig. 103-1). In most CAPD patients, SUN levels and ure-
mic toxicity should be adequately controlled with this protein
intake, although there may be a need in some patients to in-
crease the number of dialysate exchanges or at least the volume
of dialysate outflow.

The author is unaware of any studies concerning dietary
protein requirements of patients undergoing automated peri-
toneal dialysis. Since, the protein and amino acid losses with
these latter peritoneal dialysis techniques should not be much
different than with CAPD, the dietary requirements are prob-
ably similar to those of the patient receiving CAPD. It should
be noted that there have been other nitrogen balance studies in
MHD or CPD patients (309–311). However, either total nitro-
gen intake and/or outputs were not directly measured in these
investigations or the duration of the study was too short to
effectively interpret the results. Since measurement of nitrogen
balances requires rigor and precision to obtain accurate data
(312), the results of these latter studies are difficult to interpret.

It has been shown that patients classified as high peritoneal
transporters by the peritoneal equilibration test lose more pro-
tein and amino acids into peritoneal dialysate than those classi-
fied as low transporters (e.g., typical 24-hour losses in high vs.
low transporters: albumin, 4.9 ± 2 (SD) vs. 3.2 ± 1 gm/day, p
<0.03, total free amino acids, 15.4 ± 4 vs. 10 ± 4 mmol/day,
p = 0.002) (193,194,194a). This trend is shown in all studies of
high vs. low transporters. The high transporters also have, on
average, lower serum albumin levels (313,314). The difference
in protein and amino acid losses with high versus low trans-
porters, however, are not great. Dietary protein intakes of 1.2
to 1.3 gm/kg/day should provide sufficient amounts of protein
and amino acids to compensate for the increased peritoneal
losses if the endogenous synthetic function for serum proteins
is normal.

Some nephrologists describe MHD or CPD patients who
have dietary protein intakes of about 0.9 to 1.0 gm/kg/day and
who do not appear protein depleted and lead physically ac-
tive, rehabilitated lives. These observations have raised ques-
tions as to whether the foregoing recommended dietary protein
intake may be excessive for MD patients. Several comments
may be pertinent in this regard. First, the number of MHD
or CPD patients who have undergone careful nitrogen balance
or other studies of their dietary protein requirements is small,
and conclusions concerning their dietary protein needs there-
fore are somewhat imprecise; this is particularly true for MHD.
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Moreover, some MD patients who appear to be doing well will,
on close inspection, turn out to have evidence for protein deple-
tion. Epidemiological studies have associated low protein in-
takes and protein depletion, even in mild forms, with increased
mortality (131,132,207,209).

On the other hand, the concept of dietary allowances pre-
supposes that in order to ensure a sufficient nutrient intake for
virtually all individuals (i.e., about 97%) in a given population,
the recommended allowance must be greater than the actual re-
quirement for a large proportion of that population (315). This
reasoning is similar to that used by the World Health Organiza-
tion to determine the recommended dietary protein intakes for
normal adults (316). Thus, if the recommended dietary pro-
tein allowance is 1.2 to 1.3 gm/kg/day, it is to be expected
that many patients will tolerate lower protein intakes without
developing protein depletion. At present, there is no known
method that will identify in advance, under the conditions of
clinical practice, which patients can safely ingest lower levels of
protein. Hence, to be safe, unless the patient can be shown to
maintain a healthy nutritional status on a low protein intake,
he should be prescribed the recommended dietary allowance,
an especially relevant consideration given the high incidence
of protein malnutrition in MHD and CPD patients. Finally,
subtle forms of malnutrition are particularly difficult to detect.
The recommended protein intakes may provide some protec-
tion against mild forms of protein malnutrition. In this regard,
more recent data suggest that a healthy serum albumin con-
centration may be about 4.0 to 5.0 gm per dL, which is higher
than the not uncommonly used standard of 3.5 to 5.0 gm per
dL (63).

ENERGY

In nondialyzed CRF patients and patients undergoing MHD
or CAPD, energy expenditure, measured by indirect calorime-
try appears to be normal during resting and sitting, follow-
ing ingestion of a standard meal, and with defined exercise
(302,317–323). In two studies of nondialyzed CRF or MHD
and CPD patients, resting energy expenditure was increased
(321,324). Resting energy expenditure also has been reported
to be increased during the hemodialysis procedure in two stud-
ies (321,324); but this elevation in energy expenditure may
have been due to the specific dynamic action from recently
ingested foods. What is most impressive about the foregoing
studies is that there is no report of decreased energy expendi-
ture in CRF, MHD or CPD patients.

Nitrogen balance studies in nondialyzed stage 5 CKD pa-
tients ingesting 0.55 to 0.60 gm protein/kg/day indicate that the
amount of energy intake necessary to ensure neutral or posi-
tive nitrogen balance is approximately 35 kcal/kg/day (302).
In clinically stable patients undergoing MHD who ingested
1.13 ± 0.02 (SEM) gm protein/kg/day, nitrogen balance stud-
ies and anthropometric measurements indicate that close to 38
kcal/kg/day may be necessary to maintain body mass (325).
On the other hand, virtually every study of the dietary habits
of nondialyzed stage 4 and 5 CKD patients and MHD and
CPD patients indicates that their mean energy intakes are
lower than this level, usually about 24 to 27 kcal/kg/day
(47,53,81,82,326). Children with CRF also have low energy in-
takes (51,327–329). Indeed, food preferences and eating habits
are altered in patients with CRF (330,331). The finding that in
nondialyzed patients with advanced CRF or patients undergo-
ing MHD, decreased body fat is one of the more prominent
alterations in nutritional status supports the contention that
these patients require more energy than they usually ingest
(47,49,53,208–211).

There are no nitrogen balance studies in CPD patients in
which protein intake has been kept constant while energy in-

take was varied; although as indicated earlier, resting energy
expenditure in CAPD patients is not different than normal
(320). Many patients undergoing CPD tend to gain body fat
and weight (52), probably due to the glucose uptake from
dialysate exchanges. The surges in plasma insulin that accom-
pany the peritoneal instillation of fresh dialysate and enhanced
glucose absorption may also contribute to the increase in body
fat of CPD patients. The quantity of glucose absorbed from
CAPD is reported to vary between 78 and 316 gm per day
(118,332–335). There is a close correlation for CAPD between
the quantity of glucose instilled into the peritoneal cavity each
day (X) and the quantity of glucose absorbed (334); (Y), viz.,
Y (gm/day) = 0.89X (gm/day) − 43, r = 0.91. In any individ-
ual patient, the daily rate of glucose absorption with the same
dialysis regimen appears to be rather constant.

The NKF K/DOQI Clinical Practice Guidelines for Nutri-
tion in CRF recommend that the energy intake for nondialyzed
CRF patients (GFR less than 25 mL/minute) and for MHD and
CPD patients should be 35 kcal/kg/day for individuals who are
less than 60 years of age and 30 to 35 kcal/kg/day for those
who are 60 years of age or older (Table 103-5) (336,337). This
intake includes energy derived from the diet as well as from any
fuels taken up from dialysate in MHD or CPD patients. Because
individuals more than 60-years-old tend to be more sedentary,
their recommended energy intake is somewhat lower. These
recommendations are rather similar to those for normal indi-
viduals engaged in light to moderate activity as put forth in the
Recommended Dietary Allowances by the Food and Nutrition
Board, National Academy of Sciences (315). The same energy
intakes are recommended for people with stage 3 or 4 CKD
(i.e., GFR <60 mL/minute/1.73 m2). Patients who are obese
with an edema-free body weight greater than 120% of desir-
able body weight may be treated with lower calorie intakes.
Some patients, particularly those with more mild renal insuffi-
ciency and young or middle-aged women, may become obese
on this energy intake or may refuse to ingest the recommended
calories out of fear of obesity. These individuals may require a
lower energy prescription.

As indicated earlier, energy (and protein) intake seem to de-
crease when the GFR falls to about 35 to 50 mL/minute/1.73
m2 (see the previous text) (76). Thus, to prevent malnutrition, it
is important to monitor dietary intake and to treat inadequate
intakes, even in clinically stable healthy appearing adults, when
the GFR decreases to this level. This level of GFR may be as-
sociated with a serum creatinine as low as 1.4 to 2.5 mg/dL in
some adult patients.

There are many commercially available high-calorie food-
stuffs that are low in protein, sodium and potassium. The re-
nal dietician can recommend these products as well as other
low protein, high calorie foods that can be prepared easily at
home.

TREATMENT OF RISK FACTORS
FOR VASCULAR DISEASE

Lipids

There are a number of reviews of the causes for the abnormal
serum lipids and lipoproteins in these patients (21–23,26).
Stage 4 and 5 CKD patients and patients undergoing MHD
and CPD have a high incidence of increased serum triglyceride
levels, IDL, and very LDL (VLDL), and serum lipoprotein (a)
Lp(a); serum high density lipoprotein (HDL) cholesterol is
often low in CRF and MHD patients (21–26). CPD patients,
often have higher serum total cholesterol, triglycerides, LDL
cholesterol and apolipoprotein B levels than do MHD patients
(33–35,338). Qualitative changes in the apolipoprotein
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concentrations also occur; among these is an increase in small
dense LDL (sd LDL) (27).

Elevated serum triglyceride levels in uremia appear to be
caused primarily by impaired catabolism of triglyceride rich
lipoproteins (32,339,340). This reduced catabolic rate leads
to increased quantities of apoB-containing triglyceride-rich
lipoproteins in IDL and VLDL and reduced concentrations of
HDL. The key alteration in the apolipoprotein levels appears
to be a decreased ratio of apoA-1 to apoC-III (341). Activities
of plasma and hepatic lipoprotein lipase and lecithin choles-
terol acyltransferase (LCAT) are reduced (21,22,26). Also, be-
cause diets for renal failure patients are usually restricted in
protein, sodium, potassium, and water, it is often difficult to
provide sufficient energy without resorting to a large intake
of purified sugars that may increase triglyceride production.
CPD, which provides a glucose load, appears to promote a
further increase serum triglycerides and cholesterol. Patients
with the nephrotic syndrome usually have hypertriglyceridemia
with increased serum total, cholesterol, and LDL cholesterol.
Low density lipoproteins, IDL, VLDL, and Lp(a) are increased
(268), and serum HDL tends to be low. Serum phospholipids,
and apoproteins B, C-II, C-III, and E are increased, whereas
apoproteins A-I and A-II are normal (342). Elevated serum
cholesterol is caused by increased hepatic synthesis of lipopro-
teins and cholesterol and reduction in LDL receptor activ-
ity, which plays an important role in the clearance of IDL.
These changes are stimulated by urinary albumin losses. De-
creased activity of lipoprotein lipase contributes to the ele-
vated serum triglyceride levels. There is elevated plasma choles-
terol ester transfer protein (CETP) and decreased catabolism
of LDL apolipoprotein, at least by the more typical receptor
pathway.

Renal transplant recipients may have high serum total and
LDL cholesterol. LDL and IDL lipoproteins are increased. In-
creased serum total cholesterol, LDL-cholesterol and triglyc-
erides are more likely to be present in transplant recipients
with chronic rejection and to correlate with a decrease in kid-
ney function (343–345). Medicinal therapy (glucocorticoids,
cyclosporine A, sirolimus, tacrolimus, diuretics, and certain
antihypertensives), renal failure, fasting hyperinsulinemia, and
obesity, commonly present in renal transplant recipients, may
add to the high incidence of serum lipid disorders.

Since alterations in lipid metabolism and serum lipids may
contribute to the high incidence of atherosclerosis and car-
diovascular cerebrovascular and peripheral vascular disease
in CRF patients, attention has been directed toward reducing
serum triglycerides and LDL cholesterol and increasing HDL
cholesterol. Treatment of altered lipid levels and the risk of
cardiac and vascular disease involves three components: nutri-
ent intake, medicines, and exercise. It should be emphasized
that publication of clinical trials comparing these three forms
of therapy to outcome are just beginning to emerge, and most
recommendations are derived from studies conducted in pop-
ulations not selected to have renal disease.

We recommend a dietary plan that is based upon the Na-
tional Cholesterol Education Program (NCEP) Therapeutic
Lifestyle Changes (TLC) diet for all patients with CKD, includ-
ing MHD and CPD patients, patients with the nephrotic syn-
drome and renal transplant recipients, especially if their serum
LDL levels are over 100 mg/dL (346). Since all of these patients
are at high risk for cardiovascular, cerebrovascular and periph-
eral vascular disease, we prefer to set a target LDL cholesterol
of 70 mg/dL.

The TLC diet provides the following (346): No more than
25% to 35% of total calories from fat, polyunsaturated fatty
acids providing up to 10% of total calories, monounsaturated
fatty acids providing up to 20% of total calories, saturated
fatty acids providing less than 7 percent of total calories, and a
cholesterol content of 200 mg per day or lower. Carbohydrate

intake should be 50% to 60% of total calories and derived pre-
dominantly from foods rich in complex carbohydrates. Fiber
intake should be 20 to 30 g/day (346). Since the TLC diet may
be less palatable to many patients, their energy intake should
be monitored to ensure that it remains adequate (see the sub-
sequent text). Patients are encouraged to control calorie intake
to avoid becoming substantially overweight or frankly obese.
(i.e., BMI greater than about 28 kg/m2).

It is recognized that most individuals will not be able to
adhere exactly to the TLC diet. However, there is reason to
believe that even some modifications of dietary intake in the
direction of lowering serum cholesterol may reduce the risk of
adverse vascular events (347). Moreover, if CKD patients are
not counseled on the characteristics and rationale underlying
this diet, they may eat even a less healthy diet as they grow
older.

Omega-3 fatty acids (e.g., eicosapentaenoic acid and do-
cosahexaenoic acid, which are found in fish oil) lower serum
triglycerides and have more variable effects on serum LDL
cholesterol and HDL cholesterol (349). Fish oil also decreases
platelet aggregation and appears to exert antiinflammatory ef-
fects, and omega-3 fatty acids may enhance immune function.
Low-fat diets and lipid-lowering medicines retard the rate of
progression of renal failure in animal models (350–352). In
humans, some research suggests that omega-3 fatty acids may
lower the progression of renal failure in renal transplant pa-
tients (353). A preponderance of studies suggest that omega-3
fatty acids given as fish oil may retard the rate of progression
of IgA nephropathy (354–357).

3-Hydroxy-3-methylglutaryl coenzyme A reductase in-
hibitors (statins) have been shown in the general population
to reduce coronary artery morbidity and mortality in certain
groups of high risk coronary heart disease patients (358).
These findings have stimulated enormous interest in the use
of these agents in persons with CKD. Interest has been fur-
ther enhanced by the findings that, in addition to their LDL-
cholesterol lowering effects, statins may slightly increase serum
HDL-cholesterol and have antiinflammatory; antithrombotic,
fibrinolytic effects, may inhibit NF-KB activation, increase ni-
tric oxide biosynthesis and bioavailability, decrease synthesis of
certain proinflammatory cytokines, improve impaired endothe-
lial function and protect against progressive renal injury in an-
imals (358,359). Statins clearly decrease LDL cholesterol in
CKD patients including patients with the nephrotic syndrome,
maintenance dialysis patients and renal transplant recipients
(360–363). Statins appear to be safe (362–364). In the HOPE
Trial, when those individuals with serum creatinine concentra-
tions greater than 1.4 mg/dL were analyzed separately, those
with either diabetes mellitus or hypertension who were given
ramipril had a significantly lower incidence of the composite
outcome (stroke, nonfatal myocardial infarction or all cause
mortality) (365). On the other hand, in the 4D study of 1,255
MHD patients who were randomized to either atorvastatin or
placebo, there was no reduction in cardiovascular or all-cause
mortality in the atorvastatin-treated group (364).

A recent study examined 56 nondiabetic mild to moder-
ate CKD patients receiving an angiotensin converting enzyme
(ACE) inhibitor or an angiotensin AT1 receptor antagonist
(ARB) for 1 year who were then randomized to also receive
atorvastatin or placebo for 1 year. In those given atorvastatin,
proteinuria decreased significantly; whereas in the placebo
treated group only, the creatinine clearance fell significantly
(362). In a posthoc subset analysis of nondiabetic CKD patients
from the CARE trial, those patients with a GFR less than 40
mL/minute who were treated with pravastatin as compared to
placebo displayed a slower of loss of GFR, as determined from
the MDRD GFR equation (361). In patients who had protein-
uria, as determined by a positive dipstick, and who had initial
GFR levels less than 50 mL/minute, pravastatin treatment was
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associated with a slower loss of GFR (361). The fibric acid
derivative, fenofibrate, also reduced progression to albumin-
uria in type 2 diabetic patients in the DAIS study (365a). It
is important to keep in mind that both statins and fibric acid
derivatives can induce a number of side effects including a my-
opathy (366) and that the combined use of a statin and a fibrate
in kidney insufficiency are particularly likely to cause a severe
myopathy and should be used together with great caution, if
ever.

Abnormal carnitine metabolism (see the subsequent text)
has been implicated as a cause of hypertriglyceridemia in
CRF. However, the many studies of treatment of hypertriglyc-
eridemia with carnitine in patients with CRF are divided be-
tween substantial numbers that show carnitine lowers serum
triglycerides and substantial numbers that show no change or,
rarely, a rise in serum triglycerides (367,368). Ingestion of ac-
tivated charcoal may lower serum cholesterol and triglycerides
in chronically azotemic rats (369). Sevelamer HCl, which binds
phosphate in the gastrointestinal tract, also lowers serum LDL-
cholesterol and increases serum HDL-cholesterol (370).

Other Potential Techniques for Reducing
Cardiovascular Risk

Evidence for the protective nature of other methods for reduc-
ing cardiovascular risk is largely obtained from clinical trials
in the general population. Antiplatelet therapy, such as aspirin,
has been shown to reduce the risk of myocardial infarction in
adult high risk patients, by 25%, (371) and also in CKD pa-
tients (371a) and maintenance dialysis patients (371b). In CRF
patients, impaired hemostasis caused by aspirin may increase
the risk of bleeding. A dose of 100 mg aspirin per day taken by
CKD patients, maintenance dialysis patients or renal transplant
recipients increased the risk of minor bleeding (e.g., epistaxis,
ecchymoses, or bruising) by threefold (p = 0.001). However, it
did not increase the risk of major bleeding episodes (e.g., lead-
ing to hospitalization or fatality) or of more rapid loss of renal
function (363).

Multifactorial intervention may also reduce the risk of ad-
verse cardiovascular events in patients with Type 2 diabetes
mellitus (372). The intervention consisted of dietary treatment
(fat intake less than 30% of daily energy intake, saturated
fatty acids less than 10% of daily intake), 30 minutes of light
to moderate exercise three to five times per week, smoking
cessation classes for smokers, daily intake of ACE inhibitors
or ARBs irrespective of blood pressure, daily vitamin-mineral
supplements providing vitamin C 250 mg; D-alpha-tocopherol
100 mg, folic acid 400 μg, chromium picolinate 100 μg, as-
pirin (unless there were contraindicators), aggressive control
of blood glucose, blood pressure, hypercholesterolemia and
hypertriglyceridemia. These patients receiving this intensive
therapy had a significantly lower risk of adverse cardiovascu-
lar events, renal disease (albuminuria greater than 300 mg/24
hours in two of three consecutive urine specimens), retinopathy
and automatic neuropathy.

More intensive counseling of diabetic patients may signif-
icantly reduce the magnitude of albuminuria, the rate of pro-
gression of renal failure, adverse cardiovascular events and
stroke (373). Other reports indicate that in individuals with
borderline abnormal glucose tolerance tests, dietary counsel-
ing and exercise can delay the onset of diabetes mellitus (374).

Low serum HDL-cholesterol, a common phenomenon in
CRF patients, appears to be an independent risk factor for
adverse coronary artery events (375). A recent single blind,
placebo controlled study indicated that an inhibitor of the
cholesterol ester transfer protein, torcetrapib, can increase
plasma HDL-cholesterol by an average of 46% (p <0.001)

to 106% (p <0.001) depending on the dose of torcetrapib and
whether atorvastatin was also taken (376). Treatment for hy-
perhomocysteinemia is discussed later.

At present, we recommend a TLC NCEP diet for nondi-
alyzed patients with CRF, and maintenance dialysis patients
and renal transplant recipients (see the previous text) (346). We
treat hypertriglyceridemia by dietary modification or medicines
only when fasting serum triglycerides are very high (i.e., 500
mg/dL or more). In this situation, dietary fat intake may be in-
creased, but not above 40% of total calories. A high proportion
of dietary carbohydrates should be complex. These modifica-
tions often lower the palatability of the diet; therefore, the pa-
tient’s total energy intake must be monitored closely to ensure
that it does not fall to levels that are inadequate to maintain
desirable body and protein mass.

With high serum triglyceride values that are unresponsive
to dietary therapy, a fibrate (e.g., fenofibrate) may be tried cau-
tiously. For CPD patients, L-carnitine about 500 to 1,000 mg
per day, or, for hemodialysis patients, L-carnitine, 10 to 20
mg/kg/day at the end of each dialysis three times weekly, may be
tried if hypertriglyceridemia is severe and unresponsive to these
treatments. The author’s target for serum LDL-cholesterol is 70
mg/dL. This concentration may be attained with a 3-hydroxy-
3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitor
in addition to the TLC diet. In the general population, higher
doses of statins may be more protective against adverse cardio-
vascular events (348). Occasionally, it may be necessary to add
the medicine ezetimibe, which reduces intestinal cholesterol
absorption, to statins or other cholesterol-lowering medicines
in order to reach these target serum concentrations of LDL-
cholesterol (377).

Oxidant and Carbonyl Stress

Evidence suggests that end-stage renal disease is associated with
oxidant and carbonyl stress and often with a state of chronic
inflammation, and that these factors may promote atheroscle-
rotic and proliferative vascular disease (36–41, see the earlier
text). At present, there are no interventional trials evaluating
the effects of reduction of these risk factors on morbidity or
mortality of CRF or MD patients. Nevertheless, the high risk
of cardiovascular disease and the evidence for oxidant and car-
bonyl stress and inflammation in CRF and MD patients has
raised questions as to whether the following treatments may
be beneficial for these individuals. Larger flux dialyzers that
remove greater amounts of advanced glycation end products,
and other reactive carbonyl compounds may be helpful. It is
possible to ingest antioxidants or antioxidant precursors, such
as vitamins E or C (see the subsequent vitamin section) or sele-
nium. Supplemental selenium must be taken with caution be-
cause selenium is primarily excreted in the urine and may accu-
mulate in renal failure (378). Also, it is difficult to measure the
body selenium burden because it is protein bound in plasma
and the possibility of altered concentrations or binding affini-
ties for the binding protein may make it difficult to identify
selenium excess. One glass/day of an alcoholic drink, perhaps
particularly of red wine, HMG CoA reductase inhibitors, and
regular exercise may also reduce oxidant stress (379).

Homocysteine

Plasma homocysteine is increased in nondialyzed chronic re-
nal failure patients as well as in about 90% to 95% of MHD
and CPD patients (216,217,380–387). The mechanism for this
increase is unclear but may involve impaired remethylation of
homocysteine back to methionine (381). In the general pop-
ulation, elevated plasma homocysteine is associated with a
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high incidence of cardiovascular disease possibly through three
biochemical mechanisms (380): homocysteine oxidation gener-
ating hydrogen peroxide, decreased methylation reaction due
to accumulation of S-adenosylhomocysteine, and acylation of
proteins by homocysteine thiolactone. These processes lead to
damaged membrane proteins, endothelial injury, inhibition of
endothelial cell growth as well as other effects. In renal failure
patients, hyperhomocysteinemia has been shown to be a risk
factor for cardiovascular disease in some (216,383–385), but
not all (217,386), epidemiological studies. In addition to renal
failure, low serum folate levels, and possibly protein-energy
malnutrition (216), a common mutation in the methylenete-
trahydrofolate reductase gene, C677T, is associated with higher
plasma homocysteine concentrations (382).

Vitamin B6 is a cofactor for cystathionine synthetase, which
catalyzes the conversion of methionine to cystathionine, and
for cystathionase, which converts cystathionine to cysteine.
Pyridoxine HCl, a form of vitamin B6, generally does not
lower plasma homocysteine in CRF or MD patients. The folate
metabolite, tetrahydrofolic acid, is necessary for the remethy-
lation of homocysteine to reform methionine, and folic acid
or folinic acid supplements will often decrease plasma ho-
mocysteine concentrations in nondialyzed CRF and MD pa-
tients, although usually not to normal values (380,386,387).
The lowest dose of folic acid associated with the maximum
lowering effect on plasma homocysteine appears to be about
5 to 15 mg/day (385–387). The U.S. Veterans Administration
is currently conducting a multicenter randomized double blind
placebo-controlled study (HOST Study) in nondialyzed CRF
and maintenance dialysis patients to ascertain whether large
doses of a combination of folic acid, pyridoxine HCl and vita-
min B12 will reduce adverse cardiovascular events and all-cause
mortality (see the vitamin section subsequently).

OTHER NUTRIENTS IN CHRONIC
KIDNEY DISEASE—CARNITINE

Carnitine is a naturally occurring compound that is essential
for life. It is both synthesized in the body and ingested. Car-
nitine facilitates the transfer of long chain (>10 carbon) fatty
acids into muscle mitochondria (367,368). Since fatty acids are
the major fuel source for skeletal and myocardial muscle at rest
and during mild to moderate exercise, this activity is considered
necessary for normal skeletal and cardiac muscle function. It is
also argued that carnitine normally serves a detoxifying func-
tion by removing fatty acids from coenzyme A (i.e., from acyl-
coenzyme A), thereby forming acylcarnitine and free coenzyme
A (388). Acylcoenzyme A is toxic or inhibitory for a number
of biochemical reactions.

Patients undergoing maintenance dialysis, and particularly
maintenance hemodialysis, but not patients with advanced
CRF, display low serum free carnitine and, in some but not
all studies, low skeletal muscle free and total carnitine lev-
els (87,367,368,389–392). Also, in patients with stage 4 or
5 CKD, including those undergoing maintenance dialysis,
serum and, in some reports, in MHD patients, muscle acyl-
carnitines (fatty acid-carnitine compounds) are increased, and
serum total carnitine (i.e., acylcarnitines plus free carnitine)
is normal or elevated (87,367,368,391,392). The low serum
and skeletal muscle free carnitine levels have led some inves-
tigators to postulate that many maintenance dialysis patients
are carnitine deficient. Such a deficiency could be due to im-
paired synthesis of carnitine in vivo, reduced dietary intake
of carnitine, and removal of carnitine by dialysis (367,368).
The weekly loss of free carnitine by dialysis is reported to be
approximately equal to the normal weekly urinary excretion
of carnitine. However, the finding that serum free carnitine is

normal in nondialyzed patients with advanced stage 5 CKD
and decreases after the onset of maintenance dialysis therapy
is consistent with the thesis that dialysis of L-carnitine is the
major cause of low serum carnitine in maintenance dialysis
patients (393,394). Oral or intravenous administration of car-
nitine in maintenance dialysis patients often does not lead to
rapid changes in the patient’s clinical status, whereas in a num-
ber of studies longer term administration of L-carnitine is as-
sociated with clinical improvement. These findings have been
interpreted to suggest that a simple deficiency of carnitine is
not the sole cause of carnitine disorders in patients with CRF.
One theory has been advanced that production of acylcarni-
tine is enhanced in CRF and MD patients due to alterations in
lipid or carnitine metabolism (388). Another theory contends
that increased concentrations of acylcarnitines interfere with
normal carnitine physiology (368,395).

A number of clinical trials in patients with CRF, partic-
ularly those patients undergoing maintenance dialysis ther-
apy, suggest that L-carnitine may provide clinical benefits. The
types of improvement that have been described in randomized
prospective studies include increased physical exercise capac-
ity, reduced interdialytic symptoms of skeletal muscle cramps
or hypertension, or improvement in overall global sense of
well being or various symptoms often found in CRF patients
(396,397). A decrease in predialysis serum urea, creatinine,
and phosphorus and an increase in midarm muscle circumfer-
ence have been reported (396); the mechanisms responsible for
these effects are not clear. In this regard, one study suggests that
L-carnitine added to peritoneal dialysate may increase nitrogen
balance in CAPD patients who have protein-energy malnutri-
tion (398). Other studies, usually nonrandomized, suggest that
carnitine may increase hematocrit, reduce cardiac arrhythmias
and improve ventricular function in maintenance dialysis pa-
tients (397,399–402).

Many nephrologists remain unconvinced by the published
results of carnitine benefits. The reasons are that a number of
the studies were not designed well (e.g., not prospective and
randomized or not double-blinded), the results were not con-
sistent in all studies, the outcome measures were often soft or
difficult to quantify precisely, and it seems that patients may
not respond to carnitine treatment for up to several months.
Nonetheless, many published studies concerning carnitine in
MD patients appear to show benefits. Also, L-carnitine ap-
pears to be a safe agent. The NKF K/DOQI Clinical Practice
Guidelines for Nutrition (403) conclude that “there are insuf-
ficient data to support the routine use of L-carnitine for main-
tenance dialysis patients. Although the administration of L-
carnitine may improve subjective symptoms such as malaise,
muscle weakness, intradialytic cramps and hypotension, and
quality of life in selected maintenance dialysis patients, the to-
tality of evidence is insufficient to recommend its routine pro-
vision for any proposed clinical disorder without prior evalua-
tion and attempts at standard therapy. The most promising of
proposed applications is treatment of erythropoietin-resistant
anemia.”

Until more definitive studies are available, it is the author’s
policy to utilize L-carnitine for MHD or CPD patients who sat-
isfy both of the following conditions: a) Disabling or very both-
ersome skeletal muscle weakness or cardiomyopathy, skeletal
muscle cramps or hypotension during hemodialysis treatment,
severe malaise, or anemia refractory to erythropoietin therapy
for no apparent or correctable cause; and b) These conditions
do not respond to more standard treatment. The patient is
given a 3- to 6-month trial of L-carnitine (up to 9 months for
refractory anemia). If there is no measurable improvement in
symptoms by the end of the treatment period, carnitine ther-
apy is discontinued. L-carnitine may be administered orally,
intravenously or into dialysate. Oral L-carnitine is less expen-
sive, but has been less well studied than intravenous carnitine
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for MD patients. The optimal dose of carnitine is not well-
defined. Some workers use an L-carnitine dose of 20 mg/kg at
the end of each hemodialysis, three times weekly (392,397).

CARBOHYDRATES

Patients should be encouraged to eat complex rather than pu-
rified carbohydrates to reduce triglyceride synthesis and to im-
prove glucose tolerance if it is abnormal.

SODIUM

Normally, the renal tubules reabsorb more than 99% of the fil-
tered sodium (404). As renal insufficiency progresses, both the
glomerular filtration and the fractional reabsorption of sodium
fall progressively. Thus, many patients with renal failure are
able to maintain sodium balance with a normal sodium in-
take. In both normal individuals and people with CRF, only
about 1 to 3 mEq per day of sodium are excreted in the fe-
ces, and in the absence of visible sweating, only a few meq
per day of sodium are lost through the skin. Despite the adap-
tive reduction in the renal tubular reabsorption of sodium, pa-
tients with advanced renal failure may be unable to excrete
the quantity of sodium ingested, and they may develop edema,
hypertension, and congestive heart failure. This syndrome is
particularly likely to occur when the GFR is below 4 to 10 mL
per minute. When congestive heart failure, the nephrotic syn-
drome, or advanced liver disease complicates renal insuffi-
ciency, the propensity for sodium retention is increased. In
renal failure patients, hypertension often is more easily con-
trolled when they are sodium restricted, and hypertension may
be accentuated by an increased sodium intake, probably be-
cause of expanded extracellular fluid volume (405) and possi-
bly due to altered intracellular electrolyte composition within
arteriolar smooth muscle cells that increase contractility. With
a decreased ability to excrete sodium or an expanded extracel-
lular fluid volume, restriction of sodium and water intake and
the use of diuretic medications may be necessary.

Nondialyzed patients with CRF often have an inability to
conserve sodium normally (6,404). A low sodium intake may
not be sufficient to replace urinary and extrarenal sodium
losses, and the patient may develop sodium depletion, a de-
crease in extracellular fluid volume, blood volume, renal blood
flow, and a further reduction in GFR (i.e., prerenal insufficiency
superimposed on CRF). Volume depletion may be difficult to
recognize. Unexplained weight loss or reduction in blood pres-
sure may be signs of volume depletion. If the nondialyzed pa-
tient with CRF does not have evidence of fluid overload, hyper-
tension, or heart failure, he may be cautiously given a greater
sodium intake to determine whether the GFR can be improved
slightly by extracellular volume expansion.

The antiproteinuric effects of ACE inhibitors and prob-
ably ARBs are substantially abrogated by high sodium di-
ets; as urinary sodium excretion rises above approximately
100 mEq/day, the antiproteinuric effects of these agents abate
(406). Treatment with a thiazide diuretic appears to almost
completely reestablish the urinary protein lowering effects of
the ACE inhibitors in the presence of these higher sodium in-
takes (406).

Usually, when sodium balance is well controlled, the thirst
mechanism will regulate water balance adequately. However,
when the GFR falls below 2 to 5 mL per minute, the risk of
overhydration increases, and water intake should be controlled
independently of sodium to prevent overhydration. In patients
with diabetes mellitus, hyperglycemia may also increase thirst
and enhance positive water balance. For patients with far ad-
vanced renal failure whose total body water is considered ap-

propriate (as indicated by normal or near normal blood pres-
sure, absence of edema, and normal serum sodium), urine vol-
ume may be a good guide to water intake; the daily water intake
should equal the urine output plus approximately 500 mL to
replace insensible losses.

In most nondialyzed patients with advanced renal failure, a
daily intake of 1,000 to 3,000 mg (40 to 130 meq) of sodium
and 1,500 to 3,000 mL of fluid will maintain sodium and
water balance. The requirement for sodium and water varies
markedly, and each patient must be managed individually. Pa-
tients undergoing MHD or CPD frequently are oliguric or
anuric. For hemodialysis patients, sodium and total fluid in-
take generally should be restricted to 1,000 to 2,000 mg per day
and 1,000 to 1,500 mL per day, respectively. Because sodium
and water can be removed easily with CAPD or other forms of
CPD, a more liberal salt and water intake is usually allowed.
Indeed, by maintaining a larger dietary sodium and water in-
take, the quantity of fluid removed from the CPD patient and
hence the daily dialysate outflow volume can be increased.
This may be advantageous, since with CPD the daily clear-
ance of small- and middle-sized molecules is directly related to
the volume of dialysate outflow. Thus, for some CPD patients,
a higher sodium and water intake (e.g., 6 to 8 gm per day of
sodium and 3 L per day of water) may enable the patient to
use more hypertonic or hyperoncotic dialysate to increase the
dialysate outflow volume, thereby increasing dialysate clear-
ances and energy uptake from dialysate, if hypertonic glucose is
used.

This treatment may be undesirable for obese or severely hy-
pertriglyceridemic patients, because the greater use of hyper-
tonic glucose exchanges will increase their glucose load. Also,
there is the potential disadvantage that some patients may be-
come habituated to high salt and water intakes; if they change
to hemodialysis therapy, they may have difficulty in curtailing
their sodium and water intake.

In nondialyzed CKD patients or patients undergoing main-
tenance dialysis who are not anuric and who gain excessive
sodium or water despite attempts at dietary restriction, a po-
tent diuretic, such as furosemide or bumetanide, may be tried
to increase urinary sodium and water excretion.

POTASSIUM

The kidney normally is the major vehicle for potassium excre-
tion. In renal failure, potassium retention may occur and cause
fatal hyperkalemia. Three factors may counteract this side ef-
fect of renal failure: First, when the urine volume is approxi-
mately 1,000 mL per day or greater, the tubular secretion of
potassium per unit GFR tends to increase, and therefore the re-
nal potassium clearance does not fall as markedly as the GFR.
Second, in both nondialyzed patients with CRF and mainte-
nance hemodialysis and CPD patients, the fecal excretion of
potassium increases, probably owing to enhanced intestinal
secretion (251,304). Third, potassium intake tends to fall as
a result of anorexia and also in response to dietary counseling.

Thus patients with CRF usually do not become hyper-
kalemic unless there is (a) excessive intake of potassium;
(b) acidemia, oliguria, hypoaldosteronism (e.g., secondary to
decreased renin secretion by the diseased kidney or renal tubu-
lar resistance to the actions of aldosterone); (c) catabolic stress;
or (d) hypoinsulinism or use of medicines such as ACE in-
hibitors, angiotensin receptor blockers, aldosterone receptor
blockers (e.g., spironolactone, eplerenone) and nonsteroidal
antiinflammatory drugs (407). Patients with stage 4 or stage
5 CKD (i.e., GFR less than 29 mL/minute), including those
undergoing maintenance dialysis, should generally receive no
more than 70 mEq of potassium per day.
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MAGNESIUM

In nondialyzed patients with CRF and in maintenance dialy-
sis patients, there is a net absorption of about 40% to 50%
of ingested magnesium from the intestinal tract (net absorp-
tion is the difference between dietary intake and fecal excre-
tion) (304,408). Since the absorbed magnesium is excreted pri-
marily by the kidney, hypermagnesemia may occur in renal
failure patients (409). Magnesium also commonly accrues in
bone in CRF and may play a causal role in renal osteodystro-
phy (410). The restricted diets of stage 4 or 5 CKD patients
are low in magnesium (usually about 100 to 300 mg per day
for a 40 gm protein diet), and the patients’ serum magnesium
levels are therefore usually normal or only slightly elevated
unless the patient takes substances that are high in magne-
sium content, such as magnesium-containing antacids and lax-
atives (408,409). Nondialyzed patients with stage 5 CKD re-
quire about 200 mg per day of magnesium to maintain neutral
magnesium balance (408). The optimal dietary magnesium al-
lowance for the maintenance dialysis patient has not been well
defined. Experience suggests that when the magnesium content
is about 1.0 meq per L in hemodialysate or 0.50 to 0.75 meq
per L in peritoneal dialysate, a dietary magnesium intake of
200 to 300 mg per day will maintain the serum magnesium at
normal or only slightly elevated levels.

PHOSPHORUS AND
PHOSPHATE BINDERS

The rationale for controlling dietary phosphorus and the use of
gastrointestinal binders of phosphate in order to prevent and
treat hyperphosphatemia, a high serum calcium-phosphorus
product, calcium phosphate deposition in soft tissue, and hy-
perparathyroidism are discussed in Chapters 89 and 96. This
section will consider the prescription of dietary phosphorus in-
take and phosphate binders. In renal failure patients, a large
dietary phosphorus intake can lead to a high plasma calcium-
phosphorus product with increased risk of calcium and phos-
phate deposition in soft tissues including arteries. Moreover,
hyperphosphatemia, by lowering serum calcium, provides a
strong stimulus to the development of hyperparathyroidism.
Also, animal and human studies suggest that a low phospho-
rus intake may reduce the rate of progression of renal failure
in individuals with CKD (411–414).

There are little data concerning the optimal level of phos-
phorus restriction for retarding progressive renal failure or for
minimizing or preventing hyperparathyroidism. For both stage
3 and 4 CKD patients, the serum phosphorus concentrations
should be maintained at or above 2.7 mg/dL and no higher than
4.6 mg/dL (415). Since there is a rough correlation between the
protein and phosphorus content of the diet, it is much easier
to reduce phosphorus intake if a lower protein diet is used.
One approach for patients with moderate to advanced CKD
(stages 3, 4 and 5) is to maintain phosphorus intake at about
10 to 14 mg/kg/day. This quantity of phosphorus intake is not
overly difficult to attain by patients who are ingesting a 0.60 to
0.70 gm protein/kg/day diet. For nondialyzed patients pre-
scribed a 0.55 to 0.60 gm protein/kg/day diet, the phosphorus
intake can often be decreased to as low as 8 to 9 mg/kg/day
although this may increase the burdensomeness of the diet. It
is usually difficult to comply with a dietary phosphorus pre-
scription below 10 mg/kg/day, even when patients ingest 0.55
to 0.60 g protein/kg/day.

The National Kidney Foundation KDOQI Clinical Practice
Guidelines for Bone Metabolism and Disease in Chronic Kid-
ney Disease recommends for patients with stage 5 CKD pa-

tients (GFR below 15 mL/minute/1.73 m2), including MHD
and CPD patients, that serum phosphorus be maintained be-
tween 3.5 to 5.5 mg/dL (415). This often requires a low phos-
phorus intake of about 800 to 1,000 mg/day, (i.e., about 12 to
17 mg phosphorus/kg/day) (415), particularly when CKD pa-
tients have elevated serum phosphorus concentrations and es-
pecially if they have moderate or severe hyperparathyroidism
(see the subsequent text). This higher upper limit was chosen
because with their greater protein intakes, dialysis patients can-
not readily ingest less phosphorus without making the diet too
restrictive. Without phosphate binders, there is a net intestinal
phosphate absorption (diet minus fecal phosphorus) of roughly
60% of the phosphorus intake (408). Therefore, this level of
dietary phosphorus restriction usually will not maintain nor-
mal serum phosphorus levels in patients with stage 5 CKD
(MHD and CPD patients), even with a substantial reduction in
the renal tubular reabsorption of phosphorus. Hence, binders
of gastrointestinal phosphate are also employed. Maintenance
dialysis patients almost always require phosphate binders to
prevent hyperphosphatemia. Serum phosphorus levels should
be monitored monthly following the initiation of dietary phos-
phorus restriction to ensure that serum phosphorus remains
within the normal range.

Traditionally, the two most commonly used phosphate
binders have been aluminum carbonate and aluminum hydrox-
ide. Usually, two to four 500 mg capsules taken three to four
times per day are needed. Larger doses may be used if necessary.
Evidence that aluminum-induced osteomalacia, anemia and de-
mentia may be caused by the intake of aluminum phosphate
binders has led nephrologists to use other phosphate binders,
and to only prescribe aluminum binders when other binders
are not safe, tolerated or sufficiently effective (416–419).

Several alkaline calcium salts bind phosphate. Calcium car-
bonate, calcium citrate, and calcium acetate have been used for
this purpose (420–423). Of these three compounds, calcium
acetate may have the greatest binding affinity to phosphate
and may be more effective at lowering serum parathyroid hor-
mone (423–425). Intestinal calcium absorption may be lower
with calcium acetate than with calcium carbonate or citrate
(423–425). However, calcium acetate may cause more symp-
toms such as nausea, diarrhea and constipation which may
reduce compliance (425). Hypercalcemia is reported to be less
common with calcium acetate as compared to calcium carbon-
ate (423). Calcium citrate enhances the intestinal absorption
of aluminum (422) and should not be given with aluminum
salts.

In general, calcium chloride should not be given to chron-
ically uremic patients because of its acidifying characteris-
tics. Because calcium preparations may contain phosphorus
and other ingredients, it is advisable to ascertain the com-
position of any new calcium preparation before it is taken
by a patient with renal insufficiency. Treatment with 1,25-
dihydroxycholecalciferol will decrease the daily calcium re-
quirement by enhancing intestinal calcium absorption (9,426).
Calcium binder doses should not provide more than about 600
to 1,500 mg of elemental calcium per day (total calcium in-
take [from diet plus binders] should not exceed 1,000 to 2,000
mg/day) to prevent excessive accumulation of calcium in soft
tissues (427).

Calcium binders should be taken in divided doses with meals
and should not be prescribed if the serum phosphorus level is
very high in order to avoid precipitation of calcium and phos-
phate in soft tissues. Thus, hyperphosphatemic patients may be
treated with other binders of phosphate (e.g., sevelamer HCl or
lanthanum carbonate) until serum phosphorus falls to normal
or near normal. At that time the regimen may be changed to a
calcium binder. Calcium comprises 40% of calcium carbonate,
25% of calcium acetate, 21% of calcium citrate, and 9% of
calcium gluconate.
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Two other noncalcium-nonaluminum-and nonmagnesium-
containing phosphate binders are currently available. These
include sevelamer HCl (428–432) and lanthanum carbonate
(433–435). Sevelamer HCl is often given in doses of two to six
800 mg capsules three or four times per day with meals. This
drug is generally well tolerated, although some individuals de-
velop discomfort or nausea and can become mildly acidemic
because of the large hydrochloride content of this prepara-
tion. Sevelamer hydrochloride also has the benefit of lowering
serum LDL-cholesterol, increasing serum HDL-cholesterol and
attenuating progression of calcification of the coronary and ar-
teries and aorta (428,432). Lanthanum carbonate appears to
be roughly as effective a phosphate binder as sevelamer HCl
and the calcium salts. Small quantities of lanthanum accumu-
late in tissues of maintenance dialysis patients with daily doses
(434); it has not been shown that these are harmful to patients.
If maintenance dialysis patients remain hypererphosphatemic
(serum phosphorus greater than greater than 5.5 mg/dL); these
latter two phosphate binders may need to be given in combi-
nation with each other or with calcium binders.

Interest in developing noncalcium containing phosphate
binders has intensified because of the recognition that the use
of calcium binders of phosphate results in soft tissue calcifica-
tion and particularly of arteries, including the coronary artery
(see the subsequent calcium discussion). Phosphate binders, in
general, bind only up to 300 to 400 mg phosphorus per day,
even when given in maximum doses. Thus, the use of phos-
phate binders does not substitute for the need to restrict dietary
phosphorus.

CALCIUM, VITAMIN D,
PARATHYROID HORMONE

Nondialyzed patients with CRF and patients undergoing main-
tenance dialysis therapy have an increased dietary requirement
for calcium because they have vitamin D deficiency and re-
sistance to the actions of vitamin D. These abnormalities im-
pair the intestinal absorption of calcium. The risk of calcium
deficiency in these patients is enhanced because the diets pre-
scribed for CRF patients are almost always low in calcium.
Foods high in calcium content are usually high in phosphorus
(e.g., dairy products) and are therefore restricted for uremic
patients. For example, a 40 gm protein diet generally provides
only about 300 to 400 mg per day of calcium, whereas the rec-
ommended dietary allowances for healthy, nonpregnant, non-
lactating adults is about 800 to 1,200 mg per day.

Balance studies indicate that nondialyzed stage 5 CKD pa-
tients not receiving calcitriol (1,25-dihydroxycholecalciferol)
or other vitamin D compounds usually require about 1,200 to
1,600 mg per day of calcium for neutral or positive calcium
balance (408). There is strong evidence that MHD and CPD
patients often have extensive calcification of their arteries in-
cluding the coronary arteries (436,437). In the general pop-
ulation, the extent of coronary artery calcification is directly
related to the risk of myocardial infarction (438). Moreover,
recent findings indicate that many nondiabetic and diabetic
stage 3 and 4 CKD patients display calcification of their coro-
nary arteries (439). Hence, it may be preferable to maintain
total calcium intake closer to 1,000 mg/day in these stage 3 to
5 CKD patients including those undergoing MHD or CPD.
This may particularly important when patients take calcitriol
or other vitamin D analogues that increase intestinal calcium
absorption. Frequent monitoring of serum calcium is important
because hypercalcemia may develop with these treatments.

In summary, low protein diets need to be supplemented with
approximately 600 to 800 mg of elemental calcium daily. To
reduce the risk of calcium phosphate deposition in soft tis-

sues, supplemental calcium should not be given in stage 3 to
5 CKD patients unless the serum phosphorus concentration is
normal (e.g., 2.7 to 4.6 mg/dL and between 3.5 and 5.5 mg/dL
in stage 3 to 4 CKD and stage 5 CKD, respectively) (415).
Also, the serum calcium-phosphorus product in stage 3 to 5
CKD patients should be maintained below 55 mg2/dL2 (439).
This product should be attained primarily by controlling serum
levels of phosphorus within the target range as indicated pre-
viously. In addition, frequent monitoring of serum calcium is
important because hypercalcemia may develop, particularly if
serum phosphorus should fall to low-normal or low levels. This
is especially likely to occur if the patient also has hyperparathy-
roidism, a common complication of chronic renal failure (436).

The DOQI Guidelines on Bone Metabolism and Disease in
Chronic Renal Failure make the following recommendations
(439): For stage 3 and 4 chronic kidney disease patients, serum
levels of calcium, corrected for any change in albumin levels,
should be maintained within the normal range for the labora-
tory used, but preferably toward the lower end of normal (8.4
to 9.5 mg/dL). As indicated earlier, it is the author’s policy that
total elemental calcium intake from the diet and calcium-based
phosphate binders combined, should not exceed 1,000 to 2,000
mg/day. If the serum total corrected calcium is below the lower
limit for the laboratory used (less than 8.4 mg/dL), the patient
should ingest more calcium to increase serum calcium levels if
there are clinical signs of hypocalcemia or if the plasma intact
parathyroid hormone level is above the target range for chronic
kidney disease.

Serum calcium corrected for serum albumin may be calcu-
lated as follows (440):

Corrected serum calcium (mg/dL)
= Total serum calcium (mg/dL)
+ 0.0704 × [34 − Serum albumin (g/L)]. [5]

A simpler equation, which is about as accurate, is as follows:

Corrected total calcium (mg/dL)
= Total calcium (mg/dL) + 0.8
× [4 − Serum albumin (g/dL)]. [6]

As indicated earlier, treatment with vitamin D analogues
will decrease the daily calcium requirement by enhancing in-
testinal calcium absorption. In order to reduce the total daily
calcium load to the dialysis patient who is taking calcium
binders of phosphate, the calcium content of dialysate is often
reduced. Currently, this is a somewhat more effective method
for controlling calcium balance when daily chronic peritoneal
dialysis is employed than when thrice-weekly maintenance
hemodialysis is used. The usual dialysate calcium concentra-
tion in MHD or CPD patients should be 2.5 mEq/L.

Secondary hyperparathyroidism can be treated in patients
with chronic renal failure with the use of vitamin D analogues.
In stage 5 CKD patients, serum intact parathyroid hormone
should be maintained within a target range of 150 to 300
pg/mL.

If the serum level of 25-hydroxyvitamin D is less than
30 ng/mL, supplementation with vitamin D2 (ergocalciferol)
should be initiated. For patients with stage 5 chronic re-
nal failure, therapy with an active vitamin D sterol (1,25-
dihdroxycholecalciferol [calcitriol], alphacalcidol, paricalcitol,
or doxercalciferol) should be provided if the plasma levels of
intact parathyroid hormone are greater than 300 pg/mL (440).

Recently, a retrospective study in over 50,000 MHD pa-
tients indicated, that those patients treated with calcitriol or
paricalcitriol had lower mortality than those individuals not
receiving these medicines (p <0.001) (441). Vitamin D has
many other actions in addition to its effects on calcium absorp-
tion, parathyroid hormone secretion and bone metabolism.
These effects include regulation of immune function and
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antiproliferative, differentiating effects (442). Thus, it is not
surprising if vitamin D and its congeners may affect survival
rates.

Another recent retrospective study conducted in about
67,000 MHD patients indicated that MHD patients treated
with the vitamin D analogue paricalcitrol had a lower mortality
rate than MHD patients not receiving calcitriol (443). A recent
addition to therapeutic treatment of secondary hyperparathy-
roidism in stage 4 and 5 CKD patients is the use of cinacalcet.
This medicine increases the sensitivity of the calcium receptor in
the parathyroid gland to calcium so that lower levels of serum
calcium suppress parathyroid hormone secretion (444,445).
This medicine is frequently effective at suppressing hyper-
parathyroidism in nondialyzed stage 4 and 5 CKD and main-
tenance dialysis patients who are hyperparathyroid and whose
serum calcium or phosphorus levels and serum calcium—
phosphorus product are at or above the acceptable range.

A syndrome called aplastic or hypoplastic bone disease has
been described in chronic dialysis patients (440a,446–448).
It is characterized by relatively low serum parathyroid hor-
mone concentrations, decreased bone osteoblasts and marked
reduction in bone turnover. The syndrome can be caused by
aluminum toxicity, and probably excess iron, but also oc-
curs in the absence of such toxicity (440a,446,447a). It has
been postulated that treatment with large doses of calcium
binders of phosphate or vitamin D with consequent sup-
pression of parathyroid hormone is a cause of this disorder
(440a,446,448).

In CAPD patients, the calcium uptake from dialysate is in-
versely correlated with the serum concentration of total calcium
and ionized calcium (304,449,450). Net absorption of calcium
from dialysate in CAPD patients averages about 84 mg per day
(304). The calcium balance across dialysate varies according to
the serum ionized calcium and is negative by roughly 80 mg per
day in CAPD patients who have serum ionized calcium values
greater than 5 mg/dL and is positive by roughly 40 mg per day
in patients with serum ionized calcium levels below 4.4 mg/dL
(450). Also, the more hypertonic the peritoneal dialysate, the
greater the dialysate outflow volume and hence the larger the
calcium losses; in one report, a net calcium uptake of roughly
10 mg per exchange occurs with 1.5% dextrose, and a net cal-
cium loss of 21 mg per exchange occurs with 4.25% dextrose
(304). In CAPD patients, calcium balance was usually neutral
or positive when dietary calcium intake was 720 mg per day
or greater (304). Based on these observations, CAPD patients
should probably be given a total dietary calcium intake (diet
plus dietary supplement) of about 800 to 1,000 mg per day.

The calcium content is 40% for calcium carbonate, 25%
for calcium acetate, 21% for calcium citrate, 18% for calcium
lactate, and 9% for calcium gluconate.

TRACE ELEMENTS

Trace element metabolism in CRF is discussed more exten-
sively in Chapter 102, and this section will cover dietary
requirements. A number of factors in CRF patients tend to
either increase or decrease the body burden of certain trace
elements. Many trace elements are excreted primarily in the
urine, and with renal failure they may accumulate. Elements
such as iron, zinc, and copper, which are protein bound, may
be lost in excessive quantities when there are large urinary pro-
tein losses, e.g., the nephrotic syndrome (451). Excessive up-
take or losses of trace elements may also occur during dialysis
therapy depending on their relative concentrations in plasma
and dialysate and the degree of binding to protein or red cells
(452–456). Hemodialysance of copper, strontium, zinc, and
lead, for example, which are largely bound to plasma proteins
or red cells, should be minimal (452,453,457–459). Hemodial-

ysis or hemodiafiltration may remove some trace elements if
the dialysate concentrations are sufficiently low (e.g., bromide,
iodine, lithium, rubidium, cesium, and zinc (460–462). Zinc
may be taken up and copper lost from peritoneal dialysate.
Because many trace elements are bound avidly to serum pro-
teins, they may be taken up by blood against a concentration
gradient when present in even small quantities in dialysate
(452,453,458,463). These observations provided part of the
justification for intensive purification of dialysate. Inhalation
could result in increased intake. This may occur in people ex-
posed to certain industrial processes, fertilizers, insecticides,
herbicides, or burning of fossil fuels.

Protein-calorie malnutrition, by lowering serum concentra-
tions of proteins that bind trace elements, may decrease the
serum levels of a number of these elements including zinc, man-
ganese, and nickel (464). Occupational exposure or pica may
increase the burden of some trace elements. Therapeutic doses
of trace elements may be administered through dialysis, as has
been done for zinc (88). The effect of the altered dietary intake
of the uremic patient on body pools of trace elements is un-
known (464). Oral and possibly intravenous iron supplements
are often given to patients who are iron deficient.

Assessment of trace element burden in renal failure patients
is difficult because the binding protein concentrations may be
decreased, thereby lowering serum trace element levels, and
the binding characteristics of these proteins may be altered in
renal failure as well. Also, red cell concentrations of trace el-
ements may not reflect levels in other tissues. Trace element
supplementation should be undertaken with caution, because
impaired urinary excretion and poor dialysance of trace ele-
ments, due to protein binding, increase the risk of overdosage.

Dietary requirements for trace elements have not been well
defined in uremic patients. Iron deficiency is common, par-
ticularly in hemodialysis patients, because intestinal iron ab-
sorption is sometimes impaired, there are often substantial
blood losses; iron may bind to the dialyzer membrane, and the
erythropoietin-induced rise in hemoglobin concentrations may
deplete the body’s iron supply (11,12). Not only do iron re-
quirements increase during the time when erythropoietin ther-
apy is initiated and hemoglobin concentrations rise, but higher
serum iron levels and body iron burden are associated with a
greater response to erythropoietin (465,466). Some researchers
recommend that, in general, MHD or CPD patients should
maintain serum transferrin saturation (TSAT) at 30% to 50%
and serum ferritin at about 400 to 800 ng/mL (465–468).

Although some MD patients may maintain these iron val-
ues with oral iron supplements, many such individuals will
not be able to do so unless they receive parenteral iron ther-
apy (465–468). Oral ferrous sulfate, 300 mg three times per
day one-half hour after meals, may be tried. Some patients de-
velop anorexia, nausea, constipation, or abdominal pain with
ferrous sulfate; these individuals sometimes will tolerate other
iron compounds better, such as ferrous fumarate, gluconate,
or lactate. Patients who are intolerant to oral iron supplements
and the preponderance of MHD or CPD patients who will not
maintain TSAT at 30% to 50% and serum ferritin levels of
400 to 800 ng/mL with oral iron may be treated with intra-
venous iron (467,468). Because of pain and risk or staining
of skin with intramuscular iron injections, intravenous iron,
given as ferrous gluconate, ferrous sucrose or iron dextran is
generally the preferred method of administration. Because iron
dextran has a slightly greater risk of anaphylactic reactions,
many physicians prefer other iron salts.

As indicated earlier, in stage 5 CKD patients, including those
receiving maintenance dialysis, increased body burden of alu-
minum has been implicated as a cause of a progressive dementia
syndrome (particularly in MHD patients), osteomalacia, weak-
ness of the muscles of the proximal limbs, impaired immune
function, and anemia (436,446,447,469–471). Although
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contamination of dialysate with aluminum previously was the
major source of aluminum toxicity in many dialysis centers,
current methods of water treatment have removed virtually
all aluminum from dialysate. Today, ingestion of aluminum
binders of phosphate is probably the major cause of the excess
body burden of aluminum (469,470). Consequently, aluminum
binders are now used sparingly, if at all, by nephrologists.

Increased body burden and toxicity of iron or aluminum in
MHD or CPD patients may be reduced by reduction of intake
or by infusion of deferoxamine, which is dialyzable (472). Care
must be taken because deferoxamine may promote infection,
particularly mucormycosis (473). Injections of erythropoietin
with repeated phlebotomy is another method for removing ex-
cess body iron (474).

Although the zinc content of most tissues is normal in renal
failure patients (475), usually serum and hair zinc are reported
to be low and red cell zinc increased (85,88,454,459,476–479).
In nondialyzed CRF patients, the fractional urinary excretion
of zinc is increased; however, since the GFR is reduced, to-
tal urinary excretion of zinc may be decreased (479). Fecal
zinc is increased (459) and a dietary zinc intake greater than
the recommended dietary allowance (315) may be necessary to
maintain normal body zinc pools. Further studies are needed
to confirm this possibility. Some reports indicate that dysgeu-
sia, poor food intake, and impaired sexual function, which
are common problems of uremic patients, may be improved
by giving patients zinc supplements (88,459,478,480). Other
studies, however, have not confirmed these results (481). In-
testinal absorption of zinc is not affected by administration of
1,25-dihydroxycholecalciferol (482).

The finding that serum selenium is low in dialysis patients
has raised the question of whether selenium supplements are
indicated (483,484). This question is of particular importance
because selenium participates in the defense against oxidative
damage of tissues, which may be increased in renal failure
(485). Further research will be necessary to resolve this issue.

VITAMINS

Chronically uremic patients have a high incidence of vitamin
deficiencies. These are due to several factors. First, in renal
failure, 1,25-dihydroxycholecalciferol production by the dis-
eased kidney is impaired (17). Second, vitamin intake is often
decreased in uremic patients because of anorexia and reduced
food intake. Intercurrent illnesses, which occur frequently in
chronically uremic patients (125–127), also impair food intake
(125,486–488). Many foods that are high in water-soluble vi-
tamins are often restricted for renal failure patients owing to
the elevated protein and potassium content of these foods; the
diets prescribed for nondialyzed CRF and maintenance dialy-
sis patients frequently contain less than the recommended daily
allowances for certain water-soluble vitamins (18,489). Third,
renal failure appears to alter the absorption, metabolism, or ac-
tivity of some vitamins. Animal studies indicate that intestinal
absorption of riboflavin, folate, and vitamin D3 is impaired in
renal failure (13–15). The metabolism of folate and pyridox-
ine appears to be abnormal in CRF (18,490). Fourth, certain
medicines interfere with the intestinal absorption, metabolism,
or actions of vitamins (18). Fifth, water-soluble vitamins are
removed by dialysis (119–122,491,492) and high-flux/high ef-
ficiency hemodialysis may remove greater quantities of water-
soluble vitamins (493).

On the other hand, vitamin B12 deficiency is uncommon
in CRF (18,484–496) because the daily requirement for this
vitamin is small (e.g., 3 μg/day for normal nonpregnant, non-
lactating adults) (315), the body stores large quantities of this
vitamin, and even though vitamin B12 is water soluble, it is
protein bound in plasma and hence poorly dialyzed. There is

a report of low serum vitamin B12 concentrations in 19 of 60
maintenance hemodialysis patients (121); the serum vitamin
B12 concentrations tended to fall progressively over months of
dialysis treatment, and serum vitamin B12 levels correlated di-
rectly with nerve conduction velocities, which improved with
ingestion of large quantities of B12. Another study reported
low serum vitamin B12 levels in four hemodialysis patients,
only one of which demonstrated an intestinal absorption de-
fect for vitamin B12 (496). Their hematocrit improved after
receiving vitamin B12 injections. The explanation for these two
discrepant reports of low serum vitamin B12 levels in mainte-
nance hemodialysis patients is not known.

Vitamin deficiencies have been observed with particular
frequency for 1,25-dihydroxycholecalciferol, folic acid, vi-
tamin B6, (pyridoxine), vitamin C, and to a lesser extent,
other water-soluble vitamins (18,119,120,122,489,494,497–
500). Blood folate concentrations were reported to be de-
creased in MHD patients who did not take folic acid sup-
plements (494,497,498). Several investigators found serum or
red blood cell folate concentrations in the normal range in
MHD patients (122,494,501). However, a substantial number
of these patients had deficient levels (122,494,501). In addi-
tion, several investigators found hypersegmentation of poly-
morphonuclear leukocytes in such patients that decreased fol-
lowing administration of folate supplements (84,498).

Some investigators noted that the reticulocyte count and
hematocrit rose when patients undergoing MHD were given
folic acid supplements (84). We have observed normal serum
folate concentrations in virtually all MHD patients who re-
ceived 1.0 mg per day of supplemental folic acid (unpublished
observations). Marumo reported higher folate levels in MHD
patients as compared to controls, but the folate intake and type
of dialysis were not indicated (502). Dietary folic acid require-
ments increase in stage 4 or 5 CKD patients during the time
when they commence erythropoietin therapy and sustain a ma-
jor rise in their hemoglobin levels.

There are substantial losses of vitamin C into dialysate
(119,120,491,492). Low plasma and leukocyte ascorbic acid
concentrations may occur in patients undergoing hemodialysis
who were not receiving supplemental vitamin C (119,491,503).
Clinical signs suggestive of mild scurvy have been described
in several MHD patients with very low ascorbic acid con-
centrations (119). Administration of ascorbic acid orally or
into the dialysate prevented negative vitamin C balance during
hemodialysis.

Many but not all workers find evidence for low plasma or
red blood cell vitamin B6 concentrations in many subjects un-
dergoing maintenance hemodialysis or CPD who do not take
supplemental vitamin B6 (84,86,504–507). Activation coeffi-
cients of erythrocyte transaminase enzymes (i.e., the activity
of the enzyme divided into the activity of the same enzyme
after the vitamin B6 cofactor pyridoxal-5-phosphate is added
to the assay) are not uncommonly elevated in MHD patients
who do not receive supplemental vitamin B6, indicating that
these subjects are deficient in vitamin B6 (86,504,505). Im-
provement in the activation coefficient during hemodialysis,
has been reported, suggesting that there might be an inhibitor
of vitamin B6 in uremic sera that is removed by dialysis (504).
Low stimulation ratios in mixed lymphocyte cultures from
these patients have been reported (504). Pyridoxine hydrochlo-
ride supplements improve several parameters of immune func-
tion in hemodialysis patients including lymphoblast formation.
These observations suggest that vitamin B6 deficiency, which is
known to cause abnormal immunologic function (504,508),
may be one cause of the altered immune response in uremic
patients. Interestingly, serum glutamate-oxaloacetate transam-
inase activity is reduced in renal failure. This effect appears
to be related to vitamin B6 activity, possibly due to a uremic
inhibitor in serum (509–512).
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Treatment with pyridoxine HCl has been attempted for
the following two metabolic disorders associated with poten-
tial adverse clinical consequences in CRF patients: elevated
plasma homocysteine levels and plasma oxalate concentra-
tions. Plasma homocysteine is increased in nondialyzed CRF
patients as well as MHD and CPD patients (see the previous
text) and renal transplant recipients (see the subsequent text).
Elevated plasma homocysteine is of great concern, because in
the general population it is a risk factor for adverse cardio-
vascular events as well as thrombosis of vascular access sites
including arteriovenous fistulae (see the previous text) (380–
387,513–518). As indicated earlier, in maintenance dialysis
patients, the relation of elevated plasma homocysteine to ad-
verse outcome is less clear. Some studies support this relation-
ship, whereas others show an altered risk factor pattern that is
thought to be due to malnutrition and/or inflammation.

Either supplemental pyridoxine HCl or vitamin B12, taken
alone, has not been shown to reduce plasma homocysteine in
MHD patients (516). Similarly, it is not evident that adding
these vitamins to folic acid therapy lowers plasma homocys-
teine more effectively than equal doses of folic acid alone.
Disorders of folic acid may also contribute to elevated ho-
mocysteine levels because the folate metabolite, tetrahydro-
folic acid, is necessary for the remethylation of homocys-
teine to reform methionine. Folic acid and the combination
of folic acid and pyridoxine HCl have decreased plasma ho-
mocysteine levels in patients with CRF (513,516,519,520).
Five to 10 mg/day of folic acid probably maximally lowers
plasma homocysteine levels in most cases (386,387,520); oc-
casionally, 15 mg folic acid/day may have an additional ho-
mocysteine lowering effect (519,521). However, homocysteine
levels, on average, are not reduced to normal with this treat-
ment (386,387,512,513,516,519–522). Intravenous folic acid
given intravenously rather than orally may be more effective at
lowering plasma homocysteine (516). High-flux/high efficiency
hemodialysis significantly lowered plasma folate levels but did
not alter the elevated plasma homocysteine (523).

It has been suggested that there may be an impairment
in conversion of folic acid to 5-methylenetetrahydrofolate
(MTHF) and also of the transmembrane transport of MTHF.
To circumvent these possible disorders, 37 MHD patients
were given intravenous folinic acid, a precursor of MTHF,
50 mg/week intravenously and large doses of pyridoxine HCl,
250 mg three times weekly (522). After a mean of 11.2 months
treatment, there was a major reduction in plasma homocys-
teine levels and 78% achieved normal plasma homocysteine.
Another study with large doses of these vitamins did not con-
firm such positive results (521).

Treatment with a combination of folic acid 5 mg, pyridox-
ine HC1 (vitamin B6), 50 mg; and vitamin B12, 0.7 mg given
intravenously after each hemodialysis treatment not only sig-
nificantly lowered predialysis serum homocysteine levels, al-
though not to normal, but also significantly lowered predialysis
serum methylmalonic acid and crystathionine concentrations
(524). The Veterans Administration is currently conducting the
HOST Study in over 2000 stage 4 and 5 CKD patients includ-
ing individuals undergoing MHD or CPD to assess whether
treatment of elevated serum homocysteine is associated with
a reduction in adverse cardiovascular events and cardiovascu-
lar and all cause mortality (525). Patients are randomized in
a double blind fashion to treatment with large doses of folic
acid, pyridoxine HCl and vitamin B12 or to placebo.

Plasma oxalate levels are elevated in renal failure. Increased
plasma oxalate appears to be largely due to impaired urinary
excretion, although large doses of vitamin C (ascorbic acid),
a precursor of oxalate, may increase oxalate production (see
the subsequent text). Glyoxylate, a metabolic precursor of ox-
alate, may also be transaminated to form glycine. Vitamin B6
is a cofactor for the enzyme that catalyzes this step. Indeed,

vitamin B6 deficiency increases urinary oxalate excretion in
rats with experimental renal insufficiency as well as in nor-
mal individuals (526). In patients with CRF, some studies in-
dicate that treatment with large doses of pyridoxine HCl de-
crease plasma oxalate levels, although not to normal values
(527,528). Other clinical trials have not been able to confirm
these results (529,530).

Five mg per day of pyridoxine hydrochloride produced a
normal red cell erythrocyte glutamate-pyruvate transaminase
activation index in nondialyzed, clinically stable, stage 5 CKD
patients, and 10 mg per day of pyridoxine hydrochloride nor-
malized this index in stable MHD patients and in nondialyzed
CRF patients with superimposed infections (86).

Despite the water solubility of riboflavin, thiamine, pan-
tothenic acid, and biotin, plasma concentrations of these vita-
mins are usually not decreased in patients undergoing MHD.
It is possible that losses of these vitamins into hemodialysate
are offset by their lack of urinary excretion. Low plasma niacin
concentrations have been reported in some patients receiving
maintenance dialysis therapy (494). Other investigators did not
confirm these findings in patients receiving 7.5 mg per day of
supplemental nicotinic acid (84). Low levels of thiamine and,
in some patients, thiamine and pyridoxine when they were pre-
scribed low protein diets have been described (499).

Serum retinol-binding protein and vitamin A are increased
in CRF patients (531–533). Elevated liver vitamin A was de-
scribed in two patients with CRF (534), although other inves-
tigators could not confirm elevated vitamin A levels in solid
tissues (532). Moreover, even relatively small supplements of
vitamin A, i.e., 7,500 to 15,000 IU/day (about 1,500 to 3,000
retinal equivalents per day), appear to cause bone toxicity and
hypercalcemia in some individuals (535). Vitamin K deficiency
is uncommon (18). Patients who do not eat (and hence do not
ingest foods containing vitamin K) and who are receiving an-
tibiotics that suppress intestinal bacteria for extended periods
of time may require supplemental vitamin K to prevent defi-
ciency of this vitamin (536).

Normal (537,538), low (485,539) and increased (540)
plasma or red cell vitamin E (α-tocopherol) levels have been
described in nondialyzed CRF or MHD patients. Vitamin E
deficiency may cause oxidative injury to tissues (485). Several
studies indicate that administration of 1,200 iu of vitamin E
(all-racemic α-tocopherol acetate) to MHD patients may de-
crease oxidative stress induced by 100 mg of iron sucrose, and
this antioxidant effect may be enhanced with the use of a com-
bination of vitamin E and vitamin C (541). Treatment with
vitamin E (α-tocopherol) is also reported to reduce progres-
sion of carotid artery stenosis (542). On the other hand, in
the general population, randomized, prospective placebo con-
trolled clinical trials indicate that vitamins E, C, beta carotene,
or combinations of these compounds do not significantly re-
duce total adverse cardiovascular events or cancer (543,544).
Indeed, in the HOPE and HOPE-TOO trial, a moderate dose
of vitamin E (400 iu), as compared to placebo, was associated
with an increased risk of heart failure and hospitalization for
heart failure (544). The reason for these discrepant responses
of advanced CKD patients, including those undergoing main-
tenance dialysis, and the general population is not known.
It has been suggested that the greater oxidant stress of CRF
patients may enable them to benefit from vitamin E therapy
(543).

In CPD patients, dietary intake of several vitamins, includ-
ing vitamin A, vitamin C, vitamin B1(thiamine), vitamin B6,
vitamin B12, and nicotinamide, is often reduced below the rec-
ommended allowances for normal adults (489,506). In CPD
patients not receiving supplements, investigators have found a
high incidence of low (489,545) or normal (546) plasma folate
levels, low vitamin B1 (489,533), low vitamin B6 (489,547) and
low vitamin C (489,523). Reduced plasma vitamin E has been
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reported in 13% of CPD patients (533), whereas others found
increased plasma vitamin E levels (547).

Some authors have suggested that many MHD patients
who do not receive vitamin supplementation may subsist for
months without developing water-soluble vitamin deficiencies
(122,507,548). These authors have therefore recommended
that vitamin supplements should not be prescribed routinely
to maintenance dialysis patients. However, in the studies indi-
cating that maintenance dialysis patients may maintain normal
plasma or blood cell levels of vitamins without supplements,
patients were generally followed for less than 1 year; it is possi-
ble that with longer periods of time, the incidence of vitamin de-
ficiency may increase. Moreover, in these studies, some water-
soluble vitamins fell to borderline low levels in a number of
patients. It is true that many of the studies that indicate a need
for routine vitamin supplementation in nondialyzed CRF and
maintenance dialysis patients were carried out in the 1960s and
early 1970s when the incidence of poor nutritional intake of
these individuals might have been greater than it is today (18).
Nonetheless, a low intake of several vitamins is still common in
renal failure patients (507,548), and many reports continue to
show that substantial numbers of renal failure patients show
evidence for vitamin deficiencies (485,499,506,507,547). Be-
cause the water-soluble vitamin supplements are generally safe,
it would seem wise to use them routinely until these issues are
more completely resolved.

The nutritional requirements for most vitamins are not well
defined in renal failure patients, and it is likely that they will
be modified in the future. There is evidence that, in addition
to vitamin intake from foods, the following daily supplements
of vitamins will prevent or correct vitamin deficiency (Table
103-6): pyridoxine hydrochloride, 5 mg in nondialyzed pa-
tients and 10 mg in maintenance hemodialysis or CPD patients;
folic acid, 1.0 mg; and the recommended daily allowance for
normal individuals for the other water-soluble vitamins (315).
Many CRF patients may need less than 1.0 mg per day of folic
acid to prevent abnormally low serum or erythrocyte folate
levels. The many nondialyzed CRF patients and most MHD
and CPD patients who have hyperhomocysteinemia may be
treated with 5 to 15 mg/day of folic acid to reduce plasma
homocysteine levels. For individuals with elevated plasma ho-
mocysteine, one may start treatment with 5 mg/day and then
increase folic acid doses up to 15 mg/day, if necessary, depend-
ing on the response of plasma homocysteine levels. It is impor-
tant to note that the reduction of plasma homocysteine has not
been demonstrated to reduce the risk of cardiovascular disease.
Moreover, no studies have systematically examined the safety
of these large folate doses in CRF, MD or kidney transplant
patients, a particularly important consideration because of the
reduced ability of many of these individuals to excrete folate
metabolites in the urine.

A supplement of only 60 mg per day of vitamin C (the rec-
ommended daily allowance (248)) is advised because ascorbic
acid can be metabolized to oxalate. Large oral or intravenous
doses of ascorbic acid have been associated with increased
plasma oxalate levels in renal failure patients (549–551). Ox-
alate is highly insoluble, and there is substantial concern that
high plasma oxalate concentrations can lead to precipitation
in soft tissues, including the kidney, possibly causing further
impairment in renal function in the nondialyzed patient with
renal insufficiency.

Supplemental vitamin A is not recommended because serum
levels are increased, and there is a high risk of vitamin A toxi-
city with even small supplements (534,535) (Table 103-6). Al-
though some studies indicate that vitamin E supplements in
MHD patients are beneficial (485,542), it is still not certain that
vitamin E supplements are necessary, particularly because of
negative or adverse results with vitamin E supplementation in
the general population (543,544). Additional vitamin K is not

needed unless the patient is not eating and receives antibiotics
that suppress intestinal bacteria that synthesize vitamin K. Rec-
ommendations for vitamin D intake are given in Chapter 89.

ALKALINIZING AGENTS

Nondialyzed patients with advanced renal failure frequently
develop metabolic acidosis. This is usually associated with an
increased anion gap because there is impaired ability of the kid-
ney to excrete acidic metabolites. In the earlier stages of CRF,
and occasionally with advanced renal failure, hyperchloremic
metabolic acidosis may also be caused by excessive renal losses
of bicarbonate. Ingestion of low protein diets may prevent
or decrease the severity of the acidosis because the endoge-
nous generation of acidic products of protein metabolism will
be reduced. Metabolic acidemia may engender oxidation of
branched chain amino acids (valine, leucine, and isoleucine)
(160), protein catabolism (158–162), impair albumin synthe-
sis, increase beta-2 microglobulin turnover (552), cause bone
loss, possibly predispose to inflammation and cause symptoms
of weakness and lethargy (159–164). Conversely, correction of
acidosis has been associated with decreased protein degrada-
tion rates (553) and increased plasma branched chain amino
acids (554,555), serum albumin (555), body weight and mid-
arm circumference (556).

A high serum anion gap is associated with greater survival in
MHD patients (557,558). This relation is considered to be due
to greater appetite and protein intake, signs of health in patients
with higher anion gaps (558). On the other hand, after adjust-
ment for measures indicating protein energy malnutrition or
inflammation, it turns out that individuals with lower serum
anion gaps (i.e., who are less acidotic) have greater survival
(558).

Since the level of acidemia at which amino acid or protein
loss or bone reabsorption is stimulated is not well defined, it
would seem prudent to prevent any degree of chronic acidemia.
Indeed, some evidence indicates that CPD patients are more
anabolic or less catabolic when their arterial blood pH is 7.42–
7.45 as compared to when it is 7.35 to 7.38 (165).

The National Kidney Foundation K/DOQI Clinical Practice
Guidelines for Nutrition in Chronic Renal Failure (559) and
the DOQI Clinical Practice Guidelines for Bone Metabolism
and Disease in Chronic Kidney Disease (560) each recommend
that the serum bicarbonate should be measured once-monthly
in MHD and CPD patients and that the predialysis or sta-
bilized serum bicarbonate should be maintained at or above
22 mmol/L in these individuals. Because of the safety of giving
bicarbonate and the potential advantages of completely eradi-
cating acidemia, the author currently recommends that serum
bicarbonate be maintained in the normal range (i.e., about
25 mEq/L). A similar recommendation concerning the thresh-
old for treating low serum bicarbonate would seem appropriate
for nondialyzed patients with any level of kidney disease. Al-
kali therapy probably should be initiated if the arterial blood
pH is below about 7.38 due to metabolic acidosis.

Because, in clinically stable patients with CRF, the rate of
acid production is usually normal or below normal, alkaliniz-
ing medicines are usually very effective for preventing or treat-
ing acidemia. Sodium bicarbonate tablets, Shols solution or
bicitra (1.0 mEq of alkali per mL of solution) may be given;
usually doses of 20 to 60 mEq/day of bicarbonate are sufficient
to neutralize most or all of the acidemia. Citrate salts may be
given orally, although this may enhance the intestinal absorp-
tion of aluminum (422). Calcium carbonate, 5 gm per day,
may correct mild acidosis, provide needed calcium, and reduce
intestinal phosphate absorption. However, the risk of soft tis-
sue and particularly arterial calcification limits the amount of
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calcium that can be given to CKD patients (see the earlier text).
If the acidosis is more severe, sodium bicarbonate or citrate may
be administered intravenously. If the nondialyzed CKD patient
is not oliguric and is not prone to develop edema, sodium is
usually readily excreted when it is given as sodium bicarbon-
ate or citrate. Since protein metabolism yields acidic products,
a low protein diet (e.g., 0.60 to 0.80 gm protein/kg/day) will
also reduce acid production and acidemia. Such a diet can be
nutritious for nondialyzed stage 3, 4 and 5 CKD patients, but
maintenance dialysis patients will require more dietary protein.
If acidemia is severe and not controlled by the foregoing mea-
sures, hemodialysis or peritoneal dialysis may be employed.

Before implementing alkali therapy, it must be ascertained
that the low serum bicarbonate is not a compensatory response
to chronic respiratory alkalosis.

FIBER

Studies in normal individuals suggest that a high dietary fiber
intake may lower the incidence of constipation, irritable bowel
syndrome, diverticulitis, and neoplasia of the colon and pos-
sibly, improve glucose tolerance (559). In patients with CRF,
a high dietary fiber intake also may reduce SUN by decreas-
ing colonic bacterial ammonia generation and enhancing fecal
nitrogen excretion (560). Because it seems reasonable that the
benefits of a high dietary fiber intake in normal people would
also occur in nondialyzed patients with CRF and in mainte-
nance dialysis patients, a high dietary fiber intake of 20 to 30
gm per day is recommended.

PRIORITIZING DIETARY GOALS

The number and magnitude of the changes in the dietary intake
for stage 3 to 5 CKD including MD patients are so great that
if they were all presented to the patient at one time, the patient
could become demoralized and lose his motivation to comply
with the diet. We therefore prioritize goals for dietary treat-
ment. Usually we emphasize the importance of controlling the
protein, phosphorus, sodium, energy, potassium, and magne-
sium intake and the need to take calcium (for nondialyzed stage
4 to 5 CKD patients) and vitamin supplements. On the other
hand, unless the patient has a lipid disorder or other risk factors
that indicate there is a high odds ratio for adverse cardiovas-
cular events, the recommended quantity and types of dietary
carbohydrate, fat and fiber are discussed with the patient, but
adherence to these dietary guidelines are not as strongly em-
phasized. Statins or fibric acid derivatives are usually better
tolerated than dietary modifications, and prescription of these
medicines, if lipid disorders are apparent, may enable patients
to initially focus on other pressing aspects of dietary modifi-
cation. If the patient has complied well with the other, more
critical elements of dietary therapy, has a specific lipid disorder
that may benefit from dietary therapy, or has expressed an in-
terest in modifying fat, carbohydrate or fiber intake, then the
modifications of the dietary intake of these latter nutrients are
explored more intensively with the patient.

ADJUSTED EDEMA-FREE BODY
WEIGHT (aBWef)

Assessment of nutritional status and assessment and prescrip-
tion of nutritional intake is often based on body weight. For
individuals with renal disease, this represents a special problem
because they not only often are obese or underweight, but they
may be edematous. The National Kidney Foundation Clini-

cal Practice Guidelines on Nutrition address this issue with the
following statement (561): “The body weight to be used for as-
sessing or prescribing protein or energy intake is the aBWef (sic,
adjusted edema-free body weight). For hemodialysis patients,
this should be obtained postdialysis. For peritoneal dialysis pa-
tients, this should be obtained after drainage of dialysate.” The
aBWef should be used for individuals with renal disease, includ-
ing nondialyzed CRF patients and MD patients, who have an
edema-free body weight that is less than 95% or greater than
115% of the median standard weight, as determined from the
NHANES II data (562,563). For individuals with an edema-
free body weight between 95% and 115% of the median stan-
dard weight, the actual edema-free body weight may be used.
The guideline goes on to state: “For DXA measurements of
total body fat and fat-free mass, the actual edema-free body
weight obtained at the time of the DXA measurement should
be used. For anthropometric calculations, the postdialysis (for
MHD) or postdrain (for CPD) actual edema-free body weight
should be used.” Clinical judgment and, if desired, body com-
position measurements can be used to estimate the magnitude
of the edema, if any. The adjusted edema-free body weight
(aBWef) may be calculated as follows (240,561):

aBWef = BWef + [(SBW − BWef) × 0.25] [7]

where BWef is the actual edema-free body weight and SBW is
the standard body weight as determined from the NHANES II
data (562). The NHANES II weights are used for SBW because
Americans as a group were less fat during the time that the
NHANES II data were collected than they are today.

Note: When the recommended nutrient intake is given in
terms of body weight, the latter refers to standard body weight
as determined from the National Health and Nutrition Evalu-
ation Survey (NHANES) data from 1976 to 1980 (562,563).

DIETARY THERAPY FOR THE
NEPHROTIC SYNDROME PATIENT

This syndrome is characterized by proteinuria (more than
3.0 gm per day), lipiduria, hypoalbuminemia, hypercholes-
terolemia, and edema, which can be massive. Serum total pro-
teins may decrease markedly, from 7 to 8 gm per dL to as low
as 4 to 5 gm per dL, and the resultant fall in plasma oncotic
pressure promotes extravascular movement of fluid, sodium
retention, and edema formation. Two narrow transverse white
bands (Muehrcke’s lines) may occur in the fingernails in asso-
ciation with severe hypoproteinemia (564).

Serum triglycerides, phospholipids, and apoproteins B, CII,
CIII, and E are increased, whereas apoproteins AI and AII are
normal (565). Plasma lipoprotein (a) (Lp[a]) is elevated (566).
LDL, IDL, and VLDL may be increased (567). There is in-
creased serum cholesterol ester transfer protein (CETP) and
decreased catabolism of LDL apolipoprotein, at least by the
more typical receptor pathway. These metabolic changes con-
tribute to the elevated LDL-cholesterol and to the frequently
observed low HDL-cholesterol and HDL2 levels (565,567–
575). Hypercholesterolemia, hypertriglyceridemia, increased
LDL-cholesterol and VLDL-cholesterol, increased CETP and
lipoprotein(a) and low HDL-cholesterol all are risk factors
for an increased incidence of atherosclerotic cardiovascu-
lar disease and cerebrovascular disease in nephrotic patients
(565,567,576–578). It has been suggested that the altered
serum lipid pattern in the nephrotic syndrome may accelerate
the progression of renal failure (579). Altered membrane lipid
composition and oxidant injury of the kidney (580) and also
erythrocytes (581) have been described. Elevated serum lipids
and lipoproteins may contribute to progressive renal injury in
animal studies (582–586).
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Low serum and tissue proteins are caused by enhanced
urinary protein excretion, decreased protein synthesis and,
possibly to a small degree, by degradation of the increased
quantity of filtered protein in renal tubular cells (587–589).
Also, albumin synthesis may be increased, normal, or de-
creased, depending at least partly on the adequacy of dietary
protein intake. Massive proteinuria may occur (e.g., up to
40 gm or more of protein per day) and may be incapacitat-
ing or life-threatening (590). Serum levels of many biologi-
cally active proteins, including clotting factors and inhibitors,
are reduced owing to enhanced excretion and renal degrada-
tion (591); the clinical importance of these effects are not well
defined. However, low plasma concentrations of clotting in-
hibitors may contribute to the frequency of renal vein throm-
bosis in the nephrotic syndrome.

The vitamin D analogues, 25-hydroxycholecalciferol and
1,25-dihydroxycholecalciferol, are bound to an alpha-like
globulin (592) and may be lost in urine in the nephrotic syn-
drome (593,594). In experimental nephrosis, intestinal absorp-
tion of vitamin D appears to be normal (595). Evidence of vi-
tamin D deficiency with low serum 25-hydroxycholecalciferol
and 1,25-dihydroxycholecalciferol, decreased ionized and to-
tal calcium, and bone disease has been found in patients with
the nephrotic syndrome (593,596,597). Others have reported
normal serum vitamin D levels and no bone disease (598).
There is loss of organic iodide and thyroxine in the urine in
the nephrotic syndrome, although hypothyroidism is probably
not present (599,600). Also, there may be increased urinary
losses of trace elements bound to proteins such as zinc, cop-
per, and iron. These losses may cause nutritional deficiencies
(451,601–603).

The severity of nutritional disorders in patients with the
nephrotic syndrome varies greatly; in the author’s experience,
patients with the nephrotic syndrome are not infrequently
malnourished and debilitated to a degree that is disproportion-
ate to their renal insufficiency. This is particularly common in
patients with more massive proteinuria. The causes of malnu-
trition and debility are large urinary protein losses, anorexia,
the urinary losses of vitamins and trace elements that are pro-
tein bound in plasma, glucocorticoid and/or cytotoxic therapy,
and the frequent incidence of infections that result from such
treatment.

Protein-restricted diets providing less than 30% of calories
from fat, less than 200 mg per day of cholesterol, and an abun-
dant amount of polyunsaturated fatty acids, with 10% of calo-
ries from linoleic acid are reported to reduce serum total and
LDL cholesterol and decrease proteinuria in nephrotic patients
(604). Serum total LDL-cholesterol and Lp(a) in the nephrotic
syndrome may be reduced by treatment with HMG-CoA re-
ductase inhibitors, fibric acid derivatives, ACE inhibitors and
ARBs. The effectiveness of ACE inhibitors and ARBs in reduc-
ing serum lipids appears to be due to decreases in proteinuria.
(608,609). Although polyunsaturated fatty acids (PUFA) and
fish oil, which is high in PUFA, have been reported to reduce
serum lipids and to be renoprotective in some but not all an-
imal studies of the nephrotic syndrome, (610–612) the results
in nephrotic humans have been equivocal (357,613–615).

A high-protein diet providing up to 2.3 gm protein/kg/day
has been reported to improve nutritional status, if advanced
CRF is not present (616). High protein diets increase renal
blood flow and GFR (617,618). The findings that low protein
diets may retard progression of renal failure and reduce pro-
teinuria (269,284,619) have prompted a reexamination of the
use of low protein diets in this disorder. Kaysen and co-workers
fed isocaloric diets providing 0.8 and 1.6 gm protein/kg/day
to 9 nephrotic syndrome patients (620). They reported that
with the lower protein intake, urine albumin, renal albumin
clearance, and fractional urinary albumin excretion decreased.
Serum albumin concentrations and plasma albumin mass were

actually greater with the low protein diet, although total al-
bumin mass did not differ with the two diets. A vegetarian
soy-based low protein diet may reduce proteinuria and hyper-
lipidemia in nephrotic patients (621).

In rats and humans with proteinuria or the nephrotic syn-
drome, converting enzyme inhibitors and angiotensin receptor
blockers may reduce but not abolish the proteinuria (622–626).
The addition of converting enzyme inhibitor medicines seems
to allow protein intakes to be increased modestly without in-
creasing urinary protein losses, thereby increasing the likeli-
hood of nutritional repletion. It is likely that angiotensin re-
ceptor blockers have similar effects. Reduction of proteinuria
is an important goal because large urine protein losses are a
risk factor for more rapid progression of renal failure (281).
Long-term studies have not demonstrated whether these lower
protein intakes will prevent or correct protein malnutrition;
this problem is complicated by the difficulty of assessing pro-
tein nutrition in nephrotic patients.

At present, it is our policy to prescribe for patients with the
nephrotic syndrome diets that provide 0.70 or 0.80 gm pro-
tein/kg/day. The higher value would be prescribed for patients
with more severe proteinuria. At least 0.35 gm/kg/day of the
protein should be of high biologic value. This diet should be
supplemented with 1.0 gm of high biologic value protein for
each gram of urine protein excreted each day. Intake of en-
ergy and minerals in general is prescribed as described for pa-
tients with chronic renal insufficiency. Angiotensin converting
enzyme (ACE) inhibitors and/or angiotensin II receptor block-
ers are routinely added to reduce proteinuria.

Studies in rodents indicate that aldosterone receptor block-
ers may reduce renal fibrosis. Data from human studies indicate
that these medicines may decrease proteinuria (627). There are
not yet sufficient data from large scale clinical trials to ascertain
the value of using aldosterone receptor blockers to safely re-
duce renal fibrosis and proteinuria. The use of these medicines
poses a major risk of hyperkalemia, especially in people with
renal insufficiency or diabetes mellitus who are also taking ACE
inhibitors and/or ARBs.

Diuretics and sodium restriction (2 to 4 g sodium per day)
are used to treat edema and the tendency to retain sodium.
When sodium is restricted adequately, thirst will usually reg-
ulate water intake to prevent the development of substantial
hyponatremia. To maximize the antiproteinuria effects of ACE
inhibitors or angiotensin II receptor blockers, it is either nec-
essary to maintain urinary sodium excretion at or less than
100 mEq/day by dietary sodium restriction or to use a diuretic
(i.e., a thiazide [see the previous text]). An NCEP Therapeutic
Life Style (TLC) diet (see the previous text) may benefit lipid
metabolism (346), although, by itself, dietary therapy probably
will not lower serum lipids adequately and successful treatment
of hypercholesterolemia will usually require HMG CoA reduc-
tase inhibitors, possibly in association with ezetimibe which
decreases intestinal cholesterol absorption (628). Phosphorus
intake may need to be liberalized if the protein intake is much
greater than 0.70 gm/kg/day. Vitamin supplements should pro-
vide the normal daily allowances for the fat-soluble vitamins,
including vitamin D, as well as the water-soluble vitamins.

For patients with moderate or advanced renal insufficiency,
1,25-dihydroxycholecalciferol, probably should be substituted
for vitamin D3 or cholecalciferol or one of its analogues may
need to be given. The potential benefits of administering trace
elements have not been established, although for patients
with large amounts of proteinuria, iron, zinc, copper and
probably other trace element supplements should be given.
Good blood pressure control is essential (281,623). More
studies are needed to examine these issues as well as the
optimal use of medicines and diet to treat hyperlipidemia and
hypercholesterolemia in the nephrotic syndrome and to retard
the progression of renal failure.
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NUTRITIONAL THERAPY FOR
ACUTE KIDNEY INJURY—

ALTERED METABOLIC AND
NUTRITIONAL STATUS IN
ACUTE KIDNEY FAILURE

Patients with acute renal failure (ARF) have widely varying
degrees of altered metabolic and nutritional status. Some
patients maintain nitrogen balance and have normal water
balance, plasma electrolyte concentrations, and acid–base
status. In general, these patients do not have severely catabolic
underlying illnesses. They are usually not oliguric, and the
cause of their ARF is typically an isolated, noncatabolic event,
such as administration of radiocontrast drugs or aminogly-
coside nephrotoxicity. However, most patients with ARF for
whom a nephrologist is consulted have some degree of in-
creased net protein breakdown (synthesis minus degradation)
and disordered fluid, electrolyte, or acid–base status. There
is often excess total body water, azotemia, hyperkalemia,
hyperphosphatemia, hypocalcemia, hyperuricemia, and a
large anion gap metabolic acidosis.

Net protein degradation in ARF can be massive, with net
losses as high as 200 to 250 gm per day (628–630); for com-
parison, the total noncollagen protein mass of a 70-kg man is
about 6 kg (631). Patients are more likely to be catabolic when
the ARF is caused by shock, sepsis, or rhabdomyolysis. In the
study of Feinstein et al., mean UNA was 12.0 ± (S.D.) 7.9 gm
per day in patients in whom ARF was caused by hypotension,
sepsis, or both, and 12.3 ± 7.9 gm per day in those with rhab-
domyolysis (629). These UNA rates were significantly greater
(p <0.001 and p <0.05, respectively) than in patients with ARF
from other causes (3.8 ± 2.4 gm/day).

In patients with ARF, marked net protein catabolism may
accelerate the rate of rise in plasma concentrations of potas-
sium, phosphorus, nitrogenous metabolites, and non-nitrogen
containing acids. It is therefore not surprising that protein and
energy wasting or protein-energy malnutrition is very preva-
lent in patients with ARF (629,632,633) and is associated with
increased morbidity and mortality (633).

Animal studies suggest that acute uremia itself may cause
disorders in amino acid and protein metabolism and promote
breakdown. UNA is increased in rats with ARF compared with
sham-operated controls. Livers from acutely uremic rats dis-
play increased uptake of several amino acids and enhanced
urea production (634). Frohlich et al. studied glucose and urea
output in perfused liver from rats with bilateral nephrectomy
and reported increased hepatic release of glucose, urea, and
the branched-chain amino acids valine, leucine, and isoleucine,
which are not well metabolized by the liver (635). When a mix-
ture of amino acids was added to the perfusate in concentra-
tions that were approximately similar to those found in plasma,
the increment in hepatic glucose and urea formation in the ARF
rats was significantly greater than in acutely uremic rats not re-
ceiving amino acids (635). These observations suggest that in
rats, acute uremia per se stimulates both gluconeogenesis and
protein degradation in the liver. Although a number of these
studies were conducted before the degree of inflammation in
animals or patients with ARF could be readily characterized,
their hypercatabolic state was almost certainly often associated
with a severe systemic inflammatory response.

Some early studies suggest that protein synthesis may vary
independently and according to the organ studied (636,637).
However, these investigators did not examine the balance be-
tween both synthesis and degradation. Flugel-Link and co-
workers found increased degradation and a trend toward im-
paired synthesis of protein in the perfused posterior hemicorpus

of rats made acutely uremic by bilateral nephrectomy (638).
Clark and Mitch also described reduced protein synthesis and
enhanced protein degradation in skeletal muscle from rats with
ARF (639). Insulin, added to the incubation media, enhanced
protein synthesis and reduced protein degradation in muscle
of these animals. The effect of insulin was less marked in the
acutely uremic animals compared with the sham-operated con-
trols, indicating that ARF causes insulin resistance in muscle.
The acidemia that occurs in ARF contributes to the protein
catabolism (640). Nonetheless, acute uremia per se seems to
engender only a mild increase in catabolism, at least in the
commonly studied rat model (638,639). It is when sepsis or
hypoxia is superimposed that catabolism increases markedly
(628–630,641).

The mechanisms responsible for increased gluconeogene-
sis and net protein degradation in rats with ARF are not well
defined. In the liver of acutely uremic rats, increased activ-
ity has been reported for glutamate-oxaloacetate aminotrans-
ferase, which catalyzes the transamination of glutamate (642).
Elevated activity of two urea cycle enzymes, ornithine transam-
inase, which catalyzes the conversion of glutamate to ornithine,
and arginase, which catalyzes formation of urea and ornithine
from arginine, has been observed. Increased activity of serine
dehydratase, which oxidizes the gluconeogenic amino acid ser-
ine, has been described. In addition, in acutely uremic rats,
there is normal hepatic activity of phenylalanine hydroxylase
and increased activity of tyrosine aminotransferase, key en-
zymes in the degradation of phenylalanine and tyrosine (643).

Decreased muscle glycogen has been observed in acutely
uremic patients who are catabolic (5) and in rats with bilat-
eral nephrectomy (644). Increased activity of phosphorylase α,
which catalyzes glycogenolysis, and decreased activity of glyco-
gen synthetase 1, which catalyzes glycogen synthesis, has been
observed in muscle of these rats. Supplementing a low-protein
diet with serine increased glycogen synthetase I activity in these
animals (644).

The catabolic effects of ARF may be induced by several
causes. First, the many products of metabolism may be toxic
in the high concentrations that occur in uremia. Second, al-
terations in plasma concentrations of catabolic hormones may
promote wasting. Infusion of normal humans or dogs with
cortisone, epinephrine, and glucagon in quantities sufficient to
raise plasma concentrations to levels found in acutely catabolic
patients causes a sustained increase in glucose production, in-
creased protein turnover and protein degradation, increased
energy expenditure, and negative nitrogen balance (645,646).
These hormones may be increased in ARF due to associated
illnesses (see the subsequent text). These illnesses are often as-
sociated with release of microbial toxins, elevated acute phase
reactants, catabolic cytokines, increase in oxidant levels, and
hormonal disorders associated with increased counterregula-
tory hormones.

A glucocorticoid receptor antagonist may block the
catabolic response in acutely anephric rats (647). Moreover, in
CRF patients there is evidence for increased sensitivity to the ac-
tions of glucagon (173); however, others were unable to demon-
strate enhanced sensitivity to glucagon in rats with ARF (648).
Experience in ARF patients infused with hypertonic glucose
suggests that glucose intolerance is common (629). Parathy-
roid hormone, which may be increased in ARF (649,650), is
another potentially catabolic agent (174,175).

Third, as indicated earlier, acidemia increases amino acid
and protein catabolism (160,161,640). Fourth, proteolytic ac-
tivity is increased in the sera of some patients with ARF who
are very catabolic (651,652). This suggests that in the sera of
hypercatabolic, acutely uremic patients, there may be either
increased quantities of proteases, which degrade proteins, a
reduction in protease inhibitors, or changes in other factors
that lead to enhanced protease activity. In acutely uremic rats
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that have increased muscle protein degradation, activities of
muscle alkaline protease, cathepsin B, and cathepsin D, mea-
sured in vitro, were found not to be different from those of
controls (638).

In addition to the potential catabolic effects of uremia per
se, there are clearly other causes of wasting and malnutrition
in ARF. These include the following:

A. Many patients are unable to eat adequately because of
anorexia or vomiting. These symptoms may be caused
by acute uremia, underlying illnesses, or the anorectic
effects of dialysis treatment. Other causes of poor food
intake are medical or surgical disorders that impair gas-
trointestinal function and the frequent diagnostic studies
that require the patient to fast for several hours.

B. The patient’s underlying medical disorders often cause a
hypercatabolic state. Chief among these catabolic condi-
tions in ARF are infection, hypotension, surgery, trauma,
and rhabdomyolysis.

C. Losses of nutrients in draining fistulas and during dialy-
sis therapy may lead to wasting and malnutrition. More-
over, hemodialysis itself may stimulate catabolism (see
the previous text).

D. As indicated previously, blood drawing, gastrointestinal
bleeding, which may be occult, and blood sequestered in
the hemodialyzer are other causes of protein depletion.

EXPERIENCE WITH
NUTRITIONAL THERAPY FOR

ACUTE RENAL FAILURE

Prior to the mid-1960s, many clinicians recommended se-
vere or total restriction of protein intake for patients with
ARF (246,653,654). Small amounts of energy (e.g., 400 to
800 kcal/day) were provided from candy, butterballs, or in-
travenous infusions of hypertonic glucose to reduce the rate
of protein degradation. This therapy was based on Gamble’s
studies of lifeboat rations for healthy young men. Gamble’s
observations indicated that administration of 100 gm per day
of sugar could substantially reduce net protein breakdown in
these starving but otherwise healthy volunteers (655).

Anabolic steroids were frequently administered because
they could transiently decrease the UNA, the rate of rise of
SUN or nonprotein nitrogen, and the development of acidemia
(656,657). In the 1960s, the Giordano-Giovannetti diet was
developed for patients with CRF (248,252). This diet, which
contained about 20 gm per day of protein, most of which was
usually supplied by two eggs, provided the recommended daily
allowances for essential amino acids for young healthy adults.
Some clinicians advocated this diet for the acutely uremic pa-
tient who was able to eat because they believed that the diet
could be utilized efficiently and would minimize the degree of
protein wasting while it reduced the UNA and the accumu-
lation of nitrogenous metabolites (658). In the era before pa-
tients could be readily treated with dialysis or hemofiltration, it
was thought that anabolic steroids or these low-nitrogen diets
might reduce uremic toxicity and maintain life until renal func-
tion recovered. Maintaining good nutrition was a secondary
aim. When dialysis first became available, it was usually em-
ployed only for specific sequelae of renal failure, such as uremic
symptoms, congestive heart failure or hyperkalemia, and great
efforts were often made to avoid the need for dialysis therapy.
With the development of modern techniques for parenteral and
enteral nutrition and the routine use of dialysis, the emphasis
on nutritional therapy gradually changed so that the mainte-
nance of good nutrition became a primary goal, and dialysis

FIGURE 103-2. Mean nitrogen intake and approximated nitrogen bal-
ance in four groups of patients with acute renal failure who were receiv-
ing parenteral nutrition. Individuals were treated with glucose alone,
glucose and 21 gm/day of essential amino acids (EAA), glucose and
21 gm/day of EAA and 21 gm/day nonessential amino acids (NEAA),
and glucose and approximately 39 gm/day of EAA and 39 gm/day
of NEAA. Nitrogen intake was calculated from the measured nitro-
gen content of the infused parenteral nutrition solutions and is plotted
above the horizontal line. The nitrogen balance, estimated as the dif-
ference between the nitrogen intake and nitrogen output, calculated as
the urea nitrogen appearance (UNA), is plotted below the horizontal
line. Data for patients who received a given parenteral nutrition for-
mulation represent the mean values of the average daily intake and
balance data obtained from each of the patients during the parenteral
nutrition treatment. The calculated nitrogen intake was not adjusted
for the nitrogen received from transfusions of blood or blood prod-
ucts which contain proteins and small amounts of peptides, free amino
acids and other nitrogen containing compounds. Nitrogen balance was
not adjusted for nonurea nitrogen in urine, fecal nitrogen, and other
unmeasured nitrogen losses (e.g., from respiration, wound drainage,
nasogastric tube or fistula drainage, flatus, sweat, skin desquamation
and replacement, and hair and nail growth). The numbers in the verti-
cal bars indicate the sample size of each group. Data from two separate
studies (629,630) are combined in this figure. (Reprinted from: Kop-
ple JD. 1995 Jonathan E. Rhoads lecture: the nutrition management
of the patient with acute renal failure. J Parent Ent Nutr 1996;20:3,
with permission.)

was used as needed to control fluid and electrolyte balance and
remove metabolic waste (659).

The essential amino acids were more efficiently utilized to
decrease protein catabolism and, both per gram infused and for
the degree of antianabolic effect, generated less urea and pre-
sumably other products of nitrogen metabolism (629,630,660)
(Figs. 103-2 and 103-3). Infusion of small amounts of essential
amino acids may also decrease serum potassium, phosphorus
and magnesium and stabilize or decrease the SUN (661–668).
However, infusion of larger quantities of both essential and
nonessential amino acids appeared to have overall more an-
abolic or anticatabolic actions (629,630,660,669,670). These
latter preparations also tended to generate more metabolic
waste (629,630,660). Many of these observations were based
on clear trends but, probably due to small sample sizes these
differences were not statistically significant.

Today, there is a consensus that if the ARF is severe and the
patient is catabolic, it is preferable to provide him with the nu-
tritional support that will minimize his catabolic response and
to dialyze and/or hemofilter him as needed. From the 1960s
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FIGURE 103-3. UNA in four groups of patients with acute renal fail-
ure who were receiving parenteral nutrition (629,630). Data for pa-
tients who received a given parenteral nutrition formulation represent
the mean values of the daily average UNA for the patients in that treat-
ment group. Symbols are explained in the legend to Figure 103-2 and
the text. (Reprinted from: Kopple JD. 1995 Jonathan E. Rhoads lec-
ture: the nutrition management of the patient with acute renal failure.
J Parent Ent Nutr 1996,20:3, with permission.)

to the 1980s, a number of studies examined the use of mix-
tures of the essential amino acids or rather low quantities of
essential and nonessential amino acids (i.e., usually less than
70 g/day) on the metabolic response or survival of patients
with ARF or occasionally with CRF who needed intravenous
nutrition (628–630,660–672). Only some of these studies were
randomly controlled. In some studies comparisons were made
to patients receiving intravenous glucose without amino acids.
No randomized prospective study compared nutritional sup-
port to no nutritional support. In general, patients received
intermittent hemodialysis therapy as needed, as determined by
their clinical condition.

There was no effect of nutritional support with glucose and
essential amino acids on overall survival (629,666), although
in retrospect, these studies were markedly underpowered to
assess a survival benefit, and the randomized control groups
always received at least glucose, water and electrolytes. How-
ever, the data strongly indicated that adding amino acids to the
intravenous infusions promoted anabolism or, at least, reduced
the degree of negative protein balance.

Effect of CVVH/CVVHD
on Nutritional Management of Patients

with Acute Renal Failure

CVVH (continuous venovenous hemofiltration), CVVHD
(CVVH with concurrent hemodialysis), or CVVHDF (con-
tinuous venovenous hemodiafiltration) are commonly used
for the management of very ill patients with ARF, CRF or
other causes of fluid or nitrogen intolerance (e.g., severe
liver or congestive heart failure). CVVH/CVVHD/CVVHDF
is performed with low blood and (for CVVHD) dialysate
flow rates and is usually administered over 24 hours per day.
CVVH/CVVHD/CVVHDF offer the following advantages
to the patient: (a) Larger quantities of water, electrolytes
and metabolites may be removed each day than with a
standard 4-hour hemodialysis; (b) The rate of removal of

water and electrolytes is slow and therefore generally does
not cause or worsen hypotension; (c) Because of the high
daily clearances of water and small molecules, including
metabolic waste products, one may safely administer greater
amounts of amino acids and other nutrients to the patient
than is usually feasible with hemodialysis given three or
four days per week; (d) Because of the high daily clearances
of molecules by CVVH/CVVHD/CVVHDF, patients receiv-
ing CVVH/CVVHD/CVVHDF generally will not require
hemodialysis therapy; and (e) CVVH/CVVHD/CVVHDF may
be administered by nurses who are not specifically trained
in hemodialysis (although some special training of nursing
personnel is required). Thus, CVVH/CVVHD/CVVHDF may
be safer, more effective, and more convenient to use, and the
cost for this therapy may be no more or possibly even less
expensive than for intermittent hemodialysis. Sustained low-
efficiency dialysis (SLED), which is hemodialysis performed
with low blood and dialysate flow rates and with consequent
lower clearances for many hours each day, provides many of
the advantages of CVVH/CVVHD/CVVHDF.

Amino acid losses during CVVH/CVVHD/SLED are influ-
enced by the permeability characteristics of the filter mem-
brane, the ultrafiltration and dialysis flow rates, and the rate
of amino acid infusion, which will influence the plasma amino
acid concentrations (673–675). Approximately 4 to 7 g per day
of amino acids are removed with CVVH (673). In one study,
amino acid losses were about 8.9 ± 1.2 (SEM)% and 12.1 ±
2.2% of the daily quantity of amino acids infused in patients
with renal failure undergoing CAVHD with a dialysate flow
rate of 1 and 2 L/hour, respectively (674). Amino acid losses
with CVVHD generally average about 6% to 12% of the daily
amino acids infused, but many increase to 16% to 17% of the
infused amino acids with increasing amino acid intakes (i.e.,
up to 2.5 g/kg/day (675,676).

Calcium and magnesium losses during CVVH or CVVHD
tend to be large, averaging roughly 2,800 and 600 mg/day,
respectively (677,678). Dialysate or ultrafiltrate and urine zinc
losses combined averaged 1.20 mg/day (677).

It is not clear that CVVH/CVVHD/CVVHDF/SLED re-
duces morbidity or mortality more than intermittent hemodial-
ysis in patients with ARF (679). On the other hand, the
larger quantities of amino acids that can be given with
CVVH/CVVHD/CVVHDF/SLED have resulted in more pos-
itive nitrogen balance and more effective fluid and electrolyte
control than can generally be achieved with thrice-weekly
hemodialysis in catabolic ARF patients. Data from both non-
randomized and randomized prospective clinical trials in pa-
tients with ARF receiving enteral or parenteral nutrition indi-
cate that the degree of positivity of nitrogen balance (or the
degree to which nitrogen balance is less negative [680]) is di-
rectly related to the protein or amino acid intake (683). About
2.5 g of protein or amino acids/kg/day appeared necessary to
maintain nitrogen balance (680,683). Moreover, the study of
Scheinkestel et al indicated that nitrogen balance, after adjust-
ing for age, sex and APACHE II score, was associated with a
greater probability of survival in both the intensive care unit
and also overall hospital survival (683). In contrast to nitrogen
balance, there was no association between protein or amino
acid intake and patient outcome. These intriguing findings sug-
gest several possibilities: (a) that the catabolic state of the pa-
tient affects their prognosis; (b) that their nitrogen balance
might affect their outcome; and (c) that it may be advanta-
geous to monitor nitrogen balance in these ICU patients and to
increase amino acid intake to maintain positive balance. These
results must be interpreted with some caution because with
very high protein intakes, the quantity of nitrogen lost through
unmeasured routes (i.e., respiration, skin) may increase sub-
stantially, making nitrogen balance falsely more positive
(312).
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ENTERAL VERSUS
PARENTERAL NUTRITION

Patients with ARF and superimposed illness should be given
oral nutrition whenever feasible. If the patient will not eat ad-
equately, he may be offered liquid formula diets, elemental di-
ets, or tube or enterostomy feeding. Often enteral tube or gas-
trostomy feeding is the only possible method of nourishment
through the alimentary tract (684) in critically ill patients. For
patients who must be fed by an enteric tube or gastrostomy,
there are many liquid protein or defined-formula (elemental)
diets that may be prescribed (685). Some are specifically de-
signed for renal failure patients. Dieticians usually can provide
information concerning the composition of these preparations.
There are a number of reviews of the techniques and complica-
tions associated with the use of the chemically defined diets and
tube feeding (684,686,687). Most of the principles are appli-
cable to the patient with renal failure. Enteral feeding has been
used extensively in pediatric patients, and particularly infants,
with CRF (688,689); enteral feeding is now becoming more
widely used in adult patients with ARF or CRF (685,690).

Patients with ARF are more likely to have high gastric
residual volumes and nasalgastric tube obstruction (685) if
they receive nutrition, enternal, and they must be monitored
carefully for these complications. However, for the majority
of adult ARF patients, enteral feeding is a safe and effective
way to provide nutrition. There is a tendency for intensive
care patients with or without ARF prescribed enteral nutri-
tion to not receive the prescribed nutrients (685,691). Careful
attention to the rate of delivery of enteral nutrition and to
potential disruptions due to medical and surgical care is neces-
sary to ensure that the received nutrition is equal to prescribed
nutrition.

Many patients with ARF do not have a sufficiently well-
functioning gastrointestinal tract, and parenteral nutrition is
the only technique that will provide adequate nutrient in-
take.This is particularly common in the more catabolic patients
with ARF. Parenteral nutrition provides greater fluid loads and
is more costly. Techniques for parenteral nutrition and the po-
tential complications of this treatment have been reviewed else-
where (692).

Peripheral parenteral nutrition has been suggested as an al-
ternative to total parenteral nutrition (TPN) (693). The solu-
tions are infused into a peripheral vein, and the risks of insert-
ing a central catheter are avoided. A limitation of peripheral
parenteral nutrition is that the osmolality of the infusate must
be restricted to about 600 mosm or lower to prevent throm-
bophlebitis; even then, the needles or catheters must be changed
frequently, usually every 18 to 48 hours. Thus, to provide ad-
equate calories and amino acids, the patient must receive large
fluid loads, which are not tolerated by most individuals with
ARF who require parenteral nutrition. Moreover, the pharma-
ceutical costs of peripheral parenteral nutrition are usually sim-
ilar to those of TPN because with the former technique, larger
amounts of expensive lipid emulsions must be given to provide
calories with a lower osmotic load.

Peripheral partial parenteral nutrition may be useful for pa-
tients with ARF who are able to receive only part of their daily
nutritional requirements by oral or enteric feeding. The pe-
ripheral infusions may allow these patients to receive adequate
nutrition without resorting to TPN through a large-flow vein.
In these individuals, it is often preferable to infuse an 8.5% to
10% amino acid solution or a 20% lipid emulsion into a pe-
ripheral vein and administer as much as possible of the other
essential nutrients through the enteral tract, including carbo-
hydrates, which provide most of the osmotic load when given
intravenously.

To avoid the risk of central vein catheterization, a peripheral
vascular access that is used for hemodialysis can also be used for
TPN (694). Because the blood flow through the vascular access
is large, hypertonic solutions can be infused, and the water load
to the patient can be reduced. However, in our experience, this
technique increases the hazard of local infection, and it should
not be used in patients who will need a hemodialysis access for
an extended period of time.

EFFECT OF NUTRITIONAL
INTAKE ON RECOVERY
OF RENAL FUNCTION

IN ACUTE RENAL FAILURE

Abel et al. observed that in patients with ARF who were treated
with intravenous infusions of essential amino acids and glucose
as compared with glucose alone, there was a tendency for the
serum creatinine levels to decrease sooner and to lower lev-
els (665). These findings raised the question of whether nutri-
tional therapy may facilitate healing and enhance the rate of
recovery of renal function in patients with ARF. In the prox-
imal tubular cells of rats with acute tubular necrosis caused
by injection of mercuric chloride, there is increased synthe-
sis of protein, nucleic acids, and phospholipids and accelerated
growth that is apparent as early as the second day after injection
(695–697). Toback suggested that this regrowth should in-
crease the requirements for nutrients and that this greater de-
mand for nutrients occurs at a time when food intake is often
decreased and uremic toxicity is developing (698). However,
experiments in animals with ARF have given conflicting results
as to whether nutritional support will enhance the rate of re-
covery of ARF (699–702), and no other studies in humans with
ARF have shown an effect of nutritional support on recovery
of renal function.

WHY BENEFITS OF NUTRITIONAL
THERAPY HAVE NOT

BEEN DEMONSTRATED
UNEQUIVOCALLY

Notwithstanding the reports of Abel et al. (665) and
Scheinkestel et al. (683), the foregoing studies, taken together,
do not unequivocally demonstrate that treatment with amino
acids and other nutrients will improve the rate or incidence of
recovery of renal function or the nutritional status, overall clin-
ical condition, or survival. Intuitively, it seems that nutritional
therapy should benefit patients with ARF. For patients who
have ARF for more than 2 to 3 weeks or who are convalescing
from ARF but are still unable to eat, evidence is stronger that
oral or parenteral nutritional support should improve nutri-
tional status.

There are probably several reasons why it has been so dif-
ficult to demonstrate a beneficial effect of nutritional therapy.
These may include the following: (a) The clinical course of
patients with ARF is so variable and often so complex that
it is necessary to study large numbers of patients in random-
ized prospective studies to show statistically significant advan-
tages to nutritional therapy, if these benefits exist; (b) Many
of these studies were retrospective or not randomly controlled,
and this may have led to unintentional biases in the results;
(c) The optimal composition of nutrients in the enteral or par-
enteral infusion solutions has not been defined, and the use of
suboptimal formulations of nutrients may have made it more
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difficult to demonstrate the clinical benefits of nutritional ther-
apy; (d) The randomized prospective studies in patients with
ARF did not examine whether nutritional support is benefi-
cial. They compared only the response to different formula-
tions of nutritional support. There has been no prospective con-
trolled comparison between the clinical course of patients with
ARF who were receiving nutritional therapy and those who
were receiving no enteral or parenteral nutritional support; and
(e) It is probable that catabolic patients or rats with ARF may
need both good nutritional intake and metabolic intervention
to suppress catabolic processes and promote anabolism in liver
and other tissues. Because ARF patients who need nutritional
therapy often suffer from underlying catabolic illnesses, they
have undergone a metabolic reorganization so that they are
more prone to degrade infused amino acids and energy sub-
strates. Thus, the provision of nutrients without altering these

metabolic processes may not benefit the nutritional status or
clinical outcome. This may be particularly true during the ini-
tial days after the onset of ARF.

RECOMMENDED NUTRITIONAL
THERAPY FOR ACUTE

RENAL FAILURE

General Principles

From the current data, it is not possible to develop definitive
protocols for the nutritional therapy of patients with ARF. The
following therapeutic approach, summarized in Table 103-7, is

TA B L E 1 0 3 - 7

COMPOSITION OF SOLUTIONS FOR TOTAL PARENTERAL NUTRITION IN PATIENTS
WITH ACUTE RENAL FAILUREa

Volume 1.0 (liters) Vitamins

Vitamin A f 2,000 IU/day
Essential and nonessential 42.5 to 50 gm/L Vitamin D see text

free crystalline amino Vitamin Kg 7.5 mg/week
acids (4.25% to 5.0%)b Vitamin Eh 10 IU/day

OR Niacin 20 mg/day
Essential amino acids (5%)b 12.5 to 25 gm/L Thiamine HCl (B1) 2 mg/day

Riboflavin (B2) 2 mg/day
Dextrose (D-glucose)c 350 gm/L Pantothenic acid (B3) 10 mg/day
Lipid emulsion 10% or 20% in 500 mL Pyridoxine HCl 10 mg/day
Energy (approximately)c 1,140 kcal/L Ascorbic Acid (C) 60 mg/day

Biotin 200 mg/day
Electrolytesd Folic Acidg 1 mg/day

Sodiume 40 to 50 mmol/L Vitamin B12
g 3 μg/day

Chloridee 25 to 35 mmol/L
Potassium ≤35 mmol/day
Acetate 35 to 40 mmol/day
Calcium 5 mmol/day
Phosphorus 8 mmol/day
Magnesium 4 mmol/day
Iron 2 mmol/day
Other trace elements see text

aThe nutrients listed are present in each bottle containing 500 mL of 8.5% to 10% crystalline amino acids or 250 to 500 mL of 5% essential amino
acids and 500 mL of 70% D-glucose. The vitamins and trace elements are an exception because they are added to only one bottle per day. For those
doses of nutrients that are expressed as concentrations rather than as quantities per day, the dose refers to the quantity present in each liter of dextrose
and amino acids, with or without lipids. The patient’s fluid status and serum electrolytes and glucose values must be monitored closely. The
composition and volume of the infusate may be modified according to the nutritional status of the patient (see text).
bFor patients who are more catabolic (e.g., UNA ≥5 gm/day), who are undergoing regular dialysis treatments (particularly for 2 or more weeks), or
who are very wasted, essential and nonessential amino acids should be infused; about 1.0 to 1.2 gm/kg/day for hemodialysis patients and 1.0 to 1.3
gm/kg/day for intermittent peritoneal dialysis, CAPD or APD patients (see text). 1.5 to 2.5 gm/kg/day of essential and nonessential amino acids may
be given to patients undergoing CVVH/CVVHD/CVVHDF or SLED. For patients who are not very wasted, who are less catabolic, who are not
undergoing regular dialysis therapy, and who will not be receiving TPN for more than 2 or 3 weeks, 21 to 40 gm per day of the nine essential amino
acids may be infused. See text for discussion of the formulations of amino acids.
cSeventy percent D-glucose is added as necessary to obtain an energy intake of 30 to 35 kcal/kg/day (see text); lower energy intakes may be used in
very obese patients. The D-glucose reported is actually dextrose monohydrate. For the higher levels of energy intake (i.e., 45 kcal/kg/day), additional
70% D-glucose may be added to the solutions. Generally lipids are infused each day to provide 20% to 30% of total calories in order to balance the
sources of calories and to prevent essential fatty acid deficiency. For patients who are septic or at high risk for sepsis, about 10% to 20% of calories
may be given as lipids. The lipids probably should be infused over 12 to 24 hours to reduce the hyperlipidemia that occurs with intravenous infusion
of lipid emulsions and to avoid impairment of the reticuloendothelial system. The lipids may be infused through a separate line or mixed with the
amino acid and dextrose solutions and infused soon after mixing (see text). Usually a 20% lipid emulsion (250 to 500 mL) is used to reduce the water
load. The approximate calorie values are dextrose monohydrate, 3.4 kcal per gm; amino acids, 3.5 kcal per gm.
dWhen adding electrolytes, the amounts intrinsically present in the amino acid solution should be taken into account.
eRefers to the final concentrations of electrolytes after any additional 70% dextrose or other solutions have been added.
f About 600 μg/day of retinol activity equivalents (RAE), see text.
gShould be given orally or parenterally and not in the TPN solution because of antagonisms.
hMay need to be increased with use of lipid emulsions.
CVVH, continuous venovenous hemofiltration; CVVHD, continuous venovenous hemofiltration with concurrent dialysis; CVVHDF, continuous
venovenous hemodiafiltration; SLED, slow, low-efficiency dialysis; TPN, total parenteral nutrition.
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based on the author’s analysis of the literature and personal ex-
perience. In general, the policy is to administer sufficient quan-
tities of nutrients to prevent or minimize the development of
malnutrition. Fluid and mineral balance should be carefully
monitored to avoid overhydration or electrolyte disorders.

Because the clinical status of patients with ARF is so diverse,
the prescribed nutrient intake will vary greatly and should de-
pend on the patient’s nutritional status, catabolic rate, resid-
ual GFR, and the indications for initiating intermittent dial-
ysis therapy, SLED or CVVH/CVVHD/CVVHDF. A patient
who is malnourished or hypercatabolic might receive a sur-
feit of nutrients and be given intermittent hemodialysis or
CVVH/CVVHD/CVVHDF/SLED as needed. Patients with a
high residual GFR also may be given large quantities of nutri-
ents, since there is less risk of developing fluid and electrolyte
disorders or accumulating metabolic waste products.

For a patient who has little or no urine flow and is not very
catabolic or uremic, a reduced intake of water and minerals and
calories with small amounts of amino acids, often given as the
essential amino acids, may decrease the need for dialysis; this
may be particularly beneficial if the patient does not tolerate
dialysis well because of myocardial ischemia, very low cardiac
output or hemodynamic instability.

Similarly, a patient who is beginning to recover from ARF
may be given small quantities of water, electrolytes, and amino
acids in order to postpone the need for dialysis until renal func-
tion becomes adequate. In these latter patients, high-calorie
diets or infusates providing small amounts of essential amino
acids with little or no protein may be used for a limited amount
of time. Such nutritional therapy may maintain near neutral ni-
trogen balance for short periods of time.

In general, the intake of water (including the water content
from wet foods) should equal the output from urine and all
other measured sources (for example, nasogastric aspirate, fis-
tula drainage) plus about 400 mL per day. This regimen takes
into account the contributions of endogenous water produc-
tion from metabolism and insensible water losses (e.g., from
respiration and skin) to water balance. On the other hand, if
the patient is catabolic and in negative calorie and nitrogen
balance, weight should be allowed to decrease by about 0.2
to 0.5 kg per day to avoid accumulation of water. The intake
of sodium, potassium, phosphorus, magnesium, calcium, and
trace elements should be restricted to prevent accumulation of
these minerals. Sodium intake should equal output but should
also be coordinated with the water balance to prevent hypona-
tremia or hypernatremia. Potassium and phosphorus intake
should be designed to prevent abnormally high or low blood
levels. By controlling the water and electrolyte intake and low-
ering the rate of accumulation of urea and other nitrogenous
metabolites, it may be possible to reduce the need for dialysis
treatments.

Insulin should be used to maintain normal plasma glucose
concentrations. Glucose intolerance is very common in pa-
tients with ARF. With the large glucose loads frequently ad-
ministered, hyperglycemia may occur in a large proportion of
patients (629). Insulin is also a potent anabolic hormone. In
nonuremic patients who have catabolic illnesses, insulin can
reduce nitrogen output and improve negative nitrogen and pro-
tein balance (703–705). In surgical intensive care unit patients,
intravenous insulin infusions to maintain blood glucose be-
tween 80 and 110 mg/dL may reduce mortality. (706). Recom-
binant human growth hormone (rhGH) may also promote ni-
trogen balance in patients with acute catabolic stress or chronic
illness, including CRF (707,708). However, studies in criti-
cally ill patients indicate that rhGH may increase mortality
in severely ill patients (709).

The following discussion of specific nutrient intakes for pa-
tients with ARF can be applied to individuals receiving oral,
enteral or intravenous nutrition. TPN has been emphasized be-

cause this is frequently the route of choice for nutritional ther-
apy in the sicker, more catabolic patients with ARF, and it is
usually the most complicated of the techniques. However, clin-
ical trials indicate that total enteral nutrition (TEN) is prefer-
able to total parenteral nutrition (TPN) because the TEN is
associated with a lower rate of morbid events (see the subse-
quent text) (111–114). This may be the result of better preser-
vation of gut mass and host resistance in the intestinal tract and
other organs with TEN as compared to TPN (115–121). Cer-
tain constituents of nutritional support solutions, such as argi-
nine, RNA, and omega-3 fatty acids (122,123), or glutamine
(88–90) appear to maintain more normal gut anatomy, enhance
immune function, and possibly increase survival. The gut hor-
mone, bombesin, also may improve intestinal structure and the
immune function of the gut mucosa and upper-respiratory tract
(124–126).

Nitrogen Intake

The physician is most likely to maximally benefit the patient’s
metabolic and clinical status if the nitrogen intake is tailored
to the clinical condition of the patient. A low protein or amino
acid intake, provided orally, enterally or intravenously, may be
prescribed for patients who have a small UNA (i.e., equal to
or less than 4 to 5 gm nitrogen per day), who have no evi-
dence of severe protein malnutrition, and who will probably
recover renal function within 1 to 2 weeks (Tables 103-7 and
103-8). A severely reduced GFR and the desire to avoid or
reduce the frequency of dialysis therapy are other indications
for low nitrogen intakes. One may give 0.30 to 0.50 gm/kg
adjusted edema-free body weight (aBWef) per day (240,561)
of essential amino acids with or without arginine. More than
40 gm per day of the nine essential amino acids are not pre-
scribed because larger quantities may cause serious amino acid
imbalances (see the subsequent text) (660,729,730). For pa-
tients who can eat, diets providing 0.10 to 0.30 gm/kg/day
of miscellaneous protein and 10 to 20 gm per day of essen-
tial amino acids also may be used. These treatment protocols
should promote a low rate of accumulation of nitrogenous
metabolites, and unless the patient is very catabolic, they will
usually maintain neutral or only mildly negative nitrogen bal-
ance. Hence the need for dialysis therapy may be minimized or
avoided.

If the patient has substantial residual renal function (e.g.,
GFR of 5 to 10 mL/minute), is not very catabolic, and can
eat well, he may be treated as a nondialyzed patient with stage
3 to 5 CKD, receiving 0.55 to 0.60 gm/kg aBWef/day (240,561)
of primarily high biologic value protein or about 0.28 gm pro-
tein/kg/day supplemented with 6 to 10 gm per day of essen-
tial amino acids. If such a patient cannot be fed enterally, he
may be given 0.55 to 0.60 gm/kg aBWef/day of essential and
nonessential amino acids intravenously. For patients who are
more catabolic and have a higher UNA (greater than 5 gm
nitrogen/day), are severely wasted, and either have or are ex-
pected to have ARF for more than 2 weeks, a higher protein or
amino acid intake is usually prescribed. This prescribed intake
is generally 1.0 to 1.2 gm/kg/day for patients undergoing regu-
lar hemodialysis thrice weekly but is often greater, about 1.2 to
1.5 gm/kg/day for individuals receiving standard hemodialy-
sis more frequently, and approximately 1.5 to 2.5 gm/kg/day,
for individuals receiving SLED or CVVH/CVVHD/CVVHDF
(681,682,731,732) (Table 103-8). Most patients with ARF
receiving TEN or TPN will merit one of these latter two
dosages.

In comparison with small quantities of essential amino
acids, these larger nitrogen intakes may improve nitrogen bal-
ance, particularly after the first 1 or 2 weeks of dialysis treat-
ments. However, the UNA will almost invariably rise, and the
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TA B L E 1 0 3 - 8

AMINO ACID COMPOSITION OF SOLUTIONS FOR TOTAL PARENTERAL NUTRITION FOR PATIENTS
WITH ACUTE RENAL FAILUREa,b,c

No dialysis Intermittent CVVH/CVVHD
or ultrafiltration hemodialysis CVVHDF/SLED

Volume About 1.2 to 1.7 L About 1.7 to 2.0 L Standard TPN volumes
Essential amino acids (g/kg/day) (usually 5%

solutions)
0.30 to 0.50d Not applicable Not applicable

Essential and nonessential amino acids
(g/kg/day) (usually 8.5% to 10% solutions)

0.60 1.0 to 1.5 1.5 to 2.5

CVVH, continuous venovenous hemofiltration; CVVHD, continuous venovenous hemofiltration with concurrent dialysis; CVVHDF, continuous
venovenous hemodiafiltration; SLED, slow, low-efficiency dialysis.
aFor patients who are more catabolic (e.g., urea nitrogen appearance ≥5 g/day), who are undergoing regular dialysis treatments (particularly for 2 or
more weeks), or who are very wasted, essential and nonessential amino acids may be infused; about 1.0 to 1.2 g/kg/day for hemodialysis patients and
1.0 to 1.3 g/kg/day for patients undergoing intermittent peritoneal dialysis, continuous ambulatory peritoneal dialysis, or continuous cycling
peritoneal dialysis. 1.5 to 2.5 g/kg/day of essential and nonessential amino acids may be given to patients undergoing CVVH, CVVHD, CVVHDF, or
SLED. For patients who are not very wasted, who are less catabolic, who are not undergoing regular dialysis therapy, and who will not be receiving
total parenteral nutrition for more than 2 or 3 weeks, 21 to 40 g/day of the nine purified essential amino acids may be infused. See text for discussion
of the formulations of amino acids.
bNormally, formulations containing both essential and nonessential amino acids are constituted in about a 1.0 to 1.0 ratio. With administration of
small quantities of amino acids, higher proportions of essential to nonessential amino acids sometimes have been advocated.
cSome authorities have recommended immune-enhancing nutritional formulations containing glutamine or the combination of arginine, RNA, and
omega-3 fatty acids.
dNo more than 30 to 40 g/day of essential amino acids if nonessential amino acids are not administered concomitantly (see text).

increased azotemia and water load (in patients treated with
TEN or TPN) may increase the need for dialysis. Patients un-
dergoing more frequent (e.g., daily) hemodialysis, SLED or
CVVH/CVVHD/CVVHDF appear to tolerate increased amino
acid and water loads more effectively because of the greater
weekly clearances (Table 103-8). Peak SUN levels tend to be
well controlled with these more intense hemodialysis regimens,
even with larger nitrogen loads.

As indicated earlier, studies in patients with acute or CRF
suggest that essential amino acids may be utilized more ef-
ficiently than mixtures of essential and nonessential amino
adds (255,629,660). On the other hand, large doses (i.e., more
than 40 gm/day) of essential amino adds alone may be haz-
ardous. Several reports describe patients with ARF who were
infused with, for their body weight, relatively large quan-
tities of essential amino acids (660,729,730). Their plasma
amino acid concentrations were bizarre; many plasma amino
acids were markedly increased. Blood ammonia levels were
high, and a metabolic acidosis occurred. Some patients be-
came comatose. The plasma amino acid pattern improved
markedly when patients were given an infusion of essential
and nonessential amino acids provided in a 1.0:1.0 ratio. These
considerations suggest that the inclusion of some nonessential
amino acids in the mixture may enable the patient to toler-
ate a larger quantity of essential amino acids. Because solu-
tions with a high ratio of essential to nonessential amino acids
may be more anabolic than preparations with the more typical
1.0:1.0 ratio and may be safer than high doses (greater than
30 to 40 gm/day) of essential amino acids alone, the use of
such formulations for patients with ARF should be examined
(733).

Branched-chain amino acids, particularly leucine, may pro-
mote anabolism (276,277). Studies in catabolic patients with-
out renal failure suggest that the intravenous infusion of amino
acid solutions containing a large proportion of branched-chain
amino acids (i.e., isoleucine, leucine, and valine) may have a
modest anabolic effect (734,735); not all reports confirm these
findings.

Ketoacid analogues of the branched chain amino acids also
enhance anabolism in vitro tissue preparations and in clinical

studies carried out in nonuremic individuals who were not hy-
percatabolic (277,736). In postoperative patients without ARF
who were receiving TPN, intravenous infusion of the salt com-
plex of α-ketoglutarate and ornithine appears to decrease UNA
and improve nitrogen balance (737).

Energy

The energy expenditure and requirements for patients with
ARF are primarily determined by the same factors that affect
nonuremic individuals and include weight, age, sex, associated
diseases, and physical activity, if any. Elevated energy expendi-
ture appears to be largely but not entirely the result of sepsis
or other catabolic illnesses (318,738,739). Whether ARF per
se has an effect on energy expenditure or requirements is not
known. CVVH/CVVHD may reduce energy expenditure in pa-
tients with ARF (740,741), presumably because of the cooling
effect on the patient caused by the heat loss from the blood cir-
culating through the apparatus. It is unclear whether this reduc-
tion in body temperature in severely ill patients is hazardous.
In nonuremic individuals, the energy intake necessary to obtain
neutral or positive nitrogen balance rises when nitrogen intake
is low. Because patients with ARF are often given low quan-
tities of nitrogen, this may indicate a need for greater energy
intake. The fact that patients with ARF are often fluid intol-
erant sometimes influences the quantity of energy that may be
given safely. Mault and co-workers reported that patients with
ARF had about a 30% increase in resting energy expenditure
as determined by indirect calorimetry; many, if not all, of these
patients had associated catabolic illnesses (738). In a nonran-
domized comparison, the authors found that patients who died
had a more negative energy balance than those who survived
(738). We have also observed that patients with ARF given
higher energy intakes had greater survival (629). Although this
might reflect a clinical benefit of high energy intakes, it is also
possible that the patients with more negative energy balance
were sicker and had medical disorders that made them more
difficult to nourish (e.g., shock, pulmonary edema).
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TA B L E 1 0 3 - 9

ADJUSTMENT FACTORS FOR ESTIMATING ENERGY
EXPENDITURE DURING ILLNESS

Fraction of normal basal
Type of stress energy expenditurea

Malnutrition (chronic, severe) 0.70
Nondialyzed chronic renal failure 1.00
Maintenance hemodialysis 1.00 to 1.05
Elective surgery

Early (1 to 4 days)b 1.00
Late (18 to 21 days) 0.95

Peritonitis 1.15
Soft tissue trauma 1.15
Fractures 1.20 to 1.25
Infections

Mild 1.00
Moderate 1.20 to 1.40
Severe 1.40 to 1.60

Burns (percent of body surface)
0% to 20% 1.00 to 1.50
20% to 40% 1.50 to 1.85
40% to 100% 1.85 to 2.05

aThe basal energy expenditure values during the normal healthy state
may be multiplied by these approximate factors to estimate resting
energy expenditure during acute or chronic illness.
bAssociated with early starvation.
(Adapted from: Wilmore DW. In: Wilmore DW, ed. The Metabolic
Management of the Critically Ill. New York: Plenum; 1977:34;
Monteon FJ, et al. Energy expenditure in patients with CRF. Kidney
Int 1986;30:741.)

One standard method for assessing energy needs is based
on the Harris-Benedict equations, which estimate basal energy
expenditure (BEE) from age, sex, body weight, and height. The
Harris-Benedict equations are as follows (742):

For men: BEE = 66.5 + (13.8 × weight (kg))
+ (5.0 × height (cm)) − (6.8 × age (years)) [8]

For women : BEE = 655.1 + (9.6 × weight (kg))
+ (1.8 × height (cm)) − (4.7 × age (years)) [9]

The value calculated from these equations is then multiplied
by an adjustment factor for the increase in energy expenditure
caused by different clinical conditions. Some of these factors
are shown in Table 103-9. Finally, the energy requirement is
increased by 25% to adjust for individual variability, physical
activity, and the potentially greater needs associated with a
low nitrogen intake and ARF. Thus, the calculation of energy
requirements in ARF is as follows:

Energy requirements = estimated BEE
× adjustment for illness × 1.25

[10]

In recent years, the Harris-Benedict equation has been re-
ported to overestimate the resting metabolic rate by about 10%
to 15% (744). This overestimate may be greater in patients
with low resting metabolic rates. The World Health Organiza-
tion (WHO) equations appear to give more accurate estimates
of resting metabolic rates, at least in normal men and women

(744). These equations, compiled from about 11,000 measure-
ments of individuals of both genders, all ages, and a wide va-
riety of ethnic groups and body mass indices, are as follows
(745):

Age (years) Resting Metabolic Rate (RMR, kcal/day)

Men: 18 to 30: RMR = 15.4 × weight (kg) − 27.0
× height (m) + 717 [11]

30 to 60 : RMR = 4.6 × weight (kg) + 16.0
× height (m) + 901 [12]

Women: 18 to 30: RMR = 13.3 × weight (kg) + 334.0
× height (m) + 35 [13]

30 to 60: RMR = 8.7 × weight (kg) − 25.0
× height (m) + 865 [14]

Another method used to estimate energy requirements is to
measure energy expenditure by indirect calorimetry and mul-
tiply this value by 1.25. In practice, the estimated energy re-
quirements for patients with ARF requiring nutritional support
usually fall between 30 and 35 kcal/kg aBWef/day.

The higher energy intakes (i.e., 35 kcal/kg/day) generally
are prescribed for patients who have a higher UNA, who are
severely ill, and who are not very obese. For example, if ni-
trogen balance, estimated from the difference between the pa-
tient’s nitrogen intake and the nitrogen output calculated from
the UNA (see the previous text), is negative, despite an ap-
propriate amino acid intake, we may try to provide an energy
intake close to 40 kcal/kg/day.

Larger energy intakes are not used because there appears
to be little nutritional advantage to administering more kcal to
catabolic patients. Indeed, because high-energy intakes gener-
ate more carbon dioxide from the infused carbohydrates and
fat, they can promote hypercapnia if pulmonary function is im-
paired (746). Carbon dioxide retention is particularly likely to
occur with very high carbohydrate loads, because, in compari-
son to fat, more carbon atoms are provided with carbohydrate
to provide the same quantity of energy. Also, very high-energy
intakes may cause obesity and fatty liver, and because of the
large volume of fluids in the intravenous solutions, they may
increase the water load to the patient (747).

Since most patients with ARF do not tolerate large water in-
takes, glucose is usually administered in a 70% solution. Glu-
cose is added to intravenous solutions as glucose monohydrate,
which is 90% anhydrous glucose. The energy available from
glucose monohydrate is 3.4 kcal per gram or, for 70% dextrose,
about 2.38 kcal per mL. Amino acids provide about 3.5 kcal
per gram. The glucose and amino acid solutions are mixed so
that the amino acids and calories are provided simultaneously
(see Table 103-7).

Patients receiving TPN for more than about 5 days should
receive lipid emulsions. Recent evidence underscores the impor-
tance of preventing hyperglycemia, and lipids are often given
from the onset of TPN. The optimal amount of fat for TPN is
somewhat controversial, especially because lipid clearance may
be impaired in ARF (748). Twenty-five gm per day of lipids
will prevent essential fatty acid deficiency. Some investigators
recommend infusing up to 30 to 40% of calories as lipid emul-
sions to provide more normal amounts of fatty acids to organs
that use lipids for energy and to more closely approximate the
normal American dietary intake. Some findings suggest that
infusion of lipid emulsions may lower host resistance. Several
researchers report that infusions of large amounts of fat emul-
sions (e.g., 50 gm over 8 hours) may impair reticuloendothe-
lial system function (749), presumably by overwhelming the
phagocytic capacity of this system. Neonates receiving TPN
with lipid emulsions are reported to have a higher incidence
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of bacteremia than similar infants given TPN without lipids
(750).

A prudent approach may be to infuse lipid emulsions over
12 to 24 hours to minimize increases in plasma lipids and to
avoid overwhelming the reticuloendothelial system. Patients
who are not septic may be given up to 20% to 30% of calo-
ries as lipid emulsions. Patients who are severely septic proba-
bly should not receive intravenous lipid emulsions for several
days. Lipids are available as 10% and 20% fat emulsions that
provide 1.1 and 2.0 kcal per mL, respectively. Traditionally,
lipids have been infused separately from the glucose and amino
acid mixtures. With careful attention to aseptic techniques, the
lipid emulsions may be mixed with glucose and amino acids;
the mixtures should be infused shortly after preparation (751).
Several studies suggest that omega-3 fatty acids may enhance
immune function and host resistance (752–754). Patients re-
ceiving enteral nutrition who have a diseased or shortened in-
testinal tract are often given lower quantities of lipids, often in
the form of more readily absorbable triglycerides, to prevent
malabsorption.

Minerals

Minerals can be added to parenteral nutrition solutions for
ARF as shown in Table 103-7. Recommended intakes of min-
erals should be considered tentative and must be modified ac-
cording to the clinical status of the patient. The patient must
be monitored closely because the hormonal and metabolic
changes that often occur in ARF may cause serum electrolytes
to rise or fall dramatically. If the serum concentration of an elec-
trolyte is increased, it may be advisable to reduce the quantity
infused or to refrain from administering it at the onset of par-
enteral nutrition. However, parenteral nutrition may rapidly
lower certain serum electrolytes, particularly potassium and
phosphorus. On the other hand, a low serum concentration of
a mineral may indicate that there is a need for a greater than
usual intake of that element. Again, metabolic changes and
the impaired GFR can lead to a rapid rise in the serum con-
centrations of electrolytes or glucose. Special attention should
be paid to the increased calcium and magnesium needs with
CVVH/CVVHD/CVVHDF (755).

With the exception of iron and possibly zinc, and sele-
nium, trace elements are probably not necessary in parenteral
nutrition solutions for ARF unless this is the sole source
of nutritional support for at least 2 to 3 weeks. Patients
treated with CVVH/CVVHD/CVVHDF may have increased
nutritional needs for selenium and copper (756). Low plasma
selenium levels are reported in patients with the multiple
organ dysfunction syndrome (757). This might be related to
reduced plasma concentrations or binding characteristics of
the carrier protein. However, in a prospective open label study,
patients with the severe systemic inflammatory response syn-
drome were randomized to receive, intravenously, different re-
placement doses of sodium selenite for 9 days (535, 285, and
155 μg/day for 3 days each, in order of descending dosage)
followed by sodium selenite, 35 μg/day, throughout the treat-
ment period (758). The patients given the larger dose of sele-
nium experienced significantly reduced morbidity and need for
CVVHD. The nutritional requirements for other trace elements
are not well established for ARF patients receiving TEN or
TPN. Many trace elements are routinely added to TEN prepa-
rations.

Vitamins

The vitamin requirements have not been well defined for pa-
tients with ARF, and there is a clear need for more research

on this subject. Tentative recommendations for vitamin intake
for patients receiving parenteral nutrition are shown in Table
103-7. Much of the recommended intake is based on infor-
mation obtained from studies in stage 4 and 5 CKD patients,
normal individuals, or acutely ill patients. There is a need to
provide water-soluble vitamins to patients with ARF because
they often eat inadequate quantities, lose vitamins in dialysate,
may have increased vitamin needs, and receive medicines that
antagonize the actions of many vitamins (see the previous text).
CVVH/CVVHD/CVVHDF may increase losses of water solu-
ble vitamins (678). It has been reported that serum concentra-
tions of the fat soluble vitamins A, E, 25-OH vitamin D3, and
1,25-(OH)2 vitamin D3 are decreased, parathyroid hormone
and vitamin K are elevated, and retinol binding protein are
normal in patients with ARF (759).

The quantities needed for the prevention or treatment of
deficiencies of these vitamins are not known. Caution must
be exhibited with vitamin A therapy because serum vitamin
A levels are elevated in CRF, and rather small supplements
of vitamin A are reported to cause toxicity in CRF patients
(531,534,535,760). Gleghorn et al. reported biochemical and
clinical evidence of vitamin A toxicity in three patients with
acute or chronic renal failure who were receiving TPN (761).
Each individual had been infused with a multivitamin additive
that provided 1,500 μg/day of vitamin A (retinol). It is recom-
mended that ARF patients should receive about 2,000 IU/day
of vitamin A (i.e., about 600 μg/day of retinol activity equiv-
alents (RAE) which is approximately two-thirds of the AMA-
FDA adult formula). Some studies indicate that supplemental
vitamin E is beneficial for CRF patients (542). Until more in-
formation is available, vitamin E 10 IU/day is recommended
for ARF patients (see Table 103-7).

Vitamin E supplements, alone or in combination with sele-
nium or pentoxifylline, have sometimes but not always been
reported to protect against or enhance recovery of experimen-
tally induced ARF in rodents, presumably because of the an-
tioxidant properties of this vitamin (762,763). There have been
no large-scale clinical trials of vitamin E supplementation in
humans with ARF.

These recommendations are a modification of the 1975
recommendations of the Nutrition Advisory Group of the
American Medical Association (AMA) for intravenous vitamin
formulations for adult patients. These AMA recommendations
were approved by the Food and Drug Administration in 1979
(764) and have been referred to as the AMA-FDA adult for-
mula (692).

Vitamin K deficiency may occur in patients without renal
failure who are not eating and are receiving antibiotics that
may suppress vitamin K producing intestinal bacteria (536).
Vitamin K supplements therefore should be given routinely to
patients receiving parenteral nutrition (Table 103-7). Ten mg
per day of pyridoxine hydrochloride (8.2 mg/day of pyridox-
ine) is recommended because studies in clinically stable or sick
patients undergoing MHD indicate that this quantity may be
necessary to prevent or correct vitamin B6 deficiency (86). Pa-
tients should probably not receive more than 60 to 100 mg
per day of ascorbic acid because of the risk of increased serum
oxalate concentrations (549,550). Indeed, there is one report
of a child with ARF from the hemolytic uremic syndrome who
received parenteral nutrition providing 500 mg/day of ascorbic
acid (765). The patient was found to have deposits of calcium
oxalate in the kidneys and pancreas.

Although vitamin D is fat soluble and vitamin stores
should not become depleted during the few days to
weeks that most patients with ARF receive parenteral nu-
trition, the turnover of its most active analogue, 1,25-
dihydroxycholecalciferol (calcitriol), is much faster (766). De-
ficiency of 1,25-dihydroxycholecalciferol has been described
in the oliguric phase of ARF caused by rhabdomyolysis
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(767). Also, in the adult general population, low serum lev-
els of 25-hydroxyvitamin D, the metabolic precursor of cal-
citriol, are not uncommonly found (768,768a). Hence, there
may be a need for calcitriol and/or 25 hydroxyvitamin D
in patients with ARF. In MHD patients, intravenous 1,25-
dihydroxycholecalciferol and its congeners can markedly sup-
press parathyroid hormone secretion (769). The finding that
in ARF some vitamin D compounds are decreased and hyper-
parathyroidism may occur and have adverse effects (649,759),
suggests a possible therapeutic role for calcitriol or for one of
its analogues that has less calcemic effects (770).

It should be emphasized that the nutrient intake of patients
with ARF must be carefully reevaluated, often each day and
sometimes more frequently. This is particularly important be-
cause the clinical and metabolic condition of these patients may
undergo rapid changes.

EFFECTS OF METABOLIC
INTERVENTIONS TO ENHANCE

RECOVERY OF RENAL FUNCTION

Other types of metabolic intervention have shown varying de-
grees of promise for preventing or ameliorating the severity
of ARF or enhancing recovery of renal failure. These inter-
ventions include using calcium channel blockers to inhibit cal-
cium flux into the cell, a preterminal event leading to cell death
(771). Other studies addressed maintenance of the cellular en-
ergy supply. Siegel and co-workers infused magnesium chloride
with adenosine triphosphate, diphosphate, or monophosphate
into rats with ARF secondary to ischemia (772). The rats that
received one of these adenine nucleotides with magnesium chlo-
ride had less impairment of insulin clearance, renal blood flow,
and osmolar clearance, a lower fractional excretion of sodium,
and less histologic evidence of renal injury as compared with
rats that either received no infusion or that received adenosine
triphosphate, adenosine or magnesium chloride alone. Rats
with ARF caused by potassium dichromate injections who re-
ceived thyroxine showed a greater rise in insulin clearance, a
greater fall in fractional excretion of sodium and increase in
urine osmolality, and a more rapid recovery of renal function
as compared with control animals (773). However, a study in
humans with ARF did not confirm that thyroxine enhanced
recovery of renal function (774).

Recently growth factors have been employed in experimen-
tal models of ARF both to accelerate recovery of renal func-
tion and to enhance anabolism. Epidermal growth factor (775),
hepatocyte growth factor (776) and insulin-like growth factor
1 (IGF-1) and IGF-1 analogues (777–779) appear to enhance
the rate of recovery of renal function in rats with ARF.

Published studies are virtually uniform in describing that in
rats with ARF, recombinant human IGF-1 (rhIGF-1) stimulates
mitosis of the proximal tubular cells and possibly other cells
in the kidney and increases the rate of recovery of both renal
blood flow and glomerular filtration rate (777–779). This ef-
fect of IGF-1 is observed with ARF caused by ischemic injury
(777–779), but not when it is caused by large doses of radio-
contrast media (780). Recovery of renal function is enhanced
regardless of whether rhIGF-1 is given concurrently with the
renal insult or even several hours afterwards (778). Interest-
ingly, rhIGF-1 also stimulates an anabolic response in these
rats with ARF (778). Notwithstanding these promising animal
studies, a prospective, randomized, double-blind clinical trial
indicated that rhIGF-I treatment did not enhance the rate of
recovery of renal function, reduce the need for dialysis treat-
ment or improve survival in sick intensive care unit patients
with established ARF (781). Another randomized double-blind
clinical trial in patients undergoing vascular surgery indicated

that there was a slightly lower reduction in creatinine clearance
in the individuals randomized to receive preventive treatment
with rhIGF-1 (782).

In a preliminary study in patients with ARF, atrial na-
triuretic peptide was reported to increase the creatinine or
inulin clearances and reduce the dialysis requirement (783).
Large scale randomized prospective clinical trials have been
carried out to test the potential value of atrial natriuretic pep-
tide for the treatment of patients with ARF. The data suggest
that atrial natriuretic peptide has little or no effect on reduc-
ing the need for dialysis therapy and no effect on morbidity
(784).

AMINO ACID AND PROTEIN
INTAKE MAY PREDISPOSE

TO ACUTE RENAL FAILURE

Several studies in rats suggest that a high amino acid or pro-
tein intake may increase the susceptibility to ARF caused by
ischemia or nephrotoxicity (785–789). The nutrients seem to
increase both the incidence and the severity of ARF induced
by these agents. Several individual amino acids, particularly
D-serine, DL-ethionine, and L-lysine, appear to be nephrotoxic
(787,790). In contrast, glycine and alanine may protect against
ischemic- or toxic-induced renal tubular cell damage (789), at
least in vitro preparations. If amino acids or protein predispose
to renal failure in humans, then patients who receive nephro-
toxic medicines or who are at high risk for renal ischemia might
benefit from low amino acid or protein intakes. On the other
hand, if glycine and alanine are protective in vivo, it is possi-
ble that administration of these amino acids could reduce the
likelihood of ARF in high risk patients. Clearly, more research
is needed in this area.

SPECIAL TECHNIQUES FOR
MANAGING CATABOLIC OR

MALNOURISHED PATIENTS WITH
ARF OR CRF—AGENTS THAT MAY

ENHANCE MORE POSITIVE
PROTEIN BALANCE

There have been a number of reports indicating the potential
value of using growth factors to improve protein balance and
of administering specific nutrients to enhance immunoreactiv-
ity and host resistance. In sick patients in the general popula-
tion and particularly intensive care unit patients, insulin may
decrease UNA, improve nitrogen balance, and insulin and/or
more intense plasma glucose control may reduce morbidity and
mortality (703–706). In vitro studies of skeletal muscle from
rats with ARF indicate that insulin may increase protein synthe-
sis and reduce protein degradation (69,350). Insulin has many
anabolic effects. It promotes protein synthesis; inhibits lipoly-
sis and lowers plasma glucose (790). In the setting of catabolic
stress, insulin reduces elevated concentrations of plasma glu-
cose which can be cytotoxic (791). In critically ill individuals
insulin also may improve dyslipidemia, promote antiinflam-
matory effects, protect against dysfunction of the vascular en-
dothelium and hypercoagulability and have antiapoptotic ef-
fects on the myocardium (791).

In a prospective randomized trial, 1548 adult surgical in-
tensive care unit patients were randomly assigned to receive
intensive insulin infusion therapy that maintained blood glu-
cose between 80 and 110 mg/dL or conventional treatment in
which insulin was infused only if the blood glucose exceeded
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215 mg/dL and the target maintenance blood glucose was set
between 180 and 200 mg/dL (706). Patients assigned to inten-
sive insulin therapy had a significantly lower mortality rate of
4.6% vs. 8.0% with the conventional therapy (p <0.04). The
benefit of intensive insulin therapy could be attributed to de-
creased mortality in those patients who remained in the inten-
sive care unit for more than five days. A retrospective analysis
of these data indicated that there was a linear correlation be-
tween the blood glucose concentration and the risk of death
in these patients (792). Anabolic steroidal compounds, many
of which are androgenic and resemble testosterone, have been
used in patients with ARF (656,657). These agents can reduce
UNA and increase nitrogen balance; they also have been re-
ported to decrease the need for dialysis treatments by lowering
or slowing the rate of rise of SUN and presumably thereby
decreasing uremic toxicity.

Experience with growth hormone in nonuremic individu-
als or animal models suggests that it may be useful for pro-
moting more positive protein balance in patients with ARF
or CRF and superimposed catabolic stress (707,708). Several
studies indicate that recombinant rhIGF-1 and growth hor-
mone (rhGH) may enhance protein retention in malnourished
stage 5 CKD patients who are undergoing MHD or CPD (778,
793–797). People who are acutely stressed from infection or
physical trauma or who receive low quantities of nutrients
sometimes become refractory to rhGH, possibly because of
down-regulation of growth hormone receptors with reduced
ability to express IGF-I (798). Moreover, in very ill intensive
care unit patients the use of rhGH has been associated with
increased mortality rates (709). Therefore, for the present,
growth hormone should not be given to patients who are very
ill. Many studies demonstrate that growth hormone stimulates
growth in children with CRF (799,800). Although rhIGF-1 has
not been shown to enhance recovery from ARF in humans
(781), it stimulates protein anabolism in rats with ARF and
malnourished CPD patients (796). Because IGF-I appears to
stimulate growth of dedifferentiated cells, neither growth hor-
mone nor rhIGF-I should be given to patients with active ma-
lignancy.

Pentoxyphilline is reported to reduce negative protein bal-
ance, possibly by suppressing TNFα (801). L-carnitine appears
to promote positive protein balance in malnourished CPD pa-
tients (802). The mechanism of action of this phenomenon is
unknown, but may be related to suppression of catabolic cy-
tokines. Ketoacid analogues of the branched chain amino acids
also enhance anabolism in in vitro tissue preparations and in
clinical studies carried out in nonuremic individuals who were
not hypercatabolic (277,736). In postoperative patients with-
out ARF who were receiving TPN, intravenous infusion of the
salt complex of α-ketoglutarate and ornithine appears to de-
crease UNA and improve nitrogen balance (737).

Administration of large quantities of glutamine or arginine
to acutely ill humans or animals is reported to improve immune
function, reduce risk of infection and, for glutamine, to restore
intracellular glutamine pools which fall early in acute stress, im-
prove intestinal mucosal structure and physiology, and reduce
the risk of bacterial translocation (803–809). The benefits of
this therapy for critically ill patients have not yet been unequiv-
ocally demonstrated (810). There are no data as to whether
large supplements of glutamine and arginine are beneficial for
physically stressed patients with ARF or CRF. However, in rats
with ischemic ARF, administration of L-arginine 300 mg/kg
for 60 minutes is reported to acutely increase glomerular fil-
tration rate, probably by increasing nitric oxide production
(811).

Peptides in TPN solutions has been used to provide unsta-
ble or poorly soluble amino acids to the patient (i.e., dipep-
tides of glutamine, cysteine, and tyrosine (804)). Peptides also
provide amino acids at a lower osmolality. Experimental ev-

idence derived largely from animal or cell studies also indi-
cates that omega-3 fatty acids and supplemental nucleotides
may improve a number of parameters of immunologic func-
tion and host resistance (752–754,812). The omega-3 fatty
acids appear to modify immune responses by altering the pat-
tern of cytokines elaborated by inflammatory cells (752–754).
Clinical trials with anticytokines or cytokine receptor anti-
bodies have not yet been shown to be valuable for acutely ill
patients.

Intravenous Nutrition Limited
to Hemodialysis

For patients who have marginally adequate intakes and who
will not ingest more nutrients through foods or food supple-
ments, supplemental amino acids, glucose, or lipids may be
infused intravenously during hemodialysis treatment (i.e., in-
tradialytic parenteral nutrition [IDPN]) (205,206,813). The
preparation is infused into the blood leaving the dialyzer; IDPN
avoids the need for catheterization of a central or peripheral
vein and allows the physician to remove excess water and min-
erals as these chemicals are infused. Evidence does not clearly
show that IDPN is beneficial or that patients may not re-
ceive similar advantages from oral supplements or tube feeding
(205,206,813). Regretfully, a large-scale prospective, random-
ized clinical trial with IDPN has never been performed.

IDPN is reported to be associated with increased pro-
tein synthesis and positive energy balance during hemodialy-
sis (814). Improved serum albumin and edema-free body mass
have been described in some studies, which were often not
well controlled (813). Exercise on a stationary bicycle during
hemodialysis in patients receiving IDPN promoted more posi-
tive protein balance (815).

A case control retrospective study (206) and a nonran-
domized retrospective report (205) provide suggestive data
that IDPN may increase survival in malnourished maintenance
hemodialysis patients. In the case control study, those patients
with a serum albumin of 3.3 gm/dL or lower who were given
IDPN had greater survival than those who were not (206). In
the retrospective comparison of nonrandomized maintenance
hemodialysis patients, those individuals who received IDPN
had a reduced mortality rate (205). The French Intradialytic
Nutrition Evaluation Study involves at least 390 MHD pa-
tients who were randomized to receive either IDPN or no IDPN
(816). The results of this prospective clinical trial should be
available in the near future.

Some reports concerning indications for IDPN emphasize
that IDPN is only indicated for malnourished MHD patients
who ingest inadequate nutrients and for whom counseling,
food supplements and tube feeding are not helpful or are con-
traindicated (817). IDPN is probably of value only for clinically
stable patients who have a slightly or modestly suboptimal in-
take of nutrients. This technique is probably inadequate for
physically stressed ARF patients because their oral or enteral
intake is usually very low, their nutrient needs are high, and the
nutritional supplements can be given only intermittently, when
the patient undergoes hemodialysis.

Since most patients who need IDPN have decreased intake
of energy and total nitrogen, we give 40 to 42 gm of essential
and nonessential amino acids and 200 gm of D-glucose (150
gm of D-glucose if the dialysate contains glucose) and usu-
ally 250 mL of a 10% or 20% lipid solution (i.e., 25 to 50
gm of fat). The nutrients are administered at a constant rate
throughout the dialysis procedure to minimize the decrease in
glucose that occurs with the use of glucose-free hemodialysate
and the fall in amino acid pools that normally occurs with
a hemodialysis treatment. In the author’s experience, about
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85% to 90% of the amino acids and a large proportion of the
glucose infused during hemodialysis are retained; the amino
acid losses in dialysate rise by an average of only 4 to 5 gm
(108). The nutrients may be utilized more efficiently because
they are given continuously rather than as a bolus. Patients who
have low serum concentrations of phosphorus or potassium at
the start of the dialysis treatment may need supplements of
these minerals during the amino acid and glucose infusions.
If the dialysate is glucose free, the infusion is not stopped un-
til the end of hemodialysis to prevent reactive hypoglycemia.
Also, the patient should eat a source of carbohydrates 20 to 30
minutes before the end of the infusion. Otherwise, the infusion
must be tapered or a peripheral infusion of glucose must be
started to avoid hypoglycemia.

Nutritional Hemodialysis and
Nutritional Peritoneal Dialysis

A number of investigators have examined the possibility of
adding amino acids to the dialysate of patients undergoing CPD
or maintenance hemodialysis (110,818–820). With hemodial-
ysis, additional glucose also may be added. The nutrients dif-
fuse into the body during dialysis. These techniques have the
potential advantages of consolidating nutritional and dialysis
treatment into one procedure, reducing the risk of fluid and
electrolyte disturbances from intravenous nutrition, and de-
creasing the considerable costs of intravenous feeding. When
the nutrients are added to the hemodialysate, some investiga-
tors have reduced the dialysis flow rate to increase the frac-
tional extraction of amino acids and glucose from dialysate
(818). This has the benefit of reducing the cost of the nutri-
ents given to the patient, but it also decreases the efficiency
of dialysis; hence, these patients may require more hours of
dialysis therapy, which raises nursing costs. Also, nutritional
hemodialysis would have to be performed daily if it were the
only or the main source of nutrition for a patient. This proce-
dure, if it were to have value, would probably be of benefit only
for hospitalized patients, and it would have to be designed so
that it was performed by intensive care unit personnel rather
than by hemodialysis nurses in order to save costs. Under these
conditions, it would be a variant of CVVHD.

Chazot et al added amino acids to the dialysate during a
standard hemodialysis using a cellulose triacetate hemodialyzer
(110). When about 46 gm of a mixture of 20 amino acids were
added to the concentrate to provide a final dialysate amino
acid concentration similar to fasting plasma levels, the amino
acid losses into hemodialysate were prevented. When 139 gm
of this amino acid mixture was added to the hemodialysate
concentrate, there was a net transfer of about 39 gm of amino
acids from the dialysate to the patient during the hemodialysis.

The possibility of adding amino acids to peritoneal dialysate
for malnourished patients undergoing CPD has been investi-
gated (819,820). By using amino acids; the glucose load from
the dialysate can be reduced. Also, for malnourished patients
who are ingesting low protein diets, the addition of amino acids
appears to increase nitrogen balance, protein synthesis, and
several serum proteins (819,820). In general, a mixture of both
essential and nonessential amino acids are provided in about
a 1.1% solution of standard peritoneal dialysate except that it
is glucose free. One or two peritoneal dialysate exchanges of
this solution are substituted each day for the patient’s usual ex-
changes. Dwell times should last about 4 to 6 hours to ensure
an uptake of about 80% of the total dialysate amino acid con-
tent and to prevent excessive reabsorption of other compounds
in dialysate by an excessively long dwell time. It is to be empha-
sized that the calorie load from these solutions is very small.
Hence, it is preferable that these exchanges are given during the

major meals of the day. Again, it should be emphasized that di-
etary counseling and food supplements should be attempted
and tube feeding should be considered before turning to these
more expensive and incomplete nutritional supplements. Glu-
cose and amino acids can be provided by peritoneal dialysis to
children with ARF (821).

DIETARY THERAPY FOR RENAL
TRANSPLANTATION

Patients who undergo successful renal transplantation often de-
velop normal or even supranormal appetites; the latter is prob-
ably primarily a result of glucocorticoid therapy. Gain in body
weight and fat is common. During the first year after transplan-
tation, women may be particularly likely to increase dietary
energy and protein intake and gain fat and lean body mass
(822). Several other nutritional disorders appear to be related
to nutritional problems associated with renal transplantation.
These include obesity (823,824), insulin resistance and diabetes
mellitus (825,826), impaired growth in children (827), protein
wasting (828–833), altered serum lipid and homocysteine con-
centrations (834–837), and abnormalities in bone, mineral, and
vitamin metabolism (478,838–841). Many of these complica-
tions are of particular concern because cardiovascular disease is
the major cause of morbidity and mortality in renal transplant
recipients (842). Also, preexisting obesity can increase the risk
of postoperative morbidity and mortality in renal transplant
recipients (843).

One of the most important causes of these disorders
seems to be the administration of prednisone. Glucocor-
ticoids, particularly in large doses, cause pervasive metabolic
effects. These have been well reviewed elsewhere (844,845) and
include enhanced gluconeogenesis, degradation of protein and
nucleic acids, lipolysis, reduced protein synthesis and glucose
uptake in many tissues. Glucocorticoids can increase serum
cholesterol, inhibit intestinal calcium absorption (846,847) and
reduce serum levels of 25-hydroxycholecalciferol and 1,25-
dihydroxycholecalciferol (847–850). Glucocorticoids also
stimulate catabolism or inhibit anabolic processes in many tis-
sues, including bone and connective tissues, and cause negative
calcium balance and osteoporosis (851). Glucocorticoids may
promote diabetes mellitus both by stimulating appetite and
thereby predisposing to obesity and the metabolic syndrome
and by directly causing insulin resistance.

Renal transplant patients who receive large doses of pred-
nisone for antirejection therapy sustain negative nitrogen
balance (828–833). Superimposed catabolic illnesses or the
development of the nephrotic syndrome may also cause pro-
tein wasting in transplant patients. In one nonrandomized
study, patients with cadaveric renal transplants were given
prednisone starting at 120 mg per day and tapering to 70 to
90 mg per day over approximately 10 to 14 days (828). The
authors reported that a protein and energy intake of 1.30 ±
0.06 (SEM) gm/kg/day and 33 ± 3 kcal/kg/day, respec-
tively, maintained less negative estimated nitrogen balance
(−0.02 ± 0.12 gm nitrogen/kg/day) than an intake of 0.73 ±
0.03 gm protein/kg/day and 20 ± 4 kcal/kg/day (estimated
nitrogen balance, −0.72 ± 0.12 gm/kg/day). These investi-
gators could not distinguish between the relative contribu-
tions of the higher nitrogen and calorie intakes to the more
positive nitrogen balance. Nitrogen balance was estimated
from the difference between nitrogen intake, and nitrogen out-
put, calculated from the UNA, which underestimates nitrogen
losses.

Whittier and associates reported that 12 nondiabetic post-
operative renal transplant recipients were less cushingoid when
they were given a high protein, low carbohydrate diet providing
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(per kg/day) 2 ± 0.03(SD) gm protein, 1 ± 0.3 gm carbohy-
drate and 28 ± 2 kcal as compared to a diet providing (per
kg/day) 1 gram protein, 3 gm carbohydrate and 31 kcal (830).
Nitrogen balance was significantly more positive, and there was
a tendency for potassium and sodium balance to be more pos-
itive in patients receiving the experimental diet. Chronic low
doses of prednisone (i.e., 10 mg/day or lower) do not appear
to alter body composition, as determined by anthropometry or
dual energy x-ray absorptiometry, or resting energy expendi-
ture (831).

Renal transplant patients often have increased serum
triglyceride, VLDL triglyceride, and small dense and total
LDL cholesterol concentrations. HDL cholesterol is often
low, and the LDL/HDL cholesterol ratio may be increased
(835,835,852). Several patterns of hyperlipoproteinemia may
be present (853). Serum triglyceride levels correlate with the
daily dose of prednisone, degree of obesity, and severity of renal
insufficiency. These findings are of particular concern because
several studies have found a correlation between increased
serum lipids and the risk of cardiovascular disease, graft fail-
ure and fatality in renal transplant recipients (835,854–856).
The causes of increased serum triglycerides and cholesterol
include excessive fat and energy intake, obesity, glucocorti-
coids, diuretics, cyclosporine, tacrolimus, sirolimus, nephrotic
range proteinuria and underlying diseases (e.g., diabetes mel-
litus) (857,858). In most but not all studies, dietary counsel-
ing of renal transplant recipients can reduce their energy in-
take, weight gain (859,860), and serum total cholesterol, LDL
cholesterol and triglycerides, but without change in their serum
HDL cholesterol concentrations (834,858–864).

A low cholesterol, high fiber diet with a polyunsaturated:
saturated fatty acid ratio greater than 1.0 can lower serum total
cholesterol and LDL cholesterol levels in renal transplant recip-
ients (834,860,861,863). However, the altered lipoprotein pat-
tern may not be affected. A combination of a similar diet with
regular exercise may improve the plasma lipid pattern (865).
Fish oil providing 3 gm per day of omega-3 fatty acids for three
months decreased serum triglycerides and VLDL cholesterol in
hyperlipidemic renal transplant recipients; however, there was
no change in their serum total cholesterol or LDL cholesterol
(866). However, the effects of diet on the improvement in the
serum lipid pattern tend to be modest (837), and combining
dietary therapy with serum HMG CoA reductase inhibitors is
generally far more effective for reducing serum total and LDL
cholesterol (858,867).

Plasma homocysteine concentrations are also elevated in re-
nal transplant recipients. Some but not all evidence indicates
that hyperhomocystenemia is a risk factor for cardiovascu-
lar complications and mortality in these patients (836,868–
870). In maintenance dialysis patients who have had a suc-
cessful kidney transplant, their plasma homocysteine decreases
but remains greater than in nontransplanted individuals with
similar levels of renal function (871). The causes of hyper-
homocysteinemia include reduced glomerular filtration rate,
which appears to be the most important determinant (872), low
serum folate levels (873), and possibly cyclosporine A therapy.
Reports differ as to whether cyclosporine A contributes to hy-
perhomocysteinemia (874–876). In one study in normal in-
dividuals, large doses of coffee, (e.g., about one L of paper-
filtered coffee per day) increased plasma total homocysteine by
1.5 μmol/L or 18% (877). Folic acid decreases plasma homo-
cysteine levels in renal transplant recipients, but not to normal
(876). It has been suggested that the decrease in plasma homo-
cysteine is greater when pyridoxine HCl, 50 mg/day, and vita-
min B12, 0.4 mg/day, are added to folic acid, 5 mg/day (878).

Serum folate levels are reported to be reduced in transplant
patients but to increase slightly with time after transplantation
(836). However, low serum folate levels were observed as long
as 6 years after transplantation. Macrocytosis was observed in

52% of patients; it was only observed in patients with good re-
nal graft function who were treated with azothioprine. The au-
thors suggested that azathioprine rather than folate deficiency
caused the macrocytosis. Serum thiamine and vitamin B12 lev-
els are generally normal in renal transplant patients (879,880).
After successful renal transplantation, serum vitamin A often
remains elevated for extended periods of time and may not fall
to normal levels in some patients for almost 2 years (881).

Mahajan and co-workers reported low plasma and hair zinc
and hyperzincuria in 15 patients who had received a renal
transplant within 12 months (478). These patients also had ele-
vated taste detection and recognition thresholds. On the other
hand, patients who had a functioning renal transplant more
than 12 months after transplantation had normal plasma, hair,
and urine zinc and taste detection and recognition thresholds.
Patients more than 12 months posttransplantation who had
advanced renal failure had low plasma and hair zinc and high
taste detection and recognition thresholds.

Patients undergoing renal transplantation often have renal
osteodystrophy with reduced bone mass. Bone mass may be
further diminished after renal transplantation because of con-
tinuing suppression of bone formation, hyperparathyroidism
and glucocorticoid induced bone wasting (851), inhibition of
intestinal calcium absorption (846,847), and lowering of serum
vitamin D levels (846,850). Calcium and vitamin D supple-
ments may suppress serum parathyroid hormone and increase
serum 1,25-dihydroxyvitamin D levels (846). Other immuno-
suppressive medicines may also affect the nutritional status of a
renal transplant recipient. Cyclosporine A may reduce the glu-
cocorticoid requirement. However, cyclosporine A itself may
increase serum LDL-cholesterol and triglycerides (857), pro-
mote potassium retention with hyperkalemia (882), cause uri-
nary magnesium wasting with hypomagnesemia (883), pro-
mote early satiety during eating. Tacrolimus and sirolimus
also increase serum LDL-cholesterol, and cyclosporine and
tacrolimus can cause glucose intolerance.

Recommended Nutrient Intake
for Renal Transplant Recipients

Because there is little information concerning the nutritional
requirements for renal transplant patients, the following rec-
ommendations should be considered tentative. Immediately af-
ter renal transplant surgery, during periods of catabolic stress
or high prednisone dosage (e.g., 30 mg/day or greater), patients
should probably receive about 1.3 to 1.5 gm protein/kg/day. If
patients are receiving CVVH/CVVHD/CVVHDF or SLED or
if they have normal or near normal renal function, protein in-
take may be increased to 2.0 gm/kg/day if the patient’s UNA is
very high. When the daily dose of prednisone is reduced below
30 mg per day, protein intake can be decreased.

The long-term management of protein intake should prob-
ably be directed toward preventing the progression of renal
failure as well as maintaining good nutritional status. Some
studies, not definitive, suggest that low protein diets may re-
tard the progression of renal failure in renal transplant recipi-
ents (884). As indicated earlier, a retrospective analysis of renal
transplant recipients indicated that those transplant recipients
who spontaneously ate lower protein diets had lower losses of
GFR (291). Also, it is not clear whether in renal transplant re-
cipients who are receiving ACE inhibitors or ARBs, low protein
diets will further retard the rate of progression of renal failure.

One approach is to discuss with the patient the lack of
definitive information concerning the effect of protein restric-
tion on progression of renal failure of the transplanted kidney.
The apparent safety of dietary protein restriction may be de-
scribed. If the patient agrees to a low protein diet, the following
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treatment may be employed. No protein restriction if the GFR
is 60 mL/minute or greater unless the patient demonstrates pro-
gressive loss of GFR. For patients with a GFR below about 60
mL/minute/1.73 m2, who are on low doses of glucocorticoids
(e.g., ≤15 mg prednisone/day), a protein intake of about 0.60
to 0.80 gm/kg/day may be prescribed. If higher glucocorticoid
doses are given chronically, a greater protein intake is probably
necessary (e.g., 0.80 to 1.2 gm/kg/day, depending on the glu-
cocorticoid dose and the GFR). At least 0.35 gm/kg/day of the
protein should be of high biologic value. Protein intake may be
transiently adjusted upwards for acute increases in prednisone
dosage or for large urinary protein losses as with nephrotic
patients (see the previous text). Fish oil supplements are also
reported to retard the progression of renal failure in renal trans-
plant recipients (353).

The observation that a diet low in carbohydrate and mod-
estly restricted in calories may reduce the cushingoid appear-
ance suggests that such individuals may be given a low car-
bohydrate intake (1 gm/kg/day), which is limited to 28 to
30 kcal/kg/day (830). If such a low carbohydrate, moderately
restricted energy intake is employed in renal transplant recip-
ients, it should be limited to short periods of time when the
prednisone dosage is very high (e.g., greater than 40 mg/day).
This level of energy intake may not minimize the catabolic re-
sponse during acute illness (see the previous text) and may lead
to further wasting. However, the higher protein intake with
such diets (e.g., 2 gm protein/kg/day) may reduce protein mal-
nutrition. Also, given the abnormalities in lipid metabolism in
renal transplant recipients, such a high-fat diet should not be
continued for long periods of time. In general, renal transplant
patients should be encouraged to ingest a National Choles-
terol Education Program Therapeutic Lifestyle Changes (TLC)
diet as described earlier for the nondialyzed patient with re-
nal failure and the maintenance dialysis patient (346). Patients
should be encouraged to exercise regularly and to maintain a
normal (562,563) or desirable body weight (885). For trans-
plant recipients with superimposed catabolic illnesses, 30 to
40 kcal/kg/day may be prescribed. Other maneuvers to correct
abnormal serum lipids are as described for the nontransplant
renal failure patient (see the previous text). For renal transplant
recipients with serum LDL-cholesterol levels above about 100
mg/dL, the TLC diet should be offered. If dietary therapy does
not reduce the serum LDL cholesterol to below this value or to
70 mg/dL or lower for high risk patients, HMG CoA reductase
inhibitors should be considered (858).

After kidney transplantation, serum concentrations of cal-
cium, phosphorus, total CO2 and plasma intact PTH should
be monitored as indicated in the National Kidney Foundation
DOQI Clinical Practice Guidelines for Bone Metabolism and
Disease in CKD (427). Bone mineral density should be obtained
periodically (427).

Calcium intake should probably be maintained at about
1,400 to 1,600 mg per day to reduce bone wasting. Because
high phosphorus intakes may promote hyperparathyroidism
and possibly enhance the rate of progression of renal failure
in experimental animals and possibly in humans, dietary phos-
phorus should be restricted proportionately to the reduction in
protein intake, as described previously in this chapter. Hyper-
phosphatemia should be avoided. Treatment of abnormalities
in bone and divalent ion metabolism will be influenced by the
stage of CKD of the patient and the principles indicated in
the previously mentioned guidelines (427). Serum bicarbonate
should be maintained at or above 24 mEq/L.

The regulation of other macrominerals in the diet, except
for the usual health enhancing guidelines, is usually unneces-
sary unless the patient has renal insufficiency, other diseases
associated with sodium retention (e.g., congestive heart failure
or liver failure), or hypertension. The data of Mahajan and co-
workers suggest that patients with a well functioning kidney

transplant might benefit from a small zinc supplement, possibly
15 mg per day of elemental zinc, for the first 12 months after
the transplant (478).

Patients should receive a daily vitamin supplement con-
taining the recommended dietary intake of water-soluble
vitamins for patients with chronic renal insufficiency (see
Table 103-5). Hyperhomocysteinemia may be treated with folic
acid, probably 5 mg/day. It is not clear whether lowering serum
homocysteine is beneficial for renal transplant recipients. It
is not yet demonstrated whether large doses of pyridoxine
HCl and vitamin B12 should be routinely given as well (878).
Whether 1,25-dihydroxycholecalciferol or another vitamin D
analogue should be routinely given to all renal transplant re-
cipients is not yet established.

Diet-Drug Interactions

Grapefruit juice appears to inhibit activity of intestinal
isoenzyme CYP3A4 and the carrier protein P-glycoprotein
(885,886). This may lead to increased blood levels of orally
ingested substrates including cyclosporine A, tacrolimus and
certain calcium channel blockers. Orange juice might also af-
fect drug levels by inhibiting P-glycoprotein (887). St. John’s
Wort may induce intestinal and hepatic CYP3A4 activities and
intestinal P-glycoprotein (888). These actions of St. John’s Wort
might lower cyclosporin A levels and induce acute rejection of
the renal transplant (889,890).
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CHAPTER 104 ■ USE OF DRUGS IN
PATIENTS WITH RENAL FAILURE
ALI J. OLYAEI, ANGELO M. DE MATTOS, AND WILLIAM M. BENNETT

Renal impairment is associated with a great magnitude of mor-
bidity and mortality in the United States. The recent data in-
dicate that approximately 10 million Americans have renal
insufficiency including 350,000 patients with end stage renal
disease whom require scheduled dialysis several times per week.
Infections, cardiovascular complications, and adverse drug re-
actions are the most common cause of mortality in patients
with renal impairment despite the advances in the field of dial-
ysis and management of comorbid conditions in these patients
(1,2). A number of studies have documented the role of medica-
tion dosing errors in the overall increase in mortality of patients
with renal failure. Although a number of algorithms and drug
dosing recommendations have been proposed over the last two
decades most are not up-to-date, not adequately studied, and
have not kept pace with new advances in the field of dialy-
sis (3). Acute or chronic renal insufficiency alters the pharma-
cokinetic and pharmacodynamic properties of most commonly
used drugs significantly. Kidneys play an important role in the
excretion of active drug and their pharmacologically active
metabolites. Drug accumulation and adverse drug reactions
can develop rapidly if drug dosages are not adjusted according
to impaired renal function. Most drugs should be adjusted as
renal function improves to ensure efficacy and dosage should
be reduced if renal function continues to deteriorate. Even in
drugs that are mostly metabolized through the liver, patients
with renal failure are at greater risk of adverse drug reactions
and toxicity. Drug interactions are also a common problem in
this population since most patients with renal insufficiency of-
ten have serious comorbid conditions requiring pharmacologic
intervention (4–16). In addition, a large part of the difficulty
in prescribing drugs for the rapidly growing numbers of older
patients is due to age-related declines in renal function (17).
Finally, renal replacement therapies including hemodialysis are
considered the treatment of choice in patients with end stage
renal disease. The effects of dialysis on drug elimination and
the need for supplemental dosing must also be considered in
patients receiving renal replacement therapy (18–24).

In this chapter, the basic principles of pharmacokinetic mod-
eling and drug dosing in patients with renal impairment are
reviewed. The changes in drug pharmacokinetics and pharma-
codynamics are highlighted, and practical guidelines for drug
dosing in these patients are provided. However, dialysis pa-
tients also face the risk of drug-drug and drug-disease interac-
tions, thus, no specific dosing guideline can be given confidently
because individual patient factors such as age, gender, nutri-
tion, body fluid volume, and disease states may influence phar-
macokinetic and pharmacodynamic parameters significantly.
To provide safe and effective pharmacotherapy, the clinician
must utilize clinical judgments, knowledge of altered pharma-
cokinetic properties and the patient’s specific physiologic status
to administer drugs to a renal patient population. In order to
optimize pharmacotherapy and avoid over and under medica-
tion, these factors should be taken into account and appropri-
ate dosage adjustment should be considered.

PHARMACOKINETIC PRINCIPLES

The term pharmacokinetics refers to a mathematic model of
the time course of drug concentration in the body. Pharmacoki-
netic properties of a drug define or predict plasma concentra-
tions and therefore, drug activity or toxicity. Pharmacokinetics
is the study of drug absorption, distribution, metabolism and
elimination. Pharmacokinetics can be thought of as the body’s
effect on the drug over time. A simplified scheme of drug phar-
macokinetics is illustrated in Figure 104-1. The pharmacologic
effect of any drug depends on the concentration of the unbound
active drug or an active metabolite at the receptor site of ac-
tion. The blood and tissue levels of a drug are functions of the
administered dose, rate of its absorption, concentration, rate
of metabolism or biotransformation, and rate of elimination
(5–9).

Drug Absorption

Following extravascular administration, drugs must be trans-
ported through a number of physiological barriers before
reaching the systemic circulation. Drug absorption and
bioavailability relate to the amount of drug that reaches the
systemic circulation after oral administration. The fraction or
percent of administrated drug that reaches systemic circula-
tion is known as bioavailability (F). These parameters are often
highly specific for a given compound and vary with the phys-
ical and chemical properties of the drug, its formulation, the
integrity of the absorptive surface, and the presence of other
agents and/or food in the gastrointestinal tract. Absorption
rates of most therapeutic agents are slow and unpredictable.
Uremia-induced vomiting or sluggish peristalsis secondary to
enteropathy may further reduce the onset of action of most
agents. In patients with diabetes mellitus, the drug absorption
is more variable due to autonomic neuropathy. Both calcium-
and aluminum-containing phosphate binders may form insolu-
ble complexes with certain drugs such as antibiotics or ferrous
sulfate, thereby impeding absorption. Acidic drugs prefer an
acidic environment for optimal absorption while, weak basic
drugs are better absorbed in a more alkalinized small intestine.
Use of proton pump inhibitors or phosphate binders presum-
ably reduces the rate of absorption of a number of acidic agents
(10–14). The gastrointestinal tract edema in patients with hy-
poalbuminemia may also diminish drug absorption. Propra-
nolol, morphine, verapamil are examples of drugs that un-
dergo first pass metabolism (25,26). In first pass metabolism,
a significant amount of the absorbed drug molecules are de-
livered to the liver via the portal vein. A drug is said to un-
dergo significant first pass metabolism when it is metabolized
in the liver so extensively upon absorption that no significant
concentrations ever reach the systemic circulation (27,28). In
addition many drugs may be metabolized via the cytochrome

2765
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FIGURE 104-1. Pharmacokinetic factors involved in drug distribution.

P-450 system in the gastrointestinal tract before reaching sys-
temic circulation. For example, it is well established that rif-
ampin decreases and erythromycin increases the bioavailabil-
ity of cyclosporine and calcium channel blockers by induction
and inhibition of intestinal and hepatic cytochrome P-450 en-
zymes, respectively. Finally, patients with renal failure have a
higher salivary urea concentration that increases the gastric
ammonia levels and increases overall gastric pH. Drugs like
iron and ketoconazole whose absorption is dependent on an
acidic environment, may have reduced bioavailability in renal
failure (26,29).

Volume of Distribution

The volume of distribution (Vd) for a specific drug is derived
by dividing the fractional absorption of a dose by the plasma
concentration.

Volume of distribution (Vd)

= Amount of drug in body
Concentration of drug in plasma or blood (C)

[1]

It is important to emphasize that Vd does not signify the
total body fluid. Rather, it is an apparent volume needed for
equal distribution of drug throughout the body compartment.
For example, the plasma volume of a normal 70 kg man is ap-
proximately 3 to 3.5 L, whereas the Vd of 0.25 mg of digoxin
to obtain a 0.7 ng/dL plasma level is 350 L, which is 10 times
greater than the plasma volume. Therefore, Vd does not re-
fer to a specific anatomic compartment per se. Instead, it is
the volume of fluid in which the drug would need to be dis-
solved to give the observed plasma concentration (30–32). A
drug distributes in the body in a characteristic manner based
on physiochemical properties of the drug and individual pa-
tient variables. Volume of distribution is used mathematically
to determine the dose of a drug necessary to achieve a desired
plasma concentration. While the Vd is relatively constant for a
given drug, many factors such as obesity, extracellular fluid vol-
ume status, age, gender, thyroid function, renal function, and
cardiac output influence drug distribution. Volume of distribu-
tion echoes the water solubility and protein and tissue-binding
characteristics of an individual agent. Drugs with a small Vd
(Vd less than ∼0.7 L/kg) are usually considered more water
soluble. Highly lipid-soluble drugs have a large Vd with lit-
tle retention of drug in the plasma because the drug tends to
stay in the lipophilic tissue compartment. Drugs that are highly
tissue-bound, such as digoxin, will also have a large Vd. If tis-
sue binding of drugs is decreased by azotemia, a decrease in
Vd results. Digoxin is highly bound to cardiac and other tissue
Na+–K+–ATPase transporters, accounting for its large Vd of

300 to 500 L and very low plasma concentrations. Waste prod-
ucts that accumulate in the azotemic patient serve to displace
digoxin from its tissue-binding sites and thus reduce its Vd.
Further, such waste products cross-react with the antidigoxin
antibody used in drug monitoring assays, producing “thera-
peutic” digoxin levels in patients not even taking the drug.
Insulin and methotrexate similarly have diminished Vd in the
uremic state. As a general rule, plasma concentrations of a drug
correlate inversely with its Vd (17,26,33).

Protein Binding

The third important pharmacokinetic concept is protein bind-
ing. Only unbound drug or unbound active drug metabolite are
able to exert any pharmacologic effects. Disease states that ef-
fect total body proteins may significantly alter free drug concen-
tration and increase the risk of drug toxicity. Quantity (binding
site) and quality (affinity) of protein binding are substantially
altered in patients with renal failure (34–36). Specifically, ure-
mic toxins may decrease the affinity of albumin for a variety
of drugs. Organic acids that accumulate in renal failure com-
pete with acidic drugs for protein binding sites. This results in
a larger fraction of acidic compounds existing in the unbound
or active state. Conversely, basic drugs bind more readily to
nonalbumin serum proteins such as α1-acid glycoprotein and
may demonstrate increased protein binding because this acute
phase reactant is often elevated in patients with acute disease
states including renal impairment. Malnutrition and protein-
uria lower serum protein levels, which may increase the free
fraction of a compound as well. Alterations in a drug’s pro-
tein binding and subsequent effects on drug disposition may
be difficult to predict. Drugs that are highly protein bounded
(>80%) are not removed very effectively during dialysis. In
general, drugs that are highly protein bound are largely con-
fined to the vascular space and thus have a Vd of 0.2 L per
kg or less. Generally, the Vd for a given agent increases as its
protein binding decreases and diminishes as its protein-bound
fraction increases (34–36).

Drug Metabolism or Biotransformation

The total body clearance of a drug is equal to the sum of re-
nal clearance plus nonrenal clearance. Obviously, in patients
with renal insufficiency, the contribution of renal clearance
to total body clearance will be reduced. Nonrenal clearance,
however, may be compensatorily increased, decreased, or un-
changed in such patients. Specifically, hepatic pathways of drug
metabolism or biotransformation including acetylation, oxida-
tion, reduction, and hydrolysis may be slowed or accelerated
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depending on the drug under consideration (37,38). Sulfisox-
azole acetylation, propranolol oxidation, hydrocortisone re-
duction, and cephalosporin hydrolysis are all slowed in uremic
patients. Most drugs undergo biotransformation to more po-
lar but less pharmacologically active compounds that require
intact renal function for elimination from the body (39–41).
Active or toxic metabolites of parent compounds may accu-
mulate in patients with renal failure. The antiarrhythmic agent
procainamide is metabolized to N-acetylprocainamide, which
is excreted by the kidney. Thus, the antiarrhythmic properties
and toxicity of procainamide and its active metabolite are ad-
ditive, particularly in patients with renal failure. Meperidine, a
commonly used narcotic, is biotransformed to normeperidine,
which undergoes renal excretion. Although normeperidine has
little narcotic effect, it lowers the seizure threshold as it accu-
mulates in uremic patients (42,43).

Renal Elimination

The most important route of drug elimination is the kidney.
Specific processes involved in the renal handling and elimina-
tion of drugs include glomerular filtration, tubular secretion
and reabsorption, and renal epithelial cell metabolism (44).
All of these functions can be directly or indirectly influenced
by renal impairment. Since plasma proteins are too large to pass
through a normal glomerulus, only unbound compounds will
be freely filtered across this barrier. When proteinuria exists,
protein-bound molecules may move into the tubular fluid and
be eliminated from the circulation. Changes in renal blood flow
may affect both drug reabsorption and secretion. Drugs that
are highly protein bound can be eliminated without exerting
any pharmacologic effects. For example, binding of furosemide
to intraluminal albumin in nephrotic states may contribute to
the diuretic resistance characteristic of such conditions. When
renal disease reduces nephron numbers, the kidney’s ability
to eliminate drugs declines in proportion to the decline in
glomerular filtration rate (GFR). As patients progress toward
dialysis dependency, drugs usually filtered and excreted begin
to accumulate, leading to a high prevalence of adverse reactions
unless dosage adjustments are instituted (45–48).

Drugs that are extensively bound to protein either have a
low clearance or enter the filtrate by tubular secretion. Tubu-
lar handling of a drug is an energy-requiring, active transport
process and involves two separate and distinct pathways in
the proximal tubule that are used for the secretion and re-
absorption of organic acids and bases (49). These processes
are dependent on renal blood flow but not GFR. Accumula-
tion of organic acids in the setting of renal failure competes
with acidic drugs for tubular transport and secretion into the
urinary space. This, in turn, may lead to drug accumulation
and adverse reactions as serum concentrations of agents such
as methotrexate, sulfonylureas, penicillins, and cephalosporins
rise. Diuretics gain access to their intraluminal sites of action
via organic acid secretory pumps. Competition for these secre-
tory pathways by accumulated uremic wastes results in diuretic
resistance and necessitates increased diuretic doses to elicit the
desired natriuretic effect.

Drug metabolism occurs in the kidney due to a high
parenchymal concentration of cytochrome P-450 enzymes. En-
dogenous Vitamin D metabolism and insulin catabolism are
examples of processes that decline as renal failure progresses
(32,36–38).

First-order pharmacokinetics describes the manner in which
most drugs and their metabolites are eliminated from the body.
Specifically, the amount of drug eliminated over time is a fixed
proportion of the body stores. The half-life (t1/2) of a given
agent is most commonly used to express its elimination rate
from the body and equals the time required for the drug’s

plasma concentration to fall by 50%. Half-life can be expressed
mathematically as follows:

t1/2 = 0.693
Kr + Knr

[2]

where Kr represents the renal elimination rate constant and
Knr represents the nonrenal elimination rate constant. As renal
elimination declines with renal function, t1/2 is prolonged.

DOSAGE ADJUSTMENT FOR THE
PATIENT WITH RENAL FAILURE

The following outline provides a stepwise approach to pre-
scribing drug therapy for patients with renal failure. Again, it
must be emphasized that these steps simply provide a frame-
work for dosage adjustments in patients with renal impairment
and must be modified on a case-by-case basis.

Initial Assessment

A history and physical examination constitute the first step
in assessing dosimetry in any patient but particularly in those
with renal impairment. Renal dysfunction should be defined as
acute or chronic and the cause ascertained if possible. In addi-
tion, a history of previous drug intolerance or toxicity should
be determined. The patient’s current medication list must be
reviewed, including both prescription as well as nonprescrip-
tion and herbal formulations to identify potential drug interac-
tions and nephrotoxins. Calculation of ideal body weight will
be based on physical examination findings. For men, the ideal
body weight is 50 kg plus 2.3 kg for each 2.54 cm (1 inch)
over 152 cm (5 feet). For women, the formula is 45.5 kg plus
2.3 kg per 2.54 cm over 152 cm. An assessment of extracellu-
lar fluid volume is also key because significant shifts can affect
the Vd of many pharmacologic agents. The presence of hepatic
dysfunction may also require additional dosage adjustments.

Calculating Creatinine Clearance

The rate of drug excretion by the kidney is proportional to
the GFR. Serum creatinine per se is a crude marker of renal
function. Though an overestimate of GFR, creatinine clear-
ance (Ccr) more accurately approximates the GFR and can be
estimated conveniently by the Cockcroft and Gault equation:

Ccr = (140 − age) (ideal body weight in kg)
72 × serum creatinine in mg/dL

[3]

For women, the calculated value is multiplied by 0.85. The
use of this formula implies that the patient is in a steady-state
with respect to serum creatinine. There is no accurate method
to quantitate GFR when renal function is rapidly changing,
and as such it is best to assume a GFR value of less than 10
mL/minute in acute renal failure to avoid drug accumulation
and toxicity (50).

Choosing a Loading Dose

Loading doses are intended to achieve a therapeutic steady-
state drug level within a short period of time. As such, the
loading dose generally is not reduced in the setting of renal fail-
ure. Loading doses can be calculated if the Vd and desired peak
level are known, as will be discussed. If extracellular volume
depletion exists, the Vd may be reduced for certain pharmaco-
logic agents, and slight reductions in the loading dose would
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be prudent. Specifically, drugs with narrow therapeutic–toxic
profiles such as digoxin and ototoxic aminoglycosides should
be administered with a 10% to 25% reduction in their loading
dose when volume contraction is present in patients with renal
failure.

Choosing a Maintenance Dose

Maintenance doses of a drug ensure steady-state blood con-
centrations and lessens the likelihood of subtherapeutic regi-
mens or overdosage. In the absence of a loading dose, main-
tenance doses will achieve 90% of their steady-state level in
three to four half-lives. One of two methods can be used to
adjust maintenance doses for patients with renal insufficiency.
The “dosage reduction” method involves reducing the absolute
amount of drug administered at each dosing interval propor-
tional to the patient’s degree of renal failure. The dosing inter-
val remains unchanged, and more constant drug concentrations
are achieved. The “interval extension” method involves length-
ening the time period between individual doses of a drug, re-
flecting the extent of renal insufficiency. This method is partic-
ularly useful for drugs with a wide therapeutic range and long
half-life.

Monitoring Drug Levels

Blood, serum, and plasma drug concentrations may not be
equivalent. As a result, drug levels can only be interpreted if
the dosage schedule is known including the dose administered,
timing, and route of administration. A peak level is usually ob-
tained 30 minutes following intravenous administration and
60 to 120 minutes after oral ingestion. It reflects the maximum
level achieved after the rapid distribution phase and before sig-
nificant elimination has occurred. A trough level is obtained
just prior to the next dose, reflects total body clearance, and
may be a marker of drug toxicity. If the concentration of a drug
and its Vd are known, the dose required to achieve a desired
therapeutic level can be calculated by the following formula
where Vd in L per kilogram is multiplied by ideal body weight
in kilograms (IBW) and the desired plasma concentration in
milligrams per L (Cp):

Dose = Vd × IBW × Cp [4]

Drug-level monitoring is a clinically useful tool when used
appropriately. Clinical judgment is paramount because drug
failure or toxicity can occur within “therapeutic concentra-
tions.” For example, digitalis intoxication can occur in the pres-
ence of therapeutic serum levels if hypokalemia or metabolic
alkalosis coexists. Phenytoin toxicity is a common problem in
patients with renal failure and hypoalbuminemia because of
an increase in the unbound or biologically active fraction of
phenytoin despite a low total phenytoin plasma concentration.
In this setting phenytoin levels should be adjusted for reduced
protein binding and the effect of renal failure on phenytoin
distributions (see TDM Table 104-1).

DIALYSIS AND DRUG DOSING

Patients undergoing renal replacement therapy (dialysis ther-
apy) require special attention in terms of dosage adjustment
because dialysis membranes significantly remove many thera-
peutic agents. An array of modalities including high efficiency,
high flux, continuous, and conventional hemodialysis exist and
differ from one another based on membrane porosity, surface
area, and blood as well as dialysate flow rates. These differ-

ences, in turn, affect drug removal. In Table 104-2 are sum-
marized drug properties and dialysis parameters that deter-
mine dialytic clearance of pharmacologic agents. In general,
in thrice weekly intermittent hemodialysis (IHD), the drug re-
moval is affected by blood and dialysate flow rate, molecular
weight (MW) of the drug, fraction of protein binding and dia-
lyzer surface area. Drugs with MW greater than 500 D, highly
protein bound (80%), highly tissue bound and lipophilic are
poorly dialyzed by conventional IHD. However, drugs with
small MW, low protein binding, small volume of distribution
and of a hydrophilic character are effectively removed by IHD
(51–54).

Drug Properties Affecting
Dialytic Clearance

A drug’s molecular weight is a major determinant of its dialyz-
ability. Specifically, drugs larger than 500 daltons are primarily
cleared by convection as opposed to diffusion. If too large to
pass through a given membrane, the drug will not be cleared
from the circulation. An inverse semilogarithmic relationship
exists between molecular weight and dialysis clearance.

Protein binding represents another major determinant of
drug dialyzability. Compounds that are highly protein bound
have a smaller fraction of unbound drug available for removal
by dialysis. Since heparin stimulates lipoprotein lipase, free
fatty acid levels may increase during dialysis. Free fatty acid lev-
els may displace sulfonamides, salicylates, and phenytoin from
their protein binding sites, resulting in increased free fractions
of each drug. In contrast, free fatty acids can increase protein
binding of certain cephalosporins. The free fraction of pheny-
toin is increased by free fatty acids.

As discussed earlier, drugs with a large Vd (greater than
2 L/kg) tend to have low concentrations in the intravascular
space and are thus not readily dialyzable. The lower the Vd (less
than 1 L/kg), the greater the drug’s availability to the circulation
and, similarly, to the dialyzer.

Larger molecular-weight compounds do not equilibrate
rapidly between the extracellular and intracellular compart-
ments during dialysis; little change is detected in intracellular
concentrations while extracellular levels may fall significantly.
As such, postdialysis rebound may occur in which pharma-
cologic agents move down their concentration gradients into
the extracellular space. Rebound can be sizable as well as
highly unpredictable in its time course, as demonstrated by
vancomycin. Ultrafiltration raises the hematocrit, which can
influence the dialytic clearance of drugs that partition into red
blood cells. Drugs such as ethambutol, procainamide, and ac-
etaminophen partition into red blood cells and demonstrate
decreased dialytic clearance due to hemoconcentration follow-
ing dialysis ultrafiltration.

TA B L E 1 0 4 - 3

FACTORS AFFECTING DRUG REMOVAL
DURING DIALYSIS

Drug properties Dialysis system properties

Renal clearance Filter properties
Volume of distribution Blood flow, dialysate flow,
Water and lipid solubility and ultrafiltration rates
Protein binding
Drug charge
Molecular weight



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

T
A

B
L

E
1

0
4

-
4

A
N

A
L

G
E

S
IC

D
R

U
G

D
O

S
IN

G
IN

R
E

N
A

L
F
A

IL
U

R
E

D
o

sa
g
e

a
d

ju
st

m
en

t
in

re
n

a
lf

a
il

u
re

A
n

a
lg

es
ic

s
N

o
rm

a
l

d
o

sa
g
e

G
F

R
>

5
0

G
F

R
1

0
to

5
0

G
F

R
<

1
0

C
o

m
m

en
ts

H
D

C
A

P
D

C
V

V
H

%
o

f
re

n
a
l

ex
cr

et
io

n

N
a
rc

o
ti

cs
a
n

d
N

a
rc

o
ti

c
A

n
ta

g
o

n
is

ts
(4

2)
A

lf
en

ta
ni

l(
42

)
A

ne
st

he
ti

c
in

du
ct

io
n

8
to

40
m

cg
/k

g

H
ep

at
ic

10
0%

10
0%

10
0%

T
it

ra
te

th
e

do
se

re
gi

m
en

.
N

/A
N

/A
N

/A

B
ut

or
ph

an
ol

(1
69

)
2

m
g

q3
to

4h
H

ep
at

ic
10

0%
75

%
50

%
N

o
da

ta
N

o
da

ta
N

/A
C

od
ei

ne
(1

70
)

30
to

60
m

g
q4

to
6h

H
ep

at
ic

10
0%

75
%

50
%

N
o

da
ta

N
o

da
ta

D
os

e
fo

r
G

FR
10

to
50

Fe
nt

an
yl

(7
0)

A
ne

st
he

ti
c

in
du

ct
io

n
(i

nd
iv

id
ua

liz
ed

)

H
ep

at
ic

10
0%

75
%

50
%

C
R

R
T-

ti
tr

at
e.

N
/A

N
/A

N
/A

M
ep

er
id

in
e

(1
71

)
50

to
10

0
m

g
q3

to
4h

H
ep

at
ic

10
0%

75
%

50
%

N
or

m
ep

er
id

in
e,

an
ac

ti
ve

m
et

ab
ol

it
e,

ac
cu

m
ul

at
es

in
E

SR
D

an
d

m
ay

ca
us

e
se

iz
ur

es
.P

ro
te

in
bi

nd
in

g
is

re
du

ce
d

in
E

SR
D

.2
0%

to
25

%
ex

cr
et

ed
un

ch
an

ge
d

in
ac

id
ic

ur
in

e.

A
vo

id
A

vo
id

A
vo

id

M
et

ha
do

ne
(1

72
)

2.
5

to
5

m
g

q6
to

8h
H

ep
at

ic
10

0%
10

0%
50

%
to

75
%

N
on

e
N

on
e

N
/A

M
or

ph
in

e
(1

73
,1

74
)

20
to

25
m

g
q4

h
H

ep
at

ic
10

0%
75

%
50

%
In

cr
ea

se
d

se
ns

it
iv

it
y

to
dr

ug
ef

fe
ct

in
E

SR
D

.
N

on
e

N
o

da
ta

D
os

e
fo

r
G

FR
10

to
50

N
al

ox
on

e
(4

2)
0.

4
to

2
m

g
IV

H
ep

at
ic

10
0%

10
0%

10
0%

N
/A

N
/A

D
os

e
fo

r
G

FR
10

to
50

Pe
nt

az
oc

in
e

(4
2)

50
m

g
q4

h
H

ep
at

ic
10

0%
75

%
75

%
N

on
e

N
o

da
ta

D
os

e
fo

r
G

FR
10

to
50

Pr
op

ox
yp

he
ne

(1
75

)
65

m
g

po
q6

to
8h

H
ep

at
ic

10
0%

10
0%

A
vo

id
A

ct
iv

e
m

et
ab

ol
it

e
no

rp
ro

po
xy

ph
en

e
ac

cu
m

ul
at

es
in

E
SR

D
.

A
vo

id
A

vo
id

N
/A

Su
fe

nt
an

il
(4

2)
A

ne
st

he
ti

c
in

du
ct

io
n

H
ep

at
ic

10
0%

10
0%

10
0%

C
R

R
T-

ti
tr

at
e.

N
/A

N
/A

N
/A

N
o

n
-N

a
rc

o
ti

cs
A

ce
ta

m
in

op
he

n
(1

76
)

65
0

m
g

q4
h

H
ep

at
ic

q4
h

q6
h

q8
h

O
ve

rd
os

e
m

ay
be

ne
ph

ro
to

xi
c.

D
ru

g
is

m
aj

or
m

et
ab

ol
it

e
of

ph
en

ac
et

in
.

N
on

e
N

on
e

D
os

e
fo

r
G

FR
10

to
50

A
ce

ty
ls

al
ic

yl
ic

ac
id

(1
77

)
65

0
m

g
q4

h
H

ep
at

ic
(r

en
al

)
q4

h
q4

to
6h

A
vo

id
N

ep
hr

ot
ox

ic
in

hi
gh

do
se

s.
M

ay
de

cr
ea

se
G

FR
w

he
n

re
na

lb
lo

od
flo

w
is

pr
os

ta
gl

an
di

n
de

pe
nd

en
t.

M
ay

ad
d

to
ur

em
ic

G
I

an
d

he
m

at
ol

og
ic

sy
m

pt
om

s.
Pr

ot
ei

n
bi

nd
in

g
re

du
ce

d
in

E
SR

D
.

D
os

e
af

te
r

di
al

ys
is

N
on

e
D

os
e

fo
r

G
FR

10
to

50

2780



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

Chapter 104: Use of Drugs in Patients with Renal Failure 2781

Thus, parent compounds and their metabolites will be elim-
inated by dialysis to a greater extent if they possess a low
molecular weight, limited Vd, and are water-soluble. An in-
crease in drug clearance of 30% or greater by dialytic therapy
is considered significant and may warrant supplemental dosing
following dialysis.

Dialytic Factors Affecting Drug Clearance

Dialysis membranes, dialysate flow rates, and the dialytic tech-
nique used can significantly alter drug clearance (Table 104-3)
(55). A wide variety of membranes have been developed in-
cluding cellulose, cellulose acetate, polysulfone, polyamide,
polyacrylonitrile (PAN; AN69), and polymethylmethacrylate
(PMMA) in an effort to improve membrane permeability for
larger uremic toxins. Similarly, albumin can cross polysulfone
membranes to a limited extent (56). Vancomycin clearance is
significantly increased when polysulfone or PAN membranes
are used (52,53). Likewise, cuprammonium rayon membranes
allow greater aminoglycoside removal compared to cellulose
fibers (42). Two endogenous compounds that are poorly di-
alyzed, phosphate and β2-microglobulin, undergo enhanced
clearance when PAN, PMMA, and polysulfone membranes are
used due to the increased surface area of these membranes (57).
The electrical charge of a dialysis membrane as well as the drug
may help or hinder clearance. Like charges will repel one an-
other, while opposite charges between membrane and drug may
lead to drug adsorption to the membrane, ultimately reducing
clearance (58,59).

Drug clearance is achieved primarily by two processes: dif-
fusion and convection. Diffusion of a compound increases as
its molecular weight decreases and is negligible when standard
membranes are used for substances larger than 1,000 daltons
(18,60). Diffusion of a drug is enhanced when the concentra-
tion gradient between blood and dialysate is maximized by
countercurrent flow and increased blood and dialysate flow
rates. Flow rates have less impact on the diffusion of middle-
sized and large molecules, but the surface area and hydraulic
permeability of the membrane assume greater significance. Dif-
fusion can be hindered, however, when high ultrafiltration
rates lead to the mixing of dialysate and ultrafiltrate. This re-
sults in a decreased concentration gradient between blood and
dialysate, reducing diffusive clearance (61). Convection refers
to the movement of solute by way of ultrafiltration, which af-
fects molecules of all sizes but particularly large molecular-
weight substances, which diffuse poorly. To be removed by
dialysis, compounds greater than 1,000 daltons require ultrafil-
tration when cellulose membranes are used, while those greater
than 2,000 daltons demonstrate limited clearance. Ultrafiltra-
tion, and thus convection, can be reduced by protein binding
to membrane surfaces during the dialytic procedure, which ul-
timately diminishes drug removal (18,19).

Continuous Renal Replacement Therapies
and Drug Removal

Critically ill patients may require continuous renal replacement
therapies (CRRT) such as hemofiltration or hemodialysis, and
an awareness of drug handling by such procedures is crucial
to the patient’s outcome. Continuous hemofiltration removes
solute by convection. The degree to which a solute can convec-
tively cross a membrane can be quantitated by its sieving coeffi-
cient (S), the ratio of solute concentration in the ultrafiltrate to
solute concentration in the retentate (returning to the patient’s
circulation). This can be approximated by the formula:

S = UF/A [5]

where UF = ultrafiltrate and A = arterial concentrations of
solute, which will remain relatively constant during hemofil-
tration because blood flow does not affect sieving. Clearance
of a solute (drug) is determined by multiplying the ultrafiltra-
tion rate by the S for that substance. The sieving coefficient for
a given molecule can change, however, when comparing dif-
ferent dialysis membranes and is likely due to drug–membrane
binding. Sieving can also be reduced by negatively charged so-
lutes, although exceptions to this exist (20,22). Since inulin
(5,200 Daltons) can readily cross polysulfone hemofiltration
membranes, nearly all therapeutic agents would be expected to
permeate such membranes given molecular weights less than
that of inulin. The drug’s degree of protein binding will be the
major limiting factor to drug removal during hemofiltration.

In contrast to hemofiltration, drug removal during contin-
uous hemodialysis occurs primarily via diffusion rather than
convection. Protein binding again plays a central role whereby
unbound drug diffuses more readily than protein-bound drug
and molecular weight correlates inversely with diffusion. It
should be noted that during continuous hemodialysis with ven-
ovenous access and average blood flow rates of 200 mL/minute,
a GFR of 20 to 30 mL/minute can be achieved, which may pro-
vide greater drug clearance than expected. As previously dis-
cussed, when supplemental dosing is indicated, the amount of
drug required to achieve a desired blood level can be calculated
by multiplying the drug’s Vd by the patient’s ideal body weight
and the difference between the desired drug concentration and
the trough concentration.

Lastly, peritoneal dialysis generally provides minimal drug
removal, as dialysate flow rates are significantly slower than
other forms of dialytic therapy. Drugs that are dialyzable via
peritoneal dialysis must be small in size and have a low Vd.
Drugs that are highly protein bound, however, may undergo
greater clearance with peritoneal dialysis versus hemodialysis
given the large protein losses commonly seen with peritoneal
therapy.

SPECIFIC CONSIDERATIONS
FOR DRUG PRESCRIBING

IN RENAL FAILURE

In this section, the effects of renal insufficiency on drug phar-
macokinetics and pharmacodynamics are reviewed and dosage
adjustment guidelines are provided. It is imperative to reiter-
ate that the following recommendations provide a framework
for dosage adjustments that must be applied to individual pa-
tients with caution. Continual monitoring and modification of
drug therapy are required by concurrent illnesses, clinical re-
sponse, and side effects present in the individual patient. Drugs
are listed in tabular form (Tables 104-3 through 104-13) by
generic name in alphabetical order and are grouped into cat-
egories based on therapeutic effect. General comments about
each group precede the individual dosing table. For reference,
the standard dose given to patients with normal renal function
is included. Specific dosing guidelines are provided for each
drug based on the patient’s level of renal function in terms of
GFR. It should be remembered that creatinine clearance always
overestimates true GFR.

The maintenance dosage regimen may be modified by either
extending the interval between doses, decreasing the individual
dose while maintaining normal dosing intervals, or a combina-
tion of the two methods. As outlined previously, the variable
interval method allows a more convenient and less costly dos-
ing schedule but may result in periods of subtherapeutic drug
levels. The variable dose method maintains more constant drug
levels because the dosing interval remains unchanged but risks
greater toxicity because the difference between peak and trough
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2790 Section XIV: Nutrition, Drugs, and the Kidney

TA B L E 1 0 4 - 8

ANTITHYROID DOSING IN RENAL FAILURE

Dosage adjustment in renal failure

Antithyroid Normal % of renal GFR
drugs (272) dosage excretion GFR >50 10 to 50 GFR <10 HD CAPD CVVH

Methimazole
(273)

5 to 20 mg
tid

7 100% 100% 100% No data No data Dose for GFR
10 to 50

Propylthiouracil
(272)

100 mg tid <10 100% 100% 100% No data No data Dose for GFR
10 to 50

levels is diminished. When the interval extension method (I) is
used, the dosing interval length (in hours) is indicated. When
the dosage reduction method (D) is used, the percentage of the
standard dose normally used is indicated.

The requirement for supplemental dosing after hemodialysis
and special dosing considerations for peritoneal dialysis and
continuous renal replacement therapies are also included. For
many drugs, specific data are not available on dialytic drug
clearance, and the likelihood of dialytic removal is based on
molecular weight, Vd, and protein binding.

Antimicrobial Agents

Infection is the leading cause of morbidity and mortality in pa-
tients with renal failure. Many antibiotics require dosage ad-
justment in the setting of renal insufficiency due to alterations
in pharmacokinetic and pharmacodynamic parameters. An in-
creased incidence of extrarenal toxicity is also observed in pa-
tients with renal insufficiency due, in part, to accumulation of
drug and/or active metabolites. Specific dosing guidelines for
individual antimicrobial agents are provided in Table 104-3.
One or more pharmacokinetic parameters may be altered in the
patient with renal failure (62,63). Number of oral antibiotics
are now available for the treatment of infections in patients
with renal impairments. However, a decreased absorption may
occur for some agents such as tetracycline or ciprofloxacin
(64,65). Most antibiotics should be administrated at least two
to four hours after iron and phosphate binder therapy. Al-
though the majority of antibiotics are excreted partially or
completely by glomerular filtration, a number of antimicrobials
such as trimethoprim–sulfamethoxazole or ciprofloxacin reach
the urinary space by tubular secretion. This, in turn, achieves
high urinary concentrations of such agents even though the
GFR is diminished (66). This feature is used to therapeutic
advantage for treatment of urinary tract infections in patients
with renal insufficiency or cyst infections in patients with poly-
cystic kidney disease.

For most drugs, the loading dose will be the same as that
used in patients with normal renal function because rapid
achievement of therapeutic antibiotic levels are critical for
life-threatening infections. Recently, the postantibiotic effect
has been observed with a number of antimicrobials including
aminoglycosides, newer macrolides, and the penems (67,68).
Clinically, the persistence of antibiotic activity beyond the time
point at which blood levels fall below the minimum inhibitory
concentration may be used to design extended and more con-
venient dosing intervals of antimicrobial agents without jeop-
ardizing patient outcomes.

Peritoneal dialysis patients often use the intraperitoneal
route of antibiotic administration for treatment of peritoni-
tis. Detailed reviews of this therapeutic modality exist else-
where, and intraperitoneal antibiotic dosing for peritonitis has
been reviewed by Keane and colleagues. Patients with renal

dysfunction have an increased risk of antimicrobial-induced
nephrotoxicity whereby dosage adjustments and close mon-
itoring are required to minimize further renal injury, partic-
ularly with aminoglycosides (89). Less predictably, acute in-
terstitial nephritis often complicates courses of antimicrobial
therapy, but no known risk factors or preventive measures ex-
ist. Spurious rises in serum creatinine may result when certain
cephalosporins interfere with the creatinine assay or trimetho-
prim blocks tubular secretion of creatinine. Lastly, significant
potassium and salt loads may accompany the administration
of certain antibiotics, particularly penicillins.

Analgesics and Agents Used by
Anesthesiologists

Opioid analgesics remain the primary pain modality for the
treatment of pain in patients with renal failure (69). In Table
104-4 are summarized dosage recommendations for analgesics
and agents used by anesthesiologists. Most analgesics are me-
tabolized by the liver and thus require little dosage adjustment,
but renal failure tends to increase the sensitivity to the pharma-
cologic effects of these drugs (70). Special attention needs to
be paid when prescribing meperidine or propoxyphene for pa-
tients with reduced renal function. Normeperidine, a meperi-
dine metabolite excreted by the kidneys, has central nervous
system excitatory properties that can lower the seizure thresh-
old in patients with renal failure. Similarly, the prophoxyphene
metabolite has cardiovascular toxicity effects. Because of these
serious adverse effects, both meperidine and propoxyphene
should be avoided in patients with renal problems (69). Ac-
etaminophen should be considered initially for mild or mod-
erate pain. If not effective, opioids analgesics or nonselective
cyclooxygenase-2 inhibitors should be considered. Use of selec-
tive cycloxygenase-2 inhibitors should be avoided in patients
with ischemic heart disease because of its risk of cardiovascu-
lar complications (71–73). Finally, many of the neuromuscular
blocking agents are excreted by the kidney and thus may dis-
play prolonged action and depolarization in patients with im-
paired renal function as the effects of the antagonist dissipate
(23,74,75).

Antihypertensive and Cardiovascular Agents

In Table 104-5 are summarized dosage recommendations for
antihypertensive and cardiovascular agents. The most com-
mon cause of death in the end-stage renal disease population is
cardiovascular disease. A number of factors contribute to car-
diovascular diseases in patients with renal failure. The risk of
cardiovascular diseases increases with age, hypertension, hy-
perlipidemia, smoking, and anemia. Unfortunately, most of
the cardiovascular interventional studies have been done in
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2798 Section XIV: Nutrition, Drugs, and the Kidney

TA B L E 1 0 4 - 1 3

ANTIPARKINSON DOSING IN RENAL FAILURE

Dosage adjustment in renal failure% of
Antiparkinson Normal renal GFR
agents dosage excretion GFR >50 10 to 50 GFR <10 Comments HD CAPD CVVH

Carbidopa (333) 1 tab tid to
6 tabs daily

30 100% 100% 100% Require careful titration of
dose according to clinical
response.

No data No data No data

Levodopa (333) 25 to 500 mg
bid to 8 g
q24h

None 100% 50% to
100%

50% to
100%

Active and inactive
metabolites excreted in
urine. Active metabolites
with long T1/2 in ESRD.

No data No data Dose for
GFR
10 to
50

patients with normal renal function and patients with serum
creatinine greater than 2 mg/dL have been excluded. It is
still strongly recommended to treat these risk factors aggres-
sively. Hypertension complicates the management of most pa-
tients with renal insufficiency and impacts adversely on renal
disease progression and increases the risk of cardiovascular
events (76).

Patients with renal disease, in particular diabetic patients
and patients with the metabolic syndrome, have high level of
serum triglyceride, low-density lipoproteins (LDL) and total
cholesterol. All patients with renal insufficiency should have
an annual lipid panel and should be managed according new
ATP III guideline (77,78).

Endocrine and Metabolic Agents

Dosage recommendations for endocrine and metabolic agents
are provided in Tables 104-6, 104-7, and 104-8. Renal failure
is associated with peripheral insulin resistance and decreased
insulin metabolism by the kidney. In the presence of renal insuf-
ficiency, sulfonylureas that are excreted primarily by the kid-
ney should be avoided, as prolonged hypoglycemia may result
from the accumulation of such agents. Peritoneal dialysis al-
lows for intraperitoneal insulin therapy, which has been shown
to provide better overall control of plasma glucose when com-
pared to standard subcutaneous injection therapy Hyperlipi-
demia also complicates renal failure and adds to the increased
risk of atherosclerotic complications in this population. Lipid-
lowering agents such as bile acids can add to fluid overload
and worsen acidosis in patients with renal failure, while other
agents, such as lovastatin and clofibrate, have been associated
with rhabdomyolysis (79).

Gastrointestinal Drugs

In Table 104-9 are summarized dosage recommendations for
gastrointestinal drugs. Patients with renal insufficiency expe-
rience gastrointestinal disorders more often than the general
population, particularly peptic ulcer disease. Prior to the de-
velopment of H2 blockers, antacid therapy with compounds
containing aluminum, calcium, magnesium, or bicarbonate
was the mainstay. Excessive intake of calcium carbonate can
result in the milk–alkali syndrome, characterized by hy-
percalcemia, metabolic alkalosis, and renal failure. Alu-
minum toxicity has been well described with chronic inges-
tion of aluminum-containing antacids in the setting of renal
failure.

Neurologic Agents

Table 104-10 includes the dosage recommendations for neuro-
logic agents. Unfortunately, seizure disorders complicate renal
insufficiency and end-stage renal disease (490). Phenytoin is
commonly used as an anticonvulsant, but in patients with re-
nal impairment, its Vd increases while its degree of protein
binding decreases. As a result, a low total plasma phenytoin
level may not reflect subtherapeutic drug levels, as the “free
phenytoin” level may be adequate. Following free or unbound
phenytoin levels is prudent in patients with markedly reduced
renal function.

Rheumatologic Agents

Summarized dosage recommendations for rheumatologic
agents are in Table 104-11. Although dosage reductions of
nonsteroidal antiinflammatory drugs (NSAIDs) are generally
not required in renal failure, several precautions must be con-
sidered. When renal perfusion is reduced as in congestive heart
failure or cirrhotic patients, vasodilatory prostaglandins may
be key in maintaining renal blood flow. NSAIDs in such set-
tings may cause reversible abrupt declines in renal function due
to prostaglandin inhibition. Impaired potassium, sodium, and
water excretion have also been attributed to NSAID use.

Patients with gout and renal insufficiency require reduc-
tions in allopurinol dosing because accumulation of its metabo-
lite may underlie the complication of exfoliative dermatitis
(80). Similarly, renal failure increases the risk of myopathy
and polyneuropathy associated with colchicine use. Use of
IV colchicines should be avoided in all patients with renal
impairment (81).

Sedatives, Hypnotics, and Psychiatric Agents

In Tables 104-12, 104-13, and 104-14 are provided dosage rec-
ommendations for sedatives, hypnotics, and psychiatric agents.
The majority of drugs in this category are lipid-soluble, highly
protein bound, and excreted primarily by hepatic transfor-
mation to inactive metabolites, but increased sensitivity to
the sedative side effects occurs in patients with renal im-
pairment. Additionally, though dosage reduction generally is
not required, increased sensitivity to the side effects of tri-
cyclic antidepressants mandates a cautious approach in their
use. Similarly, renal failure may exacerbate extrapyramidal
side effects associated with phenothiazine therapy. In contrast,
lithium is water-soluble and undergoes renal elimination. Renal
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2802 Section XIV: Nutrition, Drugs, and the Kidney

syndromes induced by lithium therapy include nephrogenic
diabetes insipidus as well as acute and chronic renal failure.
Lithium toxicity can be minimized by avoidance of volume de-
pletion and concurrent diuretic therapy (82,83).

Miscellaneous Agents

In Tables 104-15 and 104-16 are provided dosage recommen-
dations for a wide variety of miscellaneous agents.

References

1. Manley HJ, Drayer DK, Muther RS. Medication-related problem type
and appearance rate in ambulatory hemodialysis patients. BMC Nephrol
2003;4:10.

2. Bedard M, Klein R, Papaioannou A, et al. Renal impairment and medi-
cation use among psychogeriatric inpatients. Can J Clin Pharmacol 2003;
10:78.

3. Mueller BA, Pasko DA, Sowinski KM. Higher renal replacement therapy
dose delivery influences on drug therapy. Artif Organs 2003;27:808.

4. Olyaei AJ, Bennett WM. The effect of renal failure on drug handling. In:
Webb AJ, Shapin M, Singer M, et al., eds. Textbook of Critical Care. Oxford
University Press; 1996.

5. Olyaei AJ, de Mattos AM, Bennett WM. Prescribing drugs in renal failure.
In: Brenner BM, ed. The Kidney. 6th ed. Philadelphia: Saunders; 1999:2606.

6. Olyaei AJ, de Mattos AM, Bennett WM. Drug-drug Interactions and most
commonly used drugs in transplant recipients. In: Norman DJ, Turka LA,
eds. Primer on Transplantation. 2nd ed. Mt. Laurel, NJ: American Society
of Transplantation; 2001:99.

7. Olyaei AJ. Drug-induced renal failure. In: Bennett WM. Treatment Strate-
gies in Nephrology and Hypertension. Pocketmedicine.com, 2001.

8. Olyaei AJ. Drug dosing in renal failure. In: Bennett WM. Treatment Strate-
gies in Nephrology and Hypertension. Pocketmedicine.com, 2001.

9. Olyaei AJ, de Mattos AM, Bennett WM. Principle of drug usage in dial-
ysis patients. In: Nissenson AR, Fine RN, eds. Dialysis Therapy. 3rd ed.
Philadelphia: Hanley & Belfus; 2002:435.

10. Olyaei AJ, de Mattos AM, Bennett WM: Principles of drug dosing and
prescribing in renal failure. In: Johnson RJ, Fehally J, eds. Comprehensive
Clinical Nephrology. 2nd ed. London: Mosby; 2003:1189.

11. Olyaei AJ, De Mattos AM, Bennett WM. Drug dosing in renal failure. In:
DeBroe ME, Porter GA, Bennett WM, et al., eds. Clinical Nephrotoxins.
Renal Injury from Drugs and Chemicals. Dordrecht, Netherlands: Kluwer
Academic Publishers; 2002:667.

12. Olyaei AJ, de Mattos AM, Bennett WM. Drug dosing in dialysis and renal
failure. Clinical Nephrology, 2001.

13. Olyaei AJ, de Mattos AM, Bennett WM. Drug induced renal dysfunction
in diabetes patients In: Lebowitz HE, ed. Therapy for Diabetes Mellitus
and Related Disorders. 4th ed. Alexandria, Virginia: American Diabetes
Association; 2004:358.

14. Olyaei AJ, de Mattos AM, Bennett WM. Drug-drug interactions and most
commonly used drugs in renal transplant recipients In: Weir M, ed. Medical
Management of Kidney Transplantation. Philadelphia: Lippincott Williams
& Wilkins; 2005:512.

15. Olyaei AJ, de Mattos AM, Bennett WM. Drug dosing in dialysis. Clinical
Nephrology, 2004.

16. Verpooten GA, Jorens P, Reidenberg MM. Pharmacological aspect of
nephrotoxicity. In: DeBroe ME, Porter GA, Bennett WM, et al., eds. Renal
Injury from Drugs and Chemicals. Dordrecht, Netherlands: Kluwer Aca-
demic Publishers; 2002:657.

17. Crooks J, O’Malley K, Stevenson IH. Pharmacokinetics in the elderly. Clin
Pharmacokinet 1976;1:280.

18. Subach RA, Marx MA. Drug dosing in acute renal failure: the role of renal
replacement therapy in altering drug pharmacokinetics. Adv Ren Replace
Ther 1998;5:141.

19. Clark WR, Turk JE, Kraus MA, et al. Dose determinants in continuous
renal replacement therapy. Artif Organs 2003;27:815.

20. Joy MS, Matzke GR, Armstrong DK, et al. A primer on continuous
renal replacement therapy for critically ill patients. Ann Pharmacother
1998;32:362.

21. Van Biesen W, Vanholder R, Lameire N. Dialysis strategies in critically ill
acute renal failure patients. Curr Opin Crit Care 2003;9:491.

22. van Bommel EF. Renal replacement therapy for acute renal failure on the
intensive care unit: coming of age? Neth J Med 2003;61:239.

23. Bugge JF. Influence of renal replacement therapy on pharmacokinetics in
critically ill patients. Best Pract Res Clin Anaesthesiol 2004;18:175.

24. Clark WR, Ronco C. Renal replacement therapy in acute renal failure:
solute removal mechanisms and dose quantification. Kidney Int Suppl 1998;
66:S133.

25. Lam YW, Banerji S, Hatfield C, et al. Principles of drug administration in
renal insufficiency. Clin Pharmacokinet 1997;32:30.

26. Fabre J, Balant L. Renal failure, drug pharmacokinetics and drug action.
Clin Pharmacokinet 1976;1:99.

27. Talbert RL. Pharmacokinetics and pharmacodynamics of beta blockers in
heart failure. Heart Fail Rev 2004;9:131.

28. Matzke GR, Frye RF. Drug administration in patients with renal in-
sufficiency: minimising renal and extrarenal toxicity. Drug Saf 1997;16:
205.

29. Tett SE, Kirkpatrick CM, Gross AS, et al. Principles and clinical application
of assessing alterations in renal elimination pathways. Clin Pharmacokinet
2003;42:1193.

30. Janku I. Physiological modelling of renal drug clearance. Eur J Clin Phar-
macol 1993;44:513.

31. Westphal JF, Brogard JM. Drug administration in chronic liver disease.
Drug Saf 1997;17:47.

32. Swan SK, Bennett WM. Drug dosing guidelines in patients with renal fail-
ure. West J Med 1992;156:633.

33. Lamy PP. Comparative pharmacokinetic changes and drug therapy in an
older population. J Am Geriatr Soc 1982;30:S11.

34. Muhlberg W, Platt D. Age-dependent changes of the kidneys: pharmaco-
logical implications. Gerontology 1999;45:243.

35. Barre J, Houin G, Brunner F, et al. Disease-induced modifications of drug
pharmacokinetics. Int J Clin Pharmacol Res 1983;3:215.

36. Nancarrow C, Mather LE. Pharmacokinetics in renal failure. Anaesth In-
tensive Care 1983;11:350.

37. Dowling TC, Briglia AE, Fink JC, et al. Characterization of hepatic cy-
tochrome p4503A activity in patients with end-stage renal disease. Clin
Pharmacol Ther 2003;73:427.

38. Pichette V, Leblond FA. Drug metabolism in chronic renal failure. Curr
Drug Metab 2003;4:91.

39. Sindhu RK, Vaziri ND. Upregulation of cytochrome P450 1A2 in chronic
renal failure: does oxidized tryptophan play a role? Adv Exp Med Biol
2003;527:401.

40. Rege B, Krieg R, Gao N, et al. Down-regulation of hepatic CYP3A in
chronic renal insufficiency. Pharm Res 2003;20:1600.

41. Dreisbach AW, Japa S, Gebrekal AB, et al. Cytochrome P4502C9 activity
in end-stage renal disease. Clin Pharmacol Ther 2003;73:475.

42. Davies G, Kingswood C, Street M. Pharmacokinetics of opioids in renal
dysfunction. Clin Pharmacokinet 1996;31:410.

43. Yuan R, Venitz J. Effect of chronic renal failure on the disposition of
highly hepatically metabolized drugs. Int J Clin Pharmacol Ther 2000;38:
245.

44. Regardh CG. Factors contributing to variability in drug pharmacokinetics:
IV. renal excretion. J Clin Hosp Pharm 1985;10:337.

45. Falconnier AD, Haefeli WE, Schoenenberger RA, et al. Drug dosage in
patients with renal failure optimized by immediate concurrent feedback.
J Gen Intern Med 2001;16:369.

46. Turnheim K. Pitfalls of pharmacokinetic dosage guidelines in renal insuffi-
ciency. Eur J Clin Pharmacol 1991;40:87.

47. Turnheim K. Drug dosage in the elderly. Is it rational? Drugs Aging 1998;13:
357.

48. Levy G. Pharmacokinetics in renal disease. Am J Med 1977;62:461.
49. van Ginneken CA, Russel FG. Saturable pharmacokinetics in the renal ex-

cretion of drugs. Clin Pharmacokinet 1989;16:38.
50. Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum

creatinine. Nephron 1976;16:31.
51. Gibson TP. Problems in designing hemodialysis drug studies. Pharmacother-

apy 1985;5:23.
52. Brunner H, Mann H, Stiller S, et al. Permeability for middle and higher

molecular weight substances. Comparison between polysulfone and cupro-
phan dialyzers. Contrib Nephrol 1985;46:33.

53. Lanese DM, Alfrey PS, Molitoris BA. Markedly increased clearance of
vancomycin during hemodialysis using polysulfone dialyzers. Kidney Int
1989;35:1409.

54. Surian M, Malberti F, Corradi B, et al. Adequacy of haemodiafiltration.
Nephrol Dial Transplant 1989;4:32.

55. Nolph KD, New DL. Effects of ultrafiltration on solute clearances in hollow
fiber artificial kidneys. J Lab Clin Med 1976;88:593.

56. Agarwal R, Toto RD. Gentamicin clearance during hemodialysis: a com-
parison of high-efficiency cuprammonium rayon and conventional cellulose
ester hemodialyzers. Am J Kidney Dis 1993;22:296.

57. Ernest D, Cutler DJ. Gentamicin clearance during continuous arteriovenous
hemodiafiltration. Crit Care Med 1992;20:586.

58. Rumpf KW, Rieger J, Doht B, et al. Drug elimination by hemofiltration.
J Dial 1977;1:677.

59. Rumpf KW, Rieger J, Ansorg R, et al. Binding of antibiotics by dialy-
sis membranes and its clinical relevance. Proc Eur Dial Transplant Assoc
1977;14:607.

60. Joy MS, Matzke GR, Armstrong DK, et al. A primer on continuous
renal replacement therapy for critically ill patients. Ann Pharmacother
1998;32:362.

61. Husted FC, Nolph KD, Vitale FC, et al. Detrimental effects of ultrafiltration
on diffusion in coils. J Lab Clin Med 1976;87:435.

62. Livornese LL, Jr. Slavin D, Benz RL, et al. Use of antibacterial agents in
renal failure. Infect Dis Clin North Am 2001;15:983, xi.

63. Livornese LL, Jr. Slavin D, Gilbert B, et al. Use of antibacterial agents in
renal failure. Infect Dis Clin North Am 2004;18:551.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

Chapter 104: Use of Drugs in Patients with Renal Failure 2803

64. Neuman M. Clinical pharmacokinetics of the newer antibacterial 4-
quinolones. Clin Pharmacokinet 1988;14:96.

65. Periti P, Mazzei T, Mini E, et al. Clinical pharmacokinetic properties of the
macrolide antibiotics: effects of age and various pathophysiological states
(Part II). Clin Pharmacokinet 1989;16:261.

66. Rodvold KA, Neuhauser M. Pharmacokinetics and pharmacodynamics of
fluoroquinolones. Pharmacotherapy 2001;21:233S.

67. Pinder M, Bellomo R, Lipman J. Pharmacological principles of antibiotic
prescription in the critically ill. Anaesth Intensive Care 2002;30:134.

68. Power BM, Forbes AM, van Heerden PV, et al. Pharmacokinetics of drugs
used in critically ill adults. Clin Pharmacokinet 1998;34:25.

69. Kurella M, Bennett WM, Chertow GM. Analgesia in patients with ESRD:
a review of available evidence. Am J Kidney Dis 2003;42:217.

70. Mather LE. Clinical pharmacokinetics of fentanyl and its newer derivatives.
Clin Pharmacokinet 1983;8:422.

71. Scheen AJ. Withdrawal of rofecoxib (Vioxx): what about cardiovascular
safety of COX-2 selective non-steroidal anti-inflammatory drugs? Rev Med
Liege 2004;59:565.

72. Davies NM, Jamali F. COX-2 selective inhibitors cardiac toxicity: getting
to the heart of the matter. J Pharm Pharm Sci 2004;7:332.

73. Walter MF, Jacob RF, Day CA, et al. Sulfone COX-2 inhibitors increase
susceptibility of human LDL and plasma to oxidative modification: com-
parison to sulfonamide COX-2 inhibitors and NSAIDs. Atherosclerosis
2004;177:235.

74. Gramstad L. Atracurium, vecuronium and pancuronium in end-stage renal
failure: dose-response properties and interactions with azathioprine. Br J
Anaesth 1987;59:995.

75. Pollard BJ. Neuromuscular blocking drugs and renal failure. Br J Anaesth
1992;68:545.

76. Sica DA. Renal handling of angiotensin receptor blockers: clinical relevance.
Curr Hypertens Rep 2003;5:337.

77. Pasternak RC, McKenney JM, Brown WV, et al. Understanding physician
and consumer attitudes concerning cholesterol management: results from
the National Lipid Association surveys. Am J Cardiol 2004;94:9F.

78. Grundy SM, Cleeman JI, Merz CN, et al. Implications of recent clinical
trials for the National Cholesterol Education Program Adult Treatment
Panel III Guidelines. J Am Coll Cardiol 2004;44:720.

79. Garcia MJ, Reinoso RF, Sanchez NA, et al. Clinical pharmacokinetics of
statins. Methods Find Exp Clin Pharmacol 2003;25:457.

80. Hande KR, Noone RM, Stone WJ. Severe allopurinol toxicity: description
and guidelines for prevention in patients with renal insufficiency. Am J Med
1984;76:47.

81. Bonnel RA, Villalba ML, Karwoski CB, et al. Deaths associated with in-
appropriate intravenous colchicine administration. J Emerg Med 2002;22:
385.

82. Wagner BK, O’Hara DA. Pharmacokinetics and pharmacodynamics of
sedatives and analgesics in the treatment of agitated critically ill patients.
Clin Pharmacokinet 1997;33:426.

83. Garzone PD, Kroboth PD. Pharmacokinetics of the newer benzodiazepines.
Clin Pharmacokinet 1989;16:337.

84. Zarowitz BJ, Anandan JV, Dumler F, et al. Continuous arteriovenous
hemofiltration of aminoglycoside antibiotics in critically ill patients. J Clin
Pharmacol 1986;26:686.

85. Healy JK, Drum PJ, Elliott AJ. Kanamycin dosage in renal failure. Aust N
Z J Med 1973;3:474.

86. Goetz DR, Pancorbo S, Hoag S, et al. Prediction of serum gentamicin
concentrations in patients undergoing hemodialysis. Am J Hosp Pharm
1980;37:1077.

87. Gyselynck AM, Forrey A, Cutler R. Pharmacokinetics of gentamicin: distri-
bution and plasma and renal clearance. J Infect Dis 1971;124(Suppl):570.

88. Herrero A, Rius AF, Garcia-Diez JM, et al. Pharmacokinetics of netilmicin
during hemodialysis: comparison of four artificial kidneys. Int J Clin Phar-
macol Ther Toxicol 1988;26:605.

89. Pechere JC, Dugal R, Pechere MM. Pharmacokinetics of netilmicin in renal
insufficiency and haemodialysis. Clin Pharmacokinet 1978;3:395.

90. Lanao JM, Dominguez-Gil A, Tabernero JM, et al. Pharmacokinetics of
amikacin (BB-K8) in patients undergoing hemodialysis. Int J Clin Pharma-
col Biopharm 1979;17:357.

91. Smeltzer BD, Schwartzman MS, Bertino JS, Jr. Amikacin pharmacokinet-
ics during continuous ambulatory peritoneal dialysis. Antimicrob Agents
Chemother 1988;32:236.

92. Wise R. The pharmacokinetics of the oral cephalosporins: a review. J An-
timicrob Chemother 1990;26:13.

93. Gartenberg G, Meyers BR, Hirschmann SZ, et al. Pharmacokinetics of ce-
faclor in patients with stable renal impairment, and patients undergoing
haemodialysis. J Antimicrob Chemother 1979;5:465.

94. Leroy A, Humbert G, Godin M, et al. Pharmacokinetics of cefadroxil in pa-
tients with impaired renal function. J Antimicrob Chemother 1982;10:39.

95. Guay DR, Meatherall RC, Harding GK, et al. Pharmacokinetics of cefixime
(CL 284,635; FK 027) in healthy subjects and patients with renal insuffi-
ciency. Antimicrob Agents Chemother 1986;30:485.

96. Bailey RR, Gower PE, Dash CH. The effect of impairment of renal function
and haemodialysis on serum and urine levels of cephalexin. Postgrad Med
J 1970;(Suppl) 60:4.

97. Solomon AE, Briggs JD. The administration of cephradine to patients in
renal failure. Br J Clin Pharmacol 1975;2:443.

98. Bliss M, Mayersohn M, Arnold T, et al. Disposition kinetics of cefaman-
dole during continuous ambulatory peritoneal dialysis. Antimicrob Agents
Chemother 1986;29:649.

99. Tam VH, McKinnon PS, Akins RL, et al. Pharmacokinetics and pharma-
codynamics of cefepime in patients with various degrees of renal function.
Antimicrob Agents Chemother 2003;47:1853.

100. Halstenson CE, Guay DR, Opsahl JA, et al. Disposition of cefmetazole in
healthy volunteers and patients with impaired renal function. Antimicrob
Agents Chemother 1990;34:519.

101. Schentag JJ. Cefmetazole sodium: pharmacology, pharmacokinetics, and
clinical trials. Pharmacotherapy 1991;11:2.

102. Greenfield RA, Gerber AU, Craig WA. Pharmacokinetics of cefoperazone
in patients with normal and impaired hepatic and renal function. Rev Infect
Dis 1983;5:S127.

103. Hodler JE, Galeazzi RL, Frey B, et al. Pharmacokinetics of cefoperazone
in patients undergoing chronic ambulatory peritoneal dialysis: clinical and
pathophysiological implications. Eur J Clin Pharmacol 1984;26:609.

104. Matzke GR, Abraham PA, Halstenson CE, et al. Cefotaxime and de-
sacetyl cefotaxime kinetics in renal impairment. Clin Pharmacol Ther 1985;
38:31.

105. Todd PA, Brogden RN. Cefotaxime. An update of its pharmacology and
therapeutic use. Drugs 1990;40:608.

106. Ohkawa M, Hirano S, Tokunaga S, et al. Pharmacokinetics of cefotetan
in normal subjects and patients with impaired renal function. Antimicrob
Agents Chemother 1983;23:31.

107. Ward A, Richards DM. Cefotetan. A review of its antibacterial activity,
pharmacokinetic properties and therapeutic use. Drugs 1985;30:382.

108. Greaves WL, Kreeft JH, Ogilvie RI, et al. Cefoxitin disposition during peri-
toneal dialysis. Antimicrob Agents Chemother 1981;19:253.

109. Humbert G, Fillastre JP, Leroy A, et al. Pharmacokinetics of cefoxitin in
normal subjects and in patients with renal insufficiency. Rev Infect Dis
1979;1:118.

110. Nikolaidis P, Tourkantonis A. Effect of hemodialysis on ceftazidime phar-
macokinetics. Clin Nephrol 1985;24:142.

111. Richards DM, Brogden RN. Ceftazidime: a review of its antibacterial activ-
ity, pharmacokinetic properties and therapeutic use. Drugs 1985;29:105.

112. Patel IH, Sugihara JG, Weinfeld RE, et al. Ceftriaxone pharmacokinetics
in patients with various degrees of renal impairment. Antimicrob Agents
Chemother 1984;25:438.

113. Ti TY, Fortin L, Kreeft JH, et al. Kinetic disposition of intravenous ceftri-
axone in normal subjects and patients with renal failure on hemodialysis
or peritoneal dialysis. Antimicrob Agents Chemother 1984;25:83.

114. Konishi K, Suzuki H, Hayashi M, et al. Pharmacokinetics of cefuroxime
axetil in patients with normal and impaired renal function. J Antimicrob
Chemother 1993;31:413.

115. Weiss LG, Cars O, Danielson BG, et al. Pharmacokinetics of intravenous ce-
furoxime during intermittent and continuous arteriovenous hemofiltration.
Clin Nephrol 1988;30:282.

116. Barza M, Weinstein L. Pharmacokinetics of the penicillins in man. Clin
Pharmacokinet 1976;1:297.

117. Francke EL, Appel GB, Neu HC. Kinetics of intravenous amoxicillin in
patients on long-term dialysis. Clin Pharmacol Ther 1979;26:31.

118. Humbert G, Spyker DA, Fillastre JP, et al. Pharmacokinetics of amoxicillin:
dosage nomogram for patients with impaired renal function. Antimicrob
Agents Chemother 1979;15:28.

119. Blum RA, Kohli RK, Harrison NJ, et al. Pharmacokinetics of (2.0 grams)
and sulbactam (1.0 gram) coadministered to subjects with normal and ab-
normal renal function and with end-stage renal disease on hemodialysis.
Antimicrob Agents Chemother 1989;33:1470.

120. Nauta EH, Mattie H. Dicloxacillin and cloxacillin: pharmacokinetics in
healthy and hemodialysis subjects. Clin Pharmacol Ther 1976;20:98.

121. Jackson EA, McLeod DC. Pharmacokinetics and dosing of antimicrobial
agents in renal impairment, Part II. Am J Hosp Pharm 1974;31:137.

122. Foulds G. Pharmacokinetics of sulbactam/ampicillin in humans: a review.
Rev Infect Dis 1986;8:S503.

123. Holmes B, Richards DM, Brogden RN, et al. Piperacillin: a review of its an-
tibacterial activity, pharmacokinetic properties and therapeutic use. Drugs
1984;28:375.

124. De Schepper PJ, Tjandramaga TB, Mullie A, et al. Comparative pharma-
cokinetics of piperacillin in normals and in patients with renal failure.
J Antimicrob Chemother 1982;9:49.

125. Parry MF, Neu HC. Pharmacokinetics of ticarcillin in patients with abnor-
mal renal function. J Infect Dis 1976;133:46.

126. Weidekamm E. Pharmacokinetics of fleroxacin in renal impairment. Am J
Med 1993;94:70S.

127. Davies SP, Azadian BS, Kox WJ, et al. Pharmacokinetics of ciprofloxacin
and vancomycin in patients with acute renal failure treated by continuous
haemodialysis. Nephrol Dial Transplant 1992;7:848.

128. Kowalsky SF, Echols M, Schwartz MT, et al. Pharmacokinetics of
ciprofloxacin in subjects with varying degrees of renal function and un-
dergoing hemodialysis or CAPD. Clin Nephrol 1993;39:53.

129. Vree TB, Hekster YA, Anderson PG. Contribution of the human kidney to
the metabolic clearance of drugs. Ann Pharmacother 1992;26:1421.

130. Holmes B, Brogden RN, Richards DM. Norfloxacin: a review of its an-
tibacterial activity, pharmacokinetic properties and therapeutic use. Drugs
1985;30:482.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

2804 Section XIV: Nutrition, Drugs, and the Kidney

131. Lameire N, Rosenkranz B, Malerczyk V, et al. Ofloxacin pharmacokinetics
in chronic renal failure and dialysis. Clin Pharmacokinet 1991;21:357.

132. Peters DH, Clissold SP. Clarithromycin: a review of its antimicrobial
activity, pharmacokinetic properties and therapeutic potential. Drugs
1992;44:117.

133. Roberts AP, Eastwood JB, Gower PE, et al. Serum and plasma con-
centrations of clindamycin following a single intramuscular injection of
clindamycin phosphate in maintenance haemodialysis patients and normal
subjects. Eur J Clin Pharmacol 1978;14:435.

134. Disse B, Gundert-Remy U, Weber E, et al. Pharmacokinetics of eryth-
romycin in patients with different degrees of renal impairment. Int J Clin
Pharmacol Ther Toxicol 1986;24:460.

135. Kanfer A, Stamatakis G, Torlotin JC, et al. Changes in erythromycin phar-
macokinetics induced by renal failure. Clin Nephrol 1987;27:147.

136. Buckley MM, Brogden RN, Barradell LB, et al. Imipenem/cilastatin: a reap-
praisal of its antibacterial activity, pharmacokinetic properties and thera-
peutic efficacy. Drugs 1992;44:408.

137. Gibson TP, Demetriades JL, Bland JA. Imipenem/cilastatin: pharmacoki-
netic profile in renal insufficiency. Am J Med 1985;78:54.

138. Guay DR, Meatherall RC, Baxter H, et al. Pharmacokinetics of metro-
nidazole in patients undergoing continuous ambulatory peritoneal dialysis.
Antimicrob Agents Chemother 1984;25:306.

139. Kreeft JH, Ogilvie RI, Dufresne LR. Metronidazole kinetics in dialysis pa-
tients. Surgery 1983;93:149.

140. Goa KL, Campoli-Richards DM. Pentamidine isethionate: a review of its
antiprotozoal activity, pharmacokinetic properties and therapeutic use in
Pneumocystis carinii pneumonia. Drugs 1987;33:242.

141. Conte JE, Jr. Pharmacokinetics of intravenous pentamidine in patients with
normal renal function or receiving hemodialysis. J Infect Dis 1991;163:169.

142. Moellering RC, Jr., Krogstad DJ, Greenblatt DJ. Vancomycin therapy in
patients with impaired renal function: a nomogram for dosage. Ann Intern
Med 1981;94:343.

143. Douglas JG, McLeod MJ. Pharmacokinetic factors in the modern drug
treatment of tuberculosis. Clin Pharmacokinet 1999;37:127.

144. Daneshmend TK, Warnock DW. Clinical pharmacokinetics of systemic an-
tifungal drugs. Clin Pharmacokinet 1983;8:17.

145. Lyman CA, Walsh TJ. Systemically administered antifungal agents: a re-
view of their clinical pharmacology and therapeutic applications. Drugs
1992;44:9.

146. Craven PC, Ludden TM, Drutz DJ, et al. Excretion pathways of ampho-
tericin B. J Infect Dis 1979;140:329.

147. Morgan DJ, Ching MS, Raymond K, et al. Elimination of amphotericin B
in impaired renal function. Clin Pharmacol Ther 1983;34:248.

148. Cleary JD, Taylor JW, Chapman SW. Imidazoles and triazoles in antifungal
therapy. DICP 1990;24:148.

149. Bailey EM, Krakovsky DJ, Rybak MJ. The triazole antifungal agents: a
review of itraconazole and fluconazole. Pharmacotherapy 1990;10:146.

150. Toon S, Ross CE, Gokal R, et al. An assessment of the effects of impaired
renal function and haemodialysis on the pharmacokinetics of fluconazole.
Br J Clin Pharmacol 1990;29:221.

151. Debruyne D, Ryckelynck JP. Clinical pharmacokinetics of fluconazole. Clin
Pharmacokinet 1993;24:10.

152. Bennet JE. Flucytosine. Ann Intern Med 1977;86:319.
153. Cutler RE, Blair AD, Kelly MR. Flucytosine kinetics in subjects with normal

and impaired renal function. Clin Pharmacol Ther 1978;24:333.
154. Boelaert J, Schurgers M, Matthys E, et al. Itraconazole pharmacokinetics

in patients with renal dysfunction. Antimicrob Agents Chemother 1988;
32:1595.

155. Grant SM, Clissold SP. Itraconazole: a review of its pharmacodynamic and
pharmacokinetic properties, and therapeutic use in superficial and systemic
mycoses. Drugs 1989;37:310.

156. Daneshmend TK, Warnock DW. Clinical pharmacokinetics of ketocona-
zole. Clin Pharmacokinet 1988;14:13.

157. Morse GD, Shelton MJ, O’Donnell AM. Comparative pharmacokinetics of
antiviral nucleoside analogues. Clin Pharmacokinet 1993;24:101.

158. Burgess ED, Gill MJ. Intraperitoneal administration of acyclovir in pa-
tients receiving continuous ambulatory peritoneal dialysis. J Clin Pharma-
col 1990;30:997.

159. Laskin OL, Longstreth JA, Whelton A, et al. Acyclovir kinetics in end-stage
renal disease. Clin Pharmacol Ther 1982;31:594.

160. Aoki FY, Sitar DS. Clinical pharmacokinetics of amantadine hydrochloride.
Clin Pharmacokinet 1988;14:35.

161. Horadam VW, Sharp JG, Smilack JD, et al. Pharmacokinetics of amanta-
dine hydrochloride in subjects with normal and impaired renal function.
Ann Intern Med 1981;94:454.

162. Ostrop NJ, Burgess E, Gill MJ. The use of antiretroviral agents in patients
with renal insufficiency. AIDS Patient Care STDS 1999;13:517.

163. Faulds D, Brogden RN. Didanosine: a review of its antiviral activity, phar-
macokinetic properties and therapeutic potential in human immunodefi-
ciency virus infection. Drugs 1992;44:94.

164. Chrisp P, Clissold SP. Foscarnet: a review of its antiviral activity, pharma-
cokinetic properties and therapeutic use in immunocompromised patients
with cytomegalovirus retinitis. Drugs 1991;41:104.

165. Faulds D, Heel RC. Ganciclovir: a review of its antiviral activity, pharma-
cokinetic properties and therapeutic efficacy in cytomegalovirus infections.
Drugs 1990;39:597.

166. Kramer TH, Gaar GG, Ray CG, et al. Hemodialysis clearance of intra-
venously administered ribavirin. Antimicrob Agents Chemother 1990;34:
489.

167. Collins JM, Unadkat JD. Clinical pharmacokinetics of zidovudine: an
overview of current data. Clin Pharmacokinet 1989;17:1.

168. Gallicano KD, Tobe S, Sahai J, et al. Pharmacokinetics of single and
chronic dose zidovudine in two HIV positive patients undergoing continu-
ous ambulatory peritoneal dialysis (CAPD). J Acquir Immune Defic Syndr
1992;5:242.

169. Heel RC, Brogden RN, Speight TM, et al. Butorphanol: a review of its
pharmacological properties and therapeutic efficacy. Drugs 1978;16:473.

170. Barnes JN, Williams AJ, Tomson MJ, et al. Dihydrocodeine in renal failure:
further evidence for an important role of the kidney in the handling of opioid
drugs. Br Med J (Clin Res Ed) 1985;290:740.

171. Szeto HH, Inturrisi CE, Houde R, et al. Accumulation of normeperidine,
an active metabolite of meperidine, in patients with renal failure of cancer.
Ann Intern Med 1977;86:738.

172. Kreek MJ, Schecter AJ, Gutjahr CL, et al. Methadone use in patients with
chronic renal disease. Drug Alcohol Depend 1980;5:197.

173. Chauvin M, Sandouk P, Scherrmann JM, et al. Morphine pharmacokinetics
in renal failure. Anesthesiology 1987;66:327.

174. Sawe J, Odar-Cederlof I. Kinetics of morphine in patients with renal failure.
Eur J Clin Pharmacol 1987;32:377.

175. Giacomini KM, Gibson TP, Levy G. Effect of hemodialysis on propoxy-
phene and norpropoxyphene concentrations in blood of anephric patients.
Clin Pharmacol Ther 1980;27:508.

176. Clissold SP. Paracetamol and phenacetin. Drugs 1986;32(Suppl 4):4.
177. Needs CJ, Brooks PM. Clinical pharmacokinetics of the salicylates. Clin

Pharmacokinet 1985;10:164.
178. Anderson S, Rennke HG, Brenner BM. Therapeutic advantage of convert-

ing enzyme inhibitors in arresting progressive renal disease associated with
systemic hypertension in the rat. J Clin Invest 1986;77:1993.

179. Brunner HR. ACE inhibitors in renal disease. Kidney Int 1992;42:463.
180. Balfour JA, Goa KL. Benazepril. A review of its pharmacodynamic and

pharmacokinetic properties, and therapeutic efficacy in hypertension and
congestive heart failure. Drugs 1991;42:511.

181. Brogden RN, Todd PA, Sorkin EM. Captopril: an update of its pharmacody-
namic and pharmacokinetic properties, and therapeutic use in hypertension
and congestive heart failure. Drugs 1988;36:540.

182. Duchin KL, Pierides AM, Heald A, et al. Elimination kinetics of captopril
in patients with renal failure. Kidney Int 1984;25:942.

183. Fruncillo RJ, Rocci ML, Jr. Vlasses PH, et al. Disposition of enalapril and
enalaprilat in renal insufficiency. Kidney Int 1987;20(Suppl):S117.

184. Todd PA, Goa KL. Enalapril: a reappraisal of its pharmacology and thera-
peutic use in hypertension. Drugs 1992;43:346.

185. Gehr TW, Sica DA, Grasela DM, et al. Fosinopril pharmacokinetics and
pharmacodynamics in chronic ambulatory peritoneal dialysis patients. Eur
J Clin Pharmacol 1991;41:165.

186. Murdoch D, McTavish D. Fosinopril: a review of its pharmacodynamic
and pharmacokinetic properties, and therapeutic potential in essential hy-
pertension. Drugs 1992;43:123.

187. Lancaster SG, Todd PA. Lisinopril: a preliminary review of its pharmacody-
namic and pharmacokinetic properties, and therapeutic use in hypertension
and congestive heart failure. Drugs 1988;35:646.

188. van Schaik BA, Geyskes GG, van der Wouw PA, et al. Pharmacokinetics of
lisinopril in hypertensive patients with normal and impaired renal function.
Eur J Clin Pharmacol 1988;34:61.

189. Schunkert H, Kindler J, Gassmann M, et al. Pharmacokinetics of ramipril
in hypertensive patients with renal insufficiency. Eur J Clin Pharmacol
1989;37:249.

190. Todd PA, Benfield P. Ramipril: a review of its pharmacological properties
and therapeutic efficacy in cardiovascular disorders. Drugs 1990;39:110.

191. Borchard U. Pharmacokinetics of beta-adrenoceptor blocking agents: clin-
ical significance of hepatic and/or renal clearance. Clin Physiol Biochem
1990;8:28.

192. Riddell JG, Harron DW, Shanks RG. Clinical pharmacokinetics of beta-
adrenoceptor antagonists: an update. Clin Pharmacokinet 1987;12:305.

193. Kirch W, Kohler H, Berggren G, et al. The influence of renal function on
plasma levels and urinary excretion of acebutolol and its main N-acetyl
metabolite. Clin Nephrol 1982;18:88.

194. Singh BN, Thoden WR, Ward A. Acebutolol: a review of its pharmacologi-
cal properties and therapeutic efficacy in hypertension, angina pectoris and
arrhythmia. Drugs 1985;29:531.

195. Kirch W, Kohler H, Mutschler E, et al. Pharmacokinetics of atenolol in
relation to renal function. Eur J Clin Pharmacol 1981;19:65.

196. Wadworth AN, Murdoch D, Brogden RN. Atenolol: a reappraisal of its
pharmacological properties and therapeutic use in cardiovascular disorders.
Drugs 1991;42:468.

197. Beresford R, Heel RC. Betaxolol: a review of its pharmacodynamic
and pharmacokinetic properties, and therapeutic efficacy in hypertension.
Drugs 1986;31:6.

198. Amemiya M, Tabei K, Furuya H, et al. Pharmacokinetics of carteolol in
patients with impaired renal function. Eur J Clin Pharmacol 1992;43:
417.

199. Hasenfuss G, Schafer-Korting M, Knauf H, et al. Pharmacokinetics of car-
teolol in relation to renal function. Eur J Clin Pharmacol 1985;29:461.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

Chapter 104: Use of Drugs in Patients with Renal Failure 2805

200. Chrisp P, Goa KL. Dilevalol: a review of its pharmacodynamic and phar-
macokinetic properties, and therapeutic potential in hypertension. Drugs
1990;39:234.

201. Kelly JG, Laher MS, Donohue J, et al. The pharmacokinetics of dilevalol
in renal impairment. J Hum Hypertens 1990;4:59.

202. Benfield P, Sorkin EM. Esmolol: a preliminary review of its pharmaco-
dynamic and pharmacokinetic properties, and therapeutic efficacy. Drugs
1987;33:392.

203. Flaherty JF, Wong B, La Follette G, et al. Pharmacokinetics of esmolol and
ASL-8123 in renal failure. Clin Pharmacol Ther 1989;45:321.

204. Goa KL, Benfield P, Sorkin EM. Labetalol: a reappraisal of its pharmacol-
ogy, pharmacokinetics and therapeutic use in hypertension and ischaemic
heart disease. Drugs 1989;37:583.

205. Halstenson CE, Opsahl JA, Pence TV, et al. The disposition and dynamics
of labetalol in patients on dialysis. Clin Pharmacol Ther 1986;40:462.

206. Regardh CG, Johnsson G. Clinical pharmacokinetics of metoprolol. Clin
Pharmacokinet 1980;5:557.

207. Dreyfuss J, Griffith DL, Singhvi SM, et al. Pharmacokinetics of nadolol,
a beta-receptor antagonist: administration of therapeutic single- and
multiple-dosage regimens to hypertensive patients. J Clin Pharmacol 1979;
19:712.

208. Frishman WH. Nadolol: a new beta-adrenoceptor antagonist. N Engl J
Med 1981;305:678.

209. Bernard N, Cuisinaud G, Pozet N, et al. Pharmacokinetics of penbutolol and
its metabolites in renal insufficiency. Eur J Clin Pharmacol 1985;29:215.

210. Ohnhaus EE, Heidemann H, Meier J, et al. Metabolism of pindolol in
patients with renal failure. Eur J Clin Pharmacol 1982;22:423.

211. Stone WJ, Walle T. Massive propranolol metabolite retention during main-
tenance hemodialysis. Clin Pharmacol Ther 1980;28:449.

212. Wood AJ, Vestal RE, Spannuth CL, et al. Propranolol disposition in renal
failure. Br J Clin Pharmacol 1980;10:561.

213. Blair AD, Burgess ED, Maxwell BM, et al. Sotalol kinetics in renal insuffi-
ciency. Clin Pharmacol Ther 1981;29:457.

214. Singh BN, Deedwania P, Nademanee K, et al. Sotalol: a review of its phar-
macodynamic and pharmacokinetic properties, and therapeutic use. Drugs
1987;34:311.

215. Kelly JG, O’Malley K. Clinical pharmacokinetics of calcium antagonists:
an update. Clin Pharmacokinet 1992;22:416.

216. Laher MS, Kelly JG, Doyle GD, et al. Pharmacokinetics of amlodipine in
renal impairment. J Cardiovasc Pharmacol 1988;12:S60.

217. Buckley MM, Grant SM, Goa KL, et al. Diltiazem: a reappraisal of its
pharmacological properties and therapeutic use. Drugs 1990;39:757.

218. Grech-Belanger O, Langlois S, LeBoeuf E. Pharmacokinetics of diltiazem
in patients undergoing continuous ambulatory peritoneal dialysis. J Clin
Pharmacol 1988;28:477.

219. Buur T, Larsson R, Regardh CG, et al. Pharmacokinetics of felodipine in
chronic hemodialysis patients. J Clin Pharmacol 1991;31:709.

220. Todd PA, Faulds D. Felodipine: a review of the pharmacology and thera-
peutic use of the extended release formulation in cardiovascular disorders.
Drugs 1992;44:251.

221. Chandler MH, Schran HF, Cutler RE, et al. The effects of renal function
on the disposition of isradipine. J Clin Pharmacol 1988;28:1076.

222. Schonholzer K, Marone C. Pharmacokinetics and dialysability of isradipine
in chronic haemodialysis patients. Eur J Clin Pharmacol 1992;42:231.

223. Sorkin EM, Clissold SP. Nicardipine: a review of its pharmacodynamic and
pharmacokinetic properties, and therapeutic efficacy, in the treatment of
angina pectoris, hypertension and related cardiovascular disorders. Drugs
1987;33:296.

224. Martre H, Sari R, Taburet AM, et al. Haemodialysis does not affect the
pharmacokinetics of nifedipine. Br J Clin Pharmacol 1985;20:155.

225. Sorkin EM, Clissold SP, Brogden RN. Nifedipine: a review of its phar-
macodynamic and pharmacokinetic properties, and therapeutic efficacy, in
ischaemic heart disease, hypertension and related cardiovascular disorders.
Drugs 1985;30:182.

226. Hanyok JJ, Chow MS, Kluger J, et al. An evaluation of the pharmacokinet-
ics, pharmacodynamics, and dialyzability of verapamil in chronic hemodial-
ysis patients. J Clin Pharmacol 1988;28:831.

227. McTavish D, Sorkin EM. Verapamil: an updated review of its pharmacody-
namic and pharmacokinetic properties, and therapeutic use in hypertension.
Drugs 1989;38:19.

228. Sonnenblick M, Abraham AS, Meshulam Z, et al. Correlation between
manifestations of digoxin toxicity and serum digoxin, calcium, potassium,
and magnesium concentrations and arterial pH. Br Med J (Clin Res Ed)
1983;286:1089.

229. Lant A. Diuretics. Clinical pharmacology and therapeutic use (Part I). Drugs
1985;29:57.

230. Chapron DJ, Gomolin IH, Sweeney KR. Acetazolamide blood concentra-
tions are excessive in the elderly: propensity for acidosis and relationship
to renal function. J Clin Pharmacol 1989;29:348.

231. Spahn H, Reuter K, Mutschler E, et al. Pharmacokinetics of amiloride in
renal and hepatic disease. Eur J Clin Pharmacol 1987;33:493.

232. Pentikainen PJ, Pasternack A, Lampainen E, et al. Bumetanide kinetics in
renal failure. Clin Pharmacol Ther 1985;37:582.

233. Ward A, Heel RC. Bumetanide: a review of its pharmacodynamic and phar-
macokinetic properties and therapeutic use. Drugs 1984;28:426.

234. Mulley BA, Parr GD, Rye RM. Pharmacokinetics of chlorthalidone: depen-

dence of biological half life on blood carbonic anhydrase levels. Eur J Clin
Pharmacol 1980;17:203.

235. Pillay VK, Schwartz FD, Aimi K, et al. Transient and permanent deafness
following treatment with ethacrynic acid in renal failure. Lancet 1969;
1:77.

236. Brater DC, Anderson SA, Brown-Cartwright D. Response to furosemide
in chronic renal insufficiency: rationale for limited doses. Clin Pharmacol
Ther 1986;40:134.

237. Ponto LL, Schoenwald RD. Furosemide (frusemide): a pharmacokinetic/
pharmacodynamic review (Part I). Clin Pharmacokinet 1990;18:381.

238. Acchiardo SR, Skoutakis VA. Clinical efficacy, safety, and pharmacokinetics
of indapamide in renal impairment. Am Heart J 1983;106:237.

239. Clissold SP, Brogden RN. Piretanide: a preliminary review of its pharmaco-
dynamic and pharmacokinetic properties, and therapeutic efficacy. Drugs
1985;29:489.

240. Marone C, Reubi FC, Perisic M, et al. Pharmacokinetics of high doses
of piretanide in moderate to severe renal failure. Eur J Clin Pharmacol
1984;27:589.

241. Skluth HA, Gums JG. Spironolactone: a re-examination. DICP 1990;24:52.
242. Niemeyer C, Hasenfuss G, Wais U, et al. Pharmacokinetics of hydrochloro-

thiazide in relation to renal function. Eur J Clin Pharmacol 1983;24:
661.

243. Fairley KF, Woo KT, Birch DF, et al. Triamterene-induced crystalluria and
cylinduria: clinical and experimental studies. Clin Nephrol 1986;26:169.

244. Bottorff MB, Rutledge DR, Pieper JA. Evaluation of intravenous amrinone:
the first of a new class of positive inotropic agents with vasodilator prop-
erties. Pharmacotherapy 1985;5:227.

245. Ward A, Brogden RN, Heel RC, et al. Amrinone: a preliminary review of
its pharmacological properties and therapeutic use. Drugs 1983;26:468.

246. Hulter HN, Licht JH, Ilnicki LP, et al. Clinical efficacy and pharmacoki-
netics of clonidine in hemodialysis and renal insufficiency. J Lab Clin Med
1979;94:223.

247. Lowenthal DT, Matzek KM, MacGregor TR. Clinical pharmacokinetics of
clonidine. Clin Pharmacokinet 1988;14:287.

248. Gibson TP, Nelson HA. The question of cumulation of digoxin metabolites
in renal failure. Clin Pharmacol Ther 1980;27:219.

249. Ludden TM, McNay JL, Jr, Shepherd AM, et al. Clinical pharmacokinetics
of hydralazine. Clin Pharmacokinet 1982;7:185.

250. Blowey DL, Balfe JW, Gupta I, et al. Midodrine efficacy and pharmacoki-
netics in a patient with recurrent intradialytic hypotension. Am J Kidney
Dis 1996;28:132.

251. Halstenson CE, Opsahl JA, Wright CE, et al. Disposition of minoxi-
dil in patients with various degrees of renal function. J Clin Pharmacol
1989;29:798.

252. Rindone JP, Sloane EP. Cyanide toxicity from sodium nitroprusside: risks
and management. Ann Pharmacother 1992;26:515.

253. Schulz V. Clinical pharmacokinetics of nitroprusside, cyanide, thiosulphate
and thiocyanate. Clin Pharmacokinet 1984;9:239.

254. Steinberg C, Notterman DA. Pharmacokinetics of cardiovascular drugs
in children: inotropes and vasopressors. Clin Pharmacokinet 1994;27:
345.

255. Majerus TC, Dasta JF, Bauman JL, et al. Dobutamine: ten years later. Phar-
macotherapy 1989;9:245.

256. Sonnenblick EH, Frishman WH, LeJemtel TH. Dobutamine: a new syn-
thetic cardioactive sympathetic amine. N Engl J Med 1979;300:17.

257. Larsson R, Liedholm H, Andersson KE, et al. Pharmacokinetics and effects
on blood pressure of a single oral dose of milrinone in healthy subjects and
in patients with renal impairment. Eur J Clin Pharmacol 1986;29:549.

258. Young RA, Ward A. Milrinone: a preliminary review of its pharmacological
properties and therapeutic use. Drugs 1988;36:158.

259. Ferner RE, Chaplin S. The relationship between the pharmacokinetics
and pharmacodynamic effects of oral hypoglycaemic drugs. Clin Pharma-
cokinet 1987;12:379.

260. Clissold SP, Edwards C. Acarbose: a preliminary review of its pharmaco-
dynamic and pharmacokinetic properties, and therapeutic potential. Drugs
1988;35:214.

261. Palmer KJ, Brogden RN. Gliclazide: an update of its pharmacological prop-
erties and therapeutic efficacy in non-insulin-dependent diabetes mellitus.
Drugs 1993;46:92.

262. Lebovitz HE. Glipizide: a second-generation sulfonylurea hypoglycemic
agent: pharmacology, pharmacokinetics and clinical use. Pharmacotherapy
1985;5:63.

263. Feldman JM. Glyburide: a second-generation sulfonylurea hypoglycemic
agent: history, chemistry, metabolism, pharmacokinetics, clinical use and
adverse effects. Pharmacotherapy 1985;5:43.

264. Sherrard DJ, Goldberg AB, Haas LB, et al. Chronic clofibrate therapy in
maintenance hemodialysis patients. Nephron 1980;25:219.

265. Manninen V, Malkonen M, Eisalo A, et al. Gemfibrozil in the treat-
ment of dyslipidaemia: a 5-year follow-up study. Acta Med Scand Suppl
1982;668:82.

266. Corpier CL, Jones PH, Suki WN, et al. Rhabdomyolysis and renal injury
with lovastatin use: report of two cases in cardiac transplant recipients.
JAMA 1988;260:239.

267. Henwood JM, Heel RC. Lovastatin: a preliminary review of its pharmaco-
dynamic properties and therapeutic use in hyperlipidaemia. Drugs 1988;
36:429.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

2806 Section XIV: Nutrition, Drugs, and the Kidney

268. Figge HL, Figge J, Souney PF, et al. Nicotinic acid: a review of its clin-
ical use in the treatment of lipid disorders. Pharmacotherapy 1988;8:
287.

269. McTavish D, Sorkin EM. Pravastatin: a review of its pharmacologi-
cal properties and therapeutic potential in hypercholesterolaemia. Drugs
1991;42:65.

270. Buckley MM, Goa KL, Price AH, et al. Probucol: a reappraisal of its
pharmacological properties and therapeutic use in hypercholesterolaemia.
Drugs 1989;37:761.

271. Mauro VF. Clinical pharmacokinetics and practical applications of simvas-
tatin. Clin Pharmacokinet 1993;24:195.

272. Kampmann JP, Hansen JM. Clinical pharmacokinetics of antithyroid drugs.
Clin Pharmacokinet 1981;6:401.

273. Jansson R, Lindstrom B, Dahlberg PA. Pharmacokinetic properties and
bioavailability of methimazole. Clin Pharmacokinet 1985;10:443.

274. Somogyi A, Gugler R. Clinical pharmacokinetics of cimetidine. Clin Phar-
macokinet 1983;8:463.

275. Larsson R, Bodemar G, Norlander B. Oral absorption of cimetidine and its
clearance in patients with renal failure. Eur J Clin Pharmacol 1979;15:153.

276. Echizen H, Ishizaki T. Clinical pharmacokinetics of famotidine. Clin Phar-
macokinet 1991;21:178.

277. Gladziwa U, Klotz U, Krishna DR, et al. Pharmacokinetics and dynamics
of famotidine in patients with renal failure. Br J Clin Pharmacol 1988;
26:315.

278. Barradell LB, Faulds D, McTavish D. Lansoprazole: a review of its phar-
macodynamic and pharmacokinetic properties and its therapeutic efficacy
in acid-related disorders. Drugs 1992;44:225.

279. Price AH, Brogden RN. Nizatidine: a preliminary review of its pharmaco-
dynamic and pharmacokinetic properties, and its therapeutic use in peptic
ulcer disease. Drugs 1988;36:521.

280. Saima S, Echizen H, Yoshimoto K, et al. Hemofiltrability of histamine H2-
receptor antagonist, nizatidine, and its metabolites in patients with renal
failure. J Clin Pharmacol 1993;33:324.

281. Howden CW. Clinical pharmacology of omeprazole. Clin Pharmacokinet
1991;20:38.

282. Naesdal J, Andersson T, Bodemar G, et al. Pharmacokinetics of (14C)
omeprazole in patients with impaired renal function. Clin Pharmacol Ther
1986;40:344.

283. Fuhr U, Jetter A. Rabeprazole: pharmacokinetics and pharmacokinetic drug
interactions. Pharmazie 2002;57:595.

284. Andersson T. Pharmacokinetics, metabolism and interactions of acid pump
inhibitors. Focus on omeprazole, lansoprazole and pantoprazole. Clin Phar-
macokinet 1996;31:9.

285. Meffin PJ, Grgurinovich N, Brooks PM, et al. Ranitidine disposition in
patients with renal impairment. Br J Clin Pharmacol 1983;16:731.

286. Zech PY, Chau NP, Pozet N, et al. Ranitidine kinetics in chronic renal
impairment. Clin Pharmacol Ther 1983;34:667.

287. Hatlebakk JG, Berstad A. Pharmacokinetic optimisation in the treat-
ment of gastro-oesophageal reflux disease. Clin Pharmacokinet 1996;31:
386.

288. Jones JB, Bailey RT, Jr. Misoprostol: a prostaglandin E1 analog with anti-
secretory and cytoprotective properties. DICP 1989;23:276.

289. Burgess E, Muruve D, Audette R. Aluminum absorption and excretion fol-
lowing sucralfate therapy in chronic renal insufficiency. Am J Med 1992;92:
471.

290. Eadie MJ. Anticonvulsant drugs: an update. Drugs 1984;27:328.
291. Bertilsson L, Tomson T. Clinical pharmacokinetics and pharmacological ef-

fects of carbamazepine and carbamazepine-10,11-epoxide: an update. Clin
Pharmacokinet 1986;11:177.

292. Lee CS, Wang LH, Marbury TC, et al. Hemodialysis clearance and total
body elimination of carbamazepine during chronic hemodialysis. Clin Tox-
icol 1980;17:429.

293. Marbury TC, Lee CS, Perchalski RJ, et al. Hemodialysis clearance of
ethosuximide in patients with chronic renal disease. Am J Hosp Pharm
1981;38:1757.

294. Dasgupta A, Abu-Alfa A. Increased free phenytoin concentrations in pre-
dialysis serum compared to postdialysis serum in patients with uremia
treated with hemodialysis: role of uremic compounds. Am J Clin Pathol
1992;98:19.

295. Czajka PA, Anderson WH, Christoph RA, et al. A pharmacokinetic eval-
uation of peritoneal dialysis for phenytoin intoxication. J Clin Pharmacol
1980;20:565.

296. Lee CS, Marbury TC, Perchalski RT, et al. Pharmacokinetics of primidone
elimination by uremic patients. J Clin Pharmacol 1982;22:301.

297. Brewster D, Muir NC. Valproate plasma protein binding in the uremic
condition. Clin Pharmacol Ther 1980;27:76.

298. Zaccara G, Messori A, Moroni F. Clinical pharmacokinetics of valproic
acid—1988. Clin Pharmacokinet 1988;15:367.

299. Murrell GA, Rapeport WG. Clinical pharmacokinetics of allopurinol. Clin
Pharmacokinet 1986;11:343.

300. Chaffman M, Brogden RN, Heel RC, et al. Auranofin: a preliminary re-
view of its pharmacological properties and therapeutic use in rheumatoid
arthritis. Drugs 1984;27:378.

301. Wallace SL, Singer JZ, Duncan GJ, et al. Renal function predicts colchicine
toxicity: guidelines for the prophylactic use of colchicine in gout. J Rheuma-
tol 1991;18:264.

302. Levy M, Spino M, Read SE. Colchicine: a state-of-the-art review. Pharma-
cotherapy 1991;11:196.

303. Blocka KL, Paulus HE, Furst DE. Clinical pharmacokinetics of oral and
injectable gold compounds. Clin Pharmacokinet 1986;11:133.

304. Netter P, Bannwarth B, Pere P, et al. Clinical pharmacokinetics of D-
penicillamine. Clin Pharmacokinet 1987;13:317.

305. Cunningham RF, Israili ZH, Dayton PG. Clinical pharmacokinetics of
probenecid. Clin Pharmacokinet 1981;6:135.

306. Clive DM, Stoff JS. Renal syndromes associated with nonsteroidal antiin-
flammatory drugs. N Engl J Med 1984;310:563.

307. Verbeeck RK, Blackburn JL, Loewen GR. Clinical pharmacokinetics
of non-steroidal anti-inflammatory drugs. Clin Pharmacokinet 1983;
8:297.

308. Todd PA, Sorkin EM. Diclofenac sodium: a reappraisal of its pharmaco-
dynamic and pharmacokinetic properties, and therapeutic efficacy. Drugs
1988;35:244.

309. Erikson LO, Wahlin-Boll E, Odar-Cederlof I, et al. Influence of renal failure,
rheumatoid arthritis and old age on the pharmacokinetics of diflunisal. Eur
J Clin Pharmacol 1989;36:165.

310. Balfour JA, Buckley MM. Etodolac: a reappraisal of its pharmacology
and therapeutic use in rheumatic diseases and pain states. Drugs 1991;42:
274.

311. Cefali EA, Poynor WJ, Sica D, et al. Pharmacokinetic comparison of flur-
biprofen in end-stage renal disease subjects and subjects with normal renal
function. J Clin Pharmacol 1991;31:808.

312. Albert KS, Gernaat CM. Pharmacokinetics of ibuprofen. Am J Med 1984;
77:40.

313. Skoutakis VA, Acchiardo SR, Carter CA, et al. Dialyzability and pharma-
cokinetics of indomethacin in adult patients with end-stage renal disease.
Drug Intell Clin Pharm 1986;20:956.

314. Akima S, Kent A, Reynolds GJ, et al. Indomethacin and renal impairment
in neonates. Pediatr Nephrol 2004;19:490.

315. Williams RL, Upton RA. The clinical pharmacology of ketoprofen. J Clin
Pharmacol 1988;28:S13.

316. Brocks DR, Jamali F. Clinical pharmacokinetics of ketorolac tromethamine.
Clin Pharmacokinet 1992;23:415.

317. Todd PA, Clissold SP. Naproxen: a reappraisal of its pharmacology, and
therapeutic use in rheumatic diseases and pain states. Drugs 1990;40:91.

318. Verbeeck RK, Richardson CJ, Blocka KL. Clinical pharmacokinetics of
piroxicam. J Rheumatol 1986;13:789.

319. Ravis WR, Diskin CJ, Campagna KD, et al. Pharmacokinetics and dialyz-
ability of sulindac and metabolites in patients with end-stage renal failure.
J Clin Pharmacol 1993;33:527.

320. Christensen JH, Andreasen F, Jansen J. Pharmacokinetics and pharmaco-
dynamics of thiopental in patients undergoing renal transplantation. Acta
Anaesthesiol Scand 1983;27:513.

321. Schmith VD, Piraino B, Smith RB, et al. Alprazolam in end-stage renal
disease: I. Pharmacokinetics. J Clin Pharmacol 1991;31:571.

322. Ochs HR, Rauh HW, Greenblatt DJ, et al. Clorazepate dipotassium and
diazepam in renal insufficiency: serum concentrations and protein binding
of diazepam and desmethyldiazepam. Nephron 1984;37:100.

323. Greenblatt DJ, Shader RI, MacLeod SM, et al. Clinical pharmacokinetics
of chlordiazepoxide. Clin Pharmacokinet 1978;3:381.

324. Morrison G, Chiang ST, Koepke HH, et al. Effect of renal impairment
and hemodialysis on lorazepam kinetics. Clin Pharmacol Ther 1984;
35:646.

325. Vinik HR, Reves JG, Greenblatt DJ, et al. The pharmacokinetics of mid-
azolam in chronic renal failure patients. Anesthesiology 1983;59:390.

326. Greenblatt DJ, Murray TG, Audet PR, et al. Multiple-dose kinetics and
dialyzability of oxazepam in renal insufficiency. Nephron 1983;34:234.

327. Ankier SI, Goa KL. Quazepam: a preliminary review of its pharmacody-
namic and pharmacokinetic properties, and therapeutic efficacy in insom-
nia. Drugs 1988;35:42.

328. Kroboth PD, Smith RB, Sorkin MI, et al. Triazolam protein binding and
correlation with alpha-1 acid glycoprotein concentration. Clin Pharmacol
Ther 1984;36:379.

329. Roth T, Roehrs TA, Zorick FJ. Pharmacology and hypnotic efficacy of
triazolam. Pharmacotherapy 1983;3:137.

330. Caccia S, Vigano GL, Mingardi G, et al. Clinical pharmacokinetics of oral
buspirone in patients with impaired renal function. Clin Pharmacokinet
1988;14:171.

331. Rosenberg J, Benowitz NL, Pond S. Pharmacokinetics of drug overdose.
Clin Pharmacokinet 1981;6:161.

332. Singer I. Lithium and the kidney. Kidney Int 1981;19:374.
333. Janzen L, Rich JA, Vercaigne LM. An overview of levodopa in the man-

agement of restless legs syndrome in a dialysis population: pharmacoki-
netics, clinical trials, and complications of therapy. Ann Pharmacother
1999;33:86.

334. Levy NB. Psychopharmacology in patients with renal failure. Int J Psychi-
atry Med 1990;20:325.

335. Schneider V, Henschel V, Tadjalli-Mehr K, et al. Impact of serum creatinine
measurement error on dose adjustment in renal failure. Clin Pharmacol
Ther 2003;74:458.

336. Loo JC, Midha KK, McGilveray IJ. Pharmacokinetics of chlorpromazine
in normal volunteers. Commun Psychopharmacol 1980;4:121.

337. Taylor G, Houston JB, Shaffer J, et al. Pharmacokinetics of promethazine



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

Chapter 104: Use of Drugs in Patients with Renal Failure 2807

and its sulphoxide metabolite after intravenous and oral administration to
man. Br J Clin Pharmacol 1983;15:287.

338. Froemming JS, Lam YW, Jann MW, et al. Pharmacokinetics of haloperidol.
Clin Pharmacokinet 1989;17:396.

339. Fitton A, Heel RC. Clozapine: a review of its pharmacological properties,
and therapeutic use in schizophrenia. Drugs 1990;40:722.

340. Kawai S, Ichikawa Y, Homma M. Differences in metabolic properties
among cortisol, prednisolone, and dexamethasone in liver and renal dis-
eases: accelerated metabolism of dexamethasone in renal failure. J Clin
Endocrinol Metab 1985;60:848.

341. Sherlock JE, Letteri JM. Effect of hemodialysis on methylprednisolone
plasma levels. Nephron 1977;18:208.

342. Frey BM, Frey FJ. Clinical pharmacokinetics of prednisone and pred-
nisolone. Clin Pharmacokinet 1990;19:126.

343. Martin U, Kaufmann B, Neugebauer G. Current clinical use of reteplase
for thrombolysis: a pharmacokinetic-pharmacodynamic perspective. Clin
Pharmacokinet 1999;36:265.

344. de Boer A, van Griensven JM. Drug interactions with thrombolytic agents:
current perspectives. Clin Pharmacokinet 1995;28:315.

345. Easton JD. Clinical aspects of the use of clopidogrel, a new antiplatelet
agent. Semin Thromb Hemost 1999;25:77.

346. Frydman A. Low-molecular-weight heparins: an overview of their pharma-
codynamics, pharmacokinetics and metabolism in humans. Haemostasis
1996;26:24.

347. Marks GS. Determinants of the pharmacokinetics of antithrombotic drugs.
Thromb Res Suppl 1983;4:17.

348. Brophy DF, Wazny LD, Gehr TW, et al. The pharmacokinetics of sub-
cutaneous enoxaparin in end-stage renal disease. Pharmacotherapy 2001;
21:169.

349. Kandrotas RJ. Heparin pharmacokinetics and pharmacodynamics. Clin
Pharmacokinet 1992;22:359.

350. Kirsten R, Nelson K, Kirsten D, et al. Clinical pharmacokinetics of va-
sodilators. Part II. Clin Pharmacokinet 1998;35:9.

351. Wiseman LR, Fitton A, Buckley MM. Indobufen: a review of its phar-
macodynamic and pharmacokinetic properties, and therapeutic efficacy in
cerebral, peripheral and coronary vascular disease. Drugs 1992;44:445.

352. Cina G, Marra R, Cotroneo AR, et al. Treatment of deep vein thrombosis:
rays. 1996;21:397.

353. Pedersen AK, Jakobsen P, Kampmann JP, et al. Clinical pharmacokinet-
ics and potentially important drug interactions of sulphinpyrazone. Clin
Pharmacokinet 1982;7:42.

354. Quinn MJ, Fitzgerald DJ. Ticlopidine and clopidogrel. Circulation 1999;
100:1667.

355. Astedt B. Clinical pharmacology of tranexamic acid. Scand J Gastroenterol
Suppl 1987;137:22.

356. Holford NH. Clinical pharmacokinetics and pharmacodynamics of war-
farin: understanding the dose-effect relationship. Clin Pharmacokinet
1986;11:483.



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-104 Schrier-2611G GRBT133-Schrier-v5.cls September 26, 2006 1:13

2808



P1: OSO

GRBT133-IND Schrier-2611G GRBT133-Schrier-v5.cls September 23, 2006 11:54

■ S U B J E C T I N D E X

Page numbers followed by f indicate figures; page numbers followed by t indicate tables.

aBWef. See Adjusted edema-free body weight
ACE inhibitors. See Angiotensin-converting

enzyme inhibitors
Acetaminophen, dialytic clearance and, 2779
Acetate, prostatic carcinoma treatment with, 795
Acetazolamide, 2127
Acid excretion, net, 184

renal, role of buffers in, 185–187
ammonia and, 185–187, 185f
titratable acid and, 187

Acid extruders, active, 187t
H+-HCO−

3 transport, mechanisms of renal
tubular and, 187–188

Acid production, net, 184
Acid–base. See also Renal acid–base transport

balance
in aging kidney, 2102–2103, 2102f, 2103f
ARF related to rhabdomyolysis and, 1190
diabetes mellitus and defect in, 2364–2369
K homeostasis, internal and, 2272–2273,

2272f
net acid excretion and, 184
net acid production and, 184
phosphate excretion and changes in, 2301
renal metabolite levels in response to changes

in, 209–210, 210f
role of kidney in, 184–185, 184f

chemistry, 183–184
disorders, 2121–2376

diabetes mellitus complicated by, 2353–2376
homeostasis, 2275–2276

CKD and, 2383–2384
in renal failure, 2276

metabolism
extrarenal, 183–184
renal disease associated with disorders of,

2270–2289
phosphorus, gastrointestinal absorption and

disturbances in, 2311
Acidemia, treatment of, 2288
Acidification

disorders of, 581–586
aldosterone deficiency as, 585
Bartter syndrome as, 586
carbonic anhydrase deficiency as, 582
classic (type I) distal RTA as, 583
Gitelman syndrome as, 586
hereditary classic distal RTA as, 583–584
Liddle syndrome as, 585–586
normokalemic distal RTA as, 584–585
proximal (type II) RTA as, 582, 583f
pseudohypoaldosteronism type I as, 585–586
RTA as, 583–585
voltage-dependent distal RTA as, 584

distal nephron, 581t, 582
proximal tubule, 581–582, 581t
regulation of renal, 191–193

arterial volume, effective and, 193
HCO−

3 delivery, luminal and, 191
K+ deficiency and, 192
mineralocorticoids and, 192
Na+ delivery, distal and, 192
peptide hormones and, 192
plasma pH and, 191–192

urinary, overview of, 581–582
Acidosis

in CKD, pathophysiology of, 2276
ammonium, renal excretion and, 2276–2277
bicarbonate, renal excretion and, 2276

titratable acid, renal excretion and, 2276
hyperkalemic renal tubular

acidemia treatment and, 2288
AIDS-associated, 2281
chronic, 2286–2289, 2287f, 2288f
dietary intervention for, 2288
diuretic therapy for, 2288
hypoaldosteronism and, 2279–2280
management of chronic, 2286–2289, 2287f,

2288f
mineralocorticoids and, 2288–2289
miscellaneous conditions associated with,

2281
obstructive uropathy and, 2281
RAA axis defect and, 2277–2279, 2277t
renal transplantation and, 2281
renal tubular secretory defect and,

2280–2281, 2280t
sickle cell disease and, 2280
SLE and, 2280–2281
sodium-K exchange resins and, 2289
tubular unresponsiveness to aldosterone and,

2277–2279, 2277t
volume expansion and, 2288
work-up of chronic, 2286–2289, 2287f, 2288f

lactic, 2367–2368
metabolic, 2276–2277

ammonium production in chronic, 208–209
anion gap in, 2365–2366, 2366f, 2366t, 2367t
fatty acid oxidation role in, 2364–2365, 2365f
flux through enzymes in acute, 207–208, 208t
ketoacidosis and hyperchloremic, 2364–2367
lactic acidosis and, 2367–2368
renal tubular acidosis and, 2368–2369
treatment effect on, 2367, 2368t

nephrotoxic cell injury, cellular defense against
and, 978

renal tubular, 2368–2369
respiratory, 2314

ACKD. See Acquired cystic kidney disease
Acquired cystic kidney disease (ACKD), 529–530,

530f
Acquired immunodeficiency syndrome (AIDS)

bladder dysfunction and, 619
hyperkalemic renal tubular acidosis associated

with, 2281
renal diseases associated with, 1492
UTIs, complicated and, 887–888

Acromegaly, 2313
Activity index

glomerulonephritis, diseases associated with,
1848, 1848t

lupus nephritis, 1686, 1689f, 1689t
ACTN4, 1639
Actuarial life table, 1812
Acupuncture, urinary tract dysfunction treatment

with, 623–625
Acute cortical necrosis, 1719–1740, 1738–1740

ADAMTS13 activity, deficient role in, 1728
ARF caused by, 1738
clinical features, 1739
complement system, uncontrolled activation of

and, 1728–1729, 1729f
definition, 1719
drugs and, 1727
endothelium, pathophysiology of damaged and,

1729–1730
historical perspectives on, 1719
immune reactants and, 1726–1727

key syndromes, 1730–1738, 1730f
neuraminidase and, 1726
oxidative stress and, 1730
pathogenesis, 1738–1739
pathogenetic mechanisms, 1723–1730

endothelial damage and, 1723–1727
pathology, 1739–1740
platelet activation, role of, 1727–1728
pregnancy and, 1738
prognosis, 1740
prostacyclin bioavailability and, 1729–1730
shear stress and, 1730
toxins and, 1723–1726
treatment, 1740

Acute interstitial nephritis (AIN), 1160
Acute myocardial infarction

hypertension complicating, 1407–1411
aortic dissection and, 1408–1410, 1409f

Acute nephritic syndrome, APSGN clinical
manifestations and, 1468

Acute poststreptoccal glomerulonephritis
(APSGN), 1464–1474

clinical manifestations of, 1468–1469, 1468t
diagnosis, 1469
epidemiology, 1464, 1465t
incidence, 1464, 1465t
laboratory findings of, 1468f, 1469
natural history of, 1469–1470
pathology, 1464–1467, 1466f
pathophysiology, 1467–1468
prevention, 1470
prognosis, 1469–1470
treatment, 1470

Acute renal failure (ARF), 929–1204, 987f, 987t,
988f, 988t, 990f. See also Malarial ARF

acute cortical necrosis-caused, 1738
amino acid intake may predispose to, 2746
antineoplastic agents that cause, 1069, 1069t
biochemical abnormalities in, 1010–1012

divalent and trivalent ion metabolism
disorders and, 1011–1012

electrolyte and uric acid metabolism disorders
and, 1011

hematologic status and, 1012
nitrogen balance, 1010–1011, 1010t

biomarkers, 931–932
catabolic/malnourished patient management

with agents of, 2746–2748
clinical settings of, 994–1001

burns as, 997–998
cardiovascular disease as, 999
HIV as, 996, 996t
infection as, 995, 995t
liver disease as, 1000
malignant disease as, 1000
multiple organ failure as, 994
older age as, 994–995
organ transplantation, nonrenal solid as,

998–999, 998t
postoperative state as, 996–997
pregnancy as, 999–1000
rhabdomyolysis as, 1000–1001, 1001t
sepsis as, 995, 995t
trauma as, 997–998

complications, 1007–1010
cardiovascular system, 1008
endocrine system, 1009–1010
gastrointestinal system, 1008
infectious, 1009
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Acute renal failure (ARF) (Contd.)
neurologic system, 1008–1009
pulmonary system, 1008

COX-2 inhibitors and, 1087–1088
crystal deposit-associated, 1184–1204
crystalline, 1194–1204

acyclovir and, 1202–1204
ethylene glycol toxicity and, 1198–1200
indinavir and, 1202–1204
sulfonamide antibiotics and, 1202–1204
uric acid nephropathy and, 1194–1198

CsA-induced, 1049–1050
diagnosis, 986–994, 990f, 991t
diagnostic approach, 1002–1007

chart review, history, and physical
examination in, 1002–1003

miscellaneous tests for, 1006–1007
presenting features and, 1002, 1002f, 1003t
renal biopsy for, 1007
therapeutic trials for, 1007
urinalysis, urinary flow rate and, 1003–1005
urinary chemical indices and, 1005–1006,

1005f, 1005t
urinary tract obstruction and, 1006

dietary considerations in, 2709–2750
alkalizing agents and, 2734–2735
calcium and, 2730–2731
carbohydrate, 2728
fiber and, 2735
magnesium and, 2729
phosphate binders and, 2729–2730
phosphorus and, 2729–2730
potassium, 2728
PTH and, 2730–2731
sodium, 2728
trace elements and, 2731–2732
vitamin D and, 2730–2731
vitamins and, 2732–2734

dietary goals in, prioritizing, 2735
differential diagnosis of, in transplanted kidney,

2576–2577, 2577t
in elderly, 2106–2110, 2108f, 2109f
endotoxemia-induced, 951
energy and, 2725
experimental models of, 930–931, 931t
in fetus, 2064
in gestation, 1923–1925

management of, 1925
renal cortical necrosis and, 1924
septic abortion and, 1923

heme pigments resulting in, 1184–1193
hemoglobinuric, 1192–1193

clinical and laboratory features of, 1193
pathophysiology of, 1186, 1186f
prevention/treatment of, 1193

hyperuricemia and, 1075–1076
IgA nephropathy and, 1537
insect sting-associated, 2036
ischemic, 930–954, 931f

recovery from, 953
lithium nephrotoxicity and, 1129
metabolic status in

nutritional therapy for, 2737–2738
myoglobinuric, 1184–1192

clinical course of, 1191
complications of, 1191
differential diagnosis, 1191
pathophysiology of, 1186, 1186f
prevention of, 1191–1192
treatment of, 1191–1192

in neonate, 2064
nervous system manifestations of, 2461–2462,

2461f
nutritional status in, nutritional therapy for,

2737–2738
nutritional therapy for, 2737–2738

CVVH/CVVHD effect on, 2739
energy and, 2743–2745, 2744t
experience with, 2738–2739, 2738f, 2739f
general principles of, 2741–2742, 2741t
minerals and, 2745
nitrogen intake, 2742–2743, 2743t
recommended, 2741–2746
vitamins and, 2745–2746

pigmenturia-associated, 1184–1204
postrenal, 992–993

pregnancy-associated, causes of, 1923–1924
prerenal, 989–992
protein intake may predispose to, 2746
radiocontrast media-induced, 1099–1116
renal function recovery in, nutritional intake

effect on, 2740
rhabdomyolysis and

acid–base balance, 1190
BUN, 1190
calcium-phosphorus metabolism, 1190–1191
clinical/laboratory features of, 1188–1191
creatine kinase, 1190
disseminated intravascular coagulation, 1191
risk factors, 190t, 1188–1189, 1189t
serum K concentration, 1189–1190
uric acid, 1190
urinary sodium excretion, 1191

rhabdomyolysis, nontraumatic in drug abusers,
1125–1126

sickle cell disease and, 2009
in transplanted kidney, 2576–2581, 2576t
treatment, 1012–1025

activated protein C, other modulators of
sepsis and prevention, 1017

albumin and prevention, 1017
ANP, 1019
ANP and prevention, 1015
cardiac index, improvement and prevention,

1017–1018
CCB and prevention, 1015
clonidine and prevention, 1015
complications of, 1019–1021, 1020t
conservative management, 1018–1021, 1018t
diuretic, 1018–1019
dobutamine and prevention, 1016
dopamine and prevention, 1015
dopexamine and prevention, 1016
endothelin antagonists and prevention, 1017
fenoldopam and prevention, 1015
furosemide and prevention, 1016
glycemic control, intensive and prevention,

1018
growth factors and prevention, 1016
inotropic support, 1019
mannitol and prevention, 1016
mechanical ventilation, minimizing and

prevention, 1017
medication use, monitoring and, 1019
N-acetylcysteine and prevention, 1016
nutrition, 1019
outcome of, 1023–1025, 1023t, 1024f
perfusion with Ringer’s lactate and

prevention, 1017
PGE1 and prevention, 1017
pharmacologic agents, 1019
preoperative optimization and prevention,

1017
prevention and, 1012–1018, 1013t, 1014t
prognosis of, 1023–1025, 1023t, 1024f
prophylactic dialysis and prevention, 1018
renal replacement therapy, 1021–1023
renal vasodilators, 1018–1019
sodium bicarbonate and prevention, 1016
steroid therapy and prevention, 1017
theophylline and prevention, 1016–1017
volume expansion and prevention, 1013–1015

in Tropics, 2013
vasomotor-induced, 1085–1088, 1086t, 1087t

Acute tubular necrosis (ATN), 930
diuretic phase of, 2303
mercury and, 1154
renal transplantation and preventing, 2566,

2566f
in transplanted kidney, 2576

Acute tubulointerstitial nephritis (ATIN),
1160–1175

clinical features, 1164–1165
diagnosis, 1165–1167, 1166f, 1167t
drug-induced, 1169–1171
functional manifestations, 1163–1164, 1164t
idiopathic, 1175–1176
incidence, 1165–1167, 1166f
infections, 1167–1174

allopurinol and, 1173
antibiotics and, 1170–1171
diuretics and, 1173–1174

drugs and, 1169–1170
invasive, 1167–1169
noninvasive, 1169
NSAIDs and, 1171–1172
phenindione and, 1172–1173
phenytoin and, 1173
proton pump inhibitors and, 1173
sulfonamide and, 1171

pathogenesis, 1161–1163, 1162f, 1162t
pathologic features, 1161
systemic diseases, 1174–1175

immune, 1174
metabolic disorders, 1174
neoplastic, 1174–1175

uveitis with idiopathic, 1175–1176
Acyclovir

ARF, crystalline and, 1202–1204
ARF prevention with, 1014
ATIN and, 1174
renal failure related to, 1043

ADAMTS13
abnormalities, TMA associated with,

1732–1734
activity, deficient, 1728

Adducin, hypertension and, 1225–1226
Adefovir, HBV-associated MN treatment with,

1485
Adenine arabinoside, HBV-associated MN

treatment with, 1484
Adenosine, 254–256. See also cAMP-adenosine

pathway
renal actions of, 249, 249t
renal microcirculation and, 80, 81
renal physiology/pathophysiology and role of,

256
system, renal, 255–256, 255f

ADH. See Arginine vasopressin
Adhesins, 817, 820–822
Adhesion molecules

IC-GN and role of, 1452–1453
RPGN and, 1519, 1519f

ADHR. See Autosomal dominant
hypophosphatemic rickets

Adiponectin, abnormalities in, 2525
Adipose tissue, hormone abnormalities and,

2524–2525
Adjusted edema-free body weight (aBWef), 2735
ADPKD. See Autosomal-dominant polycystic

kidney disease
Adrenal hormones, phosphate excretion and, 2301
Adrenal insufficiency, 2227–2229

etiology, 2227
pathophysiology of, 2227–2229

glucorticoid deficiency and, 2228–2229,
2229f

mineralocorticoid deficiency and, 2227–2228,
2228f

Adrenergic agents
cardiac failure and activation of, 2166
hypertension during pregnancy and treatment

with, 1342
TAL sodium absorption, regulation of and, 140

α2-Adrenergic agonists, CCD sodium absorption
control and, 146

β-Adrenergic agonists, CCD sodium absorption
control and, 146

β-Adrenergic antagonists, hypertension during
pregnancy and treatment with, 1342

β-Adrenergic blocking agents
acute aortic dissection treatment with,

1410–1411
acute myocardial infarction treatment with,

1408
cardiac disease in CKD management with, 2492
hypertension treatment with, patient requiring

surgery and, 1411–1412
pheochromocytoma treatment with, 1366, 1414

α-Adrenergic blocking agents, pheochromocytoma
treatment with, 1366

β-Adrenergic receptor blocker, congestive heart
failure management with, 2494

α-Adrenergic stimulation in kidney, 250–251
β-Adrenergic stimulation in kidney, 251
Adrenocorticosteroid, MCN treatment with, 1613
Adrenocorticotropin-corticol axis, abnormalities

in, 2518
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Adrenomedullin (AM), 85
pregnancy and changes in, 1330

Advanced glycation end products (AGEs), 2469
AED. See Atheroembolic disease
Aflatoxins, 2020
AG. See Doxorubicin and gemcitabine
Agalsidase, Fabry disease treatment with, 557
Age. See also Elderly

ARF and, 994–995
CKD and, 2393
GFR and, 300–301
hypertension, malignant and, 1375
as ischemic heart disease risk factor, 2485
lupus nephritis, 1687
as LVH risk factor, 2489
NO and, 270
phosphate excretion and, 2302
renal transplantation patient selection and, 2555
sodium excretion and effect of, 1224–1225,

1224f
as systolic dysfunction risk factor, 2489
VUR prevalence and, 654–655

AGEs. See Advanced glycation end products
AIDS. See Acquired immunodeficiency syndrome
AIN. See Acute interstitial nephritis
Albumin, 316–317

ARF prevention and, 1013, 1017
cirrhosis treatment with, 2198
nephrotic syndrome treatment with, 1601,

2211–2212
renal abnormalities in cirrhosis treatment with,

2198
sodium/water retention in nephrotic syndrome

therapy with, 2211–2212
tests, 321

Albuminuria, 317, 1356–1357
due to kidney disease, 318

Albuterol, hyperkalemia treatment with, 2286
Aldosterone, 249

cardiac failure treatment with, 2173
CKD and, 2523
congestive heart failure management with, 2494
deficiency, 585
hyperkalemic renal tubular acidosis owing to

tubular unresponsiveness to, 2277–2286
idiopathic edema and increased level of, 2153
K secretion inhibited, 165

Aldosteronism, primary, 1361–1364
diagnosis, 1362–1363
prevalence/pathophysiology, 1361–1362
screening tests, 1362
subtypes, differentiation of, 1363
treatment, 1364

Alemtuzumab
allograft rejection, renal and, 2546
ANCA-associated small-vessel vasculitis

treatment with, 1766
ALERT study, 2493
Alfuzosin, 641
Alkali

DKA therapy with, 2373–2375
NKH therapy with, 2373–2375

Alkalizing agents
ARF dietary considerations and, 2734–2735
CRF dietary considerations and, 2734–2735
renal transplantation dietary considerations and,

2734–2735
Alkaloidal cocaine (crack), hypertensive crises and,

1417
Alkylating agents

ARF caused by, 1069–1070
MPGN treatment with, 1562

Allograft rejection, renal
accelerated, in transplanted kidney, 2576
acute, in transplanted kidney, 2576
hyperacute, in transplanted kidney, 2576
immunobiology, 2540–2551, 2544
immunopharmacology, 2540–2551

alemtuzumab and, 2546
ATG and, 2546
azathioprine and, 2544
calcineurin inhibitors and, 2544–2545
everolimus and, 2545
FK778, 2546
FTY720 and, 2546
glucocorticosteroids and, 2544, 2545t

IL-2 receptor antagonists and, 2546
immunosuppressive regimens and, 2546–2547
IVIG and, 2546
LEA29Y and, 2546
leflunomide and, 2545–2546
MMF and, 2545
muromonab-CD3 (OKT3), 2546
rituximab and, 2546
sirolimus and, 2545

molecular diagnosis of, 2544
in transplanted kidney, 2576–2581

Allograft survival
pediatric, 2081
pregnancy and effect on, 1934

Allografts, renal
MPGN in, 1561
pathology of, renal biopsy clinicopathologic

correlations and, 442–444, 442f–444f
tubulointerstitial ICDs in, 1870–1871

Allopurinol, 732, 735, 2679
ATIN infections and, 1173
CIN and, 1116
gouty nephropathy management with, 1992
hyperuricemia in renal transplantation treatment

with, 1993
rasburicase advantages over, 1198
renal failure therapy with, 2798
xanthine oxidase inhibition with, 1197

Alphacalcidol, osteodystrophy of CRF therapy
with, 2448–2449

Alport syndrome, 540–551
asymptomatic gene carriers of, 540
autosomal-dominant, without hematologic

defects, 541
autosomal-recessive, caused by homozygous or

mixed heterozygous mutations in COL4A3
of COL4A4, 541

benign familial hematuria and, 542
canine and murine hereditary nephritis—models

of, 542–544
clinical features, 547–549

esophageal and genital leiomyomatosis as,
549

ocular features as, 548–549, 548f
rare or chance associations as, 549, 550t
renal symptoms and signs as, 547
sensorineural hearing loss as, 547–548, 548f

conditions that can be confused with
hearing loss, 551
normal hearing, 551–553

definition, 540–551, 541f, 542t
diagnosis, 540, 549–550
epidemiology of, 544–545
familial thin basement membrane disease and,

542
fitness, 544
genetic classification of, 541–544
genetics, 544–545
hearing loss and, 547–548, 548f, 551
inheritance, 544
juvenile v. adult types of, 540–541
kindreds

ascertainment of, 540
classification of, by phenotype and mode of

inheritance, 540–541, 543t
maturation, 544
pathology, 545–547

cochlea, 546
eye, 546
granulocytes in, 546
kidney, 545–546, 545f
pathogenesis, 546–547
platelets in, 546
skin, 546, 547f
smooth muscle, 546

population genetics, 544–545
renal failure, incidence and gene frequency in,

544
renal transplantation patient selection and, 2557
treatment, 550–551

genetic counseling as, 550–551
hearing, 550
kidney disease, 550
vision, 550

vision and, 546, 550
x-linked, COL4A5-caused, 541

Alport-like syndrome, autosomal-dominant,
caused by mutations in MYH9, 541, 551

Altered gene expression, ischemic acute renal
injury and, 943–944

Aluminum
assays, osteodystrophy of CRF, 2438
CNS and effects of, 2470
in CRF, 2700–2705
hyperphosphatemia, management/prevention

and intoxication with, 2704–2705
intoxication, hyperphosphatemia,

management/prevention and, 2704–2705
metabolism, normal, 2700–2701

uremia effects on, 2701, 2701f
neurotoxicity, 2701–2702
overload, treatment of, 2452–2453, 2453t
phosphate antacids, hypophosphatemia

treatment with, 2311
speciation, 2703–2704
toxicity, 2701–2704

hematologic, 2703
skeletal, 2702–2703, 2703f
speciation, 2703–2704

AM. See Adrenomedullin
Amikacin

perinephric abscess treatment with, 879
pyelonephritis, acute treatment with, 861

Amiloride, 586
aldosteronism, primary treatment with, 1364
CCD diuretics and, 2141

Amino acids
ARF predisposition and intake of, 2746
background information on, 2717–2719
concentration abnormalities of, in CKD, 2512
hyperkalemia and, 2282
kidney in pregnancy and, 1914–1915
low-protein diet supplemented with essential,

2688
mechanisms of, 572–573, 573t
metabolism disorders, in CKD, 2512–2514
transport

abnormal, 573–574
aminoaciduria and disorders of, 574–576
disorders of, 572–576
mitochondrial membrane, 206–207

Aminoaciduria
hyperdibasic, 574
hyperdicarboxylic, 574
neutral, 574–575
specific clinical diseases associated with,

574–576
cystinuria as, 575–576
hypercystinuria as, 576
iminoglycinuria as, 574
miscellaneous, 576

Aminoglycosides
antibiotic, 1035
ARF prevention with, 1012
loading dose for, choosing, 2779
nephrotoxicity, 1035

treatment and prevention of, 1038–1041,
1039t, 1040f, 1041t

perinephric abscess treatment with, 879
peritonitis treatment with, 2632
pyelonephritis, acute treatment with, 861
UTI treatment with, impaired renal function

and, 864
Aminopyrine, ATIN and, 1174
p-Aminosalicylic acid, ATIN and, 1174
5-Aminosalicylic acid, tubulointerstitial

nephropathy induced by, 1873
Amitriptyline, hypertensive crises and, 1416–1417
Amlodipine

cardiovascular disease treatment with, 1357
hypertension, pediatric treatment with, 2074
microalbuminuria treatment with, 1356

Ammonia
as net acid excretion, renal buffer, 185–187,

185f
transport in nephron of, 185–187, 186f

Ammoniagenesis
CKD structural adaptation and, 2394
renal, 205–209

conditions affecting, 206
renal failure, chronic and, 209

renal hypertrophy and, 209
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Ammonium
production

metabolic acidosis, chronic, 208–209
renal, compensatory role of, 209

renal excretion of, 2276–2277
synthesis, renal

glutamine as source for, 206
pH and effect on, 205–206

Amoxicillin
cystitis management with, 838, 839
pyelonephritis, acute treatment with, 861
UTI, upper treatment with, 856–857

Amphetamine, ATIN and, 1174
Amphotericin B (AMB)

ARF prevention with, 1012, 1013
blastomycosis treatment with, 904
coccidioidomycosis treatment with, 904
cryptococcosis treatment with, 907
histoplasmosis treatment with, 903
hypertensive crises and, 1416
nephrotoxicity, 1042–1043
peritonitis treatment with, 2633
renal failure related to, 1042–1043, 1043t
UTIs, fungal treated with, 898, 899–901

Ampicillin
cystitis management with, 838, 839
peritonitis treatment with, 2633
pyelonephritis, acute treatment with, 861
renal corticomedullary abscess treatment with,

875
urethritis/cystitis management with, 840

pregnancy and, 843
UTI prevention and, 864

Amyloidosis, 1941–1979, 1955–1969, 1955t
AA

epidemiology of, 1966–1967, 1966t, 1967t
FMF and, 1967, 1968t
specific features of, 1966–1967, 1966t, 1967t

AH, MIDD and, 1975–1976
AL

assessing response in, 1964
chemotherapy and other agents without stem

cell support for treatment of, 1965
clinical features of, 1961–1962, 1962t
diagnostic procedures in, 1962–1963, 1963t
epidemiology of, 1961
high-dose chemotherapy with stem cell

support for treatment of, 1965
kidney transplantation treatment of,

1965–1966
laboratory features of, 1961, 1961t
MIDD and, 1975–1976
monitoring, 1964
natural history of, 1963, 1964t
outcome in, 1963–1966
renal supportive care treatment of, 1965–1966
treatment of, 1963–1966
treatment of, principles of, 1964–1965, 1964t

AL, pathophysiologic considerations of,
1958–1961

amyloid LCs precursors and deposited LCs
and, 1959–1960

mechanisms of tissue injury as, 1960–1961
not all LCs are amyloidogenis as, 1959

amyloid fibril deposition and, prevention of,
1968

amyloid fibrils and, removal or dissolution of,
1968

amyloid precursor synthesis and, prevention of,
1968

general characteristics of, 1955–1958
amyloid constituents as, 1956–1957
amyloid, distribution of, 1957
amyloid protein precursors and classification

as, 1956, 1956f
fibrillogenesis as, general mechanisms of, 1957
renal involvement and, pathologic data with

special emphasis on, 1957–1958, 1959f
ultrastructural molecular organization

defining a morphologic entry as, 1955–1956
hemodialysis, chronic and, 2664–2665
in heroin abusers, subcutaneous

clinical features, 1124, 1124t
pathogenesis, 1123
pathology, 1124
tubular disorders, 1124

immunotherapeutic prospectives of, 1968–1969
in JCA, 1711–1712
primary, 1962
RA-related, 1708
renal, 2033, 2033f
renal transplantation patient selection and, 2557
therapeutic prospects for, 1967–1969

Anabolic steroids, anemia transfusion therapy
with, 2415

Analgesic nephropathy, 1873, 1874
dehydration and, 1875–1876
NSAID-induced, 1092–1094

Analgesics
opioid, 2790
renal failure therapy with, 2790

ANAs. See Antinuclear antibodies
ANCA. See Antineutrophil cytoplasmic antibodies
Anemia

in children with CRF, 2079
in CKD, 2414–2415

iron status assessment and, 2414
hemodialysis, chronic and, 2661
as LVH risk factor, 2490
management, 2495, 2495f
nutritional factors contributing to, 2413
paradoxical absence of, 2414–2415
in renal disease, 2405–2423

blood loss and, 2412
bone marrow and, 2405–2406
circulating blood and, 2405, 2406f
clinical aspects of, 2410–2413, 2410f
clinical features of, 2405–2406
EPO production, inadequate and, 2411, 2411f
erythrocyte survival, shortened and,

2411–2412, 2411f
erythropoiesis, inhibition and, 2412–2413,

2413f
iatrogenic hemolysis and, 2412
laboratory features of, 2405–2406
mechanical fragmentation and, 2412
oxygen transport and, 2406
pathophysiology of, 2410–2413
recombinant human erythropoietin therapy

for, adverse effects of, 2419–2420
splenic dysfunction and, 2412

in renal failure, chronic, 2405
as systolic dysfunction risk factor, 2490
therapy for renal, 2415–2416

epoetin, results of, 2416–2419
transfusion, 2415–2416, 2415f

treatment, 2420–2423
ACE inhibitors and, 2422–2423
dosing for, 2421, 2421f
epoetin, intraperitoneal and, 2422
epoetins, newer for, 2421–2422, 2422f
intercurrent illness/surgery and, 2422–2423
iron overload and, 2423
iron therapy and, 2423
miscellaneous considerations for, 2422–2423
pharmacokinetics of, 2421, 2421f
route of administration for, 2421, 2421f
target hemoglobin/hemacrit levels and,

2420–2423
Ang II. See Angiotensin II
Angiography

aging kidney, 401, 402f
anatomy, 394, 395f–397f
aortic (inflow) stenosis, 405–406, 405f–406f
arteriolar nephrosclerosis, 404
atherosclerosis, 401–402, 402f–403f
AVM, 407, 407f
carbon dioxide, 1294
complications, 396–400
contrast media, 396, 399f

adverse effects of iodinated, 396–399
coronary, 2484–2485
death attributed to, 396
diagnostic, 394–416
digital subtraction, 1294
FMD, 402–404, 403f–404f
image acquisition and generation in, 400–401
mechanical complications of, 400
neoplasms of kidney and renal pelvis, 766
percutaneous transcatheter therapy, 410–416
RAA, 408–409, 408f–409f
radiation nephritis, 404

renal artery occlusion, acute and chronic,
404–405

renal circulation, 394–416
renal trauma, 409, 409f
renal tumors, 410, 410f
renal vein studies, 410
scleroderma, 404
of specific conditions, 401–406
therapeutic, 394–416
thrombolysis, renal artery and renal artery

bypass graft, 416
transcatheter embolization and ablation, 46
vascular malformations, 407–408, 407f–408f
vasculitis, 404, 405f

Angiotensin
enzyme inhibitor-converting, nephrotoxicity of,

1094–1095, 1094f, 1094t
receptor blockers, nephrotoxicity of,

1094–1095, 1094f, 1094t
Angiotensin II (Ang II)

in aging kidney, 2089–2091, 2092f
biologic actions of, 240–243, 241f
CCD sodium absorption, control of and, 146
extrarenal actions of, 242–243
fluid volumes and, 1230
formation, 72
growth-promoting actions of, 241
in heart failure, renal tubular effects of,

2167–2168, 2167f
NO interactions with intrarenal, 269
physiologic consequences of disruption of, 244
proximal tubule sodium reabsorption, control of

and, 133
receptor blocker

hypertension during pregnancy and treatment
with, 1342

ischemic nephropathy treatment with, 1314
renal artery stenosis treatment with, 1314
renovascular hypertension treatment with,

1314
renal actions of, 241–242
renal microvasculature and actions of, 75, 75f
tubular development and, 243
vascular actions of, 240–241

Angiotensin II receptor blockers (ARBs)
diabetic nephropathy benefits of, 1897–1900
MN therapy with, 1575
SRC treatment with, 1706

Angiotensin receptor blockade, CKD treatment
with combination ACE inhibition
and, 1258

Angiotensin receptors I, 74–75
Angiotensin-converting enzyme inhibitor

anemia treatment and, 2422
cardiac disease in CKD management with, 2492
CN-induced renal failure treatment with, 1950
congestive heart failure management with, 2494
diabetic nephropathy benefits of, 1897–1900
FSGS treatment with, 1641, 1642
glomerulopathy, collapsing treatment with,

1641, 1642
hypertension, pediatric treatment with, 2074
ischemic nephropathy treatment with,

1312–1314, 1313t
proteinuria reduction with, 1647
renal artery stenosis treatment with, 1312–1314,

1313t
renovascular hypertension treatment with,

1312–1314, 1313t
SRC treatment with, 1704

Angiotensin-converting enzyme (ACE) inhibitors
cardiac failure treatment with, 2173
CKD treatment with combination angiotensin

receptor blockade and, 1258
HIVAN treatment with, 1494
hypertension during pregnancy and treatment

with, 1342
hypertensive crises treatment with, 1426
MN therapy with, 1575
MPGN treatment with, 1562
proteinuria treatment with, 1602

Angiotensinogen, gene-knockout mice, 244
Animal toxins, 2035–2037

centipede bite, 2037
insect sting, 2036
jellyfish sting, 2036–2037
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lonomia caterpillar contact, 2037
raw carp bile, 2036
scorpion sting, 2037
snake bite, 2035–2036
spider bite, 2037

Anion gap
acidosis, metabolic and, 2365–2366, 2366f,

2366t, 2367t
kidney in modulating, 2366–2367
treatment effect on, 2367

ANP. See Atrial natriuretic peptide
Anthracyclines

bladder cancer treatment with, 779
prostatic carcinoma treatment with, 797

Antiallograft response, 2540, 2541f, 2542t
Antiandrogen flutamide, prostatic carcinoma

treatment with, 795
Antiandrogens, prostatic carcinoma treatment

with, 795–796
Antibiotic drugs

aminoglycoside, 1035
organic ion transport, renal and, 226
renal failure related to, 1035–1036

clinical aspects of, 1035–1041
Anticholinergics, lower urinary tract dysfunction

treatment with, 623, 625t
Anticoagulants

MPGN treatment with, 1562
nephrotic syndrome treatment with, 1602
preeclampsia/eclampsia during pregnancy and

treatment with, 1343
RPGN treatment with, 1528–1529
RVT treatment with, 1805
SRC treatment with, 1706

Anticonvulsant therapy, preeclampsia/eclampsia
during pregnancy and treatment with, 1343

Antidigoxin, volume of distribution, 2766
Antidiuretic hormones

idiopathic edema and, 2153
secretion

edema formation and, 1593
in pregnancy, 1919
transient inappropriate, in pregnancy, 1919

Anti-dsDNA antibodies and complement, SLE
management and monitoring serum levels
of, 1692

Anti-EGFR therapy, anti-VEGF therapy and, 753
Antiendothelial cell antibodies (AECA), 1762
Antifungal agents. See also specific antifungal

agents
renal failure related to, 1042–1043, 1043t

Anti-GBM disease. See Antiglomerular basement
membrane disease

Antiglomerular basement membrane (Anti-GBM)
disease, 2558

Antihyperlipidemic medications, MN therapy
with, 1576

Antihypertensive therapy
cerebral infarction treatment with, 1405
GFR and, 301–302
hypertensive crises secondary to withdrawal of,

1415
preeclampsia/eclampsia during pregnancy and

treatment with, 1342–1343
Antimalarials, Takayasu’s/giant cell arteritis

treatment with, 1770
Antimetabolite methotrexate, ARF caused by, 1069
Antimetabolites, renal diseases induced by

clinical course and, 1073
treatment for, 1074

Antimicrobials
renal failure therapy with, 2790
UTI treatment with, impaired renal function

and, 864
Antineoplastic drugs

ARF-causing, 1069, 1069t
organic ion transport, renal and, 227
renal diseases induced by, 1068–1078

Antineutrophil cytoplasmic antibodies (ANCA),
1487

c-, 1754
MPO, 1754
p-, 1754
PR3, 1754
serologic testing for, 1754

small-vessel vasculitis and, 1759–1760, 1760t

small-vessel vasculitis associated with,
1756–1759

adjunctive treatment for, 1766
AECA and, 1762
animal models of, 1762–1763
autoantigen complementarity theory and,

1763, 1763f
clinical features of, 1756–1759
demographics, 1756
environmental factors influencing, 1762
gastrointestinal tract disease associated with,

1758–1759
neurologic disease associated with, 1759
organ system disease associated with, 1759
pathogenesis, 1760–1763
pulmonary disease associated with,

1757–1758
relapse, 1764–1765, 1766
renal disease associated with, 1756–1757
renal transplantation for, 1766
S. aureus and, 1762
skin disease associated with, 1757
T-cells in, role of, 1761–1762
treatment, 1763–1766, 1765t
upper respiratory tract disease associated

with, 1758
types, 1754
vasculitis mediated by, 1841–1843

outcome of, 1842, 1843f
Antinuclear antibodies (ANAs)

lupus nephritis and, 1688–1690
in SLE, 1690

Antioxidants
CIN prevention and, 1115–1116
preeclampsia/eclampsia prevention during

pregnancy with, 1344
Antiphospholipid antibody syndrome (APS),

1691–1692
Antiplatelet age, RPGN treatment with, 1529
Antiplatelet drugs, preeclampsia/eclampsia

prevention during pregnancy with, 1344
Antistaphylococcal β-lactamoxacillin, perinephric

abscess treatment with, 879
Antistaphylococcal, renal cortical abscess

treatment with, 873
Antithrombotics, MPGN treatment with, 1562
Antithymocyte globulin (ATG), 2546
Antitumor antibiotics, renal diseases induced by,

1074–1075
Anti-VEGF therapy, 752

anti-EGFR therapy and, 753
Antiviral agents. See also specific antiviral agents

renal failure related to, 1043–1044
Antrafenin, ATIN and, 1174
Aortic dissection

acute myocardial infarction complicated by
hypertension and, 1408–1410, 1409f

acute, treatment of, 1410
management, long-term, 1410–1411

Aortic (inflow) stenosis, angiography, 405–406,
405f–406f

Apical (luminal) hypertonicity, tight junction
permeability and, 38

Aplasia, pure red cell, 2420
Apoptosis, 963–964, 965f

ischemic acute renal injury and, 944–946,
944t–946t, 945f

role of mitochondria in, 964–966
APS. See Antiphospholipid antibody syndrome
APSGN. See Acute poststreptoccal

glomerulonephritis
AQP1, 99–101, 99f, 100f

deficient, 100–101
AQP2, 101, 102f, 103f

acquired water balance disorders and,
96, 97t

endocytosis/exocytosis, 106–107
expression, regulation of, 109

signaling pathways involved in, 109
female sex hormone regulation of, 116
measurements, 2264
nephrogenic DI and mutations in, 2260
recycling, 106–107
trafficking, regulation of, 103f

cytoskeleton and Ca2+ involved in, 107
vasopressin, 106–108

AQP3, 101–104, 103f
expression, regulation of, 109

AQP4, 101–104, 103f
AQP6, 104
AQP7, 104
AQP8, 104
AQP9, 104
AQP10, 104
AQP11, 104
Aquaporins, 99–104

identification of, 99
Arachidonic acid metabolism

metabolites, 77–80, 77f
sodium excretion and abnormalities of, 1223

ARBs. See Angiotensin II receptor blockers
ARF. See Acute renal failure
Arginine vasopressin (AVP), 84, 234–238

ANP and, interaction between, 238
CCD sodium absorption and, 145–146
cirrhosis and, 2191, 2192f
CKD and, 1245–1246
expression, transgenic mouse models of, 238
nephrogenic DI and, 2249–2253
in nephrotic syndrome, 2210
nonosmotic factors regulating release of,

105–106
nonosmotic stimulation of, 2249–2251, 2251f
osmotic stimulation of, 2249–2251, 2251f
physiologic actions of, 235–236
renal actions of, 236–238

sodium channels, 237–238
urea transporters and, 237
water channels and, 236–237, 237f

secretion
patterns of, 2225–2226, 2225f
pituitary, 2224–2225
SIADH and sources of, 2224
SIADH patients and stimuli to, 2226

synthesis of, 2249, 2250f
secretion and, 235

water transport mediation by, 43–45
ARPKD. See Autosomal recessive polycystic

disease
Arterial volume, regulation or renal acidification

and effective, 193
Arteriography, conventional, 400, 400f. See also

Digital subtraction arteriogram
renal, 1294

Arteriolar nephrosclerosis, angiography, 404
Arterioles. See also Efferent arterioles

afferent, 67–68, 67f
GFR, GPF, FF, EFP and effects of resistance in

afferent, 67–68, 67f
SRC microscopic appearance and, 1706, 1706f

Arteriovenous malformations (AVM), 407, 407f
Arteruikes, afferent, 31
Artificial urinary sphincter, 629
Ascending thin limb (ATL), 17, 19, 19f, 20f
Ascites

dialysis, 2667
management, 2194–2198
as primary edema, 2193
as secondary edema, 2193–2194, 2194f
sodium retention and, 2179–2182, 2180f

Aspergillosis, 2021
Aspergillus, after renal transplantation, 2592
Aspirin

ATIN and, 1174
cardiac disease in CKD management with, 2492
cardiovascular disease risk reduction and, 2726
MPGN treatment with, 1562
renal lesions induced by, 1874

Astemizole, prostatic carcinoma treatment with,
797

Atenolol
ADPKD treated with, 523
cardiovascular disease treatment with, 1357

ATG. See Antithymocyte globulin
Atheroemboli, 1787–1806
Atheroembolic disease (AED), 1795–1798

clinical features, 1796–1798, 1797f, 1797t
index of suspicion for, 1797
pathology, 1795–1796, 1796f
therapy, 1797–1798

Atherosclerosis, angiography, 401–402, 402f–403f
ATIN. See Acute tubulointerstitial nephritis
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ATL. See Ascending thin limb
ATN. See Acute tubular necrosis
Atorvastatin, dyslipidemia treatment with, 2493,

2511
ATP, renal microcirculation and, 80, 81–82
Atrial natriuretic peptide (ANP), 83–84, 244–247

ARF management with, 1019
ARF prevention with, 1015
AVP and, interaction between, 238
CCD sodium absorption, control of and, 146
CKD and, 2390
edema formation and, 1593
gene therapy with implanted human, 247
molecular and biochemical properties of,

244–245
pathway, physiologic consequences of

interrupting, 246–247
peptides related to, 247
sickle cell disease, 2007
sodium excretion and, 1224
transgenic mice, 246
urinary tract obstruction and, 697, 698f

Atrial natriuretic peptide99−126
nonrenal actions of, 246
physiologic actions of, 245–246, 246f
renal actions of, 246
secretion and physiologic regulation of, 245,

245t
Atropine, pheochromocytoma treatment with,

1414
Aulfonamide antibiotics, crystalline ARF and,

1202–1204
Autoantibodies

lupus nephritis, 1688–1690
SLE and, 1678–1679, 1679t

Autoregulation
GFR, single nephron, 70–71, 70f, 71f
mechanisms of, 68–71, 69f
tubuloglomerular feedback mechanism and, 70,

70f
Autosomal dominant hypophosphatemic rickets

(ADHR), 2305
Autosomal recessive complex polyuria-polydipsic

syndrome, nephrogenic DI and, 2258f,
2260–2261

Autosomal recessive polycystic disease (ARPKD),
525–527

associated disorders, 526
clinical course and treatment, 526
counseling, 527
diagnosis, 526, 526f
epidemiology and genetics, 525
pathology, 525–526, 525f

Autosomal-dominant polycystic kidney disease
(ADPKD), 376, 376f, 502–524, 765, 765f

clinical features of, 513–522
complications

extrarenal, 519–522, 519f, 521f
renal, 518–519, 518t

counseling, 524
definition, 502, 503f, 503t
diagnosis, 508–513, 512f, 513f, 514t
in elderly, 522
epidemiology, 502
ESRD, risk factors and treatment strategies for,

522–524
extrarenal complications of, 519–522, 519f,

521f
genetics, 502–504, 503f, 504f
pathogenesis, 504–506, 505f

abnormal cell proliferation, apoptosis and,
505

abnormal extracellular matrix metabolism,
506, 507f

abnormal fluid secretion and, 505–506, 506f
pathology, 506–507, 510f, 511f
pregnancy in, 522
renal cyst development in children with,

513–515, 515f
renal replacement therapy in, 524
screening, 524
signs and symptoms of, 515–518, 516t, 517f

urinary findings, 517–518
AVP

metabolism, kidney in pregnancy and,
1917–1919

radioimmunoassay of, 2263–2264, 2264t,
2265t

5-Azacytidine, renal diseases induced by, 1074
Azathioprine

allograft rejection and, 2544
ANCA-associated small-vessel vasculitis

treatment with, 1764
ATIN and, 1174
Behçet’s disease treatment with, 1769
hyperuricemia in renal transplantation treatment

with, 1993
long-term risk of, 1693
lupus nephritis treatment with oral, 1693
MN therapy with, 1576
oral, 1693
PAN treatment with, 1767
renal transplantation therapy with, 2569
RPGN treatment with, 1528, 1529
SLE management with, 1695
Takayasu’s/giant cell arteritis treatment with,

1770
Azlocillin, acute pyelonephritis treatment with,

861
Azoles, fungal UTIs treated with, 898
Aztreonam, acute pyelonephritis treatment with,

861

Babesiosis, 2028
Bacampicillin, urethritis/cystitis management with,

840
Bacterial casts, 294–295
Bacterial endocarditis, 1470–1474

clinical features of, 1471
differential diagnosis of, 1472
epidemiologic patterns in, 1470–1472
laboratory findings for, 1471–1472
outcome of, 1472
pathologic features of, 1471
shunt nephritis in, 1472–1473
treatment of, 1472

Bacteriuria, 832, 847
asymptomatic, 847

management of, 837, 840, 841f
detecting, automated methods for, 837
symptomatic, management of, 837–838
UTIs, complicated and, 882–883

Balkan nephropathy, 1157
endemic, 1879

Barbiturates, pheochromocytoma treatment with,
1414

Baroreceptors
high-pressure, 2160–2162, 2161f
low-pressure, 2162
renal vascular, renin release regulated by, 73

Bartter syndrome, 586
Base extruders, mechanisms of renal tubular

H+-HCO−
3 transport and, 188, 188t

Basiliximab, renal allograft rejection and, 2546
Basolateral membrane, 39–40

c1− transport, 137–138
distinct cell types and amplification of, 41
DOCA and, 41
Na+-K+-ATPase activity and, 40, 40f

CCT, 40–41, 40f
salt transport, in distal nephron, 40–42
thin limb, 42–43

phosphate exit at, 2296
sodium reabsorption and, 131, 131f
urate and, 229

Basolateral transport mechanisms, 224
organic anion, 219–220, 220f

Bay 43-9006, 754
B-cells, SLE and T-cell reaction with, 1678
BCG, bladder cancer treatment with, 779
BDC. See Bellini duct carcinoma
Beckwith-Wiedemann Syndrome (BWS), 491–492
Behçet’s disease, 1768–1769

epidemiology, 1768
pathogenesis, 1768
renal involvement, 1768–1769
treatment, 1769

Bellini duct carcinoma (BDC), 772
Bence Jones proteinuria, 1941
Benign prostatic hyperplasia (BPH), 614–616,

615t
Benzbromarone, 229

Benzodiazepine plus dexamethasonal, GCT
management with, 811

Benzothiazepines, renovascular hypertension
treatment with, 1314

Berger’s disease. See IgA-associated nephropathy
Beta-2-amyloid, bone histology, 2445–2446, 2446f
Beta-2-microglobulin assays, osteodystrophy of

CRF, 2438
Beta-L-thymidine, HBV-associated MN treatment

with, 1485
Bethanechol chloride, 623
Bevacizumab

erlotinib and, 753
RCC treatment with, 752

BHD. See Brit-Hogg-Dube syndrome
Bicalutamide, prostatic carcinoma treatment with,

795
Bicarbonate, renal excretion of, 2276
Bilateral kidney disease, hypertension and, 1240
Bile acid sequestrants, MN therapy with, 1576
Bilirubin, urinary, 288–289
Biochemical studies, osteodystrophy of CRF,

2437–2438
Biotransformation, cellular injury and role of,

966–969, 967f, 968t
Biphosphonates

administration of, 2313
prostatic carcinoma treatment with, 798–799

Bladder
anomalies, congenital, 597–599

bladder diverticula as, 599
bladder exstrophy as, 597–598
cloacal exstrophy as, 598
urachal anomalies as, 598–599

augmentation, 628
biopsies, micturition disorders and, 612, 613f
calcifications, renal in, 337
diverticula, 599
dysfunction, 653–654, 662–663, 663f

AIDS and, 619
end-stage renal disease/renal transplant and,

620–621, 624f
inflammation, specific resulting in, 618–619
lower urinary tract assessment and, 663
metabolic disorders resulting in, 618
multiple sclerosis and, 619, 620f
myelodysplasia/tethered cord and, 619–620,

622f, 623f
in neurologic diseases, 619–621
Parkinson’s disease and, 619
spinal cord injury and, 619, 621f, 622f
stroke and, 619

exstrophy, 597–598
pressure, 662–663, 663f
ultrasonography, 341, 342f

Bladder cancer, 777–783
clinical presentation, 778
diagnosis, 778
epidemiology, 777
metastatic disease, 782–783, 782t
muscle-infiltrating tumors, 779–781

external-beam radiation therapy, 780
perioperative chemotherapy, 780–781, 780f
surgery, 779–780, 779t

pathogenesis, 778
pathology, 777–778
prognosis in advanced disease, 783
risk factors, 777
staging, 778, 778t
superficial disease, 779
treatment, 778–781

bladder-sparing approaches to, 781–782, 782t
Bladder epithelium, as host

attachment, internalization, exfoliation and, 823
glycosaminoglycan and, 823
persistent intercellular reservoirs and, 823

Bladder neck obstruction in females, 616–617
Blastomycosis

clinical manifestations, 903
diagnosis, 903–904
epidemiology, 903
genitourinary tract involvement in, 903
pathogenesis, 903
treatment, 904

Bleomycin. See also Cisplatin, vinblastine, and
bleomycin
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GCT management with, 808, 811
TMA and, 1727

α-Blockers, lower urinary tract dysfunction
treatment with, 623, 625t

Blood coagulation, sickle cell disease and, 2007
Blood flow, glomerular and postglomerular, 57,

58f. See also Renal blood flow
Blood in urine, 289
Blood pressure

diabetic nephropathy and control of, 1896
goal, 1254–1255
increased, malignant hypertension and,

1387–1388
kidney and, 1210–1232

historical background of, 1210–1213
mechanisms that raise, 1228–1230

Ang II, fluid volumes, and, 1230
hypotensive hormones from renal papilla and,

1229–1230
renal control of interstitial space compliance

and, 1229
reduction of, gradual v. rapid, 1417–1419,

1417t
salt intake and, within/between populations and

relationship of, 1214–1219, 1215f
salt intake, increased and, 1215–1216

normal animals and, 1215, 1215f, 1216f
normal humans and, 1215, 1216–1217
normotensive offspring of hypertensive

parents, 1215–1216
salt intake influence on, 1213–1214

epidemiologic studies and, 1213
migratory studies, 1214
unacculturated populations, 1213–1214

salt intake, reducing and effect on,
1216–1217

adults and, 1217
children and, 1216–1217, 1217f
neonates and, 1216, 1216f
populations and, 1217, 1217f

sodium excretion, impaired ability resulting in
rise of, 1226–1227

Blood studies, MCN, 1604
Blood urea nitrogen (BUN)

ARF related to rhabdomyolysis and, 1190
as kidney function and protein intake index,

311–312, 311t
Bone biopsy, osteodystrophy of CRF, 2438–2439
Bone disease

aplastic, chronic hemodialysis and, 2662
hemodialysis, chronic and, 2661–2665
high turnover

bone histology, 2439–2441, 2440f–2442f
clinical features of, 2434–2435, 2434f
pathogenesis of, 2432–2433, 2432f, 2432t,

2433f
low turnover

bone histology, 2441–2445, 2442f–2445f
clinical features of, 2435
hemodialysis, chronic and, 2662
pathogenesis of, 2433

mixed-transitional, clinical features of, 2435
renal, chronic hemodialysis and, 2661–2662,

2662f
Bone histology

beta-2-amyloid, 2445–2446, 2446f
high turnover bone disease and, 2439–2441,

2440f–2442f
low turnover bone disease and, 2441–2445,

2442f–2445f
mixed, 2445, 2445f
osteodystrophy of CRF, 2439–2447
transitional, 2445

Bone mass measurements, osteodystrophy of CRF,
2435–2437, 2437f

Bortezomib, 753
Botulinus toxin type A (BTX), 626
Bowman’s capsule

anatomy, 4, 6f
visceral epithelium, 5–8

Bowman’s space, 4
BPH. See Benign prostatic hyperplasia
Bradykinin, control of CCD sodium absorption

and, 146
Brattleboro rat with autosomal recessive

neurogenic DI, 2254–2255, 2255f

Brequinar sodium, renal transplantation therapy
with, 2575

Bright, Richard, 1210–1212, 1238
Brit-Hogg-Dube (BHD) syndrome, 765
Brucellosis, ATIN and, 1168
Brush-border membrane mechanisms, 221–222,

224–225
Brush-border membrane, urate and, 229
BTX. See Botulinus toxin type A
BUN. See Blood urea nitrogen
BWS. See Beckwith-Wiedemann Syndrome

C1− transport, basolateral membrane, 137–138
CA transport, loop diuretic, 2130
Ca2+

AQP2 trafficking, regulation of and, 107
role of, 107
signaling, 8

Cadmium, nephropathy, 1151–1153
calcium wasting and, 1151
diagnosis, 1152–1153
interstitial nephritis, chronic and, 1152, 1152f,

1153f
Itai-Itai disease and, 1151–1152
metabolism, 1151
treatment, 1152–1153

Calcifediol, osteodystrophy of CRF therapy with,
2448

Calciferol, osteodystrophy of CRF therapy with,
2448

Calcifications, renal, 337
metastatic

hemodialysis, chronic and, 2664
phosphorus and, 2698–2699, 2698f, 2698t,

2699f
vascular, phosphorus and, 2699–2700

Calcimimetics, osteodystrophy of CRF treatment
with, 2451

Calcineurin inhibitors
FSGS treatment with, 1641–1642

adult, 1644–1645
glomerulopathy, collapsing treatment with,

1641–1642
adult, 1644–1645

MCN relapse and, 1615–1616
Calciphylaxis, chronic hemodialysis and, 2664
Calcitonin, 85
α- and β-Calcitonin gene-related peptide (CGRP),

85
Calcitriol

intravenous, osteodystrophy of CRF treatment
with, 2450–2451, 2450f, 2451f

osteitis fibrosa treatment with, 2450
osteodystrophy of CRF therapy with, 2448

Calcium
absorption, gastrointestinal tract, 2332
absorption, intestinal, 2320–2321, 2321f

hypocalcemia secondary to reduced, 2329
ARF dietary considerations and, 2730–2731
balance, 2319–2320, 2320f

in aging kidney, 2105–2106
concentrations, plasma, 2325
CRF dietary considerations and, 2730–2731
deposition, CKD and, 2393
disorders, 2317–2335

CNT and, 2323
collecting tubule and, 2323
DCT and, 2323
hyperthyroidism and, 2332
immobilization and, 2332
loop of Henle and, 2322
PCT and, 2322, 2323f
proximal straight tubule and, 2322
renal disease and, 2332
sarcoidosis and, 2332
vitamin A intoxication and, 2332
vitamin D intoxication and, 2332

distribution, 2317
entry, pathways of, 59
excretion, urinary tract obstruction and, 702
extracellular, 2317
in glomerular filtrate, 2322
homeostasis, cell injury mediated by altered,

972–973
hypercalcemia secondary to, 2330–2331, 2332,

2333

hypocalcemia secondary to, 2328–2329, 2329
intracellular, 2317–2318, 2318f

hypertension, malignant and role of, 1390
metabolism

lithium and, 1133–1134
treatment for disorders of, 2333

mobilization from bone
decreased, 2328–2329
increased, 2330–2331

1,25(OH)2D3 and effects on renal handling of,
259

osteodystrophy of CRF therapy with, 2448
pediatric, 2062
renal handling of, 2321–2322, 2322f
renal transplantation dietary considerations and,

2730–2731
skeletal, 2318–2319, 2319f
stones, 717–725
translocation into different compartments of,

hypocalcemia secondary to, 2329
transport

distal convoluted tubule and, 2135–2137,
2136f

factors that regulate, 2323–2325
urinary excretion of, hypercalcemia secondary

to decreased, 2333
wasting, cadmium nephropathy and, 1151

Calcium antagonists, 1314–1315
Calcium channel blockers (CCB)

absorption, 2766
ARF prevention with, 1015
CKD treatment with, 1258
hypertension during pregnancy and treatment

with, 1342
hypertensive crises treatment with, 1425
proteinuria treatment with, 1602

Calculous disease, 354
Caliceal diverticulum, 603
Calicectasis, sickle cell disease and, 2008
Callilepsis laureola, 2037
cAMP. See Cyclic adenosine monophosphate
cAMP-adenosine pathway, pancreatohepatorenal

extracellular, 256–257, 257f
Cancer. See also specific cancers

fluid and electrolyte disorders associated with,
1069

HUS secondary to, 1078
renal disease, intrinsic and, 1068
renal failure in patients with

chronic, 1068–1069
extracellular volume depletion and diminished

effective arterial circulating volume and,
1068

factors that potentiate, 1068–1069
in renal transplant patient, 2593–2594, 2593t
TMA associated with, 1737
urinary tract obstruction in patients with,

1068
Candidiasis, 2021

ATIN and, 1168–1169
UTIs, fungal caused by, 896–899

diagnosis of, 897
pathogenesis of, 896–897
treatment, 898–899, 900t
upper and lower urinary tract, 897–898

Canrenone, CCD diuretics and, 2141–2142
CAPD. See Continuous ambulatory peritoneal

dialysis
Capecitabine, RCC treatment with, 751
Capillary permeability, idiopathic edema and

abnormal, 2154
Capillary wall thickening, renal biopsy

clinicopathologic correlations and,
440–441, 440f, 441f

Capsaicin, lower urinary tract dysfunction
treatment with, 625

Capsular polysaccharides, 822
Captopril, 737

ATIN and, 1174
cardiovascular disease treatment with, 1357
HIVAN treatment with, 1494
idiopathic edema management with, 2157
IgA nephropathy treatment with, 1497
plasma renin activity, renovascular hypertension

and, 1289–1290, 1289t
proteinuria reduction and treatment with, 1255
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Captopril (Contd.)
provocation test, renovascular hypertension and,

1289–1290, 1289t
renography, renovascular hypertension and,

1291–1293, 1292f, 1292t
renovascular hypertension treatment with, 1291,

1313
SRC treatment with, 1704, 1706

Carbachol, 623
Carbamazepine, ATIN and, 1174
Carbapenems, renal failure related to, 1041
Carbenicillin, 640
Carbohydrate metabolism

disorders in CKD of, 2502–2504, 2503t
clinical consequences of, 2504, 2505f
hypoglycemia and, 2504
insulin action, peripheral resistance to and,

2502–2503
insulin clearance and, 2504
insulin secretion and pancreatic islet

metabolism in, 2503–2504
phosphorus gastrointestinal absorption,

decreased and effects on, 2310
Carbohydrate transport, disorders of, 570–572

carbohydrate reabsorption and, 570, 571f
hexosurias, 570–572
pentosurias as, 572

Carbohydrates
ARF dietary considerations and, 2728
CRF dietary considerations and, 2728
renal transplantation dietary considerations and,

2728
Carbon monoxide, as vasoactive factor, 77
Carbonic anhydrase deficiency, 582
Carbonyl stress, vascular disease risk factor

treatment and, 2726
Carboplatin, 772

GCT management with, 809, 810
RCC treatment with, 751

Cardiac chemoreceptors, 2162
Cardiac disease, in chronic renal disease,

2482–2496, 2483f
management of, 2492–2495
medical management of, 2492–2494
revascularization, 2493–2494
uremia-related intervention and, 2495, 2495f

Cardiac failure
adrenergic activation in, 2166
Ang II in, renal tubular effects of, 2167–2168,

2167f
baroreceptors in

high-pressure, 2160–2162, 2161f
low-pressure, 2162

cardiac chemoreceptors in, 2162
cardiorenal syndrome and, clinical significance

of, 2171–2172
endothelin in, 2169
factors acting beyond proximal tubule in,

2164–2165
FF and, 2164–2165
fluid retention in, mechanisms of, 2160–2171
GFR and, 2163–2164
hepatic receptors in, 2162–2163
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natriuretic peptides in, 2169–2170

renal effects of, 2170–2171, 2171f
neurohormonal response to, 2163, 2163f
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RAAS activation in, 2166–2167
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afferent mechanisms for, 2160–2163
efferent mechanisms for, 2163–2171

sodium retention in, physiologic basis for
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2165–2166, 2165f
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vasodilator systems in, 2169–2171, 2171f
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nonosmotic release of, 2168
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water reabsorption and, 2164–2165
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efferent mechanisms for, 2163–2171
treatment of, physiologic basis for,

2171–2174, 2172f, 2174f
Cardiac glycosides, renal organic ion transport

and, 226
Cardiac index, ARF prevention and improvement

of, 1017–1018
Cardiorenal syndrome, clinical significance of,

2171–2172
Cardiovascular disease

ARF and, 999, 1008
diabetic hypertension and, 1357
diabetic nephropathy and, 1899
hemodialysis, chronic and, 2657–2658
after renal transplantation, 2594–2595
risk, techniques for reducing, 2726
uric acid and hypertension in, 1993–1994

Carnitine, other nutrients in CKD and, 2727–2728
Carpal tunnel syndrome, chronic hemodialysis

and, 2664
Carvedilol, cardiac failure treatment with, 2173
Caspase-1, IL-18 and, 940–941, 940f
Caspases

in cold ischemia, 939–940
ischemic acute renal injury and, 938–939

Caspofungin, fungal UTIs treated with, 898, 901
Casts

formation, myeloma cast nephropathy and
pathogenesis of, 1944

urinary, 293–295
Catabolism

increased, 2314
CRF malnutrition and net, 2712–2713

managing, special techniques for, 2746–2748
Catecholamines, 250–252, 250f

hypertensive crises related to, 1414–1416
K homeostasis, internal and, 2271–2272, 2272f
proximal tubule sodium reabsorption, control of

and, 132
renin release regulated by, 73
sympathetic nervous system and, 82–83, 82f

CBDL. See Common bile duct ligation
CCB. See Calcium channel blockers
CCD. See Cortical collecting duct
CCI-779, 753
CCPD. See Continuous-cycling peritoneal dialysis
CCRCC. See Conventional clear-cell renal cortical

neoplasms
CD2AP, collapsing genetics glomerulopathy and,

1639
Cefaclor, nephrotoxicity, 1041
Cefadroxil, acute pyelonephritis treatment with, 861
Cefazolin

nephrotoxicity, 1041
perinephric abscess treatment with, 879
peritonitis treatment with, 2632
pyelonephritis, acute treatment with, 861
renal cortical abscess treatment with, 873
renal corticomedullary abscess treatment with,

875
Cefepime, peritonitis treatment with, 2633
Cefoperazone, acute pyelonephritis treatment

with, 861
Cefotaxime

pyelonephritis, acute treatment with, 861
renal corticomedullary abscess treatment with,

875
Ceftazidime

nephrotoxicity, 1041
peritonitis treatment with, 2632, 2633
renal corticomedullary abscess treatment with,

875
Ceftriaxone, 643

renal corticomedullary abscess treatment with,
875

Cefuroxime, acute pyelonephritis treatment with,
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Cell culture systems, genetic renal disease,
466–467

Cell death
apoptosis, 963–964, 965f

role of mitochondria in, 964–966
cisplatin-induced

cytokines and, 1070–1071
role of casplase activation in, 1070

nephrotoxic cell injury and, 963–966, 964f

Cell-mediated immunity
RPGN and, 1517–1519
tubulointerstitial nephropathy etiology and,

1871
Cells, urinary, 290–293
Cellular immunity, MCN disordered immunity

and, 1610–1611
Cellular injury and response

FSGS disease mechanisms and, 1627–1629,
1628t

contribution of other glomerular and
nonresident cells in, 1627–1629

glomerulopathy, collapsing disease mechanisms
and, 1627–1629, 1628t

contribution of other glomerular and
nonresident cells in, 1627–1629

injury, 1438
Centipede bites, 2037
Central nervous system (CNS)

aluminum effects on, 2470
dialysis complications in, 2472–2473
disorders of, SIADH and, 2222
infection, after renal transplantation,

2592–2593
uremia and pathology of, 2466–2467

pathophysiology and, 2466–2467
uremic neurotoxins in, 2463–2464
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Cephalexin, 640, 682
nephrotoxicity, 1041
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Cephalosporins, 640

ATIN induced by, 1171
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metabolism, 2767
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875
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infection and, 841
UTI prevention and, 864
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Cernilton, 641
cGMP signaling, 8
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Chemokines
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inflammation and, 1440
in podocyte damage, 1448–1449
tissue repair and, 1440

Chemotherapy
AL amyloidosis treatment with, 1965
HUS secondary to, 1078
RCC, relapsed or metastatic disease, 770
renal failure induced by, 1075–1076

CHF. See Chronic heart failure
CHH. See Congenital hemihypertrophy
Children. See also Fetus; Infancy; Neonate

chronic renal disease, 2076–2082
dialysis for, 2080
psychosocial considerations for, 2079–2080
renal transplantation for, 2080–2082

congenital nephrotic syndrome in, 2066
CRF in

anemia and, 2079
growth retardation and, 2077–2079
linear growth and, 2079
nutrition and, 2078–2079
pubertal development and, 2079
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Chlorthalidone, cardiovascular disease treatment
with, 1357

Cholera, 2018
Cholinergics, lower urinary tract dysfunction

treatment with, 623
Chronic atrophic pyelonephritis, 353–354, 353f
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carbohydrate metabolism disorders in,

2502–2504, 2503t
clinical consequences of, 2504, 2505f
hypoglycemia and, 2504
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linear growth in, 2079
nutrition in, 2078–2079
pubertal development in, 2079
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ARF caused by, 1069
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clinical manifestations, 1071
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GCT management with, 809, 810
nephrotoxicity
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water permeability
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signaling pathways involved in, 108

Collecting ducts, 24–25. See also Cortical
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normal anatomy, 373
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congenital anomalies of kidney as, 601–603
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ureteral anomalies, congenital as, 599–601
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hemodialysis, chronic and, 2658
noninvasive testing for, 2484

Cortex
fibroblasts, 33, 34f
interstitial cells of, 1861

Cortical abscess, in pregnancy, 1926
Cortical collecting duct (CCD), 24

diuretics, 2139–2142, 2139f, 2140t
adverse effects of, 2142
amiloride and, 2141
clinical use of, 2142
mechanism of action for, 2140–2141
mineralocorticoid receptor blockers and, 2141
pharmacokinetics and, 2141–2142
triamterene and, 2141
urinary electrolyte excretion, 2139–2140

IC cells in, 25, 27–28, 27f
as KCI cotransporters, 172–174, 172f, 174f
Na+ absorption in, control of, 144–146
Na+ transport in, 143–146

electrophysiologic aspects of, 143
sodium absorption in, mechanisms of, 143–146,

144f
Cortical collecting tubule (CCT)

basolateral membrane area and Na+-K+-ATPase
activity and, 40–41, 40f

DOCA and, 40–41
Cortical thick ascending limb (CTAL), 19–20, 22, 29f
Corticosteroids, 248–250

ANCA-associated small-vessel vasculitis
treatment with, 1763

relapse, 1766
bacterial endocarditis treatment with, 1472
Behçet’s disease treatment with, 1769
effect, 40–41
IgA nephropathy treatment with, 1543
knockout mice and, 250
MCN treatment with, 1613–1615
MN, idiopathic treatment with, 1484
MN therapy with, 1576
MPGN treatment with, 1561–1562
nephrotic syndrome treatment with, 1601, 1817
PAN treatment with, 1767
prostatic carcinoma treatment with, 797
proximal tubule sodium reabsorption, control of

and, 133
renal transplantation therapy with, 2568–2569

steroid withdrawal and, 2568–2569
RPGN treatment with, 1528
severe head trauma complicated by hypertension

treated with, 1497
SLE management with, 1692–1693

pregnancy and, 1694
SRC treatment with, 1706
Takayasu’s/giant cell arteritis treatment with,

1769–1770
Corticotropin, MCN relapse and, 1615
Costimulatory blockade, renal transplantation

therapy with, 2575
Costimulatory signals, renal transplantation

immunobiology and, 2541–2543, 2544f
Cotrimoxazole, 682
Cotton seed oil, 2038
Countercurrent multiplication, 111

urine dilution/concentration mechanisms via,
109–111, 110f

Cox method of proportional hazard, 1813
COX-1. See Cyclooxygenase-1
COX-2. See Cyclooxygenase-2
CPD. See Chronic peritoneal dialysis
C-peptide, 271
CPM. See Central pontine myelinolysis
CPPS. See Chronic pelvic pain syndrome
Crack. See Alkaloidal cocaine
Creatinine. See also Serum urea nitrogen-serum

creatinine ratio
CKD and, 2673–2674, 2673t
clearance

CKD and, 2673–2674
as index of kidney function, 306–307
predicting, from serum creatinine, 308–310,

310t
cystitis management with, 839
as GFR marker, 303–310

assumptions for, 303–304, 303f, 304t
IgA nephropathy treatment with, 1497
kidney handling of, 304–305
metabolism, 305–306

extrarenal elimination, 306
generation, 305–306, 306f

MN therapy with, 1577
renal failure drug therapy dosage and

calculating clearance of, 2767
RPGN treatment with, 1529
serum

assay, 307–308
CKD and, 2673, 2673t
as index of kidney function, 307
predicting GFR and creatinine clearance from,

308–310, 308t, 310t
tubular reabsorption of, 305
tubular secretion of, 304–305, 305f

Crescentic glomerulonephritis, 1837–1844,
1837t

clinical course, 1838–1839, 1839t, 1840t
clinical presentation, 1837–1838, 1838t
prognostic features, 1838, 1838t
tubulointerstitial ICDs in, 1870–1871
types, 1837

Crescents, 1511, 1512f
formation

epithelial cells in, 1520–1521
fibrin deposition in, 1523–1524
fibroblasts in, 1524
mechanism of, 1520–1524
mononuclear cells in, 1521–1523,

1522f–1524f
RPGN and extent of, 1527, 1527t

renal biopsy clinicopathologic correlations and,
439–440

RPGN and, 1511, 1513f, 1514f
CRF. See Chronic renal failure
Cryoglobulinemia

HBV and, 1488–1489
HCV-associated glomerulonephritis treatment

with, 1491–1492
vasculitis and, 1498

Cryptococcosis, 905–907, 2021
clinical manifestations, 905–906, 905t
diagnosis, 906–907, 906t
epidemiology, 905–907
genitourinary tract involvement in, 907
pathogenesis, 905
treatment, 905t, 906t, 907

Cryptococcus, after renal transplantation, 2592
Cryptorchidism, 594–595
Cryptosporidiosis, 2029
Crystals

deposits, ARF associated with, 1184–1204
urinary, 294f, 295, 295f, 295t, 296f

CS
HCV-associated glomerulonephritis treatment

with, 1491–1492
HIVAN treatment with, 1494

CsA. See Cyclosporin A
CT. See Computed tomography
CT cells, 40
CTAL. See Cortical thick ascending limb
Current Dialysis Outcome Quality Initiative

(DOQI), 1902
Cushing’s syndrome, 1366–1367

diagnosis/localization, 1367
prevalence/pathophysiology, 1366–1367
screening test, 1367
treatment, 1367

CVVH/CVVHD, ARF nutritional therapy effect
of, 2739

Cyanide
hypertensive crises and poisoning with, 1420
toxicity, 420

Cyclacillin, urethritis/cystitis management with,
840

Cyclic adenosine monophosphate (cAMP), 8
Cyclooxygenase-1 (COX-1), 1084–1085, 1084t
Cyclooxygenase-2 (COX-2)

ARF and inhibitors of, 1087–1088
MD and expression of, 29
NSAID nephrotoxicity and

expression/regulation of, in kidneys,
1084–1085, 1084t

sodium balance, edema and hypertension, with
inhibitors of, 1090

Cyclophosphamide, 772
ANCA-associated small-vessel vasculitis

treatment with, 1763–1764
adjunctive, 1766
relapse, 1766

Behçet’s disease treatment with, 1769
cisplatin, cellular responses to and, 1072–1073
FSGS treatment with, 1645, 1647

recurrent, 1651
GCT management with, 810
glomerulopathy, collapsing treatment with,

1645, 1647
HCV-associated glomerulonephritis treatment

with, 1491, 1492
intravenous, lupus nephritis treatment with

intermittent, 1693–1694
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Cyclophosphamide (Contd.)
lupus nephritis treatment with, 1693, 1849
MC treatment with, 1783
MCN relapse and, 1615
MCN treatment with, 1616
MN therapy with, 1576, 1577
PAN treatment with, 1767
RPGN treatment with, 1528
SLE management with, 1694, 1695
Takayasu’s/giant cell arteritis treatment with,

1770
toxicity, 1694

Cyclosporin
FSGS treatment with, 1641
glomerulopathy, collapsing treatment with, 1641
HUS, pediatric treatment with, 2070
IgA nephropathy treatment with, 1543
MPGN treatment with, 1562
nephrotic syndrome treatment with, 1817
renal lesions associated with, 1711
Takayasu’s/giant cell arteritis treatment with, 1770
tubulointerstitial nephropathy induced by, 1873,

1876
Cyclosporin A (CsA), 1045

ARF induced by, 1049–1050
clinical pharmacology of, 1045–1046, 1045f
functional alterations induced by, 1046–1047
hemolytic-uremic-like syndrome induced by,

1050–1051
immunosuppressive mechanism of, 1046, 1047f
MN therapy with, 1577
morphologic alterations induced by, 1047
nephrotoxicity

clinical, 1049–1051
experimental, 1046–1051

SLE management with, 1694
Cyclosporine

absorption, 2766
allograft rejection and, 2544–2545
FK506 and, 1051
FSGS treatment with, 1644–1645, 1647

recurrent, 1651–1652
generic formulations of, renal transplantation

therapy with, 2571
hypertensive crises and, 1417
hyperuricemia in renal transplantation treatment

with, 1993
MCN relapse and, 1615–1616
MCN, steroid-resistant treatment with, 1617
neoral, renal transplantation therapy with, 2571
nephrotoxicity, 1045, 2570–2571

acute, 2570
additive, drugs causing, 2570
cellular and molecular mechanisms of,

1048–1049
chronic, 1050, 2570–2571
differential diagnosis of, 2571
HUS and, 1078
pathophysiologic studies of, 1048–1049

renal transplantation therapy with, 2569–2571
drug interactions and, 2570, 2570t
monitoring levels in, 2570, 2570t, 2571t
nephrotoxicity of, 2570–2571
pharmacokinetics of, 2569
side effects of, 2569

Cyproterone acetate, prostatic carcinoma
treatment with, 795

Cyproterone, prostatic carcinoma treatment with,
795

Cystatin C
CKD estimation of GFR and concentration of,

2674–2675
as GFR marker, 312
as index of kidney function, 312
kidney handling of, 312
measurement, 312
metabolism, 312

Cystic disease
chronic dialysis associated with acquired, 377
CT, 376–377, 376f
MRI, 386, 386f

Cystic renal disease, acquired, 2665–2666
Cystine, 736, 737
Cystine stones, 736–737

pathogenesis, 736
treatment, 736–737

Cystinosis, 578–579
pediatric, 2065–2066
renal transplantation patient selection and, 2557
tubulointerstitial nephropathies and, 1879

Cystinuria, 575–576
Cystitis, 832–844

antimicrobial therapy for uncomplicated, 838,
838t

sulfonamides, 838
bacteriuria, 832
clinical manifestations of, 835–836

investigations in, 835–836
definitions, 832–833
diagnosis, 836–837

automated methods for detection of
bacteriuria in, 837

rapid diagnostic methods for, 836–837
urine culture for, 837

epidemiology, 835
management, 837–844

duration of therapy for, 839–840
general principles of, 837–838
pediatric, 843–844
pregnancy and, 842–843, 843f

pathogenesis, 833–835
host factors in, 834–835
pathogens and, 833–834, 833f
route of infection and, 833
virulence factors in, 834

in pregnancy, 1925
recurrent infections and, 832–833

management of, 841–842, 842t
relapsing infection, management of, 841

Cystometry, 613–614, 614f, 615f
Cytochrome P450 metabolites, as arachidonic acid

metabolite, 79–80
Cytokines

ARF caused by, 1069
IC-GN and role of, 1451–1452
in podocyte damage, 1448–1449
profibrotic, inflammatory response and,

1455–1456, 1455t
RPGN and, 1519–1520
tissue repair and, 1439, 1439t

Cytomegalovirus (CMV)
glomerulonephritis and, 1499–1500
after renal transplantation, 2588–2589, 2589t

Cytosine arabinoside
renal diseases induced by, 1074
TMA and, 1727

Cytoskeletal alterations, in podocyte damage,
1448

Cytoskeletal proteins, tight junction permeability
and, 38

Cytoskeleton, regulation of AQP2 trafficking and,
107

Cytotoxic agents
ANCA-associated small-vessel vasculitis

treatment with, 1765
bacterial endocarditis treatment with, 1472
IgA nephropathy treatment with, 1543
lupus nephritis treatment with, 1693
nephrotic syndrome treatment with, 1817
RPGN treatment with, 1528
SLE management with, 1692–1693, 1693

Cytotoxic necrotizing factor (CNF1), 821
Cytotoxic therapy

FSGS treatment with, 1641, 1642
adult, 1644–1645

glomerulopathy, collapsing treatment with,
1641, 1642

adult, 1644–1645
MN, 1576–1577

Cytoxan, SLE management with, 1695

Daclizumab, renal allograft rejection and,
2546

Dactinomycin, 772
Dapsone, Takayasu’s/giant cell arteritis treatment

with, 1770
Daunorubicin, TMA and, 1727
DC. See Docetaxel plus cisplatin
DCCT. See Diabetes Control and Complication

Trial
DCT. See Distal convoluted tubule
DDS. See Dialysis disequilibrium syndrome

Defective venous tone, idiopathic edema and,
2153–2154

Deferoxamine, aluminum bone disease treatment
with, 2453

Deferoxamine challenge, osteodystrophy of CRF,
2438, 2439t

Dehydration, analgesic nephropathy and,
1875–1876

Demeclocycline, 2241
Dementia, dialysis, 2469–2472, 2469t, 2471t
Dengue, 2018–2019
Denys-Drash syndrome, 1638
Deoxycorticosterone acetate (DOCA)

basolateral membrane area and, 41
CCT and, 40–41

1-Deoxygalactonojirimycin, 557
15-Deoxyspergualin, ANCA-associated

small-vessel vasculitis treatment with, 1766
Deoxyspergualin, renal transplantation therapy

with, 2575
Depressor compounds. See also specific depressor

compounds
CKD and, 1248–1251

Descending thin limbs of short/long-looped
nephrons (SDTL), 17–19, 19f, 20f

Desmopressin, DI treatment with, 2265
Detrusor-sphincter dyssynergia, 617–618, 618f
Dexamethasone. See also Benzodiazepine plus

dexamethasonal
CN-induced renal failure treatment with, 1950

Dexamphetamine, idiopathic edema management
with, 2157

Dextrose, hyperkalemia treatment with, 2286
DI. See Diabetes insipidus
Diabetes

hypertension in
cardiovascular disease and, 1357
genetic predisposition for, 1351
hemostasis and, 1353–1354
hyperinsulinemia and, 1353
insulin resistance and, 1353
ion transport homeostasis and, 1352–1353
pathogenesis of, 1351–1353, 1352t
RAAS and, 1353
sodium homeostasis and, 1351–1352, 1352f
treatment of, 1354–1357
vascular complications and, 1353–1354,

1354t
idiopathic edema and, 2153
nephropathy in, 1354
normoalbuminuria, 1354–1355
in pregnancy, 1928
renal disease associated with, progression of,

2687
Diabetes Control and Complication Trial (DCCT),

1899
Diabetes insipidus (DI)

autosomal recessive neurogenic, Brattleboro rat
with, 2254–2255, 2255f

central, 112–113, 2249–2265, 2255–2257
common forms of, 2255–2256, 2256t
hypernatremia/hypodipsia with, 2257,

2257f
rare forms of, 2256–2257

differential diagnosis of polyuric states in,
2262–2263

aquaporin-2 measurements and, 2264
direct test for, 2262–2263, 2263t
indirect test for, 2262, 2263t
plasma sodium and, 2264–2265
recommendations for, 2263, 2264t
therapeutic trial for, 2263

disorders, clinical characteristics of, 2255–2262
inherited, 112–113
knockout mice with urinary concentration

defects and, 2253–2254
MRI in patients with, 2265
nephrogenic, 2249–2265, 2257–2261

acquired, 2261, 2261t
autosomal recessive, 2260
autosomal recessive complex

polyuria-polydipsic syndrome and, 2258f,
2260–2261

AVP and, 2249–2253
primary polydipsia and, 2261–2262
x-linked, 2257–2260
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neurogenic, 112–113
acquired, 113–114
hypokalemia-and hypercalcemia-induced,

113–114
lithium-induced, 113
urinary tract obstruction-induced, 114

pregnancy and, 1918–1919, 1919f, 2262
radioimmunoassay of AVP and other laboratory

determinations for, 2263–2665, 2264t, 2265t
transient, in pregnancy, 1919, 1919f
treatment of, 2265

Diabetes mellitus
acid–base balance defect and, 2364–2369
acid–base disorders complicating, 2353–2376
body composition, disturbances in and,

2353–2376, 2354t
dysnatremias, 2357–2358
fluid-electrolyte disorders complicating,

2353–2376
glucagon in, 2353
insulin in, 2353, 2354f
as ischemic heart disease risk factor, 2485
ketoacidosis and, 2353
ketosis and, 2353
as LVH risk factor, 2489
multiple major disturbances, combination of

and, 2369–2372, 2369f
DKA as, 2370–2372
ketosis, absence of and, 2371–2372

NO system, renal and in vivo effects of,
269–270

phosphate homeostasis defect and, 2364
renal papillary necrosis and, 1882
renal transplantation patient selection and,

2556, 2556f
single dominant disturbances in, 2354–2369

glucose homeostasis defect and, 2354–2355,
2355f, 2356t

hyperlipidemia and, 2355–2356
hypernatremia and, 2358–2359
K homeostasis, defect and, 2361–2364
sodium homeostasis defect and, 2359–2361
water homeostasis defect and, 2355–2359

as systolic dysfunction risk factor, 2489
UTIs, complicated and, 885, 885t
volume depletion and, 2359–2360
volume expansion and, 2360–2361

Diabetic ketoacidosis (DKA)
clinical manifestations of, 2370–2372
diagnosis, 2370–2372

differential, 2370
hypertonicity in, 2371
NKH and, 2370–2371, 2371t, 2372t
precipitating events for, 2370
renal dysfunction in, 2371
serum ketones and, 2370
signs, 2370
symptoms, 2370
therapy, 2372–2375, 2373t

alkali for, 2373–2375, 2374t
cerebral edema and, 2375–2376, 2376t
complications of, 2375–2376, 2376t
fluids for, 2373
insulin for, 2373
K for, 2375, 2375t
phosphate for, 2375

Diabetic nephropathy, 1894–1905, 1895t
ACE inhibitor benefits in, 1897–1900
ARB benefits in, 1897–1900
cigarette smoking, cessation and, 1898
comorbid conditions in, management of,

1898–1900, 1898f, 1899t
autonomic neuropathy, 1899–1900
cardiovascular disease, 1899
diabetic retinopathy, 1898–1899
peripheral vascular disease, 1899

dietary protein restriction in, 1897–1898
ESRD

hemodialysis for, maintenance, 1902–1903
kidney transplantation, 1903–1904
pancreas transplantation for, 1904–1905
PD for, 1903
posttransplantation management for, 1904
renal replacement therapy, options for,

1901–1902, 1901f
therapy for, 1900–1901, 1901f

hemodialysis for, maintenance, 1902–1903
kallikrein-kinin system in, 254
kidney transplantation, 1903–1904
lipid-lowering drugs in, 1898
management of, ending conservative,

1900–1901
pancreas transplantation in, 1904–1905
PD for, 1903
posttransplantation management for, 1904
renal replacement therapy, options for,

1901–1902, 1901f
stages of, 1894–1896, 1895f

ESRD, 1895–1896
microalbuminuric, 1894–1895, 1895t
proteinuria and decreasing GFR, 1895,

1895t
therapeutic measures in, 1896

blood pressure control, 1896
glycemic control, 1896

Diabetic retinopathy, 1898–1899
Dialysate solutions, PD and, 2628–2629, 2628t
Dialysis. See also Continuous cycling peritoneal

dialysis; Current Dialysis Outcome Quality
Initiative; Peritoneal dialysis

acute cortical necrosis, 1740
adequacy of, assessing, 2652–2653, 2653f,

2654t
ascites, 2667
cardiac disease in CKD, 2495
chronic

cost of, 2044
results/limitations of, 2044
in Tropics, 2043–2044

chronic renal disease treatment with
pediatric, 2080

CNS complications of, 2472–2473
drug clearance affected by, 2779t, 2781
drug dosing and, 2770t, 2779–2781
high-flux, 2652
hypertension and, 1230–1231, 1230f
pediatric ESRD treatment with, 2080
pericarditis associated with, 2658
replacement therapy, dietary and energy intake

recommendations in patients undergoing,
2514, 2515t

RVT treatment with, 1804–1805
short daily, 2652
slow nighttime, 2652
in Tropics, 2043–2044

cost of, 2044
dialysis environment for, 2043–2044
results/limitations of, 2044

Dialysis dementia, 2469–2472, 2469t, 2471t
Dialysis disequilibrium syndrome (DDS), 2467,

2467t
Dialytic clearance, drug properties affecting,

2779–2781
Diathesis, bleeding, 2661
Diazepam, 641

dialysis dementia treatment with, 2470
pheochromocytoma treatment with, 1414

Diazoxide
acute aortic dissection treatment with,

1410
acute myocardial infarction treatment with,

1408
blood pressure reduction and, 1419
hypertension treatment with, 1421

malignant, 1393
pediatric, 2074

spinal cord injury treatment with, 1416
Didanosine, IgA nephropathy treatment with,

1497
Diet

ARF and considerations in, 2709–2750
ARF goals in, prioritizing, 2735
as bladder cancer risk factor, 777
CKD and, 2393
CKD therapy with, 2715–2717

dietary compliance assessment and, 2684,
2684t

general approach to, 2715
influence of, 2680–2685
monitoring compliance of, 2715–2716
nutritional-inflammatory status, monitoring,

2716–2717, 2716t

CKD treatment and, 2672–2690
CRF and considerations in, 2709–2750
CRF therapy with, 2715–2717

general approach to, 2715
goals in, prioritizing, 2735
monitoring compliance of, 2715–2716
nutritional-inflammatory status, monitoring,

2716–2717, 2716t
drug interactions with, 2750
low-protein

amino acid or ketoacid supplementation in,
2688

meta-analyses and progression of, 2687–2688
nephrotic syndrome treatment with, 1601,

2735–2736
renal disease studies and modification of, 2688f,

2689–2699, 2689f
renal failure and recommended intakes in,

2719–2724, 2720t
GFR and, 2722

renal transplantation therapy with, 2748–2750
diet-drug interactions and, 2750
goals in, prioritizing, 2735

transplantation and considerations in,
2709–2750

Diethylene glycol poisoning, 2038
Differential renal vein renin determinations,

renovascular hypertension and, 1290–1291
Diffuse mesangial sclerosis (DMS), 1618

FSGS and, 1623
proteinuria and, 1638

Diffuse scleroderma (dSSc), 1700
Diffusion, membrane transport and processes of,

124–125
Digital subtraction arteriogram (DSA)

intraarterial, 401, 401f
intravenous, 400–401

Digoxin
cardiac failure treatment with, 2173
congestive heart failure management with, 2494
K homeostasis and, 2282
loading dose for, choosing, 2779
volume of distribution, 2766

Dihydropyridines, renovascular hypertension
treatment with, 1314

Dihydrotachysterol, 2449–2450
Dihydrotestosterone, 794–795
Diltiazem

acute aortic dissection treatment with, 1410
ATIN and, 1174
renovascular hypertension treatment with, 1314

Diphtheria, 2018
Dipivoxil, HBV-associated MN treatment with,

1485
Dipyridamole

MPGN treatment with, 1562
RPGN treatment with, 1529
TMA treatment with, 1733

Disease-modifying antirheumatic drug (DMARD),
1709

renal lesions associated with, 1710
Disodium dichloromethylene diphosphonate, 2334
Distal convoluted tubule (DCT), 20, 21f, 22, 98

calcium disorders and, 2323
cells, 22
diuretics of, 2133–2139, 2133f

calcium transport in, 2135–2137, 2136f
magnesium transport in, 2135–2137, 2136f
mechanisms of action for, 2134–2137
Na transport and, 2134
NaCl absorption in distal nephron and,

2134–2135, 2135f
urinary electrolyte excretion and, 2133–2134
water excretion and, 2133–2134
water transport and, 2134

as KCI cotransporters, 171–172, 171f
mitochondria in, volume of, 22
Na+ transport in, 141–143
NaCI transport in, regulation of, 142–143

Distal nephron
acidification of, 582
H+-HCO−

3 transporter mechanisms and,
190–191, 190f

NaCl absorption in, 2134–2135, 2135f
tubular sodium transport, 140–143

anatomical consideration for, 140–141
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Distal tubule, 19–28
CNT and, 23–24
connecting ducts, 24–25
CTAL and, 19–20
DCT and, 22
function, 2061
K handling by, 163–166
K secretion, factors affecting, 164–165, 164t
MTAL and, 19, 20–22
pediatric function of, 2061

Distigmine bromide, 623
Distinct cell types, 40

basolateral membrane amplification in, 41
furosemide and, 41–42

Disulfide, mixed, 737
Diuresis, postobstructive, 2303
Diuretics

action, mechanisms of, 2122–2142
ARF management with, 1018–1019
ATIN infections and, 1173–1174
calcium transport and, 2326
cardiac failure treatment with, 2173
CCD, 2139–2142, 2139f, 2140t

adverse effects of, 2142
amiloride and, 2141
clinical use of, 2142
mechanism of action for, 2140–2141
mineralocorticoid receptor blockers and, 2141
pharmacokinetics and, 2141–2142
triamterene and, 2141
urinary electrolyte excretion, 2139–2140

CIN prevention and, 1115
congestive heart failure management with, 2494
DCT, 2133–2139, 2133f

adverse effects of, 2138–2139
calcium transport in, 2135–2137, 2136f
clinical use, 2137–2138
magnesium transport in, 2135–2137, 2136f
mechanisms of action for, 2134–2137
Na transport and, 2134
NaCl absorption in distal nephron and,

2134–2135, 2135f
pharmacokinetics, 2137
renal hemodynamics, 2137
urinary electrolyte excretion and, 2133–2134
water excretion and, 2133–2134
water transport and, 2134

definition, 2122
effect of, 41–42
idiopathic edema and, 2154–2157, 2154f–2156f

management of, 2157–2158
loop, 2128–2133, 2128f

adverse effects of, 2132–2133
CA transport in, 2130
CIN prevention and, 1115
Cl transport in, 2129–2130, 2130f
clinical use of, 2132
mechanism of action for, 2129–2131
Mg transport in, 2130
Na transport in, 2129–2130, 2130f
pharmacokinetics of, 2131–2132, 2132t
renal hemodynamics in, 2131
renin secretion in, 2130–2131
systemic hemodynamics in, 2131
urinary electrolyte excretion and, 2129, 2129f
water excretion and, 2129, 2129f

nephrotic syndrome treatment with, 1600–1601
osmotic, 2123–2125, 2123f

adverse effects of, 2124–2125
clinical use of, 2124
hemodynamics and, 2124
mechanisms of action for, 2123–2124
pharmacokinetics of, 2124
urinary electrolyte excretion and, 2123

phosphate excretion and, 2302
pregnancy and use of, 1341
proximal tubule, 2125–2128, 2125f

adverse effects of, 2127
clinical use of, 2127–2128
intracellular fluid, 2126
luminal fluid, 2126
mechanisms of action for, 2125–2127, 2126f
pharmacokinetics of, 2127
renal hemodynamics, 2127
urinary electrolyte excretion of, 2125

renal abnormalities in cirrhosis and, 2196, 2196t

salt restriction and use of, 1254
sodium/water retention in nephrotic syndrome

therapy with, 2211
thiazide, 2333

Diurnal variation, GFR and, 301
Divalent ion metabolism, ARF and disorders of,

1011–1012
Diverticula, 596
Djenkol beans, 2037
DKA. See Diabetic ketoacidosis
DMARD. See Disease-modifying antirheumatic

drug
DMS. See Diffuse mesangial sclerosis
Dobutamine, ARF prevention with, 1016
DOCA. See Deoxycorticosterone acetate
Docetaxel plus cisplatin (DC), 783
Docetaxel, prostatic carcinoma treatment with,

798
Dopamine, 83, 1415

ARF prevention with, 1015
CCD sodium absorption, control of and, 146
CIN prevention and, 1114
metabolism, sodium excretion and, 1224
renal action and synthesis of, 251–252

Dopexamine, ARF prevention with, 1016
DOQI. See Current Dialysis Outcome Quality

Initiative
Doxazosin, cardiovascular disease treatment with,

1357
Doxercalciferol, osteodystrophy of CRF therapy

with, 2449, 2449f
Doxorubicin, 772. See also Methotrexate,

vinblastine, doxorubicin, and cisplatin
bladder cancer treatment with, 779
CN-induced renal failure treatment with, 1950
prostatic carcinoma treatment with, 797

Doxorubicin and gemcitabine (AG), 783
Doxycycline, 643

ATIN induced by, 1171
UTI treatment with, impaired renal function

and, 864
D-penicillamine, 737
Dr adhesin, 820
Droperidol, pheochromocytoma treatment with,

1414
Drug abuse

ARF due to nontraumatic rhabdomyolysis in,
1125–1126

glomerulonephritis, hepatitis-related in, 1128
nephropathy in, 1126–1128

HIV-associated, 1128
nephrotoxicity secondary to, 1121–1128
parenteral, systemic necrotizing vasculitis in,

1127
Drugs

absorption, 2765–2766
biotransformation, 2766–2767
as bladder cancer risk factor, 777
clearance

dialysis affecting, 2779t, 2781
dialysis and dose of, 2770t, 2779–2781
dialytic clearance affected by properties of,

2779–2781
diet interactions with, 2750
dosage adjustments for, 2767–2779

calculating creatinine clearance and, 2767
initial assessment and, 2767
loading dose for, choosing, 2767–2779
maintenance dose for, choosing, 2779
monitoring drug levels in, 2768t, 2779

metabolism, 2766–2767
protein binding in, 2766
removal, continuous renal replacement therapies

and, 2781
renal elimination, 2767
renal failure patient usage of, 2765–2802

analgesics and agents used by
anesthesiologists for, 2790

antihypertensive agents for, 2790–2798
antimicrobial agents and prescribing, 2790
cardiovascular agents for, 2790–2798
dosage adjustment for, 2767–2779
prescribing, 2780t–2798t, 2781–2802

renal failure therapy with, 2765–2802
analgesics and agents used by

anesthesiologists for, 2790

antihypertensive agents for, 2790–2798
antimicrobial agents and prescribing, 2790
cardiovascular agents for, 2790–2798
dosage adjustment for, 2767–2779
endocrine agents for, 2798
gastrointestinal drugs for, 2798
hypnotics for, 2798–2802, 2799t
metabolic agents for, 2798
miscellaneous agents for, 2802
neurologic agents for, 2798
prescribing, 2780t–2798t, 2781–2802
psychiatric agents for, 2798–2802, 2799t
rheumatologic agents for, 2798
sedatives for, 2798–2802, 2799t

SLE induced by, 1677
volume of distribution, 2766

DSA. See Digital subtraction arteriogram
Duplex ultrasound scanning, 1295, 1295t
Dyscrasias, plasma cell and ATIN neoplastic

diseases, 1175
Dyslipidemia

as ischemic heart disease risk factor, 2486,
2486t

lipid metabolism disorders in CKD and, 2510,
2511f

medical management of, 2492–2493
in renal failure, treatment of, 2510–2512
treatment of, 2510–2512

Dysnatremias, in diabetes mellitus, 2357–2358
Dysplasia, fetal renal, 2063
Dysuria, management of acute, 840, 842f

E. coli. See Escherichia Coli
EAH. See Exercise-associated hyponatremia
EBV. See Epstein-Barr virus infection
ECE. See Endothelin-converting enzyme
ECF. See Extracellular fluid volume
Echinocandins, fungal UTIs treated with, 898
Echinococcosis, 2029–2030
Eclampsia, 1334, 1334t

endothelial dysfunction prior to and during,
1338–1339, 1338f, 1339f

genetic factors predisposing to development of,
1333

immunologic factors predisposing to,
1337–1338

incidence, 1333–1334, 1333t
intravascular coagulation in, 1340
peroxidation products during, 1339
PGs in, 1340, 1340f
in pregnancy, 1331–1336, 1332f, 1332t, 1341f

maternal serum markers of, 1339
preventing, 1343–1344, 1344f
treatment of, 1342–1344
trophoblast and spiral arteries, role of in

development of, 1336–1337, 1336f
renal findings in, 1334–1335, 1335f
vasoactive mediators in, 1339–1340

ECM. See Extracellular matrix
Eculizumab, MN therapy with, 1578
EDCF. See Endothelium-derived contracting

factors
Edema. See also Adjusted edema-free body weight;

Idiopathic edema
abdominal wall, PD and, 2635
ascites as, 2193–2194, 2194f
cerebral

DKA therapy complicated by, 2375–2376,
2376t

NKH therapy complicated by, 2375–2376,
2376t

formation, mechanisms of, 2159–2160, 2160t
genital, PD and, 2635
primary, 2193
proteinuria and formation of, 1591–1594, 1591f

ANP and, 1593
antidiuretic hormone secretion and, 1593
fluid and electrolyte metabolism in, 1594
GFR in, physical and anatomic factors

affecting, 1593–1594
hormonal mechanisms in, 1592–1593
hormonal regulators of fluid and electrolyte

balance in, 1593
PG metabolism and, 1593
RAAS in, 1593

secondary, 2193–2194, 2194f
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sodium balance, hypertension and, with COX-2
inhibitors, 1090

EDLS. See Endogenous digitalis-like substrate
EDRF. See Endothelium-derived relaxing factors
Effective filtration pressure (EFP), 63

afferent/efferent arteriolar resistance effects on,
67–68, 67f

Effective renal plasma flow (ERPF), 348–349
Efferent arterioles, 31, 31f, 56–57. See also Vasa

recta
resistance, GFR, GPF, FF, EFP and effects of,

67–68, 67f
EFP. See Effective filtration pressure
EGF. See Epidermal growth factor
EGFR inhibitors

RCC treatment with, 752–753
small molecule, 752–753

EGH. See Epidermal growth hormone
Eicosanoids, 260, 260f

cirrhosis and, 2191
Elderly

ADPKD, 522
ARF in, 2106–2110, 2108f, 2109f
CRF in, 2112–2113, 2113f
glomerulonephritis in

acute, 2111
chronic, 2111–2112, 2111t

nephrotic syndrome in, 2111–2112, 2111t
renal cysts in, 2113
renal diseases in, 2106–2113
renal vascular disease in, 2110–2111
UTIs in, 2113

Electrolytes
aging kidney and changes in, 2103–2106
ARF and disorders of, 1011
balance, edema formation and hormonal

regulators of, 1593
disorders, 2121–2376

cancer and associated, 1069
diabetes mellitus complicated by, 2353–2376
renal transplantation complications and,

2598–2599
excretion

CCD diuretic, 2139–2140
distal convoluted tubule diuretic, 2133–2134

hypertension, malignant and abnormalities of,
1381–1382

loop diuretics and excretion of, 2129, 2129f
metabolism, edema formation and, 1594
osmotic diuretics and urinary excretion of, 2123
paracellular transport, 37
pediatric, 2061–2062

requirements of, 2057–2058
plasma, pediatric, 2061–2062
proximal tubule diuretics and urinary excretion

of, 2125
requirements, pediatric, 2058
transport, modulation of tubule water and, 234
urine, pediatric, 2061–2062

Electromyography, 613
Electron microscopy

IgA nephropathy pathology with, 1539–1540
MC findings with, 1778, 1779f
MIDD, 1972, 1972f
MN, 1572–1573, 1573f
MPGN

type I findings with, 1552–1553, 1552f, 1553f
type II findings with, 1555, 1555f

renal biopsy histologic evaluation, 433–434,
435f–437f

Elixir Sulfanilamide, 1198
ElonginC, elonginB (VCB) complex, 745–748
EMT. See Epithelial-mesenchymal transition
Emtricitabine, HBV-associated MN treatment

with, 1485
Enalapril

ADPKD treated with, 523
cardiac failure treatment with, 2173
hypertension in diabetes treatment with, 1355
microalbuminuria treatment with, 1356
renovascular hypertension treatment with, 1313
systemic hypertension effect on renal function

and, 1252
Encephalopathy

chronic dialysis dependent, 2467–2468
hypertensive, 1399–1402

clinical presentation, 1400
etiologies, 1400–1401, 1400t
pathogenesis, 1401, 1401f
treatment, 1401–1402

uremic, 2460–2461
diagnosis of, 2461

Endarteritis, proliferative, 1391
Endemic diseases, tubulointerstitial nephropathies

and, 1879–1880
Endemic mycoses, 901–904

blastomycosis, 903–904
coccidioidomycosis, 904
histoplasmosis, 901–903

Endocrine disorders
ARF and, 1008
in CKD, 2515–2525
hypertension associated with, 1361–1368

Endogenous digitalis-like substrate (EDLS),
1247–1248

Endoplasmic reticulum, nephrotoxic cell injury
and, 975

Endothelial cells. See also Leukocyte-endothelial
adhesion

damage
acute cortical necrosis and, 1723
HUS and, 1723
TTP and, 1723

functions, 61–62
glomerular, 9–10
selectins and their ligands establish contact

between leukocytes and, 1443–1444, 1443f
smooth muscle interactions with, 61
SS, 1702

Endothelial dysfunction, CKD and, 2389–2390
Endothelin (ET), 265–268

antagonists, ARF prevention and, 1017
vasoactive factor, 76–77
biochemistry, synthesis, and receptor biology,

265–266
biologic effects of, in kidney, 266–267
cirrhosis and, 2192
CKD and, 1246–1247, 2390
in heart failure, 2169
in kidney disease, pathophysiologic significance

of, 267–268
Endothelin-converting enzyme (ECE), 76
Endothelin-receptor antagonists, CIN prevention

and, 1114
Endothelium, 8–10

anatomy, 6f, 8–9, 9f
damaged

acute cortical necrosis and pathophysiology
of, 1729–1730

HUS and pathophysiology of, 1729–1730
TTP and pathophysiology of, 1729–1730

fenestrated regions, 8–9, 9f
Endothelium-derived contracting factors

(EDCF), 61
Endothelium-derived relaxing factors

(EDRF), 61
hypertension, malignant and role of, 1391

Endotoxins, HUS and, 1726
End-stage renal disease (ESRD), 1300–1301

ADPKD, risk factors and treatment strategies
for, 522–524

bladder dysfunction and, 620–621, 624f
diabetic nephropathy, 1895–1896

therapy for, 1900–1903, 1901f
FSGS and, 1618–1619

incidence of, 1619, 1619f
HCV and, 1492
hemodialysis for, maintenance, 1902–1903
kidney transplantation, 1903–1904
lupus nephritis in, 1696
management, 2539–2802
neurologic complications of, and it’s therapy,

2467
pancreas transplantation in, 1904–1905
PD for, 1903
pediatric, 2076–2082

dialysis for, 2080
psychosocial considerations for, 2079–2080
renal transplantation for, 2080–2082

posttransplantation management for, 1904
proteinuria and, 1638
racial differences in, 1253–1254

renal replacement therapy, options for,
1901–1902, 1901f

therapy, mode and quantity
as LVH risk factor, 2490–2491
as systolic dysfunction risk factor, 2490–2491

in Tropical countries, 2041–2045
clinical patterns of, 2042–2043
concomitant disorders and, 2042
dialysis and, 2043–2044
endemic infections/infestations and, 2042
epidemiology of, 2041
inadequate management of, 2043
incidence of, 2041, 2042f
late diagnosis of, 2043
malignancies and, 2043
malnutrition and, 2042–2043
prevalence of, 2041, 2041f
primary disease and, manifestations of, 2042
renal transplantation and, 2044–2045
socioeconomic impact of, 2045

Energy
ARF and, 2725
ARF nutritional therapy and intake of,

2743–2745, 2744t
CRF and, 2725

Entecavil, HBV-associated MN treatment with,
1485

Environmental agents
nephrotoxicity, Balkan nephropathy and, 1157
nephrotoxicity secondary to, 1146–1157

mercury and, 1153–1155
solvents and, 1155–1157
urinary biomarkers and, 1146–1147, 1147t

Environmental pollution, Tropical country,
2039–2041

dust as, 2040
effects on humans of, 2040
experimental background of, 2039–2040
food additives as, 2040
food contaminants as, 2040–2041
fumes as, 2040
smoke as, 2040
specific issues in, 2040–2041

Ephedrine, 1415
idiopathic edema management with, 2157

Epidermal growth factor (EGF)
CCD sodium absorption, control of and, 146
CKD and, 2391

Epidermal growth hormone (EGH), 2302
Epididymitis, 644–645

classification, 644, 644t
complications, 645
definitions, 644
diagnosis, 644–645
microbiology, 644
pathogenesis, 644
treatment, 645

Epidural anesthesia, preeclampsia/eclampsia
during pregnancy and treatment with, 1343

Epinephrine, 1415
cardiac failure treatment with, 2173

Epithelia, renal, 35–36
Epithelial cells

casts, renal tubular, 294
in crescent formation, 1520–1521
sodium channel, hypertension and, 1225
urinary, 292–293, 292f

Epithelial-mesenchymal transition (EMT), 1457,
1457f

Eplerenone
aldosteronism, primary treatment with, 1364
CCD diuretics and, 2142

EPO. See Erythropoietin
Epoetin

anemia transfusion therapy with, 2415–2416,
2415f

coagulation, effects and, 2417
cognition in, 2416–2417, 2416f
dialysis efficiency and, 2417
endocrine and, 2417
exercise tolerance and, 2417
kidney function protection and, 2417–2418
metabolic changes and, 2417
quality of life and cognitive functions in, 2416
rehabilitation and, 2417
results of, 2416–2419
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Epoetin (Contd.)
transfusion avoidance and, 2416

anemia treatment with newer, 2421–2422, 2422f
cardiovascular effects of, 2418
hemodynamic effects of, 2418
hypertension and, 2418–2419
hyporesponsiveness, 2422
immune/granulocyte function of, 2419
intraperitoneal

anemia treatment and, 2422
LVH and therapy with, 2419
survival and hospitalization effects of, 2419

Epstein-Barr virus (EBV) infection
renal diseases and, 1501
after renal transplantation, 2589–2590
SLE and, 1677

Erlotinib
bevacizumab, 753
RCC treatment with, 752

Erythrocyte survival, anemia in renal disease and
shortened, 2411–2412, 2411f

Erythromycin, 640
absorption, 2766
ATIN induced by, 1171
autonomic nephropathy treatment with, 1900
prostatic carcinoma treatment with, 797

Erythropoiesis
anemia in renal disease and inhibition of,

2412–2413, 2413f
control system, integration of, 2409–2410,

2409f
historical perspective of, 2406–2407
normal, 2407–2409, 2407f
physiology of, 2406–2410

Erythropoietin (EPO), 270
anemia in renal disease and adverse effects of

recombinant human therapy with,
2419–2420

blood levels, 2409
CKD and, 1248
historical perspective of, 2406–2407
physiology of, 2406–2410
production, inadequate, 2411, 2411f
recombinant human therapy with

aplasia, pure red cell and, 2420
side effects of, 2419–2420

sickle cell disease and, 2006
Escherichia coli (E. coli), uropathogenic, 816–822

adhesins and, 817
adhesins with less established roles in UTIs and,

820–822
P fimbriae and, 818–820, 819f, 819t
pathogenicity associated islands and, 817
type 1 fimbriae and, 817–818

Esmolol
acute aortic dissection treatment with, 1410
pheochromocytoma treatment with, 1414

ESRD. See End-stage renal disease
Estramustine combinations, prostatic carcinoma

treatment with, 797–798, 798, 798t
Estriol, pregnancy and changes in, 1329–1330
Estrogen

in CKD, 2516–2517
idiopathic edema and, 2153

ET-1, pregnancy and changes in, 1330
Ethambutol

ATIN induced by, 1171
dialytic clearance and, 2779
urinary tract tuberculosis treatment with, 922

Ethanol
ethylene glycol toxicity and, 1201–1202
lactic acidosis caused by, 2368

Ethylene glycol
lactic acidosis caused by, 2368
metabolism, 1198–1200, 1199f
toxicity, 1198–1200

clinical course/treatment, 1201–1202
clinical/laboratory manifestations, 1200–1201
diagnosis, 1201, 1201t

Etoposide, 772
GCT management with, 808, 811

Etoposide plus cisplatin, GCT management with,
808, 810

Everolimus
allograft rejection and, 2545
renal transplantation therapy with, 2574

Exercise-associated hyponatremia (EAH)
etiology of, 2232
pathophysiology of, 2233–2234

Exogenous filtration markers, GFR measurement
with, 313–314, 313f

Experimental renal damage, dietary protein and
progression of, 2676–2680, 2676t

hemodynamic mechanisms of, 2676–2677
hemodynamics, intrarenal and, 2677–2678
inflammatory and scarring factors in, 2679
lipid and mineral metabolism in, 2680
metabolic effects of, 2680

Extracellular fluid (ECF) volume
CKD and, 2382–2383
regulation, 2303

hyponatremia adaptation and, 2217–2218,
2217f, 2219f

hyponatremia and, 2218–2220
hypoosmolality and, 2218–2220

Extracellular matrix (ECM)
accumulation

growth factors and, 704
modulation of tissue inhibitors of

metalloproteinases/matrix
metalloproteinases and, 704

obstructive nephropathy and factors leading
to, 704–705

leukocyte migration through, 1444–1445
Extraglomerular mesangium, 29f, 30
Extrapyramidal, renal failure therapy with, 2798
Ezetimibe, MN therapy with, 1576

F1C fimbriae, 817–818, 820
Fabry disease, 553–558

animal models and directions for future research
of, 558

clinical features and course of, 554–555
extrarenal manifestations as, 554, 556f
renal manifestations as, 554–555, 557f

diagnosis, 555–556
prenatal, 556

epidemiology, 553
genetic counseling of, implication of new

knowledge for, 556–557
genetics, 553–554
pathogenesis, 554
pathology, 554

kidney, 554, 555f, 556f
nonrenal tissues, 554

renal transplantation patient selection and, 2557
treatment, 557–558
variants and diseases related to, 558

Facilitated diffusion, membrane transport and, 125
Factor H deficiency, HUS associated with,

1734–1735
Famciclovir, PAN treatment with, 1768
Familial Juvenile Hyperuricemic Nephropathy

(FJHN), 1992–1993
treatment of, 1993

Familial Mediterranean fever (FMF), 1967, 1968t
Familial tumoral calcinosis (FTC), 2313
Fanconi’s syndrome (FS), 576–581, 1951–1955

clinical presentation of, 1952, 1953t
exogenous agents, 580–581
experimental models of, 577–578
idiopathic, 580
other causes, 581
outcome, 1954–1955
pathologic data of, 1952–1954, 1953f, 1954f
pathophysiologic mechanisms as, 576–577
pathophysiology of plasma cell

dyscrasia-associated, 1951–1952, 1952f
signs and symptoms of, 578
specific diseases associated with, 578–581

acquired forms of, 580–581
inherited forms of, 578–580

treatment, 1954–1955
FAT, 5–6
Fatty acids

metabolism, 210–211, 211f
Na+ transport, tubular energized by, 212
nephron distribution of, 211–212
as renal fuel, 210–212
transport, 210–211, 211f

Fatty casts, 294
5FC. See 5-fluorocytosine

Fcγ receptors, SL renal damage and, 1679–1680
Felodipine

cardiovascular disease treatment with, 1357
CKD, hypertensive treatment with, 1259

Females
AQP2 regulation by sex hormone of, 116
bladder neck obstruction in, 616–617
CKD in, 2516–2517

Fenoldopam
ARF prevention with, 1015
CIN prevention and, 1114
hypertension treatment with

malignant, 1393, 1394
hypertensive crises treatment with, 1420–1421

adverse effects, 1421
dosage/administration, 1421
pharmacology/pharmacokinetics, 1420–1421

spinal cord injury treatment with, 1416
Fenoprofen, papillary necrosis associated with,

1709
Fetus, renal disease in, 2062–2065

ARF as, 2064
congenital hydronephrosis as, 2063–2064
renal artery thrombosis as, 2064–2065
renal dysplasia as, 2063
renal venous thrombosis as, 2065
structural abnormalities and, 2062–2063

FF. See Filtration fraction
FGF23. See Fibroblast growth factor 23
Fiber

ARF dietary considerations and, 2735
CRF dietary considerations and, 2735
renal transplantation dietary considerations and,

2735
Fibric acid derivates, MN therapy with, 1576
Fibrin deposition, in crescent formation,

1523–1524
Fibrinoid necrosis, malignant hypertension and

role of, 1391
Fibrinolysis, hemostasis disorders and, 1599
Fibroblast growth factor 23 (FGF23), 260
Fibroblasts

in crescent formation, 1524
inflammatory response and

proliferation/activation of, 1456–1457
SS, 1702–1703

Fibrogenesis, renal disease and significance of,
1454

Fibromuscular dysplasia (FMD), 402–404,
403f–404f

Fibronectin glomerulopathy, 553
Fibrosis

inflammatory response and reversibility of, 1458
interstitial, RPGN and, 1527
renal disease and significance of, 1453–1454

Fibrous dysplasia (FD), 2306
Filamentous fungi, fungal UTIs caused by,

899–901
Filariasis, 2033–2034, 2034f

renal involvement in, 2034
Filtration fraction (FF)

afferent/efferent arteriolar resistance effects on,
67–68, 67f

cardiac failure and, 2164–2165
Filtration pressure equilibrium, 63, 64f
Filtration-slit membrane, 5, 8f, 10f
Finasteride, 641
Fine-needle aspiration biopsy (FNAB), 2578–2579
FJHN. See Familial Juvenile Hyperuricemic

Nephropathy
FK506. See Tacrolimus
FK778, allograft rejection and, 2546
Fleet Phospho-soda, hypophosphatemia treatment

with, 2311
Floctafenin, ATIN and, 1174
Floxuridine, 770
Fluconazole

coccidioidomycosis treatment with, 904
cryptococcosis treatment with, 907
peritonitis treatment with, 2633
prostatic carcinoma treatment with, 797
UTIs, fungal treated with, 898, 899

Flucytosine, peritonitis treatment with, 2633
Fluids

balance of, edema formation and hormonal
regulators of, 1593
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disorders of, cancer and associated, 1069
management of, nephrotic syndrome treatment

with, 1600–1601
metabolism of, edema formation and, 1594
reabsorption of, hemodynamics in peritubular

capillaries and role in, 65–66
requirements of, pediatric, 2057–2058
retention of, cardiac failure and mechanisms of,

2160–2171
volumes of, during pregnancy, 1920

5-Fluorocytosine (5FC), 907
Fluoroquinolones, 640, 643

cystitis management with, 838, 839
obstructive uropathy treatment with, 881
pyelonephritis, acute treatment with, 860, 861
urethritis/cystitis management with, 840
urinary tract tuberculosis treatment with, 922
UTI treatment with, 863

impaired renal function and, 864
Fluorouracil, 770
5-Fluorouracil (5FU)

RCC treatment with, 751
renal diseases induced by, 1074

Fluoxymesterone, anemia transfusion therapy
with, 2415

Flurithromycin, ATIN induced by, 1171
Flutamide, prostatic carcinoma treatment with,

795
FMD. See Fibromuscular dysplasia
FMF. See Familial Mediterranean fever
FNAB. See Fine-needle aspiration biopsy
Focal bacterial nephritis, 375, 375f
Focal proliferative, 1681, 1683f, 1684f
Focal reflux nephropathy, 353–354, 353f
Focal segmental glomerulosclerosis (FSGS),

1121–1122, 1585, 1618–1652, 1822–1825
cellular lesion, 1620, 1621t, 1622f
cellular variant, 1631–1632
clinical course, 1648, 1648f, 1650t, 1651t
clinical picture of, 1823–1825

long-term outcome with treatment of, 1824,
1824t

short-term behavior with treatment of,
1823–1824, 1823t

collapsing variant, 1620, 1621t, 1622f
Columbia classification for, 1620–1622, 1621t,

1622f
disease mechanisms of, 1623–1630

animal models for, 1623–1624, 1623t–1625t
cellular injury and response in, 1627–1629,

1628t
cytokines and other mediators in, 1629–1630,

1629f, 1630f
glomerular adaptation and, 1624–1627
glomerular overload and, 1626–1627
glomerulomegaly and, 1626
podocyte depletion hypothesis and, 1627
segmental sclerosis, evolution, 1627

disorders related to, 1623
DMS and, 1623
epidemiology of, 1618–1619
ESRD and, 1618–1619

incidence of, 1619, 1619f
genetics of, 1635–1640, 1636t

ACTN4 and, 1639
CD2AP and, 1639
mitochondrial proteins in, 1639–1640
NPHS2 and, 1637, 1637f
oligomeganephronia and, 1640
susceptibility genes and, 1640, 1640t
TRPC6 and, 1639
WT1 and, 1637–1639, 1638f

in heroin abusers, intravenous, 1121–1123
epidemiology, 1122–1123
pathogenesis, 1123

histopathology of, 1619–1623
Columbia classification for, 1620–1622,

1621t, 1622f
variants in, 1620

hypertension and, 1633
incidence, 1618, 1619f
malignant, 1824–1825
medication-associated, 1634
not otherwise specified, 1620, 1621t, 1622f
other forms of, comparison with, 1122
outcome, 1648, 1648f, 1650t, 1651t

histologic patterns and pathologic markers in
relation to, 1825, 1825f

perihilar variant, 1620, 1621t, 1622f
permeability factor, 1649–1650
postadaptive, 1622–1623, 1632–1635, 1632t

C1q nephropathy and, 1633–1634
diagnosis of, 1622
hypertension and, 1633
obesity-associated, 1632–1633
reduced nephron mass and, 1632

presentation of, 1618–1619
proteinuria and, 1638
recurrent

prophylactic therapy to prevent, 1652
after renal transplantation, 1649–1652,

1650f, 1652t
therapy of, 1650–1651, 1652t

renal transplantation and, 1649–1652, 1650f,
1652t, 2558, 2558f

secondary, 1622
selected clinical variants of, 1630–1631

tip lesion as, 631
susceptibility genes of, 1640, 1640t
tip lesion, 631, 1620, 1621t, 1622f
treatment, 1641–1648

adult, 1642–1648
calcineurin inhibitor, 1641–1642, 1644–1645
conservative therapy for, 1647
cytotoxic therapy inhibitor, 1642, 1644–1645
glucorticoid, 1641, 1642–1644
immunosuppressive, 1645–1647, 1646f
MMF, 1645
novel therapies for, 1648, 1649t
other therapies for, 1647
pediatric, 1641–1642, 1641t

Focal segmental sclerosis, 2032–2033, 2032f, 2033f
Follicle-stimulating hormone (FSH), in CKD

female, 2516
male, 2515–2516

Fomepizole, ethylene glycol toxicity and, 1202
Food additives, 2040
Food contaminants, 2040–2041
Foscarnet

ATIN and, 1174
renal failure related to, 1044

Fosinopril
cardiovascular disease treatment with, 1357
HIVAN treatment with, 1494

Fractures of long bones, chronic hemodialysis and
pathologic, 2665

Frasier syndrome, 1638
Fructosuria, essential, 572
FS. See Fanconi’s syndrome
FSGS. See Focal segmental glomerulosclerosis
FSH. See Follicle-stimulating hormone
FTC. See Familial tumoral calcinosis
FTY20, renal transplantation therapy with, 2575
FTY720, renal allograft rejection and, 2546
5FU. See 5-fluorouracil
Fungal casts, 294–295
Fungal infections, 375

after renal transplantation, 2592, 2592f
Fungal toxins, 2020
Furosemide

ARF prevention with, 1016
CIN prevention and, 1115
distinct cell types and, 41–42
HCV-associated glomerulonephritis treatment

with, 1491–1492
hypermagnesemia treatment with, 2340
hypertension treatment with, 1421

malignant, 1394
pediatric, 2074

nephrotic syndrome treatment with, 1600–1601
sodium/water retention in nephrotic syndrome

therapy with, 2211
uric acid nephropathy and, 1198

G proteins
action of, general mechanism of, 58
receptors, 59, 60f

Galactosemia, 579
Gastrointestinal hormones, abnormalities in, 2524
Gatifloxacin, impaired renal function and UTI

treatment with, 864
GBM. See also Glomerular basement membrane

GC. See Gemcitabine plus cisplatin
GCKD. See Glomerulocystic kidney disease
GCT. See Gemcitabine, cisplatin plus paclitaxel
GCTs. See Germ cell tumors
GDH. See Glutamate dehydrogenase
Geftinib, RCC treatment with, 752
Gemcitabine. See also Doxorubicin and

gemcitabine
bladder cancer treatment with, 779
fluorouracil and, 770
RCC treatment with, 751

Gemcitabine, cisplatin plus paclitaxel (GCT), 783
Gemcitabine plus cisplatin (GC), 782
Gender. See also Females; Males

CKD and, 2392–2393
GFR and, 300–301
hypertension, malignant and, 1375
as LVH risk factor, 2489
as systolic dysfunction risk factor, 2489
VUR prevalence and, 654–655

Genetic renal disease, 451t–457t
clinical implications and future directions for,

470–473, 471f, 472f
functional analyses, 465–466

identification of interacting partners and, 466
gene, defining expression pattern of and its

protein product, 463–465, 464f, 465f
gene identification for, 450–460, 458t, 460f
introduction to, 450–473
model systems, 466–470

cell culture systems as, 466–467
mouse models as, 467–468, 468f
nonvertebrate organisms, use of as models for,

468–470, 470f
mutation analysis and molecular mechanism of,

461–463, 462f, 463f
postcloning phase of gene discovery in, 460–461

Genitourinary tract
blastomycosis and involvement of, 903
coccidioidomycosis and involvement of, 904
cryptococcosis and involvement of, 907
histoplasmosis diagnosis and, 902–903
micturition, disorders of and local anatomy of

lower, 605–606, 606f
neoplasms of, 743–811
urologic diseases of, 593–737

Gentamicin
ATIN induced by, 1171
perinephric abscess treatment with, 879
pyelonephritis, acute treatment with, 861

Germ cell tumors (GCTs), 803
management of low-stage, 807–808

nonseminoma, 808
seminoma, 807–808

management of relapse after chemotherapy,
810–811

metastatic disease, advanced, 808–810, 809t
postchemotherapy surgery, 810

Germanium, nephrotoxicity, 1157
GFR. See Glomerular filtration rate
GH. See Growth hormones
Giant cell arteritis, 1748–1749, 1769–1770

laboratory findings, 1769
pathogenesis, 1769
relapses, 1770
renal involvement in, 1769
treatment of, 1769–1770

Gitelman syndrome, 586, 2340
Glafenin, ATIN and, 1174
Glomerular adaptation

FSGS and, 1624–1627
glomerulopathy, collapsing and, 1624–1627

Glomerular basement membrane (GBM)
anatomy, 4, 6f, 7f, 8f, 10, 10f
glomerular deposition of anti-GBM antibody,

1515–1516
GN and, 1547
nephritis, anti-GBM, 1839–1841, 1841t
proteinuria and alteration of, 1448
proteoglycans, 10

Glomerular capillaries, 31
Glomerular disease, 5

HBV-associated
incidence/prevalence of, 1485

long-term outcome of, 1811–1850, 1812f,
1814f–1815f
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Glomerular disease (Contd.)
actuarial life table and, 1812
Cox method of proportional hazard and, 1812
minimal change lesions and, 1818–1822
nephrotic syndrome prognosis and,

1813–1818
prognosis of individual histologic groups and,

1818–1828
NSAIDs nephrotoxicity and, 1088, 1088t
pattern of, 1847–1848, 1848f
in Tropics, 2013–2014

Glomerular dynamics
filtration coefficient regulation and control of, 68
filtration/reabsorption, quantitative analysis of,

66–68
Glomerular filtration

barrier, 11–12
components of, 11
proteinuria resulting from damage to, 1448

calcium in, 2322
coefficient, glomerular dynamics controlled by

regulation of, 68
determinants and measurement for, 299–303
ischemic acute renal injury and, 932–933
normal, 299

Glomerular filtration rate (GFR), 62–64
afferent/efferent arteriolar resistance effects on,

67–68, 67f
age and, 300–301
in aging kidney, 2095–2097, 2096f, 2096t,

2097f
autoregulation of single nephron, 70–71, 70f,

71f
body size and, 300–301
cardiac failure and, 2163–2164
CKD and, 2672–2675

cystatin C concentration and estimation of,
2674–2675

estimation of, 2674–2675
estimation of, from other substances, 2675

creatinine as marker of, 303–310
assumptions for, 303–304, 303f, 304t

cystatin C as marker for, 312
determinants of, 299, 300f
diabetic nephropathy, proteinuria and, 1895,

1895t
dietary intakes in renal failure and, 2722
dynamics, quantitative analysis of, 66–68
edema formation and, 1593–1594
gender and, 300–301
increased, kidney in pregnancy and, 1914
inulin clearance as measure of, 302–303
kidney in pregnancy and, 1911, 1914
measurement, 302–303

alternative exogenous filtration markers and
clearance methods for, 312–314

exogenous filtration markers for, 313–314,
313f

modulation, 234, 235f
normal range/variability of, 299–302, 300f

age, gender, body size and, 300–301
antihypertensive therapy and, 301–302
diurnal variation and, 301
pregnancy and, 301
protein intake and, 301

nuclear medicine measurement of, 348
plasma flow, influence on, 63–64, 64f, 66–67,

67f
plasma solute concentrations and relationship

to, 302
predicting, from serum creatinine, 308–310,

308t, 310t
pregnancy and, 301, 1911, 1914
protein intake and, 301
RBF and, magnitude of, 54–55
regulating, mechanisms, 66–67, 67f
sodium excretion, urinary and, 1221–1222
urea as marker for, 310–312, 311t
urinary clearance and, 302
urinary tract obstruction and, 693–700, 693f,

694t
Glomerular functions, sequence organization of,

1447
Glomerular hemodynamics, RBF and, 54–89

contractile process and, characteristics of,
55–62, 56f

Glomerular hypertrophy, CKD and, 2385–2386
Glomerular immune complex deposition,

1516–1517
Glomerular immune deposits, minimal or absent,

1517
Glomerular injury. See also Immune mediated

glomerular injury
deposition of immunoglobulins and, 1450
IC-mediated, 1450–1453
immune, general mechanisms of, 1450
in kidney disease, 1447
podocytes in, 1447

Glomerular lesions
dysproteinemia-associated, 1976–1979
RA-related, 1708–1709
tubular lesions and, 1975–1976

Glomerular lipid deposition, CKD and, 2393
Glomerular overload, 1624–1627

FSGS and, 1626–1627
glomerulopathy, collapsing and, 1626–1627

Glomerular permeability, CKD and, 2381–2382
Glomerular plasma flow (GPF), 67–68, 67f
Glomerular receptors, 60
Glomerular sclerosis, in pregnancy, 1929
Glomerular stalk, 4
Glomerular tip lesion, 1630–1631

changes, 1631
FSGS, 1620, 1621, 1621t, 1622f
as FSGS variant, 1631
MCN histopathology and, 1607
as MCN variant, 1630–1631

Glomerular tuft, 4
changes in, RPGN and, 1527
folding pattern, 11
RPGN and, 1511–1512, 1515f, 1527

Glomerular vasculature, sequence arrangement of,
1447

Glomerulas
macromolecules and permeability of, 64–65
sieving coefficient, 64, 65f
UF, forces governing, 62–64, 62f

filtration pressure equilibrium and, 63, 64f
Glomeruli, SRC microscopic appearance and, 1706
Glomerulocystic kidney disease (GCKD), 529
Glomerulomegaly

FSGS and, 1626
glomerulopathy, collapsing and, 1626

Glomerulonephritis. See also Acute poststreptoccal
glomerulonephritis; Rapidly progressive
glomerulonephritis

acute, 1464, 1465t
in elderly, 2111

advanced sclerosing, 1684
in allografts of transplanted kidney, 2581–2583
bacterial infection-related, 1464–1474
chronic

in elderly, 2111–2112, 2111t
in pregnancy, 1928–1929

CMV infection and, 1499–1500
crescentic, 1752, 1753t
cryoglobulinemic, HCV and, 1782
diseases associated with, prognosis of,

1828–1849
activity/chronicity indices for, 1848, 1848t
causes of death in, 1846
histology, individual elements of, 1848–1849,

1848t
predictors of, 1846–1847
renal biopsy data and, 1847–1849, 1848f
SLE, 1844–1846

in elderly, 2111–2112, 2111t
exudative, 2032, 2032f
falciparum malaria and, 2027, 2027f
HBV-associated, 1480–1486, 1480f
HCV-associated, 1489–1492, 1490t

pathogenesis of, 1491
pathology of, 1490–1491
treatment of, 1491–1492

hepatitis-related, in drug abusers, 1128
in heroin abusers, endocarditis-associated,

1124–1125
clinical features, 1125
outcome, 1125
pathology, 1124–1125

HIV-associated, 1495
with intracapillary thrombi of Ig M, 1976

lupus, antibodies to double-strand DNA and
role in pathogenesis of, 1678–1679

mesangiocapillary, 2032–2033, 2032f, 2033f
methicillin-resistant staphylococcus-associated,

1473–1474
with nonamyloid organized monocyte deposits,

1976–1978
clinical manifestations of, 1976, 1977t
epidemiology of, 1976, 1977t
outcome of, 1978, 1978t
pathologic features of, 1976–1978, 1977f
treatment of, 1978, 1978t

pauciimmune necrotizing, pathogenesis of, 1760
pediatric, 2067–2068
postinfectious, 1834–1836

pediatric, 2067
in pregnancy, 1928–1929
renal transplantation and, 2558–2560
in Sjögren’s syndrome, 1713
as SLE complication, 1673
streptococcal, 1811
types, 1979
visceral sepsis-associated, 1473

Glomerulopathies
de novo, 2583
HBV-associated, 1483, 1483t
syphilitic, 1474
transplant, 2583

Glomerulopathies, collapsing, 1585–1653,
1618–1652

ACTN4 and, 1639
animal models for, 1623–1624, 1623t–1625t
CD2AP and, 1639
cellular injury and response in, 1627–1629,

1628t
clinical course of, 1648, 1648f, 1650t, 1651t
clinical variants of, 1630–1631
conservative therapy for, 1647
cytokines and other mediators in, 1629–1630,

1629f, 1630f
disease mechanisms of, 1623–1630
epidemiology, 1618–1619
FSGS and, 1639–1640

cellular variant of, 1631–1632
genetics, 1635–1640, 1636t
glomerular adaptation and, 1624–1627
glomerular overload and, 1626–1627
glomerulomegaly and, 1626
histopathology of, 1619–1623

variants in, 1620
idiopathic, 1634
medication-associated, 1634
mitochondrial proteins in, 1639–1640
NPHS2 and, 1637, 1637f
oligomeganephronia and, 1640
outcome, 1648, 1648f, 1650t, 1651t
pediatric, 1641–1642, 1641t
podocyte depletion hypothesis and, 1627
presentation, 1618–1619
segmental sclerosis, evolution, 1627
therapies for, 1647

immunosuppressive, 1645–1647, 1646f
novel therapies and, 1648, 1649t

treatment of, 1641–1648
adult, 1642–1648
calcineurin inhibitor, 1641–1642, 1644–1645
cytotoxic therapy inhibitor, 1642, 1644–1645
glucorticoid, 1641, 1642–1644
MMF, 1645
pediatric, 1641–1642, 1641t

TRPC6 and, 1639
WT1 and, 1637–1639, 1638f

Glomerulosclerosis, 2394–2396, 2395f
in aging kidney, 2089–2093, 2091f
focal segmental, 1585–1653
mediators and modifiers of, in aging kidney,

2089–2093, 2091f
renal biopsy clinicopathologic correlations and,

440
Glomerulotubular balance (GTB), 132, 2380

proximal tubule sodium reabsorption, control of
and, 132

Glomerulus, 4–5
K handling by, 162
parts, 5
tissue injury and repair in, 1447–1458



P1: OSO

GRBT133-IND Schrier-2611G GRBT133-Schrier-v5.cls September 23, 2006 11:54

Subject Index I-19

Glucagon, diabetes mellitus and, 2353
Glucocorticoids

deficiency, adrenal insufficiency and,
2228–2229, 2229f

FSGS treatment with
adult, 1642–1644, 1643t
pediatric, 1641, 1641t

glomerulopathy, collapsing treatment with
adult, 1642–1644, 1643t
pediatric, 1641, 1641t

hypertensive crises and, 1417
MCN treatment with, 1614
renal actions of, 248–249

Glucocorticosteroids, allograft rejection and,
2544

Gluconeogenesis, 203
Glucose

formation, renal, 203–204, 203f
homeostasis of, diabetes mellitus and,

2354–2355, 2355f, 2356t
kidney in pregnancy and, 1914–1915
metabolism, renal, 201–202, 202f
pregnancy and changes in tolerance of, 1330
urinary, 288

Glucose-galactose malabsorption, 571–572
Glucosuria

in infancy, 572
of pregnancy, 572
renal, primary, 570–571, 572f

Glue and solvent“sniffers,” nephropathy in,
1127–1128

Glutamate dehydrogenase (GDH), 209
Glutamate, transport across mitochondrial

membrane of, 206–207, 207f
Glutamine

as ammonium synthesis, renal source, 206
metabolism, 206
transport across mitochondrial membrane of,

207
Glycemic control, ARF prevention and, 1018
Glycine

as cellular defense against nephrotoxic cell
injury, 977–978

ischemic acute renal injury and, 942–943
Glycogenosis, 579
Glycolysis and glucose oxidation, 202
Glycosylation end products, advanced, 2092,

2094f
GN. See Mesangiocapillary glomerulonephritis
Goiter, 2518–2519
Gold therapy

renal lesions associated with, 1709–1710
Takayasu’s/giant cell arteritis treatment with,

1770
Gout

kidney and, 1986–1994
renal disease, primary and role of, 1993
renal disease secondary to primary, 1989–1992

GPF. See Glomerular plasma flow
Granular casts, 293–294
Granular cells, 29, 30f, 31f
Granulomatous diseases, tubulointerstitial

nephropathies and, 1879
Griseofulvin, ATIN and, 1174
Growth factors. See also specific growth factors

ARF treatment/prevention with, 1016
CKD and, 2390–2392
obstructive nephropathy, extracellular matrix

accumulation and, 704
Growth hormones (GH), 2301
GTB. See Glomerulotubular balance
GTP. See Guanosine triphosphate
Guanabenz, hypertension treatment with, 1415
Guanethidine, 1312
Guanidine compounds, 2468
Guanosine triphosphate (GTP), 43
Guanylin, 247–248

H2-receptor antagonists, renal organic ion
transport and, 227

Hamartomas, TSC and, 527–528
Hantavirus infection, 2019

ATIN and, 1168
kidney and, 1500–1501

Hartnup disease, 574–575
HAV. See Hepatitis A virus

HBsAG, renal transplantation and screening for,
2561

HBV. See Hepatitis B virus
HC. See Heavy-chain
HCDD. See Heavy-chain deposition disease
hCG hormone treatment, 595
HCO−

3 delivery, luminal, 191
HCV. See Hepatitis C virus
HDD. See High-dose dexamethasone
Hearing loss

Alport Syndrome and sensorineural, 547–548,
548f

Alport Syndrome conditions linked with, 551
hereditary interstitial nephritis with, 551
sensorineural, 547–548, 548f
x-linked progressive, 551

Heart failure, acute hypertensive, 1402–1404,
1403f

Heat shock proteins, ischemic acute renal injury
and, 943

Heavy metals, nephrotoxicity secondary to,
1146–1157

cadmium nephropathy and, 1151–1153
lead nephropathy and, 1147–1151
mercury and, 1153–1155
urinary biomarkers and, 1146–1147, 1147t

Heavy-chain (HC), 1941
Heavy-chain deposition disease (HCDD), 1941,

1969–1970, 1970t
HELLP syndrome. See Hemolysis, elevate liver

enzymes and low platelet count syndrome
Hematopoietic disorders, tubulointerstitial

nephropathy and, 1876–1877
Hematopoietic stem cell transplantation (HSCT),

1695
Hematuria

asymptomatic, IgA nephropathy and, 1537
IgA nephropathy and, 1536–1537
macroscopic, IgA nephropathy and, 1536–1537
as MSK clinical feature, 493
pediatric, 2067, 2067t
with or without proteinuria, renal biopsy for,

422–423
sickle cell disease and, 2007–2008
small-vessel vasculitis and, 1756

Heme oxygenase, as vasoactive factor, 77
Heme pigments, ARF resulting from, 1184–1193
Hemodialysis, 2649t. See also Maintenance

hemodialysis
center, home v., 2648–2649, 2650t
chronic

acquired cystic renal disease and, 2665–2666
amyloidosis and, 2664–2665
anemia and, 2661
bleeding diathesis and, 2661
calciphylaxis and, 2664
cardiovascular disease and, 2657–2658
center, 2648–2668
complications of, 2648–2668, 2656–2668
coronary artery disease and, 2658
disease of bone, soft tissue and, 2661–2665
gastrointestinal complications of, 2666–2667
hematologic complications of, 2661
home, 2648–2668
hypertension and, 2657–2658, 2660
infection and, 2659–2660, 2659f
ischemic monomelic neuropathy and, 2660
machine-or technique-related complications

of, 2665
metastatic calcification and, 2664
neoplasia and, 2666
neurologic complications of, 2665
outcome of, 2648–2668
pericarditis, dialysis-associated and, 2658
psychosocial problems and, 2667–2668
radial steal syndrome and, 2660, 2660f
renal osteodystrophy and, 2661–2664
reproductive dysfunction and, 2667
sepsis and, 2661
stroke in patients treated with, 2473–2474,

2474f
thrombosis and, 2659–2660, 2659f
underdialysis and, 2656–2657, 2656t
undernutrition and, 2658–2659
vascular access complications and, 2659–2660
venous hypertension and, 2660

conventional, 2650
diabetic nephropathy, 1902–1903
epidemiology, 2648–2649, 2649t
equipment, 2649–2653, 2651f, 2652t
high-efficiency, 2650–2652
home, center v., 2648–2649, 2650t
hypertension in, management of, 1261–1262

antihypertensive drug therapy for, 1259t,
1262

daily/prolonged dialysis and, 1262
dry weight estimation/maintenance and,

1261–1262
minimizing interdialytic weight gain and,

1262
refractory, 1262

isolated ultrafiltration, 2650
nutrition and, 2513, 2514t

intravenous, 2747–2748
nutritional, 2748
outcome, 2655–2656, 2656t
in parallel, 2652
pregnancy and, 1933
rapid, 2650–2652
sequential, 2650
technique, 2649–2653, 2651f
urea kinetic modeling in, 2653–2655

Hemodynamics
CKD and, 1250–1251, 2381
falciparum malaria and, 2028
hypertension, systemic and, 2676–2677
intrarenal, experimental renal damage/dietary

protein progression and, 2677–2678
ischemic renal disease and probes of,

1301–1302, 1301f
mechanisms of, experimental renal

damage/dietary protein progression and,
2676–2677

osmotic diuretics and, 2124
peritubular capillary, and role in fluid

reabsorption, 65–66
pregnancy and physiologic changes in systemic

and renal, and water metabolism,
1326–1336

proximal tubule diuretic, 2127
renal

loop diuretics, 2131
pregnancy and changes in, 1326

renal adaptations/maladaptations of, 2381
sickle cell disease and, 2002
systemic

loop diuretics, 2131
pregnancy and changes in, 1326, 1327f–1328f

toxin poisoning and alterations in, 2014
tropical infection and alterations in, 2014

Hemoglobin
nephrotoxicity, 1187–1188
physiology and metabolism, 1193
urinary, 289

Hemoglobinuria
ARF and, 1186, 1192–1193

clinical/laboratory features of, 1193
prevention/treatment of, 1193

causes, 1192–1193, 1193t
Hemolysin, 820–821
Hemolysis, elevate liver enzymes and low platelet

count (HELLP) syndrome, 1735–1736
pregnancy and, 1335–1336

Hemolysis, iatrogenic, 2412
Hemolytic uremic syndrome (HUS), 1497,

1719–1740
ADAMTS13 activity, deficient role in, 1728
bone marrow transplant-associated, 1077–1078,

1077f
complement system, uncontrolled activation of

and, 1728–1729, 1729f
de novo, 1736
definition, 1719
drugs and, 1727
endothelium, pathophysiology of damaged and,

1729–1730
endotoxins and, 1726
factor H deficiency associated with

genetically determined, 1734–1735
immune-mediated, 1735

historical perspectives on, 1719
immune reactants and, 1726–1727
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Hemolytic uremic syndrome (HUS) (Contd.)
key syndromes, 1730–1738, 1730f
MCP-associated, 1735
nephropathy, chronic post-, 1737–1738
neuraminidase and, 1726
neuraminidase-associated, 1732
oxidative stress and, 1730
pathogenetic mechanisms, 1723–1730

endothelial damage and, 1723–1727
pathology, 1720–1722, 1721f–1724f
pediatric, 2069–2070
platelet activation, role of, 1727–1728
postpartum, 1736
prostacyclin bioavailability and, 1729–1730
recurrent, 1736–1737, 1738
renal lesion patterns in, 1721
renal transplantation and, 2558–2559
secondary to cancer and chemotherapy, 1078
shear stress and, 1730
shigatoxin and, 1723–1726, 1725f
Stx-associated

clinical features of, 1722
epidemiology of, 1722
prognosis of, 1722–1723
treatment of, 1722–1723

toxins and, 1723–1726
Hemoperitoneum, PD and, 2634–2635, 2634t
Hemostasis

hypertension in diabetes and, 1353–1354
proteinuria and disorders of, 1596–1599

clinical involvement in, extent of, 1596–1597
coagulation factors in, 1598
coagulation in, environmental factors

affecting, 1599
coagulation inhibitors in, 1598–1599
coagulation regulators in, 1597, 1597f, 1597t
fibrinolysis in, 1599
platelet aggregation in, 1597–1598

Henoch-Schönlein purpura (HSP), 1536–1544,
1543–1544

nephritis, 1843–1844, 1844ti, 1845t
pediatric, 2067–2068
renal transplantation and, 2559

Heparan sulfate proteoglycans (HSPG), 1446
Heparin

dialytic clearance and, 2779
MPGN treatment with, 1562
RPGN treatment with, 1529
RVT treatment with, 1805

Hepatic cirrhosis, 115–116
Hepatic receptors, cardiac failure and, 2162–2163
Hepatitis

glomerulonephritis related to, in drug abusers,
1128

after renal transplantation, 2590–2591
Hepatitis A virus (HAV), 2020
Hepatitis B virus (HBV), 2019–2020

cryoglobulinemia and, 1488–1489
glomerular disease associated with,

incidence/prevalence of, 1485
glomerulonephritis associated with, 1480–1486,

1480f, 1483, 1483t
MC and, 1780
MN, 1481–1484

treatment of, 1484–1486
PAN associated with, 1486–1488, 1486t, 1767

treatment of, 1487
renal diseases linked with, 1478, 1479t
after renal transplantation, 2590–2591, 2591
vasculitis associated with, 1488

Hepatitis C virus (HCV), 2020
antiviral therapy for

MC and, 1782–1783
cryoglobulinemic glomerulonephritis and, 1782
ESRD and, 1492
glomerulonephritis associated with, 1489–1492,

1490t
ESRD and, 1492
pathogenesis of, 1491
pathology of, 1490–1491
treatment of, 1491–1492

MC and, 1780, 1782–1783
treatment of, 1783–1784, 1783t

MPGN and, 1559
renal transplantation and screening for, 2561
RNA, 1489

Hepatocyte growth factor (HGF), 2391
Hepatorenal syndrome (HRS)

clinical findings of, 2185–2186, 2185f, 2185t,
2186t

definition, 2184
diagnosis, 2186–2187
laboratory findings of, 2185–2186, 2185f,

2185t, 2186t
pathogenic mechanisms of, 2184–2185
precipitating factors for, 2186
renal vasoconstriction and, 2184, 2184f

Herbal medications, tubulointerstitial nephropathy
induced by, 1873–1874

Hereditary diseases, 449–587
tubulointerstitial nephropathies and, 1879

Hereditary fructose intolerance, 579
Hereditary hypophosphatemic rickets with

hypercalciuria (HHRH), 2306–2307
Hereditary leiomyomatous RCC (HLRCC),

764–765
Hereditary papillary RCC (HPRCC), 764
Hernias, PD and, 2635
Heroin abuse

amyloidosis in subcutaneous, 1123–1124
pathogenesis, 1123

FSGS associated with, 1121–1122, 1122t
FSGS in intravenous, 1121–1123
glomerulonephritis in, endocarditis-associated,

1124–1125
clinical features, 1125
outcomes, 1125
pathology, 1124–1125

interstitial granulomatous reactions in, 1879
nephrotoxicity, 1121

Herpes simplex virus (HSV), 2589
Hexosurias

fructosuria, essential as, 572
glucose-galactose malabsorption as, 571–572
glucosuria in infancy as, 572
glucosuria of pregnancy as, 572
primary renal glucosuria as, 570–571, 572f

HGF. See Hepatocyte growth factor
H+-HCO−

3 transport, mechanisms of renal tubular,
187–191

active acid extruders and, 187–188
base extruders and, 188, 188t
transporter mechanisms along nephron and,

188–191
HHRH. See Hereditary hypophosphatemic rickets

with hypercalciuria
High-dose dexamethasone (HDD), 1965
Histamine, 84
Histologic evaluation, renal biopsy, 425–436,

425f
electron microscopy and, 433–434, 435f–437f
immunohistology and, 434–436, 438f
light microscopy and, 427–433, 428f–433f

Histoplasmosis, 2021
clinical manifestations, 901–902
diagnosis, 902–903

genitourinary tract involvement and, 902–903
epidemiology, 901
pathogenesis, 901
progressive disseminated, 902
treatment, 903

HIV. See Human immunodeficiency virus
HIVAN. See HIV-associated nephropathy
HIV-associated immune complex disease

(HIVICD), 1492, 1492t
pathogenesis of, mechanistic possibilities in,

1498–1499
HIV-associated nephropathy (HIVAN), 1492

classic, 1493–1495
clinical features of, 1493
epidemiology, 1493
pathogenesis, 1493–1494
pathology, 1493
prognosis, 1494–1495
treatment, 1494–1495

HIVICD. See HIV-associated immune complex
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renal transplantation and, 2547–2549,
2548f, 2584

crossmatch in, 2548–2549
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HMG-CoA. See 3-hydroxy-3-methylglutaryl

coenzyme A
Homeostasis, 1986–1988
Homocysteine

as ischemic heart disease risk factor, 2486–2487
vascular disease risk factor treatment and,

2726–2727
Hormones

kidney and, 234–271
nephron function modulated by, 234
renal degradation of, 271
sickle cell disease and renal, 2006–2007

Host defense mechanisms, 816–826
acute renal damage and, 826
cell-mediated immunity in, 825–826
genetic factors in, 826
host in, 822–826
humoral immunity in, 825
immune responses, 824–826
inflammatory responses, 824–826
innate immunity in, 824–825

Host-pathogen interactions, 816–826
genetic factors in, 826
host in, 822–826

HPRCC. See Hereditary papillary RCC
HRS. See Hepatorenal syndrome
HSCT. See Hematopoietic stem cell transplantation
HSP. See Henoch-Schönlein purpura
HSPG. See Heparan sulfate proteoglycans
HSV. See Herpes simplex virus
Human immunodeficiency virus (HIV). See also
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as ARF clinical setting, 996, 996t
glomerulonephritis associated with, 1495
nephropathy associated with, in drug abusers,
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renal disease mediated by complex of,

1495–1497
clinical features of, 1496
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epidemiology of, 1495–1496
prognosis of, 1496–1497
renal pathology of, 1496
treatment of, 1496–1497

renal diseases associated with, 1478, 1479t,
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renal transplantation and screening for, 2561
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tuberculosis associated with, 922
UTIs, complicated and, 887–888

HUS. See Hemolytic uremic syndrome
Hyaline casts, 293
Hydralazine, 1312

acute aortic dissection treatment with,
1410–1411

acute myocardial infarction treatment with,
1408

blood pressure reduction and, 1419
cardiac failure treatment with, 2173
hypertension during pregnancy and treatment

with, 1342
hypertension treatment with

malignant, 1394, 1395
pediatric, 2074

hypertensive crises treatment with, 1424–1425
intracerebral hemorrhage treatment with, 1406
SLE-induced by, 1677, 1691

Hydrochlorothiazide, 42
aldosteronism, primary treatment with, 1364

Hydrocortisone (HC), 796
Hydronephrosis

neonatal congenital, 2063–2064
urinary tract obstruction and, 690–691

Hydrothorax, PD and, 2635–2636
Hydroxocobalamin infusions, cyanide toxicity

treatment with, 1420
3-hydroxy-3-methylglutaryl coenzyme A

(HMG-CoA), 1576
6β-hydroxy-7α-thiomethylspironolactone, CCD

diuretics and, 2142
Hydroxyethylstarch, ARF prevention with, 1013
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hypophosphatemic rickets with
hypercalciuria

absorptive, 726–729
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fibrinoid necrosis and, role of, 1391
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treatment of, 1341–1342

reflux nephropathy and, 670
unilateral, 670–671

refractory, in hemodialysis patients, 1262
renal contribution to fetal origins of essential,
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pharmacological, 2240
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Ibuprofen, papillary necrosis associated with,

1709
IC. See Intercalated cells
ICD. See Immune complex disease
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Ifosfamide, cisplatin, vinblastine (VeIP), 811
Ig. See Immunoglobin
Ig M intracapillary thrombi, glomerulonephritis

with, 1976
IgA. See Immunoglobin A
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type I, 1552, 1552f
type II, 1554–1555, 1554f
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light microscopy, 1538
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prognosis, 1497, 1536
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SRC treatment with, 1706
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genetic, 2065
UTIs in, 2070–2071, 2070t

management of, 2071
Infected urachal remnants/cysts, complicated UTIs

and, 884
Infections. See also specific infections

as ARF clinical setting, 995, 995t
CNS, after renal transplantation, 2592–2593
hemodialysis and, 2659–2660, 2659f
MCN and, 1617–1618

MCNS susceptibility to, 1599
myocobacterial, after renal transplantation,

2592
nephrotic syndrome prognosis and, 1815
PD-related, 2627–2634

definitions of, 2627–2628, 2628f
treatment of, 2632–2634

proteinuria, 1599–1600
pulmonary, after renal transplantation,

2591–2592
after renal transplantation, 2588–2593, 2588t
SLE and, 1692
tubulointerstitial nephropathy etiology and,

1871–1872
Infectious disease

MN and, 1569–1570, 1569t
TMA-associated, 1730–1732

Inferior vein cavogram, RVT diagnosis with,
1803

Inflammation
chemokines and, 1440
CKD and, clinical course of, 2713–2715
CRF and impact on, 2709–2713
dietary protein, progression of experimental

renal damage and, 2679
interstitial, renal biopsy clinicopathologic

correlations and, 441
in ischemia, postrenal, 951–953
leukocyte extravasation in, 1442–1443, 1442f

vascular changes set the stage for, 1442, 1442f
lipid mediators and, 1440
outcome, 1446–1447
tissue repair and, 1438

Inflammatory cell recruitment, HSPG in, 1446
Inflammatory cells, IC-GN and role of, 1453,

1454f
Inflammatory disease

CT, 375–376, 375f
MRI, 385–386

Inflammatory response
EMT and, 1457, 1457f
fibroblast proliferation/activation and,

1456–1457
fibrosis reversibility and, 1458
induction and development of, 1454–1458,

1455t
inflammatory infiltrate and, 1455
postinflammatory repair/progression and,

1457–1458
profibrotic cytokines and, 1455–1456, 1455t

Infliximab
HCV-associated glomerulonephritis treatment

with, 1492
Takayasu’s/giant cell arteritis treatment with,

1770
INH. See Isoniazid
Inner medullary collecting ducts (IMCDs), 24

Na+ transport, 146–148, 147t
Innervation, renal, 252
Inotropic support, ARF management with, 1019
Insect stings

ARF associated with, 2036
nephrotic syndrome associated with, 2036
renal involvement in, 2036

Insulin, 270–271
action, peripheral resistance to, 2502–2503
clearance, CKD carbohydrate metabolism

disorders and, 2504
diabetes mellitus and, 2353, 2354f
DKA therapy with, 2373
hyperkalemia treatment with, 2286
K homeostasis, internal and, 2270–2271,

2271f
NKH therapy with, 2373
PD and intraperitoneal, 2636
resistance, hypertension in diabetes and, 1353
secretion, CKD carbohydrate metabolism

disorders and, 2503–2504
Insulin-like growth factor (IGF-1)

CKD and, 2391
growth hormone-

abnormalities in, 2517–2518, 2517t
clinical consequences of abnormalities in,

2517–2518, 2517t
Integrins, leukocyte-endothelial adhesion mediated

by, 1444
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Intercalated (IC) cells, 25–28, 40
CCD, 25
glomerular injury mediated by, 1450–1453
K, restricted and response of, 42
medullary, 27
pendrin and, 27–28
types, 26, 27f

Intercellular space, lateral, 36
Interferons, 751

α, relapsed or metastatic disease RCC, 768, 769t
ATIN and, 1174
bladder cancer treatment with, 779
HCV-associated glomerulonephritis treatment

with, 1492
renal diseases induced by, 1075

Interleukin, ATIN and, 1174
Interleukin-2 (IL-2), 751

ARF caused by, 1069
RCC, relapsed or metastatic disease, 768–769
receptor antagonists, renal allograft rejection

and, 2546
renal diseases induced by, 1075, 1075f
T-cell proliferation stimulated by, 2543–2544

Interleukin-15 (IL-15), 2543–2544
Interleukin-18 (IL-18), 940–941, 940f
Intermediate dose melphalan (IDM), 1965
Intermittent peritoneal dialysis (IPD), 2613
International Study of Kidney Disease in

Childhood (ISKDC), 1816, 1817f
Interstitial disease

NSAIDs nephrotoxicity and, 1088, 1088t
renal transplantation and, 2560

Interstitial infiltrate, RPGN and, 1512–1513,
1515f

Interstitial space compliance, renal control of, 1229
Interstitium, 32–34

extracellular components of, 34
functional significance of, 1862–1864, 1863f,

1864f
interstitial cells, 32–33

lipid-laden, 33, 34f
renal, 33–34, 34f

lymphatics and, 32
peritubular, 32, 33f
SRC microscopic appearance and, 1706
structural features of, 1860–1862

Intraabdominal pathology (IAP), 2635
Intracapillary thrombi, glomerulonephritis with Ig

M, 1976
Intracellular fluid volume regulation,

hyponatremia adaptation and, 2217–2218,
2217f, 2219f

Intrarenal abscesses, 870–879
infected renal cyst and, 876
renal cortical abscess as, 870–873
renal corticomedullary abscess as, 873–876

Intrarenal pressure, urinary tract obstruction and,
693–700, 693f, 694t

Intrarenal reflux, 652–653, 653f
Intravenous immune globulins (IVIG)

allograft rejection, renal and, 2546
renal transplantation therapy with, 2575

Intravenous urography (IVU), 337–340
common variants, 339–340
contrast media and their excretion, 337–338
contrast-medium dose and administration for,

338
hazards of, 338
neoplasms of kidney and renal pelvis, 766
normal findings, 339–340
pelvicaliceal system and papillae, 340, 340f
plain films, 337, 338
postcontrast-medium films, 339
precautions for, 338
preparation for, 338
renal parenchyma and outline, 339, 339f
renal position, 339
renal size, 339
technique of, 338–339

Inulin clearance, as GFR measure, 302–303
Iodixanol, CIN and, 1112
Iohexol, CIN and, 1112
Ion transport

disorders, inherited, 2065
renal metabolism, citric acid cycle and,

204–205, 205f

Ioversol, CIN and, 1112
IPD. See Intermittent peritoneal dialysis
Irbesartan, microalbuminuria treatment with,

1356
Irinotecan, RCC treatment with, 751
IRN-α, sunitinib v., 773
Ischemia

caspases in cold, 939–940
hypovolemia and renal, 1186–1188
inflammation in postrenal, 951–953

endothelial cell injury and, 951–952
inflammatory mediators in, 953
lymphocytes and, 952
monocyte/macrophages and, 952
neutrophil activation and, 952

renal failure, acute induced by, 114
Ischemic acute renal injury, pathophysiology of,

930–954, 931f, 953f–954f
backleak of glomerular filtrate postrenal

ischemia, 932–933
decreased tubular sodium reabsorption postrenal

ischemia and, 933–948, 933f–934f, 933t
adenine nucleotides and, 934
altered gene expression and, 943–944
apoptosis and, 944–946, 944t–946t, 945f
calcium-dependent changes in actin

cytoskeleton and, 937
calpain, activation and, 938, 938t
caspase-1, IL-18 and, 940–941, 940f
caspases and, 938–939
complement system and, 946
glycine and, 942–943
heat shock proteins and, 943
intracellular calcium and, 934–937, 935f,

936t, 937f
matrix metalloproteinases and, 941
NO and, 941–942, 942t
PLA2, activation and, 937–938
proximal v. distal tubular injury and,

946–948
ischemic ARF recovery and, 953
postrenal ischemia and, 949–951
postrenal ischemia inflammation and, 951–953
therapies, emerging for, 954t
tubular cast formation and obstruction

postrenal ischemia, 949–950
integrins and, 949–950, 950f

tubuloglomerular feedback and, 948–949
vascular perturbations postrenal ischemia,

950–951
endotoxemia-induced ARF and, 951
oxygen free radicals and, 950–951

Ischemic heart disease, 2482–2487
biomarkers, 2484
burden, 2485
coronary angiography for, 2484–2485
diagnosis, 2484–2485
as LVH risk factor, 2490
management, 2492
noninvasive testing for coronary artery disease

and, 2484
outcomes, 2487
pathogenesis, 2482–2484, 2483f
risk factors for, 2485–2487

age as, 2485
diabetes mellitus as, 2485
dyslipidemia as, 2486, 2486t
homocysteine as, 2486–2487
hypertension as, 2485–2486
modifiable, 2485–2487
nonmodifiable, 2485
smoking as, 2486

as systolic dysfunction risk factor, 2490
ISKDC. See International Study of Kidney Disease

in Childhood
Isocarboxazid, 1415
Isoniazid (INH)

lactic acidosis caused by, 2368
perinephric abscess treatment with, 879
urinary tract tuberculosis treatment with, 922

Isotonic fluid absorption, mechanism of, 133–134
Itai-Itai disease, cadmium nephropathy and,

1151–1152
ITP. See Ifosfamide, cisplatin plus paclitaxel
Itraconazole

blastomycosis treatment with, 904

histoplasmosis treatment with, 903
UTIs, fungal treated with, 898, 901

IVIG. See Intravenous immune globulins
IVU. See Intravenous urography
Ixabepilone, RCC treatment with, 751

JAG. See Juxtaglomerular apparatus
JAK 3 inhibitors, renal transplantation therapy

with, 2575
JCA. See Juvenile chronic arthritis
Jellyfish stings, 2036–2037
Junctional complexes, 36
Juvenile chronic arthritis (JCA)

amyloidosis in, 1711–1712
renal disease in, 1711–1712

Juxtaglomerular apparatus (JAG), 28–31
functions, 30–31
parts, 28, 29f

Juxtaglomerular granular cells, MD and, 56, 57f

K. See Potassium
K+ conductance, apical, 137, 137f
K+ deficiency, 192
Kallikrein excretion, sodium excretion and urinary,

1223
Kallikrein-kinin system, 80

in diabetic nephropathy, 254
hypertension, malignant and role of, 1391
renal, 252–254, 252f

Kawasaki’s disease, 1749–1750
treatment, 1750

KC. See Ketoconazole
KCC. See KCI cotransporters
KCI cotransporters (KCC), 168–174

CCD cells as, 172–174.172f, 174f
collecting duct cells, outer medullary as, 174
DCT cells as, 171–172, 171f
proximal tubule cells as, 168–169, 169f
TAL as, 169–171, 169f

Ketanserin, preeclampsia/eclampsia during
pregnancy and treatment with, 1343

Ketoacidosis
acidosis, metabolic and, 2364–2367
diabetes mellitus and, 2353
renal response to, 2367

Ketoacids
background information on, 2717–2719
low-protein diet supplemented with essential,

2688
Ketoconazole (KC), 729

absorption, 2766
peritonitis treatment with, 2633
prostatic carcinoma treatment with,

796–797
Ketones, urinary, 288
Ketosis, 212

clinical manifestations, 2372
diabetes mellitus and, 2353, 2371–2372
diagnosis, 2372
effective osmolality assessment and, 2372

Key syndromes
acute cortical necrosis and, 1730–1738, 1730f
HUS and, 1730–1738, 1730f
TTP and, 1730–1738, 1730f

Keytone body turnover in kidney, 212–213
metabolic pathways, 212–213, 212f
reabsorption/excretion, 212

Kidney disease. See also Bilateral kidney disease;
Chronic kidney disease (CKD); Unilateral
kidney disease

glomerular injury in, 1447
hyperkalemia in, drugs associated with,

2281–2285, 2281t
impaired K homeostasis and, 2282
increased K input and, 2282

nephrotic syndrome-resulting, 1585, 1586t
pediatric, 2056–2082
systemic, 1893–2113

Kidneys. See also Renal cancer; Renal failure;
Renal function

acid-base balance role of, 184–185, 184f
α-adrenergic stimulation in, 250–251
β-adrenergic stimulation in, 251
aging, 2088–2113

angiography of, 401, 401f
electrolyte changes in, 2103–2106
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functional changes in, 2093–2103
glomerulosclerosis in, 2089–2093
mineral metabolism changes in, 2103–2106
osmolality changes in, 2103–2106
structure and, macro/micro changes in,

2088–2113
tubulointerstitial fibrosis in, 2089–2093

aquaporins in, 99–104
functional role of, 45
isoforms of, 96, 97t

atrophic, in renovascular hypertension, 1279
biochemical, structural, functional correlations,

1–271
blood pressure and, 1210–1232

historical background of, 1210–1213
cardiac failure and, 2159–2174, 2160t
clearance

direct measurement of, 314
indirect measurement of, 314

congenital anomalies of, 601–603
bilateral renal agenesis as, 601–602
caliceal diverticulum as, 603
congenital megacalices as, 603
renal ectopia as, 602–603
unilateral renal agenesis as, 602

creatinine handling by, 304–305
cystatin C handling by, 312
damage, urine concentration/dilution alteration

as markers of, 328–329
development, 2056–2057
dopamine synthesis and action in, 251–252
glucocorticoid actions in, 248–249
glucose metabolism in, 201–202, 202f
gout and, 1986–1994
hantavirus infection and, 1500–1501
hormones and, 234–271
as host, 824
human, form, 2, 3f
hypertension, acquired and, 1228–1232

mechanisms that raise blood pressure in,
1228–1230

hyperuricemia and, 1986–1994
infections of, 815–924
keytone body turnover in, 212–213
lactate metabolism in, 201
lithium and, 1128–1136

clinical studies, adequacy of, 1129
handling of, 1133
histopathology, 1134–1135, 1135f, 1136f
nephrotoxicity and, 1129–1132
pathophysiology, 1132–1136

liver disease and, 2179–2198, 2180t
MC and involvement of, 1780, 1781t
metabolite transport: specific carriers, 197–198
mineralocorticoid actions in, 249–250, 249t
nephrotoxic cell injury susceptibility of,

962–963
parasitic diseases and, individual, 2022–2035

malaria as, 2022–2028, 2024f
pediatric development of, 2056–2057
in pregnancy, 1909–1935

altered osmoregulation and, 1917–1919
AVP metabolism and, 1917–1919
collecting system and, 1909–1910, 1910f
fluid volumes and, 1920
renal sodium handling and, 1920, 1921f
sodium loads and, 1920–1921
volume regulation of, 1920–1922
weight gain and, 1920

primary neoplasms of, 759–773
imaging, 766
prognosis, 767
staging/grading, 766–767, 767t
treatment, 767–770

principles, 35–45
pyruvate metabolism in, 201
RBF in, 54, 55f
sodium excretion, renal abnormalities that

diminish and accompany ability of,
1221–1225

solitary, hypertension in patients with,
1238–1239, 1239t

structural organization of, 96–99, 98f
structural-functional relationships, 2–45

membrane vesicles, trafficking and alterations
in transport processes, 43–45

structure, aging and macro/micro changes in,
2088–2089, 2089f–2091f

tight junction structures, 35–38, 36
general considerations, 35–37
morphological classification, 36–37
nephron segments and, 37

tissue injury and repair in, 1447–1458
anatomical and functional specificities of,

1447
glomerulus as site of primary insult in,

1447–1458
transplanted

allograft rejection in, 2576–2581
ARF in, 2576–2581, 2576t
glomerulonephritis in allografts and,

2581–2583
glomerulopathy in, 2583
problems related to, 2576–2583
renal disease, primary recurrence in, 2581,

2583t
transport characteristics, tight junction

structures and, 36
types, evolution of, 2–3
urea handling by, 310
vasculitic diseases of, 1748–1770

therapeutic considerations for, 1770
viral infections of, 865–866

Kinin-kallikrein system, in transgenic mice,
253–254

Kinins, 252
renal actions of, 253

Knockout mice
angiotensinogen gene-, 244
corticosteroids and, 250
DI and urinary concentration defects in,

2253–2254
with urinary concentration defects, 2253–2254

Labetalol
acute aortic dissection treatment with, 1410
blood pressure reduction and, 1419
hypertension during pregnancy and treatment

with, 1342
hypertension treatment with, malignant, 1393
hypertensive crises treatment with, 1423–1424
intracerebral hemorrhage treatment with, 1406
preeclampsia/eclampsia during pregnancy and

treatment with, 1342
β-Lactam antibiotics

nephrotoxicity, 1041
obstructive uropathy treatment with, 881
renal failure related to, 1041–1042

Lactate dehydrogenase (LDH), 1720
Lactate metabolism, in kidneys, 201
Lamivudine

HBV-associated MN treatment with, 1485
HBV-associated vasculitis treatment with, 1488
PAN treatment with, 1768

Lansoprazole, ATIN infections and, 1173
LC. See Light-chains
LC deposition disease (LCDD), 1941
LC deposits, tubular/glomerular lesions and,

1975–1976
LCDD. See LC deposition disease
L-citrulline, 574
LDH. See Lactate dehydrogenase
LDL. See Long loops of Henle
LDLIM. See Long-looped descending limbs in the

inner medulla
LDLOM. See Long-looped descending limbs in the

outer medulla
LEA29Y, renal allograft rejection and, 2546
Lead, nephropathy, 1147–1151

acute, 1148
chronic, 1148–1150, 1149f
diagnosis, 148f, 1147–1148
treatment, 1150–1151

Leflunomide
allograft rejection and, 2545–2546
renal transplantation therapy with, 2575

Left ventricular hypertrophy (LVH)
burden of disease, 2489
diagnosis, 2487–2488, 2488f
epoetin therapy and, 2419
outcomes, 2491
pathogenesis, 2488–2489, 2488f

risk factors for, 2489–2491
age as, 2489
anemia as, 2490
aortic stenosis and, 2490
diabetes mellitus as, 2489
ESRD therapy, mode and quantity as,

2490–2491
gender as, 2489
hypertension as, 2489–2490
hypoalbuminemia and, 2490
ischemic heart disease as, 2490
modifiable, 2489–2490
nonmodifiable, 2489
salt/water overload and, 2491

systolic dysfunction and, 2487–2491
Legionella pneumonia, after renal transplantation,

2591–2592
Leiomyomatosis, Alport Syndrome and, 549
Leprosy, 2017
Leptin, abnormalities in, 2524–2525
Leptospirosis, 2016–2017, 2017t

ATIN and, 1167–1168
Leukocyte esterase, urinary, 289
Leukocyte extravasation

tissue repair and, 1442–1443, 1442f
vascular changes set the stage for, tissue repair

and, 1442, 1442f
Leukocyte-endothelial adhesion, integrins and

their counterparts of the immunoglobulin
superfamily mediate firm, 1444

Leukocyte-endothelial transmigration, 1444
Leukocytes

ECM migration of, 1444–1445
selectins and their ligands establish contact

between endothelial cells and, 1443–1444,
1443f

tissue injury site activation of, 1445–1446,
1445f

Leukotrienes
arachidonic acid metabolite, 77f, 79
IC-GN and role of, 1452

Levamisole, MCN relapse/treatment and, 1616
Levofloxacin, ATIN induced by, 1171
Levofloxin

pyelonephritis, acute treatment with, 861,
862

urethritis/cystitis management with, recurrent
infection, 841

urinary tract tuberculosis treatment with, 922
UTI treatment with, impaired renal function

and, 864
LH. See Luteinizing hormone
Liddle syndrome, 585–586, 585t
Lidocaine, pheochromocytoma treatment with,

1414
Light microscopy

IgA nephropathy pathology with, 1538
MC findings with, 1776–1778
MIDD, 1970–1971, 1971f
MN, 1571–1572, 1571f, 1572f, 1572t
MPGN pathology and, 1548–1551,

1549f–1551f
MPGN, type II findings with, 1553–1554,

1553f, 1554f
renal biopsy histologic evaluation, 427–433,

428f–433f
Light-chains (LC), 1941

amyloid, precursors and deposited, 1959–1960
amyloidogenic, 1959–1960
disease, MPGN associated with, 1556
myeloma cast nephropathy and renal

metabolism of, 1943–1944
tests for, 321

Limited scleroderma (lSSc), 1700
Lincomycin, ATIN induced by, 1171
Lipid mediators

inflammation and, 1440
tissue repair and, 1440

Lipid metabolism
dietary protein, progression of experimental

renal damage and, 2680
edema formation and, 1595

Lipid transport, edema formation and, 1595
Lipid-lowering drugs

diabetic nephropathy and, 1898
nephrotic syndrome treatment with, 1601
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Lipids, 2505–2507, 2505f, 2506t
in aging kidney, 2092–2093, 2095f
metabolism, 2505–2507, 2505f, 2506t
metabolism disorders

in CKD, 2505–2512
dyslipidemia and CKD, 2510, 2511f

transport, 2505–2507, 2505f, 2506t
vascular disease risk factor treatment with,

2724–2726
Lipoprotein synthesis, edema formation and, 1595
Lipoproteins, 2505–2507, 2505f, 2506t

high-density, 2508
low-density, 2506–2507

very, 2506, 2507f, 2508f
metabolism

abnormalities of, 2508–2510, 2509f
in CKD, 2508–2510, 2509f
high-density, 2508
low-density, 2506–2507
very-low-density, 2506, 2507f, 2508f

β-Lipotropin, abnormalities in, 2524
Lipoxins, IC-GN and role of, 1452
Lipoxygenases (LOs)

biosynthesis and metabolism, 264
products, 264–265

biologic effects of, 264–265
kidney disease and role of, 265

Lisinopril
cardiovascular disease treatment with, 1357
diabetes and hypertension treatment with,

1354–1355
hypertension treatment with, 1354–1355

pediatric, 2074–2076
Listeria monocytogenes, after renal

transplantation, 2593
Lithium

dosing regimen, 1135–1136
hypertensive crises and, 1416
hypoosmolar disorder therapy with, 2240
kidney and, 1128–1136

clinical studies, adequacy of, 1129
histopathology, 1134–1135, 1135f, 1136f
nephrotoxicity, 1129–1132
pathophysiology, 1132–1136

nephrotoxicity, 1129–1132
ARF and, 1129
clinical features of, 1129–1132
polyuria/polydipsia and, 1131
proteinuria and, 1131–1132
renal insufficiency, chronic and, 1129–1130
urine concentrating ability and, 1130–1131

nephrotoxicity secondary to use of, 1128–1136
renal handling of, 1133
sodium handling, 1133
toxicity, 1135–1136
tubulointerstitial nephropathy induced by, 1873,

1874
urinary acidification and, 1134
urine concentrating ability and, 1130–1131,

1132–1133
Liver disease

ARF and, 1000
hemodialysis, chronic and, 2666–2667
kidney and, 2179–2198, 2180t
MPGN associated with, 1556

Lobar infarct, 354–355, 355f
Lobetolol, SRC treatment with, 1706
Lomefloxacin, 640
Long loops of Henle (LDL), 98
Long-looped descending limbs in the inner medulla

(LDLIM), 98
Long-looped descending limbs in the outer

medulla (LDLOM), 98
Lonomia caterpillar contacts, 2037
Loop of Henle, 96–98. See also Short loops of

Henle
calcium disorders and, 2322–2323
H+-HCO−

3 transporter mechanisms and,
188–189, 189f

K handling by, 163
thick limbs, ascending, NaCI absorption in,

135–138, 135f, 135t
thin limbs, 17–19, 19f, 20f

basolateral membrane area, Na+-K+-ATPase
activity, heterogeneity and, 42–43

morphologic heterogeneity, 42

salt transport by, 134–135, 134t
tubular sodium transport and, 134

LOs. See Lipoxygenases
Losartan, 229, 1314

cardiovascular disease treatment with, 1357
gouty nephropathy management with, 1991
SRC treatment with, 1706

Lowe syndrome (oculocerebrorenal syndrome),
580

lSSc. See Limited scleroderma
Lupus glomerulonephritis

antibodies to double-strand DNA and role in
pathogenesis of, 1678–1679

inapparent renal disease in, 1849
Lupus nephritis

abnormalities, clinical, 1687–1690
activity index for, 1686, 1689f, 1689t
ANAs and, 1688–1690
autoantibodies in, 1688–1690
chronicity index for, 1686, 1689f, 1689t
clinical, 1680–1686
clinical features, 1687–1688

age as, 1687
complement, 1690
in ESRD, 1696
flares, 1695
hypertension and, 1687
laboratory abnormalities, 1687–1690
long-term outlook of, 1849
management, chronicity index and, 1686
pathologic correlation in, 1680–1686
pathologic indices of activity and chronicity in,

1686, 1689f, 1689t
pregnancy and, 1688
prognosis, chronicity index and, 1686
relapse, 1695
renal involvement in, test monitoring of, 1690
in transplantation, 1696
treatment, 1693
WHO class I, 1680
WHO class II, 1680, 1681f, 1682, 1682f
WHO class III, 1681, 1682, 1682f
WHO class IV, 1681, 1682, 1684
WHO class V, 1682, 1686f, 1687f
WHO pathologic classification of, 1680–1684,

1680t
expanded, 1684, 1688t
mesangial hypercellularity in, 1682

Luteinizing hormone (LH), 2515, 2516
LVH. See Left ventricular hypertrophy
Lymphatics, 32
Lymphocele, after renal transplantation, 2588
Lymphocyte surface marker expression, MCN

disordered immunity and, 1610
Lymphokine activity, MCN disordered immunity

and, 1611
Lymphoproliferative disorders, ATIN neoplastic

diseases and, 1175
Lysosomes, nephrotoxic cell injury and, 976–977

Macromolecules
glomerular permeability to, 64–65
renal handling of, proteinuria and, 1588–1590,

1588f, 1589f
Macrophages, RPGN and, 1518–1519
Macula densa (MD), 28–29, 29f

COX-2 expression in, 29
juxtaglomerular granular cells and, 56, 57f
renin release regulated by, 73

Magnesium
ARF dietary considerations and, 2729
balance, 2335–2336, 2336f
body stores of, 2335
in CRF, 2705
CRF dietary considerations and, 2729
disorders, 2335–2340

general considerations for, 2335
hypermagnesemia as, 2337–2338
hypomagnesemia as, 2337, 2337f, 2338–2339

excretion, urinary tract obstruction and, 702
intake of, hypomagnesemia secondary to

decreased, 2339
intestinal absorption of, hypomagnesemia

secondary to decreased, 2339
metabolism, treatment of alterations in, 2340
renal handling of, 2336–2337, 2336f

renal transplantation dietary considerations and,
2729

transport, distal convoluted tubule and,
2135–2137, 2136f

urinary losses of, hypomagnesemia secondary to
increased, 2339–2340

Magnesium wasting defect, renal tubular, 586–587
Magnetic resonance angiography (MRA), 394,

1294
neoplasms of kidney and renal pelvis, 766, 766f
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Nephrology
pediatric, clinical services for, 2082
tropical, 2013–2045

overview of, 2013–2016
Nephron, 3

adaptation
in CKD, 2380–2397
principles and patterns of, 2380

ammonia transport, 185–187, 186f
CNT, 23
fatty acid distribution in, 211–212
function, hormonal modulation of, 234
heterogeneity, 45

proximal tubule sodium transport and, 127,
128f

H+-HCO−
3 transporter mechanisms along,

188–191
intact, 2380
K handling by individual segments of, 162–166,

162f
inhibitors, 165–166

loss
cell cycle regulation as important determinant

of structural response to, 2387–2388
CKD and signaling pathways involved in

renal response to, with special emphasis on
mechanotransduction, 2386–2387

CKD structural adaptation modulators after,
2392

functional adaptations to, 2380–2381
podocyte damage to progressive, 1449–1450
renal injury after, progressive pathophysiology

of, 2396–2397, 2396f
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Nephron (Contd.)
mass, reduced, 1632
morphologic maturation of, in children, 2052f,

2056–2057, 2059t
morphology, 3–4
Na+-K+-ATPase activity, basolateral membrane

area and salt transport in distal, 40–42
renal sodium retention sites in, 2208–2209

clearance studies of, 2208–2209
micropuncture studies of, 2208

sodium retention and sites in, 2179–2181
sodium transport in, 124, 125f, 126t
tight junctions and, 37
transcellular transport processes,

structural/biochemical aspects, 38–39
water retention sites in, 2208–2209

clearance studies of, 2208–2209
micropuncture studies of, 2208

Nephronophthisis (NPHP)
with extrarenal associations, 483–484
molecular genetic diagnosis in, 486
renal cilia, adherens junctions, and focal

adhesion hypothesis, 485–486
Nephronophthisis type 1 (NPHP1), 482–483
Nephronophthisis type 2 (NPHP2), 483
Nephronophthisis type 3 (NPHP3), 483
Nephronophthisis type 4 (NPHP4), 483
Nephronophthisis type 5 (NPHP5), 483
Nephronophthisis-medullary cystic kidney disease

complex (NPHP-MCKD), 478–496
differential diagnosis, 487
diseases, 479t

clinical presentation of, 480, 481f
features shared among, 478–480
macroscopic pathology for, 478, 479t
microscopic pathology for, 478–480, 480f

features distinguishing disease entities of,
480–481

epidemiology and, 481
extrarenal associations and, 481, 482f
mode of inheritance and, 481
onset of end-stage renal disease and, 481

molecular genetic diagnosis, imaging, and
laboratory studies, 486–487, 497f

molecular genetics of, 481–486
animal models for, 485
MCKD and, 486
nephronophthisis and, 482–486
recessive disease variants and, 482–486

prognosis, therapy, and counseling, 487–488
Nephron-sparing surgery (NSS), 768
Nephropathia endemica, 1880
Nephropathies. See also specific nephropathies

analgesic, 1709
renal transplantation and, 2560

autonomic, diabetic nephropathy and,
1899–1900

Balkan, 1157
C1q, 1607

FSGS, postadaptive and, 1633–1634
cadmium, 1151–1153

calcium wasting and, 1151
diagnosis, 1152–1153
interstitial nephritis, chronic and, 1152,

1152f, 1153f
Itai-Itai disease and, 1151–1152
metabolism, 1151
treatment, 1152–1153

chronic, post-HUS, 1737–1738
clinical, 1895
cocaine-associated, 1126–1127
diabetic, 1354
diffuse or generalized reflux, 354
familial, 552
familial thin GBM, 551–552
in glue and solvent “sniffers,” 1127–1128
gouty, 1989–1992

clinical manifestations of, 1991, 1991f
entity of, new insights on, 1989–1991, 1990f
management of, 1991–1992

HIV-associated, in drug abusers, 1128
hydrocarbon, light, 1156
hyperphosphatemic, 1076
IgA-associated, 1828

adult, 1828–1830, 1829t
pediatric, 1830–1831, 1830t

renal transplantation and, 2559
tubulointerstitial ICDs in, 1870–1871

ischemic, 1272–1316, 1296–1302, 1296f–1298f
Ang II receptor blocker medical management,

1314
angiotensin-converting enzyme inhibitor and

beta-adrenergic blocker medical
management, 1312–1314, 1313t

calcium antagonist medical management,
1314–1315

medical management, 1311–1316
PTRA treatment of, 1305–1308, 1306f,

1307t, 1308t
renal artery stent treatment of, 1308–1311,

1308f, 1309f, 1310t
responses to medical management, 1312
surgical treatment, 1302–1305, 1303f, 1304t,

1305t
treatment, 1302–1312

lead, 1147–1151
acute, 1148
chronic, 1148–1150, 1149f, 1992
diagnosis, 148f, 1147–1148
treatment, 1150–1151
treatment of chronic, 1992

malarial, falciparum, 2025
ARF and, 2025–2027
cell membrane abnormalities in, 2027
glomerulonephritis and, 2027, 2027f
hemodynamic perturbation and, 2028
immunologic perturbation and, 2028
metabolic abnormalities in, 2027–2028
parasite’s energy consumption and,

2027–2028
malarial, quartan, 2024–2025

clinical features of, 2025
histopathological features of, 2024–2025,

2025f
mycotic, 2020
myeloma cast, 1943–1951
overt, 1356–1357
parasitic, 2021, 2022t
solvent, 1156–1157
toxic, in Tropics, 2035–2039

animal toxin, 2035–2037
environmental problems and, 2038–2039
other chemical, 2038
plant toxin, 2037–2038

toxin poisoning, 2014–2016
clinical manifestations of, 2014–2016
direct invasion in, 2014, 2016f
direct nephrotoxicity in, 2014, 2016f
immune-mediated mechanisms in, 2014,

2015f
pathophysiology of, 2014

tropical infection, 2014–2016
clinical manifestations of, 2014–2016
direct invasion in, 2014, 2016f
direct nephrotoxicity in, 2014, 2016f
immune-mediated mechanisms in, 2014,

2015f
pathophysiology of, 2014

tubulointerstitial, chronic and, 1860–1883,
1861f

uremic, 2475–2477
uric acid, 1194–1198

acute, 1989
clinical/laboratory manifestations of,

1195–1197, 1196f
differential diagnosis, 1196–1197
pathogenesis, 1195
prophylactic measures/treatment, 1197, 1197t

xanthine, 1076
Nephrosclerosis, essential hypertension and,

1210–1211
Nephrosis, proteinuria altered permselectivity in,

1590–1591
Nephrotic syndrome, 1585–1653, 2206–2212,

2207t. See also Minimal change nephrotic
syndrome

aquaporins in, 2210
AVP in, 2210
dietary therapy for, 2735–2736
in elderly, 2111–2112, 2111t
etiologies of, changing, 1585, 1586t
experimental, 116

in first year of life, 1625t, 1634–1635
gold-induced, 1710
insect sting-associated, 2036
kidney disease resulting in, 1585, 1586t
mercury and, 1154–1155, 1154f
minimal change, 1818–1821

in adults, 1821–1822
causes of death in, 1818–1819
childhood-onset, 1818–1821
evolution to CRF in corticosteroid-sensitive,

1821
history modified by treatment of, 1821–1822,

1821f
history with treatment of, 1819, 1819f
history without treatment of, 1818–1819
multiple relapsing, 1819–1820
natural history unmodified by treatment of,

1821
relapses in longer term, 1820, 1820f
stature and bone characteristics in children

with, 1820–1821
treatment of, 1822

nil disease and steroid-sensitive, 1606
pathophysiology, 1586–1602

proteinuria and, consequences of, 1591–1600
proteinuria and, mechanisms of, 1588–1591

pediatric, 2068–2069
inherited, 2066–2067

prognosis, overall of, 1813–1818
hyperlipidemia and, 1815
infections and, 1815
nephrotic state complications and, 1814
preventing nephrotic state complications and,

1815–1816
proteinuria as factor in progression and, 1816
renal histopathology and, 1816–1817, 1816f,

1817f
thrombosis and, 1815
treatment effects on, 1817–1818, 1818f

proteinuria and, 1537
consequences of, 1591–1600
mechanisms of, 1588–1591

RAAS in, 2209–2210
renal biopsy for, 422
renal sodium retention in

afferent mechanisms for, 2206–2207
efferent mechanisms for, 2208–2211

sickle cell disease and, 2008–2009
pathologic features/pathologic changes in,

2001
sodium retention in, therapy of, 2211–2212
sympathetic nervous system in, 2209
symptoms, 1652
treatment of, general approach to, 1600–1602

dietary, 1601
diuretic, 1600–1601
fluid management, 1600–1601
lipid-lowering drug, 1601
nephrectomy as, 1602
other medical therapy, 1602

water retention in
afferent mechanisms for, 2206–2207
efferent mechanisms for, 2208–2211
therapy of, physiologic basis for, 2211–2212

Nephrotoxic cell injury
biotransformation role in, 966–969, 967f, 968t
cell death, 963–966, 964f
cellular defenses, 977–978

acidosis as, 978
glycine as, 977–978
PPAR as, 978

endoplasmic reticulum and, 975
initiators in, 966–970
kidney susceptibility to, 962–963
lysosomes and, 976–977
mediators, 970–974

altered calcium homeostasis as, 972
p21 as, 970–971
p53 as, 970–971
PLA2 as, 973–974
proteinases as, 972–973
signaling kinases as, 971–972, 971t

mitochondria and, 974–975, 974f
pathophysiology, 962–979
plasma and organelle membranes and, 975–976,

976f
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ROS role in, 969–970, 970f
specific toxicants, 978–979
xenobiotic transport, 963

Nephrotoxic compounds, dietary protein-derived,
2678–2679

Nephrotoxicity
AMB, 1042–1043
aminoglycoside, 1035, 1038–1041, 1039t,

1040f, 1041t
cisplatin

cell cycle events in, 1071
role of protein kinase cascades in, 1070

CsA experimental, 1046–1051
cyclosporine, 1045

cellular and molecular mechanisms of,
1048–1049

chronic, 1050
pathophysiologic studies of, 1048–1049

drug abuse and, 1121–1128, 1122t
environmental agent, 1146–1157

Balkan nephropathy and, 1157
germanium, 1157
mercury and, 1153–1155
silicon, 1157
solvents and, 1155–1157
urinary biomarkers and, 1146–1147, 1147t

heavy metal, 1146–1157, 1155, 1156f
cadmium nephropathy and, 1151–1153
lead nephropathy and, 1147–1151
mercury and, 1153–1155
urinary biomarkers and, 1146–1147, 1147t

hemoglobin, 1187–1188
heroin abuse and, 1121
β-lactam antibiotics, 1041
lithium, 1129–1132

ARF and, 1129
clinical features of, 1129–1132
polyuria/polydipsia and, 1131
renal insufficiency, chronic and, 1129–1130
urine concentrating ability and, 1130–1131

mercury, 1153–1155
myoglobin, 1187–1188
NSAIDs, 1082–1092

glomerular, interstitial disease, and, 1088,
1088t

PGs and, 1082, 1083f, 1083t
renal sodium retention and, 1088–1090,

1089f
silicon, 1157
sirolimus, 1056

Nervous system
ARF manifestations in, 2461–2462, 2461f
CKD and sympathetic, 1244–1245, 1245f
CRF manifestations in, 2462
peripheral, uremic neurotoxins in, 2463–2464
renal failure manifestations in, 2460–2477

biochemical changes in brain and,
2462–2463, 2463f

physiology of neurotransmission and, 2465,
2465f

psychological testing for, 2462–2463
subcellular studies of, 2465–2466

Netilmicin
ATIN induced by, 1171
pyelonephritis, acute treatment with, 861

Neuraminidase, 1727
HUS associated with, 1732

Neurogenic bladder
UTIs, upper and, 853

prevention of, 865
VUR and, 655

management of, 680–681
meningomyelocele and myelodysplasia in,

655
spinal cord injuries, 655, 656f

Neurohumoral responses
cardiac failure, 2163, 2163f
radiocontrast-triggered, and potential role in

CIN, 1107, 1108f
Neurohumoral systems, cirrhosis and, 2189–2193
Neurologic dysfunction, complicated UTIs and,

886–887
Neuronal NO synthase (nNOS), 73
Neuropathy

ischemic monomelic, chronic hemodialysis and,
2660

metabolic, as uremic nephropathy clinical
manifestation, 2475–2476

Neuropeptide Y (NPY), 83
Neuroretinopathy, hypertensive

pathophysiology, 1393
reversal, 1397

Neurotoxicity, aluminum, 2701–2702
Neutropenia, complicated UTIs and, 887
Neutrophilic exudates, renal biopsy

clinicopathologic correlations and,
437–439, 439f

Nicotinamide, hyperphosphatemia treatment with,
2316

Nicotinic acid, dyslipidemia treatment with, 2511
Nifedipine

CIN prevention and, 1114
hypertension treatment with

malignant, 1394
pediatric, 2074
pregnancy and, 1342
severe uncomplicated, 1427–1428

preeclampsia/eclampsia during pregnancy and
treatment with, 1342

pregnancy and treatment with, 1342
proteinuria treatment with, 1602

reduction and, 1255
renovascular hypertension treatment with, 1314
spinal cord injury treatment with, 1416

Nifedipine, systemic hypertension effect on renal
function and, 1252

Nightly intermittent peritoneal dialysis (NIPD),
2613

Nilutamide, prostatic carcinoma treatment with,
795

Nimesulide, 641
Nimodipine, SAH treatment with, 1406
NIPD. See Nightly intermittent peritoneal dialysis
Nisoldipine

cardiovascular disease treatment with, 1357
microalbuminuria treatment with, 1356

Nitrates, cardiac failure treatment with, 2173
Nitric oxide (NO), 268–270, 268f. See also

Neuronal NO synthase
aging and, 270
in aging kidney, 2091, 2093f
Ang II, intrarenal interactions with, 269
CCD sodium absorption, control of and, 146
cirrhosis and, 2192–2193
CKD and, 1249, 2389–2390
diabetes and effects on renal, system in vivo,

269–270
interaction with, 73–75
ischemic acute renal injury and, 941
proximal tubule sodium reabsorption, control of

and, 133
renal action of, 268–269
studies at single nephron level of, 269
TAL sodium absorption, regulation of and, 140
therapeutic implications with, 269
tissue repair and, 1441–1442
as vasoactive factor, 75–76

Nitrites, urinary, 289
Nitrofurantoin, 682

cystitis management with, 838, 839
urethritis/cystitis management with

pregnancy and, 843
recurrent infection, 841

UTI management/treatment with
impaired renal function and, 864
pediatric, 2071

Nitrogen. See also Serum urea nitrogen-serum
creatinine ratio

ARF nutritional therapy and intake of,
2742–2743, 2743t

balance, ARF and, 1010–1011, 1010t
nonurea, 2684–2685, 2684f

Nitroglycerin
acute myocardial infarction treatment with, 1408
hypertensive crises treatment with intravenous,

1423
intracerebral hemorrhage treatment with, 1406

Nitroprusside
acute aortic dissection treatment with, 1410
lactic acidosis caused by, 2368
spinal cord injury treatment with, 1416
SRC treatment with, 1706

Nitrosoureas
cisplatin, cellular responses to and, 1073
tubulointerstitial nephropathy induced by,

1873
NKAP. See Nephritis strain-associated protein
NKH. See Nonketotic hyperglycemia
nNOS. See Neuronal NO synthase
NO. See Nitric oxide
Nocardia, after renal transplantation, 2593
Nonketotic hyperglycemia (NKH), 2370–2371,

2371t, 2372t
therapy, 2372–2375, 2373t

alkali for, 2373–2375
cerebral edema and other complications of,

2375–2376, 2376t
fluids for, 2373
insulin for, 2373
K for, 2375, 2375t
phosphate for, 2375

Nonsteroidal antiinflammatory agents (NSAIDs)
ATIN infections and, 1171–1172
CKD and analgesic nephropathy induced by,

1092–1094
CN-induced renal failure treatment with, 1950
MCN, steroid-resistant treatment with, 1617
nephrotoxicity, 1082–1092

COX-1/COX-2 expression/regulation in
kidneys and, 1084–1085, 1084t

glomerular, interstitial disease, and, 1088,
1088t

K metabolism and, 1090–1091, 1091f
PGs and, 1082, 1083f, 1083t, 1085
renal sodium retention and, 1088–1090,

1089f
water metabolism and, 1091–1092, 1092f

renal disorders related to, 1709
renal failure therapy with, 2798
renal syndromes associated with, 1085–1092
sparing, 1087
tubulointerstitial nephropathy induced by, 1873

Norepinephrine, 1415
cardiac failure treatment with, 2173
hypertension induced by, 1420

Norfloxacin, 640
ATIN induced by, 1171
pyelonephritis, acute treatment with, 862
urethritis/cystitis management with, 841

Normeperidine
biotransformation, 2767
metabolism, 2767
renal failure therapy with, 2790

Normoalbuminuria, diabetic, 1354–1355
NPHP. See Nephronophthisis
NPHP1. See Nephronophthisis type 1
NPHP2. See Nephronophthisis type 2
NPHP3. See Nephronophthisis type 3
NPHP4. See Nephronophthisis type 4
NPHP5. See Nephronophthisis type 5
NPHP-MCKD. See Nephronophthisis-medullary

cystic kidney disease complex
NPHS2

FSGS genetics and, 1637, 1637f
glomerulopathy, collapsing genetics and, 1637,

1637f
NPS. See Nail Patella syndrome
NPY. See Neuropeptide Y
NSAIDs. See Nonsteroidal antiinflammatory

agents
NSS. See Nephron-sparing surgery
Nuclear medicine, 342–349

hazards, 345, 345t
measurement

ERPF, 348
GFR, 348
renal function, relative, 348

patient preparation, 344
principles, 342–343, 344f, 344t
radionuclide injection and data collection, 345
radiopharmaceutical preparation, 344
static renal imaging, with99Tcm DMSA, 349
techniques, 343–345, 345t

Nutrition
ARF management with, 1019
ARF therapy with, 2737–2738

general principles of, 2741–2742, 2741t
recommended, 2741–2746
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Nutrition (Contd.)
CKD and, 2513–2514, 2514t
CRF and impact on, 2709–2713, 2711t
dialysis replacement therapy, 2514, 2515t
enteral v. parenteral, 2740
hemodialysis and, 2513, 2514t, 2658–2659,

2747–2748, 2748
intravenous, hemodialysis limitation of,

2747–2748
PD and, 2616, 2748
renal transplantation and, 2599

recommended intake for, 2749–2750
therapy with, why benefits have not been

demonstrated unequivocally in, 2740–2741

O antigens, 821–822
OAT2, 220–221
OAT3, 220–221
OAT4, 222
OATK1, 223
OATK2, 223
OATP, 222–223
Obesity

FSGS, postadaptive associated with, 1632–1633
renal transplantation and, 2599
renal transplantation patient selection and, 2555

Obstructive atrophy, 354, 355f
Obstructive disease

CT, 373–374, 374f
MRI, 385, 385f

Obstructive nephropathy
extracellular matrix accumulation in, factors

leading to, 704–705
growth factors as, 704
modulation of tissue inhibitors of

metalloproteinases and matrix
metalloproteinases as, 704–705

treatment, 710–712, 711t
Obstructive uropathy, 881

hyperkalemic renal tubular acidosis and, 2281
Ochratoxins, 2020
OCT. See Organic cation transporter
OCTN1, 225
OCTN2, 225
Oculocerebrorenal syndrome. See Lowe syndrome
Ofloxacin, 640, 643

pyelonephritis, acute treatment with, 861, 862
urethritis/cystitis management with, 840
urinary tract tuberculosis treatment with, 922
UTI treatment with, impaired renal function

and, 864
1,25(OH)2D3

calcium/phosphorus renal handling and effects
of, 259

physiologic actions of, 259
OKT3

renal failure related to, 1053–1055
clinical observations of, 1053–1054
in vitro/animal studies on, 1054–1055

renal transplantation therapy with, 2575, 2575t
Oligomeganephronia

FSGS genetics and, 1640
glomerulopathy, collapsing genetics and, 1640

OMCDs. See Outer medullary collecting ducts
Omeprazole, ATIN infections and, 1173
Oncocytoma. See Brit-Hogg-Dube syndrome
Oncogenic hypophosphatemic osteomalacia

(OHO), 2305–2306
Opioid peptides, abnormalities in, 2524
Opisthorchiasis, 2035
Opium, nephrotoxicity, 1121
Orchitis, 642–644

classification, 642, 643t
definitions, 642
diagnosis, 643
microbiology, 643
pathogenesis, 643
treatment, 643–644

Organic anions, 219–222
basolateral transport mechanisms, 219–220,

220f
PAH secretion, membrane mechanisms for,

219–221
reabsorption, 219
renal clearance of, to estimate renal function,

227

renal excretion of, 218–219
secretion, 218–219
substrate recognition, 219
sulfate-anion exchange mechanism secretion of,

222–223
transporters of, p-Aminohippurate transporters

distinct from, 222–223
Organic cation transporter (OCT)

apical, molecular characteristics of, 225
mechanism

substrate requirements for apical, 225
substrate requirements for basolateral, 224

molecular identification of basolateral, 224
Organic cations, 223–226

reabsorption, 219
renal clearance of, to estimate renal function,

227
renal excretion of, 218–219
secretion, 218–219
substrate recognition, 219

Organic ions
renal transport of, 218–230

drug interactions and other clinical aspects in,
226–227

transporter gene families, 226
Ormetyrosine, pheochromocytoma treatment with,

1366
Ornipressin, renal abnormalities in cirrhosis

treatment with, 2198
Orotic acid, 229
Osmolality, 104, 324–327

aging kidney and changes in, 2103–2106
control of, in body fluids, 324–327
interstitial, CKD structural changes in, 2394
K homeostasis, internal and, 2273, 2273f
ketosis and effective assessment of, 2372
regulation, 108–109
TAL sodium absorption, regulation of and, 139,

139f
urinary, 325–326

relation between daily urine volume and,
324–325, 325f, 326t

Osmoregulation, kidney in pregnancy and altered,
1917–1919

Osmotic control of vasopressin secretion, 104–105
Osmotic load, urinary tract obstruction and role

of, 701
Osteitis fibrosa, treatment, 2450
Osteodystrophy

aluminum-associated, treatment of, 2452–2453
of CRF, 2431–2454

aluminum assays, 2438
beta-2-microglobulin assays, 2438
biochemical studies, 2437–2438
bone biopsy, 2438–2439
bone histology, 2439–2447
bone mass measurements, 2435–2437, 2437f
bone pain/fracture and, 2447
clinical features, 2433–2437
deferoxamine challenge, 2438, 2439t
diagnostic problems, 2447
early manifestations, 2434
MRI, 2435, 2435f–2437f
pathogenesis, 2432–2433
pediatric, 2446–2447
preventative therapy for, 2447–2450
PTH, 2438, 2438t, 2439t
radiographs, 2435, 2435f–2437f
serum chemistries, 2437–2438
treatment of advanced disease, 2450–2454

hemodialysis, chronic and, 2661–2664
mixed uremic, chronic hemodialysis and, 2664

Osteomalacia, chronic hemodialysis and,
2662–2664, 2663f

Outer medullary collecting ducts (OMCDs), 24
Na+ transport in, 146, 147t

Overfill theory, 2207, 2208t
Oxacillin, renal cortical abscess treatment with,

873
Oxalate, 222

ATIN metabolic disorders and, 1174
Oxaliplatin, RCC treatment with, 751
Oxalosis, renal transplantation patient selection

and, 2556–2557, 2557f
Oxidant stress, vascular disease risk factor

treatment and, 2726

Oxidative stress
acute cortical necrosis and, 1730
in aging kidney, 2092–2093, 2095f
CKD and, 2389–2390
HUS and, 1730
hypertension, malignant and role of, 1391
TTP and, 1730

Oxprenolol, hypertension during pregnancy and
treatment with, 1342

Oxygen
demand, radiocontrast media-induced changes

in, 1106
insufficiency, CIN risk factors and, 1108–1109,

1109t
supply, radiocontrast media-induced changes in,

1106–1107
Oxygen consumption (QO2)

Na+-K+ pump and required, 200, 200f
RBF and, 54–55, 55f
renal, 198–200

components of, 198
mitochondrial oxidative phosphorylation and,

198–199, 199f
Na+ transport and, 199–200, 200f

Oxymetholone, anemia transfusion therapy with,
2415

Oxypurinol
gouty nephropathy management with, 1992
xanthine oxidase inhibition with, 1197

P fimbriae, 818–820, 819f, 819t
p21, cell injury mediated by, 970–971
p53, cell injury mediated by, 970–971
Paclitaxel. See also Gemcitabine, cisplatin plus

paclitaxel; Ifosfamide, cisplatin plus
paclitaxel

GCT management with, 811
prostatic carcinoma treatment with, 798
RCC treatment with, 751

PAF, IC-GN and role of, 1452
PAH secretion, membrane mechanisms for organic

anion, 219–221
PAKs. See Pancreas after kidney transplants
Pamidronate, CN-induced renal failure treatment

with, 1951
p-Aminohippurate transport

mechanisms, substrate requirements for
basolateral, 220

molecular identification of basolateral, 220
NPT1, molecular identification or putative

apical, 221
organic anion transporters distinct from,

222–223
p-Aminohippuratetubular transport, an integrated

view of, 222
PAN. See Polyarteritis nodosa
Pancreas after kidney transplants (PAKs), 1904
Pancreas transplant alone (PTA), 1904
Pancreatic islet metabolism, CKD carbohydrate

metabolism disorders and, 2503–2504
Pancreatitis

PD and, 2634
after renal transplantation, 2594

Pantoprazole, ATIN infections and, 1173
Papillary necrosis, 1709

clinical course of renal, 1882
diabetes mellitus and, 1882
diseases causing, 1882–1883, 1882f
infection in, 1880
necrotic lesions of renal, 1881
partial, 1881, 1881f
sickle cell disease and, 2008
total, 1881, 1881f
tubulointerstitial nephropathy, 1880–1883

Paracentesis, large-volume, 2196–2197
Paracetamol, renal lesions induced by, 1874
Parapelvic cysts, 376
Paraquat poisoning, 2038
Parathyroid glands, abnormalities in,

2520–2521
Parathyroid hormone (PTH), 257–258

abnormal circulating, 2313
ARF dietary considerations and, 2730–2731
circulating, decreased or absent levels of,

2312–2313
CRF dietary considerations and, 2730–2731
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hypocalcemia secondary to blood levels of,
2327–2328

osteodystrophy of CRF, 2438, 2438f, 2439t
phosphorus reabsorption by kidney and effects

of, 2299–2300
proximal tubule sodium reabsorption, control of

and, 132–133
renal actions of, 258
renal transplantation dietary considerations and,

2730–2731
uremia pathology with CNS and, 2466–2467,

2466f
uremic nephropathy clinical manifestations and,

2476–2477, 2476f, 2477f
Parathyroid hormone-related peptide (PTHrP),

257–258
Parathyroidectomy, osteodystrophy of CRF

treatment with, 2451–2452
Parenchymal disease, 351–362

calyceal and papillary abnormality
diffuse parenchymal loss with, 354, 355f
with focal parenchymal loss, 353–354, 354f
without parenchymal loss, 351–352,

352f–354f
diagnosis

ultrasonography, 356–357, 356f–357f
urographic, 355–356, 356f

focal parenchymal scarring without calyceal or
papillary abnormality, 354–355, 355f

radionuclide studies, 361–362, 363f
ultrasonography, 361, 361f–362f

diagnosis with, 356–357, 356f–357f
urinary tract obstruction, 357
urography, 357–359, 358f–360f

Paricalcitol
intravenous, osteodystrophy of CRF treatment

with, 2451, 2451f, 2452f
osteitis fibrosa treatment with, 2450

Partial remission (PR), 1614
Parvovirus infections, 1501
P-cadherin, 5–6
PCT. See Proximal convoluted tubule
PD. See Peritoneal dialysis
PDG. See Phosphate-dependent glutaminase
PDGF. See Platelet-derived growth factor
Pelvicaliceal cyst, 352, 354f
Pendrin, 27–28
Penicillamine, 575

renal lesions associated with, 1710–1711
Penicillin

APSGN treatment with, 1470
ATIN induced by, 1169, 1171
pyelonephritis, acute treatment with, 861
renal cortical abscess treatment with, 873
renal failure related to, 1041
syphilitic glomerulopathy treatment with, 1474
UTI prevention and, 864
UTI treatment with, 863

Penicillin benzathine, syphilitic glomerulopathy
treatment with, 1474

Pentamidine, renal failure related to, 1044–1045
Pentazocine, nephrotoxicity, 1121
Pentosurias, 572
Pentoxifylline, MN therapy with, 1578
Peptide hormones, regulation of renal acidification

and, 192–193, 193t
Percutaneous transcatheter therapy, angiography,

410–416
Percutaneous transluminal renal angioplasty

(PTRA), 410–416, 412t, 414f–415f
complications, 414–415
investigational adjuncts to, 415–416
ischemic nephropathy treatment with,

1305–1308, 1306f, 1307t, 1308t
renovascular hypertension treatment with,

1305–1308, 1306f, 1307t, 1308t
with stent placement, 410–416, 411f–412f

Periarterial connective tissue, 32, 33f
Pericarditis, dialysis-associated, 2658
Perindopril, hypertension in diabetes treatment

with, 1355
Perinephric abscess, 876–879

clinical features, 877
diagnosis, 877–878, 878f, 879f
etiology, 876
pathogenesis, 876–877, 877f

in pregnancy, 1926
treatment, 878–879

Peripheral vascular disease, diabetic nephropathy
and, 1899

Peripolar cell, 30
Perirenal abscesses, 870–879
Peritoneal dialysis (PD), 2612–2637. See also

specific peritoneal dialyses
aquaporin deficiency and, 2625
catheters, 2626–2627

infection and, 2629–2630, 2630f, 2630t
placement of, 2626
types, 2626

complications, 2634–2636
chyloperitoneum as, 2634
hemoperitoneum as, 2634–2635, 2634t
hyperlipidemia as, 2636
IAP as, 2636
mechanical, 2627
pancreatitis as, 2634
peritoneal cavity boundary defects as,

2635–2636
connection devices and, 2629, 2629f
defining adequacy of, using small solute

clearances, 2613–2617
diabetic nephropathy, 1903
dialysate solutions, peritoneal immune function

and, 2628–2629, 2628t
dietary protein intake, calculation of and, 2620,

2620t
dose

adjusting, 2620–2621, 2621t
calculation of, 2619–2620
measurements to monitor, 2619, 2619t

exit site care for, 2627
treatment and, 2632, 2632f

high solute transport of, UF failure and,
2623–2625, 2624f

hypertension and, 2637
infections related to, 2627–2634

definitions of, 2627–2628, 2628f
treatment of, 2632–2634

intraperitoneal insulin and, 2636
lymphatic absorption, excessive lymphatic and,

2625, 2625f
membrane transport, acquired increase in, 2625
minimal total solute clearance goals in, 2617,

2617t
minimal v. optimal, 2613–2614, 2613t, 2614f
modalities, 2612–2613
nutritional, 2748
peritonitis and, 2630–2632, 2630t, 2631f, 2631t

recent, 2624–2625
treatment of, 2632–2643, 2632f

postoperative management and, 2627
pregnancy and, 1933
prescribing, recognizing pitfalls in, 2620–2621,

2621t
RRF and, 2621, 2622t
small-solute clearances in

monitoring and adjusting, 2617–2621
morbidity and, 2616
mortality and, 2614–2616, 2615t
nutritional status, and patient outcome,

2616
peritoneal membrane function, clinical

relevance of characterizing and,
2618–2619, 2619f

peritoneal transport, determination of and,
2617–2619, 2618t, 2619f

solute transport, average, 2625
solute transport, low, 2625–2626

multiple abdominal adhesions and, 2626
peritoneal sclerosis and, 2625–2626

therapies for
continuous, 2612
intermittent, 2612–2613

transplantation and, 2637
UF and, 2623–2626

clinical physiology of, 2623
failure of, 2623–2625

Peritoneal dialysis (PD)
membrane transport, acquired increase in,

2624–2625
Peritoneovenous shunt, renal abnormalities in

cirrhosis and, 2197

Peritonitis
MCN and, 1617
PD and, 2624, 2630–2632, 2630t, 2631f, 2631t

treatment of, 2632–2643, 2632f
Peritubular capillaries, hemodynamics in, 65–66
Peritubular vasculature, sequence arrangement of,

1447
Peroxisomes and peroxisomal proliferating

activated receptors (PPAR), 978
PGE1. See Prostaglandin E1
PGE1 analog, renal transplantation therapy with,

2575
PGE2. See Prostaglandin E2
PGs. See Prostaglandins
pH

ammonium synthesis, renal and effect of,
205–206

plasma, 191–192
urine, 287

Phagocytosis, mesangial cells in, 11
Pharmacokinetics, principles of, 2765–2767,

2766f
Phenacetin, renal lesions induced by, 1874
Phencyclidine hydrochloride, hypertensive crises

and, 1417
Phendimetrazine, ATIN and, 1174
Phenelzine, 1415
Phenindione, ATIN infections and, 1172–1173
Phenobarbital, ATIN and, 1174
Phenothiazines

pheochromocytoma treatment with, 1414
renal failure therapy with, 2798

Phenoxybenzamine, 623
pheochromocytoma treatment with, 1366
spinal cord injury treatment with, 1416

Phentermine, ATIN and, 1174
Phentolamine, 1415, 1416

hypertension treatment with, drug withdrawal
and, 1415

hypertensive crises treatment with, 1424
pheochromocytoma treatment with, 1414

Phenylalkylamines, renovascular hypertension
treatment with, 1314

Phenylbutazone, papillary necrosis associated
with, 1709

Phenylephrine, 1415
Phenylpropanolamine, 1415–1416
Phenytoin

ATIN infections and, 1173
IgA nephropathy treatment with, 1542

Pheochromocytoma, 1364–1366
diagnosis, 1366
follow-up, 1366
hypertensive crises with, 1414–1415
prevalence/pathophysiology, 1364–1365
screening test, 1365
treatment, 1366

Phimosis, 616
Phosphate

balance, in aging kidney, 2106
basolateral membrane exit of, 2296
binders, 2308

ARF dietary considerations and, 2729–2730
renal transplantation dietary considerations

and, 2729–2730
cellular mechanisms of kidney reabsorption of,

2297
DKA therapy with, 2375
excretion

acid–base balance changes and, 2301
adrenal hormones and, 2301
aging and, 2302
diuretics and, 2302
EGH and, 2302
GH and, 2301
stanniocalcin and, 2302
thyroid hormone and, 2301–2302
urinary tract obstruction and, 702

homeostasis
CKD and, 2384
diabetes mellitus and defect in, 2364

metabolism, CKD and altered, 2393
NKH therapy with, 2375
pediatric, 2062
salt, 2314

ingestion/administration of, 2314–2315
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Phosphate-dependent glutaminase (PDG), 208
Phospholipase A2 (PLA2)

cell injury mediated by, 973–974
ischemic acute renal injury and, 937

Phosphorus
ARF dietary considerations and, 2729–2730
calcifications and

metastatic, 2698–2699, 2698f, 2698t, 2699f
vascular, 2699–2700

in CRF, 2687–2700
dietary intake of, alterations in, 2298–2299,

2299f
disorders, 2295–2307

ADHR as, 2305
familial, 2304–2307
FD as, 2306
MAS as, 2306
metabolism, 2295–2307
OHO as, 2305–2306
TIO as, 2305–2306
type IIa NaPi cotransporter, mutations in as,

2306–2307
XLH as, 2304–2305

gastrointestinal absorption of, 2295, 2296f
acid–base disturbances and, 2311
carbohydrate metabolism effects and, 2310
decrease in, 2307–2317
gastrointestinal disturbances and, 2310–2311
hematologic manifestations of, 2310
increased intake and, 2314
malnutrition and, 2308
phosphate binder administration and, 2308
renal manifestations of, 2311
skeletal abnormalities in, 2310

hyperparathyroidism, secondary and,
2697–2698

hyperphosphatemia consequences and,
2697–2700

luminal membrane transport, 2295, 2296f
malabsorption, 2308
metabolism, disorders of, 2295–2307
1,25(OH)2D3 and effects on renal handling of, 259
redistribution of, between intracellular and

extracellular pools, 2314
renal reabsorption of, 2296
renal transplantation dietary considerations and,

2729–2730
transcellular movement of, 2295
transport, comparison of superficial and deep

nephron, 2296–2297
type IIa Na/Pi cotransporter protein, proteins

that interact with and, 2297–2298, 2298f
urinary excretion of

decreased, 2312
factors that affect, 2298–2302
increased, 2302–2303, 2303t
PTH effects on kidney reabsorption of

phosphorus and, 2299–2300
renal function and decreased, 2312
vitamin D and, 2300–2301

Pigment casts, 294
Pigmenturia, ARF associated with, 1184–1204
Piperacillin

peritonitis treatment with, 2633
pyelonephritis, acute treatment with, 861

Piretanide, sodium/water retention in nephrotic
syndrome therapy with, 2211

PKA. See Protein kinase A
PKD. See Polycystic kidney disease
PLA2. See Phospholipase A2
Plant toxins, 2037–2038

callilepsis laureola, 2037
cotton seed oil, 2038
Djenkol bean, 2037
mushroom, 2037–2038
semecarpus anacardium, 2037
star fruit, 2037

Plasma and organelle membranes, nephrotoxic cell
injury and, 975–976, 976f

Plasma exchange
PAN treatment with, 1768
renal transplantation therapy with, 2575
RPGN treatment with, 1529

Plasma flow, GFR and, 66–67, 67f
Plasma membrane, microvascular contraction

induced by, 59

Plasma renin activity (PRA), 1288–1289
CKD and, 2522–2523

Plasma sodium, DI and, 2264–2265
Plasma solute concentrations, GFR and

relationship to, 302
Plasma therapy, TMA, 1734
Plasmapheresis

ANCA-associated small-vessel vasculitis
treatment with, 1764

bacterial endocarditis treatment with, 1472
HCV-associated glomerulonephritis treatment

with, 1491–1492
MC treatment with, 1783
SLE management with, 1694
SRC treatment with, 1706

Platelet activation
acute cortical necrosis and, 1727–1728
HUS and, 1727–1728
TTP and, 1727–1728

Platelet-derived growth factor (PDGF), 2392
Platelets

abnormalities of, hypertension in diabetes and,
1354

aggregation, hemostasis disorders and,
1597–1598

MPGN and role of, 1560
Pneumococcal polysaccharide vaccine, MCN, 1614
Pneumocystis carinii, 2021

pneumonia, after renal transplantation, 2591
Podocytes

cell body, 6–7
damage to

chemokines in, 1448–1449
cytokines in, 1448–1449
cytoskeletal alterations in, 1448
progressive nephron loss and, 1449–1450

depletion hypothesis
FSGS and, 1627
glomerulopathy, collapsing and, 1627

diseases
classification of, 1586, 1587t
genetic causes of human, 1635, 1636t

foot processes, 5, 6f, 7, 7f, 8f, 10f
effacement of, MCN and, 1606

in glomerular injury, 1447
injury, generation of ROS as key mechanism for,

1449
shape, 5, 8f
subplasmalemmal actin system, 7
supportive function of, 11

Podocytopathies, 1652
Polyarteritis nodosa (PAN), 1749–1750, 1753t,

1767–1768
clinical features, 1767
diagnosis, 1486, 1486t
HBV-associated, 1486–1488, 1486t, 1767

treatment of, 1487
outcome, 1768
pathogenesis, 1767
renal manifestations, 1767
treatment, 1750, 1767–1768

Polyclonal antisera, renal transplantation therapy
with, 2574–2575

Polycystic kidney disease (PKD), 502–530
ACKD as, 529–530, 530f
ADPKD as, 502–524
ARPKD as, 525–527
GCKD as, 529
MSK and, 492–493
in pregnancy, 1930–1931
renal transplantation patient selection and, 2557
TSC as, 527–528
VHL disease as, 528–529

Polycythemia
renal transplantation and, 2596–2597
urinary tract obstruction and, 692

Polydipsia
lithium nephrotoxicity and, 1131
primary, 2231–2232

etiology of, 2231
nephrogenic DI and, 2261–2262
pathophysiology of, 2231–2232, 2232f

treatment of, 2240
Polymyositis-dermatomyositis, 1713–1714, 1714t

renal disease and, 1714
Polymyxin, ATIN induced by, 1171

Polyoma virus
ATIN and, 1168
infections, 1501
after renal transplantation, 2590

Polyps
duplication, 597
prolapse, 597
urethral, 596

Polyuria, lithium nephrotoxicity and, 1131
Postinfectious glomerulonephritis, 1834–1836

adult, 1835–1836
pediatric, 2067

epidemic cases of, 1834–1835
sporadic cases of, 1835

Potassium (K). See also Renal tubular K secretion
defect

ARF dietary considerations and, 2728
balance, in aging kidney, 2103–2105t, 2105f,

2106f, 2107f
channels, 166–167, 167f

membrane voltage and, regulation of, 167
specific functions, 167–168

CRF dietary considerations and, 2728
depletion, tubulointerstitial nephropathies and,

1878–1879
DKA therapy with, 2375, 2375t
excretion

factors affecting, 161–162, 161t
impaired renal, 2283–2285, 2283f, 2285f
interstitial, in renal failure, 2275
in renal failure, 2275
urinary tract obstruction and, 701–702

external homeostasis of
renal adaptation to, 2274–2275, 2275f
in severe renal failure, 2274–2275

homeostasis, 2270–2273
acid-base balance and internal, 2272–2273,

2272f
catecholamines and internal, 2271–2272,

2272f
in CKD, 2274
CKD and, 2383
diabetes mellitus and defect in, 2361–2364
external, 2274–2275, 2275f
hyperkalemia in kidney disease associated

with impaired cellular, 2282
insulin and internal, 2270–2271, 2271f
internal, 2270–2273
mineralocorticoids and internal, 2272
osmolality and internal, 2273, 2273f
in renal failure, 2273–2277, 2273t
in severe renal failure, 2274–2275

hyperkalemia in kidney disease associated with
increased input of, 2282

hypertension, malignant and dietary, 1391
IC response to restricted, 42
metabolism

NSAID nephrotoxicity and, 1090–1091, 1091f
renal disease associated with disorders of,

2270–2289
sickle cell disease and, 2005

nephron segment handling of, 162–166, 162f
inhibitors, 165–166

NKH therapy with, 2375, 2375t
recycling, 167
in renal failure, 2273–2277
renal transplantation dietary considerations and,

2728
secretion, 167–168

distal, factors affecting, 164–165, 164t
kidney in pregnancy and, 1915–1916, 1915f

transport, cell mechanisms of, 166–168
transport, tubular, 160–175, 161f

interactions among regulatory factors for, 175
PPAR. See Peroxisomes and peroxisomal

proliferating activated receptors
PR. See Partial remission
PRA. See Plasma renin activity
Pravastatin, dyslipidemia treatment with, 2492
Prazosin, 623

acute aortic dissection treatment with,
1410–1411

Prednisolone
IgA nephropathy treatment with, 1543
RPGN treatment with, 1529
SLE management with, 1694
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Prednisone
AL amyloidosis treatment with, 1963
ANCA-associated small-vessel vasculitis

treatment with, 1763
CN-induced renal failure treatment with, 1950
FSGS treatment with, 1642, 1645, 1647
glomerulopathy, collapsing treatment with, 1642
HBV-associated PAN treatment with,

1487–1488
HCV-associated glomerulonephritis treatment

with, 1491–1492
lupus nephritis treatment with, 1693
MCN treatment with, 1613, 1614, 1614f
MN therapy with, 1576
MPGN treatment with, 1561–1562
prostatic carcinoma treatment with, 797, 798
SLE management with, 1693
Takayasu’s/giant cell arteritis treatment with,

1769
Preeclampsia

endothelial dysfunction prior to and during,
1338–1339, 1338f, 1339f

genetic factors predisposing to development of,
1333

immunologic factors predisposing to,
1337–1338

incidence, 1333–1334, 1333t
intravascular coagulation in, 1340
peroxidation products during, 1339
PGs in, 1340, 1340f
in pregnancy, 1331–1336, 1332f, 1332t, 1341f

maternal serum markers of, 1339
pathophysiologic mechanisms in, 1336–1341
preventing, 1343–1344, 1344f
treatment of, 1342–1344
trophoblast and spiral arteries, role of in

development of, 1336–1337, 1336f
renal findings in, 1334–1335, 1335f
vasoactive mediators in, 1339–1340

Pregnancy
abscess, perinephric or cortical, 1926
acute cortical necrosis and, 1738
in ADPKD, 522
allograft survival and effect of, 1934
AM changes and, 1330
antidiuretic hormone secretion, transient

inappropriate in, 1919
ARF in, 1923–1925

causes of, 1923–1924
clinical setting of, 999–1000
management of, 1925
renal cortical necrosis and, 1924
septic abortion and, 1923

AVP metabolism during, 1917–1919
collecting system during, 1909–1910, 1910f
connective tissue disorders in, 1929–1930, 1929t
cystitis in, 1925
DI in, 1918–1919, 2262

transient, 1919, 1919f
diabetes in, 1928
eclampsia in, 1331–1336, 1332f, 1332t, 1341f

maternal serum markers of, 1339
preventing, 1343–1344, 1344f
treatment of, 1342–1344
trophoblast and spiral arteries, role of in

development of, 1336–1337, 1336f
fluid volumes during, 1920
GFR and, 301, 1911, 1914
glomerular sclerosis in, 1929
glomerulonephritis, chronic in, 1928–1929
glucose and, 1330, 1914–1915
HELLP syndrome and, 1335–1336
hemodialysis and, 1933
hemodynamics and water metabolism in,

physiologic changes in systemic and renal,
1326–1336, 1327f–1328f

hormonal changes in, 1328–1330
AM, 1330
ET-1, 1330
glucose tolerance and, 1330
progesterone, estriol, and prolactin,

1329–1330
RAA system, 1328–1329, 1329f
relaxin, 1330

hypertension and, 1326–1344
chronic, 1331

disorders of, 1330–1331
gestational, 1331
managing disorders of, 1341–1344
preeclampsia/eclampsia in, 1331–1336,

1332f, 1332t
treatment of, 1341–1342

kidney functional changes induced by,
1911–1917

GFR, increased as, 1914
renal hemodynamics as, 1911–1914,

1912f–1914f
RPF, increased as, 1914
tubular function as, 1914–1917

kidney in, 1909–1935
altered osmoregulation and, 1917–1919
anatomic changes induced by, 1909–1911
AVP metabolism and, 1917–1919
clinical relevance of anatomic changes

induced by, 1910–1911, 1911t
collecting system and, 1909–1910, 1910f
fluid volumes and, 1920
functional changes induced by, 1911–1917
normal and diseased, 1909–1935
renal sodium handling and, 1920, 1921f
sodium loads and, 1920–1921
volume regulation of, 1920–1922
weight gain and, 1920

lupus nephritis and, 1688
MPGN and, 1561
osmoregulation, altered during, 1917–1919
PKD in, 1930–1931
preeclampsia/eclampsia in, 1331–1336, 1332f,

1332t, 1341f
maternal serum markers of, 1339
pathophysiologic mechanisms in, 1336–1341
preventing, 1343–1344, 1344f
timing of delivery and treating, 1343
treatment of, 1342–1344
trophoblast and spiral arteries, role of in

development of, 1336–1337, 1336f
preexisting renal disease in, 1927–1932

connective tissue disorders as, 1929–1930,
1929t

counseling, 1932
diabetes as, 1928
focal segmental glomerular sclerosis as, 1929
glomerular disorders, miscellaneous as, 1930
glomerulonephritis, chronic as, 1928–1929
hemodialysis for, 1933
hereditary nephritis as, 1931
inherited, 1930–1931
management of, 1932–1933
PD for, 1933
perspectives of, 1927–1928, 1927f
PKD as, 1930–1931
rarer, 1930–1931
reflux nephropathy as, 1930
specific, 1928–1930, 1928t
tuberous sclerosis as, 1931
tubulointerstitial disease as, 1930
urolithiasis, 1931–1932, 1931f
VHL as, 1931

pyelonephritis, acute in, 1925–1926
RAA and, 1794
RAAS and, 1328–1329, 1329f
reflux nephropathy in, 672, 1930
renal disorders in gestation and

clinical spectrum of, 1923–1935
management of, 1923–1935

renal function in, 1922–1923
examination of urine and, 1922
renal biopsy and, 1923
tests for, 1922

renal sodium handling in, 1920, 1921f
renal transplantation in, 1933–1935

allograft survival and, 1934, 1934f
management guidelines for, 1934–1935

renal water handling and, 1917, 1917f, 1918f
RPF and, 1911, 1914
SLE management and, 1694
sodium loads in, effects of acute or chronic,

1920–1921
sodium/water homeostasis and, changes in,

1327–1328, 1329f
TMA associated with, 1735–1736
TTP associated with, 1735

tuberous sclerosis and, 1914–1917
tubulointerstitial disease in, 1930
UTIs in, 1925–1927

asymptomatic bacteria and, 1925
management of, 1926–1927, 1926t
symptomatic infection and, 1925–1926

UTIs, upper in, 853–854
prevention of, 864–865

VHL in, 1931
volume changes in, significance of, 1921–1922
VUR and, 672
water metabolism disorders in, 1918–1919
weight gain during, 1920

Pressor compounds. See also specific pressor
compounds

CKD and, 1245–1248
Probenecid, 229
Probenecid, urethritis/cystitis management with,

843
Probucol, dyslipidemia treatment with, 2511
Procainamide

biotransformation, 2767
dialytic clearance and, 2779
metabolism, 2767
SLE-induced by, 1677, 1691

Progesterone
idiopathic edema and, 2153
pregnancy and changes in, 1329–1330

Prolactin
in CKD

female, 2516
male, 2516

pregnancy and changes in, 1329–1330
Prophylactic dialysis, ARF prevention and, 1018
Propranolol

acute aortic dissection treatment with, 1410
acute myocardial infarction treatment with,

1408
hypertension, malignant treatment with, 1394,

1395
hypertensive crises and, 1417
pheochromocytoma treatment with, 1414
renovascular hypertension treatment with,

1313–1314
Propylene glycol, lactic acidosis caused by, 2368
Propylthiouracil, ATIN and, 1174
Prostacyclin

bioavailability, 1729–1730
hypertension, malignant and role of, 1390

Prostaglandin E1 (PGE1), 1017
Prostaglandin E2 (PGE2), 146
Prostaglandins (PGs), 260–264

arachidonic acid metabolite, 78–79, 79f
biosynthesis, 260–261, 261t

compartmentalization and, 1082, 1083f,
1083t

cirrhosis and, 2191
CKD and, 1250, 1250f, 2390
COX products and, 261, 262t, 263t
disease states and role of, 264
IC-GN and role of, 1452
in kidney, biologic actions of, 1083, 1083f
metabolism, 260–261

edema formation and, 1593
in preeclampsia/eclampsia, 1340, 1340f
renal circulation and effects of, 1085
renal function and effects of, 264
renal hemodynamics, 261–262
renal, sickle cell disease and, 2006
solute excretion, 262–263
TAL sodium absorption, regulation of and, 139
vasoconstrictor, 695, 696f, 697f
water excretion, 263–264

Prostate cancer, 616
Prostatic carcinoma, 786–799

diagnosis, 789, 790f
epidemiology, 786–787
etiology, 786–787
hormonal manipulations, 794–796

second-line, 796–797
hormone refractory, 796
screening, 787–789, 787f–788f, 789t–790t
staging, 789–791, 790t, 791f
therapy of advanced disease, 794–799

androgen-independent disease, 796–799
biphosphonate, 798–799
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Prostatic carcinoma (Contd.)
chemotherapeutic options for, 797–798
hormonal manipulations, 794–796
investigational trials of novel agents, 799
radiation, 797

therapy of localized disease, 791–794, 792f
comparative studies of early treatment

outcomes, 794
radiation, 793–794
surgical prostatectomy, 792, 792t
surgical prostatectomy with neoadjuvant

hormonal ablation, 793, 793t
Prostatitis, 634–642

acute bacterial, treatment of, 640
chronic bacterial, treatment of, 640
chronic nonbacterial, treatment of, 640–642
classification, 634, 635t
diagnosis, 636–640

history and physical examination for,
636–637, 637t, 638f

lower urinary tract evaluation for, 637–638,
639f, 639t

other tests for, 638–640
etiology, 634–636, 635f

infectious, 635–636
noninfectious, 636

treatment, 640–642, 642t
Proteasome inhibition, 753
Protein

ARF predisposition and intake of, 2746
background information on, 2717–2719
binding, drugs and, 2766
catabolic/malnourished patient management

with agents of ARF/ARF that enhance
positive balance of, 2746–2748

diet low in
amino acid or ketoacid supplementation in,

2688
meta-analyses and progression of, 2687–2688

excretion
as assist in selection of management strategies,

324
as diagnosis for CKD, 323
as diagnostic clue to etiology, 323
as prognostic indicator for progression of

kidney disease and cardiovascular disease,
323–324

experimental renal damage, progression of and
dietary, 2676–2680, 2676t

hemodynamic mechanisms of, 2676–2677
hemodynamics, intrarenal and, 2677–2678
inflammatory and scarring factors in, 2679
lipid and mineral metabolism in, 2680
metabolic effects of, 2680

GFR and intake, 301
glomerular, 317–318, 318f

albuminuria due to kidney disease and, 318
functional albuminuria as, 317

handling, normal, 316–317
intake

BUN as index for, 311–312
PD and dietary, 2620, 2620t
renal failure and recommended dietary,

2719–2722
large plasma, 317
loss, proteinuria and consequences of, 1600
metabolism disorders, in CKD, 2512–2514
metabolism, in CKD, 2512–2513
muscle, mechanisms that degrade, 2683–2684
nephrotoxic compounds derived from dietary,

2678–2679
PD and dietary intake of, 2620, 2620t
renal failure and recommended dietary intakes

of, 2719–2722
renal insufficiency, progression of and restriction

of dietary, 2685–2690, 2686f
selectivity, 323
stores, mechanisms that regulate body,

2681–2683, 2682t
tests for specific, 321
tubular, 318
turnover, in uremia, 2681
urinary, 287–288

excretion in timed collection for, 320
excretion in untimed collection for, 320–321,

320f

measurement of, 319–321, 319t
methods for measuring, 287–288
microalbuminuria and, 288
nonplasma origin, 317
qualitative colorimetric test strips for,

287–288
quantitative tests for total, 320–321
quantitative tests for total excretion in timed

collection for, 320
semiquantitative tests for total, 319–320

urinary, of plasma origin, 316–317
albumin as, 316–317
low molecular weight, 316, 317t

Protein kinase A (PKA), 59
Protein kinase cascades, cisplatin nephrotoxicity

and role of, 1070
Proteinases, cell injury mediated by, 972–973
Proteinuria, 316. See also Bence Jones proteinuria

ACE inhibitors and reduced, 1647
altered permselectivity in nephrosis and,

1590–1591
clinical implication of, 323–324
consequences, 1591–1600

clinical significance of, 1595–1596
edema formation as, 1591–1594, 1591f
hemostasis disorders as, 1596–1599
hyperlipidemia in, 1594–1596, 1594f
lipid metabolism in, 1595
lipid transport in, 1595
lipoprotein synthesis in, 1595
loss of other proteins and, 1600

diabetic nephropathy GFR, decreasing and,
1895, 1895t

DMS and, 1638
edema formation and, 1591–1594, 1591f

ANP and, 1593
antidiuretic hormone secretion and, 1593
fluid and electrolyte metabolism in, 1594
GFR in, physical and anatomic factors

affecting, 1593–1594
hormonal mechanisms in, 1592–1593
hormonal regulators of fluid and electrolyte

balance in, 1593
PG metabolism and, 1593
RAAS in, 1593

ESRD and, 1638
FSGS and, 1638
GBM alteration in, 1448
glomerular filtration barrier damage results in,

1448
gold-induced, 1710
hematuria with/without, renal biopsy for,

422–423
hemostasis disorders as

clinical involvement in, extent of, 1596–1597
coagulation factors in, 1598
coagulation in, environmental factors

affecting, 1599
coagulation inhibitors in, 1598–1599
coagulation regulators in, 1597, 1597f, 1597t
fibrinolysis in, 1599
platelet aggregation in, 1597–1598

hypertension treatment goal as, reduction of,
1255–1258, 1256t

IgA nephropathy and, 1537
infections, 1599–1600
intermittent, 322
interpretation of, 321–323
isolated, renal biopsy for, 422
lithium nephrotoxicity and, 1131–1132
magnitude of, 322–323
mechanisms, 1588–1591
nephrotic, 1590
nephrotic syndrome and, 1537, 1588–1591,

1591–1600
progression of, 1816

orthostatic, 322
overproduction of, 318–319
patterns, 317–319
pediatric, 2060, 2068
persistent, 322–323
renal handling of macromolecules in,

1588–1590, 1588f, 1589f
tubular handling of protein in, 1589–1590

sickle cell disease and, 2008–2009
small-vessel vasculitis and, 1756–1757

sodium excretion and, 1222
symptomless, pediatric, 2068
treatment of, medical, 1602

Proteoglycans, 10
Proton excretion, kidney in pregnancy and, 1916,

1916f
Proton pump inhibitors, ATIN infections and,

1173
Proximal convoluted tubule (PCT), 2322, 2323f
Proximal straight tubule, calcium disorders and,

2322
Proximal tubule, 12–19

acidification, 581–582, 581t
cells of, as KCI cotransporters, 168–169, 169f
convoluted

cell junctions of, 14, 18f
cell shape and mitochondria of, 13–14, 16f,

17f, 18f
cytoplasm of, 14, 15f
microvilli of, 14

electrophysiology, 128
electrical resistance and, 128
ionic selectivity and, 128
transepithelial potential difference and, 128

function, pediatric, 2060
H+-HCO−

3 transporter mechanisms and,
188–189, 189f

K handling by, 162–163
lesions, myeloma cast nephropathy and

pathogenesis of, 1943–1944
Na transport in, 2134
pediatric, 2060
reabsorption, sickle cell disease and, 2005–2006
secretion, sickle cell disease and, 2005
segments, 12, 12f, 13f, 14f, 15f, 16f
sodium reabsorption, control of, 132–133

Ang II and, 133
catecholamines and, 132
corticosteroids and, 133
GTB and, 132
NO and, 133
PTH and, 132–133
thyroid hormone and, 133

sodium transport, 127–128
nephron heterogeneity and, 127, 128f

straight part, 15–17, 16f
structure-function correlations of, 15–17

subdivisions, 12–13, 14f, 15f, 16f
water transport in, 2134

Pseudoephedrine, 1415
Pseudohypoaldosteronism type I (Cheek-Perry

syndrome), 585–586, 585t
Pseudohypoparathyroidism, 2313

hypocalcemia and, 2328–2329
PTA. See Pancreas transplant alone
PTH. See Parathyroid hormone
PTHrP. See Parathyroid hormone-related peptide
PTK787/ZK22584, 754
PTRA. See Percutaneous transluminal renal

angioplasty
Pulmonary chemoreceptors, 2162
Pulmonary disorders, SIADH etiology and,

2223–2224
Pulmonary system, ARF and, 1008
Purinergic receptors, renal microcirculation

and, 81
Pyelonephritis. See also Xanthogranulomatous

pyelonephritis
acute, 375, 847

duration of therapy and follow-up for,
862–863, 863t

hospitalization for, 859–860, 860f
management of, 840–841, 842f
oral antimicrobial therapy for, 861–862, 862t
organic imaging of, 857
parenteral antimicrobial therapy for, 860–861
pathology, 849
in pregnancy, 1925–1926
pregnant women and treatment of, 862
treatment of, 859–863

chronic, 847
organic imaging of, 857–858
pathology, 850
renal transplantation and, 2560

symptomatic, prevalence and incidence of,
850–851, 850t
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Pyrazinamide, urinary tract tuberculosis treatment
with, 922

Pyrazinoate, 229
Pyrimidines, 770
Pyruvate metabolism, in kidney, 201
Pyuria, 847

QO2. See Oxygen consumption
Quercetin, 641
Quinazoline, pheochromocytoma treatment with,

1366
Quinine, ATIN and, 1174
Quinolone, peritonitis treatment with, 2633

RA. See Rheumatoid arthritis
RAA. See Renal artery aneurysm
RAAS. See Renin-angiotensin-aldosterone system
Race

ESRD differences in, 1253–1254
hypertension, malignant and, 1375
VUR prevalence and, 654–655

Radial steal syndrome, chronic hemodialysis and,
2660, 2660f

Radiocontrast media. See also Contrast-induced
nephropathy

ARF induced by, 1099–1116
CIN prevention and choosing, 1112–1113,

1112f
dose, 1113
medullary hypoxia aggravated by agents of,

1106, 1106f
neurohumoral responses triggered by, and

potential role in CIN, 1107, 1108f
oxygen demand change induced by, 1106
oxygen supply, intrarenal changes induced by,

1106–1107
removal, 1113
types of agents for, 1099, 1100f, 1100t

Radiographs, osteodystrophy of CRF, 2435,
2435f–2437f

Radionuclide imaging, ARF in transplanted
kidney, 2577

Radionuclide studies, 337–368
nuclear medicine, 342–349
parenchymal disease, 361–362, 363f
renal transplants, 367
use of, 351

Ramipril
cardiovascular disease treatment with, 1357
CKD, hypertensive treatment with, 1259
hypertension treatment with, 1258

Ranitidine, ATIN infections and, 1173
Rapamycin, 753

renal failure related to, 1056
Rapidly progressive glomerulonephritis (RPGN),

1511–1530, 1512t, 1837
clinical features of, 1524–1525, 1525t
crescents in

formation of, extent of, 1527, 1527t
formation of, mechanism for, 1520–1524

laboratory findings of, 1525–1526, 1525t
nondiscriminatory, 1525–1526
specific, 1526

natural history of, 1526–1527, 1526t
crescent formation in, extent of, 1527,

1527t
fibrosis, interstitial and, 1527
glomerular tuft and, changes in, 1527
immunopathogenensis and, 1527
outcome and, 1527, 1528t
tubular atrophy and, 1527
urine output at presentation and, 1526

pathogenesis, 1514–1520
adhesion molecules and, 1519, 1519f
cell-mediated immunity and, 1517–1519
cytokines and, 1519–1520
glomerular deposition of anti-GBM antibody

and, 1515–1516
glomerular immune complex deposition,

1516–1517
glomerular immune deposits, minimal or

absent and, 1517
Ig receptors and, 1517
macrophages and, 1518–1519
signaling pathways in, 1520
T-cells and, 1517–1518

pathology, 1511–1514
crescents in, 1511, 1513f, 1514f
glomerular tuft in, 1511–1512, 1515f
immune deposits in, 1513–1514, 1516f
interstitial infiltrate in, 1512–1513, 1515f

treatment, 1527–1530
anticoagulant, 1528–1529
antiplatelet age, 1529
corticosteroid, 1528
cytotoxic agent, 1528
experimental approaches to, 1529
factors to be considered in, 1529–1530
plasma exchange, 1529
renal transplantation, 1529

underlying condition of, laboratory findings
related to, 1526

Rasburicase, uric acid nephropathy and, 1197,
1198

forced diuresis, 1198
hemodialysis, 1198
urinary alkalinization, 1198

Raw carp bile, 2036
RBC casts, 294, 294f
RBCs. See Red blood cells, urinary
RBF. See Renal blood flow
RCC. See Renal cell cancer
Reabsorption dynamics, quantitative analysis of,

66–68
Reactive oxygen species (ROS), 85–86

cellular injury and role of, 969–970, 970t
podocyte injury and generation of, 1449

Red blood cells (RBCs), urinary, 290–293, 291f
Reflux nephropathy, 650–683, 651f

clinical presentation of, 668–670, 668t
hypertension as, 670
UTIs as, 668–670, 669f

demonstrating, techniques for, 663–666
intravenous urography as, 663–665, 664f,

665f
other imaging techniques for, 665–666
radionuclide, 665, 665f, 666f
ultrasonography as, 665

end-stage, renin-angiotensin system and,
672–673, 673f, 673t, 674t

experimental, 660
history, 650–651, 651f
hypertension and, 670–671

management of, 682
mechanisms of damage for, possible, 659–660

infection in, role of, 660
Tamm-Horsfall glycoprotein in, role of,

659–660
urodynamic factors in, 659

pathology, 656–659, 657f
glomerular lesion and, 657–659, 658f

in pregnancy, 1930
management of, 682

renin-angiotensin system and, 671–677
familial association and, 674–676, 675f
fetal ultrasonography in, 676–677
loin pain in, 676
nocturnal enuresis in, 676
other congenital abnormalities associated

with, 676
peripheral plasma renin activity and, 671
presentation during pregnancy, 672
proteinuria and, 672
renal calculi and, 674
renal vein renin studies and, 671–672

tubulointerstitial nephropathies and, 1872–1873
unilateral, 670–671
urinary calculi and, 674
UTIs and, 668–670, 669f

management of, 681–682
Relaxin, pregnancy and changes in, 1330
Renal abnormalities

in cirrhosis
circulatory abnormalities as, 2187–2189
diuretics and, 2196, 2196t
factors involved in functional, 2187–2193
large-volume paracentesis and, 2196–2197
liver transplantation for, 2198
management of, 2194–2198, 2195t
pathophysiology of functional, 2193–2194
peritoneovenous shunt and, 2197
sodium restriction and, 2195–2196

transjugular intrahepatic portosystemic
shunts, 2197

vasoconstrictor drugs for, 2198
kidney sodium excretion diminished and

accompanied by, 1221–1225
Renal abscess, 375, 375f, 870–879
Renal acid-base transport, 183–193
Renal adenomas, 378
Renal agenesis

bilateral, 601–602
unilateral, 602

Renal anatomy
angiographic, 394, 395f–397f
clinical relevance of pregnancy-induced changes

in, 1910–1911, 1911t
CT and congenital variants of, 373, 373f
CT and normal, 373
MRI and congenital variants of, 385
MRI and normal, 384–385, 384f
pregnancy-induced changes in, 1909–1911

Renal arterial disease, acute occlusive
clinical features, 1790, 1790t, 1791f
diagnosis, 1790, 1792f
nontraumatic, 1790–1793
therapy for nontraumatic, 1790–1793

Renal arterial pressure gradient, renovascular
hypertension and, 1293

Renal arteries
disease

atherosclerotic, 1273–1277, 1275f–1276f
fibrous, 1277–1279, 1277f, 1278f
pathologic classification of, 1273, 1273t,

1274t
pediatric, 1311

nontraumatic acute occlusive diseases of, 1788
occlusion, angiography of, 404–405
thromboembolism of, 1789
thrombolysis, 1787–1806

angiography, 416
nontraumatic, 1789, 1789t
traumatic, 1787–1788, 1788f

thrombosis
in fetus, 2064–2065
in neonate, 2064–2065

Renal artery aneurysm (RAA), 1793–1794, 1793f,
1793t

angiography, 408–409, 408f–409f
dissecting, 1794–1795, 1795f
pregnancy and, 1794
rupture, 1794
surgical repair of, 1794

Renal artery stenosis, 1272–1316
medical management, 1311–1316

ACE inhibitor and beta-adrenergic blocker,
1312–1314, 1313t

Ang II receptor blocker, 1314
calcium antagonist, 1314–1315
responses to, 1312

renal transplantation and, 2596
Renal artery stents

ischemic nephropathy treatment with,
1308–1311, 1308f, 1309f, 1310t

renovascular hypertension treatment with,
1308–1311, 1308f, 1309f, 1310t

Renal biopsy
ARF diagnostic approach with, 1007
clinicopathologic correlations, 436–444

capillary wall thickening and, 440–441, 440f,
441f

crescents and, 439–440
glomerulosclerosis, 440
interstitial inflammation and, 441
mesangial expansion and, 436–437
neutrophilic exudates and, 437–439, 439f
renal allograft pathology and, 442–444,

442f–444f
vascular lesions and, 441–442

contraindications, 424–425
gross examination of, 425
gross inspection and tissue processing of,

425–427
histologic evaluation, 427–436

electron microscopy and, 433–434, 435f–437f
immunohistology and, 434–436, 438f
light microscopy and, 427–433, 428f–433f
processing for, 425–427, 425f
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Renal biopsy (Contd.)
indications, 420–444, 421–424

acute renal failure as, 421–422
hematuria with or without proteinuria as,

422–423
isolated proteinuria as, 422
nephrotic syndrome as, 422
systematic disease as, 423, 424t
transplant kidney as, 423–424

interpretation, 420–444
MCN treatment and, 1612–1613, 1613t
myeloma cast nephropathy and value of,

1947–1948, 1947f
renal function in pregnancy and, 1923
renovascular hypertension and, 1293–1294
SLE management guided by, 1692
techniques, 420–421

Renal blood flow (RBF)
cardiac failure and, 2164
GFR and, magnitude of, 54–55
glomerular hemodynamics and, 54–89

contractile process and, characteristics of,
55–62, 56f

kidney, 54, 55f
oxygen consumption and, 54–55, 55
sodium excretion, urinary and, 1221–1222

Renal blood vessels, 31–32, 31f
Renal calculi

ultrasonography and, 350–351, 350f
urinary tract obstruction and, 691

Renal cancer
clear-cell, 745

VHL as, 745, 746f
development pathways of, 744
hereditary, 745

TRC8 and, 747–748, 748f
kidney development pathways and, 744

morphological events and, 744
signaling and, 744

molecular pathogens of, and related treatment
aspects, 744–754

papillary, 748–749, 749f
Renal candidiasis

interstitial granulomatous reactions in, 1879
Renal cell cancer (RCC), 744, 759–770

anti-EGFR and anti-VEGF therapy, combined,
753

anti-VEGF therapy, 752
chemotherapy, conventional, 751
chromophobe, 765, 765f
clear-cell, 762–764, 763f

familial, 764
clinical presentation, 760–762, 760t, 761f

amyloidosis and, 762
anemia and, 762
erythrocytosis and, 762
fever and, 762
hepatic dysfunction and, 762
hypercalcemia and, 762
hypertension and, 762
other syndromes and, 762
paraneoplastic syndromes, 760–762,

761t
epidemiology, 759, 760f
genetics, 762–765
hereditary chromophobe, 765
historical perspective, 759
immunotherapy, 751
molecular biology, 762–765
mTOR inhibitors, 753
multikinase inhibitors, 754
papillary, 764–765, 764f
pathology, 762–765
proteasome inhibition, 753
relapsed or metastatic disease, 768–770
risk factors, 759–760
treatment, 750

Renal cell carcinoma, 378–379, 379f–381f
Renal circulation, PGs effects on, 1085
Renal corpuscle. See Glomerulus
Renal cortical abscess, 870–873

clinical features, 870
diagnosis, 870–873, 871f–872f
etiology of, 870
pathogenesis, 870, 871f
treatment, 873

Renal cortical necrosis, pregnancy-associated ARF
and, 1924

Renal corticomedullary abscess, 873–876
clinical features, 874
diagnosis, 874–875, 875f
etiology, 873
pathogenesis, 873–874
treatment, 875–876

Renal crisis, management, 1706–1707
Renal cysts

ADPKD, pediatric and development of,
513–515, 515f

in elderly, 2113
UTIs, complicated and, 882–883

Renal diseases
acute, hypertension and, 1240, 1241f
in aging kidney, 2088–2113
anemia in, 2405–2423

blood loss and, 2412
bone marrow and, 2405–2406
circulating blood and, 2405, 2406f
clinical aspects of, 2410–2413, 2410f
clinical features of, 2405–2406
EPO production, inadequate and, 2411,

2411f
erythrocyte survival, shortened and,

2411–2412, 2411f
erythropoiesis, inhibition and, 2412–2413,

2413f
iatrogenic hemolysis and, 2412
laboratory features of, 2405–2406
mechanical fragmentation and, 2412
oxygen transport and, 2406
pathophysiology of, 2410–2413
recombinant human erythropoietin therapy

for, adverse effects of, 2419–2420
splenic dysfunction and, 2412

antineoplastic drug-induced, 1068–1078
alkylating agent, 1069–1070
antimetabolites and, 1073–1074
antitumor antibiotics and, 1074–1075
biologic agents, 1075
HUS associated with bone marrow transplant

and, 1077–1078, 1077f
kidney injury, treatment of hypercalcemia of

malignancy and, 1075
atheroembolic, 1795–1798
calcium disorders and, 2332
diabetic, progression of, 2687
diet modification in studies of, 2688f,

2689–2690, 2689f
in elderly, 2106–2113
in fetus, 2062–2065
fibrogenesis and, 1454
fibrosis and, 1453–1454
genetic, pediatric, 2065
glomerular, 1437–1883
gout and secondary, 1989–1992
HBV linked with, 1478, 1479t
HIV immune complex-mediated, 1495–1497

clinical features of, 1496
diagnosis of, 1496
epidemiology of, 1495–1496
prognosis of, 1496–1497
renal pathology of, 1496
treatment of, 1496–1497

HIV-associated with, 1478, 1479t, 1492–1493
hypertension and advanced, 1210, 1211f
hyperuricemia and secondary, 1989–1992
in infancy, 2065–2071
inflammatory, 1479, 1480t
interstitial, 1437–1883
intrinsic, cancer and, 1068
ischemic, 1296–1302, 1296f–1298f

clinical presentation, 1299
ESRD and, 1300–1301
hemodynamic probes and, 1301–1302, 1301f
renal function preservation and, 1299–1300,

1299f
in JCA, 1711–1712
K metabolism in associated with, 2270–2289
in neonate, 2062–2065
NSAID-induced chronic, 1092–1094
parasitic infection and clinical

patterns/management of, 2021–2022
pediatric, 2065–2071

pediatric, identification and investigation of,
2058–2062

imaging and, 2058–2059, 2059t
renal function tests and, 2059–2060

polymyositis-dermatomyositis and, 1714
preexisting, in pregnancy, 1927–1932, 1927f
in pregnancy, 1927–1932, 1927f
primary

gout role in, 1993
hyperuricemia role in, 1993

rarer, in pregnancy, 1930–1931
renal transplantation patient selection and

underlying, 2555–2558
tissue injury and repair in, mechanisms of,

1438–1458
treatment-related, 1498
in Tropics, 2013

epidemiology of common, 2013–2014
tubulointerstitum during primary insult and

progressive, 1453–1458
uric acid and, 1989–1993

mechanism for, 1990–1991
vascular, 1437–1883
viral infection and indirectly associated, 1498

Renal disorders
drug therapy-related, 1709–1711

NSAID, 1709
salicylate, 1709

in gestation
clinical spectrum of, 1923–1935
management of, 1923–1935

inherited, in pregnancy, 1930–1931
schistosomiasis-associated, 2031–2033, 2031f

S. japonicum as, 2033
S. mansoni as, 2031–2033, 2032f

Renal ectopia, 602–603
Renal embryogenesis, 2056, 2057f, 2058t
Renal failure, 362–364. See also Acute renal

failure; Chronic renal failure
acid–base homeostasis in, 2276
ammoniagenesis in chronic, 209
antibiotic-and immunosuppression-related,

1035–1056
antifungal agents, 1042–1043, 1043t
antiviral agents, 1043–1044
clinical aspects of, 1035–1041
cyclosporine nephrotoxicity and, 1045–1051
FK506, 1051–1055
β-lactam antibiotics and, 1041–1042
MMF, 1055–1056
morphologic alterations and, 1035–1037,

1036f
OKT3, 1053–1055
pathogenesis and, 1037–1038
pentamidine, 1044–1045
rapamycin, 1056
sulfonamide, 1042
vancomycin, 1042

bone marrow transplant-associated, 1076–1077
in cancer patients, factors that potentiate,

1068–1069
extracellular volume depletion and diminished

effective arterial circulating volume as, 1068
chemotherapy-induced, 1075–1076
chronic

ammoniagenesis in, 209
anemia of, 2405
cancer patients and, 1068–1069

dietary intakes, recommended and, 2719–2724,
2720t

GFR and, 2722
drug therapy dosage adjustments for, 2767–2779

calculating creatinine clearance and, 2767
initial assessment and, 2767
loading dose for, choosing, 2767–2779
maintenance dose for, choosing, 2779
monitoring drug levels in, 2768t, 2779

drug usage in patients with, 2765–2802
analgesics and agents used by

anesthesiologists for, 2790
antihypertensive agents for, 2790–2798
antimicrobial agents and prescribing, 2790
cardiovascular agents for, 2790–2798
dosage adjustment for, 2767–2779
endocrine agents for, 2798
gastrointestinal drugs for, 2798
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hypnotics for, 2798–2802, 2799t
metabolic agents for, 2798
miscellaneous agents for, 2802
neurologic agents for, 2798
prescribing, 2780t–2798t, 2781–2802
psychiatric agents for, 2798–2802, 2799t
rheumatologic agents for, 2798
sedatives for, 2798–2802, 2799t

dyslipidemia in, treatment of, 2510–2512
ischemia-induced acute, 114
K content in, total body and cellular, 2273–2274
K homeostasis in, 2273–2277, 2273t
K, interstitial excretion in, 2275
MRI and evaluation of patients with, 387–388,

387f
myeloma cast nephropathy and value of,

1947–1948, 1947f, 1948f
predictors, 1949–1950
renal outcome/prognostic factors in, 1949
survival and, 1949–1950
treatment of, 1950

myeloma cast nephropathy-induced
changing presentation of, 1945
demographic and hematological

characteristics of patients with, 1945–1946,
1945t, 1946t

nervous system manifestations of, 2460–2477
biochemical changes in brain and,

2462–2463, 2463f
etiologies, alternative for, 2472
physiology of neurotransmission and, 2465,

2465f
psychological testing for, 2462–2463
subcellular studies of, 2465–2466

protein, recommended dietary intakes of and,
2719–2722

renal biopsy for, 421–422
severe, external homeostasis in K and,

2274–2275
tubular obstruction by casts in genesis of,

1944–1945, 1944f
ultrasonography, 363–364, 365f
urinary tract obstruction and, 690–691
urinary-concentrating defects in, 114–115

Renal fibrosis, treatment, 710–712, 711t
Renal flares

lupus nephritis, 1695
SLE in, 1695

Renal function, 196–198, 197t. See also Residual
renal function

in aging kidney, 2088–2113
ARF and recovery of, nutritional intake effect

on, 2740
BUN as index of, 311–312
CKD, clinical assessment of, 314–316, 315t
creatinine clearance as index of, 306–307
creatinine, serum as index of, 307
cystatin C as index of, 312
epoetin therapy and protection of, 2417–2418
GFR, increased as pregnancy-induced changes

in, 1914
hypertension, malignant

diagnosis and, 1396–1397, 1396f
mechanism of recovery, 1397

hypertension, systemic and effect on,
1251–1261, 1253f

ischemic renal disease and preserving,
1299–1300
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pregnancy-induced changes in, 1911–1917
relative, nuclear medicine measurement of, 349
renal fuels and, 196
renal hemodynamics as pregnancy-induced

changes in, 1911–1914, 1912f–1914f
RPF, increased as pregnancy-induced changes in,
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purinergic actions on, 80–82
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hypertension after, 2595–2596
hyperuricemia in, 1993
immunobiology of, 2540–2549

allograft rejection and, 2544
allograft rejection immunopharmacology and,
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living-unrelated, 2585
lymphocele after, 2588
MRI evaluation of, 388–391, 388f
myocobacterial infection after, 2592
nephrectomy, cadaver donor, 2565–2566
nephritis of donor origin in, 2579
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pancreatitis after, 2594
patient selection for, 2553–2560
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1308t
renal arterial pressure gradient and, 1293
renal artery stenosis, diagnosis of and,

1284–1285, 1284t–1285t
renal artery stent treatment of, 1308–1311,

1308f, 1309f, 1310t
renal biopsy and, 1293–1294
renal scans and, 1291
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RRF. See Residual renal function
RTA. See Renal tubular acidosis
RVT. See Renal vein thrombosis
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Schistosomiasis, 2030, 2030f

renal disorders associated with, 2031–2033, 2031f
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Scleroderma. See also Diffuse scleroderma; Limited
scleroderma

angiography, 404
linear, 1700
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SDTL. See Descending thin limbs of

short/long-looped nephrons
Secreted autotransporter toxin (Sat), 821
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TAL, regulation of, 138–140, 139t
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Sodium transport, 124, 125f
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proximal tubule, 127–128
tubular, 124–148

Sodium-amino acid cotransport, 129–130
Sodium-glucose cotransport, 129
Soft tissue disease, chronic hemodialysis and,

2661–2665
Solu-Medrol, APSGN treatment with, 1470
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nephropathy, 1156–1157
nephrotoxicity, 1155–1157
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Spider bites, 2037
Spinal cord injury
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nephrotic syndrome treatment with, 1601
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potassium secretion defect

Splenic dysfunction, anemia in renal disease and,
2412
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SRC. See Scleroderma renal crisis
SS. See Systemic sclerosis
St. John’s Wort, 2750
Stanniocalcin, phosphate excretion and, 2302
Staphylococcus aureus (S. aureus), 1762
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Starling filtration-reabsorption principle, 62
Stem-cell transplantation, 751
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as LVH risk factor, 2490
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Steroids
DCT NaCI transport, regulation of and,
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MC treatment with, 1783
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SLE management with, 1693
therapy with

ARF prevention and, 1017
IgA nephropathy treatment with, 1497
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Streptococcal infections, APSGN and, 1467
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with, 922
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cisplatin, cellular responses to and, 1073
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dysfunction treatment with, 623
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2473–2474, 2474f
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Succimer, mercury poisoning treatment with, 1155
Succinylcholine, hyperkalemia and, 2282
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Sulfadiazine
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ARF prevention with, 1014
renal failure related to, 1042
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UTI management with
pediatric, 2071

Sulfanilamide, 1198
Sulfate-anion exchange mechanism, organic anions

secreted by, 222–223
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ATIN and, 1174
RPGN treatment with, 1529

Sulfisoxazole
biotransformation, 2767
metabolism, 2767
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cystitis management with, 838
renal failure related to, 1042
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UTI treatment with, 863
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1844–1846, 1846t
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management, 1692–1695

anti-dsDNA antibodies and complement,
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drug therapy, 1692–1694
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overview, 1692
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1367–1368
diagnosis, 1368
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TLI. See Total lymphoid irradiation
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immune-mediated mechanisms in, 2014,
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treatment, 771
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Transplantation. See also Pancreas after kidney
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Tubular function
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sequence organization of, 1447
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drug-associated, 1873–1876
glomerular influence on, 1863–1864
in pregnancy, 1930

Tubulointerstitial fibrosis
in aging kidney, 2089–2093, 2091f
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Tyrosinemia, 579
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hypertension and, 1238–1239, 1239t
miscellaneous lesions in, 1239–1240

United Kingdom Prospective Diabetes Study
(UKPDS), 1899

Urachal anomalies, 598–599
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measurement of volume of distribution of urea

(V) in, 2654–2655
improper collection of blood samples and,

2654–2655
inaccurate urea assumption and, 2654
presence of recirculation and, 2654
urea rebound and, 2655

pitfalls in, 2654–2655
shortened dialysis time (T) and, 2655, 2655f,

2655t
Urea nitrogen appearance (UNA), 2717
Uremia. See also Hemolytic uremic syndrome

aluminum metabolism and effects of, 2701,
2701f

in brain, radiologic and pathologic examination
of, 2467–2468

CNS pathology with, 2466–2467
pathophysiology and, 2466–2467

metabolic and endocrine dysfunctions in,
2502–2525

protein turnover in, abnormalities in, 2681
sexual dysfunction in, 2474–2475

Uremic nephropathy, clinical manifestations of,
2475–2477

metabolic neuropathy as, 2475–2476
nerve conduction, 2476, 2476t
peripheral nerve, 2475
PTH, 2476–2477, 2476f, 2477f
uremic toxin, 2476, 2476t

Uremic neurotoxins, 2463–2465, 2468–2469
in CNS, 2463–2464
guanidine compounds as, 2468
in nervous system, peripheral, 2464–2465,

2464f
Uremic syndrome, 2379–2525
Uremic toxin, uremic nephropathy clinical

manifestations and, 2476, 2476t
Ureter

calcifications, renal in, 337
circumcaval, 601
ectopic, 599–600
as host, 823–824
TCC, 70–771
ultrasonography, 341

Ureteral diverticula, 601
Ureteral stenosis, 601
Ureteral stents, complicated UTIs and, 883–884
Ureteral valves, 601
Ureteroceles, 600

ectopic, 599–600
Urethra, disorders of, 595–597

duplication as, 597, 599
gland abnormalities as, 597
hypospadias as, 595–596
meatal stenosis as, 595
megalourethra as, 597
polyps as, 596
posterior urethral valves and, 596
prolapse as, 597
urethral valves and, 596

Urethral anomalies, congenital, 599–601
circumcaval ureter as, 601
ectopic ureters or ureteroceles as, 599–600
megaureters as, 600–601
ureteral diverticula as, 601
ureteral stenosis as, 601
ureteral valves as, 601
ureteroceles as, 600
urethral duplication as, 599

Urethral strictures, 616, 616f
Urethral valves

anterior, 596
posterior, 596, 616

Urethritis, 832–844
bacteriuria, 832
clinical manifestations of, 835–836

investigations in, 835–836
definitions, 832–833
diagnosis, 836–837

automated methods for detection of
bacteriuria in, 837

rapid diagnostic methods for, 836–837
urine culture for, 837

epidemiology, 835
management, 837–844

duration of therapy for, 839–840
general principles of, 837–838
pediatric, 843–844
pregnancy and, 842–843, 843f

pathogenesis, 833–835
host factors in, 834–835
pathogens and, 833–834, 833f
route of infection and, 833
virulence factors in, 834

recurrent infection, 832–833
management of, 841–842, 842t

relapsing infection, management of, 841
Uric acid, 227–230

ARF related to rhabdomyolysis and, 1190
ATIN metabolic disorders and, 1174
CKD and, 2390
excretion, 1986–1987
factors influencing, 1987–1988
generation of, 1986, 1987f
hypertension and, 1993–1994
kidney in pregnancy and, 1915
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Uric acid (Contd.)
metabolism, ARF and disorders of, 1011
nephropathy

clinical/laboratory manifestations of,
1195–1197, 1196f

crystalline ARF and, 1194–1198
differential diagnosis, 1196–1197
pathogenesis, 1195
prophylactic measures/treatment, 1197,

1197t
rasburicase and, 1197, 1198

physicochemical characteristics, plasma levels,
and overall renal handling of, 227–228

properties, 1194–1195, 1194f
renal disease and, 1989–1993

mechanism for, 1990–1991
renal transport of, 218–230

Uric acid stones, 734–735
diseases associated with uric acid lithiasis and,

735
pathogenesis, 734–735, 734f
treatment, 735

Urinalysis, 286–296, 287t
ARF diagnostic approach and, 1003–1005
macroscopic, 286–289

appearance of, 286–287
bilirubin and, 288–289
glucose and, 288
ketones and, 288
nitrite/ leukocyte esterase and, 289
odor of, 287
protein and, 287–288
specific gravity of, 287
urine pH and, 287
urobilinogen and, 289

MCN, 1603–1604
microscopic, 289–296

automated systems, 296
casts and, 293–295
cells and, 290–293
crystals and, 294f, 295, 295f, 295t, 296f
examination techniques for, 290
urine sediment and, 289–290, 290f

routine, approach to, 296, 296t
urine collection, 286

Urinary acidification
defects, urinary tract obstruction and, 701–702
lithium and, 1134
pediatric, 2061
sickle cell disease and, 2004–2005

Urinary biomarkers, nephrotoxicity secondary to
environmental agents/heavy metals and,
1146–1147, 1147f

Urinary calculi, 674, 683
Urinary clearance, GFR and, 302
Urinary concentration, 324

ability
impaired, 700–701, 700f
lithium and, 1132–1133

in aging kidney, 2099–2101, 2100f–2102f
alteration, as marker of kidney damage,

328–329
capacity, assessment of, 327–328, 328f
defects, 112

knockout mice with, 2253–2254
urinary biomarkers in diseases with, 116–117

DI and knockout mice with defects in,
2253–2254

lithium and ability for, 1132–1133
nephrotoxicity of, 1130–1131

long-term regulation, 108
mechanisms of, via countercurrent

multiplication, 109–111, 110f
sickle cell disease and capacity of, 2002–2003,

2003f, 2004f
Urinary dilution, 324

alteration, as marker of kidney damage,
328–329

capacity
in aging kidney, 2101–2102
assessment of, 328
sickle cell disease and, 2004

mechanisms of, via countercurrent
multiplication, 109–111, 110f

Urinary diversions, 628
UTIs, complicated and, 883–884

Urinary flow rate, ARF diagnostic approach and,
1003–1005

Urinary incontinence, 618
Urinary stasis, as nephrolithiasis risk factor, 494
Urinary tract

function
disorders of, 614–616
lower, 608–609, 609f, 610f

infections, 815–924
lower, 606–609, 607f, 607t, 609f, 610f
micturition, disorders and lower, 606–608, 607f,

607t
diagnostics of, 609–614, 610t, 611t

neurogenic DI induced by obstruction in, 114
obstruction, 357
tuberculosis of, 910–924

Urinary tract dysfunction, lower
assessment, 663
treatment, 621–629

acupuncture, 623–625
artificial urinary sphincter, 629
biofeedback, 621, 625t
BTX, 626
capsaicin/resiniferatoxin, 625
CredÈ/Valsalva maneuver, 621, 625f
intermittent self-catheterization/long-term

catheters, 625
pharmacologic, 623, 625t
sacral nerve stimulation-neuromodulation,

626–627, 627f
surgical, 628, 628f
TENS, 626

Urinary tract infections (UTIs)
complicated, 881–891, 882t

bacteriuria and, 882–883
catheterization and instrumentation in,

881–882
diabetes mellitus and, 885, 885t
functional risk factors for, 885–888
HIV/AIDS and, 887–888
malakoplakia and, 889
miscellaneous causes of, 888–891
neutropenia and, 887
obstructive uropathy and, 881
renal cysts and, 882–883
renal transplantation and, 885–886
risk factors, anatomic or structural for,

881–884
spinal cord injury, neurologic dysfunction

and, 886–887
unusual or resistant organism-caused, 890,

891t
urinary diversions and, 883–884
urosepsis and, 889–890
xanthogranulomatous pyelonephritis and,

888–889
E. coli and adhesins with less established roles

in, 820–822
in elderly, 2113
fungal, 895–907

candidiasis-caused, 896–899
filamentous fungi-caused, 899–901
phagocyte opportunist-caused, 896–899
T-cell opportunist-caused, 901–907

as MSK clinical feature, 493
pediatric, 2070–2071, 2070t

management of, 2071
in pregnancy, 1925–1927

asymptomatic bacteria and, 1925
management of, 1926–1927, 1926t
symptomatic infection and, 1925–1926

reflux nephropathy and
clinical presentation of, 668–670, 669f
management of, 681–682

after renal transplantation, 2593
sickle cell disease and, 2008
treatment, 710
upper, 847–866

adult-onset infection and, 852–853
in adults, 858–859
asymptomatic, 851
bacteremia diagnosis of, 854–855
bacteriology, 848–849, 848t
catheter-associated, prevention of, 865
childhood/infancy infection and, 851–852
clinical presentation of, 858–859

continuos suppression in, prevention of, 865
definitions of, 847
diagnosis, laboratory of, 854–855
hematuria diagnosis of, 855
historical perspectives of, 847–848
host factors and host response to, 849
hypertension and, 853
in infants and children, 859
infection localization, 855–857, 855t
leukocyte cast diagnosis of, 855
mortality and, 853
natural history and consequences of, 851–854
nephrolithiasis and, 853
neurogenic bladder and, 853
neurogenic bladder, prevention of, 865
organic imaging of, 857–858
pathogenesis, 848–849
pathology, 849–850
pregnancy and, 853–854
pregnancy and prevention, 864–865
prevalence and incidence, 850–851, 850t
prevention, 864–865
proteinuria diagnosis of, 855
pyuria diagnosis of, 854
radiologic investigations, indications for, 858
recurrent, 863–864
renal impairment and, 852–853
therapeutic principles for treatment, 859
treatment of, 859–864
treatment of, in presence of impaired renal

function, 864
urine culture diagnosis of, 854

urinary tract obstruction associated with, 691
VUR and, 668–670, 669f

management of, 681–682
Urinary tract obstruction, 689–712

age and, 702
aquaporins in, role of, 701
ARF diagnostic approach and, 1006
calcium excretion and, 702
cancer patients and, 1068
clinical syndromes and complications of,

689–692, 690t
hydronephrosis, renal parenchymal atrophy,

and renal failure as, 690–691
diagnosis, 705–708

symptoms and signs for, 705
urinalysis and laboratory findings for,

705–706
diagnostic imaging in, 706–708

CT and MRI, 708, 708f
intravenous urography and, 706, 707f
isotopic renography and, 707–708
plain films, tomograms and, 706
ultrasonography and, 706–707, 708f
ureteropyelography, 708

hypertension associated with, 691–692
impaired urinary-concentrating ability and,

700–701, 700f
incidence and cause of, 689, 690t
K excretion and, 701–702
lower, treatment of, 710
magnesium excretion and, 702
neonatal ascites associated with, 692
obstructive nephropathy, treatment, 710–712,

711t
osmotic load, increased and, 701
pathophysiology, 692–704

GFR and, 693–700, 693f, 694t, 696f–700f,
699t

hydrodynamics in urinary tract and, 692–693
intrarenal pressure and, 693–700, 693f, 694t,

698f–700f, 699t
renal hydrodynamics and, 693–700, 693f,

694t, 696f–700f, 699t
phosphate excretion and, 702
polycythemia associated with, 692
renal calculi and, 691
renal fibrosis, treatment of, 710–712, 711t
renal metabolism and, 702–704
renal pelvic obstruction, treatment of, 709
treatment, 709–712

complications in, 710
fluid and electrolyte, 710
long-term follow-up, 710
medical, 710
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nephrectomy as, 710
surgical, 709–710
UTI and, 710

tubular function recovery after, 702, 703f
tubulointerstitial nephropathies and, 1872–1873
ureteral obstruction, treatment of, 709–710
urinary acidification defects and, 701–702
UTIs associated with, 691

Urine
as host

composition and, 822
THP and, 822
voiding and, 822

specific gravity, 326–327, 326f
tonicity, methods of measuring, 325–327

dipsticks as, 327
refractive index as, 327
urinary osmolality and, 325–326
urinary specific gravity as, 326–327, 326f

Urine osmolality measurements
DI and, 2264–2265
urine tonicity and, 325–326

Urine sediment
examination, 289, 290f
preparation of, 289–290

Urobilinogen, urinary, 289
Urodynamics, 612–614
Uroflowmetry, 613
Urography

diagnosis with, 355–356, 356f
parenchymal disease, 357–359, 358f–360f
renovascular hypertension, 366, 366f
use of, 350

Uroguanylin, 247–248
Urolithiasis, in pregnancy, 1931–1932, 1931f
Urosepsis, complicated UTIs and, 889–890
UTIs. See Urinary tract infections
Uveitis, idiopathic ATIN with, 1175–1176

Vaccine, 822
VAD. See Vincristine, Adriamycin,

dexamethasone
Valsartan

hypertension in diabetes treatment with, 1355
microalbuminuria treatment with, 1356

Vancomycin
ATIN induced by, 1171
peritonitis treatment with, 2632, 2633
renal failure related to, 1042

Varicella zoster, after renal transplantation,
2589

Vasa recta, 98
ascending, 31f, 32
capillary uptake by, 66
descending, 31–32, 32f
morphology, 32, 32f

Vascular access, hemodialysis and complications
with, 2659–2660

Vascular changes
leukocyte extravasation and, 1442, 1442f
sodium excretion and, 1222–1223, 1222f

Vascular disease
CT, 377–378, 377f
MRI, 386–387, 387f
renal, in elderly, 2110–2111
risk factors for, treatment of, 2724–2727

homocysteine and, 2726–2727
lipids and, 2724–2726
oxidant and carbonyl stress in, 2726

in Tropics, 2014
tubulointerstitial nephropathies and, 1877

Vascular endothelial growth factor (VEGF),
2391–2392

Vascular endothelium
function/structure, hypertension in diabetes and,

1354
paracrine role of, 61

Vascular lesions
RA-related, 1709
renal biopsy clinicopathologic correlations and,

441–442
Vascular malformations, 407–408, 407f–408f. See

also Arteriovenous malformations
Vasculitides

diagnostic classification of, 1748–1755,
1750t–1752t

Chapel Hill Nomenclature System for, 1748,
1752t

pathology, 1748–1755, 1749f
Vasculitis

ANCA-mediated, 1841–1843
outcome of, 1842, 1843f

angiography, 404, 405f
cryoglobulinemia and, 1498
HBV-associated, 1488
large-vessel

giant cell arteritis as, 1748–1749
Takayasu’s arteritis as, 1748–1749

medium-vessel, 1749–1750, 1753f
Kawasaki’s disease as, 1749–1750
PAN as, 1749–1750

small-vessel, 1756t, 1757t
adjunctive treatment for ANCA-associated,

1766
AECA in ANCA-associated, 1762
ANCA serologic studies on, 1759–1760,

1760t
ANCA-associated, 1756–1759
animal models of ANCA-associated,

1762–1763
autoantigen complementarity theory and

ANCA-associated, 1763, 1763f
Churg-Strauss syndrome as, 1751–1752
clinical features of ANCA-associated,

1756–1759
demographics of ANCA-associated,

1756
environmental factors influencing

ANCA-associated, 1762
gastrointestinal tract disease associated with,

1758–1759
immune complex-mediated, 1752
laboratory findings in, 1759–1760
microscopic polyangiitis as, 1751–1752
neurologic disease associated with, 1759
organ system disease associated with, 1759
pathogenesis of ANCA-associated,

1760–1763
pauciimmune, 1752
pulmonary disease associated with,

1757–1758
relapse of ANCA-associated, 1764–1765,

1766
renal manifestations of, 1756–1757
renal transplantation for ANCA-associated,

1766
role of T-cells in ANCA-associated,

1761–1762
S. aureus in ANCA-associated, 1762
skin disease associated with, 1757
treatment of ANCA-associated, 1763–1766,

1765t
upper respiratory tract disease associated

with, 1758
systemic

epidemiology of, 1755
incidence, 1755

systemic necrotizing, in parenteral drug abusers,
1127

Vascultic diseases, renal, 1748–1770
therapeutic considerations for, 1770

Vasoactive agents, tubuloglomerular feedback
activity modulated by, 71–72

Vasoactive factors, endothelium-derived, 75–77
Vasoactive substances, tissue repair and,

1441–1442
Vasoconstriction

HRS and, 2184
renal abnormalities in cirrhosis treatment with,

2198
Vasoconstrictor systems

cardiac failure and, 2165–2169
sodium retention in nephrotic syndrome and,

2209–2210
water retention in nephrotic syndrome and,

2209–2210
Vasodilators

in cardiac failure, 2169–2171, 2171f
cardiac failure treatment with, 2173
CIN prevention and, 1113, 1114–1115
hypertension during pregnancy and treatment

with, 1342

systems
sodium retention in nephrotic syndrome and,

2210–2211
water retention in nephrotic syndrome and,

2210–2211
Vasomotor, ARF induced by, 1085–1088, 1086t,

1087t
Vasopressin, 84–85, 104, 105f

abnormalities in, 2518
administration, MTAL and, 22
antagonist, hypoosmolar disorder treatment

with, 2240–2241
AQP2 trafficking regulated by, 106
cellular actions of, 2251–2253, 2252f–2255f
DI treatment with, 2265
escape, 116
in heart failure

nonosmotic release of, 2168
renal effects of, 2168–2169

K secretion inhibited, 165
renal abnormalities in cirrhosis treatment with,

2198
role, 110–111
secretion

hormonal influences on, clinically important,
2251

osmotic control of, 104–105
regulation of, 104

sodium/water retention in nephrotic syndrome
therapy with, 2212

VCB complex. See ElonginC, elonginB complex
VEGF. See Vascular endothelial growth factor
VEGFR-targeted therapy, RCC, 769–770
VeIP. See Ifosfamide, cisplatin, vinblastine
Venogram, RVT, 1803–1804, 1804f
Verapamil, 1897

acute aortic dissection treatment with, 1410
hypertension in diabetes treatment with, 1355

Verapamil, renovascular hypertension treatment
with, 1314

Vesicle targeting receptors, 107–108
Vesicoureteral reflux

after renal transplantation, 2588
tubulointerstitial nephropathies and,

1872–1873
UTIs, complicated and, 884

Vesicoureteric reflux (VUR), 650–683
clinical presentation of, 668–670, 668t

hypertension as, 670
UTIs as, 668–670, 669f

demonstrating, techniques for, 660–662
alternative methods of, 661–662, 662f
voiding cystourethrography as, 660–661

family members and, 682
history, 650–651, 651f
hypertension and, 670

management of, 682
management, 677–683

controlled trials for, 677–679, 680f
surgical, 677
surgical techniques for, 679–680, 681t

natural history of, 666–667
neurogenic bladder and, 655

management of, 680–681
meningomyelocele and myelodysplasia in,

655
spinal cord injuries, 655, 656f

prevalence
in infants and children, 654
in relation to age, gender, and race, 654–655

primary, 651–652, 652f
renin-angiotensin system and, 671–677

familial association and, 674–676, 675f
fetal ultrasonography in, 676–677
loin pain in, 676
nocturnal enuresis in, 676
other congenital abnormalities associated

with, 676
peripheral plasma renin activity and, 671
presentation during pregnancy, 672
proteinuria and, 672
renal calculi and, 674
renal vein renin studies and, 671–672
role of, 671–677

secondary, 655–656
in transplanted kidney, 655–656
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Vesicoureteric reflux (VUR) (Contd.)
urinary calculi and, 674
UTIs and, 668–670, 669f

management of, 681–682
Vesicular trafficking, alterations in transport

processes and, 43–45
ADH-mediated water transport, 43–45
proton transport, 43

VHL disease. See Von Hippel-Lindau disease
Vibrio vulnificus infection, 2018
Vidarabine therapy

HBV-associated PAN treatment with, 1488
PAN treatment with, 1768

Vinblastine, 770. See also Cisplatin, vinblastine,
and bleomycin; Ifosfamide, cisplatin,
vinblastine; Methotrexate, vinblastine,
doxorubicin, and cisplatin

GCT management with, 808
RCC treatment with, 751
TMA and, 1727

Vincristine
CN-induced renal failure treatment with, 1950
TMA treatment with, 1734

Vincristine, Adriamycin, dexamethasone (VAD),
1965

Vincristine, dactinomycin, and doxorubicin, 772
Viral glomerular diseases, 1478–1501
Viral infections, 865–866

renal diseases indirectly associated with, 1498
after renal transplantation, 2588–2590

Visceral leishmaniasis, 2028
Vitamin A, intoxication, 2332
Vitamin D, 258–260, 258f

ARF dietary considerations and, 2730–2731
calcium transport and, 2326
CRF dietary considerations and, 2730–2731
intoxication, 2332, 2333
metabolism, abnormalities of, 2307–2308
metabolites

abnormalities in, 2521–2522
phosphorus, gastrointestinal absorption and,

2314
osteodystrophy of CRF therapy with, 2448
phosphorus, gastrointestinal absorption and,

2314
phosphorus urinary excretion and, 2300–2301
renal transplantation dietary considerations and,

2730–2731
rickets and deficiency in, 2308
rickets and dependency on, 2308

Vitamins
ARF dietary considerations and, 2732–2734
ARF nutritional therapy and intake of,

2745–2746
CRF dietary considerations and, 2732–2734
renal transplantation dietary considerations and,

2732–2734

Volume status, calcium transport and, 2326
Von Hippel-Lindau (VHL) disease, 528–529, 745,

746f, 763–764, 763f
clinical features, 528–529
definition, 528
diagnosis, 529
genetics, 528
management, 529
mutations of, consequences, 746–747
in pregnancy, 1931
VCB complex, structure of, 745–748

Voriconazole, fungal UTIs treated with, 898
VUR. See Vesicoureteric reflux

Warfarin
MPGN treatment with, 1562
RVT treatment with, 1805

Water balance
disorders of, AQP2 and, 96, 97t
regulation, 96–117
renal regulation of, 104–108

Water disorders, 2121–2376
Water excrection

in clinical practice, assessment of, 2184
distal convoluted tubule diuretic, 2133–2134
loop diuretics and, 2129, 2129f

Water homeostasis, CKD and, 2383
Water intake, 108
Water metabolism disorders, in pregnancy,

1918–1919
Water reabsorption

cardiac failure and, 2164–2165
enhanced tubular, mechanisms of, 2209

Water retention
heart failure and renal

afferent mechanisms for, 2160–2163
efferent mechanisms for, 2163–2171

in heart failure, treatment of, 2171–2174,
2172f, 2174f

hyponatremia, dilutional and, 2182–2184,
2183f

clinical consequences of, 2183–2184
hypoosmolality and, 2216–2217
in nephrotic syndrome

afferent mechanisms for, 2206–2207
efferent mechanisms for, 2208–2211
nephron sites of, 2208–2209
therapy of, physiologic basis for, 2211–2212
vasoconstrictor systems and, 2209–2210
vasodilator systems and, 2210–2211

states of, 115–117
CHF and, 115
hepatic cirrhosis, 115–116

Water transport
ADH-mediated, vesicular trafficking and, 43–45
PGs and, 263

Waxy casts, 293f, 294

WBC casts, 294
WBCs. See White blood cells
Wegner’s granulomatosis, 1751–1755, 1755f,

1841–1843
interstitial granulomatous reactions

in, 1879
pathogenesis, 1760
renal transplantation and, 2560
tubulointerstitial ICDs in, 1870–1871

Weight. See also Adjusted edema-free body weight;
Obesity

gain, during pregnancy, 1920
GFR and, 300–301

White blood cells (WBCs), 290–292, 292f
WHO. See World Health Organization, lupus

nephritis classification
Wilms’ tumor, 749, 771–772, 1637–1638

epidemiology, 771
genetics, 771
MCN and, 1638
presentation and evaluation, 771
treatment, 771–772

chemotherapy, 772
prognosis, 772
radiotherapy, 771–772
relapsed disease, 772
surgery, 771

Wilson disease, 579–580
World Health Organization (WHO), lupus

nephritis classification, 1680–1684,
1680t

WT1
FSGS genetics and, 1637–1639, 1638f
function of, 749–750, 750f
glomerulopathy, collapsing genetics and,

1637–1639, 1638f

Xanthine nephropathy, 1076
Xanthine oxidase, inhibition, 1197
Xanthogranulomatous pyelonephritis, 375–376,

376f
interstitial granulomatous reactions in,

1879
UTIs, complicated and, 888–889

Xenobiotic transport, 963
XLH. See X-linked hypophosphatemia
X-linked hypophosphatemia (XLH),

2304–2305
Xylocaine lubricant, 1416

Zinc, in CRF, 2705
Zoledronate, CN-induced renal failure treatment

with, 1951
Zoledronic acid, prostatic carcinoma treatment

with, 798
Zoledronnate, kidney injury and treatment of

hypercalcemia of malignancy, 1075
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COLOR FIGURE 15-4. A: H&E stain of a glomerulus with moderate neutrophilic infiltrate in acute
poststreptococcal glomerulonephritis. (Magnification ×200.) B: PAS stain of a glomerulus, illustrating
early and late nodular mesangial expansion typical of nodular intercapillary glomerulosclerosis of diabetic
nephropathy. (Magnification ×200.) C: PAMS stain depicting a portion of a capillary tuft with spikelike
projections extending outward from the capillary basement membrane. This picture is characteristic of
stage II idiopathic membranous glomerulonephritis. (Magnification ×1,000.) D: Depiction of the yellow-
green birefringence of amyloid when stained with Congo red. Other tissue structures (particularly fibrous
tissue) may rotate light and appear white when viewed with the polarizing microscope and should be
distinguished from amyloid. (Polarization optics, magnification ×200.) E: This interlobular artery exhibits
inflammation primarily in the intima, which is seen commonly in acute vascular rejection. Compare
with the immunofluorescence pattern in Figure 15-22F, which demonstrates the transmural nature of the
process. (H&E, magnification ×400.) F: Photomicrograph of immunoperoxidase preparation using LEU
2A antibody, an antibody to cytotoxic T cells, and diaminobenzidine. Several cross-sections of tubules
and interstitium are shown from a typical example of acute cellular rejection. The T cells infiltrate both
the interstitium and the tubular epithelial cells. (Magnification ×200.)

1



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-Vol-I Schrier-2611G GRBT133-Schrier-v5.cls September 25, 2006 22:45

A

C

B

D

E F

COLOR FIGURE 15-22. A: Glomerulus with fine, ribbonlike basement membrane staining with IgG
indicative on anti-glomerular basement membrane disease. (Magnification ×200.) B: Glomerulus exhibit-
ing coarse granular deposits of IgG distributed irregularly along the glomerular basement membranes.
This pattern is typical of poststreptococcal glomerulonephritis. C3 is usually present in the same pattern.
(Magnification ×200.) C: Glomerulus with fine IgG granules evenly deposited along the glomerular base-
ment membrane. This pattern is typical of the subepithelial deposits of idiopathic membranous glomeru-
lonephritis. (Magnification ×200.) D: Glomerulus demonstrating the typical pattern of subendothelial
immune complex deposits. The outer edge of the deposits abuts the inner surface of the glomerular base-
ment membrane and is relatively smooth. The inner aspect of the deposits is shaggy and irregular and
may merge with the mesangium, which is expanded. This pattern is characteristic of membranoprolif-
erative glomerulonephritis. (IgM, magnification ×200.) E: Glomerulus exhibiting the typical pattern of
IgA mesangial immune deposits. Note the absence of basement membrane localization. The dark spaces
in the midst of the deposits represent mesangial cells, not capillary lumina. This pattern is typical of
IgA nephrology, Henoch-Schönlein purpura, and mesangiopathic lupus nephritis. (Magnification ×200.)
F: Arteriole with transmural staining for IgM. This pattern is characteristic of relatively mild acute vascu-
lar lesions of vascular rejection. In more severe lesions there is greater disruption of the vessel wall, which
also can be seen by light microscopy. This pattern should be distinguished from the subintimal glossy
deposits of hyaline that are seen in chronic vascular disease. (Magnification ×400.)
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COLOR FIGURE 16-8. Subcellular localization of cystoproteins. Many cystoproteins have been local-
ized to more than one intracellular domain. In this illustration, all known members of an interacting
complex are shown colocalized to the same locations, even though this has not necessarily been shown for
each unit. There are two exceptions: (i) polycystin-2 has been reported to have endoplasmic reticulum–
specific functions as a calcium release channel that are independent of polycystin-1, and (ii) at least one
form of inversin has been localized to the centriole and to the nucleus. The speckled arrow in the pri-
mary cilium indicates the direction of anterograde transport along the microtubule system mediated by
kinesin-II, a heterotrimeric protein composed of two motor units (Kif3a, Kif3b) and one nonmotor unit
(KAP3). AJ, adherens junction; BB, basal body; Cen, centriole; ER, endoplasmic reticulum; FAP, focal
adhesion plaque; TJ, tight junction; PC-1, polycystin-1; PC-2, polycystin-2. (Adapted from: Watnick T,
Germino G. From cilia to cyst. Nat Genet 2003;34:355, with permission.)

COLOR FIGURE 28-2. Renal cell carcinoma with metastatic spread
to the forehead.

COLOR FIGURE 28-3. Renal cell carcinoma, clear-cell type: The cells
are in an acinar arrangement and feature optically clear cytoplasm.
(From: Murphy WM, Beckwith JB, Farrow GM. Tumors of the kidney,
bladder, and related urinary structures, 3rd series. Washington, DC:
The American Registry of Pathology, 1994, with permission.)
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COLOR FIGURE 28-5. Renal cell carcinoma, papillary type: neoplastic
cells over papillary structures with numerous stromal xanthoma cells.
(From: Murphy WM, Beckwith JB, Farrow GM. Tumors of the kidney,
bladder, and related urinary structures, 3rd series. Washington, DC: The
American Registry of Pathology, 1994, with permission.)

COLOR FIGURE 28-9. Renal oncocytoma. The cells are in tight alve-
olar arrangements and feature acidophilic cytoplasm. The nuclei are
round and regular and exhibit no or single small nucleoli. (From: Mur-
phy WM, Beckwith JB, Farrow GM. Tumors of the kidney, bladder, and
related urinary structures, 3rd series. Washington, DC: The American
Registry of Pathology, 1994, with permission.)

COLOR FIGURE 28-10. Renal oncocytoma. This mahogany-brown
tumor exhibits a stellate central scar. Such scars can be visible on com-
puted tomography (CT) images and suggest the diagnosis of oncocy-
toma. (From: Murphy WM, Beckwith JB, Farrow GM. Tumors of the
kidney, bladder, and related urinary structures, 3rd series. Washington,
DC: The American Registry of Pathology, 1994, with permission.)
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COLOR FIGURE 60-6. A rat glomerulus demonstrating hypercellu-
larity from an animal with induced anti-glomerular basement mem-
brane nephritis. Double immunostaining demonstrated that numerous
glomerular macrophages (arrows; ED-1 positive [brown]) were pro-
liferating (proliferating cell nuclear antigen positive [blue/black]) and
contributing to the glomerular hypercellularity. (Periodic acid-Schiff,
magnification ×400.)

COLOR FIGURE 60-14. A rat glomerulus demonstrating an exten-
sive crescent from an animal with anti-glomerular basement membrane
nephritis. Macrophages are demonstrated using the ED-1 monoclonal
antibody (brown), and the proliferating cell nuclear antigen antibody
(blue) has been used to demonstrate proliferating cells. Proliferating
macrophages are indicated by arrowheads and mononuclear giant cells
by the asterisk. (Periodic acid-Schiff, magnification ×400.)

COLOR FIGURE 60-10. In situ hybridization demonstrating intercel-
lular adhesion molecule-1 (ICAM-1) messenger RNA (mRNA) expres-
sion in a crescent from a rat with anti–glomerular basement membrane
nephritis (arrows). The ICAM-1 mRNA has been depicted using in situ
hybridization histochemistry. (Magnification ×400.)
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COLOR FIGURE 65-2. Histologic characteristics of mesangial glomerulonephropathy (World Health
Organization Class II) in a patient with systemic lupus erythematosus. A: A normal glomerulus for com-
parison. Note the number and distribution of mesangial cells (arrows). (Hematoxylin and eosin, magnifi-
cation ×200.) B: An early mesangial nephropathy displaying a subtle increase of mesangial cells (arrows).
Compare with the normal glomerulus in A. (Hematoxylin and eosin, magnification ×200.) C: Another
glomerulus from the same patient as in B but with a segmental accentuation of mesangial cells (arrows).
This would be classified as a World Health Organization Class IIb lesion. (Hematoxylin and eosin, mag-
nification ×200.) D: The mesangial matrix is accentuated by immunofluorescent deposits of IgG. This is
an immunofluorescence analysis of the biopsy material shown in B. (Anti-IgG, magnification ×200.)

A B

COLOR FIGURE 65-4. Histologic characteristics of focal proliferative glomerulonephritis (World Health
Organization Class III) in a patient with systemic lupus erythematosus. A: Approximately one-half of this
glomerular tuft is involved by mesangial proliferation (arrows), which at medium power is discernible as
a segmental lesion. (Hematoxylin and eosin, magnification ×200.) B: Another glomerulus from the same
patient. Here there is a mild global increase of mesangial cells and a segmental lesion with a suggestion of
early tuft necrosis (arrows). (Hematoxylin and eosin, magnification ×200.) Less than half of the glomeruli
in this biopsy demonstrated segmental lesions.

2



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

GRBT133-Vol-II Schrier-2611G GRBT133-Schrier-v5.cls September 25, 2006 22:47

A

C

E

B

D

F

COLOR FIGURE 65-5. Histologic characteristics of diffuse proliferative glomerulonephritis (World
Health Organization Class IV) in a patient with systemic lupus erythematosus. This plate also shows
examples of the abnormalities used in the scoring of the activity index (Table 65-4). A: The majority of
glomeruli in this case were involved by a global proliferation of mesangial cells and varying indicators
of acute activity. (Trichrome, magnification ×200.) B: This trichrome stain accentuates the intracapillary
thrombi present in the same biopsy as A. C: Subendothelial deposits are seen within the capillary loop
(arrows). The resultant thickening of the membrane contour is the source of the descriptive term “wire
loop.” (Trichrome, magnification ×800.) D: Multiple neutrophils are apparent within the mesangium
and capillary lumens (arrows). (Hematoxylin and eosin, magnification ×400.) E: Hematoxylin bodies
(arrows) are not often seen in biopsy material. They are the result of altered nuclear DNA and are consid-
ered pathognomonic of lupus nephritis. Notice also the neutrophilic infiltrates and cellular proliferation,
both features of an active lesion. (Hematoxylin and eosin, magnification ×400.) F: Extensive glomerular
deposition of immunoglobulin demonstrated by immunofluorescent staining for IgG. Compare the distri-
bution and intensity of staining with the immunofluorescence analysis of mesangial nephropathy shown
in Figure 65-2D. (From: Kotzin BL, O’Dell JR. Systemic lupus erythematosus. In: Frank MM, et al, eds.
Samter’s Immunologic Diseases, 5th ed. Boston: Little, Brown; 1994, with permission.)
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COLOR FIGURE 65-7. Histologic characteristics of membranous nephropathy (World Health Organi-
zation Class V) in a patient with systemic lupus erythematosus. A: Normal glomerulus for comparison.
Notice the thin, delicate profile of the basement membranes. (Periodic acid–Schiff, magnification ×400.)
B: Membranous nephropathy with thickened basement membranes. (Periodic acid–Schiff, magnification
×400.) Compare with the normal glomerulus in A. C: The thickened, rigid-appearing basement mem-
branes of advanced membranous nephropathy are obvious even at medium power. (Periodic acid–Schiff,
magnification ×200.) Lymphocytes are seen in the interstitium, and there is a hint of tubular dropout, an
indicator that this is a chronic lesion. D: Immunofluorescence study of the same patient illustrated in C.
The membranes are highlighted by fluorescent deposits of IgG. (Anti-IgG, magnification ×200.)
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COLOR FIGURE 65-9. Examples of histologic features utilized in the chronicity index. A: An obsolescent
glomerulus is surrounded by small strophic tubules. (Hematoxylin and eosin, magnification ×200.) B: The
residuum of a glomerulus is barely visible in this example of a fibrous crescent. (Trichrome, magnification
×200.) C: A shrunken glomerular tuft is displaced by a fibrous crescent. D: Simplified, dilated tubules in
a fibrotic stroma. (Hematoxylin and eosin, magnification ×200.)
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COLOR FIGURE 78-12. Axial mesangial proliferation in early
schistosomal glomerulopathy. (Hematoxylin and eosin, magnification
×200.) (From: Barsoum RS. Schistosomal glomerulopathies. Kidney
Int 1993;44:1, with permission.)

COLOR FIGURE 78-14. Exudative glomerulonephritis in the
nephrotic syndrome associated with combined Schistosoma-
Salmonella infection. Note the abundance of neutrophils and mono-
cytes in the glomerular capillaries and mesangium. (Hematoxylin
and eosin, magnification ×200.) (From: Barsoum RS. Schistosomal
glomerulopathies. Kidney Int 1993;44:1, with permission.)

COLOR FIGURE 78-16. Focal segmental glomerulosclerosis in ad-
vanced schistosomal glomerulopathy. (Masson trichrome stain, mag-
nification ×200.)

COLOR FIGURE 78-13. Mesangial deposits of schistosomal Gut anti-
gens in early schistosomal glomerulopathy.

COLOR FIGURE 78-15. Mesangiocapillary glomerulonephritis in
advanced schistosomal glomerulopathy. Note the mesangial matrix
expansion and the thickening of the glomerular basement mem-
brane. (Hematoxylin and eosin, magnification ×200.) (From Bar-
soum RS. Schistosomal glomerulopathies. Kidney Int 1993;44:1, with
permission.)

COLOR FIGURE 78-17. Glomerular amyloid deposition in mixed
Schistosoma haematobium and Schistosoma mansoni infection.
(Hematoxylin and eosin, magnification ×200.) (From: Barsoum RS,
et al. Renal amyloidosis and schistosomiasis. Trans R Soc Trop Med
Hyg 1979;73:367, with permission.)
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COLOR FIGURE 80-1. Histology of renal senescence: (A) arteri-
ohyalinosis, (B) fibrous intimal thickening, (C) glomerulosclerosis,
(D) tubular atrophy, (E) lipofuscin pigment, (F) interstitial fibrosis.
(Reprinted from: Melk A, Halloran PF. Cell senescence and its impli-
cations for nephrology. J Am Soc Nephrol 2001;12:385.)

COLOR FIGURE 89-15. Model of transcellular Ca2+ transport by cells lining the distal part
of the nephron. Entry of Ca2+ is facilitated by the apical epithelial Ca2+ channel (ECaC). Sub-
sequently, the ion binds to calbindin-D28K (CaBP28K) and diffuses through the cytosol to the
basolateral membrane. Here, Ca2+ ions are extruded by a Na+-Ca2+ exchanger (NCX1) and a
Ca2+-ATPase (PMCA1b). (From: Hoenderop JG, Willems PH, Bindels RJ. Toward a compre-
hensive molecular model of active calcium reabsorption. Am J Physiol Renal 2000;278:F352,
with permission.)
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COLOR FIGURE 89-16. Schematic model for hor-
monal regulation of transcellular Ca2+ transport in dis-
tal nephron. Parathyroid hormone (PTH), V2, atrial na-
triuretic peptide (ANP), and EP3 receptors are local-
ized in the basolateral membrane, whereas A1 is present
in the apical membrane. EP2/4 and P2Y are present in
both membranes 1,25-dihydroxycholecalciferol passes
plasma membranes and binds to the intracellular vita-
min D receptor (VDR). Hormones can be divided into
stimulatory hormones, including PTH, arginine vaso-
pressin, ANP, prostaglandin E2 (PGE2) (via EP2/4), and
adenosine, and inhibitory hormones such as adenosine
triphosphate and PGE2 (via EP3). (From: Hoenderop JG,
Willems PH, Bindels RJ. Toward a comprehensive molec-
ular model of active calcium reabsorption. Am J Physiol
Renal 2000;278:F352, with permission.)

COLOR FIGURE 89-22. Structure of the PCLN-1 human gene. The
red dots indicate mutations in PCLN-1 in patients with recessive renal
hypomagnesemia. (From: Simon DB, Lu Y, Cahote KA, et al. Paracellin-
1, a renal tight junction protein required for paracellular Mg2+ resorp-
tion. Science 1999;285:103.)

COLOR FIGURE 93-7. Subperiosteal resorption (arrows) of mineral-
ized bone (mb) filled in with unmineralized osteoid (O) in a patient on
dialysis with osteomalacia. (Goldner’s stain, magnification ×115.)
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B

COLOR FIGURE 93-11. A: Histologic section of bone from a patient
on dialysis with mild hyperparathyroidism. Length of unmineralized
osteoid (arrow) is increased. Width of osteoid seam and volume of
mineralized bone (mb) are normal. B: Bone section from a normal
subject. (A and B, Goldner’s stain, magnification ×115.)

COLOR FIGURE 93-12. Osteitis fibrosa. Osteoid (O) is a mixture of
woven and lamellar collagen. Plump osteoblasts (arrows) and multin-
ucleated osteoclasts (arrowhead) are numerous. Fibrosis (f) is present.
(Goldner’s stain, magnification ×115.)
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COLOR FIGURE 93-13. A: Polarized light section showing woven (arrowheads) and lamellar (arrows)
collagen in osteitis fibrosa. B: Polarization of normal bone showing only lamellar collagen. (A and B,
magnification ×115.)

A B

COLOR FIGURE 93-14. A: Double tetracycline labels in a patient with severe osteitis fibrosa. The distance
between labels and the total length of the double labels is increased, demonstrating a high formation rate.
B: Tetracycline labels from a normal subject. (A and B, unstained fluorescent micrographies, magnification
×115.)

COLOR FIGURE 93-15. Osteosclerosis. The amount of mineralized
bone (mb) is increased. (Goldner’s stain, magnification ×115.)

A

B

COLOR FIGURE 93-17. Osteomalacia. A: The unmineralized osteoid
(O) is increased in width and total volume; mb, mineralized bone.
B: Polarized section showing predominately lamellar orientation of
collagen in osteomalacia. (A and B, magnification ×115.)
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COLOR FIGURE 93-18. Single tetracycline label (arrows) in bone
from a patient on dialysis with osteomalacia given two time-spaced
doses of tetracycline. Absence of double labels indicates abnormally
low bone formation. (Unstained fluorescent micrograph, magnification
×115.)

COLOR FIGURE 93-20. Aplastic (adynamic) bone disease. The total
amount of tetracycline uptake is decreased, as is the number of double
tetracycline labels. When present, the double label is shorter than nor-
mal, demonstrating reduced bone formation. (Unstained fluorescent
micrography, magnification ×115.)

COLOR FIGURE 93-25. Mixed bone disease in a patient on dialysis.
Width and total volume of unmineralized osteoid (O) are increased;
mb, mineralized bone. The number of osteoblasts (arrows) also is in-
creased, and fibrosis (f) is present in most of the marrow space. (Gold-
ner’s stain, magnification ×115.)

COLOR FIGURE 93-19. Aplastic (adynamic) bone disease. Marked
decrease in amount of unmineralized osteoid (arrows); mb, mineralized
bone. Osteoblasts are flat when present. (Goldner’s stain, magnification
×115.)

COLOR FIGURE 93-22. Histologic section showing a positive stain
for aluminum on the surface (arrows) of mineralized bone and within
cement lines (arrowheads). (Aurin-tricarboxylic acid, magnification
×115.)
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COLOR FIGURE 93-26. Serial sections of femoral bone from a patient on dialysis. A: Congo red-stained
amyloid deposits (arrows) are seen in the superficial articular cartilage (AC). B: The same seen under polar-
ized light. Congo red-stained amyloid deposits demonstrate green birefringence. C: Immunohistochemical
staining with anti-β2-microglobulin. Amyloid deposits (arrows) stain brown for β2-microglobulin. (From:
Onishi S, et al. Beta-2 microglobulin deposition in bone in chronic renal failure. Kidney Int 1991;39;990,
with permission.)

A B

COLOR FIGURE 93-27. A: Iliac crest bone biopsy with anti-β2-microglobulin and hematoxylin coun-
terstain. β2-Microglobulin deposits (arrows) are located in the iliac periosteum. B: Bone section from the
tibia with anti-β2-microglobulin and methylene blue counterstain. β2-Microglobulin deposits (arrows)
appear to invade the cortical bone (C) from the marrow (M). (From: Onishi S, et al. Beta-2-microglobulin
deposition in bone in chronic renal failure. Kidney Int 1991;39:990, with permission.)
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COLOR FIGURE 93-29. A: Ostitis fibrosa in a patient on dialysis refractory to treatment with oral
calcitriol. B: Histologic section from the same patient after treatment with intravenous calcitriol. Amount
of fibrosis (f) and number of osteoclasts (arrows) are decreased after treatment. (A and B, Goldner’s stain,
magnification ×115.)

A B

COLOR FIGURE 93-31. A: Tetracycline labels in a patient on dialysis with osteitis fibrosa and high
bone formation. B: Tetracycline labels in the same patient after treatment with intravenous calcitriol. The
reductions in the interlabel distance and the length of double labels after treatment indicate a decrease in
bone formation to normal. (A and B, unstained fluorescent micrographs, magnification ×115.)
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